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Preface

This book was thought as a reference text for postgraduate courses and for its use in 
research laboratories that perform studies on the biochemistry and physiology of 
oxidative stress with its ongoing extension to physiopathology and clinical aspects, 
in this latter case considering a series of human diseases. Although the idea of oxi-
dative stress has been linked to more than a hundred diseases, the book deals with 
its application to cardiovascular diseases, neurodegenerative and neurological dis-
eases, metabolic syndrome, and cancer. Originally, in 1985, Helmut Sies in the book 
Oxidative Stress (H. Sies, ed., Academic Press, London, p. 1–8) coined the concept 
of oxidative stress as a situation of “unbalance with either an excessive production 
of oxidants or a decrease in antioxidants that lead to cellular damage.” The concept 
was a striking success and was immediately accepted and widely used both to 
design experimental studies and to explain obtained results. At the middle of 2016, 
after more than 30 years, the concept keeps its original strength and applicability. 
The entry “oxidative stress” in PubMed produces more than 160000 references. 
After the recognition of the deep changes that occur in the redox state of intracel-
lular thiols in the oxidative stress situations, mainly due to the contributions of 
D.P. Jones (Am J Physiol Cell Physiol, 2008, 295, 849–868), the definition of oxida-
tive stress incorporated the concept of the redox state of intracellular thiols (-SH) 
and disulfides (-SS-). The intracellular concentration of both reduced glutathione 
(GSH) and oxidized glutathione (GSSG) is about 2–5 mM, with 90–95 % in the 
reduced state; the ratio of reduced glutathione/glutathione disulfide (GSH/GSSG) is 
taken as a valid measurement of the whole intracellular redox sate. The current 
views about the general regulation of cellular metabolism are that a series of regula-
tory proteins interact to keep cellular homeostasis and cell division. Most of these 
regulatory proteins have thiols and disulfides which are absolutely required for 
keeping the molecular conformation that is essential for their physiological regula-
tory function and effects. Many of these proteins exert their regulatory function by 
redox reactions involving their -SH/-SS- groups. The current definition by Sies and 
Jones (Encyclopedia of Stress, 2007, Fink G., ed., vol. 3, Elsevier, Amsterdam, 
p. 45–48) is that “oxidative stress is a situation in which there is an imbalance 
between oxidants and antioxidants in favor of the oxidants, leading to a disruption 
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of redox signaling and control.” This volume opens with the perspective chapter 
“The concept of oxidative stress after 30 years” by Helmut Sies.

Many of the authors of the chapters in the present volume develop their scientific 
activities in South America. One of the aims of this book is its use as a reference text 
in post-graduate courses and research laboratories in Latin America countries. It is 
worth recalling that distinguished scientists from this geographical area, from 
Brazil, Peru, and Argentina, participated in the development of ideas and concepts 
that later were the thresholds and the tributaries of the concept of oxidative stress. 
Alvaro Ozório de Almeida started in Rio de Janeiro in 1934–1941 the research on 
the clinical uses of hyperbaric oxygen, at first in the treatment of gangrene and can-
cer. Peruvian Eleazar Guzman Barron, working at the University of Chicago in the 
1950s, established that glutathione and other similar thiols are highly sensitive to 
oxidation by ionizing radiation. Rebeca Gerschman, born in Argentina and disciple 
of Bernardo Houssay, working at the University of Rochester developed the 
“Gerschman theory” in 1954, in which she postulated that (a) the intermediates of 
the partial reduction of oxygen are the common molecular mechanism of oxygen 
and X-radiation toxicities, (b) an increase in oxygen partial pressure or a decrease 
in antioxidant defense leads equally to cell damage, and (c) aging is produced by the 
chronic effect of oxygen toxicity. The first two points are today fully accepted in the 
scientific community, with the second one reformulated in the form of Sies oxida-
tive stress concept that is fully accepted and in evolution. The third point, oxygen 
toxicity and aging, is still in a sort of debate. However, an integration of the 
Gerschman theory and of the Harman theory (aging by free radical damage) is the 
preferred theory by the researchers in the field.

This book on the “biochemistry of oxidative stress” was born in one of the visits 
of Prof. N.S. Dhalla to Buenos Aires at the beginning of 2014, in which he was 
invited to a coffee and associated chat that the three editors have every Saturday at 
La Biela, a coffee shop and a Buenos Aires landmark. Prof. Dhalla got curious 
about why these three people meet every week. The answer was that we have com-
mon research interests and that frequently we publish scientific papers together. The 
existence of common research interests among these three full professors is some-
how unexpected, because Ricardo Gelpi is professor of pathology and Juan J. 
(Teddy) Poderoso is professor of internal medicine, both of them at the School of 
Medicine of the University of Buenos Aires, and Alberto Boveris is professor of 
physical chemistry at the School of Pharmacy and Biochemistry of the same univer-
sity. The present volume is one of the products of those coffees at La Biela in addi-
tion to the mentioned joint publications. The coffee and chat meetings (and the 
similar drinks and chat meetings) are indeed a Spanish tradition called tertulia (no 
English word for that) that is a social gathering in which friends joint to discuss 
varied matters, usually in the salons of hotels and clubs.

The book has four parts and 27 chapters keeping in mind the concept of oxidative 
stress and its application to human disease. Special comments will be made here for 
the chapters that deal with data from human patients. Part I is a general section 
devoted to oxidative stress and to the process of respiration, the basic cornerstone of 
mammalian biochemistry and cell physiology. This part opens with the chapter on 
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oxidative stress by H. Sies. Other chapters consider the evolution of aerobic life, the 
role of mitochondria as source of the species of the partial reduction of oxygen, the 
mitochondrial production of nitric oxide, and the general metabolism of nitric oxide 
and peroxynitrite in mammalian cell biochemistry and physiology. There is a chap-
ter on the recently recognized intercellular mitochondrial transfer. The part closes 
with a chapter by Gonzales et al. on the adaptation of human life to high altitude, 
dealing with the Peruvian population living at the altitude in the Andes and compar-
ing it with the other two stable high-altitude populations in Ethiopia and Tibet. Part 
II is devoted to cardiovascular diseases with emphasis in ischemia-reperfusion and 
in the corresponding cardiac protection provided by thioredoxin and by precondi-
tioning. The thioredoxin protection in ischemia-reperfusion is analyzed in trans-
genic mice in the chapter by D’Annunzio, Gelpi and colleagues. This part also has 
a chapter by Milei et al. with biochemical data on antioxidant supplementation in 
elderly cardiovascular hypertensive patients and on heart biopsy histological analy-
sis in cardioplegic arrest/reperfusion in human cardiac surgery. Part III is devoted to 
neuronal function, neurodegeneration and neurodegenerative diseases, and their 
relationship to oxidative stress. A couple of most interesting chapters provide data 
involving patients, such as the one by Giulivi and colleagues, where autism in chil-
dren is considered as a metabolic neurological disorder. Other chapter by Repetto 
and Boveris deals with the plasma markers of neurodegenerative diseases in human 
patients. Part IV contains chapters on metabolic syndrome and cancer. In this latter 
case, there is a chapter by J.J. Poderoso that considers cancer in the light of the 
Warburg theory of cancer as a mitochondrial phenomenon and that emphasizes in 
oxidative stress as the cause that leads to mutations and to cancer development. In 
another chapter, Merstelmann analyzes the recent success of immunotherapy in 
human cancer treatment. The editors of the scientific journal Science have chosen 
“cancer immunotherapy” as the Breakthrough of the Year in 2013 (Science 
342:1432–1433, 2013).

Buenos Aires, Argentina Ricardo Jorge Gelpi 
July 2016 Alberto Boveris  
 Juan José Poderoso  
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Chapter 1
The Concept of Oxidative Stress  
After 30 Years

Helmut Sies

Abstract Oxidative stress is an imbalance between oxidants and antioxidants in 
favor of the oxidants, leading to a disruption of redox signaling and control and/or 
molecular damage (Sies H, Jones DP, Oxidative stress. In: Fink G (eds) Encyclopedia 
of stress. 2nd edn, vol 3, Elsevier, Amsterdam, pp 45–48, 2007). The concept of 
oxidative stress, first formulated in 1985, is presented and discussed in the context 
of current developments. The role of hydrogen peroxide in oxidative stress and 
redox signaling has come into focus, with attempts to explore spatio-temporal con-
trol. Special aquaporins serve as peroxiporins. Research on molecular redox 
switches governing oxidative stress responses is in full bloom. On the more practi-
cal side, cautious use of terminology and methods regarding the so called ROS, 
reactive oxygen species, is recommended. The major role in antioxidant defense is 
fulfilled by antioxidant enzymes, not by small-molecule antioxidant compounds. 
The field of oxidative stress research embraces chemistry, biochemistry, cell biol-
ogy, physiology and pathophysiology, all the way to health and disease research, 
ultimately providing a scientific basis for a modern redox medicine.
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1  Introduction

The concept of oxidative stress has been introduced for research in redox biology 
and medicine in 1985, now over 30 years ago, in an introductory chapter [1] in the 
book entitled Oxidative Stress. A concurrent comprehensive review entitled 
“Biochemistry of Oxidative Stress” presented the knowledge on prooxidants and 
antioxidants and their endogenous and exogenous sources and metabolic sinks [2]. 
Since then, redox biology as a research area has found fulminant development in a 
wide range of disciplines, starting from chemistry and radiation biology through 
biochemistry and cell physiology all the way into general biology and medicine. A 
recent commentary dealt with the merits and pitfalls of this concept: “Among the 
merits is the notion which is elicited by the two terms, namely (i) that aerobic 
metabolism is a steady-state characterized by a redox balance, as denoted by the 
term oxidative (and implicitly, reductive), and (ii) that strains in the balance can 
occur, as denoted by the term “stress”. This latter concept evokes the occurrence of 
biological stress responses” [3]. Research on oxidative stress responses is in full 
bloom, concerning the functioning of central master switches, for example 
NF-kappaB or Nrf2/Keap1 in eukaryotes, or OxyR in prokaryotes. Much of the 
redox signaling occurs through molecular thiol redox switches, with significance of 
particularly reactive cysteines in specialized proteins [4, 5]. Regarding pitfalls of the 
concept, the term oxidative stress has been over-stressed, both in the public percep-
tion and in research circles. Indeed, the very first sentence in Ref. [1] is: “As a bio-
chemist, one may wonder whether Selye’s term should be stressed as it is in the 
present context”. At the beginning of 2016, the number of hits in PubMed for “oxi-
dative stress” is more than 1,000 entries per month, currently totalling over 153,000.

2  Concept of “Oxidative Stress”

The definition of oxidative stress as a global concept, in 1985, was [1]: A distur-
bance in the prooxidant-antioxidant balance in favor of the former. It was an impor-
tant point, from the beginning, that there is a diversity of prooxidants and a diversity 
of antioxidants, operating with vastly different chemical and biological reactivities. 
Likewise, it may be mentioned that there is also a huge diversity of molecular tar-
gets: DNA, RNA, proteins, lipids, carbohydrates and other biomolecules. 
Prooxidants  include free-radical species and non-radical species generated by 
enzymes or non-enzymatically, and antioxidants include powerful enzymes and 
also low-molecular mass compounds. A noteworthy insight was the perception that 
oxidation-reduction (redox) reactions in living cells are utilized in fundamental pro-
cesses of redox regulation, collectively termed “redox signaling” and “redox con-
trol”. The concept of oxidative stress was updated in 2007 to include the role of 
redox signaling [6]: Oxidative stressis an imbalance between oxidants and antioxi-
dants in favor of the oxidants, leading to a disruption of redox signaling and control 
and/or molecular damage. The main idea underlying this global concept is that in 
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living biological systems there is a maintenance of a redox balance, that is also 
called redox homeostasis. This is not an equilibrium as defined in thermodynamics, 
but it is a steady-state, away from thermodynamic equilibrium, i.e. a non- equilibrium 
[7]. As for a global definition, specific redox systems are not directly and specifi-
cally addressed, but they need to in given cases and conditions. Numerous redox 
systems of different nature coexist in cells and tissues, and not all of them are 
directly related or connected, contingent on the presence of redox catalysts, i.e. 
redox-active enzymes or redox-active compounds.

3  The Redox Code

These relationships have recently been conceptualized under four principles which, 
together, make up the“Redox Code” [8]: The first principle is the use of the revers-
ible electron accepting and donating properties of nicotinamide in NAD and NADP 
to provide organization of metabolism, operating at near-equilibrium. Substrate oxi-
dations are linked to reduction of NAD+ and NADP+, which in turn are linked to 
ATP production, catabolism and anabolism, respectively. The second principle is 
that metabolism is linked to structure through kinetically controlled redox switches 
in the proteome, which determine tertiary structure, macromolecular interactions 
and trafficking, activity and function. The abundance of proteins and reactivity of 
sulfur switches with oxidants vary over several orders of magnitude to support spec-
ificity in biological processes. The third principle is that of redox sensing, in that 
activation/deactivation cycles of redox metabolism, especially involving H2O2, sup-
port spatio-temporal sequencing in the differentiation and life cycles of cells and 
organisms.

The fourth principle is that redox networks form an adaptive system to respond 
to environment from microcompartments through subcellular systems to the levels 
of cell and tissue organization. This adaptive redox network structure is required to 
maintain health in a changing environment and, if functionally impaired, contrib-
utes to disease and organism failure. The term “Redox Code” applies to the redox 
organisation of cells, tissues and organisms. It is not confined to mammalian cells, 
and it extends ultimately to all living matter.

4  Specific Forms of Oxidative Stress

Given the enormous variety and range of prooxidant and antioxidant enzymes and 
compounds and of targets, as mentioned above, subforms of oxidative stress were 
identified [6], as shown in Table 1.1. Attempts were made to introduce intensity 
scales ranging from physiological oxidative stress to excessive and toxic oxidative 
burden [9]. A useful introduction to oxidative stress in biomedical and biological 
research is available, collecting basic concepts, definitions and currently employed 
methods used in this field [10].

1 The Concept of Oxidative Stress After 30 Years 
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5  Role of Hydrogen Peroxide in Oxidative Stress and Redox 
Signaling

Hydrogen peroxide, the two-electron reduction product of oxygen, was identified in 
1970 as a normal metabolite under aerobic conditions in living cells [11], occurring 
at about 10 nM intracellular concentration [12]. A major contributor is the mito-
chondrial respiratory chain [13, 14], notably Complexes I and III, but also Complex 
II [15]. Important further mitochondrial sources of hydrogen peroxide are given by 
several dehydrogenases, notably 2-oxoacid dehydrogenases [16, 17], as reviewed in 
[18]. In liver, H2O2 is produced at a rate of 50 nmol/min × g of tissue, which is about 
2 % of total oxygen uptake in the steady state of physiological conditions [19]. 
Metabolically generated H2O2 emerged from recent research as a central hub in 
redox signaling and oxidative stress (see [20]). Hydrogen peroxide is well suited for 
redox signaling [21], and the role of peroxiredoxins is of paramount importance 
[22]. A novel aspect of hydrogen peroxide signaling relates to its diffusion proper-
ties. While it has long been assumed that hydrogen peroxide diffusion through lipid- 
containing membranes occurs at a sufficient rate, the discovery of facilitated 
diffusion through specific aquaporins provides for spatio-temporal control [23]. 
This discovery opened an exciting field on membrane transport of hydrogen perox-
ide by peroxiporins [24–26] and its significance for redox signaling [27–29]. See 
also Ref. [20] for discussion.

Table 1.1 Oxidative Stress: definition, specific forms, and classification according to intensity

Category Term References

Definition Oxidative stress [1, 3, 6]
Specific form Nutritional oxidative stress

Dietary oxidative stress
Postprandial oxidative stress
Physiological oxidative stress
Photooxidative stress
Ultraviolet (UV-A, UV-B)
Infrared-A
Radiation-induced oxidative stress
Nitrosative stress
Reductive stress

Related terms Oxidant stress, Pro-oxidant stress
Oxidative stress status (OSS)

Classification Basal oxidative stress [9]
Low intensity oxidative stress
Intermediate intensity oxidative stress
High intensity oxidative stress

Modified from Refs. [3] and [6]

H. Sies
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6  Molecular Redox Switches

The term “oxidative stress” encompasses the implicit notion of adaptation, coming 
from the general association of stress with stress response. This goes back to Selye’s 
concept of stress as the “general adaptation syndrome” [30, 31]. The role of molecu-
lar redox switches came into focus in recent years, foremost the dynamic role of 
cysteines in proteins, opening the field of the redox proteome, currently flourishing 
because of advances in mass spectrometry and imaging methodology [32]. A bridge 
between phosphorylation/dephosphorylation and protein cysteine reduction/oxida-
tion is given by the redox sensitivity of critical cysteinyl residues in protein phos-
phatases, opening the molecular pathway for signaling cascades as fundamental 
processes throughout biology. Much is yet to be learned in this area of research, as 
pointed out in a critical review on the impact of thiol peroxidases in redox regula-
tion [33].

What was particularly exciting to many researchers was the discovery of master 
switch systems [34], prominent examples being OxyR in bacteria [35] and 
NFkappaB [36] and Nrf2/Keap1 [37] in higher organisms. That batteries of enzyme 
activities are mustered by activation of gene transcription through a “simple” redox 
signal is still an exciting strategy [38]. Much of current effort in redox biology is 
addressed towards these response systems. Obviously, medical and pharmacologi-
cal intervention attempts are a consequence.

7  Redox Medicine

There are implications of the disruption of redox homeostasis for health and disease 
processes [39]. As outlined recently [8], the very functioning of cell metabolism is 
governed by redox processes. Fine-tuning of reaction cascades involves redox- 
active metabolites such as hydrogen peroxide (see above), nitric oxide, hydrogen 
sulfide and carbon monoxide. Biomedical research has addressed these aspects in 
overwhelming detail, beyond the scope of the present article. Just to name a few 
major topics: aging [40, 41], neurodegenerative diseases [42, 43], cardiovascular 
diseases/atherosclerosis [44], wound healing [45], cancer [46], immunology [47], 
and metabolic diseases such as diabetes [48].

There has been considerable effort in identifying potential therapeutic targets, 
biomarkers and pharmacological and clinical drugs applicable in redox medicine, as 
recently compiled [49–51].

Nutrition is another huge area impinging on health and disease, with important 
redox implication. Carbohydrate metabolism, in particular insulin signaling and 
postprandial oxidative stress, have a major impact [52–54]. Likewise, micronutri-
ents and bioactives play a role. One example is the micronutrient element, selenium, 
which is present in selenoproteins in the form of selenocysteine. The selenopro-
teome in humans comprises 25 members with various functions [55, 56]. Viral and 
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bacterial infections are often associated with deficiencies in micronutrients, includ-
ing selenium, and the selenium status may affect the function of cells in both innate 
and adaptive immunity [57]. Our group has addressed other aspects of selenium 
homeostasis and health [58–60], a large field of current interest.

Physical exercise is another lifestyle factor with implications to redox processes. 
Principles for integrating reactive species into exercise physiology have been exam-
ined [61].

8  Cautionary Words

In contemporary research, to talk simply of “exposing cells or organs to oxidative 
stress” should be discouraged. Instead, the exact molecular conditions and specific 
compounds need to be identified. Even more important, in transposing redox con-
siderations into medicine, concrete molecular oxidation-reduction descriptions are 
to be preferred.

A related pitfall is the use of ROS, which stands for reactive oxygen species, or 
RNS, which stands for reactive nitrogen species, where again the chemical species 
involved should be focused and defined whenever it is possible. This issue has been 
dealt with in detail recently [62]; this guide to free radical research terminology and 
methodology is highly recommended for perusal by researchers.

This “one-size-fits-all” mentality pervades also into the analytic methodology: 
measuring the so called “total antioxidant capacity (TAC)” in a blood plasma sam-
ple will not give useful information on the state of the organism, and should be 
discouraged [63]. Rather, individual relevant enzyme activities and patterns of anti-
oxidant molecules need to be assessed.

The use of genetically encoded fluorescent protein indicators has permitted non-
invasive studies in cells and organs, an early landmark being the hydrogen peroxide 
probe HyPer [64]. This field has developed impressively [65, 66], and specificity 
and sensitivity are being improved [67]. However, these probes need to be carefully 
applied with appropriate controls and calibration.

9  Conclusions

Useful as the term “oxidative stress” may be in research, there has been an inflation-
ary development in research circles and more so in the medical field and, even more 
than that, in the public usage outside scientific endeavors. Obviously, a general term 
describing a global condition cannot be meant to depict specific spatiotemporal 
chemical relationships in detail and in specific cells or organ conditions. Recent 
progress in methodology has permitted insight in these topics.

Thus, the subcellular compartmentation of redox processes and redox compo-
nents and their regulation is being studied at a new level in mammalian cells [68]. 
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Oxidative stress and stress responses can now be studied in a more refined fashion 
at molecular detail. This gives us hope for exciting new insight and discoveries for 
the next 30 years of oxidative stress research.
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Chapter 2
The Evolution of the Earth and Its 
Atmosphere

Juan José Poderoso

Abstract Earth is believed to have formed about 4.5 billion years ago. In the first 
500 million years ago (Ma), a dense atmosphere emerged from vapor and gases that 
were expelled during degassing of the interior of the planet. These gases may have 
consisted of hydrogen, water vapor, methane, and carbon oxides. Prior to 3.5 billion 
years ago the atmosphere probably consisted of carbon dioxide, carbon monoxide, 
water, nitrogen, and hydrogen. The hydrosphere was formed 4 billion years ago 
from the condensation of water vapor, resulting in oceans of water in which sedi-
mentation occurred. The most important feature of the ancient environment was the 
absence of free oxygen, which only began to persist in the atmosphere in small 
quantities about 50 Ma before the start of the great oxygenation event. This mass 
oxygenation of the atmosphere resulted in a rapid buildup of free oxygen. The rate 
of oxygen production by photosynthesis was slower in the Precambrian, and the 
concentrations were less than 10 % of the oxygen of today and probably fluctuated 
greatly. These fluctuations in oxygen concentration had little effect on life. The 
presence of oxygen allowed life with new opportunities. The origin of the mito-
chondria is related to the evolution of the earth. Mitochondria contain their own 
DNA, which is circular as in the bacteria. Mitochondrial ribosomes and transfer 
RNA molecules are also similar to those of bacteria, as are the components of their 
membrane. These observations led different researchers to propose an extracellular 
origin for mitochondria. The endosymbiotic hypothesis for the origin of mitochon-
dria suggests that mitochondria are descended from specialized bacteria that some-
how survived the endocytosis in another species of prokaryote or some other cell 
type, and became incorporated into the cytoplasm, providing a considerable evolu-
tionary advantage.
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1  Evolution of the Earth: Geologic Timeline

The geologic time scale is a system of measurement commonly used by earth scien-
tists that relates rock strata to time, providing a rough history of geology and life on 
Earth, through the fossil record. The geologic timeline is vast, stretching back to the 
formation of the Earth approximately 4.5 billion years ago to the present days and 
into the future until the destruction of the Earth. It is divided into various eons, eras, 
periods and other denominations to make its study more practical and distinguish 
unique and defined time periods.

1.1  Precambrian

Precambrian is an informal term in geology and paleontology for the time from the 
formation of the Earth, about 4500 Ma ago, to the Cambrian explosion of life that 
occurred 542 Ma ago, which marked the beginning of the Paleozoic Era and the 
Cambrian Period. Little is known about the Precambrian, despite the fact that it 
constitutes the vast majority (about 88 %) of our planet history. The Precambrian 
saw the origin of life, the evolution of photosynthesis, the transformation of Earth’s 
atmosphere into its modern form, and the creation of iron ore. It includes several 
distinct geologic eons: the Hadean, the Arcean and the Proterozoic.

The Hadean eon saw the formation of the Earth from about 4500 to 4000 Ma ago, 
the formation of the moon and the initial, hostile state of the Earth with heavy vol-
canism and poisoned waters when they existed. Very few traces of this time period 
remain due to geologic processes, and the few that persist are in scattered locations 
such as Australia and Greenland.

The Archean is the second eon of the early Earth (4000 to 2500 Ma ago), and 
consisted of higher volcanism and a near total lack of oxygen in the atmosphere. By 
the end of the period, the planet would have cooled significantly, allowing more 
familiar processes to act for the formation of actual continents and continent bases 
to begin. The most significant part of this time period would be that life began in this 
era.

The Proterozoic is the final eon of the Precambrian, lasting from 2500 to 542 Ma 
ago. This eon marks the beginning of life in a way we would understand it, however, 
not in simple terms, and the creatures that would ultimately make up the Cambrian 
life explosion that first evolved in this time period. Some of the most significant 
events of this time period would have been the first glacial periods, including a 
hypothesized time when all except the equator was locked under ice (the snowball 
earth hypothesis) and the change in the atmosphere as oxygen rose from almost 
nothing to the current percentage, as well as triggering a mass extinction of life 
forms to whom oxygen was a poison in the same way that carbon dioxide is to mod-
ern creatures.
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1.2  Paleozoic

The Paleozoic Era is a geological era that started 542 Ma ago and finished 252 Ma 
ago, encompassing the Cambrian, Ordovician, Silurian, Devonian, Carboniferous, 
and Permian geological periods. It is marked in the beginning by the emergence of 
soft shelled life, and near the end of the Era, marked by complex plants (the first 
modern ones), insects, fish and small reptiles. Sea levels reached approximately 
200 m higher than today, due to the warmer climate at the end of the period. However 
due to continental drift it became much warmer in some places and much colder in 
areas where life was located. This era ended with the greatest known mass extinc-
tion in history. The Cambrian was a geologic period of time that lasted from 542 to 
488 Ma ago. It is distinguished from the preceding Pre-Cambrian period by a spec-
tacular increase in the number of living organisms; specifically, the emergence of 
multicellular life that possessed hard exoskeletons. The Ordovician lasted from 488 
to 443 Ma ago, and was the second period of the Paleozoic era. Some interesting 
facts include: the sea levels were ~180 m higher than today; southern continents 
were grouped into one named Gondwana; first land plant spores appeared approxi-
mately 470 Ma ago; ocean temperatures may have reached 45 °C; and a life extinc-
tion is thought to have been caused by an ice age, that was started by another 
extinction event as well. The Silurian is a period of geologic time that lasted from 
approximately 443 to 416 Ma ago. This period saw the first appearance of coral 
reefs and jawed fish in the fossil record, in addition to widespread terrestrial plant 
life. The Devonian period lasted from approximately 416 to 359 Ma ago and was 
marked by the formation of large continents, which would later conglomerate into 
Pangaea. It also witnessed extensive colonization of the land by plants, and the 
emergence of the first terrestrial animals, such as insects and other arthropods. By 
the end of the period, the first amphibians had appeared in the fossil record. The end 
of the Devonian period was marked by a mass extinction event. The Carboniferous 
lasted from approximately 359 to 299 Ma ago. Its name is derived from the numer-
ous coal beds that were laid down during this time. The supercontinent Pangaea 
formed during the Carboniferous period. Animal colonization of the land increased, 
with the diversification of arthropods and amphibians. It was during the Carboniferous 
that most of today’s so-called “fossil fuel” deposits were laid down. The massive 
amounts of oxygen in the atmosphere enabled arthropods to grow to enormous 
sizes. The Permian extended from 290 Ma ago to 250 Ma ago. The start of the 
Permian was cool and dry; however, by its end the temperature on Earth reached 
levels higher than at any time since the Cambrian explosion. The continents were in 
one giant landmass called Pangaea. Creationists claim that the split of Pangaea was 
a result of the flood caused by high volcanic activity and meteorites. The Permian 
mass extinction was the worst extinction within the most recent 600 Ma of Earth’s 
history. It happened somewhere between 251 and 248 Ma ago, marking the transi-
tion from the Paleozoic to the Mesozoic era. This event is estimated to have killed 
off 90–95 % of sea life and about 70 % of land organisms. Various theories have 
been put forth on what caused this event including an asteroid or comet impact, 
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volcanic activity, radiation from a nearby supernova, global warming, or a combina-
tion of any or all of the above factors.

1.3  Mesozoic

The Triassic is the name given to a geological time period which extended from 251 
to 199 Ma ago. The Triassic is the start of the Mesozoic Era. It followed the largest 
extinction event known, with 95 % of life dying. It is the first geological period in 
which dinosaurs appear. The Jurassic lasted from 199.6 Ma ago to 145.5 Ma ago. 
This period is named for the Jura mountains in Europe, where rocks from this era 
can be found. Dinosaurs were the dominant animal group in this period, particularly 
the large sauropods. The Cretaceous lasted from approximately 145 to 65 Ma ago. 
It was preceded by the Jurassic period and followed by the Paleogene period. It was 
the last period of the “Age of Reptiles”: dinosaurs, pterosaurs and sea reptiles were 
the dominant global fauna. The end of the Cretaceous period was marked by a mass 
extinction. It is believed to be caused by a combination of a meteorite impact and 
volcanic activity, and resulted in the extinction of the dinosaurs, in addition to the 
pterosaurs, many marine reptiles and other organisms. This is the most famous and 
widely known mass extinction, though it isn’t the largest or most recent. The largest 
event is considered to be the Permian–Triassic extinction event, and the most recent 
may be well occurring now.

1.4  Cenozoic

The Cenozoic Era is a geologic period that includes the last 65 Ma. It begins with 
the mass extinction of the dinosaurs 65 Ma ago. The Cenozoic Era is divided into 
Paleogene and Neogene periods. Given the relatively recent time frame, the 
Cenozoic period is the best understood of all geological time periods including 
everything from weather features, temperature, geological changes, changes in life 
forms including detailed evolutions and extinctions. The Paleogene lasted from 
approximately 65 to 23 Ma ago. The Neogene was a geologic period that lasted 
from approximately 23 to 2.6 Ma ago. Alternatively, it has been argued that the cur-
rent Quaternary period should be included within the Neogene period. This latter 
period followed the Paleogene period and was the second period of the Cenozoic 
era. During the Neogene period, the continents roughly assumed their present posi-
tions and the world’s flora and fauna evolved into forms of which the majority 
would be comparable with modern species. The genus Homo, which would eventu-
ally give rise to humans, also appeared at the end of the Neogene.
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1.5  Quaternary

The Quaternary is the current geologic time period, which began approximately 
2.6 Ma ago. It is divided into two epochs: the older Pleistocene (2.6 million to 
11700 years ago) and the current Holocene (11700 years ago to the present). The 
Quaternary is of particular importance to humanity as this is the time when Homo 
sapiens evolved.

2  The Origin of Mitochondria

Based on the characteristics of the genome it contains, the mitochondria results 
from unquestioned bacterial ancestry, specifically originated from the phylum 
alpha-Proteobacteria. According to the endosymbiont hypothesis, the idea is that 
mitochondria evolved from bacterial progenitors by endosymbiosis within an 
eukaryotic host cell. Yet mitochondrial genome evolution has taken radically differ-
ent pathways in diverse eukaryotic lineages, and the organelle itself is increasingly 
viewed as a genetic and functional mosaic, with the bulk of the mitochondrial pro-
teome having an evolutionary origin outside alpha-proteobacteria. New data reana-
lyzed our views regarding mitochondrial evolution. The question was raised of 
whether the mitochondria originated after the eukaryotic cell arose, as assumed in 
the classical endosymbiont hypothesis, or whether this organelle and the proteobac-
teria began at the same time. In 1970, Lynn Margulis published “The Origin of 
Eukaryotic Cells”, an influential book that effectively revived the idea that mito-
chondria and chloroplasts evolved from free-living bacteria via symbiosis within a 
eukaryotic host cell [1]. The discovery in the 1960s of DNA within these organelles 
together with the recognition that they contain a translation system distinct from 
that of the cytosol were two of the observations that Margulis updated in support of 
the endosymbiont hypothesis of organelle origins. During her career, Margulis 
argued that symbiosis is a potent but largely unrecognized and unappreciated force 
in evolution. The development in DNA cloning and sequencing in the 1970s and 
1980s opened the way to the detailed characterization of mitochondrial genome and 
genes, and the generation of key molecular data that were definitive instruments in 
affirming the bacterial origin of the mitochondrial and plastid genomes. Over the 
past decades, numerous author reviews have documented in detail the biochemical, 
molecular and cell biological data conducting to the endosymbiont hypothesis of 
organelle origins [2–4]. Various endosymbiotic models proposed over the years 
have been comprehensively criticized [5].
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2.1  How Did the Mitochondrial Endo Symbiogenesis 
Occurred?

An alternative view, that the host cell for the  mitochondrial endosymbiosis was a 
prokaryote, and specifically an archaeon, not a eukaryote, has recently gained in 
prominence [6]. The “hydrogen hypothesis”” [7] is perhaps the best known example 
of a symbiogenesis scenario. This scheme proposes that eukaryotes arose through 
symbiotic association of an anaerobic, strictly hydrogen-dependent, archaebacte-
rium (the host) with a eubacterium (the symbiont) that was able to respire, but gen-
erated molecular hydrogen as a waste product of anaerobic heterotrophic metabolism. 
The dependence of the host upon molecular hydrogen produced by the symbiont is 
put forward as the selective principle that forged the common ancestor of eukaryotic 
cells. Thus, the hydrogen hypothesis “proposes that the origins of the heterotrophic 
organelle (the symbiont) and the origins of the eukaryotic lineage are identical” [7]. 
A corollary of the hydrogen hypothesis and other symbiogenesis scenarios is that 
the complexity of the eukaryotic cell and its defining features emerged after the 
mitochondrial symbiosis, rather than before. Several arguments can be advanced 
against a symbiogenesis scenario for the origin of mitochondria [6]. Endocytosis 
(an eukaryotic hallmark) has long been considered an essential function for incor-
porating a bacterial symbiont, although it is the case that bacterial endosymbioses 
(e.g., gamma-proteobacteria inside beta-proteobacteria) that have been documented 
[8]. In addition, assuming an a-proteobacterial symbiont as the mitochondrial pro-
genitor in a partnership that simultaneously gave rise to this organelle and the rest 
of the eukaryotic cell, one might expect that any eubacterial genetic signal in the 
nuclear genome would be overwhelmingly alpha-proteobacterial. However, 
although an alpha-proteobacterial signal does, in fact, predominate, in any given 
eukaryotic lineage collectively more bacterial-type genes appear to derive from 
diverse non-alpha-proteobacterial lineages or fail to affiliate robustly with any spe-
cific bacterial phylum. Nevertheless, it is possible that ancestral lineages contribut-
ing to a bacterial–archaeal symbiogenesis might have possessed genomes already 
“scrambled” to a certain extent by horizontal gene transfer.

A prominent feature of the hydrogen hypothesis is its claim to account simulta-
neously for the origins of both aerobic and anaerobic energy metabolism in eukary-
otes, the assumption being that both pathways were contained in and contributed to 
the hybrid cell by the alpha-proteobacterial partner partner. It is supposed that the 
two pathways would have been differentially expressed in the free-living bacterial 
symbiont when it encountered the appropriate environmental conditions. The 
hypothesis further posits that genes for aerobic respiration were lost in those eukary-
otic lineages in which the mitochondrion was converted to a mitochondrion-related 
organelle, some types of which (e.g., hydrogenosome) function in anaerobic energy 
metabolism. The hydrogen hypothesis predicts that genes of anaerobic energy 
metabolism in mitochondrion-related organelles should have been inherited verti-
cally throughout eukaryotes from a common ancestor, clustering as a monophyletic 
lineage together with alpha-proteobacteria in phylogenetic reconstructions. 
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However, a rigorous study of the phylogenetic distributions and histories of proteins 
involved in anaerobic pyruvate metabolism in eukaryotes has not provided support 
for this prediction [9]. Rather, mitochondrion- related organelles and the enzymatic 
machinery they contain for anaerobic energy metabolism appear to reflect a high 
degree of independent and convergent evolution.

Lane and Martin [10] have argued, from a consideration of the energetic of 
genome complexity, that because eukaryotes encode and express a substantially 
larger number of proteins than do prokaryotes, this increased expression demands a 
level of cellular energy that only the mitochondrion is able to satisfy. Accordingly, 
these investigators view the mitochondrion as the sine qua non of eukaryotic 
genomic and cellular complexity, concluding, rather definitively, that “the host for 
mitochondria was a prokaryote.” On balance, it would seem that a symbiogenesis 
scenario (bacterial endosymbiont in an archaeal host) better accommodates the 
accumulated data relevant to the question of mitochondrion origin than does an 
archezoan scenario (bacterial endosymbiont in an amitochondriate but essentially 
eukaryotic host). However, as emphasized above, the latter scenario cannot be 
entirely discounted at this point. Each scenario raises its own set of issues that are 
difficult to rationalize without resorting to ad hoc explanations. In the end, each 
faces the conundrum that there is no straightforward and compelling way to discern 
how similar the genomes of the proposed prokaryotic ancestors of the eukaryotic 
cell were to their modern day descendants.

3  Geological History of Oxygen

Before photosynthesis evolved, Earth’s atmosphere had no free oxygen (O2). 
Photosynthetic prokaryotic organisms that produced O2 as a waste product lived 
long before the first build-up of free oxygen in the atmosphere, perhaps as early as 
3.5 billion years ago [11]. The oxygen they produced would have been rapidly 
removed from the atmosphere by weathering of reducing minerals, most notably 
iron. This “mass rusting” led to the deposition of iron oxide on the ocean floor, 
forming banded iron formations. Oxygen only began to persist in the atmosphere in 
small quantities about 50 Ma before the start of the Great Oxygenation Event. This 
mass oxygenation of the atmosphere resulted in rapid buildup of free oxygen. At 
current rates of primary production, today concentration of oxygen could be pro-
duced by photosynthetic organisms in 2000 years [12]. In the absence of plants, the 
rate of oxygen production by photosynthesis was slower in the Precambrian, and the 
concentrations of O2 attained were less than 10 % of today levels and probably fluc-
tuated greatly; oxygen may even have disappeared from the atmosphere again 
around 1900 Ma ago [13]. These fluctuations in oxygen concentration had little 
direct effect on life, with mass extinctions not observed until the appearance of 
complex life around the start of the Cambrian period, 541 Ma ago [14]. The pres-
ence of O2 provided life with new opportunities. Aerobic metabolism is more 
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efficient than anaerobic pathways, and the presence of oxygen undoubtedly created 
new possibilities for life to explore [15] (Fig. 2.1).

Since the start of the Cambrian period, atmospheric oxygen concentrations have 
fluctuated between 15 % and 35 % of atmospheric volume [18]. The maximum of 
35 % was reached towards the end of the Carboniferous period (about 300 Ma ago), 
a peak which may have contributed to the large size of insects and amphibians at 
that time. Whilst human activities, such as the burning of fossil fuels, have an impact 
on relative carbon dioxide concentrations, their impact on the much larger concen-
tration of oxygen is less significant [19]. 

3.1  Effects on Life

The concentration of atmospheric oxygen is often cited as a possible contributor to 
large-scale evolutionary phenomena, such as the origin of the multicellular Ediacara 
biota, the Cambrian explosion, the trends in animal body size, and other extinction 
and diversification events [15]. The large size of insects and amphibians in the 
Carboniferous period, where oxygen reached 35 % of the atmosphere, has been 
attributed to the limiting role of diffusion in these organisms metabolism. It has 
been proposed that this mechanism would only apply to insects. However, the bio-
logical basis for this correlation is not firm, and many lines of evidence show that 
oxygen concentration is not size-limiting in modern insects. Interestingly, there is 
no significant correlation between atmospheric oxygen and maximum body size 
elsewhere in the geological record. Ecological constraints can better explain the 

Fig. 2.1 O2 build-up in the earth’s atmosphere. Red and green lines represent the range of the 
estimates while time is measured in billions of years ago (Ga) [16]. Stage 1 (3.85–2.45 Ga): 
Practically no O2 in the atmosphere. Stage 2 (2.45–1.85 Ga): O2 produced, but absorbed in oceans 
& seabed-rocks. Stage 3 (1.85–0.85 Ga): O2 starts to gas out of the oceans, but is absorbed by land 
surfaces and by formation of the ozone layer. Stages 4 & 5 (0.85 Ga–present): O2 sinks filled, the 
gas accumulated Ref. [17]
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diminutive size of post-Carboniferous dragonflies; for instance, the appearance of 
flying competitors such as pterosaurs, birds and bats [15].

Rising oxygen concentrations have been cited as a driver for evolutionary diver-
sification, although the physiological arguments behind such arguments are ques-
tionable, and a consistent pattern between oxygen concentrations and the rate of 
evolution is not clearly evident. The most celebrated link between oxygen and evo-
lution occurs at the end of the last of the snowball glaciations, where complex mul-
ticellular life is first found in the fossil record. Under low oxygen concentrations, 
regular “nitrogen crises” could render the ocean inhospitable to life. Significant 
concentrations of oxygen were just one of the prerequisites for the evolution of 
complex life. Models based on uniformitarian principles (i.e. extrapolating present- 
day ocean dynamics into deep time) suggest that such a concentration was only 
reached immediately before metazoa first appeared in the fossil record. Further, 
anoxic or otherwise chemically “nasty” oceanic conditions that resemble those sup-
posed to inhibit macroscopic life re-occur at intervals through the early Cambrian, 
and also in the late Cretaceous, with no apparent impact on lifeforms at these times. 
This might suggest that the geochemical signatures found in ocean sediments reflect 
the atmosphere in a different way before the Cambrian, perhaps as a result of the 
fundamentally different mode of nutrient cycling in the absence of planktivory [14].

4  Conclusion

The appearance of oxygen in the atmosphere is closely related to Earth’s evolution. 
Only knowing, albeit briefly, the different stages of Earth’s evolution is that we can 
know and understand the circumstances that made oxygen appear in the atmosphere 
in sufficient quantities and compatible with life a billion years ago. Prior to that, 
oxygen had been detected but it had been absorbed either by the oceans or the land. 
In direct relation to Earth’s evolution and the appearance of oxygen is the origin of 
mitochondria. These organelles, whose main function is to regulate cell energy pro-
duction were originally bacteria, that is, prokaryotes. They symbiotically incorpo-
rated to eukaryotic cells and from there, the process of functional adaptation begins 
and continues to our days. Thus we can conclude that the appearance of oxygen in 
the atmosphere and the origin of mitochondria are directly related to Earth’s evolu-
tion and the origin of life.
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Chapter 3
Mitochondria Are the Main Cellular Source 
of O2

−, H2O2 and Oxidative Stress

Alberto Boveris and Marisa G. Repetto

Abstract Mitochondria reduce about 1–2 % of the O2 consumed in the tissues to 
O2

− that is dismutated in the mitochondrial matrix by the Mn-SOD reaction to O2 
and H2O2. O2

− as a charged and non permeable species is confined into the mito-
chondrial matrix where is kept at a steady state level of 10−10 M. After dismutation, 
non charged H2O2 freely diffuses to the cytosol, where it is kept at about 10−7 M by 
catalase and glutathione peroxidase. In the cytosol H2O2 encounters Fe2+ (and Cu+), 
suffers homolysis by the Fenton/Haber-Weiss reaction, and produces the highly 
reactive HO•. This radical immediately abstracts one hydrogen atom from unsatu-
rated fatty acids and starts the process of lipoperoxidation, in an open and non- 
equilibrium situation as long there are unsaturated fatty acids and O2. The free-radical 
mediated oxidations of phospholipids, proteins and nucleic acids are a consequence 
of aerobic life. Increased oxidations define the oxidative stress situation. Then, 
mitochondria are the main cellular source of O2

−, of H2O2 and of oxidative stress in 
the cell. The cellular metabolisms of O2

−, H2O2, NO and ONOO− are integrated and 
faster rates of free-radical mediated reactions are considered the molecular mecha-
nisms of pathological processes and of aging.
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1  Introduction. The Partial Reduction of Oxygen 
and the Reactive Oxygen Species

In 1954, the Argentine scientist Rebeca Gerschman published the famous article 
“Oxygen poisoning and x-irradiation: a mechanism in common” (Science 119:623–
626) [1], that postulated that the products of the partial reduction of oxygen, super-
oxide radical (O2

−), hydrogen peroxide (H2O2) and hydroxyl radical (HO•), are the 
chemical species responsible for the toxicity of oxygen and of x-irradiation. The 
paper reported a synergic effect of hyperbaric oxygen and x-radiation in the survival 
of mice. The experiments were remarkable: the animals were in a solid iron cham-
ber and were irradiated from outside. The paper proposed the concept that either an 
increase in oxygen pressure or in x-radiation or a decrease in cellular antioxidant 
defense (a new concept at that time) would equally lead to cellular damage. The 
products of the partial reduction of oxygen, O2

−, H2O2 and HO• were early described 
by Michaelis in 1946 on theoretical basis [2]. Simultaneously, the toxic effects of 
oxygen and H2O2 on brain metabolism were recognized by Mann and Quastel [3]. 
The confirmation of the Gerschman view on the toxicity of O2

− and H2O2 was estab-
lished by the discovery of superoxide dismutase (SOD) in 1969 that implied the 
biological existence of O2

− [4] and by the establishment of the “Fridovich dogma” 
in 1975, in which SOD and catalase were recognized as absolutely necessary for 
aerobic life in bacteria [5].

The concept of reactive oxygen species (ROS)) was successfully introduced by 
Seim in 1982 to describe the luminol chemiluminescence of activated human mono-
cytes [6]. The concept was immediately adopted, although there was not a definition 
of the involved chemical species. However, since the biological effects of ROS were 
similar or undistinguished, the idea was accepted without hesitation. Originally, 
ROS meant extracellular O2

−, H2O2 and HO• but the concept was later extended to 
the intracellular situation and the list of ROS grew with time. Today it is accepted 
that includes O2

−, H2O2 and HO•, some intermediates of the free radical-mediated 
lipid peroxidation, such as ROO• (peroxyl radical) and 1O2 (singlet oxygen) and also 
organic peroxides (ROOH) and peroxynitrite (ONOO−), this latter the product of 
the reaction between and O2

− and NO.

2  The Mitochondrial Production of O2
− and H2O2

The physiological generation of O2
− and of H2O2 is quantitatively a mitochondrial 

phenomenon. There are other sources for these species but they are less important 
in quantitative terms and also there is a widespread and essential presence of mito-
chondria in aerobic tissues. About 1–2 % of the O2 consumed in tissue respiration is 
converted to O2

−. Then, O2
− can be regarded as the precursor of all the reactive 

oxygen species. Early reports recognized successively the mitochondrial production 
of H2O2 and of O2

−.
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Table 3.1 summarizes the mitochondrial rates of H2O2 production in states 4 and 
3 in mitochondria isolated from liver, heart and brain, the H2O2 organ production 
and the ratio of H2O2 production and organ O2 uptake. The very significant mito-
chondrial rate of H2O2 production accounts for 0.26–0.96 % of the rate of organ O2 
uptake, with a ratio of 0.96 and 0.67 % for liver and heart. Mitochondrial H2O2 
production in states 4 and 3 accounts for 1.32 and 0.22 % of the respiration in rat 
liver, for 0.93 and 0.13 % in rat heart and for 0.18 and 0.01 % in rat brain (Table 
3.1). Thus, H2O2 production is a physiological phenomenon of mitochondrial respi-
ration and of oxidative metabolism. There was an immediate interest in the quantita-
tive relationship of the mitochondrial production of H2O2 and the eventual 
participation of O2

−. It was known that flavoprotein enzymes produce H2O2 by trans-
fer of two reducing hydrogen atoms and that the dismutation of O2

− generates H2O2 
[4]. Loschen et al. reported the mitochondrial production of O2

− [13] and shortly 
after an stoichiometric ratio of 2 O2

− to 1 H2O2 was reported for the mitochondrial 
production of H2O2 [14–16]. Table 3.2 summarizes some reports on the ratios O2

−/
H2O2 in mitochondrial preparations. Submitochondrial particles were used, washed 
to remove the Mn-SOD and to be able to measure O2

− production. There was agree-

Table 3.1 Tissue O2 uptakea and mitochondrial H2O2 production

Organ
1. O2 uptake (μmol/
min.g)

2. Mitochondrial H2O2 production

Ratio 
2/1 (%) References

State 4 State 3 Organ rateb

(nmol/min.mg 
prot) (nmol/min.g)

Rat 
liver

1.36 0.60 0.10 13.1 0.96 [7, 8]

Rat 
heart

3.92 0.70 0.10 26.4 0.67 [8, 9, 10]

Rat 
brain

1.67c 0.19 0.01 4.1d 0.25 [11, 12]

aLagendorff perfused liver and heart at 30 °C and brain in situ. Mitochondrial H2O2 production was 
determined at 30 °C
bCalculated for the physiological situation; with mitochondria 68 % of in state 4 and 32 % in state 
3, and a mitochondrial content of 30 (liver), 52 (heart) and 16 (brain) mg of mitochondrial protein/g 
of tissue
cBrain in situ, 37 °C. Brain has other significant sources of H2O2
dFor the H2O2/O2 ratio the H2O2 rate was converted to 37 °C

Table 3.2 Ratios of O2
− and H2O2 production in submitochondrial preparations

Source

Production rates (nmol/min.mg protein)

Ratio O2
− / H2O2 ReferencesO2

− H2O2

Rat heart 5.0 3.1 1.61 [14]
Rat heart 6.9 3.2 2.15 [14]
Beef heart 3.8 1.8 2.00 [15]
Ascites tumor 2.9 1.4 2.10 [16]

2.2 1.2 1.83 [16]

3 Mitochondria Are the Main Cellular Source of O2
−, H2O2…
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ment among the experimental reports with ratios of 2 O2
− to 1 H2O2. The result was 

interpreted as evidence confirming the roles of O2
− and H2O2 and of Mn-SOD and 

catalase in bacteria [5] and also as evidence of the endo-symbiotic origin of modern 
aerobic eukaryotic cells from primitive rickettsia or thermoplasma-like organisms 
and from primitive eubacteria or spirochaeta-like nucleated cells [17]. The mito-
chondrial production of O2

− and H2O2 is frequently treated as an electron leak from 
the main stream of electrons handled by the respiratory chain [18]. Theoretically, all 
the reduced components of the respiratory chain are auto-oxidable, however, most 
of the rates of auto-oxidation are minimal and negligible. Significant rates of elec-
tron leakage take place at complexes I and III.

In complex I, the steady state level of the reduced forms of the flavin, FMNH2 
and FMNH•, are able to reduce O2 to O2

− by simple collision. The totality of the O2
− 

produced, about 0.5–0.7 nmol/min.mg protein, is released into the mitochondrial 
matrix [19]. In complex III, O2

− is released both to the mitochondrial matrix and to 
the intermembrane space. The fraction of O2

− released into the matrix (2.5 nmol 
O2

−/min.mg protein) is about 75 % of the total produced O2
− while the remaining 25 

% is released to the intermembrane space [20]. It is considered that HOO• is formed 
in the phospholipid phase and that, as a non-charged species, diffuses through the 
phospholipid bilayer of the inner mitochondrial membrane [20]. The O2

− released to 
the matrix quickly undergoes spontaneous disproportionation yielding O2 and H2O2. 
The reaction is strongly accelerated by the enzyme Mn-SOD reaching a very low 
steady-state concentration of O2

−. The Cu,Zn-SOD of the intermembrane space dis-
proportionates the O2

− released in this compartment [21]. As a result, a very low 
steady state concentration of O2

− is achieved (l0−10 M) while H2O2 is kept at higher 
levels (10−7 M). The small and non-charged molecule H2O2 freely diffuses to the 
cytosol (Fig. 3.1). The cytosolic transition metals Fe2+ or Cu1+ are able to produce 
H2O2 homolysis with HO• radical generation. This radical is a major hazard for cells 
due to its high reduction potential (E° = +2.87 V) and reactivity, which determines 

Fig. 3.1 Mitochondrial metabolism of O2
− and H2O2. The former (O2

−) is an intramitochondrial 
metabolite and the latter (H2O2) is a cellular metabolite
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its brief half-life. Hydroxyl radical is extremely efficient at initiating phospholipid 
peroxidation and producing protein oxidation with formation of carbonyl groups 
(>C = O). The response to increased HO• radical generation is an almost instanta-
neous (seconds) increased lipid peroxidation and protein oxidation [22, 23].

3  Mitochondrial Function in Cell Physiology

All the chemical reactions that sustain life in cells and tissues constitute a very large 
group and are collectively called metabolism. Metabolism is constituted by anabo-
lism and catabolism. Catabolic pathways generate chemical energy in the form of 
ATP, NADPH2 and FADH2. The anabolic pathways use precursor molecules (amino 
acids, sugars, fatty acids and nitrogenated bases) to build up cell macromolecules 
(proteins, polysaccharides, lipids and nucleic acids) using ATP to drive these syn-
thesis. The distinction between catabolism and anabolism is illustrated by saying 
that in catabolism there is ATP production and in anabolism there is ATP utilization. 
Alternatively, acetyl-CoA formation and acetyl-CoA utilization can be considered 
as the characteristic of catabolism and anabolism, respectively [24, 25]. Both, ATP 
and acetyl-CoA are central and key mitochondrial metabolites. According to ther-
modynamics second law, chemical reactions only occur if there is a decrease in free 
energy ((ΔG′). ATP, with its large synthesis and hydrolysis energies to be formed 
and to be split, from and to ADP and Pi (ΔG°′ = 30.5 kJ/mol), leads naturally to the 
idea that ATP is the cellular energy currency.

Lavoisier (1789) recognized for the first time that animals burn foods (chemical 
fuels) and release heath as inherent facts of life. Glucose oxidation is a strong exer-
gonic process, described from left to right in (Eq. 3.1) [24, 26]:

 C H O O CO H O kJ6 12 6 2 2 26 6 6 2840+ ↔ + +  (3.1)

The process is reversible and goes from right to left in photosynthesis, where the 
energy provided by sunlight is used for glucose and O2 synthesis in green plant 
thylakoids. Glucose utilization has two biochemical possibilities: the anaerobic 
pathway and the aerobic pathway. The first one, the anaerobic (about 2500 millions 
years old) provides 2 moles of ATP/mol of glucose. The second one, the aerobic 
(about 900 millions years old) provides 36 moles of ATP/mol of glucose. No won-
der why biology evolution chose aerobic life. Utilization of O2 provides 473 kJ/mol 
and evolved associated to the development of mitochondria. The organelle origi-
nated after the endo-symbiosis of primitive bacteria and eukaryotes [17]. 
Contemporaneous mitochondria are a double-membrane structure with an inner 
membrane that is extensively folded and contains the electron transfer chain with its 
four respiratory complexes (I, II, III and IV) and the F1-ATP synthase (complex V). 
About 95 % of the total O2 consumed in the tissues is utilized by mitochondrial 
cytochrome oxidase (complex IV). Mitochondrial function is to carry out a coupled 
process in which the oxidation of the coenzymes NADH2 and FADH2 and the 

3 Mitochondria Are the Main Cellular Source of O2
−, H2O2…



28

reduction of cellular O2 to H2O are compulsorily linked to the synthesis of ATP. The 
energy needed for the transduction of chemical redox energy (NADH2 oxidation to 
NAD) to the chemical energy of ATP synthesis (ADP + Pi → ATP) is provided by 
an electrochemical H+ gradient [24]. The elucidation of the molecular mechanism 
of the process was a biochemical revolution that occurred in the last 50 years and 
produced two Nobel Prizes. Peter Mitchell received the Nobel Prize in Chemistry 
1978 “for his contribution to the understanding of biological energy transfer through 
the formulation of the chemiosmotic theory” and John Walker and Paul Boyer 
received the Nobel Prize in Chemistry 1997 “for their elucidation of the enzymatic 
mechanism underlying the synthesis of adenosine triphosphate”.

In the mitochondrial respiratory chain, complex I transfers electrons from 
NADH2 to ubiquinone (UQ) and the energy released by this exergonic reaction is 
coupled to the extrusion of 4 H+ into the intermembrane space. Complex II oxidizes 
succinate from the Krebs cycle without H+ extrusion. The electrons received by 
complexes I and II are transferred to UQ, which becomes reduced to ubiquinol 
(QH2). The quinol transfers its electrons to complex III, which in turn pumps 4 H+ 
into the intermembrane space and reduces cytochrome c3+. Cytochrome c transfers 
electrons to complex IV that reduces O2 to H2O and pumps another 2 H+ into the 
intermembrane space. Due to the H+ impermeability of the inner membrane a H+ 
gradient is formed across the inner mitochondrial membrane. The gradient moves 
H+ through the membrane F0 channels in their way back to the matrix. A protein 
shaft with rotatory movements and conformational changes in F1 synthase 
β-subunits, catalyzes ATP synthesis from ADP and Pi by complex V [24]. In cyto-
chrome oxidase, O2 is bound and reduced to 2 H2O molecules, in 4 one electron 
steps that reduce the 2 Cu2+ and the 2 Fe3+ of the oxidase. The enzyme retains O2 
until it is fully reduced to H2O. This mechanism dramatically lowers O2

− release to 
almost nothing, because O2

− entails a cellular risk for being a precursor of free- 
radical mediated reactions.

4  Steady States and Half Lives of Reactive Oxygen Species

The highly reactive chemical species constituted by the intermediates of the partial 
reduction of oxygen and of the free-radical mediated chain reactions in mammalian 
cells are kept at steady states. In this stable and non-equilibrium situation the rate of 
production of each species is equal to its rate of utilization. Table 3.3 provides a list 
with the steady states and half life values of these chemical species. They are kept 
at low or very low concentrations and exhibit a fast turnover with short half lives 
(the times needed under physiological conditions to decrease their steady state con-
centrations to 50 %).

O2
− is not a good oxidant, rather it is a reductant for itself and for cytochrome c. 

However, as mentioned, O2
− is considered the precursor of all the highly reactive 

molecules that participate in the free-radical mediated oxidation process (Table 3.3). 
The importance of O2

− in free-radical mediated oxidations is that O2
− dismutates to 
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H2O2 and reduces the cytosolic transition metal ions, Fe3+ and Cu2+. These ions, 
through the Haber-Weiss reaction, produce the homolysis of H2O2 and ROOH lead-
ing to the productions of HO• and RO• (Eqs. 3.2, 3.3, and 3.4):

 O Fe O Fe2
3

2
2− + ++ → +  (3.2)

 
H O Fe HO HO Fe Fenton reation2 2

2 3+ → + ++ − +•

 
(3.3)

 O H O HO HO O Haber Weiss reaction2 2 2 2
− −+ → + +•   (3.4)

The production of HO• from H2O2 and Fe2+ by the Fenton reaction has been con-
sidered for a long time as the rate-limiting step for physiological lipid peroxidation 
[22, 27–29].

5  Oxidative Stress

The classic concept of oxidative stress was introduced by Sies in 1985 and defined 
as an unbalance situation in which oxidants predominate over antioxidants [30] (see 
Chap. 1 by H. Sies in this volume). The acceptation and success were instantaneous 
because the idea of oxidative stress made possible the rational interpretation of 
experimental data and the formulation of scientific hypothesis. The idea, popular-
ized with the image of a scale with “oxidants” and “antioxidants” in the two arms, 
was immediately applied to a myriad of experimental and even clinical situations. 
Antioxidants were understood as a defense system constituted by antioxidant 
enzymes and by low molecular mass reductants. The group of the antioxidant 

Table 3.3 Steady state 
concentrations and half lives 
of the intermediates of the 
partial reduction of oxygen 
and of intermediates of the 
free-radical mediated chain 
reactions in mammalian cells

Chemical species
Steady state 
(M) Half life (t1/2) (s)

O2
− 

(intramitochondrial)
10−10 10−4

O2
− (cytosolic) 10−11 10−3

H2O2 10−7 0.1
HO• 10−16 10−9

NO 10−7 10−2

ONOO− 10−8 0.5
UQH• 10−7 0.2
R• 10−10 10−7

ROO• 10−9 10−5

ROOH 10−7–6 0.1–0.3
1O2 10−15 10−6

Modified from Boveris et al. [27]
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enzymes is constituted by superoxide dismutases, catalase, glutathione peroxidases, 
and the thioredoxin system. The group of antioxidant substances is made by tocoph-
erols, ascorbic acid, carotenoids and other minor antioxidants. The concept of oxi-
dative stress was extrapolated to clinical medicine and extensively used [31]. As an 
example of the acceptation, there were more than 157000 entries in May 2016 under 
“oxidative stress” in PubMed. In terms of the free radical-mediated biochemical 
chain reactions, oxidative stress implies an increased rate of the endogenous free 
radical reactions. The increase in reaction rates is accompanied by increases in the 
steady-state concentrations of oxidative intermediates, in the rate of O2 incorpora-
tion in the free radical reactions and in the content of final oxidation products [32]. 
The central involvement of the GSH/GSSG ratio was established by the redox 
hipothesis [33, 34] that potentiated the classic concept of oxidative stress. This 
hypothesis states that oxidative stress is an oxidative process that alters the redox 
balance of the thiol groups in low molecular weight molecules as GSH and small 
proteins that are involved in signal pathways and in the regulation of physiological 
functions. Today, the balance between reactive oxygen species (oxidants) and anti-
oxidant defense (antioxidants) and the GSH/GSSG redox balance constitute the two 
main and differential characteristics of oxidative stress. The protective roles of GSH 
against oxidative stress and damage are multiple: scavenging HO• and RO• in the 
hydrophilic domain, reducing cofactor of glutathione peroxidases, part of the glu-
taredoxin system, and regeneration of the reduced forms of protein thiols [22, 
35–38].

The redox potential of the couple GSH/GSSG is determined by the concentration 
of both chemical species, according to E’ = E°′ + RT ln [GSH]2/[GSSG] with E°′ = 
−220 mV. The ratio GSH/GSSG is a good estimation of the whole cell -SH/-SS- 
redox potential. In normal conditions, intracellular GSH steady state levels are 
physiologically maintained by the constant reduction of GSSG by NADPH2 and 
glutathione reductase. The calculated normal cellular redox potential is about 340 
mV. In oxidative stress and damage, GSH is oxidized, deeply changing the cellular 
redox potential. The transition metal ions Fe and Cu are essential for all living 
organisms because they participate in a wide variety of metabolic processes. 
However, their concentrations in the body tissues must be strictly regulated because 
these metal ions are toxic when their levels are increased [38–40]. In conditions of 
Fe and Cu overloads, rat brain dramatically changes GSH/GSSG redox potentials. 
From the −340 mV of normal conditions it is shifted to −170 mV and −64 mV for 
maximal Fe and Cu effects, respectively [41]. The indiscriminate use of the term 
oxidative stress without relation to redox biochemistry should be avoided. There are 
many examples where a decreased content of a supposed antioxidant is interpreted 
as due to oxidative stress.
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6  Physiology of the Products of the Partial Reduction 
of Oxygen

Considering the intracellular properties of the products of the partial reduction of 
O2, HO• radical is the most reactive, with the shortest half life (10−9 s) (Table 3.3), 
and oxidizes any cell molecule that it collides with and is the primary and main 
cause of toxicity and oxidative damage. It is understood that HO• does not have any 
signaling role in cells. Concerning O2

−, its anionic charge limits its diffusion through 
membranes. It is produced by specific reactions in mitochondria and cytosol and is 
kept at different steady state levels in the two compartments (Table 3.3). O2

− is a 
reductant that reduces itself in the dismutation to O2 and H2O2, and reduces cyto-
chome c, Fe3+ in ferritin and iron-sulfur clusters in proteins. Hydrogen peroxide is a 
stable molecule in the absence of specific enzymes and Fe2+ ions. It has the relative 
long half life of 0.1 s and is kept as an intracellular constituent at levels of 10−8 to 
10−6 M (Table 3.3). Hydrogen peroxide is no longer considered harmful by its prop-
erty of producing HO•, but necessary for cellular homeostasis and communication. 
Important physiological processes are regulated by H2O2, among them: regulation of 
transcription factors (NF-kB and Nrf2), growth factor signaling, hypoxic response 
(HIF 1α and 2α), inflammation process and the immune response. Activation or 
inhibition of the transcription factors NF-kB and Nrf2 is crucial for cell homeostatis 
and adaptation, processes that are affected in human diseases. NF-kB is associated 
with the reactive oxygen species generated during inflammation. Nrf2, activated by 
H2O2, transition metals, NO and 4-HNE, is the major transcriptional regulator in the 
response and defense against oxidative stress [42]. The reactive chemical species 
listed in Table 3.3 show an integrated mitochondrial metabolism with NO (Fig. 3.2). 
There are two main characteristics for this fact: first, mitochondria produce its own 

Fig. 3.2 Integrated mitochondrial metabolism of O2-, H2O2, NO and ONOO−.-.
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NO by mitochondrial nitric oxide synthase (mtNOS)) [43], and second, O2
− and NO 

are strongly linked by the diffusion-limited reaction of peroxynitrite formation (O2
− 

+ NO → ONOO−).

7  Experimental Determination of Oxidative Stress in Cells 
and Tissues

The experimental determination of oxidative stress in cells and tissues is of funda-
mental importance in studies of physiopathology with a clear extrapolation to 
evidence- based medicine. The most followed approach is the determination of the 
final oxidation products of phospholipids, proteins, and nucleic acids. Although 
there are no studies on the time course of the independent oxidation of the various 
cell components, it is considered that all the oxidative processes are simultaneous in 
the cell cytosol. A careful treatment is needed because the oxidation products are in 
dynamic steady states: they are produced, reduced, metabolized and eliminated. 
The most studied oxidation products are the ones of phospholipid peroxidation and 
of protein oxidation. Lipid peroxidation is the most studied and biologically rele-
vant free radical chain reaction. The most determined products are malonaldehyde 
and 4-HO-nonenal. Malonaldehyde, usually determined as TBARS, accounts for 
about 10 % of the O2 incorporated in lipid peroxidation. With advanced and sensi-
tive equipments, minor products of the process, such as isoprostanes, pentane, 1O2 
and others, are determined [44, 45]. Singlet oxygen is determined by its monomol 
(1270 nm) and dimol (640–670 nm) emissions and by the formation of cholesterol 
endoperoxide. Only a small group of reactive oxygen species, H2O2, ROOH and 
ONOO−, can be directly measured. Others species are at very low steady state con-
centrations (Table 3.3) and cannot be determined.

The determination of the activity of antioxidant enzymes as indicators of oxida-
tive stress is not an easy task and trained operators are needed. The main antioxidant 
enzymes are: cytosolic Cu,Zn-SOD, mitochondrial Mn-SOD, peroxisomal catalase, 
cytosolic and mitochondrial glutathione peroxidases, and cytosolic and mitochon-
drial thioredoxin reductases. In the first place, the determination of enzyme activity 
has to be complemented with the determination of enzyme expression by Western 
blot. Increased and decreased levels of antioxidant enzymes have been indiscrimi-
nately taken equally as indication of oxidative stress based on two interpretations. 
First, decreased levels of antioxidant enzymes in bacteria, according to Fridovich 
[5], a concept latter extended to mammals, indicates a situation of low antioxidant 
protection and subsequent oxidative stress. Second, increased levels of antioxidant 
enzymes were taken as indication of an initial oxidative stress followed by increased 
enzyme biosynthesis in an adaptive response.

A. Boveris and M.G. Repetto



33

8  Aging

The concept that free radicals are responsible for the physiological decline in indi-
viduals with age was proposed by Harman in “the free radical theory of aging” in 
which aging results from HO• initiated oxidations and damage to macromolecules 
[46, 47]. Organic antioxidants, 2-mercaptoetylamine and others, added to food were 
able to increase mouse lifespan. More recently, Navarro et al. [48] reported that 
mice refused food supplemented with 2-thioproline, that the animals detected as 
disagreeable, leading to caloric restriction and to increased lifespan. Other treat-
ments, as increased neurologic activity, moderate exercise and vitamin E supple-
mentation, were also able to increase average lifespan but not maximum lifespan 
[49]. Harman hypothesis gained momentum after the discovery of superoxide dis-
mutases [4], the acceptation of the Gerschman theory of a common mechanism for 
oxygen and radiation toxicity [1], and the recognition of mitochondrial H2O2 pro-
duction in aerobic tissues [7, 18]. At present, the free radical theory of aging, 
evolved from Gerschman and Harman theories [1, 47, 50], is preferred among the 
aging theories.

9  Conclusions

About 1 % of the O2 consumed in normal respiration in the tissues is converted to 
O2

− and H2O2. The chemical species of the partial reduction of O2 (O2
−, H2O2 and 

HO•) are physiologically produced as part of mitochondrial function and of aerobic 
life. Partially reduced O2 species are in physiological situations at a non-zero level 
and at relatively low steady state concentrations. When these levels are increased, 
free-radical mediated oxidations take place in cells and tissues and produce bio-
chemical and cellular damage. The situation is described as reversible oxidative 
stress, but if marked or sustained leads to oxidative damage. The cellular metabo-
lism of O2

−, H2O2, NO and ONOO− is integrated and constitutes the main source of 
cellular oxidative stress. Free radical mediated oxidative stress and damage have 
been extensively used to describe the molecular mechanisms of a long series of 
pathologies and of aging. Antioxidant enzymes and substances have proved to be 
effective against oxidative stress and damage in many cases. However, as cells and 
tissues have very different properties there is no effective treatment that can be used 
for all cases of oxidative stress and damage.
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Chapter 4
Biochemistry and Physiology of Heart 
Mitochondrial Nitric Oxide Synthase

Tamara Zaobornyj, Darío E. Iglesias, Silvina S. Bombicino, 
Ivana A. Rukavina-Mikusic, and Laura B. Valdez

Abstract Heart mitochondria are the major source of reactive oxygen and nitrogen 
species and play a central role in cell energy provision and signaling. The NO pro-
duced by cardiac mtNOS is allowed to interact restrictedly with the co-localized 
effectors. NO exerts a high affinity, reversible and physiological inhibition of cyto-
chrome c oxidase activity. A second effect of NO on the respiratory chain is accom-
plished through its interaction with ubiquinol-cytochrome c oxidoreductase. The 
ability of mtNOS to regulate mitochondrial O2 uptake and O2

− and H2O2 produc-
tions is named mtNOS functional activity. Several situations, including chronic 
hypoxia and ischemia-reperfusion, modify heart mtNOS activity or expression. The 
regulation of heart mtNOS by distinctive mitochondrial environments includes the 
effects of Ca2+, O2, L-arginine, NADPH, mitochondrial membrane potential (Δψ) 
and the metabolic states. Together, this enzyme seems to be critical during the adap-
tation of heart mitochondria to changes in cellular bioenergetics.

Keywords Heart mitochondrial NOS • mtNOS functional activity • Nitric oxide • 
Membrane potential • Hydrogen peroxide • Mitochondrial complexes I, III and IV

1  Introduction

Mitochondria supply the cells with both the energy and the signals that coordinate 
cell death and survival [1]. Indeed, heart mitochondria produce the potentially toxic 
products of the partial reduction of oxygen: superoxide anion (O2

−), hydrogen per-
oxide (H2O2), and hydroxyl radical (HO•) and signaling and regulatory molecules, 
as nitric oxide (NO) and H2O2 [2–5]. A fine control of mitochondrial respiration is 
critical to meet the energy demand of cardiac muscle [6–8]. During the progression 
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of heart disease, the loss of mitochondrial function leads to cell injury, cell dysfunc-
tion and death [8]. The signaling functions of NO in the heart depend on its produc-
tion by the specific NO synthase (NOS) isoforms compartmentalized within cellular 
microdomains, and its interactions with several biomolecules involved in down-
stream signaling pathways. The strategic localization of heart mitochondrial nitric 
oxide synthase (mtNOS) in the organelles in charge of cellular energy metabolism 
allows for a tight control of different processes whereby mitochondria play pivotal 
roles [9, 10].

2  Nitric Oxide Regulates Mitochondrial Respiration 
and Superoxide Anion and Hydrogen Peroxide 
Productions

Even though NO is a highly diffusible molecule, the distances that this free radical 
reaches are short due to its high reactivity with several species which include heme 
groups, O2

− and thiols [9]. As a result, the NO produced by cardiac mtNOS is 
allowed to interact restrictedly with the co-localized effectors. It is well known that 
NO activates soluble guanylatecyclase (sGC), which leads to the production of the 
second messenger 3,5′-cyclic guanosine monophosphate (cGMP) [8]. However, 
certain functions of NO in signaling and regulation of cardiac function are per-
formed through cGMP-independent pathways including those that involve mito-
chondria (Fig. 4.1).

First, NO competes with O2 for the binding site at the binuclear center of cyto-
chrome c oxidoreductase or complex IV. This leads to a high affinity and reversible 
inhibition of the enzyme [11–13]. This effect was unraveled using a mathematical 
model based in experimental data and described different effects of NO in the mito-

Fig. 4.1 Effects of NO in mitochondria
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chondrial metabolic states [14, 15]. The mitochondrial NO steady-state concentra-
tions in tissues, in the 50–350 nM range [6] are in the same range that produces an 
effective (50 %) inhibition of cytochrome oxidase activity [6, 7, 12–15]. The rate of 
respiration depends on O2 concentration and on the O2/NO ratio [6, 7]. In other 
words, the biological effect of a given NO concentration will depend on the simul-
taneous O2 concentration; a lower PO2 increases and extends the effects of NO [6, 
7]. Additionally, another important effect of NO on mitochondrial respiratory chain 
is accomplished through the interaction of NO with respiratory complex III, 
ubiquinol- cytochrome c oxidoreductase [16, 17]. The activity of succinate- 
cytochrome c reductase (complexes II-III) was inhibited by about 50 % in the pres-
ence of about 1.3 μM NO released from the NO donors S-nitrosoglutathione 
(GSNO) or spermine-NONOate, while the activity of succinate-Q reductase (com-
plex II) resulted unaffected [17]. These results indicate that NO specifically inhibits 
complex III activity. Interestingly, complexes II-III activity was also decreased (36 
%) when submitochondrial particles (SMP) were incubated with mtNOS substrates 
and cofactors, suggesting that the inhibition is also produced by endogenous 
NO. Through its interaction with components of the electron-transfer chain, NO 
functions not only as a physiological inhibitor of cell respiration, but it also enhances 
the generation of reactive oxygen species [16, 17] and thereby triggers various 
mechanisms underlying the survival or death of the cells. A hyperbolic increase in 
O2

− and H2O2 production rates by heart SMP was observed with a maximal effect at 
500 μM GSNO [17]. Moreover, H2O2 production by heart coupled mitochondria 
was increased by 70 % when mitochondria were exposed to the NO donors [17].

The activity of heart mtNOS can be assessed indirectly through the two main 
effects that NO exert on the mitochondrial respiratory chain functions: the inhibi-
tion of O2 consumption and the enhancement of H2O2 production. This mtNOS 
activity has been termed mtNOS functional activity [18] and it is determined by the 
difference in the rates of O2 uptake or H2O2 production in isolated mitochondria in 
two different conditions. One of them is the condition where NO steady-state con-
centration is the highest, i.e. in the presence of sufficient L-arginine and SOD, con-
dition in which active O2 consumption is reduced and H2O2 production is enhanced. 
The second condition is by the contrary, when NO steady-state level is the lowest, 
condition in which active O2 consumption is increased and H2O2 production is 
decreased. This latter situation is achieved in the absence of NOS substrates or 
cofactors and in the presence of a NOS inhibitor or a NO scavenger, e.g. oxyhemo-
globin. Thus, supplementation of heart mitochondria with L-arginine and SOD 
decreases the respiration rate by 15–20 %, while supplementation of the mitochon-
drial preparation with a NOS inhibitor (L-NAME) and hemoglobin increases O2 
consumption by 10–15 %. Concerning H2O2 production, the addition of L-arginine 
and SOD enhances H2O2 production by 15–20 % in heart mitochondria, whereas the 
supplementation of the same preparation with L-NAME and hemoglobin declines 
H2O2 generation by 10–15 %. Thus, the changes in mtNOS functional activity 
clearly reveal variations in mitochondrial NO production rates and NO steady-state 
concentration [18]. For instance, the myocardial stunning observed in perfused 
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 rabbit heart after 15 min ischemia and 30 min reperfusion, is characterized by a 
decreased mtNOS activity and an impaired mtNOS functional activity [19].

3  Other Effects of NO and NO-Derived Species 
on Mitochondrial Functions

Other effects of NO in mitochondria-cytosol signaling are conveyed via nitrosation 
of proteins [20]. In nitrosation reactions, NO reversibly reacts with the nucleophilic 
centers in thiol residues contained within a specific consensus sequence of amino 
acids [21] of a broad array of low molecular weight compounds or proteins [21, 22]. 
When mitochondria are treated with NO donors, complex I is S-nitrosated resulting 
in a significant inhibition of this respiratory complex, an effect that can be reversed 
by light or reagents containing thiol groups [23]. It has been suggested that a tran-
sient reversible inhibition of the mitochondrial electron transfer minimizes ischemia- 
reperfusion injury, and that the blockade of electron transfer at complex I preserves 
respiration during reperfusion [24]. Studies have shown that complex I inhibition by 
nitrosation protects mitochondria during hypoxia and reoxygenation and cardio-
myocytes during ischemia-reperfusion [25–27]. Nitric oxide also reacts with O2

− 
that is formed by the mitochondrial respiratory chain during normal or pathological 
oxygen metabolism, yielding ONOO− [28]. This reaction occurs with a second 
order rate constant of about 2 × 1010 M−1 s−1 and its rate is controlled by the diffu-
sion of the reactants [29]. Peroxynitrite influences cardiac contractility and, in some 
cases, produces effects that are markedly different from those of NO [30, 31]. This 
NO congener may hinder mitochondrial functions and cause cell death. The switch 
from reversible inhibition of cellular respiration by NO to the pathological inhibi-
tion of mitochondrial function by the NO-derived ONOO− has been observed in 
many physiopathological conditions, in which intramitochondrial NO and O2

− 
steady-state concentrations are enhanced. Pathological concentrations of NO are 
likely to affect respiration by mechanisms that are qualitatively different from those 
observed during reversible physiological regulation. Increased ONOO− steady-state 
concentration together with mitochondrial malfunctioning are hallmarks of heart 
hypoxia-reperfusion injury [19, 30, 31].

In addition, NO may act on other mitochondrial targets. It has been reported that 
NO increases oxidative phosphorylation efficiency [32], activates mitoKATP chan-
nels [33], regulates mitochondrial matrix pH and Ca2+ buffering capacity [34], trig-
gers mitochondrial biogenesis [35] and modulates the mitochondrial permeability 
transition pore (MPT)) formation [36]. The regulation of mitochondrial Ca2+ accu-
mulation by NO may provide means by which mtNOS can influence mitochondrial 
metabolism as well as survival [37]. Nitric oxide triggers mitochondrial biogenesis 
in several cell types and tissues, including those obtained from heart, through a 
cGMP-dependent mechanism [35]. The cell injury and death observed after reoxy-
genation of the tissue are in accordance with several reports showing that NO can 
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prevent or accelerate mitochondrial permeability transitions [38]. This depends on 
whether NO concentrations are physiological or supraphysiological and whether 
O2

− is generated simultaneously [39, 40]. In this regard, heart mtNOS plays an 
important role suggesting relevance of mtNOS in yet another important mitochon-
drial function.

4  Heart mtNOS Activity and Identity

Different groups have used various experimental approaches and reported the pres-
ence of mtNOS in the heart. A summary of the publications is included in Table 4.1. 
The first study showing the presence of a NOS isoenzyme located in mitochondria 
used the silver enhanced gold immunolabelling method and showed that about 85 % 
of the heart mitochondria were positive for the eNOS label [41]. After that, the stud-
ies of cardiac mtNOS have used various methods: immunohistochemistry [41, 42], 
spectrophotometry [19, 39, 43–51], radiometry [52, 53], fluorometry [40, 54–56], 
chemiluminescence [53] and electrochemistry [57]. Heart mtNOS has been studied 

Table 4.1 mtNOS activity or expression in heart mitochondria

Methodology
Sensitivity
[NO] (M) References

Espectrophotometric (HbO2 oxidation) 1 × 10−11/10−12 Costa et al. [43]
Boveris et al. [39]
Saavedra-Molina et al. 
[44]
Valdez et al. [45]
Gonzales et al. [46]
Zaobornyj et al. [47]
Fellet et al. [48]
Boveris et al. [49]
La Padula et al. [50]
Zaobornyj et al. [51]
Valdez et al. [19]

Radiometric ([3H]L-citrulline/[14C]
L-citrulline))

1 × 10−7 Zanella et al. [52]
Zenebe et al. [53]

Microsensor (porphyrinic and amperometric) 1 × 10−7 Kanai et al. [57]
Fluorometric (DAF-2, DAF2-DA, DAF-FM) 10−9 Lopez-Figueroa et al. 

[54]
Zanella et al. [55]
Zorov et al. [56]
Dedkova and Blatter [40]

Chemiluminescence Zenebe et al. [53]
Immunohistochemistry Bates et al. [41]

Hotta et al. [42]
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using isolated cardiac mitochondria [19, 39, 43–51] and through functional experi-
ments in which mitochondrial membrane potential-dependent NO production was 
measured in cardiomyocytes [40, 49]. Kanai and co-workers [57] showed elegantly 
the presence of a NOS activity in mouse cardiac mitochondria by measuring, in a 
single individual mitochondrion, the NO production that followed to Ca2+ addition 
to the reaction medium, by using a porphyrinic microsensor. Moreover, Boveris 
group [19, 39, 43, 45, 47, 49] reported a heart mtNOS activity of 0.8–1.5 nmol NO 
× min-1 × mg protein-1 using the oxyhemoglobin (HbO2) assay. Heart mitochondrial 
NO production accounts for about 60 % of total cellular heart NO generation, sug-
gesting a central role of the mitochondrially produced NO in cardiomyocytes [51, 
58]. Confocal microscopy using fluorescent probes for coupled mitochondria and 
for NO indicated the presence of NO in mitochondria [40, 55]. Other studies have 
detected mitochondrial NO release using a direct spin trapping technique with elec-
tron paramagnetic resonance spectrometry [59]. The physiological NO release from 
heart mitochondria has been calculated as 1.8 nmol NO × min-1 × mg protein-1, 
considering the simultaneous oxidation of 3 mol of NADH (malate-glutamate) and 
1 mol of succinate within the matrix, and taking into account that heart mitochon-
dria oscillate between a NO-inhibited state 3 (47 %) and state 4 (53 %) [58]. In these 
conditions, NO release accounts for about 3 % of heart O2 consumption.

Up to date, the immunochemical nature of heart mtNOS isoform is a subject 
under debate. The 51–57 % homology reported for nNOS, iNOS, and eNOS; and 
the cross-reactivity of isoform-specific anti-NOS antibodies, as well as the possible 
overexpression of iNOS and eNOS in experimental models could provide an expla-
nation for the conflicting results [60]. However, the most convincing data implicate 
nNOS as the primary candidate for the NOS isoenzyme targeted into mitochondria 
[57, 60, 61]. In 2002, the sequence of rat liver mtNOS was reported as the α splice 
variant of the nNOS isoform, with post-translational modifications: acylation with 
myristic acid at the N-terminal and phosphorylation at the C-terminal region [61]. 
In the study of Kanai et al. [57], the NO production of an individual mouse cardiac 
mitochondrion was measured with a microsensor placed at the cytoplasmic face of 
the mitochondrial outer membrane. The sensor detected a NO signal in mitochon-
dria isolated from eNOS-/- or iNOS-/- animals, while no signal was detected in 
mitochondria from nNOS-/- mice. In our laboratory, we have detected an increase 
in heart mtNOS expression after the exposure of rats to high altitude, using anti- 
nNOS and anti-iNOS antibodies [51]. Moreover, a decrease in heart mtNOS expres-
sion during the regression of the cardioprotection conferred by hypoxia was reported 
using anti-nNOS and anti-iNOS [50].

5  Regulation of Heart Mitochondrial NOS

Several situations can regulate heart mtNOS activity or expression. As an example, 
treatment with enalapril increased the production of NO by heart mitochondria [39, 
62]. Interestingly, a receptor for angiotensin was found in inner mitochondrial 
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membrane and it was suggested that the renin-angiotensin system directly regulates 
mitochondrial NO production [63]. We have reported that rats submitted to chronic 
hypoxia showed about 60 % enhanced heart mtNOS activity [47]. This up- regulation 
was associated with a preservation of heart contractility upon aging or after an isch-
emic insult. Concordant results were observed when rats were exposed to natural 
high altitude [46, 51]. Again, heart mtNOS activity and expression were specifically 
increased after exposure [51] and this enhancement showed a similar pattern to the 
one observed for hematocrit. Another study performed by us showed a decline of 
about 30 % in mitochondrial NO production after ischemia-reperfusion, without 
modification of mtNOS expression, together with a decrease of 30 % in mitochon-
drial complex I activity [19]. This latter mitochondrial dysfunction was named by 
Boveris et al. “complex I syndrome” in which complex I and mtNOS are partially 
inactivated associated with protein nitration and oxidative damage to proteins and 
phospholipids [64]. Localization of NO production within mitochondria provides a 
reciprocal regulation between mtNOS and the intramitochondrial medium (Fig. 
4.2). Indeed, heart mtNOS activity depends on intramitochondrial Ca2+ concentra-
tion [40, 65]; the blockade of mitochondrial Ca2+ uniporter inhibits mitochondrial 
NO production. In energized mitochondria, elevation of extramitochondrial Ca2+ 
stimulates mtNOS activity and decreases respiration. Interestingly, results from our 
laboratory showed that energized and coupled heart mitochondria produce NO 
without supplementation with Ca2+ [66], indicating that the concentration of Ca2+ in 
the preparation may be sufficient to sustain a basal mtNOS activity. Concerning the 
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Fig. 4.2 Diagram showing the location of mtNOS within mitochondrion. Specific regulation of 
mitochondrial NO production occurs by the intramitochondrial levels of Ca2+, O2, L-arginine, argi-
nases, and NADPH and by mitochondrial metabolic state and Δψ
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mtNOS activity determined in heart mitochondrial membranes, NO production was 
80 % lower in the absence of Ca2+ in the reaction medium. Taking into account that 
heart mitochondrial matrix and cytosol Ca2+ concentrations are different [65–68], 
the existence of a Ca2+-dependent NOS within mitochondria has significant conse-
quences in terms of the differential regulation of this enzyme.

The mtNOS, as cytoplasmic NOS isoforms, requires O2, L-arginine, and certain 
cofactors to produce NO. The study of NO production by heart mitochondrial mem-
branes as a function of L-arginine concentration showed a hyperbolic response, 
with an apparent KM value of about 35 μM [69]. Of note, rather lower intracellular 
levels of L-arginine and the presence of arginase-I and arginase-II activity in heart 
mitochondria have been reported [70]. The activity of mtNOS may be impaired 
under the conditions whereby L-arginine concentration within the heart mitochon-
dria is diminished. As the content of NADP(H) in heart mitochondria is around 
0.4 mM [71, 72], about 80 % of this nucleotide is in the reduced state (NADPH) and 
since NOS has a relatively low KM value for NADPH (0.1–1 μM) [73], the intrami-
tochondrial NADPH concentration is high enough to sustain mtNOS activity under 
physiological conditions.

The mitochondrial NO production is regulated by the metabolic state [49, 58, 
66]. During the transition from resting (state 4) to active (state 3) respiration, heart 
mitochondrial NO release decreases about 60 %. The rate of NO release by mito-
chondria represents 10 % of the corresponding O2 consumption in state 4 and only 
1.5 % in state 3 [58]. This is consistent with the idea that mitochondrial respiration 
is more sensitive to exogenous NO in state 3 than in state 4 [12–15, 58, 66]. In addi-
tion, heart mitochondrial NO release shows an exponential dependence on the mito-
chondrial membrane potential (Δψ). This dependence is more pronounced in the 
physiological range of Δψ (150 to 180 mV), where small changes in the Δψ pro-
duce noticeable variations of mitochondrial NO release [58, 60]. To date, several 
studies have shown that abolishing Δψ inhibits NO production by mtNOS activity, 
indicating a tight regulatory interplay between mitochondrial Δψ and NO produc-
tion. Moreover, data from our laboratory have showed that heart inside out submi-
tochondrial particles produce NO supported by succinate-dependent reversed 
electron flow in the respiratory chain, indicating a functional association between 
mtNOS and complex I proteins [74].

6  Conclusions

Nitric oxide is an essential molecule in the regulation of heart function in general, 
and of a range of key processes implicated in cardiac energy metabolism in particu-
lar. The presence of mtNOS in the mitochondria of high-energy utilizing cells, such 
as cardiomyocytes, indicates a precise regulation of metabolic pathways in which 
these organelles are involved. Heart mtNOS allows NO to optimize the balance 
between cardiac energy production and utilization, and to regulate oxygen and 
nitrogen free radical productions and Ca2+ homeostasis. Furthermore, heart mtNOS 
is regulated by physiological, pathological, and pharmacological situations. 
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Moreover, a spatially restricted localization of NO within mitochondria permits the 
regulation of NOS activity by the local environment within individual organelles. 
Thus, this enzyme seems to be critical during the adaptation of heart mitochondria 
to changes in cellular bioenergetics.
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Chapter 5
Biochemistry of Nitric Oxide 
and Peroxynitrite: Sources, Targets 
and Biological Implications

Adrián Aicardo, Débora M. Martinez, Nicolás Campolo,  
Silvina Bartesaghi, and Rafael Radi

Abstract Nitric oxide (•NO) is a relatively stable free radical generated biologi-
cally that participates in a series of signal transducing and physiological processes 
in human biology. Enzymatic as well as non-enzymatic sources of •NO have been 
reported in vivo. In circumstances where •NO is overproduced and/or in the context 
of a pro-oxidant environment, it can turn into a toxic molecule and converts into a 
pathogenic mediator in human diseases. In particular, the diffusion-controlled reac-
tion of •NO with superoxide radical anion (O2

•−) leads to the formation of peroxyni-
trite (ONOO−), a strong oxidant and nucleophile that mediates much of the toxicity 
associated to •NO. Peroxynitrite promotes one- and two-electron oxidations and 
nitration reactions via a series of mechanisms several of which involve free radical 
intermediates. In this chapter we summarize key biochemical aspects concerning 
the mechanisms of formation of •NO, peroxynitrite and other reactive nitrogen spe-
cies (RNS), their reaction with biomolecular targets and participation in the devel-
opment of pathologies. In addition, we critically analyze current redox-based 
therapeutic strategies including the direct action of compounds on •NO-and 
peroxynitrite- derived reactive species as well as the induction or endogenous anti-
oxidant mechanisms, with the overall goal to cope against nitroxidative stress 
conditions.
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1  Introduction

At cellular and tissue level, the biological effects of reactive nitrogen species (RNS) 
are a consequence of the combination of the biochemical characteristics of their 
metabolism: sites and rates of formation, diffusion rates, presence of scavenger 
mechanisms, or concentration of targets. Thus, in this chapter we synthesize the 
current knowledge about the metabolism of two of the most biologically relevant 
RNS, nitric oxide (•NO) and peroxynitrite (ONOO−).

2  Nitric Oxide: Sources and Destination of an Ubiquitous 
Reactive Nitrogen Species

2.1  Biological Formation of •NO

Nitric oxide is a nitrogen-derived radical defined three decades ago as an agent that 
can mediate different physiological processes such as the biochemical regulation of 
vascular smooth muscle [1, 2]. In addition, alterations in •NO homeostasis is associ-
ated to endothelial dysfunction and vascular oxidative stress [3]. Thus, key aspects 
of the biochemistry of •NO have been focused on understanding the ambivalent role 
that this relatively stable free radical species has under protective or harmful 
conditions.

In biological systems •NO is ubiquitous, and may arise from different sources. 
These sources can be classified as nitric oxide synthase (NOS)-dependent and NOS- 
independent. Nitric oxide synthases are a family of heme-containing enzymes that 
synthesize •NO using L-arginine, NADPH, and O2 as substrates, and FAD, FMN, 
tetrahydrobiopterin (BH4) and calmodulin as cofactors. In its native conformation 
these enzymes dispose as a homodimer with the formation of a zinc-thiolate cluster 
involving two cysteine residues of each monomer [4]. The presence of this cluster 
is essential for the correct folding and activity of the enzyme, because the electrons 
provided by NADPH are transferred from one monomer to the other during the cata-
lytic cycle. Moreover, structural modifications may lead to a leakage of electrons 
facilitating the reduction of O2 to produce superoxide radical anion (O2

•−) in a pro-
cess called NOS uncoupling. Three NOS isoforms have been isolated, cloned, and 
characterized: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS 
(eNOS). Although some reports have described the presence of a mitochondrial 
NOS, there is yet no total consensus over the presence of this isoform [5, 6]. The 
three isoforms of NOS are expressed in a wide variety of tissues but, differential 
regulation of their activities determines differences in the •NO production under 
certain conditions. On one hand, eNOS and nNOS are constitutively expressed and 
are stimulated by intracellular calcium levels increments to produce low fluxes of 
•NO (nanomolar range). On the other hand, iNOS is expressed in response to the 
presence of proinflammatory cytokines (interleukin-1, tumor necrosis factor α, 
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interferon γ), particularly in immune system cells, to produce higher fluxes of •NO 
(more than 100-fold the •NO production of eNOS). The activity of iNOS is not regu-
lated by calcium levels, thus it may produce •NO for hours even in the presence of 
low concentrations of calcium [7]. Moreover, the regulation of NOS activity is also 
affected by co- and post-translational modifications (acylation, myristoylation, 
phosphorylation, S-nitrosylation), substrate and cofactors availability, and subcel-
lular localization [8].

