
Over the last decade, the underlying genetic bases of
several neurodegenerative disorders, including Hunt-
ington disease (HD), Friedreich ataxia, hereditary spas-
tic paraplegia, and rare familial forms of Parkinson dis-
ease (PD), Alzheimer disease (AD), and amyotrophic
lateral sclerosis (ALS), have been identified. However,
the etiologies of sporadic AD, PD, and ALS, which are
among the most common neurodegenerative diseases,
are still unclear, as are the pathogenic mechanisms giv-
ing rise to the various, and often highly stereotypical,
clinical features of these diseases. Despite the differen-
tial clinical features of the various neurodegenerative
disorders, the fact that neurons are highly dependent
on oxidative energy metabolism has suggested a uni-
fied pathogenetic mechanism of neurodegeneration,
based on an underlying dysfunction in mitochondrial
energy metabolism.

Mitochondria are the seat of a number of important
cellular functions, including essential pathways of inter-
mediate metabolism, amino acid biosynthesis, fatty acid
oxidation, steroid metabolism, and apoptosis. Of key
importance to our discussion here is the role of mito-
chondria in oxidative energy metabolism. Oxidative
phosphorylation (OXPHOS) generates most of the cell’s
ATP, and any impairment of the organelle’s ability to

produce energy can have catastrophic consequences, not
only due to the primary loss of ATP, but also due to indi-
rect impairment of “downstream” functions, such as the
maintenance of organellar and cellular calcium home-
ostasis. Moreover, deficient mitochondrial metabolism
may generate reactive oxygen species (ROS) that can
wreak havoc in the cell. It is for these reasons that mito-
chondrial dysfunction is such an attractive candidate for
an “executioner’s” role in neuronal degeneration.

The mitochondrion is the only organelle in the cell,
aside from the nucleus, that contains its own genome
and genetic machinery. The human mitochondrial
genome (1) is a tiny 16.6-kb circle of double-stranded
mitochondrial DNA (mtDNA) (Figure 1). It encodes 13
polypeptides, all of which are components of the respi-
ratory chain/OXPHOS system, plus 24 genes, specify-
ing two ribosomal RNAs (rRNAs) and 22 transfer RNAs
(tRNAs), that are required to synthesize the 13 polypep-
tides. Obviously, an organelle as complex as a mito-
chondrion requires more than 37 gene products; in fact,
about 850 polypeptides, all encoded by nuclear DNA
(nDNA), are required to build and maintain a func-
tioning organelle. These proteins are synthesized in the
cytoplasm and are imported into the organelle, where
they are partitioned into the mitochondrion’s four
main compartments — the outer mitochondrial mem-
brane (OMM), the inner mitochondrial membrane
(IMM), the intermembrane space (IMS), and the matrix,
located in the interior (the organelle’s “cytoplasm”). Of
the 850 proteins, approximately 75 are structural com-
ponents of the respiratory complexes (Figure 2) and at
least another 20 are required to assemble and maintain
them in working order. The five complexes of the respi-
ratory chain/OXPHOS system — complexes I (NADH
ubiquinone oxidoreductase), II (succinate ubiquinone
oxidoreductase), III (ubiquinone–cytochrome c reduc-
tase), IV (cytochrome c oxidase), and V (ATP synthase)
— are all located in the IMM. There are also two electron
carriers, ubiquinone (also called coenzyme Q), located
in the IMM, and cytochrome c, located in the IMS.

Besides the fact that it operates under dual genetic
control, four other features unique to the behavior of
this organelle are important in understanding mito-
chondrial function in neurodegeneration. First, as
opposed to the nucleus, in which there are two sets of
chromosomes, there are thousands of mtDNAs in each
cell, with approximately five mtDNAs per organelle.
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Second, organellar division and mtDNA replication
operate independently of the cell cycle, both in divid-
ing cells (such as glia) and in postmitotic nondividing
cells (such as neurons). Third, upon cell division, the
mitochondria (and their mtDNAs) are partitioned ran-
domly between the daughter cells (mitotic segregation).
Finally, the number of organelles varies among cells,
depending in large part on the metabolic requirements
of that cell. Thus, skin fibroblasts contain a few hun-
dred mitochondria, whereas neurons may contain
thousands and cardiomyocytes tens of thousands of
organelles. Taken together, these features highlight the
fact that mitochondria obey the laws of population
genetics, not mendelian genetics.

Mitochondrial diseases
Mitochondria and their DNA are inherited exclusively
from the mother. Thus, pathogenic mutations in
mtDNA can cause maternally inherited syndromes.
Since these mutations arise initially in only one
mtDNA, the population of mtDNAs that was original-
ly homoplasmic (i.e., only one mtDNA genotype)
becomes heteroplasmic (two or more coexisting
mtDNA genotypes). Obviously, the ratio of normal to
mutated mtDNAs in a heteroplasmic population, and
their spatial and temporal distributions, will be critical
in determining whether and when a subpopulation of
mutant mtDNAs will have overt phenotypic conse-
quences. In this regard, it is important to note that
most mitochondrial diseases due to maternally inher-

ited mutations in mtDNA are recessive, that is, a very
high amount of mutated mtDNA must be present (typ-
ically more than 70% of the total population of 
mtDNAs) in order to cause overt dysfunction. Since
mtDNA encodes subunits of the respiratory complex-
es, pathogenic mutations in mtDNA cause diseases
arising from problems in OXPHOS. On the other
hand, mutations in nucleus-encoded proteins that are
targeted to mitochondria, or that affect organellar
function indirectly, can affect almost any aspect of cel-
lular function, not just oxidative energy metabolism.

