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Is there a pathogenic role for mitochondria in Parkinson’s disease?
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Parkinson’s disease (PD) is a common neurodegenerative disorder of unknown cause. For decades,

DJ1 a deficit in mitochondrial respiration was thought to be a key factor in PD neurodegeneration.
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However, excluding a few exceptions where a clinical picture of parkinsonism is associated with
a mitochondrial DNA mutation, preclinical and clinical studies have failed to identify any genetic
mutations in the genes encoding for the electron transport chain complexes in PD patients. More

PD recently, it has been discovered that mutations in the genes encoding for Parkin, PINK1 and DJ1 are

PINK1
Parkin

associated with familial forms of PD and with mitochondrial alterations, including morphological
abnormalities. These results have led many researchers to revisit the question of mitochondrial

biology as a primary mechanism in PD pathogenesis, this time from an angle of perturbation in
mitochondrial dynamics and not from the angle of a deficit in respiration.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegener-
ative disorder of the aging brain after the dementia of Alzheimer [1].
PD’s mean age at onset is 55, and its incidence increases with
age [2]. The cause of almost all occurrences of PD remains unknown.
PD arises essentially as a sporadic condition, i.e. in absence of any
apparent genetic linkage, but occasionally, the disease is inherited
due to mutations in a variety of genes including DJ-1, PARKIN and
PINK1 [3-5]. In both sporadic and familial PD, a primary hallmark is
the degeneration of the nigrostriatal dopaminergic pathway, which,
in depleting the brain of dopamine, leads to the emergence of
abnormal motor manifestations such as resting tremor, stiffness,
slowness of voluntary movement, and postural instability [1]. At the
onset of these manifestations, striatal dopamine is depleted by ~80%
and substantia nigra dopaminergic neurons lost by ~60% [1].
However, the neuropathology of PD is far from being restricted
to the nigrostriatal pathway, as histological changes can be
found in many other dopaminergic and even non-dopaminergic
cell groups including locus coeruleus, raphe nuclei, nucleus basalis
of Meynert and dorsal motor nucleus of vagus [6]. Because a host of
distinct neurological conditions share PD clinical features, a definite
diagnosis of PD can only be achieved at autopsy and is customarily
based not only on the loss of nigrostriatal dopaminergic neurons,
but also on the identification of intraneuronal inclusions called
Lewy bodies (LBs) [7]. These inclusions are spherical eosinophilic
cytoplasmic aggregates composed of a variety of proteins, such
as a-synuclein, parkin, ubiquitin and neurofilaments, and can be
found in every affected brain region [7]. Whether identification of
LBs should still be considered necessary for the diagnosis of PD is
controversial, since cases of inherited PD linked to parkin mutations
typically lack LBs and are still regarded as cases of PD.
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2. Why a mitochondrial defect was sought in PD

As mentioned above, the cause of sporadic PD is currently unknown
and, over the years, a variety of pathogenic scenarios have been
proposed to try to explain the why and the how of neurodegener-
ation in PD. The idea of mitochondrial dysfunction as a pathogenic
mechanism in PD seems to have emanated from the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) story. Indeed, in the early
1980s, some drug users developed a rapidly progressive parkin-
sonian syndrome almost indistinguishable from PD [8]. In these
individuals, even the beneficial response and development of long-
term motor complications following the administration of L-DOPA
were virtually identical to that seen in PD patients. Thanks to some
fine detective work, this cluster of a sudden occurrence of PD-like
syndrome was traced to the intravenous use of a street preparation
of 1-methyl-4-phenyl-4-propionpiperidine (MPPP), an analogue of
the narcotic meperidine (Demerol). MPTP was the responsible neu-
rotoxic contaminant, inadvertently produced during the illicit syn-
thesis of MPPP in a basement laboratory. Subsequently, it was estab-
lished that 1-methyl-4-phenylpyridinium (MPP*), the active neuro-
toxic metabolite of MPTP, accumulates in the mitochondrial matrix
where it inhibits oxidative phosphorylation as reviewed in [9]. The
use of several MPP* analogs and cationic inhibitors has demon-
strated that MPP* inhibits the oxidation of NAD (nicotinamide ade-
nine dinucleotide)-linked substrates by blocking electron transfer
through complex I of the electron transport chain (ETC) [10], some-
where in the proximity of its quinone binding site [11]. Therefore, it
is believed that, in response to MPP* binding to complex I, the flow
of electrons along the respiratory chain is hampered, leading to an
energy crisis and oxidative stress and, ultimately, to neuronal death.
MPP* also inhibits the activity of the a-ketoglutarate dehydrogenase
complex, a key enzyme of the tricarboxylic acid cycle, thereby
impairing ATP synthesis and inducing an energy deficit in vitro [12]
and in vivo [13]. In combination with 6-hydroxydopamine or
dopamine, MPP* strongly stimulates Ca?* release from mitochondria
and hydrolysis of intramitochondrial pyridine nucleotides [14].
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The phenotypic similarity between PD and MPTP-induced
parkinsonism in humans and the fact that MPP* is poisonous to
the oxidative phosphorylation system prompted many investigators
to search for mitochondrial respiratory defects in PD patients.
Despite the fact that parkinsonism is hardly associated with genuine
mitochondrial diseases, less than a decade later, as discussed in the
next section, this idea has gained more than sufficient enthusiasm
among PD researchers.