In addition to NOS-derived •NO, others chemical and enzymatic reactions can 
mediate the production of •NO by a NOS-independent mechanism. Nitrite (NO2

−) 
originated from •NO autoxidation or from the diet vegetables are a NOS-independent 
source of •NO. At the acidic pH of gastric lumen, dietary nitrite is protonated to 
nitrous acid (HNO2) which decomposes to •NO and •NO2. Moreover, in the intravas-
cular compartment deoxyhemoglobin (HbFe2+) reduces NO2

− to •NO and methemo-
globin, whereas oxyhemoglobin oxidizes NO2

− to NO3
−. This system provides •NO 

to induce vasodilation when serum O2 concentration is low [9]. In addition, the cata-
lytic reduction of NO2

− by xanthine dehydrogenase/xanthine oxidase has been sug-
gested. These molybdenum-containing hydroxylases involved in the oxidative 
metabolism of purines, are capable of catalyzing the one electron reduction of NO2

− 
to •NO in vitro and in cellular cultures [10]. Other NOS-independent sources of •NO 
are agents that deliver •NO as a product of a chemical reaction. These •NO donors 
are nitrites and nitrates, inorganic nitroso compounds, or nitrosothiols, some of 
which are clinically relevant pharmacological agents to induce vasodilation as a 
therapy for ischaemic cardiomiopathy (i.e. nitroglycerine, sodium nitroprusside).

2.2  Fates of •NO

Once produced, •NO arising from any system, has different fates depending on its 
localization (cytosol, membranes, intravascular compartment, etc.) or concentration 
of the surrounding targets (Fig. 5.1).

2.3  Autoxidation Reactions

Under aerobic conditions •NO reacts with O2 to form nitrogen dioxide (•NO2), a 
strong oxidizing and nitrating agent (•NO2/NO2

− E°′ = 0.99 V), with a reaction rate 
constant of k = 2.8 × 106 M−2s−1 [11]. In turn, NO2 may react with •NO to form dini-
trogen trioxide (N2O3), an unstable species that decomposes into two molecules of 
nitrite. Thus, nitrite represents the main product of the •NO autoxidation pathway. 
Moreover, autoxidation reactions may occur faster in hydrophobic environments, 
such as membranes and lipoproteins, where the concentration of •NO and O2 may be 
higher than in aqueous solutions.
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2.4  Reactions with Radical Species

Nitric oxide reacts relatively slow with most biological molecules, although, it is 
highly reactive with other radical species such as: O2

•−, peroxyl radical (ROO•), 
tyrosyl radical (Tyr•) and thiyl radical (RS•). In the case of O2

•−, •NO reacts in a close 
to diffuse-controlled reaction to yield ONOO−, a reactive oxidizing and nitrating 
agent (it will be discussed below), or nitrite, respectively. Nitric oxide reacts with 
amino acid-derived radicals, such as Tyr• yielding 3-nitrosotyrosine (k = 109 M−1s−1), 
which in turn, may be further oxidized into 3-nitrotyrosine [12]. On one hand, the 
reaction of •NO with organic peroxyl radicals, for example membrane phospholip-
ids peroxyl radicals (ROO•), may yield nitrosated and nitrated lipids and may 
account for some of the “antioxidant” effects of •NO. The reaction of •NO with lipid 
peroxyl radicals yields an organic peroxynitrite that may decompose through rear-
rangement to an organic nitrate, preventing the propagation of radicals by lipid per-
oxidation chains in biological membranes [13]. On the other hand, organic 
peroxynitrite may suffer homolytic cleavage to produce alkoxyl radical (RO•) and 
•NO2, both stronger oxidants than peroxyl radicals. However, neither of them can 
further react with •NO preventing propagation. Furthermore, the exposure of thiol 
groups (R-SH), such as glutathione or protein thiols, to •NO derives in the nitrosyl-
ation of the thiol to give a nitrosothiol (R-SNO), as nitrosoglutathione or nitrosopro-
teins. In a fast reaction (k = 2–3 × 109 M−1s−1), •NO reacts with thiyl radicals, but not 
significantly with reduced thiols, particularly at sites of inflammation and/or hydro-
phobic compartments where the concentration of •NO is high enough to outcompete 
with other routes of thiyl radical decay (R-S• + •NO → R-SNO) [14].

Fig. 5.1 Reactive nitrogen 
species derived from •NO 
(Modified from Ref. [16])
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2.5  Reaction with Metal Centers

Another example of nitrosylation reactions promoted by •NO is the one that occurs 
when •NO reaches enzymes metal centers. In addition to the protection against lipid 
peroxidation chains, •NO also decreases the pro-oxidant effects of ferryl intermedi-
ates and amino acid radicals of heme proteins exposed to peroxides. It also reduces 
the reactivity of Fe2+ with H2O2 in the Fenton reaction. An example of protein nitro-
sylation reactions is the reaction of •NO with the heme a3 group of cytochrome c 
oxidase to form nitrosyl-cytochrome a3 complex. This reversible reaction inhibits 
oxygen binding, reducing electron transport and ATP production, however, if inhi-
bition is prolonged in time mitochondrial O2

•− formation increases and, in conse-
quence, the ONOO− fluxes arising from the mitochondrion which may irreversible 
damage electron transport chain [15]. As a consequence of its ability to easily dif-
fuse through membranes, •NO may react with different heme proteins in the vascu-
lar system depending on its localization. In smooth muscle cells, it reacts with the 
heme of guanylate cyclase leading to its activation to increase cGMP levels and 
reduce intracellular calcium concentration to cause smooth vascular muscle relax-
ation. In contrast, in the intravascular compartment, •NO diffuses into erythrocytes 
where it may binds to the metal center of deoxyhemoglobin in a nitrosylation reac-
tion, or it may react with oxyhemoglobin oxidizing it to methemoglobin and pro-
ducing nitrate. Thus, erythrocytes significantly decrease the half-life of •NO in the 
intravascular compartment [9].

3  Peroxynitrite: A Potential Harm for Multiple Biomolecules

3.1  Biological Formation of ONOO−

Among the different targets of •NO, O2
•−, is to be distinguished because of: a) its 

reaction rate with •NO is close to diffusion-controlled; and b) the biochemical 
importance of its product, ONOO−, a strong oxidizing and nucleophilic agent. As an 
oxidant, it promotes one and two-electrons oxidation reactions by direct reaction 
with biomolecular targets. Peroxynitrite formation may arise from the reaction of 
the precursor radical species coming from independent cellular sources (e.g. mito-
chondrial O2

•− reacting with NOS-derived •NO) but other sources such as uncoupled 
NOS can simultaneously yield O2

•− and •NO and produce ONOO−.

3.2  Fates of ONOO−

Peroxynitrite may act as a one-electron oxidizing agent either directly (e.g. oxida-
tion of cytochrome c2+) or secondarily through the products of its homolysis. The 
protonation of ONOO− to form its conjugate acid (peroxynitrous acid, ONOOH, 
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pKa = 6,8), weakens the O-O bond producing its homolysis and giving rise to •OH 
and •NO2, two strongly oxidizing/hydroxylating and nitrating species, respectively. 
Proton-catalyzed homolytic cleavage occurs with a first order reaction rate constant 
of 0.9 s−1 at 37 °C [17]. Thus, the quantitative relevance of ONOO− homolysis at 
cellular level is limited considering the higher rate constant of other bimolecular 
reactions of ONOO−. However, the small percentage of ONOO− that decomposes 
through homolytic cleavage produce •OH and •NO2 (with a 30 % yield), both one- 
electron oxidants that may initiate radical chain reactions amplifying oxidative 
damage. Indeed, proton-catalyzed decomposition of ONOO− may become more 
relevant in hydrophobic phases (e.g. cellular membranes) resulting in the initiation 
of lipid peroxidation processes. However, most of the ONOO− formed (70 %) will 
isomerize to nitrate, and some proteins such as oxyhemoglobin may catalyze 
ONOO− isomerization [18]. In spite of its short half-life (~10 ms approximately at 
physiological pH), ONOO− can diffuse through membranes and it can affect sur-
rounding cells to a range of one to two cellular diameters (5–20 μm).

Many biomolecules may be oxidized or nitrated by ONOO−-derived radicals 
including tyrosine residues, thiols, DNA, and unsaturated membrane fatty acid [16]. 
However, in biological systems where these targets coexist, the preferential targets 
will depend on reaction rate constants and concentrations. Thus, in cells and tissues 
an important percentage of the ONOO− formed will react with carbon dioxide, cer-
tain thiol groups, seleno-containing proteins and some metal centers.

3.3  Carbon Dioxide

Despite its relatively low reaction rate, compared to the reaction with other targets 
(k = 5.8 × 104 M−1s−1) [19], the nucleophilic addition of ONOO− to carbon dioxide 
(CO2) is very important in biological systems due to physiological concentration of 
this gas (1–2 mM, in equilibrium with bicarbonate). As a result of the reaction, a 
transient intermediate is formed, nitroso-peroxo-carboxylate (ONOOCO2

−), which 
rapidly homolyzes to carbonate radical (CO3

•−) and •NO2 in a 35 % yield. In conse-
quence, the reaction of ONOO− with CO2 leads to the formation of secondary one- 
electron oxidants that can expand nitroxidative damage.

3.4  Thiols

Peroxynitrite can oxidize thiol groups by one- or two-electron reactions. 
Peroxynitrous acid (ONOOH) reacts directly with thiolates (RS-) promoting a two- 
electron oxidation reaction to give sulfenic acid (RSOH) and nitrite as products. 
Moreover, these oxidized thiols are usually unstable, and biologically relevant low 
molecular weight (LMW) sulfenic acid derivatives react with thiols to form disul-
fides as main products. In the case of protein sulfenic acids, they can also react with 
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LMW thiols or another protein thiols to form disulfide bonds. In the first case, the 
formation of this adduct represents the main route of protein-S-glutathionylation in 
biological systems, a reversible post-translational modification that can either 
change protein function or protect cysteine over oxidation to non-reversible oxi-
dized forms (sulfinic and sulfonic acids). Moreover, the reactivity of ONOO− 
towards thiol groups varies widely in terms of reaction rate constant. On one hand, 
free thiol group of Cys34 of bovine serum albumin has a second-order rate constant 
of ~103 M−1s−1, and on the other hand the peroxidatic thiol of peroxiredoxins reacts 
with a second-order rate constant of ~106–107 M−1s−1, allowing them to act as first 
line antioxidant defense against ONOO− [20].

Low molecular weight thiols, as well as protein thiols, can be oxidized by one- 
electron reaction leading to thiyl radical (RS•) formation. As a result of ONOO− 
decay, either through homolysis or its reaction with carbon dioxide, different 
one-electron oxidants are produced (•OH, •NO2, CO3

•−) which are capable of oxidiz-
ing thiol groups to RS• radical. This sulfur radical is also unstable, and in the pres-
ence of oxygen reacts with it in a reversible diffusion-controlled rate reaction 
resulting in thioperoxyl radical (RSOO•), which may propagate damage through 
radical chain reactions [20].

3.5  Metal Centers

Direct one-electron oxidations of transition metal centerss yields nitrogen dioxide 
and oxo-metal complexes, both one-electron oxidants capable of giving rise to sec-
ondary radical species, an example is the reaction of ONOO− with oxyhemoglobin. 
The reaction between ONOO− and the ferrous heme, mainly yields methemoglobin 
and nitrate (90 %), however a minor fraction of this reaction may result in a two- 
electron oxidation of the ferrous heme yielding ferrylhemoglobin and •NO2 (10 %) 
[18].

3.6  Tyrosine Residues

Among the multiple oxidation reactions that are mediated by ONOO− in biological 
systems, one of the most representative and studied modification is the nitration of 
protein tyrosine residues to 3-nitrotyrosine (NO2Tyr). Nitration of tyrosine residues 
in proteins represents an in vivo oxidative post-translational modification that can 
affect protein structure and function and implies the substitution of a hydrogen atom 
by a nitro group (−NO2) in one of the carbon atoms in the ortho position (with 
respect to the –OH group) of the phenolic ring of the tyrosine residue. Importantly, 
ONOO− does not cause the nitration of tyrosine by a direct bimolecular reaction, but 
rather via ONOO−-derived radicals or one-electron oxidants. To note, under bio-
logical conditions, tyrosine nitration is mediated by free radical reactions in a 
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two- step process: first, the phenolic ring of tyrosine is oxidized to its one-electron 
oxidation product, the tyrosyl radical (Tyr•), and, then, the addition of •NO2 to the 
Tyr• produces the non-radical product NO2Tyr [21] (Fig. 5.2).

Many one-electron oxidants derived from ONOO− decomposition in vivo can 
produce the oxidation of tyrosine to tyrosyl radical: carbonate radical produced 
after the reaction of ONOO− with CO2, several oxo-metal complexes (O = Me(n+1)+X) 
that are produced from the one- or two-electron oxidation of certain transition metal 
centers (both from metalloproteins or low molecular weight complexes) by ONOO− 
[21], and •OH and •NO2 formed by peroxynitrous acid homolysis. Also, in hydro-
phobic environments like cell membranes and lipoproteins, certain intermediates of 
lipid peroxidation processes such as lipid peroxyl (ROO•) and alkoxyl (RO•) radi-
cals can promote the one-electron oxidation of tyrosine residues, and so, act as a 
link between lipid oxidation and protein oxidation [22] (Fig. 5.3). Given that 
ONOO−, through several of its decay pathways, produces both strong one-electron 
oxidants to oxidize tyrosine to the tyrosyl radical and •NO2 to recombine with the 
produced Tyr•, it is one of the most relevant agents leading to protein tyrosine nitra-
tion in biological systems. Nevertheless, in vivo tyrosine nitration can also occur 
through ONOO− independent reactions. The most relevant of these alternative 
mechanisms of nitration is the one that depends on the hemeperoxidase catalyzed 
production of •NO2 from hydrogen peroxide (H2O2) and nitrite (NO2

−). Certain 
hemeperoxidases, mainly those released by leukocytes during inflammatory condi-
tions, like myeloperoxidase (MPO) and eosinophilperoxidase (EPO), can actively 
mediate protein tyrosine nitration through a catalytic process that begins with the 
two-electron oxidation of the heme group of the active site of the peroxidase by 
H2O2. As a result of this oxidation step, an oxoferrylporphyrin π cation radical 
(HP•+-(Fe4+ = O)), known as compound I, is formed; this intermediate is a strong 
one- and two-electron oxidant which is able to oxidize tyrosine to Tyr•, as well as 
NO2

− to •NO2. Moreover, when compound I is reduced by one electron when it oxi-
dizes, for example, tyrosine or NO2

−, it converts into the respective oxo-ferryl inter-
mediate (HP-(Fe4+ = O)), known as compound II. This species is also a strong 

Fig. 5.2 Main reactions involved in the formation of 3-nitrotyrosine. Tyrosine nitration is achieved 
through two reaction steps that involve free radical chemistry. Initially, tyrosine is oxidized by 
several one-electron oxidants to tyrosyl radical (1); then, the tyrosyl radical reacts with nitrogen 
dioxide, producing the non-radical product 3-nitrotyrosine (2). Reducing agents such as glutathi-
one (GSH), ascorbic acid (AscH) and uric acid (UAcH) can reduce tyrosyl radicals back to tyro-
sine (3), thus preventing the nitration of tyrosine residues
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one-electron oxidant, able also to oxidize tyrosine to Tyr• radical and to produce 
•NO2 from nitrite; its one-electron reduction regenerates the hemeperoxidase to its 
ground state. It is by these reactions that, in the presence of H2O2 and NO2

−, hemep-
eroxidases are able to produce both Tyr• and •NO2, leading thus to tyrosine nitration 
[23]. This mechanism of nitration is not limited to hemeperoxidases: free hemin and 
other low molecular weight metal complexes have also been shown that are able to 
catalyze tyrosine nitration from H2O2 and NO2

− [24]. In close relationship with the 
hemeperoxidase-dependent tyrosine nitration, there is a •NO2-independent mecha-
nism of nitration that has been shown to occur on some heme proteins. This particu-
lar mechanism implies the addition of •NO to a tyrosyl radical instead of •NO2, to 
yield 3-nitrosotyrosine. This intermediate, when formed in the proximity of the 
heme group, can be further oxidized by two electrons to produce finally 
3- nitrotyrosine in two steps of one-electron oxidation that are mediated by the heme 
group in the presence of additional H2O2 [25]. This mechanism may be of great 
relevance in vivo as it requires •NO and not •NO2, which has a much shorter biologi-
cal half-life than •NO [26]. Due to the fact that tyrosine nitration is mediated by free 
radical reactions that depend on the formation of the tyrosyl radical, several second-
ary products are usually produced along with 3-nitrotyrosine during tyrosine nitra-
tion and oxidation processes. The two most important and frequently formed of 
these products are 3,3’-dityrosine (DiTyr), which arises by the recombination of two 
Tyr•, and 3-hydroxytyrosine (DOPA), produced mainly as a product of •OH addition 
to tyrosine and the subsequent loss of an electron of the adduct formed [26].

Fig. 5.3 Lipid peroxidation and tyrosine oxidation processes induced by ONOO− in hydrophobic 
biostructures. The scheme shows that ONOO−-derived radicals such as •OH and •NO2 (indicated as 
X•) can initiate lipid peroxidation in structures such as biomembranes and lipoproteins. Lipid per-
oxyl radicals arising in the process are capable to promote the one-electron oxidation of amino 
acids such as tyrosine to yield tyrosyl radical that can subsequently reactwith •NO2 and yield 
3-nitrotyrosine in proteins. This connecting reaction is a prime example on how biomolecular 
oxidative processes can be intertwined and how ONOO− can lead to a variety of oxidation and 
nitration products via its secondary radicals. Moreover, in hydrophobic biostructures, peroxynitrite 
also causes the nitration of lipids (not shown) by the combination of lipid-derived radicals with 
•NO2. These processes are relevant to explain chemical modifications in lipids and proteins during 
nitroxidative stress conditions (Reproduced from Ref. [22])
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The nitration of tyrosine residues has different biological consequences depend-
ing on the protein affected. On one hand, tyrosine nitration inhibits the activity of 
manganese superoxide dismutase (Mn-SOD) [27]. On the other hand, this 
 posttranslational modification may result in a gain of function rather than inactiva-
tion, and this additional activity may be either toxic or protective. An example of this 
is the neurotoxic outcome of the exposure of nerve growth factor (NGF) to ONOO−, 
which transforms this neurotrophin factor into a neuronal proapoptotic signal [28]. 
However, as it was mentioned, nitration may also have protective effects, such is the 
case of nitrite-dependent intragastric nitration of pepsinogen and pepsin, which pre-
vents from the gastric ulcer development under ulcerogenic conditions [29].

3.7  DNA

Purine nucleotides of DNA may be oxidized or nitrated in the presence of ONOO−, 
and 8-oxo and 8-nitroguanine are two of the major products. In addition, ONOO− 
can also attack the deoxyribose backbone causing strand breaks [16].

3.8  Lipids

Membrane biomolecules such as unsaturated fatty acids, may be damaged by differ-
ent reactive oxygen species (ROS) and RNS, including ONOO−-derived radical spe-
cies (•OH, •NO2). Indeed, the one-electron oxidation of membrane fatty acids, 
mediated by ROS/RNS, yields very reactive alkyl radicals, which may abstract elec-
trons from other fatty acids, initiating radical chain oxidation reactions. Moreover, 
alkyl radicals react fast with molecular oxygen producing an organic peroxyl radical 
(ROO•), a strong oxidizing agent, which may also propagate lipid peroxidation reac-
tions in biological membranes [16] (Fig. 5.3). The reactions involved in the propa-
gation of lipid peroxidation chains result in a variety of products including lipid 
hydroperoxides (e.g. 4-hydroxynonenal, 4-oxononenal), conjugated dienes, and 
malondialdehyde. In consequence, an increment in the detection of these products, 
either in vitro or in vivo, is considered as evidence of lipid oxidative damage [16].

Conversely to what occurs during propagation stage, the reaction of lipid radicals 
with other radical species results in termination reactions interrupting the propagation 
of lipid peroxidation. Indeed, the reaction of lipid radicals with RNS (•NO2, •NO) 
yields nitrosated and nitrated lipids. However, some of the reactions between RNS and 
lipid radicals lead to intermediates that may give rise to reactive species. An example 
of this is the case of the reaction of peroxyl radicals with •NO yielding an organic 
peroxynitrite (ROONO), a lipid derivative which may rearrange into an organic nitrate 
(RONO2), or decompose into alkoxyl radical (RO•) and •NO2. In the latter case, another 
molecule of •NO is consumed to reduce the alkoxyl radical formed [30].

In general, nitrated unsaturated fatty acids represent a class of lipid-derived sig-
naling mediators and represent the major bioactive oxides of nitrogen in the 
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 vasculature [31]. Nitrated fatty acids in human plasma and red blood cell mem-
branes present the capacity to modulate signaling pathways linked to inflammation. 
The possibility of a pharmacological role of nitro fatty acids is an area under active 
investigation [32]. Nitrated linoleic acid, for example, displays cell-signaling activi-
ties associated to anti-inflammatory effects [32]. The derived nitroalkene obtained 
by arachidonic acid nitration has anti-inflammatory activity in activated macro-
phages by two mechanisms, inhibition of iNOS expression and a reduction in the 
production of proinflammatory cytokines [33]. Nitroarachidonic acid has been also 
found to serve as a potential inhibitor of cyclooxygenase [34]. Nitrated lipids also 
demonstrated pharmacological potential action by a relevant modulation of hyper-
tension [35], vascular inflammation and hypertensive disorders [36], and cardio-
myocytes protection in an isolated heart ischemia/reperfusion model [37]. Moreover, 
nitro fatty acids have also showed the capacity to reduce atherosclerotic lesion for-
mation in animal model [38]. In summary, ONOO− and ONOO−-derived radicals 
may be responsible for a wide range of nitroxidative modifications in a variety of 
biomolecules, reflecting the potential harm of its overproduction under pathological 
conditions (Fig. 5.4).

Fig. 5.4 Peroxynitrite induced nitroxidative damage to biomolecules
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4  Physiology and Pathophysiology of •NO  
and Peroxynitrite- Derived Oxidants

Nitric oxide formed under physiological conditions is not toxic agent, but excess 
•NO and •NO-derived oxidants may exert biological effects depending on the con-
centration and time of exposure to these species, and the capacity of the cells to 
cope with nitroxidative challenge. Oxidant and free radical-induced damage has 
been thoroughly studied because it has been associated to prevalent human patholo-
gies. Moreover, several of the most prevalent human pathologies currently, have 
been associated to an increase in the formation of free radicals and the induction of 
cellular oxidative damage. Indeed, reactive nitrogen species (•NO, ONOO−, •NO2) 
have been related to the development of cardiovascular, neurodegenerative, inflam-
matory, metabolic, and malignant neoplastic diseases in a process globally defined 
as nitroxidative damage [39]; and we will briefly discuss some of the data that sup-
ports the pathogenic role of reactive nitrogen species in in human pathology (see 
also Table 5.1).

4.1  Peroxynitrite and Mitochondrial Dysfunction

Mitochondria are involved in many vital processes of cells, including bioenergetic 
control, calcium homeostasis, control of biosynthetic pathway, and cell death. 
Mitochondria play a dual role in cellular redox biochemistry, because it may act as 
source or as a sink for free radicals.

In the case of •NO, its diffusion capacity and relatively long half-life of this free 
radical permits that the production of different NOS isoforms reach mitochondria. 
In the mitochondria, •NO interrupts mitochondrial electron transport by reversible 
competition with oxygen for its binding site on cytochrome c oxidase. The inhibi-
tion of complex IV results in the accumulation of reduced components of the elec-
tron transport chain, favoring the one-electron reduction of oxygen to produce 
O2

•− (e.g. in complexes I and III). In addition, mitochondrial flavoenzymes such as 
α-ketoglutarate dehydrogenase and glycerol phosphate dehydrogenase are also 
sources of O2

•− [40].
In the presence of fluxes of •NO and O2

•−, as we mentioned above, the diffusion- 
controlled reaction between them leads to the formation of ONOO−, which in turn 
decays producing strong oxidizing and nitrating agents. Thus, the presence of 
ONOO− induces nitroxidative damage to biomolecules within mitochondria. Indeed, 
ONOO− induced tyrosine nitration of complexes I, II, and IV inhibits electron trans-
port resulting in an impairment in ATP production [41]. Furthermore, ONOO− 
induces cytochrome c nitration increasing its peroxidatic activity and promoting its 
release to the cytosol, a phenomenon whose biological relevance is still not com-
pletely understood [42]. Another target of ONOO− are the metal centers of mito-
chondrial enzymes such as aconitase and MnSOD. The iron sulfur cluster of 
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Table 5.1 Evidence of the role of nitroxidative stress in relevant pathologies

Pathological 
condition Biomarker Redox therapy References

Human 
atherosclerosis 
lesions

Protein tyrosine nitration 
at the vascular wall

Statins act as indirect 
antioxidants by inhibition of 
MPO and •NO-derived oxidants 
in patients

[62, 75]

Myocardial I/R 
injury

High 3-nitrotyrosine and 
malondialdehyde levels 
in coronary sinus

FP15 reduces myocardial 
infarct size in a porcine model 
of myocardial infarction

[66, 76, 77]

Tocopherol reduced the incidence 
of non-fatal myocardial 
infarction in patients with 
coronary artery disease

Stroke Enhanced 
immunostaining for 
NOX4 in human brain 
with ischemic stroke

AEOL-10150 is effective in 
rodent stroke models.

[78, 79]

FeTMPyP and FeTMPS reduce 
infarct size in a transient stroke 
model (rats)

Hyper- 
cholesterolemia

Increased basal levels of 
ONOO− in circulating 
granulocytes

Vitamins C and E restore 
endothelial function in 
hyperlipidemic children

[80]

Statins and AT1-receptor 
blockers inhibit NADPH oxidase 
activity and expression and 
re-couple NOS

Diabetes Increased plasma levels 
of oxidative stress and 
3-nitrotyrosine in 
cardiomyocites and 
endothelial cells

Mercaptoalkylguanidines and 
FP15 (a metalloporphyrin) 
reduce the onset of type 1 
diabetes in murine models

[81–83]

Arthritis Increased 3-nitrotyrosine 
in synovial tissues

FP15 improves the outcome of 
autoimmune arthritis in murine 
models

[58, 59]

Systemic Lupus 
Erythematosus

Increased MDA/HNE 
protein adducts, 
3-nitrotyrosine, iNOS, 
oxLDL, MDA-LDL 
adducts, versus controls.

N-acetylcysteine was effective 
in reversing GSH depletion and 
improving disease activity and 
fatigue in patients with SLE

[84–86]

Lower serum levels of 
SOD

Inflammatory 
Bowel Disease

High levels of •NO in 
intestinal lumen, an 
3-nitrotyrosine in 
biopsies

N-acetylcysteine decreased •NO 
concentration and improved 
antioxidant defenses in mice.

[60, 61]

(continued)
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aconitase [4Fe-4S], is readily oxidized [3Fe-4S] by ONOO− (k = 1.1 × 105 M−1s−1) 
releasing free iron and inactivating the enzyme [43]. In the case of MnSOD, ONOO− 
reacts with its metal center (k = 1 × 105 M−1s−1) leading to the inactivation of the 
enzyme through the nitration of tyrosine-34 in the proximity of the active site [44]. 
The inactivation of MnSOD results in an increment in O2

•− steady-state concentra-
tion, which favours further ONOO− production closing a vicious cycle of nitroxida-
tive damage. In addition, peroxiredoxins 3 (Prx-3) and 5 (Prx-5), mitochondrial 
isoforms, rapidly decompose ONOO− formed within mitochondria for Prx-5 k = 7 
× 107 M−1s−1 [45]), preventing its reaction with other biomolecules. As a result, 
together with MnSOD, Prx-3 and -5 modulate mitochondrial fluxes of ONOO−, 
regulating its signaling and toxic pathways.

Table 5.1 (continued)

Pathological 
condition Biomarker Redox therapy References

Sepsis Increased plasma and 
myocardial 
3-nitrotyrosine, and 
urinary nitrite excretion

Treatment with 
metalloporphyrin (MnTE-2- 
PyP(5+)) reduced 
mitochondrial and 
diaphragmatic dysfunction in 
an animal model of sepsis

[87, 88]

Decreased plasma levels 
of vitamins A and E, 
β-carotene and licopene

N-acetyl cysteine reduced 
NF-kB activation and IL-8 
secretion in septic patients

Decreased ATP and GSH 
in skeletal muscle 
mitochondria

Neuro-degenerative 
diseases

Increased 3-nitrotyrosine 
in Lewy bodies and 
polymorphonuclear cells 
in patients with 
Alzheimer’s and 
Parkinson’s diseases

NOS inhibitors or NOS gene 
deficiency improve the outcome 
in several models of 
neurodegeneration.

[68, 89–91]

Nitrated α-synuclein in 
brains of patients with 
Parkinson’s disease

Porphyrinic antioxidants 
improve the outcome of murine 
models of ALS

Increased plasma MDA 
and oxidized GSH, 
decrease in SOD 
activity, and in Se and 
Zn levels, in patients 
with amyotrophic lateral 
sclerosis
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4.2  Apoptosis and Necrosis

Under physiological conditions cells produce low levels of oxidants, as byproducts 
of basal metabolism, which are detoxified by cellular antioxidant defenses main-
taining low steady state oxidants concentrations. Nevertheless, when the production 
of oxidants is increased (e.g. inflammation) antioxidant defenses may be over-
whelmed and free radicals induce nitroxidative damage leading to cellular dysfunc-
tion and death. Indeed, depending on the level of cellular exposure to oxidants the 
mechanism of cellular death may vary. In the case of ONOO−, exposure to high 
fluxes of this oxidant rapidly induces necrosis of the cell through ATP depletion, 
membrane disruption, and development of secondary inflammatory response. 
However, the exposure to low levels of ONOO− leads to an apoptotic cell death 
without the occurrence of inflammatory response.

The process that leads to necrotic cell death is a complex mechanism involving 
DNA damage and activation of the DNA repair enzyme poly(ADP-ribose) poly-
merase- 1 (PARP-1)). PARP-1 is involved in the repair of DNA strand breaks induced 
by a variety of genotoxic insults including ROS/RNS (i.e. ONOO−, H2O2, CO3

•−, 
•OH) [46]. In conditions associated with a low degree of DNA damage, PARP-1 
binds to DNA strand breaks and transfers ADP-ribose units from NAD+ to nuclear 
proteins. However, upon severe DNA injury, like in certain forms of ischemia reper-
fusion, overactivation of PARP-1 leads to a depletion of cellular NAD+, impairing 
glycolysis, Krebs cycle and mitochondrial electron transport chain, resulting in a 
marked ATP depletion, cellular dysfunction and death through necrosis, as well as 
up-regulation of various pro-inflammatory pathways [47]. PARP-1 activation- 
mediated cell death has been consistently observed in disease processes associated 
with nitroxidative stress: unstable angina and myocardial infarction [48], stroke 
[49] and neurodegenerative disorders [50], among others [47].

The mechanism underlying ONOO− induced apoptosis vary among different cell 
types and experimental conditions. However, there are several common characteris-
tics to all of them. First, it depends on caspase 3, 2, 8 and 9 activation. Secondly, 
another feature of ONOO− induced apoptosis is the formation of the permeability 
transition pore (PTP), a multiprotein complex on the inner mitochondrial mem-
brane, composed by adenine nucleotide translocase (ANT), cyclophilin D, and the 
voltage-dependent anion channel (VDAC) [51]. The permeabilization of the inner 
mitochondrial membrane results in dissipation of mitochondrial membrane poten-
tial, interruption of electron transport, ATP synthesis, and formation of reactive 
oxygen species. Finally, the release of pro-apoptotic factors to cytosol promote 
caspase-dependent (cytochrome c, APAF-1, Smac/DIABLO) and caspase- 
independent (apoptosis inducing factor) cell death [52]. In addition, ONOO− also 
activates programmed cell death through mitochondrial independent mechanisms. 
It has been proposed that ONOO− activates p38 and JNK/MAPK pathways, reveal-
ing that apoptosis is not only a consequence of ONOO−-dependent mitochondrial 
damage [53].
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4.3  Peroxynitrite, Inflammation and Immune Responses

The pathophysiological actions of •NO-derived oxidants depends on their ability to 
switch to pro-inflammatory signaling cascades involving mitogen-activated protein 
kinases (MAPK), NF-kB and apoptotic pathways [51]. Indeed, ONOO− affects 
inflammatory response at multiple levels. Oxidation and nitration of membrane, 
cytosolic and nuclear receptors, as well as receptor ligands, had been linked to dis-
turbances in downstream signaling [54, 55]. Peroxynitrite is generated by the acti-
vated immune system as an effector cytotoxic molecule. For instance, macrophages 
are able to fight Trypanosoma cruzi infection by the intraphagosomal formation of 
this cytotoxin [56]. Moreover, immunomodulation has recently emerged as a new 
function for tyrosine nitration, since the presence of a nitro group in a tyrosine resi-
due can also elicit an immune response. Indeed, it was reported the detection of 
immunoglobulin against 3-nitrotyrosine in patients undergoing post-traumatic acute 
lung injury, indicating that nitroxidative stress is able to induce a immunological 
response even in the short-term [57]. These data suggest that autologous 
3- nitrotyrosine-containing proteins may not be subjected to the constraints of 
immunological tolerance, raising the possibility that they may be able to generate a 
chronic inflammatory condition by acting as auto-antigens. Indeed, recent findings 
suggest that nitrated proteins may be involved in the development of autoimmune 
diseases such as systemic lupus erythematosus, arthritis and glomerulonephritis 
[58]. Many diseases are characterized by the occurrence of localized or systemic 
inflammation, and as we mentioned, nitroxidative stress plays an important role in 
the development and maintenance of inflammatory injury.

Rheumatoid arthritis and systemic lupus erythematosus show articular inflam-
matory damage as one of their characteristic features, and many studies in animal 
models and in humans support the role of RNS in the pathogenesis of arthritis. For 
example, increased levels of nitrite/nitrate and iNOS expression have been found in 
synovial tissue and fluid in animal models and humans with arthritis. Furthermore, 
increments in the detection of 3-nitrotyrosine has been observed in cartilage and 
subchondrial bone in an animal model of chronic arthritis that was reduced in iNOS 
knocked-out mice and by the treatment with agents that catalytically decompose 
ONOO− [58, 59]. Inflammatory bowel diseases are chronic disorders that undergo 
successive exacerbations and remissions episodes of intestinal inflammation. As an 
increased expression of iNOS and 3-nitrotyrosine levels in animal models and 
patients with these types of disorders has been observed, it was proposed that RNS 
play a defining role in the exacerbation process [61, 62].
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4.4  Reactive Nitrogen Species in the Development 
of Cardiovascular Disease

The relationship between nitroxidative stress and the development of cardiovascular 
diseases have been widely studied, and nowadays there is a great deal of informa-
tion about the pathogenic role of RNS. Endothelial dysfunction represent a situation 
in which the endothelium phenotype is characterized by low bioavailability of •NO, 
and represent an early step in the pathogenesis of most cardiovascular diseases [3]. 
The reduction in •NO availability, occurs as a result of many functional changes: 
decrease in •NO synthesis (due to the presence of the eNOS inhibitor asymmetric 
di-methyl-arginine (ADMA), eNOS uncoupling, or L-arginine depletion), or as a 
result of •NO scavenging by O2

•−. In addition, the latter reaction leads to the forma-
tion of ONOO−, which promotes endothelial dysfunction through different mecha-
nisms (up-regulation of adhesion molecules, vascular smooth muscle cell 
proliferation and migration, inhibition of ion channels, stimulation of platelets 
aggregation, inhibition of prostacyclin synthase, oxidation of BH4). The modifica-
tions of endothelial cells evidenced in endothelial dysfunction are the starting point 
for the formation of atherosclerotic lesions in the vascular wall. Basically, athero-
sclerosis is a multifactorial progressive chronic inflammatory process comprising 
sub-intimal low density lipoprotein (LDL) accumulation, oxidation and nitration, 
foam cell formation, releasing of pro-inflammatory cytokines, proliferation and 
migration of smooth muscle cells, deposition of extracellular matrix, and platelet 
adhesion and aggregation. In addition, RNS participation on atherosclerosis devel-
opment has been supported by the demonstration of the increased levels of 
3- nitrotyrosine, iNOS expression, oxidized and nitrated LDL in human atheroscle-
rotic tissue [63, 64].

Myocardial ischemia represents a critical situation of nutrient and oxygen depri-
vation, where myocardial muscle is at risk of necrosis because of a reduced blood 
supply. Despite the fact that restitution of blood flow may prevent muscle cell death, 
it results in myocardial contractile dysfunction and the occurrence of arrhythmias in 
a phenomenon named ischemia reperfusion injury, which is thought to be related to 
ROS/RNS formation upon reperfusion [65]. In effect, in vivo studies using animal 
models of ischemia/reperfusion injury demonstrated that metalloporphyrins, which 
catalytically decompose ONOO−, reduced myocardial infarction size and protein 
tyrosine nitration, and improved myocardial function [66]. Moreover, it has been 
found that patients undergoing cardiac surgery showed increased levels of 
3- nitrotyrosine in the coronary sinus effluent after reperfusion, reflecting ONOO− 
formation during myocardial ischemia/reperfusion [67].
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4.5  Neurodegenerative Diseases and Nitroxidative Damage

Nitroxidative stress has been related to the pathogenesis of different neurodegenera-
tive diseases including Alzheimer’s disease, Parkinson’s disease, and amyotrophic 
lateral sclerosis (ALS). Indeed, ONOO− and other ROS/RNS have been implicated 
in the establishment of neuronal death and protein tyrosine nitration is a major com-
ponent of ONOO− cytotoxicity. Nitration of tyrosine participates in neuronal death 
through different mechanisms: apoptosis induced by nitration of Hsp-90; Lewy 
bodies formation by oligomerization of α-synuclein [68–70]. In addition, in familial 
cases of ALS mutations of Cu,Zn-SOD result in a more efficient catalysis of 
ONOO−-dependent tyrosine nitration of neuronal proteins inhibiting protein func-
tion, protein degradation and phosphorylation cascades [71].

4.6  Sepsis

Sepsis is a systemic condition characterized by systemic immune response and 
increased oxidative stress caused by microbial infection, which leads to severe mul-
tiple organ dysfunction and high risk of death. Electron paramagnetic resonance 
studies of tissue samples from animal models of sepsis evidenced the production of 
ROS/RNS during septic shock. In addition, increased 3-nitrotyrosine levels have 
been detected in blood and myocardial tissue in patients with sepsis [72].

4.7  Cancer

Different reactive nitrogen species may have antagonistic roles in cancer. On one 
hand, •NO may act as a pro-carcinogenic agent by promoting angiogenesis, invasion 
of tumor cells, and DNA damage [55, 73]. Moreover, ONOO− can induce nitroxida-
tive damage of DNA bases generating 8-oxoguanine and 8-nitroguanine which have 
the potential of triggering miscoding events during DNA replication [74]. 
Furthermore, ONOO− may promote damage by single-strand breaks, inactivation of 
repair enzymes, and p53 inhibition through tyrosine nitration- It has been reported 
that nitration of chemokine (C-C motif) ligand 2 (CCL2) results in a reduced recruit-
ment of cytotoxic T lymphocytes to the core of tumors, trapping tumor-specific T 
cells in the stroma that surrounds cancer cells [75].

5  Pharmacology Directed to Prevent Nitroxidative Damage

As a result of the information accumulated over the past decades on the involve-
ment of nitroxidative stress in the development of different pathologies, many phar-
macological strategies have been proposed to prevent the damage mediated by 
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ROS/RNS. A wide variety of compounds, either natural or synthetic, have been 
utilized to reduce nitroxidative damage interfering at different levels on oxidants 
metabolism. In the case of ONOO− one rational possibility is to decrease its forma-
tion. Once formed, many agents with different redox activity (direct scavengers, 
promoters of catalytic decomposition or inducers of antioxidant defenses) have 
been used to prevent nitroxidative cellular damage.

5.1  Inhibitors of ONOO− Formation 

The inhibition of ONOO− formation can be accomplished either by inhibiting the 
formation of its precursors (O2

•− and •NO2) or by scavenging them once formed. 
NADPH oxidases (NOXs) are membrane-associated multi-subunit complexes, 
which catalyze the univalent reduction of molecular oxygen to O2

•−. Several com-
pounds are widely used in pre-clinical research as NOXs inhibitors 
(i.e.diphenyliodonium, DPI, and apocynin); however its pharmacological efficacy is 
limited due to their lack of specificity. As a result of their general ability to inhibit 
flavoenzymes they reduce the activity of other enzymes apart from NOXs, as mito-
chondrial respiratory complex I, xanthine oxidase and cytochrome P450 reductase 
[93]. Thus, results obtained from their use as NOXs inhibitors must be taken with 
caution. Instead of inhibiting its formation, the other strategy is elimination after its 
formation. SOD-mimics are a group of compounds able to catalyze the dismutation 
of O2

•− to H2O2 and O2, and the most promising of these are metalloporphyrins. 
Manganese porphyrins have been used in diverse animal models of conditions asso-
ciated with nitroxidative stress, evidencing a protective cellular effect. Nevertheless, 
these compounds are not specific scavengers of O2

•−, and the protection afforded by 
SOD mimics seems more related to the detoxification of ONOO− and ONOO− 
derived radicals rather than the elimination of O2

•− [94]. In the case of •NO, NOSs 
are the most relevant source of •NO in cells and tissues. A wide range of inhibitors 
has been synthesized to reduce the activity of the three isoforms. However, studies 
using animal models of disease and data from clinical trials have produced con-
founding results, probably due to the lack of isoform specificity of these compounds. 
Many of the compounds used, are potent inhibitors of the three isoforms of NOS, 
including iNOS whose high •NO production is related to nitroxidative damage. 
Although these may result in a reduction in the formation of RNS, it may also 
reduce eNOS and nNOS activity, whose low and maintained fluxes of •NO have 
physiological and protective effects. In consequence, the universal inhibition of •NO 
production may account for the negative results obtained in clinical trials [95]. 
Heme-binding to NOS monomers induce its dimerization, which results in the cre-
ation of binding sites for L-arginine and BH4, being a critical step for enzyme activ-
ity. Since dimerization involves a large interface in the oxygenase domain that 
contains the highest sequence variability among NOS isoform it is conceivable to 
develop isoform-selective allosteric NOS inhibitors that bind to the dimerization 
interface or that interfere with heme-induced dimerization. Indeed, imidazol-based 
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compounds such as BBS-2 and BBS-4 have proven to be selective iNOS inhibitors 
in animal models [96].

5.2  Direct Antioxidants

Peroxynitrite scavengers include molecules that react with ONOO− itself, ONOO−-
derived radicals, or both. One of them is uric acid, the product of purine metabo-
lism, which detoxifies ONOO− derived radicals rather than ONOO−. As a result of 
the beneficial effects evidenced on animal models of disease, clinical trials have 
been designed to test the efficacy of uric acid in combination with recombinant tis-
sue plasminogen activator in acute ischemic stroke patients [97]. Ascorbate (vita-
min C) and tocopherol (vitamin E) are both biologically relevant antioxidants that 
have been used as pharmacological agents against oxidative damage. Ascorbate is a 
hydrophilic antioxidant important in cytosol and plasma, conversely tocopherol is a 
hydrophobic antioxidant of biomembranes and LDL particles. Neither of them 
reacts fast enough with ONOO− to outcompete its reaction with biomolecules or 
CO2, nevertheless they can scavenge secondary radicals (•OH, •NO2, CO3

•−, ROO• 

producing ascorbyl and tocopheryl radicals, less reactive species that can be reduced 
back at the expense of glutathione or NADPH [98–100]. Spin traps agents are com-
pounds which were classically utilized for the detection of radical species produced 
during chemical and enzymatic reactions. These agents react with radical species 
(i.e. free radicals, protein radicals, DNA radicals) generating a more stable radical 
adduct which is detected by different techniques (electron paramagnetic resonance, 
specific antibodies, mass spectroscopy), facilitating the detection of transient radi-
cal intermediates otherwise elusive. The scavenging of radical species by spin trap 
agents prevents the reaction of these harmful species with biomolecules, giving 
them the possibility to act as antioxidants. In consequence, the protective properties 
of these agents have been the focus of intensive research for years. Indeed, different 
types of spin trap agents have been utilized as pharmacological agents to prevent 
nitroxidative damage in different animal models of disease [101], and even in clini-
cal trials, as is the case of 2,4-disulfophenyl-N-tert-butylnitrone (NXY-059) whose 
neuroprotective effect was tested in patients with ischemic stroke [102]. Tempol is 
a nitroxide radical that has been used to protect, animals and humans, from condi-
tions associated with local or systemic nitroxidative damage. It has been shown that 
it reduces 3-nitrotyrosine levels, downregulates vascular NOX-2 in animal models 
of atherosclerosis, and protects from radiation induced damage in humans [103, 
104]. Different groups have proposed the use peptides as antioxidant pharmacologi-
cal agents, and more specifically tyrosine-containing peptides, in which the pres-
ence of tyrosine contributes substantially to their antioxidant activity. The phenolic 
lateral chain of tyrosine act as electron donors that allow the termination of radical 
chain reactions of lipid peroxidation process, as well as the reduction of one-elec-
tron oxidants (OH•, CO3

•−, •NO2) [105]. Indeed, it was shown that the incubation of 
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neurons with tyrosine-containing peptides protects them from ONOO− mediated 
induction of apoptosis [68]. Hydrophobic amino acids including proline, histidine, 
tryptophan and tyrosine are widely distributed in milk-derived proteins, caseins, 
soybean and gelatin and have shown antioxidant capacity. For example, tyrosine-
based peptides like casein (Tyr-Phe-Tyr-Pro-Glu-Leu) and β-lactoglobulin may act 
as radical scavengers [106].

5.3  Catalytic Antioxidants

Another strategy that has been used to decrease ONOO−-induced damage is based 
on the ability of certain compounds to accelerate ONOO− decomposition and 
decrease its steady-state levels. For example, metalloporphyrins (manganese (MnPs) 
and iron porphyrins (FePs)) take advantage of the fast reaction of ONOO− with 
transition metals to form an agent that has proved its efficacy in preventing nitroxi-
dative damage in vitro and in vivo. Either of the mentioned porphyrins, MnPs and 
FePs, form rapid catalytic cycles with cellular reducing agents to outcompete with 
the reaction of ONOO− with biomolecules. In the case of 5,10,15, 20-tetrakis(2,4’,6’- 
trimethyl-3’,5’-disulphonaphtophenyl) porphyrin iron III (7-) (FeTMPS), an iron 
metalloporphyrin (FeIIIPs), it catalyzes the isomerization of ONOO− to NO2

− with a 
reaction rate constant of 105–106 M−1s−1, with the formation of a oxo-FeIV complex 
that can be reduced by ascorbate [107]. Moreover, manganese porphyrins, MnIIIPs, 
such as meso-tetrakis(4-carboxylatophenyl) porphyrins (3-) (MnTCPP), does not 
isomerize ONOO−, but in vivo, it can be reduced to MnIIPs, by glutathione, ascor-
bate, and flavoenzymes (including the mitochondrial electron transport chain). As a 
result, this MnIIPs is able to promote the two-electron reduction of ONOO− to nitrite 
with a reaction rate constant of ~107 M−1s−1. Indeed, MnIIPs and MnIIIPs also react 
fast with CO3

•− (108–109 M−1s−1) enabling them to effectively scavenge ONOO− and 
CO3

•− in vivo. Nevertheless, the reaction of ONOO− with MnIIIPs or FeIIIPs, yields 
the one-electron reduction product •NO2. However, these may be neutralized by 
antioxidant defenses and ONOO− reactions with biomolecules are redirected.

As a result of the efficacy as “antioxidant agents” evidence in studies using dif-
ferent models of disease (I/R injury, radiation injury, neurodegenerative diseases, 
diabetes), phase I clinical trials have been designed to test a MnIIIPs in ALS [108]. 
Other group of molecules that catalytically decompose ONOO− are organo- selenium 
compounds which act as glutathione peroxidase mimics. Ebselen (2-phenyl- 1,2-
benzoisoselenazol- 3(2H)-one), is a prototypical lipid-soluble organic selenocom-
pound which directly react with ONOO− to yield nitrite and a selenoxide, the latter 
being able to be reduced back to selenol either by GSH or NADPH- dependent 
 thioredoxin reductase [109]. In accordance, many studies in vitro and in vivo of 
disease models treated with ebselen, showed that this compound prevented nitroxi-
dative damage induced by ONOO− [110]. Nevertheless, ebselen double-blind clini-
cal trials in patients with stroke and subarachnoid hemorrhage, gave non- conclusive 
results [111].
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5.4  Antioxidant Inducers

Besides the use of synthetic scavengers of ONOO−, an alternative strategy to com-
bat the formation of RNS is the use of agents that enhance endogenous antioxidants 
defenses, and an example of this is another seleno-compound called diphenyldisel-
enide. This agent has proved to be effective in preventing mitochondrial dysfunction 
in endothelial cells treated with the exogenous fluxes of ONOO−. Moreover, it was 
demonstrated that its protective role derived from the activation of Nrf2 pathway 
up-regulating the expression of enzymes related to the protection against oxidative 
stress: heme oxigenase-1, peroxiredoxin-1 and -3, and gamma-glutamyl cysteine 
synthetase [112]. Other types of compounds that have been employed as antioxi-
dants are polyphenols. For example, resveratrol, in the past was used as a free radi-
cal scavenging agent, however after considering the low concentration reached in 
plasma and its important hepatic metabolism, other mechanisms of action have been 
proposed. Nowadays, flavonoids are considered to act indirectly through the inhibi-
tion of pro-oxidant enzymes (NADPH oxidases, MPO, lypoxigenases) and the acti-
vation of protective signaling cascades [113]. Thiol-containing molecules, such as 
N-acetylcysteine (NAC), together with others such as α-lipoic acid, have been used 
as “antioxidant agents” but their effects must be carefully interpreted. These agents 
do not react fast with ONOO−, thus the do not have scavenging activity, rather they 
are able to enhance cellular antioxidant defenses (i.e. increasing glutathione and 
ascorbate concentrations, reduce activity/expression of iNOS, down-regulate pro- 
inflammatory genes such TNF α, and up-regulate phase II detoxification genes by 
Nrf2) [113].

6  Conclusions

In this chapter we reviewed different aspects of the nature of RNS, reflecting their 
biomedical importance. We have indicated biologically-relevant reactions and sites 
of formation of •NO, ONOO−, and their corresponding derived radicals, together 
with cellular targets of this oxidizing and nitrating agents. In addition we listed dif-
ferent human pathologies in which RNS play an etiopathogenic role, and mentioned 
existing evidence on the efficacy of a variety of redox-active drugs used to treat 
these conditions. The better understanding of the biological chemistry of •NO and 
other •NO-derived species such as ONOO−, has helped to understand various aspects 
of redox processes in human physiology and pathology. Moreover, these develop-
ments are assisted for the identification of biomarkers and predictors of disease 
progression (e.g. 3-nitrotyrosine). Finally, the evolution of our understanding on the 
biological chemistry of •NO and ONOO− has favoured the development of novel 
therapeutic strategies (some of them targeted to specific organelles such as mito-
chondria, see Fig. 5.5) based of redox-active drugs or the enhanced activity of 
endogenous and cytoprotective redox systems.
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Chapter 6
Nitro-arachidonic Acid: Downstream 
Signaling and Therapeutics

Homero Rubbo, Lucía González-Perilli, Mauricio Mastrogiovanni, 
Beatriz Sánchez-Calvo, and Andrés Trostchansky

Abstract Arachidonic acid (AA) represents a precursor of potent signaling mole-
cules, i.e., prostaglandins and thromboxanes through enzymatic and non-enzymatic 
oxidative pathways. Arachidonic acid can be nitrated by reactive nitrogen species 
leading to the formation of nitro-arachidonic acid (NO2-AA). In fact, nitration of 
AA by inflammatory stimulus could divert the “normal metabolic pathway” of AA 
to gain novel responses. In this prospective article, we describe the mechanisms of 
NO2-AA formation in human cells as well as its key chemical and biological proper-
ties. This includes the ability of NO2-AA to mediate unique redox signaling anti- 
inflammatory actions along with its therapeutic potential.

Keywords Nitro-arachidonic acid • Lipid nitration • Nitro-fatty acids • Inflammation

1  Introduction

Free as well as esterified fatty acids are important components of biological mem-
branes that can be modified by reactive oxygen (ROS) and nitrogen (RNS) species. 
In particular, fatty acid nitration is expected to occur in hydrophobic compartments 
such as the lipid bilayer of cellular membranes or the lipophilic core of lipoproteins. 
Reactive nitrogen species both oxidize and nitrate unsaturated fatty acids yielding 
an array of hydroxyl, hydroperoxy, nitro and nitrohydroxy derivatives [1]. Although 
the detailed mechanisms for nitro-fatty acid (NO2-FA)) formation in vivo still 
remain unknown, available knowledge suggests that nitrogen dioxide (•NO2) is the 
rate limiting step. In hydrophobic compartments the most probable source for •NO2 
is the autooxidation of nitric oxide (•NO), which concentrates up to 20-fold in the 
membrane bilayer [2]. Also, •NO2 can be generated from the decomposition of 
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peroxynitrite, peroxidase-catalyzed oxidation of nitrite (NO2
−) to •NO2 or reduction 

of NO2
− in acidic tissue environments (e.g., gastric compartment) [3]. In fact, •NO 

and superoxide radical (O2·−) are the precursors of peroxynitrite which under 
inflammatory conditions lead to an increase of oxidized as well as nitrated proteins 
and lipids [4]. Two different pathways have been suggested for peroxynitrite reac-
tions with lipophilic targets: a) peroxynitrite-derived radicals are formed in aqueous 
media and then react with a substrate bound to the membrane surface, or b) per-
oxynitrous acid can undergo proton-catalyzed hemolysis to •NO2 and •OH with a 
~30 % yield [5]. Peroxynitrous acid derived •OH and •NO2 initiate lipid oxidation 
processes, which are propagated by the action of peroxyl radicals (ROO•). In this 
regard, the relative lack of direct peroxynitrite targets in hydrophobic compartments 
[6] makes homolysis a more likely decay mechanism. Since both peroxynitrite and 
•NO2 readily diffuse through membrane bilayers, reactions leading to •NO2 genera-
tion may take place in the aqueous environment in proximity to the membrane or 
inside the lipid bilayer [7].

2  Mechanisms of Arachidonic Acid Nitration

Hydrophobic compartments represent a reservoir for NO2-FA. Nitroarachidonic 
acid (NO2-AA) can be formed in biological membranes from arachidonic acid 
(AA), the most abundant fatty acid present in the 2-carbon position of phospholip-
ids to exert biological effects upon phospholipase A2 cleavage. A complex mixture 
of products has been identified after reaction of AA with peroxynitrite/•NO2 includ-
ing cis-trans isomerization and formation of nitro-hydroxyarachidonate (NO2(OH)
AA) [8]. The isomerization is likely to involve the reversible binding of •NO2 and 
formation of a nitroarachidonyl radical followed by elimination of •NO2 and genera-
tion of a trans bond. Hydrophobic membranes may facilitate reactions where •NO2, 
arachidonyl (AA•) and arachidonylperoxyl (AAOO•) radicals are likely to be simul-
taneously present. The half-life of AAOO• is sufficiently long for the reaction with 
•NO2 to occur, leading to arachidonylperoxynitrites (AAOONO)/nitrates that could 
rearrange into nitroarachidonic acid (NO2-AA), NO2 (OH)AA and nitroepoxyara-
chidonate [9]. The currently accepted mechanisms for •NO2-mediated oxidation and 
nitration of polyunsaturated fatty acids (PUFAs) such as AA involve different routes 
including hydrogen atom abstraction and addition reactions as well as electrophilic 
substitution by nitronium ion (NO2

+, [10]). Reaction of •NO2 with PUFAs leads to 
the generation of isomerized, oxidized and/or nitro-allylic, nitroalkene, dinitro, or 
nitro-hydroxy lipid derivatives. The allylic hydrogen abstraction in PUFAs yields a 
carbon-centered lipid radical and nitrous acid (HONO), which rapidly decomposes 
[10]. In anaerobic conditions or when O2 tension is low, a second molecule of •NO2 
reacts with the carbon-centered radical generating a nitro-alkane, where the −NO2 
moiety is bound to a saturated carbon center (Fig. 6.1). However, when the O2 ten-
sion is higher, the carbon-centered radical reacts with O2 to generate a nitro-peroxyl 
radical, an unstable and very reactive species that can react with a neighboring 
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Fig. 6.1 Mechanisms of nitro-arachidonic acid (NO2-AA) formation.
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PUFA, thus initiating the propagation stage of lipoperoxidation, or with a second 
•NO2 radical generating a nitro-nitrate alkane [10, 11]. A homolytic attack of •NO2 
on the double bond in AA yields a β-nitroalkyl radical (Fig. 6.1). In an aqueous 
environment, where the solubility of •NO and its derived reactive species is rather 
low, the reaction will most probably revert, causing a cis-trans isomerization of 
AA. The generation of trans-AA along with NO2-AA is unique to •NO2-dependent 
mechanisms. Otherwise, when the O2 levels are low, the β-nitroalkyl radical reacts 
with a second •NO2 radical generating a dinitro-alkane acid and/or a nitro-nitrite 
alkane. Both these species are unstable and decompose to a nitroalkene, with the 
concurrent loss of HONO (Fig. 6.1). Alternatively, the loss of HONO leads to the 
generation of trans-nitroalkenes and/or trans-nitroalkanes. However, the nitro group 
preferentially binds the double bond in nitro-alkene derivatives in the cis configura-
tion [10, 11].

3  Synthesis and Purification of NO2-AA

The most successful method for NO2-AA synthesis includes AA incubation with 
sodium nitrite (NaNO2) following extraction of the reaction mixture and analysis by 
RP-HPLC and TLC [12]. HPLC fractions are then extracted using the Bligh and 
Dyer method and analyzed by ESI MS/MS. The main product of the reaction is 
trans-AA [8, 12]. Three NO2-AA fractions have been identified exhibiting m/z of 
348 that corresponds to the addition of the nitro (−NO2) group to the fatty acid [12]. 
Their identity was confirmed by MRM scan mode following the m/z 348/301 transi-
tion, in addition to the MS/MS spectra. A nitrohydroxy-derived product was also 
present [8, 12]. Four major isomers of NO2-AA have been identified and key bio-
logical properties have been determined, including their capacity to release •NO, 
induce endothelium-independent vasorelaxation and modulate macrophage activa-
tion [12]. Mass spectrometry analysis showed the presence of m/z 348 products 
corresponding to NO2-AA; however it cannot distinguish between a −NO2 or a −
ONO functional group. The IR spectrum of NO2-AA, in contrast to AA, exhibited 
absorbance maxima at 1370 and 1555 cm−1 that corresponds to a −NO2 group of a 
nitroalkene attached to the carbon chain [12]. Eight positional nitroalkene isomers 
can be formed from the addition of a nitro group to AA at the double bonds. A novel 
MS methodology using lithium was used in order to determine which nitrated iso-
mers were obtained. The presence of lithium allows the fragmentation of NO2-AA 
at the double bond yielding an oxime or an aldehyde, depending where the −NO2 
group was attached [12]. The theoretical daughter ions with specific m/z can be 
detected by MS: 9-, 12-, 14- and 15- NO2-AA isomers. We clearly demonstrated the 
presence of mononitrated nitroalkenes: 9-nitroicosa-5,8,11,14-tetraenoic acid 
(9-NO2-AA), 12-nitroicosa-5,8,11,14-tetraenoic acid (12- NO2-AA), 14-nitroicosa- 
5,8,11,14-tetraenoic acid (14-NO2-AA) and 15-nitroicosa-5,8,11,14-tetraenoic acid 
(15- NO2-AA) [12]. Reaction batches contained in all cases a mixture of 23 % of 
12- and 15- NO2-AA, 55 % of 9- NO2-AA and 22 % of 14- NO2-AA [13].
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4  Interaction of NO2-AA with Lipid Metabolizing Enzymes

Prostaglandin endoperoxide H synthase (PGHS) is the key enzyme of AA metabo-
lism as it final oxidation product, prostaglandin H2 (PGH2) is the precursor of vari-
ous lipid mediators, e.g. prostaglandins and thromboxanes. The enzyme catalyzes 
the dioxygenation of AA to prostaglandin G2 and the subsequent reduction of PGG2 
to PGH2 performed by the cyclooxygenase (COX) reaction, where two molecules 
of oxygen are added to AA, and the peroxidase (POX) reaction yielding PGH2, 
respectively [14]. Two isoforms of PGHS (PGHS-1 and -2) are found in mammalian 
tissues where both isoforms are of pharmacological importance because they are 
targets for nonsteroidal anti-inflammatory drugs (NSAIDs). Inflammatory pro-
cesses and PUFAs are linked by eicosanoids, which represent mediators and regula-
tors of inflammatory processes formed from 20 carbon length-PUFAs. Molecular 
cross-talk between •NO and prostaglandin pathways are well documented. In fact, 
many of the reported signaling actions of •NO are due to its interaction with iron- 
containing enzymes; in this sense, PGHS, an heme-containing enzyme, can be a 
potential target for •NO, modulating prostaglandin synthesis [14]. Moreover,•NO 
can act as a reducing cosubstrate during PGHS-1-POX activity thus favoring the 
catalytic cycle of POX [15]. When analyzed with PGHS-1, •NO spared POX while 
enhanced COX inactivation by peroxynitrite [14]. During catalysis, AA derived- 
radicals are formed being potential targets for •NO reactivity thus influencing 
enzyme activity. We speculate that during PGHS-1-COX catalysis, AA-derived 
radicals can be “sequestered” by •NO to form nitrogen-containing AA products that 
in turn could act as poor substrates or inhibitors of COX, thus diminishing enzyme 
activity [14]. As AA is the substrate for PGHS activity, we evaluated if nitration of 
the carbon chain of AA may divert the fatty acid from its normal metabolizing path-
ways. Nitroarachidonic acid was able to inhibit both POX and COX activities of 
PGHS-1 while only affected POX in PGHS-2 [13]. These inhibitory effects were 
only for NO2-AA, since other nitroalkenes (i.e. nitro-oleic acid or nitro-linoleic 
acid) were unable to modify PGHS activity. Analysis indicates that NO2-AA inhib-
its PGHS-1 and -2 being a poorly reversible POX inhibitor of PGHS-2, through a 
slow tight binding mechanism that leads to the formation of a stable binary complex 
where the dissociation rates of enzyme-inhibitor complexes are so slow that NO2-AA 
appears to be practically irreversible. The most likely reaction involves the release 
of heme as a result of NO2-AA reaction with the protein, being different from those 
reported for other well-known enzyme inhibitors [13]. Next, the capacity of NO2-AA 
to modulate PGHS-1 activity was evaluated in human platelets [13, 16]. Platelets 
are key players during the first stage of hemostasis, undergoing a series of reactions 
such as adhesion to the endothelium, aggregation, release of granule content and 
morphological changes that lead to the formation of the platelet plug. Nitroarachidonic 
acid represents a potent inhibitor of thrombin-mediated platelet aggregation (IC50 
of 1.3 μM, [13, 16]), inhibiting thromboxane A2 (TxA2) synthesis. In addition, 
NO2-AA modulated platelet aggregation in response to activation of several mem-
brane receptors i.e. protease activated receptors -PARs- for thrombin, P2Y receptors 
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for ADP and TxA2 receptors for AA, following TxA2 synthesis or through direct 
stimulation of protein kinase C (PKC), indicating that NO2-AA acts downstream 
membrane receptors to exert its antiplatelet effects [16]. The PKC family is cen-
trally involved in platelet activation and aggregation. Stimulation of phospholipase 
C (PLC) causes generation of inositol 1,4,5-triphosphate (IP3) and diacylglycerol 
(DAG). The latter remains in the plasma membrane and activates the normally cyto-
solic conventional PKC isoforms (α/β/γ, cPKC), which act in a synergistic manner 
with Ca2+. Downstream consequences of PKC activation are granule secretion, 
integrin αIIbβ3 activation and irreversible platelet aggregation. WhileNO2-AA did 
not mobilize Ca2+, it was able to inhibit α-granule secretion [16]. PKCα was diffu-
sively distributed in the cytosol of untreated platelets and migrated to the plasma 
membrane after thrombin-stimulation in a process that was abolished by 
NO2-AA. Also, NO2-AA prevented platelet shape change and cytoskeletal reorgani-
zation, which alters α tubulin distribution from a homogeneous pattern in the mar-
ginal band to a highly irregular one [16]. PKC activates mitogen-protein kinase 
(MEK)/extracellular-signal regulated kinase (Erk) and p38 MAPK. While NO2-AA 
had no effect on Erk activation, it markedly reduced Erk2 phosphorylation in 
thrombin- activated platelets [16]. Nitroalkene bioactivities are primarily mediated 
through electrophilic reactivity leading to the formation of covalent adducts with 
reactive Cys or His residues in proteins. cPKC isoforms contain Cys rich motifs that 
are duplicated as a tandem domain which are critical for its interaction with mem-
brane phospholipids, suggesting that PKC inhibition could be mediated by electro-
philic modifications of the enzyme. In fact,NO2-AA effects demonstrate that its 
electrophilic properties are needed for NO2-AA-mediated inhibition of platelet 
activity [16]. Figure 6.2 summarize NO2-AA effects on platelets: (1) NO2-AA 
inhibits platelet activation through modulation of additional targets than PGHS-1; 
(2) NO2-AA inhibits platelet responses downstream to PKC activation (α-granule 
secretion, Erk2 phosphorylation, PKC translocation to the membrane) while not 
affecting upstream responses (e.g. Ca2+ mobilization); (3) NO2-AA inhibits PMA- 
induced aggregation and (4) NO2-AA exerts unique platelet regulation compared to 
other nitroalkenes. These observations provide a possible novel mechanism for 
platelet regulation under conditions where AA acts as a mild agonist for hemostasis, 
but adopts potent anti-platelet properties at inflammatory environments associated 
with increased •NO and RNS production when transformed into NO2-AA.

5  Vasorelaxing and •NO Releasing Properties of NO2-AA

Balazy et al. demonstrated that AA(OH)NO2 is a bioactive compound that induces 
vasorelaxation due to its capacity to release •NO in a non-inhibitable indomethacin 
mechanism [8]. The release of •NO from NO2-AAwas demonstrated by using differ-
ent experimental approaches [12], including oxyHb oxidation (k = 9.8 × 10−5 s−1) 
and EPR analysis of •NO-dependent cPTI formation. One of the first vascular 
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protective actions attributed to NO2-AA was its capacity to induce soluble guanylate 
cyclase (sGC)-mediated vasorelaxation (Fig. 6.2, [17]). We hypothesized that addi-
tion of a methyl group into the NO2-AA structure could keep its biological proper-
ties and improve its bio-disposal for in vivo administration as a potential vascular 
protective drug. In fact, incorporation of the methyl moiety could increase the lipo-
philicity of NO2-AA and presumably facilitate its storage in lipidic matrices while 
reduce its elimination. In this sense, a novel esterified nitroalkene, 6-nitro-methyl 
arachidonate was synthesized and characterized [17]. Similarly to the results 
achieved from AA nitration, the cis-alkene isomerization of AAMet was the main 
reaction (90 %) occurring during the incubation with NaNO2, and the nitrated prod-
ucts were obtained in lower yields (between 1 and 5 %). Using AAMet as the fatty 
acid precursor, the main product obtained is the result of the substitution of the 
alkenic proton 6 by the −NO2 moiety instead of alkenic protons 9-, 12-, 14- or 
15-substitutions as occurred for NO2-AA [17]. 6-nitro-methyl arachidonate pro-
moted comparable extents of vasorelaxation on precontracted aortic rings through 
sGC activation. This was confirmed by the fact that both methylated and non- 
methylated NO2-AA showed similar ability to induce cGMP formation in vascular 
smooth muscle cells. Moreover, vasorelaxation and cGMP formation were 
endothelium- independent, suggesting that its interaction with the endothelium did 
not contribute to generate •NO/•NO-like species responsible for sGC activation. In 
contrast with NO2-AA, 6-nitro-methyl arachidonate was not able to release •NO in 

Fig. 6.2 Modulatory responses of NO2-AA in vascular cells. NO2-AA inhibits platelet activation 
through downstream of PGHS-1 and PKC signaling. NO2-AA induces cGMP formation in endo-
thelial cells, leading to smooth muscle cells relaxation.
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cell-free conditions but, in a cell environment, led to •NO generation [17]. So far, 
there have been reports on several and controversial mechanisms by which 
nitroalkenes release •NO spontaneously [18, 19]. Differences between the ability to 
release •NO in an aqueous milieu could be explained by the lower solubility of the 
ester compared with the free fatty acid. Alternatively, the position of the −NO2 
group (closer to the ester moiety) could decrease the alkene-capability to act as 
Michael acceptor preventing the formation of an intermediary nitronate for •NO 
release (Nef mechanism, [19]). It is known that, under neutral aqueous conditions, 
nitroalkene equilibrium with vicinal nitrohydroxy derivatives will facilitate forma-
tion of the nitronate anion and, following this event, the resulting nitroso intermedi-
ate provides a pathway that yields •NO via a reaction facilitated by reductants. This 
nitroso intermediate has a weak C-N bond that yields . •NO and a carbon-centered 
radical product stabilized by conjugation with both the alkene and the OH group. 
Nitric oxide detection during 6-nitro-methyl arachidonate incubation with endothe-
lial cells [17] suggests that the methylated form could be converted to NO2-AA 
upon hydrolytic release by cell lipases and esterases followed by •NO release. If this 
is true, 6-nitro-methyl arachidonate may be relevant as an esterified hydrolyzable 
reserve of NO2-AA in hydrophobic compartments that could contribute to modulate 
the vascular tone through sGC activation. Alternatively, other cGMP-dependent sig-
naling actions of NO2-AA or 6-nitro-methylarachidonate may be involved in the 
modulation of vascular tone [8, 20–22]. Endothelium is not critical for mediating 
the vasoactive action of 6-nitro-methyl arachidonate since inhibition of nitric oxide 
synthase-1 or denudation of endothelium revealed similar extents of vessel relax-
ation [17]. In conclusion, 6-nitro-methylarachidonate could be considered as a 
potential novel vascular protective agent, where the presence of the methyl group 
serves to improve the bio-disposal of NO2-AA.

6  Nitro-arachidonic Acid as an Inhibitor of Inflammatory 
Cell Function

Inflammation is characterized by the production of cytokines, AA-derived eico-
sanoids, RNS and ROS, i.e. through the activation of inducible nitric oxide synthase 
(NOS2) and NADPH oxidase (NOX). Indeed, one of the open questions in the field 
is related to the mechanisms involved in the observed anti-inflammatory actions of 
NO2-AA at both molecular and cellular levels. Despite the well demonstrated role 
of NO2-AA as stimulator of smooth muscle relaxation, the NO2-AA-dependent 
attenuation of the inflammatory phenotype observed in several inflammatory cells 
follows •NO-independent mechanisms [16, 17, 23]. The anti-inflammatory activity 
of nitroalkenes is mainly mediated by rapid electrophilic and receptor-mediated 
reactions leading to nitroalkylation of proteins. These play critical roles in the regu-
lation of inflammatory response. In fact, inflammatory cells, including blood neu-
trophils, monocytes, macrophages, platelets or endothelial cells, respond to 
pro-inflammatory signals by switching to an inflammatory phenotype, character-
ized by the expression of molecules for leukocyte and endothelium adhesion. This 
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cause adhesion of blood cells to endothelium cells, penetration of blood cells across 
vascular walls and migration into the inflammation focus [16, 17, 23]. Secondary to 
the phenotype switch, inflammatory mediators are released, where cytokines play 
key roles in the initiation and regulation of the inflammatory response.

In macrophages, NO2-AA down-regulates the lipopolysaccharide-induced secre-
tion of proinflammatory cytokines (IL-6, TNFα) and NOS2 expression, contributing 
to the physiological shut down of the inflammatory response [12, 24]. One of the 
immediate responses upon macrophage activation involves the production of O2·− 
due to the NADPH dependent univalent reduction of oxygen by the phagocytic 
NADPH-oxidase isoform (NOX2). NOX2 is an enzyme complex comprised of a 
membrane–bound flavor-cytochrome b558 (gp91phox and p22phox), three cyto-
solic subunits (p47phox, p40phox and p67phox) and GTPase Rac2. In resting mac-
rophages, the NOX2 complex is unassembled. Upon activation, the cytosolic 
components associate with gp91phox and p22phox forming the active enzyme com-
plex which at this time generates O2·− [25]. It has been suggested a strong relation-
ship between the AA pathway and NOX2 assembly/activation. The inhibition of 
phagocytic NOX2 activity by NO2-AA (Fig. 6.3) has been demonstrated both in a 
macrophage cell line as well as in primary macrophages [23]. The mechanism 
includes the capacity of NO2-AA to decrease O2·− formation in the phagosome by 

Fig. 6.3 Anti-inflammatory actions actions of NO2-AA. NO2-AA inhibits pro-inflammatory 
inducible enzymes in macrophages as well as activates the Nrf2 pathway, leading to the induction 
of antioxidant responsive elements (ARE)
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inhibiting NOX2 activity/assembly. Phosphorylation of cytosolic subunits is not 
affected by NO2-AA. After phosphorylation, the cytosolic subunits migrate to the 
membrane where they associate with gp91phox and p22phox achieving the active 
form of the enzyme. NO2-AA affects the migration of the cytosolic subunits to the 
membrane, resulting in the inhibition of NOX2 activity. In fact, NO2-AA modulates 
the translocation of p47phox avoiding the formationof the active enzyme complex, 
thus inhibiting NOX2 dependent O2·− formation [23]. This data is indicative that 
NO2-AA inhibits NOX2 in activated macrophages through a mechanism that 
involves the prevention of the migration of the cytosolic subunits to the membrane, 
affecting the correct assembly of the active form of the enzyme. Data from an 
inflammatory model (thioglycolate-treated mice) also support this mechanism, 
where subcutaneous injection of NO2-AA decreased macrophage NOX2 activity 
[23]. This suggests that NO2-AA exerts beneficial anti-inflammatory effects when 
administered at pharmacological doses. In a chronic inflammatory processes, where 
nitration of AA may occur due to nitro-oxidative stress conditions, NO2-AA may 
inhibit key inducible enzymes (e.g. NOX2, NOS2 or PGHS-2) aiding in the resolu-
tion of inflammation (Fig. 6.3).

7  Therapeutic Potential of NO2-AA

7.1  Mitochondrial Protection During Angiotensin II-Mediated 
Kidney Injury

The role of ROS in angiotensin-II (ANG II)-induced endothelial dysfunction, car-
diovascular and renal remodeling, inflammation and fibrosis has been well docu-
mented [26]. In fact, increased generation of intracellular ROS as well as activation 
of redox-sensitive signaling cascades represent critical events involved in ANG II 
actions [27]. In this way, ANG II stimulates intracellular O2·− production by activat-
ing NOX [28] and promotes endothelial NOS (NOS3) uncoupling [29]. When •NO 
production is also stimulated, the effects of ANG II could lead to the formation of 
peroxynitrite that can be the mediator of ANG II-mediated damage [25]. ANG II 
induces excessive ROS production and mitochondrial dysfunction, which eventu-
ally leads to apoptosis and necrosis of renal tubular cells [30]. Nitroalkenes admin-
istration result in a reduction of ANG II-induced damage in an animal model of 
hypertension by inhibiting ANG II type 1 receptor-dependent vasoconstriction [31]. 
In addition, nitroalkenes exert antihypertensive signaling actions by inhibiting solu-
ble epoxide hydrolase [32]. Reactive oxygen species and peroxynitrite production 
are enhanced by ANG II as well as stimulates mitochondrial oxidants production 
depressing mitochondrial energy metabolism (Fig. 6.4).

In ANG II-treated kidney cells, NO2-AA protects mitochondria through reduc-
tion of ROS and RNS production [33]. While stimulation with ANG II induced 
O2·− formation, pretreated cells with NO2-AA diminished O2·− production and 
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 oxidative stress. Overall, NOX activity stimulated by ANG II is inhibited by 
NO2-AA as a protective mechanism (Fig. 6.4). In addition,NO2-AA improves mito-
chondrial coupling in renal cells treated with ANG II [33]. Moreover, NO2-AA 
spares mitochondrial complexes from peroxynitrite-mediated oxidative damage. 
This data supports that NO2-AA modulates ANG II-mediated inflammatory damage 
in kidney cells trough prevention of peroxynitrite formation and subsequent mito-
chondrial dysfunction (Fig. 6.4). The protection of mitochondrial function by 
NO2-AA in a model of renal injury emphasizes its use as a novel mitochondrial-
targeted antioxidant.

7.2  Neuroprotection Through Nrf2 Activation

Due to its electrophilic properties, nitroalkenes can activate Nuclear factor erythroid- 
2- related factor (Nrf2) through reversible nitroalkylation reactions [34–37]. Nrf2 
activity is principally governed by Kelch-like ECH-associating protein 1 (Keap1)) a 
protein with elevated cysteine content, which renders it highly reactive to electro-
philes. Villacorta et al. demonstrated a direct reaction of nitroalkenes with Keap1 

Fig. 6.4 NO2-AA prevention of ANG II-mediated mitochondrial dysfunction. (Adapted from Ref. 
[33])
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impairing Keap1-mediated inhibition of Nrf2/Antioxidant Responsive Element 
(ARE) signaling (Fig. 6.3) [36]. It is currently unknown whether nitroalkenes exert 
actions in neurodegenerative diseases. For familial Amyothropic Lateral Esclerosis 
(ALS), approximately 10–20 % is caused by a toxic gain-of-function induced by 
mutations of superoxide dismutase 1 (SOD1). Over-expression of mutated forms of 
hSOD1 in rodents resulted in animal models of the disease, e.g. hSOD1G93A rats 
or mice. Toxicity to motor neurons requires mutant SOD1 expression in non- 
neuronal cells as well as in motor neurons [38]. Both Nrf2 and hemeoxygenase-1 
(HO-1) are increased and co-localized with reactive astrocytes in the degenerating 
lumbar spinal cord of hSOD1G93A rats [39]. Recently, a potent protective role of 
NO2-AA on astrocytes expressing the ALS-linked SOD1G93A mutation-mediated 
toxicity to motor neurons was described [40]. The effects of NO2-AA on motor 
neuron degeneration induced by astrocytes revealed that NO2-AA administration to 
cultured astrocytes caused (a) Nrf2 activation and antioxidant phase II enzymes 
induction and (b) an increase in total glutathione levels. Thus, the influence of 
NO2-AA applied to astrocytes bearing the SOD1G93A mutation on astrocyte- 
mediated motor neurons death in co-culture conditions was explored. Pre-treatment 
of SOD1G93A astrocytes with NO2-AA significantly reduced motor neurons loss. 
This effect was prevented by transfecting astrocytes with a Nrf2-siRNA before 
NO2-AA treatment, further supporting that Nrf2 activation is mediating the protec-
tive effect of NO2-AA. An increase in glutathione levels in astrocytes may account 
for the observed protection of motor neurons death via induction of the modulatory 
subunit of the glutamate-cysteine ligase which catalyzes glutathione synthesis [40]. 
Thus, the increase in antioxidant defenses induced by NO2-AA treatment could 
potentially improve mitochondrial function in astrocytes and be partially responsi-
ble for the protection observed. These mechanisms may play an important role in 
NO2-AA-triggered astrocyte-mediated increase in motor neuron survival. In sum-
mary, NO2-AA induces ARE-driven gene expression which is dependent on Nrf2 
activation as well as astrocytic glutathione production, preventing motor neurons 
death. Considering that the central nervous system is abundant in AA, it is possible 
that NO2-AA is being generate as adaptive response during inflammatory conditions 
to protect motor neurons.

8  Conclusions

Lipid nitration represents a novel mechanism for RNS to transduce metabolic and 
inflammatory information. Since AA is the most abundant PUFA present in biologi-
cal membranes, NO2-AA formation is likely to occur under inflammatory condi-
tions, supporting a role of lipid nitration in adaptive redox-sensitive signaling. 
Nitroarachidonic acid exerts potent biological actions that aid in the resolution of 
inflammation, including inhibition of inflammatory cell activation, pro- inflammatory 
cytokine and prostaglandin secretion. Moreover, recent data reveal that NO2-AA 
mediate homeostatic signaling reactions in vivo. Further work is necessary to 
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determine whether NO2-AA supplementation exerts unique anti-inflammatory and 
cytoprotective actions in inflammatory diseases.
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Chapter 7
Mitochondrial Transfer by Intercellular 
Nanotubes

Viviana Sanchez and Alicia Brusco

Abstract Cell-to-cell communication is a critical requirement for the coordination 
of cell behavior in tissue homeostasis and the conservation of multicellular organ-
isms. Among several types of intercellular communication, tunneling nanotubes 
(TNTs) were discovered no more than a decade ago but are now known to constitute 
intercellular bridges connecting distant cells. Over the last decade, research has 
shown TNTs to have structural and functional properties which vary across cell 
types. TNTs permit cell-to-cell communication on the basis of membrane continu-
ity between connected cells and are capable of transferring various types of intracel-
lular components including calcium ions, cytoplasmic molecules and different types 
of organelles. In this chapter, we will describe the different mechanisms of TNT 
formation, their heterogeneous composition and their functional roles in physiologi-
cal and pathological processes. In this context, we also discuss the importance of 
mitochondria transfer from stem cells to recipient cells with nonfunctional mito-
chondria, which results in a significant improvement in aerobic respiration. The 
transfer of healthy mitochondria through TNTs may rescue damaged cells and thus 
constitute an alternative therapeutic approach for pathologies involving oxidative 
stress.

Keywords Tunneling nanotubes • Intercellular transfer • Mitochondria • 
Mitochondrial transfer • Intercellular communication

1  Introduction

Cell behavior is the result of its interaction with the environment, which includes 
both the soluble and fibrous molecules of the extracellular matrix in contact with the 
plasma membrane and other near or distant cells. Intercellular communication plays 
a central role in the development and maintenance of multicellular organisms. 
Without cell-to-cell communication, processes such as tissue growth, 
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differentiation during development, remodeling of tissues and organs, cell division 
and the cell responses to environmental stimuli could not take place. The relation-
ship between neighboring cells is highly developed in some tissues through molecu-
lar interchanges [1]. The exchange of molecular information between cells includes 
the secretion of molecules and their subsequent binding through receptor-ligand 
mechanisms, cell endocytosis or plasmatic membrane crossing, with or without 
energy utilization. Other types of cell-cell interaction include ionic exchange 
through gap junctions and the secretion of membranous carriers referred to as exo-
somes [2]. Large membrane structures such as desmosomes, zonula adherents and 
occludens allow efficient cohesion between neighboring cells, as observed in epi-
thelial or cardiac cells. Moreover, cells are also capable of exploring the extracel-
lular environment and of establishing direct contact over long distances, for example 
through long actin based extensions called cytonemes and first observed during 
Drosophila development [3]. A particularly interesting type of cell connection, 
called tunneling nanotubes (TNTs), has been recently described as thin cytoplasmic 
bridges with actin cytoskeleton which connect distant cells [4]. The discovery of 
this new type of communication highways has opened up new ways of viewing how 
cells interact with one another. The first reference to nanotubular connections 
between cells dates back to a study on pheochromocytoma PC12 cell cultures. 
TNTs were then shown to have a diameter of 50–200 nm and a length several times 
cell diameter, and to exhibit neither branches nor contact with the substrate. TNTs 
also permit the transference of organelles from one cell to the other [4]. These struc-
tures permit cell-to- cell communication on the basis of membrane continuity 
between TNT-connected cells. As an additional feature, these intercellular bridges 
have been found to be transient structures whose lifetime is no longer than 30–60 min 
(Fig. 7.1).

After the first description by Rustom et al. [4] the presence of TNTs has been 
found in numerous cell types both in vitro [5] and in tissue explants [6]. In turn, 
most in vivo reports are related to studies on embryos, which analyze the role of 
TNTs during the development of multicellular organisms [7]. Worth pointing out, 
TNTs have been found both in healthy [8] and tumoral tissues [9]. In addition, cul-
tures of human microvascular endothelial cells have proven significantly long TNTs 
(≥100 μm) to be stable during the whole mitotic process, which extends over sev-
eral hours and during which TNTs transport granules [10]. Finally, cellular compo-

Fig. 7.1 TNTs as dynamic bridges connecting cells. Schematic representation of two cells in a 
culture dish. In contrast to filopodia (f), the TNT does not make contact with the substrate and 
shows a rectilinear trajectory and constant diameter for more than 5 times cell body length
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nents transferred via TNTs include calcium ions, cytoplasmic molecules and 
different types of organelles.

2  TNT Morphology and Function

TNTs must be discriminated from filopodia. In contrast to filopodia, TNTs are not 
attached to the substratum and are about 5–10 times their length [11]. Also, TNTs 
and filopodia appear to serve different purposes. While filopodia act as important 
environmental sensors and play key roles in cell motility, TNTs appear to be a direct 
conduit for cell-to-cell communication, specifically in the transport of material from 
one cell to another. TNT de novo formation has not been fully elucidated yet, 
although time-lapse recording studies suggest two possible mechanisms. The first 
mechanism involves an outgrowth of a filopodia-like protrusion, rich in cytoskeletal 
filaments, toward a neighboring cell [12]. The second mechanism, called cell dis-
lodgement, consists of attached cells departing from one another, after which a TNT 
is formed between them [11]. Further studies have shown that TNT formation and 
stabilization require anchoring junctions between the membranes of connected cells 
[13]. As mentioned above, initial TNT morphological and structural analyses 
revealed a diameter of 50–200 nm and a rectilinear trajectory several-cell-diameter 
long, confirming an F-actin cytoskeleton [4]. In other cell types such as immune 
cells and macrophages, the average length of TNTs has been estimated in 30 μm, 
and in some cases reaching over 140 μm. In addition, two different types of TNTs 
have been observed in these cell types, the first one composed only by F-actin (type 
I) and the second one exhibiting greater thickness (>700 nm in diameter) and both 
F-actin and microtubules (type II) [14]. In T cells, for example, only 20 % of TNTs 
present microtubules inside. It seems then possible that TNTs containing microtu-
bules are derived from cell division, while only-actin TNTs are not. Worth mention-
ing, both types exhibit irregular diameter and membrane surface [11]. These 
heterogeneous TNT features probably represent cell specialized functions, although 
such categorization appears now elusive due to the wide range of TNT-like struc-
tures described both in vitro and in vivo (Table 7.1) [7] (Fig. 7.2).

2.1  TNT-Mediated Cargo Transfer

TNTs allow for the direct transfer of cellular components such as organelles, pro-
teins, microRNAs and Ca2+, and can in certain cases be highways for the transport 
of organelles belonging to the endoplasmic reticulum (ER), Golgi and the 
endosomal- lysosomal system and mitochondria. Moreover, different membrane 
protein and lipid components have been observed in different TNTs [15]. In connec-
tion with ion exchange, the major differences between gap junctions and TNTs are 
the distances reached and the sizes of the molecules transferred. Furthermore, TNTs 
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Table 7.1 Examples for cell-cell TNTs comunication and cargo transfer

Cell type Cytoskeleton Length/Thickness Cargo References

PC12 F-actin 10 
mm/50–200 nm

Endosome/lysosome 
related proteins, lipid 
anchored proteins

[4]

Myeloid (dendritic) 
cells

Not 
determined

50–200 
nm/>100 mm

Ca2+ signaling. 
Surface receptors, 
small molecules 
(Lucifer Yellow)

[17]

Co-culture of 
endothelial 
progenitor cells and 
MSCs

Not 
determined

5–120 
mm/50–800 nm

Mitochondria, soluble 
components (GFP)

[18]

Human monocyte 
derived 
macrophages

F- actin and 
Microtubules

Not determined/ 
700 nm

Golgi and RER, 
bacteria mitochondria, 
endosome/lysosome, 
membrane 
components,

[14, 43]

Myeloid cells in 
mouse cornea

F- actin <0.8 
mm/200–600 nm

Cx 43, YFP, CD11 [6, 8]

Junkat and T cells F- actin 22–100 
mm/<400 nm

HIV proteins, 
Mitochondria, 
Membrane 
components, death 
signals, virus

[11, 44]

Mouse CAD 
neuronal cells 
(variant of a CNS 
catecholaminergic 
cell line from a 
brain tumour)

F- actin 14–75 
mm/50–80 nm

Exogenous and 
endogenous membrane 
components (GFP-
Prion protein) 
Proteinaseous 
aggregates

[45]

Normal rat kidney 
cells

F- actin, 
Miosyn Va

70 mm/Not 
determined

Depolarization signals. 
Endosome-related 
organelles

[46]

Co-culture: vascular 
smooth muscle cells 
and MSCs

Not 
determined

Not determined Mitochondria [47]

Human umbilical 
vein endothelial 
cells

F- actin 21–30 mm/Not 
determined

Electrical signals [46]

Co-culture: renal 
tubular cells and 
MSCs

Not 
determined

Not determined Mitochondria and 
cytolpasmic 
components

[48]

Natural killer cells F- actin and 
microtubules

21–100 mm/Not 
determined

Membrane 
components (MHC-1) 
Death signals

[26]

Primary human 
renal epithelial cells

F- actin 0.2/1 
mm/>200 nm

Endosome-Lysosome [40]

(continued)
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appear to be more selective than gap junctions, allowing the transfer of electrical 
signals to the coupled acceptor cell only, thus preventing signal spreading to other 
cells [12].

Additional studies have revealed ER inside TNTs, which may be associated to 
the spreading of intercellular Ca2+ signals between nearby cells [16]. Also, a cal-
cium flux has been reported through the thicker Type II TNTs in human cultured 
myeloid lineage dendritic cells and monocytes [17]. Studies on intercellular com-
munication between human endothelial progenitor cells and rat cardiomyocytes 
have revealed nanotubular structures allowing the transport of organelles [18]. In 

Table 7.1 (continued)

Cell type Cytoskeleton Length/Thickness Cargo References

Human 
hepatocellular 
carcinoma cells

F- actin and 
microtubules

Not determined Cadmium Telluride 
Quantum Dots (CdTe 
QDs)

[49]

Co-culture of H9C2 
cardiomioblasts and 
MSCs

F- actin and 
microtubules

Not determined Mitochondria, 
endosomal vesicles 
Ca2+ cytosolic GFP

[50]

Co-culture of 
human MSCs and 
adult 
myocandiocytes

F- actin Not determined Mitochondria [51]

Co-cultures of 
human endothelial 
precursor cell and 
umbilical vein 
endothelial cells

F- actin Not determined Lysosomes [52]

Human lung 
adenocarcinoma 
cells

F- actin, 
fascin, erzin

70 mm/ND Vesicles, proteins, 
mitochondria

[9]

Human 
mesotelioma cells

F- actin, 
Miosyn Va

70 mm/Not 
determined

Vesicles, proteins, 
mitochondria

[53]

Co-culture of 
neurons and 
astrocytes

F- actin and 
Microtubules

30–140 mm/Not 
determined

Depolarization signals [54]

Human Embryonic 
Kidney cells

F- actin 500 nm/ Not 
Determined

Calcium signaling (gap 
junctions) Fluorescent 
prion protein construct 
(GFP-Pr-PWt)

[12]

PC12 cells TNT1: 
F- actin and 
microtubules 
TNT2 F-actin

TNT1 >40 
mm/100–650 nm. 
TNT2 20 
mm/70–200 nm

Alexa 488-Wheat 
Germ Agglutinin

[55]

Hematopoietic stem 
cells Co-culture 
with macrophages

Not 
determined

>40 mm/Not 
determined

Vesicular exchange 
(endosome/lysosome 
system)

[56]
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cultures of human B cells, natural killer cells and macrophages, vesicular traffic in 
thick TNTs has been shown to include bacterial and viral particles surfing on the 
surface of thin TNTs [14]. T-cell nanotubes have been proven to transfer HIV-1 in a 
receptor-dependent way [11], while migrating endothelial cell TNTs appear to pre-
serve intercellular communication through the transport of signals such as lipid 
mediators in the form of lipid droplets (Table 7.1) [10] (Fig. 7.3).

2.2  TNTs in Stem Cells

Embryonic stem (ES) cells, derived from the inner cell mass of mammalian blasto-
cysts, have the ability to grow indefinitely while maintaining pluripotency. These 
properties have led to expectations that human ES cells might help to understand 
disease mechanisms and to design effective therapies. Several studies in this sense 
have shown different types of stem cells to develop TNTs as important transporters 
of cellular material. Mesenchymal stem cells (MSCs) are obtained from both fetal 
and adult tissues including bone marrow, adipose tissue and umbilical cord [19], 

Fig. 7.2 TNTs in stem cells. (a) iPS cell culture. The arrow shows a bridge corresponding to a 
TNT between two neighboring cells. (b) MSC culture. The arrow shows a TNT between neighbor-
ing cells immunostained for the stem cell marker CD105. (c) Electron microscopy of thick TNT 
containing different organelles (d) Electron microscopy of thin TNT containing only 
microfilaments
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and are capable of multi-lineage differentiation into mesoderm-type cells. These 
cells are generally identified through a combination of physical, phenotypic and 
functional properties. MSCs must be plastic-adherent when maintained in standard 
culture conditions and must differentiate into osteoblasts, adipocytes and chondro-
blasts in vitro. New findings suggest that the ability of MSCs to alter tissue micro-
environment via the secretion of soluble factors and the transfer of their own cellular 
components to neighboring cells may contribute significantly to tissue repair, 
although the underlying mechanisms remain uncertain.

