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PARKINSON’S DISEASE ETIOPATHOGENESIS
Parkinson´s disease (PD) is a severe and progressive neurodegen-
erative disorder of the central nervous system (CNS) and is the 
most common movement disorder. PD is characterized by the loss 
of dopaminergic neurons in the substantia nigra pars compacta 
(SNpc) in the ventral midbrain, mostly affecting the nigroestriatal 
pathway. The consequence of the severe depletion of dopamine (DA) 
in the striatum is the imbalance of acetylcholine, glutamate and y-
aminobutyric acid (GABA) in the subthalamic nucleus, thalamus 
and cortex, underlying the clinical symptomatology of the disorder 
(Wichmann and De Long, 2003). The loss of non-dopaminergic 
neurons, such as norepinephrine-containing neurons in the locus 
coeruleus, cholinergic neurons in the nucleus basalis of Meynert and 
serotoninergic neurons in the raphe nuclei have been observed and 
are also involved in the pathophysiology of PD (Jellinger, 1999).

The clinical features of PD are tremor at rest, rigidity and brady-
kinesia, often associated to postural instability, gait alterations and 
dysarthria. These symptoms are mainly explained by defi ciency of 
dopamine in the striatum, whereas minor symptoms such as auto-
nomic dysfunction, depression and cognitive impairment may be 
consistent with the disease whether or not associated with patho-
logical changes in non-dopaminergic systems. The therapeutic 
approach to the disorder is symptomatic and palliative. L-dopa is 
the standard drug, although the disease will progress. The ultimate 
therapeutic goal, based on the understanding of the etiopathogen-
esis of the disease has to be restorative and protective.

Even knowing that the main cause of the disease is DAergic cell 
death, the reason why these cells are progressively dying remains 
elusive. Genetic, epigenetic and environmental factors, such as 
head trauma, toxics or drugs have been reported in PD etiopatho-
genesis (revised by Cardoso et al., 2009). The SNpc is a DA-rich 
brain region that contains neuromelanin and a high content in iron 

which have been described to induce oxidative stress being related 
to the specifi c neurodegeneration occurring in PD. The decrease in 
DAergic neurons and the consequent reduction of neuromelanin 
are responsible for the pale color of PD patients substancia nigra 
(SN) as compared to age-matched healthy controls and is a neu-
ropathological hallmark of the disorder.

Protein aggregation is also a central feature of PD pathophysi-
ology the presence of Lewy bodies (LBs) being other prominent 
histopathological hallmark of PD. LBs are eosinophilic intracyto-
plasmatic aggregates of several proteins such as alpha-synuclein, 
ubiquitin, synphilin-1, 14-3-3 protein, tubulin and other cytoskel-
etal proteins (Forno, 1996). LBs are also typical features of other 
alpha-synucleinopathies such as Dementia with LBs and Multiple 
system atrophy. However, LBs distribution through the CNS is vari-
able between those disorders and PD. These aggregates may be clas-
sifi ed in classical LBs, which are mainly located in brain stem and 
have a dense hyaline appearance surrounded by a halo, or cortical 
type LBs, when they are less well defi ned. The major protein compo-
nent of both LBs types is alpha-synuclein (Spillantini et al., 1997), 
whose cellular function remains unknown. Mitochondrial dysfunc-
tion, oxidative stress or/and proteasome system impairment, were 
shown to potentiate alpha-synuclein aggregation in sporadic PD 
models (revised by Arduino et al., 2010). Despite alpha-synuclein 
presence in LBs is a histopathological marker for PD, the mecha-
nisms leading to the gradual transition of soluble alpha-synuclein 
into insoluble LBs or Lewy neuritis are still unknown. In the familial 
form of PD due to the mutation of parkin gene the classic LBs 
pathology is not observed. Moreover, toxin-induced parkinson-
ism is not associated with typical LBs formation, thus suggesting 
that alpha-synuclein aggregates are not a cause of the disease but 
probably a chronic mechanism of cell protection against soluble 
oligomeric alpha-synuclein toxicity.
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 parkin-knockout mouse and Drosophila models (Greene et al., 
2003; Palacino et al., 2004) showed a decreased mitochondrial 
respiratory activity. Also DJ-1 and LRRK2 proteins were shown 
to be localized into the mitochondria (Canet-Aviles et al., 2004; 
West et al., 2005).

Mutations in atp13a2 gene give rise to an autosomal recessive 
form of early-onset parkinsonism. This gene encodes a predicted 
lysosomal P-type transmembrane cation transporting ATPase 
that is localized in the lysosome. Mutant ATP13A2 proteins are 
retained in the endoplasmic reticulum and degraded by the protea-
some (Ramirez et al., 2006). Recently, Gitler et al. (2009) reported 
a strong genetic interaction between alpha-synuclein and ATP13A2. 
Moreover, ATP13A2 suppresses alpha-synuclein and manganese 
toxicity in primary neuron cultures (Gitler et al., 2009).

