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Preface

Free radicals are natural by-products of ongoing biochemical reactions in the body, includ‐
ing ordinary metabolic processes and immune system responses. Free radical–generating
substances can be found in the food we eat, the drugs and medicines we take, the air we
breathe, and the water we drink. Bruce Ames, a well-known scientist in the field of free radi‐
cals, estimates that just one cell in the human body is hit about 10,000 times a day by a free
radical; when multiplied by the trillions of cells in the body, the damage potential is huge.

The past two to three decades have witnessed the remarkable advances in our knowledge
about the implication of free radicals in various diseases.

Oxidation is the damage caused by free radicals in the body. Rampaging free radicals react
with compounds in the body and oxidize them. The amount of oxidation in the body is the
measure of oxidative stress (OS). OS is believed to be the cause of diseases and disorders.
This book is a consolidated effort of authors working in the field of oxidative stress to pro‐
vide comprehensive and up-to-date information on it.

The current opinions on the role of free radical reactions in diabetic cardiomyopathy, poly‐
neuropathy, and neurodegenerative disorders are reported here. Redoxomics and oxidative
stress review the “electrophilic stress” as an emerging health risk factor for early aging and
many infectious diseases.

This book integrates knowledge in free radical–associated diseases from the basic to the ad‐
vanced level, and from the bench side to bed side.

The search for effective, nontoxic natural compounds with antioxidative activity has been
intensified in recent years. This volume aims to introduce antioxidant activity of herbs. The
role of antioxidants in chronic kidney disease is also envisaged. The chapter on novel antiox‐
idant therapy against myocardial ischemia during coronary angioplasty enlightens the
knowledge of cardiac interventions.

I would herewith like to thank the publishing team and all the authors for their contribu‐
tion. I am also indebted to Prof. Sadath Ali for his comments during editorial assignment.

I am sure that the chapters of this book will be of interest to many biomedical researchers
and clinicians in the field.

Since the topic of free radicals and diseases needs extensive research, I also hope that this
book will draw the attention of many scientists interested in the field of free radicals.

Rizwan Ahmad, MPhil, PhD
Head, School of Life and Allied Health Sciences

Glocal University, India
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Abstract

Some 2.5 billion years ago, the great oxygenation event (GOE) led to a 105‐fold rise in
atmospheric oxygen [O2], killing most species on Earth. In spite of the tendency to
produce toxic reactive oxygen species (ROS), the highly exergonic reduction of O2 made
it the ideal biological electron acceptor. During aerobic metabolism, O2 is reduced to
water liberating energy, which is coupled to adenosine triphosphate (ATP) synthesis.
Today, all organisms either aerobic or not need to deal with O2 toxicity. O2‐permeant
organisms need to seek adequate [O2], for example, aquatic crustaceans bury themselves
in the sea bottom where O2 is scarce.  Also, the intestinal lumen and cytoplasm of
eukaryotes is a microaerobic environment where many facultative bacteria or intracel‐
lular  symbionts  hide  from  oxygen.  Organisms  such  as  plants,  fish,  reptiles  and
mammals developed O2‐impermeable epithelia, plus specialized external respiratory
systems in combination with O2‐binding proteins such as hemoglobin or leg‐hemoglo‐
bin control [O2] in tissues. Inside the cell, ROS production is prevented by rapid O2

consumption during the oxidative phosphorylation (OxPhos) of ATP. When ATP is in
excess, OxPhos becomes uncoupled in an effort to continue eliminating O2. Branched
respiratory chains, unspecific pores and uncoupling proteins (UCPs) uncouple OxPhos.
One last line of resistance against ROS is deactivation by enzymes such as super oxide
dismutase and catalase. Aerobic organisms profit from the high energy released by the
reduction of O2, while at the same time they need to avoid the toxicity of ROS.

© 2016 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.

© 2016 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.
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1. At the beginning, all life was anaerobic

The early Earth atmosphere contained high [H2], [NH3] and [CH4], while [O2] was less than
10‐5 the present atmospheric level (PAL) [1, 2]. All life forms were anaerobic [3, 4]. Early redox
reactions involved electron donors such as H2, CO2 or HS [5, 6], while electron acceptors were
sulfur and NO3 [7]. Eukaryotes were present before O2 rose [8, 9] and contained anaerobic
mitochondrion‐like organelles [10, 11].

2. The massive increase in [O2] and the need to counteract its toxicity

Approximately 2.5 billion years ago, the great oxygenation event (GOE) was precipitated by
both geological processes [12] and by the photosynthetic activity of cyanobacteria [13, 14].
Today, O2 is the preferred electron acceptor used by facultative microorganisms and the only
one used by aerobes. The highly exergonic reduction of O2 provided the energy needed for the
development of multicellular organisms. In addition, the high energy of activation required
for O2 reduction ensures that this reaction occurs mostly through catalyzed reactions. For
instance, oxidases bind their substrate tightly, preventing the liberation of reactive oxygen
species (ROS) [15]. At low concentrations, ROS are useful as signaling molecules, while at
higher concentrations ROS damage and kill cells. Cells need much less [O2] than what is found
in the atmosphere and thus, to prevent ROS production internal O2 is kept at a low level [16].
Cells have developed two mechanisms to deal with surplus O2: (1) avoiding it and (2) rapidly
reducing it. Furthermore, cellular O2 is found mostly bound to proteins such as hemoglobin,
leg‐hemoglobin and myoglobin. Early oxy‐conformer organisms are permanent to O2, and
thus, at different stages in their life cycle, they have to migrate to microaerobic or anaerobic
spaces (Table 1) to cope with variations in O2. More evolved oxyregulator organisms from fish
to mammals enveloped themselves in an O2‐impermeable epithelium, while at the same time
developing highly specialized systems that control tissue [O2] (Figure 1). Oxyconformers and
oxyregulators display different strategies to manage O2‐by‐product toxicity (Figure 1).

In oxyconformers, all cells are exposed to environmental [O2]. O2‐permeable organisms do
have O2 transport proteins and intracellular O2‐binding proteins, but in addition, they need to
implement diverse strategies to deal with changing O2. These include searching for microaer‐
ophilic or anaerobic environments. Arthropoda, the most abundant and widely distributed
phylum on Earth, are oxyconformers [17]; it comprises subphyla Chelicerata (spiders),
Myriapoda (centi‐ and millipedes), Hexapoda (Insects) and Crustacea, all of them protected
by an exoskeleton. Nonaquatic insects possess a hard waterproof cuticle and branched
invaginated tubules forming a specialized respiratory structure that works well at constant

Free Radicals and Diseases2
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[O2]. Aquatic organisms, including most of the crustacea, are exposed to highly variant [O2],
which may be 26 times lower than in the atmosphere [18, 19]. In water, [O2] varies with
temperature, depth, mechanical aeration and tidal movements. Only few invertebrates
(Plathelmynthes, Nematoda, Molluska, Anellida and Sypuncula) have been thoroughly
studied in regard to their mechanisms to deal with fluctuating [O2] [20, 21]. Remarkably, very
few studies on Crustacea are available.

Environment O2 concentration (μM) References
Atmosphere 1000m ASL 256.0

Sea level 1028.0
[88]

Alveoles 143.0 [89]
Arteries 123.0

Hb bound 120.5
Not bound 2.5

[89]
[90]

Capillaries 130.0 [89]
Interstitial fluid 55.0 [89]
Tissue cells 31.0 [89]
Veins 59.0 [89]
Mitochondria Minimal for coupling 0.1

Minimal reported 20.0
[91]

Distilled water 223.0 [92]
Sea water Surface 198‐397.0

250.0
MOZ < 20.0

[93]
[34]
[94]

Estuaries Surface 375.0
Bottom 62.5

[95]
[96]

Oxygen concentrations reported were modified from partial pressures to micromolar concentration (μM) using Henry's
law at 310.15K ASL (above sea level).

Table 1. Oxygen concentrations in different environments.

In order to control the release of ROS oxyconformers reduce aerobic activity during hypoxia/
anoxia cycles, marine crustaceans display different responses to hypoxia/anoxia. To avoid
hyperoxygenated or anoxic waters, crustaceans migrate between open sea and coastal lagoons
(Figure 2), or migrate vertically through the water column to flee the O2‐minimum zone (OMZ)
and into [O2] compatible with their metabolic needs [22, 23]. Some shrimp species, such as the
burrowing thalassinids Upogebia major and Callianasa japonica, which commonly inhabit the
extremely hypoxic or even anoxic intertidal flats, can reduce their respiratory rate in dugout
burrows, surviving up to 5 h of anoxia for U. major and 19 h for C. japonica [24]. Artemia
franciscana is well known for its high tolerance to anoxia; the embryos of this species survive
without O2 for years through the complete depression of their metabolic rates [25, 26].
Metabolic rate depression is also observed in ectotherms, which lower their mitochondrial
activity in function of temperature adjusting their O2 consumption machinery accordingly [27].
However, it is not clear how mitochondria from oxyconformers respond to hypoxia, how
respiratory activity adapts to reduced metabolic rates and how the cellular redox balance and
energetic homeostasis are preserved [28, 29].

Oxygen: From Toxic Waste to Optimal (Toxic) Fuel of Life
http://dx.doi.org/10.5772/63667
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Figure 1. Oxygen management strategies in different organisms. Organisms need to adapt to the O2 concentration in
the environment. Therefore, either they move to environments with adequate O2 or they engineer different mecha‐
nisms to process O2 at varying rates (electron transport chain (ETC) activity, mitochondrial unspecific channels (MUC),
uncoupling proteins (UCPs). Additionally, oxyregulators have developed O2‐excluding mechanisms such as imperme‐
able epithelia, external respiratory systems (lungs, gills, stomas) and O2‐transporting proteins (hemoglobin, myoglo‐
bin).

Figure 2. Migration of shrimp during their life cycle. Shrimp spend most of their life in the open sea, where they mate
and lay eggs which hatch and undergo different larval stages (Nauplius, Protozoa, Mysis). Once in the postlarval stage,
they travel to estuaries where they mature reaching the juvenile stage, and burying themselves in the sand for long
periods. Once maturity is reached, they begin the cycle again returning to the open sea. This migration pattern takes
shrimp to waters with widely different O2 concentrations.

Free Radicals and Diseases4
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Among unicellular organisms, diverse yeast species can survive at almost any [O2]. Saccharo‐
myces cerevisiae can thrive at very low [O2] through fermentation, although it does possess a
facultative aerobic metabolism. The anaerobic metabolism of S. cerevisiae, D. hansenii and other
yeast species is the basis for the fermentation industry of bread, wine and cheese. For example,
during wine fermentation, S. cerevisiae produces large amounts of ethanol, while D. hansenii
produces volatile products conferring the characteristic aroma of wine [30]. Also, S. cerevisiae
participates in cheese fermentation, whereas D. hansenii protects against other filamentous
fungi during ripening [31, 32]. Yeast and other organisms have developed diverse systems to
detoxify oxygen through physiological uncoupling and these are discussed later.

Figure 3. Diversity of bacterial respiratory chains at different [O2]. A. The respiratory chain from Escherichia coli during
aerobiosis, micro‐aerobiosis and anaerobiosis. Modified from [35, 36]. Ubiquinone is expressed at high [O2] and NADH
DH type II is overexpressed as compared to the NADH DH type I, which in turn is expressed at low [O2]. The major
final oxidase is cytochrome bo. During anaerobiosis, the respiratory chain in Escherichia coli succinate dehydrogenase is
not expressed, whereas fumarate reductase or nitrate reductase may be the final electron acceptors. B. Hypothetical
respiratory chain of Wolbachia pipientis constructed from BLAST and genome sequences reported in [76, 77]. At high
[O2] cytochrome, bc1 and different cytochrome oxidases are expressed. Under microaerobic conditions, cytochrome bd
is expressed. Then, under anaerobiosis, nitrate reductase is expressed.
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Many bacteria are facultative. Among these, Escherichia coli is a very illustrative representative
that may thrive both in microaerobic environments such as the intestinal lumen and in the
external environment in a wide range of [O2]. Bacteria respond to environmental [O2] variations
or other conditions such as the need to fixate N2 [33, 34] by varying the composition of their
branched respiratory chains (Figure 3A), which vectorially transport from 0 to 10 protons, as
many as those in orthodox respiratory chains [35, 36]. Still, when motile, bacteria will swim
toward environments containing the ideal [O2].

Obligate endosymbionts, such as R. prowazekii, Wolbachia sp. or Sodalis, live in cytoplasmic
vacuoles of multicellular organisms. The cytoplasm is a microaerophilic environment equip‐
ped with O2‐consuming organelles and ROS‐detoxifying enzymes. Remarkably, most endo‐
symbionts contain a respiratory chain that at least in the case of Wolbachia seems to aid host
mitochondria to deplete intracellular O2 (Figure 3B).

Many parasites exhibit various life‐cycle stages, which have different sensitivities to ROS
engineered to endure attacks from macrophages. Leishmania sp. undergoes a relatively simple
life cycle with two stages: the flagellated mobile promastigote living in the gut of the sand fly
vector and the intracellular amastigote within phagolysosomal vesicles of the vertebrate host
macrophage [37]. Promastigotes contain respiratory complexes I, II, III and IV, while it is not
clear whether amastigotes possess an oxidative phosphorylation (OxPhos) machinery.
Strikingly, amastigotes exhibit a succinate‐dependent, uncoupler‐sensitive transmembrane
potential. Differences in sensitivity to oxidants are also observed between them, in vitro,
promastigotes are more resistant to H2O2 than amastigotes [38].

In the bloodstream, Trypanosoma cruzi trypomastigotes contain high complex II and III
activities. Interestingly, cytochrome c oxidase (COX) activity decreases creating an “electron
bottleneck” that favors an increase in electron leakage, thus overproducing ROS. The oxidative
preconditioning provided by this mechanism confers protection to bloodstream trypomasti‐
gotes against ROS liberated by the host immune system. These changes in mitochondrial
activity, during the T. cruzi life cycle, are probably a key metabolic adaptation for survival in
different hosts [39].

Malarial parasites are vulnerable to oxidative stress during their intraerythrocyte life stages.
They contain the canonical respiratory chain (complex I, II, III and IV) plus an alternative
electron transport pathway. Moreover, malarial mitochondria coordinate the biosynthesis of
pyrimidine, heme and coenzyme Q [40]. Plasmodium falciparum possesses genes for two
different superoxide dismutases (SOD), a cytosolic, Fe2+‐dependent, (SOD‐1) expressed
throughout the intraerythrocytic life of the parasite. The second, SOD‐2, is mitochondrial and
possesses a reminiscent apicoplast‐targeting sequence. The host immune response to malaria
involves phagocytosis and the production of nitric oxide and ROS that end up contributing to
the pathology of the disease [41].

Regardless the organism studied, cytoplasmic [O2] can vary widely, so damage control is
needed at two levels. Either O2 is reduced independently of adenosine triphosphate (ATP)
production in a process known as physiological uncoupling, or the ROS‐handling enzymes
are activated. We shall briefly describe only physiological uncoupling as many reviews on
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ROS‐handling enzymes, such as superoxide dismutase and catalase are found elsewhere [42,
43].

3. Physiological uncoupling as an O2‐depleting mechanism and prevents
ROS production

Both in oxyconformers and in oxyregulators, once O2 enters the cell it has to be reduced at a
high rate. When ATP is needed the respiratory chain rapidly catalyzes this reduction. When
there is energy surplus, O2 consumption has to be uncoupled from ATP synthesis with the aim
of preventing ROS overproduction [44]. A review on the physiological uncoupling mecha‐
nisms observed in mitochondria from different species of yeasts has been published recently
[45]. Yeast mitochondrial uncoupling mechanisms may be (a) proton sinks, such as the
mitochondrial unspecific channels [46–48] and the uncoupling protein (UCP) [49, 50], or (b)
nonpumping redox alternative enzymes found in branched respiratory chains [51–55].

(a). Proton sinks: The opening of the mitochondrial permeability transition pore (MPTP) leads
to mitochondrial uncoupling and to the activation of signaling events leading to apoptosis [56],
which was first detected in mammalian mitochondria as a response to the disruption of
intracellular calcium homeostasis. In crustaceans subjected to hypoxia, mitochondrial func‐
tions are downregulated [57, 58, 20] and there is an anoxia‐triggered intracellular increase in
both calcium and phosphate, while ATP production is inhibited, probably as a result of the
opening of a MPTP. In Artemia franciscana [26] and in the ghost shrimp Lepidophthalmus
louisianensis [59], the proteins needed to form the MPTP are present. However, whether these
crustaceans possess MPTPs is to be defined. Both in crustacean mitochondria and in other
known hypoxia‐tolerant invertebrates (mussels, oysters, and cnidarians among others), the
role of a putative MPTP is an interesting question.

(b). Branched respiratory chains: Bacteria do not exhibit a permeability transition. This seems
to be a mitochondrial trait. Instead, bacteria (and many mitochondria) exhibit branched
respiratory chains. Indeed, different species of mitochondria may exhibit from none to three
alternative enzymes. In contrast, bacteria may contain as much as twenty electron entry ports
and as many exits. Thus, in most prokaryotes, branched respiratory chains seem to be the
mechanism of choice to maintain a high rate of O2 consumption, while adjusting ATP produc‐
tion to the energy requirements of the cell. In this regard, the bioenergetic efficiency for each
entry point is defined as the stoichiometry of H+ pumped per e‐ traveling through the respi‐
ratory chain [60]. In addition, terminal oxidases are remarkably varied and their active site
orientation, to the cytoplasm or to the periplasm determines their pumping efficiency [36].

Alternative oxidoreductases is the term designating all components of the respiratory chain
different to the usual complexes I through IV. Most alternative oxidoreductases lack proton‐
pumping activity and may coexist with, or substitute for the respiratory proton‐pumping
complexes. Alternative enzymes catalyze the rapid, uncoupled flow of electrons towards O2.
Alternative NADH dehydrogenases may either substitute for (S. cerevisiae) or coexist with
(bacteria, plants and diverse fungi) complex I [61, 62].
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Alternative oxidases (AOXs) catalyze the oxidation of ubiquinol to quinone and the reduction
of O2 to H2O in the absence of proton translocation [53]. Although highly represented among
plants, fungi and protist species, animal AOXs have been predicted to exist only in Molluska,
Nematoda and Chordata [63]. Recently, the number of phyla that probably possess AOX has
increased including Placozoa, Porifera, Cnidaria, Annelida, Echinodermata, Hemichordata
and Chordata. In some marine vertebrates, such as sipunculids, annelids (Nereis pelagica, and
Arenicola marina) and in bivalves (Arctica islandica), AOX has been detected [64–66]. However,
there are no confirmed reports for AOX in mitochondria from crustaceans [51]. In different
plant and animal species, cells lacking AOX show an increased susceptibility to death due to
H2O2, hypoxia and pathogens [67]. The ultimate decoupling of electron flow occurs when
NADH dehydrogenases act in concert with alternative oxidases. The yeast Yarrowia lipolytica
is a strict aerobic organism for which several biotechnological applications have been devel‐
oped, such as in the cheese fermentation, obtention of extracellular enzymes [68], production
of organic acids [69] and interconversion of fatty acids and alkenes [70]. In Y. lipolytica,
metabolism occurs in a complex network between compartments, such as peroxisomes,
endoplasmic reticulum, lipid bodies and mitochondria [69]. Mitochondria play an important
role in ATP production, as well as in the maintenance of the NADH/NAD+ redox ratio [71].
The respiratory chain is composed of the classic complexes: I, II, III and IV, one alternative
NADH dehydrogenase external (NADH2) [72] and two isoforms of AOX [73]. During the
logarithmic growth phase, NADH2 interacts with supercomplexes III–IV channeling the
electrons to oxygen, while pumping protons at both complex III and IV [74]. In contrast, during
the stationary growth phase, electrons are directly transferred from alternative NDH2 to AOX,
thus uncoupling oxidative phosphorylation and decreasing the production of ROS [54, 55].
This is a very illustrative example, which suggests that physiological uncoupling systems are
present in all living organisms. Furthermore, in Y. lipolytica, both proton sinks and branched
chains are observed [50, 54].

Bacterial cytochrome‐containing oxidases are many. These enzymes are differentially ex‐
pressed in response to different oxygen concentrations and on whether an organism is an
obligate aerobic or a facultative species. In addition, oxidases may coexist depending on the
species under study and they may play different roles in the cell [75]. In E. coli, different
oxidases are expressed depending on [O2]. At high O2, bo3 is expressed, while at low O2, bd
cytochromes are observed. Furthermore, E. coli is capable of growth under anaerobiosis, using
respiratory chains reminiscent of the early Earth that use ubiquinone, menaquinone or
demethylmenaquinone to donate electrons to enzymes that use terminal acceptors different
to O2 (Figure 3A) [35, 36]. Branched respiratory chains provide the possibility of consuming
O2 without producing ATP. In the yeast Y. lipolytica, in the bacterium E. coli and probably in
the Rickettsial Wolbachia sp., the arrangement of the respiratory chain varies such that when
[O2] is high, or ATP is needed, high proton pumping efficiency is observed. In contrast, factors
such as arrival to the stationary phase or microaerophilic conditions probably trigger overex‐
pression of the alternative NADH dehydrogenase and/or the AOX leading to the futile
reduction of O2 [61]. A possible arrangement of the respiratory chain of Wolbachia sp is
illustrated (Figure 3B) where a large number of possible electron‐donating enzymes reduce
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menaquinone or ubiquinone that in turn reduce final electron‐accepting enzymes that are
expressed according to the presence of O2 in the cytoplasm of the host [76, 77].

4. N‐fixating bacteria are a special case

Nitrogen‐fixating bacteria may be facultative as Klebsiella pneumonia or strict aerobics as
Azotobacter vinelandii or Gluconobacter diazotrophicus. As they contain fragile, oxygen‐sensitive
nitrogen‐fixating enzymes that need to be protected, these bacteria have developed many
strategies to detoxify [O2]. Thus, in N‐fixating bacteria, both N‐reductases and different
oxidases are expressed: A. vinelandii contains a highly active respiratory chain and is able to
adjust the expression of its three oxidases to a wide range of [O2]. Among these, cytochrome
bd has high O2 affinity (KmO2= 5 μM) and becomes active during N fixation [15, 78–80]. Indeed,
during N fixation the H+/O index is low, at 1 [81]. In Ga. diazotrophicus different periplasmic
membrane enzymes such as glucose‐, acetaldehyde‐ or ethanol‐dehydrogenase reduce a
quinone, which in turn donates its electrons to two different oxidases, ba which is coupled to
ATP synthesis and bb3 which is not coupled, but its role is to deplete O2 in the vicinity of nitrogen
reductases [82].

5. ROS detoxification

In spite of the production‐prevention mechanisms outlined earlier, ROS may reach high
concentrations, for example, during ischemia‐reperfusion. The last line of defense is detoxi‐
fication. Enzymes such as superoxide dismutases (SODs) and catalases deactivate ROS.
SODs have been grouped on the basis of the metal cofactor, which can be Fe, Mn, Ni or
Cu/Zn [83]. The Fe‐SODs are mostly found in microaerophiles and anaerobes. Microorgan‐
isms in aerobic environments prefer Mn‐SOD [84]. Catalase dismutates hydrogen peroxide
to water plus O2 [85]. Several genes capable of H2O2 dismutation evolved from ancestral ge‐
nomes. The most abundant was heme‐containing enzymes spread among bacteria, Archaea
and Eukarya [86].

In Clostridium acetobutylicum, a strict anaerobic that survives little time when exposed to
O2, no catalases are found [87], and a function has yet to be found for the annotated
SODs.

6. Conclusion

During the early paleoproterozoic period, a massive death toll resulted from a 105 times rise
in atmospheric O2. In order to survive, organisms had to learn to cope with O2 toxicity while
profiting from the large energy release coupled to its reduction. Several O2‐management
strategies are revised here. Among these is hiding away from O2, moving to adequate O2
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concentrations or excluding O2 with impermeable epithelia. Once O2 enters the cell, other
mechanisms are designed to handle it. Its reactivity is controlled by O2‐quenching proteins or
by rapidly reducing it with specific oxidases. In order to avoid side reactions, the rate of
reduction had to be kept at optimal pace, independently of ATP production and thus several
mechanisms of physiological uncoupling of oxidative phosphorylation evolved. Physiological
uncoupling was achieved either by opening proton sinks or by using O2 independently of the
proton gradient. Today, these mechanisms are expressed in many cells. Proton sinks include
unspecific channels and uncoupling proteins, while proton gradient‐independent consump‐
tion of O2 involved alternative oxido‐reductases found in the branched respiratory chains of
fungi, plants and arthropods. In spite of the function of all these O2‐management machines,
O2 can still react unspecifically to form ROS, which destroy the cell through processes such as
aging, apoptosis or necrosis. Once formed, ROS may still be eliminated by enzymes such as
SOD and catalase, which are reviewed elsewhere [43] O2 is a great source of energy for the cell,
but its high toxicity has to be dealt with, through mechanisms that we are only beginning to
understand.
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Abstract

Invertebrates have been valuable research models in the discovery of many scientific
principles owing to the numerous advantages they provide. Throughout the life cycle,
many of them thrive in pathogen-rich environments, manage harsh weathers, exposed
to a number of allochemicals, and adapt well to both terrestrial and marine ecosystems.
Their remarkable ability to cope up with the enormous oxidative stress generated in all
these circumstances, make them attractive models in this field of research. Endocrine
control  of  oxidative  stress  in  insects  is  recently  emerging.  Adipokinetic  hormone,
glucagon, ecdysteroids and juvenile hormone have been implicated in antioxidative
protective role in insects. Drosophila and Caenorhabditis elegans have provided the largest
body of evidence addressing the free radical theory of ageing. Oxidative stress is also
induced by pesticides/insecticides. In mollusks, pesticides exert their biological effects
via generation of ROS. Oxidative stress has been shown to be associated with exposure
to  several  organophosphorous  compounds  and  different  classes  of  pyrethroids.
Malathion  is  a  potential  hazard  to  the  environment.  Adverse  effects  induced  by
malathion in earthworms and insects have been reported. Information is now available
in great  detail  on the role of  ROS in modulating insect  immunity during parasite
invasion and bacterial infection. In Drosophila melanogaster ROS are actively produced
in the midgut at a basal level in the presence of commensal microbiota and highly
generated upon bacterial challenge. The involvement of reactive oxygen species (ROS)
in mosquito immunity against bacteria and Plasmodium was investigated in the malaria
vector Anopheles gambiae. The concentration of ROS increased in sand fly midguts after
they  fed  on  the  insect  pathogen  Serratia  marcescens.  Elevated  oxidative  stress  was
previously  reported  for  a  mosquito  line  experimentally  infected  with  Wolbachia,
indicating that  oxidative  stress  may be  important  for  Wolbachia-mediated antiviral
protection. In a nutshell, this chapter highlights the current advances of oxidative stress
in invertebrate model systems and its implications.
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1. Oxidative stress: an introduction

Oxidative stress can be defined as a disturbance in the balance between the production of
reactive oxygen species and antioxidant defenses [1]. Reactive oxygen species (ROS) are free
radicals,  which are  important  for  the  cellular  functions  generated in  different  biological
processes. A free radical is unstable and highly reactive and contains one or more unpaired
electrons.  These free  radicals  are  involved in the regulation of  various mechanisms and
intercellular signaling and act as bactericidal agents [2]. ROS can also induce cellular senes-
cence, apoptosis, and cell growth regulatory pathways [3]. ROS are generated as a by-product
of  the aerobic  respiration where the superoxide anion (O2

−)  and H2O2  are formed when
molecular oxygen chemically oxidizes electron carriers. Cellular sources of ROS are produced
by the action of different oxidative enzymes, which include plasma membrane nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, intracellular cytosolic xanthine oxidase,
peroxisomal oxidases, endoplasmic reticular oxidases, and mitochondrial electron transport
components  [4].  Apart  from  this,  auto-oxidation  of  catecholamines,  ubihydroquinone,
hemoproteins, and flavin enzymes also produces ROS [5]. In response to nutrient stress, cells
enter autophagy that can lead to adaptation or death. Starvation-induced autophagy results
in reactive oxygen species (ROS) production, DNA damage, and PARP-1 activation, leading
to the inhibition of mTOR.

In all these cases, the generation of free radicals is implied.

2. Biological factors of oxidative stress in invertebrates

Reactive oxygen species are naturally produced in all cells and organisms. Modifications of
normal conditions alter reactive species generation and may result in oxidative stress. In this
chapter, we have discussed the role of the most important causes of the ROS generation in the
invertebrate systems.

2.1. Blood feeding

Insects like mosquitoes which feed on human blood face severe oxidative stress due to the
release of iron from hemoglobin which in turn can potentially induce oxidative damage and
eventually death [6]. To face such odd situation, blood-feeding insects evolved with strong
defense mechanisms against the stress. Mosquitoes protect themselves by secretion of the
peritrophic matrix (PM) [7] in the midgut which is made up of chitin and a protein-contain-
ing layer. It also has a role in protecting the insect from invasive pathogens [8]. The direct
contact of the gut epithelium with intermediates of hemoglobin digestion induces oxidative
stress in sand fly and Aedes aegypti [9].

2.2. Xenobiotic degradation

A source of ROS in the honeybee is the microsomal oxidation of xenobiotics. Microsomes
contain enzymes of cytochrome P450 (CYP) system, which catalyzes polyvalent oxidation of
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xenobiotics with simultaneous generation of O2
− and other ROS. The CYP hydroxylase system

includes flavoproteins and a family of hemoproteins which are localized on the membranes
of the endoplasmic reticulum. Different isoforms of CYP are involved in metabolism of various
xenobiotics [10, 11]. CYP groups are distinguished based on the metabolism of endogenous
and exogenous substances. Microsomal glutathione S-transferase (GST) is closely linked with
the CYP system, which contributes to rapid inactivation of active metabolites produced during
the metabolism of xenobiotics.

2.3. Dopamine synthesis

In the insect nervous system, ROS-mediated decline of neuron survival can be observed. The
dopamine-producing neurons show the highest sensitivity to oxidative stress as the dopamine
production machinery is linked to an endogenous production of high amounts of ROS, thus
making these cells prone to damages caused by ROS. These high levels of ROS lead to the
development of Parkinson’s disease-like phenotypes [12]. It is a suitable mechanism to induce
neurodegenerative processes using ROS as typically seen in Parkinson’s disease. One of the
most reproducible ways to do this is through hyperoxia, which consequently is able to induce
these phenotypes enabled Drosophila as a model for Parkinson’s disease [13]. In an Alzheimer’s
disease model, based on tau activation in the nervous system, ROS has been shown to modulate
the sensitivity, thus demonstrating that oxidative stress plays a major role in the development
of Alzheimer’s disease.

2.4. Microbiome

The intestinal microbiome is one of the densest populations on earth. Thus, attaining a ho-
meostatic balance between fight against potential pathogens and maintenance of the micro-
bial community within the intestinal tract is a major challenge for the gut immune system
[14]. Fighting pathogens is achieved via enzymes producing ROS. Dual oxidase (DUOX) is
a member of nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) fam-
ily and the most important enzyme secreted from enterocytes in response to pathogen con-
tact [11, 15]. It is independent of classical immune response pathways such as the Toll [16]
or the IMD pathway [17]. The killing mechanism of DUOX comprises the production of
H2O2, which is a typical feature of DUOX enzymes in general [18]. The fly phenol oxidases
(POs) are another enzyme set that produces a melanin coat surrounding invaders of differ-
ent nature. These enzymes are able to produce a locally high concentration of ROS, which
may be one of the major effectors of the prophenoloxidase (PPO) system. This melatonin
production is triggered by the recognition of bacterial patterns including peptidoglycans
[19].

Airway infection is one of the well-studied areas in fruit fly [20]. In addition to classical as-
pects of an antibacterial response including antimicrobial peptide genes, some of these en-
zymatic antioxidants are strongly upregulated. The antioxidant system of the airway
epithelium contains both producers of ROS and protectors against them.
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2.5. Oxidative burst in macrophages

Motile cells of the innate immune system use production of highly effective ROS which is
a versatile method to fight pathogens. The oxidative burst produced by macrophages is
the most impressive example highlighting this strategy. Reactive oxygen species (ROS) is
generated by many phagocytic cells in response to membrane perturbations such as re-
ceptor-ligand interactions and phagocytosis [16, 21], which defend these cells against in-
fectious diseases by virtue of their antimicrobial properties. Initially, superoxide anion
(O2

−) is produced which is spontaneously or enzymatically converted to hydrogen perox-
ide (H2O2), subsequently giving rise to even more toxic products, such as hydroxyl radical
(•OH), hypochlorous acid (HOCI), and singlet oxygen (IO2). ROS are either directly toxic
or exert increased antimicrobial activity in synergism with lysosomal hydrolases and/or
reactive nitrogen species (RNS), plasma membrane-bound enzyme complexes, and the
NADPH oxidase (NOX) system [22].

Leishmania parasite manages both to survive and proliferate within the mature phagolyso-
somal compartment of the macrophages [21]. Trypanosomatids do not express essential
antioxidant enzymes like catalase and selenium-containing glutathione (GSH) peroxidases
[23]. Defense system of the Leishmania parasite contains several mechanisms, which in-
clude trypanothione (N1, N8-bis(glutathionyl)spermidine adduct) [24, 25]. It is the pri-
mary thiol in these parasites and adopts the metabolic role of glutathione. Along with
this, ovothiol A acts as a nonenzymatic scavenger of H2O2 though it is much less efficient
than trypanothione [26]. Trypanothione reductase (TR) is a member of the disulfide reduc-
tase family, which is the enzyme responsible for maintaining trypanothione in its reduced
form [27]. Tryparedoxin peroxidases or peroxiredoxins are a family of peroxidases that
reduce H2O2 and alkyl hydroperoxides to water and alcohol, respectively, with the use of
reducing equivalents provided by thiol-containing proteins [28]. The enzyme arginase is a
part of the host as well as parasite defense. Phagocytosis of promastigotes leads toward
the two opposing forms of classical and alternative activation of host macrophages which
results in differential l-arginine metabolism [29, 30]. Being effective in modulating macro-
phage signaling and antimicrobial function, Leishmania parasites possess surface protein
kinases which phosphorylate members of complement system, thus inactivating cellular
cascades. This helps the parasite to evade the innate immune responses and ensure a safe
environment for its proliferation [31].

Parasites can inhibit the activation of several inflammatory cytokines like interleukin-12
(involved in T-cell activation), interferon gamma, interleukin-1, and tumor necrosis factor-
alpha that strengthens parasite survival. Few species induce heterologous population of
host inflammatory cells, such as neutrophils and monocytes/macrophages, which are ef-
fective in controlling/clearing infections. The T helper cell type 1 (Th1) response as a re-
sult decreased expression of induced nitric oxide synthase and reduced activity of NK
cells [32].

Selenocysteine is analogous to a cysteine residue but has sulfur substituted by selenium.
Selenoprotein families, some with antioxidant properties, such as glutathione peroxidase
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(GPx) and thioredoxin glutathione reductase (TGR) appear to be essential in flatworms
and in Plasmodium falciparum and other Plasmodium species [33, 34].

Ascorbate peroxidase is another antioxidant, which is a heme peroxidase identified in the
inner mitochondrial membrane of the Leishmania parasite. Overexpression of this enzyme
confers tolerance to oxidative stress-mediated cardiolipin oxidation and thus protects the
parasites from extensive protein damage. Leishmania promastigotes inhibit phagolysosome
biogenesis via lipophosphoglycan (LPG), which causes periphagosomal accumulation of
F-actin and impaired assembly of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase complex and exclusion of vesicular proton ATPase from phagosomes [35].

2.6. Respiration

The major task of airway epithelial cells is enabling an effective oxygen transport and ex-
change. These cells react to different stimuli with appropriate responses including massive
responses if pathogens are experienced. In principal, all oxygen transport systems are
prone to damage caused by high oxidative stress because these cells have direct contact
with the air and large volumes of air pass over their surface during the process of gas
exchange.

3. Nonbiological factors of oxidative stress in invertebrates

3.1. Effect of pollutants

Environment has a major role in the production of stress because of different pollutants
like air, soil, and water. The compounds used in industry and agriculture include metals,
metalloids, and numerous other organic compounds. Majority of these compounds have
been shown to induce oxidative stress by generating ROS in nontarget species including
invertebrates [36].

3.2. Effect of phytochemicals, herbicides, and insecticides

Plant phenolic compounds, such as flavonoids and tannins, which are involved in plant
defense mechanism, can produce free radical in herbivorous insects [37]. The midgut of
insect is a highly oxidizing environment. Hence in lepidopteran larvae, Helicoverpa zea and
Spodoptera littoralis with phenolic acids were found to increase various indicators of oxida-
tive stress in gut tissues [38, 39]. Additionally, furanocoumarins in some plants and herbi-
cides like paraquat are well known to generate oxidative stress in insect species [36].
Insect growth regulator (IGR) is a substance (chemical) that inhibits the life cycle of an
insect and has been used to control the insect pests. Hormonal IGRs typically work by
mimicking or inhibiting the juvenile hormone (JH) or ecdysone. Studies on the IGRs like
Applaud (buprofezin) as a chitin synthesis inhibitor and Admiral (pyriproxyfen) as juve-
nile hormone analog (JHA) in the larval body of the cotton leaf worm, S. littoralis, resulted
in the occurrence of lipid peroxidation in the larval tissues which enhanced different anti-
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oxidant defensive systems to overcome its effect like malondialdehyde (MDA) and gluta-
thione reduction [40].

3.3. Effect of metal ions

Disruption of metal ion homeostasis may lead to oxidative stress, a state where increased
formation of reactive oxygen species (ROS) overwhelms body antioxidant protection and
subsequently induces symptoms for numerous diseases, involving cancer, cardiovascular
disease, diabetes, atherosclerosis, neurological disorders (Alzheimer’s disease, Parkinson’s
disease), chronic inflammation, and others [41].

Metals, such as iron (Fe), copper (Cu), chromium (Cr), and cobalt (Co), induce the forma-
tion of the superoxide and hydroxyl radicals (mainly through Fenton reaction) and other
ROS, which ultimately leads to the production of malondialdehyde (MDA), 4-hydroxyno-
nenal (HNE), and other exocyclic DNA adducts that are carcinogenic and mutagenic. On
the other hand, the redox-inactive metals, such as cadmium (Cd), arsenic (As), and lead
(Pb), induce toxicity through bonding to sulphydryl groups of proteins and depletion of
glutathione. Zinc (Zn) is a redox-inert metal, which is an essential component of numer-
ous proteins involved in the defense against oxidative stress. In addition, Zn possesses
neuroprotective properties. Depletion of Zn may enhance DNA damage through impair-
ments of DNA repair mechanisms. Cellular antioxidants (ascorbic acid (vitamin C), alpha-
tocopherol (vitamin E), glutathione (GSH), carotenoids, flavonoids, and other
antioxidants) and chelate metal ions reduce their catalytic activity to form ROS. A novel
therapeutic approach to suppress oxidative stress is based on the development of dual
function antioxidants which comprise of chelating and scavenging agents [39, 40].

4. ROS production in marine invertebrates

Oxidative stress is highly prevalent in marine invertebrates, particularly bivalve mollusks,
due to the degradation of marine ecosystems, massive aquaculture productions, climate
change, and pathogenic infections. Mollusk hemocytes produce ROS and RNS as part of
their basal metabolism as well as in response to both endogenous and exogenous stimuli.
However, sources, pathways, and mechanistic aspects of these reactive species production
are currently poorly deciphered. Unique pathways seem to exist in marine bivalves [42].

High oxygen solubility in cold water is responsible for an elevated level of antioxidant
protection in marine ectotherms from polar environments. However, tissue oxidative stress is
a function of elevated or variable pO2, rather than of an elevated tissue oxygen level [43].

To counteract or to regulate the free radical production, several antioxidant mechanisms were
evolved (Figure 1) [44].
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Figure 1. Schematic representation of the pathways activated by the oxidative stress on macromolecules like lipids and
carbohydrates leads to the signal transduction through ROS-dependent and ROS-independent mechanisms. Glyoxal
and methylglyoxal formed by the oxidation of the carbohydrates were detected by the AGE and activate cell surface
molecule RAGE. It passes signal to NADPH oxidase through PKC, which activates the ROS. ROS activates several
transcription factors such as AP-1; NF-kB: pro-inflammatory cytokines; Nrf2: detoxifying genes; HSF1: Hsp expression;
and FOXO1: inhibition of B-cell proliferation. It also inhibits the PDX1 transcription factor which activates insulin gene
expression and B-cell proliferation. In ROS-independent pathway, AGE can directly activate FOXO1 and inhibits
PDX1. In lipid peroxidation, 4-hydroxynonenal (HNE) and acrolein-mediated signaling activate AP-1 through c-Jun
and Nrf2. It blocks NF-kB–mediated transcription activation apart from the ROS-activated signaling.

5. Antioxidants

Oxidative stress arises when there is a marked imbalance between the production and removal
of reactive oxygen and nitrogen species. Free radical production is normally controlled by the
antioxidant defense mechanisms [2]. Antioxidative defenses could essentially be divided
broadly into two main mechanisms: one is enzymatic and the other is nonenzymatic.

5.1. Enzymatic antioxidative mechanisms

Insects, like other animals, possess a suite of enzymes that are directed toward the removal of
various radicals [45–48]. These include superoxide dismutase present in cytosol and mito-
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chondria, catalase present in peroxisomes, ascorbate peroxidase [49], glutathione S-transferase
peroxidase, thioredoxin/thioreductase system [50], and so on.

5.2. Nonenzymatic antioxidative mechanisms

In addition to the classical antioxidant enzyme systems, a number of small molecules also play
a significant role in scavenging ROS, and some of these small molecules are plant derived,
whereas others such as carotenoids, α-tocopherol, ascorbic acid, and glutathione (GSH) can
be synthesized by insects [45, 50–52].

In addition to the antioxidant mechanisms and systems described above, insects also possess
several water-soluble molecules (uric acid, carbohydrates, and polyols) and iron-binding
proteins (ferritin and transferrin) that serve crucial antioxidant functions [45]. Antioxidant
properties of vitellogenin are specified by its Zn-binding capacity [53] and preferential
oxidative carboxylation under oxidative stress in honeybees [54]. With respect to these
properties, vitellogenin is compared to Cu/ZnSOD, a key metal-binding antioxidant enzyme
that undergoes preferential carbonylation [55], and serum albumin, a metal-binding protein,
that can function as free radical acceptors and reduce oxidative marker levels such as protein
carbonylation [56].

Responses to oxidative stress induced by a blood meal were investigated in A. aegypti [7]. In
female mosquitoes, higher levels of ferritin were observed after repeated blood meals. Ferritin
is a sensitive defense mechanism against oxidative stress induced by blood meal [57]. An
increase of secreted ferritin due to the induced synthesis of ferritin heavy chain homologue
(HCH) was observed [58].

6. Regulation of defenses against oxidative stress

Oxidative stress triggers a range of responses in insect cells which could be physiological,
pathological, and adaptive. A large number of signaling pathways are involved in response to
oxidative stress. Drosophila melanogaster is a well-studied organism in the field of oxidative
stress. Among these signaling pathways, in fruit fly, PI3-kinase pathway is one of the important
responses to oxidative stress by activating the transcription factor FOXO [13], and an alterna-
tive signaling is represented by the Nrf2/Keap1 pathway which is required for a proper and
efficient expression of genes associated with an increase in oxidative stress resistance [41].
Other signaling systems include activator protein-1 (AP-1), nuclear factor-kB (NF-kB), protein
kinase C (PKC), protein 53 (p53), and redox regulation by redox factor-1 and the nuclear factor
erythroid 2–related factor 2 (Nrf2)-mediated antioxidant response. Nrf2 belongs to a group of
specialized transcription factors termed xenobiotic-activated receptors (XARs). These recog-
nize specific xenobiotics and coordinate the transcription of batteries of genes.

Honeybees possess only about half the genes of GST, CYP, and carboxyl/cholinesterases as in
other insects [17–19]. This deficit can contribute to insufficient resistance to oxidative stress
caused by incomplete microsomal oxidation of xenobiotics [59]. These insects have more genes
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caused by incomplete microsomal oxidation of xenobiotics [59]. These insects have more genes
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of class sigma GST [60], which has a high affinity to the products of lipid peroxidation localized
in the thorax muscle of flies to protect these tissues against oxidative stress by-products [61].

The idea behind one of the first theories of aging was oxidative stress-induced damage [42].
Enzymes which regulate the oxidative stress are responsible for the longevity that was
supported by shortened life span in flies lacking a functional thioredoxin-2 [60]. Peroxiredoxin
of type 2, named Jafrac1 [61], and other peroxiredoxins, especially those present in mitochon-
dria, are also relevant for life span, as their downregulation has a significant impact on this
aspect of life [62] along with other enzymes like glutathione reductase [63], SODs, and catalase
[64–66].

Intriguingly, genes belonging to the family of antimicrobial peptide genes are obviously
relevant for this adaptation to extreme oxygen concentrations and therewith to higher levels
of oxidative stress [67, 68]. In insects, compared to vertebrates, genes encoding glutathione
reductase (GR) and glutathione peroxidase (GPX) are absent. Their functions are performed
by homologous genes that encode thioredoxin reductase (TrxR) [52] and thioredoxin peroxi-
dase (TPx) [67]. In addition, insects’ genes encode enzymes of antioxidant defense that act as
peroxidases: phospholipid-hydroperoxide GPx homologues with TPx activity (GTPx) [69] and
GST [70, 71]. Thus, the secondary antioxidant enzymes in insects that act on ROS indirectly
include TrxR, which converts both Trx and GSH, and methionine sulfoxide reductases (MsrA
and MsrB), which are involved in protein repair by catalyzing the Trx-dependent conversion
of methionine sulfoxide to methionine [72, 73].

In the nervous system, the dopamine metabolism produces high ROS concentration leading
to the SOD overexpression. Increase in the glutathione S-transferase activity in the nervous
system protects these dopaminergic neurons [74]. However, this ROS-based mechanism of
neurodegenerative diseases is not applicable for Huntington’s disease. Neither overexpression
of enzymatic antioxidants nor supplementation with nonenzymatic antioxidants decreased
the lethality in this model [61].

The intestinal microbiome regulation DUOX plays a crucial role with killing mechanism by
production of H2O2 [31]. To protect the gut tissue from the action of ROS, an enzymatic
antioxidant, immune-regulated catalase (IRC), is produced [29].

Previous microarray studies in Drosophila suggested that IRC is the only catalase to be induced
upon infection and may be regulated by the Toll pathway. The IMD pathway could be another
candidate for regulation of antioxidants including IRC, since it is induced systemically by
Gram-negative bacteria and in turn activates the JNK pathway.

Malpighian tubules also perform crucial roles in stress sensing and response [75]. At molec-
ular level, multiple cell-specific signaling pathways including cAMP, cGMP, and calcium
modulate the tissue and, hence, organism responds to various stress, such as detoxification
and xenobiotic handling, and stress sensing of oxidative, osmotic (ionic/salt) and immune
challenges [76–78].
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7. ROS-dependent biological processes in insects

7.1. Autophagy

In the regulation of intestinal microbiome, apart from the ROS-induced OS regulation of
pathogens, ROS production induces a JNK-triggered autophagy in the enterocytes in D.
melanogaster [59].

7.2. Differentiation of hemocytes

Motile cells of the innate immune system use oxidative burst to control invading pathogens.
Apart from that, ROS play an important role in the differentiation of hemocytes. In Drosophi‐
la, multipotent hematopoietic progenitors react to different ROS levels with a speeding up or
arresting of their differentiation [79]. Both the JNK and the FOXO pathways are involved in
the transduction of ROS levels into developmental signals [80].

8. Hormonal regulation of oxidative stress

8.1. Adipokinetic hormones (AKHs): stress hormones of insects

The insect endocrine system produces three main groups of hormones [81] including (a) ec-
dysteroids, (b) juvenile hormones (JHs), and (c) neurohormones. Out of these, a group of
neurohormones belonging to the AKH/RPCH family (adipokinetic hormone/red pigment-
concentrating hormone family) is associated with stress responses [82, 83]. Recently, it has
been found that AKHs are also involved in the control of oxidative stress (OS) in insects
[79]. The balance between the OS and its control by AKHs was attained by feedback regula-
tion between an oxidative stressor and AKH actions. The effect is reported for paraquat [84,
85], Galanthus nivalis agglutinin and Bacillus thuringiensis toxin [84] and also for endosulfan
and malathion [86] insecticides with an OS effect. Reports are available for the elevation of
AKH in stress other than OS [53–56]. It was suggested that the activation of protective anti-
oxidative mechanisms is derived from the effect of oxidative stressors on AKH level in the
insect body.

Not only have AKHs been implicated to be involved in hormonal control of antioxidative
protective reactions in insects, but other hormones such as glucagon, ecdysteroids, and JHs
have also been suggested to be involved in antioxidative protective mechanisms. Analogous
to vertebrates [87–89], it was suggested for insects that glucagon could play a role in defense
against OS. Ecdysteroids were shown to be involved in the control of OS by inhibiting the
oxidation of cholesterol and the peroxidation of polyunsaturated fatty acids in the lipoproteins,
microsomes, and other components of biological systems [90].

8.2. 20-Hydroxyecdysone (20E)

In D. melanogaster, ecdysone-induced methionine sulfoxide reductase A enhances resistance
to hydrogen peroxide [91]. It also regulates the methionine sulfoxide reductase [92, 93] enzyme

Free Radicals and Diseases28



7. ROS-dependent biological processes in insects

7.1. Autophagy

In the regulation of intestinal microbiome, apart from the ROS-induced OS regulation of
pathogens, ROS production induces a JNK-triggered autophagy in the enterocytes in D.
melanogaster [59].

7.2. Differentiation of hemocytes

Motile cells of the innate immune system use oxidative burst to control invading pathogens.
Apart from that, ROS play an important role in the differentiation of hemocytes. In Drosophi‐
la, multipotent hematopoietic progenitors react to different ROS levels with a speeding up or
arresting of their differentiation [79]. Both the JNK and the FOXO pathways are involved in
the transduction of ROS levels into developmental signals [80].

8. Hormonal regulation of oxidative stress

8.1. Adipokinetic hormones (AKHs): stress hormones of insects

The insect endocrine system produces three main groups of hormones [81] including (a) ec-
dysteroids, (b) juvenile hormones (JHs), and (c) neurohormones. Out of these, a group of
neurohormones belonging to the AKH/RPCH family (adipokinetic hormone/red pigment-
concentrating hormone family) is associated with stress responses [82, 83]. Recently, it has
been found that AKHs are also involved in the control of oxidative stress (OS) in insects
[79]. The balance between the OS and its control by AKHs was attained by feedback regula-
tion between an oxidative stressor and AKH actions. The effect is reported for paraquat [84,
85], Galanthus nivalis agglutinin and Bacillus thuringiensis toxin [84] and also for endosulfan
and malathion [86] insecticides with an OS effect. Reports are available for the elevation of
AKH in stress other than OS [53–56]. It was suggested that the activation of protective anti-
oxidative mechanisms is derived from the effect of oxidative stressors on AKH level in the
insect body.

Not only have AKHs been implicated to be involved in hormonal control of antioxidative
protective reactions in insects, but other hormones such as glucagon, ecdysteroids, and JHs
have also been suggested to be involved in antioxidative protective mechanisms. Analogous
to vertebrates [87–89], it was suggested for insects that glucagon could play a role in defense
against OS. Ecdysteroids were shown to be involved in the control of OS by inhibiting the
oxidation of cholesterol and the peroxidation of polyunsaturated fatty acids in the lipoproteins,
microsomes, and other components of biological systems [90].

8.2. 20-Hydroxyecdysone (20E)

In D. melanogaster, ecdysone-induced methionine sulfoxide reductase A enhances resistance
to hydrogen peroxide [91]. It also regulates the methionine sulfoxide reductase [92, 93] enzyme

Free Radicals and Diseases28

expression via the ecdysone receptor (EcR-UPS) complex [54]. Treatment with insect 20E
protected mammals against cerebral ischemia injury by inhibiting production of ROS/RNS and
modulating OS-induced signal transduction pathways. Treatment of B35 rat neuroblastoma
cells with hydrogen peroxide led to OS-induced apoptosis, mitochondrial membrane potential
dissipation, neuronal injury, generation of intracellular ROS/RNS, decrease of cellular antiox-
idant potential, and increase of lipid peroxidation, all of which were significantly eliminated
by 20E [54, 94–97].

8.3. Juvenile hormone

JHs are synthesized and secreted in/from the corpora allata in the insect brain. Recent stud-
ies have implicated that lack of JH may confer resistance to OS. The elimination of JH syn-
thesis extended the survival of flies exposed to hydrogen peroxide. The survival times
returned to those in control when the knockout flies were treated with JH analog metho-
prene. Moreover, another JH analog, pyriproxyfen, induced OS in the wax moth Galleria mel‐
lonella, as the antioxidative enzyme activities, CAT and SOD, increased after the
pyriproxyfen application. Similarly, pyriproxyfen increased the activity of enzymes CAT
and GST, as well as the accumulation of MDA and GSH, in larvae of S. littoralis. JHs are also
involved in the control of antioxidative reactions albeit indirectly via the regulation of vitel-
logenin and transferrin synthesis [54, 94–97].

9. Summary

This chapter summarizes current knowledge on pro- and antioxidant processes in inverte-
brates particularly insects. Reactive oxygen species (ROS) formation and their adaptations in
different organisms were discussed in the context of the usage of invertebrates as a model
organism in the field of OS to study the OS-mediated diseases in humans.
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Abstract

Free radical production related with many stress factors including radiation, drugs,
ageing and trauma plays a key role in cell death. Notwithstanding, free radicals can
cause pathology in a variety of diseases through oxidative stress: Under oxidative stress,
excessive production of free radicals can trigger cell death by primarily DNA and all
cellular macromolecule damages.  Also,  excessive free radicals  have a role in early
inducers of autophagy cell death upon nutrient deprivation. Autophagy is physiologic
process of eukaryotic systems, which have significant role in adaptation to oxidative
stress by degradation of metalloproteins and oxidatively damaged macromolecules. By
oxidizing,  membrane injuries  allow the leakage of  enzymes and contribute  to  cell
damage. However, recent publications demonstrate the protecting role of lysosome
system during excessive reactive oxygen species (ROS) production by the elimination
of damaged proteins or organelles. Activation of autophagic or lysosomal system can
eliminate the oxidizing components of cell in oxidative stress response. This chapter
aims to provide the novel insight data for oxidative damage-mediated autophagy as
well as their metabolic networks.

Keywords: oxidative stress, free radicals, autophagy, cell death

1. Introduction

The number of studies on oxidative stress has been increasing for the last 30 years and its
effects on many illnesses’ pathogenesis have been investigated. In this chapter, we focused the
cellular injuries that are caused by the oxidant agents in the cell and potential relationships
between oxidative stress and autophagy, that is, both cells’ method of saving itself from death
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and its death mechanism at the same. We also aimed to enable the new therapeutic intervention
to break oxidative stress-mediated cell injuries and promote cell surviving.

Free radicals are a molecule or atom species and they have free electron charges [1]. These free
electrons show a high reactivity towards unstable agents. Free radicals are produced both in
physiological conditions and in pathological conditions. Overproduced free radicals can cause
injuries by reacting to the organelles such as cell membrane and DNA which are the compo-
nents of cells [1, 2]. The production of the oxidant agents, which are produced in the cell and
which carry free electron pairs that are able to damage cell, is balanced by the antioxidant
system [2, 3]. The imbalance between antioxidant and oxidant system is called ‘oxidative
stress’ [1].

The reactive oxygen species (ROS) in biological systems including superoxide anion (2O2),
hydroxyl radical (HO), nitric oxide (NO), peroxyl radical (ROO) and non-radical hydrogen
peroxide (H2O2) compose the most important components of oxidative stress [4]. The primary
source of ROS is the mitochondrial-carrying system in the cell [5]. Electrons, which weaken in
the mitochondrion, turn into oxygen (O−2) atoms and then turn into H2O2 by spontaneous or
superoxide dismutase (SOD) catalysis. In this stage, the mitochondrial ROS amount is at the
rate of 1–2% of the total oxygen consumption. Although this amount seems to be low, it is equal
to one billion molecules when the intracellular ROS amount that every single cell of the body
produces is calculated [6]. When it is thought that there are about 100 trillion cells in the human
body, the physiological ROS amount being produced increases more. In some cases, with the
effect of factors such as exceeding of energy need, decreasing of mitochondrial activity
(ageing), exogenous (UV, radiation) and endogenous (oxidase and oxygenase), ROS is
produced in the body in an excess quantity [7]. In addition to mitochondria, sarcolemma,
sarcoplasmic reticulum and transverse tubules are of the strongest sources of ROS due to the
existence of NADH/NADPH oxidase (Nox) [8]. Moreover, endoplasmic reticulum (ER),
peroxisomes, plasma membrane, polymorph nuclear cells and macrophages are known as the
places in which ROS is produced [9]. In the cell, the ROS produced must be kept in balance
with the antioxidant system [10].

2. Oxidative stress

Oxidative stress plays an important role in the pathophysiology of many diseases. For this
reason, the medical importance of the oxidative stress is being understood even better day by
day. Especially, along with the inseparable process between oxidative stress and inflammation
with molecular interactions makes this subject be more and more attractive researched area
[10, 11]. Today, for the development of new treatment options, antioxidant treatment strategies
are being increasingly researched. The aim of this review is to enlighten the relation between
oxidative stress and inflammation, which has a role in the physiopathogenesis of many
diseases.

The production of ROS may increase in the beginning phase of the defence response of the
cells during inflammation [12]. The Nox system, which settled in the plasma membranes of
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cells, contributes to ROS production by being activated during phagocytosis. Moreover, it is
stated that the Nox is the primary factor contributing to the oxidative stress in the mitochon-
drial redox system [13, 14]. In addition to Nox, arachidoriic acid (AA) mechanism, nitric oxide
and xanthine oxidase (XO) cause ROS production, as well [15]. AA is produced by the
activation of phospholipase A2 and this may cause increase in ROS production [16]. At the
same time, AA cyclooxygenase increases ROS production by activating various enzymes such
as cytochrome P-450-dependent monooxygenase XO [17]. Xanthine oxidase is an ROS
indicator, which causes more oxygen to be free as a result of hypoxanthine’s degradation [18].

3. Redox biology

Eukaryotic cells make gene expression through multiple metabolic pathways with environ-
mental stimulations. In the cell, ROS-sensitive transcription factors and oxidative response
give the cellular warning according to the redox condition [19]. These signal proteins are two
signal pathways belonging to two different families. The first of these pathways is mitogen-
activated protein (MAP) kinase family and in this pathway phosphorescence occurs starting
from cytoplasm and continuing to nucleus by the activities of extracellular signal regulator
kinases, which are c-jun N terminal kinase and p38 MAP kinase. The second family is redox-
sensitive signal pathway and cytoplasmic signal factor includes thioredoxin reductase,
thioredoxin, nuclear factor Ref-1 and a few transcription factors (AP-1, nuclear factor kappa B
(NF-kB), Nfr-1 and Egr-1). When these redox-sensitive ‘sulphydryl switches’ are stimulated,
by passing from cytoplasm to nucleus, they trigger the transcription factors and enable the
expression of specific genes [20, 21].

Oxidative stress has a role in many illnesses’ pathogenesis such as ischaemia/reperfusion
injury, Alzheimer, Parkinson and diabetes mellitus [22]. For example, the ROS amounts
effecting to the cell in cancer may result in the expression of some genes via the redox-sensitive
signal pathway by causing DNA damage. These redox-sensitive signal factors play roles in
many processes such as cell division, cell cycle and the survival of the cell. On the other side,
it is the potential molecular target of anticancer agents. This redox-sensitive sulphydryl
switches signal pathways have important characteristics for potential cancer treatment. Their
characteristics are firstly being overexpressed in tumours, secondly the depression of prosur-
vival signal pathways when they are inhibited, thirdly the entrance of cell cycle to the arrest
when this signal pathway is depressed and lastly the increase of anticancer agents’ activities
parallel to their inhibition [21].

4. The importance of oxidative stress in cell biology

It is known that ROS have both beneficial and harmful effects on the cell. Its very low con-
centrations can perform as the second runner in some signal transmission ways [23]. How-
ever, they can cause many oxidative injuries in many vital structures when they are
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extremely produced. In the cell, there is a dynamic relation between ROS production and
antioxidant capacity. Some oxidation processes such as cysteine oxidation play roles in the
dynamic regulator system inside the cell [24]. It is shown that transcriptional factors such as
NF-kB, p53 and AP-1 are regulated by oxygen types [25]. For this reason, sublethal ROS
production can be blocked by signal transmission ways. Especially H2O2 is actually the sec-
ond runner for various physiological stimulations such as angiotensin inflammatory cyto-
kines and growth factors or transforming factors [26]. There is a contradiction between the
reactive oxygen types such as superoxide radicals and their physiological/pathophysiologi-
cal roles. It is considered that the production of superoxide radicals can be activated by neu-
trophils and other phagocytes [27]. When the redox homeostasis changes, the cell is exposed
to oxidative stress. As a result of the mitochondrial function disorder in case of oxidative
stress, a significant decrease in the cellular energy occurs, and due to this decrease apoptosis
is activated. The damages in cells occur only when ROS overcomes the biochemical defence
system of the cell. ROS, especially hydroxyl radicals, can react with all biological macromo-
lecules such as lipids, proteins, nucleic acids and carbohydrates [28]. Multiple unsaturated
fatty acids continuously threaten the cellular integrity and functions for oxidative injury [28,
29]. It is known that iron, which is a transition metal, has a vital role in the beginning of new
lipid radical chain reactions [30]. Lipid peroxidation is a significant biological result of age-
ing and oxidative damages [29]. Chemotherapy agents, radiation and numerous neurodege-
nerative illnesses are some sources of ROS [31]. In brief, whereas oxidative stress is a
positive status in processes such as cellular proliferation and activation, it is a negative sta-
tus in terms of lipid peroxidation, DNA injury and the inhibition of cell growth or in terms
of its causing cell deaths.

5. Antioxidant system

The antioxidant enzyme system in the cell is responsible for the scavengers of ROS (O2
−,

H2O2 and peroxides), which consists of superoxide dismutase, catalase (CAT) and gluta-
thione (GSH-Px or GPx) enzymes [10, 32]. Also, antioxidant defence system is responsible
for the scavengers of reactive nitrogen species (RNS). Peroxynitrite (ONOO−) is a really dan-
gerous molecule [33] and nitrite oxide is a high reactive gas radical and it is water soluble
and it can pass the cell membrane by diffusion [33, 34]. As in ROS, excessive production of
oxidant types originating from NO in the cell leads to imbalance between oxidants and anti-
oxidants, which causes irreversible damage in the cells’ biomolecules and causes cell death
[10].

When thioredoxin, which is an intracellular enzyme, is overexpressed, it blocks oxidative
stress in the cell. It is stated that there is a dynamic relation between thioredoxin enzyme
and antioxidant components, and various oxygen types [35]. It has been determined in dif-
ferent studies that the difference in cysteine modification can affect thioredoxin function
[36].
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6. Oxidative stress and DNA damage

Lipids in DNA, which is a stable molecule, can have oxidative injuries just like carbohydrates
and proteins [37, 38]. All changes in the structural integrity of genetic material occurring as a
result of the endogenous or exogenous factors are described as DNA damage. The integrity of
the genomic DNA is constantly under threat with the effect of environmental factors. Changes
in the structure of DNA may occur endogenously during cellular events such as DNA
replication and DNA recombination [39, 40].

It is believed that the DNA damages can be caused by oxidative stress result in mutation in
the cell DNA and that it is a major reason for cancer [41, 42]. As a result of oxidative DNA
damage, a decrease in the cascade signal occurs, which is effective in cancer development, and
gene expression, a discontinuation in transcription, genomic instability and replication failure.
Oxidative DNA damage plays important roles in the development of tumourigenesis, which
is related to inflammation as well as increasing the risk of cancer development [43]. Moreover,
it has been reported as a result of various studies conducted that the genomic damage has
important roles in cases such as chronic illnesses, cardiovascular illnesses, neurodegenerative
illnesses, inflammation/infection and ageing [44]. Oxidative DNA damage is rather dangerous
for cell in terms of its causing mutation in cell, affecting the cell cycle and causing cancer [45].

It is stated that oxidative damage occurs in mitochondrial DNA (mtDNA) along with the
nucleus DNA. It has been determined that the oxidative damage is greater in mitochondrial
DNA compared to the nucleus DNA. Among the reasons for this situation, we can count that
the mitochondrial DNA is quite close to the areas that produce free radicals in mitochondria
and that it is not protected by histones. What is more, factors such as that the DNA damage
repair system is insufficient compared to nucleus DNA and that there is an increase in
mutations according to the age cause mitochondrial DNA to get more damage [46]. The
damage occurred in the DNA is seen in low levels thanks to the DNA’s ability to be repaired.
There is an increase in oxidative DNA damage as a result of the increase in the reactive oxygen
types, decrease in the antioxidant enzyme levels and the insufficiency of DNA repair mecha-
nisms. Depending upon the oxidative damage, single- and double-chain fractures, abasic areas
and base modifications can originate or cross-linking between the DNA molecule and proteins
can occur [47].

Oxide DNA base damages are generally removed in two ways. These are base excision repair
and damaged oligonucleotide excision repair [48]. Nearly more than 20 major damage
products, which originate as a result of oxidative DNA damage, have been determined [49].
DNA product radicals give more reaction via different mechanisms to form the last product.
The type of the originating DNA modification product depends on reaction conditions such
as the redox potential of the substance to react, the radical production system and the existence
of oxygen. Radicals can be oxidation and reduction depending on their redox potentials and
the reacting substances. Although 8-hydroxypurines and formapyrimidines can originate in
both presence and absence of oxygen, they better prefer to originate in an environment with
oxygen. These compounds are hemiorthoamids and they can turn into each other easily [50].
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The most commonly used for the last products of ROS-mediated DNA damage biomarker is
8-hydroxy-2’-deoxyguanosine (8-OHdG) [51]. 8-OHdG is a mutagen that reacts with DNA
during the excessive ROS production. As Cu+2 ions are found in a high level in areas rich for
guanine-cytosine, the base which is most exposed to the oxidative damage is guanine. OH
radical composes DNA product radicals as a result of the reaction with the atoms of guanine
in positions numbered 4, 5 and 8. OH product radicals of the fourth and fifth carbon atoms are
dehydrated and the imidazole ring of the eighth carbon OH product radicals is exposed to the
opening. Other DNA base damage products have less mutagenic effects. For this reason, the
most commonly measured 8-OHdG base damage product is a parameter that is widely used
to determine the DNA damage [52, 53].

For the first time, it was determined that 8-OHdG is an indicator of the DNA damage in 1984
by Kasai and Nishimura. Analysis of 8-OHdG, which is the major oxidation product of DNA,
was reported in 1989 for the first time. There are two approaches for the analysis method of 8-
OHdG. The first of these, direct approach, is isolation of the DNA lesion by using physical and
chemical methods and making DNA extraction and hydrolysation. The second method,
indirect approach, includes the saving of DNA structure and seeing the formation of lesion in
site. In this approach, measurement is made by using antibodies that have low specific features
or via the activity of specific DNA repair enzymes [54, 55].

7. Autophagy: apoptosis interaction

In addition to the studies of Swhweichel and Merker, who researched cell death mechanism
morphologically for the first time, Clarke mentioned three basic cell morphology in cell death
and described apoptosis as type I, autophagy as type II and cell death, which is not lysosomal,
as type III programmed cell death [56, 57]. Apoptosis is an event characterized by cell shrinkage
and chromatin condensation and cell divides into pieces called ‘apoptotic bodies’ in the end
of the process. It has been determined that, in this type of cell death, the morphological changes
occurring in the cell take place as a result of cutting DNA and proteins by proteases called
caspase. The apoptotic bodies arising as a result of these fractures are resolved by lysosomes
[57].

In autophagy, which is a mechanism in which intracellular macromolecules and organelles are
directed to lysosomes in sachets and broken up in this mechanism, the short-lived proteins are
broken up inside ubiquitin-proteasome system, intracellular organelles and long-lived
proteins are benefited from as they are destroyed in autophagy system and decomposed into
the building stones similar to amino acids to be used again inside the cell [58, 59]. In the
autophagic cell death, there are organelles such as cytoplasm parts, which are inside two or
more layered (lipid bilayer) membrane-covered sachets, and/or mitochondria, endoplasmic
reticulum. In the end, autophagy sachets form a compound with lysosome and make it possible
for the material inside them to be broken up by the lysosomal enzymes [60].

Either apoptosis or autophagy, no matter what the death type is, it is known that these processes
are regulated by molecular mechanisms. In the same cell, as different death cell mechanisms
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can take action even simultaneously, these mechanisms can involve each other and they cannot
be distinguished easily all the time. It is difficult to describe whether the morphological
changes, which come into light with the cell death mechanisms, are due to apoptosis or
autophagy [61]. The reason for this can be that different cell death mechanisms have different
main goals. The main goal of autophagic cell death is mainly cytoplasm, while the main goal
of apoptosis is cell nucleus. Apoptosis can be sufficient for the disposal of cells with small
cytoplasm. However, in cells with large cytoplasm, more than one mechanism may have to
take action together. In other words, while mechanisms dispose the nucleus, cytoplasm and
organelles are cleaned by the autophagy event and the cell death can be accelerated. In
literature, there are studies supporting this view [62, 63].

7.1. Apoptotic signals

Caspases playing a role in apoptosis are classified in two ways:

1. Caspases starting the apoptotic signals (caspases 2, 8, 9, 10).

2. Lethal caspases that have a role in the breaking up of g-proteins (caspases 3, 6 and 7).

Along with the caspase-dependent mechanisms that control the cell death, some cell deaths
are reported to be caspase-free [64]. Caspase-dependent pathway triggers cell death by
activating in two ways: extrinsic and intrinsic factors. In the extrinsic pathway, tumour necrosis
factor- α (TNF-α), which is on the surface of cell membrane, connects to TNF-like ligands such
as FasL or TRAIL, and causes procaspase-8 or procaspase-10 to be triggered and finally the
apoptotic process starts [65].

In the intrinsic pathway, the failure of mitochondria results in cytochrome-C expression and
then begins activations of caspases 9, 7 and 3. Another protein family having a role in the
mitochondrial pathway is Bcl-2 family. It is decided whether the cell will enter apoptotic
phase as a result of the interaction between Bcl-2 family members and pro-apoptotic signal
molecules. The members of the Bcl-2 family are divided into three groups:

1. Anti-apoptotic group including Bcl-2, Bcl-xL and Mcl-1.

2. Group triggering apoptosis that includes Bax and Bak.

3. Group that has pro-apoptotic activity including Bad, Bik, Bid, Bim, NOXA and Puma ç.

The extrinsic pathway, also called death receptor, is a mechanism which contains cell surface
receptors that generate the start of apoptosis and the formation of the death-inducing sig-
nalling complex (DISC) that is a multi-protein complex [66]. With the connection of ligand,
an adaptor protein called FADD, which brings caspase 8 to DISC, becomes a part of the ac-
tivity [67–69]. In the activated caspase 8, either effector caspases such as caspase 3, directly
activate the apoptosis pathway or intrinsic apoptosis pathway [70]. An apoptosis pathway
can be activated when the endoplasmic reticulum is under stress [71].
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7.2. The molecular connections between apoptosis and autophagy

As autophagy can block apoptosis and cell death occurs as a result of both of these events, it
is believed that the regulation of these mechanisms is made in coordination. Previously, it was
considered that the same proteins control both of these processes. However, the latest data
show that it is not true. p53 is a strong apoptosis inductive and it can also induce autophagy
by increasing the expression of DRAM that is the direct p53 target gene [72]. Similarly, the
activation of a well-known apoptosis inhibitor, PI3 kinase/Akt pathway, inhibits autophagy at
the same time [73]. In this way, it was understood that important signal pathways could
increase or decrease both apoptosis and autophagy, simultaneously. In brief, central compo-
nents proteins directly regulated both apoptosis and autophagy mechanisms [74].