Neurodegenerative diseases associated with
mutations in mitochondrial genes
Diseases associated with mtDNA mutations are typi-
cally heterogeneous and are often multisystemic. Since
heart, skeletal muscle, and brain are among the most
energy-dependent tissues of the body, it is not surpris-
ing that many mitochondrial disorders are encephalo-
cardiomyopathies. For example, mutations in the
tRNALeu(UUR) gene cause mitochondrial encephalomy-
opathy with lactic acidosis and strokelike episodes
(MELAS), mutations in tRNALys cause myoclonus
epilepsy with ragged-red fibers (MERRF), and large-
scale spontaneous deletions cause Kearns-Sayre syn-
drome (KSS) and progressive external ophthalmoplegia
(PEO) (2). While these diseases are clinically distinct,
they share a number of features found in many (but by
no means all) mitochondrial diseases, including lactic
acidosis, massive mitochondrial proliferation in muscle
(resulting in ragged-red fibers [RRFs]), and cytochrome
c oxidase (CCO) deficiency. In muscle biopsies, the
mutated mtDNAs accumulate preferentially in the
RRFs, and RRFs are typically negative for CCO activity.

On the other hand, there are some mtDNA muta-
tions that tend to cause rather selective neuronal
degeneration (Figure 1 and Table 1). This situation
applies, for example, to mutations in the mtDNA genes
coding for subunits of complexes I and V. Mutations in
complex I subunits have been associated specifically
with Leber hereditary optic neuropathy (LHON), a sub-
acute degeneration of the optic nerve causing bilateral
visual failure and blindness. Remarkably, LHON
affects males far more than females. Equally remark-
ably, many patients are homoplasmic for the mutation
(i.e., the mutation affects all mtDNAs), which is pres-
ent in all tissues, and yet the disease is essentially con-
fined to the optic nerve. Complex I activity in cells from
these patients ranges from extremely mild to severe.
Mutations in complex I genes are also associated with
an “LHON-plus” syndrome, characterized pathologi-
cally by basal ganglia degeneration and dystonia, and
with a maternally inherited form of levodopa-respon-
sive parkinsonism.

Mutations in the mtDNA-encoded subunit 6 of com-
plex V (ATPase 6) are associated with a syndrome char-
acterized clinically by neuropathy, ataxia, and retinitis
pigmentosa (NARP) at mutation loads of 70–90% in
brain, and with a form of subacute necrotizing
encephalomyelopathy known as Leigh syndrome
(maternally inherited Leigh syndrome [MILS]) at muta-
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Figure 1
Map of the human mitochondrial genome (1). Polypeptide-coding genes
(boldface) are outside the circle and specify seven subunits of NADH
dehydrogenase–coenzyme Q oxidoreductase (ND), one subunit of coen-
zyme Q–cytochrome c oxidoreductase (Cyt b), three subunits of
cytochrome c oxidase (CCO), and two subunits of ATP synthase (A) (see
also Figure 2). Protein synthesis genes (12S and 16S rRNAs, and 22
tRNAs [one-letter code]) are inside the circle. Mutations in mtDNA asso-
ciated with MELAS and MERRF, and mutations with features of neuro-
degenerative disorders, such as ataxia, chorea, dystonia, motor neuron
disease (MND), and parkinsonism, are boxed. A complete list of patho-
genic mtDNA mutations may be found in ref. 64.



tion loads above 90%. These mutations cause varying
degrees of impairment of mitochondrial ATP synthe-
sis. Other mutations in mtDNA that cause Leigh syn-
drome (LS) have been found in ND5, tRNATrp, tRNAVal,
and CCO III; patients with the latter two were atypical,
in that the disease was of relatively late onset.

Neurodegenerative diseases associated with
mutations in nuclear gene products that 
are targeted to mitochondria
Mutations in a small but growing subset of the 850-
odd nDNA-encoded gene products that are present in
mitochondria have been implicated in neurodegenera-
tive disease (Table 1). While some, such as LS, are essen-
tially the mendelian counterpart of diseases previously
associated with mutations in mtDNA, the others are sui
generis and have highly diverse genetic origins.

Leigh syndrome
LS is a fatal neurodegenerative condition pathologi-
cally characterized by subacute symmetrical necrotic
lesions in the subcortical regions of the CNS, including
thalamus, basal ganglia, brainstem, and spinal cord,
accompanied by demyelination, gliosis, and vascular
proliferation in affected areas. Onset is most frequent-
ly in infancy or early childhood but may sometimes be
in adult life. Symptoms include motor and mental
regression, dystonia, ataxia, and abnormal breathing.
Death generally occurs within 2 years after onset. It is
now clear that LS results from impaired mitochondri-
al energy metabolism, which can arise from a variety of
causes. As noted above, LS can be caused by maternal-
ly inherited mutations, but inheritance of LS can also
be autosomal-recessive or X-linked. In the latter group

are mutations in subunits of the pyruvate dehydroge-
nase complex, mutations in nuclear-encoded respira-
tory chain subunits (mainly of complex I but some-
times also of complex II), and mutations in proteins
involved in respiratory chain assembly.

