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Preface

“Stress” refers to the inadequate physiological response of an organism to certain demands
(physical, mental, or emotional), whether actual or imagined. It is a natural phenomenon for
all living organisms in the world to undergo different kinds of stress during their life span.
“Stress” has become a common problem for human beings in this materialistic world. In this
period, a publication of any material on stress would be helpful for human society. I believe it
is an extremely ample opportunity for me to present the book Basic Principles and Clinical Sig‐
nificance of Oxidative Stress to the audience. This book targets all aspects of oxidative stress,
including principles, mechanisms, and clinical significance. It covers four sections which are
titled: Free Radicals and Oxidative Stress, Natural Compounds as Antioxidants, Antioxidants
– Health and Disease, and Oxidative Stress and Therapy. Each of these sections is interwoven
with the theoretical aspects and experimental techniques of basic and clinical sciences. This
book will be a significant source to scientists, physicians, healthcare professionals, and stu‐
dents who are interested in exploring the effects of stress on human life.

In the first section, the authors have disclosed the physiological significance of the redox
environment, involvement of proteolysis in the turnover of proteins oxidized by endoge‐
nously generated reactive oxygen species, mechanisms involved in the generation of reac‐
tive oxygen and nitrogen species, and the biological significance of antioxidants. In the
second section, the authors have revealed the antioxidant potential of certain food items in
order to be used as functional foods, the inadequate consumption of foods rich in antioxi‐
dants in a particular population, and the importance of rooibos and its flavonoids in the
treatment of diseases. In the third section, we can find information on the impact of physical
exercise on oxidative stress and antioxidant status in endometrial hyperplasia. The last sec‐
tion focuses on the application of photodynamic therapy in the treatment of cancer through
the induction of oxidative stress.

I extend my gratitude toward my late mother and late father and my brothers for introduc‐
ing me to higher education. While I was at home in India for a vacation, I had received
blessings from my mother when I started this book project on “Oxidative Stress.” After
having completed it, I was under terrible stress since my affectionate mother was no longer
with us.

My thanks go to Dr Yousef Aldebasi (Dean of the College of Applied Medical Sciences, Qas‐
sim University) for encouraging me to carry out this project. I should also thank Dr Sulai‐
man Al-Yahya (Vice President, Qassim University), Dr Naser Alwabel, Dr Mohammad
Alorainy, and Dr Ahmed Aljarbou (members of Qassim University) for their encourage‐
ment. I am greatly indebted to my wife Anitha for her encouragement throughout this
project as well as for her technical support. I must acknowledge the interest of and commit‐



ment from the Publishing Processing Manager of InTech, Ms Iva Lipović, whose patience
and focus were a fantastic support in this project. Finally, I express deep and sincere appre‐
ciation to all the authors for their valuable contributions and scholarly cooperation for time‐
ly completion of this book.

Dr Sivakumar Joghi Thatha Gowder
Qassim University, College of Applied Medical Sciences

Kingdom of Saudi Arabia
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Chapter 1

Regulation of the
Redox Environment

Edgar Cano-Europa, Vanessa Blas-Valdivia, Margarita Franco-Colin and
Rocio Ortiz-Butron

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61515

Abstract

All organisms maintain a strict redox environment, crucial for cell physiology, by
preserving the pro-oxidant compounds generated during cell metabolism and from
antioxidant system elements. In pathophysiological conditions, the redox environ‐
ment is altered, causing oxidative stress, cell damage, and eventually cell death. In
this chapter, we review the elements involved in the redox environment, including
the oxidant, antioxidant, and glutathione systems. In addition, we summarize the
physicochemical bases of the redox environment and the biological functions of the
glutathione cycle. Finally, we propose a redox environment regulation model that
considers some regulated variables that are actively involved in maintaining the re‐
dox environment: reactive oxygen species, reactive nitrogen species, and the redox
couple GSH2/GSSG.

Keywords: Redox environment, oxidant system, ROS, antioxidant system, glutathione

1. Introduction

All organisms maintain a strict redox environment, crucial for cell physiology, by preserving
the pro-oxidant compounds generated during cell metabolism and from antioxidant system
elements. In pathophysiological conditions, the redox environment can be altered, causing
oxidative stress, cell damage, and eventually cell death. Two regulated variables are actively
involved in maintaining the redox environment: the concentration of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), and the redox couple GSH2/GSSG.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Main body

2.1. The redox system

Oxidizing system elements are free radicals and reactive species of various atoms or com‐
pounds such as oxygen, nitrogen, iron, copper, and glutathione (GSH). With respect to free
radicals, they are molecules or molecular fragments containing one or more unpaired electrons
in their atomic or molecular orbitals, which cause the molecule to be very reactive [1]. However,
not all reactive species are free radicals: at a pH of 7.4 ± 0.1 they may be electroneutral
molecules, able to donate electrons to free radicals, and oxidize transition metals present in
cells. Although several groups of compounds are considered oxidants, those considered to be
the most important from the physiological point of view are those compounds derived from
oxygen and nitrogen: ROS and RNS. Under physiological conditions, the presence of ROS and
RNS is required for diverse signaling pathways [2,3]. Among the most important elements of
the oxidizing system in living organisms are superoxide anion radicals (O2

⋅-), hydroxyl groups
(⋅OH), hydrogen peroxide (H2O2), nitric oxide (NO), and peroxynitrite (ONOO⋅) groups.

The presence of an electron in molecular oxygen (O2) forms the free radical superoxide (O2
⋅-),

which is considered to be a primary ROS that can interact with other molecules to generate
secondary ROS or RNS [2,3]. Various metabolic pathways within the cell generate O2

⋅-, but the
principal incomplete reduction route occurs in the mitochondrial respiratory chain: between
1 and 4% of O2

⋅- is formed by the incomplete reduction of the total O2 consumed in complex I
(NADH: ubiquinone oxide-reductase) and III (cytochrome C oxide-reductase). The production
of O2

⋅- is also promoted by enzymatic complexes like xanthine oxidase (EC 1.1.3.22), cyto‐
chrome P450, nitric oxide synthase (NOS), or monoamine oxidase (EC 1.4.3.10).

Figure 1 shows how O2
⋅- promotes the formation of H2O2, ⋅OH, and ONOO- by various chemical

pathways.

Figure 1. Reactive oxygen and nitrogen species formation from the superoxide anion radical. A) O2
⋅- dismutation,

which can be formed spontaneously or can be catalyzed by SOD. B) Haber-Weiss reaction. C) Fe+3 to Fe+2 reduction. D)
Fenton reaction. E) Peroxynitrite (ONOO-) formation.

Basic Principles and Clinical Significance of Oxidative Stress4
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In addition to forming ROS and RNS, O2
⋅- can also inactivate enzymes involved in the

antioxidant system, or in metabolic and signaling pathways such as catalase (EC 1.11.1.6),
glutathione peroxidase (EC 1.11. 1.19), glyceraldehyde-3-phosphate dehydrogenase (EC
1.2.1.12), ornithine decarboxylase (EC 2.1.3.3), and adenylyl cyclase (EC 4.6.1.1) [1,4]. For
example, H2O2 is formed by spontaneous dismutation or catalyzation by superoxide dismutase
(SOD, EC 1.15.1.1). Although this compound has practically no oxidative effect on biomole‐
cules, it plays a major role in the oxidative stress process by generating ⋅OH groups. When
H2O2 molecules pass through cell membranes, they reach compartments containing transition
metals, such as Fe+2 or Cu+, which can oxidize them and induce the formation of ⋅OH radicals.
Thus, ⋅OH radicals may be formed through pathways involving O2⋅- radicals or H2O2

[1,2,3,5].

The neutral form of the hydroxide ion (OH-) is an ⋅OH group with high reactivity (107-1010 M-1

s-1) and a very short half-life (10-9 s) [6]. Thus, when ⋅OH groups are produced in vivo, they
react near their site of formation and are very toxic to biomolecules such as DNA, proteins,
and membrane phospholipids.

Many investigators consider NO to be radical because it contains an unpaired electron in its
2πy* orbital. When NOS (EC 1.14.13.39) metabolizes the conversion of L-arginine to L-citrulline,
NO radicals are formed [7]. Under physiological conditions, NO is involved in processes such
as neurotransmission, blood pressure regulation, defense mechanisms against pathogens, and
immune response regulation [2]. In aqueous media, NO has a short half-life but in a hypoxic
environment it presents greater stability with a half-life of more than 15 s [8]. The toxic effect
of NO is in fact closely related to the formation of the secondary RNS ONOO-, which occurs
when NO is overproduced. ONOO- has a very high reaction constant (7 × 109 M-1s-1), making
it a powerful membrane-oxidizing agent that produces lipid peroxidation [2]. In fact, the
reaction between ONOO- and carbon radicals (⋅CO2) produces the secondary RNS, a nitrite
radical (⋅NO2). These radicals mediate protein nitrotyrosilation by reacting with the hydroxyl
group of the tyrosine amino acid (TyrOH) to produce the tyrosyl free radical (Tyro⋅), which
can then be neutralized by another ⋅NO2 [9].

2.2. Antioxidant system

In aerobic organisms, various processes such as growth, cell differentiation, apoptosis, and
immune response require low concentrations of oxidants such that an increase generates a
state of oxidative stress that causes cellular malfunction and even death. Therefore, an
antioxidant system capable of neutralizing ROS and RNS is essential to the optimal function
of many cellular operations.

The antioxidant system is divided into two subsystems: enzymatic and non-enzymatic. Within
the non-enzymatic antioxidant system are organic compounds such as ascorbic acid, α-
tocopherol, carotenoids, flavonoids, and reduced GSH. While enzymes such as catalase (EC
1.11.1.6), glutathione peroxidase (GPX, EC 1.11.1.19), and SOD are considered the first line of
enzymatic antioxidant defense, other enzymes, such as glutathione reductase (GR, EC 1.6.4.2),
glutathione S-transferase (GST, EC 2.5.1.18), and thioredoxin reductase (EC 1.6.4.5) [1,2,5,10],
also contribute to defense. Thus, maintaining the oxidation concentration of an organism at

Regulation of the Redox Environment
http://dx.doi.org/10.5772/61515
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homeostasis is complex and must be executed within narrow limits. Figure 2 shows an
overview of the interactions between the oxidant and the antioxidant system.

Figure 2. Reduced glutathione (GSH) role and the participation of other antioxidants (lipoic acid, vitamins C and E) in
the ROS formation and lipid peroxidation. Reaction 1: O2

⋅- is formatted from the O2 reduction process mediated by the
NAD(P)H oxidase and xanthine oxidase complex or produced by no enzymatic pathways such as those involving
semi-ubiquinone in the mitochondrial respiratory chain. Reaction 2: O2

⋅- is dismutated by superoxide dismutase (SOD)
to H2O2. Reaction 3: H2O2 is neutralized by glutathione peroxidase (GPX) using GSH as cofactor. Reaction 4: Oxidized
glutathione (GSSG) is reduced to GSH by reductase glutathione (GR) using NADPH.

2.3. Non-enzymatic antioxidant system

Inside the cell, several nucleophilic organic compounds, such as vitamin A, vitamin E, ascorbic
acid, and dihydro lipoic acid, function to neutralize reactive species. For example, α-toco‐
pherol, commonly known as vitamin E, is the most active of tocopherols [11]. It has a chroman
ring, which is responsible for its antioxidant activity, while the carbon phytyl side chain of
vitamin E remains anchored to the cell membrane (Figure 3). Furthermore, α-tocopherol is the
lipid antioxidant that most potently inhibits in vitro lipid peroxidation propagation, and it is
the dominant tocopherol found in the bloodstream.

Vitamin C or ascorbic acid is essential for the synthesis of various proteins such as collagen,
oxytocin, and vasopressin. Its antioxidant capacity lies in the tocopheryl radical reduction that
is anchored to cell membranes (reactions 8 to 12 of Figure 2). In addition, ascorbic acid can
reduce nitrites and inhibit the formation of nitrosamines [12].

Basic Principles and Clinical Significance of Oxidative Stress6
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Dihydrolipoic acid (DHLA) or 6,8-dimercapto-octanoic acid is an organic compound that acts
as a cofactor for some enzymes. The high electron density in the two SH groups gives the
molecule characteristics of a nucleophile, which favors the 1,2-dithiolane-ring formation of the
α-lipoic acid (LA) (chemical name: dithiolane-3-pentanoic acid), when it interacts with reactive
species. LA and DHLA exhibit direct free radical scavenging properties, and as a redox couple,
with a low redox potential of −0.32 V, is a strong reductant [13]. At a concentration of 0.05–1
nM, DHLA neutralizes the species ⋅OH, LOO⋅, ONOO-, and hypochlorous acid; furthermore
it can form stable complexes with Mn+2, Cu+2, Zn+2, and Fe+2, preventing oxidative interactions
between these transition metals and biomolecules. Finally, LA/DHLA also functions as an
antioxidant by regenerating ascorbic acid when it reduces dihydroascorbate and the semidi‐
hydroascorbic radicals [12].

Now we move on to GSH, one of the most important antioxidant organic compounds because
of its dependence on the cell redox environment.

2.4. The reduced glutathione-oxidized glutathione (GSH2/GSSG) ratio and the reduction–
oxidation (redox) environment

2.4.1. The physicochemical basis of the redox environment

Cellular processes in aerobic organisms depend on oxidation processes, which promote the
mobilization of electrons from organic molecules to oxygen; this produces the energy required
to maintain cellular processes. In general, the presence of redox couples controls electron flow,
but a reducing environment is also necessary: the redox environment is the sum of all the redox
states of the reduction–oxidation couple that are inside the cell (intracellular redox environ‐
ment) or in the extracellular fluid (extracellular redox environment).

Historically, the term redox state has been used to define the redox environment; however,
based on physicochemical studies, Schafer and Buettner defined the redox state as the
reduction potential of a redox couple [14]. Figure 4 shows the half-cell reduction potential
(EPC1/2) change of the redox pair involved in maintaining the redox environment, which
involves the transfer of two electrons.

The next redox couple is involved in maintaining the redox environment because the curves
generated show a third-order model. The pKa group is over the physiological pH and the
reduced oxidized ratio is 1:100, 1:1000, or greater:

Figure 3. α-tocopherol structure (2R, 4'R, 8'R-tocopherol).

Regulation of the Redox Environment
http://dx.doi.org/10.5772/61515
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1. NADPH/NADP+ system considering a 0.1-mM concentration.

2. Reduced thioredoxin/oxidized thioredoxin (TrxSH2/TrxSS) system considering a 15-μM
concentration.

3. GSH2/GSSG system considering a 3-mM concentration.
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Figure 4. Theoretical reduction potentials of redox coupleinvolved in maintaining the 

redoxenvironment in response to the oxidized pair proportion increase. Symbol (•) 

represents the pair NADPH/NADP+, symbol (▲) represents the pair TrxSH2/TrxSS, 

and symbol (□) represents the pair GSH2/GSSG. Modified from [14]. 

 

 

 

 

 

 

Figure 4. Theoretical reduction potentials of redox couple involved in maintaining the redox environment in response
to the oxidized pair proportion increase. Symbol (⋅) represents the pair NADPH/NADP+, symbol (▲) represents the
pair TrxSH2/TrxSS, and symbol (□) represents the pair GSH2/GSSG. Modified from [14].

Furthermore, although all three intracellular buffer systems contribute to maintaining the
redox environment, the most influential couple appears to be GSH2/GSSG: it had the highest
concentration, indicating that it better buffered the potential changes in the range between
−300 and −100 mV. Interestingly, varying the reduced pair concentration caused changes in
the EPC1/2 that are perfectly associated with various processes like cell proliferation, differen‐
tiation, apoptosis, and necrosis [14–19].

2.5. The GSH cycle and biological functions

The synthesis of reduced GSH (γ-L-glutamyl-cysteinyl-glycine) occurs in the cell cytoplasm
and involves two ATP-dependent enzymatic steps (Figure 5).

GSH synthesis begins when amino acids (e.g., glutamate, cysteine, and glycine) enter the cell.
While glutamate and glycine may enter the cell by secondary active transport, cysteine enters
by a neutral amino acid transport mechanism. (Some glutamate transporters can also transport
cysteine.) In fact, cysteine is considered the limiting amino acid for GSH synthesis because it
is present at a lower concentration in the plasma and has a lower Km [20].

Once amino acids have entered the cell, γ-glutamylcysteine synthetase (γ-GCL, EC 6.3.2.2)
produces γ-glutamylcysteine. This formation process involves two steps: the interaction
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between glutamate and ATP in the presence of Mg2+ to form γ-glutamylphosphate (inter‐
mediate) and the intermediate interaction with cysteine and ADP release [21]. The first step is
the most important in the formation of GSH because γ-GCL is the GSH synthesis-limiting
enzyme. γ-GCL is a heterodimeric enzyme composed of a catalytic subunit called a heavy
subunit (γ-GCLH Mr ≈ 73 kDa) and a regulatory subunit or light subunit (γ-GCLL Mr ≈ 31 kDa).
The activity of γ-GCL depends primarily on the substrates and is inhibited by GSH. Specifi‐
cally, the activity of γ-GCLL is controlled by kinases such as protein kinase A (PKA) and protein
kinase C (PKC) [22].

Thermodynamically, two processes can occur once the γ-GCL is formed: it may form GSH
when it combines with glycine, acting as GSH synthetase (GS, EC 6.3.2.3), or it may interact
with the γ-glutamyl cycle transferase to form 5-oxo-L-proline and L-cysteine. The prevailing
way depends on the Km of each enzyme; under physiological conditions, the Km of GS is 12
times higher than that of γ-glutamyl cycle transferase. Thus, more than 95% of the time, GSH
formation is promoted [23].

Figure 5. Reduced glutathione (GSH) cycle. Glutathione reductase (GR); glutathione S-transferase (GST), and oxidized
glutathione (GSSG).
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Once GSH is synthesized, there are several processes in which it participates:

1. Hydrolyse plasma GSH hydrolysis for cell GSH in novo synthesis; for example, when
hepatocytes secrete GSH, another cell can hydrolyze it in its precursors (cysteinyl-glycine
and glutamate) by γ-glutamyl-transpeptidase (γ-GT, EC 2.3.2.2) that are expressed on the
outer plasma membrane. Compounds, such as cysteinyl-glycine or its S-conjugates, may
be subject to peptidases, causing them to form free amino acids that can be introduced
into the cell and initiate GSH formation [23,24].

2. Detoxify electrophiles to conjugate electrophiles with α and β unsaturated carbonyls by
glutathione S-transferase (GST, EC. 2.5.1.18). This reaction results in electrophile removal
and glutathione S-conjugate metabolism by the γ-GT enzyme and cysteinyl-glycine
peptidase [24]. However, this process is not always beneficial for the cell because some‐
times more toxic species can be produced, as we will discuss later.

3. Detoxify hydrogen peroxide by glutathione peroxidase (GPX, EC 1.11.1.19) [25].

4. Maintain ascorbic acid and vitamin E levels [11,12].

5. Communicate intracellular processes as internal modulator of several signaling path‐
ways [26].

6. Modulate NMDA receptors in the central nervous system [27].

7. Transport metals (e.g., Cu+2, Hg+2, Pb+2, and Zn+2) [28].

GSH mitochondrial concentration is approximately 11–15 mM. Entry of GSH into the mito‐
chondria is dependent on electroneutrality conveyors such as tricarboxylic or dicarboxylic
acids [28]. In general, the GSH/GSSG ratio is greater than 10 for cells and organelles like
mitochondria and nuclei, whereas the endoplasmic reticulum has a lower GSH/GSSG ratio
between 1 and 3 [14].

2.6. Redox system regulation model

For several years, physiologists have sought to establish a simple model for studying physio‐
logical variables in comparison with cybernetic models [30].

The generalities of the model are presented in Figure 6. To be regulated, any physiological
variable requires the following characteristics:

1. A value that fluctuates over a narrow range.

2. A sensor that reports to a comparator, which compares the variable value to a set point.

3. An integrator center that sends information loops to the input (feedback) or output (feed
forward) elements so that these loops will activate variables that are generally controlled
to keep the regulated variable within a narrow range.

Although this model is generalized for all physiological variables, it may be adapted for use
with intracellular variables.
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In particular, our research group considers the intracellular redox environment as a regulated
variable since it has the elements described above. In Figure 7, we present the proposed model.

Figure 6. Control systems general model. Modified from [30].

Figure 7. Redox environment regulation model proposed. Our model considers the GSH and ROS as regulated varia‐
bles, which are sensed by intracellular proteins. Both act as receptors and integrators. In turn is produced a response to
compensate the EPC1/2 reduction or to increase ROS production to maintain the redox environment.
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In our model we consider two actively regulated variables involved in maintaining the redox
environment: ROS and RNS concentrations, and the couple GSH2/GSSG EPC1/2 redox.

ROS and RNS are sensed in microorganisms predominantly by proteins like oxyR, sosRS,
Hsp33, PRXI, PrXII, and the Yap1-GPX3 complex. These proteins not only act as receptors,
they also modulate signaling pathways. The final function of intracellular communications is
to reduce the reactive species generation and/or neutralize them by stimulating the expression
of antioxidant enzymes. Furthermore, it has been proposed that these routes activate cell
survival pathways to prevent death, although in extreme oxidative stress apoptosis is favored
even above necrosis.

This representation using the basis of a cybernetic model is new, and it allows the correlation
of the effects of all systems, especially the GSH cycle to maintain homeostasis of the redox
environment.

Finally, we can conclude that the redox environment is an essential variable to the entire
system: maintaining a good immune response [31] and suitable neurogenic events [32],
controlling growth, behavior, propagation, and differentiation of tumor cells [33], and most of
all ensuring the correct function of organelles like the endoplasmic reticulum [34]; however,
the redox environment has also been related with some undesirable events such as drug
resistance in certain tumor cells [35]. Therefore, continued study of the redox environment is
important to uncovering its role in signal transduction, disease, and health.
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Abstract

Reactive oxygen species (ROS), beyond the role of toxic by-products of aerobic metab‐
olism, contribute to cell redox homeostasis and are signalling molecules in pathogen
defence and abiotic stress tolerance. The putative mechanism of cell responses to ROS
is thiol modifications of cysteine residues, which cause changes in protein conforma‐
tion and activity. These post-translational modifications include generation of disul‐
phide bridges and formation of sulphenic, sulphinic, and sulphonic acids, as well as
S-glutathionylation and S-nitrosylation. S-nitrosylation or reversible modification may
change the activity of enzymes related to the metabolism of nitric oxide, ROS, and cel‐
lular metabolism, whereas S-glutathionylation regulates the activity of proteins that
contain in their structure the active cysteine residue, regulates the oxidoreductive
pathway of signal transduction, and participates in the regeneration of antioxidant en‐
zymes. Carbonylation, an irreversible, non-enzymatic modification of proteins is the
most commonly occurring oxidative protein modification. The formation of carbonyl
groups can be linked to abnormal translation, altered chaperone system and respons‐
es to stress factors. Carbonylated proteins are marked for proteolysis mediated by dif‐
ferent pathways in different cell compartments to counteract the formation of high
molecular weight aggregates and accumulation of inactive proteins. However, prod‐
ucts of proteolysis of carbonylated proteins could function as secondary ROS messen‐
gers that target the cell nucleus.

Keywords: ROS, carbonylation, S-glutathionylation, protein hydrolysis, plant abiotic
stresses

1. Introduction

The current literature reveals that the extreme changes in water content experienced by
dehydration tolerant plants are accompanied by equally extreme fluctuation in cellular redox

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



state. Regulation of redox potential is essential not only for proper plant development but is
required for plant survival under extreme environmental conditions. It is widely accepted that
drought induces oxidative stress. This implies that water scarcity in environment disturbs a
delicate balance between endogenous generation and elimination of reactive oxygen species
(ROS). Reactive oxygen species are produced by a large number of physiological processes,
mainly by the electron transport chains in chloroplasts and mitochondria. Under stress
conditions, proteins may be modified by ROS in large number of reactions. The putative
mechanism of cell responses to ROS is the modifications of protein cysteine residues, which
can be oxidized to varying degrees. These post-translational modifications of proteins include
formation of disulphide bridges, sulphenic, sulphinic and sulphonic acids as well as S-
glutathionylation and S-nitrosylation. The above modification cause changes in protein
conformation and activity, although these modifications seem to be potentially reversible (with
the exception of sulphonic acid). Additionally, oxidation of protein by direct oxidative attack
on Lys, Arg, Pro, and Thr or by secondary reactions on Cys, His, and Lys residues leads to the
formation of protein carbonyl derivatives. Carbonyl (CO) groups (aldehydes and ketones) are
chemically stable and thus, carbonylation is irreversible and unrepairable. Protein carbonyl
derivatives can also be generated through oxidative cleavage of proteins by either the a-
amidation pathway or by oxidation of glutamyl side chains. Carbonylation of proteins seems
to lead to inhibition or alteration of the activities of the proteins and to increase of their
susceptibility to proteolytic attack. Protein hydrolysis can be mediated by different pathways
in different cell compartments. In nucleus it engages mainly ubiquitination and proteasomes
activity, whereas in mitochondrion and chloroplast specific enzymes like ATP-depended
protease La, ClpAP and others has been described. In cytosol hydrolysis once again is
maintained by ubiquitination and proteasomes, and probably other means. One of the most
effective ones is the vacuolar hydrolysis based on specific for these compatment proteases like
cysteine, serine, aspartate proteases and metalloproteases. Therefore, in this chapter the
changes in cellular redox state and their impact on modifications of protein functions and
efficient removal of abnormal and/or non-functional proteins are discussed.

2. Functional activities of ROS in plants under abiotic stresses

Plants, as sessile organisms, are commonly exposed to diverse unfavorable environmental
factors including drought, cold, and heat that may induce stress conditions. Throughout the
life cycle of plants, reactive oxygen species (ROS) are continuously produced as a consequence
of aerobic metabolism and they play a role in cellular redox regulation [1]. However, stress of
any kind, biotic or abiotic, leads to an increased level of ROS production and/or to inactivation
of antioxidants, particularly enzymes. The oxidative stress that accompanies unfavorable
environmental conditions has been suggested to be associated with harmful effects on cellular
components including metabolic activities and integrity of organelles. However, recent
findings indicate that transient oxidative stress may have beneficial effects in the response of
plants to unfavorable environmental conditions. Oxidative stress acting transiently seems to
be a signal-activating pathway that enables plants to acclimate to unfavorable environmental
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conditions [2–4]. Therefore, ROS seem to play a dual role because they may either be involved
in the stress-induced oxidative damage of plants or may also activate genes facilitating the
development of plant tolerance to abiotic and biotic stresses. Transient oxidative stress seems
to participate in the control of seed dormancy, germination and seedling growth [5–6] and
other processes involved in physiological transitions [7]. It should be underlined that whether
ROS acts as a damaging, protective, or signaling factor depends on sensible equilibrium
between ROS production and scavenging at the proper site and time. This equilibrium depends
largely on proper cooperation between photosynthesis, respiration, and photorespiration
linking their redox state and energy balance in the cell. Antioxidants found in almost all cellular
compartments demonstrating the importance of ROS detoxification for cellular survival [8].

Aerobic organisms are evolved mechanisms that minimize the levels of oxygen or delay the
generation of ROS [9]. Mobile organisms are able to avoid oxygen by move from high O2

regions, but it is not the case of plants. Comparing the redox regulation in plants and animals
on the cellular level, it seems that they evolved common mechanisms. The most important
source of ROS in vivo is the mitochondrial electron-transport chain in aerobic animal cells and
chloroplast electron transport chain in plant cells. Plant and animal cytochrome oxidase does
not release ROS, but other components of the mitochondrial electron-transport chain can leak
electrons directly to O2, thus generating ROS [10]. However, plants are able to minimize
mitochondrial ROS formation by alternative oxidase [11]. Uncoupling proteins located in the
inner mitochondrial membranes of both plants and animals allow protons to leak, preventing
the escape of electrons to oxygen. Other mechanisms involved in delayed ROS formation in
both animals and plants are suppression of Fenton reaction and lipid peroxidation by metal
binding proteins such as transferrin, ferritins, and metallothionins [12].

It is widely accepted that proteins are the most abundant cellular targets of the ROS, consti‐
tuting about 70% of the oxidized biological molecules in the cell [13]. The extent of protein
damage depends on the rate at which any particular reaction occurs and on the intensity of
oxidant-scavenging and repair reactions [14]. The rate constants for the reaction of reactive
species with proteins vary, but they are useful in computational models to predict sites and
selectivity of damage between different oxidants [14]. On the basis of kinetic data, one can
predict that the least selective are the most reactive oxidants, whereas the more selective are
less reactive oxidants. Thus, sulphur-containing and aromatic side chains will be depleted
rapidly [14].

ROS-induced protein modifications can result in the unfolding or alteration of the protein
structure, but some of them may be harmless. Proteins can be oxidized in reversible or
irreversible ways. Protein oxidation chemistry, based on 20 different types of amino acid side
chains, results in many potential reaction sites and products that may be grouped into four
categories, i.e., aliphatic, aromatic, cysteine and cystine residues, and methionine residues [14].
Amino acids containing sulphur in the side chain are the most oxidation-susceptible and
therefore are the most commonly modified [15]. The oxidation of cysteine residues can result
in a number of redox-based post-translational protein modifications such as glutathionylation
or S-glutathionylation, S-nitrosylation and sulphenic acid, sulphinic acid and disulfide
formation [16]. Side chains of proline, threonine, lysine and arginine can be oxidized to
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aldehyde or ketone derivatives in the process known as carbonylation of proteins. Protein
carbonylation, irreversible post-translational protein modifications, is commonly regarded as
a good measure of intensity of protein oxidation [17].

3. Oxidation of sulphur-containing amino acids

The most frequently modified amino acids are cysteine and methionine containing sulfur in
the side chain. The oxidation of protein cysteine thiol groups can generate thiyl radicals (-S.),
disulfide bonds (-S-S-), as well as sulfenic (-SOH), sulfinic (-SO2H), and sulfonic (-O3H) acid
derivatives. Methionine residues can be oxidized to methionine sulfoxides and less frequently
to methionine sulphones. An increase in free cysteine levels in response to various abiotic stress
factors has been reported [18]. In most studies, this increase was reported together with
increased reduced glutathione (GSH) concentrations, leading to the conclusion that cysteine
is mainly needed for the biosynthesis of Sulphur-rich compounds with anti-stress activity,
such as GSH and stress-related proteins. Cysteine plays an important role as an extracellular
reducing agent and is also a critical substrate for protein synthesis being the precursor of
taurine. Thiol-containing substances are normally considered as antioxidants. However,
metabolites containing -SH group exhibit a double effect of antioxidant and prooxidant
properties. Cysteine is a potent chelator of heavy metals ions, but cysteine-metal ion complexes
can trigger the Fenton reaction, thereby producing the highly toxic ⋅OH radical. Furthermore,
free cysteine is often irreversibly oxidized to different by-products [19] and reversibly to
cystine (cysteine disulphide). However, it remains unclear whether cystine reductase (EC
1.8.1.6), the enzyme that catalyzes the reduction of cystine to cysteine, is active in plants [20].

Methionine, similar to cysteine, can undergo ROS-mediated oxidation to methionine sulfoxide
and this can lead to changes in protein conformation and activity [21]. The conversion of
methionine sulfoxide to methionine is mediated by methionine sulfoxide reductases (MSRs;
EC 1.8.4.11), a class of cytosolic and plastidic enzymes that are involved in ameliorating
oxidative damage [22]. Methionine is also a substrate for the synthesis of various polyamines
with important roles in stress tolerance, the most prominent being putrescine, spermidine, and
spermine [23]. The oxidized methionine residue is readily reduced back to methionine by
methionine sulfoxide reductase. Methionine residue is proposed to be a “last chance” antiox‐
idant defense system to protect proteins from oxidation under oxidative stress. Surface
exposed methionine residues effectively scavenge oxidizing agents while generally preserving
the biological function of the molecule.

4. Protein glutathionylation as a mechanism of antioxidant defense

Glutathionylation of proteins is the modification of a reactive protein cysteine thiol by the
reduced glutathione (GSH) and occurs under normal or oxidative stress conditions [24]. It was
assumed as a by-product of oxidative or nitrosative stress (S-glutathionylation). Under
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oxidative stress conditions, GSH may interact in a reversible manner with protein cysteinyl
thiols [25]. Non-enzymatic glutathionylation reactions are non-specific and seem to be
associated with oxidation stress, whereas enzymatic glutathionylation reactions catalyzed by
glutaredoxin in both directions are highly specific, reversible [26], and also protect sensitive
SH groups from oxidation to sulphinic and sulphonic acid [27]. Thus, various mechanisms
may be involved in the formation of glutathionylated proteins and it is not clear which one is
prevalent in vivo [24]. The thiol-disulfide exchange seems to be a major one, although
evidences against a role of GSSG in the formation of protein-SSG have been given [26, 28].

There is still some controversy about the difference between oxidative stress and redox
regulation and signalling. It seems that low levels of ROS play a regulatory role, e.g., the
reversible oxidation of cysteines to mixed disulfides represents redox regulation, whereas high
levels of ROS lead to oxidative stress and toxicity, i.e., irreversible oxidation to sulfonic acids
is toxic [29].

Glutathionylation seems to be involved in such processes as glycolysis, signal transduction,
protein degradation, intracellular trafficking, and protein folding [30]. It can protect protein
thiols from irreversible inactivation but can also alter the activity of many proteins. In
Arabidopsis thaliana glutathionylation of glycolytic enzyme, cytosolic triose-phosphate isomer‐
ase and fructose-1,6-bisphosphate (FBP) aldolase, a Calvin cycle enzyme, inhibited their
activity [31]. The inactivation of a soybean protein tyrosine phosphatase and inhibition of
transcription factors (such as Jun and NF-kB) by glutathionylation was noticed [32]. However,
glutathionylation activated the transcription factor/cyclic AMP-responsive element binding
protein [33].

Glutathionylation results in the regulation and redox signaling in plants. It has been shown
that glutatione-S-transferase from Arabidopsis thaliana undergoing glutathionylation possess a
dehydroascorbate reductase activity and/or a glutathione-dependent thiol transferase activity
[34]. These enzymes, which contain a catalytically essential cysteine, are glutathionylated in
vitro in the presence of GSSG with a concomitant loss of enzymatic activity would constitute
an intermediary step of the catalytic mechanism, allowing glutathione-dependent reduction
of dehydroascorbic acid [30].

It has also been proposed that glutathionylation of some photosynthetic enzymes regulates
photosynthetic metabolism and thus allows for rearrangement of NADPH and ATP within
chloroplasts under oxidative stress [35]. Glutathionylation of the f-type thioredoxin (TRX f)
prevents its reduction by ferredoxin-thioredoxin reductase and these thioredoxins are
involved mainly in the light-dependent regulation of carbon metabolism enzymes, including
several Calvin cycle enzymes [36]. Therefore, it seems that the glutathionylation of TRX f,
glyceraldehydes-3-phosphate dehydrogenase and fructose-1,6-bisphosphate aldolase suggest
that this posttranslational modification could constitute a new mechanism of regulation of
Calvin cycle enzymes under oxidative stress [30]. The in vivo proteomic study on photosyn‐
thesizing cells performed in Chlamydomonas supported such a possibility [35]. This experiment
has shown that more than 20 glutathionylated proteins, mostly located in the chloroplast, are
involved in diverse processes such as photosynthesis, chloroplast translation, amino acid and
ATP metabolism, protein folding, acetate metabolism, and oxidative stress. Two new Calvin
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cycle enzymes, phosphoglycerate kinase and ribose-5-phosphate isomerase distinct from those
known to undergo glutathionylation, were also identified [30].

Glutathionylation of glycine decarboxylase, a key enzyme in the process of photorespiration
[37], resulted in the inactivation of plant mitochondria. This points to the role of glutathiony‐
lation in the temporary protection of enzymes against oxidative stress. Glutathionylation can
also regulate the activity and function of nuclear proteins, including transcription factors, as
well as influence the chromatin structure and dynamics of the process of condensation [20].
Some of the best-characterized plant proteins regulated by glutathionylation are annexins.
Annexins are Ca2+ and phospholipid binding proteins forming an evolutionary conserved
multigene family with a presumed function of the enzyme associated with signal transduction.
Different stress conditions cause different changes in gene expression of annexin [38]. Gluta‐
thionylation of annexin A1 in Arabidopsis thaliana modifies its ability to bind Ca2+ and leads to
the reduction or inhibition of enzyme activity.

5. Protein carbonylation and its role in plant development and stress
response

Carbonylation is an irreversible, non-enzymatic modification of proteins and the most
commonly occurring oxidative protein modification. Carbonyl groups are introduced into
proteins by a variety of oxidative pathways. Lysine, arginine, proline, and histidine side chains
can be oxidized to reactive aldehyde or ketone groups via carbonylation causing inactivation,
crosslinking, or breakdown of proteins [39–40]. Carbonyl groups can be generated through
oxidative cleavage of proteins by α-amidation pathway or by formation of peptides with α-
keto derivatives at the N-terminus [41]. In living organisms, the common mechanism of
carbonylation is metal-catalyzed oxidation (MCO) occurring during the interaction of reduced
metal ions, such as Fe+2 or Cu+ with H2O2, in the Fenton reaction producing extremely reactive
hydroxyl radicals oxidizing amino acid side chains or causing protein backbone cleavage [41].
In many cases, oxidative modification of proteins is a detrimental process in which irreversibly
inactivated proteins lead to cellular dysfunction. On the other hand, it is now clear that
oxidative modification of proteins can be specific and reversible, playing a key role in metabolic
regulation and normal plant physiology. However, little is known about the involvement of
protein carbonylation in developmental processes and in the response of plants to adverse
environmental conditions. Oxidatively modified proteins were identified at all stages of the
plant life cycle and their involvement in the control of common biological functions such as
dormancy, germination, and aging has been suggested [42–43]. The intracellular level of
protein carbonyl groups increases with age, reaching typical values of 1–4 nmol mg-1protein
but under oxidative stress may increase to 8 nmol mg-1 protein, i.e., about 40% of all protein
molecules have one carbonyl group [41]. The increased level of oxidized proteins in aged
organisms seems to be the result of higher susceptibility of proteins to ROS due to alterations
in the protein structure as well as the diminished ability for protein removal [44]. Protein
carbonylation seems to be the consequence of age-induced transcriptional and translational
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errors and increased levels of aberrant misfolded proteins resulting in the level of oxidized
proteins [44, 45].

Carbonylated proteins have been found in all plant cell cellular compartments: cytosol,
chloroplasts, peroxisomes, nucleus, and mitochondria [42, 43, 46-48]. Interestingly, it has been
found that in wheat leaves, the concentration of carbonylated proteins per mg protein was
higher in the mitochondria than in chloroplasts and peroxisomes [46]. It may suggest that
mitochondrial proteins are more susceptible to oxidative damage or are more tolerant to
oxidation or mitochondrial proteases are less efficient in protein removal.

Carbonylated  proteins  have  been  identified  mainly  in  Arabidopsis  thaliana  leaves  [42],
germinating  seeds  [43],  and  whole  shoots  [49].  However,  aging  and  stress-induced
carbonylation does not affect proteome in the same way [50]. Specific plant proteins such
as  ribulose-1,  5-bisphospate  carboxylase/oxygenase,  enzymes  of  the  cycle  of  Krebs,  and
electron transport chains may be classified as sensitive to carbonylation [42, 45]. The findings
that  such  carbonylated  proteins  as  glycolytic  enzymes,  aldose  reductase,  methionine
synthase, and molecular chaperons characterized in mammals, yeast, and bacteria found in
plants  point  out  the  participation  of  carbonylation  in  the  control  of  common biological
functions [51]. Carbonylation of plant proteins seems to also be involved in such physiolog‐
ical  transitions  such  as  dormancy,  germination,  and  aging  and  can  act  as  a  signal  in
physiological transitions [42, 43, 48, 52].

Abiotic stresses such as dehydration, heat, salinity, heavy metals gamma irradiation, and
others, as well as biotic stresses, result in protein carbonylation but the extent of carbonylation
correlates to the exposure time and the severity of stress [51, 53]. The inactivation of the Calvin
cycle, such as ribulose-1, 5-bisphosphate carboxylase oxygenase (RuBisCO), by protein
carbonylation would allow plant adaptation to stress conditions. Furthermore, several
components of the glycine decarboxylase complex (GDC), a key enzyme involved in photo‐
respiration in photosynthetic tissues, are highly prone to carbonylation, especially under stress
conditions [42, 54]. The peroxisome fraction isolated from castor bean endosperm and
subjected to harsh metal catalyzed oxidation, a sharp increase in carbonylated malate synthase,
and isocitrate lyase were observed. Also, antioxidants proteins such as catalase, manganese
superoxide dismutase (MnSOD) and peroxiredoxin (Prx), which are associated with the
defense against oxidative stress, are themselves sensitive to oxidative attack [55]. Molecular
chaperones such as Hsp60 can be also inactivated by carbonylation. It seems that these proteins
are fairly susceptible to carbonylation and under prolonged oxidative stress they could lose
structural integrity and become dysfunctional. The loss of function of the chaperones and
MnSOD combined with the ongoing oxidative stress would aggravate the damaging effect to
the cell, eventually resulting in cell death.

6. Degradation of oxidized proteins

Enhanced modification of proteins has been reported in plants under various stresses [56]. To
maintain the cellular metabolism, it is highly required to possess the efficient degradation and
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removal of oxidized proteins. The fate of carbonylated proteins in plant cells is of paramount
importance. If not degraded these proteins tend to form high molecular weight aggregates due
to covalent cross-linking and/or increased surface hydrophobocity. What is more, the accu‐
mulation of such inactive proteins could functionally compete with their active counterparts.
To circumvent this, several distinct proteolysis pathways balance the extent of protein
carbonylation [57].

Different pathways can mediate protein hydrolysis in different cell compartments. In the
nucleus, it engages mainly in ubiquitination and proteasomes activity. In mitochondrion- and
chloroplast-specific enzymes such as ATP-depended protease La, ClpAP and others have been
described [58–60]. In cytosol, hydrolysis once again is maintained by ubiquitination and
proteasomes [61]. One of the most effective ones is the vacuolar hydrolysis based on proteases
such as cysteine, serine, aspartate proteases, and metalloproteases specific for this compart‐
ment. These different proteolytic pathways do not exclusively target carbonylated proteins.
However, some of them as 20S proteasome pathway seem to preferentially degrade oxidized
rather than non-modified proteins [62]. In this way, protein carbonylation could promote
degradation of mistranslated, damaged, and aberrant or even no longer required proteins in
plant cells.

7. Removal of oxidized proteins by proteasome

The ubiquitin 26S proteasome system is the major mechanism of intracellular protein degra‐
dation in eukaryotes, playing a key role in basic cellular processes. Plant cells contain a mixture
of 26S and 20S proteasomes that are responsible for proteolysis [63]. The 26S proteasome is
proteolytic component of the ubiquitin (Ub)-dependent proteolytic system, essential in plants
and also in animals. It degrades functional proteins, negatively controls the abundance of
regulatory proteins involved in signaling and metabolic pathways, and degrades abnormal
and denatured proteins produced under biotic and abiotic stress. This illustrates why protea‐
some is essential for protein quality control [64]. The 26S proteasome is an ATP-dependent,
multi-subunit protease complex composed of two subcomplexes, the 20S core protease (or
multi-catalytic protease) and the 19S regulatory particles. The 20S core protease is ATP- and
ubiquitin-independent protease that consists of a cylindrical stack created by the assembly of
four heptameric rings [61]. It has been reported that reduction in 26S proteasome abundance
is connected with the increasing cell expansion and with the decreasing cell division rates [65].
It is known that abiotic stresses lead to inhibit 26S activity directly by inhibiting 26S proteasome
function or indirectly by increasing the substrate load. Heat shock and other stresses can cause
protein misfolding which leads to a substrate overload. Oxidative stress directly leads to 26S
proteasome causing a decrease in cell division. These mechanisms seem to be relevant when
the intensity of the stressor is high [63].

A strong candidate for the removal of damaged proteins is the 20S proteasome, a 700 kDa
proteolytic complex responsible for degradation of short-lived and abnormal intracellular
proteins. It is composed of a barrel-shaped protein comprising of four stacked rings with the
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It is known that abiotic stresses lead to inhibit 26S activity directly by inhibiting 26S proteasome
function or indirectly by increasing the substrate load. Heat shock and other stresses can cause
protein misfolding which leads to a substrate overload. Oxidative stress directly leads to 26S
proteasome causing a decrease in cell division. These mechanisms seem to be relevant when
the intensity of the stressor is high [63].

A strong candidate for the removal of damaged proteins is the 20S proteasome, a 700 kDa
proteolytic complex responsible for degradation of short-lived and abnormal intracellular
proteins. It is composed of a barrel-shaped protein comprising of four stacked rings with the
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catalytic side in the lumen. Two outer and two inner rings are made up of seven subunits
ranging from 20 to 35 kDa each. The first and third rings contain alpha subunits; the second
and fourth rings contain beta subunits.

The 26S proteasome is responsible for the degradation of misfolded proteins and the free 20S
proteasome is needed for the removal of oxidized proteins [66]. Plant cells contain a mixture
of the 26S and free 20S proteasome and the adequate proteasomes ratio seems to be important
for plant development and stress responses. The comparative analyses of mutants showed that
optimal 26S proteasome levels are needed to maintain tolerance to stresses, such as heat shock,
that cause protein misfolding, while increased levels of the free 20S proteasome lead to better
tolerance to oxidative stress [63].

For the first time, the importance of developmental regulation of the 26S to 20S proteasome
was studied for Drosophila. It was proved that during aging, the 26S proteasome decreases
while 20S proteasome increases [67]. Similarly, a decline in 26S proteasome levels and increase
in 20S proteasome levels was presented in a proteomic study of potato tuber aging [68].

An increased production of free radicals and increased oxidative damage to cellular compo‐
nents are obtained during aging. Under these conditions, a shift in the proteasomes ratio in
favor of the free 20S proteasome would be beneficial because it increases the cellular capacity
to remove oxidized proteins that are potentially cytotoxic when allowed to accumulate. The
regulation of 26S proteasome to 20S proteasome levels during aging and senescence is still
poorly understood. From what we know, we can conclude that the mild loss of 26S proteasome
activity strongly impacts plant growth; that is why plants need to maintain an optimal 26S
proteasome activity level to ensure developmentally-programmed cell division and expansion
rates. Finally, the loss of the 26S proteasome function does not disturb plant survival because
it provides to the 20S proteasome biogenesis and at the same time increases oxidative stress
tolerance [63]. Not all proteins are degraded after the carbonylation; some of them may form
aggregates that accumulate in the cell. Inhibition of proteolysis may be a result of the creation
of groups of modified proteins susceptible to degradation, effectively blocking the proteasome.
Accumulation of such protein aggregates may result in cell death.

8. Autophagic degradation of carbonylated proteins

Autophagy, a non-specific protein degradation pathway, could degrade oxidized proteins [69,
70]. However, the potential role of autophagy in plant responses to abiotic stresses is still
unknown. Although autophagy-related proteins function in plant responses to salt and
osmotic stress, the relationship to autophagy is not clear [71, 72]. This process plays a critical
role in the acclimation of plants to changing environmental stresses such as oxidative stress,
drought, salt, and pathogen occurrence [73]. Autophagy is a process in which cytoplasmic
components are taken up into the vacuole (yeast, plants) or lysosome (mammals) for degra‐
dation. There are three major forms of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy [74–76]. In plants, chaperone-mediated autophagy has not yet
been established. Microautophagy is in intravacuolar vesicles (autophagic bodies) that came
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from the invaginated tonoplast. The isolated body containing the cytoplasmic materials and
membranes is degraded by vacuolar hydrolases. Macroautophagy (hereafter called autopha‐
gy) is a cellular mechanism of the removal of unnecessary cytosolic components in vesicles
formed de novo. These double membrane-bound vesicles, called autophagosome, are fused
with the tonoplast to release the internal vesicles into the lumen of the vacuole, where they are
degraded by hydrolases residents in the vacuole [77]. Recently, new type of autophagy-
dependent bodies specifically involved in the delivery of chloroplast (chlorophagy), mito‐
chondria (mitophagy), and ribosome (ribophagy) components to the vacuole has been
described [77].

Nutrient deprivation was one of the first common abiotic stresses shown to induce autophagy.
Very common and frequent environmental stresses encountered by plants are high salinity
and drought stress [78]. These stresses reveal some common features but are regulated
differently. Autophagy-deprived AtAtg18a-RNAi plants show high sensitivity to these two
stresses. It is commonly accepted that diverse environmental stresses may induce autophagy,
but it may be regulated by different signaling pathways. It has been shown that the salinity
and osmotic stress-induced autophagy in Arabidopsis thaliana [79] and autophagy induced by
starvation and salt stress has been dependent on NADPH oxidase activity, enzyme generating
superoxide by transferring electrons from NADPH to molecular oxygen to produce superoxide
anion. However, it was not the case in autophagy induced by osmotic stress. To date, the
isoforms of NADPH oxidase responsible for the induction of autophagy have not been found.
Thus, in nutrient-starved and salinized plants, autophagy seems to be regulated by NADPH
oxidase-dependent pathways and involved ROS, whereas in osmotically stressed plants,
autophagy is regulated by an NADPH oxidase independent pathway in which ROS may not
be involved as a signal [79]. Evidences show that autophagy is induced by high salinity and
osmotic stresses and that autophagy-defective plants are more sensitive to these conditions
[80].

9. Role of the vacuole

Vacuolar proteolysis also plays a major role in the turnover of proteins oxidized by endoge‐
nously generated ROS. These oxidized proteins, probably nonessential to survival, are
selectively recognized and degraded by proteolytic enzymes [81]. Thereafter, amino acids may
be released for synthesis of new proteins, aberrant proteins formed under water deficit may
be degraded, and certain proteins may be activated. Controlled protein hydrolysis has
therefore been recognized as essential for the adaptation of plants to environment [82]. The
MEROPS database (http://merops.sanger.ac.uk/) reflects the increasing number of proteases
classified based on their catalytic type, e.g., aspartic (A), cysteine (C), serine (S), threonine (T)
and glutamic (G) peptidases and asparagine peptide lyases (N), all based on the amino acid
residue at the active site involved directly in peptide bond hydrolysis, and into metallopepti‐
dases (M) that require a divalent metal ion as part of the active site. Drought has been shown
to induce large increases in acid protease activity in leaves of a susceptible wheat cultivar,
probably associated mainly with cysteine proteinases involved in playing a house-keeping
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function to remove abnormal and misfolded proteins arising from unfavorable conditions [83,
84]. One may suppose that carbonylated proteins could promote degradation of misfolded,
damaged, or even no longer required proteins that are nonessential to survival and should be
replaced by newly formed proteins [84, 85]. However, detailed studies in this respect are
needed.

10. The effects of vitamins present in the plants on ROS

The Food and Nutrition Board of the National Institute of Medicine in the U.S.A. has defined
a dietary antioxidant as “a substance in foods that significantly decreases the adverse effects
of reactive species (oxygen and nitrogen species) on normal physiological function in humans.”
Among the most commonly studied dietary antioxidants playing a vital role against ROS are
ascorbic acid (vitamin C), α-tocopherol (vitamin E), and β-carotene. Vitamin C is a very
important water-soluble antioxidant in extracellular fluids and is able to neutralize ROS in the
aqueous phase before they can attack lipids. Vitamin E is a lipid-soluble antioxidant. It is
important as the chain-breaking antioxidant within the cell membrane; it plays an important
role in protecting membrane fatty acids from lipid peroxidation and has the highest antioxi‐
dative activity because of the presence of three methyl groups in its molecular structure [86].
Vitamin C, moreover, is able to regenerate vitamin E. β-carotene and other carotenoids also
have antioxidant properties and may work in synergy with vitamin E [87]. Among the most
important non-enzymatic antioxidants in plants are the glutathione (GSH), proline, carote‐
noids, and flavonoids. Glutathione (GSH) is aimed to be the most important intracellular
defense against ROS-induced oxidative damage. It is involved in the control of H2O2 levels.
Flavonoids belong to one of the most reactive secondary metabolites of plants. Flavonoids play
an important role as a ROS scavenger by locating and neutralizing radicals before they damage
the cell structure. Proline is considered to act as an osmoprotectant, a protein stabilizer, a metal
chelator, an inhibitor of lipid peroxidation, and OH⋅ and 1O2 scavenger. Moreover, it also plays
an important role as a ROS quencher as well as a signaling molecule. Carotenoids are lipid
soluble antioxidants that play a multitude functions in plant metabolism including oxidative
stress tolerance [88].

Arabidopsis thaliana, contained in leaf flavonoids is a highly diverse polyphenolic secondary
metabolite and glucosinolate - another class of secondary compounds [89, 90]. Glucosinolates,
due to their flavor and medicinal properties, and coumarins characterized by their antimicro‐
bial and antifungal activities as well as pharmacological effects have attracted much interest
[91]. Flavonoids appear to play a fundamental role during environmental interactions and
plant coping with abiotic stresses [90].

It is possible to measure antioxidant assay value for food. There are numerous methods of
assessment for dietary antioxidants. These assays can be divided into two groups depending
on the reactions involved: assays based on hydrogen atom transfer (HAT) reactions and assays
based on electron transfer (ET). The first group includes low-density lipoprotein autoxidation,
oxygen radical absorbance capacity (ORAC), total radical trapping antioxidant parameter
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(TRAP), and crocin bleaching assays. ET-based assays include the total phenols assay by Folin–
Ciocalteu reagent (FCR), Trolox equivalence antioxidant capacity (TEAC), ferric ion reducing
antioxidant power (FRAP), “total antioxidant potential” assay using a Cu(II) complex as an
oxidant, and diphenyl-1-picrylhydrazyl radical –DPPH [87]. The antioxidant values of foods
listed are expressed in ORAC (Oxygen Radical Absorbance Capacity) units, a unit of meas‐
urement for antioxidants developed by the National Institute on Aging in the National
Institutes of Health [92, 93]. Numerous health food and marketers have erroneously capitalized
on the ORAC rating by promoting products claimed to be “high in ORAC.”

11. Conclusion

Redox regulatory mechanisms are a necessary part of the intracellular communication system
activating the plant stress responses. Redox-based post-translational protein modification
plays a fundamental role in redox regulation of protein function by disulfide bridge formation
and in control of protein activity by redox-based Cys-modification such as S-glutathionylation.
Another oxidative protein modification marks carbonylated proteins to proteolysis. On the
other hand, carbonylation of mistranslated and aberrant proteins seems to be an important
mechanism of protein quality control. It seems that plant tolerance to stress factors are
mediated by both, redox modifications of proteins and their contribution to the maintenance
and control of cellular homeostasis.
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Abstract

Reactive species or free radicals include reactive oxygen and nitrogen species that are
called reactive oxygen nitrogen species. Reactive oxygen species are formed as a
natural by-product of the normal metabolism of oxygen and have significant roles in
cell signaling and homeostasis. The reactive oxygen species are generated as a by-
product of biochemical reactions, in mitochondria, peroxisomes, cytochrome P450,
and other cellular components. When oxygen homeostasis is not maintained,
oxidative stress is increased in the cellular environment. Superoxide, hydrogen
peroxide and hydroxyl radicals are normal metabolic by-products which are
generated continuously by the mitochondria in growing cells. Microsomal cyto‐
chrome P450 enzymes, flavoprotein oxidases and peroxisomal enzymes are other
significant intracellular sources of reactive oxygen species.

Keywords: Reactive oxygen species, mitochondria, NADPH oxidase, 5-lipoxyge‐
nase

1. Introduction

All living aerobic multicellular organisms require molecular oxygen (O2) to survive rather than
oxygen, which is susceptible to radical formation due to its electronic structure. Reactive
oxygen species (ROS) are small molecules derived from oxygen molecules including free
oxygen radicals, such as superoxide (O2

⋅_), hydroxyl (⋅OH), peroxyl (RO2⋅), and alkoxyl (RO_)
as well as hypochlorous acid (HOCl), ozone (O3), singlet oxygen (1O2), and hydrogen peroxide
(H2O2), which are non-radicals. These non-radicals are either oxidizing agents or easily

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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converted into radicals. Nitrogen-containing oxidants, such as nitric oxide (NO.) peroxynitrite
(ONOO.), nitrogen dioxide (NO2) are called reactive nitrogen species (RNS) [1, 2].

Reactive species or free radicals include reactive oxygen and nitrogen species collectively and
are called reactive oxygen nitrogen species (RONS). They are released from macrophages,
neutrophils and dendritic cells in response to an inflammatory stimulus. RONS are highly
reactive due to the presence of unpaired valence shell electrons or non-static bonds, and their
proper regulation is vital for an efficient immune response and for limiting tissue damage [3].

Reactive oxygen species, chemically reactive molecules, containing oxygen, are formed as a
natural by-product of the normal metabolism of oxygen and have significant roles in cell
signaling and homeostasis. However, during times of environmental stress (e.g., UV radiation,
heat exposure and ionizing radiation), their levels could increase dramatically. At high
concentrations, ROS reacts readily with lipids, proteins, carbohydrates, and nucleic acids. This
may result in significant damage to cell structures, and cumulates into a situation known as
oxidative stress [4, 5]. Oxidative stress is a condition when the balance between the production
of oxidants and their removal by antioxidants gets disturbed leading to increased production
and accumulation of oxidants in the body. Aging, chronic inflammatory diseases, smoking,
diabetes neurodegenerative diseases, cancer, etc., lead to generation of oxidative stress [3].

2. Types of free radicals

Free radicals are a group of highly reactive chemical molecules with one or more unpaired
electrons. These substances are capable of giving rise to chain reactions involving a number of
steps, each of which forms a free radical that triggers the next step. Initiation, propagation and
termination are three phases of these reactions. There are some different types of free radicals.
Oxygen-centered, nitrogen-centered, carbon-centered and sulphur-centered radicals are
different free radical species [6, 7].

2.1. Oxygen-centered radicals

In living system oxygen radicals represent the most important class of radical species. In
biochemistry, the free radicals are often referred as ROS, because biologically, the most
significant free radicals are oxygen-centered [8, 9].

Radical formation is realized through subsequent steps [8].
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Due to oxygen reduction, three important intermediate products are generated: superoxide
anion, hydrogen peroxide and hydroxyl radical.

Figure 1. Main reactive oxygen species

2.1.1. Superoxide anion

Superoxide anion (O2
●-), the most common ROS, is generated in mitochondria, in cardiovas‐

cular system and other parts of the body [3, 10]. The electron transport chain (ETC) is respon‐
sible for most of the superoxide generation through partial reduction of oxygen [11].

Radical formation is possible:
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2 2
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In aerobic organism most of the oxygen is reduced to water in mitochondrial respiratory chain.
However, a small proportion of the oxygen molecules (1% -2%) is converted to superoxide
anion radical. These reactions occur in respiratory chain by complex I (NADH: ubiquinone
oxidoreductase) and complex III (ubiquinol: cytochrome c oxidoreductase) [12]. Another
important pathway to form superoxide is represented by heme oxidation. The iron (of heme
group) is reduced to ferrous (Fe II) in the deoxyhemoglobin and when it attaches to oxygen
an intermediate structure is formed [8].
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In addition to this, dihydrorotate dehydrogenase, aldehyde oxidase, and xanthine oxidase are
oxidative enzymes that can also produce superoxide anion.

2.1.2. Hydrogen peroxide

Hydrogen peroxide (H2O2) is a neutral molecule, which is the least reactive molecule among
ROS and is stable under physiological pH and temperature in the absence of metal ions. It is
highly diffusible and does cross the plasma membrane easily. H2O2 is formed in our body by
large number of reactions and yields potent species [3]. H2O2 could be produced from super‐
oxide anion by superoxide dismutase (SOD) through a dismutation reaction. Amino acid
oxidase and xanthine oxidase can also produce H2O2 from superoxide anion. In the presence
of metal ions and superoxide anion H2O2 can produce the hydroxyl radical [13, 15].

– –
2 2 2 2O + H O OH + OH + O× ® ×

2.1.3. Hydroxyl radical

Hydroxyl radical (⋅OH), the most reactive and dangerous radical, can be formed from
superoxide anion and H2O2 in the presence of metal ions, and it has a very short in vivo half-
life of about 10-9s [13]. As a result, when produced in vivo, OH reacts close to its site of formation.
Most of hydroxyl radicals are produced in the excess of superoxide anion and H2O2 by Haber-
Weiss reaction [8, 14].

- -
2 2 2O + H O  OH + OH + O×× ®

It can also be produced by multiple pathways; such as, decomposition of water because of
ionizing radiation that form hydroxyl radicals and hydrogen atoms, and photolytic decom‐
position of alkyl hydroperoxides. In vivo, primarily hydroxyl radicals emerge from the metal-
catalyzed breakdown of H2O2, through Fenton reaction [8, 14].

( ) ( ) ( )n +1n+ + 2+ 3+ 2+ 2+ 3+ 4+ 3+ -
2 2M Cu , Fe , Ti , Co  + H O M Cu , Fe , Ti , Co  + OH + OH×®

The Fenton reaction is generally considered to yield the ⋅OH; following as shown from spin-
trapping and hydroxylation [15].

2.1.4. Singlet oxygen

Singlet oxygen (1O2), a non-radical, can be generated by an input of energy that rearranges the
electrons, and it is rather mild and nontoxic for mammalian tissue. It is formed during
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photosensitization and chemical reactions [3]. In the human beings, 1O2 is both a signal and a
weapon, with therapeutic potency against various pathogens such as microbes, viruses, and
cancer cells. Two different pathways in biology can produce singlet oxygen. 1O2 can directly
oxidize proteins, DNA, and lipids and has been known to be involved in cholesterol oxidation
that can participate in Dielse-Alder reactions. It can be generated by chemical processes, such
as spontaneous decomposition of hydrogen trioxide in water or the reaction of H2O2 with
hypochlorite. 1O2 reacts with an alkene (-C=C-CH-) by abstraction of the allylic proton in an
ene-type reaction to the allyl hydroperoxide HO-O-R (R = alkyl), which can then be reduced
to the allyl alcohol [16].

2.2. Carbon-centered radicals

Carbon centered radicals are described as follows.

2.2.1. Peroxyl and alkoxyl radicals

Peroxyl (ROO ) and alkoxyl (RO ) radicals are good oxidizing agents, having more than 1000
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Figure 2. Mechanistic presentation of possible reactions involved in the thermal Fenton reaction with simplified nota‐
tions used for the various iron complexes
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3+ 2+ +ROOH ROO·+ H·, ROOH + Fe ROO·+ Fe + H®®

Aromatic alkoxyl and peroxyl radicals are less than respective open chain radicals because of
the delocalization of electrons in the ring. ROO is reactive and formed from lipids, proteins,
DNA and carbohydrates during oxidative damage [3]. Peroxyl radicals are generated by a
direct reaction of oxygen with alkyl radicals (R ) [13].

2.3. Nitrogen-centered free radicals

NO and its by-products, such as nitrate (NO3
-), nitrite (NO2

-), peroxynitrite (ONOO-), and 3-
nitrotyrosine are called RNS. More recently the role of the RNS has been shown to have a direct
role in cellular signaling, vasodilatation, and immune response [10].

2.3.1. Nitric oxide

NO is generated during the breakdown of arginine to citrulline by a family of NADPH-
dependent enzymes called nitric oxide synthase [10, 11]. It is an uncharged lipophilic molecule
containing a single unpaired electron, which causes it to be reactive with other molecules such
as oxygen, superoxide radicals and glutathion. While NO is not a very reactive free radical, it
is able to form other reactive intermediates, which have an effect on protein function and on
the function of the entire organisms. These reactive intermediates can trigger nitrosative
damage on biomolecules [10]. Therefore; NO could function as an oxidant or an antioxidant.
NO is neurotransmitter and blood pressure regulator, and it can yield potent oxidants during
pathologic states [3]. Overproduction of NO is involved in ischemia reperfusion, and neuro‐
degenerative and chronic inflammatory diseases, such as rheumatoid arthritis and inflamma‐
tory bowel disease [3,13].

Figure 3. Nitric oxide formation
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After NO is produced, it can inhibit cytochrome c oxidase. NO found in the mitochondria
increases the production of ROS and RNS which can alter the activity of various processes such
as mitochondrial biogenesis, respiration and oxidative stress [11].

NO is more stable and diffusible than hydroxyl radicals. These have shown hyperphosphor‐
ylatation and inactivate retinoblastoma protein resulting in increased proliferation of human
colon cancer cells. NO modifies DNA directly and inactivates the DNA repair enzymes. NO
is very reactive signaling molecule and it is an important regulator for cellular functions.
Nitrosative stress also plays a critical role in inflammation-associated carcinogenesis by
activating a representative redox sensitive transcription factor. NO modifies DNA directly and
inactivates the DNA repair enzymes [3]. NO is exposed to human blood plasma which can
deplete the concentration of ascorbic acid, uric acid, and initiate lipid peroxidation.

2.3.2. Peroxynitrite

NO reacts with O2
- with a high rate constant to give peroxynitrite (O2

- + NO →  OONO–) [15,
17], which may spontaneously decompose to yield NO2

. and hydroxyl radical (.OH) [18]. At
physiological pH, ONOO– is a stronger oxidant than O2

- or NO, and it oxidizes lipids, proteins,
nitrated amino acids and DNA [19, 20].

Peroxynitrite is a cytotoxic and causes tissue injury and oxidizes low-density lipoprotein. The
significance of OONO– as a biological oxidant comes from its high diffusibility across cell
membranes. OONO- appears to be an important tissue-damaging species generated at the sites
of inflammation and has been shown to be involved in various neurodegenerative disorders
and several kidney diseases. The molecule can cause direct protein oxidation and DNA base
oxidation and modification acting as a “hydroxyl radical-like” oxidant. Nitrotyrosine, which
can be formed from peroxynitrite-mediated reactions with amino acids, has been found in age-
associated tissues [9, 13].

Peroxynitrite as a potential biomarker of inflammation-associated cancers and a product
formed by a reaction between NO radical and superoxide anion, causes DNA damage by
generating 8-nitroguanine. Thus, oxidative and nitrosative DNA damage products have been
implicated in the initiation of inflammation-driven carcinogenesis [3].

2.3.3. Nitrogen dioxide

Nitrogen dioxide (NO2⋅) is formed from the reaction of peroxyl radical and NO. NO2⋅ initiates
lipid peroxidation for production of free radicals and also oxidizes ascorbic acid [13]. NO2⋅, a
major decomposition product of NO and very reactive oxidant, is able to oxidize tyrosine to
3-nitrotyrosine. Moreover, NO2⋅ is a substrate for the mammalian peroxidase and lactoper‐
oxidase and forms NO2⋅ via peroxidase-catalyzed oxidation of NO2⋅. This provides an
additional pathway contributing to cytotoxicity or host defense associated with increased NO
production and an alternative pathway for the formation of 3-nitrotyrosine [10].
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Figure 4. Nitric oxide and cytotoxicty

3. Biochemistry of ROS and RNS

The generation of ROS can occur as a product of biochemical reactions, in mitochondria,
peroxisomes, cytochrome P450, and other cellular components [21, 22]. ROS are generated
mainly by the mitochondrial ETC. Almost all cells, and tissues continuously convert a small
proportion of molecular oxygen to ROS in ETC. ROS produced by other pathways, including
the respiratory burst taking place in activated phagocytes, are ionizing the damaging effect of
the radiation on components of cell membranes, and by-products of several cellular enzymes
(NADPH oxidases, xanthine oxidase, nitric oxide synthase) [23]. The formation of ROS is a
natural consequence of aerobic metabolism and is integral for maintaining tissue oxygen
homeostasis. When oxygen homeostasis is not maintained, there is an increase in oxidative
stress in the cellular environment. Superoxide, hydrogen peroxide and hydroxyl radicals are
normal metabolic by-products which are generated continuously by the mitochondria in
growing cells. Microsomal cytochrome P450 enzymes, flavoprotein oxidases and peroxisomal
enzymes are other significant intracellular sources of ROS [24].

ROS play the key roles in both health and disease. ROS also have an important role in several
physiologic processes such as normal vascular cell functioning and maintaining vascular
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diameter regulation. ROS carry out this function by mounting effective immune response,
acting as possible signaling molecules and regulating glucose uptake by skeletal muscle [3].
They have a role in response to growth factor stimulation and control of inflammatory
responses. They participate in the regulation of differentiation, proliferation, growth, apopto‐
sis, cytoskeletal regulation, migration, and contraction [4].

ROS contributes to a wide range of pathologies and many of the implicated diseases which
lead to death, such as chronic inflammation and autoimmune diseases (diabetes, rheumatoid
arthritis, lupus), sensory impairment (ocular disease, hearing loss), cardiovascular diseases
(atherosclerosis, hypertension, ischemia/reperfusion injury), cancer (breast, renal, lung),
fibrotic disease (pulmonary and liver fibrosis, diabetic nephropathy), obesity, insulin resist‐
ance, neurological disorders (Parkinson’s, Alzheimer’s, ALS, schizophrenia), and infectious
diseases (septic shock, influenza, hepatitis, HIV) [3, 4].

ROS generation is generally a cascade of reactions which starts with the production of
superoxide. Superoxide rapidly dismutates to hydrogen peroxide spontaneously, particularly
at low pH or is catalyzed by SOD. The other generations include the reaction of superoxide
with NO to form peroxynitrite, the peroxidase-catalyzed formation of hypochlorous acid from
hydrogen peroxide, and the iron-catalyzed Fenton reaction leading to the generation of
hydroxyl radical [2,25].

ROS act with a large number of biomolecules (proteins, lipids, carbohydrates, and nucleic
acids). ROS may irreversibly destroys and alter the function of these molecules after interacting
with them. As a result, they have been increasingly identified in biological organisms as major
contributors to damage. Harman has showed the role of ROS in the aging process [26], after
these ROS become cell damaging agents in aging theory. ROS also have an important role in
host defense because ROS generation deficiencies reduce the killing ability of leukocytes.
However, over the last decades, a second important concept of ROS have been evolving.
Furthermore, ROS have a reversible regulatory process in virtually all cells and tissues [27].

3.1. Biological sources of ROS

In mammalian cells the biological sources of ROS are as follows; mitochondria [28], endoplas‐
mic reticulum [29], peroxisomes [12], cytosol [30], plasma membrane [31] and extracellular
space [32]. Major sources of ROS include metabolic processes and cellular respiration proc‐
esses. During the metabolic processes the peroxisome catabolizes biomolecules that remove
hydrogen in an oxidative reaction creating H2O2. While the cellular respiration oxygen is
reduced the intermediates with odd electrons can escape the chain.

Typically the initial reaction is an electron transfer of oxygen to O2
-, which then dismutases to

H2O2. O2
- does not readily cross membranes, and is short-lived and local in its effects, but SOD

converts O2 to longer-lasting and membrane-diffusible H2O2. When O2 react with NO, the
highly reactive ONOO is formed. Peroxidases catalyze reactions involving H2O2, resulting in
the generation of HOCl and 1O2 among other species. Finally the Haber-Weiss reaction uses
an iron ion catalyst to generate hydroxyl radicals from O2

- and H2O2. Major sources of ROS
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includes cellular respiration and metabolic processes, though ROS may also be generated by
radiation [4].

3.2. Biosynthesis pathway of ROS

Mitochondria, NADPH oxidase and 5-lipoxygenase (5-LOX) are three major sources of ROS
formation.

3.2.1. Mitochondrial ROS production

The generation of mitochondrial ROS is the result of oxidative phosphorylation. In cytochrome
chain, electrons derived from FADH or NADH can directly react with oxygen or other electron
acceptors, and generate free radicals [3]. ROS, as generated by mitochondria during respira‐
tion, induce oxidative stress, which accumulates over life and is considered as the proximal
mechanism of aging and a major determinant of degenerative disease, including cancer, and
lifespan (the free radical or mitochondrial theory of aging). Recent data showed that specific
ROS in particular H2O2 is directly implicated in the physiological regulation of different signal
transduction pathways, including the insulin/IGF1 pathway. Indeed mitochondrial ROS

Figure 5. Pathways of ROS formation
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production has been found to contribute to the regulation of several cellular processes in a
specific manner. A role for ROS as signaling molecules is further supported by recent findings
that the generation of H2O2 by mitochondria is not only as a by-product of respiration but also
as a result of specific enzymatic systems, such as p66Shc. P66Shc functions as an inducible
redox enzyme, which is activated by stress and triggers apoptosis to regulate signal transduc‐
tion and transcription. Regardless of the purpose p66Shc utilizes to shift the intracellular redox
balance towards oxidation, it appears that mitochondrial ROS formation ability is evolved to
set intracellular ROS levels. Therefore; one could hypothesize that the mitochondrial-mediated
oxidative stress may have a critical oncogenic role when tumor suppressor mechanisms
decreased rather than acting as primary mutagens [33-35].

Mitochondria are responsible for 90% of the energy production in cells, and thus tissues, organs
and the body as at the whole needs to function. Hence, they are known as the “powerhouse
of a cell”: the core of cellular energy metabolism, being the site of most ATP generation through
mitochondrial oxidative phosphorylation [36]. In this process, electrons liberated from
reducing substrates are delivered to O2 establishing an electrochemical gradient used to drive

Figure 6. The major pathway formation of ROS
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ATP synthesis. During the oxidative phosphorylation, the reduction of oxygen by one electron
at a time (O2 →  O2

-⋅ →  H2O2 →  ⋅OH →  H2O) produces ROS, relatively stable intermediates
with one unpaired electron [37]. There is a lot of evidence supporting the point of view that
mitochondria are not a major source of ROS in the cell. In fact, about 90% to 95% of cellular
oxygen is used up in oxidative phosphorylation and 3% from that pool can be converted to
superoxide which is a very strong argument to mitochondria as a main source of this oxygen
radical. Consequently, in mammalian cells mitochondria are the major source of ROS [38].