Analysis of these genes products lead us to conclude that mito-
chondria and proteasome are deeply involved in the molecular 
mechanisms of PD pathogenesis. Moreover, in some genetic defects 
they are involved simultaneously due to the relation of the protein 
product with both, mitochondria and proteasome, which somehow 
mean a probable interplay between them.

PARKINSON’S DISEASE, A DISORDER OF PROTEIN 
MISFOLDING
Misfolding diseases are a wide group of devastating disorders char-
acterized by the accumulation of pathological protein aggregates. 
Despite different origins (sporadic, familial or transmissible), they 
are sometimes called conformational diseases to emphasize aber-
rant conformations as the putative cause of deposits that precede 
or accompany the clinical manifestation of the disease.

Alzheimer’s disease (AD), Prion disorders (PrD), Parkinson’s 
disease (PD), and Huntington’s disease (HD) are the most typical 
examples of protein misfolded disorders, which are characterized 
by protein conformational changes. The misfolded protein process 
entails protein conformational transitions that go from oligom-
ers, protofi brils or mature aggregates formation (Ciechanover and 
Brundin, 2003).

The accumulation of those proteins may result from either 
genetic rare mutations, or post-translational changes mainly due to 
oxidative/nitrosative stress (further described in Section Neurotoxic 
Mechanisms), which is more likely to be related to sporadic forms 
of neurodegenerative diseases (Nakamura and Lipton, 2009).

Even though mutations in alpha-synuclein gene (Ala53Thr, 
Ala30Pro and Glu46Lys) are very rare causes of hereditary PD, its 
apparent role as the major structural feature of the LBs, both in 
EOPD and LOPD, suggests that alpha-synuclein may have a key 
role in DAergic neuronal cell death.

Firstly identifi ed as synaptic-associated protein in the rat brain 
(Maroteaux et al., 1988) and highly expressed in pre-synaptic nerve 
terminals, alpha-synuclein is a 140-a.a. protein whose cellular func-
tion remains unknown. Data from the last decade studies indicate 
that alpha-synuclein has important roles in synaptic vesicle forma-
tion and catecholamine metabolism in DAergic neurons (Hatano 
et al., 2009). Concerning to vesicle formation, Murphy et al. (2000), 
reported that alpha-synuclein may regulate the size of synaptic 
vesicles in mature neurons by observing a signifi cant reduction 
in distal synaptic vesicles pool formation when the expression 
of alpha-synuclein is suppressed by antisense oligonucleotide 

Evidence exists supporting the notion that oxidative stress and 
impaired mitochondrial function are involved in the pathogenesis 
of the disorder. However, the mechanisms responsible for the death 
of SNpc dopaminergic neurons has not yet been established. In this 
review we will focus on the role of mitochondria, UPS and oxidative 
stress as key players in the degeneration of DAergic neurons.

PARKINSON’S DISEASE FORMS
The most common type of PD is the sporadic or late-onset (LOPD) 
form which affects about 1% of individuals older than 65 years (de 
Lau and Breteler, 2006). This form seems to be related with the aging 
process and/or the exposure to environmental toxins. However, 5% 
of PD cases manifesting before 40–50 years, have been referred as 
familial or early-onset PD (EOPD) (Hatano et al., 2009), with a 
classical recessive or dominant Mendelian inheritance.

Mutations in some genes are the origin of familial and, in some 
cases, sporadic PD. In the last decade linkage studies revealed 15 
PD-related genetic loci (PARK1-15) (Hatano et al., 2009), and in 
a recent report a new locus, PARK16, was identifi ed (Satake et al., 
2009). Mutations described for these familial forms of PD, include 
autosomal dominant mutations of alpha-synuclein gene (PARK1) 
(Polymeropoulos et al., 1997), uchl1 gene (PARK5) and lrrk2 gene 
(PARK8) (Funayama et al., 2002) or autosomal recessive mutations 
of parkin gene (PARK2) (Kitada et al., 1998; Mizuno et al., 2008), 
pink1 gene (PARK6) (Hatano et al., 2004; Valente et al., 2004a), dj-1 
gene (PARK7) (Bonifati et al., 2003) and atp13a2 gene (PARK9) 
(Ramirez et al., 2006). Additionally, in fi broblasts of a single patient, 
mutations in mitochondrial DNA, nd5 and nd6 genes that codify 
for two complex I (cx I) subunits (Piccoli et al., 2008) were iden-
tifi ed. Despite the overall rarity of the familiar forms of PD, the 
identifi cation of single genes linked to the disease has yielded crucial 
insights into possible mechanisms of the PD pathogenesis, giving 
strong evidences of the involvement of organelles like mitochondria 
and intracellular degradation pathways as UPS and autophagy in 
the pathophysiology of PD (revised in Arduino et al., 2010).