3. Mitochondrial dysfunction In PD

The direct relation between mitochondrial dysfunction and PD
came from the post-mortem description of complex I deficiency
in the substantia nigra of patients with PD [15]. Subsequently, this
deficiency has also been reported in several tissues from PD patients
including skeletal muscles and platelets [16-18]. Remarkably, the
severity of this defect in complex I activity reported in the substan-
tia nigra of PD patients corresponds to about a 35% reduction com-
pared to control populations. However, the substantia nigra samples
used in the aforementioned studies were obtained from autopsies,
which typically derive from advanced cases of PD. In these PD sam-
ples, we can thus safely assume that most of the neurons of interest,
such as the dopaminergic neurons, are gone and the number of glial
cells, in contrast, has grown due to neurodegeneration-associated
gliosis. Consequently, it is legitimate to posit that it is unlikely that
the reported complex I deficit could have emanated from dopamin-
ergic neurons only, since the vast majority of the cells contained in
the studied samples are probably non-dopaminergic neurons.

As to how a complex I defect may provoke neurodegeneration,
this question remains enigmatic. For instance, in mitochondrial
cytopathy where known mitochondrial DNA (mtDNA) mutations
cause a documented deficit in complex I and a neurodegenerative
phenotype such as in Leber’s optic atrophy [19], we still do
not know the actual mechanisms responsible for cell death.
Preclinical studies, especially with MPTP, have suggested that
a blockade of complex I kills cells via a recruitment of the
mitochondrial-dependent apoptotic pathway [20,21]. However, in
isolated brain mitochondria, complex I dysfunction, caused by
either pharmacological or genetic means, fails to directly activate
this cell death pathway and to kill cells. Instead, defects of complex I
lower the threshold for activation of mitochondrial-dependent
apoptosis by Bax, thereby rendering compromised neurons more
prone to degeneration [22,23].

4. Mitochondrial DNA in patients with PD

mtDNA encodes 13 structural polypeptides of the oxidative
phosphorylation system, including seven of the approximately 46
subunits of complex 1. Thus, given the alleged complex | defect
in PD brains, mutations in mtDNA are an obvious early target for
analysis. The number of mtDNA deletions in individual neurons
in the substantia nigra is increased substantially in PD patients
older than 65 years [24]. This striking result was associated with
decreased cytochrome c oxidase (i.e. complex IV and not complex I)
activity, as evidenced by histochemistry.

Aside from the above analyses, sequencing of the mtDNA
of patients with PD has generally been done in unselected
groups with and without a mitochondrial deficiency [25,26].
Although the results of some reports have suggested increased
frequency of specific mtDNA polymorphisms in patients with PD,
others have not [27-31]. For instance, certain mtDNA haplotypes
influence PD expression, and haplotype ] has been associated with
both a decreased and an increased risk of developing PD [32].
Some evidence suggests that mtDNA haplotypes might influence
cytosolic pH and mitochondrial calcium regulation which could
influence neuronal function and integrity over time [33].