The clinical use of human MSCs (hMSCs) requires the availability of a large 
number of functionally competent cells with a stable phenotype. However, in vitro 
expansion of hMSC in long-term culture is limited, and even ethical issues have 
been raised on the clinical use of this cell type. Inducing pluripotent status in somatic 
cells by direct reprogramming using transcription factors appears as a way to tackle 
these problems. Induced pluripotent stem (iPS) cells can be generated by the 
retrovirus- mediated transfection of four transcription factors, namely Oct3/4, Sox2, 
c-Myc and Klf4 [20]. These cells are indistinguishable from embryonic stem cells 
in morphology, proliferation, gene expression and teratoma formation. Furthermore, 
when transplanted into blastocysts, iPS cells can give rise to adult chimeras, which 
are competent for germ line transmission [21]. Several studies have shown that both 
cell types are capable of generating TNTs and transferring different cytoplasmic 
components from one cell to another. Analyses on the behavior of human hemato-
poietic progenitors when cultured with MSCs have revealed long and thin TNT-like 
processes to emerge from adjacent hematopoietic cells which are involved in inter-
cellular communication [22].

Fig. 7.3 TNT cargo transfer (Schematic representation of a TNT connecting two cells)
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2.3  TNTs in Nerve Tissue Cells

TNTs are also under active investigation for their role in maintaining nerve tissue 
homeostasis. Intense energy demands define the brain exceptional information stor-
age and processing capacity, as well as its vulnerability. Astrocytes metabolize glu-
cose to lactate, the major fuel for neurons. Glucose glycolytic pathways in neurons 
are redirected to the pentose phosphate shunt that serves to an efficient regeneration 
of NADPH and GSH, the latter a key free radical scavenger. Astrocytes have the 
capacity to deliver mitochondria to neurons in regions of high metabolic require-
ment, a process in which TNTs provide timely and critical support. Wang et al. [23] 
have reported TNT formation between astrocytes and neurons directly induced by 
H2O2 in the medium. Furthermore, both exosomes and TNTs are involved in the 
intercellular transfer of TDP-43 aggregates in human glioblastome U251 cells, a 
process similar to prion propagation [24].

2.4  TNTs in Immune Cells

Despite the number of functions ascribed to TNTs in various immune cells, over-
arching questions still remain regarding the biological significance of TNTs in 
immune cell function. Macrophages and dendritic cells have evidenced calcium flux 
propagated along TNTs independently of gap junctions or ATP release [17]. A 
study comparing cytokine production in co-cultures of primary B cell precursor 
acute lymphoblastic leukemia cells and primary mesenchymal stromal cells has 
shown an increase in several prosurvival cytokines such as IP10, IL-8 and MCP-1 
when both cell types are connected by TNTs, which suggests that TNT communica-
tion modulates bone marrow microenvironment and enhances cell survival [25]. 
Also, natural killer cell activation has been proven to take place through receptor/
ligand mechanisms in which target cells migrate toward natural killer cells using the 
TNT as a tether. This process generates tight cell contact leading to cell lysis and 
shows the biological relevance of TNTs [26].

2.5  TNTs and Cancer

Great interest has arisen in TNT cellular cargo in the context of human cancer. 
Studies on human prostate cancer DU145 cells have revealed filopodia and bridge 
structures facilitating vesicular traffic between cells. These structures were shown 
to have 100 nm to 5 μm diameter and 50–100 μm length, and a microtubular cyto-
skeleton and bead-like membrane bulges of 1–3 μm diameter [27]. Lou et al. [9] 
have demonstrated efficient transfer of cellular contents, including proteins, Golgi 
vesicles and mitochondria, between cells derived from several well established 
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cancer cell lines. For the first time, they also demonstrated the in vivo relevance of 
these structures in humans, having effectively imaged nanotubes in intact solid 
tumors from patients. The existence of TNTs in solid tumors opens up a new avenue 
for targeted therapy and can be investigated as a means of delivering small molecule 
inhibitors or biological agents. Pasquier et al. [28] have described the spontaneous 
exchange of cytoplasmic material between endothelial cells or MSCs and multiple 
cancer cell lines. These authors have shown a preferential transfer of mitochondria 
from endothelial to cancer cells resulting in chemoresistance, which opens doors for 
direct intercellular exchange as a modulator of tumor phenotype by the stromal 
component. In addition, Thayanithy et al. [29] have reported direct cell-to-cell 
transfer of genetic material between tumor and stromal cells via TNT conduits. The 
work performed on osteosarcoma and ovarian cancers clearly showed intercellular 
tumor-tumor and tumor-stromal interaction via TNTs involving intercellular trans-
fer of miRNAs, which could be of relevance in tumor formation, progression and 
recurrence.

3  Oxidative Stress

Oxidative stress (see Helmut Sies, in Chap. 1 in this volume) due to an increased 
content of reactive oxygen species (ROS) is one of the main etiological/pathological 
cellular mechanisms considered for various diseases, with the biochemical conse-
quences of lipid peroxidation, protein oxidation and DNA damage [30]. For exam-
ple, oxidative damage is involved in modifications of synaptic proteins as well in 
lipid peroxidation present in bipolar disorders [31]. As an example of the vicious 
cycle oxidative stress and cell damage constitute demyelinating lesions that lead to 
the generation of ROS, which contribute, among other factors, to the progression of 
oxidative stress and inflammation, both involved in a self-perpetuating circle [32]. 
In multiple sclerosis, a single prostaglandin has been postulated as a biomarker of 
oxidative stress in determining lipid peroxidation [33]. In turn, some degenerative 
brain disorders, such as Alzheimer’s disease, are the product of energy dysregula-
tion. During peak demand and as a consequence of insufficient energy supply, neu-
rons promote a cascade of negative events that include an increase in free-radical 
mediated reactions and apoptosis, that is a typical consequence of oxidative stress, 
tau protein hyper phosphorylation and accumulation of extracellular β-amyloid 
plaques [34]. Cancer cells adapt to hypoxic conditions during progressive tumor 
cell growth by shifting the burden of energy metabolism from oxidative phosphory-
lation to glycolysis and continue to utilize glycolysis as the major energy source 
even in normoxic culture conditions [35]. In addition, Wang et al. [23] have shown 
that oxidative stress or serum starvation trigger selective TNT formation between 
stressed and unstressed astrocytes and postulated that a nanotube-mediated direc-
tional flow of healthy intracellular cargoes from unstressed to stressed cells exerts 
cell-sustaining effects.
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3.1  Mitochondria

Mitochondria are essential organelles in plant and animal cells of prokaryotic origin 
and play a key role in the processes of oxidative phosphorylation and aerobic 
metabolism and also participate in glucose and fat metabolism, calcium signaling 
and triggering of apoptosis. Mitochondria are the major ROS producers and the 
main target of oxidative stress [36]; then mitochondria are considered involved in 
apoptotic cell death and in the aging process [37]. Mitochondria can transmit sig-
nals to the nucleus and initiate mitochondrial retrograde regulation leading to a 
bidirectional communication between these two subcellular structures. Studies 
employing a trans-mitochondrial hybrid system, mtDNA-depleted cancer cells as 
nuclear donors and non-cancerous cells as mitochondrial donors, have recently 
revealed that the oncogenic properties of an aggressive cancer cell line can be at 
least partially reversed by non-cancerous mitochondrial transfer and cross-talk 
through the suppression of several oncogenic pathways. This work constitutes an 
excellent tool to study specific effects of altered mitochondria under a defined 
nuclear background and reveals the importance of mitochondria in the development 
of certain diseases [38].

3.2  Mitochondrial Transfer Through TNTs

Mitochondrial transfer was first shown in 2006 to occur among cells in vitro and to 
have a physiological role in rescuing the respiration of deficient cells [39]. The 
authors reported that mitochondria were actively transferred from stem cells to 
recipient cells with nonfunctional mitochondria, and that the process resulted in a 
significant amelioration of aerobic respiration. Time lapse microscopy further dem-
onstrated that MSCs in the co-cultures developed cytoplasmic projections directed 
toward the damaged cells and made contact with target cells, through long or thin 
cellular extensions. These experiments focused the attention of the research com-
munity on the possible role of mitochondrial transfer among cells and its possible 
physiological significance. Studies using MitoTrackerTM have further shown a 
dynamic transfer of mitochondria through TNTs in primary cultures of human renal 
tubular epithelial cells [40]. Work by our group on mitochondrial transport through 
MSC by TNTs has led us to estimate the speed of mitochondrial transport at 135–
160 nm/min (Fig. 7.4).

Oxidative stress is closely related to mitochondrial dysfunction, as mitochondria 
are both generators of and targets for reactive species. Liu et al. [41] have deter-
mined that MSCs can repair post-ischemic endothelial cells with dysfunctional 
mitochondria by transferring functional mitochondria from healthy cells via TNT- 
like structures. The authors further prove that the formation of the TNT-like struc-
tures connecting the endothelial cells to the MSCs is dependent on F-actin 
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polymerization. MSCs and endothelial cells exchanged mitochondria by TNT-like 
structures. In particular, the stress induced on endothelial cells by O2 and glucose 
deprivation, generates mitochondrial unidirectional transfer by the TNT-like struc-
tures, from the MSCs to the injured endothelial cells; mitochondrial transfer resulted 
in aerobic respiration recovery and in prevention of apoptosis. In addition, Han et al. 
[42] have recently employed an in vitro model of ischemia/reperfusion in H9c2 
cardiomyocytes co-cultured with MSCs and were able to show that MSCs protect 
H9c2 cells against the apoptosis induced by ischemia/reperfusion and significantly 
restores impaired mitochondrial function. During this process, MSCs make contact 
with injured H9c2 cells via TNTs through which MSC mitochondria were trans-
ferred. Finally, in neurodegenerative diseases, when axonal transport alone cannot 
meet the dynamic supply and maintenance needs of terminal axons at great dis-
tances from neuron soma, as happens in Alzheimer’s disease, astrocytes become 
efficient providers of mitochondria at critical locations through TNTs [34].

Fig. 7.4 Mitochondria inside TNTs. (a) Electron microscopy of thick TNT containing: M mito-
chondria, RER rough endoplasmic reticulum, P polyribosomes. (b) Mitochondria detection 
through Mito Tracker green. The arrows show mitochondria moving along a TNT
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4  Conclusions

While widespread antioxidant therapies focus on reducing ROS damage through 
nutritional tools, the transfer of healthy mitochondria may rescue damaged cells and 
thus constitute an alternative approach. In this context, stress-induced TNT forma-
tion may be regarded as a defense mechanism of injured cells. In other words, under 
stress conditions such as oxidative stress, cells suffer mitochondrial damage which 
inevitably leads to cell death. And even if stressed cells are induced to form TNTs, 
these nanotubes fail to restore cell health in a stress-only environment. However, if 
stressed cells are in contact with healthy cells, TNTs can help transfer healthy mito-
chondria and thus rescue stress cell viability. In this context, MSCs become a prom-
ising therapeutic tool as donors of healthy mitochondria to injured cells. In summary, 
further research on the protective effects of stem cells through TNT-mediated mito-
chondrial transfer may provide novel insights into possible therapeutical approaches 
to different pathologies.
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Chapter 8
Human Adaptation to Life at High Altitude

Gustavo F. Gonzales, Dulce E. Alarcón-Yaquetto, 
and Alisson Zevallos-Concha

Abstract Living at high altitude (HA) represents a daily challenge that over two 
hundred million people worldwide have to face. Populations living at HA are dis-
tributed mainly in Asia, Africa and America and they live in these settling with dif-
ferent periods of antiquity and evolution. Permanent life at HA is associated with a 
pathology unique in these places known as chronic mountain sickness or lack of 
adaptation to live at HA, which is characterized by excessive erythrocytosis. It has 
been reported that oxidative stress is increased at people acutely and chronically 
exposed at HA hypoxia. This may explain some features of the adaptation of high-
landers. The present review summarizes findings related to different strategies of 
adaptation in populations living at HA. As features of human adaptation at HA we 
review data related to birth weight, gestational age, preeclampsia, hemoglobin and 
chronic mountain sickness in populations at HA and how gene evolution drives 
adaptation.

Keywords High altitude • Hypoxia • Chronic mountain sickness • Monge’s disease 
• Himalayas • Andes

1  Introduction

Hypoxia tolerance seems to be a polygenic and mechanistically conserved trait in 
which selection for hypoxia tolerance acts on standing genetic variations in similar 
genes and pathways present in organisms that diverged by hundreds of millions of 
years [1]. First modern humans emerged in East Africa [2]. The most antique 
humans, Homo sapiens, dated 200000 years, was found in Ethiopia [3, 4]. These 
Homo sapiens from African origin migrated out 60000 years ago to spread world-
wide with different environmental conditions including exposures to high altitude 
(HA) [5]. The main and more antique places in which humans migrated to HA are 
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the Himalayas (Asia), Ethiopia (Africa) and the Andes (South America). Genetic 
sequences (signatures) date to 30000 years ago in the ancient Tibet, during the 
Upper Paleolithic period, when the first human migration wave reached the Tibetan 
plateau. In 2013, the Tibetan population reached 5 million inhabitants living over 
3500 m altitude [6].

Migration to America occurred later probably during last glaciation. Humans 
migrated from Asia to America about 16500 years ago through the Bering Strait [7]. 
In the late Pleistocene humans entered South America from a single migration wave 
[8] through the isthmus of Panama and split afterwards into two groups, one moving 
southward into the central and south Andes and a second group migrating eastwards 
populating the Amazonian region [9]. The earliest settlements in South America are 
dated 14000 years ago [10]. In the Pucuncho Basin at 4355 m in the Southern 
Peruvian Andes, where the highest-altitude Pleistocene archaeological sites were 
observed, have an antiquity of 12000 years [11]. During the 16th century, Spaniards 
conquered the Andean region and important admixture between Spaniards and 
native genes occurred [12]. It is unknown how this genetic admixture influenced the 
adaptation process to live at HA. In the Andes, the most antique population is that 
of Aymara origin, living at HA for more than 350 generations [13]. In Peru, these 
populations are mainly located in Puno at 3800 m [14]. At present, two hundred 
millions live permanently at HA, defined as altitudes >2500 m. From these, 55 mil-
lion people live in Latin America [15]. Publications mainly deal with the effect of 
altitude >2000 m on physiological parameters. However, there are evidences that 
altitudes between 1500 and 2000 m affect human physiology [16, 17].

Populations living at HA are distributed mainly in Asia, Africa and America with 
different periods of antiquity in their places. The most antique populations are 
located in the Ethiopian highlands of the Semien mountains [18, 19], in the Tibetan 
plateau and the Himalayan valleys [20, 21], and in the Southern Andes in South 
America [13, 14, 22]. Intermediate level of antiquity are in the Peruvian Central 
Andes [14, 22], less antiquity in Rocky Mountains in United States and much less 
(<80 years) in the ethnic group Han in the Himalayas. Populations in which adapta-
tion to live at HA is well documented are Tibetans, Ethiopians, and Andeans. These 
three populations with high multigenerational residence at HA show genes posi-
tively associated with adaptation [23–35].

It is important to highlight the contribution of the Peruvian school in the studies 
of life at HA. We recognize two big figures significantly contributing to research 
and medical training about life at HA: Carlos Monge-Medrano and Alberto Hurtado. 
Both are recognized worldwide for their contributions on human life adaptation to 
HA.

At present, it seems that in the ancestors of the modern Tibetans, there was a 
powerful selective pressure favoring variants in genes to allow adaptation to live at 
HA. The main manifestation of this selection is the limited erythropoiesis in 
Tibetans exposed to the hypoxia of HA [36]. In Tibetans, the hypoxia pathway gene 
EPAS1 seems associated with the low erythropoietic response at HA. This gene has 
an unusual haplotype structure and is explained by introgression of DNA from 
Denisovan or Denisovan-related hominids into humans. This suggests the mixture 
of Homo sapiens with other hominid species and that this admixture provided a 
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genetic variation that allowed humans to adapt to the HA environments [5]. Tibetans 
are a mixture of two ancestral populations, one related to the East Asians and the 
other to the Sherpas [34]. However, evidence suggests that Tibetans are the ances-
tral populations of the Sherpas, whose adaptive traits for HA were inherited from 
their ancestors in Tibet [37]. Actually, evidence suggest that EPAS1 and EGLN1 
genes are mostly likely responsible for HA adaptation and closely related to low 
hemoglobin concentration in Tibetans [38].

In the Himalayas as in the Andes there are populations co-habiting with differ-
ences antiquities at HA. Certainly, in the Tibet plateau there are populations of 
Tibetans residing there for 30000 years with the Chinese ethnic group Han with no 
more than 80 years living there. Interestingly, hemoglobin values are higher in Hans 
than in Tibetans [39]. In the Peruvian Southern Andes, the populations with highest 
antiquity at HA are at Cusco (Juliaca, Puno) and in the Peruvian Central Andes 
another group with less antiquity is at Huancayo (Cerro de Pasco) [14, 22]. In Peru, 
hemoglobin levels were lower in the Southern than in the Central Andes [40], as it 
happens in the Himalayas. The genes that allow lower hemoglobin concentration in 
the Southern Andes, compared with the Central Andes, have not been reported. 
Permanent life at HA is associated with a pathology unique in these places known 
as chronic mountain sickness (CMS) or Monge’s disease, characterized by exces-
sive erythrocytosis (EE; Hb ≥ 21 g/dl in men and ≥19 g/dl in women) [41]. Enhanced 
erythropoiesis is regulated by androgens and erythropoietin (EPO), by endocrine, 
autocrine and paracrine mechanisms [15, 42]. Increased ventilation and oxidative 
stress and hypoxemia have been proposed as the main CMS symptoms [43]. Sleep 
disordered breathing (SDB) and nocturnal hypoxemia are more severe in CMS 
patients than in lowlanders and are associated with systemic and pulmonary vascu-
lar dysfunction [44]. However, the fact that hemoglobin increases in EE without 
further changes in SpO2 (hemoglobin saturation) suggest that ventilation has a 
minor effect in EE (Fig. 8.1).

Fig. 8.1 Relationship between hematocrit and oxygen saturation in populations at low altitude 
(150 m) and high altitude (4340 m). Higher hematocrit (>63 %) is observed without further reduc-
tion of hemoglobin saturation (SpO2)
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This review summarizes the strategies of adaptation in populations living at HA, 
considering birth weight, gestational age, preeclampsia, hemoglobin and chronic 
mountain sickness in populations at HA and how gene may force adaptation.

2  The Challenge of Living at High Altitude

People living at HA have to endure a lower availability of oxygen for gas exchange 
in the lungs [45] because as altitude rises, air partial pressure of oxygen (pO2) 
decreases in a proportional manner. There is a 40 % less pO2 at 4500 m than at sea 
level [46]. The implications of the dwindled oxygen concentration are: headaches, 
dizziness, nausea, and sleeping disturbances. These are the common symptoms of 
people suddenly exposed to hypoxia, and constitutes the acute mountain sickness. 
Populations that lived in these extreme conditions for thousands of years have 
developed physiological and genetic adaptations to endure these harsh environ-
ments. An acute exposure to hypoxia produces increased heart rate and hyperventi-
lation, that constitute accommodation mechanisms for a sudden exposure. A long 
term exposure to HA is accompanied by an increase in erythropoiesis (higher red 
blood cell production) and is called acclimatization. Millennial generational expo-
sure to hypoxia produced genetic variants in Tibetans, Ethiopians and Aymaras 
populations.

At HA, the levels of reactive oxygen (ROS) and nitrogen species (RNOS) 
increase and the damage produced is as severe as the altitude exposed [47, 48]. In 
the last decades, the paradigm of oxidative stress at HA has changed. First, it was 
believed that the low availability of oxygen leads to a low production of reactive 
oxygen and nitrogen species (RNOS) but this was later considered not right when 
some markers of oxidative stress such as the urinary level of 8-iso-prostaglandin F2 
α (8 iso PGF2α) were higher in people in Cerro de Pasco (4300 m) than in Lima (150 
m) [47]. Apparently, the oxidative stress produced by long term exposure to HA 
hypoxia activates antioxidant defenses which contribute to the adaptation process 
[49]. Despite the low availability of oxygen, there are factors that might explain 
oxidative stress at HA. These are higher levels of angiotensin II [50] and of stimula-
tion of the sympathetic nervous system. Also, UV light and its higher intensity at 
HA contributes to higher levels of oxidation [51, 52]. Alongside the increased oxi-
dative stress and other challenges that habitants of the altitude have to bear, the most 
significant risk affects to the mother and child pair with low birth weight and 
preeclampsia.

3  Oxidative Stress at High Altitude

Life at HA occurs in an environment in which oxygen pressure is reduced and that 
results in hypoxemia. This situation is accompanied by oxidative stress [53] in 
acute [54] and chronic exposure to hypoxia [55]. The impact of hypoxia on 
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oxidative stress is not the same under different hypoxic conditions. Healthy people 
living at HA have a moderate increase in oxidative-nitrosative stress [56]. Markers 
of reactive oxygen species (ROS) production, such as 8-iso-PGF2alpha, plasma 
TBARS and total glutathione are greater in people at HA compared with those at 
low altitude [47]. It has been proposed that at HA, ROS production is increased by 
decreased mitochondrial PO2 [57]. However, the association between environmen-
tal hypoxia and oxidative stress is not free of experimental controversy. Rats from 
a hypobaric chamber at equivalent 4500 m, show decreased spontaneous in situ 
liver chemiluminescence, that means decreased singlet oxygen levels and decreased 
oxidative stress [58].

People with EE at HA had higher levels of oxidative stress than controls [59] 
correlated with hemoglobin concentrations [43]. The moderate increase in oxidative- 
nitrosative stress in normal highlanders does not affect vascular function, but the 
marked increase in oxidative stress in patients with EE seems to contribute to sys-
temic vascular dysfunction [56]. Since hemoglobin is increased at HA, the World 
Health Organization (WHO) recommended the correction of the cut-off point of 
hemoglobin to define anemia at HA. The application of this correction produces an 
increase in the ratios of anemia at HA [60]. These people are treated with iron to 
reduce anemia. However, people with iron supplementation at HA showed reduced 
levels of endogenous antioxidants with increased lipid peroxidation products and 
protein carbonyl content in the lungs [61]. There are populations living in a same 
setting at HA but with different generational antiquity. At this time, there is a lim-
ited number of studies comparing oxidative stress in these populations. Interestingly, 
ox-LDL levels are higher among elderly Tibetan highlanders compared with those 
among elderly Han. As ox-LDL levels increase insulin resistance and arteriosclero-
sis [54], the more adapted subjects at HA are in a higher risk of diabetes and of 
metabolic syndrome.

It is uncertain how other markers of oxidative stress are affected in HA. An adap-
tation against oxidative stress may imply the existence of single nucleotide poly-
morphism (SNP) affecting gene function. For instance, Andean natives have the 
gene FAM213A with antioxidant properties and that could be useful in HA [62]. 
Deer mice from HA and human highlanders have genes involved in energy metabo-
lism (Ckmt1, Ehhadh, Acaa1a) and angiogenesis (Notch4) that are more expressed 
[63]. The expression of regulators of the mitochondrial biogenesis, PGC-1α 
(PPARA) and mitochondrial transcription factor A (Tfam) positively correlate with 
muscle oxidative phenotype [63]. Tibetans have a PPARA haplotype positively 
associated with a decrease in fat oxidation [64]. Life at HA has been associated with 
low arterial blood pressure and low rate of hypertension, probably as effects of 
increased nitric oxide (NO) availability [65] and a lower carotid wall/lumen ratio in 
highlanders compared to lowlanders at sea level and HA [66]. Tibetans living at HA 
show elevated NO levels in the lung, plasma, and red blood cells that were at least 
double and up to an order of magnitude greater than in other populations regardless 
of altitude [65]. It is suggested that polymorphism of the gene NOS3 participates in 
this process [67]. CYBA (cytochrome b-245α) gene encodes a protein, which is a 
critical component of the NADPH2-oxidase system and participates in the produc-
tion of superoxide anion, which in turn causes oxidative stress [67]. CYBA risk 
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alleles were positively correlated with markers of oxidative stress associated with 
hypertension without differences in HA respect to sea level [68].

In conclusion, one of the deleterious effects of HA induced hypoxia is oxidative 
stress. Effects of a higher magnitude are observed during acute exposure to hypoxia 
and more moderate effects in the situation of HA natives. Most of the studies deal 
with acute exposure to HA and a lower number of publications refer to the popula-
tions living at HA.

4  Epidemiology of Chronic Mountain Sickness (CMS)

Epidemiological studies in populations living at HA show that CMS varies with 
altitude, sex, age and generational time of residence [69–71]. Percentages of CMS 
tend to be higher in populations with lowest multigenerational residence at HA (the 
ethnic group Han in the Himalayas, inhabitants of the Peruvian Central Andes and 
of the Rocky Mountains in Colorado, USA) and lower in population with highest 
multigenerational residence at HA (Tibetans, Ethiopians, and Peruvians and 
Bolivian living in the Southern Andes). Most of the recent studies use the Qinghai 
score formulated by a scientific consensus to diagnose CMS [41], with EE as the 
main criterion. Using the Qinghai score, the rate of CMS in Tibetans is about 4 % 
[72]. In Himachal Pradesh (India) was 6.17 % at an altitude of 3281 m [70]. In 
Ladakh, in the Northern State of Jammu and Kashmir (India) at 4647 m was 4.87 % 
[73]. Chinese Han males that migrated and stayed at the Qinghai-Tibet plateau 
(3700–5000 m) for 2–96 months had a prevalence of CMS of 17.8 % [71]. The 
percentage of CMS among adult natives of Spiti Valley in the Indian Himalayas, at 
altitudes of 3000–4200 m free of cardiorespiratory diseases, was 28.7 %, and higher 
in women than in men (36.6 % vs. 15.7 %). The authors consider that the higher 
prevalence of CMS in women is due to Westernized life styles [69]. Although it is 
argued that CMS is almost absent in Ethiopians, no data is available. One report 
shows a lower CMS ratio in Ethiopians compared with people from the Peruvian 
Central Andes [74].

Differences in adaptation have been described for population living in the same 
altitude but with different generational times, as it happens between Hans and 
Tibetans in the Himalayas plateau [75], and between Peruvians of the Southern 
Andes and those in the Central Andes [14]. Apparently, strategies of adaptation to 
HA of populations of Tibetans are similar to the populations in the Southern Andes. 
In Peru, prevalence of EE in the Southern Andes was 4.5 % [76], lower to that 
observed in the Central Andes and similar to that observed in the Tibetans [72]. 
Moreover, percentage of pregnant women with hemoglobin >14.5 g/dL were sig-
nificantly lower in Southern than in the Central Andes [40]. In Cerro de Pasco (4340 
m, in the Central Andes) the ratio of EE was 15.6 % in the population aged 20–69 
years [77]. In Junín (4100 m), in Peruvian Central Andes, the CMS ratios according 
to the Qinghai score were 28.6 % in men and 29.5 % in women [78]. The data sug-
gest that population adaptation to HA depend on the generational time of residence 
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at highlands. The ratio of CMS was similar in the Peruvian Southern Andes and in 
Tibetans. In the Peruvian Central Andes, there was an association between CMS 
and a SNP in the sentrin-specific protease 1 (SENP 1) gene with a different expres-
sion in Andean highlanders with and without CMS [79]. SENP 1 increases andro-
gen receptor levels that would promote EE [15]. In the Tibetans, variants of the 
genes CYP17A1 and CYP2E1 are associated with EE [80]. CYP17A1 is responsi-
ble for testosterone synthesis. Higher androgen levels in natives of the Central 
Andes [81] and lower normal salivary testosterone values were reported in Aymara 
men in Bolivia in the Southern Andes, associated with high and low hemoglobin, 
respectively [82]. However, in the Central Andes, higher testosterone levels were 
associated with EE (Hb > 21 g/dl) (Fig. 8.2).

Men with African ancestry show higher serum testosterone [83], and less CAGn 
repeats, interpreted as higher androgen receptor levels-activity [84]. High androgen 
activity could be important for acclimatization; high serum testosterone increases 
with increasing hemoglobin values. Elevated testosterone has been observed during 
acute exposure to HA in rats [85] and humans [86]. In conclusion, adaptation to HA 
in terms of hemoglobin values or ratios of CMS are associated with genes regulat-
ing androgen activity.

5  Physiological Adaptations to Hypoxia: Birth Weight, 
Gestational Age and Neonatal Mortality

Important criteria for adaptation to HA are intrauterine fetal growth and survival of 
neonates. Increasing altitude was associated with reduced birth weight [87–89], that 
seems due to intrauterine growth restriction [90–92], rather than to pre-term deliv-
ery [93]. Reduction in fetal growth at HA goes parallel to high maternal hemoglobin 
[94]. In non-anemic pregnant women at HA, an increase of hemoglobin to values 
>14.5 g/dl decreased birth weight [95]. Normally, fetal growth is protected by 
higher uterine artery blood flow in Andeans at HA. When lower uterine blood flow 
occurs, as in early-onset pre-eclampsia or in descendants from European ancestry, 

Fig. 8.2 Serum levels of 
free testosterone in men at 
sea level and at HA (with 
Hb 16- < 21 g/dl) and Hb > 
21 g/dl) in Peru
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fetal hypoxia restrict fetus growth [96], associated with high maternal hemoglobin 
levels [97].

In the Southern Andes populations with higher (>50 %) Aymara proportion have 
higher birthweight than those with less (<50 %) Aymara proportion (Fig. 8.3). 
Similarly, Tibetans have higher birth weight that Hans living in the same place [91]. 
Maternal PRKAA1 and EDNRA genotypes are associated with birth weight and 
PRKAA1 with uterine artery diameter and metabolic homeostasis at HA [98]. 
EPAS1, by regulating lipoxygenase expression, may play roles in the development 
of amnion and in birth weight in Tibetan newborns at HA [99]. HIF-targeted genes, 
ENDRA, PRKAA1 and NOS2A, in people of Southern Andes suggest that these 
genes have a role in adaptation to HA [24]. ENDRA is expressed in vascular smooth 
muscle and encodes a vasoconstrictor with action mediated through endothelin. 
PRKAA1 functions as an energy sensor under ATP-deprived conditions. NOS2 
with other nitric oxide synthases, generates nitric oxide (NO) that is a potent vaso-
dilator that reduces arterial blood pressure [24]. As discussed above, the process of 
adaptation to HA includes management of oxidative stress. Pregnancy and altitude 
increase catalase and superoxide dismutase activity in higher proportion in Andeans 
than in European women. SOD was lower in mothers of SGA age infants. It was 
suggested that an elevated antioxidant activity protects against altitude-associated 
illness in Andeans [100].

Prenatal and postnatal mortality rose with increasing elevation and were three-
fold higher across all altitudes in Hans than in Tibetans [92]. Similarly, in Peru 
stillbirth was 3 times higher at 4340 m than at sea level [101]. Inhabitants of the 
Southern Andes show lower stillbirths than of the Central Andes [102]. The lower 

Fig. 8.3 Birth weight and altitude in two population from Puno: >50 % Aymaran (blue) and (2) 
<50 % Aymaran (red) component
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perinatal mortality in native mothers than in migrant mothers in Puno (3800 m) 
confirms the protective effect of multigenerational life at HA [103]. Mitochondrial 
DNA haplogroup B was associated with reduced neonatal death and decreased inci-
dence of low birth weight in the Southern Andes [104]. The B mitochondrial DNA 
haplogroup rose in Asia 50000 years ago and is frequent in Chinese and Tibetan 
population but absent in Africans. Pre-eclampsia (PE) and gestational hyperten-
sion are more frequent at HA than at sea level [90, 105]. However, in Peru, inci-
dence of pregnancy-induced hypertension was lower at HA than at sea level [97]; 
the discrepancy seems due to that PE is associated with increased hemoglobin levels 
in HA [97] (Table 8.1). Higher PE rates were higher in non-Tibetan than in Tibetans 
from Lhasa [106]; mothers at HA with normal or low hemoglobin values are pro-
tected against PE, whereas mothers with high hemoglobin (>14.5 g/dL) are in risk 
of PE. Another evidence of adaptation, is the lower rate of congenital malforma-
tions in the Southern Andes compared to those in the Central Andes [103, 107]. In 
conclusion, data related to maternal and perinatal health revealed that population 
with longer antiquity at HA have lower ratios of SGA, PE, malformations, and pre- 
and postnatal mortality.

6  Blood Hemoglobin in High Altitude Populations

Tibetans do not show an increasing effect of altitude on hemoglobin [38, 39] but 
Andean populations are distinct and show an increase in hemoglobin as altitude 
increases. However, this statement has been confronted. In fact, populations at the 
Southern Andes have less hemoglobin than those in the Central Andes [108]. 
Maternal hemoglobin in Puno at 3800 m in the Southern Andes are slightly lower 
than in Huancavelica at 3600 m in the Central Andes (Fig. 8.4). It seems that the 
lack of association of hemoglobin with altitude in Tibetans is not exclusive for that 
population. Multigenerational residence at HA is required to show an adaptive 
reduction in hemoglobin.

Table 8.1 Hemoglobin changes during pregnancy and Odds Ratio (OR) crude or OR adjusted by 
maternal age, parity and altitude (n = 25,079 pregnant women)

Δ Hb n % ORc p ORa p IC 95 %

−2 557 7.69 1.25 0 1.14 0.04 1.06 1.307
−2 385 6.08 1.04 0.51 0.99 0.96 0.865 1.147
0 450 5.73 1 1
1 45 5.59 1.38 0.04 1.44 0.02 1.048 1.984
2 14 9.72 1.95 0.02 1.97 0.02 1.121 3.457
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7  Responses to Hypoxia: Genetic Adaptations

There were attempts to identify genes associated with adaptation at HA and genes 
expressed in lack of adaptation in CMS. These genes are likely to be under selection 
in HA populations [29, 31–35]. However, identifying which human genes are 
involved in adaptation to HA is a challenge. Some of the genomic signals reported 
thus far among Tibetan, Andean, and Ethiopian are similar, while others appear 
unique in each population. The most commonly reported signatures of selection 
come from genomic segments containing genes of the hypoxia-inducible factor 
(HIF) pathway [109]. Hypoxia inducible factor(s) HIFs, including HIF1A and 
HIF2A, are key oxygen sensors and transcription factors that mediate the cell 
response to reduced oxygen. The regulatory cellular adaptation to hypoxia responds 
acutely and produces endogenous metabolites and proteins to regulate oxidative 
pathways [68].

7.1  Tibetans

In Tibetans, signatures of selection have been found in the HIF2A (EPAS1) gene, 
which encodes for HIF-2α, and in the prolyl hydroxylase domain protein 2 (PHD2, 
also known as EGLN1, which encodes for the key regulator, PHD2 [26–28]. 
Moreover, HIF2A variants were associated with different levels of HA hypoxia 
(2700 m, 3200 m, 3700 m and 4700 m) among native Tibetans [110]. Genes EPAS1, 
EGLN1 and PPARA are associated with decreased hemoglobin [64]. Other studies 
indicate hypoxia tolerance genes independent of HIF [23]. Hypoxia-specific selec-
tion seems stronger than genetic drift or hypoxia-independent natural selection [1]. 
EGLN1 in Tibetans shows a mutation that confers a higher affinity for oxygen. 
Preference for glycolysis and glucose oxidation at the expense of fatty acid oxida-
tion may provide adaptation to decreased oxygen. The EPAS1 haplotype is 
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associated with increased lactate levels and anaerobic metabolism, and the PPARA 
haplotype is associated with increased serum free fatty acids [64]. In the Himalayan 
populations, signals of selection were detected for EPAS1 but not in Andeans or 
Ethiopians residing at HA [29, 111]. EGLN1 gene seems to be under positive selec-
tion in Himalaya and Andes populations but not in Ethiopians [29, 111]. SNP of the 
CYP17A1 and CYP2E1 genes were associated with EE in Tibetans, with a correla-
tion between these two SNPs and hemoglobin levels [80]. CYP17A1 is related with 
testosterone biosynthesis.

7.2  Hans

Carriers of this EPAS1 haplotype (G-G-G, rs13419896, rs4953354, and rs1868092) 
may have a higher risk for EE in the Han population [112].

7.3  Ethiopians

Using SNP genotype data, the strongest signal of selection to live at HA was in 
BHLHE41 (also known as DEC2 or SHARP1), a gene that regulates the same 
hypoxia response pathway in both adapted Tibetan and Andean populations [31]. 
Using the whole genome sequence of Ethiopian highlanders, three genes influence 
survival in low oxygen: cic, an ortholog of human CIC, Hsl, an ortholog of human 
LIPE, and Paf-AHα, an ortholog of human PAFAH1B3 [35]. Selection signals were 
observed in PPARA, a gene involved in energy metabolism, that produces food 
lower uptake and metabolic adaptation to HA. Selection signals were also observed 
in CDKAL1 and NEGR1 that are well-known genes increasing diabetes and obesity 
susceptibility [113]. Genomic analysis in two Ethiopian ethnic groups, Amhara and 
Oromo, were assessed in low and HA residents. The Oromo moved to HA only 500 
years ago, and the Amhara group resides at HA at least for 5000 years, and possibly 
as far as 70000 years [29, 114]. Amhara and Oromo populations are very similar in 
the genome. However, hemoglobin was higher, SO2 % lower, EPO higher, with 
body iron store and hepcidin levels lower in Oromo than in Amhara subjects [114]. 
The difference is likely due to the different time at HA [29]. Several candidate genes 
for HA adaptation in Ethiopia have been considered, including CBARA1, VAV3, 
ARNT2 and THRB. Most of these genes have not been identified in Tibetan or 
Andean populations, with two of the genes (THRB and ARNT2) having a role in the 
HIF-1 pathway [30]. Ethiopians show increases in hemoglobin and reduction in 
oxygen saturation as altitude increases, independent of the generational antiquity at 
HA [30, 114]. As a summary, it seems that Ethiopian, Tibetan, and Andean popula-
tions living at HA have differently adapted to hypoxia with convergent evolution 
affecting different genes of the same pathway [30, 31].
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7.4  Andeans

One gene known as important in cellular oxygen sensing: egl-9 homolog 1 (EGLN1), 
shows positive selection in Tibetans and Andeans; however, the pattern of variation 
differs in the two populations [111]. No associations between EPAS1 or EGLN1, 
SNP genotypes and hemoglobin concentration in Andeans were found [111]. The 
product of the TP53 gene is a transcription factor (p53) that activates or represses a 
large number of target genes that regulate a broad array of important cellular func-
tions. The p53 factor is essential for genome integrity and a role in the adaptation to 
hypoxic environments has been proposed [115]. A diversity of five SNP located in 
genes of the TP53 pathway (TP53, rs1042522; MDM2, rs2279744; MDM4, 
rs1563828; USP7, rs1529916; and LIF, rs929271) was found in populations of 
native American or having a high level (>90 %) of native American ancestry [116]. 
Two genes involved in heart performance (VEGFB and ELTD1) have been impli-
cated with the elevated hematocrit characteristic of the HA populations of Andean 
Aymaras [33]. Regulation of cerebral vascular flow also appears as part of the adap-
tive response [33]. The VEGFA tag SNP rs3025033 was associated with CMS in the 
population at Cerro de Pasco (4380 m) [117]. Aymaras and Quechuas in Bolivia 
show differences in chromosome 10 indicating la presence of genes for adaptation 
to HA. These genes are ANXA11, MAT1A, DYDC1, DYDC2, FAM213A, 
TSPAN14 and SH2D4B. The product of gene FAM213A and a related enhancer act 
as antioxidants to lower oxidative stress. The most significant signal in a extended 
haplotype homozygosity analysis was localized in the SFTPD gene, which encodes 
a pulmonary surfactant protein involved in normal respiration and innate host 
defense. These two genes and associated pathways seem involved in HA adaptation 
in Southern Andes populations [62].

8  Conclusions

Studies indicate that locale specific adaptation to HA have occurred due to several 
causes: founder effects, de novo mutations in each population, and introgression of 
DNA carrying beneficial mutations from nearby populations [1, 5, 34]. As popula-
tions at HA proceed from populations at low altitude, it seems that mutations 
improve tolerance, but the evidence shows the presence of adaptation genes even in 
populations at low altitude [118]. Life at HA in Peru provides an important model 
with its population to study human adaptation. Human beings are living in the 
Peruvian Andes since 12000 years BC, a period in which biological adaptation 
occurred. The Spaniard conquest may have altered the original pattern. It is clear 
that antiquity is an important component of adaptation to HA. The process of adap-
tation raises a question whether the pathology of sea level populations may start to 
change in the populations adapted to live at HA, as for example, diabetes mellitus. 
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Prevalence of hyperglycemia, obesity, and high blood pressure in Tibetan farmers 
and herdsmen are higher than in other HA communities [119, 120].
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Chapter 9
Role of Oxidative Stress in Subcellular Defects 
in Ischemic Heart Disease

Monika Bartekova, Miroslav Barancik, and Naranjan S. Dhalla

Abstract Ischemic heart disease is caused by obstruction of the coronary arteries 
that reduces myocardial perfusion. The most efficient way to restore blood supply 
to the ischemic myocardium is reperfusion of the affected area. However, if reperfu-
sion is initiated too late, it enhances ischemia-reperfusion damage to the heart. 
Oxidative stress is one of the major causes for the development of ischemia- 
reperfusion (I/R) injury to the heart, which is characterized by decreased functional 
performance, ultrastructural changes and metabolic alterations. Excessive forma-
tion of oxyradicals during the development of I/R injury has now been shown to 
produce a wide variety of abnormalities in cardiac subcellular organelles such as 
sarcolemma, sarcoplasmic reticulum, mitochondria and myofibrils. Different reac-
tive oxygen species (ROS) have been shown to cause alterations in several proteins 
leading to their malfunction and changes in enzyme activities. Lipid peroxidation 
leads to depressed membrane fluidity and increased permeability, as well as changes 
in gene expression leading to impaired recovery of cardiac dysfunction due to I/R 
injury. Since the redox status of cardiomyocytes depends mainly on the balance 
between ROS production and availability of endogenous antioxidant defense sys-
tems, extensive efforts are made to maintain the redox status during I/R injury. 
Cardioprotection by ischemic conditioning as well as treatment of the heart with 
exogenous antioxidants have been observed to result in the increased availability of 
endogenous antioxidants and prevent oxidative damage to subcellular organelles. 
Thus antioxidant therapy is considered to be a promising strategy to decrease the 
I/R induced damage to the heart. Accordingly, this article is intended to describe the 
mechanisms of oxidative stress induced subcellular defects leading to cardiac dys-
function due to I/R injury and to outline the role of antioxidant defense mechanisms 
in the prevention as well as treatment of the ischemic heart disease.
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1  Introduction

Ischemic heart disease is the most common cause of death, especially in devel-
oped countries. It is characterized by reduced blood supply to the heart by obstruc-
tion of the coronary arteries leading to ischemic heart injury and cardiac heart 
dysfunction. Reduction of the artery lumen in ischemic heart disease is mostly 
caused by atherosclerosis of the coronary arteries leading to the low-flow isch-
emia with reduced supply of oxygen and metabolic substrates to the affected area. 
When the coronary arteries are affected by spasm or thrombosis, a full closure of 
the vascular lumen occurs leading to a no-flow ischemia [1]. In addition to the 
opening of collateral vessels, as an endogenous adaptive mechanism in response 
to ischemia, the restoration of blood supply to the ischemic heart is carried out by 
reperfusion via angioplasty, coronary by-pass or thrombolytic therapy. However, 
if the reperfusion is not initiated within a certain time, different pathological 
changes in the heart become irreversible and in fact the reperfusion even worsens 
the ischemic damage and accelerates the development of cardiac dysfunction. 
Both oxidative stress and intracellular Ca2+-overload are considered to be the 
major mechanisms for the occurrence of the ischemia-reperfusion (I/R) injury to 
the heart [2]. It has been shown that there occurs an imbalance between the forma-
tion of oxidants and the availability of endogenous antioxidants in the heart [3]. 
Oxidative stress is associated with an increased formation of reactive oxygen spe-
cies (ROS), which result in the modification of phospholipids and proteins, lead-
ing to lipid peroxidation and oxidation of thiol groups, respectively [4]. These 
changes alter the membrane permeability and produce functional modification of 
various cellular proteins. The consequences of I/R induced oxidative stress on 
heart function and cellular structure depend on the availability of endogenous 
antioxidants which may be enhanced by preventive interventions or treatment 
with different types of exogenous antioxidants.

2  Formation of ROS

Several molecular mechanisms and pathways are responsible for the production of 
free radicals in the cell. It should be mentioned that the production of one free radi-
cal can lead to the formation of other radicals through a sequential chain reaction. 
Accordingly, there are primary, secondary and tertiary sources of ROS [5]. The 
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primary sources of ROS in the heart are mitochondrial cytochromes, as well as xan-
thine oxidoreductase, nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase, and nitric oxide synthase (NOS) [6]. In the vascular smooth muscle cells and 
endothelial cells, NADPH oxidase-induced production of ROS is triggered by vaso-
constrictor agents such as angiotensin II and endothelin-1 through angiotensin type 
1 receptors and endothelin receptors (ETA, ETB), respectively. In cardiomyocytes, 
the production of ROS is also stimulated by norepinephrine via α1-adrenergic 
receptors [5, 7]. On the other hand, NOS catalyzes the production of nitric oxide 
(NO) from the substrate L-arginine in presence of tetrahydrobiopterin (BH4) as a 
co-factor. When BH4 levels are reduced, the catalytic activity of NOS becomes 
functionally ‘uncoupled’ resulting in the generation of deleterious O2

− rather than 
protective NO, thus acting as a secondary source of ROS which potentially increase 
their amounts in the cell [5, 8, 9]. It is pointed out that xanthine oxidoreductase 
(XOR) catalyzes the oxidation of hypoxanthine to xanthine and can further catalyze 
the oxidation of xanthine to uric acid. XOR requires molybdopterin, iron-sulphur 
centres, and FAD as cofactors. It appears in two forms, xanthine oxidase and xan-
thine dehydrogenase, which transfer electrons from xanthine to oxygen and to 
NAD+, yielding superoxide, hydrogen peroxide and NADH, respectively. 
Additionally, XOR can generate superoxide via NADH oxidase activity and can 
produce NO via nitrate and nitrite reductase activities. Interest in XOR has grown 
over the past decades because of its suspected role in the I/R injury [10].

3  Role of Mitochondria in the Oxidative Stress Due to I/R

Mitochondria play a crucial role in the energy metabolism of the cell where ATP is 
produced in the process of oxidative phosphorylation. This process takes place in 
the inner mitochondrial membrane with the aim to produce ATP via an electron 
transport from NADH and FADH2 to oxygen, and where ROS are by-products of 
this process. Thus the oxidative phosphorylation in mitochondria contributes to the 
oxidative damage of the cell. In concurrence with this suggestion is the finding that 
uncoupling of mitochondrial respiration and oxidative phosphorylation can protect 
the myocardium from ischemic damage [11] suggesting the role of mitochondria- 
derived ROS in the pathophysiology of I/R injury and that the cellular protection is 
connected with the reduced capacity to produce energy during ischemia. On the 
other hand, the continuation of mitochondrial aerobic respiration in the absence of 
oxygen may result in excessive production of ROS, mitochondrial Ca2+-overload, 
and activation of apoptotic cascades, all of which lead to cardiomyocyte death [11, 
12]. Partial uncoupling of mitochondrial respiration during ischemia [13, 14] as 
well as blockade of electron transport [15] markedly decrease cardiac I/R injury. 
Moreover, uncoupling of mitochondrial respiration prior to an ischemic insult has 
been reported to be involved in ischemic preconditioning [14] suggesting that the 
down-regulation of mitochondrial function in anaerobic conditions is protective 
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during myocardial ischemia. On the other hand, altered mitochondrial function may 
lead to depressed cardiac performance during I/R. A worsened heart function has 
been found after I/R associated with decreased mitochondrial respiration and oxida-
tive phosphorylation. The observed alterations of cardiac performance and mito-
chondrial function in I/R hearts were prevented by pretreatment with radical 
scavenging agents or antioxidants [16]. All the above mentioned experimental stud-
ies support the view that oxidative stress plays an important role in inducing changes 
in cardiac performance and mitochondrial function due to I/R. The question is 
whether mitochondria contribute to oxidative stress via generating abundant 
amounts of ROS in I/R, or if oxidative stress caused by ROS generated in mitochon-
dria alters mitochondrial function thus leading to a depressed cardiac function in 
I/R. Most likely both mechanisms participate in the oxidative stress induced injury 
of the myocardium associated with I/R.

4  Altered Ca2+ Levels Due to Oxidative Stress in I/R

Ca2+ ions are crucial in maintaining cardiac performance and therefore the regula-
tion of intracellular concentration of Ca2+ is essential for proper heart function. 
Intracellular Ca2+ imbalance (intracellular Ca2+-overload) and oxidative stress are 
the most prominent mechanisms of cardiac damage due to I/R injury in the heart [2]. 
It should be mentioned that these two factors may influence each other and lead to 
the subcellular defects and cardiac impairment not separately, but hand to hand. 
There is ample amount of evidence that oxidative stress induced by ischemia leads 
to altered Ca2+ handling in the I/R injury. It has been shown that global ischemia 
leads to depressed Ca2+-pump and Na+-Ca2+ exchange activities in the purified sar-
colemmal fraction. These alterations were prevented when antioxidant enzymes 
(superoxide dismutase (SOD) plus catalase (CAT)) were added to the reperfusion 
medium [17]. Another study has reported that increased intracellular Ca2+ levels due 
to I/R were attenuated with antioxidants such as N-acetylcysteine (NAC) or N-(2- 
mercaptopropionyl)-glycine (MPG) in isolated rat heart [18]. Recent studies have 
also shown that mitochondria-derived ROS disturb Ca2+ cycling in cardiomyocytes 
due to the close proximity of mitochondria to the redox-sensitive sarcoplasmic 
reticulum Ca2+ release (ryanodine receptors) and Ca2+ uptake (SERCA) channels 
[19], and that leaky type 2 ryanodine receptors (RyR2) cause mitochondrial Ca2+-
overload and heart dysfunction in heart failure. Moreover, genetic enhancement of 
mitochondrial antioxidant activity was observed to improve mitochondrial function 
and reduce posttranslational modifications of RyR2 [20]. All these data support the 
view that I/R induced oxidative stress leads to the development of intracellular Ca2+-
overload and contribute to subcellular defects and cardiac dysfunction, most likely 
via mitochondria-derived ROS production leading to altered Ca2+ handling by both 
sarcolemma and sarcoplasmic reticulum.
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5  Lipid Alterations Due to Oxidative Stress in I/R

Oxidation of membrane phospholipids, in other words of the polyunsaturated fatty 
acids that are located or stored in cardiomyocytes, is one of the most prominent 
manifestations of oxidative stress in the heart. ROS and reactive nitrogen species 
(RNS) are the electrophile substances most commonly involved in lipid peroxida-
tion; their reaction results in the formation of lipid peroxidation products (LPPs) 
[21]. The heart contains a very high content of mitochondria relative to other organs 
and as it has been already mentioned, mitochondria are the largest source of intra-
cellular ROS in cardiomyocytes [6, 22]. According to this fact, the most immediate 
targets of lipid peroxidation are the lipids present in the phospholipid bilayer of 
mitochondrial membranes [23]. Mitochondria have an enormous amount of unsatu-
rated phospholipids, notably cardiolipin, a phospholipid exclusive of mitochondria, 
that is highly unsaturated and prone to peroxidation [24, 25]. Cardiolipin levels 
diminish dramatically in lipid peroxidation conditions, and its diminished levels 
have been observed in many pathological conditions including heart failure and I/R 
injury [26]. Thus, mitochondria are not only the largest endogenous source of LPPs, 
but are also a target of LPPs in the heart. Studies focused on the effects of lipid 
peroxidation on membrane physiology have demonstrated a marked reduction in 
membrane fluidity [27] and an increase in membrane permeability [28]. Furthermore, 
it has been shown that the increased resistance of rat hearts to I/R injury achieved by 
remote ischemic preconditioning induced by hind limb ischemia was associated 
with increased mitochondrial membrane fluidity [29, 30]. It can be concluded that 
oxidative stress induced phospholipid alterations and consequently reduced mem-
brane fluidity play a critical role in mitochondrial impairment and depressed cardiac 
function due to I/R.

6  Protein Alterations Due to Oxidative Stress in I/R

It is evident that alterations in intracellular proteins due to oxidative stress are tightly 
connected with depressed cardiac function and tissue damage during I/R injury. One 
of the proposed mechanisms leading to protein alterations and degradation due to 
oxidative stress in I/R is the activation of endogenous proteinases such as matrix 
metalloproteinases (MMPs), cathepsins or calpain [31]. Targets of these proteolytic 
enzymes are different intracellular as well as extracellular proteins involved in the 
maintenance of cardiac function. For example, I/R induced depression in Na+K+-
ATPase associated with attenuated cardiac function as a consequence of oxidative 
stress was suggested to be mediated via increased proteases activities in the heart 
[32]. It was also documented that the depression in levels of alpha2, alpha3, beta1, 
beta2, and beta3 isoforms of Na+K+-ATPase due to I/R was prevented by treatment 
of perfused hearts with antioxidants. Moreover, perfusion of the hearts with H2O2 
was found to depress the levels of alpha and beta isoforms of Na+K+-ATPase, 
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suggesting a significant role of oxidative stress in I/R-induced changes in the Na+K+-
ATPase isoforms expression due to I/R [33]. Oxidative stress also leads to the cleav-
age and degradation of sarcomeric proteins. It has been shown that cardiac troponin 
I degradation is a prominent feature of the ischemic damage, and that its cleavage 
may contribute to ischemia-induced changes in force generation [34]. Myofilament 
protein degradation due to oxidative stress was attributed to μ-calpain, a myofibril- 
associated protease that is activated in ischemic cardiomyocytes [35, 36].

Oxidative stress may lead not only to protein cleavage via activation of proteases, 
but also to impaired protein function via depressing their phosphorylation. It has 
been shown that phosphorylation of the Ca2+ pump ATPase (SERCA) and phosphol-
amban via sarcoplasmic reticulum (SR) of Ca2+/calmodulin-dependent protein 
kinase (CAMK) were significantly decreased in I/R with significantly decreased 
sarcoplasmic CAMK activity. These changes were prevented by SOD plus CAT 
treatment suggesting the role of oxidative stress in this I/R-induced depression of 
phosphorylation [37]. It has been also found that mRNA levels and protein contents 
for SR Ca2+ pump ATPase and Ca2+ release channels were markedly depressed in 
the I/R hearts. Perfusion with SOD plus CAT partially prevented the I/R-induced SR 
Ca2+ transport activities and mRNA abundance, supporting the oxidative stress par-
ticipation in these changes in calcium handling proteins [38]. Alterations in protein 
phosphorylation due to oxidative stress have been shown to affect sarcomeric pro-
teins, essential for heart contractions. It has been shown that oxidative stress may 
lead to altered phosphorylation of troponins T and I, as well as cardiac myosin bind-
ing protein-C, a thick filament protein that is required for sarcomeric integrity, the 
regulation of cardiac contraction, and cardioprotection [39].

Oxidative stress and increased formation of ROS (or RNS) can result in oxida-
tion or nitrosylation of contractile proteins leading to changes in their structural 
conformation and/or functionality [39]. It has been documented that H2O2 treatment 
of isolated rat hearts leads to the oxidation of both tropomyosin and actin [40]. 
Oxidative modifications of tropomyosin also have been detected in ischemic pig 
hearts and in the early post-myocardial infarction period in mouse hearts associated 
with the development of contractile dysfunction [41, 42]. Moreover, oxidative mod-
ifications of actin were detected during reperfusion of ischemic rat hearts [43]. In 
view of these observations, it is concluded that various ROS-induced post- 
translational modifications of different proteins, including direct oxidative modifi-
cations, protein phosphorylation, and protein cleavage by ROS-activated proteases 
significantly contribute to I/R-induced cardiac dysfunction.

7  DNA Alterations Due to Oxidative Stress in I/R

In addition to lipid and protein alterations, oxidative stress can change gene tran-
scription and translation, as well as the integrity of the DNA repair systems [44]. 
One of the mechanisms regulating the gene expression is histone acetylation induced 
by the activation of the redox-sensitive transcription factors activator protein-1 
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(AP-1) and nuclear factor-kappa B (NF-kB). It was found that oxidative stress can 
enhance the expression of certain genes by stimulating AP-1- and NF-kB via altered 
histone acetylation. In addition, different oxidants have been shown to attenuate the 
histone deacetylase activity and expression. Thus, oxidative stress may lead to 
changes in chromatin structure [45]. Many transcription factors are regulated in a 
redox-sensitive fashion. For example, the transcription factor Nrf2 is activated upon 
thiol oxidation of its regulator protein Keap1 [46]. AP-1 is activated upon thiol oxi-
dation via thioredoxin, which activates NF-kB [47]. It has been reported that inhibi-
tion of NF-kB and AP-1 translocation by heme oxygenase-1 (HO-1) activation 
decreases the occurrence of cardiomyocytic apoptosis following cardiac global 
ischemia and reperfusion during cardiopulmonary by-pass [48]. In addition to redox 
impact on the classical gene regulation, oxidative stress may regulate DNA repair. 
It has been observed that oxidative stress negatively impacts the DNA repair mecha-
nism by inhibiting a number of DNA repair enzymes [49]. Oxidative stress also 
increases the burden of DNA lesions such as single strand breaks [50]. Finally, 
redox signaling and oxidative stress can affect the epigenetic regulation of genes by 
changes in the function of histones and DNA modifying enzymes, thereby altering 
the phenotype of cells [51]. Additionally, prominent miRNAs are regulated by oxi-
dative stress and vice versa can regulate the antioxidant pathways [52]. Growing 
number of studies indicating the involvement of different miRNAs are in the devel-
opment of I/R injury [53–56] as well as in cardioprotection [56, 57]. All these data 
demonstrate that oxidative stress-induced DNA damage as well as redox regulation 
of DNA repair and epigenetic factors are intimately involved in the development of 
I/R injury, and might represent potential targets for the protection and treatment of 
cardiovascular diseases, including ischemic heart disease.

8  Changes in Molecular Signaling Pathways Due 
to Oxidative Stress in I/R

ROS are key players in normal cardiovascular physiology and signaling, but many 
redox-sensitive signaling pathways are also activated during the development of 
ischemic heart disease. The increased production of ROS leads to cellular injury 
(necrosis or apoptosis) through direct effects (lipid peroxidation) or indirect effects 
(activation of the redox signaling pathways). I/R injury is intimately associated with 
mitochondrial dysfunction and increased oxidative stress. The I/R induced oxida-
tive stress in turn influences the signaling pathways that contribute to apoptosis, 
endoplasmic reticulum stress, altered cell migration and proliferation [58]. A rise in 
ROS generated by mitochondria during reperfusion is also an important step for the 
activation of intrinsic apoptosis pathway in cardiomyocytes. It is noteworthy that 
ROS-sensitive signaling that significantly contributes to the cell death is the path-
way involving c-Jun N-terminal kinases (JNKs) [59]. JNKs are involved in the regu-
lation of apoptosis and play a crucial important role in ventricular remodeling after 
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oxidative stress [60]. In addition to the activation of pro-apoptotic signal pathways 
(JNKs), oxidative stress triggers several cardioprotective signaling pathways [61]. 
For example, phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) and 
extracellular- signal regulated protein kinases (ERKs) pathways are activated in 
response to I/R and have been identified as the pro-survival mediators, making car-
diac cells resistant to ischemic cell death [62, 63]. Akt kinase is activated by recep-
tor ligands, and its phosphorylation preserves mitochondrial integrity thereby 
protecting the cardiac cells against necrosis and apoptosis [64]. There is evidence 
that shows ERKs are activated during I/R and protect impaired cardiac function and 
cardiac injury [65]. Changes in the activation of these protein kinase signaling path-
ways also influence the regulation of expression and function of antioxidant defense 
system [66]. Important is the interplay of PI3K/Akt and ERK signaling with tran-
scription factors and activation of Nrf2-ARE pathway (pathway of NF-E2-related 
factor-2 and antioxidant response element) [67, 68]. It has been demonstrated that 
mechanisms of increased myocardial resistance against oxidative stress during I/R 
injury might be associated with the enhancement of antioxidant defense system by 
activating Akt/ERK1/2/Nrf2 signaling pathways [66]. In addition, modulation of 
Nrf2, as an upstream signaling molecule, activates HO-1 [69], an enzyme with 
crucial role in protection of the myocardium against oxidative stress and I/R injury 
[70, 71].

Changes in the activation of signaling protein kinase cascades due to oxidative 
stress during I/R injury are often connected with the modulation of MMPs, enzymes 
involved in the degradation of extracellular matrix [72]. These enzymes are also 
involved in the development and progression of cardiovascular diseases and meta-
bolic syndrome and recent data show that MMPs play an important role in progres-
sion of vascular diseases and pathogenesis of endothelial dysfunction [73]. 
Expression and activation of MMPs can be regulated by increased production of 
ROS [74] and this process is associated with the activation of ERKs [75]. The over-
all view on the subcellular changes during the I/R-induced oxidative stress, and its 
consequences on the heart are summarized in the Fig. 9.1.

9  Changes in Endogenous Antioxidants Due to Oxidative 
Stress in I/R

Endogenous antioxidants are substances produced within the body which inhibit or 
delay the oxidative damage to subcellular molecules. They can act through several 
mechanisms such as scavenging ROS and their precursors, inhibiting the formation 
of ROS, enhancing endogenous antioxidant generation, or reducing apoptotic cell 
death by upregulating the anti-apoptotic Bcl-2 gene [3]. Many substances have been 
suggested to act as endogenous antioxidants and these include SOD, CAT, and glu-
tathione peroxidase (GSH-PX), which have been studied extensively. It is therefore 
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intended to focus on the changes in activities and/or expression of these particular 
enzymes in the I/R conditions in the heart. SOD is an enzyme that catalyzes the 
dismutation of superoxide radical (O2

−) into molecular oxygen (O2) and hydrogen 
peroxide (H2O2). SOD is therefore an antioxidant enzyme which defends the cells 
exposed to conditions of oxidative stress. There are three SOD isoforms, namely the 
cytosolic copper-zinc SOD (CuZnSOD, or SOD1), mitochondrial manganese SOD 
(MnSOD, or SOD2), and the extracellular SOD (ecSOD, SOD3) [5]. The role of 
SOD in I/R injury is controversial. It has been reported that MnSOD activity was 
decreased due to I/R, but only after a long period of ischemia (60 min), and not after 
30-min ischemia [76]. Another study has reported that CuZnSOD did not change 
due to I/R injury [77]. 

It should be noted that CAT is a common enzyme that catalyzes the decomposi-
tion of H2O2 to H2O and O2 and is also a very important enzyme in protecting the 
cell from oxidative damage. CAT is a membrane bound enzyme present in peroxi-
somes, but its activity has also been detected in the mitochondria [3]. The protec-
tive role of CAT in I/R injury has been suggested due to the observations of its 
up-regulation in ischemic preconditioning [78] as well as the protective effects of its 
treatment, which enhanced the intracellular CAT activity in I/R injury [79].  
However, data on changes in its activity due to I/R are lacking, and thus the role 
CAT in oxidative stress due to I/R is unclear. GSH-PX catalyzes the peroxidation of 
H2O2 in the presence of reduced glutathione to form H2O and oxidized glutathione. 
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In the heart, GSH-PX plays an important role as a scavenger of H2O2 since its activ-
ity is much higher than the CAT activity [3]. Like SOD and CAT, GSH-PX has been 
proposed to have a protective role in the oxidative stress-induced damage due to I/R 
injury; however, its role in the development of ischemia-induced oxidative stress 
has not been documented. Taken together, it seems that changes in endogenous 
antioxidant enzymes are not significantly involved in oxidative stress-induced dam-
age to myocardium due to I/R injury, suggesting that the redox imbalance in I/R is 
more likely caused by the enhanced production of oxidants than by the decreased 
availability of endogenous antioxidants. On the other hand, there is evidence for the 
up-regulation and positive effects of endogenous antioxidant enzymes in cardiopro-
tection against I/R injury [3].

10  Role of Endogenous Antioxidants in Cardioprotection 
Against I/R Injury

Numerous studies have shown that the activation of endogenous antioxidant sys-
tems has a potential to improve cardiac performance and to reduce the negative 
consequences of I/R injury. It has been found in a transgenic mice model that over-
expression of MnSOD protects against myocardial I/R injury induced by global 
ischemia and subsequent reperfusion [80]. Similar protective effects were docu-
mented in transgenic mice with overexpression of SOD or CAT [81]. Increased 
activity of SOD associated with a protective effect against I/R injury has also been 
documented in rats treated with quercetin [82], resveratrol [83], atorvastatin [84] or 
astragalin [85]. Furthermore, endogenous antioxidants have been observed to be 
increased in ischemic preconditioning, an efficient endogenous cardioprotective 
mechanism achieved by one or more cycles of short ischemia prior to long-term 
ischemia. It has been shown that four brief episodes of regional ischemia and reper-
fusion significantly increased the activities of both mitochondrial MnSOD and 
GSH-PX [86]. Increase in the activity of MnSOD has been demonstrated in other 
studies using different animal models as well as different preconditioning protocols 
[78, 87]. On the other hand, data on changes in the activities of Cu-ZnSOD, GSH-PX 
and CAT due to ischemic preconditioning are controversial [78, 87]. Finally, there 
are also data pointing to no changes in any antioxidant enzymes due to precondi-
tioning [88]. Despite some discrepancies in the existing literature, the antioxidant 
hypothesis for mediating ischemic preconditioning-induced cardioprotection can-
not be ruled out due to a large body of evidence regarding the upregulation of the 
antioxidant enzymes in different preconditioning protocols.
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11  Effectiveness of Exogenous Antioxidants in Prevention 
and Treatment of I/R

It has become evident that oxidative stress is caused by either increased production 
of oxidants or decreased availability of endogenous antioxidants within the cell, or 
both factors together and that oxidative stress markedly contributes to the subcel-
lular defects and myocardial damage during I/R. These observations raise the ques-
tion regarding the possibility and effectiveness of exogenous antioxidants 
administration to prevent and/or treat the negative consequences of cardiac isch-
emia. Numerous studies have been performed to explore the effects of various exog-
enous antioxidants in I/R injury. A large group of widely studied antioxidants is the 
family of polyphenols, which became popular due to observation of the “French 
paradox”, showing decreased morbidity and mortality from cardiovascular diseases 
of people living in the Mediterranean Sea region. This is primarily due to a 
polyphenol- rich diet with high consumption of vegetables and fruits, as well as 
drinking red wine. It has been documented that quercetin, a polyphenol naturally 
occurring in the apple skin, onions and other natural sources, can prevent I/R injury 
upon acute as well as chronic administration to rats [89, 90]. Moreover, quercetin 
increased heart resistance to I/R in rats treated with doxorubicin [82].

Another polyphenol, resveratrol, present in the red wine, has been shown to 
improve heart function and reduce infarcted area in in vivo model of myocardial I/R 
in rats. This cardioprotection was associated with decreased myocardial myeloper-
oxidase levels, as well as serum creatinine kinase and lactate dehydrogenase levels. 
Moreover, resveratrol also markedly enhanced the activities of endogenous antioxi-
dants SOD and GSH-PX, and reduced the level of malondialdehyde (MDA) [83]. 
Since the protective effect of resveratrol in I/R injury has been documented in many 
experimental studies, numerous mechanisms of its protective action such as inhibi-
tion of inflammation [91], modulation of antioxidant enzymes activity [92] or resto-
ration of I/R altered microRNA expression [93] have been suggested to be involved 
in the resveratrol-induced cardioprotection. It should be mentioned that red wine 
probably exerts its positive effects in I/R by both antioxidant effects of polyphenols 
and protection of endothelial function via alcohol-induced vasodilatation [94]. 
Other antioxidant-rich substances shown to be protective in I/R are various natural 
plant mixtures, especially those used in the traditional eastern medicine such as 
Hemidesmus hindicus and Hibiscus rosa extracts [95], or Bauhinia championii fla-
vone [96]. I/R-induced damage has been reported to be decreased also using cur-
cumin [97, 98] and its analogues [99].

The oxidative stress-induced I/R injury has been shown to be attenuated by sele-
nium, an essential trace element which is a component of the active center of 
GSH-PX. Selenium, added to the perfusion medium, caused a dose-dependent 
improvement in cardiac performance of isolated hearts and attenuated the decrease 
in the reduced/oxidized glutathione ratio, as well as the increased level of MDA due 
to I/R. It was suggested that selenium protects the heart against I/R injury due to its 
action on the redox state and deactivation of NF-kB [100]. Another antioxidant, 
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vitamin E, has been also documented to protect the oxidative stress induced damage 
in acute myocardial infarction (MI)model in vivo [101]. In addition to reducing the 
infarct size, vitamin E treatment prevented depression in left ventricular function as 
well as elevation of MDA content and conjugated diene formation in the heart. Total 
mortality was also reduced due to vitamin E treatment in the same study [101]. One 
of the important exogenous antioxidant shown to be protective in I/R injury of the 
heart is NAC, which is known to reduce oxidative stress by increasing the glutathi-
one redox status. Treatment with NAC has been shown to protect isolated rat hearts 
against I/R injury induced by 30 min global ischemia. Similar effect was obtained 
using MPG, which scavenges both peroxynitrite and hydroxyl radicals. The cardio-
protective effects of NAC and MPG were associated with attenuation of changes in 
Ca2+ handling by cardiomyocytes, supporting the view that the oxidative stress due 
to ROS generation and/or peroxynitrite formation plays a role in the development of 
intracellular Ca2+-overload as a consequence of I/R injury in the heart [18]. NAC 
treatment, as well as the treatment with a mixture of SOD and CAT, has also been 
shown to attenuate the depression of cardiac function and reduction in the myofi-
brillar Ca2+-stimulated ATPase activity as a consequence of I/R [102]. It has been 
also shown that intravenous NAC administration decreases oxidative stress 
(observed as reduced serum MDA levels after NAC treatment), infarct area and 
apoptotic activity in an in vivo rat model of I/R injury [103]. Moreover, administra-
tion of NAC in combination with streptokinase was shown to significantly diminish 
the oxidative stress and improved LV function in patients with acute MI [104]. 
Some of the potential therapies which are likely to produce beneficial effects in 
attenuating the I/R-induced injury are given in Fig. 9.2. It should be emphasized that 
despite numerous experimental studies documenting the positive effects of exoge-
nous antioxidants in the prevention of I/R injury in animal models, the effectiveness 
of antioxidant supplementation in the prevention and/or treatment in patients 
with ischemic heart disease is controversial [105]. Nonetheless, new clinical 
studies are being carried out which are expected to help in making meaningful con-
clusions [106]

Potential antioxidant 
therapies for I/R injury 

Superoxide
dismutase

 
 

Trace elements 
(selenium) 

Vitamins C & E 
Flavonoids

(resveratrol &
quercetin)

 
 

 

Glutathion
peroxidase

 
 Catalase 

Traditional eastern herbal 
medicines & curcumin 

N-acetylcysteine & 
N-mercaptopropionyglycine 

Fig. 9.2 Some antioxidant interventions commonly used for attenuating the ischemia-reperfusion 
induced injury in the heart
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12  Conclusions

It has become evident that oxidative stress is one of the major causes of subcellular 
defects due to I/R injury of the heart. In this regard, several biochemical and molec-
ular changes such as lipid peroxidation, protein alterations, and DNA damage dur-
ing I/R lead to alterations in subcellular organelles, remodeling of extracellular 
matrix, cell apoptosis and necrosis, as well as heart dysfunction. Oxidative stress 
due to I/R injury is associated with enhanced production of ROS, mostly within the 
mitochondria, leading to imbalance between their production and degradation by 
endogenous antioxidant systems. Thus, interventions such as ischemic precondi-
tioning which lead to enhanced activity and/or expression of endogenous antioxi-
dants as well as treatment with exogenous antioxidant seem to be a promising 
strategy to reverse the redox imbalance in ischemic heart disease.
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Chapter 10
Reduced Oxidative Stress as a Mechanism 
for Increased Longevity, Exercise and Heart 
Failure Protection with Adenylyl Cyclase Type 
5 Inhibition

Stephen F. Vatner, Jie Zhang, and Dorothy E. Vatner

Abstract One common mechanism mediating longevity and healthful aging is the 
protection against oxidative stress. Most serious diseases that limit aging, in general, 
and healthful aging, in particular, are linked to increased oxidative stress and 
increased sympathetic stimulation. Conversely, inhibition of sympathetic tone at any 
level in the β-adrenergic receptor/adenylyl cyclase/G-protein signaling pathway is a 
major mechanism protecting against oxidative stress. Disruption of adenylyl cyclase 
type 5 (AC5), one of the two major isoforms of AC in the heart, protects against 
oxidative stress resulting in enhanced longevity and more importantly healthful 
aging as exemplified by increased exercise performance, and protection against dia-
betes, obesity, cardiomyopathy and cancer, all related to oxidative stress. Despite the 
overwhelming evidence in animal models that increased oxidative stress is a major 
mechanism in limiting healthful aging, disappointing clinical trials have impaired 
the translation to patients. Inhibition of AC5 is a potential novel therapeutic modal-
ity, since it extends longevity and protects against diabetes, obesity, cardiomyopathy 
and cancer, while improving exercise tolerance, with all having an oxidative stress 
component.

Keywords Oxidative stress • Human longevity • Healthful human aging • 
Cardiomyopathy • Sympathetic tone • Adenylyl cyclase type 5

1  Introduction

One common mechanism mediating longevity and healthful aging is the protection 
against oxidative stress. Importantly, most serious diseases that limit aging, in gen-
eral, and healthful aging, in particular, are linked to increased oxidative stress. 
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Increased sympathetic stimulation is involved in many of the diseases that limit 
healthful aging and conversely, inhibition of sympathetic tone is a major mechanism 
protecting against oxidative stress. Reducing sympathetic tone may be achieved 
inhibiting any component of the β-adrenergic receptor/adenylyl cyclase/G-protein 
signaling pathway. Disruption of adenylyl cyclase type 5 (AC5), one of the two 
major isoforms of AC in the heart, protects against oxidative stress resulting in 
enhanced longevity and more importantly, healthful aging, as exemplified by 
increased exercise performance, protection against diabetes, obesity, cardiomyopa-
thy and cancer, all diseases related to oxidative stress [1–11].

2  Aging and Oxidative Stress

One common mechanism mediating longevity and healthful aging is the protection 
against oxidative stress [1–9, 12–26]. Table 10.1 (and Fig. 10.1d) illustrate that the 
most commonly studied longevity models have as a common theme, that is protection 
against oxidative stress. Oxidative stress is defined as an imbalance between the oxi-
dant and antioxidant compounds, favoring the first [27]. Superoxide radical (O2

−) has 
a prominent role in oxidative stress and impacts the production of many other reactive 
species, such as H2O2, peroxynitrite (ONOO−) and peroxynitrite degradation prod-
ucts (HO•, NO2, CO3•−), and lipid peroxyl (ROO•) and alkoxyl (RO•) radicals [28].

Mammals have three superoxide dismutases (SOD); CuZnSOD (SOD1, EC 
1.15.1.1) which is located in the mitochondrial intermembrane space, cytosol and 
extracellular space, MnSOD (SOD2, EC 1.15.1.1) which exists in the mitochondrial 
matrix, and EC-SOD (SOD3, EC 1.15.1.1) which is a copper and zinc-containing 
enzyme exclusively located in extracellular spaces [29]. The enzyme, MnSOD, is 
key among endogenous antioxidant mechanisms as it maintains reactive O2 species 
at subnanomolar levels. Without this mechanism, oxidative stress becomes over-
whelming making death inevitable [30]. As an increase in oxygen reactive species 
results in oxidative stress, MnSOD protects against oxidative stress.

A major factor mediating enhanced oxidative stress in limiting healthful aging is to 
recognize that most serious diseases that limit aging, in general, and healthful aging, 
in particular, are linked to increased oxidative stress, e.g., heart disease [31], cancer 
[32], pulmonary disease [33], stroke [34], Alzheimer’s disease [35], diabetes [36] and 
chronic kidney disease [37]. As these diseases reduce longevity and healthful aging, it 
clearly demonstrates the importance of oxidative stress in limiting longevity. The con-
verse is also worth noting. Premature aging and early death are best exemplified by the 
Hutchinson-Gilford progeria syndrome. This is an extremely rare genetic disease, that 
occurs due to a single nucleotide mutation in the LMNA gene [38, 39] that leads to 
accumulation of progerin, the mutant form of lamin A, in different cells of the body 
specially in the endothelial and smooth muscle cells [40] resulting in increased oxida-
tive stress [41]. Patients with progeria are afflicted with an accelerated aging process 
that affects the skin, and the musculoskeletal and cardiovascular systems. Given the 
accelerated atherosclerotic process on these patients, they usually die between the first 
and second decade of life from myocardial infarction and stroke [42].
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3  Sympathetic Tone and Oxidative Stress

Increased sympathetic stimulation is involved in many of the diseases that limit 
healthful aging, most particularly heart failure, and in turn is a major mechanism 
inducing increased oxidative stress [43–45]. Conversely, inhibition of sympathetic 
tone is a major mechanism protecting against oxidative stress. Reducing sympa-
thetic tone may be mediated by blocking the effects of catecholamines and sympa-
thetic nerve activity or at any level in the β-adrenergic receptor/adenylyl 
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Fig. 10.1 AC5 KO mice live longer and have better cardiac function and less remodeling with 
aging. (a) A cohort of female and male WT (n = 25) and AC5 KO mice (n = 13) demonstrated a 
significant survival difference between groups in the Kaplan-Meier curve analysis, p < 0.01. The 
dotted line indicates the time of 50 % survival. Roughly 50 % of WT mice died by 25 months, 
while 50 % of AC5 KO mice died by 33 months, p < 0.01. The maximum survival was also signifi-
cantly different, p < 0.02, by the chi-square test. (b) At 30 months, only 16 % of WT mice survived, 
whereas 92 % of AC5 KO mice were still alive, p < 0.05 (c) C. elegans worms with downregulated 
acy-3, the worm homologue to AC5, were exposed to oxidative stress with paraquat, and demon-
strated significantly better survival upon exposure to paraquat, reflecting enhanced oxidative stress 
resistance, which was also observed in AC5 KO mouse. (d) Table of Longevity Models Related to 
Oxidative Stress Resistance (Redrawn from data in Yan et al. [2], Vatner et al. [3])
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cyclase/G-protein signaling pathway [46, 47]. Adenylyl cyclase (AC) is a ubiqui-
tous enzyme, which links β-adrenergic receptor (β-AR) stimulation to increased 
cAMP levels, and which regulates all organs and catalyzes the conversion of ATP to 
cAMP. There are two major AC isoforms in the heart, AC5 and AC6. Disruption of 
AC5 in mice, the AC5 knockout (KO) model protects against oxidative stress by 
reducing cAMP and protein kinase A (PKA), which in turn activates the Raf/MEK/
ERK pathway, which increases MnSOD and protects against oxidative stress [2] 
(Fig. 10.2). As noted above, protection against oxidative stress is a common mecha-
nism in longevity models (Fig. 10.1d), and is indeed a major mechanism mediating 
the increased longevity observed in the AC5 KO model (Figs. 10.1 and 10.2).

4  Mechanisms of AC5 KO Induced Longevity and Oxidative 
Stress Resistance

It is well recognized that oxidative stress is enhanced during the aging process [48]. 
The mechanism of oxidative stress induced aging seems to be multi-factorial, as 
noted by the variety of longevity models with protection against oxidative stress (Fig, 
10.1d). Oxidative stress results in premature cell death with increased apoptosis and 
necrosis [49, 50]. The AC5 KO mouse increases longevity and stress resistance via 
activation of the Raf/MEK/ERK signaling pathway (Fig. 10.2) [2]. This signaling 
pathway is upregulated in the AC5 KO aging model [2] and is recognized as one of 
the main stress signaling pathways and central mediators activated in response to 
oxidative damage [51, 52]. Previous findings suggest that a decrease in the activation 
of the Raf/MEK/ERK pathway is associated with aging [53–56]. In addition, 
MnSOD, which is a major molecule protecting against oxidative stress, is upregu-
lated in AC5 KO mice (Fig. 10.2) [2], but down-regulated, when AC5 is upregulated, 
as in the AC5 transgenic (Tg) heart (Fig. 10.2b) [7]. Thus, MnSOD is the downstream 
enzyme involved in the ERK signaling cascade [2, 7], protecting against oxidative 
stress and mediating longevity and stress resistance in AC5 KO mice (Fig. 10.2).

5  Oxidative Stress in Cardiomyopathy and Heart Failure

There is accumulating evidence that increased oxidative stress is involved in the 
pathogenesis of various types of cardiomyopathy [57–61] and affects cell types 
other than myocytes involved in mediating cardiomyopathy, e.g., endothelial cells 
and fibroblasts. The AC5 KO model is protected against the cardiomyopathies of 
aging and heart failure, in part through protection against oxidative stress [7, 9] 
(Figs. 10.1, 10.2, and 10.3). Chronic β-AR stimulation induces cardiomyopathy and 
heart failure by increasing oxidative stress resulting in myocyte necrosis and apop-
tosis [1]. Transgenic mice with increased MnSOD are protected against the cardio-
myopathy that develops with chronic catecholamine stimulation. Conversely, the 
AC5 KO model is protected against oxidative stress and catecholamine induced 
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cardiomyopathy, but when oxidative stress protection was reduced by mating the 
AC5 KO mice with MnSOD +/− mice, there was a loss of the protection against the 
decreased cardiac function and increased cardiac fibrosis in response to chronic 
catecholamine stimulation in the double knockouts stress [7, 9]. Furthermore, AC5 
KO mice are prevented from the cardiomyopathy induced by chronically enhanced 
β-AR signaling through enhancing resistance to oxidative stress [1]. These findings 
confirm the importance of oxidative stress in the pathogenesis of heart failure in 
general and in the protection afforded by the AC5 KO model in particular
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6  Oxidative Stress Mediates the Augmented 
Cardiomyopathy in AC5 Transgenic Mice in Response 
to Chronic Catecholamine Stimulation

As noted above, we found that oxidative stress is an important mechanism mediat-
ing the enhanced longevity and protection against cardiomyopathy of aging in the 
AC5 KO mouse, where life span is increased through protection against oxidative 
stress by up-regulating the anti-oxidant, MnSOD [2] (Figs. 10.2 and 10.3). MnSOD 
also protects against the cardiomyopathy induced by increased AC5, as in the AC5 
TG mouse, and eliminating the protective action of MnSOD abolishes the protec-
tion in the AC5 KO mouse against chronic catecholamine cardiomyopathy (Figs. 
10.2 and 10.3) [7, 9]. In our experiments we have shown that the expression of 
MnSOD is tightly regulated not only through the MEK/ERK pathway but also by 
FoxO3a/SIRT1 mechanisms [7, 9, 63–65].

7  Reduced Oxidative Stress Mediates Enhanced Exercise 
in AC5 KO Mice

In contrast to the pathological mechanisms of cardiomyopathy and heart failure, 
exercise is the most physiological mediator of increased sympathetic activity, and 
exercise tolerance is enhanced in the AC5 KO (Fig. 10.4). The role of exercise and 
oxidative stress is a double-edged sword. On the one hand, it is well recognized that 
sympathetic activity increases oxidative stress [43–45], making it logical that exer-
cise should increase oxidative stress. On the other hand increased exercise is known 
to increase longevity and protect against many diseases, including heart disease and 
cancer [66–68] and insufficient physical activity is the cause of many conditions 
that limit longevity. There are multiple cellular mechanisms mediating resistance to 
oxidative stress, by regular moderate exercise. These include reduction of basal 
formation of oxidants, improvement of the antioxidant defense system, and 
increased resistance of tissues against ROS damage [69]. Increased mitochondrial 
biogenesis, which is known to improve exercise performance is reduced in aging 
[70, 71] and provides a biological mechanism mediating the enhanced exercise tol-
erance in the AC5 KO model. The AC5 KO mice have increased exercise capacity 
mediated by higher oxidative stress resistance, mitochondrial biogenesis and 
enhancement in the mitochondrial activity as reflected by higher mitochondrial 
DNA content, increased ATP content, citrate synthase activity, and complex IV 
activity (Fig. 10.5). Furthermore, these in vivo observations were recapitulated in 
skeletal muscle myoblasts after knocking down their AC5. Altogether, our results 
indicate that improved mitochondrial number and function are involved in mediat-
ing the enhanced exercise capacity of AC5 KO mice.

The SIRT1/FoxO3a and MEK pathways, which are upregulated in AC5 KO, 
have also been shown to mediate mitochondrial biogenesis and oxidative stress [63, 
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72], and mediate increased exercise performance [73, 74]. We confirmed that these 
pathways were also involved in mediating the enhanced exercise performance in the 
AC5 KO mouse by blocking SIRT1 activity using the inhibitor EX527 which abol-
ished not only the enhanced exercise capacity, but also mitochondrial biogenesis in 
the AC5 KO mice (Fig. 10.5). The involvement of the Raf/MEK/ERK signaling 
pathway was confirmed by blocking the enhanced exercise performance in the AC5 
KO by using the MEK inhibitor U0126 (Fig. 10.5) [3]. It is paradoxical that inhibi-
tion of the sympathetic tone, e.g. in the AC5 KO mouse results in reduced oxidative 
stress and improved exercise performance, although recognizing that exercise can 
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reduce oxidative stress [3]. The common denominator in that the AC5 KO mouse 
has an upregulation of MnSOD. To examine this mechanism, AC5 KO mice were 
treated with paraquat, which increases oxidative stress and reduces exercise perfor-
mance in wild type mice but not in AC5 KO mice (Fig. 10.4f). Further studies were 
carried out with the AC5 KO mated with MnSOD heterozygous mice, resulting in a 
double KO model where MnSOD could no longer induce protection against oxida-
tive stress. These double KO mice lost their ability for enhanced exercise, pinpoint-
ing the mechanism on increased MnSOD and reduced oxidative stress in AC5 KO 
mice. There is also a phylogenetic support for the role of AC5 as a key gene involved 
in healthy aging. The C. elegans worm acy-3 KO (the worm homolog of AC5) is a 
far more basic model than the AC5 KO mouse, but also shows greater longevity 
(Fig. 10.1c) and enhanced mobility (Fig. 10.4c) [3], akin to the AC5 KO model on 
increased longevity and exercise. The worm mutant showed improved mitochon-
drial metabolism and enhanced oxidative stress defense, via the induction of the 
expression of SOD-3, the worm homolog of MnSOD. The evolutionary conserva-
tion of the pathway involving decreased AC5 and increased MnSOD supports the 
importance and essential nature of this signaling mechanism.

8  Inhibition of AC5 Is Unique to All the AC Isoforms

It is noteworthy that disruption of the other 8 major mammalian isoforms of AC, 
which share regulation of many tissues or organs in the body [74, 75], have been 
reported to have the combined salutary features of enhanced longevity, exercise and 
protection against diabetes, obesity, cancer and heart disease. Potentially the best 
example relates to the two major isoforms of AC in the heart, AC5 and AC6. 
Inhibiting AC6 shares none of the salutary features of inhibiting AC5, as summa-
rized in this review, with the majority of AC6 transgenic studies showing cardiopro-
tection [76–79]. In addition, the AC5 KO is resistant to obesity [8], but AC6 KO did 
not affect body weight and AC3 KO actually induced obesity [80]. More relevant to 
this review, almost none of the other 8 AC isoforms have been shown to regulate 
oxidative stress. It could well be that other AC isoforms do regulate oxidative stress, 
but that this just has not been studied yet and would be an important future direction 
for AC research. It is also conceivable that the protection observed in the AC5 KO 
model, is not simply due to its ability to reduce AC activity, but rather to a related 
action, e.g., its ability to upregulate MnSOD and protect against oxidative stress.

9  Clinical Translation

Despite the compelling evidence in animal models that reduction of oxidative stress 
is beneficial to treat cardiovascular diseases, the results in clinical trials and the 
translation to patients with cardiovascular disease have been controversial. Perhaps 
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the clinical trial Q-SYMBIO, which aimed to test the use of the antioxidant coen-
zyme Q10 in patients with moderate to severe heart failure, showed the most prom-
ising results. In that study patients treated with coenzyme Q10 had 50 % less major 
cardiovascular events than the placebo treated, however given the underpowered 
nature of the study to assess mortality it still needs to be examined in a larger cohort. 
Vitamin E is another antioxidant compound that has been tested in multiple large 
and long clinical trials with contradictory results. For instance, the Cambridge Heart 
Antioxidant Study (CHAOS), showed a reduced rate of myocardial infarction with 
no mortality benefit [82]. Further studies on vitamin E, for example “The Physicians’ 
Health Study II” [83] and “The Women’s Antioxidant Cardiovascular Study” [84] 
did not show any beneficial effect of this vitamin supplementation. There are even 
some studies that question the safety of this vitamin, since there have been claims 
that this vitamin may increase mortality [85, 86]. Other compounds with antioxi-
dant properties studied in clinical trials, such as vitamin C [83, 84] and the precursor 
of vitamin A, β carotene [84], have not shown any beneficial effect in terms of pro-
tecting cardiovascular events [87]. In view of the contradiction between the over-
whelming evidence in animal models of cardiovascular disease demonstrating that 
increased oxidative stress is a major mechanism in the pathogenesis on the one hand 
and the disappointing results from clinical trials of agents that reduce oxidative 
stress, it seems likely that new therapeutic modalities will be discovered in the 
future. One candidate would be inhibition of AC5, since it extends longevity and 
protects against diabetes, obesity and cardiomyopathy, while improving exercise 
tolerance, with all having an oxidative stress component. Unfortunately disrupting 
the AC5 gene in patients is not feasible and therefore it becomes necessary to iden-
tify a pharmacological inhibitor of AC5. One example of a pharmacological com-
pound that replicates many of the features of AC5 inhibition is an FDA approved 
anti-viral drug, AraA, which protects against the development of cardiomyopathy in 
mice [11], and more recently has been shown to be one of the rare interventions that 
can reduce infarct size when administered after coronary artery reperfusion [10], 
which is important clinically, since patients with myocardial infarction must be 
reperfused immediately and cannot wait for a drug to be administered. Accordingly, 
further work is required to develop a non-toxic AC5 inhibitor that can be given to 
patients orally.

10  Conclusions

Protection against oxidative stress is a common mechanism mediating longevity, 
and more importantly mediating healthful aging, since most serious diseases that 
limit healthful aging are linked to increased oxidative stress. Increased sympathetic 
stimulation, which increases oxidative stress, is involved in many of the diseases 
that limit healthful aging and conversely, inhibition of sympathetic tone is a major 
mechanism protecting against oxidative stress. Reducing sympathetic tone at the 
level of AC, in the AC5 KO mouse, not only extends longevity but also increases 
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exercise performance, and protects against diabetes, obesity, cardiomyopathy and 
cancer, all related to oxidative stress [1–9], making AC5 a potential novel therapeu-
tic modality for protecting against oxidative stress.
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Chapter 11
Regulation of Protein Nitrosylation 
by Thioredoxin 1

Narayani Nagarajan and Junichi Sadoshima

Abstract Addition of an SNO group to a cysteine thiol in a protein is called protein 
S-nitrosylation. When the donor of the SNO group is another protein, then the trans-
fer is referred to as trans-nitrosylation. One key protein that mediates trans- 
nitrosylation and denitrosylation is thioredoxin1 (Trx1). Trx1 is a 12 kDa redox 
protein with five cysteine residues: Cys32, 35, 62, 69 and 73. Factors such as pH 
conditions and cysteine residue redox status affect the S-nitrosylation of Trx1. 
Several studies have reported that Trx1 promotes trans-nitrosylation of caspase-3, 
ASK1, and peroxiredoxin-1. On the other hand, Trx1 can trigger denitrosylation of 
SNO-caspase-3, SNO-metallothionein, SNO-albumin, SNO-caspase-8, GAPDH, 
annexin-1, etc. By regulating the balance between S-nitrosylation and denitrosyl-
ation, Trx1 helps maintain the nitroso-redox balance in the cell. Trx1-mediated 
S-nitrosylation and denitrosylation of proteins affect several cellular functions, 
including apoptosis, heme protein maturation and insertion, and exocytosis as well 
as various pathophysiological conditions, such as inflammation, cancer and cardio-
vascular diseases. In this chapter, we shall discuss in detail the molecular mecha-
nism of Trx1-mediated trans-nitrosylation and denitrosylation and its importance in 
the cellular milieu.

Keywords Thioredoxin 1 • Protein S-nitrosylation • Denitrosylation • Trans- 
nitrosylation • Cardiovascular diseases • Cancer • Inflammation

1  Introduction. Protein S-Nitrosylation

Protein S-nitrosylation is the covalent addition of a nitric oxide group (−NO) to a 
cysteine thiol in a protein [1]. S-nitrosothiol formation is selective to specific cyste-
ine residues in a protein and, thus, is an important form of post-translational 
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modification. It can alter protein structure, protein-protein interaction, localization, 
and stability [2]. This significant second messenger system mediates several cellular 
signal transduction pathways [3–5].

1.1  Formation and Reduction of S-Nitrosothiols

The first question is where does this -NO come from? NO cannot directly oxidize 
amino acids and the kinetics of such reactions are too slow to be biologically pos-
sible. Hence, S-nitrosothiol formation occurs only as a secondary oxidation reaction 
[6, 7]. There are three mechanisms by which a protein can be S-nitrosylated, as 
follows:

Pathway 1. Oxygen-mediated pathway:

 

NO O NO

NO NO NO

NO RS RS-NO NO

NO NO N O

N O

+ →
+ →

+ → +

+ →

− −

2 3

3 2
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2 2 3
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Since NO cannot directly nitrosylate protein thiols, it mediates S-nitrosothiol for-
mation indirectly. This occurs via a two-step mechanism, as described in the above 
equations. First, nitric oxide (NO) reacts with oxygen to form nitrogen trioxide 
(N2O3) or nitrogen dioxide (NO2). These molecules then directly react with a protein 
thiol group to produce S-nitrosothiols [6, 7].