CCO deficiency is one of the most common causes of
autosomal-recessive LS, but interestingly, all the muta-
tions described to date have been in genes that are
required for CCO assembly. Only one sporadic mutation
causing LS was found in a CCO structural subunit, in
mtDNA-encoded CCO III. CCO-deficient LS is most com-
monly due to mutations in SURF1, a mitochondrially tar-
geted CCO assembly protein of unknown function, and
in SCO2, a mitochondrially targeted protein required for
insertion of copper into the CCO holoprotein.

Friedreich ataxia
Friedreich ataxia (FRDA) is the most common of the
hereditary ataxias. It is defined clinically by progressive
limb and gait ataxia, axonal sensory neuropathy, absent
tendon reflexes, and pyramidal signs. FRDA, which is
autosomal-recessive, results from mutations in FRDA,
which encodes frataxin, a mitochondrially targeted
iron-storage protein (3, 4). Trinucleotide repeat (GAA)
expansions in intron 1, sometimes in combination with
point mutations on the other allele, reduce frataxin
expression, resulting in decreased activities of holo-
proteins containing iron-sulfur groups, including com-
plexes I, II, and III, and aconitase, a Krebs cycle enzyme.
Notably, frataxin is particularly abundant in the cere-
bellum and spinal cord. Mitochondrial enzyme defi-
ciencies and late-stage iron accumulation were also
found in a frataxin knockout mouse (5). While the
pathogenesis of FRDA is still unclear, one possibility is
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Figure 2
Schematic representation of the mitochondrion with its electron transport chain (ETC). The ETC is the principal source of ROS in the cell. In addi-
tion to mutations in mtDNA- and nDNA-encoded components of the ETC, a number of mutant mitochondrial proteins that do not belong to the
ETC have been associated with neurodegenerative disorders. The intramitochondrial localization and the clinical phenotypes associated with muta-
tions of some of these proteins (in ovals) are indicated.



that the presence of unbound (free) reactive iron, via
the Fenton reaction, generates free radicals within the
mitochondria, leading to oxidative damage and inacti-
vation of mitochondrial enzymes. For unknown rea-
sons, mitochondrial superoxide dismutase (Mn-SOD),
a key antioxidant protein, is deficient in cultured cells
from FRDA patients, making them even more prone to
oxidative damage. The role of oxidative damage in the
pathogenesis of FRDA is also supported by the finding
that idebenone, an antioxidant similar to ubiquinone,
can reduce myocardial hypertrophy and also decrease
markers of oxidative stress in FRDA patients (6, 7).

Hereditary spastic paraplegia
Hereditary spastic paraplegia is a progressive disorder
resulting in paraparesis, with onset in childhood or early
adulthood. Upper motor neurons are involved selective-
ly, and ataxia and retinitis pigmentosa are also common.
Autosomal-dominant, X-linked, and autosomal-recessive
forms have been described. Patients with a recessive form
of hereditary spastic paraplegia harbor mutations in
SPG7, which encodes paraplegin (8), a mitochondrially
targeted protein with strong similarity to yeast metallo-
proteases. Although the underlying pathogenic mecha-
nism is still unclear, mutations in paraplegin cause
OXPHOS dysfunction with CCO deficiency and mito-
chondrial proliferation (i.e., RRFs) in muscle (8). Recent-
ly, an autosomal-dominant form of hereditary spastic
paraplegia (SPG13) has been attributed to mutations in
the mitochondrial import chaperonin HSP60 (9).

Deafness-dystonia syndrome
Deafness-dystonia syndrome, also called Mohr-Traneb-
jaerg syndrome, is an X-linked recessive disorder char-
acterized by progressive sensorineural deafness, dysto-
nia, cortical blindness, and psychiatric illness. It results
from mutations in TIMM8A, which encodes deaf-
ness/dystonia protein-1 (DDP1) (10), a component of
the mitochondrial protein import machinery located
in the IMS. In fibroblasts from patients, mitochondri-
al protein import is impaired (although not in a global
fashion), probably because the DDP1 mutation
impairs assembly of TIMM8A into a functional sub-
complex of the import machinery (11).

Wilson disease
Wilson disease is an early-onset autosomal-recessive dis-
ease characterized by movement disorders (e.g., parkin-
sonism and dystonia), psychiatric symptoms, and liver
failure. The defect results from mutations in ATP7B,
which encodes a copper-transporting P-type ATPase
and results in copper accumulation in kidney, liver, and
the basal ganglia of the brain. ATP7B exists in two iso-
forms, a 159-kDa form that localizes to the trans-Golgi
network, and a 140-kDa form that localizes to mito-
chondria (12). The mitochondrial localization of the
140-kDa isoform (presumably it is in the inner mem-
brane, but this has not yet been demonstrated) suggests
that it might play a role in the functions of copper-
dependent enzymes, such as CCO. In fact, mitochon-
dria in affected tissues have morphological abnormali-
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Table 1
Neurodegenerative disorders with mitochondrial involvement

Neurodegenerative diseases due to: Mutated gene product

Primary mutations in mtDNA

Leigh syndrome CCO III, ND5, tRNATrp, tRNAVal

LHON/Parkinsonism/Dystonia Complex I mtDNA-encoded subunits
Motor neuron disease CCO I
NARP/MILS ATPase 6
Parkinsonism 12S rRNA

Nuclear gene mutations in mitochondrion-targeted proteins affecting OXPHOS

Leigh syndrome with complex I deficiency Complex I nDNA-encoded subunits
Leigh syndrome with complex II deficiency SDH flavoprotein
Leigh syndrome with complex IV deficiency SURF1, SCO2
Leigh syndrome with PDH deficiency PDH E1-α subunit

