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Research Highlights

(1) Growing evidence has highlighted that oxidative stress and mitochondrial dysfunction may trig-

ger neurodegenerative diseases.

(2) The contribution of oxidative stress-caused mitochondrial damage in Alzheimer’s disease, Par-
kinson’s disease and amyotrophic lateral sclerosis is summarized and analyzed, in a broad attempt
to provide evidence for the potential treatment of neurodegenerative diseases.

Abstract

Oxidative stress and mitochondrial damage have been implicated in the pathogenesis of several
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease and amyotrophic
lateral sclerosis. Oxidative stress is characterized by the overproduction of reactive oxygen species,
which can induce mitochondrial DNA mutations, damage the mitochondrial respiratory chain, alter
membrane permeability, and influence Ca** homeostasis and mitochondrial defense systems. All
these changes are implicated in the development of these neurodegenerative diseases, mediating
or amplifying neuronal dysfunction and triggering neurodegeneration. This paper summarizes the
contribution of oxidative stress and mitochondrial damage to the onset of neurodegenerative
eases and discusses strategies to modify mitochondrial dysfunction that may be attractive thera-
peutic interventions for the treatment of various neurodegenerative diseases.
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INTRODUCTION

Neurodegenerative  diseases, including
Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD) and amyotrophic lateral sclerosis
(ALS)™, are a heterogeneous group of
orders characterized by gradually
sive, selective loss of anatomically or

ologically related neuronal systems?.
though the precise pathophysiological
chanisms underlying neurodegenerative

disorders remain unclear, oxidative stress
and mitochondrial involvement may be
jor triggering factors in these diseases®*.
This review aims to summarize the evidence
for the involvement of oxidative stress and
mitochondrial damage in AD, PD and ALS.
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OXIDATIVE STRESS AND
MITOCHONDRIAL DAMAGE

Oxidative stress is characterized by an over-
production of reactive oxygen species (ROS),
which can lead to mitochondrial damage in
the following ways.

Oxidative damage and ROS

The balance of ROS and antioxidants under
normal physiological conditions is disrupted
with the overproduction of free radicals.
These excess free radicals can lead to DNA
damage, degradation of protein and lipids,
neurodegenerative diseases including AD,
PD and ALS (Figure 1), and can cause pro-
tein deposition.

ROS and mitochondrial damage

ROS and mitochondrial DNA mutations
Mitochondria are the only organelles in cells,
besides the nucleus, that contain their own
DNA (called mitochondrial DNA) and their own
machinery for synthesizing RNA and pro-
teins®. Mitochondrial DNA makes up ap-
proximately 1% of total cellular DNA and is
thought to be particularly susceptible to ROS
attack associated with oxidative stress'®. The
persistence of mitochondrial DNA damage
ultimately leads to mutations in the mitochon-
drial genome™® and gives rise to further mito-
chondrial dysfunction, which induces and ag-
gravates the diseases (Figure 1) .

ROS induces damage to the mitochondrial
respiratory chain

The mitochondrial respiratory chain, located in
the inner mitochondrial membrane®, is one of
the major structural and functional parts of
mitochondria. It consists of five complexes,
namely complexes I, II, Ill, IV, VI, which cat-
alyze the phosphorylation of adenosine di-
phosphate to adenosine triphosphate, working
as an integrated system composed of a total
of five protein complexes®: reduced nicoti-
namide adenine dinucleotide dehydroge-
nase-ubiquinone reductase (coenzyme Q)
(complex I, approximately 46 subunits), suc-
cinate dehydrogenase (FADH,)-coenzyme Q
(complex Il, 4 subunits), ubiqui-
none-cytochrome c reductase (complex I, 11

