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Abstract

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders characterized by resting tremor, rigidity, and bra-
dykinesia. The primary cause of PD is still unknown, but oxidative stress and mitochondrial dysfunction have been implicated as impor-
tant contributors to neuronal death in substantia nigra (SN) of PD. Considering neurons as post-mitotic cells, neurons could have error-
avoiding mechanism against oxidative DNA damage. Indeed, several DNA repairing enzymes such as MTH1, OGGI, and MUTYH
express in human brain. All the three enzymes up-reguiated in the SN of PD patients, suggesting these three enzymes cooperate in mito-

chondrial DNA repairing in PD brain.

© 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is one of the most common
progressive neurodegenerative disorders with a prevalence
of 2% in the population over the age of 65 (de Rijk
et al., 1997). Neuropathologically, PD is characterized by
loss of dopaminergic neurons in the substantia nigra (SN)
and appearance of Lewy bodies in the remaining neurons.
Although the primary pathogenesis of PD remains
unknown, there has been growing environmental and
genetic evidences that mitochondrial dysfunction and oxi-
dative stress contribute to pathogenesis of PD. Since dis-
covery of l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) as environmental factor, a number of studies have
revealed that mitochondrial dysfunction(s) play important
roles in the selective dopaminagic neuronal loss (Langston
et al., 1983; Heikkila et al., 1984). In addition, the identifi-
‘cation of genetic mutations in several familial forms of PD
has given new insights into the mechanism of neuronal loss
in the SN. Interestingly, DJ-1 and PINK 1, which have been
identified from autosomal recessive form of PD, are consid-

* Corresponding author. Tel.: +81 3 5802 1073; fax: +81 3 5800 0547.
E-mail address: nhattori@med juntendo.ac.jp (N. Hattori).

ered to affect mitochondrial function and oxidative stress
(Bonifati et al., 2003a,b; Valente et al., 2004).

2. Environmental evidences of mitochondrial dyfunction in
PD

Mitochondria are intracellular organelles in which ATP
is synthesized and such synthesis requires oxygen. In the
mid 1980s, accidental injection of MPTP by heroin addicts
led to find that MPTP causes parkinsonism in human
(Davies et al., 1979; Langston et al., 1983). MPTP toxicity
produces loss of dopaminegic neurons in a similar distribu-
tion to the pathology of PD. This discovery has given to
great insight into research of mitochondrial dysfunction
in the PD patients. MPTP is converted to 1-methyl-4-phen-
yl-pyridinium ion (MPP") by glial monoamine oxidase B in
brain and then MPP" is selectively taken up into neurons
via dopamine transporter. Within neurons, MPP" enters
mitochondria and inhibits complex I of mitochondrial res-
pirator chain (Heikkila et al., 1984; Mizuno et al., 1987).
Furthermore, other environmental neurotoxins such as
rotenone and paraquart are also inhibitors of complex I
and able to induce dopaminergic loss. The inhibition of
complex I induce energy crisis and generation of free

1567-7249/$ - see front matter © 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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radicals, resulting in neuronal death in the SN. Actually,
complex I deficiency was identified in the SN of postmor-
tem sporadic PD brain (Schapira et al., 1989).

3. Genetical evidences of mitochondrial dysfunction in PD

Mitochondria are under the control of two genomes:
nuclear and mitochondrial DNA (mtDNA). Since mtDNA
encodes 22 transfer RNA, 12S and 168 ribosomal RNA,
and several subunits of electron transport chains, the genet-
ic variation at the mitochondrial genome may contribute to
the risk of developing PD. Previously, Shoffner and co-
worker reported that frequency of A4336G mutation in
the tRNA(GIn) gene was higher in patients with PD and
Alzheimer’s disease than in age-matched controls (Shoffner
et al., 1993). Recent polymorphism study also demonstrat-
ed that mtDNA belong to haplotypes J and K reduced the
incidence of PD (van der Walt et al., 2003). Indeed, p° cells
fused with mtDNA from PD patients have been showed
25% decreased complex I activity (Gu et al., 1998). It is
one of evidences that suggest mtDNA affect mitochondrial
function.