The primary ROS are generated by mitochondria, as a result of monoelectronic reduction of
O2 which is the precursor of most ROS and a mediator in oxidative chain reactions. O2 is
produced in mammalian cells enzymatically by NADPH oxidase, cytochrome P450-dependent
oxygenizes and xanthine oxidase as well as in course of a single electron is directly transferred
to O2

.. Furthermore, O2 can produce RNS which react with other radicals, such as NO.

Hydrogen peroxide is produced by dismutation of O2, catalyzed by SODs, whether sponta‐
neously or through a reaction in mitochondria. Because H2O2 is relatively stable and membrane
permeable, it can diffuse within the cell and be eliminated by cytosolic or mitochondrial
antioxidant systems such as catalase, glutathione peroxidase, and thioredoxin peroxidase.
Mitochondrial generated H2O2 can also act as a signaling molecule in the cytosol, affecting
multiple networks which control, for instance, cell cycle, stress response, energy metabolism,
and redox balance [39, 40].

Hydroxyl radical (⋅OH) can be formed in the presence of metal ions by Fenton reaction when
H2O2 is not metabolized. As one of the strongest oxidants hydroxyl radical is highly reactive
and may damage the other molecules. Therefore, mitochondria have developed an efficient
H2O2 removal systems. These metal-chelating mechanisms include chaperone proteins and
prevent the formation of this radical. Even if there are at least ten enzymes in mammalian
mitochondrial for ROS production, their capacity to produce ROS greatly differ in a tissue-
specific manner. In vitro experiments have demonstrated that H2O2 generation is both substrate
specific and organ specific [41, 42].

Mitochondrial ROS are a product of respiration and generally occur at the ETC. As a terminal
component of the ETC, cytochrome c oxidase (Complex IV) receives four electrons from
cytochrome c and reduces one O2 molecule to two H2O. The first mitochondrial site producing
ROS was identified at the Complex III located at the inner side of inner mitochondrial
membrane (bc1 complex, ubiquinone: cytochrome c reductase). The primary ROS produced
at this site are O2, through the referred Q-cycle [43].

Unsaturated fatty acids in mitochondrial membranes, which are components of phospholi‐
pids, can be easily oxidized by the hydroxyl radical. Lipid 4-hydroxynonenal (4-HNE),
malondialdehyde (MDA) and acrolein are the lipid peroxidation products. Generation of these
lipid radicals lead to the production of a new radical, which causes various effects in the cell
such as affecting membrane fluidity and increasing permeability [44]. Lipid radicals can
covalently modify membrane proteins as well as cause “lipoxidative” damage to the mtDNA
because they diffuse easily in the membranes [45]. For instance, 4-hydroxy 2-nonenal inhibits
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adenine nucleotide translocase activity in mitochondria on account of the modification of
sulfhydryl groups in adenine nucleotide translocase [46].

The nine known sources of ROS in mitochondria are shown in Fig. 6 in the context of location
within a mitochondrion. ROS producing seven enzymes will be discussed in the following
text.

Figure 7. Sources of ROS in mitochondria

1. Complex III (cytochrome c oxidoreductase, EC 1.10.2.2) enzyme is located closer to the
outer and the inner coupling membrane and widely distributed in mammalian tissues.
Complex III produces superoxide at both site of membrane. The enzyme oxidizes
cytoplasmic NAD(P)H and reduces cytochrome b5 in the outer membrane. It may also
reduce ascorbyl free radical and, therefore, be involved in regeneration of ascorbate in
mammalian liver. The enzyme is upregulated in the patients suffering from schizophre‐
nia, thus implying a role in the etiology of the disease. There is a single report that
mitochondrial cytochrome b5 reductase may produce superoxide with a high rate of ~300
nmol/ min per mg protein [36, 47].

2. Monoamine oxidase (MAO, EC 1.4.3.4) is located in the outer mitochondrial membrane
and contain flavin adenine dinucleotide (FAD). Two isoforms MAO-A and MAO-B are
identified with their specificity and sensitivity to inhibitors. Norepinephrine and seroto‐
nin are oxidized by MAO-A, whereas the substrates for MAO-B are phenylethylamine
and benzylamine. This enzyme is found in all the tissues such as, lung, liver blood vessels,
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heart, the nervous system, etc. The enzyme catalyze oxidation of biogenic amines and
produce toxic molecules, aldehydes, ammonium hydroxide and hydrogen peroxide.
MAO cause development of oxidative stress in heart and nervous system. MAO is also a
major source of H2O2 in ischemia [48] and aging [42]. Furthermore MAO gives rise to
peroxidation of phospholipids in mitochondria. The inhibitors of MAO decreased
production of hydrogen peroxide and thus protect the heart [43].

3. Dihydroorotate dehydrogenase (DODH, dihydroorotate: ubiquinone oxidoreductase,
EC 1.3.99.11) is a flavoprotein located in the outer surface of inner mammalian mitochon‐
drial membrane. The enzyme catalyzes the conversion of dihydroorotate to orotate, which
is a step in the de novo synthesis of uridine monophosphate. DODH has been found in
many cells, such as tumor, mucosal, ileum, colon, crypts, kidney cortex, heart and liver.
The most active enzyme is found in heart and liver mitochondria. The enzyme contains
flavin mononucleotide (FMN) containing active site as a source of superoxide. Superoxide
is formed during aerobic oxidation of dihydroorotate in the presence of cyanide. However,
histochemical studies showed that heart and kidney cortex mitochondria produce
hydrogen peroxide during dihydroorotate oxidation. Drugs specifically interacts with the
hydrophobic channel of the enzyme by preventing FMN-ubiquinone oxydoreduction
thus decreasing ROS formation in cancer cell cultures.

4. Mitochondrial glycerophosphate dehydrogenase (mGPDH, α-glycerol-3-phosphate:
ubiquinone oxidoreductase, EC 1.1.99.5) is a FAD-linked enzyme and located in the outer
surface of inner mitochondrial membrane. The enzyme catalyze oxidation of glycerol-3-
phosphate to dihydroxyacetone phosphate by utilizing mitochondrial coenzyme Q as
electron acceptor. The mGPDH has influence on lipid metabolism and catalyze transfer
of reducing equivalents from cytosolic NADH to the respiratory chain in mitochondria,
which is so-called glycerol phosphate shuttle. Its activity and content substantially vary
in different tissues. Placenta, brown adipose tissue, testis, skeletal muscle, langerhans and
brain tissue have high mGPDH activity, whereas heart, liver and kidney mitochondria
have low activity. In heart mitochondria the ratio of mGPDH to succinate dehydrogenase
is approximately 1/15 [40, 49]. Thyroid hormones increase its activity. ROS production is
occurred during α-glycerophosphate oxidation. These productions are increased by the
inhibitors of complex III, antimycin A and myxothiazol.

5. Complex II [succinate dehydrogenase complex (SDH, succinate:ubiquinone oxidoreduc‐
tase, EC1.3.99.1)] is a marker enzyme located at the inner surface of inner mitochondrial
membrane. The enzyme oxidizes succinate to fumarate, which is one of reactions in Krebs
cycle by using coenzyme Q as an electron acceptor. Although oxidation of succinate by
good-quality mitochondria from most mammalian tissues can produce ROS with a high
rate, the source of ROS is Complex I, not SDH. The mechanism involves reverse electron
transfer from SDH-reduced coenzyme Q to Complex I. Nevertheless, isolated SHD
reconstructed in liposomes can produce ROS by itself. Authors concluded that reduced
FAD of SDH generates ROS in the absence of its electron acceptor. There is also a report
implying that SDH can generate ROS in submitochondrial particles. However; the
conclusion was based solely on the inhibition of ROS production by carboxin, a specific
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inhibitor of SDH. The same inhibitor also suppressed antimycin-induced ROS production
and ROS production supported by NADH oxidation. The former is thought to originate
from Complex III that is not inhibited by carboxin whereas the effect of carboxin on
NADH-supported ROS production may not be readily explained either. Therefore, it is
unclear whether SDH produces ROS in situ, in mitochondria [43].

6. Mitochondrial aconitase (m-aconitase, EC 4.2.1.3) is an enzyme localized to the matrix
space of mitochondria; it participates in tricarboxylic acid cycle catalyzing a conversion
of citrate to isocitrate. The enzyme contains an iron-sulfur cluster that can be oxidized by
superoxide, inactivating m-aconitase. Recently, it was found that isolated aconitase
oxidized by either superoxide or hydrogen peroxide produces hydroxyl radical. Vasquez-
Vivar et al. [50] state that similar continuous hydroxyl radical production may occur upon
superoxide-driven redox-cycling of aconitase in mitochondria.

7. Ketoglutarate dehydrogenase complex (KGDHC, 2-oxoglutarate dehydrogenase) is an
integral mitochondrial enzyme tightly bound to the inner mitochondrial membrane on
the matrix side. In the tricarboxylic acid cycle, it catalyzes the oxidation of α-ketoglutarate
to succinyl-CoA using NAD+ as electron acceptor. Structurally, KGDHC is composed of
multiple copies of three enzymes: α-ketoglutarate dehydrogenase, dihydrolipoamide
succinyltransferase, and lipoamide dehydrogenase. The E3 component of KGDHC is a
flavin-containing enzyme; it is identical to the E3 component of another integral mito‐
chondrial enzyme located in the matrix, pyruvate dehydrogenase (PDHC). The E3
component is also known as dihydrolipoamide dehydrogenase, which is ubiquitously
present in mammalian mitochondria. Both PDHC and KGDHC can generate superoxide
and hydrogen peroxide; ROS production was shown with isolated purified enzymes from
bovine heart and in isolated mitochondria. The source of ROS in KGDHC appears to be
the dihydrolipoamide dehydrogenase component. Earlier, isolated dihydrolipoamide
dehydrogenase was shown to produce ROS. In mitochondria and with isolated enzyme,
ROS production from KGDHC was stimulated by a decrease in availability of its natural
electron acceptor, NAD+ [51, 52].

3.2.2. NADPH oxidase

In aerobic organisms, electrons are transferred from the reductant to the oxidant. These are
always catalyze by oxidoreductases that gives rise to superoxide production the primary ROS
molecule in biological systems. In mammalian cells, cyclooxygenase, lipoxygenase, cyto‐
chrome P450 enzymes, nitric oxide synthase xanthine oxidase, mitochondrial NADH:ubiqui‐
none oxidoreductase (complex I) and NADPH oxidase have been identified as potential
sources of superoxide. Contrary to the other oxidoreductase, the NADPH oxidase is the major
enzymatic source of ROS generation in cells but the other enzymes produce ROS only as by-
products. It catalyzes the production of superoxide by the reduction of oxygen, using NADPH
as the electron donor.
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Figure 8. Interplay between NADPH oxidase and other sources of ROS

The enzyme is largely derived from leukocytes, such as macrophages and neutrophils and
consists of two subunits gp91phox (NOX2) and p22phox. Enzyme complex generates super‐
oxide reducing oxygen via its gp91phox subunit with reduced NADPH as the electron donor.
There are lots of NADPH oxidase (NOX) isoform identified in mammalian cells (NOX1,
NOX-3, NOX-4, NOX-5, etc.) [53-55]. NADPH oxidase plays a key role in mammalian cells
intracellular signaling pathways by generating ROS molecules of NADPH oxidase. ROS
signaling system is overwhelming in comparison with other signaling mechanisms [1].

Figure 9. Schematic diagram of the structure of the active NADPH oxidase complex
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3.2.3. Lipoxygenases and ROS

The 5-lipoxygenase (5-LOX) has 78 kDa molecular weight and catalyzes the biosynthesis of
potent bioactive eicosanoids, such as leukotriene (LT) and hydroxy eicosatetraenoic acid
(HETE). The biosynthesis of LT begins with the metabolism of arachidonic acid by 5-LOX.
These soluble dioxygenases incorporate oxygen molecules at position C5 of the fatty acid,
yielding 5 (S)-hydroperoxyeicosatetraenoic acid (5-HPETE), which is subsequently metabo‐
lized by 5-LOX to generate the unstable epoxide, leukotriene A4 (LTA4). LTA4 can be
converted to LTB4 via LTA4 hydrolase, or to LTC4 via LTC4 synthase [56]. The most relevant
pathophysiological function performed by LTs involves the regulation of inflammatory
immune responses. Leukotriene B4 (LTB4) is a potent activator of neutrophil chemotaxis,
whereas the cysteinyl leukotrienes (CysLTs) (i.e., LTC4, LTD4, and LTE4) are key mediators
of allergic inflammation. LTB4, which was the first leukotriene to be isolated, elicits a variety
of inflammatory responses, including leukocyte activation, chemotaxis, and degranulation
[57]. Over the past few years, it has been reported that LTB4 treatment of fibroblasts and
neutrophils results in ROS generation, and that LTB4-induced chemotaxis is mediated by a
NADPH oxidase-dependent cascade. These observations suggest that LTB4-induced ROS
generation occurring via NOX is crucial to cell chemotaxis [58]. LTB4 has also been previously
shown to promote the phosphorylation and translocation of p47phox, thereby stimulating
NADPH oxidase. Collectively, these results suggest that the 5-LOX metabolite, LTB4, appears
to stimulate NOX, thereby generating ROS that mediate a variety of signaling pathways in
non-phagocytic cells [59].

Figure 10. Generation of various bioactive eicosanoids via the metabolism of arachidonic acid by lipoxygenases and
cyclooxygenases
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4. Conclusion

ROS are inevitable by-products of normal metabolism. ROS are produced in ETC by electron
transfer to molecular oxygen. They act as signaling molecules which mediate response in living
cells. By the time ROS level increased in cell it causes cellular oxidative damage to DNA, protein
and lipid. ROS lead to altered membrane properties. Membrane fluidity and ion transport are
impressed. They cause loss of enzyme activities, DNA damage, and inhibition of protein
synthesis which result in cell death. Today it is well known that ROS produced in the cells are
involved in the redox regulation of signal transduction pathways.
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Abstract

In this modern world, due to the rapid advancement of civilization, industrialization, and
overpopulation, scientific knowledge on antioxidants is important since most of the dis‐
eases are mediated through reactive oxygen species (ROS). An antioxidant is a molecule
that inhibits the oxidation of another molecule. Antioxidants may work through single or
combined mechanisms, and based on their activity, they have been categorized into pri‐
mary, secondary, and tertiary antioxidants. Enzymatic and non-enzymatic antioxidants
are the two widely accepted categories of antioxidants. In addition to natural antioxi‐
dants, synthetic antioxidants have been extensively used in medicinal and food indus‐
tries. In brief, antioxidants play a significant role in ameliorating toxicity through free
radical scavenging reactions and therefore have potential therapeutic value.

Keywords: Antioxidants, Free Radicals, Oxidative Stress, Drugs, Therapy

1. Introduction

Halliwell and Gutteridge [1] defined antioxidants as “any substance that delays, prevents or
removes oxidative damage to a target molecule” [1, 2]. Khlebnikov et al. [3] defined antioxi‐
dants as “any substance that directly scavenges ROS or indirectly acts to up-regulate antioxi‐
dant defenses or inhibit ROS production”. In other words, we can define antioxidants as any
molecule that inhibits the oxidation of another molecule. A chemical reaction involving the
loss of electrons and increase in the oxidative state is termed as “oxidation.” Oxidation results
in the formation of free radicals that are unstable atoms and molecules deficit in electrons.
They have unpaired electrons and are extremely reactive and are capable of initiating chain
reactions that destabilize other molecules and generate free radicals. These free radicals are
also termed as reactive oxygen species or ROS and create a homeostatic imbalance that
generates oxidative stress and causes cell death and tissue injury. ROS includes: superoxide
(O2 ⋅−), hydroxyl (OH⋅), peroxyl (RO2 ⋅), hydroperoxyl (HO2 ⋅), alkoxyl (RO⋅), peroxyl

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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(ROO⋅), nitric oxide (NO⋅), nitrogen dioxide (NO2 ⋅), and lipid peroxyl (LOO⋅) and the non-
radicals hydrogen peroxide (H2O2), hypochlorous acid (HOCl), ozone (O3), singlet oxygen
(1Δg), and lipid peroxide (LOOH) [4]. Free radicals are known to be formed as a result of
environmental pollution, stress, cigarette smoke, UV Light, ionizing radiations, and xenobi‐
otics. Toxic effect of the free radicals causes oxidative stress and results in the pathogenesis of
diseases (Figure 1).

Figure 1. Free radicals: Production and damage (Adapted from [5]).

Involvement of ROS is implicated in neurodegenerative and other disorders such as Alzheim‐
er’s disease, Parkinson’s disease, multiple sclerosis, Down syndrome, inflammation, viral
infection, autoimmune pathology, and digestive ulcers. Recent developments in biomedical
science emphasize the involvement of free radicals in many diseases, such as brain dysfunc‐
tion, cancer, heart disease, and immune system [6]. Antioxidants normally terminate many
reactions by removing free radical intermediates and inhibit other oxidation reactions. Thus,
antioxidants often serve as reducing agents (examples: thiols, ascorbic acid, or polyphenols)
[7]. Depending on the balance between ROS and the availability of antioxidants in the
microenvironment of the cell, antioxidants can inhibit or delay the initiation or propagation
of oxidative chain reaction and thus prevent or repair cell damage caused by reactive oxygen
[8]. Antioxidants have been reported to work through single or combined mechanisms,
namely, free radical scavenging, reducing activity, complexing of pro-oxidant, scavenging
lipid peroxyl radicals, and quenching of singlet oxygen. Preventive oxidants are the antioxi‐
dants that act as inhibitors of free radical oxidation reactions. Chain-breaking antioxidants
inhibit formation of free lipid radicals as follows: by obstructing the propagation of the
autoxidation chain reactions; as singlet oxygen quenchers; as reducing agents which convert
hydroperoxides into stable compounds; as metal chelators that convert metal pro-oxidants
(iron and copper derivatives) into stable products; and finally as inhibitors of pro-oxidative
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otics. Toxic effect of the free radicals causes oxidative stress and results in the pathogenesis of
diseases (Figure 1).

Figure 1. Free radicals: Production and damage (Adapted from [5]).

Involvement of ROS is implicated in neurodegenerative and other disorders such as Alzheim‐
er’s disease, Parkinson’s disease, multiple sclerosis, Down syndrome, inflammation, viral
infection, autoimmune pathology, and digestive ulcers. Recent developments in biomedical
science emphasize the involvement of free radicals in many diseases, such as brain dysfunc‐
tion, cancer, heart disease, and immune system [6]. Antioxidants normally terminate many
reactions by removing free radical intermediates and inhibit other oxidation reactions. Thus,
antioxidants often serve as reducing agents (examples: thiols, ascorbic acid, or polyphenols)
[7]. Depending on the balance between ROS and the availability of antioxidants in the
microenvironment of the cell, antioxidants can inhibit or delay the initiation or propagation
of oxidative chain reaction and thus prevent or repair cell damage caused by reactive oxygen
[8]. Antioxidants have been reported to work through single or combined mechanisms,
namely, free radical scavenging, reducing activity, complexing of pro-oxidant, scavenging
lipid peroxyl radicals, and quenching of singlet oxygen. Preventive oxidants are the antioxi‐
dants that act as inhibitors of free radical oxidation reactions. Chain-breaking antioxidants
inhibit formation of free lipid radicals as follows: by obstructing the propagation of the
autoxidation chain reactions; as singlet oxygen quenchers; as reducing agents which convert
hydroperoxides into stable compounds; as metal chelators that convert metal pro-oxidants
(iron and copper derivatives) into stable products; and finally as inhibitors of pro-oxidative
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enzymes (lipoxygenases) [9]. Antioxidant approach to disease management holds potential as
most of the diseases are mediated through ROS, also with the rapid advancement of civiliza‐
tion, industrialization, and overpopulation. Epidemiological researches strongly suggest that
foods containing antioxidants and scavengers have a potential protective effect against
disorders caused by ROS [10].

1.1. Classification of antioxidants

Guttering and Halliwell classified the antioxidants into three categories: primary, secondary,
and tertiary antioxidants [11]. Primary antioxidants are involved in the prevention of oxidant
formation; secondary antioxidants are known to be scavengers of ROS, and tertiary antioxi‐
dants repair the oxidized molecules through sources like dietary or consecutive antioxidants.

Antioxidants may also be classified as enzymatic or non-enzymatic antioxidants (Figure 2).

1.1.1. Enzymatic antioxidants

The antioxidant enzymatic system directly/indirectly contributes to defense against the ROS.
Catalase, superoxide dismutase (SOD), glutathione peroxidase, glutathione reductase, etc., are
enzymatic antioxidants.

1.1.2. Non-enzymatic antioxidants

These antioxidants are quite a few, namely vitamins (A, C, E, and K), enzyme cofactors (Q10),
minerals (Zn, Se, etc.), organosulfur compounds (allium and allium sulfur), nitrogen com‐
pounds (uric acid), peptides (glutathione), and polyphenols (flavonoids and phenolic acid).

1.1.3. Hydrophilic antioxidants

Antioxidants that react with oxidants in the cell cytoplasm and the blood plasma are termed
as hydrophilic antioxidants (ascorbic acid, glutathione, and uric acid).

1.1.4. Hydrophobic antioxidants

These compounds are known to protect cell membranes from lipid peroxidation (ubiqui‐
nol, carotenes, and α-tocopherol). They are obtained either from the diet or synthesized in
the body [12].

1.1.5. Endogenous antioxidants

Endogenous antioxidants can be categorized into primary antioxidants and secondary
antioxidants. Primary antioxidants inactivate the ROS into their intermediates. SOD, catalase,
and glutathione peroxidase are the primary antioxidant enzymes [13]. They can be water
soluble or lipid soluble (ascorbate, glutathione, uric acid, etc., are water soluble, and toco‐
pherols, ubiquinols, and carotenoids, etc., are lipid soluble). Secondary antioxidant enzymes
act directly to detoxify ROS. They maintain their proper functioning by decreasing the
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2. Enzymatic and non-enzymatic antioxidants

When cells are exposed to oxidative stress, a defense system endorses the expression and
regulation of a number of antioxidant enzymes as a defense mechanism to protect them from
the damage induced by free radicals. These antioxidant defenses could be non-enzymatic or
enzymatic (Table 1).

2.1. Enzymatic antioxidants

Enzymatic antioxidants are categorized into primary and secondary enzymatic defenses.
Primary defense is composed of three important enzymes that prevent the formation or
neutralize free radicals: glutathione peroxidase, which donates two electrons to reduce
peroxides by forming selenols and also eliminates peroxides; catalase, which converts
hydrogen peroxide into water and molecular oxygen; and SOD, which converts superoxide
anions into hydrogen peroxide as a substrate for catalase [20].

Glutathione reductase and glucose-6-phosphate dehydrogenase are involved in the secondary
enzymatic defense system. Glutathione reductase reduces glutathione (antioxidant) from its
oxidized form to its reduced form, thereby recycling itself to continue neutralizing more free
radicals. Glucose-6-phosphate regenerates NADPH (a coenzyme used in anabolic reactions)
creating a reducing environment [21, 22]. These two enzymes do not neutralize free radicals
directly but have supporting roles to other endogenous antioxidants.

Glutathione peroxidase, catalase, and SOD metabolize toxic oxidative intermediates and
therefore form the primary antioxidant enzymes. These form the body’s endogenous defense
mechanism and help protect against free radical-induced cell damage. For optimum catalytic
activity, these enzymes also require co-factors such as selenium, iron, copper, zinc, and
manganese. It has been indicated that an inadequate dietary intake of these trace minerals may
compromise the effectiveness of these antioxidant defense mechanisms. The consumption and
absorption of important trace minerals may decrease with aging.

2.1.1. Superoxide dismutase

The superoxide dismutases catalyze the dismutation of superoxide to hydrogen peroxide:

2 2 2 2 2O O 2H H O O .+- -+ + ® +

Catalase or glutathione peroxidase removes hydrogen peroxide. Catalase converts hydrogen
peroxide into water and molecular oxygen.

Mammalian tissues have three forms of superoxide dismutase, each with a specific subcellular
location and different tissue distribution (Figure 3).

1. Copper zinc superoxide dismutase (CuZnSOD): CuZnSOD has a molecular mass of
approximately 32,000 kDa and has two protein subunits, each containing a catalytically
active copper and zinc atom and is present in the cytoplasm and organelles of all mam‐
malian cells.
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2. Manganese superoxide dismutase (MnSOD): MnSOD is found to have a molecular mass
of 40,000 kDa. It consists of four protein subunits, each probably containing a single
manganese atom. It is present in the mitochondria of almost all cells [23]. The amino acid
sequence of MnSOD is very dissimilar to that of CuZnSOD and is not inhibited by cyanide,
and thereby MnSOD activity can be distinguished from that of CuZnSOD in mixtures of
the two enzymes.

3. Extracellular superoxide dismutase (ECSOD): Marklund described EC-SOD in 1982 [24].
It is a secretory copper and zinc containing SOD and is different from the CuZnSOD. Only
a few cell types, including fibroblasts and endothelial cells, synthesize EC-SOD and are
expressed on the cell surface where it is bound to heparin sulfates. EC-SOD is the major
SOD detectable in extracellular fluids and following the injection of heparin, it is released
into the circulation from the surface of vascular endothelium [25]. EC-SOD might play a
role in the regulation of vascular tone because endothelial derived relaxing factor (nitric
oxide or a closely related compound) is neutralized in the plasma by superoxide [26].

These superoxide enzymes are present in extracellular fluids of almost all aerobic cells. SODs
contain metal ion cofactors like copper, zinc, manganese, or iron depending on the isozyme.
For example, in human copper/zinc SOD is present in the cytosol while manganese SOD is
present in the mitochondrion. The mitochondrial SOD is the most biologically significant of
these three enzymes. SOD isozymes are present in the cytosol and mitochondria in plants, and
there is also an iron SOD found in chloroplasts.

2.1.2. Catalase

Catalase was the first antioxidant enzyme to be characterized and catalyzes the two-stage
conversion of hydrogen peroxide to water and oxygen. Catalases are enzymes that catalyze
the conversion of hydrogen peroxide to water and oxygen, using either an iron or manganese
cofactor. Here, its cofactor is oxidized by one molecule of hydrogen peroxide and then
regenerated by transferring the bound oxygen to a second molecule of substrate.

( )
( )

2 2

2 2 2 2

Catalase–Fe III  + H O  compound I
Compound I+H O  catalase–Fe III  + 2H O+O .

®

®

Catalase consists of four protein subunits, each containing a heme group and a molecule of
NADPH [27]. Catalase is largely located within cells in peroxisomes, which also contain most
of the enzymes capable of generating hydrogen peroxide. The greatest activity is present in
the liver and erythrocytes, but some catalase is found in all tissues. It is a tetrameric enzyme
consisting of four identical tetrahedrally arranged subunits of 60 kDa, which contains a single
ferriprotoporphyrin group per subunit and has a molecular mass of about 240 kDa

2.1.3. Glutathione enzymes

The glutathione system includes glutathione, glutathione reductase, glutathione peroxidases,
and glutathione “s”-transferases. Glutathione peroxidase is an enzyme containing four
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selenium cofactors that catalyze the breakdown of hydrogen peroxide and organic hydroper‐
oxides. Glutathione “s”-transferases show high activity with lipid peroxides. These enzymes
are noticed especially in high levels in the liver. Glutathione peroxidases catalyze the oxidation
of glutathione. Hydroperoxides, such as hydrogen peroxide and lipid hydroperoxides, act as
substrates for these enzymes [28].

2ROOH + 2GSH  GSSG + H O + ROH.®

Selenium is required at the active site for effective functioning of glutathione peroxidases [29].
Kidney synthesizes the plasma form of glutathione, and the highest level of glutathione
peroxidases is found within liver cells, although glutathione peroxidase is widely distributed
in almost all tissues. Glutathione peroxidase is the main scavenger of hydrogen peroxide in
these subcellular compartments; the predominant sub-cellular distribution is in the cytosol
and mitochondria. The activity of the enzyme glutathione peroxidase is dependent on the
constant availability of reduced glutathione [30].

+ + +GSSG + NADPH H  2GSH + NADP .®

The NADPH required by this enzyme to restore the supply of reduced glutathione is supplied
by the pentose phosphate pathway. Glutathione reductase is a flavine nucleotide-dependent
enzyme and has a similar tissue distribution to glutathione peroxidase [31].

Amino acids such as glycine, glutamate, and cysteine are utilized in the synthesis of gluta‐
thione. It is an important water-soluble antioxidant that plays a major role in xenobiotic
metabolism; it can directly neutralize ROS such as lipid peroxide. When a body is exposed to
xenobiotics or toxins, there is an increase in the level of detoxification enzymes (cytochrome
P-450 mixed-function oxidase). Xenobiotics conjugate with glutathione, and hence a higher
concentration of the enzyme is required for conjugation to make the toxin neutral and thereby
making the enzyme less available as an antioxidant. Glutathione and vitamin C work interac‐
tively to neutralize the free radicals.

2.1.4. Non-enzymatic endogenous antioxidants

There are a number of non-enzymatic antioxidants: vitamins (A, C, E, and K), enzyme cofactors
(Q10), minerals (Zn and Se), organosulfur compounds (allium and allium sulfur), nitrogen
compounds (uric acid), peptides (glutathione), and polyphenols (flavonoids and phenolic
acid).

2.1.4.1. Vitamin A

Vitamin A is produced as a result of the breakdown of β-carotene and is a carotenoid produced
in the liver. It exhibits antioxidant activity due to its ability to combine with peroxyl radicals
before they propagate peroxidation to lipids. Vitamin A is known to have a beneficial impact
on the skin, eyes, and internal organs [32, 33].
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2.1.4.2. Coenzyme Q10

Coenzyme Q10 has been reported to act by preventing the formation of lipid peroxyl radicals.
It neutralizes the radicals even after their formation. An important role of this coenzyme is
regeneration of vitamin E. Regeneration of vitamin E through this process is more likely than
through ascorbate (vitamin C). This coenzyme is present in all cells and membranes and plays
an important role in the respiratory chain and other cellular metabolism processes [34].

2.1.4.3. Uric acid

The end product of purine nucleotide metabolism in humans is uric acid. After undergoing
kidney filtration, 90% of the uric acid is reabsorbed by the body, proving that it has important
functions within the body. Uric acid prevents lysis of erythrocytes by peroxidation and is a
potent scavenger of singlet oxygen and hydroxyl radicals. It is also known to prevent the
overproduction of oxo-heme oxidants that result from the reaction of hemoglobin with
peroxides [35].

2.1.4.4. Glutathione

Glutathione is an endogenous tripeptide that protects the cells against free radicals by donating
either a hydrogen atom or an electron. It also plays an important role in the regeneration of
other antioxidants like ascorbate [36]. However, the endogenous antioxidant system is not
sufficient; humans depend on dietary antioxidants to reduce free radical concentrations [37].

2.1.4.5. Vitamin C

Ascorbic acid and tocopherols are generic names for vitamin C and vitamin E. Ascorbic acid
consists of two antioxidant compounds: L-ascorbic acid and L-dehydroascorbic acid. These
two compounds are absorbed through the gastrointestinal tract and can be interchanged
enzymatically in vivo. Ascorbic acid acts by scavenging the superoxide radical anion, hydrogen
peroxide, hydroxyl radical, singlet oxygen, and reactive nitrogen oxide [38].

2.1.4.6. Vitamin E

Vitamin E is the only major lipid-soluble, chain-breaking antioxidant found in plasma, red
cells, and tissues, thus protecting the integrity of lipid structures, mainly membranes. It inhibits
lipid peroxidation by donating its phenolic hydrogen to the peroxyl radicals forming toco‐
pheroxyl radicals that, despite also being radicals, are unreactive and unable to continue the
oxidative chain reaction. There are eight isoforms of vitamin E: four tocopherols (α-tocopherol,
β-tocopherol, γ-tocopherol, and δ-tocopherol) and four tocotrienols (α-tocotrienol, β-tocotrie‐
nol, γ-tocotrienol, and δ-tocotrienol), α- tocopherol being the most potent and abundant
isoform in biological systems. The antioxidant activity of tocopherols is due to the chroman
head, but the phytyl tail has no effect [39]. These two vitamins also display a synergistic
behavior with the regeneration of vitamin E through vitamin C from the tocopheroxyl radical
to an intermediate form, therefore reinstating its antioxidant potential [40].
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2.1.4.7. Vitamin K

This vitamin has two natural isoforms: vitamins K1 and K2. Vitamin K is a group of fat-soluble
compounds, essential for the post-translational conversion of protein-bound glutamates into
γ-carboxyglutamates in various target proteins. The antioxidant activity is due to the 1, 4-
naphthoquinone structure of these vitamins [41].

2.1.4.8. Flavonoids

Flavonoids are a group of compounds composed of diphenyl propane (C6C3C6) skeleton. It
can be classified as flavonols, flavanols, anthocyanins, isoflavonoids, flavanones, and flavones.
Flavanones and flavones are usually found in the same fruits and are connected by specific
enzymes while flavones and flavonols do not share this phenomenon and are rarely found
together. Anthocyanins are also absent in flavanone-rich plants. Flavonoids exhibit their
antioxidant activity due to the phenolic hydroxyl groups attached to ring structures. They may
act as reducing agents, superoxide radical scavengers, hydrogen donators, singlet oxygen
quenchers, and also as metal chelators. They activate antioxidant enzymes, reduce α-toco‐
pherol radicals (tocopheroxyls), inhibit oxidases, mitigate nitrosative stress, and increase the
levels of uric acid and low-molecular-weight molecules. Some of the flavonoids of significance
are quercetin, kaempferol, catechin, and catechin-gallate [42, 43].

2.1.4.9. Phenolic acids

Phenolic acids are composed of hydroxycinnamic and hydroxybenzoic acids. One of the most
studied and promising compounds in the hydroxybenzoic group is gallic acid that is also the
precursor of many types of tannin, while cinnamic acid is the precursor of all the hydroxycin‐
namic acids. They are present in plant material and sometimes present as esters and glycosides.
They have antioxidant activity as chelators and free radical scavengers with special impact
over hydroxyl and peroxyl radicals, superoxide anions, and peroxynitrites [44, 45].

2.1.4.10. Carotenoids

Carotenoids are a group of natural pigments and are synthesized by plants and microorgan‐
isms. They can be classified into two different groups: the carotenoid hydrocarbons known as
the carotenes containing distinct end groups like lycopene and β-carotene; and the oxygenated
carotenoids known as xanthophylls, like zeaxanthin and lutein. Carotenoids display their
antioxidant activity due to singlet oxygen quenching which culminates in excited carotenoids
that dispel the newly acquired energy through a series of rotational and vibrational interactions
with the solvent, thus returning to the unexcited state and allowing them to quench more
radical species. The only free radicals that completely damage these pigments are peroxyl
radicals. Carotenoids are relatively unreactive, but they may also decay and form non-radical
compounds and result in terminating free radical attacks by binding to these radicals [46].
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2.1.4.11. Minerals

Minerals are found in trace quantities in animals and are a small part of dietary antioxidants,
but play significant roles in their metabolism. The most important minerals exhibiting
antioxidant activity are selenium and zinc. Selenium can be found in both organic (selenocys‐
teine and selenomethionine) and inorganic (selenite and selenate) forms in the human body.
It does not act directly on free radicals but is a vital part of most antioxidant enzymes (metal‐
loenzymes, glutathione peroxidase, and thioredoxin reductase) that would have no effect
without it [47].

Various pathways in metabolism require zinc. Zinc is essential in the prevention of free radical
formation and does not directly attack free radicals. Zinc is also an inhibitor of NADPH
oxidases that catalyze the production of the singlet oxygen radical from oxygen by using
NADPH as an electron donor. It is present in SOD, a vital antioxidant enzyme that converts
the singlet oxygen radical into hydrogen peroxide. Zinc brings about the production of
metallothionein that is a scavenger of the hydroxyl radical. Finally, zinc also competes with
copper for binding to the cell wall, thus decreasing the production of hydroxyl radicals [48].

2.1.4.12. Lipoic acid

Lipoic acid and its reduced form, dihydrolipoic acid (DHLA), neutralize the free radicals in
both lipid and aqueous domains and are called “universal antioxidants.” It is categorized as
“thiol” or “biothiol.”

They are sulfur-containing molecules that catalyze the oxidative decarboxylation of alpha-keto
acids, such as pyruvate and alpha-ketoglutarate, in the Krebs cycle.

2.1.4.13. Peroxiredoxins

These may be of three basic types: typical 2-cysteine peroxiredoxins; atypical 2-cysteine
peroxiredoxins; and 1-cysteine peroxiredoxins. Peroxiredoxins are important in antioxidant
metabolism as they catalyze the reduction of hydrogen peroxide, organic hydroperoxides, as
well as peroxynitrite.

2.1.4.14. Synthetic antioxidants

Synthetic antioxidants have been developed to have a standard antioxidant activity measure‐
ment system and to compare with natural antioxidants that are incorporated into food.
Synthetic antioxidants are added to food so that it can withstand various treatments and
conditions to prolong shelf life and prevention of food oxidation, especially fatty acids. It has
been reported that synthetic antioxidants are added to almost all processed foods, which are
reported to be safe, although some studies oppose this fact. The important synthetic antioxi‐
dants are BHT (butylated hydroxytoluene) and BHA (butylated hydroxyanisole). The Euro‐
pean Food Safety Authority (EFSA) between 2011 and 2012 classified an NOAEL (No
Observable Adverse Effect Level) of 0.25 mg/kg BW/day for BHT and 1.0 mg/kg BW/day for
BHA in terms of daily intake and admitted that the exposure of adults and children was
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unlikely to exceed these doses. TBHQ (tert-butylhydroquinone) stabilizes and preserves the
freshness, nutritive value, flavor, and color of animal food products. Octyl gallate is considered
as safe to use as a food additive because, after consumption, it is hydrolyzed into gallic acid
and octanol, which are found in many plants and do not pose a threat to human health [50].
NDGA (nordihydroguaiaretic acid) despite being a food antioxidant is known to cause renal
cystic disease in rodents [51].

2.1.4.15. Pro-oxidants

Pro-oxidants are defined as chemicals that induce oxidative stress, usually through the
formation of reactive species or by inhibiting antioxidant systems. Free radicals are considered
pro-oxidants, but sometimes, antioxidants can also have pro-oxidant behavior. Vitamin C is a
potent antioxidant, but it can also become a pro-oxidant when it combines with iron and copper
reducing Fe3+ to Fe2+ (or Cu3+ to Cu2+), which in turn reduces hydrogen peroxide to hydroxyl
radicals [52].

α-Tocopherol is a powerful antioxidant, but in high concentrations, it can become a pro-
oxidant. When vitamin E reacts with a free radical, it becomes a radical itself, and if there is
not enough ascorbic acid for its regeneration, it will remain in this highly reactive state and
support the autoxidation of linoleic acid [53].

Although not much evidence is found, it is proposed that carotenoids can also display pro-
oxidant effects especially through autoxidation in the presence of high concentrations of
oxygen-forming hydroxyl radicals [54]. Flavonoids may also serve as pro-oxidants. The
occurrence of O2, iron, and copper damages biological molecules [55].

Figure 3. Diagrammatic representation of the site of enzymatic and non-enzymatic antioxidant defense system (Adapt‐
ed from [49]).
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Enzymatic antioxidants Location Properties

Superoxide dismutase (SOD) Mitochondria and cytosol Dismutation of superoxide radicals

Catalase (CAT) Mitochondria and cytosol Removes hydrogen peroxide

Glutathione peroxidase (GSH)) Mitochondria and cytosol Removes hydrogen peroxide and organic
hydroperoxide

Non-enzymatic antioxidants Location Properties

Vitamin C Aqueous phase of cell Acts as a free radical scavenger and recycles
vitamin E

Vitamin E Cell membrane Major chain-breaking antioxidant in cell
membrane

Uric acid Product of purine metabolism Scavenger of OH radicals

Carotenoids Membrane tissue Scavengers of ROS and singlet oxygen
quencher

Glutathione Non-protein thiol in cell Serves multiple roles in the cellular
antioxidant defense

Lipoic acid Endogenous thiol Effectual in recycling vitamin C, and also a
functional glutathione substitute

Metals ions sequestration:
transferrin, ferritin, lactoferrin

Mitochondria and cytosol Scavenger of free radical and inhibitor of lipid
peroxidation

Nitric oxide Mitochondria and cytosol Chelating of metal ions, and responsible for
Fenton reactions

Ubiquinones Mitochondria Reduced form serve as functional antioxidants

Bilirubin Product of heme metabolism in blood Extracellular antioxidant

Table 1. Major enzymatic and non-enzymatic antioxidants (Adapted and modified from [56]).

3. Antioxidant defense mechanism

Free radicals are constantly being generated in the body through various mechanisms and are
also being removed by endogenous antioxidant defensive mechanisms that act either by
scavenging free radicals, by decomposing peroxides, or by binding with pro-oxidant metal
ions (Tables 2 and 3; Figure 4).

Antioxidants are classified into three categories [56–58] as follows:
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1. Primary antioxidants: It is involved in the prevention of oxidant formation. They act by
suppressing the formation of free radicals (examples: glutathione peroxidase, catalase,
selenoprotein, transferrin, ferritin, lactoferrin, carotenoids, etc.).

2. Secondary antioxidants: These exhibit scavengers of ROS. They act by suppressing chain
initiation and breaking chain propagation reactions (radical scavenging antioxidants).

3. Tertiary antioxidants: They act by repairing the oxidized molecules (some proteolytic
enzymes, enzymes of DNA, etc.) through sources like dietary or consecutive antioxidants.

The human body employs three general categories of antioxidants to safeguard against free
radicals.  They  are  endogenous  antioxidants,  dietary  antioxidants,  and  metal-binding
proteins [16].

3.1. Endogenous antioxidants

These are categorized into primary antioxidants and secondary antioxidants. SOD, catalase,
and glutathione peroxidase are the primary antioxidant enzymes that inactivate the ROS into
intermediates [13]. Secondary antioxidant enzymes (glutathione reductase, glucose-6-phos‐
phate dehydrogenase, glutathione-s-transferase, and ubiquinone) detoxify ROS and supply
the NADPH and glutathione for primary antioxidant enzymes for proper functioning. Metals
such as copper, iron, manganese, zinc, and selenium up-regulate the antioxidant enzyme
activities [14, 15].

3.2. Exogenous antioxidants

Many polyphenolic compounds such as flavonoids, isoflavones, flavones, anthocyanins,
coumarins, lignans, catechins, isocatechins, epicatechins, and phenolic acids have gained
importance as antioxidant drugs [16]. Dietary antioxidants act through scavenging free
radicals to break the chain reaction responsible for lipid peroxidation. Vitamins C and E,
carotenoids, and flavonoids are the dietary antioxidants. These vitamins are also known as
chain-breaking antioxidants [16]. The metal-binding proteins (albumin, ferritin, and myoglo‐
bin) inactivate the transition metal ions that catalyze the production of free radicals [17, 18].

Antioxidant enzymes – catalase, SOD, glutathione peroxidase, glutathione reductase, and
thioredoxin – act against the ROS. The non-enzymatic antioxidants are the scavengers of ROS
and RNS [59].

3.3. Cellular antioxidant system

Lipid peroxidation is slowed down by the activity of chemical compounds that contain
monohydroxy/polyhydroxy phenol acting as antioxidants. These compounds have low
activation energy to donate the hydrogen atom and, therefore, cannot initiate the secondary
free radicals. The free radical electrons are stable and, thus, slow down the oxidation. Preven‐
tion of excessive ROS and repair of cellular damage are essential for the life of cells, and cells,
in turn, contain many antioxidant systems to prevent the oxidative injury [60, 61].
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3.4. Mechanism of action of antioxidants
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3.5. Mode of action of antioxidants

1. Primary or chain-breaking antioxidants: break chain reaction and the resulting radical are
less reactive

ROO AH ROOH A
ROOH A ROOA.

+ ® +
+ ®

2. Secondary or preventive antioxidants:

They may act either by

• Chelating/deactivating metals,

• Scavenging singlet oxygen (highly toxic), or

• Removing ROS.

Figure 4. A schematic diagram of the antioxidant defense mechanism (Adapted from [5]).
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ROS scavengers ROS protective enzymes Sequestration of transition
metal ions which form ROS

Glutathione Superoxide dismutase Transferrin

Uric acid Catalase Ferritin

Ascorbic acid Glutathione peroxidase Metallothionein

Albumin Glutathione reductase Ceruloplasmin

Table 2. Antioxidant defensive agents (Adapted from [66]).

Enzymatic antioxidants Reactions catalyzed

Superoxide dismutase (SOD) O2 
_ + O2 + 2H →  2H2O2 + O2

Catalase (CAT) H2O2 →  H2O +1 /2O2

Glutathione peroxidase (GPX) H2O2+GSH →  H2O +GSSG

Glutathione reductase (GR) GSSG+NAD(P)H →  2GSH+ NAD(P)+

Table 3. Major ROS scavenging antioxidant enzymes (Adapted from [67]).

Antioxidants are present with protective efficiency. If there is an electron-donating group,
especially a hydroxyl group loaded on o- or p-positions of the phenolic compounds, it makes
the compound polar, and, therefore, antioxidant activities and metal chelating ability are
increased. These groups make the phenols more easily donate hydrogen atoms to activate free
radicals to interrupt the chain reaction of autoxidation. Antioxidants of natural origin such as
polyphenols (tannins, flavonoids, and chalcones) act by donating an electron to the intermedi‐
ate radicals formed in oxidative stress or tissue damage, which helps in the inhibition of lipid
peroxidation. A computational study also supports that the compounds having more electron
donating potentials are better inhibitors of hydroperoxides that suggest many of the antioxi‐
dant agents [62–67].

4. Antioxidants: Health and diseases

Several human pathologies such as neurodegenerative diseases, cancer, stroke, and many
other ailments are believed to be caused by ROS. Antioxidants are assumed to prevent the
harmful effects of ROS and therefore treat oxidative stress-related diseases (Figure 5).

Antioxidant approach to disease management holds potential as most of the diseases are
mediated through ROS; also with the rapid advancement of civilization, industrialization, and
overpopulation, there has been a significant rise in oxidative stressors. Epidemiological
researches strongly suggested that foods containing antioxidants and scavengers have a
potential protective effect against disorders caused by ROS [66]. Many chronic diseases can be
prevented, and disease progression can be slowed by increasing the body natural antioxidant
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defenses or by supplementing with dietary antioxidants. Natural antioxidants such as
flavonoids, tannins, and polyphenols act by donating electrons to intermediate radicals and
help in inhibition of lipid peroxidation. Antioxidants are essential to prevent the formation
and oppose the actions of reactive oxygen and nitrogen species, which are generated in vivo
and cause damage to DNA, lipids, proteins, and other biomolecules. The antioxidant system
contains exogenous antioxidants (dietary sources) and endogenous antioxidants.

4.1. Exogenous antioxidants as drugs

Many polyphenolic compounds such as flavonoids, isoflavones, flavones, anthocyanins,
coumarins, lignans, catechins, isocatechins, epicatechins, and phenolic acids have gained
importance as antioxidant drugs.

4.2. Role of dietary nutrients in defensive mechanism

Protein and amino acids play an important role in the synthesis of antioxidant enzymes. Small
peptides like GSH and carnosine and nitrogenous metabolites like creatine and uric acid
directly scavenge the reactive metabolites [67]. iNOS expression and synthesis in various cells
are controlled by taurine and taurine chloramines. Deficiency of dietary protein can have a
harmful effect on the antioxidant system of the cell. Arginine and tetrahydrobiopterin
deficiency directly affect the superoxide enzyme production. Decreased protein intake affects
the availability of zinc, which is a cofactor of SOD. Similarly, a high-protein diet exhibits
oxidative stress. Homocysteine increases inducible and constitutive NOS synthesis and
stimulates ROS generation in polymorphonuclear leukocytes and monocytic cells [68–70].

4.2.1. Lipids

There is a generation of ROS due to the intake of polyunsaturated fatty acids which are
neutralized by vitamins C and E and carotenoids. There is an increase in the risk of cardio‐

Figure 5. Oxidative stress-induced diseases in humans (Adapted from [65]).
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vascular diseases due to high intake of polyunsaturated fatty acids. On the other hand, a high-
saturated-fat diet increases the risk of iNOS activity in the liver and colon. Fish oil decreases
the cardiovascular risk by reducing triacylglycerol production in plasma as it contains ω-3
PUFA that is the inhibitor of ROS, iNOS expression, and NOS synthesis [71].

4.2.2. Vitamins

Vitamins exhibit anti-atherogenic and anti-inflammatory properties. Vitamin A inhibits iNOS
in vascular muscle cells, endothelial cells, cardiac myocytes, and mesangial cells. Vitamins D3,
K2, and niacin inhibit iNOS activity in the neuronal cells (macrophage, microglia, and
astrocytes) Lipid peroxidation of the membrane is prevented by vitamin E as it inhibits the
ROS generation. Irradiation decreases the concentration of vitamin C and folate, thus leading
to ROS generation. It has been reported that vitamin B12 and folic acid reduce radical-induced
radiation damage and improve leukocyte counts. DNA damage and hepatocellular carcinoma
are prevented by vitamin C and choline. Vitamins B12, B6, and folate are essential for the
synthesis of cystathionine synthase and cystathionase (B6) and methionine synthase (B12).
These vitamins prevent cardiovascular diseases in humans and rodents. NADP, NADH, FAD,
nicotinamide, and riboflavin protect the cells from ROS generation. NADPH and FAD are
essential for glutathione reductase. NADPH is required for catalase activity [70–75].

4.2.3. Micronutrients and minerals

Copper, zinc, and manganese, the important trace elements in our body, serve as cofactors of
SOD enzyme. Deficiency of either copper or zinc increases the cytochrome P450 activity in
microsomes of the liver and lungs, and thus increases the generation of ROS and iNOS
expression [76]. Selenium possesses potential antioxidant activity as it is a cofactor of gluta‐
thione transferase enzyme and other selenoproteins.

4.3. Phytochemicals

Many medicinal plants contain phytochemicals like phenolic and polyphenolic compounds
such as flavonoids, isoflavones, flavones, anthocyanins, coumarins, lignans, catechin, isocate‐
chin, gallic acid, and esculatin that possess antioxidant activities [77]. These phytochemicals
are present in many plants and herbs like grapes, berry crops, tea, herbs, nutmeg, and tea.
Many medicinal plants contain phenolics like gallic acids and other active constituents.
Terminalia chebula, T. bellerica, T. muelleri, Phyllanthus emblica, Hemidesmus indicus, Cichorium
Intybus, Withania somnifera, Ocimum sanctum, Mangifera indica, and Punica granatum are known
to have potential antioxidant activities [78].

5. Antioxidant therapy

Recent human studies exploring the efficiency of antioxidants in prevention and treatment of
various diseases are reviewed (Table 4).
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Disease studied Antioxidant used Reference Reference no.

Mortality:
Primary/Secondary Prevention

Beta-carotene, vitamin A, vitamin C, vitamin E,
and selenium

Bjelakovic et al. [79]

Fatty liver disease Vitamin A, carotenoids, vitamin C, vitamin E
and selenium

Lirussi et al. [80]

Amyotrophic Lateral Sclerosis
(SLA)

Vitamin E 500 mg twice daily Orrell et al. [81]

Multiple Sclerosis Omega-6 fatty acids (11-23 g/day linoleic acid) Farinotti et al. [82]

Alcoholic Liver Disease S-adenosyl-L-methionine Rambaldi et al. [83]

Oncology Treatments Selenium Dennert et al. [84]

Eye Related Macular Disease Beta-carotene and alpha-tocopherol. Evans et al. [85]

Pregnancy and Pre-eclampsia Vitamin C and vitamin E supplements Poston et al. [86]

Cardiovascular Risk Profile Dietary antioxidants EJ Brunner et al. [87]

Neonatal Growth Under
Parenteral Nutrition (PN)

Cysteine, cystine or its precursor N-
acetylcysteine

Soghier et al. [88]

Melatonin and Cognitive
Impairment or dementia

Melatonin Jansen et al. [89]

Alzheimer Disease Vitamins C or E Gray et al. [90]

Parkinson Disease Tocopherol, CoQ10, and glutathione. Weber et al. [91]

. Cancer Lipid-soluble antioxidant vitamins, Kirsh et al. [92]

Asthma Vitamin C, manganese etc. Patel et al. [93]

Cardiovascular Diseases Vitamins C and E Berhendt et al. [94]

Ischemia-Reperfusion Injury Vitamin C. Pleiner et al [95]

Chronic Obstructive Pulmonary
Disease (COPD)

Polyphenol-rich pomegranate juice (PJ) Cerda et al. [96]

Pancreatitis Selenium, L-methionine, and vitamins C and E, Kirk et al. [97]

Rheumatoid Arthritis Vitamins A, C, E or selenium or their
combination

Canter et al. [98]

Kidney Diseases Vitamin E Ong-ajyooth et al. [99]

Liver Diseases Antioxidant therapy Gabbay et al. [100]

Diabetes Type I and II Probucol and statins Endo et al. [101]

Table 4. The efficiency of antioxidants in prevention and treatment of various diseases.

Many of these studies, either due to the small patient sample size, with uncontrolled admis‐
sions and treatment criteria, or due to relevant bias of the clinical studies failed to give precise
information on effectiveness and practical advantage in taking antioxidants.

Antioxidants therapies have been in progress these days. Edaravone (for ischemic stroke), N-
acetylcysteine (for acetaminophen toxicity), alfa-lipoic acid (for diabetic neuropathy), and
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some flavonoids (for chronic venous insufficiency) as well as baicalein and catechins (for
osteoarthritis) have clinical importance. The evidence from human epidemiological studies
about the beneficial effects of dietary antioxidants and preclinical in vitro and animal data are
compelling. Attention needs to be drawn on focusing more on disease-specific, target-directed,
highly bioavailable antioxidants [102]. In the recent years, due to the increase in the consump‐
tion of food and medicinal products, we are exposed to the adverse effects of various com‐
pounds noticed in the above products. For example, in our animal experimental studies, we
have determined induction of oxidative stress induced by the compound cinnamaldehyde, a
food flavor and also an anticancer drug [103–105]. As a therapeutic measure, addition of
vegetables and fruits, the great sources of vitamins or antioxidants, in our routine diet might
protect our health from toxic effects of food chemicals or drugs to a certain extent [106].

5.1. Oxidative stress test

In this advanced materialistic life, monitoring the levels of free radicals and oxidative stress is
important in case of clinical practice. FORD (Free Oxygen Radicals Defense) is an easy, cheap,
and reliable diagnostic device to monitor oxidative stress [19, 107]. It discriminates the high
risk of oxidative damage on sick or healthy individuals, monitoring with precise laboratory
parameters in the clinical situation at the baseline and in the follow-up of a medical prescrip‐
tion.

FORD (Free Oxygen Radicals Defense) is a colorimetric test based on the influence of antiox‐
idants present in plasma to reduce the activity of free radicals. The principle of the assay is
that at an acidic pH (5.2) and in the presence of a suitable oxidant solution (FeCl3), 4-amino-
n, n- diethylaniline, the FORD chromogen, can form a stable and colored radical cation.
Antioxidant molecules (AOH) present in the sample which are able to transfer a hydrogen
atom to the FORD chromogen radical cation, reduce it, quenching the color and producing a
discoloration of the solution which is proportional to their concentration in the sample. This
instrument will be helpful in understanding the problem of the individual bioavailability of
each antioxidant molecule which can be monitored during the administration, with a pre-post
measure of the oxidative balance. In order to achieve the evidence of the oxidative background
related to the outcome of specific symptoms and diseases, epidemiological studies can be
encouraged, and the role of nutrition and targeted antioxidant therapy can be better defined.
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Abstract

Oxidative stress happens in body when the production of oxidants exceeds the anti‐
oxidant capacity of body system and plays a role in pathogenesis of several chronic
diseases such as diabetes, cardiovascular diseases, stock, and renal failure. Tea, ses‐
ame seed, and burdock root (Arctium lappa L.) may improve oxidative stress and
suppress the side effects of diabetes, rheumatoid arthritis and osteoarthritis. Total
extract of black tea and its fractions can increase antioxidants such as Super oxide
Dismotase (SOD), Glutathione Peroxides (GPX) and total antioxidants and can de‐
crease oxidants like malondialdehyde (MDA). So, these herbal compounds can im‐
prove oxidative stress in diabetes rats. The injection of total extract and 20% fraction
of black tea had positive effect on blood lipid profile in diabetic rats. Sesame seeds
improved the antioxidants capacity in arthritis; therefore, decreased pain. Burdock
root, in arthritis patients improved the antioxidants capacity and decreased the in‐
tensity of the pain. It can be concluded that the positive effects of these herbal com‐
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1. Introduction

Oxidative stress occurs in the body when the production of oxidants exceeds the antioxidant
capacity of the body system and plays a role in the pathogenesis of several chronic diseases
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such as diabetes, cardiovascular diseases, stroke, and renal failure. Using antioxidants, for
instance, vitamin E, vitamin C, and flavanones, can improve antioxidant capacity in the body.
Degenerative diseases such as cardiovascular diseases, diabetes, stroke, cancers, and renal
disorders are global health problems and it can be predicted that lack of control and attention
will involve a lot of costs. Lack of physical activity, nonhealthy diet patterns, and eating salty
fast foods are the main causes of these chronic diseases; while change in life style, eating healthy
foods like fruits and vegetables can prevent chronic diseases. Herbal extracts and drinks were
used to prevent or control diseases from ancient times. Several investigations’ results show
that there are several components such as flavanones, isoflavanones, and other antioxidants
in herbal components that can improve antioxidants in blood and, so, can prevent chronic
diseases. Tea, sesame seed, and burdock root (Arctium lappa L.) are the important and effective
herbal components in this regard. Our results in Tabriz University of Medical Sciences showed
the effectiveness of herbal components in improving oxidative stress and suppressing the side
effects of diabetes, rheumatoid arthritis, and osteoarthritis. The results indicate that total
extract of black tea and its fractions can increase antioxidants such as Super Oxide Dismutase
(SOD), Glutathione Peroxides (GPX) and total antioxidants and can decrease oxidants like
malondialdehyde (MDA). So, these herbal compounds can improve oxidative stress in diabetes
rats. In a study by Alipour et al. [1], it has been concluded that injection of total extract and
20% fraction of black tea had positive effect on blood lipid profile in diabetic rats. In one study,
using sesame seeds in arthritis improved the antioxidant capacity; therefore, it decreased pain
in the mentioned patients. Burdock root, in arthritis patients, improved the antioxidant
capacity and decreased the intensity of the pain. It can be concluded that the positive effects
of these herbal components are due to the presence of antioxidants. The aim of this chapter is
to review the antioxidant capacity of tea, sesame seed, and burdock root, as well as to discuss
their biological effects in human beings.

2. Oxidative stress

When the production of free radical moieties exceeds the antioxidant capacity of a cellular
system, oxidative stress takes place. Radicals will attack and damage proteins, lipids, and
nucleic acids if cellular antioxidants do not remove them. The oxidized or nitrosylated
products of free radical attack may decrease biological activity, leading to loss of energy
metabolism, cell signaling, transport, and other major functions. These altered products also
lead to proteosome degradation and further decrease cellular function, resulting in cell death
through necrotic or apoptotic mechanisms [2].

2.1. Background

Free radicals were defined as a Pandora’s Box of evils that may account for cellular damage,
mutagenesis, cancer, and, last but not least, the degenerative process of biological aging [3].
Mittal and Murad [4] suggested that the superoxide anion, through its derivative, the hydroxyl
radical, stimulates the activation of guanylate-cyclase and formation of the “second messen‐
ger” cGMP. Related effects were reported for the superoxide derivative hydrogen peroxide as
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it was discovered that nitric oxide (NO) has independent role as a regulatory molecule in the
control of smooth muscle relaxation and in the inhibition of platelet adhesion [5]. It is recog‐
nized that the production of T-cell growth factor and interleukin-2, an immunologically
important T-cell protein, is increased in activated T-cells by superoxide anion or low micro‐
molar concentrations of hydrogen peroxide. Studies have shown that the expression of the
hemeoxygenase (HO-1) gene is induced by hydrogen peroxide and it has also induction effects
on several genes in bacteria, as well as stimulation of the transcription factor nuclear factor κB
(NF-κB) in mammalian cells. There is a large amount of proof showing that living organisms
have not only adapted to an unfavorable coexistence with free radicals but also have developed
mechanisms for the advantageous use of free radicals. The following includes vital physio‐
logical functions that involve free radicals or their derivatives: regulation of vascular tone,
sensing of oxygen tension and regulation of functions that are controlled by oxygen concen‐
tration, improvement of signal transduction from various membrane receptors including the
antigen receptor of lymphocytes, and oxidative stress responses that ensure the maintenance
of redox homeostasis [5]. In consideration of the role that oxidative stress has been found to
play in numerous disease conditions, the field of redox regulation is also receiving growing
attention from clinical colleagues. These conditions show the biological significance of redox
regulation. The balance between the advantageous and hurtful effects of free radicals is clearly
an important aspect of life. The science of biological “redox regulation” is a rapidly growing
area of research that has effect on various disciplines including physiology, cell biology, and
clinical medicine [5].

2.2. Oxidative stress biomarkers

Oxidative stress biomarkers’ measurement is an important step in order to understand the
pathogenesis of and developing treatments for some diseases like diabetes. Measurements of
the reduction of antioxidant reserves, changes in the activities of antioxidant enzymes, free
radical production, and presence of protein, lipid, and DNA free radical adducts are several
methods that may be accepted. As enzyme activities and cellular antioxidants are likely to
display transient changes, for the purposes of clinical assessment, measurements of end
products of free radical attack may be the most reliable determination of the occurrence of
oxidative stress. An indication of the stress level experienced in a cell or tissue can be provided
by the enzymes responsible for detoxifying free radicals or regenerating antioxidant molecules
and they can be measured by in vitro activity assays; however, changes in transcription can
also provide evidence of cell stress. For example in long-term diabetes, catalase, GSH reduc‐
tase, GSH peroxidase, and SOD decrease in complication-prone tissue [2].

2.3. Plasma markers of oxidative stress

The body's total antioxidant capacity functions in order to protect cells from excess production
of reactive oxygen/nitrogen species (RONS) [6]. Antioxidant capacity includes endogenous
(e.g. uric acid, superoxide dismutase, catalase, glutathione peroxidase) and exogenous (e.g.,
carotenoids, tocopherols, ascorbate, bioflavonoids) compounds. The exogenous antioxidants
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are consumed in the diet mainly from fruits and vegetables [7]. Dietary habits can alter an
individual’s susceptibility to oxidative damage since these exogenous compounds contribute
to antioxidant capacity.

Oxidative stress can be defined by formation of RONS that exceed the body’s antioxidant
capacity [8]. Cellular metabolism as well as environmental (e.g., cigarette smoke, ozone, certain
nutrients) and physiological (e.g., physical and mental stress) challenges can form RONS in
the body. Cellular harms and disease generation that may accompany oxidative stress are
related to those macromolecules (nucleic acid, protein, and lipid) that are targeted by RONS,
the frequency and duration of attack, and the tissue-specific antioxidant defenses present [9].
For instance, RONS reacting with DNA can create wide strand breakage and degradation of
deoxyribose, an effect caused by formation of hydroxyl radicals [10]. Over time such changes
may lead to disease because of the alterations in nucleotide roots. The presence of 8-hydrox‐
ydeoxyguanosine (8-OHdG), an irregular intermediate in nucleotide metabolism, in urine and
blood shows oxidative DNA damage. Biomarkers of protein oxidation represent amino acid
modifications such as phenylalanine residues alteration to o-tyrosine or tyrosine to dityrosine,
as well as overall modifications such as the alteration to carbonyl derivatives. Aromatic and
sulfllydryl-containing residues are chiefly vulnerable to oxidation, often causing loss of
catalytic or structural function in the affected proteins, makeing them susceptible to proteolytic
degradation [11]. Proteins oxidation has been associated with disease like cancer, diabetes, and
cardiovascular disease [12]. Lipid peroxidation has been recognized as a main mechanism of
cellular damage in humans along with DNA and protein oxidation [13]. Polyunsaturated lipids
are mainly vulnerable to damage in an oxidizing environment and may make lipid peroxides
that can react to form malondialdehyde (MDA). MDA that can be measured in plasma is
regularly used to estimate lipid-specific oxidative stress [14]. While MDA has been a practical
indicator of oxidative stress for clinical studies [15], other lipid biomarkers, such as F2-
isoprostanes, have gained agreement in recent years [16].

2.4. Oxidative stress and disease

Oxidative stress plays a role in several pathophysiologic conditions, for example, malignant
diseases, diabetes, atherosclerosis, chronic inflammation, human immunodeficiency virus
(HIV) infection, ischemia reperfusion injury, and sleep apnea. These diseases are divided into
two types. In the first type, diabetes mellitus and cancer display a pro-oxidative shift in the
systemic thiol/disulfide redox state and impaired glucose clearance, proposing that skeletal
muscle mitochondria may be the major site of elevated reactive oxygen species (ROS) creation.
These conditions may be referred to as “mitochondrial oxidative stress,” which, without
healing intervention may lead to massive skeletal muscle wasting, indicative of aging-related
wasting. The second type refers to “inflammatory oxidative conditions,” because it is usually
associated with stimulation of NAD(P)H,H+ oxidase activity by cytokines or other agents. In
this case, changes in intracellular glutathione levels or increased ROS levels are often associ‐
ated with pathological changes revealing a disregulation of signal cascades and/or gene
expression, demonstrated by altered expression of cell adhesion molecules [5].
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2.5. Oxidative stress and antioxidants

Several free radical species are produced in the body to carry out specific functions. O2
-, H2O2,

and NO are three free radical reactive oxygen species (ROS) that are crucial for body physiol‐
ogy. However, they can accelerate the process of aging, mediate cellular degeneration in
disease states, and produce highly active singlet oxygen, hydroxyl radicals, and peroxy-nitrite
that can attack proteins, lipids, and DNA. Antioxidants by donating at least one hydrogen
atom to a free radical can result in the termination of radical chain reactions. Extra production
of free radicals can cause oxidative stress. Acute hyperglycemic episodes such as an oral
glucose tolerance test or a meal can increase oxidative stress in diabetic patients and decrease
the antioxidant ability of plasma in both normal and diabetic subjects. Elevated basal levels of
free radical production and decreased antioxidants are strengthened by elevated plasma
glucose. Analysis of individual vitamin and enzyme components of the antioxidant system in
man shows that the levels of vitamins A and E and catalase activity are decreased in both type
1 and 2 patients compared with controls. Whereas GSH-metabolizing enzymes are decreased
in type 1 but not type 2 patients, SOD activity is lower in type 2 but not type 1 [2].

3. Antioxidants

3.1. Definition

Antioxidants are defined as any compound that can donate at least one hydrogen atom to a
free radical so that it can result in the termination of radical chain reactions. A substitute type
of antioxidant is defined by its ability to prevent the initiation of a free radical chain reaction
rather than to terminate them. This latter type of antioxidant includes ceruloplasmin, trans‐
ferrin, and albumin that are usually dependent upon the ability to bind metal ions. Cells must
preserve the levels of antioxidants, often defined as antioxidant potential, through dietary
uptake or de novo synthesis. Excess production of free radicals can reduce the intracellular
antioxidants, resulting in oxidative stress [2].

3.2. Classification

Ingold [17] classified all antioxidants into two groups, namely primary or chain-breaking
antioxidants, and secondary or preventive antioxidants.

3.2.1. Primary or chain-breaking antioxidants

Primary antioxidants can react with lipid radicals to convert them to more stable products.
The major lipid radical at normal oxygen pressures is the alkylperoxy radical ROO, which is
an oxidizing agent and is readily reduced to the related anion and then converted to a
hydroperoxide by an electron donor, or which may be directly converted to a hydroperoxide
by a hydrogen donor, AH. Alkyl radicals are in general reducing agents and are scavenged by
electron acceptors. Inhibition by electron acceptors is not significant in most food systems, but
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it can become important in biological tissues since the oxygen pressure is much lower in
healthy tissues.

3.2.2. Secondary or preventive antioxidants

Secondary antioxidants are the compounds which decelerate the degree of autoxidation of
lipids by processes other than that of interrupting the autoxidation chain by changing free
radicals to more stable species. These may function by several mechanisms including com‐
pounds that bind metal ions, scavenge oxygen, decompose hydroperoxide to non-radical
species, absorb UV radiation, or deactivate singlet oxygen. Secondary antioxidants show
antioxidant activity if a second minor component exists in the sample.

4. Natural antioxidants in foods

Reports in recent years both in the popular and scientific press have stressed the value and
advantages of natural ingredients as food preservatives. There is an implied assumption of
safety for compounds that occur naturally in foods and that have been consumed for many
centuries. Natural antioxidants in foods may be from (a) endogenous compounds in one or
more components of the food; (b) substances formed from reactions during processing; and
(c) food additives isolated from natural sources.

Natural antioxidants may function in one or more of the following ways: (a) as reducing agents,
(b) as free radical scavengers, (c) as complex of pro-oxidant metals, and (d) as quenchers of the
formation of singlet oxygen. The compounds are most commonly phenolic or polyphenolic
from plants sources. The most common natural antioxidants are flavonoids (flavanols,
isoflavones, flavones, catechins, and flavanones), cinnamic acid derivatives, coumarins,
tocopherols, and polyfunctional organic acids [18].

4.1. Tea antioxidants and oxidative stress

Tea (from the plant Camellia sinensis), consumed by over two-thirds of the world’s population,
is the most desirable beverage next to water. About three billion kilograms of tea are produced
and consumed annually [19-21]. Thease are the enzymes in tea which catalyze oxidation.
During fermentation in which tea pectins are demethylated, polyphenolic compounds are
decomposed which as a result of the quinone appearance, turn into colorful agents including
theaflavin and thearubigin, both of which are plentiful in black tea [22-24]. More than 600
volatile agents have been documented in tea, most of which are yellow in color and have a
characteristic scent. Linalool is the chief essence in tea, others of lesser importance being
dihydroactinide iolido paravinile phenol, hexenol, hexenal, aldehydes, phenyl ethyl alcohols,
phenols, and geraniols [22]. According to the preparation method, the degree to which it is
fermented and the steps it goes through during production, different types of tea consumed
all over the world are classified into at least six categories. The less processed the tea, the greater
the polyphenols content will be, which the extent of oxidation accounts for [25].
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1. White tea: White tea is manufactured only from the buds or first leaves of C. sinensis. It is
the least processed type of tea and is simply steamed and dried without a prior withering
stage; therefore, the concentrations of EGCG and also methylxanthines (like caffeine) are
enriched in white tea compared with green and black tea.

2. Yellow tea: It usually refers to a special tea processed in a similar way to green tea; but
the drying process takes place at a slower rate. The damp tea leaves are allowed to sit and
yellow. Its taste resembles that of green and white teas.

3. Green tea: To manufacture green tea, first the fresh leaves are steamed, then primary
drying-rolling, rolling, and secondary drying-rolling, final drying-rolling, and at last
drying are performed. No fermentation takes place in this type of tea.

4. Oolong tea: Fresh leaves undergo solar withering at the first step, then indoor withering
and rolling, pan firing, rolling, mass breaking and drying are the steps taken, to produce
oolong tea. In this kind of tea, partial fermentation occurs after the rolling.

5. Black tea: The manufacturing process for black tea includes withering of fresh leaves,
rolling, fermenting, and drying. Thorough fermentation is done in black tea.