Genetic transplantation has been used in two different studies
to investigate the potential of mtDNA from patients with PD to

determine the origin of the complex I defect. In the first study,
platelets from unselected patients with PD were fused and grown in
mixed cultures [34]. In the second, patients with PD were selected
on the basis of a platelets complex I deficiency [35] and cells from
these patients were fused with cells that lack mtDNA (Rho 0) and
grown in mixed or clonal cultures. In both instances, the mtDNA
that was transferred from the patients with PD caused a complex [
defect in the recipient cybrid cells, suggesting that the mtDNA from
these patients caused the complex I deficiency through inherited
or somatic mutations. However, in PD, the maternal inheritance
pattern of mtDNA is rare and may be a mere coincidence [36-
38]. Nevertheless, a few case reports are consistent with the idea
that mtDNA mutations may contribute to the occurrence of a
parkisonism. For instance, a mutation in the mtDNA 12S RNA
was found in a patient with maternally inherited, early-onset
parkinsonism, deafness, and neuropathy [38], and a deletion in
the gene encoding cytochrome b was found in a patient with
parkinsonism and encephalomyopathy with lactic acidosis and
stroke-like episodes [39]. There is also evidence for the occurrence
of parkinsonism in association with the Leber’s optic atrophy
mitochondrial mutation G11778A [40]. However, in all of the above-
cited reports, none of the patients who harbored a mtDNA mutation
displayed a picture of pure parkinsonism like that seen in PD.

5. Mitochondrial function and familial PD

As indicated in the introduction, in rare instances, the PD phenotype
can be transmitted as a dominant or recessive trait due to mutations
in the nuclear DNA and, relevant to the present article, some of
these involve PARKIN, PINK1 and DJ-1, which are gene products
whose role in mitochondrial biology are increasingly recognized.

5.1. The ubiquitin ligase, Parkin

Parkin is transcribed ubiquitously, and ultrastructural studies
have shown that it is essentially cytosolic and that a small
fraction may be associated with intracellular membranes including
mitochondria [41]. The definite biological role of Parkin remains
uncertain, but the protein contains several domains for protein-
protein interactions and has E3 ligase activity [42]. Relevant to
the latter property, several putative substrates for Parkin have
been reported [1], but whether any of these are bona fide Parkin
substrates remains to be established.

Recessive loss-of-function mutations in PARKIN were first
reported in patients with juvenile-onset parkinsonism [3]. Sub-
sequently PARKIN mutations have been shown to be the most
common cause of PD in individuals younger than 20 [43]. However,
occasionally, PARKIN mutations in patients with older-onset PD (i.e.
>40 years of age) have also been reported [44]. An increase in
striatal extracellular dopamine concentrations, reduced synaptic ex-
citability, and a mild, non-progressive motor deficit at 2-4 months
were described in a Parkin knockout mouse line [45]. However, no
loss of dopaminergic neurons and, like in most patients with PARKIN
mutations, no inclusion formations were noted in these mice [45]. It
has been reported that Parkin knockout mice have decreased mito-
chondrial respiratory chain function in the striatum and reductions
in specific respiratory chain and antioxidant proteins [46]. More
striking is the fact that Parkin knockout Drosophila develop muscle
pathology, abnormal mitochondrial morphology, and apoptotic
cell death [47]. Amazingly, it has been shown that Parkin can be
recruited to depolarized mitochondria, promoting their engulfment
in autophagosomes and destruction by autophagy [48]. This
observation led to the hypothesis that Parkin may be a key player
in the turnover of damaged mitochondria by mitophagy [49].

5.2. PINK1 (PTEN-induced putative kinase 1)

The gene encoding PINK1 consists of 8 exons and encodes a
ubiquitously expressed, insoluble, 581 amino acid, 63 kDa protein
with an amino-terminal, mitochondrial-targeting sequence. There
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is some evidence that PINK1 is, at least in part, localized to
the inner mitochondrial membrane, while its carboxy-terminus is
exposed to the cytoplasm [50]. The serine-threonine kinase domain
of PINK1 has substantial homology with the CG4523 protein in
Drosophila [51]. CG4523 interacts with a protein in the fly that
is the orthologue of the mammalian mitochondrial translation-
initiating factor 3 (MTIF3), making the latter a possible interactor
with PINK1. Interesting, analysis of genetic variants of MTIF3 in
patients with PD found an allelic association between the C798T
polymorphism and PD [51].

Mutations in PINK1 are a cause of autosomal recessive PD [4].
Mutations have been reported within and outside of the kinase
domain [4,52]; however, the localization of PINK1 to the
mitochondria is not affected by these mutations [50]. Patients
harboring the causative PINK1 mutations have features of typical
early-onset PD.

