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Abstract Mitochondria are dynamic organelles which are required for maintaining cellular homeostasis. Thus, it is
not surprising that irregularities in mitochondrial function result in cellular damage and are linked with
neurodegenerative diseases, such as Parkinson’s disease. Evidence that mitochondrial dysfunction is key to the
pathogenesis of Parkinson’s disease is founded in studies in post-mortem tissue from patients with Parkinson’s disease,
and also from genetic studies stemming from patients with familial Parkinson’s disease. Whether triggered by
environmental or genetic factors, mitochondrial dysfunction occurs early in the pathogenic process, and is central to
Parkinson’s disease pathology. As such, targeting the mitochondria to slow or halt disease progression is an attractive
strategy for disease-modifying agents in Parkinson’s disease. Indeed, several therapies which target the mitochondria
have been investigated as neuroprotective treatments for Parkinson’s disease. This review will discuss the evidence
supporting mitochondrial dysfunction in Parkinson’s disease pathology as well as treatment strategies that target the
mitochondria.
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Parkinson’s disease

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disorder, which affects 1%–2% of the
population above the age of 65. This percentage will increase
as the population ages (Dorsey et al., 2007). PD presents with
characteristic motor abnormalities, which include resting
tremor, bradykinesia, and rigidity (Bernheimer et al., 1973).
The principle lesion underlying these symptoms is the loss of
dopaminergic neurons that project from the substantia nigra
pars compacta (SNc) to the striatum as the nigrostriatal
pathway (Bernheimer et al., 1973). At the time of diagnosis,
approximately 50% of the neurons in the nigrostriatal
pathway have degenerated (Bernheimer et al., 1973), and
many of the remaining neurons are undergoing cell stress
(Murray et al., 1995). Presently, the most commonly used,
and most effective treatment is the dopamine precursor,
levodopa (L-DOPA), which initially restores motor abnorm-

alities extremely effectively (Katzenschlager and Lees, 2002).
However, within 5 to 10 years, most patients begin to
experience uncontrollable writhing movements, known as
dyskinesias, which can be as disabling as the symptoms of PD
(Katzenschlager and Lees, 2002). Thus, the need to find
disease modifying agents able to halt or slow the progression
of PD pathology would be extremely beneficial to patients,
and would also decrease the economic load of PD on society,
as the need for palliative care would be reduced. Currently,
there are no neuroprotective treatments available for PD. If,
upon diagnosis, patients could be given such a neuroprotec-
tive treatment that could halt or slow the disease process,
patient’s symptoms would not advance to the more debilitat-
ing stages, increasing patient quality of life. To develop
neuroprotective treatments for PD, we must first understand
how the neurons degenerate. The aim of this review is to first
describe what we know about the pathological processes
linked with PD, then to discuss possible avenues for
neuroprotective treatments, with a specific focus on the
mitochondria as this is thought to be central to all cell death
processes in PD. With regards to the pathological processes
linked with cell death in PD, we will focus mostly on post
mortem and genetic studies.
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Pathological processes involved in PD
pathology

Although the mechanism by which neurons degenerate in PD
is poorly understood, two key pathways have been implicated
in PD: (1) aberrant protein homeostasis (via dysfunction of
the ubiquitin-proteasome system (UPS) and lysosomes), and
(2) mitochondrial dysfunction. Increased oxidative stress
likely plays a contributory role in all of these processes.
Aberrant protein homeostasis and mitochondria dysfunction
are discussed below.

Evidence for aberrant protein homeostasis in Parkinson’s
disease

The presence of protein inclusions called Lewy bodies (LB)
in affected brain regions provides evidence that the handling
of misfolded proteins is impaired in PD. Lewy bodies are
spherical proteinacous inclusions, which are localized in
affected brain regions that are usually identified post-mortem.
LBs contain a high concentration of ubiquinated proteins,
predominantly mis-folded α-synuclein and ubiquitin (Spil-
lantini et al., 1997, 1998). Protein ubiquination is one of the
main ways that cells remove dysfunctional or misfolded
proteins. It is also used, along with lysosomal degradation, to
regulate physiologic processes in order to remove proteins
that are no longer required. In PD, either due to a mutation in
α-synuclein, or due to mutations in the UPS and lysosome
system, protein degradation mechanisms within the cell are
sub-functional, resulting in accumulation of mis-folded
protein, initially in the form of aggregates or protofibrils,
which are toxic to the cell. These deleterious protofibrils are
eventually rounded up by the cell into the inert LB formations
where they are no longer thought to have a toxic impact on the
cell (Tanaka et al., 2004).

The discovery of mutations in the parkin gene, an E3
ubiquitin-protein ligase, in familial PD supports the idea that
dysfunction of the UPS plays a role in PD pathology. Parkin
contributes to protein homeostasis by tagging misfolded
proteins for degradation by the proteasome (Cookson , 2003;
Sakata et al., 2003). Furthermore, ubiquitin C-terminal
hydrolase (UCHL1) mutations have been identified in
familial PD (Leroy et al., 1998). UCHL1 is part of a family
of deubiquitinating enzymes responsible for cleaving poly-
meric ubiquitin into monomers (Leroy et al., 1998).
Disruption of this process could lead to inhibition of proper
UPS function. However, a meta-analysis did not find a link
between UCHL1 mutations and PD in Caucasian patients
(Healy et al., 2006). In support of protein mishandling being a
key contributor to the pathogenic process in PD, several
groups have shown evidence of SNc neurodegeneration,
associated with neuronal inclusions, when proteasome
inhibitors were delivered to rodents (McNaught et al., 2004;
Lim, 2007). These studies have been questioned, as other
groups were not able to reproduce the data (Bové et al., 2006;

Kordower et al., 2006), although genetic approaches have
yielded similar results (Bedford et al., 2008). In addition to
the disruption of the proteasome, lysosomal dysfunction has
been implicated in PD pathology. Mutations in lysosomal P-
type ATPase, ATP13A2, cause a juvenile, early-onset
parkinsonism; however, it is also characterized by dementia
and pyramidal degeneration (Ramirez et al., 2006). Taken
together, there is compelling evidence that protein home-
ostasis is disrupted and a key event in PD pathology.

