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Abstract 

 

Parkinson’s disease (PD) is the most common motor and age-related neurodegenerative 

disorder affecting more than 1% of the population above age 65. Neurologically, PD 

patients present symptoms of progressive deterioration of tremor, rigidity of movements, 

bradykinesia and postural instability. The major neuropathological features of the disease 

are characterized by a progressive degeneration of dopaminergic neurons in the substantia 

nigra pars compacta (SN) and the formation of intracytoplasmic inclusions, called Lewy 

bodies (LBs), which are mainly composed by alpha-synuclein (alpha-syn). Despite the efforts 

over the years, the etiopathogenesis of PD is still not fully understood. 95% of cases are 

sporadic and result from a combination of environmental factors and genetic 

susceptibilities. The remaining 5% are the result of genetic mutations, including in the 

alpha-syn gene, which is involved in autosomal dominant inherited forms of PD. 

Nevertheless, sporadic and genetic forms of PD share common processes, namely oxidative 

stress and mitochondrial dysfunction, which have been of great interest to understand the 

mechanisms involved in dopaminergic neurodegeneration in PD.  

In this study, we modelled mitochondrial dysfunction and oxidative stress in PD, 

respectively, by using rotenone, a complex I inhibitor of the mitochondrial respiratory chain 

and iron (FeSO4), a classical oxidative stress inducer, in the human neuroblastoma cell line 

SH-SY5Y, expressing wild-type (WT) or mutant A53T alpha-syn, using two different systems 

of protein overexpression.  

In the first part of the work, we focused on the effect of mutant A53T versus WT alpha-syn 

modifications in transiently transfected SH-SY5Y cells and analysed the susceptibility of 

these cells to prolonged exposure (4 days) to iron (FeSO4) and rotenone on the generation 

of reactive oxygen species (ROS) and its correlation with cell death, formation of alpha-syn 

inclusions and alpha-syn phosphorylation at serine (Ser) 129. Our data showed that mutant 

A53T alpha-syn increased ROS levels, ubiquitin (Ub)-labelled alpha-syn aggregates, 
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phosphorylation at Ser129 and a decrease in protein phosphatase 2A (PP2A) activity, when 

compared to WT alpha-syn. Furthermore, prolonged exposure to iron or rotenone, 

enhanced the production of ROS in cells expressing WT or mutant A53T alpha-syn, which 

correlated with alpha-syn inclusion formation, Ser129 phosphorylation and mitochondrial 

depolarization. Our data suggest that enhanced ROS formation is associated with alpha-syn 

aggregation and phosphorylation at Ser129, in particular mutant A53T alpha-syn, which 

may precede degeneration of PD affected cells. 

Next, we used the neuroblastoma cell line SH-SY5Y overexpressing WT alpha-syn in a 

doxycycline (Dox) regulated manner, in a Tet Off system. Here, we correlated the 

occurrence of oxidative stress in cells inducibly overexpressing WT alpha-syn (-Dox) before 

and after short exposure (2 h) to iron. We gave evidence for raised ROS generation under 

basal conditions in cells overexpressing WT alpha-syn, compared to cells expressing the 

endogenous protein (+Dox), without changes in cell reducing capacity or alterations in the 

levels of apoptotic proteins. Furthermore, increased ROS levels were closely related with a 

decrease in the activities and levels of proteins involved in the antioxidant defense 

pathways, namely superoxide dismutase 1 (SOD1), SOD2, reduced glutathione (GSH) and 

oxidized glutathione (GSSG), while enzymes of the glutathione redox cycle were unchanged. 

Accordingly, the levels of the catalytic subunit of glutamate-cysteine ligase (GCLc) were also 

diminished. Further analysis of nuclear fractions demonstrated that nuclear factor erythroid 

2-related factor 2 (Nrf2), which activates the gene transcription of these antioxidant 

enzymes following mild intracellular ROS production, showed decreased levels in –Dox 

cells. Short treatment with iron, although largely augmenting ROS production in both +Dox 

and –Dox cells, triggered a significant increase in the levels and activities of these 

antioxidant proteins, apparently independently of alpha-syn overexpression, suggesting a 

compensatory intrinsic defense mechanism against short oxidizing stimulus. 

Finally, we investigated the role of WT alpha-syn expression in mitochondrial dysfunction, 

strongly associated with PD pathology. Using the same cellular model regulated by Dox, we 

showed that cells overexpressing alpha-syn and retaining high amount of alpha-syn in 
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mitochondria, displayed increased levels of mitochondrial superoxide anion, which were 

not triggered by treatment with iron. Accordingly, mitochondria from –Dox cells showed a 

significant decrease in the activity of  complex I of the respiratory chain, with no changes in 

citrate synthase activity, corroborating previous studies concerning mitochondrial 

dysfunction and PD pathogenesis. Moreover, we did not find changes in mitochondrial 

transcription factor A (TFAM) or peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1alpha) between +Dox and –Dox cells. In addition, we observed a 

reduction in SOD1 activity in mitochondrial fractions of –Dox cells, which was exacerbated 

by iron. In contrast, mitochondrial SOD2 activity was not affected under basal conditions in 

–Dox cells, but was highly increased upon iron treatment. GSH and GSSG remained 

decreased in mitochondrial fractions from –Dox cells in untreated conditions, while iron did 

not affect the levels of this endogenous antioxidant. These data show that enhanced alpha-

syn in mitochondria may decrease the activity of mitochondrial complex I and promote 

mitochondrial ROS production, which may be boosted due to low antioxidant defenses in 

the organelle. 

 

Overall, these studies add relevant information on a close relationship between 

overexpression and post-translational modifications (e.g. phosphorylation) of WT and 

mutant alpha-syn and oxidative stress-related mechanisms, including cellular and 

mitochondrial antioxidant defense pathways. Thus, the data reveal the importance of 

developing neuroprotective strategies targeted at the transcription level, in order to 

prevent the imbalance in the redox homeostasis that trigger subsequent  

neurodegenerative events in PD. 
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Resumo  

 

A doença de Parkinson (PD, do inglês ‘Parkinson’s disease’) é a doença neurodegenerativa 

mais comum associada ao movimento e à progressão da idade, que afeta atualmente mais 

de 1% da população acima dos 65 anos de idade. Em termos neurológicos, os doentes de 

Parkinson apresentam sintomas de tremor incontrolado, rigidez de movimentos, 

bradicinésia e instabilidade postural. As principais características neuropatológicas desta 

doença incluem uma progressiva degenerescência dos neurónios dopaminérgicos da 

substantia nigra pars compacta (SN) e a formação de inclusões intracitoplasmáticas 

denominadas corpos de Lewy, maioritariamente compostas por alfa-sinucleína (alfa-sin). 

Apesar dos esforços ao longo dos anos, a etiopatogénese da PD não está ainda 

completamente esclarecida. 95% dos casos são esporádicos e resultam de uma combinação 

entre fatores ambientais e suscetibilidades genéticas, enquanto os restantes 5% se devem a 

mutações genéticas, incluindo no gene da alfa-sin, que está envolvido numa das formas 

hereditárias autossómicas dominantes da PD. Não obstante, as formas esporádica e 

genética da PD partilham processos comuns, nomeadamente os relacionados com o stresse 

oxidativo e a disfunção mitocondrial, que têm constituído elevado interesse na 

compreensão dos mecanismos envolvidos na neurodegenerescência dopaminérgica na 

doença. 

Neste trabalho foram modeladas situações de disfunção mitocondrial e de stresse oxidativo 

na PD, respetivamente, usando rotenona, um inibidor do complexo I da cadeia respiratória 

mitocondrial e ferro (FeSO4), um indutor clássico de stresse oxidativo, numa linha celular 

humana de neuroblastoma (SH-SY5Y), em que se induziu a expressão de alfa-sin na sua 

forma wild-type (WT) ou mutante (A53T), utilizando dois sistemas diferentes de sobre-

expressão de proteínas. 

Na primeira parte do estudo, focámo-nos no efeito das modificações da alfa-sin mutante 

A53T versus WT em células SH-SY5Y transfetadas de forma transitória e analisámos a sua 

suscetibilidade a uma exposição prolongada (4 dias) a ferro (FeSO4) e a rotenona na 
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produção de espécies reativas de oxigénio (ROS, do inglês ‘reactive oxygen species’) e a sua 

correlação com a morte celular, formação de inclusões e fosforilação do resíduo de serina 

(Ser) 129 da alfa-sin. Os resultados obtidos revelaram que a expressão de alfa-sin A53T 

mutante induziu um aumento dos níveis de ROS, de agregados compostos por alfa-sin e 

ubiquitina, da fosforilação da Ser129 e uma diminuição da atividade da proteína fosfatase 

2A (PP2A, do inglês ‘protein phosphatase 2A’), quando comparada com células que 

expressavam alfa-sin WT. Além disso, verificou-se um aumento exacerbado da formação de 

ROS em células que expressavam alfa-sin WT ou A53T mutante após a exposição 

prolongada a ferro ou rotenona, que se correlacionou com a formação de inclusões de alfa-

sin, fosforilação da Ser129 e despolarização mitocondrial. Estes dados sugerem que a 

elevada produção de ROS está associada à agregação e fosforilação da alfa-sin no resíduo 

de Ser129, em particular no caso da alfa-sin A53T mutante, que pode eventualmente 

preceder a degeneração das células afetadas na PD. 

Na abordagem seguinte do trabalho experimental utilizámos a linha celular humana de 

neuroblastoma (SH-SY5Y) que sobre-expressava de forma condicionada a alfa-sin, i.e., de 

forma regulada por doxiciclina (Dox) através de um sistema Tet Off. Neste caso, 

correlacionámos a ocorrência de stresse oxidativo em células que sobre-expressam alfa-sin 

WT (-Dox) antes e após uma exposição curta a ferro. Os resultados evidenciaram a 

produção elevada de ROS em condições basais em células que sobre-expressavam alfa-sin 

WT, comparativamente às células que expressavam a proteína endógena (+Dox), sem no 

entanto se verificarem alterações na capacidade redutora das células e nos níveis de 

proteínas apoptóticas. Além disso, o aumento dos níveis de ROS foi estreitamente 

relacionado com uma diminuição das atividades e dos níveis de proteínas envolvidas nas 

vias de defesa antioxidante, nomeadamente da superóxido dismutase de tipo 1 (SOD1), da 

SOD2, do glutatião reduzido (GSH) e oxidado (GSSG), enquanto as enzimas do ciclo redox 

do glutatião permaneceram inalteradas. De acordo com estes dados, os níveis da 

subunidade catalítica da glutamato cisteína ligase (GCLc) revelaram-se diminuídos. A análise 

de frações nucleares demonstrou que o fator de transcrição Nrf2 (do inglês ‘nuclear factor 
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erythroid 2-related factor 2’), que ativa a transcrição dos genes destas enzimas 

antioxidantes após a formação de ROS intracelular, apresentava níveis mais baixos nas 

células –Dox. Por outro lado, o tratamento com ferro, embora tenha aumentado em grande 

medida a produção de ROS em ambas as células (+Dox e –Dox), induziu um aumento 

significativo dos níveis e atividades destas proteínas antioxidantes, aparentemente de uma 

forma independente da sobre-expressão da alfa-sin, sugerindo um mecanismo de defesa 

intrínseco e compensatório contra o estímulo oxidante. 

Na parte final do trabalho investigámos o papel da expressão de alfa-sin WT na disfunção 

mitocondrial, fortemente associado à patologia da PD. Utilizando o mesmo modelo celular 

em que a expressão da alfa-sin foi regulada por Dox, mostrámos que as células que sobre-

expressam alfa-sin, continham grandes quantidades de alfa-sin na mitocôndria, revelaram 

níveis mais elevados de anião superóxido mitocondrial, que, no entanto, não foram 

exacerbados após o tratamento com ferro. De acordo com o aumento dos níveis de ROS na 

mitocôndria, a análise da medição da atividade enzimática do complexo I da cadeia 

respiratória mitocondrial mostrou uma diminuição da atividade do mesmo, em 

conformidade com estudos anteriores que evidenciaram o papel da disfunção mitocondrial 

mediada por alfa-sin e a patogénese da PD. Além disso, não verificámos alterações dos 

níveis do fator de transcrição mitocondrial A (TFAM, do inglês ‘mitochondrial transcription 

factor A’), nem do PGC-1alfa (do inglês ‘peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha’) entre células +Dox e –Dox. Por outro lado, observámos uma redução 

da atividade da SOD1 em frações mitocondriais das células –Dox, que decresceu ainda mais 

após a exposição a ferro. Ao contrário da SOD1, a atividade da enzima SOD2 mitocondrial 

não se revelou alterada em condições basais nas células –Dox; contudo, observou-se um 

claro aumento da atividade da SOD2 após tratamento com ferro. As proteínas GSH e GSSG 

do ciclo do glutatião permaneceram diminuídas em frações mitocondriais das células –Dox 

em condições não tratadas, enquanto a exposição a ferro não afetou os níveis destes 

antioxidantes endógenos. Estes resultados mostram que a presença de altos níveis de alfa-

sin na mitocôndria pode influenciar negativamente a atividade do complexo I mitocondrial 



Resumo 

 

 
35 

e promover a produção de ROS neste organelo, cujos níveis podem ser exacerbados devido 

a baixas defesas antioxidantes. 

 

Em conjunto, este estudo vem adicionar informação relevante sobre a existência de uma 

estreita relação entre a sobre-expressão da alfa-sin WT e mutante e modificações pós-

traducionais (e.g. fosforilação) destas proteínas e os mecanismos associados ao stresse 

oxidativo, incluindo as vias celulares e mitocondriais de defesas antioxidantes. Estes 

resultados revelam ainda a importância do desenvolvimento de estratégias 

neuroprotetoras direcionadas para a regulação do processo transcricional, com o objetivo 

de prevenir o desequilíbrio da homeostasia redox, que pode levar, subsequentemente, ao 

processo neurodegenerativo na PD. 
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1.1. Overview of Parkinson’s disease 

Parkinson’s disease (PD) is a chronic and progressive neurological disease associated to a 

loss of dopaminergic neurons in the substantia nigra pars compacta (SN), as well as with 

more-widespread neuronal changes that cause complex and variable motor and nonmotor 

symptoms. PD was first medically described as a neurological syndrome by James Parkinson 

in 1817 (in “An Essay on the Shaking Palsy”). At present, PD is the second most prevalent 

neurodegenerative brain disorder, affecting 1 to 2% of the population above 65 years of 

age and its prevalence increases to approximately 4% in individuals above 85 years of age 

(de Rijk et al., 2000; Bekris et al., 2010). The etiopathogenesis of PD is still not fully 

understood. In most cases the disease is sporadic: a multifactorial, idiopathic disorder that 

seems to arise from a combination of environmental exposures and genetic susceptibility. 

The remaining cases are the result of genetic inheritance. Moreover, 15 to 20% of the 

patients with PD report a family history of the disease, although monogenic forms of PD are 

relatively rare (Sellbach et al., 2006; Farrer, 2006; Bekris et al., 2010). Nevertheless, old age 

continues to be the main risk factor for the development of the disease (de Lau and 

Breteler, 2006; Mounsey and Teismann, 2010), making clear that during aging, our cells 

display a greater degree of dysfunction, leading to cell stress (including decreased capacity 

to cope with oxidative stress) and greater energy demand.  

 

1.1.1. Clinical and pathological aspects 

Clinically, PD is characterized by the presence of cardinal motor signs, namely resting 

tremor, rigidity, bradykinesia and postural instability. One of the main features affecting 

these patients includes a slowness of initiation of voluntary movement with a progressive 

reduction in speed and amplitude of sequential motor tasks (Dickson et al., 2009; Halliday 

et al., 2011). For a long time, PD was thought to involve a relatively simple 

neuropathological process primarily centered on the loss of dopaminergic neurons in the 
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SN. This results in the loss of dopaminergic transmission in the striatum, leading to the 

classic PD motor symptoms. The disease becomes evident when approximately 80% of 

striatal dopamine (DA) and 50% of nigral neurons are lost (Fearnley and Lees, 1991; Bekris 

et al., 2010; Dunning et al., 2011) (Figure 1.1A, B). However, recent evidence indicates that 

non-motor characteristics, such as autonomic insufficiency, cognitive impairment, olfactory 

deficits, sleep disturbance, depression and psychosis are very common during the course of 

the disease. The clinical diagnosis of PD is typically based on the presence of cardinal motor 

features, absence of atypical findings suggestive of an alternate diagnosis and response to 

Levo-3,4-dihydroxyphenylalanine (L-DOPA) (Samii et al., 2004; Bekris et al., 2010).  

In addition to loss of dopaminergic neurons in the SN, PD is neuropathologically 

characterized by the presence of Lewy bodies (LBs) and Lewy neurites (LNs) in vulnerable 

populations of neurons. These are intracytoplasmic insoluble protein inclusions located in 

either the neuronal cell body or neuronal processes, respectively. The principal component 

of LBs and LNs is alpha-synuclein (alpha-syn), a small protein of 140 amino acids that is 

predominantly expressed in the neocortex, hippocampus, SN, thalamus and cerebellum 

(George, 2002). Effectively, the diagnosis of PD depends upon the presence of two 

neuropathological signs: 1) loss of neuromelanin-containing dopaminergic neurons of the 

SN and 2) LBs in the SN neurons, although it is clear that pathology is also present outside 

this area (Probst et al., 2008; Schapira and Jenner, 2011). 
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Figure 1.1. – Pathological changes in Parkinson’s disease brain. (A) Schematic representation 

of the nigrostriatal pathway (in red) in normal (A left) and in PD (A right). Nigrostriatal pathway 

involves dopaminergic neurons whose cell bodies are located in the SN (arrows). These neurons 

project to the basal ganglia and synapse in the striatum (putamen and caudate nucleus). This 

pathway is disrupted in PD patients due to dopaminergic neuron loss. Photograph in A left 

represents the normal pigmentation of the SN produced by neuromelanin in dopaminergic neurons. 

Photograph in A right shows depigmentation (i.e., loss of dark-brown pigment neuromelanin) in the 

SN of a PD patient due to the marked loss of dopaminergic neurons. (B) Left: midbrain from a patient 

with PD. The SN (pigmented area) is largely absent in the region above cerebral peduncles (arrows). 

Right: midbrain from a normal subject, showing intact SN (arrows). 

A – adapted from Dauer and Przedborski, 2003; B – from Bradley et al., 1991. 

 

 

1.1.2. Parkinson´s disease – sporadic and genetic forms 

Sporadic and inherited forms of PD share pathological, biochemical and clinical features, 

with dysfunction of mitochondria, increased oxidative stress levels and associated 

molecular pathways representing a link between the two forms of PD, as well as the natural 

A B 
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ageing process (Mounsey and Teismann, 2010). Environmental factors were long thought to 

be the principal cause of PD, particularly after the influenza pandemic of 1918, when a 

significant number of individuals developed postencephalitic parkinsonism. Infectious 

agents in the environment were then suspected to be the causal factors (Poskanzer and 

Schwab, 1963; Corti et al., 2011). This environmental theory was subsequently supported 

by the identification of N-methyl-4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) in the early 

1980’s, whose metabolite 1-methyl-4-phenylpyridinium (MPP+), produced in glial cells, is 

responsible for the selective degeneration of the nigrostriatal pathways due to its neuronal 

uptake through the dopamine transporter (DAT). In dopaminergic neurons MPP+ inhibits 

mitochondrial complex I of the respiratory chain and subsequently promotes oxidative 

stress. Moreover, MPP+ was also shown to bind vesicular monoamine transporters (VMAT) 

and redistribute vesicular DA to the cytosol (Lotharius and O'Malley, 2001). Within the 

cytosol, MPP+ may also interact with different enzymes, namely xanthine oxidase, aldehyde 

dehydrogenase and lipoamide dehydrogenase (Klaidman et al., 1993). MPTP leads to a 

parkinsonian syndrome in rodents (namely mice, since rats are generally resistant to 

systemic MPTP), primates and humans (Langston et al., 1983; Ross et al., 2008). A similar 

pathogenic mechanism was suggested for rotenone, a common naturally occurring 

botanical pesticide, which acts as an inhibitor of the mitochondrial respiratory chain 

complex I and leads to a failure of the mitochondrial energy supply of the cell. Betarbet and 

co-workers (2000) showed that chronic treatment with rotenone was sufficient to cause 

typical features of PD, including loss of dopaminergic neurons and appearance of alpha-syn 

positive inclusions in rodents (Betarbet et al., 2000; Sherer et al., 2003b). The involvement 

of oxidative damage caused by mitochondrial dysfunction after rotenone treatment was 

also demonstrated in in vitro models, suggesting specific neuronal death by rotenone 

(Sherer et al., 2003a). In this regard, a large number of environmental situations and agents 

have been identified, including exposure to farming and rural life, and/or industrial 

chemicals, metals and pesticides; however, no conclusive relations between individual 

studies have been found (Di Monte, 2003; Elbaz and Moisan, 2008; Corti et al., 2011). 
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Factors decreasing the risk of developing PD can also provide valuable clues to the 

understanding disease etiology. Evidence that cigarette smoking, caffeine and tea intake 

may reduce the risk for PD development appears clear, but there is still uncertainty over 

their exact role in the disease (Ascherio et al., 2001; Warner and Schapira, 2003; Costa et 

al., 2010). 

Over the last two decades, the scientific view of PD etiology has dramatically changed. 

Although most patients with idiopathic or late-onset PD (90% of all cases) do not seem to 

have inherited the disease, a positive family history is frequently associated with a high risk 

of developing PD. Studies in families with rare Mendelian inheritance (5-10%), where 

several causative genes have been identified, show protein aggregation, abnormal handling 

of misfolded proteins by the ubiquitin (Ub) proteasome system (UPS), together with 

oxidative stress, mitochondrial dysfunction, alterations in autophagy-lysosomal pathways 

and kinase signaling pathways, suggesting that all these factors may play a major role in PD 

pathogenesis (Corti et al., 2011).  

Molecular genetic analysis of PD families in the last years, in particular the mapping and the 

subsequent cloning of genes that cause inheritable forms of this disorder, provided 

important insights in the mechanisms underlying PD pathology. Particularly, it has been 

shown that PD is not a single clinical entity, but rather a heterogeneous group of diseases 

with different associated pathologies and a variable spectrum of clinical symptoms and 

signs. Furthermore, some familial forms include atypical clinical features, such as young-

onset, onset with dystonia or the early occurrence of dementia and dysautonomia. 

Alternatively, PD may result from a combination between genetic predisposition and 

environmental factors, or, moreover, from common genetic variants in genes identified in 

monogenic forms that have been found to confer a risk of developing the sporadic disease. 

Understanding the mechanisms underlying the initiation and progression of PD, came with 

the identification of mutations in the gene encoding alpha-syn (SNCA, PARK 1 locus) in an 

Italian family (the Contursi kindred) and the evidence that alpha-syn is the major 

component of LBs (Polymeropoulos et al., 1996; Polymeropoulos et al., 1997; Spillantini et 
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al., 1997; Corti et al., 2011). Since then, a total of 18 loci have been indicated through 

linkage analysis (PARK1-15) or genomewide association studies (GWASs) (PARK16-18) (Belin 

and Westerlund, 2008; Satake et al., 2009; Simon-Sanchez et al., 2009; Pankratz et al., 

2009; Hamza et al., 2010; Paisan-Ruiz et al., 2009; Di et al., 2009; Hicks et al., 2002; Lautier 

et al., 2008; Leroy et al., 1998; Gasser et al., 1998; Strauss et al., 2005; Pankratz et al., 

2003). Mutations within 11 genes of these loci have conclusively been demonstrated to 

cause familial parkinsonism in either autosomal dominant or recessive forms (Lesage and 

Brice, 2009; Bekris et al., 2010), including PARK1 and PARK4 [SNCA (alpha-syn)], PARK2 

(parkin), PARK5 [ubiquitin C-terminal hydrolase L1 (UCHL1)], PARK6 [PTEN-induced putative 

kinase 1 (PINK1)], PARK7 (DJ-1), PARK8 [Leucine-rich repeat kinase 2 (LRRK2)], PARK9 

[ATPase type 13A2 (ATP13A2]), PARK11 [Grb10-interacting GYF protein 2 (GIGYF2)], PARK13 

[Omi/Htra2 (HTRA2)], PARK14 [phospholipase A2 group VI (PLA2G6)], and PARK15 [F-box 

protein 7 (FBXO7)] (Corti et al., 2011). Furthermore, common polymorphisms within two of 

these genes (SNCA and LRRK2) are now well-associated to risk factors for common sporadic 

PD (Paisan-Ruiz, 2009; Bekris et al., 2010), which suggests that the contribution of genetics 

to PD may be more relevant than previously thought. 

 

1.1.3. Pathology spreading and neuronal circuits affected 

Research in the last 25 years has confirmed that although the lesion in the SN is a key 

hallmark to the pathological confirmation of PD, the pathological lesions are much more 

extensive and involve a number of pathways in the brainstem and areas of the neocortex 

(Kosaka et al., 1988; Braak et al., 1995; Halliday et al., 2011). It is presently recognized that 

early neuronal loss occurs in other regions involved in motor control (Macdonald and 

Halliday, 2002; Henderson et al., 2000) and in neurons of the mesocortical system 

(McRitchie et al., 1997). The involvement of other neuronal populations takes place later in 

PD or only in certain clinical phenotypes and includes neuronal loss in the cholinergic basal 

forebrain (Bohnen and Albin, 2011), in the hypothalamic hypocretin system (Fronczek et al., 
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2007; Thannickal et al., 2007) and in the upper brainstem serotonin system (Halliday et al., 

1990). Neuronal loss is very restricted to areas containing LBs, such as the amygdala, the 

dorsal motor nucleus of the vagus nerve, locus coeruleus and the neocortex (Harding et al., 

2002; Kingsbury et al., 2010; Hoogendijk et al., 1995; Pedersen et al., 2005). Although the 

pathology of PD affects a sort of neuronal systems, it does not cause substantial brain 

tissue loss (Double et al., 1996; Dalaker et al., 2010), since cell loss is limited to certain 

neuronal populations, including the SN (Fearnley and Lees, 1991).  

Various types of studies suggest that PD is slow in progressing through the nervous system, 

with restricted pathology occurring before the characteristic symptoms. In fact, the onset 

of PD is so gradual, that it is frequently difficult to check out a patient when the disease first 

emerges, and by the time the diagnosis is made, pathology is likely to be widespread 

(Halliday et al., 2011). Many of the earliest symptoms are commonly misinterpreted, since 

some are linked to the normal aging process; these include depression, rheumatism, loss of 

elasticity and other secondary symptoms, namely fatigue, autonomic dysfunction, 

constipation or sleep disturbances, leading to insufficient information to make a definitive 

diagnosis. Indeed, the major symptoms associated to PD seem to appear after a significant 

neuronal cell loss. 

The neuropathological distribution of the insoluble inclusions (LBs) constituted by 

misfolded alpha-syn throughout the brain, has gained importance over time. This is due to 

the work developed by Heiko Braak and colleagues, who proposed a theory for the 

progression of PD (Braak et al., 2002; Braak et al., 2003), based on LB pathology progression 

through cell-to-cell contact. They examined brains from patients with confirmed diagnoses 

of neurodegenerative disorder and made several observations, paying special attention to 

the development of PD neuropathology. In brain sections derived from autopsied PD 

patients, they detected an apparent correlation between the amount of alpha-syn deposits 

and the stage of the disease (Braak et al., 2002). Moreover, based on these initial 

observations, Braak’s team performed anatomical neuropathological studies in order to 

characterize the cerebral progression of alpha-syn-positive LBs and LNs, as the disease 
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process continued. This led to the establishment of an association between LB pathology 

and clinical symptoms (Braak et al., 2002; Braak et al., 2003; Braak et al., 2004) and to the 

development of the Braak´s staging concept for PD, which includes six stages that represent 

pre-symptomatic (prior to the motor symptoms) and symptomatic phases (Braak et al., 

2002). 

In stage 1, Braak et al. (2004) suggested that LB pathology appears outside the SN. These 

initial alpha-syn-immunoreactive inclusions are found within the olfactory system, causing 

autonomic and olfactory deficits. In stage 2, the LBs and LNs are more widespread within 

the medulla oblongata, including monoaminergic areas. During these first stages, the 

individuals do not present any perceptible motor symptoms (Braak et al., 2004). Stage 3 is 

characterized by the progression of LB pathology into the brainstem. The alpha-syn-positive 

deposits are typically found in the midbrain and basal forebrain and later spread into the 

SN. In stage 4, cell loss into the SN is evident, as well as alpha-syn immunoreactivity in the 

cerebral cortex. At this time, patients may display the first symptoms consistent with 

parkinsonism. Finally, in end stages 5 and 6, few cells remain positive for neuromelanin in 

the SN, while alpha-syn-positive pathology begins to invade the neocortex. At these phases, 

the motor symptoms are clearly severe and cognitive dysfunction becomes evident (Braak 

et al., 2003; Duda et al., 2000b; Halliday and McCann, 2010; Hawkes et al., 2010; Dunning 

et al., 2011). In addition, Braak and colleagues (2003) proposed that projection neurons 

with no or limited myelination were particularly susceptible to the deposition of alpha-syn, 

suggesting that PD progression described above might evolve via these neuronal pathways, 

affecting more sensitive neurons before reaching the less vulnerable cells.  

Recent studies demonstrating that misfolded aggregated alpha-syn can be transferred 

across synapses and spread within postsynaptic cells, gives strength to the concept of the 

cell-to-cell transfer (Brundin et al., 2008; Halliday et al., 2011). However, the most 

controversial aspect of the Braak PD’s staging is identifying where LB pathology begins in 

the brain, since other studies on similar populations suggest that 7-8% of patients did not 

present medullary LBs (Kalaitzakis et al., 2008; Attems and Jellinger, 2008). Furthermore, 
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the lack of correlation between Braak staging and clinical severity has also been seen as 

problematic as the clinical deficits associated to PD appear to be more related to the 

degree of dopaminergic cell loss than to the severity of Lewy pathology. 

 

 

1.2. Alpha-synuclein (SNCA) – the common link 

Alpha-syn is a protein that is highly abundant in the brain (Iwai et al., 1995). Its dysfunction 

has been the central focus of several neurodegenerative disorders known as alpha-

synucleinopathies, which include PD, dementia with LBs (DLB) and multiple system atrophy 

(MSA). These disorders are characterized by abnormal aggregation of alpha-syn in 

pathological hallmark inclusions in neurons (LBs and LNs) in PD and DLB and glial 

cytoplasmic inclusions in oligodendroglia in MSA (Dickson et al., 1999). 

SNCA (also known as PARK1) was the first gene identified in a large Italian family (Contursi 

kindred) segregating a pathogenic missense mutation – A53T – causing dominantly 

inherited PD and LB pathology (Polymeropoulos et al., 1996; Polymeropoulos et al., 1997). 

Since then, two groups of disease-causing mutations have been described in the alpha-syn 

gene: 1) three missense point mutations (A53T, A30P and E46K) (Polymeropoulos et al., 

1997; Kruger et al., 1998; Zarranz et al., 2004; Lesage and Brice, 2009) and 2) whole-locus 

multiplications, including duplications and triplications, leading to a pathogenic 

overexpression of the wild-type (WT) protein.  

Human alpha-syn was first identified as the precursor protein for the non-amyloid beta-

component (NAC) of Alzheimer’s disease (AD) amyloid plaques (Ueda et al., 1993). 

Structurally, this small protein of 140 amino acids is characterized by: 1) a highly 

amyloidogenic domain, the NAC, which presents a high propensity for aggregation and to 

form oligomeric structures and insoluble fibers (Giasson et al., 2001); 2) seven imperfect 

repeats (KTKEGV) at the N-terminal, which form an amphipathic α-helical domain when the 
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       NH2 COOH 

Amphipatic region NAC domain Acidic region 

 KTKEGV repeats 

1 140 A30P 

E46K 

A53T 

   

61 96 S129 S87 

Y125 Y133 

Y136 

protein interacts with lipid-containing membrane microdomains (Fortin et al., 2004) and 3) 

an acidic C-terminal region (Eliezer et al., 2001) (Figure 1.2). 

 

 

 

 

 

 

 

 

Figure 1.2. – Schematic representation of the alpha-syn protein. Alpha-syn is a 140 amino 

acid protein with seven imperfect repeats (KTKEGV) localized in the amino terminal. It has three 

distinct regions: the amphipatic region in the NH2 terminus, a central hydrophobic NAC (non amyloid 

component) domain and an acidic COOH-terminal region. The three pathogenic missense mutations 

are represented in red. Missense mutations at residues 30 (A30P), 46 (E46K) and 53 (A53T) are 

shown in red. Phosphorylation sites at Tyr (125, 133 and 136) and Ser (87 and 129) are shown in 

blue. (Adapted from Perfeito et al., 2012.) 

 

Alpha-syn is predominantly localized to presynaptic nerve terminals, close to synaptic 

vesicles, but can also be found in other neuronal compartments like the cytosol, 

mitochondria and nucleus. Although its physiological function is still unknown, it has been 

proposed to have a role in the integration of presynaptic signaling and neuronal plasticity 

(George et al., 1995). Prior findings are consistent with these roles, with alpha-syn 

appearing to control synaptic vesicle fusion and recycling. Most data indicate that alpha-syn 

inhibits synaptic transmission in an activity-dependent manner, as observed in alpha-syn 

deficient mice, exhibiting accelerated recovery of DA release when presented to multiple 

stimuli (Abeliovich et al., 2000). In addition, alpha-syn is also predicted to have specific 

effects in dopaminergic neurons, where it may negatively regulate the activity of TH, as well 

as the activity of DAT (Sidhu et al., 2004). Products resulting from the interaction between 
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DA and alpha-syn have been widely explored to address whether this interaction may 

produce toxic forms of alpha-syn (Sulzer, 2010). DA is prone to oxidation and its quinone 

derivatives react with proteins, in general via a covalent modification of a cysteine. Alpha-

syn, however, does not possess a cysteine residue in its structure. Data from Norris et al. 

(2005) suggest an ionic interaction between DA-quinone and residues 125-129 of alpha-syn. 

DA modification of alpha-syn seems to maintain small alpha-syn oligomers in a reactive 

protofibril conformation by inhibiting progression to form less reactive aggregates and this 

effect was more evident for alpha-syn mutant forms (Volles et al., 2001; Sulzer, 2007a). 

Fibrillization and aggregation of mutant alpha-syn play a central role in neurodegenerative 

mechanisms, either due to primary alterations in the peptide sequence or due to increased 

levels of physiological protein, possibly exceeding existing pathways of degradation. An 

increase in proteins that are determined to be degraded by the UPS or an impairment of 

the UPS function are contributive factors to proteolytic stress due to accumulation and 

aggregation of proteins in cytosol. How alpha-syn is degraded is still a matter of debate, but 

it is likely that both UPS and the lysosomal degradation pathway intervene in regulating the 

steady-state levels of the protein under normal physiological conditions. Degradation of 

alpha-syn by the proteasome (Bennett et al., 1999; Tofaris et al., 2001) and the formation 

of inclusions in neuronal cells treated with proteasome inhibitors have been described 

(Rideout et al., 2001; Rideout and Stefanis, 2002). On the other hand, the involvement of 

autophagy and lysosomes has also been demonstrated (Paxinou et al., 2001; Webb et al., 

2003; Lee et al., 2004; Cheung and Ip, 2009). Evidence has been shown for mutant, and 

possibly excessive normal alpha-syn facilitating its pathological accumulation by impairing 

the function of protein degradation processes (Cuervo et al., 2004; Petrucelli et al., 2002; 

Snyder et al., 2003; Tanaka et al., 2001). Cuervo et al. (2004) identified in the alpha-syn 

sequence, the pentapeptide motif required to target cytosolic proteins to lysosomal 

degradation via chaperone-mediated autophagy (CMA) (Cuervo et al., 2004). In cellular 

models and rodents, alpha-syn was shown to interact with lysosome-associated membrane 

protein 2A (LAMP-2A), a transmembrane receptor of substrates for lysosomal degradation, 
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giving evidence to the theory that CMA is involved in its clearance (Cuervo et al., 2004; 

Vogiatzi et al., 2008). Accordingly, LAMP-2A gene silencing slowed the degradation of 

monomeric and oligomeric species of alpha-syn in primary neurons of the ventral midbrain 

(Vogiatzi et al., 2008). CMA, however, was not the only pathway for alpha-syn degradation. 

Vogiatzi et al. (2008) also reported that clearance of WT alpha-syn was in part mediated by 

macroautophagy. The study involved the selective macroautophagy inhibitor 3-

methyladenine (3-MA), which led to a considerable increase of the steady state levels of 

alpha-syn in PC12 cells and in primary cortical and ventral midbrain neurons, suggesting 

that dysfunction of this degradation process could also contribute to the gradual 

accumulation of endogenous WT alpha-syn in sporadic PD. Furthermore, oxidative stress 

linked to mitochondrial dysfunction may also increase misfolded proteins and therefore 

lead to aggregation of alpha-syn and subsequent death of dopaminergic neurons (Zhang et 

al., 2000). Thus, alpha-syn aggregation itself may also contribute to increased oxidative 

stress levels, leading to a vicious cycle in the cell (Hashimoto et al., 1999). Pesticides like 

paraquat and maneb were found to lead to proteasomal dysfunction and 

nitrative/oxidative damage causing an upregulation and subsequent fibrillization of 

recombinant alpha-syn (Norris et al., 2007; Manning-Bog et al., 2002). MPTP (previously 

described in section 1.1.2) creates an oxidative stress environment that enhances alpha-syn 

aggregation and consequent death of dopaminergic neurons (Hashimoto et al., 1999). 

Moreover, Dauer and colleagues (2002) investigated the toxic effect of MPTP in mice 

lacking SNCA gene and concluded that these animals were resistant to MPTP, giving 

support to alpha-syn critical role in the pathogenesis of toxin-induced dopaminergic neuron 

death. A recent study performed by Kalivendi et al. (2010) demonstrated that oxidant-

induced alternative splicing of alpha-syn plays a crucial role in the mechanism of DA neuron 

cell death, contributing to PD. The authors provided evidence that the parkinsonian 

mimetic MPP+ is able to induce alternative splicing of alpha-syn, leading to the deletion of 

exon-5, which resulted in the generation of a 112 amino acids protein, instead of the 140 

amino acids WT alpha-syn. This process was deleterious to DA cells, since the expression of 
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the 112 amino acids form of alpha-syn exhibited a more pronounced effect on proteasomal 

dysfunction and enhanced cell death, when compared to WT alpha-syn.  

Although alpha-syn function is not yet defined, there seems to be a reciprocal relationship 

between the activity of this protein and mitochondrial function. Alpha-syn contains an N-

terminal mitochondrial-targeting sequence (Devi et al., 2008), and cytosol acidification or 

alpha-syn overexpression can lead the protein to localize to mitochondria (Cole et al., 2008; 

Shavali et al., 2008), resulting in complex I impairment and increased ROS production (Devi 

et al., 2008), increased protein tyrosine nitration and decreased mitochondrial 

transmembrane potential (Parihar et al., 2009). In addition, human embryonic kidney cells 

overexpressing alpha-syn showed enhanced susceptibility to cell death and lower ATP levels 

compared to control cells (Shavali et al., 2008). In brainstem neurons of mice that 

overexpress human A53T mutant alpha-syn, there is evidence of degenerating and 

dysmorphic mitochondria with DNA damage (Martin et al., 2006). Furthermore, in both SH-

SY5Y neuroblastoma cells and isolated rat mitochondria, alpha-syn seems to induce 

mitochondrial release of cytochrome c (cyt c), increased mitochondrial calcium and NO, and 

oxidative modification of mitochondrial components. These findings suggest a pivotal role 

for mitochondria in oxidative stress and apoptosis induced by alpha-syn (Parihar et al., 

2008). In a model of aging yeast, functional mitochondria are required for alpha-syn toxicity 

(Buttner et al., 2008).  