6. Pu-Erh: Pu-Erh reffers to old tea with extreme fermentation [22, 25-27].

Regular intake of tea is associated with low risk of certain types of cancer, coronary heart
disease, atherosclerosis, stroke, reduced mutagenicity and inflammation, protection against
neurodegenerative diseases, and increasing insulin sensitivity since it can improve antioxidant
status in vivo conditions [28,29]. Tea is a great source of antioxidants especially flavonoids.
Animal studies have strongly supported the idea of tea being an efficient suppressor of
oxidative stress [30]. Several studies have shown that different types of tea are potentially
effective in reducing oxidative stress and related diseases [31]. Attempts have been made to
manufacture products containing tea bioactive compounds for prevention and treatment of
the aforementioned diseases. To design such products, the effective compounds of tea and
their safe doses must be first identified. For instance, EGCG (Epicatechingallate) has been
revealed to act as a pro-oxidant when administered in high doses, leading to apoptosis.
Moreover, compounds other than catechins may exert the desired effects too [32-34]. To
determine the compounds acting as antioxidants in black tea, Alipour et al., in 2009 [35]
performed a study in which diabetic rats were supplemented total extract of black tea and its
fractions. Total extract and fractions were attained by hydromethanol method and solid phase
extraction using Sep-Pak, respectively. Results of this study indicated that injection of total
extract and 20% fraction of black tea decreased malondialdehyde (MDA) and increased total
antioxidant, Super oxide Dismutase (SOD), Glutathione Peroxides (GPX), and Glutathione in
diabetic rats. To determine the major substances in the 20% fraction, Analytical HPLC,
Preparative HPLC (High Performance Liquid Chromatography), and NMR (Nuclear Magnetic
Resonance) (CNMR and HNMR) were employed. Caffeine, EpicatechinGallate, Quercetin, and
Kampferol were the main compounds capable of fighting oxidative stress, determined in 20%
fraction of tea [31]. Caffeine is a strong antioxidant; its activity is equal to that of glutathione
and exceeding that of vitamin C [36,37]. The free radical scavenging capacity of flavonoids is
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due to the 3', 4' dihydroxyl and 3' hydroxy in the β ring of its structure [38]. The 20% fraction
of black tea has been shown to be more effective than the other fractions, which may be
explained by the high concentration of the aforementioned compounds in it and absence of
polyphenol antagonists in the very extract prepared [35]. Tea polyphenols have been found to
induce expression of phase II enzymes and endogenous antioxidants that protect cells from
oxidative stress. Phase II enzymes have vital antioxidant properties in fighting reactive oxygen
species and xenobiotics (foreign substances), including potential carcinogens. Induction of
phase II detoxifying and antioxidant enzymes is mediated through cis-regulatory DNA
sequences known as antioxidant-response elements (AREs) that are found in the promoter or
enhancer region of the gene. The major ARE transcription factor nuclear factor E2-related factor
2 (Nrf2) is a key agent in the initiation of antioxidant and detoxifying enzymes, such as heme
oxygenase-1 (HO-1), glutathione S-transferases (GSTs), and reduced nicotinamide adenine
dinucleotide phosphate:quinone oxidoreductase [39]. Nrf2 binds to Kelch-like ECH-associated
protein 1 (Keap1) under nonstressed conditions. Keap1 in complex with cullin3, Rocl, and E2
proteins provides ubiquitination followed by proteasomal degradation. When oxidative stress
occurs, oxidation of Keap1 leads to inability to bind Nrf2 protein by forming intramolecular
disulfide bonds. Then, Nrf2 migrates into the nucleus and binds a protein of Maf family (like
sMaf) and CBP/p. This complex is formed on ARE promoter region of certain genes leading
to transcription activation. Phosphorylation of by protein kinases which may be activated by
oxidants is one way to provide Nrf2 migration in nucleus [40].

4.2. Sesame and oxidative stress

In recent years, there has been a growing attention paid to natural antioxidants of plants and
their use is gaining importance as nutraceuticals and phytoceuticals as they have significant
effect on the status of human health and disease prevention [41]. For thousands of years sesame
(Sesamum indicum L.) is an important traditional health food that has been used to improve
nutritional status and prevent various diseases in Asian countries. The results of several studies
support the hypothesis that sesame seed and its lignans may have antioxidant and hypo-
cholesterolemic effects [42-45]. Alipour et al. in 2012 [46] showed that sesame seed supple‐
mentation decreased serum TC, LDL-C, and lipid peroxidation, and increased antioxidant
status in hyperlipidemic patients. A positive effect of sesame seed was seen in improving lipid
profile and oxidative stress in patients with knee OA, indicating that sesame seed might be of
help to reduce oxidative stress in OA patients [47]. Sesame seeds are not only rich in oil and
protein, but also in lignans (e.g., sesamin and sesamolin) [48] especially phenolic lignans such
as sesamol. Antioxidant effects of lignans were shown in former studies [49,50]. Furthermore,
it is obvious that diets containing polyphenols and flavonoids increase catalase and SOD
activity, decrease MDA and improve lipid profile [51,52]. Nakai et al. [52] revealed that sesame
metabolism by CYP450 in liver results in inversion of methylene dioxyphenyl to dihydro‐
phenyl (strong radical scavenger). Previously, scientific evidence has showed the fact that
protective effects of sesame seed are because of the suppression of oxygen species production
[53]. Moreover, sesame lignans have an ability to increase vitamin E levels in various tissues
[54,55] and increase gamma-tocopherol levels that could lead to the suppression of different
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to transcription activation. Phosphorylation of by protein kinases which may be activated by
oxidants is one way to provide Nrf2 migration in nucleus [40].

4.2. Sesame and oxidative stress

In recent years, there has been a growing attention paid to natural antioxidants of plants and
their use is gaining importance as nutraceuticals and phytoceuticals as they have significant
effect on the status of human health and disease prevention [41]. For thousands of years sesame
(Sesamum indicum L.) is an important traditional health food that has been used to improve
nutritional status and prevent various diseases in Asian countries. The results of several studies
support the hypothesis that sesame seed and its lignans may have antioxidant and hypo-
cholesterolemic effects [42-45]. Alipour et al. in 2012 [46] showed that sesame seed supple‐
mentation decreased serum TC, LDL-C, and lipid peroxidation, and increased antioxidant
status in hyperlipidemic patients. A positive effect of sesame seed was seen in improving lipid
profile and oxidative stress in patients with knee OA, indicating that sesame seed might be of
help to reduce oxidative stress in OA patients [47]. Sesame seeds are not only rich in oil and
protein, but also in lignans (e.g., sesamin and sesamolin) [48] especially phenolic lignans such
as sesamol. Antioxidant effects of lignans were shown in former studies [49,50]. Furthermore,
it is obvious that diets containing polyphenols and flavonoids increase catalase and SOD
activity, decrease MDA and improve lipid profile [51,52]. Nakai et al. [52] revealed that sesame
metabolism by CYP450 in liver results in inversion of methylene dioxyphenyl to dihydro‐
phenyl (strong radical scavenger). Previously, scientific evidence has showed the fact that
protective effects of sesame seed are because of the suppression of oxygen species production
[53]. Moreover, sesame lignans have an ability to increase vitamin E levels in various tissues
[54,55] and increase gamma-tocopherol levels that could lead to the suppression of different
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free radicals (those that usually increase in age-related diseases) [56]. In a study on fifty patients
with knee OA, supplementation with sesame seed improved clinical signs and symptoms and
indicated that sesame might be a viable adjunctive therapy in treating OA [57]. Epidemiolog‐
ical studies have shown that high HDL-cholesterol concentration could potentially contribute
to its anti-atherogenic properties, including its ability to inhibit LDL-oxidation and protect
endothelial cells from the cytotoxic effects of oxidized LDL [58]. Presently, sesame seed powder
administration has shown to elevate HDL-C levels in hypercholesteremic animals [59]. Several
studies reported that high antioxidant properties of sesame seed appear to be related to its
lignans- sesamol, sesamolinol, pinoresinol, and sesaminol [60-64], as well as vitamin E [65].
The tocopherol of sesame seed has been shown to be mainly y-tocopherol, with only less
amounts of a-tocopherol [66]. In addition, Kahae et al. [67] indicated that γ -tocopherol in
sesame seed exerts vitamin E activity equal to that of α-tocopherol through a synergistic
interaction with sesame seed lignans. These compounds also have inhibitory effects on
membrane lipid peroxidation, the microsomal peroxidation induced by ADP-Fe3+/NADPH
[61], and the oxidation of LDL induced by copper ions [64].

4.3. Burdock and oxidative stress

The examination of burdock (Arctium lappa L.) protective effects on oxidation of low-density
lipoprotein (LDL) and nitric oxide production showed that methanolic extracts of burdock
(MEB) and their major components, chlorogenic acid (CHA) and caffeic acid (CA), have
antioxidant effects against oxidative damages. For many decades in Taiwan and Japan,
burdock (Arctium lappa L.) has been consumed as a vegetable and beverage. Furthermore,
burdock is also used as a folk medicine, such as a diuretic and antipyretic [68]. Analyses of its
components [69], investigation of desmutagenic effect, and hepatoprotective efficacy [70] have
been described. Chen (2004) [68] finds that burdock has significant free radical scavenging
activity, which was mainly attributed to chlorogenicacid (CHA) and caffeic acid (CA). Duh in
1998 [71] presented that burdock, with or without heat treatment, acts as a primary and
secondary antioxidant, as well as active oxygen scavenger. In addition, burdock displayed
potential inhibitory action on microbial growth [72]. Although burdock showed the biological
activity mentioned above, whether it has any protective effects on biomolecules and nitric
oxide production remains uncertain. The protective activities of CA and CHA on LDL
oxidation and nitric oxide production have been established [73,74]. Several reports showed
that oxidatively damaged LDL as an atherogenic agent is clearly a main risk factor for
cardiovascular disease. Thus, the bioactive activity of MEB on LDL oxidation and nitric oxide
production needed to be examined. MEB inhibited oxidation of phospholipid, protein and
deoxyribose, which are components of the cells. So, MEB can protect cells and tissues against
oxidative damage. CA and CHA, which were major compounds present in MEB [69], showed
notable inhibitory effect on oxidative damage of liposome, deoxyribose, and protein. Magh‐
soumi et al. in 2014 [75] suggested that Arctium lappa L. root tea improves inflammatory status
and oxidative stress in patients with knee osteoarthritis.
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4.4. Lentil and oxidative stress

Several studies have shown that legumes consumption has many effects in health improve‐
ment, control, and protection against metabolic diseases such as type 2 diabetes and CVDs [76].
Lentils (Lens culinaris), the most consumed legume grains, are good sources of dietary fiber,
resistant starch, tannins, β-glucan, functional antioxidant ingredients, a wide range of phenolic
acids including gallic acid, proanthcyanidins, prodelphinidin, procyanidins, catechins,
epicatechin, kampferol, quercetin, cinapic acid, and apigenin [77]. Lentil contains about 28%
protein on a dry weight basis [78]. The effects of lentil sprouts (LS) on glycemic parameters
are associated with its fiber content. The fiber content of lentil seed is 3.7 g per 100 g; lentil seed
also has low glycemic index (21/2). After germination of the lentil seeds, the amount of fiber
and protein are increased [79]. The enzymatic hydrolysis of lentil proteins have resulted in bile
salts binding activity and the production of hydrolysates with ACE-inhibitory activity [80,
81]. Furthermore, it has been recognized that specific fragments from legumin, vicilin, and
convicilin with amino acid sequences contribute to the antioxidant and ACE-inhibitory activity
of lentil hydrolysates [82]. Epidemiological studies recommend that lentils through biological
activities including antioxidant, anticancer, angiotensin I-converting enzyme inhibition,
reducing blood lipid, and reducing the risk of cardiovascular diseases, confer protection
against chronic diseases [83,84]. Studies show that bioactive proteins of lentil decrease plasma
levels of LDL-C, triglyceride content of the liver, and adipose tissue lipoprotein lipase activity;
moreover, polyphenols of lentil could prevent angiotensin II-induced hypertension, and
pathological changes including vascular remodeling and vascular fibrosis [85,86]. Lentils have
a higher oxygen radical absorbing capacity (ORCA) value than most of the common fruits and
vegetables [87]. In a study by Aslani et al. in 2014 [88], effects of lentil sprout (LS) consumption
on glycemic parameters and anthropometric measurements in overweight and obese patients
with type 2 diabetes were investigated. They found that LS consumption could have favorable
effects on glycemic control in overweight and obese patients with type 2 diabetes. They showed
that consumption of LS as supplementary treatment in type 2 diabetes could have favorable
effects on HbA1c (Glycated hemoglobin), FBS (fasting blood glucose), QUICKI (quantitative
insulin sensitivity check index), and HOMA-IR (homeostasis model assessment- Insulin
resistance).

5. Biological effects of food antioxidants

The human organism, like that of animals, is oxygen-dependent. This suggests that oxygen,
essential for life, works through a succession of mechanisms which indeed have their limits
and their side effects. The survival of the species means that biochemical protection systems
have developed in parallel with that promoting oxygen utilization. More generally, it may be
considered that oxidation involves loss of one or more electrons that is of negative electric
charges [89]. However, more complex oxidation reactions occur, with the production of toxic
radicals, which, in the absence of antioxidant mechanisms, would soon destroy the vital
elements of the cell [90]. The accumulation of hydroperoxides, for instance, requires the
intervention of catalase, tocopherol, selenium, or reduced glutathione and its conversion
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enzymes; their deficiency would promptly lead to an attack on membranes [91,92]. The
multiplicity of in- vivo cellular reaction allowing aerobic life to develop implies extremely
active binding as well as exchanges of oxygen molecules with other radicals. Whereas some
of these metabolic sequences require radicals interacting with reactive oxygen the synthesis of
prostaglandins, the metabolism of molecules with quinone structures, or the activity of
macrophages, for instance these radicals may also be at the origin of chain reactions eliciting
deleterious effects at the level of cell particles. The survival of tissues requires in turn that other
molecules either terminate oxidative chain reactions or scavenge the excess of the generated
free radicals [89].

6. Conclusion and future trends

There is now an agreement among scientists regarding the effect of uncontrolled oxygen
radicals in the deterioration of health. Oxidative stress has been showed to play an important
role in initiation and progression of disease. Thus, to prevent the very consequences of
oxidative stress, it seems logical to take the necessary steps to reduce it. Antioxidants have
been reported to be effective in achieving this goal. Some of these antioxidants are flavanols,
isoflavones, flavones, catechins, flavanones and probiotics which are assessed for treatment
and/or prevention of diseases such as diabetes [18, 93-97]. Routine methods for the determi‐
nation of oxidation and peroxidation levels further need to be developed. It is recommended
that well-designed, controlled clinical trials be done taking into account all the factors affecting
the oxidative status of the patients and using sensitive and specific indicators of oxidative
stress. By analyzing the results of studies, several nutritional factors that are effective in
reducing oxidative stress markers should be recognized in order to be used as functional foods
and supplements for controlling oxidative stress.
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Abstract

In Mexico there is a quality of climate and land suited to the cultivation and production
of a wide variety of fruits and vegetables rich in natural antioxidants. Although these
fruits and vegetables contain sufficient antioxidants, consumption is low, especially in at-
risk populations such as children, pregnant women and the elderly. Fast food on the
street and in restaurants is preferred to food at home, and more fruits are consumed than
green vegetables. In virtually all social strata there is a marked preference for the con‐
sumption of fast food with a high content of saturated fat, salt, cholesterol, protein and
simple sugars. The consumption of raw or cooked green vegetables has declined with at
best the consumption of a serving a day when the World Health Organization (WHO)
suggests at least 3–5 servings of vegetables a day. This decrease in the consumption of
natural foods, and therefore in associated antioxidant components has been crucial in the
development of chronic degenerative diseases such as obesity, cancer, diabetes and cardi‐
ovascular disease. Such diseases are the leading cause of death in the Mexican population
according to data from the National Statistical Institute of Geography and Informatics
(INEGI, 2013) [1]. On the other hand, there is an excessive consumption of food supple‐
ments containing these same natural antioxidants in a purer and more concentrated form
than in natural food sources. Such supplements or additions were initially only con‐
sumed by athletes, but are now widely used by the general public without an under‐
standing of the normal recommendations and possible toxic effects they may have on the
user.

Keywords: antioxidants, Mexican foods, vegetables, fruits

1. Introduction

Although Mexico has a great variety of climates suited to the growth of a large amount of
vegetables, their consumption is limited. National consumption is estimated at only a single
serving of vegetable food per day, usually with the midday meal. The most widely eaten
vegetable foodstuffs are: tomato, onion, lettuce, chili, green tomato, cucumber, avocado and
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potato. Some vegetables are used as a condiment in the preparation of food (seasoning) and
others as a spice, as in the case of vegetables such as coriander, parsley, epazote, mint and
others. The average diet of the Mexican people also includes corn tortillas (maize) and wheat
in the form of bread, which become "tacos" when the tortilla is used as a base on the one hand,
and "tortas" when bread is used on the other. Added to these are – in raw form – lemon, onion,
cilantro and chili. The chili is added in the form of sauces based on tomatoes, or cooked or
roasted green tomato.

The quantities of these sauces that are eaten vary, which also makes it difficult to calculate the
total amount of antioxidants consumed daily. A person can eat between 10 and 12 tacos – with
an average weight of 50g each – per serving, or a cake whose weight can vary between 200 and
500g and whose filling is variable, but may include tomato and onion slices, as well as chili
and avocado.

Most of these "tacos” and “tortas" are sold on the street as fast food, and are readily available
and cheap [2]. This type of food is eaten between four and five times per week on average,
either at breakfast, lunch or dinner.

This type of diet is not particular to any socioeconomic level and can be seen in any social
stratum. Other foods included in the daily diet are legumes such as beans, peas, lentils and
beans, consumed in large amounts in broths or soups, pasta and rice.

Due to this great variability and irregularity of content, consumption of antioxidants in the
population is very low and many that are present are often removed by the effects of heat or
frying.

The low consumption of antioxidants in fresh food correlates well with the presence of slowly
evolving illnesses and chronic degenerative diseases, which are major causes of morbidity and
mortality, as described by the health sector. They are leading causes of death and disease from
stroke, cancer, diabetes and obesity.

In the last three decades, the daily consumption of fast food has increased and its preparation
eliminates or reduces the amount of antioxidants present. This type of food is represented by
pizzas, hamburgers, roast chicken and chicken type “crispí” for example.

Nutrition in Mexico is currently polarized since some areas enjoy a sufficient supply of food
while others have an insufficient supply that have been promoted for many years [2]. However,
even in areas where there is a good supply of food, consumption is often restricted to foods
that promote the development of chronic degenerative diseases. Such is the case with the huge
consumption of sugars and flours in foods that have contributed to the rise in metabolic
syndrome in the past decade and have therefore triggered diseases such as diabetes. In addition
to the increased consumption of sugars, are large amounts of saturated fatty acids (saturated
fat) and salt which are promoters of obesity and hypertension, which further contribute to the
current state of public health in Mexico. These same food combinations produce an organo‐
leptic effect, which has become, unfortunately, the basis of the national diet. The consumption
of nutrients that have a major impact on the overall health of the individual, such as some
vitamins, many minerals and long-chain polyunsaturated fatty acids is neglected. Of the latter,
omega-3 fatty acids (n-3, Morris system) are the least consumed by Mexicans.
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The most important sources, as will be discussed later, are marine fish and seafood (algae).
However, in Mexico, little fish is eaten. It is estimated that the per capita consumption of fish
is lower than 10 g per year, and does not meet international recommendations. The WHO has
recommended the consumption of at least three servings of fish per week to cover more than
50% of the current recommendation. Vegetables are another important source, but the
consumption of vegetables is affected by their low general popularity [4].

Due to these considerations and the properties of n-3 fats, it is likely that there is a positive
correlation between the prevalence of chronic degenerative diseases and a deficiency in their
consumption. In addition, symptoms observed in diabetic, hypertensive and obese patients
are probably better explained by the failure to consume this type of fat, and especially by the
physiological, vascular, blood and cellular functions this molecules that express.

Chronic noncommunicable diseases (CNCD) are one of the biggest challenges facing the
Mexican health system. There are several factors involved: the large number of cases, their
increasing contribution to overall mortality, forming the most frequent cause of premature
disability, and the complexity and high cost of treatment. CNCDs are a heterogeneous group
of conditions contributing to death through a small number of outcomes (diabetes, cardiovas‐
cular diseases and cerebral vascular disease). The deaths are the result of a process begun
decades earlier. The natural evolution of diabetes and cardiovascular disease can be modified
by actions that change the clinical course of the conditions that determine its incidence. These
include being overweight and obese, abnormal concentrations of blood lipids, hypertension,
smoking, a sedentary lifestyle, improper diet and metabolic syndrome. This introduces
opportunities for prevention, the development of prognostic tools and the creation of macro-
economic models. And it is here where food, or the poor intake of foods, is linked to the high
incidence and frequency of these chronic conditions. It is not only deficiencies in consumption
that can lead to these clinical spectra, but also excessive consumption.

Variations in the prevalence of obesity, overweight, dyslipidemia, hypertension and metabolic
syndrome in the period covered by National Health Surveys (1994–2006) are already docu‐
mented. The percentage of the population with a higher weight than that desirable (>25 kg
m-2, body mass index [BMI]) rose 13 % in the period from 1994 to 2000 and the change was
even greater (33.5%) between the years 2000 and 2006. The same increasing trend was observed
in the prevalence of metabolic syndrome, a concept that identifies patients with increased risk
of developing diabetes or cardiovascular disease in the medium term. The percentage of adults
with metabolic syndrome (defined by the criteria of the National Cholesterol Education
Program) increased by 27.8% between 1994 and 2000 and 39.7% cases corresponded to
individuals under 40 years of age. The data suggest that the contribution to the mortality of
CNCD will increase in the medium term [5, 6, 7, 8].

The data suggest that the contribution to mortality by CNCD will increase in the medium term.
The percentage of adults with diabetes (diagnosis established by a doctor) grew by 25% in
2006. It has been projected that 11.7 million Mexicans will have diabetes by 2025. Each national
survey shows a rise (4.0 to 5.8% in the period 1994–2000) and from 5.8 to 7% from 2000–2012.
Type 2 diabetes is a major cause of premature disability, blindness, end-stage renal failure and
non-traumatic amputations. It is one of the 10 most frequent causes of hospitalization in adults.
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The last link in the chain is evaluated by the effect of CNCD on mortality. The percentage of
mortality attributed to outcomes associated with CNCDs has shown continuous growth. In
just four years (2000–2004), the proportion of overall mortality explained by diabetes and
cardiovascular diseases rose from 24.9 to 28.7% in men and 33.7 to 37.8% in women. As a result,
since 2000 ischemic heart disease and diabetes have been the two most frequent causes of death
in Mexico [9, 10, 11].

In relation to cancer:

Cancer is a disease with a major psychological, social and economic impact. According to a
preliminary analysis by Delgado Gutierrez et al., between 2000 and 2010, there was an average
of 66, 000 deaths annually in Mexico from cancer, equivalent to 13% of annual national
mortality. From the total number of deaths from cancer, women represent – on average – 51%
annually. The economically active population (aged 15–64) comprises 43%, and the population
aged 65 years or older, 54%. During this period, lung cancer was the cause of highest mortality
(6, 701) followed by malignant neoplasms of the stomach (5, 298) and liver (4, 819). Among
cancers of the reproductive organs, prostate cancer generated the highest number of deaths
(4, 690), followed by breast (4, 321) and cervix (4, 236). These six tumors caused 46% of the total
number of deaths from cancer [12, 13].

There have been efforts to elucidate the number of new cases of cancer at the national level,
by recording histopathology of malignant neoplasms (RHNM). However, these have been
isolated and institutional and have not been systematized. The RHNM represented an initial
effort through a hospital registry, but it ceased operation in 2002. The idea was for it to evolve
towards a population-based register, whereby it would be possible to measure the real extent
of the disease. The commitment is still pending. Due to the size of Mexico, the high prevalence
of risk factors and the rapid aging of the population, it is necessary to create several regional
registries that are population-based, inter-agency and that have access to uniform and
systematic information enabling the recording, year after year, of all the new patients who
receive a diagnosis of a malignancy. We know that up to four out of 10 cases of cancer are
preventable, and that 30 patients could be cured or achieve disease control if their cancer is
detected early and they are referred to receive optimal treatment [13]. In Mexico, efforts in
primary prevention and early detection are poorly-organized and the lack of an adequate
budget results in a lack of timely performance and quality. This largely explains why more
than 70 cases of cancer are diagnosed only in the advanced stages, reducing the chance of
recovery and at the same time generating the broad needs of palliative care to improve the
quality of life of the patients.

1.1. Morbidity

Globally, it is estimated that in developed countries, three in four children with cancer survive
at least five years after their treatment, but in developing countries about 60 will die in the
same period (National System of Epidemiological Surveillance SINAVE, 2011). In general,
younger children have better survival rates, which might be because there is less delay in
diagnosis, treatment and its success among teenagers and young adults. This is due in part to
the fact that young children have greater monitoring through their parents and the health
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system, so any warning signs of developing disease, are noticed more quickly. In children,
about five of the malignant tumors are related to hereditary mutations passed from parents to
children, although not necessarily in all cases will the disease develop. An example of this is
retinoblastoma, a cancer of the eye that occurs more frequently in children, and that parents
identify through observing a whitish reflection in the eye of the child. In addition to the
hereditary factor, there may be genetic mutations during fetal development that predispose
individuals to cancer at early ages, as has been observed in leukemia, where one in every 100
children is born with a genetic anomaly and has greater risk, although only one in 8, 000
develops the disease (National Cancer Institute, NCI, 2014). Signs and symptoms that allow
early detection of cancers in the population under 20 years, include the following (Secretary
of Health of the State of Veracruz, 2014): prolonged fever without an obvious cause; an increase
in volume of any part of the body; weight loss; unexplained red spots or bleeding anywhere
on the body, and general malaise [14].

It is important to note that symptoms will depend on the type of cancer, but the above are
indicative of those symptoms requiring the child to be presented to the health services. In
Mexico, analysis of hospital morbidity from cancer (patients who died in a hospital from the
disease) during 2012 showed that in both men and women under 20 years of age, cancer of the
hematopoietic organs was the leading cause of death, (59.5% in women against 58.8% in men).
For males, the second leading cause of hospital discharge for cancer is the lymphatic system
and related tissues (8.8%), followed by the brain and other parts of the central nervous system
(6.3%). However, in women, the order is reversed with brain cancer and other parts of central
nervous system the second commonest cause (6.7%) and the lymphatic system and related
tissues the third (5.9%) [14, 15].

It is not uncommon to think that the high incidences of chronic degenerative diseases are
correlated with a deficiency in the consumption of some nutrients that could be the cornerstone
of the protection of the patient, and within these it is very likely that an imbalance in the
consumption of an antioxidant and pro-oxidant, or its excess, that are the factors that trigger
these diseases. Such is the case in the poor consumption of omega 3 fatty acids, selenium, zinc,
iron, and vitamin C.

2. Antioxidants

Human beings are exposed to a large number of "oxidizing agents" such as pollution, stress,
cigarette smoking and some other chemical compounds used in improvement or preservation
of food. In addition, our body produces so-called "free radicals" (FR), which can cause
oxidation of membranes and DNA damage, triggering a series of undesirable reactions that
lead to diseases such as cancer, cardiovascular problems and aging. Antioxidants are com‐
pounds which, by their chemical structure, can slow the formation of free radicals and prevent
or treat the above-mentioned diseases caused by oxidative stress. This oxidative stress is a
consequence of environmental pollution, stressful jobs, indiscriminate consumption of

Antioxidants and Natural Compounds in Mexican Foods
http://dx.doi.org/10.5772/61626

111



processed foods, excessive consumption of snacks and fatty foods and is encouraged by the
presence of chronic diseases, self-medication and physical inactivity.

In order to quantify the antioxidant capacity of foods, the Oxygen Radical Absorbing (ORAC)
test was developed. In this chapter, we show the concentrations of important antioxidants as
measured in our laboratory, in raw and cooked foods, with a special emphasis on vegetables.

2.1. Micronutrients: Vitamins and minerals

In children under five years of age, dietary surveys indicate that the diet is energy deficient.
The diet varies between 73 and 83% of needs, as well as having a low consumption of calcium,
vitamin A, riboflavin and vitamin C (with averages of ingestion about 50% of recommended
amounts). Although intakes of iron were greater than the dietary recommendations for other
age groups, a large proportion came from corn and beans, foods that also contain high amounts
of phytates and tannins, which inhibit the absorption of iron. This explains the presence of
anemia in the population despite high intakes of iron. It should be noted that the methodology
for collecting information of reminder 24 hours diet tends to underestimate the consumption
of nutrients by between 15 and 20%, so it is possible that the deficiencies in energy and nutrients
referred to were lower than reported. There were areas where the majority of the adult
inhabitants were underweight, while in other areas, especially urban, there was a prevalence
of being between 5 and 15% overweight. In particular, a group of workers in Mexico City was
identify as 28% overweight. Also, the presence of anemia in women living in coastal areas was
20%. In rural regions and areas, the population had less variety in their diet, which was low
in protein of animal origin and deficient in vitamins. The biggest nutritional problems were
presented in the southern and southeastern regions of the country, followed by the downtown
area, and to a lesser extent, on the coasts and the north of the country. Clinical signs of
malnutrition and micronutrient deficiency are presented in severe conditions. Clinical signs
of deficiency, such as hair pigmented and easy to boot (8%), scaly and pigmented skin (3%),
alterations in the eyes (4.7%), smooth tongue (6.3%), cheilosis (6.6%) and edema (1.6%) have
been documented in children. The latter is the most reliable sign for recognizing severe
malnutrition. A presence of anemia was identified in 29% of preschool children, with 20% in
rural and semi-rural areas, and 9% in urban areas.

3. Indicators of micronutrients

Anemia was determined using a portable photometer (HemoCue). In order to classify subjects
with anemia, the following cut-off points of hemoglobin concentration in blood proposed by
WHO were used: children aged 1–5 years, 110 g/L; children aged 6–11, 120 gL; (non-pregnant)
women aged 12–49, 120 g/L; (pregnant) women aged 12–49, 110 g/L; men from 12–14 years, 16
mg/dL; zinc deficiency is defined as serum zinc concentration of 65 ug/dL; deficiency of
vitamin A as retinol serum 20 ug/dL; folate deficiency as concentrations of folate in red blood
cells of 140 ng/mL; and deficiency of vitamin C, such as serum concentrations of Ascorbic acid
at 0.2 mg/dL [13].
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Anemia and deficiencies of various micronutrients are the commonest nutrition-based
problems in Mexico, primarily affecting children and women of fertile age. In Mexico, the most
important deficiency in terms of magnitude is that of iron in children of all ages (from 12
months to 11 years), which ranges from 36 to 67%. In women, the prevalence of iron deficiency
is over 40%, though it is not the largest of the deficiencies observed in this population. The
prevalence of low concentrations of vitamin C, an indication of low dietary intake of this
vitamin, is very high and fluctuates between 30 and 40% in the case of children, and reaches
50% in women. The prevalence of low zinc consumption is around 30% in children under five
years and women, with little more than 20% of those in school [13, 15]. Marginal vitamin A
deficiency is between 20 and 30% in children and less than 5% in women. Folic acid deficiency
ranges from 10 to 20% in children and 8% in women.

Studies of micronutrient deficiencies in the 1999 ENN survey showed that the most common
is a lack of iron, mainly affecting rural areas of the country. The highest prevalence rates were
reported in children under six years of age, while in schoolchildren and women of fertile age
no physiologic load had a lower prevalence (INSP, 1999) [15].

In some cases, the consumption of vitamins in tablet form is recommended, but only justified
if there is clinical evidence of its deficiency. Otherwise, it is best to consume natural food
sources that contain the relevant vitamins. However, in Mexico, an almost magical power is
given to vitamins in such a way that some sectors consume them without medical advice and
in ignorance of official recommendations and potential toxic effects. They are recommended
by stars of television, and used in gyms by personal trainers and the general public, and since
a prescription is not required for their purchase they are within the reach of virtually anyone
who can visit a hypermarket.

Treatments with vitamins such as folic acid, vitamins C, A, B12 and B1 are widely used by the
medical sector for the specific conditions that require them. They are necessary for normal
metabolism and even for the metabolism of other drugs that are prescribed.

4. Vitamin A

Vitamin A is a generic description covering all compounds which show biological activity of
retinol, such as some retinoids and carotenoids (also known as pro-vitamin A). Retinoids are
isoprenoid compounds normally found in animal and plant tissues. Because of this, vitamin
A is found in different forms, but you can tell that there esterifies fatty acids, primarily as
retinyl palmitate. It is likely that several forms of the vitamin are present in the same food, but
in differing concentrations [16].

4.1. Vitamin A structure

The vitamin A molecule contains a β-ionone ring with an unsaturated side chain containing
an alcohol group at the end of the chain, characterizing the main vitamer. (Fig.1)
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Figure 1. Structure of vitamin A (retinol)

4.2. Vitamer

Various forms of Vitamin A exist in food and are generally known as retinol alcohol (A1). It is
stored in tissues such as palmitic ester. The Isomer of retinol: 3-deshidroretinol (with 40% of
the activity of A1), is found in fish liver oils and has been shown to be converted to Vitamin
A1 [17] in rats.

The term vitamin A is broad as it includes all those compounds containing a β-ionone ring and
designated as retinoids or derivatives of β-ionone, and that is why carotenoids are so called.
The ring is very important as the activity of the vitamin depends on it. In fact, when the vitamin
is exposed to sunlight, the ultraviolet light present in the sunlight breaks the ring and vitamin
activity is lost. In vivo, retinol can be converted to its aldehyde, retinal, and this in turn can be
converted to retinoic acid. This is an oxidation process wherein the alcohol (retinol) is oxidized
to the aldehyde (retinal) and this in turn is oxidized to acid (retinoic acid). The reaction is
thermodynamically irreversible and retinoic acid cannot be converted back to retinal, so the
retinoic acid is rapidly oxidized and excreted. This action cannot be considered by itself as an
example of an antioxidant reaction. However, the participation of vitamin E, beta carotene and
vitamin C in the equilibrium of these reactions involving vitamin A is part of the antioxidant
response. Vitamin A lies partly in cell membranes so that it is very likely be involved, like
vitamin E, in free radical scavenging, itself becoming a free radical (possibly retinyl). This
retinyl radical could purge, with vitamin C, free radicals seeking to initiate lipid peroxidation
of the membrane. Retinol has been isolated from the retina of the eye and is the main form as
vitamin works, in fact the only function biochemically proved, described by George Wald in
1967.

4.3. Sources

Vitamin A (retinol) can be ingested into the body or synthesized from plant carotenoids.
Preformed vitamin A is present in animal tissues and the best sources are liver, milk, and the
kidneys, where it is found in high concentrations in the form of fatty acid esters [18].

Vitamin activity occurs primarily in plant carotenes, which are precursors of vitamin A.
Theoretically, a molecule of β-carotene should give rise to two molecules of retinol, however,
under in vivo conditions this does not happen and only one molecule is obtained. Of the more
than 100 carotenoids described so far, only 12 are converted to retinol and β-carotene is the
most important of these. As a result, efficiency of the conversion of carotenoids in retinol is 1/8
(i.e. 100/12). Therefore, the amount of vitamin A from plant foods should be one-eighth of the
concentration of the carotenoids present in the food. Of course this may change and the amount
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could increase or decrease, depending on how many carotenoids or β-ionone derivatives are
contained in foods. Thus, it is often recommended to ingest some retinol equivalents from a
diet containing both animal and vegetable foods [19].

This situation is the result of inefficiency in the absorption of β-carotene from vegetables and
fruits, its chemical structure, biological activity and the dynamics of oxidation of retinal to
retinoic acid, which is quickly removed.

Table 1 shows the main sources (with highest concentrations) of vitamin A, although in Mexico
there are other widely consumed sources with lower concentrations.

Food Content
(UI/100g)

1 Dehydrated carrot 100, 000

2 Cod liver oil 85, 000

3 Dried red pepper 77, 000

4 Roasted lamb liver 74, 500

5 Homemade paprika 60, 604

6 Fried beef liver 53, 400

7 Dehydrated sweet potato flakes 47, 000

8 Red pepper 41, 610

9 Chile powder 34, 927

10 Fried beef liver 32, 700

11 Canned pumpkin 27, 383

12 Parsley dried 23, 340

13 Dehydrated alfalfa 22, 940

14 Raw red pepper 21, 600

15 Liver cooked turkey simmered 17, 500

16 Liver cooked chicken simmered in grill or skillet 16, 375

17 Canned carrots, drained 15, 000

18 Fried pork liver in margarine 14, 900

19 Dried peaches, sulfur, crude 14, 100

20 Green dandelion, raw 14, 000

21 Carrots, raw 11, 000

22 Green, raw mustard 9, 900

23 Spinach, raw 8, 100

24 Sweet potato shell, cooked 8, 100

25 Beef cooked in water 7, 800

26 Green radish, raw 7, 600

27 Swiss, raw chard 6, 500

28 Peanut butter 6, 400

29 Dried peaches, raw 5, 000

30 Cantaloupe, raw 3, 400
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Food Content
(UI/100g)

31 Margarine 3, 307

1 UI =0.300 ug retinol

Table 1. Sources of Vitamin A

4.4. Functions

Preformed vitamin A is present in the diet as retinyl esters. Esters of vitamin A are hydrolyzed
during digestion by pancreatic hydrolases, absorbed in their free form and re-sterified with
fatty acids within the intestinal mucosa, entering the circulation by passive diffusion with
chylomicrons formed. Beta-carotenes from plants are substrates for the synthesis of vitamin
A, obtaining retinaldehyde, which is then reduced by a specific enzyme called aldehyde
reductase (using NADH as a cofactor), and converted to retinol. Retinol from any source
(animal or plant) is stored as retinyl esters in the parenchyma of the liver. The normal body
retinol reserve varies from 300–900 mg (1 IU=0.300 ug trans-retinol). Prior to release, esters in
the liver are hydrolyzed and the free alcohol binds to a specific binding protein retinol binding
protein (RBP), which transports it to peripheral tissues. This protein is a single polypeptide
chain of 182 amino acid residues with a molecular weight of 21 KD. It is synthesized initially
as a 24 KD pre-RBP by parenchymal cells, and also by post-translational modification of a
polypeptide removed (3.5 KD). Secretion is hormonally regulated by circulating estrogens and
the same concentration of the vitamin. In healthy individuals, the concentration of RBP in
plasma is equal to 40–50 ug/mL. This protein is catabolized in the kidney, however catabolism
is reduced by the binding of the protein to retinal [20, 21].

The best known function of vitamin A is its role in vision, in which the prosthetic group is a
series of carotenoid proteins providing the molecular basis for visual excitation [22, 23]. The
photosensitive chromophore group responsible is 11-cis-retinal, present in a group of visual
pigment cells of the eye known as "rods” and “cones". The latter have precision and accessory
pigments at wavelengths with maximum absorption peaks in the red, green and blue parts of
the spectrum. The "rods” have precision too and contain the pigment rhodopsin and cones
contain the pigment iodopsin. In any case, 11-cis-retinal is bound to a lysine residue of a
specific protein called opsin.

When light strikes these molecules, there is a light-induced isomerization transforming the 11-
cis-retinal to the all-trans-retinal form. This reaction results in the dissociation of the protein-
vitamin complex. This dissociation is coupled to nerve centers in the brain that respond to
vision stimulation, so that each nerve impulse caused by each of the breaks of rhodopsin
molecules produces an image point. The union of all these points in the brain leads to the
display of an image. This complex and efficient phenomenon occurs millions of times per
second each time we open our eyes. Thus we can say that the process of vision is a cyclical
process as its constituents thereof are reconstituted. The all-trans retinol can convert enzy‐
matically in the dark to the cis form, which is then esterified and stored, presumably among
the lipids of epithelial cells. Rhodopsin regeneration includes the hydrolysis of retinyl esters
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process as its constituents thereof are reconstituted. The all-trans retinol can convert enzy‐
matically in the dark to the cis form, which is then esterified and stored, presumably among
the lipids of epithelial cells. Rhodopsin regeneration includes the hydrolysis of retinyl esters
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to produce 11-cis-retinol which is transported (via RBP) to the outer part of the stick cell which
is then oxidized to 11-cis-retinal [24].

The "extra-retinal" functions are less important than the visual function and are poorly
understood. They are collectively referred to as vitamin systemic functions as they use retinoic
acid more effectively than retinal, and secondly their biochemistry is very different and even
more complex. Vitamin A is also involved in cell differentiation, morphogenesis, transmem‐
brane transport and the immune response. A significant portion of absorbed vitamin A (40%)
is oxidized or conjugated in the liver and secreted in bile through feces. Retinoids apparently
affect cell differentiation in a manner analogous to steroid hormone action, by binding to
nuclear chromatin for transcription processes signals. It has been proposed that with retinoic
acid they synergistically stimulate the production of thyroid hormones and growth hormone
in cultured pituitary cells [25, 26].

Its role in cell differentiation is based also because it shares regions of binding to ligands and
DNA along with vitamin D3, steroid hormones and thyroid hormones (T3). These ligand-
receptors for retinoic acid (RARa and RARβ) bind to promoter regions of specific genes
activating transcription. It is also proposed that vitamin A plays a co-enzymatic role, as a carrier
of sugars in the synthesis of glycoproteins, whose functions at the cell surface are adhesion,
aggregation, recognition and other interactions.

Vitamin A is necessary for reproduction, but the biochemical basis for this is unknown.
Experiments in rats indicate that retinal is more responsible for these actions in mammals than
retinoic acid. Rats subjected to retinoic acid grow well and look healthy, but are unable to
reproduce, and females are unable to get pregnant, abort and reabsorb their products while
males show damage to the spermatogenesis process. Injections of retinol into the testes restores
spermatogenesis, indicating their direct role [27].

Because vitamin deficiency results in damage to the differentiation of epithelial cells without
damage to the proliferation, its role in the etiology of epithelial tumors, including carcinomas
is questioned. In fact, squamous metaplastic changes seen in vitamin deficiency are similar to
experimentally-induced precancerous lesions. Therefore it is proposed that retinol – as an
anticarcinogen – acts against the high levels of carcinogens in tumors and prevents the
expression of malignant phenotypes. Thus the hypothesis that the nutritional status of vitamin
A can increase or decrease the risk of cancer is supported.

Although it also is not very clear, there is support for the idea that vitamin A is impor‐
tant  in  immunocompetence.  Vitamin deficient  animals  are  more  susceptible  to  infection
than those with a sufficient intake of the vitamin. Epidemiological studies indicate that a
state of deficiency is closely related to a higher incidence of disease and increased mortal‐
ity.  Vitamin  deficiency  affects  immunity  through  different  routes.  Retinoids  act  on  the
differentiation  of  immune cells,  increasing  lymphocyte  mitogenesis  and phagocytosis  of
monocytes and macrophages. Carotenoids affect the survival of activated NK cells and T
helper cells,  modifying the release of cytosine-type products from activated lymphocytes
and monocytes [28].
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4.5. Deficiencies

Liver and tissue levels of vitamin A compensate for low intakes of it in countries like Mexico.
The speed with which the body’s stores are mobilized, depends on the severity of the deficiency
and how fast are released it between different tissues. Because the vitamin is present in
different organs, a deficiency will include many nonspecific signs. One of these signs is related
to vision, and there are ocular signs such as nyctalopia and xerophthalmia. The first of these
responds quickly to therapy with the vitamin, while the second disorder involves permanent
changes to the eye, which cannot be corrected. However, in cases of xerophthalmia, timely
therapy can disrupt early-stage lesions before they become permanent injuries [29].

Vitamin A levels are decreased in night blindness, childhood blindness, hypothyroidism,
infertility and teratogenesis, liver disease, xerosis, chronic infections, and pyrexia. A concen‐
tration lower than 10 mg of vitamin A/dL serum is indicative of severe hepatic impairment
and absence of reserves. It also decreased in disseminated tuberculosis, carcinoid syndrome
(very low) protein malnutrition, alpha-beta-lipoproteinemia and cystic fibrosis. Nyctalopia
(night blindness) is a condition in which objects appear clear by day but are unclear at night.
Poor dark adaptation is the best sign of vitamin A deficiency [30].

5. Vitamin E

5.1. Definition

Vitamin E is defined as all those forms exhibiting activity of α-tocopherol, which is the main
representative of this group of compounds. The α-tocopherol is a derivative of phytyl and
trimethyl hydroquinone alcohol.

The basic structure of this vitamin is chromanol ring and a phytyl tail in the case of tocopherols,
and an unsaturated tail in the case of tocotrienols. See Figure 2.

Figure 2. Vitamin E structure

Also known as tocopherol (α-tocopherol is the most powerful and abundant antioxidant in
foods). These compounds are potent fat-soluble antioxidants that protect the integrity of cell
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membranes (fig 3) and are associated with rich sources of vegetable oil. If no free vitamin E is
present, free radicals oxidize fatty acids of the cell membrane and thus affect cellular structure
[31]. This is the basis for the suggestion that Vitamin E important in preventing both aging and
cancers. Vitamin E increases the absorption of vitamin A because it prevents oxidation in the
intestine. In addition, its antioxidant action increases in the presence of zinc. In foods, vitamin
E is found mainly in vegetable oils, wheat germ oil seeds (walnuts, peanuts, almonds, etc.),
and green leafy vegetables, etc. Absorption is relatively poor (20–80%) and is linked to dietary
lipids. Vitamin E is stored in liver and adipose tissue and is absorbed through micelles. Its use
depends on the presence of adequate fat and pancreatic and biliary function. Once absorbed,
it is captured by chylomicrons and very low-density lipoproteins (VLDL), which are found in
the lymph. Vitamin E stored in the liver is subsequently reattached to VLDL and HDL, to be
taken up by cells and is mainly directed to lipid membranes. It is excreted primarily via the
bile and feces, and to a lesser extent in the urine [32].

5.2. Vitamin E sources

Vitamin E is found in large quantities in plants. It is present in high concentrations (0.1–0.3%)
in wheat germ, maize, sunflower seed, rapeseed, soybean, alfalfa, and lettuce. Alpha-toco‐
pherol is usually found naturally as beta and gamma tocopherols. The pure form of the vitamin
is a pale yellow viscous oil [33].

Food Content
(mg/100g)

1 Wheat germ oil 149.4

2 Sunflower seed oil, 60% linoleic acid and higher 44.9

3 Almond oil 39.2

4 Cottonseed oil 35.3

5 Oil, linoleic acid above 70% 34.1

6 Alfalfa seeds 33.0

7 Rice bran oil 32.3

8 Margarine, salt, liquid oil 28.4

9 Dry almonds, with entire deck 27.9

10 Whole hazelnuts, shelled 21.0

11 Cod liver oil 20.0

12 Palm oil 19.1

13 Corn oil 14.3

14 Sunflower seed essence, dry shell 13.0

15 Olive oil 11.9
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Food Content
(mg/100g)

16 Peanut oil 11.6

17 Soy oil 11.0

18 Fat, vegetable 9.9

19 Roasted peanuts in shell, whole and savory 9.7

20 Wheat, soya blend and wheat flour 7.0

21 Commercial chips 6.4

22 Canned tuna in oil 6.3

23 Black, raw moras 3.5

24 Asparagus, boiled 2.5

25 Porridge 2.3

26 Green radish, raw 2.2

27 French fried shrimp, seasoned with breadcrumbs and batter 1.9

28 California avocado, raw shell 1.7

29 Rye, whole grain 1.7

30 Butter, regular, salt 1.6

Table 2. Sources of Vitamin E

5.3. Functions

Vitamin E is absorbed from the gastrointestinal tract by a mechanism similar to other fat soluble
vitamins, and it enters the blood initially via associated lymph chylomicrons, and then with
lipoproteins, which correlates very well with the concentration of vitamin E and plasma lipid
levels. It is stored in many tissues, residing mainly in the non-polar fraction of the lipid
membranes in the center of the lipid bilayer. This feature protects against a body storage
deficiency for long periods and is a basis for operation [34].

Vitamin E functions as an important natural antioxidant that prevents the spread of damage
caused by free radicals to biological membranes. An important consequence of deficiency is
that subjects suffer from anemia and peripheral nephropathy. The vitamin is an excellent
"scavenger" of peroxyl radicals and preferentially protects polyunsaturated fatty acids
(PUFAs) in the phospholipids of biological membranes [35].

When lipid hydroperoxides are oxidized to peroxyl radicals (ROO*) these react 1000 times
faster with vitamin E (VIT E-OH) than PUFAs (RH). The hydroxyl group of vitamin E reacts
with an organic peroxyl radical to form an organic hydroperoxide and the tocopheroxyl radical
(VIT EO*). Hence vitamin E has become a free radical preventing autoxidation membrane
lipids. See Figure 3.
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The formed tocopheroxyl radical expose its electron outside the lipid bilayer, into the aqueous
part, to receive a part of any hydrogen donor reducting, such as vitamin C, which accepts and
donates the electron hydrogen from vitamin E, being this in reduced form. This replenishes
the vitamin so that its function becomes cyclical. Other compounds have been demonstrated
to regenerate vitamin E and eliminate the symptoms of vitamin deficiency. These are selenium,
glutathione, ubiquinone and other thiol groups (some amino acids with sulfhydryl groups
such as cysteine). Thus the antioxidant activity of the vitamin depends not only on its concen‐
tration, but also on antioxidant compounds present in the intra- and extracellular water phase.
The antioxidant status will also include the correct function related to maintaining an optimal
state of oxide reduction for cell enzymes, which are also important activities of the enzymes
catalase, glutathione peroxidase and superoxide dismutase.

Cells use superoxide dismutase, catalase and glutathione peroxidase to protect against reactive
oxygen species. At the same time the body is careful to keep all iron and copper ions bound
on protein transport or storage. Thus there is approximately three to four times more iron
binding capacity in transferrin than in plasma, so there should be no free iron ions. Combining
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elements such as iron with transferrin protein cannot stimulate lipid peroxidation and the
generation of hydroxyl radicals, and this is also true for copper bound to albumin or cerulo‐
plasmin.

All of these are regarded as primary defense mechanisms against free radicals, but there are
also secondary antioxidant defenses and alpha tocopherol is the most important of these
because it acts as a chain-breaking antioxidant. Vitamin E is a lipid soluble molecule, found in
biological membranes or LDL, and possesses a hydroxyl group whose hydrogen is easily
removed. When alkoxy or peroxyl radicals are generated during lipid peroxidation, these
combine preferentially with the antioxidant rather than an adjacent fatty acid.

The alpha tocopherol chain reaction ends and a new free radical is formed, which is less reactive
and attacks the adjacent fatty acids less aggressively. There is evidence that this radical
tocopherol migrates to the surface of the membrane and becomes alpha tocopherol through
reaction with ascorbic acid. Therefore, vitamin C and alpha tocopherol help to minimize the
effects of lipid peroxidation in LDL and membranes (see Figure 3).

5.4. Deficiencies

Vitamin E deficiency is very rare in humans and is unlikely to be of dietary origin due to
the wide distribution of vitamin E in many foods. However, deficiency can occur to due
to genetic abnormalities such as a deficiency in the synthesis of tocopherol transfer protein,
malabsorption syndromes of fats as seen in children with chronic cholestasis, and pancre‐
atic  insufficiency  in  cystic  fibrosis,  short  bowel  syndrome,  estatorrea  chronic  and  total
parenteral nutrition [36, 37, 38].

The primary manifestations of vitamin E deficiency include areflexia, ataxia, myopathy and
pigmentary retinopathy. Hemolytic anemia develops in children if they are fed with a diet low
in vitamin E during the first eight weeks of life. Vitamin E deficiency in chickens causes a
generalized exudative diathesis, limited eye movement, and possibly paralysis.

5.5. Requirements and recommendations

The requirement decreases if the diet is high in polyunsaturated fatty acids and antioxidants.
It has been estimated that the minimum daily requirement of tocopherol is 3–4 mg/day.
However, it known that 7.3 mg eq tocopherol/day is required to reduce the peroxidation of
membrane lipids [39]. The daily recommended intake is 10 mg for men and 8 mg for women.
The recommended daily amount (RDA) is contained in 5 mL of polyunsaturated oil.

6. Vitamin C

A diet including a sufficient intake of fruit and vegetables is almost always associated with
beneficial health effects and a decreased risk of disease. All fruit juices are beneficial, particu‐
larly citrus juices, with orange, lemon, tangerine and grape being the best sources of vitamin
C. The whole of Mexico is suitable for the cultivation of these citrus fruits, and chili peppers,
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which also have a high Vitamin C content. Studies to date, indicate that vitamin C and fruit
juices rich in vitamin C improve blood lipid profile, reduce oxidative stress and prevent
atherogenic modification of LDL and platelet aggregation, in addition to improving HDL
levels. Vitamin C has many important roles in health, ranging from its effects on the immune
system to its intra- and extracellular molecular effects [39, 40].

Ascorbic acid (AA), commonly known as vitamin C, plays an important role in the human
body, although its function at the cellular level is not yet clear. It is necessary for the synthesis
of collagen, a protein that serves many functions in the body’s connective tissues. Among the
substances and structures containing collagen are bone, cartilage and surrounding material,
as well as excipients and bonding materials between muscle, skin and other tissues. AA is also
required for the synthesis of hormones, neurotransmitters and the metabolism of certain amino
acids and vitamins. It is also required in the liver for the detoxification of toxic substances and
in the blood for immunity. As an antioxidant, histamines and AA react with peroxides to
reduce inflammatory symptoms [41].

Its antioxidant capacity is associated with reduced incidence of cancer. The requirements of
vitamin C for adults are well defined, but these have not been uniform across different cultures,
so its need has been defined in a culture-specific manner.

Some epidemiological data have stated its usefulness in reducing colds through increased
consumption of foods rich in the vitamin, and people sometimes consume an “overdose” of
it. Most reports mention that slight increases in levels of vitamin C in the blood reduce the risk
of death in all conditions. Although vitamin C has many functions, its role in health is almost
always discussed in relation to its function as an antioxidant and its effects on cancer, blood
pressure, immunity, drug metabolism, and the urinary excretion of hydroxyproline [42].

Antioxidants have important roles in cell function and have been implicated in processes
associated with aging, vascular disease, inflammatory damage and cancer. In its antioxidant
role, AA is useful because it contributes to the maintenance of the vascular system and the
reduction of atherogenesis through regulation of collagen synthesis and the production of
nitric oxide and prostacyclin. In addition to an antioxidant role, AA acts at the molecular level
as a cofactor for enzymes such as dopamine hydroxylase (EC 1.14.17.1), influencing the
concentration of neurotransmitters, improving lysosomal protein degradation and mediating
the consumption of monosodium glutamate (MSG) [43].

6.1. Sources

Vitamin C is one of the main constituents of fruits and vegetables, which also contain citric
acid, oxalates and substances such as anthocyanins, carotenes and dyes that make it difficult
to quantify amounts present when colorimetric methods are used.

There is currently a great interest in the consumption of natural foods, particularly with respect
to the nutrient content of fruits, vegetables and vitamin C. This interest is due in part to the
widespread use of vitamin C in the food and pharmaceutical industries. It is used as a
supplement, additive, conservative, and antioxidant in processed foods. Table 4 shows the
main foods that are good sources of vitamin C [44].
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6.2. Requirements and recommendations

The recommended daily intake needed to avoid the appearance of symptoms of diseases
caused by deficiency of vitamin C is 60–100 mg. Infants require a little over 100 mg / day. There
is controversy over the required minimum amount of this vitamin. We must take into account
that this vitamin is very heat labile in the presence of oxygen. Ascorbic acid is used in the
treatment of scurvy, with dosage requirements best measured by determining the urinary
excretion after a loading dose. Depending on the rate at which saturation is required, the
recommended daily dose ranges between 0.2–2.0 g/day. In cases of vitamin C deficiency, tissue
saturation is achieved with three daily doses of 700 mg c/u, over three days. Harris defined
saturation of Vitamin C as sufficient storage in tissues so that excretion of 50 mg or more of
ascorbic acid occurs in a period of 4–5 hours after a dose of 700 mg/day [45].

Decreased levels of vitamin C in smokers are explained by consumption of fewer sources of
the vitamin. In smokers, 50% more than the recommended dose of vitamin is required. Because
the RDA is defined as the average daily intake that is sufficient to meet the nutritional
requirements of healthy individuals in a population group, it is necessary to continually
reassess recommendations for vitamin C. All studies concerning recommended intake, suggest
that 90–100 mg is sufficient for maximum reduced risk of chronic disease in non-smoking men
and women, although some reports suggest amounts of up to 120 mg/day [46].

6.3. Antioxidant activity

Vitamin C is an important water-soluble antioxidant present in biological fluids. An antioxi‐
dant is defined as "any substance that when present at low concentrations compared with those
of the oxidizable substrates (e.g., proteins, lipids and carbohydrates and even nucleic acids)
significantly delays or prevents oxidation of that substrate." The definition given by the Panel
of Dietary Antioxidants and Related Compounds in the Food Nutrition Board is that "a dietary
antioxidant is a substance in foods that significantly decreases the adverse effects of reactive
oxygen species (ROS), reactive nitrogen species (RNS) or both, on normal physiological
function in humans."

Vitamin C rapidly clears reactive oxygen and nitrogen species such as superoxide, hydroper‐
oxyl radicals, aqueous peroxyl radicals, oxygen "singlet", ozone, peroxy nitrite, nitrogen
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dioxide, nitroxide radicals, and hypochlorous acid, so it effectively protects other substrates
from oxidative damage [46, 47].

Although AA reacts rapidly with hydroxyl radicals (constant speed > 109 L mol-1 s-1) it
struggles to purge this radical preferentially over other substrates. This is because the hydroxyl
radicals are very reactive and so combine with any substrate in their immediate environment,
close to a speed limited by diffusion. Vitamin C may also act as a co-antioxidant to regenerate
α-tocopherol (vitamin E) from α-tocopheroxyl radicals produced when purging liposoluble
radicals. This is a potentially important role because in vitro experiments have shown that α-
tocopherol can act as a pro-oxidant in the absence of a co-oxidant such as Vitamin C. However,
the in vivo interaction between the two vitamins is not yet clear. AA can regenerate urate,
glutathione, and β-carotene in vitro from their oxidation products with an unpaired electron
(urate radicals, glutathionyl radicals, and cations of β-carotene radicals) [48, 49].

Two important properties of vitamin C make it an ideal antioxidant. The first is its low
ascorbate reduction potential (282 mV) and its oxidation product with an electron, the ascorbyl
radical (2174 mV), which is derived from the functional group en-diol. These low reduction
potentials of ascorbate and the ascorbyl radical, are potentially suitable for redox reactions,
which is why vitamin C acts as a water soluble terminal antioxidant molecule. The second
property that makes it an ideal antioxidant is its stability and the low reactivity of ascorbyl
formed when the ascorbate radical purges reactive oxygen and nitrogen species.

Food Concentration
(mg / 100 g EP)

Moisture
(%)

Squash 7.2±0.9 94.2

Spinach 8.5±0.2 91.6

Potatoes 74.6±6.7 79.7

Cucumber 93.0±7.1 96.0

Green tomato 222.8±10.7 90.9

Poblano chile 191.0±7.8 91.9

Green pepper 195.5±9.5 94.3

Nopales 268.9±30.1 95.2

Cambray onion 17.0±0.7 93.0

Carrot 50.4±5.6 87.2

White cabbage 184.7±17.2 93.2

Grapefruit 261.3±10.7 87.8

Mango 319.6±5.3 84.6

Watermelon 56.2±8.9 92.5

Banana 333.7±6.3 76.5
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Food Concentration
(mg / 100 g EP)

Moisture
(%)

Orange 279.8±39.4 84.0

Mamey 31.6±1.2 66.8

Plum 331.1±17.9 88.1

Grape 66.1±13.6 84.3

Apple 458.1±17.8 84.5

Beet 70.8±6.8 85.3

Lemon 39.4±2.5 88.3

Avocado 256.2±61.9 84.3

Sweet lime 306.8±23.4 89.8

Table 3. Content of ascorbic acid in Mexican fruits and vegetables [49]

EP= edible portion

7. Phenolic acids and polyphenolic compounds

Phenolic compounds are a large family of nutraceuticals that have beneficial health properties,
ranging from inhibiting the spread of cancer, prevention of atherosclerosis, strokes and heart
attacks, and inflammation. They are divided into three groups:

a) Isoflavones: a group of compounds present in some vegetables, especially soybeans. Within
this family of isoflavones are daidzein, glycitein and genistein. Isoflavone intake plays an
important role in reducing the risk of disease. Its antitumor, anticancer, antioxidant and
immune response-enhancing actions have been shown. It also important in reducing cardio‐
vascular risk and symptoms associated with effects of the menopause. Isoflavones exist in
foods in their conjugated form. When ingested, these conjugated isoflavones undergo hydrol‐
ysis by β-glycosidases in the intestine to produce bioactive aglycones (daidzein and genistein).
These can absorb or metabolize much more than other specific metabolites such as equol. The
further metabolism of aglycones appears to be strongly influenced by diet. When in a high
carbohydrate environment, increased intestinal fermentation occurs, resulting in more
isoflavones being transformed into equol. This is relevant because the potency of equol is
higher than its precursor daidzein. Intestinal bacteria also have an effect on the metabolism of
isoflavones. When the intestinal flora is low (e.g. with the use of antibiotics in newborn babies)
metabolism also falls. In germ-free animals it has been shown that isoflavones are not present
in blood or bile. As endogenous estrogen (estradiol), isoflavones are metabolized in the gut
and liver. Absorption occurs throughout the intestine and in secreted bile and urine. The
excretion of isoflavones can vary greatly between individuals, being influenced by the fact that
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each person has their own specific intestinal microflora. Once absorbed, equol shows less
affinity is limited to whey proteins and thus has a greater availability than estradiol [50, 51].
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Figure 5. Isoflavones structure

b) Flavonoids and anthocyanins: Flavonoids and anthocyanins comprise a diverse class of
pigments, which are normal found in cells or tissues that impart color to food. Flavonoids are
similar to anthocyanins, which are water soluble vacuolar pigments present in the fluid in cells
responsible for the majority of red, blue and violet flowers and leave the chemical structure
colorations. Approximately 800 flavonoids are known and their number is increasing rapidly.
One of the main groups is the flavonols: kaempferol, quercetin and mircetina. Another, less
common group, is the flavones, comprising apigenin, luteolin and tricetina. In fruits, they are
mostly found in the pericarp, so it is best to ingest the fruit unpeeled but washed properly
beforehand. It is also important to note that many of these compounds are found in varying
proportions in different types of wine, accounting for the preventive effect of moderate wine
consumption on cardiovascular disease, cancer, and other degenerative diseases. Ingestion is
recommended to maintain healthy tissues and promote a proper balance of hormones and
antioxidants in the body, as many flavonoids appear to have an important role in human
nutrition, and present very interesting medicinal properties, such as being antioxidant,
anticancer, antithrombotic and reducing blood cholesterol levels [28].

c) Phytochemicals such as phytosterols, Phytosterols: plant sterols are widely distributed in
nature and have a structure very similar to cholesterol. It has long been known that these sterols
have a hypocholesterolemic effect when ingested in the range of 1–3 g/day, and are considered
as important factors in preventing cardiovascular disease. Consumption is recommended for
individuals with mild or moderate hypercholesterolemia.
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Figure 6. Campesterol or 24α-methyl-5-cholesten-3β-ol, 24α-metilcolesterol, 24(R)-metilcolesterol, 
(24R)-5-ergosten-3-β-ol. Chemical formula C28H48O, MW 400.68 and melting point of 157–158 
ºC.52,53 

 

 

 

 

 

Figure 7. Sitosterol known as -sitosterol, estigmast-5-en-3-ol, 24-β-etilcoles-5-en-3β-ol. Chemical 
formula C29H50O, MW 414.71, mp 140 °C. 52,53 

 

 

 

 

 

 

Figure 8. Stigmasterol, also called (22E)-estigmasta-5, 22-dien-3ol or 24-etilcolesta-5, 22-E-dien-3-ol. 
Chemical formula C29H48O, MW 412.69, mp 170 ºC. 52,53 

 

 

 

 

 

Figure 9. Fucosterol, also known as [24 (28) E]-estigmasta-5, 24 (28)-diene-3-ol, [24 (24') E] -estigmasta-5, 
24 (24') -dien-3-ol or 24E-etildenecolesta-5, 24 (28) -diene-3-ol. Chemical formula C29H48O, PM 412.69. 52,53 
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Figure 6. Campesterol or 24α-methyl-5-cholesten-3β-ol, 24α-metilcolesterol, 24(R)-metilcolesterol, (24R)-5-ergosten-3-
β-ol. Chemical formula C28H48O, MW 400.68 and melting point of 157–158°C. [52, 53]
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Figure 10. �5-avenasterol (5-avenasterol), called isofucosterol, 28-isofucosterol, 29-isofucosterol, 24Z-
etilidenecolesta-5, 24 (28) -diene-3estigmasta-5, 24 (28) -diene-3-ol or [24(24')-Z]-
estigmasta-5, 24(28')-diene-3-ol, chemical formula C29H48O, PM 412.69. 52,53 

 

 

 

 

 

 

 

Figure 11. Spinasterol or bessisterol, hitodesterol, 7.22-estigmastidienol. Chemical formula C29H48O, MW 
412.67 and melting point 168–169 ºC. 52,53 

 

 

 

 

 

Sources 

The main sources of phytosterols are varied and include fruits such as apple, apricot, banana, 

cherry, fig, grapefruit, navel oranges, Granada, and strawberry; vegetables such as tomatoes, 

potatoes, spinach, and carrot; vegetable oils such as avocado, cashew, beaver, brown, coffee, 

corn, cottonseed, linseed, mustard seed, palm, peanut, pine nut, pumpkin seed, rapeseed flower, 

rice bran, soybean, sunflower, and wheat germ; grains such as corn, rice bran, sorghum, and 

wheat; legumes such as beans, peanuts, and soybeans; spices like basil, dill, ginger, white 

mustard, oregano, paprika, red pepper, poppy seed, and turmeric among others 51.

The hypocholesterolemic effect of phytosterols is attributed to three metabolic actions: inhibition of 

intestinal cholesterol absorption by competition for the formation of cholesterol mixed micelles; 

reduction of cholesterol esterification in enterocytes by inhibiting the activity of acyl CoA cholesterol 

acyl-transferase enzyme, and stimulation of the flow of cholesterol from the intestinal lumen into 
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24 (28) -diene-3β–ολ, [24(28Z)] –estigmasta-5, 24 (28) -diene-3β-ol or [24(24')-Z]-estigmasta-5, 24(28')-diene-3β-ol, chem‐
ical formula C29H48O, PM 412.69. [52, 53]
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7.1. Sources

The main sources of phytosterols are varied and include fruits such as apple, apricot, banana,
cherry, fig, grapefruit, navel oranges, Granada, and strawberry; vegetables such as tomatoes,
potatoes, spinach, and carrot; vegetable oils such as avocado, cashew, beaver, brown, coffee,
corn, cottonseed, linseed, mustard seed, palm, peanut, pine nut, pumpkin seed, rapeseed
flower, rice bran, soybean, sunflower, and wheat germ; grains such as corn, rice bran, sorghum,
and wheat; legumes such as beans, peanuts, and soybeans; spices like basil, dill, ginger, white
mustard, oregano, paprika, red pepper, poppy seed, and turmeric among others [51].

The  hypocholesterolemic  effect  of  phytosterols  is  attributed  to  three  metabolic  actions:
inhibition of intestinal cholesterol absorption by competition for the formation of cholester‐
ol  mixed micelles;  reduction of  cholesterol  esterification in enterocytes  by inhibiting the
activity  of  acyl  CoA cholesterol  acyl-transferase enzyme,  and stimulation of  the flow of
cholesterol from the intestinal lumen into enterocytes to increase the activity and expres‐
sion of a conveyor. The joint action of phytosterols on these mechanisms produces a decrease
in  total  plasma  cholesterol  and  LDL  cholesterol  without  changing  the  levels  of  HDL
cholesterol. Since phytosterols are more lipophilic than cholesterol itself – a property derived
from the characteristics of  greater length and sidechain complexity – sterols and stanols
competitively displace cholesterol from the mixed micelle formed by the action of phospho‐
lipids and bile  salts  in  the intestinal  lumen.  Thus,  upon contact  with the mixed micelle
formed  by  brush  border  microvilli  on  intestinal  cells,  phytosterols  take  the  place  of
cholesterol.  Cholesterol does not emulsify (moved from the micelle),  cannot be absorbed
and is eliminated by bowel movements. Phytosterols and phytostanols have low absorp‐
tion in the intestine, so for the transfer of fatty acids and monoglycerides from the micelle
to intestinal cells, which results in the disassembly of the mixed micelle, sterols and stanols
would be released along with the unabsorbed cholesterol, finally being excreted in the stool.
This  would  be  the  first  level  action  of  sterols.  Intestinal  absorption  of  phytosterols  is
extremely low (less than 0.5–1.0%) and that of phytostanols is even lower. However, when
these  sterols  are  absorbed,  inhibition  of  ACAT  (second  level  action)  occurs,  whereby
cholesterol is not efficiently esterified and incorporated into chylomicrons and stimulates
the flow into the intestinal  lumen of non-esterified cholesterol.  Sterols produce an over-
expression of genes encoding proteins of the ABC transporter structure, thus accelerating
the flow of cholesterol (third level action) [54].

7.2. Importance

The importance of these natural components is such that several authors state that the inclusion
of phytosterols in the diet decreases the concentration of cholesterol in the serum. However,
there are very few studies that prove these assertions. In 1999, the Food and Drug Adminis‐
tration (FDA) declared esters of phytosterols as to be Generally Recognized as Safe (GRAS) for
use as ingredients in spreads based on vegetable oils in amounts not exceeding 20%, i.e. 20g
per 100g of product. [55] In 2004, the Commission of the European Community allowed the
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use of phytosterols in food, restricted to consumption to 3 g/d maximum, and these compo‐
nents must be declared in the list of ingredients by percentage and g/100g or g/100ml of
product.

8. Carotenoids

8.1. Carotene

Carotenes are chemical compounds whose absorption spectrum (β-carotene) shows two
absorption peaks between 400 nm and 500 nm, corresponding to the colors blue and green,
with the reflected red-orange-yellow light gives the compounds their characteristic color. They
can reduce the chances of heart attacks, function as soluble antioxidants, and increase the
efficiency of the immune system. They have been shown to reduce the likelihood of incidence
of some cancers, but may increase the risk of lung cancer in smokers.

According to WHO, dietary factors are involved in about 30% of cancers in Western countries
and in 20% of cancers in developing countries. There is ample evidence implicating the
involvement of these compounds in such diseases. Lycopene (the pigment that gives tomatoes
and watermelons their color) is one that has long been considered as a strong candidate for
cancer prevention. The risk of prostate cancer decreases as the consumption of lycopene, α-
carotene, β-carotene, β-cryptoxanthina, lutein and zeaxanthin (Figure 12) increases. The
consumption of tomatoes, squash, spinach, watermelon and lemons is inversely related to the
risk of prostate cancer [57].

Dark green and orange plants are good sources of β-carotene. Most β-carotene is administered
as a synthetic supplement containing a single molecule called all-trans-β-carotene. The β-
carotene-contained in foods consist of two molecules: all-trans-β-carotene and 9-cis β-carotene,
although the proportion of both varies from one source to another. Initially, no significant
difference between natural and synthetic beta carotene was observed, but it is possible that
natural beta carotene has differences from the synthetic form. The absorption of carotenoids
is affected by digestion of pigments, the presence of hydroxyl groups, and the degree of
esterification. Astaxanthin absorption (AXT) occurs mainly in the pyloric caeca, while can‐
thaxanthin (CTX) is absorbed throughout the gastrointestinal tract. AXT is transported mainly
by high density lipoproteins (HDL). Vitellogenin is involved in the transport of AXT in liver,
muscle and ovaries in mature females. The liver acts as body’s main buffer of compounds
transported by lipoproteins and consequently a high proportion of absorbed carotenoids are
metabolized and excreted in the bile, making them unavailable for muscular pigmentation.
When ingested, β-carotene is converted to vitamin A in the mucosa of the small intestine, and
is stored mainly in the liver as retinol esters. β-carotene may also be absorbed and stored in
fatty tissue without being modified, producing a slightly yellow or orange coloration on the
palms of the hands and soles of the feet [57, 58].
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Antheraxanthin: Present in many plants, especially maize 

 

 

Astaxanthin: Present in salmon, shrimp, lobster, flamingo feathers, and algae 

 

 

Canthaxanthin: Present in salmon, shrimp, chanterelle and other mushrooms,  
algae, flamingo feathers 

 

 

Capsanthin: Present in peppers, paprika 

 

 

α-carotene: Present in: carrots, most green plants 
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ß-carotene: Present in carrots and most other plants 

 

 

ε-carotene: Present in most green plants 

 

 

γ-carotene: Present in many plants, often with ß-carotene 

 

 

ζ-carotene: Present in many plants 

 

 

α-cryptoxanthin: Present in many colored plants, including maize and papaya 

 

 

Diatoxanthin: Present in algae and corals 
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7, 8-didehydroastaxanthin: Present in salmon and crustaceans 

 

 

Fucoxanthin 

 

Fucoxanthinol: Present in many algae and seaweed 

 

 

Lactucaxanthin: Present in algae 

 

 

Lutein: Present in many green plants 
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Lycopene: Present in many plants, especially in tomato 

 

 

Neoxanthin: Present in the chloroplasts of most plants 

 

 

Neurosporene: Present in many plants, an intermediate compound  
between carotene and lycopene 

 

 

Peridinin: Present in the chloroplasts of most plants 

 

 

Phytoene: Present in many plants 

 

 

Rhodopin: Present in many red bacteria 
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Siphonaxanthin: Present in many red algae 

 

 

Spheroidene: Present in many red bacteria 

 

 

Spheroidenone: Present in many red bacteria 

 

 

Spirilloxanthin: Present in many red bacteria 

 

 

Violaxanthin: Present in many plants, especially from 
 the Viola family (pansies) 

 

 

Zeaxanthin: Present in many plants, especially in maize 

Figure 12. The most important structure of carotenes [56]
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8.2. Lutein and related compounds

Lutein is the most abundant carotenoid in nature, and the main xanthophyll of the protein
complexes responsible for uptake of light and pigmentation in plants. It is widely distributed
in vegetables, flowers, leaves and fruits, and is involved in the processes of photosynthesis in
plants.

8.3. Sources

Lutein is found in grains and dark green vegetables like kale, spinach, broccoli, cabbage, celery,
spinach, and asparagus. Corn also contains good amounts as do wheat and fruits like oranges,
melon, guava and pear. Table 5 contains the most important approximate values of this
component.