Nuclear gene mutations in other mitochondrion-targeted proteins

ALS Cu,Zn-SOD
Friedreich ataxia Frataxin
Hereditary spastic paraplegia Paraplegin, HSP60
Mohr-Tranebjaerg syndrome Deafness/dystonia protein-1 (TIMM8A)
Wilson disease Cu-transporting ATPase (ATP7B)

Nuclear gene mutations in non–mitochondrion-targeted proteins

AD ABPP, presenilin-1, presenilin-2
HD Huntingtin
PD Parkin, α-synuclein
PSP Tau protein

Putative secondary mitochondrial involvement

Sporadic AD Unknown
Sporadic ALS Unknown
Sporadic PD Unknown

LHON, Leber hereditary optic neuropathy; NARP, neuropathy, ataxia, and retinitis pigmentosa; MILS, maternally inherited Leigh syndrome.



ties, as well as deficiency of liver mitochondrial enzymes,
especially complex I and aconitase. Thus, oxidative dam-
age mediated by mitochondrial copper accumulation
may play a role in the pathogenesis of Wilson disease.
Since ATP7B is present in multiple subcellular com-
partments, the role of mitochondria in the pathogene-
sis of the disease may be secondary rather than primary,
and the issue of mitochondrial involvement in Wilson
disease remains controversial.

Mitochondrial dysfunction in disorders associated
with mutations in nonmitochondrial proteins, 
and in neurodegenerative disorders 
with unknown causes
The most problematic and contentious connections
between mitochondrial dysfunction and neurodegen-
eration involve those disorders that result either from
primary mutations in gene products not targeted to
mitochondria or from still unknown causes (Table 1).
Because, in toto, these disorders account for the vast
majority of neurodegenerative disease, the possibility
of a unifying principle based on mitochondrial dys-
function as a primary cause of neuronal cell death (13)
has become not only attractive, but even seductive. The
key question, of course, is whether the data supporting
this hypothesis are persuasive. We summarize here the
evidence for and against such connections.

Alzheimer disease
AD is the most common form of dementia in the elder-
ly. Approximately 5% of AD cases are familial (FAD)
with autosomal-dominant transmission; these result
mainly from mutations in the amyloid β precursor pro-
tein (ABPP) or in the ABPP processing proteins prese-
nilin-1 (PS1) and presenilin-2 (PS2). Most patients with
AD have sporadic cases (SAD) without a known genet-
ic defect. The neuropathology in both FAD and SAD is
characterized by neuronal loss and by the presence of
amyloid plaques and neurofibrillary tangles. Aggregat-
ed β-amyloid peptide (Aβ), a 40– to 42–amino acid sub-
fragment of the much larger ABPP, is considered by
many to be the principal culprit in the pathogenesis of
AD, but the mechanism by which Aβ40-42 causes neu-
rodegeneration is highly controversial. It is not clear
whether plaques and tangles are a cause or an effect, and
it has even been proposed that the accumulation of
Aβ40-42 is a protective response to oxidative damage
caused by mitochondrial dysfunction (14).

Although the findings of mutated forms of APP or pre-
senilins in FAD point toward a pathogenetic role for
Aβ40-42, the lack of a clear-cut mechanism for patho-
genesis has caused hypotheses involving mitochondrial
dysfunction to flourish. In fact, there are several dis-
parate lines of evidence pointing to mitochondrial
involvement in the disease. For example, it has long been
known that patients with trisomy 21 (Down syndrome)
develop the neuropathology of AD, presumably because
of an increased dosage of the ABPP gene, which resides
on chromosome 21. Not only did cultured astrocytes
from Down syndrome patients show increased intracel-
lular levels of Aβ42 associated with impaired mitochon-

drial membrane potential, but the converse was also
true, namely, that impairment of mitochondrial
OXPHOS in normal astrocytes resulted in alterations of
ABPP processing and elevated levels of Aβ42 (15). These
data are consistent with the finding that Aβ can inhibit
respiration when added to isolated mitochondria (16).

Several groups have found either reduced CCO activ-
ity (17) or reduced levels of immunohistochemically
detectable CCO polypeptides (18, 19) in AD brains. At
this point, there is no conclusive evidence that mtDNA
mutations are higher in AD patients than in normal
elderly individuals, or that any particular mtDNA
mutation is pathogenic in AD. Therefore, it is more
likely that the respiratory chain defects observed in AD
brains derive from nuclear gene defects or from
acquired damage to respiratory chain components.

Amyotrophic lateral sclerosis
ALS is a neurodegenerative disorder affecting cortical
motor neurons and the anterior horn cells of the spinal
cord. The disease generally starts in the fourth or fifth
decade of life and progresses rapidly, leading to paraly-
sis and premature death. While most cases are sporadic
and of unknown etiology, about 15–20% are familial
(FALS); of these, about 10% are caused by dominant
mutations in SOD1, encoding Cu,Zn-superoxide dis-
mutase (Cu,Zn-SOD). Consistent with the dominant
nature of the disorder, mutations in SOD1 do not
decrease Cu,Zn-SOD activity significantly, implying
that the mutations confer some as-yet unknown toxic
“gain of function” on the protein.

Mutant mice carrying the common G93A mutation
on a transgene develop severe motor neuron disease
reminiscent of ALS, and in addition, the motor neu-
rons develop massive mitochondrial degeneration. In
SOD1G93A mice, the motor symptoms were preceded by
a transient explosive increase in vacuoles derived from
degenerating mitochondria in the motor neurons (20).
These mice also had reduced respiratory chain function
(21, 22), and, when fed creatine, a key component of the
mitochondrial energy buffering and transfer system,
their motor performance improved, as did survival (23).

