Oxidative Stress in Applied Basic Research
and Clinical P rac t

Natan Gadoth
Hans Hilmar Gobel

- Edit $o .
ditors R

Oxidative Stress
| and Free Radical
| Damage

in Neurology

\\7/
%« Humana Press




Oxidative Stress in Applied Basic Research
and Clinical Practice

Editor-in-Chief
Donald Armstrong

For other titles published in this series, go to
http://www.springer.com/series/8145



Note from the Editor-in-Chief

All books in this series illustrate point-of-care testing and critically evaluate the
potential of antioxidant supplementation in various medical disorders associated
with oxidative stress. Future volumes will be updated as warranted by emerging
new technology, or from studies reporting clinical trials.

Donald Armstrong
Editor-in-Chief



Natan Gadoth . Hans Hilmar Gobel
Editors

Oxidative Stress and
Free Radical Damage
in Neurology

4,
& Humana Press



Editors

Natan Gadoth Hans Hilmar Gobel

Sackler Faculty of Medicine Johannes Gutenberg University

Tel Aviv University Medical Center

Tel Aviv 69978, Israel Mainz, Germany

and goebel@neuropatho.klinik.uni mainz.de

Department of Neurology

Mayanei Hayeshua Medical Center
Bnei Brak 51544
gadoth@post.tau.ac.il

ISBN 978 1 60327 513 2 e ISBN 978 1 60327 514 9
DOI 10.1007/978 1 60327 514 9
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2010937792

© Springer Science+Business Media, LLC 2011

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Humana Press, c/o Springer Science+Business Media, LLC, 233 Spring
Street, New York, NY 10013, USA), except for brief excerpts in connection with reviews or scholarly
analysis. Use in connection with any form of information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed is
forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject
to proprietary rights.

Printed on acid free paper

Humana Press is part of Springer Science+Business Media (Www.springer.com)



Preface

The possible role of free radicals and oxidative stress in neurological disorders was not
recognized until recently and thus is relatively unknown to practicing as well as
academically minded clinical neurologists. This fact can be appreciated as one goes
through the major textbooks recommended and used by residents in neurology looking,
in vain, for information on this topic. One may find only short reminders of the possible
association of superoxidase dismutase with familial amyotrophic lateral sclerosis and
nitrous oxide with migraine. We may also find bits of information regarding the possible
role of free radicals in the pathogenesis of traumatic brain injury.

This limitation is not at all surprising, because the biological role of free radicals
was discovered and scientifically accepted only recently. Denham Harman pro-
posed the free radical theory of aging more than 50 years ago, but acceptance of this
theory was slow until only a few years ago. During the late 1940s to early 1950s,
retrolental fibroplasia in premature newborns was recognized as being caused by
oxygen toxicity. The presence of free radicals in biological systems was not
generally considered likely until the discovery of superoxide dismutase in 1969
by Irwin Fridovich, although in the 1950s, the basis of oxygen toxicity and
X-irradiation was proposed to be a common free radical mechanism.

Thus, the goal of introducing this topic to neurology for teaching and practice led us
to compile this volume with the help of a number of colleagues, who agreed to cover
several aspects of clinical and research issues regarding free radicals and the nervous
system. Familiarity with the various antioxidants and their possible therapeutic role in
some neurological disorders, which is described in the relevant chapters throughout
this volume, is an additional important and unique contribution of this volume.

We hope that clinicians as well as basic researchers in neuroscience will find this
volume of help in expanding their understanding, not only of the widespread
involvement of free radicals in the central nervous system, but also of some
ambiguous issues related to answering the question of the primary or secondary
role of free radical damage in neurology.

Tel-Aviv, Israel Natan Gadoth
Mainz, Germany Hans H. GGbel
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Chapter 1
The Role of Free Radicals in the Nervous System

Joseph Friedman

Abstract This chapter is an introduction to the biology of reactive oxygen species
(ROS) in the brain. In healthy aerobes, there is a balance between the production of
various ROS and antioxidant defenses. Living organisms have not only adapted to
coexistence with free radicals but have developed various mechanisms for the
advantageous use of free radicals in various physiological functions. Infectious
diseases were a powerful driver of natural selection in early human civilizations.
Indeed, ROS participate directly in defense against infection. In a normal situation,
microglia, which are resident macrophages of the brain, fight against infection by
ROS. ROS are well recognized for playing a dual role, having both deleterious and
beneficial effects, which in most cases depend on concentration. At high ROS
concentrations there are harmful effects, and in a low moderate concentration
ROS are involved in physiological roles in cellular response to noxious stimuli. It
was suggested that the main effects of ROS on cells are through their actions on
signaling pathways rather than causing nonspecific damage. With aging, when
these pathways deteriorate, accumulation of higher concentrations of ROS occurs
in amounts beyond the capacity of antioxidants to cope. This deterioration results in
the age-associated neurodegenerative disorders such as stroke and central nervous
system (CNS) trauma as well as Parkinson’s and Alzheimer’s disease. Some of the
CNS-evolved specific signaling pathways are described.

Keywords Neuron - Microglia - Mitochondria - Complex I - ROS - OS - NADPH
oxidase - Excitoxicity - Antioxidants - BBB - Signaling pathways - Brain stroke -
Brain trauma - Parkinson’s disease - Alzheimer’s disease
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1 Introduction to ROS

In the structure of atoms and molecules, electrons usually associate in pairs, each
moving within a defined region of space around the nucleus. This space is referred
to as the atomic or molecular orbital. One electron in each pair has a spin quantum
number of +%, and the other, '5. The process of removing electrons is called
oxidation, and the substance receiving electrons becomes reduced. The reactions
involved in electron transfer are called redox (reduction oxidation) reactions. A
free radical is any species capable of independent existence (hence the term free)
that contains one or more unpaired electrons [1, 2]. Free radicals are sometimes
reactive, although the chemical reactivity of radicals varies over a wide spectrum.
Consideration of our broad definition shows that there are many free radicals in
chemistry and biology. The simplest is the atomic hydrogen with one proton and a
single electron, which must therefore be unpaired. Hence, removal of a hydrogen
atom from a biological molecule leaves behind an unpaired electron on the atom to
which hydrogen was originally attached. The diatomic oxygen molecule O, qua-
lifies as a radical inasmuch as it possesses two unpaired electrons, each located in a
different orbital but both having the same spin quantum number: that is the reason
why O; itself has a relatively low reactivity in contrast to other radicals, which can
be highly reactive. Radicals can be formed by the loss of a single electron from
a nonradical: x — & + x, or by the gain of a single electron by a nonradical:
y + & — y . Radicals can react with other molecules in a number of ways. Thus, if
two radicals meet, they can combine their unpaired electrons and join to form a
covalent bond: x® + y* — x —y.

A radical might donate its unpaired electron to another molecule: xe +y — x* +y .
Or, it might catch an electron from another molecule to pair: x® +y — x +y .

There are reactive oxygen molecules such as H,O, that do not fit the definition of
free radicals, so all the reactive species, radicals or not, are called reactive oxygen
species (ROS).

The first organic free radical, identified by Moses Gomberg in 1900, was the
triphenyl methyl radical. Until 40 50 years ago, ROS were not thought to occur in
biological systems because of their high reactivity and lack of selectivity. This point
of view was changed in 1956 by Denham Harman, who proposed the concept of
free radicals playing a role in aging. A second epoch of research regarding free
radicals in biological systems was reached in 1969 when McCord and Fridovich
discovered the enzyme superoxide dismutase (SOD) and thus provided convincing
evidence about the importance of free radicals in living systems.

More than 90% of the oxygen that enters human cells is used for the production
of energy. Mitochondria produce more than 80% of the adenosine triphosphate
(ATP) needed by the mammalian cells. During this process, four electrons are
added to each O, molecule, resulting in the formation of two molecules of water.
An estimated 1 5% of the O, taken into cells, however, forms partially reduced O,
species, the ROS. Some of them contain an unpaired electron and are therefore
referred to as free radicals:
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+er:1+ H,0,%0H® + OH —JEF —2H,0

0,450,

The intermediates have various degrees of reactivity with nonradical species.

1.1 The Superoxide Anion Radical

0, is produced in vivo in a variety of ways, the major source being the electron
chain in mitochondria [3, 4]. O, is not highly reactive with biological substrates
in an aqueous environment. Once formed, O, quickly undergoes dismutation to
generate H,O,. This reaction is markedly accelerated by a family of enzymes, the
SOD [5]. Thus, SOD is generally considered an important antioxidative enzyme
[6]. In addition to SOD, several other enzymes that generate H,O, also exist in
human tissues.

1.2 Hydrogen Peroxide

Hydrogen peroxide (H,O,) itself is not especially toxic unless it is present in high
concentrations within cells. H,O, readily diffuses through cellular membranes and
can thereby reach sites distant from where it was generated. Also, in the presence of
transition metals, mainly Fe*" but also Cu'", H,O, is reduced to the hydroxyl
radical (OH®) via either the Haber Weiss or Fenton reactions [7 9]. In most cells,
H,O, is converted to innocuous products by the actions of two important antioxi-
dant enzymes, that is, catalase and selenium-dependent glutathione peroxidase
(GPx). GPx utilizes H,O, hydroperoxides as substrates during the conversion of
reduced glutathione (GSH) to its sulfide (GSSG) [10].

1.3 Hydroxyl Radical

There is universal agreement that, once formed, the OH® radical reacts rapidly with
any molecule within a few angstroms (A) from the site where it is produced. Because
of its high reactivity, its estimated half-life at 37°C is of the order of 10 s. The OH*
readily damages nuclear and mitochondrial DNA, membrane lipids, and carbohy-
drates [11]. There are at least two ways in which DNA damage is achieved. In many
cases the mutilated DNA is created because H,O, reacts with either Fe?" or Cu'" that
is bound to molecules in the immediate vicinity of DNA. So, when toxic OH® is
formed, its first target is the adjacent nucleic acids [12]. Alternatively, during
excitatory neurotransmitter stimulation of neurons, the large increase in intracellular
free Ca>* activates nuclear enzymes, which results in formation of OH®, which
subsequently leads to DNA damage [13]. OH*® also interacts with membrane lipids
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to initiate lipid peroxidation. This reaction is accomplished when OH® removes the
allelic H" from a polyunsaturated fatty acid (PUFA), which results in a radical chain
reaction wherein lipid peroxidation is self-propagated [8].

1.4 Singlet Oxygen

Singlet oxygen (‘O,) is formed under photoxidative conditions when energy is
transferred to O, from photoexcited sensitizers. 102 is not a diradical as is molecular
oxygen, and it is highly reactive toward most olefins; thus, it can subtract H" from a
PUFA to initiate lipid peroxidation [1].

1.5 Peroxyl Radical (LOO»)

The breakdown of lipids in cellular membranes during which peroxyl radical (LOO*®)
is formed is perhaps the most thoroughly studied of all oxidative processes [14]. The
process referred to as lipid peroxidation is extremely complex and can be self-
propagating, which means that once initiated it would theoretically lead to the
oxidation of all the lipids in a cell; thus, it can be highly destructive. Besides OH®,
other radicals such as 'O, and ONOO can also initiate the process of lipid destruc-
tion [15]. A number of toxic products are generated during the decomposition of fatty
acids, including lipid hydroperoxides and peroxyl radicals. The LOO® can then attack
anearby PUFA and reinitiate (propagate) the process. Vitamin E (a-tocopherol) is the
premier LOO® scavenger and chain-breaking antioxidant.

1.6 Nitric Oxide and Peroxynitrite Anion

NO* is often characterized as a double-edged sword. NO*® rapidly combines with O, to
generate the peroxynitrite anion (ONOQO") [16]. It is this latter molecule that accounts
for much of the toxicity of NO®. The reactivity of ONOO— is roughly the same as that
of OH®. The toxicity of ONOO— derives from its ability to directly nitrate and
hydroxylate the aromatic rings of amino acid residues [17], to react with sulfhydryls
[16] and with zinc-thiolate moieties [18] as well as with lipids [19] and proteins [20].

2 Physiological Roles of ROS

In healthy aerobes, there is a balance between the production of ROS and antioxi-
dant defenses. In health, the cell has become well equipped to cope with the normal
production of ROS. Indeed, continuous low concentrations of ROS induce expres-
sion of antioxidant enzymes and related defense mechanisms. A large body of
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evidence has been accumulated that living organisms have not only adapted to a
coexistence with free radicals but have developed various mechanisms for the
advantageous use of free radicals in various physiological functions [1, 21]. Infec-
tious diseases were a powerful driver of natural selection in early human civiliza-
tions. Indeed, ROS participate directly in defense against infection and also are
important coordinators of the inflammation. , resident macrophages of the brain in
the normal situation, fight against infection by means of ROS. ROS are well
recognized for playing both deleterious and beneficial roles, which in most cases
depend on their concentration. At high ROS concentrations there are harmful
effects, and in a low moderate concentration ROS are involved in physiological
roles in cellular response to noxious stimuli. It was suggested that the main effects
of ROS on cells are through their actions on signaling pathways rather than causing
nonspecific damage to macromolecules [22]. T suggest that normally ROS partici-
pate in many signal transduction pathways that are essential for the many functions
of the brain such as memory and learning. With aging, when these pathways
deteriorate, there is an accumulation of high concentrations of ROS, which cause
age-associated neurodegenerative disorders. The CNS thus evolved specific signal-
ing pathways [23], a number of which are described herein.

2.1 ROS and Protein Kinase C Activation

Protein kinase C (PKC) activation protects nerve cells from oxidative stress (OS)-
induced cell death [24]. PKC expression has been previously coupled with the
preservation of cell survival and the formation and consolidation of different types
of memory. The induction of PKC activity in neurons is thought to be a prerequisite
for neuroprotection against several exogenous insults.

2.2 ROS and the PI3K/AKT Pathway

The PI3K/AKT pathway has been shown to play control functions in neuronal
protection against a variety of extracellular insults and thus to be essential for
neuronal differentiation and survival [25].

2.3 ROS and NF-kB

Activation of NF-kB by H,0O, or hydroperoxides in neurons has been shown to have
an antiapoptotic effect and is protective against glutamate exposure, glucose depri-
vation, hypoxia, and low K [26, 27].



6 J. Friedman

2.4 ROS and Matrix Metalloproteinase Activation

Cerebral ischemia activates matrix metalloproteinases (MMPs), which attack the
integrity of the blood brain barrier (BBB) by breakdown of the extracellular matrix
around cerebral blood vessels and neurons [28].

2.5 ROS Effects on Apoptotic Pathways

Damage induced by ROS can trigger cell death by influencing pathways that reduce the
survival potential of cells. It has been suggested [29] that NO® and O, may contribute to
damage to nuclear genetic material through the formation of peroxinitrite. Low levels
of these species trigger apoptosis, but higher levels cause the cell to undergo necrosis.
Possible mechanisms by which the apoptotic effects are mediated could involve
mitochondria, DNA-repair enzymes, and death membrane receptors [30].

ROS can thus affect a variety of pathways in the cell, and these pathways determine
the survival status of the cell. Pro-apoptotic pathways involve p38, INK, JAK, ATM,
and p53, and anti-apoptotic pathways include ERK1/2, PI3K/AKT, and heat shock
factor-1 (HSF-1) [23, 31]. The hormetic properties of ROS may increase the expression
and activity of vitagenes, indicating that ROS may be “good” for the cells and thus have
a clear physiological benefit for the maintenance of cellular homeostasis, particularly
when the cells are challenged by the normal insults that occur in cellular physiology.

Heat shock proteins (HSP) serve as chaperones that bind to other proteins and
regulate their conformation. Under conditions of cell stress, a major risk to cell
survival is represented by misfolded and aggregated proteins. HSPs prevent protein
misfolding and oligomerization. Therefore, not surprisingly, HSPs are induced under
conditions of cellular stress [32]. Molecules that activate this defense mechanism are
therefore possible candidates for cytoprotection [33]. After a variety of CNS insults,
HSP70 is synthesized at high levels [34, 35]. Denatured proteins are thought to serve
as stimulators for induction of HSPs [36]. Cells have evolved mechanisms for
rescuing and recycling misfolded proteins, but these systems are not perfect. Chaper-
ones can rescue misfolded proteins by breaking up aggregates and assisting the
refolding process. Proteins that cannot be rescued by refolding can be delivered by
chaperones to the proteosome to be recycled. Furthermore, the compelling evidence
of the vitagenes network [37] as a defense system operating in the brain during times
of ROS stress offers new perspectives in the treatment of Alzheimer’s disease (AD).

3 Neurogenerative Disorders: General

The various neurodegenerative diseases (diseases in which neurons degenerate and
die) have a variety of different symptoms, affect different parts of the brain, and have
different causes. They have in common impaired mitochondrial function, increased



1 The Role of Free Radicals in the Nervous System 7

oxidative damage, defects in the ubiquitin-proteosome system, presence of abnormal
aggregated proteins, changes in iron metabolism, and some involvement of excitoxi-
city and of inflammation. It seems likely that all these events are involved in a vicious
cycle and that any of them could initiate neuronal cell death, rapidly recruiting the
others to its destructive purpose. Oxidized proteins are usually removed by the
proteosome. Inhibition of the proteosome allows abnormal proteins to accumulate
and produces OS, but how this is done is still unclear. Finally, ROS-producing agents
could initiate neurodegeneration, because ROS damage mitochondria, cause rise in
Ca*", and may inhibit proteosome function. The iron content of most brain areas
increases with age, and iron and other metals promote the aggregation of several
proteins. How do neurons die in these various diseases? Sometimes they die by
necrosis, as in excitoxicity, and sometimes, probably, by apoptosis. However, as
more studies are done, the role of intermediate types of cell death, with features of
both necrosis and apoptosis, is becoming more prominent [1].

4 Brain Ischemia: Stroke

Ischemic injury to neurons is mainly caused by interruption of blood flow, hypoxia,
ATP depletion, and subsequent reoxygenation of the ischemic brain by reperfusion.
It has been observed that ROS are predominantly involved in the pathogenesis of
stroke. They also play an important role in exacerbation of the phase following
stroke by triggering pro-apoptotic pathways that reduce the survival chances of the
neurons [28, 38]. Multiple agents have been shown to decrease neuronal loss after
ischemia in animal models, including Ca*" blockers, inhibitors of neuronal nitric
oxide synthase (nNOS), xanthene oxidase (XO), or phospholipase A2, agents that
prevent binding of glutamate to its receptors, and antioxidants such as as PEG-SOD
(CuZn-SOD conjugated to the polymer polyethylene glycol, PEG), some plant
phenols, N-acetyl-cysteine (NAC), and related compounds such as NXY-059 and
proteosomal inhibitors. It is possible that the latter can dampen inflammation by
decreasing activation of NF-kB [39]. For example, a-tocopherol-deficient animals
suffer more damage after ischemia-reperfusion [40]. The fact that these varieties of
interventions can work in animals suggests that cell death is not caused by a single
event, but by multiple events acting in parallel or synergistically. Suggestions as to
why some neurons are more vulnerable than others include the levels of various
glutamate receptors, basal levels of OS, propensity to suffer proteosomal dysfunc-
tion, and the level of intracellular free Ca®* and mitochondrial damage [41]. The
ability to activate signal pathways that promote neuronal survival such as the PI3K/
AKT pathway may also be important. Sadly, none of the agents mentioned here has
yet given convincing clinical benefit in human stroke patients, although NXY-059
seems promising. In contrast to the highly controlled animal models, human
patients vary in their degree of hypoxia and in other factors. There may also be a
gender effect, a trend to better outcome in females compared to males, which has
been speculated to be the result of better antioxidant protection in females [42].
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NOe is not necessarily bad: it can decrease levels of adhesion molecules, improve
blood flow (by vasoconstriction), and inhibit lipid peroxidation, for example.
Ischemia-reperfusion also affects the BBB, causing increased permeability and
raising levels of adhesion molecules, and attracting lymphocytes and neutrophils
[43]. ROS can damage the barrier directly (e.g., by causing swelling of astrocytes
and damaging the endothelial tight junction) and by activating matrix metallopro-
teinases (MMPs) [1].

5 Brain Trauma

Traumatic injury to the brain or spinal cord involves both direct tissue damage
(crushing, tearing, bruising) and secondary damage involving many of the events
relevant to stroke such as release of transition metal ions, Zn>" and hemoglobin (Hb),
increased NOe production, phospholipase and calpain activation, release of fatty
acids, and increase of glutamate [44]. For example, damage to the rat spinal cord
caused extracellular iron release, accompanied by OHe formation [45]. Blood vessels
ruptured by the trauma leak blood, and the parts of the brain they normally supply
will become hypoxic. The vasospasm that can occur several days after intracranial
bleeding seem to involve oxidative damage, for example, by OHe production [46] and
by end products of lipid peroxidation. During the first 5 days after an intracranial
bleed, the erythrocytes in the CSF slowly hemolyze, and glial cells gather at the site to
take up the iron and eventually store it as ferritin or hemosiderin. Much of Hb is
converted to bilirubin by heme oxygenase (HO), but part undergoes nonenzymatic
oxidation and degradation [47]. Injury or ischemia increases HO-1 levels, especially
in glia. Degradation of heme removes one potential pro-oxidant but causes release of
another iron ion. Transgenic mice overexpressing HO-1 were less sensitive to
ischemic brain injury, apparently as a consequence of increased ferritin synthesis
secondary to the increased HO [48]. Traumatic injury can directly damage the BBB,
allowing entry of agents that do not normally cross the BBB into the brain. The
inflammatory immune response after injury may be good, bad, or, more likely, both
(as in the case of stroke). Many agents tested for the treatment of stroke have also
been examined in models of traumatic injury. For example, PEG-CuZnSOD appears
to be beneficial when administered to rats after percussive brain injury; it probably
enters the brain only because the BBB is damaged. The damage by ROS can become
more widespread because of the weakened cellular antioxidant defense system.
Moreover, acute brain injury increases the levels of excitotoxic amino acids (such
as glutamate) that also produce ROS, thereby promoting parenchymal destruction.
The principal pathophysiological processes in acute CNS injury are extremely
complex and involve pathological permeability of BBB, energy failure, loss of cell
ion homeostasis, acidosis, increased intracellular Ca2+, excitotoxicity, and ROS-
mediated toxicity. These events can lead to ischemic necrosis, which occurs in the
severely ischemic regions and is associated with loss of calcium and glutamate
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homeostasis. It can also lead to apoptosis, which is more likely to occur in the
moderately ischemic regions, evolves more slowly, and depends on the activation
of a sequence of genes [38].

6 Parkinson’s Disease

The initiation and progression of the neurodegeneration process in Parkinson’s
disease (PD) are still obscure. The underlying pathophysiology is complex and in
most cases probably multifactorial, differing among the individuals affected. A large
number of studies have provided evidence that redox imbalance contributes to all
forms of PD, although it is not yet established whether OS is a primary event or a
consequence of other pathogenetic factors. Nevertheless, overproduction of ROS is
unquestionably an important mediator of cell death in PD [49]. It has been suggested
that the pathogenesis of PD may involve two processes: a disease-specific insult
combined with damage associated with normal aging. PD is the result of neurode-
generation occurring in specific brain areas (substantia nigra pars compacta and
striatum), resulting in dopamine depletion [50]. Factors including dopamine, neu-
romelanin, increased iron deposition in substantia nigra, a decrease in ferritin and
glutathione (GSH), a defect in the mitochondrial respiratory chain function involv-
ing complex I, mitochondrial dysfunction, and excitoxicity may be a cause or result
of OS. Environmental toxins including MPTP, paraquat, and rotenone have been
shown to increase the risk of PD in humans. Studies with cell and animal models
reveal oxidative and inflammatory properties of these toxins and their ability to
activate glial cells that subsequently destroy neighboring dopaminergic neurons.
Mitochondrial complex I activity is deficient in the substantia nigra in PD and may
be associated with a genetic abnormality of complex I. However, the role of a
postulated mitochondrial DNA defect remains uncertain. It has been demonstrated
that glutathione depletion in dopaminergic cells in culture results in a selective
decrease in complex I activity (a major hallmark of PD) and marked reduction in
mitochondrial function. Current evidence suggests that complex I inhibition may
be the central cause of sporadic PD and that derangements in complex I cause
a-synuclein aggregation, which contributes to the demise of dopamine neurons.
Complex I is inhibited by production of nitric oxide, which can interact with the
proteins within complex I and thereby inhibit its activity. Treatment of glutathione-
depleted cultured dopaminergic cells with inhibitors of NOS, the enzyme that makes
NOe, prevents mitochondrial complex I inhibition [1, 51].

6.1 Neurotoxins Producing PD-Like Symptoms

6-Hydroxy dopamine (6-OHDA) was the first dopaminergic neurotoxin discovered
and has been used experimentally in models of PD for 30 years [52, 53]. This
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compound is not only toxic to neurons but also can induce activation of glial
cells [53]. Interestingly, accumulation of endogenous 6-OHDA has been shown
in PD patients [54]. Upon transport to the neurons, 6-OHDA is oxidized similarly to
dopamine to generate free radicals and quinones [53, 54]. 6-OHDA inhibits mito-
chondrial complex I and produces superoxide and hydroxyl radicals through partic-
ipation in the Fenton reaction [54]. Although administration of 6-OHDA produces
many symptoms resembling those of PD, it is worth noting that treatment with this
compound does not cause the formation of Lewy bodies, the characteristic patho-
logical hallmark of PD [52, 53].

6.2 1-Methyl-1-4-Phenyl-1,2,3,6-Tetrahydropyridine

1-Methyl-1-4-Phenyl-1,2,3,6-Tetrahydropyridine (MPTP) was the first exogenous
toxin that may be involved in the pathophysiology of PD [55]. As in PD, autopsy of
patients exposed to MPTP showed the presence of damage to the dopaminergic
system in the substantia nigra, but in contrast to PD, Lewy bodies were not found
[53, 54, 56]. MPTP is not harmful to dopaminergic neurons. In astrocytes,
MAO (monoamine oxidase) B first converts MPTP into 1-methyl-4-phenyl-2,3-
dihydropyridinium (MPDP) and then oxidizes it to a toxic pyridinium ion (MPP™")
[54, 55, 57]. MPP™ is taken up by dopaminergic neurons [54]. Normal dopaminer-
gic neurons accumulate MPP™ to high levels in mitochondria, where it inhibits the
electron transport chain of complex I and in turn produces ROS. In dopaminergic
cell lines, MPP™ produces ROS in mitochondria, which then trigger the classic
apoptosis cascade including caspase activation and DNA fragmentation [58].
Although MPTP toxicity shares many similarities with PD, it is not associated
with the formation of Lewy bodies, as already mentioned [53, 54, 56].

6.3 Paraquat

Paraquat is a widely used herbicide. There is significant overlap between geo-
graphic areas where paraquat is used and areas where PD is prevalent [59]. Paraquat
is structurally similar to MPP™, the active metabolite of MPTP. Similarly to MPTP,
paraquat also depletes dopaminergic neurons in substantia nigra and causes the
symptoms of parkinsonism. Within neurons, paraquat can produce intracellular
ROS, leading to production of malonaldehyde, protein carbonyls, and DNA frag-
mentation [60 62]. Paraquat inhibits mitochondrial complex I and perturbs the
mitochondrial respiration chain, causing impaired energy metabolism, proteosomal
dysfunction, and intracellular ROS production [61, 63 64].
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6.4 Rotenone

One of the most recent approaches to develop cell models to study PD results from
the use of the pesticide rotenone. Since the 1950s it has been believed that rotenone
acts as an inhibitor of the mitochondrial respiratory chain [58]. It can enter orga-
nelles, including double membrane-encased mitochondria, where it inhibits with
high affinity complex I of the mitochondrial electron transport chain. Fortunately,
most cells are able to detoxify the oxidative damage caused by rotenone through
their antioxidant protective enzyme pathways. Unfortunately, chronic inhibition of
this mitochondrial complex can cause selective degeneration of dopaminergic
neurons despite being uniformly distributed throughout the brain [52]. This point
raises the questions why dopaminergic cells are targeted for destruction and whether
rotenone in the environment contributes to the etiology of PD in certain individuals.
For reasons of its inhibition of complex I, rotenone is known to cause ROS
generation, ATP depletion, and cell death in neurons [52]. In agreement with the
involvement of ROS in rotenone toxicity, antioxidants are capable of attenuating
rotenone-mediated cell death [52]. Similar to PD, treatment with rotenone leads to
the aggregation of o-synuclein and formation of Lewy bodies. Another similarity
to PD is that rotenone depletes glutathione, a primary cell antioxidant [52].

6.5 Involvement of Microglia in Oxidative Stress

All known dopaminergic neurotoxins exhibit a common characteristic: they inhibit
either mitochondrial complex I or complex III in neurons [54]. Additionally, OS in
the CNS comes not only from mitochondria-generated ROS in neurons but also
from activated microglia [65]. Reactive microglia are known to play a role in
several neurodegenerative disorders, including PD [66 68]. Indeed, PD patients
can have more than six times the number of reactive microglia as compared to
controls. However, it is unknown whether these microglia initiate or aggravate
neurodegeneration [68]. Activated microglia also produce superoxide and nitric
oxide [69]. To survive in the environment of these oxidative generators, it is not
surprising that microglia also contain high levels of endogenous antioxidants.
Activated microglia in the substantia nigra are found in several models of PD,
including exposure to MPTP, rotenone, substance P, and methamphetamine. In
many instances, activation of microglia and generation of ROS coincide with
neurochemical changes such as the decrease in dopamine synthesis [70]. Microglia
may play a role in the initiation and progression of PD and enhance neurotoxicity
elicited by neurotoxins [71, 72]. Inhibition of microglial activation by the antibiotic
drug minocycline could attenuate the neurotoxicity of 6-OHDA, MPTP, and rote-
none [72, 73]. A number of models are available for PD, but each has its strengths
and weakness in mimicking the pathophysiological features of the disease.
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There are models that mimic mitochondrial dysfunction and raise OS; both features
have been shown in postmortem studies of PD patients. Microglia play an active role
in generation of ROS in PD. and NOS are known to play a role in inflammation and
generation of ROS, and inhibition of these enzymes offers protection to dopami-
nergic neurons. These models suggest that, in addition to the genetic component,
environmental factors also play a role in progression of PD. Furthermore, exposure
of neurons in the substantia nigra to neurotoxins can cause dopaminergic cell loss
similar to that seen in PD. Further investigations to develop therapeutics for PD and
its prevention should focus on antioxidant and antiinflammatory compounds that
may inhibit ROS formation and suppress microglial activation [74].

7 Alzheimer’s Disease

Alzheimer’s disease (AD) is a complex, progressive degeneration of the neurons of
the neocortex, characterized by memory loss and deterioration of higher cognitive
functions. It is the most common form of adult-onset dementia [75]. Histopatho-
logically, AD is characterized by synaptic and nerve cell loss, extracellular deposi-
tion of B-amyloid protein forming senile plaques, and intracellular precipitation of
tau protein [75, 76]. At present, available treatments are unable to stop the progres-
sion of AD, which makes the identification of novel treatment for prevention and
neuroprotection a pressing scientific concern [77]. The exact biochemical mecha-
nism responsible for the pathogenesis of AD is still unknown, but much attention
has been given to the role of the massive loss of the neurotransmitter acetylcholine
(necessary for cognition and memory) and to the possible implication of OS in AD
by postmortem findings of enhanced lipid peroxidation in specific areas of the
brain. AD is essentially a disorder in which there is an acceleration of the aging
process in affected brain regions that become progressively more damaged by ROS.
In the initial phase of AD, B-amyloid deposition and tau protein precipitation may
function as compensatory response and downstream adaptations to ensure that
neuronal cells do not succumb to oxidative injury. However, during the progression
of the disease, the antioxidant activity of both B-amyloid protein and tau evolves
pro-oxidant activity representing a typical gain-of-function transformation, which
can result from increase in ROS and a decrease in clearance mechanisms [76]. The
complex nature and genesis of oxidative damage in AD can be partly answered by
mitochondrial and redox-active metal abnormalities. Mitochondrial involvement in
the pathogenesis of AD and its relationship to OS are repeatedly hypothesized in
research and clinical literature. Direct evidence supporting increased OS in AD
brain has been described [75]. Although circumstantial evidence for an involve-
ment of ROS in the formation of B-amyloidosis is abundant [78], there is also direct
evidence for a link between amyloid aggregation, OS generation, and neurotoxicity
[79]. It was reported [80] that the aggregation of B-amyloid peptide (AgP) and
amyloid precursor protein (APP) fragments could be induced by metal-catalyzed
ROS-generating systems and that ROS scavengers prevented the aggregation
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process. ApP can generate free radical peptides and produce ROS [81]. Therefore,
AgP neurotoxicity appears to involve complex free radical chemistry. Furthermore,
it was also reported that a number of antioxidants can protect neuronal cells from
AgP cytotoxicity and that AgP increases ROS in exposed cells [82]. All these data
provide strong support to the hypothesis that the cytotoxic action of AgP results, at
least in part, from ROS-mediated oxidative damage to susceptible cells. How can
AgP lead to ROS production? First, it can form ROS itself [83]. Mixture of AgP and
Cu'" can cause oxidation of ascorbate, L-DOPA, dopamine, or cholesterol accom-
panied by H,O, production [83]. Second, AgP may stimulate ROS production by
brain cells [84]. Microglia activation has been implicated in the progressive nature
of AD. Microglia can become deleteriously activated in response to disease-specific
stimuli (amyloid-B (AP) oligomers, AP fibrils, and senile plaques) to produce
neuronal toxins such as ROS and cytokines. In addition to disease-specific pro-
inflammatory stimuli, neuronal damage/death can also activate microglia to pro-
duce these toxic factors. This ongoing and self-perpetuating cycle of neuronal
damage/death followed by microglial activation is commonly referred to as micro-
gliosis and may be an underlying mechanism of the progressive nature of diverse
neurodegenerative diseases, including AD. NADPH oxidase has been implicated as
a key mechanism through which microglia damage neurons in response to Ag and
neuron damage/death [77]. As for OS, there is strong evidence to support its role in
AD. This evidence is stronger than for any other neurodegenerative disease. It was
speculated [85] that melatonin, because of its free radical scavenging activity,
neutralized the radicals that were generated extracellularly by AgP as well as
those produced intracellularly by the markedly increased calcium, thereby reducing
the neurotoxicity of the AgP and leading to increased cellular survival. These
observations, coupled with the known reduction in melatonin [86] in the aged,
raise the possibility that the loss of this antioxidant in the later stages of life may
predispose individuals to the neurotoxic effects of AgP and to AD. Antioxidants in
general are receiving increased interest as agents that may defer the onset of this
devastating disease.
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Chapter 2
Why Is the Nervous System Vulnerable
to Oxidative Stress?

Joseph Friedman

Abstract The nervous system is especially vulnerable to reactive oxygen species
(ROS)-mediated injury for the following reasons. (1) High oxygen consumption of the
brain for high energy needs, that is, high O, consumption, results in excessive ROS
produced. (2) Neuronal membranes are rich in polyunsaturated fatty acids (PUFA),
which are particularly vulnerable to free radical attack. (3) The ratio of membrane
surface area to cytoplasmic volume is high. (4) Specialized neuronal conduction and
synaptic transmission activity depend on efficient membrane function. (5) Extended
axonal morphology is prone to peripheral injury. (6) Neuronal anatomic network is
vulnerable to disruptions. (7) The excitotoxic glutamate is the major effector that
causes oxidative stress (OS). (8) The high Ca”" traffic across neuronal membranes and
interference of ion transport increase intracellular Ca’*, often leading to OS. (9) Auto-
oxidation of neurotransmitters can generate O, and quinones that reduce glutathione.
(10) Iron is formed throughout the brain, and brain damage readily releases iron ions
capable of catalyzing free radical reactions. (11) Antioxidant defense mechanisms are
modest, in particular, low levels of catalase, glutathione peroxidase, and vitamin E.
(12) ROS directly downregulate proteins of tight junctions and indirectly activate
matrix metalloproteinases (MMP) that contribute to open the blood brain barrier
(BBB). (13) Activated microglia produce ROS and cytokines in a perpetual process.
(14) Cytochrome P450 produces ROS. (15) Loss of trophic support can activate
NADPH oxidase, which increases ROS. (16) The presence of hemoglobin within
the neural tissues secondary to spontaneous, iatrogenic, or traumatic causes is neuro-
toxic. Heme and iron are released and promote ROS. (17) Neuronal mitochondria
generate O,. (18) The interaction of NO with superoxide can be implicated also in
neuronal degeneration. (19) Neuronal cells are nonreplicating and thus are sensitive to
ROS. In comparison with other organs, the neuronal network may be especially
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vulnerable to ROS-mediated injury because of the following anatomic, physiological,
and biochemical properties of the brain.

Keywords Neuron - Microglia - Mitochondria - ROS - OS - NO - O, consumption
- PUFA - Excitoxicity - Ca*" - Iron - NADPH oxidase - Auto-oxidation - Neuro-
transmitters - Antioxidants - BBB

1 High O, Consumption [1, 2]

The brain, which accounts for only 2% of body weight, consumes 20% of the total
oxygen inspired. The brain processes much O, per unit tissue mass. The discrep-
ancy is even more striking in young children who have much smaller bodies but
without proportionally smaller brains. A major reason for the high O, uptake by the
brain is the vast amounts of adenosine triphosphate (ATP) needed for its normal
activity (4 x 10'> ATP molecules every minute). The large amount of ATP is
necessary to maintain neuronal intracellular ion homeostasis in face of all the
openings and closings of ion channels associated with propagation of action
potentials and neurosecretion. The heavy reliance of the brain on oxidative phos-
phorylation makes the brain vulnerable to interruptions of O, supply. Similarly,
inhibitors of mitochondrial ATP synthesis readily cause neuronal death. Examples
include cyanide 3-nitropropionic acid (an inhibitor of mitochondrial succinate
dehydrogenase) and rotenone (an inhibitor of complex I). Because approximately
5% of oxygen consumed by cells is estimated to be reduced to reactive oxygen
species (ROS), a relatively higher amount of ROS may be generated in the brain as
compared to other tissues that use less oxygen.

2 Neuronal Membranes Rich in PUFA [3, 4]

Neuronal membrane lipids are rich in polyunsaturated fatty acids (PUFA) side
chains, especially those of eicosapentanoic (Cyg.5) and decosahexanoic (Cs.¢)
acids. PUFAs are particularly vulnerable to free radical attack because of the double
bonds, within the membrane allowing easy removal of hydrogen ions by ROS such
as OH". Homogenization of brain tissue causes rapid lipid peroxidation, which can
be largely inhibited by ion-chelating agents such as desferrioxamine. In addition,
products of lipid peroxidation can injure the brain. 4-Hydroxy-nonenal, which is
one of those products, is especially cytotoxic to neurons, increasing Ca>* levels,
inactivating glutamate transporters, and damaging neurofilament proteins. It can
also inactivate o-ketoglutarate dehydrogenase (a-KGDH), a key enzyme of the
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tricarboxylic acid cycle. 4-Oxo-2-nonenal may be equally or more toxic, and
isoprostanes (IPs) may act as vasoconstrictive agents in brain and can damage
developing oligodendrocytes in premature babies. Other products of the IP pathway
may also be neurotoxic by damaging the proteosome, for example.

3 High Ratio of Membrane Surface Area
to Cytoplasmic Volume

4 Specialized Neuronal Conduction and Synaptic
Transmission Activity Depend on Efficient
Membrane Function

S5 Extended Axonal Morphology Is Prone to Peripheral Injury
6 Neuronal Anatomic Network Is Vulnerable to Disruption

7 Oxidative Stress and Excitotoxic Amino Acids [5, 6]

Although multiple factors can precipitate intracellular oxidative stress (OS), the
neurotransmitter glutamate is the major effector of this process in the brain,
primarily through activation of its ionotropic receptors. Brain extracellular concen-
trations of glutamate are normally low (<pM). Neuronal death or collapse of
normal ion gradients (e.g., owing to severe energy depletion) in neurons cause
massive glutamate release. Glutamate and related excitatory amino acids account
for most of the excitatory synaptic activity in the mammalian central nervous
system (CNS) and are released by as many as 40% of all synapses.

The N-methyl-p-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxasol-
propionic acid (AMPA), and kaineic acid (KA) ionotropic receptors can be
distinguished by their pharmacologic and electrophysiological properties. The
binding to neuronal receptors leads to excessive and prolonged increases in O,
and NO formation and intracellular Ca®>". Neurons treated with excess glutamate or
other excitatory toxins swell rapidly and die, usually by necrosis. OS can damage
neurons and promote the release of excitatory amino acids, generating a vicious cycle
of events. Several ROS are able to decrease glutamate uptake by glial cells and
to inactivate glutamine synthetase, preventing conversion of glutamate to glutamine.
This enzyme is inactivated in Alzheimer’s disease. The early drop in cellular gluta-
thione (GSH) levels observed together with oxidative glutamate toxicity is very
similar to the changes seen in vivo within neurons responding to both acute and
chronic injury.
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8 High Ca®" Traffic Across Neuronal Membranes [7, 8]

The high Ca®" traffic across neuronal membranes interferes with ion transport (e.g.,
by disruption of energy metabolism) and can produce rapid rises in intracellular free
Ca®", often leading to OS. Increase in intracellular free Ca®" activates neuronal
nitric oxide synthase (nNOS), phospholipase A,, and calpain.

9 Autooxidation of Neurotransmitters [9-11]

Several neurotransmitters can be autooxidized. Dopamine, its precursor L-DOPA,
serotonin, and norepinephrine can react with O, to generate not only O, but also
quinones/semiquinones that can deplete reduced glutathione (GSH) and bind to
protein sulthydryl (SH) groups. Oxidation can be catalyzed by transition metal ions,
but when O, is in excess, it can react with norepinephrine, dopamine, and serotonin
to initiate their oxidation, which then continues with production of more ROS,
quinones, etc. Monoamine oxidase (MAO) exists in two forms, MAO-A and -B.
MAO-A preferentially oxidizes hydroxylated amines such as serotonin and nor-
adrenalin and is found primarily in catecholaminergic neurons. MAO-B preferen-
tially oxidizes nonhydroxylated amines and is located in serotoninergic neurons.
Both oxidases are present in glial cells and are able to oxidize dopamine.

10 Iron [12,13]

Iron is found throughout the brain. Important iron-containing proteins include
cytochromes, ferritin, aconitases, mitochondrial non-heme iron proteins, cyto-
chrome P450, and iron is found in both tyrosine and txyptophan hydroxylase
enzymes, which catalyze the first steps in the synthesis of dopamine and serotonin,
respectively. Several brain areas (e.g., substantia nigra, caudate nucleus, putamen,
and globus pallidus) have high iron content. Ferritin contains a major portion of the
healthy brain iron, and smaller amounts are found in hemosiderine. The iron content
of the brain is low at birth and rapidly increases during early life to reach the adult
level at the age of 30 years. If insufficient dietary iron is present in infants and
children, it may cause impairment of brain function. Transferrin delivers most of the
required iron across the blood brain barrier (BBB), utilizing receptors located at the
brain microvasculature. However, when the brain is damaged, it readily releases iron
(and copper) ions in forms capable of catalyzing such free radical reactions as OH®
formation from H,O,, lipid peroxidation, and autooxidation of neurotransmitters.
Injection of iron salts into the brains of animals can produce epileptic seizures,
dopamine depletion, and death of neurons accompanied by lipid peroxidation,
oxidative damage, and OH" generation. Catalytic iron released by brain damage
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can persist because the cerebrospinal fluid (CSF), which surrounds the brain and
spinal cord, has little or no iron-binding capacity. Total iron values in CSF from
normal humans range, according to various reports, from 0.29 to 1.11 puM. The
transferrin content is 0.24 pM. Because 1 mol of transferrin binds 2 mol of iron ions,
these data suggest that CSF transferrin is often at, or close to, its iron saturation.

11 Antioxidant Defenses are Modest [14, 15]

Brain antioxidant defenses are modest. In particular, catalase levels are low in
most brain regions; levels are higher in hypothalamus and substantia nigra than in
the cortex or cerebellum. Brain catalase is located in small peroxisomes (micro-
peroxisomes), and its activity in rat or mouse brain is rapidly inhibited if amino-
triazole is administered to the animals. This agent inhibits only catalase of complex
I, confirming that the brain generates H,O, in vivo and that at least some of it
reaches catalase. The catalase probably cannot handle H,O, generated in other
subcellular compartments. The brain contains less catalase, glutathione peroxidase
(GPx), and vitamin E as compared to liver. Ascorbic acid, which can act as an
antioxidant as well as a pro-oxidant, is present at elevated levels in both white
and gray matter. Transport systems exist in the choroid plexus and neurons that
serve to concentrate ascorbic acid into brain cells and the CSF. Ascorbic acid acts
as a pro-oxidant when the free iron of the brain increases as a result of intracerebral
hemorrhage. The developing brain may be particularly susceptible to free radical
injury during ischemia because of a relative developmental deficiency in its
antioxidant enzymes. The activity of those enzymes has not yet been determined
in the cerebral cortex of developing humans, although expression levels and
cellular localization have been reported in the cortex, basal ganglia, and brainstem
nuclei by immunohistochemical methods. The premature infant has low circulat-
ing levels of glutathione (GSH) and relative inability to sequester iron because
of low transferrin levels. It is well known that glial cells are more resistant to OS
than neurons, probably the result of transcriptional upregulation of glutathione
synthesis.

12 The Blood—-Brain Barrier [16, 17]

The brain needs a barrier that can selectively and efficiently prevent harmful
molecules from entering the brain from the blood, thus enabling the rigorous
control of the brain microenvironment that is necessary for complex neuronal
signaling. ROS, both directly (e.g., by downregulating the synthesis of proteins
involved in tight junctions between cells) and/or by activation of matrix metal-
loproteinases (MMP), can contribute to “open up” the BBB, allowing the entry of
neurotoxins and inflammatory cells. The adult brain neurons are protected by
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the BBB, and the blood axon barrier acts similarly in the peripheral nervous
system (PNS). In the immature nervous system, these barriers are not fully formed,
and thus it is more vulnerable. In elderly people, the combination of accumulating
vascular damage with associated breakdown of those barriers may render them
sensitive to exposure to ROS and toxins. Taken together, oxidative stress emerges
as a common underlying cause of BBB dysfunction.

13 Microglia and ROS [18, 19]

The microglia are resident macrophage-type cells that arise from monocytes
entering the brain during embryonic development. Normally, they help clear
cellular debris (including apoptotic cells) and are “alert” to threats to neurons.
However, microglia can become activated to produce 02, H,0,, and cytokines such
as interleukin (IL)-1, IL-6, and tumor necrosis factor-alpha (TNF-a). Subsequently
such cytokines can cause microglia to generate more ROS and to produce iNOS
(induced NO synthase) and hence excess of NO® (nitric oxide). Cytokines can
additionally be produced by activated astrocytes, and the latter may again respond
to cytokines by iNOS induction. Thus, microglia and astrocytes are major media-
tors in brain inflammation.

14 Cytochrome P450 [20, 21]

Cytochrome P450 (CYPs), such as CYP46 that metabolizes cholesterol, CYP2D6,
and CYP2E1 are present in several brain regions. Because CYP2E1 leaks electrons
readily during its catalytic cycle, it produces more ROS than most other CYPs.
Thus, it is another possible source of oxidative stress, although its magnitude may
be small because brain CYPs levels are low compared to their levels in the liver.
However, CYP2E1 metabolizes ethanol, acetone, halothane, and organic solvents
such as CCl; and CHCl; and may be inducible in human brain by ethanol and
smoking. Thus, it could contribute to solvent neurotoxicity.

15 Loss of Trophic Support [22, 23]

Loss of trophic support can lead to oxidative stress and apoptosis in neurons, in part
by excess activation of NADPH (nicotinamide adenine dinucleotide phosphate)
oxidase (NOX). The latter were first detected in phagocytes, but are now known to
be widely distributed in animal tissues, seemingly producing O, for defense and for
signaling purposes. Neuronal NOX enzymes may promote necessary apoptosis
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during development of the nervous system, but if trophic support is lost in the
developing brain, they are overactivated, leading to neuronal death.

16 Hemoglobin Is Neurotoxic [24-27]

Hemoglobin (Hb) is neurotoxic. This protein is normally safely transported in
erythrocytes, which are rich in antioxidant enzymes. However, isolated Hb is
degraded when exposed to excess H,O,, with release of pro-oxidant iron ions
from the heme ring. Heme can also be released and is a powerful promoter of
lipid peroxidation. In addition, Hb reacts with H,O, and other peroxides to form
oxidizing species capable of stimulating lipid peroxidation. Hb also binds NO
avidly, producing vasoconstriction.

17 Mitochondria [28]

Neuronal mitochondria generate 62, mostly from complex I. The levels of 8-
hydroxydeoxyguanosine (8-OHDG) mutations and deletions increase in brain
mitochondrial DNA with aging.

18 Nitric Oxide

NO, also referred to as endothelium-derived relaxing factor because of its production
in the endothelial cells, is also formed in neurons by the enzyme nitric oxide synthase
(NOS), which is widely distributed in the brain and is activated by calmodulin.
The interaction of NO with superoxide radicals is believed to be implicated not only
in the normal metabolism of the neuron but also in its degradation.

19 Neurons are Nonreplicating [29]

Neurons are generally postmitotic cells, and thus the brain is sensitive to loss of
function if neurons die. Neurons are very active and are highly susceptible to a
reduction in the supply of oxygen and glucose. The insidious reduction in the
number of neurons and their synaptic connections eventually compromises virtually
all CNS functions. Fortunately, many parts of the brain have considerable redun-
dancy and plasticity. Neurons in culture are prone to injury, often leading to
necrosis or apoptosis if treated with toxins that interfere with energy metabolism,
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or exposed to ROS, or if neurotrophic factors are withdrawn from the culture
medium.

In this chapter, 19 reasons were mentioned why the nervous system is especially
vulnerable to ROS-mediated injury. It was suggested that the main effects of
ROS on cells are through their actions on signaling pathways rather than by causing
nonspecific damage. I suggested that with aging these pathways deteriorate, caus-
ing accumulation of higher concentrations of ROS in amounts beyond the capacity
of the brain’s antioxidant system to handle. This deterioration results in age-
associated neurodegenerative disorders such as stroke and CNS trauma, as well
as Parkinson’s disease, Alzheimer’s disease, and other neurodegenerative disorders
of aging.
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Chapter 3
Perinatal Hypoxic-Ischemic Neural Injury
and Free Radical Injury: A Fine Balance

M. Perlman and Po-Yin Cheung

Abstract During the transition from fetal to neonatal life, neonates are exposed to
risks of hypoxic and ischemic insults. Since the 1980s, evidence has accumulated of
reperfusion or reoxygenation injury in the human fetus and neonate, and its relation-
ship to oxygen-derived free radical generation has been described. The first of these
types of oxygen-related cerebral injury was described more than half a century ago
when retinopathy of prematurity was found to be caused by uncontrolled administra-
tion of oxygen. Oxygen-derived free radicals are generated during and following
neonatal resuscitation and lead to cerebral damage with cellular dysfunction and/or
death. In this chapter, birth asphyxia and hypoxic-ischemic brain injury in term and
preterm neonates are defined and described, as well as the clinical aspects of
neurological oxygen-derived free radical disease of the newborn. The management
of cerebral hypoxic-ischemic insult was limited to supportive measures until thera-
peutic hypothermia was recently proven to be beneficial. Based on the results of
controlled studies of room air vs. 100% oxygen in neonatal resuscitation and on the
relationship between the blood PO, and neurodevelopmental outcome in infants with
hypoxic-ischemic encephalopathy, hyperoxia-hypocapnia should be rigorously
avoided when resuscitating the asphyxiated neonate. The therapeutic potential of
antioxidant interventions warrants further investigation.

Keywords Neonate - Hypoxia - Ischemia - Asphyxia - Encephalopathy - Free
radicals - Hyperoxia - Antioxidants - Oxygen - Oxidative stress - Brain injury -
Retinopathy of prematurity - Hypothermia

M. Perlman (P<1)

Department of Pediatrics, University of Toronto, Toronto, ON, Canada

and

Division of Neonatology, Hospital for Sick Children, Toronto, ON, Canada
e mail: max.perlman@sympatico.ca

N. Gadoth and H.H. G&bel (eds.), Oxidative Stress and Free Radical Damage 29
in Neurology, Oxidative Stress in Applied Basic Research and Clinical Practice,
DOI 10.1007/978 1 60327 514 9 3, ©Springer Science+Business Media, LLC 2011



30 M. Perlman and P. Y. Cheung

1 Introduction

Oxygen-derived free radicals (OFR) are known to also play an important
pathogenetic postinsult role in fetal and neonatal hypoxic ischemic brain injuries.
Enormous developmental changes occur in this “age group”; a potentially viable
23-week gestational age fetus (or newly born infant of the age) may be further
removed developmentally from a full-term neonate than the full-term neonate is
from the fully mature adult. Moreover, unique demands are made on the newly born
infant in making the transition from the airless intrauterine environment to ambient
air. The transition carries risks of hypoxic and ischemic insults. Birth asphyxia of
term and premature neonates, and the more prolonged postnatal respiratory insuffi-
ciency of premature neonates, keep neonatal intensive care units (NICUs) busy.

In adult medicine, evidence has accumulated that, in the postinsult period,
“reperfusion injury” or OFR occurs and this may lead to multiorgan injury and
dysfunction [1]. The risk of brain injury in asphyxiated neonates is reduced by
antioxidant therapy or increased by inappropriate oxygen therapy [2 4]. The term
“oxygen free radical disease of the newborn” was popularized by Dr. Saugstad to
cover this pathogenesis and the various types of injury observed [5].

The first recognized association between oxygen therapy and neonatal disease
was the epidemic of blindness in premature infants in the 1940s as a consequence of
“retinopathy of prematurity” (ROP). Overgenerous oxygen therapy was proven to be
the cause in 1954. Blindness caused by ROP was then virtually eliminated by more
prudent oxygen therapy. A small resurgence occurred in the 1970s and 1980s when
intensive care was extended to include extremely premature neonates, resulting in
their increasing survival. Again, with more vigilant oxygen therapy the condition
became less common. The premature neonate was recognized to be especially
vulnerable to oxygen toxicity. The stage was set to discover other neonatal diseases
with similar pathogenesis and to provide potential therapeutic strategies to prevent
oxidative injury associated with OFR.

This chapter on the clinical aspects of neurological oxygen free radical disease
of the newborn complements Chap. 4 in this volume on the basic science. In this
chapter we also define and describe birth asphyxia and hypoxic ischemic brain
injury in some detail for the reader unfamiliar with the fetus and newborn infant, as
confusion exists about these subjects. In addition to the retina and central nervous
system, OFR has been implicated in the pathogenesis of secondary lung injury of
neonates treated for respiratory failure [6] and in infant carcinogenesis [7, 8].

Knowledge of the role of free radical formation in the pathogenesis of human
fetal and neonatal disease has been based on cohort studies, randomized controlled
trials, and the measurement of OFR, metabolites, oxidative states, antioxidant
levels, and factors that increase or diminish antioxidant activity. Research subjects
have included normal neonates, neonates during resuscitation and recovering from
intrapartum hypoxic-ischemic insults of varying severity, and premature neonates
with respiratory insufficiency of varying duration. Organs studied include the brain,
eye, lung, kidney, and intestine. The outcomes studied have included mortality, and
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isolated short-term and long-term morbidities. A variety of animals with a broad
range of levels of maturation at birth have also been studied. Before summarizing
the literature on the role of OFR in the pathogenesis of fetal and neonatal neuro-
logical disorders, we define the conditions in which oxidative stress is thought to
play a role.

2 Asphyxia and Hypoxic-Ischemic Encephalopathy

2.1 Pathophysiology During the Asphyxial Insult

Asphyxia starts with reduced oxygen and carbon dioxide exchange across the
pulmonary circulation or, in the fetus, the placental circulation. Hypoxia (lack of
oxygen at the tissue level) and hypercapnia (and a “respiratory acidosis”) result.
The third essential component of “asphyxia” is metabolic acidosis, reflecting the
accrual of organic acids produced by anaerobic metabolism in conditions of oxygen
lack [9]. According to this pathophysiological definition (hypoxia, hypercapnia,
and metabolic acidosis), mild “asphyxia” occurs in most normal vaginal deliveries
and causes no clinical dysfunction. Neonates born with moderate asphyxia may
have dysfunction of one or more systems but rarely sustain irreversible injury.
Severe asphyxia generally causes multisystem dysfunction and not infrequently
causes permanent injury. The brain is the most common site of injury; other organs
are rarely injured irreversibly in survivors. Recently the term asphyxia has been
supplanted by hypoxic-ischemic encephalopathy (HIE), which is defined by a
clinical pattern that includes encephalopathy and other organ dysfunction as well
as the typical features of severe asphyxia (see below under Sect. 2.3).

In early asphyxia the heart rate and blood pressure rise, accompanied by apnea
(“primary apnea”). As asphyxia persists, gasping appears and the heart rate and
blood pressure fall gradually. After bradycardia has been present for some time,
“secondary apnea” supervenes. From this stage, recovery of breathing and the
circulation require resuscitation. Early in asphyxia, blood is shunted from the
so-called nonessential to the essential organs, that is, heart, adrenal glands, and
central nervous system (the so-called diving reflex is a compensatory mechanism).
With progression, the essential organs become ischemic. The term hypoxia ische-
mia describes this process. As the hypoxia continues, cerebral, myocardial and
adrenal ischemia supervene, which plays a critical pathogenetic role in brain injury.
In addition to the foregoing changes, body stores of glycogen are utilized and even
depleted to generate energy under anaerobic conditions.

Asphyxia can occur in the human fetus during pregnancy, labor, or after birth.
A great variety of pathological conditions cause difficulty in fetal gas exchange.
The sites of pathology vary from the inspired air (e.g., carbon monoxide poisoning)
to the fetal cerebral circulation (e.g., hemorrhagic or septic shock), and, in order of
oxygen transfer, include maternal respiratory and cardiovascular failure, severe
dysfunction or disease of the maternal uterine vasculature, uterine tetany, premature
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placental separation, and umbilical vascular compression or obstruction. Cerebral
ischemia without “asphyxia” may be caused by shock, thromboembolism (“neona-
tal stroke”), and severe fetal head compression that reduces and even arrests
cerebral blood flow and oxygenation [10].

Postnatal asphyxia may be caused by maladaptation at birth or by neonatal
respiratory, cardiovascular, or nervous system failure resulting from congenital
anomalies, fetal disease, or birth injury. Shock is most commonly caused by acute
hemorrhage before, during, or after birth, or by septic shock from peripartum infec-
tions. The pathophysiological and clinical effects of shock and its sequelae are similar
to those of asphyxia.

In the in vivo models of asphyxia and asphyxial brain injury in a wide range of
experimental fetal and neonatal animals, the “last gasp” (the onset of secondary apnea)
was used as an easily identified endpoint in the natural history of asphyxia. In the
rhesus monkey, brain injury starts at about the time of this last gasp. Boyle and Le
Gallois (cited by Dawes) showed that the more mature the victim of asphyxia,
the earlier the last gasp occurred in asphyxiated neonatal rabbits and guinea pig [9].
Le Gallois also discovered that interruption of the circulation shortened the time to the
last gasp. The compensatory role of redistribution of the circulation is mentioned
above; in addition, the circulating blood acts as a waste basin for the organic acids
produced by anaerobic glycolysis within cells.

2.2 Brain Pathophysiology During Resuscitation
and Recovery Post Hypoxia-Ischemia

Oxygen free radical (OFR) generation and related brain injury occur during both the
asphyxiating insult and the reoxygenation-reperfusion process that follows [1, 2]. In
the latter phase, increased oxidative stress and OFR generation may destroy various
cellular components, leading to cell damage and death with apoptosis [11, 12],
which may be a potential target of therapy. Regarding OFR generation, cerebral
concentrations of hydrogen peroxide and nitric oxide were found to increase
following hypoxia-reoxygenation and ischemia-reperfusion [13, 14]. Nitric oxide
is also involved in the pathogenesis of cerebral hypoxia-reoxygenation injury [15],
which may be secondary to its inhibitory effect on mitochondrial respiration, or the
reaction with superoxide anion to generate peroxynitrite, a potent oxidant. Signifi-
cant correlations between OFR and markers of oxidative stress and lipid peroxida-
tion have been reported.

The relationship between OFR generation and HIE in the clinical context was
supported by the clinical report of Kumar et al. [16]. They studied 43 newborn infants
with asphyxia who subsequently developed HIE, and related the increased malonyl-
dialdehyde and nitric oxide levels in plasma to the extent of the OFR injury. In
addition, an elevated ratio of cerebrospinal fluid to plasma albumin was attributed
to increased blood brain barrier permeability and considered to contribute to the
progression of HIE.
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2.3 Clinical Definition and Manifestations of Severe
Asphyxia and HIE

The clinical definitions of asphyxia and HIE are controversial, in flux and confusing.
Not all cases of severe asphyxia develop HIE, and not all HIE is caused by asphyxia
(e.g., shock). The American College of Obstetricians and Gynecologists (ACOG) and
others defined asphyxia and, more recently, HIE by a list of phenomena that are part
of a clinical syndrome, some of which are deemed essential [17]. The consensus-
based definitions of HIE are restricted to intrapartum causes, although HIE can be
caused by asphyxia during the antepartum and postnatal periods. Moreover, the
diagnosis of HIE often cannot be made immediately after birth, as some neonates
born after severe asphyxia are free of encephalopathic signs for some hours post-
insult; hypoxia-ischemia describes this period better than HIE. The “ischemia” of
HIE is also ambiguous, as ischemia may be caused by other causes, as already
mentioned, or is part of the natural history of asphyxia severe enough to cause
HIE. Common to the definitions are the clinical and laboratory phenomena described
below, as adapted from ACOG.

1. Obstetrical features: Obstetrical complications associated with sentinel events
cause acute near-total asphyxia, whereas less acute placental insufficiency
causes prolonged partial asphyxia. In general, these two insult types are asso-
ciated with aberrant but different fetal heart rate patterns.

2. Depression of vital signs (cardiorespiratory and neurological) at birth: The
magnitude of such a depression is expressed by Apgar scoring based on five vital
signs. Scoring is routinely done at 1 and 5 min after birth and then at 5-min
intervals until normal. Scoring is partly subjective and has poor interobserver
reproducibility. Depressed scores are also caused by conditions other than
asphyxia. The time of onset of spontaneous breathing (the first gasp and the
establishment of regular breathing) were closely related to the severity of the
asphyxia in the classical rhesus monkey model. Patients with severe brain-
damaging late intrapartum asphyxia require resuscitation at birth. The Apgar
scores, unless extreme, are only approximately correlated with the likelihood of
permanent brain injury.

3. Blood gas abnormalities (fetal scalp blood or umbilical cord arterial blood
sampled at delivery): These include low pH, elevated PCO,, and reduced base
excess (or elevated base deficit) (the PO, is idiosyncratic). The base excess or
deficit is considered the best measure of asphyxia and represents the “oxygen
debt” [18]. Measurements may be spurious as a result of venous sampling,
especially in cases with umbilical cord compression. In subjects with potentially
brain-damaging asphyxia, base excess values usually return to normal by 2 4 h
post insult [19].

4. Encephalopathy: The brain illness of intrapartum asphyxia has a fairly typical
pattern and time-course, starting within a few hours of birth. Abnormalities of
muscle tone, responsiveness, irritability, and a variety of involuntary movements
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including subtle and clonic-tonic seizures are observed [20]. The Sarnat staging
system (I III) reflects severity. Characteristic EEG and brain imaging changes,
and evolution of changes over the first several days, are present in cases likely to
have permanent injury.

5. Multisystem dysfunction: As defined as central nervous system and at least one
other system, is usually present in HIE and requires complete testing for
detection [21].

6. Long-term outcome: Outcome may be normal. Adverse outcomes vary from
minor cognitive deficits to death in the neonatal period or later. Acute total or
near-total asphyxial insults typically result in central gray matter injury causing
dystonic quadriplegia, athetosis, and expressive speech defects with relatively
preserved intellectual function. Prolonged partial insults typically result in
cortical and subcortical white matter injury causing spastic quadriplegia with
cognitive deficit, often with microcephaly and central visual deficits. “Mixed”
insults cause a combination of the above (i.e., mixed cerebral palsy, etc.).
Auditory deficits occasionally occur. Cerebral palsy is a mandatory part of the
definition of HIE in consensus statements; however, a plethora of recent evi-
dence indicates that the spectrum of outcomes of HIE includes isolated learning
impairments [22].

2.4 The Timing of Asphyxial Insults

Timing of insult refers to two different phenomena: the time during gestation or
delivery of the causative asphyxial insult, or the duration characteristics of the insult
(in cases with brain injury, the acute near-total insults last from about 10 to 45 min,
whereas prolonged partial insults last from about 1 h to a few hours) [23]. Intrapartum
refers to the period between the onset of labor and birth, when asphyxiating obstetri-
cal accidents are probably most common, the fetus is most vulnerable owing to the
presence of labor contractions, and obstetrical and postnatal interventions to mini-
mize brain injury are most pertinent. Asphyxia at near-term or full-term pregnancy
(37 completed gestational weeks) is associated with the types of brain injury already
mentioned, whereas preterm HI insults in the fetus or prematurely born neonate tend
to cause periventricular leukomalacia and cerebral diplegia.

Antepartum asphyxia occurs any time before labor onset, characteristically but
not exclusively in the fetus with growth restriction and oligohydramnios. The insult
is associated with aberrant fetal heart rate patterns (not usually detected at the time)
and altered fetal movements (including breathing movements detectable by fetal
ultrasound examination), during and post insult [24]. The insult may be lethal
(“stillbirth”) or, if less severe and limited (either by spontaneous resolution, or by
prompt delivery and resuscitation) the fetus may survive with or without brain
injury. The type of brain injury depends on fetal maturation at the time of the
asphyxial insult; in the preterm fetus periventricular leukomalacia usually results.



3 Perinatal Hypoxic Ischemic Neural Injury and Free Radical Injury 35

If the fetus remains in utero for long enough postinsult (e.g., more than 1 2 weeks),
the fetus may show muscle contractures (from reduced spontaneous movements),
microcephaly (because of brain atrophy), and the appearance of “old” established
brain lesions on imaging before or after birth.

Intrapartum asphyxia, often erroneously called “perinatal” asphyxia, is detected
by fetal heart rate changes on monitoring, electronically or by auscultation, more
often during the late intrapartum period. If detection is timely, obstetrical interven-
tion is prompted to expedite delivery and enable resuscitation. If undetected,
intrapartum stillbirth can occur but is rare; with “in utero resuscitation”, the fetus
may survive with or without brain injury.

Postnatal asphyxia may be caused by cardiorespiratory or central nervous system
maladaptation secondary to intrapartum asphyxia (e.g., myocardial ischemia, per-
sistent pulmonary hypertension, and meconium aspiration syndrome), flawed resus-
citation and iatrogenic causes (e.g., tension pneumothorax). Postnatal asphyxia is
expressed, among other ways, by delayed resolution of the metabolic acidosis
present at birth. As already mentioned, respiratory, cardiovascular or central ner-
vous system failure from a variety of causes can result in postnatal asphyxia
unrelated to intrapartum events.

2.5 Asphyxia in Preterm Neonates

Determining the presence or absence of asphyxia in the preterm neonate is difficult
for a number of reasons. First, vital signs are often depressed in preterm neonates
without asphyxia. Second, acute brain injuries that are thought to be hypoxic-
ischemic in origin (especially periventricular leukomalacia detected by brain imag-
ing) often appear to be unassociated with recognized obstetrical or neonatal hyp-
oxic ischemic events. Third, the clinical expression of brain dysfunction
(encephalopathy) in the preterm neonate is limited.

3 Oxygen in Neonatal Resuscitation

The first step in treating apnea at birth is to initiate gas exchange by artificial
ventilation. Most neonates resuscitated at birth are in primary apnea and start to
breathe independently within a very few minutes [9]. They are not threatened by
significant hypoxia. Given the doubts that have existed for decades about the safety
of breathing high fractions of oxygen, it is hard to justify the use of 100% oxygen
for resuscitation of mild asphyxia, a condition that becomes evident within a minute
or two of birth. On the other hand, many clinicians hesitate to provide less than
100% oxygen in resuscitating severely asphyxiated neonates. Research on oxygen
therapy in resuscitation is summarized briefly here, emphasizing the effects on the
brain.
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3.1 Animal Studies

As detailed in Chap. 4, numerous studies in the past 15 years have compared the
effects of 21 and 100% oxygen in the resuscitation for asphyxia of newborn piglets, rat
pups, and fetal lambs. In general, most studies reported significant increases in tissue
oxidative stress markers in asphyxiated or hypoxic animals resuscitated with 100%
oxygen compared to 21% oxygen. Aberrant glutathione content, and increased
malonyldialdehyde levels were shown in the brain of animals resuscitated with
100% oxygen. This increased oxidative state, associated with increased apoptotic
markers [25], may cause white matter injury and activation of matrix metalloprotei-
nases, a family of endoproteases that have been implicated in cerebral inflammatory
conditions including stroke, cerebral infarction, and hemorrhage [3, 26]. Further, in
fetal lambs subjected to asphyxia by cord occlusion, Markus et al. [27] demonstrated
that hyperoxic resuscitation at birth induced a cerebral pro-inflammatory response
(increased tissue expressions of IL-1beta and IL-12p40 in the cortex and subcortex),
which in turn may lead to increased tissue damage after exposure to hyperoxemia at
birth. However, there is little definitive information available regarding the clinical
significance and consequences of the increased oxidative stress and the induced injury
in the brain when newborn subjects were resuscitated with 100% oxygen. Presti et al.
[28] reported better neurobehavioral outcome in newborn rat pups with HIE that were
resuscitated with 100% oxygen. However, the mortality rate in the 100% oxygen
resuscitation group was modestly increased, as observed in human studies.

The adverse effects of hyperoxemia on the brain may be particularly hazardous to
the brain during the period of reperfusion following severe asphyxia and are mediated
primarily by increased OFR [29]. In animal models of asphyxia, oxygen supplemen-
tation increases OFR formation [30, 31], decreases cerebral perfusion [26, 32], and
adversely affects short-term neurological outcome [33]. As already indicated, similar
short- and long-term pathophysiological effects were observed in human neonates
exposed to 100% oxygen during resuscitation [34]. That oxidative stress may con-
tinue for 28 days suggests the potency of the effects of hyperoxia [29].