Food Content
(mg/service)

Cooked spinach. 20.4

Raw spinach
Cooked cabbage
Corn

3.8
14.6
2.2

Black beans 2.2

Broccoli 1.6

Romaine lettuce 1.3

Green beans 0.8

Egg 0.3

Orange 0.2

Table 4. Lutein content in selected foods

8.4. Importance

Low concentrations of lutein increase the risk of macular degeneration, one of the princi‐
ple  causes  of  blindness  in  the  elderly.  As  one  of  the  main  macula  pigments,  lutein  is
necessary for light absorption and for its antioxidant actions.  Light entering the eye can
cause photo-oxidation of  cells  of  some eye components,  but  the pigments  overlying the
macula offer protection to it.  Along with zeaxanthin it  filters wavelengths between blue
and green in the visible light spectrum. This filtration reduces both the chromatic aberra‐
tions  produced by  this  wavelength  and the  oxidation  induced by  blue  light  (similar  to
damage  from  UV  light).  This  photo-toxic  damage  contributes  to  the  development  of
cataracts and macular degeneration [59].

Antioxidants and Natural Compounds in Mexican Foods
http://dx.doi.org/10.5772/61626

137



In Mexico, people over 65 years of age who consuming acetylsalicylic acid daily, have an
increased risk of macular degeneration. Usually these are patients are suffering from health
problems such as diabetes, obesity and cardiovascular disease. The pattern is further compli‐
cated by a high incidence of renal failure and hypertension. Related macular degeneration
(ARMD) in these patients is characterized by the progressive loss of central vision to eventual
total blindness. Globally, there are currently about 80 million people with blindness caused by
ARMD, with 80% of these patients having the wet (or exudative) form and 10–12% have the
dry form (geographic atrophy). The main risk factors are age, smoking, race, pale iris, arterial
hypertension, cardiovascular disease, hypercholesterolemia, low levels of antioxidants, a diet
low in antioxidants, and high exposure to UV light of any kind [60, 61].

9. Minerals or inorganic nutrients

9.1. Role of specific antioxidant minerals

9.1.1. Selenium

Selenium is a rare element in the crust of the earth and is almost always found in its native
form in metal sulfides. As selenide it is found in association with various minerals such as
copper pyrites. In addition to its biological significance to humans and animals, selenium is
useful in coloring glass, and in ceramic glazes which give a reddish color. It is an excellent
semiconductor and as a result is very useful in the electronics industry.

The chemical nature of selenium, which relates it to sulfur, is biologically important as
selenium replaces sulfur in molecules with a biological function such as certain amino acids
(seleno-amino acids such as selenomethionine and selenocysteine) and hence selenoproteins
form part of the human body (Figure 13). In a similar way to sulfur forming hydrogen sulfide
(H2S), selenium forms Hydrogen selenide (H2Se) [62].

9.1.1.1. Metabolism

It has been observed that there is relationship between the functions of selenium and vitamin
E and methionine. When vitamin E interacts with selenium and methionine, a greater effect is
achieved against the action of free radicals, both in mitochondria and microsomes. The main
metabolic function of selenium is as a prosthetic group of glutathione peroxidase (GPx) and it
forms part of its active site. This seleno-enzyme, discovered in 1973, destroys hydrogen
peroxide and other oxidantsorganic hydroperoxides, which prevent oxidative damage to cell
membranes. By regulating the concentration of glutathione peroxidase and selenium, lipid
peroxidation and oxidation of the sulfhydryl groups of the erythrocyte cell membrane — a
process that can cause hemolysis — is prevented. Glutathione (Figure 14) is a major component
of the red cell membrane such that the balance between the formation of disulfide bridges (GS-
SG) and the presence of reduced glutathione (GSH) maintains functionality of the cell mem‐
brane [63].
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Figure 14. Structure of glutathione (GSH)

The metabolism of selenium in humans is different from that in other animals. The activity of
the glutathione peroxidase (GPx) selenium unit is higher in the blood of some laboratory
animals in higher primates. For example, blood samples from humans contain approximately
0.1 mcg Se/mL of blood. The GPx/selenium index is very similar in the blood of rats and in that
of some species of monkey, but in the blood of rhesus monkeys and humans this index is low.
The correlation between blood selenium and GPx activity in the blood of subjects from different
areas of the world is significant and linear. This observation comes from studies in China, New
Zealand and the United States (Oregon and South Dakota). Selenium accumulates more
rapidly in subjects consuming selenomethionine by ingesting selenates, by enabling selenium
to form the methionine complex of many proteins, including hemoglobin, more easily. There
are two selenoproteins in erythrocytes, while plasma has three: GPx, selenoprotein P, and
albumin. Any of these three selenoproteins can serve as a transport protein. In GPx and
albumin, selenium is bound to methionine at the active site, and in the case of selenoprotein
P, to cysteine [64].
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Figure 15 shows the general form of selenium metabolism from its ingestion to excretion. It
can be seen that the digestion of selenium in food and water, regardless of the chemical form,
starts in the stomach, forming selenite, selenates and free inorganic selenium, and then
selenomethionine and selenocysteine are formed through the action of digestive proteases,
which are absorbed in the intestine. They are then transported by selenoprotein P to the various
tissues and cells that require them.
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Figure 15. Origin and fate of selenium compounds [62]

Inorganic selenium (Se-2) becomes intracellular phosphate and is incorporated into amino acids
(such as selenocysteine). Once incorporated in amino acids, selenium is used in the synthesis
of specific selenoproteins such as GPx I and II in the cytoplasm, extracellular GPx III, and
membrane bound GPx IV. Unused selenium is methylated and excreted in the urine, feces and
breath [63, 64].
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9.1.1.2. Requirements and recommendations

The first recommended daily intakes of selenium were made in 1989 in the United States and
were 55 and 70 mcg for adult men and women respectively; 40–50 mcg during puberty, 20–30
micrograms for children, and 10–15 mcg per day for infants. Pregnancy increases the recom‐
mendation by 10 mcg, and breastfeeding increases it even more. The requirement for selenium
is increased with the amount of unsaturated fatty acids (monounsaturated and polyunsatu‐
rated) in the diet because of its role in the protection of these fatty acids from free radical attack.

To date, the total extent of selenium requirement has not been fully established. The reference
value for the Mexican population is a suggested daily intake (SDI) of between15–20 mcg in the
first year of life of, and 20–55 mcg/d for adult men and women. For pregnant women, an SDI
of 60 mcg/d independent of age has been established and for lactating women the SDI is 59
mcg/d. The upper limit of daily intake in adults, without distinguishing between males and
females, and pregnant or lactating women, is 400 mcg. For children in the first year of life, an
upper limit of 60 mcg is recommended.

9.1.1.3. Source

Some foods that have been identified as important sources of selenium are shown in Tables
6 and 7, but it should be remembered that the concentration of selenium in food depends
largely on its availability in the soil and in water used for irrigation. The concentration in the
blood of humans depends on the average dietary intake, which varies according to region and
tends to follow the pattern of the selenium content of livestock and soil in the region.

Food mcg/100 g

Brazil nut
Avocado

Approx 2000
11.73

Cauliflower 6.57

Lettuce 6.62

Chili 2.76

Watermelon 9.05

Egg 4.73

Pork 12.37

Beef
Chicken
Tuna
Oyster
Sardine
Black beans
Walnuts
Cow milk
Bottled Water

8.49
8.44
10.86
5.65
44.86
3.47
13.53
5.15
4.56

Table 5. Selenium content of some selected foods [62]
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In the case of infants, the ingestion of selenium comes from the mother’s milk of. In milk, the
selenium content and glutathione peroxidase activity (GPX) is directly dependent on the
nutritional status of the mother. After several years of selenium supplementation in Finnish
mothers, a significant increase in the amount of selenium in milk and serum was observed.
The average content of selenium in human milk is 70 mcg/L from a daily consumption of 85
mcg of selenium. Given a production of 750 mL milk/day, the average daily consumption in
children is almost 55 mcg. The effects of supplemental selenium depend on the chemical form
in which it is provided to mothers, but is estimated that consumption of 50–70 mcg/day is
needed in pregnant women, and that this concentration allows saturation of plasma GPx. The
importance of providing selenium in the recommended amounts through breast milk is
explained by its antioxidant properties and function in the protection of cell membranes, as
these are constantly under "attack" from highly oxidizing free radicals that can destroy them.
In an infant, this effect could be devastating and can still affect overall health when pubescent
or adult. Selenium deficiency in women can cause health complications from adolescence,
along with problems arising from a serious lack of other inorganic nutrients such as iron and
zinc that influence reproductive performance [62, 64].

In the case of children who are not breastfeeding, infant formulas with an appropriate selenium
concentration are available on the market to meet requirements.
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patients when feeding over a prolonged parenteral time, and very low selenium concentrations were 

also observed in the serum of patients fed enterally. Endemic selenium deficiency causes 

myopathy, but it is unknown whether the deficiency is caused by a particular agent, such as a viral 

infection, or by some type of metabolic stress65. Other seleno-proteins are found in muscle, 

selenium carrier proteins, xanthine dehydrogenase and some bacterial enzymes. In bacterial 

systems, selenium-dependent enzymes have been identified such as glycine reductase. In 

microorganisms, the amino acidic selenium transfer RNA portion is incorporated. Selenium reduces 

the toxicity of mercury, cadmium and other toxic metals and functions as an important scavenger of 

toxic metals that are usually ingested in the diet or through the airways. Selenium deficiency 

prevents purging and thus the toxic action of these metals is unaffected66. 

  

vegetables fruits beef pork chicken marine others
chard 34,12 blueberries 13,61 res needles 1,1 dried meat 7,38 wing 4,06 cod 8,54 Barbecue 53,66
celery 21,45 Capulín 12,74 Arrachera 67,68 Chicharrón 11,99 heart 2,51 scallops 8,75 snails 28,75
watercress 33,88 Chico zapote 24,91 head 56,13 Chicharrón 

pressing
7,61 liver 6,18 tent (carpa) 12,42 Chinicuiles °° 0,9

beetroot 20,89 plum 11,56 queue 43,01 chop 9,06 Molleja 2,77 Charales 9,81 quail 18,64
onion 48,59 prune 24,96 heart 62 heart 14,77 drumsticks 11,03 Huachinango 54,42 rabbit 28,48
squash 17,86 Coconut 33,89 Criadilla 2,16 ribs 8,5 breast 9,51 Mojarra 39,33 Escamoles 48,7
Chilaca 36,64 peach 9,6 brisket 0,79 fillet 5,73 neck 7,96 Salmón 17,23 egg quail 12,37
Chilacayote 41,42 strawberry 11,2 fillet 0,91 liver 66,11 rump 2,46 Surimi 17,02 lamb tongue 6,24
Chile 
cuaresmeño

16,17 soursop 10,77 tongue 6,02 sausage 8,6 remnant 7,63 tuna canned 
in water

35,54 turkey 
sausage 

72,05

cabbage 24,41 guava 9,53 Milanese 47,71 Milanese °° 5,64 eggs 4,78 tuna with 
vegetables 
canned

39,28 sheep brains 5,79

squash 
blossom

69,04 fig 28,95 ground 0,95 ground 8,66
oils 

Sardine 44,86 turkey ham 48,77

beans 82,04 Kiwi 38,08 belly 72,26 Moronga 7,43 canola 20,25 clam 6,61 turkey 
breast

99,99

Huauzontle 12,82 lychee 10,01 res legs 38,57 pork legs 14,67 cartamo 20,39 squid 23,05 turkey thigh 27,17

Pore 22,9 Lime 19,71 neck 1,04 legs 7,14 canola 
linseed

24,21 shrimp 74,41
cofee 4,37

Quelite 21,84 Mamey 18,34 Pulp 0,81 kidneys 8,52 corn 15,55 octopus 12,28 sugar 47,9
radish 18,68 blackberry 50,7 Suadero 0,87 brains 10,17 sunflower 11,54 mussel 65,2 salt 2,92
purslane 44,78 pineapple 10,71 gut 68,88 beacon 9,44 walnut 99,25 ostion 5,65 corn tortilla 3,49
Xoconostle 33,91 dominican 

banana
12,4

liver 7,84 butter 7,78
peanuts 72,25 tuna canned 

oil
10,86

bread 3,38
mushrooms 
(setas)

28,95 grapefruit 37
kidney 12,1 ham 4,5

almond 55,04
catsup 3,04 cow milk 5,15

garlic 28.33 Tuna 25,99 loin 12,37 pistachio 68,52 water 4,56 cream 3,89
parsley 56.44 sweet potato 18,19 soda (cola) 5,96 chesse 2,11

Table 6. Selenium content of Mexican foods (mcg Se/100g edible portion) [65, 66]

9.1.1.4. Selenium deficiency

Selenium deficiency is rare in well-nourished populations and can be prevented by adminis‐
tering selenium. The first case of deficiency was reported in the Chinese province of Keshan.
The disease occurs frequently in adolescence, with initial symptoms of symmetric stiffness,
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9.1.1.4. Selenium deficiency

Selenium deficiency is rare in well-nourished populations and can be prevented by adminis‐
tering selenium. The first case of deficiency was reported in the Chinese province of Keshan.
The disease occurs frequently in adolescence, with initial symptoms of symmetric stiffness,
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swelling and pain in the interphalangeal joints of the fingers, followed by generalized
osteoarthritis affecting the elbows, knees and ankles. Selenium deficiency was observed in
malnourished patients when feeding over a prolonged parenteral time, and very low selenium
concentrations were also observed in the serum of patients fed enterally. Endemic selenium
deficiency causes myopathy, but it is unknown whether the deficiency is caused by a particular
agent, such as a viral infection, or by some type of metabolic stress [65]. Other seleno-proteins
are found in muscle, selenium carrier proteins, xanthine dehydrogenase and some bacterial
enzymes. In bacterial systems, selenium-dependent enzymes have been identified such as
glycine reductase. In microorganisms, the amino acidic selenium transfer RNA portion is
incorporated. Selenium reduces the toxicity of mercury, cadmium and other toxic metals and
functions as an important scavenger of toxic metals that are usually ingested in the diet or
through the airways. Selenium deficiency prevents purging and thus the toxic action of these
metals is unaffected [66].

9.1.2. Zinc

Because of the frequent and widespread consumption of zinc, deficiencies were not observed
until 1955, when it was demonstrated in pigs. The appearance of para-keratosis was a sign that
humans may be deficient in zinc, and it was noted in malnutritioned Chinese patients with
very low zinc concentrations during World War II. In 1956, zinc deficiency in humans was
demonstrated. Since 1961, it has been known that hypogonadism and dwarfism, endemic in
rural populations of Iran, are caused by zinc deficiency and this was important in the study of
zinc deficiencies in the clinical field and for the implications for public health. In 1963, the role
of zinc in human health was unknown. In 1961, zinc deficiency was suspected when teens in
Iran suffered from a syndrome resulting in stunted growth, sexual maturation, splenomegaly,
and anemia and iron deficiency. Later, in 1963, studies in Egypt established that a zinc
deficiency in humans caused a delay in growth and the presence of hypogonadism in men.
Since its discovery just four decades ago, a dietary zinc deficiency has been described in
children in many countries. Over this period, several researchers have shown that zinc
deficiency causes the syndromes mentioned, mainly in children, sometimes coupled with a
susceptibility to lower immune protection. Chinese researchers reported a growth failure due
to lack of zinc in 30% of children, and 70% of children had low zinc concentrations in their
plasma. Analysis of zinc supplementation in nine countries in Latin America and the Carib‐
bean, eight in North America and Europe, five from Asia and the Middle East, and three from
Africa was performed, showing a highly significant effect on improving size and body weight
in children under 13 years of age. Over the past decade, the therapeutic uses of zinc are
mentioned in Wilson's disease, in acute and chronic diarrhea in children, and in the treatment
of colds and Alzheimer's disease. Zinc affects multiple aspects of the immune system. It is
crucial for normal development and cell mediated immune function. Macrophages are also
affected by zinc deficiency, phagocytosis, intracellular killing and cytokine production. Zinc
deficiency also affects the functions of B and T cells, through disruption of basic biological
functions at the cellular level. Zinc is needed for DNA synthesis and for RNA transcription in
cell division and activation. Programmed cell death (apoptosis) is enhanced in the absence of
zinc. The function and secretion of cytokines, the basic messengers of the immune system, are
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adversely affected by zinc deficiency. Zinc has the ability to function as an antioxidant,
preventing cell membranes from being attacked by free radicals, and helping to improve the
inflammatory process caused by injuries. Zinc deficiency causes a deterioration in lymphoid
tissues and the thymus. It has been observed that immature T cells contain lower amounts of
zinc. With a diet deficient in zinc, in a span of two weeks, a deterioration in the ability to prevent
or counteract tumor development was observed. Zinc distributed in tissues, contains about
1.4–2.3 g, and 20% of this amount is in the skin, bones and teeth, although most is found in
muscles. Only 2% of the total content is in the blood. Higher zinc concentrations are found in
the sperm, prostate and epididymis. Based on the body containing around 0.3 mmol Zn/g (20
mg Zn/g), it is estimated that the total body concentration of Zinc in a newborn child is
approximately 0.9 mmol (60 mg). During growth and maturation, the concentration of zinc in
the human body increases to approximately 0.46 mmol / g (30 mg / g). The total content of zinc
in the adult body is about 2.3 mmol (1.5 g) in women, and 3.8 mmol (2.5 g) in men. Zinc is
present in the organs, tissues, fluids and secretions of the body. The zinc ion is mainly
intracellular with almost 95% of zinc found within cells. Zinc is associated with all the organs
but approximately 60–80% of cellular zinc is in the cytosol [67, 68].

9.1.2.1. Function

Zinc participates in the synthesis or degradation of major metabolites such as carbohydrates,
proteins, lipids, and nucleic acid reactions. More than 200 enzymes are involved in the
stabilization of the structure of proteins and nucleic acid, the integrity of subcellular organelles
and transport processes, immune function, and regulation of gene expression, and proteins
involved in such regulation are amino acid structures containing zinc. Zinc is also now
identified as an antioxidant for the liner to combat the action of free radicals [69]. The metal‐
lothionein protein is a non-enzymatic low molecular weight cysteine-rich protein, with a
higher zinc content and lower amounts of copper, iron, cadmium and mercury. It has no known
biological action, but it acts in metal detoxification or inhibits thionine function, influencing
the metabolism of sulfur amino acids. Zinc is abundant in the nucleus, where it stabilizes the
structure of ribonucleic acids (RNA) and deoxyribonucleic (DNA) and it is required for the
activity of RNA polymerases important in cell division. Zinc also acts on the chromatin
proteins related to transcription and replication. Zinc is found in the crystal structure of bones,
in bone enzymes and at the zone of demarcation. It is thought to be necessary for proper
osteoblast activation, bone forming enzymes such as alkaline phosphatase, and calcification.
When minimal bone resorption occurs, there is no zinc found in the bones [70].

At least 70 enzymes contain zinc, 15 are activated by zinc and, more importantly, almost all
metabolic pathways require some zinc, e.g., carbonic anhydrase and carboxypeptidase A
(pancreatic hexopeptidasa) require one molecule of zinc per mole of protein. The erythrocyte
carbonic anhydrase, is 33% Zinc. One of the most important functions of zinc is its role in the
synthesis of proteins and nucleic acids, as already mentioned. Zinc deficiency is reflected in
the inability to incorporate thymidine into DNA. The ratio of zinc to insulin, and probably
glucagon and ACTH, is of great importance even though their role in the function of the
hormone is not well established. The correct ratio of zinc to insulin is necessary in order to
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achieve its function, along with the presence of other metals such as cadmium and cobalt. Zinc
may act at the level of the beta cells of the pancreas in the storage and preparation of hormones.
Zinc is involved in the secretion of the adrenal steroids, stimulated by adrenocorticotropic
hormone (ACTH) [71]. Zinc variation in the body may influence the development of infection
by affecting the growth of microorganisms or by altering the host response. It is known that
the growth of Aspergillus niger is dependent on zinc and almost all living systems require zinc
to exist. Zinc is involved in various enzymatic systems of bacteria and viruses (aldolases,
proteases, polymerases, transcriptases, phosphatases, etc.). When zinc is added to culture
media deficient in zinc, it increases the production of DNA, RNA and protein synthesis in
bacteria. Zinc favors the stability and production of alkaline phosphatase in E. coli in part of
the membrane and stabilizes many microorganisms. If there are high concentrations of zinc,
then initial rhinovirus growth is inhibited in HeLa cells by inhibition of viral DNA synthesis
in BS-1 cells infected with the herpes simplex virus. The alterations that produce infectious
diseases in the host are very complex and include metabolic, biochemical and hormonal
changes, with iron, zinc and copper involved in these changes. During the acute phase of
infection, iron and zinc are moved to the liver, while copper leaves the liver and moves into
the plasma, carried by ceruloplasmin. It is rapidly produced during inflammatory and
infectious processes and it has been shown that zinc is stored in the liver and is thought to be
bound to metallothioneins [72, 73]. Mobilization of plasma zinc to the liver is controlled by
LEM (leukocyte endogenous mediator), which is produced in vitro by neutrophils and
activated macrophages. This substance has been found in systemic infectious diseases, and has
been observed in processes such as cellulite and shigellosis pielonefitis, at low concentrations
as in viral infections. Zinc concentrations vary during different stages of infection. For example,
during the acute phase, during the effervescence of the disease increases the amount of zinc,
and during recovery, zinc concentration normalizes. Zinc is involved in a number of host
defense mechanisms helping to maintain the stability of the cell membrane: at increased
concentrations, zinc reduces or suppresses phagocytic function, and at low values T cells
become dysfunctional. It is involved in the synthesis of nucleic acids and proteins and forms
part of various metalloenzymes, like alkaline phosphatase, carbonic anhydrase and carboxy‐
peptidases. Finally, zinc decreases concentrations favoring growth and reproduction of
pathogenic germs. Zinc is very important in lymphocyte function. For example, in patients
with acrodermatitis enteropathica, caused by a chronic deficiency of zinc, defects in cellular
immunity result from dysfunctional T cells while B cells function normally. [74, 75]

9.1.2.2. Recommendations and requirements

Zinc requirements depend on the following criteria: the amount required to maintain balance
in the body; the amount required to replace endogenous losses; and the amount needed to
maintain the normal functions of zinc in the body. With an intake of 12.5 mg of zinc/day
through a mixed diet, it should be possible to achieve a proper zinc balance. The RDA provides
for at least 15 mg/day of zinc in adolescent and adult males, while in the case of women the
amount recommended is 12 mg/day. The recommended amount during the first year of life is
5 mg/day [68, 70].
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9.1.2.3. Sources

Food differs extensively in zinc content. The zinc concentration of oysters is 75 mg/100 g, while
eggs only contain 0.02 mg/100 g. Chicken meat has 1 mg/100 g, and seafood, beef and other
red meats are the best sources of zinc. Cereal grains are relatively rich in zinc; most bran
contains zinc in the husk, and about 80% of the zinc is lost when the grains are processed or
when milled. There is no uniform enrichment of cereal grains with zinc, although some cereal
manufacturers do enrich as standard practice. Nuts and legumes are a relatively good source
of zinc. The concentration of zinc in these foods can increase if they are grown in zinc rich soil,
or if treated with fertilizers rich in zinc. Intake of zinc depends on the choice of food consumed.
Animals, especially meat products, provide about 70% zinc. Cereals are the primary source of
zinc. The zinc content of mixed diets varies between 10–15 mg/day and often depends on the
amount of dietary protein. Diets based primarily on eggs, milk, poultry, and fish have a lower
zinc content than those based on seafood, beef and other red meats. For a better view of the
sources of zinc see Table 7, where sources of zinc are displayed in descending order of
concentration, while Table 8 shows the sources of zinc in mg/100 g of food. These sources are
representative of the most widely consumed foods in Mexico [57]. The variations are similar
in vegetarian diets and water is low in zinc. During the first six months of life, zinc intake varies
according to the form of milk supplied. Breastfed children ingest 1.9 mg per day, since the first
month of age ingest up to 2.7 mg per day, while formula-fed continued children ingest 3.6–4.6
mg per day. Human colostrum contains 20 mg of zinc/L, decreasing rapidly so that after one
month milk contains only 3 mg, and after two months, 2 mg/L. Children regularly take in 5–8
mg/day. Adolescent girls have a daily intake of 11 mg, while the daily intake of children
between 8–13 years of age is approximately 8–10 mg. Most of the population consumes
approximately 7–10 mg/day. Pregnant and lactating women have a similar zinc consumption.
These differences are related to different energy intakes and not to the zinc content of diets,
even if they are of poor nutritional quality or poorly balanced.

Food, (equivalent, service) mg

Oysters, eastern, ½ cup 113.0

Pacific oysters, ½ cup 21.0

Wheat germ, toasted ¼ cup 4.7

Ground beef, lean, 90 g 4.6

Beef liver, fried, 90 g 4.6

Turkey dark meat, baked, 90 g 3.8

Instant breakfast, one 3.0

Beef enchilada, one 2.3

Baked beans with pork, ½ cup 1.9

Skimmed ricotta cheese, ½ cup 1.7

Pecans, ¼ cup 1.6

Sesame butter, 1 cup 1.6

Dry peanuts, toasted ¼ cup 1.4
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Ground beef, lean, 90 g 4.6

Beef liver, fried, 90 g 4.6

Turkey dark meat, baked, 90 g 3.8

Instant breakfast, one 3.0

Beef enchilada, one 2.3

Baked beans with pork, ½ cup 1.9

Skimmed ricotta cheese, ½ cup 1.7

Pecans, ¼ cup 1.6

Sesame butter, 1 cup 1.6

Dry peanuts, toasted ¼ cup 1.4
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Food, (equivalent, service) mg

Crab, canned, ¼ cup 1.3

Wild rice, cooked, ½ cup 1.1

Clams, canned ¼ cup 1.1

Lobster, cooked, ½ cup 1.1

Edam, 30 g 1.1

Milk, 2 % fat, 1 cup 1.0

Chicken breast, baked 1 1.0

Nuts, English, ¼ cup 0.8

Bagel, 1 0.6

Gingerbread, 1 piece .6

Egg, 1 0.6

Baked Salmon, 30 g 0.4

Table 7. Sources of zinc [76]

Food Content in
mg /100 g edible portion

Rapeseed meal 24.2

Lyophilized hen egg 12.5

Ground beans 8.4

Cooked spinach 7.2

Breakfast cereal (Fiber One) 6.7

Barra type bun 6.1

Breakfast cereal (All-Bran) 5.6

Bisteck pulp, bovine 5.4

Pumpkin flowers, cooked 5.3

Beef, shoulder 5.2

Broccoli cooked 5.1

Lettuce, romaine 4.7

Coriander 4.7

Ground beef, fried 4.3

Beef, sirloin steak, boneless roast 4.2

Green beans, cooked 4.2

Huauzontle, cooked 4.2

Lentils, cooked 4.1

Peas, cooked 4.0

Cereal protein 4.0

Table 8. Sources of zinc in Mexican food [77]
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9.1.3. Iron

9.1.3.1. Features

Iron is a metal considered by ancient civilizations (such as celestial being) sent by God for use
as a metal or a pharmacological therapy or remedy. During Roman times, iron had therapeutic
uses in treating diseases such as alopecia, acne, dermatitis, weakness, hemorrhoids, gout,
pulmonary diseases, diarrhea, vomiting, edema, fever and cystitis. From the seventeenth
century onwards the importance of treating iron chlorosis was known. The first descriptions
of the importance of iron were made around 1871 and iron is now known to be one of the most
abundant metals. Knowledge of the biological importance of the metal has grown, and interest
in the iron deficiency known as anemia continues to this day. Iron is involved in various redox
reactions such as hydrogen reduction, and is incorporated into carbohydrates during photo‐
synthesis in the presence of ferredoxins. Aerobic metabolism depends on iron, and iron is an
active component of the enzymes in the Krebs cycle [78]. Since 1966, over 30, 000 articles have
been published on iron, on topics such as biology, medicine and nutrition. Between 1985 and
1991 a total of 9, 000 items was published describing iron metabolism, metabolic disorders
caused by the deficiency or excess of iron, and iron ratio and nutrition. Despite the abundant
information that exists on iron today, there are still many unresolved questions and uncer‐
tainties about the functions and metabolism of iron, mostly related to nutrition and immunity.
An adult male has 3–5 g of iron in the blood, 30–40% of which is in the form of deposits [79].

9.1.3.2. Function

Iron is involved in the transport of oxygen and carbon dioxide, and functions as an active
element in the related process of the cellular respiration of enzymes. The involvement of iron
in the function of the immune and cognitive systems has not been fully clarified yet, reinforcing
the importance of reducing the incidence of anemia worldwide [80].

Hemoglobin is a part of erythrocytes. The iron-containing protein heme is combined with
oxygen in the lungs and carbon dioxide in the tissues. Myoglobin – a hemeprotein – also serves
as an oxygen reservoir within the muscles. Oxidative ATP production in the mitochondria
includes many enzymes containing heme and non-heme iron. Cytochromes, are involved with
respiratory enzymes, several cofactors and the electron transfer chain, for energy production
and storage, through oxidation-reduction processes (Fe 2+ →Fe 3+). It is also known that iron is
important to the immune system, but the mechanisms by which it acts remain unknown.
Neutrophils, white blood cells that engulf and destroy bacteria, are less effective when there
is an iron deficiency. Transferrin and lactoferrin protect against infection by preventing
microorganisms from using iron for growth. Another feature of iron is the effect it exerts on
cognition, especially during childhood, where it improves psychomotor function and learning
processes as well as attention and memory, especially in children with anemia. It is important
to mention that in adults only 5–15% of iron from food is absorbed, only 2–10% of iron from
plants is absorbed, and 10–30% from animal protein. This absorption also depends on several
factors such as age, health status, iron status, the condition of the gastrointestinal tract, the
amount and chemical form of the iron ingested, and the amount and proportion of various
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organic and inorganic components of the diet. Absorption occurs mainly in the duodenum in
ferrous form. Iron absorption also depends on the chemical composition in which it is available.
Amino acids, such as histidine and lysine, help in the absorption of iron [80, 81].

9.1.3.3. Requirements and recommendations

The requirement for iron and increased hemoglobin depends on the growth rate of the
individual concerned. For example, growth is rapid during childhood and adolescence. There
are various data that establish the average iron requirement. In children, the amount is 0.35–
0.7 mg/day, and from 0.3–0.45 mg/day in pre-menstrual girls. An iron requirement of 38
mg/day for children of both sexes between 4- and 14-years-old, has been suggested.

Other iron requirements are based on the needs of the organism. For example, iron demands
are increased in pregnant or menstruating women, and during the first two years of life due
to the rapid growth into adolescence. Iron requirements during the first year of life are 0.4–1
mg/day rising to 1.5–2 mg/day during puberty. It is noteworthy that it has been difficult to
accurately calculate iron requirements, since each individual varies in their capacity for
absorption and the amount of iron available in food.

9.1.3.4. Recommendations for iron [70]

Because iron absorption is very limited, the recommendations are far superior to the require‐
ments due to different situations such as pathological bleeding, and menstruation in the case
of women. Adolescent girls who undertake strict diets are generally low in iron, pregnancy,
lactation, which incidentally is necessary to supplement for 2 or 3 months before delivery.

9.1.3.5. Sources of iron

There are two types of iron in food: heme iron and non-heme or inorganic iron. Heme iron
makes up 5% of iron in the diet and is found only in meat products (including poultry and
fish). Non-heme iron is the iron in plant foods, and about 50% of the iron in animal products.

The distinction between the two types of iron is important because the body absorbs heme iron
(the iron found in meat) much more efficiently. The main dietary sources of iron include organ
meats, meats, legumes, cereals, eggs, seafood and nuts. (See Table 9). It has been found that
the best source of iron is the liver, followed by oysters, kidney, heart, lean meat, poultry and
fish. Dried beans and vegetables are also among the best sources. Some other iron-rich foods
include egg yolk, dried fruits, dark molasses, whole grain breads and fortified wines and
cereals. Milk and dairy products also contain a good amount. Iron in fortified cereals, flours
and breads contributes significantly to the total intake, with fortified infant cereals being an
important source prior to 12 months of age.

It is important to recognize that there are both stimulators and inhibitors to the absorption of
iron. For example, besides being a source of heme iron, meat has better intestinal absorption
which can be doubled in the presence of vitamin C. Other important inhibitors of iron
absorption are tannins (found in tea, coffee and chocolate), phytates and oxalates (found in
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legumes, green vegetables and some grains). Table 10 shows further sources of Iron, as well

as sources of vitamin C to enhance and improve the absorption of Iron. These data were

obtained from tables of the nutritional value of the most widely consumed foods in Mexico.

Iron content
(mg /100 g edible portion)

foods

< 3 single egg yolk, walnuts, peanuts, sesame, masa tortillas,
whole grains, cooked legumes (beans, lentils, chickpeas)

3–6 poblano chili, turkey, dried fruit, beef

6–9 raw legumes (beans, lentils, chickpeas), pinole, Seafood

>9 beef liver, chicken or pork, pumpkin seed, dried chilies,
cheese, tuna, moringa

Table 9. Guide to dietary iron sources

Food Edible portion Iron (mg)

Excellent

Moronga / black pudding 50 g 22.5

Pork liver 100 g 17.9

Oysters 100 g 13.4

Beef liver 100 g 6.3

Very good

Beef 100 g 3.2

Spinach, cooked ½ cup 3.2

Beef kidney 100 g 3.0

Shrimps 100 g 2.4

Red beans ½ cup 2.3

Veal 100 g 2.0

Black beans ½ g 1.8

Pork 100 g 1.6

Fortified cereals 30 g 1.5–4.5

Good

Artichoke 1 unit 1.6

Nopales 100 g 1.6

White fish 100 g 1.2
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Food Edible portion Iron (mg)

Chicken 100 g 1.2

Peas (arvejas) ½ cup 1.2

Rice ½ cup 1.1

Avocado ½ unit 1.0

Moderate

Bread 1 slice 0.9

Raisin ¼ cup 0.8

Tortilla (corn) 1 small 0.7

Eggs 1 0.7

Pasta ½ cup 0.7

Broccoli ½ cup 0.7

Lettuce, dark green 1 cup 0.6

Asparagus ½ cup 0.6

Peanuts ¼ cup 0.6

Table 10. Iron sources and associated portion content [70]

There is a high diversity of Mexican foods that are rich in iron, and while it may be of great
importance to know the amount of iron in our food, it is also important to increase the amount
of it in the Mexican diet. Simply having a wider variety of foods will help us to improve our
general nutritional status. This is why at the end of this paper, we analyze and discuss these
sources of iron, as well as the importance of the relationship between iron intake and the need
for iron supplementation when there is an iron deficiency, and/or the protective role of this
element in the immune system in preventing long-term infections and/or malnutrition, which
is also caused by the absence of other specific nutrients in the human diet [80].

The mechanism by which iron causes liver damage has been the subject of many studies. Iron
overload produced under experimental conditions causes peroxidation of lipids in vivo.
Peroxidation occurs at an iron concentration exceeding a specific threshold. Once this thresh‐
old is exceeded, the hepatocyte is unable to store iron in a nontoxic form, such as ferritin or
hemosiderin, and an increase in iron storage occurs, allowing for the production of free radicals
and consequent lipid peroxidation. Furthermore, in experimental models of iron overload,
abnormalities of liver organelles (mitochondria, microsomes and lysosomes) are described in
association with lipid peroxidation. However, studies have not yet confirmed the connection
of these abnormalities the relationship to the development of liver fibrosis and cirrhosis.
Research conducted at the beginning of the nineties showed that lipid peroxidation leads to
increased transcription of the collagen gene and increased collagen production by human
fibroblasts in culture [80, 81].
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 Table 11. Sources of Iron in Mexican Foods (mg Fe/100 g edible portion) 70,77 

 
 The name in parentheses indicates the origin of the food or brand. In some cases the original name of the food is maintained, 
as there is no adequate translation into the English language. 
 

RAW 
VEGETABLES

COOKED 
VEGETABLES

CHILLI 
(PEPPER) OTHERS CEREALS 

coriander     39,92 Spinach 129.98 cascabel   30.60 "axayacatl" worms  48.00  all- bran 36.58

Epazote 36,54 Huauzontle 40.76 chipotle    28.00 pork moronga  36.63
precooked  
(Nestum)  34,87

Yerbabuena    29.10 Quelite 31.10
Chipotle 
canned 24.79 roasted coffee  21.40

Raice 
Krispis 22,23

chard 26.62 Eggplant 28.51 pasilla 24.57 coconut oil  19.60
Crunchy 
Nut 19.51

parsley 23.94 Romeritos 14.64 mulato  21.36

dry mixed for
beberages (
Nutrichoco) 15.96

Cereal 
proteínado 18.60

Coffee 23.00 Bróccoli  13.41
Chile piquin 
con semilla 15.10

almond capulín
seed 15.10  Cerelac 18.31

Verdolaga  20.20
green 
tomato 12.59 guajillo  18.81 pingüica seeds 14.70  Corn Pops  15.58

mallow 
(Hidalgo) 19.50  Ejote 12.70 ancho black 13.34

cooked crab
(Veracruz )  13.30 bran 14.60

 mallow (DF)  19.40 lentils 12.37
pickled 
jalapeño 14.47 ground beans 12.40 Soy              13.70

jundura plum 18.60 Chícharo 12.25
piquin with 
seeds 14.28 bean cócona 11.50 soybeans 13.60

bellow  17.22 Chilaca 11.98
guajillo dried 
cooked 13.18 lentils seeds 11.20  Fiber One  13.50

 Chepilin  16.78 artichoke 10.03  mulato dried  12.80 pumkin seeds 11.00
wheat bran(
all- bran ) 13.10

Calabacita 
(Morelos )  16.40 green bean 9.77 moritta  10.25 sesame seeds 10.68 Corn Flakes  12.21
Alelón  
(Guerrero )  15.80  guajillo 10.10 blue mass 10.72 FLOURS OF
plum 
(Guerrero )  15.40 BREAD flour for tamales 10.45 spinach 88.00

Tuna pressed
red 13.98

Barra type
bun   76.90

ONLY SEEDS 
OF CHILLI eelgrass seeds 10.39 potatoes 72.40

Hediondilla 
quelite           13.80

Enriched 
bread sliced   39.40 chile chipotle  22.49 corn for pozole 10.27 green bean 18.20

cucumber 13.47 
deffated 
paste  19.79 chile mulato  21.85 yellow mass              10.22 black bean 13.50

mushroom 
"escobeta" 13.20 integral bread 12.43 chile pasilla 17.60 Tortilla of yellow corn 9.87

molturada 
Integral 13,4

Endive 12.50 chile guajillo 15.30
black bean cooked
(Querétaro ) 9.24 carrots 12.40

Chaya  
dehydrated 12.30 guaje, dried 15.20 toast (tostiricas ) 9.46
Yurquilla 
curcuma 12.21 chile morita 15.05 bay bean big 9.40

The name in parentheses indicates the origin of the food or brand. In some cases the original name of the food is
maintained, as there is no adequate translation into the English language.

Table 11. Sources of Iron in Mexican Foods (mg Fe/100 g edible portion) [70, 77]
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10. Lipids

10.1. n-3 Fatty acids

10.1.1. Oils, fatty acids and phospholipids

Omega-3 fatty acids, DHA (docosahexaenoic acid), EPA (eicosapentaenoic acid), and polyun‐
saturated fats, especially the omega-3 type present in fish oil, have a protective effect because
they decrease the viscosity of the blood, thus reducing the risk of thrombus formation.
Monounsaturated fat, whose main representative is oleic acid present in olive oil, also has a
protective effect in raising "good" cholesterol (HDL-c) and preventing the oxidation of "bad"
cholesterol (LDL-c) [82]. Fish oils have large amounts of polyunsaturated omega-3 fatty acids
(n-3 PUFA), DHA and EPA. The richest sources of these are oily fish (salmon, trout, sardines,
and tuna). The high content of DHA and EPA in oily fish is the result of phytoplankton (rich
in n-3 PUFAs), which contributes to the adaptation of fish to cold waters. In recent years, the
ingestion of omega-3 fatty acids has been associated with a significant reduction in coronary
heart disease, cardiac arrhythmias, and acute myocardial infarction (considered the leading
cause of sudden cardiac death) due to an increased cardiac output, an almost complete
inhibition of platelet aggregation, contribution to the prevention of thrombosis, relaxation of
smooth muscle in blood vessels, and lower blood pressure. Polyunsaturated long-chain
omega-3 fatty acids have been associated with antiarrhythmic, antithrombotic, antisclerotic,
and antihypertensive effects, and prophylaxis of coronary disease [82, 83].

Other important sources include green vegetables like purslane, quelites and broccoli. The
capacity of consumption of essential fatty acids such as omega-3 and omega-6 in a proper
balance and quantity, helps to stabilize the metabolism of fats in the body and is involved in
many other organic processes. As a result, cholesterol metabolism, quantity and transport are
normalized, reducing the risk of cardiovascular disease. Omega-3 fatty acids are specifically
involved in reducing cholesterol carried in low density lipoproteins (LDL), especially the
higher risk, smaller and denser particles of LDL known as “bad” cholesterol, and in facilitating
an increase in high-density lipoprotein (HDL) or "good cholesterol" that cleans the arteries
instead of damaging them. They also have a role in the normal functioning of the endothelium
(on the inside of the body’s arteries) within which the lesions of atherosclerosis occur. A good
balance in the supply of essential fatty acids and the significant contribution of polyunsatu‐
rated and monounsaturated fats delays the onset of atherosclerotic lesions. The intake of
polyunsaturated fatty acids corrects delayed or adult onset diabetes, which also reduces, in
turn, cardiovascular risk [84].

Many studies suggest that replacement of saturated fatty acids in the diet with n-3 PUFA
results in enhanced susceptibility of LDL to oxidation. In humans, susceptibility to LDL
oxidation is highly correlated with development of coronary stenosis. Adverse effects of n-3
PUFA in LDL oxidation in vitro do not occur in vivo, and thus may explain the protective effect
of n-3 PUFAs against atherosclerosis, as has been demonstrated through reduced uptake by
macrophages and a lower electrophoretic mobility of LDL group patients ingesting a daily
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supplement of 16 g of fish oil for three months compared to a control group of patients without
dietary treatment [85, 86].

10.1.2. Sources of Omega 3

In Mexico, there is a real deficiency of these nutrients as consumption of fish (one of the main
sources) and green plants is very low. The estimated per capita consumption is only 5–10g of
fish per year, making it very difficult to obtain the minimum required amounts from this
source. Green vegetable consumption is limited to only a few vegetables per day. Because these
nutrients are part of membrane phospholipids, which are crucial for antioxidant defense
against free radicals, the failure to include sufficient n-3 fatty acid promotes the lipoperoxida‐
tion observed in the development of slowly progressive or chronic degenerative diseases.
When a nutrient is missing, it is likely that others are also deficient, and if within these are
other antioxidants, the pattern becomes complicated. The development of chronic and
degenerative diseases is likely to be promoted not only by the deficiency of antioxidant
nutrients, but also by deficiency of other nutrients "working" with the same function. An
imbalance in the intake of antioxidants can lead to free radicals having more of a role in the
development of the diseases that cause major public health problems in developing countries.
However, the solution will always be prevention through dietary education promoting an
increased consumption of foods that are rich in antioxidants from the earliest stages of life,
and even before birth [87, 88, 89].

In the table, 12 major sources of n-3 fatty acids are shown. The values of alpha linolenic
acid (ALA), eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) in edible plants are
presented.

The most important sources of omega-3 fatty acids are fish and vegetables. Fish contains a
good amount of alpha-linolenic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). Vegetables are an excellent source of alpha-linolenic acid, as a precursor to EPA and
DHA, but some other vegetables also contain these fatty acids as shown in Table 12.

a-LINOLENIC /
CONCENTRATION mg/100g

EPA /
CONCENTRATION mg/100g

DHA /
CONCENTRATION mg/100g

Spinach 36.764 Broccoli 4.987 Romain lettuce 6.240

Watercress 29.828 Chard 4.959 Cauliflower 5.743

Yerbamora 22.521 Lettuce orejona 4.792 Coriander 5.347

Parsley 20.139 Romain lettuce 4.375 Nopal 3.514

Purslane 19.774 Papaloquelite 3.817 Orange pepper 3.259

Italian lettuce 16.943 Coriander 2.848 Huitlacoche 3.183

Lettuce heart 13.303 Serrano pepper (green) 2.458 Yerbabuena 3.171

Beetroot 10.835 Cabbage 2.446 Chayote spineless 2.275
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nutrients are part of membrane phospholipids, which are crucial for antioxidant defense
against free radicals, the failure to include sufficient n-3 fatty acid promotes the lipoperoxida‐
tion observed in the development of slowly progressive or chronic degenerative diseases.
When a nutrient is missing, it is likely that others are also deficient, and if within these are
other antioxidants, the pattern becomes complicated. The development of chronic and
degenerative diseases is likely to be promoted not only by the deficiency of antioxidant
nutrients, but also by deficiency of other nutrients "working" with the same function. An
imbalance in the intake of antioxidants can lead to free radicals having more of a role in the
development of the diseases that cause major public health problems in developing countries.
However, the solution will always be prevention through dietary education promoting an
increased consumption of foods that are rich in antioxidants from the earliest stages of life,
and even before birth [87, 88, 89].

In the table, 12 major sources of n-3 fatty acids are shown. The values of alpha linolenic
acid (ALA), eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) in edible plants are
presented.

The most important sources of omega-3 fatty acids are fish and vegetables. Fish contains a
good amount of alpha-linolenic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). Vegetables are an excellent source of alpha-linolenic acid, as a precursor to EPA and
DHA, but some other vegetables also contain these fatty acids as shown in Table 12.

a-LINOLENIC /
CONCENTRATION mg/100g

EPA /
CONCENTRATION mg/100g

DHA /
CONCENTRATION mg/100g

Spinach 36.764 Broccoli 4.987 Romain lettuce 6.240

Watercress 29.828 Chard 4.959 Cauliflower 5.743

Yerbamora 22.521 Lettuce orejona 4.792 Coriander 5.347

Parsley 20.139 Romain lettuce 4.375 Nopal 3.514

Purslane 19.774 Papaloquelite 3.817 Orange pepper 3.259

Italian lettuce 16.943 Coriander 2.848 Huitlacoche 3.183

Lettuce heart 13.303 Serrano pepper (green) 2.458 Yerbabuena 3.171

Beetroot 10.835 Cabbage 2.446 Chayote spineless 2.275
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a-LINOLENIC /
CONCENTRATION mg/100g

EPA /
CONCENTRATION mg/100g

DHA /
CONCENTRATION mg/100g

Serrano pepper (green) 10.822 Parsley 2.144 Serrano pepper (green) 2.227

Broccoli 9.615 Xoconostle 2.009 Red onion 2.041

Artichoke heart 8.815 Epazote 1.764 Mushroom 1.857

Poblano Chili 8.279 Milkweed 1.752 Cabbage 1.696

Coriander 7.554 Habanero pepper 1.680 Tomato 1.338

Lettuce sangría 7.269 Echalot 1.393 Round pumpkin (Creole) 1.262

White onion 6.844 Cebollines 1.316 Lettuce orejona 1.213

Lemon peel 6.242 Red onion 1.299 French lettuce 1.183

Peeled lemon 6.229 Pore 1.280 Papaloquelite 1.175

Red pepper 6.193 Huitlacoche 1.242 Chicory 1.171

Lentil seed 6.096 Green beans 1.086 Epazote 1.083

Chard 5.267 Cucumber with peel 1.027 Asparagus 1.044

Green bean 5.236 Mallow 0.889 Xoconostle 1.034

Red onion 4.941 Green beans 0.875 Radishes 0.894

Round pumpkin (Creole) 4.779 Beetroot 0.859 Green beans 0.798

Nopal 4.562 Nopal 0.822 Papalo 0.679

Chile apple 4.550 Poblano Chili 0.784 Beetroot 0.546

Papalo 4.382 Bean sprouts 0.780 Tomato ball 0.538

Chayote boneless 4.234 Round pumpkin (Creole) 0.759 Chayote boneless 0.496

Eggplant 3.761 Chayote boneless 0.699 Artichoke 0.482

Romeritos 3.545 Peeled cucumber 0.691 Swede 0.463

Celery 3.385
Cuaresmeño pepper
(jalapeño)

0.673 Parsley 0.450

Cucumber with peel 3.293 Elongated gourd (Italian) 0.657 Lemon peel 0.450

Carrot 3.249 Tomato 0.615 Mushrooms 0.442

Cebollines 3.099 Swede 0.584 Habanero pepper 0.414

Yerbabuena 3.084 Carrot 0.572 Red cabbage 0.355

Cauliflower 3.006 Yerbabuena 0.554 White onion 0.332

Red cabbage 2.974 Xoconostle heart 0.549 Broccoli 0.329

Garlic 2.878 Orange pepper 0.548 Poblano Chili 0.316

Mushroom 2.391 Squash blossom 0.507 Yerbamora 0.312

Chilacayote 2.239 Mushroom 0.497 Cherry tomato 0.248
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a-LINOLENIC /
CONCENTRATION mg/100g

EPA /
CONCENTRATION mg/100g

DHA /
CONCENTRATION mg/100g

Jícama 2.189 White onion 0.469 Huazontle 0.243

Tomato ball 2.039 Red pepper 0.459 Cebollines 0.203

French lettuce 1.976 Cob 0.453 Peas 0.196

Peeled cucumber 1.971 Chile apple 0.354 Cob 0.168

Cob 1.813 Papalo 0.344 Chilacayote 0.150

Orange pepper 1.658 Chicory 0.322 Echalot 0.137

Hongo escobetilla 1.607 Watercress 0.281 Hongo escobetilla 0.075

Pore 1.590 Asparagus 0.263 Eggplant 0.069

Habanero pepper 1.577 Chayote spineless 0.253

Hongo horn sheep 1.483 Peas 0.241

Asparagus 1.393 Huazontle 0.239

Chicory 1.269 Red cabbage 0.229

Swede 1.265 Tomato 0.135

Romain lettuce 1.114 Green pepper 0.129

Milkweed 1.114 Hongo yemita 0.122

Lettuce orejona 1.093 Radishes 0.118

Epazote 1.045 Chilacayote 0.067

Spring onion 1.036 Green tomato 0.047

Table 12. Most important sources of omega 3 fatty acids in edible vegetables [94, 95]

In Mexico has over 12, 000 km of shoreline and as such is rich in different species of marine
fish, and it also has a wide variety of freshwater fish. In the Gulf of Mexico alone, about 500
different species of fish rich in omega-3 have been identified along with many others in the
Pacific Ocean, only some of which have been specifically identified and their nutrient compo‐
sition with respect to omega 3 fatty acids reported. Our group has already published some of
these results in international journals and forums [90, 91].

However, the per capita consumption of fish has diminished in recent years, and domestic
production has been used mostly for export purposes. Current per capita consumption is
approximately 10 g of fish annually, compared with countries such as Japan and China that
have a per capita consumption of 70 kg annually. On the other hand, their consumption has
been avoided by some groups due to the danger of allergic reactions, or in the case of pregnant
women and children under one-year-old, on the recommendation of doctor. In addition, fish
oils rich in omega 3 have been used in the preparation of food for pets and animals, rather than
for humans [92, 93].
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The consumption of green vegetables has also declined, and vegetables are only consumed
daily in certain sectors of society, while in others they are essential not consumed at all — as
discussed in the text.

There are currently few studies in Mexico showing deficiencies of omega 3 fatty acids, but the
presence of several clinical signs of deficiency have already been observed in children. These
include prematurity, malnutrition, retardation of intrauterine growth, recurrence of infections
and allergies, psychomotor and mental neurodevelopment problems, delays in learning and
damage to the vision of young children. In adults, there is an increase in retinopathy and a
significant increase in neurodegenerative problems like Alzheimer's disease and other diseases
associated with the central nervous system, at younger ages than in other countries.

Among the most serious issues is a significant increase in mortality from coronary heart
disease, which is the primary cause of death in Mexico. It should be remembered that omega
3 fatty acids are considered to be cardio-protective. In pregnant women, both eclampsia and
pre-eclampsia have been rising at the same time as premature rupturing of membranes and
other problems associated with pregnancy. Our group has already documented a very serious
deficiency of omega 3 fatty acids in the breast milk of clinically healthy women, and the same
deficiency was observed in the children they fed. Even the serious problem of childhood
obesity in Mexico is being analyzed from the clinical point of view of micronutrient deficiency,
while that of the ingest excesses in others. Thus, increased consumption of foods with a high
glycemic index and saturated fat content is combined with the consumption of very few foods
with omega-3 fatty acids such as fish and plants. In addition, the high rate of physical inactivity
and sedentary lifestyles, makes the problems somewhat more challenging to solve. If we add
to this pattern the impending imbalance between consumption of antioxidant and pro-oxidant
food, the result will be further disease and mortality — the main problems affecting public
health in Mexico [94].

11. Antioxidant supplements and Mexican sportsmen

The consumption of vitamins and inorganic elements via supplements began back in 1930
following the chemical isolation of these compounds. In 1939, cyclists in the Tour de France
reported an increase in performance level after taking vitamins. However, in 1940, further
research did not significantly support this position (Applegate and Grivetti, 1997), and even
in the current literature ergogenic capabilities of these micronutrients are not described.
Among the vitamins and inorganic elements frequently used in sport are vitamin B12,
antioxidants such as vitamin C, E, beta carotene, zinc, magnesium, copper, selenium and iron,
carnitine, chromium, vanadium, and boron.

The significant increase in the demand for oxygen that physical activity involves — especially
if it is intense and continuous — is responsible for a parallel rise in the formation of free radicals
derived from oxygen (up to three times the resting value) and is considered to be one of the
main initiators or amplifying mechanisms of muscle damage associated with exercise (Mar‐
garitis, 2003; Alonso, 2006). These highly reactive particles can activate a series of chain
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reactions and are able to damage collagen fibers, cell membranes and nuclear structures. The
use of antioxidants in sport can be a useful weapon against oxidative stress, since it has been
observed that athletes have better levels of vitamin C and glutathione peroxidase, and
therefore higher levels of lipid peroxidation.

On this basis, it is easy to understand the importance of mechanisms enabling antioxidants to
protect the body from the damage caused by exercise, especially when it is intense. Although
it is noteworthy that the unjustified use of vitamins and inorganic elements as a special
requirement for better physical performance was observed. Several studies have demonstrated
that the use of these supplements can exceed daily recommended amounts in the blood by 10–
15 times without causing any direct benefit in athletic performance [96].

In the study by Guzman in 2009 (Table 13 and 14) [97] the ingestion of nutrients by Mexican
athletes in different sports was investigated. These sports were weightlifting, tae kwon do,
swimming, zumba and spinning. In the same table, the average intake of vitamins and minerals
calculated from records of the daily supplements taken by type of exercise, and in brackets the
average percentage exceeding the daily recommendation, are shown. Not included in this
section is a calculation of the intake of vitamins and minerals from the diet. We found that
eating supplements alone met and even exceeded the recommendations for the daily intake
of most vitamins in all types of exercise.

Minerals Weightlifting Tae Kwon Swimming Zumba Spinning

A
(μg/d)

1030.5±1140.5
(132%±169.4)

–
2500

(625%)
3300

(471%)
3333

(476%)

D
(μg/d)

10
(200%)

–
10±7.1

(200%±141.4)
17

(340%)
5

(100%)

E
(mg/d)

27.4± 21.2
(182%±141.5)

25.83
(172%)

3.3
(47%)

162.1±127.4
(1080.7±849.4)

99.9
(666%)

K
(mg/d)

28.3±10.4
(29%±3.2)

– – – –

C
(mg/d)

43.1±61.1
(55%±82.6)

600
(800%)

410±445.3
(1667%±1747.4)

1000
(1333% )

250
(333%)

B1

(mg/d)
8.4±23.4

(752%±2132.7)
–

1
(167%)

76
(6909% )

50
(4545%)

B2

(mg/d)
9.5±24.6

(848%±2239.9)
–

1.2
(192%)

76
(6909% )

50
(4545%)

B6

(mg/d)
9.9±24.5

(758%±18.8)
–

2
(333%)

72
(5538% )

50
(3846%)

B12

(μg/d)
14.1±25

(589%±1043.6)
25

(1041%)
–

6
(250%)

75
(3125%)

Niacin 21.7±24.5 – 6.7 82 50
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Minerals Weightlifting Tae Kwon Swimming Zumba Spinning

(mg/d) (144%±174) (83%) (586%) (357%)

Folic
(μg/d)

168±105
(42%±26.2)

1000
(250%)

–
400

(100%)
200

(50%)

Pantotenic
(μg/d)

17.8±24.7
(356%±494.6)

– –
76

(1520% )
50

(1000%)

Biotina
(μg/d)

83.1±55
(284%±183.3)

– –
300

(1000% )
50

(167%)

() Data brackets indicate percentage of the recommended amount

Table 13. Average daily intake and % RDI of vitamins from food supplements (Guzman, 2009) [97]

Minerals Weightlifting Tae Kwon Swimming Zumba Spinning

Calcium
(mg/d)

391.6±228.8
(39%±23.2 )

–
43.4
(5%)

2000
(200%)

25
(2%)

Iron
(mg/d)

5.8±6.1
(60%±61.2 )

115
(1045%)

– –
5

(28%)

Phosphorus
(mg/d)

421.7 ±339.5
(58%±49.6 )

–
66.7

(13%)
228

(32% )
–

Magnesium
(mg/d)

114.5±75.9
(29%±18.8 )

– –
133

(41% )
25

(8%)

Zinc
(mg/d)

6.5±3.9
(66%±49.7 )

– –
30

(375%)
7.5

(94%)

Boron
(μg/d)

– – – –
500

(50,000%)

Potasium
(mg/d)

99
(5%)

– – – –

Chrome
(μg/d)

56.7±34.8
(164%±96.4 )

– –
6

(24% )
50

(200%)

Selenium
(μg/d)

28.5±16.9
(52%±30.8 )

– –
50

(91% )
75

(136%)

Cupper
(μg/d)

650±382.1
(72%±42.6 )

– –
600

(67% )
1000

(111%)

() Data brackets indicate percentage of the recommended amount

Table 14. Daily average and % RDI of inorganic elements from ingestion of food supplements [97]

Antioxidants and Natural Compounds in Mexican Foods
http://dx.doi.org/10.5772/61626

159



12. Antioxidant capacity of foods and their use as nutraceuticals or
functional foods

Nutraceuticals are natural biological substances extracted from natural sources that are
characterized by their anti-denaturing biotechnological processes, which conserve all original
properties without any chemical manipulation. Once extracted from the natural source,
nutraceuticals are studied using processes similar to those used to identify the biological
properties of drugs in animals and humans. Once their properties are documented, they can
be used as food supplements for human consumption, not as substitutes for a normal diet.
Sometimes, some of these natural substances may act as potential drugs due to their biological
properties and can be prescribed as therapeutic adjuvants for preventive and / or curative
purposes. As a concept, the nutraceutical is between a natural raw commodity and a xenobiotic
chemical or a substance foreign to the body [98].

In most cases their functional properties are implicit to their use, and for this reason biological
testing prior to use is not necessary. The concept of functional foods should not be confused
with health foods, which often contain the same components. There are also combinations of
essential nutrient with herbs and exotic fruits and and vegetables, somehow giving them any
"extra" functional property which makes them very striking [99].

13. Nutraceutical as a therapeutic option

The novelty of these functional foods is the current scientific knowledge of the beneficial
properties linked to disease prevention that they possess. Nutraceuticals have been associated
with the prevention and treatment of at least four of the diseases that contribute to the high
rate of mortality in developed countries (cancer, diabetes, cardiovascular disease and hyper‐
tension) and to the prevention of other diseases such as neural tube defects, osteoporosis and
arthritis [100].

13.1. Global use of nutraceuticals

The growing expectation for good health has led to a large number of studies demonstrating
the effective use of nutraceutical components. Although their indiscriminate use has been
speculated, it is reversing the paradoxes of health in each country, which are shown as major
public health problems, indicating a serious food deficiency or the mishandling of individual
diets. Thus, it is as mentioned as serious public health problems, and in some cases even
endemic in the population, diseases like cancer, diabetes mellitus, cardio and cerebrovascular
disease, hypertension, obesity, cirrhosis and malnutrition. The concept of prevention is closely
associated with the word nutraceutical, and this is a current that is gaining strength as
prevention of disease is better than trying to find a cure. The costs to budgets of the latter
impacts on virtually every hospital in the world [85, 86].
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13.2. Convincing results

The cellular effects of nutraceuticals are easily understood as they are part of the phospholipid
cell membrane. Their function is to protect the cells from virtually everything that can damage
them such as natural, self or foreign oxidants which can cause lipid peroxidation.

Virtually all of these nutraceuticals act to protect against oxidants commonly called free
radicals (FR), making them natural antioxidants (vitamins E, C, Selenium, CLA, etc). These
antioxidants are found within — or are associated with — the lipid bilayer of the cell mem‐
brane, and many of them are even associated with membrane phospholipids.

Antioxidant protection is based on the union of the nutraceutical with FR, which is different
with each nutraceutical, in that some take a shorter or longer time to join to FR, and it is in that
space of time where the effectiveness of the nutraceutical reflects its protective biopotency.
This may partly explain the anticarcinogenic property shown along with an antioxidant
capacity. Most of these results have been obtained by in vivo and in vitro studies and have
been confirmed by cell culture. Even where inhibition of carcinogenicity by nutraceuticals has
been demonstrated (in conjugated linoleic acid (CLA) for example), it is in part accomplished
by inducing the activity of antioxidant enzymes (such as SOD, catalase, GPx) and the genera‐
tion of cytotoxic activities in certain tumor lines. When an antioxidant (an enzyme, vitamin or
mineral) has failed to maintain protection of the cell membrane by itself, the combined activity
of several nutraceuticals can achieve the expected protection [102, 103].

14. Conclusions

The use of healthy foods is increasing and is becoming more evidence-based with the use of
functional foods and plants —or components thereof — with a nutritional content that can
help prevent or treat disease. The conscious and optimal use of these nutraceuticals as
antioxidants requires more knowledge of their properties and their experimentation probed
epidemiologically.Regardless, higher consumption of vegetables and fruits that contain a lot
of these antioxidant free radical scavengers is always recommended. It doesn’t matter if the
food is raw or cooked, it is more important that daily consumption increases. There is a
discussion to be had regarding organic vegetables, and even organic animal products, but it
is more important to include them as 50% of the diet, regardless of whether the source is organic
or not. The appropriate consumption of fiber, prebiotics and probiotics is also necessary for
adequate intestinal health and body processes.

It is controversial, but for energy and other substrates, cells need to oxidize nutrients such as
glucose, amino acids or fatty acids. However, diet provides not only the body of nutritious
elements, a high amount of consumed compounds have also an important oxidative capacity,
and other compounds which are not oxidants per se, can create, once absorbed, an oxidative
environment.

The most important advice for people below the poverty line is to recommend to them the
high consumption of vegetables, which in Mexico are cheap and easily available, but there are
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still issues with directions for their use and handling, and further problems of proper living
conditions and, of course, income. Both appropriate nutritional guidance directed at this group
to address risk, and high-impact informative programs that influence diet, are lacking. A lack
of knowledge of the nutritional composition of food is another factor which is not yet being
addressed due to the lack of information and analysis of the same. However, efforts aimed at
solving the problems are taking place, but very slowly.

Promotion of the national strategy for better health through the prevention of disease makes
use of the available evidence. It includes universal, targeted and specific actions to reduce the
effect of CNCD. All actions can only be conducted with the consensus of society and in
conjunction with government agencies. In particular, attention should be focused on schools
through programs directed at primary and secondary education, and the training of teachers
and parents as well as regulation of the food sold on campuses and surrounding areas. The
same actions can be applied to institutions that distribute food to their employees. These
measures are complemented by demand for the development or adaptation of facilities
enabling physical activity.

Agreements with the food industry and any organization related to the distribution of food
are necessary, so that the population is allowed access to healthy food, or at least access to
information of its composition. In this sense, measures corresponding to the composition of
industrialized food labelling are already being taken according to Mexican standard
(NOM-051-SCFISSA1-2010), where the nutritional values of the same should be limited, but
specific information on industrialized or natural foods is still very limited and restricted to
only certain groups of professionals. Information on healthy lifestyles must be disseminated
by various means of communication in order to promote regular exercise and the correct choice
of foods. Information about the risks of obesity and diabetes alone is not enough to change
habits. The effect that this information has will be magnified if an environment conducive to
putting it into practice can be created.
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Abstract

Reactive species are products of normal cellular metabolism and may be deleterious or
beneficial. At low/moderate concentrations, reactive species are involved in physiological
roles including cell signalling, defense against infectious agents and mitogenic responses.
However, unbalanced defense mechanism of antioxidants, overproduction of reactive
species or incorporation of free radicals into the living system from the environment may
result in oxidative stress, a deleterious process that can lead to damage of important cell
structures, including lipids and membranes, proteins and nucleic acids. The role of oxida‐
tive stress as a contributing factor in the pathophysiology of various diseases is increas‐
ingly being recognized, and augmenting the oxidative defense capacity of the cell
through the intake of antioxidants as a way of preventing free radical-mediated cellular
injuries is becoming a popular strategy. Much attention is being focused on the health
beneficial role of phenolic phytochemicals derived from plants. They are considered to
play an important role as physiologically functional foods and for the prevention of clini‐
cal conditions related to oxidative stress, even though their modes of action may still not
be fully understood. Rooibos (Aspalathus linearis) is a popular South African tisane en‐
joyed for its taste and aroma. Rooibos has been made in the Cederberg mountain region
of South Africa for generations and has been used medicinally for alleviation of allergies,
asthma, infantile colic and skin problems. The potential antioxidative, immune-modulat‐
ing, chemopreventive and chemotherapeutic actions of rooibos have been reported in
several studies. This review provides a comprehensive data on the current knowledge of
the biological and chemotherapeutic activity of rooibos and its major flavonoids. Most re‐
cent in vitro and in vivo (animal and human) studies were conducted with special atten‐
tion paid to clinical conditions in which oxidative stress has been implicated. The
conclusion described directions for future rooibos research to establish its activity and
utility as a human chemopreventive and therapeutic agent.

Keywords: Antioxidant, Chemoprevention, Oxidative stress, reactive oxygen species,
Rooibos
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1. Introduction

Oxidative stress results when there is a disturbance in normal cellular and molecular function
as a result of an imbalance between the production of various oxidizing chemical species (pro-
oxidants) and natural antioxidant ability of cells in favour of the former. Pro-oxidants are made
up primarily of free radicals, which are chemical species (molecule, ion or atom) that contains
an unpaired or an odd electron in their outer orbit. As a result of the presence of unpaired
electrons, free radicals are usually very reactive and highly unstable [1,2]. Free radicals target
macromolecules in their proximity for their electrons, thereby oxidizing them and generating
other free radicals. If the macromolecules targeted are important parts of the cellular structure
such as nucleic acids, proteins and lipids, considerable oxidative injury can occur [3]. Free
radicals can be derived from four elements, including oxygen, nitrogen, sulphur and chlorine,
thereby creating reactive oxygen species (ROS), reactive nitrogen species (RNS), reactive
sulphur species (RSS) and reactive chlorine species (RCS). The ROS and RNS are the two main
families of relevant pro-oxidants in biology and medicine. Examples of reactive oxygen species
are superoxide (O2

⋅−), hydroxyl radical (OH⋅), singlet oxygen (1O2
⋅) and peroxyl radical

(ROO⋅), while examples of reactive nitrogen species include nitric oxide (NO) and nitrogen
dioxide (NO2). Apart from the reactive-free radical species, there are also non-radical reactive
species which, though do not contain unpaired electrons, are either oxidizing agents or easily
converted to free radicals. Examples are hydrogen peroxide (H2O2), organic peroxides such as
lipid hydroperoxides (ROOH), hypochlorous acid (HOCl) and peroxynitrite (ONOO⋅) [4–6].
ROS and RNS often act together to create a state of oxidative stress, as a result of either
depletion of cellular antioxidant defense molecules or overproduction of the reactive species.

2. Generation and interactions of reactive oxygen species

Reactive oxygen species can be generated from many sources, which can be either endogenous
or exogenous. Table 1 shows some major endogenous and exogenous sources of reactive
species.

Endogenous sources Exogenous sources

Mitochondrial electron transport chain Radiation (UV light, X-ray and γ-radiation)

Neutrophils and macrophages during inflammation Environmental pollutants and toxins

Xanthine oxidoreductase, NADPH oxidase Cigarette smoke, excessive alcohol, high-calorie diet

Microsomal oxidation in endoplasmic reticulum Heavy metals

Myeloperoxidase (Phagocytes) Infectious agent

Lipoxygenase, cyclooxygenases, prostaglandin synthase Strenuous exercise

Table 1. Endogenous and exogenous sources of reactive species
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Most ROS are generated via endogenous sources as by-products of normal physiological and
metabolic reactions such as energy generation through the mitochondrial electron transport
chain reaction and protein assemblage by the endoplasmic reticulum [5,7]. The superoxide
radical (O2

⋅−) is considered as the primary ROS and it can further interact with other molecules
either directly or prevalently through enzyme- or metal-catalysed processes to generate
secondary ROS [5,8]. The superoxide anion is formed mostly within the mitochondria of a cell
during the electron transport chain reaction. Impairment of the electron transport mechanism
because of damage to mitochondria either during pathophysiological conditions or during
mitochondrial dysfunction results in ROS formation. The electron transport chain is made up
of five multienzyme complexes, which are responsible for ATP generation and maintenance
of mitochondrial membrane potential. The major site of ROS production is assumed to be
complexes I and III [9]; however, ROS can also be generated by other electron complexes, as
well as by other mitochondrial enzymes [10]. During energy transduction, there is a premature
leakage of electrons to molecular oxygen at complexes I and III forming superoxide anion
radical [5,6,11]. Xanthine oxidase is another source of superoxide radical. The enzyme catalyses
a one-electron as well as a two-electron reduction of oxygen to form O2

⋅− or H2O2, with itself
being converted to uric acid [12]. Cyclooxygenase, lipoxygenase and cytochrome P450 are
other enzymes that have been proposed to generate ROS. The primary function of these
enzyme systems is not to generate ROS; however, as is the case with the mitochondria, a
dysfunction of these systems in diseases or environmental toxicity generates ROS as a by-
product. The superoxide anion radical produced as a result of a one-electron reduction of
molecular oxygen in the mitochondria is a relatively stable intermediate and its dismutation
by the enzyme manganese superoxide dismutase (MnSOD) will result in the formation of
H2O2 [13]. Protein assemblage by the endoplasmic reticulum, mediated by the enzyme protein
disulphide isomerase and oxidoreductin 1, as well as fatty acid degradation by peroxisomes,
also accounts for O2

⋅−, which is dismutated to H2O2 by copper/zinc superoxide dismutase (Cu/
ZnSOD) [14]. The H2O2 produced is a non-radical molecule and it is normally neutralized by
H2O2-removing enzymes, catalase and the glutaredoxin enzyme system (consisting of gluta‐
thione peroxidase, glutathione reductase and glutathione (GSH)) to water and molecular
oxygen [15]. Glutathione peroxidase uses reduced GSH as a substrate and it is converted to
the oxidized form (GSSG). Reduced glutathione is regenerated in a reaction catalysed by
glutathione reductase with subsequent oxidation of NADPH. However, during a period of
iron overload (e.g. conditions of haemochromatosis, haemolytic anaemia and haemodialysis),
in the presence of high amounts of H2O2, heavy metals such as iron (Fe) or copper (Cu) are
freed from iron-containing molecules and there is a subsequent interaction of O2

⋅− and H2O2

in a Haber–Weiss reaction or Fe2+ (Cu2+)-driven cleavage of H2O2 in a Fenton reaction to
generate the highly reactive hydroxyl radical (⋅OH) as shown in Figure 1 [12,13,16]. The ⋅OH
radical is highly reactive because of its very short half-life (<1 ns); thus, in vivo, it can react with
macromolecules such as lipids, proteins and nucleic acids in the vicinity of its site of formation,
resulting in oxidative damage to these important cellular components [16]. Other oxygen-
derived free radicals that can be formed in vivo are the peroxyl radicals (ROO⋅) (Figure 1) which
are involved in DNA damage and protein backbone modification and have also been found
to synergistically enhance the induction of DNA damage by superoxide [7].
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Reactive nitrogen species are nitrogen-centred free radicals and include the nitric oxide radical
(NO⋅), nitrosonium cation (⋅NO2), nitroxyl anion (NO−), nitrous oxide radical (NO2

⋅) and
peroxynitrite (ONOO−). The NO⋅ radical is the precursor of other RNS and is produced in
higher organisms by the oxidation of one of the terminal guanido-nitrogen atoms of Larginine
in a reaction catalysed by nitric oxide synthase (NOS) [17,18]. The NOS family includes
endothelial NOS (eNOS) and neuronal NOS (nNOS), both of which are constitutively ex‐
pressed isoforms, as well as the transcriptionally regulated isoform, inducible NOS (iNOS),
which has been shown to play an important role in host defense [19–21]. Overproduction of
the RNS above the ability of the cell to neutralize them is known as nitrosative stress and may
lead to nitrosylation reactions that can alter the structure of proteins and so inhibit their normal
function [7]. Oxidative burst during inflammatory processes triggers the formation of both
superoxide and nitric oxide radical from immune cells and they react together to produce the
highly reactive peroxynitrite anion radical which is a potent oxidizing agent that can cause
DNA fragmentation [5,7,22]. Other nitrating agents include the nitrosonium cation formed in
a myeloperoxidase-catalysed reaction involving nitrite (NO2

−) and hydrogen peroxide [23,24]
and nitroso-peroxocarbonate (ONO-OCO2

−) formed via the reaction of CO2 with ONOO−

[25,26]. A recent study has also shown that lipid peroxyl radicals are able to promote tyrosine
nitration by inducing tyrosine oxidation and also by reacting with NO2

⋅ to produce nitrosoni‐
um cation (⋅NO2) [27].
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Hypochlorous acid (HOCl) is a non-radical reactive chloride species involved in oxidation and
chlorination reactions. It is usually generated via a myeloperoxidase-catalysed reaction
involving H+, chloride ion and H2O2 by the activated neutrophils [28,29]. Evidence has shown
that HOCl can oxidize thiols and other biological molecules, and chlorinate amines, choles‐
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Hypochlorous acid (HOCl) is a non-radical reactive chloride species involved in oxidation and
chlorination reactions. It is usually generated via a myeloperoxidase-catalysed reaction
involving H+, chloride ion and H2O2 by the activated neutrophils [28,29]. Evidence has shown
that HOCl can oxidize thiols and other biological molecules, and chlorinate amines, choles‐
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terol, unsaturated lipids, as well as DNA [28,30]. Although sulphur is considered a component
of cellular antioxidant systems, emerging facts are indicating that reactive sulphur species
(RSS) with similar stressor properties to ROS are generated under condition of oxidative stress
when primary stressors react with cellular components. These reactive sulphur species are
involved in protein activity modulation via thiolation reactions. An important example of an
RSS implicated in physiological process is the thiyl radical (RS.) formed from a one-electron
oxidation of a thiol group as an intermediate to the production of a disulphide, or via the
reaction of sulphydryl groups with ROS such as superoxide radical [31,32]. Thiyl radicals
participate in a series of radical chain reactions that generate other highly reactive sulphur-
centred radicals. For example, a thiyl radical reacts with a thiolate to form the disulphide
radical anion (RSSR.−) and with molecular oxygen to form the thiyl peroxyl radical (RSOO.).
Furthermore, disulphide radical anions interact with molecular oxygen to generate the
disulphide (RSSR) and the superoxide radical [31]. These reactions underline the close
relationship between RSS and ROS.