Beclin-1/Atg-6 is a part of the type III PI3 kinase complex, which is necessary for the formation
of autophagic vesicles and the interaction with Beclin-1 can block the induction of autophagy.
Beclin-1 is described as a protein that can interact with Bcl-2, as well [74]. This case shows that
an apoptosis regulator physically interacts with an autophagy regulator. Beclin-1 interacts with
other major anti-apoptotic Bcl-2 family (Bcl-xL) proteins, either [75]. In the regulation of these
mechanisms, depending on the presence of Bcl-2 in mitochondria and endoplasmic reticulum,
in other words depending on its condition in the subcellular localization, there may be
differences. The inhibition of the autophagy with Bcl-2 function takes place only in the
endoplasmic reticulum, and mitochondrial-directed Bcl-2, which is a strong inhibitor of many
apoptotic stimuli, cannot inhibit autophagy [75, 76]. Another mechanism that is able to control
the autophagy via Bcl-2 was located in endoplasmic reticulum [77]. In this method, Bcl-2 blocks
calcium passage in endoplasmic reticulum instead of interacting with Beclin-1. Calcium
activates Ca2+/calmoduline-dependent kinase, kinase-β and adenosine monophosphate
(AMP)-activator protein kinase. This case causes mTOR inhibition to activate autophagy. By
this way, permission was given to Bcl-2 for autophagy inhibition instead of apoptosis inhibition
in two completely different mechanisms [78].

Extrinsic death pathway, which is one of the best-described key components of apoptosis
process, can control autophagy, as well. The connection of FADD adaptor protein to the ligand-
dependent death receptor is a necessary step for the formation of DISC. DISC accompanies
death receptor signals with FADD, which acts as a platform in which caspase 8 dimerization
and activation take place. FADD includes two protein areas, one death area and one death
effector area, which interact with each other. The death area of the FADD can, unexpectedly,
induce a new cell death mechanism, which includes really high levels of autophagy in normal
epithelium cells. Actually, as FADD death area does not have catalytic activity, it is possible
that it induces autophagy by interacting with other proteins. The interesting point is that
autophagy response can be observed more easily when apoptosis stops and this case supports
that the apoptosis and autophagy in normal epithelium cells are simultaneously induced by
FADD death area [79].

These cases, mentioned above, show that the components of the apoptosis mechanism, which
are regulated by intrinsic and extrinsic pathways, could control autophagy, as well. Contrary
to this case, there are studies expressing that autophagy regulators control apoptosis. These
experiments, which analyse autophagic cell death originating from interferon and Atg-5, show
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that FADD can interact with Atg-5 [80]. The conducted study showed that this interaction ends
with cell death only in a way that requires FADD and caspases, without the formation of
autophagic vesicles. From this study, the conclusion that Atg-5 can regulate extrinsic apoptosis
pathway components is drawn. Another mechanism, which is about the ability of Atg-5 for
regulating apoptosis, was described. The key step in this mechanism is to provide the activation
of intrinsic apoptosis pathway that can be blocked by Bcl-2 and to compose a protein form,
which is translocated to mitochondria in order to start the cytochrome-C oscillation. To be able
to realize this, Atg-5 must be cut by calpain. The general importance of this mechanism is
supported by the information that Atg-5 knock-down protects tumour cells against a kind of
apoptosis stimulation. This case can still be complex and as the cutting of Atg-5 by calpain can
cause a formation of protein, which is not able to activate autophagy, it is possible for calpain
activity to increase or decrease autophagy [81]. There are some studies showing that calpain
activity is necessary for autophagy, which is induced by the lack of rapamycin and amino acid
[79].

7.3. Autophagy: type II cell death

Autophagy is a death mechanism characterized by the degradation of cellular components,
and plays roles in the pathophysiology of many diseases, [82, 83]. The damaged cellular
components and contents are removed by lysosomal autophagy. In case of increasing the
autophagic effect with oxidative stress or physiological stimulations, protein synthesis and

Figure 1. Oxidative stress-mediated cell damages in the cell: Excessive ROS production can lead to damages in mito-
chondria, which can cause cell death or oxidative-damaged cell components are degraded by autophagy and promote
cell survival.

Oxidative Stress and Autophagy
http://dx.doi.org/10.5772/64569

45



energy output pathways, cell organelles and proteins are disrupted in the cells. Also, under
limited food intake, autophagy provides internal energy sources [82, 83]. With this effect of
lysosomal autophagy, cell can survive in case of oxidative stress. This survival system occur-
ring in the cell is stimulated by stress factors such as hunger, hyperthermia and hypoxia [84].
mTOR (mammalian target of rapamycin), which is a factor playing important role in auto-
phagic activation, is a kinase signal pathway. This signal pathway is classically activated in
case of hunger, hypoxia or stress condition [83].

In eukaryotic cells, the first step of the oxidative damage is antioxidant defence system and the
second step is lysosomal autophagy [85]. In the second step, damaged cell components such
as proteins, organelles or DNA are removed with lysosomal autophagy [82]. This defence
system provides degradation of these components and cell surviving. In the third defence step,
there is type II cell death (autophagy). Severe damaged and not repaired cells are removed by
autophagy and the organ’s integrity is ensured [86] (Figure 1).

Autophagy is also activated in many cases of metabolic and therapeutic stress such as the lack
of growth factor in the cell, signal inhibition of receptor tyrosine kinase/Akt/mTOR metabolic
pathway, ischaemia/reperfusion, intracellular calcium accumulation and endoplasmic
reticulum stress [87, 88]. Increased production of ROS stimulates the initiation of autophagy
in association with stress signal pathways. For this, cysteine protease Atg-4 inactivation is
made with ROS accumulation in the cell. This inactivation results in Atg-4 phosphoethanola-
mine precursor accumulation, which is also necessary for the beginning of autophagosome
[89]. In this way, under stress condition, oxidative damaged cell components are degraded by
autophagy and continue its life by this way. There is a complex relation between cell death and
stress adaptation [90]. The molecular relationship between cell death and autophagy has not
been completely understood nowadays.

While autophagic cell death is the main cell death seen during the development, it has been
reported in recent studies that apoptosis-induced cell death can be connected or related to
autophagy [78, 91]. The signal cross-talk between apoptosis and autophagy can be related to
Bcl-2 gene family. Moreover, it has been shown that Bcl-2 family proteins inhibit the apoptosis
and autophagy [75, 92]. The association between the anti-apoptotic Bcl-2 protein and the
autophagic Beclin-1 protein has an important role in the point of convergence of the apoptotic
and autophagic cell death. In the autophagic process, Bcl-2 protein has an important role in
autophagosome formation via Beclin-1 network [75]. Also, anti-apoptotic Bcl-2 proteins inhibit
the Beclin-1-dependent autophagic cell death [93].

The antioxidant effect of anti-apoptotic Bcl-2 proteins has been reported. This anti-apoptotic
protein decreases the production of reactive oxidants and inhibits the apoptotic cell death [94].
By this way, the overexpressed Bcl-2 and decreasing ROS level probably cause the repression
of cytochrome-C from mitochondrion and the prevention of death cell [95]. As mentioned
above, ROS creates a connection between cellular stress and the starting of autophagy, and
autophagosome formation is started by stimulating Atg-8-phosphoethanolamine precursor
accumulation [89].
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8. Summary and future perspective

Endogenous and exogenous stress factors that cells are exposed to trigger the ROS produc-
tion in the cell, which causes damages in cellular organelles. Oxidative response is a part of
normal cellular physiology and halts the organelles’ damages in the cells and promotes cell
surviving. While autophagy is a type II cell death, it is also an alternative defence system
that cell chooses to be able to survive in cells which are exposed to oxidative damage. Au-
tophagy can provide the removal of damaged organelles with lysosomal autophagy and en-
sures cell to survive. Autophagy plays an important role in both detecting oxidative stress
and removing oxidatively damaged proteins and organelles, as well as the cellular machi-
neries responsible for excessive ROS/RNS production. Investigations into the specific molec-
ular targets of ROS in the autophagy pathway and the specific signalling mechanisms will
be important for our understanding of biology and diseases.
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Abstract

Oxidants are constantly generated in a biological system as a result of physiological
processes. However, an imbalance between oxidants and antioxidants can lead to a
pathophysiological  condition  known  as  oxidative  stress.  Natural  compounds  as
inducers of oxidative stress are able to modulate physiological functions of cancer cells
leading to cell death or survival. This chapter aims at providing an overview of pro-
and antioxidant activities of natural compounds related to cancer and related therapies.

Keywords: natural compounds, cancer, oxidative stress, clinical use

1. Natural compound anticancer agents

In  the  search  of  improved  cytotoxic  agents  against  cancer,  natural  compounds  possess
advantages with regard to availability, low toxicity, and suitability for oral application and
metabolite likeliness [1]. Moreover, new technologies of combinatorial chemistry and high-
throughput screening are used to design different synthetic drugs with natural compounds
that  serve  as  templates  for  development  of  novel  molecules  with  enhanced  biological
properties.

In 1960, the National Cancer Institute (NCI) began a large-scale screening program for anti-
tumor agents, and 35,000 plant species samples were tested primarily on mouse leukemia
cells [2, 3]. The most promising drug to emerge from this program was paclitaxel, a microtu-
bule disruptive agent obtained from the bark of the Pacific yew Taxus brevifolia. This finding
served as the springboard for further investigations with natural compounds, and in the late
1960s, vinblastine and vincristine were reported from Catharanthus roseus. Both drugs major-

© 2016 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.
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ly contributed to long-term remission and cures for childhood leukemia, Hodgkin’s lympho-
ma, testicular teratoma, etc. Other anticancer agents to enter clinics, which are derived from
natural sources, include etoposide, which has been proven as an effective treatment against
testicular teratoma and small cell lung cancer, whereas teniposide was shown to be effective
against acute lymphocytic leukemia (ALL) and neuroblastoma in children and non-Hodg-
kin’s lymphoma [1]. A comprehensive study published on new medicines approved by US
Food and Drug Administration between 1981 and 2010 revealed that 34% of those medi-
cines based on small molecules were either natural products or a direct derivative which
mainly included statins, immunosuppressant, and tubulin-binding anticancer drugs [4, 5].

Natural compound constituents demonstrated anticancer activity according to a combination
of epidemiological and experimental studies [6]. Mechanistic insights underlined that the
chemotherapeutic potential of these agents may be a combination of antioxidant, anti-
inflammatory, immune-promoting, cytostatic, differentiating, and cytotoxic effects. Altogeth-
er, natural compounds efficiently prevent initiation, promotion, and progression of cancer
development thus interfering with all 10 hallmarks and enabling characteristics of cancer [7–
10].

Increasing technological advancements led to the development of better purification techni-
ques with defined molecular assays, which can efficiently exclude “distracting molecules” such
as tannins and saponins, thereby increasing the chances of identifying the critical agent with
specific anticancer activity. The diverse bioactivity potential of natural compounds can be
related to the huge structural diversity existing in nature. This compound repertoire is
available for further modifications to improve the therapeutic potential of lead compounds. In
addition, combinatorial biosynthesis further modulates the functional groups of lead com-
pounds and can be complemented with high-throughput screening, computational chemistry,

Figure 1. Molecular scaffolds of plant anticancer agents. Molecular structures were drawn with ChemDraw13 (Perkin
Elmer).
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and bioinformatics to generate structural analogues with improved pharmacological activity
and reduced toxicity [1] (Figure 1).

2. Natural compounds as scavengers of free radicals

Oxidants are constantly generated in a biological system as a result of physiological processes.
However, an imbalance between oxidants and antioxidants can lead to a pathophysiological
condition known as oxidative stress [11]. In light of this knowledge, oxidative stress has been
defined as perturbations in redox homeostasis. Broadly, the cellular redox level is regulated
by three different systems, two of which are dependent on glutathione that includes gluta-
thione (GSH), glutathione reductase (GR), glutathione peroxidases (GPX), and glutathione S-
transferases (GST) [12–14]. Glutathione undergoes oxidation to form glutathione disulfide
(GSSG), thereby reducing the disulfide bonds of cytoplasmic proteins to cysteine and protects
the cell against oxidative stress [15]. Under normal conditions, GSH exists in reduced form
due to constitutive activity of GR. GSTs act as detoxifying enzymes that conjugate GSH to
various electrophilic compounds [16].

Reactive oxygen species (ROSs) have been reported in both solid and hematopoietic cancers
where they are associated with tumor development and progression [17, 18]. However, cancer
cells also express antioxidant proteins to detoxify ROS, suggesting that the fine-tuning of
intracellular ROS signaling is critical for cancer. Therefore, understanding the susceptibility of
cancer cells to oxidative signals could open new therapeutic window for rational design of
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viability, cytotoxic agents can induce oxidative stress by modulating levels of ROS such as the
superoxide anion radical, hydrogen peroxide, and hydroxyl radicals. Eukaryotic cells have
highly organized pathways to orchestrate the many extracellular stimuli received and convert
them into specific physiological processes. This classical cascade also termed as signal
transduction pathways includes a series of events occurring constitutively and initiated by
interaction of a ligand with its receptor on the cell membrane. ROS in this cascade have been
proposed as second messengers in the activation of signaling events that lead to survival or
death [20]. Moreover, redox-sensitive cysteine residues are known to sense and transduce
changes in cellular redox status caused by ROS production and the presence of oxidized thiols.
Various dietary phytochemicals have been shown to exhibit beneficial effects including the
prevention of cancer by modulating the cellular redox status by acting as either an antioxidant
or pro-oxidant. They function as detoxifying enzyme inducers, which mainly include phenolic
and sulfur-containing compounds. Phenolic compounds are classified as polyphenols or
flavonoids, whereas sulfur-containing compounds may be classified into isothiocyanates and
organosulfur compounds. Epigallocatechin-3-gallate (EGCG) from green tea, curcumin [21–
24] from turmeric, and resveratrol [25, 26] from grapes are the classical examples of polyphe-
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receptor-sensing mechanism of electrophilic chemical stress characterized as “thiol-modulated
cellular signaling” events leading to gene expression commending the pharmacological
activity (Figure 2).

Figure 2. Natural compounds as scavengers of free radicals. Molecular structures were drawn with ChemDraw13 (Per-
kin Elmer).

3. Survival pathways activated by free radicals

ROSs are tumorigenic as elevated levels of ROS-sensitive signaling pathways have been
implicated in various cancers where they are involved in sustenance of cell growth, prolifer-
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ation, survival, migration, and by inducing DNA damage leading to formation of genetic
lesions initiating tumorigenesis [35, 36]. Low levels of hydrogen peroxide (H2O2) stimulation
have been shown to propagate cell proliferation in an array of cancer cell types. Role of
hormones in endocrine cancers is well documented. In hormone-dependent breast cancer cells,
one of the functions of estrogen is to translocate to mitochondria, thereby initiating mitochon-
drial ROS production that can be impaired by inhibition of mitochondrial uniporter, which
prevents estrogen-induced cell proliferation [37, 38]. Sodium arsenic in MCF-7 was shown to
mimic the effect of estrogen and potentiated S phase progression and proliferation by inducing
ROS production and ROS-related depolarization of the mitochondrial membrane [39].
Moreover, estrogen-induced cell proliferation of MCF-7 was strongly inhibited by antioxidants
such as N-acetyl-L-cysteine (NAC) or mitochondrial blockers of protein synthesis such as
chloramphenicol [40]. ROS generation was shown to augment G1/S transition by increasing
the expression levels of cyclins D1, D3, E1, E2, and B2 [41]. In contingent to these finding,
cytochrome P450B1-mediated conversion of estrogen to a putative carcinogenic metabolite 4-
hydroxyestradiol in human mammary epithelial cells MCF-10 leads to intracellular ROS
production and neoplastic transformation. ROS overproduction was shown to activate IκB
kinase (IKK) signaling with increased nuclear translocation and NF-κB activity [42].

Since deregulation of NF-κB is related to increased cell survival, proliferation, and develop-
ment of drug resistance in different cancers, series of work conducted in this direction showed
that NF-κB is a redox-regulated sensor for oxidative stress and is activated by low doses of
H2O2 [43, 44]. In MCF-7 cells, interleukin (IL)-1β stimulation of NF-κB is partially regulated
by H2O2-mediated activation of NF-κB inducing kinase (NIK)-mediated phosphorylation of
IKKα [45]. Moreover, overexpression of manganese superoxide dismutase (MnSOD) in MCF-7
cells completely abolished tumor necrosis factor (TNF) α-mediated NF-κB activation, IκBα
degradation, p65 nuclear translocation, and NF-κB-dependent reporter gene expression [40].
In other forms of cancer such as oral squamous carcinoma, a mild difference in endogenous
ROS functions as a physiological signaling modulator of the NF-κB signaling cascades through
its ability to activate NIK [46]. Besides solid tumors, redox regulation of NF-κB has also been
implicated in hematopoietic cancers. Our group for the first time reported that in U937 cells,
melatonin a pineal hormone might induce ROS generation, which ultimately is involved in
transactivation of NF-κB-promoting survival of these cells [47–50]. Moreover, myeloid
leukemia, which often maintains a high intracellular ROS level and uses redox signal for
survival, is sensitive to NF-κB inhibition since NF-κB is involved in moderating the ROS level,
which prevent activation of c-Jun N-terminal kinase (JNK) and cell death [51–54] (Figure 3).

Apart from NF-κB, ROS-mediated regulation of tyrosine phosphatases, protein tyrosine
kinases, and receptor tyrosine kinases, which is critical for cell survival and cancer such as
mitogen-activated protein (MAP) kinase/extracellular-regulated kinase (Erk) cascade and
phosphoinoside-3-kinase (PI3K)/Akt-regulated signaling cascade, is well documented in the
literature [55, 56]. Activation of MAPK/Erk1/2, which is mediated through growth factors, and
K-ras is functionally linked to increased cell proliferation. Several studies have shown how
ROS activate Erk1/2 pathway by modulating and activating its upstream target such as Ras.
For instance, oxidative modification at its cysteine 118 residue leads to the inhibition of GDP/
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GTP exchange [57]. Moreover, ROS activates p90RSK that acts as an upstream kinase of Erk1/2
[58, 59]. In ovarian cancer, sustained Erk1/2 activity was linked to increased concentration of
endogenous ROS resulting from ubiquitination and loss of endogenous mitogen-activated
protein kinase phosphatase 3 (MKP3), which negatively regulates Erk1/2 [58, 59].

Figure 3. Molecular scaffolds of physiological antioxidants Molecular structures were drawn with ChemDraw13 (Per-
kin Elmer).

Oxidative stress regulation of PI3K/Akt pathway has been implicated in different cancers. In
ovarian cancers, H2O2 produced in response to epithelial growth factor signaling (EGF)
activates Akt and p70 S6k1, a substrate of Akt involved in regulating protein synthesis [60]. In
pancreatic cancer PANC-1 cells, NADPH oxidase (NOX)-4-mediated generation of intracellu-
lar ROS was related to survival of these cells, which undergo apoptosis in response to diphe-
nylene iodonium (DPI), an inhibitor of NOX that inhibited superoxide production and
impaired levels of phosphorylated Akt [61]. Moreover, benzo(a)pyrene (BaP), a known
mammary carcinogen in rodents, increased cell proliferation in human mammary epithelial
cells MCF-10A through H2O2 generation and activation of epidermal growth factor receptor
(EGFR), Akt, and ERK phosphorylation, which was strongly inhibited by NAC treatment
[62].

4. Reactive oxygen species contribute in tumor progression

Intracellular redox status aids tumor progression by modulating the processes of metastasis,
angiogenesis, survival of cells under hypoxic conditions, and maintenance of cancer stem cell
(CSC) subpopulation [63]. Decreased cell adhesion to extracellular matrix, anchorage-
independent survival, and invasion of tumor cells are well documented to be influenced by
ROS [64]. Perturbation of mitochondrial respiratory chain in breast cancer cells leads to
generation of a cellular subpopulation with increased levels of ROS, which are highly meta-
static and maintain increased invasive property in vivo [65]. ROS induction was shown to
influence overexpression of chemokine CXCL14 through the activator protein (AP)-1-signaling
pathway and promote cell motility through elevation of cytosolic Ca2+ by binding to the inositol
1,4,5 triphosphate receptor on the endoplasmic reticulum [65]. DNA methylation and histone
modification leading to epigenetic silencing of superoxide dismutase (SOD)-2 alter the
expression of antioxidant enzyme MnSOD, which promotes invasion of breast cancers [66].
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Moreover, a decreased MnSOD level was also associated with increased pancreatic tumor
invasion [67]. Degradation of the extracellular matrix (ECM) and activated matrix metallo-
proteinases (MMPs) are a prerequisite of cancer cell migration and invasion. Binding of several
integrins to the ECM results in increased expression of several MMP proteins. Since integrins
signal by a vast array of kinases, phosphatases, GTPases, and transcription factors, it is likely
that an elevated level of ROS has an effect on integrin-mediated signaling. Several studies
reported the inactivation of critical phosphatases such as protein tyrosine phosphatase (PTP)-
PEST (PTPN12), SHP-2 (Src homology 2 [SH2] domain-containing non-transmembrane PTP),
and low molecular weight protein tyrosine phosphatases (LMW-PTPs) by oxidation [68].
Catalase, a H2O2 scavenger, binds SHP-2 and growth factor receptor-bound protein-2 (Grb2)
adapter protein upon integrin ligand binding and therefore protects them against H2O2-
mediated oxidation [69]. In non-transformed intestinal epithelial cells, elevated ROS increased
the expression of α2β1-integrin, which subsequently increased the levels of cyclooxygenase-2
(COX-2) and promoted cell migration [64]. These results also suggest a mechanism where ROS-
induced modulation of ECM promotes cancer formation in intestinal epithelial cells. ROSs
have also been implicated in promoting tumor progression by modulating the processes
involved in epithelial mesenchymal transition (EMT). Several transcription factors, which
promote metastasis such as AP-1, Ets, Smad, and Snail, are regulated by ROS, inducing an
effect on upstream target molecules involved in activation of these transcription factors such
as protein kinase (PK) C and PTPs [70].

Figure 4. Molecular mechanisms of hypoxia affected by natural compounds. Scheme was drawn with ScienceSlides
Suite 2105 (Visiscience).
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In a given tumor mass, cancer cells often are exposed to an environment with reduced
levels of tissue oxygen, a condition known as hypoxia. Prolonged limitation in oxygen
supply can result in cell death. Therefore, cancer cells often undergo genetic and adaptive
changes that contribute to a malignant phenotype and adopt characteristics of an aggres-
sive tumor. Cancer cells mimic a phenomenon known as the “Warburg effect” that is to
switch to anaerobic glycolysis when adequate oxygen supply is absent [71]. ROSs have
been implicated to facilitate the tumor survival under hypoxic conditions by modulating
different transcription factors involved. Hypoxia inducible transcription factor (HIF)-1 is
most widely studied for its role in tumor promotion under hypoxic conditions. HIF-1 is a
heterodimer that consists of hypoxic response factor HIF-1α and constitutively expressed
aryl hydrocarbon receptor nuclear translocator (ARNT) also known as HIF-1β [72]. Under
reduced oxygen levels, HIF-1 binds to hypoxia response elements, thereby activating hy-
poxia response genes such as the pro-angiogenic vascular endothelial growth factor
(VEGF) [73]. Moreover, HIF-1 has been shown to regulate expression of all enzymes of the
glycolysis pathway as well as glucose transporters GLUT1 and GLUT3 [74]. In human
breast carcinoma, increased MnSOD activity is reported to inhibit HIF-1α along with sup-
pression VEGF protein that impaired tumor metastasis [75]. Suppression of endogenous
ROS by NADPH oxidase inhibitor DPI and mitochondrial electron chain inhibitor rote-
none decreased HIF-1 induction and VEGF expression in ovarian and prostate cancer cells
[75]. Moreover, growth factor such as epidermal growth factor (EGF)-induced ROS pro-
duction may lead to activation of AKT/p70S6K1 pathway resulting in increased expression
of VEGF stimulating tumor angiogenesis [60] (Figure 4).

In any given tumor, subpopulations of cells have the ability to self-renew and drive tu-
morigenesis. This population of cells is termed as cancer stem cells (CSCs), which are iso-
lated from most cancers such as hematopoietic, breast, lung, colon, etc. CSCs are
characterized by the expression of specific stem cell markers and are of clinical relevance
as they are highly drug resistant and mostly initiate recurrence after chemo- or radiother-
apy [76]. Studies have shown that normal hematopoietic and epithelial stem cells main-
tained a lower level of ROS than mature progeny to prevent cellular differentiation and
maintain long-term cellular self-renewable. Similarly, CSCs unlike cancer cells have re-
duced level of ROS. Moreover, compared to tumor cell counterparts, CSCs showed in-
creased expression of enzymes, which are associated with ROS scavenging [76].
Particularly, glutathione synthetase that is involved in glutathione synthesis is upregulat-
ed along with Forkhead transcription factor (FOXO)-1 to confer resistance to oxidative
stress in hematopoietic stem cells [77]. Also, activation of antioxidant response that is fre-
quently reported in CSCs prevents DNA damage in these cells exposed to ionizing radia-
tions, thereby protecting CSCs against irradiation-induced cell death [78]. Based on these
findings, it is widely accepted that cancer recurrence in response to withdrawal of con-
ventional therapies is majorly dependent on existence of a resistant CSC subpopulation
within the patients. Therefore, further identification of key molecular drivers that regulate
the redox balance in CSCs might provide a possibility to eliminate these cells, which may
contribute in overcoming the limitations of cancer relapse in future.
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5. Cell death pathways activated by reactive oxygen species

As mentioned above, cancer cells in particular generate increased ROS levels; now severe
accumulation of cellular ROS in response to chemotherapy may induce cell cycle arrest,
senescence, or lethal toxicity inducing apoptosis [79]. Electrons leaking from the respiratory
complexes in mitochondria are a major source for ROS production [80]. For instance, As2O3

which impair the function of respiratory chain increases the production of superoxide ions
[65]. Alternatively, drugs, which act as redox cyclers such as anthracyclines daunorubicin and
doxorubicin, react with cytochrome p450 reductase and NAD(P)H dehydrogenase [quinone]
1(NQO1) in the presence of reduced NADPH to generate superoxide in the presence of
oxygen [81].

Apoptosis is linked to an increase in mitochondrial oxidative stress that causes a series of
hallmark events such as release of cytochrome c followed by caspases activation ultimately
leading to cell death. Sodium salicylate and non-steroidal anti-inflammatory drugs were
reported to induce apoptosis in cancers such as colon, breast prostate, and leukemia through
ROS production and activation of intrinsic cell death pathway measured by cleavage of
caspase-9 and caspase-3 [82]. However, apoptosis was subsequently that a Rac1-NADPH
oxidase-dependent pathway is activated in response to treatments that produce ROS and
triggers apoptosis [82]. Mitochondrial release of H2O2 has been associated with activation of
different stress kinases such as c-Jun N-terminal kinase (JNK) and p38. In response to ROS
production, JNK mediates phosphorylation and downregulation of anti-apoptotic proteins B-
cell lymphoma (Bcl)-2 and Bcl-extra large (xL) [79]. Moreover, several studies reported that
both Bcl-2 and Bcl-xL antagonize ROS generation and protect cells against apoptosis [44, 83].
p38 MAPKs are also implicated in apoptosis induction in response to increased ROS produc-
tion [84]. p38 is activated through apoptosis signal regulating kinase (Ask)-1. Activity of Ask-1
is dependent on a redox-regulated protein thioredoxin that in its reduced form binds to and
conserves Ask-1 in an inactivated form. Increased ROS production uncouples thioredoxin from
Ask-1 leading to its activation and phosphorylation of p38 required for TNFα-mediated
apoptosis [84]. Studies conducted on L929 fibrosarcoma cells revealed that mitochondrial ROS
play a key role in inducing TNFα cytotoxicity presumably by ROS-mediated caspase activation
and cell death [85]. Moreover, TNF receptor associated factor 4 (TNFR4), a component of the
TNF signaling chain, binds to NADPH and activates JNK suggesting different mechanisms by
which death receptors induce ROS activation in cells [86]. Additionally, different studies have
reported the significance of ROS-mediated signaling pathway regulated by protein kinase D1.
PDK1 is activated by direct binding to Src and by phosphorylation, which promotes prolifer-
ation [35]. Inhibition of this pathway sensitizes cancer cells to ROS. Furthermore, beyond the
conventional therapy to induce cytotoxicity to cancer cells and overcome the limitations
associated with therapy resistance and risk of developing metastatic phenotype, recent
advancement is made to explore the phenomenon of senescence, which inhibits the prolifer-
ation of cancer cells and restricts them in a dormant phase [87]. Senescence in cancer cells is
mainly characterized by increased activity of β-galactosidase along with modulation of several
cell cycle regulators such as cyclin-dependent kinases (CDKs), p16, and p27 [87]. Different
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polyphenolic compounds extracted from artichokes (Cynara cardunculus) or ginseng (Panax
ginseng) were described to trigger ROS-dependent senescence.

6. Pathological alterations triggered by free radicals

Intracellular ROS generation may lead to damage of cellular macromolecules such as DNA,
proteins, and lipid bilayer. Studies have indicated that H2O2 is not very reactive towards DNA;
however, the damage to DNA is mainly caused by hydroxyl ions that are generated by the
Fenton reaction where transition metals such as iron or copper donate or accept free electrons
during intracellular reactions [88]. H2O2 acts as a catalyst in the reaction in the formation of
free radicals. The generated hydroxyl ions are highly diffusible and lead to DNA damage like
oxidation, single-, and double-strand breakage. Under normal physiological conditions, such
DNA defects are repaired by base excision repair (BER) or nucleotide excision repair (NER).
Cells unable to repair the DNA lesions undergo apoptosis to ensure that the mutations are not
passed on during cell division. However, failure in either process of DNA repair or apoptosis
may harbor the possibility of formation of cancerous growth.

Figure 5. Molecular mechanisms of ROS-induced macromolecule damage. Scheme was drawn with ScienceSlides Suite
2105 (Visiscience).

ROS-mediated damage of proteins is mainly associated with modifications in specific amino
acid residues leading to altered function [89]. Beside, some ROS-mediated modifications of
protein also includes increased protein carbonylation, nitration of tyrosine and phenylalanine
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residues or formation of cross-linked and glycated proteins [89]. The oxidized amino acid
residues in proteins may influence their activity in a signal transduction pathway. For instance,
oxidation of phosphatases within the catalytic sites impairs their enzymatic activity [90].

Moreover, ROSs react with polyunsaturated or polyunsaturated fatty acids to trigger lipid
peroxidation that has also been used as a tumor biomarker in clinical studies [91]. For instance,
in colorectal cancer patients, the presence of thiobarbituric acid reactivates has been linked to
high levels of lipid peroxidation [63] (Figure 5).

7. Natural compounds as pharmacological antioxidants

It has been reported in several studies that dietary phytochemicals can interfere with every
stage of cancer development. Therefore, antioxidant functions of phytonutrients have been
investigated thoroughly for their role in pathophysiology associated with cancer. Dietary
antioxidant compounds with significant anticancer activity mainly include anthocyanidins
(and their glycosides termed anthocyanins) from berries [92], catechins from green tea,
curcumin from turmeric, genistein from soy, resveratrol from grapes and red wine, all-trans
lycopene from tomatoes [93], indole-3-carbinol from broccoli, sulforaphane from asparagus,
quercetin from red onions and apples. Beside this, carotenoids, flavonoids, and isothiocyanates
have also exhibited strong antioxidant properties.

Figure 6. Pharmacological antioxidants of plant origins. Molecular structures were drawn with ChemDraw13 (Perkin
Elmer).

Epigallocatechin gallate (EGCG) is the most abundant catechin found in green tea and
curcumin-induced anticancer activity promoting cell cycle arrest, polyamine synthesis, and
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affecting transglutaminase (TG) activity along with regulation of signaling pathways mediated
by NF-κB, AP-1, and MAPKs [94]. In a recent study, EGCG was shown to inhibit cell prolifer-
ation of cervical carcinoma Hela cells by promoting depolymerization of cellular microtubule
and disrupting tubulin-microtubule equilibrium. Spectroscopic analysis revealed that EGCG
bound to the α-subunit of tubulin at the interphase of α- and β-heterodimers preventing
colchicine binding to the colchicine-binding site [95]. Also, in osteosarcoma cells, EGCG
treatment induced cell cycle arrest, promoted apoptosis, and inhibited growth of transplant-
ed tumors in vivo by regulating miR1/c-MET interaction [96] (Figures 6 and 7).

Figure 7. Molecular mechanisms involved in ROS-triggered survival. Scheme was drawn with ScienceSlides Suite 2105
(Visiscience).

Eugenol (4-allyl-2 methoxyphenol) is a naturally occurring phenolic compound that exhibits
antioxidant properties. The antioxidant activity of eugenol was evaluated by the extent of
protection offered against free radical-mediated lipid peroxidation using both in vitro and in
vivo studies [97]. The chemopreventive and anticancer role of eugenol was evaluated on N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG)-induced gastric cancer in Wistar rats by
analyzing the markers of apoptosis, invasion, and angiogenesis. Rats exposed to MNNG
developed gastric cancer with upregulation of pro-invasive and angiogenic factors. Eugenol
inhibited cell proliferation by suppression of NF-κB signaling. Apoptosis in these cells
following eugenol treatment was mitochondrial pathway mediated that decreased the
expression of Bcl-2, following release of cytochrome c and caspases activation. Anti-angiogenic
and inhibition of invasion was evidenced by decreased expression of VEGF, its receptor
VEGFR1 changes in the activities of MMPs and the expression levels of MMP-2 and MMP-9,
VEGF, VEGFR1, tissue inhibitor of metalloproteinases (TIMP)-2 and reversion-inducing
cysteine-rich protein with kazal motifs (RECK), a metastasis inhibitor [97].

Several studies aim toward proving the anticancer properties of flavonoids on an array of
cancer cell types. Hirano and co-workers tested the anticancer activity of 28 flavonoids on
human acute myeloid leukemia (AML) cell line HL-60. Eight of these flavonoids showed strong
inhibition of cell proliferation with IC50 values in a nanomolar range [98]. In contingent to this
finding, Kuntz et al. showed strong inhibition of proliferation induced by flavonoids on two
colon cancer cell models with Caco-2 displaying features of small intestinal epithelial cells and
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colon cancer cell models with Caco-2 displaying features of small intestinal epithelial cells and
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HT-29, resembling colonic cryptic cells [99]. Moreover, in vivo studies on mice strongly
inhibited the growth and metastatic potential of melanoma cells B16-BL6 in response to
flavonoid treatment [100].

Epigenetic modifications resulting in heritable changes into gene expression without changing
the DNA sequence have been marked as key player in promoting cancer [101]. The most
common types of epigenetic modifications that may contribute to tumor promotion are DNA
methylation and histone acetylation or methylation. Antioxidant compounds mainly isofla-
vones, flavonols, and catechins have shown to modulate epigenetic features, thereby showing
antitumor activity [102–104]. EGCG was shown to affect DNA methyltransferase by inhibiting
DNMT and reactivating tumor suppressor genes RARα, p16, and O6-methylguanine methyl-
transferase in esophageal cancer KYSE 510 cells [105]. Treatment with caffeic acid (3,4-
dihydroxycinnamic acid) or chlorogenic acid [106] of hormone-dependent MCF-7 and
hormone-independent MDA-MB-231 breast cancer cell lines partially inhibited the methyla-
tion of promoter region of the RARβ gene, thereby restoring its function [107]. Furthermore,
studies also indicated that dietary antioxidants such as genistein, quercetin, parthenolide, and
lycopene may affect DNA methylation status of different genes associated with cancer [108–
111].

In addition to this, synergistic or additive effects of phytochemicals could be achieved when
administered along with conventional chemotherapy or radiation therapy. This could be
explained due to the fact that phytochemicals, which target different biochemical pathways,
may enhance the efficacy of conventional therapies. Moreover, different studies have reported
the synergistic cytotoxicity on different cancers when phytochemicals are administered
together. Apple extracts and quercetin 3-β-D-glucoside combination showed synergistic
antiproliferative effect on MCF-7 breast cancer cells [112]. Genistein a major phytoestrogen
which has higher affinity for ERβ compared to ERα showed synergistic cytotoxicity in
combination with indole-3-carbinol in HT-29 cells by simultaneously inhibiting Akt phos-
phorylation and progression of autophagic process [113]. Combination of δ-tocopherol and
resveratrol showed strong inhibition of HMC-1 mastocytoma cell proliferation. The two
compounds together strongly inhibited Ser473-phosphorylation of Akt, thereby reducing its
activity compared to individual treatment [114]. Gagliano et al. suggested that the use of
quercetin in combination with other antioxidants such as resveratrol or sulforaphane might
be a novel approach for the treatment of human glioma, which has poor clinical prognosis in
both adults and children [115].

Additionally, pharmacological implications of polyphenols have also been explored with
respect to inhibition of cancer stem cells and self-renewal. It has been demonstrated that
polyphenols can efficiently target pathways such as Wnt/β-catenin, Hedgehog, and Notch,
which are critical for cancer stem, cells self-renewal [116]. Sulforaphane has been demonstrated
to target cancer stem cells by modulating the pathways such as NF-κB, Hedgehog, and Wnt/
β-catenin in different cancers such as breast, pancreas, and prostrate and has been proposed
as an adjuvant of chemotherapy in different pre-clinical studies [117, 118]. As discussed earlier,
cancer stem cells are characterized by a glycolytic metabolism with lower mitochondrial
respiration compared to the tumor cells. Therefore, a proposed strategy to counteract CSCs
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population is to impair their metabolism by inhibiting glycolysis or by forcing CSCs into
mitochondrial metabolism and oxidative phosphorylation. To this purpose, polyphenols have
been implicated to regulate the cancer metabolism. For instance, EGCG in human breast cancer
have been shown to target the 5’ adenosine monophosphate-activated protein kinase (AMPK)
pathway, which is involved in maintaining cellular energy status, cell cycle, and protein
synthesis [119] (Figures 8 and 9).

Figure 8. Pharmacological antioxidants of plant origins. Molecular structures were drawn with ChemDraw13 (Perkin
Elmer).

Figure 9. Molecular mechanisms involved in Wnt signaling. Scheme was drawn with ScienceSlides Suite 2105 (Visis-
cience).
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8. Natural compounds as pharmacological pro-oxidants

As discussed earlier, cancer cells produce high levels of ROS that allow these cells to maintain
a state of increased basal oxidative stress. The increased state of oxidative stress promotes
survival but on the other hand makes the cancer cells vulnerable to further increase in ROS
levels over a cancer-specific threshold. Accordingly, pro-oxidant agents and increased
oxidative stress levels could then selectively target cancer cells. Different compounds of natural
origins modulate the intracellular ROS levels and induce both chemopreventive and anticancer
effect in different cancer types.

Polyphenolic extracts from artichokes (Cynara cardunculus) at high doses induce apoptosis and
decrease the invasive potential of human metastatic breast cancer. Apoptosis was regulated in
a caspase-independent manner. Additionally, sublethal concentrations of artichoke increased
ROS and induced significant increase in senescence-associated β-galactosidase along with
upregulation of tumor suppressor genes p16INK4 and p21Cip1//Waf1. Altogether, NAC attenuated
the antiproliferative effect induced by artichoke extracts, which suggests that induction of
premature senescence and apoptosis is regulated in a ROS-dependent manner [120].

20(S)-ginsenoside Rg3 [20(S)-Rg3], a chemical compound extracted from Panax ginseng,
induced senescence in glioma cells at sublethal concentrations, which was abrogated by NAC
treatment suggesting involvement of ROS. Moreover, depletion of Akt and inactivation of the
p53/p21 pathway attenuated the compound-induced senescence. These results suggest that
ROS is playing a role in activation of Akt and p53/p21, which leads to growth arrest in human
glioma cancer [121].

Figure 10. Molecular scaffolds involved ROS generation. Molecular structures were drawn with ChemDraw13 (Perkin
Elmer).
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Bisdemethoxycurcumin, a curcuminoid from turmeric, demonstrated potential chemothera-
peutic activities by inhibiting proliferation and decreasing the cell viability of hormone-
dependent breast cancer. Bisdemethoxycurcumin treatment leads to increased ROS
production, which disrupted mitochondrial membrane potential assessed using mitochondri-
al potential sensor JC-1. Moreover, the compound induced increased expression of pro-
apoptotic protein p53 and its downstream effector p21 along with cell cycle regulator p16 and
its downstream regulator retinoblastoma protein (pRb). The results overall suggested bisde-
methoxycurcumin-induced ROS accumulation, which leads to inhibition of hormone-
dependent breast cancer [122].

We have previously reported that garlic-derived organosulfur compounds including diallyl-
tetrasulfide induce growth arrest and apoptosis in colon cancer cells by disrupting the redox
status in the cells. Drug-induced cell cycle arrest in G2/M phase followed by apoptosis was
further associated with decreased Cdc25c expression, one of the key enzymes responsible for
G2/M transition [32]. Moreover, we have also shown that plumbagin, a plant naphtoquinone,
reduces cell viability and induces apoptosis in a series of hematopoietic cancer cell lines
including HL-60, Jurkat, K562, Raji, and U937 with a most pronounced effect on AML U937
cells by 10-fold increase in ROS production. This was followed by decreased expression of anti-
apoptotic proteins Mcl-1 and Bcl-2 along with activation of caspases-8, caspases-9, caspases-7,
and caspases-3 [123]. Recently, we have also demonstrated ROS induction in neuroblastic and
stromal neuroblastoma cells by hemisynthetic cardenolide UNBS1450. ROS induction was
followed by autophagic response eventually leading to apoptosis or necroptosis. Time-
dependent increase in ROS affected lysosomal integrity of the cells inducing lysosome-
associated membrane protein (LAMP)-2 degradation leading to cathepsin B and L activation
[124] (Figure 10).

9. Conclusion

Natural compounds or their derivatives comprise of more than 50% of cancer chemothera-
peutic agents available in the clinics. Information encoded by the human genome project would
definitely lead to identification of several gene products, which could potentially be targeted
by novel anticancer drugs. Due to various advantages associated with the use of natural
compounds such as high availability and reduced toxicity, it is likely that the natural products
templates combined with chemistry will allow the generation of novel analogues with
enhanced pharmacological benefits to enter clinics.

Malignant cells, which often exhibit increased ROS generation that is associated with tumor
proliferation and drug resistance, highlight the crucial role of ROS stress in cancer. Therefore,
targeting the redox-modulated biochemical properties of cancer cell may allow to develop a
feasible therapeutic approach to overcome challenges associated with cancer treatment.
Furthermore, not critically explored unique redox biology of cancer stem cells suggests the use
of redox modulating strategies to eradicate these cells.
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Abstract

Alzheimer's disease is characterized by the pathognomonic presence of intracellular
neurofibrillary tangles containing hyperphosphorylated tau protein and extracellular
senile plaques primarily formed by β‐amyloid. Both the neurofibrillary tangles and the
plaques formed by β‐amyloid 1‐42 are the final result of a chain of events that progressed
along with the disease for a long time. Oxidative stress plays a fundamental role among
those events as proven by the experiments carried out using animal models. This can
be demonstrated since there are studies indicating that, although the formation of β‐
amyloid is inhibited through different mechanisms (using drugs or specific antibodies),
cognitive deficit is not prevented. In this chapter, we will focus on reviewing the role
the chronic state of oxidative stress plays in the development of Alzheimer's disease and
how the loss of redox balance induces a vicious cycle that may change normal signaling.
As a consequence, there are alterations in multiple metabolic pathways that end up in
the formation of hyperphosphorylated tau and insoluble β‐amyloid, leading to the
advance of a progressive neurodegeneration process. This is characterized by neuronal
dead, astrocytic changes, microglia activation, and the loss of brain repair.

Keywords: oxidative stress, Alzheimer's disease, β‐amyloid 1‐42, ozone, neurodegen‐
eration
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1. Introduction

Despite a great deal of studies and the efforts of researchers in the field, the physiopathology
of Alzheimer's disease (AD) is not yet clear. There is neither an accurate early diagnosis nor
an effective treatment that allows the patients to have better life expectancies [1]. Perhaps one
of the most important problems to solve is understand that when the diagnosis is made, the
symptoms and the signs of Alzheimer's disease are the result of a long chain of events that
took place during an extended period of time and that such symptoms and signs change with
time [2].

One can assume that intracellular signaling and metabolic changes found during the early
stages of the disease are not the same as the ones found at more advanced stages. For this
reason, recent postmortem studies fail to completely clarify the physiopathology of this
disease.

2. Changes at cellular level caused by chronic oxidative stress

Acute oxidative stress is reversible and it is present in a number of physiological and patho‐
logical mechanisms that are reversible as well. These mechanisms play a defensive role in the
organism during respiratory burst [3]. However, the chronic oxidative stress state is an
epiphenomenon that affects the organism and the brain tissue at different levels. It is involved
in the maintenance and advance of the chronic degenerative disease that is usually irreversible
[4].

2.1. Cell signaling, redox balance, and oxidative stress state

It has been widely demonstrated that in redox balance, the rise in reactive species induces an
increase in the production of antioxidant enzymes. In turn, the enzymes rapidly compensate
the free radicals, allowing the system to return to redox balance [5]. During this state, free
radicals also play a central role signaling the different intracellular cascades related to cell cycle
and antioxidant response. The latter is associated to repair mechanisms and cell survival,
regulation of inflammatory response, signaling of intracellular metabolic pathways, mainte‐
nance of energetic metabolism, and the efficient system of protein degradation by the
proteasome [6].

In the brain, insulin signaling over its receptors is crucial to survival maintenance of neural
metabolism. Similarly, the correct functioning of phosphorylation and dephosphorylation
pathways that takes place during redox balance promotes an efficient functioning of the
signaling pathways [7]. We must also include low‐density lipoprotein (LDL) receptors,
cholesterol, and receptors for advanced glycation end products [8–10].

Nevertheless, the loss of redox balance causes disturbances in the pathways mentioned above
changing the signaling and the normal metabolism needed to maintain cell function.
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2.2. Reactive oxygen species and antioxidant defenses

It has been reported that the excess of free radicals formed during normal metabolism is able
to produce oxidation in proteins, DNA, and RNA. It also causes lipid peroxidation and sugar
modification, thus inducing changes that lead to catastrophic neuronal death in the hippo‐
campus, including neocortex regions [11]. Furthermore, free radicals are chemical species that
have one or more unpaired electrons, which can act as acceptors of other electrons belonging
to other molecules. As a result, they produce oxidation and cause a chain of molecular damage
[12]. Free radicals come from sources that are endogenous (the own metabolism of the cell,
mainly carried out during the respiratory chain in the internal membrane of the mitochondria)
and exogenous (environmental pollution, tobacco, smoke, drugs, xenobiotics, or radiation)
[13]. Despite the deleterious effects of oxidative stress, aerobic organisms have developed a
wide variety of mechanisms to maintain genomic stability. These mechanisms include
endogenous and exogenous antioxidants that can be divided into enzymatic and nonenzy‐
matic antioxidants [14].

The enzymatic antioxidants are genetically codificated, for example, superoxide dismutase
(SOD) cupper/zinc, manganese, glutathion peroxidase, glutathion reductase, and catalase [15].
The nonenzymatic antioxidants such as thioredoxin, vitamin C, vitamin A, and vitamin E have
a strong role as scavengers [16].

2.3. Loss of redox balance and oxidative stress state

The free radicals are metabolized in the biological systems leading to the formation of reactive
species that, depending on the radical (oxygen, nitrogen, iron, copper, etc.), receive their
denomination. For example, the metabolism of the superoxide radical generates the reactive
oxygen species (ROS), whereas the metabolism of the nitric oxide radical generates reactive
nitrogen species (RNS) [17].

The increase of ROS together with the deficit of antioxidant systems causes a chronic oxidative
stress state. It is interesting to point out that an acute increase of the ROS causes a stimulation
of the antioxidant systems depending on the antioxidant capability of the organism; this is the
basis of ozone therapy [18]. However, the production or the exposure chronic, whether by
environmental pollutants or metabolic disorders, to low or moderate ROS concentrations in
the organism induces a chronic oxidative stress state. Such state is found in several chronic
degenerative diseases among which neurodegenerative diseases as Parkinson's and Alzheim‐
er's are included [19].

The chronic oxidative stress state is an epiphenomenon that affects cell functions at different
levels. They go from changes in signaling of the cell cycle [20], response to endogenous
antioxidant systems [21], loss of repair and cell function mechanisms [22], and regulation of
the dynamic of the cytoskeleton [23]. They also include protein misfolding and oxidation [24],
alterations in function and signaling of the endoplasmic reticulum (ER) during protein
synthesis and chaperone signaling [25], alteration and loss of cell receptor functionality [26,
27], and mitochondrial damage leading to a deficit of energy [28]. In addition, there is loss of
the regulation and selectivity of the cell membrane [29], stimulation of phosphorylation
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pathways and inhibition of dephosphorylation pathways, which alter intracellular signaling
[30, 31], and finally, the loss of regulation of inflammatory response [32], as is shown in Figure 1.

Figure 1. Effect of chronic oxidative stress on intracellular changes present during the development of Alzheimer's dis‐
ease.

2.4. Cell cycle and oxidative stress

The presence of an oxidative stress state has been associated with an aberrant reentry into the
cell cycle, a phenomenon associated with the death of terminally differentiated neurons. This
mechanism has been observed in samples from Alzheimer's disease and Down syndrome
patients [33, 34]. It has been proven that the increase in the cyclin D2 levels due to the loss of
FoxO 1a downregulation on this cyclin may take part of the aberrant reentry into cell cycle. In
consequence, the mature neurons do not divide activating cell death mechanisms by apoptosis
where caspase‐3 might play an important role [35].

2.5. Antioxidant enzyme regulation in an oxidative stress state

The increase of free radicals acts upon a series of pathways that lead to transcription of
antioxidant enzymes. Transcription factors within these pathways allow the activation of
antioxidant response elements (AREs) in the nucleus [36]. The AREs cause the raise in
messenger RNA transcription for the increase in antioxidant enzyme synthesis. For instance,
FoxO 3a activation stimulates the signaling pathway for the increase in the synthesis of
superoxide dismutase enzymes, particularly the manganese superoxide dismutase, MnSOD
[35]. The signaling pathway regulated by the transcription factor Nrf2 is also activated by the
presence of ROS. Under oxidative stress conditions, Nrf2 transactivates the synthesis of
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hundreds of antioxidant genes such as HMOX‐1, NQO‐1, GCS, and GSTM1, among others [37].
In humans, the insufficient activation of this transcription factor has been related to chronic
diseases as Parkinson's, Alzheimer's, and amyotrophic lateral sclerosis [38]. In brains of
Alzheimer's patients, studies have also proven a reduction in the Nrf2 protein levels in
hippocampus astrocytes. This is one of the key areas where ROS causes neurodegeneration in
this disease [39]. In addition, some target genes of this transcription factor have been found to
be reduced in the frontal cortex, as is the case of the protein p62 [40].

2.6. Regulation of the dynamic of the cytoskeleton and the effect of chronic oxidative stress

The neuronal cytoskeleton consists of microtubules, actin filaments, and neurofilaments
(intermediate filaments). All these components are regulated through the changes in the levels
of expression of the genes that code, posttranslational changes, and the set of proteins with
which they interact. Oxidative stress affects the regulation mechanisms of the neuronal
cytoskeleton when acting over its components. Because all the components are interconnected
and regulate each other, the damage caused by oxidative stress affects the whole cytoskeleton
network [41]. The microtubules are particularly susceptible to oxidative stress that causes its
depolymerization [42]. Furthermore, oxidative stress affects the tubulin through aberrant
posttranslational modifications [43]. For their part, actin filaments are less susceptible to the
negative effects of oxidative stress because they use ROS for their reorganization [44]. Finally,
neurofilaments are phosphorylated in the presence of reactive species, which causes the
formation of protein aggregates as the ones found in neurodegenerative diseases like Alz‐
heimer's [45].

2.7. Misfolding and protein oxidation by chronic oxidative stress

Oxidation can affect protein structure because the endoplasmic reticulum responds to
oxidative stress by affecting chaperons and producing protein misfolding altering their spatial
structure. This causes negative effects on the functionality of the proteins and makes them
susceptible to aggregation, inducing to cell toxicity [46].

The disassembly in the ubiquitin‐proteasome proteins is a protection mechanism to avoid
the damages caused by oxidative stress [47]. A number of studies have reported that from
the 26S proteasome complex, the 20S subunit is more resistant to the damage caused by
ROS compared to the 19S subunit. It may bind and degrade misfolded oxidized proteins
without the need of ubiquitination and ATP expenditure [48]. However, during a chronic
oxidative stress state, proteasomal proteins are also modified by oxidation, thus altering
their function and causing intracellular and extracellular protein accumulation [49].

2.8. Alterations in endoplasmic reticulum function and signaling by chronic oxidative stress

The endoplasmic reticulum is the organelle that within their functions include the calcium
(Ca2+) storage and protein folding with the participation of different enzymes and chaper‐
ones [50]. The redox state inside the ER lumen is highly oxidant and the changes caused by
the presence of ROS affect the correct protein folding. It contributes to the breaking of the
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disulphide bonds by the binding of reactive species to thiol groups [51]. Misfolded proteins
that are formed in the ER cause Ca2+ release in the cytoplasmic space. When the mitochon‐
dria capture excessive amounts of calcium, it loses the regulation of its membrane, creating
a mitochondrial transition pore. This results in ATP deficit and ROS increase which induce,
in turn, ER Ca2+ release; thus, a vicious cycle in the intracellular regulation of Ca2+ levels is
created [52]. Studies performed with cerebral samples from Alzheimer's patients have dem‐
onstrated that the redox modifications caused by oxidative stress inhibit the function of
chaperones and the correct folding proteins, causing protein misfolding and ER stress [53].
In Alzheimer's pathology, β‐protein has been reported to induce stress in the ER and change
the morphology of the ER and also of the mitochondria. This results in the loss of the mito‐
chondrial membrane potential and the consequent production of ROS [54].

2.9. Mitochondrial damage by oxidative stress

The mitochondria play a number of cell functions, such as ATP synthesis, calcium homeostasis,
and processes of cell survival and death. Additionally, this organelle is the main source of
endogenous ROS; therefore, it is constantly exposed to oxidative stress [55]. Several metabolic
and mitochondrial abnormalities have been found in hippocampal neurons of patients with
Alzheimer's. Mitochondria of AD patients show a reduction in size, DNA alterations, and
mitochondrial proteins in vacuoles, suggesting mitochondrial degradation by autophagy [56].
Studies have also observed deficiencies in the production of antioxidant enzymes that play a
protective role protecting the mitochondria from the damage caused by ROS; for example,
there are the cytochrome oxidase complex IV, MnSOD, and uncoupling proteins [57].

2.10. Loss of regulation of inflammatory response

The immune defense of the central nervous system (CNS) is composed of a number of small
cells known as microglia, astrocytes, and an effective blood‐brain barrier [58]. The presence of
an oxidative stress state causes the activation of the microglia and the astrocytes. As a result,
inflammatory and neurotoxic factors are released increasing the levels of oxidative stress and
causing a chronic neuroinflammatory response. Depending on its duration, the response may
cause damage in the brain tissue [59]. Neurodegenerative diseases are characterized by a
chronic dysregulation of the inflammatory response that involves glial alteration. This
produces alterations in the neuronal metabolism, neuronal survival, and repair that progress
to neuronal death and memory disturbances [4].

2.11. Oxidative stress state and dendritic spines

The chronic oxidative stress state causes alterations in dendritic spines. These alterations
consist of a reduction in the size of the spines as well as a decrease in their number. This
phenomenon is present in neurodegenerative diseases and in chronic diseases as alcoholism
[60, 61]. An explanation of this histologic alteration found in the hippocampus of the patients
is the loss of the existing regulation in calcium metabolism during oxidative stress state. There
is an increase of extracellular Ca2+ entry, which tries to be regulated by the cells; they send
Ca2+ to the ER or the mitochondria to avoid the alteration Ca2+‐dependent cell functions [62].
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In addition, some studies have proposed a neuronal defense mechanism in which the cell tries
to decrease the membrane surface exposed to free radicals, with the final purpose to try to
control the balance in the intraneuronal medium [63]. All these changes affect the number of
synapses and the metabolic interaction between astrocytes and neurons.

2.12. Oxidative stress state and neuron‐glia interaction

The signaling and metabolic changes that occur in the presence of oxidative stress affect the
interaction between neurons and astrocytes, and cause the activation of the microglia, inducing
and maintaining the loss of regulation of the inflammatory response [64]. Among these
alterations, we find the loss of regulation in neurotransmitter metabolism as glutamate,
dopamine, as well as alterations in the metabolism of antioxidant systems like glutathione [65,
66]. On the other hand, the changes in the expression of inducible nitric oxide synthase and in
the extracellular Ca2+ levels cause the release of proinflammatory cytokines as interleukin (IL)‐
1, IL‐3, IL‐6, interferon (IFN)‐α, IFN‐β, and tumor necrosis factor (TNF)‐α by the astrocytes
(Figure 2). This promotes the maintenance of the inflammatory response and the stimulation
of the glia, creating a vicious cycle consisting of oxidative stress, cytokine release, inflammatory
response, and increase of oxidative stress [67].

Figure 2. Microphotography that shows the chronic effect of oxidative stress in hippocampal astrocytes from rats ex‐
posed to low doses of ozone (40×). There are changes in the astrocytes in the samples from animals exposed to ozone.

2.13. Oxidative stress state and disturbance of the blood‐brain barrier

The blood‐brain barrier finely regulates the entry of substances into the brain. Among its
functions is the capability of changing the affinity of the transporters according to the neces‐
sities of the nervous tissue [68]. This barrier is created by a close relationship between neurons,
astrocytes, and endothelial cells; the microglia is involved as well [69]. The barrier creates a
neurovascular unit that promotes neuronal homeostasis maintenance. Nevertheless, in
neurodegenerative diseases and during inflammatory processes, this barrier is broken down
and loses its selectivity [70]. We have proven that the blood‐brain barrier is broken and there
are changes in the morphology of the end feet of astrocytes in animal models of neurodegen‐
eration caused by oxidative stress in the hippocampus of rats exposed to ozone [71]. Finally,
this break is followed by endothelial cell edema, changes in the processes and in astrocytic

Oxidative Stress, Inflammation, and Formation of Beta‐Amyloid 1‐42 in Brain
http://dx.doi.org/10.5772/64709

87



feet, and an increase of the proinflammatory factors. It promotes the exacerbation of the
neurodegenerative process [72]. Oligomer production of β‐amyloid increases oxidative
damage of the blood‐brain barrier, attracting astrocytes, glia, and activated microglia [73].

3. Oxidative stress and Alzheimer's disease

3.1. APP processing and β‐amyloid formation

The break of the amyloid precursor protein (APP) has two phases: a nonamyloidogenic
pathway and an amyloidogenic pathway. The amino acid 83 is cleaved by the α‐secretase on
the carboxyl‐terminal, producing a long amino N‐terminal ectodomain (sAPPα). The result
of this process is the formation of C83, which is retained by the membrane to be cleaved by
gamma secretase, creating short p3 fragments. The break down by α‐secretase occurs within
the β‐amyloid region, preventing the formation of β‐amyloid [74].

On the other hand, the amyloidogenic pathway is an alternative APP breakdown which leads
to the creation of β‐amyloids. This pathway is created by the β‐secretase cleaving in the amino
acid 99, allowing sAPPβ release in the extracellular space [75]. In consequence, the breakdown
of this fragment between the 38 and 43 residues by the γ‐secretase releases an intact Aβ peptide
[76]. The complete β‐amyloid peptide is 40 residues long (Aβ40) and 10% is a 42‐residue variant
(Aβ42). This variant is more hydrophobic and easily induces the formation of fibrils. It is also
the largest form of this peptides prevailing the β‐amyloid plaques [77].

There is a variety of assembly forms in which the β‐amyloid peptide can be found. This peptide
can carry out different physiological or pathological functions depending on the assembly
pathway [78]. The β‐amyloid can be deposited in specific brain regions forming amyloid
plaques [79, 80].

3.2. Oxidative stress and alteration of the enzymes involved in the processing of APP

Among the different hypotheses explaining the possible causes intervening in the develop‐
ment of the disease, the participation of oxidative stress is nowadays widely accepted. Results
obtained in our laboratory show that oxidative stress in healthy animals is per se capable of
producing hyperphosphorylated tau protein and the formation of isoforms of β‐amyloids 1‐
42 in hippocampal neurons of rats chronically exposes to low doses of ozone [81] (Figure 3).

The formation of senile plaques is due to intracellular and extracellular accumulation of
insoluble β‐amyloids in the brain. The β‐amyloid peptide is generated by APP cleavage where
the enzymes α, β, and γ secretases are involved as previously indicated [82]. Both the enzymes
of the amyloidogenic pathway as the enzymes of the nonamyloidogenic pathway are altered
by a chronic oxidative stress state. Experiments performed in our laboratory demonstrate that
chronic oxidative stress, caused by exposure to low doses of ozone, is capable of inhibiting the
enzymes involved in the nonamyloidogenic pathway. It also increases the enzymes in the
amyloidogenic pathway in the hippocampus of rats which were exposed to this gas for 4 hours
during 60 and 90 days (Figures 4 and 5).
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Figure 3. Micrography that shows the chronic effect of oxidative stress on the formation of β‐amyloid 1‐42 in rat hippo‐
campus exposed to low doses of ozone for 90 days (100×). Note changes in intracellular accumulation of β‐amyloid 1‐
42 in neurons of the dentate gyrus.

Figure 4. Micrography that shows the chronic effect of oxidative stress on the enzymes of the nonamyloidogenic path‐
way (A: ADAM 9; B: ADAM 10) in dentate gyrus of rat hippocampus exposed to low doses of ozone (40×). Note the
decrease in immunoreactivity after 90 days of exposure to ozone compared to the control.
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Figure 5. Micrography that shows the chronic effect of oxidative stress on the amyloidogenic pathway enzymes (A:
presenilin 1; B: presenilin 2) in the dentate gyrus of rat hippocampus exposed to low doses of ozone (40×). Note the
increase in immunoreactivity at 90 days for presenilin 1 and presenilin 2 to 60 days in the brains of animals exposed to
ozone compared to the control.

The β‐amyloid accumulation in specific compartments of the neuron causes an energy deficit
and alterations in protein folding [83, 84]. For its part, the intracellular increase of these
oligomers causes the inhibition of the proteasome activity, lowering the possibility of proc‐
essing misfolded proteins and causing their accumulation buildup within the cell [85].

The β‐amyloid accumulation attracts immune system cells such as astrocytes, activated
microglia, and macrophages, among others. Glial cells maintain the loss of regulation of the
inflammatory response, the inflammation, and the oxidative stress state, creating a vicious
cycle that is maintained in time [86].

When the levels of the intracellular β‐amyloid peptide decrease, the internalization of APP is
induced. The internalization is mediated by the low density lipoprotein receptor‐related
protein 1B (LRP1B), one of the members of the LDL family. This receptor usually binds APP
to the plasmatic membrane to prevent the internalization of the β‐amyloid peptide, reducing
its production [87]. The failure of these mechanisms by the effect of oxidative stress and the
hyperphosphorylation of tau protein induced a disturbance in the formation of microtubules,
producing neurofibrillary tangles [88]. Furthermore, tau protein associates with β‐amyloids
that might be involved in the internalization of the extracellular protein into the neurons. This
produces and externalizes the insoluble isoform of β‐amyloid [89]. During this phase, the
synthesis of soluble β‐amyloid is decreased while the synthesis of misfolded insoluble β‐
amyloids is increased. It forms part of the insoluble β‐amyloid plaques [90].

Finally, our laboratory has developed a noninvasive model of oxidative stress using the
exposure to low doses of ozone to that effect. Using this model, we have proven that oxidative

Free Radicals and Diseases90



Figure 5. Micrography that shows the chronic effect of oxidative stress on the amyloidogenic pathway enzymes (A:
presenilin 1; B: presenilin 2) in the dentate gyrus of rat hippocampus exposed to low doses of ozone (40×). Note the
increase in immunoreactivity at 90 days for presenilin 1 and presenilin 2 to 60 days in the brains of animals exposed to
ozone compared to the control.

The β‐amyloid accumulation in specific compartments of the neuron causes an energy deficit
and alterations in protein folding [83, 84]. For its part, the intracellular increase of these
oligomers causes the inhibition of the proteasome activity, lowering the possibility of proc‐
essing misfolded proteins and causing their accumulation buildup within the cell [85].

The β‐amyloid accumulation attracts immune system cells such as astrocytes, activated
microglia, and macrophages, among others. Glial cells maintain the loss of regulation of the
inflammatory response, the inflammation, and the oxidative stress state, creating a vicious
cycle that is maintained in time [86].

When the levels of the intracellular β‐amyloid peptide decrease, the internalization of APP is
induced. The internalization is mediated by the low density lipoprotein receptor‐related
protein 1B (LRP1B), one of the members of the LDL family. This receptor usually binds APP
to the plasmatic membrane to prevent the internalization of the β‐amyloid peptide, reducing
its production [87]. The failure of these mechanisms by the effect of oxidative stress and the
hyperphosphorylation of tau protein induced a disturbance in the formation of microtubules,
producing neurofibrillary tangles [88]. Furthermore, tau protein associates with β‐amyloids
that might be involved in the internalization of the extracellular protein into the neurons. This
produces and externalizes the insoluble isoform of β‐amyloid [89]. During this phase, the
synthesis of soluble β‐amyloid is decreased while the synthesis of misfolded insoluble β‐
amyloids is increased. It forms part of the insoluble β‐amyloid plaques [90].

Finally, our laboratory has developed a noninvasive model of oxidative stress using the
exposure to low doses of ozone to that effect. Using this model, we have proven that oxidative

Free Radicals and Diseases90

stress per se is capable of producing progressive neurodegeneration in the hippocampus
together with the formation of insoluble β‐amyloid 1‐42 and the accumulation of such peptides.

4. Conclusions

The loss of redox homeostasis accelerates ageing and plays a fundamental role in the patho‐
geny and development of Alzheimer's disease. It alters the cell signaling mechanisms of an
important number of metabolic pathways, promotes epigenetic alterations, and alters the
posttranslational mechanisms. Finally, the chronic alteration of the redox balance induces the
misfolding of proteins by oxidative stress in ER, cholesterol oxidation, and alterations in insulin
receptors that lead to changes in neuronal metabolism and survival.

We can infer that Alzheimer's disease is the final manifestation of a series of oxidative altera‐
tions of the metabolism. There is a slow involvement of different biomolecules during the
development of the disease. The loss of redox balance plays a crucial role in the formation of
hyperphosphorylated tau protein, insoluble β‐amyloids, and the loss of regulation of the
immune system.
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Abstract

Biomarkers of reactive oxygen species serve as indicators of oxidative stress in the
pathology of cardiovascular diseases. This chapter presents an overview of the various
biomarkers available to quantify oxidative stress to advance the understanding of the
pathophysiology of cardiovascular diseases as well as to serve as an adjunct in their
diagnosis and prognosis. The plasma levels of reactive oxygen species themselves are
unstable  and  unreliable  markers  of  oxidative  stress.  The  commonly  used  stable
biomarkers are derivatives of oxygen radicals such as products of lipid peroxidation
and protein oxidation, with isoprostanes and malondialdehyde (MDA) being the most
widely used biomarkers due to higher specificity and ease of measurement. Recently,
micro‐RNA is emerging as stable and specific biomarkers for detection of heart failure.
Other biomarkers have a role in certain conditions; for example, advanced oxidation
protein  products  indicate  acute  inflammation,  whereas  advanced  glycation  end
products serve as indicators of chronic disease.

Keywords: biomarkers, reactive oxygen species, isoprostanes, lipid peroxidation, car‐
diovascular diseases

1. Introduction

Reactive oxygen species  (ROS) are  formed as  by‐products  of  cellular  activity  or  cellular
metabolism or cellular respiration. They have useful function‐serving roles in cell signaling,
cell differentiation, cell immunity, etc., when present in low concentrations, all of which are
important in maintaining the body's physiological functions known as redox signaling [1].
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Their concentration is controlled by the various antioxidants produced in the body such as
superoxide dismutases,  catalase,  and glutathione peroxidase,  with the goal  to keep ROS
concentration low [2]. Oxidative stress is a condition resulting from excessive reactive oxygen
species due to either increased production or inadequacy of antioxidants to eliminate them.
This increase in ROS results in damage to the cell which includes oxidizing lipids, nucleic
acids, and proteins, thus leading to a change or loss in their function and ultimately causes
cell death by apoptosis or necrosis. Due to this effect on the cells, oxidative stress has been
implicated in aging [3] as well as many diseases including but not limited to cardiovascular
disease [4], neurodegenerative diseases [5, 6], cancer [7], and diabetes [8].

Biomarkers are measurable characteristics of a biological condition; in this case, biomarkers of
ROS serve as indicators of oxidative stress and how it influences a given disease. Hallmarks
of a good biomarker are sensitivity, specificity, ease of obtaining and measuring samples, and
cost‐effectiveness. The quantification of oxidative stress with biomarkers is important not only
in understanding the pathophysiology of cardiovascular disease but also in the diagnosis,
prognosis as well as in designing new therapeutic measures for individual intervention.
Oxidative stress plays a major role in the pathology of cardiovascular disease. In the heart,
oxidative stress results in the inhibition of Na+‐K‐ pump [9]. The mitochondrial electron
transport chain and enzymes xanthine oxidase and nicotinamide‐adenine dinucleotide
phosphate (NADPH) oxidase are the main producers of ROS. Risk factors and conditions
which predispose to a cardiovascular event such as smoking, hypertension, atherosclerosis,
hypercholesterolemia, diabetes, and obesity increase the effect of these enzymes which results
in an increased production of ROS [10, 11].

2. ROS as biomarkers

ROS themselves act as biomarkers, their plasma levels being indicators of ROS production. A
method known as the reactive oxygen metabolites (ROM) kit is used to measure total oxidative
stress and measures superoxides (02‐) and hydroxyl radical (HO) as well as hypochlorous acid
(HOCl) and hydrogen peroxide (H2O2) [12] among others. This kit measures reactive oxidants
in biological fluids and has been used to assess oxidative stress in animals such as in a study
on ewes done by Rizzo et al. [13]. Cytochrome C reduction has been used in many studies to
measure the production of superoxide (O2

‐) in the atrium [14], mouse aorta [15], and vessels
[16]. Chemiluminescent probes which release photon when in contact with ROS can be
detected and used for various ROS measurements with the lucigenin‐enhanced chemilumi‐
nescence being the most commonly used to understand the way superoxide and diseases
related to the cardiovascular system are affected in tissues [10]. Electron spin resonance detects
free radical by the presence of its unpaired electron. Reactive radicals are detected by addition
of probes [10]. As of 2003, the spin traps were not fit to be used in humans due to the potential
for toxicity, but they can be used on tissues and body fluids; for example, PBN was used to
show free radicals in coronary sinus blood during bypass surgery [17]. Aromatic traps for free
radicals such as salicylate have been used in studies to detect superoxide in myocardial
infarction [18]. High levels of dityrosine, an oxidation product of ROS, have been used to
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demonstrate the role of oxidative damage in atherosclerotic plaques [19]. Even though each
reactive oxidant can be measured individually, they have drawbacks of being too costly and
time‐consuming. Their property of being inherently unstable with short half‐lives of merely
seconds, both of which combined with the antioxidants in the circulation, results in very low
intracellular concentration of ROS thus making them unreliable markers of ROS.

The derivatives of oxygen radicals such as products of lipid peroxidation and protein oxida‐
tion on the other hand are stable and thus are more commonly used to measure the pres‐
ence of ROS. The serum derivatives are new biomarkers of ROS which are mainly indicators
of hydroperoxide levels produced by lipid peroxidation and have been shown to be high in
atrial fibrillation [20]. The diacron reactive oxygen metabolites (dROM) test is an inexpen‐
sive analysis which measures ROS in both serum and plasma.

3. Peroxidation of lipids biomarkers

Lipids, especially polyunsaturated lipids, are more susceptible to oxidative damage due to the
presence of many double bonds in their molecular structure [21], and thus, the indicators of
lipid peroxidation are important indicators of free radicals. The presence of biomarkers in
cardiovascular disease confirms the hypothesis that lipid peroxidation contributes to the
development of cardiovascular diseases. There are many biomarkers of lipid peroxidation—
MDA and isoprostanes being the most widely used. Others are lipid hydroperoxides, oxy‐
sterols, and oxidation resistance assays.