3.2 Human Studies

3.2.1 Healthy Neonates

In the healthy neonate and adult, hyperoxia and consequent hyperoxemia cause initial
suppression followed by subsequent augmentation of ventilation [35]. A proposed
mechanism based on in vitro studies is brainstem excitation by OFR [36]. Augmented
ventilation in turn causes hypocapnia and reduced cerebral blood flow. Additional
adverse effects of hyperoxemia include reduced CO, hemoglobin binding (the
Haldane effect) and increased affinity of hemoglobin for O,, causing reduced unload-
ing of O, to tissues. Macey et al. [37] studied physiological responses to breathing
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room air, 100% oxygen, and a 5% CO, 95% O, mixture in 14 children aged 8 15
years (study of neonates was impracticable). Cardiovascular and breathing functions
were observed by functional magnetic resonance imaging. Hyperoxic breathing had
adverse effects on the control of autonomic and hormonal function, whereas the
admixture of 5% CO, with O, greatly mitigated these adverse effects.

3.2.2 Asphyxiated Term Neonates

Neonates born with asphyxia in centers with fewer resources for monitoring and
controlling these parameters may be exposed to hyperoxemia and/or hypocapnia
even for hours after birth, as we observed in neonates referred to our care [4]. In
neonates with postasphyxial HIE, we found a significant association between epi-
sodes of severe hyperoxemia (PaO, > 26.6 kPa) and/or severe hypocapnia
(PaCO, < 2.6 kPa), and adverse outcome (defined as death, severe cerebral palsy,
or any cerebral palsy with blindness, deafness, or developmental delay at age
24 months). The risk of severe adverse outcome, adjusted by multivariate analysis,
was increased approximately two- to fourfold if hyperoxemia [odds ratio, 3.85; 95%
confidence interval (CI), 1.67 8.88; P = 0.002], hypocapnia (odds ratio, 2.34; 95%
CI, 1.02 5.37; P = 0.044), or both (odds ratio, 4.56; 95% CI, 1.4 14.9; P = 0.012)
were present [4].

3.3 Therapeutic Trials

In resuscitating severely asphyxiated neonates after birth, it is difficult immediately
to achieve a fine balance between hyperoxemia and hypoxemia and between
hypocapnia and hypercapnia. Oxygen supplementation and/or mechanical ventila-
tion may inevitably be inadequate or excessive for a number of reasons. Postnatal
cardiorespiratory adaptation varies considerably depending on the variable
response to therapy and whether complications of asphyxia are present. It is often
not possible to monitor arterial blood levels of oxygen and carbon dioxide partial
pressures accurately and to implement corrective action rapidly. Aggressive treat-
ment in relationship to the severity of the respiratory illness results in hyperoxemia
or hypocapnia, possibly increasing the risk of brain insult and injury [4]. The
clinical results of randomized controlled trials of 100% vs. 21% oxygen in neonatal
resuscitation for asphyxia are summarized below (Table 3.1).

1. The onset of respiration and the need for resuscitation immediately after birth.
Neonates resuscitated with room air had higher 5-min Apgar scores and earlier
first breath [38].

2. Early organ dysfunction/disease. A larger proportion of subjects receiving 100%
oxygen had (or tended to have) evidence of heart or kidney dysfunction than
those receiving room air [39].
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Table 1 Clinical studies (published as of November 2008 in English) to examine the effect of
oxygen in the neonatal resuscitation

Sample
References® size Major findings
Ramyji et al. [74] 84 Room air is as effective as 100% oxygen regarding mortality
and hypoxic ischemic encephalopathy (HIE)
Saugstad et al. [75] 591° Room air is as effective as 100% oxygen regarding mortality
and HIE
Vento et al. [76] 537 1. Room air is as effective as 100% oxygen regarding mortality

and HIE, but more quickly as assessed by Apgar scores, time
to the first cry, and the sustained pattern of respiration
2.100% resuscitated group has increased blood oxidative stress
markers 28 days after birth
Vento et al. [77] 106 Asphyxia causes oxidative stress in the perinatal period, and
resuscitation with 100% oxygen causes hyperoxemia and
increased oxidative stress
Ramyji et al. [78] 418° Room air is as effective as 100% oxygen regarding mortality
and HIE, but has significantly shorter onset for first cry and
duration of resuscitation

Vento et al. [79] 39 The use of room air on resuscitation causes less oxidative
stress and damage to heart and kidney than pure oxygen

Bajaj et al. [80] 204 Room air is as effective as 100% oxygen regarding mortality
and HIE

Total 1,979 1. Significant reduction in mortality (P < 0.01)

2. No significant effect on stage 2 and 3 HIE

Clinical studies
®Denotes multicenter clinical trials

3. Mortality and HIE rates. A recent meta-analysis revealed reduced mortality and
a trend for a lower rate of HIE stages 2 and 3 [40].

4. Long-term outcome. No intergroup differences were observed in somatic growth
rates, or the rate of developmental delay at 18 24 months of age, but more than
30% of subjects were lost to follow-up [41].

Clearly, oxygen supplementation and ventilation should be rigorously controlled
during the first minutes and hours of life. Despite the evidence from controlled trials
of the superiority of room air over 100% oxygen in the initial resuscitation, this
issue remains controversial. The latest International Consensus Statement, for
example, appears indecisive [42]. The Statement relates to oxygen saturation
(SO,) in its conclusion, a pragmatic but in our opinion potentially misleading
choice, as this standard of measurement of oxygen status reflects possible bias
(although SO, is the better measure of the risk of hypoxia or oxygen deficiency,
PO, is the better measure of risk of hyperoxia or oxygen toxicity). Readers do not
need to be reminded of the extremely wide range of hyperoxemia (from about 100
to more than 500 mmHg) that is associated with high but “acceptable” levels (in
term neonates) of SO, of about 95 100%.
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3.4 Oxygen Therapy in Preterm Neonates with Prolonged
Respiratory Insufficiency

Oxygen has been administered with caution to premature infants with respiratory
insufficiency since the discovery in the early 1950s that hyperoxia was the
primary cause of the epidemic of blindness. How fine is the balance between
oxygen toxicity and oxygen deficiency and their respective potential risks? The
available human data suggest that above the low limit of SO, or PO, used in NICUs
this threat was overestimated. Answers to these questions, beyond the scope of this
chapter, will be answered in the next few years as the results of ongoing clinical
trials become available.

What about the other extreme: the potential effects of hyperoxemia and hypocap-
nia? This question was investigated retrospectively in preterm and low birth weight
neonates weighing less than 2,000 g at birth. The 1,105 subjects were derived from a
single population base and born in 1984 1987 with a mean gestational age of 31
weeks [43]. The study outcome was disabling cerebral palsy diagnosed by age
2 years. Analyses were conducted of associations between the outcome and, among
other ventilation-related risk factors, cumulative exposures to hypocapnia (defined as
a PCO, < 35 mmHg) and hyperoxemia (defined as a PO, > 60 mmHg) during the
first 8 days after birth. The risk of disabling cerebral palsy was increased two- to
threefold if either of these blood gas aberrations was present for a longer period
(highest quintile of cumulative exposure). When adjusted by multivariate analysis,
these results were unchanged. In another observational study of the cumulative
exposure of low birth weight infants to hypocapnia and hyperoxia, a somewhat
different result was obtained. As in the study just described, more neonates in the
highest quartile of exposure to hypocapnia had periventricular leukomalacia than
neonates without hypocapnia, also after statistical adjustment. On the other hand, no
association was found between hyperoxia and this brain injury [44].

4 Therapeutic Interventions to Alleviate Oxygen-Derived
Free Radical Injury of the Neonatal Brain

4.1 Enzymatic and Nonenzymatic Antioxidants
and Metal Ions in the Newborn Infant

Enzymatic antioxidants including superoxide dismutase, catalase, and glutathione
peroxidase reduce the formation of hydroxyl radicals and remove hydrogen and
lipid peroxides, preventing the Haber Weiss reaction. The nonenzymatic antiox-
idants can neutralize very reactive radical couples to less reactive ones. a-Tocoph-
erol (vitamin E) breaks the chain reaction of lipid peroxidation with the formation
of the less reactive a-tocopherol radical, which is then neutralized by ascorbic acid
(vitamin C), a plasma and intracellular antioxidant, and the resultant formation of
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the less reactive and water-soluble ascorbate radical, thus removing radicals from
the vulnerable lipid membrane [45, 46]. Therefore, the vitamin E:vitamin C ratio is
important in maintaining this process and thus may explain the controversial effects
of vitamin E and C supplementation on oxidative stress-related conditions in the
neonate [47]. Further, ascorbate at low concentrations can oxidize metals such as
copper and iron due to its position in the redox potential hierarchy [47]. Interest-
ingly, the neonatal brain has significant iron content and thus is predisposed to
oxidative stress-induced injury. Neuroprotective effects of iron chelation and
erythropoietin have been suggested in neonatal rodent models of HIE [48, 49].
Erythropoietin trials have been carried out in human preterm neonates for reducing
blood transfusions; meta-analysis of mortality and morbidity have not shown any
advantage or disadvantage for neonates receiving the treatment [50]. However, the
interaction between these nonenzymatic antioxidants and metal ions in the system
is complex and thus affects the pathogenesis of oxidative stress-induced injury and
the therapeutic effect of antioxidant and other interventions in ways that are
difficult to predict. Nonetheless, there is increasing evidence supporting the rela-
tionship between perinatal asphyxia, oxidative stress, and inflammatory reaction in
the developing brain that leads to white matter injury [51].

4.2 Antioxidants and Conditions that Influence
Antioxidant Defense Mechanisms

Antioxidants were defined as “substances that can delay or prevent oxidation of a
particular substrate” [52]. Compounds that prevent OFR cellular damage may
prevent their formation and/or scavenge OFR when formed. From the physiological
perspective, reactive oxygen species or a pro-oxidant state may play specific roles
in normal physiological conditions ranging from cell differentiation and prolifera-
tion in potential target organs such as lung, brain, intestine, and retina to bacterial
killing by neutrophils [53]. The cellular redox state as governed by the balance
between oxidants and antioxidants will modulate the activities of transcription
factors that can affect gene expression and signaling pathways.

4.2.1 Endogenous Antioxidants: Bilirubin and Neonatal Jaundice

Most newborn infants have elevated serum bilirubin concentrations. A fine balance
may exist between the neurotoxicity of unconjugated bilirubin and its powerful
antioxidant role. Associations between low serum bilirubin levels and blindness
caused by ROP, the classical neonatal free radical disease, have been reported
and refuted [54 56]. It has also been proposed that phototherapy for jaundice not
only reduces bilirubin by converting bilirubin to bilirubin photoisomer but also
increases the production of free radicals from other substrates (photooxidation of
the lipid and vitamin contents of parenteral solutions in translucent intravenous
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administration sets have been demonstrated to be major contributors to in vitro
generation of peroxides) [57]. In managing jaundiced preterm neonates we again
are confronted by a fine balance between undertreatment and overtreatment: the
risk of the former being bilirubin encephalopathy and that of the latter endogenous
bilirubin antioxidant with consequent free radical injury of the retina and nervous
system.

4.2.2 Therapy to Arrest Postinsult Pathophysiological Processes
of Asphyxia and Hypoxic-Ischemic Encephalopathy

Hypothermia Therapy

The potential benefit of low environmental temperature for animals subjected to
experimental asphyxia was recognized by Le Gallois in 1812 (cited by Dawes) [9].
Bench-to-bedside translation was realized in 2005 when the results of two large
clinical trials were published. Our meta-analysis that included eight trials showed a
reduced incidence of the comprehensive outcome, mortality or major neurodeve-
lopmental disability, in patients receiving hypothermia (relative risk, 0.76; 95% CI,
0.65 0.88) [58].

There are many possible explanations for the cerebral protection afforded by
hypothermia. In addition to its effect on free radicals and nitric oxide generation
[59], the neuroprotective actions of hypothermia may involve excitatory amino
acids [60], adenosine [61], cerebral hemodynamics [62], energetics and metabolism
[63], and apoptosis [64]. Although Kil et al. [65] demonstrated that temperature-
related changes occur in hydroxyl radical production during cerebral ischemia and
reperfusion in rats, mechanisms of the effect of hypothermia on free radical
generation remain to be elucidated.

Pharmaceutical Antioxidant Therapies: Potential Benefits and Risks

A number of antioxidants and antiapoptosis agents have been examined regarding
the possibility of clinical use in newborn subjects [66, 67]. As mentioned earlier,
the administration of superoxide dismutase (an enzymatic antioxidant with large
molecular size and lipophilic properties) was effective in alleviating OFR-induced
injury in the brain of neonatal lambs [2, 32]. However, poor bioavailability limits
the effectiveness of some therapeutic agents. According to the most recent reap-
praisal of published trials, vitamin E may reduce the risk of severe ROP, but more
trials are needed [68]. On the other hand, vitamin E administration has been associated
with an increased incidence of sepsis, necrotizing enterocolitis, and mortality [69, 70].
Another antioxidant that was found to be effective in experimental animals is the
xanthine-oxidase inhibitor allopurinol. A meta-analysis of three human studies was
inconclusive, owing to insufficient statistical power [71]. N-Acetylcysteine is a water-
soluble, thiol-containing compound that has antioxidative properties (by restoring
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cellular redox-status) as a free radical scavenger and as a precursor to the main
intracellular antioxidant, glutathione. The preliminary findings suggest neuroprotec-
tive effects of N-acetylcysteine in experimental asphyxia [66]. The mechanism of
action and the neuroprotective effects of N-acetylcysteine are discussed in Chap 4.

5 Conclusions Regarding the Prevention of Oxygen
Free Radical Diseases of the Neonate

The competing risks of diseases resulting from OFR generation and oxygen defi-
ciency are best prevented by avoiding the circumstances that primarily give rise to
oxygen lack. This task represents major challenges for obstetricians and neonatol-
ogists. When concerned with asphyxia and respiratory insufficiency, one can only
attempt to maintain a fine balance between hypoxemia and hyperoxemia. From the
standpoint of oxygen toxicity, continuous monitoring of preductal arterial blood
Pa0, is the ideal method (preductal blood supplies the brain and eye). However,
this tactic is limited by our ignorance of the normal ranges of PO, and PCO,, even
for term neonates at different postnatal ages, not to mention at different gestational
ages and postconceptional ages of preterm neonates. We also lack knowledge
regarding the PO, and PCO, ranges that are associated with minimal short-term
and long-term mortality and morbidity in these critically ill neonates. Thus, using
indwelling arterial catheters to monitor blood gases could be associated with
daunting risks. On the other hand, pulse SO, is frequently used as a “surrogate
indicator of O, tension” for pragmatic reasons. This technique, however, is less
likely to prevent hyperoxia when saturations exceed 90 95%, for logistic reasons
similar to those that exist for PO,, and in addition to the characteristics of the
oxygen dissociation curve of fetal hemoglobin. The comment by Sola et al. [72] that
“the saturation limits of 85 and 94% may be more than adequate in the majority of
cases” seems a sensible approach to us. Apart from meticulous control of the PO, or
SO,, hyperthermia should be strictly avoided [73]. Pharmacologic approaches to
prevent OFR have, similar to oxygen itself and, at the other end of the spectrum,
antioxidants, have so far proved to be two-edged swords. Further research is
warranted to provide answers to some of the foregoing questions in OFR-induced
injury to the neonatal brain.

References

1. McCord JM. Oxygen derived free radicals in postischemic tissue injury. N Engl J Med.
1985;312:159 63.

2. Thiringer K, Hrbek A, Karlsson K, Rosén KG, Kjellmer I. Postasphyxial cerebral survival in
newborn sheep after treatment with oxygen free radical scavengers and a calcium antagonist.
Pediatr Res. 1987;22:62 6.



10.

11.

12.

13.

14.

15.

16.

17.

19.

20.
21.

22.

23.

24.

25.

26.

Perinatal Hypoxic Ischemic Neural Injury and Free Radical Injury 43

. Munkeby BH, Bgrke WB, Bjgrnland K, Sikkeland LI, Borge GI, Halvorsen B, et al.

Resuscitation with 100% O, increases cerebral injury in hypoxemic piglets. Pediatr Res.
2004;56:783 90.

. Klinger G, Beyene J, Shah P, Perlman M. Do hyperoxaemia or hypocapnia add to the risk of

brain injury after intrapartum asphyxia? Arch Dis Child Fetal Neonatal Ed. 2005;90:F49 52.

. Saugstad OD. Hypoxanthine as an indicator of hypoxia: its role in health and disease through

free radical production. Pediatr Res. 1988;23:143 50.

. Bancalari E, Gerhardt T. Bronchopulmonary dysplasia. Pediatr Clin North Am. 1986;33:1 23.
. Naumurg E, Bellocco R, Cnattinguis S, Jonzon A, Ekbom A. Supplementary oxygen and risk

of childhood lymphatic leukaemia. Acta Paediatr. 2002;91:1328 33.

. Spector LG, Klebanoff MA, Feusner JH, Georgieff MK, Ross JA. Childhood cancer following

neonatal oxygen supplementation. J Pediatr. 2005;147:27 31.

. Dawes GS. Birth asphyxia, resuscitation, and brain damage. In: Foetal and neonatal physiol

ogy: a comparative study of the changes at birth. Chicago: Year Book; 1967. p. 141 59[AUS].
Misrahy GA, Beran AV, Spradley JF, Garwood VP. Fetal brain oxygen. Am J Physiol.
1960;199:959 64.

Li C, Jackson RM. Reactive species mechanisms of cellular hypoxia reoxygenation injury.
Am J Physiol Cell Physiol. 2002;282:C227 41.

Rodrigo J, Fernandez AP, Serrano J, Peinado MA, Martinez A. The role of free radicals in
cerebral hypoxia and ischemia. Free Radical Biol Med. 2005;39:26 50.

Hyslop PA, Zhang Z, Pearson DV, Phebus LA. Measurement of striatal H,O, by microdialysis
following global forebrain ischemia and reperfusion in the rat: correlation with cytotoxic
potential of H,O, in vitro. Brain Res. 1995;671:181 6.

Kutzsche S, Kirkeby OJ, Rise IR, Saugstad OD. Effects of hypoxia and reoxygenation with
21% and 100% oxygen on cerebral nitric oxide concentration and microcirculation in newborn
piglets. Biol Neonate. 1999;76:153 67.

Matsui T, Nagafuji T, Kumanishi T, Asano T. Role of nitric oxide in pathogenesis underlying
ischemic cerebral damage. Cell Mol Neurobiol. 1999;19:177 89.

Kumar A, Mittal R, Khanna HD, Basu S. Free radical injury and blood brain barrier permeabil

ity in hypoxic ischemic encephalopathy. Pediatrics. 2008;122:¢722 7. doi:10.1542/peds.2008

0269.

The American College of Obstetricians and Gynecologists and the American Academy of
Pediatrics. Neonatal encephalopathy and cerebral palsy. Defining the pathogenesis and path

ophysiology. Washington, DC: American College of Obstetricians and Gynecologists and the
American Academy of Pediatrics; 2003

. ACOG Committee Opinion Number 348. Umbilical cord blood gas and acid base analysis.

Obstet Gynecol. 2006;108:1319 22.

Shah PR, Raju NV, Beyene J, Perlman M. Recovery of metabolic acidosis in term infants with
postasphyxial hypoxic ischemic encephalopathy. Acta Paediatr. 2003;92:941 7.

Volpe JJ. Neurology of the newborn. 4th ed. Philadelphia: Saunders; 2000.

Shah P, Perlman M. Birth asphyxia and multi organ dysfunction. Recent Adv Paediatr.
2006;23:113 26.

Gonzalez FF, Miller SP. Does perinatal asphyxia impair cognitive function without cerebral
palsy? Arch Dis Child Fetal Neonatal Ed. 2006;91:F454 9.

Brann AW Jr, Myers RE. Central nervous system findings in the newborn monkey following
severe in utero partial asphyxia. Neurology. 1975;25:327 38.

Phelan JP, Ahn MO. Perinatal observations in forty eight neurologically impaired term
infants. Am J Obstet Gynecol. 1994;171:424 31.

Gerstner B, DeSilva TM, Genz K, Armstrong A, Brehmer F, Neve RL, et al. Hyperoxia causes
maturation dependent cell death in the developing white matter. J Neurosci. 2008;28:
1236 45.

Richards JG, Todd KG, Emara M, Haase E, Cooper SL, Bigam DL, et al. A dose response
study of graded reoxygenation on the carotid haemodynamics, matrix metalloproteinase 2



44

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

M. Perlman and P. Y. Cheung

activities and amino acid concentrations in the brain of asphyxiated newborn piglets.
Resuscitation. 2006;69:319 27.

Markus T, Hansson S, Amer Wahlin I, Hellstrom Westas L, Saugstad OD, Ley D. Cerebral
inflammatory response after fetal asphyxia and hyperoxic resuscitation in newborn sheep.
Pediatr Res. 2007;62:71 7.

Presti AL, Kishkurno SV, Slinko SK, Randis TM, Ratner VI, Polin RA, et al. Reoxygenation
with 100% oxygen versus room air: late neuroanatomical and neurofunctional outcome in
neonatal mice with hypoxic ischemic brain injury. Pediatr Res. 2006;60:55 9.

Vento M, Asensi M, Sastre J, Garcia Gala F, Pallardo FV, Vina J. Resuscitation with room air
instead of 100% oxygen prevents oxidative stress in moderately asphyxiated term neonates.
Pediatrics. 2001;107:642 7.

Capani F, Loidl CF, Aguirre F, Piehl L, Facorro G, Hager A, et al. Changes in reactive oxygen
species (ROS) production in rat brain during global perinatal asphyxia: an ESR study. Brain
Res. 2001;914:204 7.

Liévre V, Becuwe P, Bianchi A, Bossenmeyer Pourié C, Koziel V, Franck P, et al. Intracellu
lar generation of free radicals and modifications of detoxifying enzymes in cultured neurons
from the developing rat forebrain in response to transient hypoxia. Neuroscience. 2001;105:
287 97.

Rosenberg AA, Murdaugh E, White CW. The role of oxygen free radicals in postasphyxia
cerebral hypoperfusion in newborn lambs. Pediatr Res. 1989;26:215 9.

Temesvari P, Karg E, Bodi I, Németh I, Pintér S, Lazics K, et al. Impaired early neurologic
outcome in newborn piglets reoxygenated with 100 percent oxygen compared with room air
after pneumothorax induced asphyxia. Pediatr Res. 2001;49:812 9.

Lundstrom KE, Pryds O, Greisen G. Oxygen at birth and prolonged cerebral vasoconstriction
in preterm infants. Arch Dis Child Fetal Neonatal Ed. 1995;73:F81 6.

Cross KW, Warner P. The effect of inhalation of high and low oxygen concentrations on the
respiration of the newborn infant. J Physiol. 1951;114:283 95.

Mulkey DK, Henderson RAIII , Putnam RW, Dean JB. Hyperbaric oxygen and chemical
oxidants stimulateCO,/H™" senstive neurons in rat brain slices. J Appl Physiol. 2003;95:
910 21.

Macey PM, Woo MA, Harper RM. Hyperoxic brain effects are normalized by addition of
CO,. PLoS Med. 2007;4:e173.

Saugstad OD, Ramji S, Vento M. Resuscitation of depressed newborn infants with ambient air
or pure oxygen: a meta analysis. Biol Neonate. 2005;87:22 34.

Vento M, Sastre J, Asensi MA, Vina J. Room air resuscitation causes less damage to heart and
kidney than 100% oxygen. Am J Respir Crit Care Med. 2005;172:1393 98.

Saugstad OD, Ramiji S, Soll RF, Vento M. Resuscitation of newborn infants with 21% or
100% oxygen: an updated systematic review and meta analysis. Neonatology.
2008;94:176 82.

Saugstad OD, Ramji S, Irani SF, El Meneza S, Hernandez EA, Vento M, et al. Resuscitation
of newborn infants with 21% or 100% oxygen: follow up at 18 to 24 months. Pediatrics.
2003;112:296 300.

International Liaison Committee on Resuscitation. The International Liaison Committee on
Resuscitation (ILCOR) consensus on science with treatment recommendations for pediatric
and neonatal patients: neonatal resuscitation. Pediatrics. 2006;117: €978 88.

Collins MP, Lorenz JM, Jetton JR, Paneth N. Hypocapnia and other ventilation related risk
factors for cerebral palsy in low birth weight infants. Pediatr Res. 2001;50:712 9.
Shankaran S, Langer JC, Kazzi SN, Laptook AR, Walsh M, National Institute of Child Health
and Human Development Neonatal Research Network. Cumulative index of exposure to
hypocarbia and hyperoxia as risk factors for periventricular leukomalacia in low birth weight
infants. Pediatrics. 2006;118:1654 9.

Caraceni P, Yao T, Degli Esposti S, Gasbarrini A, Bowie BT, Zern M, et al. Effect of vitamin E
on reoxygenation injury experienced by isolated rat hepatocytes. Life Sci. 1994;55:1427 32.



46.

47.

48.

49.

50.

51

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Perinatal Hypoxic Ischemic Neural Injury and Free Radical Injury 45

Vardareli E, Saricam T, Koken T, Degirmenci I, Aral E, Erenoglu E. The effect of alpha
tocopherol and pentoxyfilline on ischemia reperfusion induced liver injury in rats. Hepato
gastroenterology. 1998;45:1505 8.

Buettner GR, Jurkiewicz BA. Catalytic metals, ascorbate and free radicals: combinations to
avoid. Radiat Res. 1996;145:532 41.

Sarco DP, Becker J, Palmer C, Sheldon RA, Ferriero DM. The neuroprotective effect of
deferoxamine in the hypoxic ischemic immature mouse brain. Neurosci Lett.
2000;282:113 6.

Aydin A, Geng K, Akhisaroglu M, Yorukoglu K, Gokmen N, Gonullu E. Erythropoietin exerts
neuroprotective effect in neonatal rat model of hypoxic ischemic brain injury. Brain Dev.
2003;25:494 8.

Aher S, Ohlsson A. Late erythropoietin for preventing red blood cell transfusion in preterm
and/or low birth weight infants. Cochrane Database Syst Rev. 2006;3:CD004868.

Rezaie P, Dean A. Periventricular leukomalacia, inflammation and white matter lesions within
the developing nervous system. Neuropathology. 2002;22:106 32.

Halliwell B. The antioxidant paradox. Lancet. 2000;355:1179 80.

Jankov RP, Negus A, Tanswell AK. Antioxidants as therapy in the newborn: some words of
caution. Pediatr Res. 2001;50:681 7.

Yeo KL, Perlman M, Hao Y. Outcomes of extremely premature infants related to their peak
serum bilirubin concentrations and exposure to phototherapy. Pediatrics. 1998;102:1426 31.
DeJong MH, Khuntia A, Maisels J, Bandagi A. Bilirubin levels and severe retinopathy of
prematurity in infants with estimated gestational ages of 23 to 26 weeks. J Pediatr.
1999;135:102 4.

Oh W, Tyson JE, Fanaroff AA, Vohr BR, Perritt R, Stoll BJ, et al. Association between peak
serum bilirubin and neurodevelopmental outcomes in extremely low birth weight infants.
Pediatrics. 2003;112:773 9.

Lavoie JC, Bélanger S, Spalinger M, Chessex P. Admixture of a multivitamin preparation to
parenteral nutrition: the major contributor to in vitro generation of peroxides. Pediatrics.
99:1997;¢6.

Perlman M, Shah P. Time to adopt cooling for neonatal hypoxic ischemic encephalopathy.
Response to a previous commentary. Pediatrics. 2008;121:616 8.

Kader A, Frazzini VI, Baker CJ, Solomon RA, Trifiletti RR. Effect of mild hypothermia on
nitric oxide synthesis during focal cerebral ischemia. Neurosurgery. 1994;35:272 7.
Thoresen M, Satas S, Puka Sundvall M, Whitelaw A, Hallstrom A, Lgberg EM, et al. Post
hypoxic hypothermia reduces cerebrocortical release of NO and excitotoxins. Neuroreport.
1997;8:3359 62.

Barros RC, Branco LG, Carnio EC. Respiratory and body temperature modulation by
adenosine Al receptors in the anteroventral preoptic region during normoxia and hypoxia.
Respir Physiol Neurobiol. 2006;153:115 25.

Baldwin WA, Kirsch JR, Hurn PD, Toung WS, Traystman RJ. Hypothermic cerebral reperfu
sion and recovery from ischemia. Am J Physiol. 1991;261(3 pt 2):H774 81.

Thoresen M, Penrice J, Lorek A, Cady EB, Wylezinska M, Kirkbride V, et al. Mild hypother
mia after severe transient hypoxia ischemia ameliorates delayed cerebral energy failure in the
newborn piglet. Pediatr Res. 1995;37:667 70.

Edwards AD, Yue X, Squier MV, Thoresen M, Cady EB, Penrice J, et al. Specific inhibition of
apoptosis after cerebral hypoxia ischaemia by moderate post insult hypothermia. Biochem
Biophys Res Commun. 1995;217:1193 9.

Kil HY, Zhang J, Piantadosi CA. Brain temperature alters hydroxyl radical production during
cerebral ischemia/reperfusion in rats. J Cereb Blood Flow Metab. 1996;16:100 6.

Jatana M, Singh I, Singh AK, Jenkins D. Combination of systemic hypothermia and
N acetylcysteine attenuates hypoxic ischemic brain injury in neonatal rats. Pediatr Res.
2006;59:684 9.



46

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

M. Perlman and P. Y. Cheung

Yesilirmak DC, Kumral A, Tugyan K, Cilaker S, Baskin H, Yilmaz O, et al. Effects of
activated protein C on neonatal hypoxic ischemic brain injury. Brain Res. 2008;19:56 62.
Raju TN, Langenberg P, Bhutani V, Quinn GE. Vitamin E prophylaxis to reduce retinopathy
of prematurity: a reappraisal of published trials. J Pediatr. 1997;131:844 50.

Johnson L, Bowen FW Jr, Abbasi S, Herrmann N, Weston M, Sacks L, et al. Relationship of
prolonged pharmacologic serum levels of vitamin E to incidence of sepsis and necrotizing
enterocolitis in infants with birth weight 1,500 grams or less. Pediatrics. 1985;75:619 38.
Lorch V, Murphy D, Hoersten LR, Harris E, Fitzgerald J, Sinha SN. Unusual syndrome among
premature infants: association with a new intravenous vitamin E product. Pediatrics.
1985;75:598 602.

Chaudhari T, McGuire W. Allopurinol for the prevention of mortality and morbidity in
newborn infants with suspected hypoxic ischaemic encephalopathy. Cochrane Database
Syst Rev. 2008;3:CD006817.

Sola A, Rogido MR, Deulofeut R. Oxygen as a neonatal health hazard: call for détente in
clinical practice. Acta Paediatr. 2007;96:801 12.

Laptook A, Tyson J, Shankaran S, McDonald S, Ehrenkranz R, Fanaroff A, et al. Elevated
temperature after hypoxic ischemic encephalopathy: risk factor for adverse outcomes. Pedi
atrics. 2008;122:491 9.

Ramji S, Ahuja S, Thirupuram S, Rootwelt T, Rooth G, Saugstad OD. Resuscitation of
asphyxic newborn infants with room air or 100% oxygen. Pediatr Res. 1993;34:809 12.
Saugstad OD, Rootwelt T, Aalen O. Resuscitation of asphyxiated newborn infants with room
air or oxygen: an international controlled trial. The Resair 2 study. Pediatrics. 1998;102:el.
Vento M, Asensi M, Sastre J, Garcia Sala F, Vina J. Six years of experience with the use of
room air for the resuscitation of asphyxiated newly born term infants. Biol Neonate.
2001;79:261 7.

Vento M, Asensi M, Sastre J, Lloret A, Garcia Sala F, Vina J. Oxidative stress in asphyxiated
term infants resuscitated with 100% oxygen. J Pediatr. 2003;142:240 6.

Ramji S, Rasaily R, Mishra PK, Narang A, Jayam S, Kapoor AN, et al. Resuscitation of
asphyxiated newborns with room air or 100% oxygen at birth: a multicentric clinical trial.
Indian Pediatr. 2003;40:510 7.

Vento M, Sastre J, Asensi MA, Vina J. Roomair resuscitation causes less damage to heart and
kidney than 100% oxygen. Am J Respir Crit Care Med. 2005;172:1393 8.

Bajaj N, Udani RH, Nanavati RN. Room air vs. 100 per cent oxygen for neonatal resuscita
tion: a controlled clinical trial. J Trop Pediatr. 2005;51:206 11.



Chapter 4
Oxidative Stress in Neonatal Hypoxic-Ischemic
Encephalopathy1

K.G. Todd, L.L. Jantzie, and Po-Yin Cheung

Abstract Despite improvements in the care of asphyxiated neonates, neonatal or
perinatal hypoxia-ischemia remains a challenge to clinical practitioners. In this
multisystem dysfunction, hypoxic-ischemic encephalopathy contributes to short-
and long-term morbidity of these critically ill neonates. In the developing brain of
premature and term neonates, there are immature responses to hypoxia-ischemia in
the context of selective vulnerability of different brain structures and neural cells at
different stages of development. This difference explains at least in part the
diversity of clinical presentations and sequelaec of neonatal hypoxic-ischemic
brain injury. In addition to hypoxic-ischemic damage, cerebral reoxygenation or
reperfusion injury plays an important role in the pathophysiology of hypoxic-
ischemic brain injury. Mechanisms of cell death and apoptosis operate at multiple
levels including oxygen-derived free radical damage and excitotoxicity. Cerebral
oxidative stress and neurochemical changes are related in hypoxia-ischemia of
the neonatal brain. Controlled reoxygenation to avoid hyperoxia and its related
cerebral damage, and novel antioxidative agents such as N-acetylcysteine, are
potential therapeutic interventions that may show promise in the improvement of
clinical outcome of these asphyxiated neonates with cerebral hypoxic-ischemic
injury. The effects of controlled reoxygenation and N-acetylcysteine on the neuro-
chemistry of asphyxiated neonatal brain are discussed.
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1 Introduction

In the past decade there have been significant improvements in obstetrical and
neonatal care, including regionalization, that help to increase the survival rate
and reduce the morbidity of asphyxiated neonates. Neonatal or perinatal hypoxia-
ischemia (HI) is a common clinical occurrence, accounting for at least 16% of
deaths in Canadian neonatal intensive care units (NICUs) [1]. Fetal (before birth),
perinatal (20 weeks gestation up to postnatal day 7), and neonatal (birth up to 28
days post delivery) HI has a wide range of presentations and manifestations
and affects the heart, lungs, gastrointestinal tract, kidneys, and brain most severely.
Neonates that survive HI often exhibit a complex multisystem disorder with multi-
organ dysfunction and failure. In addition to significant changes in hemodynamics,
cardiovascular shock, papillary muscle necrosis, respiratory failure, pulmonary
hypertension, pulmonary and gastrointestinal hemorrhage, necrotizing enterocoli-
tis, acute tubular necrosis, and hypoxic-ischemic encephalopathy are commonly
diagnosed post HI [2, 3].

1.1 Defining Neonatal Hypoxic-Ischemic Brain Injury

Brain injury that results from perinatal hypoxia remains a common clinical occur-
rence. Hypoxic-ischemic brain injury is specifically defined as neuropathology
attributable to hypoxia and/or ischemia as evidenced by biochemical (serum creatine
kinase-brain bound (CK-BB)), electrophysiological data (EEG), neuroimaging
(magnetic resonance imaging or computed tomography), or postmortem abnormal-
ities [4]. Although there has been a marked reduction in morbidity and mortality rates
over the past four decades, HI in the perinatal period leading to major motor and
cognitive disabilities continues to be a significant health problem worldwide [3].
Despite advances in fetal monitoring including biophysical profiling, two- and three-
dimensional ultrasonography, and in utero magnetic resonance imaging, a large
number of neonates with HI-caused neurological abnormalities are born each year,
many caused by problems encountered during pregnancy and the birthing process [3].

2 Neonatal Cerebral Hypoxia-Ischemia

2.1 Neurological Sequelae

Regardless of the type or nature, it is well established that cerebral HI is the single
most common cause of neurological and intellectual handicaps in children [3].
Many neonates that survive HI injury have significant neurological complications
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that are diverse in their progression, presentation, and contribution to long-term
disability. Many psychiatric, neuropsychiatric, and neurological disorders such as
cerebral palsy, mental retardation, epilepsy, attention deficit hyperactivity disorder,
hearing and vision loss, and learning disabilities (significant psycho-educational
handicaps at school age such as learning difficulties in mathematics and spelling,
disturbances of language and speech, and soft neurological signs) are commonly
linked to HI events before, during, or after birth [5]. Schizophrenia, conduct
disorders, and developmental diseases such as neuronal migration disorders, lis-
sencephaly, and heterotopias also likely have some degree of cerebral HI linked to
their etiology [6 8].

2.2 Etiology

In general, HI is most easily understood to result from acute or chronic impaired
gas exchange caused by disruption of the maternal placental fetal system, leading to
inadequate provision of oxygen and removal of carbon dioxide and H"
from the fetus [4]. Sentinel events in pregnancy and parturition that acutely cause
fetal brain injury include placental and umbilical cord complications, acute maternal
and feto-neonatal hemorrhage, and/or any condition causing abrupt decreases
in maternal cardiac output or blood flow to the fetus [3, 4]. Specific conditions
of pregnancy can also render a fetus more vulnerable to HI. For example, there
is a greater risk for HI in multiple gestation pregnancies than singleton
pregnancies, and twin twin transfusion syndrome is paramount in these settings.
Chronic HI insults, often associated with intrauterine growth retardation, or chronic
HI, are commonly the major consequence of placental insufficiency. Critically ill
neonates with cardiopulmonary diseases are commonly observed in NICUs and may
develop secondary postnatal HI. These neonates often have multiple medical pro-
blems, and medications and instrumentation are required for life support. Critically
ill neonates are more susceptible to fluctuations in systemic blood pressure, have
increased propensity to form clots, and have impaired cerebral autoregulation, thus
rendering them more vulnerable to HI [9]. Details of various antenatal, perinatal, and
postnatal etiologies for HI are described in Chap. 3.

2.3 Developmental Vulnerability to Cerebral
Hypoxia-Ischemia

Hypoxia-ischemia injury alters the trajectory of normal developmental events and
initiates a cascade of altered maturation. Part of the reason why HI is so detrimental is
that it is an injury which occurs in developing organs, on a background of natural and
necessary programmed cell death. Further, molecules that have important roles in the
pathogenesis of HI (i.e., iron, glutamate, calcium, and nitric oxide) are often
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mediators of crucial developmental processes [9]. The final functional and anatomic
neurological pattern that exists after HI depends partly on the gestational age at which
the insult occurred [9]. In the immature central nervous system, neurons are selec-
tively vulnerable in a manner that is comparable to cell-type vulnerabilities in adult
neurological disorders such as Parkinson’s disease and Huntington’s disease [10].
This concept of selective vulnerability of different brain structures and neural cells at
different stages of development is explained here because it also determines the
immature response to HI of the central nervous system [9].

2.4 Cerebral Hypoxia-Ischemia in the Preterm Neonate

The most common neurological manifestation of HI in preterm neonates (neonates
born at less than 37 weeks gestation) is severe damage to the hemispheric white
matter with relative sparing of the gray matter [11]. The most common post-HI
diagnoses in preterm neonates are periventricular leukomalacia and periventricular
hemorrhagic infarction. Periventricular leukomalacia is hallmarked by a character-
istic pattern of white matter injury defined by infarcts, with or without cysts, in
periventricular and callosal white matter and susceptible regions of end-artery
distribution. Acute and severe damage to the basal ganglia and thalamic nuclei is
also occasionally observed [11]. Increasing experimental and clinical data support
the notion that the neonatal brain differs fundamentally in function, cellular com-
position, and connectivity compared to the adult brain [12]. As such, it is believed
that periventricular leukomalacia and white matter injuries are most commonly
seen in preterm neonates because developing oligodendrocytes and subplate neu-
rons are preferentially vulnerable [10, 13, 14]. Damage to subplate neurons is
believed to be involved in the visual loss sometimes associated with HI, as these
cells play a critical role in the formation of connections between the thalamus and
the visual cortex [15].

In addition to intrinsic properties of cellular populations of the central nervous
system, the preterm white matter is rendered particularly vulnerable by the
immaturity of penetrator blood vessels into the deep cortex and white matter, as
well as lack of autoregulatory control [12, 16]. Thus, when systemic hypotension
occurs, there is little compensatory regulation in these regions [12]. The age
window of greatest susceptibility to periventricular leukomalacia is between 24
and 32 weeks gestation, when the cerebral white matter is predominantly populated
by oligodendrocyte precursors and immature oligodendrocytes [12, 17, 18].
Preoligodendrocytes and oligodendrocyte progenitor cells are more vulnerable to
HI than mature oligodendrocytes; this is thought to be largely the result of differ-
ences in the capability of these cells to cope with cellular factors such as oxidative
stress and excitotoxicity [19]. For example, the immature brain has high concentra-
tions of unsaturated fatty acids and redox-active iron, a high rate of oxygen
consumption, and low concentrations of antioxidants [10]. As a result, preterm
neonates with many more oligodendrocyte progenitors and preoligodendrocytes are
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extremely vulnerable to the depletion of antioxidants or exposure to exogenous free
radicals. As neonates approach term and the population of mature oligodendrocytes
grows, the neonate and its brain cells become more resistant to oxidative stress.
This change is thought to occur largely as a result of the increases in antioxidant
enzymes that occur with age [10].

Oligodendrocyte precursors are also extremely susceptible to excitotoxicity and
owe their preferential vulnerability to differences in o-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptor subunit composition [20, 21]. In vivo,
glutamate receptor subunit-2 (GluR2)-deficient-AMPA receptors are highly
expressed in immature and premyelinating preoligodendrocytes [12]. AMPA-
mediated signaling and excitotoxicity depend on the functional properties of the
receptor complex, such as calcium permeability, which in turn are dictated by subunit
composition [20 23]. AMPA receptors lacking the GIuR2 subunit are calcium per-
meable, and because these are the most abundant receptor subtype on immature
oligodendrocytes, it is believed that they are the reason for the described develop-
mental vulnerability to excitotoxicity and white matter damage.

2.5 Cerebral Hypoxia-Ischemia in the Term Neonate

In term neonates (37 42 weeks gestation), a single profound total failure of blood or
oxygen supply (i.e., cardiac arrest) typically causes symmetrical damage to the
nuclei of the brainstem, including the cranial nerve nuclei, basal ganglia, and
thalami [11]. The fact that these areas are predominantly damaged, in contrast to
the HI-related cortical injury commonly observed in adults, is because of the high
energy demand as well as the excitotoxicity associated with the development of
neurotransmitters. Many of these neonates do not survive the insult and those who
do show disorders of thermoregulation, sucking, swallowing, and oculomotor
paresis [11, 24, 25]. When subacute or partial and more prolonged HI insults
occur, the cortical “watershed” regions between major arterial territories can be
damaged, such as a parasagittal area for anterior and middle cerebral arteries. The
moderate severity of HI insults allows time for fetal adaptive responses, and blood
is redistributed to the vital centers of the brainstem and shunted away from the
cerebral hemispheres [11]. However, the topography of damage commonly varies,
and the two patterns of brain damage in term neonates suffered from HI insults
overlap with differential injury to the deep nuclei and cerebral cortex.

2.6 Pathophysiology

When cerebral HI is severe enough to produce irreversible tissue injury, the insult
is almost always associated with major perturbations in the energy status of the
brain [26, 27]. During the early course of a HI insult, alterations in adenosine
triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate
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(AMP), and phosphocreatine occur [26, 27]. This loss of cellular ATP during HI
severely compromises those metabolic processes that require energy for their
completion. Further, oxidative phosphorylation ceases and anaerobic glycolysis
becomes the major source of energy. As the neuronal demand for energy is so high,
all reserves in the brain are depleted soon after the onset of anoxia (e.g., within
2 3 min in rats), and anaerobic production of ATP cannot sustain brain cells at a
functional level [28]. Consequently, ATP-dependent processes such as Na®/K"
exchange are curtailed and there is a resultant intracellular accumulation of Na™,
Cl , and water [27, 29, 30]. This accumulation results in cytotoxic edema occur-
ring from the net movement of osmotically driven water from the extracellular to
the intracellular space [31]. Without the regeneration of ATP, energonic reactions
do not resume, intracellular ions and water continue to accumulate, and electro-
chemical gradients cannot be reestablished. In addition, other factors ultimately
influence tissue cellular integrity such as the formation of free radicals and the
associated peroxidation of free fatty acids within cellular membranes, and cellular
acidosis [32]. As ischemia impairs cellular metabolic rates and depletes the energy
required to maintain ionic gradients, neurons and glia lose their membrane poten-
tial and depolarize [33]. These depolarizations allow somatodendritic and presyn-
aptic voltage-dependent calcium channels to become activated, and excitatory
amino acids are released into the extracellular space [32]. In addition, the presyn-
aptic reuptake of neurotransmitters becomes impaired, and amino acids accumulate
in the extracellular synaptic cleft.

A fundamental process responsible for a large proportion of early HI cell death
is excitotoxicity, or cell death mediated by excessive stimulation of excitatory
amino acid receptors. Normally these receptors mediate the physiological excit-
atory effects of glutamate, one of the most ubiquitous and versatile neurotrans-
mitters in the brain [6, 7]. However, when excessively stimulated by
combinations of elevated synaptic levels of glutamate and membrane depolariza-
tion associated with ischemia, the channels associated with these receptors allow
a lethal flood of Ca®" and Na™ to enter neurons [6, 7]. This activation of
glutamate receptors, through the attendant failure of ion homeostasis and
increases in intracellular calcium, is a major factor involved in the initiation of
ischemic cell death [32]. Downstream consequences of this sequence include
activation of lipases, endonucleases, proteases, and caspases and degradation of
the cytoskeleton and cell membrane.

3 Oxidative Stress in Neonates

Oxidative stress occurs when the production of damaging free radicals and other
oxidative molecules exceeds antioxidant defenses. Where babies are concerned,
this process typically begins after delivery but can occur in the unborn fetus in the
wake of a HI event or in the presence of maternal disease such as preeclampsia or
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maternal infection [34 36]. After delivery, the immature central nervous system
is not only vulnerable to oxidative stress caused by HI injury, it is also vulnerable
to oxidative stress precipitated by postdelivery medical interventions and neonatal
intensive care practices such as hyperoxia during respiratory support, as well as
ischemia-reperfusion and inflammation [36, 37]. The main cellular and molecular
sources of reactive oxygen species (ROS) following HI include damaged mito-
chondria and impaired electron transport systems, cyclooxygenase activity,
lipooxygenases, arachidonic acid, enzymatic activity of xanthine oxidase, auto-
oxidation of catecholamines and amino acid neurotransmitters, infiltrating
neutrophils and microglia, and nitric oxide synthase [36]. Interestingly, many if
not all of these sources are directly or indirectly related to increases in cytosolic
calcium. Once ROS are produced they are then capable of initiating apoptotic and
necrotic cell death pathways, activating matrix metalloproteinases, nitrosylating
proteins, disrupting cell membrane integrity, increasing blood brain barrier per-
meability, and causing abnormal arteriolar reactivity [38 43]. The fetal brain is
especially prone to lipid peroxidation-mediated injury because of a unique abun-
dance of membrane lipids [44 46]. The aldehydes formed from lipid hydroper-
oxides are most specifically detected in glia [44, 47], and in the preterm human
fetus, elevated lipid peroxidation products have been detected in periventricular
white matter [44, 48]. E,-isoprostranes (peroxidation products) are especially
toxic to oligodendrocyte progenitors but not to mature oligodendrocytes, which
suggests that specific compounds endogenously formed during oxidative stress
might be a potential mechanism for the degeneration of oligodendrocytes in the
periventricular white matter injury that is commonly seen following HI [44, 49].
Innate protective antioxidant defenses include enzymes such as superoxide
dismutase, catalase, and glutathione peroxidase. Nonenzymatic molecules such as
vitamins A, C, E, glutathione, and coenzyme Q also play a role [36]. Other
protective antioxidants (i.e., B-carotene, ceruloplasmin) and trace metals such as
copper, zinc, iron, and selenium (metal cofactors required for antioxidant synthesis
and activity) are deficient in preterm neonates [36, 50, 51]. The neonatal brain may
also be more vulnerable to oxidative damage because of a lag in the expression of
superoxide dismutase type-1 and type-2, catalase, and glutathione peroxidase,
which have been found to be deficient in white matter tissue samples [44, 52].

3.1 Cellular Mechanisms of Oxidative Cell Death

After a HI event, oxidative stress can cause brain cell death through both apoptosis
and necrosis; whether a cell will ultimately die through necrosis or apop-
tosis depends on a variety of factors including the developmental stage, cell type,
injury severity, and availability of ATP [53, 54].

Necrotic cell death is often associated with severe insults and involves cell swelling,
activation of intracellular proteases, disruption of cellular membranes, spillage of
intracellular components into the extracellular space, and a concerted inflammatory
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response. Necrosis unleashes the uncontrolled function of several proteases and
enzymes that disrupt protein assemblies [55]. In contrast, cell death through apoptotic
processes is biochemically and genetically regulated, requiring time, energy, and
protein synthesis. Nuclear condensation is observed, and cellular and organelle mem-
branes remain intact until end stages. In apoptotic cell death, outer cellular membranes
form into blebs that ultimately pinch off into apoptotic bodies which can be engulfed or
phagocytosed. Apoptosis can be initiated through three separate pathways, two of
which are dependent on activation of intracellular cysteine proteinases and are referred
to as intrinsic and extrinsic pathways [56]. The intrinsic pathway involves initiation of
apoptosis as a result of disturbances in intracellular homeostasis. This pathway has also
been termed the “mitochondrial cell death pathway” as the mitochondria are critical for
the execution of cell death. The extrinsic pathway involves the initiation of apoptosis
through ligation of plasma membrane death receptors. Although the initiation stage of
intrinsic and extrinsic pathways are different, they converge to result ultimately in
cellular morphological and biochemical alternations that are characteristic of apopto-
sis. In both the intrinsic and extrinsic apoptotic pathways, activation of caspases, the
final “executioner” proteins, is required [57, 58]. Caspases are intracellular cysteine
proteinases that are constitutively expressed as inactive pro-caspases or zymogens
[55]. There are two general groups of caspases, the upstream instigators (caspase-8, -9,
and -10), which activate other caspases, and the downstream terminators that cleave
essential cellular substrates, resulting in cell destruction (caspase-3, -6, and -7).
Caspase-1, -2, -4, -5, -11, and -12 can act as both initiators and executioners [55].
The caspases can be activated by external signals such as cytokine binding to cell-
surface death receptors (e.g., Fas or tumor necrosis factor receptor (TNFR)) or by
activation of the mitochondrial (intrinsic) pathway, which involves Bax translocation
to the mitochondrial membrane, leakage of cytochrome c into the cytosol, cytochrome
¢ binding to “apoptosis protease-activating factor-1” (Apaf-1) and pro-caspase-9,
which together activate caspase-3 and cause cell death.

A third apoptotic pathway, a caspase-independent pathway, involves apoptosis-
inducing factor (AIF). Under injurious conditions, AIF translocates from the
mitochondria to the cell nucleus. Once in the nucleus AIF induces condensation
of the chromatin and DNA fragmentation [59]. Cell death associated with AIF
appears to contribute to rapid cell death after hypoxic-ischemic injury and is not
affected by caspase inhibitors, suggesting this pathway operates independently of
caspase activation [60, 61].

3.2 Oxidative Stress and Changes in Neurochemistry
Following Cerebral Hypoxia-Ischemia

Free radical production, oxidative stress, and the subsequent cerebral injury
induced could be the major target of therapeutic interventions to improve the
neurodevelopmental outcome of neonates with asphyxia. Supportive management
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includes ventilatory care, meticulous fluid management, avoidance of hypotension
and hypoglycemia, and treatment of seizures. In addition to supportive care,
interventions to reduce ROS generation and the related oxidative stress have been
investigated. Among these interventions, therapeutic hypothermia has been shown
to be effective, at least for a selected population of neonates with significant
asphyxia (reviewed in Chap. 3).

3.2.1 Controlled Reoxygenation

Upon delivery, 5 10% of all neonates require some degree of resuscitation and
assistance to begin breathing [8, 62 64]. The aim of resuscitation is to prevent
neonatal death and adverse long-term neurodevelopmental sequelae associated
with the HI event, in addition to the rapid reversal of fetal hypoxemia and acidosis
[65]. The use of 100% oxygen in resuscitation appears to be an intuitive response to
maximize the gradient required to drive oxygen into hypoxic cells [66]. However, a
building body of evidence derived from animal models has demonstrated that
although resuscitation with 100% oxygen restores cerebral perfusion following HI,
it may occur at the price of greater biochemical oxidative stress [37, 65]. To avoid
hyperoxia-induced oxidative stress, the efficacy of resuscitation with room air instead
of 100% oxygen has been extensively studied. To date, the results of these investiga-
tions are inconclusive. The investigations conducted by Munkeby et al. suggest that
resuscitation of asphyxiated piglets with 100% oxygen is detrimental to the brain;
however, in HI neonatal mice, resuscitation with 100% oxygen restores cerebral
blood flow significantly faster than with room air and with improved later neurofunc-
tional outcome [67, 68]. Studies performed on asphyxiated human neonates have
shown that room air, rather than 100% oxygen, favors clinical recovery [37, 69 73].

The complete neurochemical effects of resuscitating with different oxygen
tensions are also not known, especially under long-term survival conditions [37].
In addition to being neurotransmitters, many amino acids are involved in interme-
diary metabolism, the wiring of neuronal networks, building cytoarchitecture, and
protein synthesis [74 76]. Independently, amino acid neurotransmitters are closely
linked to the vulnerability of the immature brain to neuronal injury [77 79].
In particular, excitatory amino acids (i.e., glutamate and aspartate) participate in
signal transduction and exert trophic influences that affect neuronal survival,
growth, and differentiation during restricted developmental periods [76, 80]. In
previous investigations, significantly higher levels of excitatory amino acids were
found in the striatum of newborn HI piglets reoxygenated with room air compared
with piglets reoxygenated with 100% oxygen [68, 81]. It has also been shown that
extracellular striatal dopamine level, which can exert neurotoxicity, was twofold
higher in piglets resuscitated with 100% oxygen compared with animals resusci-
tated with room air following systemic hypoxic injury [68, 82]. Investigations
performed in our laboratory indicate that certain resuscitation practices can cause
significant neurochemical changes that persist for days after HI injury in the
neonatal piglet [37]. We found that resuscitation with 100% oxygen significantly



56 K.G. Todd et al.

increases glutamate and glycine in the dorsolateral cortex contralateral to common
carotid artery ligation, compared to resuscitation with room air and that these
changes persisted for 4 days following HI [37]. Further, resuscitation with 100%
oxygen lead to higher levels of glutamate and aspartate in the basal ganglia, and
those piglets resuscitated with 21% oxygen had lower alanine levels as well [37].
These results are especially relevant when it is considered that hypoxia/reoxygena-
tion significantly increases cerebral cortical lactate and alanine levels in the dorsal
cortex, lateral cortex, and hypothalamus in neonatal piglets, indicating changes in
acid base balance after injury. Different resuscitation protocols may tip the balance
between free radical generation/secondary reperfusion injury and persistent HI
damage. For example, hyperoxic resuscitation (with 100% oxygen) clearly preci-
pitates free radical formation, whereas hypoxic resuscitation (with 18% oxygen)
may extend the window for HI cell death because oxygen tension remains low
throughout the reoxygenation period. Thus, normoxic resuscitation (with room air
or an intermediate oxygen concentration) may be more beneficial by balancing
these two competing processes and maintaining homeostasis post-HI.

3.2.2 Antioxidants

A number of antioxidants and antiapoptosis agents have been studied for potential
clinical use in newborn subjects [83 85]. However, some agents do not have high
bioavailability and indeed may cause harm owing to complications such as
the increased incidence of sepsis and necrotizing enterocolitis and mortality in
vitamin E administration [86, 87]. From the pathophysiological perspective, ROS
or a pro-oxidant state may play specific roles in normal physiological conditions
ranging from cell differentiation and proliferation in potential target organs such as
lung, brain, intestine, and retina to bacterial killing by neutrophils [88]. Transcrip-
tion factors including the NF-xB and activator protein-1 are sensitive to cellular
redox state [89]. Thus, the cellular redox state as governed by the balance between
oxidants and antioxidants will modulate the activities of transcription factors,
which can affect gene expression and the signaling pathway.

N-Acetylcysteine (NAC) is a thiol-containing compound that has antioxidative
properties (restoring cellular redox status) as a free radical scavenger and as a
precursor to the main intracellular antioxidant, glutathione [90]. Clinically used as
a mucolytic agent and to treat acetaminophen toxicity [91], NAC is able to cross
placental and blood brain barriers [92] and is considered safe during pregnancy
[93 97]. Therefore, it may have therapeutic potential in human neonatal HI injury.
NAC has been shown to reduce oxidative stress, restore intracellular glutathione
levels, scavenge oxygen free radicals, improve cellular redox potential, reduce
apoptosis, and reduce inflammation [83]. Previous animal studies of neonatal
asphyxia have also suggested that NAC may reduce injuries associated with oxygen-
derived free radicals in the heart [98, 99], intestine [100], kidneys [99], lungs, and
platelets [101]. The neuroprotection of NAC is related to scavenging ROS, replen-
ishing glutathione that has been depleted by hypoxia-reoxygenation, attenuating the
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activation of apoptotic proteases [83, 93], and increasing phosphorylated levels of
p42 and p44 extracellular signal-regulated kinases [102]. Previously, we have
reported that postresuscitation administration of NAC significantly attenuates
increases in cortical hydrogen peroxide, but not nitric oxide, during reoxygenation,
and that NAC-treated piglets have significantly higher carotid oxygen delivery and
lower cerebral lactate levels than those of reoxygenated hypoxic controls [103 105].
The neuroprotective effects of NAC have also been reported in rodent models of
hypoxia-reoxygenation and ischemia-reperfusion [93, 106, 107]. Changes in neuro-
chemistry in response to conventional resuscitation practices and NAC have also
been investigated [103, 108]. NAC administration maintains cerebral amino acid
homeostasis and does not significantly alter amino acid neurochemical profiles post
hypoxia and during reoxygenation. These results indicate a potential strength of this
therapeutic approach as one would not want to administer a therapy to hypoxic
neonates that significantly changed amino acid neurochemistry after injury, which
could be detrimental to neurodevelopmental outcome.

The effect of NAC in the clinical arena is controversial. Although its beneficial
effect has been evidenced in patients with acetaminophen poisoning [91], the roles
of NAC in contrast-induced nephropathy [109] and patients with chronic obstructive
pulmonary disease [110] remain to be determined. Indeed, NAC has been used in
supplemental parenteral nutrition in premature neonates, who lack the expression of
cystathionase in the trans-sulfuration pathway [111], but the effect is controversial
with a recent review showing insufficient evidence to support its use in premature
neonates [112]. Furthermore, Asfar et al. [113] reported an increased mortality rate
in those septic patients when NAC was given more than 24 h after hospital admis-
sion. Thus, further clinical and translational investigations are needed to examine the
clinical role of NAC in asphyxiated neonates.

4 Summary

Neonatal or perinatal HI is common and is associated with hypoxic-ischemic
encephalopathy that may lead to significant neurological, neurodevelopmental,
and neurobehavioral morbidities in the survivors. Because of the differences
in developmental vulnerability of neurons and in vascular development, the pattern
of cerebral HI varies between preterm and term neonates. Thus, periventri-
cular leukomalacia and white matter injuries are most commonly observed in
preterm neonates because developing oligodendrocytes and subplate neurons are
preferentially vulnerable to damage through free radicals and excitotoxicity. In term
neonates, perinatal HI causes damage to the nuclei of the brainstem, basal ganglia,
thalamus, hippocampus, and “watershed” regions of the cerebral cortex depending
on the severity and acuity of HI. The cerebral tissue injury is secondary to both the
hypoxic-ischemic event (leading to energy deprivation) and the reoxygenation-
reperfusion event following resuscitation. Although HI events compromise
metabolic and ionic homeostatic processes, resulting in cellular dysfunction and
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cytotoxic edema, reoxygenation-reperfusion phenomena can lead to further tissue
damage, with the generation of free radicals causing oxidative stress-induced injury.

The ROS generated may cause abnormal cellular function, disrupt cell mem-
brane integrity, increase blood brain barrier permeability, and initiate apoptotic
and necrotic cell death pathways. The developing brain is especially prone to lipid
peroxidation-mediated injury because of its unique abundance of membrane lipids.
Resistance to oxidative stress (both the enzymatic and nonenzymatic systems)
increases with advancing gestational age.

Controlled reoxygenation can limit the excess oxidative stress incurred during
resuscitation while avoiding the prolongation of oxygen debt resulting from HI. In
the recent guidelines, although a specific initial inspiratory fraction of oxygen has
not been suggested, the possible toxic effects of oxygen and a strict control of
oxygenation in the resuscitation of neonatal asphyxia have been recommended.
Future studies should examine the role of antioxidants in the alleviation of oxida-
tive stress-induced cerebral injury.
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Chapter 5
Oxidative Stress in Multiple Sclerosis Pathology
and Therapeutic Potential of Nrf2 Activation

Helga E. de Vries, Gerty Schreibelt, and Jack van Horssen

Abstract Reactive oxygen species contribute to the formation and persistence of
multiple sclerosis (MS) lesions by acting on distinct pathological processes.
To counteract the detrimental effects of reactive oxygen species, the central ner-
vous system is endowed with a protective mechanism consisting of enzymatic and
nonenzymatic antioxidants. Expression of most antioxidant enzymes is regulated
through the transcription factor nuclear factor-E,-related factor (Nrf2), and antiox-
idant response elements (ARE) in the genes encoding enzymatic antioxidants and
are induced by oxidative stress. In brain tissue of MS patients, enhanced expression
of Nrf2/ARE-regulated antioxidants suggests the occurrence of oxidative stress in
these lesions. Antioxidant therapy may therefore represent an attractive treatment
of MS. Several studies have shown that antioxidant therapy is beneficial in vitro and
in vivo in animal models for MS. However, the use of exogenous antioxidants for
MS treatment has drawbacks, as large amounts of antioxidants are required to
achieve functional antioxidant levels in the central nervous system. Therefore, the
induction of endogenous antioxidant enzymes by activators of the Nrf2/ARE
pathway may be an interesting approach to obtain sufficient levels of antioxidants
to interfere with pathological processes underlying MS lesion formation. Here we
discuss and summarize the biological role, regulation, and potential therapeutic
effects of endogenous antioxidant enzymes in MS.
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1 Introduction

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of
the central nervous system (CNS) particularly affecting young adults [1, 2].
MS patients may suffer from a wide variety of clinical symptoms, including
changes in sensation, visual problems, muscle weakness, and difficulties with
coordination and speech. Neuropathological examination of brain tissue of indivi-
duals with MS demonstrates multiple lesions in the white matter [3]. To date,
evidence is accumulating that extensive demyelination also occurs in the cerebral
cortex of chronic MS patients [4 6]. Common pathological features of MS white
matter plaques include blood brain barrier (BBB) leakage, destruction of myelin
sheaths, oligodendrocyte damage and cell death, axonal damage and axonal loss,
glial scar formation, and the presence of inflammatory infiltrates that generally
consist of lymphocytes and macrophages [3]. In particular, monocyte-derived
macrophages contribute to MS lesion formation [7, 8] as they phagocytose myelin,
which ultimately leads to damage of myelin sheaths and oligodendrocyte cell death.
Importantly, during inflammation, macrophages secrete various inflammatory med-
iators, including cytokines, chemokines, nitric oxide, and reactive oxygen species
(ROS), which all contribute to the progression of the disease [9, 10]. In spite of
tremendous efforts, the mechanisms underlying the pathogenesis of MS remain
enigmatic. Although MS is traditionally considered as an inflammatory autoim-
mune demyelinating disease, recent findings have challenged this concept, and
evidence is emerging that primary degeneration of oligodendrocytes may be
involved in the initial phase of the disease [11].

2 ROS Are Intimately Involved in MS Pathogenesis

To date, evidence is accumulating that ROS-induced oxidative stress and damage
contribute to the pathogenesis of MS lesions. In the initial phase of MS lesion
formation, locally produced ROS provoke BBB breakdown and enhance trans-
endothelial monocyte migration [12, 13]. In the brain parenchyma, ROS mediate
lesion persistence by inducing myelin phagocytosis, oligodendrocyte injury, and
axonal damage [14 17]. Both activated microglia and infiltrated leukocytes
produce vast amounts of ROS and reactive nitrogen species (RNS). ROS and
RNS generated by macrophages have been implicated as mediators of demyelin-
ation and axonal injury in MS and experimental autoimmune encephalomyelitis
(EAE), a widely used animal model for MS. Additionally, noninflammatory
mechanisms, such as mitochondrial dysfunction, contribute to the formation of
ROS [18 20]. Mitochondrial alterations have been implicated in MS lesion
development and persistence and may occur as a response to demyelination
because this pathological process enhances the energy demand in axons and
thereby affects mitochondrial activity [21, 22]. Together, these events
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might lead to accumulating free radical damage, compromised mitochondrial
functioning, and subsequent axonal loss. In EAE, nitration of mitochond-
rial proteins even preceded infiltration of leukocytes and induced major mito-
chondrial changes and apoptotic cell death [23]. Furthermore, reduced
concentrations of antioxidants have been detected in serum of MS patients and
in MS plaques [24, 25], suggesting that increased levels of ROS may have
resulted in the depletion of cellular antioxidants.

At physiological concentrations, ROS mediate numerous regulatory processes
[26]. However, when the rate of free radical generation overwhelms the capacity of
antioxidant defense, oxidative stress occurs. Enhanced levels of ROS cause damage
to biological macromolecules, such as polyunsaturated fatty acids in membrane
lipids, essential proteins, and nucleotides in RNA and DNA [24]. Increased levels
of indicators of oxidative stress and/or decreased levels of antioxidant enzymes and
antioxidants are observed in blood and cerebrospinal fluid during the active phases
of MS [27 31]. Additionally, enhanced expression of markers of oxidative damage
in MS brain tissue has been reported, indicating the occurrence of widespread
oxidative damage in demyelinating MS plaques. Immunohistochemical detection
of nitrotyrosine, a putative footprint for peroxynitrite formation, demonstrated
enhanced nitrotyrosine staining in acute but not in chronic MS lesions [32].
Nitrotyrosine was detected on astrocytes, macrophages, and oligodendrocytes in
MS lesions [33, 34]. Additionally, markers for lipid peroxidation, such as malon-
dialdehyde and 4-hydroxynonenal, and oxidative damage to nucleotides are present
in MS lesions [35]. Interestingly, increased protein carbonylation was detected in
normal-appearing white and gray matter of patients with MS [36]. Oligodendro-
cytes are particularly prone to oxidative damage as they contain high amounts of
iron [37] and reduced levels of superoxide dismutase-2, glutathione, and glutathi-
one peroxidase [38]. Oligodendrocytes produce large myelin sheets, which mainly
consist of polyunsaturated fatty acids that can react with ROS, thereby triggering
lipid peroxidation. ROS is able to induce both necrotic cell death as well as
apoptosis; however, the mechanisms that trigger oligodendrocyte cell death under
oxidative stress condition remain poorly understood.

The CNS is equipped with an endogenous antioxidant defense mechanism,
which consists of antioxidant enzymes and nonenzymatic antioxidants. Nonenzy-
matic antioxidants can be divided into endogenous molecules, such as glutathione,
uric acid, and nicotinamide adenine dinucleotide phosphate (NADPH), and exoge-
nous antioxidants, such as ascorbic acid (vitamin C), a-tocopherol (vitamin E),
a-lipoic acid, and flavonoids. Protective effects of exogenous antioxidants in the
development and progression of EAE have been reported by several research
groups [24, 25, 39, 40], indicating that antioxidant therapy may be an attractive
therapeutic approach for MS treatment. However, despite promising results in the
treatment of EAE, data on successful antioxidant therapy in MS patients are still
limited, emphasizing the need for further epidemiological and clinical studies on
antioxidant strategies. Importantly, there are a number of drawbacks to the use of
exogenous antioxidants for MS treatment, as most antioxidants do not efficiently
cross the BBB. Consequently, high doses are generally required to achieve
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protective effects in EAE animals. Alternative strategies aimed at increasing the
production of endogenous antioxidants might limit the harmful effects of ROS [41].

3 Endogenous Antioxidant Enzymes

Oxidative stress activates an adaptive mechanism aimed to protect cells against
ROS-induced injury and to control tissue redox balance. This stress response is
regulated at the transcriptional level by the transcription factor Nrf2. Under physio-
logical conditions, Nrf2 is linked to the actin-bound Kelch-like ECH-associated
protein 1 (Keapl) and located in the cytoplasm. Upon exposure to ROS or electro-
philes Nrf2 dissociates from Keap1 and translocates to the nucleus, where it binds to
antioxidant response elements (ARE) in genes encoding antioxidant enzymes [42].
To date, more than 200 Nrf2-ARE-driven genes involved in detoxification and
antioxidant defense have been identified, including catalase [43], superoxide
dismutases (SODs) [44], glutathione peroxidases [45], peroxiredoxins (Prxs)
[43, 46], heme oxygenases [47, 48], NAD(P)H:quinone oxidoreductase 1 (NQOL1),
and NHR: quinone oxidoreductase 2 (NQO2) [49 51].

