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Abstract The etiology of sporadic Parkinson’s disease
(PD) is unknown, although mitochondrial dysfunction and
oxidative stress have been implicated in the mechanisms
associated with PD pathogenesis. Dopamine (DA) neurons
of the substantia nigra pars compacta have been shown to
degenerate to a greater extent in PD than other neurons
suggesting the possibility that DA itself may be contribut-
ing to the neurodegenerative process. This review discusses
our work on the effects of DA oxidation and reactive DA
quinones on mitochondrial function and protein modifica-
tion and the potential for exacerbating toxicity associated
with mitochondrial dysfunction in PD.
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Introduction

Parkinson’s disease (PD) affects 1–2% of the population
over the age of 65 and is the second most common neuro-
degenerative disorder. Parkinson’s disease is pathologically
characterized by the loss of dopaminergic neurons in the
substantia nigra (SN) pars compacta and the presence of
Lewy bodies. In a small percentage of cases, genetic
mutations in proteins α-synuclein, DJ-1, parkin, UCH-L1,

PINK1, LRRK2, and others have been linked to the familial
form of PD (Lesage and Brice 2009; Bueler 2009; Gasser
2009). However, in the vast majority of PD patients, the
cause of sporadic Parkinson’s disease remains unknown.
Although multiple factors such as gene-environment inter-
actions are likely involved, increasing evidence implicates
mitochondrial dysfunction and oxidative stress in the patho-
logical degeneration in PD (Greenamyre and Hastings 2004).

Mitochondrial dysfunction in Parkinson’s disease

Mitochondria have been shown to play a role in multiple
forms of cell death. Mitochondrial dysfunction in PD has
been identified as a systemic deficiency of the electron
transport chain Complex I activity. A deficiency or partial
inhibition of Complex I has been shown to result in in-
creased mitochondrial reactive oxygen species (ROS)
production and subsequently increased oxidative stress.
Oxidative stress in PD has been indicated by multiple
observations of oxidative damage to macromolecules such
as proteins, lipids, and DNA, as well as decreased GSH levels.
As the major reducing agent in the cell, the reduction in GSH
is particularly important, especially because it has been
reported to be significantly decreased early in PD (Martin
and Teismann 2009). Mitochondrial dysfunction and oxida-
tive stress have been increasingly implicated in the pathol-
ogy associated with genetic models of familial PD (Banerjee
et al. 2009; Narendra et al. 2008; Grunewald et al. 2009).
Mitochondrial toxins MPTP and rotenone, acting as inhib-
itors of complex I, have been used to generate animal and
cellular models of PD. Chronic systemic administration of
rotenone in rats results in the selective loss of SN
dopaminergic neurons and recapitulates many of the patho-
logical features observed in PD (Betarbet et al. 2000;
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Betarbet et al. 2006; Cannon et al. 2009). Despite the ubiq-
uitous nature of the rotenone-induced Complex I inhibition,
DA neurons were the most vulnerable to degeneration which
mimics the loss of DA neurons in PD (Betarbet et al. 2000;
Betarbet et al. 2006; Cannon et al. 2009).

DA as an endogenous toxin

Even though neuronal alterations observed in PD are not
restricted to DA neurons, the DA neurons of the nigros-
triatal pathway are the major site of neuronal degeneration
in PD (Sulzer 2007). The presence of mitochondrial
dysfunction and oxidative stress, however, does not explain
the heightened vulnerability of dopaminergic neurons. The
fact that SN DA neurons degenerate in PD to a greater
extent than other neurons may be due to the presence of DA
itself. Under conditions of oxidative stress, the unique
chemical structure of DA has the potential to form an
endogenous toxin that will contribute further to mitochon-
drial dysfunction and oxidative damage, accelerating
dopaminergic cell death in PD.