Mitochondrial dysfunction in Parkinson’s disease

Both toxin-based and genetic evidence highlight the impor-
tant role of mitochondria in the pathology of PD. Mitochon-
drial dysfunction has been implicated in PD pathology since
the early 1980s when young addicts drugs accidently ingested
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), caus-
ing degeneration of the SNc and parkinsonian symptoms
(Langston et al., 1983). MPTP inhibits complex I of the
electron transport chain (ETC) in mitochondria. L-DOPA and
carbidopa have been successfully used to treat MPTP-
induced PD suggesting similar mechanisms underlying
sporadic PD and MPTP-induced parkinsonism (Langston et
al., 1983). Mitochondrial dysfunction as a key event in PD
pathology was further supported by the use of MPTP and
rotenone, a mitochondrial toxin, to create PD models by
impairing the ETC in the mitochondria. This allowed study of
the impact of inhibition of complex I function in the SNc
(Dauer and Przedborski, 2003). These initial studies, as well
as later ones showed that nigral neurons are less capable of
dealing with oxidative stress than other neuronal cells, and
their inherent properties make themmore susceptible to injury
than most cells. Nigral neurons are extremely reliant on
healthy mitochondria to maintain their viability because of
their reduced calcium buffering capacity (Surmeier , 2007;
Chan et al., 2010; Surmeier et al., 2010), increased ATP
demands (Chan et al., 2010), elevated oxidative stress (Sulzer
and Zecca, 2000; Greene et al., 2003; Chinta et al., 2010), and
intrinsic calcium channel pacemaker activity (Ping and
Shepard, 1999; Chan et al., 2007; Guzman et al., 2010).

Post-mortem studies provide evidence that mitochondrial
dysfunction is part of the disease process. Post-mortem
studies in PD patients show decreased complex I function
(Schapira et al., 1989). Furthermore, complex I becomes
increasingly impaired as the disease progresses (Parker et al.,
1989; Haas et al., 1995). As well, other complexes in the ETC
have reduced activity in PD patients (Haas et al., 1995). PD
patients also have a high number of mitochondrial DNA
(mtDNA) mutations in the SNc, many of which are associated
with the ETC, which implicates a role in mitochondrial
dysfunction resulting in cell death (Bender et al., 2006;
Kraytsberg et al., 2006). Further supporting this is the mouse
model where mitochondrial transcription factor A (TFAM), a
mitochondrial transcription factor that plays a role in
maintaining mtDNA, is disrupted resulting in decreased

490 Targeting the mitochondria in Parkinson’s disease



ETC activity and progressive loss of DA neurons (Ekstrand et
al., 2007). With the discovery of genetic factors that lead to
familial PD, the importance of proper mitochondrial function
has been highlighted. Several gene mutations found in
familial PD are associated with the mitochondria and their
toxic gain of function mutations, or loss of function leads to
mitochondrial dysfunction. These proteins also play a vital
role in mitochondrial health by controlling mitochondrial
dynamics to remove damaged mitochondria through fusion/
fission events.

Using a cell model of PD, recent work from our group
showed that mitochondrial dysfunction is an early event in
cell death processes linked with PD, regardless of whether the
initial insult is focused on mitochondria (Yong-Kee et al.,
2012). For these studies, we utilized a catecholaminergic cell
line (SH-SY5Y) and exposed these cells to LD50 concentra-
tions of toxins that mimic three cell death mechanisms
associated with PD: (1) UPS dysfunction, lysosomal
dysfunction, and mitochondria abnormalities (Yong-Kee et
al., 2011). Other studies have also shown that no matter what
the initiating cause of cell death, mitochondrial dysfunction
represents a convergence between all PD-linked cell death
mechanisms (Greenamyre et al., 2003; Höglinger et al.,
2003).

Understanding PD pathology through the
origins of familial PD

Most cases of PD (90%–95%) are believed to be sporadic,
while the remaining 5%–10% of the cases have been linked to
genetic mutations. Such genetic mutations include α-
synuclein, LRRK2, PINK1, parkin, DJ-1, UCHL1 and
ATP13A2, and have provided tremendous insight into the
molecular pathology underlying PD. The clinical manifesta-
tion of sporadic and familial PD is similar, which supports the
idea that some of the pathogenic mechanisms are common to
both forms of PD.

Genetic evidence for the role of
mitochondrial dysfunction in Parkinson’s
disease

Both autosomal dominant and recessive genetic mutations
associated with PD have been linked to the mitochondria,
implicating mitochondrial dysfunction as central to PD
pathology. These mutant proteins may primarily impact
other sub-cellular processes, such as UPS or lysosome
function, but the majority of these mutant proteins have
also been shown to impact the mitochondria.

Alpha-synuclein (α-synuclein)

α-synuclein is a 140 amino acid protein that is associated with
synaptic terminal membranes at the presynapse (Goedert ,

2001; Cole and Murphy, 2002). LB, which are commonly
associated with PD, are largely composed of α-synuclein
(Spillantini et al., 1997). Several mutations in α-synuclein
have been identified in both sporadic and familial forms of
PD, these are A53T (Polymeropoulos et al., 1997), A30P
(Krüger et al., 1998), E46K (Zarranz et al., 2004), and
duplication and triplication of the α-synuclein gene (Chartier-
Harlin et al., 2004; Fuchs et al., 2007).