3.1 Superoxide Dismutases

Superoxide is one of the main radicals in the cell, and as such SODs play a key role
in the detoxification of superoxide. SODs are metal-containing enzymes that
promote dismutation of superoxide anion into molecular oxygen and hydrogen
peroxide [52]. Three distinct forms of SOD have been identified: copper- and
zinc-containing cytosolic SOD1 (Cu/ZnSOD) [53], manganese-containing mito-
chondrial SOD2 (MnSOD) [54], and extracellular Cu/ZnSOD (SOD3) [55]. SOD1
and SOD2 are abundantly expressed throughout the brain. SODI is mainly
expressed in astrocytes whereas SOD2 is generally observed in neurons. In contrast,
the basal activity of SOD1 and SOD?2 is relatively low in microglia and oligoden-
drocytes [56]. Several groups have demonstrated the involvement of SOD in
neurodegenerative and neuroinflammatory disorders, and increased expression of
SOD has been detected in Alzheimer’s disease [57, 58] and stroke brain tissue
[59, 60]. Enhanced gene expression of SODI1 has been observed in active demye-
linating MS lesions [61]. Increased immunostaining of SOD2, but not SOD1, was
found in guinea pigs suffering from EAE [62]. Remarkably, SOD administration
did not influence the development of EAE in a rat model [9] and only had minor
effects on EAE and experimental allergic optic neuritis in guinea pigs [63, 64].
Compounds that mimic the active site of metalloenzymes, such as SOD, can cross
the BBB and were effective in animal models of ischemia and Parkinson’s disease
[65, 66]. This finding emphasizes the need for future research to study the putative
protective effects of SOD mimetics in EAE models.
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3.2 Catalase

Conversion of superoxide by SODs results in the formation of hydrogen peroxide,
which is able to diffuse across cellular membranes. In the presence of transition
metals, such as iron and copper, hydrogen peroxide can be converted to highly
reactive hydroxyl radicals. To remove hydrogen peroxide, cells are equipped with
several hydrogen peroxide-removing enzymes, such as catalase, glutathione per-
oxidases, and Prxs. Catalase is ubiquitously expressed in the CNS and is mainly
located in peroxisomes where it catalyzes the conversion of hydrogen peroxide into
water and molecular oxygen. Impaired peroxisomal function has been demon-
strated in CNS homogenates of rats suffering from EAE, which was accompanied
by reduced catalase gene expression and activity [67]. Catalase treatment of guinea
pigs suffering from EAE significantly reduced demyelination of the optic nerves,
increased BBB integrity, and ameliorated neurological symptoms [63, 68]. Admin-
istration of catalase reduced the severity of clinical signs in a rat model for EAE [9].
Furthermore, upregulation of catalase expression via viral vectors ameliorates
EAE, implicating its positive effect in neuroinflammatory disorders [69, 70].

3.3 Glutathione Peroxidases

Glutathione peroxidases constitute a family of six different selenium-containing
enzymes that detoxify cellular organic peroxides and hydrogen peroxide. The
activity of glutathione peroxidase-1 is generally higher than that of catalase [71],
suggesting that in the CNS glutathione peroxidase may even be more important
than catalase in removing hydrogen peroxide. Tajouri and coworkers demonstrated
that glutathione peroxidase gene expression is significantly increased in inflamma-
tory MS lesions [61], and Guy and colleagues showed that treatment with glu-
tathioneperoxidase reduces loss of BBB integrity in chronic EAE [63], suggesting
that glutathione peroxidase plays a protective role in neuroinflammation.

3.4 Peroxiredoxins

The family of Prxs consists of six distinct groups of antioxidant proteins that are
involved in the enzymatic degradation of hydrogen peroxide, organic hydroperox-
ides and peroxynitrite. Peroxiredoxins are abundant in the cytosol [72, 73], mito-
chondria, peroxisomes, plasma, and nuclei and are associated with membranes [74].
Peroxiredoxin-1 is primarily expressed in astrocytes while peroxiredoxin-2 is pre-
dominantly localized to neurons [75]. Krapfenbauer and colleagues examined the
distribution of Prxs in various neurodegenerative diseases that are associated with
oxidative stress, including Down syndrome, Alzheimer’s disease and Pick’s disease.
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They showed that peroxiredoxin-1 expression was not different from control
brains, whereas expression of peroxiredoxin-2 and -6 was significantly increased.
In contrast, peroxiredoxin-3 expression was reduced, indicating that expression
of Prxs is differentially regulated in neurodegenerative disorders [76]. Recently,
we reported that peroxiredoxin-1 overexpression protected brain endothelial cells
from ROS-induced cell death, reduced adhesion and subsequent transendothelial
migration of monocytes, and enhanced the integrity of the brain endothelial cell
layer [77]. Furthermore, we observed a striking increase of vascular peroxiredoxin-1
immunostaining in inflammatory lesions of experimental EAE animals and inflam-
matory demyelinating MS lesions. Enhanced vascular peroxiredoxin-1 expression
may reflect ongoing oxidative stress in EAE and MS, or it may function as a
protective mechanism to limit ROS-mediated damage and leukocyte infiltration
into the CNS [77].

3.5 Heme Oxygenase

Heme oxygenase-2 is constitutively expressed by a wide variety of cell types,
whereas heme oxygenase-1 is inducible by a variety of stimuli, including its
substrate heme and oxidative stress [48]. Heme oxygenases catalyze the rate-
limiting step in the catabolism of heme and break down the porphyrin ring into
biliverdin, free iron, and carbon monoxide. Various research groups have demon-
strated protective effects of heme oxygenase-1 in vitro and in vivo. Induction of
EAE in heme oxygenase-1 knockout mice led to enhanced CNS demyelination,
paralysis, and mortality, as compared with wild-type mice [78]. Upregulation of
heme oxygenase-1 by either heminin [79] or cobalt protoporphyrin IX administra-
tion [78] reduced the clinical severity of EAE, whereas tin mesoporphyrin, a well-
known inhibitor of heme oxygenase-1, markedly exacerbated EAE. In contrast,
treatment with the heme oxygenase-1 inhibitor tin-protoporphyrin attenuated clini-
cal scores in murine EAE [80]. In the active MS and EAE lesions, heme oxygenase-
1-immunoreactivity was strikingly upregulated in activated microglia, infiltrated
macrophages, and hypertrophic astrocytes [81 83].

Heme oxygenase degrades heme into biliverdin, which is subsequently con-
verted by biliverdin reductase into bilirubin, while the pro-oxidant iron is seques-
tered and inactivated by coinduced ferritin. Bilirubin exerts potent antioxidant
activity, and both suppressed ongoing EAE and halted EAE progression when
administered after disease onset, likely by reducing BBB permeability and oxida-
tive damage [84]. Interestingly, bilirubin protected rat oligodendrocytes against
hydrogen peroxide-mediated cell death. Treatment with biliverdin reductase,
as with bilirubin, reduced oxidative injury in EAE lesions and significantly sup-
pressed clinical symptoms of EAE [85]. Together, these studies show that heme
oxygenase-1 or downstream products of heme metabolism may be potential thera-
peutics for MS treatment.
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3.6 Quinone Oxidoreductases

NQOI1 and NQO?2 are cytosolic flavoproteins that have broad-spectrum antioxidant
properties [86 89]. Besides their function as antioxidants, NQO1 and NQO2 function
to maintain both a-tocopherol and coenzyme Q10 in their reduced antioxidant state.
NQOL is expressed in tissues that require high levels of antioxidant protection, such
as lung respiratory epithelium and the CNS [90, 91]. NQO1 is predominantly found
in astrocytes and brain endothelial cells of healthy human brain tissue [92, 93].
In Alzheimer’s disease and Parkinson’s disease brains, astrocytes are highly
NQO1-immunoreactive in areas of ongoing disease activity, indicating the occur-
rence of oxidative stress [92, 94]. We recently showed that NQOI is markedly
upregulated in inflammatory MS lesions, particularly in hypertrophic astrocytes and
myelin-laden macrophages [93]. In human tissue, NQO2 gene expression has been
observed in kidney, skeletal muscle, liver, lung, and heart, whereas very low expres-
sion was found in the brain [95]. To date, little is known about the regulation of
NQO?2 expression in neurodegenerative or neuroinflammatory diseases.

4 Therapeutic Potential of Antioxidant
Enzyme Upregulation

Enhanced antioxidant enzyme expression might act as an endogenous compensa-
tory system to counteract ROS-induced damage. Indeed, Nrf2/ARE-regulated anti-
oxidant enzymes are upregulated in CNS tissue of EAE animals and MS patients.
Despite this cellular protective mechanism, oxidative damage to essential
biological macromolecules is abundant in inflammatory MS lesions, suggesting
that although Nrf2-mediated antioxidant enzymes are induced this response may be
insufficient to counteract ROS-induced cellular damage. We propose that additional
activation of the Nrf2/ARE system via monofunctional inducers might represent a
novel therapeutic approach to limit oxidative stress in neuroinflammatory diseases
such as MS. Monofunctional inducers, such as tert-butylhydroquinone (tBHQ),
dimethylfumarate, sulforaphane, and 3-hydroxycoumarin, are well tolerated, have
the ability to cross the BBB, and promote transcription of endogenous antioxidant
enzymes [96, 97]. Several reports have highlighted the protective effects of Nrf2
activation in reducing oxidative stress in both in vitro and in vivo models of
neurodegenerative disorders. Induction of Nrf2-driven antioxidants by dietary
tBHQ demonstrated beneficial effects in animal models for neurodegeneration
and cerebral ischemia [98, 99]. Similarly, sulforaphane reduces the severity of
traumatic brain injury and cerebral ischemia in vivo [100, 101].

In addition to the coordination of antioxidant enzyme production, Nrf2 is also
involved in the regulation of monocyte chemoattractant protein-1 (MCP-1) and
vascular cell adhesion molecule-1 (VCAM-1) [102]. Nrf2 suppressed tumor necrosis
factor-alpha (TNF-a))-induced MCP-1 and VCAM-1 mRNA and protein expression



72 H.E. de Vries et al.

and limited TNF-a-induced monocyte adhesion to endothelial cells. Hence, we
hypothesize that Nrf2/ARE activation might play a protective role in the pathogenesis
of MS by operating on distinct levels: (1) antioxidant enzymes can directly scavenge
ROS, thereby restoring BBB integrity; (2) Nrf2 activation might reduce leukocyte
adhesion and subsequent transendothelial leukocyte migration; (3) increased levels
of antioxidant enzymes might limit myelin phagocytosis and breakdown; and
(4) upregulation of antioxidant enzymes might prevent ROS-induced oligodendro-
cyte and neuroaxonal damage.

In conclusion, ROS play a central role in various pathological processes under-
lying MS pathology. Enhanced expression of Nrf2/ARE-regulated antioxidants in
EAE and MS tissue suggests the occurrence of ongoing oxidative stress. Antioxi-
dant therapy may therefore represent an attractive treatment of MS. Induction of
endogenous antioxidant enzymes by activators of the Nrf2/ARE pathway may be an
interesting approach to obtain sufficient levels of antioxidants to reduce leukocyte
migration into the CNS, demyelination, and oxidative damage. Future studies are
warranted to gain more insight into the putative protective effects of Nrf2/ARE
induction in the treatment of neuroinflammatory diseases.

5 Summary

ROS contribute to the formation and persistence of MS lesions by acting on distinct
pathological processes. In the initial phase of leukocyte infiltration ROS are pro-
duced, which induce BBB disruption, thereby facilitating transendothelial migra-
tion of inflammatory cells. Furthermore, infiltrated leukocytes produce significant
amounts of ROS, which induce oxidative damage to vulnerable brain cells. To
counteract the detrimental effects of ROS, the CNS is endowed with a protective
mechanism consisting of enzymatic and nonenzymatic antioxidants. Expression of
most antioxidant enzymes is regulated through the transcription factor Nrf2, and
ARE in the genes encoding enzymatic antioxidants and are induced by oxidative
stress. In brain tissue of MS patients, enhanced expression of Nrf2/ARE-regulated
antioxidants suggests the occurrence of oxidative stress in these lesions. Antioxi-
dant therapy may therefore represent an attractive treatment of MS. Several studies
have shown that antioxidant therapy is beneficial in vitro and in vivo in animal
models for MS. However, the use of exogenous antioxidants for MS treatment has
drawbacks, as large amounts of antioxidants are required to achieve functional
antioxidant levels in the CNS. Therefore, the induction of endogenous antioxidant
enzymes by activators of the Nrf2/ARE pathway may be an interesting approach to
obtain sufficient levels of antioxidants to interfere with pathological processes
underlying MS lesion formation.
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Abstract Free radical production is central to the development and pathogenesis of
central nervous system (CNS) inflammation, the vascular and cellular response that
results in the accumulation of circulating cells and factors in CNS tissues. Oxygen-
and nitrogen-based radicals produced by invading neutrophils and monocytes have
been implicated in the CNS tissue damage that occurs in multiple sclerosis, viral
encephalitis, and other neuroinflammatory diseases, secondary inflammation follow-
ing CNS injury, and a number of neurodegenerative conditions with inflammatory
elements, such as Parkinson’s and Alzheimer’s diseases. However in addition to
cytotoxic effects, there is accumulating evidence that radical activity contributes to
the increased blood brain barrier (BBB) permeability associated with the invasion of
leukocytes into the tissues in both pathological and protective CNS immune
responses. Radical production during different types of CNS inflammatory conditions
is reviewed from the perspective that the sources and nature of the radicals produced
at least partly dictate the extent of CNS tissue pathology. Therapeutic strategies to
control the production or activity of free radicals in the CNS are also discussed.
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1 Introduction

Inflammation is a complex vascular and cellular response to an injury, infection, or
autoimmune stimulus that results in the accumulation and activity of circulating
cells and factors in target tissues. The vasculature of the central nervous system
(CNS) is less permeable than the peripheral vasculature and normally prevents
circulating cells and factors from infiltrating CNS tissues. This specialization of the
neurovasculature, known as the blood brain barrier (BBB) places an additional
constraint on the generation of an inflammatory response in the CNS: the induction
of elevated permeability to allow contact between potentially invasive cells in the
circulation and chemoattractive factors produced by CNS resident cells. Histori-
cally, CNS inflammation is defined histologically, as the accumulation of leuko-
cytes and edema in CNS tissues. However, there are clear differences in the nature
of the CNS inflammatory response between diverse stimuli. For example, CNS
inflammation may be predominantly mediated by polymorphonuclear leukocytes
(PMN) and monocytes, as seen in the response to injury, or can involve the invasion
of T and B cells, as is evident when there is an autoimmune or infectious etiology.
Moreover, inflammatory or proinflammatory changes can occur in the CNS tissues
without cell invasion, for example, in neurodegenerative diseases such as
Parkinson’s and Alzheimer’s. Free radicals have been implicated in the induction
of the BBB permeability changes associated with cell infiltration into CNS tissues
as well as the pathology that is often associated with this process.

Initial interest in radical production during inflammatory responses centered on
the “respiratory burst,” the production of large amounts of oxygen-based radical
species by phagocytic inflammatory cells such as PMN and monocytes in response
to pathogens and other triggers. In general, the beneficial contributions of
these radicals to the control of an infection outweigh their nonspecific, destructive
reactivities with surrounding normal tissues. However, because of the limited
capacity of neurons to regenerate, radical production in the CNS presents a partic-
ular risk, and CNS inflammation is most often associated with neuropathology. For
example, the formation of the CNS lesions that are characteristic of multiple
sclerosis (MS) is associated with the activity of monocytes expressing inducible
nitric oxide synthase (NOS-2), an enzyme that catalyzes the production of
high levels of nitric oxide (*"NO) [1, 2]. There is also extensive evidence that
radicals contribute to the pathogenesis of a variety of neurodegenerative diseases
with inflammatory components. Although the destructive contributions of free
radicals to inflammatory pathologies are incontrovertible, it is also clear that
these radicals are produced in a tightly regulated fashion by a wide variety of
cells and mediate a number of normal physiological functions [3]. Recent findings
indicate that this is also the case during a CNS inflammatory response. For example,
there is evidence that certain radicals contribute to the vascular changes that
facilitate immune/inflammatory cell invasion into target tissues in both pathological
and therapeutic CNS inflammatory/immune responses [4]. It is important to con-
sider that many of the radical species that have been implicated in the induction or
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pathogenesis of CNS inflammation have important roles in other systems, the
activities of *NO in vascular homeostasis and neural transmission being a good
example. For the purposes of this chapter, we focus on radicals that have been
implicated in the generation of CNS inflammation and the inflammatory functions
of the cells involved, with an emphasis on the differences in radical activity during
CNS autoimmunity, infection, and trauma.

2 Radical Production in CNS Inflammatory Responses

The free radicals and their reactive products that are formed during an inflammatory
response are generally grouped into reactive oxygen species (ROS) and reactive
nitrogen species (RNS) and the enzymes catalyzing production of the different
radicals generally provide useful identifiers of the cell types involved. Many of
these have important roles in normal physiology but are overproduced in inflam-
mation. In this section, features of the radicals likely to be associated with different
aspects of diverse CNS inflammatory conditions are reviewed from the perspective
of radicals released by cells during CNS inflammation. Although it is not always
known why a particular stimulus causes the release of radicals from an inflamma-
tory cell, these radicals likely bear primary responsibility for bystander cell pathol-
ogy and other important aspects of CNS inflammation. However, it should be noted
that the activity of radicals produced within cells, for example, the destruction of
engulfed viruses, bacteria, or parasites by phagocytes, is an important facet of the
CNS inflammatory response to many pathogens. In addition, the contributions of
radical activity to cell signaling are now being recognized [5] and may contribute to
cell function during inflammation.

2.1 Radical Production by Infiltrating Cells

Much of the focus upon radical-producing cells in CNS inflammation has
historically been on infiltrating cells as these are readily associated with the
production of high levels of ROS and RNS and, consequently, readily identifiable
CNS tissue damage. Depending on the stimulus of cell infiltration, which will
be discussed further next, different cell types capable of producing free radicals
invade CNS tissues. The predominant radical-elaborating cell types associated with
CNS inflammation are PMN, primarily neutrophils, and monocytes. These cells,
often referred to collectively as “inflammatory cells,” express high levels of three
key enzymes associated with radical production: (1) the Nox2 isoform of NADPH
oxidase that catalyzes the formation of superoxide (*O, ) [6]; (2) NOS-2, the
inducible isoform of nitric oxide synthase that is responsible for high levels of
*NO production; and (3) myeloperoxidase (MPO), an enzyme that catalyzes the
formation of hypochlorous acid (HOCI) from hydrogen peroxide (H,O,). While
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superoxide can also be produced by cells expressing other Nox isoforms or dual
oxidase (Duox) enzymes and is a by-product of aerobic respiration in all metaboli-
cally active cells, Nox2 expression is associated with the high-level production of
hydroxyl radical (*OH), H,O,, and oxygen-centered organic radicals that is seen in
CNS inflammation. The expression of both Nox and NOS-2 by an inflammatory cell
results in the formation of peroxynitrite (ONOQO™), the product of the reaction of
superoxide and nitric oxide. Under physiological conditions, ONOO™ rapidly reacts
with carbon dioxide (CO,) to produce the highly reactive radicals nitrogen dioxide
(*NO,) and *COj3™ and can also decompose to form *OH [7]. As discussed further
below, these radicals are now believed to make key contributions to the pathogene-
sis of CNS inflammation.

The nitration of tyrosine residues on proteins has proven to be a useful marker of
the reactivity of these radicals and is often detected in association with NOS-2-
positive cells in CNS inflammatory responses [1, 2, 8]. Tyrosine nitration can also be
catalyzed by MPO through the oxidation of nitrite to *"NO, [9]. Analysis of cytokine
expression can also provide insight into radical production during an inflammatory
response. The principal inflammatory cytokine that contributes to the induction of
both NOS-2 and Nox2 in monocytes and PMN neutrophils in most CNS inflamma-
tory responses is interferon-gamma (IFN-y), which is largely produced by activated
CD4 Thl cells, CD8 T cells, and natural killer (NK) cells. Interleukin (IL)-17,
produced by CD4 Th17 cells, is also known to induce NOS-2 expression by various
cell types [10]. The proinflammatory cytokines interleukin-1 (IL-1), tumor necro-
sis factor-alpha (TNF-o), and interleukin 6 (IL-6), which can be produced by a
variety of cells including CNS resident cells, also make important contributions to
the modulation of the expression and activity of these enzymes [11]. Despite
producing cytokines that induce radical production, T cells are not known to
elaborate radicals. On the other hand, subsets of NK cells, in addition to expressing
the important inflammatory cytokine IFN-v, can also express NOS-2 [12].

2.2 Radical Production by CNS Resident Cells
During CNS Inflammation

It is now clear that most CNS resident cell populations can be induced to produce
ROS and RNS under appropriate conditions. Foremost among these are microglia,
bone marrow-derived cells of the monocyte lineage that can express high levels of
Nox2 [13] and NOS-2 [14]. These cells are therefore capable of making significant
amounts of *NO, °O,", and their radical products. However, because of the diffi-
culty in differentiating between the cells it is often unclear whether cells accumu-
lating in an inflammatory lesion are invading monocytes or activated microglia.
Astrocytes can express Nox1, -2, -4, and Duox1, -2 [15] and NOS-2 [16], whereas
neurons constitutively express NOS-1. The activity of neurovascular endothelial
cells is central to BBB function. These cells constitutively express NOS-3, and
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Table 1 Key radical production during central nervous system (CNS) inflammation

Source enzyme(s)®  Primary radical®  Secondary radicals Cell expression®

Nox2 (023 OH Monocytes, polymorphonuclear
H,0, leukocytes (PMN),
neurovascular endothelial
cells
NOS 2 (NOS 1, *NO ONOO — °NO,,
NOS 3) °CO;
MPO HOCI1 PMN, monocytes

#Multiple enzymes and pathways are responsible for the production of different radicals and only
the primary enzyme associated with CNS inflammation is shown, except for nitric oxide synthase
(NOS) 1 and NOS 3, which have been implicated in certain responses

" The principal product of the enzyme is shown, with certain of the secondary radicals that result
from their reactivity

“These are the principal cells expressing the enzymes during a CNS inflammatory response but
other cell types, such as microglia and astrocytes, can also express radical producing enzymes and
are likely to contribute to radical production

there is evidence that they can also express Nox1, -2, and -4 as well as NOS-2 [17].
Mast cells likely capable of producing *NO are associated with CNS blood vessels
[18]. As discussed next, the production of RNS by neurovascular endothelial cells,
and possibly other associated cell types, makes important contributions to the
modulation of BBB integrity during certain classes of CNS inflammatory response.
Table 1 lists the central radicals produced at high levels during conventional CNS
inflammatory responses.

3 CNS Inflammatory Processes

The nature of a CNS inflammatory response largely depends on its trigger and the
types of cells that infiltrate CNS tissues. We can define different classes of CNS
inflammation based on these two criteria: (1) antigen-driven infiltration of T cells,
neutrophils, and monocytes as seen in experimental allergic encephalomyelitis
(EAE), an animal model of MS [4]; (2) antigen-specific infiltration of T and B
cells with limited monocyte or neutrophil invasion as associated with the clearance
of attenuated rabies virus from the CNS [4]; (3) antigen-independent infiltration of
primarily neutrophils and monocytes as occurs following CNS trauma [19];
and (4) innate inflammatory or proinflammatory changes in the CNS tissues in
the absence of detectable immune/inflammatory cell invasion, a hallmark of a
number of neurodegenerative diseases such as Parkinson’s and Alzheimer’s dis-
eases [20, 21]. Although the latter diseases do not fit the classical description of
CNS inflammation with respect to infiltrating cell accumulation, we have included
these because their inflammatory features include free radical activity. In the
following discussion, we have grouped CNS inflammatory responses based on
their etiology. It should be noted, however, that CNS inflammation with similar
characteristics can be induced by diverse stimuli.
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3.1 Autoimmunity

Much of our understanding of the contribution of free radicals to CNS inflammatory
pathology comes from studies of EAE and MS. Accumulations of lymphocytes
and monocytes, associated with astrogliosis, local demyelination, and neuronal
destruction, are common to both diseases. The development of these lesions can
be thought of as occurring in three steps: (1) the extravasation of immune/inflam-
matory cells, which is associated with the loss of BBB integrity; (2) the invasion of
the cells into the CNS parenchyma; and (3) CNS tissue pathology. Free radical
activity has been implicated at each of these steps. The inflammatory cell types that
infiltrate and are likely responsible for much of the radical-mediated CNS pathol-
ogy in MS and EAE are primarily macrophages, but there is evidence from animal
models that PMNs may also play an important initiating role [22]. Both these cell
types are notable for their ability to produce high levels of ROS and RNS for release
into phagolysosomes following phagocytosis of a pathogen. However, in a patho-
logical CNS inflammatory response the free radicals involved are released from the
cells to damage surrounding cells and tissues. Although there is no doubt that both
oxygen- and nitrogen-centered radicals can cause tissue pathology during CNS
inflammation, the contributions of different radicals to the pathogenesis of CNS
inflammation are not always clear. For example, MPO has been detected in MS
lesions [23], suggesting that HOCI may contribute to the pathogenesis of the disease
but MPO-knockout mice are more susceptible to EAE [24]. A somewhat similar
paradox exists for the relationship between NOS-2, *NO, and the pathogenesis of
MS and EAE. Cells expressing NOS-2 are present in the CNS lesions of these
diseases, leading to considerable interest in the possibility that “NO contributes to
their pathogenesis. Further support for this concept comes from studies in conven-
tional EAE models in which inhibition of NOS-2 has been found to have therapeu-
tic effects [25]. Paradoxically, mice lacking NOS-2 exhibit increased EAE severity
compared to normal controls [26]. Although there are a number of possible expla-
nations for these and other similar findings, together they suggest that "NO may not
directly cause inflammatory pathology in the CNS. In this regard it is notable that
nitrotyrosine residues are also found in active MS and EAE lesions, suggesting that
a product of *NO, ONOO™, may be involved [1, 2, 8]. Proteins, lipids, and nucleic
acids can all be modified by ONOO™-dependent reactions, which are highly toxic
to neurons and other CNS resident cells in vitro, likely through several pathways
[27, 28]. Moreover, inactivation of ONOO™ or ONOO -dependent radicals is
therapeutic in EAE [1, 29].

There is accumulating evidence that, in addition to mediating pathological
changes in CNS tissues, radicals originating from NOS-2-positive cells contribute
to the loss of BBB integrity necessary to provide circulating cells and factors access
to CNS tissues. This concept has been advanced by our studies to establish whether
*NO or an *NO product such as ONOO™ makes a more important contribution to the
pathogenesis of CNS inflammation as modeled by EAE. We chose urate in an
attempt to scavenge ONOOQO™ because there was some evidence, now confirmed
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under more physiological conditions, that it may be more selective for this molecule
than another physiological antioxidant, ascorbate [30]. Raising the serum urate
levels of mice immunized to induce the development of EAE prevented not only the
induction of disease, but also immune/inflammatory cell accumulation in CNS
tissues [31]. Further studies have shown that urate treatment prevents the loss of
BBB integrity in conventional EAE models as well as in certain neurotrophic virus
infections and bacterial meningitis [31, 32, 33].

Further studies have established that urate is an efficient scavenger not of ONOO",
but of *°NO, and *COj5™ radicals formed by the reaction of CO, with ONOO™ [34].
Because inactivation of these radical species by urate maintains BBB integrity, innate
inflammatory changes in CNS tissues triggered by the loss of BBB integrity as well as
radical production by invading inflammatory cells is prevented [35]. To gain insight
into the role of urate-sensitive radicals in CNS tissue damage, we allowed animals to
develop EAE and CNS lesions before administering urate. The animals recovered
from clinical signs of EAE within 4 5 days of urate treatment [31]. Lesions contain-
ing NOS-2-positive cells were present in their CNS tissues, but nitrotyrosine was less
evident and BBB integrity was restored. These findings suggest that *NO and other
radicals produced by the accumulated inflammatory cells have less impact on the
acute clinical signs of EAE than do the radicals targeted by urate. More recently we
have established a model of CNS inflammation where elevated BBB permeability
occurs in the presence of urate treatment but NOS-2-positive monocytes do not enter
CNS tissues [4]. This finding suggests that ONOO™-dependent radicals are involved
in the invasion of NOS-2-positive cells through the CNS parenchyma. The fact that
ONOO'™ can activate matrix metalloproteinase-2 [36], an enzyme involved in degra-
dation of the extracellular matrix, may be relevant to this finding. The concept that
ONOO ™ -dependent radicals make an important contribution to the generation and
pathogenesis of autoimmune CNS inflammatory responses is also supported by a
variety of studies in which reagents that interfere with the production or reactivity of
*NO, *O,, and their radical products have been found to have therapeutic effects in
models of CNS inflammation [1, 29].

3.2 Infection

The production of *NO and its reactive products in the CNS has been demonstrated
to be a key antiviral mechanism during infections of the CNS with a variety of
viruses including herpes simplex virus-1 [37], ectromelia virus [38], and sindbis
virus [39]. Free radical production can be induced during the innate response to an
invading pathogen that triggers pattern recognition receptors such as the Toll-like
receptors (TLRs). For example, interactions with TLR-2, -4, -7, and -9 in glial cells
can lead to elevated *NO production in the CNS [40]. These mechanisms, which may
be related to the role of radicals in phagocytosis, generally induce low levels of
radical production, but the amount of radicals elaborated by cells activated by T cell-
derived cytokines during the adaptive, antigen-specific inflammatory response is
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likely to be orders of magnitude higher. *°NO production during viral encephalitis can
be associated with NOS-2, NOS-1, or NOS-3 activity, and this may be relevant to the
nature of the infection. For example, both NOS-2 and NOS-1 are involved in
vesicular stomatitis virus (VSV) infection [41], raising the possibility that *NO
production by NOS-1 is more important for viruses that directly infect neurons.

Accumulating evidence suggests that *NO and its reaction products *NO, and
*CO;5 play a major role in the delivery of immune effectors across the BBB into
CNS tissues, as is the case for autoimmune CNS inflammation. The vasodilatory
effects of *NO in the neurovasculature are likely to be important in facilitating
immune/inflammatory cell adherence to the neurovasculature. However, there is
also evidence that ONOOQO™-dependent radicals are an important trigger of the
changes in the barrier properties of the neurovasculature that allow circulating
cells to enter CNS tissues [31]. The elevated BBB permeability coupled with
immune effector invasion into the CNS tissues of animals clearing attenuated rabies
virus is evidently IFNy dependent and associated with nitrotyrosine formation.
NOS-3 and NOS-2, expressed by cells of the neurovascular unit as opposed to
invading inflammatory cells, are both evidently associated with this process, which
occurs in the absence of radical pathology in the CNS tissues [42].

The radical-induced mechanisms that permit the infiltration of immune effec-
tors across the BBB into CNS tissues and radical-mediated damage to neuro-
trophic pathogens may be necessary to clear an infectious agent from the CNS.
For instance, an *NO-dependent process involved in the immune response in
bacterial meningitis that interferes with the radical-dependent inflammatory
changes which allow immune cells to reach the infection has lethal consequences
[43]. On the other hand, inflammation is often responsible for significant CNS
tissue damage. For example, the pathogenesis of certain viral infections of the
CNS is a consequence of the inflammatory response to viral antigens rather than
the replication of the virus in CNS tissues. In some cases the inflammatory
response to the virus involves radical-driven mechanisms that are indistinguish-
able from CNS autoimmunity. Borna disease in rats is an example. Rats normally
succumb to Borna disease with the neurotrophic Borna disease virus (BDV)
within 30 days of infection; however, the animals can survive with only relatively
subtle signs of the infection despite the presence of high levels of BDV in the CNS
if an immune/inflammatory response to the virus is avoided. The characteristics of
the CNS inflammatory response in BDV-infected rats resembles those of EAE
with invasion of T cells and NOS-2-positive cells as well as nitrotyrosine forma-
tion in the brain parenchyma. Similar to EAE, urate treatment has a therapeutic
effect in Borna disease by maintaining BBB integrity and preventing cell invasion
[32]. The expression of NOS-2 by glial cells and invading macrophages has also
been associated with CNS tissue damage during Theiler’s murine EAE virus
infection [44]. In VSV infection, CNS pathology with extensive BBB failure is
associated with high viral titers in CNS tissues [45]. However, BBB integrity
is maintained, pathology lessened, and the CNS virus load reduced in VSV-
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infected mice lacking NOS-3 [45]. These findings underline the importance of
*NO and its products in the modulation of BBB integrity and the pathogenesis
of CNS inflammation.

Although acute viral infections of the CNS are often associated with an
inflammatory response with high levels of ROS and RNS production and tissue
damage, there are situations where pathological inflammatory processes do not
appear to be associated with immune-mediated virus clearance from the CNS. An
example is the clearance of laboratory-attenuated rabies viruses from the CNS where
the BBB permeability changes required to provide immune effector cells access to
the CNS are evidently mediated by the expression of NOS-2 and ONOO-dependent
radicals in the neurovasculature [42]. Thus, *NO, and possibly *CO;™ appear to be the
primary trigger for BBB permeability changes in both pathological CNS inflamma-
tion and protective CNS immune responses. However, the BBB permeability changes
associated with this process in rabies virus infection are limited to relatively small
molecules whereas those seen in EAE are more extensive, permitting molecules of up
to at least 150 kDa to infiltrate CNS tissues from the circulation [4]. Based on our
comparison of EAE and virus clearance, we speculate that inflammatory pathology is
avoided during the latter by limiting the extent of BBB permeability and the
accumulation of NOS-2-positive cells in the CNS parenchyma. A comparison of
the patterns of accumulation of NOS-2-positive cells and nitrotyrosine in permeable
areas of the CNS tissues in mice with EAE versus infected with attenuated rabies
virus that illustrates the differences is shown in Fig. 1.

Control

NT

Fig. 1 Differences in the patterns of NOS 2 and nitrotyrosine (NT) expression between autoim
mune central nervous system (CNS) inflammation (EAE) and therapeutic virus clearance (rabies).
Sections from the cerebella of normal (Control), myelin basic protein (MBP) immunized (EAE),
and rabies CVS F3 infected (Rabies) PLSJL mice were stained for NOS 2 (upper panels) and
nitrotyrosine (lower panels) when peak blood brain barrier (BBB) permeability occurs. CNS
blood vessels are arrowed. Immunization, infection, and immunohistochemical methodology is
detailed elsewhere [4]
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3.3 Injury

Trauma and ischemia/reperfusion injury to the CNS tissues both can cause
secondary inflammation, which can exacerbate the initial damage, interfere with
recovery, and contribute to the development of a chronic inflammatory response
[46]. In both cases the genesis of the inflammatory response is a consequence of the
effects of ROS and RNS on the cells of the neurovasculature. Glial cells produce
radicals following trauma [47], whereas ischemia can cause radical production by a
variety of cells [48] and high levels are produced by vascular endothelial cells during
reperfusion following circulatory disruption [49]. This sequence can lead to the
elevated expression of adhesion molecules on vascular endothelial cells, increased
vascular permeability, and inflammatory cell invasion into the CNS tissues. For
example, the accumulation in CNS tissues of neutrophils expressing MPO and
NOS-2 that is associated with tissue pathology occurring approximately 24 h after
a spinal cord injury can be prevented by treatment with urate [50]. Similar processes
have been associated with CNS tissue pathology following ischemia/reperfusion
injury [51]. Several cytotoxic pathways are likely to be involved, including the *NO-
dependent elevated expression of the proapoptotic protein Bax [52] and ONOO -
mediated poly(ADP)-ribose polymerase-1 (PARP-1) activation [27], which both
lead to DNA fragmentation. The possibility that free radical-mediated processes
relevant to inflammation may have neuroprotective effects after CNS injury should
also be noted. For example, T-cell function has been implicated in recovery follow-
ing spinal cord injury [53], and it is possible that the invasion of these cells into
spinal cord tissue is radical dependent [50]. Other neuroprotective contributions of
free radical production in the CNS that are likely to be mediated by specific signal
transduction mechanisms resulting in the activity of cytokines and growth factors
have also been described [54].

3.4 Neurodegenerative Diseases

It is now well established that free radicals produced by mechanisms that may be
considered to be related to innate inflammation make pathological contributions to
chronic neurodegenerative diseases. Free radical-mediated damage occurs at an
early stage during the development of Alzheimer’s disease [21], and oxidative and
nitrative modifications of proteins relevant to Parkinson’s disease have been
demonstrated in the substantia nigra [20]. Parkinson’s-like disease induced in
animal models by administration of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) is associated with the elevated production of *O,  and
*NO [55]. Moreover, a low serum level of the ONOO™-dependent radical scavenger
urate has been associated with the incidence of both diseases [56, 57]. Further
support for the hypothesis that inflammatory free radicals play a role in the
pathogenesis of neurodegenerative diseases is provided by associations between
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disease incidence and anomalies in genes encoding enzymes that regulate radical
production. For example, the MPO gene polymorphism associated with an
increased risk of MS is also associated with Alzheimer’s disease [58], and a
superoxide dismutase (SOD) mutation has been implicated in certain forms of
amyotrophic lateral sclerosis (ALS) [59]. This latter finding illustrates the signifi-
cance of cellular antioxidants in neuroprotection. Further evidence of the impor-
tance of cellular antioxidants comes from studies of neurological disorders induced
by exposure to metals such as methylmercury, where damage has been associated
with a reduction in the activity of the glutathione antioxidant system [60]; uranium,
where toxic levels are correlated with changes in the levels of a number of cellular
antioxidants [61]; and cadmium, where elevated expression of SOD or glutathione
peroxidase protects exposed astrocytes [62].

4 Therapeutic Intervention

Free radicals are highly toxic and can cause significant cell toxicity, which is
particularly important in the case of largely irreplaceable neurons. Nevertheless,
free radical activity is associated with cell respiration as well as the response to
infection. Under normal circumstances the contribution of radicals to beneficial
functions is balanced by a reducing physiological environment, cellular and serum
antioxidants, and tightly controlled production. The overproduction of free radicals in
CNS tissues from diverse sources is associated with a number of acute and chronic
neurodegenerative diseases, and it is in this context that therapeutic intervention is
generally viewed. There are two general approaches toward therapeutically
controlling free radical activity: (1) inhibition of free radical production by acting
on the redox enzymes that catalyze their formation or the processes causing their
activity; and (2) inhibition by chemically inactivating free radicals with scavengers,
endogenous or synthetic antioxidants, or other sacrificial reactants. In this section, we
briefly survey these approaches as well as comment on situations where radical
activity in the CNS may be desired.

4.1 Inhibition of Radical Generation

Therapeutic intervention against the generation of radicals has been approached through
interfering with the activity of the involved enzymes as well as inhibition of pathways
that lead to their expression or activation. Because of the importance of NOS in the
formation of highly neurotoxic nitrogen-centered radicals, studies of reagents targeted
at these enzymes are more common and a variety of inhibitors selective for the different
NOS isoforms have been identified [63]. Most promising are reagents that selectively
prevent *NO production by NOS-2, such as aminoguanidine and L-N-iminoethyl-lysine,
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which have been shown to possess protective effects in diverse CNS inflammatory
conditions including EAE [25], Murray Valley viral encephalitis [64], and traumatic
brain injury [65]. However, the fact that mice lacking NOS-2 are more susceptible to
autoimmune CNS inflammation [26] raises concerns about this approach.

There are many classes of reagents that inhibit the generation of free radicals
through a variety of indirect pathways. For example, nonsteroidal antiinflammatory
drugs (NSAIDS) exert their effects through inhibition of cyclooxygenase-2, which
catalyzes the production of prostaglandins and thromboxanes, lipid compounds
with inflammatory properties. On the other hand, the antiinflammatory effects of
endogenous, plant, and synthetic cannabinoids are evidently mediated through
suppression of the activities of cells of the immune system and microglia that
express CB2 cannabinoid receptors [66]. Bioavailability to CNS tissues and the
broad range of action of many candidate therapeutic reagents limits their utility in
CNS inflammation. Moreover, most of the radical species implicated in the patho-
genesis of CNS inflammation have important roles in normal physiology. Conse-
quently, general inhibition of their formation is likely to have undesired as well as
protective effects.

4.2 Endogenous Antioxidants and Radical Scavengers

The physiological production of radicals by respiring cells necessitates a reducing
environment that is maintained by the collective activity of a number of antioxidant
systems naturally present in cells. Referred to as cellular antioxidants, these include
enzymes and reducing agents that inactivate radicals in cells. Many also offer
protection against exogenous radicals produced in a CNS inflammatory response,
particularly if they are present in the extracellular milieu or the radicals can diffuse
across the cell membrane. Important cellular antioxidant enzymes known to impact
radicals involved in CNS inflammation include SOD, which catalyzes the dismuta-
tion of *O," into oxygen and H,0,, catalase, which catalyzes the decomposition of
H,0, to water and oxygen, glutathione reductase, which reduces oxidized glutathi-
one, and glutathione peroxidases, which reduce lipid hydroperoxides to alcohols
and H,0,. There are also a wide variety of cellular antioxidants that normally
protect cells against radicals produced by metabolic processes and likely contribute
to protection against free radicals produced by CNS inflammation; these include
nicotinamide adenine dinucleotide phosphate (NADP), an important reducing agent
in a variety of biosynthetic reactions, glutathione, an antioxidant that reduces thiol
groups, and lipoic acid, a BBB permeant enzyme cofactor, transition metal ion
chelator, and scavenger of ROS and RNS [67].

Several important general antioxidants are present at high levels in humans:
a-tocopherol (vitamin E), a lipid-soluble antioxidant with high bioavailability, and
ascorbate (vitamin C), a reducing agent and enzyme cofactor [68], are essential for
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Table 2 Endogenous antioxidants tested in neurological diseases with an inflammatory
component

Endogenous antioxidants CNS disease Species*
Vitamin C (ascorbic acid) Alzheimer’s disease Human [72]
Parkinson’s disease Human [73]
Experimental allergic encephalomyelitis (EAE) Rodent [74]
Ischemia and stroke Human [75]
Vitamin E (o tocopherol) Alzheimer’s disease Human [76]
Parkinson’s disease Human [73]
Ischemia and stroke Human [75]
Coenzyme Qq Parkinson’s and Huntington’s diseases Human [77]
Uric acid Ischemic stroke Human [78]
Multiple sclerosis (MS) Human [79]
Borna disease viral encephalitis Rodent [32]
Spinal cord injury Rodent [50]
Melatonin Cerebral ischemia Rodent [68]
Venezuelan equine encephalomyelitis Rodent [80]
virus infection
a Lipoic acid Ischemia reperfusion injury Rodent [68]
Rickettsial infection Rodent [81]

#Reviews are referenced where available

the maintenance of normal physiological function but derived from dietary sources.
Urate, a scavenger with selectivity for “"NO, and *CO; radicals, is the end product
of purine metabolism in humans and derived from both endogenous and dietary
purines. The distribution of these and other endogenous antioxidants likely is a
major determinant of the vulnerability of a particular tissue to radical-mediated
damage. For example, ascorbate, despite being water soluble and therefore unlikely
to passively diffuse across the BBB, is found at higher concentrations in the CNS
than in peripheral organs [69]. In contrast, urate levels in the CNS tissues are
considerably lower than those found in the circulation, and the CNS tissues may
therefore be more susceptible to damage mediated by *“NO, and *COs5". On the other
hand, a-tocopherol is lipid soluble and likely to be particularly important in
protecting cell membranes from oxidation by inactivating lipid radicals. Neverthe-
less, the concentration of a-tocopherol is low in the cerebellum compared to other
organs and to the rest of the CNS tissues [70]. This difference could contribute
to the fact that the cerebellum is a more common target for ONOO -mediated
tyrosine nitration during EAE and rabies virus infection than the cortex [4].

Among the natural radical scavengers, urate holds particular interest for the
treatment of CNS inflammatory diseases such as MS because of its effects on CNS
inflammation in animal models [4], its naturally high levels in humans, and the
inverse relationship between serum levels and MS [71]. Examples of endogenous
antioxidants that have been assessed for therapeutic utility in neurological diseases
with an inflammatory component are presented in Table 2.



92 D.C. Hooper et al.

Table 3 Example synthetic antioxidants and radical scavengers

Antioxidant® Mode of action®

Methyl prednisolone, 21 aminosteroids  Glucocorticoid analogues [82]
such as lazaroids
Pegorgotein, nitroxides Superoxide dismutase activity [83]
Ebselen Glutathione peroxidase, mimetic that
inhibits a number of enzymes involved
in inflammation [84]

N acetylcysteine, NN/ Radical scavenging modified amino
propylenedinicotinamide, compounds [85]
nicaraven
o Phenyl ¢ butyl nitrone (PBN) Spin trap scavenging agents [86]
Deferoxamine, desferral Metal chelators [87, 88]
FeTPPS (5,10,15,20 tetrakis [4 ONOO decomposition catalyst [89]

sulfonatophenyl] porphyrinato
iron(III) chloride)

#This list represents only limited examples of different classes of antioxidants
" Not all the activities of different antioxidants are fully understood

4.3 Pharmacologic Radical Scavengers and Antioxidants

A wide variety of physiological, plant-derived, and synthetic compounds have been
tested in cell culture, in animal models, and in humans for their antioxidant and
radical scavenging properties. It is probably not an overestimate that hundreds of
compounds have exhibited antioxidant properties in vitro: few have proven suitable
for use in CNS inflammation. The capacity to cross the BBB is believed to be a
major issue; therefore, lipid-soluble reagents are thought to be better therapeutic
candidates. However, CNS inflammation is generally associated with the loss of
BBB integrity, which may provide a reagent with access to CNS tissues. Although a
number of endogenous antioxidants have proven to have therapeutic activity in
animal models of CNS inflammation, they often have broad specificity, additional
functions, metabolic properties, or other concerns that preclude their use at suffi-
cient concentrations without impacting important physiological processes. Conse-
quently, a wide variety of synthetic compounds, some based on natural analogues,
have been developed with diverse antioxidant properties. Some examples that have
been tested in models of CNS inflammation are presented in Table 3. The results of
different studies assessing the therapeutic utility of these agents in different oxida-
tive neurological diseases including CNS inflammatory diseases, which have been
reviewed previously [68], have been variable but generally support the concept that
targeting free radicals can be protective.

Studies of traditional or alternative medicines have revealed that a number of
herbal remedies for neurological disorders have potent antioxidant properties that
may explain their historical usage: these include extracts of green tea, Ginkgo
biloba, blueberry, grape, and a variety of other plant components. Many of the
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compounds responsible for these natural antioxidant activities have been identified
and are being investigated for potential therapeutic uses in CNS inflammatory
processes [90, 91, 92, 93]. Plant polyphenols such as the flavonoids (e.g., catechin,
epicatechin, quercetin) are examples.

4.4 Induction of Radical Activity

As already noted, *NO plays a key modulatory role in the induction of CNS
inflammation, particularly at the level of the neurovasculature. There are pathways
through which raising *NO levels may have therapeutic effects in a CNS inflamma-
tory response, as illustrated by the fact that mice lacking NOS-2 develop more
severe EAE than congenic controls [26]. Any expected benefit would likely depend
upon whether the formation of more toxic radicals can be avoided. However,
there are certain situations where the radical-dependent induction of a CNS inflam-
matory response can have a beneficial outcome regardless of collateral damage.
The lethality of virulent rabies viruses is in part the result of the maintenance of
BBB integrity, which prevents antiviral immune effectors capable of clearing the
virus from entering CNS tissues. In this case, the use of a CNS autoimmune
inflammatory reaction, EAE, to open the BBB and allow immune effectors to
clear the virus permits some animals to survive this otherwise lethal infection
despite the pathological consequences of EAE [94]. Better approaches to modulate
the radical-mediated induction of BBB permeability changes would clearly benefit
the numerous situations where reagent delivery to the CNS is desired.

5 Conclusions

Regardless of its etiology, CNS inflammation is associated with the production of a
variety of free radicals and, in certain cases, radical activity triggers the elevated
BBB permeability associated with the infiltration of immune and inflammatory
cells into CNS tissues. A variety of factors determine whether radical production
will lead to CNS pathology, including the type of radicals produced, the location,
and accessible targets including antioxidants and cell proteins, lipids, and nucleic
acids as well as extracellular components. For instance, when activated neutrophils
and monocytes expressing NOS-2 and Nox2 enter CNS tissues, their radical
production can overwhelm existing antioxidant defenses and cause considerable
damage to CNS resident cells, an example being the MS plaque. However, high
levels of production of similar radicals in the neurovasculature do not appear to
result in significant CNS pathology [4]. Strategies to modulate radical production
and activity in neurological diseases with an inflammatory component are likely to
have substantial therapeutic impact, providing that the contributions of the targeted
radicals to normal physiology are minimal or can be preserved.
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Chapter 7
The Role of Reactive Oxygen Species
in the Pathogenesis of Traumatic Brain Injury

Esther Shohami and Ron Kohen

Abstract Traumatic brain injury (TBI) is a major cause of death in the young age
group and leads to persisting neurological impairment in many of its victims. TBI
involves a primary mechanical impact followed by the development of vasogenic and
cytotoxic edema and impairment of energy metabolism and ionic homeostasis.
Primary injury sets in motion a cascade of events that activate molecular and cellular
responses. The relatively rapid process of primary cell death is followed by secondary
degeneration of adjacent neurons having escaped the initial insult. The primary death
of brain cells concomitantly also causes accumulation of harmful physiological
substances such as glutamate, reactive oxygen species (ROS), and pro-inflammatory
cytokines, creating a toxic environment for neighboring neurons and resulting in
functional deficits. The mammalian brain is vulnerable to oxidative stress because of
the high oxygen consumption needed for maintaining neuronal ion homoeostasis
during the propagation of action potentials. Interruption of mitochondrial function
involves oxidative stress and leads to impaired energy production, followed by
rapidly developing brain damage. For nearly three decades, ROS have been the
focus of interest as possible candidates for the elicitation of deleterious responses
in the pathogenesis of ischemia and TBI; however, despite numerous clinical trials,
no antioxidants have made their way into clinical practice. This chapter focuses on
the role of oxidative stress and tissue antioxidant capacity in the pathogenesis of TBIL.
Oxidative stress in the brain and its biological targets are discussed along with the
tissue’s intrinsic defense mechanisms, including antioxidant enzymes and low molec-
ular weight antioxidants (LMWA). Post-TBI oxidative stress-induced damage is
described, highlighting its major hallmarks, namely mitochondrial damage, lipid
peroxidation, antioxidant enzymes, and LMWA. Finally, several therapeutic agents
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harboring antioxidant properties are presented at the end of the chapter for their
implications in both experimental and clinical settings.

Keywords Antioxidant enzymes - Low molecular weight antioxidants - Lipid
peroxidation - Mitochondria - Oxidative stress

1 Introduction

The brain comprises the tissue most vulnerable to oxidative damage, a feature
mainly the result of the high rate of oxidative metabolic activity and relatively low
antioxidant capacity of the tissue as well as several additional tissue-specific
characteristics. Among the factors further contributing to the brain’s enhanced
susceptibility are intensive production of reactive oxygen metabolites and low
repair mechanism activity combined with the nonreplicating nature of neuronal
cells and high membrane surface-to-cytoplasm ratio [1]. Additionally, the brain
contains high levels of redox-active transition metals such as iron, which are
capable of catalyzing the production of highly toxic radicals via the metal-mediated
Haber Weiss reaction [2].

To contend with the continuous exposure to reactive oxygen species (ROS), the
living cell has developed several lines of defense that assist it in coping directly
with ROS and preventing oxidative damage. This chapter focuses on the role of
oxidative stress and tissue antioxidant capacity in the pathogenesis of traumatic
brain injury (TBI). Cellular stress responses and their modulation by endogenous
antioxidant defense mechanisms are highlighted.

1.1 TBI Damage: Detrimental Effects of ROS and Possible
Protective Mechanisms

Traumatic injury of the central nervous system (CNS) is a major health problem in
developed countries. Annual incidence rates are estimated to be about two million
for TBI and 11,000 for spinal cord injury in the United States, with persisting
neurological impairment in many trauma-affected patients [3 6]. These injuries
involve a primary mechanical impact that leads to disruption of the blood brain
barrier (BBB), development of vasogenic and cytotoxic edema, and impairment of
energy metabolism and ionic homeostasis [7, 8]. Primary injury sets in motion a
cascade of events that activate molecular and cellular responses, leading to a
secondary injury. The evolution of secondary damage is an active process in
which many biochemical pathways are involved (for a review, see reference [9]).
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Most of these pathways are detrimental, yet a large body of literature indicates the
concomitant activation of endogenous, self-protective mechanisms.

The outcome of CNS injury depends not only on the extent of the primary impact
but also on the amount of secondary degeneration that subsequently develops
[10, 11]. Neurons that are directly damaged will inevitably die, regardless of the
location (white or gray matter) of the lesion. The relatively rapid process of primary
death is followed by secondary degeneration of adjacent neurons that have escaped
the initial insult. The primary death of brain cells causes accumulation of harmful
physiological substances such as glutamate, reactive oxygen, and nitrogen species
with pro-inflammatory cytokines, creating a toxic environment for neighboring
neurons [12 16]. These events have been shown to be the cause of the majority
of nerve cell loss and disruption of neuronal circuitry, resulting in functional
deficits. The mammalian brain is considered to be especially vulnerable to oxida-
tive stress [17]. The brain’s high oxygen consumption is needed consequent to the
vast amounts of ATP used to maintain neuronal ion homoeostasis during the
propagation of action potentials. Interruption of mitochondrial function as a result
of oxidative stress leads to impaired energy production, followed by rapidly
developing brain damage. For nearly three decades, ROS have been the focus of
interest as possible candidates for eliciting detrimental responses in the pathogene-
sis of ischemia and TBI; however, despite numerous clinical trials none of the
examined antioxidants has made its way into clinical use. Unraveling the cellular/
molecular signaling leading to these events may provide a link to better targeting,
design, and clinical application of novel neuroprotective therapeutic agents.

1.2 Reactive Oxygen Species, Oxidative Stress in the Brain,
and Biological Targets

The brain consumes about 20% of the inspired oxygen even though it is a relatively
small organ, amounting to only 2% of the whole human body [1, 13, 18, 19]. The
oxygen molecule itself is an oxidant [20] as it contains two parallel unpaired
electrons and can therefore be considered as a bi-radical. However, because of
the spin limitation, it is a weak radical. Importantly, oxygen can be transformed into
a variety of compounds including powerful oxidants that might cause damage to
biological targets. In general, these metabolites are referred to as ROS or reactive
nitrogen species (RNS) and can be classified into two groups, radicals and non-
radicals, both of which are deleterious. The radical group contains compounds such
as superoxide (O, ") radicals, hydroxyl radicals, peroxyl radicals, alkoxyl radicals,
nitric oxide (NO) radicals, and one form of singlet oxygen. The non-radicals group
contains compounds such as hydrogen peroxide, lipid hydroperoxide, singlet oxy-
gen, peroxynitrite (ONOO ™), and hypochlorous acid. Although most of the oxygen
molecules are consumed for the production of energy in the form of ATP mole-
cules, a small proportion (about 5%) is used in alternative pathways leading to the
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production of reactive oxygen metabolites. Although these reactive species have
many beneficial roles such as activation of genes and second messengers or certain
components of the immune system, they may also be deleterious [13]. The brain is
rich with mitochondria, which serve as the major source for endogenous ROS
production. The small but continuous efflux of ROS from the mitochondria can
potentially damage essential targets in the brain and lead to deleterious conse-
quences. Other endogenous sources of ROS in the brain include enzymatic
processes in which ROS are generated directly or indirectly (e.g., monoamine
oxidase, nitric oxide synthase [NOS], and cyclooxygenase) and various cells such
as activated neutrophils. Excitatory amino acids also generate high levels of ROS
subsequent to their massive release and receptor activation following injury [21].
Additionally, there are exogenous factors that can initiate and enhance ROS
production in the brain: these include ionizing irradiation, air pollutants, drugs,
xenobiotics, and TBI (see following).

Radicals are short-lived species. They are highly reactive and upon production
can interact with biological targets in their immediate surroundings such as
enzymes [22, 23], lipidic membranes [22, 24], and DNA [25]. The continuous
efflux of ROS from endogenous and exogenous sources results in sustained and
accumulative oxidative damage to cellular components and alters many cellular
functions [2]. Nonradical oxygen metabolites may exist for a longer period of time
as compared to radicals, but this does not mean that they are less deleterious. On the
contrary, compounds such as hydrogen peroxide can accumulate and diffuse from
the site of their origin to other parts of the brain, possibly more vulnerable to
oxidative damage, or they might serve as a source for more reactive metabolites.
For example, peroxynitrite (not a radical) might degrade to highly reactive species
such as hydroxyl radicals, carbonate radicals, and NO radicals [26, 27].

The brain is rich with targets for oxidative damage. Potentially damage-
susceptible targets include proteins, DNA, and polyunsaturated fatty acids, highly
abundant within the brain. These targets may sustain direct or chain reaction-type
damage. For example, lipid peroxidation causes damage to biological membranes
and nerves and leads to the production of secondary reactive metabolites such as
aldehydes.

1.3 Defense Mechanisms

In light of its particular sensitivity and continuous exposure to reactive metabolites,
brain tissue could not survive without extremely efficient defense mechanisms
against oxidative stress. To cope with the continuous exposure of brain targets to
reactive species, efficient direct and indirect defense mechanisms have evolved in
this tissue. The antioxidant system is extremely important for its ability to directly
remove pro-oxidants and its variety of compounds acting as antioxidants to ensure
maximum protection of biological sites. This defense system contains two major
groups: antioxidant enzymes and low molecular weight antioxidants (LMWA) [19].
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1.3.1 Antioxidant Enzymes

The enzyme-containing group is composed of direct-acting proteins and supporting
enzymes. The direct-acting group contains proteins such as superoxide dismutase
(SOD; different types exist, such as Cu-Zn SOD, MnSOD, EC-SOD, and Fe-SOD
in plants), catalase, and peroxidase, which can remove hydrogen peroxide, the
product of the dismutation reaction. It is noteworthy that the more the tissue is
exposed to oxidative stress the more efficient and complex is its antioxidant defense
system. Hence, the brain, which is particularly vulnerable to oxidative damage,
possesses an extremely efficient antioxidant activity. Brain tissue contains various
types of antioxidants; some of which are unique to it. The levels of the antioxidant
enzymes vary in different brain regions and among various species. Although the
activity of SOD and peroxidase in the brain is quite high, the activity of catalase,
acting to degrade hydrogen peroxide to water and oxygen, is relatively low [28, 29].
Rat brain contains high levels of glutathione peroxidase, which removes hydrogen
peroxide.

The role of the endogenous antioxidant enzymes in acute CNS injury was shown
by Chan et al. in genetically manipulated mice. Transgenic mice that overexpress
CuZn-SOD and antiapoptotic Bcl-2 in the brain were found to be protected in a
model of brain ischemia/reperfusion injury, whereas knockout mutants deficient of
SOD were more vulnerable to the same type of injury [30].

1.3.2 Major Low Molecular Weight Antioxidants in the Brain

LMWA compounds that react directly with radicals (e.g., scavengers and chain-
breaking antioxidants) are extremely important in combating oxidative stress. This
group contains several hundred compounds originating from endogenous and
exogenous sources. Some of the most widely known LMWA are listed next.

Glutathione. This tripeptide (glu-cys-gly) is the most abundant non-protein thiol
found in the brain. Glutathione acts as an antioxidant via its capacity to serve as a
substrate for the enzyme glutathione peroxidase and seems to mainly be found in
astrocytes [31].

Tocopherols (vitamin E). This diet-derived (in humans) vitamin comprises a
lipid-soluble antioxidant, usually accumulated in the cell membrane. Vitamin E
acts as a scavenger by donating an electron to peroxyl radicals, thus preventing
propagation of lipid peroxidation [29].

Ascorbic acid. Vitamin C is considered a powerful hydrophilic scavenger
in biological fluids and tissues [32]. Humans and other primates have lost the ability
to synthesize ascorbic acid and rely on dietary sources of this compound. Vitamin C
is distributed throughout the brain, and its concentration in the cerebrospinal fluid
is about tenfold higher than in the plasma. The vitamin serves as a strong reducing
agent by donating electron(s), thus directly neutralizing ROS. In addition, it
also acts to recycle the tocopherol radical to its active reduced form. However,
ascorbate may also acquire a strong pro-oxidant activity by reacting with iron ions
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in the so-called Udenfriend reaction to produce highly toxic hydroxyl radicals [33].
This reaction might occur in the brain after injury following mobilization of iron
ions and their interaction with ascorbic acid [22, 29, 34].

Histidine-related compounds. Carnosine (D-alanyl-L-histidine) was discovered
at the beginning of the twentieth century in skeletal muscle. Since then, carnosine
and related compounds anserine (8-alanyl-3-methyl-L-histidine) and homocarno-
sine (y-aminobutyryl-L-histidine) have been reported to be present in brain tissue,
in concentrations ranging from 0.3 to 5 mM. Together, these compounds have been
shown to dominate the nonprotein nitrogenous compound pool of the human brain
[18, 35, 36]. The distribution of these entities in the brain is not homogeneous, with
the highest concentration located in the olfactory bulbs (2 5 mM). Homocarnosine
is present in cerebrospinal fluid and brain (2 50 uM) and anserine is present in
the brain [18]. Carnosine is under metabolic control and is produced by the enzyme
carnosine synthase [37, 38]. The compound and its derivatives act as neuroprotec-
tive antioxidant effectors in the brain or peripheral tissues [18, 36, 37, 39 41].
Carnosine, homocamosine, and anserine are biologically significant and possess
many antioxidant functions. They act as chelating agents capable of binding
transition metals and preventing the involvement of the latter in the metal-mediated
Haber Weiss reaction. The dipeptides scavenge peroxyl and hydroxyl radicals in
addition to binding hydrogen peroxide and removing it from targets susceptible to
oxidative damage and can also interact with singlet oxygen, mimic SOD, and show
peroxidase-like activity [42].

Melatonin. N-Acetyl-5-methoxytryptamine is produced in the pineal gland and
readily crosses the BBB to enter neurons and glial cells [29]. It is a potent scavenger
of peroxyl and hydroxyl radicals, shown to prevent both initiation and propagation of
lipid peroxidation and stimulate brain glutathione peroxidase. Melatonin acts as an
antioxidant in both lipophilic and hydrophilic environments because of its solubility
properties. Recently it was shown that the compound inhibits NOS, thus preventing
the toxic effect obtained after its interaction with superoxide radicals [29, 43].

Uric acid. Uric acid, a waste product of the living cell produced by xanthine
oxidase (XO), is widely distributed in relatively high concentrations in the body.
Urate contributes up to 60% of the total antioxidant activity of plasma in healthy
subjects [44, 45], acting as a preventive antioxidant by interacting with 10 15% of
the hydroxyl radicals produced daily. The compound is an efficient scavenger of
both peroxyl radicals and singlet oxygen [46] and is also capable of binding iron
[47] or acting indirectly by stabilizing plasma ascorbate [48]. Using a model of
ischemic preconditioning in rats, Glantz et al. [49] proposed that at least part of the
neuroprotection afforded is mediated via high levels of uric, but not ascorbic acid.
In contrast, Benzie and Strain [45] recently hypothesized that urate acts as a pro-
oxidant at high concentrations and suggested that hyperuricemia is a risk factor for
oxidative stress-associated disorders.

Lipoic acid. The lipid-soluble dithiol a-lipoate is absorbed from the diet, crosses
the BBB, and is taken up by cells. It possesses a wide spectrum of activities as
a metabolic antioxidant, and its reduced form, dihydrolipoate, exits the cells to
act as an extracellular antioxidant. a-Lipoate scavenges a large variety of species
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including hydroxyl radicals, hypochlorous acid, NO, peroxynitrite, hydrogen
peroxide, and singlet oxygen. It is also an effective chelator of transition metals
and may regenerate various antioxidants such as ubisemiquinone, dehydroascorbate
radical and glutathione disulfide to their active form. Thus, o-lipoate and its
reduced product act as potent antioxidants in both intra- and extracellular environ-
ments (see Packer et al. for review: [50]) and were recently reported to show
neuroprotective properties in a variety of brain and neuronal tissue pathologies [51].

The aforementioned LMWA are considered as reducing agents capable of
donating electrons to ROS and neutralizing them. These agents, also known as
scavengers, are responsible in part for creating a reducing environment within the
brain. Although there are numerous compounds possessing reducing properties, not
all of them significantly affect the overall measurable reducing power within the
cell. Thus, compounds present at low concentrations (below ten nanomolar) are not
considered here as responsible for the overall cellular reducing power, although
they may play a role in specific microcellular environments.

2 Production of ROS and Oxidative Stress Damage After TBI

2.1 Mitochondrial Damage

Oxygen is required by eukaryotic cells for energy production via the electron
transport chain in the mitochondria. The latter are located in the cytoplasm, play
a crucial role in cell survival and function, have a large capacity for calcium uptake,
and are an important site of calcium storage in cells. As mitochondrial calcium flux
depends on its inner membrane potential [52], intracellular calcium must be tightly
regulated to maintain their homeostasis.

The failure of mitochondrial function is one of the hallmarks of oxidative stress
and is involved in both necrotic and apoptotic cell death. It is an important
mechanism that precedes the onset of neuronal loss after TBI. Drugs that target
mitochondria, such as cyclosporine A (CsA), have been shown to be neuroprotec-
tive [53, 54]. Oxidative stress occurs within minutes after TBI [55, 56] and may
account for the observation of early (30 min) mitochondrial dysfunction following
injury. Recent studies on the time course of mitochondrial failure during the first
72 h after TBI revealed that the mitochondrial respiratory dysfunction, as a result of
changes in state III and IV respiratory rates, occurred simultaneously with the
appearance of oxidative markers such as 4-hydroxynonenal and protein nitration
and was sustained at least up to 72 h [54]. Singh et al. [54] also demonstrated that,
after TBI, ipsilateral cortical mitochondria displayed progressive (3 12 h) struc-
tural damage consisting of swelling and breakage of the outer membranes. These
authors also provide evidence that implicates the RNS ONOO, the product of the
reaction between NO radical and superoxide radical [57], in posttraumatic mito-
chondrial dysfunction.
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2.2 Lipid Peroxidation

Among the secondary post-TBI neurotoxic events that are mediated via excessive
ROS formation, lipid peroxidation is well documented as having highly damaging
effects [58]. Numerous experimental studies have reported that TBI results in an
increase in glutamate release, which, via the activation of the N-methyl p-aspartate
(NMDA) receptor, leads to cytosolic calcium overload. As a result, the activation of
phospholipase enzymes along with a direct ROS attack on membrane fatty acid side
chains generates carbon-centered radicals. Subsequently, lipoperoxyl radicals are
formed, facilitating an attack on adjacent fatty acids and propagating further
damage [58]. Accumulation of lipid hydroperoxides alters membrane permeability
and fluidity and oxidizes membrane proteins, leading to alterations in ion transport,
notably the intracellular flux of Ca®* [59].

2.3 Nitric Oxide Production

Rises in Ca®* can also activate neuronal nitric oxide synthase (nNOS). NO is
produced in a reaction that converts arginine to citrulline under control of NOS
enzymes. There are three NOS isoforms, namely, the constitutive, neuronal, and
endothelial variants (nNOS and eNOS), and an additional inducible form (iNOS).
NO itself is a multipotent messenger whose functions include control of cerebral
blood flow, interneuronal communications, synaptic plasticity, memory formation,
receptor functions, intracellular signal transmission, and release of neurotransmit-
ters. Similar to many other mediators in the brain (e.g., glutamate, cytokines,
calcium ions), it may have both beneficial and detrimental effects, depending
upon the exact postinjury period examined [60].

NO accumulates in the brain immediately after injury, probably from the
increased activity of eNOS and nNOS. A later peak in NO, occurring several
days after TBI, is probably caused by activation of iNOS. Inhibition of iNOS was
also shown to convey neuroprotective effects in most experimental models of TBI
[61]. Interestingly, the cerebrospinal fluid levels of nitrotyrosine, produced via a
chain reaction between reactive species, may be an in vivo marker of oxidative NO-
mediated damage, as shown by Darwish et al. [62].

3 Defense Mechanisms Against ROS After TBI

3.1 Evaluation of Low Molecular Weight Antioxidants (LMWA)

Most of the methods used to evaluate antioxidant activity are related to specific
scavengers or particular reactive species involved. As such, these methods are
insufficient to indicate the overall reducing (antioxidant) status of the tissue.
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A different approach to LMWA activity measurements in tissues and fluids was
developed by Kohen and Nyska, who demonstrated that the antioxidant activity of
biological tissues and fluids correlates with their biological oxidation potential and
level, that is, anodic current [19]. Thus, LMWA activity of a biological sample can
be evaluated by measuring its reducing power (expressed by both parameters:
biological oxidation potential and anodic current). Consequently, a convenient
method of measuring the overall reducing power of biological fluids or tissue
homogenate is cyclic voltammetry (CV) [63]. In particular, CV tracing records
the biological oxidation potential specific to the type of scavenger(s) present and
the anodic current that depends on their concentration(s).

3.1.1 Antioxidant Capacity (Levels of LMWA) Predicts Functional
Outcome After TBI

Changes in the levels of LMW A reflect the consumption and/or recruitment of these
antioxidant molecules, acting as defense mechanism to neutralizing ROS. We used
this approach to examine the temporal changes in brain LMWA in response to
experimental TBI. In addition, the ability of an animal to cope with oxidative stress
after TBI was evaluated by measuring brain levels of LMWA. Indeed, we showed
that animals that were able to mobilize higher levels of antioxidants within minutes
after TBI or ischemia, whether because of differences in physiological or pathologi-
cal status [13, 49, 64, 65] or specific genetic manipulations [66, 67], displayed
greater recovery of function after injury. Thus, the lower antioxidative postinjury
response in apoE-deficient mice suggests that this phenomenon may play a role in
their impaired ability to recover after TBI [66, 67] and possibly contributes to
rendering their brain susceptible to the development of neurodegenerative disorders.

Melatonin, the main pineal hormone possessing antioxidant properties [68], was
given to mice 1 h after TBI and was found to facilitate recovery and decrease infarct
volume. This treatment was associated with sustained elevation of LMWA levels
inhibition of activation of the “redox-sensitive” transcription factors NF-xB and
AP-1. Our data support the view that melatonin does not only act as a radical
scavenger: it also induces the activities of transcription factors toward pro-survival
signals, rather than death-promoting ones, during the secondary phase after TBI [69].

It is interesting to note that, after isolated TBI, there is a whole-body response of
oxidative stress, shown by a transient decrease in LMWA levels in the heart,
kidney, lung, and liver 1 h after TBI. These decreases suggest the consumption of
LMWA, probably from interaction with locally produced ROS [70].