Mutations in parkin and uchl1 genes are related with altera-
tions in the UPS pathway. Parkin protein is a 465-aminoacid (a.a.) 
polypeptide (∼51 kDa) that plays an important role in the UPS as 
ubiquitin E3 ligase (Shimura et al., 2000). Ubiquitin C-terminal 
hydrolase L1 (UCHL1) is a 223-a.a. protein which is a compo-
nent of the UPS, which cleaves the carboxy-terminal peptide bond 
of polyubiquitine chains, working as a deubiquitinating enzyme 
(Wilkinson et al., 1989; Larsen et al., 1996, 1998). Mono-ubiquitin 
recycling by UCHL1 sustains protein degradation. Moreover, both 
Parkin and UCHL1 were found to be LBs components (Lowe et al., 
1990; Shimura et al., 1999; Schlossmacher et al., 2002).

Mutations in pink1 gene are the second most common form of 
EOPD. This gene encodes a 581 a.a. ubiquitously expressed pro-
tein, PINK1 (PTEN induced kinase 1), with serine/threonine kinase 
activity, found in mitochondria (Hatano et al., 2004; Valente et al., 
2004a,b). PINK1 mitochondrial localization is due to a N-terminal 
mitochondrial-targeting signal (Mills et al., 2008), being one of 
the most direct evidences of a primary role of mitochondria in 
PD etiopathogenesis. PINK1 was found in a small group of brain 
stem LBs as well (Gandhi et al., 2006). Moreover, mitochondria are 
also indirectly involved in most of other genetic forms of EOPD. 
Alpha-synuclein mouse model (Martin et al., 2006) and both 
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 technology (Murphy et al., 2000). However, later in 2006, Cooper 
and colleagues referred that alpha-synuclein blocked endoplasmic 
reticulum (ER)-to-Golgi vesicular traffi cking and induced ER stress 
followed by cell death (Cooper et al., 2006). In the meanwhile, some 
studies revealed that alpha-synuclein may modulate signal trans-
duction, cytoskeleton organization and membrane traffi cking due 
to interaction with membrane through lipid rafts (Fortin et al., 
2004; Kubo et al., 2005).

Relatively to catecholamine metabolism, it was shown that 
alpha-synuclein is capable to inhibit DA release in an activity-
 dependent negative regulator manner (Abeliovich et al., 2000), 
through exocytosis alterations (Larsen et al., 2006). It is also sug-
gested that alpha-synuclein may modulate the activation of tyro-
sine hydroxylase (Perez et al., 2002) and down-regulate vesicular 
monoamine transporter-2 activity (Guo et al., 2008).

A recent study report that alpha-synuclein may also be involved 
in the regulation of Ca2+ homeostasis specifi cally increasing 
Ca2+ entry via L-type Ca2+ channels and, in this way, deregula-
tion promoted by mutant forms can originate neurotoxicity 
(Hettiarachchi et al., 2009). Moreover, it seems to be clear that 
alpha-synuclein interacts with tubulin, inhibiting microtubule 
formation and thus regulating microtubule dynamics in neurons 
(Zhou et al., 2009). Lee et al. (2006) demonstrated that overex-
pression of alpha-synuclein caused disruption of microtubule 
network and impairment of microtubule-dependent traffi cking. 
In the other hand, alpha-synuclein may induce polymerization of 
purifi ed tubulin into microtubules, a capacity lost by the mutant 
forms of alpha-synuclein (Alim et al., 2002, 2004). We demon-
strated, in cells with chronic mitochondrial defi cit (PD cybrids) 
an increase in free tubulin and in oligomeric alpha-synuclein 
content (Esteves et al., 2009, 2010a). Additionally, we proved that 
an increase in free/polymerized tubulin ratio may increase alpha-
synuclein oligomerization when a mitochondrial dependent ATP 
depletion and reactive oxygen species (ROS) generation occurs 
(Esteves et al., 2009). Interestingly, tubulin can stimulate alpha-
synuclein fi brils formation in yeast and it was proved that by 
inhibiting microtubule dynamics or deleting genes involved in 
microtubule biogenesis, alpha-synuclein aggregation and toxicity 
increased (Kim et al., 2008). In this way, microtubule impairment 
affects alpha-synuclein distribution and toxicity and also may be 
responsible for mitochondria synaptic depletion, consistent with 
the “dying back” phenomenon of DAergic neurons degeneration 
(Figure 1).

Alpha-synuclein exists in solution as an unfolded monomer 
but can easily aggregate and form insoluble antiparallel beta-sheet 
fi brillar oligomers (Moore et al., 2005). Alpha-synuclein mediated 
toxicity in PD is thought to be due to soluble intermediate oligom-
ers fraction than to fi brillar deposits, as found in LBs (Outeiro et al., 
2008). Toxic-gain of function of mutant protein and over-expres-
sion of the human wild-type are both related to PD pathology 
(Figure 2).