3. Physiological importance of reactive oxygen species

Reactive oxygen and nitrogen species have generally been considered as being highly reactive
and cytotoxic molecules; however, accumulating evidence has shown that besides their
deleterious effects, ROS participates in physiological processes in a well-controlled manner.
Physiological sources of ROS in the cell are many, but in a number of cells, ROS generated by
the NADPH oxidase enzyme are those implicated in important physiological responses, such
as defense against environmental pathogens or in cell signalling [33]. Reactive oxygen and
nitrogen species are able to influence physiological processes because of their ability to modify
the activity of key protein molecules containing domains sensitive to redox conditions.
Reversible oxidation of the target domain results in the initiation of coupled events, such as
the modification of the activity of downstream enzymes and/or transcription factors. Recent
evidence has shown that at moderate concentrations, nitric oxide (NO), superoxide anion and
related reactive species play an important role as regulatory mediators in cell-signalling
processes and that many of the ROS-mediated responses actually protect the cells against
oxidative stress and re-establish redox balance [4].

Accumulating evidence suggests that oxidants may be important regulators of the cellular
response under hypoxic conditions (oxygen concentrations between 1% and 5%). Although
the molecular basis for this is still obscure, nonetheless, there are suggestions that the release
of ROS under these conditions functions as an important physiological regulator of hypoxia-
inducible factor 1α (HIF-1α), which, under low oxygen conditions, respond to a rise in ROS
and then feedback and inhibit the production of ROS levels [10,34–36]. Other HIF-1α activities
include the transcriptional regulation of metabolic enzymes such as lactate dehydrogenase A
and pyruvate dehydrogenase kinase 1, which control the flow of carbon substrates into the
mitochondria [37,38]. Other studies have also shown that HIF-1α regulates the expression of
certain cytochrome components directly and also regulates specific microRNAs that in turn
regulate the expression of components of the electron transport chain [10,39,40].
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ROS mediate inflammatory responses in a number of ways. In an inflammatory environment,
activated neutrophils and macrophages produce large quantities of superoxide radicals and
other ROS via the phagocytic isoform of NADPH oxidase for the destruction of intracellular
microbes [5,41]. Recent evidence has shown that mitochondrial ROS also contribute to the
phagocytic response of the innate immune system as a result of the activation of a subset of
Toll-like receptors (TLR1, TLR2 and TLR4) [42]. Mitochondrial ROS (mROS) have also been
suggested to be involved in the activation of the inflammasome, thus acting as important
signalling molecules to regulate inflammatory responses. Specifically, mROS have been
implicated in the activation of NLRP3 (NOD-like receptor, pyrin domain-containing 3)
receptor which senses a wide range of damage signals, including environmental irritants,
microorganisms, as well as endogenous danger signals such as ATP and uric acid. When
activated, NLRP3 forms a high-molecular-weight intracellular complex with a number of other
protein partners to regulate the maturation and secretion of pro-inflammatory cytokines such
as IL-1β [10,43–45].

Another physiological role of ROS is the regulation of vascular tone by cGMP. Soluble
guanylate cyclase (sGC) is a heterodimeric protein which catalyses the formation of cGMP.
Soluble guanylate cyclase can be activated by both NO⋅ and H2O2, with NO⋅ activating sGC
by binding to its Fe2+-haem groups resulting in a conformational change at Fe2+ that activates
the enzyme. The cGMP formed is used as an intracellular amplifier and a second messenger
to modulate the function of protein kinases, ion channels and other physiologically important
targets, including smooth muscle tone regulation and platelet adhesion inhibition [5]. Reactive
oxygen and nitrogen species have been implicated in the regulation of autophagy and
apoptosis. Mitochondria-generated ROS regulate autophagy by the direct regulation of Atg4
(autophagy-related gene 4) activity [46,47]. ROS also played an important role in the release
of cytochrome c and other pro-apoptotic proteins, which can trigger caspase activation and
apoptosis. Therefore, small molecules like ROS can affect the complex networks of proteins
mediating the induction and execution of cell death [13].

4. Consequences of oxidative stress

Oxidative attack by ROS is manifested as damage to nucleic acid bases, lipids and proteins,
which can severely compromise cell health and viability or induce a variety of cellular
responses through the generation of secondary reactive species, ultimately leading to cell death
by necrosis or apoptosis [48]. Macromolecular damage via oxidative and/or nitrosative stress,
if unchecked, can theoretically contribute to disease development, and an increasing amount
of evidence suggests that oxidative and/or nitrosative stress is linked to the pathophysiologic
mechanisms of a myriad of human diseases [3,6,48–50].

4.1. Lipid peroxidation

Lipid peroxidation refers to the oxidative degradation of lipids that occur when ROS attack
lipids and extract a hydrogen atom from a methylene carbon in the side chain, and is one of
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the major outcomes of free radical-mediated injury. The cell membrane is one of the most
susceptible sites to ROS damage because the polyunsaturated fatty acid (PUFA) residues of
phospholipids are very sensitive to oxidation. The process of lipid peroxidation occurs in three
stages: initiation, propagation and termination. Reactive species such as O2

⋅−, OH⋅, RCOO⋅ and
ONOO⋅ are all potent initiators of lipid peroxidation. During initiation, the fatty acid contain‐
ing the double-bonded carbon chains is oxidized by a free radical to produce a lipid radical
which stabilizes itself by reacting with oxygen to produce the peroxyl radical, which can then
oxidize a neighbouring fatty acid to become a stable hydroperoxide. The oxidized fatty acid
neighbour becomes a lipid radical, which propagates the oxidation process across the lipid
membrane [7,16]. The lipid hydroperoxides formed may then be converted into conjugated
dienes which are unstable and generate a variety of relatively stable end products, mainly
aldehydic by-products, such as malondialdehyde (MDA) and more reactive α-, β-unsaturated
aldehydes, such as trans-4-hydroxy-2-nonenal (4-HNE) and 2-propenal (acrolein) [48,51–54].
Isoprostanes and neuroprostanes and more recently neurofurans are other products that have
been derived from the endocyclization of lipid hyroperoxyl radicals [55–59], and the evaluation
of these end products has been used as an index to determine the extent of oxidative damage
in cells.

4.2. Oxidative protein damage

Proteins are primarily responsible for most functional processes within cells and are thus
highly abundant in biological systems, making them important targets of ROS attack. The
attack of ROS on the polypeptide backbone is initiated by an ⋅OH-dependent abstraction of
the α-hydrogen atom from an amino acid residue to form a carbon-centred radical. Under
aerobic conditions, the carbon-centred radical readily interacts with molecular oxygen to form
peroxyl radicals, which react with the protonated form of superoxide (HO2

⋅) and are converted
to the alkyl peroxides [5,60]. Attack by ROS on proteins may lead to the oxidation of amino
acid residue side chains, as well as oxidation of the protein backbone and formation of protein–
protein cross-linkages. Consequently, protein fragmentation and generation of many protein
oxidation products, which can cause damage to other biomolecules, may occur [53,61,62]. All
amino acids within proteins may be attacked by reactive species (including ROS, RNS and
electrophiles); however, the thiol group of cysteine are the most susceptible. Nevertheless,
generally to a lesser extent than cysteine, sulphur-containing methionine and the aromatic
amino acids tyrosine and tryptophan are also susceptible to oxidation [63].The susceptibility
of the thiol group arises from the unique chemistry of cysteine, which confers on the thiol
group specialized properties including nucleophilicity, high-affinity metal binding and/or
ability to form disulphide bonds. The thiol group of cysteine is reported to be ionizable,
generating a negatively charged thiolate group after deprotonation, boosting its reactivity [64].
The functional roles played by thiol groups are linked to this reactivity. Apart from having
high affinities for metals, thiols may be subjected to alkylation by electrophiles (generated by
xenobiotics), oxidation by reactive oxygen species and nitration by reactive nitrogen species
[64–67]. These not only make the thiols versatile in their biological roles but may also lead to
post-translational modifications that alter functions and subvert normal biology.
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Every level of protein structure, from primary to quaternary (if multimeric proteins), may be
altered when proteins are exposed to oxidative attack by ROS, causing major physical changes
in protein structure [48]. Because most protein damage is irreparable, oxidative changes to the
structure of protein can have a wide range of functional consequences including affecting the
function of receptors, enzymes and transport proteins as well as generating new antigens that
can provoke immune responses [68]. Secondary damage to other biomolecules can also result
in the inactivation of DNA repair enzymes and loss of fidelity of damaged DNA polymerases
in replicating DNA [68,69]. Although oxidized proteins are usually degraded by the proteo‐
somal system and the lysosome–macroautophagy pathway, however, the degradation of
damaged proteins may not be completely efficient, resulting in the formation of functionally
inactive protein aggregates, which accumulate with age in separate compartments within cells
or in the extracellular environment [63,70–72]. It is also possible that the proteolytic systems
responsible for the removal of oxidized proteins may be impaired by oxidative stress itself,
thereby accelerating the accumulation of damaged carbonylated-aggregating proteins [73].
Protein aggregates can be highly cytotoxic [74], and increased levels of carbonylated aggre‐
gates have been observed in patients with age-related disorders such as Parkinson disease,
Alzheimer’s disease and cancer [72].

4.3. Oxidative DNA damage

Reactive oxygen species, especially OH⋅ radical generated during oxidative stress, can react
with and cause modifications in all the components of the DNA molecule (the purine and
pyrimidine bases and deoxyribose sugar backbone), causing damage such as base or sugar
lesions, single-strand breaks, double-strand breaks, abasic site formation and DNA–DNA or
DNA–protein cross-links [3,53,75]. Reports have indicated that reactive oxygen and nitrogen
species alone generate several kinds of single-strand breaks and more than 70 oxidative base
and sugar products in DNA [76,77]. It has been estimated that the frequency of oxidative DNA
damage in human cells is 104 lesions/cell/day [78,79]. Although hydrogen peroxide is less
reactive, it is more readily diffusible and thus more likely to be involved in the formation of
oxidized bases through Fenton and Haber–Weiss reactions [60,80,81]. Oxidative damage not
repaired before DNA replication may cause cell death, DNA mutation, replication errors and
genomic instability [7,82–84]. Reports by Halliwell [85] and Valko et al. [8] indicated that
oxidative DNA damage may be related to an increased risk of cancer development later in life.
DNA can also undergo nitrative damage as a result of attack of reactive nitrogen species (RNS)
on DNA bases to form 8-nitroguanine, a mutagenic DNA lesion that can preferentially lead to
G–T transversions, and its formation has been observed in human samples [86]. Attack on
DNA by aldehydic products of lipid peroxidation such as acrolein and 4-HNE can lead to the
formation of bulky exocyclic adducts, which can promote DNA–DNA and DNA–protein cross-
linking and impair transcription factors binding [87–89].

The most commonly used biomarker of DNA damage is the concentration of the nucleoside,
8-hydroxy-2′-deoxyguanosine (8-OHdG), which has been found to be mutagenic in bacterial
and in mammalian cells [3,50,90,91]. Numerous reports have shown that urinary levels of 8-
OHdG were elevated in humans with various malignancies [92–98] and also in experimental
animal models of tumours [99–103].
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5. Endogenous antioxidant defense system

Under normal circumstances, eukaryotic cells have evolved a defense mechanism to limit free
radicals and the damage caused by them. These include systems based on the presence of
antioxidant molecules, the repair of injured molecules and the removal of damaged molecules.
The antioxidant defense system can be endogenous and/or exogenous. The endogenous
system is made up of a network of antioxidant enzymes including superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx) and the glutaredoxin and peroxiredoxin
system as well as low-molecular-weight antioxidant molecules such as glutathione. Superox‐
ide dismutase catalyses the dismutation of superoxide anion, converting it to molecular oxygen
and H2O2. There are three isoforms of the SOD family and they all used a transition metal at
their active site. There is a CuZnSOD form in the cytosol and the intermembrane mitochondrial
compartment [104], a MnSOD in the mitochondrial matrix and another form in the extracellular
compartment (e.g. blood) [105].

Although less reactive than the O2
⋅− anion, the H2O2 must still be rapidly removed, and this

can be accomplished by the enzymes CAT and GPx working coordinately. Catalase removes
H2O2 at a high rate but shows low affinity for the peroxide; thus, it should be most useful
during the peak of H2O2 production or accumulation [105]. Evidence has shown that this peak
should occur in vivo since acatalasaemia (i.e. disorder caused by lack of catalase) increases
oxidative stress and induces certain pathologies in humans [106]. Glutathione peroxidase may
be present in the selenium- and non-selenium-dependent forms, and it has been shown that
there are at least five selenium-containing GPxs in humans [107,108] whose activities may be
manipulated by changing dietary selenium levels [109]. The isoforms are the ubiquitously
expressed cytosolic GPx (GPx-1) and phospholipid hydroperoxide GPx (GPx-4), epithelium-
specific gastrointestinal GPx (GPx-2), secreted plasma GPX (GPx-3) and GPx-6 found in the
olfactory epithelium and embryonic tissue [108,110,111]. All the GPx isoforms (GPx 1-4 and
GPx-6) can metabolize H2O2 and soluble fatty acid hydroperoxides; however, only GPx-4 can
metabolize complex phospholipid hydroperoxides [107]. The phospholipid hydroperoxide
GPx-4 also differs from other isoforms in that it is a monomer while others are tetrameric
proteins [109]. Glutathione peroxidases use the reducing power of GSH (and other thiols, such
as thioredoxin) to decompose H2O2, and it is the sulphydryl moiety of the cysteine residue that
supplies the reducing equivalent for GPx activity. Two molecules of GSH are oxidized for
every one molecule of H2O2 decomposed, resulting in the formation of GSSG, which can be re-
reduced back to two molecules of GSH by glutathione reductase.

Various low-molecular-weight endogenous non-enzymatic antioxidants are found in animal
and human tissues. These are usually depleted when they react with ROS, but are actually
recycled back to the antioxidant form due to reduction by other molecules. Because of their low
molecular weight, they are able to eliminate ROS at sites that much larger enzymes cannot access
[105]. Reduced glutathione (GSH), thioredoxin and ascorbate are the main low-molecular-
weight  hydrophilic  non-enzymatic  antioxidant  molecules  in  the  cell.  Glutathione  (L-γ-
glutamyl-L-cysteinylglycine) is the predominant intracellular non-protein thiol in eukaryotic
cells. It possesses strong antioxidative properties and consequently plays a crucial role in
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intracellular protection against compounds such as ROS and other free radicals [112–114]. It
functions as a nucleophile to form conjugates with many xenobiotics and/or their metabolites
and can also serve as a reductant in the metabolism of hydrogen peroxides and other organic
hydroperoxides [112,113,115–118]. During interaction with free radicals, the –SH group of GSH
becomes oxidized, leading to the formation of corresponding disulphide compound (GSSG).
Thus, a depletion of GSH is usually associated with an increase in GSSG concentration, and the
ratio between reduced and oxidized forms of GSH serves as an important indicator of the redox
environment [119–121]. The thioredoxin system is another major intracellular antioxidant
system and comprises thioredoxin (Trx), thioredoxin reductase (TrxR) and NADPH. It is an
oxidoreductase with a redox-active disulphide/dithiol at the active site [105,122]. Thioredoxin
is cytoprotective against oxidative stress either directly by quenching singlet oxygen and
scavenging hydroxyl radical or indirectly by reducing oxidized ROS-targeted proteins in
cooperation with peroxiredoxin/thioredoxin-dependent peroxidases [123,124].

6. Exogenous antioxidant defenses: diet-derived compounds

Endogenous antioxidant defense system may not be sufficient when the formation of ROS and
other free radicals is excessive, especially during pathophysiological conditions. Therefore,
additional protective mechanism via exogenous/dietary antioxidants may be required. Well-
known diet-derived antioxidants are vitamins C (ascorbate), E and A, as well as carotenoids.
Next to glutathione, ascorbate is the other most abundant reduced non-enzymatic antioxi‐
dant in cells. It is endogenously synthesized and maintained at high levels in tissues (about 1
mM in rats), but in primates (including human), guinea pigs, fruit-eating bats and many bird
species, it is obtained through diet [125]. Ascorbate can scavenge ROS and other free radicals
by readily donating an electron to potentially damaging radicals such as hydroxyl (OH⋅), alkoxyl
(RO⋅), peroxyl (LOO⋅), thiol radical (GS⋅) and tocopheroxyl radicals (TO⋅) becoming oxidized
to the ascorbate radical (Asc⋅‾) during the process [126,127]. Ascorbate is regenerated from the
Asc⋅‾ by the action of (i) NADH- and NADPH-dependent dehydroascorbate reductase [128–
130], (ii) GSH-dependent dehydroascorbate reductase [131] or (iii) pH-dependent disproportio‐
nation reaction, which results in the formation of ascorbate and dehydroascorbate [132,133].
Reports have shown that GSH and ascorbate interact cooperatively in vivo to cope with ROS
and that ascorbate serves as a co-antioxidant with vitamin E in vivo to protect LDL from detectable
oxidative damage induced by aqueous peroxyl radicals [134].

Vitamin E and carotenoids are the most important antioxidants in the lipophilic environment
of the cell. There are eight known isoforms of the vitamin E family, comprising α-, β-, γ- and
δ-tocopherol and the corresponding tocotrienols [135–137]. Because of the presence of an –OH
group on the chromanol ring of vitamin E, it is able to function as an antioxidant and reduces
lipid peroxyl groups to hydroperoxides, thus terminating the propagation of lipid peroxida‐
tion [105,138]. Empirical evidence for carotenoids being important antioxidants in vivo is weak
[105,139]. Recent reports on birds showed that carotenoids have a very low contribution to
protection against oxidative damage under stressful conditions [140–144]. Many human trials
where carotenoids and other dietary antioxidants (vitamin C and E) were administered singly
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or together did not show any positive effect and even contributed to mortality among study
subjects [145–148].

In addition to the vitamins and carotenoids, plant-derived phenolics are other exogenous
source of antioxidant defense compounds. The intake of exogenous antioxidants from teas,
fruits, vegetables and spices is of nutritional interest since it has been associated with the
modulation of oxidative stress and cellular damage, as well as with the provision of substantial
health benefits. Diet has been known as a risk factor for chronic diseases for many years, and
the upsurge in cases of chronic diseases worldwide in the past decades has been attributed in
part to the change from traditional, largely plant-based diet to the high-fat, energy-dense diets
with substantial content of animal fat [149]. In addition, the Mediterranean diet characterized
by frequent consumption of fruits, vegetables, legumes, cereals and fish and low in meat and
cheese is positively associated with a reduced risk of most chronic diseases including cardio‐
vascular diseases (CVDs), diabetes and cancer [150]. Fruits, vegetables, spices and teas are
excellent sources of fibre, vitamins and minerals, but they also contain components such as
polyphenols, terpenes, alkaloids and phenolics, which may provide substantial health benefits
beyond basic nutritional functions [151]. Disease prevention using whole plant extracts, or
isolated compounds from plant (phytochemicals), is gaining more scientific attention world‐
wide, because it is a cost-effective alternative to orthodox treatment, and the phytochemicals
are presumed from anecdotal evidence to be safe, with low toxicity and general acceptance
[152,153]. Whole plant extracts as well as isolated molecules have been shown to possess
antioxidant, anti-inflammatory, anticancer and tumour inhibitory effects. The health-promot‐
ing effects of these plants are suggested to be due to the polyphenolic antioxidant molecules
that they contain. Plants often contain different polyphenolic phytochemicals, and it is the
general assumption that the observed health effects of these plants may be due to the additive
and/or synergistic effects of the complex mixture of these phytochemicals rather than the effect
of a single molecule [154–156].

7. Plant phenolics and polyphenols

With an excess of 8000 phenolic structures being reported, plant phenolics are one of the most
widely dispersed groups of phytochemicals in the plant kingdom. Structurally, they are
characterized by having at least one aromatic ring with one or more hydroxyl groups and can
range from low-molecular-weight, simple aromatic-ring compounds to large and complex
tannins and derived polyphenols [157,158]. Phenolics are secondary metabolites produced
during diverse physiological processes in the plants, such as growth, lignification, pigmenta‐
tion, pollination and defense against pathogens, predators and environmental stress [159].
According to Crozier et al. [157], plant phenolics occurring naturally in healthy plant tissue
can be classified into (i) flavonoids and (ii) non-flavonoids. The major non-flavonoids of dietary
significance include phenolic acids, phenolic alcohols, stilbenes and the lignans. Flavonoids
are widely distributed in food and beverages of plant origin, including teas, fruits, vegetables,
spices, cocoa and wine that form part of human diet. In plants, they play key roles in growth
and development [160], plant–insect interactions [161] and protection against harmful
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radiation by absorbing ultraviolet B (UVB) and scavenging ROS generated by UVB irradiation
[162,163]. Flavonoids are known to provide health-promoting effects in humans who consume
them. Reports have shown that flavonoids possess many useful health properties, including
anti-inflammatory, oestrogenic, enzyme system modulation, antimicrobial, vascular and
antitumour activity; however, the antioxidant activity is the most studied one that is attributed
to flavonoids and has been found to be responsible for other biological activities in which the
prevention of oxidative stress is beneficial [164–166]. Flavonoids also possess anticancer
activity, which has been shown to go beyond the antioxidant, free radical-scavenging activity,
but may involve mechanisms such as regulation of gene expression in cell proliferation,
oncogenes and tumour suppressor genes, induction of cell cycle arrest and apoptosis, modu‐
lation of detoxification enzymes activity, stimulation of immune system and regulation of
hormone metabolism [165]. The main subclasses of flavonoids are flavones, flavonols,
flavanols, anthocyanins, isoflavones, flavanones, chalcones and dihydrochalcones [157,164–
166]. Other classes include the coumarins, aurones, dihydroflavonols and flavan-3,4-diols.

8. Rooibos (Aspalathus linearis)

8.1. History, distribution of the species and morphology

Rooibos, Aspalathus linearis (Brum f) Dahlg. (Family Fabaceae; tribe Crotolarieae), is a hardy
shrub that grows between 1.5 and 2 m in height with bright green, needle-shaped leaves and
small, yellow flowers [167]. After harvesting, the needle-like leaves and stems can be either
bruised and fermented prior to drying or dried immediately [168]. The unfermented product
remains green in colour and is referred to as green rooibos. During fermentation, the colour
changes from green to red as a result of the oxidation of the constituent polyphenols and the
final product is often referred to as red tea or red bush tea. The genus Aspalathus comprises
about 278 species and is endemic to South Africa, showing a high degree of polymorphism in
terms of morphology, geographical distribution, ecology and phenolic constituents [169].
Rooibos has been consumed by locals for over 300 years, but it was not known outside South
Africa until 1904 when Benjamin Ginsberg, a Russian immigrant to South Africa, recognized
its potential and started trading with rooibos that he bought from the Khoi descendants and
became the first exporter of rooibos. In the 1930s, Dr P.F. Le Fras Nortier, a local doctor and
amateur botanist, realized the commercial potential of rooibos and initiated its cultivation in
plantations by local farmers (http://www.sarooibos.co.za/content/view/31/79; retrieved on
08/10/2010). By 1999/2000, rooibos production was between 4500 and 6000 metric tonnes with
the domestic market absorbing 70–75% of the annual production. Today, rooibos cultivation
has reached a large scale of more than 12,000 metric tonnes, serving both local and increasing
international market demand [170].

8.2. Phytochemical composition

The herbal beverage made from rooibos is naturally caffeine-free [171,172] and low in tannin
when compared to Camellia sinensis teas [173]. The leaf tannin content of rooibos is reported to
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has reached a large scale of more than 12,000 metric tonnes, serving both local and increasing
international market demand [170].

8.2. Phytochemical composition

The herbal beverage made from rooibos is naturally caffeine-free [171,172] and low in tannin
when compared to Camellia sinensis teas [173]. The leaf tannin content of rooibos is reported to
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be about 3.2–4.4% [174,175]. Rooibos is unique in its monomeric flavonoid composition,
containing two unique compounds, namely aspalathin and aspalalinin. Aspalathin is a C–C-
linked dihydrochalcone glucoside [176,177] and aspalalinin is a cyclic dihydrochalcone [178],
and both are only isolated from rooibos. Rooibos is also one of the only three known sources
of nothofagin, a 3-dehydroxydihydrochalcone glucoside [179,180]. The other known sources
of nothofagin are the heartwood of Nothofagus fusca [181] and the bark of a Chinese medicinal
plant, Schoepfia chinensis [182]. Other flavonoids in rooibos include the C–C-linked β-D-
glucopyranosides such as flavones orientin and iso-orientin [183] as well as vitexin and
isovitexin, both flavone analogues of nothofagin [177]. The flavanones, dihydro-orientin and
dihydroiso-orientin [184], as well as hemiphlorin [178] have also been isolated from rooibos.
Other flavones isolated from rooibos include chrysoeriol, luteolin and luteolin-7-o-glucoside,
while the flavonols quercetin, quercetin-3-orobinoside, hyperoside, isoquercitrin and rutin are
also present [177,178,184–187]. The presence of phenolic acids, lignans and the coumarin,
esculentin [177,178,187], as well as monomeric flavan-3-ol, (+)-catechin and oligomeric
flavan-3-ol, procyanidin B3 and bis-fisetinidol-(4β,6:4β,8)-cathechin [187,188], has also been
detected in rooibos. Figure 2 shows the major flavonoids that have been identified from
rooibos.
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Figure 2. Some major flavonoids identified in rooibos (Glc = C-β-D-glucosyl group)  
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As a result of fermentation during the processing of rooibos, the content of polyphenols in
rooibos is reduced. Studies have found a higher percentage of total polyphenols, flavonoids
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and non-flavonoids in unfermented/green rooibos compared to fermented/red rooibos [189–
191]. These differences may be attributed to (i) the enzymatic and chemical modifications that
occur during fermentation and (ii) the processing methods used [179,190]. During fermenta‐
tion, aspalathin present in unfermented rooibos is extensively oxidized to dihydroiso-orientin.
Nothofagin, iso-orientin, isovitexin and vitexin are degraded as well, but to a lesser extent
[179,187,192,193]. In vitro studies revealed that fermentation and processing also affect the
antioxidant activities of rooibos, with results showing that antioxidant activity (measured by
different free radical-scavenging assays) decreases with fermentation [190,194–196], an effect
attributed to a decreased total polyphenol content with fermentation.

9. Biological activities and potential of rooibos in oxidative stress-induced
conditions

The attractiveness and use of naturally occurring compounds including those derived from
fruits, vegetables, teas, various herbs and spices as potential chemopreventive and chemo‐
therapeutic agents are gaining worldwide appeal. Evidence abounds that rooibos and/or its
flavonoids hold great potential not only in the prevention but also in therapy of a wide variety
of disease conditions. Since the first report on the biological activity of rooibos, an enormous
body of work has revealed that rooibos extracts possess antioxidant, antimutagenic, anti-
inflammatory, anti-diabetic, hepatoprotective, antimicrobial and, above all, cancer-preventive
properties. The following sections will therefore take a detailed look at the various biological
and health-promoting effects that have been shown for rooibos.

9.1. Antioxidant and lipid peroxidation inhibition activities

Although the controlled production of ROS has important physiological roles especially in
energy production, phagocytosis, regulation of cell growth and cellular signalling, a high ROS
production not counterbalanced by cellular antioxidant defense may result in oxidative stress.
As previously mentioned, oxidative stress has been implicated in the pathogenesis of many
disease conditions such as cancer, cardiovascular diseases, atherosclerosis, hypertension,
ischaemia/reperfusion injury, diabetes mellitus, neurodegenerative disorders (Alzheimer’s
and Parkinson’s disease), rheumatoid arthritis and ageing. Rooibos is a potent source of unique
and beneficial phytochemicals, which are thought to contribute to its health benefits. Several
studies have confirmed that rooibos showed antioxidant and lipid peroxidation inhibition
activities both in vitro and in vivo. Extracts of fermented and unfermented rooibos as well as
rooibos flavonoids showed in vitro antioxidant activity by scavenging free radicals [190,194–
199]. Aqueous extracts of fermented rooibos showed in vitro inhibition of lipid peroxidation
in cell membranes using rabbit erythrocyte membrane, rat liver microsome and rat liver
homogenates [196,200], while methanolic extracts of fermented and unfermented rooibos
inhibited microsomal lipid peroxidation [201]. Rooibos was also shown to scavenge alkyl
peroxyl radicals formed during lipid peroxidation [202]. Aqueous and methanolic extracts of
rooibos inhibited peroxyl radical-induced DNA strand scission in a dose-dependent manner,
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with the aqueous extract being less effective compared with the methanolic extract [203].
Treatment with fermented rooibos increased the viability of Chinese hamster fibroblast (V79-4)
cells following H2O2-induced oxidative stress by increasing the activity of antioxidant enzymes
superoxide dismutase (SOD) and catalase (CAT) [204].

The antioxidant effects shown by rooibos in vitro has been confirmed in many experimental
animal model studies. Aqueous rooibos extract administration suppressed age-related
accumulation of lipid peroxides in several regions of the rat brain [205]. Gastric intubation of
luteolin (a flavonoid found in rooibos, at 10-μmol/kg body weight) given 2 hours prior to γ-
ray irradiation suppressed lipid peroxidation in mice bone marrow and spleen [206]. In a study
in vitamin E-deficient rats, dietary supplementation of a freeze-dried hot water extract of
rooibos decreased the level of lipid peroxidation in the liver, lung, small intestine and stomach
of the animals, although the changes were not significant [207].

In the presence of reactive species, GSH is rapidly oxidized to GSSG and in its turn exported
from cells. Intracellular levels of GSH, GSSG or the ratio of GSH:GSSG serve as good indicators
of oxidative stress. The ability of rooibos extracts to inhibit lipid peroxidation and modulate
antioxidant status in different organs and/or tissues has been widely reported. In 2003,
Marnewick et al. [208] reported on the effect that chronic feeding of a 2% (w/v) aqueous extracts
of both fermented and green rooibos had on the modulation of oxidative stress in male Fischer
rats. Consumption of the fermented and green rooibos extract for 10 weeks did not have any
effect on the antioxidant capacity (measured as ORAC) of the liver; however, both extracts
significantly improved the glutathione (GSH) redox status of the liver by reducing the level of
oxidized glutathione (GSSG) and thus increasing the GSH:GSSG ratio significantly. Simulta‐
neously, the rooibos extracts also significantly enhanced the activities of the important hepatic
phase II drug-metabolizing enzymes, glutathione S-transferase alpha and UDP-glucoronosyl
transferase.

Using different models of induced oxidative stress, the effect of rooibos extracts supplemen‐
tation has been reported widely. Fermented rooibos extract given for 10 weeks increased the
antioxidant status of the CCl4-treated rats by increasing α-tocopherol and reducing the liver
concentrations of coenzyme Q while inhibiting the formation of malondialdehyde [209]. A
study by Awoniyi et al. [210] reported that fermented and green rooibos offer a measure of
protection against tert-butyl hydroperoxide (t-BHP)-induced oxidative damage in rat sperm
by increasing the antioxidant defense mechanism and thereby improving sperm motility and
function. The authors concluded that a wide spectrum of polyphenolic compounds present in
rooibos are effective as antioxidants; thus, rooibos could offer a therapeutic effect in the
treatment of infertility. More recent studies in our laboratory have also reported on the ability
of rooibos to inhibit lipid peroxidation and improve the glutathione redox status in the liver
of rats. In one of the studies, male Wistar rats were supplemented with fermented rooibos for
10 weeks, while oxidative stress was induced by intraperitoneal injection of t-BHP in the last
2 weeks. Results from this study showed that rooibos supplementation was able to inhibit lipid
peroxidation by decreasing the elevation in conjugated dienes and malondialdehyde levels
induced by t-BHP. Simultaneously, the fermented rooibos extract also improves the gluta‐
thione redox status by increasing the reduced glutathione (GSH) concentration and invariably
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the GSH/GSSG ratio in the plasma and liver of the rats [211]. In another study, lipopolysac‐
charide (LPS) (Escherichia coli, serotype 0111:B4, 0.5 mg/kg b.w., i.p.) was used as an oxidative
damage inducer in rats pre-fed fermented rooibos for 4 weeks. Results showed that pre-feeding
rooibos inhibited plasma and hepatic formation of malondialdehyde (marker of lipid peroxi‐
dation) and also restored the impairment in glutathione redox status [212]. These studies
showed that rooibos and its constituent polyphenols are effective antioxidants in vivo.
Although the mechanisms by which rooibos offers protection in oxidative stress-induced
conditions are not fully understood, however, we believed that the potential mechanisms by
which this protection is achieved could involve one or more of several different antioxidant
properties exhibited by flavonoids in rooibos. Rooibos polyphenols could be scavenging ROS
directly by binding lipid peroxides or they may act as sacrificial antioxidants to inhibit the
lipid peroxidation cascade. In improving the glutathione redox status, rooibos improved the
antioxidant status of the cell. This effect may result from the ability of flavonoids present in
rooibos to up-regulate the mRNA expression of γ-glutamylcysteine synthetase, the rate-
limiting enzyme in the biosynthesis of glutathione.

9.2. Hepatoprotective effects

Chronic hepatic disease represents one of the foremost health problems worldwide, with liver
cirrhosis and drug-induced liver injury accounting for the ninth leading cause of death in the
western and developing countries [213]. In vitro and in vivo evidence suggests that free radical
damage and oxidative stress contributing to lipid peroxidation is a critical mechanism
implicated in the genesis and progression of different chronic liver diseases. It is a well-known
fact that the available synthetic drug to treat liver disorders might also cause further damage
to the liver [214]. Hence, medicinal plants have become increasingly popular and their use is
widespread.

Hepatoprotective effects of rooibos has been reported in a number of studies. Consumption
of rooibos protected against liver damage by suppressing the observed increase in plasma
activities of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase and bilirubin, and resulted in a histological regression of steatosis and cirrhosis
in the liver of rats challenged with carbon tetrachloride (1 mL/kg, i.p.) twice a week for 10
weeks [215]. Another study from the same laboratory also reported that rooibos supported the
regeneration of rat liver after intoxication with carbon tetrachloride, and this protective effect
was ascribed to the ability of rooibos to inhibit lipid peroxidation in the liver [216].

In a t-BHP-induced hepatotoxicity model study, fermented rooibos consumption by rats
reversed the elevation in serum aminotransferases and lactate dehydrogenase induced by t-
BHP [211]. Histologically, the severe hepatic degeneration, hepatocyte vacuolation as well as
massive lymphocyte and mononuclear cellular aggregation induced by t-BHP were also
reversed. The hepatoprotective effect of rooibos was confirmed in another study by the same
group when they reported on the amelioration of lipopolysaccharide-induced acute liver
injury by a fermented rooibos extract [212]. Based on the result from these studies, the authors
concluded that the hepatoprotective effects shown by fermented rooibos could be ascribed to
a stabilizing effect of rooibos phenolics on the plasma membrane of hepatocytes, as well as the
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repair of damaged hepatic tissues probably brought about by the stimulation of hepatocellular
protein synthesis and accelerated regeneration of the hepatocytes, thus suggesting that rooibos
may be of benefit in the prophylactic management of oxidant-induced liver injuries.

9.3. Anti-diabetic effects

Diabetes is one of the most common global diseases and affects approximately 200 million
people worldwide [217,218], with the figure forecasted to rise to around 300 million people by
2025 [219]. Long-term effects of diabetes include progressive development of specific comple‐
ments such as retinopathy, nephropathy and neuropathy. People with diabetes are also at risk
for cardiovascular, peripheral vascular and cerebrovascular diseases. All these complications
substantially increase the rates of morbidity and mortality associated with the disease and
reduce the quality of life of the diabetic individuals. A chronic disease characterized by
increased blood sugar, diabetes can result from lack of insulin production and/or resistance to
insulin. Insulin resistance alone does not result in the development of type 2 diabetes, and
reports have shown that there must be progressive dysfunction of pancreatic islets, which
disrupt the secretion of glucagon from the α cells and insulin from β cells, leading to uncon‐
trolled hyperglycaemia, for the disease to develop [220].

Experimental evidence suggests the involvement of overproduction of free radicals in the onset
of diabetes and diabetic complications, with oxidative stress proposed as a pathogenic
mechanism linking insulin resistance with the dysfunction of beta cells and endothelium,
impaired glucose tolerance and overt diabetes. β-Cell dysfunction in the diabetic state may
result from a decrease in β-cell mass, and this has been attributed to oxidative stress-induced
apoptosis [221]. The apoptotic state in the β-cells was reported to be triggered by high glucose
concentration (glucotoxicity), possibly due to increased production of ROS. In addition,
evidence has shown that β-cells have very low expression of antioxidant enzymes, making
them more susceptible to oxidative damage [221–223]. Both pancreatic α- and β-cells play vital
roles in the maintenance of normal glucose homeostasis, and studies has shown that abnormal
glucagon secretion is a hallmark of the diabetic state, suggesting that glucose sensing by the
α-cells is also dysfunctional [224,225]. The effect of oxidative stress on α-cells in the diabetic
state is less clear; however, evidence has shown that uncoupling protein 2 (UCP 2), a mito‐
chondrial proton carrier protein, is highly expressed in pancreatic α-cells [225]. A central role
has been suggested for UCP 2 in ROS-mediated injury in the diabetic state, with several reports
indicating that UCP 2 is negatively correlated with the level of ROS generation by respiring
mitochondria [226]. Some authors have reported that in contrast to β-cells, islet α-cells are
resistant to diabetogenic toxins, an observation the authors adduced to the fact that α-cells
displayed high level of catalase expression and activity [227], suggesting that α-cells may be
more resistant to ROS damage. Biomarkers of oxidative damage including malondialdehyde,
F2-isoprostane, protein carbonyls and advanced glycation end products (AGE) are reported
to be elevated in either the plasma, erythrocytes or liver of streptozotocin (STZ)-induced
diabetic rats [228–231], as well as in the plasma or urine of diabetic patients [232–234], giving
further evidence of ROS contribution to the onset, progression and pathological consequence
of diabetes. In addition, the level of cellular non-enzymatic antioxidants such as vitamin E,
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vitamin C and reduced GSH is depleted in different tissues of experimentally induced diabetes
[235,236] and in diabetic patients [234,237–239]. The modulation of the antioxidant enzymes
network in the diabetic state is another indirect evidence in support of the role of oxidative
stress in diabetes and diabetic complications, an effect which has been reported to be highly
variable, depending on the model of diabetes used and the tissue type assessed [240].

Several polyphenol-rich plants and/or plant extracts have been used for controlling diabetes
[241,242]. Polyphenols may affect glycaemia through different mechanisms, including
inhibition of intestinal glucose absorption, increasing glucose transport and metabolism in
muscle and/or stimulating insulin secretion [217,219,243,244]. A report by Johnston et al. [245]
demonstrated that glucose uptake into cells under sodium-dependent conditions was inhib‐
ited by flavonoid glycosides and non-glycosylated polyphenols in polarized Caco-2 intestinal
cells. Under sodium-free conditions, aglycones and non-glycosylated polyphenols inhibited
glucose uptake, whereas glycosides inhibited the active transport of glucose [246].

Investigation into the anti-diabetic properties of rooibos in streptozotocin-induced diabetic
rats showed that the administration of aqueous and alkaline extracts of rooibos to diabetic rats
did not affect markers of diabetic status such as glucose, glycated haemoglobin and fructosa‐
mine; however, biochemical markers characterizing hepatotoxic effects in plasma, advanced
glycation end products (AGEs) and malondialdehyde in plasma and in different tissues of the
diabetic rats were reduced [247]. Previously, an in vitro study by Kinae et al. [248] reported
that a freeze-dried extract of fermented rooibos suppressed the formation of glycated albumin,
including AGEs in a mixture of D-glucose and human serum albumin. Quercetin, a flavonol
found in rooibos in small concentrations, has been shown to mediate the inhibition of the
facilitated diffusion of glucose transporter 2 (GLUT2) in Chinese hamster ovary cells [249].

The hypoglycaemic and anti-diabetic activity of aspalathin (major polyphenol of rooibos) in
type 2 diabetic model db/db mice was demonstrated for the first time in a study by Kawano
et al. [250]. In the study, purified aspalathin from a fermented rooibos extract increased dose-
dependently and significantly the glucose uptake by L6 myotubes at concentrations of 1-100
μM, irrespective of insulin absence and also increased insulin secretion from cultured RIN-5F
cells at 100 μM. Dietary aspalathin (0.1–0.2%, g/kg diet) suppressed the increase in fasting
blood glucose levels for 5 weeks and improved impaired glucose tolerance at 30, 60, 90 and
120 min in db/db mice. The results from this study presented the first evidence of the beneficial
effects of aspalathin on glucose homeostasis in type 2 diabetes, through the stimulation of
glucose uptake in muscle tissues, and insulin secretion from pancreatic β-cells.

In another study, a fermented aqueous extract and an aspalathin-enriched unfermented extract
of rooibos were reported to lower the elevation in blood glucose observed, in an STZ-induced
hyperglycaemic Wistar rat model [251]. The same study also reported that the elevated blood
glucose observed in a diet-induced model of type 2 diabetes in vervet monkeys was lowered
by a fermented aqueous extract of rooibos.

The hypoglycaemic potential of an aspalathin-enriched green rooibos extract, aspalathin, rutin
and an aspalathin–rutin mixture was investigated by Muller et al. [252] in C2C12 myotubules
and STZ-induced diabetic rats. Results from the study showed that the enriched green rooibos
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μM, irrespective of insulin absence and also increased insulin secretion from cultured RIN-5F
cells at 100 μM. Dietary aspalathin (0.1–0.2%, g/kg diet) suppressed the increase in fasting
blood glucose levels for 5 weeks and improved impaired glucose tolerance at 30, 60, 90 and
120 min in db/db mice. The results from this study presented the first evidence of the beneficial
effects of aspalathin on glucose homeostasis in type 2 diabetes, through the stimulation of
glucose uptake in muscle tissues, and insulin secretion from pancreatic β-cells.

In another study, a fermented aqueous extract and an aspalathin-enriched unfermented extract
of rooibos were reported to lower the elevation in blood glucose observed, in an STZ-induced
hyperglycaemic Wistar rat model [251]. The same study also reported that the elevated blood
glucose observed in a diet-induced model of type 2 diabetes in vervet monkeys was lowered
by a fermented aqueous extract of rooibos.

The hypoglycaemic potential of an aspalathin-enriched green rooibos extract, aspalathin, rutin
and an aspalathin–rutin mixture was investigated by Muller et al. [252] in C2C12 myotubules
and STZ-induced diabetic rats. Results from the study showed that the enriched green rooibos
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extract induced a dose–response increase in glucose uptake on C2C12 myotubules; aspalathin
was effective at 1, 10 and 100 μM while rutin was effective at 100 μM. In STZ-induced diabetic
rats, the aspalathin-enriched rooibos extract and the aspalathin–rutin mixture but not the
single compounds separately reduced blood glucose concentrations, indicating that the
hypoglycaemic effect may be due to synergistic interactions of polyphenols present in rooibos.
Using a similar in vitro approach in C2C12 muscle cells, Mazibuko et al. [253] reported that an
aspalathin-enriched green rooibos extract and an aqueous extract of fermented rooibos
ameliorate palmitate-induced insulin resistance, with both extracts increasing glucose uptake,
mitochondrial activity and ATP production. Further studies from the same group revealed
that fermented rooibos extract has a potential for preventing obesity by inhibiting adipogenesis
in differentiating 3T3-L1 adipocytes [254] and also showed cardioprotective effect in isolated
cardiomyocytes derived from diabetic rats, subjected to experimentally-induced oxidative
stress and ischaemia [255].

Vascular inflammation induced by high glucose is key in the initiation and progression of
arthrosclerosis, a major diabetic complication. In another study investigating the benefit of
rooibos in the treatment of diabetic complications, Ku et al. [256] assess whether aspalathin
and nothofagin can suppress vascular inflammation induced by high glucose in human
umbilical vein endothelial cells (HUVECs) and mice. Results from the study showed that
aspalathin and nothofagin inhibited high glucose-mediated vascular permeability, adhesion
of monocytes towards HUVEC and expression of cell adhesion molecules and suppressed ROS
formation and nuclear factor-кβ (NF-кβ) activation in vitro and in vivo.

Although these studies strongly suggest that rooibos and its polyphenols effect their antidia‐
betic potential through multiple modes of action, some authors have suggested that because
rooibos and/or aspalathin are capable of scavenging intracellular reactive oxygen species
(ROS), the anti-diabetic potential of rooibos may be due to its antioxidative function, which
may be involved in the activation of insulin-stimulated glucose uptake, and hence the
modulation of glucose homeostasis [257].

9.4. Antimutagenic, antitumourigenic and anti-carcinogenic effects

The increasing mortality and morbidity arising from various cancers worldwide have made
the search for an alternative strategy (such as the use of bioactive components from plants) in
the prevention and management of cancers very imperative. Results from studies in recent
decades have shown that bioactive compounds from plants have important roles in the
prevention, and reducing the risks of chronic diseases, including cancer [258,259]. The
beneficial effects shown by these compounds are attributed, among others, to their antioxidant
and free radical-scavenging ability.

Rooibos is a rich and unique source of polyphenols, and the polyphenols present in rooibos
being powerful antioxidants may play important roles in the prevention of cancer by reducing
damage to DNA in the cell, and modulating the promotion of cancer. Several studies have
demonstrated the in vitro antimutagenic properties of both fermented and unfermented
rooibos extracts using various test systems. Fermented aqueous rooibos extract (3.33%, w/v)
significantly suppressed the number of chromosomal aberrations in Chinese hamster ovary
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cells induced by benzo[a]pyrene (BaP) and mitomycin C (MMC) in the presence or absence of
rat liver microsomal enzymes (S9). The clastogen-suppressing effect was obtained when cells
were exposed to rooibos before and/or after mutagen treatment [260]. Aqueous extract of
rooibos (2–10% of extract) suppressed oncogenic transformation of mouse fibroblast cells
subjected to X-ray-induced transformation in a dose-dependent manner [261]. In another
study, the effect of different concentrations of a fermented rooibos extract included in the
culture medium, on growth and changes of growth parameters of cultured chick embryonic
skeletal muscle cells, was investigated. It was discovered that the rooibos extract significantly
inhibited cell proliferation as reflected by decreased DNA, RNA and protein contents in
primary cell cultures of fibroblasts and myoblasts, in a dose-dependent manner [262]. The in
vitro antimutagenic property of rooibos was further investigated by Marnewick et al. [189].
Both fermented and unfermented rooibos extracts (5% and 10%, w/v) were significantly
effective against 2-acetylaminofluorene (2-AAF) and aflatoxin B1 (AFB1)-induced mutagenesis
in the Salmonella typhimurium mutagenicity assay (tester strain TA98 and TA100) in the
presence of metabolic activation with S9. However, poor inhibitory effects against the direct-
acting mutagens, methyl methanesulphonate, cumene hydroperoxide and H2O2 using tester
strain TA102, were observed. Further studies using the same Salmonella assay revealed that
fermented rooibos exhibited a higher antimutagenic activity than unfermented rooibos against
both AFB1 and 2-AAF, although antimutagenic activity of both rooibos extracts was compa‐
rable to that of an extract prepared from Camellia sinensis [263]. Using genetically engineered
V79 Chinese hamster fibroblasts that expressed human CYP1A2, N(O)-acetyltransferase
(hNAT2*4) and sulphotransferase (hSULT1A1*1), Platt et al. [264] showed that rooibos
moderately protects against the genotoxicity of 2-amino-3-methylimidazo(4,5-f)quinoline (IQ)
and the protection shown was comparable to that shown by green and black teas. In another
study, aqueous extracts of unfermented rooibos inhibited cell proliferation of human oeso‐
phageal cancer cells (WHCO5) by affecting energy (ATP) production [265]. The antimutagenic
properties of the most prevalent flavonoids in rooibos (aspalathin and nothofagin) and their
flavone derivatives were investigated by Snijman et al. [266]. The results showed that aspala‐
thin, nothofagin and their structural flavonoid analogues displayed moderate antimutagenic
properties, while luteolin and to some extent chrysoeriol showed activities comparable to those
of the green tea flavonoids, EGCG. In the same study, quercetin and isoquercetin exhibited
antimutagenic, pro-mutagenic and mutagenic effects in the presence or absence of metabolic
activation.

The in vitro antimutagenic potential of rooibos extracts has been substantiated by several
animal model experiments. Intraperitoneal injection of fermented rooibos extract (1 mL of
0.1%, w/v) 6 h prior to MMC treatment reduced the induction of micronucleated reticulocytes
(MNRETs) in peripheral blood of ICR male mice [260]. The ex vivo antimutagenic potential of
fermented and unfermented rooibos was established in a 10-week rooibos feeding study in
male Fischer rats. It was discovered that liver cytosolic fractions from rats consuming fer‐
mented and unfermented rooibos protected against AFB1-induced mutagenesis in the
Salmonella typhimurium assay with tester strain TA100. However, only liver cytosolic fraction
from rats fed the unfermented rooibos showed protection against 2-AAF-induced mutagenesis
in the same assay with tester strain TA98 [267]. In addition, the activation potential of hepatic
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microsomal preparations from rats consuming rooibos was evaluated in the study, with
rooibos reducing the activation of AFB1, but not that of 2-AAF.

The antitumourigenic activity of rooibos was established in a two-stage mouse skin carcino‐
genesis assay. Topical application of ethanol/acetone soluble fractions of fermented and
unfermented rooibos prior to tumour promotion with 12-O-tetradecanoylphorbol-13-acetate
(TPA) on ICR mouse skin initiated with 7,12-dimethylbenz(a)anthracene (DMBA) significantly
reduced the number and size of tumours per mouse, as well as delayed tumour development
[201]. More recently, a study in female SKH-1 hairless mice showed that the topical application
of polyphenol-rich extracts of fermented and unfermented rooibos, prior to ultraviolet B-
induced tumour promotion and after DMBA-initiated skin cancer, reduced the number of
tumours per mouse by 91.39% and 75.37%, respectively, and also the tumour volume by 97.28%
and 90.74%, respectively [268]. Another study related to tumour promotion in mouse skin
showed that the expression of cyclooxygenase-2 (COX2) in ICR mouse skin by TPA was
significantly reduced by a methanolic extract of fermented rooibos (60, 300, 600 μg, topically
applied prior to TPA exposure) [269]. A recent study, which monitored the cancer-modulating
properties of hot water extracts of fermented and unfermented rooibos in a liver carcinogenesis
model against fumonisin B1 (FB1) promotion in male Fischer rat using diethylnitrosamine as
cancer initiator, showed that unfermented rooibos was more protective against FB1-induced
cancer promotion, by significantly reducing the total number and size of pre-neoplastic foci
staining positively for the placental form of γ-glutamyl transferase in the liver, presumably by
arresting their growth [270]. A similar study investigated the protective effect of rooibos
against methylbenzylnitrosamine-induced oesophageal cancer in male Fischer rats and
reported that fermented and unfermented rooibos significantly reduced the number and size
of papillomas, with rats drinking unfermented rooibos failing to develop larger papillomas
[265,271]. Results from these studies suggest that rooibos could be developed as a nutraceutical
for the chemoprevention of liver and oesophageal cancer.

9.5. Anti-inflammatory effects

Inflammation plays an important role in various diseases, such as rheumatoid arthritis,
atherosclerosis and cardiovascular diseases, type 2 diabetes and cancers, which all show a high
prevalence globally. Since ancient times, in various cultures worldwide, inflammatory
disorders and related diseases have been treated with plants or plant-derived formulations,
and the anti-inflammatory activity of several plant extracts and isolated compounds has been
demonstrated scientifically [272]. A possible explanation for these anti-inflammatory effects
of plant extracts may be found in the interplay between oxidative stress and inflammation.
ROS are involved not only in the occurrence of oxidative stress but also in the promotion of
inflammatory processes via activation of transcription factors such as NF-кβ and activator
protein (AP)-1, which induce the production of cytokines like TNF-α [273,274].

Scientific studies reporting on the possible anti-inflammatory effects of rooibos and/or its
flavonoids are sparse. A study in Japan reported that unfermented rooibos extract (1.6%,
w/v) administration as the only source of drinking fluid for 8 weeks reduced inflammation in
dextran sodium sulphate (DSS)-induced colitis rats via an increased antioxidant activity [275].
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There was a significant increase in serum SOD and urine 8-hydroxy-2´deoxyguanosine levels
in rooibos rats compared to the control and the DSS rats. Based on these findings, the authors
concluded that rooibos may prevent DNA damage and inflammation by its antioxidative
activity in vivo. The anti-inflammatory activity of a rooibos tea extract in DMSO (0.5 mg/mL)
and two of its flavonoids (luteolin and quercetin) was investigated, together with that of other
herbal extracts, in a study using a lipopolysaccharide-stimulated macrophage model. The
study results revealed that incubation with a rooibos extract (0.5 mg/mL) significantly reduced
the secretion of the pro-inflammatory cytokine, IL-6, by at least 25% and marginally reduced
the expression of inducible nitric oxide synthase (iNOS). However, the secretion of the anti-
inflammatory cytokine, IL-10, was also reduced [272]. In the same study, rooibos flavonoids
luteolin and quercetin at concentrations of 50 and 100 nM reduced the secretion of IL-6 and
TNF-α, while also inhibiting the expression of cyclooxygenase 2 (COX-2) and iNOS.

More recent studies in our laboratory has shown that fermented rooibos extract shows anti-
inflammatory effect by suppressing lipopolysaccharide-triggered inflammatory response. In
the liver, fermented rooibos consumption suppressed the elevation in pro-inflammatory
cytokines, TNF-α and IL-6 [212], while increasing the plasma level of anti-inflammatory
cytokine, IL-10 [276]. Lee and Bae [277] investigated the anti-inflammatory effects and
underlying mechanisms of aspalathin and nothofagin against LPS-mediated vascular inflam‐
matory responses in HUVECs and mice. Results from this study showed that both compounds
possess anti-inflammatory functions in vitro by inhibiting LPS-induced barrier disruption,
expression of cell adhesion molecules (CAMs) and adhesion/transendothelial migration of
neutrophils to endothelial cells, as well as hyper-permeability and leukocyte migration in
vivo. Furthermore, treatment with each compound ameliorated LPS-induced lethal endotox‐
aemia and suppressed the production of TNF-α, IL-6 and activation of nuclear factor-кβ (NF-
кβ) or extracellular regulated kinases (ERK) 1/2. These studies demonstrated that rooibos and
its major flavonoids may contribute to the reduction of inflammation and be preventive against
related diseases.

9.6. Human studies

Reports examining the health benefits of rooibos in humans have been scarce and limited.
However, various health-promoting effects, including antioxidant and oxidative stress
modulation, inhibition of postprandial oxidative stress, inhibition of angiotensin-converting
enzymes (ACEs), lipid profile modulation, promotion of hair growth and anti-wrinkle activity,
among others, have been reported for rooibos in humans.

The first human study with rooibos was conducted by Hesseling et al. [278], when they studied
the effects of rooibos compared with black tea and water on iron absorption in 30 healthy young
men. The study revealed that rooibos consumption (200 mL for 14 days) did not have a
deleterious effect on the iron status parameters, such as haemoglobin, ferritin, transferrin,
serum iron and iron-binding capacity, compared with the control group taking water. A more
recent parallel intervention study, involving 175 primary school children in South Africa,
revealed that the consumption of 200-mL servings of rooibos twice daily for 16 weeks did not
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have any adverse effects on the iron status parameters including serum ferritin, transferrin,
the total iron-binding capacity and the transferrin saturation [279].

A study to test the potential antihistaminic effects of rooibos was conducted in seven patients
diagnosed with either asthma or hay fever. Ingestion of fermented rooibos or topical applica‐
tion of a rooibos poultice did not produce any anti-allergenic activities [280]. The dermato‐
logical potential of rooibos was demonstrated in a study that revealed the consumption of a
diluted infusion of rooibos at least once a week is beneficial to patients with dermatological
diseases. In this study, rooibos consumption decreased the incidence of recurrent Herpes
simplex and human papilloma virus infection, while patients with atopic dermatitis were
successfully treated, resulting in a decrease in itching sensation. In addition, rooibos con‐
sumption inhibited the infiltration of neutrophils associated with Behcet’s disease, Psoriasis
vulgaris and Acne pustulosa [281]. The anti-wrinkle activity of rooibos was demonstrated in a
recent study, when a commercial extract of a rooibos blend with Camelia sinensis extract was
topically applied to female skin. Results obtained from the study indicated that the extract
reduced skin wrinkles by 10%; however, no effect was shown on skin smoothness, roughness
and scaliness [282]. Also, Glynn [283] demonstrated that a blend of botanical extracts contain‐
ing unfermented rooibos, when topically applied to male, promoted hair growth by increasing
hair density, number of anagen follicles and hair growth rate.

Sauter [284] investigated the effect of an aspalathin-enriched extract of unfermented rooibos
(15% aspalathin) on the plasma antioxidant status of 20 subjects who were given an oral dose
(250 mg/tablet) twice daily for 14 days with diet restrictions to ensure low flavonoid intake
during the study period. Rooibos consumption did not show any effect on the antioxidant
status biomarkers monitored, except a slight decrease in the antioxidant status when the
xanthine/xanthine oxidase assay was used. In another study, the effect of unfermented rooibos
consumption on the antioxidant status of workers who were occupationally exposed to lead
was investigated in a randomized placebo-controlled 8-week intervention trial. The study
monitored the indices of lead exposure (blood lead (PbB), erythrocyte porphyrins (EPs) and
delta-aminolevunilic acid dehydratase (ALAD)) and antioxidant status markers (SOD, GSH
and MDA) in the erythrocytes and plasma. Rooibos consumption did not have any effect on
the mean blood lead and erythrocyte porphyrin levels (lead exposure status), but there was a
modulation of antioxidant status of the lead-exposed workers as shown by the decreased MDA
levels and increased SOD activity and GSH levels in the plasma and erythrocytes of these
factory workers [285]. More recently, a study by Francisco [286] showed that fermented rooibos
consumption modulated postprandial glycaemia, lipaemia and oxidative stress in healthy
subjects after an intake of a standardized fat meal. Consumption of rooibos by the subjects
improved their redox status by increasing the total GSH and significantly lowering the level
of conjugated dienes and TBARS after 6 hours. Further, the levels of total cholesterol, LDL
cholesterol and triacylglycerol as well as high sensitive C-reactive proteins (hs-CRP) were all
decreased in the same study. Guerreiro et al. [287] revealed that the consumption of a rooibos
infusion with added glucose (25 g) did not change the glycaemic response when compared to
the reference solution (water with 25 g of glucose) after 2 hours in a Caucasian population of
young male and female adults aged 17–24 years, showing that rooibos is a healthy beverage
for obese and diabetic patients. An acute, cross-over design intervention study involving 15
healthy volunteers consuming 500 mL of either water or fermented or unfermented rooibos
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showed that the plasma antioxidant capacity using the TRAP assay increased significantly
with both rooibos extracts, reaching a peak 1 hour post consumption. No change in triacyl‐
glycerol, cholesterol or uric acid levels was observed with any of the treatments, while a
transitory increase in glycaemia observed at 30 minutes was linked to a glucose upload [288].
Marnewick et al. [289] showed that the consumption of six cups of fermented rooibos herbal
tea for 6 weeks improved the blood-lipid profile and reduced oxidative stress by decreasing
lipid peroxidation and improving the redox status (GSH:GSSG) of adults at risk of CVDs. This
study provided the first clinical evidence in humans of the ability of rooibos to modulate
oxidative stress in adults at risk for developing heart disease.

A recent randomized, three-phase cross-over study investigated the effect of green tea, black
tea and rooibos on the activity of the angiotensin-converting enzyme (ACE) and nitric oxide
(NO) level in healthy volunteers. Study subjects received a single oral dose of 400 mL green
tea, black tea or rooibos, with the activity of ACE and NO concentration measured at 0, 30, 60
and 180 minutes. The oral intake of a single dose (400 mL) of rooibos significantly inhibited
ACE activity after 30 and 60 minutes, while no significant modulation was seen for green and
black teas. When subjects were divided into subgroups according to ACE genotype, those with
genotype II and ID showed significant inhibition of ACE activity after intake of rooibos.
Rooibos consumption did not have any effect on NO concentration, blood pressure and heart
rate [290]. The results of this study are highly significant, since ACE inhibitors are the first-line
treatment of hypertension and thus common drugs used for cardiovascular diseases, suggest‐
ing that rooibos may have antihypertensive and cardiovascular effects through the inhibition
of ACE activity.

9.7. Adverse reactions and/or toxicity

Although there is no evidence of any toxicological study that have been conducted for rooibos,
however, a number of studies have addressed aspects of safety and toxicity. A widely used
measure of safety of medicinal and plant extracts in literature is to determine their effect on
serum levels of liver and kidney function markers. Increased serum levels of alanine amino‐
transferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and lactate
dehydrogenase (LDH) are used as surrogate markers for hepatic injury. Animal studies from
our laboratory and elsewhere have shown that the consumption of unfermented and ferment‐
ed rooibos as the sole source of drinking fluid over different lengths of time did not cause any
adverse effect regarding body weight, liver weight or liver and kidney parameters including
serum transaminases, alkaline phosphatase, creatinine, total and unconjugated bilirubin, total
protein, total cholesterol or iron status [208,211,212,215,216,247]. Results from the first human
intervention study also demonstrated the first scientific proof for human safety of rooibos
consumption, as none of the participants reported any adverse effect and the clinical pathology
results (ALT, AST, GGT, ALP, LDH, creatinine, bilirubin, glucose and protein) were all within
the reference range [289]. The observations from these studies become all the more important,
especially with recent cases of possible adverse hepatic effects of rooibos. Sinisalo et al. [291]
reported a case of a 42-year-old patient diagnosed with a low-grade B-cell malignancy,
Waldenstrom’s macroglobulinaemia, 6 years earlier, who temporarily experienced elevated
liver enzymes after consuming relatively large amounts of rooibos. The study reaffirms the
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showed that the plasma antioxidant capacity using the TRAP assay increased significantly
with both rooibos extracts, reaching a peak 1 hour post consumption. No change in triacyl‐
glycerol, cholesterol or uric acid levels was observed with any of the treatments, while a
transitory increase in glycaemia observed at 30 minutes was linked to a glucose upload [288].
Marnewick et al. [289] showed that the consumption of six cups of fermented rooibos herbal
tea for 6 weeks improved the blood-lipid profile and reduced oxidative stress by decreasing
lipid peroxidation and improving the redox status (GSH:GSSG) of adults at risk of CVDs. This
study provided the first clinical evidence in humans of the ability of rooibos to modulate
oxidative stress in adults at risk for developing heart disease.

A recent randomized, three-phase cross-over study investigated the effect of green tea, black
tea and rooibos on the activity of the angiotensin-converting enzyme (ACE) and nitric oxide
(NO) level in healthy volunteers. Study subjects received a single oral dose of 400 mL green
tea, black tea or rooibos, with the activity of ACE and NO concentration measured at 0, 30, 60
and 180 minutes. The oral intake of a single dose (400 mL) of rooibos significantly inhibited
ACE activity after 30 and 60 minutes, while no significant modulation was seen for green and
black teas. When subjects were divided into subgroups according to ACE genotype, those with
genotype II and ID showed significant inhibition of ACE activity after intake of rooibos.
Rooibos consumption did not have any effect on NO concentration, blood pressure and heart
rate [290]. The results of this study are highly significant, since ACE inhibitors are the first-line
treatment of hypertension and thus common drugs used for cardiovascular diseases, suggest‐
ing that rooibos may have antihypertensive and cardiovascular effects through the inhibition
of ACE activity.

9.7. Adverse reactions and/or toxicity

Although there is no evidence of any toxicological study that have been conducted for rooibos,
however, a number of studies have addressed aspects of safety and toxicity. A widely used
measure of safety of medicinal and plant extracts in literature is to determine their effect on
serum levels of liver and kidney function markers. Increased serum levels of alanine amino‐
transferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and lactate
dehydrogenase (LDH) are used as surrogate markers for hepatic injury. Animal studies from
our laboratory and elsewhere have shown that the consumption of unfermented and ferment‐
ed rooibos as the sole source of drinking fluid over different lengths of time did not cause any
adverse effect regarding body weight, liver weight or liver and kidney parameters including
serum transaminases, alkaline phosphatase, creatinine, total and unconjugated bilirubin, total
protein, total cholesterol or iron status [208,211,212,215,216,247]. Results from the first human
intervention study also demonstrated the first scientific proof for human safety of rooibos
consumption, as none of the participants reported any adverse effect and the clinical pathology
results (ALT, AST, GGT, ALP, LDH, creatinine, bilirubin, glucose and protein) were all within
the reference range [289]. The observations from these studies become all the more important,
especially with recent cases of possible adverse hepatic effects of rooibos. Sinisalo et al. [291]
reported a case of a 42-year-old patient diagnosed with a low-grade B-cell malignancy,
Waldenstrom’s macroglobulinaemia, 6 years earlier, who temporarily experienced elevated
liver enzymes after consuming relatively large amounts of rooibos. The study reaffirms the
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excellent safety record of rooibos and concluded that the contamination of the rooibos herbal
tea by some hepatotoxic compound, genetic predisposition and/or diseased state of the patient
to react adversely to one of the many bioactive components in rooibos may be responsible for
the effect. A very recent study also reported a case of acute hepatitis and liver failure associated
with daily ingestion of rooibos and buchu herbal tea in a 52-year-old man with a history of
hyperlipidaemia and stage III chronic kidney disease secondary to IgA nephropathy [292].
These two reports underlined the fact that further study still needs to be done on the safety of
rooibos consumption in humans despite the excellent safety record of the tea to date, and also
draw attention to the health status of the individual being very important when considering
supplementation with dietary antioxidants.

10. Conclusion and future research directions

The attractiveness and use of naturally occurring compounds including those derived from
fruits, vegetables and herbs as potential chemopreventive and chemotherapeutic agents have
become a fascinating strategy, and from the various studies reviewed here, it is evident that
rooibos and/or its polyphenols hold great potential not only in the prevention but also in
therapy of a wide variety of oxidative stress-induced conditions. Since the first report on the
biological activity of rooibos, an enormous body of work has revealed that rooibos extracts
possess antioxidant, antimutagenic, anti-inflammatory, anti-diabetic, antimicrobial and, above
all, cancer-preventive properties. However, most of the studies have been done in vitro, with
ex vivo, in vivo and human trials still limited. This review strongly advocates a shift in focus
from in vitro studies to animal and human studies, with future research aimed at defining the
actual magnitude of health benefits, establishing a safe range of rooibos tea consumption
associated with these benefits (if toxicity is discovered) and elucidating the mechanisms of
action in order to predict its efficacy. In addition, definitive conclusions concerning the health
benefits of rooibos consumption must come from well-designed observational epidemiological
studies and clinical intervention trials. For rooibos and/or its flavonoids to have beneficial
effects in vivo, they have to be absorbed and metabolized in such a way that they can reach
and target specific sites. Therefore, more studies are needed to focus on rooibos bioavailability,
as well as dose–response effects and pharmacokinetic profiling of the hypothetic active
metabolites. Studies analysing the effect of rooibos extract in order to follow the synergistic
bioactivity of the different flavonoids present in rooibos are also necessary.
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Abstract

This chapter intends to present the physiological and biochemical mechanisms by
which exercise induces the appearance of oxidative stress, as well as the characteristics
of the physical exercise that involve the appearance of oxidative stress in the human
organism.

On the other hand, in this chapter are also presented antioxidant defenses that are
magnified with physical exercise and the mechanisms of action, as well as other types
of antioxidant defenses that can be incorporated to the body to increase the total
antioxidant capacity.

The understanding of possible mechanisms associated with physiological responses
that explain how exercise increases oxygen toxicity, and the design of appropriate
measures to minimize this toxicity, are critical to:

1) Increase the effectiveness of the exercise as a preventive and therapeutic tool in
clinical practice.

2) Control the exercise-induced tissue damage.

Oxidative stress is a situation in which the cells are exposed to pro-oxidant agent and
antioxidant defense mechanisms are exceeded, affecting the cellular redox state. This
fact occurs during and/or at a high intensity exercise phase.

The knowledge of how the antioxidants interact provides rational bases to develop
nutritional strategies to confront the progress in exercise activities and the health
maintaining in amateur and professional subjects.
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1. Introduction

The beneficial effects of regular non-exhaustive physical exercise have been known for a long
time. Exercise is part of the treatment of common diseases such as diabetes mellitus or coronary
heart disease. It improves plasma lipid profile, increases bone density, and helps to lose weight.
However, the benecial effects of exercise are lost with exhaustive exercise and with a lack of
training. Some of this damage is due to the production of free radicals. Exhaustive exercise
causes muscle damage and inflammation, producing free radicals (Fig 1). Phagocytes, such as
neuthrophyls, located in the inflamed area may all contribute to free radical production.

As a consecuence, oxidative stress occurs. Oxidative stress is a disturbance in the prooxidant-
antioxidant balance in favor of the former, giving an overproduction of free radicals, causing
insuffucient antioxidant defenses.

Exercise increases energy demands, increasing the oxygen consumption 10–20 times (200 times
in active muscles). It is well known that one of the forms of radical production during exercise
is due to a leak in the mitochondrial electron transport chain (ETC). Molecular oxygen typically
reacts with species generated by single electron transfer. In such reactions, molecular oxygen
is reduced by one electron to form a superoxide radical (O2

- ).

Free radicals are chemical compounds produced in cells in a wide range of processes by
reactive species oxygen (ROS) (superoxide, hidroxile, alcoxile, peroxile, hydrogen peroxide)
and nitrogen (nitric oxide, nitrogen dioxide, peroxinitrile). Free radicals are widely thought to
be of cardinal importance in effecting both the damage and the adaptation that accompany
significant physical activity or exercise. They are reactive prooxidant agents to carbohydrates,
proteins, and lipids

Submaximal long-duration exercise training may augment the physiological antioxidant
defenses in several tissues. Antioxidant defenses can be enzimatic (SOD, GPx, and catalase)
and non-enzimatic (glutation, vitamin C and E, carotenoids, lipoic acid, transferrine, and
polyphenols).

The effect of antioxidant suplementation (vitamin C, vitamin E, carotenoids, polyphenols, etc.)
in the oxidative stress during the exercise has been demonstrated. Within antioxidants,
flavonoids are the most important polyphenolic compounds found in rich abundance in all
land plants. Flavonoids often exhibit strong antioxidant properties due to its ability to trap free
radicals. Furthermore, it is currently unclear whether regular vigorous exercise increases the
need for dietary intake of antioxidants. Clearly, additional research that analyzes the antioxi‐
dant requirements of individual athletes is needed. This controversy may be due to different
reasons: age and sex, training methods, differences in biomaker analysis methods, etc.

Chronic exercise also leads to the upregulation of the body's antioxidant defence mechanism,
which helps minimize the oxidative stress that may occur after an acute bout of exercise. Recent
studies show a beneficial role of the reactive species, produced during a bout of exercise, that
lead to important training adaptations: angiogenesis, mitochondria biogenesis, and muscle
hypertrophy. The adaptations occur depending on the mechanic, and consequently biochem‐

Basic Principles and Clinical Significance of Oxidative Stress222



1. Introduction

The beneficial effects of regular non-exhaustive physical exercise have been known for a long
time. Exercise is part of the treatment of common diseases such as diabetes mellitus or coronary
heart disease. It improves plasma lipid profile, increases bone density, and helps to lose weight.
However, the benecial effects of exercise are lost with exhaustive exercise and with a lack of
training. Some of this damage is due to the production of free radicals. Exhaustive exercise
causes muscle damage and inflammation, producing free radicals (Fig 1). Phagocytes, such as
neuthrophyls, located in the inflamed area may all contribute to free radical production.