3.1.2 Diabetes as a Physiological Model for Low Antioxidant Capacity

Diabetes is a metabolic disorder associated with structural and functional changes
in the peripheral and CNS. Accumulating evidence suggests that oxidative stress is
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implicated in the pathogenesis of diabetic neuropathy by inducing neurovascular
defects that result in endoneural hypoxia and subsequent nerve dysfunction [71].
Studies on antioxidant treatment in experimental models of diabetes point to the
involvement of ROS in the reduced nutritive blood flow that causes peripheral
nerve hypoxia and dysfunction [72]. Diabetic rats subjected to TBI exhibited lower
concentrations of LMWA and of vitamins C and E, suggesting chronic oxidative
stress [65]. After TBI, these diabetic rats displayed a slower rate of recovery and
greater and more sustained edema as compared with their controls. At all times
diabetic rats had higher levels of thiobarbituric acid-reactive substances and conju-
gated dienes, supporting the hypothesis that diabetic rats suffer greater neurological
dysfunction associated with oxidative stress and lipid peroxidation after TBI.

3.1.3 Aging: A Progressive Decline in Antioxidant Capacity

Age is an important risk factor for the outcome of stroke [73] and TBI [74 76] as
well as for the decline in motor and cognitive abilities and development of neuro-
degenerative diseases such as Alzheimer’s and Parkinson’s. Theoretically, a num-
ber of causes could underlie this phenomenon, including a decrease in neuron
reserves and neuronal plasticity, reduced capacity of repair and regeneration
mechanisms, and a decline in the capacity of the body to cope with physiological
stress in general. Oxidative stress in the brain is emerging as a potential causal
factor in aging and age-related neurodegenerative disorders [29, 77 79].
Decreased ability of managing oxidative stress is also a common hallmark of
neurodegenerative diseases as well as normal aging. The notion that the capacity
of brain tissue to neutralize harmful oxidative agents declines in old age is derived
from the free radical theory of aging [80, 81] and implies that the vulnerability of the
brain to oxidative stress may well increase with age. Indeed, we have demonstrated
that in old rats the basal levels of ascorbate in the extracellular fluid is significantly
lower than in adults [82]. Moreover, fewer antioxidants were found to accumulate in
the extracellular space in response to TBI in the aged brain when compared with
younger controls. Thus, lower levels of antioxidants may imply less effective combat
of ROS and greater oxidative damage. This finding is further corroborated by our
observation that old rats displayed increased neuronal and axonal damage [82].

3.2 Antioxidant Enzymes in TBI

3.2.1 Superoxide Dismutase (SOD)

The stepwise activity of the enzymatic antioxidant network consists of dismutation of
superoxide anions (O, ) by SOD to form hydrogen peroxide (H,O,) [83]. This
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product, in turn, is converted to water through the activities of mitochondrial and
cytosolic glutathion peroxidase (GpX) or paroxisomal catalase. In addition, glutathi-
one reductase and 6-phosphate dehydrogenase act to support an integrated antioxidant
system [2]. Three isoforms of SOD were identified on the basis of their subcellular
localization and metal ion requirements. SODI1 is a dimeric cytosolic enzyme, requir-
ing copper and zinc ions as cofactors, SOD2 is a tetrameric mitochondrial enzyme
requiring manganese, and SOD3 is an extracellular, high molecular weight, copper-
containing enzyme. Interestingly, although SOD1 is constitutively present in all cells,
SOD?2 is inducible upon oxidative or inflammatory stimuli, suggesting distinct roles
for the two isoforms [84].

The particular role of SOD1 in neuroprotection has been widely investigated
but remains controversial. Several groups demonstrated that overexpression of
SODI1 is associated with a dose-related decrease in brain edema, tissue infarction,
and BBB disruption in models of cold and contusion brain injury [85 87] and
following transient cortical ischemia [88 90]. In contrast, SOD1 deficiency did not
affect brain edema, infarct volume, or early release of mitochondrial cytochrome cs
following permanent focal cerebral ischemia [91]. Furthermore, increased SOD1
activity caused pronounced effects on other antioxidant enzymes [92], aggravated
oxidative injury [93], and impaired cognitive function in SODI transgenic mice [94].

Beni et al. [95] have reported that TBI-induced NF-«xB activation was absent in
SOD1 ', mice suggesting that SOD1 deficiency impaired H,0,-mediated activa-
tion of this redox-sensitive transcription factor, decreasing death-promoting signals,
and leading to better late outcome. However, in the same study we demonstrated that
SOD1 overexpression failed to enhance neurobehavioral or cognitive recovery after
TBI [95]. Such duality in the effect of SOD after TBI may lie in the fact that although
overexpression of SOD1 facilitates O, removal, it also enhances H,O, production,
which in turn favors generation of hydroxyl radicals via Fenton reactions. Therefore,
efficient detoxification of O,  requires an integrated, fine-tuned activity of SOD
together with GpX or catalase, such that accumulation of H,O, and further pertur-
bation of cellular redox-homeostasis are prevented [96, 97].

3.2.2 Glutathione Peroxidase (GpX)

Using both transgenic and knockout mice, Xiong et al. [98] provided evidence that
cellular glutathione peroxidase (GpX1) is essential for maintaining brain mitochon-
drial function after TBI. Mice were subjected to TBI, and the efficiency of oxidative
phosphorylation in brain mitochondria was determined. They demonstrated that the
susceptibility of mouse brain mitochondria to TBI-induced decrease in NAD-linked
bioenergetic capacity is inversely correlated with the expression level of Gpxl1.
Their results suggest a role for GpX1 in antioxidant defense mechanisms against
TBI, and implicate hydrogen peroxide, alkyl hydroperoxides, or both as toxic ROS
in secondary brain injury after TBI.
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3.2.3 Heme Oxygenase (HO)

The ubiquitous molecule heme, found in mammalian tissues, plays a key role in
the delivery of molecular oxygen and affects oxidative reactions associated with
cellular metabolism [99], whereas free heme is deposited only under pathological
conditions. Following TBI, heme is released from red blood cells and from injured
neurons and glia and is also extravasated via the BBB. The heme oxygenase
isozymes (HO-1 and HO-2) catalyze the degradation of heme to produce carbon
monoxide (CO), ferrous iron (Fe“), and biliverdin, which is converted to bilirubin
[100]. HO-2 is the predominant, constitutively expressed isozyme found in the
adult rodent brain and testes and is regulated only by adrenal glucocorticoids [101,
102]. Although HO-2 is immunolocalized in neurons before and after TBI, HO-1
is highly upregulated in glia only after TBI. To study the role of HO after TBI,
Chang et al. [103] determined HO activity in brain sonicates from injured HO-2-
knockout (KO) mice. They found it to be significantly lower than that of wild
types, despite the induction of HO-1 expression after TBI. They also found
significantly greater cell loss in KO mice in the cortex, CA3 region of hippocam-
pus, and lateral dorsal thalamus. Furthermore, recovery of motor function was
impaired in the KO mice. Interestingly, brain tissue from injured HO-2 KO mice
exhibited decreased ability to reduce oxidative stress and higher levels of end
products of lipid peroxidation as compared with the wild type. These findings
demonstrate that HO-2 expression protects neurons against TBI by reducing lipid
peroxidation via the catabolism of free heme.

3.2.4 Xanthine Oxidase (XO)

XO catalyzes the oxidative hydroxylation of hypoxanthine to xanthine and also the
subsequent hydroxylation of xanthine to uric acid, the final two steps of purine
metabolism in mammals. Hillered et al. [104] reported that the level of hypoxan-
thine is increased in the extracellular fluid of the striatum early after middle
cerebral artery occlusion in rats. However, as this change was not accompanied
by appearance of respective degradation products, their work indicated that
this compound is not a useful marker for evaluation of energetic homeostasis
disruption.

Importantly, xanthine degradation by XO leads to the formation of hydrogen
peroxide and hydroxyl radicals. Hence, after TBI or cerebral ischemia the
XO pathway may contribute to the generation of ROS and lipid peroxidation.
Recently, Solaroglu et al. reported that increased activity of XO was found
as early as 2 h after TBI and was sustained up to 24 h. Concomitantly, a time-
dependent increase in the levels of thiobarbituric acid reactive substances, a
marker of oxidative stress, was noted up to 24 h. These results indicate that the
immediate rise in XO activity following TBI only partially explains the increase in
ROS [105].
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4 Therapeutic Agents with Antioxidant Properties After TBI

4.1 Tempol

The spin-trap agent tempol (4-hydroxy 2,2,6,6,-tetramethylpiperidine-1-oxyl) is a
commercially available nitroxide antioxidant with no significant side effects [106]
that is used as a contrast agent in imaging procedures [107]. In contrast to other
antioxidants that are generally active against only one species of radicals, tempol
possesses SOD-like activity and was shown to modulate NO levels as well as
reduce hypervalent metals. The compound can also react with peroxyl and carbon-
centered radicals and dismutate oxygen radicals. Importantly, tempol has a catalytic
mode of action and replenishes its antioxidant capacities, in contrast to other agents
which finally exhaust their antioxidant capacity [108 110]. Furthermore, tempol is
capable of penetrating cells and exerting important intracellular antioxidant actions,
whereas antioxidants used in previous experiments did not penetrate cell mem-
branes effectively and thus had only limited intracellular antioxidant effects.
Tempol has also been shown to be a potent neuroprotectant in TBI [111] and to
protect against myocardial ischemia [112], radiation damage [113], malignancy
[114], hemorrhagic shock [115], and focal ischemia [116].

4.2 Aminosteroids

The lazaroids are unique compounds possessing the membrane-stabilizing effects
of glucocorticoids without their receptor-dependent side effects. The lazaroids exert
their antilipid peroxidation action through two mechanisms, free radical scavenging
and membrane stabilization. Early animal studies of traumatic and ischemic injury
[117 119] suggested that the lazaroids inhibit membrane lipid peroxidation by
scavenging peroxyl radicals, a mechanism similar to that of vitamin E [120]. One
of these compounds, tirilazad mesylate (U-74006F), has been selected for clinical
development as a parenteral neuroprotective agent. In experimental head injury
models, tirilazad decreased hydroxyl radical production in the brain upon concus-
sive head injury. Additional observations in gerbils with bilateral carotid occlusion
indicated that it may also scavenge hydroxyl radicals [119]. Tirilazad mesylate is a
21-aminosteroid that has been shown to inhibit lipid peroxidation in experimental
animals [121]. It penetrates the intact BBB poorly but has a strong affinity for the
vascular endothelium [122]. The effect of tiralazad on TBI patients was examined
in a randomized clinical study, using mortality and Glasgow outcome score (GOS)
at 6 months post TBI as the primary outcome measures. Although no significant
difference was found between the drug- and placebo-treated groups, subgroup
analysis suggested that treatment reduced mortality rates in males suffering from
severe TBI with accompanying traumatic subarachnoid hemorrhage [123].
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4.3 Cyclosporine A

As already mentioned, CsA inhibits mitochondrial dysfunction in the CNS. By
preventing mitochondrial calcium efflux, the compound presumably interrupts the
cascade of events leading to apoptosis and/or necrosis [53 55]. Results of a phase II
clinical trial using CsA have been published recently [124]. In this prospective,
randomized, placebo-controlled clinical trial, dose escalation was performed as to
obtain data regarding CsA effects in TBI patients and concomitantly identify
optimal dosage in 30 patients with severe TBI (Glasgow Coma Score, 4 8). It
was shown that patients with severe TBI demonstrate a rapid clearance and larger
distribution volume of CsA, an effect that will need to be accounted for in future
safety and efficacy studies.

Although proven effective in many preclinical studies, the use of antioxidants in
the management of TBI has failed thus far [123]. Because the half-lives of most
ROS are very short, and given their high reactivity toward many biological targets,
chances are scarce that daily-administered antioxidants given during the first 7 days
following injury will prevent damage. Future studies should be more focused on the
appropriate timing of drug delivery and at facilitating high concentrations of
therapeutic agents before or at the time of the ROS formation.

Further elucidation the multifactorial mechanisms and complex network gov-
erning the role of ROS in progressive post-TBI damage and identification of
endogenous neuroprotective mechanisms that combat ROS are needed to develop
novel therapeutics for TBI].
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Chapter 8

Distinct Roles of Cyclooxygenase-1

and Cyclooxygenase-2 in Inflammatory
and Excitotoxic Brain Injury

Saba Aid, Sang-Ho Choi, Christopher D. Toscano, and Francesca Bosetti

Abstract The cyclooxygenases COX-1 and COX-2 metabolize arachidonic acid to
prostaglandins (PGs) and thromboxanes and are thought to play a role in neuroin-
flammation and excitotoxicity, which are important components in the progression
of neurodegenerative diseases. However, the exact role of each isoform in these
processes remains unclear. This chapter reviews preclinical and clinical data on
COX-1 and COX-2 inhibition in the neuroinflammatory and excitotoxic processes.
Potential implications for clinical use in patients suffering from neurodegenerative
disorders with a marked inflammatory component, such as Alzheimer’s disease, are
discussed.

Keywords Cyclooxygenase - Arachidonic acid - Inflammation - Excitotoxicity
- Nonsteroidal antiinflammatory drugs - Alzheimer’s disease - Prostaglandins

1 Cyclooxygenase-1 and -2 in the Central Nervous System

Cyclooxygenases (COX) catalyze the rate-limiting step in the conversion of
arachidonic acid (AA) to prostaglandins and thromboxanes, lipid mediators
involved in several physiological and pathological processes [1, 2] (Fig. 1). Inflam-
mation associated with an increased expression of COX and elevated levels of
prostaglandins have been implicated in a variety of acute and chronic neurological
and neurodegenerative disorders [3 5], including Alzheimer’s disease (AD) [6],
Parkinson’s disease [7], and amyotrophic lateral sclerosis [8].
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Fig. 1 Brain arachidonic acid cascade. Arachidonic acid is released from membrane phospholi
pids by a phospholipase A, (PLA,) and then converted to bioactive prostanoids (prostaglandins
and thromboxanes) by cyclooxygenases, COX 1 and 2, and terminal prostaglandin and throm
boxane synthases. COX 1 and COX 2 are the pharmacological target of nonsteroidal antiinflam
matory drugs (NSAIDs). Brain arachidonic acid release and metabolism can be activated by
neuroinflammation and excitotoxicity, which are important components in several neurological
and neurodegenerative diseases

Two distinct COX isoforms have been characterized, COX-1 and COX-2, which
share 60% homology in their amino acid sequences and have comparable kinetics
[1, 9]. However, the two isoforms differ in regulatory mechanisms, tissue distribu-
tion, and preferential coupling to upstream and downstream enzymes [10 12].
Although relatively little information has been reported about the transcriptional
regulation of COX-1, few cis-regulatory elements, and no NF-xB binding site and
TATA box, have been identified in the 5'-promoter region of the COX-1 gene
[13,14]. In contrast to COX-1, the COX-2 gene contains at least six different
cis-regulatory elements, including NF-kB, Spl, NF-kB, interleukin (IL)-6, and
CRE binding sites, interacting with trans-acting factors generated by multiple
signaling pathways [13, 14]. The reason why two COX isoforms are necessary
in mammals remains unclear; however, each isoform is specifically localized in
discrete cell populations distributed in distinct areas of the central nervous system
(CNS). Immunohistochemical studies demonstrated that COX-1 is predominantly
expressed in glial cells, most of which were devoid [15] of glial fibrillary acidic
protein (GFAP) immunoreactivity and thus appeared to be microglia, regardless of
their activation state, and enriched in midbrain, pons, and medulla. In contrast,
COX-2 is expressed in specific neuronal cells and glial cells, particularly in the
limbic system [15 20]. Interestingly, COX-1 immunoreactivity is found in glial
cells and some neurons in the brains of wild-type and COX-2-deficient mice but not
in those of COX-1-deficient mice [17]. In the CNS, COX-1 has traditionally been
considered as the constitutively expressed isoform, primarily responsible for
homeostatic prostaglandin synthesis [21, 22]. In contrast, COX-2 expression
can be induced by inflammatory or excitotoxic stimuli, and this isoform is thought



8 Distinct Roles of Cyclooxygenase-1 and Cyclooxygenase-2 121

to be the major source of inflammatory prostaglandins. Thus, COX-2 has been
considered as the most appropriate therapeutic target for antiinflammatory drugs.
However, recent studies have questioned this earlier perspective and indicated a
pro-inflammatory role of COX-1 in the pathophysiology of acute and chronic
neurological disorders [23, 24]. On the other hand, as well as being induced by
inflammatory stimuli, in the CNS COX-2 is involved in major physiological func-
tions, such as synaptic activity and memory acquisition, neurotransmitter release,
blood flow regulation, and the sleep/wake cycle [25 30], which can explain its
constitutive expression in several neuronal cell populations, especially in hippo-
campal and cortical glutamatergic neurons [10, 31, 32]. COX-2 involvement in
neuronal activity has been linked to evidence that its upregulation is dependent on
N-methyl p-aspartate (NMDA) receptor activity [33]and that it contributes to
postsynaptic activity and long-term synaptic plasticity [27, 33, 34]. In particular,
arecent study demonstrated that PGE, resulting from the activity of COX-2, but not
from that of COX-1, is necessary for the induction of long-term potentiation and
spatial learning in vivo, whereas COX-1 inhibition facilitated baseline synaptic
transmission [30]. In this regard, several behavioral studies demonstrated that
COX-2 inhibitors cause impairment in memory acquisition and consolidation
[35, 36], in passive avoidance memory retention [37, 38], and in spatial memory
retrieval [39]. On the other hand, in addition to their homeostatic role, COX-1-
derived prostaglandins may also contribute to inflammation in certain pathological
conditions. For instance, microglial activation, the hallmark of neuroinflammation,
is presumed to be responsible for the increase in expression of COX-1 [18, 23, 32,
40, 41]. In spite of the intense research of the last decade, the exact role of COX-1
and -2 in neuroinflammation is still controversial.

2 Microglia as a Target for Regulation
of the Neuroinflammatory Response

Microglia are the primary resident immune cells within the CNS. In normal healthy
brain, microglia show a typical “resting” phenotype, but they rapidly react in
response to a number of acute and chronic insults [42, 43]. Microglia are particu-
larly sensitive to changes in the microenvironment and readily become activated in
response to infection or injury [44, 45]. Microglial activation is generally deter-
mined by the gradual changes of their morphology from ramified resting state to
activated amoeboid microglia and upregulation of surface molecules such as the
major histocompatibility complex [46]. Besides this morphological transformation,
activated microglia produce several pro-inflammatory and neurotoxic mediators,
including complement, cytokines, chemokines, prostaglandins, and free radicals
such as nitric oxide and superoxide [45, 47], which, in turn, may participate in a
positive feedback loop to aggravate inflammation and contribute to delayed neuro-
nal cell death [48]. Intervention studies in vivo and in vitro demonstrated that
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several of these activated microglia-derived factors contribute directly to neuronal
injury [24, 49 51] and neurodegeneration [52]. In certain brain insults and neuro-
degenerative diseases, activated microglia are key cellular mediators of innate
immune response and contribute to the neuroinflammatory processes for the pro-
gression of diseases [44, 53, 54]. However, whether microglia-mediated neuroin-
flammation is a consequence or the cause of neurodegeneration is still unclear.
Because reactive microglia play a role in the pathogenesis of neurodegenerative
diseases, understanding of the molecular mechanisms involved in microglial acti-
vation and microglial function is essential for designing rational therapeutic
approaches for prevention or treatment of neurodegenerative disorders.

3 The Neuroinflammatory Hypothesis for Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease and the
major cause of aging-related dementia. AD histopathology is characterized by
extracellular deposits of B-amyloid peptides (neuritic or senile plaques) and intra-
cellular accumulation of hyperphosphorylated zau protein (neurofibrillary tangles).
Major neuroinflammatory changes in the AD brain consist of activated microglia
and astrocytes surrounding the amyloid deposits and increased expression of
several inflammatory mediators, including complement components, the chemo-
kines macrophage inflammatory protein (MIP)-1oc and MCP-1, the chemokines
receptors CCR3 and CCRS, and the cytokines tumor necrosis factor (TNF)-o and
transforming growth factor (TGF)-B [55, 56]. Few studies reported the presence of
infiltrating leukocytes and macrophages in the AD brain, suggesting a possible
disruption of the blood brain-barrier [57, 58]. Supporting the neuroinflammatory
hypothesis of AD, more than 20 independent epidemiological studies have demon-
strated that early long-term administration of nonsteroidal antiinflammatory drugs
(NSAIDs), usually to treat osteoarthritis, leads to a significant reduction in the risk
of developing AD later in life [59 62].

4 Clinical Trials with COX Inhibitors in AD

Because of the beneficial effects of NSAIDs use on reducing AD risk in epidemio-
logical studies, the idea of treating AD with NSAIDs has been tested in several
clinical trials. Two early pilot studies showed promising results on the potential of
NSAIDs to ameliorate AD symptoms. A small trial using indomethacin, a prefer-
ential COX-1 inhibitor, reported significant improvement in cognitive rating scores
in the indomethacin-treated group, despite a 36% rate of withdrawal mainly
because of gastric side effects [63]. Another small trial with diclofenac, a COX-2
selective inhibitor, in combination with misoprostol, a gastroprotectant, reported no
differences between placebo and treatment groups in an intent-to-treat analysis.
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Nevertheless, the authors underscored a nonsignificant trend toward reduced
cognitive decline in the diclofenac/misoprostol treatment, despite the 50% with-
drawal rate [64]. Unfortunately, subsequent large clinical trials using the nonselec-
tive COX inhibitor naproxen [65] and COX-2 selective inhibitors such as rofecoxib,
celecoxib, and nimesulide have failed to show any improvement in slowing the
progression of AD over 1 year [65 69] or 4 years [70]. Because of rising serious
concerns on cardiovascular toxicity of coxibs, a large clinical trial (ADAPT) for the
primary prevention of AD to evaluate a nonselective COX inhibitor, naproxen, and
a selective COX-2 inhibitor, celecoxib, was halted in 2004 [68]. In the same year,
the selective COX-2 inhibitor (Vioxx, rofecoxib) was voluntarily withdrawn from
the U.S. market by the manufacturer because of retrospective reports of increased
mortality rate resulting from cardiovascular thrombotic events that industry-spon-
sored trials failed to report on time [71]. The growing concerns about the cardio-
vascular toxicity of coxibs hindered appropriate follow-up studies to examine the
potential therapeutic effect of these drugs in AD. Indeed, the failure of clinical trials
to confirm epidemiological data may also be attributed to ineffective dose, inade-
quate timing (preventive vs. therapeutic approach), or inappropriate choice of
NSAIDs (most of the trials focused on COX-2 selective inhibitors). Another
explanation could be that targeting COX-2 during established dementia when the
inflammatory cascade has already started is not helpful and may even worsen the
outcome, as suggested by a recent trial of short-term use of naproxen and celecoxib
in patients with mild dementia, in which the treated groups appeared to have a
greater rate of AD compared to those given the placebo [68]. Moreover, another
trial in patients with mild cognitive impairment found an increase rate of possible or
probable AD diagnoses in patients assigned to rofecoxib compared to placebo [70].
In line with those clinical results, preclinical studies testing celecoxib and nimesu-
lide, two selective COX-2 inhibitors, on transgenic mouse models of AD showed
either no effect on the pathological burden or a substantial increase in Af4,, which
is generally viewed as a key player in the progression of AD [62]. Specifically,
celecoxib increased the production of A4, at a comparable level to the increases in
A4, induced by Alzheimer disease-causing mutations [72].

Several recent articles questioned whether the potential efficacy of NSAIDs
could be attributed to non-COX-dependent actions. For instance, a subset of
NSAIDs known as selective AB,-lowering agents is responsible for this apparent
reduction in AD. In this subset, ibuprofen has been shown to lower B-amyloid in the
brain independently of COX activity [73]. However, a recent study that pooled
individual-level data from six prospective studies revealed that there was no
apparent advantage in AD risk reduction for the subset of NSAIDs shown to
selectively lower AP4, [74]. Another possibility is that protection afforded by
NSAIDs is mediated by their ability to activate the peroxisome proliferator-
activated receptors (PPARs), which are known to modulate neuroinflammation
and B-secretase activity in the brain [75]. Clinical trials to evaluate PPAR-y agonist
on AD risk have yielded promising results [76]. Finally, some NSAIDs have
antiplatelet-aggregating effects, which may reduce cognitive decline through vas-
cular mechanisms.
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In summary, to date, use of NSAIDs (mostly COX-2 selective inhibitors) has not
been shown to be beneficial in patients with mild to severe cognitive decline. How-
ever, follow-up trials with COX-1 preferential inhibitors, such as indomethacin, have
not been carried out.

5 Pro-Inflammatory Role of COX-1
in Lipopolysaccharide-Induced Neurodegeneration:
Pharmacologic and Genetic Studies

Because of its constitutive expression, COX-1 has been traditionally considered as
the isoform responsible for the production of prostaglandins relevant to physiological
processes, whereas the ‘“inducible” COX-2 has been linked to inflammatory
responses. Thus, it was thought that selective inhibition of COX-2 is antiinflamma-
tory/neuroprotective without altering the physiological and homeostatic functions of
COX-1, such as those linked to gastroprotection. This hypothesis led to the develop-
ment and marketing of antiinflammatory drugs that selectively inhibit COX-2 but not
COX-1 [77]. However, pharmacologic inhibition or genetic deletion of COX-2 deter-
mined only a partial, if any, reduction of prostaglandin levels at the sites of inflam-
mation [31, 78, 79]. Therefore, COX-1 activity can contribute significantly to the
total pool of prostaglandins produced in response to inflammation.

To date, the precise role and contribution of COX-1 to the inflammatory
cascade in neurodegenerative diseases have not been clearly established. However,
COX-1 mRNA expression was selectively upregulated in rat hippocampus during
normal aging, possibly increasing the susceptibility of the aging brain to neuroin-
flammation [80]. To further understand the role of COX-1 in neuroinflammation,
intracerebroventricular (i.c.v.) injection of lipopolysaccharide (LPS), a cell-wall
component of gram-negative bacteria, was used to activate innate immune response
in COX-1-deficient and wild-type mice [24]. LPS administration caused massive
resident microglial activation and peripheral leukocyte infiltration into the CNS,
which was accompanied by a robust and transient transcriptional activation of genes
encoding pro-inflammatory cytokines, chemokines, prostaglandins, and free radi-
cal-generating enzymes. However, levels of brain prostaglandins (PGE,, PGD,,
PGF,,, and TXB,), the expression of enzymes involved in the AA metabolism,
oxidative damage, and neuronal death in response to LPS were significantly atte-
nuated in COX-1-deficient mice [24]. Mice pretreated with the COX-1-specific
inhibitor SC-560 also showed reduced levels of prostaglandins and inflammatory
cytokines and chemokines after LPS compared to wild-type mice [24]. Although one
could speculate that the reduced neuroinflammatory response to LPS may be caused
by a decreased COX-2 expression and PGE, production, a recent study indicated
that COX-2-deficient mice, in contrast, showed increased glial activation and
inflammatory markers after LPS injection compared to wild-type mice [51]. Sup-
porting these observations, selective inhibition of COX-1 in LPS-stimulated human
and rat microglia was very effective in reducing PGE, secretion [81, 82]. Although
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one could speculate that the reduced neuroinflammatory response to LPS may be
caused by a decreased COX-2 expression and PGE, production, another study
indicated that COX-2-deficient mice, in contrast, showed increased glial activation
and inflammatory markers after LPS injection compared to wild-type mice [51].
Importantly, i.c.v. LPS did not induce mPGES-1 or COX-2 in neurons [83], support-
ing the idea that PGE, production occurred mainly in nonneuronal cells such as
microglia. Moreover, it is possible that augmented PGE, generation might act in an
autocrine and paracrine manner to further potentiate microglial function. COX-1-
mediated inflammatory responses and neuronal injury are likely the consequence of
downstream effects of one or more prostaglandins that affect cellular changes
through activation of specific prostaglandin receptors and second messenger sys-
tems. Based on current data, it is difficult to determine whether the altered prosta-
glandin production is initiator for all subsequent phenomena. Further studies are
needed to elucidate how COX-1-dependent prostaglandins could alter inflammatory
responses.

Microglial activation coupled with peripheral leukocyte infiltration is a promi-
nent feature of the complex cellular immune responses that lead to inflammation
and oxidative stress and subsequently promote tissue damage. The disruption of the
blood brain barrier (BBB) is a key player in this event. Supporting this concept,
administration of LPS increased BBB permeability in different animal models
[84 86], and LPS-induced NO and PGE, production had a temporal association
with BBB permeability alteration and leukocyte infiltration in the cerebrospinal
fluid (CSF) [87]. Selective pharmacologic inhibition of COX-1, but not COX-2,
significantly reduced TNF-o-induced BBB disruption and free radical production
[88]. Overall, these findings indicate that COX-1 seems to be more important than
COX-2 in mediating alteration of BBB permeability and migration of peripheral
leukocytes. This notion is also supported by evidence that pretreatment with the
COX-2 selective inhibitor rofecoxib was ineffective in preventing the disruption of
tight junction proteins and BBB integrity in mice [89], and that indomethacin, a
COX-1 preferential inhibitor, in contrast completely blocked LPS-induced perme-
ability changes in cultured monolayers of brain microvessel endothelial cells [90].
Overall, these data suggest that COX-1 is an important player in the neuroinflam-
matory response and subsequent neuronal damage.

6 COX-2 May Mediate Neuroprotection During
Neuroinflammation

In experimental models of brain inflammation, COX-2 genetic deletion or pharma-
cologic inhibition has been proven detrimental to neuronal survival. Specifically,
pretreatment with COX-2 inhibitors or genetic deletion of COX-2 has been shown
to increase seizure activity in response to kainate [91, 92] and to exacerbate
endotoxin-induced ocular inflammation [93]. The expression of markers of
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inflammation and oxidative stress, such as cytokines (IL-1B3, TNF-a), chemokines
(MIP-1at), and NADPH oxidase subunit p67°™* were upregulated after centrally
injected LPS in mice genetically deficient in COX-2 or pretreated for 6 weeks with
celecoxib, a selective COX-2 inhibitor [51]. Transcription of inflammatory genes
(mPGES-1, TLR2, CD14, MCP-1) was reported to be increased also after the
administration of a single dose of another selective COX-2 inhibitor, NS-398, in
vascular-associated brain cells and parenchymal microglia in response to a systemic
injection of LPS [94]. The inhibition of COX-2 activity has also been shown to
exacerbate neuronal cell death in an experimental model associated with astrocyte
and microglia activation such as LPS-induced neuroinflammation or thiamine
deficiency-induced Wernicke’s encephalopathy [51, 52, 95]. Thus, the protective
or deleterious role of COX-2 in the brain is dependent on whether the stimulus is
targeting primarily microglia (neuroinflammation) or neurons (MPTP- or ischemia-
induced neurodegeneration) and also on the cellular localization of COX-2. In this
respect, overexpression of COX-2 in neurons in transgenic mice did not modify the
neuroinflammatory response to LPS (Aid et al., 2010).

COX-2 selective inhibition seems to modulate expression of tight junction pro-
teins and vascular markers in vitro [96]. Quantitative magnetic resonance imaging
showed that LPS-induced BBB disruption was increased in COX-2-deficient mice
compared to wild-type mice, and that disruption was associated with an increased
activity of matrix metalloproteinase-9 and -3, known to mediate BBB breakdown
(Aidetal., 2010). Overall, these results suggest that glial or endovascular COX-2, but
not neuronal COX-2, may account for a protective effect during acute neuroinflam-
mation. It should be noted that acute neuroinflammation triggers COX-2 upregula-
tion without any change in COX-1 expression [51, 52, 95], suggesting that the effects
observed are not mediated by a compensatory induction of COX-1.

The mechanisms underlying the neuroprotective role of COX-2 during acute
neuroinflammation remain elusive. Specific products derived from COX-2, but not
from COX-1, activity may account for the neuroprotective role of COX-2 during
activation of innate immunity in the brain. PGE, is the most studied COX-derived
prostaglandin because of its known upregulation after COX-2 induction. Because
prostaglandin PGE, acts via four distinct E-prostanoid (EP) receptors that are
expressed on multiple cell types in the nervous system, opposite actions have
been reported in the literature depending on the type of insult, the type of EP
receptors involved, and the cell environment [97]. PGE,, as well as other prosta-
noids, can modulate both pro- and antiinflammatory responses [98]. For instance,
EP2 and EP4 receptors have been shown to differentially modulate TNF-o and IL-6
production induced by LPS in mouse peritoneal neutrophils [99], and indirect
neuronal damage by CDI14-dependent innate immune activation is completely
suppressed in mice lacking the EP2 receptor [97].

Novel endogenous eicosanoids with antiinflammatory and pro-resolving
actions were recently characterized [100], which unraveled the traditional view of
COX-2 products as promoting only pro-inflammatory reaction. First, Gilroy and
colleagues in 1999 showed that COX-2 inhibition, by reducing the production of
PGE, and PGD,, delays the onset of resolution in the carrageenan-induced pleurisy



8 Distinct Roles of Cyclooxygenase-1 and Cyclooxygenase-2 127

model [101], highlighting the importance of COX-2 in both the initiation and the
resolution of inflammation. COX-2-derived PGE, and PGD, actively promoted the
transcription of enzymes required for the production of arachidonic acid-derived
antiinflammatory and pro-resolution lipid mediators, such as lipoxins, resolvins,
and protectins. These new mediators have been shown to act at multiple levels by
reducing neutrophil infiltration into the exudate, increasing monocyte recruitment
to the exudate, stimulating macrophage uptake of apoptotic neutrophils, and pro-
moting phagocyte exit from the exudate via the lymphatics [102]. Another specific
role of COX-2, but not COX-1, is linked to the metabolism of endocannabinoids,
anandamide, and 2-arachidonoylglycerol [103]. Although the number of studies on
this topic is still limited, evidence suggests that the endocannabinoid system
controls immune responses in the brain via multiple cellular and molecular targets
and influences neurogenesis [104]. Clearly, further studies on COX-2-specific
products during pro-inflammatory and pro-resolving phases are warranted to better
understand the unique role of each COX isoform during acute, as well as chronic,
neuroinflammation.

7 Distinct Roles of COX-1 and COX-2 in Excitotoxic
Brain Injury

There are conflicting views about the role of COX-2 in neurodegeneration and
neurotoxicity [105]. Despite the established role of COX-2 in the inflammatory
process, COX-2 abrogation does not change the expression of inflammatory and
oxidative markers after 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) [79],
a neurotoxin that damages dopaminergic neurons in the substantia nigra and is used
to model Parkinson’s disease in rodents. Therefore, in injury models in which the
insults directly damage the neurons, such as MPTP [79], quisquallic acid-induced
damage [79, 106], and centrally injected NMDA-induced neurotoxicity and ische-
mic brain injury [107, 108], COX-2 inhibition appears to afford protection without
mitigating inflammation.

On the other hand, studies attempting to investigate the role of COX isoforms in
excitotoxicity by using nonsteroidal antiinflammatory drugs (NSAIDs) showed
conflicting data, with COX-2 selective inhibition linked with either attenuation or
potentiation of kainic acid (KA)-induced excitotoxic damage [109 113]. Systemic
exposure to either KA or NMDA results in the generation of limbic seizures that
progress to neuronal damage in the cerebral cortex, hippocampus, and other limbic
structures in the brain because of activation of glutamatergic KA or NMDA
receptors [114]. The exact mechanism of this excitotoxic neuronal damage has
not been completely characterized, but a prevailing theory suggests that the over-
excitation of the neurons allows significant concentrations of intracellular calcium
to build, resulting in activation of calcium-dependent proteases [115]. KA causes an
upregulation of cPLA, and COX-2 expression in hippocampal neurons [116] that is
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accompanied by increased production of prostaglandins [117]. To eliminate the
confounding factor of timing of administration, the response to a single peripheral
injection of a low dose of KA (10 mg/kg) was examined in COX-1- and COX-2-
deficient mice and their respective wild types [91]. Although there was no differ-
ence in seizure intensity or neuronal damage between COX-1-deficient mice and
their wild types, COX-2-deficient mice showed a significant increase in seizure
intensity and neuronal damage in the hippocampal fields CA1/CA2 and CA3 after
KA administration [91]. Chronic treatment with the COX-2 selective inhibitor
celecoxib (6,000 ppm, through the diet) before KA also significantly increased
seizure intensity and neuronal damage [91]. COX-2-deficient mice demonstrated
increased seizure intensity and neuronal damage also in response to peripheral
administration of NMDA, but not of lindane, which causes excitotoxicity by
enhancing GABA disinhibition (Toscano et al., 2008), suggesting that COX-2-
deficient mice are selectively vulnerable to directly acting glutamatergic agonists.

Although the exact mechanism responsible for the increased susceptibility of
COX-2-deficient mice to glutamatergic agonists remains to be fully elucidated, a
microarray study demonstrated that the expression of genes involved in GABAer-
gic neurotransmission is altered in the brain of COX-2-deficient mice, suggesting a
decrease in inhibitory GABAergic function [118]. Supporting this concept, the
frequency of GABA inhibitory postsynaptic currents in CA1 pyramidal neurons
was decreased in COX-2 deficient mice, indicating a decreased release of GABA by
inhibitory GABAergic interneurons [91]. Because of a decreased GABAergic
inhibitory modulation in response of excitotoxic stimuli, COX-2-deficient mice
exhibit increased seizure activity compared to their wild-type controls (Fig. 2).
These data also indicate that COX-2, but not COX-1, plays a key role in modulating
neuronal excitability.

8 Summary and Conclusions

As shown in Fig. 3, because of its preferential localization in glial cells, particularly
in microglia, which are the major responders to inflammatory stimuli, COX-1 may
be playing a more important role than COX-2 in modulating the neuroinflammatory
response. On the other hand, being predominantly expressed in neurons, COX-
2 plays a major role in modulating neuronal excitability and in gating seizure
intensity in response to excitotoxic stimuli.

Several recent studies identified unique and sometimes opposite roles of each
COX isoform in neuroinflammation and excitotoxicity. Although the actual
mechanisms by which COX-1 is involved in neuroinflammation and neurodegen-
eration remain to be elucidated, that the inhibition and ablation of COX-1 signifi-
cantly attenuate the inflammatory response and neuronal loss suggests that COX-1
plays a key role in the neuroinflammatory cascade. Because neuroinflammation is a
critical component of neurodegenerative diseases, a full understanding of the
physiological and pathological role of COX-1 activity may help to develop better
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Fig. 2 Deficits in GABAergic neurotransmission in cyclooxygenase 2 deficient mice may con

tribute to increased seizure intensity. Action potentials from the CA3 pyramidal neurons travel
down the Schaffer collaterals to impinge upon the apical dendrites of the CA1 pyramidal neurons.
The frequency of these action potentials increase after kainate or NMDA stimulates the kainate
receptors (KAR) or N methyl p aspartate (NMDA) receptors (NMDAR), respectively. This
elevated frequency of stimulation of the CAl apical dendrites results in depolarization of the
CA1 pyramidal neurons and can increase the frequency of action potentials evoked in these cells.
Under normal conditions, as seen in COX o+ mice, GABA interneurons can buffer this increase
in activity by increasing the frequency of GABA release and therefore increase the stimulation of
the GABA receptor (GABAR), a chloride channel on the CA1 pyramidal neurons that allows for
hyperpolarization. However, in COX 2/ mice the frequency of GABA interneuron activity is
decreased by more than 50%. This reduction in GABA neurotransmission would be expected to
increase the overall action potential firing rate of CA1 pyramidal neurons in response to increased
apical dendrite stimulation. This diminished ability to buffer excitability by GABA interneurons
may result in increased susceptibility of COX 2 deficient mice to excitotoxin induced seizures

therapeutic strategies for the prevention or treatment of neurodegenerative disor-
ders. Additionally, larger clinical trials with COX-1 preferential inhibitors, such as
indomethacin [63], should be further explored.

On the other hand, preclinical data indicate a neuroprotective role of COX-2 in
neuroinflammation and excitotoxicity. This new unrecognized role of COX-2 may
in part explain the failure of clinical trials with selective COX-2 inhibitors in
slowing the progression of AD disease. The potential beneficial effects of COX-
2 in the phase of resolution and return to tissue homeostasis after an inflammatory
event need to be considered when developing treatment strategies aimed at reduc-
ing neuroinflammation. Because of accumulating evidence of a COX-2 neuropro-
tective role, the usefulness of COX-2 inhibitors in treating AD, and other
neurodegenerative diseases with an inflammatory component, such as Parkinson’s
disease and amyotrophic lateral sclerosis, may become questionable [26].
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Fig. 3 Cellular distribution of COX 1 and COX 2 and their different roles in neuroinflammation
and excitotoxicity. Microglia are key players in initiating brain inflammatory response. Through
toll like receptors 4 (TLR4), lipopolysaccharide (LPS) initiates the neuroinflammatory cascade by
transcriptional activation of proinflammatory genes. Activated microglia produce oxygen and
nitrogen reactive species (NO and ROS), arachidonic acid and prostaglandins (AA and PGs),
and cytokines and chemokines, that propagate the inflammatory cascade to astrocytes and neurons.
Because of its predominant localization on microglial cells, inhibition of COX 1 can significantly
attenuate the inflammatory response. On the other hand, because of its predominant localization in
postsynaptic neurons, COX 2 is the isoform that plays a major role in excitotoxic damage by
kainic acid and N methyl p aspartate (NMDA). One possibility is that COX 2 derived products
modulate the release of GABA by GABAergic interneurons
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Chapter 9
Stroke and Oxidative Stress

Arianna Vignini

Abstract Stroke is a heterogeneous syndrome caused by multiple disease
mechanisms, resulting in a disruption of cerebral blood flow with subsequent tissue
damage. Stroke remains the third leading cause of death and the leading cause of
disability in adults. In 25 40% of patients with ischemic stroke, neurological
symptoms progress during the initial hours. Early clinical deterioration results in
increased mortality and functional disability. The molecular mechanisms underly-
ing early clinical worsening are still not well clarified. There is considerable
evidence that reactive oxygen species (ROS), reactive nitrogen species (RNS),
and oxidative state are important mediators to tissue injury in cerebral ischemia.
In normal conditions, free radical levels are controlled by cellular endogenous
antioxidants. In fact, oxidative stress occurs when there is an impairment or
inability to balance antioxidant production with ROS and RNS levels. The brain
is highly susceptible to oxidative stress because of its high consumption of body
oxygen (~20%) to produce energy and free radicals, which in turn can cause
damage to the main components of cells (DNA, lipids, proteins). In this chapter
we focus our attention on the evidence of oxidative stress in ischemic stroke;
particular attention is given to the current knowledge about the biomarkers of
oxidative stress that can possibly be used to monitor the severity and outcome
of stroke.
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1 Introduction

Stroke is a heterogeneous syndrome caused by multiple disease mechanisms,
resulting in a disruption of cerebral blood flow with subsequent tissue damage.
The past decade has witnessed tremendous achievements in the ability to diagnose
stroke, but its treatment is still unsatisfactory [1]. Stroke remains the third leading
cause of death, particularly in the elderly. The mortality rate of stroke in the acute
phase is as high as 20% [2], and it remains higher for several years after the acute
event in stroke patients than in the general population [3]. In25 40% of patients with
ischemic stroke, neurological symptoms progress during the initial hours [4]. Early
clinical deterioration results in increased mortality and functional disability [5]; up
to 40% of survivors are not expected to recover independence with self-care and
25% become unable to walk independently. Because life expectancy is continuing to
increase, the absolute number of individuals with stroke will further increase in the
near future. However, the molecular mechanisms underlying early clinical worsen-
ing are still not well clarified. A complex cascade of molecular events is set in
motion during cerebral ischemia and culminates in neuronal cell death. Improving
our understanding of these events might help devise novel therapies to limit neuronal
injury in stroke patients, a concept termed “‘neuroprotection.”

Ischemic stroke accounts for about 75% of all cases whereas hemorrhagic stroke
is responsible for almost 15% of all strokes. It has also been estimated that up to 30%
of all ischemic strokes will eventually undergo hemorrhagic transformation [6].

Oxidative stress is defined as the condition occurring when the physiological
balance between oxidants and antioxidants is disrupted in favor of the former with
potential damage for the organism [7]. Free radicals play an essential role in
maintaining the physiological condition of the body. However, oxidative stress
that is induced by an excess accumulation of the reactive oxygen and nitrogen
species can damage basic components for cell function and survival.

In normal conditions, oxidant levels are controlled by cellular endogenous
antioxidants, glutathione peroxidase, catalase and superoxide dismutase (SOD)
[8]. A free radical is a very reactive atom with an unpaired electron, which can
exist in a reduced or oxidized state. The majority of free radicals that damage
biological systems are oxygen radicals and other reactive oxygen species (ROS),
the main by-products formed in cells of aerobic organisms. The amount of free
radical production is determined by the balance of many different factors, whereas
the source of ROS formation is mainly constituted by mitochondria during electron
transport in the oxidative phosphorylation chain.

An increased production of free radicals and other chemical species has been
demonstrated in both ischemic and hemorrhagic stroke, and oxidative stress is
proposed as a fundamental mechanism of brain damage in these conditions [9].
Similarly, ROS are important mediators to tissue injury in cerebral ischemia [10].
The brain is particularly sensitive to oxidative stress because its increased ROS
levels promote free radical damage, mainly because of tissue lipid content, high
oxygen consumption rate, and chemical reactions involving dopamine oxidation



9 Stroke and Oxidative Stress 139

and glutamate [11]. Each of these effects can be found in almost all tissues, even if
they can coexist in the same tissue.

2 Oxidative Stress in Ischemic and Hemorrhagic Stroke

Although ischemic and hemorrhagic strokes have different risk factors and patho-
physiological mechanisms, there is evidence of an increased generation of free
radicals and other reactive species in both conditions, leading to oxidative stress [12].

Ischemic stroke is the consequence of the interruption or severe reduction of
blood flow in cerebral arteries. According to the degree of hypoperfusion, it is
possible to identify an area with complete absence of flow, namely the core, where
neuronal death occurs within a few minutes, and a surrounding area, called the
penumbra, which suffers from a moderate reduction of blood flow and contains
functionally impaired but still viable brain tissue. If blood flow is not restored
within a relatively short time, the penumbra area will share the same fate as that of
the core region. On the other hand, reperfusion can save the brain tissue but might
potentially have negative consequences: upon reoxygenation, oxidative stress is
rapidly built up and numerous nonenzymatic oxidation reactions take place in the
cytosol and in cellular organelles [13].

From a theoretical point of view, the nervous system is particularly vulnerable to
the deleterious effects of ROS; independent of the mechanism of ROS production,
when their amount is significantly increased there is a high risk of neuronal damage
as a result of the high susceptibility of the brain to oxidative stress. First, although
the brain represents only 2% of body weight, it consumes about 20% of body
oxygen to produce energy; second, the brain contains relatively high concentrations
of readily peroxidizable lipids, such as polyunsaturated fatty acids (PUFAs), which
represent one-third of brain fatty acids, and particularly those with many double
bonds such as arachidonic acid (C20:4 n-6) and docosohexaenoic acid (C22:6 n-3),
which are highly susceptible to lipid peroxidation; and third, the brain is relatively
poorly endowed with protective antioxidant enzymes or substances with lower
activity of glutathione peroxidase (GPx) and catalase (Cat) compared to other
organs. Finally, many regions of the brain are highly enriched in iron [14] (Fig. 1).

Independent of the mechanisms responsible for ischemic stroke, ischemia causes
a cascade of events that can increase free radical production via several different
pathways.

Because free radicals are extremely reactive, they have a short half-life. There-
fore, they are difficult to measure directly. Many studies have pursued an indirect
approach to demonstrate free radical production during cerebral ischemia, measur-
ing the products of free radical reaction with other molecules, such as DNA, lipids,
or proteins, or measuring the levels of antioxidant, according to the hypothesis that
changes in their level are the consequence of their reaction with radicals.

During ischemia and reperfusion, the altered function of the mitochondrial
electron transport chain is a likely source of oxidative stress [15]. Under these
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Fig.1 Interactions between pathways that generate oxygen and nitrogen radicals. Combination of
superoxide (O, ") and nitric oxide (NO) generates the potent anion, peroxynitrite (ONOO ™). Metal
(Cu' and Fe*") catalyzed pathways can also produce the hydroxyl radical (OH®) from hydrogen
peroxide (H,0O,). COX cyclooxygenase; NADPH nicotinamide adenine dinucleotide phosphate;
GPX glutathione peroxidase; NOS nitric oxide synthase; SOD superoxide dismutase; XO xanthine
oxidase (from Lo et al. [79])

conditions there might be an increased formation of superoxide radical anions, as
suggested by experimental studies. On one hand, knockout mice for mitochondrial
superoxide dismutase (mSOD) genes suffer from larger brain lesions after focal
ischemia [16], and, on the other hand, transgenic mice overexpressing this enzyme
present with a smaller infarct size [17]. Moreover, the dismutation of the superoxide
radical anion leads to the formation of hydrogen peroxide, which in turn can be the
precursor of the reactive hydroxyl radical (OHI).

Morimoto et al. found an increased production of OHI beginning during the
ischemic phase in the penumbra and further increasing during reperfusion in experi-
mental transient focal ischemia [18]. Consistent with these results are those of Peters
et al., who directly showed an increase in superoxide radical anions in the penumbral
region not only during the initial ischemic phase but also after recirculation [19].

The production of free radicals is induced and sustained also by the modulation
of general protein synthesis occurring after ischemia; in fact, the process is able to
activate the transcription of proteins that are likely to play a damaging role, such as
inducible nitric oxide synthase (iNOS) [20, 21]. Moreover, pro-inflammatory genes
are expressed and several inflammatory mediators are released; this eventually can
lead to the accumulation of blood-borne inflammatory cells, such as neutrophils and
monocytes/macrophages, that might further promote oxidative stress.

Concerning hemorrhagic stroke, several mechanisms have been suggested to
contribute to increased free radical generation, although they have been less exten-
sively investigated than in ischemic stroke. The rupture of blood vessels following
hemorrhagic stroke immediately results in accumulation of blood in the extravascular
space, which in turn causes direct tissue destruction and compression of the
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surrounding tissue by mass effect from the hematoma and development of edema.
These events increase intracranial pressure [22] and impair both cerebral perfusion
and venous drainage, thereby potentially causing a condition of cerebral ischemia,
although this is currently controversial [23]. Moreover, delayed damage can occur as
a consequence of the release of vasoactive and toxic substances from extravasated
blood breakdown products, of thrombin, and leukocyte infiltration [24].

The inflammatory response is likely to contribute to injury in cerebral hemor-
rhage [25]. Iron has a major role in free radical generation after brain hemorrhage.
Brain iron is usually contained in heme enzymes or bound to ferritin. Large
amounts of iron become free after intracerebral hemorrhage as breakdown products
of hemoglobin, released as a consequence of red blood cells lysis [26]. Free iron is
able to greatly enhance OHI production via the Fenton reaction [27].

Finally, subarachnoid hemorrhage also is associated with increased oxidative
stress that might be directly involved in the pathogenesis of its more severe
complication, that is, cerebral vasospasm [28].

2.1 Stroke and Na/K"-ATPase

The main change affecting neurons during ischemia is the exhaustion of the high-
energy phosphate compound adenosine triphosphate (ATP) by the lack of the
substrates for its production, that is, oxygen and glucose; these depend on glycoly-
sis and oxidative phosphorylation for energy production and maintaining ionic
gradient [29]. In fact, following energy depletion, within 2 min from the onset of
a stroke, neurons and glia lose membrane potential because of Na*/K"-ATPase
pump failure [30]. The Na*/K*-ATPase is an integral membrane-bound protein
that plays a key role in cellular osmotic regulation through the maintenance of the
trans-membrane gradients of Na™ and K. It is also responsible for about one-third
of the total intracellular energy generation [31].

The energy failure causes membrane depolarization, and this impairment in
turn compromises transmembranous ionic gradients, causing an influx of extra-
cellular Ca®" through voltage-sensitive Ca>* channels and uncontrolled release of
excitatory amino acids, such as glutamate, in the extracellular space [20]. Such
excessive release of glutamate is also responsible for the further increase in the
concentration of Ca®" in the cytoplasm [32, 33]. The final result of ischemia is
intracellular Ca®" accumulation from multiple sources inducing the activation of a
variety of Ca®"-stimulated enzymes, such as proteases, lipases, nucleases, protein
kinases, and nitric oxide synthase (NOS).

During the ischemic phase and early reperfusion, some Ca”"-dependent enzymes
produce oxygen free radicals while neuronal nitric oxide synthase (nNOS) generates
nitric oxide (NO). Moreover, Na /K t-ATPase is also a marker of membrane function.
Being an integral membrane protein, it greatly depends for its activity on the chemi-
cophysical properties of the microenvironment where it is embedded. Moreover, in
association with membrane fluidity, it represents an index of membrane functionality,
being involved in the modulation of phospholipid and protein interactions [34].
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Recently, it was reported that a decrease in platelet Na*/K*-ATPase activity
was found in patients with acute stroke as compared to controls. Moreover, data
regarding platelet membrane fluidity suggest that it is significantly lower in stroke
patients than in control subjects, with a significant negative correlation between
platelet Na*/K*-ATPase activity and anisotropy [31].

Because platelet membrane fluidity, strictly related to microviscosity, is a
critical determinant of platelet aggregation and secretion, its decrease in stroke
patients led the authors to hypothesize its role in the pathogenesis of ischemic
damage. Furthermore, the study shows a decrease in the platelet Na™/K*-ATPase
activity in patients that might result from subconformational changes in the protein
depending on its microenvironment. As the pump represents the key enzyme of
cellular osmotic regulation, its inhibition leads to altered internal and external
membrane ionic concentrations [31]. This unbalanced ionic presence causes
derangement in cellular enzymatic systems, leading to membrane depolarization,
which in turn could compromise platelet survival.

2.2 Nitric Oxide and Stroke

NO is an omnipresent intercellular messenger in all vertebrates, modulating blood
flow, thrombosis, and neural activity. The biological production of NO is also
important for nonspecific host defense, but NO itself is unlikely to directly kill
intracellular pathogens and tumors. NO is a colorless gas with pleiotropic effects in
different tissues, mediating a wide range of physiological and pathophysiological
processes; it is synthesized by NO synthases through the enzymatic oxidation of the
guanidino group of L-arginine [35].

The brain proved to be a rich source of NO synthesis and was the source of the
first NO synthase (NOS) to be cloned and purified. Thus, it is called nNOS
(neuronal NOS) or NOS1. The second NOS to be cloned was isolated from
macrophages and known as NOS2 or iNOS (inducible NOS) because it is readily
induced in many tissues by proinflammatory cytokines. In contrast to the neuronal
or endothelial NOS isoenzymes, NOS2 is not regulated by changes in intracellular
calcium. However, careful examination of purified preparations of iNOS revealed
that calmodulin was so tightly bound that it copurified with iNOS. Consequently,
the enzyme appeared to be unresponsive to physiologically relevant changes in
calcium concentrations. Because NOS2 can be strongly induced by proinflamma-
tory stimuli, it is often called a high-output source of NO.

The first source of NO identified, endothelial NO synthase, was the last to be cloned
and is known as eNOS or NOS3. NOS3 binds to plasma membranes and is typically
associated with caveolin. It is strongly activated by the entry of calcium through
membrane-bound receptors and is also regulated by phosphorylation. NOS3 is also
found in neurons and other tissues in addition to endothelium (Fig. 2) [36].

NO is often considered to be just another signaling molecule. However, it is
important to consider how NO communicates information to understand why NO
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Fig. 2 Roles of NO and peroxynitrite in the pathophysiology of stroke. Brain ischemia and
reperfusion lead to transient stimulation of the activity of endothelial NO synthase (eNOS),
resulting in brief increases in endothelial NO generation, associated with neuroprotective actions
in stroke. In parallel, ischemic energy depletion and oxidant (ROS) production trigger the release
of glutamate, which results in neuronal calcium overload from extracellular (activation of calcium
channels) and intracellular (phosphoinositol 3 kinase endoplasmic reticulum signaling) sources.
Calcium overload results in prolonged synthesis of NO, caused by stimulated activity of the
neuronal isoform of NO synthase (nNOS). Enhanced NO generation also depends on the induced
expression of inducible NOS (iNOS) in various types of reactive inflammatory cells, and upon the
activation of several cell signaling pathways in response to hypoxia, cytokines, oxidants, and
glutamate. During the same period of time, superoxide production is enhanced by uncoupling of
eNOS, mitochondrial dysfunction, and the stimulated activity of NADPH oxidase, xanthine
oxidase, and cyclooxygenase 2 (COX 2). Formation of peroxynitrite is then markedly favored,
damaging lipids, proteins, and DNA and triggering the activation of poly(ADP ribose) polymerase
(PARP), which all contribute significantly to neurotoxicity in stroke (from Pacher et al. [36])

has so many physiological roles in vivo. The production of cyclic guanosine mono-
phosphate (cGMP) by guanylate cyclase is the major signal transduction mechanism
of NO. NO can diffuse from the site where it is synthesized into surrounding cells,
where it will activate soluble guanylate cyclase in the target tissue to produce cGMP.
In turn, cGMP activates cGMP-dependent kinases in the target tissue, which mod-
ulates intracellular calcium levels to influence many diverse activities in the target
tissues. NO is a small hydrophobic molecule that crosses cell membranes without the
need for channels or receptors as readily as molecular oxygen and carbon dioxide.
Because NO is freely permeable through membranes, NO will repeatedly diffuse in
as well as out of a cell over the time span of a second. Because the hydrophobicity of
NO will allow slightly faster diffusion in a lipid membrane than in water, membranes
do not provide an effective barrier to NO [36].
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NO is a well-known vasorelaxant agent, but it also plays an important role as a
neurotransmitter when produced by neurons; endothelium-derived NO is an impor-
tant endogenous mediator of cerebral blood flow and cerebrovascular protection
[37, 38] whose production is increased after ischemia [39, 40]. Moreover, it is also
involved in defense functions when it is produced by immune and glial cells.

Inflammation-activated glia has been detected in several diseases of the central
nervous system and has shown the ability to kill neuronal cells in the vicinity via the
release of cytotoxic mediators. Glia, when activated, can express iNOS, producing
high levels of NO, which can kill neurons under certain conditions. In the presence
of inflammatory activation of glia, even low levels of NO can induce neuronal death
under hypoxic conditions [41]. This process is mediated by glutamate after NO
inhibition of respiration in competition with oxygen, involving also ROS and
proinflammatory cytokines.

NO is thermodynamically unstable and tends to react with other molecules,
resulting in the oxidation, nitrosylation, or nitration of proteins, thus affecting
many cellular mechanisms. When NO is produced in excessive amounts, it changes
from a physiological neuromodulator to a neurotoxic factor.

Several studies showed that NO can have both protective and damaging roles,
depending on the cell type producing it and on the phase of ischemia. This deeply
debated dual role of NO in cerebral ischemia (i.e., neurotoxic or neuroprotective)
exists in experimental stroke models [39, 42]. In fact, in the early phase of ischemic
damage, NO synthesized from eNOS may protect the ischemic brain by acutely
increasing blood flow whereas during the postischemic period NO produced by
both nNOS and iNOS may facilitate cell death [43].

During cerebral ischemia, high concentrations of NO are generated by nNOS and
by the activation of iNOS in macrophages and other cell types. The current knowl-
edge is that nNOS-generated NO may reach toxic levels in focal ischemia and
particularly during reperfusion, thereby contributing to neuronal death. NO also
participates in inflammatory and cytotoxic actions that contribute to neuronal death
[39, 44]. It has also been observed that NO overproduction can be either the result of
nNOS activation following persistent stimulation of excitatory amino acid receptors
and/or iNOS induction by different stimuli, such as endotoxin or cytokines [45].

Finally, NO might exacerbate ischemic damage by inhibiting the mitochondrial
respiratory chain, although only at very high concentrations [39], and by releasing iron
from ferritin [27]. NO overproduction may combine with superoxide anion (O, ) to
produce peroxynitrite (ONOO ), which is involved in cellular dysfunction [46].
Peroxynitrite is formed when the two free radicals react in a near diffusion-limited
reaction [47]. Under physiological conditions, the production of peroxynitrite will be
low and oxidative damage minimized by endogenous antioxidant defenses.

Consequently, pathological conditions can greatly increase the production of
peroxynitrite. Even the generation of a moderate flux of peroxynitrite over long
periods of time will result in substantial oxidation and potential destruction of host
cellular constituents, leading to the dysfunction of critical cellular processes,
disruption of cell signaling pathways, and the induction of cell death through
both apoptosis and necrosis [48]. Hence, the production of peroxynitrite can be
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instrumental in the development of many pathological processes in vivo. The
half-life of peroxynitrite is short (~10 20 ms) but it is sufficient to cross biological
membranes, diffuse one to two cell diameters [49], and allow significant interac-
tions with most critical biomolecules [50].

ONOO can further be protonated, forming the highly reactive peroxynitrous
acid. Peroxynitrous acid can directly increase brain damage, reacting with several
important biological molecules, or can be converted into OHI and other ROS, as
well as reactive nitrogen species (RNS) [51].

Once formed in the ischemic brain, peroxynitrite may exert its toxic effects
through multiple mechanisms, including lipid peroxidation, mitochondrial damage,
protein nitration, and oxidation, depletion of antioxidant reserves (especially gluta-
thione), and DNA damage followed by the activation of the nuclear enzyme poly
(ADP-ribose) polymerase (PARP), as summarized in Fig. 1.

Evidence for the generation of peroxynitrite from NO and superoxide in stroke
has been obtained by the concomitant demonstration that (1) nitrotyrosine rapidly
accumulates in the brain following transient or permanent ischemia and (2) the
nitrotyrosine accumulation is markedly prevented by strategies such as blocking
NO or superoxide generation, as well as by treatments aimed at directly scavenging
peroxynitrite [52].

Finally, in a recent paper, a significant decrease in plasma NO concentration in
acute stroke patients was reported as compared to controls; this might most likely
be caused by the increased expression of iNOS by the effect of a thrombotic attack.
Moreover, the same authors found a significant increase of peroxynitrite concentra-
tion in patients with cerebral ischemia compared to controls as a consequence of the
reaction of NO with O, and a higher content of nitrotyrosine, which is a marker of
nitrated tyrosines in proteins as compared to controls [53].

2.3 Lipid Peroxidation and Stroke

Lipid peroxidation is one of the major consequences of free radical-mediated injury
to the brain. The peroxidation of polyunsaturated fatty acids, mostly in membrane
phospholipids, is a chain reaction that can continue until substrate is completely
consumed or termination occurs by antioxidants. Lipid peroxidation produces
structural and functional damage to membranes as well as several secondary
products (Fig. 3).

Membrane damage derives from the generation of fragmented fatty acid chains,
lipid lipid cross-links, endocyclization to produce novel fatty acid esters,
and lipid protein cross-links, which causes changes in fluidity and permeability
of the cell membranes. Consequently, the activity of membrane-bound enzymes,
the binding of molecules to receptors, cellular interactions, nutrient transport,
and the function of second messenger systems will be impaired [54]. Secondary
products of lipid peroxidation are either fragments of the original molecules or
isoprostanes, when arachidonic acid is involved [55].
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Fig. 3 The products and pathways relating to lipid peroxidation. LH polyunsaturated fatty acids;
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Lipid peroxidation products are a widely accepted group of oxidative stress
indices. Initially, lipid peroxidation leads to the production of conjugated dienic
hydroperoxides. These unstable substances decompose either into various alde-
hydes, such as malondialdehyde (MDA), 4-hydroxynonenal (HNE), and dienals, or
into alkanes as pentane and ethane. Several studies have demonstrated that MDA
levels are higher in acute stroke patients than in controls [56, 57].

The results concerning MDA level changes over time in stroke patients are
controversial: some researchers observed higher erythrocyte MDA levels in the
very early phase of stroke with subsequent decline to the levels of controls [57],
while others observed an MDA increase only some days after acute stroke [58].

In a recent paper, it has been demonstrated that the modifications of lipid and
lipoprotein levels in plasma of stroke patients are associated with an increase in lipid
hydroperoxides and with a decrease in the activity of paraoxonase (PON1) [59],
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an esterase/lactonase associated to HDL, that exerts an antiinflammatory role and a
protective effect against atherosclerosis and oxidative damage of lipoproteins and
cells [59, 60]. The authors suggest that the lower PONT1 activity in patients could
result from the presence of circulating inhibitors, such as lipid peroxidation pro-
ducts. This hypothesis is supported by the negative correlation established between
PONT activity and levels of lipid hydroperoxides in the plasma of controls. The
correlation confirms that subjects with lower PON1 activity are more exposed to
oxidative damage compared to subjects with higher PON1 activity, in agreement
with previous studies [61, 62]. The same trend was reported by Gariballa et al., who
found that thiobarbituric acid-reactive substances (TBARSs) levels were constantly
higher in acute ischemic stroke patients compared with controls [63].

Moreover, oxidized low density lipoproteins (oxLDL) have also been used as
biomarkers of lipid peroxidation in humans, because their source might be oxidized
phospholipids released from brain tissue into circulation. Uno et al. demonstrated
that patients with cerebral infarction, but not those with cerebral hemorrhage, had
higher oxLDL concentrations compared to controls, reaching the highest peak on
the third day after stroke and then rapidly declining to control levels. The levels
were particularly high in those patients who suffered from cortical ischemic
infarcts. It has been suggested that the source of oxLDL might be oxidized
phospholipids released from brain tissue into circulation [64]. Higher oxLDL levels
can be found in the brain of patients who died a few days after ischemic stroke but
not in those who had a stroke more than 1 month before death [65].

Oxidative stress and impairment of the antioxidant system in the plasma of
patients may play a role in ischemic stroke. The decrease in antioxidant molecules
and/or enzymes could permit further brain tissue damage.

2.4 DNA Oxidation and Stroke

The damage of nuclear DNA during cerebral ischemia may be caused by two
different mechanisms: oxidative modification and endonuclease-mediated DNA
fragmentation [66]. Although DNA degradation would take place in the late stage
of cell death, oxidative DNA damage is likely to represent an early event, as
suggested by experimental studies in animal models of ischemic stroke [66 68].

Several different types of oxidative DNA damage have been shown, but DNA
base lesions, particularly 8-hydroxy-2-deoxy-guanosine (§-OHDG), are the most
commonly studied biomarker for oxidative DNA damage because of high speci-
ficity and relative abundance in DNA. In particular, plasma levels of §-OHDG
were found to be increased in an animal model of ischemic stroke, with a
significant association with the brain content of 8-OHDG [68]. Regarding oxida-
tive damage to DNA in humans, plasma levels of 8-OHDG were found to be
increased after ischemic stroke, with a significant association with brain content
of 8-OHDG [67].
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2.5 Protein Oxidation and Stroke

With respect to protein oxidation, there is a lack of studies assessing the presence
and levels of biomarkers of ROS damage against proteins and amino acids in
human ischemic or hemorrhagic stroke. There is only one study on a small number
of stroke patients, which showed that they did not differ from controls in the level in
protein carbonyls [69].

Increased brain protein oxidation, however, has been found in Alzheimer’s
disease as well as in other neurodegenerative disorders [70]. In an animal study,
3-nitrotyrosine levels increased both in the core and in the surrounding penumbra
during ischemia, with further increment during reperfusion only in the latter [71].

Moreover, protein carbonyls were increased in a porcine model of intracerebral
hemorrhage [72]. Polidori et al. have recently showed that the protein carbonyl and
the dityrosine contents of immunoglobulin G are similarly increased in patients with
Alzheimer’s disease and vascular dementia [73]. The choice of evaluating carbonyl
and dityrosine content in immunoglobulin G rather than total oxidized proteins is
justified by several considerations: circulating immunoglobulins are the second
most prevalent serum protein; albumin carries lipids, thereby rendering difficult
the discrimination between primary and secondary oxidation; furthermore, the
carbonyl content of immunoglobulin G has been previously shown to be sensitive
to dietary antioxidant supplementation [74]; and finally, immunoglobulins have a
half-life of 15 days, making them a good short-term marker of oxidative stress.

3 Conclusion

Stroke is the main cause of disability and mortality in Western countries. Ischemic
stroke accounts for about 75% of all cases whereas hemorrhagic stroke is responsi-
ble for almost 15% of all strokes. It has also been estimated that up to 30% of all
ischemic strokes will eventually undergo hemorrhagic transformation. Brain ische-
mia, and especially the condition of ischemia and reperfusion occurring after
stroke, has been shown to be associated with free radical-mediated reactions
potentially leading to neuronal death [12].

Extensive evidence from experimental studies supports a role for free radical
generation and oxidative injury in the pathogenesis of stroke. The large increase in
glutamate following ischemia may contribute to free radical generation by excito-
toxic mechanisms [18, 75].

Plasma levels of 8-OHDG were found to be increased in an animal model of
ischemic stroke, with a significant association with brain content of 8-OHDG [68].
Regarding oxidative damage to DNA in humans, plasma levels of 8-OHDG were
found to be increased after ischemic stroke, with a significant association with brain
content of 8-OHDG [67]. Evidence for lipid peroxidation in cerebral ischemia
comes from a large number of studies showing increased TBARS and fluorescent
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lipid peroxidation products in brain and peripheral tissues after ischemia [56,
76, 77]. A correlation has been observed between MDA levels and infarct size,
clinical stroke severity, and patient outcome [57, 78]. oxLDL have also been used
as biomarkers of lipid peroxidation in humans as their source might be oxidized
phospholipids released from brain tissue into circulation. With respect to protein
oxidation, there is a lack of studies assessing the presence and levels of biomarkers
of oxidative damage against proteins and amino acids in ischemic or hemorrhagic
stroke in humans. One study did not find any difference in protein carbonyls
between a small cohort of stroke patients and controls [69].

In conclusion, the interrelationship between stroke and oxidative stress, even if
thoroughly studied, needs further investigations to clarify the molecular mechan-
isms at the basis of this pathological status.
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Chapter 10
Free Radicals in Epilepsy

Tali Siman-Tov and Natan Gadoth

Abstract The brain is a susceptible target for free radical damage because its
oxidative metabolism is increased compared to other body parts. Furthermore,
its decreased antioxidant ability in the presence of high concentrations of unsatu-
rated fatty acids adds to its high vulnerability to oxidative stress. Epilepsy is a
relatively common neurological disorder, especially during infancy and early child-
hood and during aging. Although anticonvulsant drug treatment can suppress
seizures in the majority of patients, 15 20% of epileptic patients are drug resistant
and thus suffer from uncontrolled seizures during their lifetime, causing not only
reduced life quality but also secondary brain damage. Mitochondrial dysfunction
leading to excessive free radical production has been implicated in brain damage and
neuronal death. In this chapter, we review the oxidant/antioxidant system in human
and experimental models of epilepsy and summarize briefly recent knowledge about
the mechanisms involved in oxidative stress and neuronal death associated with
seizure activity.