Pathway 2. Transition-metal ion mediated pathway:

 

NO Cu CP NO Cu CP

R-SH NO RSNO H

R-SH Cu RS

+   − → +   −

+ → +
+ →

+ + +

+ +

+ −

2

2 ++ +Cu  

Metal ions such as Cu2+ and Fe3+ can catalyze S-nitrosothiol formation. This has 
been established by studies that showed that ceruloplasmin (CP) directly affects 
S-nitrosothiol formation. CP is a copper-containing plasma protein that mediates 
the oxidation of NO to generate a NO+ ion. This can then nitrosylate protein thiols 
resulting in S-nitrosylation [8]. Alternatively, some reports suggest that the metal 
ions can mediate one-electron oxidation of thiols to thiyls radicals [6, 7] that can 
then interact with NO oxide to form S-nitrosothiols.

Pathway 3. Trans-nitrosylation

 RSH R SNO RSNO R SH+ → +’ ’  
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Trans-nitrosylation is a mechanism of protein S-nitrosylation in which protein A, 
which is already S-nitrosylated, donates its NO group to another protein, protein B, 
resulting in the S-nitrosylation of protein B  [3].

1.2  SNO-Reduction

S-nitrosylated protein thiols serve as signaling molecules. To regulate the signaling 
mechanism, S-nitrosylation is balanced by denitrosylation or SNO-reduction. 
Denitrosylation is the process of removal of a -NO group from a protein thiol, 
through either an enzymatic or non-enzymatic mechanism. Enzymatic denitrosyl-
ation is mediated by enzymes such as S-nitrosoglutathione reductase (GSNOR), 
thioredoxin reductase (TrxR), xanthine oxidase, etc. [9]. Non-enzymatic denitrosyl-
ation is mediated by free metal ions of copper or iron [10].

1.3  Importance of S-Nitrosylation in Biological Functions

The group of Stamler first reported that S-nitrosothiols are present in human circu-
lation, suggesting that NO plays a significant role in various physiological and path-
ological conditions [11]. Following this discovery, various groups reported the 
significance of S-nitrosylation in cellular functions. S-nitrosylation signaling has 
been indicated in apoptosis through S-nitrosylation/denitrosylation of caspases, 
ASK1, JNK, and c-Jun, in the regulation of transcription factors like HIF, p53, and 
NF-KB, in calcium channel regulation by activation of ryanodine receptors [12], 
and of oncoproteins such as Src [5].

Any alteration in protein S-nitrosylation can, in turn, affect a variety of cellular 
functions, leading to various pathological conditions. Malfunctioning of this mech-
anism has been demonstrated in cardiovascular diseases, neurodegenerative disor-
ders, and cancer [13, 14]. Sun et al. and Tong et al. have reported that there is an 
increased S-nitrosylation during ischemic preconditioning [15, 16]. One hypothesis 
is that S-nitrosylation of proteins protects the cysteine residues from irreversible 
oxidative damage and, hence, may be cardioprotective [2, 17]. S-nitrosylation of 
key proteins such as F1-ATPase, SERCA2a, and PTEN are cardioprotective [16, 
18]. On the other hand, aberrant S-nitrosylation of proteins like Bcl-2, p53, MKP-1, 
Fas, HIF-1 alpha, and Src tyrosine kinases plays a crucial role in the onset and pro-
gression of various cancers [13]. In addition, neurodegenerative disorders such as 
Alzheimer’s and Parkinson’s diseases are influenced by S-nitrosylation of parkin, 
PDI, Drp1, Cdk5, GAPDH, and UPS [19–21].
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1.4  Regulation of S-Nitrosylation

At any given time, the balance between S-nitrosylation and denitrosylation of pro-
teins is critical for the regulation of various cellular functions; this balance is gov-
erned by the redox milieu of the cell. Several mechanisms exist for regulating this 
balance, such as the Trx1 system, the GSNOR system, and xanthine oxidase [9]. In 
this chapter, we will limit our discussion to the Trx1-mediated S-nitrosylation and 
denitrosylation of proteins and the functional significance of the same.

2  Thioredoxin 1 and Its Relevance to Protein S-Nitrosylation

Thioredoxin1 (Trx1) is a redox protein that regulates oxidative stress in the cell. 
Several studies have shown that Trx1 controls the redox state of reactive cysteines 
in proteins, thus regulating its cellular function [22]. Trx1 is a 12 kDa protein that 
has five cysteine (Cys) residues: Cys32, 35, 62, 69, and 73 (Fig. 11.1). Cys32 and 
Cys35 are located in the active site of the protein and form a dithiol pair [22, 23]. 
These two sites are critical for the redox activity of Trx1. According to several 
reports, the other cysteine residues are involved in S-nitrosylation of Trx1, albeit 
under different conditions [24–27].

2.1  S-Nitrosylation of Trx1

Weichsel et al. used crystallized human Trx1 to study S-nitrosylation in Trx1 [24, 
25]. Examination of the crystal structure of reduced Trx1 (rTrx1) indicated that 
Cys62 is buried deep within the tertiary structure of the protein. However, it is 

C32    C35

S S

C73

SNO

Oxido-Reductase
Denitrosylase 

C62    C69

S-----S

--
-

--
-

S-nitrosylation
Trans-nitrosylase

S-nitrosylation

Trx1

Fig. 11.1 Trx1 has five cysteine residues: Cys32,35,62,69 and 73. Cys32 and Cys35, the active 
sites, form a disulfide bond and are involved in oxido-reductase activity. They can also denitrosyl-
ate proteins. Cys62 and Cys69 have been reported to form a disulfide bond with each other and 
some reports suggests that they can be S-nitrosylated. Cys73 can be S-nitrosylated and functions 
as a trans-nitrosylase
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readily S-nitrosylated at pH 7.0, possibly due to exposure of this site to the perim-
eter, as observed in the crystal structure of oxidized Trx1 (oTrx1). Cys69 is more 
exposed and can be S-nitrosylated under high pH conditions. On the other hand, 
Cys32 and Cys73 can react with an NO donor and undergo S-nitrosylation at pH 7.0, 
which is the physiological pH. In addition, these two cysteine residues are involved 
in disulfide bond formation. Cys32 forms an intramolecular disulfide bond with 
Cys35, while Cys73 is capable of intermolecular disulfide bond formation with 
Cys73 of another Trx1 molecule. Furthermore, it was observed that Cys73 forms the 

disulfide bond rapidly after S-nitrosylation. 
Another factor that influences the S-nitrosylation of Trx1 is the redox state of the 

active cysteine residues. In a study conducted by Wu et al., it was demonstrated that 
only oTrx1 can be S-nitrosylated at Cys73 [27]. The oxidized form of recombinant 
Trx1 (with a disulfide bond between Cys32 and Cys35) was treated with GSNO; 
then, using MS/MS analysis, they found that Trx1 was S-nitrosylated at Cys73. In 
contrast, when rTrx1 was treated with GSNO, no SNO site was detected in Trx1. 
Using site-directed mutagenesis, they confirmed these results in HeLa cells overex-
pressing Trx1 C32S/C35S. According to their results, rTrx1 functions as a denitro-
sylase; however, formation of disulfide bonds leading to oTrx1 results in the 
denitrosylase property being lost and oTrx1 acting as a trans-nitrosylase via Cys73. 
In another report, Barglow et al. proposed that the redox state of the active Cys resi-
dues in Trx1 also affects the S-nitrosylation of non- active Cys residues [26]. Based 
on a reductive switch assay, they determined that rTrx1 favors S-nitrosylation of 
Cys62. This reaction occurs very rapidly, but is transient and of short duration. In 
contrast, oTrx1 promotes S-nitrosylation of Cys73 in a reaction that happens very 
slowly but is more stable. This data suggests that SNO- Cys62 is more of a signaling 
intermediate for trans-nitrosylation while SNO-Cys73 plays a dual role, as both a 
trans-nitrosylation agent and as a reservoir for NO storage. oTrx1 and rTrx1 are 
structurally very similar but exhibit different dynamics. Furthermore, Cys62 and 
Cys73 are located on opposite sides of the protein and have different binding part-
ners. Thus, they can target different signaling pathways.

2.2  Importance of SNO-Trx1

Trx1 interacts with several proteins to maintain redox homeostasis. In addition, 
some of the above-mentioned studies propose that Trx1 may have several different 
downstream targets, depending upon its redox status and site of S-nitrosylation, and 
thus may play roles in several signaling pathways. This suggests that Trx1 could 
play a key role in maintaining the nitroso-redox balance in the cell. In the remainder 
of the chapter, we will discuss in detail the trans-nitrosylation and denitrosylation 
mediated by Trx1, SNO binding partners of Trx1, and their effect on cellular 
functions.
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3  Regulation of Protein Trans-Nitrosylation by Trx1

Trx1 has been shown to increase cellular S-nitrosylation levels in endothelial cells. 
This was first demonstrated by Haendeler et al., who also showed that Trx1 is 
S-nitrosylated at Cys69 in endothelial cells [28] and that -SNO at Cys69 is impor-
tant for the redox regulatory and ROS scavenging functions of Trx1. They further 
demonstrated that overexpression of Trx1 wild-type (WT) protein protected the 
endothelial cells from the reduction of S-nitrosylation induced by TNF-alpha, while 
expression of the Trx1 C69S (Cys mutated to Ser at the indicated site) mutant did 
not. In addition, the Trx1 C69S mutant only partially inhibited apoptosis compared 
to Trx1 WT, suggesting that overexpression of S-nitrosylable Trx1 decreases ROS 
formation and, thus, apoptosis. S-nitrosylable Trx1 could also trans-nitrosylate cas-
pases and other apoptosis activators, inhibiting their activity to prevent the activa-
tion of apoptosis.

Following this report, Mitchell and Marletta demonstrated that Cys73 of Trx1 is 
capable of trans-nitrosylating caspase-3 in a reversible reaction to regulate apopto-
sis [29]. In that study, using the biotin-switch method and MALDI peptide mapping, 
they found that Trx1 was extensively S-nitrosylated at Cys73 while Cys69 
S-nitrosylation was undetectable. This may be because Cys69 is only minimally 
exposed while Cys73, located on a ridge that is primed for protein-protein interac-
tion, is the most surface-accessible residue. They also found that S-nitrosylation at 
Cys73 did not affect its activity. Rather, they determined that Trx1-Cys73-SNO 
specifically trans-nitrosylated caspase-3 at Cys163, leading to inactivation of cas-
pase- 3 activity and, thus, inhibiting apoptosis [30]. This mechanism was also 
observed in Jurkat cells, the human T cell lymphoma line. It was observed that, 
while Trx1 WT binds to and trans-nitrosylate caspase-3, and thus inhibit apoptosis, 
the Trx1 Cys73Ser mutant only binds to but not trans-nitrosylate caspase-3. Through 
co-immunoprecipitation studies, it was determined that the Trx1 Glu70 and Lys72 
sites, two polar residues located adjacent to Cys73, are essential for the interaction 
of Trx1 with procaspase-3 to facilitate the trans-nitrosylation reaction.

Since Trx1 and S-nitrosylation have been known to play roles in the regulation of 
apoptosis, several other apoptotic proteins representing possible targets of trans- 
nitrosylation by Trx1 were investigated. Interaction of Trx1 with apoptosis signal- 
regulating kinase 1 (ASK1) has been known to inactivate and cause degradation of 
ASK1 to prevent apoptosis [31]. However, S-nitrosylation of Trx1 induces ASK1 
activation [32]. In order for Trx1 to bind to ASK1, the -SH groups in Trx1 must be 
in their reduced form. Oxidation of these residues releases the bond between Trx1 
and ASK1, resulting in activation of the kinase. Yasinska et al. reported that, in the 
presence of a two-fold excess of N2O3 compared to superoxide, Trx1 is S-nitrosylated, 
resulting in ASK1 release and activation [33]. However, a four-fold increase of the 
same, resulted in release of ASK1 and S-nitrosylation of ASK1 at Cys869, with a 
decreased kinase activity without affecting ASK1 protein stability. Thus, nitrosyl-
ation of Trx1 by N2O3-like compounds promotes ASK1 dissociation to stimulate 
apoptosis.
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In a global proteomics approach, Wu et al. used the biotin-switch technique 
together with MS/MS analysis to identify 47 novel trans-nitrosylation targets of 
Trx1 [27]. Using HeLa cells, they demonstrated the functional significance of Trx1- 
mediated trans-nitrosylation in peroxiredoxin-1 (Prx1), a trans-nitrosylation target 
identified in their global analysis. In HeLa cells overexpressing Trx1 C32S/C35S, 
Trx1 trans-nitrosylates Prx1 at Cys173 and Cys83 to protect Prx1 from H2O2- 
induced oxidative damage such as dimer disruption and sulfonylation. The group 
later developed an isotope-coded affinity tag (ICAT) method in conjunction with the 
biotin-switch technique to differentiate between trans-nitrosylation and denitrosyl-
ation targets of Trx1 in neuroblastoma cells [34, 35]. They identified 61 proteins that 
can be trans-nitrosylated by oTrx1 and 50 proteins that can be denitrosylated by 
rTrx1. However, not all of the trans-nitrosylation targets are capable of being deni-
trosylated by rTrx1, suggesting that trans-nitrosylation and denitrosylation targets 
of Trx1 are very specific (Fig. 11.2). 

4  Regulation of Protein Denitrosylation by Trx1

In the cellular milieu, regulation of the S-nitrosylation and denitrosylation mecha-
nisms is key to maintaining the nitroso-redox balance. Trx1 is one such key com-
pound, playing an important role in regulating S-nitrosothiol homeostasis in the cell 
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through its ability to specifically either trans-nitrosylate or denitrosylate protein 
molecules. Stoyanovsky et al. were the first to report that rTrx1 catalyzes the deni-
trosylation of GSNO and several S-nitrosoproteins, like SNO-caspase-3, SNO- 
metallothionein, and SNO-albumin, in chemical systems [36]. In the case of 
caspase-3, out of the many sites that were nitrosylated, only one site that is critical 
for the reactivation of caspase-3 activity was denitrosylated. In another study, 
Benhar et al. established Trx1 as the denitrosylase system required for caspase-3 
activation in HeLa cells, RAW264.7 macrophages, and Jurkat cells [37]. In HeLa 
cells, SNO-caspase-3 was formed upon stimulation with S-nitrosocysteine. 
However, overexpression of Trx1 in HeLa cells triggered rapid denitrosylation of 
SNO-caspase-3 after 20 minutes. They further determined that the Trx1 Cys32 site 
forms mixed disulfides with caspase-3 to promote denitrosylation. In addition, 
Benhar et al. screened for S-nitrosylated substrates of Trx1 in human B lympho-
cytes (10C9 cells) treated with auranofin, a TrxR inhibitor [37]. They identified and 
validated caspase-9 and protein tyrosine phosphatase 1B (PTP1B) as denitrosyl-
ation targets of Trx1. Sengupta et al. demonstrated that the Trx1 system affects 
caspase-8 activity in HepG2 cells via S-nitrosylation [38]. In these cells, NO was 
able to nitrosylate caspase-8, thus inhibiting its activity. However, in TrxR-deficient 
HepG2 cells, denitrosylation of caspase-8 did not take place. This also directly cor-
related with the activity of caspase-8, such that regeneration of caspase-8 activity 
was not significant in Trx1-deficient cells. This suggests that Trx1 exerts its control 
of apoptosis via regulation of several key apoptotic proteins through S-nitrosylation.

To identify more denitrosylation substrates of Trx1 in a global profiling approach, 
Benhar et al. used stable isotope labeling by amino acids in cell culture (SILAC) in 
conjunction with the biotin-switch technique and mass spectrometry [39]. Using 
Jurkat cells and RAW264.7 cells, they identified 46 novel substrates for Trx1- 
mediated nitrosylation. They validated this approach by demonstrating increased 
S-nitrosylation of annexin-1 and 14-3-3θ following treatment with auranofin in 
Jurkat cells.

Trx1 also regulates apoptosis via trans-nitrosylation and denitrosylation of 
GAPDH [27, 35, 37]. S-nitrosylation of GAPDH promotes interaction of GAPDH 
with Siah1, an E3 ubiquitin ligase. This binding induces translocation of the com-
plex to the nucleus, where GAPDH stabilizes Siah1 to promote degradation of 
nuclear proteins and, thus, trigger apoptotic cell death [40]. rTrx1 is responsible for 
the denitrosylation of GAPDH. Another important cellular function is that Trx1 
regulates via S-nitrosylation heme insertion and, thus, heme protein maturation 
[41]. At a physiological pH level, NO inhibits heme protein maturation in cells via 
S-nitrosylation of GAPDH at Cys152. Chakravarti et al. manipulated the level of 
Trx1 expression in cells in order to understand the role of Trx1 in nitrosylation of 
GAPDH and the sensitivity of heme insertion to NO [41]. They found that overex-
pression of Trx1 prevented SNO-GAPDH accumulation and, thus, promoted heme 
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maturation. However, knockdown of Trx1 protein in cells made heme insertion 
more sensitive to NO levels. Thus, Trx1-mediated regulation of protein 
S-nitrosylation is critical for regulating various cellular functions.

5  Therapeutic Implications and Functional Significance 
of Trx1-Mediated S-Nitrosylation

Trx1 acts as a central intermediary in the cellular system by mediating S-nitrosylation 
and denitrosylation, and thus regulating the redox balance in the cell. Several fac-
tors, including subcellular localization, the stability of SNO-Trx1, the redox status 
of Trx1, and the oxidative/nitrosative condition of the cellular environment, are all 
key to determining whether Trx1 functions as a trans-nitrosylase or denitrosylase 
and, thus, to determine its downstream targets. Trx1 has been shown to play a role 
in oxidative stress, cell death, gene transcription, and signal transduction [42]. The 
significance of S-nitrosylation by Trx1 has been extensively studied in apoptosis. 
Stimulation or prevention of apoptosis by Trx1-mediated S-nitrosylation occurs via 
regulation of the activities of key apoptotic proteins such as caspase-3, caspase-8, 
caspase-9, ASK, and GAPDH [29, 30, 33, 37, 38, 40, 43]. In addition, Trx1 regu-
lates SNO-GAPDH levels to control heme protein insertion and maturation [41]. 
Furthermore, Trx1 reverses NO-mediated S-nitrosylation of N-ethylmaleimide sen-
sitive factor (NSF) to denitrosylate and activate the enzyme and thus promote exo-
cytosis in several conditions, including vascular inflammation, thrombosis, and 
insulin release [44]. Targets of Trx1 determined by global profiling of Trx1-mediated 
S-nitrosylation include substrates that play key roles in cytoskeletal organization, 
cellular metabolism, signal transduction, and redox balance [35, 39] (Table 11.1).

Trx1 has been shown to be important in pathophysiological conditions as well. 
For example, there is evidence that Trx1-mediated nitrosylation is significant in 
cancer [13]. Denitrosylation and, thus, activation of NF-kB by Trx1 have been 
shown to reduce inflammation in lung cancer cells [45]. In addition, other studies 
have shown that knockdown of the TrxR system in tumor cells sensitizes these cells 
to the cytotoxic effects of NO and S-nitrosylation [46]. In the cardiac system, Trx1 
has been shown to be cardioprotective during ischemia-reperfusion [47]. Further, 
there is increased protein S-nitrosylation during ischemic preconditioning [48]. It is 
possible that Trx1 may S-nitrosylate proteins to protect them against irreversible 
oxidative damage. Though more studies are required to understand the precise role 
of Trx1-mediated S-nitrosylation, the studies conducted thus far, along with the 
global profiling data identified by several groups, point to the functional signifi-
cance of Trx1-mediated regulation of the nitroso-redox balance in the cell.
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6  Conclusions

In summary, Trx1 is S-nitrosylated and can trans-nitrosylate or denitrosylate its 
protein targets. Which among the five cysteine residues of Trx1 is S-nitrosylated 
depends on several conditions, including the cell type, redox status of the active site 
cysteines, and pH. Several reports have been published that suggest that Trx1 plays 
an important role in trans-nitrosylation and denitrosylation of proteins such as cas-
pase- 3, caspase-8, ASK1, GAPDH, NEF, etc. Whether Trx1-mediated trans- 
nitrosylation or denitrosylation predominates is governed by various factors, 
including the protein target, cell type, nitroso-redox milieu of the cell, and redox 
status of Trx1. This mechanism plays a key role in the regulation of many cellular 
functions and, thus, affects several types of cancer, cardiovascular diseases and neu-
ropathophysiological conditions.
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Chapter 12
Thioredoxin Attenuates Post-ischemic Damage 
in Ventricular and Mitochondrial Function

Veronica D’Annunzio, Virginia Perez, Tamara Mazo, and Ricardo Jorge Gelpi

Abstract Thioredoxin (Trx) is an important antioxidant cellular system that plays 
an important role in cardioprotection against ischemia/reperfusion injury. The car-
dioprotective effects include a reduction of infarct size and an amelioration of ven-
tricular and mitochondrial dysfunction that occurs in myocardial stunning. 
Particularly, Trx1 plays a protective role against the oxidative stress caused by an 
increase of reactive oxygen species concentration, as occurs during the reperfusion 
after an ischemic episode, and also could activate proteins related to pro-survival 
pathways such as MAP-kinases, Akt and GSK3-β. It has been also shown that, at 
least partially, Trx1 takes part of cardioprotective mechanisms such as ischemic 
preconditioning (PC) and postconditioning (PostC). However, comorbidities such 
as aging can modify this powerful cellular defense, leading to decrease cardiopro-
tection, and even ischemic PC and PostC induced in aged animal models failed to 
decrease infarct size. Therefore, the lack of success of antioxidants therapies to treat 
ischemic heart disease could be solved avoiding the damage of Trx system.

Keywords Thioredoxin • Ischemia/reperfusion • Myocardial stunning • Infarct size 
• Aging • Mitochondrial function • Ischemic preconditioning • Ischemic 
postconditioning

1  Introduction

Thioredoxin is one of the most important cellular antioxidant systems known to 
present. In particular, thioredoxin-1 (Trx1) (12 kDa) is an important component in 
cellular defense against myocardial damage exerting anti-apoptotic [1], anti- 
inflammatory [2] and cardioprotective effects reducing infarct size and apoptosis in 
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ischemia/reperfusion (I/R) processes [3]. Trx activity could be regulated by several 
mechanisms including expression levels, interaction with other molecules, and 
post-translational modifications. Regarding expression it has been shown that Trx 
transcript could be induced by several stimuli such as TNFα, Hydrogen peroxide, 
UV, thermal shock and also I/R [3]. Also, Trx1 can suffer post-translational modifi-
cations such as S-nitrosylation, oxidation and nitration, among others. S-nitrosylation 
has beneficial effects contributes to antiapoptotic effects through the inactivation of 
caspase-3 and BcL-2 [4]. Conversely, both oxidation and nitration reduced partial or 
total Trx1 activity, respectively [4]. In this sense, it has been shown that Trx inacti-
vation, that occurs in aged and/or diabetic animals, could abolish the cardioprotec-
tive effects of this potent antioxidant due to nitrated Trx1 [5, 6] (Fig. 12.1).

Since that Trx1 over-expression in mice prolonged lifespan by 35 % compared to 
wild type mice, the finding could be related with an increased resistance against 
oxidative stress mainly in heart [7], Trx1 appears as a key protein to regulate oxida-
tive stress involved in the majority of cardiovascular diseases. As we mentioned, 
Trx plays an important role in the cardioprotection against I/R injury, and several 
conditions could modify Trx expression and/or activity. It is important to gain 
knowledge concerning the intracellular mechanisms involved in the cardioprotec-
tive effects, the relationships among Trx1, myocardial stunning, aging and others 
physiological cardioprotective mechanisms such as ischemic preconditioning (PC) 
and postconditioning (PostC).

Fig. 12.1 Aging increases oxidative stress and decreases thioredoxin (Trx) activity
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2  Thioredoxin Effects on the Stunned Myocardium

Heyndrickx et al. described for the first time the post-ischemic ventricular dysfunc-
tion (myocardial stunning) in 1976 [8]. They observed, in chronically instrumented 
dogs, that 15 min of coronary occlusion followed by reperfusion impaired the 
recovery of contractile state, which only was complete 24 h later. This finding was 
termed “post-ischemic systolic dysfunction”, prioritizing the systolic impairment. A 
few years later, Przylenk et al. [9] observed an impaired diastolic function. The 
name “myocardial stunning” was termed in 1982 by Braunwald and Kloner [10] 
and was defined as a decrease in the contractile state accompanied by an alteration 
of the diastolic function with early relaxation impairment and later myocardial stiff-
ness [11]. It is known that stunned myocardium involves an impairment of the cal-
cium (Ca++) homeostasis, accompanied by an increase of oxidative stress and 
damage [12, 13]. Several authors showed that during reperfusion a burst of superox-
ide radical anion (O2

−) and H2O2 occurs, which leads to cell damage [13–16], and 
others noted that mitochondrial dysfunction is part of the post-ischemic deleterious 
mechanism [16, 17]. For these reasons, oxidative stress is a crucial factor in myo-
cardial stunning physiopathology and due the aforementioned it is important to 
know the role that an antioxidant system, such as Trx1, may play in this pathophysi-
ological entity.

Regarding Trx1 and myocardial stunning, Yoshioka et al. [18] reported that a 
deficiency in the thioredoxin interacting protein (TXNIP) improves the recovery of 
mitochondrial and ventricular function of the stunned myocardium, but they did not 
show a specific effect of Trx1 on ventricular function. Furthermore, they used a 
transgenic model, with TXNIP deficiency that has normal myocardial Trx1 activity 
and abnormal mitochondria morphology [19, 20]. Furthermore, Xiang et al. [21] 
also showed that targeted degradation of TXNIP mRNA by injection of a small 
nucleotide-based catalytic enzyme into ischemic myocardium leads to enhanced 
cardiomyocyte survival and reduced left ventricular remodeling. It is important to 
mention that adaptation to ischemia requires a reduction in cellular oxygen con-
sumption. We and others have described this mitochondrial dysfunction in rabbits 
and mice [2, 22, 23]. Regarding Trx1, we reported that after 15 min of ischemia, the 
overexpression of Trx1 in transgenic mice reduces systolic and diastolic post- 
ischemic ventricular dysfunction [23]. Consistent with these results, we also 
observed that the beneficial effect was abolished in DN-Trx1 transgenic mice, a 
redox-inactive mutant of Trx1 that is dominant negative for endogenous Trx1 and in 
which the activity of Trx1 is highly reduced [24]. Even more, these mice show an 
exacerbation in myocardial stiffness and impairment of isovolumic relaxation rate 
compared to wild type mice at the end of reperfusion. Moreover, after I/R mitochon-
drial function was altered in wild type mice during late reperfusion, as shown by 
decreased state 3 mitochondrial O2 consumption, accompanied by a lower complex 
I activity (Fig. 12.2). In DN-Trx1 mice, this alteration after I/R was exacerbated 
considering both O2 consumption and complex I activity, in accordance with the 
exacerbation of diastolic dysfunction at 30 min of reperfusion. Conversely, mice 
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hearts with Trx1 over-expression that were subjected to I/R showed a slighter 
decrease in O2 consumption and in complex I activity. In relation to phospholamban 
(PLB) expression, we showed that transgenic Trx1 mice show a higher p-PLBThr17 in 
comparison to wild type and DN-Trx1. Catalucci et al. [25] reported that at baseline 
conditions, a higher p-PLBThr17 is accompanied by a greater Ca++ reuptake by the 
sarcoplasmic reticulum. Therefore, it is possible that Trx1 mice, which at baseline 
conditions present a higher p-PLBThr17, avoid at least partially, Ca++ overload during 
reperfusion when subjected to a stunning protocol (Fig. 12.2). This may justify the 
lack of isovolumic relaxation impairment at the onset of reperfusion. Due to the 
aforementioned, in this paper we show that an increase of antioxidant defenses in 
baseline conditions, in Trx1 mice, would avoid the relaxation impairment after isch-
emia, in early reperfusion in hearts subjected to a protocol of myocardial stunning.

Taken together, it is clear enough that Trx1 modulates the behavior of the ven-
tricular dysfunction in the stunned myocardium, also Trx1 is able to modulate the 
activity of proteins related with intracellular calcium homeostasis. Finally, Trx1 
over-expression can protect the mitochondrial function. As a consequence, Trx1 
exerts beneficial effects in the stunned myocardium.

Fig. 12.2 Role of thioredoxin system in the physiopathology of myocardial stunning. Trx1 
Thioredoxin-1, TXNIP thioredoxin interacting protein, p-PLB (Thr17) phosphorylation of phos-
pholamban at threonine-17, ROS reactive oxygen species, H2O2 hydrogen peroxide, O2

− superox-
ide anion
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3  Myocardial Infarction

As we mentioned, Trx1 has cardioprotective effects against I/R injury in several 
animal models, both in vivo and in vitro [3, 26–33]. Turoczi et al. [26] revealed that 
Trx1 over-expression reduced infarct size and ameliorated the impairment in ven-
tricular function recovery. In a similar manner, Shioji et al. [3] studied the role of 
Trx1 in myocytes cardiotocixity induced by adriamycin (ADR) and showed that the 
formation of hydroxyl radicals in ADR-treated heart homogenates of Trx1-TG mice 
was decreased compared with normal mice. The finding indicate that Trx1 plays an 
important role in cardiomyocyte cellular defense against ROS damage. Furthermore, 
Kaga et al. [28] demonstrated that treatment with resveratrol induces Trx1, hemo- 
oxygenase and vascular endothelial growth factor, in infarcted hearts, resulting in 
infarct size reduction and in cardiac function improvement. All these data, suggest 
that Trx1 regulates gene transcription by interacting with several transcription fac-
tors, increasing antioxidant, anti-apoptotic and pro-angiogenic capacities, depend-
ing on cellular conditions. Similarly, Aota et al. [30] showed that the administration 
of recombinant human Trx reduced the incidence of reperfusion arrhythmias and 
Nakamura et al. [31] reported that Trx inactivation was a deleterious factor in the 
I/R injury in patients subjected to bypass surgery. Moreover, Tao et al. showed that 
administration of Trx1 in vivo exerts significant protective effects on myocardial 
apoptosis and decreases myocardial infarct size, likely by inhibiting p38-MAPK 
activation [32]. All these data indicates that Trx1 activity protects myocardial injury 
by I/R by regulation of gene transcription, by interacting with several transcription 
factors, and by increasing antioxidant, anti-apoptotic and pro-angiogenic capacities. 
We also demonstrated that cardiac Trx1 over-expression reduced infarct size in 
young mice, and for the first time we showed that Akt could be the probable target 
for Trx1 to provide protection against I/R injury [33]. Regarding interactions, it has 
been demonstrated that Trx1 is capable of indirectly phosphorylating Akt in other 
pathologies such as myocardial infarction and cancer [34–36]. This protein has been 
extensively studied and has a major role in physiological and pharmacological pro-
tective mechanisms; it is also part of the RISK-pathway that conferred cardioprotec-
tion [22, 35, 37]. Probably, the increased Akt phosphorylation in Trx1 transgenic 
mice involves the inactivation of PTEN, because it has been shown that Trx1 inhib-
its this molecule [22]. This mediator modulates activation of PI3K/Akt complex 
triggering intracellular events that confer protection against I/R injury [38]. A limi-
tation is that PTEN modifications in the presence of Trx1 have not been studied in 
intact heart but only in cells in culture [37]. Also, the lack of positive results of this 
interaction in myocardial tissue could be related with Verrastro et al. [38] findings. 
The interactions appear to be dependent on the PTEN redox status, specifically 
oxidized PTEN avoid interactions with several molecules, such as Trx1. Nevertheless, 
when using DN-Trx1 mice we could not detect cardioprotection against infarct size, 
and neither an activation of cell survival proteins. Therefore, our data suggest that 
overexpression of Trx1 protects the myocardium against I/R injury by activating 
Akt and GSK3-β [32] (Fig. 12.3).
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Due the aforementioned, is clear that Trx1 plays a key role in maintaining the 
redox balance in normal conditions. Also, in pathological conditions Trx1 is able to 
prevent the damage caused by oxidative stress when its intracellular concentration 
is increased, as in the case of over-expression models of Trx1 or in extracellular 
administration. Nevertheless, the inactivation that occurs in presence of comorbili-
ties, such as aging, could abolish the protective effects of Trx1.

4  Thioredoxin Effects on Ischemic Preconditioning

The underlying mechanisms of ischemic preconditioning (PC) and ischemic post-
conditioning (PostC) increase cardiomyocyte survival pathways, at least in part by 
decreasing the oxidative stress damage that occurs during I/R injury [39–42]. 
Therefore, it is interesting to review the role that the Trx system plays in these 
endogenous protection mechanisms. The PC is a powerful physiological cardiopro-
tective mechanism described for first time by Murry et al. in dogs [43], and later on 
in several species including humans [43–45]. Nowadays, it is known that during 
brief episodes of ischemia, many chemical mediators are released by the myocar-
dium, including: adenosine, noradrenaline, bradikinine, opioids and endothelin 
[46–49]. All these agents could bind to myocyte membrane receptors and contribute 

Fig. 12.3 Cardioprotective targets of thioredoxin system. Trx Thioredoxin, Trx-R Thioredoxin 
reductase, NADP+ nicotinamide adenine dinucleotide phosphate, NADPH nicotinamide adenine 
dinucleotide phosphate reduced, H2O2 hydrogen peroxide, PTEN phosphatase and tensin homolog, 
PI phosphoinositol, PI3P phosphatidylinositol 3-phosphate, IP3K phosphor inositide 3-kinases, 
Akt protein kinase B, GSK3-β glycogen synthase kinase 3 beta, TXNIP thioredoxin interacting 
protein, Ask1 apoptosis signal-regulating kinase 1, Trx-2 Thioredoxin 2, Nrf2 Nuclear factor 2 
(erythroid-derived)
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to the activation of downstream kinases named as reperfusion ischemic salvage 
kinases (RISK-pathway). Different studies suggest that ROS are not only deleteri-
ous, but are also essential for the biology and physiology of myocytes [50, 51]. 
Therefore, depending on the level of myocyte antioxidant reserve, ROS can either 
be destroyed or persist. If they persist could play as a second messenger or signaling 
molecule after an I/R episode [50–53]. Taken together, the cardioprotective abilities 
of PC appear to be linked to redox signaling [52, 53] and it is in this sense that the 
antioxidant systems, such as Trx1, have an important role in conferred 
cardioprotection.

It has been shown that Trx1 inhibition abolished the PC cardioprotective effect 
[25]. Similarly, Chiueh et al. [54] showed that PC increases human Trx mRNA and 
protein for cytoprotection. Furthermore, cytosolic Trx1 and mitochondrial Trx-2 
suppress free radical formation, lipid peroxidation, oxidative stress, and 
mitochondria- dependent apoptosis. Thus, to minimize or decrease the level and 
activity of either Trx1 or Trx-2 is detrimental to cell survival [54]. In conclusion, 
preconditioning adaptation and/or small and brief amounts of ROS induce a delayed 
nitric oxide-mediated compensatory mechanism for cell survival and vitality in the 
cardiovascular system.

The heart is effectively protected from reperfusion injury not only by precondi-
tioning, but also by brief episodes of I/R during the early reperfusion period, in a 
process termed PostC, that follows to a pronounced ischemic insult [55]. PostC 
limits infarct size, reduces tissue edema and polymorphonuclear neutrophil accu-
mulation and improves endothelial function in the myocardial risk area [55]. It has 
been suggested that PoctC is as powerful as PC in limiting infarct size and preserv-
ing post-ischemic endothelial function [55]. Given that PC has limited application 
in patients with acute myocardial infarction as a result of the clinical inability to 
predict the moment of coronary artery occlusion, the concept of ischemic PostC 
may be more useful than PC in the clinical setting. Besides endothelial preservation, 
inflammation and reduction of ROS, Yellon et al. [56] demonstrated that the inhibi-
tion of the phosphatidyl inositol 3 kinase (PI3K) and the MEK1/2, during the first 
15 min of reperfusion, abolishes the PostC protective effect [56]; it is well known 
that these proteins are involved in the cardioprotection conferred by PC. Later, 
Tsang et al. [56] and Yang et al. [57] demonstrated the important role of the PI3K- 
Akt and MEK1/2/Erk complexes in the PostC protection mechanisms. It has also 
been shown that PostC decreased ROS release, showing a lower O2

− and ONOO− 
productions and a lower heart injury [58, 59]. For several years our laboratory has 
been studying the cardioprotective mechanisms against I/R injury [58–63]. In previ-
ous studies we have demonstrated that PostC reduced infarct size though activation 
of A1 adenosine receptors and K+

ATP sensitive channels [62]. Also ischemic PostC 
attenuates the MMP-2 activation during the first minutes of reperfusion and the 
administration of doxycycline reproduces the PostC effect on the infarct size by 
inhibiting MMP-2 [63]. In this way, PC and PostC share the intracellular signaling 
mechanisms and exerts cardioprotection, mainly by decreasing the oxidative stress 
that occurs during reperfusion [64]. We were the first to relate Trx1 to the PostC 
cardioprotection mechanism [65], showing that PostC reduced the infarct size in 
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young mice and that this cardioprotection was abolished in middle-aged and old 
mice. The reduction of infarct size in PostC is related to the Trx1 levels and with an 
improvement in the GSH/GSSG ratio (oxidative stress) in comparison to a control 
group. The cardioprotection was accompanied by Akt activation and by the phos-
phorylation and inhibition of GSK3-β, both proteins related to the RISK-pathway 
[65]. Therefore, it is possible that the preservation of Trx1 levels in young mice with 
the PostC protocol would reduce oxidative stress and allow activation of the RISK 
signaling pathway (Akt/GSK3-β) to reduce I/R injury (Fig. 12.4).

We can conclude that Trx1 plays an essential role in the adaptation to the process 
of I/R, given that Trx1 regulates the transcription of many genes that are regulated 
in PC [66]. During PostC the levels of Trx1 were preserved (66). In this way, Trx 
regulates the “redox switch” changing the I/R death signal into a survival cell signal 
mediated by PC [67] and triggering an adaptive response for the myocytes own 
defense.

5  Thioredoxin in Aging Hearts

Most of the studies that showed cardioprotective effects of Trx1 have been per-
formed in young and healthy individuals. In aging, there is a progressive loss in 
adaptability although many biological functions remain normal on a basal level, but 
when they were subjected to stress (as I/R), the loss of functional reserve is revealed 
[68]. Oxidative stress is exacerbated during aging and it is also known that hearts of 

Fig. 12.4 Interactions between thioredoxin (Trx) and cardioprotective mechanisms such as isch-
emic preconditioning (PC) and ischemic postconditioning (PostC). TXNIP thioredoxin interacting 
protein, Akt protein kinase B, GSK3-β glycogen synthase kinase 3 beta, PKG protein kinase G, 
MAPK mitogen-activated protein kinases, ERK 1/2 extracellular-signal-regulated kinases 1 and 2
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older individuals are more susceptible to I/R injury compared to younger animals 
[66, 69] and patients [70]. This increased susceptibility seems to occur due to modi-
fications by protein oxidation [71], and Ca++ overload [72]. Moreover, increased 
levels of O2

− by directly react with NO to produce ONOO−. This seems evident in 
the increased formation of vascular ONOO− with age [73]. It is likely that the pro-
tein expression or activity of the antioxidant enzymes, such as is the case for Trx1, 
diminishes with aging. In the endothelial cells of elderly individual, an increase in 
the apoptosis induced by TNF release was observed. This deleterious effect was 
blocked in cells with Trx1 over-expression [74, 75]. The data suggest that Trx1 
improves endothelial function and rescue endothelial cells from aging disorders. 
Therefore, it would be expected that in the heart an increased Trx1 attenuates struc-
tural and functional changes produced by the deleterious effects of aging. Liu et al. 
[76] demonstrated an increase of apoptosis in aged rat myocytes subjected to I/R as 
compared with young ones. Consistent with this research, Liu et al. [77] hypothe-
sized that the increased vulnerability of aged myocardial tissue to I/R injury could 
be due to a decreased antioxidant capacity, rather than to increased oxidant produc-
tion after an episode of I/R.

Regarding cardioprotection, it is known that age interfere in the cardioprotection 
mechanisms commonly used to reduce the infarct size in hearts subjected to I/R 
injury [78–80]. The increased oxidative stress in aging could, at least in part, explain 
the high mortality rate after I/R protocols [81, 82]. It has been demonstrated that 
aging is not only associated to an increased susceptibility to ischemia, but also to a 
decreased recovery of myocardial function following ischemia [83]. It seems that 
aging decreases the intrinsic tolerance to ischemia. This loss of tolerance to myocar-
dial ischemia in the mouse starts during the middle-aged life (12 month old) and it 
becomes more evident during aging (18 month old and 24–28 month old) [84]. 
Zhang et al. [85] reported that the activity of Trx was significantly reduced in aging 
hearts, and indicated that for this reason, the infarct size was larger in aged C57/BL6 
mice (20 month old) compared with young ones. In a similar manner, Azhar et al. 
[86] demonstrated an increase in the infarct size in C57/BL6 mice at 22–24 month 
old, subjected to 45 min of ischemia and 4 h of reperfusion. However, this reduction 
of tolerance to ischemia was not evidenced in the infarct size of C57/BL6 mice at 
13 month old, subjected to 30 min of ischemia and 2 h of reperfusion in vitro [87]. 
We also evidenced an increase in the infarct size only in old mice (20 month old), 
but we did not observe changes in the infarct size in middle-aged mice (12 month 
old). We also demonstrated that PostC protocol do not confer protection in the 
middle- aged (12 month old) and in the old mice (>18 month old) [88]. The data 
agree with our finding that Trx1 levels are decreased in middle-aged and in old 
mice, as compared with young mice (Fig. 12.1). These results show that the protec-
tion conferred by PostC is abolished in middle-aged and old animal and suggests 
that the changes that occur with aging are able to modify the behavior of the endog-
enous antioxidant systems, modulating the results of the the physiological protec-
tion mechanisms, such as PostC, in an unfavorable manner.

Taken together, it is widely known that I/R injury is exacerbated in elderly popu-
lations and that many of the protective mechanisms lose their effectivity with 
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advanced age [89, 90]. However, it is not clear whether this also occurs in middle- 
aged individuals when the deleterious effects of aging are starting to take place [89, 
90]. It is known that although oxidation processes start when life begins, it is in 
middle-aged individuals that they reach sufficient levels to trigger deleterious mech-
anisms that affect different cell components [88], and that this ROS increase is able 
to modify expression and/or activity of several proteins [91–93]. We recently 
 published that the cardioprotective effect in young mice of Trx1 overexpression, 
was abolished in middle-aged mice. The infarct size reduction was not observed, 
neither in Trx1 middle-aged nor in young and middle-aged DN-Trx1 mice. Although 
we found a significant increase in Trx1 expression in young and middle-aged trans-
genic mice, Trx1 activity was lower in middle-aged mice accompanied by an 
increase in the nitration of this protein. Finally, we also demonstrated that phos-
phorylation of Akt and GSK3-β was increased only in young Trx1 mice without any 
change in middle-aged mice and in DN-Trx1 mice [33].

6  Conclusions

A better understanding of the Trx1 system effects against I/R injury in general, and 
against myocardial stunning and infarction in particular, could prevent and amelio-
rate complications of ischemic heart disease. In this chapter we summarize data 
showing that there is a cardioprotective effect of Trx1 on myocardial infarction. The 
effect is age-dependent. PC and PostC were abolished in middle-aged and in old 
animals, at least in part by inactivation of the Trx system. Also, Trx1 ameliorates the 
systolic and diastolic dysfunction of myocardial stunning, including isovolumic 
relaxation and myocardial stiffness, by improving the free-radical mediated damage 
in ventricular and mitochondrial function. The description of these new regulatory 
mechanisms in myocardial stunning opens the possibility to new therapeutic strate-
gies in I/R injury. Therefore, the lack of success of antioxidants therapies to treat 
ischemic heart disease could be solved avoiding the damage of the Trx system. This 
way the cardioprotective mechanisms can be useful and applied in the clinical set-
ting in aged patients.
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Chapter 13
Antioxidant Supplementation 
in Cardiovascular Disease and Hypertension

José Milei, Susana Vila, Francisco Azzato, Giuseppe Ambrosio, 
and Matilde Otero-Losada

Abstract This chapter is organized in three topics. First, relevant aspects of oxida-
tive stress and oxidative intermediaries that are essential for comprehension of the 
pathophysiological consequences of oxidative stress are briefly commented. Second, 
we share our experience concerning with antioxidant supplementation in elderly 
cardiovascular hypertensive patients. Supplementation with antioxidants and its 
benefit-risk relationship have been largely discussed in the elderly population. 
Numerous studies have focused on the utility of antioxidant supplementation in the 
treatment of cardiovascular diseases. Yet, whether antioxidant supplementation has 
any preventive and/or therapeutic value in cardiovascular pathology is still a matter 
of debate because the evidence is inconclusive. Our results on the benefits of anti-
oxidants supplementation in elderly cardiovascular hypertensive patients undertak-
ing periodical cardiovascular checking, are discussed focusing on potential 
improvement of the biochemical profile associated with oxidative metabolism. 
Third, our findings on biochemical indicators and histological analysis in the oxida-
tive stress and myocardial injury, following cardioplegic arrest/reperfusion in 
human cardiac surgery, along with the role of the antioxidant therapy in cardiac 
surgery, are discussed. Our above mentioned findings are discussed in the light of 
updated information.
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1  Introduction. Reactive Oxygen Species

Several studies have proposed the essential role of reactive oxygen species (ROS) in 
the pathogenesis of myocardial ischemia–reperfusion injury [1]. In this context, 
ROS includes hydrogen peroxide (H2O2), superoxide radical (O2

−), hydroxyl radical 
(HO) and peroxynitrite (ONOO−), that have been shown to increase upon reperfu-
sion of the heart following ischemia [2, 3]. ROS are also generated during mito-
chondrial oxidative metabolism as well as in cellular response to xenobiotics, 
cytokines, and bacterial invasion. Oxidative stress refers to an imbalance due to 
excess ROS or oxidants over the capability of the cell to have an effective antioxi-
dant response. Oxidative stress results in macromolecular damage and is implicated 
in various disease states such as atherosclerosis, diabetes, cancer, neurodegenera-
tion, and aging. Paradoxically, accumulating evidence indicates that ROS also serve 
as critical signaling molecules in cell proliferation and survival. Cellular ROS sens-
ing and metabolism are tightly regulated by a variety of proteins involved in redox 
mechanisms. ROS directly interact with critical signaling molecules to initiate sig-
naling in a broad variety of cellular processes, such as proliferation and survival 
(MAP kinases, PI3 kinase, PTEN, and protein tyrosine phosphatases), antioxidant 
gene regulation (thioredoxin, peroxiredoxin, Ref-1, and Nrf-2), mitochondrial oxi-
dative stress, apoptosis, and aging (p66Shc), iron homeostasis through iron–sulfur 
cluster proteins (IRE–IRP), and ATM-regulated DNA damage response [4].

Cell redox homeostasis results from the critical balance between mitochondrial 
production of ROS and antioxidant defense systems. When the cellular antioxidant 
defense mechanism fails, ROS accumulate in the cytoplasm. Different proteins, 
including receptors, ionic channels, transporters or components of transduction 
pathways are substrates for oxidation by ROS [5]. ROS are both detrimental and 
protective for cardiac myocyte functions, electrophysiology and pharmacology, via 
different cellular pathways, mostly depending on the type and amount of ROS syn-
thesized. While the literature clearly indicates ROS effects on cardiac contractility, 
their effects on cardiac excitability are relatively under appreciated. Cardiac excit-
ability depends on the functions of various cardiac sarcolemmal or mitochondrial 
ion channels carrying various depolarizing or repolarizing currents that maintain 
cellular ionic homeostasis. ROS alter the functions of these ion channels to various 
degrees to determine excitability by affecting the cellular resting potential and the 
morphology of the cardiac action potential. Thus, the redox balance regulates car-
diac excitability, and under pathological disregulation, may alter action potential 
propagation and cause arrhythmia. The understanding of how the redox state affects 
cellular excitability may lead to potential prophylaxis or treatment for various 
arrhythmias. A recent and interesting review focuses on the pathophysiological role 
of oxidative stress in cardiac excitation [6].
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2  Angiotensin and the Renin-Angiotensin System

The cardiovascular effects of angiotensin II involve oxidative stress [7]. Clinical and 
experimental studies have demonstrated that activation of systemic and local renin- 
angiotensin system (RAS) contributes to the pathogenesis of ischemia/reperfusion 
(I/R) injury [8, 9]. Angiotensin II induces oxidative stress via NADPH oxidase acti-
vation and production of proinflammatory cytokines and growth factors leading to 
cardiovascular-renal remodeling. Angiotensin II also stimulates the RhoA/Rho 
kinase (ROCK) pathway, which is deeply involved in the development of cardiovas-
cular and renal remodeling simultaneous with oxidative stress [10]. Actually, exper-
imental evidence has provided a mechanistic rationale for olmesartan's antioxidant/
anti-inflammatory properties and anti-atherosclerotic/anti-remodeling benefits 
reported by clinical trials [10]. Angiotensin II has been shown to activate multiple 
downstream pathways resulting in endothelial dysfunction and oxidative stress [11]. 
Angiotensin II is involved in ROS generation, in arrhythmias, cell death, heart fail-
ure, ischemia/reperfusion injury, cardiac hypertrophy and hypertension [11]. A 
growing body of evidence supports the crucial role of the renin-angiotensin aldoste-
rone system in the pathophysiology of myocardial I/R damage [12, 13]. Clinical and 
experimental studies have demonstrated that the activation of systemic or local 
renin-angiotensin system is implicated in ischemia-induced cardiac injury [8]. 
Sirtuin-3 (silent information regulator of transcription 3) deacetylase, the major 
mitochondrial NAD-dependent lysine deacetylase, protects the heart against oxida-
tive stress by survival factors upregulation. Interestingly the decrease in SIRT3 pro-
tein levels subsequent to I/R has been suggested as a novel signaling mechanism 
involved in I/R injury [8, 14]. SIRT3 regulates a variety of functions, and its inhibi-
tion may disrupt mitochondrial function to impact recovery from I/R injury [9]. 
Losartan, an angiotensin II type I receptor blocker, at non-hypotensive dose exerts 
anti-ischemic effects in part by normalizing the SIRT3 protein level and upregulat-
ing the survival factors encoding genes transcription in ischemic tissue of the heart 
[8, 9]. Losartan is an AT1 receptor blocker that was introduced as hypotensive medi-
cation, but studies showed that apart from hemodynamic effects, it might have car-
dioprotective influences by affecting cardiomyocytes directly. According to previous 
studies, even at non-hypotensive dose, losartan may increase the ventricular fibrila-
tion threshold and decrease infarct size [8], premature ventricular beats, ventricular 
tachycardia episodes, and mortality rate [15–17]. Losartan reduces the production 
of reactive oxygen species (ROS) by inhibiting NADPH oxidase [16, 18] and 
increases the production of NO in endothelial cells by activating nitric oxide syn-
thases [19].
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2.1  Angiotensin

Angiotensin (Ang)-(1–7) exhibits cardioprotective effects in myocardial I/R injury. 
Myocardial I/R induces significant cardiac dysfunction, including ventricular 
arrhythmia and a reduction of left ventricular systolic pressure (LVSP), cardiomyo-
cyte apoptosis and oxidative stress, which results in increased malondialdehyde 
(MDA) production and decreased superoxide dismutase (SOD) activity. Pretreatment 
of hearts with 1.0 nmol/L Ang-(1–7) for 30 min prior to ischemia considerably 
attenuated I/R induced ventricular arrhythmia, apoptosis and MDA production, and 
enhanced LVSP and SOD activity. These cardioprotective effects of Ang-(1–7) 
were antagonized by the COX inhibitor indomethacin, presented as an enhancement 
of VA, apoptosis and MDA production as well as a reduction of LVSP and SOD 
activity. In conclusion, Ang-(1–7) antioxidative cardioprotection involves COX 
activity [32].

2.2  Insulin

Insulin and the inhibition of the renin-angiotensin system have independent benefits 
for I/R injury [20]. During reperfusion of the ischemic heart, insulin activates the 
AKT and AMPK pathways and inhibits the deleterious effects of angiotensin II 
receptor type I on superoxide dismutase (SOD) expression and cardiac function 
[20]. Interest in the effects of insulin on the heart came with the recognition that 
hyperglycemia in the context of myocardial infarction is associated with increased 
risks of mortality, congestive heart failure, and cardiogenic shock [21–24]. More 
recently, instigated by research findings on stress hyperglycemia in critical illness, 
this interest has been extended to the influence of insulin on clinical outcome after 
cardiac surgery. Even in non-diabetic individuals, stress hyperglycemia commonly 
occurs as a metabolic response to critical illness, e.g., after surgical trauma. It is 
recognized as a major pathophysiological feature of organ dysfunction in the criti-
cally ill. The condition stems from the insulin resistance brought about by dysregu-
lation of homeostatic processes, which implicates immune/inflammatory, endocrine, 
and metabolic pathways [25]. It has been associated with adverse clinical outcomes, 
including increased mortality, increased duration of mechanical ventilation, 
increased intensive care unit (ICU) and hospital stay, and increased risk of infection 
[26–29]. Insulin is a pleiotropic hormone with various effects on glucose metabo-
lism, the central nervous system, immune system, and cardiovascular system. It 
signals via the phosphatidyl-inositol 3-kinase (PI3K) pathway, the E3 ubiquitin- 
protein ligase CBL (Cbl)/Cbl-associated protein (CAP) pathway, and the mitogen- 
activated protein kinase pathway. The primary cardioprotective action of insulin is 
thought to occur through upregulation of components of both the PI3K and mitogen- 
activated protein kinase pathways, which are sometimes collectively referred to as 
the reperfusion injury salvage kinase (RISK) [21, 30]. Studies on tight glycemic 
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control with intensive insulin therapy specific to the setting of cardiac surgery are 
limited in number and greatly varied in methodology. A fairly recent meta-analysis 
of 7 randomized controlled trials concluded that tight glycemic control during or 
after cardiac surgery reduced mortality in the ICU, postsurgical atrial fibrillation, 
the use of epicardial pacing, the duration of mechanical ventilation and the length of 
stay in the ICU [31]. Actually insulin appears to sensitize cardiac muscles to the 
effects of intracellular Ca2+ [32].

2.3  The Na+-K+ Pump

The Na+-K+ pump is an essential heterodimeric membrane protein, which maintains 
electrochemical gradients for Na+ and K+ across cell membranes in all tissues. 
Reversible glutathionylation (postranslational redox modification of the Na+-K+ 
pump β1 subunit has been identified as a regulatory mechanism of the pump activ-
ity. Oxidative inhibitions of the Na+-K+ pump by angiotensin II and by the 
β1-adrenergic receptor-coupled signaling via NADPH oxidase activation, points out 
to the relevance of this regulatory mechanism in cardiovascular physiology and 
pathophysiology. This has implications for dysregulation of intracellular Na+ and 
Ca2+ as well as for increased oxidative stress in heart failure, myocardial I/R, and 
regulation of vascular tone under conditions of elevated oxidative stress. Strategies 
that reverse oxidative inhibition of the Na+-K+ pump may likely provide cardiovas-
cular protection [33].

2.4  Ca2+ Transport

Ca2+/calmodulin-dependent protein kinase II (CaMKII) is an important molecule 
linking Ang II, ROS, inflammatory signals and cardiovascular pathological condi-
tions [7]. Ca2+/calmodulin-dependent protein kinase II δ mediates myocardial isch-
emia/reperfusion injury through NF-kB [33]. CaMKII inhibition protects against 
necrosis and apoptosis in irreversible ischemia-reperfusion injury [34]. Upregulation 
of CaMKIIδ during ischaemia-reperfusion involves sarcolemmal Ca2+ cycling pro-
teins and is associated with reperfusion-induced arrhythmias and mechanical dys-
function of the rat heart [35].

2.5  Immune Cells and Inflammation

It is considered that I/R injury includes an inflammatory condition characterized by 
innate immunity and by an adaptive immune response. Myocardial I/R experiments 
suggested that immune cells may mediate reperfusion injury. Specifically, 
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monocytes, macrophages, T-cells, mast cells, platelets and endothelial cells are 
involved in relation to the complement cascade, toll-like receptors, cytokines, oxi-
dative stress, renin-angiotensin system, and in to the microvascular system in the 
signaling mechanisms of ischemia/reperfusion [36]. Atrial fibrillation (AF) is the 
most common arrhythmia associated with coronary artery surgery and is an impor-
tant factor contributing to postoperative morbidity and mortality. There is growing 
evidence that dysregulation of the oxidant-antioxidant balance, inflammatory fac-
tors and discordant alteration of energy metabolites may play a significant role in its 
pathogenesis [37]. Both, oxidative stress and neutrophils have been suggested as the 
keystones in I/R injury [38]. Etanercept attenuated inflammation and oxidative 
stress in an I/R injured rat heart [39]. Etanercept treatment decreased neutrophil 
accumulation, oxidative stress, myocardial TNF-α induction, myocardial infarction 
area, myocardial myeloperoxidase (MPO) levels, malondialdehyde (MDA) levels, 
serum creatinine kinase (CK) and lactate dehydrogenase (LDH) levels, and myocar-
dial, and serum TNF-α production while increasing the activities of the antioxidant 
enzymes superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX) [39].

2.6  α-Tocopherol (Vitamin E)

Myocardial I/R constitutes a clinically relevant problem associated with thromboly-
sis, angioplasty and coronary bypass surgery. The myocardium injury to I/R includes 
cardiac contractile dysfunction, arrhythmias as well as irreversible myocyte dam-
age. These changes are considered to be the consequence of an imbalance between 
the increased formation of oxidants and a decreased availability of endogenous anti-
oxidants in the heart. Nearly 26 years ago, arterial and coronary sinus blood mea-
surements revealed a delayed recovery of myocardial O2 consumption and lactate 
utilization and the myocardial release of conjugated dienes (indicators of lipid per-
oxidation) at 3 and 60 min after reperfusion in 10 patients undergoing surgical 
revascularization. In addition, the myocardial concentrations of α-tocopherol 
decreased after reperfusion, indicating the consumption of this tissue antioxidant. 
These results supported the concept of a contribution of O2-derived free radicals and 
lipid peroxidation to the myocardial injury after cardioplegic arrest [40]. Later on, a 
clinical study evaluated whether orally administered α − tocopherol acetate was 
effective in increasing myocardial α-tocopherol levels and to exert a protective 
effect on the cardioplegic arrest followed by reperfusion. Twenty stable angina 
patients having aortocoronary bypass surgery were evaluated in the study. The 
patients received preoperatively the natural stereoisomer of α-tocopherol acetate 
labeled with deuterium (D) at 100 mg (n = 6), 300 mg (n = 8) or 900 mg (n = 6) of 
D-α − tocopherol acetate for 14 consecutive preoperative days (control group: 6 non 
supplemented patients). Left ventricular deuterated and non-deuterated α-tocopherol 
levels were measured by gas chromatography/mass spectrometry. Although there 
was a decrease (p < 0.05) in myocardial α-tocopherol levels at the onset of reperfu-
sion (cross-clamp removal), myocardial tocopherol levels were not statistically 
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different from preoperative levels by 20 min of reperfusion. The conclusion was that 
300 mg of α-tocopherol should be taken orally for 14 consecutive days to double 
myocardial alpha α-tocopherol heart content [41].

2.7  Melatonin

Melatonin has proved to exert protective effects against cardiac diseases induced by 
oxidative stress. The administration of melatonin, as a supposed result of its antioxi-
dant properties, has been reported to reduce hypertension and cardiotoxicity induced 
by clinically used drugs [42–44]. Melatonin attenuates the molecular and cellular 
damages resulting from cardiac I/R in which destructive O2 free radicals are 
involved. The anti-inflammatory and antioxidative properties of melatonin are con-
sidered being involved in the protection against chronic vascular disease and athero-
sclerosis [44].

3  Antioxidant Supplementation in Normotensive 
and Hypertensive Subjects

Atherosclerotic cardiovascular diseases are a major cause of mortality and morbid-
ity in the general population [45]. Numerous studies have focused on the utility of 
antioxidant supplementation in the treatment of cardiovascular diseases [46]. Yet, 
whether antioxidant supplementation has any preventive and/or therapeutic value in 
cardiovascular pathology is still a matter of debate because the evidence is inconclu-
sive [47–53]. Observational studies of vitamins C and E, the most prevalent natural 
antioxidant vitamins, suggest that supplemental use of these vitamins may lower the 
risk for coronary events [54]. High doses of antioxidants may pose a risk due to 
adverse effects [55]. Advertising and marketing encourage consumption of vitamins 
supplements regardless proper indication and supplements are ready available on- 
the- counter for self-medication. The estimated prevalence of dietary-supplement 
use among US adults was reported to be 73 % not long ago [53]. In some popula-
tions, supplements are consumed to enhance general wellbeing following the advice 
of friends and magazines [56]. Oxidative stress is considered involved in the patho-
genesis of atherosclerotic cardiovascular disease and ROS participation in cardio-
vascular pathology has been reviewed [57]. It is then natural to consider the eventual 
role of antioxidants in the improvement of atherosclerotic cardiovascular disease. 
Antioxidants administration has proved to exert protection against damage in ani-
mal studies [58–61] and an imbalance of the oxidant/antioxidant relationship has 
been reported in experimental models of disease [62–65]. The aim of the present 
study is to evaluate whether the supplementation with antioxidants effectively mod-
ifies the biochemical profile associated with oxidative metabolism in elderly patients 
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undertaking periodical cardiovascular check. Vitamin C, vitamin E, and 
β-carotene [66] are considered important antioxidants in humans and were tested in 
this study. The plasma ratio of oxidants to antioxidants is higher in conditions asso-
ciated with accelerated aging compared with expected physiological aging.

A few years ago, we reported a study on antioxidant supplementation in elderly 
cardiovascular patients [67]. We tested the hypothesis that antioxidants supplemen-
tation might improve the oxidative biochemical profile in elderly patients under 
periodical cardiovascular check. Patients received daily supplementation with 
α-tocopherol 400 mg, β-carotene 40 mg and ascorbic acid 1000 mg with dinner for 
2 months. Plasma concentrations of α-tocopherol, β-carotene, ascorbic acid, ubiqui-
nol, glutathione and TBARS (thiobarbituric acid reactive substances) were deter-
mined before and after antioxidant supplementation. A large number (n = 229) of 
patients participated in the study comprising 29 % smokers, 18 % hypertensives, 63 
% sedentary subjects and 23 % patients with atherosclerotic cardiovascular disease 
(ACVD) [66]. Plasma levels of TBARS were determined before and after antioxi-
dant supplementation. Antioxidant supplementation increased the plasma levels of 
α-tocopherol by an overall effect of about 35 % over pre-supplementation values 
from 21.0 μM (average of the groups in Table 13.1) to 25.8 μM and to 28.9 μM 
depending on the basal level (Tables 13.1 and 13.2). Similarly, supplementation 
increased the plasma levels of β-carotene by an overall effect of about 50 % over 
pre-supplementation values (Tables 13.1 and 13.2). Smoking status was strongly 
associated with ACVD and with high TBARS levels and TBARS/α-TP ratio (indi-
cation of lipid peroxidation). The pre-treatment levels of antioxidants or TBARS 
were not associated with age, diabetes condition or sedentarism. Smoking status 
was strongly associated with ACVD. Forty-two percent of smokers had ACVD 
compared with 16 % of ACVD cases in non-smokers [66]. Actually, ACDV were 
correlated with a correlation coefficient of 0.87; the 76 % of ACVD prevalence in 
the patients under study could be explained by smoking status [66]. Basal TBARS/
α-TP ratio (pro-oxidant/antioxidant imbalance) was higher in smokers compared to 
non-smokers: 0.11 vs. 0.06 respectively (Table 13.1).

Table 13.1 Plasma levels of antioxidants and oxidative stress parameters in the patients before the 
study. From Otero-Losada et al. [67]

Smoker  
(n = 32)

Non-smoker 
(n = 80)

Hypertensive 
(n = 20)

Sedentary  
(n = 71)

ACVD   
(n = 26)

α-Tocopherol 
(α-TP)

19.2 ± 2.7 22.2 ± 2.3 21.3 ± 3.2 22.0 ± 2.3 20.4 ± 2.4

β-carotene 0.30 ± 0.03 0.34 ± 0.02 0.32 ± 0.0 0.33 ± 0.04 0.32 ± 0.03
Ubiquinol-10 0.24 ± 0.02 0.35 ± 0.07 0.32 ± 0.05 0.31 ± 0.04 0.32 ± 0.05
Glutathione 0.62 ± 0.06 0.75 ± 0.05 0.72 ± 0.04 0.74 ± 0.06 0.73 ± 0.06
TBARS 2.45 ± 0.23 1.97 ± 0.04 2.08 ± 0.09 2.14 ± 0.08 2.20 ± 0.10
TBARS/α-TP 0.13 ± 0.04# 0.08 ± 0.02 0.10 ± 0.02 0.10 ± 0.02 0.10 ± 0.03
Lipid  
oxidation (%)

18.7 ± 2.5* 12.6 ± 2.2 16.6 ± 2.0 15.3 ± 2.3 16.2 ± 2.1
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α-Tocopherol, β-carotene, glutathione, and ubiquinol levels were dissociated 
from the smoking condition (yet an overall trend to lower antioxidant levels was 
observed in smokers) [67]. The plasma levels of both α-tocopherol and β-carotene 
were increased by antioxidant supplementation, as said before. Moreover, cluster 
analysis split the sample into two categories of patients based on pre-treatment 
α-tocopherol and β-carotene (Table 13.2).

The value of 18 μM α-tocopherol, taken as the cutting point between lower and 
normal α-tocopherol plasma concentrations, was reported as a critical level by other 
authors [68]. Ubiquinol, glutathione and TBARS did not show significant changes 
following supplementation and did not show relation to α-tocopherol or β-carotene 
concentrations (Table 13.2). Supplementation with antioxidants reduced the per-
centage of oxidation, an indirect estimation of the amount of antioxidants based on 
the increase in TBARS by plasma incubation, from 14.6 to 5.2 %. The overall 
decrease in percentage of lipid oxidation following antioxidant supplementation 
was accounted by plasma from patients with low, <18 μM, α-tocopherol levels [68].

Overall, no objective beneficial effects were observed after antioxidant supple-
mentation, except for subjective observations such as “feeling more vital” or “gen-
eral wellbeing”. A psychological, perceptual placebo effect was not ruled out at that 
time [67]. The strong association of smoking with a more pro-oxidative situation 
has been reported previously [69, 70]. It was concluded that antioxidant supplemen-
tation, at doses similar to those available in over the counter multivitamin supple-
ments, might have benefits for patient health [66, 67].

Table 13.2 Effect of antioxidant supplementation on the plasma levels of antioxidants in humans. 
Biochemical profile related to oxidative metabolism and oxidative stress. From Otero-Losada et al. 
[67]

Plasma levels (μM)

Ratio (post/
pre-treatments)

Statistical 
significance

Pre- 
treatment

Post- 
treatment

α-Tocopherol (α-TP) >18 28.9 ± 2.6 1.3 ± 0.1 NS
α-Tocopherol (α-TP) <18 25.8 ± 2.7 1.6 ± 0.1 p < 0.01
β-carotene >0.3 0.48 ± 0.05 1.6 ± 0.2 p < 0.02
β-carotene <0.3 0.40 ± 0.05 1.7 ± 0.1 p < 0.02
Ubiquinol 0.34 ± 0.06 0.46 ± 0.08 1.3 ± 0.1 NS
Glutathione 0.75 ± 0.09 0.96 ± 0.10 1.3 ± 0.1 NS
TBARS 1.5 ± 0.1 1.1 ± 0.1 0.7 ± 0.1 NS
Lipid oxidation(%) 14.6 ± 2.2 5.3 ± 0.4 0.4 ± 0.1 p < 0.0003
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4  Clinical Trials of Antioxidant Supplementation

Only a few of several meta-analyses of the clinical trials of antioxidant supplemen-
tation are mentioned below [71–75]. Several cohort studies suggested reduced car-
diovascular risk in persons taking vitamin E supplements. However, randomized 
clinical trials of vitamin E did not show any benefit of vitamin E supplementation in 
terms of prevention of coronary heart disease and death [71]. Identical rates of car-
diovascular death were found for the placebo and vitamin groups. Moreover, a small 
but significant increase in CVD was found associated with α-tocopherol and 
β-carotene supplementation in a meta-analysis of 7 trials using vitamin E in >81000 
patients and 8 β-carotene in >138000 patients [72]. A meta-analysis of 19 clinical 
trials comprising a total of 135967 participants revealed that supplementation with 
high doses (16.5–2000 IU/d) of vitamin E may cause a slight increase in mortality 
[74]. A further meta-analysis of the same 19 clinical trials with the inclusion of 10 
additional trials (2495 participants, vitamin E doses 136–5000 IU/d) was performed 
but yielded contradictory results. Results seem to indicate that the increased mortal-
ity ratio was not related to the supplementation with high doses of vitamin E [73]. 
As part of a European multicenter project, a study (400 healthy volunteers, 25–45 
years) observed that supplementation with α-tocopherol and/or carotenoids 
increased the respective serum levels, without significant side effects (except caro-
tenodermia) or changes in biochemical or hematological indices [74].

Oxidative stress has been implicated in aging, in the pathophysiology of aging 
and in age-associated diseases [75, 76]. Antioxidants supplementation has become 
a practice for delaying aging and for the prevention of atherosclerosis and cardio-
vascular disease. Clinical studies have not demonstrated a benefit of vitamin E in 
the primary and secondary prevention of cardiovascular disease and even vitamin E 
supplementation was associated with increased mortality, heart failure, and hemor-
rhagic stroke [45]. The American Heart Association does not support the use of 
vitamin E supplementation to prevent cardiovascular disease and recommends the 
consumption of foods rich in antioxidant vitamins and minerals [45]. Supplementation 
is usually recommended on the assumption that endogenous antioxidant levels are 
below the accepted normal values, underestimating the adverse effects that may 
appear. Supplementation adds an extra burden to the liver and kidneys particularly 
in elderly patients. A simple laboratory analysis provides information on antioxi-
dant levels and may additionally help to redirect towards a more accurate diagnosis 
by ruling out (or not) hypothetical nutritional deficits. In our 2013 report [67] an 
increased oxidative stress was observed in smokers in agreement with a previous 
report [77]. Smoking was associated with higher TBARS/α-TP ratios suggesting an 
increase in plasma lipid peroxidation. Cigarette smoking is widely accepted to be a 
major cardiovascular risk factor. Low plasma levels of antioxidants have been asso-
ciated with endothelial dysfunction, the first step towards atherosclerosis and 
increased cardiovascular risk [78, 79]. In this review we consider the relationship 
between ACVD and the plasma levels of antioxidants, and found no association 
between ACVD and low serum concentrations of any antioxidant. The small  number 
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of ACVD patients in the study (n = 26) may partly account for this discrepancy. It 
is possible that some of these patients had increased consumption of vegetables and 
other sources of antioxidants after they suffered a major event of coronary or periph-
eral vascular disease. Other authors did not find differences in plasma α-tocopherol 
but observed higher α/γ-tocopherol ratio in patients with coronary heart disease 
[80]. In our report we concluded that the effectiveness of antioxidant supplementa-
tion to modify plasma biochemistry mainly depended on basal antioxidants levels 
[67]. We also suggested that awareness of the plasma antioxidants levels might be 
advisable before starting supplementation with antioxidants in elderly cardiovascu-
lar patients, a population in which special precautions are recommended. Arguably, 
excess antioxidant levels in tissues may lead to deleterious consequences [81–84]
However, no adverse effects were reported during the course of our study [67].

5  Oxidative Stress and Lipid Peroxidation in Post-ischemic 
Reperfusion

5.1  Biochemical Findings in Human Cardiac Surgery

In animal models, formation of oxidants during post I/R exerts deleterious effects 
on heart function that is mediated by oxidative stress. Cardioplegic arrest/reperfu-
sion during cardiac surgery might similarly induce oxidative stress. However, the 
phenomenon had not been precisely characterized in patients until a few years ago. 
Then, we studied the role of antioxidant therapy in cardiac surgery which was a 
matter of debate in the cardiovascular surgery community and remains a challeng-
ing question for some surgeons even now. The purpose of our investigation was to 
ascertain whether the relationship between oxidant formation and development of 
myocardial injury also translate to patients subjected to cardioplegic arrest [85].
Twenty-four patients undergoing coronary artery bypass participated in our study, 
whose characteristics are shown in Table 13.3.

Trans-cardiac blood aliquots and myocardial biopsy samples were taken both 
before cardioplegic arrest and following reperfusion. The surgical procedure had 
only modest and transient effects on cardiac function. Hemodynamic parameters 
returned to normal levels within a few hours postoperatively. Ejection fraction and 
peak filling rate remained unchanged (Table 13.4), except for time-to-peak filling 
rate at discharge that was shorter than the baseline, but the difference was not 
significant.

Before ischemia, the concentrations of reduced glutathione (GSH) were similar 
in systemic arterial blood and in venous blood from the coronary sinus (0.7 and 0.8 
μM, respectively). During reperfusion after cardioplegic arrest, the GSH concentra-
tion in arterial blood entering the heart remained stable (0.8 μM) but, in contrast, 
GSH in blood drawn from the coronary sinus significantly increased (to 1.8 μM); 
thus, a net trans-cardiac release of GSH, i.e., a positive difference between venous 
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minus arterial concentrations, occurred at 5 min of reperfusion that persisted after 
20 min (Fig. 13.1).

Prior to cardiac arrest, TBARS in the systemic arterial blood was 3.7 μM and in 
the venous blood from the coronary sinus was slightly lower, 3.3 μM, likely indicat-
ing a cardiac extraction of lipid peroxides (Fig. 13.3) consistent with metabolism by 
mitochondria aldehyde-dehydrogenase and aldose-reductase [35, 36]. Five min 
after reperfusion, TBARS concentrations were similar in arterial blood entering the 
heart (3.1 μM) and in coronary sinus blood (3.1 μM), therefore, no net cardiac 
release was observed, a condition that persisted at 20 min of reperfusion (Fig. 13.2).

In the living heart, TBARS were 0.99 μmol/g heart in biopsies taken before car-
dioplegic arrest, and 0.92 μmol/g heart in biopsies taken 10 min after reperfusion. 
Thus, no increase in membrane lipid peroxidation was documented in whole cardiac 
tissue. Previous animal studies of O2 radical-mediated reperfusion injury had shown 
that peroxidation of membrane lipids is prominent in subcellular organelles [85–
87]. To investigate this specific point, we analyzed cardiac biopsies that were 

Table 13.3 Characteristics of the 24 patients under study

Gender (male/female) (n) 20/4
Age (y) 60.1 ± 9.4
Weight (kg) 80 ± 13
Smoking (%) 58
Drinking (%) 29
Angina episodes/week 4.7 ± 2.4
Previous myocardial infarction (%) 50
Hypertension (%) 67
Diabetes (%) 21
Hypercholesterolemia (%) 42
Drug therapy (% of treated patients)
  Atenolol 30 %
  Statin 18 %
  ACE inhibitors 9 %
Coronary lesions (occluded vessels with >70 % estenosis)
  Left anterior descending artery 3
  Circumflex coronary artery 4
  Right coronary artery 9
  Left main coronary artery 8

Table 13.4 Radionuclide angiography data

Enrollment Pre-operative Post-operative

LVEF (%) 53.1 ± 8.5 51.9 ± 9.0 52.5 ± 10.7
EDV/s 1.7 ± 0.7 1.7 ± 0.5 1.6 ± 0.7
Time-to-peak filling (ms) 195 ± 63 193 ± 56 166 ± 65

Data are mean ± SD. LVEF left ventricular ejection fraction, EDV end diastolic volume (From 
Milei et al. [84])
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 processed to isolate subcellular fractions. Also in this case, there was no increase in 
TBARS after post ischemic reperfusion, neither in the whole homogenate, nor in 
mitochondrial or cytosol fractions (Table 13.5). It is worth noting that, in our hands, 
neither coronary sinus blood nor cardiac biopsies showed increased lipid peroxide 
concentrations.

5.2  Histological Findings in Human Cardiac Surgery

Intracellular myocyte architecture was normal in preischemic biopsies (Fig. 13.3). 
Sarcomere alignment was normal with intact sarcolemmal membrane, swelling 
tubules, intercalated disks, and basement membranes, Nuclei and cytoplasmic gly-
cogen were well preserved (Fig. 13.3, left panel). Mild cytosolic and intermyofibril-
lar edema was occasionally seen and mitochondria showed tightly packed cristae, 
with no or minimal signs of edema (Fig. 13.3, right panel) (Fig. 13.4).

The overall injury score showed no differences between preischemic and reper-
fusion biopsies (1.7 vs 1.8). In addition, since mitochondria are a target of I/R injury, 
a systematic evaluation was performed scoring 150 mitochondria/section (i.e., 
>2000 mitochondria/biopsy). Before cardiac arrest, the great majority of mitochon-
dria showed minimal or no alterations (Fig. 13.5). After reperfusion, there was a 
decrease in the number of normal mitochondria with a concomitant increase in the 

Fig. 13.1 Transcardiac 
glutathione release before 
cardioplegic arrest, and at 
5 and 20 min reperfusion. 
Data are coronary sinus 
minus aorta concentrations. 
*p < 0.05 vs pre-ischemia 
(Taken from Milei et al. 
[85]

Fig. 13.2 Transcardiac 
release of lipid peroxides 
before cardioplegic arrest, 
and at 5 and 20 min 
reperfusion. Data are 
coronary sinus minus aorta 
concentrations. p = NS 
(Taken from Milei et al. 
[85]
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proportion of mitochondria showing ultrastructural alterations (Fig. 13.5); however, 
without statistical significance [84]. At the end, a full recovery of left ventricular 
systolic and diastolic functions was observed. In our study, the ultrastructural altera-
tions that characterize I/R injury (contraction-band necrosis, massive mitochondrial 
swelling, sarcolemmal disruption) were mostly absent. The finding that myocyte 
ultrastructure was largely preserved helped explaining why recovery of systolic and 
diastolic function was unimpeded, and this was internally consistent with absence 
of biochemical “signatures” of irreversible oxidative injury in the patients under 
study [84].

Endogenous antioxidants are another defense mechanism, besides antioxidant 
enzymes. In our patients, the cardiac concentrations of ubiquinol decreased upon 
reperfusion [66], consistent with the notion that endogenous antioxidants are “con-
sumed” in the process of oxidant detoxification [86, 87]. The finding supports the 
idea that hearts were exposed to ROS. However, since oxidation of glutathione and 
antioxidant vitamins occurs upstream in the chain of events following ROS forma-
tion, in order to establish whether oxidative injury has occurred, the measurements 
must be complemented by other indices of oxidant attack.

Table 13.5 Subcellular distribution of lipid peroxidation products

Whole homogenate Mitochondria Cytosol

Before arrest 0.99 ± 0.42 1.04 ± 0.16 1.27 ± 0.30
Reperfusion 0.92 ± 0.37 0.70 ± 0.19 1.04 ± 0.28

From Milei et al. [84]

Fig. 13.3 Typical electron microscopy appearance of myocardial biopsies before cardioplegic 
arrest. Left panel: normal mitochondria, mild cytosolic and mild intermyofibrillar edema, and 
modest T-tubules dilation is observed (×8000). Right panel: cross-section at higher magnification, 
showing mitochondria with intact membranes and tightly packed cristae. (×10000) (From Milei 
et al. [84])
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Fig. 13.4 Prototypical biopsies taken after 10 min reperfusion following cardioplegic arrest. 
Panel A. Large-field view by light microscopy of 1 μm-thick section. Myocardial architecture and 
vessel structure are well preserved. Mild intermyofibrillar edema is observed. 1 % Toluidine-borax 
staining; ×400. Panel B. Transmission electron micrograph of reperfusion biopsy. Intermyofibrillar 
edema with mild sarcomere hypercontraction, glycogen decrease, and mild cytosolic edema. Mild 
mitochondrial damage (degree 0–2); ×8000. Panel C. Sarcomere hypercontraction, mitochondrial 
swelling, damage degree 1–2, and intermyofibrillar edema; ×10,000. Panel D. Focal sarcomere 
fragmentation is shown. Mitochondrial damage degree 3, lipid vacuoles, T-tubules dilation and 
myofibrillar disorganization, with glycogen loss; ×8000 (Taken from Milei et al. [85])
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Fig. 13.5 Mitochondrial injury score in biopsies taken before arrest and 10 min after reperfusion. 
Data are the percentage of score distribution (From Milei et al. [85])
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6  Conclusions

Antioxidant supplementation at doses similar to those routinely available in over the 
counter multivitamin supplements, was found to have some benefits in aged patients 
with a cardiac condition. The patients made subjective manifestations of general 
wellbeing after antioxidant supplementation. Supplementation increased the plasma 
levels of α-tocopherol by about 35 % over pre-supplentation values. Similarly, sup-
plementation increased the plasma levels of β-carotene by about 50 % over pre- 
supplementation values. In both cases, the increased levels depended on the 
respective basal levels. Smoking status was strongly associated with atherosclerotic 
cardiovascular disease and with high TBARS levels and TBARS/α-TP ratio (indica-
tion of lipid peroxidation). The high prevalence of atherosclerotic cardiovascular 
disease in smokers agrees with the concept of an increased free-radical mediated 
oxidation in atherosclerotic pathology. Cardiac concentrations of ubiquinol 
decreased upon reperfusion in patients undergoing coronary artery bypass. This 
finding is consistent with the idea that endogenous antioxidants are “consumed” 
during oxidant detoxification and confirms heart exposition to ROS upon 
reperfusion.
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Chapter 14
Oxidative Stress Influence in the Development 
of Pulmonary Arterial Hypertension

Adriane Belló-Klein, Alex Sander Araujo, Paulo Cavalheiro Schenkel, 
and Bruna Gazzi de Lima Seolin

Abstract This review addresses pulmonary arterial hypertension (PAH), an incur-
able disease that determines high morbidity and mortality. Diagnosis is usually per-
formed at advanced stages of the disease, because symptoms are unspecific. 
Treatment is expensive and do not promote reversion of the disease, only demon-
strates some improvement in patients quality of life. Oxidative stress is one of the 
mechanisms involved in the pathogenesis of PAH, contributing to the development 
of pulmonary vascular remodeling and consequent increase of pulmonary pressure. 
This results in an enhanced right ventricle (RV) afterload, determining RV hypertro-
phy which progresses to RV failure. Literature has shown increased oxidative stress 
not only in pulmonary vessels, but also in lungs and RV of pulmonary hypertensive 
patients and experimental animals. The use of experimental models has contributed 
to the understanding of the pathophysiology of PAH, and to the development of new 
therapeutic strategies. Therapeutics focused on the modulation of oxidative stress 
has been considered very promising. Some of these therapeutic interventions con-
stitute of substances that modulate gene expression promoting antioxidant 
adaptations.

Keywords Monocrotaline • Oxidative stress • Pulmonary arterial hypertension

1  Introduction

Pulmonary hypertension (PH) is a chronic disease of a varied etiology, fast evolu-
tion and bad prognosis, being related to high morbidity and mortality [1, 2]. 
Clinically, PH is defined by the verification of a mean pulmonary arterial pressure 
(mPAP) equal or above 25 mmHg at rest, obtained through cardiac catheterism [3]. 
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The pulmonary endothelial dysfunction, characteristic of PAH, causes gradual 
reduction of lumen resulting in an increase in pulmonary vascular resistance (PVR). 
The consequence is an enhancement in right ventricle (RV) afterload, hypertrophy, 
and subsequently, dilation and failure [4, 5]. The indicative signs of PAH are gener-
ally attributed to impaired oxygen transport, abnormalities in gas exchange, and 
reduced cardiac output [6]. Besides being asymptomatic at the initial phase, the 
most common symptoms of PAH are dyspnea, fatigue, weakness, exercise intoler-
ance, syncope, angina, increased abdominal size, and peripheral edema [7, 8]. Since 
these symptoms are very unspecific, diagnosis is determined at more advanced 
stages of this disease, when RV dysfunction already exists [9]. It is known that the 
most common cause of death in these patients is RV failure, and that RV function is 
the main predictor of morbidity and mortality in this population [10].

During the last twenty years, many studies were performed with the aim to pro-
mote improvement in PAH patients health. Besides the advances in therapeutics, 
PAH is a highly disabling condition and still without cure. By this way, understand-
ing the adaptive changes produced by PH in pulmonary vasculature and its impact 
in different organs, especially RV, is of great importance to find more effective ther-
apies [11]. Since oxidative stress is involved in the development of this disease, 
participating in endothelial and ventricular dysfunction, it emerges as one relevant 
target to be explored in PAH therapeutics.

2  Pulmonary Arterial Hypertension

2.1  Classification

In the 5. World Symposium on Pulmonary Hypertension held in 2013 in Nice, 
France, this disease was classified in five groups: Group 1 (pulmonary arterial hyper-
tension), Group 2 (pulmonary hypertension caused by diseases of left heart), Group 
3 (pulmonary hypertension caused by pulmonary disease and/or hypoxia), Group 4 
(chronic thromboembolic pulmonary hypertension), and Group 5 (pulmonary hyper-
tension by multifactorial or unclear mechanisms) (Table 14.1) [12]. This classifica-
tion was constructed based on similarities in physiologic mechanisms, clinical 
conditions, hemodynamic characteristics and therapeutic approaches [13]. Group 1, 
pulmonary arterial hypertension (PAH), includes the most studied classification of 
this disease in terms of etiopathogenic and therapeutic aspects. Inside group 1, the 
most frequent disease associated to PAH, is schistosomiasis, which is prominent in 
certain world regions, such as Brazil and the Sub-Saharan Africa [2, 14]. 

2.2  Epidemiology

It is estimated that PAH occurs around 15–26 cases per million of people, with an 
incidence of 10.7 cases per million per year [1, 15], without any ethnic predomi-
nance [16]. In a recent review, Hoeper et al. [2] estimated that 50–70 million people 
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are affected by PAH worldwide and 100 thousand individuals are affected by PAH, 
not including the PAH associated to schistosomiasis and to HIV. These numbers are 
expected to rise continuously on the next decades, because of the increase in life 
expectancy.

Table 14.1 Classification of pulmonary hypertension according to the 5th World Symposium of 
Pulmonary Hypertension (Nice, France; 2013)

Classification of pulmonary hipertension

1. Pulmonary arterial hypertension (PAH)
1.1 Idiopathic
1.2 Heritable
  1.2.1 Bone morphogenic protein receptor type II (BMPR2)
  1.2.2 ALK-1, endoglin (ENG), SMAD9, caveolin-1 (CAV1), KCNK3
  1.2.3 Unknown
1.3 Drug and toxin induced
1.4 Associated with:
  1.4.1 Connective tissue disease
  1.4.2 Human immunodeficiency virus (HIV) infection
  1.4.3 Portal hypertension
  1.4.4 Congenital heart diseases
  1.4.5 Schistosomiasis
1a. Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis
1b. Persistent pulmonary hypertension of the newborn (PPHN)
2. Pulmonary hypertension due to left heart disease
2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital 
cardiomyopathies
3. Pulmonary hypertension due to lung diseases and/or hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental lung diseases
4. Chronic thromboembolic pulmonary hypertension
5. Pulmonary hypertension with unclear multifactorial mechanisms
5.1 Hematologic disorders: chronic hemolytic anemia, myeloproliferative disorders, 
splenectomy
5.2 Systemic disorders: lymphangioleiomyomatosis, pulmonary histiocytosis and sarcoidosis
5.3 Metabolic disorders: Gaucher disease, glycogen storage disease and thyroid disorders
5.4 Others: chronic renal failure, fibrosing mediastinitis, segmental pulmonary hypertension 
and tumoral obstruction

Adapted from Simonneau et al. [12]
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Recent data suggest that PAH is now frequently diagnosed in old patients, with 
approximately 65 years old [17, 18]. Prevalence is highly variable, although data 
indicate a higher incidence in women [19].

In general, survival is about 10 years in 78 % of cases [20]. The main factors 
closely related to enhanced mortality are: RV failure, male gender, limitation to 
physical exercise [21], and black ethnic group [22].

3  Pulmonary Hypertension Models

In order to better understand the pathophysiology of PAH many experimental mod-
els were developed. The use of these pre-clinical models to study PAH allowed the 
development of all therapeutic alternatives that currently exist [4, 23]. These models 
were also useful in determining efficacy and safety of novel therapeutic strategies. 
The established models to reproduce PAH are: induction by monocrotaline, hypoxia, 
transgenic, knockout and inflammatory or surgical models [24]. No single model 
can mimic all the features of human PAH, however there are many acceptable mod-
els. In the last twenty years, two models have been central in the PAH research: 
exposition to hypoxia and monocrotaline (MCT) [25, 26]. MCT is the most used 
model to mimic PAH since its application is simple, providing easiness, quickness, 
and low cost in reproducing the disease. Because of this, the MCT-induced PAH 
model is perhaps the model that most contributed to the understanding of the patho-
physiology of this disease and to the development of therapeutic treatments. 
Moreover, cardiovascular and pulmonary changes exhibited are very similar to 
those presented by PAH patients, as well as its functional and biochemical outcomes 
[24, 27].

3.1  The PAH Monocrotaline Model

This model was established in 1967, by feeding rats with seeds of Crotalaria spec-
tabilis [28]. Plants of Crotalaria gender belong to the Leguminosae family, with 
more than 600 species, abundant in tropical and subtropical zones, including Africa, 
India, Mexico and Brazil [29]. These plants received this name because their dried 
pods, when scratched resemble the sound of the rattlesnake tail, whose gender is 
Crotalus [30]. In Brazil, more than 40 species where cataloged, being opportunistic 
and crop invasive plants, capable to produce human and cattle intoxication [31, 32]. 
A single subcutaneous or intraperitoneal MCT injection (60–100 mg/kg) results in 
a reliable method to induce PAH [24, 33, 34]. Nevertheless, the level of toxicity 
varies with age, gender, species, and dose of MCT [35].
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3.2  Monocrotaline Action Mechanism

MCT action mechanism is not fully elucidated. However, it is known that MCT 
hepatic metabolism is responsible for its toxicity, being the dehydroxylation per-
formed by the P450 enzymatic complex (subtype CYP3A4). After dehydroxylation, 
the active and highly reactive metabolite, dehydromonocrotaline, promotes struc-
tural and functional changes in lungs and pulmonary vasculature [36, 37]. It is 
known that dehydromonocrotaline accumulates in erythrocytes, enhancing by this 
way, the transport of liver metabolites to the lungs, where they are released in the 
pulmonary endothelium (Fig. 14.1) [38]. Contraction of the vascular smooth muscle 
of pulmonary arteries is observed after 4 h of MCT administration. Between 8 and 
16 h after MCT administration an increase in arterial wall thickening is observed 
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Fig. 14.1 Action mechanism of monocrotaline-induced pulmonary arterial hypertension, with the 
main functional and biochemical changes that occur in right ventricle (RV) remodeling subsequent 
to the increase in RV afterload promoted by elevated pulmonary pressure. RVSP right ventricle 
systolic pressure, RVDP right ventricle diastolic pressure
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associated to the presence of an inflammatory infiltrate [39]. The inflammatory 
response triggers a diminished nitric oxide (NO) production [40] and increased 
endothelin-1 levels [41].

NO is a potent vasodilator released in the vascular lumen whose synthesis is 
catalized by nitric oxide synthases (NOS) enzymes [42]. Among NOS isoforms, 
there are the endothelial NOS (eNOS), present in endothelial cells in basal condi-
tions, and the inducible NOS (iNOS), produced by macrophages in response to 
inflammatory cytokynes [43, 44]. Besides its vasodilating action, NO is an impor-
tant inhibitor of platelet adhesion and aggregation in the vascular wall, inhibitor of 
smooth muscle cells proliferation and inflammatory response. By binding to the 
vascular smooth muscle receptors, NO causes vascular relaxation and an opposite 
action of endothelin [45, 46].

Endothelin-1 (ET-1) is a potent endogen vasoconstrictor, secreted mostly by 
endothelial cells as a biologically inactive peptide, that through the endothelin con-
verting enzyme (ECE) is converted to active endothelin. Many factors stimulate 
ET-1 secretion, such as catecholamines [47], low shear stress [48], free radicals 
[49], TNF-α [50], and interleukins 1 and 6 (IL-1 e IL-6) [51, 52]. It is also known 
that ET-1 stimulates growth factors production [53] and presents mitogenic activity 
in smooth muscle cells [54]. ET-1 effects are exerted by stimulation of two G 
protein- coupled receptors: ET-A and ET-B [50]. ET-1, via ET-A binding, stimulates 
ROS production, especially superoxide anion, through its pro-inflammatory action 
[55]. When ET-1 acts via ET-B receptors in endothelial cells, it inhibits ECE and 
NO-mediated vasodilation [50, 56]. NO inhibits ET-1 effects and when NO bio-
availability is decreased, ET-1 deleterious effects of vasoconstriction and vascular 
remodeling occur [57]. Moreover, in the situation of oxidative stress NO reacts with 
superoxide anion, in a diffusion limited reaction, without need of enzymatic cataly-
sis. The product of this reaction is peroxynitrite, a powerful and highly unstable 
oxidant. Besides the deleterious effects caused to proteins and lipids through nitro-
sylation and peroxidation, peroxynitrite is capable of activating growth factors and 
cytokynes [43, 59]. The unbalance between NO and ET-1 promotes smooth muscle 
layer hypertrophy (tunica media), remodeling of basal membrane (tunica adventi-
cia) and neointima formation, changes that culminate in an enhancement of pulmo-
nary vascular resistance (PVR) [60, 61]. By this way, MCT leads to progressive 
appearance of severe and irreversible PAH [24]. Thus, the primary changes induced 
by MCT in pulmonary vascular bed result in an augmented PVR and, consequently, 
enhanced mean pulmonary arterial pressure (mPAP) [39]. With this significant 
increase in afterload, RV adapts in order to sustain cardiac output. It has been 
reported an acute activation of the sympathetic nervous system to restore or to pre-
serve cardiac output, pressure levels, and to maintain cardiovascular homeostasis 
[62]. Consequently, an early increase in contractility index (dP/dt max) and in RV 
systolic pressure have been observed in MCT-induced PAH [63]. Simultaneously, 
there is a strong stimulus to a compensatory hypertrophy, aiming to reduce the wall 
stress imposed by enhanced PVR. This hypertrophy is characterized by an increased 
wall thickness, achieved by an enhanced protein synthesis and in parallel sarco-
meres deposition [64]. Although beneficial in a short period, RV adaptations become 
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ineffective over time and RV begins to present signs of failure. These signs include 
impairment in systolic function parameters, such as cardiac output decrease and 
elevated RV end-diastolic pressure [65]. Our group has observed similar oscillation 
in these parameters that evidence RV dysfunction in MCT-treated rats (Fig. 14.1) 
[66, 67]. Furthermore, we also observed that MCT-RV dysfunction is influenced by 
estrogen levels in rats. The RVEDP elevation was observed only in ovariectomized 
rats and it was attenuated after estrogen therapy [68]. This observation on gender 
differences contributes to explain the major susceptibility observed in women.