4. Isoprostanes

More accurate biomarkers of lipid peroxidation are isoprostanes along with its metabolites as
stated in a study done by the National Institute of Health (NIH) [22]. In 1990, Roberts and
Morrow discovered F2‐isoprostane formed by the peroxidation of arachidonic acid [23] which
is polyunsaturated fatty acid found in the cell membrane phospholipids and is one of the many
targets of ROS. They are specific indicators of lipid peroxidation both in vitro and in vivo [24]
and are stable compounds which are formed in large quantities in vivo following oxidative
damage such as with CCl4 which is a producer of free radicals [25] as well as having detectable
amounts present even in non‐injured tissue making them reliable as a biomarker of ROS [26].
Isoprostanes are excellent biomarkers and have numerous advantages over other biomarkers
of oxidative stress; they are chemically stable markers and are formed in vivo. They are specific
to lipid peroxidation and are not affected by the dietary lipid content [27]. Since they are
detectable in biological fluids, they have the significant advantage over other oxidative stress
markers due to the ease of measuring them since they can be measured by noninvasive
methods extracellularly in the urine, plasma, and tissue [27, 28]. High levels of F2‐isoprostanes
are found in many human diseases such as coronary heart disease [29], obesity, cancer, and
even genetic disorders [30]. They are shown to be increased in risk factors such as smoking,
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obesity, hypercholesterolemia, and myocardial ischemia reperfusion [31–33] as well as in
atherosclerosis [34]. They are also observed in bypass [35] and angioplasty. The extent of lipid
peroxidation can be measured by calculating the level of F2‐IsoPs which is esterified in
phospholipids due to them being initially formed esterified and subsequently gain their free
form [27]. In humans, the two major metabolites of isoprostane which are detectable in the
urine are 2,3‐dinor‐15‐F2t‐IsoP and 2,3 dinor‐5,6‐dihydro‐15‐F2t‐IsoP [36]. Elevated levels of
8‐isoprostane in the plasma and urine are also observed in cardiovascular disease [37]. There
are many other derivatives identified [38]. The method for detecting isoprostanes is gas
chromatography‐mass spectrometry (GC‐MS) and liquid chromatography‐mass spectrometry
(LC‐MS), but drawbacks in using mass spectrometry is the expense and time required for
measurement [22]. ELISA‐based isoprostane detection is currently most reliable indicator of
lipid oxidation [39]. There are commercially available kits to measure them using the sandwich
ELISA method where the isoprostanes in biological samples compete with isoprostane
conjugated with an enzyme to bind to an isoprostane‐specific antibody present in the micro‐
plate. The activity of the enzyme results in increased intensity of color development with
increased amount of conjugated isoprostane bound. Isoprostanes are biomarkers of choice, but
since the results obtained by these two methods do not corroborate, the result of the immune
assays is yet to be given clinical validation [40]. There have been studies showing the variation
in isoprostane levels according to the time of day, and thus, this needs to be taken into account
when further research is conducted [41, 42].

5. MDA

Malondialdehyde (MDA) is a ketoaldehyde which is produced as an end product of polyun‐
saturated fatty acid and is found in increased concentration in tissue injury. It forms a red
pigmentation when it reacts with thiobarbituric acid. This thiobarbituric acid‐reactive sub‐
stance (TBARS) assay can be used to measure lipid peroxidation using spectrophotometry. In
relation to cardiovascular disease, elevated levels of MDA are associated with smoking [43].
They are seen to be elevated with the progression of atherosclerosis [44] and are predictors of
future cardiovascular events in patients with coronary artery disease [45]. Limitations of this
method include low specificity since TBARS includes many other products of lipid peroxida‐
tion other than MDA [46], tendency for inaccurate results due to the varying results generated
with different assay conditions used as well as the production of artifacts due to the fact that
the MDA measured is mostly generated in vitro [47] with most of the MDA formed due to the
high temperature used in the procedure [48]. Now, high‐pressure liquid chromatography
(HPLC) is preferred over TBARS due to higher specificity [49]. Commercially available ELISA
kits are also available for MDA detection which show better specificity [50].

6. Isolevuglandins

Isolevuglandins (IsoLGs) are also produced due to oxidation of arachidonic acid, but unlike
isoprostanes, they are highly reactive and react with primary amines for example phosphati‐
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dylethanolamine to form lactam and hydroxylactam. The unreacted isolevuglandins are not
detected in the tissues or cells. They have been implicated in many disease processes such as
atherosclerosis and neurodegenerative diseases [51]. Though methods such as mass spec‐
trometry and immunohistochemical studies have shown increased levels of IsoLG, there is still
not enough evidence connecting them with severity of a disease or of their use in predicting
the onset of disease. Further studies need to be conducted to determine the utility of IsoLG as
clinical biomarkers.

7. Oxidation of proteins biomarkers

7.1. Myeloperoxidase (MPO)

MPO is an enzyme found in inflammatory cells such as macrophages and neutrophils. It
generates ROS by the conversion of hydrogen peroxide to hydroxy radical (OH), nitric oxide
(ONOO‐NO2), and hypochlorous acid (HOCl) and is a proinflammatory agent responsible for
the oxidation of low‐density lipoprotein (LDL) [52]. It is found in abundance in the athero‐
sclerosis plaques [53] and coronary artery disease where it can serve as an inflammatory
marker for both the risk of CAD and its existence [54]. MPO concentration is measured in
biological samples by ELISA which is commercially available. Its function is measured by
spectrophotometry by peroxidase activity assays such as measuring the formation of guaiacol
oxidation products [55]. Its levels in the serum can predict risk for acute coronary syndromes
[56], for risk of cardiovascular event in patients with chest pain [57] and increased risk of
coronary artery disease in seemingly healthy population [58]. It is prone to varying and
unreliable results due to the fact that the values are altered during the process of collection
and handling as seen in a study done in 2008 by Shih et al. where it was determined that the
concentration of MPO varied depending on the collection tube used and the presence of
heparin in the patient serum [59]. A concern in the measurement of MPO is the artificial release
of MPO from the neutrophils leading to false results showing an increase in MPO. In their
study, Shih et al. used nine different types of tubes containing EDTA, citrate plasma, and
heparin samples and serum samples. The level of MPO varied in all these tubes, with EDTA
and citrate samples showing the lowest concentration and heparin and serum samples
showing 10 and 100% higher values, respectively. This suggests that the serum levels of MPO
are higher due to their release from leukocytes during coagulation. It has previously been
shown by Li et al. that heparin leads to release of MPO from neutrophils during neutrophil
activation [60].

8. Growth differentiation factor‐15

It is a cytokine expressed in many cells including cardiomyocytes [61]. It increases in many
cardiovascular diseases such as atherosclerosis [62] and heart failure [63]. It has been studied
with respect to the progress and outcome of disease since it has a protective role in the heart
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[64] such as against ischemia reperfusion injury [61] and acute myocardial infarction [65]
making it a useful biomarker in clinical settings though more research still needs to be con‐
ducted.

9. Oxidized low‐density lipoprotein (OxLDL)

The use of OxLDL as a biomarker of oxidative stress in cardiovascular diseases has been re‐
ported due to its ability to promote lipid deposition. The oxidation of LDL is linked to the
pathology of atherosclerosis by immunohistochemical staining apolipoprotein B‐100 [66]. It
is thought to be formed by activated platelets [67]. High‐density lipoproteins (HDL) lead to
decreased activation of platelets since it competes with them to bind to oxidized LDL pro‐
tecting against the development of atherosclerosis [68]. Circulating OxLDL is already pro‐
ven to be able to predict the presence of atherosclerosis [69] and coronary artery disease [70].
OxLDL is detected by immune assays in plasma. According to Trpkovic et al., there are cur‐
rently three ELISA assays namely 4E6, E06, and DLH3 developed to detect OxLDL in the
blood [71]. Out of these, 4E6 binds to LDL but also detects native LDL and the other two,
DLH3 which measures LDL and E06 are used for oxidized phosphatidylcholine [72]. A
drawback of E06 method is its non‐specificity to oxidized lipids. In 2001, Holvoet et al.
measured circulating LDL levels by ELISA using monoclonal antibody 4E6 which detected
higher number of circulating OxLDL in patients with coronary artery disease [73].

10. Allantoin

Over the years, allantoin has emerged as a reliable biomarker of oxidative damage both in
vivo and in vitro. It is formed by the ROS‐induced oxidation of uric acid [74], where uric acid
is converted to allantoin due to overproduction of ROS [75]. In relation to cardiovascular
diseases, increased levels of allantoin in the plasma have been shown in people with type 2
diabetes [75] as well as in heavy smokers [76] both of which are risk factors for developing
cardiovascular disease. It has been shown to be increased in the plasma in oxidative stress‐
related chronic heart failure [77]. The use of allantoin as a widely applied biomarker is limit‐
ed due to the difficulty of measuring allantoin in the body fluids [78]. The most specific and
sensitive method for its measurement is liquid chromatography [79].

11. Protein carbonyls

Oxidation of protein amino acid residues leads to the formation of protein carbonyls by dif‐
ferent means such as deamination of glutamic acid and lysine or due to the resulting break‐
age of protein backbone [80]. They are stable compounds formed early and are usually
higher in concentration due to their multiple sources, making them good biomarkers due to
the ease of detection as well as no need of expensive equipment. It is a commonly used pro‐
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tein oxidation marker, and there are various assays for its detection. They have been shown
to increase with age implicating them in the process of aging [81]. They have even been re‐
ported in the human heart following coronary surgery [82]. Assay has been done to observe
them in dilated cardiomyopathy [83]. In 1990, Levine et al. were the first ones to determine
various methods to measure carbonyls in oxidized protein [84].

A highly sensitive assay is protein carbonyl content (PCC) which has various modifications
but in all of them 2,4‐dinitrophenylhydrazine (DNPH) reacts with the protein carbonyls and
forms its 2,4‐dinitrophenyl (DNP) hydrazone which is stable and can then be optically
measured by immunohistochemistry or by radioactive counting [85]. Spectrophotometric
assay can be employed due the ability of this hydrazone product to absorb ultraviolet light
which when coupled with high‐performance liquid chromatography, in short HPLC, makes
the measurement more specific and sensitive [86]. One sensitive method is to detect carbonyls
by first labeling them with tritiated sodium borohydride then separating with SDS‐PAGE [87]
or by reducing with tritiated sodium borohydride in solution [88]. An important limitation of
carbonyl measurement is that there are different protocols used by researchers leading to
variable levels of carbonyls in tissues.

12. Advanced oxidation protein products (AOPPS)

Advanced oxidation protein products (AOPPs) are the end products of free radical affected
proteins. They have been shown to be linked to many human diseases such as diabetes mel‐
litus [89], coronary artery disease [90], and chronic renal disease [91] among others, and
since they have been shown to produce oxidative stress in inflammatory conditions [92],
they serve to indicate acute inflammation.

13. Advanced glycation end products (AGES)

They are molecules which are formed as a result of the reaction between reducing sugars
and amino groups. Their concentration tends to increase in conditions of oxidative stress.
The two main advanced glycation end products are pentosidine and carboxymethyl valine
which result from a process known as glycoxidation where the amino acids lysine and argi‐
nine react with carbohydrates as well as the oxidizing effect of ROS on polyunsaturated fatty
acids. A precursor of carboxymethyl valine known as glyoxal is formed when RNase incu‐
bates with arachidonate [93]. The presence of AGES has been shown in diseases such as dia‐
betes mellitus and obesity among others [94]. They also have a role in diabetic heart failure
as shown by Brouwers et al., where they overexpressed glyoxalase‐I, a glycation precursor
detoxifying enzyme in order to reduce AGES, and found that it leads to prevention of diabe‐
tes‐induced oxidative damage in the heart [95]. They are detected after derivatization with 2,
4‐dinitrophenylhydrazine (DNP). The hydrazone formed is then detected using a spectro‐
photometer or by using anti‐DNP antibodies with along with ELISA [96] or by high‐per‐
formance liquid chromatography (HPLC) or by Western blot or immunohistocytochemistry
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[97]. Out of these methods, HPLC is more specific and can measure carboxymethyl lysine
CML [98] and pentosidine [99]. They mainly serve as indicators of chronic diseases [100].

14. Glutathione and glutathione disulfide

Reduced glutathione (GSH) is present in large quantities in the cells and acts as an inhibitor
of lipid peroxidase. Glutathione disulfide (GSSG) is the oxidized form of glutathione. Pro‐
tein glutathionylation regulates cardiovascular function [101]. Its values have been shown to
increase in ischemia reperfusion injury [102], atherosclerosis [103], and cardiac hypertrophy
[104]. In patients with atherosclerosis obliterans, increased glutathionylation is shown to be
related to the progression of the disease proving to be a biomarker at early stage [105]. The
ratio of GSH and GSSG is used as an indicator of ROS due to the fact that there occurs a
decrease in GSH and increase in GSSG concentration in oxidative stress [106]. There are a
number of methods to detect protein s‐glutathionylation. Quantifying the total amount of s‐
glutathionylated proteins is by measuring fluorescence [107]. Labeling glutathione is a
method for glutathionylation analysis such as 35s radiolabeling [108], though it is not very
sensitive and can only be used in cell culture; furthermore, it cannot detect proteins which
have already undergone glutathionylation. Biotinylated glutathione either reduced or oxi‐
dized is superior to the 35s labeling methods, it detects only glutathionylated proteins thus
is specific plus it can be analyzed by multiple methods such as fluorescence microscopy
[109] or immunoblotting using biotin antibodies [110]. One drawback of this method is that
the presence of biotin tag on glutathione may have an effect on the protein function. Anti‐
glutathione antibodies allow the detection of glutathionylated proteins in physiological con‐
ditions. Studies done with antibodies are by using mouse monoclonal antibodies [111–113].
Drawback of antibody method is the lack of specificity, and it can only detect a few proteins
in total extract [109] limiting its utility in detecting glutathionylated proteins on a large
scale. Recently, the use of liquid chromatography‐couple mass spectrometry using whole
proteins is found to be a good method to identify proteins in larger numbers [114].

Recently, the role of micro‐RNA (miRNA) in the generation of ROS and its consequences such
as inflammation, angiogenesis, cell proliferation, and apoptosis has been a subject of research.
They are found intracellularly and outside cells in body fluids [115]. They are stable and specific
such as miR‐499 miRNA for the heart. Another advantage of miRNA as a biomarker is that
they are not affected by posttranslational modifications. They can also be easily assessed by
methods like polymerase chain reaction (PCR) and microarrays. PCR is an expensive method
which detects small quantities of miRNA, but the results are affected by the primer used.
Microarray measurements require the development of probes and can thus be useful in that
many RNAs can be detected at the same time [116]. Other less used methods are direct
sequencing by next‐generation sequencing [117], which eliminates the influence of primers as
in the case of PCR but is still not used widely because of expense. Stem loop probe ligation
[118] and Northern blotting are other methods which may be used to measure concentration
of miRNA. The miRNA found most abundantly in the heart is mR‐1 which is heart specific
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and can be used as a sensitive and specific marker for diagnosis of acute myocardial infarction
[119, 120].

Elevated miRNAs specifically miR423‐5p has also been observed in heart failure patients
making them important clinical biomarkers in the diagnosis of heart failure [121]. Although
miRNA measurement has shown promise, there are still various issues that need to be
addressed. The concentration of miRNA in body fluids is low making its isolation rather
difficult. The values obtained also tend to be different in different body fluids which need to
be normalized. Therefore, it is necessary to develop a method to obtain accurate results with
miRNA measurement across the various samples [116]. The product of DNA damage, 8
dydroxy‐2'‐deoxyguanosine urinary levels, seems to be elevated in dilated cardiomyopathy
[122]. It is also evidently a predictor of future events following myocardial infarction [123].
Other specific biomarkers have also been studied but are not yet studied as extensively as the
above biomarkers. Ascorbic acid is an endogenous antioxidant which has been linked to
unstable coronary syndrome where it is thought to have an effect on the lesion [124]. Gluta‐
thione peroxidase‐I is evidently decreased in coronary artery disease patients [125] which is
an antioxidant enzyme. Low levels of bilirubin have been linked to cigarette smoking and
increased levels of triglycerides and cholesterol making it a potential biomarker of cardiovas‐
cular disease [126]. Oxidative bilirubin metabolites called biopyrrins are elevated in the urine
in patients with heart failure [127] and are thought to be predictors of future cardiac events in
acute myocardial infarction [128].

Several biomarkers of oxidative stress have been studied over the years in an effort to under‐
stand the mechanism of cardiovascular generation with the intention to use the information
by targeting oxidative stress with cardio‐protective drugs. Further research into understand‐
ing the mechanism of ROS generation and their role in therapeutic intervention will be
beneficial for the management of cardiovascular diseases.
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Abstract

Potentially oxidant chemical species, which include not only free radicals but also other
oxidizing chemical species such as reactive oxygen species (ROS), for example, hydroxyl
radical and hydrogen peroxide, and nitrogen reactive species (RNS), for example, nitric
oxide, play a relevant role in all biological processes and especially in cell defenses and
molecular signaling. Their action is finely modulated by the antioxidant network that
is composed either by endogenous or exogenous compounds (e.g., enzymes, peptides,
lipids, and vitamins). An impaired modulation of oxidant species can lead to the so-
called oxidative stress that is now considered an emerging health risk factor in almost
all living organisms including plants, animals, and humans. Indeed, oxidative stress is
related  to  a  reduced  lifespan  and  many  diseases  (e.g.,  cardiovascular  diseases,
neurodegenerative disorders, and metabolic diseases) both in humans and in animals.
Unfortunately, oxidative stress does not show any clinical picture, but it can be detected
only by means of specific laboratory tests. The recent recognition of a specific “redox
code” and the definition of a redoxomics as a new “omics” are now enlarging the
horizon of the traditional oxidative stress field leading to the definition of the so-called
electrophilic stress. The aim of this chapter is to review the basic principles of redox
reaction starting from the concept of free radicals and antioxidant in order to define the
“electrophilic stress” as an emerging health risk factor for early aging and almost 1000
illness from infectious diseases to cancer.  A paragraph is  dedicated to the tests  to
measure oxidative stress in clinical practice either in humans or in animals in order to
prevent, to treat and to monitor electrophilic-related diseases.

Keywords: ROS, RNS, antioxidants, redoxomics
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1. Reactive species, free radicals, and oxidative processes

Free radicals play a fundamental role in the metabolic activity and function of different organs.
Interactions between prooxidants (free radicals) and antioxidants lead to the maintenance of
the intracellular homeostasis. A state of oxidative stress begins when there is an imbalance
between the prooxidants and antioxidants, in favor of free radicals. Oxidative stress is a health
risk factor involved in aging and in several diseases, in humans and/or in animals. In normal
conditions, paired electrons create stable bonds in biomolecules; a free radical is defined as
any independent species that contains one or more unpaired electrons in external orbital. Free
radicals have a greater or lesser reactivity for the spontaneous tendency to exist as molecules
with all electrons arranged in couples; this state is equivalent to the chemical stability.

The radicals do not show the same reactivity. Their increase of charge and the volumetric ratio
is directly proportional to their reactivity. They will only reach their stability stripping electrons
to other chemical species with which they are in contact and oxidize them [1].

Free radicals are classified according to the nature of atom that owns the orbital with unpaired
electron. Reactive species include either radical or nonradical chemical species with oxidant
potential. There are, therefore, free radicals centered on oxygen, carbon, nitrogen, or chlorine,
and so on. Free radicals and other reactive species act as signaling molecules. Reactive species
modulate transcription and epigenetics.

Free radicals/reactive species can be produced either by a “nonenzymatic” or an “enzymatic”
way (Figure 1).

Figure 1. The “origin” of free radicals and other reactive species in living organisms.

The cell is the first target of oxidative damage. The destructive action of free radicals on
cells is addressed mainly through the following reactions: membrane lipid peroxidation,
oxidative modification of proteins and amino acids, nucleic acids’ damage, and sugar oxi-
dation (Figure 2).
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Figure 2. The cell: the first target of oxidative damage. Reactive species can hit not only lipids but also proteins and
nucleic acids.

The damage, initially cellular, if prolonged through time, spreads to the tissues, organs and
then it becomes a systemic damage. Oxidative stress is responsible, then, of cardiovascular
diseases, dementia, Parkinson, early senescence, inflammation, cancers, and other diseases
(Figure 3).

Figure 3. Consequences of the imbalance between pro-oxidants and antioxidants.

2. The antioxidants and biochemical classification

Antioxidants are substances that, when they are present at a low concentration compared to
those of an oxidizable substrate, retard or prevent the oxidation of the same substrate. The
keyword “oxidized substrate” includes every kind of molecule that is located in vivo.

Redoxomics and Oxidative Stress: From the Basic Research to the Clinical Practice
http://dx.doi.org/10.5772/64577

119



In nature, there are no universal best antioxidants, but there are different antioxidants that are
required to protect several molecules in vivo [2].

Antioxidants can be classified into enzymatic and nonenzymatic. The enzymatic antioxidants
include glutathione reductase (GSH), superoxide dismutase (SOD), and catalase (CAT).
Among the nonenzymatic antioxidants are vitamins (C, E, and B), carotenoids, carnitine,
cysteine, some metals, taurine, and albumin [3]. Reductase and peroxidase glutathione are the
main reducing endogenous agents and act as scavenger antioxidants especially in the epidi-
dymis and testes [4].

SOD is an enzyme that catalyzes the dismutation reactions of the superoxide anion (O2
−). It can

be found in intra- and extracellular forms. The intracellular forms are copper-zinc SOD present
in the cytoplasm and contain copper and zinc in the active site (Cu, ZnSOD, SOD1); and
manganese SOD localized mainly in the mitochondrial matrix and contains manganese in the
active site (MnSOD, SOD2). Instead, SOD extracellular form (EC-SOD, SOD3), working into
the extracellular space, is correlated to the polysaccharides of surface or in a free form [5].

CAT catalyzes the conversion of H2O2 to O2 and H2O and presents a heme system with a central
iron atom. It acts mainly in endoplasmic reticulum, peroxisomes, mitochondria, and the
cytosol of many cell types [6].

Glutathione peroxidase (GPX) catalyzes the reduction of H2O2 and organic peroxides [5].GPX
contains selenium in the form of selenocysteine in its active site. It is located in the sperm in
the mitochondrial matrix.

The nonenzymatic exogen antioxidants are vitamins. Vitamin E encompasses a group of
potent, lipid-soluble, chain-breaking antioxidants. Structural analyses have revealed that
molecules having vitamin E antioxidant activity include four tocopherols and four tocotrie-
nols. Vitamin E (α-tocopherol) neutralizes H2O2 and quenches free radicals, therefore, stopping
chain reactions that develop lipid peroxides and protecting the membrane from the oxidative
damage.

Vitamin C (L-ascorbic acid or ascorbate), a pivotal nutrient for organisms, is present in the
extracellular fluid. It is a principal chain-breaking antioxidant neutralizing superoxide,
hydroxyl, and hydrogen peroxide radicals. Also, it has an important action to recycle vitamin
E [7].

A class of natural pigments, carotenoids, is synthesized from plants and microorganisms, but
not animals. They, present as microcomponents in fruits and vegetables, are responsible for
their colors (yellow, orange, and red). Carotenoids are held liable for the beneficial effects of
fruits and vegetables to prevent illnesses such as cardiovascular disease, cancer, and different
chronic disease [7].

Cysteines, intracellular GSH precursors, enhancement the quantity of GSH synthesized, which
avoids oxidative damage to the cell membrane and DNA.

In addition, albumin, taurine/hypotaurine, inositol and any metal are other minor antioxidants
which help to reduce oxidative stress.
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One of the plasma proteins, the albumin, reacts with peroxyl radicals and prevents the chain
reactions that produce ROS (Reactive Oxygen Species) formation.

Taurine, nonenzymatic antioxidant, scavenges ROS, inositol enhances GSH activity.

Selenium is an important component in the regular development and maturation of cells and
contributes to the protection of DNA and cell membranes, particularly when used as an adjunct
to vitamin E.

Figure 4. The antioxidant pyramid. Vertical stratification (power hierarchy).

Zinc acts as a chelator and binds ROS [8]. Chrome, another essential micronutrient, is a
component of enzymes involved in carbohydrate metabolism. Its supplementation reduces fat
deposition in rats, preventing obesity, initial phase of inflammation and oxidative stress [9].

Figure 4 shows the power hierarchy of antioxidant pyramid. Endogenous enzyme antioxidants
have a higher antioxidant capacity and are located at the top of the pyramid.

Figure 5. Antioxidant defense mechanisms.
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The mechanisms of antioxidant action are shown in Figure 5. According to their function, they
can be classified into preventive, scavenger, and repair antioxidants. Preventive antioxidants
stop radical generation; scavenger antioxidants stop initiation and propagation; and repair
and de novo antioxidants repair oxidated damaged molecules.

Polyphenols are abundant micronutrients in our diet, and there is evidence for their role in the
prevention of degenerative diseases. Their bioavailability differs greatly among the polyphe-
nol groups, depending on their composition, dietary sources, forms, and their containing so
that the most abundant polyphenols in our diet are not necessarily those leading to the highest
concentrations of active metabolites in target tissues. The plasma concentrations of total
metabolites range from 0 to 4 mol/L with an intake of 50-mg aglycone equivalents. Among the
polyphenols, isoflavones and gallic acid are the ones that are absorbed most by humans
following, with different kinetics, flavonoids, catechins, and quercetin glycosides. Less
absorbed polyphenols are proanthocyanidins, catechins galloylated tea, and anthocyanins.
The data for other polyphenols remain poorly understood. Other studies would be necessary
for the investigations on the health effects of polyphenols (Figure 6) [10].

Figure 6. Antioxidant: polyphenol classes.

3. Oxidative stress: from the biochemistry to the clinics

Oxidative stress is a particular kind of chemical stress, which is induced—locally and/or
systemically—by an excess of potentially oxidant reactive species, mostly centered on the
oxygen (reactive oxygen species, ROS). It can be due to an increased production of reactive
species and/or to a reduced efficiency of antioxidant defense system. The effects of oxidative
stress can range from the impairment of cell signaling to the apoptosis or necrosis.
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The systematic assessment in biological samples of primary oxidizing chemical species, such
as free radicals and their derivatives, such as hydroperoxides, as well as the dosage of
antioxidant compounds and/or antioxidant activities (selenium and/or glutathione peroxi-
dase), are not a “ring terminal” in the diagnostic chain of the information flows in biological
systems (DNA > RNA > protein > metabolites > oxidants), but should make a “central place”
compared to genomics, transcriptomics, proteomics, and metabolomics [11]. Precisely for this
reason it has been newly introduced the new concept of “redoxomics” [12], a word previously
used to detect only a few oxidized byproducts in the area of proteomics [13].

Redoxomics is a new field of “applied biochemistry” and “molecular diagnostic” with the
following objectives: to examine the structure, the physiological role, and the deploying of
oxidant and antioxidant systems into a living organism; to identify the mutual interac-
tions of oxidant and antioxidant systems in a biological system (e.g., cell, tissue, organ,
apparatus, and whole organism) in a defined phase of its development, under basic con-
ditions as well as after stimulation potentially stressful; to assess the implications of these
results from the point of view of epidemiology, pathophysiology, clinic, pharmacology,
and so on [14].

The aspiring objective of redoxomics (as well as for another “-omics” in other areas) is
“mapping” dynamically—through all the analytical and sophisticated techniques, from
electron spin resonance to imaging—the whole oxidative-antioxidant repertoire [15].

This “integrated” approach allows us to track any qualitative/quantitative changes of oxidative
balance and can support clinicians to give an optimum and “customized” solution for fixing
any anomalies of redox status related to human diseases, in particular, in the area of aesthetic
and antiaging medicine [16].

4. The breakdown of oxidant/antioxidant balance

The biological concept of stress: the word “stress”, as it is currently in use, was first coined by
Hans Selye (1907–1982) in 1936, he defined “stress” as “the nonspecific response of the body
to any demand for change.”

Selye had observed in many experiments that laboratory animals underwent sharp stimuli
but different physical and emotional harmful (e.g., high beam, loud noise, extreme heat or
cold, and constant frustration) all shown the identical pathologic changes of gastric ulcers
narrowing of the lymphoid tissue and widening of the adrenal glands. Following they
showed that persistent stress could be the cause of the development of different diseases in
these animals similar to those observed in humans, like heart attacks, strokes, kidney diseas-
es, and rheumatoid arthritis. The Selye’s concept and dynamics of stress overlaps with that
of oxidative stress (Figure 7) [17]. Most of oxidative stress-related diseases are related to life
style [13].
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Figure 7. Classical stress and oxidative stress: two overlapping concepts.

Oxidative distress from oxidative eustress can happen for several reasons: formation of reactive
species from stimulated polymorphonuclear leukocytes that can hit not only bacteria but also
tissues; an overload of oxygen (e.g., by strong aerobic exercise) into the mitochondria and
consequent increase ROS production; detoxification from acetaminophen (paracetamol) into
the microsomes may increase ROS liver production; reperfusion after ischemia may lead to
reactive oxygen species production due to xanthine oxidase activation.

In any case, an amount of oxidants is synthesized and by the old Greek language, oxys means
acids, it is possible to establish a new paradigma: oxidative stress + acidosis = electrophilic
stress.

5. Measurement of oxidative stress

The focus is now put on oxidative stress biomarkers that are objectively measured and assessed
as markers of normal biological processes, pathogenic processes, or pharmacological responses
to therapy performed. A biomarker, to be used as a predictor of illness, must first be endorsed.
The validation criteria are intrinsic qualities like the specificity, sensitivity, the degree of inter-
and intraindividual variability, and understanding of factors that can change.

In particular, features of the sample and analytical procedures are significant, therefore,
noninvasiveness of the sampling, biomarker stability, sensitivity, specificity, velocity and
simplicity of the analytical method are important. Below, the most commonly used biomarkers
for the evaluation of oxidative/nitrosative damage are listed.

Oxidative stress depends on an imbalance that is created between the production of ROS (pro-
oxidants) and the action of the antioxidants. Direct assays, which measure the oxidation of the
cell membrane of many cell types, are available.
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The most widespread assay assesses the concentration of malondialdehyde (MDA), one of the
end products of lipid peroxidation [18, 19]. The increased levels of MDA may be related, for
example, to the decrease of sperm parameters. To quantify the damage of sperm DNA, another
assay is also used; it measures the concentration of a specific product of oxidative DNA
damage, 8-oxo-7,8, dihydro 2′deoxyguanosine (8-OHdG). This product is particularly em-
ployed as a specific marker of oxidative damage to sperm DNA [20].

The assay of the indirect chemiluminescence is one of the most popular methods for the
determination of ROS in the spermatic semen. Luminol (5-amino-2,3, dihydro 1,4, phthalazi-
nedione) and lucigen are substances used to determine the redox activity in the cells [20].
Lucigen quantizes only extracellular superoxide radicals, while the luminol is able to deter-
mine the extracellular and intracellular levels of ROS.

In order to use the nitrobluetetrazolium assay an optical microscope is needed: it allows us to
determine the differentiation of ROS in different cell types. This reagent, nitrobluetetrazolium,
reacts with superoxide radicals, for example, in spermatozoa and in leukocytes, changing to
diformazan, a blue pigment. The concentration of diformazan is directly proportional to the
intracellular concentration of ROS [21].

To assess serum total oxidant and antioxidant levels, commercially available d-ROMs and anti-
ROM (Reactive Oxygen Metabolites) tests (Diacron International, Grosseto, Italy) are utilized.
These tests are performed using Free Carpe Diem, a dedicated spectrophotometer (Diacron
International, Grosseto, Italy).

Oxidative status is evaluated by measuring hydroperoxides in the serum using d-ROMs’
test. The d-ROMs test measures the oxidant ability of a serum sample toward a particular
substance (modified aromatic amine) used as an indicator (chromogen, N,N-diethyl-para-
phenylendiamine) (DEPPD). The phenomenon is associated with the progressive and
gradual color change to pink reaction mixture (serum + chromogen), which was initially
colorless. In the d-ROMs test, the metabolites of reactive oxygen species (ROMs), particu-
larly hydroperoxides (ROOH), of a biological sample, in the presence of iron, issued by
the serum proteins by an acid buffer, can produce alkoxyl and peroxyl radicals, in accord-
ance with Fenton’s reaction.

Such radicals are able to oxidize an alkyl-substituted aromatic amine that is solubilized in
a chromogenic mixture, thus producing a pink-colored derivative which is photometrical-
ly quantified at 505 nm [22]. The intensity of developed color is directly proportional to
the concentration of ROMs, according to the Lambert–Beer’s law and is expressed as Car-
ratelli units (1 CARR U = 0.08 mg hydrogen peroxide/dl). The method is linear up to 1000
CARR U.

The measurement of antioxidant capacity in serum samples can be performed by the anti-ROM
test. The anti-ROM test measures the antioxidant capacity of serum in terms of iron-reducing
capacity; in fact, it is based on the ability of serum antioxidants to reduce ferric iron to ferrous
iron, which reacting with αα-dipyridyl, gives rise to a reddish purple. The intensity of color
increases in proportion to the amount of iron reduced by antioxidants present in the sample.
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In the BAP (Biological Antioxidant Potential) test, adding a sample of plasma to a dye solution,
obtained as a mixture of ferric chloride with a derived thiocyanate solution, a discoloration is
caused. The intensity of this discoloration is determined photometrically by using a wave-
length of 505 nm and it results proportional to the ability of plasma to reduce ferric ions [23].
The results obtained are evaluated as μmol/L or reduced ferric ions.

The antioxidant levels can be evaluated in the semen too, both with a chemiluminescence
and through a colorimetric assay. The antioxidant amounts are determined by the addition
of a well-known concentration of ROS to semen, developing the chemiluminescent signal or
the color changes. The antioxidants present in the sperm behave toward ROS as a scavenger,
so it is possible to measure the residual levels of ROS. Then, the intensity of the developed
signal is inversely proportional to the total antioxidant activity of the sample [24].

The total oxidant capacity/potential of a blood plasma/serum sample can be evaluated by
exploiting the ability of N,N-diethyl-paraphenylendiamine to give electrons (oxidation) after
the reaction with a biological sample. The newly generated radical cation can be detected—
thus providing a suitable measure of oxidant capacity—either by evaluating the absorbance
change at 505 nm (the solution becomes pink to red, depending on the concentration) or the
specific spin resonance signal [22].

6. The oxidative stress evaluation in clinical practice

Oxidative stress does not show any clinical picture; thus, the study of basic mechanisms of
oxidative stress can lead to the identification of suitable biomarkers. Searching for the “ide-
al” biomarker of oxidative stress is not an easy matter; it should be validated by means of
the golden standard technique (e.g., electron spin resonance); acceptably high levels of sen-
sitivity, specificity, and precision; chemically stable over the time; able to measure suitably
oxidative stress level; able to provide reliable information even in an early stage of the dis-
ease; able to anticipate the progression of disease during a systemic monitoring; modifiable
with adequate sensitivity after medical/surgery/antioxidant treatments; minimally invasive,
highly compliant, fast; and optimal cost/benefit ratio. Unfortunately, an accomplished bio-
marker of oxidative stress with all these features is not yet available.

The blood plasma/serum of apparently healthy people (and that one of many animal spe-
cies) is able to oxidize the DEPPD (as described above) in a precise range of absorbance
change as a function of either genetic or environment factors (age, gender, race, physiologi-
cal conditions like pregnancy, and so on) and according to a Gauss-like curve of distribution
(Figure 8) [25].
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al” biomarker of oxidative stress is not an easy matter; it should be validated by means of
the golden standard technique (e.g., electron spin resonance); acceptably high levels of sen-
sitivity, specificity, and precision; chemically stable over the time; able to measure suitably
oxidative stress level; able to provide reliable information even in an early stage of the dis-
ease; able to anticipate the progression of disease during a systemic monitoring; modifiable
with adequate sensitivity after medical/surgery/antioxidant treatments; minimally invasive,
highly compliant, fast; and optimal cost/benefit ratio. Unfortunately, an accomplished bio-
marker of oxidative stress with all these features is not yet available.

The blood plasma/serum of apparently healthy people (and that one of many animal spe-
cies) is able to oxidize the DEPPD (as described above) in a precise range of absorbance
change as a function of either genetic or environment factors (age, gender, race, physiologi-
cal conditions like pregnancy, and so on) and according to a Gauss-like curve of distribution
(Figure 8) [25].
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Figure 8. Causes, mechanisms, and clinical pictures of oxidative stress.

The blood plasma/serum of apparently healthy people, which are exposed to factors that are
classically able to induce a condition of oxidative stress, shows a total oxidant capacity
constantly and significantly higher than that found in apparently healthy nonexposed peoples,
and patients suffering from diseases classically related to oxidative stress show significantly
higher levels of blood plasma/serum total oxidant capacity compared to those found in
apparently healthy controls (Figure 9).

Figure 9. Oxidative stress-related diseases. Pathophysiological and clinical pictures.

Some studies have shown that between the work done on standing and chronic venous in-
sufficiency of the lower limbs, there is a statistically significant correlation. This correlation
has been associated with an oxidative stress in an advanced stage that, according to several
studies, would represent a risk factor for cardiovascular systemic disorders; in fact, standing
workers exhibit significantly higher mean levels of ROS after work [26].

Redoxomics and Oxidative Stress: From the Basic Research to the Clinical Practice
http://dx.doi.org/10.5772/64577

127



It is known that elevated levels of blood reactive oxygen species are correlated with the severity
of periodontitis. An improvement of clinical parameters in chronic periodontitis patients,
through a nonsurgical periodontal treatment, is able to determine a decrease in blood reactive
oxygen species [27].

Moreover, free radicals’ cigarette smoke is a complex chemical system and there are many
potential pathways for these species to interact with one another and with biopolymers in a
smoker’s lung. There is ample evidence that the free radical system plays a significant role in
cigarette smoke toxicology. It is becoming increasingly strong and necessary to try to place
some possibilities in perspective [28, 29].

Chronic alcohol abuse appears to be linked to increased serum levels of reactive oxygen
species, such as hydroperoxides, with a normal antioxidant capacity. The study performed by
Trotti et al. [30] suggested that both alterations in the redox balance and a thrombophilic
condition can be observed in heavy drinkers without severe liver diseases, such as cirrhosis,
hepatitis, and hepatitis C virus (HCV).

Oxidative stress by impaired cell respiration increased oxidant capacity in strenuous exercise.
Physical activity increases the free radicals in several ways, such as oxidative phosphorylation
enhances in answer to exercise; therefore, there is a simultaneous production of free radicals.
Catecholamines, issued when exercising, can produce free radicals. The free radicals that
enhance with exercise are produced by the metabolism of prostanoids, by xanthine oxidase,
NADPH (Nicotinamide Adenine dinucleotide Phosphate-Oxidase) oxidase, and other
secondary sources, for example, by macrophages hired to fix the injured tissue that can produce
free radicals [31].

Antioxidant supplements are sold and used by athletes to counteroxidative stress due to
strenuous exercise. It is not yet clear if strenuous exercise increases the need for supplementary
antioxidants in the diet. When the rise of free radicals exceeds the capacity of antioxidants to
neutralize them, the radicals have the cellular components as targets in particular lipids. The
lipid attack starts a chain reaction known as lipid peroxidation, which results in formation of
a high number of radicals and reactive species that can damage other cellular components.
The organism is able to bear a limited increase of free radicals; indeed, the evidence suggests
that an ROS enhancement is needed for a muscle adjustment [32, 33].

In a study of Chen and Kotani [34], oxidative stress in premenopausal women with oral
contraceptive therapy, which is now commonly used in millions of women worldwide, was
investigated. This treatment is associated with an increased risk of deep vein thrombosis,
venous thromboembolism, and stroke, so it is critically important to evaluate risks and benefits
of therapies. The results of the study show that use of oral contraceptive therapy may increase
oxidative stress levels, independently on traditional cardiovascular risk factors, in premeno-
pausal women, providing new perspectives to the prevention of vascular complications in
these subjects.

The cells normally generate reactive oxygen species (ROS) during energy metabolism for the
respiratory chain. ROS at low or moderate concentrations have important physiological roles.
However, an excessive enhancement of ROS in conditions of oxidative stress may be very
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harmful. The central nervous system (CNS) is helpless to oxidative stress for its high oxygen
consume, for the weak antioxidant systems and terminal differentiation of neurons. Therefore,
oxidative stress causes several neurodegenerative illnesses. Also, chemotherapy can cause
serious side effects on the CNS and peripheral nervous system (PNS) in treated cancer patients,
and then several studies show the involvement of ROS in the neurotoxicity induced by drugs.
For this reason, the growth of neuroprotective drugs such as antioxidants can be considered
a beneficial strategy for clinical treatment [35].

The worldwide incidence of diabetes mellitus (DM) has recently increased rapidly due to
lifestyle changes, with DM projected to affect over 300 million people in the last years. DM is
related to several complications and poor quality of life of the affected patients; this also leads
to an increase in health spending. DM can lead not only to microangiopathy (related to major
complications of diabetes, such as diabetic retinopathy, nephropathy, and neuropathy) but can
also be considered a major risk factor for macroangiopathy, like coronary heart and cerebro-
vascular diseases. Moreover, oxidative stress can be an important factor for the development
and progression of diabetic complications, related to insulin resistance and reduced insulin
secretion with consequent development of DM. Therefore, the oxidative stress in DM is an
important factor involved in the development of diabetic complications and in that of the same
DM [36].

Numerous studies have shown that the transition metals could be affected in the pathogenesis
of various neurodegenerative diseases for their ability to produce oxidative stress. Alzheimer’s
disease is the most common cause of dementia in older people. The metals, such as iron and
copper, which can catalyze the Fenton’s reaction by reactive oxygen species, are highly
concentrated within the neuritic plaques that represent the features of the Alzheimer’s disease
brain.

A large body of experimental and postmortem findings indicates that Alzheimer’s disease is
associated with increased oxidative stress levels in the brain. Despite the current limitations
of oxidative stress assessment in living subjects, recent data suggest that oxidative challenge
might increase early both in the central nervous system and peripheral fluids [37].

7. Antioxidants and disease prevention

Numerous studies show that diets high in fruits and vegetables are protective against cardi-
ovascular diseases (CVD), several kinds of cancer, and other chronic diseases. However,
although a broad consensus, it is still unclear what their mechanism(s) of action enable the
protection against certain diseases. The antioxidant hypothesis connects the high content of
antioxidant molecules found in plant foods and their health benefits by a direct impact on the
decrease of oxidative stress.

Some clinical studies have shown contrasting results: some showing protective effects, while
others do not. Antioxidants do not act just in isolation or in synergistic interactions; it should
be taken into account that in part they are involved in the antioxidant regeneration. The data

Redoxomics and Oxidative Stress: From the Basic Research to the Clinical Practice
http://dx.doi.org/10.5772/64577

129



emerged from these studies are that dietary and endogenous antioxidants, with various
activities and features, act synergistically contributing to the overall effect of protective plant
foods.

The efficacy of the nonenzymatic antioxidant barrier can be evaluated by determining the total
antioxidant capacity (TAC), termed as moles of oxidizing neutralized by 1 L of the sample
tested. TAC treats the cumulative action of all antioxidants in the matrix, thus providing an
integrated parameter instead of the simple sum for measurable antioxidants, giving a view
balance among antioxidant molecules. Some experiments have shown that plasma TAC of
patients with various chronic diseases such as diabetes, AIDS, ulcerative colitis, Crohn’s
disease, meningitis, cardiovascular diseases, colorectal, lung and breast cancer, is much lower
than in healthy controls, suggesting impairment of antioxidant barrier in the development of
these pathologies.

In order to optimize the intake of dietary antioxidants, particular attention should be paid to
the possibility that the interaction between foods consumed in a meal might affect the in vivo
efficiency of dietary antioxidants [38].

Lycopenes, which represent more than 80% of the total tomato carotenoids, can reduce the risk
of cardiovascular disease by inhibiting cholesterol synthesis, reducing the expression of cell
surface adhesion molecules and the binding of monocytes to endothelial cells, and modulating
LDL (low-density lipoprotein) susceptibility to oxidation. In vitro studies demonstrated that
the highest beneficial effects as a cancer preventive of lycopene in the diet occur when it is
associated with other compounds. A recent study suggests that α-tocopherol or whole tomato
lipophilic extracts (containing more than 80% lycopene along with other compounds) poten-
tiate the effects of lycopene during oxidative stress [39].

Neurons are particularly prone to oxidative stress. Particularly, ROS were shown implicated
in the pathology of a number of neurological disorders. The brain, mostly neuronal plasma-
membranes, houses large concentrations of polyunsaturated fatty acids, which may undergo
lipid peroxidation in such an oxygen-rich environment. Brain catecholamines easily undergo
auto-oxidation phenomena, thus generating reactive oxygen species. Furthermore, brain
contains conspicuous amount of iron (a powerful catalyst of free radical generation), although
in an inactive form (chelated). Physiologically, brain exhibits low antioxidant defenses (vitamin
C, vitamin E, glutathione, and superoxide dismutase); moreover, reduced levels of antioxi-
dants such as vitamins E and C have been reported in many neurological conditions. It was
demonstrated that vitamin E supplementation in deficient individuals is able to either prevent
or at least halt the progression of many neurological features. However, supplementation of
vitamin E in patients suffering from Parkinson’s disease had no apparent benefits [40].

The study has compared the activity and bioavailability of some antioxidants, which have been
used in doses very close to those of an average daily meal. Three different formulations (F1,
F2, and F3) were tried. Each one was prepared both in fluid and dry formulations and given
to the same group of subjects for 1 week. The antioxidants provided in combination with a
dosage near to one RDA (Recommended Daily Allowance) decreased oxidative stress, and the
fluid formulation was found to be more active and bioavailable than the dry one. The antiox-
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idants present in F1 are those with affinity for membranes (vitamin A, vitamin E, and carotene),
minerals (selenium and zinc), components of antioxidant enzymes, and L-cysteine, which is
needed for the synthesis of glutathione peroxidase. In F2, the antioxidants comprise circulating
substances (vitamin C, bioflavonoids, and vitamin B-6) and a cytosol antioxidant (coenzyme
Q10). In this study, F1 was significantly more active than F2, and F3 enhances the F1 activity
without a true synergism. Nevertheless, especially in healthy subjects, the existence of a “roof”
effect of antioxidants cannot be ruled. The antioxidant activity can be much more evident in
subjects with a chronic oxidative stress. A group of antioxidants in low doses decreased
oxidative stress as highlighted by the values expressed as U CARR. Since oxidative stress is
important for the prevention and/or treatment of an illness, the dROMs’ test appears to be a
suitable instrument with which to identify the type and dose of antioxidants [41].

Ascorbic acid (ascorbate or vitamin C) has a controversial history in cancer treatment.
Pharmacologic concentrations of ascorbate, only achievable by intravenous (i.v.) administra-
tion, produce H2O2, causing cancer and cell death in vitro [42]. Parenteral administration of
ascorbate in pharmacologic doses produces millimolar concentrations in blood and extracel-
lular fluid, with preferential generation of Asc•, the product of a loss of one electron from
ascorbate, and H2O2 in extracellular fluid but not blood. When ascorbate is given parenterally,
Asc• is detected preferentially in extracellular fluid compared with blood. Asc• generation in
extracellular fluid depended on the ascorbate dose and the resulting concentrations. These
findings are all consistent with the hypothesis that pharmacologic ascorbate concentrations in
vivo serve as a prodrug for selective delivery of H2O2 to the extracellular space. In humans,
these experiments are based on principles of tight control of ascorbate. After oral ingestion,
control of intracellular and extracellular ascorbate concentrations is mediated by three
mechanisms: intestinal absorption, tissue transport, and renal reabsorption. These three
mechanisms work in coordination with each other, ensuring that ascorbate is tightly controlled.
Parenteral administration bypasses tight control, which is restored as kidneys excrete ascor-
bate. The results demonstrate an explanation on why tight control happens. If the tight control
is exceeded, H2O2 is formed into the extracellular space. When tight control is reset, the
production of H2O2 stops. If there was no tight control, the formation of H2O2 and exposure to
it could be steady, with disagreeable impact on division and cell growth. Tight control prevents
continued exposure of tissues to high concentrations of H2O2. Bypassing provisionally the tight
control with the ascorbate parenteral administration, H2O2 is able to form for only a fair period
of time, decreasing the damage, and gives a drug for therapeutic of i.v. use of ascorbate [43].

Also, endothelium performs an important role in the regulation of vascular tone, platelet
activity, leukocyte adhesion, and thrombosis, and is also implicated in the development of
atherosclerosis. In patients with determined coronary heart disease or coronary risk factor,
endothelial dysfunction was observed. Treatment with lipid lowering drugs, ACE (Angiotensin
Converting Enzyme inhibitor) inhibitors, physical activity, and antioxidant agents has shown
an improvement in endothelial function in the coronary and peripheral vessels. Vitamin C is a
very efficient antioxidant, and is a scavenger of several reactive oxygen species, such as
superoxide anion and peroxynitrite. Several researches have demonstrated that the beneficial
effect of vitamin C (24 mg/min) on endothelial dysfunction in subjects with risk factors or
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coronary artery disorders is specific, because it was observed neither in healthy control subjects
nor on the endothelium-independent vasodilation induced by nitroglycerin or SNP (Sodium
Nitroprusside) [44].

8. Conclusions

An unhealthy diet, alcohol abuse, chronic intake of drugs, cigarette smoking, inadequate
exercise, and environmental pollution are just some causes of a particular form of “stress”
which experts have called “oxidative stress” [45]. It is very different and definitely more
dangerous than the more common “emotional distress” that affects every day much of the
population in Western countries with high economic level [46]. Oxidative stress is a form of
“chemical stress” induced by the presence, in our organism, of high quantities of harmful
substances acting as oxidants, whose members are the most dangerous oxygen free radicals
[47].

Oxidative stress is considered responsible for premature and many diseases ranging from
hypertension to atherosclerosis, infarction to stroke, from Parkinson’s to Alzheimer’s disease,
from colitis to pancreatitis, from obesity to diabetes, from chronic bronchitis to rheumatoid
arthritis, from AIDS to several forms of cancer [48, 49]. Oxidative stress is much more sneaky,
because it gives rise to characteristic symptoms, or to a particular clinical picture, because its
causes are to be found in “invisible” entities, such as free radicals [50]. Therefore, the clinician
could not suspect the existence; oxidative stress does not provide any evidence to suggest a
more detailed diagnosis, when performing simple laboratory tests allow to understand
immediately the problem, avoiding the patient a series of consequences such compromise the
duration and/or the quality of life in the short or medium term. It is not currently provided for
the execution of any preliminary laboratory tests, although available for clinical routine, to
show—by means of the quantification in the blood of suitable biochemical markers—the
objective need for such formulations. While it is now known that a cholesterol-lowering drug
is taken only after a test that has documented a high blood level of cholesterol, it is now an
increasingly widespread tendency to assume antioxidants even without the documentation in
the blood, an increase in the level of free radicals and/or a reduction of its “physiological”
antioxidant defenses. It is not yet a good practice to perform a preliminary evaluation of the
laboratory of oxidative stress.

However, the scientific evidence supports that only adequate assessment biochemistry
may allow the identification and the definition of a state of oxidative stress and make
monitoring of a possible antioxidant therapy. Because of these specific tests for the evalua-
tion and determination of free radicals and antioxidant defenses, it makes the initial diag-
nosis of oxidative stress extremely accurate and reliable, whether the two opposite
components, either pro- or antioxidant, are measured separately [51]. It is possible to de-
termine in real time whether oxidative stress is due to an increased production and/or a
reduced ability to eliminate free radicals. It would be appropriate to undergo the oxida-
tive stress evaluation, even in good health and, more so, when exposed to pro-oxidant
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factors (e.g., incorrect lifestyles, excessive aerobic exercise, and pollutants in the work-
place) or when affected from chronic degenerative diseases (e.g., diabetes, atherosclerosis,
cancer, dementia, and rheumatoid arthritis) or, eventually, when performed specific treat-
ments (e.g., dialysis, by-pass, organ transplant, radiotherapy, and chemotherapy) [52, 53].
For this evaluation it will be possible to use specific therapies and to monitor the real
efficacy of antioxidants, too often assumed without a preliminary test able to demonstrate
its necessity. The same “prescription” of supplements, finally, will lean—in this sensitive
field—on a more solid and leave the empirical phase in which it often finds itself.

The evaluation of a real state of oxidative stress may be covered in the predictive medi-
cine area. Predictive medicine is the emerging field of medicine that entails predicting the
probability of disease and taking proactive steps to either prevent the disease altogether
or significantly decrease its impact upon the patient (such as by preventing mortality or
limiting morbidity). The aim of predictive medicine is to predict the likelihood of disease
so that healthcare providers and the patients will have an active role in changing the way
of life and increase the medical surveillance, such as complete biannual skin examinations
by a dermatologist or internist if their patient is found to have an increased risk of mela-
noma; an ECG and cardiac examination by a cardiologist if a patient has an increased risk
of cardiac arrhythmia or alternating magnetic resonance imaging (MRI); or mammograms
if a patient has an increased risk of breast cancer. Predictive medicine is useful for both
healthy individuals (predictive health) and those with illnesses (predictive medicine); its
aim is to provide information on the possibility of having a disease and to predict the
progression and treatment for a specific disease. Aside from genetic testing, predictive
medicine utilizes a wide variety of tools to predict health and disease, including assess-
ments of exercise, nutrition, spirituality, quality of life, and oxidative stress.
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Abstract

Oxidative stress  is  linked to  dopaminergic  (DA) neurodegeneration in  Parkinson’s
disease. Our laboratory reported slowly progressive DA neurodegeneration in the zitter
(zi) rat, which is Attractin (Atrn) deficient. However, little is known about the function
of  Atrn  in  the  central  nervous  system (CNS).  Thus,  we  investigated  whether  DA
neurodegeneration in the zi rat was induced by oxidative stress, and how Atrn affects
oxidative  stress.  First,  we  summarize  our  previous  in  vivo  data,  which  revealed
suppression of DA neurodegeneration using antioxidants (vitamin E and melatonin) in
zi rats. Second, our current ex vivo and in vitro studies are introduced. Using primary
neuronal cultures of zi mesencephalon as a model of Atrn-deficient neurons or Atrn-
GFP-overexpressing HEK293 cells, accumulation of reactive oxygen species (ROS) in
mitochondria and cell viability was examined under oxidative stress. Atrn-deficient
neurons accumulated excess ROS in mitochondria,  resulting in neurodegeneration,
whereas Atrn-overexpressing cells showed suppression of ROS accumulation under
oxidative stress. These results showed that Atrn plays a suppressive role against ROS
and that the loss of Atrn function induced excess ROS accumulation and led to DA
neurodegeneration.  This  is  the  first  report  to  show  that  Atrn  directly  modulates
mitochondrial ROS accumulation in the CNS.

Keywords: dopaminergic neurodegeneration, Attractin, reactive oxygen species, Par-
kinson’s disease, oxidative stress

1. Introduction

Oxidative stress is considered to be the cause of several neurological diseases. In particular,
dopaminergic (DA) neurons are vulnerable to oxidative stress, which is normally generated
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by dopamine metabolism [1, 2]. The progressive DA neurodegeneration that occurs with
age in Parkinson’s disease (PD) is caused by increased oxidative stress. The neurotoxins 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine  and6-hydroxydopamine  induce  free  radicals
(H2O2, O2

–,and OH) that destroy DA neurons [3, 4] and are used to produce acute animal
models of PD. Recently, we reported slowly progressive DA neurodegeneration, which is
similar to the symptoms of humans with PD, in a mutant rat, the zitter (zi) rat [5].

The zi rat, which occurred in a colony of Sprague-Dawley (SD) rats, is a spontaneous autosomal
recessive mutant rat with body tremors. The gene symbol of the mutation is designated zi
(zitter means shake and tremble in German). The rats develop the tremor at around 15 days of
age and progressive flaccid paresis of hind limbs at 6 months of age. The behavioral defects
are associated with progressive hypomyelination and vacuolation in the central nervous
system (CNS) [6]. Zi is homozygous for an 8-bp deletion in intron 12 of Attractin (Atrn) [7].
Atrn is involved in regulating physiological processes such as initial immune cell clustering
during an inflammatory response, melanocortin signaling pathways that regulate energy
homeostasis, pigmentation, and normal myelination in the CNS. Atrn encodes a protein that
is secreted or transmembrane form as a result of alternative splicing of the same mRNA. Both
forms of the protein have several domains in common such as epidermal growth factor-related
domains, a CUB domain, and a C-type lectin. The transmembrane form, which has a trans-
membrane domain, has a long N-terminal extracellular domain. Rats and humans express both
secreted and transmembrane proteins. However, mice express only the transmembrane
protein. The zi rat expresses neither the secreted nor the transmembrane form of Atrn proteins.
The abnormalities in the CNS of zi rats are mainly caused by the loss of the transmembrane
form [7].

Our laboratory first reported DA neurodegeneration that occurs with age in zi rats [5]. In
particular, the nigrostriatal DA pathway shows the most severe progressive neurodegenera-
tion. In the substantia nigra pars compacta (SNc), a significant decrease in the number of
DA neurons is detected from 2 months of age in zi rats, whereas no difference is detected at
1 month of age between zi rats and wild-type SD rats [8, 9]. With age, the number of DA
neurons decreases significantly [8] (Figure 1). Loss of DA neurons in the SNc results in a
decrease in the number of DA fibers and terminals in the dorsolateral caudate putamen
(CPu), which receives DA input from the SNc. Consequently, the level of dopamine in the
CPu of zi rats at 12 months of age is decreased to one-seventh of that in age-matched SD rats
[8].

Figure 1. Progressive dopaminergic neurodegeneration with age in zi rats. Tyrosine hydroxylase-immunoreactive cells
in the substantia nigra at 1 month (A), 6 months (B), and 12 months (C) of age. Scale bar: 500 μm.
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Previous studies have indicated that zi rats show abnormal activities of some antioxidant
enzymes in the brain and tend to accumulate reactive oxygen species (ROS) [10–13]. Exami-
nation of the ultrastructure of DA neurons in the SNc of zi rats reveals abnormal mitochon-
dria with disrupted and enlarged cristae [9]. Additionally, Atrn null mice show reduced
complex IV activity (cytochrome c oxidase activity) [14]. Complex IV is an enzyme in the
respiratory electron transport chain in mitochondria. It was suggested that Atrn regulated
ROS production in mitochondria. Therefore, we hypothesized that the neurodegeneration in
zi rats is due to oxidative stress, and thus, we investigated whether antioxidants can protect
against neurodegeneration in the mutant. Furthermore, to investigate whether Atrn is di-
rectly involved in regulation of the ROS-producing system in neurons, we established pri-
mary neuronal cultures from zi rats to represent Atrn-deficit neurons, and an Atrn-
overexpressing cell line. Using these cells, we examined the viability and ROS accumulation
under several oxidative stress conditions.

2. Materials and methods

2.1. Reagents

Materials for cultures were B27 supplement, B27 supplement minus antioxidants (AO (–)),
neurobasal medium, Opti-MEM, and penicillin/streptomycin from Gibco (Life Technologies;
Carlsbad, CA); MitoTracker Red CM-H2Xros, MitoTracker green FM, and Lipofectamine Plus
Reagent from Invitrogen (Life Technologies); cell proliferation reagent WST-1 from Roche
Diagnostics (Basel, Switzerland); cytosine-arabinofuranoside, l-glutamine, and poly-l-lysine
from Sigma-Aldrich (St. Louis, MO); pAcGFP1-N1 vector from Clontech Laboratories Inc.
(Mountain View, CA). Reagents for the immunocytochemistry were purchased from the
following sources: biotinylated horse anti-mouse IgG, normal goat serum, and vectastain ABC
kit from Vector (Burlingame, CA); anti-tyrosine hydroxylase (TH) antibody from Incstar
(Stillwater, MN); Alexa Fluor 488 goat anti-mouse IgG from Molecular Probes (Life Technol-
ogies).

2.2. In vivo study

Male zitter rats were housed in-groups of two or three in a cage with food and water ad libitum.
The room was maintained at a constant temperature and humidity with a 12 h light/dark cycle
in the Laboratory Animal Research Center at Dokkyo University School of Medicine. All
procedures in this study were certified by the Animal Welfare Committee at Dokkyo University
School of Medicine and were conducted in accordance with NIH guidelines. Between 1 and
10 months of age, we fed zi rats a diet supplied with vitamin E (500 mg d-, l-alpha-tocopherol/
kg diet) or administered oral melatonin at dose of 0.5 mg/ml in drinking water, as previously
reported [13, 15]. Tissue preparation and immunohistochemical procedure were described
previously [5].
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2.3. Ex vivo study

Ventral mesencephalic neurons were prepared from fetal zi and SD rats (Charles River Lab-
oratories, Tsukuba, Japan) at gestation day 14. Cells were seeded in 24-well plates at a densi-
ty of 2 × 105 cells/cm2. Wells (for the cell viability assay and ROS assay) or cover glasses (for
immunofluorescence, 15-mm diameter) were pre-treated with poly-l-lysine (0.1 mg/ml). Af-
ter 2 h of initial plating, the medium was changed to neurobasal medium (containing peni-
cillin/streptomycin and l-glutamine) supplemented with B27. Cultures were maintained at
37°C in a humidified 5% CO2 incubator (Revco Ultima RCO5000T, Thermo Fisher Scientific;
Asheville, NC). To obtain neuron-enriched cultures, cytosine-arabinofuranoside (7.5 μM)
was added beginning at 2 days in vitro (DIV) to 6 DIV. At 6 DIV, neurons were divided into
two groups and cultured in neurobasal medium supplemented with B27 (Cont) or B27 with-
out antioxidants (AO (−)), consisting of B27 supplement without vitamin E, vitamin E ace-
tate, superoxide dismutase (SOD), catalase, or glutathione (GSH). Cultures were used for
experiments at 11 DIV. Over 95% of the cells in the cultures were neurons as determined by
immunostaining for the neuron-specific marker microtubule-associated protein-2 (data not
shown).

The cell viability assay was performed by using the cell proliferation reagent WST-1 according
to the manufacturer’s protocol. Cell viability was expressed as a percent of the values of SD-
Cont.

ROS accumulation was monitored with a plate reader using MitoTracker Red CM-H2Xros
(MTR). Neurons were co-stained with 0.5 μM MTR and 0.2 μM MitoTracker green (MTG:
mitochondria marker) in Opti-MEM for 30 min at 37°C and then assessed (MTR, excitation
535 nm, barrier filter 595 nm; MTG, excitation 485 nm, barrier filter 535 nm). The MTR/MTG
ratio of each group was normalized to that of SD-Cont, which was used as an index of ROS
content.

Immunofluorescence procedure was described previously [16].

2.4. In vitro study

Atrn cDNA, which encodes full-length membrane-type rat Atrn, was cleaved from
pCAGGS-neo-Atrn (kind gift from Dr. Kenzo Sato, Tottori University) and inserted into the
pAcGFP1-N1 vector as a ~4.3-kb Eco R1-Bam HI fragment. After cloning, insertion of the fu-
sion sequence into the plasmid was confirmed. HEK293 cells (1.5 × 104 cells/10-mm glass
bottom dish) were transfected with 0.1 μg Atrn-GFP or GFP (as a control) plasmid using
Lipofectamine Plus Reagent. At 18 h after transfection, cells were incubated with 0.5 μM
MTR for 30 min at 37°C. Fluorescence images of living cells were scanned with a confocal
laser-scanning microscope (LSM 510 META; Carl Zeiss, Jena, Germany) using a 60× 1.4-NA
oil-immersion objective. Under the microscope, cells were exposed to 1 mM H2O2 in Opti-
MEM and observed for 60 min.
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cillin/streptomycin and l-glutamine) supplemented with B27. Cultures were maintained at
37°C in a humidified 5% CO2 incubator (Revco Ultima RCO5000T, Thermo Fisher Scientific;
Asheville, NC). To obtain neuron-enriched cultures, cytosine-arabinofuranoside (7.5 μM)
was added beginning at 2 days in vitro (DIV) to 6 DIV. At 6 DIV, neurons were divided into
two groups and cultured in neurobasal medium supplemented with B27 (Cont) or B27 with-
out antioxidants (AO (−)), consisting of B27 supplement without vitamin E, vitamin E ace-
tate, superoxide dismutase (SOD), catalase, or glutathione (GSH). Cultures were used for
experiments at 11 DIV. Over 95% of the cells in the cultures were neurons as determined by
immunostaining for the neuron-specific marker microtubule-associated protein-2 (data not
shown).

The cell viability assay was performed by using the cell proliferation reagent WST-1 according
to the manufacturer’s protocol. Cell viability was expressed as a percent of the values of SD-
Cont.

ROS accumulation was monitored with a plate reader using MitoTracker Red CM-H2Xros
(MTR). Neurons were co-stained with 0.5 μM MTR and 0.2 μM MitoTracker green (MTG:
mitochondria marker) in Opti-MEM for 30 min at 37°C and then assessed (MTR, excitation
535 nm, barrier filter 595 nm; MTG, excitation 485 nm, barrier filter 535 nm). The MTR/MTG
ratio of each group was normalized to that of SD-Cont, which was used as an index of ROS
content.

Immunofluorescence procedure was described previously [16].

2.4. In vitro study

Atrn cDNA, which encodes full-length membrane-type rat Atrn, was cleaved from
pCAGGS-neo-Atrn (kind gift from Dr. Kenzo Sato, Tottori University) and inserted into the
pAcGFP1-N1 vector as a ~4.3-kb Eco R1-Bam HI fragment. After cloning, insertion of the fu-
sion sequence into the plasmid was confirmed. HEK293 cells (1.5 × 104 cells/10-mm glass
bottom dish) were transfected with 0.1 μg Atrn-GFP or GFP (as a control) plasmid using
Lipofectamine Plus Reagent. At 18 h after transfection, cells were incubated with 0.5 μM
MTR for 30 min at 37°C. Fluorescence images of living cells were scanned with a confocal
laser-scanning microscope (LSM 510 META; Carl Zeiss, Jena, Germany) using a 60× 1.4-NA
oil-immersion objective. Under the microscope, cells were exposed to 1 mM H2O2 in Opti-
MEM and observed for 60 min.
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3. Results

3.1. The effect of antioxidants on DA neurodegeneration in zi rats

We treated zi rats with the antioxidants vitamin E and melatonin. Between 1 and 10 months of
age, we fed zi rats a diet supplied with vitamin E, which is a lipid-soluble peroxyl radical
scavenger. Chronic vitamin E feeding suppressed DA neuron death in the SNc (Figure 2B).
The number of DA neurons in zi rats treated with vitamin E was 1.5 times higher than that in
control zi rats [15]. However, vitamin E protected few DA fibers and terminals in the CPu of
zi rats (data not shown).

Melatonin, which is a synthetic product of the pineal gland, is a direct free radical scavenger
and an indirect antioxidant. Melatonin readily crosses the blood-brain barrier and plays a role
in protecting against ROS in the brain. Chronic melatonin administration suppressed DA
neuron death in the SNc of zi rats (Figure 2C). The number of DA neurons in zi rats treated
with melatonin was two times higher than that in control zi rats [13]. In the CPu, DA fibers and
terminals were protected by melatonin, and zi rats administered chronic melatonin showed
twice as much dopamine as control zi rats [8, 13]. Melatonin protected DA neuronal somas,
fibers, and terminals in both the SNc and the CPu of zi rats.

Figure 2. Antioxidants suppressed dopaminergic neurodegeneration in zi rats. Tyrosine hydroxylase-immunoreactive
cells in the substantia nigra at 10 months of age in zi rats (A) or zi rats treated with vitamin E (B) or melatonin (C) for 9
months. Scale bar: 500 μm.

Antioxidants were effective for preventing DA neurodegeneration in zi rats, indicating that
the DA neurodegeneration in the mutant rats is caused by oxidative stress.

3.2. Accumulation of ROS in zi mesencephalic neurons ex vivo

To investigate whether ROS accumulation in mesencephalic neurons is caused by a genetic
factor of the Atrn mutation, we established primary mesencephalic neuronal cultures from zi
rats and compared them with cultures from wild-type SD rats. Neurons were cultured under
an individual condition with (Cont) or without antioxidants (AO (−)), consisting of B27
supplement without vitamin E, vitamin E acetate, SOD, catalase, or GSH. We analyzed the cell
viability and ROS content according to two factors: genotype (zi or wild type) and supplement
(AO (−) or Cont).
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Cell viability was shown in Figure 3A. Two-way analysis of variance (ANOVA) revealed
significant effects of the supplement (P = 1.98 × 10–8) and an interaction of genotype × supple-
ment (P = 8.73 × 10–6), but no effect of genotype (P = 0.493). Mesencephalic neurons from zi rats
showed significantly lower cell viability in AO (−) supplement compared to Cont supplement
(P < 1 × 10–8). However, the cell viability of neurons from wild-type SD rats was significantly
lower in AO (−) supplement (P = 0.0085), the decreasing rate was considerably less than that
of zi rats.

Next, ROS accumulation in mitochondria was monitored using MTR, which produces in-
tense fluorescence depending on ROS accumulation in mitochondria (Figure 3B). Two-way
ANOVA revealed significant effects of genotype (P = 6.21 × 10–4), supplement (P = 0.0016),
and an interaction of genotype × supplement (P = 0.0026). Mesencephalic neurons from zi
rats showed significantly higher ROS content in AO (−) (P = 0.0011 compared with Cont
supplement in zi rats), whereas that of the wild type showed low ROS content and no differ-
ence between AO (−) and Cont supplements (P = 0.994). With Cont supplement, the ROS
content was not different according to genotype (P = 0.875 zi neurons vs. SD neurons).

Because the neurons from zi rats showed excessive ROS accumulation, we examined the
morphology of DA neurons using immunofluorescence with anti-TH antibody (Figure 3C).
With Cont supplement, TH-immunoreactive (TH-ir) neurons from zi rats had long processes
similar to those from wild-type rats (Figure 3C, upper column). However, in AO (−), TH-ir
neurons had no long processes and formed cell clusters (Figure 3C, lower column). These
culture experiments revealed that mesencephalic neurons from zi rats accumulate excess ROS
followed by DA neurodegeneration and death in the absence of exogenous antioxidants.

Figure 3. Effects of genotype and supplement factors in primary neuronal cultures from the ventral mesencephalon.
Neurons from zi rats and wild-type rats (SD rats) were supplemented with B27 (Cont: open bars) or B27 without anti-
oxidants (AO (−): closed bars) for 5 days. (A) Cell viability was measured with a plate reader using WST-1 assay. Data
are the percent absorbance at 450 nm versus SD-Cont (n = 4). (B) ROS production by mitochondria was detected with a
plate reader using MitoTracker Red CM-H2Xros (MTR). Data are normalized to MitoTracker Green and represent the
percent absorbance at 535 nm/485 nm versus SD-Cont (n = 3–4). All data are expressed as means ± SEM. Statistical
analysis was performed with two-way ANOVA with Turkey post-hoc adjustment for multiple comparisons with a sig-
nificant level set at #P< 0.01 and ##P< 0.0001. (C) Immunofluorescence demonstrating the morphological alteration of
TH-immunoreactive neurons from zi rats in medium with B27 (Cont: upper column) or B27 without antioxidants (AO
(−): lower column). Scale bar: 10 μm.
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3.3. Suppression of ROS accumulation in Atrn-overexpressing cells in vitro

To investigate the function of Atrn during oxidative stress, ROS accumulation in mitochondria
was observed in HEK293 cells that overexpressed Atrn-GFP.

ROS accumulation in Atrn-GFP-transfected cells was detected 30 min after MTR incubation
(Figure 4). Atrn-GFP-transfected cells (Figure 4A) showed lower MTR intensity than the
surrounding untransfected cells (Figure 4C and D).

Figure 4. ROS accumulation in Atrn-GFP-transfected HEK293 cells. Atrn-GFP (A), the corresponding phase-contrast
image (B), and MitoTracker Red CM-H2Xros (C) were merged as shown in (D). White dotted lines (C) show the outline
of Atrn-GFP-positive cells (A). Scale bar: 50 μm.