Besides all these facts, it has been recognized that alpha-syn is one of the most abundant 

components of LBs; alpha-syn can aggregate under a variety of post translational 

modifications, namely phosphorylation, ubiquitination, C-terminal truncation and nitration 

(Anderson et al., 2006; Baba et al., 1998; Giasson et al., 2000; Hasegawa et al., 2002; 

Spillantini et al., 1997; Tofaris et al., 2003; Fujiwara et al., 2002). Indeed, alpha-syn primary 

structure includes several sites susceptible to undergo post-translational modifications 

(reviewed in Perfeito and Rego, 2008). Nevertheless, it is still controversial whether these 

modifications contribute to progressively conduct the protein into insoluble fibrils and 

modulate toxicity. 
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1.2.1. Alpha-synuclein phosphorylation 

Protein phosphorylation is the most studied and probably the most important post 

translational modification, although other modifications, including ubiquitination and 

truncation, may also have functional consequences. Alpha-syn can be phosphorylated in 

vitro at several residues, including Ser 87 and 129 (Chen and Feany, 2005; Okochi et al., 

2000; Pronin et al., 2000) and three C-terminal tyrosine (Tyr) residues (125, 133 and 136) 

(Ellis et al., 2001) (Figure 1.2). In vivo phosphorylation at Ser87, Ser129 and Tyr125 have 

been identified, thus making these phosphorylation sites the major focus of study. Post-

mortem human brain studies have shown that alpha-syn is hyperphosphorylated at Ser129 

in LBs (Fujiwara et al., 2002). In addition, evidence for alpha-syn phosphorylation at Ser129 

has been observed in transgenic mice (Wakamatsu et al., 2007; Schell et al., 2009; Lee et 

al., 2011) and in primates overexpressing alpha-syn through a viral vector in the ventral 

midbrain (Eslamboli et al., 2007). Together, data from post-mortem human studies of 

alpha-synucleinopathies and animal models suggest that phosphorylation of alpha-syn at 

Ser129 is strongly linked to disease progression. 

The role of phosphorylation at Ser129, presumably the dominant pathological modification 

occurring in human synucleinopathies (Anderson et al., 2006; Fujiwara et al., 2002), has 

been studied in a variety of models, but with contradictory results (Azeredo da et al., 2009; 

Chen and Feany, 2005; Gorbatyuk et al., 2008; McFarland et al., 2009; Sugeno et al., 2008). 

A mass spectrometry analysis revealed that alpha-syn is selectively and extensively 

phosphorylated at Ser129 in synucleinopathy lesions and that this protein modification 

promoted fibril formation in vitro (Fujiwara et al., 2002). Chen and Feany (2005) 

demonstrated that alpha-syn carrying a negatively charged residue aspartate at position 

129 (S129D) to mimic constitutive phosphorylation enhanced toxicity in dopaminergic 

neurons of a transgenic Drosophila model, whereas a nonphosphorylated alanine residue at 

the same position (S129A) suppressed toxicity. In this study, the authors could not find a 

correlation between alpha-syn propensity to aggregate and its toxicity. Similar results were 

observed in SH-SY5Y cells (Sugeno et al., 2008), however in two independent viral vector-
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based rat models, S129A alpha-syn variant dramatically increased alpha-syn toxicity, 

whereas S129D alpha-syn was less toxic than the normal protein (Gorbatyuk et al., 2008; 

Azeredo da et al., 2009). Another study with viral vector-mediated delivery of WT, S129A 

and S129D alpha-syn to the rat SN induced similar pathological changes (McFarland et al., 

2009). In cell models, phosphorylation of Ser129 seems to increase the tendency of alpha-

syn to form inclusions (Smith et al., 2005; Sugeno et al., 2008). However, in vitro analysis by 

biophysical methods of the structural properties of aggregating alpha-syn demonstrated 

that phosphorylation at Ser129 inhibits alpha-syn fibrillization, suggesting that P-Ser129 

alpha-syn in LBs may not correspond to the fibrillar species that accumulate in these 

models or that phosphorylated alpha-syn fibrillization in vivo may be modulated by other 

factors (Paleologou et al., 2008). This study was of great importance in providing evidence 

that the phosphorylation mimics S129D/E do not accurately reproduce the effects of 

phosphorylation, so the use of these models should be carefully considered. 

Alpha-syn phosphorylation is modulated by enzymes that have been of major interest, as 

they may constitute useful therapeutic targets. In vitro and in vivo systems have 

convincingly demonstrated that polo-like kinases (PLKs), particularly PLK2 and PLK3, 

phosphorylate alpha-syn at Ser129 (Inglis et al., 2009; Mbefo et al., 2010), although in vitro 

and cellular studies have also evidenced casein kinases (CKs) 1 and 2 (Okochi et al., 2000; 

Braithwaite et al., 2012) and G-protein receptor coupled kinases (GRKs) 1, 2, 5 and 6 

(Pronin et al., 2000; Braithwaite et al., 2012). Phosphorylation of Tyr residues can be 

achieved by the Src family of protein tyrosine kinases, including c-Src and Fyn (Nakamura et 

al., 2001), as well as Syk (Negro et al., 2002). This redundancy in the large number of 

different kinases that can phosphorylate alpha-syn may be considered as a cellular 

mechanism to ensure that phosphorylation can be regulated at multiple steps. However, 

this may bring difficulties to find a therapeutic strategy as inhibition of multiple kinases may 

be required to reduce phosphorylation. Nevertheless, each of these kinases can provide 

important information on the role of alpha-syn phosphorylation in disease pathogenesis 

and may be manipulated for disease modification.  



Chapter 1 

 
54 

Protein phosphorylation is reversed by phosphatases. Despite the interest in the 

phosphorylation state of alpha-syn, relatively few studies have been performed to 

determine the specific phosphatases that dephosphorylate alpha-syn. So far, protein 

phosphatase 2A (PP2A) has been demonstrated to dephosphorylate alpha-syn at Ser129 

(Lee et al., 2011), although other reports have suggested that it is not active on the protein 

(Waxman and Giasson, 2008; Lou et al., 2010). One study reported PP2C to be active at 

dephosphorylating alpha-syn at this site, but only of soluble, not fibrillar forms (Waxman 

and Giasson, 2008). 

Hyperphosphorylation of key proteins appears to be a common event in multiple 

neurodegenerative disorders. Therefore, understanding the consequences of alpha-syn 

phosphorylation may help clarifying particular aspects of PD pathology and a range of 

related conditions. Unlike tau, for example, which phosphorylation at certain residues is 

critical for its normal function in binding to microtubules and regulating axonal transport 

(Avila et al., 2004), it is unclear whether alpha-syn phosphorylation plays a physiological 

role. Nevertheless, several studies have demonstrated how phosphorylation can affect 

alpha-syn aggregation and toxic properties, both of which seem to be determinant in PD. 

 

 

1.3. Genetics in familial PD – other proteins involved 

As described before, heritable cases of PD constitute early onset forms of the disorder 

(Lucking et al., 2000; Bonifati et al., 2003b; Valente et al., 2004a). Previous studies have 

shown evidence that the products of PD-associated genes have crucial effects on 

mitochondrial morphology, function and oxidative stress (Henchcliffe and Beal, 2008), 

which are further described in section 1.4.  
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1.3.1. Autosomal dominant forms of PD 

Dominant mutations often act through a gain-of-function mechanism. Besides SNCA 

(described above, and which is also involved in sporadic PD, as the main component of LBs), 

to date, at least one more gene, LRRK2, has been shown to cause autosomal dominant PD, 

with a mutation frequency of 5% (reviewed in Corti et al., 2011). 

1.3.1.1. Leucine-rich repeat kinase 2 (LRRK2) 

Mutations in the LRRK2 represent the most common known cause of familial PD and are 

inherited in autosomal dominant form, but with a significant variation in penetrance. The 

resulting disease phenotype is identical to sporadic PD, except for a slightly lower age at 

diagnosis (Healy et al., 2008), which has increased the interest in this gene. The LRRK2 gene 

encodes a large multidomain protein with 2527 amino acids, the physiological function of 

which is currently unknown. However, there are numerous functional domains associated 

with this protein, including a leucine-rich repeat (LRR) domain, a Ras of complex protein 

(Roc) GTPase domain followed by its associated C-terminal of Roc (COR) domain, a kinase 

domain of the tyrosine kinase-like (TKL) subfamily, homologous to other mitogen-activated 

protein kinase kinase kinase (MAPKKK), and a C-terminal WD40 domain (Mata et al., 2006). 

This combination of motifs is highly conserved in vertebrates (Bosgraaf and Van Haastert, 

2003), however, LRRK2 is unusual, since it encodes two distinct enzymes, kinase and 

GTPase in the same molecule. Initial biochemical studies on LRRK2 suggested that this 

protein is able to undergo phosphorylation and to phosphorylate generic substrates such as 

moesin and myelin basic protein (MBP) (Greggio et al., 2008; Imai et al., 2008; Jaleel et al., 

2007; West et al., 2005) and that the kinase activity is mildly regulated by the GTPase 

domain (Guo et al., 2007; Ito et al., 2007; Burbulla and Kruger, 2011; Smith et al., 2006). 

The presence of multiple protein interaction domains, namely armadillo (ARM), ankyrin 

(ANK), LRR and WD40 suggests that in addition to its predicted protein kinase and GTPase 

activities, LRRK2 might work as a multiprotein signaling complex. 
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The single most common mutation occurring in LRRK2, G2019S, is present in the kinase 

domain of the protein and augments the kinase activity (West et al., 2005). This mutation is 

responsible for both familial (4% worldwide) and apparently sporadic (1% worldwide) PD 

cases, and has a very low frequency in healthy populations (<0.1% worldwide) (Di et al., 

2005; Gilks et al., 2005; Healy et al., 2008; Nichols et al., 2005). In particular, most patients 

with the G2019S mutation exhibited alpha-syn-positive LBs as in sporadic PD (Giasson et al., 

2006; Gilks et al., 2005; Ross et al., 2006). Tong and collaborators (2010), showed that 

accumulation and aggregation of alpha-syn and ubiquitinated proteins occurred in aged 

LRRK2 germ-line deletion mice with great loss of LRRK2. The autophagy-lysosomal pathway 

was impaired together with an increase in apoptotic cell death, inflammatory response and 

oxidative stress. 

Although LRRK2 is mainly localized to the cytosol, approximately 10% of the protein is 

associated with the outer mitochondrial membrane (West et al., 2005), raising an 

important question of whether mutant LRRK2 kinase increased activity might directly affect 

mitochondrial function. Furthermore, impaired mitochondrial function and an increased 

susceptibility to apoptosis were observed in ex vivo models of fibroblasts from PD patients 

carrying the G2019S mutation in the LRRK2 gene or based on induced pluripotent stem (iPS) 

cells that carry the G2019S mutation (Mortiboys et al., 2010; Nguyen et al., 2011). In 

addition, dopaminergic neurons derived from G2019S-iPS cells showed an increase of key 

oxidative stress response genes and pathogenomic accumulation of alpha-syn (Nguyen et 

al., 2011).  

These studies support an involvement of LRRK2 in mitochondrial dysfunction and impaired 

protein degradation pathways with alpha-syn accumulation and speculate on the kinase 

activity of the protein, which seems to be required for cellular toxicity and neuronal death. 
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1.3.2. Autosomal Recessive Forms of PD 

Most recessive alleles result in the absence of the encoded protein or inactive protein, and 

consequently to a loss of function. Homozygous or heterozygous mutations in the recessive 

genes parkin (PARK2), PTEN-induced putative kinase 1 (PINK1) (PARK6) and DJ-1 (PARK7) 

are unequivocally associated with heritable, early age at onset, in most cases before age 40 

and no atypical signs (Criscuolo et al., 2006; Lucking et al., 2001; Maruyama et al., 2000). 

Furthermore, autosomal recessive PD is characterized by: 1) slowly progressive disease 

course; 2) excellent response to L-DOPA, although early L-DOPA induced dyskinesias; and 3) 

minimal cognitive decline and dysautonomia. 

 

1.3.2.1. Parkin 

Mutations in the parkin gene at PARK2 are the most frequent known cause of early-onset 

(<40-50 years) PD (10-20% worldwide; 50% of recessive familial forms) (Lucking et al., 2003; 

Periquet et al., 2003). Pathological changes include significant loss of dopaminergic neurons 

in the SN and milder changes in the locus coeruleus. Initially LBs were thought to be absent 

in the brain (Takahashi et al., 1994), but LB-positive cases have been reported in a reduced 

number of patients with parkin mutations (Farrer et al., 2001).  

The parkin gene encodes a protein of 465 amino acids that contains an N-terminal 

ubiquitin-like (UBL) domain followed by three RING finger domains (RING 0-2) and 

separated by an in-between-ring (IBR) domain localized at the C-terminal. Like other RING 

finger proteins, parkin acts as an Ub E3 ligase. It has an important role in the function of Ub, 

which is primarily involved in the targeting of aggregation-prone substrates for degradation 

by the UPS, by conferring substrate specificity (Moore, 2006). Many ubiquitination 

substrates have been proposed for parkin, including the aminoacyl-tRNA synthetase 

cofactor, p38, and a rare 22 kDa glycosylated form of alpha-syn (Shimura et al., 2001; Corti 

et al., 2003; von et al., 2004). Parkin is predominantly a cytosolic protein, but also co-

localizes to synaptic vesicles, the Golgi complex, endoplasmic reticulum and the 
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mitochondrial outer membrane (Shimura et al., 2000; von et al., 2004; Kubo et al., 2001; 

Mouatt-Prigent et al., 2004; Darios et al., 2003). Many PD-linked point mutations alter WT 

parkin cellular localization, solubility or propensity to aggregate (Cookson et al., 2003; Gu et 

al., 2003; Wang et al., 2005). Other mutations, including insertions or deletions, lead to 

parkin loss-of-function, specifically loss of its ligase activity, resulting in accumulation of 

toxic substrates and degeneration (Moore, 2006). However, the most possibly relevant 

activity of parkin is related to its neuroprotective function against a variety of pathogenic 

factors. Particularly, this neuroprotection is given by delaying mitochondrial swelling and 

rupture and the subsequent cyt c release and caspase 3 activation, as shown in cells 

overexpressing parkin (Darios et al., 2003). As mentioned above, parkin can associate to 

mitochondrial outer membrane, suggesting a direct and local protective effect (Kuroda et 

al., 2006). The protein is involved in the regulation of transcription and replication of 

mtDNA in proliferating cells, stimulating this organelle’s biogenesis – an effect blocked by 

parkin short-interfering RNA (siRNA) knockdown (Kuroda et al., 2006). Furthermore, in a 

knockout mouse line for parkin, reduced number of mitochondrial oxidative 

phosphorylation proteins, decreased mitochondrial respiratory capacity, age-dependent 

increased oxidative damage and increased protein and lipid peroxidation were reported 

(Palacino et al., 2004), leading to nigrostriatal damage. Changes in mitochondrial 

morphology have been also observed, but this led only to disruption of complex I function 

in nigral mitochondria and did not result in cell death (Stichel et al., 2007). Thus, 

mitochondrial defects and an increased susceptibility to oxygen radical damage were also 

reported in a parkin knockout model of Drosophila, suggesting that abnormalities in parkin 

ubiquitination function might be secondary in the course of pathogenic events (Greene et 

al., 2003; Pesah et al., 2004). In vitro studies of PARK2-knockdown SH-SY5Y neuroblastoma 

cell line showed apoptotic cell death and high levels of autoxidized forms of L-DOPA and 

DA, suggesting that parkin might have important antioxidant properties (Machida et al., 

2005). Rothfuss and co-workers (2009) confirmed that the association between parkin and 

mtDNA led to protection from oxidative stress and stimulation of mitochondrial genome 
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repair. These functions were damaged in parkin-deleted human fibroblasts (Rothfuss et al., 

2009). 

Overall, functional parkin seems to be crucial in the maintenance of mitochondrial 

antioxidant defenses and protection of mtDNA.  

 

1.3.2.2. PTEN-induced putative kinase 1 (PINK1) 

PINK1 gene (PARK6) mutations are the second most common cause of autosomal recessive, 

early-onset parkinsonism (Valente et al., 2004a). Although age at onset for PINK1-related 

PD is usually in the fourth to fifth decade, clinical features are similar to late onset PD, with 

slow progression, excellent response to L-DOPA, and in some cases, dementia (Valente et 

al., 2001; Bonifati et al., 2005; Tan et al., 2006; Hatano et al., 2004). Nigrostriatal neuronal 

loss has been observed in post-mortem brains of PD patients with PINK1 mutations (Gandhi 

et al., 2006). 

PINK1 is a putative serine/threonine kinase, constituted by 581 amino acids, which is 

expressed ubiquitously. Until present, homozygous missense and nonsense mutations 

affecting the kinase domain, as well as insertions, deletions and truncation of the protein, 

were observed, all of them supposedly impairing the kinase activity (Exner et al., 2007; 

Atsumi et al., 2006). 

Due to its N-terminal mitochondrial targeting sequence, PINK1 is localized to the 

mitochondrial intermembrane space and bound to mitochondrial membranes. However, as 

PINK1 was also identified as a component of LBs in patients with sporadic PD (Gandhi et al., 

2006), its final destination within mitochondria is not entirely defined.  

Physiological role of PINK1 in mitochondria is thought to include the phosphorylation of 

mitochondrial proteins in response to cellular stress and the protection against 

mitochondrial dysfunction (Burbulla and Kruger, 2011). There is evidence that WT PINK1 in 

contrast to mutant PINK1 may protect neurons from stress-induced mitochondrial 

dysfunction and apoptosis (Valente et al., 2004b). Furthermore, loss of PINK1 function in 
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human cell lines originated morphological changes of mitochondria and impaired energy 

metabolism, showed by a decreased mitochondrial membrane potential (Exner et al., 

2007). Cells isolated from individuals with a PINK1 mutation that causes a G309D 

substitution demonstrate reduced complex I activity and evidence of increased oxidative 

damage compared with cells from age matched controls (Hoepken et al., 2007). 

Furthermore, PINK1 deficiency in a Drosophila model results in the loss of dopaminergic 

cells, as well as increased susceptibility to oxidative stress and reduced ATP levels (Clark et 

al., 2006). These mutants also showed reduced mitochondrial mass with disorganized 

morphology. Moreover, PINK1 seems to exert neuroprotective properties, as shown by 

Petit et al. (2005). These authors showed that WT, but not mutant, PINK1 attenuated 

staurosporine-induced apoptosis and reduced mitochondrial cyt c release when 

overexpressed in SH-SY5Y cells. Also, silencing of PINK1 increased susceptibility to MPP+ or 

rotenone (Petit et al., 2005). In this context, decreased expression of PINK1 in human 

dopaminergic neurons led to reduced long-term survival, along with 

morphological/structural mitochondrial abnormalities and higher levels of oxidative stress 

(Wood-Kaczmar et al., 2008). 

 

1.3.2.3. DJ-1 

Mutations in DJ-1 gene, also known as PARK7, are the least common cause of autosomal 

recessive PD (approximately 1% of early-onset PD). The DJ-1-related phenotype, with early-

onset and slow disease progression, closely matches that of patients with parkin or PINK1 

mutations, but genotype-phenotype correlations could not be precisely performed, due to 

the small number of DJ-1 patients (Bonifati et al., 2003b). DJ-1 gene encodes a protein of 

189 amino acids, belonging to the peptidase C56 family of proteins (Moore et al., 2003). It 

is a cytosolic protein, but under stress conditions can also translocate to the mitochondria 

and nucleus (Zhang et al., 2005; Bonifati et al., 2003b). WT DJ-1 appears to exert an 

antioxidant function (Nagakubo et al., 1997; Abou-Sleiman et al., 2003; Canet-Aviles et al., 
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2004; Moore et al., 2005), while deletions and point mutations in the DJ-1 gene cause a loss 

of its physiological function and therefore, lead to neurodegeneration in rare families 

(Bonifati et al., 2003b; Bonifati et al., 2003a; Taira et al., 2004; Hering et al., 2004). 

Knockdown of DJ-1 by siRNA in SH-SY5Y human neuroblastoma cell line, enhanced 

susceptibility to several oxidative insults, including H2O2, MPP+ and 6-OHDA (Taira et al., 

2004). Reciprocally, DJ-1 overexpression in these cells resulted in increased resistance to 

these insults and reduced intracellular ROS formation (Lev et al., 2008). This protection 

seems to be selective against environmental oxidative stress in vivo, as shown in DJ-1 null 

Drosophila treated with paraquat and rotenone (Meulener et al., 2005). Thus, DJ-1β-

deficient flies displayed a locomotor deficit that was exacerbated by oxidative stress (Park 

et al., 2005). Furthermore, the levels of DJ-1 modification increase with age, also leading to 

significant increments in oxidative stress and inactivation of its own function (Meulener et 

al., 2006). DJ-1-deficient mice demonstrated hypersensitivity to MPTP and this was 

observed by increased dopaminergic neuronal loss and striatal denervation (Kim et al., 

2005). In embryonic cortical neurons, an increased sensitivity to oxidative stress and 

proteasomal inhibition has been also demonstrated, ending in apoptotic cell death (Kim et 

al., 2005; Martinat et al., 2004). All impairments were reversed by restitution of DJ-1 

expression. DJ-1 is normally activated by an oxidative cytoplasmic environment 

(Shendelman et al., 2004). These authors described a role for DJ-1 as a redox-sensitive 

molecular chaperone, which was able to inhibit alpha-syn aggregate formation. Another 

study in DJ-1 deficient mice showed that the complex I inhibitor paraquat decreased 

proteasome activity concomitantly with decreased ATP and regulatory subunit levels (Yang 

et al., 2007). In addition to these effects, the levels of Nrf2, which activates cytoprotective 

genes, were reduced. This provided evidence for a role of DJ-1 as a regulator of 

transcription. The mechanism by which DJ-1 protects against oxidative stress was described 

by Im et al. (2010). In this study, the authors demonstrated that DJ-1 regulates the mitogen-

activated protein 3 (MAP3) kinase apoptosis signaling-regulating kinase 1 (ASK1)/ 

thioredoxin (Trx) 1 complex. ASK1 is a major effector of cell death induced by oxidative 
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stress and is physiologically inhibited by Trx1. Oxidative insults disrupt this complex, and DJ-

1 null cells are more susceptible to this dissociation, leading to increased activation of 

downstream cell death mediators. 

A mitochondria-DJ-1 association was also established. Lev et al. (2008) described a cellular 

redistribution of DJ-1 in cells exposed to neurotoxins. This work was extended by Hayashi et 

al. (2009), who showed DJ-1 binding to NADH dehydrogenase (ubiquinone) 1 α-subcomplex 

4 (NDUFA4) and to mitochondrial encoded NADH dehydrogenase 1 (ND1), nuclear and 

mitochondrial DNA-encoding subunits of complex I, respectively, validating the importance 

of DJ-1 in mitochondrial function. Recently, a direct link between loss of DJ-1, impaired 

mitochondrial stress response and reduced clearance of mitochondria by lysosomal 

degradation was described (Krebiehl et al., 2010). An accumulation of fragmented and 

dysfunctional mitochondria upon reduced basal autophagy contributed to the loss of 

function phenotype in cells from DJ-1 knockout mouse and human carriers of the E64D 

mutation in DJ-1 gene (Krebiehl et al., 2010). 

 

In summary, PD individuals with autosomal recessive inheritance differ generally from 

those with idiopathic PD, although cases with clinical evolution similar to that of the typical 

disease have been reported. A raising body of recent information provides strong support 

to the idea that mitochondrial dysfunction may be central to the pathophysiology of 

familial PD, particularly to that of parkinsonian syndromes with autosomal recessive 

inheritance that directly associate with mitochondria, such as parkin, PINK1 and DJ-1.  

Table 1.1 briefly summarizes the genes described in sections 1.2 and 1.3, which are 

predominantly involved in sporadic and inherited forms of PD. 
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Table 1.1. – Summary of the major genes involved in sporadic and inherited forms of PD. 

PARK loci Gene 
Map 

position 
Forms of PD Mutations 

 
PARK1/PARK4 

 
SNCA 

 
 

4q21 

Early-onset PD 
Autosomal 
dominant 
Sporadic 

A30P, E46K, A53T 
Genomic  

duplications/triplications 

 
 

PARK8 

 
 

LRRK2 

 
 

12q12 

Late-onset PD 
Autosomal 
dominant 
Sporadic 

7 pathogenic mutations, 
including the common 

G2019S 

 
 

PARK2 

 
 

Parkin 

 
 

6q25-q27 

Juvenile and 
early-onset PD 

Autosomal 
recessive 
Sporadic 

 
100 mutations (point 

mutations, exonic 
rearrangements) 

 
PARK6 

 
PINK1 

 
1p35-36 Autosomal 

recessive PD 

 
40 point mutations, rare 

large deletions 
 

 
PARK7 

 
DJ-1 

 
1p36 

Early-onset PD 
Autosomal 
recessive 

10 mutations and large 
deletions 

 

 

1.4. Mechanisms of PD pathology 

Despite the efforts and advances made over the years, the pathogenesis of idiopathic PD 

still remains unclear. Nevertheless, it is safe to assign a major role for oxidative stress and 

mitochondrial dysfunction, at least in the neurodegeneration of dopaminergic neurons.  

Investigations into post-mortem PD brains, particularly, in the SN, have consistently 

demonstrated abnormalities in mitochondrial function and increased levels of oxidative 

stress (Schapira, 2009; Schapira et al., 1990; Dexter et al., 1992; Owen et al., 1996; Mann et 

al., 1992b; Schapira, 1995; Gu et al., 1998; Schapira et al., 1989). Furthermore, there is 
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evidence of inflammation through microglia activation in the SN. The finding that alpha-syn 

is the major component of LBs directed studies on protein metabolism and defects in 

protein degradation through the UPS and autophagy pathways as contributory factors to 

PD pathogenesis. These cellular pathways are interconnected, since mitochondrial 

dysfunction, namely complex I inhibition, leads to increased free radical generation, which 

further evokes deficits of the respiratory chain. Importantly, the UPS is dependent on 

oxidative phosphorylation for energy production and oxidatively damaged proteins increase 

the bulk of substrates to be degraded by the UPS. Moreover, this leads to increased cell 

dysfunction and a lowered threshold to apoptosis (Schapira, 2011), a type of programmed 

cell death characterized by membrane blebbing, shrinking of organelles, and chromatin 

condensation and fragmentation (e.g. Rego and Oliveira, 2003). 

 

 

1.4.1. Mitochondrial dysfunction 

Mitochondria are the main producers of reactive oxygen species (ROS) and therefore may 

play a central role in increased oxidative stress in neurodegenerative diseases. It has been 

shown that during aging, deletions in mitochondrial DNA (mtDNA) accumulate and lead to a 

decline in mitochondrial function and a subsequent increase in ROS production (Lin and 

Beal, 2006). Free radicals may thus be generated by affected neurons as a result of 

impaired electron transport chain during mitochondrial respiration (Andersen, 2004). 

The direct relationship between mitochondrial dysfunction and PD came with the 

description of complex I deficiency in the SN of patients who had died with PD (37, 38 de 

Schapira 2011), and was followed by subsequent reports of mitochondrial defects in 

skeletal muscle and platelets of PD patients (Mann et al., 1992a). In the brain, 

mitochondrial deficiency appeared to be confined to the SN (Schapira et al., 1990). These 

mitochondrial abnormalities, identified in pathologically confirmed, apparently sporadic PD, 

were seen under a background of increased oxidative stress and elevated iron levels, 
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emphasizing the importance of interconnecting pathways (Dexter et al., 1992; Mann et al., 

1994; Gu et al., 1998; Schapira, 2007). 

Additional support for the involvement of mitochondria in PD pathogenesis came with the 

identification of genetic causes responsible for inherited forms of PD, since multiple genes 

in which mutations or polymorphisms increase the risk of PD, are linked to mitochondrial 

function (Navarro and Boveris, 2009). 

Moreover, mitochondrial toxins were described to induce a phenotype similar to PD 

(Betarbet et al., 2000). Complex I impairment seems to be important for the pathogenesis 

of PD since exposure to inhibitors of this complex, such as MPP+ or rotenone, as described 

before in this chapter, reproduces the clinical symptoms of PD observed in human subjects 

(Bougria et al., 1995; Gomez et al., 2007). Indeed, MPP+ generates free radicals, including 

nitric oxide (Hantraye et al., 1996) that can in turn inhibit mitochondrial function (Cleeter et 

al., 1994). As stated above, rotenone is commonly used in the United States as a pesticide.  

Treatment of rodents with low doses of rotenone over 1 month induced nigrostriatal cell 

death and Lewy-like inclusions (Betarbet et al., 2000). Both rotenone and MPP+ lead to 

dopaminergic cell death through induction of apoptosis, acting on the mitochondrial 

transition pore (Seaton et al., 1998). 

Complex I is the largest of the electron transport chain (ETC) complexes, consisting of 46 

subunits, 7 of which are encoded by mtDNA (Henchcliffe and Beal, 2008) and the major site 

of superoxide production in the ETC (Kudin et al., 2004). Complex I activity and expression 

are decreased in the SN (Janetzky et al., 1994; Mann et al., 1992a; Schapira et al., 1990; 

Schapira et al., 1989) and cortex (Navarro et al., 2009) of PD patients to a greater extent 

than would be expected from normal aging (Henchcliffe and Beal, 2008). Oxidized, 

functionally impaired and misassembled complex I subunits, have also been reported in PD 

(Keeney et al., 2006).  
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1.4.2. Oxidative stress 

Oxidative stress and the production of ROS are involved in the pathogenesis of several 

chronic neurodegenerative diseases, including PD. Taking into account that age is a great 

risk factor for these neurodegenerative disorders and the fact that ROS increase with age in 

the brain, there is a strong support for the involvement of ROS in neurodegeneration 

(Mariani et al., 2005). Indeed, the free radical theory of aging hypothesizes that the aging 

process is associated with an increase in the generation of ROS together with a decrease in 

the defense capacities against oxidative stress, thus leading to the accumulation of ROS-

modified macromolecules (Perry et al., 1998; de Vries et al., 2008). 

Analysis of biochemical markers of oxidative damage in tissue samples from patients or in 

post-mortem brains provided direct evidence for oxidative stress in PD. Increased levels of 

lipid peroxidation were found in the SN, as suggested by decreased levels of 

polyunsaturated fatty acids (substrates for lipid peroxidation) and increased levels of 

malondialdehyde (MDA) (Dexter et al., 1989a) and 4-hydroxynonenal (HNE)(Yoritaka et al., 

1996). Nucleic acid oxidation product 8-hydroxyguanosine (8OHG) is also elevated in the 

neurons affected in the disease, compared to surrounding brain regions in the PD brain, as 

well as in comparison to the SN of age-matched controls (Alam et al., 1997b; Zhang et al., 

1999). Lipid and DNA oxidation were also found to be systemically elevated in PD (Seet et 

al., 2010). Oxidative and nitrative post translational modifications have been identified on 

proteins that may affect the disease progression (Danielson and Andersen, 2008). This 

includes increased levels of oxidized protein carbonyls in the SN of PD patients (Alam et al., 

1997a; Floor and Wetzel, 1998) and nitration of tyrosine residues within LBs in the PD brain 

(Good et al., 1998; Duda et al., 2000a). Increased 3-nitrotyrosine (3-NT) levels have been 

also detected following systemic administration of the PD-inducing toxin MPTP in baboons 

(Ferrante et al., 1999) and mice (Pennathur et al., 1999). Along with the increase in 

oxidative damage, decreased levels of the antioxidant glutathione (GSH) (described below) 

were found in the SN of PD patients (Perry et al., 1982; Perry and Yong, 1986; Pearce et al., 

1997). 
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SN is also particularly vulnerable to toxic effects caused by nitric oxide (NO), leading to 

neurodegeneration of dopaminergic and catecholaminergic cells, probably due to the 

presence of high concentrations of 6-hydroxydopamine (6-OHDA) in this structure, which 

readily reacts with NO generating DA semiquinones and increasing intramitochondrial and 

cytosolic peroxynitrite (ONOO-) formation (Navarro and Boveris, 2009). Indeed, NO is 

known to readily react with superoxide anions (O2
-) to form the highly toxic ONOO-, which 

induces cellular damage through protein nitration, lipid peroxidation and DNA 

fragmentation (Szabo et al., 2007). Apart from the recognized .NO control of complex IV 

activity and cell respiration, both .NO and ONOO- have been reported as direct inhibitors of 

complex I, probably due to S-nitrosylation and Fe-nitrosation of complex I subunits (Brown 

and Borutaite, 2004). Tyrosine nitration, protein oxidation and damage to iron sulfur 

centers with sustained complex I inhibition are associated with increased generation of O2
.- 

by complex I (Navarro and Boveris, 2009). 

 

 

1.4.2.1. Dopamine 

Even though neuronal alterations observed in PD are not restricted to dopaminergic 

neurons, these neurons of the nigrostriatal pathway are the major site of neuronal 

degeneration in PD (Sulzer, 2007b). Selective degeneration of the dopaminergic neurons of 

the SN suggests the possibility that DA itself may be contributing to the neurodegenerative 

process in PD (Hastings, 2009). Moreover, the loss of dopaminergic neurons in the SN, 

leading to the degeneration of the nigrostriatal pathway and resulting in the marked 

reduction in striatal DA, appears to be crucial for the development of the clinical features of 

the disease, as demonstrated by the remarkable response of most of the motor symptoms 

to the DA precursor L-DOPA (DA replacement therapy). Thus, DA may play a role in the 

selective degeneration of this brain area in PD. Under normal conditions, DA is synthesized 

from tyrosine by tyrosine hydroxylase (TH), the rate-limiting enzyme in DA biosynthesis, 

and aromatic amino acid decarboxylase. Once formed, DA is safely stored in high millimolar 
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concentrations in synaptic vesicles following uptake by VMAT2 (Staal et al., 2004). 

Impairment of vesicular storage of DA, which may be due to the presence of alpha-syn 

protofibrils, oxidative stress or weak base compounds such as methamphetamine (Caudle 

et al., 2008), leads to increased DA levels in the cytoplasm. Concordantly, alpha-syn 

overexpression was shown to increase cytosolic catecholamine concentration (Mosharov et 

al., 2006). MPP+ interaction with VMAT and redistribution of vesicular DA to the cytosol also 

causes intracellular DA oxidation (Lotharius and O'Malley, 2001). Under conditions of 

oxidative stress, DA has the potential to form reactive metabolites by enzymatic and non-

enzymatic mechanisms that may further contribute to mitochondrial dysfunction and 

oxidative damage, accelerating dopaminergic cell death in PD. DA may be metabolized 

intracellularly by monoamine oxidase (MAO), a mitochondrial enzyme present in the 

cytoplasmic side of the outer mitochondrial membrane and aldehyde dehydrogenase, 

producing 3,4-dihydroxyphenylacetic acid (DOPAC) and hydrogen peroxide (H2O2). MAO 

exists in two isoforms, MAO-A and MAO-B, which have different substrate specificity. Both 

isoforms oxidize DA, but in humans DA is preferentially oxidized by MAO-B, whereas in 

rodents it is predominantly oxidized by MAO-A (Shih et al., 1999). 

In addition, autoxidation of DA originates the electron-deficient DA quinones or 

semiquinones, which is facilitated by the presence of transition metal ions (Hastings, 2009). 

DA quinones readily react with cellular nucleophiles, such as the reduced sulfhydryl group 

on protein cysteinyl residues, and covalently modify protein structure (Hastings, 2009). 

These cysteinyl residues are often at the active site of proteins and, thus, covalent 

modification by DA quinones often results in inactivation of protein function, which may 

result in compromised cell survival. This mechanism may play a role in the degenerative 

process in PD (Stokes et al., 1999). DA was found to modify proteins associated with the 

genetic forms of PD, such as alpha-syn (Mazzulli et al., 2006), parkin (LaVoie et al., 2005), 

LRKK2 or UCH-L1 (Van Laar et al., 2009). Other proteins that are modified by DA oxidation 

include TH (Kuhn et al., 1999), superoxide dismutase 2 (SOD2), mitochondrial creatine 

kinase, mitofilin and mitochondrial heat-shock protein 70 (Van Laar et al., 2009). Alpha-syn 
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was shown to interact with DA-quinones stabilizing alpha-syn protofibrils (Conway et al., 

2001) and promoting alpha-syn aggregation; interestingly, this process may also prevent 

DA-quinones from producing greater oxidative damage to dopaminergic neurons (Mauceli 

et al., 2006). Excess alpha-syn also seems to potentiate the production of ROS by 

endogenous DA and cell death, involving the formation of soluble alpha-syn-14-3-3 protein 

complexes (Xu et al., 2002). Moreover, direct binding and functional coupling of alpha-syn 

to DAT (responsible for DA re-uptake from the synaptic cleft) was reported to accelerate DA 

uptake, increasing DA levels in the cytosol and DA-induced apoptosis (Lee et al., 2001). 

 

 

 

1.4.2.2. Iron deregulation 

An additional pathological feature of PD is the abnormal accumulation of iron in the 

affected neurons. Iron plays a vital role in several physiological functions including DNA 

synthesis, mitochondrial respiration and oxygen transport. In the central nervous system 

(CNS), iron is involved in myelination and neurotransmission and is the most abundant 

metal in the brain. Iron acts as a cofactor for TH, the rate-limiting enzyme in DA synthesis, 

as demonstrated by in vitro studies showing that TH activity is stimulated by iron in a dose 

dependent manner (Rausch et al., 1988). While iron is physiologically important in these 

processes, in excess, this metal can be toxic through oxidative stress. Increased levels of 

iron have been found in the SN of PD patients (Dexter et al., 1987; Sofic et al., 1988; Sian-

Hulsmann et al., 2011) and are implicated in numerous neurological disorders with 

parkinsonian symptoms (Gerlach et al., 2006). It is not clear whether it is a cause or 

develops secondarily to neuronal degeneration (Kaur and Andersen, 2004). However, 

infusion of ferric iron into the SN can be used to create models of dose-related, progressive 

parkinsonism, including a reduction in dopaminergic activity (Sengstock et al., 1993). This 

can be attenuated by treatment with lazaroid U-74389G, which is an inhibitor of lipid 

membrane peroxidation (Wesemann et al., 1995), suggesting that iron may play a causative 
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role in neuronal death through oxidative stress and lipid peroxidation. Furthermore, chronic 

exposure (more than 20 years) to iron and other metals leads to an increase in the risk of 

developing PD (Gorell et al., 1997), corroborating the hypothesis that excess iron may, at 

least in part, contribute to PD pathogenesis. 

Increased iron content is caused by several factors, including a disturbed blood-brain 

barrier (BBB), occupational exposure (Gorell et al., 1997) and disruption of the body’s iron 

storage and transport mechanisms. Iron distribution and storage is tightly regulated in the 

body since iron homeostasis deregulation (deficiency or overload) can have deleterious 

effects to the organism. This complex equilibrium is maintained by differential expression 

of proteins that regulate its cellular uptake, utilization and storage. 

The access of iron to cells is controlled primarily by transferrin receptors; it is further stored 

by the protein ferritin and neuromelanin, a by-product of DA oxidation and an excellent 

binder of metal ions, especially iron (reviewed in Berg et al., 2001) in a process that 

generates ROS (Zecca et al., 2001). Iron binds to transferrin after carefully controlled 

absorption from the duodenum and circulates in the blood. It is taken into cells via 

transferrin receptors and stored in metalloproteins. Excess iron is stored as ferritin, which 

levels are crucial, since iron is relatively nontoxic when bound to ferritin. The second 

important storage protein, neuromelanin, is closely related to nigral neurons, which are the 

most affected neurons in PD (Hirsch, 1992; Sulzer, 2007b) and produce this dark pigment. 

The presence of high amounts of iron in PD SN (Dexter et al., 1989b), which contribute to 

the production of free radicals via the Fenton-Haber Weiss reaction, has also been pointed 

out as a cause for selective degeneration of these neurons. In this reaction, H2O2 generated 

during normal metabolism, through electron transport in mitochondria, or by pathogenic 

mechanisms, can be subsequently converted to the extremely toxic OH, which may elicit 

cellular damage, lipid peroxidation and eventually apoptosis (Gutteridge, 1994). Thus, 

elevated levels of iron observed in the SN of PD patients may reflect a dysfunction of brain 

iron homeostasis. Alternatively, the excess in iron content may also be due to brain iron 

deposition associated with aging (Sian-Hulsmann et al., 2011). 
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As a sum up, the combination of mitochondrial dysfunction, oxidative stress and DA 

oxidation likely increases the vulnerability of dopaminergic neurons to degeneration in PD 

(reviewed in Greenamyre and Hastings, 2004) (Figure 1.3). DA oxidation contributes to 

additional factors implicated in PD, such as protein aggregation, endoplasmic reticulum 

stress and lysosomal dysfunction (Hastings, 2009). Moreover, oxidative damage, for which 

iron is also implicated, is known to impair ubiquitination and degradation of proteins by the 

proteasome (Jenner, 2003), thus boosting the accumulation of protein aggregates.  

 

 

 

 

 

 

 

 

 

 

Figure 1.3. – Major sources of oxidative stress within dopaminergic neurons. Abbreviations: 

ATP – adenosine triphosphate; DA – dopamine; DOPAC – dihydroxyphenylacetic acid; DOQ – 

dopamine quinone; Fe
2+

 - ferrous iron; GRed – glutathione reductase; GPx – glutathione peroxidase; 
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GSH – reduced glutathione; GSSG – oxidized glutathione; H2O2 – hydrogen peroxide; MAOb – 

monoamine oxygenase B;  O2
.-
 - superoxide anion; 

.
OH – hydroxyl radical; mtDNA – mitochondrial 

DNA. (Adapted from Clark and Simon, 2009.) 