Pink1 knockout flies are viable but sterile or hypofertile, have
a motor deficit, a shorter life-span, an abnormal flight muscle
with impaired function, disorganized mitochondrial morphology,
reduced mitochondrial mass, lower concentrations of ATP, and a
small reduction in the number of dopaminergic neurons [53,54].
This phenotype is very close to that seen in the Parkin knockout
flies [47]. Relevant to this fact are the observations that the over-
expression of Parkin can rescue the mitochondrial abnormalities
linked to the loss of Pinkl or its pathogenic mutations [53,54].
These data suggest that PARKIN and PINK1 participate in the same
pathogenetic pathway. While more work needs to be done to
elucidate the role played by both Pink1 and Parkin in mitochondria,
mounting evidence indicate that, at least in insect cells, both
proteins modulate mitochondrial dynamics including fusion/fission.
Mitochondrial fission is a process controlled by DRP1 (dynamin-
related protein 1) and by FIS (mitochondrial fission protein) which
involves the separation of mitochondria into two or more smaller
parts, whereas mitochondrial fusion, controlled by mitofusin (MFN)
and optic atrophy 1 (OPA1), involves the combining of two
mitochondria into single organelles. A balance between fission
and fusion is crucial to normal mitochondrial function and thus,
cell homeostasis. It has been suggested that PINK1 promotes
mitochondrial fission and regulates mitochondrial morphology in
Drosophila and several mammalian models [55-57]. In flies, the
overexpression of Drp1 or the knock-down of Mfnn and Opal rescues
Pink1 mutant phenotypes such as the degeneration of dopaminergic
neurons and muscles [55,56].

5.3. Oncogene DJ-1

Mutations in the gene encoding DJ-1 are also a rare cause of
autosomal recessive PD [5]. Patients with mutations in DJ-1 have
young-onset PD, progress slowly, respond well to L-DOPA, and may
have dystonia. Interestingly, the DJ-1 L166P mutation has been
reported to cause increased mitochondrial localization of DJ-1 [5],
although this conclusion has not been confirmed in other studies.

DJ-1 is a 23 kDa protein that is expressed in peripheral tissues and
in neurons and glia in parts of the brain including the striatum, the
substantia nigra pars compacta and pars reticulata. It is also highly
expressed in the cerebellum, the hippocampus, and the olfactory
bulbs [58]. Studies on the intracellular distribution of DJ-1 show
that it is found in several pools, including in the mitochondria,
where it is present, presumably, in the intermembrane space and
matrix.

Thus far, studies on DJ-1 function have yielded confusing results
and its role played at the mitochondrial level remains unclear. DJ-1
seems to possess several functions, including that of an oncogene,
a modulator of androgen-receptor-dependent transcription, and a
sensor of oxidative stress [59-61]. Of note, some studies have
reported that oxidative stress and PD-associated mutations do not
increase the mitochondrial localization of DJ-1, while others showed

that DJ-1 might translocate to the outer mitochondrial membrane
during oxidative stress [61-63]. The deletion or silencing of DJ-1
has been reported to sensitize cells to oxidative stress, and the
overexpression of DJ-1 to protect cells against free radicals [64].
There is evidence that DJ-1 functions as an atypical peroxiredoxin-
like-peroxidase and that loss of this function results in impaired mi-
tochondrial reactive oxygen species scavenging [65]. In conjunction
with this, some mouse lines lacking DJ-1 [66], but not others [65],
were reported to be more susceptible to the dopaminergic
neurotoxicity produced by MPTP. It has also been suggested that
DJ-1 forms a nuclear complex with RNA-binding proteins and DNA-
binding proteins which regulates gene transcription and which can
prevent apoptotic cell death by a-synuclein or oxidative stress [67].

6. Conclusion

During the past decades, there has been an enormous amount of
work dedicated to the role of mitochondria in neurodegenerative
diseases in general and in PD in particular [68]. Despite these huge
efforts, we still do not know with certainty whether, unless of
dramatic magnitude, a decrease in ATP production, an increase in
reactive oxygen species formation, or the release of mitochondrial
apoptogenic factors play - alone or in combination - any role in
neurodegenerative processes. We also increasingly recognize that
the potential role of mitochondrial dysfunction in PD may not be
due to a defect in respiration but rather may involve alterations
in mitochondrial dynamics. Perhaps, some of the previous observa-
tions about the mitochondrial respiratory defect in PD did merely
report on non-specific alterations that occur in dying neurons or
on alterations that are secondary to perturbations in mitochondrial
dynamics. The development of better in vivo experimental models
of neurodegenerative diseases may provide us with the necessary
tools to examine, appropriately, the mechanistic relationship
between neurodegeneration and mitochondrial dysfunction and to
address, once and for all, many of the pending issues that cloud the
field of sporadic mitochondrial neurodegenerative diseases.