Misfolded α-synuclein is broken down by both the UPS
and chaperone-mediated autophagy (CMA) (Cuervo et al.,
2004). Misfolded forms of mutant α-synuclein that are linked
with PD have a direct dysfunctional effect on the UPS,
autophagy, and CMA function (Snyder et al., 2003; Xilouri et
al., 2009; Winslow et al., 2010; Zhang et al., 2008). Several
lines of evidence also suggest a role for wild-type and mutant
α-synuclein in mitochondrial dysfunction. Initial studies
showed that animals overexpressing wild-type and mutant
α-synuclein had increased sensitivity to MPTP (Richfield et
al., 2002). In addition MPTP mice overexpressing wild-type
α-synuclein had an increased number of mitochondrial
abnormalities that are specific to the substantia nigra (Song
et al., 2004). This was further corroborated in studies that
demonstrated α-synuclein deficient mice were resistant to
MPTP, malonate, and 2-nitropropionic acid, which are
mitochondrial toxins (Klivenyi et al., 2006). Finally, rotenone
toxicity in cells was increased when wild-type α-synuclein
was overexpressed (Shavali et al., 2008). Taken together,
these studies indicate that both mutant α-synuclein and the
overexpression of wild-type α-synuclein may play an
important role in mitochondrial function.

Several studies have demonstrated that wild-type and/or
A53T mutant α-synuclein localizes to the mitochondria in
cells (Parihar et al., 2008; Shavali et al., 2008) and
dopaminergic neurons (Devi et al., 2008; Chinta et al.,
2010), rodents (Liu et al., 2009; Sarafian et al., 2013), and in
patients with PD (Devi et al., 2008). In PD patients, the
amount of α-synuclein bound to the mitochondria was
elevated in brain regions that undergo degeneration during
the disease process (Devi et al., 2008). The first 32 amino
acids target α-synuclein to the mitochondria, which involves
an outer mitochondrial membrane import channel (Devi et al.,
2008). It has been suggested that α-synuclein associates with
the inner mitochondrial membrane (Devi et al., 2008; Shavali
et al., 2008) and once localized to the mitochondria, it caused
an increase in intra-mitochondrial calcium and nitric oxide
and the release of cytochrome c (Parihar et al., 2008). Once
localized in the mitochondria, α-synuclein interacted with
complex I, inhibiting it and causing oxidative stress (Devi et
al., 2008; Liu et al., 2009). More recent work has suggested
that α-synuclein was localized to mitochondrial-associated
ER membranes (MAMs) (Guardia-Laguarta et al., 2014).
Mutations in α-synuclein, such as the ones identified in PD,
caused the redistribution of α-synuclein from MAMs to the
pure mitochondrial fraction resulting in reduced ER-mito-
chondrial connectivity and increased mitochondrial fragmen-
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tation (Guardia-Laguarta et al., 2014). In this study, the
overexpression of wild-type α-synuclein did not result in
mitochondrial localization as suggested in previous studies
(Devi et al., 2008; Parihar et al., 2008; Shavali et al., 2008).
This could be due to a threshold level of overexpression
needed to redistribute wild-type α-synuclein from MAMs to
the mitochondria and that this threshold may not have been
reached in the study.

Early studies demonstrated that it was aggregated α-
synuclein and not monomeric α-synuclein that associated
with the mitochondria (Parihar et al., 2008). This was
corroborated in recent studies performed in cell culture
demonstrating that preformed fibrils increase mitochondrial
oxidative stress (Dryanovski et al., 2013). Likewise, in PD,
preformed fibrils of α-synuclein were proposed to be the main
toxic α-synuclein species (Marques and Outeiro, 2012).
These studies lend evidence that α-synuclein disrupts
mitochondrial function, contributing to the pathogenesis of
PD.

Leucine Rich Repeat Kinase 2 (LRRK2)

Leucine Rich Repeat Kinase 2 (LRRK2) is a 2527 amino acid
protein with several conserved domains including a leucine-
rich repeat, a c-terminal of Roc domain (roc-COR), a kinase
domain, and a WD40 domain (Li and Beal, 2005). There are
at least 20 LRRK2 mutations linked with PD, such as
G2019S, R1441C, I2020T, I1122V, and Y1699C (Li and
Beal, 2005; Greggio et al., 2006) with the G2019S
substitution being the most prevalent. This mutation increases
autophosphorylation of LRRK2 and also kinase activity,
resulting in neuronal death, suggesting that toxic gain of
function underlies neurotoxicity (Greggio et al., 2006; West et
al., 2005). Mutations in LRRK2 are seen in both autosomal-
dominant familial PD and sporadic PD. LRRK2 is degraded
by CMA and mutations in LRRK2 cause inhibition of CMA
function indicating that LRRK2 disrupts lysosomal function
(Orenstein et al., 2013). In addition to the effect of LRRK2 on
protein degradation, several studies have suggested a link
between LRRK2 and mitochondrial dysfunction in PD (Ng et
al., 2009; Saha et al., 2009). Furthermore, LRRK2 mutations
caused increased sensitivity to mitochondrial toxins in cells,
model organisms, and rodents (Ramonet et al., 2011; Wang et
al., 2012).