subunits), cytochrome ¢ oxidase (complex IV,
13 subunits), and adenosine triphosphate
synthase (complex V, 16 subunits)®. More
than 80 proteins comprise these complexes,
13 of them encoded by mitochondrial DNA,
and all of them components of the oxidative
phosphorylation system®. Complexes I, II, Il
and IV constitute the respiratory elec-
tron-transport chain® (Figure 1). The elec-
tron-transport chain oxidizes hydrogen de-
rived from the oxidation of organic acids such
as pyruvate and fatty acids with atomic oxy-
gen to generate water. The electrons, borne
on nicotinamide adenine dinucleotide, are
transferred to respiratory complex | (nicoti-
namide adenine dinucleotide dehydrogenase)
and coenzyme Q, and from succinate in the
tricarboxylic acid cycle to complex Il (succi-
nate dehydrogenase) and coenzyme Q.
From coenzyme Q, the electrons are passed
to complex I, cytochrome c¢, complex IV
(cytochrome c oxidase), and finally to 1/2 O,
to give H,0". The electron-transport chain
also requires two small electron carriers,
ubiquinone and cytochrome c. Adenosine
triphosphate synthesis entails two coordi-
nated processes. First, electrons (actually
hydrogen ions derived from nicotinamide
adenine dinucleotide and reduced flavin
adenine dinucleotide in intermediary meta-
bolism) are transported along the complexes
to molecular oxygen, thereby producing wa-
ter’”. At the same time, protons are pumped
across the mitochondrial inner membrane
(i.e., from the matrix to the intermembrane
space) by complexes I, Ill, and IV, Adeno-
sine triphosphate is generated by the influx of
these protons back into the mitochondrial
matrix through complex V (adenosine tri-
phosphate synthase)™. Under normal phy-
siological conditions, 1-5% of the oxygen is
converted to ROS™, thus most estimates
suggest that the majority of intracellular ROS
production is derived from mitochondria. The
production of mitochondrial superoxide radi-
cals occurs primarily at two discrete points in
the electron-transport chain, namely at com-
plex | (nicotinamide adenine dinucleotide
dehydro genase) and complex IIl (ubiqui-
none-cytochrome ¢ reductase)™. Under
normal metabolic conditions, complex Il is
the main site of ROS production®**.
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Figure 1 Reactive oxygen species (ROS) and
mitochondrial damage.

The mitochondrial respiratory chain complexes consist of
five complexes: complexes I, II, lll, IV and V, which catalyze
the phosphorylation of adenosine diphosphate (ADP) to
adenosine triphosphate (ATP). Complex I: nicotinamide
adenine dinucleotide (NADH)-coenzyme Q; Complex II:
succinate dehydrogenase-coenzyme Q; Complex IlI:
coenzyme Q-cytochrome c reductase; Complex IV:
cytochrome c oxidase; Complex V: ATP synthase. More
than 80 proteins comprise these complexes, 13 of them
encoded by mitochondrial DNA. Complex |, II, Ill, and IV
constitute the electron-transport chain. The electrons,
borne on NAD", are transferred to NADH and then to
coenzyme Q, and the electrons are transferred to complex
Il and to coenzyme Q. From coenzyme Q, the electrons are
passed to complex Ill, then to cytochrome c, then to
complex IV and finally to 1/2 O, to give H,O. ATP is
generated by the influx of these protons back into the
mitochondrial matrix through ATP synthase.

The highly ROS can damage NADH dehydrogenase,
cytochrome c oxidase, and ATP synthase, resulting in
shutdown of mitochondrial energy production. Under
normal physiological conditions, Ca®* fluxes are properly
controlled across the plasma membrane and between
intracellular compartments. Excessive ROS generation can
directly damage Ca**-regulating proteins (in the plasma
membrane, such as ligand- and voltage-gated Ca?*
channels, endoplasmic reticulum Ca**-ATP synthases, and
mitochondria electron-transport chain proteins), resulting in
elevations of Ca®*, which disturb Ca** homeostasis.
Overproduction of ROS can lead to mitochondrial damage,
including mutations in mitochondrial DNA, damage to the
mitochondrial respiratory chain and mitochondrial
membrane permeability, and disruption to Ca®*
homeostasis. Therefore, mitochondrial damage plays an
important role in the pathogenesis of neurodegenerative
diseases.

CoQ: Coenzyme Q); Cyt c: cytochrome c; mtDNA:
mitochondrial DNA; MPT: mitochondrial permeability
transition.