Acknowledgements

The authors are supported by NIH Grants AG021617, NS042269,
NS062180, NS064191, and NS38370; U.S. Department of Defense
grants (W81XWH-08-1-0522, W81XWH-08-1-0465, and DAMD
17-03-1); the Parkinson Disease Foundation (New York, NY, USA);
the Thomas Hartman Foundation For Parkinson’s Research; and the
MDA/Wings-over-Wall Street. S.P. is the Page and William Black
Professor of Neurology.

Conflict of interests

The authors have nothing to declare.

References

1. Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models. Neuron
2003;39:889-909.

2. de Lau LM, Breteler MM. Epidemiology of Parkinson’s disease. Lancet Neurol
2006;5:525-35.

3. Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, et al.
Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism.
Nature 1998;392:605-8.

4, Valente EM, bou-Sleiman PM, Caputo V, Mugqit MM, Harvey K, Gispert S,
et al. Hereditary early-onset Parkinson’s disease caused by mutations in PINK1.
Science 2004;304:1158-60.

5. Bonifati V, Rizzu P, Van Baren M], Schaap O, Breedveld GJ, Krieger E, et al.
Mutations in the DJ-1 gene associated with autosomal recessive early-onset
parkinsonism. Science 2003;299:256-9.

6. Braak H, Braak E, Yilmazer D, Schultz C, de Vos RA, Jansen EN. Nigral
and extranigral pathology in Parkinson’s disease. J Neural Transm Suppl
1995;46:15-31.

7. Shults CW. Lewy bodies. Proc Natl Acad Sci USA 2006;103:1661-8.

8. Langston JW, Ballard P, Irwin I. Chronic parkinsonism in humans due to a product
of meperidine-analog synthesis. Science 1983;219:979-80.

9. Przedborski S, Tieu K, Perier C, Vila M. MPTP as a Mitochondrial Neurotoxic
Model of Parkinson’s Disease. ] Bioenerg Biomembr 2004;36:375-9.



S244

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

Nicklas WJ, Vyas I, Heikkila RE. Inhibition of NADH-linked oxidation in brain
mitochondria by 1-methyl-4-phenyl-pyridine, a metabolite of the neurotoxin,
1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine. Life Sci 1985;36:2503-8.
Ramsay RR, Salach JI, Dadgar ], Singer TP. Inhibition of mitochondrial NADH
dehydrogenase by pyridine derivatives and its possible relation to experimental
and idiopathic parkinsonism. Biochem Biophys Res Commun 1986;135:269-75.
Mizuno Y, Sone N, Suzuki K, Saitoh T. Studies on the toxicity of 1-methyl-4-
phenylpyridinium ion (MPP+) against mitochondria of mouse brain. ] Neurol Sci
1988;86:97-110.

Mizuno Y, Suzuki K, Sone N, Saitoh T. Inhibition of mitochondrial respiration by
1-methyl-4-phenyl-1,2, 3,6-tetrahydropyridine (MPTP) in mouse brain in vivo.
Neurosci Lett 1988;91:349-53.

Frei B, Richter C. N-methyl-4-phenylpyridine (MMP+) together with 6-hydroxy-
dopamine or dopamine stimulates Ca2+ release from mitochondria. FEBS Lett
1986;198:99-102.

Schapira AH, Cooper JM, Dexter D, Clark B, Jenner P, Marsden CD. Mitochondrial
complex I deficiency in Parkinson’s disease. ] Neurochem 1990;54:823-7.
Bindoff LA, Birch-Machin MA, Cartlidge NEF, Parker Jr WD, Turnbull DM.
Mitochondrial function in Parkinson’s disease. Lancet 1989;ii:49.

Parker Jr WD, Boyson S]J, Parks JK. Abnormalities of the electron transport chain
in idiopathic Parkinson’s disease. Ann Neurol 1989;26:719-23.