 

1.5. Superoxide dismutases and glutathione-related antioxidants – 

two main cellular antioxidants 

To ameliorate and deal with injury caused by oxidative damage and maintain redox 

homeostasis, aerobic organisms developed efficient defense systems, including enzymatic 

and nonenzymatic antioxidants. Here, we describe two main cellular antioxidants, where 

we focused part of the work presented in this thesis.  

 

1.5.1. Superoxide dismutases 

The superoxide dismutase (SOD) family is specialized in eliminating O2
.- radicals derived 

from extracellular stimuli, including ionizing radiation and oxidative insults, together with 

those primarily produced within the mitochondrial matrix as by-products of oxygen 

metabolism through the electron transport chain (McCord and Fridovich, 1969; Miao and St 

Clair, 2009). SODs are very efficient in catalyzing the dismutation of O2
.- radical through a 

redox reaction into molecular oxygen (O2) and H2O2. Three distinct isoforms of SOD have 

been identified and characterized in mammals: copper-zinc superoxide dismutase 

(Cu/ZnSOD, encoded by the sod1 gene), manganese superoxide dismutase (MnSOD, 

encoded by the sod2 gene) and extracellular superoxide dismutase (ECSOD, encoded by the 

sod3 gene). Although with similar functions, the three SODs hold different characteristics 

on their protein structure, chromosome localization, gene distribution, metal cofactor 

requirements and cellular compartmentalization that distinguish them from one another 

(reviewed in Parge et al., 1992). 
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Cu/ZnSOD or SOD1 was the first SOD characterized in eukaryotes and it has been found in 

cytoplasm, nucleus, lysosomes, peroxisomes and also in the mitochondrial intermembrane 

space (Okado-Matsumoto and Fridovich, 2001). Mammalian SOD1 is highly expressed in the 

liver and in the kidney (Asayama and Burr, 1985; Culotta et al., 2006) and is also abundant 

in motor neurons (Pardo et al., 1995). Knockout studies indicate that elimination of SOD1 

gene in rodents is associated with vulnerability to motor neuron loss after axonal injury 

(Reaume et al., 1996) and decrease in life span (Elchuri et al., 2005), among many other 

consequences. However, the most widely studied connection between SOD1 and 

neurological diseases has been established in amyotrophic lateral sclerosis (ALS). Indeed, 

SOD1 mutations have been associated to inherited ALS, a fatal, adult-onset, 

neurodegenerative disease primarily affecting motor neurons in the brain, brain stem and 

spinal cord (Orrell et al., 1995).  

Among the three SOD isoforms, MnSOD or SOD2 is the only one that has proven to be 

essential for the survival of aerobic organisms (Carlioz and Touati, 1986; Miao and St Clair, 

2009). SOD2 is found in the matrix of mitochondria only (Weisiger and Fridovich, 1973; 

Holley et al., 2010). The physiological role of MnSOD as a cytoprotective enzyme has been 

clearly confirmed by the extremely short life span of MnSOD-knockout mice, which die 

shortly after birth with dilated cardiomyopathy, neurodegeneration, metabolic acidosis and 

lipid accumulation in both skeletal muscle and liver (Li et al., 1995). Decreased expression 

of MnSOD in Drosophila causes an increase in oxidative DNA damage in the brain, as well as 

increased neuronal death and decreased olfactory capacity (Paul et al., 2007). MnSOD 

knockout mice also presented death of basal ganglia and brain stem neurons, as well as 

severe anemia (Lebovitz et al., 1996). Overexpression of Cu/ZnSOD does not rescue MnSOD 

knockout mice from early death caused by a lack of this enzyme, supporting the importance 

of mitochondrial ROS scavenging in aerobic organisms (Copin et al., 2000). Heterozygous 

MnSOD knock-out mice have an approximately 50% reduction in this enzyme activity in all 

tissues tested and presented a substantial decrease in mitochondrial membrane potential 

in isolated mitochondria from liver, compared to the control groups at all ages tested 
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(young, middle-aged and old mice). Furthermore, these animals showed an age-dependent 

increase in oxidative DNA damage in both nuclear and mitochondrial DNA (Van et al., 

2003). 

A distinct SOD activity is observed in the circulatory system of many mammals. This activity 

arises from a secreted copper and zinc containing enzyme encoded by the human sod3 

gene that is related to the dimeric Cu/Zn family. ECSOD or SOD3 is typically produced in 

cells of the vascular smooth muscle and secreted into the extracellular environment, where 

it binds to extracellular matrix and endothelial surface components (Stralin et al., 1995). 

SOD3 functions include prevention of superoxide-dependent inactivation of endothelial cell 

enzymes and products, including NO (Culotta et al., 2006). 

 

Very few studies directed their investigation on SOD enzymes and PD. Navarro et al. (2009) 

analyzed several mitochondrial parameters in frontal cortex samples from frozen human 

brains of patients with PD and dementia with LBs (DLB). The authors verified that 

mitochondrial O2 uptake and complex I activity were significantly lower in PD and DLB, 

whereas cytochrome c content, oxidative damage and expression of MnSOD were 

significantly higher in the frontal cortex of these patients. Baillet and colleagues (2010) 

examined oxidative stress markers in patients with PD and concluded that there was an 

increase in Cu/ZnSOD activity compared to the healthy controls.  

 

 

1.5.2. Glutathione redox cycle and synthesis 

Cells have many antioxidant mechanisms to counteract the deleterious effects of ROS. L-γ-

glutamyl-L-cysteinylglycine (GSH, glutathione) is a major component of cellular antioxidant 

defenses against exogenous and endogenous toxins, including ROS and reactive nitrogen 

species (RNS) (Garrido et al., 2011).  
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Radical species can be removed via nonenzymatic reduction with GSH, whereas the 

removal of hydroperoxides requires enzymatic catalysis by glutathione peroxidase (GPx) 

(Dickinson and Forman, 2002; Zeevalk et al., 2008; Dringen, 2000; Griffith, 1999). Both 

reactions lead to the production of glutathione disulfide (GSSG, or oxidized glutathione), 

which is reduced back to GSH by glutathione reductase (GRed) that uses NADPH from the 

pentose phosphate shunt (Dickinson and Forman, 2002). Conjugation of GSH with 

electrophilic compounds mediated by glutathione-S-transferases (GSTs) and subsequent 

excretion of these conjugates from the cell also constitute a protective mechanism against 

toxins (Dickinson and Forman, 2002; Dringen, 2000; Griffith, 1999). 

When the redox state of a cell is modified, increased GSH utilization occurs and while the 

generated GSSG can be reduced back to GSH, the formation and export of GSH conjugates 

leads to GSH depletion. This depletion may then be attenuated by de novo synthesis of GSH 

(Dickinson and Forman, 2002; Griffith, 1999). GSH synthesis in neurons and in the 

supporting glial cells is a 2-step ATP-dependent process (Meister and Anderson, 1983; Lu, 

2009). The first of these steps forming L-γ-glutamyl-L-cysteine from glutamate and cysteine, 

is rate limiting, being the supply of cysteine the critical factor. This step is also influenced by 

GSH levels, as GCL, the enzyme catalyzing this reaction, is inhibited by GSH in a negative 

feedback manner. The second step, the addition of glycine to generate GSH is catalyzed by 

glutathione synthase (GS) (reviewed in Lu, 2009). Astrocytes synthesize the vast majority of 

brain GSH and secrete the peptide, but neurons can take up only the precursors derived 

from extracellular catabolism and must synthesize their own GSH (reviewed in Martin and 

Teismann, 2009). 

Glutathione functions to maintain the cellular redox equilibrium, which can be expressed as 

GSSG:2GSH (Schafer and Buettner, 2001). Oxidative stress results when this redox balance 

is destabilized in favor of GSSG, which can be due to a decrease in the reducing capacity of 

the cell or an increase in the reduction potential (Genestra, 2007). 

GSH deficiency is a very early finding in the SN of PD patients (Dexter et al., 1994). This 

depletion in GSH observed in PD may result from a decrease in synthesis and/or recycling 
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under normal redox conditions. To determine why this occurs, it is necessary to evaluate 

the enzymes and substrates involved in GSH synthesis and metabolism. If changes in GSH 

synthesis are the main reason for GSH depletion observed in PD, one would anticipate that 

the activity of the rate-limiting enzyme in GSH synthesis, GCL, would be decreased. GCL is a 

dimeric protein composed of a catalytic (GCLc) and a modulatory (GCLm) subunit. The 

modulatory subunit increases the affinity of the catalytic subunit for its substrate 

glutamate, and renders the holoenzyme less sensitive to feedback inhibition by GSH 

(Garrido et al., 2011). It has been reported that GCL levels are reduced throughout the 

brain as a consequence of the aging process and this reduction was attributed to a decrease 

in the levels of the modulatory subunit of GCL (Sian et al., 1994b). Diminishment of GCL 

activity was observed in immortalized N27 mesencephalic dopaminergic cells after 

administration of the parkinsonian toxin MPP+ (Drechsel et al., 2007). However, activity of 

GCL was unaffected in post-mortem brain samples from PD patients (Sian et al., 1994b). In 

addition, circulating levels of cysteine, which is the critical amino acid for GSH synthesis, 

have been described to be decreased with age (Droge and Schipper, 2007), which can also 

contribute to GSH depletion observed in PD. Excitatory amino acid carrier 1 (EAAC1), which 

is a glutamate transporter expressed on mature neurons in the CNS, constitutes the 

primary route for uptake of the neuronal cysteine needed to produce GSH (reviewed in 

Maragakis and Rothstein, 2004). Aoyama et al. (2008) reported that MPTP-treated mice 

showed decreased GSH levels, EAAC1 translocation to the membrane and increased levels 

of nitrated EAAC1, which leads to carrier dysfunction. The findings suggested that oxidative 

stress induced by MPTP may reduce dopaminergic neuronal cysteine supply, via EAAC1 

dysfunction, leading to impaired GSH synthesis and consequent GSH depleted content. 

Another possible explanation to GSH depletion may be caused by oxidized DA. Nigrostriatal 

region is rich in DA and, indeed, intrastriatal injection of DA in rats induces a significant 

decrease in GSH levels (Rabinovic and Hastings, 1998), probable through the interactions of 

DA quinone with GSH and/or cysteine (Spencer et al., 1998; Hirrlinger et al., 2002).  
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Other theories for GSH depletion observed in PD involve mitochondrial dysfunction and 

complex I impairment. It has been suggested that a prolonged mild inhibition of complex I 

leads to increased ROS production and a subsequent decrease in GSH levels (Greenamyre 

et al., 2001), implying that GSH depletion would be secondary to complex I inhibition. 

However, decreased levels of GSH are also observed in incidental LB disease, a 

presymptomatic precursor of PD, in the absence of complex I inhibition (Sian et al., 1994a). 

Therefore, it remains unclear whether GSH depletion or complex I inhibition comes first. 

Several studies have shown that decreased GSH can impair complex I function and may 

even precede complex I inhibition. Hsu and collaborators (2005) demonstrated that 

reducing GSH by 50% in dopaminergic PC12 cells resulted in 50% decreased complex I 

activity. This cellular model, genetically engineered to permit inducible inhibition of GCL, 

therefore reducing GSH, led to changes in GSH and GSSG similar to those observed in PD 

patients (Sofic et al., 1992; Jha et al., 2000). These effects of GSH depletion in complex I 

activity were then replicated in N27 cells using a pharmacological inhibitor of GCL, L-

buthionine-S-sulfoximine (BSO) for 7 days, to mimic a chronic GSH depletion as in the case 

of PD (Chinta and Andersen, 2006). Clementi et al. (1998) previously demonstrated that 

persistent inhibition of complex I occurred with prolonged exposure to NO and that this 

condition was accelerated by GSH depletion. 

Interestingly, Seaton et al. (1996) did not find changes in complex I activity in the cerebral 

cortices of rats treated with BSO, suggesting that these GSH depletion-induced reduction in 

complex I activity could primarily be confined to dopaminergic cells. Also corroborating 

these results, Vasquez and colleagues (2001) showed that GSH depletion in glial cultures 

caused complex I activity up-regulation and enhanced levels of mRNA of the NADH-

ubiquinone oxidoreductase chain 6 (ND6) subunit of this mitochondria respiratory complex. 

This suggests that the capacity of GSH depletion to inhibit complex I could be specific to 

dopaminergic cells and may, at least in part, contribute for their vulnerability in PD 

progression.  
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Nevertheless, GSH depletion and oxidative stress are undoubtedly linked and one may 

conclude that the decreased levels in GSH that affect complex I activity may result from 

multiple processes. Inhibition of complex I activity has several downstream effects, 

including ROS production that may also lead to GSH depletion and a reduction in ATP 

synthesis by the electron transport chain. These effects would then influence the other 

pathogenic processes that are involved in PD pathogenesis. 

 

 

1.6. Transcription factors relevant for antioxidant defense and 

mitochondrial biogenesis 

 

1.6.1. Nuclear factor erythroid 2-related factor 2 (Nrf2) 

Genes coding for proteins involved in ROS detoxification share a common promoter 

element, the antioxidant response element (ARE). ARE-mediated gene activation is 

coordinated by the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), 

which, upon exposure to electrophiles or ROS, translocates to the nucleus, where it binds 

ARE (Itoh et al., 2003; Kobayashi and Yamamoto, 2006; Motohashi and Yamamoto, 2004; 

Itoh et al., 2004). Under normal homeostatic conditions, Nrf2 is repressed by its negative 

regulator Kelch-like ECH-associated protein 1 (Keap1) in the cytosol (Itoh et al., 2003). 

Keap1 protein contains four particularly reactive cysteine residues, which are likely 

candidates for being the direct sensors of oxidative stress. Recent studies on Nrf2 activation 

suggest that the oxidant sensor function of Keap1 may be primarily to slow the 

ubiquitination and subsequent degradation of Nrf2 under higher levels of oxidative stress, 

leading to more Nrf2 accumulation in the cell under these conditions. Nrf2 itself may hold 

an oxidant sensor that facilitates nuclear translocation, but this function is still poorly 

understood (Hu et al., 2010). Thus, the phosphorylation of Nrf2 at serine (Ser) 40 by protein 

kinase C (PKC) appears to be an important event in the release of Nrf2 from Keap1 and its 
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translocation to the nucleus (Huang et al., 2002; Bloom and Jaiswal, 2003). Many early 

studies interpreted the role of Nrf2 activators to be mediated solely via adduct formation 

with, or by oxidation of, the reactive cysteine residues of Keap1; however, it seems more 

likely that kinase signaling pathways could also be involved, with phosphorylation of Nrf2 

ultimately responsible for its migration to the nucleus (Hybertson et al., 2011). 

Nrf2 belongs to a subset of basic leucine-zipper (bZip) genes that share a conserved 

structural domain, called the cap’n’collar (CNC) domain. This CNC family in mammals is 

composed of four closely related proteins: p45-NFE2, Nrf1, Nfr2 and Nrf3 that share the 

CNC-like bZip domain and require heterodimerization with small musculoaponeurotic 

fibrosarcoma oncogene (MAF) proteins to bind the MAF recognition element (MARE) and 

activate transcription of the target gene (Kensler et al., 2007; Itoh et al., 2004). The MARE is 

a long palindromic DNA sequence [TGCTGAC(G)TCAGCA] (Kataoka et al., 1993), where is 

included, among others, the ARE sequence (TGACNNNGC). Nrf2 binds to ARE to regulate 

the transcription of phase II antioxidant enzymes, including SOD1 or Cu/ZnSOD (McCord 

and Edeas, 2005), heme oxygenase-1 (HO-1) (Prestera et al., 1995), nicotinamide adenine 

dinucleotide phosphate (NADPH):quinone oxidoreductase-1 (NQO1) (Favreau and Pickett, 

1995; Wang and Williamson, 1994), GSTs (Rushmore and Pickett, 1990), GCL, GPx, GRed 

(Galloway et al., 1999; Galloway et al., 1997; Mulcahy and Gipp, 1995) and Trx (Hintze et al., 

2003) and peroxiredoxin (Prx) families (Ishii et al., 1999) (Figure 1.4).  
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Figure 1.4. – Schematic representation of Nrf2-ARE pathway. In the cytoplasm, under normal 

conditions, newly synthesized Nrf2 is constitutively bound to Keap1 forming a dimer, Nrf2-Keap1. 

When oxidants such as ROS, RNS or electrophiles react with redox reactive cysteines in Keap1, Nrf2 

will be released from Keap1, hence allowing the transcriptional factor Nrf2 to translocate to the 

nucleus. In the nucleus, Nrf2 dimerizes with basic leucine zipper partners (bZip) such as small MAF-

family proteins and bind to ARE, which is located in the promoter of the phase II and antioxidative 

genes, triggering the transcription of ARE-regulated genes (adapted from Saw et al. 2010).  

. 

Currently, information about the functional status of the Nrf2-ARE system in PD is scarce. 

Activation of the Nrf2-ARE system in PD was suggested by van Muiswinkel and colleagues 

(2004) who demonstrated a strong upregulation in the immnunoreactivity of ARE-regulated 

proteins, namely NQO1 in post-mortem brain sections. Other authors verified almost the 

same pattern of immunoreactivity for HO-1 (Schipper, 2004; Riedl et al., 1999). However, 

this increased expression of NQO1 and HO-1 seemed largely restricted to astrocytes and 

was almost absent in dopaminergic neurons. In contrast, investigation of the localization of 

Nrf2 in the SN of PD brains showed that besides cytoplasm, a strong nuclear 

immunoreactivity was observed in neurons (Ramsey et al., 2007). Data concerning a 

possible role for the Nrf2-ARE pathway in PD has been obtained from the use of several in 

vitro and in vivo models. Thus, the highly neurotoxic DA analogue 6-OHDA was found to 
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activate the Nrf2-ARE system as part of a cellular defense mechanism to protect against 

ROS-mediated damage (Jakel et al., 2005). Conversely, the loss of Nrf2 increased both in 

vitro and in vivo vulnerability to 6-OHDA, whereas upregulation of Nrf2 using tert-

butylhydroquinone (tBHQ), a phenolic antioxidant, was protective against 6-OHDA-induced 

cell death in vitro (Jakel et al., 2005). Furthermore, transplantation into mouse brain of 

astroglial cells overexpressing Nrf2 resulted in a significant reduction in the susceptibility to 

6-OHDA neurotoxicity (Jakel et al., 2007). In another study, deprenyl, a drug applied in the 

treatment of PD, was reported to stimulate Nrf2 activity as part of its cytoprotective 

mechanism of action (Nakaso et al., 2006). Moreover, the flavonoid luteolin protected 

against the mitochondrial toxin MPP+ by activating the Nrf2 pathway in cultured neural 

PC12 and glial C6 cells (Wruck et al., 2007). In this model, knockdown of Nrf2 annulled this 

effect, thereby demonstrating that luteolin-induced protection was mediated through Nrf2. 

Similar effects in PC12 cells were reported upon use of the Nrf2 transcriptional activator 

tBHQ to protect against the toxicity of another PD-associated neurotoxin, deltamethrin (Li 

et al., 2007).  

 

 

1.6.2. Peroxisome proliferator-activated receptor (PPAR) γ co-activator 1 

alpha (PGC-1alpha) 

Nuclear receptors (NRs) are members of a large superfamily of ligand-regulated DNA-

binding transcription factors that perform a broad range of physiological activities, namely 

by transducing steroid, retinoid, thyroid and lipophilic endocrine hormone signals into 

specific patterns of gene expression (reviewed in Lonard et al., 2007)). NRs regulate gene 

expression through their capacity to bind to specific sequences in the promoters of their 

target genes. Transcriptional co-regulators – co-activators and co-repressors – are protein 

factors directly recruited by NRs to modulate NR-regulated gene expression without 

binding to DNA (Tsunemi and La Spada, 2012). In humans there are nearly 300 

transcriptional co-regulators that control transcriptional activity of NRs, suggesting that 
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carefully coordinated regulation of NR activity is of crucial importance to execute complex 

physiological functions. Thus, mutations occurring in more than 100 co-regulators are 

sufficient to lead to the development of specific human diseases (reviewed in Lonard et al., 

2007). 

Peroxisome proliferator activated receptor (PPAR) γ co-activator 1 alpha (PGC-1alpha) is a 

key transcriptional regulator of antioxidant defense systems that is mainly expressed in 

brown adipose tissue, heart, skeletal muscle, kidney and brain – all highly oxidative tissues 

(Esterbauer et al., 1999; Lin et al., 2002). PGC-1alpha is a multifunctional protein that 

activates most NRs and also functions as a co-activator to many transcription factors 

(Puigserver and Spiegelman, 2003). It is a large 100 kDa protein with a number of 

functional domains that bind several protein complexes. The N-terminal of PGC-1alpha 

contains an activation domain, which interacts with c-AMP response element-binding 

(CREB) binding protein (CBP)/p300 (Puigserver et al., 1999). In the C-terminal of PGC-1alpha 

there is a serine/arginine-rich domain and a putative RNA recognition motif that are both 

involved in RNA binding and splicing (Graveley, 2000; Monsalve et al., 2000). PGC-1alpha 

associates with the elongating form of RNA polymerase II and binds proteins that regulate 

RNA splicing (Knutti and Kralli, 2001), contributing to PGC-1alpha activity as a highly potent 

co-activator of transcription. Furthermore, PGC-1alpha is a critical regulator of metabolism, 

linking metabolic activity to relevant environmental stimuli in multiple pathways, including 

those responsible for adipogenesis, gluconeogenesis, myogenesis and mitogenesis 

(reviewed in Handschin and Spiegelman, 2006). In addition, PGC-1alpha can coordinate the 

expression of many antioxidant programs in response to oxidative stress (Anderson et al., 

2008; Pessayre, 2007; St-Pierre et al., 2006; Valle et al., 2005). As a co-activator, PGC-

1alpha also interacts with a variety of other transcription factors, including nuclear 

respiratory factors 1 and 2 (NRF1 and NRF2) and nuclear hormone receptors, namely 

estrogen-related receptor α (ERRα) and thyroid receptor, leading to the initiation of a 

diverse set of metabolic programs in different tissues (Lin et al., 2005). NRF1, NRF2 and 

ERRα are primarily responsible for regulation of the expression of many nuclear-encoded 
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mitochondrial genes, including cyt c, the components of complexes I-V and mitochondrial 

transcriptional factor A (TFAM) (Kelly and Scarpulla, 2004). PGC-1alpha increases upon a 

number of external stimuli, including cold in brown adipose tissue, exercise and decreased 

ATP levels in skeletal muscle and fasting in the liver. Furthermore, PGC-1alpha has an 

important role in the regulation of the metabolism and survival of GABAergic neurons in 

the developing brain (Cowell et al., 2007). Indeed, PGC-1alpha remains highly expressed in 

the adult brain; however, its activities and functions remain yet to be fully clarified. 

Nevertheless, it is believed that PGC-1alpha in neurons may be involved in regulating the 

cellular response to oxidative stress (St-Pierre et al., 2006). ROS induce the expression of 

several genes coding for antioxidant enzymes in 10T1/2 cells, including SOD1, SOD2 and 

GPx1. RNA interference (RNAi) knock-down of PGC-1alpha prevented the induction of these 

genes by ROS, suggesting that PGC-1alpha mediates these protective responses (St-Pierre 

et al., 2006). 

To better understand the role of PGC-1alpha in metabolism, the Spiegelman laboratory 

generated PGC-1alpha knockout mice (Lin et al., 2004). Studies in these transgenic animals 

revealed neurological abnormalities, including myoclonus, dystonia, exaggerated startle 

responses and clasping. Furthermore, neuropathological examination evidenced the 

degeneration in cortex, thalamus, basal ganglia and hippocampus, with the most 

pronounced degeneration observed in the striatum. In addition, this lesion was 

accompanied by massive gliosis and significant neuronal loss. Also in the PGC-1alpha 

knockout mice, baseline levels of SOD1 and SOD2 (but not GPx) appeared decreased (Lin et 

al., 2004). 

Recent investigations have suggested the involvement of impaired PGC-1alpha in PD 

pathogenesis (Shin et al., 2011; Zheng et al., 2010). A combination of several microarray 

studies performed on PD, including post-mortem PD SN, post-mortem PD with LBs and SN 

dopaminergic neurons isolated by laser microdissection, demonstrated a strong evidence 

for PGC-1alpha transcription interference, as gene set enrichment analysis revealed a 

down-regulation of 425 PGC-1alpha regulated genes in PD samples (Zheng et al., 2010). 
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These findings indicated that defects in mitochondrial electron transport, glucose usage 

and glucose sensing may occur early in PD pathogenesis. Furthermore, activation of PGC-

1alpha could rescue dopaminergic cell loss induced by mutant alpha-syn or rotenone in 

primary neuronal cultures (Zheng et al., 2010).  

 

 

1.6.3. Mitochondrial transcription factor A (TFAM) 

As described above in section 1.5.1, evidences from different research fields point to the 

involvement of mitochondrial dysfunction in PD (reviewed in Schapira, 2008). TFAM is a 

highly conserved 25 kDa protein (Reyes et al., 2002) that interacts with light and heavy 

strand promoters in mtDNA. It is a nuclear-encoded transcription factor and is imported to 

mitochondria, where it is necessary for mitochondrial transcription. TFAM is also required 

for mtDNA maintenance in mammals; it stabilizes mtDNA, regulates mtDNA copy number in 

vivo and is essential for mitochondrial biogenesis (Larsson et al., 1998; Galter et al., 2010). 

There is growing evidence for the possible involvement of TFAM in PD pathogenesis. Apart 

from controlling mtDNA transcription and replication, TFAM was also implicated in the 

recognition of mtDNA damage and repair (Yoshida et al., 2002). In vivo and in vitro models 

demonstrated both direct and indirect (through protection from oxidative stress and 

enhancement of mitochondrial respiratory functions) involvement of TFAM in PD 

pathogenesis. The conditional selective inactivation of both TFAM alleles in the SN of 

transgenic mice (the MitoPark mice) led to Parkinson-like phenotype characterized by 

progressive motor dysfunction with adult onset accompanied by intraneuronal inclusions 

and respiratory chain deficiency (Ekstrand et al., 2007). TFAM overexpression in rat 

myoblasts accelerated mtDNA recovery after peroxide injury (Noack et al., 2006), whereas 

in HeLa cells it was able to inhibit ROS generation upon rotenone treatment. Transgenic 

mice overexpressing TFAM presented lower oxidative stress and mtDNA damage levels, 

while higher activities of complex I and IV were observed in the brain compared to control 
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animals (Hayashi et al., 2008). Furthermore, TFAM complexed with parkin, a protein 

implicated in familial PD, bound to mtDNA control region and enhanced mitochondrial 

biogenesis (Kuroda et al., 2006). In addition, gene therapy based on transfection of either 

recombinant TFAM or mtDNA-complexed TFAM to PD cybrid cells resulted in marked 

improvement of several mitochondrial functions (Keeney et al., 2009). 

 

 

1.7. Therapeutic strategies in PD 

Before the introduction of levodopa or L-DOPA as a therapy, PD was essentially a motor 

disorder. After the arrival of levodopa, the development of motor complications and 

psychiatric manifestations – such as hallucinations and delirium – became an important 

focus of attention and also turned into dominant clinical problems in PD (Obeso et al., 

2010). A more prudent use of levodopa, the introduction of DA agonists and atypical 

neuroleptics, and the possibility of treating severely affected patients with surgery (e.g. 

deep brain stimulation of the subthalamic nucleus) have reduced the urgency of these 

problems. Indeed, there is general consensus that new PD treatments should undertake 

two unresolved problems: moving from symptom-alleviating to disease-modifying 

therapies, and reducing the growing prevalence of nonmotor disease symptoms such as 

loss of equilibrium, autonomic dysfunction and cognitive impairment, which are the main 

causes of disability in long-term PD. Progress will certainly rely on understanding genetic 

mutations and/or susceptibility factors that lead to PD and better translation between 

preclinical animal models and clinical research. 

Based on the main focus of this thesis, in this section we describe possible new therapeutic 

approaches that may be developed, taking into account the molecular mechanisms 

associated to PD pathology and disease progression. 
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1.7.1. Modulation of antioxidant levels – role of Nrf2 and PGC-1alpha 

Dysfunction of mitochondria and increased oxidative stress are dominant topics associated 

to PD pathogenesis, as described previously in this thesis. PGC-1alpha and Nrf2 are 

complementary and overlapping regulators of the antioxidant defense system. The majority 

of antioxidant enzymes found to be regulated by PGC-1alpha function within mitochondria. 

Similarly, Nrf2 is a regulator of both cytosolic and mitochondrial antioxidant mechanisms, 

including the antioxidant enzyme NQO1 which may be important in detoxifying potentially 

electrophilic DA quinones, as NQO1 is a two-electron reductase, thus preventing the one 

electron reduction of quinones that results in the production of radical species. Therefore, 

in dopaminergic neurons, Nrf2 function seems to be quite necessary for the clearance of 

ROS produced through the autoxidation of DA and also for the detoxification of quinone-

end products (Jia et al., 2008) to maintain the redox balance of these vulnerable cells. 

A molecular interaction between PGC-1alpha and Nrf2 is not well established. The PGC-

1alpha promoter contains an ARE (St-Pierre et al., 2006), although it is not known whether 

this is functional. Even without a direct interaction between Nrf2 and PGC-1alpha (whereby 

PGC-1alpha forms part of a co-activator complex to upregulate Nrf2 transcription or Nrf2 

binds to the PGC-1alpha promoter), it seems possible that the expression of one gene may 

regulate the expression of the other via redox signaling. Both genes are induced by 

oxidative stress and upregulate downstream antioxidant enzymes, which in turn reduce the 

levels of free radicals and ROS. Therefore, any PD therapeutic strategy that combines Nrf2 

and PGC-1alpha activation or expression must be able to reduce oxidative stress and 

restore intracellular redox homeostasis. 

A probable increased risk of cancer associated with the constitutive systemic 

overexpression of antioxidant defense master regulators, such as Nrf2, has been described 

(Padmanabhan et al., 2006; Singh et al., 2006; Wang et al., 2008; Clark and Simon, 2009). 

However, Nrf2 knockout mice proved to be more susceptible to carcinogens than WT 

animals (Ramos-Gomez et al., 2001), indicating that low Nrf2 levels may also promote 

tumor formation. Hence, these observations suggest that is crucial to maintain a correct 
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balance of Nrf2 activity in the organism. One way to face this issue could be achieved by 

expressing Nrf2 or PGC-1alpha using a cell-type specific promoter. In the particular case of 

PD, expression of Nrf2 and PGC-1alpha using a TH promoter would ensure that the gene 

was expressed in dopaminergic neurons. An additional strategy could be based on the use 

of an inducible promoter that had the possibility to be “switched on” under conditions of 

oxidative stress. Hurttila and co-workers (2008) have already tested this methodology by 

using a double ARE to overexpress HO-1 in human endothelial cells positively transduced by 

a lentiviral vector. Applying similar strategies to Nrf2 or PGC-1alpha expression could 

provide the upregulation of multiple antioxidant activities in specific tissues or cells that are 

subjected to oxidative stress (Figure 1.5). 

Further studies on the mechanisms of transcriptional control of antioxidant defenses need 

to be performed, as they may give clues to understand mechanisms associated to the 

pathogenesis of PD. Thus, the ability to manipulate the activity of transcriptional regulators 

of the antioxidant defense pathways, such as Nrf2 and PGC-1alpha, may provide promising 

strategies for achieving neuroprotective therapies. 
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Figure 1.5. – Schematic representation of potentially decreased oxidative stress within 

dopaminergic neurons as a result of PGC-1alpha and Nrf2 upregulation. Abbreviations: ATP 

– adenosine triphosphate; DOQ – dopamine quinone; GCLc – glutamate cysteine ligase catalytic 

subunit; GCLm – glutamate cysteine ligase modulatory subunit; GPx – glutathione peroxidase; GRed 

– glutathione reductase; GSH – reduced glutathione; GSSG – oxidized glutathione; H2O2 – hydrogen 

peroxide; O2
.-
 - superoxide anion; NQO1 – NADPH dehydrogenase quinone-1; Prx1 – peroxiredoxin 1; 

SOD – superoxide dismutase 

 

 

1.7.2. Sequestering excess iron 

The correlation between iron accumulation in the brain and PD has led to the theory that 

iron chelators could help slowing the development of the disease by clearing the unbound, 

free radical-enhancing iron in the brain. This mode of action has already a precedent, since 

effective removal of neuronal copper in Wilson’s disease was obtained with copper 

chelation using D-penicillamine (Leggio et al., 2005). Potential chelators must selectively 

scavenge excess intracellular iron and turn it into a nontoxic product, which can be safely 

excreted. Importantly, chelators should only access the intracellular excess free iron pool, 

i.e., iron that is not bound by ferritin, which is essential for normal physiological functions.  

Another important factor is the need for chelators to readily cross the BBB, which means 

that the size of the potential chelator should not exceed 300 Da. There are several 

substances that were proven to have neuroprotective effects in conditions of iron 

accumulation; however, this is mainly due to their antioxidant properties and/or increased 

mitochondrial activity (reviewed in Mounsey and Teismann, 2012).  

Iron chelators can be classified in two classes: 1) chemical chelators (e.g. desferal, 

deferiprone, apomorphine, among others), which are already available clinically for various 

conditions (Figure 1.6). Their use in neurodegenerative disorders has been restricted 

primarily by their capacity to cross the BBB barrier in therapeutically efficacious 

concentrations; 2) natural chelators, which include components of plant polyphenols, such 
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as epigallocatechin gallate (EGCG), a green tea extract, and phytic acid (Figure 1.6). These 

compounds have been used over many years due to their antioxidant properties and have 

been investigated for their potential use in diverse areas, including oncology, cardiology 

and neurology. 

 

A great advantage of these new pharmacotherapies is the variety of neuroprotective 

actions they can exert. In addition to iron chelation, these therapies may also inhibit MAO-

B, as well as having antioxidant properties. Antioxidant actions of natural substances, such 

as the green tea extract EGCG, have been coupled with iron chelation activities to provide 

natural alternatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 – Summary of iron chelators action targeting PD. Iron chelators remove excess 

free, reactive iron that produces ROS, such as 
.
OH, through the Fenton reaction. ROS induce several 
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deleterious intracellular insults, which can lead to cell death. Chelators with antioxidant properties 

can also inhibit ROS production in an environment with lower antioxidant activity. MAO-B, the DA-

oxidizing enzyme, localized in the outer mitochondrial membrane can also be inhibited by natural 

chelators. (Adapted from Mounsey and Teismann 2012). 

 

 

Despite the advantages one can take from these promising therapies, it is important to 

consider whether iron chelators will provide the cellular specificity required to remove 

excess iron from the affected tissue, without impacting on systemic iron homeostasis. The 

dose of chelator is a crucial factor to be considered in treatment, so that the correct tissues 

are penetrated and systemic iron levels are not altered. 

In conclusion, reversing the redox imbalance caused by increased levels of iron observed in 

the affected areas of PD patients is an important aim for developing neuroprotective 

therapies. Iron chelators, initially used for other medical applications, have been improved. 

With some treatments now reaching clinical trials, it is expected that an efficacious and 

tolerable iron chelation therapy will be effective at attenuating neurodegeneration in PD.   

 

 

1.7.3. Targeting alpha-syn phosphorylation 

Alpha-syn is closely linked to PD pathogenesis, thus it becomes an attractive target for 

therapeutic intervention. As stated before in this thesis, alpha-syn phosphorylation has 

complex consequences that remain to be fully understood. However, it is also clear that 

hyperphosphorylation, particularly at Ser129, has a correlation with disease progression, is 

present in the main pathological hallmark lesions of alpha-synucleinopathies and can have 

undesirable functional consequences. Therefore, reducing this Ser129 phosphorylation by 

inhibiting the relevant kinases involved in alpha-syn phosphorylation pathways has been a 

primary focus. As an example, treatment with the specific PLKs inhibitor BI2356 in mice 

inhibited alpha-syn phosphorylation at Ser129 (Inglis et al., 2009). However, there have 
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been no further reports on the functional effects of this inhibition or even long-term safety 

of this approach. Kinases that phosphorylate alpha-syn have ubiquitous distribution and 

several molecular targets, and there is clear redundancy with multiple kinases 

phosphorylating the same residue. Consequently, it may be difficult to generate a safe and 

efficacious agent that has activity in the brain. Kinases are a critical class of targets for CNS 

disorders; however, problems need to be faced regarding pharmacological selectivity and 

BBB permeation, which are probably the major challenges in the future. Another viable 

approach to modulate alpha-syn phosphorylation could be the use of allosteric activators to 

increase Ser129 phosphatase activity. This has already been achieved in vivo by treatment 

with eicosanoyl-5-hydroxytryptamide (EHT) which inhibits PP2A demethylation, thereby 

enhancing its phosphatase activity towards alpha-syn (Lee et al., 2011). In alpha-syn 

transgenic mice, which diet contained EHT, Ser129 phosphorylation was reduced and alpha-

syn aggregation was inhibited with concomitant improved neuronal integrity, reduction of 

inflammation and recovery of behavioral deficits (Lee et al., 2011). In this particular case, 

this mechanism appears to be more safe and selective, since it only modulates a pool of 

PP2A, regulating a specific set of substrates. Finally and quite important, PP2A is highly 

methylated in healthy cells and methylation seems to be only deficient in states of cellular 

stress associated to disease or injury.  

Thus, efforts must converge to understand the functional consequences of alpha-syn 

phosphorylation, the interplay between different phosphorylation sites and the pathways 

that modulate this mechanism, so it can be possible to develop crucial, novel and 

efficacious pharmacological therapies for these disabling diseases, such as PD.  
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1.8. Objectives 

During the past years, several mechanisms have been proposed to underlie PD 

pathogenesis. However, it remains unclear how neurodegeneration occurs in the disease, 

leading to the disabling typical symptoms of PD. The main aim of this thesis was to study 

the impact of alpha-syn on cellular susceptibility to oxidative stress, its modulation by 

transcription factors and the role of mitochondria in cellular models of PD.  

To achieve this objective we used: i) a human neuroblastoma cell line (SH-SY5Y) expressing 

alpha-syn, namely human WT or A53T mutant alpha-syn (Chapter 3) and ii) the same 

human SH-SY5Y cell line, genetically modified to conditionally express human WT alpha-syn 

in a doxycycline (Dox) regulated manner under a Tet Off system (Chapters 4 and 5). 

Specific objectives, delineated in Chapters 3-5, were depicted as follows: 

AIM 1 - To examine the interplay between formation of ROS and alpha-syn aggregation and 

phosphorylation following expression of mutant alpha-syn in transiently transfected SH-

SY5Y cells (Chapter 3). 

AIM 2 - To define cellular and mitochondrial oxidative stress, the modulation of antioxidant 

activity and the role of related transcription factors in SH-SY5Y cells conditionally 

overexpressing wild-type alpha-syn (Chapters 4-5). 

 

In Chapter 3 we aimed to assess ROS formation and its correlation with cell death, alpha-

syn aggregation and phosphorylation at Ser129 of A53T mutant versus wild-type (WT) 

alpha-syn in transiently transfected SH-SY5Y cells, further subjected to prolonged (4 days) 

exposure to ferrous iron (FeSO4, a potent oxidative stress inducer) and rotenone (complex I 

inhibitor), respectively, to mimic oxidative stress and mitochondrial dysfunction. We 

characterized this PD cell model by analyzing markers of necrotic cell death, generation of 

endogenous ROS and changes in mitochondrial morphology and mitochondrial membrane 

potential. We also correlated WT and A53T mutant alpha-syn modifications, namely 

phosphorylation at Ser129 and inclusion formation, with oxidative stress-induced 
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conditions in situations mimicking sporadic and familial forms of PD caused by alpha-syn 

(Chapter 3). 

 

Because it is still unknown whether oxidative stress is a cause or a consequence of the 

mechanisms underlying PD progression, in Chapter 4 we defined the influence of WT alpha-

syn overexpression (mimicking the multiplication of WT alpha-syn gene associated to 

familial forms of PD) on oxidative stress, antioxidant regulation and the role of the nuclear 

transcription factor Nrf2. Using this paradigm, we also analysed the effects of short FeSO4 

exposure. In this study, we used SH-SY5Y cells maintained in a doxycycline (Dox) regulated 

manner in a Tet Off system, taking advantage of a model where human WT alpha-syn 

expression was regulated and the whole cell population expressed the protein. 

Furthermore, we correlated the high levels of alpha-syn with susceptibility to oxidative 

stress, apoptotic cell death and cellular reducing capacity. Under these conditions, the role 

of proteins involved in the intracellular antioxidant defense system and nuclear 

transcriptional factors were also examined (Chapter 4). 