In nuclear gene, PINK1 (PARKS6) and DJ-1 (PARKY),
that are associated with mitochondrial protein and oxida-
tive stress, have been identified from autosomal recessive
PD (Bonifati et al., 2003a; Valente et al., 2004). Firstly,
PINKI1 gene encodes a 581-amino acids protein, consisted
of mitochondrial targeting motif in the N-terminal (Valente
et al., 2004). Indeed, transfected PINK1 located in mito-
chondria of cultured cells (Valente et al., 2004). The exact
function of PINKI1 protein is unknown, but PINKI1 has
high degree of homologous domain to the serine/threonine
of the Ca?*/calmodulin family. Since loss of PINK1 func-
tion cause PD, PINK1 may protect nigral neurons from
mitochondrial dysfunction and apoptosis. In fact, PINKI1
inhibited by siRNA induces apoptosis in SH-SH5Y cells
(Deng et al., 2005). In vivo studies, a drosophila model
with inactivated orthologue of human PINKI1 showed
apoptotic muscle degeneration and male sterility because
of mitochondrial dysfunction (Clark et al., 2006; Park
et al., 2006). Secondary, the human DJ-1 protein consists
of 189 amino acids and belongs to the Thi/Pfpl family
(Bonifati et al., 2003b). Previous studies revealed that over-
expression of DJ-1 protects against oxidative injury and
DJ-1 knockdown enhances the susceptibility to oxidative
stress, suggesting DJ-1 may have a role as antioxidant
and redoxsensor (Bonifati et al., 2003a). Furthermore,
DJ-1-deficient mice showed hypersensitivity to MPTP
and oxidative stress (Kim et al., 2005). Further findings
of these two gene products indicate the hypothesis that
mitochondrial dysfunction and oxidative stress are
involved in the pathogenesis of PD.

4. Oxidative stress in PD

Since over 95% of all the oxygen taken up in the lung
used in mitochondria, major source of free radicals is elec-

tion transport chain in mitochondria. Recent analysis esti-
mates that about 1-2% of total molecular oxygen
converted into reactive oxygen species (ROS) (Cadenas
and Davies, 2000). Moreover, one of characteristic ROS
origins in the nigral neurons is from dopamine metabolism.
Cytosolic dopamine produces electrophilic semiquinones
and quinones which themselves can act as oxidants by
forming ROS (Sulzer and Zecca, 2000). In this point of
view, antioxidant system is important for nigral neurons
to keep nigral function.

Oxidative stress is another important factor in the path-
ogenesis of PD. The ROS are highly reactive and induce
oxidative damage to various cellular components, such as
proteins, lipids, and nucleic acids. The several postmortem
studies suggest that presence of oxidative damage in the
nigral neurons of PD patients. In particular, increased iron,
oxidation of proteins, and lipid peroxidation in the SN
appear to be important findings of oxidative stress (Dexter
et al., 1987; Yoritaka et al., 1996; Alam et al., 1997b). In
human tissue including brain, there are several antioxidant
systems. For examples, superoxide dismutase (SOD),
responsible for converting superoxide into HyO,
(Fig. 1A) is one of antioxidant systems. Interestingly,
MnSOD, which contributes to metabolism of superoxide
in mitochondria, have also been increased in PD (Saggu
et al., 1989). In addition, glutathione peroxidase (GPX)
catalyzes H,0, to H,O using glutathione (GSH)
(Fig. 1A). Reduced levels of GSH in the midbrain may
be indicative of increased free radical levels (Sian et al.,
1991). These findings suggest that oxidative stress is
increased in PD patients.

A SOD: 20; + 2H* —— 2H,0,+ O,

GPX: H,0, + 2GSH 2H,0 + GSSG
B
MTH1 OGG1 MUTYH
Nucleotide pool I
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Fig. 1. (A) Antioxidant systems. SOD, superoxide dismutase; GPX,
glutathione perxidase; GSH, glutathione; GSSG, oxidized glutathione. (B)
Repair enzymes in oxidized DNA. G, guanine; A, adenine; GO, 8-
oxoguanine; AQ, 2-hydroxyadenine; see text for details.
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5. DNA repairing enzymes in PD

Oxidized DNA such as 8-oxoguanine is so mutagenesis
that induce G:C to T:A transversion mutation. MtDNA
is more vulnerable to oxidative stress than nuclear DNA,
because mtDNA is directly exposed to ROS leaked from
electron transport chain and the lack of a histone coat
for mtDNA. Since mtDNA encodes several components
of respiratory chain, accumulation of mtDNA mutation
could induce mitochondrial dysfunction(s). Indeed, the lev-
els of 8-hydroxyguanine and 8-hydroxy-2-deoxyguanosine,
one of the oxidized forms of guanine, are increased in the
SN of PD brains (Alam et al.,, 1997a; Shimura-Miura
et al., 1999; Zhang et al., 1999). Therefore, mtDNA repair
enzymes are very important to maintain mitochondrial
function(s). There are three major enzymes associated with
error-avoiding mechanisms against oxidative DNA dam-
age: MTHI1, OGG1, and MUTYH (Fig. 1B). We previous-
ly investigated the expression levels of these three enzymes
in the PD patients.