Other fact that supports the importance of alpha-synuclein in 
the pathogenesis of the disease is the decreased sensitivity to MPTP-
induced degeneration of DA neurons in alpha-synuclein-defi cient 
mice (Dauer et al., 2002). Inversely, it was shown that MPTP sen-
sitivity is increased in some lines of alpha-synuclein transgenic 
mice (Nieto et al., 2006; Yu et al., 2008). These results also indicate 

a probable relationship between mitochondrial dysfunction and 
alpha-synuclein toxicity, since MPTP is a well known mitochondrial 
electron transport chain (ETC) cx I inhibitor.

Besides alpha-synuclein accumulation being evident in alpha-
synucleinopathies, its degradation pathway is not well defi ned. 
Evidences exists that UPS is the primary mechanism for its deg-
radation (Rideout et al., 2001), but it can be inhibited by alpha-
synuclein protofi brils (Zhang et al., 2008). Defective proteasome 
activity is found in transgenic mouse models of alpha-synuclein 
(Chen et al., 2006). Moreover, Liu et al. (2009) showed that loss 
of PINK1 function leads to proteasome impairment and alpha-
synuclein aggregation.

In this way, mitochondrial dysfunction and UPS impairment 
seem to be strictly involved and related in formation of alpha-
synuclein aggregates, since alpha-synuclein transgenic mice show 
mitochondrion and UPS loss of function, as shown separately in 
the studies referred above.

NEUROTOXIC MECHANISMS
Even being this the most unknown fi eld of the disease, there are 
several evidences that suggest a list of conditions working as neu-
rotoxic mechanisms underlying PD pathogenesis. According to 
Gallacher and Schapira, oxidative stress and free radical genera-
tion, mitochondrial dysfunction, glutamate mediated excitotoxic-
ity, infl ammation, oligodendrocyte interaction and neurotrophic 
factors, UPS impairment, autophagy involvement and apoptosis 
(Gallagher and Schapira, 2009) are mechanisms involved.

Oxidative stress is considered to compromise the integrity of 
vulnerable neurons and thus to contribute to neuronal degenera-
tion. The source of the increased oxidative stress observed in PD is 
unclear but may derive from mitochondrial dysfunction, increased 
DA metabolism (that can yield excess of hydrogen peroxide and 
other ROS), increased reactive iron, impairment of antioxidant 
defenses pathways, and/or due to the highly oxidative intracellular 
environment within dopaminergic neurons (revised by Cardoso 
et al., 2009). In PD oxidative stress may be also related to an activa-
tion of N-methyl-D-aspartate (NMDA)-type glutamate receptors, 
with an increased production of RNS (reactive nitrogen species) 
due to neuronal NO synthase (nNOS) over-activation (Garthwaite 

FIGURE 1 | Major proposed functions of alpha-synuclein in the cell.
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et al., 1988; Bredt et al., 1991). A mitochondrial defect generates 
ROS, specially the superoxide anion (O2-), which rapidly reacts with 
free radical NO creating peroxinitrite radical (ONOO-) (Beckman 
et al., 1990; Lipton et al., 1993). Excessive ROS/RNS formation by 
these two processes may induce UPS impairment and/or misfolding 
of molecular chaperons, thus resulting in protein aggregation and 
neuronal damage (Nakamura and Lipton, 2009). This is another 
point of intersection between mitochondria and UPS functioning, 
since mitochondria, producing excessive ROS, may adversely affect 
UPS activity.

In this review we focus those mechanisms we believe to have a 
central importance in the disease pathogenesis, especially mito-
chondrial dysfunction and UPS alteration and the correlation 
between both. At fi rst, it is important to consider mitochon-
drial dysfunction, because mitochondria are essential organelles 
for the production of ATP, especially in high energy demand 
cells such as neurons. Moreover, mitochondria are involved in 
the regulation of calcium homeostasis, which allows the cell to 
maintain low levels of cytosolic calcium and avoid neurotoxicity. 
Mitochondrial respiratory chain cx I in the brain is the major 
source of endogenous relevant free radicals. Finally, mitochondria 
also regulates apoptotic cell death. Regarding UPS dysfunction 
is signifi cant, since proteasome is a major protein degradation 
cell complex and protein aggregation appears as a main event 
in PD pathology.

THE ROLE OF MITOCHONDRIA IN PD
As mentioned before, genetic studies highlighted the growing impor-
tance of mitochondria role in PD etiopathogenesis, mainly pink1 and 
parkin genes, whose mutated forms have been linked to EOPD.