Under normal conditions, DA is synthesized from
tyrosine via the enzymatic activities of tyrosine hydroxylase
and aromatic amino acid decarboxylase. Once formed, DA
is safely stored in high millimolar concentrations in
synaptic vesicles following uptake by the vesicular mono-
amine transporter (VMAT2) (Staal et al. 2004). Problems
develop when vesicular storage of DA is altered by the
presence of α-synuclein protofibrils, oxidative stress, and
weak base compounds such as methamphetamine as
recently reviewed in (Caudle et al. 2008). If vesicular
storage is disrupted and DA levels increase in the
cytoplasm, DA has the ability to form reactive metabolites
by two distinct pathways. The first pathway utilizes the
enzymes monoamine oxidase located on the outer surface
of mitochondria and aldehyde dehydrogenase to metabolize
DA to dihydroxyphenylacetic acid (DOPAC) and forming
H2O2 in the process. The second pathway involves
oxidation of the catechol ring of DA to form ROS and the
electron-deficient DA quinone. The autoxidation of DA
may be facilitated by the presence of transition metal ions
or DA may be oxidized enzymatically acting as a co-
substrate in catalyzed reaction (Hastings 1995).

Electron-deficient DA quinones will react readily with
cellular nucleophiles, such as the reduced sulfhydryl group
on small peptide and protein cysteinyl residues (Graham et
al. 1978; Hastings and Zigmond 1994; Hastings et al.
1996). Thus, the DA quinone will bind accessible protein
thiols, covalently modifying protein structure. Because
cysteinyl residues are often at the active site of proteins,
covalent modification by DA quinones often results in
inactivation of protein function. Depending upon the

critical function of these proteins, protein modification
may be very detrimental to the survival of the cell. It is
possible that this mechanism plays a contributing role to the
degenerative process in PD (Stokes et al. 1999).

The toxicity of DA has been demonstrated in a variety of
in vitro models. Our laboratory has demonstrated the
selective toxicity of DA in vivo. Following intrastriatal
injections, exogenous DA caused selective toxicity to DA
terminals (Hastings et al. 1996; Rabinovic et al. 2000) as
well as the loss of DA neurons in SN (Hastings and
Rabinovic, unpublished observations). The extent of the
DA-induced damage to DA terminals was dependent on
intracellular DA oxidation, directly related to the amount of
quinone modification of proteins, and was reduced by the
presence of antioxidants (Hastings et al. 1996; Rabinovic et
al. 2000). The toxicity of cytoplasmic DA was recently
demonstrated in vivo in two separate mouse models
(Caudle et al. 2007; Chen et al. 2008). Particularly
noteworthy was the observation that mice expressing a
low level of VMAT2, the protein responsible for seques-
tering DA into vesicles, showed evidence of DA oxidation
and the loss of SN DA neurons upon aging, presumably
due to chronic increases in cytoplasmic DA (Caudle et al.
2007). Likewise, striatal neurons expressing a functional DA
transporter to increase cytoplasmic DA levels in GABA
neurons also resulted in neuronal toxicity (Chen et al. 2008).
Combined, these observations strongly suggest that without
the ability to sequester intracellular DA and maintain low
cytoplasmic levels, reactive metabolites of DA will cause
toxicity in vivo. In addition, evidence of in vivo DA
oxidation in human SN is shown by the accumulation of
the DA oxidation product neuromelanin (Zecca et al. 2003).
Increased DA oxidation in postmortem PD brain SN as
compared to age-matched controls was indicated by higher
levels of cysteinyl-catechol derivatives (Spencer et al. 1998).
Other factors implicated in PD pathogenesis such as reduced
GSH levels and iron accumulation will further promote DA
oxidation. Thus, DA oxidation is likely to contribute to the
vulnerability of DA neurons in PD.