Thereby, free radical attack occurs directly at complexes
in the mitochondrial respiratory chain. Complexes | and
[l are also thought to be major sites for the production of
superoxide and other reactive oxygen species’®. The
highly reactive hydroxyl radical can damage macromo-
lecules within mitochondria, including lipids, proteins and

DNA™! and unrepaired mitochondrial DNA damage
leading to defective complex | and/or Il function can
result in increased electron reduction of O, to form su-
peroxide™ ¥, The increased flux of superoxide resulting
from these types of mitochondrial DNA lesions could
subsequently contribute to metabolic oxidative stress,
genomic instability, and cellular injury®®. Mitochondrial
DNA represents a critical target for such oxidative dam-
age. Once damaged, mitochondrial DNA can amplify
oxidative stress by decreased expression of critical pro-
teins important for electron transport, leading to a vicious
cycle of ROS and organelle dysregulation that eventually
triggers apoptosis™®. In addition, the mitochondrial res-
piratory chain is particularly sensitive to both NO™ and
ONOO™ mediated damage™. Mitochondrial proteins can
be modified by nitration. Protein oxidation and nitration
result in altered function of many metabolic enzymes in
the mitochondrial electron-transport chain, including ni-
cotinamide adenine dinucleotide dehydrogenase, cy-
tochrome c oxidase, and adenosine triphosphate syn-
thase™™®. Chronic ROS exposure can result in oxidative
damage to mitochondrial and cellular proteins, lipids, and
nucleic acids, and acute ROS exposure can inactivate
the iron-sulfur (Fe-S) centers of electron-transport chain
complexes I, I, and 1ll, and tricarboxylic acid cycle aco-
nitase, resulting in shut-down of mitochondrial energy
production’®.

ROS leads to changes in mitochondrial membrane
permeability and structure

Mitochondria are important organelles in eukaryotic
cells. Mitochondria have an inner and an outer mem-
brane separated by an intermembrane space. The outer
membrane is more permeable than the inner membrane
because of the presence of porin proteins®”. The inner
membrane is the site of oxidative phosphorylation and
electron transport, which is involved in adenosine tri-
phosphate production®®. Under normal physiological
conditions, the inner membrane is only permeable to
neutral small molecules. Therefore, it is difficult for ex-
ogenous antioxidants to reach mitochondria. However,
the inner mitochondrial membrane, near the site of ROS
production, is prone to lipid peroxidation®. Peroxidation
of mitochondrial phospholipids can increase proton
permeability of the inner mitochondrial membrane®®?,
alter the fluidity and other biophysical properties of mi-
tochondrial membranes and impair biochemical functions
of various transporters and respiratory enzymes in the
inner and outer membranes. In addition, the iron-sulfur
centers of the respiratory enzymes (e.g., succinate de-
hydrogenase and nicotinamide adenine dinucleotide
dehydrogenase) are prone to oxidative modification and
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the electron-transport function of mitochondria may be
impaired by ROS under oxidative stress™?. ROS may
promote mitochondrial permeability transition by causing
oxidation of thiol groups on the adenine nucleotide
translocator, which is believed to form part of the mito-
chondrial permeability transition pore®®. The mitochon-
drial permeability transition pore is considered to be a
channel with a large conductance provided by proteins
residing in both the inner and outer mitochondrial mem-
brane, which is activated by mitochondrial Ca** over-
loading and other factors including oxidative stress®®”. Its
activation increases inner mitochondrial membrane
permeability to solutes with a molecular mass of up to
1.5 kDa™,