When exploring cardiac changes promoted by MCT at a longer term, our group 
found not only RV dysfunction but also a subsequent dysfunction in left ventricle 
(LV) [69]. One factor that could accelerate PAH progression, leading to a maladap-
tive cardiac remodeling, is the long term sympathetic hyperactivity [62]. In fact, 
norepinephrine action over cardiac cells may lead to increased reactive oxygen spe-
cies (ROS) production [70], causing direct effects to myocardium, such as necrosis 
and inflammation [71]. By this way, exploring the role of ROS in the pathogenesis 
and physiopathology of PAH became a very relevant issue.

4  Oxidative Stress in PAH

Many reported studies support the involvement of oxidative stress in the pathogen-
esis of PAH [61]. The most relevant ROS involved in PAH seems to be superoxide 
radical. Superoxide is a charged molecule, resultant from the one-electron reduction 
of molecular oxygen. There are different sources of superoxide anion in PAH, such 
as NADPH oxidase activation, which may occur as a result of inflammatory pro-
cess. Redout et al. [72] have demonstrated that the catalytic subunit gp91 phox of 
NADPH oxidase is increased in failing RV of rats with PAH induced by MCT. Same 
authors also identified an increase in the expression of complex II subunit B of 
mitochondrial respiratory chain, which seems to be important for ROS production 
in RV failure. Other sources of superoxide anion in PAH include uncoupled NOS, 
and xanthine oxidase [61]. Data from our group demonstrated that hydrogen perox-
ide levels, another ROS, increased in the RV of MCT-treated rats [66, 73].

The elevation of ROS levels leads to an enhanced oxidative damage to lipids, 
proteins and DNA. In fact, it was found increased levels of urinary isoprostanes, a 
robust marker of lipid peroxidation, in patients with pulmonary hypertension [74]. 
Our group detected increased systemic lipid peroxidation in rats with PAH induced 
by MCT [75]. As aforementioned, PAH affects pulmonary vasculature and this 
impacts RV function. Thus, it is relevant to explore oxidative stress markers not 
only in lungs, but also in RV. The lungs of patients with severe pulmonary hyperten-
sion show enhanced 8-hydroxyguanosine staining, a marker of oxidative damage to 
DNA [76]. In the rat model of PAH induced by MCT, it was also visualized an 
increased oxidative damage to lipids in lung homogenates [67]. It has been reported 
increased lipid peroxidation in RV of MCT-treated rats [73, 77].
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As the first line of defense against ROS, it can be highlighted the action of super-
oxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), antioxi-
dant enzymes. The SOD activity diminished in the lungs of PAH patients indicates 
an impaired capacity to detoxify superoxide radical [76]. In fact, SOD enzyme 
activity may control superoxide anion levels, reducing its reactivity and capacity of 
causing oxidative damage. Confirming this idea, Kamezaki et al. [78] observed that 
extracellular SOD overexpression in lungs was able to ameliorate PAH induced by 
MCT. CAT activity was found to be increased in lung tissue of MCT-treated rats 
[67, 79]. However, CAT activity is variable in PH from different etiologies, being 
suggested that the decrease in its activity occurs at early stages of the disease [61]. 
Data regarding GPx activity in PAH are also inconsistent. Depending upon the dura-
tion and severity of oxidative stress, it shows a different response, varying from a 
compensatory augment until a decrease. Three weeks after MCT administration to 
rats, it was found a compensatory and adaptive elevation of lung GPx activity [79] .

In terms of RV antioxidant enzyme changes in MCT-treated rats, it was found 
that MCT (50 mg/kg i.p.) did not change antioxidant enzyme activities [77]. 
However, the dose of 60 mg/kg of MCT, observed at three different RV functional 
stages, promoted biphasic changes in antioxidant enzyme activities: increase during 
hypertrophic stage and decrease in RV failure stage [35]. Our group demonstrated 
that, three weeks after PAH induction by MCT (60 mg/kg i.p.), SOD activity was 
decreased in RV homogenates, while CAT was increased and GPx was unchanged 
[75]. In terms of non-enzymatic defenses, it was evidenced that MCT promoted a 
decrease in sulfhydryl groups in lungs of rats with PAH [80]. Vitamin E levels were 
shown to be decreased in RV of MCT-treated rats [77]. Data from our group showed 
decreased ascorbic acid concentration in the LV of MCT-treated rats, in the stage 
where functional impairment reached this ventricular chamber [69]. In female rats, 
reduced glutathione (GSH) content, which is the most abundant cellular non- 
enzymatic antioxidant, was negatively correlated with RVEDP [68]. This suggests 
that redox imbalance may have a role in RV dysfunction induced by MCT.

5  Therapeutic Interventions for PAH

There are clinical approaches to improve the health condition of patients that have 
developed PAH. Some drugs are available to treat this vascular injury. The first class 
is given by endothelin receptor antagonists that inhibit the signaling to endothelin- 
induced vasoconstriction, for example bosentan. The second class is the phosphodi-
esterase- 5 inhibitors that reduce the degradation of cyclic guanosine monophosphate 
(cGMP) and increase vasodilating effects, such as sildenafil. The third group is 
provided by prostacyclin analogues which provoke a rapid relaxation process of 
pulmonary vessels (such as epoprostenol) [81]. Actually, the combined therapy 
seems to be the best choice in order to treat PH, especially in cases in which exists 
a relevant hemodynamic dysfunction [82].
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Even though many pharmacologic options can be utilized to improve the clinical 
state of patients with PH, this disease does not have cure. Therefore, researching 
new therapeutic alternatives seems to be imperative. Our group demonstrated ben-
efits with flavonoids treatment on MCT-induced PAH. One flavonoid, with antioxi-
dant action, used by us was pterostilbene. This molecule is derived from blueberry 
(Vaccinium spp) and its protective effect is due to its ability in reducing ROS pro-
duction. In our studies, it has been observed that pterostilbene administration atten-
uated experimental PAH. Likewise, it has been detected an amelioration in 
antioxidant status and a decreased oxidative stress in pterostilbene-treated animals 
(data not published). Other treatment rich in flavonoids used in our experiments was 
grape juice. Grape juice was administrated in a dose of 10 mL/kg/day, during 6 
weeks, being 3 weeks prior and 3 weeks after MCT injection. MCT promoted an 
increase in lipid peroxidation, and a decreased protein expression of eNOS in lung 
homogenates [67]. These alterations were prevented by grape juice consumption, 
reducing lipid peroxidation and increasing eNOS expression. These biochemical 
changes were accompanied by an improved pulmonary arterioles remodeling, with 
less tunica media thickening. This could explain the reduction in lung congestion, 
and in RV end-diastolic pressure (suggesting decreased RV afterload) by grape juice 
treatment. Using the same protocol, the study of Mosele et al. [73] showed that 
grape juice administration decreased hydrogen peroxide concentrations and lipid 
peroxidation in RV of MCT-treated rats. Grape juice treatment also attenuated the 
elevation in PVR promoted by MCT. Although grape juice was not able to reduce 
RV hypertrophy induced by MCT, it modulated the expression of proteins involved 
in RV remodeling. In this sense, there was a decrease in the activation of cleaved 
caspase-3, suggesting a more favorable remodeling.

In this context, current studies have suggested that some exogenous molecules 
exert their antioxidant effects, acting as mild prooxidants that stimulate hormetic 
responses. Hormesis is defined as a phenomenon characterized by an adaptation to 
a low dose of the stressor agent, involving gene expression control of other antioxi-
dant elements [83]. Phytochemicals, such as sulforaphane, brazilin, chalcone, 
zerumbone, resveratrol, and curcumin utilize this action mechanism. Sulforaphane 
is a phytochemical, extracted from broccoli, whose main feature is the induction of 
antioxidant enzymes, especially hemoxygenase 1, through NrF2 activation [84]. In 
a not published study from our group, sulforaphane attenuated hemodynamic 
changes induced by MCT in rats. This functional improvement was associated with 
a better oxidative status promoted by sulforaphane.

Other non-pharmacological strategies have been suggested in order to aid PAH 
treatment, such as exercise training. Our group verified that MCT-exercised rats 
decreased lipid peroxidation and augmented SOD activity in erytrhocytes, in the 
fourth week of disease. It was also verified that moderate exercise training improved 
survival in the group of animals that received MCT [75]. Using the same  experimental 
protocol, Colombo et al. showed that exercise training produced an improvement in 
RV function, especially in terms of reducing the elevation of RV end-diastolic pres-
sure (RVEDP) induced by MCT. Exercise training improved the structural 
 remodeling of pulmonary artery, especially by reducing pulmonary artery  thickness, 
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without reducing lung congestion promoted by MCT administration. RV hypertro-
phy was also not reduced by aerobic exercise training, but an enhanced intramyo-
cardial capillary volume and reduced interstitial fibrosis in RV was observed. Data 
from this study suggest that improvement of RV remodeling may be accomplished 
by signaling proteins influenced by exercise, such as GSK3-β [66]. Another study 
from our group corroborated these data, since it was found that exercise training 
was able to increase Akt phosphorylation and to decrease Bax/Bcl2 ratio and cas-
pase-3 activation [85]. The cardioprotection offered by exercise training may be a 
consequence of a more favorable signaling to cardiac remodeling, accomplished by 
decreased ROS concentrations. This adaptive response could also constitute a hor-
metic effect.

6  Conclusion

In this review, the involvement of oxidative stress in the pathogenesis of PAH 
became clear. It was reported, through different markers, not only in experimental 
studies but also in patients, that oxidative stress is one of the mechanisms respon-
sible for pulmonary endothelial dysfunction and consequent RV function impair-
ment. However, many other mechanisms are involved in the PAH pathogenesis and 
were not the focus of this review. The successful utilization of some antioxidant 
strategies to mitigate this disease, such us the use of grape juice, reinforce the idea 
that oxidative stress participates in the mechanisms of this pathogenic process. New 
therapeutic approaches focusing oxidative stress modulation represent promising 
alternatives to be used as an adjuvant treatment for PAH patients.
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Chapter 15
Redox Regulation of Vascular Remodeling

Leonardo Y. Tanaka, Denise de Castro Fernandes, 
and Francisco R.M. Laurindo

Abstract Vascular remodeling, the structural reorganization of whole-vessel cir-
cumference, is the main determinant of lumen caliber due to sustained blood flow 
changes and in vasculoproliferative diseases. Here we discuss the importance of 
redox processes as central determinants of vascular remodeling. The strong depen-
dence of shear stress-associated remodeling on endothelial redox signaling indi-
cates primary roles of NO biovailability as remodeling determinant. In addition, 
superoxide can limit NO bioavailability and counteract expansive remodeling, 
while hydrogen peroxide favors it. Nox NADPH oxidases appear essential oxidant 
sources in this context and reportedly mediate flow-induced remodeling. Also, vas-
cular injury and repair is strongly modulated by redox processes, with oxidant gen-
eration as a major early response to injury. The neointima, in addition, is under 
sustained oxidative stress promoted at least partially by Noxes. Also, we provide 
evidence that superoxide dismutase under-activity supports constrictive remodeling 
in the injury/repair model. Furthermore, we showed that the peri/epicellular pool of 
protein disulfide isomerase (PDI) importantly orchestrates cytoskeletal/extracellu-
lar matrix organization to support an anti-constrictive remodeling effect during ves-
sel repair. Overall, such redox modulation extrapolates known roles of redox 
signaling in individual cellular events towards a predictable synchronized respon-
siveness of whole vessel remodeling to redox-based interventions, with potentially 
significant therapeutic implications.
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1  Introduction

Vasculoproliferative processes underlie the vast majority of cardiovascular diseases, 
including atherosclerosis, hypertensive and diabetic vasculopathies and restenosis 
following interventional therapeutic procedures. Overall, such processes share com-
mon mechanisms with wound healing, a fundamental homeostatic response that 
recapitulates ontogenetic pathways [1]. In this context, the obstruction of vascular 
lumen and consequent blood flow limitation is a consequence of the combination of 
two mechanisms: neointima formation and vessel remodeling (Fig. 15.1). The neo-
intima is the cell layer forming at the lumenal side of the internal elastic lamina, 
resulting from migration and proliferation of de-differentiated smooth muscle cells, 
neoendothelium, fibroblasts and possibly circulating or local stem cells, in addition 
to a substantial amount of collagen or non-collagen matrix [2]. The mechanisms for 
neointima formation and maturation have been extensively studied [3]. Vascular 
remodeling, however, remains a less understood process. In addition, the term “vas-
cular remodeling” has been often used throughout the literature in a broader sense, 
comprising processes involving proliferation, migration and death of all distinct cell 
types, as well as extracellular matrix deposition and destruction [4]. In this chapter, 
we will focus on a strictu sensu definition of vascular remodeling [5], which con-
sists of changes in whole vessel circumference, defined through the outward or 
inward displacement of all vessel layers, with the external elastic lamina circumfer-
ence being the usual reference landmark (Fig. 15.1).

Remodeling can be expansive (also referred to as outward or positive) or con-
strictive (inward or negative). While the pathophysiology of remodeling involves an 

Normal  vessel

Neointimal 
growth

Constrictive 
remodeling

Fig. 15.1 Normal vessel (top) with lumen preservation might be affected in disease processes 
through two main structural alterations resulting in lumen narrowing (yellow dotted line at bottom 
arteries). (1) At left, by vascular wall thickening resulted from neointimal growth or plaque devel-
opment (red layer). (2) At right, red dotted line depicts decreasing on total vessel area occurring in 
constrictive remodeling
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initial transient phase of vasomotricity changes, remodeling implies in the fixed 
resetting of a novel steady-state whole-vessel caliber involving matrix and cytoskel-
etal reorganization [6, 7]. Restenosis after balloon angioplasty has been a paradigm 
for constrictive vascular remodeling. This process is quite difficult to single out in 
small rodent models and thus most studies of vascular injury performed in mice and 
rats, can only address neointimal changes and are inappropriate for addressing 
strictu sensu remodeling. Since the development and routine use of intravascular 
stents, which counteract remodeling and successfully prevent restenosis despite 
enhancing neointima, there has been less interest in investigating the mechanisms 
underlying remodeling. However, such remodeling remains a significant disease 
process in several prevalent hard-to-treat conditions, including native atherosclero-
sis, diabetic or transplant vasculopathy. In initial atherosclerosis the extent of 
remodeling often correlates better than plaque mass with lumen caliber [8]. Vessel 
remodeling is often expansive in the early phases of plaque development (the so- 
called Glagov phenomenon) and this process is able to buffer lumen encroachment 
of plaques occupying up to about 40 % of whole lumen area [9]. However, in 
advanced fibrotic plaques, remodeling is usually constrictive, while plaques compli-
cated by inflammation, which are prone to rupture and thrombosis, correlate with 
the emergence of expansive remodeling, which can even be a diagnostic sign [1]. In 
addition to large-vessel remodeling, cellular and mechano-biological mechanisms 
governing conductance vessel remodeling may be shared by those of small-vessel 
remodeling in hypertension [10]. Such importance in disease reflects the seminal 
roles of vascular remodeling in the physiological adaptations to shear stress, another 
paradigmatic example of vascular remodeling, and exercise [11]. Despite such rel-
evance, there are substantial gaps in the understanding of vascular remodeling 
mechanisms. In this chapter, we discuss mechanisms of vascular remodeling, with 
strong emphasis on the role of redox processes.

2  Pathophysiology of strictu sensu Vascular Remodeling: 
Role of Redox Processes

A detailed discussion of the mechanisms underlying strictu sensu vascular remodel-
ing is beyond the scope of this chapter and has been addressed in a previous review 
[5]. Here, we will focus on the role of redox processes. It is important to note, how-
ever, that strictu sensu remodeling often occurs on a background of other processes 
associated to latu sensu remodeling, as discussed above, which are related, for 
example, to atherosclerosis or vascular repair following angioplasty-induced injury. 
Such latu sensu remodeling processes include: a) endothelial cell proliferation, 
migration, senescence and cell death; b) vascular smooth muscle phenotypic 
changes, proliferation, migration, matrix secretion, senescence, apoptosis; c) adven-
titial fibroblast differentiation and activation, as well as inflammatory cell infiltra-
tion; and d) stem cell (circulating and/or local)/pericyte differentiation. The main 
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structural readout of these processes is the buildup of a neointimal layer and new 
layers of elastic laminae, medial thickening and strong accumulation of extracellu-
lar matrix. The early immature neointima is composed of smooth muscle cells bear-
ing a synthetic migratory and secretory phenotype, which, over time, differentiate 
towards a more contractile phenotype [12]. As a result, the mature neointima, as 
recapitulated in the model of vascular injury/repair [12], is composed of variably 
differentiated smooth muscle cells and stem cells, together with a large proportion 
of collagen extracellular matrix [2]. A substantial number of studies addressed indi-
vidual redox-associated mechanisms underlying latu sensu remodeling processes 
[12]. As a general outcome, however, one might conclude that although redox pro-
cesses individually modulate each of these mechanisms over a time course scale, it 
has been difficult, with some exceptions, to single out defined redox processes that 
orchestrate the complex collective latu sensu vascular response in a predictable 
way. This may be due to the complexity of the vascular response, concerning 
temporo- spatial discrimination of multiple localized events, as well as their distinct 
redox sensitivities.

The identification of endothelium [13] and nitric oxide [14] dependency of shear- 
induced remodeling raised the possible role of redox processes as strictu sensu 
remodeling mediators, as further suggested in many subsequent studies [11]. An 
important outcome of such studies has been the notion that such remodeling is 
directly linked to endothelial function so that preserved endothelium-associated 
relaxation (particularly via NO bioavailability) associates with expansive remodel-
ing or antagonism of constrictive remodeling [6]. Redox processes related to shear 
stress will be discussed in the next section. In native atherosclerosis, as well as in 
vascular repair post-balloon injury, it is well known that constrictive remodeling is 
a more important determinant of restenosis and final lumen caliber than neointimal 
size [9, 15]. As discussed previously, such remodeling involves structural reorgani-
zation of the vessel and is not only a vasomotor-like process. Such structural corre-
lates of strictu sensu remodeling share some common features with those of latu 
sensu remodeling. In particular, collagen content of the media is a clear structural 
correlate of constrictive remodeling [6, 16], as well as cytoskeletal reorganization 
[16]. Similarly, enhanced vascular wall apoptosis rates also seem to correlate with 
constrictive remodeling [17]. Conversely, expansive remodeling is often associated 
with inflammatory mediators and matrix degradation [1]. Studies from our and other 
laboratories suggest that redox processes play a role in the signaling program of 
vascular repair reaction. In particular, superoxide and other reactive oxygen species 
(ROS) production is prominent immediately after injury and underlies nuclear fac-
tor-kappaB (NFkB) activation, as well as several other signaling targets [18, 19]. 
Such early oxidant generation is attributed at least in part to nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidases [18]. At later stages of vascular repair, 
oxidant production has also been documented to a lower degree in neointima and 
adventitia. Nox NADPH-oxidases are overexpressed during vascular repair, with 
Nox1 peaking earlier, during the proliferative phase, Nox4 increasing later during 
the late repair and Nox2 increasing throughout the whole response [20]. While anti-
oxidant compounds have exhibited variable, but generally inconsistent effect on 
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neointima formation [19], genetic deletion of specific Noxes [21] has been able to 
yield a more clear effect, with mice knockout for Nox1 exhibiting reduced neo-
intima formation after arterial injury in association with reduced cofilin activation 
[22]. Analogous effects were observed in arterial injury models with Nox2 peptide 
inhibitors [23] or the knockout of Noxa-1, a regulatory subunit supportive of Nox1 
activation [24]. The role of Nox4 appears to be related to support of cell migration 
through an yet unclear mechanism, probably related to cell adhesion [21]. While 
global Nox4 knockout, as well as Nox2 knockout mice, have not been tested with 
regard to neointimal formation, the VSMC-specific Nox4 knockout shows reduced 
neointimal size after injury [25]. In contrast with injury-induced vascular response, 
in native atherosclerosis the Noxes appear to play inconsistent or negative roles [26].

Close to nothing is known about the redox pathophysiology of stent-associated 
restenosis, which is attributable mainly to neointimal proliferation rather than 
strictu sensu remodeling [27]. Recently, a systems approach, associated with 
genome-wide screening, identified glutathione peroxidase (Gpx1) as major hub 
gene associated with in-stent stenosis. Loss of Gpx1 activity led to reductive stress 
associated with increased glutathione levels and phosphorylation of the tyrosine 
kinase ROS1, in close association with enhanced stenosis [28]. Overall, strictu 
sensu remodeling has been shown to exhibit a more consistent response to redox- 
related interventions, suggesting that redox processes more predictably orchestrate 
vascular remodeling than neointimal buildup. In analogy with shear stress- associated 
remodeling, strictu sensu remodeling and associated collagen deposition after bal-
loon injury in atherosclerotic rabbits were also found to correlate with endothelial 
function [6], a highly redox-modulated variable. Accordingly, protective effects, 
particularly in the antagonism of constrictive remodeling, have been demonstrated 
with the antioxidant probucol in experimental models [29]. In particular, the ran-
domized clinical trial Multivitamins and Probucol Study [30] showed that the anti-
oxidant probucol, although not multivitamins, significantly prevented restenosis 
post-balloon angioplasty, essentially by preventing constrictive remodeling rather 
than neointimal proliferation [31]. Such redox-responsiveness is in line with the 
importance of redox signaling in cytoskeletal dynamics [32] and extracellular 
matrix organization [33], both being key processes in vessel remodeling. That is not 
to say that the chemical biology of vessel remodeling is simple: for example, the 
type of ROS may likely influence the outcome of remodeling. While superoxide 
production promotes decreased NO bioavailability and tends to promote constric-
tive remodeling [15], enhanced production of hydrogen peroxide associates with 
overall vascular expansion [16, 34].

3  Redox Modulation of Shear Stress-Induced Remodeling

In few other physiological systems the collective organ function is so closely dic-
tated by subcellular functions as in the vascular system, and in few other systems, 
as well, redox signaling processes are so prominent cellular regulators. The 
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paradigmatic example of this redox dependence is the biomechanical response of 
vascular cells and, more specifically, the endothelial response to shear stress, which 
is highly modulated by redox processes. These responses strongly affect cellular/
tissue responses to physiological stimuli, as well as disease processes. In particular, 
arterial levels of laminar shear stress are widely regarded to be atheroprotective, 
while disturbed patterns of shear such as low levels of laminar shear or turbulence- 
associated oscillatory shear are proatherogenic [35]. These patterns are likely to 
explain the focal distribution of atherosclerotic plaques along the arterial tree [36].

There is an extensive literature about shear-related responses in endothelial cells 
[37]. Redox-related responses are involved at essentially every level of mechano-
biological responses, acting as integrative elements of mechanosensing and mecha-
noeffector signaling. Shear stress is one of most potent and relevant physiological 
inducers of endothelial nitric oxide synthase (eNOS) expression and activation and 
eNOS-derived NO production dominates the redox landscape of shear responses. 
Laminar shear-associated eNOS activation is induced via serine 1179 phosphoryla-
tion promoted by Akt [38], which is able to yield NO flux even in the absence of 
high calcium levels, by increasing electron transfer from NADPH to L-arginine and 
by decreasing calmodulin sensitivity to calcium [38, 39]. In addition, shear stress 
promotes enhanced physical interaction between eNOS and the Hsp90 chaperone, 
which further supports NO production through conformational changes as well as 
serine 116 phosphorylation, which relieves eNOS from its inhibitory interaction 
with caveolin [39]. Enhanced stability of eNOS mRNA is also important [39], com-
posing an overall picture of increased eNOS expression and NO availability.

In parallel with the strong NO response, one of the earliest responses to shear 
stress is superoxide production, as described originally by our group through in vitro 
and in vivo assays [40]. In these studies, enhanced formation of spin radical adducts 
with the spin trap DMPO (in vitro) or increased formation of ascorbyl radical in 
plasma were detected via EPR spectroscopy after sudden increases in shear stress 
induced by perfusion changes (in vitro) or vasodilator boluses (in vivo). Importantly, 
integrity of the endothelium was essential for the formation of these adducts [40]. 
The functional role of such early superoxide peak is unknown, but the intriguing 
possibility that it may help activate eNOS [41] deserves additional testing. Further 
studies by other groups largely confirmed these findings in distinct models, indicat-
ing that laminar shear promotes an early superoxide peak that later decreases as NO 
production rises in a sustained pattern. Conversely, oscillatory shear associates with 
sustained superoxide production and lower levels of bioavailable NO [42]. Nox 
NADPH oxidases appear to be important sources of shear-derived superoxide in 
these studies, as assessed through the requirement of the subunit p47phox for oxi-
dant generation [43], thus pointing to roles of either Nox1 or Nox2 complexes, 
which rely on such cytosolic subunit. In fact, superoxide production during oscilla-
tory shear in cultured cells associates with enhanced sustained expression of the 
subunits p22phox, p47phox and Nox2, but also of Nox4 [44], which has been sug-
gested to have some atheroprotective roles [45]. Also, in carotid arteries subjected 
to abnormal high flow in vivo, increased Nox-derived superoxide is detectable [46]. 
In addition to Nox regulation, there is usually enhanced expression of antioxidant 

L.Y. Tanaka et al.



233

enzymes after a few hours of mechanical stimulation, including superoxide dis-
mutases (Cu,Zn-SOD and Mn-SOD), glutathione peroxidase (GPx), peroxiredoxin 
1 (Prx1) and thioredoxin 1. In addition, sustained laminar shear enhances the activ-
ity of glucose-6-phosphate dehydrogenase (G6PD), which promotes enhanced for-
mation of NADPH, contributing to sustain glutathione levels. All these changes 
associate and/or result from activation of the transcription factor Nrf2, also induced 
by laminar shear, and overall there is a shift towards a more reduced cellular envi-
ronment, which further contributes to sustain NO bioavailability [44].

In close parallel with redox responses mediating flow adaptation, arterial remod-
eling is also closely sensitive to redox processes. The essential requirement for the 
endothelium regarding flow-dependent remodeling was described in the model of 
partial carotid ligation, in which reduced flow through the left carotid promotes 
constrictive remodeling and a slightly compensatory enhancement in flow through 
the contralateral carotid promotes expansive remodeling, although the latter process 
is model-dependent [5]. In addition, such responses are significantly affected by 
knockout of each NOS isoform in mice: while both eNOS [46] and nNOS [47] dele-
tions essentially abrogate vascular remodeling, deletion of each of the 3 isoforms 
exacerbate vessel wall thickness [48]. Importantly, shear-induced remodeling is 
also attenuated in mice knockout for the NADPH oxidase subunit p47phox, indicat-
ing that oxidative processes, even though associated with decreased NO bioavail-
ability, are also required for remodeling [46, 49], possibly through effects in matrix 
remodeling. An improved model was described by Nam et al [49], in which residual 
flow decreases through the left carotid were adjusted to induce a pattern of oscilla-
tory shear stress in such artery, leading to enhanced vessel wall thickness and con-
strictive remodeling. If these experiments are performed on a background of 
apolipoprotein E deficiency, there is development of a significant atheroma plaque 
with features of instability [49]. This model has also allowed to establish genomic 
studies of shear-responsive genes, as well as epigenetic modulation such as microR-
NAs and DNA-methylation. From these omics approaches, some specific mecha-
nisms have been addressed in in vitro models of disturbed flow and novel therapeutic 
targets could be developed [50]. Importantly, redox-dependent signaling during 
in vivo remodeling closely follows patterns of in vitro laminar vs. disturbed blood 
flow. There is a loss of outward remodeling at the non-ligated contralateral carotid 
caused by deletion of NOS isoforms [46–48]. Intriguingly, there is enhanced posi-
tive remodeling, as well as wall thickness, associated with genetic overexpression of 
p22phox [51], maybe due to enhanced activation of multiple Nox isoforms (e.g., 
Nox1, Nox2 and Nox4). In addition, the inflammatory phenotype in the ligated left 
carotid artery is recapitulated through in vitro model of low and oscillatory shear, 
both showing important modulation by redox mechanisms, such as thioredoxin 1- 
dependent activation of NFkB and upregulation of the adhesion mediators ICAM-1 
and VCAM-1 [52]. Moreover, the induction of endothelial dysfunction and athero-
sclerosis in such low blood flow model is inhibited by genetic deletion of p47phox, 
indicating Nox-dependent pathways [49].

As the model of flow-dependent remodeling constitutes a suitable one to under-
stand mechanisms of strictu sensu remodeling, due to absence of superimposed 
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atheromas or injuries, they offer a perspective to interrogate effectors of vessel 
remodeling. Some relevant redox-associated effectors of vascular remodeling are 
shown in Table 15.1. Overall, these considerations suggest that vascular remodeling 
may be dominated by dependence on endothelial function and associated redox 
events even for other more complex models involving disease processes.

4  Superoxide Dismutase and Vascular Remodeling

The above considerations suggest that redox processes may mediate vascular 
remodeling. While such studies concentrated mainly in sources of reactive interme-
diates, much less information is available with respect to the possible effect of anti-
oxidant enzyme dysregulation. Our group provided evidence that superoxide 
dismutase under-activity contributes to constrictive remodeling in the model of 
balloon-induced injury and vascular repair-associated remodeling [15]. In this 
study, normolipidemic rabbits were submitted to iliac artery balloon overdistension 
with a coronary angioplasty-type balloon and were followed for 14 days after injury. 
At this stage, there is a residual proliferation in an already substantial neointima, the 
size of which is known to be about 55 % of the mature neointima at day 28 after 
injury. In addition, the period between day 7 and 14 after injury marks the most 
accelerated loss of lumen caliber, with about 50 % total caliber loss occurring within 
this time interval. Significant decreases in vascular SOD activity were observed at 7 
and 14 days after injury (by 45 % and 34 %, respectively, versus control). Both 
extracellular SOD (ec-SOD) and Cu,Zn-SOD activities were reduced, as assessed 
with concanavalin-A column separation. However, the protein expressions were 
either unchanged (Cu,Zn-SOD) or increased (ec-SOD). The expression of inducible 
NOS (iNOS) is known to be increased during vascular repair [59], but it is unclear 
whether its activity leads to protective or deleterious signaling. We assessed the 

Table 15.1 Some redox-associated effects of shear-mediated vascular remodeling

Effector Redox-associated mechanism References

eNOS Nitric oxide production [46]
nNOS Nitric oxide production [47]
iNOS Nitric oxide production [48]
p22phox ROS production [51]
p47phox Superoxide production [46]
P2X4 Calcium-dependent activation of NO production [53]
PECAM-1 Upstream signaling for nitric oxide production [54]
MMP-9 Collagen-ECM organization and VSMC migration [55]
NfkB MMPs induction [56]
VEGFR3 Activation of NfkB and MMP-9 induction [57]
tTG Inward remodeling effect inhibitable by NO [58]
GPX1 Balanced redox homeostasis preventing ROS1 activation [28]
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interplay between nitrogen species and oxidative stress. Immunoreactivity to nitro-
tyrosine was significantly increased in medial and neointimal layers at day 14 after 
injury, accompanied by evidence of enhanced protein expression of iNOS and neu-
ronal NOS (nNOS), as well as iNOS mRNA. Importantly, intravenous administra-
tion of ec-SOD from days 7 to 14 after injury, in amounts adjusted to be sufficient 
to normalize SOD activity, minimized caliber loss by 59 % and reduced collagen 
accumulation in medial layer, while the neointima was unaltered. This picture is 
consistent with the proposal that sustained low vascular SOD activity has a key role 
in constrictive remodeling after injury. The mechanisms underlying this effect are 
not known in detail. However, our data suggest that ec-SOD replenishment rescued 
iNOS-derived NO bioactivity. This was suggested by ec-SOD induced large increase 
in nitrate (NO3

−) levels in injured artery homogenates, accompanied by significant 
reduction in nitrotyrosine immunoreactivity. Such increase in NO3

− levels was 
about 70 % inhibited by the specific iNOS antagonist 1400w, while the expression 
of nNOS expression was almost abolished, indicating that the later was unlikely to 
have contributed to NO3

− production. This indicates that SOD function may criti-
cally determine whether iNOS induction is beneficial or deleterious in vivo. Another 
study reported that transfection of adenovirus carrying ec-SOD after balloon injury 
in hypercholesterolemic rabbits induced decrease in neointimal formation [60]. A 
remarkable feature of our study was that the effects of SOD replenishment were 
evident at a relatively late time frame (from 7 to 14 days post-injury), indicating that 
redox imbalances are not directly related to the injury process per se, but rather 
constitute an ongoing feature of the vascular repair as a determinant of constrictive 
remodeling [15].

5  Novel Roles of Protein Disulfide Isomerase 
in the Regulation of Vascular Remodeling

While the above results are consistent with a general role of oxidant generators and 
antioxidants in vascular remodeling, the mechanisms that organize and orchestrate 
redox-dependent pathways are unclear. Recently, work from our group provided 
evidence that the endoplasmic reticulum (ER) chaperone protein disulfide isomer-
ase (PDIA1 or PDI), known to play important roles in redox homeostasis and sig-
naling [61], may exert such an effect [16]. PDI, a thioredoxin superfamily protein, 
is the prototype of a >20-member family of multifunctional redox chaperones hav-
ing, among many functions [62, 63],the main role of disulfide bond formation/isom-
erization in nascent ER proteins. Previous work from our group showed, through 
loss- and gain-of-function experiments, that PDI associates with and functionally 
regulates Nox NADPH oxidases. PDI is essentially required in vascular smooth 
muscle cells (VSMC) for Nox1 activation and expression in response to incubation 
with angiotensin II [64] or platelet-derived growth factor [32]. Analogous require-
ments for PDI were observed for macrophage and neutrophil Nox2 complexes [65, 
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66]. Moreover, PDI is necessary for platelet-derived growth factor- stimulated, 
Nox1-dependent,VSMC migration, while PDI silencing with siRNA associates 
with marked actin cytoskeleton disorganization and impaired activation of Rho-
GTPases Rac1 and RhoA [32]. VSCM migration supports neointimal thickening 
[22] and atheroma development [67]. In this context, PDI might exert a proathero-
genic role via Nox1. In contrast, however, PDI physically associates to other Noxes, 
in particular Nox4, which has been implicated in anti-atherogenic responses, medi-
ating maintenance of the endothelial function [68] and differentiation of vascular 
smooth muscle cells [69].

PDI family proteins closely interplay with endoplasmic reticulum (ER) stress, a 
condition of impaired ER-dependent proteostasis which triggers a signaling net-
work known as the “unfolded protein response” (UPR). The adaptive arm of the 
UPR relates to upregulation of ER chaperones and antioxidant defenses, while if ER 
stress is sustained or severe, proapoptotic signaling is triggered through the tran-
scription factor CHOP, as well as JNK [70]. ER stress plays signaling roles during 
different stages of atherosclerosis development. Increased expression of ER chaper-
ones and CHOP was demonstrated in atherosclerotic plaques [71]. Meanwhile, dif-
ferential upregulation of the apoptotic arm or the incapacity to counteract the UPR 
was associated with accentuated markers of plaque vulnerability [71], the scenario 
of disease complications and progression to acute coronary events. Importantly, 
advanced human atheromas were associated with redox-mediated inactivation of 
PDI, most likely driven by low-density lipoprotein oxidation [72]. In our model of 
vascular repair after injury, inactivation of PDI (with siRNA in organ culture) was 
demonstrated to upregulate ER stress and apoptosis rates, and associated with lower 
expression of differentiation markers, indicating that PDI protects against stress and 
may support VSMC differentiation during vascular repair [16]. Overall, although 
PDI expression is usually considered not highly responsive to UPR induction, these 
evidences point out towards an adaptive role of PDI during disease conditions reca-
pitulated by the vascular injury/repair model.

Bearing in mind that the canonical location of PDI is at the ER lumen, it is still 
unclear whether another intracellular PDI pool outside the ER participates in Nox 
regulation. In parallel, there is substantial evidence for an extracellular PDI pool, 
which comprises a pool of PDI attached to the cell surface through yet unclear 
mechanisms (epicellular), and another often indistinguishable pool of secreted PDI 
(pericellular). We coined the term “peri/epicellular” (pec) PDI to designate such 
extracellular PDI pools. PecPDI mediates many cell-surface and extracellular thiol 
redox-dependent processes [73]. The most important of such processes, as related 
to the vascular system, is intravascular thrombosis and platelet activation. PDI is a 
key mediator of injury-related thrombosis and both platelet and endothelial PDI are 
involved in these processes through mechanisms associated with signaling by dis-
tinct integrins [74]. Platelet/megakariocyte-specific PDI knockouts exhibit reduced 
thrombosis with negligible impairment of normal platelet adhesion and bleeding 
time [75]. Accordingly, inhibitors of PDI or other enzymes from the PDI family 
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constitute innovative antithrombotic strategies that are undergoing extensive 
prospection and even clinical testing [73]. In addition to thrombosis, pecPDI has 
other functions including virus internalization, galectin binding [76],and metallo-
proteinase regulation [77]. Contrary to the ER pool, in which PDI exerts a typical 
thiol isomerase activity, pecPDI exerts predominant thiol reductase activity [74]. 
There is also evidence for a role of pecPDI as mediator of trans-nitrosation reactions 
that support nitric oxide bioavailability [78].

Considering the above-described characteristics of pecPDI and the redox sensi-
tivity of vessel remodeling, we hypothesized that pecPDI pool regulates vascular 
remodeling. As a proof-of-concept test of our hypothesis, we assessed PDI immu-
noreactivity in autopsy atheroma specimens from patients dying from acute coro-
nary events. Constrictive or expansive remodeling were defined in relation to 
segments with preserved appearance from the same arteries, assumed as reference 
controls [79]. There was decreased PDI immunoreactivity in plaques exhibiting 
constrictive remodeling and, in parallel, enhanced PDI expression in plaques exhib-
iting expansive remodeling. Such correlation between overall PDI expression and 
vessel remodeling in humans led us to further investigate PDI and specifically 
pecPDI modulation of vascular remodeling in the model of vascular repair post- 
injury. In normolipidemic rabbits submitted to balloon overdistension iliac artery 
injury, protein expression of PDI was markedly enhanced at 14 days post-injury 
(25-fold vs. baseline), while pecPDI pool exhibited a parallel increase. Neutralization 
of pecPDI with 2 distinct antibodies delivered in pluronic gel at the perivascular 
injury site led to significant decreases in arteriographic vessel caliber (by 25 %); 
in vivo experiments with optical coherence tomography confirmed such lumen loss, 
which was associated with whole vessel caliber reduction rather than neointimal 
growth (Fig. 15.2), as in fact confirmed by histomorphometry. Decrease in whole 
vessel circumference without increased neointima is consistent with constrictive 
remodeling induced by pecPDI neutralization. The occurrence of such constrictive 
remodeling was confirmed through marked changes in collagen structural organiza-
tion, as well as actin cytoskeleton disorganization. We were able to identify integrin 
beta1 as a redox-modulated target of pecPDI, indicating a possible transmembrane 
mechanism through which pecPDI-induced redox changes can promote reorganiza-
tion of intracellular cytoskeleton, as well as extracellular matrix. PecPDI neutraliza-
tion decreased hydrogen peroxide detection in vessel segments, possibly through 
Nox-dependent mechanisms [16, 80]. Paradoxically, pecPDI is implicated in sur-
face thiol reduction, the most likely mechanism by which it activates integrins [74]. 
Importantly, we also showed that pecPDI  neutralization impairs actin stress fiber 
remodeling in cultured VSMC submitted to cyclic stretch, as well as endothelial 
cells undergoing shear stress. Thus, pecPDI emerges as a novel redox-dependent 
mediator of vascular lumen preservation during vasculoproliferative processes, 
mainly through anti-constrictive remodeling mechanisms. In addition, pecPDI may 
be a novel mediator of mechanoadaptation in vascular cells [16].
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6  Conclusions

Strictu sensu remodeling is an important event in physiology and in the pathophysi-
ology of vascular diseases. Despite the widespread use of stents in vascular thera-
peutic interventions, which antagonize constrictive remodeling, other disease 
conditions not amenable to such interventions still occur. In addition, expansive 
remodeling is a hallmark of atheroma inflammation and lesion instabilization. Thus, 
understanding mechanisms of vascular remodeling is relevant. In this context, the 
importance of redox processes as a fundamental process underlying remodeling 
(Fig. 15.3) extrapolates the known roles of redox signaling in individual cellular 
events to define a predictable responsiveness of whole vessel remodeling to redox- 
based interventions.

Whether such responsiveness is the result of syncronized collective cellular 
redox effects or whether it reflects mainly an endothelial effect is not clear at this 
point. Nevertheless, the strong dependence of shear stress-associated remodeling on 
endothelial function and redox signaling is an indication for a prime role of the 
endothelium in all forms of strictu sensu remodeling. Accordingly, NO bioavail-
ability appears to be a central determinant of remodeling. Importantly, however, 
other oxidants may also contribute to such responses. Superoxide can limit NO 
bioavailability and counteract expansive remodeling, while hydrogen peroxide 
favors it. Nox NADPH oxidases appear essential sources of reactive intermediates 

Fig. 15.2 Contribution of pecPDI to caliber maintenance in experimental model of vascular injury 
by balloon overdistension. In vivo perivascular application of neutralizing mouse-monoclonal anti- 
PDI (PDI Ab, clone RL90, 1 μg/ml) or control of mouse-immunoglobulin (IgG, 1 μg/ml) in plu-
ronic gel (25 %) at 12th-day after balloon injury (Inj) and analyzed after 48 h. Top: Intraluminal 
optical coherence tomography measurement of control IgG and PDI Ab-treated arteries. Bottom: 
Graphs depicting quantification of vessel area, lumen area and wall/lumen ratio; p < 0.05 vs. Inj 
IgG, n = 7 (Modified from Ref. [16])
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in this context and reportedly mediate flow-induced remodeling. We provided evi-
dence also that superoxide dismutase under-activity supports constrictive remodel-
ing in the injury/repair model. Recently, using the same model, we showed that the 
peri/epicellular pool of protein disulfide isomerase (PDI) is an important determi-
nant of remodeling, coordinating cytoskeletal/extracellular matrix organization to 
support an anti-constrictive remodeling effect. Collectively, these observations indi-
cate that further research on redox mechanisms underlying strictu sensu remodeling 
is likely to yield fruitful knowledge and meaningful therapeutic advances.
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Chapter 16
Mitochondrial Complex I Inactivation After 
Ischemia-Reperfusion in the Stunned Heart

Laura B. Valdez, Silvina S. Bombicino, Darío E. Iglesias,  
Ivana A. Rukavina- Mikusic, and Verónica D’Annunzio

Abstract Mitochondrial complex I (NADH-ubiquinone oxidoreductase) catalyzes 
the transfer of two electrons from NADH via flavin mononucleotide (FMN) and a 
series of iron-sulfur centers (Fe-S) to ubiquinone (UQ) in a reaction associated with 
proton translocation across the inner membrane, contributing to the proton-motive 
force. Complex I produces superoxide anion (O2

−) through the autoxidation reaction 
of the flavin-semiquinone (FMNH•) with molecular oxygen. Superoxide reacts with 
nitric oxide (NO) to yield peroxynitrite (ONOO−), a strong oxidant and nitrating 
compound. When the steady-state concentration of ONOO− is enhanced, tyrosine 
nitration, protein oxidation and damage to Fe-S centers take place, leading to a sus-
tained complex I inhibition. Dysfunction of complex I was found in a number of 
clinical conditions such as Parkinson’s disease, ischemia-reperfusion, endotoxic 
shock, and aging. We have shown that the ventricular dysfunction observed in myo-
cardial stunning is associated with a mitochondrial dysfunction that includes partial 
inactivation of complex I and mitochondrial nitric oxide synthase (mtNOS) activi-
ties, oxidative and nitrosative damages and increased H2O2 and ONOO− production 
rates. Moreover, adenosine proved to be effective in attenuating ventricular dys-
function and also in protecting from mitochondrial dysfunction and complex I 
syndrome.
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1  Introduction

Cardiac ischemic syndromes include a group of entities classified taking into 
account the duration of ischemia and its pathophysiology. These entities range from 
transient ischemic episodes without functional alterations [1, 2] to prolonged isch-
emia following myocardial infarction, with cell death and necrosis, eventually 
resulting in ventricular remodeling [3]. When ischemia is sustained for less than 20 
min, it leads to a reversible post-ischemic ventricular dysfunction called stunned 
myocardium [1, 4]. Myocardial stunning is defined as a contractile and diastolic 
dysfunction that persists during reperfusion after a short ischemic episode. In the 
stunned heart the changes are reversible and the contractile reserve is preserved 
without myocardial necrosis [4, 5]. Although myocardial stunning is a fully revers-
ible phenomenon, contractile dysfunction persists for hours or even days.

2  Mitochondrial Complex I

Production of energy in aerobic cells is provided by the action of the mitochondrial 
respiratory chain and the ATP synthase. Reducing equivalents from pyridine nucle-
otides (NADH) generated in several catabolic pathways are routed into the energy- 
converting respiratory chain via complex I. The mitochondrial complex I 
(NADH:ubiquinone-oxidoreductase) catalyses the reversible reaction:

 NADH UQ H H NAD UQH H+ + + + ++ + + +4 42in out  

Ubiquinone (UQ) and ubiquinol (UQH2), anchored in the membrane by the isopren-
oid side chain are reduced and oxidized, respectively, and [H+]in and [H+]out are pro-
tons pumped from the matrix to the intermembrane space. This reaction provides 
the NAD+ required for the steady-state operation of the Krebs cycle, and serves as 
the major entry point for feeding the respiratory chain with the reducing equivalents 
needed for the generation of the H+ electrochemical gradient and subsequent ATP 
synthesis. Complex I itself is one of the H+ pumps that generate mitochondrial ΔμH+. 
The mammalian enzyme is the most complex among all known oxido-reductases. It 
is composed of 45 different polypeptides assembled in a single unit as the result of 
the coordinated operation of nuclear and mitochondrial genomes [6–9]. Complex I 
contains one flavin mononucleotide (FMN) in the active site for NADH oxidation, 
a chain of 7 iron-sulfur clusters (Fe-S) that link the flavin with the quinone binding 
site, and an unusually positioned Fe-S cluster on the opposite side of the flavin, 
separated from the chain of clusters. The last cluster in the chain (cluster N2) 
donates electrons to the bound quinone (UQ) [8, 9]. All redox centers (FMN and 
Fe-S clusters) are located within core subunits in the hydrophilic domain of the 
enzyme, whereas H+ translocation is carried out by several Na+/H+antiporter-like 
subunits. Dysfunction of complex I was reported in a number of clinical conditions 
such as Parkinson’s disease, ischemia-reperfusion, neuromuscular disorders, endo-
toxic shock, Leber’s optic neuropathy and aging.
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3  Complex I and Reactive Oxygen and Nitrogen Species

Complex I produces superoxide anion (O2
−)through the autoxidation reaction of the 

flavin-semiquinone (FMNH•) with molecular oxygen [10, 11]. It is understood that 
the ubisemiquinone (UQH•) autoxidation contribution, in complex I, is negligible. 
The O2

− production rate by complex I is increased by inhibition of electron transfer 
with rotenone [12] or by complex I dysfunction [13–19].

In the mitochondrial matrix, O2
− is metabolized by the dismutation reaction cata-

lyzed by Mn-superoxide dismutase (Mn-SOD) that produces O2 and hydrogen per-
oxide (H2O2). The latter species is involved in the regulation of redox sensitive 
signaling [20, 21]. Isolated respiring mitochondria produce H2O2 at rates that depend 
on the redox state of the components of the respiratory chain and, consequently, on 
the mitochondrial metabolic state and the presence of inhibitors [12, 22]. In addi-
tion, O2

− reacts with nitric oxide (NO), this latter species produced through the 
mitochondrial nitric oxide synthase (mtNOS), the isoenzyme of the NOS family 
located in the mitochondrial inner membrane [23–25]. Nitric oxide is produced at a 
rate of about 1.0–1.5 nmol NO. min−1. mg protein−1 and kept at a steady-state level 
of about 10−9–10−8 M in the mitocondrial matrix [22, 26]. The diffusion controlled 
reaction (k = 1.9 × 1010 M−1 s−1) between NO and O2

− yields peroxynitrite (ONOO−), 
a strong oxidant and nitrating compound. Peroxynitrite is normally reduced by 
mitochondrial reductants, as NADH, ubiquinol (UQH2) and GSH and kept at an 
intramitochondrial steady-state level of about 5–10 nM [27]. When the steady-state 
concentration of ONOO− is increased to about 20–50 nM, tyrosine nitration, protein 
oxidation and damage to Fe-S centers take place. The process leads to complex I 
inhibition and to increased generation of O2

− by complex I.

4  Ventricular Dysfunction in the Stunned Heart

In myocardial stunning the infarct area is not significant and the functional injury is 
completely reversible. We have reported a mitochondrial dysfunction in rabbit heart 
in a mild condition of ischemia/reperfusion (I/R) that simulates the condition of 
human stunned myocardium [18]. The impairment in mitochondria and in heart 
function develops gradually along the steps of ischemia (15 min I / 0 min R), early 
reperfusion (15 min I / 5 min R), and late reperfusion (15 min I / 30 min R). We 
confirmed that the contractile state, determined through left ventricular developed 
pressure (LVDP) of rabbit hearts exposed to I/R, recovered only 63 % of the initial 
pre-ischemic values (107 ± 7 mm Hg) at the end of reperfusion. When left-ventricle 
respiration rates were assessed in 1-mm3 tissue cubes, heart O2 uptake (1.57 ± 0.10 
μmol O2. min−1. g heart−1) decreased successively in the steps of ischemia (15/0), 
early reperfusion (15/5), and late reperfusion (15/30), reaching 0.85 ± 0.08 μmol O2. 
min−1. g heart−1, that is an overall decrease of 46 % in the last step. Moreover, and 
as shown in Fig. 16.1, a linear correlation was obtained between LVDP and heart O2 
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consumption (r2 = 0.947) supporting the idea that heart strictly depends on O2 avail-
ability to achieve the contraction force needed to carry out the mechanical work.

Regarding diastolic function, we previously observed a clear reduction in the 
relaxation rate during the maximum transitory systolic overshoot. This alteration 
continued up to 90 s of reperfusion, even when the contractile state has already 
begun to decrease and was tending to reach its stabilization periods. After 90 s of 
reperfusion, the relaxation rate starts to normalize until it reaches the pre-ischemic 
values after 5 min of reperfusion. We also detected that myocardial stiffness (repre-
sented by left ventricular end diastolic pressure, LVEDP) was already increased 
after 60 s of reperfusion and that it continued to increase up to 30 min of reperfu-
sion. Interestingly, this increase in the stiffness is negatively correlated to the maxi-
mum contractility achieved, i.e., in those animals where the transitory systolic 
overshoot is greater, the increase in LVEDP is lower. Additionally, the treatment 
with adenosine in the perfusion medium (0.03 μg. kg−1. min−1, in Krebs-Henseleit 
buffer) before ischemia and during reperfusion, not only improved the post- ischemic 
recovery after reperfusion reaching a value of 97 ± 6 mmHg in LVDP, but also 
avoided the decrease in tissue O2 uptake observed after 30 min reperfusion.
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Fig. 16.1 Linear correlation between left-ventricle developed pressure (LVDP) and heart O2 
uptake (r2 = 0.947) in rabbit heart exposed to ischemia/reperfusion: 0/0 (●); 15/0 (▼); 15/5 (■); 
15/30 (♦)
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5  Mitochondrial Complex I Dysfunction in the Stunned 
Heart

Mitochondrial state 3 respiration, the active respiration yielding ATP, was decreased 
by 32 % when malate-glutamate were used as complex I substrates with the corre-
sponding decrease in respiratory control (6.2 to 4.4). This effect was not observed 
when succinate was used as complex II substrate, indicating that mild I/R selec-
tively affects complex I enzymatic activity. Moreover, complex I activity was gradu-
ally reduced up to a maximal 28 % inhibition after 30 min reperfusion, a time point 
where complex II and complex IV activities did not modify. In addition, the reduc-
tion observed in complex I activity was associated with a decline in mtNOS activity. 
Accordingly, linear correlations between state 3 O2 consumption and mitochondrial 
complex I-III activity (r2 = 0.939) and between state 3 O2 consumption and mtNOS 
activity (r2 = 0.932) were observed (Fig. 16.2) indicating that the pattern observed 
for the decline in mitochondrial O2 uptake using malate-glutamate is also observed 
for the reduction of complex I and mtNOS activities. This data is in agreement with 
the reported functional interaction between complex I proteins and mtNOS [18, 19, 
28–30]. Regarding this point, Poderoso’s group [28] showed that not only complex 
IV but also complex I proteins immunoprecipitate with mtNOS, indicating molecu-
lar interactions among mtNOS and complexes I and IV. Furthermore, the functional 
association between complex I and mtNOS agrees with the observations by Parihar 
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et al. [29] and Boveris’s group [13, 31], who proposed that mtNOS is structurally 
adjacent to complex I. The impairment of complex I activity was also evidenced by 
the successive increases in H2O2 production rates when malate-glutamate were used 
as substrates. The rate of H2O2 release in state 4 was 78 % higher in the last step of 
the process (15/30) compared with control mitochondria (0/0) (0.18 ± 0.02 nmol 
H2O2. min−1. mg protein−1). The activity (53 ± 5 U. mg protein−1) and the active 
concentration (7.4 ± 0.7 μM) of Mn-SOD were not modified in the stunned heart; 
then, the observed increase in H2O2 generation by complex I implies an enhance-
ment in O2

− production. This, in turn, explains an increased level of ONOO−even 
with a decreased NO generation by mtNOS. This point of view was supported by 
the estimation of O2

− and NO steady-states values and the ONOO−production rates.

6  Steady-States of O2
− and NO and Production Rate of ONOO−

Taking into account the experimental values of NO and H2O2 production rates at 
each time of ischemia/reperfusion and the Mn-SOD concentration in the mitochon-
drial matrix (7.4 ± 0.7 μM), the steady-state concentrations of O2

− and NO and the 
ONOO− production rate were calculated (Table 16.1). In the mitochondrial matrix, 
O2

− is consumed by two diffusion controlled reactions: the disproportionation reac-
tion catalyzed by Mn-SOD to produce H2O2 and O2 and the reaction with NO to 
produce ONOO−. Mitochondrial NO is produced by mtNOS and released into the 
mitochondrial matrix where it reacts with O2

−, ubiquinol (UQH2) and cytochrome 
oxidase (cyt aa3-Fe3+). The following equations describe the intramitochondrial NO 
and O2

− reactions:

 

O NO ONOO k M s

O H H O O k M

2 1
10 1 1

2 2 2 2 2
9 1

1 9 10

2 2 2 3 10

− −

− +

+ → = ×

+ → + = ×

− −

−

.

. ss
−1

 

The previous dismutation reaction can be spontaneous or catalyzed. The rate 
constant given above corresponds to the second order and diffusion limited SOD- 
catalyzed reaction.

Table 16.1 O2
− and NO steady-states concentrations and ONOO− production rates in myocardial 

stunning

I/R
(min)

[O2
−]ss

(10−11 M)
[NO]ss

(10−9 M)
d[ONOO-]/dt
(nM.s−1)

0/0 4.8 9.1 8.4
15/0 5.0 8.7 8.3
15/5 6.4 8.1 9.8
15/30 8.1 6.6 10.1
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NO UQH UQH H NO k M s

NO cytaa Fe cyt aa F

+ → + + = ×
+ − → −

+ − − −

+
2 3

4 1 1

3
2

3

1 5 10• .

ee NO k M s3
4

7 1 14 0 10+ − − −+ = ×.  

In the steady-state and by definition, the production rate is equal to the consump-
tion rate of a chemical species. The NO and O2

− steady-state concentrations ([NO]ss 
and [O2

−]ss) were calculated from Eqs. (16.1) and (16.2), respectively, by mathemat-
ical iteration, and using the rate constants: k1 = 1.9 × 1010 M−1 s−1 [32]; k2 = 2.3 × 
109 M−1 s−1 [33]; k3 = 1.5 × 104 M−1 s−1 [34]; and k4 = 4 × 107 M−1 s−1 [35].

 [ ] [ ] / / ( [ ] [ ])O H O t k NO k Mn SODss2 2 2 1 22− = + −d d  (16.1)

 [ ] [ ] / / ( [ ] [ ] [ ])NO NO t k O k UQH k cytaa Fess = + + −− +d d 1 2 3 2 4 3
2

 (16.2)

The O2
− production rate was calculated from the experimental H2O2 production 

rates and taking into account the 2:1 stoichiometry of the disproportionation reac-
tion of O2

− to H2O2. Nitric oxide diffusion to and from cytosol was not included in 
Eq. (16.2). Ubiquinol and cytochrome aa3 contents were taken as 277 μM and 5.6 
μM, respectively, considering a mitochondrial matrix volume of 7.0 μl.mg protein−1 
[36, 37]. In addition, ONOO− production rates were calculated considering the 
steady-state concentrations of NO and O2

− in the mitochondrial matrix, calculated 
from Eqs. (16.1) and (16.2) and the second order rate constant k1 = 1.9 × 1010 M−1 
s−1 (Eq. 16.3)

 d d[ ] / [ ][ ]ONOO t k O NO− −= 1 2  (16.3)

As Table 16.1 shows, the [O2
−]ss calculated at 15 min of ischemia is similar to the 

control one (0/0), but it was increased by 32 % and 67 % after 5 and 30 min of 
reperfusion, respectively. Since no changes in Mn-SOD concentration were 
observed at any time of ischemia and reperfusion, the H2O2 production rate values 
are the result of changes in the O2

− production rates. In this way, an increase in O2
− 

production rate leads to a significant enhancement in [O2
−]ss. Moreover, the increase 

in H2O2 production rates and in [O2
−]ss agree with the enhancement in phospholipid 

(42 %) and protein oxidation (17 %) products, that were observed after 15 min of 
ischemia and 30 min reperfusion. Accordingly, a linear regression (r2 = 0.940) was 
obtained between heart mitochondrial H2O2 production sustained by complex I sub-
strates and lipid peroxidation measured as TBARS (Fig. 16.3).

In addition, we observed a decrease in [NO]ss at each time of I/R (Table 16.1) in 
agreement with the reduction in the NO production rate. Despite the decrease in 
[NO]ss, ONOO− production was increased by 20 % after 15 min of ischemia and 
30 min reperfusion, due to the more significant enhancement in [O2

−]ss. This result 
agrees with the increase (70 %) in tyrosine nitration observed when hearts were 
exposed to 15 min of ischemia and 30 min reperfusion [18]. In physiological situa-
tions, only about 15–20 % of the O2

− generated in mitochondria is catabolized 
through its reaction with NO. But this pathway consumes about 80 % of mitochon-
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drial NO. However, after I/R and in some pathological situations in which enhance-
ments in [O2

−]ss without modifications in Mn-SOD expression were observed, as it 
is the case in the stunned heart, this metabolic pathway could be exacerbated, 
increasing the decomposition of O2

− and leading to an enhancement in ONOO− gen-
eration. To note, reperfusion with adenosine protected from the impairment of com-
plex I and mtNOS activities produced by I/R and from the enhancement of 
mitochondrial phospholipid peroxidation and tyrosine nitration. The improvement 
in the contractile response by adenosine treatment was associated with a decrease in 
nitrotyrosine formation that occurs simultaneously with an increase in Akt and tro-
ponin I phosphorylation [38]. Concerning this point, it is known that Ca2+ overload 
is responsible, at least in part, for the myocardial stunning [39]. Adenosine may 
attenuate myocardial stunning by inhibiting Ca2+ influx through stimulation of A1 
receptors [5, 40].
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Fig. 16.3 Linear correlation between mitochondrial H2O2 production rates using malate- glutamate 
with lipid oxidation products, measured as TBARS, (r2 = 0.940) of rabbit heart exposed to isch-
emia/reperfusion: 0/0 (●); 15/0 (▼); 15/5 (■); 15/30 (♦)
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7  Complex I Syndrome

The mitochondrial dysfunction observed in rabbit myocardial stunning is in agree-
ment with the concept of complex I syndrome as it was described by Boveris, 
Carreras and Poderoso [41]. The complex I syndrome includes decreases in tissue 
O2 uptake, malate-glutamate-supported mitochondrial respiration and complex I 
and mtNOS activities, together with increases in O2

− and H2O2 production rates and 
phospholipid and protein oxidation and protein nitration products. Complex I syn-
drome implies a significant decline in cardiomyocyte capacity to generate enough 
energy for keeping the ionic composition for myocardial contraction. This revers-
ible condition establishes a period in which energy production becomes a limiting 
step for cardiomyocyte homeostasis and function. The molecular mechanism 
responsible for complex I syndrome is probably accounted by a series of processes 
and reactions that lead to complex I inactivation. The lack of oxygen during isch-
emia leads to a high reduction state of the components of the mitochondrial respira-
tory chain (Fig. 16.4). Upon reoxygenation, a burst of O2

− and H2O2 production 
occurs owing to the increased autoxidation rate of the most important intramito-
chondrial sources of O2

− (UQH• and FMNH•). The enhancement in O2
− and H2O2 

production rates and steady-states leads to enhancement of the free-radical medi-
ated reactions of lipid peroxidation and protein oxidation that drive, through free- 
radical mediated reactions, to the oxidation of complex I polypeptide chains. In 
addition, the formation of ONOO− at the vicinity of NADH-dehydrogenase active 
center provides a pathway leading to complex I nitration and inactivation. It have 
been shown that complex I inhibition by nitrosation, protects mitochondria during 
hypoxia and reoxygenation and protects cardiomyocytes during ischemia/reperfu-
sion [42, 43]. There is evidence that the S-nitrosation of complex I proteins is asso-
ciated with cyto-protection from the damage caused by I/R [44–46]. It is understood 
that the reactions that inactivate complex I change some of the weak native non- 
covalent intermolecular bonding forces and synergistically promote covalent cross- 
linking with protein inactivation. It has been known that complex I is highly sensitive 
to steroids and detergents [36], a fact that is now interpreted as the impairment of 
the non-covalent bonding that holds complex I proteins together. In addition, com-
plex I is a target for reversible S-glutathionylation, a redox sensitive covalent modi-
fication that involves formation of a disulfide bridge between glutathione and a 
protein cysteine thiol [47–50]. Several subunits in the N-module of complex I have 
been identified as key sites for regulation by S-glutathionylation, leading to a 
decrease in complex I activity. Specifically Ndusf1 (~75 kDa) and Ndufv1 (~51 
kDa) have been identified as major S-glutathionylation targets [48, 51, 52]. It is 
worth mentioning that the accessory subunit Ndufa11, which plays a role in com-
plex I assembly and stability, has also been shown to be modified by 
S-glutathionylation in isolated mouse hearts subjected to I/R [53].

Consequently, a transient reversible inhibition of complex I reduces the reactiva-
tion of mitochondria during the first minutes in the early period of reperfusion in the 
ischemic heart. Simultaneously, there is increased ROS production, oxidative dam-
age and tissue necrosis.
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8  Conclusions

The ventricular dysfunction observed in myocardial stunning is associated with a 
mitochondrial dysfunction that shows a series of changes described as complex I 
syndrome with a partial inactivation of complex I and mtNOS activities, a oxidative 
and/or nitrosative damage and increased O2

−, H2O2 and ONOO− production rates. 
All the mentioned processes are reversible and return to pre-ischemic values in 

Fig. 16.4 Scheme ilustrating the mitochondrial metabolism of O2
−, NO and ONOO− in ischemia 

(a) and reperfusion (b)
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hours. Moreover, compounds that proved to be effective in attenuating ventricular 
dysfunction with reduction of myocardium stunning, such as adenosine, also pro-
tected from the complex I syndrome observed upon reperfusion.
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Chapter 17
Reactive Oxygen Species Are Involved 
in Myocardial Remote Ischemic 
Preconditioning

Martín Donato, Diamela T. Paez, Pablo Evelson, and Ricardo Jorge Gelpi

Abstract Ischemic heart disease is the leading cause of death worldwide. There 
has been a continued search for better therapeutic strategies that would reduce myo-
cardial ischemia/reperfusion injury. Remote ischemic preconditioning (rIPC) was 
first introduced in 1993 by Przyklenk et al who reported that brief regional occlusion- 
reperfusion episodes in one vascular bed of the heart render protection to remote 
myocardial tissue. Subsequently, different studies have showed that rIPC applied to 
the kidney, liver, mesentery, and skeletal muscle, have all exhibited cardioprotective 
effects. The main purpose of this chapter is to summarize the advances in under-
standing the molecular mechanisms of rIPC, including those related to oxidative 
stress. Detailed understanding of the pathways involved in cardioprotection induced 
by rIPC is expected to lead to the development of new drugs to reduce the conse-
quences of prolonged ischemia.
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1  Introduction

Ischemic heart disease is the leading cause of death and disability worldwide. 
Therefore, novel therapeutic strategies are required to protect the heart against isch-
emia/reperfusion injury, preserve myocardial function, prevent heart failure, and 
improve clinical outcomes in patients with ischemic heart disease.

In 1993, Przyklenk et al. [1] demonstrated that brief cycles of ischemia/reperfu-
sion of the circumflex coronary artery protected remote virgin myocardium in the 
left anterior descending coronary artery territory. This observation extended the 
concept of classical ischemic preconditioning (IPC) described by Murry et al. [2] in 
1986, to protect the heart at a distance or ‘remote ischemic preconditioning’ (rIPC). 
The rIPC phenomenon has been described in different organs and tissues such as 
kidney and brain, emerging as a strategy of inter-organ protection against the effects 
of acute ischemia/reperfusion injury.

Thus, in the last 20 years, the concept of rIPC has evolved from being an experi-
mental observation, whose underlying mechanisms continue to elude investigators, 
to a clinical application which offers the therapeutic potential to benefit patients 
with ischemic heart disease. Despite intensive investigation the mechanisms under-
lying rIPC remain unclear. The current hypothesis divides the mechanistic pathway 
of rIPC into three components (Fig. 17.1):

 1. Remote organ or tissue: rIPC stimulates the release of autacoids within the 
remote organ or tissue that activates a local afferent neural pathway [3].

 2. The connecting pathway: Different authors have described that the cardioprotec-
tive signal transference from the remote organ to the heart is the result of the 
action of humoral factors [4], neural pathways [5], or a neurohumoral interaction 
[6]. These hypotheses are not mutually exclusive and are probably part of the 
same mechanisms.

 3. Target organ: The protective factor activate an intracellular signaling pathways 
in the target organ which mediates the rIPC protective effects.

2  Neural Pathway of rIPC

The involvement of a neurogenic pathway in remote cardioprotection has been dem-
onstrated by different authors [7, 8]. Pretreatment with the ganglion blocker hexa-
methonium abolished remote cardioprotection in rats through 15 min of mesenteric 
arterial occlusion [7]. Furthermore, rIPC activates a neural afferent pathway 
(Femoral and sciatic nerves and spinal cord) and the cardioprotective signal reaches 
the heart through the vagus nerve (efferent pathway) [9].

Thus, experimental and clinical studies have demonstrated that rIPC protection 
is dependent on an intact neural pathway to the remote organ or tissue with local 
resection of the neural pathway abolishing rIPC. The current paradigm has pro-
posed that in response to the rIPC stimulus, autacoids such as adenosine [10], 
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 bradykinin [11] are produced in the remote organ or tissue resulting in the nitric 
oxide dependent stimulation of local afferent sensory nerves. In this sense, the 
administration of adenosine into the femoral artery resulted in the production of a 
cardioprotective plasma dialysate, in patients undergoing coronary angiography, 
confirming the findings in experimental animal studies that adenosine acted as a 
“trigger” for limb rIPC. On the other hand, it has suggested that the sensory arm of 
the neural pathway leading from the remote organ or tissue may be recruited by the 
activation of Transient receptor potential vanilloid (TRPV) [12]; and different 
experimental studies have demonstrated that the activation of these fibers by topical 
capsaicin or nociceptive stimuli can mimic the rIPC cardioprotection. However, the 
neural components of the pathway downstream of this sensory afferent neural via in 
the remote organ or tissue remain unclear. Jones et al. [13] described that 

Vagus nerve

Release of factors 
from vagus nerve ending   

Release of factors 
from brainstem  

Cardioprotection

Circulating 
Cardioprotective

factors

Organs
precondi�oned

Afferent nerves

Release of factors 
from organs preconditioned  

Fig. 17.1 This figure shows the link between the neural pathway (green solid lines) and humoral 
pathway (broken red lines) in the mechanism of rIPC. Cycles of brief ischemia/reperfusion induced 
the local release of factors, which then activate local sensory afferent neurons. A study shown the 
participation of the neurons in the dorsal motor vagal nucleus (DMVN) in rIPC mechanism, this 
provides parasympathetic innervation of the left ventricle. The potential sites of cardioprotective 
factor(s) release include: (1) from the conditioned limb itself, (2) from the central nervous system, 
(3) from pre-/post-ganglionic parasympathetic nerve endings within the heart (broken green lines); 
and (4) from a non-conditioned remote organ/tissue receiving parasympathetic innervation
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 cardioprotection  elicited by peripheral nociception was blocked by spinal transec-
tion at T7 but not C7, suggesting that direct stimulation of cardiac nerves may be 
responsible for conveying the cardioprotective signal to the heart. Basalay et al 
demonstrated that rIPC activates a neural pathway, and the signal reaches the heart 
through the vagus nerves [14]. As we mentioned, and in accordance with the pioneer 
findings of the Gourine’s group, we showed that rIPC activates a neural afferent 
pathway (Femoral and sciatic nerves and spinal cord) and the cardioprotective sig-
nal reaches the heart through the vagus nerve (efferent pathway) and acetylcholine 
activates the classic ischemic preconditioning (IPC) phenomenon when acting on 
the muscarinic receptors [9]. However, the remotely activated signal transductions 
participating in the rIPC intracellular mechanism remain unclear.

3  Humoral Pathway of rIPC

The earliest experimental evidence for a blood-borne cardioprotective factor 
released by rIPC was provided in 1999 by Dickson et al. [4], who demonstrated that 
the cardioprotection elicited by IPC could be transferred via blood transfusion to a 
non-preconditioned animal. The existence of a circulating cardioprotective factor 
was first demonstrated in a model of porcine transplantation [15], where hind-limb 
preconditioning in an acceptor animal provided a significant cardioprotection to the 
subsequently transplanted and denervated donor heart. A similar type of study was 
performed by Kristiansen et al. [16] who demonstrated that hearts excised from a rat 
that had been received a rIPC protocol experienced a smaller infarct size, when it 
was subjected to a prolonged episode of ischemia and reperfusion on a Langendorff 
system. Subsequent studies confirmed the presence of a circulating factor and pos-
tulated a number of candidate, that including calcitonin gene-related peptide [17], 
opioids [18], endogenous cannabinoids [19], and hypoxia inducible factor-1α 
(HIF-1α) [20].

Although the actual identity of the factor remains unclear, some authors sug-
gested that the factor may be a peptide <30 kDa [21]. In an isolated rabbit heart 
model [22], plasma from remotely preconditioned animals was cardioprotective 
when perfused into an isolated naïve heart. The authors concluded that the factor 
molecular weight is <15 kDa. Alternatively, the endogenous mediator may activate 
an afferent neural pathway within the remote organ to confer cardioprotection, as is 
the case with adenosine, bradykinin and CGRP.

Novel candidates for the blood-borne cardioprotective factors of rIPC were pro-
posed, each with varying degrees of experimental evidence: including (1) stromal 
derived factor-1α or SDF-1α [23]; (2) exosomes [24]; nitrite [25]; (3) microRNA-144 
[26]; (4) HIF-1α [20] Apolipoprotein α-I [27]. However, these studies have failed to 
demonstrate that the cardioprotective factor was actually responsible for the benefi-
cial effect.
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4  How Do the Neural and Humoral Pathways Interact 
to Mediate rIPC?

The neural and humoral pathways of rIPC could interact to mediate the protective 
effect, however the underlying mechanism of this relationship has not been describe 
(see Fig. 17.1 for a hypothetical scheme). Studies from Redington’s and Botker’s 
groups have suggested the link between these two pathways in the setting of 
rIPC. They use plasma dialysate harvested from animals or humans treated with 
rIPC to demonstrated a reduction in infarct size in a naïve animal hearts.

Redington et al. [28] have shown that the cardioprotective plasma dialysate can 
be produced in animals and human in response to neural stimulation that include 
direct nerve stimulation, transcutaneous electrical nerve stimulation, electro- 
acupuncture and topical capsaicin. Botker et al. [29] demonstrated that diabetic 
patients with a peripheral sensory neuropathy do not produce the cardioprotective 
plasma dialysate in response to rIPC protocol, when compared to diabetic patients 
without sensory neuropathy. Therefore, all this evidence suggests that the cardio-
protective factor is produced downstream of the neural pathway. However, the ques-
tion is: Where along the neural pathway is the cardioprotective factor released into 
the blood?; and which cell is responsible for its release?.

5  Myocardial Mechanisms of Remote Ischemic 
Preconditioning

Once the cardioprotective signal has been conveyed from the remote precondition-
ing organ to the heart, intracellular signal transduction mechanisms are recruited 
within cardiomyocytes. In this sense, some authors [6, 30] suggested that rIPC acti-
vates a signalling mechanism similar to that described for ischemic preconditioning 
(IPC), while others show that the cardioprotection conferred by rIPC follows a dif-
ferent pattern [31]. Recently, Heusch G carefully reviewed the signal transduction 
pathways involved in the different ischemic conditioning phenomena and noted that 
there are still some unsolved problems when studying the myocardial protection. 
Particularly, the absence of a temporal description of the cardioprotective signals 
involved [32].

A few years ago, Downey et al. proposed a classification of the signals participat-
ing in IPC that follows a logical/causal sequence of events and meets the temporal 
sequence of the preconditioning protocol [33, 34]. They defined a trigger as a factor 
released during the preconditioning ischemia periods that activates the cardiopro-
tection phenomenon, and defined mediators as factors that transmit the cardiopro-
tective signal during the prolonged myocardial ischemia to one or more end 
effectors, which are responsible for attenuating the irreversible injury during the 
lethal ischemic insult and/or during the subsequent reperfusion period. From this 
point of view, several studies evaluated the intracellular signalling pathway involved 
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in the rIPC cardioprotection [35–37]. However, these authors have not considered 
the timing sequence of signalling activation.

In a recently study [38], we evaluated the signaling pathway that is activated at 
heart level, before myocardial ischemia. We hypothesized that pre-ischemic activa-
tion of muscarinic receptors induces Akt phosphorylation and through this pathway, 
the phosphorylation of the endothelial nitric oxide synthase (eNOS). As a conse-
quence of a higher production of nitric oxide (NO), mitochondrial K+

ATP channels 
(mK+

ATP) open and mitochondrial production of hydrogen peroxide (H2O2) increases.
In order to demonstrate this hypothesis, we performed experiments in isolated rat 

hearts. As we expected, rIPC (Fig. 17.2) significantly reduce infarct size. The cervi-
cal vagal section (CVS) completely abolished the beneficial effect of rIPC, however 
the Sub-diaphragmatic vagal section (Sub-VS) did not modify the rIPC effect, thus 
demonstrating that denervation of other organs, different from the heart; do not 
contribute to the loss of rIPC.

Since activation of muscarinic receptors can increase NO synthesis, we studied a 
possible involvement of NO in the observed infarct size reduction afforded by the 
rIPC. In this regard, administration of L-NAME, during the rIPC protocol, com-
pletely abolished the protective effect of rIPC, pointing out a central role of NO in 
the rIPC cardioprotection. Given that NO could induce the mK+

ATP channels to open, 
we administered 5-HD before the rIPC protocol. The mK+

ATP channels blocker com-
pletely abolished the effect of rIPC, thus providing evidence of an involvement of 
mK+

ATP channels in the rIPC.
Activation of the muscarinic receptors induces phosphorylation of Akt enzyme 

[39]. To address this issue in a rIPC group phosphrylation of Akt in cardiac tissue 
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Fig. 17.2 Infarct size, expressed as a percentage of the left ventricular area. The rIPC significantly 
reduced the infarct size and this effect was abolished by the different treatments (CVS, L-NAME, 
5-HD). rIPC remote ischemic preconditioning, CVS cervical vagal section, Sub-VS sub- 
diaphragmatic vagal section.*p < 0.05 vs. each other group
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was determined at the end of the hindlimb preconditioning protocol (Fig. 17.3, 
Panel A). Importantly, rIPC induced a significant increase of the cardiac Akt phos-
phorylation, which was abolished by the CVS, in hearts that were not yet subjected 
to ischemia/reperfusion.

Since eNOS (Ser-1177) can be phosphorylated by Akt, we studied phosphor- 
eNOS expression. In these experiments, rIPC induced a significant increase in the 
phosphorylation of this enzyme, which was abolished by CVS, before the myocar-
dial ischemia (Fig. 17.3, Panel B). Taken together, these results clearly indicate 
involvement of the Akt-eNOS pathway in the heart as triggers of the rIPC mecha-
nism before the ischemia/reperfusion cardiac insult.

Reactive oxygen species (ROS) have been shown to be toxic but also function as 
signalling molecules. It has been suggested that mitochondrial ROS production 
might play a relevant role in IPC [40], but this issue was not addressed in rIPC. Figure 
17.4 (Panel A) shows a representative trace during an initial stabilization period of 
the reaction mixture and after the addition of isolated mitochondria from the follow-
ing groups: Non-rIPC and rIPC. As it can be seen, an increased H2O2 release in the 
rIPC group is evident. Panel B shows that CVS, L-NAME and the mK+

ATP channels 
blockade with 5-HD attenuated the H2O2 release.

Clearly, rIPC induces activation of Akt enzyme and eNOS phosphorylation, 
mK+

ATP channels opening, and mitochondrial H2O2 production in the heart before 
the index myocardial ischemia. Therefore, they could be considered as rIPC trig-
gers. In addition, the protective effect of rIPC was abolished by CVS but not by 
SVS, reinforcing the hypothesis of a parasympathetic vagal pathway.
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Fig. 17.3 In Panel A, cardiac expression of phosphorylated Akt (Ser 473) can be observed in the 
Non-rIPC, rIPC and the rIPC + CVS groups, immediately after hindlimb rIPC. The rIPC induced 
a significant increase of the Akt phosphorylation, which was abolished by CVS. In Panel B of the 
same figure, expression of the phosphorylated eNOS (Ser 1177) can be observed. The rIPC induced 
a significant increase of the phosphorylation of this enzyme, which was abolished by CVS. *p < 
0.05. rIPC remote ischemic preconditioning, CVS cervical vagal section
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Different authors have evaluated the possible intracellular mechanisms involved 
in rIPC pathway. However, most of these works have studied mechanisms at time 
points that are different from the ones used in this study: during early reperfusion 
[41], in late reperfusion [42], and also using different animal species [9, 43, 44], 
making difficult to establish a comparison. In agreement with our findings, Li SJ 
et al showed that rIPC induces the activation of the Pl3K/Akt and inhibition of 
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Fig. 17.4 Panel A shows a representative trace during an initial stabilization period and after the 
addition of isolated mitochondria from Non-rIPC or rIPC rat hearts. Panel B shows the mitochon-
drial H2O2 production rate mean in the different study groups. CVS, L-NAME and 5-HD abolished 
the mitochondrial H2O2 production rate. rIPC remote ischemic preconditioning, CVS cervical 
vagal section. FL Fluorescence intensity. *p < 0.05
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GSK3β before myocardial ischemia [35]. However, the authors proposed that rIPC 
would induce release of a factor to the bloodstream, which activates the PI3K/Akt/
GSK3β pathway at cardiac level, suggesting a myocardial mechanism similar to 
IPC. The results of our study support the existence of a vagal efferent pathway, and 
they extend the current knowledge by showing that rIPC could activate the Akt 
pathway. Furthermore, the denervation of other organs, different from the heart; do 
not contribute to the loss of rIPC, since that SVS did not abolish the rIPC 
cardioprotection.

Akt phosphorylation would lead to activation of the eNOS enzyme and, subse-
quently, to mK+

ATP channels opening and mitochondrial changes. The role of NO in 
the rIPC mechanism is difficult to evaluate because it could participate in the tissue 
or organ where the preconditioning stimulus is originated and/or at cardiac level as 
part of the cardioprotection signalling. In this last case, it is well known that the 
infusion of a drug able to increase the NO bioavailability puts the heart into a pre-
conditioned state [45]. Our results demonstrate that the rIPC activation involves 
eNOS, since by administering L-NAME we abolished the protective effect, but 
more important they demonstrate that there is a cardiac eNOS phosphorylation 
immediately after the rIPC protocol, before myocardial ischemia. In addition, an 
increase in the NO production is capable of acting directly on the mitochondria 
inhibiting the respiratory chain and favoring ROS production [46], or activates the 
cGMP/PKG pathway, which was involved in the IPC cardioprotection mechanism.

Several authors showed that IPC induces mK+
ATP opening [47], however this fact 

has not been evaluated for rIPC. Our results shown that the administration of 5-HD 
abolished the rIPC protective effect, thus demonstrating an important role of these 
channels in rIPC. The mK+

ATP opening produces a higher K+ influx to the mitochon-
dria, decreasing the mitochondrial membrane potential and leading to an increase of 
H2O2 mitochondrial production [40].

6  Role of Reactive Oxygen Species in rIPC Protection

ROS are thought to mediate the oxygen toxicity because of their greater chemical 
reactivity with regard to oxygen. They also operate as intracellular signalling mol-
ecules, a function that has been widely documented but is still controversial. In the 
setting of acute myocardial ischemia/reperfusion injury, oxidative stress plays a 
dual role. Its detrimental role is as a mediator of lethal reperfusion injury, however, 
its beneficial signalling role is believed to mediate the cardioprotective effects elic-
ited by both IPC and postconditioning [48].

As mention, three components of rIPC can be distinguished: the signal genera-
tion, the transfer of the signal to the target organ, and its response to the transferred 
signal resulting in cardioprotection.

Weinbrenner et al. suggested a possible beneficial signalling role for ROS in the 
setting of rIPC. They showed that the administration of a free radical scavenger 
abolished the protection elicited by rIPC [49]. These results are in agreement with 
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our findings in which rIPC induces a higher mitochondrial H2O2 production before 
the myocardial ischemia, and this effect is attenuates by the inhibition of the NO 
production with L-NAME and with the blockade of mK+

ATP channels with 5-HD.
In this regard, H2O2 could act as a second messenger of the rIPC protective sig-

nal. Besides, ROS production by the respiratory chain has been shown to activate 
mK+

ATP [50]. Furthermore, ROS generated by the mitochondria could activate other 
sensitive redox enzymes, among them, the PKCε, which is one of the most impor-
tant kinases participating in the IPC mechanism [51].

It has been described in humans that a short episode of forearm ischemia/reper-
fusion performed with a blood pressure cuff is capable of modulating the composi-
tion of nitric oxide (NO•)/nitrite levels in the blood [52, 53]. Nitrite is not only the 
oxidation product of NO• but also a key reservoir for NO• in blood and cellular 
compartments [54, 55]. The half-life of nitrite in plasma is unknown but calculated 
for humans to be approximately 35 min [56].

In an elegant study, Rassaf et al. [57] evaluated in healthy volunteers whether the 
ischemic phase or the reactive hyperemia with the resulting shear stress during rIPC 
are responsible for the modulation of plasma nitrite levels. They determined that 
endothelial eNOS is responsible for nitrite generation during reactive hyperemia, 
which is then transported to the myocardium. In additional experiments, the authors 
assessed the response of the target organ to the transferred signal. Using myoglobin 
(Mb) knockout mouse, they demonstrated that the nitrite generated during reactive 
hyperemia is converted to bioactive NO• with subsequent modification of mito-
chondria by S-nitrosation, which then ultimately confer the cardioprotective effects 
[58]. Transfer experiments of plasma from healthy volunteers subjected to rIPC of 
the arm identified plasma nitrite as a cardioprotective agent in isolated Langendorff 
mouse heart preparations exposed to ischemia/reperfusion.

Finally, a higher H2O2 mitochondrial production before ischemia would protect 
the heart against an exacerbated production of ROS during reperfusion [39], being 
another important underlying mechanism of the rIPC protective effect. A scheme 
combining our results and current knowledge regarding the intracellular mecha-
nisms activated by rIPC in the heart is depicted in Fig. 17.5.

On the other hand, there is experimental evidence describing the protective prop-
erties of NO, despite the limitations of endocrine movement to a remote site. 
Endogenous NO seems to play a pivotal role in mechanism of rIPC in reducing liver 
damage, and this is abrogated by treatments with the NO scavenger carboxy-2- 
phenyl- 4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) and inhibited in the 
eNOS knockout mouse [59]. Tokuno et al. [55] have involved iNOS activation as a 
trigger for delayed rIPC of the heart using cerebral ischemia as preconditioning 
stimulus. The cardioprotective effect was seen 24 h later and was absent in iNOS 
knockout mice. Further studies demonstrated that NO is necessary for the develop-
ment of ischemia-induced delayed protection against myocardial infarction [60]. 
Although it is clear that NOS and NO seem to participate in the process of rIPC, the 
mechanism for NO transport to a distant site and the nature of the endocrine rIPC 
mediator have remained unknown.
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Fig. 17.5 Schematic illustration of the intracellular pathways activated by remote ischemic pre-
conditioning before myocardial ischemia. Acetylcholine, released from cardiac vagal nerve end-
ings, activates muscarinic receptors located in the cardiomyocyte plasma membrane, inducing the 
phosphorylation of Akt and eNOS enzymes. Subsequently, activation of soluble guanylate cyclase 
and protein kinase G could lead to mK+

ATP channels opening and increasing of H2O2 mitochondrial 
production. This way, H2O2 could act as a second messenger of the rIPC protective signal. Ach 
acetylcholine, eNOS endothelial nitric oxide synthase, NO nitric oxide, sGC soluble guanylate 
cyclase, PKG protein kinase G, mK+

ATP mitochondrial K+
ATP channels
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Rassaf et al. [57] evaluated the mechanism of rIPC and explore the possible iden-
tity of the circulating endocrine mediator. They first find in humans that the levels 
of plasma nitrite increase after brachial artery occlusion and release (reactive hyper-
emia). This is caused by eNOS activation with NO formation and oxidation to the 
more stable nitrite. The authors performed studies in mice and showed that nitrite 
levels increase. Inhibition of NO with cPTIO or in eNOS knockout mice prevents 
the rise in nitrite and rIPC effects on myocardial infarction. This association was 
confirmed by infusions of nitrite to match levels observed with rIPC. Finally, they 
infuse human plasma with and without rIPC into the isolated heart model of isch-
emia/reperfusion and showed that the increase nitrite account for effects.

Although these studies suggest that nitrite forms during rIPC and travels in the 
plasma to the heart, how is it then converted in the heart back into NO?. During 
ischemia, nitrite is reduced to NO and N2O3 by different nitrite reductase enzyme 
systems [61, 62]. Mitochondrial NO and S-nitrosothiols formed from nitrite dynam-
ically and reversibly inhibit complex I during reperfusion, which limits ROS forma-
tion from complexes I and III. This ultimately prevents the opening of the 
mitochondrial permeability transition pore and the release of cytochrome c. It has 
been shown that the site of nitrosation is on cysteine 39 of the ND3 (NADH dehy-
drogenase, subunit 3) subunit of complex I. Several enzymes are required to convert 
nitrite into NO during organ ischemia. In the heart, deoxygenated myoglobin acts as 
a functional nitrite reductase. Nitrite-dependent NO formation is significantly 
decreased in myoglobin-deficient hearts and nitrite administration reduces myocar-
dial infarction with abrogated effects in the myoglobin knockout mice. Rassaf et al. 
[57] showed that the effect of rIPC is inhibited in the myoglobin knockout mouse, 
providing additional evidence that the mediator factor of this effect is nitrite, which 
is produced in the extremity and travels in blood to the heart, where it is reduced by 
myoglobin to produce NO.

In a different experimental model of spinal cord ischemic injury, Dong et al. [63] 
showed that the beneficial effect of limb rIPC was attenuated by administration of a 
free-radical scavenger before rIPC. Additional, rIPC induced an increase in the 
activity of catalase and superoxide dismutase (SOD) in the serum. The increase in 
catalase and SOD activities was accompanied by a transient increase of serum 
malondialdehyde levels. The free radicals scavenger treatment abolished the 
increase in catalase and SOD activity induced by rIPC. This indicates that the 
increase in antioxidant enzyme activities is closely related to the ROS generated by 
rIPC.

7  Conclusions

Strong experimental evidence supports protection by rIPC from myocardial isch-
emia/reperfusion injury and other organs. However the mechanisms for local release 
of the protective signal at the remote site and the contributions of neuronal and 
humoral pathways are not yet clear, not only in signal release, but also in signal 
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transfer to the target organ and protective signal transduction within the target organ. 
Thus, in this chapter we summarized the more recent advances in the molecular 
mechanisms of rIPC, particularly those related to oxidative stress.

A better understanding of the complex signaling involved in transduction of the 
rIPC signal from the remote organ and tissue to the protected target may allow the 
imminent discovery of novel pharmacological agents to directly activate the protec-
tive signaling pathways.
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Chapter 18
Inhaled Particulate Matter Leads 
to Myocardial Dysfunction

Pablo Evelson, Timoteo Marchini, Mariana Garces, Lourdes Cáceres, 
Natalia Magnani, and Silvia Alvarez

Abstract Epidemiological studies have shown that the exposure to environmental 
particulate matter (PM) is associated with increased cardiopulmonary mortality 
rates. Daily changes in PM concentration have also been positively correlated with 
increased hospitalizations due to lower respiratory diseases, ischemic cardiovascu-
lar events, arrhythmias, and heart failure. Human and animal models have also 
shown a pulmonary and systemic inflammatory response and oxidative stress asso-
ciated with the exposure to environmental particles which could, in turn, alter heart 
oxygen metabolism and cardiovascular function. Given that mitochondria play an 
essential role in cellular O2 and energetic metabolism, it has been suggested that 
mitochondrial dysfunction is a key feature in the development of cardiac alterations 
during the exposure to PM. This chapter is focused in the discussion of the different 
mechanisms triggered by PM exposure that may lead to myocardial dysfunction, 
emphasizing the role of the systemic proinflammatory mediators released after PM 
inhalation.

Keywords Air pollution • Particulate matter • Cardiac dysfunction • Inflammation 
• Oxidative stress • Mitochondria

1  Introduction

The World Health Organization reported that in 2012, 7 million deaths were 
recorded, one in eight of total global deaths, as a result of air pollution exposure [1]. 
This finding more than doubles previous estimates and confirms that air pollution is 
now the world’s largest single environmental health risk. This mortality has been 
pointed out by several epidemiological studies, which have shown a positive 
correlation between decreased air quality and adverse health effects [2]. In the 
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previously mentioned report, the WHO estimates that 80 % of outdoor air pollution-
related premature deaths were due to cardiovacular diseases, such as ischaemic 
heart disease and strokes, while 14 % of deaths were due to chronic obstructive 
pulmonary disease or acute lower respiratory infections; and 6 % of deaths were due 
to lung cancer. Increased morbidity and mortality rates have been found to be asso-
ciated not only with chronic air pollution exposures, but also with short-term daily 
exposures as well [3]. Air pollution is a complex heterogeous mix whose complex-
ity is increased due to the variation in its components, between places and over time 
[4]. The most important pollutants in ambient air which are of concern regarding 
health effects, include sulfur dioxide (SO2), nitrogen oxides (NOx), carbon monox-
ide (CO), volatile organic compounds (VOCs), and particulate matter (PM) [5]. Air 
pollution derives from a variety of sources, of which the combustion of fossil-fuel 
products utilized for road transport and electricity generation is the most important 
one.

Air pollutants can be classified by their source, chemical composition, size, and 
mode of release into indoor or outdoor environments. When taking into account 
their source of origin, pollutants can be divided into two main groups: the ones 
directly emitted into the atmosphere, which are known as primary pollutants. 
Secondary pollutants are those formed in the air as a result of chemical reactions 
with other pollutants and atmospheric gases. Examples of primary pollutants are 
CO and SO2, while ozone is an example of a secondary pollutant. Others can be 
considered as both primary and secondary pollutants, such as nitrogen dioxide 
(NO2) and some PM. They are both emitted directly into the atmosphere, and formed 
from other pollutants. For example, some of the NO2 is emitted directly from power 
stations and vehicle exhaust, while most is formed by the oxidation of nitric oxide 
(NO) in the air. Fine PM is emitted directly from a number of natural and anthropo-
genic sources as well as being formed within the atmosphere. Secondary PM is 
formed mainly from the oxidation of SO2 and NO2. The reactions of hydrocarbons 
in the air to produce organic particles observed in some areas are an important 
source of secondary PM. Thus, it is accepted that air pollution exists as a complex 
mixture and that effects attributed to different pollutants such as ozone (O3), NOx, 
or PM, may be influenced by the underlying toxicity of the full mixture of all air 
pollutants [6].