Interestingly, some patients with sporadic ALS
(SALS) accumulate abnormal mitochondria in anteri-
or horn cells (24). Reductions in respiratory chain activ-
ity have been observed in spinal cords from SALS
patients (25, 26), and this reduction appeared to corre-
late with a concomitant decline in total mtDNA in the
tissue, implying that total numbers of organelles were
reduced in the spinal cords of these patients (26).

It had long been thought that Cu,Zn-SOD was con-
fined to the cytosol, and that only Mn-SOD (SOD2) was
present in mitochondria. Recently, however, it has been
determined that SOD1 is also located in the IMS of
mitochondria. Thus, SOD activity in mitochondria is
compartmentalized within the organelle itself, with
SOD1 in the IMS and SOD2 in the matrix. This obser-
vation now provides a stronger rationale to explain some
of the mitochondrion-related pathology in ALS, as
mutant SOD1 could damage mitochondria directly.
Transgenic mice expressing the G93A mutation in
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SOD1 show early activation of the mitochondrion-
dependent apoptotic pathway (see below), with release
of cytochrome c to the cytosol and translocation of the
proapoptotic protein Bax to mitochondria, and similar
effects have been observed in the spinal cords of SALS
patients. Furthermore, mouse neuroblastoma cells
expressing mutant SOD1 had impaired mitochondrial
calcium buffering capacity, leading to elevated cytoplas-
mic calcium, a potential stimulus for apoptosis. Anoth-
er proposed mitochondrion-related mechanism is based
on the finding that cytosolic chaperones, such as HSP70,
block the import of mutant SOD1, but not wild-type
SOD1, into mitochondria (27). In this scenario, the
mutant SOD1 forms aggregates with these HSPs and at
the same time titrates them out of the cytosol, thereby
killing the cell. Finally, mutant SOD1, but not wild-type
SOD1, has been found to interact with at least four pro-
teins, one of which — lysyl-tRNA synthetase — has an iso-
form that is targeted to mitochondria (28).

Taken together, these findings suggest that mito-
chondrial dysfunction might play a role in the patho-
genesis of both sporadic and familial ALS (29). The
mechanisms, however, appear to be complex and may
very well involve not only OXPHOS deficiency, but also
apoptosis and oxidative damage, as culprits. Notably,
treatment of SOD1-mutant mice with the antibiotic
minocycline, which inhibits mitochondrial permeabili-
ty transition-mediated cytochrome c release, extended
survival (30). Recent data, however, have failed to sup-
port the hypothesis that the gain of function of mutant
Cu,Zn-SOD is an increase in copper-mediated free radi-
cal damage (31). Specifically, mice that lacked dismutase
activity still developed the features of ALS, implying that
the gain of function is not mediated by an increase in
ROS that results from elevated or altered SOD1 activity.

Huntington disease
HD is a chronic autosomal-dominant disease charac-
terized by choreoathetotic movements and progressive
cognitive and emotional disturbances. Pathologically,
there is selective degeneration of striatal neurons, with
marked atrophy of the putamen and caudate nucleus.
HD is a trinucleotide repeat disorder, with expansions
of a CAG repeat near the N-terminus of huntingtin, the
product of the IT15 gene on chromosome 4. The
mutated protein accumulates as nuclear inclusions in
striatum and cortex.

Nevertheless, a defect in energy metabolism has been
proposed as a potential pathogenic mechanism under-
lying HD, based on evidence obtained both in vivo and
at autopsy. MRI spectroscopy in occipital cortex and
basal ganglia of HD patients showed elevated lactate
(32), as well as a reduced ratio of phosphocreatine to
inorganic phosphate (PCr/Pi) in muscle (33). Animals
treated with malonate, which inhibits respiratory chain
complex II, develop pathological lesions in the striatum
that closely resemble those of HD (34). Defects in com-
plexes II and III, and in aconitase, have been described in
postmortem HD brains, especially in the basal ganglia.
In transgenic mouse models of HD, similar defects have
been observed by some groups, but not by others. Lym-

phoblasts from HD patients showed increased cyanide-
induced depolarization of mitochondria, as well as a
greater vulnerability to staurosporin, an inducer of mito-
chondrion-mediated apoptosis. Recently, it was demon-
strated by electron microscopy that mutant huntingtin
localizes on neuronal mitochondrial membranes. Fur-
thermore, it was shown that lymphoblast mitochondria
from patients with HD have a lower membrane poten-
tial and a tendency to become depolarized at lower cal-
cium levels than control mitochondria. Brain mito-
chondria from transgenic mice expressing mutant
huntingtin showed similar mitochondrial defects (35).

Despite evidence in support of mitochondrial involve-
ment in the pathogenesis of HD, the mechanism by
which mutated huntingtin could cause bioenergetic
dysfunction is still unknown, but some hypotheses have
been formulated. Mutant huntingtin is known to bind
to, and presumably downregulate, the activity of sever-
al polyglutamine-containing transcription factors that
modulate nuclear gene transcription, such as Sp1, p53,
TATA-binding protein, and cAMP-responsive ele-
ment–binding (CREB) protein. These factors are
thought to be involved in regulating the transcription
of proteins involved in mitochondrial energy metabo-
lism and in mitochondrion-initiated apoptosis. For
example, mitochondrial dysfunction was shown to be
associated with increased activated CREB in cultured
cells (36). Therefore, by blocking the activity of critical
transcription factors, mutant huntingtin might cause
mitochondrial dysfunction. This hypothesis is partial-
ly weakened by the recent observation that, in a trans-
genic mouse model of HD, polyglutamine-containing
transcription factors did not seem to be critically deplet-
ed in the nuclei of brain cells (37).