Under the microscope, the time of addition of H2O2 as a form of oxidative stress was set at 0
min, and live images were scanned at 0 and 60 min (Figure 5). Atrn-GFP-transfected cells
showed little MTR fluorescent intensity at 0 min (Figure 5C 2–3) and faint intensity at 60 min
(Figure 5D 2–3), whereas control transfected cells showed high MTR intensity at 0 min (Figure
5A 2–3) and markedly higher intensity at 60 min (Figure 5B 2–3). Compared with adjacent
cells, Atrn-overexpressing cells maintained low MTR intensity under oxidative stress (Figure
5D 2–3).
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Figure 5. Attractin suppressed the accumulation of mitochondrial ROS under oxidative stress. HEK293 cells transfected
with Cont-GFP (A, B) or Atrn-GFP (C, D) were incubated in medium containing 1 mM H2O2 for 60 min. Time-lapse
images at 0 min (A, C) and 60 min (B, D) are shown. GFP (1), MitoTracker Red CM-H2Xros: MTR (2), and the corre-
sponding phase-contrast image were merged into (3). White dotted line (2) shows the outline of GFP-positive cells (1).
Scale bar: 50 μm.

4. Discussion

This study revealed that the loss of Atrn led to ROS accumulation in mitochondria and
resulted in DA neurodegeneration in zi rats.

Zi rats accumulate ROS and are vulnerable to oxidative stress, as observed with fibroblast
cultures from the zi/zi kidney [11]. Moreover, DA neurons are particularly vulnerable to oxi-
dative stress [1, 2]. Based on these observations, our previous studies revealed that the anti-
oxidants vitamin E and melatonin suppress DA neurodegeneration in zi rats [5, 13, 15].
Therefore, we hypothesized that the DA neurodegeneration in zi rats was caused by oxida-
tive stress. However, whether oxidative stress is directly caused by the genetic factor, Atrn
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gene mutation, was not clear. In the present study, we used ex vivo neuronal cultures and
showed that this mutation directly led to ROS accumulation in mesencephalic neurons and
caused DA neurodegeneration. B27 without the antioxidants vitamin E, vitamin E acetate,
SOD, catalase, and GSH was used in this study. In vivo, SOD and catalase are produced by
neurons, whereas vitamin E and vitamin E acetate are not synthesized in animal cells; GSH
is mainly produced by astrocytes [17]. Thus, our result showing that wild-type neurons ac-
cumulate little ROS in medium without these five antioxidants indicates that the generated
ROS is removed by scavenging agents including SOD and/or catalase in neurons. However,
zi neurons accumulated significantly excessive ROS in the same medium, indicating that zi
neurons have little or no endogenous scavenging agents and produce ROS levels that ex-
ceed their scavenging ability. This idea is consistent with previous assays using homoge-
nates of zi brain tissues, which show abnormal H2O2 metabolism [10] and mitochondrial
function [14]. In addition, morphological analysis using primary neuronal cultures from zi
cerebral cortex shows protection from neurodegeneration by the antioxidants, vitamin E
and catalase [11]. Additionally, in vitro study using DA neuroblastoma cell line shows that
overexpressing Atrn protects against cell death induced by the neurotoxin 1-methyl-4-phe-
nylpyridinium, which enhances ROS production [12]. Thus, Atrn may play a role in the acti-
vation of antioxidant enzymes in mitochondria. The observation that overexpression of Atrn
suppressed ROS accumulation supports this hypothesis. We suggest that a deficiency in
Atrn directly results in an abnormal antioxidant system and excess ROS accumulation in DA
neurons. The findings in the present study will contribute to our understanding of the
mechanism of not only DA neurodegeneration but also neurodegeneration of other neurons
caused by oxidative stress. Further studies are needed to elucidate these possibilities.
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Abstract

Epidemiological studies have found an increased risk of Parkinson’s disease (PD) with
environmental  factors  such  as  exposure  to  substances  derived  from  industrial
processes, use of agrochemicals, or living in a rural environment. The hypothesis that
certain  environmental  toxins  could  be  the  source  of  the  EP  is  supported  by  the
discovery that chemicals such as herbicides paraquat, diquat, and the fungicide maneb
are selectively toxic in nigrostriatal dopaminergic neurons. Also, one of the insecticides
produced by plants, such as rotenone, and by-product of the synthesis of synthetic
heroin  MPTP  (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)  can  be  reproduced  in
animal models where neurochemicals, histopathological, and clinical characteristic of
PD can  be  found.  Interestingly,  there  are  similarities  in  the  chemical  structure  of
paraquat and MPTP. Recent evidence exhibited that inflammation and oxidative stress
play an essential role in the development of PD. So, in our laboratory we found that
in an animal model melatonin decreases the products of lipid oxidation, nitric oxide
metabolites, and the activity of cyclooxygenase 2, which are induced by an intraperi-
toneal injection of MPTP. This suggests that the neuroprotective effects of melatonin
are partially attributed to its antioxidant scavenging and anti-inflammatory action.

Keywords: dopaminergic neurons, melatonin, MPTP, paraquat, Parkinson, Parkinsonism
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1. Introduction

Parkinson’s  disease  (PD)  is  a  neurodegenerative  disorder  characterized  by  tremor  and
disruptions to voluntary movement. The main neuropathology in PD involves the death of
dopaminergic  cells  in  the  pars  compacta  of  the  substantia  nigra  with  intracytoplasmic
inclusions  (Lewy bodies)  in  the  remaining  intact  nigral  neurons  [1].  Neural  loss  in  the
substantia nigra increases with age in PD, consistent with a worsening prognosis and increased
symptom severity in older patients. The substantia nigra is an anatomical region of the brain
implicated in dopamine synthesis and voluntary motor control and is a part of the basal
ganglia. Neural circuits in the basal ganglia, particularly the nigrostriatal pathway, appear to
be crucial to the successful execution of both innate and learned motor behaviors [2].

PD primarily affects people of ages 50 and older, and the prevalence and risk of developing
sporadic PD increases substantially with age and has an incidence rate of 18 per 100,000 per
year [3]. As the disease progresses, significant motor disability is seen in PD patients even when
treated with symptomatic medications. Symptoms like dysphagia, sialorrhoea, microphagia,
and dystonia are also well-known. Nonmotor symptoms include cognitive impairment [4],
neuropsychiatric symptoms (depression, psychosis, anxiety, and fatigue), sleep dysfunction
(rapid eye movement sleep behavior disorder, sleep attacks, daytime sleepiness, advanced
sleep phase syndrome, and early morning awakenings) [5], autonomic disturbances (consti-
pation, nausea, orthostatic hypotension, and urogenital problems), and sensory disturbances
(restless legs syndrome, visual changes, and decreased olfaction) [6]. Interestingly, increased
mortality risk has been linked with both motor and nonmotor features in newly diagnosed PD
patients, especially with features like postural instability, hallucinations, and cognitive
impairment [7].

No definitive diagnostic test such as magnetic resonance imaging or computed topography
scans or genetic tests can confirm PD. Its diagnosis is typically based on the presence of a
combination of key motor features, such as associated and exclusionary symptoms, and
response to levodopa [8].

The molecular mechanisms underlying the loss of these neurons still remain elusive. Different
modes of cell death, apoptotic, necrotic, and autophagic, have been described to contribute to
the neuronal loss occurring in PD [9]. Oxidative stress plays an important role in dopaminergic
neurotoxicity. Mitochondrial complex I deficiencies of the respiratory chain account for the
neuronal degeneration in PD. Neurotoxins and other environmental factors, such as pesticides,
insecticides, dopamine metabolites, heavy metals, microbial toxins, and genetic mutations, in
PD-associated proteins contribute to mitochondrial dysfunction [10, 11]. A byproduct of an
illicit narcotic drug, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as its
metabolite MPP+, has been shown to cause the same signs and symptoms as PD. In fact,
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act via inhibition of the mitochondrial complex I to produce selective dopaminergic cell loss.
Human epidemiological studies have implicated a higher incidence of PD in residents of rural
environments with exposure to herbicides and pesticides [15].

2. Oxidative stress

The body is constantly exposed to the influence and attack of free radicals, which have been
associated with various disorders of the nervous system such as Parkinson disease, the motor
neuron disease, and other disorders of the central nervous system (CNS). A free radical is
considered any molecule containing one or more unpaired electrons. It is produced by
biochemical redox reactions occurring as a result of normal cellular metabolism (biochemical
reactions with oxygen or produced as a result of oxidative stress), as well as by phagocytes in
inflammatory reactions controlled in response to exposure to different environmental factors,
including ionizing radiation, ultraviolet rays, smoking, air pollution, gamma radiation,
hyperoxia, excessive exercise, ischemia, and toxic compounds such as cancer drugs, some
anesthetics, and painkillers [16].

The main free radicals are superoxide anion (O2•–), hydroxyl (OH•), nitric oxide (NO•), and
peroxyl (ROO•) [17]. Some of them are considered highly reactive molecules that can cause
cell damage and even death. Usually, the most damaged cellular components are unsaturated
fatty acids in cell membranes and proteins such as enzymes conveying ions across membranes.

It is estimated that mitochondria are the main source of oxygen radicals (Figure 1) [18] in which
anion superoxide (O2•) is generated during electron transport. Superoxide dismutase (SOD)
converts O2•– to hydrogen peroxide (H2O2) by the Fenton reaction; the latter in the presence
of Fe2+ produces hydroxyl radical (OH•) by reacting Fe2+ and Cu+. Then, the Fenton reaction
is expressed as

O2•– + Fe3+ ____________ Fe2++O2

Fe2+ + H2O2 ____________ Fe3+ + OH– + OH•

O2• + H2O2 ____________ OH– + OH• + O2

According to Burdon and Mattson 1995 and 1998, the O2•– may also interact with nitric oxide
(NO•) to form peroxynitrite (ONOO–). Of all free radicals, OH– is the most damaging free
radical, since its presence–though is only a fraction of a second–is able to destroy proteolytic
enzymes causing rupture of polysaccharide and lipid membrane peroxidation (LMP) altering
its permeability and associated features [19] (Figure 2). Peroxynitrite (ONOO–) can cause direct
damage to proteins and DNA, and is also a potent inducer of LMP that can destroy neurons,
which are especially sensitive to this process. Oxidative stress can occur in different acute
degenerative conditions such as cerebral ischemia, traumatic brain injury, and chronic
degenerative processes such as Parkinson’s disease [20]; it is observed, to a lesser extent, in
neural circuits during normal physiological activity.
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Figure 2. Damage generated by free radicals (ONOO-, OH-) directly affects proteins, membrane phospholipids, and
DNA molecules. The resulting free radicals, such as superoxide anion (O2-) and hydroxyl radical (OH•), as well as the
nonradical hydrogen peroxide, can damage macromolecules, including DNA, proteins, and oxidized lipids have all
been related in such damages. The superoxide radical, although it is unreactive in comparison with many other radi-
cals, biological systems can convert it into other more reactive species, such as peroxyl (ROO•), alkoxyl (RO•), and
hydroxyl (HO•) radicals.

On the other side, oxidative stress can cause the onset of a disturbance in cellular calcium
homeostasis. This action is usually related to an effect on the receptor mobilizing Ca2+, but the
decrease of Ca2+ ATPase activity is also evident. Reactive oxygen species (ROS) also interfere
with other transduction signal systems through the action of nitric oxide (NO) [21] (Figure 3).
Reactive oxygen metabolites affect ligand binding to membrane receptors such as β-adrener-
gic, cholinergic, muscarinic, histamine, and serotonin. Some reactive oxygen species can affect
enzymatic pathways such as the phospholipase A [22].

Figure 1. Mitochondria are considered the main source of free radicals, which come from the electron transport chain.
Within mitochondria, 2O2+ is produced by the one-electron reduction of O2. Therefore, it is the kinetic and thermody-
namic factors underlying the interaction of potential one-electron donors with O2 that control mitochondrial ROS pro-
duction.
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Figure 3. ROS can disrupt calcium homeostasis through its effect on receptors on the cell gate ionic membrane, calcium
ATPase, and interfere with signal transduction. Interactions between Ca2+ and reactive oxygen species signaling coordi-
nate signaling, which can be either beneficial or detrimental. In neurodegenerative disorders, cellular Ca2+-regulating
systems are compromised. Oxidative stress, perturbed energy metabolism, and alterations of disease-related proteins
result in Ca2+-dependent synaptic dysfunction.

Free radicals formed in the organism can initiate a series of chain reactions which continue,
after several reactions, until removed with other free radicals or by the antioxidant system,
which protects tissues from their deleterious effects. According to the mode of action, three
main types of antioxidants are known: (a) those preventing the formation of new free radicals,
(b) those making them less harmful before they can react, and (c) those preventing the
formation of free radicals from other molecules.

The enzymes involved in the antioxidant system are superoxide dismutase glutathione
peroxidase (GPx), catalase, glutathione reductase, glutathione S transferase, and other proteins
that bind metals (ferritin, transferrin, and ceruloplasmin) limiting the availability of iron
necessary to form the •OH radical.

Excessive ROS reactive nitrogen species (RNS) generation may contribute to cell injury and
death. In particular, accumulation of nitrosative stress due to excessive generation of nitric
oxide (NO) appears to be a potential factor contributing to neuronal cell damage and apoptosis.
In this process, overstimulation of N-methyl-D-aspartate-type of glutamate receptors permit
calcium influx Ca2+ to cell, increasing NO and promoting ROS formation through a process
named S-nitrosylation which consists in a reaction between NO and cysteine thiol to form S-
nitrosothiols (SNOS). In addition, NO can react with superoxide to generate peroxynitrite
(ONOO–), which is highly toxic to cell, as well [23].
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3. Clinical manifestations of Parkinson’s disease

PD is a common neurodegenerative disorder characterized by progressive loss of substantia
nigra dopaminergic neurons, and the concomitant loss of dopaminergic nerve terminals in the
caudo-putamen nuclei, which is the main neuron projection area of the substantia nigra. PD
affects about 1% of the population over 65 years, which increases to up to 4% after the age of
80 [24]. Its main symptoms were described in 1817 by James Parkinson in an essay called the
“shaking palsy.” From a clinical point of view, PD is characterized by tremor at rest, slow
movements (bradykinesia), rigidity, postural instability, stiffness of the muscles, serious
inability to initiate movement (akinesia), and mask-like face expression. Other symptoms may
be a flexed posture, freezing (motor blocks), loss of arm swing on one side, loss of smell, or a
persisting glabellar tap reflex. However, the above mentioned symptoms may not all be present
in one patient [25]. Bradykinesia, slowness of movement, is the most characteristic symptom.
PD patients may therefore show slowness in daily activities and slow reaction times and may
have difficulties in fine motor control [26].

A number of nonmotor features can precede the motor symptoms of PD. These symptoms
probably arise from extra-nigral structures. For instance, olfactory deficits [27] and cardiac
sympathetic denervation [28, 29] are present in a very high proportion of patients presenting
with the earliest motor signs, suggesting that such features probably precede the motor signs
and may be more useful in characterizing early disease status. Other nonmotor symptoms
include autonomic, mood, cognitive, and sensory dysfunctions, as well as sleep disturbances
[30, 31]. Depression is the most frequent psychiatric complication in PD. Although depression
often precedes motor symptoms in PD [32], it may still reflect impairments of the nigrostriatal
dopaminergic circuit [33]. Anxiety is also comorbid with PD [34]. These nonmotor symptoms
significantly contribute to the reduced quality of life in PD patients, but are frequently
undiagnosed and left untreated [35, 36].

4. Physiopathology of Parkinson disease

One of the most surprising aspects of PD is the selective vulnerability of neuronal population
to damage. PD can occur when an external or an internal toxin selectively destroys dopami-
nergic neurons. When the neurons which connect two specific brain regions, the compact part
of the substantia nigra (SNPC) and the striatum, essential to maintain the motor function die,
the dopaminergic pathway progressively degenerates, and the level of dopamine in the
striatum decreases causing changes in brain circuitry and motor features of PD deficiencies
appear.

The main pathological findings of PD are the loss of dopaminergic neurons and formation of
fibril aggregates composed of α-synuclein, called Lewy bodies, in the remaining dopaminergic
neurons located in substantia nigra pars compacta [37]. DA neurons of SNPC also have a
tendency to degenerate with aging at a rate of approximately 5% per decade. In contrast, the
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rate of neurodegeneration in PD patients is about 10-fold faster and occurs mainly in the
ventro-lateral part of SNPC [38].

The degeneration of neuronal cells may be the consequence of many pathogenic factors (toxic,
infectious, genetic, metabolic, vascular, etc.) and the final consequence is apoptosis and cell
death in which caspases (particularly caspase 3) and Bcl-2 protein families are central compo-
nents with up and down regulatory mechanism that promotes apoptosis. Two main caspase-
mediated pathways of cell death have been described in mammals: (a) the extrinsic or death
receptor-mediated pathway, which has a critical role in the maintenance of tissue homeostasis,
and (b) the intrinsic, mitochondria-dependent pathway that is mainly activated in response to
extracellular cues and internal insults such as DNA damage, growth factor deprivation,
cytoskeletal disruption, accumulation of unfolded proteins, hypoxia, and many others [12, 19–
21, 39–42].

In vivo, the dysfunction of the proteasomal system in order to cleave misfolded α-syn due to
lack of energy associated to mitochondrial damage, and problems with the autophagy-
lysosomal degradation pathway, which disrupts damaged mitochondrial clearance, leads to
the formation of protein inclusions and accumulation of damaged mitochondria, a major
source of ROS, which activate the apoptotic cascade as has been mentioned. ROS accumulation
may result in detrimental effects such as lipid peroxidation, protein oxidation, and further
DNA damage. The maintenance of a pool of healthy mitochondria that can meet the bioener-
getic demands of a neuron is therefore of critical importance; this is achieved by maintaining
a careful balance between mitochondrial biogenesis, mitochondrial trafficking, mitochondrial
dynamics, and mitophagy. Removal of damaged mitochondria through mitophagy can lead
to the release of compartmentalized mitochondrial molecules. Once in the cytosol, some of
these molecules, such as cyt-C, Smac/DIABLO, and HtrA2/OMI, are capable of activating
apoptotic routines that lead to cell death. It is then reported that the failure of mitophagy results
in the release of mtDNA into the cell cytosol contributing to mechanisms of cell death [43–47].

The central events in the mitochondrial-dependent cell death pathway are the activation of the
mitochondrial permeability transition pore (mPTP) and the disruption of mitochondrial
membrane potential, which cause the release of apoptogenic molecules and finally lead to cell
death [48]. The protein α-syn is a small acidic protein containing 140 amino acids. This protein
is able to undergo self-aggregation in a nucleation-dependent process to form nonfibrillar
oligomers, protofibrils, and fibrillar aggregates with amyloid-like properties that are poten-
tially cytotoxic to the neurons and it has been shown to be directly degraded in vitro by the 20S
proteasome. Studies of the degradation of aggregated α-syn led us to suspect that oxidation
of Met may play a role in α-syn degradation by the proteasome [46].

It is important to take into account that neuronal loss in PD is also associated to chronic
neuroinflammation through microglial activation by some different mechanism including
overexpression of inducible NOS (iNOS), COX-2, the cytokines tumor necrosis factor-alpha
(TNF-α), and IL-1β and NO or accumulation of heat shock protein 60 (Hsp60) participating in
DA cell death in PD via a mechanism unrelated to cytokine release and could serve as a signal
of CNS injury through activation of microglial cells. Neuromelanin is released from dying
dopaminergic neurons in the SNpc and activates microglia, provoking increase in the sensi-

Oxidative Stress and Parkinson’s Disease: Effects on Environmental Toxicology
http://dx.doi.org/10.5772/63794

157



tivity of DA neurons to oxidative stress-mediated cell death. Parkinson’s disease-associated
proteins such as α-syn, parkin, LRRK2, and DJ-1 have also been reported to activate microglia,
as well [11, 49].

One of the most surprising aspects of neurodegenerative diseases is the selective vulnerability
of neuronal population to damage. Parkinson’s disease can occur when an external or an
internal toxin selectively destroys dopaminergic neurons. When the neurons which connect
to two brain regions, the compact part of the substantia nigra (SNPC) and the striatum, essential
to maintain the motor function die, the dopaminergic pathway progressively degenerates and
the level of dopamine in the striatum decreases causing changes in brain circuitry, and motor
features of PD deficiencies appear. The high vulnerability of the SNPC neurons to oxidative
agents, compared to neurons in other cerebral regions, may be explained by a combination of
different factors such as reduced antioxidant activity, increased iron concentration, increased
susceptible to DA oxidation, and reduced activity of the mitochondrial complex I (NADH
oxidoreductase) (Figure 4).

Figure 4. SNPC neurons and oxidative agents. External factors, such as neurotoxins, pesticides, insecticides, and en-
dogenous factors such as dopamine (DA), and genetic mutations in PD-associated proteins contribute to oxidative
damage and disruptions in the maintenance of the redox potential leading to destruction of dopaminergic neurons and
cell death. Different pathways contribute to the substantia nigra pars compacta (SNPC) neurons vulnerability to oxida-
tive damage including (a) high susceptibility of DA auto-oxidation, (b) reduced antioxidant activity such as gluta-
thione, and (c) increased iron concentration d) deficits in mitochondrial complex I of the respiratory chain.

Biochemical abnormalities in the brain with PD show deficits in mitochondrial complex I,
decreased extracellular thiols, increased oxidative iron in the substantia nigra, and oxidative
damage, including DNA oxidation, nitration, and increased carbonyl groups of proteins. Lewy
bodies inclusions contain phosphorylated neurofilaments and a protein called α-synuclein
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[50]. Currently, there is evidence of properties of α-synuclein and its possible association with
oxidative stress state present in PD. One such evidence is the notion that one type of amyloid
aggregates of α-synuclein, similar to those observed in vivo, by coincubation with copper (II),
Fe/hydrogen peroxide, or are induced cytochrome c/ hydrogen peroxide. Many motor
characteristics defining the PD result primarily from the loss of substantia nigra neurons [28].
Deficiencies in mitochondrial function, increased oxidative stress, apoptosis, excitotoxicity,
and inflammation, all of them are part of the processes that eventually result in neurodegen-
eration [51].

4.1. Genetic and Parkinson’s disease

A relatively new theory explores the role of genetic factors in the development of Parkinson’s
disease. A total of 15–25% of Parkinson’s patients have a close relative who had experienced
parkinsonian symptoms (such as tremor).

There are many genes linked to familial forms of PD, which have produced advances in PD
basic research, increasing our understanding of possible mechanism of dopaminergic cells
damage in patients with this condition. These genes include those associated with α-syn,
parkin, DJ-1, PINK-1, LRRK-2, ATP13A2, mitochondrial phosphatase, and phosphatase and
tensin homolog (PTEN)-induced kinase gene, and they have been demonstrated to be involved
in apoptosis regulation. Parkin is associated with the outer mitochondrial membrane (OMM)
and prevents cell death by inhibiting mitochondrial swelling, cyt-C release, and caspase
activation. Another finding in pathogenesis has been centered in the ATP13A2 gene, which
regulates intracellular Mn2+ homeostasis, playing an important role in preventing damage
induced by Mn2+ cytotoxicity. Overexposure of cells to Mn2+ may determine cell death by
induction of DNA damage, oxidative stress, disruption of Ca2+, iron homeostasis, and mito-
chondrial dysfunction. In an experimental model, monomeric α-Syn-expressing dopaminergic
cells significantly attenuated Mn-induced neurotoxicity for initial exposures. However,
overexposure to Mn produces precipitation of α-syn, which at the same time impairs antiox-
idative defense mechanism in this experimental model [39, 44, 52].

One important finding of PD is the presence of cytoplasmic inclusions containing α-synuclein
and ubiquitin, known as Lewy bodies, in the SNPC and other brain regions. Some cases of
familial PD are clearly attributed to mutations in the genes for α-synuclein and parkin.

4.2. Dopamine as a source of ROS in the CNS

Since the discovery that 1-methyl-4-phenyl-1,2,3,6-tetrahydrodropyridine infusion causes
parkinsonism by selective inhibition of mitochondrial complex-1, raised the possibility that
mitochondrial dysfunction is at the heart of PD [53].

In patients with PD, there is an excess amount of cytosolic DA outside of the synaptic vesicles
due to damaged neurons with impaired reuptake, and a possible increased damage when an
overload is related to levodopa treatment. Dopamine is easily metabolized via monoamine
oxidase (MAO). Also DA suffers auto-oxidation to cytotoxic ROS producing mitochondrial
impairment either by activation of the intrinsic apoptotic pathway or by inhibiting the
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respiratory chain. Also, the auto-oxidation of DA produces electron-deficient DA quinones or
DA semiquinones, which, at the same time, modify some PD-related proteins, such as α-syn,
parkin, DJ-1, superoxide dismutase-2 (SOD2), and UCH-L1. Additionally, DA quinones can
be oxidized to aminochrome, whose redox-cycling leads to the generation of the superoxide
radical and the depletion of cellular nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH), which ultimately forms the neuromelanin, contributing to this degenerative
mechanism [11, 47] (Figure 5).

Figure 5. Dopamine as a source of ROS in the CNS. In patients with PD there is an excess amount of cytosolic dopa-
mine (DA), this molecule is unstable and undergoes auto-oxidation to form dopamine quinones and free radicals that
leads to modification of PD-related proteins such as α-syn and mitochondrial impairment. The products of dopamine
oxidation, dopamine quinones, can also contribute to neurodegeneration. Dopamine quinones can cyclize to form dop-
aminocromo who is the precursor of neuromelanin, a brain pigment that may contribute to neurodegeneration.

The microtubule (MT) system may play an important role in PD pathogenesis, as well. It is
crucial for many aspects of neuronal function, including motility, differentiation, and protein
and organelle trafficking. In experimental models, both acute and chronic sub-lethal settings,
6OHDA-induced oxidative stress elicited significant alterations in microtubule (MT) dynam-
ics; very important for axonal transportation; these includes reductions in MT growth rate,
increased frequency of MT pauses/retractions, and increased levels of tubulin acetylation [54].

DA metabolism act as proneurotoxins in the development of PD. Certain components of snuff
smoke can react with these proneurotoxins preventing its activation. This may explain the
possible beneficial effect of smoking on the incidence of PD. The ROS generated by the auto-
oxidation of dopamine have been implicated in the neuron loss; related to age and other
neurodegenerative disorders such as PD. To date, there have been proposed two mechanisms
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by which the DA stimulates the production of ROS. These depend on the presence or absence
of enzymatic mediators [55]. The DA in the substantia nigra and striatum is spread by the
enzyme monoamine oxidase (MAO), located in the outer membrane of mitochondria [56], from
this reaction results the superoxide and hydroxyl radicals plus hydrogen-peroxide production.
Another derivative compound is 1,2,3,4 tetrahydropapaverolin DA (THP) obtained from
enzymatic catabolism. TTP itself is capable of inducing necrosis in neuroblastoma cells and is
related to the pathogenesis of PD [57].

DA is a molecule with a catechol group which cannot be easily enzymatically oxidized to form
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general oxidative damage, there is evidence that the interaction between α-synuclein and
dopamine metabolites determines the preferential neurodegeneration of dopaminergic
neurons. Along with a number of possible changes, abnormal protein aggregates could also
act as irritants, causing a chronic inflammatory reaction which can induce synaptic changes
and neuronal death. Findings which suggest the existence of a chronic inflammation process
include the presence of microglial activation and astrocytosis in the brain of these patients,
particularly in the vicinity of protein aggregates. In PD, along with several toxic and genetic
mechanisms producing neuronal damage, the compounds released from damaged neurons
can induce microglial release of neurotoxic factors aggravating neurodegeneration [36].
Among those released is neuromelanin compound which is a strong iron chelator. The
neuromelanin-ferrum complex activates microglia in vitro, causing the release of neurotoxic
compounds such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and nitric oxide
(NO). Increased total iron concentration had been described in the substantia nigra of PD
severe cases, although the underlying mechanism is not known [59]. Iron also contributes to
increasing the generation of oxygen radicals (ROS), oxidative stress, and increased protein
aggregation, including α-synuclein aggregation. The rapid aggregation of α-synuclein protein
in turn can induce the formation of ROS. Lastly, dopamine stabilizes the protofibril form of
α-synuclein, which would be toxic. Thus, in the oxidative atmosphere of a dopaminergic
neuron, α-synuclein is involved in generating a vicious circle, which leads to neuronal death
[59] (Figure 6).

Figure 6. Interaction between α-synuclein and dopamine metabolites. Dopamine metabolites such as neuromelanin-
Ferrum complex produce microglial activation that leads to chronic inflammation process, causing the release of inter-
leukins, and free radicals. The reactive oxygen radicals interact with total iron concentration in the substantia nigra
and increase the propensity of the α-synuclein to aggregate. This protein is present in Lewy bodies and the formation
of aggregates is associated with increased oxidative stress, neurodegeneration, and cell death.
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Finally, till date there have been at least five different mechanisms of death in neurons with
dopaminergic dysfunction associated to oxidation of the dopamine (DA): (1) proteasome
dysfunction, (2) mitochondrial dysfunction, (3) oxidative stress, (4) α-syn oligomers precipi-
tation, and (5) lysosomal autophagy dysfunction.

Another possible mechanism implicated in neuronal destruction and death is associated with
diminished neuroprotection due to the dysfunction of neuromelanin and diaphorase enzyme
[45, 56].

4.3. MPTP and Parkinson’s disease

In 1982 (California, USA), a group of recreational drugs were developed which severely causes
parkinsonian syndrome days after injection; 1-methyl-4-phenyl-4-propionoxipiperidina
(MPPP), a synthetic analog of meperidine, was used for that purpose. This analog-product,
according to the analysis of samples provided by the seller, was contaminated by 1-methyl-4-
phenyl-1,2,3,6 tetrahydropyridine, which was discovered to cause parkinsonism at a concen-
tration of 2.5–2.9% by weight. Initial clinical symptoms shown by these patients were treated
with carbidopa/L-dopa. In the following years, the clinical treatment was insufficient to halt
the progression of the disease and died 12 and 16 years, respectively, after injection. Patholog-
ical analysis of their brains showed moderate to severe decrease of neurons in the substantia
nigra without Lewy bodies. Besides, gliosis and clumping of microglia around nerve cells were
found [60].

In 1991, an individual, 39 years old, tried to produce the MPPP following the instructions of a
chemistry textbook and obtained, without knowing, the by-product MPTP. Approximately, 45
g of the drug in the course of a week were injected. At the end of this period, he had language
problems, remained lethargic, and developed rigid posture. These symptoms worsened over
the next week, so he had to be admitted to a hospital. In the next two weeks, he was treated
with selegiline and carbidopa/L-dopa, which greatly improved their symptoms. Over the next
3.5 years, the patient responded transiently to treatment with carbidopa less/L-dopa and
bromocriptine; however, his condition progressed to severe parkinsonism immobility and a
significant hypophonia and died. Neuropathological analysis of this patient showed similar
findings to those found in the brains of those patients studied from California. Besides, large
amounts of extraneuronal melanin were found indicating a progressive death of nerve cells in
response to a brief temporary aggression the nigrostriatal system. The above data show that
the acute phase of parkinsonian syndrome is completed within a few days after administration
of MPTP; however, neurodegeneration caused by MPTP silently continue for several years or
even decades [61, 62].

From a neurochemical point of view there is a great similarity between the MPTP-induced
parkinsonism and PD. The neurotoxic action of MPTP involving dopaminergic transmission
produces a variety of neurochemical changes: (1) decrease in the concentration of dopamine
and its metabolites (3,4-dihydroxyphenylacetic acid and homovanillic acid), (2) decrease
activity of the enzyme tyrosine hydroxylase, and (3) alteration in the density of dopamine
receptors.
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Since the discovery of the effect of MPTP in human, extensive research in animal models, cell
cultures, etc. was initiated to characterize in more detail the effects of the toxin.

MPTP produces selective death of dopaminergic neurons and parkinsonian syndrome in
several species, including Rhesus monkeys, squirrel monkeys, and beagle dogs. The effects of
MPTP, presented in a variety of nonhuman primates, consist in a very significant reduction in
spontaneous activity, rigidity, tremor, and bradykinesia. Very few human subjects develop
resting tremor characteristic of PD. MPTP initially produces temporary parkinsonian symp-
toms but become permanent with repeated administration of the toxin. The mechanisms
involved in spontaneous recovery experienced by these animals are not known, but may be
related to a transient alteration of other neurotransmitter systems other than nigrostriatal. On
the other hand, rats and guinea pigs do not show permanent impairments of DA in the striatum
nor they present movement disorders such as those observed in primates. In mice of the C57BL/
6 strain MPTP induces toxic changes, but at higher concentrations.

There is no evidence that MPTP induces alterations in the cholinergic, GABAergic, and
glutamatergic systems in primates. However, the levels of various neuropeptides, substance
P, dynorphin, and enkephalin in striatum, substantia nigra, and globus pallidus are reduced
in animals chronically treated with MPTP. These same abnormalities have been described in
patients with PD. However, it is not known whether they are due to the degeneration of
neurons containing these peptides or represent adaptive nigrostriatal denervation to changes.

The susceptibility of different animal species to MPTP may be related to differences in the
metabolism of MPTP, cerebral distribution, and retention of the final metabolite [63].

4.4. Metabolism of MPTP

MPTP metabolism is a complex process, after systemic administration it readily crosses the
blood brain barrier due to their lipophilicity. Once in the brain, it is transformed extraneuro-
nally in astrocytes, a monoamine oxidase B rich cells, into the intermediate, 1-methyl-4-
phenyl-2,3-dihydropyridinium (MPDP+). This is a very reactive ion undergoing autoxidation
to the radical 1-methyl-4-phenyl pyridinium (MPP+) with the formation of superoxide anion
(O2•). Besides, the MPDP+ readily crosses the cell membrane and into the extracellular space
to form MPP+ and O2•. Extracellular MPP+ is leaking from astrocytes and used by the
presynaptic DA system uptake, resulting in an energy-dependent concentration in dopami-
nergic neurons [64].

Intraneuronal concentration of MPP+ increases by binding to neuromelanin and then brought
into the mitochondrial matrix through active transport system, which acts as a potent inhibitor
of complex I of oxidative phosphorylation system. This effect is due MPP+ binding to complex
I at a distal sulfur iron site core and near the binding site of ubiquinone Q10. This leads to the
cessation of oxidative phosphorylation, ATP level is depleted and decreases the concentration
of the major cellular antioxidant, reduced glutathione. This also leads to changes in cellular
calcium, altered transmembrane potential, and ultimately neuronal death is manifested [65].

The inhibition of mitochondrial complex I can increase oxidative stress induced by MPP+, since
the electrons inside the mitochondria may contribute to the toxic effects of MPTP. For example,
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it has been demonstrated that MPP+ induced lipid peroxidation in cultured cells and the DA
is blocked by specific inhibitors of lipid peroxidation [66] (see Figure 2).

4.5. Toxicology of paraquat

The LD50 of paraquat in humans is about 3–5 mg/kg, which represents only 10–15 ml in a 20%
solution. Although paraquat is regarded as moderately hazardous substance and the Envi-
ronmental Protection Agency classifies it as a possible human carcinogen and weakly geno-
toxic, the toxic potential of this herbicide is very high [67].

The genotoxic potential of paraquat has been studied in our research group through induced
micronuclei in erythrocytes and bone marrow of mice. Paraquat (15 or 20 mg/kg) was injected
intraperitoneally at an interval of 24 hours and then every 6 hours until completion of the study
(72 hours). We found that treatment with paraquat increases the number of polychromatic
erythrocytes micronucleus cells in blood and bone marrow. Also in this work, it was found
that the administration of melatonin, an efficient free radical scavenger, at doses of 2 or 10 mg/
kg, 30 min before injection of paraquat partially reverses micronucleus formation [68].

The widespread use of paraquat carries great risk potential for misuse and also for accidental
and intentional poisonings. Therefore, the label for minimum safety should be increased
because recommendations for it use is not strictly followed. Particularly to protect the skin,
equipment is required for face and hands. Poisoning usually occurs in the first instance through
the skin when in direct contact with the backpack spray of the herbicide. The eyes and nose
may also be exposed to the herbicide. Toxic effects include mild irritation, blistering, peeling,
necrosis, dermatitis, and dermatitis of hands and sometimes of the scrotum. Severe exposure
to the hands causes localized discoloration or temporary loss of nails. Splashes in the eyes can
cause irritation and inflammation of eyelids and decreased visual acuity. Although the intact
human skin is relatively impermeable to paraquat, some fatalities as a result of dermal
exposure are documented. The presence of scratches, cuts, wounds, or severe dermatitis can
substantially increase the risks [69].

The lungs are the first target of paraquat, and pulmonary effects represent the most lethal and
least treatable manifestation. The inhalation toxicity is rare. The main mechanism of cell
damage is the generation of free radicals that oxidize lung tissue. Although acute pulmonary
edema and lung damage after several hours of severe acute exposures may occur, delayed
pulmonary fibrosis is the usual cause of death that commonly occurs 7–14 days after ingestion.
In some patients, ingestion of a large amount of concentrated paraquat form (20%) died more
rapidly due to circulatory failure (within 48 hours). Lung cells appear to selectively accumulate
paraquat which generates free radicals causing lipid peroxidation and cell damage. Hemor-
rhage, fluids, and leukocytes infiltrates into the alveolar spaces, followed by fibroblast
proliferation. There is a progressive decrease in arterial oxygen tension and diffusion capaci-
ty of CO2. Such deterioration in gas exchange causes progressive proliferation of fibrous
connective tissue in the alveoli eventually causing death by asphyxiation and tissue anoxia [70].

In the gastrointestinal tract, toxicity first occurs at the mucosal layers after paraquat ingestion.
This causes swelling, edema, and painful ulceration of the mouth, pharynx, esophagus,
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stomach, and intestine. At high doses of paraquat, hepatocellular damage occurs, which is
manifested by increased serum liver enzymes. Also, the deterioration of renal function may
play an important role in determining the outcome of paraquat poisoning. Normal tubular
cells secrete paraquat in urine quickly, efficiently removing it from the blood. However, high
blood concentrations of poison affect the secretory mechanism and may destroy the cells.

Ingestion or accidental or deliberate exposure to paraquat has been responsible for many
deaths. In one study, done in 1989 in Sri Lanka, found that out of 669 cases of poisoning,
agrochemicals were responsible for 59% of toxicity and paraquat was the most common agent
with a fatality rate of 68%. Even in the United Kingdom, in the years 1990–1991 there were 44
deaths with paraquat.

In Sweden, Denmark, Finland, and Austria, the use of paraquat is prohibited. In 2003, Syngenta
pursued the Standing Committee on the Food Chain and Animal Health of the European
Commission to include the authorization policy of EU pesticides. Subsequently, in August
2005, Austria, Finland, and Denmark opposed the use of paraquat. This is because it has
sufficient evidence linking chronic use of paraquat with Parkinson’s disease (PD) as described
below. Moreover, paraquat residues in food are usually not detectable, except when this
herbicide is used before getting the harvest of crops such as cereals, pineapple, etc. These foods
have been reported to have levels of up to 0.2 mg/kg, whereas the acceptable daily intake is
0.004 mg/kg.

In the case of smoking marijuana contaminated with paraquat, the toxic effects are rare or
nonexistent. Most paraquat that contaminates marijuana is pyrolyzed during the combustion
of cigarette becoming bipyridyl, which is known to be very less toxic [71].

4.6. Toxicology of diquat

In humans, diquat is not systemically selectively absorbed nor concentrated in the lung tissue,
as paraquat do, therefore, lung injury caused by diquat is less. However, diquat has severe
toxic effects on the central nervous system that are not typical of paraquat poisoning. In many
cases of human diquat poisoning, the medical signs and symptoms of neurological toxicity are
the most important. These include nervousness, irritability, restlessness, combativeness,
disorientation, nonsensical statements, diminished reflexes, and inability to recognize friends
or family members. Neurologic effects may progress to coma, accompanied by tonic-clonic
convulsions resulting in death. Also, parkinsonism was reported after skin exposure to diquat.

Another interesting aspect is the recognition of the role of inflammation and oxidative stress
in the pathogenesis of PD. For example, in postmortem studies of some patients who were
exposed to MPTP activation of microglia around neurons was found. So in our laboratory, we
investigated the effect of MPTP over the activity of cyclooxygenase 2 (COX-2) using mice from
the C57/BL6 strain. Our data indicate that a single dose of MPTP in mice had the following
effects: a significant increase in the peroxidase activity of COX-2 in midbrain, compared with
controls and increased nitrite levels and lipoperoxides in serum. These effects were presented
after 24 hours of treatment. We also found that melatonin partially reverses the effects of MPTP
on the activity of COX-2 and levels of nitrites and lipoperoxides in serum. The oxidative stress
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induced by MPTP in the mouse midbrain is also reflected in the serum, suggesting a systemic
MPTP damage, which is reversed by melatonin, due to its antioxidant action. The action of
melatonin can be attributed to the decrease of oxidizing species like dopamine-quinone. It has
been further suggested that the cytotoxicity of neuronal COX-2 can come from the formation
of reactive oxygen species generated during the catalysis of peroxidase activity of the enzyme
[72].

4.7. Herbicides and Parkinson’s disease

Structural similarity of the MPP+ and paraquat suggested that this herbicide could be toxic to
dopaminergic neurons. In 1985, it was found that paraquat produced a parkinsonian behavior
in leopard frogs (Rana pipiens). Whereas in mice of strain C57BL/6 systemic administration of
paraquat resulted in a loss of dopaminergic neurons, degeneration of striatal dopaminergic
fibers, and a reduction in ambulatory activity. Subsequently, in humans, the incidence of PD
positively correlates with exposure to pesticides, including paraquat, in patients from some
regions of Canada, Taiwan, and elsewhere.

Paraquat neurotoxicity is associated with their ability to induce the formation of free radicals,
to induce the fibrillation α-synuclein, and to induce cell death by apoptosis [72].

4.8. Other pesticides and Parkinson’s disease

Another class of chemicals associated with PD in humans is certainly having dithiocarbamates,
such as maneb. In vitro studies show that neurotoxicity induced by maneb is related to the
enzymatic inhibition of mitochondrial complex III and the oxidation of catecholamines.
Systemic administration of paraquat and maneb induce a synergistic decrease in the content
of DA in the striatum, SNPC degeneration, and motor abnormalities. Moreover, neonatal
exposure of both pesticides increases the susceptibility of nigrostriatal dopaminergic system
in maturity [73, 74].

Several plants (Derris elliptica, Lonchocarpus, and Tephrosia) contain the insecticide rotenone,
which is a specific inhibitor of mitochondrial complex I. Its exposure to humans has been
associated with PD. In rats, continuous systemic administration of rotenone reproduces the
key aspects of PD including the selective degeneration of the nigrostriatal dopaminergic
system, like the formation of cytoplasmic inclusions, Lewy bodies, and movement disorders.
The effect of rotenone is mediated by the enzyme activity of microglial NADPH oxidase, which
is the main source of O2• radical [75, 76].

Also, organochlorine insecticides such as dieldrin are associated with motor disorders
observed in ducks, pigeons, and rats. Furthermore, dieldrin residues detected in brains of PD
patients, in cultured cells in vitro, shows selective dopaminergic neurotoxicity, which is
mediated by the formation of oxygen-free radicals, lipid peroxidation, and fibril formation,
α-synuclein. Also, some organophosphorus insecticides are associated with PD in humans.

It remains to be determined whether exposure to pesticides explains some cases of PD. A
valuable tool to help determine this has been studies in which high doses of the pesticide are
used for short periods and chronic application of these toxic in animal models [77].
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4.9. Medical treatment of Parkinson’s disease

Medical treatment of PD is usually based on anticholinergics, amantadine, levodopa, and other
dopaminergic drugs. These agents maintain a good quality of life for most patients; however,
when the disease progresses, it usually becomes ineffective and can cause adverse effects. So
far, the most potent treatment of PD is L-dopa. However, L-dopa motor complications of
chronic administration have emerged as a major limitation in response to treatment. That is
why, in the future, neuroprotective therapies would slow the progression of the disease and
delay the L-dopa need. There is insufficient evidence that L-dopa therapy prevents the
progressive death of nigrostriatal neurons, but instead there is speculation that it may
contribute to the progressive disease course. In the past years, they have contributed new
knowledge about the mechanisms of neurodegeneration present in the PD [78].

4.10. Mitochondria and Parkinson’s disease

Mitochondria participate in numerous cellular functions including ion homeostasis, heme and
steroid synthesis, calcium signaling, and apoptosis [79, 80]. The well-known role of this
organelle is to generate energy for cellular metabolism by the oxidative phosphorylation
system. Electrons derived from cellular metabolism reach the mitochondria through two key
coenzymes. Then they undergo a passage throughout the electron transport chain that consists
of five protein complexes located in the inner mitochondrial membrane. Electrons pass through
complexes I, III, and IV thanks to a proton gradient generated by the transport of these
complexes to the outer side of the inner mitochondrial. In this process, the electron leakage
from the respiratory chain induces the conversion of oxygen (0.4–4%) in superoxide radicals.
As a consequence mitochondria are the primary source of ROS [81].

In the mitochondrial respiratory chain, the complexes I and III are the major sites of superoxide
production. Partially reduced forms of oxygen are highly active; they chemically interact with
biological molecules, resulting in oxidation of protein, DNA and RNA, and peroxidation of
lipids. The damaging effects of ROS are counteracted by endogenous antioxidant enzymes
such as catalase, superoxide dismutase, glutathione peroxidase, and glutathione reductase,
and by molecules such as glutathione, metallothionein, and vitamins A, C, and E. Then cell
death may be as well associated with decreasing capability to clear ROS by mitochondria [82–
84].

Complex I of the respiratory enzyme is decreased in substantia nigra in patients with PD,
possibly causing electron leakage from the electron transport system and increasing in the
generation of peroxide anion (O2–). This produces increasing activity in the manganese-
superoxide dismutase (Mn-SOD), which is demonstrated in autopsied parkinsonian brains.
Therefore, it indicates an increase in the generation of O2– in the mitochondria, resulting in an
increase in the generation of hydrogen peroxide. Levels of cytokines, such as TNF- or,
interleukin-1/3, and interleukin-6, are elevated in the striatum, indicating activation of
astrocytes and/or microglial cells. The activation in the microglial cells increases the nitric oxide
(NO–) formation through the diaphorase system, and diffused to nerve terminals and dopa-
minergic cells in the central nervous system. NO– reacts with O2– to produce peroxynitrate.
On the other hand, iron is accumulated in astrocytes and microglia and NO– provokes ferric
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4.9. Medical treatment of Parkinson’s disease

Medical treatment of PD is usually based on anticholinergics, amantadine, levodopa, and other
dopaminergic drugs. These agents maintain a good quality of life for most patients; however,
when the disease progresses, it usually becomes ineffective and can cause adverse effects. So
far, the most potent treatment of PD is L-dopa. However, L-dopa motor complications of
chronic administration have emerged as a major limitation in response to treatment. That is
why, in the future, neuroprotective therapies would slow the progression of the disease and
delay the L-dopa need. There is insufficient evidence that L-dopa therapy prevents the
progressive death of nigrostriatal neurons, but instead there is speculation that it may
contribute to the progressive disease course. In the past years, they have contributed new
knowledge about the mechanisms of neurodegeneration present in the PD [78].

4.10. Mitochondria and Parkinson’s disease

Mitochondria participate in numerous cellular functions including ion homeostasis, heme and
steroid synthesis, calcium signaling, and apoptosis [79, 80]. The well-known role of this
organelle is to generate energy for cellular metabolism by the oxidative phosphorylation
system. Electrons derived from cellular metabolism reach the mitochondria through two key
coenzymes. Then they undergo a passage throughout the electron transport chain that consists
of five protein complexes located in the inner mitochondrial membrane. Electrons pass through
complexes I, III, and IV thanks to a proton gradient generated by the transport of these
complexes to the outer side of the inner mitochondrial. In this process, the electron leakage
from the respiratory chain induces the conversion of oxygen (0.4–4%) in superoxide radicals.
As a consequence mitochondria are the primary source of ROS [81].

In the mitochondrial respiratory chain, the complexes I and III are the major sites of superoxide
production. Partially reduced forms of oxygen are highly active; they chemically interact with
biological molecules, resulting in oxidation of protein, DNA and RNA, and peroxidation of
lipids. The damaging effects of ROS are counteracted by endogenous antioxidant enzymes
such as catalase, superoxide dismutase, glutathione peroxidase, and glutathione reductase,
and by molecules such as glutathione, metallothionein, and vitamins A, C, and E. Then cell
death may be as well associated with decreasing capability to clear ROS by mitochondria [82–
84].

Complex I of the respiratory enzyme is decreased in substantia nigra in patients with PD,
possibly causing electron leakage from the electron transport system and increasing in the
generation of peroxide anion (O2–). This produces increasing activity in the manganese-
superoxide dismutase (Mn-SOD), which is demonstrated in autopsied parkinsonian brains.
Therefore, it indicates an increase in the generation of O2– in the mitochondria, resulting in an
increase in the generation of hydrogen peroxide. Levels of cytokines, such as TNF- or,
interleukin-1/3, and interleukin-6, are elevated in the striatum, indicating activation of
astrocytes and/or microglial cells. The activation in the microglial cells increases the nitric oxide
(NO–) formation through the diaphorase system, and diffused to nerve terminals and dopa-
minergic cells in the central nervous system. NO– reacts with O2– to produce peroxynitrate.
On the other hand, iron is accumulated in astrocytes and microglia and NO– provokes ferric

Free Radicals and Diseases168

ion conjugation with ferritin, which is slowly released from cells to the intercellular space.
Other proposed mechanism of oxidation is union of iron to oxygen and L-DOPA to iron (or
copper) in the complex 27 of the mitochondrial chain, possibly initiating a lipid peroxidation
in the cell membrane [85].

The genes linked to familial forms of PD include those associated with α-syn, parkin, DJ-1,
PINK-1, LRRK-2, ATP13A2, mitochondrial phosphatase, and phosphatase and tensin homolog
(PTEN)-induced kinase gene, between others, and they have been demonstrated to be involved
in apoptosis regulation. Parkin is associated with the outer mitochondrial membrane and
prevents cell death by inhibiting mitochondrial swelling, cyt-C release, and caspase activation.
Another finding in pathogenesis has been centered in the ATP13A2 gene, which regulates
intracellular Mn2+ homeostasis, playing an important role in preventing damage induced by
Mn2+ cytotoxicity. Overexposure of cells to Mn2+ may determine cell death by induction of DNA
damage, oxidative stress, disruption of Ca2+ and iron homeostasis, and mitochondrial dys-
function. In an experimental model, monomeric α-Syn-expressing dopaminergic cells
significantly attenuated Mn-induced neurotoxicity for initial exposures. However, overexpo-
sure to Mn produces precipitation of α-syn, which at the same time impairs antioxidative
defense mechanism in this experimental model [86–88].

Other findings suggested that mitochondrial dysfunction is at the heart of PD. For instance,
MPTP infusion causes parkinsonism by selective inhibition of mitochondrial complex-1 [89].
In patients with PD there is an excess amount of cytosolic dopamine outside of the synaptic
vesicles due to damaged neurons with impaired reuptake, with a possible increased damage
when an overload is related to levodopa treatment. Dopamine then is easily metabolized via
monoamine oxidase or by auto-oxidation to cytotoxic ROS provoking mitochondrial impair-
ment by activating the intrinsic apoptotic pathway or by inhibiting the respiratory chain. Also,
the auto-oxidation of DA produces electron-deficient DA quinones or DA semiquinones,
which at the same time can modify some PD-related proteins, such as α-syn, parkin, DJ-1,
superoxide dismutase-2, and UCH-L1. Additionally, DA quinones can be oxidized to amino-
chrome, whose redox-cycling leads to the generation of the superoxide radical and the
depletion of cellular nicotinamide adenine dinucleotide phosphate-oxidase (NADPH), which
ultimately forms the neuromelanin, contributing to this degenerative mechanism [11].

5. Conclusion

There are many proposed mechanisms that may produce damage to dopaminergic neurons,
but all of them finally converge in a common pathway involving ROS/RNS and mitochondrial
dysfunction that promotes apoptosis. Exposure to environmental factors or mutations in PD-
associated genes of patients with either sporadic or familial PD may cause mitochondrial
dysfunction that ultimately results in PD. In the near future, neuroprotection may coincide
with reductions in intracellular reactive oxygen species, lipid peroxidation, and DNA damage
in the effort to save neurons from death avoiding neurodegeneration to advance until the point
of neither manifesting PD symptoms nor producing advanced symptoms in a patient with
evident motor PD.
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Abstract

Diabetes mellitus is one of the most common chronic diseases worldwide. Diabetic
cardiomyopathy (DM) is the deterioration of the myocardial function and morphology
produced by the altered glucose metabolism imposed in diabetes.  This  process  of
cardiac deterioration involves the generation of oxidative species. In the diabetic heart,
several sources contribute to the observed oxidative stress, such as xanthine oxidore‐
ductase  (XOR),  nicotinamide  adenine  dinucleotide  phosphate  (NADPH),  nitrogen
oxidases (NOX), mitochondria, and uncoupled nitric oxide synthases (NOS). A direct
consequence of  the increased production of reactive oxygen species (ROS) is  NOS
uncoupling.  This  is  the aftermath of  the oxidation of  tetrahydrobioterin (BH4),  an
essential cofactor for NOS activity. When NOS is uncoupled, its activity is redirected
toward the production of superoxide, instead of nitric oxide (NO), further contributing
to the oxidative process. This nitroso‐redox disarrangement has a direct impact on the
excitation‐contraction‐coupling  machinery  of  the  myocyte,  in  the  mitochondrial
stability  impairing energy production and favoring apoptosis,  myocardial  fibrosis,
ultimately reducing cardiac function. This review focuses on the impact of superoxide
sources in the diabetic heart and the pharmacological approaches that are currently
under investigation as possible therapeutic tools.

Keywords: Superoxide, nitric oxide, BH4, NOX, XOR

1. Introduction

Diabetes mellitus is one of the most common chronic diseases worldwide [1] and continues to
increase in numbers and significance,  with characteristics of an epidemic [2],  as modern
lifestyles lead to reduced physical activity and increased obesity.
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Diabetic cardiomyopathy is the manifestation in the myocardium of the alterations pro‐
duced by the altered homeostasis of glucose metabolism [3], independent of coronary ar‐
tery disease and hypertension. This cardiomyopathy is characterized initially by diastolic
dysfunction and cardiac hypertrophy, with preserved ejection fraction [4]. As diabetes
progress, systolic dysfunction and reduced ejection fraction are developed [5]. This proc‐
ess of cardiac deterioration in diabetes includes oxidative stress [6] that results in apopto‐
sis [7–9] and fibrosis that further deteriorate the myocardium. Despite the importance of
diabetic cardiomyopathy as a clinical entity, the pathological cellular and molecular mech‐
anisms driving the adverse changes in diabetic myocardial structure and function have
not been fully resolved, but the development and progression of diabetic complications is
frequently attributed to increased oxidative stress [6].

Reactive oxygen species (ROS) consist of a variety of highly reactive oxygen‐based mole‐
cules that consist of both free radicals and chemicals capable of generating free radicals,
such as superoxide, H2O2, and peroxynitrite (ONOO−) [10]. Although in health the pri‐
mary source of ROS is the mitochondria [11], they are also produced by a range of other
sources such as xanthine oxidase, NADPH oxidases and uncoupled nitric oxide synthase
(NOS). Oxidative stress takes place when the rate of production of ROS overrides the deg‐
radation by antioxidant enzymes. An increase in ROS levels leads to a constellation of
harmful consequences by producing damage by oxidative modifications, diminishing of
nitric oxide (NO) bioavailability, and by inducing alteration in the intracellular‐signaling
pathways [12]. In a variety of studies in animal models of diabetes and humans with dia‐
betic cardiomyopathy, it has been shown that increased ROS levels [11, 13] have been as‐
sociated with the pathophysiology of heart failure, including from cardiac remodeling and
mechanical impairment [14]. This ROS‐induced damage is probably a consequence of oxi‐
dative damage to cardiac proteins and also by inducing cell death in the myocardium [8,
13, 15].

In diabetes, the resultant hyperglycemia, hyperlipidemia, and insulin resistance enhance
oxidative stress in the diabetic heart [16]. Altered glucose flux, mitochondrial dysfunction,
and nitric oxide synthase uncoupling jeopardize the diabetic myocardium, increasing the
risk of cardiac remodeling and the transition toward heart failure [3].

In the diabetic heart, the alterations in the excitation‐contraction coupling machinery are
profound [17]. The levels of the sarcoendoplasmic reticulum Ca2+ pump (SERCA) are re‐
duced [18], and total phospholamban (PLB) is increased [19], while phosphorylated phos‐
pholamban is reduced. Phospholamban is a 5 kDa protein that tonically inhibits the
activity of SERCA2. Upon activation, phospholamban is phosphorylated (by PKA or Cam‐
KII, for instance), oligomerizes, and releases SERCA of its inhibition [20]. In this condi‐
tion, Ca2+ is transported back into the sarcoplasmic reticulum at a higher rate. The
expression of the calcium release channel ryanodine receptor (RyR2) and the sodium‐calci‐
um exchanger (NCX) are reduced in general [18, 19, 21–24]. Functionally, this pattern of
protein expression is associated with impaired relaxation, increased sarcoplasmic reticu‐
lum calcium leak, and reduced contractility.
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Altered calcium handling has been characterized in the diabetic cardiac myocytes [17].
Reduced capacity of the sarcoplasmic reticulum Ca2+ pump SERCA2 results in a diminished
storage capacity of Ca2+ that impairs cardiac contractility [18, 19, 25]. Importantly, it also alters
cardiac relaxation, which is evidenced in the diastolic dysfunction.

Oxidative stress may affect Ca2+ handling in the heart, at the level of the ryanodine receptor
(RyR2) [26–28], which is the Ca2+ release channel of the sarcoplasmic reticulum. This channel
is particularly redox sensitive and has been described that oxidative modification alters it
function, leading to diastolic leak of Ca2+, with a negative impact of contractility and relaxation
[28–30].

In diabetes, several sources may contribute to the observed oxidative stress, such as xanthine
oxidoreductase (XOR) [31, 32], NADPH oxidases (NOX) [33–35], mitochondria [11], and
uncoupled nitric oxide synthases (NOS) [36, 37]. Apparently, the main source of superoxide
in the diabetic heart corresponds to XOR and NOX. These latter enzymes are present in the
heart, mainly with the isoforms NOX2 and NOX4.

A direct consequence of the increased production of ROS is the uncoupling of nitric oxide
synthase [38]. This is due to the oxidation of tetrahydrobioterin, an essential cofactor for NOS
activity [39]. When NOS is uncoupled, its activity is redirected toward the production of
superoxide, instead of NO [26], further contributing to the oxidative process.

2. NADPH oxidases NOX

Nicotinamide adenine dinucleotide phosphate oxidase enzymes (NADPH oxidases or
NOX) received growing attention as a source of ROS and particularly for their involvement
in redox signaling [40]. NOX exist in several isoforms (NOX1, 2, 4, and 5) [41]. These en‐
zymes catalyze for electron transfer from NADPH to molecular oxygen, resulting in the
generation of oxygen‐free radicals. NADPH oxidase is increased in both failing and diabet‐
ic rodent hearts [42–44]. In diabetic rodents, the upregulation of NADPH oxidase correlates
with morphological evidence of cardiac hypertrophy and upregulation of pro‐fibrotic genes
[42, 43, 45].

NOX2 is formed by the membrane‐associated p22phox and one gp91phox. The translocation
of the cytosolic regulatory subunits p40phox, p47phox, p67phox and the small G protein Rac1
(the isoform expressed in the cardiomyocyte) or Rac2 is necessary for the occurrence of
electron transfer from NADPH to oxygen. Under stimulation, for instance, with high lev‐
els of glucose or AngII, PKC is activated, leading to phosphorylation of p47phox, an event
that promotes the association of cytosolic subunits with p22phox and gp91phox [41] (Fig‐
ure 1). In the cardiovascular system, these enzymatic components are expressed in endo‐
thelial cells, smooth muscle, cardiomyocytes, and fibroblasts [41, 46].
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Figure 1. Mechanism of NADPH oxidase activation. Upon proper stimulus, Rac is activated and p47phox is phosphory‐
lated. Then p47phox binds p40phox and p67phox and along with Rac, translocate to the cell membrane, where they activate
NOX2 superoxide production.

2.1. NOX in diabetes

Several reports indicate that an increased activity of NOX, particularly NOX2 [34, 43, 47, 48]
and NOX4 [35], may be implicated in the pathophysiology of diabetic cardiomyopathy.
Hyperglycemia induces O2− generation in the heart primarily by disruption of the electron
transport chain in mitochondria, activation of NOX and uncoupling of NOS. In type‐2 diabetes,
a state of permanent oxidative stress alters mitochondrial function, impairing energy produc‐
tion and ultimately producing cardiomyocyte dysfunction. Elevated glucose levels have been
shown to stimulate NOX activity, increasing NOX‐derived superoxide production in cardiac
cells [48].

2.2. Physiological functions of NOX2

Recently, Prosser et al. elegantly demonstrated a physiological role for NOX2 in the car‐
diac myocytes, demonstrating that NOX2 activity is required to stimulate RyR2 in condi‐
tions of physiological stretching (preload). NOX2 activation upon stretching sensitizes
RyR2 increasing the rate of Ca2+ sparks [49]. This mechanism becomes dysregulated in
dystrophic cardiomyopathy [50]. Furthermore, more recently, it has been published that
NOX2 in conjunction with NOS1 are absolutely required for another cardiac physiological
response to an increase in afterload (Anrep effect) [51]. NOX2 oxidase has been implicated
in the cardiac dysfunction observed in ob/ob cardiac myocytes [34, 52].
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2.3. NOX2 and diabetic cardiomyopathy

Several lines of evidence showed a role of NOX2 in the diabetic cardiomyopathy [53, 54]. First,
NOX2 is activated and its subunits are upregulated in several models of diabetes and insulin
resistance, streptozotocin‐treated mice, ob/ob and db/db mice, and fructose‐fed rats, with
increased oxidative stress as a consequence.

Using streptozotocin‐treated mice, Roe et al. [55] described that pharmacological inhibition of
NADPH oxidase with apocynin reduced part of the cardiac damage and it improved heart
functional evaluated as fractional shortening, and cardiomyocytes mechanics, associated with
a reduction in nitrosative and oxidative stress. Nevertheless, since apocynin is not a specific
inhibitor for NOX2, these results might be ascribed also to NOX4, which is also present in the
cardiomyocyte.

Evidence for a more specific and crucial role for NOX2 came from studies using knock out for
Rac1, one of the cytosolic components of the holoenzyme complex. In cardiac‐specific Rac‐1
knockout mice, induction of diabetes by streptozotocin treatment showed reduced apoptosis,
fibrosis and improved cardiac function compared to wild‐type animals [56, 57]. The mecha‐
nisms of reduced cardiac damage involves a reduction in NADPH oxidase activity, a reduction
in mitochondrial ROS production that attenuates fetal gene program, reduces the inflamma‐
tory process, and reduces endoplasmic reticulum stress. In addition, cardiomyocyte‐specific
deletion of Rac‐1 reduces cardiac damage in diabetic mice after ischemia‐reperfusion by
reducing calpain proteolictic activity [58].

2.4. NOX4

NOX4 is expressed constitutively in the heart and its activity has been ascribed as mito‐
chondrial [59]. Its physiological role has not been clarified. On the contrary, there are de‐
scriptions of NOX4 in pathological conditions that are both beneficial [60] and deleterious
[44]. Indeed, Sadoshima’s group has shown that NOX4 is an important source of oxidative
stress in a mouse model of pressure overload (by aortic constriction). In this study, NOX4
deletion was associated with preserved ejection fraction and reduced hypertrophy, apop‐
tosis, and mitochondrial function compared to wild‐type animals [44]. Nevertheless, these
results are contrary to those observed by Shah’s group. These investigators reported a
protective role for NOX4, using the same strategy (pressure overload in a cardiomyocyte‐
specific knock‐out mouse for NOX4), with the difference that they additionally used a
mouse with cardiomyocyte‐targeted increase in NOX4, which showed an increased angio‐
genesis in response to overload [60].

Regarding diabetic cardiomyopathy, Maalouf et al. reported that NOX4 plays a pivotal role in
the cardiac damage in streptozotocin‐treated rats. They found that NOX4 was up upregulated
and when silenced using antisense oligonucleotides, this was reversed, along with the
induction of fetal program genes and fibrosis, as well as cardiac function [35].
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3. Xanthine oxidoreductase

Xanthine oxidoreductase (XOR) is a highly conserved member of the molybdoenzyme family.
It consists of a 150 kDa homodimer that is involved in the purine degradation pathway,
producing superoxide as a secondary metabolite. This precursor may further divert in the
formation of two enzymatic activities, xanthine dehydrogenase (XDH) and xanthine oxidase
(XO). XO is derived from XDH as a result of proteolisis or reversible oxidation of cysteines of
XDH. Whereas XDH reduces NAD+ to NADH, XO utilizes molecular oxygen as electron
acceptor. They differ in that XO only reduces oxygen, whereas XDH can reduce either O2 or
NAD+. Both forms catalyze the conversion of hypoxanthine to xanthine and xanthine to uric
acid. In both steps, O2− and H2O2 are produced [61]. Normally, in the cardiac myocyte, XOR is
located in the sarcoplasmic reticulum, where it regulates some features of calcium handling
and also myofilament calcium sensitivity. We have reported that XOR is upregulated in dilated
cardiomyopathy, producing oxidative stress that interferes with NO signaling, resulting in
dysregulated RyR2 activity, ultimately producing diastolic calcium leak and reducing con‐
tractility [28]. It is probably that in diabetes, XOR may impact negatively calcium handling,
but this has not been clarified.

XOR has been implicated in the pathophysiology of streptozotocin‐induced diabetic cardio‐
myopathy and its inhibition with allopurinol, oxypurinol, and antioxidants yielded some
positive results that included improvement in cardiac function, reduction in oxidative stress,
reduced cardiac apoptosis, fibrosis (collagen I), and hypertrophy [31, 33, 62]. In obese (ob/ob
mice), XOR is upregulated and its activity increased, leading to alterations in the redox state
of the heart, such as diminished GSH/GSSG ratio and decreased levels of NO metabolites [32].

Importantly, XOR has been shown to be increased in type‐1 diabetic patients [63]. In addition,
in a study in patients with type‐2 diabetes and left ventricular hypertrophy, the treatment with
allopurinol reduced left ventricular mass modestly but significantly in a period of 9 months
of treatment, in a dosage that reduced plasma uric acid by ∼50% [64].

4. Mitochondria

Due to their high‐energy demand, cardiomyocytes are abundant in mitochondria. However,
mitochondria are also an important source of ROS and NO [65, 66].

In physiological conditions, most of the reducing equivalents of the electron transport chain
are directed toward the production of ATP and about 0.1% leak and produces superoxide [11].

Diabetes induces a series of metabolic derangements in myocardial mitochondria [12]. Under
conditions of hyperglycemia, the mitochondrial inner membrane hyperpolarizes and inhibits
the electron transport in complex III, generating superoxide [67].

Myocardial diabetic damage is reduced by overexpression of Mn SOD and catalase [57, 68]
and by pharmacological inhibition of mitochondrial ROS by a mitochondrial‐directed SOD
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dysregulated RyR2 activity, ultimately producing diastolic calcium leak and reducing con‐
tractility [28]. It is probably that in diabetes, XOR may impact negatively calcium handling,
but this has not been clarified.

XOR has been implicated in the pathophysiology of streptozotocin‐induced diabetic cardio‐
myopathy and its inhibition with allopurinol, oxypurinol, and antioxidants yielded some
positive results that included improvement in cardiac function, reduction in oxidative stress,
reduced cardiac apoptosis, fibrosis (collagen I), and hypertrophy [31, 33, 62]. In obese (ob/ob
mice), XOR is upregulated and its activity increased, leading to alterations in the redox state
of the heart, such as diminished GSH/GSSG ratio and decreased levels of NO metabolites [32].

Importantly, XOR has been shown to be increased in type‐1 diabetic patients [63]. In addition,
in a study in patients with type‐2 diabetes and left ventricular hypertrophy, the treatment with
allopurinol reduced left ventricular mass modestly but significantly in a period of 9 months
of treatment, in a dosage that reduced plasma uric acid by ∼50% [64].

4. Mitochondria

Due to their high‐energy demand, cardiomyocytes are abundant in mitochondria. However,
mitochondria are also an important source of ROS and NO [65, 66].

In physiological conditions, most of the reducing equivalents of the electron transport chain
are directed toward the production of ATP and about 0.1% leak and produces superoxide [11].

Diabetes induces a series of metabolic derangements in myocardial mitochondria [12]. Under
conditions of hyperglycemia, the mitochondrial inner membrane hyperpolarizes and inhibits
the electron transport in complex III, generating superoxide [67].

Myocardial diabetic damage is reduced by overexpression of Mn SOD and catalase [57, 68]
and by pharmacological inhibition of mitochondrial ROS by a mitochondrial‐directed SOD
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mimetic, mito‐Tempo [69]. Noteworthy, besides being a source of ROS, mitochondria may
suffer the consequences of increase oxidative stress as well [70]. High levels of ROS may
sensitize the mitochondrial permeability transition pore (mPTP), releasing cytochrome C, and
Smac/DIABLO ultimately inducing apoptosis [71]. The mitochondrial permeability transition
pore is constituted by the adenine nucleotide translocase (ANT), the voltage‐dependent
anionic channel (VDAC), and cyclophilin D, which under stress conditions such as high Ca2+

or increased ROS make the mitochondrial membrane permeable to ions and molecules <1500
Da, dissipating the mitochondrial membrane potential [72]. In human atrial tissue from
patients with diabetes, Anderson et al. [73] found increased H2O2 production, with increased
sensitivity to Ca2+‐induced mPTP opening compared with nondiabetic patients and also in the
heart of Zucker rats [74].

The components of the mPTP contain several redox‐sensitive sites that can be oxidized or S‐
nitrosylated [71, 72]. S‐Nitrosylation generally prevents mPTP opening, while oxidation
sensitizes to opening (Figure 2). This is consistent with the fact that NO donors, at low
concentrations, protect the mPTP from opening [72, 75, 76]. For instance, cyclophilin D has
been shown to undergo S‐nitrosylation in cysteine 203, preventing the oxidative‐induced
opening of the pore [77]. High NO donor concentrations, on the other, promote mPTP opening,
associated with oxidation rather than hypernytrosylation. Nevertheless, the role of S‐nitrosy‐
lation of mPTP in conditions of diabetic cardiomyopathy remains to be determined.

Figure 2. Potential role for nitric oxide in the mitochondrial permeability transition pore (PT). Nitric oxide produced
within the mitochondria, probably by a mtNOS, reacts with sulfhydrils groups in the pore, S‐nitrosylating them and
preventing oxidation by ROS. This prevents the pore from opening and dissipating mitochondrial protons gradient.

In addition, mitochondria appear to play a central role in diabetic cardiomyopathy through
alterations in the process of authopagie, and this process is clearly influenced by the mito‐
chondrial oxidative status [15, 78–81].
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5. Nitric oxide

Nitric oxide (NO) is a free radical that is produced by a family of NO synthases (NOSs), using
NADPH, the amino acid L‐arginine and oxygen as substrates. NOSs are homodimers and each
subunit contains one flavin mononucleotide (FMN), one flavin adenine dinucleotide , one
tetrahydrobiopterin (BH4), and one Fe(3)‐heme cofactor that facilitates the 5‐electron oxidation
of L‐arginine to yield NO. In biological systems, NO exerts it effects by redox reactions (such
as S‐nitrosylation) or by inducing the production of cGMP as a second messenger [27, 82, 83].

Nitric oxide plays several important roles in the physiology of the myocardium, both in
cardiomyocytes and in blood vessels [83–85]. NOS1 (former neuronal NOS) and eNOS (or
NOS3) are expressed constitutively in the heart structures, particularly in the cardiomyocyte,
NOS1 participates in the regulation of contractility [86, 87] by regulating RyR2 S‐nitrosylation
[29, 30] and phospholamban phosphorylation [88, 89]. NOS1 regulates the β‐adrenergic [86,
90] and force‐frequency response [29, 91] in the heart. Also NOS1 prevents cardiac dysfunction
after a myocardial infarction and pressure overload [92–95]. For these reasons, the role for NO
in diabetic cardiomyopathy has gained attention [96–98].