LRRK2 is present in the mitochondria and specifically
associated with the mitochondrial membrane (Papkovskaia et
al., 2012) where it may play a role in mitochondrial dynamics.
Several studies have shown that overexpression of LRRK2 or
expression of the G2019S or R1441C mutation resulted in
increased mitochondrial fragmentation (Niu et al., 2012;
Wang et al., 2012; Su and Qi, 2013). In contrast, another
study demonstrated increased mitochondrial connectivity in
fibroblasts from PD patients with the G2019S mutation
(Mortiboys et al., 2010). However, this discrepancy could be
due to the different cell types used in the studies, as disparities

in the effect of mutations on mitochondrial function have
been demonstrated between neuronal cells and fibroblasts
(Mortiboys et al., 2008; Lutz et al., 2009). Studies by Wang et
al. showed that mitochondrial fusion was slowed with the
overexpression of wild-type LRRK2 and this was further
enhanced with expression of the G2019S or R1441C
mutations. The changes in mitochondrial dynamics observed
in this study were dependent on LRRK2 kinase activity.
DLP1, a protein involved in mitochondrial fission, was
responsible for the increased fragmentation seen with over-
expression of LRRK2 (Niu et al., 2012; Wang et al., 2012). A
direct interaction of DLP1 and LRRK2 was demonstrated
using co-immunoprecipitation (Wang et al., 2012). Further
studies demonstrated that DLP1 translocates from the cytosol
to the mitochondria with wild-type LRRK2 or mutant
(G2019S) overexpression, and that the roc-COR domain of
LRRK2 interacts with DLP1 (Niu et al., 2012). However,
other studies were unable to demonstrate that LRRK2
interacted with DLP1 or influenced the expression levels of
this protein (Papkovskaia et al., 2012). The G2019S-LRRK2
mutation has also been demonstrated to cause excessive
mitochondria-associated autophagy, lysosomal hyperactivity,
and an increased number of autophagosomes indicative of
increased mitophagy (Cherra et al., 2013; Su and Qi, 2013).
This is thought to be caused by the G2019S-mediated
hyperactivation of DLP1 (Su and Qi, 2013). In addition,
mitochondrial calcium homeostasis is disrupted (Cherra et al.,
2013), which would further increase mitochondrial stress.

Mitochondrial homeostasis is essential for proper mito-
chondrial function. Several studies have demonstrated that
wild type LRRK2 or mutant (G2019S) overexpression caused
an increase in reactive oxygen species (ROS) and a decrease
in mitochondrial membrane potential and ATP levels (Morti-
boys et al., 2010; Niu et al., 2012; Wang et al., 2012;
Papkovskaia et al., 2012; Cherra et al., 2013; Su and Qi,
2013). A decrease in the function of ETC complexes has been
suggested as a reason for the decrease in mitochondrial
membrane potential and ATP production (Mortiboys et al.,
2010; Su and Qi, 2013). It has also been suggested that an
upregulation of the uncoupled proteins by the G2019S-
LRRK2 mutant caused proton leaking, which is responsible
for decreased mitochondrial membrane potential and a
reduction in ATP levels without the generation of free
radicals (Papkovskaia et al., 2012). Taken together, studies to
date suggest that LRRK2 mutations in sporadic and familial
PD, combined with its association with mitochondrial
function, lend evidence to mitochondrial dysfunction being
central to PD pathogenesis.

PTEN induced kinase 1 (PINK1)

PTEN induced kinase 1 (PINK1) is a 581 amino acid protein
with a predicted mitochondrial targeting domain, protein
kinase domain, and homology to serine/threonine kinases of
the calcium/calmodulin family (Valente et al., 2004).
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Mutations in PINK1 are associated with juvenile, autosomal
recessive, early-onset PD. Large deletions or frame-shift
truncations indicate a loss-of-function pathogenic mechanism
(Valente et al., 2004; Clark et al., 2006; Park et al., 2006). The
mitochondrial targeting sequence of PINK1 suggests that it
directly interacts with, and functions, at the level of the
mitochondria.

PINK1 localizes to the mitochondria (Valente et al., 2004;
Park et al., 2006) and mutations in PINK1 cause an increased
sensitivity to cell stress (Valente et al., 2004; Gautier et al.,
2008), which does not occur under basal conditions (Valente
et al., 2004). The loss of mitochondrial membrane potential
with PINK1 mutations results in a loss of ATP in cells and
mice (Valente et al., 2004; Wood-Kaczmar et al., 2008;
Gispert et al., 2009; Gómez-Sánchez et al., 2014; Morais et
al., 2014). Loss of PINK1 also affects the normal function of
the mitochondria in mice (Gautier et al., 2008; Gispert et al.,
2009). In these mice, there is reduced respiration in the ETC
complexes (Gautier et al., 2008; Gispert et al., 2009). More
recently, it has been demonstrated that PINK1 is required to
maintain complex I function in the ETC (Wood-Kaczmar et
al., 2008; Morais et al., 2014). The mitochondrial deficits
caused by PINK1 deficiency were rescued by a phosphomi-
metic mutant of NdufA2, a component of complex I of the
ETC. Taken together, these studies demonstrate the PINK1 is
necessary for proper function of the mitochondria.

In addition, studies have shown that PINK1 has an
important role in mitochondrial dynamics in cell (Wood-
Kaczmar et al., 2008), drosophila (Clark et al., 2006; Park et
al., 2006), and rodent models (Kitada et al., 2007; Gautier et
al., 2008; Gispert et al., 2009) of PD. PINK1 functions with
parkin to ensure appropriate mitochondrial dynamics (Park et
al., 2006; Gispert et al., 2009; Wang et al., 2011; Scarffe et al.,
2014). Loss of PINK1 function results in impaired fission in
both drosophila and mice (Park et al., 2006; Gautier et al.,
2008; Gispert et al., 2009). Impairments in mitochondrial
dynamics involve parkin, a protein associated with autosomal
recessive, early-onset PD and will be discussed in the next
section.