Keywords Epileptogenesis - Excitotoxicity - Hyperexcitability - Neuronal death

1 Introduction

Epilepsy, from the Greek epilepsia meaning “to seize upon” or “taking hold of,” is a
chronic brain disorder characterized by spontaneous recurrent seizures. Seizures
and epilepsy have been documented since the earliest civilizations. The earliest
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descriptions of epilepsy appear in Mesopotamian writings, which date back to the
fifth millennium BC. For years, persons with epileptic seizures were believed to be
possessed or seized by demons or evil spirits. Hippocrates in 400 Bc. was the first to
suggest that epilepsy is a brain disorder, and today we assume that a seizure represents
a period of abnormal synchronous excitation of a neuronal population. Epilepsy is
defined by a state of recurrent, spontaneous (unprovoked) seizures, at least two
episodes 24 h apart [1 3].

Epilepsy is a complex disease with diverse clinical manifestations. Signs and
symptoms of seizures depend on the location of the primary epileptic discharge and
the extent and pattern of its propagation within the brain. Generalized seizures
denote the occurrence of seizures throughout the brain resulting from a generalized
lowering of seizure threshold. Examples of generalized seizures are tonic-clonic
(grand mal), absence (petit mal), or myoclonic seizures. Partial seizures begin in a
localized brain region, and their signs and symptoms depend on the region involved
(e.g., visual, motor or sensory symptoms, in occipital, pre-central, or post-central
gyrus involvement, respectively). Partial seizures may or may not affect the level of
consciousness (complex and simple partial seizures, respectively). Complex partial
seizures frequently originate from the temporal lobe (temporal lobe epilepsy) [4].
Status epilepticus (SE) is a state of continuous seizure activity lasting for more than
5 min or rapidly recurrent seizures without full recovery of consciousness between
them. SE can be convulsive or nonconvulsive. The type of seizure leading to SE can
vary [5].

Much of our knowledge about the pathophysiology of epileptic seizures comes
from seizure induction in animal models (Table 1). Basically, it is believed that the
initiation and propagation of a seizure occur as a result of an imbalance between
depolarizing and hyperpolarizing influences in a large interconnected network of
neurons. The transition from normal to epileptiform behavior is probably caused by
a combination of enhanced connectivity, enhanced excitatory transmission, a fail-
ure of inhibitory mechanisms, and changes in intrinsic neuronal properties [4].

The lifetime likelihood of having at least one febrile or nonfebrile epileptic
seizure is about 9%, and the prevalence of active epilepsy is 0.8% [6]. The incidence
of epilepsy is double peaked, higher in children younger than 5 years of age and in

Table 1 Animal models of epileptogenesis mentioned in the current chapter

Model Putative mechanism Species
Kindling Repeated subthreshold induced seizures Rat
Pentylenetetrazol GABA A antagonist Rat
Bicuculline GABA A antagonist Cat
Picorotoxin GABA A antagonist Rat
N methyl d asparate (NMDA)  Glutamate agonist Rat
Kainate (kainic acid) Glutamate agonist Rat
Pilocarpine Cholinergic agonist Rat
Pilocarpine + Lithium Cholinergic agonist + glutamate and aspartate release  Rat

FeCl3 Iron induced cellular damage Rat
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individuals older than 65 years. In general, three main etiologies may contribute to
the onset and progression of epilepsy: (1) genetic causes; (2) developmental dis-
orders and/or central nervous system (CNS) malformation; and (3) brain insult or
injury. Interactions between these three factors may influence the progression of the
disease [2]. Acquired epilepsy accounts for approximately 60% of all cases and is
usually preceded by an insult, such as head trauma, stroke, infection, childhood
prolonged febrile seizures, or an episode of nonfebrile prolonged seizures or SE.
Epilepsy may develop years and decades after the insult, which might suggest that a
progression of changes in response to the initial insult is critical to the development
of the epileptic condition. The process in which a cascade of cellular and molecular
changes, induced by a brain insult, leads to the occurrence of recurrent seizures is
called epileptogenesis [2, 6, 7].

Among the events that occur in response to the initial insult, neuronal death has
received significant attention as the propagating factor that may lead to the epileptic
condition. Accumulating evidence suggests that neuronal cell death may be both a
cause and a consequence of epileptic seizures. The evidence that seizures cause
brain injury comes from the demonstration that intense seizure activity associated
with SE can cause hippocampal damage [6]. Ammon’s horn sclerosis was first
described in 1880, when Sommer reported hippocampal CA1 pyramidal cell loss
with or without CA3 and end-folium involvement [8]. Later, neurodegeneration has
also been reported in the amygdala, entorhinal, perirhinal, and parahippocampal
cortices as well as in extratemporal regions, such as the thalamus and cerebellum
[6]. Cell death in epilepsy is believed to involve excitotoxicity, whereby excessive
glutamate causes overstimulation of the postsynaptic N-methyl-p-asparate
(NMDA) receptors; this leads to accumulation of intracellular calcium, followed
by cell injury and/or death [9]. The idea that neuronal death can cause epilepsy is
supported by the fact that surgical removal of a damaged hippocampus improves
the condition of epilepsy patients [10]. Other cellular processes such as neurogen-
esis, gliosis, axonal sprouting, axonal injury, dendritic remodeling, angiogenesis,
inflammation, alterations in extracellular matrix, and alterations in ion channels
have been implicated in epileptogenesis [6]. However, the association of epilepto-
genesis with neuronal cell death is the more studied and established so far.

Free radicals (Table 2) are known to play a significant role in processes that
result in tissue damage and cell death. Free radicals are capable of damaging all
components of the cell, including nucleic acids, lipids, proteins, and carbohydrates,
leading to progressive decline in physiological function and ultimately cell death.
The brain is particularly vulnerable to free radical damage because of its high
metabolic rate, high level of oxygen consumption, lower antioxidant defenses
compared to other organs, and high concentration of polyunsaturated fatty acids
(PUFA), which are particularly susceptible to lipid peroxidation under oxidative
stress [11]. Among brain cells, neurons are particularly vulnerable to oxidative
insults due to low levels of reduced glutathione, a major brain endogenous antioxi-
dant (Table 3) [12].

Both reactive oxygen species (ROS) and reactive nitrogen species (RNS) have
been implicated in epileptogenesis [7]. A major source for ROS is the process
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Table 2 Free radicals Reactive oxygen species (ROS)

Superoxide anion radical O,
Hydrogen peroxide H,0,
Hydroxyl radical HOe
Hypochlorous acid HOC1
Reactive nitrogen species (RNS)

Nitric oxide NO
Peroxynitrite OONO™
Nitroyl NOe
Nitrogen dioxide NO,

Table 3 Enzymes and
metabolites involved in
antioxidant mechanisms

Cytosolic copper zinc superoxide dismutase (SOD1)
Mitochondrial manganese superoxide dismutase (SOD2)
Extracellular superoxide dismutase (SOD3)
Superoxide reductases

Catalase

Glutathione peroxidases (GPX)

Selenium

Glutathione

Vitamin C

Vitamin E

Carotenes

Lipoic acid

Ubiquinol

Melatonin

Adenosine

Bilirubin

Albumin

Uric acid

of oxidative phosphorylation within the mitochondria. Association between
mitochondrial dysfunction and epilepsy is well supported by the fact that epilepsy
is a central manifestation of many syndromes attributed to mitochondrial dysfunc-
tion, such as myoclonic epilepsy with ragged red fibers (MERRF) and Leigh disease
[13]. RNS refer to nitric oxide (NO) and its derivatives (see Table 2). The role of
NO in epilepsy is controversial, as both pro- and anticonvulsant effects were shown
using different models. However, other RNS are implicated in processes associated
with seizures, particularly peroxynitrite, which is formed by the reaction of NO
with superoxide [14].

In addition, it is suggested that free radical formation is induced by seizure
activity [11]. Thus, free radicals might be associated with epilepsy as both cause
and consequence.
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2 Free Radical-Induced Cell Damage

Cell injury induced by free radicals may involve damage at different levels.

2.1 Nucleic Acids

1. DNA: Free radicals may trigger breaks in DNA strands or directly modify purine
and pyridine bases, leading to deletions and other mutations, which may result in
aberrant gene expression and cell death [11]. In addition, DNA damage activates
the DNA repair enzyme poly-ADP-ribose polymerase-1 (PARP-1).PARP-1
overactivation depletes its substrate, nicotinamide adenine dinucleotide, slowing
the rate of glycolysis, electron transport, and ATP formation, eventually leading
to functional impairment or cell death [15]. Moreover, activation of PARP-1
induces release of the apoptosis-inducing factor (AIF) from mitochondrial mem-
branes and its translocation to the nuclei, where it participates in DNA fragmen-
tation. Endonucleases are also activated and are responsible for larger-scale
DNA fragmentation [8]. Common laboratory markers of oxidative damage to
DNA are 8-hydroxy-2-deoxyguanosine (8-OHAG) and 8-hydroxyguanosine
(8-OHG) [16].

2. Mitochondrial DNA: mtDNA is a particularly vulnerable target for free radical
damage because of diminished repair mechanisms and lack of histones, showing
a tenfold greater mutation rate than nuclear DNA. mtDNA disruption may lead
to mitochondrial dysfunction that might result in disturbed cell function at
different level; this includes electron transport chain failure and additional
ROS production, which can result in a vicious cycle of oxidative stress [7, 17].

3. RNA: RNA is even more susceptible to oxidative damage than DNA, because it
is mostly single stranded, not protected by hydrogen bonding, and less protected
by proteins. Damage to RNA may result in errors in proteins or dysregulation of
gene expression [18].

2.2 Lipid

Polyunsaturated lipids in lipoproteins and membranes are highly susceptible to
oxidative damage, which leads to lipid peroxidation. The unsaturated hydroper-
oxides generated by PUFA peroxidation can break down to form reactive alde-
hydes; the best known is malondialdehyde (MDA). Reactive aldehydes can bind
covalently to proteins, thereby altering their function and inducing cellular damage.
Peroxidation products (peroxyl radicals) are more stable than ROS and are able to
diffuse even across cells and react with other cellular constituents to cause diffuse
cellular damage [14]. Because they are stable, peroxidation end products are
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valuable laboratory markers: MDA, hexanoyllysine adduct (HEL), acrolein-lysine
adduct (ACR), and 4-hydroxy nonenal (4-HNE). Another useful marker is F,-
isoprostanes (F,-IsoPs), F,-like prostaglandins that are produced by arachidonic
acid peroxidation [14, 17].

2.3 Protein

Free radicals can oxidize both the backbone and side chains of proteins.

Backbone modifications can lead to the formation of peroxyl radicals with a chain
reaction that result in protein cross-linking and/or peptide bond cleavage. The
oxidation of side-chain residues gives rise to a multitude of products, which can in
turn react with amino acid side chains to produce carbonyl functions. These oxida-
tive modifications may disturb the function of enzymes, receptors, neurotransmit-
ters, and structural proteins [14]. Inactivation of the enzyme aconitase is a useful
marker for oxidative damage to proteins. The presence of a labile iron motif in the
iron sulfur center of aconitase renders it sensitive to free radicals, particularly
superoxide and peroxynitrite. The oxidation of the enzyme results in its inactivation
[7]. Peroxynitrite modifications of proteins occur mainly in tyrosine and tryptophan
residues. 3-Nitrotyrosine, the main product of protein nitration, is considered an
important marker for peroxynitrite formation [19].

2.4 Carbohydrates

Oxidation of monosaccharide sugars results in the formation of oxaldehydes, which
can contribute to protein aggregation. Oxidation of carbohydrate polymers may
cause depolymerization and disturbed function of the involved polymers [20].
Sugar oxidation products can react with proteins to generate advanced glycation
end products, which are known as useful markers of oxidative damage [17].

3 Free Radicals as a Consequence of Epileptic Seizures

Free radical level was found to be increased following seizures in multiple models
and by different methods, including indirect measurement of free radical production,
markers of nucleic acid, lipid, and protein oxidative damage and evaluation of
antioxidant defense mechanisms. Below are a few examples of supportive evidence:

1. Increased free radical level was found in the cerebrospinal fluid (CSF)
overlying the seizure focus in a bicuculline-induced seizure cat model [21].
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. Frantseva et al. [22] applied topical bicuculline to hippocampal slices taken

from 7-day-old rats and recorded rhythmic synchronous activity, which is
believed to resemble seizure-like activity in situ [23]. There was also an increase
in free radical generation within 10 15 min. This effect was more prominent in
CA3, where neurons subsequently degenerated [22].

. In a lithium-pilocarpine model of SE in rats, Peterson et al. [24] showed

increased production of superoxide by hydroethidium staining. Interestingly,
the increase in superoxide formation was significant in the parietal, piriform,
and perirhinal cortices, lateral amygdala, and specific regions in the thalamus,
but not within the hippocampus.

. Hydroxyl radicals were reported to accumulate after pentylenetetrazol (PTZ)-

induced seizures and kindling in a rat model [25].

. In a picrotoxin-induced seizure model in rats, Rajasekaran [26] showed signifi-

cant increase in NO levels in the frontal cortex, hippocampus, and midbrain at the
onset of generalized seizures. Treatment with the neuronal NO synthase (nNOS)
inhibitor 7-nitroindazole suppressed the seizure-induced NO production.

. Kainate administration to adult rats produced high levels of 8-OHdG, a marker

of oxidative DNA damage. mtDNA was reported to be the major source for
8-OHdG in these experiments. The documented increase of 8-OHdG preceded
overt cell death [7].

. Kainate-induced SE in adult rats was found to be associated with an increase in

F,-IsoP, a marker of lipid peroxidation. This increase was reported in the CA3
region and preceded cell damage [7, 9].

. In a kindling model of rats, Frantseva et al. [27] showed increased production

of the lipid peroxidation markers MDA and 4-HNE, as well as increased cell
death throughout the hippocampus, which were attenuated by antioxidative
therapy with vitamin E and glutathione.

. Kainate-induced seizures in rats inactivated mitochondrial aconitase but not

fumarase, which is assumed to be resistant to oxidative stress. This inactivation
was specific for mitochondrial aconitase, implicating the major role of mito-
chondria in seizure-induced oxidative stress [7]. Maximal inactivation of the
mitochondrial aconitase occurred several hours after the cessation of SE and
before the death of hippocampal neurons. Kainate-induced mitochondrial aco-
nitase inactivation and hippocampal neuronal loss were attenuated in transgenic
mice overexpressing the mitochondrial superoxide dismutase (Sod2) and exa-
cerbated in mice partially deficient in Sod2 [7].

Inactivation of mitochondrial aconitase and alpha-ketoglutarate dehydroge-
nase, another oxidant-sensitive enzyme, was demonstrated in a rat model of
pilocarpine-induced seizures [7].

In the bicuculline-induced seizure model described above (2), free radical
scavengers (vitamin E and glutathione) significantly reduced seizure-induced
neuronal death without affecting the epileptiform electrical activity [22].

There is also some evidence to support the emergence of oxidative stress following
brief seizures. Erakovic et al. [28] reported an acute decrease in regional brain
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antioxidant levels following electroconvulsive shock in rats. They showed reduced
SOD and glutathione peroxidase (GPX) activities in the hippocampus and the
frontal cortex 2 h after a single electroconvulsive shock. Arnaiz et al. [29] reported
increase in lipid peroxidation following 3-mercaptopropionic acid-induced seizures
in rats. An increase up to 40% in lipid peroxidation was observed as early as
3 6 min after seizure onset.

Interestingly, the neonatal brain seems to be relatively resistant to seizure-
induced free radical production and neuronal injury. This advantage over the adult
brain is attributed to the uncoupling protein-2 (UCP-2), which is highly expressed in
the neonatal brain, due to the fat-rich maternal milk. The uncoupling reaction
causing the dissociation of ATP production from oxygen consumption is thought
to reduce ROS formation by reducing mitochondrial membrane potential [30].

In the aforementioned studies, evidence for oxidative stress was frequently
reported to precede overt cell death. These studies and others strongly suggest
that free radicals play a crucial role in seizure-induced neuronal death. Both
necrosis and apoptosis were implied in this neuronal death process [31]. Thus,
antioxidant and antiapoptotic agents might have a role in preventing seizure-
induced neuronal cell death, including mesial temporal sclerosis and its putative
consequences, cognitive impairment and epilepsy.

4 Free Radicals as a Cause of Epileptic Seizures

Brain insults such as trauma, hypoxia, and aging are considered epileptogenic. These
conditions are known to be associated with oxidative stress. The role of free radicals
in epileptogenesis was thoroughly investigated in cases with brain trauma. Seizures
following brain trauma are classified according to their timing: “immediate sei-
zures” occur within 24 h following brain injury, “early seizure” within the first week,
and “late seizures” after a week. Immediate and early seizures are most likely the
result of the trauma itself and are not considered posttraumatic epilepsy (PTE) [32].
The incidence of PTE following severe head trauma with cortical injury is 7 39%.
When the dura is penetrated, the incidence reaches 20 57%. Other factors that may
affect the incidence of PTE are the severity of cortical contusions, presence of
intracerebral hematoma, loss of consciousness for more than 24 h, midline shift
greater than 5 mm, and surgical repair of depressed fractures. The occurrence of an
early seizure also increases the risk for PTE [32, 33].

Brain trauma causes a cascade of structural, physiological, and biochemical
changes, such as altered cerebral blood flow and vasoregulation, disruption of the
blood brain barrier, increased intracranial pressure, focal or diffuse ischemic hem-
orrhage, inflammation, necrosis and disruption of fiber tracts and blood vessels.
However, hemorrhage and iron accumulation were suggested to have a central role
in the cascade culminating in PTE [32]. In 1978, Willmore et al. reported an animal
model of posttraumatic epilepsy. They showed that a single injection of FeCls
solution into the rat cerebral cortex can induce epileptic discharges seen in the
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electrocorticogram within 15 min [32]. Rosen et al. [34] showed that convulsive
seizures are induced by intracortical injection of purified bovine hemoglobin (Hb)
within a few days. It was then suggested that after intracranial hemorrhage red blood
cells break down and release hemoglobin and iron ions, which then generate
ROS by iron- or Hb-mediated reactions. Increased production of ROS induces a
cascade of cellular and molecular changes, as already described, that might lead to
hyperexcitability of neurons or to neuronal death. For instance, lipid peroxidation
can result in disruption of membranes and subcellular organelles. One possible
consequence is impairment of the Na*/K™-ATPase activity, which normally main-
tains ionic gradients of neuronal membranes. A decrease in Na*/K*-ATPase activity
might decrease the convulsive threshold. Injury to membranes may also lead to an
increase in the release of excitatory neurotransmitters, such as glutamate and
aspartate, or to a decrease of inhibitory neurotransmitters, such as GABA. This
kind of changes may contribute to hyperexcitability of neurons [35]. In addition,
excessive release of excitatory amino acids may trigger excitotoxicity, which
involves secondary formation of NO and ROS that can contribute to further cellular
damage and seizures (Fig. 1).

Thus, the association between free radicals and epileptogenesis is well supported
by the example of PTE. Further evidence to support this association comes from
both clinical and laboratory studies:

Brain Free Ca* \

insult Radicals
Free
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\

\
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Radicals

Fig. 1 A schematic outline of possible mechanisms of the role of free radicals in epilepsy: seizures
might result in accumulation of free radicals. Increased free radical level, secondary to seizures or
other brain insults, is associated with cell damage and cell death. Cell death in itself is considered a
cause of seizures. In addition, cell damage might cause hyperexcitability, leading to lowered seizure
threshold, and/or excitotoxicity, leading to further free radical release, culminating in a vicious cycle
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1. As mentioned above, mitochondrial disorders that are expected to involve
oxidative stress are frequently associated with epilepsy. Moreover, impairment
of mitochondrial function was found in the seizure focus of human and experi-
mental epilepsy [13]. A specific deficiency in complex I was reported in temporal
foci of patients with temporal lobe epilepsy [36]. Recent proteomic studies have
clearly indicated that certain mitochondrial components are altered following
seizure activity, implying that brain injury secondary to prolonged seizures may
be explained, at least partially, by such alterations. The Rieske protein (RP)
may be such a component. This protein is a high-potential iron sulfur cluster
that is a part of the mitochondrial cytochrome bcl complex (ubiquinol:cyto-
chrome ¢ reductase, or complex III). It catalyzes electron transfer from ubiquinol
to cytochrome c but is also involved in proton translocation, peptide processing,
and superoxide generation. Junker et al. [37] have shown that seizure activity in
kindled rats results in pronounced alterations in RP, in the form of a shift toward a
more alkaline pH range in its isoelectric point. Furthermore, although RP was
shown by immunohistochemistry to be present in the CA2 region of the hippo-
campus of control and kindled animals, it could not be detected in the hippocam-
pal CA1 region, which is known as extremely susceptible to damage after seizure
activity in humans and in rats, especially when seizures are accompanied by
hypoxia. Another important observation made by the same authors was the
asymmetrical expression of RP protein in the subgranular zone of the dentate
gyrus, a region known to be involved in neurogenesis [37].

2. In patients with progressive myoclonic epilepsy, the activity of the cytosolic
superoxide dismutase (SOD1) was reported to be low [38]. Mitochondrial
manganese superoxide dismutase (SOD2) was found to be downregulated in the
cerebral cortex of patients with epilepsy in contrast to nonepileptic subjects [39].

3. GPX activity, which takes part in antioxidant defense, and selenium, which is
critical for the activity of GPX, were reported to be low in children with epilepsy
[40]. Administration of selenium was reported to reduce seizure frequency in
two patients with intractable seizures associated with selenium deficiency and in
patients treated by total parenteral nutrition [40].

4. Vitamin E, vitamin C, adenosine, and melatonin are additionally well-known
endogenous antioxidants. It was reported that pretreatment with vitamin E can
prevent the development of iron-induced epileptiform activity in rats. Vitamin E
was also reported to significantly delay the onset of electroencephalographic
seizures induced by intracerebral injection of ferrous chloride [41]. A phospho-
diester of vitamin E and C, alpha-tocopheryl-L-ascorbate-2-O-phosphate, was
reported to reduce ferric-induced production of markers of oxidative stress and
to delay or suppress epileptic discharges [41]. Systemic injection of adenosine
was reported to prevent audiogenic-, kainate-, and picrotoxine-induced seizures.
In iron-induced seizures in rats, intraperitoneal injection of adenosine, 30 min
before iron injection, delayed or suppressed the occurrence of epileptiform
discharges [41]. Melatonin, the pineal hormone that regulates circadian rhythm,
was found to protect cells against oxidative damage. It was reported to scavenge
free radicals, stimulate GPX activity, and inhibit NOS activity. In a rat model of
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iron-induced seizures, administration of melatonin caused inhibition of epileptic
activity by suppressing peroxidation [42].

5. Mice with a partial deficiency of Sod2 (Sod2 '™) provide a good model
for sublethal chronic elevation of mitochondrial superoxide. These mice appear
normal at birth but develop age-dependent oxidative stress and seizures. Before
the appearance of spontaneous seizures, these mice showed increased suscepti-
bility to kainate-induced seizures and hippocampal cell loss [7]. Sod2 ’*
mice showed an age-dependent decrease in the hippocampal expression of
glial glutamate transporters that are crucial for maintaining a low level of
synaptic glutamate and are known to be sensitive to oxidative damage. It is
suggested that H,O,, generated in excess in the presence of superoxide, could
oxidize glial glutamate transporters and lead to their decreased expression. The
disturbance of glutamate balance leading to hyperexcitability might be respon-
sible for epileptogenesis in this animal model [7].

6. Theophylline is a potent drug for the treatment of bronchial asthma and chronic
obstructive pulmonary disease. Its use is restricted for reasons of cardiotoxicity
and neurotoxicity, including recurrent seizures. One of the major metabolites of
theophylline is a substrate for xanthine oxidase, which is an important player in
pathways of ROS generation. In a mice model, aminophylline, an ethylenedia-
mine salt of theophylline, was shown to induce seizures and to increase MDA
levels and NO metabolites levels. Pretreatment with the NOS inhibitors
No-nitro-L-arginine methyl ester (L-NAME) and 7-nitroindazole markedly
reduced seizures in this model, implicating a role for free radicals, including
NO, in aminophylline/theophylline-induced seizures [43]. The pro-epileptogenic
role of NO was also demonstrated with the hyperbaric O,-induced seizures rat
model. Nitrotyrosine, a marker of peroxynitrite formation, was markedly
elevated in the hyperbaric O, animals. Administration of the nNOS inhibitor,
7-nitroindazole, significantly delayed the onset of hyperbaric O,-induced
seizures [44]. Proconvulsant effects of NO has also been reported in other models
of induced seizures, e.g., by NMDA, arginine, and PTZ [41]. However, other
studies reported anticonvulsant effects of NO, in many different models, using
kainate, PTZ, bicuculline, lithium-pilocarpine, NMDA, and other known agents
for seizure induction [41]. Furthermore, increase of the duration and severity of
generalized seizures was reported after inhibition of NOS [45]. Thus, the role of
NO in epileptogensis is still controversial as both anticonvulsant and pro-convul-
sant roles were suggested by many different studies [45].

5 Antiepileptic Therapy and Free Radicals

Long-term use of antiepileptic drugs (AEDs) has been proposed to increase free
radical formation and cause oxidative damage in neurons. As already discussed,
this might lead to enhancement of seizure activity through increased hyperexcit-
ability and/or the induction of neuronal damage.
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A few reports support the role of valproic acid (VPA) in exacerbation of
oxidative stress. Reduced total antioxidant capacity was reported during treatment
with VPA. Serum uric acid and albumin, which are considered endogenous antiox-
idant molecules, were found to be reduced in children treated with VPA [46]. Other
studies showed enhanced lipid peroxidation and increased levels of 8-OHdG in
epileptic patients treated with VPA [46 48]. Ayciceck and Iscan [46] also found
marked increase in serum total peroxide levels in children treated by carbamazepine
and higher lipid hydroperoxide in children treated with phenobarbital (PB). Signifi-
cantly elevated levels of lipid hydroperoxide were observed in epileptic patients
treated by phenytoin [49]. Musavi and Kakkar [50] reported free radical-mediated
changes following treatment by diazepam in rats. Gabapentine and topiramate were
demonstrated to initiate an oxidative process in primary cultures of rat cortical
astrocytes. Both ROS and NO were shown to be involved [51].

However, other studies claim a neuroprotective role for AEDs through antioxida-
tive pathways. VPA was shown to be protective against oxidative stress in both
in vitro and in vivo models of epilepsy [52, 53]. It was suggested that VPA may
increase levels of glutathione and by that means induce its neuroprotective effect
[53]. Diazepam and PB were reported to prevent seizure-induced increase in NO and
lipid peroxidation [26]. Topiramate was shown to attenuate lipid peroxidation levels
and act as an antioxidant [54]. It was suggested that topiramate may affect voltage-
gated calcium channels and lead to reduced cytosolic calcium levels that protect cells
from ROS production by mitochondria [54]. Zonisamide, which is believed to exert
its antiepileptic effect through blockage of voltage-sensitive sodium and T-type
calcium channels, was reported to reduce activity of hydroxyl and NO radicals. It
was assumed that its anticonvulsant effect also involves protection from free radical
damage [55].Thus, AEDs have been shown to contribute to both pro- and antioxidant
activity. Their role in exacerbation of oxidative stress is still to be investigated.

A ketogenic diet has been known for many years as an important alternative for
the treatment of medically refractory epilepsy, especially in children. The exact
mechanism by which the ketogenic diet exerts its antiepileptic effect is still
unknown. However, it is suggested that the ketogenic diet has a neuroprotective
role through enhancement of ATP synthesis and suppression of ROS production.
Ketogenic diet is initiated by a fasting period, followed by a gradual transition to a
fat-based diet with a 3:1 to 4:1 ratio of fat to carbohydrate plus protein. Ketone
bodies, which are the hallmark of a high-fat diet, provide an alternative substrate to
glucose for energy utilization. They are also known to enhance mitochondrial
respiration and ATP production. In addition, ketone bodies might decrease ROS
production through NADH oxidation and inhibition of mitochondrial permeability
transition. ROS levels were significantly reduced in the hippocampus of mice
treated with a ketogenic diet. It was also reported that a ketogenic diet induces
UCP expression, which is associated with increased energy production and reduced
ROS generation. The protective effect of UCP on seizures was already mentioned
in relation to the relative resistance of the immature brain to ROS production
following seizures. Interestingly, a few studies suggested that the ketogenic diet
is more effective in immature animals and in infants [56, 57].
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Chapter 11

Neurological Disorders Associated with Iron
Misdistribution: The Therapeutic Potential
of Siderophores

Or Kakhlon, Bill Breuer, Arnold Munnich, and Z. Ioav Cabantchik

Abstract The association between iron accumulation and oxidative cell damage in
specific regions of the brain has raised the possibility of using iron chelation as a
therapeutic strategy in neurodegenerative disorders. In this review, Friedreich’s
ataxia (FRDA) is described as a paradigm of a disorder in which cell damage is
associated with misdistribution of cell iron resulting from aberrant utilization of the
metal by mitochondria. Frataxin-deficient cells, serving as an in vitro model of
FRDA, were used as a model for testing the effects of a chelator with the ability
to sequester cell iron as well as to donate it to biological acceptors inside or
outside cells (termed here a siderophore). The clinically used siderophore defer-
iprone (DFP) was shown to reduce mitochondrial labile iron accumulation and
restore cell functions affected by frataxin deficiency. In a translation of these
findings to the clinical setting, moderate doses of DFP were administered to
selected patients with FRDA or neurodegeneration with brain iron accumulation
(NBIA) as part of open-label studies. Treatment with DFP resulted in a significant
reduction in foci of brain iron accumulation and in some functional improvements,
with only minor changes in body iron stores. The prospects of using drug-mediated iron
relocation vs. chelation are critically discussed in relation to other neurodegenerative
disorders in which accumulated (toxic) iron has been implicated as a causative factor in
regional oxidative damage, such as Parkinson’s disease or Alzheimer’s disease.
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Abbreviations

AD Alzheimer’s disease

APP Amyloid precursor protein

DFP Deferiprone

FRDA Friedreich ataxia

ISC Iron sulfur clusters

LIP Labile iron pool

NBIA  Neurodegeneration with brain iron accumulation

PD Parkinson’s disease
ROI Reactive oxygen intermediates
ROS Reactive oxygen species

1 Introduction

Iron accumulation has been observed in affected areas of brains of patients with
various neurodegenerative disorders and has been suggested to be the sine qua non
of neuronal damage [1]. Hitherto the causes of iron accumulation in specific regions
of the brain, the chemical nature of the accumulated metal, and, most importantly,
the causal relationship between iron accumulation and neuronal damage, have all
remained largely circumstantial [2 7]. Evidently, iron-mediated damage is attrib-
uted not to the bulk of accumulated iron but rather to a relatively small fraction
appearing in redox-active forms, which can catalyze the formation of noxious
radicals from partially reduced oxygen species. The major evidence for the involve-
ment of iron in various forms of brain damage is the protection provided by
treatment with iron chelators [8 11]. These observations have provided the con-
ceptual basis and justification for developing therapeutic approaches for neurode-
generative disorders based on chelators that cross the blood brain barrier (BBB)
and presumably remove labile iron from regional iron deposits. However, consid-
ering that regionally accumulated iron represents only a minor fraction of the total
body iron and that iron accumulation in a particular area of the brain might occur at
the expense (if not as a result) of iron depletion elsewhere, we opted for referring to
the disorders as associated with or resulting from misdistribution of iron rather than
from accumulation per se. Therefore, the therapeutic approach to those disorders
should be based on (a) selective sequestration of labile, reactive iron without
perturbing the bulk of safely complexed iron; (b) safe redistribution of the metal
within the target cell, tissue, or organism; and (c) sparing of other essential metals
such as copper and zinc [12, 13].

In the present chapter we first discuss the cellular and molecular basis of iron
toxicity, which results in conditions of misregulated iron metabolism at the level of
the whole organism, specific tissues, or individual cells. We then discuss FRDA as
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a paradigm of a disorder that is etiologically associated with cell damage caused by
misdistribution of iron in a distinct area of the brain [14]. We describe recent
attempts to (a) define biochemically the nature of iron misdistribution and its
functional consequences in cell models of FRDA; (b) identify agents capable of
selectively relocating cell iron (siderophores) to restore cellular functions affected
by iron misdistribution; and (c) translate the knowledge on siderophore action
gained in cell models to the clinical setting, first in FRDA and subsequently in
neurodegeneration with brain iron accumulation (NBIA) patients. Finally, we
discuss the prospects of chelating brain iron with drugs for treating more wide-
spread neurodegenerative disorders such as Parkinson’s disease (PD) [15 17], in
which iron has been implicated in regional oxidative damage. As part of this
discussion, we compare the classical approach based on removal and excretion of
excess iron from the body with the alternative concept of iron relocation, aimed at
redistributing labile iron from sites where it is potentially toxic to sites where it is
required or can be safely stored.

The toxic side of iron metabolism. The human organism is endowed with
molecular machineries for acquiring metals from the environment and distributing
them among tissues in a controlled and balanced manner [18, 19]. At the cellular
level, acquisition of iron for metabolic use from the surrounding fluids is tightly
regulated and poised to prevent excessive accumulation while ensuring the mainte-
nance of cellular levels within a homeostatic range. As a rule, most of the cell iron is
secured in cage-like structures associated with proteins and only a minor fraction is
maintained readily available for metabolic utilization, mostly as a labile iron
pool (LIP) [20 22]. However, the maintenance of intracellular pools of labile
iron carries with it an inherent risk. If labile iron interacts with reactive oxygen
intermediates (ROIs), mainly superoxide anions resulting from incomplete reduc-
tion of O, during respiration and with hydrogen peroxide resulting from the
dismutation of superoxide, it can potentially generate noxious reactive oxygen
species (ROS) [23]. To minimize excessive ROS formation and ensuing damage,
cells actively maintain LIP at relatively low levels and biochemically eliminate
ROIs in various cell compartments [24, 25]. Such measures become insufficient
when excessive iron accumulation leads to a concomitant rise in LIP or when ROIs
are overproduced or inadequately removed, as in inflammation [26]. In those cases,
ROS leads to oxidative damage of critical cell components, often resulting in
cell death.

Well-described paradigms of iron toxicity exist in conditions of systemic iron
overload (e.g., hemochromatosis, thalassemia) where labile iron complexes present
in plasma gain unrestricted access to cells via nonselective pathways, causing
massive intracellular iron accumulation (especially in liver, heart, and endocrine
glands) [27, 28]. However, another subtle modality of iron accumulation has
recently been recognized in genetic disorders that affect cell iron utilization (e.g.,
trafficking and incorporation into proteins) and result in regional misdistribution of
the metal. In such cases, a faulty component of the cell’s iron-handling machinery
results on the one hand in a deficiency of essential iron-dependent proteins and on
the other hand in the accumulation of “unused” iron in a given cell compartment or
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tissue. Examples of this modality of iron accumulation are the inherited disorders
FRDA, caused by frataxin deficiency [29, 30], X-linked sideroblastic anemia with
ataxia (XLSA/A), caused by ABCB7 deficiency [31 34], and NBIA, caused by a
deficiency in either pantothenate kinase 2 (PANK2) or in PLA2G6 encoding a
calcium-independent group VI phospholipase A2 that is important in phospholipid
remodeling, arachidonic acid release, leukotriene and prostaglandin synthesis, and
apoptosis [35]. An analogous situation with a different etiology, but a similar end
result, is found in acquired anemia of chronic disease (ACD), where iron misdistri-
bution is manifested systemically as iron accumulation in the reticuloendothelial
system and deprivation in interstitial fluids and plasma [26, 36].

2 Friedreich’s Ataxia and Iron

FRDA, a degenerative disease with autosomal recessive inheritance affecting 1 in
40,000 births, is characterized by progressive limb and gait ataxia, areflexia,
pyramidal signs in the legs, and hypertrophic cardiomyopathy [6, 37 39]. The
disease is caused by a GAA repeat expansion in the first intron of the nuclear-
encoded gene for the protein frataxin, resulting in deficiency of this mitochondrial
protein. The long GAA repeats apparently interfere with transcription by forming
aberrant DNA structures or by promoting repressive heterochromatin forms [40].
The silencing of the frataxin gene can be reversed in experimental systems by
histone deacetylase inhibitors [41], which is one of the pharmacological approaches
currently under investigation. The severity of the disease appears to correlate with
the degree of frataxin deficiency [6]. Frataxin has been claimed to have several
functions, including iron storage and protecting mitochondria from oxidative dam-
age [30], but its best defined role is the delivery of iron to the machinery responsible
for the synthesis of iron sulfur clusters (ISCs) [30, 42, 43], which serve as pros-
thetic groups for a variety of enzymes, collectively termed iron sulfur cluster
proteins (ISPs). Inefficient ISP formation in FRDA causes a combined aconitase
and respiratory chain (complex I III) deficiency [44] and leads to mitochondrial
accumulation of labile iron [45, 46], which in turn promotes oxidative damage.
Much of the information on the biochemical consequences of frataxin deficiency
has been obtained in studies with cellular models including genetically manipulated
yeasts [39], fibroblasts isolated from patient skin [47 49], immortalized lympho-
blasts from patients [49], or other cell types in which frataxin was suppressed
ectopically [50 52]. Most studies in these models focused on a set of properties
reflecting discrete changes in energy production and resistance to oxidative stress.
It is generally agreed that frataxin-deficient cells show a marked reduction in
mitochondrial membrane potential (MMP) [53], respiration rate, and ATP levels
[54], impaired antioxidant capacity manifested as increased levels of ROS, and
signs of oxidative damage detectable as increased protein carbonylation [51, 55]
and apoptotic index [50]. A study in which the biochemical and cellular effects of
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frataxin deficiency and the associated misdistribution of cell iron were comprehen-
sively analyzed in a single system was recently published [56].

Histopathological examination of biopsies and magnetic resonance imaging
(MRI) studies of patients have shown that iron accumulates regionally in heart
muscle [57, 58], spinocerebellar tracts (dentate nuclei), and the spinal cord [29, 44,
59] of FRDA patients, often colocalizing with structurally damaged areas [7, 14].
The iron detected histochemically is ferric, non-heme iron (usually ferritin or
hemosiderin), based on Perl’s acid ferrocyanide staining of biopsies, fixed cells, or
tissues [58]. The appearance of Prussian blue-colored forms (or brown-black forms if
these are subsequently enhanced by treatment with diaminobenzidine + hydrogen
peroxide) identifies abnormally high levels of non-heme iron, which, depending on
the microscopic resolution, can be revealed in whole cells or in their organelles,
primarily mitochondria. In patients, the identification of iron accumulation in partic-
ular organs is done by MRI, based on the ability of clustered iron to cause a local
nonhomogeneity in the magnetic field and thereby decrease the MRI signal
of surrounding water [60, 61]. This effect leads to variations in the apparent trans-
verse relaxation rate (R2*), or its inverse, T2*, the indices used to quantify MRI
signal decay. Thus, assuming a homogeneous external magnetic field, changes in
R2* reflect variations in local iron concentration. In FRDA patients, changes in R2*
have been attributed to regional iron accumulation in the dentate nuclei of the
cerebellum, with a possible, although less likely, signal contribution from fluctuating
deoxyhemoglobin levels resulting from regional changes in blood perfusion [60].

2.1 FRDA as a Paradigm of Misdistribution of Cell Iron

The pathophysiological role of iron in FRDA has been a matter of debate [62]. This
question pertains to the issue of whether iron accumulates in the mitochondria of
frataxin-deficient cells at all [49, 52, 63] and to the possible role of iron accumulation
in oxidative damage observed both in cells and in animal models [29, 30, 64, 65].
The conflicting conclusions could arise either from differences between the model
systems employed, namely, how closely they reproduce the FRDA phenotype, or
from the methods, namely, sensitivity of the assays for tracing labile iron in
particular compartments, or from both.

The notion that iron is improperly distributed in frataxin-deficient FRDA cells
was originally based on the observation that mitochondrial accumulation of redox-
active iron is accompanied by depletion of the cytosolic LIP [29, 30] (reviewed in
[34]). The latter has been inferred from the reduced levels of cytosolic iron
regulatory proteins found in mammalian cells [66] and the activation of the iron
regulon in frataxin-deficient yeasts [67 69]. Experimental in vivo support for this
assumption was recently provided by a study of cardiomyopathy in conditional
frataxin-knockout mice, where cytosolic iron depletion in cardiomyocytes was
shown to be associated with an increased rate of total cellular iron uptake and
accumulation in the mitochondria [70].
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At the cellular level, labile iron accumulation in mitochondria and its concomi-
tant depletion in the cytosol were observed in frataxin-deficient cells probed with
fluorescent sensors of labile iron and ROS targeted to specific cell compartments
[56]. The cause of iron accumulation in mitochondria and iron depletion from the
cytosol in frataxin-deficient cells has been assumed to be the failure to export
processed forms of iron from the mitochondria, either in labile forms or “packaged”
in heme or ISCs, but this has not been established [71]. The fact that frataxin
deficiency causes an increase in mitochondrial LIP and a reduction in cytosolic LIP
is consistent with the presumed function of frataxin and the interdependence
between the two pools [34, 72]. However, more importantly, it provides an oppor-
tunity for assessing the redistribution of iron as a tool for correcting the cell
properties impaired by the misdistributed metal [56]. Regardless of the underlying
causes of cellular iron misdistribution in FRDA, any attempt to remove iron needs
to take into account that cytosolic iron depletion by chelators may be just as
detrimental as excessive mitochondrial iron accumulation because it could promote
a futile cycle of increased cellular iron uptake. One way to resolve this dilemma
experimentally is to use frataxin-deficient cell models to compare the beneficial
effects of iron-binding agents with different properties: iron chelators, which irre-
trievably sequester cellular LIPs, vs. siderophores (i.e., iron carriers), which chelate
iron, but also donate it to selected acceptors, analogously to microbial or plant
siderophores [73].

2.2 Restoration of Functions by a Siderophore in FRDA Models

The classical approach to coping with accumulation of iron has been the adminis-
tration of iron chelators, which prevent the toxic effects of iron excess and, in most
cases, bring about its excretion [74 76]. Most of the experience with chelation has
been gained from treating patients with systemic iron overload, namely, patients
with hemosiderosis who show iron accumulation in all body fluids and tissues
[74 78]. The objective of such treatments is bulk removal of iron from the system.
In contrast, diseases of regional iron accumulation are often accompanied by
systemic or regional iron deficiency that affects specific iron-dependent processes.
In these diseases, it may be essential to conserve iron and ideally even to render it
available for metabolic reuse. In the case of FRDA, mere removal of excess iron
from the mitochondria may not alleviate defects that stem from inadequate delivery
of iron to the ISC synthesis machinery, which is also located primarily in the
mitochondria [71]. In spite of this apparent paradox, the effect of iron-chelating
drugs on FRDA models has been explored in numerous studies, with variable
success [66, 70, 79, 80]. Oxidatively stressed frataxin-deficient cells have been
shown to be rescued by treatment with the coenzyme Q10 analogue idebenone, an
antioxidant and electron donor to the respiratory chain [81], as well as the classical
iron-depleting chelator deferrioxamine [10]. Furthermore, a combination of the
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membrane-penetrating chelator pyridoxal isonicotinoyl hydrazone with deferriox-
amine prevented cardiac iron loading and partially alleviated cardiac hypertrophy
in mice with cardiac frataxin deficiency, although it did not prevent decreased
cardiac function [70]. The rationale of this approach, based on an earlier study [82],
was that the chelator pyridoxal isonicotinoyl hydrazone rapidly reaches all intra-
cellular LIPs and apparently transfers the chelated iron to extracellular circulating
deferrioxamine, producing optimal iron extraction from cells and ultimate excre-
tion from the organism.

An alternative therapeutic approach to FRDA is based on iron redistribution,
which entails chelation of a particular LIP, relieving cells or mitochondria from foci
of accumulated labile iron and transfer of the metal, directly or indirectly, to
endogenous acceptors and possibly to other compartments inside or outside the
cells [83]. Ideally, the ultimate acceptors of siderophore-redistributed iron should
be iron-requiring proteins, such as ISC-containing enzymes. The approach utilizes
agents such as the oral chelator 1,2-dimethyl-3-hydroxypyrid-4-one (deferiprone,
DFP) [77, 84], which fulfills the criteria for a siderophore based on its ability to
perform the following:

(a) Gain access to cells, effectively scavenge intracellular LIPs [85], and exit cells
as an iron chelate [83].

(b) Selectively bind iron in the various intracellular LIPs [83] and thereby reduce
iron-dependent free radical formation [13, 86, 87].

(c) Cause minimal losses of other essential metals such as zinc [88, 89].

(d) Spare extracellular transferrin-bound iron and even transfer chelated iron to
apotransferrin; this has been demonstrated both in vitro [83, 89] and in
vivo [90]".

(e) Donate iron for metabolic reutilization, as recently shown in a cellular in vitro
system of hemoglobin synthesis [83]. To what extent DFP is able to donate iron
for intracellular reutilization in the brain might also depend on the local
concentration of transferrin, which is lower in the cerebrospinal fluid (CSF)
than in the circulation by at least an order of magnitude [92, 93].

A further advantage of DFP in relationship to neurodegenerative diseases is its
ability to cross the BBB, as experimentally shown in perfused rats [94 96].
Although no effects on central nervous system (CNS) function have been reported
in thalassemia patients treated with DFP [97, 98], dosages of the drug must be
selected so as avoid any adverse effects on enzymes involved in dopamine metabo-
lism [96, 99].

"In iron overload conditions, which often lead to >75% transferrin saturation and poor iron
binding capacity in the plasma, the DFP iron complexes are excreted via the urine. On the other
hand, under conditions of normal transferrin saturation (25 35%), essentially all of the DFP bound
iron in plasma is transferred to circulating transferrin and is not lost from the system. Therefore,
DFP administration in moderate doses is not likely to lead to significant iron excretion in subjects
with normal iron saturation [90, 91].
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The capacity of DFP to act as a siderophore was assessed in frataxin-deficient
cells as a model of cellular iron misdistribution [56]. At pharmacological concen-
trations the agent markedly reduced the mitochondrial LIP, diminished the
increased ROS generation, oxidative damage, mitochondrial redox potential, and
apoptotic index of the cells, and restored the reduced MMP, ATP production, and
respiration. Presumably, the biochemical basis for the recovery of these multiple,
diverse functions is the resumption of ISC synthesis leading to restoration of the
levels of ISPs required for energy production. Indeed, DFP was shown to enhance
the regeneration of the activity of the ISP enzyme aconitase, a process that is
defective in frataxin-deficient cells. Two other clinically used chelators, deferriox-
amine and deferasirox, known for their higher iron-binding affinities and their
reduced capacity for donating iron to cellular acceptors, restored the impaired
functions to a limited extent [56]. The study demonstrated for the first time that a
chemical agent can act as a “frataxin surrogate” in the reconstitution of ISP activity
and the correction of the defective energetic parameters observed in frataxin-
deficient cells. Similar to frataxin, DFP could act in FRDA either by detoxification
of LIP, thus slowing down oxidative destruction of ISCs, or by iron donation,
facilitating ISC repair or synthesis, or both (Fig. 1).

2.3 Clinical Application of Siderophores in FRDA and NBIA

The recognition of FRDA as a disease of regional misdistribution of iron that
affects a plethora of cell properties restorable in vitro by siderophore treatment
has led to an initial efficacy-tolerability Phase I II open study of DFP [90]. Nine
FRDA adolescents were selected, who had been treated for years with idebenone, as
a possible cardioprotective agent [99 101], but who showed no neuromuscular
improvements. The cohort completed a 6-month treatment series with 20 30 mg/
kg/day DFP and was followed periodically for neurological and hematological
parameters. Iron accumulation in dentate nuclei was assessed using R2* MRI.
DFP treatment significantly and selectively reduced iron accumulation in cerebellar
dentate nuclei, as well as improving the ICARS score in the youngest patients,
without causing systemic iron deficiency or affecting the hematological status [90].
Based on this preliminary work a multicenter randomized double-blind (DFP vs.
placebo) study has been initiated on a larger cohort of patients that included
walking adolescents and nonwalking adults, using ataxia scales as primary clinical
end points [102].

Another candidate disease that may potentially respond to siderophores is NBIA,
a clinically and genetically heterogeneous group of progressive neurological dis-
orders characterized by high basal ganglia iron accumulation and axonal dystrophy
[103 105]. To date, two genetic forms have been associated with mutations in
pantothenate kinase 2 (PANK2) and phospholipase 2G6 (PLA2G6), both of which
encode proteins that are critical to organellar or membrane integrity [103]. Cases of
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Fig. 1 Mode of action of a siderophore as iron relocating agent vs. a chelator as iron scavenger
agent. A siderophore (S) permeates into cells (/) and binds labile cell iron (LCI) [blue circle,
Fe(Il); red circle, iron(IlI)] and either relocates it intracellularly (2) or exits the cell (3) and
transfers the iron to external transferrin (4), which in turn cycles the metal back into the cell (5). An
iron chelator (C) permeates into cells (/) and binds labile cell iron (LCI) and exits the cell (3) and
eventually the organism (6). Indicated are the transferrin receptor that is involved in iron uptake by
receptor mediated endocytosis of circulating holo transferrin

NBIA caused by mutations in the gene that encodes for pantothenate kinase 2
(PANK?2) are classified as pantothenate kinase-associated neurodegeneration
(PKAN) and are characterized by accumulation of iron in the globus pallidus and
substantia nigra, discernible by T,*-weighted brain MRI [103]. Axonal cell death in
PKAN is thought to be primarily caused by decreased levels of coenzyme A leading
to impaired energy and lipid production. Accumulation of secondary metabolites
such as cysteine in the mitochondria, with the ensuing deposition of reactive iron, is
thought to be a secondary factor that further exacerbates the oxidative stress and
cell damage [5]. The reason for the occurrence of an estimated threefold increase in
iron content, particularly in the globus pallidus and substantia nigra, is not known.
It has been suggested that because these areas are normally iron enriched relative to
the rest of the brain, they are highly prone to excessive iron deposition caused by
iron binding by the accumulated cysteine [35, 103].

The first reported case of successful treatment of NBIA with DFP was published
recently [106]. DFP administration to a 61-year-old NBIA patient for 8 months led
to a gradual, significant amelioration of various neurological symptoms related to
the gait, involuntary movements, blepharospasm, and choreic dyskinesias. Brain
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MRI revealed reduced iron deposition in the basal nuclei. Whether the effects of
DFP in this case can be attributed to net removal of iron (“chelation”) or its transfer
(“redistribution”) from areas of deposition to other areas capable of iron absorption,
is unclear. Nevertheless, it is notable that adverse events or abnormal hematological
values were not observed during treatment, indicating that systemic iron homeosta-
sis was largely preserved.

2.4 Possible Side Effects of Chelators and Siderophores

Concern about side effects in chelator treatments generally revolves around the
question of whether the expected benefits of chelation outbalance the risk of
generating iron deficiency [107, 108]. In iron-overloaded patients, iron chelation
regimens are adjusted according to the degree of iron overload and suspended when
serum ferritin is decreased to an acceptable level [107]. Any chelation treatment of
individuals with normal metabolism, let alone those with compromised iron metab-
olism, must be carried out with moderation, particularly when applied over
extended periods of time with chelators of high iron-binding affinity and tissue
accessibility. This concern is exemplified by chelator treatment of aceruloplasmi-
nemia, which is accompanied by anemia in the background of massive iron
overload in the brain and liver. Deferrioxamine [109] and deferasirox [110]
removed excess iron from the liver but aggravated the disease-related anemia. In
non-iron-overloaded humans and in experimental animals, moderate chelation
treatments appear to be tolerated [13, 111], presumably because of enhanced iron
recycling and absorption from the diet. Thus, although chelators can potentially
induce a state of intracellular iron deficiency in the organism, that deficiency can be
compensated by increased iron acquisition from serum transferrin by upregulated
iron-uptake mechanisms [18, 112, 113]. Theoretically, the potential complications
of overchelation may be less pronounced in treatments based on siderophores.

An example of a less predictable side effect of chelation with DFP specifically is
the risk of approximately 1 2% of iron-overloaded patients developing neutrope-
nia/agranulocytosis [106]. Although a slightly higher incidence was found in the
only trial of DFP in FRDA patients published so far [90], the sample number was
too small to draw definitive conclusions as to the significance of the observations.
Irrespectively, the neutropenia/agranulocytosis condition is readily reversible by
suspending DFP administration [107].

Another, less evident side effect might ensue following the fast withdrawal from
circulation of highly permeant chelators. First, a time-lag in the readjustment of
iron acquisition mechanisms activated by the chelator may lead to a temporary
rebound and transient increase in cellular LIP [114]. Second, it is theoretically
possible that labile, redox-active iron forms may be generated under in vivo con-
ditions by a decrease in the ratios of chelator to iron [114]. One prophylactic
maneuver to reduce the impact of such sporadic events could be the coadministra-
tion of an antioxidant. Although the validity of such an approach remains to be



11 Neurological Disorders Associated with Iron Misdistribution 179

demonstrated clinically, idebenone, which is thought to enhance the antioxidant
capacity of cells by compensating for deficient electron transport [10, 47, 48] is
already in common use in FRDA and has been claimed to be beneficial at high
doses [99]. The antioxidant coadministration strategy may also have additional
benefits because antioxidants could also synergize with DFP by rendering iron more
accessible to chelation (via its reduction) and relocation [9, 86, 115, 116].

3 Iron Accumulation in Other Neurological Disorders

The anomalous levels of iron detected in specific areas of the brain in various
pathologies have been presumed to be linked to iron dysregulation; however, it has
remained a matter of debate whether that property should be regarded as proof that
iron accumulation has a causative role or is an exacerbating factor in neurodegen-
eration [6]. In most cases regional iron accumulation might be a secondary outcome
of the neurological disorder because of its late appearance/detection in a variety of
disparate diseases such as Alzheimer’s disease (AD), PD, progressive supranuclear
palsy (PSP), and multiple system atrophy with strionigral degeneration (MSA)
[117]. In a cardiac model of FRDA in the mouse, heart damage was identified
before any blatant accumulation of iron [58]. In the NBIA group of syndromes,
including neuroaxonal dystrophy [35, 118], mutations in different genes coding for
distinctly different enzymes affect cellular properties that are not directly linked to
iron accumulation in general and to labile forms in particular. In fact, the iron
species identified in many postmortem brain sections are mostly found in forms
sufficiently stable to withstand fixation procedures and associated with the iron
storage protein ferritin. Nonetheless, as briefly described next, various studies
dealing with PD, AD, and brain inflammation have provided a body of experimental
evidence implicating iron as a major contributor to these pathologies [13, 78, 111,
119, 120].

3.1 Parkinson’s Disease

The appearance of iron accumulation in the substantia nigra is increasingly
accepted as a hallmark of PD. The evidence points toward an increase in labile
chelatable iron in the brain of PD patients that is (1) unaccompanied by a parallel
elevation in ferritin [15], (2) involved in promoting o-synuclein aggregation, the
main mediator of neurotoxicity in the disease [120 123], and (3) chelatable by
deferrioxamine, which prevents the process in vitro [8]. Iron is also known to form
complexes with the naturally occurring, catechol group-containing neuromelanin,
which accumulates over time, particularly in the substantia nigra. These complexes
may be a source of redox-active iron, which could then mediate oxidative stress and
inflammation [124].
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3.2 Alzheimer’s Disease

The principal contribution of iron to neuronal damage in AD is assumed to derive
from the enhanced translation of the amyloid precursor protein (APP), whose
mRNA carries an iron-responsive element (IRE) in the 5'-untranslated end [111].
The presumed sequence of events is that increased neuronal cytosolic LIP stimu-
lates increased APP synthesis, which then gives rise to increased levels of AR
peptide via proteolytic processing and ultimately to toxic AP aggregates [16, 125].
However, the causes of the predicted rise in LIP and the involvement of extracellu-
lar iron in the formation and deposition of extracellular AP plaques are open to
conjecture. In vitro, metals have been shown to promote A peptide precipitation,
while chelators have been shown to prevent and even reverse A peptide aggrega-
tion [126]. The known capacity of the AP peptide for binding metals such as zinc,
copper, and iron [127] can lead to localized, redox-active metal accumulation on
AP aggregates, with potential for generating ROS and ensuing oxidative stress.
However, iron has been claimed to be predominantly located in neuritic processes
within plaques and associated with intracellular ferritin rather than with extracellu-
lar AP [120]. It has also been suggested that sequestration of iron in ferritin, a
recognized defense mechanism, may even cause localized iron deprivation, with
consequent disruption of normal iron metabolism [128]. Circumstantial evidence
for the involvement of iron in AD has been provided by studies of AD patients with
the HFE mutation [128], a condition associated with hemochromatosis and sys-
temic iron overload [129]. The HFE mutations C282Y and H63D have been
associated with increased oxidative stress and severity of AD, as assessed neuro-
pathologically [130, 131].

3.3 Brain Inflammation

Both AD and PD elicit local inflammatory responses, as evidenced by upregulation
of inflammatory mediators and microglial activation [132]. Iron accumulation in
itself can aggravate or even engender localized inflammatory responses, mediated
by the release of various pro-inflammatory cytokines, including interleukin-1f,
nitric oxide [133, 134], tumor necrosis factor-o, and interleukin-6 [135, 136]. The
link between iron and inflammation in PD models has been reported to be the
activation of NF-xB [135, 136]. The combination of inflammation and iron
accumulation can be especially damaging in the brain for various reasons, which
include (a) the low iron-binding capacity of the CSF [92, 93], which may be
insufficient to prevent the tendency for extracellular iron to become redox active
as well as undergo deposition at cell surfaces; (b) the high oxygen consumption of
the CNS (20% of the total body consumption), necessarily accompanied by high
ROI generation [13], and (c) variable levels of antioxidants other than ascorbate.
Both intracellular and extracellular reduced ascorbate levels in the brain are high
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(reaching the mM range), sufficient to provide a measure of antioxidant protection,
but at the same time maintain iron in a reduced and redox-active form [13].
Therefore, iron restriction by chelators has been envisaged as a promising strategy
for curbing the inflammatory cycle in the brain [137].

3.4 Treatment of PD and AD with Iron Chelators

Considerable effort has been devoted to demonstrating the ability of various iron
chelators to either provide protection against the onset of PD and AD or delay the
course of the diseases. The effectiveness of classical iron-chelating agents has been
assessed in a variety of cell and animal models [12, 13, 138, 139]. A promising
variation on the chelator-based approach has employed multifunctional com-
pounds, equipped with high-affinity iron-binding moieties in combination with
radical scavenging groups, monoamine oxidase inhibitors [111], or neuroprotective
peptides [140]. However, with the possible exception of epigallocatechin gallate, a
component of green tea and apparently a brain-permeable iron chelator [141], all
chelators in preclinical evaluation for efficacy in particular neurodegenerative
disorders remain to be evaluated for hematological side effects resulting from
systemic iron deprivation.

The three iron chelators in current clinical use for treating systemic iron overload
deferrioxamine, deferasirox, and DFP  are first-line candidates in attempts to chelate
brain iron. An early clinical study (that was apparently not followed up) evaluated the
long-term efficacy of deferrioxamine chelation in AD, showing a delay in neuro-
degeneration [142]. Similarly, there have been case reports of neurotherapeutic
efficacy of deferrioxamine in aceruloplasminemia [143] (reviewed in [144]),
although these were not corroborated [109]. The orally absorbable DFP and defer-
asirox provide alternatives to deferrioxamine that are not only more convenient and
practical but also have the ability to rapidly cross membranes in the iron-bound
and free forms. DFP has been reported to ameliorate autoimmune encephalomyeli-
tis [145]. Deferasirox has recently been reported to alleviate liver iron overload and
improve neurological symptoms in a case of nonclassical aceruloplasminemia
without detectable cerebral iron accumulation [110]. In another patient with acer-
uloplasminemia and MRI-detectable brain iron accumulation, but without neuro-
logical symptoms, DFP failed to relieve the brain iron load [109].

As the foregoing examples indicate, chelation of excess brain iron is still at the
trial-and-error stage. However, if chelator efficacy studies are to be undertaken
in AD or PD, choosing appropriate dosages might be crucial, as a red line exists,
even with DFP, between causing iron withdrawal from the organism rather than
redistribution of the chelated metal in bioavailable form. With this consideration in
mind, the DFP doses of 20 30 mg/kg chosen for treating FRDA patients [90] and
NBIA [106] were only a fraction (1/3 1/4) of the doses usually given to thalassemia
major patients.
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Assuming the iron-related damage in PD and AD is predominantly intracellular,
chelators should be permeant and able to access intracellular LIPs to reduce cell
iron loads and exert notable functional effects. However, as already shown for
FRDA, a strategy of iron relocation rather than mere chelation might also be
applicable to AD and PD and other brain iron accumulation disorders. For that
purpose, the iron-redistribution effect could conceivably be enhanced by increasing
the levels of acceptors for the chelated iron, such as by coadministration of DFP and
intracranial or intra-CSF injections of human apo-transferrin.

4 Summary and Future Directions

Relieving selected brain areas of accumulated iron has been considered a therapeu-
tic target in various neurodegenerative disorders [146 ,147]. Removal by chelation
might be a necessary step for eliminating potentially toxic iron but a step insuffi-
cient on its own for restoring affected functions or preventing their deterioration.
Moreover, for chelation to be applicable in diseases of regional iron accumulation,
the expected benefits of a chelator need to outweigh the risk of generating defi-
ciencies of iron and other metals, both regionally and systemically.

In this chapter, FRDA was described as a model disorder in which intracellular
iron misdistribution, rather than bulk iron accumulation, plays a key role in cell
damage. Because misdistribution entails also (if not primarily) a deficiency in
metabolic iron, only a cell iron-relocating agent or siderophore (such as DFP) can
bring about the redistribution of accumulated iron, leading to restoration of func-
tions affected by frataxin deficiency. Moreover, with this approach, the bulk of
chelated iron can be recycled via its transfer to extracellular transferrin. The
translation of these findings to the clinical setting indicated that agents such as
DFP might be of therapeutic value in FRDA and NBIA, without seriously disturb-
ing the hematological status of patients [90]. However, this proof of principle
awaits more definitive clinical confirmation in well-controlled prospective long-
term studies in which optimal regimens of DFP would need to be established to
minimize possible body iron depletion. As for other neurodegenerative disorders
associated with brain iron accumulation, it is not clear whether siderophores such as
DFP, or chelators such as deferrioxamine and deferasirox, will prove to be effective
at doses that are not hematologically deleterious and do not affect Zn or Cu status.

For future studies, the availability of bona fide animal models of the various
neurodegenerative diseases might play an essential role in the design and screening
of new siderophores and chelators. Modified siderophores with reduced systemic
side effects and enhanced brain specificity are under development, such as an
inactive glycosylated-DFP pro-drug, which crosses the BBB and, following B-
glucosidase-induced cleavage of the attached carbohydrate, releases the active
DFP [148]. In that respect, the possibility of using animal models such as the
zebrafish [149], combined with the ability to visualize cellular labile iron
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redistribution by fluorescence microscopy [24], offers the unique opportunity of
assessing the efficacy of novel chelators or siderophores in situ, in real time, and in
a noninvasive manner. As for clinical applications, the adaptation of MRI for asses-
sing iron accumulation in the brain [14, 60, 61] has proven invaluable for in situ
assessment of chelation treatment in FRDA [3, 4] and NBIA [5, 106]. It is anticipated
that these tools will improve the evaluation of the effects of chelators and side-
rophores on brain iron accumulation.
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Chapter 12
Oxidative Stress in Parkinson’s Disease

Jacob Vaya, Yuval Aluf, and John P.M. Finberg

Abstract Oxidative (OS) and nitrative stress are thought to be major factors in the
generation and maintenance of neurodegeneration in Parkinson’s disease (PD).
Generation and maintenance of the parkinsonian state may involve separate mechan-
isms or may be interrelated, because neurodegeneration in this disease condition
usually starts late in life and continues at an accelerated rate, although some forms of
PD resulting from gene mutations may appear early in life. In this review we present
the major recent findings connecting OS and PD, but also review in brief the relevant
physiological and pathological findings in PD for the uninitiated. The major enzyme
systems connected with OS generation with possible relevance to PD are discussed,
as well as available antioxidants. A major contention in the past has been that
oxidative metabolism of dopamine by MAO creates a potentially damaging environ-
ment for the dopaminergic neuron, by production of hydrogen peroxide which in the
presence of reactive iron can be further metabolized to reactive oxygen species by
Fenton chemistry. We review here the factors controlling iron levels in the brain, in
particular the emerging role of neuromelanin, and the possible interventions avail-
able. Recent findings based on staged appearance of synucleinopathy show that Lewy
bodies appear initially in peripheral structures and migrate via connecting neuronal
tracts to finally reside in upper brain areas. These findings have been interpreted as
showing the involvement of an infective agent in PD, which, if true, introduces an
additional factor to the simplified hypotheses based on dopamine turnover-induced
OS. The recent demonstration of clinical neuroprotective action in PD of the MAO-B
inhibitor rasagiline may provide support for the OS hypothesis, but on the other hand,
alternative explanations for this finding are also available. We can anticipate much
further activity in the direction of new therapeutics to control OS in PD as well as in
other related conditions.

J. Vaya (D)

Laboratory of Natural Medicinal Compounds Migal Galilee Technology Center,
and Tel Hai College, Kiryat Shmona, Israel

e mail: vaya@migal.org.il

N. Gadoth and H.H. G&bel (eds.), Oxidative Stress and Free Radical Damage 191
in Neurology, Oxidative Stress in Applied Basic Research and Clinical Practice,
DOI 10.1007/978 1 60327 514 9 12, © Springer Science+Business Media, LLC 2011



192 J. Vaya et al.
Keywords Parkinson’s disease - Iron - Neuromelanin - Substantia nigra - Nitration
- Dopamine - Glutathione - Lewy bodies - Antioxidants - Coenzyme Q10 - Genetic
mutations - Mitochondria

Abbreviations

AGEs Advanced glycated end products

CNS Central nervous system
COMT Catechol-O-methyltransferase
DA Dopamine

DOPA 3,4-Dihydroxy-phenylalanine
GSH Glutathione

LB Lewy bodies

6-OHDA 6-Hydroxydopamine

MAO Monoamine oxidase

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MPP+ 1-Methyl-4-phenyl-2,3-dihydropyridium ion

(0N} Oxidative stress

NM Neuromelanin

PD Parkinson disease

ROS Reactive oxygen species
RNS Reactive nitrogen species
TH Tyrosine hydroxylase

1 Introduction to Parkinson’s Disease

This chapter reviews the connection between oxidative stress (OS) and Parkinson’s
disease (PD). PD is diagnosed on the basis of neurological symptoms including
bradykinesia, rest tremor, postural instability, muscle rigidity, flexed posture, and
freezing of gait [1]. There are several parkinsonian states in addition to primary
Parkinson’s disease: secondary parkinsonism (e.g., caused by drugs, tumors, or
toxins), parkinsonism-plus syndromes (with additional complicating neurodegen-
erative conditions), and heredodegenerative diseases (including Alzheimer’s and
Huntington’s disease; see [1]). Many incorrect diagnoses are made on the basis
of neurological signs only, and the completely correct diagnosis can only be
made at autopsy, when the presence of the characteristic neuronal inclusion bodies
(Lewy bodies, LB) is confirmed. The difficulty of diagnosis is a factor that must
always be considered in reviewing the relationship between clinical findings and
mechanisms. Most research on etiology of the disease is aimed at understanding
the cause of primary parkinsonism, a condition in which 5 10% of the cases have
been shown to have a genetic basis, with currently more than ten genes described
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as causing the disease, and the remaining 90% of cases without known genetic
involvement, or other known cause, and referred to as idiopathic parkinsonism.

A major development in recent years has been the hypothesis that Parkinson’s
disease may in fact be caused by a prion-like infective agent. This proposal was
based on the finding that LB exist in peripheral neuronal structures, for example,
olfactory tract and intestinal nerve plexus, in the earliest stages of the disease, and
show a gradual ascent within the central nervous system (CNS), reaching the
cerebral cortex in the most advanced stages [2]. Even if some aspects of this theory
are controversial, yet the now well known facts remain, that symptoms including
anosmia and loss of cardiac sympathetic control precede the appearance of motor
symptoms by several years, and that cortical involvement (dementia) occurs in the
latest stages. The importance of this theory for the present discussion is that the
primary factor causing neuronal degeneration may be the cause of subsequent
biochemical dysfunction, such as OS, rather than the reverse. In addition, the
importance of oxidative metabolism of dopamine (DA) in the causation of OS has
been called into question because many nondopaminergic pathways also undergo
degeneration. Be that as it may, we now describe the findings involving OS in PD,
bearing in mind that idiopathic PD is almost certainly caused by varied pathology
resulting in the same final clinical result, in a similar way to essential hypertension,
in which various mechanisms can lead to the same end result of increased blood
pressure and a host of other conditions.

1.1 The Dopaminergic System and Its Involvement in PD

The brain contains several dopaminergic pathways, mainly (1) the nigro-striatal
pathway, (2) the mesolimbic/mesocortical pathway, and (3) the incerto-hypothalamic
pathway. Of these, the nigro-striatal pathway is the one involved in movement, and
mainly involved in PD, while the others are affected to only a minor degree. The
nigro-striatal pathway stems from perikarya in the pars compacta of the substantia
nigra (SNpc), with an axonal bundle bringing the dopaminergic nerve endings
to the striatum. The neuronal cell bodies in the SNpc are large and contain all
the essential components for DA production and storage. As a result, and an
important fact that is often overlooked, the dopaminergic cell bodies continually
produce DA, even though the enzymes and storage vesicles produced in the cell
bodies are continually transported to the axon terminal. The cell body area therefore
contains a large amount of free DA, some of which is oxidized by the nonenzymatic
pathway (see below) with the production of melanin, subsequently combined with
peptides to neuromelanin (NM), and other compounds. The occurrence of NM
within these cells gives the appearance to the structure of a narrow black band on
either side of the mesencephalon of the normal brain, which is absent from the
parkinsonian brain [3].