As a consecuence, oxidative stress occurs. Oxidative stress is a disturbance in the prooxidant-
antioxidant balance in favor of the former, giving an overproduction of free radicals, causing
insuffucient antioxidant defenses.

Exercise increases energy demands, increasing the oxygen consumption 10–20 times (200 times
in active muscles). It is well known that one of the forms of radical production during exercise
is due to a leak in the mitochondrial electron transport chain (ETC). Molecular oxygen typically
reacts with species generated by single electron transfer. In such reactions, molecular oxygen
is reduced by one electron to form a superoxide radical (O2

- ).

Free radicals are chemical compounds produced in cells in a wide range of processes by
reactive species oxygen (ROS) (superoxide, hidroxile, alcoxile, peroxile, hydrogen peroxide)
and nitrogen (nitric oxide, nitrogen dioxide, peroxinitrile). Free radicals are widely thought to
be of cardinal importance in effecting both the damage and the adaptation that accompany
significant physical activity or exercise. They are reactive prooxidant agents to carbohydrates,
proteins, and lipids

Submaximal long-duration exercise training may augment the physiological antioxidant
defenses in several tissues. Antioxidant defenses can be enzimatic (SOD, GPx, and catalase)
and non-enzimatic (glutation, vitamin C and E, carotenoids, lipoic acid, transferrine, and
polyphenols).

The effect of antioxidant suplementation (vitamin C, vitamin E, carotenoids, polyphenols, etc.)
in the oxidative stress during the exercise has been demonstrated. Within antioxidants,
flavonoids are the most important polyphenolic compounds found in rich abundance in all
land plants. Flavonoids often exhibit strong antioxidant properties due to its ability to trap free
radicals. Furthermore, it is currently unclear whether regular vigorous exercise increases the
need for dietary intake of antioxidants. Clearly, additional research that analyzes the antioxi‐
dant requirements of individual athletes is needed. This controversy may be due to different
reasons: age and sex, training methods, differences in biomaker analysis methods, etc.

Chronic exercise also leads to the upregulation of the body's antioxidant defence mechanism,
which helps minimize the oxidative stress that may occur after an acute bout of exercise. Recent
studies show a beneficial role of the reactive species, produced during a bout of exercise, that
lead to important training adaptations: angiogenesis, mitochondria biogenesis, and muscle
hypertrophy. The adaptations occur depending on the mechanic, and consequently biochem‐

Basic Principles and Clinical Significance of Oxidative Stress222

ical, stimulus within the muscle. This is a new area of study that promises important findings
in the sphere of molecular and cellular mechanisms involved in the relationship between
oxidative stress and exercise.

Healthy exercise is being done on a regular basis (several days a week) at a moderate intensity
so that the human body in its capacity for homeostatic adaptation (with this type of exercise)
increases the physiological antioxidant defenses (enzyme systems such as glutathione
peroxidase, catalase, superoxide dismutase), and will offset the appearance of oxidizing
species upon exercise (radical and non-radical) with this increased enzyme activity; however,
the exercise leads to an increase in the oxidative body state. When more oxidizing species are
generated, the body can counteract the so-called oxidative stress, which appears to be unheal‐
thy. If the body does not sufficiently increase the physiological antioxidant defense, it is
necessary to provide these through dietary antioxidants such as those included in fruits and
vegetables.

Brites et al. (1999) observed an increase in plasma levels of low molecular weight antioxidants
(ascorbic acid, uric acid, and α-tocopherol) in a group of trained players to sedentary controls.
This increase can be attributed to a mobilization of these antioxidants from tissues into plasma,
which would justify the improvement of the total plasma antioxidant status with training.

It would actually be very convenient for researchers, clinicians, coaches, etc. if optimal levels
for relevant parameters would be decided and are available, but to date, and for a number of
reasons, there are no clear data, such as definite reference intervals. The best practice seems to
be thefrequent monitoring, comparison of the individualized values, and relative assessment
of the training settings.

The optimal response to training would be the achievement of the relevant adaptations, such
as the enhancement of the antioxidant capacity and the subsequent health improvement. Well-
designed exercise training is regarded as a preferred way to attain these benefits.

2. Free radicals and exercise

Free radicals during exercise can be formed by different sources [1]:

1. It may be due to an electron leak in the mitochondrial ETC on the ubiquinone-citocrome
b, giving superoxide radical anion (O2

•-). In this reaction, hydrogen ions and electrons are
transported by the electron transporter to the oxygen giving water as final product.

+ -
2 24H + 4e + O 2H O®

The ETC releases energy and resynthesized ATP in associated reactions. The transport of one
electron pair produces enough energy to resynthesize an average of three ATP moles. A total
of 12 electron pairs are produced by 180 g of glycogen degradation, producing 36 ATP moles.
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Therefore, during aerobic metabolism, the major part of the 36 ATP moles are resynthesized
in the ETC.

Due to the increasing O2 consumed during the exercise (10–20 times) and considering the flow
of O2 in the muscle is 10 times higher [2], the production of superoxide radical anions (O2

•-) is
equally increased. The superoxide ions' consequent reactions produce other ROS, hydrogen
peroxide (H2O2), and hidroxile radical (OH-) [1].

The muscle contraction is connected with the generation of ROS [3] and the consequent muscle
fatigue [4].

The prolonged reduction of the strength muscle is probable due to the muscle damage
produced by the superoxide radical after the exercise. After exercising, neuthrophils produce
ROS, causing the inflammatory response [5]. Neutrophils are the predominant phagocytes of
circulating blood, and they are the first cells to arrive at sites of infection. ROS produced during
the exercise favor the neutrophils' muscle infiltration, promoting the increase of vascular
permeability.

The interaction with the vascular endothelium is produced through membrane receptors:
adhesion molecule interleukocyte and leukocyte endothelial adhesion molecule. It has been
demonstrated that body temperature increase the leukocytes adhesion to the endothelial cells
causing cellular damage. Moderate exercise increases cellular respiration and high intensity
exercise tends to suppress cellular respiration [6].

It has been recently demonstrated that the neuthrophils activation factor is induced by the
gram-negative lipopolysaccharide. The activation of the leukocytes have toxic effects such as
proteinases release, ROS, and ecosanoids.

The stimulation of xantine-oxidase located in endothelial cells during the ischemia reperfusion
also produces superoxide radicals. In this reaction, oxygen penetrates the cells producing urate
and superoxide radicals with high toxicity [7].

Superoxide radicals stimulate the neuthrophils activation, increasing leukocyte activity in
different organs, causing damaged tissues.

Another endogenic form to obtain superoxide radicals is the peroxidation of araquidonic acid,
which activates lipoxigenase and ciclooxigenase rutes [8]. It is important to consider that ROS
also have beneficial biological effects [9].

The production of septic shock produces nitric oxide derived from L-arginine. This compound
is generate in nervous cells and hepatocytes stimulated by citoquines and leukocytes giving a
vasodilating effect.

Nitric oxide has several functions: inmunosupression, neurotoxicity, and alteration of the
sensorial transmission. Human studies reveal high levels of this compound during sepsis [10].

2. Ischemia-reperfusion. Periods of intensive exercise can cause temporary ischemia or
hypoxia in certain regions of the body (kidney, splanic region). Hipoxia is higher as the
intensity of the activity increases. After the intensive exercise, the damaged regions are
reoxigenated, and then ischemia-reperfusion producing free radicals occurs [11].
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Ischemia-reperfusion can occur with intensive exercise, such as rowing, using more oxygen
when the resistance of the shoulder, arms, back, and legs is tested [12].

3. Catecholamines autoxidation. The level of catecholamines increases when exercise
intensity increases.

4. Xanthine oxidase. Free radical production during exhaustive exercise may also be caused
by the enzyme xanthine oxidase [7]. Periods of intensive exercise can cause temporary
ischemia or hypoxia, causing ATP to be converted to ADP, AMP, inosine, and finally
hypoxanthine. Under such ischemic conditions, intracellular xanthine dehydrogenase
(XD) can be converted to xanthine oxidase (XO) by cysteine residue.

Under normal physiological conditions, XD is the dominant form of the enzyme and oxidizes
both hypo-xanthine and xanthine (to uric acid) in a process that, concomitantly, reduces NAD
+ to NADH. Xanthine oxidase, on the other hand, can no longer utilize NAD+ as the electron
acceptor, and instead, preferentially reduces oxygen directly to superoxide and hydrogen
peroxide. During ischemia, oxygen concentrations are low and intracellular concentrations of
XO and hypoxanthine can rise. When oxygen is finally reintroduced (reperfusion) a burst of
O2

− and H2O2 can occur. It should be noted that XO generates both O2
− and H2O2 directly.

5. Lipid peroxidation of arachidonic acid produces superoxide radicals [8].

6. The alteration of calcium homeostasis produced when the muscle is stressed during
exhaustive exercise, particulary anaerobic/excentric exercise leads to ischemia (hipoxan‐
tine formation), creating an excess of contracted activity and muscle damage (with
proteases activation) [13].

7. As a result of the respiratory reaction due to the activation of leukocytes after muscle
damaged induced during exercise.

3. Oxidative stress induced by exercise

3.1. Oxidative stress induced by extenuant exercise

The increase in energy consumed during exercise increases the oxygen demands of the active
tissues, increasing up to 20 times in comparison with basal state [14]. The oxygen flow in the
peripheral skeletal muscle tissue can increase up to 200 times, increasing 30 times the blood
flow, and the oxygen difference in the arteriovenous blow increases 3 times. As a result, the
oxidative metabolism is increased, maximizing the energy produced by unit of substrate and
avoiding lactate accumulation [15].

Dillard et al. (1978) [16] first described that extenuant exercise induced lipid damage in tissues.
After that, many other investigations focused on the effects of exercise and training in oxygen
toxicity and the body defense response. It is accepted that oxygen toxicity can be implicated
in some pathologic situations.
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The understanding of the mechanisms associated with physiological responses that explain
how exercise increases the oxygen toxicity and the design of appropiate measures to minimize
toxicity are indispensable to:

1. Increase exercise efficacy as a preventive and therapeutic instrument in clinical practise

2. Control the damaged tissue induced by exercise

Oxidative stress induced by extenuant exercise is a situation by which cells are exposed to a
prooxidant environment and defense mechanisms are not enough, affecting the redox estate
of the cells. Due to this, nutritional supplements of antioxidants such as vitamin C, vitamin E,
carotenids, and polyphenols in the diet are important [13].

In humans, antioxidant defenses in the skeletal muscle and heart are limited. Basal metabolism
in the heart is 100% higher than in the liver. This involves a higher risk of oxidative damage
in the heart [17]. In basal state, the oxygen consumed of a kilogram of heart and liver is 94 and
44 mL/min, respectively [18]. In adults, superoxide dismutase (SOD) and catalase (CAT)
activities are 40 and 16 times smaller in muscles compared with the liver activity of these
enzimes [19].

Davies et al. (1982) [20] showed using spin electronic resonance (SER) that exhaustive exercise
increases free radical concentration in the liver and muscles and induce oxidative damage in
these tissues. Futhermore, they verify the decrease of antioxidant levels and free radical
damage could be implicated in the mitochondrial biosynthesis.

Sakellariou et al. (2014) [3] observed the effect of intense muscular contraction activity during
30 min of exercisse and showed 70% increment of free radicals in the active muscles compared
with the muscles in basal state.

The theory explains that muscle damage, particularry after eccentric muscle exercise, is
responsible for the inflammatory stress after the exercise.

Figure 1. Scheme of the relationship between exhaustive exercise and muscle damage.
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After exercise, neuthrophils, monocytes and macrofagues go to the damaged area and provoke
the elimination of degraded proteins and cellular remainders. These cells are able to produce
ROS and proinflammatory cytokines such as IL-1 TNF-α or IL-8, producing oxidative stress
and eventually inflammation. Concentric exercise is associated with an increase in inflamma‐
tion markers (IL-6) but not in muscle damage parameters (CK). However, excentric muscular
exercise shows a typical increase in CK after 72 h. In this case, there is no increase of IL-6 [13].

Barclay et al. (1991) [21] suggest that oxidative stress is implicated in muscle fatigue. There is
no evidence of the effect of superoxide radicals in the presence of the free radical hidroxil
trapper, blocking the xanthine oxidase activity. Powers et al. (2008) [22] observed a relation
between oxidative stress and the mscle strengh.

The factor that triggers the muscle contraction is an electric signal based on the Na+ entry and
followed by a K+ release of the cell. Animal and human studies have demonstrated a rise in the
K+ plasma concentrations after muscle concentration. As a result of this increase of K+ that escape
to the extracellular medium and water introduction to the cell, intensive muscle contraction
decreases by 6–20% of the intracellular K+ contraction. This can promote the fatigue [23].

Glutathione (GSH) oxidation in different tissues is a valid parameter to appreciate oxidative
stress. In this situation, intracellular GSH rapidily oxidizes to GSSG. Intracellular GSSG can
be reduced to GSH in the presence of a reductase glutathione and NADPH as cofactor. When
the oxidative stress is high, the relation between GSSG/GSH can be higher than the reduction
ability of the cells. In this situation, the heart and skeletal muscle cells pour GSSG out of the
cells [24].

In extenuant exercise, an increase of GSSG and a decrease of total glutation (GSSG + GSH) in
the skeletal muscle tissues such as the liver and heart has been observed [25, 26].

This increasing production of GSSG exceeds the reductase glutathione's ability to reduce
disulfide group, thus explaining that the GSSG spill from the tissue to the plasma [27]. The
increasing oxidized glutathione plasma concentration as a result of the exercise has been
demonstrated in many studies [28, 26, 29].

Gohil et al., (1988) [30] showed that submaximal exercises at 65% VO2max increased the
oxidation of blood glutathione during the first 15 min of the exercise. In another study, the
level of GSSG in blood increased significantly after 14 min during a maximal test in the cycle
ergometer or after pedalling for 30 min in an aerobic threshold or after pedalling 30 min in an
anaerobic threshold [26]. In contrast, they did not find significant changes in GSSG in the blood
after 60 min and 120 min of the exercise [25]. Sen et al. (1995) [26] demonstrated that 24 hours
of recuperation is enough to establish GSSG values in the blood before the exercise.

The glutathione synthesis ability in the liver is high and exercise induces a decrease of
glutathione, promoting a protective response of the liver [26].

Studies in hepatectomized (HX) rats reveal that the GSH level in the heart muscle depends on
its supply in the liver; however, this fact does not apply to skeletal muscles [31]. These cells
are very active in glutathione production. It has been estimated that muscle cells are able to
produce 3 mM concentrations of glutathione [27].
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The use of gluthatione oxidation as a parameter to detect free radical damage in exercise has
demontrated that the damage only appears in exercise exhaustion, meaning that the effect of
free radicals only occurs when the subject do exercise above the anaerobic threshold [32].

ROS synthesis induced by neutrophils in exercise has been demostrated by many authors
[33, 34].

In mammals, oxidative DNA damage is related to the metabolism rate [35]. After racing for 10
hours, the relationship between oxidase nucleosides/creatine is 1.3 higher with respect to basal
state [36]. However, Viguie et al., (1993) [37] did not observe significant changes in 8-hidrox‐
iguanosine after 90 min of racing.

Oxidants as hydroxyle radicals and peroxide radicals can react with proteins. Oxidase proteins
rapidily break down into amino acids. Some of these, such as methionine, tryptophan,
histidine, and sulfhydryl residue are very sensitive to oxidative damage. The protein oxidation
include receptor modification, alteration in translated signals, and other processes (Aoi et al.,
2014) [38].

Reznick et al. (1992) [39] observed that exercise increases the protein oxidation of skeletal
muscles in rats. Rajguru et al. (1994) [40] showed that after exercise, there is a decrease of
sulfhydryl groups in the skeletal muscle. This fact is important in protein crosslinking.

3.2. Exercise as an oxidative stress protector

Up to now, the work has been focused in the damaging effect of exhaustive exercise. However,
moderate exercise results in a healthy and beneficial practise that prevents diseases, due to its
ability to prevent oxidative stress [41].

Oxidative stress induced by exercise depends on the type, intensity, and the length of the
exercise. However, interindividual variability is attributed to the level of training, sex,
nutrition, and genetic factors [13].

Undesirable effects of exhaustive exercise can be avoided with progress in training. Salminen
et al. (1983) [42] showed that training reduces free radical susceptibility to free radicals. On the
other hand, Gómez-Cabrera et al. (2008) [43] observed that training increases antioxidant
enzymes. These authors previously showed that training protects against glutathione oxida‐
tion associated with exhaustive exercise. Regular exercise creates an adaptation against
oxidative stress due to a decrease in DNA damage and maintained levels of protein oxidation
[44]. There are many studies that confirm that antioxidant supplements can interfere with the
free radical metabolism damaged training adaptations. This fact suggests the recommendation
of a diet rich in antioxidant compounds (fresh fruits and vegetables)

Antioxidant defenses in the skeletal muscles, heart, and liver are regulated due to the effect of
exercise in the body [45, 46] and showed that exhaustive exercise increased the rate of catalase
activity in the liver, muscle, and heart. Since then, a great number of works have confirmed
the effect of different resistance training in antioxidant defenses [47–50].

Moderate daily exercise and long duration exercise (resistance training) produce an increase
in mitochondrial content in the muscle. However, high intensity exercises have demonstrated
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muscle damage derived from the sensibility increment of oxidant agents, the liberation of
proteolytic enzymes in the muscle and liver, and loses in the integrity of membranes.

Ginsburg et al. (1996) [52] described a decrease of 47% (p<0.001) in lipid peroxidation in the
plasma compared with the result obtained before the test. The same work demonstrated that
the lipidic peroxidation values were smaller in basal state in trained subjects than in sedentary
subjects. These results indicate that accmmulative effects of training tend to decrease lipidic
peroxidation in the plasma.

Criswell et al., (1993) [53] studied the effect of training for 12 weeks and observed favorable
changes in the skeletal muscles in rats. The authors demosntrated that 5 min of high intensity
exercise, was better for antioxidant defense regulation than continuous exercise with moderate
intensity.

Daily exercise is important to mantain and promote the ability to defend the organism against
the toxicity of reactive oxygen. In prokaryotes, some of the dependent mechanisms of ROS in
the induction of defense antioxidant proteins are known [26]. In mammals, cells have been
identifying transcription factors responsible for the activation of protein-1 and NF-kB sensitive
to redox balance [27]. The redox-tiol state in the different compartments of these cells seems
to be implicated in the regulation of these transcription factors. For example, a high cystosolic
concentration of GSSG promotes the deactivation of NF-kB, but low cystosolic concentration
of GSSG inhibits the fixation of the activate dimmer to the diana oligonucleotids.

Exercise that promotes changes in the redox-tiol state of the tissues can influence the intracel‐
lular signal of the translate process, causing the expression of defense antioxidant proteins [43].

Large amount of works support that chronic exercise increases the antioxiant defenses [47–
50]. Erythrocyte catalase activity and glutathione reductase show a significant increase after
10 weeks of training [54].

In other studies, the antioxidant state of highly trained runners (128–230 km/week), moderate
and low trained runner (26–70 km/week), and sedentary subjects were studied. The results
demosntrated a direct relation between the weekly distance and the erythrocyte activity of the
antioxidant enzymes. It was found that trained marathon runners have higher levels of MDA
and conjugated dienes (CD) in basal state than sedentary subjects. At the end of the half
marathon, trained subjects showed a significant increase in the MDA and CD values, however
test values decreased in the recuperation period (24–48 hours) to lower values, even lower than
when they were determined in basal state.

These results suggest that aerobic training improves the enzymatic antioxidant activity in
erythrocytes in basal state and in the recovery period after exercise. This improvement, along
with the increase of muscle blood flow and the activity of mitochondrial deshydrogenase-
aldehydo activity in the muscle, could be reponsible for the significant decrease of lipidic
peroxidation index after exercise in trained subjects [55].

Lipidic peroxidation in blow decrease in response to the increment of training time in 60-year-
old women, indicating an adaptation effect [56].
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Another study in rats demonstrated after control their training for 5 days that muscle damage
induced because of a race could be eliminated. The experiments conclude significant reduc‐
tions in the pain sensation and proteolysis after training. The authors suggest that training can
induce a protective effect against muscle damage when the intensity and the duration of the
exercise was moderate [57].

Child et al. [2, 58] studied trained runners subjected to exhaustive exercise. The study sug‐
gested a considerable increase of ROS and observed that variations in oxygen consumed can
underestimate the real increase in free radical formation during intensive exercise as a
consecuence of the reduction of mitochondrial control repiratory and the increase of the
formation of free radicals derived from non-mitochondrial sources [59].

Brites et al. (1999) [60] observed an increase in plasmatic levels of low molecular weight
antioxidants (ascorbic acid, uric acid, and α-tocopherol) in a footballer trained group with
respect to sedentary subjects. This increase can be atributted to a mobilization of the antioxi‐
dants from the tissues to the plasma, explaining the improvement of the total plasma antiox‐
idant state with the training [61].

Various authors suggest that physical training promotes parallel adaptation of the mitochon‐
drial antioxidant enzymes and the antioxidant capacity of mitochondrial enzymes. However,
Laughlin et al., (1990) [62] studied the relation between the oxidative ability and the antioxidant
muscle enzymes and a relation between antioxidant ability and the activity of SOD and catalase
was found. Altough training promotes an increase in the muscle's antioxidant ability, there
was no effect in the SOD activity, promoting a significant decrease in catalase activity. This
coincides with the result found by Ji et al. (1992) [25].

4. Antioxidant defenses

The demonstrated contribution of ROS to muscle damage and muscle fatigue as a consequence
of intensive or prolongued exercise induces the defense mechanisms in skeletal muscle cells
to reduce the risk of oxidative damage [63, 21]. There are two protective mechanisms: enzy‐
matic and nonenzymatic. They act as a unique antioxidant system to reduce the ROS damage
in the cells. Antioxidants (enzymatic and nonenzymatic) exist in extracellular and intracellular
space [64]. Antioxidants can be both synthesized in vivo and absorbed through diet.

4.1. Enzymatic antioxidants

The main antioxidant cellular enzymes are superoxide-dismutase (SOD), catalase (CAT), and
glutation-peroxidase (GPx). Each of these enzymes is responsible for the reduction of a
different ROS, and they are located in different cellular compartments. (1) SOD has three
isoforms, two of them are present within cells, whereas the other one is located in the extrac‐
ellular space. Specifically in skeletal muscle cells, the highest percentage of SOD (65–85%) is
found in the cytosol, and the remaining (15–35%) is present in the mitochondria of the muscles.
SOD catalyses the reaction of superoxide radicals into oxygen and hydrogen peroxides (H2O2).

Basic Principles and Clinical Significance of Oxidative Stress230



Another study in rats demonstrated after control their training for 5 days that muscle damage
induced because of a race could be eliminated. The experiments conclude significant reduc‐
tions in the pain sensation and proteolysis after training. The authors suggest that training can
induce a protective effect against muscle damage when the intensity and the duration of the
exercise was moderate [57].

Child et al. [2, 58] studied trained runners subjected to exhaustive exercise. The study sug‐
gested a considerable increase of ROS and observed that variations in oxygen consumed can
underestimate the real increase in free radical formation during intensive exercise as a
consecuence of the reduction of mitochondrial control repiratory and the increase of the
formation of free radicals derived from non-mitochondrial sources [59].

Brites et al. (1999) [60] observed an increase in plasmatic levels of low molecular weight
antioxidants (ascorbic acid, uric acid, and α-tocopherol) in a footballer trained group with
respect to sedentary subjects. This increase can be atributted to a mobilization of the antioxi‐
dants from the tissues to the plasma, explaining the improvement of the total plasma antiox‐
idant state with the training [61].

Various authors suggest that physical training promotes parallel adaptation of the mitochon‐
drial antioxidant enzymes and the antioxidant capacity of mitochondrial enzymes. However,
Laughlin et al., (1990) [62] studied the relation between the oxidative ability and the antioxidant
muscle enzymes and a relation between antioxidant ability and the activity of SOD and catalase
was found. Altough training promotes an increase in the muscle's antioxidant ability, there
was no effect in the SOD activity, promoting a significant decrease in catalase activity. This
coincides with the result found by Ji et al. (1992) [25].

4. Antioxidant defenses

The demonstrated contribution of ROS to muscle damage and muscle fatigue as a consequence
of intensive or prolongued exercise induces the defense mechanisms in skeletal muscle cells
to reduce the risk of oxidative damage [63, 21]. There are two protective mechanisms: enzy‐
matic and nonenzymatic. They act as a unique antioxidant system to reduce the ROS damage
in the cells. Antioxidants (enzymatic and nonenzymatic) exist in extracellular and intracellular
space [64]. Antioxidants can be both synthesized in vivo and absorbed through diet.

4.1. Enzymatic antioxidants

The main antioxidant cellular enzymes are superoxide-dismutase (SOD), catalase (CAT), and
glutation-peroxidase (GPx). Each of these enzymes is responsible for the reduction of a
different ROS, and they are located in different cellular compartments. (1) SOD has three
isoforms, two of them are present within cells, whereas the other one is located in the extrac‐
ellular space. Specifically in skeletal muscle cells, the highest percentage of SOD (65–85%) is
found in the cytosol, and the remaining (15–35%) is present in the mitochondria of the muscles.
SOD catalyses the reaction of superoxide radicals into oxygen and hydrogen peroxides (H2O2).

Basic Principles and Clinical Significance of Oxidative Stress230

(2) GPX is located in both the cytosol and the mitochondria of cells. It is responsible for the
removal of a wide range of hydroperoxides—from complex organic hydroperoxides to H2O2

—thus, it may protect membrane lipids, proteins, and nucleic acids from oxidation. GPX is
also present in muscle cells, but its activity varies depending on the muscle fiber type, with
the greatest activity present in slow twitch muscle fibers (type I) that have higher oxidative
capacity. (3) CAT is extensively distributed within the cells and its main function is to degrade
H2O2 into H2O and O2. Nevertheless, it has a lower affinity for H2O2 compared with GPX.
Similar to the latter, CAT can be found in higher concentrations in type I muscle fibers [22].

The SOD activity shows a significant increase with training, and there is evidence that SOD-
Mn is mainly responsible for this increase. The increase in SOD-Mn with training is relatively
small compared with the increase in the activity of other mitochondrial enzymes. Furthermore,
this rise is not related to a significative improvement in antioxidant protection [65].

Exercise increases SOD activity only in type I muscle fibers, and the SOD activity increase is
higher in length than in intensity. An intensive exercise test causes an increase in SOD activity
in tissues such as the heart, liver, lungs, and skeletal muscles [25].

GPx activity increases with training only in type II fibers, and this adaptation to training
depends on the duration more than the intesity of the exercise. After intensive exercise, GR
activity appears to increase in skeletal muscles. GR activity also increase in humans after
prolonged exercise [66]. A study on sedentary subjects, marathon athletes, and sprinter trained
subjects resulted in a significant increase in GPx compared with sedentary subjects [67].

SOD activity was higher (52%, p<0.01) in the trained footballer with respect to sedentary
subjects [68].

The effect of training in the catalase activity is controversial. Several studies showed an
increase, decrease, and absence of the variation in the catalase activity with chronic exercise.
Calderera et al. (1973) [69] observed an important increased CAT activity in the heart, liver,
and skeletal muscles after an intensive test exercise.

The activation of the antioxidant enzymatic defenses after intensive exercise can reflect an
increase in ROS production. However, due to the differences in oxygen consumption and
intrinsic differences in the enzymatic activities, skeletal muscles are subjected to a higher
oxidative stress than the liver and heart during exercise [25].

Although evidence has revealed that training controls and regulates antioxidant enzymes in
active tissues used in exercise, there is still controversy. In general, antioxidant enzymes of
skeletal muscles show the best adaptation response to the training.

In humans, there exists a correlation between the high activity of antioxidant enzymes and the
maximum oxygen consumed. Training athletes have a higher SOD and CAT activity in skeletal
muscles. Professional and amateur cyclists have higher SOD activity in erythrocytes than
sedentary subjects [25]. Due to this, resistance training reduces oxidative damage due to the
increase of mitochondrial antioxidant enzymes and a reduction of the oxygen flow in the
respiratory chain.
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4.2. Nonenzymatic antioxidants

The nonenzymatic antioxidant group includes glutathione, vitamin C, vitamin E, carotenoids,
uric acid, polyphenols, and others. Similar to enzymatic antioxidants, these are present in
different cellular compartments and elicit distinct antioxidant properties that maximize their
effectiveness [70].

GSH exerts various essential functions in the body. Amongst these functions is its major
antioxidant role. It efficiently scavenges ROS and free radicals, preventing an increase in
the oxidative stress process. In these reactions, the reduced GSH is oxidized, via the enzyme
glutathione peroxidase, to form glutathione disulfide (GSSG). Note that GSSG is formed by
two GSH molecules linked via a disulfide bond due to the oxidation of the thiol (SH) groups.
Once oxidized, GSSG can be reduced back to its original GSH form by the enzyme GSSG
reductase and nicotinamide adenine dinucleotide phosphate (NADPH). Nevertheless, when
there  is  a  high  level  of  oxidative  stress,  NADPH  becomes  depleted  and  there  is  an
intracellular accumulation of GSSG. This excess GSSG can either be exported out of the cell
or it can form a mixed disulfide. Measuring the plasma level of GSH or its oxidized form
(GSSG) is a widely accepted method of detecting oxidative stress and can be reported as
redox potential,  GSH or  GSSG concentration,  or  GSH/GSSG ratio.  It  is  not  only a  good
indicator of systemic oxidative status but also a useful indicator to indicate the free radical
production during exercise [71, 72–74].

GSH is the major source of tiol groups in the cells. GSH has several defense antioxidant
functions. The practise of 90 min of exercise decreases GSH and increases blood levels of
GSSG [30].

Sen et al., (1994) [26] made a maximal test for 14 min. After the test, the subject showed no
variation in the blood level of (GSH+GSSG) or GSH, but there was an increase of GSSG and
also in the relation GSSG/(GSH+GSSG). When the subjects were subjected to a 30 min test (77%
VO2 max) of anaerobic exercise, the level of GSH was mantained. However, there was an
increase of GSSG, the total glutathione, and also the relation GSSG/(GSH+GSSG). After 24 h,
all the results recovered to the levels found before the test.

The human levels of GHS are almost undetectable (<0.01 μM), the oxidation of GSH could be
in the erythrocytes, in a specific system dependent of the energy to export the excess intracel‐
lular GSSG. Due to fact that the test does not reflect the increase of GSH in the blood, the
increasing total glutathione could be due to the GSSG exportation of the tissues and the blood
GSSG [26].

Plasma levels of GSH is approximately three times lower than blood levels. Moreover, the
changes in GSH plasma due to the accelerated flow of liver GSH, produced during exercise,
are not detected in the blood in GSH form or total glutathione. The oxidative stress due to
intense physical activity produce a rapid oxidation in intracellular GSH in muscle cells and a
GSSG production liberated in blood circulation. Thus, a decrease in intracellular glutathione
level is observed. This suggests that the GSSG flow of muscle cells to the blood is due to a
mechanism dependent of energy [26].
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The effect of the training in GSH content seem to vary in different types of muscle fibers and
different tissues.The content of GSG in erythrocytes increased at the same time with gluta‐
thione reductase after 20 weeks of training in humans who were previously sedentary [25]. In
trained subjects, after 2.5 race, a diminution of plasma GSH and the GSH/GSSG. However, the
level of GSSG showed a rise at the end of the test compared with the basal state [75].

Short-term training does not improve the adaptation of antioxidant system. A study made on
both sex subjects subjected to 8 weeks of aerobic training (3 times/week) showed no variations
in the SOD, CAT, and GPx enzymes activity. Even though were changes in the vitamin E
concentration in the muscles and in glutathione levels (GSH, GSSG, total glutation, and GSH/
GSSG) [76].

However, it has been demonstrated that training protects against glutathione oxidation
associated to exhaustive exercise [32].

Similar to vitamin C, vitamin E has important antioxidant properties. Due to its capacity for
scavenging ROS and free radicals, particularly peroxyl radical (R O O ⋅), it exerts the important
function of protecting cellular membranes and plasma lipoproteins against lipid peroxidation.
This is possible because vitamin E has a great affinity for reducing peroxyl radicals, preventing
their interaction with the membrane phospholipids or lipoproteins [77].

Vitamin E has been found to protect cellular membranes from lipid peroxidation. Hence, it is
logical to assume that this vitamin could protect muscle cells against exercise-induced damage.
Early studies analyzing the effects of vitamin E supplementation and exercise investigated its
effect on performance. Most of the studies, however, report no benefit of vitamin E neither for
muscle strength nor for endurance performance [78]. Furthermore, it has been hypothesized
that vitamin E supplementation could have a protective effect against the contraction-induced
muscle damage oxidative stress that may occur after an intense exercise bout. This rationale
is based on the knowledge that this vitamin can stabilize muscle membranes by interacting
with its phospholipids that would, this way, provide some protection against the increase in
oxidative stress or muscle damage observed after certain types of exercises [78]. Altough
vitamin E is an effective capture of free radical, the reaction of vitamin E with radicals produces
a functional decrease of vitamin E and the formation of free radicals-vitamin E.

The oxidative stress produces a significative decrease of vitamin E levels in tissues. However,
the radical vitamin E can be synthetized with the cooperation of other antioxidants. As a result,
the investigations conclude that vitamin E's ability to act as an antioxidant is related with the
ability of other antioxidants to recycle vitamin E during stress oxidative periods [79].

The exercise could induce an alteration of plasma levels of vitamin E. During human exercise,
an increase in vitamin E concentration in plasma and erytrhocytes was observed, suggesting
that exercise could promote vitamin E mobilization from tissues to plasma, and the skeletal
muscle could use the circulating vitamin E to protect against oxidative damage [25].

Other  authors  did not  find variations  in  vitamin E levels  in  humans after  a  half  mara‐
thon race  [79].  In  trained footballer,  the  levels  of  vitamin  E  were  higher  (10%)  than  in
sedentary subjects [80].
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Vitamin E changes are better appreciated when the results are expressed by unit of mitochon‐
drial ubiquinone. The reduction of vitamin E in the inner mithochondrial membrane can justify
the susceptibility of the mitochondria to free radicals damage. The content of vitamin E in the
heart can decrease. Vitamin E heart content suffered a light decrease after a training program
in treadmill, compared with the disminution in skeletal muscles. Different responses to the
training of vitamin E and skeletal muscle can be explained in part due to the high vitamin E
content in the heart (≈70nmol/g) [25]. In an ultraresistance race (thriatlon), no variation of
vitamin E concentration were found before or after the race [81].

Ascorbic acid is the main form of the vitamin found in vivo. This vitamin, also referred to as
ascorbate, is found in relatively high levels in different tissues throughout the body. Ascorbate
has clearly been shown to play an essential role in connective tissue biosynthesis. During
oxidation reactions, only small amounts of ascorbate are lost because, once it is oxidized, it can
be reduced back to ascorbic acid by reductants such as glutathione, nicotinamide adenine
dinucleotide (NADH), and NADPH. Similarly, vitamin C is also known to regenerate other
antioxidants, such as vitamin E and glutathione, back to their reducing state; thus, maintaining
a balanced network of antioxidants. The increase of vitamin C levels can protect against
oxidative damage of free radicals. However, high concetration of vitamin C (1 mM) acts as a
prooxidant in the presence of metals such as Fe2+ or Cu2+. Duthie et al. (1990) [79] studied the
response of vitamin C after a half marathon race and they observed an increase in the levels
of the vitamin. However, Ginsburg et al. (1996) [81] realized a study with triathletes (ultrare‐
sistance exercise) and did not observe a variation in the plasma concentration of vitamin C
before and after the race.With respect to the trained effect, the vitamin C level of the trained
footballer level was higher than in sedentary subjects [81].

As vitamin C, β-carotene can acts as an antioxidant and as a pro-oxidant. A physiological
oxygen partial pressure (<100 mm Hg) β-carotene shows a capture activity of radicals.
However, the partial pressure >150 mm Hg promotes prooxidant activity of β-carotene [82].

Polyphenolic antioxidants have demonstrated their efficacy against oxidative stress induced
by exercise. It has demonstrated the decrease of oxidized proteins in a study subjected to
intensive exercise [83, 84].

5. Conclusions

During exercise, an important free radical production is predictable and as a consequence a
major requirement of defense mechanisms. Some of the antioxidant defenses can be adequated
with training and in the presence of an appropriate diet. Defenses can be insufficient when the
exercise exceeds the level by which they were adapted.

The knowledge of how antioxidants interact provides rational bases to develop nutritional
strategies to put forward the progress in exercise activities and in mantaining the health of
amateur and profesional subjects.
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Abstract

Cancer of the reproductive tract is an important source of morbidity and mortality
among women worldwide. Factors affecting endometrial cancer and endometrial
hyperplasia are known to be similar. Endometrial hyperplasia is abnormal prolifera‐
tion of the glands and the stroma resulting in architectural and cytological modifica‐
tions. Due to hormonal changes, this condition is most common among women who
are nearing the menopause or have reached the menopause. Antioxidant system has
a role in preventing cancer initiation and promotion. Since the carcinogenesis occurs
in several stages, it is likely that the antioxidant defense depends on the type of cell
and tissue. The objective of this study was to investigate whether antioxidant enzymes
activities and lipid hydroperoxides concentration in patients with endometrial
hyperplasia are influenced by the changes in sex hormones level (estradiol, proges‐
terone, FSH, and LH) during the menstrual cycle and in postmenopause. The material
we used consisted of blood and endometrial tissue specimens of women diagnosed
with endometrial hyperplasia simplex. Patients were divided in groups depending
on the phase of the menstrual cycle: follicular phase, luteal phase and postmenopause.
The activities of antioxidant enzymes and the lipid hydroperoxides level were
compared among the phases to test the differences and a linear regression model was
used to evaluate the associations between hormone levels and antioxidant/oxidant
variables. In the blood of examined patients, we observed a phase-related changes of
LOOH concentrations. Significant negative correlation between FSH concentration
and GR activity (r= -0.42, p<0.05) and significant positive correlation between LH and

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



LOOH concentrations (r= 0.038, p<0.05) was found. In hyperplasia simplex tissue we
recorded significant phase-related changes of LOOH level as well as of AO enzyme
activities. SOD and CAT had similar activity pattern, which was higher in luteal phase
and in postmenopause, compared to follicular phase (p<0.05). GPx and GR activities
did not show any statistical difference. Also, negative correlation between progester‐
one and GR activity (r=-0.036, p<0.05) was observed. Hormonal influence on AO
system is of importance in gynecological diseases etiology since they may promote
cell proliferation but are also used in conservative therapy, especially for hyperplasia
simplex. However, the role of ROS production as a risk factor for endometrial
hyperplasia still needs to be clarified as well as the role of AO status in response to
gonadotropins and sex steroids.

Keywords: antioxidant enzymes, lipid hydroperoxides, gonadotropins, estradiol,
progesterone, endometrial hyperplasia

1. Introduction

1.1. Endometrium

The uterus (womb) is a pelvic organ with reproductive function, i.e., maintenance of preg‐
nancy. The lower, narrow part, which builds on top of the vaginal opening, was marked as
cervix, and the broader, upper part, as corpus. The corpus consists of two types of tissue. The
smooth-muscular outer layer (myometrium) has the function of expanding during pregnancy,
and it follows the development of the fetus. The inner layer (endometrium) is subjected to a
series of so-called cyclic monthly changes known as the menstrual cycle. The endometrium
consists of an outer layer, glandular epithelium, below which is an internal part, stroma. This
tissue is hormonally regulated by the steroid hormones estrogens (Es) and progestogens (Ps).

2. Gonadotropins and steroid hormones in the reproductive period

The reproductive axis consists of the hypothalamus, pituitary, and ovaries. The gonadotropin-
releasing hormone (GnRH) acts on the anterior pituitary by regulating the synthesis and
storage of gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone (LH).
GnRH also regulates the movement of gonadotropins from the reserve pool to a readily
released point and their secretion. This action requires pulsatile GnRH release [1]. The secretion
of FSH and LH takes place in a coordinated manner so as to regulate the growth of ovarian
follicles, ovulation, and the maintenance of the corpus luteum and requires constant pulsatile
release of LHRH from the hypothalamus [2]. Both estrogens and progestins help regulate the
release of gonadotropins, acting through both the hypothalamus and anterior pituitary. High/
low levels of either progestins or a combination of progestins and estrogens, as well as the
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1. Introduction

1.1. Endometrium

The uterus (womb) is a pelvic organ with reproductive function, i.e., maintenance of preg‐
nancy. The lower, narrow part, which builds on top of the vaginal opening, was marked as
cervix, and the broader, upper part, as corpus. The corpus consists of two types of tissue. The
smooth-muscular outer layer (myometrium) has the function of expanding during pregnancy,
and it follows the development of the fetus. The inner layer (endometrium) is subjected to a
series of so-called cyclic monthly changes known as the menstrual cycle. The endometrium
consists of an outer layer, glandular epithelium, below which is an internal part, stroma. This
tissue is hormonally regulated by the steroid hormones estrogens (Es) and progestogens (Ps).

2. Gonadotropins and steroid hormones in the reproductive period

The reproductive axis consists of the hypothalamus, pituitary, and ovaries. The gonadotropin-
releasing hormone (GnRH) acts on the anterior pituitary by regulating the synthesis and
storage of gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone (LH).
GnRH also regulates the movement of gonadotropins from the reserve pool to a readily
released point and their secretion. This action requires pulsatile GnRH release [1]. The secretion
of FSH and LH takes place in a coordinated manner so as to regulate the growth of ovarian
follicles, ovulation, and the maintenance of the corpus luteum and requires constant pulsatile
release of LHRH from the hypothalamus [2]. Both estrogens and progestins help regulate the
release of gonadotropins, acting through both the hypothalamus and anterior pituitary. High/
low levels of either progestins or a combination of progestins and estrogens, as well as the
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length of exposure to these hormones, inhibit/stimulate the release of GnRH, FSH, and LH
from the anterior pituitary – a negative/positive feedback control, respectively [3].

In the reproductive age of women, 17β-estradiol (E2) is a major circulating estrogen that is
produced by the granulosa cells of the ovary prior to ovulation and by corpus luteum following
ovulation. Almost 95 % of circulating Es in premenopausal women consists of 17β-estradiol
and the remaining 5 % originates from the peripheral conversion of the estrone (E1) to estradiol
[4]. Although a small amount of estrone, the second most important estrogen, is secreted
directly from the ovaries and adrenal glands, its main quantity derives from conversion of
androstenedione in adipose tissue [5]. The estrogenic potency of estrone is lesser than estradiol,
and both, E2 and E1, are biologically equivalent with subtle structural differences and
metabolized by the same pathways. Once a woman has reached menopause and ovaries lose
their function, estrone becomes a predominant form of estrogen [6]. Studies have shown the
trend to higher mortality rate from coronary heart disease in women with lower estrone level,
while patients with higher estrone level had lower body weight, less frequent hypertension
and diabetes mellitus, and also a lower triglyceride level [7].

During normal ovulatory cycle, the level of E2 varies individually within the range defined
for the follicular phase, mid-cycle, and luteal phase. Most of E2 in the circulation is bound to
sex hormone-binding globulin (SHBG) and to a lesser extent, to other serum proteins, such as
albumin. Only a very small fraction of this hormone is free and is located in the conjugated
form [8,9].

During a normal menstrual cycle, E2 secretion is biphasic, and the highest concentration is
recorded just prior to ovulation. This growth affects the pituitary gland secretion of FSH and
LH by a positive feedback. After ovulation, E2 level rapidly decreases and luteal cells, by their
activities, cause mild, subsequent rise and a plateau of E2 during the luteal phase [2]. During
pregnancy, the level of E2 in serum increases to much higher values than recorded in the
preovulatory peak, and it is maintained during pregnancy [10].

Progesterone (P)  belongs  to  a  group of  steroid hormones  called progestogens,  and it  is
secreted by the corpus luteum in the ovary during the second half of the menstrual cycle.
During pregnancy, the high levels of progesterone are provided by the secretion of placenta.
Contrary  to  stimulating,  proliferative  effect  of  estradiol,  progesterone  induces  secretory
activity of the endometrium and has the role of accepting a fertilized egg and beginning
pregnancy. In the circulation, progesterone is bound to the corticosteroid-binding globu‐
lin and albumin [2,11]. During normal ovulatory cycle, the increase of serum levels of P
induces an increase of LH concentration and together with E2, regulates in this way the
preovulatory  peak  of  gonadotropins  [12].  In  vivo  studies  in  humans  suggest  that  P
stimulates its own production during the periovulatory and middle luteal period through
self-priming [13]. Besides steroids, the ovary secretes peptide hormones (the inhibins) under
gonadotropin control.  The inhibins  belong to  transforming growth factors  and have the
ability  to  inhibit  gonadotropin  (FSH)  secretion  and may also  play  an  important  role  in
ovarian carcinogenesis [14].  The concentrations of inhibin A and inhibin B in circulation
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fluctuate during normal menstrual cycle.  During the follicular phase,  inhibin B is  domi‐
nant, and during the luteal phase, inhibin A dominates [15].

3. Gonadotropins and steroid hormones in menopause

The transition from the reproductive period to the menopause is a gradual process that takes
place over many years and is referred to as perimenopause. It starts with the first symptoms
of changes in the cyclic occurrence of menstruation and/or bleeding, which may be accompa‐
nied by physical and psychological symptoms and ends with the last menstruation. In terms
of morphology, this phase is characterized by a sudden drop in the number of primordial
follicles in the ovaries, as well as extreme fluctuations in hormone levels [16], so that the
frequency of normal ovulatory cycles decreases [2].

It has been shown that some women experience an increase in serum FSH concentrations
before the age of 40, especially during the mid-follicular and early luteal phase [17]. Similar
increase of FSH was also detected through regular cycles, although there were no clinical
manifestations of approaching menopause [18].

Generally, a significant increase in the concentration of FSH is observed approximately 5 years
before the onset of menopause and it is positively correlated with age [19,20]. With the onset
of menopause, there is an additional increase in FSH levels in serum for about six months, and
the peak concentration is detected 3–4 years after menopause. After this period, a slight decline
in serum FSH was detected. However, compared with fertile women, levels of gonadotropins
remained at elevated levels even 10 years after menopause [19]. Besides FSH, the LH concen‐
tration also changes during this period. It has been shown that serum LH increases slightly
during 4–5 years of perimenopause in women who still regularly cycled [17]. During the first
six months from the onset of menopause, there is an increase in serum concentrations of LH,
and the highest level is recorded during the first year of menopause. Over the next 8 years,
there is a continuous fall, but as in the case of FSH, the LH level remained elevated compared
with fertile period [19]. These data represent the results which should not be generalized and
considered as absolute parameters that apply to the period of perimenopause and menopause,
since clear markers still have to be identified. In addition, they cannot be reliably interpreted
since ovulatory (potentially fertile) cycles can normally take place immediately after the
detection of postmenopausal levels of FSH. Both estradiol and inhibin are important regulators
of the negative feedback loop of circulating FSH [21-23].

As a consequence of declined follicular function during menopause, the concentration of Es
in circulation also decreases. The level of estradiol in the serum of postmenopausal women is
less than 15 pg/ml, and the level of estrone is about 30 pg/ml, so that the ratio E1/E2 is 2:1 [11,
24]. The main source of E1, which is the principal form of the postmenopausal estrogen, derives
from androstenedione in peripheral adipose tissue and liver [2]. In this period, 95 % of the total
synthesis of androstenedione occurs in the adrenal glands and only 5 % in the ovaries [25,26].
Increased conversion of androstenedione to estrone is proportional to the increase of body
weight, and it consequently increases the amount of estrogen in the bloodstream [2,26]. The
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main source of E2 in postmenopausal women originates from the peripheral conversion of E1.
During and after menopause, the concentration of E1 decreases as well as the concentration of
E2, so that both forms of estrogen are strongly correlated [27,28]. The concentration of estrone
sulfate, which is a metabolite of those estrogens, shows a similar trend of decline in menopausal
women. Although it does not belong to the active Es, it can be activated by hydrolysis of the
sulfate group [27]. Since premenopause leads to inadequate luteal function or anovulation,
progesterone is also lowered in the serum. The level of P is further reduced during the aging
process, so it is very low in postmenopausal women [19]. Statistically, approximately 2 % to 3
% of women will develop uterine cancer during lifetime. About 97 % of all uterine cancers
originate from endometrial glands and represent endometrial carcinomas [29]. Endometrial
carcinoma is the fourth common cancer after breast, bowel, and lung carcinoma [30].

4. Endometrial hyperplasia

Endometrial  proliferation is a normal part of the menstrual cycle that occurs during the
follicular/estrogen phase of  the cycle  [31].  If  the endometrium is  exposed to  continuous
endogenous or exogenous estrogen in the absence of progesterone, simple proliferation can
advance  to  endometrial  hyperplasia,  which  is  the  most  common  precursor  of  endome‐
trioid adenocarcinoma. Generally, endometrial hyperplasia is the abnormal proliferation of
the glands and the stroma characterized by the presence of architectural and cytological
changes [32].

5. Classification and histology

As an attempt to correlate morphological features with clinical outcome, the World Health
Organization (WHO) classified endometrial hyperplasia:

Nonatypical hyperplasias (typical)

Simple hyperplasia without atypia

Complex hyperplasia without atypia (syn. adenomatous hyperplasia without atypia)

Atypical hyperplasias

Simple atypical hyperplasia

Complex atypical hyperplasia (syn. atypical adenomatous hyperplasia)

Table 1. WHO classification of endometrial hyperplasia [33]

The normal proliferative endometrium is characterized by no crowding of glands within the
stroma. Morphological features of all endometrial hyperplasia forms include an increase in
the gland-stroma ratio, irregularities in gland shape, and variation in gland size. Regardless
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of the presence of atypia, simple and complex forms of hyperplasia are distinguished by
architectural alterations characterized by glandular complexity and the amount of stroma
separating the glands [34]. Hyperplasia generally involves much of the whole endometrium,
but sometimes it may be present as a localized lesion and might be associated within an
endometrial polyp. Most endometrial hyperplasias are estrogen driven and related to type 1
endometrial carcinoma, the endometrioid endometrial adenocarcinoma [35].

Simple hyperplasia, formerly cystic or mild hyperplasia, is a proliferative lesion with minimal
glandular complexity and crowding. Histologically, glands are of irregular size from small to
those with cystic appearance and shape, separated by abundant stroma. The glandular
architectural changes are characterized by varying degrees of irregular branching. Cytologi‐
cally, the glandular epithelium resembles to proliferative endometrium. It is considered as the
least significant form which is not commonly associated with progression to endometrial
carcinoma [36].

Complex hyperplasia, previously adenomatous hyperplasia or moderate hyperplasia, represents
a proliferative lesion with severe glandular complexity and more densely crowded glands.
The glands can vary in size and may demonstrate increased structural complexity. Usually,
the glands are closely packed, frequently appearing almost back to back and with gland-stroma
ratio of more than 2:1 [37,38]. As the severity of hyperplasia increases, the glands become more
crowded and more structurally transformed. The complex hyperplasia is considered as the
true intraepithelial neoplastic process. Occasionally, this form of hyperplasia may be found
coexisting with areas of endometrial carcinoma [39]. Endometrial hyperplasia is further
classified based on the presence of cytologic atypia and disordered maturation. Cytologic
atypia refers to enlarged epithelial cells that are hyperchromatic with prominent nucleoli, an
increased nuclear-to-cytoplasmic ratio, and loss of cellular polarity. Cytologic atypia is the
most important prognostic factor for progression to endometrial carcinoma [40].

Thus, the WHO classification also includes lesions termed simple atypical hyperplasia and complex
atypical hyperplasia. Simple atypical hyperplasia is rare, so the term atypical hyperplasia is
widely used to refer to all women with simple or complex atypical hyperplasia. The glands in
atypical hyperplasia are very closely packed, and endometrial stroma might be seen, separat‐
ing them [41]. Less than 2 % of hyperplasias without atypia progress to carcinoma, and the
mean duration of progression takes almost 10 years. Atypical hyperplasia progresses to
carcinoma in 23 % of cases over a mean duration of 4 years [42].

6. Endometrial intraepithelial neoplasia system

There is a discussion to replace the WHO classification of type 1 endometrial carcinoma
precursors with the endometrial intraepithelial neoplasia classification system. This system
was proposed in 2000 by an international group of gynecologic pathologists, and it defines
two classes of endometrial changes, endometrial hyperplasia (EH) and endometrial intraepi‐
thelial neoplasia (EIN) [43]. In this classification, endometrial hyperplasia refers to changes
observed with anovulation or other etiologies of prolonged estrogen exposure. Morphologi‐
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cally, EH varies from proliferative endometrium with a few cysts to endometria with many
dilated glands. This type is also known as cystic glandular hyperplasia, mild hyperplasia, or
simple hyperplasia [44]. The term EIN represents monoclonal endometrial preinvasive
glandular proliferation as the immediate precursor of endometrial type 1 adenocarcinoma. In
EIN, the proliferation of endometrial glands exceeds the stroma (gland/stroma >1) [45]. EIN
categories do not correspond directly to the WHO system of classification. Most simple and
some complex hyperplasias fall into EH category and many complex hyperplasias with or
without atypia are in the EIN category.

7. Epidemiology and risk factors

A well-documented study regarding the epidemiology of endometrial hyperplasia included
women aged 18 to 90 over the 18-year period. The diagnosis was mostly made in women aged
50–54 years and rarely was found in women under the age of 30. The incidence of simple and
complex hyperplasia was 142 and 213 per 100,000 women-years, respectively. The rate of
atypical hyperplasia was highest in older women aged 60–64 years, and it was 56 per 100,000
women-years. This rate seems to correlate with age of peak incidence for endometrial cancer
[46,47]. Age-specific cancer incidence was demonstrated for the pancreas, bladder, stomach,
lung, prostate, ovary, colorectal, and uterine endometrium. One explanation for increased
cancer incidence with age is the latency period required for damage to occur and cancer to
develop, including the time necessary for accumulation of carcinogen-induced genetic
mutations like in oncogenes and tumor suppressor genes but also as a maladaptive response
to replicative senescence due to telomere shortening. Also, a deterioration of the innate and
the adaptive immune response with aging, referred to as immunosenescence, must be
considered [48].

Symptoms  of  endometrial  hyperplasia  include  heavy  or  prolonged  menstrual  periods,
intermenstrual  bleeding,  and  prolonged  amenorrhea.  Postmenopausal  women  with
hyperplasia may experience vaginal bleeding or spotting. However, only minority of women
with  abnormal  uterine  bleeding  (AUB)  are  subsequently  diagnosed  with  endometrial
hyperplasia [49].

The risk factors for endometrial hyperplasia are the same as for endometrial carcinoma. Most
of them include exposure of endometrium to continuous estrogen unopposed by progestin.
Unopposed estrogen may be of various sources like early menarche (beginning menstruation
before age 12), hormone replacement therapy (HRT) with exogenous estrogen, late menopause
(after 52 years of age), estrogen-secreting tumor (some breast cancer types), and nulliparity or
low parity. Medical conditions such as diabetes mellitus, polycystic ovary syndrome, or
thyroid diseases also increase the risk for hyperplasia and cancer of the uterus. Endometrial
hyperplasia is also more likely to occur in women with personal history of breast, colorectal,
or ovarian cancer and in women of white race. Endometrial cancer and hyperplasia are more
common in Caucasian women, while uterine sarcoma is more common in African American
women [50,51].
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8. Molecular pathogenesis of endometrial hyperplasia and cancer

Although the findings suggest that there are certain molecular characteristics which distin‐
guish types and degrees of endometrial cancer, the molecular mechanisms that underlie the
endometrial carcinogenesis are still unclear. Cell changes can begin with genetic aberrations
and continue with uncontrolled growth stimulated by tumor promoters.

9. Hormone receptors and growth factors

Endometrial tissue is the target tissue for steroid hormones produced by ovaries. Both
epithelium and stroma contain receptors for Es and Ps, and ovarian steroids have a funda‐
mental role in the regulation of growth and differentiation of endometrial cells [2]. It seems
this influence is partly preserved in well-differentiated tumors of the lower grade, as suggested
by data which showed that these tumors are frequently receptor positive than the advanced
tumors [52]. Growth factors are, among other influences, regulated by steroid hormones, and
they are involved in a paracrine and autocrine regulation of endometrial proliferation. The
most often mentioned are the epidermal growth factor (EGF) and transforming growth factor-
α (TGF-α). Both factors are single-chain peptides that exert their effect through the EGF
receptor. They were shown to be expressed in normal endometrial tissue [53] and to stimulate
growth of cultured endometrial cancer cells [54]. In addition to these two factors, it is consid‐
ered that the transforming growth factor-β (TGF-β) is also involved in the carcinogenesis. This
factor is expressed in normal human endometrium and certain endometrial cancer cell lines.
In some of these cell lines, like RL95-2, SPEC-2, and KLE, the TGF-β inhibits their growth [55].
Among the other growth factors which affect endometrial carcinogenesis, the basic fibroblast
growth factor (bFGF) and insulin-like growth factor I (IGF-I) should also be mentioned [56].

10. Activation of oncogenes

The most frequently altered oncogenes in endometrial cancer are the point-mutational
activation of K-ras. Point mutations of K-ras were found in approximately 10–30 % of endo‐
metrial cancers [57]. Also, K-ras mutations have been identified in endometrial hyperplasia
and more frequently in complex atypical hyperplasia, suggesting that K-ras mutations may be
an early event in endometrial carcinogenesis [58].

In addition to this oncogene, the amplification and overexpressed HER-2/neu (c-erb B-2) was
found in about 10–20 % of sporadic endometrial carcinoma cases [59-61]. HER-2/neu gene
encodes a membrane receptor protein which is structurally similar to the receptor for epider‐
mal growth factor (EGF-R). In some endometrial carcinomas, the overexpression of oncogenes
Myb, Fos, Myc, and fms, as well as their correlation with advanced stages of carcinogenesis
and poor prognosis of the outcome of survival, was recorded [57, 62]. Results of some
endometrial carcinoma studies detected the overexpression of oncogenes Myb, Fos, Myc, and
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fms, as well as their correlation with advanced stages of carcinogenesis and poor prognosis of
the outcome of survival [57, 62].

11. Inactivation of tumor suppressor genes

Until now, it is observed that mutations in PTEN (phosphatase and tenzin homologue deletion
on chromosome 10) tumor suppressor gene, also known as MMAC1 and TEP1, are detected
in approximately 50 % of endometrial cancers [63], as well as in 20 % of endometrial hyper‐
plasias, suggesting that these mutations occur relatively early in pathogenesis of this cancer
type [64, 65]. PTEN is a dual-specificity protein phosphatase which dephosphorylates tyro‐
sine-, serine- and threonine-phosphorylated proteins. Acting as lipid phosphatase, which is
critical for its tumor suppressor function, it removes the phosphate in the D3 position of the
inositol ring from phosphatidylinositol 3,4,5-trisphosphate; phosphatidylinositol 3,4-diphos‐
phate; phosphatidylinositol 3-phosphate; and inositol 1,3,4,5-tetrakisphosphate. PTEN is
crucial in the control of PI3K-AKT/PKB signaling pathway by dephosphorylating phosphoi‐
nositides and thereby modulating cell cycle progression and cell survival [66, 67]. There is a
wide spectrum of PTEN mutations in endometrial cancer, which occur in exons 3, 4, 5, 7, and
8 and targeting the phosphatase domain and regions that control the stability and localization
of proteins. The consequence of these mutations is reduced or completely absent expression
of PTEN [68]. It was shown that progesterone treatment of cultured endometrial stromal cells
induces an increase in PTEN levels, while estradiol induces the PTEN phosphorylation. This
indicates an outstanding role of PTEN in the development and/or progression of endometrial
cancer [69]. Although loss of PTEN function was implicated in the pathogenesis of many
different tumors [70], it is believed that the altered expression of PTEN can be a diagnostic
marker for the early precancerous conditions of the endometrium [43].

Mutations of the p53 tumor suppressor gene have been found in approximately 10–20 % of all
endometrial cancers, with the greatest frequency in the high-grade tumors. Approximately 50
% of grade III tumors type 1 and the rare tumors of type 2 contain mutations in p53, but they
have not been reliably detected within the tumor of grade I or hyperplasia [68, 71, 72], so it is
considered that they occur in the late stages of endometrial carcinogenesis [56, 68]. The partial
role of the p53 in the cell cycle regulation is mediated through the transcriptional activation of
other genes, such as p21, followed by inhibition of the cyclin-dependent kinases [73]. Thus,
inactivation of p21 could potentially lead to tumor progression. Studies have shown that in
approximately 15–40 % of endometrial cancer cases, a loss of p21 gene expression can be
detected [74-76]. In addition to p53 and p21, the alterations of p16INK4a (CDKN2A) tumor
suppressor gene were also observed. This gene encodes the p16 protein that specifically binds
to CDK4 cyclin-dependent kinases, thereby inhibiting the catalytic activity of the CDK4-cyclin
D complexes. Until now, it is observed that methylation, mutations, and deletions of p16INK4a
gene are rare, and they were detected in approximately 2–6 % of endometrial cancer cases [56,
77], while the loss of expression was found in 20–70 % of cases [78-80].

Endothelins (ETs), ET-1, ET-2, and ET-3, are potent vasoconstricting peptides involved in the
pathophysiology of many human malignancies by activating G protein-coupled receptor
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(GPCR) subtypes, ETA and ETB [81]. Expression of ET-1 was detected in normal human
endometrium and in endometrial adenocarcinoma. Also, ETAR and ETBR expression was
decreased in endometrial cancer tissue compared with that of normal endometrium [82].The
ET-1-ETRA axis is frequently dysfunctional in numerous types of carcinomas and contributes
to the promotion of cell growth and migration [83].

12. Microsatellite instability

In addition to mutations of the PTEN gene, microsatellite instability (MSI) is often detected in
type 1 of endometrial cancer. MSI was first demonstrated in patients with hereditary nonpo‐
lyposis colorectal carcinoma (HNPCC), in which endometrial cancer is often an associated
phenomenon. Additional studies have shown that MSI is detected in approximately 25 % of
sporadic cases of endometrial cancer [84] or by other studies in 9–45 % of cases [56]. Unlike
hereditary forms of nonpolyposis colorectal carcinoma, where subjects with this type of cancer
carry mutations of one of the DNA mismatch repair genes, hMLH1, hMSH2, and hMSH6 [85,
86], promoter hypermethylation of the gene hMLH1 represents the predominant cause of MSI
only in sporadic cases [87]. There are also data on the hypermethylation of this gene promoter
in hyperplasia and in the absence of cancer, which suggests that inactivation of mismatch
repair genes precedes the formation of MSI [88].

13. Reactive oxygen species

Oxygen may be a source of reactive oxygen species (ROS) due to its incomplete reduction
mostly by the oxidoreductase complex I and III of the mitochondrial respiratory chain [89],
forming the superoxide anion radical (O2 •-). ROS molecules are characterized by a higher
reactivity than oxygen in its ground state. The ROS include free radicals (a term that refers to
molecules with one unpaired electron in the outer orbital), like superoxide anion radical (O2
•-), hydroxyl radical (•OH), peroxyl radical (ROO• ), as well as reactive nonradical molecules
such as singlet oxygen (1O2), peroxynitrite (ONOO-), or hydrogen peroxide (H2O2). Their half-
life varies from a few nanoseconds for the most reactive molecules up to a few seconds or hours
for stable radicals [90].

There are a few major sources of O2 •- in the cell: the respiratory chain in mitochondria,
endoplasmic reticulum cytochromes (cytochrome P-450-dependent oxygenase, NADPH-
cytochrome P-450 reductase), as well as the oxidase contained in the cell cytoplasm and
membranes (NADPH oxidase of polymorphonuclear leucocytes, macrophages, and endothe‐
lial cells) [91, 92]. The resulting O2 •- may be converted to H2O2 by spontaneous dismutation,
as well as by the enzyme superoxide dismutase (SOD). In addition, the H2O2 may originate
from the monoamine oxidase activity [93] or from the beta-oxidation of fatty acids in peroxi‐
somes [94]. Its reduction is carried out by the enzyme catalase (CAT) and glutathione peroxi‐
dase (GPx), which can be considered as the main way of detoxification. H2O2 may also be
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reduced by the neutrophil myeloperoxidase which catalyzes the conversion of H2O2 and Cl-

to hypochlorous acid (HOCl) and in the presence of transition metals (Fe2+ or Cu+), producing
•OH [95]. The hydroxyl radical is a highly reactive oxidant that reacts almost instantaneously
with the surrounding molecules abstracting the hydrogen atom (RH). The resulting free radical
(R•) is more stable and therefore has usually longer half-life compared to the •OH [96]. Peroxyl
radicals have a relatively long half-life, and they are formed in the process of lipid peroxidation,
which begins with removal of the hydrogen atom of polyunsaturated fatty acids [97]. Lipid
peroxidation in cell membranes can significantly damage their function due to the formation
of irreversible disturbance of fluidity and elasticity, which can lead to impairment of cellular
homeostasis.

ROS are constantly produced in the body as a result of normal metabolic processes, but there
is also a significant influence of external factors. Many chemical and biological agents which
are prooxidants under certain conditions can lead to increased production of free radicals. If
their production exceeds the capacity of the antioxidant defense, the oxidative stress occurs
[96]. ROS can react with any molecules in the cell, thus causing considerable damage which
results in cellular dysfunction. These processes are increasingly studied today in the frame‐
work of the mechanisms of etiopathogenesis of various diseases. Also, their role in cell
signaling, proliferation, differentiation, and programmed cell death – apoptosis – is intensively
examined.

14. Antioxidant System (AOS)

The term antioxidant refers to a substance that, when present in small amounts compared with
the substrate to be oxidized, inhibits or prevents its oxidation. The antioxidant system can be
divided into two categories: nonenzymatic antioxidants, which include various compounds
of low molecular weight (vitamin E, vitamin C, carotenoids, polyphenols, ubiquinone, and
glutathione), and the AO enzyme system [98].

15. Nonenzymatic antioxidants

Vitamin E (tocopherol-OH, vitamin E) is a generic name for a group of compounds known as
the tocopherols and tocotrienols, and it includes all forms which exhibit biological activity of
natural vitamin E (d-alpha-tocopherol) [98]. Vitamin C (ascorbic acid) is the most important
hydrophilic antioxidant. Their main function is to prevent peroxidation of lipids in the
membrane and, consequently, cell damage. The carotenoids are the vitamin A, which also
possess antioxidant properties. Beta-carotene is one of the most studied forms, and its
antioxidant function is based on its attribute to quench the singlet oxygen and remove free
radicals, thus protecting the cell membrane lipids from oxidative degradation. Polyphenols
are a group of compounds with antioxidant capacity to prevent formation of ROS production
through inhibition of the enzyme, as well as trace elements, involved in their formation [99].
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Ubiquinone prevents lipid peroxidation in liposomes, lipid emulsions, phospholipids, and
LDL particles [100]. Glutathione (GSH) is a tripeptide consisting of L-glutamine, L-cysteine,
and L-glycine. In addition to its role as a substrate of GSH redox cycles, it also removes the
hydroxyl radicals and singlet oxygen and maintains the enzymes and other cellular compo‐
nents in a reduced state [98].

16. Antioxidant enzymes

In mammals, three types of SODs have been identified, depending on the cellular localization
and prosthetic groups. In the cytoplasm, the predominant form is copper-zinc-superoxide
dismutase (CuZnSOD, SOD1), which represents a stable dimeric protein with molecular mass
of 32 kDa. It contains copper and zinc in its active site. Copper is considered necessary for the
catalytic activity of this enzyme, whereas zinc contributes to its stability [101]. CuZnSOD is
also located in the extracellular matrix, and this form is known as the extracellular superoxide
dismutase (EC-SOD, SOD3). This form of CuZnSOD is a tetrameric protein with molecular
mass of 135 kDa, and it possesses a heparin-binding domain that affects its extracellular
distribution [102]. Manganese superoxide dismutase (MnSOD SOD2) is a tetramer enzyme
with molecular weight of 88 kDa, containing manganese atom in the active sites and it is located
in the mitochondria.

CAT is homo-tetramer enzyme with molecular weight of 240 kDa, with each subunit contain‐
ing the heme prosthetic group and also the attached NADPH that protects the enzyme from
oxidative damage. CAT has a function to decompose H2O2 to O2 and H2O [103].

GPx family can be divided into two groups: selenium-independent peroxidase presented
glutathione S-transferase (GST) and selenium-dependent peroxidases (GPx).

Glutathione S-transferase belongs to the so-called phase II detoxifying enzymes that are
involved in conjugation reactions of a wide range of electrophilic xenobiotics (including
carcinogens and mutagens). Several selenoprotein glutathione peroxidases are present in
human tissues, cell GPx (GPx-1, CGP-x), gastrointestinal GPx (GPx-2, giGPx), plasma (extrac‐
ellular) GPx (GPx-3, eGPx), and phospholipid hydroperoxide GPx (GPx-4, PHGPx) and GPx-6,
which is only expressed in the epithelium of the olfactory system [104]. With the exception of
PHGPx which is a monomer (19 kDa), other forms of GPx are composed of four identical
subunits of a molecular weight of 19–25 kDa. Each subunit in its active site contains a seleno‐
cysteine (CysSe). The enzyme uses a reduced GSH as a source of reducing equivalents (elec‐
trons) to regenerate CysSe to the reduced state [105]. Glutathione reductase (GR) is an enzyme
that catalyzes the reduction of oxidized glutathione GSSG to GSH and it is essential for the
GSH redox cycle [106].

17. Oxidative stress and cell signaling

Because of their high reactivity, elevated ROS concentrations represent a great danger for
biomolecules. At physiological concentrations, these molecules are often necessary for normal
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functioning of cells as second messengers in the transduction of the cell signaling [107]. They
can be activated in such a way as to prevent or potentiate the cell death. Many signaling
pathways in the cell can be activated in both directions (cell survival or apoptosis), which
depends on the type and duration of oxidative stress or cell types. Also, some of these pathways
can affect the activation or suppression of other signaling pathways in the cell.

It is difficult to determine which type of ROS activates signaling pathways, because of their
extremely rapid conversion to other forms or due to the conversion of acid conjugates or
complexes with transition metals [108]. It is believed that H2O2 is highly suitable as a secondary
messenger because it does not randomly react with all of the molecules like other forms of
ROS, but tends to oxidize the -SH group of cysteine (Cys), which is then reduced by GSH [109].

In this way, by redox cycling of Cys, many transcription factors are regulated, such as
activating protein 1 (AP-1) [110], nuclear factor NF-IL6 [111], and proteins important in cell
signaling and cancerogenesis: protein kinase C (PKC), Ca2+-ATPase, collagenases, and SRC
tyrosine kinase [108]. It is known that ROS are critical molecules in regulation not only of the
AP-1 but also AP-2 [112] and of nuclear factor NF-kappaB [113] transcription families, which
have a decisive role in cell proliferation, differentiation, and morphogenesis.

Other processes induced by hydrogen peroxide included activation of the stress-activated
protein kinase/c-Jun N-terminal kinases (SAPK/JNK), the increased c-Jun phosphorylation,
activation of caspase 3 (CPP32), and decomposition of poly(ADP-ribose) polymerase (PARP),
which are associated with the apoptosis process [114]. Besides regulating the activity of cell
proteins, H2O2 also induces the expression of many genes [115]. In addition, these molecules
are responsible for the disruption of cell signaling and regular patterns of gene expression
[116], which can lead to a number of pathological processes including carcinogenesis. The
process of carcinogenesis is complex and consists of a series of changes at the cellular and
molecular levels and in at least three stages: initiation, promotion, and malignant conversion,
i.e., progression [117].

18. AO antioxidant status and carcinogenesis

In relation to carcinogenesis, it is known that the AO system has a role in preventing its
occurrence and promotion. The studies AO status in tumor tissues have not yet yielded results
that could lead to general conclusions about AO defense in tumor tissues. Since the carcino‐
genesis occurs in several stages, it is likely that the antioxidant defense depends on the type
of cell and tissue [118]. Mammalian cells and tissues differ significantly in the generation of
ROS. They also vary in antioxidant activity, induction capability, and cell repair capacities
which altogether results in a different susceptibility of mammalian tissues for tumor induction
[119-121].

Our earlier studies indicated a significant role of oxidative-induced injury in the breast
carcinogenesis, particularly during the later stages of aging [122]. It was also observed that
chemotherapy and radiotherapy promote further oxidative shift, which potentiates already
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existing chronic oxidative stress linked to breast cancer [123]. It is believed that the high
antioxidant capacity protects DNA from oxidative damage and mutagenesis but also can
protect the cells in the stage of initiation of increased oxidative toxicity, thus favoring their
clonal expansion and tumor progression [124]. It has long been known that oxidizing agents
may be cytotoxic, although under certain circumstances, can promote cell growth and facilitate
the clonal expansion of the initiated cells in carcinogenesis [125].