DA oxidation and mitochondria

Because of the defined role of mitochondrial dysfunction in
PD, the Hastings laboratory also examined the effects of
DA and DA quinone exposure on mitochondrial function
(Berman and Hastings 1999). Exposure of isolated, well-
coupled rat brain mitochondria to the DA oxidation product
DA quinones resulted in a dramatic increase in State 4
resting respiration. Significant increases in State 4 rates to
levels similar to State 3 respiration were indicative of a
quinone-induced uncoupling of mitochondria where utili-
zation of substrate occurs without the production of ATP,
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most likely due to increased proton permeability across the
inner mitochondrial membrane. The DA quinone-induced
increase in State 4 respiration was completely blocked by
the presence of the reducing agent GSH, whereas co-
incubation with catalase and superoxide dismutase to
eliminate ROS had no effect. These results suggested that
GSH is acting as a thiol-dependent quinone scavenger
preventing the reactive DA quinone from interacting with
key mitochondrial proteins. DA quinone exposure of intact,
isolated mitochondria also resulted in mitochondrial swell-
ing that was completely prevented in the presence of cyclo-
sporin A, suggesting opening of a permeability transition
pore. Similar to the protective effect on respiration, the
addition of GSH was also able to block quinone-induced
mitochondrial swelling (Berman and Hastings 1999). We
also reported on the important observation that permeability
transition in isolated brain and liver mitochondria were
strikingly different, indicating the need to perform experi-
ments on brain mitochondria to model what may be occurring
in neurodegenerative diseases (Berman et al. 2000).

Proteomic analyses following DA quinone exposure

In subsequent experiments, we sought to identify which
mitochondrial proteins were altered following exposure to
DA quinones. Using the unbiased proteomic technique of
2-D difference-in-gel electrophoresis (2D-DIGE), we ex-
amined changes in abundance of mitochondrial proteins
following exposure of isolated brain mitochondria to DA
quinones (Van Laar et al. 2008). Results showed a rapid
loss of a subset of mitochondrial proteins following DA
quinone exposure including the 75 kDa subunit of NADH
dehydrogenase of Complex I, mitochondrial creatine
kinase, mortalin/GRP75, mitofilin, voltage-dependent anion
channel 2 (VDAC2) as well as several other proteins (Van
Laar et al. 2008). Because the majority of mitochondrial
proteins were unaffected, the findings suggest a subset of
mitochondrial proteins are highly susceptible to either
degradation and/or aggregation following oxidative modi-
fication. The degradation of select proteins may be
catalyzed by mitochondrial proteases, which also have been
implicated recently in neurodegeneration (Martinelli and
Rugarli 2009).

To examine the direct targets of DA quinone modifica-
tion in the mitochondrial proteome, we exposed intact brain
mitochondria to radiolabeled DA quinone (Van Laar et al.
2009). Following separation by 2D gel electrophoresis, DA
quinone-modified protein spots were analyzed by autoradi-
ography, mass spectrometry, and peptide mass fingerprint-
ing. Several of the proteins identified as directly modified
by the DA quinone were also observed to be decreased in
abundance in the previous study. These proteins included

the 75 kDa subunit of NADH dehydrogenase of Complex I,
mitochondrial creatine kinase, mortalin/GRP75, mitofilin,
isocitrate dehydrogenase and succinate Co A ligase. Some
additional proteins modified by DA quinone included
HSP60, aldehyde dehydrogenase, peroxiredoxin 3, VDAC1,
and NADH oxidoreductase 30 kDa subunit of Complex I
(Van Laar et al. 2009). Mortalin/GRP75 was also identified
as a DA quinone-modified protein in SH-SY5Y cells
exposed to radiolabeled DA along with two separate protein
disulfide isomerases (Van Laar et al. 2009).

The mitochondrial proteins shown to be affected by DA
oxidation serve a variety of critical mitochondrial functions
(Van Laar et al. 2009). DA quinone modification of protein
subunits of Complex I (75 kDa and 30 kDa) and complex
III (ubiquinol-cytochrome c reductase core protein 1) of the
electron transport chain may affect mitochondrial respira-
tion and ROS production. Alterations of mitochondrial
chaperone proteins HSP60 and mortalin/GRP75 are likely
to affect protein folding, protein import and Fe-S protein
assembly. Mitofilin has been shown to interact with
mitochondrial import proteins (Xie et al. 2007) and to play
a role in maintaining cristae morphology (John et al. 2005),
and thus the integrity of the mitochondria.