DA released in the striatum from the axon terminals of the nigral neurons acts on
receptors of the D1 and D2 family. The distribution of these receptors on striatal
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target neurons shows a marked selectivity; D1 receptors are expressed on dendritic
processes of striato-nigral neurons (direct pathway), and D2 receptors are expressed
on dendrites of striato-pallidal neurons (indirect pathway; Fig. 1); for further
information, see [4]. All output neurons of the striatum are GABA-ergic, but
their interaction with downstream targets in the basal ganglia confers on the
striato-nigral neurons the property of activating thalamic input to the motor cortex,
while striato-pallidal activity has an eventual inhibitory effect on the motor cortex.
Loss of DA release in the striatum of the parkinsonian patient has marked effects on
downstream neurons of the basal ganglia; in particular, the reduction of inhibitory
D2-mediated input to the striato-pallidal neurons causes their increased firing, and
increased inhibition of GABA-ergic input to the subthalamic nucleus, leading to an
accelerated activity of the latter [5] (see Fig. 1). Despite the fact that loss of
substantia nigra DA neurons is responsible for the characteristic motor symptoms
of PD, this nucleus is only affected in stage 3 of the neurodegenerative process as
defined by Braak et al. [2], with degeneration of raphe nucleus serotonergic neurons
and other non-DA neurons, for example, vagal motor nucleus, preceding the DA
neuron degeneration.
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Drugs used for treatment of PD include the immediate DA precursor, L-DOPA
(3,4-dihydroxyalanine), direct DA agonists, and inhibitors of DA metabolizing
enzymes (see following).

1.2 Dopamine Release and Metabolism

DA is synthesized throughout the neuron by the activity of two key enzymes, the
first controlling one being tyrosine hydroxylase (TH) (expressed in all catechol-
aminergic neurons but not in others) and aromatic amino acid decarboxylase
(expressed in several types of neurons and glial cells). DA is produced in the
cytoplasmatic compartment of dopaminergic and noradrenergic neurons and is
extensively metabolized therein by monoamine oxidase (MAO). DA molecules
that escape the action of MAO are transported into storage vesicles by the vesicular
monoaminergic transporter VMAT?2. Following release into the synapse, DA is
reabsorbed by the neuron via the high-affinity plasma membrane dopamine trans-
porter (DAT), but can also be taken up and metabolized within other cells and
neurons, specifically serotonergic and noradrenergic neurons and glial cells, which
also express membrane transporters for monoamine neurotransmitters as well as
MAO. Outside of catecholaminergic neurons, DA is O-methylated by the enzyme
catechol-O-methyltransferase (COMT).

MAQO is situated on the outer mitochondrial membrane. The breakdown of
monamines by MAO can be described by the equation:

R-CH,-NH, + O, + H,0™2% R-CHO + NH; + H,0,

Several important points of this reaction are the dependence on free oxygen, the
initial production of an aldehyde, and the release of hydrogen peroxide as well as
ammonia [6]. The aldehydes are metabolized by aldehyde-metabolizing enzymes,
aldehyde reductase and aldehyde dehydrogenase, to carboxylic acids and glycols,
and hydrogen peroxide is converted by catalase to water and oxygen. In the absence
of such effective scavenger enzymes, however, potentially damaging reactive
aldehydes and free radicals will accumulate.

In addition to the enzymatic metabolism of DA, the molecule is subject to
nonenzymatic oxidation. As described in Sect. 1.3, DA is readily oxidized by free
oxygen with the production of a quinone. The quinone structure enables formation of
polymers such as melanin, as well as other reactive compounds such as salsolinol. An
additional potentially toxic derivative of DA is 6-hydroxydopamine (6-OHDA),
which has been identified in trace amounts in normal brain tissue.

The normal intracellular metabolism of DA is thus a potential source of OS, and
because of the high concentration of DA and high rate of its turnover within neurons
of the nigro-striatal pathway, these neurons are considered to be under a high level
of OS threat in the resting state.



196 J. Vaya et al.

1.3 Nonenzymatic DA Metabolism

DA and DOPA are compounds containing a catechol ring (ortho-dihydroxyphenol).
This reactive structure contributes significantly to their toxicity. Besides the enzy-
matic catabolism of DA by MAO and catechol-O-methyltransferase (COMT), this
reactive species can yield cytotoxic materials such as quinones, 5-S-cysteinyl, and
several catabolic DA autoxidation products. Free DA and DOPA, whether in the
cytoplasm of the cell or in the synapse, can autoxidize at a high rate in the presence
of oxygen. DA may also undergo oxidation via minor enzymatic pathways, includ-
ing the enzymes prostaglandin H synthase, lipoxygenase, and tyrosinase [7].

It has been shown that DA cytotoxicity in neuroblastoma-derived cell lines and
primary neuronal cultures is strongly mediated through quinone formation and is
more powerful than cytotoxicity caused by other catecholamines [8]. Intrastriatal
injection of DA to normal rats results in lesion formation in the corpus striatum
in a dose-dependent manner that is mediated by quinone formation and protein
modification [9].

The oxidation of DA and DOPA is enhanced in the presence of hydroxyl radicals
[10], which may be formed as a by-product of the MAO metabolism (hydrogen
peroxide) and in the presence of iron, copper, or manganese ions (Fenton reaction).
This reaction in turn can facilitate the generation of quinone [11]. In the same note,
treatment with an antioxidant such as glutathione (GSH) or ascorbate [12], an
inducer of quinone reductase [13], or under DA depletion leads to neuronal protection
through inhibition of quinone formation.

In addition to the production of hydrogen peroxide, the quinone (whether it
originated from DA or DOPA) is a reactive molecule that can react easily with
cysteine residues in the form of free amino acid or as a protein constituent.
Conjunction of DA or DOPA quinone with the sulfhydryl group of cysteine
forms a stable bond between the quinone and the amino acid. If this bond, usually
2- or 5-cysteinyl-DA/DOPA, is formed at the protein active site it can cause partial
or complete deactivation of the protein, protein aggregation, and subsequent cell
death [14]. Among the proteins that seem to be the physiological targets of quinones
are alpha-synuclein [15], TH [16], and many others.

These reactive molecules can undergo further oxidation and cyclization to
DA-chrome or DOPA-chrome, and with or without the addition of cysteine,
polymerize to NM. NM is thought to be a mixture of eumelanin and pheomelanin
[17] and is found only in dopaminergic and noradrenergic neurons of the CNS.
Its definite composition is not totally elucidated; however, it contains melanic,
aliphatic, and peptide residues, combined with metal depositions and lipids [18].
NM has been shown to be a strong metal chelator, with the ability to chelate iron
and other metal ions, and it has been suggested that synthesis of NM could play a
protective role within the cell by preventing the accumulation of toxic catechol
derivatives integrating them into the NM polymer and removing metals such as
iron (see following). Nevertheless, NM degradation caused by neuronal death or
increased hydrogen peroxide concentrations [19] can lead to iron and quinone
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release, exacerbating neurodegeneration, and thus can play an important role in the
pathogenesis of PD.

1.4 Genetic Forms of PD

For many years, PD was regarded as a sporadic disease with no genetic origin.
However, during the past two decades following the research carried out on many
family pedigrees, groups, and individuals from different origins and geographic
backgrounds, the importance of inheritance and genetic factors has become more
apparent than in the past. At present, it is common to attribute 5 10% of PD patients
to a few monogenic mutations; however, there is growing evidence for the involve-
ment of multiple genetic risk factors in idiopathic PD. To date, more than a dozen
genetic loci have been implicated in rare forms of PD (usually referred to as
PARK1, PARK2, etc.); among these are autosomal recessive and autosomal dominant
forms. In six of these chromosomal loci, proteins have been identified by various
groups around the world, and various mutations have been identified in different
families and between family members suffering from PD. It is now apparent that the
genetic component of PD plays a much more important role in the pathophysiology
than was previously thought, and mutations in genes that were linked to familial PD
are good candidates for involvement in the idiopathic form of PD. Four of the PARK
genes, SNCA at PARK1, UCH-L1 at PARKS, PINK1 at PARK6, and LRRK?2 at
PARKS, have been implicated in sporadic PD [20].

1.5 Animal Models for PD

PD does not occur naturally in animals. To imitate the neurodegeneration of
dopaminergic neurons or PD symptoms, several animal models have been devel-
oped and can be divided into two major categories: (1) administration of a neuro-
toxin systemically or through a direct injection to the CNS in order to deplete
dopaminergic neurons, and (2) use of genetically modified animals related to
disease pathology or to known genetic characteristics of the disease.

Neurotoxins: Neurotoxic agents have been used for simulating the neuropatho-
logical and neurological features of PD in laboratory animals. Thus, animals
injected with the toxins develop parkinsonian symptoms such as hypokinesia,
repetitive chewing movements, and catalepsia [21, 22]. Three dominant types of
toxic materials are used. (i) General cellular toxins such as rotenone and the herbicides
paraquat and epoxomicin, which are all naturally occurring toxins known to induce a
high-affinity specific inhibition of mitochondrial complex I (rotenone and paraquat) or
proteasomal inhibition. Rotenone, which is the most frequently used, inhibits the
transfer of electrons from complex I to ubiquinone in the mitochondrial electron
transfer chain. Rotenone is only mildly toxic for humans, but in rodents, particularly
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in rats, chronic infusion can induce a slowly progressing neurodegeneration of DA
neurons. (ii) 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) crosses the
blood brain barrier (BBB) easily after systemic administration and is converted into
the active toxic metabolite 1-methyl-4-phenyl-2,3-dihydropyridium ion (MPP™) by
the enzyme monoamine oxidase-B (MAO-B). The metabolite MPP™ is selectively
taken up into dopaminergic neurons by the DA transporter (DAT) and irreversibly
inhibits complex I of the mitochondrial respiratory chain, therefore producing selec-
tive degeneration of nigral DA cells in monkeys and mice, but it has little effect in rats.
(iii) 6-OHDA induces degeneration of catecholaminergic cells in monkeys, rats, mice,
and cats [23]. The relative specific toxicity of 6-OHDA for catecholamine neurons
results from its uptake by DA and noradrenaline transporters into the cytosol and the
ability of the toxin to act directly by inhibiting the mitochondrial respiratory chain at
the level of complex I [24]. Beside its affect on the mitochondria, 6-OHDA is a major
source of reactive oxygen species (ROS) and quinone, therefore resulting in a dramatic
increase in OS and an elevated amount of modified proteins [25]. 6-OHDA inhibits the
mitochondrial respiratory chain and generates ROS through its autoxidation and by
microglial activation. ROS derived from NADPH oxidase act synergistically with 6-
OHDA and are an early element of the 6-OHDA-induced cell death [22].

The route of administration of the toxins differs from one substance to another.
Some are given systemically in a single bolus or chronically administrated, whereas
others do not cross the BBB and thus are often administered directly to the brain
tissue by intranigral, intrastriatal, or intracerebroventricular (i.c.v.t.) injections [14].

Genetically modified animals: There are principally two groups of genetic
models that are based on the PD-linked genes: (i) models in which all cells of the
organism are affected and (ii) knockout of dopaminergic neurons in a tissue-
specific manner. In the first group, animal models are based on null mutations, an
extra gene copy, or point mutations of genes located in different PARK loci (more
details in the section about genetic factors and PD). Whether the mutation is a gain
or loss of function, none of the genetic models based on PD-linked genes repro-
duces key symptoms of the disease, such as loss of dopaminergic neurons, but
rather detect slight effects on the dopaminergic system, such as a small decrease in
DAT binding and slightly reduced DA levels in the striatum [26]. Recently, a
second group of genetically modified animals has been introduced, using condi-
tional knockout strategies to disrupt the expression of genes in the dopaminergic
system in a region- or neuron-specific manner. For this purpose, mice that express
cre-recombinase (Cre) under the control of the DAT promoter are predominantly
used to target postmitotic dopaminergic neurons in the midbrain. The target of Cre
can also be wider populations of neurons available such as the TH promoter [27].

Overall, there are a number of models for the disease that reproduce either
the symptoms or pathology and which can help to further explore the pathology,
etiology, and symptoms of PD, contributing a great deal to pharmacological
research. Still, despite the advantages in using the well-established or the newer
models of PD, these models do not mimic the entire spectrum of clinical symptoms
or pathology of human PD.
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2 The Association Between PD and OS

Oxidative stress is a pathological factor that may contribute to neuronal death
and PD progression. Analysis of postmortem brains from PD patients revealed
enhanced OS in their SNpc with a decreased ratio of GSH/GSSG [28], augmented
levels of iron [29], increased lipid peroxidation [30], elevated keto-protein forma-
tion [31], and DNA oxidation[32]. OS is defined as a disturbance in the balance
between the formation and accumulation of ROS and reactive nitrogen species
(RNS) to their removal by the organ via its defense systems, in the favor of the
former. Such imbalance can result in oxidation of major macromolecules of
the body, which can change their composition, structure, function, and activity,
leading to impairment of membrane fluidity and transport of ions and nutrients.
Formation of chlorinated, hydroxylated, and nitrated proteins may damage their
function. Oxidized nucleic acids can be generated in DNA with the formation of
mutations. OS is associated with many factors that are thought to be involved in the
pathogenesis of PD. Mitochondrial damage may result from OS and, vice versa,
mitochondrial impairment may enhance ROS/RNS release to the cytosol. Inflam-
mation is always associated with high ROS/RNS generation (nitric oxide NO,
hypochlorous acid HOCI, superoxide anion, hydrogen peroxide, etc.) as direct
defense species and as signaling elements to induce a series of protecting genes.
OS can contribute to protein misfolding and, when linked to an inability of the
ubiquitin-proteasome system to degrade and remove them, such damage can result
in the accumulation and aggregation of these abnormal proteins and induce what is
termed proteolytic stress [33]. Misfolding and aggregation of a-synuclein have
been described in association with familial PD [34, 35]. OS is linked to DOPA and
DA enzymatic and nonenzymatic metabolism with the formation of DOPA and DA
quinones, a reactive species that can further react with endogenous compounds such
as cysteine to form cytotoxic agents. OS is also associated with MAO activity,
as described in Sect. 1.2, as well as in other enzyme activities present in the brain
such as TH or tyrosinase, both of which hydroxylate tyrosine to DOPA, or the
enzyme heme oxygenase-1 (HO-1) responsible for the degradation of heme into
biliveridin, carbon monoxide (CO), and iron. All these enzyme activities can be
involved in OS, which could lead to selective neuronal death in the substantia nigra
and to LB formation. The question whether OS is the initial stage and the cause or
the consequence of neurodegeneration in PD remains open. The aim of the present
chapter is to review the present knowledge related to such an association between
OS and risk factors considered to contribute to neuronal death in the SN.

2.1 Biomarkers of OS in PD

The early clinical diagnosis of motor symptoms in PD patients is made when about
60% of the dopaminergic neurons of the substantia nigra have been lost. Early
diagnosis of PD in the human is important for early treatment, for monitoring the
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progression of the disease, and for following up the effectiveness of therapeutic
interventions. Ideal biomarkers of PD should be specific to the disease, sensitive to
identification of the disease as early as possible, before the other clinical symptoms
arises, have high detection accuracy (with a very low percentage of false-negative
and false-positive results), and be noninvasive, easy to use, and not expensive. Such
markers do not exist. Several biomarkers for PD are associated with OS and can be
applied during a patient’s lifespan (in opposition to postmortem indicators) are
under development. Methods such as imaging techniques and clinical and genetic
tests are outside the scope of this review.

Degeneration of dopaminergic neurons in the brain and the formation of the LB
are the hallmark events of PD. OS is believed to contribute at least in part to these
two incidents, and biomarkers that might be generated during the pathways of
their formation are under investigation. It was assumed that, as a consequence
of dopaminergic cell death, NM will be present not only in the brain but also in the
plasma. Antibodies specific to NM have been found in the plasma of patients with
PD, but it is not clear yet if the NM detected in plasma of PD patients is specific to
the disease or common to other neurological disorders or even may arise from skin
diseases. In other studies, superoxide dismutase (SOD) activity was shown to
decrease in the blood of advanced PD patients vs. control subjects and a negative
correlation was anticipated between this activity and disease duration [36]. The
level of oxidized pyrimidins and altered purine nucleotides in plasma of PD patients
vs. controls was also shown to be elevated together with a higher incidence of DNA
strand breaks, both of which can be generated via OS pathways [37]. Miinch et al.
identified advanced glycated end products (AGEs) in SN of patients with incidental
Lewy body disease, which is considered an early form of PD [38]. The patients
examined showed no clinical signs of PD, which suggests that AGEs are present in
a very early stage of PD before symptoms are detected. AGEs are reactive ketones
or aldehydes formed during the reaction of carbohydrates with the free amino
groups in protein or during unsaturated fatty acid oxido-degradations. These inter-
mediates are reactive species that can further lead to protein cross-linking and to
protein dysfunction. The AGE-cross-linked proteins were detected by specific
polyclonal antibodies raised against different AGE-protein adducts.

2.2 Dopamine Metabolism: Evidence for an Association
Between DA Metabolism and OS

An association has been shown in various animal models and in brains taken from
deceased PD patients between neuronal destruction in the brain and the generation
of a massive OS. The cause or time course of the OS is still elusive; however,
various studies have pointed to a role of DA as one of the major factors influencing
redox balance, ROS production, and OS. The high rate of oxidative metabolism of
DA by MAO generating ammonia, hydrogen peroxide, and a highly reactive
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aldehyde metabolite (3,4-dihydroxyphenylacetaldehyde, DOPAL) in conjunction
with the spontaneous autoxidation of DA to form quinones or semiquinones are
major factors accelerating neurodegeneration.

DA quinones are cytotoxic because of their interaction with the sulthydryl group of
cysteine forming various bioactive molecules, predominantly 5-cysteinyl-DA [39].
Because cysteine sulfhydryl groups are in many cases part of the active site of functional
proteins, covalent modification of cysteine residues by quinones to form 5-cysteinyl-
DA results in irreversible alteration or inhibition of the protein’s function. Indeed, DA
quinone covalently binds to key molecules in dopaminergic neurons including TH
[16], DAT, and parkin protein [40], consequently inactivating these molecules [39].

In neuronal cell cultures, DA has been used as an inhibitor of brain mitochondria
[41], as a precursor to 6-OHDA formation [42], and, as mentioned earlier, as a major
source of quinone and semiquinone formation. Intrastriatal injections of DA caused
dose-dependent increases in neuronal degradation and in the amount of quinoproteins
found in the rat brain [12]. In a hemi-parkinsonian rat model of PD, treatment with
L-DOPA, which caused an excess amount of DA outside the synaptic vesicles, caused
increased DA turnover and quinoprotein formation in the damaged side and may exert
neurodegenerative effect on the dopaminergic nerve terminal. The quinone formation
and subsequent dopaminergic neuronal damage in vivo and in vitro can be slowed
down or prevented through pretreatment with antioxidants, such as SOD and GSH [43].

Amphetamine, methamphetamine: These substances and their analogues have
been shown to release DA from dopaminergic nerve terminals by several different
mechanisms, such as the reversal of the DA uptake transporter (DAT), or through
interfering with the storage of DA in the vesicular stores. It has been shown that
chronic administration or high doses of amphetamines can be extremely neurotoxic
and cause a dramatic neurodegeneration, a reduction in the amount of TH-positive
neurons, and a reduction in the amount of active DA in the brain [44]. Several
hypotheses have been proposed to explain the neurotoxic effect of amphetamines,
including adenosine triphosphate (ATP) depletion, mitochondrial inhibition, and
toxin-induced OS. In many studies of chronic amphetamine administration, a clear
increase in OS was observed and tissue levels of lipid peroxidation and protein
oxidation were elevated. Even after a single large dose of amphetamine, an increase
in hydroxyl radical was observed, and an increase in malonaldialdehyde (MDA)
was seen 7 days after administration [45]. This increase in OS was abolished
when animals were pretreated with the antioxidants N-acetylcysteine (NAC) and
a-phenyl-N-tertbutylnitrone (PBN). In other experiments, animals were pretreated
with antioxidants, such as ascorbate and vitamin E, before amphetamine, which
resulted in reduced OS and fewer neuronal lesions [46].

Antipsychotic drugs: These drugs are widely used in the treatment of psychotic
disorders, but their long-term use may be accompanied by a number of unwanted
side effects including tardive dyskinesia (TD), a movement disorder characterized
by involuntary movements especially of the mouth and face, but also of other parts
of the body. The pathophysiology of this disorder is still elusive; however, it is
probably associated with a specific loss of dopaminergic receptor responsiveness,
resulting in D2 receptor hypersensitivity, or increased DA turnover [47]; both these
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theories invoke an increased OS and excess ROS formation. The classic antipsychotic
drugs (such as haloperidol), are mainly D2 dopaminergic receptor antagonists and
have two different mechanisms by which they may increase OS. (i) By blocking
presynaptic D2 receptors, which have an inhibitory effect on DA release they induce
an increase in DA turnover in an attempt to overcome the postsynaptic receptor
blockade. This increased turnover can yield an augmented amount of ROS produc-
tion and quinone formation, thus increasing OS. (ii) The haloperidol pyridinium ion
(HP") metabolite, which is derived from haloperidol, is a potent inhibitor of mito-
chondrial complex I and can interfere with electron transport at both complexes I
and II, causing an interruption in mitochondrial activity and an increase in the
resulting ROS production [48]. This situation is therefore another example of
increased neuronal activity leading to OS and neuronal damage.

2.3 Mitochondrial Impairment and PD

The first link between mitochondrial dysfunction and PD was the finding of
decreased activity of complex I in the SN of parkinsonian brain [49] with a decrease
in complex I protein level. A recent study that strongly implicates a defect in
complex I with PD was carried out using mice with a knockout of respiratory
chain proteins in their dopaminergic neurons. These animals show progressive
impairment of motor function together with formation of intraneuronal inclusions
and dopaminergic cell death [50]. Inhibition of complex I by toxins such as MPTP,
paraquat, or rotenone caused dopaminergic cell death or induced the formation of
intracellular filamentous inclusions with a-synuclein protein as in the LB [51].
The critical role of a-synuclein, the major component of LB in PD, in mitochondrial
impairment, and specifically in complex I deficiency, was evaluated in experiments
with mice lacking the gene for a-synuclein. These mice were shown to be resistant
to the toxic effects of the complex I inhibitor MPTP and did not show the pattern
of DA neurodegeneration characteristic of MPTP-induced mitochondrial complex
Iinhibition [52]. These findings indicate that in the absence of a-synuclein protein,
the neurotoxin MPTP cannot inhibit complex I. To further associate such observa-
tions with OS, Giasson et al. were able to show extensive accumulation of nitrated
a-synuclein within the inclusion bodies of PD, dementia with LB, and in the major
filamentous building blocks of these inclusion bodies. These nitrations occur
at the tyrosine aromatic ring residue of the a-synuclein protein and could be formed
through different pathways such as the generation of NO, which in the presence
of superoxide anion (O, ) may form highly reactive peroxynitrite (ONOO")
[53]. Oxidation of a-synuclein by either nitration or other ROS/RNS alters
its protein structure and changes its physical properties, including decreased solu-
bility, which may have an important role in the aggregation of a-synuclein in
sporadic PD. Neurotoxin-induced inhibition of complex I induces OS generation
in a dose-dependent manner in isolated brain mitochondria, as detected by
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augmentation of hydrogen peroxide level [54]. Injection of MPTP to mice causes
oxidation of cardiolipin (phospholipids that bind the cytochrome ¢ in the inner
mitochondrial membrane) in ventral midbrain with the formation of phospholipid
hydroperoxide, an established marker of OS [54], which was also obtained in
mitochondria isolated from brain of mice treated with complex I inhibitors. Inter-
estingly, the formation of oxidized phospholipids as a result of complex I inhibition
was reduced by addition of an antioxidant known to convert superoxide anion to
hydrogen peroxide (similar to SOD). These results suggest that O, is generated and
contributes to the cardiolipin oxidation as a result of complex I inhibition by MPTP.
The same authors showed that the inhibition of complex I is linked to the release of
cytochrome ¢ from the inner mitochondrial membrane (where it is bound to
phospholipids) to the intermembrane space as soluble cytochrome c. It is concluded
that with the mitochondrial impairment, ROS are generated that oxidize cardiolipin
and cause the release of cytochrome ¢ from the inner mitochondrial membrane.
Advanced postmortem analysis of proteins from mitochondrial preparations
obtained from frontal cortex of PD patients revealed a significantly increased
level of keto-proteins in the complex I protein fraction compared with age-matched
controls. This enhanced oxidation was mostly localized in a fraction of hydrophobic
proteins thought to form the catalytic core of complex I. When proteins of complex
I were exposed to exogenous ROS such as hydrogen peroxide to reproduce the type
of damage to complex I proteins observed in the samples from PD patients, such an
oxidative pattern was not formed but did form when NADH was used to transfer the
electrons, suggesting that the ROS involved in the oxidation of complex I proteins
are formed within the mitochondria and not from outside [55].

In summary, mitochondrial impairment may result in complex I defect, increased
free radical generation, and damage to macromolecules such as o-synuclein protein,
which further accelerate mitochondrial dysfunction and free radical generation. This
augmented superoxide anion O, leakage, hydrogen peroxide accumulation, and
protein nitration in conjunction with ubiquitin proteasomal dysfunction induces
proteolytic stress, which results in protein misfolding, oxidation, and aggregation.
The foregoing alteration at the molecular level results in tissue damage, alteration in
mitochondria membrane permeability, damage to the respiratory chain, decreased
ATP production, reduced membrane potential, formation of LB, apoptosis, and
neuronal death (Fig. 2).

2.4 Genetic Alterations

In concordance with the topic of this chapter, we only cover the loci in which the
proteins are already identified and which may be involved in alteration in redox
balance, changing OS status, and increased neurodegeneration or, in contrast, have
neuroprotective properties.
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a-Synuclein: This protein is a major component of the typical LB in sporadic
forms of PD. The discovery of a mutation in the a-synuclein molecule in a group of
Greek and Sicilian families [35] and its connection to the familial forms of PD
initiated years of research for the function of this protein, and the mechanism by
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Fig. 2 Mitochondrial impairment and oxidative stress (OS). Parkinson’s disease (PD) is asso
ciated with mitochondrial dysfunction, which may result from increased reactive oxygen species
(ROS) generation, damaging complex I, decreasing its activity level, and oxidizing mitochondrial
cardiolipin. The result of increasing oxidative stress is formation of keto protein in the mitochon
dria, oxidation of a synuclein, and damage to other macromolecules, including mitochondrial
DNA. When mitochondrial impairment is associated with ubiquitin proteosomal dysfunction, it
leads to proteolytic stress, which is expressed as a higher level of protein misfolding and
aggregation. Protein aggregation further enhances ROS generation and increases mitochondrial
injury and tissue damage. The mitochondrial membrane permeability alters, and thus respiratory
level and ATP production decrease, leading to cell death
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which it aggregates to form soluble oligomers, soluble protofibrils, and insoluble
fibrils (a major component in LB); the precise function of a-synuclein, however, is
still unknown.

Parkin: Parkin is an ubiquitin E3 ligase encoded by the PARK2 gene and is
involved in the proteosomal degradation of target proteins. Mutations in the parkin
gene are the major causes of recessive, early-onset Parkinsonism. When the normal
function of the ligase is disrupted, several known mutations related to PD cause
considerable slowing down of degradation of the putative parkin substrates, and a
massive increase in protein accumulation, a process that is thought to cause
neuronal degradation in the substantia nigra and locus coeruleus of humans.

Parkin is very sensitive to cell oxidative/nitrative homeostasis; increased oxida-
tive DA modifications (quinone formation) or stress-induced phosphorylation of
parkin can inhibit the ligase activity and reduce its solubility [56, 57]. However, the
neuroprotective properties of parkin against a variety of insults, including ROS
production and quinone formation, have been shown in various cells and animal
models. Overexpression of parkin protected against a-synuclein-induced damage
in primary neuronal cultures, Drosophila, and rat brains [58]; similarly, lenti-parkin
expression protected rat brain from the neurotoxicity of 6-OHDA. The neuropro-
tective mechanism of parkin is unknown; however, recent work showed that parkin
overexpression attenuates tyrosinase-induced neurotoxicity mediated by activation
of JNK signaling and subsequent cleavage of caspase 3 [59]. In parkin-knockout
Drosophila, mitochondrial dysfunction and shorter longevity was observed in mutant
flies, which had increased susceptibility to OS [60].

As mentioned previously, mutations in the parkin gene and overexpression of
mutant forms of parkin in NT-2 or SK-N-MC cell lines increases oxidative damage
to proteins and lipids, specifically, keto-protein and lipid peroxidation [61]. The
precise mechanism of this parkin-mediated OS is unknown.

UCHLI: The UCHLI gene encodes for the ubiquitin carboxyl-terminal hydro-
lase-L1 protein, which is found in neurons throughout the brain. This protein, which
is part of the ubiquitin-proteosome system, is involved in a-synuclein degradation
and has two enzymatic activities: (1) hydrolase removes and recycles ubiquitin
molecules from degraded proteins and (2) ligase links together ubiquitin molecules
for tagging proteins for disposal. Although the protein’s main role is still elusive,
opposite functions have been implicated in a few known mutations in the UCHL1
gene; the S18Y polymorphism reduces the ligase activity of the UCHL1 enzyme
but has little effect on the hydrolase activity, therefore increasing the rate of protein
degradation and inhibiting a-synuclein accumulation. This mutation is inversely
associated with sporadic PD and is more common in Chinese and Japanese popula-
tions. Another mutation found in the UCHL1 gene is I193M, which decreases the
hydrolase activity, therefore interfering with the ubiquitination of proteins, result-
ing in protein accumulation and possible cell damage. In vitro experiments in which
downregulation of the UCHL1 gene was performed using antisense cDNA resulted
in increased sensitivity to oxygen deprivation stress [62]. A clue to the relationship
between UCHL1 and OS has been shown in the S18Y mutant cell line in which the
neuroprotective role of this mutation against MPP" and H,O, induced OS has
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been shown to be mediated through its antioxidant function [63]; however, the
mechanism is still unknown.

PTEN-induced kinase 1 (PINKI): PINKI is a widely expressed protein with a
serine threonine kinase and a mitochondrial targeting motif whose function is still
unclear. Mutations in PINK1 account for about 1 2% of early-onset PD. Inhibition
of the Drosophila homologue of PINK1 using RNAIi technique resulted in a massive
dopaminergic neurodegeneration, a process that could be prevented by expressing
human PINKI1 or through the addition of antioxidants [45]. This neuroprotective
treatment suggests that PINK1 may play a functional role in preventing neuronal
loss through OS. Although the mechanism for this neuroprotection remains to be
determined, a potential hint may be the mitochondrial localization of PINKI. As
already mentioned, mitochondria are the main source of reactive oxygen and
nitrogen species, and PD-associated PINK1 mutants may disrupt homeostasis of
mitochondria, resulting in OS and neuronal death.

Work from Pridgeon et al. identified a mitochondrial heat shock protein [Hsp75,
or tumor necrosis factor (TNF) receptor-associated protein 1, TRAP1] as a substrate
for PINK 1. Phosphorylation of TRAP1 by PINK1 protected cells against OS-induced
apoptosis by suppressing cytochrome c release from mitochondria. PINK1 depletion
causes increased cytochrome c release from mitochondria and sensitizes cells to
OS-induced cell death [64].

DJI: DJ-1 is a homodimeric protein of 189 amino acid monomers that is found
both in the cytoplasm and in the mitochondria and protects cells from various types
of OS. Under OS conditions, DJ-1 is upregulated and modified by oxidation of
cysteine and methionine; the modified form is then shifted to the mitochondria. This
system is a postulated defense mechanism; because of the natural ROS-producing
environment of the mitochondria, the accumulation of modified DJ-1 may prevent
mitochondrial injury or decrease mitochondrial ROS production, thereby protecting
the cell from damage.

In isolated cells, knocking down DJ-1 expression with small interfering RNA
(siRNA) resulted in susceptibility to OS and endoplasmic reticulum stress. Recent
analyses of DJ-1 knockout mice have revealed nigrostriatal dopaminergic dysfunc-
tion, motor deficits, and hypersensitivity to MPTP and to OS. Although the mecha-
nism of protection is not apparent, it is known that the regulation of DJ-1 is OS
dependent, and increasing stress (rotenone, 6-OHDA) immediately upregulates DJ-1
expression, a process prevented by pretreatment with antioxidants [43].

LRRK: The predicted product of the leucine-rich repeat kinase 2 (LRRK2) gene
is the large protein, dardarin (PARKS), which is highly expressed in regions of the
mammalian brain containing dopaminergic neurons such as the caudate-putamen,
frontal cerebral cortex, and substantia nigra. Mutations in LRRK?2 are the most
common known cause of late-onset PD. Not much work has been done concerning
the protective role of LRRK?2 against OS; however, it has been shown that wild-type
LRRK?2 but not Y1699C or G2019S mutants attenuated H,O,-induced cell death.
Moreover, the presence of the LRRK?2 wild-type gene product but not the Y1699C
or G2019S mutant gene product conferred protection against H,O,-induced cell
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death through activation of the extracellular signal-regulated kinase (ERK) pathway
mediated by its kinase domain in HEK293 and SH-SYSY cells [65].

2.5 Iron and OS

Iron is transported into cells, and across the BBB, by binding to transferrin receptor.
Within cells that store iron, the metal ion is bound to ferritin in a nonreactive form. In
the brain, iron levels vary among different areas, with highest levels in the basal
ganglia [66]. Oligodendrocytes and microglia have the highest levels of iron and
transferrin per cell, as revealed by Perl’s stain [67]. Brain iron levels are maintained
constant, even in the face of severe dietary restriction [68], mainly as a result of
binding to ferritin. Other proteins that contain bound iron include the enzymes MAO
and TH [6, 69], in which iron acts as a cofactor. Free ferrous iron (Fe2+) is a potent
catalyst for a variety of oxidative reactions, and its concentration is maintained at
very low levels within cells. In particular, Fe?* catalyzes the Fenton reaction, in
which hydrogen peroxide is converted to hydroxyl anion, and to hydroxyl free
radical, which is among the most active ROS species. The potential toxicity of iron
in the brain has been adequately demonstrated in earlier studies in which a dopami-
nergic lesion was created by direct infusion of iron to the brain of rats [70 72]. In
most tissues, and in most parts of the brain, ferrous iron is rapidly hydrolyzed to ferric
iron by the enzyme ferroxinase and stored in ferritin as Fe** [73]. In areas of the brain
that contain pigmented cells, an additional way in which iron is bound in a nonreac-
tive form is by binding to NM, which is found in SNpc and the locus coeruleus and
which strongly chelates iron. The Fe content of SN increases with age, as does the
NM content; however, NM levels outstrip Fe levels after the fourth decade [74].

A number of studies have found high Fe levels in parkinsonian SNpc, as well as in
the globus pallidus and dentate gyrus, although the levels in the substantia nigra pars
reticulata (SNpr) are not increased [75, 76]. In addition, the ratio of Fe’" to Fe" is
increased in PD [77]. Increased Fe-containing pigments are also found in basal
ganglia areas in other neurodegenerative diseases, including Hallervorden Spatz
disease, striato-nigral degeneration, and Huntington’s and Alzheimer’s diseases [78].

Gerlach et al. [79] described the possible sources of the increased Fe levels
in parkinsonian SNpc. First, passage of Fe across the BBB could be increased.
Evidence exists for a localized increase in BBB permeability in the mesencephalon
of PD patients [80]. Second, brain Fe uptake could be selectively increased in a
particular brain area if transferrin receptor levels increased in that area; in fact, the
opposite is the case for parkinsonian SNpc [81, 82], although levels of lactoferrin
receptors are increased [83]. A third possibility could be transfer of Fe from areas of
higher iron content to SN cells by axonal transport along connecting fiber tracts, but no
evidence exists for such a possibility [84, 85]. The fourth possible cause is release of
Fe from intracellular storage sites or reduction in iron binding by proteins such as NM
and ferritin.
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Iron storage molecules: The intracellular distribution of Fe is regulated by the
iron regulatory proteins, IRP1 and IRP2 [86, 87]. These proteins respond to altered
cytoplasmic free Fe levels by increasing or decreasing the expression of ferritin and
transferrin receptor. Targeted deletion of these proteins in mice leads to accumula-
tion of cytosolic iron in axons and cell bodies, followed by severe neurodegenera-
tion and loss of cell bodies, particularly in SN [88, 89]. Ferritin molecule exists in
H (heavy) and L (light) forms [85]. Several studies have assessed ferritin levels in
parkinsonian SN tissue, with variable results, because of technical problems includ-
ing the specificity of antibodies used and the type of ferritin (H or L) against which
they were directed (see [85] for review). The expression level of H-ferritin protein
is low in neurons of SNpc, whereas high levels are seen in oligodendrocytes and
microglia. L-Ferritin is absent from neurons but strongly expressed in oligodendro-
cytes. It is, therefore, apparent that determination of whole-tissue ferritin levels will
yield minimal information on changes in iron storage in the target dopaminergic
neurons of SNpc. Levels of ferritin mRNA also do not change in parkinsonian SN
[82, 84]. The lack of change in transferrin receptors and ferritin in PD SNpc is
suggestive of a role of NM in binding the increased Fe in the PD brain. Despite the
lack of clear correlation between presence or absence of PD and changes in ferritin
levels, it is clear that alterations in the iron-binding capacity of this important mole-
cule, for example, genetically based polymorphism, could exert significant effects on
the tissue levels of reactive iron. Three different insertional mutations have been
described in the ferritin molecule, and disease forms including parkinsonism have
been identified in patients who carry mutated genes [85, 90, 91].

In normal SNpc, iron is mainly bound to NM in dopaminergic neurons, and to
ferritin in glial cells [74, 92]. NM is a complex of iron melanin and peptides [93]
with additional lipid material [74]. Natural NM obtained from SNpc has a tenfold
greater ability to bind Fe than synthetic DA melanin [94]. Iron binds to high- and
low-affinity sites on NM [95]. The metal ions are bound in clusters of high-spin,
pseudo-octahedral iron (IIT) ions with an oxo-hydroxo bridge [74, 96]. The role of
NM in physiological and pathophysiological function is much disputed and poorly
understood. Because NM is largely absent from the brain at birth, but accumulates
with age, it may play a passive role in normal aging by inactivating free surplus
metal ions. However, several workers have proposed an important, active role
for NM in PD. In healthy brain, NM has reserve capacity for Fe binding, but
NM from the PD brain has decreased ability to bind iron [97, 98] so that reactive
Fe levels in the parkinsonian brain may be disproportionately high [93, 95, 99]. NM
levels in individual DA neurons of SNpc are decreased in PD [100], so that more
Fe in parkinsonian SNc¢ may be bound in a low-affinity, reactive form and therefore
will increase the oxidative environment [101]. Parkinsonian NM is also qualitatively
different from normal NM. Faucheux et al. [102] showed that redox activity of NM
aggregates from PD brain positively correlated with severity of neuronal loss.
In addition, however, NM released from degenerating neurons is broken down by
H,0, with the release of reactive iron and generation of toxic free radicals [93].
Alterations in the Fe-binding properties of NM could therefore be an initiating factor
in the dopaminergic neuron death in parkinsonian SN. Recent work [19] has thrown a
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new light on the importance of NM in neuroprotection and neurodegeneration,
because metal ions other than iron, namely, lead, aluminum, mercury, zinc, and others,
are also concentrated in pigment areas in SN and other brain areas. This finding shows
the importance of NM as a slowly turning over storage site for potentially toxic metals.
Initial damage to this metal ion store could precipitate a cycle of ongoing cell
destruction. In addition to its iron-chelating ability, human NM when added to isolated
neuronal cells in culture reduces the toxic effect of an OS (Fenton reagent), supporting
the concept of a neuroprotective role for human NM [103].

Further research is necessary to evaluate the multiple factors regulating intracel-
lular Fe storage and release, but it would appear that many possibilities exist whereby
reactive Fe levels can be altered by aberrant protein expression or degradation,
as well as by altered NM characteristics.

Iron chelators as neuroprotectants: Considering the abundant evidence of
increased toxic iron levels in parkinsonian SN, iron chelator treatment may be
considered as a potential strategy in neuroprotective therapy of the early parkinso-
nian patient. Effective iron chelators must be capable of crossing the BBB, and
must not damage the physiological Fe pool, but should reduce excessive free Fe
levels. A number of drugs have been described, although none are currently in
clinical use in PD as such; future developments, however, are predicted in this area.

Desferrioxamine (desferral) is a highly effective iron chelator that has been
studied in animal experiments, but must be given directly to the brain, for
example, by intracerebroventricular injection (i.c.v.), because it does not cross
the BBB. Given this way, desferral substantially blocked the DA depletion caused
by administered 6-OHDA [104]; however, dopaminergic cells were not counted
in this study, and so a positive index of neuroprotection was not obtained.
Similarly, desferral blocked dopaminergic toxicity induced by systemic iron
overload caused by administration of iron dextran complex [45]. More recently,
a BBB-permeable drug, VK-28 (5-[4-(2-hydroxyethyl) piperazine-1-ylmethyl]-
quinoline-8-ol), was found to significantly protect against 6-OHDA-induced
dopaminergic toxicity in low dosage, by systemic or i.c.v. administration [105].
An additional strategy of development of effective iron chelator drugs combined
with an additional neuroprotective or other CNS active molecule has been devel-
oped by Youdim and coworkers [106]. One such drug (M30) combines the iron-
chelating moiety of VK-28 with the neuroprotective MAO-B inhibitor rasagiline
and effectively antagonized lactacystin-induced dopaminergic damage in the
mouse in vivo [107]; however, as this drug is also an effective MAO inhibitor,
this result cannot be solely attributed to iron chelation. Green tea polyphenols are
known iron chelators that also have neuroprotective action against a variety of
dopaminergic neurotoxins, but the relationship between the two actions is at
present only hypothetical [108]. Chelation of iron by the antibiotic cloquinol, or
increased binding of tissue iron by overexpression of ferritin, significantly reduced
MPTP toxicity in mice [109]. As in many similar studies, these findings indicate
that iron chelation can protect against dopaminergic neurotoxins, but such animal
models do not reproduce the etiology of most PD cases.
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2.6 Inflammation and PD

A number of factors are thought to be involved in the progression of PD, among
which inflammation is believed to play an important role. Microglia are the immune
system cells resident in the CNS that provide permanent close watch of the extracel-
lular environment. It is known that the immune system and its inflammatory response
are not the initial cause of the disease, but rather a consequence of damage, that is,
tissue or cellular modifications in the CNS, such as neurodegeneration. Such threats
activate the microglia, which respond through morphological changes in which the
cells are converted to an amoeboid state with enlarged cytoplasmic processes capable
of phagocytosis, migrate to the injured environment, alter gene expression, and
release of inflammatory mediators such as cytokines, chemokines, ROS, and RNS.
Naturally, the primary role of these microglial cells is to stand up to the “threat”,
whether an external danger such as a virus or a toxin, or even an internal hazard such
as cell debris or malignant cells is involved, but recent evidence suggests that the
immune response can have either protective or harmful effects, depending on
the pathological condition, its development, and its cause. Indeed, excessive,
chronic, or unregulated microglial activation may be harmful to neurons.

The phagocytic activity of microglia is beneficial during neuronal development
and in injury because of the effectiveness of this process to remove cellular debris
and injured cells, but dysregulation or excessive activation and as a consequence
excessive ROS formation can lead to neuronal oxidative burden [110].

The involvement of inflammation in neuronal death in PD has been observed
post mortem in which an increase in the expression of the cyclooxygenase (COX)
enzyme and of inflammatory mediators has been shown in the injured striatum.
However, most of the data available have come from models of the disease, such as
the lipopolysaccharide (LPS), 6-OHDA, and MPTP models. In fact, the addition of
LPS, which activates microglial cells, and induces the expression of cytokines in a
pure dopaminergic culture, did not change the cell viability, although the addition
of LPS to a culture consisting of both neurons and microglia caused an increase in
neuronal death [111]. In vivo experiments demonstrated that a single intranigral
injection of LPS caused no damage to GABAergic neurons but strongly injured
dopaminergic neurons [112]. Antiinflammatory therapies have provided a strong
neuroprotective role in different kinds of illness and pathologies, and the use of
nonsteroidal antiinflammatory drugs (NSAIDs), such as aspirin and other COX
inhibitors, is known to confer at least partial protection against the neurodegenera-
tion seen in the MPTP and 6-OHDA models of PD [113]. Moreover, in a large
clinical trial, it was shown that users of ibuprofen (a common NSAID) had a 35%
lower risk for PD; however, no other NSAID had the same results [114].
The involvement of the immune system and its activation in PD has been seen
clearly post mortem and in vitro and in vivo models, but the precise mechanism by
which activated microglia can worsen dopaminergic neuronal degradation is still
a mystery. Microglial activation can occur through many different pathways
including interleukin-4 (IL-4), glucocorticoids, aggregated o-synuclein, and LPS.
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This microglial activation can accelerate neurodegeneration through various
mechanisms, but central to all is the involvement of OS, either through the release
of superoxide anions derived from NADPH oxidase, increased peroxynitrite pro-
duction, or the nitration of a-synuclein [115].

2.7 Enzyme Alterations in PD

Heme oxygenase-1 (HO-1): HO-1, a protein expressed in brain and other tissues, is
responsible for the catabolism of heme to biliverdin, free iron, and CO. HO-1
expression was significantly higher in PD substantia nigra than that of control
subjects [116]. HO-1 is an inducible enzyme upregulated by several inducers includ-
ing hydrogen peroxide and cytokines [117]. HO-1 confers cytoprotection by the
enhancement of the breakdown of pro-oxidant heme to form the antioxidants biliver-
din and bilirubin [118], but under certain conditions the heme-derived end products,
CO and especially iron, can exacerbate OS in cells and damage protein, unsaturated
fatty acids, and DNA [119]. In a recent publication it was shown that HO-1 upregula-
tion in astrocytes suppressed cholesterol level and augmented oxysterol formation by
enhanced OS [120]. The mechanism mediating these HO-1 effects was further
investigated, demonstrating that the 30% increase in cholesterol biosynthesis was
catalyzed by the CO released; CO and iron stimulated the cholesterol efflux, whereas
iron (Fe> ") alone induced OS with a threefold increase in oxysterols formation[121].

Tyrosine hydroxylase (TH): TH, necessary for the biosynthesis of DA, is selec-
tively localized within dopaminergic neurons. A marked decrease (10 20% of con-
trols) was found in the activity of TH in the striatum of PD patients [122]. Riederer
et al. [123] found TH activity to be decreased also in the adrenal medulla in PD,
indicating the general impairment of the catecholamine system. Decreased activity of
DA beta-hydroxylase (DBH) was also found for noradrenaline synthesis and pheny-
lethanolamine N-methyltransferase (PNMT) for adrenaline synthesis in PD brains. In
these brains, enzyme immunoassay showed lower TH activity and rediced protien
content. Although both TH protein and TH activity in the striatum were markedly
decreased in PD brains as compared with those of the control brains, the molecular
activity (activity per enzyme protein) was significantly increased. The increase in the
molecular activity of residual TH in PD brains suggests that the remaining neurons
compensate for the neuronal loss by increasing their DA release, to bring normal
amounts of DA to the postsynaptic receptors, and therefore increase their tyrosine
hydroxylation level. This overactivity of TH may further lead to increase in OS as a
result of quinone formation.

Tyrosinase: A key enzyme in the synthesis of melanin in skin and hair, tyrosinase
has also been proposed to contribute to the formation of NM. Tyrosinase mRNA has
been detected in human substantia nigra, but presence of the protein in brain is
controversial [124]. In dopaminergic cell cultures (SH-SY5Y), expression of tyrosi-
nase induced OS, which was reduced by simultaneous expression of parkin [59].
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Recent work showed that the exposed tyrosine side chains of a-synuclein are reactive
centers that can be modified by tyrosinase, leading to a-synuclein aggregates, and the
reactivity of a-synuclein as a tyrosinase substrate depends on whether it is free or
membrane bound [125]. Because of the conflicting data on whether tyrosinase is
present in the human brain, few data exist to connect tyrosinase to PD. Greggio et al.
[124] could not find any association between occurrence of tyrosinase polymorph-
isms and PD but demonstrated a role for tyrosinase in dopaminergic neurotoxicity.

Inducible nitric oxide synthase: iNOS is one of the NO-synthesizing enzymes
that have been shown to induce dopaminergic neuronal loss. NO can react vigor-
ously with superoxide anion to form a powerful RNS that may further degrade into
other reactive intermediates. In iNOS-deficient mice, the toxic effect of MPTP
treatment on dopaminergic neurons is eliminated [126], and the pharmacologic
inhibition of iNOS reduced the neuronal death caused by LPS both in vitro and
in vivo [127]. In the cerebrospinal fluid of PD patients, a marked increase in the
concentration of nitrite was observed, but with the increase in the metabolite, there
was an increase in the density of glial cells expressing iNOS in the substantia nigra
of PD patients, suggesting the involvement of NO as well as iNOS induction in the
pathogenesis of the disease [128].

2.8 Endogenous Antioxidant Alteration During PD

Glutathione (GSH): GSH is the major antioxidant in organs, and the ratio between
GSH and the oxidized disulfide form (GSH/GSSG) has a major role in preserving
the oxido-redux homeostasis (the thiol balance). GSH has a role in cells, in preventing
proteins from oxidation, in maintaining intramolecular and intermolecular cysteine
cystine balance, in keeping unsaturated fatty acids from oxidation to hydroperoxide
and 2'-deoxyguanosine nucleic acid in DNA from oxidizing to the 8-oxo derivative.
Glutathione also functions as a substrate for many enzymes including glutathione
peroxidase, reductase, and thioredoxine by donating or accepting hydrogen atoms.
It is well documented that patients with PD have a decreased total GSH level in
their brain without increased GSSG level [129]. The suppressed glutathione con-
centration is specific to the substantia nigra of PD and does not occur in other brain
regions (cerebral cortex, globus pallidus, putamen) or in other neurodegenerative
illnesses such as in multiple system atrophy. Furthermore, decreased GSH levels
occur in the brain of patients with incidental LB disease before any change occurs
in the complex I activity or in iron metabolism, which suggests that GSH depletion
is an early event in PD progression [130]. In a small group of nine PD patients,
administration of GSH daily for a month resulted in improved symptoms of PD
[131]. Intracarotid injection of labeled GSH to rats resulted in only 0.5% of the
injected GSH appearing in the brain extract, which demonstrates the inefficiency of
the GSH penetration through the BBB. Zeevalk et al. tested the possibility of
improving GSH concentration in brain by administration of GSH ethyl ester
derivative (GEE); subcutaneous administration of GEE to rats (up to 50 mg/kg/day)
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for 28 days failed to increase brain tissue levels of GSH, but when GEE was delivered
directly to the left cerebral ventricle, the GSH level in the brain increased significantly
[132]. GEE also provided partial protection from loss of striatal DA by MPP™"
coadministration, but when given before MPP" administration, it completely pro-
tected DA neurons against MPP™ toxicity. A similar approach of using a modified
drug to overcome the obstacle of crossing the BBB was made by modifying cysteine
to N-acetyl cysteine (NAC). NAC is a powerful thiol antioxidant that, when given
systemically, passes the BBB and releases cysteine in the brain, elevating GSH [7].
NAC increased dopaminergic neurons survival against MPTP toxicity and, following
subcutaneous administration, it induced about 30% reduction of the dopaminergic
lesion [133].

Coenzyme Q-10: Coenzyme Q-10 (Q;, ubiquinone) is a highly lipophilic endog-
enous compound of 1,4-quinone structure with ten isoprene units attached to the
quinone ring. Qq acts as an electron acceptor in mitochondrial complexes I and II
during the electron transport chain, forming the Q;o reduced form (quinol). The quinol
form, as many other phenols, can also act as an antioxidant by donating two electrons
to ROS or RNS such as to phospholipid hydroperoxide, or by regenerating oxidized
vitamin E, thus preventing free radical propagation reactions, while the quinol is
converted to its oxidized Q¢ (quinone) form. The link between Qo to PD was
established by observations that (a) inhibition of mitochondrial complex I by MPTP
caused parkinsonism in animals and humans [134] (see also Sect. 2.3. Mitochondria
Impairment and PD), (b) Q¢ levels and complex I activity decreased whereas
oxidized Q;o concentrations increased in blood of PD patients compared to age-
matched controls [135 137], and (c) supplementation of mice and monkeys with
Qo before MPTP treatment significantly attenuated the loss of nigral dopaminergic
neurons [138]. These observations encouraged the conduction of clinical trials to
elevate Qo concentration in blood as a treatment for PD progression in human,
although efficacy in animal models has not predicted efficacy in humans [139]. The
major aim of the clinical experiments conducted so far has been to assess the safety
and tolerability of Q;( supplementation at various doses (200 3,000 mg/day, together
or without vitamin E), rather than to test the efficacy of the therapeutic treatments.
Results show that patients receiving Qo had elevated Q( concentration in their blood
and that administration of Q is safe. In some of the trials UPDRS(Unified Parkin-
son’s Disease Rating Scale) was shown to improve [140] whereas in others no or only
mild improvement was observed in PD patients who are already on standard (selegi-
line HCl + pergolide mesylate or levodopa + decarboxylase inhibitor) anti-
parkinsonian therapy [141, 142]. It is unclear if the beneficial effects observed
following supplementation of Q;( in PD patients in some of the clinical trials are
caused by the antioxidant property of Q;q or to other Q¢ actions such as its ability to
enhance mitochondrial function. Supplementation of Q¢ at any dosage evaluated did
not delay the need for initiating symptomatic therapy [140]. In a one year phase II
trial, a does of 2,400 mg/day Q10 with 1.200 IU vitamin E supplement to PD patients
was not effective in neuroprotection (The NINDS NET-PD Investigation, 2007).

Melatonin: N-Methoxytryptamine is formed mostly by the pineal gland and
released into the circulation with the ability to easily cross cell and organelle
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membranes. Melatonin regulates many physiological functions related to the circa-
dian rhythms such as the reproductive system and sleep/wake cycle, plays a role in
the immune, cardiovascular, and digestive systems and is an important antioxidant
in the brain. Melatonin has been shown to scavenge ROS and RNS [143] and to
induce antioxidant enzyme activities such as those of SOD, catalase, and glutathi-
one peroxidase [144]. It can donate an electron and be converted into a nitrogen-
centered radical, which may further scavenge superoxide and convert it into a stable
compound [145]. In PD patients, pineal activity and melatonin circulation were
reduced [146]. In MPP"-mediated parkinsonism in rats, melatonin reduced lipid
peroxidation, protected nigral dopaminergic neurons [147], DNA fragmentation,
and protein misfolding; in 6-OHDA-mediated parkinsonism, similar indoleamine
compounds also prevented the PD-like behavioral changes [147]. Many derivatives
of melatonin have been synthesized as potential drugs to overcome some of the
disadvantages associated with melatonin, mainly its short circulation half-life
resulting from rapid catabolism and lack of selectivity at the target site [148].

3 Reduction of OS in Brain as a Methodology to Delay
or Stop PD Progression

Antioxidants: Antioxidants are compounds that, when present at low concentra-
tions, are capable of delaying or preventing the oxidation and destruction of
endogenous macromolecules such as proteins, unsaturated fatty acids, and DNA.
Cumulative evidence emphasizes the role of OS in PD development and progres-
sion (see Sect. 2), which raised the hope that antioxidants may lower such risk.
Major food antioxidants present in fruits and vegetables are polyphenols of flavo-
noid and nonflavonoid structure. Prospective cohort studies (PCS) were conducted
correlating the effect of consumption of a diet rich in polyphenols on PD progres-
sion, such as that of Checkoway et al., which showed that consumption of green tea
was associated with reduced risk for PD [149]. It was assumed that this protective
effect may result from to the ability of tea polyphenols to scavenge singlet oxygen,
superoxide, hydroxyl radicals, and peroxides. Similarly, various correlations were
carried out between consumption of polyphenols from other sources, such as extracts
of blueberries or Ginkgo biloba, vs. parkinsonian symptom development. The con-
clusions from most of such experiments were that a diet rich in polyphenols such as
catechin, epi-catechin, anthocyanins, quercetin, and kaempferol had a beneficial effect
on preventing development of neurological diseases including PD. PCS usually aim to
prove or disprove a certain hypothesis without providing solid proof to the causal
factor and thus are usually followed by clinical trials. The PCS type of research
investigating the effects of diet or their extracts is outside the scope of the present
review, which focused only on clinical trials testing specific defined agents.

Such clinical trials, when carried out using vitamin E, coenzyme Q-10, and
glutathione, showed that vitamin E was not effective in slowing the progression of
PD or in its prevention. Supplementation of vitamin E alone or in combination with
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selegiline was not found to reduce the probability of requiring levodopa therapy
[150]. In two large cohort studies covering 120,000 participants, the associations
between risk of PD and use of vitamin E, vitamin C, carotenoids, or vitamin
supplementation was examined [127]. No association was found between vitamin
E or vitamin C intake and PD development. Meta-analysis studies on the effect of
vitamin C, vitamin E, and B-carotene covering the period 1966 2005 on the risk of
PD development revealed that B-carotene or vitamin C had no beneficial effects on
the risk of developing PD, whereas a diet rich in vitamin E, as opposed to pure
vitamin E, has some beneficial effect [151].

Resveratrol: Resveratrol is a well-known, nonflavonoid antioxidant present
in grapes and red wine, and some of the protecting effects of red wine on the
development of cardiovascular diseases have been attributed to the presence of
resveratrol [152]. Mice treated with MPTP displayed severe neuronal loss whereas
administration of MPTP in combination with resveratrol significantly protected
mice from MPTP-induced motor coordination impairment and neuronal loss [43].

Curcumin: A nonflavonoid polyphenol present in turmeric, curcumin possesses
antiinflammatory and antioxidant effects. Administration of curcumin to a mouse
model of GSH depletion restores the cellular GSH pool, significantly delays protein
oxidation, and preserves mitochondrial complex I activity caused by glutathione
depletion [153]. Systemic administration of curcumin and its metabolite tetrahy-
drocurcumin reversed the MPTP-induced depletion of DA, which was presumed to
be the result of inhibition of the enzyme MAO-B [154]. In a 6-OHDA model of PD,
rats pretreated with curcumin exhibited protection of the number of TH-positive
cells in the SN and of DA levels in the striatum. A similar effect was observed with
naringenin but not with quercetin or fisetin [155]. There are insufficient human
clinical trials evaluating the beneficial effects of pure exogenous antioxidants, other
than vitamin E, vitamin C, and B-carotene, on PD development; such clinical trials
are urgently required.

MAO-B inhibitors: The propargylamine MAO-B inhibitors selegiline and rasa-
giline have the potential to reduce OS by reducing DA oxidative deamination, and
both drugs possess neuroprotective effects in preclinical studies, both in vivo and
in vitro. The in vitro neuroprotective effect of the compounds is exerted at con-
centrations below those normally required for MAO inhibition and has been attrib-
uted to an intrinsic property of the drug molecules to improve cell resistance to a
variety of stressors by increased expression of Bcl2, bel-xL, SOD, and catalase, and
by other mechanisms. When administered to patients, the drugs are used at doses
that effectively inhibit MAO-B and so could potentially induce neuroprotection by
(a) reducing DA catabolism and (b) increasing levels of DA, which induces release
of neurotrophic factors. A previous multicenter study was not able to conclude that
selegiline had a neuroprotective effect in humans [150], but very recently rasagiline
has been demonstrated to reduce the rate of disease progression in human PD
patients [ 156]. At present, however, it is impossible to conclude whether the indirect
antioxidant effect of rasagiline is responsible for its neuroprotective effect in PD.
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Chapter 13
Tetrahydrobiopterin Deficiency

Mary Kay Koenig and Ian J. Butler

Abstract Tetrahydrobiopterin has been well described as an essential cofactor for
the synthesis of the neurotransmitters dopamine, norepinephrine, and serotonin.
A delicate balance of tetrahydrobiopterin is also crucial for the maintenance of the
oxidative environment within cells through its involvement in the nitric oxide
synthase system. Failure of this system results in the production of large amounts
of free radicals that serve to impair the mitochondrial electron transport chain and
ultimately decrease cellular production of ATP. Tetrahydrobiopterin deficiency has
been linked to many neurological disorders including atypical phenylketonuria,
dystonia, Parkinson’s disease, Alzheimer’s disease, depression, and schizophrenia.

Keywords Tetrahydrobiopterin - Nitric oxide - Neurotransmitter metabolites -
Phenylketonuria

1 Introduction

1.1 Chemical Structure and Synthetic Pathways

Tetrahydrobiopterin belongs to a group of chemical compounds known as the pter-
idines [1]. Pteridines consist of fused pyrazine and pyrimidine rings with an amino
group in position 2 and an oxy group in position 4 [1]. Substitution at position 6 with a
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Fig. 1 Oxidation states of biopterin

dihydroxyl propyl side chain gives biopterin [1]. Physiologically, biopterin exists in
either a fully oxidized, dihydro, or tetrahydro state (Fig. 1) [1, 2]. The tetrahydro state,
that is, tetrahydrobiopterin, is the only form that exhibits biological activity [1].

Tetrahydrobiopterin is synthesized from guanosine triphosphate (GTP). Its syn-
thesis involves three enzymes: GTP cyclohydrolase (rate limiting), 6-pyruvoyl
tetrahydropterin synthase, and sepiapterin reductase [1, 3, 4]. GTP cyclohydrolase
activity, and therefore tetrahydrobiopterin synthesis, are increased in the presence
of bacterial lipopolysaccharides, tumor necrosis factor-alpha, interleukin-1 beta,
and interferon-gamma [1, 5, 6].

During physiological reactions, tetrahydrobiopterin becomes oxidized [1] to its
biopterin or dihydrobiopterin state. Regeneration of the tetrahydro molecule needs
to occur to ensure a continuous supply of tetrahydrobiopterin for cellular activity [4].
Regeneration is facilitated by the action of pterin-4a carbinolamine dehydratase,
dihydrofolate reductase [7], and dihydropteridine reductase [1, 4, 7].

1.2 Neurotransmitter Synthesis

Neurotransmitters are chemicals found in the central nervous system that relay,
amplify, and modulate signals between neurons and other cells. Tetrahydrobiopterin
is involved in the synthesis of three widely distributed neurotransmitters: dopamine,
norepinephrine, and serotonin. Dopamine has many functions in the brain, including
roles in behavior, cognition, movement, motivation, reward, sleep, mood, attention,
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learning, and regulation of hormone secretion. Norepinephrine is also involved
in maintenance of mood and attention. Additionally, norepinephrine is involved in
activating the sympathetic nervous system during stress. In the brain, serotonin
functions to modulate anger, aggression, body temperature, mood, sleep, sexuality,
appetite, and metabolism.

Tetrahydrobiopterin functions as a cofactor for the aromatic ring hydroxylases
to form dopamine, norepinephrine, and serotonin [1]. Phenylalanine hydroxylase
converts phenylalanine to tyrosine [8]; tyrosine hydroxylase converts tyrosine to
L-dihydroxyphenylalanine (L-DOPA) [9]; and tryptophan hydroxylase converts
tryptophan to 5-hydroxytryptophan [10]. L-DOPA and 5-hydroxytryptophan are
decarboxylated by an aromatic amino acid decarboxylase to form dopamine and
serotonin [1]. Tetrahydrobiopterin donates two electrons to each reaction allowing
the aromatic ring hydroxylases to incorporate a single oxygen atom from molecular
oxygen (O,) into substrate, while reducing the other oxygen atom to water (H,O) [7].
The donation of electrons results in the reduction of tetrahydrobiopterin to dihydro-
biopterin. Tetrahydrobiopterin must then be regenerated for biological activity.
Norepinephrine is formed from dopamine by beta-oxidation.

1.3 Nitric Oxide Synthase

Under physiological conditions, nitric oxide synthase converts reduced nicotin-
amide adenine dinucleotide phosphate (NADPH), oxygen, and L-arginine to nico-
tinamide adenine dinucleotide phosphate (NADP™), nitric oxide, water, and citrulline
[11, 12]. Tetrahydrobiopterin is a cofactor for all isoforms of the nitric oxide synthase
reaction [1, 11, 13 17]. Nitric oxide synthase exists as a homodimer [7, 11]. Tetra-
hydrobiopterin stabilizes the dimeric structure and increases the affinity of nitric
oxide synthase for arginine [1, 7, 12, 18, 19]. In the absence of tetrahydrobiopterin,
nitric oxide synthase is unable to bind arginine, and nitric oxide formation is impaired
[1, 20]. In addition to its role as an allosteric regulator, tetrahydrobiopterin acts as
a single electron donor during nitric oxide formation [1, 12, 19], resulting in the
reduction of tetrahydrobiopterin to trihydrobiopterin (BH3°).

Each monomeric subunit of nitric oxide synthase contains a C-terminal reduc-
tase domain and an N-terminal oxidase domain [7]. The C-terminal domain con-
tains a binding site for NADPH. The N-terminal domain contains a prosthetic heme
group and binding sites for tetrahydrobiopterin, molecular oxygen, and L-arginine [7].
Flavins in the N-terminal oxidase domain mediate the electron transfer from NADPH
(C-terminal) to the heme center (N-terminal) where they reduce and activate molec-
ular oxygen [7]. L-Arginine is hydroxylated to N-hydroxyl-L-arginine via the reduc-
tion of tetrahydrobiopterin to the trihydro state of BH3® [7]. Tetrahydrobiopterin is
then regenerated by the action of pterin-4a carbinolamine dehydratase, dihydrofolate
reductase [7], and dihydropteridine reductase [1, 4, 7]. N-Hydroxyl-L-arginine is
further oxidized to L-citrulline and nitric oxide [7].
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Nitric oxide synthase is a potent factor in neuronal modulation, blood circulation,
and the immune response [11]. Nitric oxide synthase has also been demonstrated to
mediate ischemic-reperfusion injuries [21]. Lipopolysaccharides and interferon-
gamma stimulate the formation of both tetrahydrobiopterin and nitric oxide synthase
through an upregulation of GTP cyclohydrolase activity [1].

2 Free Radical Formation

During physiological processes, the involvement of tetrahydrobiopterin in the
amino acid hydroxylase reactions does not typically produce free radicals. The
physiological nitric oxide synthase reaction produces a small amount of BH3*® and
superoxide (O, ) free radicals. The superoxide is quickly scavenged by the free
radical scavenger glutathione [1, 15, 22, 23], and the BH3* is regenerated to
tetrahydrobiopterin [11] by pterin-4a carbinolamine dehydratase, dihydrofolate
reductase [7], and dihydropteridine reductase [1, 4, 7].

The nitric oxide synthase reaction is said to be “coupled” when arginine hydrox-
ylation is coupled to nitric oxide formation. When coupled, nitric oxide synthase
catalyzes the formation of nitric oxide, L-citrulline, NADP*, and water from
L-arginine, NADPH, and oxygen [22]. The state of nitric oxide synthase coupling
is determined largely by the availability of tetrahydrobiopterin and L-arginine
[1, 12, 22, 24 26]. Depletion of either tetrahydrobiopterin or L-arginine “uncouples”
the NOS reaction, that is, NADPH oxidation and oxygen reduction become indepen-
dent of arginine hydroxylation and nitric oxide formation [7]. Uncoupled nitric oxide
synthase continues to oxidize NADPH, but now the reaction also catalyzes the
synthesis of reactive oxygen species such as superoxide (O, ), hydrogen peroxide
(H,0,), and peroxynitrite (ONOO ) [1, 7, 12, 15, 18, 22, 26, 27].

If a cell has an intermediate amount of tetrahydrobiopterin, one subunit of the nitric
oxide synthase dimer will contain a tetrahydrobiopterin molecule and the other will not.
In this situation, the monomer with tetrahydrobiopterin will produce nitric oxide and
the one without tetrahydrobiopterin will produce superoxide [12, 15]. The nitric oxide
and superoxide will react to form peroxynitrite [12, 15]. In the presence of glutathione,
peroxynitrite is converted to S-nitrosoglutathione [12, 15]. When not scavenged by
glutathione, peroxynitrite further uncouples the nitric oxide reaction by releasing zinc
from the zinc-thiolate cluster of nitric oxide synthase and by forming disulfide bonds
between the monomers [7]. Peroxynitrite also attacks cytochrome ¢ oxidase, complex IV
of the mitochondrial electron transport chain [28 31]. Impairment of the mitochondrial
electron transport chain leads to a deficiency of adenosine triphosphate (ATP),
increased mitochondrial free radical production, proton leak, loss of mitochondrial
membrane potential, opening of the mitochondrial permeability transition pore, and
the release of apoptotic inducing factors [29]. Mitochondrial permeability transition
pore opening allows the exchange of solute and small proteins between the mito-
chondrial matrix and the cytosol, leading to swelling of the mitochondria and
ultimately to rupture of the outer mitochondrial membrane [29].
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In addition to nitric oxide synthase uncoupling, a variety of other cellular reactive
oxygen-generating systems can stimulate the nitroso-redox imbalance [7]. Tetrahy-
drobiopterin itself is prone to oxidation to bihydrobiopterin by a number of reactive
species such as the hydroxyl radical and various reactive nitrogen species [1].
Dihydrobiopterin inhibits the amino acid hydroxylases and uncouples the nitric
oxide synthase reaction.

Initially, cellular antioxidant defense mechanisms will limit the degree of oxi-
dative damage to cells, but sustained generation of reactive oxygen and nitrogen
species will eventually deplete free radical scavenging systems, such as glutathione
[12, 29]. Regardless of the initiating source, once the process of free radical
production, tetrahydrobiopterin oxidation, tetrahydrobiopterin depletion, and nitric
oxide synthase uncoupling is generated, the process is perpetuated [7].

3 Disease States

3.1 Atypical Phenylketonuria

Butler et al. described a new variant of phenylketonuria in 1975 that was unrespon-
sive to a low phenylalanine diet. A deficiency of dihydropteridine reductase was
reported [32, 33]. Mutations in dihydropteridine reductase prevent the normal
recycling of tetrahydrobiopterin from dihydrobiopterin. Initial reports described
symptoms as being related to impaired neurotransmitter synthesis [34], but lack of
dihydropteridine reductase also results in diminished recycling of dihydrobiopterin
and increased free radical production. It is therefore likely that increased free radical
formation also plays a role in symptomatology. Symptom onset is usually between 4
and 6 months of age. Patients develop a typical neurological picture with truncal
hypotonia, limb hypertonia, tremors, lethargy, irritability, hypokinesia, swallowing
difficulties, hypersalivation, abnormal movements, seizures, and temperature insta-
bility [1, 12, 34]. Without treatment, the disorder is progressive, and children rarely
survive into adulthood. Treatment is with exogenous oral tetrahydrobiopterin,
5-hydroxytryptophan, and levodopa. If begun early in the disease course, treatment
is curative [34].