19. AO enzymes in gynecologic disorders

Some previous studies have shown that compared to healthy people, women with benign and
malignant changes in the genital tract have increased level of lipid peroxidation and altered
activity of AO enzymes in peripheral blood and tissue. Chiou and Hu [126] have detected that
the activity of SOD in plasma and erythrocytes of patients with cervicitis and uterine myoma
was lower compared to that of healthy women. At the same time, patients with cervicitis had
an increased level of CAT and GPx activity, while their activity in patients with uterine fibroids
(leiomyoma) was reduced. Similar results regarding the activities of SOD, CAT, and GPx in
erythrocytes of patients with cervicitis were obtained by Manoharan et al. [127]. These authors
also found that the activity of these enzymes was lower in patients with cervical cancer.
Research of Kolanjiappan et al. [128] and Manoharan et al. [127] showed that the level of lipid
peroxidation increased and the concentration of the antioxidant GSH, vitamin E, and CAT
decreased in erythrocytes of patients with cervical cancer. These patients had altered activity
of Na+K+-ATPase in erythrocytes compared to healthy persons. Our previous results showed
that AO status in blood of gynecological patients varies with diagnosis and the enzyme type.
Generally, both reduction in antioxidants and elevation of lipid peroxidation were observed.
Lipid hydroperoxide level was negatively correlated to SOD and GPx activities and concur‐
rently positively correlated with CAT activity. In addition, the lipid hydroperoxides/gluta‐
thione peroxidase ratio increased, according to the type of uterine disorder [129-131]. The
perturbation of antioxidant status was more pronounced in blood of patients with hyperplastic
and adenocarcinoma lesions compared to those with benign uterine changes such as polypus
and myoma. Our results of AO status in endometrial tissue showed significant decrease of
SOD activity in women with hyperplasia and adenocarcinoma. In both types of hyperplasia,
activities of GPx and GR were increased to 60 % and 100 % on average, while in adenocarci‐
noma patients, only GR activity was elevated to 100 %. CAT activity was significantly
decreased in adenocarcinoma patients (47 %). Lipid hydroperoxides level was negatively
correlated to SOD and CAT activities and positively correlated to GPx and GR activities [132].
Since association of different clinical risk factors and various types of gynecologic pathologies
is still not fully known as well as their influence on AO status, in our latest study, we evaluated
the influence of diagnostic categories, age, and reproductive factors on AO status in blood of
gynecological patients [133].The obtained results showed that reproductive and other factors
may be associated, at least partially, with AO capacity and ability to defend against the
oxidative damage in gynecological patients.
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The AO status and hormone influence were studied during the menstrual cycle and postme‐
nopause in healthy women and those with gynecologic disorders. The SOD was found to have
a role in maintaining luteal cell integrity and steroidogenic capacity in fertile women [134]. An
increase in the GPx activity was observed during the menstrual cycle, from the late follicular
to the early luteal phase. The rise in GPx activity is related to increased ovarian production of
estrogen that occurs in that particular period of menstrual cycle [135]. Decrease in GPx activity
has been noted in the endometrium and blood in late-menopausal women [136]. Menopause
is accompanied by hormone imbalance. A significant fall of the estrogen serum level with rise
of follicle-stimulating hormone (FSH) has been recorded in postmenopausal women compared
to premenopausal women [137]. Hormone replacement therapy (HRT) shows protective
antioxidant role by reduction of lipid peroxide (LOOH) serum levels [138]. It is also found that
HRT positively correlates with SOD activity in postmenopausal women [139].

We have shown that AO enzyme activity and lipid hydroperoxide level in patients with
endometrial polyps are influenced by the changes in sex hormones during the menstrual cycle
and in menopause [140]. In this study, we aimed to examine the AO status in menstrual cycle
and postmenopause of women with endometrial hyperplasia simplex as well as the relation‐
ship between sex hormones and AO parameters.

20. Methods

Subjects. The material used in this study consisted of 35 blood and tissue specimens of women
admitted to the Department of Gynecology and Obstetrics for gynecological evaluation within
routine checkups or for abnormal uterine bleeding (prolonged menstrual bleeding and
postmenopausal bleeding). On the basis of diagnosis and histological examination, subjects
were diagnosed with hyperplasia simplex endometrii, and the specimens were taken after
obtaining the informed consent. The study was conducted prospectively and it was approved
by the Human Studies Ethics Committee of the Clinical Center. The protocol was consistent
with the World Medical Association Declaration of Helsinki (Ethical Principles for Medical
Research Involving Human Subjects). None of them had undergone hormone therapy or any
other medical treatment in the last six months. Patients were divided as follows: 10 in the
proliferative (follicular phase, F) (age, 40–52 years; median 46 years), 15 in the secretory (luteal
phase, L) (age, 27–53 years; median 44 years), and 10 in the postmenopause (PM) (age, 47–60
years; median 53 years).

Samples. Samples were collected and prepared for enzyme assays according to the procedures
described previously [129,131]:

Venous blood samples were collected into heparinized tubes on the same day of uterine biopsy
and aliquoted immediately. For SOD assay (OxisResearch™), blood was centrifuged at 2500
g for 5 min. Plasma was discarded and pellet was resuspended in 4 packed-cell volume of ice-
cold demineralized ultrapure water (MilliQ reagent grade water system, Millipore Corp.,
Bedford, MA, USA). After addition of ethanol/chloroform extraction reagent (62.5/37.5 vol/
vol) to remove hemoglobin interference, samples were centrifuged at 3000 g for 10 min
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(Eppendorf centrifuge 5417, Eppendorf AG, Hamburg, Germany). Upper aqueous layer was
collected and kept at -70 ºC until assay.

Fresh endometrial tissue samples were washed in saline solution and homogenized in
phosphate buffer containing 0.05M KH2PO4 and 1 mM EDTA, pH 7.8 (1 g tissue per 2 ml buffer)
in a Teflon/glass homogenizer (Spindler & Hoyer, Göttingen, Germany) and frozen at -70 ºC
for 20 h in order to disrupt cell membranes. For SOD assay (OxisResearch™), thawed homo‐
genates were vortexed 1 min and centrifuged at 8600 g, for 20 min at 4 ºC (Eppendorf centrifuge
5417, Eppendorf AG, Hamburg, Germany). According to manufacturer’s recommendation,
after addition of ethanol/chloroform extraction reagent (62.5/37.5 vol/vol) to completely
remove hemoglobin interference, samples were centrifuged at 6000 g for 20 min, at 4 ºC
(Beckman centrifuge J2-21, Beckman Instruments Inc., Palo Alto, CA, USA). Upper aqueous
layer was collected and kept at -70 ºC until assay. The enzyme activities and lipid hydroper‐
oxide (LOOH) concentration were monitored spectrophotometrically (Perkin Elmer Spectro‐
photometer, Lambda 25, Perkin Elmer Instruments, Norwalk, CT,USA).

The specific enzyme activities were expressed as Units (U) or mU per milligram of total cell
protein (U or mU/mg protein), and LOOH concentration was expressed as nmol/mg protein.
Protein concentration in tissue homogenates was performed by the method of Lowry et al.
[141] and expressed as mg/ml. Plasma follicle-stimulating hormone (FSH), luteinizing
hormone (LH), estradiol (E), and progesterone (P) levels were analyzed using standard
radioimmunoassay (RIA) methods by the hormone analysis laboratory.

Enzyme Assays. Enzyme assays were performed as described previously [132]:

Assay of SOD activity. Determination of SOD activity was performed using Oxis Bioxytech®
SOD-525™ Assay (Oxis International, Inc., Portland, OR, USA). The method is based on SOD-
mediated increase of autoxidation of 5,6,6a11b-tetrahydro-3,9,10-tryhydroxybenzo[c]fluorene
in aqueous alkaline solution to yield a chromophore with maximum absorbance at 525 nm.
The SOD activity is determined from the ratio of the autoxidation rates in the presence (Vs)
and in the absence (Vc) of SOD. One SOD-525 activity unit is defined as the activity that doubles
the autoxidation rate of the control blank.

Assay of CAT activity. CAT activity was determined by the method of Beutler [142].The reaction
is based on the rate of H2O2 degradation by catalase contained in the examined samples. The
reaction was performed in an incubation mixture containing 1 M Tris-HCl, 5 mM EDTA, pH
8.0, and monitored spectrophotometrically at 230 nm. One unit of CAT activity is defined as
1 μmol of H2O2 decomposed per minute under the assay conditions.

Assay of GPX activity. GPx activity was assessed using the Oxis Bioxytech® GPx-340™ Assay
(Oxis International, Inc., Portland, OR, USA), based on the principle that oxidized glutathione
(GSSG) produced upon reduction of an organic peroxide by GPx, is immediately recycled to
its reduced form (GSH) with concomitant oxidation of NADPH to NADP+. The oxidation of
NADPH was monitored spectrophotometrically as a decrease in absorbance at 340 nm. One
GPx-340 unit is defined as 1 μmol of NADH oxidized per minute under the assay conditions.

Assay of GR activity. Activity of GR was measured using the Oxis Bioxytech® GR-340™ Assay
(Oxis International, Inc., Portland, OR, USA). Assay is based on the oxidation of NADPH to
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Protein concentration in tissue homogenates was performed by the method of Lowry et al.
[141] and expressed as mg/ml. Plasma follicle-stimulating hormone (FSH), luteinizing
hormone (LH), estradiol (E), and progesterone (P) levels were analyzed using standard
radioimmunoassay (RIA) methods by the hormone analysis laboratory.

Enzyme Assays. Enzyme assays were performed as described previously [132]:

Assay of SOD activity. Determination of SOD activity was performed using Oxis Bioxytech®
SOD-525™ Assay (Oxis International, Inc., Portland, OR, USA). The method is based on SOD-
mediated increase of autoxidation of 5,6,6a11b-tetrahydro-3,9,10-tryhydroxybenzo[c]fluorene
in aqueous alkaline solution to yield a chromophore with maximum absorbance at 525 nm.
The SOD activity is determined from the ratio of the autoxidation rates in the presence (Vs)
and in the absence (Vc) of SOD. One SOD-525 activity unit is defined as the activity that doubles
the autoxidation rate of the control blank.

Assay of CAT activity. CAT activity was determined by the method of Beutler [142].The reaction
is based on the rate of H2O2 degradation by catalase contained in the examined samples. The
reaction was performed in an incubation mixture containing 1 M Tris-HCl, 5 mM EDTA, pH
8.0, and monitored spectrophotometrically at 230 nm. One unit of CAT activity is defined as
1 μmol of H2O2 decomposed per minute under the assay conditions.

Assay of GPX activity. GPx activity was assessed using the Oxis Bioxytech® GPx-340™ Assay
(Oxis International, Inc., Portland, OR, USA), based on the principle that oxidized glutathione
(GSSG) produced upon reduction of an organic peroxide by GPx, is immediately recycled to
its reduced form (GSH) with concomitant oxidation of NADPH to NADP+. The oxidation of
NADPH was monitored spectrophotometrically as a decrease in absorbance at 340 nm. One
GPx-340 unit is defined as 1 μmol of NADH oxidized per minute under the assay conditions.

Assay of GR activity. Activity of GR was measured using the Oxis Bioxytech® GR-340™ Assay
(Oxis International, Inc., Portland, OR, USA). Assay is based on the oxidation of NADPH to
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NADP+ during the reduction of oxidized glutathione (GSSG), catalyzed by a limiting concen‐
tration of glutathione reductase. The oxidation of NADPH was monitored spectrophotomet‐
rically as a decrease in absorbance at 340 nm. One GR-340 unit is defined as 1 μmol of NADH
oxidized per minute under the assay conditions.

Lipid hydroperoxides. Concentration of LOOH was measured by Oxis Bioxytech® LPO-560™
Assay (Oxis International, Inc., Portland, OR, USA), which is based on the oxidation of ferrous
(Fe2+) ions to ferric (Fe3+) ions by hydroperoxides under acidic conditions. Ferric ions then bind
with the indicator dye, xylenol orange, and form a colored complex. The absorbance of the
complex was measured at 560 nm. Since hydrogen peroxide content in many biological
samples is much higher than that of other hydroperoxides, samples were pretreated with
catalase to decompose the existing H2O2 and eliminate the interference.

Statistics. Statistical analysis was carried out by the use of the Kruskal-Wallis test followed by
the Dunn’s post hoc test, which considered the unequal and small sample sizes we used in this
study. A linear regression model was used to evaluate associations between hormonal and
antioxidant variables. Before plotting the data in the regression study, the normality test on
the variables was performed, and the values of estradiol and progesterone were log trans‐
formed. The 95 % confidence intervals (CIs) for the regression lines were calculated. Two-tailed
p values are given throughout. All data were analyzed using GraphPad Prism software.

21. Results

The phase-related concentrations of gonadotropins and sex hormones are reported in Table
2. Significant changes were observed in FSH (H=12.75, p<0.01, Kruskal-Wallis), LH (H=8.98,
p<0.01, Kruskal-Wallis), and estradiol (H=7.93, p<0.05, Kruskal-Wallis) concentrations.

Follicular phase Luteal phase Postmenopause

FSH (U/L)**
Median
(Min/max)

14.30±3.51
11.50

(7.50–31.50)

13.20±2.21
10.80

(0.1–31.50)

38.88±7.88
32.15

(14.30–75.00)

LH (U/L)**
Median
(Min/max)

3.33±1.70
2.50

(0.60–9.40)

3.93±0.96
3.10

(0.60–11.20)

11.88±2.47
11.25

(1.30–24.00)

Estradiol (pg/ml)*
Median
(Min/max)

39.30±7.59
48.80

(12.60–57.20)

71.41±14.07
56.50

(10.00–208.10)

5.16±1.16
3.80

(0.70–11.40)

Progesterone (nmol/L)
Median
(Min/max)

7.40±1.09
6.30

(5.20–12.10)

8.83±2.68
5.30

(1.30–41.60)

5.16±1.16
3.80

(0.70–11.40)

Table 2. Changes in hormone levels during follicular phase, luteal phase, and in postmenopause (data are expressed as
mean ± SEM; * p<0.05, **p<0.01)
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21.1. Antioxidant parameters and correlation with sex hormones in blood

Figure 1 shows the phase-related changes of LOOH concentrations and AO enzyme activities
in the blood of examined patients. The significant change with respect to the phase was
observed in LOOH concentrations (H=5.76, p<0.05, Kruskal-Wallis). In the follicular phase, it
was significantly lower than in the postmenopause (p<0.05, Dunn test). There were no
significant changes of AO enzymes in the examined phases.

The linear regression analysis of individual hormonal variables against antioxidant parameters
in blood (Figure 2) showed a significant negative correlation between FSH concentrations and
GR activity (r=-0.42, p<0.05), as well as a significant positive correlation between LH and LOOH
concentrations (r=0.38, p<0.05). No significant correlations were found between other hor‐
mones and antioxidant variables.
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Figure 1. Changes in blood LOOH concentrations and AO enzyme activities in follicular phase (F), luteal phase (L), and postmenopause 
(PM) in blood of patients with hyperplasia simplex. Data are shown as mean ± SEM. P values refer to the results of the Dunn test 
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Figure 2. Linear regression line and 95 % CI to study the relationship between log FSH and GR activity; log LH and LOOH 
concentration in the blood of patients with hyperplasia simplex 
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and it was significantly elevated in luteal phase and in postmenopause, in comparison to the follicular phase (p<0.05, 
Dunn test). 

Unlike blood, where no changes in AO enzyme activities were recorded, we found significant phase-related changes of 
SOD (H=9.11, p=0.01, Kruskal-Wallis) and CAT activity H=7.60, p<0.05, Kruskal-Wallis). Both enzymes had similar 
activity pattern, which was higher in luteal phase and in postmenopause, compared to follicular phase (p<0.05, Dunn 
test). The phase-related activity of GPx and GR did not show any statistical difference. 
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The phase-related changes of LOOH concentrations and AO enzyme activities in hyperplasia
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in the blood of examined patients. The significant change with respect to the phase was
observed in LOOH concentrations (H=5.76, p<0.05, Kruskal-Wallis). In the follicular phase, it
was significantly lower than in the postmenopause (p<0.05, Dunn test). There were no
significant changes of AO enzymes in the examined phases.

The linear regression analysis of individual hormonal variables against antioxidant parameters
in blood (Figure 2) showed a significant negative correlation between FSH concentrations and
GR activity (r=-0.42, p<0.05), as well as a significant positive correlation between LH and LOOH
concentrations (r=0.38, p<0.05). No significant correlations were found between other hor‐
mones and antioxidant variables.
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21.2. Antioxidant parameters and correlation with sex hormones in hyperplasia simplex
tissue

The phase-related changes of LOOH concentrations and AO enzyme activities in hyperplasia
simplex tissue are shown in Figure 3. The LOOH concentration significantly differed with
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respect to the phase (H=7.74, p<0.05, Kruskal-Wallis), and it was significantly elevated in luteal
phase and in postmenopause, in comparison to the follicular phase (p<0.05, Dunn test).

Unlike blood, where no changes in AO enzyme activities were recorded, we found significant
phase-related changes of SOD (H=9.11, p=0.01, Kruskal-Wallis) and CAT activity H=7.60,
p<0.05, Kruskal-Wallis). Both enzymes had similar activity pattern, which was higher in luteal
phase and in postmenopause, compared to follicular phase (p<0.05, Dunn test). The phase-
related activity of GPx and GR did not show any statistical difference.

The linear regression analysis of hormone levels on the examined AO parameters in hyper‐
plasia simplex tissue showed a negative correlation between progesterone and GR activity
(Figure 4) (r=-0.36, p<0.05).

22. Discussion

Studies have shown a different AO status and sex hormone influence during menstrual cycle
and postmenopause in healthy women and those with ovarian disorders [143-146], but we
found no data regarding that relation in patients with endometrial hyperplasia simplex.

In the blood of these patients, we detected a lower level of LOOH in the F phase in comparison
to the postmenopause. In hyperplastic tissue, LOOH level was lower in the F phase than in L
phase and postmenopause. The activities of SOD and CAT were also lower in F phase when
compared to the L phase and postmenopause. There was a negative correlation between FSH/
P concentrations and GR activity in the blood and hyperplastic tissue, respectively. Positive
correlation between LH and LOOH concentrations was recorded in the blood.

Similar pattern of LOOH concentration and SOD activity in endometrium of healthy women
throughout the menstrual cycle was also observed in [134]. They found that LOOH concen‐
tration increased from early proliferative phase to mid-late proliferative phase and further
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Figure 1. Changes in blood LOOH concentrations and AO enzyme activities in follicular phase (F), luteal phase (L), and postmenopause 
(PM) in blood of patients with hyperplasia simplex. Data are shown as mean ± SEM. P values refer to the results of the Dunn test 
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Figure 2. Linear regression line and 95 % CI to study the relationship between log FSH and GR activity; log LH and
LOOH concentration in the blood of patients with hyperplasia simplex
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The linear regression analysis of hormone levels on the examined AO parameters in hyperplasia simplex tissue showed a 
negative correlation between progesterone and GR activity (Figure 4) (r=-0.36, p<0.05). 
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Figure 3. Changes in endometrial LOOH concentrations and AO enzyme activities in follicular phase (F), luteal phase (L), and 
postmenopause (PM) in hyperplasia simplex tissue. Data are shown as mean ± SEM. P values refer to the results of the Dunn test 
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Figure 4. Linear regression line and 95 % CI to study the relationship between log Pr and GR activity in hyperplasia simplex tissue. 

22. Discussion 

Studies have shown a different AO status and sex hormone influence during menstrual cycle and postmenopause in 
healthy women and those with ovarian disorders [143-146], but we found no data regarding that relation in patients with 
endometrial hyperplasia simplex. 

In the blood of these patients, we detected a lower level of LOOH in the F phase in comparison to the postmenopause. In 
hyperplastic tissue, LOOH level was lower in the F phase than in L phase and postmenopause. The activities of SOD and 
CAT were also lower in F phase when compared to the L phase and postmenopause. There was a negative correlation 

Figure 3. Changes in endometrial LOOH concentrations and AO enzyme activities in follicular phase (F), luteal phase
(L), and postmenopause (PM) in hyperplasia simplex tissue. Data are shown as mean ± SEM. P values refer to the re‐
sults of the Dunn test

The linear regression analysis of hormone levels on the examined AO parameters in hyperplasia simplex tissue showed a 
negative correlation between progesterone and GR activity (Figure 4) (r=-0.36, p<0.05). 

SOD

F L PM
0.00

0.25

0.50

0.75

1.00

p<0.05

p<0.05

U/m
g p

rot
ein

CAT

F L PM
0

20

40

60

80

p<0.05

p<0.05

U/m
g p

rot
ein

GPx

F L PM
0

5

10

15

20

25

mU
/m

g p
rot

ein

GR

F L PM
0

1

2

3

4

5
mU

/m
g p

rot
ein

LOOH

F L PM
0.0

0.1

0.2

0.3

0.4

p<0.05

p<0.05

nm
ol/

mg
 pr

ote
in

 

Figure 3. Changes in endometrial LOOH concentrations and AO enzyme activities in follicular phase (F), luteal phase (L), and 
postmenopause (PM) in hyperplasia simplex tissue. Data are shown as mean ± SEM. P values refer to the results of the Dunn test 

-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
0

2

4

6

8

10

0

2

4

6

8

10

log Pr (nmol/l)

GR
 (m

U/
m

g 
pr

ot
ei

n)

 

Figure 4. Linear regression line and 95 % CI to study the relationship between log Pr and GR activity in hyperplasia simplex tissue. 
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The linear regression analysis of hormone levels on the examined AO parameters in hyperplasia simplex tissue showed a 
negative correlation between progesterone and GR activity (Figure 4) (r=-0.36, p<0.05). 
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Figure 4. Linear regression line and 95 % CI to study the relationship between log Pr and GR activity in hyperplasia simplex tissue. 
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increased in the late secretory phase. The SOD activity increased from early proliferative phase
to mid-late proliferative phase, further increased in the mid-secretory phase, and then
decreased in the late secretory phase. Previous investigations of immunohistochemical
distribution of SOD in human endometrium during menstrual cycle also showed that surface
and glandular epithelia contain SOD during proliferative and secretory phases except just
prior to the menstruation [147].

The  study  of  Ota  et  al.  [148]  regarding  SOD  expression  in  endometrium  during  the
menstrual cycle of healthy fertile women and women with diagnosed endometriosis and
adenomyosis  have  shown the  phase-dependent  changes  of  SODs in  glandular  and sur‐
face epithelia in healthy women. Specifically, the expression of copper, zinc SOD was lowest
during the early and mid-proliferative phases and then gradually increased and was most
pronounced  in  the  early  and  mid-secretory  phases.  The  expression  of  manganese  SOD
reached a peak in the late secretory phase. In women with endometriosis and adenomyo‐
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was consistently elevated throughout the menstrual cycle when compared to healthy women.
Likewise, in women with adenomyosis, the CAT expression did not vary during the cycle in
comparison to healthy ones, and it was significantly higher than in patients with endometriosis
[149]. In women with endometrial polyp, we found no significant change of CAT activity in
different phases [140]. In this study, however, the CAT activity in endometrium of patients
with simple hyperplasia was also similar to the healthy women.

Studies in women with gynecologic disorders indicate a different AO status, as one of the
possible factors contributing to the development of oxidative stress [150]. There are also studies
which investigated the role of oxidative stress and hormones in development of gynecologic
pathologies. For example, in [151], it was found that FSH, LH, and estrogen could induce ROS
production at different levels in ovarian epithelial carcinoma and may therefore participate in
cancer development process. FSH was found to increase cell proliferation in ovarian epithelial
carcinoma (OEC) [152], and LH may also be involved in OEC development under pathological
conditions [151].

Simple hyperplasia is the most common type of endometrial hyperplasia and the type most
likely to spontaneously regress, and it rarely progresses to endometrial cancer [42, 51, 153].
The LOOH concentrations and AO enzyme activities in this study which were similar to
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the healthy women point to the preserved cellular AO status in these patients. Endometri‐
al  hyperplasias  are  generally  considered  as  precancerous  lesions  and  are  treated  either
conservatively or surgically. The regression of hyperplastic to normal endometrium is the
main purpose of any conservative treatment. It is based on the administration of agents,
like  progestogens  [154],  which  have  an  indirect  antiestrogenic  action  and  also  a  direct
antiproliferative effect on the endometrium [155]. Also, therapeutic application of gonado‐
tropin-releasing hormone analogue (GnRHa) in women with hyperplasia was associated
with high regression rates. The regression to normal endometrium is considered to be due
to  decreased  gonadotropin  levels  as  a  result  of  pituitary  downregulation  or  to  the  de‐
creased ovarian steroidogenesis following low gonadotropin levels [156, 157]. The results
of  this  study  also  showed  that  gonadotropins  and  progesterone  influenced  oxidant/
antioxidant parameters in hyperplastic patients. Although we found no significant changes
of GR activity among the menstrual cycle phases,  FSH/P was negatively correlated with
GR activity in the blood and hyperplastic tissue, while positive correlation between LH and
LOOH  concentrations  was  recorded  in  the  blood.  Our  previous  study  in  women  with
endometrial  polyp  also  showed  the  influence  of  gonadotropins  on  AO  status.  In  these
patients, we observed a negative correlation between FSH/LH and GPx activity and also
between LH and SOD activity [140].

The role of gonadotropins in gynecological diseases in not fully clarified. In ovarian epithelial
cancer (OEC), gonadotropin theory proposes that elevated serum FSH and LH levels contrib‐
ute significantly to its development [158]. FSH generally acts through its membrane-bound
receptor which activates the intracellular signaling cascade, starting with cyclic AMP/protein
kinase A (cAMP/PKA) that is followed by phosphorylation of specific transcriptional factors,
like cAMP-response element-binding protein (CRE), or p38 MAPK, which controls other
kinase cascades. The FSH receptor can also activate extracellular signal-regulated protein
kinases (ERK-s) [159].

It was shown that synthesis of antioxidants, such as glutathione in the ovary, is regulated by
gonadotropins, but exact mechanisms are still unknown [160]. One of the mechanisms behind
FSH and antioxidants interaction is through activation of transcriptional factors, like Nrf2. The
induced Nrf2 binds to the antioxidant-response element (ARE), thus coordinately regulates
the expression of AO genes [161].

The pathogenesis of endometrial hyperplasia is still not fully understood. Prolonged estrogen
stimulation is considered as one of the factors related to the etiology. This study showed that
patients with endometrial hyperplasia simplex have similar AO status like healthy women,
and it also demonstrated the relation of hormones and prooxidant/antioxidant parameters in
this gynecologic disorder. Since simple hyperplasia may spontaneously regress, these results
point to the preserved AO capacity as a potentially important factor in the regression mecha‐
nisms. However, the role of ROS production as a risk factor for endometrial hyperplasia still
needs to be clarified as well as the role of AO status in response to gonadotropins and sex
steroids.

Basic Principles and Clinical Significance of Oxidative Stress264



the healthy women point to the preserved cellular AO status in these patients. Endometri‐
al  hyperplasias  are  generally  considered  as  precancerous  lesions  and  are  treated  either
conservatively or surgically. The regression of hyperplastic to normal endometrium is the
main purpose of any conservative treatment. It is based on the administration of agents,
like  progestogens  [154],  which  have  an  indirect  antiestrogenic  action  and  also  a  direct
antiproliferative effect on the endometrium [155]. Also, therapeutic application of gonado‐
tropin-releasing hormone analogue (GnRHa) in women with hyperplasia was associated
with high regression rates. The regression to normal endometrium is considered to be due
to  decreased  gonadotropin  levels  as  a  result  of  pituitary  downregulation  or  to  the  de‐
creased ovarian steroidogenesis following low gonadotropin levels [156, 157]. The results
of  this  study  also  showed  that  gonadotropins  and  progesterone  influenced  oxidant/
antioxidant parameters in hyperplastic patients. Although we found no significant changes
of GR activity among the menstrual cycle phases,  FSH/P was negatively correlated with
GR activity in the blood and hyperplastic tissue, while positive correlation between LH and
LOOH  concentrations  was  recorded  in  the  blood.  Our  previous  study  in  women  with
endometrial  polyp  also  showed  the  influence  of  gonadotropins  on  AO  status.  In  these
patients, we observed a negative correlation between FSH/LH and GPx activity and also
between LH and SOD activity [140].

The role of gonadotropins in gynecological diseases in not fully clarified. In ovarian epithelial
cancer (OEC), gonadotropin theory proposes that elevated serum FSH and LH levels contrib‐
ute significantly to its development [158]. FSH generally acts through its membrane-bound
receptor which activates the intracellular signaling cascade, starting with cyclic AMP/protein
kinase A (cAMP/PKA) that is followed by phosphorylation of specific transcriptional factors,
like cAMP-response element-binding protein (CRE), or p38 MAPK, which controls other
kinase cascades. The FSH receptor can also activate extracellular signal-regulated protein
kinases (ERK-s) [159].

It was shown that synthesis of antioxidants, such as glutathione in the ovary, is regulated by
gonadotropins, but exact mechanisms are still unknown [160]. One of the mechanisms behind
FSH and antioxidants interaction is through activation of transcriptional factors, like Nrf2. The
induced Nrf2 binds to the antioxidant-response element (ARE), thus coordinately regulates
the expression of AO genes [161].

The pathogenesis of endometrial hyperplasia is still not fully understood. Prolonged estrogen
stimulation is considered as one of the factors related to the etiology. This study showed that
patients with endometrial hyperplasia simplex have similar AO status like healthy women,
and it also demonstrated the relation of hormones and prooxidant/antioxidant parameters in
this gynecologic disorder. Since simple hyperplasia may spontaneously regress, these results
point to the preserved AO capacity as a potentially important factor in the regression mecha‐
nisms. However, the role of ROS production as a risk factor for endometrial hyperplasia still
needs to be clarified as well as the role of AO status in response to gonadotropins and sex
steroids.

Basic Principles and Clinical Significance of Oxidative Stress264

Acknowledgements

This work was financially supported by the Ministry of Education, Science and Technological
Development, Republic of Serbia (Grants 41027, 41022, 173041).

Author details

Snežana Pejić*, Ana Todorović, Vesna Stojiljković, Ivan Pavlović, Ljubica Gavrilović,
Nataša Popović and Snežana B. Pajović

*Address all correspondence to: snezana@vinca.rs

Laboratory of Molecular Biology and Endocrinology, "Vinča" Institute of Nuclear Sciences,
University of Belgrade, Belgrade, Serbia

References

[1] Beshay VE, Carr BR. Hypothalamic-Pituitary-Ovarian Axis and Control of the Men‐
strual Cycle. In: Falcone T, Hurd WW (eds.) Clinical Reproductive Medicine and Sur‐
gery. A Practical Guide. New York: Springer; 2013. pp. 31–42.

[2] Carr BR. Disorders of the ovary and female reproductive tract. In: Wilson JD, Foster
DW, Kronenberg HM, Larsen PR (eds.) Williams Textbook of Endocrinology. 9th ed.
Philadelphia: Saunders; 1998. pp. 733–98.

[3] Fink G. Gonadotropin secretion and its control. In: Knobil E, Neil J. (eds.) The Physi‐
ology of Reproduction. New York: Raven Press;1988. pp.1349–77.

[4] Baird DT, Fraser IS. Blood production and ovarian secretion rates of estradiol-17 beta
and estrone in women throughout the menstrual cycle. J Clin Endocrinol Metab. 1974
Jun;38(6):1009–17. PubMed PMID: 4598662. Epub 1974/06/01. eng.

[5] Forney JP, Milewich L, Chen GT, Garlock JL, Schwarz BE, Edman CD, et al. Aromati‐
zation of androstenedione to estrone by human adipose tissue in vitro. Correlation
with adipose tissue mass, age, and endometrial neoplasia. J Clin Endocrinol Metab.
1981 Jul;53(1):192–9. PubMed PMID: 7240376. Epub 1981/07/01. eng.

[6] Brucker MC, Likis FE. Steroid hormones. In: King TL, Brucker MC (eds.) Pharmacol‐
ogy for Women’s Health. Sudbury: Jones and Bartlett Publishers, LLC; 2011. pp. 366–
71.

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

265



[7] Isayeva GS, Martynenko AV, Beloded OA, Struk TyA, Vovchenko MV, Maloy L. Ef‐
fect of age, sex hormones and aldosterone on SCORE in perimenopausal women. Life
Sci J. 2015;12(1s):44–49.

[8] Martin B, Rotten D, Jolivet A, Gautray JP. Binding of steroids by proteins in follicular
fluid of the human ovary. J Clin Endocrinol Metab. 1981 Aug;53(2):443–7. PubMed
PMID: 7195910. Epub 1981/08/01. eng.

[9] Siiteri PK, Murai JT, Hammond GL, Nisker JA, Raymoure WJ, Kuhn RW. The serum
transport of steroid hormones. Recent Prog Horm Res. 1982;38:457–510. PubMed
PMID: 6750727. Epub 1982/01/01. eng.

[10] Simpson E, McDonald P. Endocrinology of pregnancy. Textbook of Endocrinology.
Philadelphia: Saunders Company; 1981. pp. 412–22.

[11] Kuhl H. Pharmacokinetics of oestrogens and progestogens. Maturitas. 1990 Sep;12(3):
171–97. PubMed PMID: 2170822. Epub 1990/09/01. eng.

[12] Mahesh VB, Brann DW. Regulation of the preovulatory gonadotropin surge by en‐
dogenous steroids. Steroids. 1998 Dec;63(12):616–29. PubMed PMID: 9870258. Epub
1998/12/31. eng.

[13] Natraj U, Richards JS. Hormonal regulation, localization, and functional activity of
the progesterone receptor in granulosa cells of rat preovulatory follicles. Endocrinol‐
ogy. 1993 Aug;133(2):761–9. PubMed PMID: 8344215. Epub 1993/08/01. eng.

[14] Walentowicz P, Krintus M, Sadlecki P, Grabiec M, Mankowska-Cyl A, Sokup A, et al.
Serum inhibin A and inhibin B levels in epithelial ovarian cancer patients. PloS One.
2014;9(3):e90575. PubMed PMID: 24599287. Pubmed Central PMCID: PMC3944095.
Epub 2014/03/07. eng.

[15] Luisi S, Florio P, Reis FM, Petraglia F. Inhibins in female and male reproductive
physiology: role in gametogenesis, conception, implantation and early pregnancy.
Hum Reprod Update. 2005 Mar–Apr;11(2):123–35. PubMed PMID: 15618291. Epub
2004/12/25. eng.

[16] Richardson SJ, Nelson JF. Follicular depletion during the menopausal transition. Ann
N Y Acad Sci. 1990;592:13–20; discussion 44–51. PubMed PMID: 2197939. Epub
1990/01/01. eng.

[17] Lee SJ, Lenton EA, Sexton L, Cooke ID. The effect of age on the cyclical patterns of
plasma LH, FSH, oestradiol and progesterone in women with regular menstrual cy‐
cles. Hum Reprod. 1988 Oct;3(7):851–5. PubMed PMID: 3141454. Epub 1988/10/01.
eng.

[18] Sherman BM, West JH, Korenman SG. The menopausal transition: analysis of LH,
FSH, estradiol, and progesterone concentrations during menstrual cycles of older
women. J Clin Endocrinol Metab. 1976 Apr;42(4):629–36. PubMed PMID: 1262439.
Epub 1976/04/01. eng.

Basic Principles and Clinical Significance of Oxidative Stress266



[7] Isayeva GS, Martynenko AV, Beloded OA, Struk TyA, Vovchenko MV, Maloy L. Ef‐
fect of age, sex hormones and aldosterone on SCORE in perimenopausal women. Life
Sci J. 2015;12(1s):44–49.

[8] Martin B, Rotten D, Jolivet A, Gautray JP. Binding of steroids by proteins in follicular
fluid of the human ovary. J Clin Endocrinol Metab. 1981 Aug;53(2):443–7. PubMed
PMID: 7195910. Epub 1981/08/01. eng.

[9] Siiteri PK, Murai JT, Hammond GL, Nisker JA, Raymoure WJ, Kuhn RW. The serum
transport of steroid hormones. Recent Prog Horm Res. 1982;38:457–510. PubMed
PMID: 6750727. Epub 1982/01/01. eng.

[10] Simpson E, McDonald P. Endocrinology of pregnancy. Textbook of Endocrinology.
Philadelphia: Saunders Company; 1981. pp. 412–22.

[11] Kuhl H. Pharmacokinetics of oestrogens and progestogens. Maturitas. 1990 Sep;12(3):
171–97. PubMed PMID: 2170822. Epub 1990/09/01. eng.

[12] Mahesh VB, Brann DW. Regulation of the preovulatory gonadotropin surge by en‐
dogenous steroids. Steroids. 1998 Dec;63(12):616–29. PubMed PMID: 9870258. Epub
1998/12/31. eng.

[13] Natraj U, Richards JS. Hormonal regulation, localization, and functional activity of
the progesterone receptor in granulosa cells of rat preovulatory follicles. Endocrinol‐
ogy. 1993 Aug;133(2):761–9. PubMed PMID: 8344215. Epub 1993/08/01. eng.

[14] Walentowicz P, Krintus M, Sadlecki P, Grabiec M, Mankowska-Cyl A, Sokup A, et al.
Serum inhibin A and inhibin B levels in epithelial ovarian cancer patients. PloS One.
2014;9(3):e90575. PubMed PMID: 24599287. Pubmed Central PMCID: PMC3944095.
Epub 2014/03/07. eng.

[15] Luisi S, Florio P, Reis FM, Petraglia F. Inhibins in female and male reproductive
physiology: role in gametogenesis, conception, implantation and early pregnancy.
Hum Reprod Update. 2005 Mar–Apr;11(2):123–35. PubMed PMID: 15618291. Epub
2004/12/25. eng.

[16] Richardson SJ, Nelson JF. Follicular depletion during the menopausal transition. Ann
N Y Acad Sci. 1990;592:13–20; discussion 44–51. PubMed PMID: 2197939. Epub
1990/01/01. eng.

[17] Lee SJ, Lenton EA, Sexton L, Cooke ID. The effect of age on the cyclical patterns of
plasma LH, FSH, oestradiol and progesterone in women with regular menstrual cy‐
cles. Hum Reprod. 1988 Oct;3(7):851–5. PubMed PMID: 3141454. Epub 1988/10/01.
eng.

[18] Sherman BM, West JH, Korenman SG. The menopausal transition: analysis of LH,
FSH, estradiol, and progesterone concentrations during menstrual cycles of older
women. J Clin Endocrinol Metab. 1976 Apr;42(4):629–36. PubMed PMID: 1262439.
Epub 1976/04/01. eng.

Basic Principles and Clinical Significance of Oxidative Stress266

[19] Rannevik G, Jeppsson S, Johnell O, Bjerre B, Laurell-Borulf Y, Svanberg L. A longitu‐
dinal study of the perimenopausal transition: altered profiles of steroid and pituitary
hormones, SHBG and bone mineral density. Maturitas. 1995 Feb;21(2):103–13.
PubMed PMID: 7752947. Epub 1995/02/01. eng.

[20] Burger HG, Dudley EC, Hopper JL, Groome N, Guthrie JR, Green A, et al. Prospec‐
tively measured levels of serum follicle-stimulating hormone, estradiol, and the di‐
meric inhibins during the menopausal transition in a population-based cohort of
women. J Clin Endocrinol Metab. 1999 Nov;84(11):4025–30. PubMed PMID:
10566644. Epub 1999/11/24. eng.

[21] Metcalf MG, Donald RA, Livesey JH. Pituitary-ovarian function in normal women
during the menopausal transition. Clin Endocrinol (Oxf). 1981 Mar;14(3):245–55.
PubMed PMID: 6790204. Epub 1981/03/01. eng.

[22] Hee J, MacNaughton J, Bangah M, Burger HG. Perimenopausal patterns of gonado‐
trophins, immunoreactive inhibin, oestradiol and progesterone. Maturitas. 1993 Dec;
18(1):9–20. PubMed PMID: 8107620. Epub 1993/12/01. eng.

[23] Burger HG. Diagnostic role of follicle-stimulating hormone (FSH) measurements
during the menopausal transition – an analysis of FSH, oestradiol and inhibin. Eur J
Endocrinol. 1994 Jan;130(1):38–42. PubMed PMID: 8124478. Epub 1994/01/01. eng.

[24] Cauley JA, Gutai JP, Kuller LH, LeDonne D, Powell JG. The epidemiology of serum
sex hormones in postmenopausal women. Am J Epidemiol. 1989 Jun;129(6):1120–31.
PubMed PMID: 2729251. Epub 1989/06/01. eng.

[25] Meldrum DR, Davidson BJ, Tataryn IV, Judd HL. Changes in circulating steroids
with aging in postmenopausal women. Obstet Gynecol. 1981 May;57(5):624–8.
PubMed PMID: 7219911. Epub 1981/05/01. eng.

[26] Siiteri PK. Adipose tissue as a source of hormones. Am J Clin Nutr. 1987 Jan;45(1
Suppl):277–82. PubMed PMID: 3541569. Epub 1987/01/01. eng.

[27] Longcope C, Franz C, Morello C, Baker R, Johnston CC, Jr. Steroid and gonadotropin
levels in women during the peri-menopausal years. Maturitas. 1986 Oct;8(3):189–96.
PubMed PMID: 3097458. Epub 1986/10/01. eng.

[28] Longcope C. Hormone dynamics at the menopause. Ann N Y Acad Sci. 1990;592:21–
30; discussion 44–51. PubMed PMID: 2375582. Epub 1990/01/01. eng.

[29] Beckmann CRB, Ling FW, Herbert WNP, Laube DW, Smith RP, Casanova R, Chuang
A, Goepfert AR, Hueppchen NA, Weiss PM. Cancer of the uterine corpus. In: Obstet‐
rics and Gynecology. Philadelphia: Wolters Kluwer Health/Lippincott Williams &
Wilkins; 2014. pp. 427–34.

[30] Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin. 2010 Sep–
Oct;60(5):277–300. PubMed PMID: 20610543. Epub 2010/07/09. eng.

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

267



[31] Nair A, Taylor H. The mechanism of menstruation. In: Santoro NF, Neal-Perry G
(eds.) Amenorrhea. Contemporary Endocrinology. Totowa: Humana Press; 2010. pp.
21–34.

[32] Kurman R, Norris H. Endometrial hyperplasia and related cellular changes. In: Kur‐
man R (ed.) Blaustein’s Pathology of the Female Genital Tract. New York: Springer;
1994. pp. 411–37.

[33] Silverberg SG, Kurman RJ, Nogales F, Mutter GL, Kubik-Huch RA, Tavassoli FA. Tu‐
mors of the uterine corpus: epithelial tumors and related lesions. In: Tavassoli FA,
Devilee P, (eds.) Pathology and Genetics of Tumours of the Breast and Female Geni‐
tal Organs (WHO Classification of Tumours), Lyon, France: IARC Press; 2003. pp.
222–32.

[34] Mazur MT. Endometrial hyperplasia/adenocarcinoma. a conventional approach. Ann
Diagn Pathol. 2005 Jun; 9(3):174–81. PubMed PMID: 15944963. Epub 2005/06/10. eng.

[35] Horn LC, Meinel A, Handzel R, Einenkel J. Histopathology of endometrial hyperpla‐
sia and endometrial carcinoma: an update. Ann Diagn Pathol. 2007 Aug;11(4):297–
311. PubMed PMID: 17630117. Epub 2007/07/17. eng.

[36] Ellenson LH, Ronnett BM, Kurman RJ. Precursor lesions of endometrial carcinoma.
Blaustein’s Pathology of the Female Genital Tract. New York: Springer; 2011. pp.
359–91.

[37] Dietel M. The histological diagnosis of endometrial hyperplasia. Virchows Arch.
2001;439(5):604–8.

[38] Lacey JV, Jr., Chia VM. Endometrial hyperplasia and the risk of progression to carci‐
noma. Maturitas. 2009 May 20;63(1):39–44. PubMed PMID: 19285814. Epub
2009/03/17. eng.

[39] Trimble CL, Kauderer J, Zaino R, Silverberg S, Lim PC, Burke JJ, et al. Concurrent en‐
dometrial carcinoma in women with a biopsy diagnosis of atypical endometrial hy‐
perplasia. Cancer. 2006;106(4):812–9.

[40] Horn LC, Schnurrbusch U, Bilek K, Hentschel B, Einenkel J. Risk of progression in
complex and atypical endometrial hyperplasia: clinicopathologic analysis in cases
with and without progestogen treatment. Int J Gynecol Cancer. 2004 Mar–Apr;14(2):
348–53. PubMed PMID: 15086736. Epub 2004/04/17. eng.

[41] Wheeler DT, Bristow RE, Kurman RJ. Histologic alterations in endometrial hyperpla‐
sia and well-differentiated carcinoma treated with progestins. Am J Surg Pathol. 2007
Jul;31(7):988–98. PubMed PMID: 17592264. Epub 2007/06/27. eng.

[42] Kurman RJ, Kaminski PF, Norris HJ. The behavior of endometrial hyperplasia. A
long-term study of “untreated” hyperplasia in 170 patients. Cancer. 1985 Jul 15;56(2):
403–12. PubMed PMID: 4005805. Epub 1985/07/15. eng.

Basic Principles and Clinical Significance of Oxidative Stress268



[31] Nair A, Taylor H. The mechanism of menstruation. In: Santoro NF, Neal-Perry G
(eds.) Amenorrhea. Contemporary Endocrinology. Totowa: Humana Press; 2010. pp.
21–34.

[32] Kurman R, Norris H. Endometrial hyperplasia and related cellular changes. In: Kur‐
man R (ed.) Blaustein’s Pathology of the Female Genital Tract. New York: Springer;
1994. pp. 411–37.

[33] Silverberg SG, Kurman RJ, Nogales F, Mutter GL, Kubik-Huch RA, Tavassoli FA. Tu‐
mors of the uterine corpus: epithelial tumors and related lesions. In: Tavassoli FA,
Devilee P, (eds.) Pathology and Genetics of Tumours of the Breast and Female Geni‐
tal Organs (WHO Classification of Tumours), Lyon, France: IARC Press; 2003. pp.
222–32.

[34] Mazur MT. Endometrial hyperplasia/adenocarcinoma. a conventional approach. Ann
Diagn Pathol. 2005 Jun; 9(3):174–81. PubMed PMID: 15944963. Epub 2005/06/10. eng.

[35] Horn LC, Meinel A, Handzel R, Einenkel J. Histopathology of endometrial hyperpla‐
sia and endometrial carcinoma: an update. Ann Diagn Pathol. 2007 Aug;11(4):297–
311. PubMed PMID: 17630117. Epub 2007/07/17. eng.

[36] Ellenson LH, Ronnett BM, Kurman RJ. Precursor lesions of endometrial carcinoma.
Blaustein’s Pathology of the Female Genital Tract. New York: Springer; 2011. pp.
359–91.

[37] Dietel M. The histological diagnosis of endometrial hyperplasia. Virchows Arch.
2001;439(5):604–8.

[38] Lacey JV, Jr., Chia VM. Endometrial hyperplasia and the risk of progression to carci‐
noma. Maturitas. 2009 May 20;63(1):39–44. PubMed PMID: 19285814. Epub
2009/03/17. eng.

[39] Trimble CL, Kauderer J, Zaino R, Silverberg S, Lim PC, Burke JJ, et al. Concurrent en‐
dometrial carcinoma in women with a biopsy diagnosis of atypical endometrial hy‐
perplasia. Cancer. 2006;106(4):812–9.

[40] Horn LC, Schnurrbusch U, Bilek K, Hentschel B, Einenkel J. Risk of progression in
complex and atypical endometrial hyperplasia: clinicopathologic analysis in cases
with and without progestogen treatment. Int J Gynecol Cancer. 2004 Mar–Apr;14(2):
348–53. PubMed PMID: 15086736. Epub 2004/04/17. eng.

[41] Wheeler DT, Bristow RE, Kurman RJ. Histologic alterations in endometrial hyperpla‐
sia and well-differentiated carcinoma treated with progestins. Am J Surg Pathol. 2007
Jul;31(7):988–98. PubMed PMID: 17592264. Epub 2007/06/27. eng.

[42] Kurman RJ, Kaminski PF, Norris HJ. The behavior of endometrial hyperplasia. A
long-term study of “untreated” hyperplasia in 170 patients. Cancer. 1985 Jul 15;56(2):
403–12. PubMed PMID: 4005805. Epub 1985/07/15. eng.

Basic Principles and Clinical Significance of Oxidative Stress268

[43] Mutter GL. Endometrial intraepithelial neoplasia (EIN): will it bring order to chaos?
The Endometrial Collaborative Group. Gynecol Oncol. 2000 Mar;76(3):287–90.
PubMed PMID: 10684697. Epub 2000/02/24. eng.

[44] Baak JP, Orbo A, van Diest PJ, Jiwa M, de Bruin P, Broeckaert M, et al. Prospective
multicenter evaluation of the morphometric D-score for prediction of the outcome of
endometrial hyperplasias. Am J Surg Pathol. 2001 Jul;25(7):930–5. PubMed PMID:
11420465. Epub 2001/06/23. eng.

[45] Mutter GL, Baak JP, Crum CP, Richart RM, Ferenczy A, Faquin WC. Endometrial
precancer diagnosis by histopathology, clonal analysis, and computerized morphom‐
etry. J Pathol. 2000 Mar;190(4):462–9. PubMed PMID: 10699996. Epub 2000/03/04.
eng.

[46] Reed SD, Newton KM, Clinton WL, Epplein M, Garcia R, Allison K, et al. Incidence
of endometrial hyperplasia. Am J Obstet Gynecol. 2009 Jun;200(6):678 e1–6. PubMed
PMID: 19393600. Pubmed Central PMCID: PMC2692753. Epub 2009/04/28. eng.

[47] Moore E, Shafi M. Endometrial hyperplasia. Obstet Gynaecol Reprod Med.
2013;23(3):88–93.

[48] Cramer DW, Finn OJ. Epidemiologic perspective on immune-surveillance in cancer.
Curr Opin Immunol. 2011 Apr;23(2):265–71. PubMed PMID: 21277761. Pubmed Cen‐
tral PMCID: PMC3073666. Epub 2011/02/01. eng.

[49] Palmer JE, Perunovic B, Tidy JA. Endometrial hyperplasia. The Obstetrician & Gy‐
naecologist. 2008;10(4):211–6.

[50] Farquhar CM, Lethaby A, Sowter M, Verry J, Baranyai J. An evaluation of risk factors
for endometrial hyperplasia in premenopausal women with abnormal menstrual
bleeding. Am J Obstet Gynecol. 1999 Sep;181(3):525–9. PubMed PMID: 10486458.
Epub 1999/09/16. eng.

[51] Epplein M, Reed SD, Voigt LF, Newton KM, Holt VL, Weiss NS. Risk of complex and
atypical endometrial hyperplasia in relation to anthropometric measures and repro‐
ductive history. Am J Epidemiol. 2008 Sep 15;168(6):563–70; discussion 71–6. PubMed
PMID: 18682485. Pubmed Central PMCID: PMC2727194. Epub 2008/08/07. eng.

[52] Ehrlich CE, Young PC, Stehman FB, Sutton GP, Alford WM. Steroid receptors and
clinical outcome in patients with adenocarcinoma of the endometrium. Am J Obstet
Gynecol. 1988 Apr;158(4):796–807. PubMed PMID: 2966586. Epub 1988/04/01. eng.

[53] Murphy LJ, Gong Y, Murphy LC, Bhavnani B. Growth factors in normal and malig‐
nant uterine tissue. Ann N Y Acad Sci. 1991;622:383–91. PubMed PMID: 2064196.
Epub 1991/01/01. eng.

[54] Anzai Y, Gong Y, Holinka CF, Murphy LJ, Murphy LC, Kuramoto H, et al. Effects of
transforming growth factors and regulation of their mRNA levels in two human en‐

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

269



dometrial adenocarcinoma cell lines. J Steroid Biochem Mol Biol. 1992 Jun;42(5):449–
55. PubMed PMID: 1616874. Epub 1992/06/01. eng.

[55] Boyd JA, Kaufman DG. Expression of transforming growth factor beta 1 by human
endometrial carcinoma cell lines: inverse correlation with effects on growth rate and
morphology. Cancer Res. 1990 Jun 1;50(11):3394–9. PubMed PMID: 2334934. Epub
1990/06/01. eng.

[56] Salvesen HB, Akslen LA. Molecular pathogenesis and prognostic factors in endome‐
trial carcinoma. APMIS. 2002 Oct;110(10):673–89. PubMed PMID: 12583434. Epub
2003/02/14. eng.

[57] Inoue M. Current molecular aspects of the carcinogenesis of the uterine endometri‐
um. Int J Gynecol Cancer. 2001 Sep–Oct;11(5):339–48. PubMed PMID: 11737463. Epub
2001/12/12. eng.

[58] Dobrzycka B, Terlikowski SJ, Mazurek A, Kowalczuk O, Niklinska W, Chyczewski L,
et al. Mutations of the KRAS oncogene in endometrial hyperplasia and carcinoma.
Folia Histochem Cytobiol. 2009;47(1):65–8. PubMed PMID: 19419940. Epub
2009/05/08. eng.

[59] Berchuck A, Boyd J. Molecular basis of endometrial cancer. Cancer. 1995 Nov
15;76(10 Suppl):2034–40. PubMed PMID: 8634996. Epub 1995/11/15. eng.

[60] Saffari B, Jones LA, el-Naggar A, Felix JC, George J, Press MF. Amplification and
overexpression of HER-2/neu (c-erbB2) in endometrial cancers: correlation with over‐
all survival. Cancer Res. 1995 Dec 1;55(23):5693–8. PubMed PMID: 7585656. Epub
1995/12/01. eng.

[61] Niederacher D, An HX, Cho YJ, Hantschmann P, Bender HG, Beckmann MW. Muta‐
tions and amplification of oncogenes in endometrial cancer. Oncology. 1999;56(1):59–
65. PubMed PMID: 9885379. Epub 1999/01/14. eng.

[62] Leiserowitz GS, Harris SA, Subramaniam M, Keeney GL, Podratz KC, Spelsberg TC.
The proto-oncogene c-fms is overexpressed in endometrial cancer. Gynecol Oncol.
1993 May;49(2):190–6. PubMed PMID: 8504987. Epub 1993/05/01. eng.

[63] Tashiro H, Blazes MS, Wu R, Cho KR, Bose S, Wang SI, et al. Mutations in PTEN are
frequent in endometrial carcinoma but rare in other common gynecological malig‐
nancies. Cancer Res. 1997 Sep 15;57(18):3935–40. PubMed PMID: 9307275. Epub
1997/10/27. eng.

[64] Levine RL, Cargile CB, Blazes MS, van Rees B, Kurman RJ, Ellenson LH. PTEN muta‐
tions and microsatellite instability in complex atypical hyperplasia, a precursor le‐
sion to uterine endometrioid carcinoma. Cancer Res. 1998 Aug 1;58(15):3254–8.
PubMed PMID: 9699651. Epub 1998/08/12. eng.

Basic Principles and Clinical Significance of Oxidative Stress270



dometrial adenocarcinoma cell lines. J Steroid Biochem Mol Biol. 1992 Jun;42(5):449–
55. PubMed PMID: 1616874. Epub 1992/06/01. eng.

[55] Boyd JA, Kaufman DG. Expression of transforming growth factor beta 1 by human
endometrial carcinoma cell lines: inverse correlation with effects on growth rate and
morphology. Cancer Res. 1990 Jun 1;50(11):3394–9. PubMed PMID: 2334934. Epub
1990/06/01. eng.

[56] Salvesen HB, Akslen LA. Molecular pathogenesis and prognostic factors in endome‐
trial carcinoma. APMIS. 2002 Oct;110(10):673–89. PubMed PMID: 12583434. Epub
2003/02/14. eng.

[57] Inoue M. Current molecular aspects of the carcinogenesis of the uterine endometri‐
um. Int J Gynecol Cancer. 2001 Sep–Oct;11(5):339–48. PubMed PMID: 11737463. Epub
2001/12/12. eng.

[58] Dobrzycka B, Terlikowski SJ, Mazurek A, Kowalczuk O, Niklinska W, Chyczewski L,
et al. Mutations of the KRAS oncogene in endometrial hyperplasia and carcinoma.
Folia Histochem Cytobiol. 2009;47(1):65–8. PubMed PMID: 19419940. Epub
2009/05/08. eng.

[59] Berchuck A, Boyd J. Molecular basis of endometrial cancer. Cancer. 1995 Nov
15;76(10 Suppl):2034–40. PubMed PMID: 8634996. Epub 1995/11/15. eng.

[60] Saffari B, Jones LA, el-Naggar A, Felix JC, George J, Press MF. Amplification and
overexpression of HER-2/neu (c-erbB2) in endometrial cancers: correlation with over‐
all survival. Cancer Res. 1995 Dec 1;55(23):5693–8. PubMed PMID: 7585656. Epub
1995/12/01. eng.

[61] Niederacher D, An HX, Cho YJ, Hantschmann P, Bender HG, Beckmann MW. Muta‐
tions and amplification of oncogenes in endometrial cancer. Oncology. 1999;56(1):59–
65. PubMed PMID: 9885379. Epub 1999/01/14. eng.

[62] Leiserowitz GS, Harris SA, Subramaniam M, Keeney GL, Podratz KC, Spelsberg TC.
The proto-oncogene c-fms is overexpressed in endometrial cancer. Gynecol Oncol.
1993 May;49(2):190–6. PubMed PMID: 8504987. Epub 1993/05/01. eng.

[63] Tashiro H, Blazes MS, Wu R, Cho KR, Bose S, Wang SI, et al. Mutations in PTEN are
frequent in endometrial carcinoma but rare in other common gynecological malig‐
nancies. Cancer Res. 1997 Sep 15;57(18):3935–40. PubMed PMID: 9307275. Epub
1997/10/27. eng.

[64] Levine RL, Cargile CB, Blazes MS, van Rees B, Kurman RJ, Ellenson LH. PTEN muta‐
tions and microsatellite instability in complex atypical hyperplasia, a precursor le‐
sion to uterine endometrioid carcinoma. Cancer Res. 1998 Aug 1;58(15):3254–8.
PubMed PMID: 9699651. Epub 1998/08/12. eng.

Basic Principles and Clinical Significance of Oxidative Stress270

[65] Maxwell GL, Risinger JI, Gumbs C, Shaw H, Bentley RC, Barrett JC, et al. Mutation of
the PTEN tumor suppressor gene in endometrial hyperplasias. Cancer Res. 1998 Jun
15;58(12):2500–3. PubMed PMID: 9635567. Epub 1998/07/04. eng.

[66] Di Cristofano A, Pandolfi PP. The multiple roles of PTEN in tumor suppression. Cell.
2000 Feb 18;100(4):387–90. PubMed PMID: 10693755. Epub 2000/02/29. eng.

[67] Georgescu MM. PTEN tumor suppressor network in PI3K-Akt pathway control.
Genes Cancer. 2010 Dec;1(12):1170–7. PubMed PMID: 21779440. Pubmed Central
PMCID: PMC3092286. Epub 2011/07/23. eng.

[68] Ellenson LH, Wu TC. Focus on endometrial and cervical cancer. Cancer Cell. 2004
Jun;5(6):533–8. PubMed PMID: 15193256. Epub 2004/06/15. eng.

[69] Terakawa N, Kanamori Y, Yoshida S. Loss of PTEN expression followed by Akt
phosphorylation is a poor prognostic factor for patients with endometrial cancer. En‐
docr Relat Cancer. 2003 Jun;10(2):203–8. PubMed PMID: 12790783. Epub 2003/06/07.
eng.

[70] Djordjevic B, Hennessy BT, Li J, Barkoh BA, Luthra R, Mills GB, et al. Clinical assess‐
ment of PTEN loss in endometrial carcinoma: immunohistochemistry outperforms
gene sequencing. Mod Pathol. 2012 May;25(5):699–708. PubMed PMID: 22301702.
Pubmed Central PMCID: PMC3341518. Epub 2012/02/04. eng.

[71] Lax SF, Kendall B, Tashiro H, Slebos RJ, Hedrick L. The frequency of p53, K-ras mu‐
tations, and microsatellite instability differs in uterine endometrioid and serous carci‐
noma: evidence of distinct molecular genetic pathways. Cancer. 2000 Feb 15;88(4):
814–24. PubMed PMID: 10679651. Epub 2000/02/19. eng.

[72] Kaaks R, Lukanova A, Kurzer MS. Obesity, endogenous hormones, and endometrial
cancer risk: a synthetic review. Cancer Epidemiol Biomarkers Prev. 2002 Dec;11(12):
1531–43. PubMed PMID: 12496040. Epub 2002/12/24. eng.

[73] Jacks T, Weinberg RA. Cell-cycle control and its watchman. Nature. 1996 Jun
20;381(6584):643–4. PubMed PMID: 8649505. Epub 1996/06/20. eng.

[74] Ito K, Sasano H, Matsunaga G, Sato S, Yajima A, Nasim S, et al. Correlations between
p21 expression and clinicopathological findings, p53 gene and protein alterations,
and survival in patients with endometrial carcinoma. J Pathol. 1997 Nov;183(3):318–
24. PubMed PMID: 9422988. Epub 1998/01/10. eng.

[75] Palazzo JP, Mercer WE, Kovatich AJ, McHugh M. Immunohistochemical localization
of p21(WAF1/CIP1) in normal, hyperplastic, and neoplastic uterine tissues. Hum
Pathol. 1997 Jan;28(1):60–6. PubMed PMID: 9013833. Epub 1997/01/01. eng.

[76] Salvesen HB, Iversen OE, Akslen LA. Prognostic significance of angiogenesis and
Ki-67, p53, and p21 expression: a population-based endometrial carcinoma study. J
Clin Oncol. 1999 May;17(5):1382–90. PubMed PMID: 10334522. Epub 1999/05/20. eng.

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

271



[77] Peiffer SL, Bartsch D, Whelan AJ, Mutch DG, Herzog TJ, Goodfellow PJ. Low fre‐
quency of CDKN2 mutation in endometrial carcinomas. Mol Carcinog. 1995 Aug;
13(4):210–2. PubMed PMID: 7646759. Epub 1995/08/01. eng.

[78] Shiozawa T, Nikaido T, Shimizu M, Zhai Y, Fujii S. Immunohistochemical analysis of
the expression of cdk4 and p16INK4 in human endometrioid-type endometrial carci‐
noma. Cancer. 1997 Dec 15;80(12):2250–6. PubMed PMID: 9404701. Epub 1997/12/24.
eng.

[79] Nakashima R, Fujita M, Enomoto T, Haba T, Yoshino K, Wada H, et al. Alteration of
p16 and p15 genes in human uterine tumours. Br J Cancer. 1999 May;80(3–4):458–67.
PubMed PMID: 10408854. Pubmed Central PMCID: PMC2362344. Epub 1999/07/17.
eng.

[80] Salvesen HB, Das S, Akslen LA. Loss of nuclear p16 protein expression is not associ‐
ated with promoter methylation but defines a subgroup of aggressive endometrial
carcinomas with poor prognosis. Clin Cancer Res. 2000 Jan;6(1):153–9. PubMed
PMID: 10656444. Epub 2000/02/03. eng.

[81] Masaki T. The endothelin family: an overview. J Cardiovasc Pharmacol. 2000;35(4
Suppl 2):S3–5. PubMed PMID: 10976772. Epub 2000/09/08. eng.

[82] Bagnato A, Spinella F, Rosano L. The endothelin axis in cancer: the promise and the
challenges of molecularly targeted therapy. Can J Physiol Pharmacol. 2008 Aug;86(8):
473–84. PubMed PMID: 18758494. Epub 2008/09/02. eng.

[83] Tsai KW, Hu LY, Chen TW, Li SC, Ho MR, Yu SY, et al. Emerging role of microRNAs
in modulating endothelin-1 expression in gastric cancer. Oncol Rep. 2015 Jan;33(1):
485–93. PubMed PMID: 25394359. Epub 2014/11/15. eng.

[84] Gurin CC, Federici MG, Kang L, Boyd J. Causes and consequences of microsatellite
instability in endometrial carcinoma. Cancer Res. 1999 Jan 15;59(2):462–6. PubMed
PMID: 9927063. Epub 1999/02/02. eng.

[85] Peltomaki P, Vasen HF. Mutations predisposing to hereditary nonpolyposis colorec‐
tal cancer: database and results of a collaborative study. The International Collabora‐
tive Group on Hereditary Nonpolyposis Colorectal Cancer. Gastroenterology. 1997
Oct;113(4):1146–58. PubMed PMID: 9322509. Epub 1997/10/10. eng.

[86] Wijnen J, de Leeuw W, Vasen H, van der Klift H, Moller P, Stormorken A, et al. Fam‐
ilial endometrial cancer in female carriers of MSH6 germline mutations. Nat Genet.
1999 Oct;23(2):142–4. PubMed PMID: 10508506. Epub 1999/10/03. eng.

[87] Sobczuk A, Romanowicz-Makowska H, Smolarz B, Pertynski T. Microsatellite insta‐
bility (MSI) and MLH1 and MSH2 protein expression analysis in postmenopausal
women with sporadic endometrial cancer. J Exp Clin Cancer Res. 2007 Sep;26(3):369–
74. PubMed PMID: 17987798. Epub 2007/11/09. eng.

[88] Esteller M, Levine R, Baylin SB, Ellenson LH, Herman JG. MLH1 promoter hyperme‐
thylation is associated with the microsatellite instability phenotype in sporadic endo‐

Basic Principles and Clinical Significance of Oxidative Stress272



[77] Peiffer SL, Bartsch D, Whelan AJ, Mutch DG, Herzog TJ, Goodfellow PJ. Low fre‐
quency of CDKN2 mutation in endometrial carcinomas. Mol Carcinog. 1995 Aug;
13(4):210–2. PubMed PMID: 7646759. Epub 1995/08/01. eng.

[78] Shiozawa T, Nikaido T, Shimizu M, Zhai Y, Fujii S. Immunohistochemical analysis of
the expression of cdk4 and p16INK4 in human endometrioid-type endometrial carci‐
noma. Cancer. 1997 Dec 15;80(12):2250–6. PubMed PMID: 9404701. Epub 1997/12/24.
eng.

[79] Nakashima R, Fujita M, Enomoto T, Haba T, Yoshino K, Wada H, et al. Alteration of
p16 and p15 genes in human uterine tumours. Br J Cancer. 1999 May;80(3–4):458–67.
PubMed PMID: 10408854. Pubmed Central PMCID: PMC2362344. Epub 1999/07/17.
eng.

[80] Salvesen HB, Das S, Akslen LA. Loss of nuclear p16 protein expression is not associ‐
ated with promoter methylation but defines a subgroup of aggressive endometrial
carcinomas with poor prognosis. Clin Cancer Res. 2000 Jan;6(1):153–9. PubMed
PMID: 10656444. Epub 2000/02/03. eng.

[81] Masaki T. The endothelin family: an overview. J Cardiovasc Pharmacol. 2000;35(4
Suppl 2):S3–5. PubMed PMID: 10976772. Epub 2000/09/08. eng.

[82] Bagnato A, Spinella F, Rosano L. The endothelin axis in cancer: the promise and the
challenges of molecularly targeted therapy. Can J Physiol Pharmacol. 2008 Aug;86(8):
473–84. PubMed PMID: 18758494. Epub 2008/09/02. eng.

[83] Tsai KW, Hu LY, Chen TW, Li SC, Ho MR, Yu SY, et al. Emerging role of microRNAs
in modulating endothelin-1 expression in gastric cancer. Oncol Rep. 2015 Jan;33(1):
485–93. PubMed PMID: 25394359. Epub 2014/11/15. eng.

[84] Gurin CC, Federici MG, Kang L, Boyd J. Causes and consequences of microsatellite
instability in endometrial carcinoma. Cancer Res. 1999 Jan 15;59(2):462–6. PubMed
PMID: 9927063. Epub 1999/02/02. eng.

[85] Peltomaki P, Vasen HF. Mutations predisposing to hereditary nonpolyposis colorec‐
tal cancer: database and results of a collaborative study. The International Collabora‐
tive Group on Hereditary Nonpolyposis Colorectal Cancer. Gastroenterology. 1997
Oct;113(4):1146–58. PubMed PMID: 9322509. Epub 1997/10/10. eng.

[86] Wijnen J, de Leeuw W, Vasen H, van der Klift H, Moller P, Stormorken A, et al. Fam‐
ilial endometrial cancer in female carriers of MSH6 germline mutations. Nat Genet.
1999 Oct;23(2):142–4. PubMed PMID: 10508506. Epub 1999/10/03. eng.

[87] Sobczuk A, Romanowicz-Makowska H, Smolarz B, Pertynski T. Microsatellite insta‐
bility (MSI) and MLH1 and MSH2 protein expression analysis in postmenopausal
women with sporadic endometrial cancer. J Exp Clin Cancer Res. 2007 Sep;26(3):369–
74. PubMed PMID: 17987798. Epub 2007/11/09. eng.

[88] Esteller M, Levine R, Baylin SB, Ellenson LH, Herman JG. MLH1 promoter hyperme‐
thylation is associated with the microsatellite instability phenotype in sporadic endo‐

Basic Principles and Clinical Significance of Oxidative Stress272

metrial carcinomas. Oncogene. 1998 Nov 5;17(18):2413–7. PubMed PMID: 9811473.
Epub 1998/11/12. eng.

[89] Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, et al. Nor‐
malizing mitochondrial superoxide production blocks three pathways of hypergly‐
caemic damage. Nature. 2000 Apr 13;404(6779):787–90. PubMed PMID: 10783895.
Epub 2000/04/28. eng.

[90] Kuppusamy P. EPR spectroscopy in biology and medicine. Antioxid Redox Signal.
2004 Jun;6(3):583–5. PubMed PMID: 15130284. Epub 2004/05/08. eng.

[91] Babior BM. The NADPH oxidase of endothelial cells. IUBMB Life. 2000 Oct–Nov;
50(4–5):267–9. PubMed PMID: 11327320. Epub 2001/05/01. eng.

[92] Vignais PV. The superoxide-generating NADPH oxidase: structural aspects and acti‐
vation mechanism. Cell Mol Life Sci. 2002 Sep;59(9):1428–59. PubMed PMID:
12440767. Epub 2002/11/21. eng.

[93] Cadenas E, Davies KJ. Mitochondrial free radical generation, oxidative stress, and ag‐
ing. Free Radic Biol Med. 2000 Aug;29(3–4):222–30. PubMed PMID: 11035250. Epub
2000/10/18. eng.

[94] Reddy JK, Hashimoto T. Peroxisomal beta-oxidation and peroxisome proliferator-ac‐
tivated receptor alpha: an adaptive metabolic system. Annu Rev Nutr. 2001;21:193–
230. PubMed PMID: 11375435. Epub 2001/05/26. eng.

[95] Kettle AJ, Winterbourn CC. Superoxide modulates the activity of myeloperoxidase
and optimizes the production of hypochlorous acid. Biochem J. 1988 Jun 1;252(2):
529–36. PubMed PMID: 2843172. Pubmed Central PMCID: PMC1149176. Epub
1988/06/01. eng.

[96] Sies H. Oxidative stress: introduction. In: Sies H (ed.) Oxidants and Antioxidants.
London: Academic Press; 1991. pp. 1–8.

[97] Porter NA. Chemistry of lipid peroxidation. Methods Enzymol. 1984;105:273–82.
PubMed PMID: 6727666. Epub 1984/01/01. eng.

[98] Chakraborty P, Kumar S, Dutta D, Gupta V. Role of antioxidants in common health
diseases. Res J Pharm Tech. 2009;1:239–44.

[99] Aherne SA, O'Brien NM. Dietary flavonols: chemistry, food content, and metabolism.
Nutrition. 2002 Jan;18(1):75–81. PubMed PMID: 11827770. Epub 2002/02/06. eng.

[100] Stocker R, Bowry VW, Frei B. Ubiquinol-10 protects human low density lipoprotein
more efficiently against lipid peroxidation than does alpha-tocopherol. Proc Natl
Acad Sci U S A. 1991 Mar 1;88(5):1646–50. PubMed PMID: 2000375. Pubmed Central
PMCID: PMC51081. Epub 1991/03/01. eng.

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

273



[101] Hasnain SS, Strange RW. Marriage of XAFS and crystallography for structure-func‐
tion studies of metalloproteins. J Synchrotron Radiat. 2003 Jan 1;10(Pt 1):9–15.
PubMed PMID: 12511785. Epub 2003/01/04. eng.

[102] Marklund SL. Extracellular superoxide dismutase in human tissues and human cell
lines. J Clin Invest. 1984 Oct;74(4):1398–403. PubMed PMID: 6541229. Pubmed Cen‐
tral PMCID: PMC425307. Epub 1984/10/01. eng.

[103] Kirkman HN, Rolfo M, Ferraris AM, Gaetani GF. Mechanisms of protection of cata‐
lase by NADPH. Kinetics and stoichiometry. J Biol Chem. 1999 May 14;274(20):
13908–14. PubMed PMID: 10318800. Epub 1999/05/13. eng.

[104] Brigelius-Flohe R. Glutathione peroxidases and redox-regulated transcription factors.
Biol Chem. 2006 Oct–Nov;387(10–11):1329–35. PubMed PMID: 17081103. Epub
2006/11/04. eng.

[105] Ursini F, Maiorino M, Brigelius-Flohe R, Aumann KD, Roveri A, Schomburg D, et al.
Diversity of glutathione peroxidases. Methods Enzymol. 1995;252:38–53. PubMed
PMID: 7476373. Epub 1995/01/01. eng.

[106] Go Y-M, Jones DP. Redox control systems in the nucleus: mechanisms and functions.
Antioxid Redox Signal. 2010;13(4):489–509.

[107] Hoidal JR. Reactive oxygen species and cell signaling. Am J Respir Cell Mol Biol.
2001 Dec;25(6):661–3. PubMed PMID: 11726388. Epub 2001/12/01. eng.

[108] Dalton TP, Shertzer HG, Puga A. Regulation of gene expression by reactive oxygen.
Annu Rev Pharmacol Toxicol. 1999;39:67–101. PubMed PMID: 10331077. Epub
1999/05/20. eng.