ROS disturbed Ca** homeostasis

Ca” is a major player in the intracellular signaling sys-
tem that translates extracellular stimuli into the regulation
of a bewildering number of phenomena such as muscle
contraction, neurotransmitter release and other secretion
processes, cell proliferation, gene expression and cell
death®®. Ca* is also important for the activation of the
mitochondrial enzymes pyruvate dehydrogenase,
2-oxoglutarate dehydrogenase, and NAD-linked isoci-
trate dehydrogenase®®”. The influx of Ca?" through vol-
tage-dependent and ligand-gated channels in the plasma
membrane is a critical signal for the release of neuro-
transmitters from presynaptic terminals and for res-
ponses of the postsynaptic neuron®?®. Ca®* is removed
from the cytoplasm by the plasma membrane Na'/Ca*
exchanger, plasma membrane and endoplasmic reticu-
lum Ca?*-adenosine triphosphate synthases, and Ca?-
binding proteins such as calbindin and parvalbumin®.
By buffering intracellular Ca** loads, Ca**-binding pro-
teins such as calbindin may serve as endogenous an-
ti-excitotoxic proteins®®. Ca®* can also be transported
into and released from mitochondria and play important
roles in the regulation of neuronal Ca®* homeostasis. In
fact, genetic and pharmacological manipulations that
enhance mitochondrial Ca?" sequestration can protect
neurons against excitotoxicity®™. The concentration of
Ca®" in the cytosol is tightly regulated in all cells®™: under
resting conditions, Ca®" concentrations are typically in
the range of 75-200 nmol/L, and transiently increase to
1-10 ymol/L in response to membrane depolarization
and the opening of voltage-dependent Ca** and
N-methyl-D-aspartic acid receptor channels. Mitochon-
dria are also capable of sequestering Ca?* and then re-
leasing these ions into the cytosol®",

However, excessive ROS generation can directly dam-
age proteins and nucleic acids, cause oxidative stress,
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and further alter mitochondrial Ca®* homeostasis, partic-
ularly affecting the oxidation of specific thiol groups in
proteins®?. Peroxynitrite can also avidly react with thiols
to form nitrosothiols, affecting the function of proteins®.
In addition, peroxynitrite can affect the energy status of a
cell by inactivating key mitochondrial enzymes and trig-
gering calcium release from the mitochondria®. Eleva-
tion in Ca*" levels also causes a change in mitochondrial
potential and leads to the production of superoxide ion
radicals®™”, resulting in a vicious cycle. When mitochon-
dria become overloaded with Ca?*, they undergo mito-
chondrial permeability transition, resulting in osmotic
swelling and rupture of the outer mitochondrial mem-
brane®*. The sustained elevations in intracellular Ca®*
concentrations can cause neuronal degeneration and
cell death®®. In addition, ROS produced in the mito-
chondria promote Ca®* uptake and increase membrane
permeability, which results in the release of cytochrome c
and initiates apoptosis®. Hydroxyl radicals can directly
attack DNA bases, and if the damage is extensive, a cell
death pathway is activated. Perturbed neuronal Ca*
homeostasis is a consequence of those mutations that
contribute to the degeneration of neurons®®.

ROS undermines the mitochondrial defense system

Mitochondria are normally protected from oxidative
damage by a multilayer network of mitochondrial an-
ti-oxidant systems®®, which consist of superoxide dis-
mutase, catalase, glutathione peroxidase and gluta-
thione reductase together with a number of low molecu-
lar weight antioxidants such as a-tocopherol and ubi-
quinol™. These molecules are particularly effective in
scavenging lipid peroxyl radicals and preventing free
radical chain reactions of lipid peroxidation®”). However,
these antioxidant systems are not perfect. Hydrogen
peroxide produced by superoxide dismutase is relatively
unreactive; it can form highly reactive hydroxyl radicals in
the presence of ferrous ion via Fenton chemistry. These
hydroxyl radicals can initiate lipid peroxidation cascades
in membranes®®**"\. Furthermore, the products of sugar,
protein, and lipid oxidation can cause secondary damage
to proteins, which may lose catalytic function and un-
dergo selective degradation®. Because no defense
system is completely efficient, the entire array of availa-
ble endogenous antioxidant enzymes cannot fully neu-
tralize the ROS being emitted from mitochondria. Cu-
mulative oxidative injuries to mitochondria, triggered by
endogenous metabolic processes and/or exogenous
oxidative influences, cause mitochondria to progressively
become less efficient. As mitochondria progressively
lose their functional integrity, ever-greater proportions of
oxygen molecules reaching them are converted to
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ROS™. As mentioned above, ROS undermine the mi-
tochondrial defense system.