5.1. NOS1

Our group has recently identified specific stimulatory influences of NOS1 on both β‐adrenergic
inotropic responses and Ca2+ transients ([Ca2+]i) using NOS1_/_ mice. These results are consistent
with in vitro studies indicating that NO regulates SR Ca2+ release via the RyR by S‐nitrosylation
of a specific thiol moiety. RyR2 activation via nitrosylation is highly sensitive to ROS. We
demonstrated non‐cGMP related, redox‐sensitive positive inotropic effects in isolated heart
preparations [82] and demonstrated the role of NOS1 specifically in SR Ca2+ cycling [29, 99].
The interplay between NO and ROS is also of critical importance for Ca2+ handling. In the SR,
NO augments RyR activity via S‐nitrosylation in a manner regulated by ROS [100, 101]. ROS
also activates the RyR2 but promotes maximal channel activity in an irreversible manner,
reducing the ability of NO to exert feedback regulation of SR Ca2+ release. Such a situation is
likely to lead to an increased Ca2+ leak through the SR and “futile” Ca2+ cycling, which increases
ATP expenditure. It is also conceivable that oxidant signaling may directly regulate cross‐
bridge cycling kinetics, thereby modulating the efficiency of contraction.

5.2. NOS1 and cardioprotection

It has been consistently documented that NOS1 exerts a protective role in the myocardium in
several model of stress, such as myocardial infarction [92, 93, 95], pressure overload [94, 102],
ischemia‐reperfusion [103], and dystrophic cardiomyopathy [104], just to mention the most
relevant. Mechanistically, NOS1 nitrosylates several proteins, including ion channels [27, 29,
105] and mitochondrial components [106], and reduces oxidative stress [107].

A key hallmark of diabetic cardiomyopathy is hypertrophy. In this process, NO may play a
role; furthermore, it has been shown that eNOS uncoupling (rather than the absence of NO)
induces hypertrophy in the model of pressure overload [108]. Recoupling eNOS with BH4
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reverses this process, but not the use of tempol, a ROS scavenger [109, 110]. In ob/ob mice,
myocardial hypertrophy has been documented [111], along with reduced NO bioavailability
associated with reduced levels of NOS1 and increased NADPH [34] and XOR activity [32].

The activity of NOS1 is required for basal phospholamban phosphorylation in the mouse
heart [88, 89], with NOS1 uncoupling resulting in an impaired ventricular relaxation and
diastolic dysfunction, as observed in a model of hypertension [112]. Conversely, an increased
production of BH4 by cardiac-specific overexpression of GTP cyclohydrolase 1 (GCH1, the rate-
limiting enzyme for BH4 biosynthesis), accelerates myocardial relaxation [113]. NOS1 uncou-
pling in mdx cardiomyocytes is probably the result of the NOX2-derived oxidative stress,
which ultimately leads to tetrahydrobioterin oxidation. With this in mind, one possibility is
that NOS1 is found in a monomeric form resulting in uncoupling. This uncoupling has been
proposed as the aftermath of excessive tetrahydrobioterin (BH4), oxidation to dihydrobioter-
in (BH2).

5.3. NOS2

Inducible nitric oxide synthase (iNOS or NOS2) appears to play a central role in the patho-
physiology of the diabetic cardiomyopathy [54]. In the heart, like in most tissues, iNOS is not
constitutively expressed. Inflammatory conditions trigger the activation of the nuclear factor
kappa beta (NF-κB). The activity of iNOS has been usually ascribed as part of the nitrosative
stress. Since iNOS activity is much higher than the constitutive isoforms (NOS1 and 3), it reacts
with superoxide, producing peroxynitrite [83]. This oxidant reacts with the aromatic ring of
tyrosine residues, generating nitrotyrosine, one of the most widespread markers of nitrosative
and oxidative stress [114]. iNOS-derived NO depresses cardiac contractility and function [115],
and has been described to be upregulated in patients with diabetic cardiomyopathy [116].

iNOS expression has been manipulated pharmacologically in diabetes, using resveratrol, a
natural polyphenol present in red wine and grapes. Reveratrol reduces the oxidative stress,
improves myocardial relaxation [117] and reduces iNOS expression in type-2 diabetes models,
by reducing the activation of NF-κB [118].

5.4. NOS uncoupling

In physiological conditions, NOS catalyze the reaction of oxidation of L-arginine to produce
NO and L-citrulline, in the presence of NADPH, oxygen, and the cofactor 6R-5,6,7,8-tetrahy-
drobioterin (BH4). In the absence of BH4, electrons coming from NADPH flow to molecular
oxygen, but uncoupled of L-arginine, producing superoxide instead of NO [26]. Apparently,
BH4 stabilizes the NOS configuration as a dimer that favors the proper flow of electrons to L-
arginine. In its absence, NOS monomerizes and only maintains its oxidase activity [119]. BH4

and BH2 have been shown to bind to NOS with similar affinity (Kd ∼80 nM). Tetrahydrobiop-
terin essential cofactor for aromatic amino acid hydroxylases and NOS. BH4 can be synthesized
by two pathways: de novo or recycled from its oxidized forms (Figure 3). For de novo synthesis,
GTP cyclohydrolase I (GTPCH), 6-pyruvoyl tetrahydrobioterin synthase (PTPS), and sepiap-
terin reductase (SR) convert GTP to BH4. In the first reaction catalyzed by GTPCH, guanosine
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5′triphosphate (GTP) is reduced to 7,8‐dihydroneopterin 3′triphosphate (DNTP), being the
rate‐limiting reaction. Next, the conversion of DNTP to 6‐pyrovoyl tetrahydrobioterin (PTP)
is catalyzed by PTPS. The final reactions are two successive propyl side‐chain reductions
catalyzed by SR [39, 120].

Figure 3. NOS uncoupling in the cardiomyocyte. Upon increased oxidative stress, BH4, which normally couples L‐argi‐
nine and NADPH oxidation and NO production, oxidized to BH2, which is unable to couple this reaction, with the
NADPH electrons passing directly to oxygen, producing superoxide.

When BH4 is oxidized to BH2, is reduced back to BH4 by the enzyme dihydrofolate reductase
(DHFR), in the salvage pathway. It is worth mentioning that during NOS catalysis BH4 is not
consumed, indicating that BH2 formation is probably the result of other oxidative processes
such as oxidative stress [39, 120].

5.5. NOS uncoupling in diabetes

It has been reported that NOS uncoupling takes places in diabetes, particularly in the vascu‐
lature [121]. For this reason, it has been associated with NOS3 [36, 37], the NOS isoform that
is dominant in the endothelium. Given that oxidative stress is increased and that cardiac
relaxation is impaired in diabetes, it is reasonable to think that NOS1 is uncoupled in the
diabetic cardiomyocyte, since this isoform is related to phospholamban phosphoryaltion.
Interestingly, it has been reported in the gastrointestinal system that diabetes produces NOS1
uncoupling, which is restored upon treatment with BH4 [122] and sepiapterin, a BH4 precursor
[123].

The first report relating NOS uncoupling and diabetes was performed in cardiomyocytes
exposed to high glucose concentration [124]. In these conditions, treatment with BH4 restored
the mechanic parameters in cardiomyocytes toward normal, an effect that could not be
obtained using tetrahydroneopterin, which also shares ROS‐scavenging properties as BH4.
Furthermore, the treatment of normal myocytes with the GTP cyclohydrolase I inhibitor 2,4‐
diamino‐6‐hydroxy‐pryrimidine (DAHP) resembled the features of myocytes under hyper‐
glycemic conditions.

The same group described that treatment of insulin‐resistant mice with the BH4 precursor folic
acid was able to produce NOS recoupling. These effects were associated with improved cardiac
function and reduction of sarcoplasmic reticulum calcium leak in isolated cardiomyocytes
[125].
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Furthermore, Jo et al. described that treatment of streptozotocin‐induced diabetic mice
with the BH4 precursor sepiapterin was able to restore the intracardiac BH4 levels and re‐
stored the BH4/BH2 ratio in diabetic mice. This treatment recoupled NOS in wild type,
eNOS‐ and nNOS‐deficient mice, but not in iNOS‐deficient mice, suggesting that iNOS
uncoupling was responsible for the oxidative stress observed in type‐1 diabetic mice. Im‐
portantly, this treatment restored ventricular function except in iNOS mice [126]. Appa‐
rently, NOS uncoupling is related to the increased activity of NADPH oxidase in
streptozotocin‐induced diabetic mice [55]. Furthermore, a recent report describes that in
db/db mice, a model of type‐2 diabetes, the coadministration of sepiapterin and L‐citrul‐
line,a precursor of L‐arginine restored cardiac function in diabetic hearts and improved
their response after ischemia‐reperfusion [127].

6. Conclusion

In the diabetic heart, an increased hyperglycemia induced the mitochondrial production
of ROS, which favors apoptosis. Concomitantly, diabetes induces the activation of NOX
that further impairs mitochondrial function. In addition, the diabetic state induces the ex‐
pression of iNOS, which in conjunction with an increased ROS production leads to the
generation of peroxynitrite, a highly oxidizing species. These elements create a feed‐for‐
ward system that deteriorates cardiac function at several levels. Furthermore, increased
ROS production may oxidize BH4, producing NOS uncoupling, further aggravating the
oxidative damage.

Despite the heavy burden that diabetes imposes to the heart, current therapeutic strategies do
not specifically address diabetes‐induced heart failure; therefore, novel pharmacological
treatments might be of high relevance. Theoretically, a reduction in mitochondrial or NOX
derived‐oxidative stress in diabetic cardiomyopathy should be able to improve some of the
features of diabetic cardiomyopathy. Nevertheless, indiscriminate NOX inhibition or ROS
quenching may have detrimental effects if the protective role of NOX4 (as opposed as other
NOXs) is disturbed, as it has been suggested in several stress conditions for the myocardium.
On the other hand, inhibitors of mitochondrial ROS production are still in their infancy and
have not been tested in humans. Therefore, pharmacological restoration of intracardiac BH4

levels may offer a new therapeutic opportunity for diabetic cardiomyopathy, as they have been
used in other pathologies, although the results have been somehow disappointing [128]. In
addition, isoform‐specific NOX inhibitors are needed as pharmacological tools against diabetic
cardiomyopathy.
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Abstract

Diabetic polyneuropathy (DPN) pathophysiologic findings include loss of multifocal
and focal nerve fibers secondary to axonal degeneration and segmental demyelization
due to oxidative stress and mitochondrial dysfunction induced by chronic hypergly‐
caemia.

Aim: To evaluate the effect of ubiquinone, ezetimibe/simvastatin and rosuvastatin on
mitochondrial function in patients with diabetic polyneuropathy.

Methods: A randomized, double‐blinded, placebo‐controlled clinical trial was
performed in patients with type 2 Diabetes Mellitus (T2DM) who had DPN, glycated
haemoglobin (HbA1c) <12% (108 mmol/mol), previous exclusion of other type of
neuropathy. Ninety‐eight persons with T2DM were enrolled allocated 1:1:1:1 to either
placebo, ubiquinone 400 mg, ezetimibe/simvastatin 10/20 mg or rosuvastatin 20 mg for
16 weeks. Primary outcomes were F0F1‐ATP hydrolysis, erythrocyte and sub‐mito‐
chondrial platelet membrane fluidity. Results were expressed as mean ± SD or SEM and
percentages.

Results: F0F1‐ATP hydrolysis levels in healthy controls were 236.80±118.42 nmol/PO4;
all patients with T2DM exhibited an increase, but only rosuvastatin demonstrated an
improvement with baseline 463.37±47.07 nmol/PO4 vs. after 340.61±37.80 nmol/PO4
treatment (p<0.05). Plasma and sub‐mitochondrial membrane fluidity did not experi‐
ence any significant changes.
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Conclusions: Rosuvastatin was found to improve mitochondrial function by reducing
F0F1‐ATP hydrolysis. No changes in sub‐mitochondrial platelets particles or erythro‐
cytes ghosts were found.

Keywords: ubiquinone, statins, diabetic polyneuropathy, oxidative stress, mitochon‐
drial dysfunction

1. Introduction

Nerve dysfunction system in patients with diabetes is known as diabetic neuropathy and is
considered as the most prevalent microvascular complication—up to 60%—in diabetes
mellitus (DM) subjects [1]. Diabetic polyneuropathy (DPN) comprise ≈70% of all cases [2].
Diabetic sensorimotor polyneuropathy is the most common for these complications, occurring
in patients with type 1 and 2 diabetes mellitus, as well as in those with prediabetes and glucose
intolerance [3]. Its diagnosis is established by means of validated scores based on clinical
features and abnormal nerve conduction studies (NCS) [4]. Pathophysiologic findings include
loss of multifocal and focal nerve fibers secondary to axonal degeneration and segmental
demyelization, basically due to oxidative stress and mitochondrial dysfunction induced by
chronic hyperglycemia, which leads to neural apoptosis [5, 6]. Mitochondrial dysfunction leads
to free radical excessive production through imbalance between hydrogen ions and electron
transport carriers, which takes place in the inner mitochondrial membrane and could be
evaluated indirectly by membrane fluidity and F0F1‐ATPase hydrolysis [7, 8].

Ubiquinone (coenzyme Q10) is a potent antioxidant acting as an electron carrier in the
mitochondrial electron transport chain, thus reducing free radical production with high
concentrations present in high metabolic activity tissues such as heart, kidney, liver, and
skeletal muscle [9]. Ezetimibe diminishes cholesterol ester content in chylomicrons by reducing
liver cholesterol intake that in consequence increases LDL uptake and plasma depuration;
when combined with simvastatin, cholesterol reduction is potentially increased [10]. Pleio‐
tropic effects of statins include an increase in nuclear factor kappa B activity and amelioration
of superoxide (O2–) ions after 12‐week treatment [11]. Another HMG‐CoA inhibitor, rosuvas‐
tatin, has an antioxidant effect by acting as free radical carrier diminishing mitochondrial and
cellular Lipid peroxidation (LPO) production [12].

We conducted this study to evaluate the effect of ubiquinone, ezetimibe/simvastatin, and
rosuvastatin on mitochondrial function in patients with DPN.

2. Subjects, materials, and methods

2.1. Study design

A randomized, double blinded, placebo controlled phase II clinical trial was performed in the
Clinic and Experimental Therapeutics Institute, University of Guadalajara, Mexico. Subjects
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were assigned to four group treatments by blocks with a parallel sequence 1:1:1:1 by means of
a randomized computer‐based list, generated by a different researcher who was unaware of
drugs given to patients. Patients were divided into the following groups: control group that
received placebo and three experimental groups that were assigned to ubiquinone, ezetimibe/
simvastatin, and rosuvastatin as a daily single dose for 16 weeks.

2.2. Study population

Participants were eligible based on Dyck et al. characteristics for DPN [4]. Inclusion criteria
were subjects ≥18 years old, T2DM (T2DM) according to ADA (American Diabetes Association)
criteria, HbA1c <12%, and informed consent signed. Patients were excluded if they had renal
or hepatic failure, pregnant or nursing women, and other neuropathies rather than diabetic
(alcohol‐induced, radiculopathy, autoimmune, cancer‐related). They were eliminated once
admitted if lack of adherence to treatment evaluated when <80% of drug intake, and/or severe
adverse drug reaction. Patients were selected by invitation in forums, outpatients recruited
from primary care clinics, and database collected previously by our research Institute,
Guadalajara residents from February 2010 to 2012. Patients were instructed to take their drugs
only by night at the same time every day as follows: placebo 100 mg, ubiquinone 400 mg,
ezetimibe/simvastatin 10/20 mg, and rosuvastatin 20 mg. All drugs were similar in physical
characteristics and presented in dark vials, carefully filled by another group researcher who
placed a respective tag with the patient code. Moreover, patients were provided with a diary
where they could write down the date and time of drug administration, and drug adverse
reactions felt. Such information was collected and registered after every 4 weeks. Primary
outcomes were mitochondrial function parameters: F0F1‐ATPase hydrolysis, erythrocyte
ghosts, and submitochondrial platelet membrane fluidity. We also measured other metabolic
and safety measures: fasting glucose, HbA1c, total cholesterol, high and low density lipopro‐
teins (HDL, LDL), and triglycerides. Safety profile was assessed with drug adverse reactions,
renal (urea, creatinine), and hepatic [alanine and aspartate aminotransferase (ALT, AST),
gamma glutamil‐transferase (GGT), and bilirubin and phosphokinase (CPK)] laboratory
variables.

2.3. Healthy subjects

We included an additional group consisting of nine subjects randomly selected from a
preventive medicine first contact clinic to establish a cutoff point for the below‐mentioned
parameters. Healthy age and sex‐matched volunteers without DM were included in the control
group.

2.4. Mitochondrial function markers

Hydrolytic activity of mitochondrial F0F1‐ATPase was obtained by spectrophotometry, from
release of inorganic phosphate in serum samples of platelets isolated according to the method
described by Baracca et al. [13]. Thirty microliters of the sample and 20 μL of ATP (100 mM)
were added to 1 mL of ATPase buffer [125 mM KCl, 40 mM of Mops (pH 8), 3 mM MgCl2],
and then agitated, followed by incubation at 40°C for 10 minutes. ATPase activity was stopped
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with 200 μL of 30% trichloroacetic acid, and samples were centrifuged for 10 minutes at 3500
rpm. Then, 1 mL of 3.3% ammonium molybdate and 100 μL of 10% ferrous sulfate were added
to 800 μL of the supernatant, and samples were incubated for 20 minutes at room temperature
to finally read absorbance at 660 nm. Results are expressed in nmol/PO4.

Membrane fluidity of erythrocyte ghosts and submitochondrial membrane in platelets was
performed once obtained by centrifuging whole blood from patients at 4°C for 15 minutes at
3500 rpm. Supernatant was removed from the residue and 200 μL of cold buffer was added
(NaCl 140 mM, KCl 4.7 mM, MgCl 1.2 mM, KH2PO4 1.2 mM, dextrose 11 mM and HEPES 15
mM), and homogenized. Platelets (70 μL) were isolated and stored at −80°C. Evaluation of
membrane fluidity was performed by incorporation of 1,3‐dipyrenylpropane (DPyP) to
biological membranes [14]. Two milliliters of Tris‐HCL buffer with a pH of 7.8 (10 mM) was
added to 35 μL of the mitochondrial membranes and mixed at 24°C. Using fluorescent
spectrophotometer (Perkin Elmer L550B), the fluorescent intensity of the monomer (Im) and
excimer (Ie) were measured at 395 and 494 nm, respectively. Immediately, 5 μL (0.1 μg) of DPyP
was added and incubated at room temperature in darkness for 3 hours, in order to allow the
incorporation of the DPyP to membranes. The second measurement was performed at the same
wavelengths and the Ie/Im ratio of the fluorescence intensity was calculated.

2.5. Ethical considerations

Study was approved by the Research and Ethics Committee of the Health Science University
Center, University of Guadalajara, Mexico. Identification codes were assigned to each partic‐
ipant to guarantee patient confidentiality, and an informed consent form was signed before
entering the protocol, according to national and international laws (National Institutes of
Health) with clinical trial identifier NCT02129231 and also as stipulated by the Helsinki
Statements in 2000.

2.6. Statistical analysis

Sample size determination was described elsewhere [15] taking into account a 95% confidence
interval, 80% potency, and two‐tailed p < 0.05, which resulted in 21 for each group. Quantitative
variables were expressed as mean ± standard deviation. Wilcoxon tests were realized before
and after measurements, and Kruskal‐Wallis with Mann‐Whitney´s U test as post hoc analysis
for between‐group comparisons. Qualitative variables were expressed as frequencies and
percentages. The McNemar test was used to evaluate differences in dichotomy variables before
and after treatment, between‐group comparisons were determined by Fisher´s exact test and
χ2 as needed. The significance level was established with p-value <0.05.

3. Results

In the scrutiny phase, 155 patients were assessed, of which 63 were not eligible and 98 were
included as follows: placebo 24, ubiquinone 24, ezetimibe/simvastatin 25, and rosuvastatin 25
(Figure 1).
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Figure 1. Flow diagram for patients follow‐up.

Demographic features were homogeneous at baseline without significant differences between
groups. Notably, there were a greater number of women above 50 years old and more than 10
years with T2DM. Overweight and obesity was found in all treatment groups (Table 1).

3.1. Mitochondrial function markers

F0‐F1‐ATPase in HS was 236.80 ± 118.42 nmol/PO4, those with placebo had 416.23 ± 38.39 nmol/
PO4 (p = 0.094 vs. HS), for ubiquinone 535.86 ± 65.14 nmol/PO4 (p < 0.05 vs. HS), ezetimibe/
simvastatin 447.09 ± 56.91 nmol/PO4 (p = 0.065 vs. HS), and rosuvastatin with 463.37 ± 47.07
nmol/PO4 (p < 0.05 vs. HS). There was no significant difference between treatment groups (p
= 0.583, Kruskal‐Wallis). At the end of treatment, placebo group had 443.41 ± 42.86 nmol/PO4
(p = 0.783, baseline vs. final), ubiquinone 391.30 ± 42.08 nmol/PO4 (p = 0.823, baseline vs. final),
ezetimibe/simvastatin 328.50 ± 36.38 nmol/PO4 (p = 0.426, baseline vs. final), and rosuvastatin
group had a significant reduction with 340.61 ± 37.80 nmol/PO4 (p < 0.05, baseline vs. final;
Figure 2A).

Erythrocyte ghost membrane fluidity in HS was 0.80 ± 0.19 Ie/Im, while baseline levels on
placebo group were 0.97 ± 0.10 Ie/Im (p = 0.293 vs. HS), ubiquinone 1.05 ± 0.18 Ie/Im (p = 0.571
vs. HS), ezetimibe/simvastatin had 1.23 ± 0.30 Ie/Im (p = 0.936 vs. HS), and rosuvastatin 0.98
± 0.19 Ie/Im (p = 0.936 vs. HS); moreover, no significant differences were observed between
treatment groups (p = 0.632, Kruskal‐Wallis). After treatment period, there was no evident
change in either group with placebo 1.13 ± 0.31 Ie/Im (p = 0.836, baseline vs. final), ubiquinone
1.21 ± 0.25 Ie/Im (p = 0.245, baseline vs. final), ezetimibe/simvastatin 1.14 ± 0.19 Ie/Im (p = 0.983
baseline vs. final), and rosuvastatin 0.99 ± 0.17 Ie/Im (p = 0.778, baseline vs. final), without
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difference between groups (p = 0.837, Kruskal‐Wallis). There was no change in membrane
fluidity after 16‐week treatment, probably due to short‐period intervention or this particular
membrane property is not involved y pathogenic alterations noted in DM patients (Figure 2B).

Placebo (n=24) Ubiquinone (n=24) Ezetimibe/
Simvastatin (n=25)

Rosuvastatin (n=25)

Gender (M/F), n (%) 7/17 (29/71) 9/15 (38/62) 10/15 (40/60) 12/13 (48/52)

Age (years) 54.7±9.6 58.8±9.2 55.0±12.0 54.0±10.5

Weight (kilograms) 73.7±11.4 73.8±8.6 75.4±13.9 76.9±18.7

Height (meters) 1.59±0.09 1.59±0.11 1.60±0.10 1.62±0.13

BMI (kg/m2) 29.3±4.3 29.3±7.3 29.4±4.1 29.0±4.7

Type 2 DM duration
(years)

10.5±8.3 9.7±6.2 10.2±6.6 12.1±8.3

SBP (mmHg) 142±25 134±20 144±25 135±17

DBP (mmHg) 84±11 78±8 81±10 81±7

Smoking (Y/N), n (%) 9/15 (38/62) 10/14 (42/58) 8/17 (32/68) 12/13 (48/52)

Type 2 DM treatment, n (%)

 Insulin 1 (4.2) 1 (4.2) 2 (8.0)

 Metformin 5 (20.8) 5 (20.8) 5 (20.0) 4 (16.0)

 Glyburide 1 (4.2) 1 (4.0) 3 (12.0)

 Metformin/Glyburide 15 (62.5) 12 (50.0) 13 (52.0) 11 (44.0)

 Metformin/Insulin 1 (4.2) 3 (12.5) 2 (8.0) 2 (8.0)

 Metformin/Glyb/Insulin 1 (4.2) 3 (12.0)

 Others 2 (8.3) 1 (4.2) 2(8.0) 2 (8.0)

Values in mean ± SD, unless otherwise specified.
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Submitochondrial platelet membrane fluidity in HS had 0.38 ± 0.03 Ie/Im, with increase in
treatment groups; placebo control group had 0.68 ± 0.05 Ie/Im (p < 0.01 vs. HS), ubiquinone
0.64 ± 0.04 Ie/Im (p < 0.01 vs. HS), ezetimibe/simvastatin 0.68 ± 0.04 Ie/Im (p < 0.01 vs. HS), and
rosuvastatin 0.65 ± 0.05 Ie/Im (p < 0.01 vs. HS); however, no statistical difference between
treatment groups was found (p = 0.675, Kruskal‐Wallis). After 16‐week treatment there was no
significant change in any group, those with placebo had 0.93 ± 0.14 Ie/Im (p = 0.426, baseline
vs. final), ubiquinone 0.90 ± 0.13 Ie/Im (p = 0.057, baseline vs. final), ezetimibe/simvastatin 0.76
± 0.08 Ie/Im (p = 0.670, baseline vs. final), and rosuvastatin 0.96 ± 0.12 Ie/Im (p = 0.092, baseline
vs. final), without difference between groups (p = 0.780, Kruskal‐Wallis). There is a significant
difference in submitochondrial membrane fluidity when compared with healthy controls,
probably because of underlying pathophysiologic changes in patients with diabetes, which
cannot be resolved with short‐time treatment (Figure 2C).

3.2. Metabolic and safety profile parameters

Serum transaminases were increased on experimental groups at baseline compared with
placebo, without clinical relevance. A significant reduction in fasting glucose was noted for
placebo and ubiquinone groups, probably due to lifestyle changes; however, no difference on
HbA1c was observed. A reduction in the total bilirubin on ubiquinone and rosuvastatin
treatments was also noted (–0.16 ± 0.27 and −0.17 ± 0.31 mg/dL, respectively), without
significant difference compared with placebo. As expected, a significant reduction in TC, LDL,
and TG was detected on statins (CT‐82.8 ± 49.8 mg/dL and LDL‐57.1 ± 48.4 mg/dL for ezetimibe/
simvastatin (p < 0.001), and CT‐73.3 ± 49.5 mg/dL, LDL‐64.9 ± 44.0 mg/dL, and TG‐41.1 ± 61.2
mg/dL) (p < 0.001, p < 0.001 and p < 0.01, respectively vs. placebo) for rosuvastatin (Table 2).
Gastrointestinal, neurologic, dermatologic, and muscular adverse events related to drugs were
reported, but only two patients were eliminated from the study for myopathy related to statins
(one with ezetimibe/simvastatin and the other with rosuvastatin).
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Wallis)
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line

Final p Base

line

Final p Base

line
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line

Final p
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0.300 0.440
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(mg/dL)
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0.05
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0.840 0.82±

0.04

0.85±

0.05

0.570 0.84±

0.04

0.80±

0.04

0.320 0.750

AST (U/L) 21.9±
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21.8±

1.4

0.820 27.22±

2.5

28±

2.4*

0.400 24.63±

0.99

27.1±

2.5*

0.270 27.8±

1.91

26.7±

1.2^

0.700 0.020
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0.570 31.22±

2.47

30.3±

2.4^

0.870 0.010

GGT (U/L) 34.73±

6.49

39.4±

8.6

0.270 55.22±

12.98

59.6±

17.9

0.600 39.83±

9.04

33.7±

3.7

0.780 44.33±

6.93

43.9±

7.7

0.260 0.800

Total

Bilirubin

(mg/dL)

0.70±

0.06

0.56±

0.05

0.052 0.77±

0.06

0.63±

0.08

0.030 0.61±

0.04

0.64±

0.06

0.800 0.83±

0.05

0.65±

0.07

0.020 0.790

Direct

bilirubin

(mg/dL)

0.11±

0.01

0.11±

0.01

0.780 0.12±

0.02

0.15±

0.03

0.290 0.10±

0.01

0.13±

0.01

0.080 0.15±
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0.13±

0.02

0.420 0.830

Total

cholesterol

(mg/dL)

211.43

±11.73

202.3

±8

0.610 230.17

±9.89

227.1±

8.3

0.330 210.56

±9.94

129.3±

9.7¥

0.001 217.2±

8.04

142.7±

8.8¥

0.001 0.001

Low

density

cholesterol

(mg/dL)

126.68

±8.76

109.6±

7.8

0.010 134.19

±8.08

132.5±

8.8

0.790 117.45

±7.16

61.7±

6.1¥

0.001 133.56

±7.96
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8.1¥
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HDL

cholesterol

mg/dL)

36.95

±2.61

39.7±

2.5

0.470 43.95±

3.69

43.4±

3.9

0.300 36.23±

2.06

32.7±

2.1

0.090 36.79±

1.91

36.5±

2.3

0.360 0.060

Trigly

cerides

(mg/dL)

240.13

±27.41

242.4 0.590 260.25

±36.59

263.1±

37.9

0.550 234.63

±49.96

161.9±

21.2*

0.055 220.6±

24.49

168.4±

24.4*

0.003 0.005

CPK (U/L) 82.21±

13.78

82.8±

10.3

0.930 101.74±

18.42

00±

13.1

0.990 95.92±

14.4

86.4±

8.3

0.460 114.93

±18.44

157.3±

35.1

0.190 0.100

A1c (%) 8.83±

0.36

9.2±

0.5

0.260 8.49±

0.36

7.9±

0.3

0.090 7.84±

0.32

8.1±

0.4

0.250 8.97±

0.40

9.4±

0.4∞

0.090 0.030

Median ± Standard error *p<0.05 ^p<0.01 ¥p<0.001 vs. Placebo ∞p<0.01 vs. Ubiquinone (Mann‐Whitney´s U test).
A1c, glycated hemoglobin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatinine kinase;
GGT, gamma glutamyl transferase; HDL, high‐density cholesterol; LDL, low density cholesterol.

Table 2. Metabolic characteristics.
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4. Discussion

Oxidative stress generates many of the pathophysiologic changes found in T2DM [16];
furthermore, free radical excessive production is involved in axonal degeneration and
segmental demyelinization found in T2DM patients with DPN [17, 18]. Mitochondrial
biogenesis is a complex process that involves more than 100 proteins coded by the nucleus and
requires coordination with synthesis of 13 proteins coded by mitochondrial DNA. The integrity
of this process is essential for normal oxidative phosphorylation, primary source of ATP
production, O2‐, H2O2, and other ROS, which plays a fundamental role in the initiation and
progression of diabetes. These products can overregulate the expression of proinflammatory
cytokines and unchain death signals [19]. Mitochondria are very efficient by using glucose
substrates to produce energy in the form of ATP. In this process, protons are pumped from the
mitochondrial matrix to cross the inner mitochondrial membrane through the respiratory
complexes forming the oxidative phosphorylation chain. Five complexes are implicated in ATP
synthesis, culminating in complex V or ATP‐synthase, and an inverse process occurs at the
same time, named as ATP hydrolysis. An increase in F0F1‐ATP hydrolysis has been found in
rats with induced DM, probably induced by mitochondrial dysfunction [20], just as seen in
treatment groups before intervention. Rosuvastatin demonstrated a reduction in F0F1‐ATP
hydrolysis after 16‐week period, probably by reducing free radical production through
improvement of NAD(P)H oxidase [21], constituting the first study to report this finding. We
suppose an improvement in mitochondrial function by reduction in its catabolism, and
probably reducing cell apoptosis.

The most important functions of erythrocyte membrane include (a) enzymatic activity, (b) ion
transport of ions and anionic substances, (c) osmotic stability, (d) oxygen diffusion, and (e)
membrane receptor activity, where a change in elasticity results in the deterioration of blood
flow and worsens tissue perfusion [22]. Membrane fluidity of erythrocyte ghosts was slightly
increased in patients with diabetes compared with HS. After intervention, all patients maintain
almost the same values, probably due to T2DM chronicity, short‐time treatment period,
and/or not enough doses to improve this membrane property. In 2002, Koter et al. demon‐
strated a reduction in membrane fluidity with atorvastatin after 12 weeks of treatment in 31
hypercholesterolemic subjects [23]; however, T2DM consists in more complex physiopatho‐
logic components than lipid alterations as a single insult. More profound research must be
conducted to establish the exact mechanisms that can be restored in order to improve eryth‐
rocyte membrane fluidity.

Submitochondrial particles are primarily composed of the internal mitochondrial membrane
where oxidative phosphorylation and other enzymes are involved as metabolite carriers.
Patients with T2DM had upper levels of platelet submitochondrial membrane fluidity when
compared with HS, along with an increase after intervention. Until now, this was the first time
to measure this particular platelet property. So, it is difficult to make a statement concerning
its role on the pathogenesis of DPN. Previous studies on Alzheimer disease has shown low
levels of platelet submitochondrial membrane fluidity due to increased levels of LPO [13]. So,
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we could speculate that an improvement in the mitochondrial function was achieved after
treatment in all groups; however, no significant differences were found between them.

Metabolic outcomes were as expected, whereas no changes were observed on placebo and
ubiquinone groups using statin‐reduced TC, LDL, and TG. A recently published article (IM‐
PROVE‐IT) showed that ezetimibe combined with simvastatin enhances the lipid‐lowering
effect of this statin monotherapy, with the same security [24]. This study highlights the im‐
portance of LDL reduction in the improvement of cardiovascular events. Rosuvastatin
showed a more intense reduction in LDL and TG, with an additional effect on F0F1‐ATP
hydrolysis, which raises the concern about the implication of oxidized LDL in the patho‐
physiology of T2DM microvascular complications.

A slight decrease in HbA1c was shown before and after intervention with ubiquinone, not
enough to have a statistical inference but probably a larger number of patients and/or longer
period of treatment would be needed to have a significant result. On the other hand, both
placebo and ubiquinone had significant changes in fasting plasma glucose after treatment,
probably due to tight control on lifestyle modifications. Finally, a slight increase in transami‐
nases was observed with the three experimental groups compared with placebo, but levels
were at normal range and there was no difference before and after 16‐week intervention. So,
it was considered as an incidental finding without clinically correlation.

In conclusion, patients with T2DM exhibit an increase in F0F1‐ATP hydrolysis and membrane
fluidity in erythrocytes and platelets, probably due to hypercatabolism secondary to hyper‐
glycemia. A decreased mitochondrial membrane potential, dysfunction in intramitochondrial
calcium regulation, and depletion of ATP production have been described previously;
however, this is the first time, to our knowledge, that an increase in ATP hydrolysis is reported.
These mechanisms, collectively, may lead to axon degeneration [19].

Alpha‐lipoic acid (ALA) is the only effective treatment for neuropathological changes in DPN;
for responders to initial 4‐week high‐dose (600 mg tid) administration of ALA, a subsequent
treatment with ALA (600 mg qd) over 16 weeks effectively diminished neuropathic symptoms,
whereas ALA withdrawal was associated with a higher use of rescue analgesic drugs in type
2 diabetic patients with symptomatic DPN [25]. However, ubiquinone and statins have proved
a reduction in the oxidative stress status and neuropathic pain relief in previous publications
[15, 26, 27].

We now demonstrate that all treatment groups had a diminishing effect on F0F1‐ATP hy‐
drolysis, but only rosuvastatin was found to improve mitochondrial function by significant‐
ly reducing F0F1‐ATP hydrolysis. No changes in submitochondrial platelet particles or
erythrocyte ghosts were found with this 16‐week period treatment with ubiquinone, ezeti‐
mibe/simvastatin, or rosuvastatin; more research needs to be conducted to avoid bias, such
as heterogeneity of antidiabetic drugs, lifestyle changes during the study, and reduced treat‐
ment period.
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Abstract

Alzheimer’s disease (AD) is a major dementia related to an overproduction of free
radicals (FRs), which leads to the generation of oxidative stress in brain tissue. Amyloid
beta-peptide of 42 amino acid residues (Aβ1–42) is the main source of FRs in patients with
AD. βA1–42 results from hydrolysis of the amyloid precursor protein by β-secretase in a
process known as the amyloidogenic pathway. During βA1–42 aggregation, the peptide
interacts with various transition metals to produce hydrogen peroxide (H2O2) by the
Fenton reaction, generating the hydroxyl radical (•OH), which damages lipids, proteins,
and nucleic acids, thereby contributing to neurodegeneration. In addition, βA1–42 is
recognized by microglial receptors; it activates these cells, causing overproduction of
superoxide anion (O2

•−) by NADPH oxidase; O2
•− is also converted into H2O2 and finally

to •OH in the Fenton reaction. Other factors that contribute to oxidative stress during
microglial activation are the overproduction of nitric oxide and interleukins and the
overexpression of some enzymes, including cyclooxygenase and inducible nitric oxide
synthase, all of which contribute to FR production. Currently, various models in vitro
and in vivo exist that permit quantification of O2

•− and H2O2 and determination of the
effects of these reactive oxygen species.
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1. Introduction

Alzheimer’s disease (AD) is a chronic pathology, the development and progression of which
has been related to free radical (FR) production such as occurs in diabetes, cancer, and other
diseases secondary to molecular damage. AD is characterized by neuronal damage associated
with  an  overproduction  of  free  radicals  (FRs).  Although  several  hypotheses  have  been
advanced to explain the memory loss that occurs in AD, the most accepted theory is that
neuronal damage is associated with the presence of aggregates of the amyloid beta peptide
of 42 residues (Aβ1–42) that is related to FR production.

It is known that Aβ aggregation contributes to FR production because Aβ molecules are able
to bind metals such as copper (cupric ion, Cu2+) that are present at high concentrations in the
brains of patients with AD. Cu2+ leads to the formation of hydrogen peroxide (H2O2), which is
a reactive oxygen specie (ROS). In turn, H2O2 reacts with other metals such as iron (Fe2+)
through the Fenton reaction, producing the hydroxyl radical (•OH), which damages mem-
brane lipids, proteins, and other biomolecules. Here, it is important to remember that ROS
include not only FRs such as •OH, superoxide anion (O2

•−), and others but also non-FRs such
as H2O2, ozone (O3), and hypochlorous acid (HOCl). One hypothesis suggests that the ROS
produced during AD hydrolyze a significant amount of acetylcholine (ACh), reducing
cholinergic neurotransmission and thereby contributing to memory loss [1]. This has justified
the use of acetylcholinesterase (AChE) inhibitors to treat AD; however, these drugs have shown
limited clinical results [2].

Brain tissue is especially susceptible to oxidative stress due to its high aerobic metabolic activity
and high lipid content. Oxidative stress is defined as the loss of cell homeostasis provoked by
an imbalance between the production of prooxidant molecules (ROS) and the activity of
antioxidant defense systems. Under physiological conditions, ROS are present at low concen-
trations in tissues, where they act as signaling molecules during cell growth, cell proliferation,
redox homeostasis, and cellular signal transduction (activating tyrosine kinases, MAPKs
(mitogen-activated protein kinases), or Ras protein) [3]. However, higher concentrations of
ROS lead to a pathophysiological condition produced by an oxidative stress state.

It has been reported that AD is associated with a high level of oxidative stress and lowered
antioxidant defenses. Thus, AD may be due to the presence of FRs that alter metal metab-
olism and result in Aβ aggregation toxicity [4]. In recent years, considerable research has
focused on the amyloid fibrils that are produced in AD, and it has been shown that the
structures of these aggregates are more complex than the linear addition of monomers to
fibrils; in fact, a variety of Aβ aggregates have been described. Furthermore, the amyloid
fibrils cause the formation of several toxic intermediates, including soluble oligomers that
bind to hippocampal neurons to produce dysfunctions in synaptic plasticity and conse-
quently contribute to the development of AD [5]. Hence, great efforts have been made to
find ways to prevent Aβ aggregation because the oligomers and fibrils are also able to
activate the NADPH oxidase in microglial cells, which are “like macrophage cells” in the
brain. NADPH oxidase can produce great quantities of O2

•−, which is converted to H2O2;
this, in turn, can participate in the Fenton reaction, producing •OH. Thus, the generation of
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FRs is important in AD because these have been related to its development, and Aβ and
NADPH oxidase may be key targets for the treatment of this disease.

In this chapter, we describe the important implications of FRs in the development and
progression of AD. First, we discuss some of the principal biomolecules involved in the
production of FRs in AD, emphasizing the role of Aβ1–42 due to its aggregation and its conse-
quent implication in the formation of senile plaques when it reacts with metals to produce
ROS. In addition, we explain how Aβ participates in microglial activation to produce more
FRs due to the activity of NADPH oxidase. Subsequently, the reactions in which the ROS
produced by Aβ and NADPH oxidase participate are described, and the relationship between
FR production and the neuronal damage that occurs during AD is explained. Finally, we
discuss how •OH and H2O2 production can be determined using various experimental
techniques in vitro and in vivo.

2. Biomolecules involved in free radical production in Alzheimer’s disease

2.1. Amyloid beta formation

Aβ is the principal component of extracellular deposits called amyloid plaques that are present
in the brains of patients with AD. According to the amyloid cascade hypothesis, which was
first established in 1991, Aβ accumulation represents the critical step in the pathophysiology
of AD [6]. Aβ originates from the processing of a large transmembrane glycoprotein, amyloid
precursor protein (APP). APP is a single-pass transmembrane protein with a large extracellular
domain. Alternate splicing of the APP transcript generates eight isoforms, the three most
common of which are the 695-amino acid form, which is expressed predominantly in the
central nervous system (CNS), and the 751- and 770-amino acid forms, which are more
ubiquitously expressed [7].

The precise physiological function of APP is not known and remains one of the vexing issues
in the field. In most studies, APP overexpression shows a positive effect on cell health and
growth [8]. APP can be hydrolyzed following both the non-amyloidogenic and the amyloido-
genic pathways, depending on the enzymes involved. In the non-amyloidogenic pathway, APP
is hydrolyzed at amino acid residue 83 from the C-terminus by α-secretase (Figure 1). This
cleavage produces a fragment of 83 amino acids (C83) and a large N-terminal ectodomain
(sAPPα). C83 remains in the membrane, where it is hydrolyzed by the γ-secretase complex to
produce p3, a short fragment, and the APP intracellular domain (AICD). In the amyloidogenic
pathway, APP is hydrolyzed at amino acid residue 99 from the C-terminus by β-secretase to
produce a fragment of 99 amino acids (C99) and an sAPPβ fragment. C99 remains in the
membrane, where it is hydrolyzed by the γ-secretase complex, releasing the Aβ peptide, which
consists of 42 amino acid residues (Aβ1–42), and other peptides (Figure 1) [9]. The principal
difference between these two pathways is that α-secretase cleavage occurs within the Aβ
region, avoiding the formation of Aβ peptide, whereas β-secretase cleavage permits Aβ
formation from APP.
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Figure 1. Hydrolysis of APP to produce the Aβ peptide. When Aβ1–42 is released, it tends to aggregate to form oligom-
ers and fibrils; these subsequently react with metals or with microglial cells and produce a large amount of ROS.

It is important to mention that under physiological conditions, both of these pathways occur;
in fact, it has been demonstrated that Aβ is an enhancer of learning and memory and that low
doses of Aβ produce presynaptic enhancement [10]. It was shown that concentrations of Aβ
peptides in the picomolar-nanomolar range decrease the synthesis and release of ACh without
causing neurotoxicity. The potency and reversible nature of this effect and the low concentra-
tions of Aβ peptides found in normal brain cells suggest that Aβ-related peptides may act as
modulators of cholinergic function under normal conditions [11]. However, during AD, the
increase in the concentration of Aβ may be the result of an overproduction and/or a deficiency
in its elimination, resulting in Aβ aggregation [12]. During the processing of APP by the
amyloidogenic pathway, two principal Aβ species are produced: Aβ of 40 amino acid residues
and Aβ of 42 amino acid residues (Aβ1–40 and Aβ1–42, respectively). Despite the difference of
only two amino acids, the latter is more prone to aggregate; the additional amino acids give
Aβ1–42 distinct thermodynamic properties [13].

Two distinct mechanisms have been proposed to explain the formation of Aβ fibrils. The first
invokes nucleated polymerization in which Aβ polymerization creates a nucleus to which
monomers are added in an elongation process (Figure 2).

The second proposed mechanism is based on a nucleated conformational conversion in which
oligomers are formed as intermediates; these intermediates then form protofibrils that
subsequently assemble into fibrils [14]. Because Aβ oligomers have been implied in the
pathophysiology of AD, it has been proposed that the second mechanism contributes more to
the progression of the disease. However, although enormous efforts have been made to
understand how Aβ aggregates, principally in the form of Aβ1–42, which is more cytotoxic than
Aβ1–40 [15], the mechanism by which Aβ1–42 undergoes conformational changes to form
oligomers and protofibrils remains unknown (Figure 2).

Recently, several experimental techniques such as nuclear magnetic resonance (NMR) (solid
state), Fourier transform infrared spectroscopy (FTIR), cryo-electron microscopy (cryo-EM),
single-touch atomic force microscopy (AFM), and fluorescence have allowed investigators to
study the Aβ1–42 fibril formation process in detail. The results suggest that a nucleated confor-
mational conversion occurs when Aβ1–42 is present at high concentrations (>20–30 μM). The
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predominant oligomers formed in the early step of aggregation are dimers, tetramers,
pentamers, and hexamers, but their formation is temperature- and concentration dependent.
At approximately 15°C and high Aβ1–42 concentration, the formation of protofibrils from
oligomers occurs more rapidly. The principal conformational change is observed in the lateral
association of oligomers to yield protofibrils; this conformation involves conversion from a
random coil structure to a β-sheet via an antiparallel β-hairpin intermediate [16]. The antipar-
allel β-hairpin has intramolecular hydrogen bonds between two hydrophobic β-strands, one
with an LVFF sequence and another with a GLMVG sequence at the C-terminus. However,
conversion to a β-sheet involves the rotation of β-strands to form intermolecular hydrogen
bonds with other monomers in the Aβ1–42 structure. It is known that the β-strands adopt a
parallel orientation in the Aβ1–42 fibrils. The β-sheet is stabilized by intermolecular hydrogen
bonds as well as by intramolecular and intermolecular interactions between the residue side
chains in the β-strands. It has been confirmed that the formation of the antiparallel β-hairpin
is a rate-determining step in fibril formation, with the interaction between aspartate 23 (Asp23)
and lysine 28 (Lys28) being the most important.

Figure 2. Proposed mechanisms of Aβ fibril formation. Left: nucleated polymerization at low Aβ concentrations. Right:
nucleated conformational conversion at high Aβ concentrations. The latter mechanism is considered to be more related
to the progression of AD because it produces a large amount of oligomers, which, together with the fibrils, are cytotox-
ic.

Other recent studies show that there are differences in Aβ1–42 and Aβ1–40 fibril formation [17].
One of these differences is that the Aβ1–42 fibril has a triple β-motif that consists of three β-sheets
(β1: 12–18; β2: 24–33; β3: 36–40); thus, this structure differs from the proposed β-loop-β motif
structure for Aβ1–40 fibrils. Additionally, the reported structure of Aβ1–42 fibrils differs from that
of Aβ1–40 fibrils from the brain, which have a U-shaped topology with Asp 23-Lys 28 forming
a salt bridge and fewer β-regions [18]. Furthermore, in Aβ1–42 fibrils a salt bridge between Lys28
and the carboxylate of the C-terminal alanine (Ala42) was identified; this is important because
it shows that Ala42 and not Asp 23, as had been proposed, stabilizes the salt-bridge interaction.

Involvement of Free Radicals in the Development and Progression of Alzheimer’s Disease
http://dx.doi.org/10.5772/64708

219



Although several models of Aβ1–42 fibrils have been described, to date no Aβ1–42 fibril structure
has been obtained from the brain, and all that is known about the conformational structure of
Aβ1–42 fibrils has been obtained from synthetic Aβ1–42. Therefore, all Aβ1–42 models and obser-
vations are approximations that should be accepted with caution because Aβ1–42 fibril forma-
tion may be influenced by temperature, pH, and other biochemical parameters that are not
considered when the fibrils are formed in vitro. For example, it was recently reported that
calcium (Ca2+) interacts with glutamate 22 (Glu22) and the phospholipid bilayer to accelerate
Aβ1–42 aggregation [19]. Furthermore, this type of interaction between a cation and Glu22 could
also be important in interactions of the peptide with metals such as Cu2+, which at some
concentrations favors Aβ1–42 aggregation. Therefore, it is difficult to propose a definite and
unique Aβ1–42 fibril structure that could provide a basis for elucidating the steps involved in
Aβ1–42 aggregation.

As mentioned previously, the mechanism of Aβ1–42 aggregation that has been proposed to
contribute principally to the pathogenesis of AD is nucleated conformational change due to
the formation of oligomers of Aβ1–42 [20]. When the amyloid hypothesis was first proposed,
it was postulated that only Aβ1–42 fibrils were the toxic form of Aβ; however, it is now
known that both oligomers and protofibrils are toxic species and that oligomers are more
toxic than fibrils [21]. This has been generally accepted due to the finding that cognitive def-
icits are better correlated with the amount of soluble Aβ than with the number of amyloid
plaques; thus, neurodegeneration is not a consequence of amyloid deposition [22]. This is
consistent with the oxidative damage produced by the Aβ1–42 oligomers. There are several
hypotheses related to Aβ1–42 aggregation and ROS production during AD development and
progression. The results of a number of studies support the hypothesis that Aβ1–42 genesis
depends on ROS production, whereas other reports suggest that Aβ1–42 is capable of forming
ROS [23]. In addition, some previous evidence clearly shows an association between AD
and the ROS produced by Aβ1–42 oligomers and metals (Figure 1). Hence, some studies have
focused on searching for strategies to avoid the oligomerization of Aβ1–42 by inhibiting it or
by decreasing ROS production through the design of multi-targeted compounds; this has
resulted in a promising approach [8]. By targeting at this molecular level, it is possible to
avoid Aβ1–42 aggregate formation, which functions as a signal that activates microglial cells
and initiates an innate immune response that results in the production of high levels of cyto-
kines and ROS.

2.2. Microglial activation enhances NADPH oxidase activity

Due to their phagocytic activity, microglial cells represent the macrophages of the brain; for
this reason, they are regarded as the predominant immune cells in the brain. In the healthy
brain, these cells act as resting microglia, maintaining their ramified morphology and protect-
ing the brain from pathogens by removing them by phagocytosis [24]. However, when
microglial cells detect a sign such as a pathogen associated with molecular patterns (PAMPs)
or damage associated with molecular patterns (DAMPs), the microglia are activated to acquire
a wide range of phenotypes. Two classical phenotypes are the pro-inflammatory M1 phenotype
(induced by pro-inflammatory cytokines and/or TLR activation (Toll-like receptor)) and the
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non-inflammatory M2 phenotype (induced by interleukin (IL)-4), according to the classifica-
tion for macrophages outside the brain [25]. Aβ1–42 oligomers and fibrils interact with SCARA1,
CD36, CD14, a6β1 integrin, CD47, TLR2, TLR4, TLR6, and TLR9 receptors on the microglia;
when Aβ1–42 interacts with TLR or CD receptors, the expression of inducible nitric oxide
synthase (iNOS), cyclooxygenase 2 (COX2), tumor necrosis factor (TNF)-alpha, IL-1β, IL-6, etc.
is induced, resulting in a dysregulated immune response that contributes to neurodegenera-
tion [26].

Furthermore, it was found that low concentrations of Aβ1–42 induce microglial proliferation
and cause release of H2O2 and O2

•− to the extracellular space due to the activation of NADPH
oxidase (Figure 3A) [27]. The fact that NADPH oxidase 2 (NOX2) is widely distributed in
microglial cells and neurons has been corroborated in in vitro and in vivo models using
microglia derived from NOX2 knockout mice and the NOX2 inhibitors diphenyleneiodonium
(DPI) and apocynin [28]. In microglial cells, NOX2 is activated only after the binding of Aβ
oligomers to the Mac receptor (Mac-1), an integrin receptor also known as CD11b/CD18,
complement receptor 3 or aMβ2 that is important during reactive microgliosis and in neuro-
degeneration (Figure 3B) [29, 30].

Figure 3. Pro-inflammatory factors produced by the interaction of Aβ1–42 oligomers with TLR or Mac-1 receptors. (A)
Aβ1–42 oligomers induce the activation of NADPH oxidase. (B) Production of cytokines induced by the interaction of
Aβ1–42 oligomers with the TLR receptor.

It is currently known that unique NADPH oxidase activity is associated with the generation
of O2

•− or H2O2, depending on the isoform. The confirmation of NADPH oxidase participation
in microglial activation and the consequent production of ROS were obtained using cells from
patients with chronic granulomatous disease (CGD). Because this disease is characterized by
the inability of cells to produce H2O2 due to mutations in the genes that encode the subunits
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of NADPH oxidase, monocytes and neutrophils from CGD patients fail to produce ROS in
response to fibrillary Aβ peptides [31, 32].

Park et al. assessed ROS production in the neocortex using hydroethidine fluoromicrography
[29]. Fibrillar Aβ superfused through a cranial window increased ROS production in the
neocortex. This effect could be abolished by the addition of a peptide inhibitor of the gp91phox
subunit. These authors further demonstrated that ROS levels were increased in the Tg2576
mouse model of AD; however, no signs of ROS production were evident in a mouse model in
which Tg2576 mice lacked the gp91phox gene.

NOX2 is an oligomeric protein composed of three cytosolic subunits (p60phox, p47phox, and
p40phox) and two transmembrane subunits (p91phox and p22phox). For the production of
O2

•− by NOX2, p22phox must form a complex with p47phox. It has been demonstrated that,
in primary microglial cells and monocytes exposed to fibrillar Aβ, p47phox and p67phox
subunits are translocated from the cytosol to the membrane, favoring the enhanced activity of
NADPH oxidase [33].

The production of O2
•− together with the neurotoxic factors PGE2, IL-β1, TNF-alpha, H2O2,

nitric oxide (NO), and peroxynitrite (ONOO−) can result in neuronal death [34]. Subsequently,
the O2

•− produced by NOX2 reacts with NO generated by iNOS to form ONOO−. In the presence
of excessive amounts of NO, nitration and S-nitrosylation of several proteins, as well as
dityrosine formation, occur. Tyrosine 10 of Aβ can undergo nitration, which in turn increases
the probability of Aβ aggregation; this is shown by the fact that Aβ nitrotyrosine has been
found in amyloid plaques [35].

During chronic neuroinflammation, microglia maintain the transcription of mRNAs coding
for pro-inflammatory factors such as NOX2, iNOS, TNF-alpha, IL-1β, and COX2. The interac-
tion between Aβ1–42 oligomers and TLR receptors begins the phase of neurodegeneration
(Figure 3B); as neuroinflammation progresses, the interaction between Aβ1–42 oligomers and
Mac-1 receptors results in the production of large amounts of FRs such as O2

•−, which is
converted to H2O2 to maintain the neuroinflammation (Figure 3A).

O2
•− dismutates spontaneously or by an enzymatic reaction catalyzed by superoxide dismutase

(SOD), an enzyme that can scavenge O2
•− and convert it into H2O2 [36]. Because O2

•− is the
primary ROS produced during the neuroinflammatory process, this is considered to play a
key role in the activation of microglia and the activation of NADPH oxidase. However, O2

•−

can also be produced by xanthine oxidase and during mitochondrial respiration. The O2
•− can

reduce and liberate ferric ion (Fe3+) from ferritin or ferrous ion (Fe2+) from iron-sulfur clusters.
This reaction is of great importance because Fe2+ participates in the Fenton reaction and
produces •OH. O2

•− contributes to the Fenton reaction via the Haber-Weiss reaction, in which
O2

•− reduces Fe3+ produced in the Fenton reaction to Fe2+ and maintains iron (II), thereby
facilitating the Fenton reaction. The net Haber-Weiss reaction is as follows (1-3):

3 2 2
2 2+Fe / Cu O Fe / Cu O-+ + + ++ ®g (1)
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2 3 2
2 2Fe Cu H O Fe / Cu OH O+ +/ H++ + + + -® g (2)

2 2 2 2O H O O OH OH+ -- +® +gg (3)

Numerous experimental studies have shown that Aβ oligomers are more toxic than Aβ fibrils,
and that ROS are produced from the beginning of AD, playing a crucial role in neuroinflam-
mation.

3. Biochemical and chemical reactions in Alzheimer’s disease that yield
free radicals

3.1. Metal dyshomeostasis during Alzheimer’s disease

It is well known that certain transition metals are essential for neural function. The levels and
transport of these metals are strictly regulated by the blood-brain barrier (BBB), and disruption
of metal homeostasis in the brain is thought to play an important role in the pathogenesis of
AD [37]. The principal areas of the brain in which metals tend to accumulate are the hippo-
campus, the amygdala, and the cerebrospinal fluid (CSF); in some of these areas, both senile
plaques and neurofibrillary tangles are found (Table 1).

The mammalian brain contains an intrinsically high concentration of copper (Cu2+), zinc (Zn2+),
and iron (Fe2+) ions compared to other tissues due to its high requirement for numerous metal-
dependent enzymes and metal-dependent metabolic processes [38]. Not only has dyshomeo-
stasis of Cu2+, Zn2+, and Fe2+ been linked with AD but it has also been reported that senile
plaques are related to high concentrations of these metals as well as of chrome (Cr3+) and
cadmium (Cd2+) (Table 1) [39–41]. Furthermore, these metals are involved in FR production
by their participation in the Fenton and Fenton-like reactions; importantly, it has been
suggested that they may interact with biomolecules implicated in AD such as Aβ, AChE, and
ACh [1], with deleterious results.

To clarify the functions and toxicities of various metals and their relationship to AD, specific
information on each metal is provided as follows:

Iron: Divalent iron (Fe2+) is the most abundant transition metal in the human brain. Iron is
present in vivo in both the ferrous (Fe2+) and ferric (Fe3+) valence states. Fe2+ is crucial for
neuronal processes such as myelination, synaptogenesis, and synaptic plasticity (SP). It has
been well documented that Fe2+ deficiency can induce a series of neurochemical alterations
that may eventually lead to cognitive deficits [42]. While essential for the maintenance of a
healthy brain, Fe2+ can also play a toxic role. It exacerbates damage to brain tissue following
processes such as stroke or trauma. A regional increase in Fe2+ within AD brains, compared
with healthy controls, is considered a key factor in neuronal atrophy. Accumulations of Fe2+

occur in the cerebral cortex, the hippocampus, and the basal nucleus of Meynert, where they
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co-localize with lesions, neurofibrillary tangles, and plaques. These are particularly important
areas in the clinical picture of AD because they are associated with the centers of memory and
thought that are gradually lost as AD progresses [42]. Given that Fe2+ is highly reactive, an
excess of this metal ion may result in the overproduction of reactive chemical species such as
•OH. Thus, FRs are responsible for oxidative stress, which is considered a primary contributing
factor in neurodegeneration [43].

Metal and

concentration in

AD brains (µM)

Physiological functions in

the brain

Brain areas where metal

is accumulated

Relationship with AD

Fe2+, 669, 694  Formation and maintenance

of the neuronal network

and neurotransmitter

synthesis. 

Hippocampus (wet tissue),

amygdala 

Generation of an excess of reactive

radical species leading to cell and

tissue damage. 

Cu2+, 57.7, 53.2,

10–100 

Cofactor and structural

component of enzymes.

Regulate synaptic function

myelination, synaptogenesis,

and synaptic plasticity. 

Hippocampus (wet tissue),

amygdala, cerebrospinal

fluid 

Copper in redox-active can catalyze

the production of hydroxyl radicals

(•OH) in a Fenton-like reaction.

May influence clearance of Aβ from

the brain at the level of the interface

between the blood and

cerebrovasculature in AD. 

Zn2+, 1000, 300  It is released from presynaptic

nerve terminals into the

synaptic cleft upon neuronal

activation and has been shown

to inhibit excitatory NMDA

receptors. 

Amyloid plaques, synaptic

cleft (during

neurotransmission) 

Aggregation of the Aβ peptides to

form oligomers and fibrils can be

rapidly induced in the presence of

zinc ions. 

Cr3+, 0.3, 0.4, 6.6  Carbohydrate metabolism and

normal insulin sensitivity. 

Brain insulin signal

transduction system. 

Hippocampus (wet tissue),

amygdala, cerebrospinal

fluid 

Reduction of the neuronal glucose

and energy metabolism. 

Cd2+, 0.25–250,

50–500 

It has not demonstrated a

function of brain metabolism. 

Parenchyma, cortical

neurons 

Increase of the blood-brain barrier

permeability and oxidative damage. 

Physiological functions, concentrations, brain areas of accumulation, and their relationship to AD.

Table 1. Principal metals involved in the development and progression of AD.

Copper: Copper in its divalent form (Cu2+) is found in several enzymes involved in important
biochemical pathways in neuronal and nonneuronal cells; these enzymes include SOD,
cytochrome-C oxidase, ceruloplasmin, and tyrosinase. Following NMDA receptor activa-
tion, Cu2+ is released from neurons; the released Cu2+ regulates neuronal activation by limit-
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cytochrome-C oxidase, ceruloplasmin, and tyrosinase. Following NMDA receptor activa-
tion, Cu2+ is released from neurons; the released Cu2+ regulates neuronal activation by limit-
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ing Ca2+ entry into cells [44]. Astrocytes express several Cu2+-containing enzymes; however,
excess Cu2+ in astrocytes results in damage due to the binding of Cu2+ to Aβ. This can catalyze
the production of •OH in a Fenton-like reaction, favoring the establishment of oxidative stress
and cell damage [45]. For these reasons, the increase in the distribution of brain Cu2+ that occurs
in AD, producing concentrations ranging from 10 to 100 μM, could result in the establishment
of oxidative stress in areas that are important for memory and learning such as the hippo-
campus and amygdala (Table 1).

The diet is the principal source of Cu2+; in fact, studies by Sparks et al. show that the admin-
istration of trace amounts of this metal in drinking water may drive the accumulation of Aβ
levels in the brain by altering the level of the interface between the blood and the cerebrovas-
culature in an AD rabbit model [46]. This suggests that dietary metals may promote Aβ
accumulation [47].

Zinc: Under normal conditions, divalent zinc (Zn2+) is concentrated in the neocortex; its
concentration is closely regulated due to the potentially neurotoxic effects that occur under
conditions of Zn2+ excess or deficiency. Zn2+ also has a neuromodulatory role in that it inhibits
excitatory NMDA receptors, reaching concentrations of up to 300 μM [48, 49]. Religa et al.
demonstrated that Zn2+ levels increase in parallel with tissue amyloid levels. Zn2+ levels were
significantly elevated in the brains of the most severely demented patients with AD and in
cases that displayed an amyloid burden. In fact, high concentrations of this metal ion (up to 1
mM) have also been found within amyloid plaques [50]. The formation of Aβ aggregates occurs
rapidly in the presence of Zn2+ ions under physiological conditions in vitro [51]. Studies with
synthetic Aβ show that chelation chemistry helps solubilize amyloid plaques and that it has a
more marked effect on the extraction of Aβ than on the depletion of Cu2+ [52]. In addition,
elevated Zn2+ levels have been found in AD postmortem neocortical samples (Table 1) [53].

Chromium: Trivalent chromium (Cr3+) is essential for normal carbohydrate metabolism and
normal insulin sensitivity. It has been reported that Cr3+ and Zn2+ are of importance to the brain’s
insulin signal transduction system. A Cr3+-binding oligopeptide, which has been named
chromodulin, has been reported. In the presence of insulin, chromodulin causes an eightfold
stimulation of protein tyrosine kinase activity. Cr3+ ions increase insulin-stimulated tyrosine
phosphorylation and thereby modulate cellular insulin signaling. Within the pathogenesis of
AD, a reduction in neuronal glucose and energy metabolism is assumed. At the center of this
lies the disruption of insulin-signaling mechanisms. The results of current biochemical studies
indicate that Cr3+ and Zn2+ are important in the brain’s insulin signal transduction system [54].

Cadmium: Divalent cadmium (Cd2+) is a nonessential transition metal that is classified as a
carcinogen due to its long biological half-life. Prolonged exposure to Cd2+ has toxic effects due
to the accumulation of the metal in a variety of tissues, including the CNS. The principal effect
of Cd2+ in the CNS is the induction of oxidative damage in cells. Increasing evidence has
demonstrated that Cd2+ is a possible etiological factor for neurodegenerative diseases such as
AD. Cerebral cortical neurons have been identified as targets of Cd2+-mediated toxicity and
Cd2+-induced cell apoptosis [55].
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3.2. Interaction of metals with amyloid beta and hydrogen peroxide production

Senile plaques are composed primarily of extraneuronal-aggregated Aβ, microglia, degener-
ated neurons, and relatively high amounts of redox-active metals such as Cu2+, Fe2+, and Zn2+.
Accurate determination of the redox potentials of Aβ and its metal complexes will certainly
help unravel their roles in oxidative stress, metal homeostasis, detoxification, and Aβ aggre-
gation/fibril formation. For these reasons, a number of techniques have been employed to
determine the amino acids involved in the recognition of metals by Aβ. It is generally accepted
that metal ions are bound to the histidine residues at positions 6, 13, and 14 [56]. Several studies
have demonstrated that the interaction of Cu2+, Zn2+, Fe3+, and Al3+ with Aβ is maintained by
their coordination with His13-His14 of the peptide. The interaction is also maintained by a
fourth element represented by a donor atom that can come from the aspartate at position 1 or
the tyrosine at position 10, thus forming a tetragonal complex. In fact, marked inhibition of
cortical amyloid accumulation by DP-109, a lipophilic metal chelator, has been shown [57].

An important aspect of the binding of Cu2+ to Aβ is that the complex retains its redox activity
and is able to produce H2O2. As the principal ROS in living organisms, H2O2 acts as a second
messenger in cellular signal transduction under physiological conditions. However, the
overproduction of H2O2 results in the formation of high levels of •OH and consequent oxidation
of the peptide, which can be detected by the formation of carbonyl groups. It was demonstrated
that this oxidation increases as the Cu2+:peptide ratio increases and that it is accompanied by
changes in the morphology of the aggregates as determined by AFM [58].

It has been shown that the coordination of Zn2+ with His13 of Aβ is critical to the metal ion-
induced aggregation of Aβ [59]. NMR and circular dichroism (CD) studies of metal-Aβ
complexes show that Zn2+ binding is dominated by intermolecular coordination and by the
formation of polymeric species, including monomeric Zn2+-Aβ and various Zn2+-Aβ oligomeric
complexes and aggregates. However, Zn2+-Aβ complex formation is high only in brain areas
containing synapses. There, the initial binding of Zn2+ to Aβ induces transformation of the
peptide to an oligomeric or polymeric complex with increased Zn2+-binding affinity, potenti-
ating the effect of the metal on Aβ and possibly enabling Zn2+ to act as a seeding factor in
amyloid plaque formation [60]. When aggregates are prepared with Cu2+ and Zn2+ ions, the
ratio of Cu2+:Zn2+ becomes an important factor in H2O2 generation, the formation of carbonyl
groups in the peptide, and aggregate morphology. In fact, Aβ fibrils can hydrolyze H2O2 and
generate damage by •OH production [61].

Fe2+ is able to bind to Aβ, and increased amounts of redox-active iron that can generate an
elevated amount of ROS have been found in the brains of AD patients; however, it is not clear
how this redox-active Fe2+ is produced. It was postulated that Aβ may act by binding the Fe3+

and reducing it to pathological Fe2+ that is capable of inducing oxidative stress; this would
suggest that Aβ possesses a strong reducing capacity for iron and that it acts as a metalloprotein
capable of binding the metal ion. The interactions between iron and Aβ are governed by
histidines 6, 13, and 14. These amino acid residues could coordinate a shared metal ion and
generate a redox-active complex. An alternative explanation might be that an oxidative
reaction that uses histidine as a substrate occurs in the presence of Aβ, thereby generating toxic
oxygen species [62]. The contribution of each histidine residue to Aβ oligomerization and
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Fe2+ is able to bind to Aβ, and increased amounts of redox-active iron that can generate an
elevated amount of ROS have been found in the brains of AD patients; however, it is not clear
how this redox-active Fe2+ is produced. It was postulated that Aβ may act by binding the Fe3+

and reducing it to pathological Fe2+ that is capable of inducing oxidative stress; this would
suggest that Aβ possesses a strong reducing capacity for iron and that it acts as a metalloprotein
capable of binding the metal ion. The interactions between iron and Aβ are governed by
histidines 6, 13, and 14. These amino acid residues could coordinate a shared metal ion and
generate a redox-active complex. An alternative explanation might be that an oxidative
reaction that uses histidine as a substrate occurs in the presence of Aβ, thereby generating toxic
oxygen species [62]. The contribution of each histidine residue to Aβ oligomerization and
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toxicity is different; it is thought that the His6 residue is important for beginning the Aβ
dimerization process and that His13 and His14 are not. However, the latter residues could be
important in producing the peptide conformations responsible for the Aβ-iron effects [63].

The reduction of metals (principally Cu2+) by Aβ causes the oxidation of Met35, resulting in
the production of H2O2 [64]. In addition, during the catalytic production of H2O2 by Aβ1–42 and
Cu2+, the participation of Tyr10 is important because when this amino acid is substituted by
alanine (Y10A) there is a significant decrease in the ability of Aβ to reduce Cu2+. Here, it is
important to note that the reduction of the metal and H2O2 production allow the formation of
the •OH radical by a Fenton-like reaction.

3.3. Fenton reaction

All the available evidence indicates that the Fenton reaction is important during Aβ aggre-
gation and during metal dyshomeostasis in AD. This reaction was first described by H.J.H.
Fenton as the strong oxidation effect of Fe2+-H2O2 mixtures on organic compounds in a work
entitled “Oxidation of tartaric acid in the presence of iron” [65]. Currently, the combination
of Fe2+-H2O2 is known as Fenton chemistry, the Fenton reaction, or Fenton reagent.

The Fenton reaction can be written as follows (4):

2 3
2 2Fe H O Fe HO + O+ H+ + -+ ® g (4)

During AD, the Fenton reaction occurs due to the presence of excessive levels of active redox
metals and the generation of H2O2 by the reaction of Aβ1–42 with the metals. Subsequently, •OH
are formed by the interaction of Aβ1–42 and Fe3+ or Cu2+. Several years ago, a speculative
mechanism was proposed by which Aβ interaction with metals could produce ROS. In that
mechanism, the binding of the metal is followed by the binding of oxygen to the metal via a
peroxo bridge and O2

•− production; the O2
•− are then converted to H2O2, which reacts with

metals and produces •OH [66].

Furthermore, it has been proposed that during the Fenton reaction an intermediate such as
ferryl ion [Fe(IV)=O]2+, a highly reactive oxidant that is able to undergo a reaction involving
single-electron hydrogen abstraction and two-electron oxidation, is formed; however, this
intermediate is not produced during Aβ1–42 aggregation because it is formed during the
reaction of Fe2+ complexes with H2O2 in the presence of organic substrates and a porphyrin
complex. Therefore, •OH are produced when aggregated Aβ1–42 interacts with metals. How-
ever, several in vitro studies have shown that •OH can be generated when Fe3+ is reduced in
the presence of reducing agents such as ascorbic acid (5) or in the absence of redox agents in
a reaction in which one electron from -OH (from the water self-ionization reaction) is trans-
ferred to Fe3+, yielding Fe2+ and •OH (6) [67]. This reaction also occurs in AD due to the presence
of high levels of metals and the consequent production of •OH; this promotes Aβ1–42 aggrega-
tion and consequently increases ROS production, creating a vicious cycle.
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3 2Fe Asc Fe Asc+ - + -+ ® + g (5)

3 2Fe HO Fe HO+ - ++ ® + g (6)

The Fenton reaction can also occur in the presence of other metals via a Fenton reaction or a
Fenton like-reaction, as shown below (7):

( 1)
2 2M H O M HO HOn n+ + + -+ ++ ® g (7)

where M is the metal (such as copper, which can also be reduced by Aβ1–42) that is oxidized in
the reaction. When M = Fe2+, the reaction above is known as Fenton reaction; when M = any
other metal, the reaction is known as Fenton-like reaction.

In AD, it has been suggested that •OH formation damages biomolecules such as lipids,
proteins, and nucleic acids due to the ability of •OH to catalyze reactions such as hydrogen
abstraction, addition reactions, and oxidation reactions. Hydrogen abstraction is one of the
most important mechanisms because in this reaction the •OH damages lipids in the brain and,
as was mentioned previously, the brain has a high content of lipids. Lipoperoxidation (LPO)
is the process by which •OH abstract hydrogen from unsaturated fatty acids, forming alkyl
radicals. The principal products of LPO are aldehydes as malondialdehyde (MDA) and
propanal, hexanal and 4-hydroxynonenal (4-HNE). LPO of oleic acid in the brain occurs by
abstraction of the hydrogens in the ninth and tenth positions; secondary reactions include
hydrogen abstraction by alkoxy radicals (RO•) and peroxyl radicals (ROO•) at the tertiary
carbon atoms. Then, alkyl radicals (R•) and ROO• are produced by ROS.