Although loss of dopamine neurons has not been seen in
PINK1 deficient mice (Kitada et al., 2007; Gautier et al.,
2008; Gispert et al., 2009), behavioral phenotypes and
changes in striatal dopamine levels have been identified.
PINK1 knockout mice have decreased weight and locomotor
function in comparison to wild-type mice (Gispert et al.,
2009). In the striatum, there is decreased dopamine content in
aged mice and defects in pre-synaptic dopaminergic function
(Kitada et al., 2007; Gispert et al., 2009). It has been proposed
that PINK1 deficiency alone is not enough to cause neuronal
loss, but rather sensitizes cells to a second insult, which leads
to dopaminergic cell loss. Indeed, it was demonstrated in mice
that loss of PINK1 combined with mitochondrial stress
recapitulates many of the cardinal features in PD, interest-
ingly, these deficits were not rescued by L-DOPA treatment
(Moisoi et al., 2014).

Parkin

Parkin is a large gene encoding a 465 amino acid protein that
has a ubiquitin-like domain at the N terminus, two C-terminal
ring finger motifs, and an in-between ring-finger domain
(Kitada et al., 1998; Greene et al., 2003). Parkin can act as an
E3 ligase, and binds to, then ubiquinates many specific
substrates (Imai et al., 2000; Shimura et al., 2000; Itier et al.,
2003)

Many parkin studies have demonstrated its involvement in
regulating mitochondrial function. In drosophila, loss of
parkin reduced longevity and resulted in swollen mitochon-
dria with disintegration of cristae, ultimately leading to cell
death (Greene et al., 2003; Pesah et al., 2004). Mitochondrial
pathology is the primary defect in parkin knockout droso-
phila, along with motor deficits (Greene et al., 2003). Further
supporting a role for parkin in mitochondrial function was the
increased sensitivity of drosophila to oxidative stress
following loss of parkin (Pesah et al., 2004). Parkin-deficient
mice, like drosophila, have reduced bodyweight (Itier et al.,
2003; Pesah et al., 2004). However, unlike drosophila, parkin
knockout mice are viable, fertile, and have the same mortality
rate in comparison to wild-type mice (Itier et al., 2003). This
suggests that in mice, another gene is able to compensate for
lost parkin, which is not the case in drosophila.

Studies in parkin knockout mice showed that parkin plays a
role in the dopaminergic system, as these mice have reduced
levels of dopamine transporter and vesicular monoamine
transporter in the striatum (Itier et al., 2003). In the limbic
system, it was found that parkin dysfunction impaired
dopamine release and increased the intra-neuronal metabo-
lism of dopamine via monoamine oxidase (Itier et al., 2003).
Using primary midbrain cultures from parkin-deficient mice,
a decrease in newly synthesized dopamine release and a
decrease in dopamine reuptake was demonstrated (Itier et al.,
2003). In other studies, it was found that the levels of
dopamine and its metabolites, 3,4-dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) were similar
in the striatum of parkin-deficient mice and wild-type mice
(Goldberg et al., 2003). This study also showed elevated
dopamine release as well as extracellular dopamine in the
striatum (Goldberg et al., 2003). The medium spiny neurons
were also less excitable due to post-synaptic alterations
(Goldberg et al., 2003). Taken together, these data demon-
strate that parkin plays a role in mitochondrial function and
loss of parkin function causes changes in dopamine release
and neuronal function in the nigrostriatal pathway.

Parkin is also involved in the degradation of mitochondria
through the autophagosome-lysosome pathway. Parkin is
recruited to mitochondria upon loss of mitochondrial
membrane potential by PINK1 (Narendra et al., 2008;
Poole et al., 2008; Wang et al., 2011). Once recruited to
dysfunctional mitochondria, parkin works downstream of
PINK1, causing mitochondrial engulfment by autophago-
somes (Narendra et al., 2008). It has been demonstrated that
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overexpression of parkin can rescue the PINK1 knockout
phenotype in drosophila and in human cells (Park et al., 2006;
Exner et al., 2012). Further studies have demonstrated that
parkin and PINK1 function to target dysfunctional mitochon-
dria for mitophagy. Parkin is required for PINK1-mediated
loss of Miro, a protein involved in tethering the mitochondria
to kinesin, which is responsible for the mobility of
mitochondria (Wang et al., 2011). When parkin is recruited
to the mitochondria, PINK1 phosphorylates Miro, causing the
release of kinesin, which inhibits mitochondrial movement.
Parkin then targets Miro for degradation (Wang et al., 2011).
The dysfunctional mitochondria are also degraded by
mitophagy. More recently it has been proposed that parkin
and PINK1 function to remove damaged proteins from the
mitochondria in mitochondrial derived vesicles (MDV),
which are directed to the lysosome, prior to complete loss
of mitochondrial membrane potential (McLelland et al.,
2014). MDVs bud off the mitochondria using a mechanism
that is independent of the mitochondrial fission machinery
(Neuspiel et al., 2008; Soubannier et al., 2012). This process
is kinetically faster than mitophagy, and may provide a
mechanism to preserve the integrity of mitochondria (McLel-
land et al., 2014). Therefore, parkin and PINK1 can function
together in two distinct mitochondrial quality control
mechanisms: the first to shuttle selective cargo to lysosomes
to preserve the mitochondria, and the second to deliver whole
mitochondria to autophagosomes to enable mitophagy. The
former mechanism functions in a fission-independent manner
and is initiated by ROS, whereas the latter is initiated by loss
of mitochondrial membrane potential.