The issue of cause and effect has been highlighted by
the recent finding that the expanded polyglutamine
stretch in mutated huntingtin prevents it from binding
to Hip-1 (huntingtin-interacting protein-1), as normal
huntingtin does, thereby allowing free Hip-1 to bind to
Hippi (Hip-1 protein interactor). Since Hip-1/Hippi het-
erodimers can recruit procaspase-8 (cysteine aspartic
acid–specific protease 8) (see below), the weakened inter-
action between mutated huntingtin and Hip-1 is a
proapoptotic event (38). As apoptosis, including that
associated with caspase-8, can occur via both a mito-
chondrial (i.e., cytochrome c–induced) and a nonmito-
chondrial (“extrinsic”) pathway, it is unclear at present
whether the caspase-Hippi pathway is upstream or down-
stream of the known mitochondrial alterations in HD.

Parkinson disease
Nowhere is the role of mitochondrial respiratory chain
dysfunction more persuasive, but also more con-
tentious, than in the field of PD. PD is a neurodegen-
erative disorder characterized clinically by rigidity,
tremor, and bradykinesia. The pathological hallmark
of the disease is the loss of dopaminergic neurons in
the substantia nigra pars compacta. As with ALS and
AD, most PD cases are sporadic, but there are a few
rare cases in which PD is inherited as a mendelian trait
(familial PD [FPD]).
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The mitochondrial connection to PD began almost
20 years ago, when it was discovered that 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes
parkinsonism in humans and in laboratory animals.
MPTP inhibits complex I of the respiratory chain, but
only indirectly, as it is the MPTP metabolite N-methyl-
4-phenylpyridinium ion (MPP+), produced by the mito-
chondrial outer membrane protein monoamine oxi-
dase B (MAO-B), that causes the damage. Soon
thereafter, investigators found complex I deficiency
and oxidative damage in the substantia nigra of PD
patients, as well as reduced immunoreactivity for com-
plex I subunits in affected neurons. Because complex-
es I and III are the principal sources of free radicals in
the cell, altered complex I function in the substantia
nigra pars compacta could be responsible for the
increased DNA damage and lipid peroxidation found
in PD brains (39).

Mutations in FPD have been found in the genes
encoding α-synuclein and parkin, but the role of these
polypeptides in neurodegeneration is unknown. It is
noteworthy, however, that both α-synuclein and
parkin, which are components of Lewy bodies (abnor-
mal aggregates found in PD neurons), can bind to each
other in vitro (40), that α-synuclein can bind to CCO
(41), and that mitochondrial respiratory chain
inhibitors can stimulate aggregation of α-synuclein
into Lewy bodies in vitro (42, 43).

As with AD, the role of mtDNA mutations in the res-
piratory chain defects of PD is quite con-
troversial: while some groups showed that
cybrids containing mtDNA derived from
PD platelets had reduced complex I activ-
ity, others could not replicate this finding.
Only three mutations in mtDNA were
associated specifically with parkinsonism,
and they did not present as “classical” PD.
Patients with a heteroplasmic mutation
in the 12S rRNA gene had parkinsonism
as part of a syndrome characterized by
deafness and neuropathy, while a boy
with a heteroplasmic microdeletion in the
cytochrome b gene had an overlap syn-
drome of parkinsonism and MELAS. A
parkinsonian syndrome was also associ-
ated with one of the LHON mutations in
complex I. On the other hand, it was
recently reported that about 10% of
patients diagnosed with clinical, bio-
chemical, and/or morphological features
of mitochondrial disease had features of
parkinsonism, and that these patients
responded positively to anti-Parkinson
medications (44). Unfortunately, howev-
er, none of the 76 patients studied were
diagnosed at the genetic level.

Progressive supranuclear palsy
Progressive supranuclear palsy (PSP) is a
late-onset (age 50–70 years) neurological
disorder with rapid progression, charac-

terized by extrapyramidal symptoms, palsy of vertical
gaze of supranuclear origin, and cognitive impairment.
The pathological hallmark of PSP is the presence of
neurofibrillary filaments containing hyperphosphory-
lated tau protein in the subcortical regions of the brain,
with diffuse neuronal degeneration and gliosis. Genet-
ic studies have linked an extended tau haplotype (H1)
with the disease.

OXPHOS defects have been reported in muscle from
PSP patients. Postmortem PSP brains had an increased
content of malondialdehyde, a marker of lipid peroxi-
dation, and reduced activity of α-ketoglutarate dehy-
drogenase, the rate-limiting enzyme of the Krebs cycle,
but they also had normal respiratory chain activities
(45, 46). While it is conceivable that a combination of
mitochondrial dysfunction and oxidative stress could
generate a vicious cycle leading to further oxidative
damage and neuronal degeneration, at this point it is
difficult to hypothesize a model consistent with both
OXPHOS defects in muscle and normal complex I and
IV activities in brain, or to explain why the Krebs cycle
should be affected in particular.