[109] Reth M. Hydrogen peroxide as second messenger in lymphocyte activation. Nat Im‐
munol. 2002 Dec;3(12):1129–34. PubMed PMID: 12447370. Epub 2002/11/26. eng.

[110] Devary Y, Gottlieb RA, Lau LF, Karin M. Rapid and preferential activation of the c-
jun gene during the mammalian UV response. Mol Cell Biol. 1991 May;11(5):2804–11.
PubMed PMID: 1901948. Pubmed Central PMCID: PMC360059. Epub 1991/05/01.
eng.

[111] Hsu W, Kerppola TK, Chen PL, Curran T, Chen-Kiang S. Fos and Jun repress tran‐
scription activation by NF-IL6 through association at the basic zipper region. Mol
Cell Biol. 1994 Jan;14(1):268–76. PubMed PMID: 8264594. Pubmed Central PMCID:
PMC358376. Epub 1994/01/01. eng.

[112] Grether-Beck S, Olaizola-Horn S, Schmitt H, Grewe M, Jahnke A, Johnson JP, et al.
Activation of transcription factor AP-2 mediates UVA radiation- and singlet oxygen-
induced expression of the human intercellular adhesion molecule 1 gene. Proc Natl
Acad Sci U S A. 1996 Dec 10;93(25):14586–91. PubMed PMID: 8962096. Pubmed Cen‐
tral PMCID: PMC26177. Epub 1996/12/10. eng.

Basic Principles and Clinical Significance of Oxidative Stress274



[101] Hasnain SS, Strange RW. Marriage of XAFS and crystallography for structure-func‐
tion studies of metalloproteins. J Synchrotron Radiat. 2003 Jan 1;10(Pt 1):9–15.
PubMed PMID: 12511785. Epub 2003/01/04. eng.

[102] Marklund SL. Extracellular superoxide dismutase in human tissues and human cell
lines. J Clin Invest. 1984 Oct;74(4):1398–403. PubMed PMID: 6541229. Pubmed Cen‐
tral PMCID: PMC425307. Epub 1984/10/01. eng.

[103] Kirkman HN, Rolfo M, Ferraris AM, Gaetani GF. Mechanisms of protection of cata‐
lase by NADPH. Kinetics and stoichiometry. J Biol Chem. 1999 May 14;274(20):
13908–14. PubMed PMID: 10318800. Epub 1999/05/13. eng.

[104] Brigelius-Flohe R. Glutathione peroxidases and redox-regulated transcription factors.
Biol Chem. 2006 Oct–Nov;387(10–11):1329–35. PubMed PMID: 17081103. Epub
2006/11/04. eng.

[105] Ursini F, Maiorino M, Brigelius-Flohe R, Aumann KD, Roveri A, Schomburg D, et al.
Diversity of glutathione peroxidases. Methods Enzymol. 1995;252:38–53. PubMed
PMID: 7476373. Epub 1995/01/01. eng.

[106] Go Y-M, Jones DP. Redox control systems in the nucleus: mechanisms and functions.
Antioxid Redox Signal. 2010;13(4):489–509.

[107] Hoidal JR. Reactive oxygen species and cell signaling. Am J Respir Cell Mol Biol.
2001 Dec;25(6):661–3. PubMed PMID: 11726388. Epub 2001/12/01. eng.

[108] Dalton TP, Shertzer HG, Puga A. Regulation of gene expression by reactive oxygen.
Annu Rev Pharmacol Toxicol. 1999;39:67–101. PubMed PMID: 10331077. Epub
1999/05/20. eng.

[109] Reth M. Hydrogen peroxide as second messenger in lymphocyte activation. Nat Im‐
munol. 2002 Dec;3(12):1129–34. PubMed PMID: 12447370. Epub 2002/11/26. eng.

[110] Devary Y, Gottlieb RA, Lau LF, Karin M. Rapid and preferential activation of the c-
jun gene during the mammalian UV response. Mol Cell Biol. 1991 May;11(5):2804–11.
PubMed PMID: 1901948. Pubmed Central PMCID: PMC360059. Epub 1991/05/01.
eng.

[111] Hsu W, Kerppola TK, Chen PL, Curran T, Chen-Kiang S. Fos and Jun repress tran‐
scription activation by NF-IL6 through association at the basic zipper region. Mol
Cell Biol. 1994 Jan;14(1):268–76. PubMed PMID: 8264594. Pubmed Central PMCID:
PMC358376. Epub 1994/01/01. eng.

[112] Grether-Beck S, Olaizola-Horn S, Schmitt H, Grewe M, Jahnke A, Johnson JP, et al.
Activation of transcription factor AP-2 mediates UVA radiation- and singlet oxygen-
induced expression of the human intercellular adhesion molecule 1 gene. Proc Natl
Acad Sci U S A. 1996 Dec 10;93(25):14586–91. PubMed PMID: 8962096. Pubmed Cen‐
tral PMCID: PMC26177. Epub 1996/12/10. eng.

Basic Principles and Clinical Significance of Oxidative Stress274

[113] Muller JM, Ziegler-Heitbrock HW, Baeuerle PA. Nuclear factor kappa B, a mediator
of lipopolysaccharide effects. Immunobiology. 1993 Apr;187(3–5):233–56. PubMed
PMID: 8330898. Epub 1993/04/01. eng.

[114] Yang Y, Cheng JZ, Singhal SS, Saini M, Pandya U, Awasthi S, et al. Role of gluta‐
thione S-transferases in protection against lipid peroxidation. Overexpression of
hGSTA2-2 in K562 cells protects against hydrogen peroxide-induced apoptosis and
inhibits JNK and caspase 3 activation. J Biol Chem. 2001 Jun 1;276(22):19220–30.
PubMed PMID: 11279091. Epub 2001/03/30. eng.

[115] Pahl HL, Baeuerle PA. Oxygen and the control of gene expression. Bioessays. 1994
Jul;16(7):497–502. PubMed PMID: 7945278. Epub 1994/07/01. eng.

[116] Suzuki YJ, Forman HJ, Sevanian A. Oxidants as stimulators of signal transduction.
Free Radic Biol Medic. 1997;22(1–2):269–85. PubMed PMID: 8958153. Epub
1997/01/01. eng.

[117] Pitot HC, Goldsworthy T, Moran S. The natural history of carcinogenesis: implica‐
tions of experimental carcinogenesis in the genesis of human cancer. J Supramol
Struct Cell Biochem. 1981;17(2):133–46. PubMed PMID: 7033553. Epub 1981/01/01.
eng.

[118] Ray G, Husain SA. Oxidants, antioxidants and carcinogenesis. Indian J Exp Biol. 2002
Nov;40(11):1213–32. PubMed PMID: 13677623. Epub 2003/09/19. eng.

[119] Lenzen S, Drinkgern J, Tiedge M. Low antioxidant enzyme gene expression in pan‐
creatic islets compared with various other mouse tissues. Free Radic Biol Medic.
1996;20(3):463–6. PubMed PMID: 8720919. Epub 1996/01/01. eng.

[120] Surai P. Tissue-specific changes in the activities of antioxidant enzymes during the
development of the chicken embryo. Br Poult Sci. 1999;40(3):397–405.

[121] Mailloux RJ, Jin X, Willmore WG. Redox regulation of mitochondrial function with
emphasis on cysteine oxidation reactions. Redox Biol. 2014;2:123–39. PubMed PMID:
24455476. Pubmed Central PMCID: PMC3895620. Epub 2014/01/24. eng.

[122] Kasapovic J, Pejic S, Todorovic A, Stojiljkovic V, Pajovic SB. Antioxidant status and
lipid peroxidation in the blood of breast cancer patients of different ages. Cell Bio‐
chem Funct. 2008 Aug;26(6):723–30. PubMed PMID: 18636415. Epub 2008/07/19. eng.

[123] Kasapovic J, Pejic S, Stojiljkovic V, Todorovic A, Radosevic-Jelic L, Saicic ZS, et al.
Antioxidant status and lipid peroxidation in the blood of breast cancer patients of
different ages after chemotherapy with 5-fluorouracil, doxorubicin and cyclophos‐
phamide. Clin Biochem. 2010 Nov;43(16–17):1287–93. PubMed PMID: 20713039.
Epub 2010/08/18. eng.

[124] Hileman EO, Liu J, Albitar M, Keating MJ, Huang P. Intrinsic oxidative stress in can‐
cer cells: a biochemical basis for therapeutic selectivity. Cancer Chemother Pharma‐
col. 2004 Mar;53(3):209–19. PubMed PMID: 14610616. Epub 2003/11/12. eng.

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

275



[125] Muehlematter D, Larsson R, Cerutti P. Active oxygen induced DNA strand breakage
and poly ADP-ribosylation in promotable and non-promotable JB6 mouse epidermal
cells. Carcinogenesis. 1988 Feb;9(2):239–45. PubMed PMID: 3338107. Epub
1988/02/01. eng.

[126] Chiou JF, Hu ML. Elevated lipid peroxidation and disturbed antioxidant enzyme ac‐
tivities in plasma and erythrocytes of patients with uterine cervicitis and myoma.
Clin Biochem. 1999 Apr;32(3):189–92. PubMed PMID: 10383079. Epub 1999/06/26.
eng.

[127] Manoharan S, Kolanjiappan K, Kayalvizhi M. Enhanced lipid peroxidation and im‐
paired enzymic antioxidant activities in the erythrocytes of patients with cervical car‐
cinoma. Cell Mol Biol Lett. 2004;9(4A):699–707. PubMed PMID: 15647792. Epub
2005/01/14. eng.

[128] Kolanjiappan K, Manoharan S, Kayalvizhi M. Measurement of erythrocyte lipids, lip‐
id peroxidation, antioxidants and osmotic fragility in cervical cancer patients. Clin
Chim Acta. 2002 Dec;326(1–2):143–9. PubMed PMID: 12417105. Epub 2002/11/06. eng.

[129] Pejic S, Kasapovic J, Todorovic A, Stojiljkovic V, Pajovic SB. Lipid peroxidation and
antioxidant status in blood of patients with uterine myoma, endometrial polypus,
hyperplastic and malignant endometrium. Biol Res. 2006;39(4):619–29.

[130] Pajovic S, Saicic Z, Pejic S, Kasapovic J, Stojiljkovic V, Kanazir D. Antioxidative bio‐
markers and carcinogenesis. Jugoslov Med Biochem. 2006;25:397–402.

[131] Pejic S, Todorovic A, Stojiljkovic V, Cvetkovic D, Lucic N, Radojicic RM, et al. Super‐
oxide dismutase and lipid hydroperoxides in blood and endometrial tissue of pa‐
tients with benign, hyperplastic and malignant endometrium. An Acad Bras Cienc.
2008 Sep;80(3):515–22. PubMed PMID: 18797802. Epub 2008/09/18. eng.

[132] [132] Pejic S, Todorovic A, Stojiljkovic V, Kasapovic J, Pajovic SB. Antioxidant en‐
zymes and lipid peroxidation in endometrium of patients with polyps, myoma, hy‐
perplasia and adenocarcinoma. Reprod Biol Endocrinol. 2009;7:149. PubMed PMID:
20030853. Pubmed Central PMCID: PMC2805669. Epub 2009/12/25. eng.

[133] [133] Pejic S, Stojiljkovic V, Todorovic A, Gavrilovic L, Popovic N, Pavlovic I, Pajovic
SB. Antioxidant status in blood of gynecological patients: influence of diagnosis and
reproductive factors. Folia Biol (Praha) 2015; 61(1): 26–32.

[134] Sugino N, Shimamura K, Takiguchi S, Tamura H, Ono M, Nakata M, et al. Changes
in activity of superoxide dismutase in the human endometrium throughout the men‐
strual cycle and in early pregnancy. Hum Reprod. 1996 May;11(5):1073–8. PubMed
PMID: 8671393. Epub 1996/05/01. eng.

[135] Massafra C, Gioia D, De Felice C, Picciolini E, De Leo V, Bonifazi M, et al. Effects of
estrogens and androgens on erythrocyte antioxidant superoxide dismutase, catalase

Basic Principles and Clinical Significance of Oxidative Stress276



[125] Muehlematter D, Larsson R, Cerutti P. Active oxygen induced DNA strand breakage
and poly ADP-ribosylation in promotable and non-promotable JB6 mouse epidermal
cells. Carcinogenesis. 1988 Feb;9(2):239–45. PubMed PMID: 3338107. Epub
1988/02/01. eng.

[126] Chiou JF, Hu ML. Elevated lipid peroxidation and disturbed antioxidant enzyme ac‐
tivities in plasma and erythrocytes of patients with uterine cervicitis and myoma.
Clin Biochem. 1999 Apr;32(3):189–92. PubMed PMID: 10383079. Epub 1999/06/26.
eng.

[127] Manoharan S, Kolanjiappan K, Kayalvizhi M. Enhanced lipid peroxidation and im‐
paired enzymic antioxidant activities in the erythrocytes of patients with cervical car‐
cinoma. Cell Mol Biol Lett. 2004;9(4A):699–707. PubMed PMID: 15647792. Epub
2005/01/14. eng.

[128] Kolanjiappan K, Manoharan S, Kayalvizhi M. Measurement of erythrocyte lipids, lip‐
id peroxidation, antioxidants and osmotic fragility in cervical cancer patients. Clin
Chim Acta. 2002 Dec;326(1–2):143–9. PubMed PMID: 12417105. Epub 2002/11/06. eng.

[129] Pejic S, Kasapovic J, Todorovic A, Stojiljkovic V, Pajovic SB. Lipid peroxidation and
antioxidant status in blood of patients with uterine myoma, endometrial polypus,
hyperplastic and malignant endometrium. Biol Res. 2006;39(4):619–29.

[130] Pajovic S, Saicic Z, Pejic S, Kasapovic J, Stojiljkovic V, Kanazir D. Antioxidative bio‐
markers and carcinogenesis. Jugoslov Med Biochem. 2006;25:397–402.

[131] Pejic S, Todorovic A, Stojiljkovic V, Cvetkovic D, Lucic N, Radojicic RM, et al. Super‐
oxide dismutase and lipid hydroperoxides in blood and endometrial tissue of pa‐
tients with benign, hyperplastic and malignant endometrium. An Acad Bras Cienc.
2008 Sep;80(3):515–22. PubMed PMID: 18797802. Epub 2008/09/18. eng.

[132] [132] Pejic S, Todorovic A, Stojiljkovic V, Kasapovic J, Pajovic SB. Antioxidant en‐
zymes and lipid peroxidation in endometrium of patients with polyps, myoma, hy‐
perplasia and adenocarcinoma. Reprod Biol Endocrinol. 2009;7:149. PubMed PMID:
20030853. Pubmed Central PMCID: PMC2805669. Epub 2009/12/25. eng.

[133] [133] Pejic S, Stojiljkovic V, Todorovic A, Gavrilovic L, Popovic N, Pavlovic I, Pajovic
SB. Antioxidant status in blood of gynecological patients: influence of diagnosis and
reproductive factors. Folia Biol (Praha) 2015; 61(1): 26–32.

[134] Sugino N, Shimamura K, Takiguchi S, Tamura H, Ono M, Nakata M, et al. Changes
in activity of superoxide dismutase in the human endometrium throughout the men‐
strual cycle and in early pregnancy. Hum Reprod. 1996 May;11(5):1073–8. PubMed
PMID: 8671393. Epub 1996/05/01. eng.

[135] Massafra C, Gioia D, De Felice C, Picciolini E, De Leo V, Bonifazi M, et al. Effects of
estrogens and androgens on erythrocyte antioxidant superoxide dismutase, catalase

Basic Principles and Clinical Significance of Oxidative Stress276

and glutathione peroxidase activities during the menstrual cycle. J Endocrinol. 2000
Dec;167(3):447–52. PubMed PMID: 11115771. Epub 2000/12/15. eng.

[136] Gurdol F, Oner-Yyidothan Y, Yalcyn O, Genc S, Buyru F. Changes in enzymatic anti‐
oxidant defense system in blood and endometrial tissues of women after menopause.
Res Commun Mol Pathol Pharmacol. 1997 Jul;97(1):38–46. PubMed PMID: 9507566.
Epub 1997/07/01. eng.

[137] Bednarek-Tupikowska G, Tworowska U, Jedrychowska I, Radomska B, Tupikowski
K, Bidzinska-Speichert B, et al. Effects of oestradiol and oestroprogestin on erythro‐
cyte antioxidative enzyme system activity in postmenopausal women. Clin Endocri‐
nol (Oxf). 2006 Apr;64(4):463–8. PubMed PMID: 16584521. Epub 2006/04/06. eng.

[138] Clemente C, Caruso MG, Berloco P, Notarnicola M, D'Attoma B, Osella AR, et al. An‐
tioxidant effect of short-term hormonal treatment in postmenopausal women. Matur‐
itas. 1999 Jan 4;31(2):137–42. PubMed PMID: 10227007. Epub 1999/05/05. eng.

[139] Unfer TC, Conterato GM, da Silva JC, Duarte MM, Emanuelli T. Influence of hor‐
mone replacement therapy on blood antioxidant enzymes in menopausal women.
Clin Chim Acta. 2006 Jul 15;369(1):73–7. PubMed PMID: 16472795. Epub 2006/02/14.
eng.

[140] Pejic SA, Kasapovic JD, Todorovic AU, Stojiljkovic VR, Gavrilovic LV, Popovic NM,
et al. Antioxidant enzymes in women with endometrial polyps: relation with sex hor‐
mones. Eur J Obstet Gynecol Reprod Biol. 2013 Sep;170(1):241–6. PubMed PMID:
23871381. Epub 2013/07/23. eng.

[141] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin
phenol reagent. J Biol Chem. 1951 Nov;193(1):265–75. PubMed PMID: 14907713.
Epub 1951/11/01. eng.

[142] Beutler E. Red Cell Metabolism: A Manual of Biochemical Methods. Orlando: Grune
& Stratton; 1984.

[143] Bednarek-Tupikowska G, Bohdanowicz-Pawlak A, Bidzinska B, Milewicz A, Anto‐
nowicz-Juchniewicz J, Andrzejak R. Serum lipid peroxide levels and erythrocyte glu‐
tathione peroxidase and superoxide dismutase activity in premenopausal and
postmenopausal women. Gynecol Endocrinol. 2001 Aug;15(4):298–303. PubMed
PMID: 11560104. Epub 2001/09/19. eng.

[144] Sabuncu T, Vural H, Harma M, Harma M. Oxidative stress in polycystic ovary syn‐
drome and its contribution to the risk of cardiovascular disease. Clin Biochem. 2001
Jul;34(5):407–13. PubMed PMID: 11522279. Epub 2001/08/28. eng.

[145] Lutoslawska G, Tkaczyk J, Panczenko-Kresowska B, Hubner-Wozniak E, Skierska E,
Gajewski AK. Plasma TBARS, blood GSH concentrations, and erythrocyte antioxi‐
dant enzyme activities in regularly menstruating women with ovulatory and anovu‐

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

277



latory menstrual cycles. Clin Chim Acta. 2003 May;331(1–2):159–63. PubMed PMID:
12691877. Epub 2003/04/15. eng.

[146] Bellanti F, Matteo M, Rollo T, De Rosario F, Greco P, Vendemiale G, et al. Sex hor‐
mones modulate circulating antioxidant enzymes: impact of estrogen therapy. Redox
Biol. 2013;1:340–6. PubMed PMID: 24024169. Pubmed Central PMCID: PMC3757703.
Epub 2013/09/12. eng.

[147] Narimoto K, Noda Y, Shiotani M, Tokura T, Goto Y, Takakura K, et al. Immunohisto‐
chemical assessment of superoxide dismutase expression in the human endometrium
throughout the menstrual cycle. Acta Histochem Cytochem. 1990;23(4):487–98.

[148] Ota H, Igarashi S, Hatazawa J, Tanaka T. Immunohistochemical assessment of super‐
oxide dismutase expression in the endometrium in endometriosis and adenomyosis.
Fertil Steril. 1999;72(1):129–34.

[149] Ota H, Igarashi S, Sato N, Tanaka H, Tanaka T. Involvement of catalase in the endo‐
metrium of patients with endometriosis and adenomyosis. Fertil Steril. 2002;78(4):
804–9.

[150] Agarwal A, Aponte-Mellado A, Premkumar BJ, Shaman A, Gupta S. The effects of
oxidative stress on female reproduction: a review. Reprod Biol Endocrinol.
2012;10:49. PubMed PMID: 22748101. Pubmed Central PMCID: PMC3527168. Epub
2012/07/04. eng.

[151] Liao H, Zhou Q, Zhang Z, Wang Q, Sun Y, Yi X, et al. NRF2 is overexpressed in ovar‐
ian epithelial carcinoma and is regulated by gonadotrophin and sex-steroid hor‐
mones. Oncol Rep. 2012 Jun;27(6):1918–24. PubMed PMID: 22378150. Epub
2012/03/02. eng.

[152] King ER, Wong K-K. Steroid Hormones and Ovarian Cancer. In: Abduljabbar H (ed.)
Steroids-Clinical Aspect (vol ISBN: 978-953-307-705-5). Rijeka: InTech; 2011. pp
111-40.

[153] Ferenczy A, Gelfand M. The biologic significance of cytologic atypia in progestogen-
treated endometrial hyperplasia. Am J Obstet Gynecol. 1989 Jan;160(1):126–31.
PubMed PMID: 2912075. Epub 1989/01/01. eng.

[154] Gallos ID, Shehmar M, Thangaratinam S, Papapostolou TK, Coomarasamy A, Gupta
JK. Oral progestogens vs levonorgestrel-releasing intrauterine system for endometri‐
al hyperplasia: a systematic review and metaanalysis. Am J Obstet Gynecol. 2010
Dec;203(6):547 e1–10. PubMed PMID: 20934679. Epub 2010/10/12. eng.

[155] Yang S, Thiel KW, De Geest K, Leslie KK. Endometrial cancer: reviving progesterone
therapy in the molecular age. Discov Med. 2011 Sep;12(64):205–12. PubMed PMID:
21955848. Epub 2011/10/01. eng.

[156] Conn PM, Crowley WF, Jr. Gonadotropin-releasing hormone and its analogs. Annu
Rev Med. 1994;45:391–405. PubMed PMID: 8198390. Epub 1994/01/01. eng.

Basic Principles and Clinical Significance of Oxidative Stress278



latory menstrual cycles. Clin Chim Acta. 2003 May;331(1–2):159–63. PubMed PMID:
12691877. Epub 2003/04/15. eng.

[146] Bellanti F, Matteo M, Rollo T, De Rosario F, Greco P, Vendemiale G, et al. Sex hor‐
mones modulate circulating antioxidant enzymes: impact of estrogen therapy. Redox
Biol. 2013;1:340–6. PubMed PMID: 24024169. Pubmed Central PMCID: PMC3757703.
Epub 2013/09/12. eng.

[147] Narimoto K, Noda Y, Shiotani M, Tokura T, Goto Y, Takakura K, et al. Immunohisto‐
chemical assessment of superoxide dismutase expression in the human endometrium
throughout the menstrual cycle. Acta Histochem Cytochem. 1990;23(4):487–98.

[148] Ota H, Igarashi S, Hatazawa J, Tanaka T. Immunohistochemical assessment of super‐
oxide dismutase expression in the endometrium in endometriosis and adenomyosis.
Fertil Steril. 1999;72(1):129–34.

[149] Ota H, Igarashi S, Sato N, Tanaka H, Tanaka T. Involvement of catalase in the endo‐
metrium of patients with endometriosis and adenomyosis. Fertil Steril. 2002;78(4):
804–9.

[150] Agarwal A, Aponte-Mellado A, Premkumar BJ, Shaman A, Gupta S. The effects of
oxidative stress on female reproduction: a review. Reprod Biol Endocrinol.
2012;10:49. PubMed PMID: 22748101. Pubmed Central PMCID: PMC3527168. Epub
2012/07/04. eng.

[151] Liao H, Zhou Q, Zhang Z, Wang Q, Sun Y, Yi X, et al. NRF2 is overexpressed in ovar‐
ian epithelial carcinoma and is regulated by gonadotrophin and sex-steroid hor‐
mones. Oncol Rep. 2012 Jun;27(6):1918–24. PubMed PMID: 22378150. Epub
2012/03/02. eng.

[152] King ER, Wong K-K. Steroid Hormones and Ovarian Cancer. In: Abduljabbar H (ed.)
Steroids-Clinical Aspect (vol ISBN: 978-953-307-705-5). Rijeka: InTech; 2011. pp
111-40.

[153] Ferenczy A, Gelfand M. The biologic significance of cytologic atypia in progestogen-
treated endometrial hyperplasia. Am J Obstet Gynecol. 1989 Jan;160(1):126–31.
PubMed PMID: 2912075. Epub 1989/01/01. eng.

[154] Gallos ID, Shehmar M, Thangaratinam S, Papapostolou TK, Coomarasamy A, Gupta
JK. Oral progestogens vs levonorgestrel-releasing intrauterine system for endometri‐
al hyperplasia: a systematic review and metaanalysis. Am J Obstet Gynecol. 2010
Dec;203(6):547 e1–10. PubMed PMID: 20934679. Epub 2010/10/12. eng.

[155] Yang S, Thiel KW, De Geest K, Leslie KK. Endometrial cancer: reviving progesterone
therapy in the molecular age. Discov Med. 2011 Sep;12(64):205–12. PubMed PMID:
21955848. Epub 2011/10/01. eng.

[156] Conn PM, Crowley WF, Jr. Gonadotropin-releasing hormone and its analogs. Annu
Rev Med. 1994;45:391–405. PubMed PMID: 8198390. Epub 1994/01/01. eng.

Basic Principles and Clinical Significance of Oxidative Stress278

[157] Grimbizis G, Tsalikis T, Tzioufa V, Kasapis M, Mantalenakis S. Regression of endo‐
metrial hyperplasia after treatment with the gonadotrophin-releasing hormone ana‐
logue triptorelin: a prospective study. Hum Reprod. 1999 Feb;14(2):479–84. PubMed
PMID: 10099998. Epub 1999/04/01. eng.

[158] Wang J, Luo F, Lu JJ, Chen PK, Liu P, Zheng W. VEGF expression and enhanced pro‐
duction by gonadotropins in ovarian epithelial tumors. Int J Cancer. 2002;97(2):163–7.

[159] Telikicherla D, Ambekar A, Palapetta SM, Dwivedi SB, Raju R, Sharma J, et al. A
comprehensive curated resource for follicle stimulating hormone signaling. BMC Res
Notes. 2011;4:408. PubMed PMID: 21996254. Pubmed Central PMCID: PMC3204250.
Epub 2011/10/15. eng.

[160] Hoang YD, Nakamura BN, Luderer U. Follicle-stimulating hormone and estradiol in‐
teract to stimulate glutathione synthesis in rat ovarian follicles and granulosa cells.
Biol Reprod. 2009 Oct;81(4):636–46. PubMed PMID: 19516019. Pubmed Central
PMCID: PMC2754881. Epub 2009/06/12. eng.

[161] Zhang Z, Wang Q, Ma J, Yi X, Zhu Y, Xi X, et al. Reactive oxygen species regulate
FSH-induced expression of vascular endothelial growth factor via Nrf2 and HIF1 al‐
pha signaling in human epithelial ovarian cancer. Oncol Rep. 2013 Apr;29(4):1429–34.
PubMed PMID: 23404377. Epub 2013/02/14. eng.

Antioxidant Status and Sex Hormones in Women with Simple Endometrial Hyperplasia
http://dx.doi.org/10.5772/60853

279





Section 4

Oxidative Stress and Therapy





Chapter 10

Oxidative Stress-Based Photodynamic Therapy with
Synthetic Sensitizers and/or Natural Antioxidants

Rodica-Mariana Ion and
Ioana-Raluca Şuică-Bunghez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60872

Abstract

Photodynamic therapy (also called PDT, photoirradiation therapy, phototherapy, or
photochemotherapy) as a new modality for cancer treatment involves the combina‐
tion of light with a photosensitizing drug in an oxygen-rich environment. PDT consists
in the systemic administration of a photosensitizer (PS), which is selectively retained
by tumor cells and the subsequent irradiation with visible light of the affected area.
Basically two types of reactions can occur after photoactivation of the photosensitizer:
the first involves the generation of free radicals (type-I photochemical reaction) and
the other the production of singlet molecular oxygen, (type II) as the main species
responsible for cell inactivation. The mechanism of PDT effects may involve a direct
tumor cell injury and also an indirect cell killing via microcirculatory changes
resulting in reduced blood flow in the tumor. Also, PDT may be considered an
oxidative stress that induces cellular death in different types of cancerous cells both
in vitro and in vivo. Oxidation or oxidative stress leads to the production of free
radicals. Generated reactive oxygen species (ROS) cause oxidative stress in the cells
targeting mainly at cellular macromolecules, such as lipids, nucleic acids and proteins.
These oxidizing agents can damage cells by starting chain reactions such as lipid
peroxidation, or oxidation of proteins or DNA, causing mutations and even major
diseases, while protein oxidation can lead to distortion and degradation. To evaluate
the presence of oxidative stress in PDT, some methods could be used: detection of
malondialdehyde (MDA), the carbonylated proteins (CP), the hydrogen donating
capacity (HDA), detection pf the -SH groups. By reducing basal levels of ROS in cells
may facilitate the therapeutic effects of oxidative stress-based therapies. Natural
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antioxidants may also protect healthy tissues and lower the incidence of treatment-
related side effects, and the chapter shows some results about hesperidin, hesperitine,
diosmin and also, some tea rxtracts based on tea leaves and fruits. The Green tea
polyphenols have been shown to have a protective effect in different forms of cancer
in a variety of pre-clinical animal models. Green tea is composed of several catechins,
including (-)-Epigallocatechin-3-gallate (EGCG), epicatechin (EC), epicatechin-3-
gallate (ECG), and epigallocatechin (EGC). Among them, (-)-Epigallocatechin-3-
gallate (EGCG), the major catechin found in green tea, has been recognized as a
potential therapeutic agent. In the context where many clinical studies with respect
to the application of antioxidants as sensitizers are lacking, this chapter shows a
systematic review by putting into evidence the antioxidant action in photochemo‐
therapy and their comparison with synthetic sensitizers (porphyrins and phthalocya‐
nines). Some up-to-date results of photodynamic therapy with synthetic sensitizers
and/or coupled with some natural antioxidants are shown and discussed.

Keywords: photodynamic therapy, sensitizers, natural compounds, antioxidants

1. Introduction

Photodynamic therapy (PDT) (also known as photoirradiation therapy, phototherapy or
photochemotherapy) is a new modality for cancer treatment and involves the combination of
light with a photosensitizing drug in an oxygen-rich environment [1, 2]. The photodynamic
therapy has been successfully used in the last decade for the therapy of solid malignant tumors
and non-tumoral diseases such as psoriasis, age-related macular degeneration, actinic
keratosis, ageing [3]. The PDT mechanism could be a direct one (by apoptosis and necrosis),
or an indirect one (by immune response on tumor vasculature). An ideal sensitizer should
have a defined pure chemical structure, a proper absorption in red/near-infrared region, and
a good capacity of singlet oxygen generation. After irradiation, the photosensitizer (PS) passes
into the singlet oxygen excited state and afterwards it can pass into the triplet state; in this state
it can react with molecular oxygen, generating singlet oxygen or it can react with different
molecules from the tissue generating radical forms of PS [4]. This final form can react with
oxygen, leading to the formation of different reactive oxygen species such as the hydroxyl
radical, hydrogen peroxide and the superoxide anion, which in their turn may oxidize the
macromolecular cellular components, resulting in cellular death through either apoptosis or
necrosis. PDT induces oxidative stress at specific subcellular sites through the light activation
of organelle-associated photosensitizers, and is used in the destruction of tumor cells.

This chapter offers the most up-to-date results of photodynamic therapy with synthetic
sensitizers and/or coupled with some natural antioxidants, by using our data correlated with
literature reports.
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have a defined pure chemical structure, a proper absorption in red/near-infrared region, and
a good capacity of singlet oxygen generation. After irradiation, the photosensitizer (PS) passes
into the singlet oxygen excited state and afterwards it can pass into the triplet state; in this state
it can react with molecular oxygen, generating singlet oxygen or it can react with different
molecules from the tissue generating radical forms of PS [4]. This final form can react with
oxygen, leading to the formation of different reactive oxygen species such as the hydroxyl
radical, hydrogen peroxide and the superoxide anion, which in their turn may oxidize the
macromolecular cellular components, resulting in cellular death through either apoptosis or
necrosis. PDT induces oxidative stress at specific subcellular sites through the light activation
of organelle-associated photosensitizers, and is used in the destruction of tumor cells.

This chapter offers the most up-to-date results of photodynamic therapy with synthetic
sensitizers and/or coupled with some natural antioxidants, by using our data correlated with
literature reports.
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Photodynamic therapy (PDT) is a relatively new type of treatment for cancer, and makes use
of a photosensitizer, visible light and molecular oxygen. Reactive oxygen species (ROS) are
generated, causing the death of tumor cells by apoptosis or necrosis. Significant research efforts
are nowadays focused on finding new photosensitizers with antineoplastic activity.

Over the last decade, there is an increasing interest in photosensitization mechanisms in
biological systems, in relation to the therapeutic aspects of this phenomenon [5, 6]. The most
used photosensitizers in photodynamic therapy are porphyrins, phthalocyanines and related
compounds (Figure 1). These compounds are capable of generating a long-lived triplet excited
state, responsible for facile energy transfer to molecular oxygen, leading to the formation of
singlet oxygen. The photosensitization reactions include free radical reactions (type I) and
singlet oxygen reactions (1O2) (type II) (Figure 2). The mechanism of PDT may lead to a direct
tumor cell injury and also an indirect cell death via microcirculatory changes, resulting in
reduced blood flow to the tumor [7-10].
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The study of radical-induced damage in living systems is a topic of great interest in biology
and medicine. Attention has been increasingly focused on the role of free radicals in normal
physiological conditions and in different pathologies, with an essential role in cellular
processes resulting in damages [11].

3. Mechanisms of photodynamic therapy

3.1. Photophysical and photochemical mechanism

Porphyrins are used in medical and biological applications as they can generate new sensitizer
structures with extensive and versatile photophysical and photochemical properties. Synthetic
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porphyrins and phthalocyanines appear to be good models in order to create new efficient
drugs for photodynamic therapy of cancer [12]. The photodynamic therapy of cancer is based
on the ability of some sensitizers to be retained in larger amounts and longer time in neoplastic
than in normal cells as well as on the possibility to generate singlet oxygen after the activation
of the porphyrin with red light [13].

In our previous investigations on PDT sensitizers [14, 15], we have used several spectroscopic
methods to evaluate the efficiency of triplet state generation of some sensitizers [16]. The
absorption spectra of the dye incorporated into the cells provide information with low accuracy
because of small absorption amplitudes and perturbation of the spectra by light scattering.
Therefore fluorescence methods are widely used [17]. The fluorescence of photosensitizers
observed under a confocal microscope enables to establish the localization of dye in the cells
[18–20]. Changes in the fluorescence of cell material due to illumination of samples depend on

Figure 2 The dual (up) and singlet mechanism (down) of PDT 
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the sensitizer localization in the cells, but for a group of similar dye molecules, the cells, stained
to a higher degree, usually show higher fluorescence intensity [21].

3.2. Photobiological mechanism

Within PDT, a sensitizer, light and oxygen are used to cause photochemically induced cell
death via apoptotic pathways. In vitro and in vivo photosensitizing efficacy of certain
synthesized photosensitizers are usually investigated by their interaction with some proteins
(human serum albumin (HSA) (Site II) for binding affinity, intracellular localization and DNA
attack [22, 23].

The photobiological mechanisms by which some sensitizers induce tumor necrosis are very
different: they strongly associate with serum albumins and it is assumed that they kill
neoplastic cells indirectly by damaging blood vessels and interrupting the supply of oxygen
[24]. A good example is water-soluble porphyrins, tetrakis (4-sulfonatophenyl) porphyrin
(H2TSPP) as one of the best tumor localizer. It has a very low affinity for human plasma
lipoproteins but binds strongly to human serum albumin (HSA), Figure 3. The association
between H2TSPP and HSA has a spectacular effect on the singlet-state lifetime of porphyrins:
it decreases from 5.2 ns to about 1.6 ns [25]. This marked decrease is due to the enhancement
of one of the molecular processes involved in the deactivation of the singlet state. The short‐
ening of the singlet state lifetime causes an important decrease of the quantum yield of triplet
state (ϕT). This assumption is in agreement with the result of Davila and Harriman [26] that
measured the ϕT of the complex H2TSPP–HSA and reported a value of 0.70. The shortening of
the singlet state lifetime of this complex is compensated by a corresponding increase of the
intersystem crossing rate. The photosensitizing efficiency of bound H2TSPP has a reduced
mobility, characteristic of molecules bound deeply into the protein structure. Such molecule
is expected to be less accessible by oxygen and thus less efficient in producing singlet oxygen.
The number of binding sites per protein molecule is greater than unity (n=3 and k=1.5 × 106 M-1

for one binding site and k=2x105 M-1 for the other two). The binding of H2TSPP to HSA
significantly modifies the photophysics of porphyrin.

On irradiation with light (laser), in the presence of a photosensitizer, DNA undergoes several
modifications including chain breaks, DNA–protein cross-links, and basic sites changes
coupled with oxidized DNA bases, which have been shown to be able to induce point
mutations [27]. The single strand breaks (SSB) are mainly formed through the attack of OH
radicals, where the hydrogen bonds between purine bases play an important role. OH radicals
react with DNA to remove an H atom, leading to strand rupture. Mitochondria play a central
role in the control of apoptosis induced by PDT, which through the mitochondrial permeability
transition pore (PTP) lose the integrity of the outer mitochondrial membrane, thus releasing
the intermembrane proteins, such as cytochrome c, into the cytosol to form the “apoptosome”.
The apoptosome attacks procaspase-3 and cleaves it to form active caspase-3, which can lead
to DNA breakage and nuclear chromatin condensation and cause cell death [28].

The porphyrins are able to induce changes of melting points and viscosity of DNA, which will
be fragmented into small chains (Table 1). In this case, two modes of interaction between dye
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molecules and DNA are distinguished: a strong binding mode involving about 20-23% of the
DNA phosphate groups and a weak binding mode involving the remaining phosphate groups.

Table 1. The temperature and viscosity changes of DNA during the photodynamic process

An analysis on DNA degraded by sensitized attack of methylene blue (MB) showed that it had
80% of the guanine residues [29], and similar value for hematoporphyrins and furrocoumarins
[30]. Apoptosis was evident in the post-PDT cells through the TdT-mediated dUTP nick end
labeling (TUNEL) method and DNA fragmentation assay. Apoptosis was determined by cell
morphology with light microscopy and transmission electron microscopy [31].

The two known modes of interaction between dye molecules and DNA are a strong binding
mode involving about 20–23% of the DNA phosphate groups and a weak binding mode
involving the remaining phosphate groups [32].

Based on the interaction sensitizer-DNA, three groups of porphyrins are known:

• Group I porphyrins, which induce changes characteristic of intercalation in DNA samples
with greater 40% GC base composition with an increasing of the linear viscosity of CT DNA,

Figure 3. The changes of absorption spectra during the interaction between H2TSPP and HSA
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strongest intercalative binding in GC regions and the localization of AT regions only outside
binding.

• Group II porphyrins are believed to be outside binders, with an additional self-stacking
features that induce DNA aggregation and a small viscosimetric changes of DNA with
greater than 40% GC content.

• Group III porphyrins give results characteristic of outside binding at both AT and GC sites,
identified by the absence of an increasing of the solution viscosity for any of the linear or
super helical DNA samples; they being able to bind with a preferential orientation.

Cationic porphyrins can interact with DNA either by intercalation between the G–C base-pairs
or by outside binding in the minor groove with A–T sites selectively. An exemplification has
been checked by personal data for cytosine (C) and guanine(G) by using as sensitizers
methylene blue (MB), H2TSPP and Rhodamine (Rh) (Figure 4).

Figure 4. Cytosine (C)- and guanine(G)-sensitized photooxidation by using as sensitizers MB, H2TSPP and Rh

The weakly bound dye molecules are identified to be attached to the helix exterior by means
of electrostatic interaction with the phosphate groups. A red-shifted absorption is due to
porphyrin–porphyrin interactions within long-range assemblies on the polymer in exterior.
When the porphyrin is intercalated, a strong hypochromicity and a strong bathochromic shift
for the absorption bands are observed. As a possibility of external association a small hypo‐
chromicity (or even a hyperchromicity) and a small batochromic shift are observed. If an
external association is possible in concert with an aggregation process, only hypochromicity
(or hyperchromicity) is important [28]. Some important conclusions had been stated: por‐
phyrins intercalate in DNA with a binding constant of around 103–106 M-1; the porphyrin
complex appears to be stabilized by extensive electrostatic interactions, especially in the minor
groove; the porphyrin does not form van der Waals stacking contacts with adjacent bases;
DNA may require conformational distortion reaching the limit of DNA melting; the resulting
severe conformational distortion not resolved upon achievement of the ground-state complex;
steric clashing between the DNA backbone and the porphyrin extending the DNA along its
helical axis; and de-stacking the interior of the complex.

The aggregation process is very important in this interaction study. If the sensitizer is in a
monomer form, the external association with DNA could be favored. The association process
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increases its rigidity and changes the distance between the bases creating the adequate
distances unfavorable to the dimerization. The Soret band is batochromically shifted from 412
nm to 433 nm, and the Q-band decreases its intensity. New bands appear at 644 and 707 nm.
Also, a new band appears at 490 nm (Figure 5). The band at 490 nm arises from the J-aggregate
(edge-to-edge interaction) of porphyrin molecules [33]. Their structures have been identified
by atomic force microscopy (AFM) (Figure 6). The porphyrins are externally bound when their
planar structure fit into the major or minor groove and interact with DNA electrostatically.
Also, hyperchromicity is observed (the greatest absorption value at 260 nm), which is similar
with some mono- and di-catenare destructions. It could be presumed that during the laser
irradiation support a photooxidation reaction takes place preferably at guanine site. By
irradiation with DNA, an increase of viscosity is observed as an effect of a chain-breaks and
helix destruction.

Figure 5. The changes of absorption spectra during the interaction between H2TSPP and DNA

The fluorescence emission spectra of H2TSPP, DNA and their complex consist of two bands
with maxima little affected by DNA; however, the emission intensity is markedly reduced
(Figure 7). For H2TSPP, in the presence of DNA, the maxima from 605 and 640 nm increase
simultaneously, as a proof for the external binding between both compounds. From the
amplitude ration I604/I640, it was concluded that the porphyrin/DNA this ratio increases without
irradiation and by irradiation with laser beam, this ratio registered a significant increase at the
high time of irradiation. A spatial arrangement of porphyrin and DNA takes place on the DNA
strand exterior based on electrostatic interaction between phosphate groups of DNA and
positive charges of J-aggregated porphyrin. If H2TSPP has a J-aggregate form, it is possible to
cover DNA molecule like two concentric bodies. DNA has a 20 Å diameter, while H2TSPP -J-
aggregate has 0.35–0.40 Å interplanar distances and a 40 Å diameter [34].
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Figure 7. The fluorescence of H2TSPP and its mixture with DNA at different concentrations.

4. Photosensitizers

4.1. Conventional photosensitizers

The most used and most efficient sensitizers are synthetic compounds, as porphyrins (P) and
phthalocyanines (Pc).

Porphyrins constitute a class of the molecules that contain four pyrrole rings linked by the
methane carbon bridges. A large group of porphyrins can be chemically modified by intro‐
ducing the metal at the center of the pyrrole rings or by attaching the peripheral groups to the
outer rings of the methane bridges units, respectively. The main characteristic of free-base
porphyrin consists in the absorption maxima: a Soret band around 400 nm and four Q-bands
in the region of 500–700 nm. Although the porphyrins absorb light poorly in this wavelength
region (650 nm, ε= 30000 M-1⋅∙ cm-1) [35], as a result of increased transparency of biological
tissues at longer wavelength; red light is normally used for PDT. Some exemplification of
porphyrins and phthalocyanines are shown in Figure 8.

490 nm (Figure 5). The band at 490 nm arises from the J-aggregate (edge-to-edge interaction) of porphyrin molecules [33].
Their structures have been identified by atomic force microscopy (AFM) (Figure 6). The porphyrins are externally bound 
when their planar structure fit into the major or minor groove and interact with DNA electrostatically. Also,  hyperchromicity is 
observed (the greatest absorption value at 260 nm), which is similar with some mono- and di-catenare destructions. It could 
be presumed that during the laser irradiation support a photooxidation reaction takes place preferably at guanine site. By 
irradiation with DNA, an increase of viscosity is observed as an effect of a chain-breaks and helix destruction.  

Figure  5 The changes of absorption spectra during the interaction between H2TSPP and DNA 

The fluorescence emission spectra of H2TSPP, DNA and their complex consist of two bands with maxima little affected by 
DNA; however, the emission intensity is markedly reduced (Figure 7). For H2TSPP, in the presence of DNA, the maxima from 
605 and 640 nm increase simultaneously, as a proof for the external binding between both compounds. From the amplitude 
ration I604/I640, it was concluded that the porphyrin/DNA this ratio increases without irradiation and by irradiation with laser 
beam, this ratio registered a significant increase at the high time of irradiation. A spatial arrangement of porphyrin and DNA 
takes place on the DNA strand exterior based on electrostatic interaction between phosphate groups of DNA and positive 

Figure 6 The structure of H2TSPP in monomer (left) and J-aggregate (right) form 
Figure 6. The structure of H2TSPP in monomer (left) and J-aggregate (right) form
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Phthalocyanines (Pc)/naphthalocyanines (Nc) are molecules composed of four indole units:
pyrrole rings linked by nitrogen atoms conjugated with benzene rings characterized by a
strong, isolated Q band in the red region of the UV/Vis spectrum, while the less intense B band
is found at higher energies (Figure 9). The Q band is characterized by a high molar absorptivity
(ε = 105 M-1 ⋅ cm-1) [36], and it is accompanied by a series of vibrational bands. The B band is
broad due to the super-positioning of B1 and B2 [37].

 

 

di-hydroxy-silicon-tert-butyl-Pc di-chloride-silicon-Pc 

  

di-chloride-silicon-Nc di-hydroxy-silicon-Pc 

 
 

di-hydroxy-silicon-Nc Si(enolate)2TPP (Ar=phenyl) 

Figure 8 The structure of some SiPc, SiNc and SiTPP 

Figure 8. The structure of some SiPc, SiNc and SiTPP

Basic Principles and Clinical Significance of Oxidative Stress292



Phthalocyanines (Pc)/naphthalocyanines (Nc) are molecules composed of four indole units:
pyrrole rings linked by nitrogen atoms conjugated with benzene rings characterized by a
strong, isolated Q band in the red region of the UV/Vis spectrum, while the less intense B band
is found at higher energies (Figure 9). The Q band is characterized by a high molar absorptivity
(ε = 105 M-1 ⋅ cm-1) [36], and it is accompanied by a series of vibrational bands. The B band is
broad due to the super-positioning of B1 and B2 [37].

 

 

di-hydroxy-silicon-tert-butyl-Pc di-chloride-silicon-Pc 

  

di-chloride-silicon-Nc di-hydroxy-silicon-Pc 

 
 

di-hydroxy-silicon-Nc Si(enolate)2TPP (Ar=phenyl) 

Figure 8 The structure of some SiPc, SiNc and SiTPP 

Figure 8. The structure of some SiPc, SiNc and SiTPP

Basic Principles and Clinical Significance of Oxidative Stress292

Porphyrins act as free bases and chelated with a variety of metals, the diamagnetic ones
enhancing the phototoxicity.  Paramagnetic metals shorten the lifetime of the triplet state
and  as  result  can  make  the  dyes  photoinactive  [38].  The  photosensitizing  activity  is
quenched  by  the  presence  of  transition  metal  ions  (as  central  ions)  with  a  d-electron
configuration [39]. An exemplification is Si(enolate)2 5, 10, 15, 20-tetra-p-phenyl porphyr‐
in (Si(enolate)2TPP) (Figure 8).

The presence of axial ligands to the centrally coordinated metal ion is often advantageous,
since it generates some degree of steric hindrance to intermolecular aggregation, without
impairing the photophysical properties of the dye. Several photophysical parameters for
tetrasulfonated aluminum porphyrins (Table 2) have been evaluated by means of some in vitro
experiments on EL-4 cells [40].

Figure 9. The spectra of Pc as free base (a) and metallic complex (b)

Drug absorption excitation
fluorescence
(λex = 427 nm)

phosphorescence
(λex= 427 nm)

Partition
coefficient

C2AlTSPP
215; 230; 263; 266;
432; 570; 603; 645;

827

236; 254; 300; 330;
368; 438; 564; 644

344; 425;588; 651;
676;708; 854;

950;
1075

0.23

C8AlTSPP
212; 222; 264; 428;

564; 606; 645
250; 300; 422; 564;

608
426; 598; 652; 826;

706; 776;
950 0.37

C12AlTSPP
212; 222; 264; 428;

564; 606; 645
442; 644 426; 598; 652; 856 1075 0.32

Table 2. Spectral properties and data for partitioning coefficients of some metallo-porphyrins
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The quantum yield for singlet oxygen generation was evaluated in this experiments by using
DPBF method [41], and an exemplification is shown in Table 3.

Porphyrin 1O2 quantum yield Lifetime for singlet excited states of porphyrins (ps)

C2AlTSPP 0, 96 5.03

C4AlTSPP 0.78 40, 8

C8AlTSPP 0.83 32, 9

C12AlTSPP 0.665 47, 5

Table 3. The singlet oxygen quantum yields and the lifetime values for the first excited states of Al porphyrins

The cellular uptake of different drugs seems to be correlated to their hydrophobicity only
when the drugs are very closely related to chemical structure. Aluminum ion has a great
influence on the sensitizer hydrophobicity without a corresponding effect on the cellular
uptake (Table 4).

Porphyrin K octanol

TSPP 0.47

C2AlTSPP 0.23

C8AlTSPP 0.37

C12AlTSPP 0.32

Table 4. The data for cellular uptake of the aluminum porphyrins

Nevertheless, C2AlTSPP is not as well uptaken as H2TSPP, even in the studied series, porphyrin
is the most reactive.The uptake ratio of porphyrins in vitro increases when increasing the
lipophilic property of the drug. The uptake of aluminum porphyrins increases linearly with
increasing lipophilicity. The inactivation kinetics for EL-4 cells is shown in Figure 10 and their
microscopic aspects are shown in Figure 11.

Apoptosis (type I cell death) is different from necrosis (type III cell death) [42, 45]. If apoptosis
is a controlled suicide pathway, involving DNA breaks, membrane blebbing, cell shrinkage
and phagocytosis, necrosis involves membrane damage, local inflammation and injury, which
lead to oncosis. Except of these types, there is type II cell death, which is characterized by an
enormous increase of two-membrane autophagic vacuoles in the cytoplasm, which are finally
catalyzed by lysosomal hydrolases [43]. Autophagy is a convertible process, which can
provoke both survival and death pathways, in contrast to the apoptotic irreversible process
leading only to cell death. Apoptotic cell death is the most preferable effect of various anti‐
cancer therapies, which leads to destruction and elimination of pathological cells. Inflamma‐
tion does not occur through apoptosis in cancer cells and surroundings tissue [44].
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The quantum yield for singlet oxygen generation was evaluated in this experiments by using
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5. Concept of oxidative stress in photodynamic therapy

5.1. Types of Reactive Oxygen Species (ROS)

PDT is a concerted action of a sensitizer, a light source in the presence of oxygen, based on
singlet oxygen and ROS production, leading to cell death by different mechanism [46].

Reactive oxygen species (ROS) is a collective term used for a group of oxidants, which are
either free radicals or molecular species able to generate free radicals. The most important free
radicals occurring in the human body are hydroxyl radical (*OH), singlet oxygen (1O2) and
superoxide (O2

*-). Except these species, the intracellular generation of ROS mainly comprises
nitric oxide (NO•) radicals, which together with O2

•− radicals, are converted to powerful
oxidizing radicals like hydroxyl radical (•OH), alkoxy radicals (RO•), peroxyl radicals (ROO•),

Figure 10. The inactivation diagram for EL-4 cells with aluminum porphyrins (1=AlC12TSPP; 2=AlC8TSPP; 3=Ali‐
BuTSPP; 4=AlC2TSPP; 5=Control

Figure 11. The microscopic aspects of cells before (left) and after PDT (middle and right)
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singlet oxygen (1O2) by complex transformation reactions. Some of the radical species are
converted into molecular oxidants like hydrogen peroxide (H2O2), peroxynitrite (ONOO–) and
hypochlorous acid (HOCl). The oxidative stress damage is targeted mainly at cellular macro‐
molecules, such as lipids, nucleic acids and proteins. Hydrophobic photosensitizers accumu‐
late mainly in cell membranes and they are primarily attacked by free radicals. These oxidizing
agents can damage cells by starting chain reactions such as lipid peroxidation, or oxidation of
proteins or DNA. Damage to DNA can cause mutations and even major diseases (cancer),
while protein oxidation can lead to distortion and degradation. Oxidation or oxidative stress
leads to the production of free radicals, for example the hydrogen and oxygen molecules,
which are not related to other factors. In their free form these molecules react with other
molecules, and contribute to oxidative stress [47-49].

Oxidative stress, arising as a result of an imbalance between free radical production and
antioxidant defenses, is associated with damage to a wide range of molecular species including
lipids, proteins, and nucleic acids. Oxidative stress is a factor that initiates cell death after
photodynamic reaction [50–54]. The formation of reactive oxygen species (ROS) with cytotoxic
effects is the key involved in the death of the tumor cells by PDT [55]. PDT may be considered
an oxidative stress that induces apoptosis in different types of cancerous cells both in vitro and
in vivo [56].

Cells have a highly developed and regulated antioxidant defense system to maintain appro‐
priate intracellular ROS levels and prevent oxidative damage. This system includes antioxi‐
dant enzymes such as superoxide dismutase (SOD), catalase and various peroxidases and non-
enzymatic systems (GSH, thioredoxin, uric acid, vitamins, coenzyme Q) that effectively
remove ROS. Under normal conditions, antioxidant mechanisms scavenge ROS and protect
the organism from the damaging effects of ROS. However, under conditions of excessive
oxidative stress, cellular antioxidant mechanisms may be unable to prevent the adverse impact
of ROS on critical cellular processes. ROS can interact with cellular macromolecules, including
DNA, protein and lipids, and interfere with vital cellular functions [35]. Mutations caused by
ROS can result in malignant transformation and the development of cancer [57].

To evaluate the presence of oxidative stress in the plasma, we used indirect methods. These
quantify the lesions produced by the reactive oxygen species on the organism’s biomolecules.

To evaluate the presence of oxidative stress in PDT, some of the following methods could be
used [58–64]:

• Detection of malondialdehyde (MDA), the marker used most frequently for lipid peroxi‐
dation, using the fluorimetric method with 2-thiobarbituric acid (TBA);

• The carbonylated proteins (CP) with 2, 4-dinitrophenylhydrazine using the Reznick
method. To determine the level of proteins from the homogenate samples Bradford method
was used.

• The hydrogen-donating capacity (HDA) using the stable free radical: 1, 1 diphenyl-
picrylhydrasyl (DPPH);
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• Detection of the –SH groups with 2, 2-dithiobisnitrobenzoic acid (Ellman’s reagent). The
zymographic method was used to determine the MMPs activity.

Some synthetic PSs such as porphyrins have the capacity to generate reactive oxygen species
with cytotoxic effects leading to the necrosis of tumor cells, and induced a significant oxidative
stress response, with peak intensity at 24-hour post-exposure. The most significant responses
were the increase of CP, MDA, MMP-2 (matrix metalloproteinase-2) activity and the decrease
in HDA levels. The experiment also induced less significant, but present, reduction of the thiol
groups.

As an exemplification, PDT with H2TSPP increases ROS production in plasma and tumor tissue
and determines oxidative alterations of biomolecules (lipids, proteins) (Figure 12).

Oxidative stress, responsible for tissues injured in different pathologies, involves the none‐
quilibrium between the produced radical species and antioxidant defense agents.

There are some priority parameters which should be determined and evaluated:

1. Cell viability test measured by the lactate dehydrogenase release in the supernatant of cell
culture as a marker of cell integrity. Viability results were expressed as % of live cells from
the suspension subjected to 24 h incubation in the tested agents and/or irradiation.

2. Cell proliferation test measuring the number of viable cells as live cells reduce the kit
reagent into a formazan compound that is colorimetric measured at 490 nm. From this
point of view the test measures the quantity of viable cells in culture and thus the
proliferative capacity of the tested cells.

3. RNA synthesis achieved by tritium-labeled uridine incorporation method, which involves
beta-radioactivity measurement for radiolabeled cell cultures.

4. Total cellular RNA offer the concentration of total RNA, measured with SV total RNA
isolation system.

5. TUNEL and immunofluorescence essential for apoptosis detection by observing the DNA
fragmentation assay and TdT-mediated dUTP nick-end labeling (TUNEL) assay. TUNEL
staining was performed to detect internal and end-strand breaks, which often occur in the
early stages of apoptosis. TUNEL staining was carried out according to the manufacturer’s
instructions (Promega, Madison, USA). The procedure is carried out as follows. Biotiny‐
lated nucleotide is incorporated at the 3'-OH DNA ends using the terminal deoxynucleo‐
tidyl transferase (rTdT) recombinant enzyme. The apoptotic cells were counted under the
microscope and photographed.

6. Analysis of genomic DNA fragmentation visualized by staining with ethidium bromide
(0.5 μg/ml) and photographed under UV illumination. DNA was separated using
standard 1.5% agarose (Bio-Rad) gel electrophoresis at 10 V/cm.

7. Cellular morphology visible by electron microscopy necessary for identifying the
apoptotic cells. After PDT treatment, cells are developing morphological features charac‐
teristic of apoptosis: chromatin compaction into uniform electron-dense masses with
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nuclear margination, nuclear fragmentation, cellular shrinkage, cell membrane vacuoli‐
zation and blebbing, and the increase in electron-density of the cytosol [63-65].

8. Photodegradation reaction of sensitizers, which are indicators for lifetime of the sensitiz‐
ers, time efficiency and potential side effects of them (Figure 13).

Figure 12. The oxidative stress parameters for PDT with H2TSPP. Adapted after [55]

Some of these parameters have been calculated for PDT with different sensitizers and for
different cells; B16, K562, EL-4, etc. [64–69]. During irradiation, after the first 30 minutes, a
strong cellular degradation, especially for TNP-loaded cells, is visible (Figure 14). The results
indicate that a free-base porphyrin as 5, 10, 15, 20-tetra-p-naphthyl-porphyrin (TNP) induces
apoptosis in K562 cells in a time-dependent manner. There were no changes in tail moment of
K562 cells in the absence of light, whereas TNP (10 μg/mL) leads to DNA damage at different
time incubation (1–4 h), light dose (0, 10 or 25 J/cm2) and time irradiation (5–50 minutes). Less
genotoxicity will appear for higher light dose that for higher sensitizer concentration. Un‐
loaded cells subjected to irradiation have a slightly higher LDH release, 56% proliferation
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capacity and 13% Urd incorporation compared to control cells. After 48 h of irradiation (Figure
14) cells have a high LDH release compared to control and a reduced proliferative capacity
(100 %). After irradiation, the cells were subjected for 24 h, 48 h and 72 h to the LDH, MTS and
uridine incorporation tests in order to study the capacity of remaining cells to proliferate after
treatment. A significant reduction of RNA has been registered for TNP loaded and non-loaded
cells (Figure 15). The viability of the irradiated K562 tumor cells was assessed by the increase
of the LDH release and the associated decline of the MTS reduction (Figure 16). We also
observed that cells that survive after the PDT procedure are more stable than the irradiated
control.

Figure 13. The photo degradation scheme of a sensitizer

After irradiation, the K562 cell viability is strongly affected both for TNP-loaded cells and for
those unloaded. TNP activated increases the cell mortality by comparison with control cells
(Mi) (Figure 15).

At different time post-irradiation, TNP intracellular loaded and activated shows a homoge‐
neous effect on the cells’ capacity to deliver LDH (Figure 16).

RNA isolation from K562 cells has been achieved in the first 4 hours after irradiation. A 35%
decrease of RNA content has been registered in the case of H2TSPP (Figure 17) [72], Also, there
is a good correlation between uridine incorporation and number of live cells in 24 h post-
irradiation in the presence of the same sensitizer, both of them decreading (Figure 18). Also,
the amount of total cellular RNA isolated from the K562 cells drastically decreased after
irradiation (Figure 19).
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At different time intervals after treatment, the cells were analyzed for caspase-3. At 4 h post-
PDT, 100% of the cells displayed protease activities. After PDT, 30.6% of the cells showed total
caspase activity. Thereafter, the fraction of cells with caspase activity increased to 48.6%.

When present in the cytoplasm, a number of caspases have been activated following PDT and
responsible for the cleavage of multiple cellular proteins, DNA fragmentation, and cell death.
Activation of procaspase-3 after PDT has been demonstrated in multiple experimental settings.
The morphological manifestation of apoptosis (“execution” phase) can be ascribed as degra‐

 

Figure 14. Time evolution of the cellular density for TNP-loaded K562 cells (10 μg/ml TNP)

Figure 15. The viability of K562 loaded with TNP after the first hours after irradiation
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dation of various structural proteins and DNA. After loading K562 cells with TNP, and
irradiation, a strong decrease has been obtained for caspase-3 activity (Figure 20).

Induced apoptosis of K562 cells loaded with 10 μg/ml TNP and activated with laser (TUNEL)
has been shown in Figure 21, as results of TUNEL test. Many apoptotic cells characterized with
brown nuclei can be seen in the TNP-PDT groups.

The PDT efficacy relies on the concerted action of sensitizer and light, with none of them alone
inducing apoptosis.

Figure 16. Time evolution of K562 cells viability after laser activation in the presence of TNP
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0

0.1
0.2

0.3

0.4

0.5
0.6

0.7

C TSPP Ci TSPPi

LD
H 

re
le

as
e 

(O
D)

 
M

TS
 re

du
ct

io
n 

(O
D)

0
5000
10000
15000
20000
25000
30000
35000
40000

3 H-
ur

id
in

e 
in

co
rp

or
at

io
n 

(p
pm

)

LDH release MTS reduction RNA synthesis

Figure 17. The viability and multiplication rate of K562 tumor cells at 24h post-irradiation. C = nonirradiated unloaded
cells; TSPP = nonirradiated loaded cells; Ci = irradiated unloaded cells; TSPPi = irradiated loaded cells.
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6. Natural products as antioxidants

An antioxidant is a molecule stable able to donate an electron to a free radical, neutralizing it,
thus reducing its capacity to damage. The antioxidants delay or inhibit cellular damage mainly
through their free radical scavenging property. A variety of dietary plants including grams,
legumes, fruits, vegetables, tea, wine etc. contain antioxidants. The most important antioxi‐
dants seem to be nonenzymatic antioxidants derived from plant sources including vitamins
(vitamin A, C, E, K), flavonoids (quercetin, catechin, epigallocatechin gallate, hesperidin,
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Figure 18. Correlation between uridine incorporation and number of live cells in 24 h post-irradiation. C = non-irradi‐
ated unloaded cells; Ci = irradiated unloaded cells; H2TSPPi = irradiated loaded cells.
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Figure 19. The amount of total cellular RNA isolated from the K562 cells. C = unloaded non-irradiated cells; Ci = irradi‐
ated unloaded cells; TSPP = non-irradiated loaded cells; TSPPi = irradiated loaded cells.
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Figure 19. The amount of total cellular RNA isolated from the K562 cells. C = unloaded non-irradiated cells; Ci = irradi‐
ated unloaded cells; TSPP = non-irradiated loaded cells; TSPPi = irradiated loaded cells.
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hesperetin, diosmin, and many others), phenolic acids (cinnamic acid derivatives, curcumin,
caffeine, catechins, gallic acid derivatives, salicylic acid derivatives, chlorogenic acid, resver‐
atrol, folate, anthocyanins and tannins) [74–80].

Carotenoids, known as naturally fat-soluble pigments and synthesized by vegetal organisms,
are sources of different colors [81]. They could be classified into carotenes (beta-carotene and
lycopene) and xanthophylls (lutein and zeaxanthin).Their structure is shown in Figure 22. Beta-
carotene and lycopene are widely regarded as being effective antioxidants, with small sizes

0

1

2

3

4

5

6

7

8

9

M Mi TNP TNPi

Ni
ve

l c
as

pa
za

-3
 (m

ic
ro

m
ol

i p
NA

)

Figure 20. Caspase 3 activity in K562 cells loaded with 10 μg/ml TNP and activation by irradiation.

Figure 21. Induced apoptosis of K562 cells loaded with 10 μg/ml TNP and activated with laser (TUNEL). Results of
TUNEL. Many apoptotic cells characterized with brown nuclei can be seen in the TNP-PDT groups.
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(nm), specific absorption and fluorescence spectra, and are easy to detect (Figures 23–25). The
synergic antioxidant effect of the mixture lycopene-beta-carotene-vitamin E on some cellular
systems (in vitro and in vivo), has been reported [82–84]. Some antioxidants with health-
protective effects (lycopene, beta-carotene, vitamin C, quercetin-glycosides, naringenin-
chalcone, chlorogenic acid) are seen in tomato plants.

From ancient times, plants have been used intuitively for medicinal purposes. A large number
of plants have been investigated and various species have been reported to exhibit antioxidant
activity, including Marigold flower (Calendula officinalis), belonging to the Asteraceae family,
which is a medicinal plant which contains oleanolic acid and other compounds, which present
considerable potential health benefits, protective effects against the development of cancer,
adverse effects of chemotherapy and radiation therapy, inhibition of existing tumor cells, anti-
inflammatory activity, antioxidant activity, protective cardiovascular and antiviral effects [85].
The medicinal plants contain many ingredients with antioxidant capacity, as the pigments:
antocyanins, chlorophyll, carotenoids, flavonoids, and so on [86]. Reactive oxygen species
(ROS) comprise singlet oxygen (SO) and a range of oxidizing free radicals. The interaction of
carotenoids with such species is important for the understanding of many important aspects
of life such as photosynthesis, vision, various medical treatments from dermatology to cancer,
as well as understanding possible deleterious reactions affecting man and also for commercial
reasons, such as, investigations into the stability of carotenoids used as food dyes [87-90].

Figure 22. The transformation diagram of lycopene

Basic Principles and Clinical Significance of Oxidative Stress304



(nm), specific absorption and fluorescence spectra, and are easy to detect (Figures 23–25). The
synergic antioxidant effect of the mixture lycopene-beta-carotene-vitamin E on some cellular
systems (in vitro and in vivo), has been reported [82–84]. Some antioxidants with health-
protective effects (lycopene, beta-carotene, vitamin C, quercetin-glycosides, naringenin-
chalcone, chlorogenic acid) are seen in tomato plants.

From ancient times, plants have been used intuitively for medicinal purposes. A large number
of plants have been investigated and various species have been reported to exhibit antioxidant
activity, including Marigold flower (Calendula officinalis), belonging to the Asteraceae family,
which is a medicinal plant which contains oleanolic acid and other compounds, which present
considerable potential health benefits, protective effects against the development of cancer,
adverse effects of chemotherapy and radiation therapy, inhibition of existing tumor cells, anti-
inflammatory activity, antioxidant activity, protective cardiovascular and antiviral effects [85].
The medicinal plants contain many ingredients with antioxidant capacity, as the pigments:
antocyanins, chlorophyll, carotenoids, flavonoids, and so on [86]. Reactive oxygen species
(ROS) comprise singlet oxygen (SO) and a range of oxidizing free radicals. The interaction of
carotenoids with such species is important for the understanding of many important aspects
of life such as photosynthesis, vision, various medical treatments from dermatology to cancer,
as well as understanding possible deleterious reactions affecting man and also for commercial
reasons, such as, investigations into the stability of carotenoids used as food dyes [87-90].

Figure 22. The transformation diagram of lycopene

Basic Principles and Clinical Significance of Oxidative Stress304

Figure 23. The DLS measurement of lycopene

Figure 24. The absorption (left) and fluorescence (right) spectra of lycopene

Many antioxidants could be identified in tea leaves and fruits. For example, green tea,
produced from the leaves of the plant (Camellia sinensis) contains polyphenols, which are potent
antioxidants and, based on studies in preclinical models, have several photoprotective
properties. The most active constituents are polyphenolic catechins, of which epigallocate‐
chin-3-gallate is the most potent. Tea polyphenols have been shown to inhibit carcinogenesis
in many animal models, and the significance of catechins, the main constituents of green tea,
has been increasingly recognized to play a role in cancer prevention. Green tea contains some
catechins, such as (–)-epigallocatechin-3-gallate (EGCG), epicatechin (EC), epicatechin -3-
gallate (ECG), and epigallocatechin (EGC) (Figure 26), the first one being recognized as an
efficient anticancer agent. Except the catechins, tea polyphenols exhibit carcinogenesis effect
[91–101].
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Figure 26. The chemical structure of the main epicatechin derivatives/polyphenols from green tea

Figure 25. The absorption spectra of lycopene (- - -) and carotene (_____)
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The antioxidant activity (AA%) of the studied samples and their inhibitory effect against free
radicals was evaluated using the DPPH method, by used the following formula:

control sample controlAA% = A -A /A x 100é ùë û

where: Acontrol is the absorbance of a DPPH solution without sample, Asample is the absorbance
of the sample mixed with DPPH solution.

Some citrus extracts are very important for their antioxidant activity such as hesperidin,
hesperitin and diosmin (Figure 27). Among the flavonoids used in oral administration in
chronic leg ulcer, hesperidin is a glucozid that is abundant in citrus fruits. Recently, formu‐
lating hesperidin in nanocrystals, has provided its dermatological application, assessing its
antioxidant effect. In vitro studies have shown its clear antioxidant properties, and using them
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Figure 27. The structure of hesperidin, diosmin and hesperetin

Among mostly exploited flavonoids in chronic venous condition, hesperidin (C28H34O15) [+/
−-3, 5, 7-trihydroxy-4'-methoxyflavanone 7-rhamnoglucoside] is a flavanone glycoside group
of flavonoids found in large amounts in citrus fruits, grapefruit peels, lemon, oranges, blond
grapefruit (Citrus paradisi), pummelo–blond grapefruit hybrid (Citrus paradisi var Jaffa
Sweetie), or Chinese herbal medicine, with the highest concentration being found in the peel
and the white parts of the fruit. Once formulated as nanocrystals, hesperidin also becomes
dermally available and its antioxidant effect could be measured, a topic that is the subject of
protected patents. In in vitro studies, this compound has a clear antioxidant action. In human
nutrition, it contributes to maintenance of the integrity of blood vessels. Hesperidin has similar
structure and properties with naringin, which is difficult to be separated from citrics [102]. In
the same manner, diosmin is a hesperidin derivative, from the flavonoid family. As a synthetic
drug, it is used for venous disease and for hemoroidal diseases [102]. Hesperetin, as a flavonoid
from oranges and grapfruits, is a good protector of heart disease. It has antioxidant, anti-
inflammatory, antiallergic and anticancer properties [103]. In spite of their structure differen‐
ces, all of them show similar absorption spectra (Figure 28).
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Figure 28. The absorption spectra of hesperidin, hesperetin and diosmin

For all of them, total flavonoids content (TFC), total poliphenols content (TPC) and antioxidant
activity (AA%) have been calculated following literature methods (Table 5) [103–105].

Sample TFC (mg CE/L) TPC (mg GAE/L) AA (%)

Diosmin etalon in MeOH 85.53 521.186 55.79

Hesperidin etalon in MeOH 43.1 466 59.31

Hesperetin etalon in MeOH 169.16 1814.406 73.34

Table 5. TFC, TPC and AA content

All the above measured parameters show very close values to the literature reports [106].

7. Conclusions

In spite of numerous advantages, the photodynamic therapy has a number of limitations. The
light source should be close to the appropriate site in order to be effective before the diagnostic
to be established. Persistent skin photosensitivity is observed some weeks after the treatment,
which is considered as the main side effect. Also, this method is not possible without a light
source and therefore entails high costs for the whole treatment. PDT acts both on ill cells and
in a small manner on healthy cells. The intracellular Ca2+ from the cells induce low levels of
shear stress on them, without any morphological changes [112]. The reactive oxygen species
are localized to the cancer cells selectively destroying them and not the surrounding normal
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tissue. The presence of the lymphoid cells in tumor immunity has been demonstrated during
PDT with various photosensitizers. The immunologic effects include the production of
interleukin 1-beta, interleukin 2, tumor necrosis factor-alpha, and granulocyte colony-
stimulating factor. PDT acts to induce oxidative stress by the generation of free radicals to
damage DNA and proteins, and eventually cell death, by necrosis and apoptosis. The reactive
oxygen species lead to the state called oxidative stress. The antioxidants offer protection
against lipid oxidation, react and interfere with free radicals, reduce oxidative stress, and stop
low-density lipoproteins from being oxidized. Also, they protect healthy tissues and lower the
incidence of treatment-related side effects. In the context where many clinical studies with
respect to the application of antioxidants as sensitizers are lacking, this chapter showed a
systematic review by showing evidence of the antioxidant action in photochemotherapy and
their comparison with synthetic sensitizers (porphyrins and phthalocyanines). Under such
circumstances, PDT is extremely important for the treatment of different diseases: lung,
bladder, and skin cancers (precancerous and even melanoma).
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