 

In the last part of the thesis (Chapter 5), we aimed to establish a relationship between 

overexpression of WT alpha-syn and mitochondrial redox status and activity to clarify a 

possible correlation between high levels of WT alpha-syn in mitochondria and PD-

associated mitochondrial dysfunction linked to ROS generation. Thus, we investigated the 

influence of WT alpha-syn overexpression on mitochondrial activity by assessing the activity 

of mitochondrial complex I, mitochondrial biogenesis-related transcription factors and 

further analysed mitochondrial ROS generation and antioxidant-associated detoxification 

pathways localized in mitochondria (Chapter 5). 
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A B 

TH + WT alpha-synGFP MAP2 + WT alpha-synGFP 

2.1. Cell culture, transient transfection and incubation of SH-SY5Y cells 

SH-SY5Y neuroblastoma cell line was cultured in DMEM-F12 medium supplemented with 

10% fetal bovine serum (FBS) and kept at 37°C in an atmosphere of 95% air and 5% CO2. 

Cells were plated at 1.4x105 cells/cm2 on 16 mm coverslips, 96, 48, 12 or 6-well plates. 24 

hours after plating, SH-SY5Y cells were transfected with Fugene 6 transfection reagent at a 

6:1 ratio (according to the manufacturer’s instructions) with wild type (WT) or A53T alpha-

synGFP plasmids, which encoded a fluorescent fusion protein composed of full length 

human alpha-syn, with green fluorescent protein (GFP) attached to its C-terminal (McLean 

et al., 2001). SH-SY5Y cells expressed neuronal markers as assessed by immunofluorescence 

using anti-MAP2 (microtubule-associated protein) and anti-TH (tyrosine hydroxylase) 

(Figure 2.1). During the four days after transfection, cells were incubated daily with FeSO4 

(1 mM and 2.5 mM) or rotenone (10 nM and 100 nM). Except for some experiments related 

with reactive oxygen species (ROS) generation, transfection with WT or A53T alpha-synGFP 

was performed for 24 h and cells were incubated the next day for 15 min – 2 h with the 

toxic stimuli. FeSO4 stock solution was prepared in sterile water, while rotenone stock 

solution was prepared in dimethyl sulfoxide (DMSO, final percentage in the culture medium 

at 0.001%). 

 

 

 

 

 

 

Figure 2.1 – Confocal images of SH-SY5Y cells transfected with WT alpha-synGFP (green). 

Cells were treated as described in section 2.11. Levels of expression of WT alpha-synGFP are defined 

in Figure 3.1 (Chapter 3). Images show TH (red, A) and MAP2 (red, B) immunofluorescence.  
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2.2. Cell culture and incubation of stable SH-SY5Y cell lines 

The generation of a stable cell line inducibly expressing WT alpha-syn was previously 

described by Vekrellis et al. 2009. Briefly, naïve SH-SY5Y cells were transfected with the Tet-

Off vector (Clontech) and selected with 500 µg/ml geneticin (G418). Induction of G418 

resistant clones was determined by transient transfection of a pTRE-LUC vector, in the 

presence or absence of Dox (2 µg/mL). One clone (2-22) was further used for generation of 

stable pTRE-alpha-syn expression. WT alpha-syn was subcloned into the HindIII and XbaI 

sites of the pTRE-2 vector (Clontech) and co-transfected with the pTK-Hygromycin vector 

(Clontech). Selection was performed with 250 µg/mL G418 and 50 µg/mL Hygromycin B 

(Vekrellis et al., 2009). 

Stable SH-SY5Y cell lines conditionally expressing WT alpha-syn (SH-SY5Y WT alpha-syn) 

were kindly donated by Dr. Leonidas Stefanis (Division of Basic Neurosciences, Biomedical 

Research Foundation of the Academy of Athens, Soranou Efesiou, Athens, Greece), and 

maintained in culture as follows: cells were cultured in RPMI 1640 medium supplemented 

with 10% fetal bovine serum (FBS), 250 µg/mL G418 and 50 µg/mL hygromycin B and kept 

at 37ºC in an atmosphere of 95% air and 5% CO2. Alpha-syn overexpression was switched 

off with 2 µg/mL doxycycline (Dox). Thus, cell cultures were kept in the presence of Dox and 

further plated at 1.4x105 cells/cm2 on 48-well plates, 16 mm coverslips or 100 mm petri 

dishes. For induction of WT alpha-syn overexpression, in all the experiments cells were kept 

during 5 days in the absence of Dox. The cells showed little basal expression in the presence 

of Dox (2 µg/ml) and robust expression of the transgene in the absence of dox at day five, 

as shown in Figure 2.2A. Cells overexpressing WT alpha-syn after 5 days without dox (-Dox) 

and immunostained for alpha-syn revealed a greater red fluorescence when compared to 

cells expressing the endogenous protein (+Dox) (Figure. 2.2B). Incubation with rotenone (10 

µM) or FeSO4 (500 µM) was performed during 2 hours at day 5 in the absence of Dox. 

Apparently, no significant differences in alpha-syn protein levels were observed after iron 

exposure (data not shown). For some experiments, SH-SY5Y WT alpha-syn cells were 
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differentiated using retinoic acid (RA) 20 µg/ml (in DMSO, final percentage in the culture 

medium at 0.1%) for 10 days, the last 5 days coinciding with the absence of Dox. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 – Characterization of Tet-inducible SH-SY5Y cells expressing WT alpha-syn. SH-

SY5Y WT alpha-syn cells were cultured for 5 days in the presence or in the absence of dox. Levels of 

alpha-syn were confirmed by western blotting in total lysates (A) and fluorescence microscopy (B), 

using an antibody against alpha-syn. Nuclei were stained with Hoechst 33342. 

 

 

2.3. Reactive oxygen species measurements 

 

2.3.1. Analysis of intracellular hydroperoxides 

At the day of the experiments, the culture medium was removed and cells were washed 

with phosphate buffered solution (PBS, in mM: 137 NaCl, 2.7 KCl, 1.4 K2HPO4, 4.3 Na2HPO4, 

at pH 7.4) twice and then incubated for 30 min with 20 µM 2’,7’-dichlorodihydrofluorescein 

+ - Dox 

Alpha-syn 18 kDa 

α-Tubulin 50 kDa 
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diacetate (H2DCFDA), a stable non-fluorescent cell permeable compound, at 37ºC in Krebs 

medium (in mM: 135 NaCl, 5 KCl, 0.4 KH2PO4, 1.8 CaCl2, 1 MgSO4, 20 HEPES and 5.5 glucose, 

pH 7.4). When internalized by the cell, H2DCFDA is hydrolysed by intracellular esterases to 

form H2DCF and rapidly converted by endogenous hydroperoxides to DCF - a highly green 

fluorescent compound. Intracellular levels of peroxides were measured by following DCF 

fluorescence (488 nm excitation, 530 nm emission) at 37ºC, continuously for 1 h, using a 

Microplate Spectrofluorometer Gemini EM (Molecular Devices, USA). In order to correct 

the DCF fluorescence values for variations in total protein content in the wells, cell protein 

in each well was quantified by the BioRad protein assay. The values obtained were 

expressed as RFU (Relative Fluorescence Units) per minute and per mg protein for each 

condition. 

 

2.3.2. Analysis of intracellular superoxide ions 

Superoxide formation was determined using the fluorescent probe dihydroethidium (DHE). 

DHE is a permeable-cell membrane fluorescent dye that, once in the cytoplasm is oxidized 

to fluorescent ethidium bromide by superoxide, which intercalates with DNA. DHE itself 

shows a blue fluorescence (355 nm excitation, 420 nm emission) in cell cytoplasm until 

oxidation to form ethidium, which becomes red fluorescent (518 nm excitation, 605 nm 

emission), upon DNA intercalation. Briefly, 5 µM of DHE dissolved in Krebs medium was 

incubated in cells during 1 h at 37ºC. Ethidium bromide fluorescence was measured 

continuously for 1 h at 37ºC and the relative levels of superoxide production quantified, 

using a Microplate Spectrofluorometer Gemini EM (Molecular Devices, USA). At the end of 

the experiment, the cells were lysed to quantify cell protein in each well, using the BioRad 

protein assay. Ethidium fluorescence was corrected for variations in total protein between 

wells.  
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2.3.3. Analysis of mitochondrial superoxide ions 

Mitochondrial superoxide formation was determined using the fluorescent probe 

MitoSoxTM Red, a live-cell permeant that is rapidly and selectively targeted to the 

mitochondria, where it is oxidized by superoxide [but not by other ROS and reactive 

nitrogen species (RNS)], exhibiting red fluorescence (510 nm excitation, 580 nm emission). 

The chemical reactivity of mitochondria-targeted hydroethidine, MitoSox Red, with 

superoxide is similar to the reactivity of DHE with superoxide (e.g. Zielonka and 

Kalyanaraman, 2010). The oxidation product becomes highly fluorescent upon binding to 

nucleic acids. Briefly, 5 µM of Mitosox Red dissolved in Krebs medium was incubated in cells 

during 10 min at 37ºC. Fluorescence was measured continuously for 1 h at 37ºC and the 

relative levels of mitochondrial superoxide production quantified, using a Microplate 

Spectrofluorometer Gemini EM (Molecular Devices, USA). At the end of the experiment, the 

cells were lysed to quantify cell protein in each well, using the BioRad protein assay. The 

slope obtained for MitoSox spectra was corrected for variations in total protein in each 

well.   

 

2.3.4. Electron Paramagnetic Resonance (EPR) experiments 

SH-SY5Y cells were treated with iron and further incubated with 5,5-dimethyl pyrroline N-

oxide (DMPO) (100 mM), a commonly-used spin trap that reacts with O-, N-, S-, and C-

centered radicals (Chamulitrat et al., 1992). Cells were scraped in the culture medium and 

frozen/unfrozen three times in liquid nitrogen. The same treatment was performed in cells 

transfected with WT or A53T alpha-synGFP and further incubated with iron or rotenone 

plus DMPO. EPR spectra were recorded with a Bruker EMX spectrometer at room 

temperature in a continuous flow system using open Pasteur pipette inserted in the EPR 

cavity and directly connected to a 1 ml mixing cell. Appropriate controls without iron or 

rotenone were also run. 

The instrument settings for iron and rotenone were: microwave frequency, 9.7 GHz; 

microwave power, 20 mW; modulation amplitude, 2 G; time constant, 0.16 s. 
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2.4. Measurement of glutathione levels 

SH-SY5Y_WT alpha-syn cells were washed twice in PBS and lysed in 15 mM Tris, pH 7.4, and 

the intracellular levels of reduced and oxidized glutathione (GSH and GSSG, respectively) 

were determined using a fluorimetric assay, according to a previously described method 

(Hissin and Hilf, 1976). GSH levels were measured in samples after the addition of ortho-

phethaldialdehyde (1 mg OPA/ml methanol) and 100 mM NaH2PO4. After 15 min 

incubation, the fluorescence was measured using an excitation wavelength of 350 nm and 

an emission wavelength of 420 nm. The experimental procedure for GSSG was similar, 

although the samples were mixed during 30 min with N-ethylmaleimide (5 mg NEM/ml 

methanol) which forms adducts with GSH. Then, the mixture was incubated for 15 min in 

100 mM NaOH plus OPA (1 mg OPA/ml methanol), and the fluorescence was measured 

with excitation at 350 nm and emission at 420 nm in a Microplate Spectrofluorometer 

Gemini EM (Molecular Devices, USA). The results were calculated as RFU per mg protein. 

 

2.5. Measurement of Glutathione Peroxidase (GPx) and Glutathione 

Reductase (GRed) activities 

The cells were washed twice in PBS and lysed in 25 mM Tris-HCl (pH 7.4) and then 

centrifuged at 20,800×g for 10 min, at 4ºC (Eppendorf Centrifuge 5417R). The supernatant 

was used for protein quantification using the BioRad protein assay (Bradford method) and 

for measuring GRed and GPx activities, spectrophotometrically, at 340 nm, through the 

analysis of NADPH oxidation, as described previously (Paglia and Valentine, 1967) with 

some modifications. Briefly, the activity of GPx in samples was measured upon a 5 min 

incubation, in the dark, with phosphate buffer containing 0.25 M KH2PO4, 0.25 M K2HPO4 

and 0.5 mM EDTA, pH 7.0, 10 mM GSH and GRed (1 unit). The reaction occurred after the 

addition of 2.5 mM NADPH and 12 mM tert-Butyl hydroperoxide. For the activity of GRed, 

each sample was incubated with a phosphate buffer containing 0.2 M K2HPO4 and 2 mM 
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EDTA, pH 7.0, plus 2 mM NADPH. The measurements were initiated with the addition of 20 

mM GSSG. GRed and GPx activities were determined using a Microplate 

Spectrophotometer SpectraMax Plus384 (Molecular Devices, USA). Results were calculated 

as milliunits (mU) per mg protein. 

 

2.6. Determination of Glutamate Cysteine Ligase (GCL) activity 

Glutamate-cysteine ligase (GCL) activity was measured according to White and 

collaborators (White et al., 2003), with some minor modifications (Zhu et al., 2007). Cells 

were washed twice with PBS and lysed with 25 mM Tris-HCl (pH 7.4) plus 0.1 mM EDTA. 

Cellular extracts were centrifuged at 20,800×g for 10 min at 4ºC, and protein content 

analysed by the BioRad protein assay. 50 µL of sample was added to 50 µL of GCL reaction 

buffer containing (in mM): 100 Tris, 10 ATP, 20 L-glutamic acid, 2 EDTA, 20 sodium borate, 2 

serine, and 40 MgCl2, and incubated at 37ºC during 5 min. The GCL reaction was initiated by 

adding 50 µL of 2 mM L-cysteine. After 20 min incubation, the GCL reaction was stopped by 

adding 50 µL of 200 mM 5-sulfosalicylic acid. Samples were vortexed, incubated on ice for 

20 min, and centrifuged at 660×g at 4°C, for 5 min. Then, 20 µL of supernatant were 

transferred into a 96-well plate and 180 µL of 2,3-naphthalenedicarboxaldehyde (NDA) 

derivatization solution (50 mM Tris, pH 10, 0.5 M NaOH and 10 mM NDA in DMSO, v/v/v 

1.4/0.2/0.2, respectively) was then added to each well to form NDA-γ-GC fluorescent 

complexes. The fluorescence was detected at 472 nm excitation and 528 nm emission, for 

30 min, using a Microplate Spectrofluorometer Gemini EM (Molecular Devices, USA). The 

results were calculated as RFU per min per mg protein. 
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2.7. Measurement of Superoxide Dismutase (SOD) activity 

Determination of SOD activity was performed according to the manual provided by the SOD 

Assay Kit (Sigma). This method allows SOD assaying by utilizing Dojindo’s highly water-

soluble tetrazolium salt, WST-1 (2-(4-Iodophenyl)- 3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- 

2H-tetrazolium, monosodium salt) that produces a water-soluble formazan dye upon 

reduction with a superoxide anion. The rate of the reduction with O2 is linearly related to 

the xanthine oxidase (XO) activity and is inhibited by SOD. Therefore, the IC50 (50% 

inhibition activity of SOD) can be determined by this colorimetric method. In order to 

measure only SOD2 activity, 2 mM potassium cyanide (KCN) was incubated in the cell 

samples.  

 

 

2.8. Caspase-3 activity assay 

Caspase-3 activity was determined using the fluorogenic substrate Ac (N-acetyl)-Asp-Glu-

Val-Asp-AFC (7-amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC). After washing two times 

with PBS, cells were lysed in a buffer containing (in mM): 25 HEPES, 2 MgCl2, 1 EDTA and 1 

EGTA and 0.04% Triton X-100, supplemented with 2 mM DTT and 1 µg/ml protease 

inhibitor cocktail (chymostatin, pepstatin A, leupeptin and antipain). Then, a reaction buffer 

composed by 25 mM HEPES, 10% sucrose and 0.1% CHAPS, supplemented with 2 mM DTT 

and 15 µM Ac-DEVD-AFC was added to cell samples. The fluorescence was taken during 1 h 

at 37ºC, with 400 nm excitation and 505 nm emission, using a Microplate 

Spectrofluorometer Gemini EM (Molecular Devices, USA). After the readings, cell samples 

were used to determine protein content. The values were obtained as RFU per minute per 

mg protein for each condition. 
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2.9. Assessment of necrotic cell death 

Necrotic cells were characterized using the fluorescent probe Hoechst 33342 and 

propidium iodide (PI)-double staining, with some modifications. Briefly, cells were loaded 

with 7.5 µg/ml Hoechst 33342 and 4 µg/ml PI in PBS for 5 min in the dark. The cells (viable 

or necrotic) were observed with a fluorescence microscope (Axioskop 2 Plus, Carl Zeiss, 

Jena, Germany), using a 40x objective and the images were acquired with the Axiovision 

software 4.2. The cells showing PI labelling due to the rupture of the plasma membrane 

were defined as necrotic. Viable cells displayed no signs of red PI staining and showed 

intact nuclei with diffuse Hoechst labelling. The results were expressed as the percentage of 

total cells. For each coverslip, 100-500 cells were counted in five different fields. 

 

2.10. Alamar Blue assay 

Alamar Blue is a cell viability indicator that uses the natural reducing power of living cells to 

convert resazurin to the fluorescent molecule, resorufin. The active component of Alamar 

Blue (resazurin) is a nontoxic, cell permeable compound that is blue in color and virtually 

nonfluorescent. Upon entering cells, resazurin is reduced to resorufin, which produces very 

bright red fluorescence. Viable cells continuously convert resazurin to resorufin, thereby 

generating a quantitative measure of viability and thus also cytotoxicity. 

Resazurin (1 mg/ml) diluted in RPMI 1640 medium containing the selection antibiotics G418 

(250 µg/ml) and hygromycin B (50 µg/ml), was added to SH-SY5Y WT alpha-syn cells in the 

presence or in the absence of Dox during 2 h at 37ºC. Fluorescence was detected at 530 nm 

excitation and 590 nm emission, using a Microplate Spectrofluorometer Gemini EM 

(Molecular Devices, USA). The values obtained were expressed as RFU (Relative 

Fluorescence Units) per mg protein for each condition. 
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2.11. Immunocytofluorescence 

The culture medium was removed and the cells were washed twice with PBS. Cells were 

incubated with MitoTracker Red (0.5 µM), a red fluorescent dye that stains mitochondria in 

live cells and whose accumulation is dependent upon the mitochondrial membrane 

potential, in sodium saline solution (in mM: 132 NaCl, 4 KCl, 1.2 NaH2PO4, 1.4 MgCl2, 10 

Hepes, 6 glucose and 1 CaCl2, pH 7.4) during 45 min at 37ºC, in the dark. Cells were washed 

three times and then fixed with 4% paraformaldehyde in PBS, for 10 min at 4ºC. Three 

more washes were performed with PBS and then the cell membrane was permeabilized 

with 0.2% (vol/vol) Triton X-100 (in PBS) during 2 min and blocked with a 3% BSA solution in 

PBS, for 30 min. The primary antibodies rabbit anti-ubiquitin (Ub) (Dako Cytomation, 

1:500), rabbit anti-alpha-syn (Cell Signaling, 1:200), rabbit MAP2 (Chemicon, 1:200) and 

rabbit TH (Cell Signaling, 1:200) were prepared in PBS 3% BSA and incubated for 1 h at room 

temperature. Cells were then washed three more times with PBS and the secondary 

antibody anti-rabbit IgG Alexa-fluor 594 (1:200) was diluted in PBS 3% BSA and incubated 

for 1 h, at room temperature in the dark. The cells were stained with Hoechst 33342 (4 

µg/ml) in PBS for 8 min before the coverslips being mounted using DAKO solution. In 

experiments performed for analysis of mitochondrial depolarization, cells were visualized 

with a confocal microscope LSM 510 Meta (Carl Zeiss, Jena, Germany), using a 63x 

objective. Immunofluorescence for inclusion formation detection was performed by cell 

staining with primary antibody rabbit anti-Ub (method described above) and cells were 

visualized with a fluorescence microscope (Axioskop 2 Plus, Carl Zeiss, Jena, Germany), 

using a 63x objective and the images were acquired with the Axiovision software 4.2. 
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2.12. PP2A activity assay 

Samples from SH-SY5Y cells were sonicated in 20 mM imidazole-HCl, 2 mM EDTA, 2 mM 

EGTA, pH 7.0, with 1 µg/ml each of pepstatin A, leupeptin, chymostatin, antipain and 

soybean trypsin inhibitor, 1 mM benzamidine and 1 mM PMSF and centrifuged at 2000 xg 

for 5 minutes, at 4ºC. The supernatant was used to assay phosphatase activity. Triplicate 

samples were assayed spectrophotometrically at 650 nm relative to known standards using 

the malachite green assay (Millipore/Upstate, Billerica, MA, USA). Protein concentrations 

were determined by the BioRad protein assay and data were calculated as pmol/min/µg of 

protein.  

 

 

2.13. Subcellular fractionation 

 

2.13.1. Total cell lysates 

Cells were washed twice in ice-cold PBS and lysed with a buffer containing (in mM): 100 

NaCl; 20 Tris (pH 7.0); 2 EDTA; 2 EGTA and supplemented with 1% Triton X-100, 1 mM 

PMSF, 1 mM DTT, 50 mM NaF, 1.5 mM sodium orthovanadate and 1 µg/ml protease 

inhibitor cocktail (chymostatin, leupeptin, antipain and pepstatin A). The lysates were 

frozen/unfrozen three times in liquid nitrogen and centrifuged (14,000 rpm for 10 min, 

Eppendorf Centrifuge 5417R) to remove insoluble material. The supernatants were 

collected, assayed for protein content using the BioRad reagent, according to the 

manufacturer’s instructions and stored at -80ºC. 

 

2.13.2. Nuclear extracts 

Briefly, cells were washed twice in ice-cold PBS, resuspended in buffer A (in mM: 10 HEPES, 

10 NaCl, 3 MgCl2, 1 EGTA, 0.1% Triton X-100, pH 7.5) supplemented with 50 mM NaF, 1.5 
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mM sodium orthovanadate, 1 mM DTT, 1 mM PMSF and 1 µg/ml protease inhibitor cocktail 

(chymostatin, leupeptin, antipain and pepstatin A) and incubated on ice for 40 min. The 

nuclei were pelleted by centrifugation at 4,700 rpm for 12 min at 4ºC and resuspended in 

buffer B (in mM: 25 HEPES, 300 NaCl, 5 MgCl2, 1 EGTA, 20% glycerol, pH 7.4) supplemented 

with 50 mM NaF, 1 mM DTT, 1 mM PMSF plus 1 µg/ml protease inhibitor cocktail. After 

incubation on ice for 60 min, the lysates were centrifuged at 10,600 rpm for 20 min, at 4ºC. 

The supernatants (nuclear extracts) were collected, assayed for protein content using the 

BioRad reagent and stored at -80ºC. 

 

2.13.3. Mitochondrial and cytosolic fractions 

Cells were washed twice in sucrose medium (in mM: 250 sucrose, 20 HEPES, 10 KCl, 1.5 

MgCl2, 1 EGTA and 1 EDTA, pH 7.4) and resuspended in ice-cold sucrose buffer 

supplemented with 50 mM NaF, 1.5 mM sodium orthovanadate, 1 mM DTT, 1 mM PMSF 

and 1 µg/ml protease inhibitor cocktail (chymostatin, leupeptin, antipain and pepstatin A) 

at 4ºC. Lysates were homogenized in a potter (120 strokes) and centrifuged at 2,300 rpm 

for 12 min at 4ºC to pellet the nuclei and cell debris. The supernatant was further 

centrifuged at 10,600 rpm for 20 min (4ºC). The resulting pellet (mitochondrial fraction) 

was resuspended in supplemented sucrose buffer containing protease inhibitors. 

Trichloroacetic acid (TCA) was added to the latter supernatant and further centrifuged at 

12,400 rpm for 10 min at 4ºC. The resulting pellet (cytosolic fraction) was resuspended in 

supplemented sucrose buffer and the pH was adjusted to 7.0 with KOH. Protein 

concentration was determined using the BioRad reagent and samples were stored at -80ºC.   

 

 

2.14. NADH-ubiquinone oxidoreductase and citrate synthase assays 

Culture media was removed, cells were washed and resuspended in sucrose medium, 

manually homogenized in a potter (120 strokes) and further centrifuged at 2,300 rpm for 12 

min at 4ºC to precipitate nuclei and cell debris. Complex I activity was determined at 340 
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nm by following the decrease in NADH absorbance due to ubiquinone reduction to 

ubiquinol. The reaction was started by adding the sample to the reaction mixture (in mM: 

K2HPO4, pH 7.2, 10 MgCl2, 0.15 NADH, 2.5 mg/ml BSA fatty-acid free, 1 KCN) containing 50 

µM decylubiquinone, at 30ºC. Complex I activity was expressed in 

nanomoles/minute/milligram protein and corresponds to the rotenone sensitive rate. The 

enzyme activity was corrected for citrate synthase (CS) activity.  

CS activity was performed at 412 nm following the reduction of 0.2 mM 5,5’-dithio-bis(2-

nitrobenzoic acid) in the presence of acetyl-CoA and 0.1 mM oxaloacetate in a medium with 

100 mM Tris-HCl, pH 8.0 and 0.1% Triton X-100. CS activity was expressed in 

nanomoles/minute/milligram of protein. 

 

2.15. Western blotting analysis 

Equivalent amounts of protein were separated on SDS-PAGE gels and electroblotted onto 

polyvinylidene difluoride (PVDF) membrane in CAPS/methanol 10% at 0.75 A. The 

membranes were blocked with 5% skim milk or 5% BSA in TBS (in mM: 25 Tris-HCl, 150 

NaCl, pH 7.6,)/0.1% Tween (vol/vol), during 60 min at room temperature and incubated 

overnight at 4ºC with agitation with antibodies directed against P-Ser129-alpha-syn (Wako 

Chemicals, 1:1000), alpha-syn (Cell Signaling, 1:1000), AIF (Cell Signaling, 1:1000), Bak 

(Abcam, 1:2500), Bax (Cell Signaling, 1:500), Bcl-2 (Santa Cruz Biotechnology Inc., 1:500), 

Cytochrome c (BD Pharmingen, 1:500), P-CREB (Abcam, 1:500), CREB (Cell Signaling, 

1:1000), CBP (Cell Signaling, 1:1000), NF-kB p65 (Cell Signaling, 1:500), GCLc (Abcam, 

1:1000), 60 kDa heat shock protein (HSP60; Millipore, 1:500), 30 kDa subunit of complex I 

(Molecular Probes, 1:250), Nrf2 (Abcam, 1:500), PGC-1 alpha (Santa Cruz Biotechnology 

Inc., 1:500), TBP (Abcam, 1:1000), TFAM (Santa Cruz Biotechnology Inc., 1:500), SOD1 

(Abcam, 1:2000), SOD2 (Abcam, 1:5000) alpha-tubulin (Sigma-Aldrich, 1:20,000). The day 
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after, the membranes were washed three times with 1% TBS-T containing skim milk or BSA, 

and further incubated with alkaline phosphatase-conjugated secondary antibody (1:20000) 

during 1 h at room temperature. Proteins were visualized by using an enhanced 

chemifluorescence reagent (ECF) and the bands were detected with the BioRad VersaDoc 

3000 Imaging System.  

 

2.16. Statistical analysis 

Data were expressed as the meanSEM of the number of experiments indicated in the 

figure legends. Comparisons among multiple groups were analysed by two-way analysis of 

variance (ANOVA) followed by the Bonferroni post-hoc test. Comparisons between two 

groups/conditions were performed with two tailed Student´s t test. P<0.05 was considered 

significant. Data were analyzed using GraphPad Prism version 5.0 for Windows (Graph Pad 

Software, San Diego, CA). 

 

 

2.17. Material 

Dulbecco’s modified Eagle’s medium: nutrient mixture F-12 (DMEM F/12), Optimem, 

Roswell Park Memorial Institute’s 1640 medium (RPMI 1640), fetal bovine serum (FBS) and 

Geneticin were acquired from GIBCO (Paisley, UK). Protease inhibitor cocktail (chymostatin, 

pepstatin A, leupeptin and antipain), penicillin/streptomycin (P/S), hygromycin B, 

doxycycline (Dox) and alamar blue (resazurin) were from Sigma-Aldrich Chemical Co. (St. 

Louis, MO, USA). Fugene 6 was purchased from Roche Diagnostics GmbH (Mannheim, 

Germany). Secondary antibodies for western blotting and the chemifluorescence reagent 

(ECF) were acquired from GE Healthcare (Uppsala, Sweden). Fluorogenic caspase-3 

substrate VII Ac-Asp-Glu-Val-Asp-AFC (Ac-DEVD-AFC) was from Calbiochem (Darmstadt, 
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Germany). The fluorescence probes dihydroethidium (DHE), 2’,7’-

dichlorodihydrofluorescein (DCFH2-DA), MitoSox Red, Hoechst 33342 and MitoTracker Red 

and the secondary antibody for immnunocytochemistry anti-rabbit Alexa fluor 594 were 

obtained from Molecular Probes (Invitrogen, USA). All other reagents were of analytical 

grade. 
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3.1. Summary 

Alpha-synuclein (alpha-syn) is a soluble protein highly enriched in presynaptic terminals of 

neurons. Moreover, accumulation of alpha-syn as intracellular filamentous aggregates is a 

pathological feature of sporadic and familial forms of Parkinson’s disease (PD). Changes in 

alpha-syn post-translational modifications, as well as mitochondrial dysfunction and 

oxidative stress constitute key pathogenic events of this disorder. Here we assessed 

reactive oxygen species (ROS) formation and its correlation with cell death, alpha-syn 

aggregation and phosphorylation at serine 129 (Ser129) of A53T mutant versus wild-type 

(WT) alpha-syn in transiently transfected SH-SY5Y neuroblastoma cell lines subjected to 

prolonged exposure to ferrous iron (FeSO4) and rotenone (complex I inhibitor). Under basal 

conditions, prolonged expression of A53T mutant alpha-syn increased superoxide 

formation, ubiquitin-labelled alpha-syn aggregates and phosphorylation at Ser129, which 

was linked to decreased activity of protein phosphatase 2A (PP2A). Exposure to FeSO4 or 

rotenone enhanced the production of hydroperoxides and superoxide anion in both types 

of cells, along with alpha-syn aggregate formation, Ser129 phosphorylation and 

mitochondrial depolarization. These changes were highly evident in A53T mutant alpha-syn 

expressing cells and were associated with slight increased cell death following incubation 

with FeSO4. The data suggest that stimuli that promote ROS formation highly correlate with 

mutant alpha-syn aggregation and phosphorylation at Ser129, which may precede cell 

degeneration in sporadic and familial forms of PD.  
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3.2. Introduction 

Parkinson’s disease (PD) is the most common age-related neurodegenerative movement 

disorder, affecting 1-3% of the population over the age of 65 (de Rijk et al., 2000). PD is 

slowly progressive and is characterized by a loss of dopaminergic neurons in the substantia 

nigra pars compacta (SN) and depletion of dopamine (DA) in the striatum (Dawson and 

Dawson, 2003). The major pathological hallmark found in PD patients is the presence of 

cytosolic alpha-synuclein (alpha-syn)-positive inclusions, named Lewy Bodies (LBs) in 

surviving neurons, although the mechanism that underlies LB biogenesis is poorly 

understood (Olanow et al., 2004; Shults, 2006). Immunohistochemical and biochemical 

studies have shown that approximately 90% of alpha-syn deposited in LBs is 

phosphorylated at serine 129 (Ser129) (Fujiwara et al., 2002; Anderson et al., 2006). In 

contrast, the proportion of phosphorylated alpha-syn in normal brains is only 4% of total 

alpha-syn, suggesting that accumulation of phosphorylated Ser129 is involved in the 

formation of LBs and in the neurodegenerative process associated to PD (Fujiwara et al., 

2002).  

Alpha-syn is implicated in both sporadic and familial forms of PD, the latter representing a 

minor proportion of all PD cases. Mutations in the alpha-syn gene lead to autosomal 

dominant PD and are of crucial relevance to predict the susceptibility to develop the 

disease. A missense mutation in this protein, A53T, was the first defined genetic lesion in 

familial PD (Polymeropoulos et al., 1997). Two additional point mutations linked to 

autosomal dominant early-onset PD have subsequently been described, namely A30P 

(Kruger et al., 1998) and E46K (Zarranz et al., 2004). Therefore, it is important to 

understand the molecular mechanisms involved in wild-type (WT) and mutant alpha-syn 

toxicity and particularly the effect of prolonged exposure to neurotoxic stimuli that have 

been hypothesized to modify disease progression. Although the defined mechanisms by 

which neurons die in PD is still unknown, it has been suggested that mitochondrial 

dysfunction (Schapira, 2008; Schapira, 2004), oxidative stress (Jenner, 2003), inflammatory 
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response (McGeer and McGeer, 2004) and protein misfolding may play an important role in 

the pathogenesis of sporadic PD (Greenamyre et al., 2003).  

Mitochondrial dysfunction has long been implicated in PD pathogenesis due to reduced 

activity in complex I (Olanow and Tatton, 1999; Lin and Beal, 2006). The administration of 

rotenone, an inhibitor of mitochondrial complex I, induced the major pathological and 

behavioral features of PD in animal and cellular models (Betarbet et al., 2000; Sherer et al., 

2007; Sherer et al., 2003; Matsuzaki et al., 2004). In addition, multiple studies suggested an 

association between pesticides and metals and the incidence of PD (Gorell et al., 1998; 

Gorell et al., 1999). Several lines of evidence indicate that iron ions play an important role 

in PD pathogenesis, where the most severely affected neurons are located in the SN and 

locus coeruleus. Interestingly, these brain areas are enriched with neuromelanin that 

sequesters reactive metals, mainly iron. Indeed, a correlation between increased iron levels 

and the severity of neuropathological changes in PD patients was observed (Gotz et al., 

2004). Additionally, high levels of ferric ions have been found in LBs (Gaeta and Hider, 

2005). An increase in iron levels seems to be an early event in patients at risk for developing 

PD and precedes loss of dopaminergic neurons (Berg, 2007; Michaeli et al., 2007; Oakley et 

al., 2007; Tofaris et al., 2007). Recent studies demonstrated that high concentrations of iron 

induce alpha-syn aggregation in dopaminergic cells (Li et al., 2011) and that a specific 

interaction between iron toxicity and alpha-syn aggregation occurs in a neuroblastoma cell 

line overexpressing this protein (He et al., 2011). However, the mechanisms underlying 

iron-induced alpha-syn aggregation are still not clear. 

Phosphorylation of alpha-syn at Ser129 was previously described to play a critical role in 

the pathological mechanisms of neuronal death (Sugeno et al., 2008). Furthermore, in vitro 

studies demonstrated that oxidative stress induces alpha-syn phosphorylation at Ser129, an 

effect blocked by treatment with the antioxidant ascorbic acid (Takahashi et al., 2007). 

However, there has been some controversy regarding the role of phosphorylated alpha-syn 

at Ser129 in fly and rat models. In a transgenic Drosophila model of PD, Chen and Feany 

showed that alpha-syn phosphorylation at Ser129 by G-protein-coupled receptor kinase 2 
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(GRK2) homolog enhanced alpha-syn neurotoxicity (Chen and Feany, 2005). On the other 

hand, in rat recombinant adeno-associated virus (rAAV)-based models of PD, the expression 

of phosphorylation mimic S129D mutant alpha-syn did not display toxicity in dopaminergic 

neurons (Gorbatyuk et al., 2008; Azeredo da et al., 2009; McFarland et al., 2009). Sugeno 

and colleagues (2008) further demonstrated that alpha-syn phosphorylation at Ser129 

induced intracellular aggregate-formation and endoplasmic reticulum stress in alpha-syn 

overexpressing cells exposed to low doses of rotenone(Sugeno et al., 2008). More recently, 

Sato et al. showed that phosphorylated alpha-syn at Ser129 accelerated A53T mutant 

alpha-syn neurotoxicity in the rAAV-based rat model (Sato et al., 2011). The kinases and 

phosphatases that modulate alpha-syn phosphorylation have been of major interest, in part 

as they may provide therapeutic targets. Protein phosphatase 2A (PP2A) is a ubiquitous 

serine/threonine phosphatase with a wide range of substrates and functional roles. 

Importantly, the PP2A isoform that contains the Bα subunit appears to have a strong ability 

to dephosphorylate alpha-syn at Ser129 (Lee et al., 2011; Braithwaite et al., 2012). 

In the present work, we analysed the effects of prolonged exposure to oxidative stress and 

mitochondrial dysfunction, induced by iron and rotenone, respectively, in a neuroblastoma 

SH-SY5Y cell model, expressing WT or mutant A53T alpha-syn. Since previous results 

demonstrated a correlation between the effects caused by ferrous iron and WT alpha-syn 

(Li et al., 2011), we compared the susceptibility caused by FeSO4 in WT and mutant A53T 

alpha-syn expressing cells; moreover, the classical inhibitor of mitochondrial complex I, 

rotenone, is also known to induce oxidative stress (Greenamyre et al., 2003; Sugeno et al., 

2008). We report effects of increased reactive oxygen species (ROS) production, which 

correlate with mitochondrial dysfunction, alpha-syn inclusion formation and 

phosphorylation at Ser129, along with a decrease in PP2A activity (particularly in the case of 

iron). Furthermore, we demonstrate a higher susceptibility of mutant A53T alpha-syn 

expressing cells for these stimuli. 
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3.3. Results 

We initiated the work by evaluating the expression of alpha-syn constructs in SH-SY5Y cells. 

Both WT alpha-synGFP and A53T alpha-synGFP expression vectors were highly expressed 

for up to five days in culture, with similar transfection efficiencies after this period of time 

(Figure. 3.1A, B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Levels of WT or A53T alpha-synGFP expression in a transiently transfected PD 

cellular model. SH-SY5Y neuroblastoma cells were transiently transfected with WT or A53T alpha-

synGFP during 1 to 5 days and total cellular extracts were immunoblotted to confirm protein 
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overexpression over time (A). In B, SH-SY5Y cells expressing WT or A53T alpha-synGFP were fixed, 

nuclear stained with Hoechst 33342 and observed by fluorescent microscopy at day 4 after 

transfection. The graph plots the percentage of cells expressing WT or mutant (A53T) alpha-synGFP 

fluorescent fusion proteins in three independent transfections. 

 

 

3.3.1. Effect of iron and rotenone on the viability of SH-SY5Y cells overexpressing 

alpha-syn 

In order to investigate the susceptibility to prolonged (4 days) exposure to iron or rotenone, 

we evaluated cell death occurring by necrosis, by fluorescence microscopy of Hoechst and 

PI in SH-SY5Y cells transfected with WT or A53T alpha-synGFP (Figure. 3.2). Based on 

previous studies involving the effects of oxidative stress and PD, we selected a range of 

concentrations between 1 to 2.5 mM for iron and 10 to 100 nM for rotenone (Sherer et al., 

2001; Takahashi et al., 2007). These concentrations of rotenone were previously described 

to inhibit complex I activity by approximately 50% (Sherer et al., 2001). In SH-SY5Y cells 

expressing WT alpha-synGFP, the percentage of total necrotic cells was significantly 

increased after exposure to 2.5 mM FeSO4 (Figure 3.2A and 3.2Bc) when compared to 

control WT alpha-syn cells. Notably, the percentage of cell death was less than 1% (0.82%). 

In SH-SY5Y cells expressing A53T alpha-synGFP, the percentage of total necrotic cells 

significantly raised to 1.1% after incubation with 2.5 mM FeSO4 (Figure 3.2A and 3.2Bf), 

when compared with untreated A53T alpha-syn cells. Exposure to rotenone (10 and 100 

nM) did not cause substantial cell death in either WT or A53T alpha-syn transfected SH-

SY5Y cells (Figure 3.2C and 3.2D).  
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Figure 3.2. Increased necrotic cell death caused by exposure to high iron concentration – 

relevance for A53T mutation. Cells were transfected with WT or A53T alpha-synGFP and 

incubated with FeSO4 (A, B) or rotenone (C, D) for four days. At the day of the experiment, cells 

plated in coverslips were incubated with Hoechst 33342 and propidium iodide (PI), visualized by 

fluorescence microscopy and counted in five different fields. Results from iron incubations are 

shown in A, while the results from rotenone are depicted in C. B and D show representative images 

of the cells. Data are the mean±SEM of three independent experiments performed in triplicates. 

Statistical analysis: ** p<0.01 compared to the respective control (transfected cells not exposed to 

iron or rotenone). 

 

These results show that high FeSO4 concentrations (2.5 mM) significantly affected SH-SY5Y 

cells viability following overexpression of WT or A53T alpha-synGFP, although significant 

necrotic cell death never raised above 1.5%, and PI labelling cells rarely co-localized with 

alpha-synGFP transfected cells, suggesting that these stimuli were not sufficient to cause 

massive necrosis. Features of apoptotic cell death, namely Hoechst-stained chromatin 

condensation/fragmentation or cell shrinkage were not observed throughout the 

experiments in WT or A53T alpha-syn expressing cells exposed to iron or rotenone either. 