DJ-1

DJ-1 mutations are found in autosomal recessive, early-onset
PD. DJ-1 belongs to the DJ-1/Thi/PfpI superfamily of
proteins and is localized to the mitochondria (Canet-Avilés
et al., 2004; Zhang et al., 2005). Loss of function of DJ-1
contributes to the development of PD, although how DJ-1
contributes to PD pathogenesis is largely unknown. DJ-1 is
involved in mediating oxidative stress and loss of DJ-1
function results in increased oxidative stress, which is thought
to play a role in the onset of PD pathology (Zhang et al.,
2005). The subcellular location of DJ-1, and its role as an
antioxidant indicates that physiologically, DJ-1 is involved in
maintaining the quality of the mitochondria. DJ-1 is
specifically localized to the mitochondria under basal
conditions and its association with mitochondria increases
under conditions of oxidative stress (Canet-Avilés et al.,
2004; Blackinton et al., 2009). However, some studies
contradict these findings (Zhang et al., 2005). Despite these
disparities, all studies to date (both in vivo and in vitro) agree
that loss of DJ-1 results in increased oxidative stress and
reduced mitochondrial membrane potential (Kim et al., 2005;
Andres-Mateos et al., 2007; González-Polo et al., 2009;
Krebiehl et al., 2010; Minakawa et al., 2013). Studies in vitro

showed that DJ-1 scavenges H2O2, thus, H2O2-induced cell
death is exacerbated when DJ-1 was knocked down (Taira et
al., 2004). In vivo, DJ-1 mutations resulted in decreased
locomotor activity in drosophila, which was exacerbated
under conditions of oxidative stress (Park et al., 2005). DJ-1
also provided some protection against 6-hydroxydopamine
(6-OHDA) toxicity in rats (Inden et al., 2006). Following
administration of 6-OHDA, DJ-1 was delivered to the rat
brains, which protected against ROS, reduced dopaminergic
cell loss, and corrected behavioral deficits (Inden et al., 2006).
This demonstrates that DJ-1 plays an important role in
preserving dopaminergic cells when exposed to toxic insult.

DJ-1 may also play a role in regulating mitochondrial
dynamics (Minakawa et al., 2013), as loss of DJ-1 lead to
fragmented mitochondria (Blackinton et al., 2009; Irrcher et
al., 2010; Krebiehl et al., 2010). The role of DJ-1 in
mitochondrial dynamics was further supported in DJ-1
deficient cells, where levels of the mitochondrial fusion
protein MFN1 were decreased (Irrcher et al., 2010). This
could be because DJ-1 plays a direct a role in fusion/fission of
the mitochondria, or indirect, by increasing mitochondrial
ROS, which would also affect mitochondrial function (Irrcher
et al., 2010; Krebiehl et al., 2010).

In addition to the role of DJ-1 in mitochondrial function,
studies have demonstrated that it can influence autophagy
(Irrcher et al., 2010; Krebiehl et al., 2010). The effect of DJ-1
on autophagy is currently unclear however. For example, loss
of DJ-1 has been shown to increase autophagy with no effect
on mitochondria function or number (Irrcher et al., 2010;). In
contrast, other studies showed that loss of DJ-1 resulted in a
decrease in basal autophagy (González-Polo et al., 2009;
Krebiehl et al., 2010). However, both studies showed reduced
clearance of mitochondria by lysosomes (Irrcher et al., 2010;
Krebiehl et al., 2010), which could be due to impaired
lysosomal activity (Krebiehl et al., 2010). In summary,
although the exact role of DJ-1 in PD pathogenesis is
unknown, it is likely that increased oxidative stress caused by
loss of function mutations results in the disruption of
mitochondrial homeostasis and potentially affects the
removal of damaged mitochondria.

Summary so far

Although the precise mechanisms underlying PD pathology
have not been fully elucidated, and are likely to vary between
patients with PD, based on the current evidence available, it is
likely that mitochondrial dysfunction and aberrant protein
homeostasis caused by disruption of UPS and lysosomal
function are involved. Furthermore, studies from our
laboratory and others suggest that mitochondrial dysfunction
is an early and convergent event in the cell stress pathway, no
matter what the initiating trigger (Yong-Kee et al., 2012).
Post-mortem studies, as well as genetic evidence, supports
mitochondrial dysfunction in PD. Inhibition of complex I of
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the ETC is often seen in both sporadic and familial PD (Parker
et al., 1989; Haas et al., 1995; Devi et al., 2008; Liu et al.,
2009; Mortiboys et al., 2008; Wood-Kaczmar et al., 2008;
Morais et al., 2014). Based on this evidence, therapies
focused on improving mitochondrial function may be
extremely useful as neuroprotective treatments for PD. Such
potential treatment strategies will be discussed in the
following section.

Treatment strategies that target the
mitochondria

Creatine

Creatine is a nitrogenous organic acid that can be produced
endogenously and acquired through dietary intake (Juhn and
Tarnopolsky, 1998). Creatine is phosphorylated by creatine
kinase (CK) to produce phosphocreatine (Kones, 2010).
Creatine and phosphocreatine comprise an effective energy
buffering system that is able to maintain ATP levels. When
creatine is present, it is phosphorylated by CK, reducing the
ATP:ADP ratio, which prevents the inhibition of the ATPase
and increases ATP synthesis (Kones, 2010). Conversely,
when energy supplies are low, phosphocreatine can be used as
a source of high-energy phosphate to convert ADP to ATP
(Kones, 2010). The ability to maintain ATP levels in the
mitochondria is especially important during metabolic and
oxidative stress. For this reason, creatine has been investi-
gated as a potential neuroprotective treatment in several
neurodegenerative diseases, including PD.