Suspended PM is composed of solid and liquid particles that come not only from 
anthropogenic sources as vehicle exhaust and fossil combustion, but from natural 
sources, such as forest fires, volcanic emissions and sea spray as well [7]. Of the 
different air pollutants, it is accepted that PM is the major concern from a health 
perspective [1]. It is now well established that PM cause respiratory diseases and 
increase lung cancer, as well as death due to cardiovascular diseases [8]. PM con-
sists of a mixture of particle components, including traffic and combustion-derived 
carbon-centered particles, secondary particles (nitrates and sulphates), wind-blown 
dust of geological origin and potentially containing endotoxins, and biological par-
ticles (spores, pollen) with their associated allergens [9]. Largely because of the 
complex nature of PM, it has been measured and regulated based primarily on mass 
within defined size ranges. Based on the size, PM is classified into three main 
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groups: coarse, also known as “thoracic” particles (with an aerodynamic diameter 
between 2.5 and 10 μm, PM10), fine (aerodynamic diameter between 0.1 and 2.5 μm, 
PM2.5) and ultrafine (aerodynamic diameter less than 0.1 μm). PM10 deposit pre-
dominantly in the lower airways (nose and throat) and are cleared by exhalation, 
mucociliary transport and swallowing. Fine and ultrafine particles can penetrate into 
the lower airways and alveoli and are more closely related with the adverse health 
effects of PM than coarser particles [10]. The fine fraction or “respirable” particles, 
smaller than 2.5 μm (PM2.5), can penetrate into the gas-exchange region of the lung 
and the ultrafine fraction (sometimes called nanoparticles) which contribute little to 
particle mass but which are most abundant in terms of numbers and offer a very 
large surface area, with increasing degrees of lung penetration.

2  PM Adverse Health Effects

The exposure to PM, at levels experienced by populations throughout the world, 
contributes to pulmonary and cardiac disease through multiple mechanistic path-
ways that are complex and interdependent [11, 12]. Experimental evidence suggests 
a series of events that are triggered by pollution-induced pulmonary inflammatory 
reactions and oxidative stress [13–15] with an associated risk of vascular dysfunc-
tion, altered cardiac autonomic function, and ischemic cardiovascular and obstruc-
tive pulmonary diseases [16, 17].

3  Pulmonary Events After PM Exposure

Pulmonary inflammation after PM exposure is well documented in animals as well 
as humans [18–21]. A critical component of the inflammatory response to particles 
in the lung, is the release of cytokines from activated macrophages and lung epithe-
lial cells, resulting in neutrophil recruitment. This response may be caused by the 
deposition of PM into the alveolar space in the lung, inducing the release of cyto-
kines from alveolar macrophages. Cultured human alveolar macrophages produce 
TNF-α and proinflammatory cytokines such as granulocyte-macrophage colony- 
stimulating factor, IL-6, and IL-1 after phagocytosing PM [22]. The same observa-
tions were registered in different animal models [21, 23]. The release of 
proinflammatory mediators from PM-exposed macrophages appears to be impor-
tant in stimulating cytokine release from lung epithelial cells, thus amplifying the 
inflammatory response [24].

The activation of inflammatory cells leads to the generation of reactive oxygen 
and nitrogen species. Inflammatory lung diseases are characterized by activation of 
epithelial cells and resident macrophages and the recruitment and activation of 
neutrophils, eosinophils, monocytes, and lymphocytes. Immune cells such as neu-
trophils, eosinophils, and macrophages contain a membrane bound enzyme, 
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NADPH oxidase, which is induced during the inflammatory response. NADPH 
oxidase  produces superoxide anion (O2

•−) using O2. These reactive oxygen species 
(ROS) are removed by superoxide dismutase, which is present at the surface of the 
epithelial cells of the lung [15]. The product of this reaction is hydrogen peroxide 
(H2O2), which can easily diffuse through plasma membranes. H2O2 can therefore 
initiate intracellular signaling pathways, or contribute to the generation of other 
ROS. It is understood that oxidative stress caused by the activation of the inflam-
matory system, comprised by alveolar macrophages and neutrophils, plays an 
important role in the deleterious effects of PM in multicellular organisms [25]. 
ROS are generated during phagocytosis of the particles leading to an enhancement 
of oxidative stress [26].

Another proposed mechanism that may lead to oxidative damage is the direct 
generation of ROS at the surface of the particles. This is supported by the concept 
that the particle surface offers a unique physicochemical interface to catalyze reac-
tions resulting in oxidant production. The interaction of PM with membrane com-
ponents was recognized by the presence of free radicals and oxidants on the particle 
surface [27]. Finally, PM can also contain a large number of soluble metals that 
have the ability of redox cycling. The involvement of transition metals, such as Fe, 
Va, Cr, Mn, Co, Ni and Cu, which are able to catalyze Fenton-type reactions and 
generate hydroxyl radicals, has been proposed [28]. Indeed, the production of oxi-
dative damage, as measured by TBARS levels, showed significant correlations 
with the overall metal content and with the content of individual metals such as Fe 
and Va. This effect is prevented by the presence of antioxidants such as dimethyl-
thiourea or chelating agents such as deferoxamine [18, 29]. These and other works 
have led to the suggestion that the dose of bioavailable transition metal, rather than 
particulate mass, may be the principal determinant of the acute inflammatory 
response [30].

4  Cardiac Effects Caused by Exposure to PM

It has been postulated that pulmonary PM exposure may trigger a cardiovascular 
response through three different mechanisms (Fig. 18.1) [31–33]. The first hypoth-
esis proposes that PM deposited in the lung acts through a neural mechanism to alter 
central nervous system function. In the lung, nociceptive neurons are stimulated by 
ROFA [34]. Cardiac autonomic function is also altered by PM exposure, suggesting 
that central input to the heart is altered [35]. Acute electrocardiographic changes 
after PM exposure suggest an activated neural mechanism [36]. The second pro-
posed mechanism is that ROFA deposited in the lung may enter in the systemic 
circulation and directly interact with different organs. It has been reported that after 
lung exposure, PM deposits has been found in several non-pulmonary tissues, 
including the blood, ventricular microvascular walls, liver, spleen, heart, and brain 
[37, 38]. PM deposition was found in the cardiac arteriolar wall of dogs where poly-
morphonuclear leukocyte (PMNL) margination and microthrombi were also 
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observed [37]. When PM is exposed to cells or tissues in vitro, cytokine and tumor 
necrosis factor-alpha (TNF-α) production, cytotoxicity via endotoxins, oxidative 
stress, and smooth muscle relaxation was observed [39–42]. The third postulated 
mechanism is that PM deposited in the lung initiates a local inflammatory response 
that develops into a systemic inflammatory response, characterized by alterations in 
circulating factors and cells associated with inflammation. Circulating interleukin 
IL-1 and IL-6 are increased in humans exposed to PM [42]. IL-1, TNF-α, and the 
immune-related transcription factor nuclear factor kB are elevated in the brain of 
mice exposed to PM [43]. Furthermore, in blood samples from healthy humans 
exposed to PM, increases in the levels of immature PMNL, neutrophils, and plate-
lets were observed [44, 45]. Although the evidence for these three proposed hypoth-
esis is significant, the basic mechanisms responsible for the biological effects in the 
heart remain unclear.

5  Oxygen Metabolism, Mitochondrial Function and Cardiac 
Function: Role of Systemic Inflammation

Numerous studies in humans and animal models have shown a pulmonary and sys-
temic inflammatory response and oxidative stress associated with PM exposure 
which can alter heart O2 metabolism and cardiovascular function [46]. Given that 

Fig. 18.1 Proposed mechanisms of heart adverse effects induced by PM exposure
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mitochondria play an essential role in cellular O2 and energetic metabolism, several 
authors suggested that mitochondrial dysfunction is a key feature in the develop-
ment of cardiac alterations during the exposure to air pollution PM [47, 48]. Cardiac 
contraction and relaxation have a continuous energy requirement, consuming more 
energy than any other organ. Because of a mismatch in ATP supply and demand, 
decreased levels of high-energy phosphates have been reported in the failing human 
heart [49] hampering with the transference of chemical energy to contractile work 
[50]. Most of this energy is produced in mitochondria by oxidative phosphorylation, 
a process that involves electron-transfer reactions through the mitochondrial respi-
ratory chain complexes at the inner mitochondrial membrane. In this context, any 
alteration triggered by PM inhalation in these multienzymatic complexes, in the 
electrochemical H+ gradient that they generate across the inner membrane or in 
F0–F1 ATP synthase activity, could lead to a deficient ATP production resulting in a 
bioenergetic dysfunction and organ failure [51].

Taking into account that inhaled PM could alter heart oxidative metabolism, the 
need of an adequate energy supply to sustain proper contractile work, and the cru-
cial role of mitochondria in both O2 and energetic metabolism, we evaluated cardiac 
O2 metabolism and contractile function, focused on mitochondrial function, in a 
mice model of acute exposure to Residual Oil Fly Ash (ROFA). ROFA is the inor-
ganic residue that remains after the incomplete oxidation of such carbonaceous 
materials and contributes to PM in urban air [52]. Diverse PM surrogates have been 
assayed in different animal models in order to study the biological effects of PM 
exposure. Among them, ROFA has been particularly useful given that it is espe-
cially rich in soluble transition metals (namely iron, nickel and vanadium), and 
because of its low concentration of organic compounds [53]. Therefore, ROFA is 
the most frequently used combustion-derived particle in order to evaluate the con-
tribution of transitions metals in the biological effects of PM inhalation [54]. 
Moreover, ROFA particles often present an aerodynamic diameter smaller than 
2.5 μm (PM2.5), a size that have been shown to be more closely associated with PM 
adverse health effects than coarser particles (PM10–2.5) [55]. Swiss mice were intra-
nasally instilled with either ROFA (1.0 mg/kg body weight) or saline solution. The 
amount of particles administered in this study was 25 μg per mouse. The selected 
dose falls within the range of concentrations consistently used in several animal 
studies [56, 57] and it can be considered as a medium to low dose when compared 
with pollution levels attained in large cities worldwide [58]. Three hours after ROFA 
exposure, tissue O2 consumption was significantly decreased, as well as mitochon-
drial rest (state 4) and active (state 3) respiration. These findings were associated 
with decreased complex II activity, mitochondrial depolarization and deficient ATP 
production. Even though basal contractility was not modified, isolated perfused 
hearts failed to properly respond to isoproterenol in ROFA-exposed mice. As it is 
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shown in Fig. 18.2, tissue O2 consumption rates positively correlated with cardiac 
contractile state in controls, but not in treated mice [59].

These results indicate that the myocardium fails to properly sustain contractile 
work when work output is increased in mice exposed to PM. Interestingly, pretreat-
ment with infliximab, a chimeric monoclonal antibody that blocks TNF-α biologi-
cal activity [60], recovered the positive correlation between cardiac contractile 
state and O2 consumption [61]. These findings support the notion that systemic 
inflammation is a key pathway in the alterations in cardiac function observed after 
PM exposure.

6  Conclusions

The mechanisms of PM health effects in the cardiovascular system are still poorly 
understood. A better understanding of the mechanisms underlying PM induced 
health problems would allow a more targeted approach to face the toxic effects of 
PM, and could possibly provide different ways to decrease individual sensitivity to 
PM. Epidemiological data and studies performed in different animal models sug-
gest a variety of possible mechanisms, including a cardiac effect induced, at least in 
part, by proinflammatory mediators that affects oxygen metabolism and mitochon-
drial function. The whole series of events are summarized in Fig. 18.3. The current 
hypothesis is that the lung inflammation induced by inhalation of ambient particles 
implies a systemic inflammatory response that leads to cardiac dysfunction. These 
changes may contribute to the increased morbidity and mortality associated to pol-
luted areas.

Fig. 18.2 Linear correlation between heart O2 consumption and Left Ventricular Developed 
Pressure (LVDP) measurements. (a) Control animals in basal conditions (●) and after a β-adrenergic 
stimulus (○) (r2 = 0.827, p < 0.0001). (b) ROFA-exposed mice in basal conditions (▲) and after a 
β-adrenergic stimulus (△) (r2 = 0.140) (Taken with permission from Ref. [59])
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Chapter 19
Neurovascular Coupling Mediated 
by Neuronal Derived-Nitric Oxide: 
Mechanisms in Health and Dysfunction 
with Impact on Aging and Alzheimer’s Disease

Cátia F. Lourenço, Ana Ledo, Rui M. Barbosa, and João Laranjinha

Abstract Neurovascular coupling is an intricate mechanism whereby local blood 
flow is strictly adjusted in time and space to neuronal activity. Intimately associated 
to glutamatergic neurotransmission, it is a complex mechanism that relies on the 
concerted communication of neurons and vascular cells, with assumed enrolment of 
other cell types. Nitric oxide (•NO) is uniquely suited to integrate the activity of all 
components of the neurovascular unit. Due to its hydrophobicity and reduced size, 
•NO can diffuse in the brain tissue and integrate the activity of multiple cells irre-
spective of their physical connection to the producing cell.

In this chapter we review evidence supporting the involvement of •NO derived 
directly from neuronal activity as a result of glutamatergic neurotransmission in 
neurovascular coupling. Furthermore, we discuss dysfunction of •NO-mediated 
neurovascular coupling as a fundamental process in the aging brain and in 
Alzheimer’s disease, emphasizing the putative role of oxidative stress.

Keywords Nitric oxide • Neurovascular coupling • Alzheimer's Disease • Aging • 
Oxidative stress

1  Introduction

The brain accounts for 20 % of resting O2 consumption in the adult human, despite 
only representing 2 % of total body mass [1, 2]. To sustain functional and structural 
integrity, the brain requires blood supply to be attuned to the physiological demands 
imposed by neural activation with both high temporal and regional precision [3]. 
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The existence of a mechanism that integrates variations of neuronal activity with 
local blood supply was firstly suggested by Roy and Sherrington in 1890. By record-
ing intracranial pressure simultaneously with systemic blood pressure they con-
cluded that “chemical products of cerebral metabolism contained in the lymph 
which bathes the walls of the arterioles of the brain can cause variations of the cali-
ber of the cerebral vessel” and proposed that the brain possessed an “intrinsic mech-
anism by which its vascular supply can be varied locally in correspondence with 
local variations in functional activity” [4]. This conjecture outlines the concept of 
neurovascular coupling and supports a premise that is still valid nowadays: besides 
extrinsic control, cerebral blood flow (CBF) is uniquely regulated by intrinsic brain 
factors. Neurovascular coupling is the basis for functional brain imaging techniques 
such as blood oxygen level-dependent (BOLD) functional magnetic resonance 
imaging (fMRI) and yet, in spite of over a century’s worth of research, the underly-
ing mechanisms remain to be fully elucidated [3, 5]. Nitric oxide (•NO), a free radi-
cal intercellular diffusible messenger, was implicated in the regulation of CBF soon 
after its identification as the endothelial-derived relaxing factor (EDRF) and as a 
neuromodulator [6, 7]. However, three decades later, the role played by •NO in neu-
rovascular coupling is still ambiguous.

In this chapter we review the current knowledge concerning the contribution of 
•NO to the mechanisms underlying neurovascular coupling, exploiting the indirect 
and direct evidence that supports the involvement of •NO in this process. We further 
discuss the impairment of •NO-mediated neurovascular coupling in aging and 
Alzheimer’s disease, giving particular emphasis to the putative role of oxidative stress.

2  Neurovascular Coupling: Basic Tenets

The concept of neurovascular coupling describes a concerted communication 
between neurons and vascular cells that likely involves the cooperation of other cell 
types, including astrocytes and pericytes, that together form the neurovascular unit 
[5]. It was originally hypothesized that active neurons control the vascular supply of 
glucose and O2 through the generation of a metabolic signal, establishing a negative- 
feedback mechanism. A drop in O2 and glucose concentration or a rise in CO2 con-
centration would induce a local increase in CBF to suppress that unbalance. 
However, data obtained from manipulation of glucose and O2 concentrations, as 
well as the lack of acidification of extracellular medium accompanying the neuronal 
activity, rebutted this hypothesis [8, 9].

Nowadays it has been recognized that neuronal activity per se elicits the increase 
of CBF in a feedforward mechanism. Indeed, although other neurotransmitters may 
be involved [10], there is a large consensus that glutamate synaptically released dur-
ing neuronal activation triggers neurovascular coupling [3, 5, 11]. Glutamate is the 
main excitatory neurotransmitter in the brain and can activate both G-protein cou-
pled (metabotropic) receptors (mGluR) and ligand-gated cationic (ionotropic) 
 channels (iGluR) [12]. The first evidence of vasodilatory effect of glutamate in 
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intact cerebral circulation was obtained from the observation of an increased diam-
eter of pial arterioles following glutamate application to the exposed surface of the 
piglet cerebral cortex [13]. This fundamental observation has been consistently 
demonstrated in other animal models (reviewed in [14]). Furthermore, diverse 
experimental approaches support the hypothesis that the vasodilatory effects of glu-
tamate are not restricted to the cerebral cortex. Glutamate receptor activation by 
electrical or pharmacological stimulation promotes vasodilation in a variety of brain 
regions, including the cerebellum [15, 16], hippocampus [17, 18] and striatum [19]. 
While the involvement of glutamate is well established, the mechanisms by which 
it promotes vasodilation are more questionable. It has been suggested that brain 
endothelial cells express functional glutamate receptors and that glutamate can 
mediate vasodilation by acting directly at the microvasculature level, but this 
hypothesis has scarce experimental support [20]. The endothelium may, instead, be 
implicated in retrograde propagation of vasodilation [21].

More robust evidence claim glutamate vasodilatory action relying on activation 
of glutamate receptors either in neurons or astrocytes, with subsequent activation of 
Ca2+-dependent intracellular signaling pathways and production of vasoactive mol-
ecules that target smooth muscle cells in arterioles and/or pericytes in capillaries, 
ultimately promoting vasodilation and increase of CBF. Among the vasoactive sub-
stances proposed to be involved in the vasodilation associated to neurovascular cou-
pling are •NO, K+, arachidonic acid metabolites and adenosine [22].

Before discussing the pathways that contribute to the regulation of neurovascular 
coupling, in particular those involving •NO, one must note that it is conceivable that 
several molecules and/or pathways may cooperate to translate the need for meta-
bolic substrates imposed by neuronal activity into changes of CBF. Moreover, as 
discussed later, these mechanisms are expectedly distinct amongst different brain 
regions, reflecting diverse neuroanatomic and functional properties.

3  Nitric Oxide in the Neurovascular Coupling

3.1  Nitric Oxide and Glutamatergic Transmission

In the brain, •NO signalling is intimately associated with glutamatergic transmis-
sion. At glutamatergic synapses, •NO synthesis involves the stimulation of iono-
tropic glutamate receptors, particularly N-methyl-D-aspartate (NMDA)-subtype 
that, upon activation, allow the influx of Ca2+. Binding of Ca2+ to calmodulin acti-
vates the neuronal isoform of nitric oxide synthase (nNOS), which catalyzes the 
conversion of L-arginine to L-citrulline and •NO, provided that the substrates 
(L-arginine, O2) and several cofactors (NADPH, FMN, FAD, tetrahydrobiopterin, 
heme) are available [23, 24]. Neuronal NOS, in particular the α-splice variant, pos-
sesses an N-terminal PDZ motif [25], which allows the enzyme to bind to other 
PDZ-containing proteins, such as the synaptic density scaffold protein PSD-95 [26]. 
The functional impact of this association is highly relevant, as PSD-95 binds 
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simultaneously to the NR2 subunit of the NMDA receptor [27, 28], thus forming a 
supramolecular complex that places the Ca2+-dependent nNOS under the direct 
effect of Ca2+ influx through the activated NMDA receptor channel [29] and regu-
lates •NO production via specific adaptor proteins [30, 31]. Associated to glutama-
tergic transmission, •NO has been implicated in a wide range of physiological 
processes, including neurovascular coupling, learning and memory formation, neu-
ral differentiation and development, nociception and drug addiction [32]. 

3.2  Additional Sources of Nitric Oxide in the Brain

In the brain, •NO can also be produced by other members of the NOS family, namely 
the endothelial NOS (eNOS) and the inducible NOS (iNOS). In general terms, 
eNOS, like nNOS, is a Ca2+-calmodulin-dependent enzyme and is constitutively 
expressed mainly in the endothelial cells. The iNOS is expressed upon demand in 
multiple cell types, including glial cells, in response to inflammatory stimuli and, 
due to its high affinity for calmodulin, can produce •NO under basal Ca2+ concentra-
tion [33].

More recently, a novel pathway for non-enzymatic •NO production has been pro-
posed in connection with the endogenous univalent reduction of nitrite. In fact, •NO 
can be generated from nitrite under acidic and reducing conditions such as those 
occurring during hypoxia (reviewed in [34]). In this context, evidence suggests that 
•NO generated from nitrite can be utilized to support normal cerebrovascular physi-
ology [35].

3.3  Determinant Features of Nitric Oxide with Relevance 
for Neurovascular Coupling

What makes •NO a unique candidate to mediate neurovascular coupling? The imme-
diate answer is that, in addition to being released upon neuronal activation, •NO is a 
potent vasodilator. The elevation of •NO from environmental pollutant to a biologi-
cal signaling molecule occurred from its identification as the endothelial derived 
relaxing factor (EDRF) and, since then, it has been implicated in the regulation of 
vascular tone in a large number of tissues [36]. The main mechanism underlying the 
vasodilatory effect of •NO involves the activation of soluble guanylate cyclase 
(sGC) in smooth muscle cells and the production of the second messenger 
cGMP. The subsequent activation of cGMP-dependent protein kinase promotes the 
decrease intracellular [Ca2+], resulting in dephosphorylation of myosin light chain 
and relaxation of the smooth muscle cells [37]. Also, •NO promotes vasodilation 
through cGMP-independent mechanisms such as activation of calcium-dependent 
potassium channels [38], stimulation of the sarco/endoplasmic reticulum calcium 
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(Ca2+) ATPase (SERCA) [39] and by affecting the synthesis of other vasoactive 
molecules [40], as discussed below in more detail.

The distinguishable features of •NO as neuromodulator derive from its low 
molecular weight and hydrophobicity, which make •NO not only highly diffusible 
but also membrane permeable [41]. Indeed, in vivo studies in the brain support that 
cellular membranes may act as low-resistance pathways that facilitate •NO diffusion 
in nervous tissue, consequently increasing its diffusional field [42]. In acute hippo-
campal slices, by measuring endogenously produced •NO via the activation of 
NMDA-type glutamate receptors, we found that the activation of multiple nNOS- 
containing neurons within a 50 μm radius resulted in a diffusional spread of •NO 
close to 400 μm [43]. Under in vivo conditions, where operant blood flow promotes 
the scavenging of •NO by hemoglobin, the diffusional field of •NO is expectedly 
lower as suggested by the comparatively lower half-life found in the intact brain of 
anesthetized rats [44]. Still, evidence supports that •NO produced in a finite volume 
by multiple sources can diffuse and integrate the activity of multiple cells (neurons, 
asctrocytes, endothelial cells, etc) without the requirement of a physical connection 
to the •NO producing cell [45]. In the hippocampus, the mean distance between 
arterioles and NADPH-diaphorase-stained nerve fibers along the longitudinal axis 
of the CA1 pyramidal layer ranges from 70 to 150 μm [17], which is consistent with 
the hypothesis that •NO produced by neurons can diffuse to the smooth muscle cells 
of arterioles and promote vasodilation. Furthermore, in the somatosensory cortex 
NOS-positive interneurons have been detected with their neurites in intimate con-
tact with local blood vessels. According to this study, in layers I-III, 28 % of the 
interneurons located within a 50 μm radius of blood vessel express NOS [46].

The distance that •NO can diffuse has paramount importance for its role as a 
volume transmitter in the brain [47], a feature that may also have implications for 
neurovascular coupling. Given that this is a complex process involving different cell 
types and putatively several signaling cascades, the volume signaling of •NO, along 
with the multiplicity of molecular targets with which it can interact, may contribute 
to modulate and integrate different pathways contributing to neurovascular cou-
pling. For instance, it was suggested that •NO can regulate gap junctional intercel-
lular communication and thus contribute to upstream vasodilation, which is an 
important component of neurovascular coupling [39].

These arguments position •NO as a unique candidate to mediate the tight cou-
pling between neuronal activity and local blood perfusion. Before exploring con-
crete experimental evidence that supports the role of •NO in neurovascular coupling, 
we should emphasize a further peculiarity of •NO-mediated neurovascular coupling 
related to the intrinsic regulation of this pathway. The increase of CBF linked to 
neuronal activation entails an increase of the circulating red blood cells that, ulti-
mately, lead to enhanced •NO scavenging [44]. Thus, one can envisage that the 
signaling conveyed by •NO is translated to an increase in CBF, which in turn inacti-
vates •NO, thus contributing to shape the underlying signaling pathway in a self- 
regulated manner.
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3.4  Evidence for the Involvement of Nitric Oxide 
in Neurovascular Coupling

In the following sections we will explore the evidence supporting the role of •NO in 
neurovascular coupling, either directly as a mediator, or indirectly by modulation of 
other pathways. The conceptual framework of these lines of evidence is schema-
tized in Fig. 19.1.

3.4.1  Indirect Evidence Provided by Pharmacological Approaches

The first experimental data implicating •NO in neurovascular coupling dates from 
the early 90s, when a number of pharmacological studies showed that NOS inhibi-
tors could effectively reduce the cerebrovascular response coupled to neuronal acti-
vation. In anesthetized rats and mice, the competitive antagonism of NOS was 
shown to attenuate the increase of CBF in the somatosensory cortex in response to 
vibrissae stimulation [48], in the motor cortex in response to peripheral nerve stimu-
lation [49] and in the cerebellar cortex in response to afferent electric stimulation 
[50, 51]. The same effect was observed in the cerebrovascular responses elicited by 
NMDA and glutamate [52–54]. These observations were later corroborated by the 

Fig. 19.1 Constituents of the neurovascular unit and schematic representation of the signaling 
pathways by which •NO may impact over neurovascular coupling. In neurons (a), synaptically 
released glutamate activates ionotropic glutamate receptors (iGluR), allowing the influx of Ca2+ 
and activating neuronal nitric oxide synthase (nNOS). The •NO released may directly promotes 
vasorelaxation and increase in the cerebral blood flow by activating sGC in smooth muscle cells of 
arterioles and/or in the pericytes surrounding capillaries (c, solid blue line). Indirectly, •NO may 
promotes vasodilation by modulating the signaling pathways involving arachidonic acid metabo-
lites (dashed lines). In astrocytes (b), activation of metabotropic glutamate receptors (mGluR), by 
raising [Ca2+]i activates phospholipase A2 (PLA2) which promotes the release of AA from mem-
branes. •NO can either stimulate the activity of cyclooxygenase (COX), favoring the synthesis of 
prostaglandins (PGE) (blue dashed line), and inhibit the activity of cytochrome P450 hydroxylase, 
limiting the production of the vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE) (red 
dashed line)
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systemic administration of a relatively selective inhibitor for neuronal NOS. Under 
different experimental paradigms of neuronal activation, 7-nitroindazole (7-NI) suc-
cessfully perturbed the hemodynamic responses associated with neurovascular cou-
pling, suggesting the involvement of the neuronal isoform of NOS [15, 18, 55–57]. 
In parallel to the reports supporting the involvement of •NO in neurovascular cou-
pling, other evidence arose in the opposite direction. Some studies reported the 
absence of effect of NOS inhibitors on the increase in cerebral blood flow following 
somatosensory stimulation, thus suggesting the lack of •NO participation [58–60]. 
Of note, the latter studies were performed in awake restrained animals, a condition 
associated to altered cerebrovascular regulation [61]. A further level of complexity 
was added by authors arguing that NOS inhibition may hamper neuronal activity, 
thereby affecting the coupled cerebrovascular response. Although evidence sup-
ports that •NO may act as an autocrine messenger affecting the neuron’s intrinsic 
excitability [62], many studies have demonstrated that the effect of NOS inhibition 
on evoked potentials is absent or negligible [63–65].

In sum, while these pharmacological approaches provided relevant insights into 
the involvement of •NO in neurovascular coupling, they also added controversy. The 
interpretation of data using such approaches may be imprecise considering that the 
efficacy of pharmacological agents in complex biological is not complete. 
Supporting this notion, 7-NI does not maximally inhibit nNOS activity nor does it 
affect all brain regions to the same extent [66].

3.4.2  Indirect Evidence Based on NOS Knockout Mice

A complementary strategy to investigate the role of •NO in neurovascular coupling 
has relied on the use of genetically modified animals lacking selected isoforms of 
NOS. Curiously, the data collected from these animal models is unconvincing. In 
nNOS knockout mice, the increase of CBF in the cerebellar cortex, evoked either by 
electric stimulation or by glutamate superfusion, was significantly attenuated when 
compared to wild-type mice [67]. In turn, in the somatosensory cortex the hemody-
namic response induced by whisker stimulation was found to be similar to that 
observed in wild-type mice and unresponsive to NOS inhibitors. It has been specu-
lated that in mice lacking expression of nNOS neurovascular coupling is subserved 
by parallel or redundant pathways [68].

In this context, it should be emphasized that in the mouse brain there were identi-
fied three different NH2-terminal nNOS protein variants, generated by the alterna-
tive 5′-end splicing of nNOS mRNA: nNOSα, nNOSβ and nNOSγ. The 
above-mentioned nNOS knockout mice were generated by targeted disruption of 
exon 2 (coding for PDZ domain) of the NOS1 gene [69], and thus only lack nNOSα. 
While nNOSα accounts for over 95 % of nNOS catalytic activity [70], nNOS knock-
out mice maintain a considerable amount of nNOS immunoreactivity in many brain 
regions. Coherently, by measuring •NO in the hippocampus with chemically modi-
fied microelectrodes, we have detected •NO transients in response to glutamatergic 
activation in these nNOS knockout mice (Fig. 19.2). This could relate to the 
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 cytosolic located nNOSβ variant, shown to be overexpressed in some brain regions 
of these nNOS knockout mice [70]. Concordantly, the mRNA of nNOSβ was still 
detectable in both the CA1-3 and dentate gyrus subregions of the hippocampus of 
nNOS knockout mice [71]. As depicted in Fig. 19.2, the temporal and concentration 
profile of the •NO transients in the hippocampus of nNOS knockout mouse differed 
from those detected in the wild-type, supporting alternative pathways for •NO syn-
thesis in the former. Thus, data obtained from knockout models must be interpreted 
with caution due to potential mechanisms that might replace or compensate for the 
lost nNOS activity. This may result either from pre-existing redundant pathways or 
altered expression in the setting of the gene deletion [72]. Supporting this hypoth-
esis, evidence suggests that eNOS compensates for a lack of nNOS in penile erec-
tion in the nNOS knockout mice [73] and that nNOS may compensate for eNOS in 
the pial vessel response to acetylcholine of eNOS knockout mice [74].

3.4.3  Direct Evidence: Temporal and Spatial Coupling Between Nitric 
Oxide Dynamics and Cerebral Blood Flow Changes

In spite of intensive research over the last decades, using both pharmacological 
approaches and genetically modified animals, the role of •NO in the neurovascular 
coupling has to date not been entirely clarified. The reasons largely rely on the 

Fig. 19.2 Nitric oxide concentration gradients in the hippocampus of wild type mice (black line) 
and nNOS knockout mice (gray line) elicited by glutamatergic stimulation. •NO was measured 
directly using •NO selective microelectrodes as previously described [89]. Glutamate was pressure 
ejected at the time indicated by the arrow (20 mM, 25 nL). Dashed line represents the electro-
chemical verification of recorded signal in the nNOS knockout mice: at a low oxidation potential 
(+0.4 V vs Ag/AgCl), insufficient to oxidize •NO but able to oxidize other electroactive molecules, 
only a residual current is measured, validating •NO as the contributor for to the recorded signal. 
Note the diminished amplitude of the •NO signal and delayed onset delay in the nNOS knockout 
mice, as compared to the wild type mice, suggesting diverse pathways for •NO synthesis
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experimental limitations imposed by the effusive nature of •NO (making hard to fol-
low its concentration dynamics) and by neurovascular coupling itself: a spatial, tem-
poral, and amplitude association has to be established between vascular changes 
and neuronal activation-dependent •NO dynamics in order to support the role of 
neuronal •NO as a direct mediator of neurovascular coupling. A step forward in the 
understanding of the contribution •NO in neurovascular coupling was made by the 
in vivo simultaneous measurements of •NO dynamics and cerebral blood flow 
changes during neuronal activation. Buerk and collaborators used •NO-selective 
microelectrodes to measure •NO produced in the rat somatosensory cortex upon 
forepaw electrical stimulation while simultaneously recording changes in the cere-
bral blood flow [75]. They observed transient increases of •NO and CBF upon stim-
ulation, with increase in •NO preceding that of CBF. However, the interdependency 
of both events was not addressed nor was the cellular source of •NO investigated.

Inspired by this work, we have investigated the role of •NO in neurovascular 
coupling in the hippocampus, attempting to establish the sequence of events between 
neuronal activation and blood flow responses and, thus, identify the source of 
•NO. By simultaneously measuring •NO and CBF in response to glutamatergic acti-
vation coupled to pharmacological modulation of the process, we collected robust 
data supporting a direct role of neuronal-derived •NO in neurovascular coupling 
[18]. The observation that both MK-801, a NMDA receptor antagonist, and 7-NI 
individually elicited a dramatic inhibition of •NO production and that this effect was 
translated into limited CBF changes, in the absence of a significant effect of L-NIO 
(eNOS inhibitor), supported the interdependency of both events and identified the 
neurogenic origin of •NO. In turn, the inhibition of the CBF response by ODQ, a 
selective inhibitor of sGC, identified the pathway for neurovascular coupling pro-
cess in the hippocampus: •NO acts directly via the canonic cGMP-dependent vaso-
dilation pathway (Fig. 19.3). Our data strongly support the notion of •NO as a direct 
mediator of neuron-to-vessel signaling in the hippocampus [18]. However, we can-
not completely rule out the hypothesis that the signaling pathways involved in the 
CBF response to NMDA receptor activation is more complex than simple •NO dif-
fusion from neurons to vascular smooth muscle [19].

3.4.4  Modulatory Role of Nitric Oxide in Neurovascular Coupling

Several studies have suggested that •NO, rather than acting directly as a mediator, 
exerts its role by modulating other operant pathways in neurovascular coupling. 
Until recently, a major paradigm supported astrocytes as intermediaries bridging 
neuronal activity and hemodynamic changes [5], an idea raised by the observation 
of Ca2+ transients in these cells associated to the increase in cerebral blood flow 
[76]. Astrocytes have a privileged anatomical location to relay information from 
neurons directly to blood vessels (see Fig. 19.1) and form an extensive network 
interconnected by gap junctions that is ideally suited to propagate information 
upstream along the vascular tree [77]. The involvement of astrocytes is intimately 
connected to the activation of mGluR, namely mGluR1 and mGluR5, and increase 
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in intracellular [Ca2+], which upon activation of phospholipase A2 leads to the 
release of arachidonic acid from plasma membrane phospholipids. Depending on 
the downstream pathway, arachidonic acid can be metabolized to prostaglandins 
(PGE) (via cyclooxygenase – COX) [76] and/or epoxyeicosatrienoic acids (EET) 
(via cytochrome P450 epoxygenase) in astrocytes [78, 79]. Arachidonic acid can 
also be released to smooth muscle cells where it is converted, via cytochrome P450 
hydroxylase, to a potent vasoconstrictor, 20-hydroxyeicosatetraenoic acid (20- 
HETE) [80]. Nitric oxide has been implicated as modulator of the above-mentioned 
pathways by regulating the heme-containing enzymes involved in the metabolism 
of arachidonic acid. Indeed, •NO can bind the heme of cytochrome P450, thereby 
inactivating the enzyme [81]. In this context, there is evidence supporting that 
•NO-mediated vasodilation is partially dependent on the inhibition of 20-HETE 
synthesis [40, 82]. Conversely, •NO can regulate COX activity favoring the synthe-
sis of PGE [83] and thus vasodilation. Furthermore, it is suggested that •NO may 
elicit intercellular Ca2+ increase via ryanodine receptor activation and influence the 
Ca2+ wave initiation and propagation [84].

Despite all the evidence, the role of astrocytes in the neurovascular through the 
mGluR- pathway has recently been contested based on two critical pieces of evi-
dence: i) measureable changes of intracellular [Ca2+] are detected later after the 
onset of vasodilation [85, 86]; and ii) mGluR5 receptor are absent in adult brain 
[87]. While these questions remain unsolved, it is evident that astrocytes are central 
players in neurovascular coupling. For instance, astrocytes may impact •NO-mediated 

Fig. 19.3 Temporal correlation between •NO concentration gradients and cerebral blood flow 
changes in response to glutamatergic activation. •NO and cerebral blood flow were simultaneously 
measured in the hippocampus of urethane-anesthetized Wistar rats as previously described [18]. 
Glutamate was locally delivered at the time indicated by the arrow. Insert: Pharmacological modu-
lation of the •NO signals and cerebral blood flow changes using inhibitors of NMDA receptors 
(MK-801, 1 mg/kg i.p), nNOS (7-NI, 50 mg/kg i.p), eNOS (L-NIO, 40 mg/Kg i.p) and sGC (ODQ, 
25 pmol locally) (Adapted from Ref. [18])
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vasodilation by making arginine available to neurons. Arginine, a substrate for •NO 
synthesis, is released by astrocytes upon glutamatergic activation [88].

3.5  Regional Specificities of the Role of Nitric Oxide 
in Neurovascular Coupling

Considering that nNOS is scattered through the brain and that its regulation might 
be modulated as a function of local metabolic/redox status [89], it is possible that 
neuronal •NO is not necessarily equally dominant in controlling CBF as a function 
of neuronal activity in distinct areas of the brain. In fact, while in the hippocampus 
[17, 18] and cerebellum [16, 56] •NO seems to play a critical role by directly medi-
ating vasodilation coupled to neuronal activity, this may not be the case for the 
cerebral cortex. In this brain region, •NO appears to lack a direct mediator role, and 
rather acts as a modulator of other pathways (see section 3.3.4). This is partially 
supported by the observation that the attenuation of hemodynamic response pro-
moted by NOS inhibition can be restored by •NO donors in the somatosensory cor-
tex [90], but not in the cerebellar cortex [91]. Thus, although •NO may be required, 
neurovascular coupling in the cerebral cortex may not linearly depend on its 
dynamic fluctuations. The quantitative relationship between •NO signals and CBF 
changes observed upon glutamatergic stimulation in the hippocampus and cerebral 
cortex further strengthens the concept of a distinct role for •NO in neurovascular 
coupling across brain regions [18]. This is predictable considering that, as men-
tioned previously, although nNOS is present in virtually every area of the CNS, 
there are significant variations expression and activity levels amongst the regions, 
with highest expression levels being found in the cerebellum [92]. Also, a pseudo- 
quantitative analysis of nNOS expression revealed a higher density in the hippo-
campus compared to the cerebral cortex, which was translated into higher •NO 
fluxes upon glutamatergic activation in the former region [89]. In the cerebral cortex 
NOS expressing neurons correspond to a very small proportion (0.5–2 %) of corti-
cal neurons, 80 % of which are GABAergic. [93]. In the hippocampus, NOS 
expressing neurons are more abundant, comprising 2–60 % of the neurons depend-
ing on the layer and sub-region [94]. Furthermore, while many are also GABAergic, 
it should be noted that nNOS expressing interneurons are considered to be the most 
abundant interneuron subpopulation in the hippocampus, in opposition to what is 
observed in the cerebral cortex [95].

3.6  Obstacles in Studying the Role of Nitric Oxide 
in the Neurovascular Coupling

It is easily recognizable from the evidence scrutinized so far that the complete 
understanding of the role played by such an elusive free radical as •NO in neurovas-
cular coupling has still to be achieved, mainly due to methodological limitations. As 
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discussed above, the experimental approach used can constrain the results obtained, 
and pharmacological approaches or use of transgenic lines per se cannot provide 
reliable answers. Among others, the type of preparation (slices versus whole brain), 
the age of the animals, the use and type of anesthetic, the type/strength of stimuli, 
the afferent pathway targeted may have a huge contribution to the discrepancies 
reported. Underlying these problems, the quantitative measuring of •NO dynamics 
still remains a technological challenge. The unorthodox properties of •NO add fur-
ther complexity to this matter. While the use of optogenetic approaches has been 
suggested as a promising strategy to study neurovascular coupling [96], the direct 
and reliable measurement of •NO is crucial to unraveling its role in the underlying 
mechanisms of neurovascular coupling.

4  Dysfunctional Neurovascular Coupling in Brain Aging 
and Alzheimer’s Disease

Failure in the regulation of the tight coupling between neuronal activity and blood 
supply is associated with neuronal dysfunction. Multiple lines of evidence, ranging 
from clinical imaging to epidemiological and pharmacotherapeutical studies sug-
gest that the disturbance of neurovascular coupling occurs during brain aging and 
age-related neuropathologies and is closely associated with cognitive decline [3, 
97]. This is the case of Alzheimer’s disease (AD), a common age-related neurode-
generative disorder characterized by progressive cognitive decline associated to 
neuronal loss in brain areas linked to memory processing. Although AD is classi-
cally considered an inherently neuronal disorder, convincing data support the occur-
rence of concomitant cerebrovascular dysfunction [98]. Indeed, several lines of 
evidence support cerebral hypoperfusion as a preclinical condition in AD [3]. Also, 
numerous clinical studies recognize a negative correlation between global cerebral 
blood flow and the age of healthy subjects [99–102]. In addition to resting blood 
flow, the adjustment of CBF in response to neuronal activation is described to be 
impaired in several experimental models [103–105] and AD patients [106–108], as 
well as during non-pathological aging [102, 109, 110]. Yet, the impact of these 
alterations is not fully resolved and questions related to the cause or consequence 
dilemma in neuronal dysfunction still persist. Using rodent models, we have 
observed that •NO-dependent neurovascular coupling is impaired during non- 
pathological aging and in AD and the dysfunction appears to be primarily cerebro-
vascular rather than neuronal in its origin. By simultaneously measuring •NO and 
CBF in the hippocampus of triple transgenic mouse model of AD (3xTg-AD mice) 
and in Fischer 344 rats (aging model) we observed that the increase in CBF elicited 
by glutamatergic activation was decreased both as a function of age and AD geno-
type, in spite of a barely unchanged •NO signaling. In 3xTg-AD mice the impair-
ment is associated with a shift in the CBF response relative to the •NO signal, 
reflected by both a larger delay to the onset of CBF rise and a decreased amplitude 
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of CBF change (Fig. 19.4) [111]. Identical observations were obtained during aging 
in F344 rats. Whereas an age-dependent decline in •NO concentration dynamics 
upon glutamatergic activation is apparent in several brain regions [112], this did not 
occur in the dentate gyrus of the hippocampus. In turn, in this sub-region, the cou-
pled cerebral blood flow changes were significantly attenuated during age progres-
sion (unpublished data). These observations suggest that the impairment of cerebral 
blood flow response compromises •NO-mediated neurovascular coupling in AD and 
aging, thus supporting the notion of cerebrovascular dysfunction as a fundamental 
process in both conditions.

4.1  Role of Oxidative Stress

The causes for cerebrovascular dysfunction and impairment of neurovascular cou-
pling in AD and non-pathological brain aging can be diverse. However, convergent 
evidence based on 3-nitrotyrosine immunoreactivity and hydroethidine microfluo-
rography in cerebral microvessels highlight changes in the redox balance of the 
cellular milieu towards oxidative stress as a pivotal and early factor in neurovascular 
deregulation [3, 113]. It is suggested that β-amyloid peptide (Aβ), the classical cul-
prit in AD, induces the production of reactive oxygen and nitrogen species (RNOS) 
in the vasculature prior to brain parenchyma [114]. Amongst the multiple potential 
sources of RNOS in the brain, a significant contribution has been attributed to the 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family, whose 

Fig. 19.4 Impairment of •NO-dependent neurovascular coupling in AD elucidated by the simulta-
neous measurements of •NO concentration dynamics and CBF changes in the hippocampus of 12 
months-old Non-Tg mice and 3xTg-AD mice in response to L-glutamate. L-glutamate (0.5 nmol, 
1 s) was locally applied at time indicated by the black arrow (Adapted from Ref. [111])
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activation is reported to occur in AD and non-pathologic aging [115] and in response 
to cerebral hypoperfusion [116]. The superoxide anion (O2

−•) generated by NADPH 
oxidase is suggested to negatively impact neurovascular regulation primarily by 
decreasing •NO bioavailability, thus hampering its binding to sGC and consequent 
vasodilation. Indeed, the impairment of •NO-mediated neurovascular coupling in 
the hippocampus of 3xTg-AD mice and aged Fischer 344 rats can be mimicked in 
healthy young rats by intracerebroventricular injection of 2,3-dimethoxy-1,4- 
naphthoquinone (DMNQ), a redox-cycle agent that triggers intracellular O2

−• pro-
duction [117]. We observed that DMNQ promotes a decrease of CBF response 
while barely affecting glutamate-induced •NO dynamics (unpublished data). 
Superoxide dismutase (SOD) mimetics have shown potential to abrogate the attenu-
ation of cerebral blood flow elicited by whisker stimulation observed in aged [118] 
and AD mice [113, 114] further corroborating the role of O2

−• in the neurovascular 
coupling impairment.

Another important aspect of the interruption the •NO signaling by O2
−• relates 

with diffusion limited reaction of •NO and O2
−• itself and the formation of peroxyni-

trite (ONOO−), a potent oxidant and nitrating agent that can alter the biological 
activity of lipids, proteins and nucleic acids. One of the most relevant cytotoxic 
pathways for ONOO− action involves the nitration of proteins, mainly in tyrosine 
residues, yielding 3-nitrotyrosine [119]. A growing body of evidence shows 
enhanced 3-nitrotyrosine immunoreactivity in brains from AD patients [120] with 
functional consequences in terms of nitration of several relevant proteins [121]. For 
instance, the mitochondrial isoform of SOD (MnSOD), a central intracellular O2

−• 
scavenger, is reported to be nitrated in AD [122], a modification shown to lead to 
enzyme inactivation [119] and thus to enhanced nitroxidative stress. Peroxynitrite 
can further impair neurovascular coupling both by altering other mechanisms for 
vasodilation and by promoting structural alterations in the blood vessels [115].

5  Conclusions

In the present chapter we reviewed the concept of neurovascular coupling and dis-
cussed direct and indirect evidence supporting the role of •NO as a key regulator of 
the complex mechanism which guarantees the fine-tuning between neuronal activ-
ity, energetic demand and vascular response. Intimately associated to glutamatergic 
neurotransmission, both indirect (inhibition of NOS and NOS knockout mouse) and 
direct evidence stemming from direct in vivo recording of •NO concentration 
dynamics simultaneously with CBF support the notion that neuronal-derived •NO is 
a mediator of neurovascular coupling. Despite compelling evidence supporting a 
direct role in modulation of vascular tone via sGC activation in smooth muscle cells, 
the possible convergence of other •NO-dependent modulatory pathways encompass-
ing the activity of astrocytes should and cannot be excluded.
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Finally, aberrant RNOS formation is likely involved as a central issue in the dys-
function of neurovascular coupling observed in the aging brain or pathological con-
ditions such as Alzheimer’s disease.
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Chapter 20
Oxidative Stress and Neurodegeneration

Juana M. Pasquini, Laura A. Pasquini, and Hector R. Quintá

Abstract Multiple sclerosis, a highly disseminated chronic inflammatory demye-
linating disease, entails progressive neuroaxonal degeneration and is one of the 
most common causes of progressive disability affecting young people. The mecha-
nisms involved in oxidative stress-mediated neurodegeneration in MS patients 
include free radical production from different sources: (a) mitochondria forced to 
produce high levels of energy for axonal transport upon myelin sheath loss, (b) 
immune cells activated upon demyelination and neurodegeneration, and (c) myelin 
deficiencies in producing ATP synthesis outside mitochondria. In addition, oxida-
tive stress is amplified by iron released into the extracellular space from myelin 
breakdown and degenerated macrophages and microglia. The normal neuronal 
polarization and development in each region of the central nervous system depend 
on the normal function of actin cytoskeleton dynamics. This dynamics is primarily 
affected when there is a deregulation in the intraneuronal production of reactive 
oxygen species. These reactive oxygen species promote oxidation of filamentous 
actin (cytoskeleton depolymerization) and, therefore, axonal collapse. In summary, 
preventing oxidative stress is crucial to maintain the normal function of the central 
nervous system.

Keywords Demyelination • Neurodegeneration • Microglia • Oxidative stress • 
Oligodendrocytes • Mical • Hydrogen peroxide • Semaphorin 3A

1  Introduction. Oxidative Stress in Demyelinating Diseases

Central nervous system (CNS) demyelinating diseases exhibit a wide range of clini-
cal presentations, with different pathological findings, temporal evolution, severity 
and response to treatment. Among them, multiple sclerosis (MS), a highly dissemi-
nated, chronic, inflammatory demyelinating disease, entails progressive neuroax-
onal degeneration and is one of the most common causes of progressive disability 
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affecting young people. Despite variable disease courses, most patients initially 
present a relapsing-remitting pattern (relapsing-remitting MS; RRMS). After 10–15 
years, this pattern becomes progressive in up to 50 % of untreated patients, with 
clinical symptoms slowly but constantly causing deterioration over a period of 
many years (secondary progressive MS; SPMS). In about 15 % MS patients, how-
ever, disease progression is relentless as from onset (primary progressive MS; 
PPMS). The transition to a progressive disease course is thought to occur when a 
threshold of neuronal and axonal loss is reached and the compensatory capacity of 
the CNS is surpassed. Abundant evidence supports the notion that axonal degenera-
tion and neuronal loss, rather than inflammation, are the main pathophysiological 
substrates of permanent clinical deficits [1, 2]. Although the clinical sequelae of 
axonal loss are more apparent in the later stages of MS, axonal injury occurs early 
in acute MS lesions [3]. Despite the fact that demyelination with loss of trophic sup-
port from oligodendrocytes clearly contributes to axonal degeneration [4, 5], both 
axonal and neuronal injury may occur without demyelination [6–11].

A central role has been widely assigned to oxidative stress in the pathogenesis of 
MS [12] on the basis of biochemical analyses of cerebrospinal fluid/blood samples, 
tissue homogenates [13–16] and animal models [17, 18]. Among them, oxidized 
DNA, lipids and protein adducts were frequently detected in active MS lesions [18, 
19] and were spatially and quantitatively correlated with apoptotic oligodendro-
cytes and neurodegeneration [20]. So far, the mechanisms involved in oxidative 
stress-mediated neurodegeneration in MS patients include free radical production 
from different sources: (a) mitochondria forced to produce high levels of energy for 
axonal transport upon myelin sheath loss, (b) immune cells activated upon demye-
lination and neurodegeneration, and (c) myelin deficiencies in producing ATP syn-
thesis outside mitochondria. In addition, oxidative stress is amplified by iron 
released into the extracellular space from myelin breakdown and degenerated mac-
rophages and microglia (Fig. 20.1). These sources will be discussed in detail in the 
following sections.

1.1  Mitochondrial Oxidative Stress in Demyelinated Axons

Mitochondria, the most efficient producers of energy in the form of ATP, meet 
energy demands from axons, placed at relatively great distances from the neuronal 
cell body, and produce excessive free radicals when functionally compromised [21]. 
Axonal transport is highly energy-demanding and thus extremely sensitive to fluc-
tuations in energy supply. Recent work has shown that oligodendrocytes supply 
lactate to myelinated axons as a metabolic substrate for mitochondria to generate 
ATP, a deficient process upon demyelination [5, 22]. Myelination makes axons met-
abolically efficient, while demyelination generates the disruption of ion channel 
compartmentalization and the loss of both saltatory conduction and microenviron-
mental protection from extra-axoplasmic changes. Electrogenic machinery redistri-
bution and the loss of metabolic substrates from oligodendrocytes are thought to 
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boost energy needs in demyelinated axons, which might be responsible for the 
increase in mitochondrial density observed in hypomyelination, dysmyelination and 
demyelination [23–26]. This increase in the number of mitochondria may also entail 
a higher risk of reactive oxygen species (ROS) production leading to mitochondrial 
dysfunction [21], which is considered to occur in axonal pathology and degenera-
tion after demyelination or dysmyelination [27–29].

Axonal mitochondria consist of two populations: large stationary and small 
motile mitochondria. Mitochondrial size, complex IV activity and the speed of 
motile mitochondria are increased in demyelinated axons. Recent work identifies 
this response termed “axonal mitochondrial response to demyelination” as a 
 compensatory phenomenon [30]. Mitochondria, generated in the cell body, are 
transported to the axon (anterograde movement controlled by kinesins) to replace 
worn out mitochondria. Damaged axonal mitochondria are transported back to the 
cell body (retrograde movement controlled by dyneins) for degradation. The 
increase of axonal mitochondria volume following acute demyelination requires the 
presence of syntaphilin, an axonal molecule that immobilizes stationary mitochon-
dria to microtubules, and protects against axonal degeneration [31].

Inflammatory products and free radicals injure neuronal mitochondria during the 
pre-progressive stage of MS, forming mitochondrial DNA (mtDNA) deletions in 

Fig. 20.1 Mechanisms involved in oxidative stress-mediated neurodegeneration in demyelinating 
diseases: (i) mitochondria are forced to produce high levels of energy for axonal transport, (ii) the 
immune cells are activated upon demyelination and neurodegeneration, (iii) demyelination pro-
duces deficiencies in oxidative phosphorylation in the mitochondria and outside of these organ-
elles, and (iv) oxidative stress is amplified by the iron released into the extracellular space from 
myelin breakdown and from degenerated macrophages and microglia
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white and grey matter. In MS patients, the mutant to wild-type mtDNA ratio (het-
eroplasmy) in metabolically active postmitotic neurons expands with disease pro-
gression and age by clonal mtDNA expansion [32]. These abnormal mitochondria 
suffer aberrant placement to the axon causing energy failure in the demyelinated 
axon. Myelin sheaths are only transiently and inefficiently restored during MS and, 
although beneficial, remyelination only partially reverses the axonal metabolic 
changes that accompany demyelination [26]. The mitochondrial content within 
axons decreases in acute and chronic demyelination but fails to reach myelination 
values, which reflects a partial amelioration of axonal energy demands. The reasons 
for the scarce impact of this regeneration process may include: (a) a shorter inter-
mode in remyelinated axons entails more nodes of Ranvier and thus increases 
sodium influx during impulse conduction, with a concomitant higher energy 
demand; (b) remyelinated sheaths are comparatively thinner; and (c) oligodendrog-
lial metabolic support to axons is not fully recovered. Seventy-five percent of total 
neural energy is used for ionic equilibrium during information processing [33], 
which renders ion channel functions particularly vulnerable to energy shortages. 
Axonal sodium channel distribution is affected by demyelination and the resulting 
excessive sodium needs to be extruded by Na+/K + -ATPase, an energy-dependent 
process itself [34]. This increase in axonal sodium may alternatively be reversed by 
the ATP-independent Na + -Ca2+ exchanger, which in turn triggers a catastrophic 
increase in axonal calcium, leading to autolytic protease activation [35, 36]. 
Therefore, both energy shortage and demyelination associated to chronic CNS 
inflammation generate dysfunctional ion channels, which subsequently evoke 
downstream mechanisms mostly converging on Ca2+ overload. This overload 
appears to be chiefly responsible for neurotoxicity, which spearheads a vicious cir-
cle by activating degrading enzymes, compromising mitochondrial function and 
impairing axonal transport, all leading to even higher Ca2+ levels [37].

1.2  Oxidative Stress Induced by Activated Macrophages 
and Microglia

Activated macrophages and microglia have been centrally implicated in ongoing 
neurodegeneration and active inflammation and breakdown of the blood-brain bar-
rier have been detected in the brains of MS patients. ROS and reactive nitrogen 
species (RNS) such as nitric oxide (NO and ONOO−) are induced by macrophages 
and microglia and released into the extracellular space [38] in MS and experimental 
models, while their oxidation products correlate with inflammation and axonal 
damage [20, 39, 40]. NO diffuses across membranes and competes with O2 for 
mitochondrial cytochrome c oxidase binding, thus decreasing respiratory chain 
function [41, 42]. ROS and RNS induce covalent alterations and consequent 
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mutations in mtDNA, which is more vulnerable than nuclear DNA [43, 44]. These 
mtDNA mutations inhibit the efficiency of oxidative phosphorylation and further 
increase ROS production, thus initiating a vicious circle [45].

1.3  Oxidative Stress Generated from Myelin

Oxidative phosphorylation has been reported to occur not only inside but also out-
side the mitochondrion [46–51]. In particular, myelin has the capacity to produce 
aerobic metabolism and thus generate ATP, which might be transferred to the axon 
to meet its energetic needs. Also, isolated myelin can produce high levels of oxida-
tion products such as MDA, 4-HNE and H2O2 through complexes I and III and 
contains active antioxidant enzymatic defenses, e.g. superoxide dismutase, catalase 
and glutathione peroxidase. Uncoupling compounds or Complex I inhibitors 
increase the rate of ROS generation and produce oxidative stress. Endogenous non- 
enzymatic antioxidants cannot keep the redox balance in pathological conditions 
like demyelinating diseases, that ultimately lead to axonal damage. These events 
may even constitute a never-ending vicious circle in which oxidative stress damage 
in the lipid-rich sheath in turn promotes more ROS production by the uncoupled 
electronic transport chain [52].

1.4  Iron and Oxidative Stress Amplification

Iron is mostly stored by ferritin [53] in the myelin sheaths [54, 55] of the human 
brain and is physiologically accumulated until reaching a plateau at 40–50 years 
[56]. In this context, myelin sheath breakdown [57, 58] and subsequent iron release 
into the extracellular space have been suggested to amplify the first wave of oxida-
tive stress in MS lesions [59]. Specifically, by shifting between the ferrous and ferric 
states, iron induces the production of highly reactive hydroxyl radicals (HO•). Iron 
is phagocyted by macrophages and microglia, which later degenerate [59, 60] and 
release iron into the extracellular space, initiating an additional wave of oxidative 
stress [61, 62] with a probably significant contributon to oxidative neuronal damage 
[63]. Supporting data show that iron accumulation correlates with early axonal 
injury and that it is particularly prominent in active acute MS lesions [64]. In con-
trast, chronic MS exhibits a significant decrease in iron levels. It is worth pointing 
out that iron is key component in several cellular processes and CNS homeostasis, 
which should constitute a warning sign against the use of iron-chelating therapies in 
MS patients.
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2  Cuprizone-Induced Demyelination and Oligodendroglial 
Susceptibility to Oxidative Stress

Cuprizone (CPZ), a copper chelator, added to the diet induces demyelination of 
several brain regions [65, 66]. In particular, 5–6-weeks of CPZ administration 
leads to almost complete demyelination of the corpus callosum in an acute demy-
elination; while a subsequent normal chow diet triggers a spontaneous endogenous 
remyelination process. In contrast, 12-13 weeks or even longer CPZ feeding, in a 
chronic demyelination, results in an impaired spontaneous remyelination process 
[67, 68]. In chronic demyelination, axons exhibit a shorter diameter [69], axonal 
damage, detected by SMI-32+ staining [70], and marked changes in locomotion, 
working memory and anxiety [71]. The CPZ model thus mimics some of the 
aspects of axonal degeneration in chronic and progressive MS [72]. Remarkably, 
in vitro experiments in rat primary glial cell cultures treated with CPZ demon-
strated that microglia, astrocytes and oligodendrocyte precursors cells are unaf-
fected by CPZ, while mature oligodendrocytes show evidence of toxicity as a 
consequence of the CPZ treatment [73, 74]. Experimentally, a 3-week diet of 0.2 
% CPZ induces megamitochondria formation in oligodendrocytes [75–77], but not 
in neurons, astrocytes, cardiac, kidney, Kupffer or fat storing cells [78–81]. The 
factors responsible for this enlargement of mitochondria may include fission inhi-
bition [80, 82–85] and exposure to high levels of ROS and RNS. In turn, this free 
radical formation during CPZ treatment may be due to: (a) oxidative phosphoryla-
tion uncoupling [86, 87], (b) reduction of the mitochondrial cristae or reaction 
surface [86], (c) decreases in cytochrome content [88], and (d) inhibition of the 
activities of complex II and complex IV [74, 81, 88–93]. Overall, CPZ treatment 
produces a high level of oligodendroglial oxidative stress. Moreover, oligodendro-
cytes themselves are particularly susceptible to oxidative stress. The factors 
responsible for this susceptibility include [94]: (a) scavenging of O2

− and conver-
sion to H2O2 is low in oligodendrocytes as compared with other neurons. In oligo-
dendrocytes Mn-SOD is scarce [95, 96] and Cu,Zn-SOD decreases its activity 
upon treatment with CPZ [97–101]; (b) glutathione peroxidase activity needs GSH 
as an electron donor, both are intrinsically low in oligodendrocytes [97, 101] and 
are further reduced upon CPZ treatment [76]; (c) oligodendrocytes exhibit high 
levels of intracellular ferritin-bound Fe3+. However, excessive cytosolic O2

− pro-
duces a reduction and a shift from Fe3+ to Fe2+, which initiates Haber-Weiss chem-
istry and initiates lipid peroxidation in the mitochondrial matrix or cytosol [96, 99, 
100]. Supporting the idea, lipid peroxidation has been detected as a malondialde-
hyde increase in CPZ-treated oligodendrocytes [101]; (d) oligodendroglial cell 
redox potential and glycerol production, both regulated by NADH2, are signifi-
cantly higher upon CPZ treatment [76]; (e) oxidation and lipid synthesis in peroxi-
somes increase the levels of H2O2, which is normally eliminated by glutathione 
peroxidase and catalase, this latter being lower in oligodendrocytes upon CPZ 
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treatment [101]. Furthermore, the number of peroxisomes increases during oligo-
dendroglial differentiation for myelin lipid synthesis, leading to higher H2O2 pro-
duction and oxidative stress [99]; (f) metallothioneins (MT) possess important 
anti-oxidant functions. Upon CPZ treatment, astrocytes increase MT1 and MT2 
but oligodendrocytes display low MT levels [76, 95].

3  Oxidative Stress-Mediated Neurodegeneration 
and Oligodendroglial Vulnerability in Hypoxic-Ischemic 
White Matter Damage

White matter injury (WMI) is the main form of brain injury in premature birth [102] 
and periventricular leukomalacia (PVL), found in almost half of affected children 
[103], and is related to immature oligodendrocyte susceptibility to oxidative stress 
[104]. Hypoxia-ischemia (H/I) occurs in the immature brain and leads to PVL, in 
which oligodendroglial precursor cell (OPC) death in the non-myelinated cerebral 
white matter is considered a key factor resulting in hypomyelination [105, 106]. In 
turn, hypomyelination causes axon conduction failure, which leads to deficits in 
motor, sensory and/or cognitive functions depending on the location of the affected 
axons. It is well known that different molecules participate in OPC differentiation 
and maturation, which might induce positive signals for axonal recovery. In particu-
lar, apotransferrin (aTf) has been proven to act at several critical stages during OPC 
development and to be necessary for normal myelination [107, 108]. Neonatal rat 
models of white matter damage produced by H/I have shown that aTf provides neu-
roprotection to OPC and promote corpus callosum remyelination [109, 110]. In 
addition, aTf treatment has been proven to increase the number of OPC marker- 
positive cells and reduce cell death in the neonatal subventricular zone subjected to 
H/I [111]. All in all, aTf seems to promote OPC maturation and myelin recovery 
after H/I by decreasing iron-mediated toxicity and inducing new OPC from the 
subventicular zone (SVZ). In H/I animal models, in vitro real-time caspase-3 assays, 
which sense intracellular caspase-3 activity and stain the cell nucleus, have revealed 
that oligodendrocytes (OLG) apoptotic cell death and morphological changes tak-
ing place simultaneously. In turn, spinning disc confocal inverted microscope obser-
vations of cultured OPC incubated in a top chamber with 5 % CO2 and 1 % O2 at 37 
°C rendered a significant increase in caspase-3-positive cells after 6 h culture in a 
low O2 atmosphere. Parallel experiments performed with hypoxic OPC grown in the 
presence/absence of aTf showed a significant reduction in caspase labeling when 
aTf was added to the culture medium. Additionally, and to establish the impact of 
low O2 at distinct stages of OLG maturation, OPCs treated with aTf and subjected 
to hypoxic culture conditions after switching the cells to a mitogen-free medium 
exhibited a general decline in early immunocytochemical markers (e.g. NG2) and 
an increase in intermediate (e.g. 04) and mature (e.g. GC and MBP) markers, 
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consistent with OPC differentiation [111]. Interestingly, in the more mature differ-
entiated OLG (OL) population subjected to hypoxic culture conditions, no signifi-
cant differences were found among the experimental groups. This in vitro data 
suggest that aTf is effective in protecting immature OL during a hypoxic event and 
reveal that mature OL are more resistant to apoptotic death under hypoxic culture 
conditions. In addition, and under the same experimental conditions the following 
changes were found: a significant decrease in the number of OPC expressing imma-
ture markers, such as Sox2 and NG2, and an increase in cells expressing OL mature 
markers such as CC1 and MBP after 12 h of aTf treatment. These effects were more 
evident under low O2 concentration, which suggests that aTf further promotes OPC 
differentiation under hypoxic culture conditions. Moreover, since mature OL are 
more resistant to low O2 concentrations, the results indicate that aTf might be pro-
tecting OPCs against the hypoxic insult by promoting their differentiation [112].

Different studies have established that OPCs are selectively targeted by oxidative 
stress and have concluded that free radicals injure the OLG lineage in vitro as well 
as in vivo [113–120]. On the other hand, it has been clearly demonstrated that glu-
tathione depletion produces a downstream increase in reactive oxygen species 
(ROS), which are the cause of OPC death [115] and different in vitro studies have 
found that caspase-mediated death of mixed populations of OPCs and pre-OLs 
takes place after oxidative stress in vitro [119, 121, 122]. The mechanisms of cell 
death induced by glutathione depletion are of great interest, as they may show how 
oxidative damage kills cells and thus lead to ways of preventing cell death. Depletion 
of the intracellular cystine results in a reduction in glutathione synthesis, and dis-
ruption of glutathione-dependent antioxidant mechanisms. As previously men-
tioned, OPCs are highly sensitive to death induced by glutathione depletion, being 
also dependent on 12-lipooxygenase activity. It should be pointed out that arachi-
donic acid is toxic to OPCs and that this toxicity can be blocked by 12- lipooxygenase 
inhibitors [123].

3.1  Neurodegeneration in Synucleinopathies

In the neurodegenerative diseases collectively called synucleinopathies [124], 
aggregation of α-synuclein (α-syn) is also present in oligodendrocytes. α-Syn is 
taken from the extracellular environment and may contribute to abnormal accu-
mulation, hence promoting aggregation of endogenous α-syn. α-Syn can be 
degraded either by the ubiquitin-proteasome system or by autophagy [125, 126]. 
Oxidative stress and mitochondrial impairment have been implicated in this 
aggregation process and in inclusion body diseases, such as Parkinson’s disease 
[127]. Different studies have demonstrated that α-syn aggregation is enhanced 
after oxidative stress [127, 128], which seems to promote α-syn uptake and oligo-
mer formation [129]. 
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4  Axonal Degeneration by Oxidative Signaling

4.1  General Overview

Several studies have been carried out to understand the critical processes of axonal 
degeneration. However, recent evidence seems to demonstrate that intra-neuronal 
production of reactive oxygen species (ROS), in particular hydrogen peroxide 
(H2O2), is one of the primary events triggering axonal degeneration. The changes in 
either H2O2 production or utilization could be due to various factors, ranging from 
cellular metabolic alterations to different kinds of traumatic injury, such as spinal 
cord or brain injuries. The increased and non-physiological concentration of H2O2 
promotes deleterious effects on the neuronal shape, starting with structural and 
functional alterations which finally lead to neuronal death. The main mechanism by 
which H2O2 induces neuronal degeneration is linked to the impossibility of neurons 
to promote axonal outgrowth. The molecular signaling from H2O2 production to the 
inhibition of axonal outgrowth involves different proteins which regulate cytoskel-
eton dynamics, among which Mical is key in promoting post-injury H2O2 produc-
tion. The high levels of this reactive oxygen species promote filamentous actin 
depolymerization and axonal degeneration.

4.2  H2O2: Physiological and Non-physiological Implications

Actin cytoskeleton dynamics is critical to develop correct neuronal polarization 
[130] and development, which in turn have been recently postulated to depend on 
suitable H2O2 concentrations [131]. Regarding axonal structure, the physiological 
concentrations of intra-neuronal H2O2 do not affect the cytoskeleton dynamics and 
the growth cone, thus present a normal filopodial development, in terms of number 
and length [132]. However, in non-physiological conditions, cytoskeleton dynamics 
in the growth cone presents alterations in both filopodial length and filopodial num-
ber, inflicted by an increase of H2O2 production which is triggered by the interaction 
between Semaphorin 3A (Sema3A) and Neuropilin-1 (NRP1)/PlexinA4 receptor 
promoting the activation of Mical pathway (Fig. 20.2) [133].

4.3  Molecular Signaling of Axonal Degeneration via H2O2 
Production

Axonal damage is the result of a wide range of pathologies, from traumatic axotomy 
to metabolic or immune response failure, as in multiple sclerosis. Alterations in the 
axonal structure are the source of synaptic disconnection and thus the initiation of a 
neurodegenerative process [134]. Particularly in traumatic injuries, the initial 
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damage is followed by axonal degeneration, commonly named “die back”, which is 
promoted by a collapse in cytoskeleton dynamics [135]. This collapse is triggered 
by a specific interaction between a transmembrane receptor complex named 
Neuropilin-1 (NRP1)/PlexinA4 and Semaphorin 3A (Sema3A), which is secreted at 
the lesion site by meningeal fibroblasts after injury [136, 137]. Secreted Sema3A 
binds to the NRP1/PlexinA4 receptor complex on the neuronal surface (axons and 
soma) [138, 139]. The whole complex is then internalized and PlexinA4 cytoplas-
mic domain activates Mical protein, which in turn triggers an increase in H2O2 pro-
duction and concomitant filamentous actin oxidation at its methionine residues 
(M44 and M47), followed by axonal die back [140–143].

5  Conclusions

Reactive oxygen species, in particular H2O2, have different CNS and intra-neuronal 
physiological functions directly linked and derived from their physiological con-
centrations. However, increased levels of ROS and H2O2 to non-physiological levels 
immediately place a dyshomeostatic situation. Changes in the homeostasis of these 
reactive species are produced by endogenous cellular metabolic changes and also 
associated to an extracellular signaling triggered by traumatic injury in the nervous 
system (Fig. 20.2). As a consequence, the future of traumatic neurology should go 
out in search of antioxidant therapies to prevent this kind of harmful response.

Fig. 20.2 Hydrogen peroxide production: physiological and non-physiological conditions
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Chapter 21
Mitochondrial DNA Damage in Autism

Sarah Rose, Sarah Wong, and Cecilia Giulivi

Abstract Mitochondria are organelles involved in essential roles in intermediary 
metabolism, perinatal neurodevelopment, immunity, bioenergetics, neurotransmitter 
metabolism, among other critical pathways. As such, mitochondrial dysfunction 
(MD) has deleterious effects with the potential of contributing to neurological dis-
eases or enhancing their morbidity (e.g., autism and schizophrenia). Therefore, accu-
mulation of mitochondrial damage is interpreted as a key element of the development 
of aging as well as neurodegenerative diseases. With the rise in the prevalence of 
autism spectrum disorders (ASD), there has been an increased interest in the etiology 
and contributors of this disorder. MD caused by genetics alone or by gene and envi-
ronment interactions, may play a role in the etiology of ASD and holds promise for 
developing future therapies and/or interventions to help manage its symptoms or 
delaying its onset. Here we explore findings from our research and others analyzing 
the role of mitochondrial DNA damage as a contributor to ASD morbidity.

Keywords Oxidative stress • CHARGE • Pten • Polybrominated diphenyl ethers 
(PBDEs) • Fetal imprinting • Immunity • Ketogenic diet

1  Introduction

Autism spectrum disorders (ASD) encompass a complex neurodevelopmental con-
dition associated with stereotyped and repetitive behaviors and characterized by 
abnormal social interaction, verbal and non-verbal communication, and minimal 
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interest in the surrounding environment [1]. Limited scientific advances have been 
made regarding the causes of ASD. However, there is a general consensus that both 
genetic and environmental components contribute to this condition [2]. While many 
aspects of the symptoms and etiology of ASD are studied, the role of the mitochon-
dria in the bioenergetics of ASD has only recently been recognized [1, 3]. Diagnosis 
of ASD has become an increasingly prevalent health and social issue, with an esti-
mated ASD prevalence of 1 in 42 boys and 1 in 189 girls in 2010, significantly 
increased from the incidence reported in 2008 (1 in 54 boys and 1 in 252 girls [4, 
5]). In a study on California children, it was determined that changes in diagnostic 
criteria, inclusion of milder cases, genetic causes or an earlier age at diagnosis, 
could not be the sole reason for this dramatic increase in ASD [5]. This strongly 
suggests that yet unknown environmental factors have the potential to rise autism in 
our populations [6–8]. Indeed, a study on identical twins reported that exposure to 
environmental factors plays a more critical role than genetic heritability in ASD [9].

2  Lower Oxidative Phosphorylation Capacity and Increased 
Oxidative Stress in ASD

Oxidative phosphorylation provides most, if not all, ATP to the brain; therefore, a 
dysfunction in mitochondrial pathways could negatively affect neurodevelopment, 
a process heavily based on mitochondria-derived ATP [1]. In this regard, we hypoth-
esized that impaired mitochondrial dysfunction (MD) causes oxidative stress influ-
encing processes highly reliant on energy, such as neurodevelopment, and further 
contribute to autism onset or severity [1]. We investigated the link between mito-
chondrial dysfunction (MD) and ASD by drawing study participants from the 
Childhood Autism Risks from Genetics and Environment (CHARGE) study at the 
University of California Davis. The CHARGE study is an ongoing population- 
based, case-control that was originally launched in 2003. It includes clinically con-
firmed autism cases and also age-matched, genetically unrelated, typically 
developing controls. The children were between 2 to 5 years old and their diagnoses 
were confirmed through two different clinical examinations, the Autism Diagnostic 
Observation Schedule-Generic (ADOS-G) and the Autism Diagnostic Inventory- 
Revised (ADI-R). The ADOS-G is a semistructured, standardized evaluation of ver-
bal and nonverbal communication, and of the creative use of materials, conducted 
by observing researchers in individuals with symptoms suspected of autism spec-
trum disorders [10]. On the other hand, the ADI-R provides a diagnostic algorithm 
for the definitions of autism by [11] and [12].

MD and mitochondrial DNA (mtDNA) anomalies were evaluated in lympho-
cytes from 10 children with autism with high severity scores (8 and above) and 10 
typically neurodeveloping (TD) controls from this study. While mitochondrion typi-
cally possesses 2 to 10 copies of mtDNA, this number can be altered according to 
the energy needs of the cell with changing physiological conditions, and is not 
always coupled with mitochondrial replication [13, 14]. For example, in response to 
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increased oxidative stress, a cell may increase the copy number of mtDNA without 
the increase of the oxidative phosphorylation capacity [15–20]. However, increases 
in copy number have their own detrimental effects and have been shown to be asso-
ciated with defective transcription, respiratory chain insufficiency, and age associ-
ated accumulation of mtDNA deletions [21]. In our study, the lymphocytic 
mitochondrial function was evaluated by comparing oxidative phosphorylation 
(OXPHOS) capacity, mtDNA deletions and copy number, and mitochondrial rate of 
hydrogen peroxide production in the study group. Plasma lactate and pyruvate in the 
subject group were also assessed given that mitochondrial myopathies are generally 
followed by increases in the lactate-to-pyruvate ratio.

Malfunctioning or abnormal lymphocytic mitochondrial activities in children 
with autism were observed in this exploratory study as determined by the following 
parameters: (i) mtDNA overreplication and/or deletions, (ii) reduction of Complex 
I activity alone or accompanied by other Complexes, (iii) heightened mitochondrial 
rate of hydrogen peroxide production, (iv) decreased pyruvate dehydrogenase activ-
ity and (v) high lactate-to-pyruvate ratios in 20 % of the subjects [1]. The results 
showed that the rates of hydrogen peroxide production in lymphocytic mitochon-
dria from children with autism were higher than levels recorded from controls at 
both Complex I (0.15 vs. 0.07 nmol of H2O2 × [min × mg of protein]−1, respectively; 
p = 0.03) and Complex III (0.34 vs 0.16 nmol of H2O2 × [min × mg of protein]−1; p 
= 0.02). Thus, lymphocytic mitochondria from children with ASD show a lower 
OXPHOS capacity, and have a role in increasing cellular oxidative stress (Table 
21.1).

Table 21.1 shows decreased levels of key mitochondrial activities that are consis-
tent with increased oxidative stress in non-activated immune cells from ASD sub-
jects. This opens the door to explore the role of reactive oxygen species (ROS) in 
mediating mitochondrial or cellular damage [22]. In support of this notion, our 
laboratory and others have reported increased biomarkers of oxidative stress [23] in 
lymphocytes [1, 22, 24], granulocytes [25], post-mortem brain samples [26–29], 
lymphoblasts [30] and plasma from affected subjects [31]. Increased oxidative 
stress occurs when the production of ROS exceeds the antioxidant capacity. This 
mitochondrial damage establishes a feed-forward cycle of further damage. The 
increased oxidative stress observed in ASD can result from increased mitochondrial 
ROS production [1], the presence of deleterious polymorphisms in antioxidant 
enzymes [23], lower expression of antioxidant enzymes and/or factors such as 

Table 21.1 Lymphocyte mitochondrial activities in autism spectrum disorders (ASD)a

Oxidase
FOF1-ATP 
synthase

Pyruvate 
dehydrogenase 
complexNADH Succinate Cytochrome c

ASD 4.4 5 9 111 1.0
TD 12 7 9 147 2.3
99 % CI 7–17 4.4–9.6 3.3–14.9 68–225 1.4–3.2

aExtracted from Giulivi et al. [1]. The values in the table are mean values; TD, typical neurodevel-
oping controls. CI, confidence index

21 Mitochondrial DNA Damage in Autism



330

nuclear factor erythroid 2-related factor (Nrf2) [25–29], and increased neuroinflam-
mation [32]. However, whether these biomarkers of oxidative stress reflect signifi-
cant biological contributions to phenotype development, or if they arise as a 
consequence of ASD is still unknown. As such, the precise role of oxidative stress 
in the etiology of autism is still undefined [22].

We hypothesized that damage to mtDNA, as judged by the increased deletions, 
could be mediated by mitochondria-derived ROS. A study done in 2013 examined 
the link between damage to mtDNA and ROS levels in ASD. Using participants 
from the CHARGE study, the mtDNA deletions were measured in peripheral blood 
monocytic cells (PBMC) by quantitative polymerase chain reaction (qPCR). In the 
majority of patients with single and multiple deletions, cytochrome b (CYTB) and/
or NADH dehydrogenase subunit 4 (ND4) gene are deleted, whereas NADH dehy-
drogenase subunit 1 (ND1) is rarely deleted. Therefore, by the gene ratios of CYTB 
to ND1 and ND4 to ND1, mtDNA deletions were assessed to ascertain if the ASD 
condition show a pattern of increased oxidative damage to mtDNA [33]. The mea-
surements were also used to determine if the putative mtDNA damage was de novo 
(when compared to their parents living in the same household) or inherited (if out-
comes followed paternal and/or maternal patterns). In addition, sequence variants in 
mtDNA segments from the PBMC were also evaluated in ASD and TD children and 
their mothers, since mtDNA is maternally inherited. Increased mtDNA damage in 
ASD children was evidenced by (i) a 2-fold higher frequency of mtDNA deletions, 
(ii) 2.4-fold higher number of GC → AT transitions (GC sites experience more oxi-
dative damage), and (iii) 1.6-fold higher frequency of G,C,T → A transitions [22]. 
These results suggested a high incidence of mitochondrial DNA polymerase gamma 
incorporating mainly A at bypassed apurinic/apyrimidinic sites, probably origi-
nated from oxidative stress to DNA. Consistent with the maternal inheritance of 
mtDNA, the same sequence variants observed in children were also observed in 
their mothers, regardless of diagnosis, suggesting that children with ASD have an 
inherited template with increased oxidative damage. However, the frequency of 
mtDNA deletions in ASD children (mainly male) was similar to that of their fathers. 
When stratified into paternal decades of age, the ratio of ASD fathers with mtDNA 
deletions vs. TD fathers was 1 during decade 3, 1.4 at decade 4, and 1.5 at decade 5 
(p < 0.05). Given that the mean age was not significantly different between fathers 
of ASD and TD children, the residual effect of age as a confounding factor is pre-
cluded. Thus, our findings suggest that fathers over the age of 30 and with deficits 
in mtDNA repair systems and/or antioxidant defenses confers an increased risk for 
the child to develop ASD [34].

While these previous studies showed the prevalence of deletions and mutations in 
mtDNA from PBMC, a significant increase in the mtDNA copy number was also 
observed in tissues more relevant to ASD such as brain. Indeed, mtDNA copy num-
ber was higher in the frontal cortex (1.6 fold; p = 0.004) and temporal cortex (1.14 
fold; p = 0.04) in post-mortem samples of children with ASD when compared to TD 
children. Taken together, there is evidence for the existence of biomarkers of mtDNA 
damage in both peripheral blood cells and brain, giving a strong rationale for con-
tinuing the research using peripheral cells, a less invasive sampling for children than 
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muscle biopsies or other tissues normally used for diagnosing mitochondrial dis-
eases. Furthermore, it allows exploring the correlation and possible causation 
between MD and ASD, while searching for possible causes of MD in ASD.

3  Mitochondrial and Genomic Mutations in Autism

Since 1998 there have been numerous case reports of MD co-occurring with 
ASD. Several of them have identified the genetic mutation responsible for the MD 
as well as measuring peripheral biochemical markers of MD [35–39]. The mito-
chondrial genome is a small circular double stranded DNA which encodes 13 pro-
teins required by the respiratory chain to produce energy (ND1-ND6 including 
ND4L, CYTB, COX1-3, ATP6/8) [40]. In mammals, mitochondria are transmitted 
maternally, meaning that the risk of inheriting mtDNA mutations increases with the 
mother’s proportion of mutated mtDNA [41]. There is anywhere between 10 and 
10,000 copies of mtDNA in every cell and if a mutation arises it may result in a 
condition called heteroplasmy. This is defined as a mixture of both wild type and 
mutant mtDNA co-existing in the cell [41]. When these heteroplasmic cells divide, 
the mutant and wild type mtDNA are randomly distributed to daughter cells during 
mitotic segregation, so the relative amounts of mutated mtDNA in a given tissue can 
change over time. Additionally, around 1,500 nuclear genes encoded by genomic 
DNA (gDNA) are required for mitochondrial function [40]. Therefore, pathogenic 
mutations in either mitochondrial or genomic DNA can result in MD [42]. In addi-
tion, mitochondrial mutations have a higher incidence than nuclear mutations most 
likely due to the lack of histones, different DNA repair capacity and the proximity 
of mtDNA to the site of ROS production in mitochondria [42]. Although the major-
ity of mtDNA mutations are inherited through maternal lines, they can also occur 
sporadically [43]. A study using ~3000 subjects based on a ten-point mutations in 
mtDNA found that the pathogenic de novo mtDNA mutation rates are greater than 
1 in 200 live births [41].

Among mutations in the nuclear genome, more than 100 have been linked to 
ASD including the phosphatase and tensin homolog on chromosome ten (Pten). 
This gene encodes for PTEN, a phosphatase with tumor suppressor activity that is 
mutated in many human cancers [44]. The loss of both alleles seems to be connected 
with increased tumorigenesis and Pten pathogenic mutations and have been linked 
to benign macrocephaly, hamartomas, seizures, mental retardation, Alzheimer’s 
disease and autism [44–56]. Pten mutations have been shown to be more prevalent 
in cases of autism where patients also exhibit macrocephaly [52]. A study by Kwon 
et al. showed that conditional Pten null mice resulted in impaired social interaction 
with no inclination for social novelty and reduced learning, less than average nest- 
forming activity, as well as irregular anxiety levels [57]. These same mice showed 
activation of the Akt/mTOR/S6k pathway and inactivation of GSK3β suggesting 
that nonstandard activation of the PI3K/Akt pathway in specific neuronal popula-
tions could be a causative of the observed macrocephaly and behavioral abnormali-
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ties [58]. This was determined by sampling brain matter in three regions, the cortex, 
hippocampus and cerebellum from heterozygous Pten+/loxP (HET) and heterozygous 
Nse-cre+/−; Pten+/loxP (HET-CRE) mice aged 4–29 weeks and contrasting mitochon-
drial activities. Although in earlier weeks no social behavior change was observed, 
by 20–29 weeks the mice displayed abnormal social behavior (social avoidance, 
inability to recognize familiar mouse, and repetitive self-grooming), macrocephaly, 
increased oxidative stress, 50 % decreased cytochrome c oxidase (CCO) activity, 
and increased mtDNA deletions in cerebellum and hippocampus. This MD was the 
result of a downregulation of p53-signaling pathway evaluated by low protein 
expression of p21 (65 % of controls) and the CCO chaperone SCO2 (47 % of con-
trols), two p53-downstream targets. This mechanism was then affirmed in Pten- 
deficient striatal neurons and HCT116 cells with differing p53 gene dosage [59]. By 
comparing mitochondrial complex activities, mitochondrial mass and social con-
duct of mice, this study supported the association between aberrant social behavior 
caused by a Pten allele deletion and defects in bioenergetics [59]. This suggested a 
unique pathogenic mechanism of the Pten-p53 axis that impairs mitochondrial 
function which is later amplified by the accumulation of mtDNA deletions as seen 
in ASD, and suggests this as a potential contributor to the etiology of autism.

It has been recently reported that ASD segregates with increased incidence of 
copy number variants. Copy number variants (CNV) are segments of DNA that vary 
in size from 50 base pairs to several megabases. This occurs due to reasons such as, 
deletions, insertions, duplications, inversions or complex recombinations. Several 
studies have found an increased prevalence of CNVs in children with ASD [60–63], 
but more notably, several of these CNV were found to be de novo. De novo mutations 
could arise from numerous reasons such as environmental factors that have yet to be 
identified [9]. Other studies failed to find significant differences in CNV frequencies 
between controls and ASD cases [64–66]. Thus, the de novo CNV may characterize 
only a small subset of ASD cases. CNV may play a more significant role in the nor-
mal functions of the human body. For instance, highly heterogeneous de novo CNV 
analyzed showed to affect several loci and possibly accounting for 5–8 % of certain 
forms of ASD [67, 68]. Further analysis of these unusual CNV show the involvement 
of these loci in activities such as axon targeting, synapse development, and neuron 
motility [69]. CNV have been linked to many clinical features such as severe neuro-
logical symptoms, a range of autism spectrum from mild to extreme and also to 
behavioral disorders outside of autism. The great variety in expressing CNV causes 
difficulties in diagnosing a sole CNV as a single cause of ASD.

4  Environmental Factors and Gene/Environment 
Interactions in ASD

Environmental factors have been found to aggravate prior genetic predispositions 
towards increased MD. Over the past 25 years, the use of polybrominated diphenyl 
ethers (PBDE), a group of flame-retardants, has been recognized with significant 
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levels of accumulation in the environment and in human samples. The global pro-
duction of PBDE has reached 148 million pounds per year [70]. Studies in the U.S. 
populations have shown the existence of PBDE in human breast milk, adipose tissue 
and blood, with women in Northern California having 3 to 25 times higher levels of 
PBDEs than women in many other parts of the world [71–73]. PBDEs with less than 
five Br substitutions (i.e., 2,2′,4,4′-tetrabromodiphenyl ether or BDE-47 and 
2,2′,4,5′-tetrabromodiphenyl ether or BDE-49) are present at high levels and cause 
concern about their effects on health. BDE-49 has been reported to be one of the 
more biologically active PBDE even at lower concentrations than others in the 
group such as BDE-47. However, its capability to trigger mitochondrial disease, 
especially in cases where there is already some degree of MD, is unknown. A recent 
study by our laboratory compared the effects of BDE-49 in brain mitochondria and 
neuronal progenitor striatal cells (NPC) [8]. BDE-49 was found to uncouple neuro-
nal mitochondria at concentrations lower than 0.1 nM. Other tests showed that con-
centrations greater than 1 nM inhibited the electron transport through mixed 
inhibitions (IC50 = 6 nM) and complex IV by noncompetitive inhibition (IC50 = 40 
nM) [8]. These effects were enhanced in Pten-deficient neurons. The activity of 
complex IV in Pten-inhibited cells was reduced to one half as compared with Pten- 
sufficient cells. The addition of BDE-49 at concentrations equal to its Ki resulted in 
an additional 20 % inhibition (for a total of 70 %; p = 0.05). Enzymatic activity 
decrease thresholds for cells in culture are set at 20 % (major criterion) and 30 % 
(minor criterion) of control activities for diagnosing mitochondrial respiratory chain 
diseases, thus making 20 % inhibition quantitatively and biologically relevant [74]. 
Environmental chemicals, even in extremely small concentrations can have deleteri-
ous effects on mitochondria, especially in those mitochondria that already show 
some degree of dysfunction.

5  Role of Mitochondrial Dysfunction in Perinatal 
Development and Impact on ASD

Exposures to either viral mimetics [75] or environmental chemicals and pharmaceu-
ticals may influence fetal development with the potential of resulting in disorders 
later in life [76–78]. The increasing environmental PBDE concentrations cannot 
only trigger MD but they are also likely to cause developmental neurotoxicity 
through maternal transfer. Reports have shown that chronic, low-level maternal and 
fetal exposures to specific PBDEs (like BDE-49) during pregnancy could affect 
signaling systems necessary for activity-dependent dendritic growth and proper 
development of excitatory and inhibitory networks in the fetus [79, 80]. This abnor-
mal development and consequent MD linked to PBDEs [8] may lead to an imbal-
ance of excitatory and inhibitory neurotransmission which has been implicated in 
the etiology of several syndromic and idiopathic developmental disorders, including 
autism [81].
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The role of prenatal exposure to a viral mimetic and autism development was 
supported by research completed by our laboratory in which pregnant mice were 
treated with poly(I:C), a viral mimetic, with the adult offspring evaluated for mito-
chondrial outcomes [75]. A 45 % decrease in mitochondrial ATP production was 
observed in the adult offspring from poly(I:C)-treated females chiefly credited to a 
lower complex I activity with ASD-like behavior [82]. No differences were observed 
when comparing the coupling of electron transport to ATP synthesis, or the O2 
uptake under uncoupled conditions. The study reported for the first time that mater-
nal immune activation caused by poly(I:C) in early gestation leads to a long-lasting 
effects in the bioenergetics of adult offspring and can result in behavioral impair-
ments in the offspring similar to ASD and schizophrenia [75]. Several studies have 
suggested that maternal exposure to various pathogens, including viruses, can cause 
fetal imprinting of mitochondria-mediated metabolic responses and significantly 
increase the fetus risk for developing ASD or schizophrenia [83–89].

It has been found that exposure to Toll-like receptor (TLR) ligands can lead to 
maternal hypertension, vascular dysfunction, and proteinuria in pregnant animals 
but not in nonpregnant animals [90–92], suggesting the occurrence of a differential 
immune response pathway during pregnancy. A condition that pregnant women 
may develop from dysfunctional placenta, called preeclampsia, shows greater 
expression of TLR3, TLR2, TLR4, and TLR9 than women with normal pregnancies 
and symptoms such as trophoblastic inclusions [93, 94]. When placentas from 
mothers of children later diagnosed with ASD were tested against a control group 
of placentas of mothers of children diagnosed as TD, a significant increase in tro-
phoblastic inclusions were reported. The data imply a role of TLR signaling in 
altered fetal programming that can have lasting effects into adult life [95].

6  Effect of Mitochondrial Dysfunction and of Immunity 
on ASD

Besides their essential role in a number of critically important pathways in develop-
ment, mitochondria may also impact the immune response and vice versa [96–98]. 
For instance, human neutrophil mitochondria are involved in several vital cell func-
tions such as chemotaxis, respiratory burst activity, preservation of cell shape, and 
apoptosis [99–102]. Considering that both maternal diet and immune activation 
have an impact on fetal metabolic and immune programming, and as mitochondria 
are inherited via oocyte from the mother, it is hypothesized that the prenatal expo-
sure of mothers to an immunogenic response will result in fetal imprinting leading 
to postnatal deficits in the bioenergetics of immune cells [103–105]. Additional 
studies on immune responses in ASD were conducted during childhood to give a 
wider understanding beyond prenatal immune development. Children diagnosed 
with ASD tended to show an impaired immune system as well as deficits in bioen-
ergetics when compared with TD children [25]. Granulocytes were sampled from 
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ASD children with severity scores of ≥7 enrolled in the CHARGE study at 
University of California Davis and from TD children that were age-, race-, and 
gender-matched with the ASD children. Certain mitochondrial functions such as 
oxidative phosphorylation capacity, markers of oxidative stress (ROS production, 
mtDNA deletions) and immune response to phorbol 12-myristate 13-acetate–
induced oxidative burst were evaluated in these granulocytes. The OXPHOS capac-
ity of granulocytes in children with ASD was shown to be 3-fold lower than in TD 
children. There was also evidence of increased oxidative stress in cells from ASD 
children, the rate mitochondrial ROS production was 1.6-fold higher and the 
mtDNA copy number per cell was 1.5-fold higher [25].