A recent report by Liu and colleagues proved that PINK1 exists 
as a dimer in mitochondrial protein complexes. The protein is com-
posed of a kinase domain, where the mutations are clustered, which 
is responsible for the enzymatic activity and the formation of the 
dimer. Moreover, it contains a mitochondrial targeting signal at its 
N terminal. Although mutations in pink1 do not affect dimeriza-
tion and localization with mitochondrial complexes, those muta-
tions impair mitochondrial respiration and ATP synthesis in PD 
cell models. In addition, PINK1 knockdown also contribute to a 
statistical decrease in oxygen consumption (Liu et al., 2009). It was 
also observed a signifi cant reduction in mitochondrial respiration 
in the striatum of PINK1 knockout mice (Gautier et al., 2008) and 
mitochondrial pathology in pink1 Drosophila mutants (Clark et al., 
2006; Park et al., 2006). Thus, and according to Deas and colleagues 
work, PINK1 is thought to be related with mitochondrial respira-
tion. Moreover, Deas et al. review that PINK1 protects cells against 
oxidative stress induced apoptosis by interacting with the mitochon-
drial chaperone tumor necrosis factor receptor-associated protein 
1 (TRAP1)/heat shock protein 75 (Hsp75) (Pridgeon et al., 2007). 
PINK1 is also involved in (1) mitochondria fi sson/fusion, functioning 
as a potential pro-fusion protein in mammals, in (2)  mitochondrial 

FIGURE 2 | The misfolding process of alpha-synuclein may result from 

either genetic mutations, responsible for familial forms of the disease, or 

post-translational changes to the protein mainly due to oxidative/

nitrosative stress, which is more likely to be related to sporadic forms of 

PD. Two main events are related to ROS/RNS formation: (1) excessive Ca2+ infl ux 
due to activation of NMDA-type glutamate receptors in nervous system, with 

activation of neuronal NO synthase as well, as the generation of ROS and 
(2) Dysfunctional mitochondrial respiration that is one of the major sources of 
ROS in the cell. Excessive ROS/RNS formation by these two processes may 
induce UPS impairment, thus resulting in protein aggregation. This may explain 
the etiology of the two PD neuropathological hallmarks, LBs formation and 
neuronal death.
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traffi cking by interacting with Miro and Milton proteins and playing 
a probable role in anterograde mitochondrial transport, and in (3) 
mitochondrial calcium homeostasis (Esteves et al., 2010b) by direct 
regulation of calcium effl ux from mitochondria through the mito-
chondrial sodium/calcium exchanger (Deas et al., 2009).

Mitochondrial dysfunction and increased apoptosis were also 
shown in Drosophila parkin null mutant or in overexpressed parkin 
mutation models (Greene et al., 2003). Parkin is a protein that may 
have a role in maintenance of the outer mitochondrial membrane 
integrity (Darios et al., 2003). These results were supported by evi-
dences that relate parkin function with mitochondrial dynamics 
(Riparbelli and Callaini, 2007). Additionally, it seems to be involved 
in mitochondria traffi cking since it was shown that parkin may 
bind and stabilize microtubules (Yang et al., 2005). Narendra et al. 
(2008) reported that parkin is recruited to dysfunctional mitochon-
dria and induces their autophagy, what means that degradation of 
impaired mitochondria in PARK2 EOPD is reduced, contributing 
to neuronal death.

Stronger evidence of mitochondrial involvement in PD provided 
by genetic studies, the mitochondrial ETC cx I impairment has been 
shown to have great relation with PD, since 1989, when Schapira 

and coworkers fi rst discovered cx I defi ciency in SN of  postmortem 
PD brain (Schapira et al., 1989). Additional work confi rmed similar 
results (Schapira et al., 1990a,b; Janetzky et al., 1994; Gu et al., 1998). 
Moreover, some studies reported a decrease of relevant subunits of 
cx I in PD human brain (Mizuno et al., 1989; Keeney et al., 2006). 
Interestingly, MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyrine), 
a neurotoxin capable to induce PD symptoms in humans (Langston 
et al.,1983), is a mitochondrial cx I inhibitor. MPTP cross the blood 
brain barrier and is converted to 1-methyl-4-phenylpyridinium 
(MPP+) within glial cells and then released to the extracellular 
space. MPP+ is also concentrated into DAergic neurons via DA 
transporter. In this way, as cx I defi ciency was also found in other 
PD patients tissues, as platelets and lymphoblasts (Barroso et al., 
1993; Schapira, 1994). To address the potential causes of complex 
I defect, namely if it was due to an environmental toxin or to an 
alteration of mitochondrial or nuclear DNA, the cytoplasmic hybrid 
(cybrid) technique, fi rst described by King and Attardi (1989), has 
been applied. In PD cybrids it was observed a decrease in cx I activ-
ity, increase in ROS production and a higher susceptibility to MPP+ 
(Swerdlow et al., 1996; Cassarino et al., 1997; Esteves et al., 2008). 
These results indicate that the  complex I defect in PD appears to 