Mechanisms of mitochondrion-mediated cell death
In neurodegenerative diseases, specific populations of
neurons die, but by what mechanism? Apoptotic cell
death has been invoked as the underlying basis for neu-
ronal loss, but the data are both conflicting and con-
fusing. Apoptosis in mammalian cells is a highly regu-
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Figure 3
A schematic view of the main pathways of apoptosis: mitochondrion-mediated and mito-
chondrion-independent. See text for details.



lated process that operates to sculpt cell populations
during the normal course of embryonic and fetal devel-
opment, but it can also operate during adult life to elim-
inate cells that are under various stresses. In broad view,
apoptosis can operate via two pathways, one mitochon-
drion-mediated and the other receptor-mediated but
mitochondrion-independent (Figure 3). In the mito-
chondrion-dependent pathway, an external insult — ele-
vated cytosolic calcium, to cite but one example — acts
to cause release of cytochrome c, which is located in the
IMS. Cytosolic cytochrome c can then bind APAF-1
(apoptotic protease-activating factor 1), which then
binds to the inactive form of caspase-9. This “initiator”
caspase complex, or “apoptosome,” can now activate a
cascade of events, beginning with activation of down-
stream “effector” caspases, such as caspase-3, followed
by activation of caspases further downstream, ulti-
mately resulting in the hallmarks of apoptosis (con-
densation of nuclear and cytoplasmic contents, nDNA
fragmentation, cell blebbing, and autophagy of mem-
brane-bound bodies). Mitochondrion-mediated activa-
tion of caspase-9 can also occur via external (extracellu-
lar) receptor-mediated signals (e.g., TNF, growth factor
deprivation, etc.) to target various ligands — e.g., Bad,
Bax, Bik, Noxa — to the mitochondrion, thereby caus-
ing cytochrome c release and binding of APAF-1. Under
other circumstances, a separate mitochondrion-inde-
pendent pathway also operates (Figure 3).

Cell death in mitochondrial and 
in neurodegenerative disease
Among the numerous stresses known to participate in
mitochondrion-mediated apoptosis, at least in vitro,
bioenergetic failure and elevated ROS figure promi-
nently (47). Thus, two key hypotheses immediately
present themselves. First, one would expect a causal
relationship between mitochondrial dysfunction and
neurodegeneration via apoptosis, perhaps due, at least
in part, to changes in ROS levels. Second, if neurode-
generation is related in any way to defects in respirato-
ry chain function or in OXPHOS, then one would
expect authentic mitochondrial diseases to show many,
if not all, of the features of cell death that are postulat-
ed to occur in neurodegenerative diseases. So what do
we know about apoptosis and ROS in mitochondrial
disease and in neurodegeneration? Not unexpectedly,
the literature is conflicting.

It is well known that muscle biopsies from patients
with “classic” mitochondrial disorders, including those
with RRFs, show little or no evidence of necrosis, fiber
loss, elevated circulating creatine kinase, or inflamma-
tion. Nevertheless, markers of increased ROS have been
found in muscle biopsies from patients with mito-
chondrial disease (48–50). It is clear that elevated ROS
are injurious to mitochondria. For example, ablation of
the mitochondrial SOD2 gene in mice caused rapid
death via a fatal cardiomyopathy (51), and even loss of
only one SOD2 allele was harmful (52). Encouragingly,
pathology could be ameliorated, and lifespan extend-
ed, in SOD2–/– mice upon pharmacological intervention
to reduce free radicals (53).

An analysis of muscle biopsies from patients with
CCO deficiency due to various known pathogenic
mutations in mtDNA (e.g., those causing MERRF,
MELAS, KSS, and PEO) and in nucleus-encoded mito-
chondrially targeted proteins (e.g., those causing LS)
showed features of apoptosis in CCO-negative RRFs —
DNA fragmentation by terminal deoxynucleo-
tidyl transferase–mediated dUTP nick end-labeling
(TUNEL), condensed chromatin, and elevated immuno-
staining for caspase-1, caspase-3, and Fas ligand (54, 55).
However, another group found no evidence for apopto-
sis (56). In a third study, some apoptotic markers (Bax,
p53, Fas, and caspase-3) were not increased in CCO-neg-
ative RRFs, in spite of the fact that other apoptosis-
related proteins (Bcl-2, Bcl-XL, DNase I) were increased,
as was the amount of cytosolic cytochrome c (50). What
little evidence there was for apoptosis in muscle seemed
to be confined to a few RRFs (57).

If markers of elevated ROS and apoptosis can be found
in these muscle biopsies, why do these muscle fibers not
degenerate? This apparent paradox points out that a
marker of apoptosis is merely that — a marker — and does
not necessarily imply that apoptosis is actually occurring.
In skeletal muscle, there are at least two reasons why
apoptosis is not occurring in muscle. First, APAF-1 is
either present at very low levels (58) or missing entirely
(59) in skeletal muscle. In the absence of APAF-1, cytoso-
lic cytochrome c has no partner with which to bind in
order to activate caspase-9 and induce apoptosis (60)
(although in some circumstances the absence of APAF-1
may trigger a “default pathway” of necrosis [ref. 61]). In
other words, cytosolic cytochrome c in this situation is a
marker of, but cannot induce, apoptosis. In support of
this view, Nonaka’s group could detect APAF-1 and
released cytochrome c only in RRFs from patients with
MERRF, MELAS, or PEO, but not in the far more abun-
dant relatively normal muscle fibers (57). Second, an
inhibitor of apoptosis called ARC (apoptotic repressor
with caspase recruitment domain), which is expressed
almost exclusively in skeletal and heart muscle (62), not
only inhibits apoptosis in these tissues but can also pro-
tect mitochondria from free radical damage (63).