Notably, no cell death could be attributed to transfected (WT or A53T alpha-synGFP) versus 

non-transfected cells in the absence of the toxic stimuli (not shown). 
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3.3.2. Reactive oxygen species production after exposure to FeSO4 and rotenone 

In order to evaluate features of oxidative stress induced by both iron and rotenone and to 

explain the slightly higher susceptibility of alpha-synGFP transfected SH-SY5Y cells exposed 

to iron, we examined the production of endogenous ROS. The levels of hydroperoxides and 

superoxide anion were analysed by measuring DCFH2-DA and hydroethidium fluorescence, 

respectively. 

We first analysed hydroperoxide generation by following DCF fluorescence in non-

transfected SH-SY5Y cells, in comparison with cells transiently expressing WT or A53T alpha-

synGFP. As shown in Figure 3.3A no significant changes in ROS were detected between the 

three conditions tested. Although we did not observe significant differences in ROS 

formation between untreated WT and A53T alpha-synGFP cells, the levels of 

hydroperoxides increased upon prolonged (4 days) exposure to 1 or 2.5 mM FeSO4 in both 

WT and A53T alpha-synGFP cells, when compared to the respective controls (Figure 3.3B). 

Endogenous ROS production was largely increased in SH-SY5Y cells transfected with A53T 

alpha-synGFP, when compared to the untreated condition (control), after prolonged 

exposure to the complex I inhibitor rotenone at 10 and 100 nM (Figure 3.3C). Taking into 

account the effects generated by the highest concentrations of iron and rotenone, we 

further analysed ROS formation after short exposure (up to 2h) to these stimuli in cells 

expressing WT and A53T alpha-synGFP for 24 h. Interestingly, we detected a significant 

increase in DCF fluorescence after 2 h of incubation with 2.5 mM FeSO4 or 100 nM 

rotenone in A53T alpha-synGFP cells only (Figure 3.3D and 3.3E).  
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Figure 3.3. Hydroperoxide production in WT and A53T alpha-synGFP after exposure to 

iron or rotenone for different periods of time. Hydroperoxide generation was analysed by DCF 

fluorescence in non-transfected SH-SY5Y cells and transfected with WT or A53T alpha-synGFP for 24 

h (A). SH-SY5Y cells were transfected with WT or A53T alpha-synGFP and further incubated with 
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FeSO4 (B, D) or rotenone (C, E) during 4 days (B, C) and short periods of time (D, E). In all 

experiments, levels of hydroperoxides were measured following DCF fluorescence after 30 min of 

incubation with 20 µM DCFH2-DA. Data in the graphs are the mean±SEM of three independent 

experiments performed in quadruplicates. In B: *p<0.05 and ***p<0.001 related to the WTGFP 

control; ###p<0.001 compared to A53TGFP control. In C: *p<0.05 related to WTGFP control; 

##p<0.01 and ###p<0.001 related to A53TGFP control. In D and E: #p<0.05 related to A53TGFP 

control; §§p<0.01 related to WT alpha-synGFP under the same experimental conditions. DCFH2DA – 

2’7’-dichlorodihydrofluorescein diacetate 

 

By measuring ethidium fluorescence, we observed that SH-SY5Y cells overexpressing A53T 

alpha-synGFP under basal conditions were endowed with a significantly higher amount of 

superoxide radical, compared to WT alpha-synGFP transfected cells (Figure 3.4 A,B). 

Increased ethidium fluorescence observed in A53T alpha-synGFP overexpressing cells was 

not largely affected following exposure to 2.5 mM FeSO4 (for 4 days) (Figure 3.4A). 

Moreover, prolonged exposure to high rotenone concentration (100 nM) caused a 

significant rise in superoxide anion production in SH-SY5Y cells overexpressing either WT or 

A53T alpha-synGFP, when compared to the respective untreated controls (Figure 3.4B) and 

to cells treated with 10 nM rotenone. No significant changes in superoxide anion formation 

were observed in cells exposed to 1 mM iron or 10 nM rotenone for 4 days (Figure 3.4 A,B). 

As described for DCF fluorescence, we also tested the effect of short exposure (up to 2h) to 

the highest concentrations of iron and rotenone (2.5 mM and 100 nM, respectively); 

however, no changes in superoxide production were observed under these conditions 

(Figure 3.4C, D).  
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Figure 3.4. Levels of superoxide anion production in WT and A53T alpha-synGFP after 

exposure to iron or rotenone for different periods of time. SH-SY5Y cells were transfected 

with WT or A53T alpha-synGFP and further incubated with FeSO4 (A, C) or rotenone (B, D) during 4 

days (A, B) and short periods of time (C, D). The levels of superoxide anion were determined by 

following ethidium fluorescence after a pre-incubation with 5 µM DHE for 1 h. Data in the graphs are 

the mean±SEM of three independent experiments performed in quadruplicates. In A: *p<0.05 

related to the respective control and §p<0.05 related to cells expressing WT alpha-synGFP after 

incubation with 2.5mM FeSO4. In B: *p<0.05, **p<0.01 related to WTGFP control; #p<0.05 related to 

A53TGFP control; §p<0.05 and §§p<0.01 related to cells incubated with 10 nM rotenone.; DHE – 

dihydroethidine. 
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These results demonstrate that mutant A53T alpha-syn cells exhibit a higher production of 

superoxide anions and increased susceptibility to oxidative stress upon exposure to iron 

and rotenone. 

We further analysed the free radical generated in the initial period of exposure to 2.5 mM 

FeSO4 and 100 nM rotenone. Electron paramagnetic resonance (EPR) experiments were 

performed in the presence of DMPO. Interestingly, we observed a rapid generation of a 

radical by following immediate exposure to FeSO4, which unfortunately was not possible to 

simulate or identify (Figure 3.5B). SH-SY5Y cells in the presence of DMPO only did not 

generate a radical spectrum (Figure 3.5A). As in non-transfected cells, formation of a similar 

radical was observed in WT and A53T alpha-syn expressing cells incubated with iron and 

immediately scrapped in the culture medium (Figure 3.5C, D). No radical could be detected 

in cells treated with rotenone in initial periods of exposure (data not shown). 
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Figure 3.5. EPR spin-trapping of a radical generated from FeSO4 in the presence of DMPO. 

A represents the experimental spectrum recorded in SH-SY5Y cells incubated with DMPO (100 mM) 

only. Spectrum represented in B shows non-transfected SH-SY5Y cells exposed to 2.5 mM FeSO4. C 

and D constitute representative experimental spectra from WT and A53T alpha-syn overexpressing 

SH-SY5Y cells in the presence of 2.5 mM FeSO4.  

 

 

3.3.3. Effect of iron and rotenone on mitochondrial changes 

Since SH-SY5Y cells overexpressing A53T alpha-synGFP exhibited higher oxidative stress 

upon exposure to iron and rotenone, and generation of superoxide anion occurred in the 

absence of toxic stimuli, we further analysed the relative changes in mitochondrial function 

and morphology using MitoTracker Red, a fluorescent compound sensitive to changes in 

mitochondrial membrane potential. 

In untreated condition, control cells expressing WT alpha-synGFP displayed intact, well 

defined mitochondria, distributed throughout the cell body and with a tubular morphology 

(Figure 3.6A: b-c), suggesting functional organelles. On the other hand, SH-SY5Y cells 

expressing WT alpha-synGFP incubated with 2.5 mM iron during four days exhibited 

aggregated mitochondria (Figure 3.6Af-insert), possibly resulting from increased 

fragmentation. Moreover, a decrease in MitoTracker Red fluorescence was evident, 

indicating mitochondrial depolarization (Figure 3.6A: e-f). A reduction in MitoTracker Red 

fluorescence was also observed in cells overexpressing WT alpha-synGFP and further 

incubated with 100 nM rotenone, when compared to control/untreated conditions. 

Rotenone-treated mitochondria also lost the tubular shape and appeared fused presenting 

a faint MitoTracker Red fluorescence, largely evidencing mitochondrial depolarization 

(Figure 3.6A: h-i). Interestingly, expression of mutant A53T alpha-synGFP induced some 

mitochondrial aggregation (Figure 3.6Bc-insert), similarly to WT cells treated with iron, 

although mitochondrial potential was not largely affected. In mutant cells treated with 2.5 

mM FeSO4, we observed a dramatic decrease in MitoTracker Red fluorescence, suggesting a 
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high degree of mitochondrial depolarization, and a complete loss of normal mitochondrial 

tubular network (Figure 3.6B: e-f). This effect was more pronounced when compared to WT 

alpha-synGFP transfected cells in the same experimental condition (Figure 3.6A: e-f). A53T 

alpha-synGFP cells exposed to 100 nM rotenone also presented a reduction in MitoTracker 

Red fluorescence and some cells showed aggregated mitochondria (Figure 3.6B: h-i); 

however, the effect of this prolonged exposure was less dramatic when compared to 

mutant cells treated with 2.5 mM iron. 

Although mitochondrial changes could not be specifically attributed to cells expressing 

alpha-synGFP, in the population of cells transfected with mutant A53T alpha-synGFP we 

detected the highest degree of mitochondrial depolarization, which seems to correlate with 

the slight increase in the number of cells undergoing necrotic cell death (Figure 3.2A, B), 

also exhibiting increased ROS formation (Figure 3.3 and 3.4). 
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Figure 3.6. Mitochondrial depolarization and morphological changes induced by iron or 

rotenone on WT or A53T alpha-synGFP overexpression cells. SH-SY5Y cells were transfected 

with WT (A) or A53T (B) alpha-synGFP and further exposed to 2.5 mM FeSO4 (d-f) or 100 nM (g-i) 

rotenone during four days. Cells were incubated with MitoTracker Red, labeled with Hoechst 33342 

and observed by confocal microscopy. Images represent one of five fields of a coverslip prepared for 

each condition and selected from three independent experiments. Insert pictures show high 

amplification of mitochondria in WT or A53T alpha-synGFP transfected cells submitted to iron or 

rotenone treatment. 

 

 

3.3.4. Alterations in alpha-syn conformation after prolonged exposure to iron or 

rotenone 

Aggregation of alpha-syn under oxidative stress conditions has been described by several 

groups in different PD models (Takahashi et al., 2007; Li et al., 2011). Therefore, we 

investigated whether SH-SY5Y cells overexpressing WT or A53T alpha-synGFP were able to 

form alpha-syn aggregates that co-localized with ubiquitin (Ub, a protein highly present in 

LBs from PD patients) after prolonged exposure to iron or rotenone.  

Immunocytofluorescence analysis showed that transiently transfected SH-SY5Y cells were 

able to form alpha-syn inclusions upon prolonged exposure to iron or rotenone (Figure 3.7). 

A homogeneous co-localized distribution of alpha-syn and Ub proteins was observed in WT 

alpha-synGFP cells (Figure 3.7A: a-c). After four days exposure to 2.5 mM FeSO4, SH-SY5Y 

cells overexpressing WT alpha-synGFP showed an increase in alpha-syn inclusions that were 

also immunopositive for Ub (Figure 3.7A: d-f). Furthermore, treatment with 100 nM 

rotenone during four days induced the formation of inclusions that co-localized with Ub 

(Figure 3.7A: g-I). 

In mutant A53T alpha-synGFP expressing cells submitted to the same conditions, we 

detected that non-treated cells (control) per se presented some alpha-syn inclusions (Figure 

3.7B: a-c), when compared to those expressing WT alpha-synGFP (Figure 3.7A: a-c). 
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Moreover, SH-SY5Y cells overexpressing A53T alpha-synGFP exposed to 2.5 mM iron during 

four days evidenced the presence of alpha-syn inclusions that were immunopositive for Ub 

(Figure 3.7B: d-f). In cells overexpressing A53T alpha-synGFP treated with 100 nM rotenone, 

we also detected a marked increase in the formation inclusions (Figure 3.7B: g-i). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Linking ROS formation to mutant alpha-syn aggregation and phosphorylation 

 

 133 

63x 

A53TGFP – 
Control 

A53TGFP – 
2.5 mM FeSO4 

A53TGFP –  
100 nM Rot 

a 

d 

h g 

e 

b 

Alpha-synGFP Ubiquitin Merged 

c 

f 

i 

B  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Iron or rotenone prolonged incubation promote Ub-labelled alpha-syn 

inclusions in SH-SY5Y cells. Cells were transfected with WT (A) or A53T (B) alpha-synGFP and 

subjected to a daily incubation (during 4 days) with FeSO4 (2.5 mM) (d-f) or rotenone (100 nM) (g-i). 

SH-SY5Y cells were immunostained for ubiquitin (red) while alpha-synGFP transfected cells appear in 

green. Nuclei were stained with Hoechst 33342. Insert pictures show high amplification of 

intracellular aggregates formed after incubation with iron or rotenone in cells overexpressing WT or 

A53T alfa-synGFP. 

 

These results suggest that prolonged oxidative stress stimuli and mitochondrial inhibition 

lead to alpha-syn inclusion formation in SH-SY5Y cells, an effect that is more pronounced in 

cells overexpressing A53T alpha-syn GFP.  
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3.3.5. Alpha-syn phosphorylation upon exposure to rotenone and iron – role of 

PP2A 

To correlate the susceptibility to oxidative stress, mitochondrial inhibition and inclusion 

formation in cells expressing WT or mutant A53T alpha-synGFP with alpha-syn post-

translational modifications, we examined the levels of phosphorylated alpha-syn at Ser129, 

a common alpha-syn modification present in LBs (Fujiwara et al., 2002; Anderson et al., 

2006). Following transfection of WT or A53T alpha-synGFP, SH-SY5Y cells were incubated 

during four consecutive days with FeSO4 or rotenone in order to evaluate the effects of 

oxidative stress and mitochondrial dysfunction on alpha-syn phosphorylation at Ser129 (P-

Ser129 alpha-syn).  

Under basal conditions, A53T alpha-syn transfected cells presented significant higher levels 

of P-Ser129 alpha-syn when compared to WT cells (Figure 3.8A). The results depicted in 

Figure 3.8B show higher P-Ser129 levels in WT alpha-syn cells subjected to iron treatment, 

when compared to the respective non-treated condition. Furthermore, 2.5 mM FeSO4 

exposure largely increased P-Ser129 levels in A53T alpha-synGFP cells, compared to the 

untreated control, evidencing a major role for mutant alpha-syn. Indeed, this effect was 

also significantly detectable for 1 mM iron concentration, although it was more pronounced 

for the highest concentration of iron (2.5 mM). WT or A53T alpha-synGFP transfected cells 

were also incubated with 10 and 100 nM rotenone. Despite a great tendency for enhanced 

P-Ser129 of WT alpha-syn in the presence of this mitochondrial inhibitor, no significant 

changes were observed. However, mutant A53T transfected cells displayed a significant 

increase in P-Ser129 alpha-syn levels after exposure to 100 nM rotenone, when compared 

to untreated cells (Figure 3.8C). These data suggest that both iron and rotenone, ascribed 

to increased ROS formation, increase P-Ser129 levels, particularly in cells overexpressing 

A53T alpha-synGFP.  

Given the evidence for higher levels of P-Ser129 after prolonged exposure to iron (2.5 mM) 

or rotenone (100 nM), we also analysed PP2A activity in transfected WT and A53T alpha-

syn SH-SY5Y cells under the same experimental conditions, as this phosphatase was 
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previously shown to dephosphorylate alpha-syn at this specific residue (Lee et al., 2011). 

Concordantly with data shown in Figure 3.8A, PP2A activity was effectively diminished in 

untreated A53T alpha-synGFP transfected cells, compared to cells overexpressing the WT 

protein (Figure 3.8D). Furthermore, we observed a slight decrease in this phosphatase 

activity in cells expressing A53T alpha-synGFP following 4-day treatment with FeSO4, 

compared to WT alpha-synGFP cells under the same experimental condition. No changes 

were detected after prolonged exposure to 100 nM rotenone in both transfected cells, 

which suggests that different toxic stimuli evoke alpha-syn phosphorylation through distinct 

mechanisms. 
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Figure 3.8. Prolonged exposure to iron or rotenone induced alpha-syn phosphorylation at 

Ser 129 and modified PP2A activity. Cells were transfected with WT or A53T alpha-synGFP 

(controls) (A) and further exposed to 1 mM and 2.5 mM FeSO4 (B, D), or 10 nM and 100 nM 
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rotenone (C, D) during 4 days. Levels of P-Ser129 alpha-syn were analysed by western blotting (A-C). 

In D is represented PP2A activity of total extracts in cells transfected with WT or A53T alpha-synGFP, 

following treatment with 2.5 mM iron and 100 nM rotenone. Data in graphs (A-C) represent the 

mean±SEM of WT and A53T alpha-synGFP phosphorylated at Ser 129 (normalized to alpha-syn) from 

three to six independent experiments. In D, data in the graph are the mean±SEM of 3 independent 

experiments performed in triplicates. In A, *p<0.05 compared to WT alpha-synGFP. In B, *p<0.05 

compared to control WTGFP; #p<0.05 and ##p<0.01 compared to the A53TGFP control. In C, *p<0.05 

compared to A53TGFP control. In D, *p<0.05 compared to WTGFP control and #p<0.05 compared to 

WTGFP under the same experimental condition.  

 

Overall, these results hint that early ROS formation and pronounced mitochondrial 

impairment induced by iron may be important to define enhanced phosphorylation at 

Ser129 of mutant alpha-syn, correlated with alpha-syn inclusion formation and increased 

susceptibility for necrosis. 
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3.4. Discussion 

Although the etiology of PD is complex, there is strong evidence that mitochondrial 

dysfunction and oxidative stress play key roles in the disease pathogenesis. Furthermore, 

many studies have implicated alpha-syn as a molecular marker in sporadic and familial 

forms of PD. Particularly, the presence of phosphorylated alpha-syn at Ser129 in LBs of PD 

brains suggests that it may play an important role in alpha-syn metabolism and in the 

pathological pathways that occur in PD (Anderson et al., 2006; Fujiwara et al., 2002). Under 

normal conditions, alpha-syn was shown to be partially phosphorylated at Ser129 (Chau et 

al., 2009). Indeed, SH-SY5Y cells overexpressing WT alpha-syn demonstrated basal levels of 

Ser129 phosphorylation. Interestingly, mutant A53T alpha-syn overexpressing cells revealed 

a significant increase in levels of phosphorylated alpha-syn at Ser129 under 

basal/unstimulated conditions, when compared to the overexpressed WT protein. Still in 

alpha-syn mutant cells, increased superoxide anion was generated, along with some 

morphological mitochondrial changes, revealing a high correlation between mitochondrial-

driven ROS formation and increased P-Ser129 alpha-syn.  

Under basal conditions, we also demonstrated that cells overexpressing mutant alpha-syn 

showed, per se, alterations in alpha-syn conformation with aggregated morphology. A53T 

alpha-syn was previously reported to accelerate fibril formation compared with WT alpha-

syn in vitro (Conway et al., 1998). Thus, in transgenic mice, A53T mutant alpha-syn also 

caused greater neurotoxicity than the WT protein (Lee et al., 2002; Maingay et al., 2005; 

Dawson et al., 2010). Sato et al. (2011) expressed A53T mutant alpha-syn in the SN of rats 

and concluded that the group expressing the mutant A53T protein developed degeneration 

of dopaminergic neurons, with 50% of neurons progressively lost by 4 weeks (Sato et al., 

2011). Furthermore, results from in vivo and in vitro studies suggest that mitochondrial 

accumulation of mutant familial A53T alpha-syn occurred at faster rates than WT and 

exhibited mitochondrial abnormalities at an earlier time point (Cookson, 2005; Gasser, 

2001; Devi et al., 2008).  
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Our data showed that prolonged exposure to ferrous iron (particularly at 2.5 mM) 

significantly augmented P-Ser129 alpha-syn levels, an event preceded by increased radical 

formation (detected by EPR) and raised intracellular hydroperoxides, in cells overexpressing 

WT or mutant A53T alpha-syn. Furthermore, under these experimental conditions, we 

observed a decrease in mitochondrial membrane potential in both types of cells, 

concomitant with the formation of alpha-syn inclusions immunopositive for Ub, with little 

cell death. Besides these effects, the results evidenced a greater susceptibility for SH-SY5Y 

cells expressing mutant (A53T) alpha-syn when exposed to the toxic stimuli, which 

correlated with higher levels of P-Ser129 alpha-syn. Excessive oxidative stress and 

decreased mitochondrial complex I activity found in nigral dopaminergic neurons in PD and 

the pathological finding that iron co-localizes with alpha-syn in LBs (Galvin et al., 2000; He 

et al., 2011) led to the hypothesis of a close relationship between iron, oxidative stress and 

alpha-syn. Previous studies by Takahashi et al. reported that a four-day exposure to FeCl2 

was sufficient to promote assembly of WT alpha-syn oligomers mainly composed of C-

terminally truncated fragments in 3D5 cells, without causing cell death. The authors also 

described a time-dependent significant increase in ROS production after treatment with 

FeCl2, which was exacerbated in cells overexpressing WT alpha-syn, along with increased P-

Ser129 alpha-syn (Takahashi et al., 2007). Enhancement of alpha-syn phosphorylation by 

FeCl2 was inhibited in cultures treated with casein kinase 2 (CK2) inhibitor, suggesting CK2 

could be a major kinase responsible for alpha-syn phosphorylation. Our work goes a step 

further by defining a role for A53T mutant alpha-syn in exacerbating ROS production and P-

Ser129 alpha-syn, concomitantly with inclusion formation and a decrease in PP2A activity. 

Recent studies from Lee et al. (2011) demonstrated that activation of PP2A stimulated the 

dephosphorylation of alpha-syn at Ser129 in vitro and in vivo and the resulting reduced 

levels of phosphorylated alpha-syn ameliorated the neuropathology and behavioural 

deficits of a transgenic mouse model of alpha-synucleinopathy. In another recent study (Wu 

et al., 2012) demonstrated a direct effect of alpha-syn aggregation on PP2A activity 

impairment. Using brains from DLB patients and with alpha-syn triplication, the authors 
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observed a loss of PP2A activity in association with alpha-syn aggregation, supporting the 

hypothesis that PP2A activity appeared to be attenuated in response to alpha-syn 

aggregation. Our data revealed a correlation between enhanced levels of phosphorylated 

mutant A53T alpha-syn and diminished activity of PP2A. Under the presence of mutant 

alpha-syn and following prolonged exposure to iron, SH-SY5Y cells also showed a higher 

number of inclusions, suggesting that alpha-syn protein modifications could be interfering 

with PP2A signalling pathway, by lowering its activity as a phosphatase. Therefore, it is 

possible that decreased PP2A activity could dephosphorylate less mutant alpha-syn and 

thus contribute to its toxic role in PD pathogenesis.  

Also concordantly with our data, He and co-workers (2011) previously showed that 

overexpression of WT alpha-syn in SK-N-SH cells exposed to ferrous iron resulted in a 

significant decrease in mitochondrial membrane potential and increased ROS production. 

The results suggested that WT alpha-syn augmented the vulnerability of neurons to iron-

induced toxicity through intracellular mitochondrial impairment and ROS production. The 

mechanism for the involvement of alpha-syn in iron-induced toxicity might be explained by 

the direct binding of iron to alpha-syn causing a conformational change in this protein, 

leading to the formation of toxic intermediate oligomers during this process (Kostka et al., 

2008; Outeiro et al., 2008). Another possible explanation could be the oxidative damage 

and mitochondrial dysfunction generated by the interaction between iron and alpha-syn. As 

shown by these authors, oxidation caused by ferrous iron can promote alpha-syn 

aggregation; in turn, alpha-syn aggregation may exacerbate oxidative damage. The findings 

provided a link between alpha-syn and the toxicity induced by iron, by lowering the 

threshold of the cells to oxidative lesion. Importantly, Li et al. (2011) demonstrated that 

iron-induced intracellular alpha-syn aggregation was partially dependent on oxidative 

stress, also suggesting an interaction between iron and alpha-syn. Indeed, we 

demonstrated that under oxidative stress conditions, cells overexpressing mutant A53T 

alpha-syn were more susceptible to the effect of ROS formation, accompanied by 
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mitochondrial changes (depolarization and fragmentation), leading to alterations in alpha-

syn conformation and Ser129 phosphorylation.  

Mitochondrial dysfunction has been largely implicated in PD pathogenesis. Studies in an 

animal model with chronic intravascular infusion of the complex I irreversible inhibitor 

rotenone showed a parkinsonian phenotype and nigral degeneration pathology with 

cytoplasmic inclusions immunopositive for alpha-syn and Ub (Betarbet et al., 2000; Sherer 

et al., 2003). In the present work, we combined a cellular model of PD by overexpressing 

WT or mutant A53T alpha-syn with the exposure to rotenone. As described above for the 

effects produced by iron, we show that prolonged treatment with rotenone (at 100 nM) 

significantly increased hydroperoxide and superoxide anion production, reduced 

mitochondrial membrane potential and clearly induced the formation of alpha-syn 

inclusions, particularly in mutant A53T alpha-syn SH-SY5Y cells. Furthermore, under 

conditions of mitochondrial impairment, the levels of P-Ser129 alpha-syn were significantly 

enhanced in cells overexpressing the mutant form of this protein, however in a pathway 

distinct from that involving PP2A activity. Sugeno et al. (2008) previously showed that 

incubation with high doses of rotenone (100 nM) for 24 h induced 2-3% of aggregate-

positive cells, whereas low doses (10 nM) and long-time exposure (120 h) produced about 

10% of inclusion-positive cells. These aggregates were immunoreactive for alpha-syn, 

phosphorylated alpha-syn and Ub, indicating that the inclusions shared a number of 

pathological features with LBs (Fujiwara et al., 2002; Goldman et al., 1983; Kuzuhara et al., 

1988; Spillantini et al., 1997). Furthermore, an increase in intracellular ROS levels measured 

by DCFH2-DA after 72 h of treatment with low doses of rotenone was reported in cells 

overexpressing WT alpha-syn. In the same study, the authors observed that expression of 

mutant S129A alpha-syn, in which the Ser129 phosphorylation was blocked, induced fewer 

aggregates in SH-SY5Y cells compared to those expressing WT alpha-syn. In addition, 

blocking of Ser129 phosphorylation decreased apoptotic neuronal cell death caused by 

mitochondrial toxin exposure. Indeed, in a mammalian cellular model it was reported that 

the expression of the mutant S129D mimicking phosphorylated alpha-syn increased protein 
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aggregates compared to WT cells (Liu et al., 2007). The results suggested that 

overexpressing WT alpha-syn in cells exposed to a low dose of rotenone increased alpha-

syn phosphorylation at Ser129, promoting intracellular aggregate formation, mitochondrial 

damage and apoptosis. After rotenone exposure, we observed enhanced superoxide anions 

in WT and particularly in A53T alpha-syn overexpressing cells, corroborating a primary role 

for rotenone as an inducer of mitochondrial superoxide formation. Cells overexpressing 

A53T alpha-syn also favoured the formation of intracellular hydroperoxides after exposure 

to rotenone, independently of necrotic cell death features. Is has been shown that alpha-

syn undergoes a number of post-translational modifications, including phosphorylation and 

nitration under normal and disease status (Recchia et al., 2004; Okochi et al., 2000). It is 

likely that these modifications contribute to increased mitochondrial alpha-syn 

accumulation by altering the rate of mitochondrial targeting, as previously described by 

Devi and colleagues (Devi et al., 2008). 

 

In the present study we demonstrate a clear correlation between ROS formation, 

mitochondrial depolarization, Ub-positive alpha-syn inclusions and alpha-syn Ser129 

phosphorylation. These cellular and proteins changes are noticed following exposure to the 

oxidative stress inducer FeSO4 and the mitochondrial complex I inhibitor rotenone, for a 

relatively long period of time (4 days), mimicking the modifications triggered by prolonged 

exposure to toxic stimuli, in cells overexpressing WT or mutant A53T alpha-syn, the latter 

linked to pathological changes occurring in some familial forms of PD. Furthermore, we 

show that mutant A53T alpha-syn expressing cells are more susceptible to the toxic stimuli, 

when compared to WT alpha-syn expressing cells. Overall, our data gives strength to the 

possibility that mitochondrial impairment and ROS production caused by prolonged 

exposure to rotenone and iron might induce alpha-syn phosphorylation at Ser129 and the 

formation of alpha-syn inclusions, particularly after expression of mutant alpha-syn. Alpha-

syn A53T mutation could then be associated with more earlier forms of the disease due to 

the greater susceptibility to pathological events, namely those inducing oxidative stress. 
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The data suggest that intracellular ROS formation induced by increased levels of oxidative 

stress or mitochondrial dysfunction may be important for defining subsequent alpha-syn 

aggregation and phosphorylation, which may precede massive cell death in sporadic and 

familial forms of PD. Finally, we add evidence for a possible role of PP2A in alpha-syn 

phosphorylation, suggesting that targeting PP2A could be a promising therapeutic approach 

to mitigate the neuropathology of alpha-syn, particularly in autosomal dominant familial 

cases caused by A53T mutation. 
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4.1. Summary 

Alpha-synuclein (alpha-syn) is an abundant neuronal protein that has been linked both to 

normal synaptic function and neurodegeneration. Mutations in the gene encoding alpha-

syn as well as duplications and triplications of wild-type (WT) alpha-syn gene have been 

associated to Parkinson’s disease (PD). Moreover, aggregated alpha-syn is a major 

component of Lewy bodies found in sporadic and some inherited forms of PD. A number of 

processes have been implicated in the degeneration of dopaminergic neurons characteristic 

of PD, including oxidative stress. Here, we defined the occurrence of oxidative stress in SH-

SY5Y cells overexpressing WT alpha-syn in a doxycycline (Dox) regulated manner in a Tet Off 

system, before and after exposure to iron and further determined the changes in the 

transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2). Data evidenced an 

increase in hydroperoxide levels under basal conditions in cells overexpressing alpha-syn (-

Dox), compared to cells expressing the endogenous protein (+Dox). Exposure to iron largely 

increased ROS production in both + Dox and -Dox cells. Analysis of superoxide dismutase 1 

(SOD1) protein levels and activity revealed a decrease in this enzyme in untreated –Dox 

cells. SOD2 levels were also diminished in –Dox control cells, although its activity remained 

unaltered under these conditions. Moreover, glutathione (GSH) and oxidized glutathione 

(GSSG) levels also diminished in –Dox cells under basal conditions, but no changes were 

observed in the activity of enzymes of the glutathione redox cycle, glutathione peroxidase 

(GPx) and glutathione reductase (GRed), suggesting deficient GSH synthesis. Accordingly, 

the levels of glutamate-cysteine ligase, catalytic subunit (GCLC) were decreased in –Dox 

cells and following exposure to iron. In addition, the levels of Nrf2 were diminished in 

nuclear fractions of –Dox cells and after iron treatment in –Dox cells. Data suggest that 

overexpression of alpha-syn modifies the antioxidant response and thus the susceptibility 

to oxidative stress, in agreement with the pathological events described in PD. 
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4.2. Introduction 

Degeneration of dopaminergic neurons and the accumulation of alpha-syn in the form of 

Lewy bodies (LBs) and Lewy neurites (LNs) are major hallmarks of PD (Dauer and 

Przedborski, 2003). Although the exact function of alpha-syn is unknown, evidence strongly 

suggests that it has a crucial role in the pathogenesis of PD (Vekrellis et al., 2011; Kim et al., 

2012). Familial autosomal dominant forms of the disease have been documented in families 

with SNCA (alpha-syn) mutations or gene duplication/triplication. Importantly, genome-

wide association studies (GWASs) have clearly shown that SNCA is also linked to sporadic 

PD. Diffuse accumulation of alpha-syn protein occurs with aging in the substantia nigra pars 

compacta (SN)(Li et al., 2004; Chu and Kordower, 2007) and prior to inclusion formation in 

PD patients (Chu et al., 2006). Therefore, one can predict that an increase in the levels of 

the WT protein may be sufficient to cause neurodegeneration and may underlie the 

pathogenesis of sporadic PD. However, no singular pathological mechanism initiating PD 

has been identified so far. Indeed, the current hypotheses include oxidative stress, which 

may be linked to modified support of antioxidant defenses, mitochondrial dysfunction, 

accumulation of transition metals, impairment of protein folding quality control, 

inflammation and decreased neurotrophic support (Thomas and Beal, 2007).  

To maintain a physiological redox balance, cells are provided with a wide variety of 

endogenous antioxidant enzymes. Production of these cytoprotective enzymes is induced 

upon exposure to ROS via a mechanism regulated at the transcriptional level (Kensler et al., 

2007; de Vries et al., 2008). Genes that code for proteins involved in reactive oxygen 

species (ROS) detoxification share a common promoter element, the antioxidant response 

element (ARE), which activation is coordinated by Nrf2. Nrf2 translocates to the nucleus 

upon exposure to electrophiles or ROS, where it binds ARE and activates the transcription 

of antioxidant and detoxifying genes (Itoh et al., 2003; Kobayashi and Yamamoto, 2006; 

Motohashi and Yamamoto, 2004; Itoh et al., 2004), including SOD1 (McCord and Edeas, 
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2005), heme oxygenase-1 (HO-1) (Favreau and Pickett, 1995; Prestera et al., 1995), 

nicotinamide adenine dinucleotide phosphate (NADPH):quinone oxidoreductase-1 (NQO1) 

(Favreau and Pickett, 1995; Wang and Williamson, 1994), glutathione-S-transferases (GSTs) 

(Rushmore and Pickett, 1990), the glutathione synthetic enzyme glutamate-cysteine ligase 

(GCL), glutathione peroxidase (GPx), glutathione reductase (GRed) (Galloway et al., 1999; 

Galloway et al., 1997; Mulcahy and Gipp, 1995) and the thioredoxin (Trx) (Hintze et al., 

2003) and peroxiredoxin (Prx) families (Ishii et al., 1999). Some of these enzymes represent 

a powerful antioxidant defense mechanism to the cells. Moreover, data concerning the 

functional status of the Nrf2-ARE system in PD are scarce. Investigation of the localization 

of Nrf2 in the SN of PD brains demonstrated a strong nuclear immunoreactivity in neurons 

(Ramsey et al., 2007; de Vries et al., 2008), suggesting that although the Nrf2-ARE signaling 

pathway is activated there may be factors counteracting the effective Nrf2-activated gene 

transcription. A recent study from Cook and colleagues (2011) showed that PD-patient 

derived cells (from the olfactory mucosa) have decreased levels of GSH and higher levels of 

oxidative stress, compared to healthy controls. The authors demonstrated that deactivation 

of Nrf2 by siRNA in control donor cells recapitulated the PD-associated changes in 

metabolic function and provided evidence for a restorative role for Nrf2 in regulating 

disease-associated metabolic deficiencies, including elevation of GSH content (Cook et al., 

2011). 

Depletion of GSH has been described in several studies to occur specifically in the SN of PD 

patients (Pearce et al., 1997; Perry et al., 1982; Riederer et al., 1989). Although patients 

with multiple system atrophy or progressive supranuclear palsy present degeneration of DA 

neurons, GSH depletion is not detected (Perry and Yong, 1986; Sian et al., 1994a). However, 

in incidental LB disease, which may be considered as a pre-symptomatic form of PD 

(Jellinger, 2008) and is present in up to 10% of individuals over the age of 60, GSH depletion 

is already present in the SN (Jenner et al., 1992) and appears to precede complex I 

dysfunction, iron accumulation and striatal dopamine loss (Zeevalk et al., 2008). These 

findings suggest that decreased GSH levels appear as an early event in PD etiology, possibly 
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facilitating or leading to a cascade of oxidative stress lesions. This view is supported by in 

vitro studies demonstrating that prolonged GSH depletion induces inhibition of complex I 

activity (Chinta et al., 2007).  

Nuclear alpha-syn localization has been reported to increase under conditions of oxidative 

stress both in vitro and in vivo (Monti et al., 2010; Siddiqui et al., 2012). Although its 

function is unknown, alpha-syn was demonstrated to colocalize with histones together with 

reduced levels of histone acetylation (Goers et al., 2003; Kontopoulos et al., 2006). 

Transcriptional deregulation has been described as part of the pathogenic mechanisms 

leading to neuronal dysfunction in neurodegenerative disorders such as Huntington’s 

disease (HD) (Cha, 2000). One of the transcription pathways that is affected in HD is the 

cAMP-responsive element (CRE)-mediated pathway which regulates diverse sets of genes 

involved in plasticity, growth and cell survival (Zou and Crews, 2006). So far, very few 

studies have focused their attention in transcription deregulation in PD and the possible 

role of alpha-syn in this process.  

Thus, in this part of the work, we analysed the effects caused by WT alpha-syn 

overexpression on the susceptibility to oxidative stress induced by iron and further 

determined the changes in nuclear transcription factors, namely Nrf2, using the 

neuroblastoma cell line SH-SY5Y overexpressing WT alpha-syn in a doxycycline (Dox) 

regulated manner (Tet-Off system) as a PD cellular model. Our results indicate that cells 

overexpressing WT alpha-syn exhibit increased ROS levels under basal conditions, which are 

exacerbated by iron exposure. Furthermore, we give evidence for diminished levels of 

proteins involved in the cellular antioxidant defense mechanisms upon overexpression of 

WT alpha-syn, whereas treatment with iron induces regulation of detoxification pathways 

apparently independently of alpha-syn overexpression.   
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4.3. Results 

 

4.3.1. Inducible cells overexpressing WT alpha-syn display increased levels of ROS  

Taking into account the increased ROS production verified in SH-SY5Y cells transiently 

transfected with WT or A53T mutant alpha-syn upon treatment with iron or rotenone, in 

this part of the study we analysed the generation of ROS in SH-SY5Y cells conditionally 

expressing WT alpha-syn for 5 days. Cells were initially exposed to the same toxic stimuli, 

iron and rotenone, using different concentrations and shorter time exposure, in the 

presence or in the absence of Dox, to evoke modified expression of alpha-syn, in a Tet-Off 

system. Results demonstrated that under basal conditions, cells overexpressing WT alpha-

syn (-Dox) showed an increase in ROS levels measured by DCF fluorescence. This effect was 

significantly exacerbated upon exposure to iron (500 µM) during 2 hours (h) in both cells 

(Figure 4.1A). In retinoic acid (RA)-differentiated SH-SY5Y cells during 10 days, we defined 

that the difference in the levels of ROS between +Dox and –Dox cells in basal conditions 

and upon iron treatment (500 µM, for 2 h) was similar to that detected in proliferative cells 

(Figure 4.1B). Therefore, the following experiments were performed in undifferentiated 

cells. 

Treatment with rotenone (10 µM) for 2 hours did not significantly affect hydroperoxide 

levels in +Dox or -Dox cells, when compared to untreated conditions (Figure 4.1C). 
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Figure 4.1 – Hydroperoxide production in induced SH-SY5Y WT alpha-syn cells after 

exposure to iron or rotenone. Cells were kept in the presence or in the absence of Dox during 5 

days. Differentiated cells were kept in the presence of RA (20 µg/ml) for 10 days (B). At the day of 

the experiment, cells were incubated with FeSO4 (500 µM) (A, B) or rotenone (10 µM) (C), for 2 h. 

Levels of hydroperoxides were measured following DCF fluorescence after 30 min incubation with 20 

µM DCFH2-DA. Data are the mean±SEM of three independent experiments performed in triplicates. 

Statistical analysis: **p<0.01 and ***p<0.001 compared to +Dox control; ##p<0.01 compared to –

Dox control. RA: retinoic acid 
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4.3.2. No changes in SH-SY5Y cell viability following alpha-syn overexpression  

In the previous section (Chapter 3), we showed that transient overexpression of WT or 

mutant A53T alpha-syn followed by iron or rotenone prolonged exposure slightly affected 

SH-SY5Y cell viability, with the percentage of cell death occurring by necrosis never 

exceeding 1.5% following incubation with iron. Since hydroperoxide levels were 

consistently elevated in untreated –Dox cells, next we determined whether alpha-syn 

overexpression was sufficient to trigger modified levels of proteins involved in apoptosis. 

We analysed the levels of both pro- and anti-apoptotic proteins, namely mitochondrial and 

cytosolic cytochrome c (cyt c) and apoptosis inducing factor (AIF) and mitochondrial B-cell 

leukaemia/lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and Bcl-2 homologous 

antagonist-killer protein (Bak) by western blotting. As depicted in Table 4.1, no significant 

alterations were observed in the levels of any of these proteins, suggesting that none of the 

apoptotic pathways (caspase-dependent and caspase-independent) was activated. 

 

Table 4.1 – Mitochondrial and cytosolic levels of apoptotic proteins before and after 

overexpression of WT alpha-synuclein. 