FIGURE 3 | Mitochondrial and proteasomal cross-talk in PD pathogenesis. The 
four mitochondrial main functions are (1) ATP production (2) regulation of calcium 
homeostasis (3) oxidative stress and (4) apoptotic cell death mediation. 
Proteasome is a major protein degradation cell complex. Reduction in mitochondrial 
cx I activity in LOPD and the acute model of PD (MPP+) inhibit proteasome activity, 
as it actually happens in LOPD and with aging. Also in PARK6 (PINK1 mutation - 
EOPD) there is mitochondrial function compromise and therefore proteasome 
impairment. However, recent and preliminary results shown an up-regulation of 

proteasomal activity in ndufa knockdown cells. In the opposite way of this two 
ways crosstalk, lactacystin and/or mutations in genes that code PINK1 (PARK6), 
parkin (PARK2) and DJ-1 (PARK7) may interfere with the function of the ubiquitin E3 
ligase activity complex, inducing alpha-synuclein aggregation and mitochondrial-
mediated apoptosis. Accumulation of alpha-synuclein oligomers potentiates 
proteasome impairment in a vicious cycle. Also described in the fi gure are parkin 
function of induce autophagy in dysfunctional mitochondria and UCHL-1 
deubiquitinating activity, impaired in PARK2 and PARK5, respectively.
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 compared with control cell lines. In the presence of lactacystin, a 
highly selective proteasome inhibitor, mutant cell lines demon-
strated an increased sensitivity to alpha-synuclein toxicity with 
signifi cantly increased cell death (Tanaka et al., 2001).

Additionally to the relation with mitochondria discussed in the 
previous section, parkin protein is an E3 ubiquitin-protein ligase. 
Mutations in the gene of parkin, originate lack of enzymatic activ-
ity of this enzyme and consequent misfolded proteins accumula-
tion. Some studies revealed that over-expression of parkin, using 
viral vectors, may be effective against alpha-synucleinopathy (Lo 
Bianco et al. 2004; Yamada et al., 2005; Yasuda et al., 2007). Thus, 
parkin over-expression may be a therapeutic strategy for PD, due to 
increased UPS activity and misfolded proteins clearance, avoiding 
aggregates-induced cell death.

PINK1 interacts with several chaperons, like Hsp90 and Cdc37, 
and loss of this interaction can contribute to PD pathogenesis 
(Moriwaki et al., 2008). PINK1 also interacts with Parkin which is 
responsible for PINK1 homeostasis by ubiquitination and posterior 
degradation via UPS (Deas et al., 2009). PINK1 and parkin also 
form a functional E3 ligase complex with DJ-1, which promotes 
degradation of misfolded parkin substrates by UPS, including par-
kin itself and synphilin-1. PD-pathogenic mutations in genes that 
code these three proteins are likely to impair E3 ligase activity of 
the complex, which may explain somehow the PD pathogenesis 
(Xiong et al., 2009).

Mutations of the gene UCHL1 (PARK5) and alteration of coded 
protein activity have been found to associate with several neu-
rodegenerative disorders. In addition to a deubiquitination func-
tion previously referred, in vitro studies reported that UCHL1 
has dimerization-dependent ubiquitin ligase activity (Liu et al., 
2002).

Furthermore, McNaught et al. (2004) proposed a progressive 
PD rat model by systemic administration of proteasome inhibitors. 
After a latency period of 1–2 weeks rats developed the characteris-
tic symptoms of the disease and also showed, in the postmortem 
analysis, striatal DA depletion and DAergic cell death in SNpc.

MITOCHONDRIAL AND PROTEASOMAL CROSS-TALK IN PD 
PATHOGENESIS
After discussing the possible involvement of mitochondria dysfunc-
tion and proteasome impairment in both familial and sporadic 
forms of PD, we will discuss the possible molecular mechanisms 
that underline mitochondrial and proteasome interplay in the dis-
ease course (see Figure 3).

Recent evidence in cell culture systems, where mutant PINK1 
or loss of PINK1 was induced, showed a relation between mito-
chondrial dysfunction and proteasomal impairment (Liu et al., 
2009). Liu et al. (2009) demonstrated that proteasomal function 
is impaired due to a reduction of mitochondrial dependent ATP 
synthesis. These authors claim that mitochondrial compromise is 
the primary event followed by proteasome impairment and con-
sequent alpha-synuclein aggregation. Alpha-synuclein aggregates 
are proved to be able to reduce even more the proteasomal activity, 
resulting in a vicious cycle.

Moreover, Tanaka et al. (2001) also reported that proteasome 
inhibition by lactacystin in cells expressing mutant alpha-synuclein 
increases mitochondria-dependent apoptotic cell death. In other 

be genetic and arising from mtDNA. Foremost, it was reported the 
generation of fi brillar and vesicular inclusions in a cybrid model of 
sporadic PD, which replicates the essential antigenic and structural 
features of LB, without the need for exogenous protein expression 
or inhibition of mitochondrial or proteasomal function (Trimmer 
et al., 2004; Esteves et al., 2010a). Supporting this theory, it is rational 
that mitochondria in vulnerable PD neurons are under greater stress 
condition that increases the probability of mtDNA mutation (Soong 
et al., 1992).