MITOCHONDRIAL DAMAGE AND
NEURODEGENERATIVE DISEASES

Mitochondrial structure and function

Structurally, mitochondria have four compartments: the
outer membrane, the inner membrane, the intermem-
brane space, and the matrix (the region inside the inner
membrane)®. The porous outer membrane encom-
passes the whole organelle and contains many important
enzymes and receptors®’ and is freely permeable to
small molecules and ions. The convoluted and invagi-
nated inner membrane contains the enzymes of oxida-
tive phosphorylation: cofactor coenzyme Q (ubiquinone
Q), FoF;-adenosine triphosphate synthase, and some
carrier proteins*?. In addition, cardiolipin is an important
component of the inner mitochondrial membrane, which
is impermeable to most small molecules and ions, in-
cluding H"”. Between the inner and outer membrane is
the intermembrane space, with contains specialized
proteins®’l. In the matrix, bordered by the inner mem-
brane, there are many enzymes for different metabolic
pathways, including the citric acid cycle, fatty acid oxida-
tion and urea cycle, mitochondrial DNA synthesis, and
peptidases and chaperones™. Mitochondria perform
numerous tasks, with the most crucial probably being the
generation of energy as adenosine triphosphate by
means of the electron-transport chain and the oxidative
phosphorylation system (respiratory chain)*"’. In addition
to adenosine triphosphate synthesis, mitochondria can
accumulate Ca**. Changes in mitochondrial Ca** can
regulate tricarboxylic acid cycle enzymes!*?. Through the
adenosine triphosphate/adenosine diphosphate pool,
mitochondria can influence glycolysis, the activity of Ca**
and Na'-K'-adenosine triphosphate synthases at the
plasma membrane and consequently the activity of
Na'-coupled plasma membrane transporters*’. Each
mammalian mitochondrion contains 2—-10 copies of mi-
tochondrial DNA, resulting in 1 000-100 000 copies in
each human cell. Individual mitochondrial DNA mole-
cules replicate at random, making one or more copies at
a time while maintaining a relatively constant total num-
ber of mitochondrial DNA molecules within the cell. If
there are two or more different types of mitochondrial
DNA molecules within a cell, by chance, any one type of
molecule may replicate more frequently than another
type, resulting in a change in the level of heteroplasmy
within the cell (intracellular drift)*). The number of or-
ganelles varies among cells, depending in large part on

the metabolic requirements of that cell. Thus, skin fi-
broblasts contain a few hundred mitochondria, whereas
neurons may contain thousands, and cardiomyocytes
tens of thousands®". In short, mitochondria are the seat
of a number of important cellular functions, including
essential pathways of intermediate metabolism, amino
acid biosynthesis, fatty acid oxidation, steroid metabol-
ism, and apoptosis*®.

Mitochondrial damage and the development of
neurodegenerative diseases

Neurodegenerative diseases are characterized by
gradually progressive selective loss of anatomically or
physiologically related neuronal systems™ “*". Despite
different clinical symptoms and pathology in these dis-
eases, increasing evidence suggests that mitochondrial
damage plays an important role in the pathogenesis of
these diseases*?.

Mitochondrial damage and AD

AD is the most common neurodegenerative disorder
worldwide. Mitochondrial degeneration and oxidative
damage are involved in the pathogenesis of ADM¥*9
Oxidative stress from mitochondrial dysfunction occurs
early in AD. Postmortem analyses have revealed that
overall levels of oxidative damage to proteins, lipids, and
DNA are elevated in AD brains®”. Oxidative changes to
proteins such as B-amyloid in AD may result in protein
misfolding and aggregate formation®. In addition,
B-amyloid is targeted to mitochondria, where it has been
shown to bind B-amyloid binding alcohol dehydrogenase
and inhibit cytochrome ¢ oxidasel®. Direct associations
between ROS production and amyloid plaques have also
been demonstrated in transgenic mice and in human
brain tissue from AD sufferers®**. Decreased activity of
the a-ketoglutarate dehydrogenase enzyme complex in
brains from AD patients has been observed®. The
a-ketoglutarate dehydrogenase enzyme complex is a
crucial mitochondrial enzyme complex that mediates
oxidative metabolism. Dumont et al ®¥ found that mito-
chondrial dihydrolipoyl succinyltransferase enzyme defi-
ciency increased amyloid plague burden, 3-amyloid oli-
gomers and nitrotyrosine levels in female Tg19959 mice.
The ketoglutarate dehydrogenase enzyme complex can
participate in oxidative stress and ROS production. Di-
hydrolipoyl succinyltransferase is one of the key subunits
specific to a-ketoglutarate dehydrogenase enzyme com-
plex activity. In late-onset AD, agerelated free radicals,
which are generated in mitochondria, are carried to the
cytoplasm where they activate B-secretase and facilitate
the cleavage of amyloid precursor protein molecules®* .
The cleaved amyloid precursor protein molecule further
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generates free radicals, leading to the disruption of the
electron-transport chain and enzyme activities, the inhi-
bition of adenosine triphosphate, and the subsequent
oxidation of both nuclear and mitochondrial DNA pro-
teins®. Indeed, Alzheimer’s brains harbor somatic mi-
tochondrial DNA mutations that suppress mitochondrial
transcription and replication®™. Finally, the damage
caused by mitochondria ultimately leads to neuronal
damage, neurodegeneration, and cognitive decline in AD
patients®*>"! (Figure 2).
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Figure 2  The role of mitochondria in Alzheimer’s
disease!.