Several other autosomal recessive disorders of tetrahydrobiopterin synthesis/
regeneration have since been described. All display phenotypic similarities to
dihydropteridine reductase deficiency and have similar prognoses and treatment
recommendations [34] (Table 1).

Table.l Autosomal Dihydropteridine reductase deficiency (DHPR)
recessive forms of Guanosine triphosphate (GTP) cyclohydrolase I (GTPCH)
tetra}.lydroblopterln 6 Pyruvoyl tetrahydropterin synthase (PTPS)
deficiency Pterin 4a carbinolamine dehydratase (PCD)
Sepiapterin reductase (SR)
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3.2 Dopa-Responsive Dystonia

Dopa-responsive dystonia or Segawa disease is a disorder of tetrahydrobiopterin
synthesis. It results from mutations in the GTP cyclohydrolase gene and therefore
decreased tetrahydrobiopterin production [35]. The disorder can be inherited in
either an autosomal recessive or autosomal dominant fashion, and intrafamilial
variability in expression is common [36]. Symptom onset ranges from early child-
hood (6 years) to adulthood. Symptoms initially are dominated by gait disturbances
with a diurnal fluctuation [37]. Symptoms classically worsen throughout the day and
may progress to include tremor and fixed dystonic posturing. Intellectual and cogni-
tive functions are preserved, but patients may demonstrate a variety of psychiatric
symptoms including anxiety, depression, and obsessive-compulsive disorder [36].

Patients generally demonstrate a dramatic and sustained response to low doses of
oral levodopa [35], but the potential impact of tetrahydrobiopterin cofactor deficiency
on other hydroxylation steps suggests the involvement of 5-hydroxytryptophan in the
pathogenesis of this disorder [36, 38]. Patients may benefit from administration of
drugs targeted to increase the availability of 5-hydrotryptophan (pyridoxine, selective
serotonin re-uptake inhibitors) [36, 38].

3.3 Neurodegenerative Diseases

In recent years, oxidative stress has been postulated to play an important role in the
pathogenesis of several neurodegenerative diseases [1, 39, 40]. Decreased cerebro-
spinal fluid (CSF) concentrations of tetrahydrobiopterin have been demonstrated in
both Parkinson’s [41] and Alzheimer’s disease [42].

It has been proposed that Parkinson’s disease begins with a loss of glutathione
synthase from the substantia nigra. The diminished glutathione synthesis leads
to a decreased ability to scavenge reactive oxygen and reactive nitrogen species,
resulting in a state of oxidative stress. Free radicals oxidize tetrahydrobiopterin,
causing a partial tetrahydrobiopterin depletion state and uncoupling of nitric oxide
synthase. Nitric oxide synthase uncoupling leads to further tetrahydrobiopterin
catabolism and further increases oxidative stress. As the tetrahydrobiopterin defi-
ciency becomes more pronounced, impairment of dopamine and serotonin metabolism
occurs [1].

It has also been postulated that the combination of tetrahydrobiopterin and
dopamine within cells is the initiating factor. In vivo studies have demonstrated
that excess tetrahydrobiopterin can facilitate production of dopamine quinone
products [28, 39, 43]. The dopamine quinone products increase the vulnerability
of cells to oxidative stress and induce dopaminergic cell apoptosis [40, 44]. Tetra-
hydrobiopterin-exposed dopaminergic neurons in vivo have demonstrated loss of
mitochondrial membrane potential and increased levels of oxidized proteins [45].
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3.4 Neuropsychiatric Conditions

Tetrahydrobiopterin has also been postulated to play a role in the pathophysiology
of both depression and schizophrenia. Tetrahydrobiopterin is a coenzyme of the
amino acid hydroxylases and therefore is known to be required for the synthesis of
dopamine and serotonin [46]. Tetrahydrobiopterin deficiency has been demonstrated
in schizophrenic patients [47]. Electroconvulsive therapy, used for refractory depres-
sion, increases the activity of GTP cyclohydrolase 1 and therefore increases concen-
trations of tetrahydrobiopterin [46].

3.5 Cardiovascular Disease

Via the nitric oxide synthase system, tetrahydrobiopterin synthesis and function
play an important role in diseases such as hypertension, atherosclerosis, diabetes
mellitus, and cardiac hypertrophy/failure [7]. Nitric oxide synthase-deficient mice
have been shown to develop hypertension, insulin resistance, hyperlipidemia, and
increased ischemia-reperfusion injuries [18].

3.6 Pain

Tetrahydrobiopterin has also been described as an intrinsic regulator of pain sensitiv-
ity and chronicity [48].

4 Summary and Conclusions

The role of tetrahydrobiopterin in physiological systems is ubiquitous. Tetrahydro-
biopterin has been known for many years to play a role in the synthesis of neurotrans-
mitters (serotonin, norepinephrine, and dopamine), but only recently has its importance
in the oxidative environment of cells been elucidated. A delicate balance of tetrahy-
drobiopterin appears to be required for proper functioning of the nitric oxide synthase
system, and any imbalance in this system results in catastrophic biochemical events
inside the cell. This oxidative environment is implicated to be involved in the patho-
genesis of a variety of disorders including atypical phenylketonuria, dopa-responsive
dystonia, Alzheimer dementia, Parkinson’s disease, depression, schizophrenia, cardio-
vascular disorders, and chronic pain.



232

M.K. Koenig and L.J. Butler

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Foxton RH, Land JM, Heales SJR. Tetrahydrobiopterin availability in Parkinson’s and Alzheimer’s
disease; potential pathogenic mechanisms. Neurochem Res. 2007;32:751 6.

Heales SJ, Blair JA, Meinschad C, Ziegler I. Inhibition of monocyte luminol dependent
chemiluminescence by tetrahydrobiopterin, and the free radical oxidation of tetrahydrobiop
terin, dihydrobiopterin, and dihydroneopterin. Cell Biochem Funct. 1988;6:191 5.

. Koshimura K, Murakami Y, Tanaka J, Kato Y. The role of 6R tetrahydrobiopterin in the

nervous system. Prog Neurobiol. 2000;61:415 38.

. Thony B, Auerback G, Blau N. Tetrahydrobiopterin biosynthesis, regeneration and functions.

Biochem J. 2000;347:1 16.

. Gross SS, Levi R. Tetrahydrobiopterin synthesis. An absolute requirement for cytokine

induced nitric oxide generation by vascular smooth muscle. J Biol Chem. 1992;267:25722 9.

. Dal Pral, Chiarini A, Nemeth EF, et al. Roles of Ca>" and the Ca>" sensing receptor (CASR) in the

expression of inducible NOS (nitric oxide synthase) 2 and its BH4 (tetrahydrobiopterin) dependent
activation in cytokine stimulated adult human astrocytes. J Cell Biochem. 2005;96:428 38.

. Moens AL, Kass DA. Therapeutic potential of tetrahydrobiopterin for treating vascular and

cardiac disease. J Cardiovasc Phamacol. 2007;50:238 46.

. Kaufman S. Studies on the mechanism of the enzymatic conversion of pheylalanine to

tyrosine. J Biol Chem. 1959;234:2677 82.

. Nagatsu T, Levitt M, Udenfriend S. Tyrosine hydroxylase: the initial step in norepinephrine

biosynthesis. J Biol Chem. 1964;239:2910 7.

Lovenberg W, Jequier E, Sjoerdsma. Tryptophan hydroxylation: measurement in pineal
gland, brainstem, and carcinoid tumor. Science. 1967;155:217 9.

Bec N, Gorren AFC, Mayer B, et al. The role of tetrahydrobiopterin in the activation of
oxygen by nitric oxide synthase. J Inorg Biochem. 2000;81:207 11.

Lam AAJ, Hyland K, Heales SJR. Tetrahydrobiopterin availability, nitric oxide metabolism
and glutathione status in the Aph 1 mouse; implications for the pathogenesis and treatment of
tetrahydrobiopterin deficiency states. J Inherit Metab Dis. 2007;30:256 62.

Kwon NS, Nathan CF, Stuehr DJ. Reduced biopterin as a cofactor in the generation of
nitrogen oxides by murine macrophages. J Biol Chem. 1989;264:20496 501.

Dunbar AY, Jenkins GJ, Jianmongkol S, Nakatsuka M, Lowe ER, Lau M, Osawa Y. Tetra
hydrobiopterin protects against guanabenz mediated inhibition of neuronal nitric oxide
synthase in vitro and in vivo. Drug Metab Dispos. 2006;34:1448 56.

Gorren AC, Mayer B. Tetrahydrobiopterin in nitric oxide synthesis: a novel biological role for
pteridines. Curr Drug Metab. 2002;3:133 57.

Heales SJR, Canevari L, Brand MP, et al. Cerebrospinal fluid nitrite plus nitrate correlates
with tetrahydrobiopterin concentration. J Inherit Metab Dis. 1999;22:221 3.

Tayeh MA, Marletta MA. Macrophage oxidation of L arginine to nitric oxide, nitrite, and
nitrate. Tetrahydrobiopterin is required as a cofactor. J Biol Chem. 1989;264:19654 8.
Vasquez Vivar J, Kalyanaraman B, Martasek P. The role of tetrahydrobiopterin in superoxide
generation from eNOS: enzymology and physiological implications. Free Radic Res. 2003;
37:121 127.

Wei CC, Wang ZQ, Wang Q, et al. Rapid kinetic studies link tetrahydrobiopterin radical
formation to heme dioxy reduction and arginine hydroxylation in inducible nitric oxide
synthase. J Biol Chem. 2001;276:315 9.

Rafferty SP, Boyington JC, Kulansky R, et al. Stoichiometric arginine binding in the oxygenase
domain of inducible nitric oxide synthase requires a single molecule of tetrahydrobiopterin per
dimer. Biochem Biophys Res Commun. 1999;257:344 7.

Hara Y, Teramoto K, Ishidate K, et al. Cytoprotective function of tetrahydrobiopterin in rat
liver ischemia/reperfusion injury. Surgery (St. Louis). 2006;139:377 84.



13

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tetrahydrobiopterin Deficiency 233

Berka V, Wang LH, Tsai AL. Oxygen induced radical intermediates in the nNOS oxygenase
domain regulated by L arginine, tetrahydrobiopterin, and thiol. Biochemistry. 2008;47:
405 20.

Brown JM, Yamamoto BK. Effects of amphetamines on mitochondrial function: role of free
radicals and oxidative stress. Phamacol Ther. 2003;99:45 53.

Brand MP, Helaes SJR, Land JM, et al. Tetrahydrobiopterin deficiency and nitric oxide
metabolism in the iph 1 mouse. J Inherit Metab Dis. 1995;18:33 9.

Cosentino F, Barker JE, Brand MP, et al. Reactive oxygen species mediate endothelium
dependent relaxations in tetrahydrobiopterin deficient mice. Arterioscler Thromb Vasc Biol.
2001;21:496 502.

Bendall JK, Alp NJ, Warrick N, et al. Stoichiometric relationships between endothelial
tetrahydrobiopterin, endothelial NO synthase (eNOS) activity, and eNOS coupling in vivo:
insights from transgenic mice with endothelial targeted GTP cyclohydrolase 1 and eNOS
overexpression. Circ Res. 2005;97:864 71.

Pou S, Pou WS, Bredt DS, et al. Generation of superoxide by purified brain nitric oxide
synthase. J Biol Chem. 1992;267:24173 6.

Choi HJ, Lee SY, Cho Y, et al. Tetrahydrobiopterin causes mitochondrial dysfunction in
dopaminergic cells: implications for Parkinson’s disease. Neurochem Int. 2006;48:255 62.
Heales SJR, Bolanos JP. Impairment of brain mitochondrial function by reactive nitrogen
species: the role of glutathione in dictating susceptibility. Neurochem Int. 2002;40:469 74.
Bolanos JP, Peuchen S, Heales SJR, et al. Nitric oxide mediated inhibition of the mitochon
drial electron transport chain in cultured astrocytes. J Neurochem. 1994;63:910 6.

Bolanos JP, Heales SJR, Land JM, et al. Effect of peroxynitrite on the mitochondrial respira
tory chain; differential effects of neurons and astrocytes in primary culture. J Neurochem.
1995;64:1965 72.

Butler 1J, Holtzman NA, Kaufman S, et al. Phenylketonuria due to deficiency of dihydropter
idine reductase. Pediatr Res. 1975;9:348.

Kaufman S, Holtzman NA, Milstien S, et al. Phenylketonuria due to a deficiency of dihydrop
teridine reductase. N Engl J Med. 1975;293:785 90.

Ponzone A, Spada M, Ferraris S, et al. Dihydropteridine reductase deficiency in man: from
biology to treatment. Med Res Rev. 2004;24:127 50.

Segawa M, Nomura Y, Nishiyama N. Autosomal dominant guanosine triphosphate cyclohy
drolase I deficiency (Segawa disease). Ann Neurol. 2003;54:S32 45.

Hahn H, Trant MR, Brownstein MJ, et al. Neurologic and psychiatric manifestations in a
family with a mutation in exon 2 of the guanosine triphosphate cyclohydrolase gene. Arch
Neurol. 2001;58:749 55.

Segawa M, Nomura Y. Hereditary progressive dystonia with marked diurnal fluctuation.
Pathophysiological importance of the age of onset. Adv Neurol. 1993;60:568 76.

Assman B, Kohler M, Hoffman GF, et al. Selective decrease in central nervous system
serotonin turnover in children with dopa nonresponsive dystonia. Pediatr Res. 2002;52:91 4.
Chae SW, Bang YJ, Kim KM, et al. Role of cyclooxygenase 2 in tetrahydrobiopterin induced
dopamine oxidation. Biochem Biophys Res Commun. 2007;359:735 41.

Kim ST, Choi JH, Chang JW, et al. Immobilization stress causes increases in tetrahydrobiopterin,
dopamine, and neuromelanin and oxidative damage in the nigrostriatal system. J Neurochem.
2005;95:89 98.

Fujishiro K, Hagihara M, Takahashi A, Nagatsu T. Concentrations of neopterin and biopterin
in the cerebrospinal fluid of patients with Parkinson’s disease. Biochem Med Metab Biol.
1990;44:97 100.

Kay AD, Milstien S, Kaufman S, et al. Cerebrospinal fluid biopterin is decreased in Alzheimer’s
disease. Arch Neurol. 1986;43:996 9.

Choi JH, Jang YJ, Kim JH, et al. Tetrahydrobiopterin is released from and causes preferential
death of catecholaminergic cells by oxidative stress. Mol Pharmacol. 2000;58:633 40.



234 M.K. Koenig and 1.J. Butler

44. Choi HJ, Kim SW, Lee SY, et al. Dopamine dependent cytotoxicity of tetrahydrobiopterin:
a possible mechanism for selective neurodegeneration in Parkinson’s disease. J] Neurochem.
2003;86:143 52.

45. Lee SY, Moon Y, Choi DH, et al. Particular vulnerability of rat mesencephalic dopaminergic
neurons to tetrahydrobiopterin: relevance to Parkinson’s disease. Neurobiol Dis. 2007;24:
112 20.

46. Miura H, Kitagami T, Ozaki N. Suppressive effect of paroxetine, a selective serotonin uptake
inhibitor, on tetrahydrobiopterin levels and dopamine as well as serotonin turnover in the
mesoprefrontal system of mice. Synapse. 2007;61:698 706.

47. Richardson MA, Read LL, Clelland CLT, et al. Evidence for a tetrahydrobiopterin deficit in
schizophrenia. Neuropsychobiology. 2005;52:190 201.

48. Tegeder I, Costigan M, Griffin RS, et al. GTP cyclohydrolase and tetrahydrobiopterin regulate
pain sensitivity and persistence. Nat Med. 2006;12:1269 77.



Chapter 14
Radicals Attack the Ear The Toll: A Loss

of Hearing

Haim Sohmer and Cahtia Adelman

Abstract Transduction of sound stimuli into nerve impulses in the cochlea begins
with an initial passive mechanical stage, the energy for which comes from the sound
stimulus itself. In the normal cochlea, this passive event initiates active components
of transduction, the energy for which comes from energy metabolism, and involves
creation and maintenance of electrochemical gradients. These gradients must be
maintained to enable continued transduction. This metabolic activity leads to the
release of reactive oxygen species (ROS) and other free radicals, which, in the
course of transduction of conventional sound intensities, is balanced by the endog-
enous antioxidant compounds present in the cochlear tissues. However, during
acoustic overstimulation, the elevated levels of the highly reactive ROS molecules
produced exceed the inherent levels of antioxidants present in the tissue, and this
can lead to structural damage in the cochlea, with cell death and hearing loss. It has
been suggested that such mechanisms are also involved in the hearing loss caused
by ototoxic drugs and by aging (presbyacusis). Several strategies can be used to
reduce the resulting hearing loss, whether induced by noise exposure, by ototoxic
drugs, or by aging. These approaches include induction of elevated levels of endoge-
nous antioxidants in the cochlea, before the noise exposure. Exogenous antioxidant
drugs can also be administered before the exposure. An additional therapeutic
strategy involves “rescue” by administering antioxidant drugs after the noise
exposure. These therapeutic strategies are reviewed and evaluated.
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1 Introduction

One of the major causes of free radical-induced hearing loss is exposure to noise.
The industrial revolution brought with it many positive benefits including better
health, longevity, improvements in quality of life, availability of goods and their
distribution. On the other hand, one of the negative aspects of this revolution is the
exposure to noise levels rarely encountered by our ancestors. Noise exposure today
is an almost unavoidable and nevertheless undesirable universal pollutant in indus-
try, in military activity, and even in modern mechanized farming. In addition, youth
voluntarily expose themselves to increased levels and duration of music provided
by personal music players using insert earphones. Although recent studies have not
found a significant increase in noise-induced hearing loss (NIHL) in youth [1], it is
possible that future epidemiological studies will yield evidence for an increase
in hearing loss in today’s youth and perhaps for earlier and more widespread
prevalence of presbyacusis (the decrease in hearing accompanying normal aging)
compared to previous generations.

2 Noise-Induced Hearing Loss

Depending on the intensity and duration of the noise exposure, the resulting hearing
loss can be temporary (temporary threshold shift, TTS) or permanent (permanent
threshold shift, PTS). The debilitating effects of the presence of such a hearing loss
are often aggravated by the addition of tinnitus, which is a sensation of sound
(buzzing, ringing, etc.) in the absence of external sound. The NIHL, evaluated
functionally and structurally, may result from damage to delicate inner ear struc-
tures caused directly by the excessive sound-induced mechanical vibrations [2, 3]
and/or indirectly by the synthesis and release of highly reactive, potentially harmful
molecules (free radicals) resulting from the noise exposure [4]. These molecules
can cause cell damage by reacting with vital cellular components [5, 6] and may
eventually end in cell death. Henceforth, we refer to these molecules using the general
terms reactive oxygen species (ROS) and free radicals. These entities include, for
example, molecules bearing oxygen with unpaired electrons such as superoxide,
hydrogen peroxide, and hydroxyl radicals that can cause oxidative damage to various
cell components such as membranes, proteins, enzymes, and DNA. ROS have also
been implicated in the hearing loss resulting from ototoxic drugs [7] and aging.
Permanent hearing loss, whether caused by excessive mechanical vibrations (e.g.,
during noise exposure) or by elevated ROS levels (e.g., induced by noise or by ototoxic
drugs), will involve structural damage. The hearing loss caused by ototoxic drugs may
also be accompanied by vestibular lesions (see Table 1), because the vestibular end
organs (three semicircular canals, the receptors for angular acceleration, and two
otolith organs, the receptors for linear acceleration) are also parts of the inner ear, and
the fluid channels (scalae) of the cochlea are continuous with those of the vestibular



14 Radicals Attack the Ear The Toll: A Loss of Hearing 237

Table 1 Antibiotic and antineoplastic
ototoxic drugs that are cochleotoxic
(and/or vestibulotoxic)

Cochleotoxic antibiotics
Erythromycin
Gentamicin®
Streptomycin®
Dihydrostreptomycin®
Tobramycin®
Netilmicin

Amikacin

Neomycin®
Kanamycin®
Vancomycin
Capreomycin
Antineoplastic drugs (chemotherapy)
Cisplatin®

Carboplatin

“Indicates vestibulotoxicity

receptors. For example, gentamicin is toxic not only to the cochlea but also to the
vestibular end organs [8]. On the other hand, exposure to intense noise is usually not
accompanied by overt vestibular disorders [9], unless some other lesion facilitates
access of acoustic energy to the vestibular end organs [10, 11].

As opposed to reptiles and birds, in mammals the loss of hair cells is not
followed by initiation of new hair cells [12], and thus it is highly important to
prevent or treat damage caused by ROS. Attempts are being made to induce hair
cell regeneration in mammals also [13]. In the present review, the relationships
between each of the factors exposure to noise and ototoxic drugs and aging,
release of damaging molecules, and hearing loss is discussed.

3 Cochlear Transduction

3.1 Passive Mechanics

As a prerequisite for such a discussion, the mechanisms of cochlear transduction
must first be reviewed, because the cochlea is the site of both auditory transduction
and the production of the damaging molecules. Sound stimuli initiate cochlear
transduction by first producing a mechanical event that activates the outer hair
cells (OHCs). This event is entirely passive, that is, the energy for this initial
mechanical event comes from the sound stimulus itself and not from metabolism.
This initial mechanical event was studied by von Bekesy [14] in cadavers, using
stroboscopic measuring techniques, and therefore at high stimulus intensities.
Based on his analyses and those of others, and as a result of inner ear anatomy (a
completely bony enclosed cavity containing incompressible fluid, with only two
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windows), it seems that stapes footplate volume displacements (the magnitude of
which is a function of sound intensity) in the oval window are accompanied by
opposite phase vibrations of the round window [15, 16]. This displacement induces
pressure differences across the basilar membrane, passively displacing it. Because of
gradients in mass and stiffness along the length of the basilar membrane, the displace-
ments begin at the base and propagate toward the apex. At the higher stimulus
frequencies, maximal displacement is seen at the base, whereas with lower frequen-
cies, maximal displacements are more apical, which gives the appearance of a
mechanical traveling wave propagating along the basilar membrane from the base
toward the apex. This passive basilar membrane traveling wave activates the OHCs. It
has been assumed that the basilar membrane traveling wave described by Bekesy in
cadavers at high stimulus intensities is also the effective mechanical event in the
normal cochlea. However, at low stimulus intensities, the OHCs may be directly
activated by the fluid pressures (condensations/rarefactions) induced by the vibrations
of the stapes footplate [17, 18].

3.2 Active Mechanics

In any case, this initial passive mechanical event (whether by fluid pressures directly
or via the traveling wave along the basilar membrane) activates the OHCs by
opening ion channels [19 21]. The resulting ion current modulates the electrical
resting potential of the OHCs [22]; this is therefore referred to as the stage of
mechano-electrical transduction. These electrical changes in the OHC activate a
specific motor protein called prestin, situated in the lateral wall of these cells [23],
that induces changes in the length of the OHCs and thus motility at the frequency of
the sound stimulus [24]. This is the electro-mechanical stage of transduction, also
referred to as the cochlear amplifier. These changes in length of a group of adjacent
OHC:s deliver active mechanical feedback to the basilar membrane, enhancing its
displacement [25 28]. The energy for this active mechanical component is derived
from the metabolism, which requires adequate blood flow to the cochlea, especially
to the stria vascularis and the organ of Corti. When the initial mechanical passive
event induces the opening of OHC ion channels, the magnitude of the resulting ion
current into the OHCs will depend on the intensity of the stimulus and on the
electrochemical gradients across the hair cell membrane, derived from energy
metabolism. These gradients include the K* and Na* ion concentrations in the
perilymph (high Na™, low K*) and endolymph (high K™, low Na™) [29], the ion
concentrations in the hair cells, the OHC and inner hair cell IHC) resting potentials
(mean OHC, —83 mV; mean IHC, —37 mV) [22], and the magnitude of the
extracellular resting potential of the endolymph (about +-80 mV) called the endoco-
chlear potential [30]. Because the mean resting potential of the OHCs is —83 mV
[22], there is an electrical potential difference of about 163 mV across that part of the
OHC membrane containing the hair bundle and exposed to endolymph. With respect
to the IHCs, the potential difference is about 117 mV. Figure 1 is a diagram showing
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Scala Vestibuli (perilymph)

Scala Media (endolymph-
endocochlear potential)

Stria Vascularis

Scala Tympani (perilymph)

Tectorial Membrane

Outer Hair Cells (contain Prestin)
Basilar membrane
Inner hair cell with afferent innervation

Fig. 1 A diagram of a cross section of a turn of the cochlea (above) and of the organ of Corti
(below) indicating the electrochemical energy sources and gradients (endocochlear positive
potential in scala media, with high K and low Na* levels; hair cell negative resting potential,
with high K* and low Na™ intracellular levels), derived from energy metabolism, which are
required for transduction (see text for details). During acoustic overstimulation, the elevated
metabolic demands needed to maintain these gradients probably lead to formation of excessive
reactive oxygen species (ROS) and free radicals

the electrochemical energy sources and gradients that must be continuously main-
tained so that auditory transduction can continue. The energy for the maintenance of
these gradients comes from metabolism. The high K™ concentration, coupled with
the positive potential (endocochlear) in the endolymph in scala media, is generated
by active transport electrogenic ion pumps situated in the highly vascular lateral wall
of scala media, the stria vascularis, moving ions against their electrochemical
gradient. It seems that the electrogenicity is even greater because, when the activity
of these ion pumps is depressed, the electrical potential measured in scala media is
about —40 mV [31]. Therefore, it is likely that the pumps are generating a positive
potential of about 120 mV, so that the actual (net) potential recorded in the scala
media is +80 mV. Maintenance of this potential is essential for normal hearing [28].

The OHCs in turn activate the IHCs, which then excite the auditory nerve
fibers [32] by means of the synaptic transmitter glutamate [33].

In trying to assess the mechanisms of hearing loss resulting from exposure to noise
and ototoxic drugs, it would not be ethical to conduct the relevant experiments directly
on human subjects. Therefore, most such studies have been conducted on animals,
with the inherent problems in applying the results to the human situation. Such
experiments have involved exposing animals to intense sound stimuli, application of
relevant drugs, agents, and manipulations, coupled with electrophysiological and
histopathological assessments of the resulting NIHL and damage.
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Fig. 2 The cascade of events that can lead to hearing loss as a result of noise exposure,
aminoglycoside antibiotics, antineoplastic drugs, and probably aging: this includes induction of
elevated levels of ROS and free radicals in the inner ear, which can cause cell death by necrosis or
apoptosis, accompanied by hearing loss

4 ROS, Free Radicals, and Antioxidants

In all tissues and organs, regular ongoing levels of metabolism produce concentra-
tions of ROS that are balanced and neutralized by intrinsic antioxidant defense
mechanisms; this is also true when the cochlea transduces conventional sound
levels into nerve impulses in the cochlea. The metabolism required for this trans-
duction is accompanied by the generation of a level of ROS that is adequately
balanced by the natural levels of endogenous antioxidant compounds in the tissue,
including vitamins, glutathione, catalases, heat shock proteins, and their relevant
enzymes. However, during acoustic overstimulation, the levels of ROS produced
exceed the inherent levels of antioxidants in the cochlear tissues (Fig. 2). Elevated
levels of ROS have been demonstrated as early as 1 2 h after the end of the noise
exposure [34], and these become progressively elevated, reaching a maximum 7 10
days after the exposure, and then decline [4].

5 Ototoxic Drugs and ROS

The functional and structural damage seen in the ear as a result of acoustic
overstimulation is similar to that found following administration of ototoxic drugs
such as certain antibiotics (e.g., gentamicin, kanamycin) and antineoplastic agents
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(e.g., cisplatin). Therefore, it has been suggested [7] that these hearing loss-inducing
factors share a common pathological mechanism, namely, that each of these agents
(perhaps also aging) cause hearing loss by somehow inducing the generation of
excessive ROS levels (see Fig. 2). This idea is supported by the finding that adding
an antioxidant drug to organ of Corti cultures can attenuate the degree of hair cell loss
following antibiotic (gentamicin) application [35].

6 Aging and ROS

It has also been suggested that oxidative stress may be part of the aging process (see
Fig. 2), leading to age-related hearing loss (presbyacusis). This stress may be caused
by the reductions in circulation accompanying aging [36]. This stress has been
assessed in aged mice in which an important enzyme (Cu/Zn superoxide dismutase),
which removes the ROS hydrogen peroxide, thereby preventing oxidative damage,
was deficient (knockout). These animals had significant auditory nerve brainstem
evoked response (ABR) threshold elevations and greater hair cell and neuronal loss
than control mice, providing evidence that presbyacusis may be caused by ROS-
induced hair cell loss [37, 38]. Other studies in aging mice have shown an elevation in
levels of markers of ROS, coupled with a reduction in antioxidant molecules over the
lifespan [39]. These findings have led to the suggestion that the progression of aging
involves a continuous reduction in antioxidants, rendering the ear more susceptible to
oxidative imbalance. Even though this suggestion was not supported by experiments
showing that overexpression of the same antioxidant enzyme in other mice did not
protect them from age-related hearing loss [38] and from NIHL [40], it is nevertheless
generally assumed that free radicals are involved in presbyacusis.

7 Elevated ROS

With respect to acoustic overstimulation, the mechanism by means of which noise can
lead to elevated levels of ROS is easily understood. This mechanism has been
demonstrated [4, 34] accompanying the higher levels of metabolic activity required
to continue the transduction of sound into nerve impulses while at the same time to
maintain the electrochemical gradients required for this transduction. However, the
mechanism whereby generation of excessive levels of ROS in the ear result from
administration of ototoxic drugs such as aminoglycoside antibiotics and the antineo-
plastic drug cisplatin is not as directly obvious. Evidence for the involvement of ROS
in antibiotic (gentamicin and kanamycin) ototoxicity has come from several experi-
mental approaches, including the demonstration of elevated ROS in inner ear explants
following aminoglycoside application [41] and that gentamicin in vivo, acting with
iron, can indirectly catalyze the formation of ROS [42]. This point is supported by
studies showing that antioxidant therapy (salicylate) can reduce gentamicin ototoxicity
in guinea pigs [43] and in humans [44]. With respect to cisplatin ototoxicity (see
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Fig. 2), ROS have been demonstrated in the inner ear following cisplatin application
[45] along with a reduction in antioxidants in the cochlea in rats [46]. Administration of
an antioxidant drug in rats was able to reduce the cisplatin-induced auditory threshold
shift [45] and OHC loss [46]. Carboplatin is a second-generation ototoxic antineoplas-
tic drug that seems less ototoxic than cisplatin. However, interestingly, this drug,
in the chinchilla, affects mainly the IHCs [47, 48] and thereby causes hearing loss.
A by-product of this finding is support for the conclusion that the otoacoustic
emissions (a product of the cochlear amplifier) are generated by the OHCs [49].

How do aminoglycoside antibiotics induce elevations of ROS levels in the
cochlea? It has been suggested that these antibiotics cause ototoxicity by over-
stimulating N-methyl-p-aspartate (NMDA) receptors, leading to glutamate excito-
toxicity, because it has been shown that NMDA antagonists are able to reduce the
hearing loss and hair cell loss following aminoglycoside administration [7].

Alternatively, ROS may not be directly involved in ototoxicity, and the similar
patterns of functional and structural damage observed following noise exposure and
administration of ototoxic drugs may be caused by similar final stages of the complex
pathophysiological cascade of biochemical processes induced by each of these agents
that triggers necrotic and apoptotic cell death in the final stage. It may be possible to
influence these later stages by the use of different drugs. For example, leupeptin, an
inhibitor of several protease enzymes involved in the breakdown of cellular compo-
nents during apoptosis, was able to protect hair cells in culture from gentamicin [50]
and from neomycin [51] ototoxicity. In vivo, leupeptin infused into scala tympani of the
basal turn was able to protect the hair cells from noise-induced structural damage [52].

On the other hand, it is also possible that a part of the NIHL observed following
acoustic overstimulation may be a direct result of excessive mechanical vibrations
of delicate inner ear structures (e.g., hair cells) induced by the sound stimuli [53].
This result may occur mainly during more intense acoustic stimulation, such as that
following impulse noise (firearms).

8 NIHL Caused by Active Mechanics

Studies in this laboratory have provided evidence that the NIHL produced by a
continuous broadband noise at 113 dB SPL is more likely caused by the active
mechanical vibrations (OHC motility-cochlear amplifier) that induce the active dis-
placements of the basilar membrane. The evidence for this came from studies that
showed that when drugs which reversibly depress OHC motility and therefore reduce
the magnitude of the active components of vibration are administered at appropriate
times before the noise exposure, the degree of NIHL is smaller; that is, each of these
drugs, following a single injection alone, just before the noise exposure had a
protective effect on the degree of NIHL [54, 55]. The first drug, salicylate, competi-
tively interacts with the anion-binding sites on the prestin molecule, blocking the
motility of the OHCs and thereby depressing the cochlear amplifier. The second drug,
furosemide, a loop diuretic, depresses the endocochlear potential so that the electrical
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gradient for mechano-electrical transduction and for electromechanical transduction
(the cochlear amplifier) is reduced. Besides these pharmacologic techniques for
temporarily depressing the cochlear amplifier during noise exposure and thereby
obtaining protection, there is evidence that the ear is equipped with a natural intrinsic
physiological noise protection mechanism acting on the cochlear amplifier (OHCs).
This intrinsic mechanism is mediated by the efferent pathway to the cochlea, and it
reduces the electromotility of the OHCs [56, 57]. Based on these results, one may
suggest two possible mechanisms for the involvement of the active mechanics in the
NIHL. First, it is possible that the NIHL is a direct result of the excessive active
mechanical vibrations of the basilar membrane and the hair cells, that is, direct
mechanical damage, so that reduction of the active displacements by the drugs leads
to less NIHL. On the other hand, it is also possible that reduction of the active vibration
components leads to a reduction of the metabolic demands on the cochlear tissues,
with reduced production of ROS, leading to reduced NIHL. Further research is
required to differentiate between these two possibilities: noise causing a direct
mechanical lesion as a result of excessive active vibrations or a lesion resulting
from the production of high levels of ROS.

The degree of the NIHL is assessed functionally by determining the audiometric
threshold of the subject (subjective evaluation) or, more objectively, by recording the
auditory evoked potentials, such as the ABR, assessing its threshold. The NIHL can
also be evaluated objectively by recording otoacoustic emissions generated by the
OHGCs, which reflect the activity of the cochlear amplifier and thus serve as a clinical
“handle” to evaluate the activity of the cochlear amplifier. These objective measures
can be used in human subjects and in experimental animals: they are used to evaluate
sensorineural hearing loss, which is caused by a structural or functional lesion of the
inner ear, including the sensory receptor hair cells and the synapse between the IHC and
the primary sensory neurons. In fact, most, if not all, cases of sensory neural loss are the
result of damage in one way or another to some component of the cochlear amplifier.

9 ROS and Hearing Loss

What is the mechanism whereby elevated levels of ROS, no matter what agent initiates
them, causes hearing loss? As highly reactive molecules, ROS can lead to structural
damage as a result of their reactions with lipids and proteins, lesions to DNA, and
finally induce cell death by passive necrosis and by apoptosis (programmed cell death
activated by caspases). The cell death cascade can continue for days after cessation of
the noise exposure [6, 58].

Following intense noise exposure, cochlear blood flow is reduced, along with a
decrease in the partial pressure of oxygen in the perilymph and a depression of
cochlear responses [59, 60]. This reduction in oxygen availability leads to the
generation of superoxide (ROS). Following reperfusion, the levels of superoxide
can be even greater than those induced by the initial ischemia.
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10 Temporary Threshold Shifts and Excitotoxicity

The hearing loss following a noise exposure may also involve excitotoxicty at the
IHC afferent dendrite synapse because of excessive release of glutamate onto
the postsynaptic dendrites [61]. The first sign of this is swelling of the dendrites
beneath the IHCs from increased permeability of the postsynaptic membrane,
followed by influx of water and ions, resulting in disruption of the synapse and
loss of function. After several days, synaptic repair is apparent together with partial
or total recovery of cochlear potentials. Therefore, this mechanism has been
implicated in TTS [62 64]. Additional mechanisms which have been suggested
as leading to TTS involve uncoupling of the stereocilia extensions of the OHCs
(near the tips of the stereocilia are the transduction channels) from their insertion
sites in the overlying tectorial membrane [65] and inactivation of transduction
channels in the stereocilia themselves [66]. Therefore, there is a possibility that
these TTS-producing mechanisms may not involve synthesis of excessive ROS. On
the other hand, following noise exposure, lipid peroxidation (ROS breakdown of
lipid molecules) has been seen in OHCs [5], and a lipid peroxidation inhibitor was
found to attenuate TTS [67]. This finding may indicate that ROS is nevertheless
involved in TTS. However, evaluation of the ability of a treatment strategy to
reduce TTS exclusively is a complicated task because it should be based on a noise
exposure paradigm that produces a hearing loss immediately after the exposure,
without a residual loss after about 2 weeks (which would then be a PTS). (It seems
that this experimental approach was not taken in the latter [67] study.) Therefore,
the possible role of ROS and endogenous antioxidative mechanisms in the recovery
following a noise exposure that results in a TTS only is less clear, as most research
has focused on the more debilitating long-term noise-induced ROS damage in PTS.

If the noise exposure continues, and is intense, Ca®" can enter the cells,
triggering a metabolic cascade with excessive ROS formation, leading to cell
death; this may represent an ROS-induced component of PTS [7].

11 Therapeutic Strategies

11.1 Prevention

Based on the premise that the hearing loss that appears after exposure to noise and
following administration of ototoxic drugs is caused by synthesis of excessive
levels of ROS, several therapeutic strategies have been suggested and evaluated.
The first of these involves maneuvers designed to protect the ear before and during
the noise exposure (i.e., prevention; Fig. 3); for example, avoidance of exposure to
high noise levels and use of ear protectors. The protection may also involve (as
already mentioned) injection of drugs that depress active vibrations in the cochlea
before the noise exposure [54].
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Fig. 3 Therapeutic maneuvers that may reduce the hearing loss caused by noise exposure:
“prevention” before and during the exposure, and “rescue” after the exposure

11.2 Enhancing Endogenous Antioxidants

An additional protective strategy involves procedures designed to induce elevated
levels of endogenous antioxidant agents in the cochlear tissues before the exposure to
noise or ototoxic drug administration to reduce subsequent damage. Such procedures
have been called conditioning or toughening. Toughening refers to the daily exposure
to the same noise level that produces only a TTS. Following recovery from that TTS-
inducing exposure on each day, the subject is again exposed to the same noise level.
On each successive day, the degree of TTS is smaller [68, 69]. In conditioning,
exposure to low levels of nondamaging noise for an extended period provides long-
term protection from subsequent detrimental noise; that is, exposure to a much higher
level of noise produces a smaller PTS than that in control animals in which there were
no preceding “conditioning” noise exposures [69, 70]. The conditioning paradigm
has been shown to lead to upregulation of several key antioxidant enzymes in the
organ of Corti and the stria vascularis; this may be the mechanism for the attenuation
of the NIHL in the conditioning procedure [69]. It has also been suggested that
conditioning may involve upregulation of heat shock proteins, which can then
stabilize cellular structures [70, 71].

Similarly, administration of low levels of an ototoxic drug (amikacin) over
several days before the administration of the much higher therapeutic level led to
structural protection from the hearing loss compared to that induced by the much
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higher therapeutic dose of the drug in animals given the higher therapeutic dose
without the previous lower levels [72].

11.3 Cross-Tolerance

The method just described has lead to a highly interesting strategy based on the
ability of low levels of various types of stress to induce elevated levels of endoge-
nous antioxidant molecules in various tissues. These tissues are then able to
withstand otherwise damaging levels of other types of stress, which has been called
cross-tolerance. For example, with respect to the inner ear, acute, severe heat stress
[71], or a period of more mild heat stress (heat acclimation) [73], can provide
protection and reduce the hearing loss from a subsequent noise exposure. In
addition, a previous period of mild physical restraint significantly reduced NIHL
in mice [74]. An additional example of this strategy is represented by the prelimi-
nary study showing that exposure of chinchillas to low levels of noise (toughening),
followed by administration of the antineoplastic ototoxic drug carboplatin, led to
smaller auditory threshold elevations and less IHC loss [68]. It has been suggested
that the mechanism for this protection may involve induction of elevated levels
of heat shock proteins in the tissues, preventing or reducing structural damage.
Furthermore, it is possible that this perhaps serves as an underlying mechanism for
the phenomenon of conditioning, whereby a low level of stress can protect against a
subsequent otherwise traumatic level of the same stress [71].

11.4 Exogenous Antioxidants

Attempts to protect the ear from noise damage have also involved inducing
enhancement of levels of antioxidant agents in tissues before the exposure by
injecting exogenous antioxidant agents. For example, pretreatment with free radical
scavengers and with blockers of ROS protect against NIHL [75]. Multiple injec-
tions of several antioxidant drugs together (salicylic acid with N-acetyl cysteine,
NAC [76] and salicylic acid with trolox) [77], beginning 2 3 days before a noise
exposure and continuing for several days afterward, were effective in reducing
threshold elevations and hair cell loss. However, if these injections began 5 days
after the noise exposure, they were not effective in providing protection [77].

It cannot always be assumed that a reduction in NIHL following administration
of a drug with antioxidant properties can be taken as evidence that the effect is a
result of its antioxidative actions on ROS. For example, salicylic acid, although
known to have antioxidant effects, was successful in reducing a NIHL only when
it was administered in a single injection just before the noise exposure (so that it
would depress the active mechanical vibrations of the cochlear amplifier by its
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effect on the OHC motor protein prestin). It did not lead to a smaller PTS when
injected 1 h after cessation of the noise exposure [54], when elevated levels of ROS
are already apparent in the cochlea [34].

12 Rescue from NIHL

An additional therapeutic strategy can be called rescuing, as the treatment begins
essentially after the exposure (Fig. 3). It is based on the continued production of ROS
following cessation of the noise [4, 34] and on the continuation of the biochemical
cascade leading to structural lesions. The strategy involves administration of several
antioxidant drugs, often in combination and over a period of several days after the
exposure, to rescue the cochlea from the NIHL that would otherwise be induced [78].
There are several types of antioxidant agents, with different modes of action, which
have been shown to be effective in reducing NIHL at different time periods after the
noise exposure; this may be the rationale for experiments in which several drugs are
administered together and over an extended time period. For example, injection of
vitamins A, C, and E (each of these has antioxidative properties, although differing in
mechanism), when coupled with magnesium (may reduce noise-induced vasocon-
striction), led to smaller ABR threshold elevations and reduced hair cell loss than that
inuntreated animals [79]. An antioxidant drug that seems more promising for rescuing
the ear from NIHL is N-acetyl cysteine (NAC). The efficacy of the drug, together with
the antioxidant drug salicylic acid, has been assessed in animals [76]. Acetyl-L-
carnitine, a drug that maintains mitochondrial bioenergetics, has also been studied
[80]. When the drugs were administered 1 h after the noise and on the following
2 days, the PTS and hair cell loss were significantly reduced. Clinical trials with NAC
are in progress [81]. As mentioned earlier, drugs such as leupeptin that block apoptosis
by inhibiting the relevant proteolytic enzymes (calpain) may also be effective in
“rescuing” from noise-induced structural damage [52]. The time window for effective
rescuing by such a drug may be later than that by antioxidant drugs, as the antiapop-
tosis drugs apparently act on later stages of the cascade leading to cell death.

Which of these “rescue” maneuvers is the most cost-effective? An answer to this
question is not yet available because the relevant research has not been conducted.
Such an experiment would involve assessment of each rescue therapy (either alone
or in combination) in the same species, using the same intensity and duration of
noise exposure. The degree of protection provided by each therapy could then be
statistically assessed.

A study has been conducted to assess whether “complete rest” from noise exposure
following a possibly traumatic noise exposure contributes to recovery. Interestingly,
the results were opposite to those expected: cochleas deprived of acoustic stimulation
following acoustic trauma had significantly greater hair cell loss than the normally
stimulated contralateral cochlea [82].
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13 Impulse Noise

All these considerations presented here concerning the relationship between ROS
and noise exposure have chiefly involved exposures to continuous noise. However,
severe noise trauma is also caused by explosive sounds, such as terrorist bombings
and impulse noise of firearms. This type of noise exposure has been studied less, so
that it not yet clear if, in addition to direct mechanical injury to the ear, there is also
ROS-initiated injury [68, 83, 84].

14 Final Remarks

In conclusion, because hearing loss, no matter what the cause, leads to a decrease in
quality of life, attempts therefore should be made to prevent or treat it. Knowledge
of the mechanisms leading to such loss is a prerequisite for designing prevention
and treatment strategies, and this has been the main thrust of the present chapter.
However, there are situations in which the hearing loss is a side effect of a treatment
required for prolongation of life, as in antineoplastic drug therapy. It is then important
to try and develop appropriate drugs that are less ototoxic or deliver them with drugs
which will reduce the ototoxicity without decreasing therapeutic effects. Also, it is
probably difficult to reduce or prevent the loss of hearing associated with aging,
because it is likely that presbyacusis also has a genetic component [85]. In both
these conditions (anticancer drugs and presbyacusis), efforts should be made to
maintain quality of life. Finally, continued research into the mechanisms of ROS
and free radical-induced hearing loss is required to lead to improved preventive and
therapeutic strategies.
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Chapter 15
Reactive Oxygen Species in Mitochondrial
Encephalomyopathy: Mechanisms and Effects

Sun Young Park and Ronald G. Haller

Abstract Mitochondria produce energy in the form of ATP by oxidative
phosphorylation. In addition to supplying energy, mitochondria are the major source
of cellular reactive oxygen species (ROS) because of leakage of electrons from the
mitochondrial respiratory chain in the process of aerobic ATP production. The
production of ROS is an integral function of O, consumption. ROS are important
for many life-sustaining processes of cells and tissues, but they also can induce cell
damage and death. If their production and level in cells are not effectively controlled,
then the harmful effects of oxidative stress can accumulate within the cells. The
accumulation of ROS is enhanced in many pathological conditions in which the
respiratory chain is impaired. In addition, mitochondria are particularly vulnerable to
oxidative stress. Thus, mitochondria are both the major source of ROS generation and
a major target site of oxidative stress. Mitochondrial defects are commonly asso-
ciated with prominent brain and skeletal muscle symptoms and pathology.
The vulnerability of brain and skeletal muscle is generally attributed to the high
requirement of these tissues for mitochondrial oxidative phosphorylation to meet
cellular energy requirements. Skeletal muscle is unique among tissues is its range of
oxidative metabolism. From rest to peak exercise, rates of oxidative phosphorylation
in skeletal muscle may increase more than 50-fold. When muscle oxidative metabo-
lism is restricted, exercise intolerance is typically a central feature. In brain, the range
of oxidative metabolism is much more narrow, but cellular structures within the brain
are highly vulnerable to restricted oxidative metabolism. The dominant consequence
of mitochondrial disorders is considered to be a limited rate of oxidative phosphory-
lation. However, mitochondria have other metabolic functions that may contribute to
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the pathophysiology of mitochondrial disorders, including producing reactive oxy-
gen. In this chapter, we review the mechanism of production and metabolism in
reactive oxygen as well as possible pathological consequences of oxidative stress in
skeletal muscle and brain; and we also review evidence for arole of oxidative stress in
the cellular pathology of mitochondrial myopathies and encephalomyopathies.

Keywords Mitochondria - Reactive oxygen species (ROS) - Antioxidant - Fenton
reaction - Apoptosis - Calcium - Mitochondrial myopathy - Mitochondrial encepa-
lomyopathy - Oxidative phosphorylation (OXPHOS)

1 Energy Metabolism and Generation of Reactive
Oxygen Species in Mitochondria

1.1 Oxidative Phosphorylation

The main function of mitochondria is to generate energy in the form of adenosine
triphosphate (ATP) through OXPHOS, in which mitochondrial ATP production is
coupled to oxygen consumption. Mitochondrial ATP production occurs by the flow
of electrons derived from the tricarboxylic acid (TCA) cycle and beta-oxidation
capable of reducing of nicotinamide adenine dinucleotide (NAD) and flavin
adenine dinucleotide (FAD). These electrons are passed along the molecular com-
plex in the inner mitochondrial membrane known as the electron transport chain,
which is composed of complexes I IV and two small electron carriers, coenzyme Q
(ubiquinones, CoQ;() and cytochrome c. As a result of this electron transfer,
protons are transferred across the inner mitochondrial membrane producing a
large membrane potential. Complex I (reduced nicotinamide adenine dinucleotide
(NADH) ubiquinone reductase) accepts electrons from the citric acid cycle from
NADH, with part of the energy of this electron flow used to pump a proton (i.e.,
acidity) across the inner membrane, after which the electron is passed to complex III
via coenzyme Q. Complex II (succinate dehydrogenase (SDH) complex) accepts
electrons from the reduced form of flavin adenine dinucleotide (FADH,) and also
passes them to complex III (ubiquinol cytochrome c¢ reductase) via coenzyme Q.
Complex IIT uses another part of the energy of the electron to pump another proton
across the inner mitochondrial membrane. The electron is then passed to complex IV
(cytochrome ¢ oxidase) via cytochrome ¢, where it uses most of the remaining energy
to pump the third proton across the membrane. The reduced electron is then transferred
to oxygen to generate water [1 3] (Fig. 1). The last complex, V (ATP synthase),
couples proton flow from the intermembrane space back to the matrix to the con-
version of adenosine diphosphate (ADP) to ATP. Matrix ATP is then exported out
of the mitochondria, in exchange for cytosol ADP, by the adenine nucleotide
translocators (ANT).
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Fig. 1 Mitochondrial oxidative phosphorylation. The reduced nicotinamide adenine dinucleotide
(NADH) and succinate generated in the citric acid cycle are oxidized, releasing energy to power
the ATP synthase. Electrons (e ) from carbon oxidations are transferred via NADH into oxidative
phosphorylation (OXPHOS) complex I, which is in the inner mitochondrial membrane, then
transported to coenzyme Q. Some electrons from organic acid oxidations are transferred, via
other flavin containing enzyme complexes, directly to coenzyme Q. Coenzyme Q delivers elec
trons via complex III and cytochrome ¢ (Cyt c¢) to the final electron acceptor complex IV. Here,
oxygen is reduced to water. The electrons lose free energy at each transfer step, and in complexes I,
111, and IV, the energy is harnessed and coupled to the movement of HY (blue and dashed lines)
from the mitochondrial matrix to the intermembrane space. The proton gradient thus generated is
used for the production of ATP by complex V. Except for complex II, all complexes contain some
proteins encoded by the mitochondrial genome and others encoded by the nuclear genome.
The number is indicated for each complex. O, coenzyme Q

1.2 Generation of Free Radicals

During OXPHOS, single electrons sometimes escape and result in a single electron
reduction of molecular oxygen to form a superoxide anion (O, ). It is estimated that
between 0.2 and 2% of the oxygen consumed is reduced to form reactive oxygen
species (ROS) such as superoxide anions, with complex I and the ubiquinone of
complex III being the two major sites of ROS.

In generation [4], in normal circumstances superoxide anions (O, ) are reduced
to hydrogen peroxide (H,O,) by superoxide dismutase (SOD) [5, 6] (Fig. 2). Then,
H,0, is converted to water by glutathione peroxidase (GPX) or catalase (CAT) [7].
In addition to these enzymes, cytochrome ¢, ubiquinol, vitamin E, and cytochrome ¢
oxidase (COX) play roles as antioxidants [8]. However, when these enzymes cannot
convert ROS to H,O fast enough, oxidative damage may occur and accumulate in
the mitochondria [9]. Superoxide can also release ferrous iron from aconitase, an
enzyme in the TCA cycle [10]. This step exposes iron, which can react with H,O, to
produce hydroxyl radicals (OH®) by way of the Fenton reaction [10 12].

Additionally, nitric oxide (NO®) is produced within mitochondria by mitochon-
drial nitric oxide synthase (mtNOS) [13] and also freely diffuses into mitochondria
from the cytosol [7]. NO reacts with O, to produce another radical, peroxynitrite
(ONOO ) [7, 12]. The oxidants derived from NO® are termed reactive nitrogen
species (RNS). Together, these two radicals can damage mitochondria and other
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Fig. 2 Mechanism of reactive oxygen species (ROS) and reactive nitrogen species (RNS) genera
tion and detoxification. Mitochondrial damage is caused by reactive oxygen and nitrogen species

cellular components. H;O, and NO® are membrane permeable and diffuse from the
mitochondria into the cytosol. O, cannot cross the inner mitochondrial membrane
except in the protonated form, which is only a very small fraction of superoxide
formed in physiological conditions. However, some O, radicals generated during
mitochondrial respiration can be released into the intermembrane space [14].

Mitochondria are also a major site for accumulation of low molecular weight
Fe’' complexes, which promote oxidative damage of membrane lipid. Lipid
peroxide is another important mitochondrial ROS. The lipid peroxidation reaction
is initiated at two sites in the respiratory chain: complexes I and II (succinate
cytochrome ¢ oxidoreductase) [15 17]. Free Fe*" abstracts hydrogen from unsatu-
rated phospholipids and initiates lipid peroxidation. The prerequisite reduction of
free Fe’™ to Fe®" is performed directly by the respiratory chain, not by the O,
produced by the respiratory chain. These ROS and their reaction products, such as
the hydroxyl radical and lipid peroxide, are very harmful to cells, as they oxidize
proteins and cause mutations in DNA. Acute ROS exposure can inactivate the
iron sulfur (Fe S) centers of electron transfer chain complexes I, II, and III and
the TCA cycle enzyme, aconitase, resulting in shutdown of mitochondrial energy
production [18]. Complex I is especially susceptible to nitric oxide damage, and
animals administered natural and synthetic complex I antagonists develop death of
neurons [19, 20]. Complex I dysfunction has been associated with a variety of
mitochondrial diseases such as Leber’s hereditary optic neuropathy (LHON), and
Parkinson’s and other neurodegenerative diseases [20 23].

ROS generation and oxidative stress participate in cell signaling processes [24]
and apoptosis, and oxidative stress has also been linked to aging and many
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pathologies such as atherosclerosis, hypertension, inflammation, cancer, diabetes,
and neurodegenerative diseases, as well as mitochondrial myopathies and encepha-
lomyopathies [25 35].

2 The Oxidant-Sensitive Site of the Krebs Cycle:
Mitochondrial Aconitase

2.1 Structure and Function

Mitochondrial aconitase (m-aconitase) catalyzes the stereo-specific dehydration
rehydration of citrate to isocitrate in the Krebs cycle. The active site of aconitase
contains a cubane diamagnetic [4Fe 4S1** clusters [36 42]. The [4Fe 4S)*"
cluster of aconitase is highly susceptible to oxidation by superoxide, generating
the inactive [3Fe 4S]" aconitase. In this reaction, the likely products are iron
(Fe*™) and hydrogen peroxide. Consequently, the inactivation of m-aconitase by
superoxide may increase the formation of hydroxyl radical (OH®) through the
Fenton reaction in mitochondria. Two aconitase isozymes are present in mamma-
lian cells: the mitochondrial enzyme (m-aconitase), which functions in the citric
acid cycle, and the bifunctional cytosolic enzyme (c-aconitase/IRP1), which also
plays a role in the regulation of iron metabolism. In the cytosol, Fe S cluster
assembly and disassembly controls the function of one of the iron regulatory
proteins, IRP1. In the mitochondria, disruption of Fe S cluster biogenesis may
result in mitochondrial iron overload, cytosolic iron depletion, activation of cellular
iron uptake, and increased oxidative stress [43 46]. In patients with Friedreich’s
ataxia (FRDA), decreased frataxin levels result in reduced heme and Fe S cluster
biogenesis, defective mitochondrial respiration, mitochondrial iron overload, and
increased oxidative damage [47 49].

2.2 Oxidative Stress with Aconitase

Mitochondrial aconitase is inactivated by conditions that increase the production of
O, and is protected from inactivation by MnSOD. An aconitase inactivation

reactivation cycle involves opposing roles of O, and iron in modulating aconitase
activity. Active mitochondrial aconitase, as well as cytoplasmic aconitase, contains
a [4Fe 4S]*" cluster that is attacked and oxidized by endogenous O, to form
inactive aconitase containing stable oxidized [3Fe 4S] clusters. Release of the
solvent-exposed iron atom in the ferrous state, cluster oxidation, and formation of
H,0, are thought to occur during the inactivation process [50, 51]. Regeneration
of the active aconitase [4Fe 4S]*" cluster is efficiently achieved in vivo by the
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Fig. 3 Mechanism of generation of hydroxyl radical from aconitase

univalent reduction of the oxidized [3Fe 4S]* cluster to form a [3Fe 4S]° cluster
[18] and subsequent insertion of a ferrous ion from the iron pool (Fig. 3).
The cyclical inactivation reactivation of aconitase may modulate aconitase func-
tion under stress and normal conditions. The citric acid cycle flux capacity and
homeostatic regulation of iron metabolism may be affected during oxidative stress
[52, 53], nutritional or immune-induced iron deficiencies, or SOD deficiencies.
In cytoplasmic aconitase, the control of the aconitase iron sulfur state by intracel-
lular [O, ]and [Fe2+] also modulates iron homeostasis through the RNA binding of
IRP1 [54, 55]. Interestingly, the opposing effects of iron and O, on aconitase, and
other [4Fe 4S]-containing (de)hydratases, can explain the previously puzzling and
paradoxical benefit of MnSOD upregulation during iron limitation in Escherichia
coli [56]; it may also provide a rationale for the increase in mitochondrial MnSOD
synthesis [57] that accompanies increased ferritin synthesis [58] and hypoferremia
during the inflammatory cytokine-mediated immune response in mammals.

3 Antioxidant Defense Mechanisms in Mitochondria

Mammalian mitochondria possess a multilevel ROS defense network of enzymes
and nonenzymatic antioxidants. Primary antioxidant enzymes include SOD, GPX,
and catalase (CAT); these enzymes are responsible for removing superoxide
radicals, H,O, and organic hydroperoxides, and H,0,, respectively. Important
nonenzymic antioxidants include vitamins E and C, B-carotene, GSH, and ubiqui-
nones. Vitamin E, B-carotene, and ubiquinone are located in lipid regions of the
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cell, whereas glutathione (GSH) and vitamin C are in aqueous compartments of
the cell. This chapter describes only selected, primarily enzymatic subsystems that
are thought to represent mainstream mitochondrial ROS-detoxifying pathways.

3.1 Enzymatic Antioxidant Defenses

3.1.1 Superoxide Dismutase

SODs are a family of metalloenzymes that catalyze the conversion of two super-
oxides into hydrogen peroxide and oxygen [59]. The benefit here is that hydrogen
peroxide is substantially less toxic than superoxide. Although the cytosol of cells
contains a copper zinc SOD (CuZn-SOD) [60], the mitochondrial matrix has a
specific form of SOD, with manganese in the active site (MnSOD), which elim-
inates the O, formed in the matrix or on the inner side of the inner mitochondrial
membrane[59].

Because O, may either reduce transition metals, which in turn can react with
H,0, producing the highly toxic OH or spontaneously react with NO® to produce
peroxynitrite, it is important to maintain the steady-state concentration of O, at the
lowest possible level. Thus, although the dismutation of O, to H,O, and O, can
also occur spontaneously, the role of SODs is to increase the rate of the reaction to
that of a diffusion-controlled process.

The critical function of the mitochondrial form of SOD, MnSOD, in protecting
mitochondria from oxidative stress has been illuminated using a MnSOD-knockout
mouse model that is neonatal lethal and associated with a dilated cardiomyopathy
and neuronal and skeletal muscle pathology. Biochemically there is marked reduc-
tion of the activity of the iron sulfur cluster containing enzymes, particularly
aconitase (89% reduction) and SDH, in skeletal muscle, heart, and brain. Mitochon-
dria from heterozygous (MnSOD=) animals also have been shown to have increased
oxidative stress as marked by reduced levels of mitochondrial aconitase (35%
reduction) and complex I and increased levels of protein carbonyls [61]. In contrast,
knockouts of the cytosolic Cu/ZnSOD are viable and the animals grow normally,
although lifespan is reduced.

3.1.2 Glutathione Peroxidase

GPX is located in cytosolic and mitochondrial compartments. It is a group of
enzymes, the most abundant of which contain selenium. Hydrogen peroxide, the
product of O, dismutation and the main precursor of OH® in the presence of reduced
transition metals, is mostly decomposed by the glutathione peroxidase (GPX1) in the
cytosol [62]. Secondary GPX associated with the mitochondrial membrane, known as
phospholipid-hydroperoxide glutathione peroxidase (GPX4, PHGPx), is specifically
involved in reducing lipid peroxides associated with the membrane [63, 64].
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3.1.3 Catalase (CAT)

Catalase, a major H,O,-detoxifying enzyme found in peroxisomes, is also present
in heart and brain mitochondria [65, 66]. However, this enzyme has not been found
in mitochondria from other tissues, including skeletal muscle [67]. Catalase is a
heme protein that decomposes H,O, to oxygen and water.

3.2 Nonenzymatic Antioxidants

3.2.1 Coenzyme Q (Ubiquinol-10)

Ubiquinone is localized in the inner mitochondrial membrane, serving as an electron
and proton carrier in the mitochondrial respiratory chain, and ubisemiquinone can
promote O, production at complex III [68]. In addition to cytochrome c, other
electron carriers appear to have a detoxifying role against ROS. Ubiquinol (QH,)
has been shown to act as a reducing agent in the elimination of various peroxides in the
presence of succinate [17, 69]. Thus, coenzyme Q is a source of O, when partially
reduced (semiquinone form) and an antioxidant when fully reduced [70]. The inner
mitochondrial membrane also contains vitamin E, a powerful antioxidant that inter-
feres with the propagation of free radical-mediated chain reactions [71]. Finally,
cytochrome ¢ oxidase (complex IV) may also act as a peroxidase although, given
the high K, for H,O, (0.18 mM)), the relevance of this reaction may be negligible [72].

3.2.2 Vitamin C and Vitamin E

Vitamin C or ascorbate is a water-soluble antioxidant that can reduce radicals from
a variety of sources. It also appears to participate in recycling vitamin E radicals.
Interestingly, vitamin C also function as a pro-oxidant under certain conditions.
Vitamin E is the major lipid-soluble antioxidant and plays a vital role in protecting
membranes from oxidative damage. Its primary activity is to trap peroxyl radical in
cellular membranes.

3.2.3 Glutathione (GSH)

Glutathione is maintained as a thiol by the action of glutathione reductase, an
enzyme that reduces oxidized glutathione (GSSG) to GSH. Glutathione plays an
important antioxidant role in the mitochondrial matrix. In addition to participation
as a substrate in the reaction of GPX and GPHx, GSH can directly scavenge free
radicals and other oxidants including OH, O, , H,0,, and ONOO [73 75]. It is
also a major target of peroxynitrite [73, 76].

In addition to the antioxidant defenses already mentioned, the mitochondrion has
a variety of DNA-repairing enzymes to correct errors resulting from oxidative
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damage. This mechanism is very important because, although 95% of the mitochon-
drial proteins are encoded by nuclear DNA (nDNA), the mitochondrial genome
(mtDNA) contains genes for several important proteins including subunits of NADH
dehydrogenase, cytochrome ¢ oxidase, and ATP synthase and for cytochrome b.

4 Role of ROS in Apoptosis

Mitochondria also represent a major site for initiation of apoptosis. Apoptosis, or
programmed cell death, is a cellular suicide program in which individual cells are
destroyed while the integrity and architecture of surrounding tissue are preserved.
This targeted cell destruction is critical in many physiological contexts including
embryogenesis, immune cell maturation and response, and tissue homeostasis, and in
the cellular response to injury. High levels of ROS, especially in the presence of
calcium, can induce the mitochondrial permeability transition pore (mtPTP). Induc-
tion of the mtPTP involves the calcium-mediated opening of the pore in the inner
mitochondrial membrane, which allows the diffusion of small molecules; this con-
tributes to cytotoxicity via apoptosis. Apoptosis can be initiated by various external
and internal signals and executed through several related signaling pathways con-
trolled by the regulated expression of apoptosis-associated genes and proteins. The
mitochondria pathway, which is regulated by the B-cell-leukemia/lymphoma-2
(BCL-2) family of proteins, is particularly important. The Bcl-2 family includes
proteins that inhibit apoptosis (e.g., Bcl-2 and Bcl-X| ) and proteins which promote
apoptosis (e.g., Bcl-2-associated X protein (BAX) and Bcl-2 homologous antagonist/
killer (BAK)) [77, 78]. The mitochondrial inner membrane space contains a number
of cell death promotion factors, including cytochrome c, apoptosis-induction factor
(AIF), and the latent form of specialized proteases called caspases. Opening of the
mtPTP causes collapse of the mitochondrial membrane potential (A%¥'m), swelling of
the mitochondria inner membrane, and release of these death-promoting factors. AIF
translocates to the nucleus. Cytochrome c released into the cytosol binds to apoptotic
protease activity factor-1 (Apaf-1) and pro-caspase-9 to form the apoptosome and
catalyzes the activation of caspase-9. Cleaved caspase-9 activates caspase-3. Acti-
vated caspase-3 in turn activates other caspases and leads to the characteristic
features of apoptosis, including chromatin condensation and nuclear fragmentation
[79, 80] (Fig. 4). When cytochrome c is released from the mitochondria, another
protein, second mitochondrial derived activator of caspase (Smac), known also as
Diabolo, is also released. This protein neutralizes a set of caspase inhibitors known as
inhibitor of apoptosis (IAPs), thereby releasing the caspases.

Early studies examining the relationship between mitochondrial function and
apoptosis focused on mtDNA-less (p°) cells, with sometimes conflicting results.
The total lack of OXPHOS in human p° fibroblasts did not affect their sensitivity to
the protein kinase inhibitor staurosporine, with apoptotic cell death maintained
[81]. Conversely, some studies with SK-Hep1 hepatoma p° and osteosarcoma p°
cells showed resistance to ROS- and staurosporine-induced cell death with normal
release of cytochrome ¢ but decreased caspase-3 activation [82, 83].
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Fig. 4 Apoptosis pathway. ROS, Ca®*, and other stimuli can initiate apoptosis through the
mitochondrial pathway. Proapoptotic. BCL2 family proteins, for example, BAX and BAD (red
boxes), are important mediators of these signals. Activation of mitochondria leads to the release of
cytochrome ¢ (Cyt ¢) into the cytosol, where it binds apoptotic protease activating factor 1 (Apaf 1)
to form the apoptosome. At the apoptosome, the initiator caspase 9 is activated. Apoptosis through
mitochondria can be inhibited on different levels by antiapoptotic proteins, including the anti
apoptotic Bcl2 family members Bcl2 and Bcl XL (green boxes) and inhibitors of apoptosis
proteins (IAPs), which are regulated by Smac/Diablo (second mitochondria derived activator of
caspase/direct IAP binding protein). AIF is also released from mitochondria and it can activate
apoptosis via an unknown, caspase independent pathway. Activated caspases lead to the fragmen
tation and condensation of chromosome in the nucleus through caspase 3

The importance of mitochondrial OXPHOS function in cell death signaling has
also been examined in vivo. Germline or tissue-specific disruption of the nuclear-
encoded mitochondrial transcriptional factor A (Tfam) gene in mice results in a
gradual reduction of mtDNA levels, leading to complete loss of OXPHOS,
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analogous to p° cells [84]. This loss results in massive apoptosis in the mouse
embryo with homozygous disruption of Tfam [85] or delayed apoptosis of neurons or
cardiomyocytes in mice with neuronal or heart-specific disruption of Tfam [86 89].
These results suggest that reduced or absent mtDNA, which results in abnormal
mitochondrial morphology and severely reduced/absent OXPHOS enzyme activities,
results in increased cell death in vivo.

The accumulation of oxidative damage may lead to apoptosis [90, 91]. During
apoptosis, there is an increase in intracellular ROS production, probably including
the hydroxyl radical [92 94]. There is also an increase in lipid peroxidation during
apoptosis [95]. Overexpression of GPX inhibits apoptosis and overexpression of
Cu/ZnSOD inhibits apoptosis in both the neural cell line and primary neurons in
culture [96, 97]. Expression of the anti-bc/-2 gene decreases the net cellular
generation of ROS [98 100]. Moreover, expression of bcl-2 rescues the growth of
yeast mutants that are null for Cu-Zn SOD [98].

Calcium is an activator of the mtPTP [101]. The mtPTP is a multiprotein complex
spanning the inner and outer mitochondrial membranes; its activation by calcium
results in dissipation of the mitochondrial inner membrane potential (A¥,,) and
eventual disruption of the outer mitochondrial membrane. Moreover, mitochondrial
calcium levels have been observed to increase before the dissipation of AW,
following staurosporine treatment of cultured neural cells [102]. Calcium may
indirectly contribute to mitochondrial cytochrome ¢ release through interplay with
Bcl-2 family members. Calcineurin, a Ca”"-activated protein phosphatase, was
demonstrated to dephosphorylate Bcl-2-associated death promoter (Bad), a proapop-
totic Bcl-2 family member [87], allowing Bad to translocate to mitochondria. Bcl-2 is
known to modulate mitochondrial and endoplasmic reticulum (ER) calcium homeo-
stasis [103, 104] and can regulate calcium fluxes into mitochondria in response to
apoptotic stimuli [105, 106]. The calcium-activated protease calpain has been shown
to cleave the proapoptotic Bcl-2 family member Bcl-2-associated X protein (Bax),
although the physiological significance of this event is unclear [107, 108].