Recently, another incontestable piece of evidence of mitochon-
drial dysfunction in PD has come from conditional knockout mice, 
termed “MitoPark” mice, the fi rst animal model showing the slow 
progressive degeneration of dopamine neurons seen in PD. These 
mice have a disruption of the gene for mitochondrial transcription 
factor A (Tfam) in dopaminergic neurons. In addition, this mouse 
model shows reduced mtDNA expression, reduced respiratory chain 
function in midbrain dopaminergic neurons which, in turn, leads 
to a parkinsonian phenotype, with adult onset of slowly progres-
sive impairment of motor function associated to the formation of 
intraneuronal inclusions and dopamine nerve cell death (Ekstrand 
et al., 2007). These results are consistent with the involvement of 
respiratory chain dysfunction in PD pathogenesis. Further, there 
is evidence of reduced mitochondrial mass and size in mouse SN 
dopaminergic neurons as compared to non-dopaminergic neurons, 
suggesting selective vulnerability of dopaminergic neurons as a 
result of a mitochondrial dysfunction (Liang et al., 2007).

Accordingly, a progressive mitochondrial dysfunction proc-
ess leads to a loss of ATP, decreased calcium buffering capacity 
and increased oxidative stress that act synergistically to promote 
DAergic cell death. Although mitochondrial dysfunction is a major 
factor, UPS impairment may also be associated as a consequence 
of mitochondrial dysfunction, or as a causative factor.

THE ROLE OF THE UBIQUITIN PROTEASOME SYSTEM IN PD
Protein degradation by the UPS consists in a tightly regulated proc-
ess, starting with target-protein tagging with a polyubiquitine chain 
by ubiquitin ligases E3 in an ATP dependent manner and ending 
with degradation by the 26S proteasome, which also requires ATP to 
assemble 19S and 20S subunits (Goldberg, 2003). The proteasome 
is a large protease complex that eliminates intracellular misfolded, 
oxidized or aggregated proteins (Ciechanover and Brundin, 2003). 
There is proteasome loss of function with aging, refl ected on protea-
some subunits expression, activity and response to oxidative stress 
(Bulteau et al., 2000; Keller et al. 2000).

In addition to the existence of EOPD forms caused by mutations 
in genes that codify proteins of UPS pathway, such as parkin and 
UCHL1, as previously referred, the colocalization of proteasome 
subunits in LBs (Ii et al., 1997) and also the presence of ubiquiti-
nated proteins in LB may indicate UPS failure in PD, since ubiquitin 
is the signal protein for degradation by UPS. Beside UPS impair-
ment being evidently related with some EOPD forms, it was also 
reported proteasomal dysfunction in the SN in LOPD (McNaught 
and Jenner, 2001). Tanaka et al. (2001) reported that expression 
of mutant alpha-synuclein signifi cantly reduces chymotryptic-
like, tryptic-like and post-acidic activities of the proteasome. Cell 
lines expressing wild-type alpha-synuclein also showed a reduc-
tion in proteasomal activity but there was no signifi cant difference 
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oxide and superoxide. Proc. Natl. Acad. 
Sci. U.S.A. 87, 1620–1624.

Bonifati, V., Rizzu, P., van Baren, M. J., 
Schaap, O., Breedveld, G. J., Krieger, 
E., Dekker, M. C., Squitieri, F., 
Ibanez, P., Joosse, M., van Dongen, J. 
W., Vanacore, N., van Swieten, J. C., 
Brice, A., Meco, G., van Duijn, C. M., 
Oostra, B. A., and Heutink, P. (2003). 
Mutations in the DJ-1 gene associated 
with autosomal recessive early-onset 
parkinsonism. Science 299, 256–259.

Bredt, D. S., Hwang, P. M., Glatt, C. E., 
Lowenstein, C., Reed, R. R., and 

alpha-synuclein fibril formation. J. 
Biol. Chem. 277, 2112–2117.

Alim, M. A., Ma, Q. L., Takeda, K., Aizawa, 
T., Matsubara, M., Nakamura, M., 
Asada, A., Saito, T., Kaji, H., Yoshii, 
M., Hisanaga, S., and Ueda, K. (2004). 
Demonstration of a role for alpha-
synuclein as a functional microtubule-
associated protein. J. Alzheimers Dis. 6, 
435–442; discussion 443–439.

Arduino, D. M., Esteves, A. R., Oliveira, 
C. R., and Cardoso, S. M. (2010). 
Mitochondrial metabolism modu-
lation: a new therapeutic approach 

from our group demonstrated an effective correlation between 
mitochondrial dysfunction and proteasomal impairment, sug-
gesting that they act synergistically and not only exclusively 
by themselves.