 Mitochondria Cytosol 

Proteins + Dox - Dox + Dox - Dox 

Bax 1.00 ± 0.49 1.14 ± 0.49 n.d. n.d. 

Bcl-2 1.00 ± 0.07 0.96 ± 0.09 n.d. n.d. 

Bak   1.00 ± 0.004 1.00 ± 0.09 n.d. n.d. 

cyt c 1.00 ± 0.27 1.76 ± 0.65 1.00 ± 0.15 1.03 ± 0.04 

AIF 1.00 ± 0.14 1.32 ± 0.11 1.00 ± 0.02 0.97 ± 0.06 

 

Levels of mitochondrial and cytosolic proteins involved in the apoptotic pathways were analysed by 

western blotting, in the presence or in the absence of Dox, during 5 days. Mitochondrial and 
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cytosolic fractions prepared from inducible SH-SY5Y cells overexpressing alpha-syn were analysed by 

SDS-PAGE and immunoblotted for Bax, Bcl-2, Bak, cyt c and AIF. Note that the levels of mitochondrial 

proteins were normalized to heat shock protein 60 (HSP60), while the cytosolic proteins were 

normalized to α-tubulin. Data are the mean ± SEM of 3 independent experiments. n.d., not 

determined. 

 

In order to corroborate data shown in Table 4.1, we also analysed caspase-3-like activity in 

both +Dox and –Dox cells in the absence or in the presence of iron (500 µM). Although we 

observed a tendency for an increase in caspase-3 activation in –Dox cells under basal 

conditions, this was not statistically significant (Figure 4.2), in agreement with Vekrellis and 

colleagues (2009) and with data depicted in Table 4.1. Treatment with iron did not trigger 

caspase-3 activation either, showing that despite iron-induced increased in ROS levels, no 

evidence for apoptosis could be detected in cells exposed to this oxidative stress inducer. 

 

 

 

 

 

 

 

 

 

Figure 4.2 – Caspase-3 activation following alpha-syn overexpression and iron exposure in 

SH-SY5Y cells. Cells were cultured in the presence or in the absence of Dox for 5 days. At the day of 

the experiment, cells were incubated with iron (500 µM) during 2 h. Caspase-3-like activity was 

measured by following the cleavage of the fluorimetric substrate Ac-DEVD-AFC. The results are 

expressed as the mean±SEM of 4 distinct experiments, performed in triplicates. 
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Although we did not observe changes in the levels of apoptotic proteins induced by alpha-

syn overexpression, we further examined the reducing capacity of SH-SY5Y cells under basal 

conditions using the Alamar blue assay, previously described as an indicator of cell viability 

(Al-Nasiry et al., 2007). As shown in Figure 4.3 and concordantly with the lack of differences 

obtained in Table 4.1 and Figure 4.2, no changes were observed between +Dox and –Dox 

cells, indicating that overexpression of WT alpha-syn during 5 days did not interfere with 

the reducing capacity of SH-SY5Y cells.  

 

 

 

 

 

 

 

 

Figure 4.3 – Effect of WT alpha-syn overexpression on the reducing capacity of SH-SY5Y 

cells. Cells were maintained in the presence or in the absence of Dox during 5 days. At the day of the 

experiment, resazurin (1 mg/ml) was diluted in RPMI 1640 culture medium and incubated during 2 h 

at 37ºC. Cells reducing capacity was measured by fluorescence at 530 nm excitation and 590 nm 

emission. Data are the mean±SEM of three independent experiments performed in triplicates. 

 

 

4.3.3. Activity and expression levels of SOD enzymes in inducible SH-SY5Y cells 

overexpressing alpha-syn – influence of iron exposure 

Taking into account that oxidative stress may occur due to an overwhelming production of 

ROS, namely superoxide (O2
-) and H2O2, and/or decreased enzymatic activity of important 

defense systems, we analysed whether changes in the levels or activity of antioxidants 
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could modulate ROS generation in inducible SH-SY5Y cells overexpressing WT alpha-syn (–

Dox) and after exposure to iron, under experimental conditions not affecting cell viability. 

Therefore, we started by measuring the activity of total SOD, i.e. the sum of SOD1 and 

SOD2 activities, in total cell homogenates. Under basal conditions, the activity of total SOD 

was diminished in –Dox cells, compared to +Dox cells (Figure 4.4A), which may help to 

explain the elevated levels of hydroperoxides observed in these cells. As shown in Figure 

4.1A, 500 µM FeSO4 significantly enhanced the generation of ROS in +Dox and –Dox cells. 

The activity of total SOD was also augmented in the presence of 500 µM FeSO4, when 

compared to control cells overexpressing alpha-syn (Figure 4.4A), suggesting that although 

this antioxidant system was active, it might not be involved or be effective in modulating 

ROS levels induced by this iron concentration. As a means to evaluate which intracellular 

SOD could be involved in this process, we further analysed the activity of Cu/Zn-SOD (or 

SOD1) in the same experimental conditions. We verified that SOD1 activity was diminished 

in –Dox control cells, compared to +Dox cells; however, no alterations were observed in the 

presence of 500 µM iron (Figure 4.4B), suggesting that SOD1 was not the main contributor 

for the increase in total SOD activity under these circumstances. Therefore, we also 

investigated the activity of Mn-SOD (or SOD2) in total cell fractions. As shown in Figure 4.4C 

although there were no significant changes under basal conditions, SOD2 activity was 

moderately increased in +Dox and –Dox cells exposed to 500 µM iron, apparently 

contributing for the increase in total SOD.  

In addition, and taking into account the changes in SOD1 activity observed under 

basal/control conditions, in cells subjected to WT alpha-syn overexpression, we examined 

SOD1 protein levels by western blotting. Interestingly, SOD1 levels were decreased in 

alpha-syn overexpressing cells. Moreover, a slight but significant increase in SOD1 levels 

was observed in –Dox cells exposed to 500 µM iron (Figure 4.4D). We also analysed the 

levels of SOD2 under the same experimental conditions. Although we did not detect 

significant changes in the activity of cellular SOD2 between +Dox and –Dox control cells, a 

decrease in this protein levels was observed in cells overexpressing WT alpha-syn (Figure 
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4.4E). Moreover, SOD2 levels remained decreased after iron exposure in +Dox cells (Figure 

4.4E), suggesting that iron may upregulate SOD2 activity, without affecting its protein 

levels.  
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Figure 4.4 – Analysis of SOD activities and SOD1 and SOD2 protein levels upon exposure 

to iron. Cells were kept in the presence or in the absence of Dox during 5 days. Incubation with 

FeSO4 (500 µM) was performed during 2 h. Total SOD (A), SOD1 (B) and SOD2 (C) activities were 

measured in cellular fractions and the results are expressed as % inhibition rate per mg of protein. % 

inhibition rate corresponds to the % of WST-1 formazan formation inhibition by SOD. In D and E, 

total cellular extracts were immunoblotted for SOD1 and SOD2, respectively, and normalized to 

tubulin. Data in the graphs are the mean±SEM of 3-4 independent experiments. Statistical analysis: 

*p<0.05, **p<0.01 and ***p<0.001 compared to +Dox control condition; #p<0.05 compared to –Dox 

control cells. 

 

 

4.3.4. Involvement of glutathione antioxidant defense system on modulation of 

intracellular ROS levels in cells overexpressing alpha-syn following iron exposure 

Glutathione is a major non-enzymatic antioxidant that maintains the cellular redox 

equilibrium and protects cells against exogenous and endogenous toxins, including ROS. 

Previous studies reported cases of depletion in GSH in the SN of PD patients (Pearce et al., 

1997; Perry et al., 1982; Riederer et al., 1989). In agreement with these studies and with 

the data described above, our results revealed that the total levels of GSH were significantly 

decreased in cells overexpressing WT alpha-syn, when compared to +Dox control cells 

(Figure 4.5A). This decrease was accompanied by a similar alteration in the levels of GSSG in 

non-treated –Dox cells (Figure 4.5B). In cells exposed to 500 µM iron the levels of GSH were 

augmented in +Dox and –Dox cells (Figure 4.5A). Oxidized GSSG levels were also 

significantly higher after iron treatment in +Dox cells only (Figure 4.5B). Furthermore, we 

measured the activities of components of the antioxidant glutathione cycle in total cell 

fractions, namely cellular GPx, which catalyses the oxidation of GSH to GSSG, thus reducing 

H2O2 into H2O,and GRed, which recycles GSSG back to GSH. Although there was a tendency 

for a decrease in GPx activity in –Dox control cells, this was not significant. Notably, we 
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could not detect significant changes in the activities of these enzymes in both +Dox and –

Dox cells treated with 500 µM FeSO4 either (Figure 4.5C,D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 – Analysis of levels and activities of glutathione cycle-related proteins. Inducible 

SH-SY5Y cells were cultured in the presence or in the absence of Dox for 5 days. Treatment with 

FeSO4 (500 µM) was performed during 2 h. Reduced glutathione (GSH) and oxidized glutathione 

(GSSG) levels (A, B) were determined in total cell homogenates. Glutathione peroxidase (GPx) and 

glutathione reductase (GRed) activities (C, D) were also measured in total cell extracts. Data are the 

mean±SEM of 3-4 independent experiments. Statistical analysis: *p<0.05 and **p<0.01 compared to 

+Dox control condition. #p<0.05 compared to –Dox control cells. 

 

Unaltered glutathione redox cycle enzyme activities along with similar changes in both GSH 

and GSSG levels largely suggested modified GSH synthesis. Glutamate-cysteine ligase (GCL) 

is the rate-limiting enzyme in GSH synthesis and is considered a major determinant of 

cellular GSH levels (Franklin et al., 2009). Therefore, we next investigated GCL activity and 
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the levels of the catalytic subunit of GCL (GCLc). Cells overexpressing alpha-syn (-Dox) 

revealed lower levels of GCLc compared to cells expressing the endogenous protein (+Dox) 

(Figure 4.6A). Concordantly, GCL activity was decreased in –Dox cells under basal 

conditions, when compared to +Dox cells (Figure 4.6B), thus supporting the decrease in 

reduced and oxidized glutathione (Figure 4.5A, B) and the elevated levels of ROS detected 

in these cells (Figure 4.1A, B). On the other hand, after 2 h incubation with iron (500 µM) 

we observed inverse effects on protein levels and activity of GCL. While GCLc levels were 

significantly diminished after treatment with FeSO4 (Figure 4.6A) in both +Dox and –Dox 

cells, GCL was highly active under these experimental conditions (Figure 4.6B), suggesting 

that increased GCL catalytic efficiency did not depend on GCLc protein levels. Nevertheless, 

enhanced GCL activity was concordant to the rise in GSH and GSSG levels evoked by iron 

treatment (Figure 4.5A).  
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Figure 4.6 – GCLc levels and activity in SH-SY5Y cells overexpressing alpha-syn - influence 

of iron. Inducible SH-SY5Y cells were maintained in culture in the presence or in the absence of Dox 

for 5 days. Treatment with iron (500 µM) was performed during 2 h. Total cellular extracts were 

immunoblotted for GCLc (catalytic subunit) and normalized to tubulin (A). Graph in B shows GCL 
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activity under the same conditions described above. Data plotted in the graphs are the mean±SEM of 

3 independent experiments. Statistical analysis: *p<0.05 and **p<0.01 related to +Dox control 

condition. #p<0.05 and ##p<0.01 related to control –Dox. 

 

 

4.3.5. Lower nuclear Nrf2 levels in SH-SY5Y cells overexpressing WT alpha-syn 

Localization of alpha-syn in the nucleus has been demonstrated in a variety of experimental 

systems (Monti et al., 2010); within the nucleus, alpha-syn was reported to affect the 

expression of genes involved in various cellular or neuronal functions including 

transcription (Crews et al., 2008; Winner et al., 2008). Thus, we analysed the protein levels 

of alpha-syn in nuclear fractions isolated from SH-SY5Y cells overexpressing WT alpha-syn in 

an inducible manner. As shown in figure 4.7A, alpha-syn was highly localized in the nuclei of 

–Dox cells (3.4-fold increase above +Dox cells). The purity of the subcellular fractions was 

verified by western blotting analysis, as can be observed through CREB staining in nuclear 

and total extracts (Figure 4.7A).  

Due to the differences observed in the levels and activities of proteins involved in the 

antioxidant defense system, namely SOD1 and GClc, and given the fact that the expression 

of these proteins can be activated at a transcription level by Nrf2 (Clark and Simon, 2009), 

we also determined the nuclear levels of Nrf2, which activation is induced by exposure to 

ROS, and other transcription factors. Our results showed a reduction in Nrf2 levels in 

untreated –Dox cells (Figure 4.7B), corroborating the effects described above concerning 

the augmented levels of ROS and the reduced antioxidant defense-associated proteins in 

alpha-syn overexpressing cells. After 2 h exposure to iron (500 µM), we verified a slight 

decrease in Nrf2 levels in –Dox cells, when compared to the respective control (Figure 

4.7B). These data appear to be concordant with the slight decrease in GCLc levels, but do 

not explain the increase in SOD1 levels in –Dox cells exposed to iron, largely suggesting that 

other transcription factors apart from Nrf2 or an extremely oxidized cell environment may 

regulate the protein levels of these enzymes.  
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Based on previous results indicating that nuclear alpha-syn could contribute to 

neurotoxicity in part via its ability to impact on transcription (Ren et al., 2000; Voutsinas et 

al., 2010; Outeiro et al., 2007; Duce et al., 2006; Leng and Chuang, 2006; Siddiqui et al., 

2012) and the fact that Nrf2 levels were diminished in cells overexpressing alpha-syn we 

also investigated whether alpha-syn could alter other nuclear transcription factors. Results 

depicted in Figure 4.7C – F, revealed that alpha-syn overexpression did not interfere with 

the levels of p-CREB, CREB, CBP and NFkBp65, suggesting a closer and more direct link 

between alpha-syn and oxidative stress pathways. 
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Figure 4.7 - Changes in nuclear alpha-syn and transcription factors in cells overexpressing 

WT alpha-syn and exposed to iron. Cells were cultured in the presence or in the absence of Dox 

during five days. At the day of the experiment, cells were incubated with iron (500 µM) during 2 h. 

(A) Nuclear lysates were immunoblotted for alpha-syn and normalized to CREB. Total extracts were 

also immunoblotted for CREB in order to confirm the purity of subcellular fractions. (B) Nuclear 

extracts prepared from inducible SH-SY5Y cells were analysed by western blotting for Nrf2 and 

normalized to TBP. (C, D, E, F) Nuclear fractions from +Dox and –Dox cells were immunoblotted for 

p-CREB, CREB, CBP and NF-kBp65 and normalized to CREB or TBP. Data plotted in the graphs are the 
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mean±SEM of 3 independent experiments. *p<0.05 related to +Dox control condition. Statistical 

analysis: #p<0.05 related to control –Dox. 

CREB – c-AMP response element-binding; TBP – TATA box binding protein; CBP – CREB-binding 

protein; NF-kB – nuclear factor kappa B. 
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4.4. Discussion 

Several studies have demonstrated the correlation between alpha-syn and oxidative stress. 

In this study, we used a cellular model based on the overexpression of WT alpha-syn, a 

protein widely described to underlie the pathogenesis of sporadic PD and the forms linked 

to SNCA genetic triplication, and used iron as a toxic stimulus in order to exacerbate the 

oxidative stress condition commonly linked to PD. Interestingly, SH-SY5Y cells exhibited 

different results under basal conditions and in the presence of the toxic stimulus, since 

iron-induced oxidative stress did not exacerbate the effects observed in cells 

overexpressing WT alpha-syn (-Dox), when compared to cells expressing the endogenous 

protein. Overall, we reported two distinct observations: i) a clear relationship between 

alpha-syn overexpression, increased ROS levels and a deficient antioxidant defense system 

linked to decreased nuclear Nrf2 in untreated –Dox cells; and ii) the effects caused by iron, 

which were independent from alpha-syn and triggered different cell responses, apparently 

to counterbalance the higher increase in free radical generation. 

 

In many reported cases, overexpression of WT and mutant alpha-syn caused no differences 

in baseline viability, but increased cell susceptibility to a variety of insults, including 

oxidative stress (Lee et al., 2001; Zhou et al., 2000; Ko et al., 2000; Junn and Mouradian, 

2002; Tabrizi et al., 2000). SNCA induced pluripotent stem (iPSC)-derived DA neurons from 

a PD patient with a naturally-occurring genomic triplication of SNCA gene showed an 

inherent expression of markers of oxidative stress and sensitivity to oxidative stress 

induced by peroxide, suggesting that the dominantly-acting PD mutation is intrinsically able 

to change normal cell function (Byers et al., 2011). Our results demonstrated that untreated 

SH-SY5Y cells overexpressing WT alpha-syn (-Dox) displayed elevated levels of intracellular 

ROS, under conditions not affecting cell viability or the susceptibility for apoptotic cell 

death. These data are in agreement with Vekrellis and colleagues (2009), who showed that 

proliferative neuroblastoma SH-SY5Y cells, in which alpha-syn was induced as long as 10 
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days did not present signs of cell death (Vekrellis et al., 2009). The authors provided 

evidence for a death pathway activated in retinoic acid-differentiated –Dox cells only, which 

combined both apoptotic and non-apoptotic features. Although they observed the release 

of cyt c from mitochondria, which was prevented by Bcl-xL expression, and activation of 

caspase 9, suggesting a classical intrinsic apoptotic pathway, they failed to find evidence for 

caspase 3 activation and to show cellular apoptotic morphology by electron microscopy. 

The factors accounting for the differential death consequences in the undifferentiated 

versus differentiated states are unknown, but may include subtle differences in clearance 

mechanisms, or the involvement of cell cycle molecules and/or other proteins differentially 

expressed in the two states.  

 

Post-mortem analysis of brains from parkinsonian patients has revealed a profound loss of 

the antioxidant GSH, increased SOD activity and elevated free iron in the SN (Sofic et al., 

1992; Sofic et al., 2006). In erythrocytes from sporadic PD patients, Baillet et al. (2010) 

showed that SOD activity was enhanced compared to control individuals, suggesting an 

upregulation of this antioxidant enzyme in order to maintain the balance of the redox 

status in these cells (Baillet et al., 2010). In our model, we demonstrated a reduction in 

SOD1 activity in –Dox cells, which was accompanied by a decrease in cellular SOD1 levels. 

SOD2 levels were also diminished in –Dox cells, without alterations in the activity of this 

enzyme. While counteracting previous evidences, these results are in agreement with the 

elevated ROS production observed in these cells and with deficient nuclear levels of Nrf2, 

possibly reflecting decreased Nrf2-dependent transcription.  

Moreover, diminished cellular antioxidant GSH and GSSG levels in cells overexpressing 

alpha-syn was largely correlated with a significant decrease in the levels of GCLc subunit 

and GCL activity in –Dox cells. These findings highly suggested that diminished GSH levels 

may therefore be derived from depletion in GCL levels, resulting in reduced activity of GCL. 

Importantly, decreased GCLc was correlated with reduced levels of Nrf2 in the nucleus. 

Studies from Sian and colleagues (1994) revealed that the activity of GCL is unaffected in 
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post-mortem tissue from brains of PD patients, thus not explaining the low levels of GSH 

found in the SN of PD patients (Sian et al., 1994b). One hypothesis could be based on the 

alterations in cysteine supply that is critical for GSH synthesis (Zeevalk et al., 2008). 

Circulating levels of cysteine were shown to be decreased with age (Droge and Schipper, 

2007), suggesting that such decrease may contribute to the GSH depletion in PD, which 

incidence increases with age (Dauer and Przedborski, 2003). Reduction of GSSG back to 

GSH, catalysed by GRed (Dickinson and Forman, 2002), in addition to the de novo synthesis, 

is important in maintaining cellular levels of GSH. Levels of GRed are reported to be 

increased in PD patients (Dickinson and Forman, 2002; Ilic et al., 1999), suggesting that the 

levels of GSH should be increased. Thus, GSSG levels were reported to be non-significantly 

altered in post-mortem brains of PD patients (Sian et al., 1994a). Nevertheless, and as 

stated above, the later studies did not clarify whether PD patients presented alpha-syn 

mutations or aberrant expression, which in our model seems to be modulating the 

antioxidant defense mechanisms, namely SOD and GSH synthesis.  

Antioxidants, such as SOD and GSH, are required to restore the imbalance in cellular 

homeostasis caused by oxidative stress (Hybertson et al., 2011). SOD1 and GCLc, apart from 

other detoxifying enzymes, are modulated by the Nrf2-ARE system, which activation has 

been investigated in PD models. Nevertheless, the extent and nature of cellular responses 

to Nrf2 activation have not been established for any PD patient-derived model. Our results 

indicated a slight, but significant decrease in nuclear Nrf2 levels in SH-SY5Y cells 

overexpressing WT alpha-syn, which may explain the reduced levels in intracellular SOD1, 

GCLc and thus GSH and GSSG. Analysis of the localization of Nrf2 in the SN of PD brains 

demonstrated that, in addition to the cytoplasm, a strong nuclear immunoreactivity was 

observed in neurons (Ramsey et al., 2007). Furthermore, gene expression studies in human 

olfactory neurosphere-derived (hONS) cell lines from sporadic PD patients revealed a 

significant deregulation of the Nrf2-mediated oxidative stress response pathway, compared 

to hONS cells from healthy controls (Matigian et al., 2010). Post-mortem brain studies are 

also consistent with a role for Nrf2 in PD, as it was detected in the nucleus of remaining 
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neurons within the SN (Ramsey et al., 2007), suggesting that the remaining cells were able 

to induce downstream detoxification mechanisms. Lee et al. (2003) revealed that neuronal 

cultures from Nrf2-null mice presented an approximate 15% decrease in GSH levels 

compared to control neurons (Lee et al., 2003), and depletion of GSH specifically in 

cathecolaminergic neurons resulted in age-related neurodegeneration in mice (Chinta et 

al., 2007). In addition, Suh and colleagues (2004) provided evidence for a reduced Nrf2-

mediated gene expression in the aging rat liver, which could be a potential mechanism 

underlying the loss of GSH synthesis in these old animals (Suh et al., 2004). Although we 

detected elevated levels of hydroperoxides in –Dox cells, we observed a reduction in Nrf2 

nuclear levels, which translocation and activation pathway is promoted by low levels of 

cytosolic ROS. It seemed that WT alpha-syn overexpression while turning these cells more 

susceptible to ROS, may be interfering with Nrf2-ARE signaling pathway thus 

downregulating the antioxidant defense mechanisms. Indeed, alpha-syn localization in the 

nucleus has been associated with conditions of oxidative stress in a variety of experimental 

systems (Monti et al., 2010; Siddiqui et al., 2012). Due to the depletion in nuclear Nrf2 

levels observed in cells overexpressing WT alpha-syn, we hypothesized whether this protein 

could be also interfering with the levels of other transcription factors, namely those related 

with CREB and NF-kB pathways. Very few studies have directed their investigation to 

transcription deregulation in PD. In contrast with Nrf2, we did not find changes in the 

nuclear levels of p-CREB, CREB, CBP or NK-kBp65 in cells overexpressing alpha-syn. Indeed, 

our data support a possible selective interaction between WT alpha-syn and Nrf2, thus 

interfering in the pathways related to oxidative stress by downregulating the antioxidant 

defense mechanisms in –Dox cells. 

 

It is well known that nigral dopaminergic neurons are particularly susceptible to oxidative 

stress. Iron appears to play a key role in increasing the susceptibility of pigmented, 

neuromelanin-containing neurons of SN (Double et al., 2010; Alberio et al., 2012). In the 

previous chapter, we gave evidence for the effects induced by prolonged exposure to iron 
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in cells transiently expressing WT or A53T mutant alpha-syn. Here, we used iron as a short 

stimulus (2 h) in SH-SY5Y cells conditionally overexpressing alpha-syn, which provides the 

advantage of an entire cell population expressing identical amounts of protein in a Dox 

regulated manner. As described before, under basal (control) conditions, cells 

overexpressing WT alpha-syn presented higher levels of ROS and depletion in SOD1, GSH 

and GCLc levels, which was accompanied by lower activities of related enzymes and by a 

decrease in nuclear Nrf2 levels, compared to +Dox cells. Upon treatment with iron, we 

observed expected exacerbated levels of hydroperoxides in both +Dox and –Dox cells and 

enhanced activity/levels of antioxidants responsible for maintaining the intracellular redox 

balance. Kim and colleagues (2012) showed that lymphoblastoid cell lines derived from a 

PD patient with SNCA gene duplication were more resistant to H2O2 and rotenone stimuli, 

compared to the control (Kim et al., 2012). While this may be compared with the results 

obtained upon iron exposure, we should take into account that iron effects were 

independent from alpha-syn overexpression, since we observed almost the same 

alterations in +Dox cells. In fact, iron not only did not trigger caspase-3 activation, but also 

seemed to activate the major intracellular antioxidants to protect against iron-induced ROS 

production. This was confirmed by an increased activity of total SOD observed in +Dox and 

–Dox cells treated with iron, when compared to control conditions. This effect was mainly 

due to the rise in the activity of SOD2, even though lower levels of this protein were 

detected in +Dox cells exposed to iron; conversely, SOD1 activity remained unchanged, 

although a slight increase was observed in its levels upon treatment with 500 µM iron in –

Dox cells. This may be accounted for by decreased degradation of SOD1 as a result of 

enhanced oxidized cell environment. In the case of SOD2, it is possible that short iron 

stimulus could be upregulating its activity without interfering with protein levels.  Seymen 

and co-workers (1997) studied the effects of iron supplementation on GSH levels, GPx and 

SOD activities in erythrocytes in experimental hyperthyroidism and verified significant rises 

in these protein levels upon iron treatment as compared with the control condition 

(Seymen et al., 1997). According to these data, we also observed substantial elevated levels 
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of GSH and GSSG upon exposure to iron in both +Dox and –Dox cells; however, significantly 

unchanged GPx and GRed activities were observed under the same experimental 

conditions. GSH synthesis is dependent on its amino acid precursors L-glutamate, L-glycine 

and L-cysteine. As stated before, L-cysteine has been identified as rate limiting in GSH 

synthesis (Armstrong et al., 2004; Bender et al., 2000; Dun et al., 2006). System Xc –, a 

cysteine-glutamate antiporter, is a heterodimeric protein that mediates the exchange of 

intracellular L-glutamate for extracellular L-cystine (REDDY et al., 1961; Rimaniol et al., 

2001; Tomi et al., 2003). In the presence of high extracellular concentrations of L-

glutamate, the antiporter functions in reverse, exchanging extracellular L-glutamate for 

intracellular L-cystine (Rimaniol et al., 2001). Once L-cystine enters the cell, it is likely 

reduced to two cysteine-residues that are available for incorporation into protein or GSH 

synthesis (Lim et al., 2005). A study from Lall et al. (2008) demonstrated in two mammalian 

cell types that iron-induced increase in L-glutamate availability augmented L-cystine 

uptake, with subsequent increases in GSH levels (Lall et al., 2008). Therefore, it is possible 

that an increased availability of cysteine could explain increased activity of GCL, the rate-

limiting enzyme in GSH synthesis, and thus increased levels of GSH and GSSG in cells 

overexpressing WT alpha-syn. Therefore, intracellular antioxidants induced by iron could 

serve as a cytoprotective mechanism. Our results also showed a slight decrease in nuclear 

Nrf2 levels in cells overexpressing alpha-syn after iron treatment, which in part may help to 

explain the decrease in GCLc protein levels. The GCL enzyme is a dimeric, predominantly 

inactive protein composed by two separately encoded proteins, a catalytic subunit (GCLc) 

and a modulatory subunit (GCLm) (Martin and Teismann, 2009). Both subunits are 

controlled at a transcriptional level by a variety of cellular stimuli, including oxidative stress. 

Krejsa et al. (2010) showed that activation of GCL occurred rapidly (10 – 90 min) after 

oxidative stress induction without changes in GCL protein levels (Krejsa et al., 2010). The 

authors also demonstrated that part of GCLc and GCLm subunits existed as monomers in 

untreated Jurkat cells and shifted to higher molecular weight forms following treatment 

with H2O2 and glutathione depletion, used as oxidative models, suggesting that post-
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translational regulation of GCL activity may involve direct modifications of the GCL subunits. 

Thus, altered redox balance, i.e., oxidizing conditions, appear to favour the formation of the 

heterodimeric complexes and/or to decrease the dissociation rate of the binding subunits 

in the GCL holoenzyme, stimulating GCL activity, while reducing conditions inhibit GCL 

activity via dissociation of the GCL subunits. In addition, studies in other cell models, 

including primary human T cells, lymphoblasts and human pulmonary fibroblasts 

demonstrated similar effects on GCL activation after glutathione depletion (Krejsa et al., 

2010). This suggested that rapid post-translational activation of GCL after perturbation of 

the intracellular redox state can be pointed as a general phenomenon. Therefore, it is 

possible that short iron exposure could promote the formation of high activity 

heterodimeric complexes, which resulted in a shift to more efficient GSH production 

following intracellular oxidative stress.  

 

In general, we propose that WT alpha-syn overexpression may be involved in modifying SH-

SY5Y cells susceptibility to oxidative stress, by downregulating the activities and levels of 

components of the antioxidant defense pathways, namely at a transcriptional level, 

involving decreased Nrf2 transcriptional regulation, which may contribute to explain the 

oxidative pathological events described in PD. Furthermore, we give evidence for a 

compensatory antioxidant defense mechanism activated by short oxidative stress stimulus; 

despite this, we observed increased ROS formation under these conditions, which may 

precede and eventually trigger subsequent events that ultimately lead to the 

neurodegeneration process observed in PD. 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

CHAPTER 5 

 

Influence of wild-type alpha-synuclein overexpression on 

mitochondrial activity and related oxidative stress 
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5.1. Summary 

Alpha-synuclein (alpha-syn), implicated in the pathogenesis of sporadic and familial forms 

of Parkinson’s disease (PD), is thought to affect mitochondrial function, although the exact 

mechanisms still remain unclear. Indeed, several evidences suggest a role for mitochondrial 

dysfunction in the pathophysiology of PD, in particular an impairment of complex I, which 

contributes to elevated levels of oxidative stress. Thus, in this part of the work we aimed to 

establish a relationship between enhanced mitochondrial WT alpha-syn and mitochondrial 

ROS linked to mitochondrial impairment in doxycycline (Dox)-inducible SH-SY5Y cells. 

Indeed, cells overexpressing WT alpha-syn (-Dox) possess large amounts of alpha-syn in 

mitochondria. Mitochondria from –Dox cells revealed a decrease in complex I activity, while 

the levels of the nuclear encoded 30 kDa subunit of complex I were not altered. Under 

these conditions, no significant alterations in the levels of transcription factors implicated in 

mitochondrial biogenesis, namely mitochondrial transcription factor A (TFAM) and nuclear 

peroxisome proliferator activated receptor (PPAR) γ co-activator 1 alpha (PGC-1alpha) were 

observed in –Dox cells. Results also revealed that -Dox cells displayed higher levels of 

superoxide radical, as compared to +Dox cells, which were not promoted by iron exposure. 

Concordantly, we observed a reduction in superoxide dismutase 1 (SOD1) activity in 

mitochondrial fractions of –Dox cells, which was exacerbated by iron. In contrast, 

mitochondrial SOD2 activity was not affected under basal conditions in –Dox cells, but was 

highly increased upon iron treatment. Reduced and oxidized glutathione (GSH and GSSG, 

respectively) remained decreased in mitochondrial fractions from –Dox cells in untreated 

conditions, while iron did not affect the levels of this endogenous antioxidant. These data 

show that WT alpha-syn overexpression enhances localized alpha-syn in the mitochondria, 

leading to decreased activity of mitochondrial complex I and increased mitochondrial ROS, 

which may be boosted due to low antioxidant defenses in the organelle. 
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5.2. Introduction 

Mitochondrial dysfunction has long been implicated in the pathogenesis of PD. The most 

direct evidence for disrupted mitochondrial metabolism came from studies of autopsy 

tissue and in vitro cell cultures derived from patients with PD. One important finding in 

post-mortem studies was that the activity of complex I (also referred as NADH-ubiquinone 

oxidoreductase), a major component of the electron transport chain, was decreased in the 

substantia nigra pars compacta (SN) (Henchcliffe and Beal, 2008) and frontal cortex (Parker, 

Jr. et al., 2008) in patients with PD. Furthermore, impairment of electron transport chain 

was also detected in PD human platelets (Haas et al., 1995) and in skeletal muscle (Penn et 

al., 1995). Similarly, reduced complex I activity and increased susceptibility to mitochondrial 

dysfunction was demonstrated in cybrids containing mitochondrial DNA (mtDNA) from PD 

patients, suggesting that mtDNA encoded defects may play a role in PD (e.g. Swerdlow et 

al., 1996). An additional piece of evidence suggesting that mtDNA plays a role in the 

pathogenesis of PD is the increased proportion of mtDNA deletions observed in PD patients 

as compared to age-matched control subjects (Bender et al., 2006). There is also increasing 

evidence that a number of genetic mutations associated with PD have deleterious effects 

on mitochondrial function. These include alpha-syn, parkin, PINK1, DJ1 and LRRK2 genes, 

which have been suggested to have a direct or indirect role on mitochondrial dysfunction 

and disease pathogenesis. Missense mutations in alpha-syn as well as genomic duplications 

or triplications of the alpha-syn gene were associated with autosomal-dominant PD 

(reviewed in Lesage and Brice, 2009) that is thought to contribute to the disease through a 

toxic gain of function. Many studies have suggested that alpha-syn can be localized in 

mitochondria (Thomas and Beal, 2007; Devi et al., 2008). Indeed, an association between 

neurodegeneration and mitochondrial damage was shown in mice harbouring the human 

A53T alpha-syn mutation (Hsu et al., 2000). These mice not only presented mitochondrial 

accumulation of human alpha-syn and mitochondrial degeneration associated with 

increased mtDNA damage, but also impaired activity of cytochrome c (cyt c) oxidase or 
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complex IV. Furthermore, overexpression of human alpha-syn in mice increased 

susceptibility to neurodegeneration following administration of mitochondrial toxins, 

namely 1-methyl-4-phenyl-1,2,3,6-tetrapyridine (MPTP) and paraquat (Klivenyi et al., 2006). 

Devi and colleagues (2008) identified a cryptic mitochondrial targeting sequence in the N-

terminal 32 amino acids of human apha-syn, which is crucial for mitochondrial targeting of 

alpha-syn. Thus, the authors gave evidence for an association between alpha-syn and the 

inner mitochondrial membrane, which led to reduced mitochondrial complex I activity and 

increased reactive oxygen species (ROS) production (Devi et al., 2008). 

Most of the mitochondrial proteins are encoded by nuclear genes and imported from the 

cytoplasm to the mitochondria. Among these is TFAM, which encodes the mitochondrial 

transcription factor A (Ekstrand et al., 2004; Kang and Hamasaki, 2005; Kang et al., 2007; 

Reyes et al., 2002) and shows high affinity to mtDNA, controlling its transcription and 

playing a major role in replication, damage, sensing and DNA repair (Bonawitz et al., 2006; 

Garstka et al., 2003; Kaufman et al., 2007; Pohjoismaki et al., 2006). TFAM is also of great 

importance for maintaining ATP production (Bonawitz et al., 2006; Ekstrand et al., 2004). A 

conditional TFAM knock-out mouse line (the MitoPark mouse) showed Parkinson-like 

motor disabilities, which were ameliorated by Levo-3,4-dihydroxyphenylalanine (L-DOPA) 

administration (Ekstrand et al., 2007), suggesting that TFAM dysfunction may be involved in 

PD.  

Another target that has been extensively investigated in PD subjects is PGC-1alpha, a 

transcriptional co-activator that enhances mitochondrial biogenesis, fatty acid oxidation 

and oxidative metabolism, besides controlling the expression of enzymes involved in 

gluconeogenesis pathways in the liver (Yoon et al., 2001; Tsunemi and La Spada, 2012). As a 

co-activator, PGC-1alpha also interacts with a variety of other transcription factors, 

including nuclear respiratory factors 1 and 2 (NRF1 and NRF2), which are responsible for 

regulating the expression of many nuclear-encoded mitochondrial genes, including cyt c, 

the components of complexes I-V and TFAM (Kelly and Scarpulla, 2004). Recent microarray 

studies from post-mortem PD SN suggest that impairment of PGC-1alpha could also be 
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involved in PD pathogenesis leading to downregulation of PGC-1alpha-regulated genes 

(Zheng et al., 2010). These and other findings largely implicated the defects in 

mitochondrial electron transport, glucose utilization and glucose sensing in PD 

pathogenesis. Furthermore, activation of PGC-1alpha could rescue dopaminergic neuron 

loss induced by mutant alpha-syn or the pesticide rotenone in primary neuronal models 

(Zheng et al., 2010).  

Numerous studies have demonstrated that oxidative stress due to mitochondrial 

dysfunction have deleterious effects on neurons. Under physiological conditions, 

mitochondria are the primary source of ROS in the cell (Lenaz, 2001; Murphy, 2009; Holley 

et al., 2010), since superoxide anion (O2
.-) is produced by mitochondrial respiration. 

Superoxide dismutases (SODs) are the major ROS detoxifiers in the cell (Fridovich, 1989; 

Holley et al., 2010), catalysing the dismutation of superoxide radicals into hydrogen 

peroxide (H2O2) and molecular oxygen (O2) (Fridovich, 1995; Holley et al., 2010). From the 

three types of SODs existing in cells, SOD1 and SOD2 are described to be localized within 

mitochondria. Copper- and zinc-containing SOD (CuZnSOD or SOD1) is found largely in the 

cytoplasm (Slot et al., 1986), with lower amounts localized in the mitochondrial 

intermembrane space (Okado-Matsumoto and Fridovich, 2001). SOD2 (or MnSOD) is 

localized in the mitochondrial matrix only (Weisiger and Fridovich, 1973; Holley et al., 

2010). Furthermore, there are two forms of mitochondrial glutathione peroxidases (GPx): 

GPx1 and phospholipid-hydroperoxide GPx, localized in the mitochondrial matrix and at the 

inner mitochondrial membrane, respectively (Esworthy et al., 1997; Maiorino et al., 2003), 

which act by reducing H2O2 to water using GSH, and consequently producing GSSG. 

In this section, we aimed to establish a relationship between increased levels of WT alpha-

syn in mitochondria, possible changes in transcription factors involved in mitochondrial 

biogenesis and mitochondrial impairment linked to ROS generation. Furthermore, we 

examined the levels and activities of relevant antioxidants in mitochondrial fractions, under 

basal conditions and following exposure to iron, used as an oxidative stress inducer.  
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5.3. Results 

 

5.3.1. Decreased activity of mitochondrial complex I but unaltered mitochondrial-

related transcription factors in SH-SY5Y cells overexpressing WT alpha-syn 

 

Due to the strong evidence supporting a role for aberrant mitochondrial function in PD 

pathology, namely reduced activity of complex I, we first evaluated whether WT alpha-syn 

overexpression could be modifying the activity of this respiratory chain mitochondrial 

complex. As depicted in Figure 5.1A, complex I activity revealed a significant decrease in –

Dox cells, suggesting that WT alpha-syn overexpression could interfere with mitochondrial 

respiratory chain function in this PD cell model. Under these conditions, no significant 

differences in citrate synthase (CS) activity were observed between –Dox and +Dox cells 

(Figure 5.1B). We also analysed the levels of the nuclear-encoded complex I subunit of 30 

kDa in order to evaluate whether decreased complex I activity induced by alpha-syn 

overexpression could be related with this enzyme subunit. However, we found no changes 

in the levels of this protein between +Dox and –Dox lysates (Figure 5.1C). 
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Figure 5.1 – Mitochondrial complex I activity and analysis of complex I 30 kDa subunit 

levels in inducible SH-SY5Y cells. Cells were cultured in the presence or in the absence of Dox 

during 5 days. The activities of complex I of the mitochondrial respiratory chain and citrate synthase 

(CS) were determined spectrophotometrically in mitochondrial fractions (A, B). In C, total extracts 

were immunoblotted for the 30 kDa subunit of complex I. Graphs in A and B show the mean±SEM of 

5 independent measurements of the mitochondrial complex I and CS activities. In A, the activity of 

mitochondrial complex I was normalized for CS activity. In C, data in the graph are the mean±SEM of 

30 kDa subunit of complex I levels normalized to α-tubulin from 3 independent experiments. 