Mitochondrial reactive oxygen species (ROS) generation
can increase B-amyloid protein (AB) levels, and AR can
interact with mitochondria and further cause mitochondrial
dysfunction. AB inhibits mitochondrial respiratory chain
complex IV (C-IV) and a-ketoglutarate dehydrogenase
(KGD), and binds AB-binding alcohol dehydrogenase
(ABAD). Both KGD and ABAD produce ROS (white stars).

The amyloid precursor protein (APP) may be targeted to
the outer mitochondrial membrane (OMM) and interfere
with protein import. Mitochondria have also been reported
to contain active y-secretase complexes, which are
involved in cleaving the APP to form AB and contain
presenilin 1, which increases the proteolytic activity of high
temperature requirement protein A2 (HTRA2) towards the
inhibitor of apoptosis proteins (IAPs). Alzheimer’s disease
patients have on average more somatic mutations in the
mitochondrial DNA (mtDNA) control region than control
subjects.

IMM: Inner mitochondrial membrane; IMS: intermembrane
space.

Interestingly, a broad range of pathological disorders and
molecular mechanisms in AD have been linked to oxida-
tive stress, such as c-Abl signaling, DNA damage, and
redox regulation of protein function®®%. Aberrant c-Abl
activation is linked to many neuronal disorders and c-Abl
colocalized with granulovacuolar degeneration in brains
of AD patients’®®°. Aberrant S-nitrosylation of dynamin
related protein 1 occurs in the presence of high levels of
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NO. S-nitrosylation causes a dramatic increase in mito-
chondrial fission and consequent bioenergetic compro-
mise. S-nitrosylation-dynamin related protein 1 levels are
significantly increased in postmortem sporadic AD pa-
tients when compared with controls®®®®,

Mitochondrial damage and PD

PD is the second most common neurodegenerative dis-
order® affecting approximately 2% of the population
over the age of 60 years and 4% of those over the age of
80 years'™. The pathological hallmark of the disease is
the accumulation of fibrous protein deposits in neuronal
cytoplasm (Lewy bodies) and nerve fibers (Lewy neurites)
in the brain.

Growing evidence indicates that defects in mitochondria
(such as mutations or polymorphisms in mitochondrial
DNA, and defects in complex | of the mitochondrial elec-
tron chain transport) are implicated in PD"*7® (Figure 3).
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Figure 3 The role of mitochondria in Parkinson’s
disease!™.

Complex | (C-1) activity is decreased in Parkinson’s
disease, and inhibition of C-1 by mitochondrial permeability
transition pore or rotenone causes Parkinsonism.
Mutations in mitochondrial DNA (mtDNA)-encoded C-I
subunits and mtDNA polymerase y (POLG) also cause
Parkinsonism. Many genes associated with Parkinson’s
disease (such as a-synuclein, parkin, DJ-1, PINK1, and
LRRK2) also implicate mitochondria in disease
pathogenesis. a-synuclein overexpression can impair
mitochondrial function and enhance the toxicity of the
mitochondrial permeability transition pore.