What about neuronal death in mitochondrial disease?
There is neuronal loss in KSS, MERRF, and MELAS,
and the regions that are affected differ in each disease,
but no studies have been published regarding apopto-
sis in these cells. Intriguingly, TUNEL assays in post-
mortem brains from these patients showed little if any
positive staining in neurons, but staining was observed
in non-neuronal cells, such as microglia (E. Bonilla, per-
sonal communication). Moreover, there are regions of
the brain — the choroid plexus in KSS, for example —
that are nearly homoplasmic for mutated mtDNA and
are devoid of CCO immunoreactivity, and yet are both
morphologically intact and TUNEL-negative (E. Bonil-
la, personal communication). Therefore, it is still
unclear how neurons die in mitochondrial disorders.

Perspective
It is clear that impairment of mitochondrial energy
metabolism is the key pathogenic factor in a number of
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neurodegenerative disorders (Table 1). This is most clear-
ly seen in maternally inherited diseases that result from
pathogenic mutations in mtDNA that interdict the nor-
mal functioning of the respiratory chain and OXPHOS.
Examples of this group of diseases include LHON and
maternally inherited LS. Similarly, mutations in nuclear
genes that encode mitochondrially targeted proteins
required for respiratory chain assembly and homeosta-
sis can cause neurodegenerative disease. Examples in this
class are autosomal-recessive LS, FRDA, hereditary spas-
tic paraplegia, and Mohr-Tranebjaerg syndrome.

What is striking about both of these groups of neu-
rodegenerative disorders is how diverse they are in their
clinical manifestations, and how little they resemble
the “classic” neurodegenerative disorders — AD, ALS,
HD, PD, and PSP — that have no obvious connection
to primary mitochondrial bioenergetic dysfunction.
Put another way, it is remarkable that almost no path-
ogenic mutation in mtDNA causes the typical clinical
manifestations associated with the most common neu-
rodegenerative diseases. Of the more than 150 patho-
genic mtDNA mutations that have been described to
date (64), only one is associated with chorea and
dementia; only three are associated with parkinsonism,
but as part of a complex and atypical clinical picture;
only three are associated with dystonia, but in the con-
text of LHON or MELAS; only one is associated with
spinocerebellar ataxia, but in the context of deafness,
neuropathy, and dementia; and only one is associated
with motor neuron disease, but in a syndrome with
unusual secondary features. If respiratory chain dys-
function is a key factor in neurodegenerative diseases,
why are there not more patients with “mitochondrial
AD,” “mitochondrial PD,” or “mitochondrial ALS”?
Conversely, why do so many mitochondrial diseases
present as encephalopathies, myopathies, cardio-
pathies, endocrinopathies, neuropathies, or combina-
tions thereof, in which dementia and/or neurodegen-
eration is but one feature?

One response to these questions is that mitochondri-
al diseases that result from mtDNA mutations have fea-
tures that are unique to the population genetics of
mtDNA. In particular, the combination of heteroplas-
my, mitotic segregation, and the threshold effect can
conspire to mask features that might be more overt in
disorders that obey the rules of mendelian genetics. In
addition, it could be argued that many mitochondrial
disorders strike early in life, thus precluding the features
of dementia, chorea, and the like to evince themselves as
they do in AD, ALS, or HD, which have later onset.
While formally these are valid objections, they are not
particularly convincing. There are many mitochondrial
patients with extremely high levels of mutations in mul-
tiple tissues (and especially in the brain), and there are
enough patients who live into their fourth and even
fifth decades of life in whom the symptoms of AD, ALS,
and PD should eventually be recapitulated.

This does not mean, however, that OXPHOS defects
play no role in the late-onset neurodegenerative dis-
eases. Rather, mitochondrial dysfunction probably
plays an important, but secondary, role in these disor-

ders. For example, it is clear that there is respiratory
chain deficiency in hippocampal neurons in AD
patients, as measured by biochemistry, histochemistry,
and immunohistochemistry. It is likely, however, that
these deficits are secondary to some underlying dys-
function, of which Aβ deposition is but one of many
possible primary causes.

The failure to detect true cell death in muscle from
patients with mitochondrial disease tells us little about
neuronal cell death in these patients. It does, however,
send a cautionary message regarding a too-eager will-
ingness to equate cell death markers with the event
itself. Conversely, the massive amounts of cell death in
the neurodegenerative disorders mean that the very cells
that are postulated to be dying due to mitochondrial
dysfunction — e.g., motor neurons in ALS, striatal cells
in HD, and, most pointedly, nigral cells in PD — are, in
the final analysis, unavailable for examination, espe-
cially in the terminal stages of the disease and in autop-
sy tissue. Thus, many, if not all, studies that rely on
patient material have, a fortiori, focused on the function,
or lack of same, in a skewed population of surviving
cells, such as glia, that are likely to be unrepresentative
of the true pathogenetic course of events. Furthermore,
studies of patient neuronal tissue or of model cells in
vitro have their own limitations, not the least of which
is the absence of the interactions among entire popula-
tions and subpopulations of cells that define the behav-
ior of a vascularized tissue in vivo. These caveats point
out the truly difficult nature of deducing pathogenesis
in diseases as complex as neurodegenerative disorders.
A mechanistic relationship between neurodegeneration
and mitochondrial dysfunction still awaits a direct,
clear, and unequivocal demonstration.
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