4. Damage produced by FRs during Alzheimer’s disease

The brain is particularly vulnerable to oxidative stress because of its high metabolic rate, which
utilizes 20% of the body’s basal oxygen consumption. In addition, the brain has limited
antioxidant defenses compared with other organs and high levels of transition metals,
principally redox-active Cu2+ and Fe2+; defective regulation of the levels of these metals can
lead to reaction with O2 and the production of ROS, resulting in cellular toxicity. Neurons are
vulnerable to attack by FRs due to their lower glutathione content in comparison with other
cells, their high proportion of polyunsaturated fatty acids susceptible to oxidation, and the fact
that their metabolism requires substantial quantities of oxygen. The oxidation of biomolecules
such as proteins, lipids, and DNA, and mitochondrial damage have consequences that are
deleterious to neurons, including the loss of cell potential, the accumulation of excitotoxic
glutamate, decreased glucose availability, decreased intracellular communication, and
increased neurotoxicity [68].
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A large number of biological sources are thought to play important roles in FR production in
AD. As mentioned above, some transition metals are increased in AD brains and are present
in a redox-active state [69]. Fe2+ catalyzes the formation of •OH from H2O2 by the Fenton
reaction in the brains of patients with AD due to the imbalance in metal concentrations, and
together with the H2O2 produced by Aβ aggregation it is possible to generate •OH, which
results in the oxidation of lipids, proteins, and DNA [70]. Recent histochemical studies have
demonstrated that the detection of redox activity in AD lesions is inhibited by prior exposure
of tissue sections to Fe2+- and Cu2+-selective chelators. The activity can be reinstated following
reexposure of the chelator-treated sections to either copper or iron salts, suggesting that the
redox imbalance in AD is dependent on these metals. It is probable that the accumulation of
Fe2+ and Cu2+ is a major source of the production of reactive oxygen, which is in turn responsible
not only for the numerous oxidative stress markers that appear on senile plaques but also for
the more global oxidative stress parameters observed in AD [71].

Activated microglia, such as those that surround most senile plaques [72] are a source of the
reactive nitrogen species (RNS) NO and the ROS O2

•−, which can react to form ONOO−, leaving
nitrotyrosine as an identifiable marker [73], as shown in Figure 4.

Figure 4. ROS and RNS produced after the activation of microglial cells by Aβ1–42. ROS have effects on biomolecules
such as lipids, proteins, and nucleic acids.

Several studies have reported that pro-inflammatory molecules and ROS secreted from fibrillar
Aβ-stimulated microglia lead to neuronal apoptosis [74]. In addition, neurons, microglia, and
astrocytes are capable of generating substantial amounts of NO through the iNOS [75]. Fibrillar
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Aβ peptides stimulate iNOS and NO production through the NADPH-dependent oxidative
deamination of L-arginine [76]. Microglial/neuronal coculture studies reveal that the NO
released from Aβ-stimulated microglia causes neuronal cell death. In addition, iNOS has been
reported to act synergistically to kill neurons through the formation of ONOO−. This RNS is a
potent oxidant with biological reactivity similar to that of •OH. ONOO- promotes the tyrosine
nitration and nitrosylation of cysteines within cellular proteins. The addition of nitrite (NO2

−)
to tyrosine residues is extremely detrimental because it leads to protein and enzyme dysfunc-
tion and the eventual death of cultured neurons [77]. Taken together, these data suggest that
Aβ-stimulated production of ONOO− plays an important role in the pathogenesis of oxidative
damage in the AD brain.

The damage to lipids caused by FRs is evidenced by LPO, which has been demonstrated widely
in all areas of the brain and shown to be higher in the hippocampus, the piriform cortex, the
frontal lobe, and the occipital cortex [78]. Furthermore, LPO markers have been found in the
cerebrospinal fluid (CSF) and urine of patients with AD, and their levels tend to increase with
the progression of the disease [79]. Analysis of transgenic mice (Tg2576) that display oxidative
damage similar to that found in the brains of AD patients revealed an elevation in oxidative
stress markers preceding amyloid formation and increasing amyloid pathology [80]. Data from
humans and transgenic mice indicate that elevated oxidative stress is an early event in AD
pathogenesis.

Advanced glycation end products (AGEs) are involved in AD through several mechanisms.
AGEs, which are produced by the interaction of carbohydrates and proteins, stimulate the
production of ROS in the presence of transition metals by the establishment of redox cycling.
In addition, both Aβ and AGEs activate receptors such as the receptor for advanced glycation
end products (RAGEs) and the class A scavenger receptor and thereby increase ROS produc-
tion [81].

Proteins damaged by ROS can be measured in plasma, serum, CSF, and brain tissue. Studies
by Smith et al. have demonstrated an increase in the products of protein oxidation in the
hippocampus of patients with AD, which showed neurodegenerative changes in comparison
with normal and aged subjects [82].

The production of ROS through peptidyl radicals associated with Aβ contributes to Aβ
aggregation; it was demonstrated that protein oxidation promotes the formation of protein
aggregates. In addition, Aβ causes alterations in several transmembrane proteins present in
neurons and glial cells, including ATPases, glutamate transporters, glucose transporters and
guanosine triphosphate (GTP)-coupled transmembrane-signaling proteins, resulting in
multiple changes in cellular physiology [83].

The type of damage found in macromolecules such as lipids, proteins, and carbohydrates in
patients with AD has also been observed in DNA. Mecoccin et al. showed a 10-fold increase
in the oxidation of mitochondria and nuclear DNA in brain samples from AD patients [84].

The formation of ROS by any of several possible mechanisms results in damage to neurons.
The cholinergic system is the principal neurotransmission system that is affected by the
production of oxidative stress. It was postulated that •OH may decrease the activity of AChE
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by modifying the amino acid residues, which form the anionic site that recognizes the natural
substrate, ACh [85].

A large body of evidence implicates compromised antioxidant defense systems as a contribu-
ting factor in AD pathogenesis; however, studies of antioxidant enzymes in AD have not shown
a consistent pattern. Glutathione (c-glutamyl-cysteinyl-glycine; GSH) is an abundant cellular
antioxidant. Thiol-reduced GSH normally accounts for the majority (>98%) of total cellular
glutathione, but it can also exist as oxidized glutathione disulfide (GSSG) or glutathione
adducts. Glutathione peroxidase (GPx) catalyzes the oxidation of GSH to GSSG, whereas the
reverse reaction is carried out by glutathione reductase (GR), which requires NADPH. Coupled
to the oxidation of GSH, GPx can reduce H2O2, highlighting the importance of both GPx and
GR in maintaining the cellular redox state. Indeed, the measurement of erythrocyte levels of
GSH, expressed as the ratio of GSH/GSSG, provides a dynamic marker of oxidative stress in
vivo [86, 87]. Lovell et al. found significantly elevated activity of GPx in the hippocampus, of
GR in the hippocampus and amygdala, and of catalase (CAT) activity in the hippocampus and
superior and middle temporal gyri in AD subjects compared with normal control subjects [88].
These changes were present in the medial temporal lobe structures where LPO was signifi-
cantly increased, suggesting a compensatory rise in antioxidant activity in response to
increased FR generation in these regions in AD. SOD levels were elevated in all brain regions
in AD. CAT was elevated in the amygdala in AD in one study [88]. Marcus et al. demonstrated
modifications in the activities of antioxidant enzymes in AD brains. The results showed a
decrease in SOD activity in AD frontal and AD temporal cortex, whereas CAT activity
decreased in AD temporal cortex. By contrast, these investigators found no differences in GPx
activity. The results obtained in these studies show that alterations in the antioxidant enzymes
in the brains of patients with AD are most significant in the temporal cortex [89]. For these
reasons, the use of antioxidants represents a logical approach to the treatment of AD. This
hypothesis is very attractive because most antioxidant compounds have a wide safety margin.
The hypothesis has been evaluated under experimental and clinical conditions. Crapper
McLachlan et al. [90] showed that the prolonged administration of an iron-chelating agent,
desferrioxamine, slowed the development of the disease. Vitamin E, selegiline, and Ginkgo
biloba extract were evaluated in clinical studies of AD and produced beneficial results [91].
These findings provide important evidence supporting the hypothesis that antioxidants may
be capable of slowing the pathogenic process of AD. In addition, a decrease in the incidence
of AD in patients treated chronically with non-steroidal anti-inflammatory drugs (NSAIDs)
has been demonstrated; this could slow the progress of the disease by decreasing the produc-
tion of prostaglandins [92].

5. Determination of free radicals in in vivo and in vitro models of
Alzheimer’s disease

As previously mentioned, the production of high levels of ROS is related to the establishment
and progression of AD. Among these ROS are O2

•−, H2O2, •OH, NO, and ONOO−, which can
be produced by several mechanisms (direct ROS production by Aβ1–42 oligomers, interaction
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of Aβ with metals, microglial activation, etc.). For these reasons, a variety of techniques have
been employed to determine the species and amounts of ROS in biological samples of patients
with AD and in samples from animal models.

5.1. Electronic paramagnetic resonance

Among ROS, O2
•− and •OH are molecules with unpaired electrons that react rapidly with

various biomolecules. To quantify these molecules by electron paramagnetic resonance (EPR),
it is necessary to employ compounds that increase the half-lives of the unpaired electrons. The
most common compounds employed for this purpose are 5,5-dimethyl-1-pyrroline N-oxide
(DMPO), N-tertiary-butyl-nitrone (PBN), and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO),
all of which react with the unpaired electron of a specific FR and form a complex that is
sufficiently stable to be detected by EPR. This technique allows the quantification of FRs in a
wide variety of samples obtained in in vivo and in vitro studies. The nitroxide MCP (3-
methoxidecarnonyl-2,2,5,5,-tetramethylpyrrolidine-1-yloxy), which permeates the blood-
brain barrier, has been used as a spin probe to noninvasively evaluate redox status in the brains
of AD transgenic model mice (APdE9), allowing the measurement of the generation of FRs
during the development of the disease [93]. In addition, with the use of DMPO an increase in
the production of •OH radicals in activated microglial cells in in vitro studies was demonstrat-
ed [94].

Although the EPR technique is of great help in identifying and quantifying FRs, its use is
limited due to the fact that it requires an EPR spectrometer, which is expensive. If an EPR is
not available, other techniques can be used to determine the amount of ROS produced;
however, one disadvantage of these techniques is that they require samples from animals that
must therefore be sacrificed.

5.2. Superoxide anion determinations

There are several techniques that permit the quantification of O2
•− in biological samples; these

include cytochrome C, WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt], lucigenin, luminol, and others. Several of these techniques are
described below.

Cytochrome C. This technique has been used to quantify extracellular O2
•− in cultures of

microglial cells obtained from neonatal rats stimulated with lipopolysaccharide (LPS). The
principle of the method is based on the reducing properties of O2

•−. O2
•− donates an electron

to ferricytochrome C, reducing ferrocytochrome C and increasing its absorbance at 550 nm.
This method presents some limitations if the sample contains high amounts of O2

•− because
the cytochrome can be reduced by various molecules such as ascorbate, glutathione, and
several reductases that are able to produce ferrocytochrome C [95].

Tetrazolium salt (WST-1). The reduction of WST-1 to a water-soluble yellow formazan by O2
•−

can be measured by spectrophotometry (Figure 5A). This method has been compared with the
ferricytochrome C reduction method in which xanthine/xanthine oxidases are used to
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generate O2
•−; it was demonstrated that WST-1 generated an approximately twofold greater

increase in absorbance than ferricytochrome C at their respective wavelengths [96].

Figure 5. Reactions for the determination of O2
•− and H2O2. (A) Reduction of WST-1 by O2

•− to a water-soluble yellow
formazan. (B) Reduction of lucigenin by O2

•− to a lucigenin cation radical. (C) Oxidation of luminol by H2O2. (D) Oxida-
tion of Amplex red by H2O2 in the presence of HRP to produce resorufin.

Lucigenin and luminol. These substances are selectively employed to determine the amounts of
extracellular O2

•− and intracellular O2
•− and H2O2 by chemiluminescence. Lucigenin is selective

for O2
•−, and luminol is selective for O2

•− and H2O2. Lucigenin is reduced by O2
•− to a lucigenin

cation radical independently of peroxidase activity (Figure 5B), and luminol is oxidized using
a peroxidase such as myeloperoxidase (MPO) or horseradish peroxidase (HRP) (Figure 5C).

5.3. Hydrogen peroxide determination

To determine the amount of H2O2, electrodes can be used, and the amount of H2O2 can then be
determined polarigraphically. The sensitivity of the electrode allows precise and rapid
measurement of extracellular H2O2. Other probes include the use of targets and are based on
the ability of H2O2 to oxidize molecules such as Amplex red (N-acetyl-3,7-dihydroxyphenox-
azine), scopoletin, and homovanillic acid in the presence of HRP. There are also many other
techniques that allow the determination of the amount of H2O2, such as aryl-borate-based
probes, peroxy Lucifer, and others; however, Amplex red is one of the most used. Amplex red
is a non-fluorescent compound that is oxidized by H2O2 in the presence of HRP to produce
resorufin, which is colored and highly fluorescent at 587 nm (Figure 5D). Amplex red has been
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used to measure H2O2 production by microglial cells and also directly in vitro to measure
H2O2 production by Aβ during its interaction with metals such as copper [97].

6. Conclusion

It has been demonstrated that Aβ1–42 is one of the principal biomolecules that contributes to
the development and progression of AD due to its ability to generate ROS by its interaction
with metals and also due to its ability to activate specific cells, producing neuroinflammation
and consequently neurodegeneration. Therefore, therapeutic treatments to avoid Aβ produc-
tion should be developed by the design of selective inhibitors of the β-secretase BACE-1.
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and consequently neurodegeneration. Therefore, therapeutic treatments to avoid Aβ produc-
tion should be developed by the design of selective inhibitors of the β-secretase BACE-1.
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Abstract

The National Heart,  Lung, and Blood Institute Working Group has postulated the
cardiorenal syndrome (CRS) as an interaction between the kidneys and the cardiovas‐
cular system in which therapy to relieve congestive heart failure (HF) symptoms is
limited by the further worsening renal function. CRS is classified from type I to V, taking
into  account  the  progression  of  the  symptoms  in  terms  of  mechanisms,  clinical
conditions, and biomarkers. Experimental and clinical studies have shown the kidney
as both a trigger and a target to sympathetic nervous system (SNS) overactivity. Renal
damage and ischemia, activation of the renin angiotensin aldosterone system (RAAS),
and dysfunction of nitric oxide (NO) system are associated with kidney adrenergic
activation. Indeed, the imbalances of RAAS and/or SNS share an important common
process in CRS: the activation and production of free radicals, especially reactive oxygen
species (ROS). The present chapter addresses connections of the free radicals as potential
biomarkers as the imbalances in the RAAS and the SNS are developed. Understanding
the involvement of free radicals in CRS may bring knowledge to design studies in order
to develop accurate pharmacological interventions.

Keywords: Cardiorenal syndrome, renin angiotensin aldosterone system, sympathetic
nervous system, reactive oxygem species, free radicals

1. Introduction

Cardiorenal syndrome (CRS) refers to multiple abnormalities characterized by a cluster of
concurring symptoms related to cardiac and renal  damage.  The syndrome is  commonly
initiated by renal insufficiency secondary to heart failure (HF) [1]. However, the term CRS is
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also used to describe the negative effects of reduced renal function on the heart and the
circulation [2].

A lack of a precise definition to CRS has been pointed out by recognized authors [3]. Based on
epidemiologic data, the primary failing organ [4] can be either the heart or the kidney.
Therefore, it is accepted that CRS can begin and perpetuate due to a merge in neurohormonal
feedback mechanisms involving cardiac and renal dysfunctions. This concept expanded the
comprehension about its pathogenesis and treatment.

Ronco et al. and the National Kidney Foundation [5] address CRS as a heart and kidney
disorder where acute or chronic dysfunction in one of these organs may induce acute or chronic
dysfunction in the other. In addition, Ronco et al. [6] presented a concept that interchanges
cardio and renal functions causing CRS and classified it from type I to V, as following:

• Type I (acute cardiorenal syndrome): acute decline in heart function causing kidney
dysfunction.

• Type II (chronic cardiorenal syndrome): chronic abnormalities in heart function causing
kidney dysfunction.

• Type III (acute renocardiac syndrome): acute decline in kidney function causing heart
dysfunction.

• Type IV (chronic renocardiac syndrome): chronic abnormalities in kidney function causing
heart dysfunction.

• Type V (secondary cardiorenal syndromes): coinciding heart and kidney dysfunction
secondary to systemic conditions.

In the next paragraphs each type of CRS will be described, whose injuries are linked to
inflammation and to other deleterious processes connected to free radicals generators. Giving
its main classification, the key‐systems involved in CRS are the sympathetic nervous system
(SNS) and the renin‐angiotensin‐aldosterone system (RAAS).

Type I—acute CRS characterized by a rapid worsening of cardiac function that leads to acute
kidney injury (AKI). Sudden worsening of cardiac function (due to, e.g., acute cardiogenic
shock, acute decompensation of chronic heart failure, procedures like coronary angiography,
or cardiac surgery) triggers acute renal dysfunction, which consequently leads to humorally
mediated damages that involves the activation of both SNS and RAAS systems, as well as to
sodium and water retention, and to vasoconstriction. This process enhances the initial
impairment in cardiac function, creating, therefore, a snowball effect.

The acute decline in renal function in CRS type I presents a diagnostic challenge since the
activation of inflammatory pathways is involved in the acute impairment and acceleration in
cardiovascular pathobiology [4, 7].

Diuretic responsiveness is decreased in CRS type I. In a congestive state, decreased response
to diuretics may result from the physiological phenomenon of diuretic braking (diminished
diuretic effectiveness secondary to postdiuretic sodium retention) [8].
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Type II—chronic CRS. The progressive chronic kidney disease (CKD) is linked to chronic
cardiac abnormalities; the main example is congestive heart failure. In fact, reduced renal
perfusion is related to the mechanism underlying the long‐term aggravation of the renal
function in chronic heart failure, which has micro‐and macrovascular disease as predisposing
factors [9, 10].

Frequently, there can be excessive production of vasoconstrictive mediators (epinephrine,
angiotensin, and endothelin) and altered sensitivity and/or release of endogenous vasodilators
(natriuretic peptides and nitric oxide—NO) [2].

Among the causes of chronic heart disease that increase susceptibility to kidney impairments
toward CKD is low cardiac output, an important cause of chronic kidney hypoperfusion and
of apoptosis. Initially, kidney damage begins with the development of sclerosis and fibrosis,
related to the low cardiac output, subclinical inflammation, endothelial dysfunction, and
accelerated atherosclerosis; these main changes, then, progress to CKD. The most important
features of chronic heart disease involved are chronic hypoperfusion, increased renovascular
resistance, increased venous pressure, and embolisms.

Regarding the kidney, the main alterations that feed chronic heart disease are anemia, sodium
and water retention, calcium and phosphates abnormalities, uremic solute retention, left
ventricular hypertrophy, hypertension, and activation of SNS and RAAS.

Type III—acute renocardiac syndrome, which has the abrupt worsening of kidney function
as the primary cause (e.g., AKI, ischemia, or glomerulonephritis), being responsible for acute
cardiac dysfunction (e.g., heart failure, arrhythmia, and ischemia). Although AKI can affect
the heart [6], the cause and effect relationship has not been well established. It is known,
nonetheless, that pulmonary edema occurs due to fluid overload, that elevated serum potas‐
sium levels could culminate in arrhythmias and cardiac arrest, that uremia builds up myocar‐
dial depressant factors affecting negatively the inotropism [11] and could cause inflammatory
processes in the pericardium [12], and that high hydrogen ion serum concentration leads to
pulmonary vasoconstriction [13], a strong contributor to right‐sided heart failure. In addition,
low blood pH (acidemia) decreases myocardial contractility [14], and when combined with
electrolyte imbalance, heightens the risk of irregular heart rhythms [15]. Ultimately, compro‐
mised kidney perfusion alone can initiate inflammatory and apoptotic processes in the heart
[3].

Type IV—chronic renocardiac syndrome, in which primary CKD, is the main condition (e.g.,
chronic glomerular disease) that decreases cardiac function and causes ventricular hypertro‐
phy, diastolic dysfunction, and/or increases the risk of adverse cardiovascular events. Accord‐
ing to the National Kidney Foundation [5], CKD is subdivided in five stages based on the
severity of kidney damage and glomerular filtration rate.

Type V—secondary CRS characterized by the presence of both cardiac and renal dysfunction
is due to acute or chronic systemic disorders. Although systematic information on CRS type
V is limited, there is a notorious increase in mortality as more organs fail. Comprehension is
limited in terms of how simultaneous renal and cardiovascular failure may affect differently
an outcome when compared to simultaneous pulmonary and renal failure, for example.
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Nonetheless, it is clear that several acute and chronic diseases can affect both organs concur‐
rently and that once started, one organ can affect the other. An example of a very common and
serious condition affecting the heart and the kidney is severe sepsis. Other examples include
diabetes, amyloidosis, systemic lupus erythematosus, and sarcoidosis. Several chronic
conditions such as diabetes and hypertension may contribute to CRS types II and IV.

As seen earlier, an imbalance in the components of the SNS and the RAAS contributes to CRS.
Generally, a reduced cardiac output in cardiac heart failure resulting in decreased renal
perfusion is thought to be an easy explanation for the worsening renal function [16]. Interest‐
ingly though, worsening renal function has been demonstrated in patients with acute decom‐
pensated heart failure with preserved left ventricular ejection fraction [17, 18]. This decline in
renal function, despite presumed blood flow preservation, has led to an investigation for other
mechanisms of CRS, including the role of the renin‐angiotensin‐aldosterone system (RAAS),
of various chemicals (nitric oxide [NO], prostaglandins, natriuretic peptides, endothelins, etc.),
of oxidative stress, and of sympathetic overactivity.

The following sections in this chapter aim to conclude that the lack of balance between the
RAAS and the SNS triggers deleterious effects in CRS due to processes associated with free
radicals production and excessive oxidative stress. Before reaching this conclusion, however,
free radical concepts must be addressed.

2. Biomarkers, free radicals, and oxidative stress: basic concepts

A Biomarker is a biological marker that reveals medical signs, in other words, it is an objective
indicator of a medical state that can be measured accurately and reproducibly without being
invasive [19]. The National Institute of Health Biomarkers Definitions Working Group [20], as
well as heads in the field of clinical trials and biostatistics from the US National Institute of
Health and the US Food and Drug Administration, developed consistent and comprehensive
definitions of terms relating to the use of biomarkers. According to them, a biomarker is
objectively measured and evaluated as an indicator of normal biological and pathogenic processes, or
pharmacologic responses to a therapeutic intervention. The use of biomarkers in basic and clinical
research as well as in clinical practice has become so conventional that it is now accepted almost
without question.

A free radical is a molecular species that contains an unpaired electron in an atomic orbital
resulting in high reactivity and instability, yet it is capable of independent existence. These
molecules can either donate or accept electrons, therefore, behaving as oxidizing or reducing
agents [21]. Among the most important free radicals in cardiovascular disease, especially in
CRS, are the reactive oxygen species (ROS) composed of: hydroxyl radical (OH•), superoxide
anion radical (O•–), hydrogen peroxide (H2O2), oxygen singlet (1O2), hypochlorite (ClO–), NO
radical (NO•), and peroxynitrite radical (ONOO–). As other highly reactive species, they are
potentially capable of disrupting homeostasis in the nucleus and in the cellular membrane by
damaging DNA, proteins, carbohydrates, and lipids [22].
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A Biomarker is a biological marker that reveals medical signs, in other words, it is an objective
indicator of a medical state that can be measured accurately and reproducibly without being
invasive [19]. The National Institute of Health Biomarkers Definitions Working Group [20], as
well as heads in the field of clinical trials and biostatistics from the US National Institute of
Health and the US Food and Drug Administration, developed consistent and comprehensive
definitions of terms relating to the use of biomarkers. According to them, a biomarker is
objectively measured and evaluated as an indicator of normal biological and pathogenic processes, or
pharmacologic responses to a therapeutic intervention. The use of biomarkers in basic and clinical
research as well as in clinical practice has become so conventional that it is now accepted almost
without question.

A free radical is a molecular species that contains an unpaired electron in an atomic orbital
resulting in high reactivity and instability, yet it is capable of independent existence. These
molecules can either donate or accept electrons, therefore, behaving as oxidizing or reducing
agents [21]. Among the most important free radicals in cardiovascular disease, especially in
CRS, are the reactive oxygen species (ROS) composed of: hydroxyl radical (OH•), superoxide
anion radical (O•–), hydrogen peroxide (H2O2), oxygen singlet (1O2), hypochlorite (ClO–), NO
radical (NO•), and peroxynitrite radical (ONOO–). As other highly reactive species, they are
potentially capable of disrupting homeostasis in the nucleus and in the cellular membrane by
damaging DNA, proteins, carbohydrates, and lipids [22].
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ROS are derived either from normal essential metabolic processes in the human body or from
external sources such as exposure to X‐rays, ozone, cigarette smoke, air pollutants, and
industrial chemicals [23]. Free radical formation occurs continuously in the cells due to
enzymatic and nonenzymatic oxygen reactions with organic compounds. Enzymatic reactions
that produce free radicals include those involved in the respiratory chain, in phagocytosis, in
prostaglandin synthesis, and in the cytochrome P450 system [24].

The term “oxidative stress” describes the oxidative damage resulting from unfavorable
antioxidant defenses against free radical generation [25, 26]. Short‐term oxidative stress may
occur in tissues injured by trauma, infection, heat, hypertonia, toxins, or excessive exercise.
Injured tissues produce higher levels of radical generating enzymes (e.g., xanthine oxidase,
lipogenase, and cyclooxygenase), increase phagocyte activation and free iron and copper
release, and produce an excess of ROS by disrupting the electron transport and oxidative
phosphorylation. The initial mutation and progression of cancer, as well as the side effects of
radiation and chemotherapy, have all been linked to the imbalance between ROS and the
antioxidant defense system.

In addition, ROS has been implicated in the induction and in the complications of cardiac and
renal [27] dysfunctions related to CRS [28] through the SNS and the RAAS [29].

3. RAAS and SNS: renal and cardiovascular systems

This section attempts to explain basic concepts about the signaling transductions of the RAAS
and the SNS involved in CRS progression.

The RAAS plays an important role in systemic blood pressure regulation as well as in fluid
and in electrolyte balance [30]. Angiotensin II (Ang II), the main effector peptide, is involved
in cardiovascular and renal physiological and pathological effects, with inflammatory aspects
[31] of different diseases present in CRS.

3.1. Ang II and its main signaling pathways to produce cardio and renal injuries

AT1 and AT2 are the main receptors activated by Ang II, being the first prominent receptor
involved in harmful consequences of RAAS activation.

The main effect of Ang II is vasoconstriction by [32–34] increasing sympathetic tone [35] and
arginine vasopressin (AVP) release [36–38] through stimulation of AT1 receptors mainly
present in the vasculature. Activation of Ang II receptors and even nonreceptor pathways has
been presented in a review by Touyz and Berry [39]. Briefly, ligand‐receptor binding leads to
activation of G proteins through an exchange of guanosine triphosphate (GTP) for guanosine
diphosphate (GDP), releasing α and β‐γ complexes, which mediate downstream actions. AT1
receptors can be interacted with various heterotrimeric G proteins including Gq/11, Gi, Gα12,
and Gα13. Different G protein isoforms lead to distinct signaling cascades. Gq activation results
in the activation of phospholipase C (PLC), whereas GαI leads to cGMP formation. Although
G protein‐coupled receptors do not contain intrinsic kinase activity, the members of the G
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protein receptor kinase family phosphorylate the G protein‐coupled receptors on serine and
threonine residues. AT1 receptors are phosphorylated in response to Ang II stimulation.
Several tyrosine kinases, including Janus kinases (JAK and TYK), Src family kinases, and focal
adhesion kinase (FAK) can phosphorylate AT1 receptors [40].

Angiotensin II has a long‐term control over blood pressure through various mechanisms: direct
stimulation of AT1 kidney receptors [10] and indirect adrenal gland aldosterone releasing
regulate renal reabsorption of sodium and water [41], and acts on the hypothalamus causing
thirst [36, 37].

The renin activity on the α2‐globulin angiotensinogen produces the decapeptide angiotensin
I (Ang I), which is then cleaved by an angiotensin‐converting enzyme (ACE) to produce the
octapeptide Ang II [42].

In mammals, there are two isoforms of ACE: somatic ACE, abundant on the surface of
pulmonary endothelial cells, and testicular ACE. Both isoforms are found as soluble enzymes
in the plasma and in seminal fluid [43]. Production of Ang II from Ang I also occurs through
an ACE‐independent way by the activity of other enzymes such as cathepsin G, a chymostatin‐
sensitive Ang II‐generating enzyme, and chymase [36].

Besides its primary vasoconstrictor effects, Ang II also presents growth factor and cytokine‐
like properties [44]. The different forms of intracellular signaling processes explain its varied
effects. In VSMC and also in renal cells, including glomerular endothelial and mesangial cells,
Ang II induces chemokines such as monocyte chemoattractant protein‐1 (MCP‐1) [45–48].

AT1 signaling through phospholipids involves phospholipase C (PLC), phospholipase D
(PLD), and phospholipase A2 (PLA2).

PLC signaling results in rapid production of the second messengers 1,4,5‐inositol triphosphate
(IP3) and diacylglycerol (DAG). While IP3 stimulates Ca2+ mobilization from the sarcoplasmic
reticulum, DAG causes Ca2+ influx from extracellular space after protein kinase C (PKC)
stimulation [49]. The increased cytoplasmic calcium concentration ([Ca2+] c) leads to Ca2+‐
dependent, calmodulin‐activated phosphorylation of the myosin light chain, which, in turn,
leads to cellular contraction. This is the main mechanism involved in the vascular smooth
muscle cell (VSMC) contraction. PKC activation by this process regulates intracellular pH
through the Na+/H+ exchanger [49, 50] and also activates both the nicotinamide adenine
dinucleotide phosphate‐oxidase (NADPH oxidase) signaling as well as the ROS production.

PLD signaling is related to the phosphatidylcholine hydrolysis. The AT1 receptors mediating
PLD activation involve Gβ‐γ, Gα12, Src, and RhoA [51]. The pathways associated with Ang II‐
induced activation of PLD in VSMC are PKC independent, but involve intracellular Ca2+

mobilization and Ca2+ influx that is tyrosine kinase‐dependent. Ang II‐induced PLD signaling
has been implicated in cardiac hypertrophy, VSMC proliferation, and vascular contractility
[52, 53]. Among the PLD‐mediated responses, there are vascular generation of superoxide
anions by stimulating NADPH oxidase, and, under long‐term stimulation of AT1 receptors,
growth and remodeling in the cardiovascular system [54].
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The PLA2 activation due to Ang II binding on AT1 receptors is responsible for arachidonic
acid release from cell membrane phospholipids [55], and its consequent metabolism by
cyclooxygenases, lipoxygenases, or cytochrome P450 oxygenases results in various different
eicosanoids influencing vascular and renal mechanisms that are important in blood pressure
regulation. The main PLA2‐derived eicosanoids resultants from cyclooxygenases include
prostaglandin (PG) H2, which is then converted to thromboxane (Tx), PGI2 (prostacyclin), or
to PGE2, PGD2, or PGF2α, by different enzymes (22). Lipoxygenases‐derived molecules are
the leukotrienes [55]. Cytochrome P450 oxygenases leads to the production of the hydroxy‐
eicosatetraenoic acids (HETE)—acids derived from epoxidation and allylic oxidation.

In VSMC, AT1 receptor stimulation by Ang II interconnects all phospholipases (PLA2, PLD,
and PKC) activation to initiate NADPH oxidase activity. DAG and Ca2+, from the sarcoplasmic
reticulum by IP3, activate PKC, which leads to phosphorylation of p47phox and initial
activation of the NADPH oxidase [56, 57]. PLD also mediates PKC activation; phosphatic acid
(PA) is produced, serving as a source of DAG [58–60]. Furthermore, PLA2 is activated by
calcium cleaving phosphatidylcholine to products that heightens NADPH oxidase action,
lysophosphatidylcholine (LPC) and arachidonic acid (AA) [61].

AT1‐mediated tyrosine phosphorylation leads to mitogen‐activated protein kinase (MAPK)
activation associated with growth factors and cytokine activity, which corroborate to mitogenic
and inflammatory consequences of Ang II. Moreover, AT1 receptor activation may be mediated
by the activation of receptor tyrosine kinases (RTK) to bring about the Ang II stimuli on
epidermal growth factor receptor (EGFR), platelet‐derived growth factor receptor (PDGFR),
and insulin growth factor receptor (IGFR) [62, 63].

Furthermore, Ang II stimulates phosphorylation of several nonreceptor tyrosine kinases such
as PLC‐γ, Src family kinases, Janus kinase (JAK), focal adhesion kinase (FAK), Ca2+‐dependent
tyrosine kinases, p130Cas, and phosphatidylinositol 3‐kinase (PI3K) [64]. Altered VSMC
function in hypertension is associated with increased activation of c‐Src by Ang II. Vascular
and cardiac growth, remodeling, and repair are assumed to involve Janus kinase, and the signal
transducers and activators of transcription from early growth response genes mediated by Ang
II [65]. FAK‐dependent signaling pathways triggered by Ang II are related to cell migration
and changes in cell shape and volume [66]. p130Cas mediated‐Ang II effects regulate α‐actin
expression, cellular proliferation and migration, and cell adhesion, playing a relevant role in
cardiovascular disease and actin filament assembly [67]. PI3K in Ang II signaling in VSMC
may control the balance between mitogenesis and apoptosis [68].

Ang II activates the three major members of the mitogen‐activated protein kinases (MAPK)
family [69, 70]: ERK1/2 (related to enhanced proto‐oncogene expression, and activation of the
transcription factor, cell cycle progression, and protein synthesis in VSMC [71]), JNKs (regu‐
lation of cell growth, and vascular damage associated with cardiovascular disease [72]), and
p38 MAPK (inflammatory responses, apoptosis, and inhibition of cell growth [73]).

Finally, by signaling through heterotrimeric G proteins, AT1 receptors activate monomeric
small (21 kDa) guanine nucleotide‐binding proteins (small G proteins) in VSMC. Activation
of Ang II via AT1 receptor is coupled with Rho subfamily (RhoA, Rac1, and Cdc42), whose
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Ang II effects are associated with increased Ca2+ sensitization, VSMC contraction, cytoskeletal
organization, cell growth, inflammation, and regulation of NADPH oxidase [74]. In general
Ang II, as other Gq coupled receptors, effectively activates NADPH oxidase in the cardiovas‐
cular system, enhancing production of ROS, whose effects majorly contribute to the patho‐
genesis of cardiovascular and kidney disease [75].

The integration of all the concepts above leads to the comprehension that important deleterious
effects of Ang II could contribute to features observed in the CRS. This is supported by
therapeutic involvement of angiotensin‐converting enzyme inhibitors (ACEi) and of angio‐
tensin receptor inhibitor, which have proven to be effective in the CRS therapy (for pharma‐
cotherapy guidance we suggest reading the guideline organized by Dickstein et al. [76]). The
activation of the RAAS determines renal hypoxia, vasoconstriction, intraglomerular hyper‐
tension, glomerulosclerosis, tubulointerstitial fibrosis, and proteinuria [77]. Similarly, the
activation of the SNS involves proliferation of smooth muscle cells and adventitial fibroblasts
in the intrarenal vascular walls [78]. Ang II increases renal vascular resistance in animal models,
and the addition of an α2‐adrenoceptors agonist enhances this response. NADPH oxidase
inhibition, as well as Rho kinase inhibition, or the presence of a superoxide dismutase (SOD)
mimetic attenuates this interaction between Ang II and α2‐adrenoceptors agonist. Further‐
more, in preglomerular VSMCs, the α2‐adrenoceptors agonist enhanced Ang II‐induced
intracellular O2

‐ production and activation of RhoA, responses which were prevented by
inhibition of phospholipase C (PLC), PKC, c‐Src, NADPH oxidase, and by a SOD mimetic.

3.2. Free radicals: key biomarkers in experimental models to explain RAAS and SNS in CRS

Excessive and inappropriate activation of the RAAS [79] is directly implicated in many ways
in the progression of renal disease due to heart failure. In parallel to the heart failure, the
ongoing, uncontrolled activation of the RAAS is indicative of renal failure.

The model proposed by Guyton [80] describes a heart–kidney connection regarding extracel‐
lular fluid volume (ECFV), cardiac output, and mean arterial pressure. In this arrangement,
the pathophysiological basis of CRS is structured on the combined renal and cardiac disease
invoking a number of specific factors that synergistically aggravate the disease.

In Guyton’s model [80], the kidney is placed as a regulator of extracellular fluid volume and
the RAAS is placed with its corresponding extensions (aldosterone and endothelin) and its
antagonists (natriuretic peptides and NO). The model explains changes in extracellular fluid
volume, blood pressure, and cardiac output in merged heart and renal failure. An extension
to this model, however, was projected by Bongartz et al. [29] to explain the accelerated
atherosclerosis, the cardiac remodeling and hypertrophy, and the progression of renal disease
observed in the severe CRS. When the heart or the kidney fails, a vicious cycle, called the cardio‐
renal connection [81, 82] in a scheme depicted by Bongartz et al. [29], progresses: the RAAS,
the NO‐ROS balance, the sympathetic nervous system, and inflammation interact and
synergize.
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The reduction in circulating arterial blood volume triggers arterial baroreceptors and activates
neurohormonal pathways resulting in compensatory mechanisms in order to restore physio‐
logical tissue perfusion to correct the relative hypovolemia, such as in hemorrhage [83].

Indeed, not only the RAAS is activated but also the SNS. The endothelin and arginine‐
vasopressin systems are triggered by low renal function as protection mechanisms. Addition‐
ally, sodium‐retentive vasoconstriction can counterbalance the activation of vasodilatory
natriuretic hormone (natriuretic peptide) systems and cytokines (prostaglandins, bradykinin,
and NO) [84].

These pathways lead to an outcome of heart failure, an impairment involving volume retention
due to hemodynamics and reabsorptive actions of angiotensin II (Ang II) [86].

In addition to the imbalance of extracellular fluid volume (ECFV) and vasoconstriction, the
activation of NADPH‐oxidase by Ang II harms the cardiorenal connection by generating ROS
[87].

Ang II not only stimulates NADPH oxidase‐dependent O2
– production in VSMCs but also in

endothelial cells and adventitial fibroblasts [88, 89]. Additionally, stretch of the vasculature
could enhance O2

– and hydrogen peroxide (H2O2) production by NADPH oxidase during a
relatively short period of time [90, 91].

Mohazzab and Wolin [92] and Rajagopalan et al. [93] have identified NADPH oxidase as a
major site of O2

– generation in intact arteries (endothelial cells and vascular smooth muscle
cells [94]) besides renal tubular cells [95] and cardiomyocytes [96]. Interestingly, constituents
of phagocyte NADPH oxidase were found in many different tissues, like in mesangial cells
[97], vascular smooth muscle cells [98, 99], endothelial cells [100], glomerular epithelial
podocytes [101], kidney proximal tubular epithelial cells [102], and fibroblasts [103].

The multimolecular enzyme NADPH oxidase has the following components: a membrane‐
associated 22‐kDa α‐subunit (p22phox) and a 91‐kDa β‐subunit (gp91phox) with cytoplasmic
constituents (p47phox, p67phox, and p40phox) [104].

The severity of CRS is positively associated with oxidative damage to renal tubular or
interstitial cells due to interference with feedback systems involved in renin secretion and
angiotensin formation. Chronic inhibition of NO synthesis causes upregulation of cardiac ACE
and Ang II receptors, possibly mediating inflammatory changes [105]. It has been demon‐
strated [105] a complete NADPH oxidase system along the luminal membrane of the macula
densa, suggesting that O2‐ generated at this site forms a barrier and limits the actions of NO
locally generated to reach targets on the luminal membrane. Thus, local NADPH oxidase
impairs the bioavailability of NO, which is implicated by the regulation of sodium reabsorption
in distal nephrons and activation of macula densa cells of hypertensive rats.

Renal blood flow reduction due to activation of the RAS leads to stimulation of the macula
densa and subsequent secretion of renin; in critical kidney impairment (such as in hypoxia),
this vicious cycle of RAAS starts or maintains the development of CRS [27].

Ang II may produce cell changes in the glomerular epithelium [106]. Local expression of the
RAS in podocytes has been recently confirmed in human podocytes [107, 108]. Direct injury
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to podocytes of transgenic rat models with overexpression of the human Ang II Type 1 receptor,
developed substantial selective proteinuria (albuminuria) without an increase in blood
pressure. This model’s glomerular injury led to nephron loss through the classic pathway
present in focal segmental glomerulosclerosis [109]. Also, aldosterone, an end product of Ang
II, directly injures podocytes [110, 111].

Therefore, added to these direct consequences of tubulointerstitial damages, present mainly
in CRS type II, activation of this system can induce glomerulosclerosis and anatomical damage
to glomerular tufts, with a subsequent decrease in postglomerular capillary perfusion.

Beswick et al. [112] identified ROS production in a model of mineralocorticoid (deoxycorti‐
costerone acetate [DOCA]‐salt) hypertensive rats. NADPH oxidase activity is increased in the
aortic wall of the DOCA‐salt rat, and such an increase is associated with elevated O2

– produc‐
tion; long‐term inhibition of NADPH oxidase significantly decreased O2

– production and
systolic blood pressure, but treatment of DOCA‐salt rats with the losartan (Ang II inhibitor)
does not significantly alter blood pressure, suggesting that locally produced Ang II does not
contribute to the elevated peripheral vascular resistance. This calls into question the role of
Ang II in O2

– generation in this model. On the other hand, NADPH‐oxidase mediated ROS
release in glomeruli of Dahl [113] salt‐sensitive rats with heart failure, which was attenuated
by ACEi [114]. In human beings, similarly, NADPH‐oxidase is active in the hearts of patients
with end‐stage heart failure [115]. Inhibition of ACE possibly decreases vascular oxidative
stress and/or improves extracellular SOD activity in patients with coronary artery disease due
to higher NO bioavailability [116].

Ang II has a role in vascular inflammation via the nuclear factor kappa B (NF‐kB) pathway,
responsible for producing chemotactic and adhesion molecules [117, 118].

Complicated mechanisms link the RAS to the SNS [119]. The rise of sympathetic hyperactivity
detected in kidney failure has been attributed to the failing organ [120], and ACEi could control
this outflow in chronic failure [121, 122]. Blocking Ang II signaling transduction causes reduced
SNS hyperactivity after myocardial infarction in rats, attenuating ensuing development of
heart failure [123].

Oxidative stress induced by hydrogen peroxide presented higher activation of preganglionic
sympathetic neurons both in vivo and in vitro in rats, culminating in a greater mean blood
pressure and pulse [124]. Moreover, spontaneously hypertensive rats were found to have
sympathetic renal activity controlled by vascular superoxide concentrations [125].

4. Oxidative stress in target CRS organs

Considering the RAAS and the SNS and that the impaired functions of the target organs
(kidney and heart) can conjointly trigger and intensify diseases related to the syndrome’s
development, this section aims to provide the reader with molecular/cellular explanations
about why free radicals and consequent oxidative stress are feasible to act as CRS biomarkers.
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4.1. Heart and oxidative stress

ATP is constantly demanded in physiologic cardiac functioning. So mitochondria organelles,
as major sources of ATP, must be in prompt activity to keep homeostasis [126]. When the
balance between cardiac cells and mitochondria is lost, there is cardiac damage due to
increased oxidative stress as can be observed in heart failure.

In a normal heart, most of the ATP is produced by fatty acid oxidation, while the remaining
part is due to oxidizing pyruvate, an end product of glycolysis or derived from lactate [127].
On the other hand, with decreasing ATP concentrations, there is a metabolic shift from fatty
acid oxidation to glycolysis in cardiomyocytes under heart failure progression [128–130].
Indeed, the decrease in mitochondrial oxidative metabolism is reduced by a compensatory
increase in glucose uptake and glycolysis [131, 132].

The main cause of the damage affecting the cardiomyocytes is the self‐perpetuation of the
oxidative stress as the reduced oxidative metabolism leads to an accumulation of free fatty acid
in cardiomyocytes.

The PKC activation and consequent sarcoplasmic reticulum stress are the main intracellular
mechanisms explaining both contributors to mitochondrial oxidative stress: lipotoxicity of
circulating fatty acid and intracellular lipid accumulation [133].

Independent of the heart failure stage, changes in mitochondrial electron transport chain
components were described [134–137]. Indeed, the progressive decrease of ATP production is
linked to both a decrease of fatty acid oxidation and a reduction of mitochondrial respiration
due to electron transport chain defects [138].

The disruption of the mitochondrial electron transport chain homeostasis is a well‐established
source of ROS that forms a vicious cycle by amplifying the electron transport chain dysfunc‐
tions. In heart failure, the decreased mitochondrial respiratory activity leads to a further drop
in oxidative phosphorylation, associated with an increased electron leakage and superoxide
generation.

As already mentioned, ROS are produced by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOX). There are seven NOX isoforms that function primarily as ROS‐
generating enzymes, being important sources of O2

– and H2O2 in the cardiovascular system
[139]. When physiological functioning of NOXs is disrupted, the production of ROS increases.

Overactivation of the RAAS and the SNS are essential to maintain and amplify the oxidative
stress in heart failure, as previously explained. NADPH oxidase activated by Ang II is the
primary source of ROS that produces mitochondrial dysfunction [140]. The effects are due to
both NOX4 and NOX2, which are upregulated by Ang II in a mitochondrial ROS‐independent
and dependent manner, respectively [141].

ROS accounts for the damage observed in heart failure, such as cardiac remodeling, cardio‐
myocyte contractility, ion transport, and Ca2+ handling. ROS act on multiple intracellular
signaling pathways for transcriptional activation of selected nuclear genes and finally eliciting
transcriptional reprogramming [142]. In response, the most prominent adaptive processes

Free Radicals and Biomarkers Related to the Diagnosis of Cardiorenal Syndrome
http://dx.doi.org/10.5772/63898

255



accompanying HF are an increase in sympathetic tone. Increased adrenergic activity causes a
reduction on the physiological role of respirasomes, and consequently mitochondrial dys‐
function, and a gradual decrease in the cardiac performance [28]. The excessive sympathetic
activity can induce cardiomyocyte apoptosis, hypertrophy, and focal myocardial necrosis [85].

The lack of energy in cardiomyocytes is an important result of the oxidative stress observed
in decompensated HF, explained by reduced Ca2+ sensitivity in response to oxidative impair‐
ment of myofibrillar proteins [143].

ROS were shown to activate matrix metalloproteinase (MMP) in cardiac fibroblasts [144]. MMP
are a large family of Ca2+‐dependent zinc‐containing endopeptidases that are responsible for
tissue remodeling and degradation of extracellular matrix (ECM), including collagens, elastins,
gelatin, matrix glycoproteins, and proteoglycan. Overexpression of MMPs results in imbalance
between its activity and the activity of TIMPs and can lead to a variety of disorders [145–149].
Since MMP plays a central role in organ development and subsequent tissue remodeling in
inflammation and in injury, they are relevant HF biomarkers, especially in CRS [150].

4.2. Kidney and oxidative stress

Oxidative stress and inflammation are progressively enhanced in progressing stages of kidney
diseases directly related to CRS such as CKD [151–153]. This section describes mechanisms
that link RAAS and its components to the increased oxidative stress and inflammation within
the kidneys [154–156].

Ang II acts preferentially in tubular epithelial cells, whereas aldosterone acts in podocyte
injury [157]. As previously said, NOX enzymes (NADPH oxidases) are the primary source of
ROS. Under Ang II and aldosterone stimuli, cytosolic subunits of NADPH oxidase can
translocate into the mitochondrial membrane and increase ROS production and affect the NO
function. It is the balance between NO and Ang II rather than their absolute concentration that
determines the physiological/pathophysiological effects on multiple organ systems including
cardiovascular and renal systems. Ang II systematically decreases regional blood flows,
impairs renal function, and causes cardiac hypertrophy [158].

In the kidney, NOX are active in vascular smooth cells in both cortex and medulla [159, 160].
NOX4, NOX2, and NOX1 are expressed in the kidney cortex, being NOX4 the most abundantly
expressed renal isoform, primarily not only located in renal tubular cell [161–163] but also
found in glomerular mesangial cells [164, 165].

A critical role played by NOX‐produced ROS is the uncoupling of NO synthase (NOS).
Considering its physiological role, NO produced by endothelial cells causes vasodilatation of
the afferent arteriole, consequently increasing renal blood flow, attenuating tubuloglomerular
feedback, and promoting pressure natriuresis [166]. NO stimulates soluble guanylyl cyclase
(sGC) and increases cGMP production that triggers cGMP‐dependent protein kinases,
phosphodiesterases, and ion channels [167]. On the other hand, NO is activated in a non‐cGMP‐
dependent process and causes covalent proteins changes [168]. NO reacts with O2

– to form
ONOO− [169], therefore, limiting its physiological activity of afferent arteriole relaxation [170,
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171], which leads to reduced renal blood flow. Vasoconstriction, inflammation, and impaired
vascular and renal functions [172] are the main results of ONOO− accumulation.

O2
– and ONOO− are the main free radicals that start proinflammatory and profibrotic cascades

[55]. In the absence of or in a low concentration of NO, the cyclooxygenases (COX) activity is
amplified, so vasoconstriction is enhanced due to TxA2, yet the vascular relaxation is impaired
due to reduced PGI2 production [172, 173].

Mesangial cell apoptosis [174] and cellular hypertrophy, respectively, due to MAP kinase and
ERK1/ERK2 pathways [175], explain the development of epithelial‐mesenchymal transition
(EMT) [176, 177] caused by NOX‐derived ROS. EMT of tubular epithelial cells is characterized
by loss of epithelial properties and gain of excessive deposition of extracellular matrix‐
producing characteristics of myofibroblast [178, 179]. The transforming growth factor β (TGF‐
β) induces EMT and is assumed to be one of the major causes of renal fibrosis [180–182].

According to Yang and Liu [183], and to Rubattu et al. [28], EMT regulates the loss of epithelial
cell adhesion, the de novo α‐smooth muscle actin (α‐SMA) expression and reorganization, the
disruption of tubular basement membrane, and the enhanced cell migration and invasion into
the interstitium. Increased expressions of PLA2, MCP‐1, CSF‐1, and COX‐2 promote fibrosis
and inflammation on renal interstitium, all due to NOX activation under oxidative stress
progression [184–187]. The main transcription factors involved are NF‐kB [74] and c‐jun [188].

Second, free radicals’ inflammatory effects can be related to uncoupling proteins (UCPs) [189,
190]. UCPs are mitochondrial transporters present in the inner membrane; they belong to the
family of anion mitochondrial carriers including adenine nucleotide transporters. There are
three UCPs (1–3). In comparison to the established uncoupling and thermogenic activities of
UCP1, UCP2, and UCP3 appear to be involved in the limitation of free radical levels in cells
rather than in physiological uncoupling and thermogenesis.

UCP2 gene variants are positively associated with kidney diseases, being considered as a
predictor of genetic risk for CKD [191, 192].

5. Oxidative stress: biomarkers and therapeutic strategies in CRS

The main proposal of biomarkers is an early diagnosis of CRS allowing early therapeutic
intervention. The continuance of mitochondrial biogenesis against cardiac insult and the
reduction of mitochondrial ROS production are the two most promising approaches that may
soon yield effective treatments for HF [193].

The action of ROS and their products in organs, such as heart, kidney, and the entire cardio‐
vascular system, turn them into promising biomarkers for predicting cardiovascular risk in
CRS and also for therapeutic responses. Important investigations have characterized new
oxidation byproducts in specific circumstances, however, oxidized lipoproteins, including
low‐density lipoproteins (LDL) have a long track record as biomarkers and appear to be among
the most promising oxidation markers to potentially impact clinical practice in the near future
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[194]. Nonetheless, this biomarker is more appropriate for atherosclerosis than for HF related
to CRS. Biomarkers such as MMP and mitochondrial function may be more adequate.

Concerning clinical evaluation of cardiovascular and renal dysfunctions, ROS is examined due
to the association between plasma and urine markers of oxidative stress. There are several
clinical studies where biomarkers were and are being tested [195]. The following sections
attempt to cover potential biomarkers related to oxidative stress.

5.1. Heart biomarkers of oxidative stress

The main molecules approached in this section are the ones involved in HF since this is the
main cardiac disease in CRS linked to kidney dysfunction.

The molecules are matrix metalloproteinase (MMP), myeloperoxidases (MPO), and mid‐
regional proadrenomedullin (MR‐proADM).

Although HF, but not myocardial infarction, is the main cardiac disease related to CRS, studies
have shown that increased MMP production is a biomarker related to both. Since dramatic
reduction in the incidence of rupture and reduction in heart size and development of heart
failure is observed when MMP activation is reduced, it can predict CKD present in CRS [196].

Considering the role of MMP in stem cell mobilization following cardiac injury, in the very
active field of cell‐based therapy following myocardial infarction, MMP‐9 was found in bone
marrow; its function is to release mononuclear cells into the blood flow. After ischemic injury,
there seems there to be local formation of inflammatory cytokines, such as tumor necrosis
factor (TNF), platelet‐derived growth factor, and vascular endothelial growth factor [197]. A
significant component of regulation of MMP production following myocardial infarction is
induced by the local inflammatory cytokines, which is practically what is observed in HF.
Excess TNF in the myocardium has direct relation to an elevated formation of local MMP‐9
and MMP‐2, and this is associated with modifications in integrin isoform transition [196]. The
consequence is aggressive collagen dissolution with possible acute myocardial rupture. If the
dissolution goes on without rupture, the heart becomes expressively dilated, with decreased
function and poor survival [196]. On the other hand, if the gene for TNF is removed, there is
a significant reduction in the levels of the inflammatory cytokines associated with the reduction
in MMP activation.

Once MMP are formed, they stay as proenzymes in the ground substance of the extracellu‐
lar space. However, if met by other activation signals like oxygen free radicals and ischemic
triggers such as thrombin or chymase or angiotensin‐converting enzyme (ACE) from mast
cells, then propeptides are unconfined, liberating the enzyme’s active site [198]. A mem‐
brane type MMP can also catalyze this process or other proteolytic agents such as plasmino‐
gen activators (urokinase‐type plasminogen activator) or plasmin. Plasmin’s activation is
due to inflammation and coagulation cascades. Reduction in cardiac rupture after myocar‐
dial infarction could be reached by inhibiting MMPs, plasminogen activators, or cytokines
[196, 198].
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Taking into account the kidney and the heart to explain the role of the free radicals, Rubattu
et al. [28] published a review about pathogenesis of CRS and oxidative stress. The information
is addressed briefly in the next paragraphs. Myocardial MMP activity is also increased in the
failing heart [199]. Sustained MMP activation causes structural changes due to an abnormal
extracellular environment for myocytes. Dimethylthiourea, a hydroxyl radical scavenger,
inhibits matrix metalloproteinase 2 (MMP2) activation parallel to left ventricular remodeling
and failure [200]. Additionally, release of mitochondrial intermembrane proteins crucially
triggers apoptotic pathways: cytochrome c, endonuclease G (EndoG), apoptosis‐inducing
factor (AIF), and second mitochondria‐derived activator of caspase (Smac) lead to caspase
activation, nuclear DNA fragmentation, and cell death [201]. Release and nuclear translocation
of EndoG and AIF stimulate DNA degeneration, independent of caspase activation [202]. Stress
kinases, such as c‐Jun N‐terminal kinase (JNK) and p38‐mitogen activated protein kinase
(MAPK), are activated by increase in ROS levels [203]. The link between hypertrophy mito‐
chondrial dysfunction seen in HF could be due to JNK. Actually, in addition to the induction
of hypertrophic cardiomyocytes, JNK promotes autophagy through Bcl‐2 and 19‐KDa
interacting protein‐3 (BNIP3), eventually leading to mitophagy [204, 205]. In turn, higher
mitophagy rates ends in MMP activation [206].

Besides the MMP, there are the myeloperoxidases (MPO) considered a key player in the
initiation and maintenance of chronic heart failure (CHF) by contributing to intracellular NO
depletion. NO consumption through MPO activity may lead to protein chlorination or
nitration and to tissue damage.

As revised by Anatoliotakis et al. [207], the principal mechanism by which MPO exerts its
effects on the human heart and vessels is thought to be by direct effects of oxidative products
on the arterial wall causing endothelial dysfunction, as well as by affecting the function and
distribution of cholesterol in the form of LDL and HDL. MPO is the main molecule responsible
for lipid peroxidation and conversion of LDL to an atherogenic form that is subsequently taken
up by macrophages, a step crucial for the formation of foam cells [208]. Additionally, MPO acts
as an enzymatic sink for NO, thus impairing NO‐dependent blood vessel relaxation and
guanylate cyclase activation [209].

La Rocca et al. [210] demonstrated that human endocardial endothelial cells can express MPO
after oxidative stress through the buildup of the end product, 3‐chlorotyrosine. Abnormalities
in endothelial functions may lead to many cardiovascular issues, including CHF. The authors
concluded that the endothelium suffers the consequences as well as plays an important role
in cardiovascular stress due to oxidation.

Considering what was the earlier approach about CRS, a positive association can be made with
an MPO increase and disease progression. MPO, a marker of oxidative stress [211, 212],
maintained a modest association with HF in this cohort when combined with each of the
established and emerging biomarkers.

MR‐proADM shows great promise as an independent prognostic tool for cardiac diseases.
Although it has been shown as a strong predictive marker for a variety of cardiac disease, it is
also a biomarker for other diseases including chronic obstructive pulmonary disorder,
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pneumonia, and pulmonary embolism [213, 214]. Since MR‐proADM levels have been shown
to differ based on New York Heart Association (NYHA) class and severity of HF, it has the
potential to help identify those patients who may benefit from more invasive therapy [215].

Adrenomedullin (ADM), a 52‐amino‐acid peptide, was first discovered from a pheochromo‐
cytoma. It is expressed by many endothelial tissues throughout the body including the adrenal
medulla, lungs, kidneys, gastrointestinal organs, and heart [216–219]. ADM is secreted as an
inactive precursor (pro‐ADM) and subsequently cleaved into the active form where it acts as
a potent vasodilator through the nitric oxide pathway and increases diuresis and natriuresis
[220–222].

Considering emerging biomarkers of hemodynamic stress that are strongly predictive of poor
outcomes in patients with heart failure (HF), MR‐proADM is the main molecule related to
CRS [223]; others include copeptin and midregional proatrial natriuretic peptide [MR‐
proANP].

5.2. Kidney biomarkers of oxidative stress

Considering renal biomarkers of oxidative stress as part of the pathophysiology, the pool
includes oxidized low‐density lipoproteins (Ox‐LDL), advanced oxidation protein products
(AOPP), thiobarbituric acid reactive substances (TBARS), plasma and urinary F2‐isoprostanes,
malondialdehyde (MDA), protein reduced thiols, total antioxidant status (TAS), protein
carbonyls, advanced glycation end products (AGE), rinary 8‐hydroxydeoxy guanosine (8‐
OHdG), 4‐hydroxy‐nonenal, antioxidant enzyme activities (e.g., superoxide dismutase,
glutathione peroxidase, and catalase) [195, 224–229]. It is important to highlight that these
biomarkers could indicate the possible correlated diseases, and not strictly renal injuries from
CRS. Studies that involve cardiovascular and kidney disease, such as hypertension and CRS,
try to correlate oxidative stress to the absence of antioxidant defenses (extrinsic and intrinsic).
In general oxidized phospholipids (OxPL) have been associated with cardiovascular disease
and new cardiovascular events [230]. OX‐LDL, a particle derived from circulating LDL, may
have peroxides or their degradation products generated within the LDL molecule or elsewhere
in the body. This includes minimally oxidized LDL, but not apoprotein changes, and malon‐
dialdehyde (MDA) modified particles with MDA arising from platelets or elsewhere. How‐
ever, LDL particles with oxidized apo B amino acids without lipid changes have not been
described [231]. In kidney diseases, Ox‐LDL has been studied as a biomarker to assess end‐
stage renal failure. Nonetheless, as a CRS biomarker, Ox‐LDL needs correlational studies [232].

According to Witko‐Sarsat et al. [233], AOPP is a biomarker of phagocyte‐derived oxidative
stress. The authors point out the role of AOPP in the pathophysiology of chronic renal failure
and dialysis‐related complications. Considering AOPP production, they describe that myelo‐
peroxidase (MPO) has a significant role in the consequent formation of chlorinated oxidants,
contrary to the prior belief of its sole microbicidal action. Undeniably, AOPP seems to mediate
inflammation because they can initiate the oxidative burst and the production of cytokines in
leucocytes. Therefore, it can be inferred that by the uremia‐associated defect in anti‐oxidant
systems that the AOPP, from the reaction between chlorinated oxidants and plasma proteins,
constitute new uremic toxins with proinflammatory effects. Specific plasma proteins are
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critical targets for oxidants that can be evaluated by spectrophotometric assays, which allows
AOPP detection in uremic plasma [234], mainly from patients under hemodialysis [235].

F2‐isoprostanes are a series of active compounds like prostaglandin F2. They are produced
regardless of the route of the COX in the peroxidation of AA. F2‐isoprostanes are formed in
situ on the membrane phospholipid chains and subsequently released. Their concentrations
in the plasma and urine of healthy adults are 10–100 times greater than those of prostanoid
formed by way of the cyclooxygenase. They significantly increase oxidative stress. The F2
isoprostanes are potential markers of lipid peroxidation, but their measurement requires
sophisticated equipment (mass spectrometer). Recently, Elisa methods have become available
[236].

Biomarkers of cell damage due to systemic oxidative stress, such as plasma thiobarbituric
acid‐reactive substances (TBARS) and 8‐epi‐isoprostanes, are elevated in patients with hy‐
pertension [237, 238] who mainly present kidney injury. Antioxidant capacity and the levels
of antioxidant vitamins and enzymes were reduced in patients with hypertension [239, 240]
with renal insufficiency.

6. Conclusion

The Acute Decompensated Heart Failure National Registry (ADHERE) database has point‐
ed out that renal dysfunction in patients with heart failure is complex and often multifacto‐
rial in origin. Along these lines, CRS is conceived as a moderate or a greater renal
dysfunction existing or developing in a patient with decompensated heart failure during
treatment [241]. Important works present a common agreement: concurrent kidney and
heart failure has a bad prognosis [242–244]. The literature, on the other hand, is not homo‐
geneous in relation to the damages and their mechanisms due to a number of factors, caus‐
es, and on the processes that makes CRS reversable in some cases. Since both the RAAS and
the SNS are related to the processes leading to inflammation and are tightly involved in pro‐
duction and/or activation of free radicals, this chapter’s rationale is that the diagnosis and
progression of CRS could be evaluated through oxidative stress. Some CRS pharmacothera‐
peutics approaches are deficient, although mainly involving the primary condition linking
renal dysfunction to heart failure, like in volume‐loaded patients with diuretic braking
[245]. There is a gap in clinical trials composed of patients with heart failure and with sub‐
stantial kidney dysfunction, because most patients are recruited from a population with rel‐
atively preserved kidney function [246]. Further studies are needed to better define renal
function in patients with heart failure or vice‐versa. Attention must be taken to drugs that
may impair kidney function, and specially evaluated regarding populations selected for
clinical trials, who have already had their kidney functions compromised or put at risk. Un‐
derstanding the involvement of free radicals in the Cardiorenal Syndrome could lead to ac‐
curate pharmacological studies and future interventions.
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Abstract

This review discusses recent findings that have challenged the long-held dogma in the
field that reduction in reaction oxygen species (ROS) would improve clinical outcome
in the patients with cardiovascular disease (CVD). Attempts will be made to shed light
on the differential spatial and temporal roles of subcellular ROS in vascular endotheli-
um in health and disease.  Recent  findings demonstrating that  above-physiological
levels  of  endothelial  cell  (EC)-specific  NADPH  oxidase-derived  ROS  in  vivo  exert
beneficial effects on vascular endothelium will be discussed. The paradoxical roles of
ROS in CVD suggest that subcellular sources and types of ROS may play crucial roles
in the prevention, development, and progression of CVD. A better understanding of
the precise mechanisms by which subcellular ROS modulate cardiovascular health and
functions will certainly better prepare us with effective treatment modalities for CVD.

Keywords: reactive oxygen species, cardiovascular disease, endothelium, oxidative
stress, signal transduction

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death in the USA. Increased levels of
reactive oxygen species (ROS) are often associated with microvascular pathology in CVD,
causing endothelial dysfunction and coronary artery disease (CAD) and leading to myocar-
dial  ischemia  and  infarction  (MI)  [1–5].  However,  failure  of  large  clinical  trials  using
antioxidants in patients with CVD [6–11], challenges the prevailing view that ROS produc-
tion is damaging to the microvasculature. Indeed, findings from our laboratory and others
show negative effects of ROS reduction on endothelial function and angiogenesis [12–14]
and suggest  that  a  well-regulated temporal  balance of  ROS production is  important  for
normal endothelial cell (EC) function.
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The paradoxical roles of ROS in CVD studied by different groups of workers also suggest that
subcellular sources and types of ROS may also play crucial roles in the prevention, develop-
ment, and progression of CVD. This review discusses recent findings that are challenging the
long-held dogma in the field and also attempts to shed light on the differential spatial and
temporal roles of subcellular ROS in vascular endothelium in CVD. A better understanding of
the precise mechanisms by which subcellular ROS modulate cardiovascular health and
functions will certainly better equip us with effective treatment modalities for CVD in future.

2. Cardiovascular disease (CVD)

Cardiovascular disease (CVD) is a leading cause of death and morbidity in the Western world.
Recent reports suggest an increasing incidence of CVD in the developing countries too. In the
USA, CVD with an annual toll of 1.2 million lives is the leading cause of deaths since 1921. At
present, 85.6 million people in the country are living with CVD. In 2015, American Heart
Association (AHA) reported that the prevalence of CVD among US adults is 6% with a
calculated financial burden of $300 billion per year [15].

Vascular endothelium is critical for the optimal function of the heart and the vascular system,
in particular due to its production of nitric oxide (NO) that regulates vascular tone and blood
pressure (Figure 1). By regulating vascular tone including coronary vasodilation, NO plays
an important role in blood supply to the myocardium (by coronary vessels) and other tissues
in the body. Damage to coronary endothelium results in reduction in NO levels by reducing
the level and/or activity of the enzyme, endothelial nitric oxide synthase (eNOS). This in turn
contributes to the development of endothelial dysfunction (i.e. loss of vasodilation) and
coronary artery disease (CAD), which may lead to ischemic insult to the heart including
myocardial infarction and heart failure (HF). In myocardial ischemia, coronary vasodilation
is an immediate response that may improve coronary blood flow in the heart. Another potent
way myocardium employs to defend itself from ischemic insults is by preserving the existing
coronary capillary vessels and/or by inducing growth of coronary vessels in the ischemic area
[16–18]. Once the ischemic insult has occurred, survival of the affected cardiac tissue depends
on the speed with which coronary vessels can increase blood flow. Thus, a functional coronary
vascular system with endothelium-dependent NO-induced vasodilation mechanism is critical
for the maintenance of coronary vascular health in the heart. Endothelial health and NO levels
are also critical for the maintenance of blood pressure and prevention of hypertension that is
an important risk factor for CVD.

Another major contributor to CVD is atherosclerosis, which is characterized by the accumu-
lation of inflammatory leukocytes and lipid-laden macrophages in the vascular wall resulting
in the gradual narrowing of the vascular lumens and wall thickness (Figure 1A). These changes,
if generalized, result in arterial stiffness and can give rise to high blood pressure (hyperten-
sion); if the changes are localized, they may result in blocking of blood flow (ischemia and
peripheral arterial disease), and in more severe cases, they may result in myocardial infarction,
cerebrovascular disease/accident (stroke), atherosclerotic plaque rupture, and/or weakening
of the vessel walls (aneurysm) (Figure 1).
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B.
Figure 1. (A) Vascular endothelium performs critical functions in cardiovascular system, including nitric oxide (NO)-
dependent vasodilation, maintenance of blood fluidity by preventing breach in the EC layer and platelet aggregation,
NO-mediated inhibition of vascular smooth muscle cell (VSMC) proliferation and neointima formation, and inhibition
of leukocyte adhesion to EC. Pathogenesis that may occur due to lack of specific function of EC is shown inside the
circle. EC, endothelial cell; VSMC, vascular smooth muscle cell; and eNOS, endothelial nitric oxide synthase. (B) Nitric
oxidase (NO)-mediated vasodilatation and other critical functions of vascular endothelium can be inhibited or blocked
by excess ROS, specifically by superoxide. Endothelial nitric oxide synthase (eNOS) produces NO that acts on the lu-
minal surface of the endothelium to prevent leukocyte adhesion and platelet aggregation/coagulation. NO diffuses to
adjacent vascular smooth muscle layer (VSMC) to activate cyclic GMP (cGMP) signaling resulting in calcium ion re-
lease and relaxation of VSMC. All these NO functions can be blocked or reduced by the presence of excess ROS in the
vascular wall.

Metabolic syndrome characterized by hypertension, obesity, glucose intolerance (diabetes),
and hyperlipidemia is often accompanied by CVD. The endothelial dysfunction associated
with metabolic syndrome has also been shown to have diminished angiogenic response and
aberrant collateral vessels to chronic myocardial ischemia in large animal model [19, 20].
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CVD including hypertension and heart failure (HF) are the most common cause of mortality
in diabetes mellitus (DM) and usually result from DM-induced cardiomyopathy and CAD.
The Framingham study showed that patients with DM are four times more likely to develop
CVD. The worldwide prevalence of DM has recently been reported to be increased (total DM
patients in 2015 have been projected to be over 300 millions) due to changes in lifestyle.

3. ROS and CVD cohabitation

Reactive oxygen species (ROS) has long been implicated in CVD. Increased levels of ROS are
often observed in vascular tissues including coronary endothelium in CVD, and thus are
believed to cause coronary endothelial dysfunction, CAD, myocardial ischemia, and infarc-
tion [1–5]. Although the mechanisms by which ROS may cause CVD has not been elucidated,
increased levels of ROS, also known as oxidant stress, are believed to arise from endothelial
cells (EC) resulting in loss of EC-dependent vasorelaxation and EC injury (Figure 1B). Oxidant-
induced injury in EC in turn may result in recruitment of the inflammatory cells in the vessel
wall leading to a cascade of vascular injuries. Dysfunctional EC leads to remodeling of the
vascular tissues such as accelerated proliferation of the underlying vascular smooth muscle
cells resulting in neointimal hyperproliferation/thickening and narrowing of the vessel lumen/
stenosis (Figure 1). Vascular stenosis results in tissue ischemia and may also be complicated
with thrombus formation. In the presence of hyperlipidemia, injury to EC may contribute to
atherosclerotic changes. Remodeling of vessel wall, depending on the vascular bed affected
and associated pathology/comorbidity, may result in hypertension, pulmonary hypertension,
diabetic retinopathy, peripheral artery disease, myocardial ischemia, and stroke.

Interestingly, recent reports from several groups of workers demonstrated that reduction in
ROS did not improve EC function and/or angiogenesis [12, 13, 21]. These findings challenged
the long-held dogma that ROS are harmful and/or causative factor for developing CVD. More
recently, our laboratory has shown that EC-specific increase in ROS resulted in the improve-
ment of EC function and EC-dependent coronary vasodilation in transgenic animals [22]. All
these imply that cohabitation of ROS and CVD may not be simply concluded to have delete-
rious effects on cardiovascular system. In addition, failure of the clinical trials (e.g. HOPE) to
improve CVD using antioxidants and recent reports of beneficial effects of ROS on EC function
warrant careful studies to delineate the spatial and temporal roles of ROS at the subcellular
levels.