Creatine protected against toxic insult in both in vivo and in
vitro models of PD. A supplement of creatine protected
dopaminergic neurons in primary ventral mesencephalic
cultures exposed to either MPP+ or 6-OHDA (Andres et al.,
2005). Furthermore, creatine prevented loss of dopaminergic
neurons in a MPTP-mouse model of PD in a dose dependent
manner (Andres et al., 1999; Klivenyi et al., 2003). The exact
mechanism of how creatine was able to protect neurons from
cell death is still unknown. It was proposed that creatine
prevents activation of the mitochondrial permeability transi-
tion pore (mPTP), which is linked to apoptotic pathways, and
is initiated after mitochondrial homeostasis is lost. However,
a study by Klivenyi et al. showed that the neuroprotective
effects of creatine occured even in the absence of mitochon-
drial creatine kinase (Klivenyi et al., 2004). Therefore,
creatine most likely asserts its neuroprotective effects through
its well-established ability to maintain ATP levels, or its
supposed antioxidant capabilities. Creatine could enhance
mitochondrial function via either of these mechanisms.

A randomized, double-blind futility phase II clinical study
has proven that creatine supplementation (10 g/d) for one year
delayed the progression of PD by 50% based on the Unified
Parkinson’s Disease Rating Scale (UPDRS). This study
determined that supplementation of creatine was effective,

and resulted in the initiation of a larger clinical trial (NINDS
NET-PD Investigators, 2006). A double-blind, placebo-
controlled, phase III clinical trial is being performed and
will included 1720 patients in the early stages of PD (Couzin,
2007). However, this study was halted because interim
analysis showed that completion of the study was futile.
Although creatine was a promising treatment because of its
ability increase the ATP yield from the mitochondria, the
treatment group appeared unlikely to show statistical
significance to controls.

Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α)

PGC1α is a transcription factor that is the major regulator of
mitochondrial biogenesis, metabolism, and anti-oxidant
genes (St-Pierre et al., 2006; Esteves et al., 2010). In post
mortem studies of patients with PD, there were decreased
levels of PGC1α (Zheng et al., 2010; Shin et al., 2011). This,
combined with its role in mitochondrial health, makes it an
interesting target in PD. PGC1α is required to protect cells
against ROS by activating detoxifying enzymes, such as
superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPx) (St-Pierre et al., 2006), thus maintaining
proper mitochondrial function. Interestingly, in parkin-
deficient mice, PGC1α levels were reduced (Shin et al.,
2011). Parkin is responsible for the ubiquination of its
substrate PARIS, which suppresses PGC1α expression.
Parkin mutations resulted in an increase in PARIS, which in
turn represses PGC1α, leading to decreased mitochondrial
function (Shin et al., 2011). In PGC1α null fibroblasts, or cells
where PGC1α had been knocked down, there were reduced
antioxidant mechanisms, as shown by reductions in the
uncoupled proteins, SOD2, and GPx1 (St-Pierre et al., 2006).
Overexpression of PGC1α in these cells dramatically
protected against cell death by upregulating the antioxidant
defense system (St-Pierre et al., 2006). Along with upregula-
tion of antioxidant defense mechanisms in cells, over-
expression of PGC1α increased mitochondrial density in
both axons and the cell body (Wareski et al., 2009). In this
way, PGC1α may compensate for mitochondrial loss in
damaged neuronal cells. PGC1α overexpression has also been
shown to correct for mitochondrial dysfunction caused by the
expression of human α-synuclein in zebrafish, protecting
against loss of dopaminergic neurons (O’Donnell et al.,
2014), and protecting against MPTP-induced cell loss in mice
(Mudò et al., 2012). Although these studies demonstrate the
promise of PGC1α as a therapeutic target for patients with
PD, it is important that levels of PGC1α are tightly regulated
if it were to be targeted as a disease-modifying agent. A recent
study overexpressing PGC1α in the striatum and SNc of rats
demonstrated a decrease in dopaminergic cell markers and
degeneration of dopaminergic neurons in the SNc, that
corresponded with a decrease in striatal dopamine levels, as
well as an increase in dopamine turnover in this brain region
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(Ciron et al., 2012). Therefore, although promising, the
therapeutic dose of PGC1α remains to be determined.

Sirtuin 1 and resveratrol

Sirtuins are a family of conserved NAD-dependent class III
deacetylases and/or ADP-ribosyltransferases, which are
homologs of yeast Sir2. There are seven mammalian sirtuins
(SIRT1-7), each containing an NAD binding domain and a
catalytic domain (Frye, 2000). SIRT family members differ
with respect to the composition of their N- and C-terminal
domains resulting in varied tissue and subcellular location, as
well as specific enzymatic substrates (Li and Kazgan, 2011).
The dependence on NAD for function suggests that sirtuins
are involved in regulating metabolic activity and mitochon-
drial function. This review will focus mainly on SIRT1, as it
has been studied in animal models of PD, and also positively
impacts mitochondrial function. We will also discuss
resveratrol, as its disease modifying effects may be mediated
through SIRT1.

SIRT1

SIRT1 is primarily localized to the nucleus, where it
deacetylates histones affecting gene expression (Vaquero et
al., 2004). SIRT1 can also deacetylate and upregulate the
activity of specific methyltransferases (Vaquero et al., 2007).
Cells deficient in SIRT1 had decreased transcription due to
the hyperacetylation and hypomethylation of histones
(Vaquero et al., 2004, 2007). SIRT1 affects gene expression
by regulating specific transcription factors, which play an
important role in energy metabolism. These transcription
factors include PGC1α (Gerhart-Hines et al., 2007), FOXO
(Brunet et al., 2004), heat shock factor 1 (HSF1) (Westerheide
et al., 2009), and NF-κB (Yeung et al., 2004; Yang et al.,
2007). During fasting or caloric restriction, SIRT1 deacety-
lates PGC1α (Gerhart-Hines et al., 2007), which is a master
regulator of mitochondrial biogenesis and oxidative phos-
phorylation (St-Pierre et al., 2006; Esteves et al., 2010).
SIRT1 also deacetylates FOXO transcription factors that
work in concert with PGC1α to activate various downstream
targets, such as manganese superoxide dismutase 2
(MnSOD), and other antioxidant enzymes, which function
to reduce ROS (van der Horst et al., 2004; Pardo et al., 2011).