We reported that MPP+ induced in NT2 human teratocarci-
noma a marked increase in ubiquitinylated protein levels, free 
radicals generation and a decrease in ATP levels. These results 
indicate that mitochondrial defi cits may adversely affect ATP-
dependent proteasomal degradation. Accordingly, we also 
showed a reduction in proteasomal activity (chymotrypsin and 
post-acidic-like activities) in NT2-MPP+ treated cells after 24 h 
and in NT2-ρ0 (mitochondrial DNA depleted) cells under basal 
conditions (Domingues et al., 2008). Our results show that in 
the absence of a functional mitochondria, due to mitochondrial 
DNA knockdown, the UPS is down-regulated. In this way, mito-
chondrial alteration leads to an imbalance in the cellular oxi-
dative status, inducing a proteasomal deregulation, which may 
exacerbate protein aggregation and consequently degenerative 
events. Our recent results corroborate the notion that a mito-
chondrial dysfunction induces an oligomerization of alpha-synu-
clein (Esteves et al., 2010a). Moreover, it seems that proteasomal 
dysfunction may potentiate alpha-synuclein oligomerization, 
which in turn can have an inhibitory effect on the proteasomal 
activities. Thus, UPS requires a normal mitochondrial activity to 
work correctly. Interestingly, recent and preliminary results shown 
an up-regulation of proteasomal activity in ndufa cxI subunit 
knockdown cells (with a decrease in cxI activity) (Martins Branco 
et al., unpublished results). These data may indicate an attempt 
to eliminate alpha-synuclein soluble oligomeric forms. The evi-
dent discrepancy between NT2-MPP+ and ndufa knockdown 
cells may refl ect that MPP+ treated cells are an acute toxic model 
while ndufa knockdown cells represent a chronic mitochondrial 
dysfunction model whereas an UPS up-regulation refl ects a cell 
rescue phenomenon. Recently, Endo and coworkers showed that 
a dysfunction of the mitochondrial import system without ATP 
alterations may up-regulate proteasome activity (Endo et al., 
2009). Understand better mitochondrial and UPS interplay may 
open a new window to PD therapeutics.
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study demonstrating that mitochondria and UPS act synergistically, 
Shin et al. (2009) showed that only a co-systemic administration of 
the proteasome inhibitor Z-Ile-Glu(OtBu)-Ala-Leu-aldehyde (PSI) 
with MPTP in mice, produced a signifi cant reduction in locomotor 
activity that was correlated with degeneration of the nigrostriatal 
dopaminergic pathway.

Sun et al. (2009) reported that after proteasome inhibition in 
dopaminergic neuronal cells, there is a prominent accumulation 
of polyubiquitinated proteins that are likely to be related with 
activation of mitochondrial apoptosis and consequent neuronal 
loss. An increase of polyubiquitinated proteins in mitochon-
dria may be indicative of the potential role of mitochondria as 
an early key sensor of UPS impairment and accumulation of 
misfolfed ubiquitinated proteins. In this point of view proteaso-
mal dysfunction seems to appear as the causal disturb, followed 
by mitochondria participation in the molecular mechanism of 
the disease.

Moreover, the formation of the ubiquitin E3 ligase activity com-
plex (by PINK1, DJ-1 and parkin) seems to have a neuroprotective 
role in mitochondria-mediated apoptosis (Darios et al., 2003; Petit 
et al., 2005; Gorner et al., 2007). Additionally, as referred above, 
mutation in genes that code these proteins and consequent protein 
alteration contribute to UPS impairment and at same time mito-
chondrial dysfunction.

Interestingly, Kikuchi et al. (2003) also demonstrated that 
proteasomal inhibition in mesencephalic dopaminergic neurons 
caused mitochondrial dysfunction, reduced glutathione levels, and 
increased generation of free radicals. Mitochondrial neurotoxins 
(MPP+, rotenone, 6-OHDA, etc) induce an increase production of 
ROS and oxidative stress (Sun et al., 2007). This sustained increase 
could lead to an increase in protein oxidation that overwhelms 
proteasomal degradative capacity. Moreover, an increase in free 
radicals production, may induce oxidative modifi cations of pro-
teasomal subunits that also compromise the proteolytic capacity 
(for review see Sun et al., 2007). Cheng and coworkers, showed that 
the antioxidant, puerarin attenuated MPP+-induced proteasomal 
dysfunction, by reducing the accumulation of ubiquitin-conjugated 
proteins (Cheng et al., 2009). Thus, oxidative stress may link mito-
chondrial dysfunction to UPS impairment, whereas the cross-talk 
between mitochondria and proteasome is likely to be a two ways 
dead-road inside the cell.

In an effort to clarify the PD pathogenesis we hypothesize that 
interaction between mitochondrial and proteasome plays a criti-
cal role in the DAergic cell death. To support that, some results 
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