Haas RH, Nasirian F, Nakano K, Ward D, Pay M, Hill R, et al. Low platelet
mitochondrial complex I and complex II/IIl activity in early untreated
Parkinson’s disease. Ann Neurol 1995;37:714-22.

Man PY, Turnbull DM, Chinnery PF. Leber hereditary optic neuropathy.
] Med Genet 2002;39:162-9.

Vila M, Jackson-Lewis V, Vukosavic S, Djaldetti R, Liberatore G, Offen D,
et al. Bax ablation prevents dopaminergic neurodegeneration in the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson’s disease.
Proc Natl Acad Sci USA 2001;98:2837-42.

Mochizuki H, Hayakawa H, Migita M, Shibata M, Tanaka R, Suzuki A, et al.
An AAV-derived Apaf-1 dominant negative inhibitor prevents MPTP toxicity
as antiapoptotic gene therapy for Parkinson’s disease. Proc Natl Acad Sci USA
2001;98:10918-23.

Perier C, Tieu K, Guegan C, Caspersen C, Jackson-Lewis V, Carelli V, et al.
Complex | deficiency primes Bax-dependent neuronal apoptosis through
mitochondrial oxidative damage. Proc Natl Acad Sci USA 2005;102:19126-31.
Perier C, Bove ], Wu DC, Dehay B, Choi DK, Jackson-Lewis V, et al. Two molecular
pathways initiate mitochondria-dependent dopaminergic neurodegeneration in
experimental Parkinson’s disease. Proc Natl Acad Sci USA 2007;104:8161-6.
Kraytsberg Y, Kudryavtseva E, McKee AC, Geula C, Kowall NW, Khrapko K.
Mitochondrial DNA deletions are abundant and cause functional impairment
in aged human substantia nigra neurons. Nat Genet 2006;38:518-20.

Ozawa T, Tanaka M, Ino H, Ohno K, Sano T, Wada Y, et al. Distinct clustering
of point mutations in mitochondrial DNA among patients with mitochondrial
encephalomyopathies and with Parkinson’s disease. Biochem Biophys Res Com-
mun 1991;176:938-46.

Ikebe S, Tanaka M, Ozawa T. Point mutations of mitochondrial genome in
Parkinson’s disease. Brain Res Mol Brain Res 1995;28:281-95.

Shoffner JM, Brown MD, Torroni A, Lott MT, Cabell MF, Mirra SS, et al.
Mitochondrial DNA variants observed in Alzheimer disease and Parkinson
disease patients. Genomics 1993;17:171-84.

Lucking CB, Kosel S, Mehraein P, Graeber MB. Absence of the mitochondrial
A7237T mutation in Parkinson’s disease. Biochem Biophys Res Commun 1995;
211:700-4.

Kosel S, Grasbon-Frodl EM, Hagenah JM, Graeber MB, Vieregge P. Parkinson
disease: analysis of mitochondrial DNA in monozygotic twins. Neurogenetics
2000;2:227-30.

Richter G, Sonnenschein A, Grunewald T, Reichmann H, Janetzky B. Novel
mitochondrial DNA mutations in Parkinson’s disease. ] Neural Transm
2002;109:721-9.

Vives-Bauza C, Andreu AL, Manfredi G, Beal MF, Janetzky B, Gruenewald TH, et al.
Sequence analysis of the entire mitochondrial genome in Parkinson’s disease.
Biochem Biophys Res Commun 2002;290:1593-601.

van der Walt JM, Nicodemus KK, Martin ER, Scott WK, Nance MA, Watts RL,
et al. Mitochondrial polymorphisms significantly reduce the risk of Parkinson
disease. Am ] Hum Genet 2003;72:804-11.

Kazuno AA, Munakata K, Nagai T, Shimozono S, Tanaka M, Yoneda M, et al.
Identification of mitochondrial DNA polymorphisms that alter mitochondrial
matrix pH and intracellular calcium dynamics. PLoS Genet 2006;2:e128.
Swerdlow RH, Parks JK, Miller SW, Tuttle |B, Trimmer PA, Sheehan ]P, et al. Origin
and functional consequences of the complex I defect in Parkinson’s disease.
Ann Neurol 1996;40:663-71.