Interestingly, in our study, two familial PD-associated
proteins DJ-1 and UCH-L1 were shown to be DA quinone-
modified in both DA-exposed SH-SY5Y cells and isolated
brain mitochondria (Van Laar et al. 2009). DA quinone
modification of PD-associated proteins α-synuclein and
parkin have been reported by others (Conway et al. 2000;
LaVoie et al. 2005). In most cases, DA quinone modification
has resulted in alterations of protein function (Rochet et al.
2004; Martinez-Vicente et al. 2008; LaVoie et al. 2005)
(Mishizen and Hastings, unpublished results}. DA quinone
modification of α-synuclein was shown to inhibit the normal
degradation of the protein by chaperone-mediated autophagy
(Martinez-Vicente et al. 2008). The presence of the DA
quinone modification blocked the LAMP2A-mediated trans-
port of α-synuclein into the lysosome for degradation, and
continued to block CMA-mediated degradation of other
proteins, thus contributing to the accumulation of α-
synuclein and other proteins (Martinez-Vicente et al. 2008).
Whether altered protein degradation or protein solubility/
aggregation is a common effect of other DA quinone
modified proteins remains to be determined.

Endoplasmic reticulum (ER) proteins involved in protein
folding such as ER-60/GRP58/ERp57 and protein disulfide
isomerase-5 were shown to be targets of DA quinone
modification in differentiated SH-SY5Y cells (Van Laar et
al. 2009). Aberrant protein folding and protein aggregation
that occurs in PD are likely to be potentiated by DA
oxidation and oxidative modification of proteins. Proteomic
analysis by 2D-DIGE of mitochondrial-enriched fractions
isolated from differentiated PC12 cells exposed to exoge-
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nous DA showed increased expression of ER chaperone
proteins. Significant increases in GRP78, GRP58/ER-60,
GRP94 and calreticulin indicated that intracellular DA
oxidation initiated an unfolded protein and ER stress
response (Dukes et al. 2008). Oxidative stress and
mitochondrial deficits have been linked to the initiation of
ER stress (Xu et al. 2004; Holtz et al. 2006). Functional
interactions between mitochondria and the ER are critically
important in maintaining intracellular calcium homeostasis
and preventing cell death (Giorgi et al. 2009). DA oxidation
appears to target proteins in both organelles (Dukes et al.
2008; Van Laar et al. 2009).

Summary

Mitochondrial dysfunction and oxidative stress have been
clearly linked to the pathogenic mechanisms causing PD.
Nigrostriatal DA neurons show an enhanced vulnerability
to degeneration in PD, which may be related to the
potential for DA oxidation products to exacerbate mito-
chondrial dysfunction in these neurons. Exposure of
mitochondria to oxidized DA resulted in uncoupling of
mitochondrial respiration and mitochondrial swelling.
Electron-deficient DA quinones will readily bind thiol
groups on proteins, often resulting in inactivation of the
protein function. The effect of DA quinone modification on
the activity of the identified mitochondrial proteins still
needs to be investigated, as well as the impact of the
modified proteins such as Complex I subunits on overall
mitochondrial function. In a subset of mitochondrial
proteins, DA quinone modification appears to target the
protein for degradation. The exact mechanism by which
this occurs is not known, although mitochondrial proteases
are likely to play a role. Targeted degradation of modified
proteins ensures the loss of protein function, which may
have detrimental effects on mitochondrial integrity and
neuronal viability. DA oxidation also contributes to other
factors implicated in PD such as protein aggregation, ER
stress, and proteasomal and/or lysosomal dysfunction.
Thus, it is highly likely that the combination of mitochon-
drial dysfunction, oxidative stress, and DA oxidation
increases the vulnerability of dopaminergic neurons to
degeneration in PD (Greenamyre and Hastings 2004).
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