3.1. Types of ROS

ROS are reactive molecules that contain oxygen, they include molecules that have unpaired
electrons, such as superoxide (O2

•−), hydroxyl anion (HO−), and nitric oxide (NO−) or that have
the oxidizing ability but do not possess free electrons, such as hydrogen peroxide (H2O2),
hypochlorous acid, and peroxynitrite (ONOO−).
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3.1.1. Superoxide

It is produced usually as part of the metabolic processes by many intracellular enzymes
such as NADPH oxidases (Nox), mitochondrial electron chain transport (ETC) system, Xan-
thine oxidase (XO), cytochrome P450, xanthine oxidase, lipoxygenase, myeloperoxidase, and
uncoupled eNOS. O2

•− is highly reactive and thus very unstable and has a short lifespan. It
cannot cross cellular membranes and thus has a limited “area of action.” Superoxide is usu-
ally converted to H2O2 spontaneously or can be metabolized to H2O2 by the antioxidant en-
zyme superoxide dismutases (SODs).

3.1.2. Hydrogen peroxide

As aforementioned, H2O2 is usually produced by dismutation of O2
•− by SOD or by metal

ions spontaneously in the Fenton reaction. Recently, Nox4 has been reported to be a source
for H2O2; it has been reported that major ROS emanates from Nox4 enzyme is most likely
H2O2 [23]. In comparison to superoxide, H2O2 is stable and can cross biological membranes,
the properties that make this ROS a major player in cell signal transduction mechanisms.

Figure 2. Reversible oxidation of thiol on cysteine residues modulate activity of the signaling molecules (kinases, phos-
phatases, and enzymes). NAPDH oxidase-derived ROS reversibly oxidize cysteine thiol (SH) to sulfenic acid (-SOH)
on c-Src, which in turn facilitates interaction between c-Src and VEGFR2 resulting in the activation of downstream
PI3K-Akt-eNOS signaling pathway in coronary endothelial cells (ECs). VEGF, vascular endothelial growth factor;
VEGFR2, VEGF receptor 2; PI3K, phosphoinositol 3 kinase; Akt, protein kinase B; eNOS, endothelial nitric oxidase syn-
thase; and Src, c-Src.
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Due to its stability and membrane-crossing properties, H2O2 may act farther from its site of
origin. H2O2 can react with thiol (SH) residues present on cysteine and methionine, and can
catalyze the formation of the disulfide bonds (S-S) and reversible sulfenic acid (-SOH) and
sulfinic acid (-SO2H) moieties. All these changes can be reversed by antioxidant enzymes
such as glutathione peroxidase (Gpx). However, these changes, if involves the catalytic site
of the protein, can significantly modulate (activate, increase, decrease, or inhibit) the func-
tional properties of an enzyme. It has been recently reported that c-Src oxidation by NADPH
oxidase-derived ROS is crucial for c-Src and VEGF receptor 2 (VEGFR2) binding and activa-
tion of downstream c-Src-PI3K-Akt-eNOS signaling (Figure 2). Further oxidation of sulfinic
acid to sulfonic acid (-SO3H) is irreversible and does not participate in signal transduction
(Figure 2).

3.1.3. Hydroxyl anions

HO− is usually produced from H2O2 by free metals (Fenton reaction) or from the interaction
between water and excited O2. HO− is highly reactive with a very short lifespan, is promiscuous
in its interaction, and thus can cause sustained damage to DNA, amino acids, lipids, and
glucose moieties mostly due to irreversibility of its interaction with biological molecules. It is
thus considered a major contributor to “oxidative stress.”

3.1.4. Nitric oxide

It is considered to be the “golden” molecule for cardiovascular health, which is crucial in the
maintenance of the health of cardiac and vascular tissues. In EC, NO− is produced by the
enzyme eNOS and is involved in survival, growth, proliferation, and migration of vascular
ECs. It is very critical for the maintenance of a continuous EC layer throughout the cardiovas-
cular system. In fact, many of the critical functions carried out by EC are performed by NO−,
such as endothelium-dependent vasodilation (by activating cGMP pathway to decrease Ca2

+

in vascular smooth cells, VSMC), prevention of adhesion of the anti-inflammatory cells to EC,
maintenance of blood fluidity (anticoagulant, anti-thrombotic, and profibrinolytic actions),
and anti-hypertrophic activity of EC through inhibition of VSMC proliferation and migration
(Figure 1). NO, though it possess all the properties of a ROS, is often not considered as ROS
by classical redox biologists. Interestingly, uncoupled eNOS may also generate superoxide.

3.1.5. Peroxynitrite

ONOO−is generated by interaction between O2
•− and NO−. Like hydroxyl radical, peroxynitrite

is also highly reactive and damaging to biological molecules including protein/enzyme due to
its irreversible interaction. Thus, it is often considered as a marker for oxidative stress and/or
oxidative tissue damage. In cardiovascular system, in addition to tissues damages, increase
in ONOO− is considered to be an indicator of high ROS and low availability of NO−, since O2

•

− interacts with and quenches NO−. Decrease availability of NO−, often marked by increase in
peroxynitrite levels, is considered to be responsible for endothelial dysfunction, i.e., reduced
vasorelaxation, often an initial marker for CVD.
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3.2. Subcellular sources of ROS

Biological sources of ROS are mitochondria (produced as a by-product of oxidative phosphor-
ylation), NADPH oxidases, cytochrome P450, xanthine oxidase, lipoxygenase, myeloperoxi-
dase, and uncoupled eNOS (Figure 3). While mitochondria act as the major source of ROS in
most cardiovascular cells including cardiomyocytes, NADPH oxidases are the major source
of intracellular ROS in vascular endothelium. EC derives most of its energy (ATP) from non-
mitochondrial glycolysis, rendering it (EC) less likely to have excess ROS from mitochondrial
source in physiological condition (Figure 3).

Figure 3. Subcellular sources of ROS include NADPH oxidase, mitochondria, peroxisome, lysosome, endoplasmic re-
ticulum (ER), and cytochrome P450. NAPDH oxidases (Nox) are usually present in the cell membrane and perinuclear
and ER membranes. Major species of ROS produced by NADPH oxidase is superoxide (O2

−). Mitochondria produce
ROS as a by-product of respiration/oxidative phosphorylation; electrons leaked from the electron transport chain
(ETC), especially from Complexes I and III, produce superoxide in the mitochondrial matrix. Mitochondrial superox-
ide dismutase (MnSOD) converts superoxide to H2O2, which can then cross mitochondrial membrane to enter the cyto-
sol. Nox is also found on the ER.

3.2.1. NADPH oxidase

NADPH oxidase is a multisubunit, membrane-bound protein complex that catalyzes oxida-
tion of NADPH to NADP+ and H+, and in the process releases an electron. Molecular oxygen
accepts this released electron and becomes O2

•−. There are several isoforms of NADPH oxi-
dases, such as Rac-1-dependent NADPH oxidase (it contains Nox2/gp91phox, Figure 2),
Nox1, Nox3, Nox4, and Nox5. All isoforms have been reported to be found in the cardiovas-
cular system except Nox3. With the exception of Nox4 (which is believed to release H2O2),
all NADPH oxidases produce superoxide. NADPH oxidase is a major source of ROS in vas-
cular endothelium and thus plays important roles in signal transduction in cardiovascular
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system in health and disease. It has been shown that ECs possess two distinct major signal-
ing pathways, redox-sensitive and redox-independent [24]. While PI3K-Akt-eNOS and Akt-
FOXO signaling pathways were shown to be NADPH oxidase-derived ROS-dependent,
PLCγ-MAPK-ERK signaling pathways were redox-independent in human coronary vascu-
lar ECs (Figure 4) [24]. Reduction in Nox-derived ROS resulted in inhibition of EC prolifera-
tion and migration [21, 25, 26]. Interestingly, recent findings further demonstrated that
above-physiological levels (i.e. twofold increase compared to basal levels) of EC-specific
Nox-derived ROS activated AMPK-eNOS signaling pathway in transgenic animals resulting
in EC-dependent coronary vasorelaxation [22]. Together, these findings suggest that
NADPH oxidase-derived ROS, both at the physiological and above-physiological levels, ex-
ert positive effects on EC health, growth, and function (Figure 4).

3.2.2. Mitochondria

Mitochondria play a major role in ROS generation in cardiovascular cells with one notable
exception in ECs. Electrons leaked from ETC during oxidative phosphorylation in mitochon-
dria produce O2

•−. Efficient mitochondrial respiration produces less ROS, however, ineffi-
cient oxidative phosphorylation gives rise to excess ROS by leaking electrons from the
complexes I and III of the ETC. Mitochondrial antioxidant MnSOD (SOD2) plays a major

Figure 4. Coronary endothelium possesses two distinct signaling pathways: redox-sensitive PI3K-Akt-eNOS and PI3K-
Akt-forkhead (FOXO) signaling (left panel) and redox-independent PLCγ-PKC-MEK-ERK1/2 signaling pathway (right
panel).
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role in reducing mitochondrial ROS by catalyzing superoxide to H2O2; Gpx further catalyzes
H2O2 to molecular oxygen and water. Mitochondrial ROS may also increase due to increase
in NO, which has been reported to inhibit Complex-I and in turn increase superoxide forma-
tion by leaking electrons into the matrix of the mitochondria.

3.2.3. Xanthine oxidase

Sulfhydryl oxidation of xanthine dehydrogenase results in xanthine oxidase formation. XO
generates superoxide as a byproduct of the reaction where XO catalyzes the conversion of
hypoxanthine to xanthine and xanthine to uric acid. XO is believed to produce ROS, especial-
ly H2O2, in ischemic conditions where oxygen tension is low. However, in ischemia-reperfusion
injury, XO has been reported to be generating superoxide [27].

3.2.4. Lipoxygenase

Lipoxygenase plays an important role in hyperlipidemic state. It has been implicated in the
oxidation of polyunsaturated fatty acids and in the pathology of atherosclerotic plaque
formation and aortic aneurysm development.

3.2.5. Endothelial nitric oxide synthase

As aforementioned, eNOS generates NO. However, it can also produce ROS when uncoupled
due to reduced availability of substrates l-arginine and/or co-factor BH4. Peroxynitrite may
oxidize BH4, which in turn uncouple eNOS to form superoxide. Increased ROS is, thus,
believed to activate a feed forward loop for ROS generation by uncoupling of eNOS.

3.3. Antioxidant enzymes

ROS balance is extremely critical for signal transduction and optimal functions of the cells.
“Antioxidant enzymes” play an important role in redox balance. There are many cellular and
extracellular enzymes that participate in oxidant metabolism, several of these are evolutio-
narily conserved. The term “antioxidant” is a misnomer for some of the proteins such as
superoxide dismutase (SOD), which on one hand reduces the level of superoxide by converting
superoxide to H2O2, but on the other hand increases H2O2, and thus results in overall increase
in ROS levels. Thus, although it is called as antioxidant, SOD may well act like a pro-oxidation
enzyme by converting a transient and localized ROS (O2

−) to stable H2O2, which can cross
membranes and thus can act farther away from its site of origin (paracrine effect).

3.3.1. Superoxide dismutases (SODs)

The very first step in regulating superoxide levels is catalyzed by this group of enzymes.
Superoxide is converted to H2O2 by SOD. Most cells in the body including ECs have three
isoforms of SOD, such as cytosolic SOD1 (Cu-Zn SOD), which catalyzes cytosolic superoxide
to H2O2. SOD1 knockout mice have been shown to have impaired EC-dependent vasodilation
[28]. In contrast, mitochondrial SOD2 (MnSOD) deletion was found to be embryonic lethal.
SOD2 is a nuclear gene which upon protein translation translocated to mitochondrial matrix.
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Heterozygous SOD2 mice demonstrated to have hypertension [29]. Excess ROS (e.g. ONOO)
may inactivate SOD2; nitrosylation of MnSOD by ONOO has been reported to inhibit the
antioxidant activity of the enzyme. Thus, increase in ONOO due to elevated ROS may result
in increased mitochondrial ROS by inhibiting MnSOD activity. The “extracellular” SOD3 (Cu/
ZnSOD) is a secreted protein which is localized in the outer part of the cell membrane. Deletion
of SOD3 is not lethal; however, defective neovascularization has been reported in SOD3 null
animals [30].

3.3.2. Glutathione peroxidase (Gpx)

Gpx catalyzes the conversion of H2O2 to water. Gpx is more abundantly expressed in cardio-
vascular cells including EC than catalase. It is also a major antioxidant protein in the mito-
chondria and is believed to have more critical role than catalase in regulating endothelial ROS.
Gpx null animals have endothelial dysfunction [31]. It has also been reported to have severe
ischemic-reperfusion injury [32] and defective angiogenesis compared to wild-type control
[33].

3.3.3. Catalase

Functionally, catalase is similar to Gpx as it converts H2O2 to molecular oxygen and water.
Structurally, catalase is a 4-heme containing enzyme. Knockout of catalase is not lethal.

3.3.4. Peroxidoredoxin (Prx)

Prx is a group of enzymes abundantly expressed in cardiovascular system. Functionally, they
are similar to Gpx. Probably the most important role of Prx is to protect hemoglobin (Hb) in
red blood cells (erythrocytes) where a lack of Prx has been shown to be associated with
oxidation of Hb resulting in anemia.

3.3.5. Thioredoxin (Trx)

There are two isoforms of Trx present in the cardiovascular tissues, Trx-1 being present in the
cytosol and Trx-2 in the mitochondria. They catalyze thiol-disulfide exchange on the cysteine
residues present in the protein and thus convert the oxidized thiols of the proteins to their
reduced (SH) forms. This protective action by reducing oxidized pools of proteins in the cells
is crucial for redox balance. Overexpression of Trx has been shown to have protective effects
against oxidative stress on cardiovascular function [34].

4. Understanding subcellular ROS is critical in CVD

It is obvious from the aforementioned discussion that endogenous ROS levels in specific
subcellular compartments regulate certain signaling pathways, survival, proliferation, and
pathophysiology in cardiovascular tissues. Precise understanding of the spatial (i.e. at different
subcellular locations such as in the cytosol, mitochondria) and temporal role of redox (i.e. changes
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ZnSOD) is a secreted protein which is localized in the outer part of the cell membrane. Deletion
of SOD3 is not lethal; however, defective neovascularization has been reported in SOD3 null
animals [30].

3.3.2. Glutathione peroxidase (Gpx)

Gpx catalyzes the conversion of H2O2 to water. Gpx is more abundantly expressed in cardio-
vascular cells including EC than catalase. It is also a major antioxidant protein in the mito-
chondria and is believed to have more critical role than catalase in regulating endothelial ROS.
Gpx null animals have endothelial dysfunction [31]. It has also been reported to have severe
ischemic-reperfusion injury [32] and defective angiogenesis compared to wild-type control
[33].

3.3.3. Catalase

Functionally, catalase is similar to Gpx as it converts H2O2 to molecular oxygen and water.
Structurally, catalase is a 4-heme containing enzyme. Knockout of catalase is not lethal.

3.3.4. Peroxidoredoxin (Prx)

Prx is a group of enzymes abundantly expressed in cardiovascular system. Functionally, they
are similar to Gpx. Probably the most important role of Prx is to protect hemoglobin (Hb) in
red blood cells (erythrocytes) where a lack of Prx has been shown to be associated with
oxidation of Hb resulting in anemia.

3.3.5. Thioredoxin (Trx)

There are two isoforms of Trx present in the cardiovascular tissues, Trx-1 being present in the
cytosol and Trx-2 in the mitochondria. They catalyze thiol-disulfide exchange on the cysteine
residues present in the protein and thus convert the oxidized thiols of the proteins to their
reduced (SH) forms. This protective action by reducing oxidized pools of proteins in the cells
is crucial for redox balance. Overexpression of Trx has been shown to have protective effects
against oxidative stress on cardiovascular function [34].

4. Understanding subcellular ROS is critical in CVD

It is obvious from the aforementioned discussion that endogenous ROS levels in specific
subcellular compartments regulate certain signaling pathways, survival, proliferation, and
pathophysiology in cardiovascular tissues. Precise understanding of the spatial (i.e. at different
subcellular locations such as in the cytosol, mitochondria) and temporal role of redox (i.e. changes
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in the role of ROS with time) to selectively activate downstream signaling pathways, maintain
an intact and continuous EC layer throughout the cardiovascular system, maintain vasodila-
tion in resistance arterioles, and induce a proangiogenic environment in ischemic myocardium
is critical for the development of future therapeutic modalities for microvascular disease. In
case of redox regulation, failure of the “all or none” approach (e.g. using global antioxidants
as in the HOPE trial) also points to the end of an era that has treated any increase in cellular
ROS levels as “deleterious.” Instead, it is high time to consider ROS as signaling molecules,
increase of which may also have “beneficial” effects during a cellular or cardiovascular crisis
such as inflammation, ischemia-reperfusion, myocardial infarction, or other cardiovascular
injuries including stroke. For example, an initial increase in endothelial ROS by Rac1-depend-
ent NADPH oxidase (Nox) may have positive effects on EC survival during a time of crisis;
increase in EC-specific Nox-ROS has been shown to activate a survival pathway (e.g. activation
of pro-survival kinase AMPK) and improve endothelial function (coronary vasodilation) by
inducing AMPK-eNOS-NO [22]. Thus, it is of utmost importance to understand the roles of
modulation (increase or decrease) of subcellular (cytosolic vs. mitochondrial vs. peroxisomal/
lysosomal) ROS levels in health and disease.
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Abstract

Stroke remains the second leading cause of death worldwide. The major problem is that
the therapeutic window is short and no accepted treatment is completely efficient. Even
though there is evidence of free radical participation in the pathophysiology of stroke,
no  beneficial  effects  of  antioxidants  have  been  demonstrated  in  clinical  assays.
Moreover, some reports paradoxically indicate that antioxidants could be harmful and
that oxidative stress preconditioning could reduce the long-term effects of stroke. There
are two major areas within the ischaemic zone: (1) the core, where neuronal necrosis
develops in minutes, and (2) the penumbra surrounding the core, where some neurons
could eventually be recovered over an extended time. The present review specifically
focuses on the role of free radicals in the life or death of brain cells (mainly neurons)
within the ischaemic penumbra. It also analyses the effects of oxidative stress on blood-
brain barrier disruption. In conclusion, we postulate a cascade of events that follow
cerebral ischaemia and what type of therapeutic approach could eventually change the
effect of free radicals on neuronal recovery from an ischaemic penumbra.

Keywords: free radicals, ischaemic penumbra, oxidative stress, antioxidants, stroke

1. Introduction

According to the Global Burden of Disease Study (GBD 2010), stroke was the leading cause of
mortality and the third leading cause of disability-adjusted life-years (DALYs) worldwide [1].
The highest incidence rates of ischaemic stroke are in Eastern Europe, Central Asia, East Asia
and North Africa/Middle East [2]. Using the GBD 2013 methods it was determined that from
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1990 to 2013 there was a significant increase of prevalent cases, total deaths and DALYs due
to haemorrhagic and ischaemic stroke in younger adults (20–64 years), mainly in developing
countries [3].

Intravenous thrombolysis remains the standard therapy for ischaemic stroke, but the window
for therapy is narrow (3–4.5 hours after a stroke) and not completely effective, primarily in
patients with large vessel thromboses. Some clinical trials suggest that intra-arterial throm-
bolysis plus a stent application could be the best therapy in large artery thrombosis. However,
such treatment requires a thorough examination of the patient (24 hour computed tomography
angiogram service), trained radiologists and quick location of the clot, as well as a rapid
triaging of the patients to the stroke intervention centre [4]. The main limitations of thrombol-
ysis are [5] (1) the long delay from the onset of stroke to treatment, (2) the irreversible cell
damage caused by ischaemia over time, (3) that ischaemia can result in haemorrhaging caused
by thrombolytics and (4) collateral effects of thrombolytics. Time and an understanding of the
pathophysiology of neuronal and brain cell death in stroke are critical.

The role of oxidative stress in stroke has been intensively explored. References in the PubMed
database alone (“oxidative stress” AND stroke, abstract/title) reveal a total of 1,852 papers
(from two in 1991 to 234 in 2015). Even though several studies show beneficial effects of
antioxidant supplements for stroke, no meta-analyses (clinical studies) thus far have strongly
validated the protective effects of any post-stroke antioxidant supplement. Moreover, there is
no meta-analysis supporting the beneficial effects of antioxidant preventive supplementation
[6–8]. Indeed, antioxidant supplements actually could be dangerous [9]. A meta-analysis
including 4,875 subjects with a follow-up period of 7–15 years demonstrated that the daily
intake of more than 300 mg of vitamin C was associated with an increased risk of cardiovascular
diseases, coronary artery disease and stroke in diabetic patients [7]. However, there are
controversies regarding the effects of dietary antioxidants on stroke. A meta-analysis including
116,117 participants and 1,989 cases demonstrated that circulating lycopene, not simply dietary
lycopene, was associated with a significantly decreased stroke risk [10], whereas high flavonol
intake, compared to low intake, was associated with a higher stroke risk [11].

Exercise can increase the endogenous antioxidant defence for changing stroke risk. Hooker et
al. published an interesting prospective study performed in a total of 46,406 men and 15,282
women who had no cardiovascular disease at the beginning of the study and who carried out
a treadmill test to evaluate their cardiorespiratory fitness. The subjects were followed from
1970 to 2001. There was an inverse relationship between cardiorespiratory fitness and the
incidence of fatal or non-fatal stroke [12]. An interesting study performed with 31,696 Swedish
women who were followed for 10.5 years concluded that a low-risk lifestyle was related to a
low stroke risk. A low-risk lifestyle was defined as a healthy diet (to 50% of Recommended
Food Score), moderate alcohol consumption (5–15 g/day), not smoking, physical activity
(walking/bicycling ≥ 40 min/day and exercising ≥ 1 hour/week) and a body mass in-
dex < 25 kg/m2 [13].

Stroke has been significantly associated with environmental pollution in different countries.
Short-term exposure to air pollution has been related to stroke in Denmark [14] and in Sweden
[15]. Recent studies in Israel and Germany concluded that long-term exposure to fine-particle
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dust was associated with a higher risk of stroke [16, 17]. It is relevant that the study in Israel
found a relationship of pollution to stroke in young adults [17]. A large epidemiologic study
performed with 114,537 women (Nurses’ Health Study) in the USA found that the association
between long-term pollution exposure and stroke was stronger in diabetic women [18].
Experimentally (though not fully demonstrated in people naturally exposed to pollution), the
effects of pollution do seem to be related to oxidative stress. Oxidative stress could simply be
defined as the condition where the balance between antioxidants and free radicals tilts in
favour of free radicals [9].

2. The ischaemic penumbra

Depending on the location and diameter of the obstructed vessel, the interruption of blood
flow and the consequent hypoxia and lack of nutrients produces an ischaemic core where
Adenosine triphosphate (ATP) levels reach around 15% of the basal values within minutes.
This results in neuronal death from which is impossible to recover [19]. The area that surrounds
the ischaemic core is termed the penumbra (from the Latin paene, almost; umbra, shadow). ATP
levels in the penumbra are around 50–70% of the basal values [19], indicating that neuronal
death is delayed, and this is where therapeutic strategies should be directed to ensure that
neurons survive and recover. Mechanisms leading to neuronal death in the penumbra seem
to be triggered by hypoxia and the fall of glucose. Actually the ischaemic penumbra is highly
dynamic with a rapid evolution that leads to cell death.

Dirnagl et al. [20] published an interesting paper in 1999 based on experimental and clinical
(autopsy histopathological) studies of patients who died from stroke. The paper showed a
time-course of damaging events in focal ischaemia. The author updated that time-course in
2012 [21]. Everything starts with blood interruption, and within minutes there is a high wave
of excitotoxicity and peri-infarct depolarisation with an accumulation of glutamate, calcium
and reactive oxygen species (ROS); in the following hours the mediators that were liberated
and induced in the first stages trigger inflammation through the activation of cyclooxyge-
nase-2, caspases, metalloproteinases (MMPs) and the liberation of inflammatory interleukins.
After several days apoptosis takes place and the penumbra area becomes part of the death
core, although repairing processes are also activated; and there are scar formation, neurogen-
esis and vasculogenesis [20, 21].

It has been experimentally demonstrated that there are two flow thresholds during stroke
evolution, the first being a functional threshold that leads to reversible functional changes and
the second producing irreversible membrane failure and morphological damage. The penum-
bra is between these thresholds [22].

Returning to the time-course concept, when the decrease of blood flow reaches about 20% of
preocclusion values, there are a tremendous ionic disequilibrium, osmotic swelling and, finally,
within minutes, terminal depolarisation at the core occurs. The blood flow around the core
reaches 20 to 50% of preocclusion values within 6 hours, and by that time irreversible damage
expands around the core. It is calculated that infarct volume increases more than 20% (from
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core to penumbra) within the first 3 hours after occlusion [22]. Blood flow-dependent damage
explains the short therapeutic window and the lack of thrombolytic therapeutic efficacy. It has
been demonstrated experimentally that the biggest effect of thrombolytics occurs within
90 min because acute arterial occlusion and the reduction of blood flow can be tolerated only
1–2 hours before irreversible damage occurs [23]. Optimal treatment time is supposed to be
around 3 hours, and between three and 4.5 hours, they only provide small effects [4, 23].

3. Role of oxidative stress in death and survival of brain cells in an
ischaemic penumbra

The penumbra area includes neurons and other brain cells and structures such as astrocytes,
endothelial cells, pericytes, smooth muscle cells, microglia, basement membrane, as well as
extracellular matrix, all of which become activated by the lack of blood flow and thereafter
interact to produce free radicals, inflammation and a cascade of events leading to cell death
but also regenerative processes that could eventually limit the core progression [5]. It is
important to recognise that the cascade of events triggered by stroke goes beyond the core and
penumbra and includes the contralateral hemisphere and the whole organism. Cells of the
neurovascular unit (see above), cells that migrate to the insult area (neutrophils, monocytes, T
cells, B cells) and stem cells from the brain and blood participate in the damage and recovery
associated with cerebral ischaemia [21].

Free radicals are produced soon after ischaemia and contribute to both the expansion of
neuronal death and neuronal recovery from the ischaemic penumbra. The primary and rapidly
produced free radical is probably superoxide, generated by mitochondrial dysfunction
induced by hypoxia. Some time thereafter superoxide is produced from other sources at the
penumbra, such as the nicotinamide adenine dinucleotide phosphate oxidase (NADPHox)
complex, xanthine oxidase, lipoxygenase, cyclooxygenase (COX), cytochrome p450 and,
probably (though not yet demonstrated), uncoupled endothelial nitric oxide synthase (eNOS)
[24, 25]. Superoxide dismutase (SOD) catalyses the dismutation of superoxide into hydrogen
peroxide that is then decomposed into water and oxygen by catalase or glutathione peroxidase
(GPx) [9]. Hydrogen peroxide could eventually produce hydroxyl radical (more toxic than
superoxide) if it reacts with iron (Fenton reaction). It is well known that hydrogen peroxide
stimulates nuclear factor kappa B (NF-kB), which in turn induces the transcription of SOD
genes [26]. Even though the redox stimulation of NF-kB has been long known, it is not clear if
the stimulation is provided by hydrogen peroxide and/or superoxide itself.

The stimulation of SOD synthesis by ROS does not guarantee antioxidant protection. The
continuous production of superoxide in cerebral ischaemia (first stimulated by hypoxia and
later by other sources) could eventually turn SOD toxic. If superoxide production exceeds
catalase activity and/or glutathione sources are exhausted, SOD could lead to the accumulation
of the hydroxyl radical. This is precisely one of the handicaps of experimental models of
cerebral ischaemia. The latter are usually produced in normal animals that have been subjected
to occlusion of cerebral arteries. This is far from the clinical setting, where cerebral ischaemia
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usually develops in patients with comorbidities or environmental conditions that constitute a
risk for stroke (e.g., diabetes, hypertension, obesity, atherosclerosis, smoke, air pollution). In
such conditions there is already an elevated basal oxidative stress with probably poor endog-
enous antioxidant defence. Moreover, strategies to protect from cerebral ischaemia are far from
realistic (e.g., antioxidant supplements are often given before stroke occurs). There are other
circumstances that could interfere in the attempted extrapolation of experimental results to a
clinical therapeutic design. Usually the experiments on cerebral ischaemia involve a combi-
nation of ischaemia/reperfusion, with the rationale being the aggravation of oxidative stress
during reperfusion [21]. It would be exceptional to believe that an occluded vessel becomes
permeable within a short time, i.e., reperfusion to an ischaemic territory is usually given by
neoformation of vessels (angiogenesis). Another drawback of experimental assays is that
measures to prevent bias are not common: e.g., randomisation of the animals, appropriate
inclusion/exclusion criteria, a low number of cases and thus a low positive predictive value
[21]. Even with those disadvantages mentioned, there is experimental evidence which helps
to understand the events that lead penumbra cells to either die or survive.

Responses to superoxide production in the penumbra are fast. It has been shown that copper
zinc superoxide dismutase (CuZnSOD), the cytosolic form, is increased in the penumbra 1 hour
after middle cerebral artery occlusion (MCAO)/reperfusion (MCAOR), whereas manganese
SOD (MnSOD, mitochondrial) increases in the penumbra and core 3 hours after MCAOR [27].
Nitric oxide (NO) is another free radical liberated in the ischaemic penumbra. The source of
the earlier production of NO in the penumbra seems to be the neuronal nitric oxide synthase
(nNOS). This enzyme has been shown to increase in the penumbra 1 hour after MCAO in the
rat [28]. Later on, when the inflammatory reaction is present, the inducible NOS (iNOS) is
responsible for the high concentrations of NO in the ischaemic penumbra [29]. The coincidence
of large quantities of superoxide and NO in the proximity of the core (where the pH is low)
facilitates the interaction of those free radicals to form peroxynitrite. Indeed nitrotyrosine (a
marker of peroxynitrite production) has been detected in the penumbra 4 hours after MCAOR
in the rat [29]. Tyrosine nitration by peroxynitrite can actually inactivate SOD [30].

Besides SOD, other antioxidant defence mechanisms are activated after cerebral ischaemia
although they take a longer time. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), which is
an important brain defence against oxidative stress, is upregulated in neurons [31, 32],
microglia [31] and astrocytes [31, 32] of the ischaemic penumbra (not in the core), 24 hours
after MCAOR in the rats and mice. Activated Nrf2 induces what is termed “phase II defence
enzymes and antioxidant stress proteins” through its interaction with the antioxidant response
element in the promoter region of target genes [33]. As a result Nfr2 activation during cerebral
ischaemia provides protection through the modulation of microglia dynamics, the protection
of astrocytes and neurons and regulation of the expression of antioxidant enzymes and anti-
inflammatory mediators [33].

Free radicals produced during cerebral ischaemia contribute to a breakdown of the blood-brain
barrier (BBB), an event that has been related to cerebral oedema, and has an important role in
the pathophysiology of cerebral ischaemia by allowing the arrival of migrating cells that
contribute not only to inflammation but also to eventual angiogenesis, neurogenesis and
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partial regeneration. The BBB is a complex structure integrated by particular endothelial cells:
(a) that do not have fenestrations, (b) that have limited pinocytic activity and (c) that have a
high content of mitochondria; tight-junction proteins such as occludin, claudin 5 and zonula
occludens 1; and pericytes, astrocytes, extracellular matrix and transporter systems, such as
the receptor for advanced glycation end products (RAGEs) [34–37]. Protein leakage (evidence
of BBB breakdown) has been demonstrated as early as 30 min after MCAOR [25, 38]. In some
studies (but not all), such leakage is prevented by an antioxidant treatment [25]. An important
source of free radicals during cerebral ischaemia is the vascular endothelium [25, 39]. Appa-
rently the main contributor to superoxide production in the vessels of the penumbra is
NADPHox [39]. Superoxide and other ROS activate MMPs, mainly MMP9 and MMP2, that
degrade extracellular matrix and basal lamina around vessels, contributing to BBB disruption
during ischaemia [38, 40]. It has been demonstrated that MMP9 is upregulated in the penumbra
from 24 to 72 hours after ischaemia [41].

Delayed production of free radicals contributes to blood vessel disintegration in an ischaemic
penumbra. The subacute phase of cerebral ischaemia (from 24 to 72 hours after blood flow
interruption) is characterised (as mentioned above) by an explosion of free radicals produced
by the inflammatory reaction induced during the events that occur in the acute phase. It has
been estimated that this second wave of free radical generation coincides with a second
opening of the BBB [42]. The main source of inflammatory mediators and free radicals in this
phase is the microglia (resident macrophages of the brain and spinal cord). Microglia accu-
mulate in the penumbra several hours after cerebral ischaemia [43], but apparently its active
role in ischaemia begins earlier. Jolivel et al. published an interesting paper in 2015 [41] showing
data on the time-course of microglia activation in the penumbra during ischaemia: (1) soon
after reperfusion microglia become activated in the penumbra; (2) an association of activated
microglia with endothelial cells of the penumbra begins as soon as 4 hours after reperfusion;
(3) at 24 hours after reperfusion CX3CL1 (a chemokine involved in migration of microglia)
significantly co-localises with microglia in the penumbra; (4) at the same time the microglia
are associated with claudin 5 in the penumbra, which indirectly indicates the disruption of the
BBB; (5) MMP9 is activated 3 hours after reperfusion and it peaks at 24 hours (another indirect
evidence of BBB disruption) in the penumbra; and (6) at 24 hours after ischaemia neutrophils
invade the penumbra (direct evidence of BBB disruption). Microglia activity seems to last only
a few days, from 72 hours after ischaemia the microglia decline and the monocytes migrate to
the penumbra; apparently those monocytes also have an inflammatory phenotype and serve
to clean up the area [44].

Astrocytes play also an important role in the second wave of free radical production; it seems
that they are activated by free radicals to protect and rescue neurons at the ischaemic penum-
bra. Astrocytes are abundant in the brain and have an important role in potassium homeostasis,
synapse formation and BBB regulation [45]. Activated astrocytes give protection in ischaemia
through glutathione regulation [33, 45]: (1) liberating glutathione, which has a free radical
scavenger function; (2) facilitating the enzyme γ glutamyltranspeptidase (present on the
surface of astrocytes) to hydrolyse extracellular glutathione, producing glycine and cysteine,
that are then captured by neurons to synthesise their own glutathione; and (3) liberating
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glutamine that is also captured by neurons to synthesise glutathione. Astrocytes also provide
protection by removing excess glutamate, producing neurotrophic factors and transforming
dehydroascorbate to ascorbate, which is liberated to neurons and works as an antioxidant [33,
46]. Figure 1 shows an illustration of a hypothetical thrombosis of the middle cerebral artery
(superior division) in humans with high-risk factors. Figure 1 represents a cascade based on
the data described above.

Figure 1. An illustration of a hypothetical thrombosis of the middle cerebral artery (superior division) in humans with
high-risk factors. If the patient had received inadequate treatment with antioxidant supplements before cerebral is-
chaemia and/or the thrombolytic treatment is delayed, the ischaemic penumbra will be part of the core. If the patient
has a relatively healthy lifestyle (see Ref. [13]) in a beneficial environment and receives opportune thrombolytic thera-
py and possibly remote ischaemic preconditioning, the consequences of the cerebral ischaemia will be smaller as com-
pared with the conditions mentioned previously.

4. Preconditioning and survival in the ischaemic penumbra

Preconditioning can be defined as a biphasic response to a noxious stimulus, with a low dose
(often accumulated low doses) providing protection when a higher dose is applied [47].
Preconditioning beneficial effects are usually explained by adaptive mechanisms such as
changes in homeostasis thresholds or an increase of the endogenous defence. Oxidative
preconditioning explains the protective effects of exercise [48]. Preconditioning has been used
to increase neuronal survival at the ischaemic penumbra [49].

Several varieties of preconditioning have been used in cerebral ischaemia, such as hyperbaric
oxygen (HBO), normobaric hyperoxia (NBH), hypoxia, ischaemic preconditioning and limb
remote ischaemic preconditioning (RIsP). In the rat model of MCAOR HBO has been demon-
strated to reduce oxidative stress as well as apoptosis in the penumbra, and it increases survival
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time [50, 51]. Several mechanisms have been related to the beneficial effects of HBO precon-
ditioning. HBO (2.5 ATA, 100% oxygen, 1 hour, every 12 hours, four times before MCAOR)
increases SOD and catalase (not GPx) in the penumbra [50]. Longer HBO preconditioning
(5 days before MCAOR) increases SirT1 (a class III histone deacetylase whose activity promotes
lifespan in lower organisms) in the penumbra [52]. Interestingly, the protective effects of
physical activity on cardiovascular ageing have been precisely associated with the increase of
SOD and SirT1 [48].

NBH (100% oxygen, 1.0 ATA) has been also used for preconditioning to ameliorate cerebral
ischaemia. NBH applied 30 min after ischaemia (MCAOR in a rat model, with 90 min of
ischaemia) significantly reduced oxidative stress and apoptosis in the penumbra (with the
greatest effect after 8 hours of NBH) [53]. It is important to mention that there are indications
of potential harmful effects of HBO and NBH on cerebral ischaemia. Rink et al. [54] published
an interesting paper in 2010 showing that HBO and NBH applied just during ischaemia in rats
and mice submitted to MCAOR (90 min of ischaemia and 90 min of reperfusion) significantly
decreased the infarct volume and also decreased oxidative stress, but increased pO2 in the
penumbra. However, when those therapies were administered during reperfusion the effect
was the opposite. The findings are important because in the clinical setting it is difficult to
establish the time-course of cerebral ischaemia and that administering HBO or NBH could be
dangerous.

Hypoxic preconditioning has been used to promote angiogenesis in the ischaemic penumbra.
In an interesting study, Li et al. [55] submitted mice to 30 min of hypoxia before cerebral
ischaemia. Twenty-four and 72 hours later they demonstrated protection (a reduction of infarct
volume and the neurophysiological index) and a significant increase of vascular endothelial
growth factor (VEGF) as well as platelet endothelial cell adhesion molecule 1 (CD31, an index
of angiogenesis) in both neurons and the vascular cells of the ischaemic penumbra.

Brain ischaemia preconditioning (BIP) has been extensively studied. Classically the model
consists of submitting animals to a short period of transient MCAO, and then 1 day later, the
animals are subjected to permanent MCAO or MCAOR [56]. Different mechanisms have been
associated with BIP such as adaptation to glutamate activation of the N-methyl-d-aspartic acid
(NMDA) receptor and the signal transduction pathways stimulated by this receptor including
phosphorylation of cyclic AMP-responsive element binding protein (CREB) in the penumbra,
persistent activation of protein kinase B (Akt) and decreased apoptosis in the penumbra [49].
Recently, Liu et al. [57] showed that rats submitted to BIP (one and 4 days before MCAOR)
showed smaller infarct volumes and increased brain immunoreactivity to VEGF 7 days after
MCAOR, which indicates similarities to the hypoxia preconditioning mechanisms.

Preconditioning, as described above, has been used in a number of experimental studies. In
the last few years, a therapeutic strategy based on preconditioning principia has been applied
not only in experimental but in clinical studies as well. RIsP simply consists of producing
transient ischaemia in the upper or lower members, by inflation or deflation of a blood pressure
cuff [58]. RIsP has been used in humans in a variety of applications such as in sports [59], for
subarachnoid haemorrhages [60], and in cardiovascular surgery [61, 62]. There are experi-
mental validations of the utility of RIsP in recovering the penumbra following cerebral
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ischaemia. Rats were subjected to MCAOR (90 min of ischaemia), immediately after ischaemia
RIsP was applied in three cycles of occlusion and release, lasting 10 min each. After 48 hours
it was demonstrated that the treatment (1) diminished the infarct volume, (2) improved the
neurologic deficit and (3) decreased BBB breakdown (demonstrated by preventing an occludin
protein decrease, Evans blue extravasation and MMP9 activation) [40]. Different mechanisms
have been suggested for the protective effects of RIsP. Interestingly, in a clinical study of acute
mountain sickness prevention by RIsP [59], it was clearly demonstrated (by electron para-
magnetic resonance) that protection was not associated with the reduction of systemic
oxidative stress. It seems that RIsP effects are associated with the liberation of the hypoxia-
inducible factor α [58] and stimulation of eNOS [63]. Figure 2 shows the modified Figure 1,
adding molecular mechanisms and RIsP.

Figure 2. A hypothetical cascade of events leading to cell death or survival in the ischaemic penumbra. The cascade
begins with an interruption of the blood supply that leads to hypoxia and the fall of glucose and consequently ATP.
Within minutes there is necrosis in the core, and the subsequent ischaemic penumbra is characterised by an increase of
superoxide (O2

•−), glutamate, calcium (Ca2+) and other ROS, leading to hyperexcitability. eNOS and nNOS are activated
(possibly not exclusively in the ischaemic penumbra) and nitric oxide (NO) levels increase in the plasma. Those phe-
nomena produce a blood-brain barrier (BBB) breakdown and consequently brain oedema. From 1 to 7 days after blood
interruption, there are a tremendous inflammatory reaction and a second wave of free radical production, activation of
the NF-kB stimulating the synthesis of cyclooxygenase 2 (COX-2), superoxide dismutase (SOD), inducible NOS (iNOS)
and the (erythroid-derived 2)-like 2 factor (Nrf2). NO increases additionally and interacts with O2

•−, producing peroxy-
nitrite (ONOO−), which in turn inactivates SOD through tyrosine nitration. Caspases and metalloproteinases (MMPs)
are activated. The CX3CL1 and the endothelial cell adhesion molecule (CD31) increase. The restorative mechanisms
begin with astrocyte activation. Part of the restorative mechanism is the induction of the vascular endothelial growth
factor (VEGF) and CD31. If therapy is not effective or appropriate, the cells in the ischaemic penumbra will die from
apoptosis or autophagy, which extends the core area. Otherwise the ischaemic penumbra is partially recovered.
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The organism not only adapts to noxious stimuli but also to protective treatments, which is
precisely one of the pitfalls of “preventive” antioxidant supplements. In an ongoing study (not
yet published), our group found that daily doses (10 mg/kg per day for 7 days) of (−)-epicate-
chin ((−)-Epi) (one of the flavonols contained in chocolate) significantly increased the infarct
volume 18 hours after permanent MCAO was produced in rats (Figure 3). It is important to
note that cerebral ischaemia was produced in healthy (10-week-old) male Wistar rats, which
could explain the results. We think that the treatment decreased the endogenous antioxidants
and, when the ischaemia was produced, there was insufficient defence. We also think that the
results would have been different if the treatment had been administered to animals that
previously had high oxidative stress.

Figure 3. The significant increment of infarct volume (A) in rats treated with (−)-epicatechin ((−)-Epi) that were submit-
ted to permanent occlusion of the middle cerebral artery (MCAO). And even though there was no significant differ-
ence in cerebral oedema (B), there was a tendency for the group treated with (−)-Epi to be higher.

5. Conclusions

Cerebral ischaemia remains a challenge in medical therapeutics because of the narrow window
of time during which treatment can be applied, as well as its low efficacy. Brain cells in the
ischaemic core cannot be recovered; they die within minutes from necrosis, whereas the death
of those in the ischaemic penumbra is briefly delayed; and the mechanism of death is apoptosis
and autophagy. Therapeutic strategies should be precisely directed to optimise all possible
processes for recovering cells from the ischaemic penumbra. The neurovascular unit in the
ischaemic penumbra is dynamically changing, switching off and on the pathways that could
lead to cell death or survival. Free radicals are an important part of those pathways and can
play a role in either cell loss or recovery. Even though results of preclinical studies are
optimistic, the effects of antioxidant supplements have not been clinically validated in cerebral
ischaemia. Moreover, there are increasing data showing warning signs. “Preventive” antioxi-
dant supplements could decrease the endogenous antioxidant defence that is needed at the
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precise moment of cerebral ischaemia. Antioxidant treatment (dietary or supplemental) should
be carefully managed, depending on the basal conditions and the endogenous antioxidant
defence of every person. There is some hope for applying RIsP in cerebral ischaemia, since it
seems to have beneficial effects on the clinical physiological and pathological conditions
associated with oxidative stress. Preclinical studies, even with their disadvantages, help to
elucidate the pathophysiology of cerebral ischaemia and thereby the design of future treat-
ments.
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Abstract

It is well known that species derived from oxygen are cytotoxic and are involved in the
etiology  of  cancer.  Several  carcinogens  during  metabolism  exert  their  effect  by
producing reactive oxygen species (ROS). One of the consequences of oxidative damage
to  cellular  DNA is  mutated.  It  plays  a  vital  role  in  the  process  of  carcinogenesis
(especially in the initiation and progression). The alters, including rearrangement of
DNA sequence, base modification, DNA miscoding lesions, gene amplification, and the
activation of oncogenes, could be implicated in the initiation stage of several cancers.
Mitochondrial changes in the cancer cells are well known and as a result are respiratory
injured.  Mitochondrial  dysfunction  could  lead to  a  low coupling  efficiency  of  the
mitochondrial electron transport chain (mETC), raising electron leakage and increased
ROS formation. It has been documented that by reducing and inactivation of antioxidant
system, the oxidative stress (OS) in cancer cells is higher. Cancer cells exhibit a higher
oxidative stress level compared to normal cells, rendering tumor cells more vulnerable
to raise ROS levels. Therefore, increasing ROS levels through redox modulation can be
a strategy to selectively kill cancer cells but not normal cells. A promising anti-cancer
method named “oxidation therapy” has been developed by causing cytotoxic oxidative
stress for cancer therapy. In this chapter, we described the role of ROS as a double-edged
sword in cancer development and treatment.

Keywords: cancer, reactive oxygen species, oxidation therapy, mitochondria

1. Introduction

Oxygen, while peremptory required for life, can also take part in the demolition of tissue and/
or damage its ability to normal function. Reactive oxygen species (ROS), or low generally
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oxygen-free radicals (OFR), are produced by cellular metabolism in living cells. It has been
appraised that the medium person has around 15,000 free radicals aggressive each cell per
day. In an athlete, this number can be raised by almost 50%. In many instances, ROS are
generated specifically to answer necessary biological functions, whereas in other cases, they
indicate byproducts of metabolic processes. The production of ROS is an outcome of aerobic
life. ROS represent a permanent source of attacks to our genetic material that can be either
reduced or enhanced by environmental influences, hormonal and nutritional. Notwithstand-
ing the antioxidant defense system of cell to neutralize oxidative injury from ROS, radical-
linked  damage  of  proteins  and  DNA  has  been  suggested  to  play  a  major  role  in  the
development  of  diseases  such  as  neurodegenerative  disorders,  arthritis,  arteriosclerosis,
cancer, and others diseases. All ROS have the potential to interact with cellular ingredients
containing the deoxyribosyl backbone of DNA or DNA bases to generate strand breaks or
damaged bases. ROS can also oxidize proteins or lipids afterward producing mediators that
react with DNA by forming adducts. Many oxidative DNA damages are oxidative damage,
and promutagenic is suggested to play an important role in the development of some cancers.
Now, researchers do not know the correct role that injury by ROS plays a vital role in cancer
development and its contributory role with other forms of genetic occurrences accelerating
malignant progression and cell  transformation. However,  it  is  known that oxidative free
radicals and oxidative stress (OS) could take part in the beginning of proliferation of cancerous
cells. The result of OS at a given phase of carcinogenesis is immediately linked to the reactivity
and the type of the radical species complicated. Nonenzymatic antioxidants accompanied by
antioxidant enzymes are involved in ROS transformation. But antioxidant conservation versus
ROS damages should be carried out with precaution inasmuch as the function of the antioxi-
dant might indeed motivate the progression of cancer through the raised permanence of tumor
cells. In inhibition of ROS-related cancer, the major duty looks to be decrease of exogenous
and endogenous origins of ROS and the omission of carcinogens in environment. There is as
well as the probability that cancer therapy could make utilization of the findings of ROS
researches. Intracellular formation of ROS such as O2

−, OH•, and H2O2 is associated with the
suppression of cell proliferation. Similarly, production of oxidative stress in reply to several
external motivations has been implicated in the activation of transcription factors and to the
triggering of cell death. In this chapter, we run over how radical species induce DNA sequence
changes, deletions, mutations, gene rearrangements, and alterations. These changes may lead
to the beginning of apoptosis signaling leading to cell death, or to the inactivation of some
tumor suppressor genes and/or the activation of several proto-oncogenes. The adjustment of
gene expression by means of antioxidants, the redox state, and oxidants stays as a promising
therapeutic procedure. Some anticarcinogenic agents have been demonstrated to inhibit ROS
formation  and  oxidative  DNA  injury,  inhibiting  tumor  development.  As  well  as,  new
compounds  vectors  expressing  radical-scavenging  enzymes  reduce  apoptosis.  Oxidative
stress  has  been  implicated  in  both  the  pathogenesis  and  apoptosis  of  cancer  providing
designed support for two concepts: free radical species may be raised in tumor cells and
oxidant scavenging systems may be effective in cancer remedy. In addition, the production of
ROS can be used therapeutically for cancer therapy. In this chapter, we described the role of
ROS in cancer development and treatments.
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2. Role of ROS in development of cancer

2.1. Mechanisms of free radical-induced DNA base modification and mutagenesis

It has been appraised that in one human cell is exposed to nearly 105 oxidative hits such as
hydroxyl radical and other such species in a day. Constant change of genetic material resulting
from these oxidative damage incidents demonstrates the initial step of carcinogenesis involved
in aging and mutagenesis. The mechanisms such as specific and nonspecific repair play an
important role in the removal of DNA changes by free radicals. It has been documented that
base-excision is one method of repair DNA base damage. The alterations, including base
deletion and substitution, play a role of in the DNA damage (misrepairing) and carcinogenesis.
Mutagenic potential is directly equal to the number of oxidative DNA changes that flee repair.
It is known that repair mechanisms decline with age and so DNA damages accumulate with
age. The subsequence specificity of DNA lesion locates modifies the mutation frequency. The
particular mechanism by OS which helps to the expansion of carcinogenesis is mainly
unknown. However, two distinct mechanisms are supposed to act an important role in the
expansion of oxidative and carcinogenesis. The modulation of gene expression by oxidative
damage, can affect carcinogenesis. The epigenetic effects on gene expression could lead to the
stimulation of proliferation and growth signals. Chromosomal rearrangements are speculated
to result from loss of heterozygosity, alterations in gene expression, contributing to genetic
amplifications and strand breakage misrepair, which in turn may advance neoplastic progres-
sion. Active oxygen species have been shown to motive poly(ADP ribosylation) and protein
kinase pathways, thus affecting signal transduction pathways. This can lead to modulation of
the expression of necessary genes for tumor promotion and proliferation. One previous study
shows that RAS signal transduction pathways play a role in the mediating free radical
signaling. Second, free radicals cause genetic changes, including chromosomal rearrangements
and mutations, play a vital role in the beginning of carcinogenesis process. The oxidative DNA
damage leads to a wide range of chromosomal abnormalities, inducing a wide cytotoxicity
and stoppage of DNA duplication. Mutations can happen a failure to arrest in G1, diminishing
their capacity to repair damaged DNA. This enhancement in replication errors can begin tumor
suppressor gene inactivation and additional oncogene activation, eventually contributing to
malignancy. Free radical-induced cytotoxicity may also help the beginning of carcinogenesis
by promoting the clonal expansion of more resistant-initiated cells depleting the normal cell
population, then increasing the possibility of mutation through incorrect replication or due to
misrepair, while chromosomal rearrangements can end strand breakage misrepair. The
initiation potential of oxidants might help to induce carcinogenesis as a result of their ability
to cause DNA base alterations in tumor suppressor genes and certain oncogenes. Researches
have shown that the radicals (especially hydroxyl radicals) are able to activate some oncogenes,
including C-Raf-1 and K-ras. On the one hand, the activation launches through N-terminal
deletions in these genes and the induction of DNA point mutations in GC base pairs. On the
other hand, the base point mutations in CpG dinucleotides are also mostly found in specific
tumor suppressor genes, including retinoblastoma and p53, which leading to their inactiva-
tion. It is shown that cells containing mutant or absent p53 are attacked by hydroxyl radical,
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which leading to a failure to arrest in G1 stage, diminishing their ability to repair damaged
DNA. This enhancement in replication errors can initiate tumor suppressor gene inactivation
and additional oncogene activation, eventually contributing to malignancy. Free radical-
induced cytotoxicity may also contribute to the initiation of carcinogenesis by promoting the
clonal expansion of more resistant-initiated cells, depleting the normal cell population, then
increasing the likelihood of mutation [1].

2.2. Role of ROS in genotoxicity and DNA damage

ROS-caused DNA lesion may be characterized both structurally and chemically and displays
a typical schema of modifications. The free radicals-induced DNA lesion was detected in the
various cancer tissues. Most of these alterations can be modified in the in vitro situation.

The figures of DNA lesion induced through ROS experimentally include production of base-
free sites, modification of all bases, frame shifts, deletions, DNA-protein cross-links, strand
breaks, and chromosomal rearrangements. The Fenton chemistry mechanism is one of the
reactions involved in DNA damage through the generation of hydroxyl radical form. It is well
known that hydroxyl radical responds with all ingredients of the DNA molecule: the pyrimi-
dine bases and purine. Regarding oxidative DNA lesion, main concern has centralized on repair
to bases of DNA, with over 20 yields known, but only a few have been investigated with more
details. Also, hydroxyl radical is capable to aggravate to twofold bonds of DNA bases at second-
order rate constants of 3–10 × 109 M−1 s−1 that grabs an H-atom from the methyl group of thymine
and each of the five carbon atoms of 2′ deoxyribose with rate constants of 2 × 109 M−1 s−1. Provided
OH-adduct radicals of DNA bases are produced through additional reactions, the carbon-
centered sugar radicals and allyl radical of thymine are formed from abstraction reactions.
Peroxyl radicals are generated in environments full of oxygen through oxygen addition to OH-
adduct radicals and also to carbon-centered radicals at diffusion controlled rates. Further
reactions of base and sugar radicals generate a variety of sites, modified bases and sugars,
protein of DNA, strand breaks, and cross-links.

Hydroxyl radical attacks to pyrimidines: to the C5 and C6 site of cytosine and thymine,
generating C5-OH- and C6-OH-adduct radicals. Oxidative reactions of the C5-OH-adduct
radicals of thymine and cytosine followed by release of proton (deprotonation) and addition
of OH or water lead to the generation of glycols of cytosine and thymine. Oxygen adds to C5-
OH-adduct radicals to produce 5-hydroxy-6-peroxyl radicals that may remove superoxide
followed by reaction with water, giving rise to cytosine glycol and thymine glycol. Oxidation
of the allyl radical of thymine generates 5-(hydroxymethyl) uracil (5-OHMeUra) and 5-
formyluracil. In the lack of O2, 6-hydroxy-5-hydropyrimidines and 5-hydroxy-6-hydroare
generated by reduction of 6-OH- and 5-OH-adduct radicals of pyrimidines, respectively.
Hydroxyl radical is as well as capable to attacks to purines giving rise to C4-OH-, C5-OH-, and
C8-OH-adducts. One electron oxidation and one electron reduction of C8-OH-adduct radicals
yield formamidopyrimidines and 8-hydroxypurines (7,8-dihydro-8-oxopurines). The most
studied of these oxidized DNA products is 8-oxo-deoxyguanosine (8-oxo-dG), mainly because
it is the most detectable. This base ornamentation falls out in nearly one in 105 guanidine
residues in a healthy human cell. 8-Hydroxyguanine and 8-hydroxy-29-deoxyguanosine
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undergo keto-enol tautomerism, which favors the 6, 8-diketo form. Therefore, 8-OH-G is
mostly named 8-oxoG or 8-oxy-7-hydroguanine. The nucleoside is thereupon named 8-oxo-7-
hydro-29-deoxyguanosine or 8-oxo-dG so, 8-OH-dG and 8-oxo-dG are the identical com-
pounds. Several methods for evaluating oxidative DNA damage exist; a favorite method
engages enzymatic digestion of DNA, which releases 8-hydroxypurines for analysis by HPLC
usually with electrochemical detector. Another method uses acidic hydrolysis of DNA, which
releases the free base, because the glycosidic bond is cleaved by acid. Measurement is through
HPLC or, transformation to volatile compounds, through GC-MS. The 8-oxoG damage is main
due to it is relatively simply generated and is mutagenic, thus is a main indicator for the
detection of carcinogenesis. The studies suggested mutagenic potential of 8-oxo-dG is sup-
ported by insertion of adenine opposite the lesions, or a loss of base pairing specificity,
misreading of adjacent pyrimidines. Mutations that may arise due to the production of 8-oxo-
dG involve GC→TA transversions. Former studies have shown that the mispairing of 8-oxo-
dG with adenine appears to be feasible due to the energetically favored syn glycosidic
conformation, while coupling with dG assumes the antiform. Studies demonstrated that
factors such as day/night shift work, low meat intake, low BMI (<21.8), smoking, and hard
physical labor significantly increased the 8-oxo-dG level, whereas medium physical exercise,
such as sports, reduced its level. These data propose that the way of life might remarkably
affect the level of oxidative lesion. The generation of 2-oxy-dA in the nucleotide unite is another
mechanism of mutations. Studies have shown that the incorporation of 2 oxy-dA opposite G
caused GC→TA transversions in the chromosomal lac I gene [2].

2.3. Lipid peroxidation and DNA damage

While major consideration has centralized on direct DNA lesion by oxygen free radicals
because of the genetic outcomes of such lesion, reactive radical species may also induce damage
to other cellular members. Phospholipids in the cell membrane are extremely susceptible to
oxidative process and have been discovered to be repeated targets of radical-caused injury that
supply them to be involved in free radical chain reactions. Several of the fatty acids are
polyunsaturated, have a methylene group between two double bonds that predisposes the
fatty acid more susceptible to oxidation. In addition, it is reported that polyunsaturated fatty
acids (at high concentration) in phospholipids predisposes play a role of in the free radical
chain reactions. Linoleic acid is the most common fatty acid in cell membranes. A set of
arachidonic acid oxidation products termed isoprostanes is the best biomarker of lipid
peroxidation that generally detected through GC-MS. The first products of unsaturated fatty
acid oxidation are short-lived lipid hydroperoxides. When they react with metals, they
produce some of products for example epoxides and aldehydes, which are themselves reactive.
Malondialdehyde (MDA) is one of the important aldehyde products through lipid peroxida-
tion. This product of lipid peroxidation is mutagenic and carcinogenic in mammalian cells and
animals, respectively. MDA can react with DNA bases dA, dC, and dG, to form adducts,
M1A, M1C, and M1G. M1G has been indicated in the several tissues (such as pancreas, liver, and
breast). The M1G content corresponds nearly to 6500 adducts in cell. Many researches have
shown that M1G is an electrophile in the genome. N2-Oxo-propenyl-dG, as a yield of quanti-
tative and rapid ring-opening of M1G, is as well as electrophilic, but aims regions of DNA
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distinct from M1G. Therefore, the conversion of M1G and N2-oxo-propenyl-dG may unfold
varying reactive groups of DNA that could take part in the production of DNA-DNA inter-
strand cross-links or DNA-protein cross-links. It has been shown that hydroxypropanodeox-
oguanosines (OH-PdGs) are exist in rodent and human liver DNA. It has been proposed that
these propano adducts are interceded by the reaction of DNA with crotonaldehyde and
acrolein, which in turn are products of lipid peroxidation. Crotonaldehyde and acrolein are
mutagenic in mammalian cells and bacteria.

There is a few information associated with the repair of OH-PdGs. Studies show that PdG is
a main substrate for the nucleotide cut repair complex of mammalian cells and E. coli and is
identified and repaired through the mismatch repair system. Various exocyclic etheno DNA
adducts increasing from lipid peroxidation have been found in DNA from healthy human
volunteers. The most important involves etheno-dG, etheno-dC, and etheno-dA. Etheno-dC
and etheno-dA are found to be strongly genotoxic but weakly mutagenic [3].

3. Role of ROS in treatment of cancer

3.1. Functions of ROS in the cancer cells

The findings from both in vitro and in vivo studies have shown that endogenous oxidative stress
in cancer cells is higher than normal cells. ROS might function as a double-edged sword and
as varied ROS levels could cause various biological responses. A low to moderate raise of ROS
may help with the proliferation and survival of cells. But, at a high level, ROS may suppress
the antioxidant capacity of the cell and start cell death (Figure 1). On the other hand, at the
accumulation of ROS, these cells may be more sensitive than normal cells. The normal cells at
under physiological status play an important role in maintaining redox homeostasis with a
low level of basal ROS by controlling the balance between pro-oxidants and antioxidant
capacity. The physiological conditions are affected by ROS inducers (such as hypoxia, meta-
bolic defects, ER stress, and oncogenes) and ROS elimination (such as NRF2, glutathione,

Figure 1. The interaction between different ROS levels in cancer cells. In cancer cells, ROS at low to moderate levels
induces cell proliferation and cell survival, at high level induce cell damage and at an excessive level induce cell death.

Free Radicals and Diseases320



distinct from M1G. Therefore, the conversion of M1G and N2-oxo-propenyl-dG may unfold
varying reactive groups of DNA that could take part in the production of DNA-DNA inter-
strand cross-links or DNA-protein cross-links. It has been shown that hydroxypropanodeox-
oguanosines (OH-PdGs) are exist in rodent and human liver DNA. It has been proposed that
these propano adducts are interceded by the reaction of DNA with crotonaldehyde and
acrolein, which in turn are products of lipid peroxidation. Crotonaldehyde and acrolein are
mutagenic in mammalian cells and bacteria.

There is a few information associated with the repair of OH-PdGs. Studies show that PdG is
a main substrate for the nucleotide cut repair complex of mammalian cells and E. coli and is
identified and repaired through the mismatch repair system. Various exocyclic etheno DNA
adducts increasing from lipid peroxidation have been found in DNA from healthy human
volunteers. The most important involves etheno-dG, etheno-dC, and etheno-dA. Etheno-dC
and etheno-dA are found to be strongly genotoxic but weakly mutagenic [3].

3. Role of ROS in treatment of cancer

3.1. Functions of ROS in the cancer cells

The findings from both in vitro and in vivo studies have shown that endogenous oxidative stress
in cancer cells is higher than normal cells. ROS might function as a double-edged sword and
as varied ROS levels could cause various biological responses. A low to moderate raise of ROS
may help with the proliferation and survival of cells. But, at a high level, ROS may suppress
the antioxidant capacity of the cell and start cell death (Figure 1). On the other hand, at the
accumulation of ROS, these cells may be more sensitive than normal cells. The normal cells at
under physiological status play an important role in maintaining redox homeostasis with a
low level of basal ROS by controlling the balance between pro-oxidants and antioxidant
capacity. The physiological conditions are affected by ROS inducers (such as hypoxia, meta-
bolic defects, ER stress, and oncogenes) and ROS elimination (such as NRF2, glutathione,

Figure 1. The interaction between different ROS levels in cancer cells. In cancer cells, ROS at low to moderate levels
induces cell proliferation and cell survival, at high level induce cell damage and at an excessive level induce cell death.

Free Radicals and Diseases320

NADPH, tumor suppressors, and dietary antioxidant agents) [4, 5]. The increase of ROS level
of intracellular by activating signaling pathways in cancer cells represents that these cells very
more vulnerable than normal cells to ROS-caused cell death. As a result, these cells in com-
parison to normal cells very more dependent on the capacity of the antioxidant system and
more vulnerable to major oxidative stress induced through exogenous ROS-generating agents
or compounds that inhibit the antioxidant system. This might constitute a biochemical basis
to plan therapeutic strategies to selectively death cancer cells using ROS-moderated mecha-
nisms [4–6].

As described above, the increase of ROS in cancer cells was induced several biological re-
sponses. These biological responses (including adaptation, increase in cellular proliferation,
cell damage, and cell death) are likely to be dependent on the cellular genetic background,
the types of the specific ROS involved, and the levels of ROS at the duration of the oxidative
stress [7].

3.2. Antioxidant and oxidation pathways regulate ROS generation

Oxidative stress plays an important role in cell signaling as a sensor and regulator. It was
reported that a lot of regulator agents have a considerable effect on up-expression and down-
expression of antioxidant genes. In the following, we explain some of the major factors that
act directly in the expression of antioxidant genes (Figure 2). On the other hand, good
understanding of the particular pathways that are affected by these regulators is important
before designing therapeutic approaches to the adjustment of ROS levels [4].

Figure 2. The regulation of ROS level by ROS inducers and ROS scavengers. The oxidative stress/ROS generation in-
crease by agents such as, oncogenes, mitochondrial mutations, hypoxia, ER stress and decrease expression levels of
antioxidant proteins that prevent increasing ROS level.
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3.3. NRF2 (nuclear factor, erythroid-derived 2, like 2)

NRF2 is an important regulator of the antioxidant system and cellular stress responses in the
several cancers. From the support on the function of Nrf2 target genes, one can easily conclude
that activation of Nrf2 may protect cells from several stresses imposed through toxic exposure.
Actually, it is recognized that NRF2 regulate various anti-oxidative stress responses and for
detoxification reactions, its expression in the tissues increases [8, 9].

NRF2 adjust the common various different antioxidant pathways such as GSH production and
regeneration, GSH utilization, NADPH production, thioredoxin (TXN) production, regener-
ation and utilization, Quinone detoxification and Iron sequestration (Figure 2). It is directly
(through GSH metabolism) and indirectly (controlling free Fe(II) homeostasis) involved in ROS
detoxification. NRF2 decreases the generation of harmful hydroxyl radicals from ROS by
increasing the release of Fe(II) from haem molecules [4].

It was suggested that phytochemical compounds such as dietary and medicinal plants through
the effect on NRF2 pathway played a key role in cancer therapy [8, 9].

3.4. FOXO (Forkhead box O) and p53

FOXO, as a transcription factors, are involved in different signaling pathways and play key
roles in some physiological and pathological processes such as cancer. It could play and act as
a self-regulatory mechanism, which protects cells from an oxidative damages, via keep in good
condition a balance of ROS and antioxidant productions.

FOXO and p53 (as a tumor suppressor) have a key role in inhibiting oxidative stress process
through inducing antioxidant gene expression [4]. It was reported that an increase of ROS level
leads to up-regulation of anti-oxidative proteins, such as MnSOD and catalase through
FOXO3a- and FOXO1 [10]. The p53, as a final transcription factor, has an important role in
regulating antioxidant gene expression is p53 and a double-edged (as a pro- and antioxidant)
role in ROS controlling. The p53 and FOXO play a role of the regulate antioxidant pathways
such as SODs/catalase, PTEN-induced putative kinase 1 (PINK1), NADPH synthesis, and
sestrins [4].

3.5. Hypoxia and hypoglycemia

Hypoxic conditions caused by the imbalance between intake and oxygen consumption [4]. The
production of ROS through the mitochondrial complex I and III, xanthine oxidase, and
NADPH oxidase related to hypoxia is recognized as one of the most harmful causes of
oxidative process. Some studies have shown that hypoxia condition-caused superoxide
generation occurs through the activation of NADPH oxidase placed in the cell membrane and
under moderate condition, NO is generated in mitochondria. Studies suggested that hypoxia-
induced loss in mitochondria membrane potential and this and this event is related to raising
ROS [11].

Studies have shown that the mitochondria complex III (at the Qo site) at during the transfer
of electrons from ubisemiquinone to molecular oxygen is the main source for ROS generation
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under hypoxia. In addition, it has shown that activation the transcription factor hypoxia-
inducible factor (HIF) dependent on ROS level. HIFs regulate physiological responses to
hypoxia, such as pathophysiological processes (especially in cancer) [4].

It was reported that, there is a relation between an increase in the level of H2O2 generation of
mitochondria and an increase in susceptible cancer cells to apoptosis. This susceptibility
caused cytotoxicity and also to oxidative stress-induced apoptosis when compared to normal
cells [12].

3.6. Oncogenes

The oncogenes such as RAS, c-MYC, and Bcr/Abl, as a ROS-generators, are common agents
that induce increase ROS levels in cancer cells by alteration in balance between pro-oxidant
and anti-oxidant systems [11]. In the cancer cells, oxidative stress (due to increase ROS level
and decrease antioxidant level) is higher than normal cells. At a time when equivalent levels
of oxidative stress are added by the administration of exogenous ROS-inducing agents,
oxidative stress levels in cancer cells but not normal cells can readily over the threshold of cell
death. Hence, cancer cells in compared normal cells are expected to be more vulnerable to cell
damage caused by ROS-inducing agents and this vulnerability can be exploited to selectively
kill these cells [11].

Figure 3. A model for increase ROS and apoptosis signaling by oncogenes such as c-MYC.

The activation of MYC in cancer cells leads to an elevating in intracellular ROS through
mechanisms such as changes in scavenging process, metabolic rate, and eventual activation of
intracellular oxidases (Figure 3). The previous investigations show that the increased expres-
sion of c-MYC and E2F1 induces accumulation of ROS and increases ROS by c-MYC and E2F1
sensitizes host cells to apoptosis.
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Hypoxia, on the one hand, as a ROS inducer, can also directly induce the raised expression of
oncogenes such as MYC and RAS through HIF-2α. On the other hand, MYC increases
mitochondrial biogenesis, which adds to the raised ROS generation under hypoxic conditions
and the raised mitochondrial ROS generation elevate the oxidative stress process [12].

It has been suggested that RAS, p53, and c-MYC through the mitochondria to regulate ROS
generation, thereby affecting apoptosis. RAS in K-Ras-transformed fibroblast cell under the
condition that glucose deprivation induces apoptosis through changes in mitochondrial
complex gene expression. It has also been reported that RAS in p66SHC overexpression
condition in the transformed cells increase ROS generation through mitochondria and p53,
MPTP opening and mitochondrial swelling could induce apoptosis (Figure 3) [12].

3.7. Mitochondria

In recent decades, several studies have shown that mitochondria organelle plays an important
role in human health and disease. These studies led to the emergence of a new field of study
named "mitochondrial medicine." In the mitochondria, the molecules that are located on or
inside have been considered as an initial pharmacological target and a wide range of efforts
are in progress to use these targets to develop targeted treatments for cancer.

It has been confirmed that these organelles are the principal intracellular source of ROS
production in most tissues. The under physiological status approximately 2% the O2 consumed
is changed to ROS molecules. In the mitochondria, ROS generation (such as O2

−) often occurs
by complexes I and III respiratory chain. Studies have shown that under physiological
condition, complex II respiratory chain could also be a main regulator of ROS generation from
mitochondria [13].

In eukaryotic cells, the mitochondrion is an important organelle that plays a main role in
several critical processes. The important role of mitochondria is mentioned in the physiology
of cancer, such as in energy metabolism and cell cycle regulation. There is powerful docu-
mentary evidence to support the rationale for the expansion of anticancer strategies based on
mitochondrial targets. This organelle is recognizing to play an important role in the apoptosis
mechanism and initiate cell death through various mechanisms that comprise disrupting
electron transport and energy metabolism in the respiratory chain, releasing agents or proteins
(such as cytochrome c) that mediate apoptosis signaling, and changing the cellular redox status
by ROS generation.

The therapeutic targeting of cancer cells based on mitochondria have often depended on the
intrinsic various differences between mitochondria in normal and cancer cells, which allow
for better options, manipulation different pathways, and destruction of these cancer cells.
These differences are including bioenergetics change, disturbance of the mitochondrial DNA
(mtDNA), and morphological and physiological changes in the cancer cell (Table 1). The
mtDNA is one main target of ROS and the lack of sufficient protective histones surrounding
the mtDNA in cancer cells makes the mtDNA more easily tending to ROS-caused DNA
damage. In addition, various researches have shown that the mitochondria were different in
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cancer cells than in normal cells, such as grow faster, fewer and smaller, and also had the
morphological transformed [13].

Cancer cells Normal cell

Bioenergetics process Aerobic glycolysis condition "Warburg Effect" Aerobic condition

Mitochondrial DNA (mtDNA) mtDNA is mutated mtDNA is normal

Morphological and physiological
differences (shape and count)

Size and shape: smaller Size and shape: larger

MMP level Higher (~60 mV) Lower

ROS level Higher Lower

Intracellular pH Acidic No acidic

Metabolic rates Higher Lower

Table 1. Some differences between cancer and normal cells such as bioenergetics process, MMP and ROS level, and
morphological and physiological differences.

Today, several mitochondria targeted strategies for cancer therapy have been focused on the
development of agents that manage increased the ROS generation in mitochondria from the
cancer cells without effect on the normal cells. It has been shown that ROS generation in the
mitochondria is evaluated through the rates of both mitochondria ROS (mtROS) disposal and
production, and ROS levels in mitochondria are regulated by several agents, including
mitochondria O2 levels, mitochondrial membrane potential (MMP or Δψm), the metabolic
condition of mitochondria, and other factors (Figure 4). A number of recent researches reveal
the fact that mtROS at low to high levels act as several functions. That is it at low levels, involved
in the hypoxia adaptation process, at moderate levels, involved in controlling inflammatory
response, and at high level involved in regulating apoptosis signaling.