First enzyme is MTH]I, which maintains lower sponta-
neous mutation rate by sanitizing the intracellular nucleo-
tide pools. MTHI hydrolyzes oxidized purine neucleoside
triphosphates such as 8-oxo-7,8-dihydro-2'-deoxyguano-
sine triphosphate (8-0x0-dGTP), thereby protects cell dam-
age caused by their misincorporation into DNA (Fig. 1B)
(Fujikawa et al., 1999). Previously, we performed immuno-
histochemical examination for MTHI in the SN of PD
patients and control subjects. The results demonstrated
that MTH1 was markedly increased in the SN of patients
with PD, especially within mitochondria (Fig. 2A and B)
(Shimura-Miura et al., 1999). Recent report revealed that
MTHI1-null mice exhibited a greater accumulation of
8-0x0G in mitochondrial DNA accompanied by a more
significant decrease TH and dopamine transporter (DAT)

MTH1

CON

immunoreactivities in striatal terminal fibers of dopamine
neurons after chronic exposure to MPTP (Yamaguchi
et al., 2006). These findings indicate that MTH1 protects
the dopamine neurons from oxidative damage in the nucle-
ic acids, especially in the mitochondrial DNAs of striatal
nerve terminals of dopamine neurons.

Second enzyme is 8-oxoguanine DNA glycosylase
(OGG1), which removes 8-oxoguanine paired with cytosine
in DNA to avoid accumulation of oxidative damage in
DNA (Fig. 1B). In human tissue, there are two major iso-
forms of OGGI (Nishioka et al., 1999). While OGGi-la
contributes to repair DNA in nucleus, OGG1-2a is associ-
ated with repairing mitochondrial DNAs. We examined
immunohistochemical and biochemical study for OGG1-
2a in the PD patients and found that higher expression lev-
els of OGG1-2a in the SN of PD patients compared with
aged-matched control subjects (Fig. 2C and D) (Fukae
et al, 2005). The most plausible explanation is that
OGG1-2a is up-regulated in the PD patients secondary to
mtDNA oxidative damage to neurons to protect neurons
from mutagenesis. Indeed, overexpression of OGG1 within
the mitochondria enhances the repair of mtDNA errors
and rescues the cells from oxidative stress in the cultured
cell experiments (Dobson et al., 2000; Rachek et al.,
2002). Furthermore, expression of OGGl-2a was greatly
increased in early stage but not in advance stage of PD
patients. These findings indicate that a different time course
of compensatory mechanism of mtDNA oxidation.

Third enzyme is human MutY homolog (N\MUTYH),
which has been identified as adenine DNA glycosylase.
MUTYH excises adenine misincorporated opposite 8-
0xoG during replication (Fig. 1B) (Ohtsubo et al., 2000).
The hMUTYH was up-regulated in the mitochondria of
the SN of PD patients (Arai et al., 2006) (Fig. 2E and F).
The levels of all three enzymes were increased in the SN

Fig. 2. Immunohistochemistry for MTH (A and D), OGG1 (B and E), and MUTYH (C and F) in the SN. A-C Contro! subjects; D-F PD; Note
homogeneous staining for MTH1 and MUTYH (black arrows) and the granular staining for OGG1 (black arrows) in the cytoplasm of SN neurons in PD

but control shows no staining. Neuromelanin (white arrows). Bar 10 um.
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of PD patients, suggesting that the DNA repair enzymes
could play the protective roles against oxidative stress with-
in the mitochondria of the SN in PD.

6. Conclusion

Although primary cause of sporadic PD is still unknown,
multiple factors could be associated with nigral neurons
degeneration in the PD. Mitochondrial dysfunction and
oxidative stress may contribute to protein aggregation
and impairment in protein degradation. To avoid accumu-
lation of mtDNA somatic mutations could maintain mito-
chondrial function(s). The levels of the enzymes, hMTHI1
and hOGG1, and hMUTYH, were increased in the SN of
PD patients, suggesting that these three enzymes cooperate
in the mitochondrial DNA repairing and beneficial targets
for gene therapies aiming at neuroprotecion in PD.
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