Resveratrol is a natural polyphenolic compound, which is
thought to be an activator of SIRT1 (Howitz et al., 2003).
Although some studies indicate that resveratrol may not have
an effect on SIRT1 expression and/or activity at all (Beher et
al., 2009; Pacholec et al., 2010). Some of these findings may
be partially explained by the study performed by Lakshmi-
narasimhan et al., which demonstrates that the ability of
resveratrol to downregulate or upregulate SIRT1 activity is
substrate sequence dependent (Lakshminarasimhan et al.,
2013).

Studies overexpressing SIRT1 or administering resveratrol

demonstrate the therapeutic potential of SIRT1 as a
neuroprotective agent in PD. In cell studies, resveratrol or
oxyresveratrol protected against 6-OHDA, α-synuclein, and
rotenone toxicity as well as parkin deficiency (Chao et al.,
2008; Albani et al., 2009; Ferretta et al., 2014; Lin et al.,
2014). This protection was mediated through activation of
SIRT1 and decreasing ROS production (Chao et al., 2008;
Albani et al., 2009), which caused enhancement of mitochon-
drial function (Ferretta et al., 2014). However, one study
demonstrated protection by inducing autophagy and did not
investigate SIRT1 activation. In rodent models of PD,
resveratrol reversed behavioral deficits caused by 6-OHDA
and MPTP toxicity (Jin et al., 2008; Lu et al., 2008).
Furthermore, overexpression of SIRT1 in a transgenic mouse
expressing the human A53T α-syunclein gene increased life
span and decreased the formation of LB (Donmez et al.,
2012), whereas knock- down of SIRT1 had the opposite
effect. However, dopamine-cell specific overexpression of
SIRT1 was not protective against neuronal loss in a MPTP
mouse model of PD (Kakefuda et al., 2009). This could be
due to the increase in SIRT1 consuming the NAD+ necessary
for neuronal survival as has previously been suggested (Liu et
al., 2009), which highlights the importance of understanding
the mechanism underlying SIRT1-mediated protection, and
establishing the correct therapeutic dose in order for SIRT1
and SIRT1 activators to move forward as disease-modifying
agents.

Mitochondrial Transcription Factor A (TFAM)

TFAM, a protein found in the mitochondria, is responsible for
the initiation of mtDNA transcription and is a packing factor
that stabilizes the mtDNA pool, thus it is involved in mtDNA
maintenance (Noack et al., 2006; Hayashi et al., 2008).
TFAM plays an important role in maintaining mtDNA
homeostasis. Several studies have demonstrated that muta-
tions in mtDNA play a role in PD pathogenesis (Ikebe et al.,
1995; Gu et al., 2002; Simon et al., 2004). Generation of the
“MitoPark” mice, which have a disrupted TFAM gene,
demonstrated that loss of TFAM leads to an age-dependent
development of parkinsonian-like symptoms including the
formation of inclusions and loss of DA neurons (Ekstrand et
al., 2007), further implicating mtDNA integrity to be
important in PD. Furthermore, loss of TFAM resulted in
changes to ion channels and impairment in the release of DA
that preceded behavioral abnormalities (Good et al., 2011).
Therefore, TFAM may be an interesting target as a disease
modifying agent in PD. To support this hypothesis, cybrid cell
models of sporadic PD have restored mtDNA, mtRNA levels,
and respiratory capacity when TFAM was expressed and
targeted to the mitochondria (Keeney et al., 2009). The need
for a stable copy number of mtDNA was confirmed in mice
where overexpression of TFAM improved the symptoms of
mice with severe mitochondrial disease and prolonged
lifespan (Nishiyama et al., 2010). When TFAM was over-
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expressed in HeLa cells, it inhibited rotenone-induced ROS
generation (Hayashi et al., 2008). Furthermore, in aged
animals, TFAM decreased the amount of lipid peroxidation
products and the decline in complex I and IV function in the
mitochondria, therefore protecting the brain from age-related
decline (Hayashi et al., 2008). These initial studies have
implicated a therapeutic role for TFAM in PD.

Conclusion

There is increasing evidence implicating mitochondrial
dysfunction as a key event in the pathogenesis of PD. In
familial PD, both α-synuclein and LRRK2 are associated with
the mitochondria and there is evidence to suggest they are
important for proper mitochondrial function. Strong evidence
for mitochondrial involvement in PD pathogenesis comes
from the autosomal recessive mutations in PD. PINK1 is
directly associated with the mitochondria and functions with
parkin to maintain mitochondrial quality. Likewise, DJ-1
plays an important role in mitigating oxidative stress, which is
important for proper mitochondrial function.

Several mitochondrial-targeted therapies are now being
explored as disease-modifying agents in PD. Although still in
early stages, these therapies have tremendous promise.
Restoring proper mitochondrial function is likely essential
in mitigating the progression of this disease. PGC1α improves
overall mitochondrial health regulating mitochondrial bio-
genesis, metabolism, and antioxidant genes. SIRT1 can
globally enhance mitochondrial health and thus, protect the
neurons. TFAM is a transcription factor that maintains
mtDNA. All of these proteins have been shown to be
effective in cell and animal models of disease. Although still
in the early stages of development, they show great promise
in patients who suffer from PD, where there is currently no
effective neuroprotective treatment.
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