Gu M, Cooper JM, Taanman JW, Schapira AH. Mitochondrial DNA transmission of
the mitochondrial defect in Parkinson’s disease. Ann Neurol 1998;44:177-86.
Swerdlow RH, Parks JK, Davis 2nd JN, Cassarino DS, Trimmer PA, Currie L],
Dougherty ], Bridges WS, Bennett Jr JP, Wooten GF, Parker WD Matrilineal
inheritance of complex I dysfunction in a multigenerational Parkinson’s disease
family Ann Neurol1998;44:873-81.

Wooten GF, Currie LJ, Bennett JP, Harrison MB, Trugman JM, Parker Jr WD.
Maternal inheritance in Parkinson’s disease. Ann Neurol 1997;41:265-8.
Thyagarajan D, Bressman S, Bruno C, Przedborski S, Shanske S, Lynch T, et al.
A novel mitochondrial 12SrRNA point mutation in parkinsonism, deafness, and
neuropathy. Ann Neurol 2000;48:730-6.

De Coo IF, Renier WO, Ruitenbeek W, Ter Laak HJ, Bakker M, Schdgger H, et al.
A 4-base pair deletion in the mitochondrial cytochrome b gene associated with
parkinsonism/MELAS overlap syndrome. Ann Neurol 1999;45:130-3.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

C. Vives-Bauza et al./Parkinsonism and Related Disorders 1553 (2009) S241-5244

Simon DK, Pulst SM, Sutton JP, Browne SE, Beal MF, Johns DR. Familial
multisystem degeneration with parkinsonism associated with the 11778
mitochondrial DNA mutation. Neurology 1999;53:1787-93.

Darios F, Corti O, Lucking CB, Hampe C, Muriel MP, Abbas N, et al. Parkin prevents
mitochondrial swelling and cytochrome c release in mitochondria-dependent
cell death. Hum Mol Genet 2003;12:517-26.

Shimura H, Hattori N, Kubo S, Mizuno Y, Asakawa S, Minoshima S, et al. Familial
Parkinson disease gene product, parkin, is a ubiquitin-protein ligase. Nat Genet
2000;25:302-5.

Lucking CB, Durr A, Bonifati V, Vaughan ], De Michele G, Gasser T, et al.
Association between early-onset Parkinson’s disease and mutations in the
parkin gene. French Parkinson’s Disease Genetics Study Group. N Engl ] Med
2000;342:1560-7.

Klein C, Hedrich K, Wellenbrock C, Kann M, Harris ], Marder K, et al. Frequency of
parkin mutations in late-onset Parkinson’s disease. Ann Neurol 2003;54:415-6.
Goldberg MS, Fleming SM, Palacino JJ, Cepeda C, Lam HA, Bhatnagar A, et al.
Parkin-deficient mice exhibit nigrostriatal deficits but not loss of dopaminergic
neurons. ] Biol Chem 2003;278:43628-35.

Palacino JJ, Sagi D, Goldberg MS, Krauss S, Motz C, Wacker M, et al. Mitochondrial
dysfunction and oxidative damage in parkin-deficient mice. | Biol Chem 2004;
279:18614-22.

Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB, Pallanck LJ.
Mitochondrial pathology and apoptotic muscle degeneration in Drosophila
parkin mutants. Proc Natl Acad Sci USA 2003;100:4078-83.

Narendra D, Tanaka A, Suen DF, Youle R]. Parkin is recruited selectively to
impaired mitochondria and promotes their autophagy. ] Cell Biol 2008;183:795-
803.

McBride HM. Parkin mitochondria in the autophagosome. J Cell Biol 2008;183:
757-9.

Zhou C, Huang Y, Shao Y, May ], Prou D, Perier C, et al. The kinase domain of
mitochondrial PINK1 faces the cytoplasm. Proc Natl Acad Sci USA 2008;105:
12022-7.

Abahuni N, Gispert S, Bauer P, Riess O, Kruger R, Becker T, et al. Mitochondrial
translation initiation factor 3 gene polymorphism associated with Parkinson’s
disease. Neurosci Lett 2007;414:126-9.

Hatano Y, Li Y, Sato K, Asakawa S, Yamamura Y, Tomiyama H, et al. Novel PINK1
mutations in early-onset parkinsonism. Ann Neurol 2004;56:424-7.

Park ], Lee SB, Lee S, Kim Y, Song S, Kim S, et al. Mitochondrial dysfunction
in Drosophila PINK1 mutants is complemented by parkin. Nature 2006;441:
1157-61.