Parkin associates with the outer mitochondrial membrane
and protects against cytochrome c release. It may also
associate with mitochondrial-transcription-factor A (TFAM).
Physical associations have been reported between DJ-1
and a-synuclein, DJ-1 and PINK1, and DJ-1 and parkin,
and there is genetic evidence that DJ-1, PINK1 and parkin
are functionally linked in the same pathway. About 10% of
the kinase LRRK2 is localized to mitochondria, and
Parkinson’s disease-related mutations augment its kinase
activity. A mutation in high temperature requirement
protein A2 was found in 1% of sporadic Parkinson’s
disease patients. CR: Control region.
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So far, mutations or polymorphisms in mitochondrial
DNA and at least nine named nuclear genes have been
identified as causing PD or affecting PD risk: a-synuclein,
parkin, ubiquitin C-terminal hydrolase-L1, DJ-1, mito-
chondrial phosphatase and tensin homologue-induced
kinase 1, leucine-rich-repeat kinase 2, nuclear receptor
NURR1, HTRA2 and tau”"®3. Of the nuclear genes,
a-synuclein, parkin, DJ-1, phosphatase and tensin ho-
mologue-induced kinase 1, leucine-rich-repeat kinase 2
and HTRA2 directly or indirectly involve mitochondria'.

a-Synuclein is a major component of Lewy bodies™, and
three missense mutations (A53T, A30P and E46K) in the
gene encoding a-synuclein are linked to dominantly in-
herited PD™. Researchers discovered secretion of
a-synuclein is elevated in response to proteasomal and
mitochondrial dysfunction, resulting in cellular defects in
PD[94-95].

Mutations in parkin account for the majority of ear-
ly-onset familial PD cases™®®. Loss-of-function mutations
in the gene encoding parkin cause mitochondrial dys-
function®’ and the recessively inherited form of PD ",
Phosphatase and tensin homologue-induced kinase 1
and parkin are functionally linked, as their expression
induces mitochondrial fission'®**®!. Phosphatase and
tensin homologue-induced kinase 1 is localized to the
mitochondria. Loss-of-function of phosphatase and ten-
sin homologue-induced kinase 1 leads to decreased
mitochondrial protection against oxidative stress, caus-
ing enhanced mitochondrial dysfunction™. Parkin is
recruited to dysfunctional mitochondria to promote their
autophagic degradation and rescues degeneration in
phosphatase and tensin homologue-induced kinase
1-null flies™*.,

Cacciatore et al " selected rotenone, a specific mito-
chondrial complex | inhibitor, to produce Parkinsonism
like symptoms in rats and induce mitochondrial dysfunc-
tion and ultrastructural damage. Impaired mitochondrial
function leads to an excessive production of ROS. Mito-
chondrial complex | alterations are a major source of
ROS generation in patients with PD. Dysfunctional mi-
tochondria are the primary intracellular source of ROS in
PD models™®. Mitochondrial dysfunction, especially
selective loss of complex | activity and oxidative meta-
bolism, are critical components of most current theories
of nigrostriatal degeneration in PD™%5%!,

Mitochondrial damage and ALS
ALS is a progressive neurological disease that is asso-
ciated with degeneration of motor neurons, causing

muscle atrophy and, ultimately, paralysis. ALS is predo-
minantly a sporadic disorder, but approximately 10% of
cases are familial™®”. Abundant evidence indicates that
mitochondrial degeneration has been directly or indirectly
implicated in the pathogenesis of ALS" ! (Figure 4).
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Figure 4 The role of mitochondria in amyotrophic lateral
sclerosis™.

Overexpression of mutant superoxide dismutase 1 (SOD1)
in amyotrophic lateral sclerosis impairs electron transport
chain activities and decreases mitochondrial
calcium-loading capacity. SOD1 has been localized to the
outer mitochondrial membrane, intermembrane space and
matrix, and targeting of mutant SOD1 to mitochondria
causes cytochrome c release and apoptosis. Mutant
SOD1 promotes aberrant mitochondrial reactive oxygen
species production and forms aggregates that may clog
the outer mitochondrial membrane protein importation
machinery or bind and sequester the antiapoptotic protein
Bcl-2.

C-1l: Complex II; C-IV: complex IV.