Statistical analysis: *p<0.05, compared to +Dox condition. 
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Our previous results (Chapter 4) demonstrated enhanced alpha-syn levels in the nuclei of 

SH-SY5Y cells overexpressing WT alpha-syn (–Dox cells) and decreased levels of Nrf2 under 

basal conditions. Therefore, here we investigated the presence of alpha-syn in the 

mitochondria of these cells and whether it could alter the expression of the transcriptional 

co-activator PGC-1alpha and TFAM, involved in mitochondrial biogenesis. Importantly, we 

observed significant raised levels of alpha-syn in the mitochondria of SH-SY5Y cells 

overexpressing this protein, when compared to +Dox cells (Figure 5.2A). However, the same 

mitochondrial fractions revealed no differences in TFAM levels in inducible SH-SY5Y cells, in 

comparison to +Dox cells (Figure 5.2B), suggesting unchanged transcription of complex 

subunits encoded by mtDNA. PGC-1α nuclear levels were also not changed following 

overexpression of WT alpha-syn (Figure 5.2C), when compared to cells expressing the 

endogenous protein. Moreover, mtDNA copy number was not significantly different 

between +Dox and –Dox cells (data not shown). These results indicated that although 

alpha-syn was highly localized in mitochondrial fractions of –Dox cells, it did not affect 

mitochondrial transcriptional regulation of important genes involved in the maintenance of 

oxygen consumption and ATP production.  
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Figure 5.2 – Mitochondrial alpha-syn does not impact on TFAM and PGC-1α levels in 

inducible SH-SY5Y cells. Cells were cultured in the presence or in the absence of Dox during 5 

days. Mitochondrial extracts were immunoblotted for alpha-syn (A) and TFAM (B), whereas nuclear 

fractions were immunoblotted for PGC-1α (C). Graphs in A and B represent the mean±SEM of alpha-

syn and TFAM levels, respectively, normalized to HSP60, from 3-4 independent experiments. In C, 
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data in the graph are the mean±SEM of PGC-1α levels normalized to CREB from 3 independent 

experiments. In A: *p<0.05 compared to +Dox condition. 

 

 

5.3.2. Enhanced mitochondrial levels of superoxide anions in inducible cells 

overexpressing WT alpha-syn 

Mitochondria are one of the main sources of superoxide radicals in the cells. Taking into 

account the results obtained in the previous chapter, which revealed a significant increase 

in hydroperoxide levels in cells overexpressing WT alpha-syn, we measured the levels of 

intracellular and mitochondrial superoxide anions under the same experimental conditions. 

We observed significant higher levels of superoxide anions measured by ethidium 

fluorescence in –Dox cells, when compared to cells expressing endogenous alpha-syn 

(Figure 5.3A). Using the fluorescent probe MitoSox Red, which selectively detects 

mitochondrial superoxide radicals, we also found elevated levels of this ROS in SH-SY5Y 

cells overexpressing WT alpha-syn, indicating that mitochondria effectively contributes for 

ROS generation in these cells (Figure 5.3B). These results are in agreement with the 

decreased activity of complex I observed in –Dox cells. Since we observed a great 

exacerbation of hydroperoxides production in both +Dox and –Dox SH-SY5Y cells after a 2 h 

treatment with 500 µM FeSO4 (Chapter 4), we hypothesized whether this oxidative stress 

inducer could be involved in mitochondrial superoxide anion generation in these cells. 

However, and as shown in Figure 5.3B, iron did not significantly potentiate the increase in 

mitochondrial superoxide radical in these cells. 
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Figure 5.3 – Intracellular and mitochondrial superoxide anion production in induced SH-

SY5Y WT alpha-syn cells. Cells were kept in the presence or in the absence of Dox during 5 days. 

At the day of the experiment, cells were incubated with iron (500 µM for 2 h). Levels of superoxide 

anion were measured following DHE fluorescence after 60 min of incubation with 5 µM DHE at 37ºC 

(A). Levels of mitochondrial superoxide anion were evaluated by following MitoSox Red fluorescence 

after 10 min of incubation with 5 µM MitoSox Red (B). Data in the graphs are the mean±SEM of 

three independent experiments performed in triplicates. Statistical analysis: *p<0.05 and 

***p<0.001 compared to +Dox control. 

 

 

5.3.3. Modified mitochondrial antioxidant capacity of SH-SY5Y cells 

overexpressing WT alpha-syn  

To address a possible cause for the elevated mitochondrial ROS levels observed in –Dox 

cells, we analysed the levels and activities of proteins involved in the antioxidant defense 

pathways in mitochondrial fractions, as performed for total lysates (Chapter 4). As shown in 

Figure 5.4A, total mitochondrial SOD activity, i.e. the sum of SOD1 and SOD2 activities, was 

greatly diminished in the mitochondria of –Dox cells under untreated conditions. 

Measurements of SOD1 and SOD2 activities further demonstrated that this decrease in 

mitochondrial total SOD was mainly due to reduced activity of SOD1 in –Dox cells (Figure 

5.4B), whereas SOD2 activity remained unaltered (Figure 5.4C). Similarly to experiments 

shown in Figure 5.3B, in this part of the work we analysed the effect of 2 h exposure to iron. 
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We observed an increase in mitochondrial total SOD after treatment with 500 µM FeSO4 in 

inducible cells (Figure 5.4A), which may help to explain the absence of elevated 

mitochondrial superoxide anion determined by Mitosox Red fluorescence (Figure 5.3B). In 

this particular case, mitochondrial SOD2 seemed to be the main contributor, since 

incubation with iron greatly enhanced the activity of this enzyme (Figure 5.4C). In contrast, 

mitochondrial SOD1 activity was considerably diminished in both +Dox and –Dox cells after 

iron exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 – Analysis of mitochondrial SOD activities in inducible SH-SY5Y cells upon 

exposure to iron. Cells were maintained in the presence or in the absence of Dox during 5 days. 

Incubation with iron (500 µM) was performed during 2 h. Total SOD (A), SOD1 (B) and SOD2 (C) 

activities were measured in mitochondrial fractions and the results are expressed as % inhibition rate 

per mg of protein. % inhibition rate corresponds to the % of WST-1 formazan formation inhibition by 

SOD. Data in the graphs are the mean±SEM of 4 independent experiments. Statistical analysis: 
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**p<0.01 and ***p<0.001 compared to + Dox control condition. #p<0.05 and ##p<0.01 compared to 

–Dox control condition. 

 

 

We also evaluated the levels of glutathione cycle proteins, namely GSH and GSSG in 

mitochondrial fractions of inducible SH-SY5Y cells. According to the diminished activity of 

SOD1 enzyme in basal conditions, levels of GSH and GSSG also decreased in the 

mitochondrial fractions of alpha-syn overexpressing cells (Figure 5.5A, B). Furthermore, 

incubation with iron during 2 h diminished GSH levels in +Dox cells only (Figure 5.5A).  

 

 

 

 

 

 

 

 

Figure 5.5 – Analysis of WT alpha-syn overexpression on mitochondrial glutathione cycle-

related protein levels – effect of iron. Inducible SH-SY5Y cells were kept in the presence or in the 

absence of Dox during 5 days. Treatment with 500 µM FeSO4 was performed for 2 h. Reduced 

glutathione (GSH) (A) and oxidized glutathione (GSSG) (B) levels were determined in mitochondrial 

fractions. Data in the graphs are the mean±SEM of 4 independent experiments. Statistical analysis: 

*p<0.05 and **p<0.01 compared to +Dox untreated condition.  

 

 

These results suggest that alpha-syn overexpression seems to modify mitochondrial 

proteins involved in antioxidant mechanisms, by lowering SOD activities and GSH levels. 

Treatment with iron for 2 h hinted that a short exposure to this oxidative stress inducer can 
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trigger the activity of mitochondrial antioxidant enzymes, namely SOD2, which may act as 

an initial defense mechanism against toxic stimuli. 
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5.4. Discussion 

Data shown in this Chapter revealed enhanced mitochondrial superoxide anions along with 

decreased SOD and GSH antioxidant capacity in SH-SY5Y cells overexpressing WT alpha-syn 

retaining increased levels of alpha-syn in mitochondria. Moreover, overexpression of WT 

alpha-syn led to decreased activity of mitochondrial complex I and unchanged levels of 

PGC-1alpha and TFAM transcription factors.  

 

Superoxide anions are produced as byproducts of oxidative phosphorylation, making 

mitochondria the main source of ROS generation within the cell. While this is a normal 

process, with basal levels of ROS being limited by a range of antioxidants, pathological 

situations accounting for by dysfunctional mitochondrial respiratory chain activity can lead 

to elevated amounts of ROS produced by the electron transport chain, and to ineffective 

antioxidant protection mechanisms. It has long been recognized that mitochondrial 

dysfunction and oxidative stress are associated with the pathogenesis of PD (Abou-Sleiman 

et al., 2006; Fiskum et al., 2003; Greenamyre et al., 2003; Lin and Beal, 2006). Furthermore, 

data on overexpression of WT and familial mutant forms of alpha-syn in cell culture models 

and transgenic mouse models have reported cellular changes, including mitochondrial 

abnormalities (Hsu et al., 2000; Martin et al., 2006; Devi et al., 2008). Devi and colleagues 

(2008) showed that the N-terminal 32 amino acids of human alpha-syn contain a 

mitochondrial targeting signalling sequence, which is important for mitochondrial targeting 

of alpha-syn. These authors demonstrated through in vitro and in vivo studies that alpha-

syn is constitutively localized to mitochondria of dopaminergic neurons and human post-

mortem brains, providing evidence through biochemical experiments and immunoelectron 

microscopy that mitochondria-localized alpha-syn was predominantly associated with the 

inner membrane in the human system; however, the physiological functions of alpha-syn 

present in the mitochondrial compartment are not clear (Devi et al., 2008). Results from 

knockdown of alpha-syn in fetal dopaminergic primary neuronal cells (Devi et al., 2008) and 



Influence of WT alpha-syn on mitochondrial activity and related oxidative stress 

 

 
191 

alpha-syn knockout mice (Ellis et al., 2005) showed impaired connectivity between 

complexes I and III. This may be linked to a possible role for constitutive alpha-syn acting as 

a chaperone (Ahn et al., 2006; Kim et al., 2000), which localization in mitochondria could be 

required for the maintenance of the physiological functions of mitochondrial electron 

transport chain. Observations by Ellis et al. (2005) and Devi et al. (2008) suggest that 

endogenous alpha-syn could be of great importance in maintaining the normal function of 

mitochondrial complexes involved in the oxidative phosphorylation. Interestingly, in vivo 

data using post-mortem PD brains and results from fetal dopaminergic primary neuronal 

cells hinted that progressive accumulation of alpha-syn in the mitochondria impaired 

complex I function and caused increased oxidative stress. This conclusion was supported by 

experiments showing that overexpression of alpha-syn lacking the mitochondrial targeting 

signal not only failed to localize to mitochondria, but also did not cause mitochondrial 

abnormalities. According to the results from Devi and collaborators (2008), revealing a 

significant correlation between mitochondrial alpha-syn accumulation and decreased 

complex I activity in human PD basal ganglia, our data demonstrated decreased complex I 

activity in SH-SY5Y cells exhibiting high levels of alpha-syn in mitochondria. Similarly to Devi 

et al. (2008), mitochondrial alpha-syn was linked to increased ROS generation by the 

organelle. This is also in agreement with previous data showing that increased generation 

of superoxide anions was accompanied by a reduction in the activity of mitochondrial 

respiratory chain complexes (Abou-Sleiman et al., 2006; Gu et al., 1997; Swerdlow et al., 

1998) and also corroborates associated respiratory complex I deficits in mitochondria of PD 

patients  

PGC-1alpha expression has been reported to be compromised in the sporadic PD brain 

(Zheng et al., 2010). Binding of alpha-syn to the PGC-1alpha promoter was also found to 

occur in brain tissues from PD patients (Zheng et al., 2010). Despite high levels of alpha-syn 

in the nuclei of inducible SH-SY5Y cells (Chapter 4), no changes were observed in the levels 

of the master regulator of mitochondrial gene expression, PGC-1alpha. Siddiqui et al. (2012) 

showed in an in vitro cell model that WT alpha-syn specifically binds to a subset of 
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promoter sequences including PGC-1alpha. The authors also revealed that the degree of 

alpha-syn-chromatin binding following oxidative induction correlated with reduced PGC-

1alpha promoter activity, mRNA and protein levels and decreased expression of PGC-1alpha 

target genes. Live cell imaging and electron microscopy analysis demonstrated that 

repression of PGC-1alpha induced morphological mitochondrial abnormalities and 

mitochondrial dysfunction, including alterations in complex I activity and scarce metabolic 

capacity, factors that may impact on neuronal survival, particularly under stress conditions 

(Chinta et al., 2010). Another mitochondrial transcriptional factor that has been extensively 

studied is TFAM, which is necessary for mitochondrial transcription and is also required for 

mtDNA maintenance in mammals (Larsson et al., 1998; Galter et al., 2010). Neurons lacking 

TFAM develop progressive respiratory chain deficiency followed by cell death (Sorensen et 

al., 2001). Analysis of alpha-syn-enriched mitochondrial fractions showed that similarly to 

PGC-1alpha, TFAM levels were not changed in this cell model. Therefore, we may anticipate 

that decreased activity of mitochondrial complex I is apparently not due to modified 

expression of mitochondrial complex subunits; indeed, no differences in the levels of the 

nuclear-encoded complex I 30 kDa subunit were observed between +Dox and –Dox cells.  

Taking into account the results of the previous Chapter, where we gave evidence for 

decreased intracellular capacity of antioxidants in –Dox cells, here we showed that 

mitochondria also presented reduced SOD1 activity. Interestingly, SOD2, which is localized 

to the matrix of mitochondria only, was not altered in –Dox cells. Nevertheless, the 

presence of iron during 2 h seemed to trigger the activity of this enzyme in –Dox cells, 

which may explain the unraised mitochondrial superoxide radical levels in the presence of 

this toxic stimulus, as compared to control untreated conditions. Strengthening our idea 

that augmented ROS could be due to downregulated antioxidant pathways, we also found 

decreased GSH and GSSG levels in the mitochondria of –Dox cells. Because GSH synthesis 

enzymes are not found in mitochondria (Griffith and Meister, 1985), transport of cytosolic 

GSH into the mitochondrial matrix is an important determinant of GSH status in the 

organelle (Lash, 2006). Therefore, it is plausible to assume that if GSH synthesis is 
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diminished in –Dox cells (as observed in Chapter 4), mitochondria also present decreased 

GSH. The same hypothesis would be applied for the levels of mitochondrial GSH in the 

presence of 500 µM iron, which were highly increased in total extracts but not in 

mitochondrial fractions of both +Dox and –Dox cells. These data suggest that iron exposure 

may be blocking GSH transport to mitochondria. It is possible that iron-induced ROS may 

affect the activity or lead to the inactivation of GSH carriers. Glutathione transport into the 

mitochondria was shown to be mediated by the oxoglutarate carrier and the dicarboxylate 

carrier (DIC), both localized at the inner mitochondrial membrane (Chen and Lash, 1998; 

Martensson et al., 1990). Kamga et al. (2010) found that these transporters are expressed 

in rat brain and suggested that DIC was the main GSH transporter in cortical mitochondria. 

Thus, the authors claimed that DIC-mediated GSH transport was essential to maintain ROS 

homeostasis and normal respiratory function (Kamga et al., 2010).  

Establishing a link between the high iron levels and mitochondrial dysfunction observed in 

the SN of PD patients, one may predict that during disease development a diminishment in 

the transport of reduced GSH into the mitochondria may occur, hence contributing to 

augment ROS generated by this organelle.  In this part of the work, we found that increased 

levels of alpha-syn in mitochondria correlated with decreased activity of mitochondrial 

complex I, according with previous studies concerning PD pathogenesis. Moreover, 

increased mitochondrial alpha-syn was correlated with enhanced superoxide anion 

generation, which may be accounted for by depleted antioxidant activity. Iron exposure (for 

2 h) seemed to be insufficient to induce mitochondrial ROS generation, although it 

triggered SOD2 activity in cells overexpressing alpha-syn, which may constitute an early 

defense response against short stimulus. Thus, we may predict that boosting antioxidant 

expression and thus mitochondrial antioxidant levels and activity may constitute a possible 

therapeutic target in halting the progression of PD pathology. 
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Parkinson’s disease (PD) is still mostly known as an incurable, fatal, motor disease. It affects 

now 7-10 millions of people worldwide but its incidence is increasing as the world 

population age. Initially considered a single clinical entity, involving selective degeneration 

of the nigrostriatal pathway and a concomitant reduction in the striatal levels of DA, 

research advances from the last two decades led to a different concept of the disease. PD´s 

etiology is complex, probably involving several factors that lead to the pathogenic 

processes underlying the typical motor features and nonmotor symptoms. Thus, basic 

questions have been raised concerning the mechanisms that contribute to its onset and 

progression. Is there a unifying mechanism accounting for neurodegeneration? How do 

mutations help to understand the disease? Why are neurons from the SN especially 

vulnerable? Where and why does neurodegeneration begin? Which mechanisms are the 

basis for progressive SN cell loss? These and other questions remain unanswered, however 

many efforts have been employed in this field and information about the mechanisms 

underlying cell death in PD is growing. 

One of the major causes of the disease is linked to alpha-syn, a protein apparently involved 

in neuronal function. Alpha-syn has been associated to PD due to various reasons: 1) It is 

the most abundant protein present in LBs; 2) Genetic mutations occurring in SNCA gene 

lead to autosomal dominant PD; 3) Duplications and triplications of alpha-syn gene have 

been also related to familial forms of PD and 4) Sporadic PD forms are clearly linked to 

alpha-syn. Other mechanisms have been proposed to impact on neurodegeneration 

observed in the SN of PD brains, namely mitochondrial dysfunction through complex I 

inhibition and increased levels of oxidative stress.  

 

In this thesis, we gain new insights into the correlation between alpha-syn and the previous 

described damaging cellular mechanisms, namely oxidative stress and mitochondrial 

dysfunction, by studying the: 1) susceptibility to mutant A53T versus WT alpha-syn toxicity 

in the presence of iron or rotenone in SH-SY5Y cell line, and 2) effects of WT alpha-syn 
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overexpression on antioxidant defense protein levels, transcriptional regulation and 

mitochondrial activity in a Dox-inducible SH-SY5Y cell line.  

 

Iron is a classic oxidative stress inducer, which levels have been described to be augmented 

in the SN of PD patients. Rotenone targets mitochondria by inhibiting complex I activity of 

the mitochondrial respiratory chain and has been widely used in animal models to 

reproduce features of PD. In Chapter 3 we demonstrated a strong correlation between ROS 

formation, mitochondrial depolarization, Ub-positive alpha-syn inclusions and alpha-syn 

Ser129 phosphorylation. These cellular and protein changes are observed following 

prolonged (4 days) treatment with iron (FeSO4) and rotenone, mimicking the modifications 

triggered by prolonged exposure to toxic stimuli, in cells overexpressing WT or mutant A53T 

alpha-syn. Furthermore, we show that mutant A53T alpha-syn expressing cells are more 

susceptible to the toxic stimuli, when compared to WT alpha-syn expressing cells. The data 

gives strength to the possibility that mitochondrial impairment and ROS production caused 

by prolonged exposure to rotenone and iron might induce alpha-syn phosphorylation at 

Ser129 and the formation of alpha-syn inclusions, particularly after expression of mutant 

alpha-syn. By covering the inheritable pattern of the disease, results led us to predict that 

alpha-syn A53T mutation could then be associated with earlier forms of PD due to the 

greater susceptibility to pathological events, namely those inducing oxidative stress. We 

also add evidence for a possible role of PP2A in alpha-syn phosphorylation, suggesting that 

targeting PP2A could be a promising therapeutic approach to mitigate the neuropathology 

of alpha-syn, particularly in autosomal dominant familial cases caused by A53T mutation. 

 

The work described in Chapters 4 and 5 of this thesis took advantage of a Dox regulated cell 

model, in which the total cell population expressed WT alpha-syn protein, in contrast to the 

transient transfection model used in Chapter 3, in which only approximately 30% of the 

cells were alpha-synGFP positive.  
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The effects caused by WT alpha-syn overexpression on the susceptibility to oxidative stress 

in the absence or in the presence of iron (FeSO4) were analysed and changes in nuclear 

transcription factors, namely Nrf2, were further determined. Data indicate that cells 

overexpressing WT alpha-syn exhibit increased ROS levels, which are exacerbated by iron 

exposure. Furthermore, we report a decrease in the levels of proteins involved in the 

cellular antioxidant defense mechanisms upon overexpression of WT alpha-syn, whereas 

treatment with iron induces regulation of detoxification pathways apparently 

independently from alpha-syn overexpression. We propose that WT alpha-syn 

overexpression may be involved in modifying SH-SY5Y cells susceptibility to oxidative stress, 

by downregulating the activities and levels of components of the antioxidant defense 

pathways due to modified Nrf2 transcriptional levels, which can contribute to explain the 

oxidative pathological events described in PD. Furthermore, we give evidence for a 

compensatory antioxidant defense mechanism activated by these cells after short oxidative 

stress stimulus, which may precede and eventually trigger subsequent events that 

ultimately lead to the neurodegeneration process observed in PD. 

The last part of this thesis focused on the effects of WT alpha-syn overexpression and 

consequent enhanced levels of WT alpha-syn in mitochondria on mitochondrial activity and 

possible alterations of transcriptional factors involved in mitochondrial biogenesis. The 

results revealed an increase in mitochondrial ROS in cells overexpressing WT alpha-syn, 

accompanied by a reduction in the activity of mitochondrial complex I and unaltered levels 

of PGC-1α and TFAM. According to what was observed for total fractions, mitochondria of 

SH-SY5Y cells overexpressing alpha-syn revealed a reduction in the antioxidant capacities, 

thus conducing to the elevated levels of ROS consistently observed in these cells. 

 

Overall, our findings highlight the importance of investigating the basic molecular 

mechanisms underlying alpha-syn modifications associated to WT and mutant forms of this 

protein. Herein we show that mitochondrial dysfunction and increased levels of ROS, which 

seem to be interconnected through common links in dying dopaminergic neurons in PD, 
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may be exacerbated by alpha-syn, but also contribute to modify the phosphorylation and 

aggregation status of alpha-syn, thus potentially contributing for accelerating PD-related 

pathology. Thus, understanding these pathways will give new perspectives to develop 

neuroprotective strategies directed to prevent neurodegeneration in PD. 

 

As a final remark, one should consider that PD is a complex, multifactorial disease in which 

different factors lead to the pathogenic process. In this regard, in vitro models, such as SH-

SY5Y cell line used in this work as a PD model, although providing the advantage of a 

controlled environment, lack the complexity and the cellular microenvironment critical for 

disease development. Nevertheless, cellular models are particularly useful for exploring 

biochemical mechanisms of disease progression and are essential to investigate the 

molecular action of new drugs or potential toxins, search for single genetic factors in the 

pathogenic process at the cellular level and at least can provide insights for validation of 

new targets in animal models and/or humans. Although we are far from finding an 

integrative mechanism underlying PD pathogenesis, each new discovery is an input to 

better consolidate the knowledge of the disease. 

 

 

 



 

 

 

 

 

 

References 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

 

 
203 

Abeliovich,A., Schmitz,Y., Farinas,I., Choi-Lundberg,D., Ho,W.H., Castillo,P.E., Shinsky,N., 
Verdugo,J.M., Armanini,M., Ryan,A., Hynes,M., Phillips,H., Sulzer,D., and Rosenthal,A. (2000). Mice 
lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine system. Neuron 25, 
239-252. 

Abou-Sleiman,P.M., Healy,D.G., Quinn,N., Lees,A.J., and Wood,N.W. (2003). The role of pathogenic 
DJ-1 mutations in Parkinson's disease. Ann. Neurol. 54, 283-286. 

Abou-Sleiman,P.M., Muqit,M.M., McDonald,N.Q., Yang,Y.X., Gandhi,S., Healy,D.G., Harvey,K., 
Harvey,R.J., Deas,E., Bhatia,K., Quinn,N., Lees,A., Latchman,D.S., and Wood,N.W. (2006). A 
heterozygous effect for PINK1 mutations in Parkinson's disease? Ann. Neurol. 60, 414-419. 

Ahn,M., Kim,S., Kang,M., Ryu,Y., and Kim,T.D. (2006). Chaperone-like activities of alpha-synuclein: 
alpha-synuclein assists enzyme activities of esterases. Biochem. Biophys. Res. Commun. 346, 1142-
1149. 

Alam,Z.I., Daniel,S.E., Lees,A.J., Marsden,D.C., Jenner,P., and Halliwell,B. (1997a). A generalised 
increase in protein carbonyls in the brain in Parkinson's but not incidental Lewy body disease. J. 
Neurochem. 69, 1326-1329. 

Alam,Z.I., Jenner,A., Daniel,S.E., Lees,A.J., Cairns,N., Marsden,C.D., Jenner,P., and Halliwell,B. 
(1997b). Oxidative DNA damage in the parkinsonian brain: an apparent selective increase in 8-
hydroxyguanine levels in substantia nigra. J. Neurochem. 69, 1196-1203. 

Alberio,T., Lopiano,L., and Fasano,M. (2012). Cellular models to investigate biochemical pathways in 
Parkinson's disease. FEBS J. 279, 1146-1155. 

Al-Nasiry,S., Geusens,N., Hanssens,M., Luyten,C., and Pijnenborg,R. (2007). The use of Alamar Blue 
assay for quantitative analysis of viability, migration and invasion of choriocarcinoma cells. Hum. 
Reprod. 22, 1304-1309. 

Andersen,J.K. (2004). Oxidative stress in neurodegeneration: cause or consequence? Nat. Med. 10 
Suppl, S18-S25. 

Anderson,J.P., Walker,D.E., Goldstein,J.M., de,L.R., Banducci,K., Caccavello,R.J., Barbour,R., Huang,J., 
Kling,K., Lee,M., Diep,L., Keim,P.S., Shen,X., Chataway,T., Schlossmacher,M.G., Seubert,P., Schenk,D., 
Sinha,S., Gai,W.P., and Chilcote,T.J. (2006). Phosphorylation of Ser-129 is the dominant pathological 
modification of alpha-synuclein in familial and sporadic Lewy body disease. J. Biol. Chem. 281, 
29739-29752. 

Anderson,R.M., Barger,J.L., Edwards,M.G., Braun,K.H., O'Connor,C.E., Prolla,T.A., and Weindruch,R. 
(2008). Dynamic regulation of PGC-1alpha localization and turnover implicates mitochondrial 
adaptation in calorie restriction and the stress response. Aging Cell 7, 101-111. 

Aoyama,K., Matsumura,N., Watabe,M., and Nakaki,T. (2008). Oxidative stress on EAAC1 is involved 
in MPTP-induced glutathione depletion and motor dysfunction. Eur. J. Neurosci. 27, 20-30. 



References 

 
204 

Armstrong,J.S., Whiteman,M., Yang,H., Jones,D.P., and Sternberg,P., Jr. (2004). Cysteine starvation 
activates the redox-dependent mitochondrial permeability transition in retinal pigment epithelial 
cells. Invest Ophthalmol. Vis. Sci. 45, 4183-4189. 

Asayama,K. and Burr,I.M. (1985). Rat superoxide dismutases. Purification, labeling, immunoassay, 
and tissue concentration. J. Biol. Chem. 260, 2212-2217. 

Ascherio,A., Zhang,S.M., Hernan,M.A., Kawachi,I., Colditz,G.A., Speizer,F.E., and Willett,W.C. (2001). 
Prospective study of caffeine consumption and risk of Parkinson's disease in men and women. Ann. 
Neurol. 50, 56-63. 

Atsumi,M., Li,Y., Tomiyama,H., Sato,K., and Hattori,N. (2006). [A 62-year-old woman with early-onset 
Parkinson's disease associated with the PINKi gene deletion]. Rinsho Shinkeigaku 46, 199-202. 

Attems,J. and Jellinger,K.A. (2008). The dorsal motor nucleus of the vagus is not an obligatory trigger 
site of Parkinson's disease. Neuropathol. Appl. Neurobiol. 34, 466-467. 

Avila,J., Lucas,J.J., Perez,M., and Hernandez,F. (2004). Role of tau protein in both physiological and 
pathological conditions. Physiol Rev. 84, 361-384. 

Azeredo da,S.S., Schneider,B.L., Cifuentes-Diaz,C., Sage,D., Abbas-Terki,T., Iwatsubo,T., Unser,M., 
and Aebischer,P. (2009). Phosphorylation does not prompt, nor prevent, the formation of alpha-
synuclein toxic species in a rat model of Parkinson's disease. Hum. Mol. Genet. 18, 872-887. 

Baba,M., Nakajo,S., Tu,P.H., Tomita,T., Nakaya,K., Lee,V.M., Trojanowski,J.Q., and Iwatsubo,T. 
(1998). Aggregation of alpha-synuclein in Lewy bodies of sporadic Parkinson's disease and dementia 
with Lewy bodies. Am. J. Pathol. 152, 879-884. 

Baillet,A., Chanteperdrix,V., Trocme,C., Casez,P., Garrel,C., and Besson,G. (2010). The role of 
oxidative stress in amyotrophic lateral sclerosis and Parkinson's disease. Neurochem. Res. 35, 1530-
1537. 

Bekris,L.M., Mata,I.F., and Zabetian,C.P. (2010). The genetics of Parkinson disease. J. Geriatr. 
Psychiatry Neurol. 23, 228-242. 

Belin,A.C. and Westerlund,M. (2008). Parkinson's disease: a genetic perspective. FEBS J. 275, 1377-
1383. 

Bender,A., Krishnan,K.J., Morris,C.M., Taylor,G.A., Reeve,A.K., Perry,R.H., Jaros,E., Hersheson,J.S., 
Betts,J., Klopstock,T., Taylor,R.W., and Turnbull,D.M. (2006). High levels of mitochondrial DNA 
deletions in substantia nigra neurons in aging and Parkinson disease. Nat. Genet. 38, 515-517. 

Bender,A.S., Reichelt,W., and Norenberg,M.D. (2000). Characterization of cystine uptake in cultured 
astrocytes. Neurochem. Int. 37, 269-276. 



References 

 

 
205 

Bennett,M.C., Bishop,J.F., Leng,Y., Chock,P.B., Chase,T.N., and Mouradian,M.M. (1999). Degradation 
of alpha-synuclein by proteasome. J. Biol. Chem. 274, 33855-33858. 

Berg,D. (2007). Disturbance of iron metabolism as a contributing factor to SN hyperechogenicity in 
Parkinson's disease: implications for idiopathic and monogenetic forms. Neurochem. Res. 32, 1646-
1654. 

Berg,D., Gerlach,M., Youdim,M.B., Double,K.L., Zecca,L., Riederer,P., and Becker,G. (2001). Brain iron 
pathways and their relevance to Parkinson's disease. J. Neurochem. 79, 225-236. 

Betarbet,R., Sherer,T.B., MacKenzie,G., Garcia-Osuna,M., Panov,A.V., and Greenamyre,J.T. (2000). 
Chronic systemic pesticide exposure reproduces features of Parkinson's disease. Nat. Neurosci. 3, 
1301-1306. 

Bloom,D.A. and Jaiswal,A.K. (2003). Phosphorylation of Nrf2 at Ser40 by protein kinase C in response 
to antioxidants leads to the release of Nrf2 from INrf2, but is not required for Nrf2 
stabilization/accumulation in the nucleus and transcriptional activation of antioxidant response 
element-mediated NAD(P)H:quinone oxidoreductase-1 gene expression. J. Biol. Chem. 278, 44675-
44682. 

Bohnen,N.I. and Albin,R.L. (2011). The cholinergic system and Parkinson disease. Behav. Brain Res. 
221, 564-573. 

Bonawitz,N.D., Clayton,D.A., and Shadel,G.S. (2006). Initiation and beyond: multiple functions of the 
human mitochondrial transcription machinery. Mol. Cell 24, 813-825. 

Bonifati,V., Rizzu,P., Squitieri,F., Krieger,E., Vanacore,N., van Swieten,J.C., Brice,A., van Duijn,C.M., 
Oostra,B., Meco,G., and Heutink,P. (2003a). DJ-1( PARK7), a novel gene for autosomal recessive, 
early onset parkinsonism. Neurol. Sci. 24, 159-160. 

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. (2003b). Mutations in the DJ-1 gene associated with 
autosomal recessive early-onset parkinsonism. Science 299, 256-259. 

Bonifati,V., Rohe,C.F., Breedveld,G.J., Fabrizio,E., De,M.M., Tassorelli,C., Tavella,A., Marconi,R., 
Nicholl,D.J., Chien,H.F., Fincati,E., Abbruzzese,G., Marini,P., De,G.A., Horstink,M.W., Maat-Kievit,J.A., 
Sampaio,C., Antonini,A., Stocchi,F., Montagna,P., Toni,V., Guidi,M., Dalla,L.A., Tinazzi,M., De,P.F., 
Fabbrini,G., Goldwurm,S., de,K.A., Barbosa,E., Lopiano,L., Martignoni,E., Lamberti,P., Vanacore,N., 
Meco,G., and Oostra,B.A. (2005). Early-onset parkinsonism associated with PINK1 mutations: 
frequency, genotypes, and phenotypes. Neurology 65, 87-95. 

Bosgraaf,L. and Van Haastert,P.J. (2003). Roc, a Ras/GTPase domain in complex proteins. Biochim. 
Biophys. Acta 1643, 5-10. 



References 

 
206 

Bougria,M., Vitorica,J., Cano,J., and Machado,A. (1995). Implication of dopamine transporter system 
on 1-methyl-4-phenylpyridinium and rotenone effect in striatal synaptosomes. Eur. J. Pharmacol. 
291, 407-415. 

Braak,H., Braak,E., Yilmazer,D., Schultz,C., de Vos,R.A., and Jansen,E.N. (1995). Nigral and extranigral 
pathology in Parkinson's disease. J. Neural Transm. Suppl 46, 15-31. 

Braak,H., Del,T.K., Bratzke,H., Hamm-Clement,J., Sandmann-Keil,D., and Rub,U. (2002). Staging of the 
intracerebral inclusion body pathology associated with idiopathic Parkinson's disease (preclinical and 
clinical stages). J. Neurol. 249 Suppl 3, III/1-III/5. 

Braak,H., Del,T.K., Rub,U., de Vos,R.A., Jansen Steur,E.N., and Braak,E. (2003). Staging of brain 
pathology related to sporadic Parkinson's disease. Neurobiol. Aging 24, 197-211. 

Braak,H., Ghebremedhin,E., Rub,U., Bratzke,H., and Del,T.K. (2004). Stages in the development of 
Parkinson's disease-related pathology. Cell Tissue Res. 318, 121-134. 

Braithwaite,S.P., Stock,J.B., and Mouradian,M.M. (2012). alpha-Synuclein phosphorylation as a 
therapeutic target in Parkinson's disease. Rev. Neurosci. 23, 191-198. 

Brown,G.C. and Borutaite,V. (2004). Inhibition of mitochondrial respiratory complex I by nitric oxide, 
peroxynitrite and S-nitrosothiols. Biochim. Biophys. Acta 1658, 44-49. 

Brundin,P., Li,J.Y., Holton,J.L., Lindvall,O., and Revesz,T. (2008). Research in motion: the enigma of 
Parkinson's disease pathology spread. Nat. Rev. Neurosci. 9, 741-745. 

Burbulla,L.F. and Kruger,R. (2011). Converging environmental and genetic pathways in the 
pathogenesis of Parkinson's disease. J. Neurol. Sci. 306, 1-8. 

Buttner,S., Bitto,A., Ring,J., Augsten,M., Zabrocki,P., Eisenberg,T., Jungwirth,H., Hutter,S., Carmona-
Gutierrez,D., Kroemer,G., Winderickx,J., and Madeo,F. (2008). Functional mitochondria are required 
for alpha-synuclein toxicity in aging yeast. J. Biol. Chem. 283, 7554-7560. 

Byers,B., Cord,B., Nguyen,H.N., Schule,B., Fenno,L., Lee,P.C., Deisseroth,K., Langston,J.W., Pera,R.R., 
and Palmer,T.D. (2011). SNCA triplication Parkinson's patient's iPSC-derived DA neurons accumulate 
alpha-synuclein and are susceptible to oxidative stress. PLoS. One. 6, e26159. 

Canet-Aviles,R.M., Wilson,M.A., Miller,D.W., Ahmad,R., McLendon,C., Bandyopadhyay,S., 
Baptista,M.J., Ringe,D., Petsko,G.A., and Cookson,M.R. (2004). The Parkinson's disease protein DJ-1 is 
neuroprotective due to cysteine-sulfinic acid-driven mitochondrial localization. Proc. Natl. Acad. Sci. 
U. S. A 101, 9103-9108. 

Carlioz,A. and Touati,D. (1986). Isolation of superoxide dismutase mutants in Escherichia coli: is 
superoxide dismutase necessary for aerobic life? EMBO J. 5, 623-630. 



References 

 

 
207 

Caudle,W.M., Colebrooke,R.E., Emson,P.C., and Miller,G.W. (2008). Altered vesicular dopamine 
storage in Parkinson's disease: a premature demise. Trends Neurosci. 31, 303-308. 

Cha,J.H. (2000). Transcriptional dysregulation in Huntington's disease. Trends Neurosci. 23, 387-392. 

Chamulitrat,W., Jordan,S.J., and Mason,R.P. (1992). Fatty acid radical formation in rats administered 
oxidized fatty acids: in vivo spin trapping investigation. Arch. Biochem. Biophys. 299, 361-367. 

Chau,K.Y., Ching,H.L., Schapira,A.H., and Cooper,J.M. (2009). Relationship between alpha synuclein 
phosphorylation, proteasomal inhibition and cell death: relevance to Parkinson's disease 
pathogenesis. J. Neurochem. 110, 1005-1013. 

Chen,L. and Feany,M.B. (2005). Alpha-synuclein phosphorylation controls neurotoxicity and inclusion 
formation in a Drosophila model of Parkinson disease. Nat. Neurosci. 8, 657-663. 

Chen,Z. and Lash,L.H. (1998). Evidence for mitochondrial uptake of glutathione by dicarboxylate and 
2-oxoglutarate carriers. J. Pharmacol. Exp. Ther. 285, 608-618. 

Cheung,Z.H. and Ip,N.Y. (2009). The emerging role of autophagy in Parkinson's disease. Mol. Brain 2, 
29. 

Chinta,S.J. and Andersen,J.K. (2006). Reversible inhibition of mitochondrial complex I activity 
following chronic dopaminergic glutathione depletion in vitro: implications for Parkinson's disease. 
Free Radic. Biol. Med. 41, 1442-1448. 

Chinta,S.J., Kumar,M.J., Hsu,M., Rajagopalan,S., Kaur,D., Rane,A., Nicholls,D.G., Choi,J., and 
Andersen,J.K. (2007). Inducible alterations of glutathione levels in adult dopaminergic midbrain 
neurons result in nigrostriatal degeneration. J. Neurosci. 27, 13997-14006. 

Chinta,S.J., Mallajosyula,J.K., Rane,A., and Andersen,J.K. (2010). Mitochondrial alpha-synuclein 
accumulation impairs complex I function in dopaminergic neurons and results in increased 
mitophagy in vivo. Neurosci. Lett. 486, 235-239. 

Chu,Y. and Kordower,J.H. (2007). Age-associated increases of alpha-synuclein in monkeys and 
humans are associated with nigrostriatal dopamine depletion: Is this the target for Parkinson's 
disease? Neurobiol. Dis. 25, 134-149. 

Chu,Y., Le,W., Kompoliti,K., Jankovic,J., Mufson,E.J., and Kordower,J.H. (2006). Nurr1 in Parkinson's 
disease and related disorders. J. Comp Neurol. 494, 495-514. 

Clark,I.E., Dodson,M.W., Jiang,C., Cao,J.H., Huh,J.R., Seol,J.H., Yoo,S.J., Hay,B.A., and Guo,M. (2006). 
Drosophila pink1 is required for mitochondrial function and interacts genetically with parkin. Nature 
441, 1162-1166. 

Clark,J. and Simon,D.K. (2009). Transcribe to survive: transcriptional control of antioxidant defense 
programs for neuroprotection in Parkinson's disease. Antioxid. Redox. Signal. 11, 509-528. 



References 

 
208 

Cleeter,M.W., Cooper,J.M., Darley-Usmar,V.M., Moncada,S., and Schapira,A.H. (1994). Reversible 
inhibition of cytochrome c oxidase, the terminal enzyme of the mitochondrial respiratory chain, by 
nitric oxide. Implications for neurodegenerative diseases. FEBS Lett. 345, 50-54. 

Clementi,E., Brown,G.C., Feelisch,M., and Moncada,S. (1998). Persistent inhibition of cell respiration 
by nitric oxide: crucial role of S-nitrosylation of mitochondrial complex I and protective action of 
glutathione. Proc. Natl. Acad. Sci. U. S. A 95, 7631-7636. 

Cole,N.B., Dieuliis,D., Leo,P., Mitchell,D.C., and Nussbaum,R.L. (2008). Mitochondrial translocation of 
alpha-synuclein is promoted by intracellular acidification. Exp. Cell Res. 314, 2076-2089. 