7  Potential Therapies for ASD Based on Mitochondrial 
Dysfunction

Mitochondria are influential organelles whose morphology, composition, and activ-
ity adapt to changes in response to pathological and physiological signals such as 
those introduced by ketogenic diets (KGD). Several reports document changes in 
mitochondrial number or function in a variety of biological systems, from in vitro to 
in vivo, when exposed to KGD or KGD-mimetics. ASD has been associated to 
metabolic dysfunction, autism is a common trait of epilepsy-associated diseases, 
such as the Landau–Kleffner, Dravet, and Rett syndromes [2]. The KGD diet is 
essentially a high-fat regime with acceptable protein amount for growth but inade-
quate levels of carbohydrates for metabolic needs, forcing the body to primarily use 
fat as a fuel source [106]. As well as causing hormone changes, the diet also initiates 
an insulin reduction in response to reduction of plasma glucose, thus limiting glu-
cose utilization. Instead of acetyl-CoA convertion to CO2 and H2O during the stan-
dard Krebs cycle, the increased disproportion of fatty acid mobilization and the 
capacity of the Krebs cycle cause the surplus acetyl-CoA to be converted into ketone 
bodies (KB), that are used as fuel by peripheral tissues instead of glucose. KB can 
also cross the blood-brain barrier [107] to be used as the main fuel source for the 
brain during fasting periods [108]. The low-carbohydrate intake forces the body to 
sustain systemic glycemia by hepatic gluconeogenesis from non-carbohydrate pre-
cursors (e.g., lactate, glucogenic amino acids, and glycerol). By providing alterna-
tive sources of acetylCoA, KGD is the dietary mediation for inborn genetic disorders 
in pyruvate dehydrogenase (PDH) and glucose transporter 1 (GLUT1), that has 
proven effective also in other metabolic alterations, including phosphofructokinase 
deficiency and glycogenosis type V (McArdle disease) [2]. Ketogenic diet has been 
used for more than 80 years in epilepsy treatment [109, 110] particularly in children 
and adolescents [106, 111] and has shown lessened frequencies of seizures [112, 
113] and improvements in developmental progress [114]. The use of KGD is being 
investigated for the management of Alzheimer’s, Parkinson’s diseases and ASD 
[115, 116]. ASD has been associated to metabolic dysfunction and autism is a 
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common trait of epilepsy-associated diseases, and syndromes treated with KGD, 
making this diet a possibility for reducing the symptoms of ASD.

Beneficial effects of KGD in children showing ASD symptoms have been 
described in two independent studies [117, 118]. The first, evaluated the role of 
KGD on 30 ASD children [117]. The John Radcliffe diet (a modified medium-chain 
triglyceride diet with a caloric distribution of 30 % in medium-chain triglyceride 
oil, 30 % fresh cream, 11 % saturated fat, 19 % carbohydrates, and 10 % proteins) 
was administered for 6 months, with intervals of 4 weeks interrupted by two diet- 
free weeks. Out of the group of 30, 12 children did not comply or did not tolerate 
the diet. Of the rest of the subjects, two children with milder autistic behaviors, 
showed a marked improvement (as assessed by total Childhood Autism Rating 
Scale score, concentration and learning abilities, and social behavior and interac-
tions). The other 16 children displayed mild to moderate improvements. Remarkably, 
the beneficial effects of KGD persisted even after termination of the trial. The sec-
ond study [118] reports the administration of a gluten- and casein-free modified-
KGD (1.5:1 lipid:non-lipid ratio; medium-chain and polyunsaturated fatty acids) 
for two full years to a 12-year-old child with ASD, seizures and substantial comor-
bidities associated with a family history of metabolic and immune disturbances. 
This diet was deemed such a success that anticonvulsant medication doses were 
reduced without worsening of seizures, with improvements in seizure activity, 
amended electroencephalogram, cognitive and social skills, language function, and 
total resolution of stereotypies. However, many medications were administered dur-
ing the diet along with other complications such as a significant weight loss and 
transitioning to puberty, so it is difficult to assess the sole role of the diet without the 
clinical background. The improvement shown in these studies may be due to 
enhancing mitochondrial biogenesis as shown in murine models [119, 120]. In cell 
cultures, an extrapolated diet was shown to increase citrate synthase and complex I 
activity in SH-SY5Y cells [121]. However, since the lower limit for an accepted 
mitochondrial disorder is an OXPHOS outcome lower of at least 30 % of control 
values, the proliferation of mitochondrial mass would need to equal at least 30 % in 
order to rescue the impaired ATP production of ASD individuals. These studies 
show promising results of enhancement of mitochondrial function that seemed to 
prompt improvement in social behaviors and learning abilities.

8  Conclusions

While mitochondrial or nuclear DNA pathogenic mutations have been character-
ized in cases with ASD, they do not seem to be major contributors to ASD inci-
dence. However, it is becoming clear that there is a subgroup of individuals with 
autism and MD, with or without a currently known genetic defect. Therefore, rare 
genetic variants or single nucleotide polymorphisms in combination with environ-
mental exposures or dietary factors, may confound  MD and the ensuing increased 
oxidative stress. While no cure currently exists for individuals with mitochondrial 
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diseases, there is a successful study that exchanged a defective mitochondrial 
genome with a functional genome in oocysts, effectively replacing damaged mito-
chondria with fully operational mitochondria [122]. Intriguing research on therapies 
and studies on the etiology and symptoms of MD have been reviewed in hopes to 
create new ways to manage MD [123, 124] similar to those seen in ASD. Although 
additional research is needed, there are several proposed directions for new thera-
pies such as increasing respiratory chain function through the proliferation of wild- 
type mitochondria, the supplemental use of coenzyme Q10, mtDNA targeting 
endonucleases and the limitation of exposure to aggravating environmental factors 
such as BDE-49 [125].

A proposed method to increase mitochondrial mass is through the upregulation 
of PGC-1α, increasing the total number of mitochondria inside cells, in the hope of 
returning mitochondrial bioenergetics to average levels. However, this therapy 
assumes that the mutation or defect responsible for the respiratory chain deficits 
leaves residual oxidative phosphorylation levels [125]. Moraes et al. used a muscle- 
specific knockout of the COX10 assembly factor to show that PGC-1α upregulation 
protects the muscle from MD in mice [126]. The enhancement of mitochondrial 
biogenesis has been found effective in treating MD in several common human con-
ditions [127–129] and may hold possibilities for the management of ASD. A second 
proposed therapy involves the administration of coenzyme Q10, usually along with 
vitamin C, vitamin K1, vitamin B complex, and L-carnitine. This particular therapy 
is popular due to the reports of safety, even at high doses, and for its roles as antioxi-
dant and for providing respiratory chain components [130]. A third and intriguing 
approach includes the use of a restriction endonuclease that can selectively target 
mutated mtDNA. The DNA-binding selectivity is based on the binding properties of 
zinc fingers (ZF), consisting of histidine and cysteine residues that bind zinc. It is 
the Zn-ligated section of the polypeptide that binds to sequence specific DNA [131]. 
When this ZF is attached to an endonuclease it has the potential to cleave almost any 
nuclear DNA sequence [132]. The next logical step would be to formulate an 
mtDNA-specific ZF nuclease. Another interesting proposed direction for managing 
MD in society would be to limit the amount of exposure to chemicals, e.g. the toxic 
fire retardants, by careful evaluation of their cost-benefit use. The genetic and envi-
ronmental components of MD have significant contributions to observed situations 
and each must be taken into account in future research in order to fully appreciate 
this disorder of mitochondrial malfunction.
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Chapter 22
Systemic Oxidative Stress in Patients 
with Neurodegenerative Diseases

Marisa G. Repetto and Alberto Boveris

Abstract Oxidative stress and oxidative damage have been recognized in the brain of 
patients with neurodegenerative diseases since the early stages of the diseases. 
Oxidative stress and damage have been reported in patients of Alzheimer disease, 
Parkinson disease, amyotrophic lateral sclerosis and vascular dementia. Products of 
free-radical reactions in the brain, such as lipid peroxidation products and carbonyl 
groups in small peptides, were determined in blood, plasma, serum and cerebrospinal 
fluid of patients with the mentioned diseases. There is a clear evidence of a link between 
brain oxidative stress and damage and circulating indicators of such damage. Body 
fluids from living patients represent the best source of information about brain metabo-
lism in neurodegenerative diseases. Cerebrospinal fluid provides a unique window of 
brain status for neuronal cell and brain tissue alterations. The ideal biomarker of brain 
oxidative stress should be determined in blood or plasma that are easy to collect.

Keywords Oxidative stress • Systemic oxidative stress • Neurodegenerative dis-
eases • Alzheimer disease • Parkinson disease • Amyotrophic lateral sclerosis • 
Vascular dementia • Plasma biomarkers

1  Introduction

At present, chronic neurodegenerative diseases (ND) have an enormous impact in 
human health. The World Alzheimer’s Report informed that there were 36 million 
people living with dementia worldwide in 2010, increasing to 66 million by 2030 
and to 115 million by 2050. The number of demented patients will rise from 2001 
to 2040 by 80–190 % in Europe, North America and the Western Pacific, while in 
Latin America, India, China, North Africa and the Middle East the increase will be 
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more than 300 % [1]. Causes of neuronal death in ND are multifactorial and develop 
as complex networks of pathological events that are interconnected and generate 
processes leading to increased damage and neuronal death. Several mechanisms 
were proposed to explain these pathologies: oxidative stress (OS), inflammation, 
mitochondrial dysfunction, toxic effects of transition metals, depletion of intracel-
lular thiols and redox dysregulation [2, 3]. Most of these mechanisms are closely 
related. Neuronal death in ND may represent a form of cell demise, that is neither 
classical necrosis nor apoptosis and that may be triggered during the terminal phase 
of the chronic progressive disorders [4, 5].

2  The Concept of Cellular Oxidative Stress

Sies [6] coined the concept of OS and considered it as an unbalance between oxi-
dant production and antioxidant defences that may lead to oxidative damage to bio-
molecules and to cell death. The concept was immediately accepted, adopted and 
successfully used to design and explain experiments. Moreover, the concept was 
extended to organs and tissues and even to whole organisms. From a biochemical 
point of view, cellular OS is described as a situation in which increased steady state 
concentrations of the chemical species of the free radical chain reaction produce an 
increase in the rate of the chain reaction and in endogenous antioxidant consump-
tion [7–9]. The “redox hypothesis” updated the classic concept of OS considering 
that it is due to an oxidative process that alters the redox balance of the thiol groups 
of low molecular weight components, such as glutathione (GSH) and proteins 
involved in signal pathways and regulation of physiological functions [10, 11].

3  The Concept of Systemic Oxidative Stress

The concept of systemic oxidative stress strictly applies only to situations in which 
the whole body has increased levels of reactive oxygen species (ROS) as in expo-
sures to radiation. In general, systemic, circulating or peripheral oxidative stress, all 
synonyms, is understood as increased levels of ROS and related products in blood, 
plasma or serum. ROS is a very used term but the meaning is not totally clear. 
Originally in 1982, Seim [12] referred the term to the products of the partial reduc-
tion of oxygen: O2

−, superoxide radical; H2O2, hydrogen peroxide; and HO•, 
hydroxyl radical, based on the fact that the observed biological effect was similar 
without discrimination of the responsible chemical species. Later, the meaning of 
ROS started to include molecules involved in the free radical chain reaction that 
links O2

−, H2O2 and HO• with the free-radical mediated process of lipid peroxida-
tion. These molecules are R•, alkyl radicals; ROO•, peroxyl radicals; ROOH, 
organic hydroperoxide; and 1O2, singlet oxygen. The close experimental relation-
ship between the free radical reactions of oxygen intermediates and the process of 
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lipid peroxidation was early and always observed [13, 14]. Some of the products of 
lipid peroxidation, such as malonaldehyde, usually determined as TBARS (thiobar-
bituric acid reactive substances), 4-HO-nonenal, aldehydes, etc., are sometimes also 
considered as ROS. The important fact for the interest of this chapter is that some of 
the mentioned molecules, as H2O2, ROOH (especially short chain ROOH), 1O2, 
TBARS, 4-HO-nonenal and other small aldehydes are able to diffuse outside from 
cells. In the brain, these molecules reach blood and cerebrospinal fluid (CSF) and 
report brain oxidative status. Indicators of brain oxidative condition for ND diagno-
sis, prevention, and control of disease progression are of major importance in ND 
medicine. Early diagnosis and new therapeutic strategies may delay or even prevent 
the irreversible consequences of these pathologies.

4  Neurodegenerative Disorders

Brain OS and oxidative damage have been reported for important ND such as 
Alzheimer disease (AD), Parkinson disease (PD), amyotrophic lateral sclerosis 
(ALS), and vascular dementia (VD). Each disease has its own neuropathological 
characteristics but it has been long postulated that in all cases OS contributes to 
neuronal death. Amyloid deposits with amyloid beta (Aβ) aggregates are present in 
AD and PD [15] and α-synuclein is characteristic of PD [16]. The increasingly rec-
ognized participation of OS in ND generated a great interest in the research com-
munity. At the beginning of 2016, PubMed citations for OS and AD are 5548, for 
OS and PD are 2260, for OS and ALS are 1071 and for OS and VD are 269, with a 
total of 9148 references for the four diseases.

4.1  Alzheimer Disease

Currently, 26.6 million people worldwide have AD and this figure could rise to 100 
million people by 2050 [17]. The estimated annual incidence and prevalence of AD 
rises with age. Incidence rates up between approximately 0.4 % in people aged 
65–69 up to nearly 10 % in people aged over 90 have been reported, an a prevalence 
between 2 % in people aged 65–69 up to more than 25 % in people aged over 90 
years [1].

4.2  Parkinson Disease

It is a long known neurodegenerative pathology with an incidence of 5–24 people 
per 100,000/year and is characterized by extrapiramidal movement disturbance and 
progressive motor dysfunction due to a selective loss of dopaminergic neurons from 
the substantia nigra that extends to striatum and produces dementia.
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4.3  Amyotrophic Lateral Sclerosis

This disease is a motoneuron pathology that progresses over several years and pro-
duces patient death. The etiology is complex; with 5–10 % of the cases as the famil-
ial form, and with autosomal mutations of which 15–20 % are in the superoxide 
dismutase 1 gene. Sporadic ALS with a worldwide incidence of 1–2 per 100,000 is 
poorly understood in environmental terms [18].

4.4  Vascular Dementia

The disease, also called vascular cognitive impairment, is the second most common 
cause of human dementia and occurs when brain blood flow is reduced. The main 
symptoms are memory loss, confusion, mood changes and difficulty with daily 
tasks.

5  Oxidative Stress Mechanisms in Neurodegenerative 
Processes

OS and oxidative damage have been reported in AD, PD, familial ALS and vascular 
dementia (VD) with increased processes of lipid peroxidation, protein oxidation, 
nucleic acid oxidation and depletion of antioxidants [19–22]. The brain intracellular 
processes associated to oxidative damage are: protein aggregation, mitochondrial 
dysfunction, metal dyshomeostasis, redox signaling dysregulation, and inflamma-
tion. These processes lead to oxidative neuronal damage and incidence and progres-
sion of ND [10, 23–30] (Fig. 22.1). The diffusible products of oxidative damage 
reach blood, directly or through CSF.

Concerning ND etiology, it is not clear if free radical-induced OS is the primary 
and initiating process causing neurodegeneration. However, it is clear that OS is 
involved in the propagation of cellular damage that leads to neuropathology. 
Therefore, there is no need for a cascade of events initiated by OS; rather it seems 
that OS is part of the events involved in the diseases and neuronal cell death [23, 
31].

6  Systemic Oxidative Stress and Neurodegeneration

It has been postulated that increased brain OS is a consequence of an oxidative bur-
den in the whole body of AD patients. Accordingly AD might not be exclusively a 
primary neurological pathology, but rather a systemic oxidative disorder [32–35]. It 
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is difficult to establish whether OS is an early component in AD or a final step in the 
process. Some studies showed that OS preceded chronologically the Aβ deposits, 
and the onset of clinical symptoms [36]. In brain, the production of O2

−, H2O2 and 
HO• leads to the free radical mediated processes of lipid peroxidation, and of pro-
tein and nucleic acid oxidation. Protein carbonyls and 3-nitrotyrosine produced in 
protein oxidation are secreted to the CSF and end up in the blood. The products of 
free-radical mediated lipid peroxidation (malonaldehyde, TBARS, 4-HO-nonenal, 
isoprostanes, lipid hydroperoxides and aldehydes) are small, lipophilic compounds 
that diffuse to blood directly from the tissue or through CSF (Fig. 22.1).

There are two hypotheses for the observed close relationship between peripheral 
OS and ND. One of them is that OS begins in the brain, and that oxidized biomol-
ecules are transported to peripheral blood. The other hypothesis indicates that OS 
initially develops in peripheral tissues with various causes, and results in a reduction 
of antioxidants in the central nervous system that leads to oxidative damage and 
neurodegeneration. There is evidence that point out to a role of iron and copper in 
the pathogenesis of ND. On the one hand, the increased metal concentrations in 
plasma and CSF observed in AD [37, 38] and in the other hand, the immediate brain 
uptake of iron and copper after metal overloads that start the processes of lipid per-
oxidation and protein oxidation [7, 23].

Fig. 22.1 Brain cellular oxidative stress and damage and systemic oxidative stress in neurodegen-
erative diseases
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7  Biomarkers for Neurodegenerative Diseases

The National Institutes of Health defines a biomarker as “a characteristic that is 
objectively measured and evaluated as an indicator of a normal biologic or bio-
chemical process, a pathogenic process, or a pharmacologic response”. The ideal 
biomarkers should be non-invasive and cost-affordable. Biomarkers need to com-
bine high sensitivity and specificity with high predictive value, and ideally should 
be validated against some gold standard of confirmed neuropathology before clini-
cal integration, and whenever is possible, correlate with disease stage and/or disease 
progression [1]. Biomarkers for ND are essential to facilitate disease diagnosis, 
ideally at early stages, monitor disease progression, and assess response to existing 
and future treatments. Biomarkers for ND are classified into brain biomarkers and 
systemic biomarkers.

7.1  Brain Biomarkers

Brain biomarkers are neuroimaging, post mortem histology, and biomarkers in the 
CSF (Table 22.1).

7.1.1  Neuroimaging

These techniques assess regional structure, function and biochemistry of the brain, 
as well as brain dysfunction. These methodologies correlate well with the clinical 
condition in AD patients, with neurological diagnosis based on behavioral determi-
nations, which are available only at specialized dementia clinics [39]. However, 
these approaches have significant limitations because they are expensive and even 
invasive for patients.

7.1.2  Histology

The major facts in the post-mortem brain of AD and PD patients are the accumula-
tion of protein aggregations (Aβ and α-synuclein), oxidized biomolecules and 
enzymes that have lost or decreased activity.
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Table 22.1 Brain biomarkers in patients with Alzheimer disease (AD), Parkinson disease (PD) or 
amyotrophic lateral sclerosis (ALS)

Biomarker AD PD ALS

Neuroimaging (in 
vivo)

Brain volumetric measurements, by structural magnetic resonance 
imaging (MRI) of whole brain and specific regions; amyloid tracer 
imaging positron emission tomography (PET) using the Pittsburg 
compound B and florbetapir, 18C-fluorodeoxyglucose and functional 
MRI [3]

Hallmarks 
(post-mortem) 
Protein structures

Senile plaques Cytoplasmic 
α-synuclein in cortex, 
anterior thalamus, 
hypothalamus, 
amygdala and basal 
forebrain.

Neurofibrillary tangles 
formed by Aβ deposits.

Hyper-phosphorylated 
forms of microtubule- 
associated protein tau 
[15, 23, 41]

Lewy bodies in 
surviving neurons

Enzymes and 
molecules

Decreased mitochondrial 
complex II and IV 
activities, citochrome- 
oxidase content and ATP 
production [41]

Decreased GSH Accumulation of 
4-HO-nonenal

Inhibition of 
α-ketoglutarate 
dehydrogenase.

Increased Fe Protein 
glycoxidation 
products (AGE) 
[46]

Nrf2 reduced nuclear 
levels in cytoplasm of 
hippocampal neurons 
[42]

Oxidation of dopamine 
to 6-hidroxydopamine

Impaired 
mitochondria and 
respiratory chain 
complexes [47]

Increased TBARS, 
4-HO-nonenal, protein 
carbonyls, neurofibrilary 
tangles and senile 
plaques, in amygdala, 
hippocampus, 
parahippocampal gyrus 
and spinal cord

Increased TBARS, 
4-HO-nonenal, protein 
carbonyls, and DNA 
oxidation in substantia 
nigra [45]

Increased DNA oxidation 
(8-OHdG)
Increased Fe, Cu, Hg.
Incresed AGE and 
peroxynitrite, heme 
oxygenase-1, and 
SOD-1 in neurofibrillary 
tangles
Activated microglia [23]

(continued)
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7.1.3  Biomarkers in the CSF

The CSF is a body fluid produced in the brain ventricles that occupies the subarach-
noid space and the ventricular system around and inside the brain and spinal cord. 
CSF is in intimate contact with brain, and there is a substance exchange between the 
neural environment and CSF. Therefore, CSF is almost an ideal source to identify 
biomarkers for ND. Levels of 4-HO-nonenal and acrolein in CSF appear as clear 
factors in AD. More studies are required to justify the routine use of CSF [40].

8  Systemic Biomarkers

The relationship between risk factors, biomarkers of ND and clinical symptoms was 
carefully analyzed in the last years but no clear conclusion was reached. Blood is 
the most commonly analyzed biological sample for markers in ND. Blood is a very 
complex system that reflects the physiological activity and the pathology of body 
organs and systems, including the central nervous system. In humans, about 500 mL 
of CSF are daily poured into the blood, making CSF a suitable source of biochemi-
cal markers from the brain and for ND [48]. It is worth noting that 4-HO-nonenal 
concentration in CSF from PD patients is fourfold higher than in healthy subjects, 
whereas in plasma it is 1.5 times higher [49]. The easy of venipuncture compared to 
lumbar puncture, makes peripheral blood analysis preferable to evaluate diseases 
progress or the effect of treatments in clinical situations [3]. An increase in the 
peripheral biochemical circulating markers of OS would allow establishing a pre-
clinical state of disease, many years before the clinical diagnosis, at a time when 
future patients appear cognitively normal. Systemic biomarkers may be classified as 
biomarkers of: oxidative stress and damage; protein aggregates [50]; inflammation 
[51] and lipoprotein metabolism [52].

Table 22.1 (continued)

Biomarker AD PD ALS

Biomarkers in 
CSF

High Aβ levels in 
asymptomatic preclinical 
stage
Tau and p-tau (stages of 
high synaptic dysfunction 
and early neuro- 
degeneration [43]
Incresed acrolein, 
4-HO-nonenal and 
8-OHdG
Decreased non-enzymatic 
antioxidants
Amyloid precursor peptide 
platelet (AβPP)
Autoantibodies to Aβ 
[44]
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8.1  Biomarkers of Oxidative Stress and Damage

The plasma indication of oxidative damage is either increased oxidation products 
(of phospholipids, proteins or DNA) or decreased antioxidants [3, 53–56, 58]. The 
oxidation products indicative of oxidative stress and damage are: TBARS, equiva-
lent to malonaldehyde, 4-hydroxy-nonenal, protein carbonyl groups, 8-isoprostane, 
cholesterol oxides and 8-HO-deoxyguanosine (8-HO-dG). TBARS, that accounts 
for 6–9 % of the O2 consumed during unsaturated fatty acid peroxidation, and 
4-HO-nonenal are excellent indicators of lipid peroxidation. Protein carbonyls are 
sensitive indicators of cellular oxidative damage. Hydroperoxide-induced chemilu-
minescence (CL-BOOH) is a very sensitive assay indicative of α-tocopherol levels. 
Decreased plasma TRAP is interpreted as decrease in plasma antioxidants. However, 
measured plasma TRAP levels are about 300 μM, which is more than double the 
amount of plasma ascorbic acid and vitamin E, the two main plasma antioxidants. 
Other plasma components, such as urea, also react with the peroxyl radicals of the 
TRAP assay. Table 22.2 summarizes results on biomarkers in blood of patients of 
AD, PD and VD.

There are reports on blood cells of increased production of oxidants or decreased 
antioxidants in ND. Increased production of oxidants has been reported in neutro-
phyls [19] in PD and in lymphocytes in AD [60]. Erythocytes show decreased vita-
min E (CL-BOOH) in AD [21, 61]. Interestingly, red blood cells show increased 
SOD activity in AD, suggesting an adaptive response of bone marrow [39, 62].

Table 22.2 Systemic biomarkers in plasma, serum and blood cells from Alzheimer disease (AD), 
Parkinson disease (PD) and vascular dementia (VD) patients

Systemic biomarker AD PD VD

Oxidative stress 
and damage

Increased TBARS and 
4-HNE in plasma [53, 54]

Increase in 
plasma protein 
carbonyls and Cu

TBARS increased in 
blood cells and plasma 
[58]

Increased acrolein [56] Increased TBARS 
in blood cells 
(parallel to 
clinical stage) [3]

Increased protein carbonyls 
in plasma and erythrocytes 
[3]

Protein aggregates Plasma Aβ
Tau protein in serum or 
plasma (ultrasensitive 
immunoassay)
ApoE polymorphism, 
inflammatory markers, 
altered p53 protein [50]
AβPP in platelets [56]

Inflammation Increased levels of IL-6, 
CRP and autoantibodies to 
Aβ in plasma [44]

High serum ACT and 
CRP [44]

High plasma 
homocysteine [57]

High plasma 
homocysteine [59]
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8.2  Biomarkers of Non-enzymatic Antioxidant Defenses

Increased levels of TBARS, 4-HO-nonenal [61, 63] and protein carbonyls [64] in 
plasma as well as of CL-BOOH [61] identify a situation of OS (Table 22.3). In the 
same way, lower levels of plasma antioxidants, such as vitamin E, TRAP and FRAP 
[3], indicate a situation of OS (Table 22.4). Plasma non-enzymatic antioxidants are 
decreased in ND, particularly uric acid, vitamins E and A, and α- and β-carotene 
[53, 54].

The red blood cells of ND patients afford indicators of OS; some of them reflect 
erythrocyte production in the bone marrow (GR and SOD) and others indicate meta-
bolic conditions related to intracellular GSH (Table 22.5). There is a clear shift of 
the glutathione system to a more oxidized state (GSH content and the GSH/GSSG 
ratio) and increased activities of the GR and SOD enzymes [62].

9  Conclusions

Systemic biomarkers of OS in neurological patients are useful indicators of diagno-
sis and/or disease progression. The direct involvement of free radicals in the etiol-
ogy and/or the pathogenesis of NDs is difficult because the short lifetimes of reactive 

Table 22.3 Biomarkers of systemic oxidative stress in human plasma from patients with 
neurodegenerative diseases of comparable ages

State/Disease
TBARS 
(μM)

4-HO-nonenal 
(μM)

Protein 
carbonyls (μM)

CL-BOOH (cpm/mg 
Hb) × 10−2

Healthy controls 2.9 ± 0.1a 0.47 ± 0.12c,d 0.9 ± 0.1b,e 117 ± 7a

Alzheimer 3.9 ± 0.1a 2.0 ± 0.5c 3.5 ± 0.2b,e 178 ± 10a

p < 0.001 p < 0.001 p < 0.05 p < 0.05
Parkinson 3.5 ± 0.2a 0.68 ± 0.15d 2.3 ± 0.2b 202 ± 10a

p < 0.05 p < 0.05 p < 0.05 p < 0.05
Vascular dementia 3.5 ± 0.1a,b ND 2.8 ± 0.2b 175 ± 8a

p < 0.01 p < 0.05 p < 0.05

Data from (a) [61], (b) [3], (c) [63], (d) [49] and (e) [64]

Table 22.4 Antioxidants in human plasma of patients with ND comparable ages

State/Disease Vitamin E (μM) FRAP (μM) TRAP (μM)

Healthy controls 24.5 ± 2.9a 989 ± 74a 344 ± 18b

Alzheimer 15.3 ± 1.5a 660 ± 71a 227 ± 12b

p < 0.05 p < 0.05 p < 0.001
Parkinson 22.8 ± 1.7a 823 ± 49a 248 ± 18b

NS p < 0.05 p < 0.01
Vascular dementia 16.5 ± 1.1a 640 ± 39a 210 ± 14b

p < 0.05 p < 0.05 p < 0.001

Data from (a) [3], and (b) [61]
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oxygen and nitrogen species and the lack of sensitive technology to detect them in 
situ in biological systems. The ideal biomarker of OS may be found in blood sam-
ples, which is relatively easy to collect. OS is present in AD patients since the early 
stages of the disease, so “oxidative biomarkers” may be studied in plasma, serum 
and CSF. Oxidative-related changes are already present in early stages of neurode-
generation, reflecting the same chronology that in brain, with increased level of 
biomarkers of phospholipid, protein and DNA oxidation and decreased level of non- 
enzymatic antioxidants in plasma and serum.

Three finding are important to highlight: the first is that oxidative-related changes 
are already present in early stages of neurodegeneration, reflecting the same chro-
nology that brain function, the second is the decreased level of non-enzymatic anti-
oxidants (mainly α-tocopherol) in plasma and serum, and the third is a subtle 
alteration in the metabolism and levels of transition metals.
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Chapter 23
Oxidative Stress, Metabolic Syndrome 
and Alzheimer’s Disease
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Abstract Oxidative stress, neuroinflammation, insulin signaling deficiency and 
vascular alterations are common features of many neurodegenerative disorders. 
Oxidative damage induces chronic inflammation, this condition may lead to insulin 
resistance and damage to the blood brain barrier (BBB), leading to an exacerbation 
of central inflammation, causing cognitive dysfunction eventually resulting in 
dementia. The major cause of dementia affecting the elderly is Alzheimer’s disease, 
the most common cause of disability characterized by a progressive loss of memory 
and cognitive function. Neuropathologically, Alzheimer’s disease is characterized 
by abnormal deposition of the amyloid β (Aβ) peptide and intracellular accumula-
tion of neurofibrillary tangles (NFT) of hyper-phosphorylated tau protein. It has 
been proposed that Aβ and NFT generate the neuronal damage that leads to cogni-
tive failure, through the generation of reactive oxygen species (ROS). Alternatively, 
it has been suggested that oxidative damage precedes the accumulation of Aβ, 
NFTand other alterations such as vascular malfunction and metabolic syndrome. 
This chapter discusses the main molecular mechanisms associated to oxidative 
stress, metabolic syndrome and their relationship with Alzheimer’s disease. We also 
include promising therapeutic strategies.
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1  Introduction

In recent years, it has been proposed that oxidative stress (OS) plays a fundamental 
role in the development of neurodegenerative diseases like Alzheimer’s disease 
(AD) [1, 2]. OS can be defined as an imbalance between the formation of reactive 
oxygen species (ROS) (O2

−, H2O2 and HO•) and their destruction by the antioxidant 
systems [2] (see Chapter 1 by H. Sies in this volume). ROS are usually produced as 
a consequence of regular physiological metabolism. In the majority of cells, mito-
chondria are the primary source of ROS production by the mitochondrial respiratory 
chain complexes. These multi-subunit complexes include NADH-ubiquinone 
reductase (NADH dehydrogenase, complex I), succinate dehydrogenase (complex 
II), ubiquinol-cytochrome c reductase (complex III), cytochrome c oxidase (com-
plex IV) and ATP synthase (complex V) [3]. Under physiological conditions ROS 
have a crucial role in several signaling pathways that are important for survival, 
such as the induction of the mitogenic response, neurotransmission, blood pressure 
regulation, smooth muscle relaxation and immune regulation [4, 5]. However, the 
excessive production of ROS brings about irreversible damage and cellular disrup-
tion. In AD, cytochrome oxidase, pyruvate dehydrogenase and α-ketoglutarate 
dehydrogenase complexes show reduced activity as a result of oxidative damage [6, 
7]. The balance between oxidants and antioxidants is not a static condition and a 
great number of stimuli can interfere with the redox status [8]. Uncontrolled OS has 
been implicated in several human inflammatory diseases [4, 5] such as hepatitis, 
asthma, cancer, vasospasms, stroke, retinal damage, arthritis, traumatic brain injury 
and atherosclerosis [9, 10]. In the same way, recent studies suggest that ROS levels 
are increased in hypercholesterolemia, hypertension, diabetes mellitus and abdomi-
nal obesity induced by high calorie intakes, which are all important components of 
the metabolic syndrome (MetS) [1, 11–13].

2  Alzheimer Disease and Oxidative Stress

AD is a disorder of the central nervous system (CNS) that results in generalized 
brain atrophy [14] and is the most common neurodegenerative disease, accounting 
for 60–70 % of dementia cases. Its etiology is still unclear, but it is characterized by 
the accumulation of extracellular neuritic plaques (NP) and intracellular neurofibril-
lary tangles (NFT) [15]. These deposits are mainly located in the entorhinal cortex, 
the hippocampus and the frontal and temporal lobes and produce an extensive neu-
ronal death and thus the gradual loss of the cognitive function. NP and NTF are 
capable of generating neuronal damage that leads to cell death and cognitive failure, 
via the generation of ROS.
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2.1  Tau and Oxidative Stress

NFTs are intracellular deposits of paired helical filaments (PHFs). In these fila-
ments the most important molecular marker is tau, a microtubule-associated protein 
[16]. Tau promotes microtubule (MTs) assembly and stability, thus it is essential for 
axonal transport in neurons [17, 18]. It has more than 30 phosphorylation sites and 
its abnormal hyper-phosphorylation destabilizes microtubules by decreasing their 
binding affinity and results in its aggregation into NFTs [19]. Besides phosphoryla-
tion, tau has other post-translational modifications, such as specific truncation in 
Glu-391 [16]. Prefibrillar stages of tau could be linked to the toxic effects observed 
in neurons [20]. Tau also induces mitochondrial dysfunction, leading to severe 
energy dysfunction and the generation of ROS and reactive nitrogen species (RNS) 
[21]. In the same way, the expression of truncated-tau at Asp-421 induced mito-
chondrial fragmentation and elevated OS levels in comparison to cells expressing 
full-length tau [22]. 4-Hydroxynonenal (HNE) contributes to tau hyper- 
phosphorylation and induces conformational changes favoring the assembly of Tau 
into NFTs [23]. On other hand, chronic OS increases the levels of tau phosphoryla-
tion at paired helical filaments [23]; possibly by increasing the activity of GSK3β 
which is up-regulated under OS [24, 25]. In response to OS, GSK3β translocates to 
mitochondria in a kinase activity-dependent manner and enhances production of 
cytotoxic ROS [26], contributing to neurodegeneration.

2.2  Aβ and Oxidative Stress

NP are mainly composed of aggregates of β-amyloid (Aβ) and result from the 
sequential proteolysis of the amyloid precursor protein (AβPP) by β-secretase 
(BACE1) and γ-secretase. In vitro and in vivo data now support the notion that Aβ 
accumulation in the brain can directly or indirectly cause free radical-induced stress, 
favoring the neurodegenerative process observed in AD [14]. Also, OS may induce 
the overproduction of Aβ peptides through the activation of BACE1 [27]. BACE1 
expression is increased in conditions known to involve OS, including ischemia and 
hypoxia [28]. The Met-35 of the Aβ peptide is critical for Aβ-associated toxicity 
and OS. This residue can undergo two-electron oxidation to form methionine sulf-
oxide (MetSOx) [29]; it modulates OS and the neurotoxic properties of Aβ (42 
aminoacids). The transition metals Cu2+, Zn2+ and Fe3+ are altered in AD and are 
involved with Aβ aggregation and oxidative damage [30]. Aβ catalyses the reduc-
tion of Cu2+ and Fe3+ generating H2O2, which is converted to HO• in the presence of 
Cu1+ and Fe2+; the generation of this reactive species leads to the formation of pro- 
apoptotic lipid peroxidation (LPO) products, such as 4-hydroxynonenal (HNE) and 
malonaldehyde [14]. Recent studies suggest that low molecular weight oligomers 
are more toxic than larger Aβ fibrils [31, 32]. Their presence in the plasma mem-
brane contributes to OS and neurotoxicity. Aβ oligomers activate the N-methyl-D-
aspartate receptor (NMDA-R), leading to a rapid influx of calcium, which promotes 
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ROS generation from the NADPH oxidase. In addition, Aβ accumulation in the 
parenchyma and in blood vessels causes microglial migration and promotes the 
production of pro-inflammatory cytokines, prostaglandins, NO and ROS which 
eventually promote neuronal death [33].

3  Metabolic Syndrome

MetS is defined as a cluster of risk factors including insulin resistance (IR), dyslipid-
emias, abdominal obesity and arterial hypertension. To maintain the stability of the 
internal environment the body involves multiple systems, which are controlled in lim-
bic brain structures such as the hippocampus, amygdala and prefrontal cortex. In a 
similar way, insulin, leptin, cortisol and estrogens act by influencing cognitive func-
tion, while other neuropeptides, such as orexin, intervene by regulating gastric secre-
tion and gastrointestinal motility [34]. Several studies have shown that diabetes, IR, 
obesity and dyslipidemias are risk factors for the development of neurodegenerative 
diseases, including AD [35, 36]. Another remarkable characteristic of MetS and AD is 
an enhanced production of ROS with augmented levels of oxidized, nitrosylated and 
carbonylated proteins, lipid peroxidation, as well as RNA and DNA oxidation.

3.1  Insulin Signaling in the CNS and AD

In the liver, insulin allows the uptake and anabolism of glucose, fatty acids and amino 
acids by the activation of insulin receptors (IRs). It is currently known that insulin and 
insulin growth factors (IGFs) can exert these functions through the activation of IRs 
and insulin growth factor receptors type 1 and 2 (IGFR-1, IGFR-2). Insulin and IGFs 
promote auto-phosphorylation of IRs and IGFR receptors on tyrosine residues, which 
creates binding sites for SRC homology 2 domains in phosphoinositide 3-kinase 
(PI3K) and the growth factor receptor-bound protein 2 [37, 38]. The recruitment of 
PI3Ks results in PKB/Akt activation, which may influence in different forms down-
stream signaling molecules like GSK-3, RabGTPase, mTOR and FOXO transcription 
factors [39]. The recruitment of GRB2 can also activate the Ras/mitogen-activated pro-
tein kinase (MAPK) pathway [37].The role of insulin signaling is not only limited to 
maintain peripheral energy homeostasis. In the CNS, it is involved in novel physiologic 
functions [40] such as proliferation and differentiation in neurogenic zones [41], modu-
lation of synaptogenesis and synaptic function [42], stimulation of plasticity [43], long-
term potentiation [44], neuroprotection against mitochondrial damage [45] and 
antioxidant effects [46]. Studies in human and rodent brain homogenates revealed that 
insulin/IGFs receptors are distributed in the hippocampus, hypothalamus (arcuate 
nuclei, ARC), cerebellum, olfactory bulb, striatum and cerebral cortex [47, 48].

The impairment of insulin signaling in the CNS is associated with the develop-
ment of aging and neurodegenerative disorders [49]. Reduced expression and acti-
vation of IRs, IGF-1R and IRS-1 proteins in the hippocampus and hypothalamus 
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were reported in AD cases and this was correlated with cognitive decline [50]. The 
development of IGF-1 null mice produced hyper-phosphorylated tau at multiple 
sites [51], generated by impaired PI3K/Akt. Atk inactivates GSK3β, a kinase that 
contributes to tau hyper-phosphorylation and aggregation in AD [52]. With respect 
to Aβ, insulin acting on IGF-1 promotes the release of a soluble APP fragment 
derived from α-secretase activity (sAPPα) by PI3K activation [53]. Some sAPPα 
functions are neurite growth, modulation of neuronal excitability, synaptic plasticity 
and synaptogenesis [54]. Moreover, PI3K activation favored Aβ degradation by 
insulin-degrading enzyme (IDE) in the CNS, which avoids Aβ plaque formation 
[55]. Also, IGF-1 promotes the formation of complexes between Aβ and megalin/
LRP2 that finally enhance Aβ clearance trough the BBB [56]. On other hand, solu-
ble Aβ oligomers induced the internalization of IRs and a consequent reduction of 
insulin signaling responsiveness [57]. This pathological state is referred as brain 
insulin resistance (IR), a condition characterized by an inability to maintain glucose 
homeostasis despite the presence of high concentrations of insulin in the brain. IR 
promotes OS, mitochondrial damage and apoptosis [58]. The internalization of IRs 
mediated by Aβ oligomers could be linked to synaptic dysfunction, because it shares 
common mechanisms with NMDA receptor internalization [59]. Additionally, it has 
been suggested that abnormal function of IRs enables nuclear translocation of 
FOXO1, which may generate ER stress and activate stress kinases [60].

Another mechanism of IR was described, in this sense it is well known that Aβ oligo-
mers induce inflammation. When TNF-α levels are elevated, IRS-1 is inhibited by aber-
rant activation of c-JunN-terminal kinase (JNK) and this blocks downstream insulin 
signaling, resulting in peripheral IR [61]. Later work showed that ER stress is crucial for 
IRS-1 inhibition and memory impairment in AD [62]. IR contributes to AD develop-
ment since the loss of insulin actions renders neurons more sensitive to the toxic effect 
of Aβ [63]. Moreover, IR accelerates amyloidosis via the translational up-regulation of 
BACE1 and proteins implicated in plaque production [64]. It is necessary to consider 
that more reports are constantly showing that there is a strong correlation between some 
metabolic disorders that course with peripheral IR and the development of AD [65].

3.2  Insulin Resistance and the Metabolic Syndrome

MetS is a complex disorder characterized by IR, abdominal obesity, arterial hyperten-
sion and dyslipidemias [66]. A strong hypothesis on the origin of peripheral IR and 
MetS is that insulin signaling is altered in the CNS, because of the 80 % inhibition of 
IRs in medial ARC hypothalamic neurons that promotes decreased hepatic insulin 
sensitivity and leads to hyperphagia in rats [67]. Moreover, chronic ICV infusion of 
insulin in C57BL/6 mice promotes lipogenesis and peripheral fat accumulation [68]. 
On the other hand, obesity is considered a major risk factor for the development of 
peripheral IR. An excess of adipose tissue leads to ER stress, promotes macrophage 
activation and subsequent release of adipokines into systemic circulation, including 
TNF-α, IL-6, IL-18, CRP, MCP-1, leptin and resistin [69]. The activation of 
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inflammatory signaling pathways involves serine/threonine kinases that inhibit IRs 
molecules and lead to a decreased insulin response. Some of these kinases are JNK, 
and the inhibitors of NF-kB kinase (IKK) and of PKC [70]. Adiponectin, resistin, 
leptin and lipocalin have also been linked to obesity-induced IR [71]. Peripheral IR 
impacts on the MetSby generating two conditions that decline the quality of life of 
patients, pre-diabetes and diabetes, which have been linked with cognitive impairment 
and AD development [72]. Other consequences of IR in MetS are increased peripheral 
inflammation and ER OS, which are assumed to increase dyslipidemia, hypertension 
and even worse IR [73]. This in turn establishes a vicious cycle that represents a major 
risk for BBB damage, vascular dementia and AD [1]. Different studies agree that 
physical activity promotes activation of the AMP-activated protein kinase (AMPK) 
and sirtuin1 and increases insulin sensitivity, as well as reducing the morbidity and 
mortality associated with cardiovascular diseases and diabetes [74].

4  Mitochondrial-Derived OS Leads to Modified Protein 
Structure in MetS and Neurodegeneration

Mitochondria participate in maintaining the energy balance and thus the adequate 
function in the brain. Neurons are especially vulnerable to any alteration or dys-
function of these organelles. In fact, growing evidence shows that mitochondrial 
dysfunction is implicated in neurological pathologies such as AD and other neuro-
degenerative diseases [75]. During oxidative energy production, mitochondria 
become the main source of ROS in the brain via the electron transfer in the respira-
tory chain. Thus, any perturbation of these processes results in an unregulated ROS 
production. In fact, excessive mitochondrial ROS generation has been associated to 
the pathogenesis of neurodegeneration [76]. OS participates in the development of 
AD by altering a series of cellular and metabolic mechanisms. Besides the well- 
understood link between mitochondria and Aβ metabolism, OS interferes with pro-
tein function by oxidation and modification of protein structure. Proteins undergo 
redox-mediated changes, named oxidative post-translational modifications 
(OPTMs), on specific residues, mainly Cys and Tyr, mediated by the produced 
ROS. OPTMs include S-glutathionilation, S-nitrosylation, N-sulfonylation, nitra-
tion and disulfide bond formation. The oxidized amino acids lead to irreversible or 
reversible protein modifications, that when exacerbated cause alterations in their 
activity and thus affect brain function [77]. OPTMs occur normally and modulate 
protein function in a variety of biological processes. In neuronal tissues they are 
involved in controlling signal transduction, as well as in synaptic mechanisms 
including exocytosis and neurotransmitter release [78]. The brain is a major pro-
ducer of nitric oxide (NO), a molecule that participates in important cellular pro-
cesses. Nonetheless, in the OS situation NO serves as precursor of even more 
reactive molecules, such as the toxic peroxynitrite (ONOO−), that is responsible of 
sustaining S-nitrosylation of proteins and thus plays a relevant role in regulating and 
impairing neuronal function [79]. Among the affected proteins, it has been showed 
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that S-nitrosylation of Cdk5 increases its kinase activity. Cdk5 participates in APP 
cleavage, NMDAR function, brain development, differentiation and migration of 
neurons, axonal maturity and neuronal plasticity [80]. Moreover, increased Cdk5 
activity mediated by S-nitrosylation has been implicated in the development of sev-
eral neurological disorders, including AD [81].

In fact, augmented S-nitrosylation is a hallmark of neurodegenerative conditions 
such as AD [82]. It is thought that S-nitrosylation further contributes to brain mito-
chondrial damage, mainly by disturbing the mitochondrial fission and fusion pro-
cesses [83]. It has been proposed that such perturbations are mediated by 
post-transcriptional nitrosylation of Drp1, which increases its GTPase activity and 
in turn augments mitochondrial fission [79]. Abnormal mitochondrial dynamics 
have been proposed to be vital in the neurodegenerative steps underlying AD onset 
since they may cause the mitochondrial dysfunction that precedes the disease [84]. 
Other neuronal proteins have also been identified as the targets of OPTMs. This is 
the case for disulphideisomerase (PDI), which acts as a chaperone during the fold-
ing of emerging peptides in the endoplasmic reticulum (ER). During OS it is 
S-nitrosylated, which inhibits its function. It has been reported that this mechanism 
is implicated in the ER stress, a marker of neurodegenerative diseases [85]. As 
already mentioned, MetS and AD converge in key cellular and metabolic features, 
such as excessive ROS production and mitochondrial dysfunction. Hence molecular 
and cellular disturbances originated during MetS may be critical for neurodegenera-
tion. In particular, managing elevated ROS generation seems to be crucial to avoid 
or control further oxidative damage, which could prevent AD development and 
neurodegeneration.

5  Antioxidant Defenses are Compromised in MetS and AD

OS is a consequence of an imbalance between the production of reactive oxygen 
species (ROS) and their capture and inactivation by the antioxidant systems. The 
main ROS are superoxide radical (O2

−), hydrogen peroxide (H2O2) and hydroxyl 
radical (HO•). Physiological concentrations of ROS are generated mostly by the 
mitochondrial respiratory chain, during exercise and as a defense against microbial 
infections. In fact, ROS have an important role as signaling molecules involved in 
apoptosis, proliferation and gene expression [86]. As a counterpart, antioxidant sys-
tems are comprised by: (a) antioxidant enzymes such as: superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GPx); (b) endogenous com-
pounds like reduced glutathione (GSH), uric acid and ubiquinol; and (c) exogenous 
antioxidant molecules, a group that includes vitamin E, vitamin C, β-carotene and 
resveratrol [86]. Besides dysregulated ROS production, a marked decrease in anti-
oxidant defenses is associated to MetS and AD development. MetS patients have 
increased NADPH oxidase and myeloperoxidase activities as well as decreased lev-
els of GSH resulting in enhanced ROS concentrations [73, 87]. These factors 
together with a low activity of SOD, CAT and GPx lead to an elevated OS, 
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predisposing these subjects to damage in organs and tissues. In fact, it has been 
shown that OS affects the AD brain since increased nucleic acid oxidation, protein 
oxidation, lipoperoxidation, nitrosylation and carbonylation are observed [88, 89].

6  Pharmacological and Alternative Therapies to Manage 
Oxidative Damage in MetS and AD

The first line of therapy to control oxidative damage in MetS and AD, is still focused 
on life style changes, including modifications in food consumption and exercise. 
Indeed, high-caloric diets in addition to sedentary habits correlate with elevated 
oxidation markers in plasma and tissues, which could accelerate the development of 
these diseases [90]. For AD, many efforts have tried to improve or stop neurodegen-
erationn by using antioxidant treatments such as vitamins (α-tocopherol and reti-
nol), ubiquinone and flavonoids. However, it seems that once AD has begun 
antioxidant therapies fail to reduce the extent of harm, since improvements inthe 
health of patients are scarce [91]. Nonetheless, antioxidant use in animal models of 
AD has some beneficial effects [92]. This discrepancy may be due to the comorbidi-
ties associated to AD, such as MetS, or even due to advanced aging [93]. On the 
contrary, dietary omega-3 fatty acids, resveratrol, curcumin, selenium, vitamins C 
and E, as well as physical activity readily evoke improvements in the dysfunctional 
traits of MetS patients [94, 95]. Recently, growing attention has been paid to the gut 
microbiota in the control of MetS and AD. Prebiotics and probiotics have beneficial 
effects on the inflammatory state and on IR. In addition, it has been shown that 
changes in gut microbiota induced by dietary approaches importantly decrease OS 
in both animals models and in patients suffering MetS [96, 97]. Similarly, the use of 
antioxidants like resveratrol, induce changes on gut microbiota, associated to 
decreased fat accumulation in an obesity model caused by high-fat feeding [98]. 
Moreover, the tight link between AD and MetS has recently revealed a common 
factor, that is gut microbiota. Studies have revealed that certain gut microbiota pro-
files in animals prompt early development of MetS and neurodegeneration mainly 
by augmenting inflammation and disrupting the cell redox balance [99, 100]. 
Although many approaches may be tried to control MetS, reducing fat mass and 
improving IR may reduce the source of OS, such as free fatty acids, as well as mito-
chondrial dysfunction and thus block further oxidative damage to the proteins 
involved in regulating brain function.

7  Conclusions

Mitochondrial dysfunction along with IR, as well as chronic inflammation are the 
underlying factors causing degenerative diseases, such as MetS and AD. Indeed, 
evidence presented in this review indicates that elevated ROS production may be the 
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principal mediator of organ and systemic dysfunction. In conclusion, OS in MetS 
may degenerate into AD but also, AD-associated OS may aggravate the former. 
Thus, management of ROS production is mandatory for control and prevention of 
these pathologies (Fig. 23.1).
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Abstract Metabolic syndrome is a prevalent condition in Western and developing 
countries (20 to 30 % of adults) that represents a serious public health threat. One 
of the defects in metabolic syndrome and in its associated diseases such as hyper-
tension, dislipemia, insulin resistance and obesity (mainly visceral), is the increase 
in general oxidative metabolism with development of oxidative stress. This implies 
the overproduction (and/or reduced degradation) of reactive oxygen species that 
usually overrides the physiological antioxidative defense. Thus, there is an increase 
in the oxidant-to-antioxidant compounds’ ratio. In this chapter, we comment and 
revise some of our evidence on this topic obtained in an experimental model of 
metabolic syndrome. In particular, we have found that chronic consumption of cola 
beverages, either sucrose- or artificially-sweetened cola, leads to a condition that 
reproduces the typical features of human metabolic syndrome. Following the char-
acterization of our model, we have succeeded in replicating this model as shown in 
our first studies. Here we share some of the most important findings in relation with 
oxidative metabolism both general and tisular, with particular emphasis on hypertri-
glyceridemia, pancreatic and renal changes. Oxidative alterations and inflammatory 
mechanisms are concurrent in otherwise healthy young adult rats following cola 
beverage drinking for long periods.
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1  Introduction

Metabolic syndrome (MetS) is a cluster of cardiometabolic risk factors that includes 
obesity, insulin resistance, hypertension and dyslipidemia, mainly hypertriglyceri-
demia. The prevalence of metabolic syndrome is dramatically increasing in Western 
and developing countries [1]. By now, MetS has become a significant public health 
problem and its prevalence is likely to increase [2]. Approximately 20–30 % of the 
adult population in most countries is affected by metabolic syndrome [3]. The prev-
alence is dependent on age, gender, race, and diagnostic criteria [2, 4]. One of the 
defects in metabolic syndrome and in its associated diseases is a situation of oxida-
tive stress, an excess of reactive oxygen species over antioxidative defense, namely 
an increase in the oxidant-to-antioxidant ratio. Reactive oxygen species generated 
by mitochondria, or from other sites within or outside the cell, cause damage to 
mitochondrial components and initiate degradative processes. Such toxic reactions 
contribute significantly to the aging process [5]. Aging and age-related diseases in 
higher organisms are complex processes that are likely controlled by a combination 
of many different genetic, environmental, nutritional, and pathologic factors. While 
the specific role of oxidative stress in aging and development of age-related diseases 
is an area of active investigation, the exact mechanisms that may define this com-
plex relationship are unclear [5]. Metabolic syndrome is often characterized by oxi-
dative stress, a condition in which an imbalance results between the production and 
inactivation of reactive oxygen species. Reactive oxygen species can best be 
described as double-edged swords; while they play an essential role in multiple 
physiological systems, under conditions of oxidative stress, they contribute to cel-
lular dysfunction. Oxidative stress is thought to play a major role in the pathogen-
esis of a variety of human diseases, including atherosclerosis, diabetes, hypertension, 
aging, Alzheimer's disease, kidney disease and cancer.

2  Hypertriglyceridemia and Decrease in Endogenous 
Antioxidants Level in Experimental Metabolic Syndrome

The rising consumption of soft drinks has been linked to metabolic syndrome in 
humans. However, in spite of experimental data with fructose-enriched diets, little 
is known on the effects of cola beverages in man or in animal models. Oxidative 
stress is involved in the pathophysiology and cardiovascular complications of meta-
bolic syndrome [6, 7]. We have reported, and several studies over the years have 
confirmed, that 6 months of cola drinking is a useful experimental model of 
MetS. Consistent biochemical and nutritional changes are proof of the reliability, 
robustness, and reproducibility of our experimental model [7–12]. Characterization 
of the model included reproduction of most typical features of the MetS condition. 
Otero-Losada et al. [7] reported the effects of prolonged consumption of cola bever-
age on oxidative metabolism plasma indicators in adult (2 month-old) male Wistar 
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rats both at the end of a 6 months treatment and after the following 6 months drink-
ing water (wash-out period). The model has a total duration of 12 months from the 
beginning of the study. The effects of both sucrose-sweetened (regular) cola and 
non-caloric artificially sweetened (light) cola beverages were evaluated. Plasma 
concentrations of antioxidants α-tocopherol and ubiquinone-10 (CoQ10) (RP-HPLC) 
and glucose, triglycerides, total- and HDL- cholesterol (enzymatic assays) were 
measured in the study [7]. Weight gain (7 %), hypertension (8 %), decreased food 
ingestion (−31 %) and increased drinking volume (+1.7-fold) were observed after 
6-months in rats drinking regular cola (C6), compared with either water-drinking 
(W6) or light-cola drinking rats (L6) [7]. Six months regular cola drinking (C6) 
induced mild hyperglycemia (+15 %), severe hypertriglyceridemia (+3-fold) and a 
trend to hypercholesterolemia (+32 % total cholesterol) [7]. No changes were found 
in the HDL-C fraction in C6. Normoglycemia and an unexpected tendency to hyper-
triglyceridemia (+2-fold, N.S.) and hypercholesterolemia (+29 % total cholesterol, 
N.S.) were observed in rats drinking non-caloric cola beverage (L6) [7].

All the rats were normoglycemic after the wash-out period (C12, L12 and W12) 
(Fig. 24.1). However, hypertriglyceridemia was found in regular cola-drinking and 
water-drinking rats following wash-out (C12 and W12) [7]. The trend to hypertriglyc-
eridemia observed in rats drinking light-cola at the end of treatment, was not found 
in the same rats following wash-out [7]. Following wash-out, all rats developed 
hypercholesterolemia compared with the values found at the end of the treatment 
period while HDL-C levels underwent no major changes [7]. Plasma levels of coen-
zyme Q10 (CoQ10) were 52 % lower in regular cola-drinking rats compared with 
water drinking rats at the end of the treatment period (Fig. 24.1a). Based on CoQ10 
levels, light cola drinking rats were undistinguishable from water drinking or regu-
lar cola drinking rats at the end of treatment. No differences in plasma CoQ10 level 
was found among the three groups of rats after wash-out (Fig. 24.1a). Interestingly, 
rats drinking water during all the experiment showed 46 % lower CoQ10 concentra-
tion in plasma compared with themselves at the end of the treatment period (i.e. : 6 
months earlier when they were younger) (Fig. 24.1a). The plasma levels of 
α-tocopherol showed variations similar to those of CoQ10 (Fig. 24.1b. As observed 
for CoQ10, α-tocopherol plasma levels decreased by 48 % in rats drinking water dur-
ing all the experiment, compared with themselves at the end of the previous 6 month 
period, when they were younger (Fig. 24.1b), life-span being the only concurrent 
factor.

The “pro-oxidant-to-antioxidants” plasma ratio, a relationship developed for this 
study and based on the plasma levels of pro-oxidant molecules which undergo met-
abolic reactions originating reactive oxygen species, and the plasma levels of the 
circulating antioxidants coenzyme CoQ10 and α-tocopherol. The “pro-oxidants-to- 
antioxidants” plasma ratio dramatically increased in C6, W12, C12 and L12 but not in 
L6 (Fig. 24.1c). Low plasma coenzyme CoQ10 and hypertriglyceridemia were cor-
related all throughout the study (p < 0.01, 2-tailed Pearson correlation).

Coenzyme Q10 deficiency, mitochondrial dysfunction and oxidative damage 
have been concurrently observed in different conditions [13, 14]. Supplementation 
with Q10 has been reported to reduce hypercholesterolemia [14]. Consumption of 
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regular cola for 6 months resulted in weight gain, despite a reduced solid food 
intake, and in hypertension, hyperglycemia (+15 %), hypertriglyceridemia (3-fold) 
and low CoQ10 plasma levels (−52 %) compared to W6 and L6. All parameters were 
normalized except for hypertriglyceridemia after the 6 months of the wash-out 
period. Light cola drinking induced neither metabolic nor antioxidants alterations in 
plasma levels. Twelve months after the beginning of the study, all 3 groups showed 
low α-tocopherol levels and hypercholesterolemia, results that were unrelated to the 
treatment and could only be explained by life-span [7]. Twelve months after the 
beginning of the study all animals had low CoQ10 levels. Since α-tocopherol was not 
substantially affected by treatment, it may be reasonably assumed that α-tocopherol 
level was preserved at the expense of CoQ10 consumption. CoQ10 levels have been 
suggested to be a useful biomarker of oxidative stress. The low plasma levels of 
CoQ10 observed in C6 rats reflect the decrease in antioxidants after the oxidative 
stress induced by hypercaloric cola drinking. Long-term ingestion of a hypercaloric- 
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hyperglycemic diet leads to obesity, to increased lipid peroxidation, and to oxidative 
stress, the latter condition likely by compromising mitochondrial redox metabolism 
which plays a crucial role in the pathogenesis of metabolic syndrome [7].

Low CoQ10 and α-tocopherol levels have been related with left ventricular func-
tion impairment in agreement with our previous echocardiographic observations 
[7]. The hypothesis that mitochondria are both source and target of free radicals and 
the knowledge of the important role of CoQ10 in mitochondrial function have led 
others to propose that CoQ10 may be involved in the aging mechanisms. Interestingly, 
ubiquinol-10 supplementation activates mitochondrial functions and decelerate 
senescence in senescence-accelerated mice [15]. Coenzyme Q10 is a well-known 
essential electron transporter in complex I (NADH–ubiquinone oxidoreductase), 
complex II (succinate–ubiquinone oxidoreductase), and complex III (ubiquinol–
cytochrome c oxidoreductase) of the mitochondrial respiratory chain [15–17]. The 
oxidized form of ubiquinone-10 is enzymatically reduced by complexes I and II, to 
ubiquinol-10 [14, 15, 18], which acts as a fat-soluble antioxidant that effectively 
protects lipid membranes and lipoproteins from oxidative damage and has benefi-
cial effects in preventing DNA damage [40]. In many tissues, ubiquinol-10 biosyn-
thesis and levels decrease with age, suggesting that ubiquinol-10 may have possible 
anti-aging effects [15, 19].

Cell aging is thought to be due to cumulative cellular and genomic damage that 
results in permanent cell-cycle arrest, apoptosis, and senescence [20]. A major 
source of cellular damage are the reactive oxygen species (ROS), which are mainly 
generated at complexes I and III of the cellular respiratory chain (2). Indeed the 
chemical species that is generated at complexes I and III is superoxide radical (O2

−) 
which has been clearly identified and its generation was estimated to represent 
about 1 % of total oxygen consumption [15, 21, 22]. An early study suggested that 
its generation rate is thought to increase with age, due to the accumulation of dam-
aged mitochondria in a vicious cycle in which ROS-induced mitochondrial impair-
ment results in increased ROS production, which, in turn, leads to further 
mitochondrial damage in aging [15, 23, 24]. The biochemical profile produced by 
low-calorie sweet (aspartame) beverage drinking revealed mild changes (triglycer-
ides, total cholesterol) which were not different from those found in the other 
groups. It seems that is an intermediate condition developed that is not accounted by 
an extra glucose supply and may result from sweet taste receptors’ stimulation. 
Both sweet taste and energy content are required for a hypothalamic response. Low- 
calorie sweet beverage is not expected to trigger appropriate anticipatory physio-
logic responses (cephalic phase insulin release), because aspartame, unlike glucose, 
does not lead to an early rise in insulin concentrations [7]. There are concerns that 
consumption of nonnutritive sweeteners promotes energy intake and contributes to 
obesity by not completely understood mechanisms. In our study, rat chow would 
provide carbohydrates which in combination with artificial sweeteners might play 
an active metabolic role within the gastrointestinal tract [7].

The sustained hypertriglyceridemia observed after wash-out could be attributed 
to the increase in triglycerides associated with life-span [7]. Adaptive changes in rat 
plasma levels of Co Q10 and α-tocopherol were observed after long-term hyperca-
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loric consumption. Concerning with antioxidants levels, long-term hypercaloric 
consumption mimicked metabolic conditions associated with age [7]. 
Experimentally-induced metabolic syndrome induces oxidative stress-related bio-
chemical changes resembling those appearing along life-span. Our findings, as 
shown above, were consistent with and added further support to the idea that the 
metabolic syndrome is a high-risk condition associated with oxidative metabolism 
and premature aging-related changes [7].

3  Experimental Metabolic Syndrome Accelerates 
Atherosclerosis and Increases Arterial Damage 
in Genetically Atherosclerotic Mice

There is now consensus that atherosclerosis represents a state of heightened oxida-
tive stress characterized by lipid deposits in the vascular wall [25]. Reactive oxygen 
species (ROS) are key mediators of signaling pathways that underlie vascular 
inflammation in atherogenesis, starting from the initiation of fatty streak develop-
ment, through lesion progression, to ultimate plaque rupture. Plaque rupture and 
thrombosis result in the acute clinical complications of myocardial infarction and 
stroke. Many data support the notion that ROS released from nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase, myeloperoxidase, xanthine oxidase, 
lipoxygenase, nitric oxide synthase (NOS) and enhanced ROS production from dys-
functional mitochondrial respiratory chain, indeed, have a causative role in athero-
sclerosis and other vascular diseases. Moreover, oxidative modifications in the 
arterial wall can contribute to atherosclerosis when the balance between oxidants 
and antioxidants shifts in favor of the former [25]. We had previously observed and 
increase in the”pro-oxidants-to-antioxidants” plasma ratio following 6 months of 
regular cola drinking rats and also in 14 month-old rats associated to the aging pro-
cess [7]. Hence it was reasonable to study the effects of regular cola drinking in 
apolipoprotein E deficient (apoE−/−) mice that undergo an accelerated aging pro-
cess. The main components of the metabolic syndrome (obesity, diabetes, hyperten-
sion) are known risk factors for atherosclerosis. The increasing incidence of 
atherosclerosis and metabolic alterations warranted the study of the effects of long- 
term soft drink consumption on metabolism and atherosclerosis in the genetic defi-
ciency of apolipoprotein E. Apolipoprotein E deficient (apoE−/−) mice are a murine 
model of spontaneous atherosclerosis and metabolic abnormalities [9]. Regular cola 
drinking for 8 weeks (C, sucrose sweetened) resulted in hyperglycemia in apolipo-
protein E deficient (ApoE−/−) mice which largely accounted for the observed 
increase in the non-HDL cholesterol fraction. These changes reversed after a 8-week 
washout period (mice were switched from cola drinking to water drinking for 8 
weeks). Differently, light cola drinking (aspartame–acesulfame K sweetened) 
induced a mild decrease in glycemia, with hypercreatininemia, hyperuremia and an 
increase in aspartate aminotransferase (AST), all of which reversed after washout 
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except for hypercreatininemia. Over the time of the study, hypertriglyceridemia and 
hyperuremia developed in all groups irrespective of drink treatment likely as a result 
of the aging process which is accelerated in ApoE−/− mice [9].

Acesulfame K and other non-nutritive sweeteners (but not aspartame), have been 
reported to activate enteroendocrine sweet taste receptors and release incretins 
which stimulate pancreatic insulin secretion. Reasonably, this mechanism might 
help to understand the decrease in glycemia observed in the L group. Likewise, 
phenylalanine that accounts for 40 % of metabolized aspartame, acting synergically 
with solid food and stimulating insulin release might participate in the decrease in 
glycemia in L group [9]. Reduced creatinine clearance has been reported in 8 week- 
old (young) ApoE−/− mice indicating some degree of vulnerability in glomerular 
filtration. Oxidative stress is associated with either high uremia levels or methanol 
occurrence in blood. In L mice, uremic toxicity and increased oxidative stress cor-
relate with a pro-inflammatory condition [9].

4  Partial Exhaustion of β-Cell Population in Langerhans 
Islets as a Model of Metabolic Syndrome

In other study, we reported the effects of long-term cola beverage drinking on glu-
cose homeostasis, endocrine pancreas function and thioredoxins tissue expression 
and morphology in rats [11]. Wistar rats drank: water (group W), regular cola bever-
age (group C, sucrose sweetened) or light cola beverage (group L, artificially sweet-
ened). After 6 months, 50 % of the animals in each group were euthanized and the 
remaining animals consumed water for the next 6 months when euthanasia was 
performed. Biochemical assays, insulinemia determination, estimation of insulin 
resistance (HOMA-IR), morphometry and immunohistochemistry evaluations were 
performed in pancreas. In this study, hyperglycemia (16 %), CoQ10 decrease (−52 
%), strong hypertriglyceridemia (2.8-fold), hyperinsulinemia (2.4-fold) and 
HOMA-IR increase (2.7-fold) were observed in regular cola (sucrose sweetened) 
drinking rats [11].

In this study, group C showed a decrease in the number of α cells (−42 %) and β 
cells (−58 %) and a moderate increase in α cells size after wash-out (+14 %) as 
shown in Fig. 24.2. Group L showed reduction in β cells size (−9 %) and only after 
wash-out (L12) a 19 % increase in size with 35 % decrease in the number of α cells. 
Groups C and L showed increase in α/β-cell ratio which was irreversible only in C 
(α/β = +38 % in C6, +30 % in C12, vs. W6) (Fig. 24.2).

Regular cola induced a robust, striking and irreversible (did not normalize after 
wash-out) increase in the cytoplasmic expression of Trx-1 (thioredoxin-1) (2.25- 
fold following 6 months’ drinking, 2.7-fold after wash-out) and Prx-2 (peroxire-
doxin- 2) (3-fold following 6 months’ drinking, 2-fold after wash-out). Light cola 
induced increases in Trx1 (3-fold) and Prx2 (2-fold) after wash-out (L12 vs. W12) 
(Table 24.1) [11].
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Plasma level of CoQ10 was lower in C6 compared with W6 (−52 %) and an unex-
pected trend to a decrease in CoQ10 level was observed in L group all over the study. 
Interestingly, age was associated with a decrease in plasma CoQ10 levels (−46 % in 
W12 vs. W6) [11]. Glucotoxicity may contribute to the loss of β cell function with 
depletion of insulin content. Oxidative stress, suggested by increased expression of 
thioredoxins and low circulating levels of CoQ10, may follow sustained hyperglyce-
mia. A likely similar panorama may result from the effects of artificially sweetened 
cola though via other downstream routes [11]. This paper addresses the effects of 
cola drink consumption on endocrine pancreas function and morphology regarding 
glucose homeostasis in rats. The contribution of cell proliferation, apoptosis and/or 

Fig. 24.2 α- and β-cells in pancreatic islets: number, size and α/β-cell ratio. White columns 
(water, W group), black columns (regular cola, C group), gray columns (light cola, L group). 
Treatment period, months 0–6 of the study. Wash out period (months 7–12 of the study). Values are 
mean values ± SEM. *p < 0.05 compared with W in the period (Modified from Otero-Losada et al. 
[11])
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oxidative stress to the observed changes is evaluated in insular α and β cells in pan-
creas [11]. It is known that sustained hyperglycemia may lead to insulin resistance 
and type 2 diabetes as well depending on genetic and epigenetic background. Type 
2 diabetes has been associated with oxidative stress and a generalized inflammatory 
condition [11]. Metabolic syndrome and diabetes are known risk factors for cardio-
vascular disease, which is the leading cause of death in modern Western societies. 
Soft drink consumption has been related to obesity and to an increased risk of meta-
bolic syndrome. Individuals consuming >500 mL/day of soft drink had a higher 
prevalence of metabolic syndrome than those consuming <350 mL/day (1 drink 
serving). It is widely accepted that sugar-sweetened soft drink consumption 
increases the risk of metabolic disorders. Unlike sugar, artificial sweeteners are usu-
ally considered safe and beneficial owing to their low caloric content and artificially 
sweetened beverages are marketed as low-calorie substitutes to prevent beverage- 
associated weight gain. While it is undeniable that artificial sweeteners do not add 
extra calories, they may pose to other risks instead [11].

The HOMA-IR (homeostatic model assessment of insulin resistance) index was 
used to estimate insulin resistance and was calculated using the validated formula 
for Wistar rats [11]: HOMA-IR = (I x G) /k, where I = fasting insulinemia, G = fast-
ing glycemia and k is a constant value k = 405 (if G is expressed in mg/dL) or k = 
22.5 (if G is expressed in mmol/L) [11]. Regular cola drinking caused an irrevers-
ible decrease in the number of both pancreas α cells (−42 % C6, −32 % C12) and β 
cells (−58 % C6, −42 % C12) and a moderate increase in the size of α cells after 
wash-out (+14 %, p &lt; 0.001 C12, +7 % NS, C6). Light cola drinking affected β 
cells leading to irreversible reduction in size (−9 % in L6; −14 % in L12) and affected 
α cells as well causing a 19 % increase in size (p < 0.0001) and a 35 % reduction in 

Table 24.1 Quantitative morphology and immunochemistry data (A = area)

Group

Treatment Washout

Water Cola Light-cola Water Cola Light-cola

α/β cell  
ratio

0.4±0.1 0.8±0.1** 0.6±0.1* 0.4±0.1 0.7±0.1** 0.5±0.2

Aislet (104 μ2) 2.2±0.2 1.8±0.2 2.4±0.3 2.5±0.4 2.3±0.2 2.5±0.3
Aα (104 μ2/
islet)

0.6±0.1 0.4±0.1* 0.6±0.1 0.7±0.1 0.6±0.1 0.6±0.1

Aβ (104 μ2/
islet)

1.5±0.2 0.6 ±0.1 1.0±0.1 1.7±0.2 0.8±0.1** 1.3±0.1

APCNA (104 
μ2/islet)

0.05±0.02 0.02±0.01* 0.05±0.02 0.04±0.01 0.09±0.02 0.08±0.02

ATRX (104 μ2/
islet)

0.4±0.1 0.9±0.1** 0.4±0.1 0.3±0.1 0.9±0.1** 1.0±0.1

APRX (104  
μ2/islet)

0.2±0.1 0.9±0.1** 0.2±0.1 0.4±0.1 0.8±0.1** 0.8±0.1**

Values are means ± SEM. Differences were analyzed using the Kruskal-Wallis and the Dunn’s 
multiple comparison test. *p < 0.01 **p < 0.001 vs. water, within the period (Modified from Otero- 
Losada et al. [11])
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number (p < 0.01) only after wash-out (L12). Accordingly, the α/β-cell ratio increased 
following consumption of one or another type of cola beverage. However, the effect 
of regular cola was irreversible (α/β-cell ratio = +38 % in C6, +30 % in C12, p < 
0.001vs. W6 and W12 respectively) while the effect of light cola was not (α/β-cell 
ratio = +52 % in L6 vs. W6; +15 % in L12 vs. W12). Treatment with cola drinks did 
not substantially affect the size of the islet over the study time.

Insulin immunolabeling decreased: −59.7 % in C6, −50.3 % in C12 and −33 % in 
L6 compared with age-matched W groups. Glucagon immunopositivity was lower 
in C6 compared with W6 (−33 %). Neither regular cola nor light cola drinking modi-
fied the nuclear expression of PCNA and caspase-3: isolated positive nuclei repre-
sented <1 % of the total population of insular cells. However, lower cytoplasmic 
immunopositivity for PCNA was found in C (−60 % in C6, −78 % in C12) and in L12 
(−80 %) compared with age-matched W group. Regular cola drinking strikingly 
increased the cytoplasmic expression of Trx1 (2.3 fold in C6 vs. W6; 2.7 fold in C12 
vs. W12) and Prx2 (3-fold in C6 vs. W6; 2-fold in C12 vs. W12). Light cola drinking 
induced a remarkable increase in Trx1 (3-fold) and Prx2 (2-fold) after wash-out (L12 
vs. W12). A correlation was found between HOMA-IR and the cytoplasmic expres-
sion of TRX1, Prx2 and PCNA (r, and % mutually explained variation: 0.839, 71 %, 
p < 0.037 for Trx1; 0.878, 77 %, p < 0.022 for Prx2; −0.893, 79 %, p < 0.017) for 
all over the study time.

The nuclear immunolabeling for caspase-3 and PCNA were very low, indicating 
negligible apoptotic and proliferative activity. The cytoplasmic expression of 
PCNA, specially observed at the islet periphery, suggests other functions than syn-
thesis and reparation of deoxyribonucleic acid (DNA) which is related to the nuclear 
expression of PCNA. Recent evidence indicates that cytoplasmic PCNA stimulates 
glycolysis via activation of glyceraldehyde-3-phosphate dehydrogenase. Glutathione 
synthesis could be indirectly reduced leading to oxidative stress as described in 
neurons. An inverse pattern of immunolabeling for cytoplasmic PCNA, Trx1 and 
Prx2 was observed suggesting increased glutathione availability to thioredoxin and 
peroxiredoxin in this context. The hypothesis of an oxidative microenvironment is 
reinforced by correlation found for Trx1, Prx2 and cytoplasmic expression of PCNA 
with HOMA-IR. Glutathione and thioredoxin systems are known to act in concert 
and insulin resistance and diabetes are associated with decreased antioxidant capac-
ity [11]. The present findings are compatible with a glucotoxic loss of β cell func-
tion and depletion of insulin content. Multiple signaling pathways contribute to the 
adverse effects of glucotoxicity. The increased expression of thioredoxins and the 
reduction in plasma levels of CoQ10 observed after cola drinking is consistent with 
an oxidative stress condition resulting from hyperglycemia. Hyperglycemia induces 
synthesis of reactive oxygen species by glucose oxidation, leading to an increased 
production of advanced glycosylation end products, as well as inflammation and 
oxidative stress. On the other hand, artificial sweeteners readily originate advanced 
glycosylation end products with pro-oxidative and inflammatory effects. Failure to 
maintain a functional β-cell population is a serious problem. When survival of over-
working β cells is compromised, sparing the survivor cells may be a solution. Then, 
β cells may lose their mature identity and dedifferentiate to an insulin-negative 

M. Otero-Losada et al.



385

 neurogenin 3-positive stage (transcription factor neurogenin 3 is predominant dur-
ing endocrine pancreas embryogenesis). If survival-threatening conditions disap-
pear, dedifferentiated cells can evolve to mature insulin-positive β cells. Recent 
evidence demonstrates β cell dedifferentiation, rather than apoptosis, is the main 
mechanism of loss of insulin-positive cells. This mechanism may help explain the 
gradual decrease in β cell mass in long-standing diabetes and recovery of β cell 
function in type 2 diabetes following insulin therapy [11]. Remarkable plasticity has 
been reported in murine β cells which can largely adapt to altered insulin demand 
all over life-time. The increase in α/β-cell ratio is interpreted as the result of repro-
gramming or transdifferentiation of β to α cell. Endocrine pancreas might cope with 
a compromising environment (oxidative stress, hyperglycemia) by triggering β and 
α mutual transdifferentiation, not only shortening the time delay to satisfy meta-
bolic demand but reducing energy costs as well, an advantageous solution from the 
biological viewpoint. This is in agreement with recent findings pointing to the so 
called islet remodeling under critical situations in which insular endocrine cells 
should give fast response to different metabolic situations. The possible existence of 
a β-α or α-β switches is indeed more economic and faster than cell proliferation and 
it may sustain a chronically elevated hormone production [11].

The sweetener aspartame (L-aspartyl-L-phenylalanine methyl ester) and the car-
amel colorant are rich in advanced glycation end products that potentially increase 
insulin resistance and inflammation. During regular soft drinks consumption, fat 
accumulates in the liver by the primary effect of fructose which increases lipogen-
esis, and in the case of diet soft drinks, by the additional contribution of aspartame 
sweetener and caramel colorant. Aspartame before glucose ingestion augments 
glucagon-like peptide-1 (GLP-1) secretion and contributes to obesity, insulin resis-
tance and type 2 diabetes. Aspartame is absorbed from the intestine and broken 
down to phenylalanine (50 %), aspartic acid (40 %) and methanol (10 %) in the 
liver. Methanol is converted to formate, formaldehyde, diketopiperazine (a carcino-
gen) and a number of other highly toxic derivatives. These and other issues have 
raised concern about the use of aspartame ever since its approval by the U.S. Food 
and Drug Administration in 1974 [11]. This study shows that artificially sweetened 
cola may lead to health problems as well. The effects of light-cola drinking, pro-
duce: striking increases in Trx1 and Prx2, a robust trend to hypertriglyceridemia, a 
decrease in the plasma level of CoQ10 and an increase in HOMA-IR, a reduction in 
β cells’ size, an increase in α/β-cell ratio with an increase in α cells’ size, and a 
decrease in α cells number, indicate the development of an oxidative stress condi-
tion as well. Our findings are consistent with the report that artificial sweeteners 
alter gut microbiota, induce glucose intolerance and increased susceptibility to met-
abolic disease. Propionate, a bacterial end product of aspartame in the gut, is a 
highly gluconeogenic substrate and may contribute to an increased susceptibility to 
metabolic disease [11].

In conclusion, we report evidence supporting that chronic cola consumption 
impairs pancreatic storage of insulin and glucagon, increases α/β-cell ratio and 
causes a striking increase in triglycerides and oxidative stress. The used experimen-
tal model opens new avenues to improve our knowledge of the metabolic syndrome 
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and the associated decline in pancreatic function following long-term ingestion of 
cola drinks [11]. Although the exact molecular mechanisms underlying the develop-
ment of diabetes type 2 are unknown, there is growing evidence that excess genera-
tion of reactive oxygen species (ROS), largely due to hyperglycemia, causes 
oxidative stress in a variety of tissues. Oxidative stress may result from either an 
increase in free radical production, or a decrease in endogenous antioxidant 
defenses, or both. ROS and reactive nitrogen species (RNS) are products of cellular 
metabolism and are well recognized for their dual role as both deleterious and ben-
eficial species. In type 2 diabetic patients, oxidative stress is closely associated with 
chronic inflammation. Multiple signaling pathways contribute to the adverse effects 
of glucotoxicity on cellular functions. There are many endogenous factors (antioxi-
dants, vitamins, antioxidant enzymes, metal ion chelators) that can serve as modula-
tors of the production and action of ROS. Clinical trials that investigated the effect 
of antioxidant vitamins on the progression of diabetic complications gave negative 
or inconclusive results. This lack of efficacy might also result from the fact that they 
were administered at a time when irreversible alterations in the redox status are 
already established. Another strategy to modulate oxidative stress is to exploit the 
pleiotropic properties of drugs directed primarily at other targets and acting as indi-
rect antioxidants [26, 27]. In diabetic patients, oxidative stress is induced by exces-
sive ROS and RNS. It is considered that high levels of ROS result in β-cell 
dysfunction. On the other hand, Nrf2 activates cytoprotective pathways against oxi-
dative injury [27].

5  Metabolic Syndrome Involves Alterations 
in the Cardiorenal Axis

Recently we have revised the cardiorenal involvement in the metabolic syndrome 
induced by cola drinking in rats with particular emphasis on proinflammatory cyto-
kines and impaired antioxidative protection [12]. Considering that the pathophysi-
ology of renal complications associated with metabolic syndrome (MetS) is not 
clear, we reported experimental evidence confirming renal histopathology in rela-
tion with proinflammatory mediators and oxidative metabolism in MetS induced by 
cola drinking in rats [12]. Hypertriglyceridemia and oxidative stress were found to 
be key factors in this regard. Hypertriglyceridemic toxicity in the context of defec-
tive antioxidant/anti-inflammatory protection due to low CoQ10 levels might play an 
important role in the cardiorenal disorder induced by chronic cola drinking in rats 
[12]. The dramatic increase in pro-inflammatory cytokines IL-6 and TNFα in renal 
tubules induced by cola drinking rats as reported in that study (Figs. 24.3 and 24.4) 
[12], should result in tubular derangement and dysfunction if sustained in time.

In this study, correlations were found for changes in LV dimensions with IL-6 
(74 %, r = 0.86, p < 0.001) and TNFα (52 %, r = 0.72, p < 0.001) (Fig. 24.3). 
Controlling for either TG or Q10 values individually, the strength of correlations was 
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Fig. 24.3 Renal glomerular pathology, inflammatory cytokines and redoxins in renal tubules 
before and after cola treatment. IL-6: interleukin-6, TNF-α: tumor necrosis factor-alpha, Trx-1: 
thioredoxin-1, Prx-2: peroxiredoxin-2 (Modified from Otero-Losada et al. [12])
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reduced to (% of mutually explained variance) 22 % for IL-6 and 14 % for TNFα). 
Moreover, the control for both TG and/or Q10 levels altogether, abolished any cor-
relation previously observed for LV dimensions with IL-6 (r = 0.20, NS) and TNFα 
(r = 0.41, NS) (Fig. 24.4).

Experimental and clinical studies have suggested a correlation between the pro-
gression of renal disease and dyslipidemia. Hypertriglyceridemia elicits inflamma-
tory responses in different tissues and is known to affect morphological integrity of 
kidney [12]. Dyslipidemia and lipotoxicity-induced insulin resistance, inflamma-
tion and oxidative stress are the key pathogeneses of renal damage in type 2  diabetes. 

Fig. 24.4 Cardiorenal correlations. Dependence on triglyceride and CoQ10 levels
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Interestingly, we have reported development of insulin resistance in cola drinking 
rats. In reasonable agreement with present evidence and previous reports, we sug-
gest that MetS induced by cola drinking affects kidney structure and increases pro-
inflammatory cytokines in renal tubules in rats, and that hypertriglyceridemia and 
low levels of Q10 may play crucial roles in determining the pathophysiology of the 
cardiorenal axis. High content of advanced glycation end products (AGEs) in cara-
mel colorant in cola beverages, further perpetuates oxidative stress, contributing to 
the increase in proinflammatory cytokines in renal tubules and may be involved in 
the progression to chronic kidney disease as one of the complications of MetS in 
cola beverages consumers [12]. As a final comment, according to the state of the art 
in the field, development of new drugs that target key sources of ROS producing 
enzymes and mimic the physio-pharmacological effects of endogenous antioxi-
dants, appears to be relevant for the treatment and hopefully, for the prevention as 
well, of the cardiometabolic illnesses of the XXI century.

6  Conclusions

Presently we report evidence supporting that chronic cola consumption impairs 
pancreatic storage of insulin and glucagon, increases α/β-cell ratio and causes a 
striking increase in triglycerides and oxidative stress. The used experimental model 
opens new avenues to improve our knowledge of the metabolic syndrome and the 
associated decline in pancreatic function following long-term ingestion of cola 
drinks. Although the exact molecular mechanisms underlying the development of 
diabetes type 2 are unknown, there is growing evidence that excess generation of 
reactive oxygen species (ROS), largely due to hyperglycemia, causes oxidative 
stress in a variety of tissues. Not coincidentally, we also found disturbance in the 
cardiorenal axis and homeostasis, with increase in the immunohistochemical 
expression of antioxidant response, namely thioredoxin expression.
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Chapter 25
Mitochondrial Dynamics Regulates Oxidative 
Metabolism in Leydig Tumor Cells

Cecilia Poderoso, Cristina Paz, Katia E. Helfenberger, and Ernesto J. Podestá

Abstract Steroidogenesis in Leydig cells is predominantly regulated by trophic 
hormone LH, whose signaling pathway involves PKA activation. PKA-mediated 
phosphorylation is involved in the induction and activation of steroidogenic acute 
regulatory (StAR) protein, which in turn activates the delivery of cholesterol from 
the outer to the inner mitochondrial membrane, the rate-limiting step in the biosyn-
thesis of all steroid hormones. The access of cholesterol to the inner mitochondrial 
membrane allows its conversion to pregnenolone by cytochrome P450 side-chain 
cleavage enzyme. StAR-mediated access of cholesterol to the mitochondria and 
pregnenolone synthesis are common steps in the hormone-stimulated biosynthesis 
of steroid hormones. Mitochondria are cellular organelles with crucial roles includ-
ing ATP synthesis, metabolic integration, ROS synthesis and apoptosis, all pro-
cesses linked to steroidogenesis rates. Mitochondrial dynamics is then key to normal 
cell movement and function. In this context, this chapter focuses on reviewing the 
contribution of mitochondrial dynamics to Leydig cell function and metabolism, 
including efficient steroid production, and intends to highlight the mechanisms 
underlying mitochondrial changes and the correct localization of key mitochondrial 
proteins to achieve maximal steroidogenesis after hormone stimulation.
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1  Introduction

Steroid hormones are required for normal reproductive function and body homeo-
stasis and are synthesized in steroidogenic cells of the adrenal gland, ovary, testis, 
placenta and brain under the regulation of trophic hormones. In adrenal cortex, 
adrenocorticotropin hormone (ACTH) stimulates zone fasciculata (ZF) cells while 
angiotensin II (Ang II) promotes steroidogenesis in zone glomerulosa (ZG) cells. 
Steroid synthesis in testicular Leydig and ovarian cells is stimulated by luteinizing 
hormone (LH) and follicle stimulating hormone (FSH), respectively. Steroidogenic 
hormones activate G protein-coupled receptors resulting in the activation of phos-
pholipase C (Ang II) or adenylyl cyclase (ACTH, LH and FSH).

The principal role of Leydig cells is to produce androgens, which participate in 
the maturation of the sex organs and male secondary sex characteristics. In human, 
the main androgen produced is testosterone, which is rapidly synthesized and 
released from Leydig cells after LH stimulation. LH promotes an increase in cAMP 
levels and the consequent activation of cAMP-dependent protein kinase (PKA) [1–
3] and protein phosphorylation, a pathway also activated by ACTH [4]. Thus, PKA- 
dependent protein phosphorylation of key regulatory proteins is necessary for the 
delivery of cholesterol from the outer (OMM) to the inner mitochondrial membrane 
(IMM), regarded as the rate-limiting step in steroid production [5–7]. The first 
series of steps in the biosynthesis of steroids hormones from cholesterol involves 
side-chain hydrolisis to yield a C21 intermediate, pregnenolone. This is the first 
enzymatic reaction in the synthesis of all steroids and is catalyzed by cytochrome 
P450scc located in the IMM, although it is the access of cholesterol to the active site 
of this enzyme that determines the rate of steroids production. In the gonads, preg-
nenolone may be converted to progesterone (also C21) in a pathway called the Δ4 
pathway.

The transport of cholesterol across the intermembrane space is tightly regulated 
and provides the substrate for all steroid hormones synthesis [8, 9]. Therefore, an 
important issue to elucidate in the field of endocrinology is the link between PKA- 
dependent phosphorylation and the regulation of cholesterol transport. Studies in 
this issue have been conducted using mouse and rat primary cultured Leydig cells 
and also several murine cell lines. More than 30 years ago, a report showed the 
establishment of a mouse Leydig tumor cell line (designated MA-10) which retained 
many of the properties of normal Leydig cells. These properties include the expres-
sion of a functional LH receptor (LHR) which translates in the cells the LH binding 
into an increase in cAMP and steroid biosynthesis. In spite of the loss of 
17α-hydroxylase/C17–20 lyase (resulting in a shift from androgen to progestin pro-
duction), MA-10 cells have gained wide acceptance as an appropriate model system 
to study the actions of LH on steroidogenesis and other aspects of the differentiated 
functions of Leydig cells [10]. Nowadays, MA-10 cells are one of the experimental 
model of choice when studying signaling transduction cascades stimulated by tropic 
hormones in Leydig cells. In the other hand, chorionic gonadotropin (CG) is also 
recognized by the LHR, thus the system MA-10 Leydig cells under the stimulus of 
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either LH or human CG (hCG) is commonly used as experimental model. A perme-
ant analogue of the second messenger, cAMP is also a frequent stimulus used for in 
vitro studies. A measurement of the steroidogenic capacity of this system includes 
the quantification of progesterone released to the culture media.

As the key point for the regulation of steroid hormone biosynthesis is that it is 
located in mitochondria; the process occurs within the organelle. Then the respira-
tory chain, oxidative phosphorylation and reactive oxigen species (ROS) production 
are intimately linked to steroid production. After many years of research on phos-
phoproteins that facilitate cholesterol transport from the OMM to the IMM, it is 
now well established that steroidogenic acute regulatory (StAR) protein is an oblig-
atory cholesterol transporter. StAR is synthesized as a 37 kDa preprotein with a 
typical mitochondrial leader sequence; upon hormonal stimulation it is imported to 
the mitochondria to yield a mature 30 kDa mitochondrial protein [11, 12]. In Leydig 
cells, StAR expression is hormonally regulated by LH/hCG at different levels, like 
its activity [13, 14] and gene induction [11, 12, 15–19]. StAR mediates the rapid 
flow of cholesterol from the OMM to the IMM, enabling steroidogenic cells to 
make a large amount of steroids in a short period of time. A small amount of StAR 
has been reported to elicit cholesterol transport enough to achieve the maximal rate 
of steroid synthesis [20]. It is accepted that hormone stimulation of steroid synthesis 
in adrenal ZF, ZG, and testicular Leydig cells involves the release of arachidonic 
acid (AA) [21]. Subsequent AA metabolism by lipoxygenase or epoxygenase path-
ways has been implicated in the regulation of steroid synthesis in adrenal and 
Leydig cells through the induction of StAR [22, 23]. In MA-10 Leydig cells, our 
group has described a hormonally regulated pathway for the generation and export 
of AA in mitochondria which regulates StAR protein induction and steroid synthe-
sis [24, 25]. Intramitochondrial AA is generated by the concerted action of acyl- 
coenzyme A (CoA) synthetase (Acsl4) and a mitochondrial acyl-CoA thioesterase 
(Acot2) and AA released from mitochondria participates, through its lipoxygenated 
metabolites, in the induction of StAR protein [22].

Mitochondrial dynamics allows mitochondrial replication, repair of defective 
mitochondria, selective elimination of depolarized mitochondria via mitophagy and 
propagation of intra-mitochondrial calcium waves [26]. Depending on cell type, 
mitochondria may be highly dynamic, thus undergoing frequent cycles of fusion 
and fission [27–30]. The two opposing events, fission and fusion, control mitochon-
drial morphology and are modulated by organelle-associated proteins and by energy 
substrates [31]. As mitochondrial morphology and function are crucial for central 
cellular metabolism and for specialized pathways, mitochondrial dynamics may be 
conceived to have a role in cholesterol transport to the IMM. This chapter then 
focuses on the role of mitochondrial fusion in steroid synthesis, the underlying 
involved mechanisms and the impact of mitochondrial rearrangements on the accu-
rate intracellular localization of key steroidogenic proteins, as StAR and Acsl4. It is 
intended to highlight the impact of mitochondrial dynamics on the metabolism of 
steroidogenic cells and cholesterol transport, which are essential processes involved 
in embryogenesis, development, reproduction and salt balance.
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2  Proteins Involved in Mitochondrial Dynamics

Recent advances in mitochondrial imaging have revealed that mitochondria are 
highly dynamic in many cellular types. They can undergo fission/fusion processes 
modulated by various mitochondria-associated proteins and also by conformational 
transitions in the IMM. Moreover, precise mitochondrial distribution can be 
achieved by their movement along the cytoskeleton, recruiting various connector 
and motor proteins. Such movement is evident in cell types ranging from yeast to 
mammalian cells and serves to direct mitochondria to specific regions of high ATP 
demand or to transport mitochondria destined for elimination. The existing data also 
demonstrate that several aspects of mitochondrial dynamics, morphology, regula-
tion and intracellular organization are cell type-/tissue-specific.