Clark IE, Dodson MW, Jiang C, Cao JH, Huh ]JR, Seol JH, et al. Drosophila pink1 is
required for mitochondrial function and interacts genetically with parkin. Nature
2006;441:1162-6.

Deng H, Dodson MW, Huang H, Guo M. The Parkinson’s disease genes pink1
and parkin promote mitochondrial fission and/or inhibit fusion in Drosophila.
Proc Natl Acad Sci USA 2008;105:14503-8.

Yang Y, Ouyang Y, Yang L, Beal MF, McQuibban A, Vogel H, et al. Pink1 regulates
mitochondrial dynamics through interaction with the fission/fusion machinery.
Proc Natl Acad Sci USA 2008;105:7070-5.

Poole AC, Thomas RE, Andrews LA, McBride HM, Whitworth AJ, Pal-
lanck LJ. The PINK1/Parkin pathway regulates mitochondrial morphology.
Proc Natl Acad Sci USA 2008;105:1638-43.

Zhang L, Shimoji M, Thomas B, Moore D], Yu SW, Marupudi NI, et al.
Mitochondrial localization of the Parkinson’s disease related protein DJ-1:
implications for pathogenesis. Hum Mol Genet 2005;14:2063-73.

Nagakubo D, Taira T, Kitaura H, Ikeda M, Tamai K, Iguchi-Ariga SM, et al. DJ-1, a
novel oncogene which transforms mouse NIH3T3 cells in cooperation with ras.
Biochem Biophys Res Commun 1997;231:509-13.

Takahashi K, Taira T, Niki T, Seino C, Iguchi-Ariga SM, Ariga H. DJ-1 positively
regulates the androgen receptor by impairing the binding of PIASx alpha to the
receptor. ] Biol Chem 2001;276:37556-63.

Taira T, Saito Y, Niki T, Iguchi-Ariga SM, Takahashi K, Ariga H. DJ-1 has a role in
antioxidative stress to prevent cell death. EMBO Rep 2004;5:213-8.
Canet-Aviles RM, Wilson MA, Miller DW, Ahmad R, McLendon C, Bandyopad-
hyay S, et al. The Parkinson’s disease protein DJ-1 is neuroprotective due to
cysteine-sulfinic acid-driven mitochondrial localization. Proc Natl Acad Sci USA
2004;101:9103-8.

Bandopadhyay R, Kingsbury AE, Cookson MR, Reid AR, Evans IM, Hope AD, et al.
The expression of DJ-1 (PARK7) in normal human CNS and idiopathic Parkinson’s
disease. Brain 2004;127:420-30.

Yokota T, Sugawara K, Ito K, Takahashi R, Ariga H, Mizusawa H. Down regulation
of DJ-1 enhances cell death by oxidative stress, ER stress, and proteasome
inhibition. Biochem Biophys Res Commun 2003;312:1342-8.

Andres-Mateos E, Perier C, Zhang L, Blanchard-Fillion B, Greco TM, Thomas B,
et al. DJ-1 gene deletion reveals that DJ-1 is an atypical peroxiredoxin-like
peroxidase. Proc Natl Acad Sci USA 2007;104:14807-12.

Kim RH, Smith PD, Aleyasin H, Hayley S, Mount MP, Pownall S, et al. Hypersen-
sitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and oxidative stress. Proc Natl Acad Sci USA 2005;102:5215-20.

van der Brug MP, Blackinton ], Chandran ], Hao LY, Lal A, Mazan-Mamczarz K,
et al. RNA binding activity of the recessive parkinsonism protein DJ-1 supports
involvement in multiple cellular pathways. Proc Natl Acad Sci USA 2008;105:
10244-9.

Tieu K, Przedborski S. Mitochondrial dysfunction and neurodegenerative
disorders. In: DiMauro S, et al., editors, Mitochondrial medicine. Oxon:
Informa Healthcare; 2006. p. 279-307.



	Is there a pathogenic role for mitochondria in Parkinson’s disease?
	1. Introduction
	2. Why a mitochondrial defect was sought in PD
	3. Mitochondrial dysfunction In PD
	4. Mitochondrial DNA in patients with PD
	5. Mitochondrial function and familial PD
	5.1. The ubiquitin ligase, Parkin
	5.2. PINK1 (PTEN-induced putative kinase 1)
	5.3. Oncogene DJ-1

	6. Conclusion
	Acknowledgements
	Conflict of interests
	References