5 ROS and Calcium

One of the functions of mitochondria is to store free calcium. Mitochondria are
essential for cytosolic Ca*" homeostasis, and required indirectly for Ca®" signaling
pathways including muscle contraction, hormonal and neuronal signaling, and
apoptosis. Release of this stored calcium back into the interior of the cell can initiate
calcium spikes or waves. These events coordinate various processes in different types
of cells, for example, neurotransmitter release in nerve cells and release of hormones
in endocrine cells. Disturbed Ca®" homeostasis may be the consequence of deficient
respiratory chain activity as well as ATP deficiency. Ca®" import into the mitochon-
dria depends on an intact mitochondrial membrane potential, which requires a nor-
mally functioning respiratory chain, and ATP is needed for pumping Ca®" out of the
cell or into intracellular stores. The results of many investigations have shown that
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calcium is essential for the production of ROS [109, 110]. Elevation of intracellular
calcium levels results in the formation of free radicals by the mitochondrial respiratory
chain. On the other hand, an increase in intracellular calcium concentration may be
stimulated by ROS [111]. Excess calcium ions stored in mitochondria can inhibit
OXPHOS. In neural cells this can cause an irreversible reduction in the energy status
of nerve terminals, which can initiate pathological processes in those cells.
Mitochondrial Ca®" signaling is also essential for mitochondrial ATP produc-
tion. The production of ROS and altered Ca>* metabolism have been linked to nerve
cell death associated with various neurodegenerative diseases such as Alzheimer’s
disease [112], Parkinson’s disease, and acute central nervous system (CNS) trauma
and stroke. Considerable effort has been expended on trying to determine the
relationship between increases in intracellular Ca®* and oxidative stress. However,
there is still no general agreement about whether increases in ROS precede increases
in intracellular Ca®" or vice versa. A number of studies of the relationship between
increases in intracellular Ca®" and oxidative stress in nerve cells using various
models of cell death have generally found a close relationship between the two
events. Furthermore, many studies point to a pivotal role for mitochondria both in
generating ROS and in mediating the toxic effects of excess Ca®" influx.

6 Biomarkers of Oxidative Stress in Mitochondrial Diseases

Oxidative injury to macromolecules occurs in a wide range of pathological condi-
tions. These ROS can lead directly to the peroxidation of lipid and the production of
highly reactive aldehyde species, such as 4-hydroxy-2, 3, trans-nonenal (4HNE),
8-hydroxy-deoxyguanosine (8-OHDG), a marker for oxidative DNA damage, and
protein carbonyls, a marker for oxidative protein damage [113 118] (Table 1).

6.1 DNA Oxidation: 8-OHDG

Cellular DNA damage can be caused by ROS, especially by hydroxyl radicals.
Intracellular ROS can cause strand breaks in DNA and base modification, including
the oxidation of guanine residues to 8-hydroxyl-deoxyguanosine (8-OHDG)
[119 121]. 8-OHDG is biologically significant because it induces mutations and
has a specific repair system. 8-OHDG levels have been used to evaluate oxidative
stress. 8-OHDG might serve as a sensitive biomarker of oxidative modification
of DNA in vivo and in vitro [121, 122], and increased 8-OHDG levels have been
found in patients with mitochondrial diseases [123, 124]. Several techniques have
been developed to measure 8-OHDG, including high pressure liquid chromato-
graphy (HPLC), gas chromatography-mass spectrometry (GC-MS), and liquid
chromatography-mass spectrometry (LC-MS) [119, 120, 122, 125]. Antibody-based
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Table 1 Mitochondrial DNA diseases that were found to be associated with increased oxidative
stress on the basis of (potential) biomarkers of oxidative damage

Biomarker Reactive compound
DNA 8 Hydroxy 2 Oxidation of guanine residues (hydroxy
deoxyguanosine deoxyguanosine)
Protein Carbonylated proteins  Oxidation of amino acid (Lys, Arg, Pro, and Thr)
Nitrotyrosine Nitration of tyrosine (peroxynitrite)
Lipid 4 Hydroxy 2 nonenal o, unsaturated aldehydes
Malondialdehyde Reactive aldehydic fragments

Lipid peroxidation Lipid radical (L*, LO®, LOO®)
Oxidant/antioxidant GSSG:GSH
GSSG oxidized glutathione; GSH glutathione; Lys lysine; Arg arginine; Pro proline; Thr threonine;
L*® lipid radical; LO*® alkoyl radical; LOO® peroxy radical

methods have also been developed to detect 8-OHDG and are useful for visualiza-
tion of oxidative damage in histological preparations, but they are likely to be only
semiquantitative [119].

6.2 Protein Oxidation: Protein Carbonyl Compounds

Oxidative damage to proteins is important because it can contribute to secondary
damage to other biomolecules. Protein carbonyls are generated by the oxidation of
several amino acid side chains (e.g., in Lys, Arg, Pro, His, and Thr) [11, 126, 127].
The formation of carbonyl compounds is the most general and widely used marker
of significant protein oxidation both in vitro and in vivo, with several assays
developed for the quantification of these species [126, 128, 129]. Carbonyls can
be produced as a result of protein glycosylation by sugars, by the binding of
aldehydes (including many of those formed during lipid peroxidation) to proteins,
and by the direct oxidation of amino acid side chains by ROS to generate such
products as glutamate and aminoadipic semialdehydes [126, 130]. Carbonyls can be
readily measured spectrophotometrically, with enzyme-linked immunosorbent assay
(ELISA) techniques, and by Western blotting using DNPH, a compound that reacts
with carbonyl group in proteins. Tissue or plasma protein carbonyl levels have been
shown to be elevated in many human diseases [131]. As a marker of oxidative
damage to proteins, carbonyls have been shown to accumulate with aging and in
mitochondrial diseases [118, 125, 126].

6.3 Lipid Peroxidation

Oxidative stress-induced peroxidation of membrane lipids can be very damaging
because it leads to alterations in the biological properties of the membrane, such
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as the degree of fluidity, integrity, permeability, and metabolic functions. Lipid
peroxidation can also lead to inactivation of membrane-bound receptors or
enzymes, which in turn may impair normal cellular function and increase tissue
permeability. Moreover, lipid peroxidation may contribute to and amplify cellular
damage resulting from generation of oxidized products, some of which are chemi-
cally reactive and covalently modify critical macromolecules. Lipid peroxidation
results in the formation of highly reactive and unstable hydroperoxides of both
saturated and unsaturated fatty acids. Lipid peroxidation generates a variety of
relatively stable decomposition end products, mainly o- and B-unsaturated reactive
aldehydes, such as malondialdehyde (MDA), 4-hydroxy-2-nonenal (HNE), and 2-
propenal (acrolein) [132 134], and isoprostanes [135], which can then be measured
in patients with mitochondrial diseases as an indirect index of oxidative stress.

4-Hydroxynonenal (HNE) is a major aldehydic product formed by membrane
peroxidation of omega-6 unsaturated fatty acids. It is a key mediator of neuronal
apoptosis induced by oxidative stress and is regarded as a specific marker of lipid
peroxidation. MDA is a highly reactive three-carbon dialdehyde produced as a bypro-
duct of polyunsaturated fatty acid peroxidation and arachidonic acid metabolism.
MDA reacts with functional groups of nucleic acid bases, proteins, and lipoproteins.
It reacts with DNA to form adducts to deoxyguanosine and deoxyadenosine, and
it reacts with lysine residues of proteins [132, 136, 137].

6.4 Nitrotyrosine

Tyrosine residues in proteins are a prominent target for reactive oxygen. As a
substrate for tyrosine kinases, oxidation of tyrosine residues has profound effects
on the biological function of proteins in cellular signaling. In addition to direct
oxidative damage, cells experience nitrative damage from RNS, which occurs as
a consequence of the reaction of superoxide with NO, a cellular messenger
found in many tissues, to generate the highly reactive peroxynitrite anion. Perox-
ynitrite modification of proteins generates nitrotyrosine, which contributes signifi-
cantly to protein alterations as an overall part of oxidative damage. Analysis of
3-nitrotyrosine (NO,-Tyr), a stable marker for NO®-derived oxidants, products such
as 3-chlorotyrosine (CIl-Tyr), or 3-bromotyrosine has been performed in various
mitochondrial diseases, and diverse methods have been developed for such
measurements [136, 138].

6.5 Glutathione

Glutathione (GSH) acts as an antioxidant to protect the cell from ROS and RNS
[139, 140]. Within the cell, mitochondria are a major intracellular source of ROS and
are highly enriched with GSH [141]. To maintain mitochondrial GSH status, a high-
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affinity transport system imports GSH from the cytosol into the mitochondria
[142]. Glutathione exists in reduced (GSH) and oxidized (GSSG) states. In the
reduced state, the thiol group of cysteine is able to donate a reducing equivalent
(H"" e") to other unstable molecules, such as ROS. In donating an electron,
glutathione itself becomes reactive, but readily reacts with another reactive gluta-
thione to form glutathione disulfide (GSSG). Such a reaction is possible because
of the relatively high concentration of glutathione in cells (up to 5 mM in the
liver). GSH can be regenerated from GSSG by the enzyme glutathione reductase. In
healthy cells and tissue, more than 90% of the total glutathione pool is in the reduced
form (GSH) and less than 10% exists in the disulfide form (GSSG). An increased
GSSG:GSH ratio is considered to indicate oxidative stress. Glutathione works as an
antioxidant, defending cells against the potentially destructive process of oxidative
stress caused by both normal metabolism and environmental contaminants, and
glutathione levels or the ratio of reduced to oxidized glutathione are biomarkers
of oxidative stress. Prolonged depletion of reduced glutathione (GSH) in the brain is
associated with oxidative neuronal death and may play a role in many of the
neurodegenerative diseases associated with aging. Blood glutathione concentrations
may reflect glutathione status in accessible tissues. Measurement of both reduced
glutathione (GSH) and glutathione disulfide (GSSG) in blood has been considered
an index of whole-body GSH status and may be a useful indicator of oxidative stress
status in human mitochondrial disease [143, 144].

7 Oxidative Stress in Mitochondrial Diseases

Mitochondria serve several important cellular functions, including essential path-
ways of intermediary metabolism, amino acid biosynthesis, fatty acid oxidation,
steroid metabolism, and apoptosis, but the most important function of mitochondria
is the production of ATP by OXPHOS. Defects of OXPHOS affect the function
of numerous tissues and predict that mitochondrial OXPHOS defects will affect
many organ systems [145]. However, tissue dependence upon OXPHOS for normal
function and survival varies widely. Brain, muscle, and heart are highly dependent,
bone and fibroblasts less so. Defective OXPHOS has been associated with a large
variety of diseases, most of which involve muscle and CNS symptoms and are
collectively referred to as mitochondrial encephalomopathies [146, 147]. Moreover,
mitochondrial OXPHOS defects also promote the generation of ROS that can
represent an additional mechanism of cellular dysfunction. For example, mitochon-
drial DNA (mtDNA) has a much higher mutation rate than nDNA, because it lacks
protective DNA-binding proteins such as histones, its mtDNA repair system is
limited, and it is also exposed to the major cellular source of ROS, the mitochon-
drial electron transport chain.

There are three general genetic categories of mitochondrial diseases: (1) muta-
tions in mtDNA, (2) nuclear gene defects that affect the maintenance of mtDNA
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(nuclear mitochondrial signaling defects), and (3) defects in nuclear genes coding
for structural subunits of the respiratory chain complexes or factors involved in
the function, maintenance, or assembly of respiratory chain complexes and related
mitochondrial enzymes. Blocks of the electron transfer chain resulting from these
genetic defects restrict the rate of OXPHOS but also increase ROS production and
oxidative stress.

8 Mitochondrial Biology and Genetics

8.1 Structure

Mitochondria are the only organelle in the cell, aside from the nucleus, that has
their own DNA. The human mitochondrial genome is a 16,569-bp circular double-
stranded DNA that contains 37 genes [148]; it encodes 22 transfer RNAs (tRNAs),
2 ribosomal RNAs (125 and 16S), and 13 polypeptides. The respiratory chain is
composed of five enzyme complexes made up of approximately 90 polypeptide
subunits, 13 of which are coded in mtDNA. Reduced nicotinamide adenine
dinucleotide (NADH) ubiquinone oxidoreductase (complex I) is composed of 45
subunits that are mostly encoded by nDNA [149], but 7 of the subunits
(ND1 ND6) are mtDNA encoded. Succinate ubiquinone oxidoreductase (complex
II) is unique among respiratory chain complexes in that all four of its subunits
are encoded by nDNA, and thus it is not affected by mtDNA mutations. Its function
is to oxidize FADH, derived from the TCA cycle. Ubiquinone cytochrome c
oxidoreductase (complex III) is composed of 10 nDNA-encoded subunits and
cytochrome b (Cyt b), which is encoded by mtDNA. Cytochrome ¢ oxidase
(COX, complex IV) contains 13 subunits, 3 of which (COX1, COXII, and COXIII)
are mtDNA encoded. ATP synthase (complex V) is composed of 16 subunits,
2 of which (ATP6 and ATP8) are mtDNA encoded [2, 3]. All the subunits of
complex II, the remaining subunits of the other mitochondrial respiratory
chain complex, as well as the factors involved in mtDNA replication, transcription,
and translation, and the remainder of the mitochondrial proteins are encoded by
nDNA (Fig. 5).

mtDNA replication of the heavy (outer) and light (inner) strands occurs
from separate sites (Oy and Op) and is under nuclear control. mtDNA is totally
dependent upon nuclear-encoded proteins for its maintenance and transcription.
Most of the genetic information is encoded in the heavy (purine-rich) strand
(2 rRNAs, 14 tRNAs, and 12 polypeptides). The light (pyrimidine-rich)
strand contains genetic information for only one polypeptide and 8 tRNAs. Mito-
chondrial genes have no introns, and intergenic sequences are absent or limited to
a few bases. Some genes overlap and, in some instances, termination codons are
not encoded but are generated posttranscriptionally by polyadenylation.
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Fig. 5 Respiratory chain and human oxidative phosphorylation disorders. Diseases associated
with defects of the respiratory chain complexes can be caused by mutations in the genes of the
structural subunits of the five complexes, or to the inactivation of complex specific assembly factors.
The ADP/ATP carrier mediates the transfer of nucleotides across the inner mitochondrial mem
brane and is therefore tightly connected to energy production through oxidative phosphorylation
(OXPHOS)

8.2 Genetics

Mitochondrial genetics differ from Mendelian genetics in some fundamental aspects.
First, mtDNA is inherited from the mother, and diseases caused by pathogenic point
mutations in mtDNA are most commonly maternally inherited with mitochondria
derived from the oocyte [150]. An exception to this general rule has been reported
[151], but the occurrence of paternal inheritance in humans seems to be an extremely
rare event [152]. Second, mtDNA molecules are present in multiple copies (poly-
plasmy). There are thousands of mtDNA molecules per cell and many millions per
individual. Third, pathogenic mutations usually affect only a proportion of mtDNA
(heteroplasmy), and a minimum critical percentage of mutated DNA has to be
present to impair OXPHOS (threshold effect). In normal individuals only identical
wild-type mtDNA molecules exist (homoplasmy). Fourth, organelle division and
mtDNA replication operate independently of the cell cycle, both in dividing cells
(such as glia) and in postmitotic nondividing cells (such as neurons). Fifth, during
cellular division, mtDNA is randomly distributed into daughter cells (replicative



270 S.Y. Park and R.G. Haller

segregation). The percentage of mutant relative to wild-type mtDNA in daughter
cells determines the expression of mitochondrial disease. Some somatic mtDNA
mutations that arise and accumulate with aging could have arole in the senescence of
tissues. The most common mechanism of somatic mutation in mtDNA is the effect of
free radicals produced by the respiratory chain itself.

Mitochondrial diseases caused by mtDNA mutations may be maternally inher-
ited or sporadic, arising from de novo mtDNA mutations; they are characterized by
the coexistence of wild-type and mutant mtDNA in the same cell. Respiratory chain
function is not impaired if normal mtDNA is sufficient to compensate for the
presence of mutant DNA to maintain a functional respiratory chain. When the
ratio of mutant to normal mtDNA exceeds a certain critical threshold, respiratory
chain assembly and function will be impaired. This threshold is different in
different tissues. Skeletal muscle, brain, heart, and liver have a high energy
demand, and their threshold is lower than in tissues with a low energy demand.
mtDNA are in continuous replication, even in nondividing cells, with a potential of
changing levels of heteroplasmy and with the possibility that the phenotypic effects
of a mitochondrial disease could change over the lifespan of an affected individual.
Mitochondria are not equally distributed to daughter cells during mitotic cell
division, and an individual could have different amounts of normal and mutant
mtDNA in different tissues or different cells in the same tissue. mtDNA accumu-
lates mutations more than ten times faster than the nuclear genome owing to the
abundance of ROS with mitochondria and the relative inefficiency of mtDNA
repair mechanisms.

9 Diseases of Oxidative Phosphorylation

The OXPHOS diseases can be divided into three main groups: (i) pathogenic
mtDNA mutations including point mutations in polypeptides, Trna, or rRNA-
encoding regions, which are often maternally inherited, and single large-scale
rearrangements, duplications, or deletions, which are usually sporadic; (ii) inter-
genomic communication defects, resulting in multiple mtDNA deletions or mtDNA
depletion; and (iii) nuclear defects affecting the synthesis, assembly, or mainte-
nance of function of respiratory chain complexes and related mitochondrial
enzymes (Table 2). The pathogenesis of each class of mitochondrial disease relates
to impaired production of ATP via OXPHOS and is associated with increased
anaerobic metabolism as marked by lactic acidosis. Most mtDNA or nDNA muta-
tions that impair OXPHOS also induce the overproduction of ROS [146, 147].
Clinical and experimental studies support the conclusion that oxidative stress,
resulting from the imbalance between ROS formation and antioxidant defenses,
plays a major role in the pathogenesis of mitochondrial diseases related to mito-
chondrial dysfunction [145].
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9.1 Mitochondrial DNA Defects

9.1.1 Point Mutations

More than 100 pathogenic point mutations or microdeletions affecting mtDNA-
encoded subunits of complexes I, III, IV, and V and tRNAs have been described.
The clinical syndromes associated with these mutations are vast: included is LHON,
which in most cases is attributed to pathogenic mutation at nucleotides 3,460 and 4,160
inNDI1, 11,778 in ND4, and 14,484 in ND6 in mtDNA-encoded subunits of complex I.
A G15257A mutation affecting complex III has also been linked to LHON [25, 153]

Neurogenic muscle weakness, ataxia, and retinitis pigmentosa (NARP) and
maternally inherited Leigh syndrome (MILS) are progressive neurodegenerative
disorders of infancy and early childhood; both are caused by mutations at the
8,993-bp point in mtDNA [154 156]. Two point mutations (T8993G and T8993C)
affecting the ATPase-6 subunit of the F;Fy-ATPase (ATP synthase; complex V) have
been associated with both syndromes and are always found as heteroplasmic
mutations [157, 158].

Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome is associated with at least five different mutations in
tRNAM VYR T A3243G, A3252G, C3256T, T3271C, and T3291C, the most fre-
quent being A3243G [159, 160]. MELAS syndrome has also been described in
association with mutations in other tRNA genes and in mtDNA-encoded subunits of
complex I, G3380A in ND1, and G13513A in ND5 [161, 162]. A point mutation in
subunit III of cytochrome c¢ oxidase has been accompanied by a syndrome resem-
bling MELAS [163 165].

Myoclonus epilepsy with ragged red fibers (MERRF) syndrome is associated
with various mutations in tRNA™, most frequently with the A8344G mutation.
A MELAS/MERREF overlap syndrome has been described in association with the
tRNA""VYR) A3243G and other tRNA mutations [166 168]. An immunohisto-
chemical analysis of the expression of respiratory chain proteins has shown wide-
spread deficiency of subunit II of COX.

9.1.2 Rearrangements

Among the most common forms of mtDNA mutations are single large-scale
mtDNA deletions or duplications. The mutations are typically sporadic and com-
monly predominate in skeletal muscle. The typical phenotype involves chronic
progressive external ophthalmoplegia (CPEO), usually associated with symptoms
of more widespread myopathy. Single large-scale deletions that are more abundant
and more widely distributed are usually responsible for Kearns Sayre syndrome
(KSS) in which CPEO is associated with retinitis pigmentosa, heart block, and CNS
manifestations. KSS has occasionally been associated with tRNA point mutations.
The most common deletion is defined by accumulation of truncated mtDNA
molecules lacking a specific 4,977-bp fragment.
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9.2 Nuclear DNA and Mitochondrial Diseases

Mitochondrial encephalomyopathies also are caused by nDNA mutations, affecting
respiratory chain proteins, assembly factors, or proteins involved in the crosstalk bet-
ween the two genomes that regulate mtDNA integrity and copy number (Table 2).

9.2.1 Intergenomic Communication Defects

In 1989, Zeviani and colleagues described autosomal dominant progressive exter-
nal ophthalmoplegia (adPEO) with multiple mtDNA deletions [169]. Autosomal
dominant PEO has proven to be genetically heterogeneous, most commonly attrib-
utable to mutations in mtDNA polymerase gamma (POLG1), the muscle-heart-
specific adenine nucleotide translocase (ANT1), or to mutations in the mtDNA
helicase, Twinkle [170 174].

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) disease is an
autosomal recessive human disease associated with both depletion and multiple
deletions of skeletal muscle mtDNA. The disease locus was mapped to chromosome
22q13.32, which encodes thymidine phosphorylase (TP) [175 177]. TP contributes to
the maintenance of plasma thymidine homeostasis by phosphorylytic catabolism of
thymidine to the thymine and 2-deoxy p-ribose 1-phosphate. In MNGIE, TP mutations
are associated with loss of enzyme function and the systemic accumulation of
thymidine and deoxyuridine, leading to deoxynucleotide pool imbalance resulting in
mtDNA depletion, multiple deletions, and point mutations [175].

A number of other genetic mechanisms have been identified as causes of mtDNA
depletion syndrome (MDS). These disorders are autosomal recessive and cause
depletion of mtDNA, which impairs synthesis of respiratory chain complexes
containing mitochondrial encoded subunits [178, 179].

Mutations in thymidine kinase 2 (TK2) and in RRM2B, a subunit of the p53-inducible
ribonucleotide reductase, have been identified as causing MDS associated with early-
onset myopathy. Mutations in SUCLA1 and SUCLA2, isoforms of the Krebs cycle
enzyme succinyl coenzyme synthase, have been associated with MDS and infantile
encephalopathy, whereas mutations in deoxyguanosine kinase (DGUOK) and in
MPV17, amitochondrial inner membrane protein, cause a hepatocerebral form of MDS.

9.2.2 Nuclear DNA Mutation

Mutations affecting nuclear-encoded subunits in complexes I and II have been
associated with Leigh syndrome (LS), an often fatal, necrotizing encephalopathy
of infancy and early childhood that affects the basal ganglia, thalamus, and brain-
stem [180, 181 185]. Other nuclear defects causing LS include mutations in the
COX assembly gene, SURF1, and mutations in an assembly factor for complex III,
BCSI1L. Mutations in another COX assembly gene, SCO1, and in COX 15 have
been shown to cause infantile encephalopathy and cardiomyopathy [186, 187].
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A novel class of mitochondrial disorders attributable to nuclear mutations is
represented by FRDA. FRDA is the most common of the hereditary ataxias. It is an
autosomal recessive disorder associated with progressive ataxia, sensory neuropa-
thy, absent tendon reflexes, and pyramidal signs. Cardiomyopathy, typical skeletal
abnormalities, and diabetes are also features of this disease. FRDA is caused by a
loss-of-function mutation (typically a trinucleotide (GAA) repeat expansion) in the
gene that encodes frataxin. Frataxin is a mitochondrially targeted protein involved
in the synthesis of mitochondrial iron-containing proteins [140, 188], and frataxin
mutations result in deficiency of iron sulfur (Fe S) cluster-containing proteins,
including aconitase and SDH (complex II), as well as Fe S-containing subunits of
complex I and III. Frataxin is particularly abundant in the cerebellum and spinal
cord [189, 190]. FRDA causes mitochondrial iron accumulation, which, via the
Fenton reaction, promotes an increase in ROS.

10 Site of the Mitochondrial Defect: Implications
for the Production of ROS

10.1 Selective Respiratory Chain Defects

Complex I: Complex I is a major site of generation of superoxide, and experimen-
tal inhibition of complex I increases O production. Selective defects in complex I
are the most commonly identified biochemical defect in OXPHOS disorders, and
there is strong evidence that these defects promote oxidative stress. Although
available evidence suggests that most if not all complex I defects promote increased
levels of mitochondrial ROS production, antioxidant defense mechanisms are
critical in determining the levels and patterns of ROS accumulation. In mitochon-
dria isolated from fibroblasts of patients with selective complex I defects, steady-
state levels of superoxide were inversely related to levels of MnSOD. In patients
with levels of MnSOD comparable to control subjects, steady-state levels of super-
oxide were substantially elevated compared to controls whereas patients with
normal or low levels of superoxide exhibited significant elevations in MnSOD
levels, in some cases two- to threefold higher than in control subjects [191 194].
Subsequent studies in cultured fibroblasts showed that cells with isolated complex I
deficiency associated with substantial MnSOD induction had increased levels of
toxic hydroxyl radicals and lipid peroxidation [191]. These results were interpreted
as an indication that increased levels of MnSOD promoted increased formation of
peroxide, which, in the presence of transition metals, led to hydroxyl radical
formation. Variables responsible for regulating MnSOD and related oxidant defense
mechanisms in such mitochondrial defects are poorly understood. In a transmito-
chondrial cell line homoplasmic for a mutation in the mtDNA-encoded ND6
subunit of complex I, increased peroxide production and increased levels of lipid
peroxidation and protein carbonyls were documented without changes in MnSOD
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or GPX [195]. A more recent study in fibroblasts from children with selective
complex I defects attributable to mutations in the NDUFS1, NDUFS2, NDUFS7,
NDUFSS, or NDUFV1 gene displayed increased ROS production that was mark-
edly reduced by treatment with a vitamin E analogue [196]. Remarkably, the
antioxidant treatment increased levels and activities of complex I, suggesting that
one effect of increased ROS is to magnify the degree of complex I deficiency.
A recent review of selective complex I deficiency from the same authors confirms a
consistent increase in ROS in cell lines from affected patients [197].

LHON is caused by three main mutations in genes for complex I subunits. Skin
fibroblasts of LHON patients show production of hydroxyl radical and lipid peroxi-
dation and an increased level of SOD1 activity [191]. Even if the catalytic activity of
complex I is maintained except in cells carrying the 3460/ND1 mutation, in all cases
there is a change in sensitivity to complex I inhibitors and an impairment of mito-
chondrial respiration, eliciting the possibility of generation of ROS by the complex.

8-OHDG DNA content is increased in leukocytes, and the activity of SOD2 and
lipid peroxidation is increased in skin fibroblasts, of LHON patients [123, 191]
(Table 3). In addition, apoptosis is increased in patient lymphocytes.

Complex II: Tsolated complex II (SDH) defects are rare and complex II is not
generally recognized as a site of free radical formation. However, experimental
inhibition of complex II has been shown to impair cellular function in part by
increasing oxidative stress. Malonate, an inhibitor of mitochondrial complex II),
induced apoptosis via p38 MAPK in human SH-SY5Y neuroblastoma cells. In
addition, malonate reduced the mitochondrial membrane potential and increased
the levels of MDA, a marker of lipid peroxidation [198]. Treatment of cell lines with
vitamin E decreased ROS production and reduced malonate-induced apoptosis.
During exposure to malonate, 2’,7'-dichlorofluorescin (DCF) fluorescence, a ROS
indicator, increased in cultured mesencephalic cells. Ascorbate treatment decreased
malonate-induced DCF fluorescence, prevented the efflux of GSH, and attenuated the
efflux of GSSG in these cells [199].

Coenzyme Q;o: Deficiency of coenzyme Q¢ (CoQ) is a rare human genetic
condition that has been associated with variety of clinical phenotypes, including
myopathy, encephalopathy/LS, and ataxia. CoQ is a small lipophilic molecule
mediating electron transport from complex I and II to complex III in the mitochon-
drial respiratory chain. It also plays a role in antioxidant defense. In one study,
fibroblasts from CoQ-deficient patients showed reduced CoQ-dependent respira-
tory enzyme activities in association with a reduced mitochondrial membrane
potential and an increase in ROS generation [200]. In another study of cultured
fibroblasts from patients with CoQ;( deficiency caused by mutations in two sepa-
rate genes involved in CoQ( synthesis (COQ2 and PDSS2), variable effects upon
cellular ATP synthesis and ROS production were found. Fibroblasts harboring the
PDSS2 mutation had 12% of normal CoQq levels and a markedly reduced rate of
ATP synthesis but did not show increased ROS production or signs of oxidative
stress. In contrast, fibroblasts harboring the COQ2 mutation had a more moderate
reduction in CoQ¢ (30% of control) and ATP synthesis and demonstrated increased
ROS production in association with increased levels of protein carbonyls and
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increased lipid peroxidation [201]. These results suggested the possibility that more
severe CoQ,( deficiency may prevent ROS production by limiting electron flux
necessary to promote electron leaks. Further evidence for the role of ROS in the
pathophysiology of CoQ; deficiency in vivo is suggested by the finding of increased
apoptosis and upregulation of antioxidant defenses in skeletal muscles of affected
patients [202 204].

Complex I1I: Complex III, similar to complex I, is a recognized site of superox-
ide formation. Isolated complex III deficiency most commonly occurs as a result of
pathogenic mtDNA mutations affecting cytochrome b and is associated with myopa-
thy or encephalomyopathy. In transmitochondrial cybrids containing mtDNA har-
boring high levels of a cytochrome » mutation known to be associated with features
of parkinsonism and MELAS, decreased complex III activity was associated with
increased production of hydrogen peroxide [205].

Complex IV: Few studies have evaluated ROS in selective complex IV (cyto-
chrome ¢ oxidase) defects (from mtDNA mutations affecting mitochondrially
encoded cytochrome ¢ oxidase subunits I, II, or III or assembly defects). Di
Giovanni and coworkers evaluated skeletal muscle biopsies from 28 patients with
mitochondrial encephalomyopathy, 17 with biochemical and histochemical cyto-
chrome c oxidase (COX) deficiency (3 with isolated COX deficiency from SURF 1
mutations, 2 with mtRNA mutations, 1 with a single large-scale deletion, and the
rest not characterized genetically) and 11 with biochemical evidence of complex I,
I, or III deficiency (none genetically characterized) without COX deficiency [206].
They found that COX-deficient muscle fibers commonly showed an increase in
immunostaining for apoptosis-related proteins and the presence of TUNEL staining
of nuclei (an indicator of apoptosis). These fibers also often displayed increased
immunostaining for SOD1 and SOD2, and these muscle samples had increased
GPX enzymatic activity. In contrast, muscle from the 11 patients without COX-
deficient fibers showed neither TUNEL-positive myonuclei or increase in apopto-
sis-related proteins nor increase in antioxidant enzymes [206].

Complex V: Defects of complex V (ATP synthase or mitochondrial ATPase)
caused by mtDNA and nuclear mutations have been described [1, 207]. When ATP
synthase is defective, the low ability of mitochondria to utilize the respiration-
generated proton gradient for ATP synthesis causes the mitochondrial membrane to
be hyperpolarized, which promotes the generation of ROS by the respiratory chain
[208]. It has been demonstrated that fibroblasts and transmitochondrial cybrids
with mitochondrially encoded ATP6 mutations as well as fibroblasts with nuclear
ATPase synthase defects maintain high AW, [147, 209]. In both types of ATP
synthase disorders, high AW, values were shown to cause increased ROS produc-
tion. mtDNA T8993G and T8993C mutations and nuclear ATP synthase defects
caused an increase in ROS production, as assessed with the fluorescent probe
DCFDA, and resulted in an increase in antioxidant defense mechanisms as marked
primarily by an increase in MnSOD (SOD2) [63, 147, 157, 210]. Importantly,
increased ROS production in both mitochondrial and nDNA defects was reduced
by the uncoupler FCCP, indicating that the high membrane potential was an
important mechanism for upregulation of ROS production. Interestingly, there is
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evidence that the T8993G and T8993C mutations differ in pathophysiological
effects. The T8993C causes a lesser restriction in ATP synthesis but a greater
increase in ROS production whereas the T8993G mutation causes a more severe
restriction in OXPHOS and lesser increase in ROS [157].

ANT1 defects: Mutations in the muscle-heart isoform of the adenine nucleotide
translocator (ANT1) most commonly are associated with autosomal dominant
multiple mtDNA deletions. Autosomal recessive ANT1 deficiency associated
with exercise intolerance and cardiomyopathy has also been described. ANT is a
bifunctional protein that transports ADP and ATP across the mitochondrial inner
membrane and regulates the mtPTP, which initiates apoptosis. Treatment with
acrolein, an ANT inhibitor, induced ROS generation and decreased glutathione
content and aconitase activity in isolated brain mitochondria [211]. These findings
suggest that deficits in ANT reduce matrix ADP and limit matrix ADP-dependent
proton translocation through F;-Fy-ATPase. The reduction in proton transport to the
mitochondrial matrix promotes hyperpolarization of the mitochondrial membrane,
which further limits electron transfer through the respiratory chain. Electrons would
then accumulate and be available for production of O, from O, and render the
mitochondria more vulnerable to ROS production. A mouse model of mitochon-
drial myopathy/cardiomyopathy has been constructed by ‘knocking out’ the heart/
muscle form of the adenine nucleotide translocator [212, 213]. This strategy
resulted in viable mice (AntI"™?M8"—/—) that developed classical mitochondrial
myopathy and hypertrophic cardiomyopathy [212, 214, 215]. Skeletal muscle from
Ant1™M8" _/_ mice exhibit ragged red fibers (RRF) with increased SDH and COX
staining. A six- to eightfold increase in H,O, generation is seen in skeletal muscle
and heart mitochondria, with a sixfold increase in MnSOD expression and a
threefold increase in Gpx1 expression [214] whereas in the heart little or no
increase in MnSOD levels was found. Accordingly, the increase in ROS generation
in the heart was associated with increases in mtDNA damage, with the levels of
mtDNA rearrangements in Antl™*"&"—/— heart higher than in skeletal muscle and
much higher than in age-matched controls [214]. Thus, it appears that the inhibition
of OXPHOS increases mitochondrial ROS production in this mouse model, and if
the antioxidant mechanisms are overloaded, an increase in the mtDNA mutation
rate results. The oxidative stress is one of the contributing factors to the pathogene-
sis observed in the Ant]"™M" —/— knockout mouse.

10.2 Mitochondrial Disorders Affecting Multiple Sites
of the Respiratory Chain

Large-scale mtDNA deletions: Most CPEO and KSS patients have a heteroplasmic
single large-scale mtDNA deletion, classically 4.9 9 kb in size, which can be readily
identified by Southern blot analysis or a specifically designed polymerase chain
reaction (PCR)-based assay [216]. Rarely, this phenotype is caused by a mitochon-
drial tRNA point mutation, whereas others may harbor a nDNA mutation [217].
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Large-scale mtDNA mutations impair the function of multiple mtDNA-encoded
tRNAs as well as well as multiple mtDNA-encoded protein subunits, commonly
including subunits of complex I, IV, and V. Thus, although fiber segments that
contain high percentages of these large-scale deletions are commonly identified
histochemically simply as COX-negative/SDH-positive fibers, the biochemical
defect in these muscle fibers is complex, involving a respiratory chain that is
defective at multiple sites. Several studies indicate that single large-scale deletion
mutations increase levels of antioxidant defense enzymes including MnSOD
(SOD2), CAT, and GPX in skeletal muscle, and cultured fibroblasts [218 223]
(Table 3). Additionally, 8-OHDG and 4HNE, as oxidative biomarkers, are increased,
particularly in COX-negative, RRF that contain high percentages of the mtDNA
mutation [219, 224]. Increases in oxidative stress have been shown in transmito-
chondrial cybrids harboring high concentrations of the 4,977-bp mtDNA deletion
[221, 225]. Cybrids that contained greater than 65% of the deletion showed a
significant increase in 8-hydroxy 2-deoxyguanosine and lipid peroxides compared
to cybrids containing undetectable mutant mtDNA [221]. In an immunohistochemi-
cal study in KSS, a reduced expression of mtDNA-encoded subunits of COX and
ND1 were found in the dentate nucleus, similar to findings in RRF of skeletal muscle.

Mitochondrial tRNA mutations: Pathogenic mutations affecting mtDNA-
encoded tRNAs also cause complex biochemical defects affecting multiple respira-
tory chain complexes that commonly are associated with evidence of increased
oxidative stress as well as impaired OXPHOS. The A3243G mutation associated
with MELAS has been shown to increase total SOD and catalase activities in skeletal
muscle and cultured myoblasts [218, 226]. In skeletal muscle, fibers containing high
percentages of the pathogenic mutation are highlighted as RRF that usually are COX
negative. Immunocytochemisty reveals that SOD2 and GSH increase specifically in
COX-negative RRFs, consistent with increased oxidative stress in these fiber seg-
ments [224] (Table 3). Cybrids harboring more than 90% of mtDNA with the A3243G
mutation are found to have significantly lower oxygen consumption rates and ATP:
ADP ratios. The defective respiratory function in these cells is associated with
increased oxidative stress as indicated by a decreased GSH:GSSG ratio and enhanced
oxidative damage to lipids [227]. There are few reports on brain pathology in patients
with MELAS syndrome and an established mtDNA mutation. Cultured fibroblasts
from patients with MELAS have been showed to have increased cytosolic calcium
and a decreased mitochondrial membrane potential [227].

MERREF syndrome is one of the major maternally inherited mitochondrial ence-
phalomyopathies, which is most commonly attributed to the A8344G mtDNA
mutation affecting the tRNA lys. Cybrids containing high percentages of this muta-
tion have decreased respiratory chain activity, increased ROS production, and
induction of antioxidant enzyme activities [228 230] (see Table 3).

FRDA: FRDA is an autosomal recessively inherited disorder attributable to
loss-of-function mutations in the gene for frataxin. In vitro and in vivo data indicate
that frataxin is necessary for iron incorporation in Fe S clusters (ISC) and for heme
biosynthesis. As a consequence, frataxin deficiency causes deficiency of iron sulfur
cluster enzymes in respiratory chain complexes I, II, and III as well as deficiency of
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the mitochondrial enzyme aconitase. In addition, frataxin deficiency results in the
mitochondrial accumulation of iron. An increase in oxidative stress is an important
component in the pathophysiology of FRDA. Contributing factors include impaired
electron transport that promotes electron leakage as well as an increase in ROS
promoted by an increase in free iron via the Fenton reaction. Furthermore, there is
evidence that the normal induction of MnSOD in response to increased production
of superoxide is impaired. Evidence of increased oxidative stress includes the
finding of increased plasma MAD (a marker of lipid peroxidation), increased
urinary 8-OHDG (a marker of oxidative DNA damage), and reduced plasma
glutathione, which is also increased in urine of FRDA patients [231 233]. Addi-
tional features of oxidative stress have been identified in models of frataxin
deficiency. In study of frataxin deficiency induced by RNA interference in flies,
hyperoxia caused selective severe deficiency of mitochondrial aconitase, implying
that frataxin acts to specifically protect aconitase from inactivation by oxidative stress
[234]. The frataxin-deficient (Ayth1) yeast model show increases of protein carbon-
ylation of specific proteins, including ATP synthase [235, 236] (see Table 3). It was
found that magnesium-binding enzymes were selectively vulnerable to oxidative
modification. The authors postulated that free iron displaces magnesium and pro-
motes oxidative modification at the metal-binding site of affected enzymes.
Evidence of an important role of oxidative stress in FRDA has emerged from trials
of antioxidant treatment. Oral treatment of the coenzyme Q analogue idebenone has
been shown to decrease concentrations of 8-OHDG [237 239]. Cardiac and muscle
bioenergetics as monitored by >'P magnetic resonance spectroscopy have shown
sustained improvement with treatment with vitamin E and coenzyme Q;o, and
cardiac function has shown improvement with treatment with idebenone [240 242].

11 Conclusions

The evidence that mitochondrial disease causes increased production of ROS is
overwhelming, and the conclusion that increased oxidative stress is an important
contributor to the pathophysiology of mitochondrial encephalomyopathies seems
inescapable. However, there remain many limitations to our understanding. The
most comprehensive studies have been conducted in cultured cells or cybrids
whereas our knowledge of the contribution of oxidative stress to human mitochon-
drial disease in vivo, particularly as it relates to the nervous system, is, at best,
indirect. Although increased oxidative stress has been identified in virtually all
varieties of human mitochondrial disorders, the variables in respiratory chain func-
tion that are most critical in determining increased ROS production are incompletely
understood. Data from studies of coenzyme Qo defects and the T8993G vs. T899C
NARP/MILS mutations suggest dissociation between the severity of impaired
OXPHOS and the level of ROS production; but the relationship between the severity
of impaired OXPHOS and levels of oxidative stress across the spectrum of mito-
chondrial diseases remains unknown. A critical variable in determining the net
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accumulation of ROS in mitochondrial diseases is the level and pattern of
antioxidant defenses, particularly of MnSOD. There is strong evidence that
MnSOD is normally induced in response to increased production of superoxide,
but the mechanism is poorly understood, and the factors responsible for limiting
increases in oxidative defense mechanisms are unknown. Furthermore, although a
variety of biomarkers of oxidative stress have been identified, clear guidelines for
the quantitative assessment of the presence and magnitude of oxidative stress and
the implications for therapeutic intervention and determination of therapeutic
efficacy remain to be established. Although these challenges remain, there is reason
for optimism that continued research in this field along with the development of
more effective antioxidants will provide new directions for effective therapy of
mitochondrial disease.
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Chapter 16

Potential Role of Oxidative Damage

in Neurological Manifestations of Acute
Intermittent Porphyria

Elena Pischik and Raili Kauppinen

Abstract Accumulation of 5-aminolevulinic acid (ALA) is the main defect in
acute porphyria and the most likely potential candidate to cause acute neurological
manifestations during an acute porphyric attack via multiple direct and indirect
mechanisms. ALA is a potential endogenous source of reactive oxygen species
(ROS). After administration of ALA or inducers of ALA-synthase in vitro condi-
tions or in animal models, the main pro-oxidants detected have been superoxide,
hydrogen peroxide, hydroxyl radicals, and 4,5-dioxovaleric acid (DOVA), which
has produced oxidative damage (OD) to lipids, proteins, and DNA. At the organelle
level, ALA-induced OD affects the permeability of the biological membranes,
probably as a result of protein polymerization and lipid peroxidation. In vitro
exposure to ALA has caused OD to Schwann cells and inhibited myelin formation.
Magnetic resonance imaging (MRI) of patients with acute intermittent porphyria
(AIP) who suffer from severe reversible posterior encephalopathy syndrome
(PRES) during the acute attack shows features of impaired permeability of the
blood brain barrier (BBB); this could be the result of oxidative stress (OS) allowing
neurotoxins such as ALA to damage neurons. Peripheral demyelination found in
heterozygote or homozygote patients with AIP could be caused by direct OD
caused by ALA, which produces pro-oxidants that may affect Schwann cells and
myelin. Because ALA is not the most potent pro-oxidant, the OD is only a minor
contributor to the neurological manifestations of AIP in general. It could, however,
explain the fact that encephalopathy and peripheral demyelination are present only
during severe attacks of AIP, in which the high level of serum ALA results in
significant auto-oxidation.
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Abbreviations

AIP Acute intermittent porphyria
ALA 5-Aminolevulinic acid

ALAS  ALA synthase

BBB Blood brain barrier

CNS Central nervous system

CSF Cerebrospinal fluid

DHPY  3,6-Dihydropyrazine-2,5-dipropanoic acid
DOVA 4,5-Dioxovaleric acid

GABA Gamma amino butyric acid
HCP Hereditary coproporphyria
HMBS  Hydroxymethylbilane synthase

MRI Magnetic resonance imaging
OD Oxidative damage
oS Oxidative stress

PBG Porphobilinogen

PNP Peripheral neuropathy, polyneuropathy

ROS Reactive oxygen species

SIADH Syndrome of inadequate secretion of antidiuretic hormone
VP Variegate porphyria

1 Introduction

Acute intermittent porphyria (AIP) is an inherited metabolic disease caused by a
deficiency of the hydroxymethylbilane synthase (HMBS), the third enzyme in heme
biosynthesis (Fig. 1). AIP manifests with occasional neurovisceral crises associated
with overproduction of porphyrin precursors such as aminolevulinic acid (ALA)
and porphobilinogen (PBG), which are released from the liver to the circulation [1].
The majority of acute attacks manifest as a combination of abdominal pain, mild
mental symptoms, and autonomic dysfunction. In addition, both acute peripheral
neuropathy and severe encephalopathy may develop if an acute attack proceeds.
AIP is usually caused by administration of porphyrinogenic drugs used when the
diagnosis of acute porphyria was not considered [2].

Currently, an excess of ALA is the most potential candidate to cause neurologi-
cal manifestations in acute porphyria via multiple direct and indirect mechanisms
[3]. Porphyrins, especially uroporphyrin I and III, are also accumulated during an
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acute attack [4], but it is unlikely that they are neurotoxic because patients with
porphyria cutanea tarda, who have massive increase in plasma uroporphyrins
associated with skin symptoms and liver disease but do not accumulate ALA, are
neurologically unaffected. However, massive accumulation of porphyrins in the
skin induces a photoreaction in which transfer of a hydrogen atom or electron from
the singlet excited state porphyrin to molecular oxygen produces free radicals and
cellular damage [5]. Interestingly, in acute porphyrias other than AIP, such as
variegate porphyria (VP) and hereditary coproporphyria (HCP), which may also
manifest skin symptoms, acute attacks and skin symptoms occur independently
from each other [6]. This situation is in contrast to acute neuropathy or encepha-
lopathy, which, if these occur, are always signs of an acute attack in all types of
acute porphyrias (AIP, VP, and HCP).

ALA is a pro-oxidizing alpha-aminoketone that undergoes enolization and
subsequent aerobic oxidation both in vitro and in vivo [7]. This reaction yields
oxyradicals and several other pro-oxidants. Thus, oxidative stress (OS) is one of the
potential mechanisms that could cause neurological manifestations during an acute
porphyric attack. This review is focused on reported evidence of massive formation
of pro-oxidants from ALA and its potential implications in developing acute
neuropathy or encephalopathy in acute porphyria.

2 Accumulation of ALA During an Acute Attack

AIP is an autosomal dominant disorder caused by several different mutations in the
HMBS gene (http://www.hgmd.cf.ac.uk). Heterozygous patients have approxi-
mately 50% of the total HMBS activity measured in their erythrocytes, lympho-
cytes, fibroblasts, and hepatocytes [8 11]. This amount is sufficient to maintain the
normal demand for heme, but the half-normal enzyme activity causes accumulation
of heme precursors when the synthesis of heme is activated.

Accumulation of porphyrins and their precursors is initialized via activation of
ALA synthase (ALAS1) in the liver; this is the first and rate-limiting enzyme in
heme biosynthesis (Fig. 1). The induction of ALASI1 results in symptoms only if an
additional enzyme causing acute porphyria such as HMBS is deficient (see Fig. 1)
[1]. ALASI can be induced directly at the transcriptional and translational level by
many drugs, chemicals, and alcohol [12] or indirectly by low glucose concentration
via peroxisome-proliferator-activated receptor y co activator 1o, (PCG-1a) [13] and
stress, by activating heme oxygenase [ 14]. These factors may provoke accumulation
of porphyrin precursors. On the other hand, ALAS1 can be inhibited via negative
feedback mechanism using heme, the end product of the biosynthesis [12]. There-
fore, both heme preparations and glucose infusions have been used to treat acute
attacks because they both lower the level of ALA [15, 16].

Neurological manifestations of acute porphyria could be precipitated either directly
by excess of ALA, or by deficiency of neural heme-containing enzymes, or both [3].
However, currently there is no evidence for abnormal activity of the heme-containing
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enzymes in neural tissues as measured in brain homogenates of compound heterozy-
gous HMBS (—/—) mouse model [17] and patients with AIP. The postulated main
mechanisms that could explain why excess of ALA is responsible for acute autonomic
and peripheral neuropathy and encephalopathy include direct neurotoxicity of ALA,
ALA-induced modification of release of the inhibitory neurotransmitter, gamma-
amino butyric acid (GABA), or the excitatory neurotransmitter glutamate, and, finally,
oxidative damage (OD) to neuronal and glial membrane structures associated with
ALA-induced reactive oxygen species (ROS) [3] (Fig. 2).

The assumption of direct neurotoxicity of ALA is based on studies in vitro
[3, 18 20] at ALA concentrations compatible with its increased levels measured
in patients with AIP during an acute attack [21] (Fig. 3). The increased plasma
concentration of ALA as a sole mechanism causing neurological impairment
is unlikely because injection of ALA caused no clinical manifestations in a healthy
volunteer, or in patients with neuroblastoma, who were given ALA during photody-
namic therapy [22, 23]. Moreover, the majority of patients with AIP have constantly
increased plasma levels and urinary excretion of ALA even during the asymptomatic
phase, but the level of ALA still increases substantially during an acute attack [4, 21].
Intracellular ALA is most likely much higher in patients with AIP than in controls
with no enzymatic deficiency in every cell despite the same plasma level.

ALA-induced modification of the release of neurotransmitters, GABA and
glutamate, from central synaptosomes in a dose-dependent manner has been
demonstrated in brains of rats treated with ALA or ALAS inducers in vitro and
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in vivo [24, 25]; this probably result from the structural similarity of ALA with
GABA and glutamate leading to concurrent agonism with their receptors [25].

Because ALA promotes the generation of ROS and other pro-oxidants in vitro
and in animal models in vivo, OD to membrane structures could contribute to
transient dysfunction of the central nervous system (CNS) and probably of the
peripheral nervous system [25, 26].

3 Pro-Oxidizing Nature of ALA

Several studies have shown that ALA can cause OD to lipids [27], proteins [28],
and DNA [29] in solution and in vitro and in vivo conditions, as well as to myelin
formation in vitro [30]. The potentially damaging effects of ALA are gained by
metal-catalyzed oxidation of ALA via molecular oxygen, which yields very reac-
tive intermediates and products such as peroxides, radicals, triplet species, and
a-oxoaldehydes [7].

3.1 Pathways of Oxyradical Production from ALA

Three main pathways of oxyradical production from ALA have been postulated
(Fig. 4):

(a) Direct production of superoxide and oxaloaldehydes such as the keto-aldehyde,
4,5-dioxovaleric acid (DOVA), via ALA enolization and subsequent aerobic
oxidation.

(b) Iron-catalyzed production of highly reactive ROS (hydrogen peroxide and
hydroxyl radicals) from superoxide arising from ALA-enoyl oxidation; iron
release from ferritin is also promoted by superoxide.
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(c) Production of pyrazine and oxyradicals from dehydropyrazine (3,6-dihydropyr-
azine-2,5-dipropanoic acid [DHPY]), which is formed by ALA dimerization.

ALA (see Fig. 1) is an aminoketone, and as such it is highly reactive and unstable
in solution forming ALA-enoyl at physiological pH [7, 31]. After subsequent
oxidation by dioxygen, the ALA-enoyl radical is produced while oxygen is reduced
to superoxide (O,+) (see Fig. 4). This is the first and the main pathway of oxyradical
production from ALA. Further oxidation of ALA-enoyl radical produces an
additional molecule of superoxide and ALA-derived-imine, which after hydrolysis
produces DOVA and ammonium ion in amounts comparable with consumed O, [7].
The end product of ALA oxidation, DOVA, is an efficient alkylating agent of the
guanine moieties known to damage DNA [32]. The other side metabolites of ALA
auto-oxidation are triplet carbonyls [7] (Fig. 4). Because they have high alkoxyl
radical-like reactivity in addition to a long lifetime, they may promote deleterious
reactions in the cell [33].

In the presence of the iron storage protein, ferritin, these oxidative reactions,
when studied in vitro, have been accompanied by a release of free iron [7], which
is responsible for the second pathway of oxyradical production from ALA. Free
iron (Fe?") provokes conversion of superoxide to a much more aggressive ROS,
hydrogen peroxide, and thereafter hydroxyl radicals [7]. This process is known as
the Fenton reaction.

In contrast to superoxide, which is the least reactive form of ROS and can be
directly deactivated by antioxidant enzymes such as superoxide dismutase (SOD)
[27], hydrogen peroxide and hydroxyl radicals have very high oxygenation potential
and cannot be eliminated by SOD; however, intracellular low molecular antioxidants
such as glutathione may decrease their reactivity [34]. Increased amounts (4.5 fold) of
hydrogen peroxide, hydroxyl radicals, and DOVA have been demonstrated both
in vitro and in vivo in rats treated with ALA or ALAS inducers [7, 29, 35, 36].

The third considered mechanism of ROS excess in acute porphyria is the
production of superoxide from DHPY, which is formed by a spontaneous ALA
dimerization [31] (see Fig. 4). This mechanism is only hypothetical because
spontaneous ALA dimerization was shown only in solution but never in vivo.
The main conditions of spontaneous ALA dimerization include high ALA concen-
tration (10 * 10 2 M), a lack of ALA dehydrase probably in combination with
dysfunction of other enzymes in heme biosynthesis, and neutral or slightly basic pH
[31]. Dimerization of ALA does not require metal ion participation. The potential
oxidative toxicity of DHPY depends on pyrazine formation in the presence
of oxygen, resulting in generation of ROS as side metabolites. In the presence of
cupric ions, DHPY can also form carbon-centered radicals and hydroxyl radicals. It
can also break single-strand DNA and promote apoptosis in vitro [31]. This mecha-
nism has not been studied in vivo, and a high concentration of ALA and low pH limit
the potential likelihood of OD in patients with AIP caused by DHPY.

In summary, the main pro-oxidants produced after ALA or ALAS inducer
administration in vitro and in vivo in “healthy” rodents are superoxide, hydrogen
peroxide, hydroxyl radicals, and DOVA.
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4 Oxidative Damage In Vitro and in Animal Models In Vivo
Treated with ALA or ALA Synthase Inducers

Markers of OS such as elevated activity of SOD, catalase, glutathione peroxidase,
and glutathione reductase in erythrocytes and liver [37], and elevated levels of
malondialdehyde with reduced levels of glutathione in the brain have been detected
in mice treated with ALA or ALA synthase inducers [38]. It is known that reactive
free radicals formed within cells can oxidize biomolecules and lead to DNA
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damage, lipid peroxidation, and protein oxidation, tissue injury, or cell death [39].
Most frequently, this damage is measured as peroxidized lipid products, carbonyl
proteins, and DNA breakage or fragmentation. Recently, ROS have been implicated
in attenuated angiogenesis in endothelial cells [40] and in modulating the activation
of numerous transcription factors, such as stress-activated protein kinases, heat
shock factors, and various pro-inflammatory cytokines [41, 42]. This discovery
could have numerous implications in AIP.

OD caused by ALA, ALAS inducers, and pro-oxidants formed from ALA, such
as DOVA, has been reported by several investigators [7, 29, 43, 44]. At the
biochemical and organelle level, ALA has been shown to cause OD to proteins,
as shown by the presence of a fourfold increase of carbonyl proteins in synaptic
membrane and whole-brain cortex preparations from ALA-treated rats and a 31%
increase of protein sulthydryl content in synaptic membranes of these animals [43].
It was suggested that protein alterations such as protein thiol cross-linkage are the
main cause of the increased membrane permeability with affected function of Ca®"-
dependent ion channels promoted by ALA oxidation; this was expressed as an
alteration of the transmembrane electrical potential and swelling of the inner
membrane of the isolated rat liver mitochondria [43, 45]. Disruption of membrane
permeability by OD caused by ALA could be caused by both protein polymeriza-
tion (pore assembly) and pore opening caused by binding of Ca** to a number of
membrane proteins [28]. A twofold increase of thiobarbituric acid-reactive sub-
stance (TBARS) and conjugated diene production in synaptic membranes of rats
was detected. Such findings are considered reliable markers for lipid peroxidation
[43]. Similar results have been demonstrated in vitro [27].

ALA-induced lipid peroxidation was associated with an increase in liposome
permeability and subsequent release of encapsulated carboxyfluorescein [27]. Thus,
lipid peroxidation could be an additional mechanism in abnormal protein polymer-
ization causing impaired membrane permeability in ALA-treated rats. In addition,
Ca”" uptake was slightly increased, probably a result of the OD to the synaptosome
membrane [43].

Acute and chronic administration of ALA synthase inducers or 40 mg/kg ALA to
rats has resulted in a significant increase of total intracellular non-heme iron in the
liver, spleen, and brain (up to 70% higher than the initial levels). This increase
originated from ferritin by both ALA-generated O, and ALA-enoyl radical [43,
44, 46] and was accompanied by OD to tryptophan and cysteine residues of L- and H-
subunits of ferritin [44]. Similar results were obtained in vitro at ALA concentrations
of 5 x 10~ 10~ M. In addition, activation of iron-regulating protein (IRP-1) from
together with release of iron from ferritin was found [43, 47]. In the brain, the most
prominent increase was detected in cortex and striatum [43]. In the plasma of these
rats, iron levels were not affected, but ferritin levels were increased, suggesting a
general mobilization of iron [43].

The role of iron in chronic OD to the nervous system that was shown to be
involved in the pathophysiology of neurodegenerative disorders is believed to occur
mainly by metal-promoted membrane lipid peroxidation and oxidative modification
of various membrane and membrane-associated proteins [48]. The potential role of
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iron in reversibility of neurological symptoms in AIP could also be associated with
membrane dysfunction, which, however, is more likely to be transient in contrast to
the progression and chronicity of this process in neurodegenerative disorders.

Mitochondrial dysfunction in the form of impaired membrane electrical proper-
ties and morphology, Ca®" release, and increased respiratory rate was found after
OS induced by ALA exposure [41, 45, 49].

Increased levels of DOVA are responsible for formation of adducts with DNA
bases, breakage of single-strand DNA, and in vitro promotion of DNA guanine
oxidation [29, 50].

OD and a twofold decrease in the density of GABA receptors was detected in
brain extracts of ALA- and DOVA-treated rats [24, 43, 51]; this could be an
additional mechanism of disturbed GABA efflux in synaptosomes.

Treatment of myelinating cocultures of Schwann cells and sensory neurons with
10 ® 107" M ALA resulted in pronounced increase of protein carbonylation and
formation of hydroxynonenal and malondialdehyde. These results are in accor-
dance with reported experiments on liver, spleen, and erythrocytes [30]. It was also
shown that Schwann cells are more vulnerable to OS than neurons because of the
selective decrease in the expression of mitochondrial respiratory chain proteins in
glia but not in neurons [30].

In summary, after treatment with ALA or ALAS inducers in vitro and in vivo, a
two- to fourfold increase in factors indicating OS with induced membrane lipid
peroxidation and protein modifications has been detected. Increased membrane
permeability caused by both protein and lipid oxidation is the main effect of this
treatment at the organelle level. Additional minor effects include altered synapto-
some and mitochondrial function causing membrane dysfunction. In addition, ALA
exposure affects DNA stability.

5 Evidence of Oxidative Stress in Patients with AIP

Twofold elevation of activity of the erythrocyte antioxidant enzymes SOD and
glutathione peroxidase has been detected in symptomatic patients with AIP, in
contrast to asymptomatic patients in whom only 30% of the normal activity was
found [52]; this is currently almost the only direct evidence of increased OS in
patients with AIP. Similarly increased SOD, glutathione reductase, and catalase
activity in erythrocytes of patients with VP was found [53]. VP is another form of
acute porphyria caused by inherited deficiency of protoporphyrinogen oxidase, the
seventh enzyme of heme biosynthesis (see Fig. 1). Acute attacks in VP are indis-
tinguishable from those of AIP, and a similar increase of porphyrin precursors in
plasma and urine is present [1].

To produce oxyradicals from ALA in experiments, prolonged exposure of rela-
tively high concentrations of ALA is required. These experimental findings suggest
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that there are only limited potential clinical implications of ALA-induced OD (data
listed above). The levels of ALA in reported experiments and in patients with AIP
and knockout HMBS (—/—) mice, the animal model of AIP, are compared in Fig. 3.
In most of those experiments the ALA plasma level found was higher than in patients
with AIP. However, the amount of ALA injected into rats (40 mg/kg) [43] that
produced OD was even lower than that given to patients during photodynamic
therapy (60 mg/kg) [54, 55] and to a healthy volunteer (50 80 mg/kg) without
causing abnormal signs of symptoms [22].

ALA is not the strongest pro-oxidant when compared, for example, with amino
acetone accumulation in diabetes mellitus, causing a more pronounced OD to
ferritin and isolated mitochondria [7]. The lack of information regarding intracel-
lular levels of ALA in patients with AIP makes it difficult to predict the putative
oxidant effect of ALA in vivo [7]. It cannot be excluded that OD occurs at the
lower concentrations of ALA or that intracellular concentrations of ALA are
higher than extracellular. If OD is responsible for some of the neurological
manifestations of AIP, it is most likely to occur in severe attacks with high levels
of plasma ALA as there is a correlation between the severity of the attack and the
plasma level of ALA [4, 21]. The majority of patients with AIP who have
had severe acute attacks with neurological manifestations have constantly ele-
vated plasma ALA levels with an additional two- to threefold increase during an
acute attack.

In animals, OD caused by extended administration of ALA was more obvious
than when they were treated for relatively shorter longer periods (2 weeks or
longer) [29, 43, 44, 46].

Photodynamic therapy of tumors with ALA as an exogenous source of photo-
sensitizing porphyrins did not cause chronic elevation of ALA [56]. In these
patients with normal activity of the enzymes involved in heme biosynthesis, ALA
does not accumulate in tissues but converts into porphyrins, which are well known
to produce free radical OD and destroy the tumor cells only after exposure to
light [56].

Because porphyrins can cause OD only after light exposure, photodermatosis
after exposure to sunlight is the clinical presentation of cutaneous porphyrias, with
up to 100-fold elevation of porphyrins in the circulation [5]. Other organs can be
affected in patients with cutaneous porphyrias only when exposed to unfiltered light
during open surgery [57] or during photodynamic therapy of tumors [56], because
the tumor cells have a higher porphyrin absorption than unaffected tissues. Thus,
despite increased levels of porphyrin excretion during acute attacks of AIP [4], it is
unlikely that porphyrins per se produce any OD in the nervous system.

The chronically increased ALA levels in the majority of patients with AIP [4],
and experimental ALA-induced DNA damage such as fragmentation, breakage,
alkylation of the guanine moieties, and formation of adducts with DNA bases
[29, 50], could be implicated in the high frequency of liver cancer in these
patients [36]. However, no correlation was found between the occurrence of
hepatoma and the severity and recurrence of acute porphyric attacks in patients
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with a number of HMBS mutations in whom constantly high levels of ALA were
documented [58].

6 Clinical Manifestations of an Acute Porphyric Attack
and a Potential Role of Oxidative Damage

Direct neurotoxicity of ALA caused by its transient excess in tissues could explain the
reversible, mainly motor and sometimes also sensory, neuropathy, and the autonomic
neuropathy and mild mental symptoms, observed during acute attacks of AIP [2].
However, the occurrence of posterior reversible encephalopathy syndrome (PRES)
associated with affected blood brain barrier (BBB) permeability and peripheral
nerve demyelination in severe acute attacks suggests that additional mechanisms
may be involved, such as transient auto-oxidation of ALA excess or activity of ROS
pro-inflammatory cytokines and endothelial factors such as vascular endothelial
growth factor (VEGF) precursor. The potential OS in AIP could be related to ALA
as it affects membranes and causes transient increase of cell membrane permeability
and impaired function of mitochondria.

6.1 Acute Encephalopathy

Acute encephalopathy may appear during an acute attack [59]; it manifests as a
combination of mental symptoms, seizures, syndrome of inappropriate secretion of
antidiuretic hormone (SIADH), and rarely focal CNS deficits. Only 1% of ALA
crosses the intact BBB [3, 60, 61], and thus direct neurotoxicity of ALA does not
explain it solely. Acute encephalopathy in AIP can be visualized during PRES with
diffusion-weighted (DW) magnetic resonance imaging (MRI) if performed within a
few hours from onset [62 73]. The development of PRES in AIP suggests that the
BBB was damaged, permitting access of neurotoxins such as ALA into the CNS
[74]. The precise mechanism of affected BBB permeability in AIP has not been yet
studied. Increased blood pressure is a common finding during an acute attack, but
rarely is it elevated to the level of hypertensive crisis (>180/100 mmHg). This
finding favors the theory of endothelial toxicity being the main cause of vasogenic
edema in AIP whereas hypertension more likely acts as a cofactor for PRES as
happens also in eclampsia [74]. OD, which has been shown to affect biological
membranes, could be a potential cause of endothelial toxicity and PRES.

Because vasospasm leading to focal ischemia is unusual in AIP with PRES [69,
70, 73], it cannot be “blamed” for the occurrence of PRES, and thus the etiology of
this from of encephalopathy in AIP is still obscure, although OS may be involved.
The CNS is very sensitive to OD because of a relatively low antioxidant capacity
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[38]. Increased levels of ALA in patients with AIF and in the rat model could
directly contribute to OD to brain neurons [38].

6.2 Acute Peripheral Neuropathy

A possible role of free radicals has previously been suggested in certain neuropa-
thies [75, 76], either directly via lipid peroxidation or indirectly by the activation of
proteases and phospholipase A2, which causes damage to Schwann cells and
demyelination [75].

Acute porphyric peripheral neuropathy (PNP) is predominantly motor and typi-
cally associated with a history of abdominal pain and dysautonomia, encephalopathy,
and mild increase in liver transaminase activity [59, 77]. Based on scarce evidence
from neurophysiological studies of 39 patients with acute PNP [77 88], its pathology
was considered as axonal [89]. Direct neurotoxicity of ALA [3, 18 20] is currently
accepted as the neuropathological causative. Although the blood nerve barrier lowers
ALA concentration in the perineural fluid, which is around 30% of that measured in
serum [3] (see Fig. 3), its concentration is high enough to be neurotoxic [3, 18, 19] and
cause axonal degeneration and polyneuropathy.

However, several lines of evidence support the presence of demyelination in
addition to axonopathy as an independent mechanism of PNP in AIP. We have
reevaluated previously published neurophysiological studies on patients with AIP
during an acute attack and found that the values of the recorded motor conduction
velocities mentioned in those publications were significantly slow for age (range,
25 50 m/s; mean, 40 m/s) [78, 79, 81 85]. Prolonged distal motor latencies, and
minimal F-wave latencies [79, 82, 83], abnormal temporal dispersion, and presence
of conduction block were also noted [79]. Neuropathological studies that have been
done on sural nerve biopsy or autopsy have supported both demyelinating [90 92]
and axonal [93, 94] changes, usually coexisting in the same nerve.

We have studied six severely affected patients during an acute phase of PNP and
found mixed demyelinative and axonal damage in four patients [95]. The most
dramatic case, in whom more than 60% decrease of motor conduction velocities
was measured a week after the onset of PNP, died within a month from ventilator-
associated pneumonia complicated by septicemia. Two additional patients with
acute PNP had axonopathy without features of demyelination. This finding indi-
cates that the presence of demyelination may suggest a more severe attack and may
support our hypothesis of higher probability of OD with higher levels of ALA.
Furthermore, a 1-year-old homozygote patient with AIP and extremely high ALA
urinary excretion who died at the age of 3 years had chronic demyelinative PNP
documented by neurophysiological and pathological studies. Brain MRI showed
deep cerebral white matter abnormalities with relative preservation of the corpus
callosum, cerebral gray, and infratentorial structures. These findings could indicate
selective cerebral oligodendrocyte injury. Moreover, the infant had clinical features
indistinguishable from a progressive neurodegenerative disease of infancy [96].
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It was shown that Schwann cells are more vulnerable than neurons to ALA
OD [30]. A similar vulnerability of those cells to other pro-oxidants was also
observed [75]. Based on those observations, OD could be a reasonable explanation
for demyelination in porphyric PNP.

Encephalopathy with PRES and peripheral demyelination occur only in severe
acute attacks, which is in accordance with our hypothesis of a potential role of OS
as a partial explanation of these conditions.

7 Possible Therapeutic Implications

Because OS could be implicated in severe neurological manifestations of AIP, the
use of antioxidants together with heme arginate [16] could be a potential therapeu-
tic approach. Among antioxidants shown in vitro to diminish or prevent OD caused
by ALA were melatonin [97, 98], bilirubin [99], and glutathione [97]. However, the
possible benefit of these metabolites should first be tested in clinical trials.

The fact that patients with similar high levels of ALA may present with variable
severity of attacks and associated neurological symptoms and signs may indicate
that there is a variable vulnerability to ROS resulting from polymorphisms in the
genes encoding antioxidant enzymes [100] or other factors of ROS defence and
cleavage. Thus, patients who are more vulnerable will suffer from greater neuronal
damage caused by ALA-derivated free radicals.

8 Conclusions

Direct neurotoxicity caused by transient excess of ALA could explain the mild
mental changes and symptoms of motor and autonomic neuropathy with mixed
mainly axonal-demyelinative axonal features, confirmed by both neurophysiologi-
cal and pathological findings, that occur during an attack of AIP. The main gaps in
the present understanding of the pathogenesis of neurological manifestations in AIP
include the development of porphyric encephalopathy, which manifests as PRES
with affected blood brain permeability, and peripheral nerve demyelination in
severe acute attacks, which cannot be directly attributed to ALA accumulation
during the attacks. Additional mechanisms should be identified to explain these
conditions. The transient OD to cellular organelles resulting from auto-oxidation of
excess ALA could contribute to neuropathy and encephalopathy of AIP. A two- to
fourfold increase in the factors representing OS and causing dysfunction of
biological membranes, mitochondria, and synaptosomes has been demonstrated
in vitro in cultures of neurons and Schwann and other cells treated with ALA as
well as in rodents treated with ALA or ALAS inducers. In symptomatic patients with
AIP, a twofold elevation of erythrocyte SOD and glutathione peroxidase activity has
been detected, whereas in asymptomatic patients the level was only 30% higher than
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normal [52]. Currently, those findings are the only evidence of increased OS in
human AIP. Thus, the role of OD in neurological manifestations of AIP is only
hypothetical. The higher concentration of ALA in the experimental situation as
compared to the relatively lower levels of ALA in the plasma of AIP patients is one
of the weak points of this hypothesis. The relatively low oxidative potential of ALA
compared to other pro-oxidants is another weak point.

As the intracellular level of ALA and intracellular parameters of OS are yet unknown
in patients with AIP, it cannot be excluded that OS could be induced in patients by
higher levels of ALA, and thus OD could be a contributor to severe encephalopathy
with PRES and peripheral nerve axonal and demyelinative damage in AIP and other
forms of acute porphyria with paroxysmal neurological manifestations.
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