In many types of cells like neurons, pancreatic cells and cardiac muscle cells 
(HL-1 cell line), the complex dynamics of mitochondria include fission, fusion, and 
small and large movements of mitochondria, branching in the mitochondrial net-
work and long-distance intracellular translocation of mitochondria. Alternatively, 
mitochondria can be rather fixed in other cells and tissues, like adult cardiomyo-
cytes or skeletal muscle [32]. These variations and the cell-type specificity of mito-
chondrial dynamics could be related to specific cellular functions and demands, also 
indicating a significant role of integrations of mitochondria with other intracellular 
systems like cytoskeleton, nucleus and endoplasmic reticulum (ER). Mammalian 
Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2) belong to the GTPase family of pro-
teins [33] and are required for OMM fusion [34]. Mfn1 and 2 are implicated in the 
modulation of mitochondria–mitochondria and ER–mitochondria interactions. Both 
proteins are located on the OMM, mediating mitochondrial fusion in concert with 
another GTPase, optic atrophy 1 (OPA1), on the IMM. Mfn1 and 2 are extensively 
expressed, as demonstrated in brain (mainly Mfn2), liver, adrenal glands and testis 
and it has been proven that Mfn2 is enriched at contact sites between ER and mito-
chondria, which are named mitochondria-associated ER membranes or MAM [35]. 
Indeed, this specific site is considered as a unique subdomain with a vast importance 
in regulation of calcium signaling, mitochondrial bioenergetics, apoptosis and lipid 
metabolism [35–38]. Even though the existence and function of MAM have been 
extensively studied, little is known about the mechanisms triggering its formation. 
Interestingly, a key enzyme in steroidogenesis such as Acsl4 is localized in the 
MAM subdomain [39]. Ubiquitous knockout of the Mfn1 or Mfn2 gene results in 
embryonic lethality during midgestation [40] due to placental dysfunction. Mice 
ubiquitously lacking Mfn1 are apparently healthy, whereas mice without Mfn2 die 
in the early postnatal period and show severe defects in movement and balance [40]. 
These data suggest that Mfn1 and 2 functions are not redundant even though both 
proteins are mandatory in mitochondrial fusion development.

Mitochondrial fission requires dynamin-related protein 1 (Drp1), a cytosolic pro-
tein which is recruited to the OMM by a poorly characterized multiprotein complex. 
Drp1 is required for mitochondrial division in mammalian cells. Alterations in 
mitochondrial dynamics are associated with maintaining stemness properties of 
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mammalian epithelial stem-like cells [41]. Moreover, Drp1 is a newly discovered 
therapeutic target for tumor initiation, migration, proliferation, and chemosensitiv-
ity [42–45]. In 2013, Zhao et al. reported that cancer cell migration and invasion 
were regulated by mitochondrial dynamics [42]. Recently, Han et al. reported that 
Drp1-dependent mitochondrial fission not only regulates hypoxia-induced migra-
tion of breast cancer cells but also facilitates its sensitivity to chemotherapeutic 
agents [46, 47]. In addition, work by Merrill and colleagues in neurons has shown 
that PKA recruitment to mitochondria results in mitochondrial elongation as conse-
quence of the phosphorylation-mediated inhibition of Drp1 [48]. On the other hand, 
Drp1 phosphorylation by PKCδ at Ser 579 increases mitochondrial fragmentation 
[49]. These results idicate that phosphorylation of key mitochondrial dynamics pro-
teins plays a crucial role in mitochondrial morphology maintenance.

3  Mitochondrial Dynamics in Physiologic and Pathologic 
Metabolism

Fusion and fission continuously change mitochondrial shape under physiological 
(e.g. cellular division) [50, 51] and pathophysiological (e.g. apoptosis, various 
stresses) conditions [29, 52]. Defects in fusion frequently cause fragmentation of 
the mitochondrial network [53, 54], whereas the decrease in mitochondrial fission 
results in formation of the network of excessively elongated and interconnected 
organelles [55]. Under physiological conditions, however, mitochondrial fission is 
counteracted by fusion causing balance and mitochondrial network stability [51]. 
For example, the increase in Mfn1 and 2 in human skeletal muscle during exercise 
is described as a mechanism that may collaborate against insulin resistance syn-
drome [56]. It is also known that alterations in the metabolic conditions of the cell 
can remarkably modulate fusion and fission machineries and mitochondria may 
adapt frequently to changing physiological conditions and modify their behavior 
accordingly [31, 57]. Experiments performed in mouse embryonic fibroblasts 
(MEFs) cell lines generated from immortalized Mfn1 and Mfn2 knockout mice, 
have shown that hetero-oligomeric complexes between Mfn1 and Mfn2 are impor-
tant for control of mitochondrial fusion [58]. Despite its well-established role in 
mitochondrial fusion, a growing body of evidence suggests that Mfn2 has additional 
functions, such as ER–mitochondria tethering [35] and control of mitochondrial 
transport in axons [59], which may explain some of the disease manifestations in 
humans with Mfn2 mutations [60]. The different functions of Mfn2 are supported 
by in vivo studies in mice, showing that Mfn2 is required for normal glucose homeo-
stasis [61] and axonal projections of dopaminergic neurons [62, 63]. In addition, 
mutations in Mfn2 cause Charcot-Marie-Tooth type 2A (CMT2A), an autosomal 
dominant disease, characterized by chronic axonal neuropathy [60, 64, 65]. As 
mitochondrial mobility and transport are key elements to the functional health of the 
extended neuronal axons, particularly in peripheral nerves, an alteration in these 
mitochondrial parameters could be a possible mechanism of action in CMT2A [60].

25 Mitochondrial Dynamics Regulates Oxidative Metabolism in Leydig Tumor Cells



396

It is widely recognized that mitochondrial dysfunction contributes to impaired 
myocardial energetics and increased oxidative stress in cardiomyopathies, cardiac 
ischemic damage and heart failure (HF). Existing studies have shown that defects in 
mitochondrial dynamics affecting biogenesis and turnover are linked to cardiac 
senescence and HF which proves the relevance of the study of mitochondrial 
dynamics to develop potential strategies for targeting mitochondria and their utility 
in HF therapy [66]. Mfn2 deficiency reduces fuel oxidation and mitochondrial 
membrane potential and represses nuclear-encoded subunits of the respiratory chain 
complexes I, II, III and IV. This Mfn2 loss-of–function could participate in trigger-
ing the pathological mechanisms that cause disease in highly oxidative tissues such 
as nervous system, skeletal muscle or heart [67]. However, the molecular basis for 
the mitochondrial dysfunction, caused by loss of Mfn2, is not completely under-
stood. Recently, it has been shown that Mfn2 knockout of MEFs cell lines causes 
depletion of mitochondrial coenzyme Q, which, in turn, leads to respiratory chain 
dysfunction. Addition of coenzyme Q to these Mfn2 knockout cells or isolated 
mitochondria partially rescues the respiratory chain dysfunction, which suggests a 
therapeutic strategy for intervention in affected patients [68]. Mitochondrial dynam-
ics also participates in the regulation of apoptosis. Mfn2 expression has an apop-
totic effect in the mitochondrial apoptotic pathway [40] and Mfn2 deficiency 
profoundly increases the mitochondrial Bax/Bcl-2 ratio, indicating that Mfn2 defi-
ciency potentially induces apoptosis in the mouse embryo through the Bcl-2 and 
Bax pathway [69].

4  Fusion of Mitochondria in Leydig Cells and Steroid 
Biosynthesis

Despite the importance of mitochondrial dynamics in several metabolic and hor-
monal conditions, very little is known about its role in steroidogenic tissues. As a 
first approach, a paper published 30 years ago showed that in adrenal cells, mito-
chondria displayed a change in morphology and intracellular localization after hor-
mone stimulation by cAMP [70]. More recently, mitochondria were shown to move 
across H295R adrenocortical cells after ACTH stimulation in a PKA-dependent 
manner. The authors investigated the role of ACTH/cAMP-stimulated mitochon-
drial trafficking in regulating cortisol production and observed that this microtubule- 
dependent movement could be involved in the transport of substrates between the 
ER and mitochondria [71]. Besides fusion and fission, mitochondrial biogenesis is 
a central process in stimulated-steroidogenesis in Leydig cells. Under stress condi-
tions, mitochondrial biogenesis elicits an adaptative response essential to maintain 
testosterone production and preserve basic steroidogenesis activity [72]. Our group 
has demonstrated that steroid synthesis depends on changes in mitochondrial fusion 
which is regulated by hormone levels. In the experiments, two categories were 
clearly distinguished: punctuated and fused mitochondria. Also, control cells were 
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observed to present mainly a punctuated pattern that changed to the fused type after 
hormonal stimulation, a finding confirmed through electron microscopy. In basal 
conditions, mitochondria have an orthodox structure with narrow cristae and a more 
spherical shape, in the punctuated shape category described above. In hormone- 
stimulated cells, mitochondria are larger and appear elongated and tubular as com-
pared to the round mitochondria found in control cells. Interestingly, ultrastructural 
studies show that large portions of filamentous ER appear in close proximity of the 
enlarged mitochondria in steroid producing cells. Interestingly, our group demon-
strated for the first time that Mfn2 is promptly up-regulated after steroidogenic 
stimuli, suggesting that mitochondrial dynamics might be involved in steroidogen-
esis. Furthermore, blocking mitochondrial fusion by knocking down Mfn2 expres-
sion has a negative impact on steroid synthesis [73]. In agreement with the work of 
Li and Sewer, mitochondrial fusion might represent a limiting step in the onset of 
processes that require transport of intermediate products, e.g. liposoluble steroid 
hormones between organelles, mitochondria and ER probably involving MAM 
subdomains.

It is known that phospho/dephosphorylation events are obligatory in cholesterol 
transport to the IMM, and that PKA is one of the proteins required for this process. 
Furthermore, our group has determined that mitochondrial fusion depends on PKA 
activity. Extracellular-regulated kinase (ERK1/2) activity is essential for steroido-
genesis; however, the inhibition of ERK1/2 phosphorylation had no effect on fused 
mitochondria under hCG or cAMP stimulation [73] which indicates that mitochon-
drial fusion is an event upstream ERK1/2 phosphorylation but downstream PKA 
activity in Leydig cells (Fig. 25.1).

5  ATP Synthesis and Mitochondrial Electrochemical 
Membrane Potential in Mitochondrial Fusion 
and Steroidogenesis

It has been extensively documented that the maintenance of adequate mitochondrial 
values of electrochemical membrane potential (ΔΨm) and pH as well as an active 
ATP synthesis are required for acute steroid biosynthesis. Pharmacological agents 
known as mitochondrial disrupters, such as carbonyl cyanide m-chlorophenyl- 
hydrazone (CCCP) and valinomycin, abolish the mitochondrial H+ gradient and 
directly affect mitochondrial ATP production, by uncoupling electron transport 
from ATP synthesis. Studies performed using such agents have led to the conclusion 
that mitochondria must be energized, polarized, and actively respiring to support 
Leydig cell steroidogenesis [74]. Also, it is now well recognized that alterations in 
mitochondrial functional conditions are reflected in the rate of steroid production. 
ΔΨm is one of the most important indicators of mitochondrial function in cells [75] 
and affects steroid synthesis by blocking protein processing into mitochondria. [74, 
76]. King et al. analyzed the effects of disruption of the ΔΨm by CCCP and 
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valinomycin on progesterone production by MA-10 Leydig cells and showed that 
both steroidogenesis and mitochondrial import of StAR are inhibited by these 
agents. The study concludes that mitochondrial membrane potential is obligatory 
for StAR import into the mitochondria and, in turn, for steroidogenesis [76]. 
Mitochondrial dynamics is also regulated by the electron transport chain. The 
pumping of protons across the IMM provokes a typical pH gradient in mitochondria 
which is a measurement of mitochondrial function and is essential for mitochon-
drial fusion. The dissipation of the H+ gradient inhibits fusion, likely by either the 
selective proteasome-dependent turnover of Mfn1 and Mfn2 or proteolytic process-
ing of OPA1 [77]. In addition, mitochondrial fusion requires an intact ΔΨm in sev-
eral cell lines [76, 78]. In MA-10 Leydig cells the disruption of ΔΨm by CCCP and 
valinomycin decreases mitochondrial fusion and steroidogenesis. The CCCP and 
valinomycin effects are exerted by a cAMP-stimulated pathway in MA-10 Leydig 
cells but not in control cells [73]. While CCCP-treated cells maintained a punctu-
ated mitochondrial shape similar to that of control cells, even after cAMP treatment, 
valinomycin treatment led to a different mitochondrial rearrangement, previously 
described as “swelling shape”. This type of mitochondrial rearrangement  

Fig. 25.1 Scheme of the LH cascade showing the recruitment of StAR to the mitochondria, 
increase in Acsl4 levels; activation of PKA and ERK, and mitochondrial fusion involvement on 
steroidogenesis. α, β, γ: subunits of the G-protein coupled to the LH receptor. AC adenylyl ciclase
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has been previously associated with severe mitochondrial dysfunction [79]. The 
inhibition of mitochondrial fusion by CCCP suggests that mitochondrial integrity is 
strictly necessary for mitochondrial fusion after cAMP treatment. The observed 
inhibitory effect of CCCP is transient, as the removal of the compound restores 
cAMP- stimulated mitochondrial fusion and steroid production. This indicates that 
CCCP does not affect irreversibly any other mitochondrial or cellular parameter. 
Just as the disruption of ΔΨm has a negative impact on mitochondrial fusion, Mfn2 
deficiency results in a low ΔΨm and failure to meet cellular activity demands, 
which indicates that ΔΨm and mitochondrial fusion are intimately linked to support 
the cellular metabolic activity and that any alteration in one of the processes will 
affect the other.

The relevance of ATP synthesis in the mitochondrial fusion onset stimulated by 
cAMP has been analyzed through the use of oligomycin, a very well known mito-
chondrial ATP synthesis inhibitor. The presence of oligomycin in the culture media 
exerts no inhibitory effect on mitochondrial fusion in MA-10 Leydig cells, which 
suggests that mitochondrial fusion requires an intact ΔΨm, as described previously 
but it is independent of ATP synthesis [73]. In this regard, it has been reported that 
GTP and not ATP is required for in vitro mitochondrial fusion in yeast [80]. Given 
that ATP is required for steroid synthesis [81], the results from our group suggest 
that mitochondrial fusion is a previous step in steroidogenesis.

Reactive oxygen species (ROS) are involved in a variety of pathophysiological 
conditions in the testis, and oxidative stress is known to inhibit ovarian and testicu-
lar steroidogenesis. Diemer et al. showed that ROS caused a significant dissipation 
of ΔΨm and an oxidative stress mediated alteration of mitochondrial function, that 
results in the inhibition of StAR protein expression, its processing and of choles-
terol transfer activity in the corpus luteum and MA-10 Leydig cells. These findings 
confirm earlier studies that indicate the requirement of an intact ΔΨm for StAR 
protein function in cholesterol transport. The significant reduction in the 30-kDa 
mature form of StAR, cessation of cholesterol transport, and loss of ΔΨm are con-
sistent with a marked mitochondrial perturbation by oxidative stress, a condition 
that is probably involved in testicular pathophysiological events such as infection, 
reperfusion injury, aging, cryptorchidism, and varicocele [82].

6  Participation of Mfn2 in the Localization of Reticular 
and Mitochondrial Proteins After Hormone Stimulation

The presence of a multi-protein complex in the OMM has functional repercussions 
for steroidogenesis in Leydig cells. It has been proposed that cholesterol transfer 
from OMM to IMM occurs at specialized contact sites bridging the two membranes 
where several crucial proteins reside. An 800-kDa mitochondrial bioactive complex 
called transduceosome has been described to contain the OMM translocator protein 
(18 kDa, TSPO), the voltage-dependent anionic channel (VDAC), the cytochrome 
P450scc (CYP11A1), ATPase family AAA domain-containing protein 3A 
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(ATAD3A) and OPA1. These results identify a bioactive, multimeric protein com-
plex spanning the OMM and IMM unit that is responsible for the hormone-induced 
import, segregation, targeting, and metabolism of cholesterol [83]. These partici-
pant proteins are essential for cholesterol transport to the IMM and steroidogenesis, 
in particular VDAC type1 interacts with bioactive phosphorylated StAR on the 
OMM, facilitating its activity [84]. It is worth mentioning that the role of TSPO in 
steroid biosynthesis has been recently ruled out [85].

The reorganization of organelles and contact between membranes can be a pri-
mary process in steroid production and secretion through the plasma membrane, as 
the localization of several enzymes is the clue to ensure appropriate steroidogenesis 
rates. Out group described the role of members of the mitogen-activated kinases 
(MAPKs) family, ERK1/2 and its upstream kinase MEK1/2 in the hCG/LH stimula-
tion of StAR protein activity and steroid synthesis. Several groups, including our 
group, have shown that ERK1/2 and MEK1/2 are targeted to mitochondria in differ-
ent tissues, particularly to the OMM [86, 87]. Our work has demonstrated a tempo-
ral mitochondrial ERK1/2 activation, which is obligatory for PKA-mediated 
steroidogenesis in MA-10 Leydig cells [88]. StAR gene transcription is increased in 
a PKA-dependent manner [89, 90], although other kinases such as ERK1/2 also 
regulate StAR protein levels and steroidogenesis by genomic and non-genomic 
effects [91–96]. Examining StAR protein structure, our group found a consensus 
sequence that would allow the docking of StAR protein to ERK1/2 and a consensus 
site for ERK1/2 phosphorylation. In support of a predicted StAR-ERK interplay, a 
direct interaction was observed between ERK1/2 and StAR proteins and the phos-
phorylation of StAR by ERK in vitro. Our studies showed that, in a cell free assay, 
several sequential events in mitochondria such as PKA-dependent MEK phosphory-
lation, ERK1/2 activity and StAR protein phosphorylation, increase cholesterol 
transport to mitochondria and progesterone synthesis [88]. Mitochondrial ERK1/2 
thus has a functional interaction with StAR protein, MEK1/2 and PKA, suggesting 
the relevance of the above mentioned multiprotein complex activity. Indeed, StAR 
protein is phosphorylated by ERK in the serine at the position 232 and the mutation 
of this specific serine abrogates StAR phosphorylation and function [88]. The 
increase in StAR mitochondrial levels after hCG and cAMP stimulation in MA-10 
Leydig cells is significantly diminished when the Mfn2 protein is knocked down by 
means of a specific interference RNA, with no effects on StAR basal levels. A simi-
lar result has been observed for phosphorylated mitochondrial ERK and, as expected, 
the knock down of Mfn2 also inhibited progesterone biosynthesis [97]. Mitochondrial 
fusion reduction correlates with a decrease in both mitochondrial StAR protein and 
in StAR mRNA levels. A direct role of Mfn2 on StAR gene expression is unknown 
to date, although a previous report shows that overexpression or knockout of Mfn2 
modulates and affects mRNA levels of several mitochondrial proteins [98, 99], then 
a stabilizing effect of mitochondrial fusion on StAR mRNA cannot be excluded. 
Interestingly, a report has proposed that levels of the different transcripts of StAR 
mRNA are regulated by stabilization mediated by cAMP in MA-10 cells [100, 101]. 
StAR mRNA binds a mitochondrial AKAP1 stabilizing the translational complex at 
this organelle. Therefore, mitochondrial fusion could mediate the interaction 
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between StAR mRNA and the AKAP1 in mitochondria, thus stabilizing and increas-
ing StAR mRNA levels.

Another key enzyme in steroid synthesis regulation is Acsl4, previously men-
tioned in this chapter. Interestingly, our work has demonstrated that mitochondrial 
fusion is required for the localization of Acsl4 at the MAM subdomain after hor-
mone stimulation [97]. Therefore, mitochondrial fusion could participate in StAR 
induction through Acsl4 activity and localization at the MAM subdomain. In this 
way, Mfn2 is rendered necessary for the complete ensemble of the mitochondrial 
multiprotein complex as a crucial event for Leydig cells endocrine function.

7  Phosphatases Involved in Steroidogenesis 
and Mitochondrial Fusion Regulation

Although it is generally agreed that tyrosine phosphorylation is regulated by the 
balanced action of protein tyrosine kinases and protein tyrosine phosphatases 
(PTPs), proportionately much more research has focused on protein tyrosine kinases 
than on their counteracting phosphatases. Important findings have now led to the 
emerging recognition that PTPs play specific and active dominant roles in setting 
the levels of tyrosine phosphorylation in cells and in the regulation of many physi-
ological processes [102]. Whereas PTPs were initially regarded as household 
enzymes with constitutive activity and capable of all substrate dephosphorylation, 
evidence in favor of a tight regulation of PTP activity by various mechanisms is now 
accumulating. Like protein phosphorylation, dephosphorylation by PTPs is required 
in each cell compartment in a specific manner. Protein-protein interaction domains 
and compartment-specific targeting domains in PTPs serve to achieve the required 
PTP localization [102].

Src homology domain (SH2) containing PTP (SHP2) is a ubiquitously expressed, 
non-receptor, classical PTP that plays an essential role in many organisms from 
lower eukaryotes to mammals [103]. In addition, SHP2 is one of the PTPs that pro-
mote the activation, rather than the down-regulation, of intracellular signaling path-
ways [104]. Rocchi et al. have demonstrated that SHP2 expression in bovine 
adrenocortical cells and its activation by ACTH throught PKA-dependent phos-
phorylation [105]. SHP2 is also expressed in MA-10 Leydig cells, where it plays an 
obligatory role in steroidogenesis [106]. The specific pharmacological inhibition of 
SHP2 or its downregulation by interference RNA reduces Acsl4 protein and mRNA 
levels, while the overexpression of an active form of SHP2 increases Acsl4 protein 
levels in MA-10 Leydig cells. It is worth pointing out that SHP2 has to be activated 
through a cAMP-dependent pathway to exert its effect on Acsl4 levels. SHP2 par-
ticipates in the production and metabolism of AA through the action on Acsl4 and 
consequently in the steroidogenic capacity of MA-10 Leydig cells. Indeed, the over-
expression or knockdown of SHP2 leads to increased or decreased steroid produc-
tion, respectively [106]. Interestingly, SHP2 is a crucial partner in hormone  
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induced mitochondrial fusion in MA-10 Leydig cells. SHP2 is at least one of the 
PTP that participates in mitochondrial fusion, as the knockdown of the phosphatase 
abrogates mitochondrial fusion stimulated by hCG/cAMP [73] (Fig. 25.2).

Steroidogenic hormones promote a notable change in cell shape involving the 
reorganization of the actin cytoskeleton, which precedes steroid biosynthesis and 
secretion [107]. Paxillin is a focal adhesion protein that is rapidly tyrosine dephos-
phorylated after the ACTH/cAMP cascade activation in adrenocortical cells [108, 
109]. Moreover, ACTH promotes SHP2 activation in a PKA-dependent manner 
[105] and paxillin is dephosphorylated by SHP2 in MCF-7 cells to regulate cell 
motility [110]. Thus, it is conceivable that SHP2, through paxillin dephosphoryla-
tion, modulates the actin cytoskeleton with a direct relationship with mitochondrial 
subcellular distribution and fusion. In addition, SHP2 knockdown reduces the 
recruitment of ERK1/2 to mitochondria and its phosphorylation [73], suggesting 
that SHP2 activity affects mitochondrial fusion and, consequently ERK recruitment 
and activation in mitochondria. Mitochondrial ERK is transiently activated after 
hormone stimulation in MA-10 Leydig cells [88]. Our group has reported that hor-
mone stimulation of these cells promotes the induction of several members of MAP 

Fig. 25.2 Model of the proposed interactions between organelles and key steroidogenic proteins 
mediated by mitochondrial fusion activity. Kinases and phosphatases involved in stimulated ste-
roid synthesis are shown.
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kinase phosphatase (MKP) family [111, 112]. As one of the MAP kinases, MKP-1 
is capable of dephosphorylating ERK1/2 and other MAP kinases. MKP-1 protein 
levels are rapidly increased after stimulation not only in the cytosol but also in the 
mitochondria of MA-10 Leydig cells [111]. The kinetic profile of MKP-1 accumu-
lation into mitochondria correlates with ERK1/2 dephosphoryation in this organ-
elle, suggesting that MKP-1 induction could impact steroid synthesis through 
dephosphorylation and inactivation of ERK1/2 and the cessation of ERK-mediated 
StAR phosphorylation. On the other hand, MKP-1 accumulation outside mitochon-
dria contributes to the turn-off of the hormonal signal. Specifically, the rate of sev-
eral ERK-dependent processes necessary for Leydig cell functions, as StAR 
induction and consequent steroid production, are decreased in the same temporal 
frame of MKP-1 accumulation [111].

8  Conclusions

In this chapter, a large body of evidence is presented on how mitochondrial fusion 
operates in steroidogenic Leydig cells and the underlying mechanisms. Many of the 
kinases mentioned here are endogenously localized in the mitochondria without a 
specific mitochondrial leader peptide. Although there are anchorage proteins for 
these kinases, how they translocate to different subcellular compartements remains 
elusive. Then, mitochondrial dynamics, and particularly fusion, might be offering 
the chance to tether mitochondria to these crucial kinases to conform the mitochon-
drial complex and regulate steroid biosynthesis onset. The changes observed in 
mitochondrial fusion might also be central for the formation of the mitochondrial 
multiprotein complex which delivers cholesterol to the P450scc system. This, in 
turn, suggests that the dynamics of organelles might represent a limiting step in the 
onset of processes that require transport of intermediate products between them.
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Chapter 26
Cancer and Mitochondria

Juan José Poderoso

Abstract Cancer is a devastating pathology that involves symptoms, discomfort, 
family and social disintegration, and finally leads to a debilitating condition and 
death. It was Otto Warburg, the extraordinary German scientist, who opened our 
eyes towards the notion of the existence of a metabolic disruption in cancer cells. 
Since Warburg pioneering studies physicians and scientists had considered a role of 
mitochondria in the genesis of cancer. Mitochondria are ancient rickettsia incorpo-
rated as organelles into a primitive eukaryotic recipient cell. Mitochondria changed 
the primitive anaerobic metabolism to an oxygen dependent respiration that multi-
plied the energy production in cells from 2 to 36 moles of ATP by mol of utilized 
glucose. Therefore, this chapter is mainly directed to respond what happens to mito-
chondria in cancer. We will describe here the mitochondrial alterations reported in 
this pathology. The reader will realize that we favor the notion that mitochondrial 
dysfunction and the incorrect use of oxygen are factors associated to a particular 
cell development and function that at the same time is the mechanism of pathogen-
esis of a debilitating and mortal illness.

Keywords Oxidative stress • Warburg effect • DNA mutation • 8-HO-deoxyguanine 
• Cancer and oxidative stress • mtDNA • Homoplasmy • Heteroplasmy • Colon 
cancer

1  Introduction: The Induction of Cancer

The induction of cancer involves a multistage and multistep process; the early steps 
are initiation and promotion. Initiation results from a DNA mutation that followed 
by a round of DNA synthesis results in fixation of the mutation and production of 
an initiated cell. Initiated mutated cell can occur through the cell interaction with 
physical carcinogens like UV light or radiation or with chemical carcinogens. Both 
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types of agents damage DNA and produce mutations. Mutations can be also acquired 
by misrepair of damaged DNA. Following the formation of initiated cells, chemi-
cals and metabolites influence clonal growth and tumor promotion that are initially 
associated to modulation of gene expression and results in an increased cell number 
by cell division and by a decrease in apoptosis.

The mechanisms by which carcinogens induces their effects have been studied 
by many years. In rodents, carcinogens produce cellular effects by genotoxic (DNA 
reactive) or non genotoxic mechanisms. Genotoxic mechanisms imply the interac-
tion of the agents or metabolites with genomic DNA; usually this effect acts at the 
initiation or progression stage of cancer. Non genotoxic agents may be cytotoxic or 
mitogenic or may act through receptor–mediated pathways.

Reactive oxygen species (ROS) play an important role in tumor development and 
are produced either by endogenous factors, including inflammatory cells, or by 
exogenous sources. Oxidative stress causes DNA damage, chromosome instability, 
gene mutation and modulation of cell growth, all these pathways resulting in cancer. 
In the mode of action of hepatic carcinogens, a well known group of substances, a 
distinction is made between genotoxic (nitrosamines, aflatoxin B, polyaromatic 
hydrocarbons) and cytotoxic (choloform, melamine, phenobarbital, trichloroethyl-
ene, fibrates, and polychlorinated biphenyls) carcinogens [1].

2  Mitochondrial Dysfunction in Cancer

It is still uncertain how changes in mitochondrial mass and function affect the devel-
opment and biology of cancer or determine the clinical outcome for cancer patients. 
Abnormal mitochondria were suggested many years ago by Otto Warburg to explain 
his observation that tumors undergo aerobic glycolysis (the Warburg effect) [2].

Mutations in Krebs cycle enzymes strongly support the notion that mitochon-
drial metabolism is inherently defective in cancer. However, evidence about dys-
functional mitochondria as the major or unique cause for the Warburg effect is 
limited. Instead, the altered expression and activity of glycolytic enzymes in cancer 
has been recognized. For example, altered expression of phosphoglycerate dehydro-
genase, triose phosphate isomerase and piruvate kinase reduce the rate of glycolytic 
flux to piruvate and increase related biosynthetic pathways such as serine synthesis 
and the pentose pathway. Moreover, the Warburg effect and the increased glucose 
metabolism produce a redox regulation of cytochrome c and inhibition of apoptosis. 
In mitochondria most of consumed oxygen is reduced to water. However, 1–2 % is 
reduced to superoxide (O2

−) and converted to reactive oxygen species (ROS). The 
concept of ROS is biologically relevant considering that the involved chemical spe-
cies produce similar biological effects. From a biochemical point of view, ROS is a 
group of chemical species that are able to sustain the free-radical mediated process 
characteristic of aerobic life. These chemical species are: O2

− (superoxide radical), 
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H2O2 (hydrogen peroxide), HO• (hydroxyl radical), ROO• (peroxyl radical), ROOH 
(organic hydroperoxide), and 1O2 (singlet oxygen).

The majority of O2
− is produced by complex I and complex III in the mitochon-

drial electron transfer chain. Complex III ROS generation has been associated to the 
activation of hypoxia inducible factor (HIF) which modulates cell proliferation and 
angiogenesis.

The role of mitochondrial ROS in cancer remains unsolved but ROS generation 
is higher in aged and cancer cells than in normal cells. Cellular ROS can be also 
contributed by inflammatory cells that normally play a role in killing bacteria. 
Mutational studies have suggested that chronic oxidative stress is associated with 
carcinogenesis. Examples are ulcerative colitis, colorectal cancer, and the infection 
by H. pilori with the subsequent association to chronic gastritis and gastric carci-
noma. Additionally, RNA-induced damage by these oxidative mechanisms may 
cause errors in protein synthesis or dysregulation of gene expression. In hepato- 
carcinogenesis, oxidative damage to DNA has also been linked to p53 and ras gene 
mutations [3].

3  The Hypotheses of Cellular Oxidative Damage  
as Inducer of Cancer

The concept that cellular oxidative damage is a step in the pathway to cancer is 
illustrated in Fig. 26.1. The condition of an increase in oxidants, either endogenous 
or exogenous, or of a decrease in antioxidants, leads equally to oxidative stress and 
damage. This cellular situation implies an increased oxidative damage to DNA that 
promotes mutations in the genetic material.

Endogenous  sources
mitochondria
cytochrome P450
peroxisomes
inflammatory citokines

Exogenous  sources
UV - light
radiation
pathogens

Antioxidants
vitamin E
ascorbic acid
β−carotene
selenium
lycopene
green tea

Other processes
Snps
DNA repair
Oxidative enzymes

ROS  /  Oxidative stress

Oxidants

CANCER 

Fig. 26.1 Oxidative stress and human cancer. Snps single nucleotide polymorphism
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3.1  Molecular Mechanisms of DNA Damage and Mutation

Oxidative DNA damage is a physiological process in aerobic organs. Fraga et al. 
(1990) have estimated the frequency of DNA damage in human cells as 104 lesions 
per cell per day [4]. Lu et al. considered that hydroxyl radical (HO•) is the predomi-
nant ROS that targets DNA while H2O2 is less reactive and more diffusible [5]. The 
free-radical mediated process, a consequence of aerobic life, is a cellular phenom-
enon that includes all chemical types of cell components: phospholipids, proteins 
and nucleic acids. Both, DNA and RNA, this latter, coding and non-coding, are 
involved and likely cause errors in protein synthesis or dysregulation of gene expres-
sion. In this way, the free-radical mediated process affords a complete pathogenic 
mechanism and it has been proposed as an underlying mechanism of several human 
diseases, as the chronic degeneration of neurons [6]. Lipid peroxidation results in 
the formation of reactive aldehydes, as malonaldehyde (MDA) and 4-hydroxy- 2-
nonenal (4-HNE), which have high reactivity with proteins and DNA [7]. While 
MDA and MDA-MDA dimers are mutagenic in bacterial assays [1], evidence for 
their contribution to mutation in humans is lacking. A clear link between protein 
oxidation and carcinogenesis has not been established. In contrast, oxidative dam-
age to DNA has been linked to aflatoxin B-induced p53 and ras gene mutations in 
hepatic carcinogenesis and in UV-induced mouse and human skin cancers [3, 8].

3.2  DNA Mutagenic Lesions: 8-Hydroxy-Guanine

The production of 8-hydroxy-guanine (8OHdG) with its tautomeric form oxogua-
nine, is the most studied and common oxidative DNA lesion originated from the 
reaction of ROS with the DNA bases (Fig. 26.2). Guanine is far more oxidized, due 
to the much higher oxidation potential of this base relative to cytosine, thymine and 
adenine. Oxoguanine is mutagenic in bacteria and mammalian cells and is elevated 
in human cancer cells. 8-HO-2′-deoxyguanine and 8-HO-guanine are biomarkers of 
the oxidative damage to DNA and RNA nucleic acids, respectively. Based on these 
evidences, 8OHdG has been widely utilized as a biomarker of DNA oxidative dam-
age and is considered a valid measurement of the cellular load of oxidative stress. 
Similarly, as 8HOdG is applied to oxidative stress, 8-nitroguanine is applied to the 
determination of RNS (reactive nitrogen species) that show mutagenic properties by 
leading G-T transversions. High ROS levels induce apoptosis, necrosis and carcino-
genesis with an altered expression of growth factors and proto-oncogenes [9]. Care 
must be taken in the assay of 8HOdG due to the ease with which it can be oxidized 
during the extraction and assay procedures [10–12]. Oxidative DNA damage is the 
major source of mutation in living organisms. More than one hundred oxidative 
DNA adducts with purine, pyrimidine, and deoxyribose backbones have been iden-
tified [13]. In addition, p15INK4B and p16INK4A tumor suppressor genes appear 
as targets of ROS-induced renal cell carcinoma in rats.
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ROS-induced DNA damage can result in base modification, deoxyribose modifi-
cation, DNA cross-linking and single- or double-strand breakage. Genomic instabil-
ity, replication errors, DNA mutation and cell death occur if the oxidative DNA 
damage is not repaired prior to DNA replication. Numerous studies have shown that 
8OHdG levels are elevated in animal tumor models and in various human cancers 
[9, 10, 14]. 8-HOdG in its stable syn conformation pairs with both cytosine and 
adenine. If the A:G mismatch is not repaired, a G:C to T:A transversion will occur, 
which is commonly found in mutated oncogenes and tumor suppressor genes 
(Fig. 26.3) [15, 16]. During DNA replication, ROS can also react with dGTP of the 
nucleotide pool to form 8-HOdG. Therefore, in addition to the G:C to T:A caused 
by 8-HOdG in the DNA template, it is possible that during DNA replication, the 
deoxyguanilate of the nucleotide pool would be incorporated into DNA opposite to 
dC or dA of the template strand, resulting in a A:T to C:G transversion [14]. The 
measurement of 8-OHdG levels is used to evaluate the load of oxidative stress in 
cells [11, 17].

In addition, the RNS produced in chronic inflammation, can cause nitrative DNA 
damage to form 8-nitroguanine, that has been observed in human tissues. 

Fig. 26.2 8-HO-guanine. 
The C at the 8-position, by 
the vicinity of the N atoms 
at positions 7 and 9, has a 
increased reactivity 
towards oxidants and 
easily forms the oxo- 
derivative oxoguanine 
(shown)
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Experimental evidence suggests that 8-nitroguanine is also a mutagenic DNA 
lesion, which may lead to G:T transversions [18]. The assessment of oxidative DNA 
damage products (8-HOdG or 8-nitroguanine) in various biological matrixes, such 
as serum and/or urine, is important to understand the role of oxidative stress in can-
cer development and disease intervention. Accurate and reliable measurement of 
oxidative damage to phospholipids, proteins, and DNA are important in the evalua-
tion of the extent and distribution of ROS-induced damage. Although much of the 
effort has been on the understanding of the effects of ROS on DNA damage and 
induction of mutations, the epigenetic effects of ROS have also been studied [19]. 

3.3  Cellular Responses to Oxidative Stress and ROS

A common adaptive response of mammalian cells after oxidative stress and damage 
is the up regulation of stress-response genes, that encode antioxidant defense 
enzymes [1, 20]. While high levels of ROS production may lead to the induction of 
apoptosis or necrosis, increasing evidence demonstrates that low or transient ROS 
exposure increases cell proliferation, likely through altered expression of growth 
factors and proto-oncogenes [21]. As described, it is clear that many xenobiotics 
increase the cellular levels of ROS through various mechanisms. ROS-induced 
alteration of gene expression involves signaling pathways including cAMP- 
mediated cascades, calcium-calmodulin pathways, and intracellular levels of nitric 
oxide. Several studies have also shown that intracellular ROS release calcium from 
cellular stores, resulting in the activation of kinases, such as protein kinase C (PKC), 
which regulates a variety of cell functions including cell proliferation, cell cycle, 
differentiation, cytoskeletal organization, cell migration, and apoptosis. While PKC 
can be activated by ROS [22], the activation of PKC is required to generate ROS to 
inhibit gap junction intercellular communications [23]. The activation of PKC 
seems to be differentially regulated by cellular oxidants: oxidation at the NH2- 
terminal regulatory domain activates PKC, whereas oxidation at the COOH termi-
nal domain inactivates PKC [24].

Similarly, H2O2 activates protein kinases such as extracellular signal regulated 
kinase (ERK)1/2, phosphoinositide 3-kinase/serine-threonine kinase (P13K/Akt), 
protein kinase B (PKB) and protein tyrosine phosphatases (PTPs). Because these 
pathways regulate cellular migration, proliferation, survival, and death responses, 
their activation has been suggested as a potential mechanism of ROS-induced carci-
nogenesis. Cellular oxidants have been related to the activation of transcription fac-
tors with significant effects on signaling pathways involving the nuclear factor 
erythroid 2-related factor 2 (NF-E2/rf2 or Nrf2) [25], mitogen-activated protein 
(MAP) kinase/AP-1 [26], NF-kB pathways and hypoxia-inducible transcription fac-
tor 1a (HIF-1a) [27]. Therefore, the cellular concentration of ROS appears to influ-
ence the activation of transcription factors and explains that either cell death or cell 
proliferation may result from exposure to oxidative stress. Hydrogen peroxide also 
activates AP-1 mediated by JNK and p38MAP kinase that translocate to the nucleus, 
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phosphorylate c-jun and ATF2 and enhance transcriptional activity. In addition, the 
effect of H2O2 on thioredoxins results in activation of ASK1 and JNK.

An additional effect of cellular oxidants is the activation of transcription factors 
like Nrf2. The transcription factor Nrf2 is bound to the protein Keap 1 which makes 
it inactive and favors its degradation. Oxidative stressors and ROS disrupt the bind-
ing with Nrf2-Keaps dissociation that favors its degradation and the traffic to the 
nucleus. A number of stressors like ROS and RNS are implicated in the control of 
Nrf2.

HIF is a heterodimeric transcription factor that has a role in signaling the cellular 
oxygen levels. It is composed by two units HIF 1α and HIF 1β. The level of HIF 1α 
is controlled by cellular oxygen levels. HIF 1α is produced continuously and accu-
mulates in hypoxic cells whereas it is degraded in normoxic cells. HIF-1α has been 
implicated in ROS-induced carcinogenesis in tumors of bladder, breast and colon, 
all of them associated to a poor outcome. ROS originated from mitochondrial com-
plex III are required for the hypoxic activation of HIF-1α. The potent carcinogen 
aflatoxin B is implicated in the ROS effects on p53 and ras mutations that increase 
the risk of cancer growth.

Alteration of the mitochondrial function has long been suspected to participate in 
the development and progression of cancer. Almost half a century ago, Warburg 
focused his research on the existence of mitochondrial alterations in cancer and 
proposed a mechanism to explain the differences in energy metabolism between 
normal and cancer cells. He suggested that mitochondrial alterations provide unique 
therapeutic targets in several cancer types. Since Warburg’s proposal, several 
cancer- related mitochondrial alterations have been identified [28].

To develop its functions, the mitochondrion has its own genome, which is com-
posed by 13 polypeptides that are components of the electron transport chain (ETC), 
22 tRNA and 2 rRNA genes for its own protein synthesis. The remaining protein 
subunits involved in the ETC complexes, along with those required for maintenance 
of mitochondrial DNA (mtDNA), are nuclear encoded, synthesized in the cytosol, 
and specifically targeted to mitochondria. Mammalian cells contain 103–104 copies 
of mtDNA that replicates independently of nuclear DNA Human mtDNA is a 
16.6 kb circular double-stranded DNA molecule that surprisingly is devoid of pro-
tective histones, although mitochondrial transcription factor A and single-stranded 
DNA-binding protein are cooperatively involved in the maintenance of 
mtDNA. Unlike nuclear DNA, which is inherited from both parents and in which 
genes are rearranged by recombination, mtDNA is transmitted from mother to off-
spring. Then, mitochondrial genes have an exclusively maternal inheritance in 
mammals with clonal mtDNA lineages.

Because of the susceptibility of mtDNA to damage, mitochondria also contain 
their own DNA repair systems. One important mtDNA repair mechanism is base 
excision repair (BER), and the detection of various BER enzymes in mitochondria 
highlights the importance of maintaining mtDNA integrity for normal cellular func-
tion. Abnormalities in the mitochondrial genome may also arise from nuclear 
genetic disorders. It has been well established that mitochondria play a role in the 
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regulation of apoptosis by release of pro-apoptotic agents and/or disruption of cel-
lular energy metabolism.

The mitochondrial ETC is the major source of reactive oxygen species. Increased 
levels of ROS are clearly associated with different diseases including cancer. ROS 
start both a free-radical mediated chain reaction and a cascade of redox signaling 
reactions that conduct to DNA damage. mtDNA is permanently exposed to the ROS 
produced within mitochondria and is also prone to chemical damage by environ-
mental factors such as UV, cigarette smoke, and ionizing radiation. In this context, 
mtDNA shows a tenfold higher accumulation of mutations than nuclear DNA. Cancer 
cells carry mtDNA mutations and altered copy numbers of mtDNA, which affect the 
expression and activity of the ETC. A number of antioxidant defense mechanisms 
exist in mitochondria to remove ROS. Cells are normally able to defend themselves 
against ROS damage through ROS scavengers and antioxidant enzymes such as 
superoxide dismutases (SOD), catalases, and glutathione peroxidases. These 
enzymes are often deficient in tumor cells. The mentioned antioxidant enzymes 
afford the fundamental biological control mechanism. Another of the major antioxi-
dant systems is the thioredoxin system comprised of thioredoxin (TRX) and thiore-
doxin reductase (TR) [29]. Together they form a powerful antioxidant system, 
especially active against protein oxidized -SS- groups. The balance between -SH 
and -SS- is involved in many central intracellular and extracellular processes, such 
as protection against oxidative stress, anti-apoptotic functions, cell proliferation, 
redox regulation of gene expression and signal transduction, growth factors and co- 
cytokine effects, and regulation of the redox state of the extracellular environment. 
Over recent years this system has increasingly been linked to the development and 
expression of cancer phenotypes. Immune cytochemical approaches have been used 
to determine the expression and localization of TRX and TR in primary human 
cancers, including breast, prostate and colorectal carcinomas and malignant mela-
noma. In aggressive invasive mammary carcinomas and malignant melanomas, 
TRX is found over-expressed in the nucleus and the cytosol. In aggressive neoplasic 
tumor cells, TRX was highly over-expressed, compared to tumors of lesser aggres-
sive nature. Increased levels of TRX positively correlate with TR expression and 
localization. These immune-cytochemical studies of the expression and localization 
of TRX and TR in melanomas, thyroid, prostate, and breast carcinomas, extended 
the range of human cancers with available data on the thioredoxin ystem. The results 
support the conclusion that aggressive tumors over-express TRX and TR and posses 
a high proliferation capacity, a low apoptosis rate and an elevated metastatic poten-
tial. Therefore, the TRX system seems involved in the processes of oncogenesis and 
tumor growth and confirms its potential as target for anticancer therapy in a wide 
range of human tumors. The thioredoxin reductase isoenzymes are homologous to 
glutathione reductase and contain a conserved C-terminal elongation with a 
cysteine- selenocysteine sequence forming the redox-active zone. Therefore, it 
seems clear that persistent cell oxidative stress leads to promotion of cancer growth 
and metastasis through induction of DNA damage and mutations.
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4  Aging and Cancer

It is widely recognized that the incidence of cancer increases with aging and many 
hypotheses have been put forward to explain this association. Like cancer, aging is 
a complex process of declination in the organism physiological functions. As it was 
previously referred, the most accepted theory to explain this phenomenon, applica-
ble to both cancer and aging, is oxidative stress and damage. The biomarkers of 
oxidative stress are substances that are formed during oxidative damage to phospho-
lipids, proteins, and nucleic acids, and that are normally present in the body fluids 
of diseased and healthy people, in the latter case at physiological concentrations. 
Malonaldehyde (TBARS), 4-HO-nonenal and 8-iso prostaglandin F2α are the bio-
markers of phospholipid oxidative damage. Similarly, protein carbonyl groups, 
o-tyrosine and 3-nitrotyrosine are biomarkers of protein oxidative damage. 
Concerning DNA damage, as discussed before, 8-HO-deoxyguanine is the most 
recognized biomarker. It is thought that the concentration of biomarkers increases 
as the age of people increases. However, the concentration of biomarkers in body 
fluids is very low and, therefore, it is necessary to use sensitive analytical methods. 
A combination of HPLC and MS is the best choice to determine biomarker concen-
trations in people of different ages and to define differences among them [9].

5  mtDNA Homoplasmy and Heteroplasmy

Cells contain multiple copies of mitochondrial genes, a situation which is clearly 
different from the only 2 copies of each nuclear gene. Homoplasmy is the state in 
which all cell mitochondria have the same mtDNA genome, either wild type or 
alternatively a mutated one. As cells contain many mitochondria and each mito-
chondrion has 2–10 copies of mtDNA, it is likely that wild type and mutant mtDNA 
would coexist in a state that is defined as heteroplasmy. Hence, the biological impact 
of a given mtDNA mutation would be different depending on the proportion and 
copies of the mutant mtDNA in each cell. In the earliest studies no evidence of het-
eroplasmy was detected, probably due to the low sensitivity of the primitive tech-
niques. However, using massive parallel sequencing-by-synthesis, a marked 
heteroplasmy in the mtDNA of normal human cells was reported. It is now accepted 
that mtDNA constantly undergoes mutations, with expansion or loss of mutated 
mtDNA copies and with permanent changes in the proportion of homoplasmy and 
heteroplasmy (Fig. 26.4).

Whether mtDNA point mutations occur by simple clonal expansion is debated. 
Although a large number of mtDNA deletions are capable of clonal expansion in 
individual cells, point mutations have not been shown to be able to clonally expand 
or reach homoplasmy, though there are references about this fact in cell cultures and 
germ cell lines [30, 31]. Indirect evidence supporting the possibility of clonal 
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 expansion of point mutations comes from genetically engineered heteroplasmic 
studies in mice. 

Considering that a mutation confers cell growth or survival advantage or facili-
tates mtDNA replication, such mutation is likely to survive through selection and 
may eventually become dominant and evolve to become a homoplasmic mutant by 
clonal expansion. It has been indicated that single cells with a mutant mitochondrial 
genome may acquire a selective growth advantage during tumor evolution, allowing 
it to become the predominant cell type in the tumor cell population [32]. It is pos-
sible that some germ line mtDNA mutations are actually mutations that occurred 
early during prenatal development of the individual and drifted to homoplasmy. As 
such, heteroplasmic mutations may reflect an intermediate stage in the process. For 
a mtDNA mutation to have a significant effect on cell physiology it must reach a 
threshold level of 60 % or more, depending on the type of mutation. Also, it is insuf-
ficient for the cell to accumulate mutations, as different mutations are likely to com-
pensate the deficiencies [33]; however, there are limitations of the 
trans-complementations [34]. The hypothesis is that mutants would accumulate a 
single initial mutation via clonal expansion. An alternative explanation for homo-
plasmic mtDNA has been presented, using a mathematical model that shows that a 
homoplasmic mitochondrial mutation in a tumor results from the segregation of a 
mutant genome in the cell generations that occur during tumor development [35]. 
Whether this model is valid or not is still a topic of debate. A high background of 
random mutations provides no selective advantage. But there are mutations that 
alter mitochondrial function and cell physiology in a manner that has a significant 
effect favoring tumor development.

Cell with homoplasplasmic
wild type mtDNA copies

Acquirement of mtDNA
mutation and state of
heteroplasmy

State of heteroplasmy
with wild type and
mutant mtDNA

State of homoplasmy
with mutant mtDNA

Early
progression

Late
progression

Environmental,
genotoxic insults

N N

N

N

Fig. 26.4 Homoplasmic and heteroplasmic mtDNA mutations due to environmental and geno-
toxic damages, along with nuclear (N) genetic changes. Cells may incorporate mtDNA mutations 
and acquire a state of heteroplasmy with both wild-type and mutated mtDNA copies. Further 
progression of tumor cells may be aided by a homoplasmic bias with mutant mtDNA copies or a 
mixture of both wild-type and mutant mtDNA, in a state of heteroplasmy

J.J. Poderoso



419

6  mtDNA Variations in the Progression of Cancer

Mitochondrial cellular content and mutations are emerging as new molecular mark-
ers for cancer detection and monitoring. It has been shown that damaged mtDNA in 
cell lines led to the rapid evolution of homoplasmic mutations. Recent refinements 
in techniques including next-generation sequencing for the detection of mtDNA 
content and copy number combined with rapid high-throughput methods of muta-
tion detection, have incited interest in clinical studies in various tissues and body 
fluids. Initial examination of human bladder, head and neck, breast, and primary 
lung tumors showed a high frequency of mtDNA mutations. One study revealed a 
correlation between increased mtDNA copies and the risk of lung cancer in heavy 
smokers. The mutated mtDNA is easily detected in cancer-paired body fluids (urine, 
saliva, and sputum) from each cancer and it was 19–220 times more abundant than 
mutated nuclear p53 DNA. Recent analysis from the laboratories of Chaterjee and 
collegues detected the presence of clonal mtDNA mutations in histologically nor-
mal respiratory mucosa and surgical margins of smoker lung cancers and recurrent 
head and neck cancer patients [36]. This fact was reported by several investigators, 
supporting the presence of extensive altered cellular components with aberrant 
mtDNA, much smaller than in clinical neoplasms. It is critical to know the timing 
of mtDNA mutation in the course of disease development and progression if such 
alterations are to be used as markers. mtDNA mutations have been detected in clini-
cal samples obtained from early stage patients, showing that they could be useful in 
early cancer detection. In a comprehensive analysis, 93 premalignant lesions from 
the upper aerodigestive tract were examined for mtDNA D-loop mutations; 22 % of 
hyperplasia, 33 % of mild dysplasia, 36 % of moderate dysplasia, 50 % of severe 
dysplasia, and 62 % of carcinoma in situ lesions carried mutation in the D-loop 
region [32]. In two other studies, the whole mitochondrial genome and D-loop 
regions were sequenced in gastric intraepithelial neoplasia and sequence variants 
were detected in 100 % and 62 % of the cases, respectively [37]. By using D310 
mutations as a clonal marker, changes in fine-needle aspirates have been detected in 
breast and digestive cancer and in urine sediments from patients with bladder and 
prostate cancer [38]. A study on oral cells from 42 healthy smokers and 30 non- 
smokers reported higher frequency of mtDNA mutations in the smoker samples. 
However, no clear connection has been established that smokers with mtDNA muta-
tions are more likely to develop cancer.

Due to their clonal nature and high copy number, mitochondrial mutations could 
provide a molecular marker for the non-invasive early detection of cancer. A spe-
cific mtDNA mutation was clonally detected in bone marrow samples collected at 
different time points from a leukemia patient [39], with a possible role of this altera-
tion to monitor disease progression. In light of this, it remains important to identify 
disease-associated clonal mtDNA mutations in different cancers at all stages utiliz-
ing appropriate detection platforms. With the advent of high-throughput approaches 
such as Mito chips, more prospective studies may be carried out to determine the 
value of these mutations in the early cancer detection [40]. As most cancer cells 

26 Cancer and Mitochondria



420

harbor homoplasmic mitochondrial mutations, their ease of detection in body fluids 
and minute cellular samples such as biopsies offer opportunities for clinical use. As 
noted earlier, definitive diagnosis of clonal expansion through mtDNA testing 
would be helpful to classify difficult biopsies as malignant. Testing mtDNA muta-
tions in blood, urine, saliva, or sputum could be used with imaging studies to detect 
early cancers. Clonal mtDNA mutations could be followed to indicate recurrence 
and to monitor responses to therapy. Finally, abrogation of mtDNA mutations in 
patients undergoing chemoprevention could be used to monitor reversal of early 
benign lesions. Validation of tumor-associated mtDNA mutations by comparing 
matched normal and tumor samples, followed by their detection in the available 
samples, including paired body fluids, will facilitate their utilization in prevention, 
early detection, and monitoring strategies.

7  mtDNA Mutations in Human Cancer: D-Loop Alterations

At present, whole genome or specific regions of human mtDNA have been 
sequenced in different tumor types for mutation detection. The mutations detected 
specifically in the regulatory non-coding D-loop or other coding regions of the 
mtDNA were examined. The D-loop or displacement loop region is the main non-
coding area of the mtDNA molecule and where replication of mtDNA occurs. The 
region contains promoters for transcription of the 2 strands of mtDNA. D-loop 
alterations might interfere with initiation of mtDNA replication, although there are 
no reports of consequences of D-loop mutations [41]. An earlier study from 
Chaterjee et al. identified the C-tract, a poly-C-mononucleotide repeat located 
between the nt303 and nt315 (regarded as the D310 segment) within the D-loop as 
a mutational hot spot in primary tumors [37]. The stretch of cytosines is polymor-
phic ranging between 7-C to 9-C, with the most common sequence represented by 
7-C. Deletion or insertion mutations in this region have been observed in approxi-
mately 22 % of the tumors analyzed [42]. To date, frequent D-loop alterations 
(insertion/deletion) have been identified in all major cancer types. The number of 
cytosines in the D310 area seems to influence the incidence of mutations. The 
majority of D310 mutations were observed when the number of cytosines was more 
than 7 (i.e., 8 or 9). Therefore, this variation in cytosine number explains discrepan-
cies among published results [32].

8  Mitochondrial Dysfunction and Cancer Progression

The classic association between cancer and mitochondrial dysfunction is actually 
considered an alteration of the role of mitochondria in cellular signaling. For exam-
ple, today it is understood that mitochondrial oxidative damage and NO and H2O2 
diffusion are involved in the progression of human colorectal cancer [43, 44]. 
Mitochondria from human colorectal cancer show a markedly increased oxidative 
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damage with increased content of TBARS and protein carbonyls. Mitochondrial 
activities, as NADH-cytochrome c reductase and cytochrome c oxidase, were 
decreased in tumors. Cu-Zn SOD activity was decreased by 42 %, while MnSOD 
activity did not change and mtNOS activity increased by 46 % in tumors. A direct 
linear relationship between mtNOS and oxidative damage in tumors and non 
tumoral adjacent tissues indicates that NO and H2O2 diffuse from the tumor to adja-
cent tissues signaling for cell death.

9  Metabolic Pathways in Cancer Cells

Fast growing and poorly differentiated cancer cells show high aerobic glicolysis. 
Most of the glycolytic piruvate is deviated to lactate production even in the presence 
of oxygen (Warburg effect), little piruvate enters the Krebs cycle and is extruded to 
the cytosol. This effect makes tumor cells adapted to low O2 utilization. An alterna-
tive substrate is glutamine that is deaminated to glutamic acid and transaminated to 
α-ketoglutarate, this latter able to enter the Krebs cycle. Glutamine is completely 
oxidized in the Krebs cycle only if acetyl-Co A is available. In cancer cells, malate 
enters mitochondria and is oxidized to pyruvate by the NADP-dependent malic 
enzyme. Continuously acting glycolysis and fatty acid oxidation are futile cycles 
that maintain a negative energy balance leading to the cancer associated caquexia.

10  Intracolonic Free Radicals

Intracolonic free radicals may be an effective cause of carcinogenesis. The relative 
high level of iron in feces, with the ability of bile pigments to act as iron chelators, 
support an efficient HO• generation by Fenton chemistry in colon cells. This leads 
to the formation of active carcinogens, that are correlated with the amount of dietary 
red meat. ROS, RNS and NO are capable of producing damages in mitochondrial 
membranes and in DNA in carcinogenesis.

11  Conclusion

Cancer can be viewed as an evolutionary conserved life form rather than as an 
expression of a definite illness. Therefore, aggressive cancers are considered to fall 
into three categories: taxonomy (phylogenation), atavism (reprimivitization), and 
androbustness (adaptive resilience). The explanation is not convergent evolution but 
rather the release of a highly conserved program developed by the exigencies of the 
Precambrian period to one version in which cancer cells seem better adapted. 
Central to this program is the Warburg effect whose malign influence permeates 
well through aerobic glycolysis to include metabolism and biomass conversions.
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Chapter 27
Tumor Immunology and Immunotherapy 
in Cancer Patients

Reinhard Marks and Roland Mertelsmann

Abstract Immunotherapy as a strategy for the treatment of cancer has experienced 
a major breakthrough in the recent years. Starting in the nineteenth century with the 
first observations by Rudolf Virchow suggesting a link between cancer and inflam-
mation, thoroughly exploration of the immune systems cellular and humoral com-
ponents together with their molecular mechanisms of activation and responses have 
paved the way for a deeper understanding of the immunological anti-tumor reactiv-
ity. In particular, insights into the mutual interaction between tumor growth and 
modulation of immune cell activation became of major impact for cancer treatment. 
Translation of this knowledge into the clinic resulted in a plethora of immunother-
apy approaches. In this regard, tumor-specific vaccination, the use of cytokines or 
adoptive transfer of T cells aimed for direct augmentation of anti-tumor responses. 
Another approach uses the reversal of tumor induced T cell unresponsiveness by 
interference with T cell checkpoint inhibitors and their ligands. Especially the latter 
strategy resulted in until then unobserved tumor control rates in metastatic mela-
noma, lung cancer and other solid organ tumors. Additional advances could be 
achieved in redirection of T cells to tumor targets using genetic modification of T 
cell receptors or a new generation of antibody constructs, with impressive longterm 
results in hematological malignancies. Therefore, immunotherapy for cancer has 
been developed from an experimental approach to a new pillar of treatment for 
malignant diseases.
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1  Introduction

The recent success of immunotherapy as cancer treatment can be viewed as conse-
quent application of results of decades of research in tumor immunology. Therefore, 
in 2013 cancer immunotherapy has been attributed as breakthrough of the year by 
Science magazine [1]. In the beginning of tumor immunology, Rudolf Virchow 
observed infiltration of immune cells in human tumors [2], suggestive for an immune 
system response to cancer. The first attempts of immunotherapy as intentional 
induction of immune responses to cancer can be traced back to the surgeon William 
Coley. In his work at the New York Cancer Hospital about 1890 he injected a bacte-
rial broth, the so called Coley’s toxin, into the sites of unresectable soft tissue tumors 
[3], thereby observing tumor shrinkage, at least in some patients, due to an inflam-
matory process. Nevertheless, it took several decades to obtain sufficient knowledge 
about the cellular composition of the immune system together with the mechanisms 
of action of the specific immune cells about on one side and the interplay of cancer 
and the immune system on the other side to be able to induce powerful anti-tumor 
immes responses resulting in modern immunotherapy as new pillar of cancer 
treatment.

2  Tumor Immunology

Since the mid nineteenth century, when Rudolf Virchow proposed a link between 
the immune system and cancer, due to the observation of tumor grow in sites of 
chronic inflammation. This link has been supported by many epidemiological and 
experimental data. Central for the former were analyses reporting increased inci-
dences of cancer in patients in clinical situations of immunosuppression [4]. On a 
pathological level, the multiple interactions between malignant tumor cells and the 
immune system implement several layers. On one side, certain molecular character-
istics of the tumor will induce cellular immune responses, especially T cell answers, 
which in its entity constitute the inflammatory microenvironment [5]. On the other 
side, immunity directed against the tumor will result in specific modifications of 
tumor growth, thereby contributing to a mutual editing of the tumor and the immune 
system, resulting in control or progression of malignant growth [6].

3  Components of the Anti-tumor Response

More recent data could identify CD8+ and CD4+ T cells as the most important cel-
lular mediators of the anti-tumor response, thereby focusing on adaptive immunity. 
CD8+ T cells can induce apoptosis/lysis of malignant cells due to cytotoxic granules 
(e.g., granzymes and perforin) [7]. After activation, differentiated CD4+ T cells will 
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augment the anti-tumor response by their effector functions, in particular secretion 
of cytokines like interferon- γ (IFN-γ) [8]. In addition, activation of T cells might 
result in migration and infiltration of T cells into the tumor side. The occurrence of 
the latter are called tumor infiltrating lymphocytes (TIL) and are associated with a 
favorable clinical outcome in some tumors [9, 10]. Since the occurrence and the 
composition of the chronic inflammatory microenvironment surrounding the tumor 
side most likely reflects innate and adaptive immune responses to the malignant 
growth, a prognostic value of certain aspects of the microenvironment to the 
patients’ outcome could be assumed. In this microenvironment the distribution of 
inflammatory cells shows local differences. The invasive margin and the tumor itself 
are infiltrated by granulocytes, macrophages and mast cells. While a similar pattern 
can be observed for T cells, NK cells are found not to be directly in contact with the 
tumor cells [9]. In addition to the cellular composition, the density of infiltrating 
cells also seems to correlate with patient outcome in certain tumors. In this regard, 
infiltrates showing increased CD8+ T cell numbers or a so called immune signature 
(high expression of TH1 cells and cytotoxicity-associated genes) are associated 
with favourable clinical outcome in many malignant disorders like lung, liver, stom-
ach, colorectal, breast, esophageal, bladder, melanoma, ovarian, and prostate can-
cers [9]. Interestingely, the same signature appears to be associated with less favorite 
outcome in aggressive B cell and Hodgkin lymphoma [11,12]. In the latter, the 
additional prognostic value of the frequency of infiltrating macrophages and the 
putative association with a less favorable outcome is a matter of debate since years 
[13].

In addition to the general features of infiltrative changes surrounding tumor cells, 
CD8+ T cells in particular, but also dendritic cells and B cells, can also be found in 
many tumors forming specific cell aggregates in the invasive margin, called tertiary 
lymphoid structures (TLS). This TLS appear as sites resembling ongoing immune 
responses with induction of germinal centers very similar to lymphoid structures 
found in other tissues due to infections or chronic inflammatory disorders. It has 
been hypothesized that TLS represent an active local anti-tumor immune response, 
where in situ antigen presentation and lymphocyte activation can occur under a 
protected environment [14] . In favor for TLS as marker of reactive anti-tumor 
immunity are also data showing a correlation between TLS density and improved 
clinical outcome in lung cancer [15, 16], renal cell cancer (RCC) [17], melanoma 
[18], and breast cancer [19, 20]. Naturally occuring regulatory FoxP3+ T cells 
(Treg), which are key in controlling autoimmunity and T cell homoeostasis by sup-
presson of activated T cells, can also be found in the tumor environment where they 
might exert their immunosuppressive function, thereby limiting the activity of 
tumor-infiltrating cytotoxic T cells [21]. In this regard, analyses on their prognostic 
value showed mixed results. While FoxP3+ T cells were associated with poor prog-
nosis in hepatocellular cancer and good outcome in colorectal cancer, the impact in 
other cancers revealed inconsistent results [22, 23].

In a model of tumor induced T cell responses, activation of the T cell will be 
initiated by antigens expressed by the tumor cell, of which the ones encoded by 
mutated genes might be of particular importance, since they should increase the 
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immunogenicity of the tumor [24]. Indeed, tumor-specific lymphocytes can often be 
detected in patients with cancer and TIL can induce tumor cell lysis in vitro and 
in vivo [25]. A correlation between the mutational load and anti-tumor response 
could be observed in patients with colorectal cancers, where microsatellite instabil-
ity (MSI) fosters the expression of thousands of new antigens on tumor cells. 
Characteristically, MSI+ tumors have a prominent CD8+ T cell infiltration and are 
associated with favorable clinical outcome [26]. As important mediators of the 
orchestration of the cellular responses, cytokines and chemokines are centrally 
involved in induction and maintenance of anti-tumor responses, e.g. IFN-γ, IL-12, 
CXCL9 and CXCL1 are acting on CD8+ T cells by recruitment to the tumor side 
and activation [27, 28]. In order to overcome the selection pressure mediated by the 
immune system anti-tumor response, tumor cells developed certain escape mecha-
nisms. A common motif of these mechanisms is the modulation of immune 
responses either by masking antigens, which could elicit T cell responses, or by 
downregulation of immune effector functions, thereby directly acting as immuno-
suppressants. In more detail, three mechanisms of cancer escape mechanisms could 
be identified and might be exploited for therapeutic interventions: first, the loss of 
expression of major histocompatibility complex (MHC) class I molecules on tumor 
cells reduces T cell directed cytotoxic cell lysis [29]. Second, expression of immu-
nosuppressive molecules by the cancer cell or the tumor microenvironment (e.g., 
IL-10 and TGF-β) will hamper the cytotoxic and proliferative capacity of T cells 
[30]. Third, increased surface expression of ligands like PD-L1 and PD-L2 on the 
cancer cell will induce inhibitory signals on activated T cells mediated by PD-1, 
resulting in reduced activation and proliferation of CD8+ and CD4+ T cells, and in 
particular TILs. In addition to the PD-1/PD-L1 axis, similar effects are being pro-
posed for the cancer cell expression of the ligands for TIM-3 and LAG-3, two addi-
tional inhibitory receptors expressed on T cells [31]. Interestingely, Treg cells as 
putative cellular regulator of anti-tumor responses in the microenvironment express 
high levels of immune checkpoint receptors, including CTLA-4 and PD-1, wherein 
these inhibitors of effector T cells paradoxically enhance activity of Treg cells [32].

4  Immunology of the Anti-tumor Response

Since decades there is a debate about the proposed function of the immune system 
in active surveillance of malignant transformation and clonal expansion of cancer 
cells. Although some parts of the scientific discussion might be determined by the 
idea, that “good” forces of the immune system should combat the “evil” cancer, a 
growing body of evidence could be generated, answering the question in a more 
differentiated way [6]. One approach focussing on the impact of immunocompetence, 
as defined by proper T cell function in a quantitative and qualitative perspective, 
on incidences of malignant tumors used experimental data in animals and epide-
miological analyses in humans. In murine models of T cell deficiency, extensive 
studies performed using athymic nude mice failed to provide any evidence of an 
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increased susceptibility to the development of spontaneous tumors [33]. On the 
other hand, RAG-deficient mice (lacking T, B, and NK-T cells) do spontaneously 
develop gastrointestinal epithelial malignancies [34]. Mice with severe combined 
immunodeficiency (SCID), kept under pathogen-free conditions, have a high inci-
dence of spontaneous thymic lymphomas, and about 2 % of breeders developed a 
variety of non-thymic tumors [35]. Apart from this very artificial model systems, 
data in immunocompromised humans, e.g. patients with immunosuppressive medi-
cation after organ or stem cell transplantation, show an increased incidence of 
tumors such as skin carcinomas and lymphomas [36]. But a matter of debate in this 
regard is, if this observation is mainly due to an increased susceptibility to reactiva-
tion by potentially oncogenic viruses (human papillomavirus, hepatitis C virus, and 
Epstein-Barr virus). Nevertheless, although the incidences of tumors of epithelial 
surfaces seem to be increased in patients after hematologic stem cell transplanta-
tion, the impact of longterm effects of preparative regimens and procedure induced 
side effects might outweigh by far post-transplantation immunodeficiency [37].

Another critical issue in anti-tumor responses might be the frequency and activa-
tion status of tumor antigen specific T cells. Focussing on spontaneously occurring 
tumors, expression of tumor specific antigens will be by far exceled by presentation 
of self-antigens, and hence thymus-derived T cells responding to these antigens 
would have been deleted in the thymus. In addition, even low-affinity T cells spe-
cific for these self-antigens, who have escaped deletion and migrated to the periph-
ery, would be held in check by the growing tumors due to the mechanisms described 
above. Considering tumor-specific mutations, there are data, that tumors harboring 
a high frequency of mutations that results in generation of de novo antigens (e.g., 
BCR-Abl, mutated forms of p53) do appear foreign to the immune system [38, 39]. 
In this cases, therefore, both T cells and antibodies directed to tumor antigens should 
theoretically be able to eliminate the tumor. However, in other cases of tumor 
 specific mutations it is not clear, how likely it is, that a point mutation in a single 
oncogene would give rise to an antigenic peptide, capable to induce a T or B cell 
response. Apart from tumor specific T cells, in certain cases anti-tumor responses 
might be elicited by pathogen specific T cells that cross-react with neoantigens 
acquired through somatic mutation [40]. Nevertheless, the bulk of the observations 
on immune surveillance have in fact shown that in principle T cells and antibodies 
are capable to recognize and eliminate tumors [41].

For clinical purposes, considering the outcome of the patient, the interplay of the 
malignancy and the immune system over time is of extraordinary importance. In 
order to better understand this interplay and the actual orgin of tumor immunity 
Schreiber and colleagues [42] suggested a three step model, known as cancer immu-
noediting hypothesis: elimination, equilibrium, and escape. In the first phase, 
tumors developing before being clinically apparent are destroyed and eliminated by 
both innate and adaptive immune mechanisms. If clonal variants of the tumor arise 
and fail to be eliminated, cells of the adaptive immune system may restrain their 
growth during the lifetime of their host and a state of equilibrium is reached. 
Constant immune selective pressure of genetically unstable tumors may, however, 
lead to clonal variants that can no longer be recognized by effector T cells because 
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they have downregulated antigen or MHC, secreted immunosuppressive cytokines 
such as TGF-β or IL-10, or recruited Treg cells in their environment. They then 
enter the escape phase and become clinically apparent.

5  Immunotherapy

In parallel to this growing body of insights into keyplayer and mechanisms of anti- 
tumor immunity, for many years translational researchers already tried to exploit 
this accumulating knowledge for clinically relevant cancer therapy in humans (for a 
review [43]). One major focus in the beginning was the modulation of tumor infil-
trating cells in melanoma patients either by adoptive cell therapy, cytokine- treatment 
with interleukin-2 (IL-2) or interferon-α (IFN-α) or vaccines aimed at stimulating T 
cell immune responses. However, the recent therapeutic breakthrough of immuno-
therapy in cancer rests mainly on developments on the manipulation of negative 
regulators of T cell function by monoclonal antibodies and to lesser extent on den-
dritic cell therapy. In a first wave, the initiating agents of the immuno-oncology era, 
ipilimumab (an anti-CTLA-4 antibody) and sipuleucel-T (an autologous dendritic 
cell therapy), were approved for clinical purposes based on survival improvements 
in randomized phase III trials in 2010 (sipuleucel-T) and 2011 (ipilimumab). This 
new developments were soon followed by a second wave of immuno-oncology 
agents with PD1- and PD-L1-blocking antibodies at the centre. The first PD1- 
targeted agents, pembrolizumab and nivolumab, were approved by the FDA and the 
EMA in 2014 (pembrolizumab) and 2015 (nivolumab), and the anti-PD-L1 agents 
atezolizumab and durvalumab are in pivotal clinical trials. In a second approach to 
overcome barriers erected by tumor cells and their microenvironment, the develop-
ment of modern gene transfer technologies facilitated manipulations of autologous 
T cells to target antigens more efficiently. Expression of CD19-specific chimeric 
antigen receptors (CARs) enabled the use of this cell product as treatment of pedi-
atric and adult acute lymphoblastic leukemia in 2014.

6  Cytokines and Vaccines

Application of cytokines, recombinant interleukin-2 (IL-2) and interferon (IFN), 
were in the beginning of clinical immunotherapy. IFN-α has been shown to signifi-
cantly increase progression free survival (PFS) with less benefit in overall survival 
(OS) in an adjuvant setting in melanoma patients [45]. In an attempt to induce  
T cell activation and proliferation, high dose IL-2 has been used in patients with 
metastatic melanoma and renal cell carcinoma with limited success, particularly in 
metastatic disease. The treatment was accompanied by severe side effects. 
Nevertheless, complete response rates up to 10 % [46, 47] have been reported, with 
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even some long lasting remissions [48]. Therefore, immunotherapy by boosting T 
cell responses had been apparently shown in certain circumstances the potential to 
induce durable responses even in advanced invasive cancers.

Another way to stimulate the immune system hase been accomplished by several 
vaccination strategies. Cancer vaccination approaches included peptide and protein 
vaccines, recombinant vector-based vaccines, dendritic cell vaccines and viruses. In 
general, vaccination by dermal injection of the antigen together with adjuvant acti-
vates resting dendritic cells, followed by migration to the local lymph node and 
presentation of the antigenic peptide in the context of the MHC. The antigen will be 
recognized by specific T cell receptors (TCR) on CD4+ or CD8+ T cells resulting in 
acivation, expansion and acquisition of effector functions of antigen specific T cell 
clones. MAGE-A3 is a cancer testis antigen [49], that is expressed at significant 
levels only in the testes, where it cannot be detected by T cells. Therefore, since 
MAGE-A3 expression is increased in approximately 35 % of lung cancer tumors 
[50], vaccination with this antigen has been regarded as suitable approach for lung 
cancer immunotherapy. In a very large phase III study with MAGE-A3-positive 
early stage non small cell lung cancer (NSCLC) 2312 patients were randomly 
assigned to receive MAGE-A3 vaccine (n = 1515) or placebo (n = 757) as adjuvant 
therapy [51] after surgical resection. Disease-free survival was not significantly dif-
ferent between the two groups.

In addition to lung cancer, MAGE-A3 is also expressed in approximately 65 % 
of melanomas [50]. In early studies, a fusion protein, composed of MAGE-A3 plus 
influenza protein D, was administered as injection without adjuvant in a phase I/II 
trial to 32 patients with metastatic melanoma whose tumors expressed MAGE-A3 
[52]. Among the 26 patients who received ≥4 vaccinations, only a single partial 
response and four mixed responses were observed. In extension of this approach, 
using a MAGE-A3 vaccine together with AS02B or AS15 adjuvants in another 
randomized phase II trial resulted in an improved MAGE-A3-specific T cell and 
antibody responses, as well as objective tumor responses using the AS15 adjuvant 
[44]. On the basis of these findings, additional phase II and III trials are being 
conducted for patients with advanced melanoma.

The glycoprotein mucin-1 (MUC-1) is a glycosylated transmembrane protein 
expressed in normal tissue, especially epithelial cells [53]. However, MUC-1 can be 
overexpressed or aberrantly glycosylated in cancer, including NSCLC, in which 
approximately 60–70 % of cases MUC-1 antigen can be detected. To target 
MUC-1 in NSCLC, a lyophilized liposomal product has been generated by combi-
nation of a 25-amino-acid lipopeptide (BLP-25), monophosphoryl lipid A (MPL) 
and three lipids. In a randomized trial in 171 NSCLC patients, L-BLP-25 has been 
tested as vaccine compared to best supportive care in those patients whose disease 
had stabilized after initial treatment with chemotherapy (with or without radiother-
apy) [54]. Since cyclophosphamide has been shown to improve immune responses 
to vaccinations [55], patients in the vaccine arm received also low dose cyclophos-
phamide to increase vaccination efficacy. The vaccine was well tolerated with few 
treatment-related adverse events. However, median overall survival (primary end 
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point), was not significantly different between arms: 17.2 months in the L-BLP-25 
group versus 13 months in the best supportive care arm (P = 0.066). Interestingly, 
patients with advanced locoregional disease (stage IIIB) seemed to show some clin-
ical benefit, with a median survival time of 30.6 months versus 13.3 months. On the 
basis of these results, a phase III trial was designed to include only patients with 
potentially curable stage IIIB disease. In this trial, a total of 1,464 patients with 
unresectable stage III disease and stable or responding disease after definitive con-
current chemotherapy and radiation were randomized to either L-BLP-25 vaccine 
or observation. Unfortunately, median overall survival was not significantly 
improved in the whole population (25.6 months vs. 22.3 months) [56].

In patients with renal cell carcinoma a set of nine tumor associated peptides, 
identified by eluation of surface peptides bound to class MHC I HLA-A*02 mole-
cules, has been used together with GM-CSF as adjuvant. Combined phase I and 
phase II data on this agent were recently reported [57]. In the phase I part 28 HLA- 
A*02 patients received up to eight vaccinations, only one patient showed a partial 
response, 16 patients had disease progression and 11 patients had stable disease. 
Immune responses to the targeted peptides were detected in several of the treated 
patients. In the phase II part patients with RCC were randomly assigned to receive 
multi-peptide vaccination, with or without a single dose of intravenous cyclophos-
phamide. Again, objective tumour regressions were relatively rare, with only a sin-
gle partial response among 64 patients. Nevertheless, there was a trend towards 
improved overall survival in the arm receiving vaccine plus low-dose cyclophospha-
mide, but this was not statistically significant. The only vaccine up to date to show 
documented improved overall survival in clinical practice in at least on phase III 
trial was the dendritic cell vaccine sipuleucel-T in prostate cancer resulting in sub-
sequent FDA approval [58].

In conclusion, cancer vaccines designed to induce T cell responses against 
tumour cells have been at the centre of cancer immunotherapy for decades but have 
not yet delivered the desired clinical results [59]. One prominent reason for this may 
be that these vaccines did not address the role of immunosuppression in cancer; 
respectively current vaccines may be unable to circumvent effectively the multiple 
immunosuppressive mechanisms operative in the tumor microenvironment [29], 
which can now be modulated by checkpoint blockers.

7  Checkpoint Blockade

Full T cell activation activation initiated by recognition of antigen-derived peptides 
displayed in the context of MHC molecules on the surface of antigen presenting 
cells (APCs) is depending on two signals. TCR-MHC interaction induces a central 
stimulatory pathway, but full T cell activation is only achieved in context with 
costimulatory signals derived from the surface molecule CD28 and its ligands CD80 
(B7-1) and CD86 (B7-2) on the APC [60]. Counteracting to the activating T  
cell responses induced by costimulatory receptors, ligation of negative regulatory 
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surface receptors, the so-called inhibitory checkpoints, leads to downregulation of 
TCR mediated T cell activation. Therefore, immune checkpoints, in particular 
CTLA-4 (CD152) and PD-1 (CD279), have been proven to be important regulators 
of immune homoeostasis and autoimmunity [62].

CTLA-4 is expressed on activated T cells, and its main physiological function is 
to down-modulate CD4+ T helper cell activity by competing with CD28 for the 
ligands CD80 and CD86 with a 10–100 fold higher affinity. In addition, it increases 
CD4+CD25+FoxP3+ Treg-cell-mediated immunosuppression [62]. CTLA-4 acts 
during the early stages of activation of naive and memory T cells [63]. In crucial 
experiments Allison and colleagues [64] could prove the therapeutic potential of 
immunomodulation by blockade of CTLA-4 action by monoclonal antibodies. In 
their preclinical studies, using transplantable murine colon carcinoma and fibrosar-
coma lines, blocking CTLA-4 induced anti-tumor T cells to acquire effector 
function.

PD-1 is expressed not only following T cell activation but also on activated B 
cells and NK cells. PD-1 expression can be regulated by interferon-γ during chronic 
antigen-induced T cell stimulation and on exhausted T cells, thereby limiting the 
activity of T cells that have already been activated due to different immune reactions 
[65, 66]. Furthermore, signals from inflammatory tissues induce the expression of 
the PD-1 ligands, PD-L1 (B7-H1) or PD-L2 (B7-DC), that downregulate T cell 
activity, thereby limiting collateral damage and even autoimmunity. As with CTLA- 
4, mutations in PD-1 have also been associated with autoimmunity in humans [67]. 
The exploitation of this regulatory receptors as targets for immunotherapy were 
driven by the hypothesis that antagonists directed to these immune inhibitory check-
points should induce tumorspecific T cell proliferation, resulting in improved tumor 
control. The hypothesis of PD-1 modulated tumorspecific T cell anergy was sup-
ported by demonstrating the expression of the ligand PD-L1 on the surface of many 
different cancer cells [68]. Thereby, interfering with the PD-L1/PD-1 axis might 
overcome this anergy and improve tumor-reactive T cell responses. Furthermore, 
PD-L1 on tumor cells and the surrounding stromal cells is upregulated by interferon-γ 
secreted by the activated T cells that have infiltrated the tumor environment [69]. In 
consequence, blocking monoclonal antibodies directed against CTLA-4 and PD-1 
or PD-L1 have entered clinical trials. Two anti-CTLA-4 antibodies have shown 
impressive responses in clinical trials: ipilimumab and tremelimumab. As a proof of 
principle for checkpoint modulation, ipilimumab produced significant survival ben-
efits in metastatic melanoma in two landmark phase III studies in pre-treated and 
untreated patients, reducing the risk of death by 28–38 % [70, 71]. In addition, the 
survival curves in both trials showed a plateau, suggesting that at least some patients 
experience long-term survival in metastatic melanoma, which have not been seen in 
this disease besides some observations with IL-2 treatment.

Nevertheless, when ipilimumab and tremelimumab were initially investigated 
under the chemotherapy drug-development paradigm, responses according to crite-
ria such as the Response Evaluation Criteria in Solid Tumors (RECIST) were low 
and side effects were inflammatory in nature, but different to those observed with 
other cancer drugs, and, in some cases, these side effects were severe [72, 73]. 
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Capturing the observed durable responses was of particular interest and the altered 
survival end points (e.g. 1-year or 2-year survival) added meaningful information to 
the standard measure of median survival. Eventually, new criteria for clinical 
response in immunotherapy with checkpoint inhibitors termed immune-related 
response criteria (irRC), and associated clinical end points, such as immune-related 
overall response rate (irORR), immune-related disease control rate (irDCR), 
immune-related progression-free survival (irPFS) have been developed [74, 75]. In 
addition, the “new” specific toxicities observed during immunotherapy, like diar-
rhea, pneumonitis, hepatitis, autoimmune endocrinopathy and other autoimmune- 
inflammatory side effects, have been systemically characterized and termed 
immune-related adverse events (irAEs) [76]. As a major advantage in the field, 
activity of checkpoint inhibitors could be found outsite malignant melanoma. In 
patients with advanced non-small cell lung cancer (NSCLC) ipilimumab improved 
irPFS significantly (median 5.7 vs. 4.6 months) compared to chemotherapy [77] 
with some improvement in overall survival.

Several anti-PD-1/PD-L1 antibodies are being tested in clinical trials: nivolumab, 
pembrolizumab, pidilizumab, and AMP-224, targeting PD-1; and BMS-935559, 
MEDI4736, MPDL3280A, and MSB0010718C targeting PD-L1. While the occur-
rence of immune-related side effects appeared to be less frequent in patients treated 
with PD-1 inhibitors, recent phase III studies of nivolumab in patients with untreated 
metastatic melanoma showed again superiority over standard dacarbazine chemo-
therapy (OS advantage after 1 year of 72.9 % vs. 42.1 %) with even higher rates of 
survival observed in patients treated with nivolumab compared to those previously 
reported with ipilimumab [78, 79]. Similar results could be shown with pembroli-
zumab in a recent phase III study [80]. Since (re)-activation of tumor responsive T 
cells might be a general therapeutic approach to cancer independent of the actual 
malignant entity, several additional trials have investigated PD-1 inhibition in other 
solid tumors and hematologic diseases.

Very impressive data in this regard could be generated for NSCLC. In a landmark 
phase III trial 272 patients with advanced NSCLC were randomly assigned to 
receive nivolumab or docetaxel. Median OS improved significantly for nivolumab 
treated patients (9.2 vs. 6.0 months, p < 0.001), challenging chemotherapy as sec-
ond line treatment in advanced NSCLC [81]. A second phase III trial could confirm 
the OS advantage of nivolumab [82]. Interestingly, in this trial PFS for nivolumab 
treated patients was even inferior to docetaxel, arguing that the observed improve-
ment of overall OS reflects the oustanding durable responses in a subgroup of 
patients treated with PD-1 inhibition. Similar results could be obtained with pem-
brolizumab [83].

In addition to melanoma and lung cancer, PD-1 inhibition showed activity in 
several other cancers [43] with most mature data for metastatic renal cell carcinoma 
[84], colon cancer [61], prostate cancer [86] and relapsed Hodgkins lymphoma [87], 
in each clinical setting superior to established treatment regimens. Therefore, 
checkpoint blockade will most likely change the standard of care for treatment in 
this advanced disease situations. With these impressive results, combinations of 
checkpoint inhibitory antibodies with the current standard agents or other checkpoint 
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inhibitors have been investigated. Again, in untreated metastatic melanoma patients 
combining ipilimumab and nivolumab resulted in increased objective response rate 
up to 61 % (11 % with ipilimumab monotherapy. Nevertheless, in this combination 
grade 3-4 adverse events have been observed in 54 % patients with 38 % treatment 
discontinuation because of side effects. This data emphasize the potential of check-
point inhibition for, although not chemotherapeutic in nature and still serious, “new” 
side effects. Several additional trials for combinations in melanoma but also other 
cancer are ongoing.

In another approach to target the PD-1/PD-L1 axis, a monoclonal antibody 
against PD-L1, atezolizumab, was tested as second-/third-line therapy in NSCLC in 
a phase II trial. Comparing with docetaxel PD-L1 inhibition resulted in improved 
median OS (12.6 months vs. 9.7 months, p = 0.04), with no difference in PFS and 
objective response rates [88]. Interestingly, in a small series PD-L1 inhibition 
showed activity in metastatic bladder cancer [89]. Again, a plethora of trials in 
several cancers are ongoing. In addition, inhibitors against other immune check-
point regulators expressed on the cell surface, such as TIM3 and LAG3, and agonist 
antibodies acting on T cell costimulatory receptors, such as OX40 and CD137, are 
being developed for cancer immunotherapy. The impressive activity of inhibitory 
checkpoint blockade in controlling malignant growth among many different cancer 
types underscores the universal nature of the checkpoint-modulatory antibodies. 
Their mechanisms of action are entirely centred on the immune system and are 
independent of cancer histology or specific mutations. Therefore, attempts to 
identify biomarkers as predictors of response focus also on immune system parameters 
and the tumor microenvironment [87, 90, 91] or immune cells [92, 93]. Unfortunately, 
up to date no universal markers could be identified [43]. 

8  Adoptive T Cell Therapy and T Cell Activation by CARS 
and BiTE

The idea of eliciting a long lasting tumor directed T cell response by adoptive trans-
fer could act as cancer vaccines inspired several approaches of T cell cancer immu-
notherapy. Two of them, using the transfer of the patients own reactive or genetically 
modified T cells will be discussed. For many years Rosenberg and colleagues 
focused directly on the patient’s autologous tumor-infiltrating lymphocytes (TILs) 
when those exist and were accessible. A major advantage of using this lymphocytes 
would be the wide range of defined, like MELAN-A, gp100, MAGE-A3, NY-ESO-1, 
and, quantitatively more prominent, as yet undefined antigens being recognized by 
this T cells. In TIL therapy, T cells retrieved from surgical melanoma specimens are 
expanded in vitro under activating conditions and reinfused with IL-2 [94] and/or 
after host lymphoablative preconditioning [95] with cyclophosphamide and fludara-
bine chemotherapy. Multiple clinical trials in metastatic malignant melanoma could 
demonstrate meaningful and durable clinical response rates, with overall response 
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rates up to 50 % and complete remisson rates of 20 % in these heavily pretreated 
patients [7, 96–98]. Nevertheless, this promising data need to be confirmed in larger 
trials with more consistency among the protocols used for TIL expansion. Further 
development in human gene transfer technologies enabled the transduction of 
human T lymphocytes using retroviral vectors [99, 100]. Therefore, transduction of 
antigen receptors became possible. Next to approaches using specific but physiolog-
ical TCR [101], which have been used in melanoma [102], targeting NY-ESO-1, 
and other clinical scenarios, another technique of transducing synthetic receptors 
now known as CARs set out to revolutionize the field of adoptive cell transfer. 
CARs are artificial, composite chimeric receptors for antigen that integrate princi-
ples of B cell and T cell antigen recognition. Therefore CAR enable antigen recog-
nition without MHC restriction, thereby overcoming the long known obstacles of 
adoptive T cell transfer experiments. It also makes those cells capable of antigen 
recognition, even if no MHC expression is detectable, as described as putative 
tumor escape mechanism. Once antigen has been recognized, T cell function will be 
executed, clonal proliferation occurs and longterm persistence of CAR cells can be 
observed [103]. With this technique, using CD19 as antigen, very impressive results 
in CLL and acute lymphoblastic leukemia with durable response rates as high as 90 
% in some studies were reported [85, 104–108].

Another very important line of development in the immunotherapy of cancer 
with regard to stimulation of tumor directed T cell responses was the generation of 
new antibody constructs, the so called bi-specific T cell engager (BiTE). Not a com-
plete antibody, BiTE structure is composed of two antigen recognizing scFv- 
fragments linked by a peptide bridge, thereby capable of binding to two different 
antigens. Since one antigen recognition side specifically binds to CD3, these anti-
bodies can transiently induce a cytolytic synapse between a cytotoxic T cell and the 
cancer target cell. Consequently, granzyme containing granules and the pore- 
forming protein perforin fuse with the T-cell membrane and discharge their toxic 
content. By this mechanism, BiTE molecules can engage all cytotoxic T cells of a 
patient for redirected lysis of tumor cells. The first of this bispecific BiTE antibody 
construct tested, blinatumomab, shows a specifity for CD19 and CD3. Therefore, it 
was used for targeting CD19+ B cell malignancies, showing impressive results in 
relapsed/refractory ALL [109, 110] and diffuse large B cell lymphoma [111]. The 
activity as salvage therapy in ALL led to a FDA approval in 2015. The last years 
have seen a plethora of new therapeutic strategies in immunotherapy to cancer. 
Both, adoptive cell transfer and the use of antibodies focus on T cell directed anti- 
tumor responses. After many years of setbacks, consequent exploration of the cel-
lular and molecular determinants of the anti-cancer immune response could be 
finally translated into effective treatments with impressive results in hard to treat 
solid tumors. The excitement of cancer physicians being provoked by these obser-
vations today is a good reminiscence of what William Cooley might have felt, when 
he saw shrinkage of unresectable tumors by his “toxin”. 
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9  Conclusions

In the beginning of clinical immunotherapy strategies Wiliam Coley initiated anti- 
cancer treatment by deliberately inducing inflammatory responses. As a result of 
deeper insights into cellular and molecular mechanisms of the immunological anti- 
tumor response, cytokines and vaccination were used to augment the tumor directed 
immune reactivity. Nevertheless, basis for the recently observed major breakthrough 
was the exploration of T cell anti-tumor responses on a cellular and molecular level. 
Exploitation of the tumor microarchitecture led to adoptive T cell transfer approaches 
and redirection of T cells to tumor targets using genetic modification of T cell recep-
tors or a new generation of antibody constructs. Eventually, modulation of molecu-
lar mechanism of tumor induced T cell unresponsiveness by antibodies, in particular 
interference with CTLA-4 and PD-1/PD-L1 pathways, has been shown to be effec-
tive in a wide variety of tumors including malignant melanoma and lung cancer, 
underscoring this approach as putative universal “achilles heel” in human cancer. In 
parallel to this stepwise development of immunotherapy, clinical results showed 
continuous improvements up to until then not considered possible longterm results 
in tumor control. Therefore, the enthusiasm and promises of modern immunother-
apy exerts on todays oncologists likely reflect what Coley might have experienced 
100 years ago.
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Hypercholesterolemia, 377, 378
Hypertension, 199–201

antioxidant supplementation 
(see Antioxidant supplementation)

melatonin administration, 199
Hypertriglyeridemia

cell aging, 379
coenzyme Q10 deficiency, 377
CoQ10 and α-tocopherol levels, 379
“pro-oxidant-to-antioxidants” plasma ratio, 

377, 378
soft drinks consumption, 376
triglycerides, 379

Hypoxia
Andeans, 120
Ethiopians, 119
Han, 119
HIFs, 118
Tibetans, 118, 119

I
Immune cells
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systemic OS, 348–349
vascular cognitive impairment, 348
World Alzheimer’s Report, 345
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