Approximately 20% of familial ALS cases are due to
mutations in the gene encoding superoxide dismutase
1% The expression of mutant superoxide dismutase 1
is not only associated with mitochondrial morphological
changes, but also with mitochondrial dysfunction®,
Postmortem tissue, as well as biopsy samples of a va-
riety of tissues, show mitochondrial ab-normalities in
both sporadic and familial ALS patients™®®. Aggregated
and swollen mitochondria have been observed in post-
mortem sporadic ALS". Massive mitochondrial vacuo-
lation was observed in transgenic mice expressing the
superoxide dismutase 1 mutants G93A or G37R in their
motor neurons, which appear to derive from degenerat-
ing mitochondria™®**. Morphological abnormalities in
the form of swollen and vacuolated mitochondria of mo-
tor neurons were recognized early and have been de-
scribed extensively in mutant superoxide dismutase 1
transgenic mice™®*. Swollen and fragmented mito-
chondria were observed in N2A and NSC34 cells™?,
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Presynaptic terminals on the somata of nor-
mal-appearing Betz cells showed a wide range of
changes including increased mitochondria, and the dark
type of degenerative change in synapses such as dense
conglomerates of dark mitochondria with dense cristae
and densely aggregated presynaptic vesicles™?. These
alterations were significantly more common in ALS pa-
tients than in controls, suggesting that a substantial
synaptic change occurs in Betz cells even in the early
stage of ALS™. Menzies et al™® and Sasaki et al **°!
have also reported mitochondrial morphology abnormali-
ties in skeletal muscle, liver, spinal motor neurons and
cortical upper motor neuron regions of ALS patients us-
ing electron microscopy.

Mitochondrial alterations may represent an early event
triggering the onset of ALS, rather than simply a by
product of cell degeneration™. In the mutant superoxide
dismutase 1 mouse model, mitochondrial abnormalities
appear before symptoms of paralysis and motor neuron
degeneration. At the time of disease onset, mitochondrial
respiration and adenosine triphosphate synthesis are
defective in the brain and spinal cord of G93A mutant
superoxide dismutase 1 transgenic mice™**. Some ALS
patients with defects in mitochondrial oxidative phos-
phorylation in skeletal muscle have a novel superoxide
dismutase 1 mutation**”). Concomitantly, the release of
mitochondrial Ca** as well as pro-apoptotic factors (e.g.,
apoptosis-inducing factor, cytochrome c) into the cytosol
triggers signaling cascades leading to apoptosis that
seem to cause neuronal decline in neurodegenerative
diseases!. Observations on the function of mitochon-
dria have produced evidence consistent with these
morphological observations™®?.

Mitochondrial damage and other neurodegenerative
diseases

Mitochondrial damage plays an important role in the pa-
thogenesis of other neurodegenerative diseases besides
AD, PD and ALS. Helguera et al ¥ reported that mito-
chondrial dysfunction and oxidative stress are common
features of Down syndrome. Siddiqui et al *** suggested
that mitochondrial DNA is a major target of mutant Hun-
tington-associated oxidative stress, and that mitochondrial
damage is implicated in Huntington’s disease. The activity
of complex Il in the electron transport chain is decreased
in Huntington's disease brains'. Friedreich ataxia is a
common form of ataxia caused by decreased expression
of the mitochondrial protein frataxin®™**?, Oxidative
damage of mitochondria is thought to play a key role in the
pathogenesis of the disease!*?® ',

CONCLUSIONS AND PROSPECTS

Accumulating data suggest that oxidative stress and
mitochondrial damage are involved in the pathogenesis
of neurodegenerative diseases, and antioxidant admin-
istration to modify mitochondrial dysfunction may be
useful in the prevention and treatment of neurodegener-
ative diseases™?**?¥, Mitochondria are a major source of
intracellular ROS and are particularly vulnerable to oxid-
ative stress. Mitochondrial dysfunction is a prominent
feature of neurodegenerative diseases®”, such as PD,
AD, and ALSPY. As mentioned above, ROS can induce
mitochondrial DNA mutations, and damage the mito-
chondrial respiratory chain, membrane permeability, Ca®*
homeostasis and mitochondrial defense systems; all
these aspects are implicated in the development of
neurodegenerative diseases, which mediate or amplify-
ing neuronal dysfunction during the course of neurode-
generation. Therefore, strategies to modify mitochondrial
dysfunction may be an attractive therapeutic intervention
for the treatment of various neurodegenerative diseases.
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