Figure 4. Adjustment of mitochondria ROS (mtROS) generation. Several agents such as MMP, the metabolic state of
mitochondrial, O2 level and STAT3 adjust the generation of mtROS.

Role of Oxygen Free Radicals in Cancer Development and Treatment
http://dx.doi.org/10.5772/64787

325



As mentioned in the previous section, the increase of ROS level of intracellular by sever agents
through activating signaling pathways in cancer cells represents that these cells are more
vulnerable than normal cells to ROS-caused cell death. The results of the studies suggest that
ROS (such as H2O2) could affect the extrinsic apoptosis pathway through changing the
intracellular space. The up-regulation of receptor shows in various systems with increase ROS
by exogenous ROS and ROS causing agents. It has also been found to sensitize cancer cells,
but not normal cells to TRAIL-caused apoptosis.

Adenine nucleotide translocator (ANT), as an inner mitochondrial protein, is also a target of
ROS regulation by integrity of its redox-sensitive cysteines, supplying an extra mechanism by
which drug-caused ROS generation may activate mitochondrial apoptosis signaling. In
addition, it has shown that O2•− plays a key role, on the one hand, to regulate the function of
voltage-dependent anion channel (VDAC) to promote cytochrome c explosion. On the other
hand, ROS also could regulate protein complexes inner place the mitochondrial electron
transport chain (mETC), activate caspases-3 and initiate apoptosis signaling.

Today, agents that are used in the treatment of cancer through the mechanism of ROS gener-
ation are known as an important drug class. Some studies have shown that several mitochon-
dria-targeted drugs have potency useful in selective cancer cell killing and no effect on normal
cells in pre-clinical and clinical testing, such as ROS regulators. It has been shown that cancer
cells in comparison with normal cells are more vulnerable to irreversible damage induced by
stress oxidative and subsequent apoptosis. Researchers in previous studies have been used of
the differences between the mitochondria between cancer and normal cells as a means to kill
cancer cells by anti-cancer drugs. The phrase “mitocan” has been suggested to categorize
mitochondria-targeted anticancer drugs, particularly those that caused increase ROS genera-
tion in mitochondria.

A promising anti-cancer strategy named “oxidation therapy” has been expanded by inducing
cytotoxic oxidative stress in cancer cells and no effect on normal cells through several mech-
anisms for cancer treatment. Developing cancer therapies based on increasing further the high
ROS level in cancer cells to a toxic level by the several mechanisms such as triggering ROS
accumulation directly and inhibiting the antioxidant systems display powerful phenomenon
of selectively killing cancer cells [6]. A number of drugs class have been recognized as
increasing ROS production. It is well documented that some of chemotherapeutic agents can
induce ROS generation through mitochondrial respiratory chain complexes in patients during
cancer therapy. These compounds can be separated into various categories such as alkylating
agents, anthracycline antibiotics, platinum compounds, mitotic inhibitors, antimetabolites,
biological response modifiers, and hormone therapies.

3.8. Targeting mitochondrial respiratory chain

Arsenic trioxide (ATO) is used in the treatment of acute promyelocytic leukemia (APL). It was
reported that ATO induces apoptosis signaling in several cancer cells such as lung, leukemia,
and myeloma cancer through the induction of ROS. The mechanism by which ATO cause
increased ROS generation is not completely well known. The most recent investigations
indicated that ATO can impair the function of respiratory chain in the mitochondria, leading
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to increased generation of superoxide, likely by causing leakage of electrons from the mito-
chondrial respiratory chain complexes (Figure 5). On the other hand, ATO could be used in
mixture with several anticancer drugs, which play a role through increasing ROS production.

Figure 5. Mechanism of ROS generation and apoptosis induction by the ATO, doxorubicin, daunorubicin and bleomy-
cin (anthracycline antibiotics) and cisplatin. These drugs, leading to increased generation of ROS, likely by causing
leakage of electrons from the mitochondrial respiratory chain complexes.

The doxorubicin, daunorubicin, and bleomycin are an anthracycline antibiotics, cisplatin is a
platinum compound, and amitriptyline as a tricyclic antidepressant are used in the treatment
of several types of cancer. The mechanism of doxorubicin bleomycin, cisplatin, and amitrip-
tyline in the ROS production is the same of ATO. These drugs with impair the function of
respiratory chain in the mitochondria, leading to increase generation of superoxide. These
compounds due to this mechanism (ROS generation) are used for the treatment of several types
of cancers (Figure 5).

Studies have shown that other drugs such as dequalinium chloride (preclinical) and metformin
(preclinical and clinical, Phase I) through inhibition of mitochondrial complex 1 have the ability
to produce ROS.

3.9. Targeting VDACs

VDACs, also known as mitochondrial porins, show high similarity between some animals
(especially mice) and humans. VDAC play an important role in the cell, such as regulating
mitochondrial shape and structural changes, regulating apoptosis signaling, regulating ATP
and calcium transport. Several studies have demonstrated the role of VDAC in the regulation
of apoptosis signaling and VDAC is being studied as a cancer-specific target.

Erastin (Phase I/II) and Lanperasone (FDA-approved), as a modified form of tolperisone,
down-regulate mitochondrial VDACs and alter the mitochondrial membrane permeability
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induce increase ROS generation. As has been mentioned, these drugs promote ROS production
through the disturbance of VDAC and cause non-apoptotic form of cell death in KRAS.

3.10. Targeting NOX

Several studies have shown that some drugs and agents including, paclitaxel (taxol), ionizing
radiation, niclosamide, AGX-891, AG-221 with effect on NOX induces ROS generation. Taxol
is a mitotic inhibitory drug and it has been shown that induced ROS production/accumulation
in the cell. The recent results from both in vitro and in vivo studies have shown that this drug
causes the translocation of Rac1, which favorably regulates the activity of NOX, thereby
furthering ROS (H2O2) production. It was reported that taxol can raise the levels of ROS in the
extracellular and subsequently induced cancer cell death resulting in the release of cytochrome
c from the mitochondria.

3.11. Targeting p53

P53 act as a transcription factor to regulate the expression of many pro-oxidant genes. The
5-fluorouracil (5-FU) is an antimetabolites and pyrimidine analog. It is used for therapies for
several types of cancers, such as gastrointestinal, colon, rectal, and head and neck cancer,
through inducing intracellular increase in superoxide. The mechanism by which 5-FU cause
increased ROS generation from mitochondria is through a p53-dependent pathway [4]. The
level of ROS production is different among these compounds and thus that anthracyclines
(such as, doxorubicin), alkylating agents (such as, cyclophosphamide), platinum complexes
are considered as the highest generation of ROS and taxanes, vinca alkaloids, and nucleotide/
nucleoside analogs such as 5-FU as the lowest generation of ROS.

3.12. Targeting antioxidant system

It has been confirmed that GSH, catalase, and thioredoxin (TXN), as an antioxidant system,
play a main role in equivalent pro-oxidant/antioxidant system through the scavenging various
types of ROS. The two pathways GSH through enzymes such as GPX and GST and catalase
can act directly on scavenging ROS in cells. For that reason, oxidative stress can be promoted
with methods based on the loss of the reduced GSH storage and other antioxidant sources. A
number of drugs class have been recognized as increasing oxidative stress process and ROS
generation through targeting antioxidant system [4, 5].

These drugs are, including buthionine sulfoximine (BSO), imexon, phenylethyl isothiocyanate,
mangafodipir, 2-methoxyestradiol, tetrathiomolybdate (ATN-224), and auranofin, used in the
treatment of various types of cancer. For example, BSO through inhibition of the antioxidant
system (especially GSH) in cancer cells (such as ovarian and breast cancers) can induce an
accumulation of ROS due to the high basal ROS output in ovarian and breast cancers, and
initiate cell death [4, 5]. Other studies have shown that imexon through decrease GSH pool
and subsequently increase the production of ROS and decrease mitochondria function was
induced apoptosis. Other studies have shown that some other drugs, including ascorbic acid
and diethylmaleate are able effects on GSH (GSH depletion). One the other hand, mercapto-
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succinic acid, aminotriazol, and 2-Methoxyoestradiol were able to inhibit of GPx, catalase, and
SOD, respectively, and thereby increase ROS production [7].

4. Conclusion

Cancer is a multistage disease including initiation, promotion, and progression. The increased
ROS causes DNA damage, which may lead to DNA damage or gene mutation, resulting in the
progression of cancer. Increased generation of ROS and an altered redox status have observed
in cancer cells, and investigations suggest that this biochemical property of cancer cells can be
exploited for cancer therapy. For treatment of cancer, since high levels of ROS can induce cell
death, treatment of radiation, chemotherapy, and molecule compounds all can increase the
level of intracellular ROS to induce cancer cell death and apoptosis. The increased intracellular
ROS levels could make cancer cells more vulnerable than normal cells to oxidative stress-
induced cell death.
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Abstract

Chronic kidney disease (CKD) is defined as the atrophy of the kidney or progressive
decline of renal function mainly caused by chronic diseases such as diabetes mellitus
and hypertension. CKD affects more than 10% of the world's population. Moreover,
there is no single treatment to improve kidney function in CKD patients. Consequently,
this condition is considered a worldwide public health problem. The development of
novel  CKD  therapies  is  highly  needed  because  current  treatment  methods  are
ineffective. Since oxidative stress plays a critical role in CKD, the study of the effect of
antioxidants in this pathology is highly important. Dietary antioxidant agents have
shown protective effects in CKD. Hence, they may be key for the development of feasible
therapies. The aim of this chapter is to provide recent information about the therapeutic
role of dietary antioxidants in experimental models of CKD and clinical trials, as well
as to describe the mechanisms through which antioxidants exert nephroprotection. The
dietary antioxidants revised in this chapter are curcumin, sulforaphane, resveratrol,
quercetin, proanthocyanidins, flavan‐3‐ols, soy protein, red propolis, and Mediterra‐
nean diet.

Keywords: natural compounds, chronic kidney disease, diabetic nephropathy, oxida‐
tive stress, inflammation
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1. Introduction

1.1. Function of the kidney

The aim of this overview on kidney function is to introduce readers unfamiliar with renal
physiology to basic principles that are required for a better understanding of chronic kidney
disease (CKD). A detailed and state‐of‐the‐art description of the morphology and function of
the kidneys and the structure of the nephrons can be found in standard handbooks of renal
physiology [1, 2].

Human kidney contains around 1–3 millions of functioning units called nephrons. Each
nephron consists of a glomerulus and a tubular system. The glomerulus filters the blood
free of cells and large proteins (filtration), and produces an ultrafiltrate composed of small
circulating elements. The ultrafiltrate enters the tubule, which is highly specialized at vari‐
ous segments, to produce the final urine by removing substances from the tubular fluid

Figure 1. Structure of the nephron. Nephrons are constituted by glomeruli and the tubular system which encompasses
the proximal tubule, the loop of Henle, the distal convoluted and connecting tubules and the collecting duct. Macro‐
scopically nephrons can be divided into cortex, outer and inner medulla.
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(reabsorption) or adding substances to the tubular fluid (secretion). Filtration, reabsorption,
and secretion keep the organism in balance in terms of water, minerals, electrolytes, and
hydrogen ion concentration and eliminate the toxic substances produced by the body.

Plasma is constantly equilibrated with the interstitial fluid of the extracellular space and with
the intracellular space. Organs such as kidneys, lungs, and intestine maintain the physiological
composition of the body fluids of mammals. The kidney carries out this process through the
excretion of xenobiotics, solutes, water, and metabolic wastes by producing the urine. In the
kidney, blood is filtered through the glomerulus, which is a capillary network composed of
endothelial and mesangial cells and podocytes; this process is called ultrafiltration, whose
driving force depends on blood pressure and filtration pressure in the glomerular capillaries.
Filtered water and solutes still of use for the body are efficiently recycled to the circulation by
obligatory and regulated reabsorptive processes in the tubular sections of the nephrons.

Primary ultrafiltrate contains essential nutrients and electrolytes that need to be actively
reabsorbed to avoid critical losses and ensuing deficiencies. On the contrary, the kidney
actively secretes some metabolic wastes since their rate of production exceeds their rate of
glomerular filtration. All these selective processes are carried out by the nephrons, epithelial
tubular structures that consist of several interconnected segments with specific morphological
and functional characteristics, the proximal tubule (PT) with its convoluted segments S1 and
S2 (proximal convoluted tubule, PCT) and straight segment S3, the loop of Henle (LOH), the
distal tubule (DT) with its convoluted segment (distal convoluted tubule, DCT) and connecting
tubule, and finally the collecting duct (CD) (Figure 1).

By these means, about 180 L of primary filtrate is generated every day to produce about 1–3 L
of final urine. This indicates that about 99% of the primary urine is reabsorbed along the more
than two million nephrons.

1.2. Chronic kidney disease

CKD is defined as the atrophy of the kidney or progressive decline of renal function [3]. CKD
affects more than 10% of the world population [4]. Furthermore, treatment methods such as
dialysis or transplantation are expensive or ineffective; therefore, this condition is considered
a public health problem [5]. Renal dysfunction can be identified when the glomerular filtration
rate (GFR) is below 60 mL/min/1.73 m2 for more than 3 months and when albuminuria, defined
as an albumin‐to‐creatinine ratio above 30 mg/g per day, is present [5].

Among different factors that induce CKD, diabetes mellitus and hypertension are the most
important causes of this pathology [6]. Diabetic nephropathy (DN) is the main microvascular
complication of diabetes often leading to CKD. As a matter of fact, DN is the main cause of
dialysis admissions (34% of admissions) [7]. DN occurs when high blood glucose concentra‐
tions impair the function of renal blood vessels and glomerular and epithelial tubular cells [8].
Hypertension is the second leading cause of CKD [9]. Hypertensive nephropathy patients are
advised to maintain their blood pressure to 130/80 mm Hg to prevent CKD development [10].
Several mechanisms are involved in CKD pathogenesis; some of them include inflammation,
glomerulosclerosis, tubulointerstitial fibrosis, and mainly oxidative stress [11]. Oxidative

Role of Dietary Antioxidant Agents in Chronic Kidney Disease
http://dx.doi.org/10.5772/63669

333



stress is a common phenomenon in CKD lesions, and it is considered to play a critical role in
both the progression of CKD and related complications [12–15]. There is no single treatment
to improve kidney function in CKD. Approaches to retard the progression of this disease are
limited to normalization of blood pressure, blood glucose, and insulin. In this context, several
antioxidants have been tested in CKD studies.

1.3. Oxidative stress

An imbalance between reactive oxygen (ROS) and nitrogen (RNS) species and cellular
antioxidants, in favor of oxidant species, is termed oxidative stress [16, 17].

Oxidant formation is physiologically important in the process of tissue repair as a result of
inflammation and in the self‐defense mechanism against microorganisms and other foreign
antigens. However, when this process occurs in chronic pathological conditions, such as CKD,
it has a detrimental effect and contributes to cell and tissue damage.

ROS are produced when oxygen is partially reduced. Some ROS are free radicals as they have
an unpaired electron in their outer orbit. Free radicals include superoxide (O2

•‐) and hydroxyl
(•OH) radicals while non‐radicals include hydrogen peroxide (H2O2), and singlet oxygen (1Δg

O2). Sources of ROS include the mitochondrial electron transport chain, endothelial cells
(xanthine oxidase reaction), inflammatory cells (myeloperoxidase and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase), catecholamine oxidation, and metabolism of
arachidonic acid. The physiological formation of ROS is detoxified by endogenous antioxi‐
dants, which are classified into two types: enzymatic and non‐enzymatic. Enzymatic antioxi‐
dants include superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
glutathione reductase (GR), and glutathione S‐transferase (GST). Glutathione (GSH) is the
most abundant nonenzymatic antioxidant in the cell. Also, exogenous antioxidants obtained
from daily food intake are classified as nonenzymatic antioxidants, which can be hydrophilic
(ascorbic acid/vitamin C and flavonoids) or lipophilic (α‐tocopherol/vitamin E and carote‐
noids).

Oxidative stress plays a critical role in CKD progression, directly by inducing glomerular and
tubular damage or indirectly associated with inflammation, hypertension, and/or endothelial
dysfunction [17]. Factors that cause oxidative stress are activation of NADPH oxidases,
uncoupled endothelial nitric oxide synthase and mitochondrial dysfunction together with
decreased antioxidant defenses such as decreased expression and activity of antioxidant
enzymes and intracellular GSH content. In this context, ROS oxidize a wide variety of cellular
components such as lipids, proteins, carbohydrates, and nucleic acids. Hence, the products of
oxidant damage can be used as markers of oxidative stress. In fact, in patients with CKD,
increased products of low‐density lipoprotein (LDL) oxidation (ox‐LDL) and levels of thio‐
barbituric acid‐reactive substances (TBARS), which are markers of lipid peroxidation, have
been found [18]. Antioxidants are widely used as a therapy to reduce oxidative stress.
Therefore, the aim of this chapter is to provide recent information about the therapeutic role
of dietary antioxidants in experimental models of CKD and clinical trials, as well as to describe
the mechanisms through which antioxidants exert nephroprotection.
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2. Dietary antioxidants

Dietary antioxidants encompass a wide range of molecules. The structures of some of the
antioxidants reviewed in this chapter are shown in Figure 2. In addition, a scheme summa‐
rizing the mechanism of action of dietary compounds and their antioxidant properties in CKD
is shown in Figure 3.

Figure 2. Molecular structure of the dietary antioxidants curcumin, sulforaphane, quercetin, and resveratrol.

Figure 3. Beneficial properties of dietary antioxidants and its role in chronic kidney disease (CKD). Dietary compounds
decrease renal dysfunction in CKD by inducing Nrf2 nuclear localization and scavenging reactive oxygen species
(ROS) decreasing oxidative stress. Nrf2, nuclear factor E2‐related factor 2; RNS, reactive nitrogen species.

2.1. Curcumin

Curcumin is the main curcuminoid found in turmeric (Curcuma longa), which is used as a spice
or food colorant in curry, mustard, cheese, yogurt, soups, and cereals [19]. Curcumin is
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classified as a bifunctional antioxidant agent due to its ability to scavenge ROS and to modulate
cellular localization of nuclear factor E2‐related factor 2 (Nrf2). Curcumin is able to scavenge
superoxide anion (O2

‐∙) [20–22], hydroxyl radicals (∙OH) [22, 23], H2O2 [20, 22, 23], singlet
oxygen [22, 24], nitric oxide [25, 26], peroxynitrite [22, 27], and peroxyl radicals (ROO∙) [22, 23].

Curcumin also exhibits anti‐inflammatory properties [28, 29]. One of the main targets of
curcumin are the pro‐inflammatory transcriptional factors, such as nuclear factor (NF)‐κB and
activator protein (AP)‐1, which have an important role in mediating inflammatory responses
by modulating the production of pro‐inflammatory cytokines [30].

Curcumin has been reported to reverse 5/6 nephrectomy (5/6 Nx)‐induced damage in rats.
Curcumin administration (120 mg/kg) 30 days after 5/6 Nx from day 31 to 60 was reported to
reverse glomerular hypertension and hyperfiltration, induce cell proliferation and nuclear
localization of Nrf2, and ameliorate 5/6 Nx‐induced oxidative stress and decrease in antioxi‐
dant enzymes [31]. Moreover, curcumin administration (75 mg/kg) 7 days after 5/6 Nx for 9
weeks was reported to decrease blood urea nitrogen (BUN) and plasma creatinine levels, and
attenuate proteinuria, segmental sclerosis, and tubular dilatation [32]. Furthermore, curcumin
administration (60 mg/kg) for 7 days before and 30 days after 5/6 Nx was reported to attenuate
proteinuria, systemic and glomerular hypertension, hyperfiltration, glomerular sclerosis,
interstitial fibrosis, interstitial inflammation, and increased plasma creatinine and BUN. These
effects were associated with Nrf2 nuclear translocation [33]. In addition, curcumin (75 mg/kg)
administration 2 weeks after surgery for 11 weeks was also reported to decrease BUN and
plasma creatinine levels, as well as ameliorate proteinuria [34].

Curcumin has also been reported to exert nephroprotection in DN models [29]. Sharma et al.
[35] evaluated the effect of curcumin on renal function and oxidative stress in streptozotocin
(STZ)‐induced diabetic rats. Rats were given curcumin (15 or 30 mg/kg) 4 weeks after STZ
administration for 2 weeks. STZ‐induced diabetic rats showed polyuria, increased blood
glucose, and decreased body weight compared with age‐matched control rats. After 6 weeks,
diabetic rats also exhibited renal dysfunction, as evidenced by reduced creatinine and urea
clearance and increased proteinuria, along with a marked increase in oxidative stress, as
determined by lipid peroxidation and activities of antioxidant enzymes. Curcumin was able
to ameliorate both renal dysfunction and oxidative stress in diabetic rats [35].

Moreover, clinical trials have been conducted to evaluate the effect of turmeric on DN [36, 37].
In a randomized, double‐blind and placebo‐controlled study, patients with DN received
turmeric (22.1 mg of curcumin, three times a day) for 2 months. Serum levels of transforming
growth factor‐β (TGF‐β) and interleukin‐8 (IL‐8), and urinary levels of IL‐8 were significantly
decreased after turmeric supplementation. Moreover, proteinuria in DN patients was
effectively improved by turmeric without adverse effects [36].

In another randomized, double‐blind, and placebo‐controlled study, patients under hemo‐
dialysis were randomly divided into control and trial groups [37]. Trial group received
turmeric (22.1 mg of curcumin, three times a day) for 8 weeks, whereas control group received
starch. Patients in both groups also received Nephrovit tablet as a previous regimen at least
for 3 months. Plasma malondialdehyde (MDA) level decreased in both groups, the ratio of
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decrease was significantly higher in the trial group. Activities of GPx, GR and CAT in red blood
cells increased in both groups, the ratio of CAT increment was significantly higher in the trial
group. Furthermore, a significant increment in albumin plasma level in the trial group was
observed [37]. Therefore, turmeric attenuates oxidative stress and renal damage in hemodial‐
ysis patients.

2.2. Sulforaphane

Sulforaphane (SFN) is a naturally occurring isothiocyanate synthesized by the enzymatic
action of myrosinase on glucoraphanin, a glucosinolate found in cruciferous vegetables of the
genus Brassica as broccoli, brussel sprouts, mustard, cabbage, and cress [34]. SFN is classified
as an indirect antioxidant agent due to its ability to increase Nrf2 nuclear localization. It has
been proposed that Nrf2 activation may occur by disruption of interactions between Nrf2 and
Kelch‐like ECH‐associated protein (Keap)‐1 or by mitogen‐activated protein kinases (MAPK)
pathways activation [38–40].

The renoprotective effect of SFN has been evidenced in several in vivo studies [41–44]. In a STZ‐
induced diabetic mouse model, SFN treatment (started 2 weeks after STZ injection) was
reported to improve metabolic dysfunction associated with diabetes, albuminuria, and
glomerular sclerosis. This study further revealed that SFN attenuates high glucose‐induced
mesangial cell hypertrophy by Nrf2‐mediated TGF‐β signaling repression [41]. In addition,
SFN administration (0.5 mg/kg) for 3 months was reported to prevent STZ‐induced renal
fibrosis and increment in albumin‐to‐creatinine ratio [42]. Moreover, SFN has shown beneficial
effects in the unilateral ureteral obstruction (UUO) model. In rats, SFN was reported to
preserve Nrf2 levels and attenuate mitochondrial‐induced oxidative damage and renal fibrosis
[43]. An additional study of UUO in rats showed that structural renal damage was improved
by SFN treatment [44].

2.3. Quercetin

Quercetin is the main flavonol in human nutrition [45]. Quercetin is present in nuts, red onions,
grapes, berries, citrus fruits, tea, pepper, coriander, fennel, radish, broccoli, tomatoes, apples,
and red wine [46, 47]. Quercetin is a potent natural antioxidant and scavenger of ROS and RNS
[48, 49].

The effect of quercetin in the STZ‐induced diabetic rat model was evaluated. Four weeks
after STZ injection, quercetin (10 mg/kg) was given orally for 4 weeks. At the end of the
experiment, quercetin treatment reduced proteinuria, serum creatinine, and BUN [50].
Gomes et al. [51] evaluated whether quercetin could also have beneficial effects in concur‐
rent STZ‐induced DN and spontaneous atherosclerosis, using apolipoprotein E‐deficient
mice (apoE (−/−)). Six weeks after STZ or vehicle injection, mice were randomly divided into
control mice, diabetic apoE (−/−) mice, and diabetic apoE (−/−) + quercetin (10 mg/kg) mice.
Quercetin treatment diminished polyuria and glycemia, and normalized hypertriglyceride‐
mia. Moreover, quercetin decreased serum creatinine and proteinuria. Furthermore, protec‐
tive effects on renal structural changes, as normalization of the index of glomerulosclerosis
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and kidney weight/body weight, were observed. Thus, quercetin could be a therapeutic op‐
tion for DN, including diabetes‐associated dyslipidemia [51].

2.4. Resveratrol

Resveratrol (RSV) is a polyphenolic compound found in berries, nuts, peanuts, grapes, red
wine, coffee, legumes, and chocolate [52]. RSV is classified as a bifunctional antioxidant agent;
it is able to scavenge •OH, O2

•− and metal‐induced radicals [53] as well as induce gene
expression of antioxidant enzymes, such as SOD and GPx [54].

Sharma et al. [55] evaluated RSV effect on renal function and oxidative stress in STZ‐induced
diabetic rats. Rats were divided into four groups: control, diabetes, and diabetes + RSV (5 or
10 mg/kg) groups. Four weeks after STZ injection, RSV was administered from week 4 to 6.
STZ‐induced diabetic rats showed polyuria, an increase in blood glucose and a decrease in
body weight. After 6 weeks, diabetic rats also exhibited renal dysfunction, as evidenced by
reduced creatinine and urea clearance and increased proteinuria along with enhanced
oxidative stress, as evidenced by increased MDA and decreased GSH level and SOD and CAT
activities. RSV treatment significantly attenuated renal dysfunction and oxidative stress [55].

RSV effect on renal fibrosis induced by UUO was evaluated in mice by Liang et al. [56]. Mice
were divided into three groups: control, UUO, and UUO + RSV (20 mg/kg) groups. RSV
treatment attenuated renal injury including extracellular matrix deposition and tubulointer‐
stitial damage. Renal cortical mRNA levels of intercellular adhesion molecule (ICAM)‐1, tumor
necrosis factor (TNF)‐α, and TGF‐β, protein expression of fibronectin, and mothers against
decapentaplegic homolog 3 (Smad3) acetylation were significantly upregulated in the UUO
group. RSV treatment decreased the expression of these proteins. Furthermore, RSV increased
SOD activity and decreased MDA and 8‐hydroxy‐2′‐deoxyguanosine (8‐OHdG) levels [56].

There is no clinical evidence showing RSV effects on CKD; however, several studies suggest
it may exert beneficial effects on CKD patients. RSV supplementation in type 2 diabetic patients
reduced insulin resistance and urinary excretion of ortho‐tyrosine, a marker of oxidative
stress [57]. Moreover, dietary supplementation with red grape juice exerted antioxidative and
anti‐inflammatory effects in hemodialysis patients [58, 59]. In 2006, red grape juice supple‐
mentation was reported to increase antioxidant capacity of plasma and decrease oxidized LDL
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75 years old, free of prevalent renal disease at baseline, were selected for this study. Proantho‐
cyanidin intake was determined using a food frequency questionnaire and the US Department
of Agriculture proanthocyanidin food content database. Fasting serum cystatin C and creati‐
nine were assessed at baseline. Renal failure hospitalizations and deaths were assessed over 5
years of follow‐up. Participants in the highest tertile of proanthocyanidin intake had a 9% lower
cystatin C concentration than participants with lower proanthocyanidin consumption. High
proanthocyanidin consumers were at 50% lower risk of moderate chronic kidney insufficiency,
and 65% lower risk of experiencing a 5‐year renal disease event. Therefore, a high proantho‐
cyanidin intake is associated with renal health preservation [61].

Recently, the effect of grape seed proanthocyanidin extract (GSPE) on renal injury in type 2
diabetic rats was evaluated [62]. Rats were divided into control and diabetic groups; this later
was induced diabetes by a high‐carbohydrate/high‐fat diet and a low STZ dose. Diabetic rats
were further divided into control and three experimental groups. Experimental groups
received 125, 250, or 500 mg/kg bw of GSPE. After 16 weeks, GSPE administration increased
body weight and decreased food and water consumption, and urine volume in rats. Diabetic
rats treated with GSPE showed decreased fasting blood glucose, serum insulin, glycated
hemoglobin (HbA1c), and systolic blood pressure. GSPE significantly improved renal function
parameters, reduced the expression of tissue inhibitor of metalloproteinase 1 and also in‐
creased the activity of matrix metalloproteinase 9. Furthermore, GSPE increased the activity
of antioxidant enzymes and reduced the levels of C reactive protein (CRP) in the serum and
the expression of TNFα, monocyte chemoattractant protein 1, and ICAM1 in the kidney. Hence,
the GSPE protective effect on renal injury in type 2 diabetic rats might be associated with
decreased renal inflammation and oxidative stress [62].

2.6. Flavan‐3‐ols

Flavan‐3‐ols are naturally occurring flavonoids. Epigallocatechin‐3‐gallate (EGCG) and
catechin are flavan‐3‐ols whose effect has been evaluated in CKD models. EGCG is found in
green tea, berries, red grapes, plums, apples, and peaches, whereas catechins are found in tea,
cacao, red wine, and fruit [52].

Nakagawa et al. [63] evaluated the effect of EGCG on methylguanidine (MG) production in
adenine‐induced CKD rats. MG is a strong uremic toxin produced from creatinine. Under CKD
conditions, MG synthesis increases. Rats were divided into control and CKD groups; CKD
group was fed a 0.75% adenine diet. After 25 days, BUN levels were measured, and rats with
CKD were divided into five groups. Control group was divided into two groups. Four CKD
groups were given water or EGCG (20, 100, and 500 mg/kg bw) orally 30 min before and after
creatinine intraperitoneal injection (100 mg/100 g bw). One group of normal rats also received
creatinine injections (100 mg/100 g bw) and water was given orally 30 min before and after
creatinine injection. One CKD and one control group received water 30 min before and after
physiological saline injection. MG production was significantly increased in rats with adenine‐
induced CKD. However, EGCG administration inhibited MG production [63].

Furthermore, Yamabe et al. [64] evaluated the effect of oral EGCG (25, 50, or 100 mg/kg)
administration in rats with subtotal nephrectomy plus STZ‐injection. After a 50‐day adminis‐
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tration period, rats treated with EGCG showed suppressed hyperglycemia, proteinuria, and
lipid peroxidation; however, there were only weak effects on the levels of serum creatinine and
glycosylated protein. Further, EGCG reduced the renal accumulation of advanced glycation
end‐product and its related protein expression in the kidney cortex as well as associated
pathological conditions [64].

Varatharajan et al. [65] evaluated the antioxidant and pro‐oxidant effects of catechins‐rich oil
palm leaves extract (OPLE) on DN. Rats were divided into control, diabetes, and diabetes +
OPLE groups. Diabetes and diabetes + OPLE groups were administered an intraperitoneal STZ
injection. Seventy‐two hours later, OPLE group received 1000 mg/kg of OPLE for 4 or 12 weeks.
OPLE administration for 4 weeks attenuated renal dysfunction (hyperfiltration and proteinu‐
ria) and the development of glomerulosclerosis and tubulointerstitial fibrosis. Suppression of
increased oxidative stress markers (8‐OHdG and lipid peroxides) and the fibrotic cytokine,
TGF‐β1, was observed. OPLE also reduced renal expression of NADPH oxidase subunits
p22phoxand p67phox. Surprisingly, identical dose of OPLE when administered to diabetic animals
for 12 weeks caused worsening of renal dysfunction and elevation of lipid peroxides and TGF‐
β1. These unfavorable effects were accompanied by increased expression of p22phox. Therefore,
OPLE exerts both antioxidant and pro‐oxidant effects in DN depending on the duration of the
treatment [65].

2.7. Soy protein

Soy has a high biologic value due to its essential amino acids, biologic active peptides, and
nonprotein compounds, such as isoflavones, content.

Azadbakht and Esmaillzadeh [66] evaluated the effect of soy protein consumption on DN
patients. A crossover clinical trial was conducted among 14 patients. One diet included 0.8 g/
kg of protein of which 70% was animal protein and 30% vegetable protein. The other diet
included the same protein amount of which 35% was animal protein, 35% soy protein, and
30% other vegetables protein. Both diets were prescribed in each phase of the trial for 7 weeks.
There was a 4‐week washout between the two phases of the study. As showed by the results,
soy protein consumption was able to reduce proteinuria in DN patients [66].

Yeh et al. [67] investigated the effect of soybean β‐conglycinin on DN. Forty rats were in‐
duced diabetes by STZ intravenous injection. Then, rats were divided into five groups: con‐
trol group fed with standard diet and four groups fed with NaCl. DN rats were divided into
control group, DN + soy protein 7% group, DN + soybean β‐conglycinin 1.75 % group, and
DN + soybean β‐conglycinin 3.5% group. Results shown that soy protein and β‐conglycinin
were able to retard the progression of DN by increasing insulin sensitivity, regulating lipid
metabolism, improving renal function, and inhibiting angiotensin‐converting enzyme activi‐
ty [67].

2.8. Red propolis

Propolis is a natural polyphenol‐rich resinous substance collected by honeybees from a variety
of plant sources [68]. Propolis is thought to improve human health and prevent disease [69].
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Health‐promoting properties are attributed to its polyphenolic composition. Red propolis (RP)
has been classified as a separate type of propolis based on its unique chemical composition,
particularly rich in isoflavonoids [70]. Anti‐inflammatory and antioxidant properties have
been attributed to RP [71, 72].

Teles et al. [73] evaluated the effect of RP in the 5/6 nephrectomy model. Rats underwent
nephrectomy and, 30 days after surgery, they were divided into untreated nephrectomy and
RP‐treated nephrectomy groups. Animals were observed for 90 days after surgery; RP‐treated
group showed significant reduction of hypertension, proteinuria, serum creatinine, glomeru‐
losclerosis, renal macrophage infiltration, and oxidative stress when compared to untreated
rats.

RP treatment attenuated hypertension and structural renal damage in 5/6 nephrectomy
model. Reduction of renal inflammation and oxidative stress could be involved in this pro‐
tective effect.

2.9. Mediterranean diet

Nutritionists elaborated Mediterranean diet (MD) model from observations of the Northern
Mediterranean countries food habits. These included consumption of whole grain cereals,
vegetables and fruit, legumes, nuts, herbs, spices, fresh cheese from sheep and goat milk, fish,
seafood, olive oil, and wine [74].

MD provides a high and varied intake of antioxidant compounds. For instance, virgin olive
oil contains carotenes and phenolics [75]; white wine contains simple phenols; and whole grain
cereals, nuts, fish, and seafood contain omega‐3 fatty acids.

Migliori et al. [76] evaluated the effect of white wine and extra‐virgin olive oil on inflammatory
markers in 10 patients with CKD and 10 healthy volunteers. Two weeks before the study
patients were not allowed to drink alcoholic beverages, then, they were randomized to a cross‐
over design A–B or B–A of a 2‐week treatment with white wine (4 ml/kg) and extra‐virgin olive
oil (treatment A) or extra‐virgin olive oil alone (treatment B). The two study periods were
separated by 2 weeks in which patients were not allowed again to drink any alcoholic beverage.
Plasma levels of inflammatory markers CRP, interleukin‐6 (IL‐6), TNF‐α, and IL‐8 were
determined. During treatment A, plasma levels of CRP and IL‐6 decreased in CKD patients
and healthy volunteers. No significant variation versus baseline was observed during treat‐
ment B. Plasma markers of chronic inflammation were significantly reduced in CKD patients
during the combined consumption of white wine and olive oil. Thus, this nutritional inter‐
vention could be effective as a therapy in CKD. The protective effect of omega‐3 fatty acids in
CKD has also been evaluated.

Gopinath et al. [77] evaluated the association between polyunsatured fatty acids (PUFA; n‐3,
n‐6, and α‐linolenic acid) and fish consumption and the prevalence of CKD. Two‐thousand
six‐hundred Blue Mountains Eye Study (1997–1999) participants aged ≥50 years were evalu‐
ated. Dietary data were collected using a semiquantitative food frequency questionnaire, and
PUFA and fish intakes were calculated. Baseline biochemistry including serum creatinine was
measured. Moderate CKD was defined as an estimated GFR of <60 ml/min per 1.73 m2.
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Participants in the highest quartile of long‐chain n‐3 PUFA consumption had a significantly
reduced possibility of having CKD compared with those in the lowest quartile. α‐linolenic acid
intake was positively associated with CKD. Total n‐3 PUFA or total n‐6 PUFA were not
significantly associated with CKD. The highest compared with the lowest quartile of fish intake
was associated with a reduced possibility of having CKD. Hence, an increased dietary intake
of long‐chain n‐3 PUFA and fish reduces the prevalence of CKD [77].

3. Conclusions and future directions

CKD is considered a public health problem because its incidence is about 10% of world
population and treatment methods are ineffective or expensive. Consequently, the develop‐
ment of novel therapies is highly needed. This chapter summarizes information about dietary
antioxidant agents, which have shown nephroprotection on CKD, showing what has been
found and leading to future studies. Future studies might aim to study physical and chemical
properties of these compounds as well as the mechanisms involved in nephroprotection. A
better understanding of these aspects will be key in the improvement of therapies, which have
been studied on clinical trials as well as in the design of clinical trials of those compounds,
which have not been studied in humans.

In that way, therapies will be not only effective but also viable because of the easy access to
these compounds.
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Abstract

Acute myocardial infarction (AMI) is the leading cause of mortality worldwide. Major
advances  in  the treatment  have included coronary interventions,  such as  systemic
thrombolysis and percutaneous coronary angioplasty (PCA). These procedures have
been aimed to recover the blood flow in the cardiac zones affected by the occlusion of
a branch of the coronary artery. However, damage is generated in the heart tissue
known as myocardial reperfusion injury, an event associated with increased oxidative
stress.  Reactive oxygen species (ROS) are able to trigger cell  death pathways,  and
myocardial structural and functional impairment. Studies on animal models of AMI
suggest that lethal reperfusion accounts for up to 50% of the final size of a myocardial
infarct, a part of the damage likely to be prevented. Although a number of strategies
have been aimed to ameliorate lethal reperfusion injury, up to date the beneficial effects
in clinical settings remain elusive. The accumulated body of evidence suggests that
redox  balance  is  a  crucial  determinant  of  ischemia–reperfusion  injury,  with  clear
mechanistic  insights  into  pharmacological  approaches.  This  chapter  presents  the
molecular basis for a novel cardioprotection of patients with AMI subjected to PCA,
based on a reinforcement of the antioxidant system.

Keywords: acute myocardial infarction, ischemia–reperfusion, oxidative stress, anti‐
oxidant therapy, coronary angioplasty

1. Introduction

According to the World Health Organization, a total of 56 million deaths occurred worldwide
during 2012 and 17.5 million (31.25%) were due to cardiovascular diseases, still the principal
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cause of  death by noncommunicable diseases.  In addition,  deaths due to ischemic heart
disease (IHD) in 2012 were estimated as 7.4 million (13.2%), remaining as the leading cause
of death over the past decade [1,  2],  with a considerable social  impact due to mortality,
morbidity,  loss of  quality of  life  and high economic cost.  In IHD, severe and prolonged
myocardial  ischemic events occur through thrombotic complications from atherosclerotic
plaques in pericardial coronary arteries, leading to cardiomyocyte death. The latter becomes
more significant when ischemia is caused by complete coronary occlusion, generating an
acute  myocardial  infarction  (AMI)  where  the  coronary  microcirculation  is  significantly
reduced, affecting most of the left ventricular wall thickness together with structural and
functional impairments, scarring and adverse remodeling [3, 4]. The most effective therapeu‐
tic  intervention for  reducing the size of  a  myocardial  infarct  and improving the clinical
outcome is timely and effective restoring of coronary flow using either thrombolytic therapy
or percutaneous coronary angioplasty (PCA), but this process can itself induce further viable
cardiomyocyte  death  and  increased  infarct  size,  a  phenomenon  known  as  myocardial
reperfusion injury (MRI), thus reducing the beneficial effects. The MRI causes four types of
cardiac dysfunction, the first two being reversible and the others irreversible: (i) reperfusion‐
induced arrhythmias; (ii) myocardial stunning; (iii) microvascular obstruction or no‐reflow
phenomenon;  and  (iv)  lethal  myocardial  reperfusion  injury  (LMRI).  LMRI  is  the  most
important because may account for up to 50% of the myocardial infarct (MI) final size as
shown in both experimental ischemia–reperfusion (I/R) models and patients with ST‐segment
elevation MI applying therapeutic interventions solely at the onset of myocardial reperfusion
[5, 6]. In addition, several experimental studies have shown the important role of oxidative
stress in MRI and it has been postulated as a therapeutic target for cardioprotection [7–13].
However,  the clinical  trials  have shown mixed results  with no clear confirmation of  the
beneficial effects of exogenous antioxidant therapy at the onset of myocardial revasculariza‐
tion, possibly due to differences in the design and methodology [14]. Next, we describe the
pathophysiological  mechanisms  involved  in  MRI  and  the  molecular  basis  for  a  novel
cardioprotective treatment of patients with AMI subjected to PCA, based on a reinforcement
of the antioxidant system.

2. Oxidative stress and the pathophysiology of myocardial ischemia–
reperfusion injury

Occlusion of a coronary artery decreases blood flow to myocardial tissue causing a state of
prolonged ischemia. The lack of oxygen and nutrients triggers a series of abrupt metabolic and
biochemical changes within the cardiomyocyte that lead to several mechanisms of cell death,
which are enhanced in the reperfusion (Figure 1).

During acute myocardial ischemia, the absence of oxygen in the mitochondrial electron
transport chain (mETC) causes a drop in the production of adenosine triphosphate (ATP), and
the glycolytic pathway generates a shift to anaerobic respiration with intracellular accumula‐
tion of lactic acid [9, 15]. In addition, the Krebs cycle stops and CO2 cannot be eliminated from
the extracellular space due to blood flow arrest. Therefore, a decrease in the intracellular pH
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(<7.0) occurs, which increases the Na+ influx through the Na+/H+ exchanger, while the ATP
depletion stops Na+ efflux through Na+/K+‐ATPase. This intracellular Na+ accumulation
activates Na+/Ca2+ exchangers in the reverse direction leading to cytosolic Ca2+ overload [16],
where the sarcoplasmic reticulum is unable of uptaking Ca2+ from the cytosol because
sarco(endo)plasmic reticulum Ca2+‐ATPase (SERCA) transporter needs ATP to function [17].
High levels of intracellular Ca2+ induce the conversion, via limited proteolysis and sulfhydryl
oxidation, of xanthine dehydrogenase to xanthine oxidase (XO) in endothelial cells mainly, an
isoform that produces superoxide anion and hydrogen peroxide (H2O2) from oxygen [18]. The
acidic conditions exert a strong inhibitory effect on the mitochondrial permeability transition
pore (mPTP) [19], despite the presence of inducing factors opening such as Ca2+ and inorganic
phosphate overload, oxidative stress and ADP. The mPTP is an inner mitochondrial membrane
protein channel that, when it is open under certain conditions, mediates non‐selective
permeability to molecules less than 1.5 kDa, collapsing the mitochondrial membrane potential
and uncoupling oxidative phosphorylation, leading to ATP depletion, mitochondrial matrix
swelling and cell death through apoptosis and necrosis [20]. In addition, acidosis and low levels
of ATP reduces the myocardial contractile activity [21].

The coronary revascularization postmyocardial ischemia rapidly increases the level of tissue
oxygenation, which triggers a series of mechanisms producing LMRI. The most important
mediators of this process are described below.

2.1. Oxidative stress

During the first minutes of the onset of myocardial reperfusion, a burst of ROS occurs, in
accordance with several experiments demonstrating direct measurements of free radicals in
isolated hearts and in vivo I/R models [8, 10–13]. The potential enzymatic sources of ROS
production in cardiac tissue exposed to I/R are xanthine oxidase (XO) in endothelial cells,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) in neutrophils,
mETC, uncoupled nitric oxide synthase (uncNOS), cytochrome P450, lipoxygenase/cyclooxy‐
genase and monoamine oxidase [22]. XO activation and ATP catabolism to hypoxanthine occur
in ischemic period, generating high levels of ROS together with uric acid from oxygen and
accumulated hypoxanthine (or xanthine), when blood flow is restored [18]. The important role
of NOX family in the MRI has been shown in experimental studies where NOX‐isoform‐
specific knockout mice have significantly reduced infarct sizes compared to wild‐type (WT)
controls, confirming these results in buffer‐perfused Langendorff models [23]. Cardiolipin
peroxidation and cytochrome oxidase uncoupling in ischemic period results in the inhibition
of electron flux through mETC, ATP depletion and increased superoxide anion generation, a
situation that persists in the reperfusion where the Krebs cycle is reactivated and high levels
of tissue oxygen can lead to increased ROS production [24]. Tetrahydrobiopterin (BH4), a NOS
cofactor, suffers oxidation to dihydrobiopterin in prolonged ischemia, resulting in loss of NOS
enzyme affinity by the substrate l‐citrulline together with a shift in the generation of nitric
oxide (NO), a potent vasodilator, to superoxide anion during reperfusion [24, 25].
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Figure 1. Schematic representation of the pathophysiological mechanism involved in myocardial damage due to I/R.
ATP, adenosine triphosphate; mPTP, mitochondrial permeability transition pore; NOX, NADPH oxidase; NF‐κB, nucle‐
ar factor kappa B; Nrf2, nuclear factor‐erythroid 2‐related factor 2; ROS, reactive oxygen species; uncNOS, uncoupled
nitric oxide synthase; XO, xanthine oxidase; Ca2+, calcium; DNA, deoxyribonucleic acid.

Exacerbation of oxidative stress during postischemia myocardial reperfusion overwhelms the
endogenous antioxidant defenses, causing free radical propagation reactions with direct
damage to cellular biomolecules as lipid peroxidation, protein oxidation/nitration and DNA
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Exacerbation of oxidative stress during postischemia myocardial reperfusion overwhelms the
endogenous antioxidant defenses, causing free radical propagation reactions with direct
damage to cellular biomolecules as lipid peroxidation, protein oxidation/nitration and DNA
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damage [24, 26]. The main effecter of ROS‐induced damage is the highly reactive hydroxyl
radical generated from Fenton/Haber–Weiss reactions and peroxynitrite (reviewed in Section
3) [24], demonstrating its formation in a postischemia reperfused heart [11]. In addition, ROS
can induce activation both of nuclear factor kappa B (NF‐κB) and nuclear factor‐erythroid 2‐
related factor 2 (Nrf2)‐signaling pathways, although the ROS concentration threshold has not
been experimentally determined [27]. NF‐κB proteins are a family of transcription factors with
a central role in regulating the expression of genes related with inflammation, immune
response, cell proliferation and apoptosis [28–30], and different levels of ROS can both activate
and inhibit NF‐κB‐signaling, depending on the context, with a high degree of complexity [31].
On the other hand, Nrf2 is a transcription factor that positively regulates the human antioxi‐
dant response element (ARE), leading to the gene expression of endogenous antioxidant
defence system. Kelch‐like ECH‐associated protein 1 (Keap1) is a suppressor protein anchored
in the cytoplasm that physically binds Nrf2, but oxidative stress facilitates the complex
dissociation and Nrf2 nuclear translocation to ARE‐containing promoters [32]. A study
demonstrated that Nrf2 is indispensable for the regulation of both constitutive and inducible
expression of antioxidants and phase‐2 enzymes in mouse primary cardiomyocytes [33]. In
clinical trials, the antioxidant therapy at the onset of reperfusion, in patients with AMI
subjected to PCA, has mainly considered the use, alone or combined, of ROS scavengers,
inhibitors of ROS sources, human recombinant antioxidant enzymes and reduced glutathione
donor [14].

2.2. Intracellular pH

The intracellular acidic pH generated in ischemia returns to physiological values during
myocardial reperfusion [9]. Bond et al. [34] simulated I/R conditions in cultured neonatal rat
cardiac myocytes, demonstrating that when intracellular acidic pH increases to 7.4 hypercon‐
tracture and cell death occur. In addition, free Ca2+ increases during simulated ischemia and
in simulated reperfusion. Under conditions of ischemia, it was shown in cultured cardiac
myocytes and perfused papillary muscles that inhibition of Na+/H+ exchanger delayed the
increase of intracellular pH after reperfusion and prevented reperfusion‐induced cell killing,
but not reduce the increase in intracellular‐free Ca2+ [35]. By contrast, reperfusion with
inhibition of Na+/Ca2+ exchanger decreases intracellular free Ca2+ but did not reduce cell killing.
These results suggest that acidotic pH is generally protective in I/R, and Na+/H+ exchanger
contributes to reperfusion washout effect on intracellular acidic pH, leading to a Ca2+‐inde‐
pendent lethal reperfusion injury in cardiomyocytes.

2.3. The mPTP opening

Recently, it has been proposed that various potential protein components either to form the
molecular structure of the mPTP or to regulate its opening [20, 36]. It was shown that the mPTP
opening occurs within the first few minutes postischemia myocardial reperfusion [37], with
both burst of oxidative stress and intracellular pH normalization (possibly due to the inhibitory
effect of acid pH on mPTP is removed) as the main contributing factors [38, 39]. On the other
hand, Ca2+ overload seems not to be a causative factor in I/R model. In adult rat myocytes, both
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cytosolic and mitochondrial Ca2+ increased during ischemia but decreases to basal levels in the
first minutes of reperfusion. Ca2+ overload occurred late in both compartments, event that was
prevented by mPTP inhibitors. Besides, intramitochondrial Ca2+ chelation did not prevent cell
death after reperfusion. Thus, Ca2+ overload appears to be the consequence of bioenergetic
failure after mPTP opening [38]. Another study showed that, at the onset of reperfusion, there
is a transient increase in cytosolic Ca2+ levels together with a simultaneous transient sarco‐
plasmic reticulum Ca2+ depletion [40], corroborating the latter. The mPTP is a potential
pharmacological target for prevent LMRI, and experimental studies with mPTP inhibitors
(such as cyplosporin A), at the onset of myocardial reperfusion, has been reported to reduce
MI size by 40–50% [41–44].

2.4. Inflammation

Ischemia is associated with slow infiltration of neutrophils, but recruitment toward the necrotic
zone is favored after reperfusion by increased ROS exacerbation that triggers upregulation of
adhesion molecules (P‐selectin, CD11/CD18, ICAM‐1) in cardiomyocytes, with cytokines
(TNFα, IL‐1, IL‐6, IL‐8, NAP‐1, PAF, MIP‐2) and complement, which are released from
ischemic‐reperfused myocardium. Neutrophils adhesion to coronary vascular endothelium
occurs rapidly (within minutes) after onset of reperfusion, with abundant accumulation into
the infarct zone during the following 6 hours. Neutrophils release more than 20 different
proteolytic enzymes (hydrolases, metalloproteinases, and proteases) and are a major ROS
source by generating superoxide anions through NOX, positioning them as important
contributors to MRI [45].

3. Cardioprotection by combined antioxidant therapy

After reviewing the most relevant pathophysiological processes of myocardial ischemia–
reperfusion injury, the central role being played by the burst of oxidative stress in the first
minutes of revascularization certainly has positioned itself as a pharmacological target of
choice. In the following section, we describe the molecular basis of an innovative combined
antioxidant therapy, which includes a reinforcement of endogenous antioxidant defences,
aimed to prevent or at least ameliorate the MRI in patients with AMI undergoing PCA.

3.1. Ascorbate

Vitamin C (ascorbic acid or ascorbate) is a potent water‐soluble antioxidant in humans, which
cannot be endogenously synthesized [46] and must be incorporated through vegetables and
fruits [47]. Vitamin C is an electron donor and is oxidized to dehydroascorbate when acting as
a reducing agent, returning to reduced form when is used by the cell [48] (Figure 2). A study
in a group of apparently healthy adult nonsmoking population showed an inverse correlation
between plasma vitamin C and products of oxidative damage to DNA, proteins and lipids [49].
Another study evaluated oxidant and antioxidant parameters in the blood of the patients with
MI before and after thrombolysis and showed that the activity of superoxide dismutase (SOD),
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an antioxidant enzyme, was significantly reduced, whereas the activity of XO, an oxidant
enzyme, together with the levels of malondialdehyde (MDA), a lipid peroxidation biomarker,
significantly increased after reperfusion. These parameters improved to normal or near‐
normal levels when patients were supplemented with oral vitamin C postreperfusion [50],
confirming the in vivo antioxidant capacity of vitamin C. Other properties of this compound
are described in the following experiments. Ascorbic acid, together vitamin E, reverse
endothelial dysfunction through a modulator effect by upregulating endothelial NOS (eNOS)
and downregulating NOX on the vascular wall [51]. In essential hypertensive patients,
impaired endothelium‐dependent vasodilation improved with vitamin C supplementation,
an effect that can be reversed by a NOS inhibitor, suggesting a restoration of NO availability
and oxidative stress‐mediated endothelium impairment in this pathology [52]. Pretreatment
with vitamin C prevents vascular function damage and release of IL‐6 induced by endothelin‐1
in humans [53]. Intracellular vitamin C in human cell lines and primary endothelial cells,
together with cell cultures in medium with dehydroascorbic acid, showed significantly
decreased TNFα‐induced NF‐κB activation [54].

Figure 2. Oxidation of ascorbate (AscH‾) to dehydroascorbic acid (Asc) for the loss of two electrons in succession,
through the formation of ascorbyl radical intermediate (Asc•‾). Importantly, ascorbate is the ionized form of ascorbic
acid (AscH2) at physiological pH (7.4).

Vitamin C has been used in I/R models. Gao et al. [55] demonstrated that in isolated rat hearts
subjected to I/R, glutathione monoethyl ester (GSHme), but no ascorbic acid, administered at
the onset of reperfusion exerted protective effects against MRI. Furthermore, GSHme coad‐
ministered together with ascorbic acid had enhanced protective effects, suggesting a syner‐
gistic effect between the two compounds. Another in vivo experimental study showed that
intravenous (IV) administration of vitamin C or vitamin C plus vitamin E, prior to coronary
occlusion following reperfusion, had not significant differences in infarct size compared to the
control group. Besides, vitamin C alone tends to increase infarct size, whereas the vitamin
combination tends to decrease [56]. The clinical trials in which vitamin C is orally administered,
in combination with other vitamins, in different doses to patients with cardiovascular history
showed no beneficial cardioprotective long‐term effects [27]. In patients with AMI subjected
to PCA, administration of vitamin C orally (2.0 g) followed by a constant infusion (20 mg/min),
before reperfusion, did not suppress the rapid and transient increase in levels of urinary 8‐epi‐
prostaglandin F2α (8‐epi‐PGF2α), a biomarker of oxidative stress in vivo, after PCA [57]. A
review [14] of the cardioprotective strategies using vitamin C in combination with other
vitamins in AMI followed by restoration of coronary blood flow showed variable results when
administered orally, but when an infusion of vitamin C (1000 mg/12 h) was followed by oral
doses (1200 mg/24 h) and vitamin E (600 mg/24 h), positive clinical outcomes were obtained

Novel Antioxidant Therapy Against Myocardial Ischemia–Reperfusion Injury During Percutaneous Coronary...
http://dx.doi.org/10.5772/63658

357



within a composite endpoint. According to the latter, a study in patients undergoing elective
percutaneous coronary intervention for stable angina showed that 1 g vitamin C administered
by infusion (16.6 mg/min), 1 hour before of intervention, improved the impaired microcircu‐
latory reperfusion and had significantly reduced plasma levels of oxidative stress biomarkers
[58].

These results could be explained by the fact that oral administration of vitamin C shows a
plasma concentration–time profile, in a dose range of 200–2500 mg/day, producing a steady‐
state plasma concentration approximately by 80 µmol/l (0.08 mmol/l), due to apparent
saturation of tissue uptake and in less degree by function of oral bioavailability and renal
excretion [59]. At these physiological concentrations, superoxide anion reacts with NO at a
rate 104‐fold greater than that at which it reacts with ascorbic acid (Table 1A and C), situation
that is favored during the ROS burst in the first minutes of postischemia myocardial reperfu‐
sion because superoxide anion levels are exacerbated.

Reaction Rate constant (M−1 s−1)

(A) O2· − + ⋅ NO ONOO− 7 × 109

(B) O2· − + SOD O2 + H2O2 2 × 109

(C) O2· − + AscH2 Products 2.7–3.3 × 105

ONOO−, peroxynitrite; H2O2, hydrogen peroxide; O2, molecular oxygen [60–62].

Table 1. Comparison of the reaction rate constants of superoxide anion (O2
•‾) with nitric oxide (•NO), superoxide

dismutase (SOD) and ascorbic acid (AscH2).

Superoxide anion reacts avidly with NO to form peroxynitrite (ONOO−) (Table 1A), an agent
very reactive and toxic to biomolecules, with a constant rate higher than that of the reaction
between superoxide anion and SOD (Table 1B). Furthermore, peroxynitrite (pKa at 37°C = 6.8)
can be protonated in medium with acidotic pH during ischemia, resulting in ONOOH that is
inherently unstable. Reperfusion restored the intracellular pH to physiologic levels, favoring
decomposition of ONOOH to hydroxyl radical and nitrogen dioxide radical (Figure 3) [24],
both responsible for generating oxidative stress and nitrosative stress damage to cardiomyo‐
cytes. Thus, peroxynitrite contributes to MRI generating lipid peroxidation and protein
nitration in tyrosine residues, affecting the function and structure of the latter; oxidation of
thiol groups related to cell antioxidant capacity; rupture of double‐stranded DNA; and BH4

NOS cofactor oxidation, which reduces the formation of NO [63].

Jackson et al. [64] demonstrated in vitro that supraphysiologic vitamin C concentration of 10
mmol/l is needed to overcome the competition with NO for superoxide. Consequently, only
IV infusion can achieve these plasma ascorbate levels. It has been documented that the use of
high doses of IV vitamin C over 10 mmol/l in patients appears to have a positive safety profile,
but it should be avoided in patients with renal function impairment or glucose‐6‐phosphate
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dehydrogenase deficiency [65]. Human plasma vitamin C concentration–time profile follow‐
ing short‐term IV infusion shows peak concentrations higher than 20 mmol/l, remaining over
10 mmol/l for 3 hours [66]. It is important to note that vitamin C needs to be incorporated into
the cell to exert its effects. Specific Na+‐dependent transporters for ascorbic acid (reduced form)
are called SVCT1 and SVCT2, while transporters for dehydroascorbic acid (oxidized form) are
members of GLUT family (GLUT1/3/4) that facilitate transport of glucose [67]. These trans‐
porters are expressed in the human myocardium [68–70].

Figure 3. Formation of hydroxyl radical (•OH) and nitrogen dioxide radical (NO2
•) from peroxynitrite (ONOO‾)

through an intermediary peroxynitrous acid (ONOOH).

3.2. N-Acetyl cysteine

When ascorbate is oxidized to dehydroascorbate, it can return to its reduced form through a
reduced glutathione (GSH)‐dependent recycling mechanism inside the cell, which may be
direct [71] or enzyme mediated [72] (Figure 4) and can lead to a dehydroascorbate concentra‐
tion‐dependent decrease in intracellular GSH levels [71, 73, 74]. This process has been descri‐
bed in human erythrocytes [73], bovine aortic endothelial cells [74], among others and fulfills
a function of blood antioxidant reserve [75]. Glutathione (γ‐glutamyl‐cysteinyl‐glycine) is an
endogenous agent playing a primary role of nonenzymatic antioxidant defence together with
participating in metabolic processes and cellular regulation. It has a reduced form (GSH) and
an oxidized form (GSSG) which are interconvertible. It is synthesized in all cell types of the
organism, being mostly in the cytosol and to a lesser extent in the extracellular plasma [76].

Figure 4. Reduced glutathione (GSH)‐dependent reduction of dehydroascorbic acid (Asc), which may be mediated di‐
rectly or by enzyme. NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); NADP+, nicotinamide ad‐
enine dinucleotide phosphate (oxidized form); GSSG, oxidized glutathione; AscH2, ascorbic acid; RH, unsaturated fatty
acid chain; R•, lipid alkyl radical.

If we consider an IV administration of high doses of vitamin C before, during and after PCA
in patients with AMI, the burst of ROS will be counteracted by ascorbic acid, which generates
large amounts of dehydroascorbic acid. We hypothesized that the latter interact with endog‐
enous GSH and will cause a drop in their levels, limiting the cardioprotective effect. For this
reason, we believe essential to reinforcement the endogenous antioxidant defence system with
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a GSH donor, such as N‐acetyl cysteine, to optimize antioxidant therapy. Furthermore, as
above‐mentioned, coadministration of a GSH donor and vitamin C tend to have a synergistic
protective effect on infarct size in an I/R model of isolated rat heart [56].

N‐Acetyl cysteine (NAC) is a drug currently used in clinic that has demonstrated a good safety
profile when administered orally, although adverse effects will be more noticeable at high
doses (>3 g/day) or IV administration (e.g., for the treatment of paracetamol overdose) [77]. In
experimental I/R models, high NAC dose administrated intracoronary with a radiographic
contrast in pigs, at the onset of reperfusion, was safe, reduced platelet reactivity and there was
a trend toward a better cardiac function at 24 h, but there was no significant difference in the
myocardial infarct size and did not provide significant renal protection compared to control
group [78]. On the other hand, in a rat I/R model, NAC administration by continuous infusion
before, during and after reperfusion produced a significant limitation of the infarct size
compared to control group, but injection of NAC bolus with the same total dose, before and
at onset of reperfusion, failed to reduce it [79]. In clinical trials, group of patients undergoing
coronary artery bypass and/or valve surgery treated with IV infusion of NAC, before and after
of surgery, decreases the incidence of postoperative atrial fibrillation compared to control
group [80]. LIPSIA‐N‐ACC trial [81], a randomized, single‐blind, controlled trial, was designed
to measure the effects of high doses of NAC on contrast‐induced nephropathy (CIN) and
reperfusion injury in ST‐segment elevation MI patients undergoing primary angioplasty
intervention (PCI) with moderate contrast volumes. CIN is the acute deterioration of renal
function occurring after intravascular administration of contrast media that is not attributable
to other causes, defined as increase in serum creatinine > 0.3 mg/dL or 25% above baseline
levels within 48 hours after contrast administration, which is associated with increased rates
of morbidity and mortality. Of the 251 patients enrolled, 126 were randomized to the NAC
treated group and 125 to the placebo group. NAC was administered as an IV bolus (1200 mg)
before angioplasty and twice daily for 48 hours after angioplasty. In addition, all patients and
controls were hydrated with IV infusion of NaCl (0.9%), at a rate of 1 ml/kg of body weight
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for PCI. In the primary outcomes, CIN (>25% increase in serum creatinine level <72 h after
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3.3. Deferoxamine

It has been shown in I/R models of isolated perfused heart that during a period of ischemia
the amount of tissue available iron (Fe) increases in a time‐dependent manner. Fe is rapidly
mobilized through the perfusion fluid leading to very high Fe levels (up to 50‐fold compared
to pre‐ischemic values) in the first small volumes of coronary flow fractions (CFF), returning
to baseline over time. In addition, the levels of Fe in the CFFs correlated well with the loss of
cardiac function following global ischemia of varying duration [83]. Similarly, the Fe levels
increase up to 30‐fold in cardiac tissue during ischemia, in a time‐dependent manner, due to
acidification in ischemia because this effect contributes tremendously to the mobilization of
Fe from intracellular ferritin storage. After reperfusion, tissue Fe levels decrease, although it
is known that the superoxide anion contributes to the mobilization of Fe from ferritin [84–86].
Langendorff models with myocardial iron overload develop different functional, biochemical
and ultrastructural alterations as compared to control groups of myocardial I/R, which are
prevented by deferoxamine (DFO), an iron chelator [87], realizing the harmful tissue effect of
Fe high levels. The role of Fe in the postischemia MRI has been demonstrated in experimental
models by the use of iron chelators at the onset of reperfusion, improving cardiac function
relative to control group [88, 89]. Furthermore, a long‐term study conducted in randomly
selected men aged 42, 48, 54 and 60, who had no symptoms of coronary heart disease at entry,
showed that elevated levels of serum ferritin (stored Fe) was a strong risk factor for developing
AMI [90].

Physiologically, transition metals, such as iron, are mainly stored or complexed. However,
under certain pathological conditions, the nonchelated state iron levels are increased, thus
generating oxidative stress. Reduced iron (Fe2+) can react with hydrogen peroxide to generate
hydroxyl radical (•OH), a process known as Fenton reaction (Table 2A). At the same time,
oxidized iron (Fe3+) can react with superoxide anion to form again Fe2+ and oxygen (Table 2B).
The sum of the Fenton reaction and the superoxide‐mediated reduction of Fe3+ originates the
Haber–Weiss reaction (Table 2C), where hydroxyl radical is generated from superoxide anion
and hydrogen peroxide [24]. Thus, during myocardial I/R increase, the Fe2+ availability and
ROS levels that favor the formation of highly harmful and reactive hydroxyl radical through
these redox reactions, can significantly contribute to MRI. This allows considering the iron
overload during I/R as a pharmacological target for cardioprotection.

In addition, our interest is focused on the interaction between vitamin C and iron. Ascorbate
has pro‐oxidant effect because of reduction of Fe3+ to Fe2+ (Table 2D), which is substrate to
Fenton reaction leading to ROS production [92]. Under physiological conditions, in vivo studies
with vitamin C supplementation showed predominantly reduced levels in markers of
oxidative damage in DNA, lipids and proteins, even in the presence of iron. These results were
correlated with in vitro systems, such as isolated or cultured cells and biological fluids, where
the antioxidant role, or no effect of vitamin C, predominated over a pro‐oxidant role [91].
Considering that iron overload occurs in postischemia myocardial reperfusion, IV infusion of
high doses of vitamin C at the onset of reperfusion could generate a strong interaction with
iron, which not only decrease the concentration of ascorbate available in blood to counteract
the burst of oxidative stress, reducing its antioxidant effect, but also favor pro‐oxidant effects
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and ROS production. Thus, use of an iron chelator, as DFO, as adjuvant to antioxidant therapy
with vitamin C should be considered to reduce deleterious effects and maximize cardiopro‐
tection in patients with AMI being subjected to PCA. A experimental study in pigs showed
that the combined use of vitamin C (100 mg/kg) and DFO (60 mg/kg), administered as IV
infusion at the beginning, during and after reperfusion postischemia, had no difference in the
measured cardiac parameters compared to the control group, although it was observed a trend
toward reducing infarct size [94]. However, no markers of oxidative stress, apoptosis or other
biochemical parameter related to myocardial damage were measured. Another study in sheep
demonstrated that administration by IV infusion of vitamin C (1.5 g) and DFO (1 g) (in
combination but not separately), before reperfusion, significantly protected against the
development of ventricular arrhythmias induced by I/R, compared to control group [95].

Reaction Rate constant (M−1 s−1)

(A) Fe2 + + H2O2 Fe3 + + ⋅ OH + OH− 76

(B) O2⋅ − + Fe3 + O2 + Fe2 + 1.9 × 106 –104

(C) O2⋅ − + H2O2 O2 + ⋅ OH + OH− <2.3

(D) AscH− + Fe3 + Asc ⋅ − + Fe2 + + H+ 102

H2O2, hydrogen peroxide; Fe2+, reduced iron; Fe3+, oxidized iron; •OH, Hydroxyl radical; OH‾, Hydroxyl anion; O2
•‾,

Superoxide anion; O2, Molecular oxygen; AscH‾, Ascorbate; Asc•‾, Ascorbyl radical [91–93].

Table 2. Fenton (A), Haber–Weiss (C) and others redox reactions.

DFO has shown beneficial effects in experimental models of I/R. Isolated, perfused rabbit
hearts treated with DFO, during ischemia and reflow, demonstrated improved functional and
metabolic recovery of myocardium together a reduction in reperfusion‐induced oxygen free‐
radical generation, compared to control group [96]. In a canine model of I/R, DFO pretreatment
before ischemia, but not at the beginning of reperfusion, reduced significantly infarct size and
release of GSSG into the coronary sinus during early reflow, compared to control group [97].
Decrease in infarct size by early treatment with DFO was corroborated by another independent
study in canine model of I/R [98]. Regarding clinical trials, patients undergoing coronary artery
bypass grafting, that received an IV infusion of DFO for 8 hours, prevented the increase in
oxidative stress markers and improving ventricular functional parameters after surgery,
compared to control group [99]. Other clinical trial in patients with ST‐elevation MI subjected
to primary percutaneous coronary intervention (PPCI) showed that administration of IV bolus
of DFO (500 mg) immediately before surgery, followed by a 12‐h infusion (50 mg/kg),
significantly reduced in plasma F2‐isoprostane levels, with no difference in infarct size, after
PPCI compared to placebo group [100].
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4. Conclusion and perspectives

In this chapter, we have reviewed the molecular processes involved in the pathophysiology of
myocardial damage by postischemia reperfusion, emphasizing the central role of oxidative
stress as the key mediator of this damage. Accordingly, increased ROS production can give
rise to the occurrence of events ranging from inflammation, damage to biomolecules and
metabolic cell impairment to even cell death. From this paradigm, a novel antioxidant therapy
is proposed as cardioprotective action in patients with AMI subject to PCA. This treatment
considers the use of vitamin C (sodium ascorbate) in high doses administered intravenously,
combined with NAC and DFO prior to surgery so as to optimize and enhance the beneficial
effects and reduce the harmful effects on myocardium occurring in this setting (Figure 5).
However, the results from different experimental models are controversial and more studies
are still lacking. On this line, it is important to note that MRI is an unsolved problem in the
clinical practice. Different strategies to prevent this damage during surgery for revasculariza‐
tion in patients with AMI have been tried without conclusive results, and we expect that our
proposal can contribute as an effective, low risk and economic alternative in the near future.

Figure 5. Diagram of the proposed combined antioxidant therapy for patients with AMI subject to PCA, which consid‐
ers the use of: (i) ascorbate (AscH−) in high doses to compete with nitric oxide (•NO) by superoxide anion (O2

•‾); (ii)
deferoxamine (DFO) to counteract reduced iron (Fe2+) overload and thus prevent the Fenton reaction and interaction
with AscH−; (iii) N‐acetyl cysteine (NAC) as reduced glutathione (GSH) donor to reinforce the antioxidant defense sys‐
tem and mitigate its interaction with dehydroascorbic acid (Asc). In this way, it counteracts directly and indirectly the
hydroxyl radical (•OH), which is the main mediator of myocardial damage by oxidative stress during reperfusion.
H2O2, hydrogen peroxide; GSSG, oxidized glutathione; ONOO−, Peroxynitrite; Fe3+, oxidized iron.
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Nomenclature

Asc dehydroascorbic acid

AscH2 ascorbic acid

AMI acute myocardial infarction

ARE antioxidant response elements

ATP adenosine triphosphate

CFF coronary flow fraction

DFO deferoxamine

eNOS endothelial nitric oxide synthase

8-epi-PGF2α 8‐epi‐prostaglandin F2α

GSH reduced glutathione

GSSG oxidized glutathione

IHD ischemic heart disease

IL-6 interleukin 6

I/R ischemia–reperfusion

IV intravenous

kDA kilo dalton

LMRI lethal myocardial reperfusion injury

PCA percutaneous coronary angioplasty

MDA malondialdehyde

mETC mitochondrial electron transport chain

MI myocardial infarction

MRI myocardial reperfusion injury

mPTP mitochondrial permeability transition pore

NAC N‐acetyl cysteine

NF-κB nuclear factor kappa B

NO nitric oxide

NOX NADPH oxidase

Nrf2 nuclear factor‐erythroid 2‐related factor 2
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∙OH hydroxyl radical

ONOO− peroxynitrite

PPCI primary percutaneous coronary intervention

ROS reactive oxygen species

SOD superoxide dismutase

TNFα tumor necrosis factor alpha
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