Conway,K.A., Harper,J.D., and Lansbury,P.T. (1998). Accelerated in vitro fibril formation by a mutant 
alpha-synuclein linked to early-onset Parkinson disease. Nat. Med. 4, 1318-1320. 

Conway,K.A., Rochet,J.C., Bieganski,R.M., and Lansbury,P.T., Jr. (2001). Kinetic stabilization of the 
alpha-synuclein protofibril by a dopamine-alpha-synuclein adduct. Science 294, 1346-1349. 

Cook,A.L., Vitale,A.M., Ravishankar,S., Matigian,N., Sutherland,G.T., Shan,J., Sutharsan,R., Perry,C., 
Silburn,P.A., Mellick,G.D., Whitelaw,M.L., Wells,C.A., Mackay-Sim,A., and Wood,S.A. (2011). NRF2 
activation restores disease related metabolic deficiencies in olfactory neurosphere-derived cells from 
patients with sporadic Parkinson's disease. PLoS. One. 6, e21907. 

Cookson,M.R. (2005). The biochemistry of Parkinson's disease. Annu. Rev. Biochem. 74, 29-52. 

Cookson,M.R., Lockhart,P.J., McLendon,C., O'Farrell,C., Schlossmacher,M., and Farrer,M.J. (2003). 
RING finger 1 mutations in Parkin produce altered localization of the protein. Hum. Mol. Genet. 12, 
2957-2965. 

Copin,J.C., Gasche,Y., and Chan,P.H. (2000). Overexpression of copper/zinc superoxide dismutase 
does not prevent neonatal lethality in mutant mice that lack manganese superoxide dismutase. Free 
Radic. Biol. Med. 28, 1571-1576. 

Corti,O., Hampe,C., Koutnikova,H., Darios,F., Jacquier,S., Prigent,A., Robinson,J.C., Pradier,L., 
Ruberg,M., Mirande,M., Hirsch,E., Rooney,T., Fournier,A., and Brice,A. (2003). The p38 subunit of the 
aminoacyl-tRNA synthetase complex is a Parkin substrate: linking protein biosynthesis and 
neurodegeneration. Hum. Mol. Genet. 12, 1427-1437. 

Corti,O., Lesage,S., and Brice,A. (2011). What genetics tells us about the causes and mechanisms of 
Parkinson's disease. Physiol Rev. 91, 1161-1218. 

Costa,J., Lunet,N., Santos,C., Santos,J., and Vaz-Carneiro,A. (2010). Caffeine exposure and the risk of 
Parkinson's disease: a systematic review and meta-analysis of observational studies. J. Alzheimers. 
Dis. 20 Suppl 1, S221-S238. 

Cowell,R.M., Blake,K.R., and Russell,J.W. (2007). Localization of the transcriptional coactivator PGC-
1alpha to GABAergic neurons during maturation of the rat brain. J. Comp Neurol. 502, 1-18. 



References 

 

 
209 

Crews,L., Mizuno,H., Desplats,P., Rockenstein,E., Adame,A., Patrick,C., Winner,B., Winkler,J., and 
Masliah,E. (2008). Alpha-synuclein alters Notch-1 expression and neurogenesis in mouse embryonic 
stem cells and in the hippocampus of transgenic mice. J. Neurosci. 28, 4250-4260. 

Criscuolo,C., Volpe,G., De,R.A., Varrone,A., Marongiu,R., Mancini,P., Salvatore,E., Dallapiccola,B., 
Filla,A., Valente,E.M., and De,M.G. (2006). PINK1 homozygous W437X mutation in a patient with 
apparent dominant transmission of parkinsonism. Mov Disord. 21, 1265-1267. 

Cuervo,A.M., Stefanis,L., Fredenburg,R., Lansbury,P.T., and Sulzer,D. (2004). Impaired degradation of 
mutant alpha-synuclein by chaperone-mediated autophagy. Science 305, 1292-1295. 

Culotta,V.C., Yang,M., and O'Halloran,T.V. (2006). Activation of superoxide dismutases: putting the 
metal to the pedal. Biochim. Biophys. Acta 1763, 747-758. 

Dalaker,T.O., Zivadinov,R., Larsen,J.P., Beyer,M.K., Cox,J.L., Alves,G., Bronnick,K., Tysnes,O.B., 
Antulov,R., Dwyer,M.G., and Aarsland,D. (2010). Gray matter correlations of cognition in incident 
Parkinson's disease. Mov Disord. 25, 629-633. 

Danielson,S.R. and Andersen,J.K. (2008). Oxidative and nitrative protein modifications in Parkinson's 
disease. Free Radic. Biol. Med. 44, 1787-1794. 

Darios,F., Corti,O., Lucking,C.B., Hampe,C., Muriel,M.P., Abbas,N., Gu,W.J., Hirsch,E.C., Rooney,T., 
Ruberg,M., and Brice,A. (2003). Parkin prevents mitochondrial swelling and cytochrome c release in 
mitochondria-dependent cell death. Hum. Mol. Genet. 12, 517-526. 

Dauer,W. and Przedborski,S. (2003). Parkinson's disease: mechanisms and models. Neuron 39, 889-
909. 

Dauer,W., Kholodilov,N., Vila,M., Trillat,A.C., Goodchild,R., Larsen,K.E., Staal,R., Tieu,K., Schmitz,Y., 
Yuan,C.A., Rocha,M., Jackson-Lewis,V., Hersch,S., Sulzer,D., Przedborski,S., Burke,R., and Hen,R. 
(2002). Resistance of alpha -synuclein null mice to the parkinsonian neurotoxin MPTP. Proc. Natl. 
Acad. Sci. U. S. A 99, 14524-14529. 

Dawson,T.M. and Dawson,V.L. (2003). Molecular pathways of neurodegeneration in Parkinson's 
disease. Science 302, 819-822. 

Dawson,T.M., Ko,H.S., and Dawson,V.L. (2010). Genetic animal models of Parkinson's disease. 
Neuron 66, 646-661. 

de Lau,L.M. and Breteler,M.M. (2006). Epidemiology of Parkinson's disease. Lancet Neurol. 5, 525-
535. 

de Rijk,M.C., Launer,L.J., Berger,K., Breteler,M.M., Dartigues,J.F., Baldereschi,M., Fratiglioni,L., 
Lobo,A., Martinez-Lage,J., Trenkwalder,C., and Hofman,A. (2000). Prevalence of Parkinson's disease 
in Europe: A collaborative study of population-based cohorts. Neurologic Diseases in the Elderly 
Research Group. Neurology 54, S21-S23. 



References 

 
210 

de Vries,H.E., Witte,M., Hondius,D., Rozemuller,A.J., Drukarch,B., Hoozemans,J., and van,H.J. (2008). 
Nrf2-induced antioxidant protection: a promising target to counteract ROS-mediated damage in 
neurodegenerative disease? Free Radic. Biol. Med. 45, 1375-1383. 

Devi,L., Raghavendran,V., Prabhu,B.M., Avadhani,N.G., and Anandatheerthavarada,H.K. (2008). 
Mitochondrial import and accumulation of alpha-synuclein impair complex I in human dopaminergic 
neuronal cultures and Parkinson disease brain. J. Biol. Chem. 283, 9089-9100. 

Dexter,D.T., Carter,C.J., Wells,F.R., Javoy-Agid,F., Agid,Y., Lees,A., Jenner,P., and Marsden,C.D. 
(1989a). Basal lipid peroxidation in substantia nigra is increased in Parkinson's disease. J. 
Neurochem. 52, 381-389. 

Dexter,D.T., Jenner,P., Schapira,A.H., and Marsden,C.D. (1992). Alterations in levels of iron, ferritin, 
and other trace metals in neurodegenerative diseases affecting the basal ganglia. The Royal Kings 
and Queens Parkinson's Disease Research Group. Ann. Neurol. 32 Suppl, S94-100. 

Dexter,D.T., Sian,J., Rose,S., Hindmarsh,J.G., Mann,V.M., Cooper,J.M., Wells,F.R., Daniel,S.E., 
Lees,A.J., Schapira,A.H., and . (1994). Indices of oxidative stress and mitochondrial function in 
individuals with incidental Lewy body disease. Ann. Neurol. 35, 38-44. 

Dexter,D.T., Wells,F.R., Agid,F., Agid,Y., Lees,A.J., Jenner,P., and Marsden,C.D. (1987). Increased 
nigral iron content in postmortem parkinsonian brain. Lancet 2, 1219-1220. 

Dexter,D.T., Wells,F.R., Lees,A.J., Agid,F., Agid,Y., Jenner,P., and Marsden,C.D. (1989b). Increased 
nigral iron content and alterations in other metal ions occurring in brain in Parkinson's disease. J. 
Neurochem. 52, 1830-1836. 

Di Monte,D.A. (2003). The environment and Parkinson's disease: is the nigrostriatal system 
preferentially targeted by neurotoxins? Lancet Neurol. 2, 531-538. 

Di,F.A., Dekker,M.C., Montagna,P., Baruzzi,A., Yonova,E.H., Correia,G.L., Szczerbinska,A., Zhao,T., 
Dubbel-Hulsman,L.O., Wouters,C.H., de,G.E., Oyen,W.J., Simons,E.J., Breedveld,G.J., Oostra,B.A., 
Horstink,M.W., and Bonifati,V. (2009). FBXO7 mutations cause autosomal recessive, early-onset 
parkinsonian-pyramidal syndrome. Neurology 72, 240-245. 

Di,F.A., Rohe,C.F., Ferreira,J., Chien,H.F., Vacca,L., Stocchi,F., Guedes,L., Fabrizio,E., Manfredi,M., 
Vanacore,N., Goldwurm,S., Breedveld,G., Sampaio,C., Meco,G., Barbosa,E., Oostra,B.A., and 
Bonifati,V. (2005). A frequent LRRK2 gene mutation associated with autosomal dominant Parkinson's 
disease. Lancet 365, 412-415. 

Dickinson,D.A. and Forman,H.J. (2002). Cellular glutathione and thiols metabolism. Biochem. 
Pharmacol. 64, 1019-1026. 

Dickson,D.W., Braak,H., Duda,J.E., Duyckaerts,C., Gasser,T., Halliday,G.M., Hardy,J., Leverenz,J.B., 
Del,T.K., Wszolek,Z.K., and Litvan,I. (2009). Neuropathological assessment of Parkinson's disease: 
refining the diagnostic criteria. Lancet Neurol. 8, 1150-1157. 



References 

 

 
211 

Dickson,D.W., Liu,W., Hardy,J., Farrer,M., Mehta,N., Uitti,R., Mark,M., Zimmerman,T., Golbe,L., 
Sage,J., Sima,A., D'Amato,C., Albin,R., Gilman,S., and Yen,S.H. (1999). Widespread alterations of 
alpha-synuclein in multiple system atrophy. Am. J. Pathol. 155, 1241-1251. 

Double,K.L., Halliday,G.M., McRitchie,D.A., Reid,W.G., Hely,M.A., and Morris,J.G. (1996). Regional 
brain atrophy in idiopathic parkinson's disease and diffuse Lewy body disease. Dementia 7, 304-313. 

Double,K.L., Reyes,S., Werry,E.L., and Halliday,G.M. (2010). Selective cell death in 
neurodegeneration: why are some neurons spared in vulnerable regions? Prog. Neurobiol. 92, 316-
329. 

Drechsel,D.A., Liang,L.P., and Patel,M. (2007). 1-methyl-4-phenylpyridinium-induced alterations of 
glutathione status in immortalized rat dopaminergic neurons. Toxicol. Appl. Pharmacol. 220, 341-
348. 

Dringen,R. (2000). Metabolism and functions of glutathione in brain. Prog. Neurobiol. 62, 649-671. 

Droge,W. and Schipper,H.M. (2007). Oxidative stress and aberrant signaling in aging and cognitive 
decline. Aging Cell 6, 361-370. 

Duce,J.A., Smith,D.P., Blake,R.E., Crouch,P.J., Li,Q.X., Masters,C.L., and Trounce,I.A. (2006). Linker 
histone H1 binds to disease associated amyloid-like fibrils. J. Mol. Biol. 361, 493-505. 

Duda,J.E., Giasson,B.I., Chen,Q., Gur,T.L., Hurtig,H.I., Stern,M.B., Gollomp,S.M., Ischiropoulos,H., 
Lee,V.M., and Trojanowski,J.Q. (2000a). Widespread nitration of pathological inclusions in 
neurodegenerative synucleinopathies. Am. J. Pathol. 157, 1439-1445. 

Duda,J.E., Lee,V.M., and Trojanowski,J.Q. (2000b). Neuropathology of synuclein aggregates. J. 
Neurosci. Res. 61, 121-127. 

Dun,Y., Mysona,B., Van,E.T., Amarnath,L., Ola,M.S., Ganapathy,V., and Smith,S.B. (2006). Expression 
of the cystine-glutamate exchanger (xc-) in retinal ganglion cells and regulation by nitric oxide and 
oxidative stress. Cell Tissue Res. 324, 189-202. 

Dunning,C.J., Reyes,J.F., Steiner,J.A., and Brundin,P. (2011). Can Parkinson's disease pathology be 
propagated from one neuron to another? Prog. Neurobiol. 

Ekstrand,M.I., Falkenberg,M., Rantanen,A., Park,C.B., Gaspari,M., Hultenby,K., Rustin,P., 
Gustafsson,C.M., and Larsson,N.G. (2004). Mitochondrial transcription factor A regulates mtDNA 
copy number in mammals. Hum. Mol. Genet. 13, 935-944. 

Ekstrand,M.I., Terzioglu,M., Galter,D., Zhu,S., Hofstetter,C., Lindqvist,E., Thams,S., Bergstrand,A., 
Hansson,F.S., Trifunovic,A., Hoffer,B., Cullheim,S., Mohammed,A.H., Olson,L., and Larsson,N.G. 
(2007). Progressive parkinsonism in mice with respiratory-chain-deficient dopamine neurons. Proc. 
Natl. Acad. Sci. U. S. A 104, 1325-1330. 



References 

 
212 

Elbaz,A. and Moisan,F. (2008). Update in the epidemiology of Parkinson's disease. Curr. Opin. Neurol. 
21, 454-460. 

Elchuri,S., Oberley,T.D., Qi,W., Eisenstein,R.S., Jackson,R.L., Van,R.H., Epstein,C.J., and Huang,T.T. 
(2005). CuZnSOD deficiency leads to persistent and widespread oxidative damage and 
hepatocarcinogenesis later in life. Oncogene 24, 367-380. 

Eliezer,D., Kutluay,E., Bussell,R., Jr., and Browne,G. (2001). Conformational properties of alpha-
synuclein in its free and lipid-associated states. J. Mol. Biol. 307, 1061-1073. 

Ellis,C.E., Murphy,E.J., Mitchell,D.C., Golovko,M.Y., Scaglia,F., Barcelo-Coblijn,G.C., and 
Nussbaum,R.L. (2005). Mitochondrial lipid abnormality and electron transport chain impairment in 
mice lacking alpha-synuclein. Mol. Cell Biol. 25, 10190-10201. 

Ellis,C.E., Schwartzberg,P.L., Grider,T.L., Fink,D.W., and Nussbaum,R.L. (2001). alpha-synuclein is 
phosphorylated by members of the Src family of protein-tyrosine kinases. J. Biol. Chem. 276, 3879-
3884. 

Eslamboli,A., Romero-Ramos,M., Burger,C., Bjorklund,T., Muzyczka,N., Mandel,R.J., Baker,H., 
Ridley,R.M., and Kirik,D. (2007). Long-term consequences of human alpha-synuclein overexpression 
in the primate ventral midbrain. Brain 130, 799-815. 

Esterbauer,H., Oberkofler,H., Krempler,F., and Patsch,W. (1999). Human peroxisome proliferator 
activated receptor gamma coactivator 1 (PPARGC1) gene: cDNA sequence, genomic organization, 
chromosomal localization, and tissue expression. Genomics 62, 98-102. 

Esworthy,R.S., Ho,Y.S., and Chu,F.F. (1997). The Gpx1 gene encodes mitochondrial glutathione 
peroxidase in the mouse liver. Arch. Biochem. Biophys. 340, 59-63. 

Exner,N., Treske,B., Paquet,D., Holmstrom,K., Schiesling,C., Gispert,S., Carballo-Carbajal,I., Berg,D., 
Hoepken,H.H., Gasser,T., Kruger,R., Winklhofer,K.F., Vogel,F., Reichert,A.S., Auburger,G., Kahle,P.J., 
Schmid,B., and Haass,C. (2007). Loss-of-function of human PINK1 results in mitochondrial pathology 
and can be rescued by parkin. J. Neurosci. 27, 12413-12418. 

Farrer,M., Chan,P., Chen,R., Tan,L., Lincoln,S., Hernandez,D., Forno,L., Gwinn-Hardy,K., Petrucelli,L., 
Hussey,J., Singleton,A., Tanner,C., Hardy,J., and Langston,J.W. (2001). Lewy bodies and parkinsonism 
in families with parkin mutations. Ann. Neurol. 50, 293-300. 

Farrer,M.J. (2006). Genetics of Parkinson disease: paradigm shifts and future prospects. Nat. Rev. 
Genet. 7, 306-318. 

Favreau,L.V. and Pickett,C.B. (1995). The rat quinone reductase antioxidant response element. 
Identification of the nucleotide sequence required for basal and inducible activity and detection of 
antioxidant response element-binding proteins in hepatoma and non-hepatoma cell lines. J. Biol. 
Chem. 270, 24468-24474. 



References 

 

 
213 

Fearnley,J.M. and Lees,A.J. (1991). Ageing and Parkinson's disease: substantia nigra regional 
selectivity. Brain 114 ( Pt 5), 2283-2301. 

Ferrante,R.J., Hantraye,P., Brouillet,E., and Beal,M.F. (1999). Increased nitrotyrosine 
immunoreactivity in substantia nigra neurons in MPTP treated baboons is blocked by inhibition of 
neuronal nitric oxide synthase. Brain Res. 823, 177-182. 

Fiskum,G., Starkov,A., Polster,B.M., and Chinopoulos,C. (2003). Mitochondrial mechanisms of neural 
cell death and neuroprotective interventions in Parkinson's disease. Ann. N. Y. Acad. Sci. 991, 111-
119. 

Floor,E. and Wetzel,M.G. (1998). Increased protein oxidation in human substantia nigra pars 
compacta in comparison with basal ganglia and prefrontal cortex measured with an improved 
dinitrophenylhydrazine assay. J. Neurochem. 70, 268-275. 

Fortin,D.L., Troyer,M.D., Nakamura,K., Kubo,S., Anthony,M.D., and Edwards,R.H. (2004). Lipid rafts 
mediate the synaptic localization of alpha-synuclein. J. Neurosci. 24, 6715-6723. 

Franklin,C.C., Backos,D.S., Mohar,I., White,C.C., Forman,H.J., and Kavanagh,T.J. (2009). Structure, 
function, and post-translational regulation of the catalytic and modifier subunits of glutamate 
cysteine ligase. Mol. Aspects Med. 30, 86-98. 

Fridovich,I. (1989). Superoxide dismutases. An adaptation to a paramagnetic gas. J. Biol. Chem. 264, 
7761-7764. 

Fridovich,I. (1995). Superoxide radical and superoxide dismutases. Annu. Rev. Biochem. 64, 97-112. 

Fronczek,R., Overeem,S., Lee,S.Y., Hegeman,I.M., van,P.J., van Duinen,S.G., Lammers,G.J., and 
Swaab,D.F. (2007). Hypocretin (orexin) loss in Parkinson's disease. Brain 130, 1577-1585. 

Fujiwara,H., Hasegawa,M., Dohmae,N., Kawashima,A., Masliah,E., Goldberg,M.S., Shen,J., Takio,K., 
and Iwatsubo,T. (2002). alpha-Synuclein is phosphorylated in synucleinopathy lesions. Nat. Cell Biol. 
4, 160-164. 

Gaeta,A. and Hider,R.C. (2005). The crucial role of metal ions in neurodegeneration: the basis for a 
promising therapeutic strategy. Br. J. Pharmacol. 146, 1041-1059. 

Galloway,D.C., Blake,D.G., and McLellan,L.I. (1999). Regulation of gamma-glutamylcysteine 
synthetase regulatory subunit (GLCLR) gene expression: identification of the major transcriptional 
start site in HT29 cells. Biochim. Biophys. Acta 1446, 47-56. 

Galloway,D.C., Blake,D.G., Shepherd,A.G., and McLellan,L.I. (1997). Regulation of human gamma-
glutamylcysteine synthetase: co-ordinate induction of the catalytic and regulatory subunits in HepG2 
cells. Biochem. J. 328 ( Pt 1), 99-104. 



References 

 
214 

Galter,D., Pernold,K., Yoshitake,T., Lindqvist,E., Hoffer,B., Kehr,J., Larsson,N.G., and Olson,L. (2010). 
MitoPark mice mirror the slow progression of key symptoms and L-DOPA response in Parkinson's 
disease. Genes Brain Behav. 9, 173-181. 

Galvin,J.E., Giasson,B., Hurtig,H.I., Lee,V.M., and Trojanowski,J.Q. (2000). Neurodegeneration with 
brain iron accumulation, type 1 is characterized by alpha-, beta-, and gamma-synuclein 
neuropathology. Am. J. Pathol. 157, 361-368. 

Gandhi,S., Muqit,M.M., Stanyer,L., Healy,D.G., Abou-Sleiman,P.M., Hargreaves,I., Heales,S., 
Ganguly,M., Parsons,L., Lees,A.J., Latchman,D.S., Holton,J.L., Wood,N.W., and Revesz,T. (2006). 
PINK1 protein in normal human brain and Parkinson's disease. Brain 129, 1720-1731. 

Garrido,M., Tereshchenko,Y., Zhevtsova,Z., Taschenberger,G., Bahr,M., and Kugler,S. (2011). 
Glutathione depletion and overproduction both initiate degeneration of nigral dopaminergic 
neurons. Acta Neuropathol. 121, 475-485. 

Garstka,H.L., Schmitt,W.E., Schultz,J., Sogl,B., Silakowski,B., Perez-Martos,A., Montoya,J., and 
Wiesner,R.J. (2003). Import of mitochondrial transcription factor A (TFAM) into rat liver 
mitochondria stimulates transcription of mitochondrial DNA. Nucleic Acids Res. 31, 5039-5047. 

Gasser,T. (2001). Genetics of Parkinson's disease. J. Neurol. 248, 833-840. 

Gasser,T., Muller-Myhsok,B., Wszolek,Z.K., Oehlmann,R., Calne,D.B., Bonifati,V., Bereznai,B., 
Fabrizio,E., Vieregge,P., and Horstmann,R.D. (1998). A susceptibility locus for Parkinson's disease 
maps to chromosome 2p13. Nat. Genet. 18, 262-265. 

Genestra,M. (2007). Oxyl radicals, redox-sensitive signalling cascades and antioxidants. Cell Signal. 
19, 1807-1819. 

George,J.M. (2002). The synucleins. Genome Biol. 3, REVIEWS3002. 

George,J.M., Jin,H., Woods,W.S., and Clayton,D.F. (1995). Characterization of a novel protein 
regulated during the critical period for song learning in the zebra finch. Neuron 15, 361-372. 

Gerlach,M., Double,K.L., Youdim,M.B., and Riederer,P. (2006). Potential sources of increased iron in 
the substantia nigra of parkinsonian patients. J. Neural Transm. Suppl 133-142. 

Giasson,B.I., Covy,J.P., Bonini,N.M., Hurtig,H.I., Farrer,M.J., Trojanowski,J.Q., and Van Deerlin,V.M. 
(2006). Biochemical and pathological characterization of Lrrk2. Ann. Neurol. 59, 315-322. 

Giasson,B.I., Duda,J.E., Murray,I.V., Chen,Q., Souza,J.M., Hurtig,H.I., Ischiropoulos,H., 
Trojanowski,J.Q., and Lee,V.M. (2000). Oxidative damage linked to neurodegeneration by selective 
alpha-synuclein nitration in synucleinopathy lesions. Science 290, 985-989. 



References 

 

 
215 

Giasson,B.I., Murray,I.V., Trojanowski,J.Q., and Lee,V.M. (2001). A hydrophobic stretch of 12 amino 
acid residues in the middle of alpha-synuclein is essential for filament assembly. J. Biol. Chem. 276, 
2380-2386. 

Gilks,W.P., Abou-Sleiman,P.M., Gandhi,S., Jain,S., Singleton,A., Lees,A.J., Shaw,K., Bhatia,K.P., 
Bonifati,V., Quinn,N.P., Lynch,J., Healy,D.G., Holton,J.L., Revesz,T., and Wood,N.W. (2005). A 
common LRRK2 mutation in idiopathic Parkinson's disease. Lancet 365, 415-416. 

Goers,J., Manning-Bog,A.B., McCormack,A.L., Millett,I.S., Doniach,S., Di Monte,D.A., Uversky,V.N., 
and Fink,A.L. (2003). Nuclear localization of alpha-synuclein and its interaction with histones. 
Biochemistry 42, 8465-8471. 

Goldman,J.E., Yen,S.H., Chiu,F.C., and Peress,N.S. (1983). Lewy bodies of Parkinson's disease contain 
neurofilament antigens. Science 221, 1082-1084. 

Gomez,C., Bandez,M.J., and Navarro,A. (2007). Pesticides and impairment of mitochondrial function 
in relation with the parkinsonian syndrome. Front Biosci. 12, 1079-1093. 

Good,P.F., Hsu,A., Werner,P., Perl,D.P., and Olanow,C.W. (1998). Protein nitration in Parkinson's 
disease. J. Neuropathol. Exp. Neurol. 57, 338-342. 

Gorbatyuk,O.S., Li,S., Sullivan,L.F., Chen,W., Kondrikova,G., Manfredsson,F.P., Mandel,R.J., and 
Muzyczka,N. (2008). The phosphorylation state of Ser-129 in human alpha-synuclein determines 
neurodegeneration in a rat model of Parkinson disease. Proc. Natl. Acad. Sci. U. S. A 105, 763-768. 

Gorell,J.M., Johnson,C.C., Rybicki,B.A., Peterson,E.L., and Richardson,R.J. (1998). The risk of 
Parkinson's disease with exposure to pesticides, farming, well water, and rural living. Neurology 50, 
1346-1350. 

Gorell,J.M., Johnson,C.C., Rybicki,B.A., Peterson,E.L., Kortsha,G.X., Brown,G.G., and Richardson,R.J. 
(1999). Occupational exposure to manganese, copper, lead, iron, mercury and zinc and the risk of 
Parkinson's disease. Neurotoxicology 20, 239-247. 

Gorell,J.M., Johnson,C.C., Rybicki,B.A., Peterson,E.L., Kortsha,G.X., Brown,G.G., and Richardson,R.J. 
(1997). Occupational exposures to metals as risk factors for Parkinson's disease. Neurology 48, 650-
658. 

Gotz,M.E., Double,K., Gerlach,M., Youdim,M.B., and Riederer,P. (2004). The relevance of iron in the 
pathogenesis of Parkinson's disease. Ann. N. Y. Acad. Sci. 1012, 193-208. 

Graveley,B.R. (2000). Sorting out the complexity of SR protein functions. RNA. 6, 1197-1211. 

Grazina,M.M. (2012). Mitochondrial respiratory chain: biochemical analysis and criterion for 
deficiency in diagnosis. Methods Mol. Biol. 837, 73-91. 



References 

 
216 

Greenamyre,J.T. and Hastings,T.G. (2004). Biomedicine. Parkinson's--divergent causes, convergent 
mechanisms. Science 304, 1120-1122. 

Greenamyre,J.T., Betarbet,R., and Sherer,T.B. (2003). The rotenone model of Parkinson's disease: 
genes, environment and mitochondria. Parkinsonism. Relat Disord. 9 Suppl 2, S59-S64. 

Greenamyre,J.T., Sherer,T.B., Betarbet,R., and Panov,A.V. (2001). Complex I and Parkinson's disease. 
IUBMB. Life 52, 135-141. 

Greene,J.C., Whitworth,A.J., Kuo,I., Andrews,L.A., Feany,M.B., and Pallanck,L.J. (2003). Mitochondrial 
pathology and apoptotic muscle degeneration in Drosophila parkin mutants. Proc. Natl. Acad. Sci. U. 
S. A 100, 4078-4083. 

Greggio,E., Zambrano,I., Kaganovich,A., Beilina,A., Taymans,J.M., Daniels,V., Lewis,P., Jain,S., Ding,J., 
Syed,A., Thomas,K.J., Baekelandt,V., and Cookson,M.R. (2008). The Parkinson disease-associated 
leucine-rich repeat kinase 2 (LRRK2) is a dimer that undergoes intramolecular autophosphorylation. 
J. Biol. Chem. 283, 16906-16914. 

Griffith,O.W. (1999). Biologic and pharmacologic regulation of mammalian glutathione synthesis. 
Free Radic. Biol. Med. 27, 922-935. 

Griffith,O.W. and Meister,A. (1985). Origin and turnover of mitochondrial glutathione. Proc. Natl. 
Acad. Sci. U. S. A 82, 4668-4672. 

Gu,M., Gash,M.T., Cooper,J.M., Wenning,G.K., Daniel,S.E., Quinn,N.P., Marsden,C.D., and 
Schapira,A.H. (1997). Mitochondrial respiratory chain function in multiple system atrophy. Mov 
Disord. 12, 418-422. 

Gu,M., Owen,A.D., Toffa,S.E., Cooper,J.M., Dexter,D.T., Jenner,P., Marsden,C.D., and Schapira,A.H. 
(1998). Mitochondrial function, GSH and iron in neurodegeneration and Lewy body diseases. J. 
Neurol. Sci. 158, 24-29. 

Gu,W.J., Corti,O., Araujo,F., Hampe,C., Jacquier,S., Lucking,C.B., Abbas,N., Duyckaerts,C., Rooney,T., 
Pradier,L., Ruberg,M., and Brice,A. (2003). The C289G and C418R missense mutations cause rapid 
sequestration of human Parkin into insoluble aggregates. Neurobiol. Dis. 14, 357-364. 

Guo,L., Gandhi,P.N., Wang,W., Petersen,R.B., Wilson-Delfosse,A.L., and Chen,S.G. (2007). The 
Parkinson's disease-associated protein, leucine-rich repeat kinase 2 (LRRK2), is an authentic GTPase 
that stimulates kinase activity. Exp. Cell Res. 313, 3658-3670. 

Gutteridge,J.M. (1994). Hydroxyl radicals, iron, oxidative stress, and neurodegeneration. Ann. N. Y. 
Acad. Sci. 738, 201-213. 

Halliday,G., Lees,A., and Stern,M. (2011). Milestones in Parkinson's disease--clinical and pathologic 
features. Mov Disord. 26, 1015-1021. 



References 

 

 
217 

Halliday,G.M. and McCann,H. (2010). The progression of pathology in Parkinson's disease. Ann. N. Y. 
Acad. Sci. 1184, 188-195. 

Halliday,G.M., Li,Y.W., Blumbergs,P.C., Joh,T.H., Cotton,R.G., Howe,P.R., Blessing,W.W., and 
Geffen,L.B. (1990). Neuropathology of immunohistochemically identified brainstem neurons in 
Parkinson's disease. Ann. Neurol. 27, 373-385. 

Hamza,T.H., Zabetian,C.P., Tenesa,A., Laederach,A., Montimurro,J., Yearout,D., Kay,D.M., 
Doheny,K.F., Paschall,J., Pugh,E., Kusel,V.I., Collura,R., Roberts,J., Griffith,A., Samii,A., Scott,W.K., 
Nutt,J., Factor,S.A., and Payami,H. (2010). Common genetic variation in the HLA region is associated 
with late-onset sporadic Parkinson's disease. Nat. Genet. 42, 781-785. 

Handschin,C. and Spiegelman,B.M. (2006). Peroxisome proliferator-activated receptor gamma 
coactivator 1 coactivators, energy homeostasis, and metabolism. Endocr. Rev. 27, 728-735. 

Hantraye,P., Brouillet,E., Ferrante,R., Palfi,S., Dolan,R., Matthews,R.T., and Beal,M.F. (1996). 
Inhibition of neuronal nitric oxide synthase prevents MPTP-induced parkinsonism in baboons. Nat. 
Med. 2, 1017-1021. 

Harding,A.J., Stimson,E., Henderson,J.M., and Halliday,G.M. (2002). Clinical correlates of selective 
pathology in the amygdala of patients with Parkinson's disease. Brain 125, 2431-2445. 

Hasegawa,M., Fujiwara,H., Nonaka,T., Wakabayashi,K., Takahashi,H., Lee,V.M., Trojanowski,J.Q., 
Mann,D., and Iwatsubo,T. (2002). Phosphorylated alpha-synuclein is ubiquitinated in alpha-
synucleinopathy lesions. J. Biol. Chem. 277, 49071-49076. 

Hashimoto,M., Takeda,A., Hsu,L.J., Takenouchi,T., and Masliah,E. (1999). Role of cytochrome c as a 
stimulator of alpha-synuclein aggregation in Lewy body disease. J. Biol. Chem. 274, 28849-28852. 

Hastings,T.G. (2009). The role of dopamine oxidation in mitochondrial dysfunction: implications for 
Parkinson's disease. J. Bioenerg. Biomembr. 41, 469-472. 

Hatano,Y., Sato,K., Elibol,B., Yoshino,H., Yamamura,Y., Bonifati,V., Shinotoh,H., Asahina,M., 
Kobayashi,S., Ng,A.R., Rosales,R.L., Hassin-Baer,S., Shinar,Y., Lu,C.S., Chang,H.C., Wu-Chou,Y.H., 
Atac,F.B., Kobayashi,T., Toda,T., Mizuno,Y., and Hattori,N. (2004). PARK6-linked autosomal recessive 
early-onset parkinsonism in Asian populations. Neurology 63, 1482-1485. 

Hawkes,C.H., Del,T.K., and Braak,H. (2010). A timeline for Parkinson's disease. Parkinsonism. Relat 
Disord. 16, 79-84. 

Hayashi,T., Ishimori,C., Takahashi-Niki,K., Taira,T., Kim,Y.C., Maita,H., Maita,C., Ariga,H., and Iguchi-
Ariga,S.M. (2009). DJ-1 binds to mitochondrial complex I and maintains its activity. Biochem. 
Biophys. Res. Commun. 390, 667-672. 

Hayashi,Y., Yoshida,M., Yamato,M., Ide,T., Wu,Z., Ochi-Shindou,M., Kanki,T., Kang,D., Sunagawa,K., 
Tsutsui,H., and Nakanishi,H. (2008). Reverse of age-dependent memory impairment and 



References 

 
218 

mitochondrial DNA damage in microglia by an overexpression of human mitochondrial transcription 
factor a in mice. J. Neurosci. 28, 8624-8634. 

He,Q., Song,N., Xu,H., Wang,R., Xie,J., and Jiang,H. (2011). Alpha-synuclein aggregation is involved in 
the toxicity induced by ferric iron to SK-N-SH neuroblastoma cells. J. Neural Transm. 118, 397-406. 

Healy,D.G., Falchi,M., O'Sullivan,S.S., Bonifati,V., Durr,A., Bressman,S., Brice,A., Aasly,J., 
Zabetian,C.P., Goldwurm,S., Ferreira,J.J., Tolosa,E., Kay,D.M., Klein,C., Williams,D.R., Marras,C., 
Lang,A.E., Wszolek,Z.K., Berciano,J., Schapira,A.H., Lynch,T., Bhatia,K.P., Gasser,T., Lees,A.J., and 
Wood,N.W. (2008). Phenotype, genotype, and worldwide genetic penetrance of LRRK2-associated 
Parkinson's disease: a case-control study. Lancet Neurol. 7, 583-590. 

Henchcliffe,C. and Beal,M.F. (2008). Mitochondrial biology and oxidative stress in Parkinson disease 
pathogenesis. Nat. Clin. Pract. Neurol. 4, 600-609. 

Henderson,J.M., Carpenter,K., Cartwright,H., and Halliday,G.M. (2000). Degeneration of the centre 
median-parafascicular complex in Parkinson's disease. Ann. Neurol. 47, 345-352. 

Hering,R., Strauss,K.M., Tao,X., Bauer,A., Woitalla,D., Mietz,E.M., Petrovic,S., Bauer,P., Schaible,W., 
Muller,T., Schols,L., Klein,C., Berg,D., Meyer,P.T., Schulz,J.B., Wollnik,B., Tong,L., Kruger,R., and 
Riess,O. (2004). Novel homozygous p.E64D mutation in DJ1 in early onset Parkinson disease (PARK7). 
Hum. Mutat. 24, 321-329. 

Hicks,A.A., Petursson,H., Jonsson,T., Stefansson,H., Johannsdottir,H.S., Sainz,J., Frigge,M.L., Kong,A., 
Gulcher,J.R., Stefansson,K., and Sveinbjornsdottir,S. (2002). A susceptibility gene for late-onset 
idiopathic Parkinson's disease. Ann. Neurol. 52, 549-555. 

Hintze,K.J., Keck,A.S., Finley,J.W., and Jeffery,E.H. (2003). Induction of hepatic thioredoxin reductase 
activity by sulforaphane, both in Hepa1c1c7 cells and in male Fisher 344 rats. J. Nutr. Biochem. 14, 
173-179. 

Hirrlinger,J., Schulz,J.B., and Dringen,R. (2002). Effects of dopamine on the glutathione metabolism 
of cultured astroglial cells: implications for Parkinson's disease. J. Neurochem. 82, 458-467. 

Hirsch,E.C. (1992). Why are nigral catecholaminergic neurons more vulnerable than other cells in 
Parkinson's disease? Ann. Neurol. 32 Suppl, S88-S93. 

Hissin,P.J. and Hilf,R. (1976). A fluorometric method for determination of oxidized and reduced 
glutathione in tissues. Anal. Biochem. 74, 214-226. 

Hoepken,H.H., Gispert,S., Morales,B., Wingerter,O., Del,T.D., Mulsch,A., Nussbaum,R.L., Muller,K., 
Drose,S., Brandt,U., Deller,T., Wirth,B., Kudin,A.P., Kunz,W.S., and Auburger,G. (2007). Mitochondrial 
dysfunction, peroxidation damage and changes in glutathione metabolism in PARK6. Neurobiol. Dis. 
25, 401-411. 



References 

 

 
219 

Holley,A.K., Dhar,S.K., and St Clair,D.K. (2010). Manganese superoxide dismutase vs. p53: regulation 
of mitochondrial ROS. Mitochondrion. 10, 649-661. 

Hoogendijk,W.J., Pool,C.W., Troost,D., van,Z.E., and Swaab,D.F. (1995). Image analyser-assisted 
morphometry of the locus coeruleus in Alzheimer's disease, Parkinson's disease and amyotrophic 
lateral sclerosis. Brain 118 ( Pt 1), 131-143. 

Hsu,L.J., Sagara,Y., Arroyo,A., Rockenstein,E., Sisk,A., Mallory,M., Wong,J., Takenouchi,T., 
Hashimoto,M., and Masliah,E. (2000). alpha-synuclein promotes mitochondrial deficit and oxidative 
stress. Am. J. Pathol. 157, 401-410. 

Hsu,M., Srinivas,B., Kumar,J., Subramanian,R., and Andersen,J. (2005). Glutathione depletion 
resulting in selective mitochondrial complex I inhibition in dopaminergic cells is via an NO-mediated 
pathway not involving peroxynitrite: implications for Parkinson's disease. J. Neurochem. 92, 1091-
1103. 

Hu,R., Saw,C.L., Yu,R., and Kong,A.N. (2010). Regulation of NF-E2-related factor 2 signaling for cancer 
chemoprevention: antioxidant coupled with antiinflammatory. Antioxid. Redox. Signal. 13, 1679-
1698. 

Huang,H.C., Nguyen,T., and Pickett,C.B. (2002). Phosphorylation of Nrf2 at Ser-40 by protein kinase C 
regulates antioxidant response element-mediated transcription. J. Biol. Chem. 277, 42769-42774. 

Hurttila,H., Koponen,J.K., Kansanen,E., Jyrkkanen,H.K., Kivela,A., Kylatie,R., Yla-Herttuala,S., and 
Levonen,A.L. (2008). Oxidative stress-inducible lentiviral vectors for gene therapy. Gene Ther. 15, 
1271-1279. 

Hybertson,B.M., Gao,B., Bose,S.K., and McCord,J.M. (2011). Oxidative stress in health and disease: 
the therapeutic potential of Nrf2 activation. Mol. Aspects Med. 32, 234-246. 

Ilic,T.V., Jovanovic,M., Jovicic,A., and Tomovic,M. (1999). Oxidative stress indicators are elevated in 
de novo Parkinson's disease patients. Funct. Neurol. 14, 141-147. 

Imai,Y., Gehrke,S., Wang,H.Q., Takahashi,R., Hasegawa,K., Oota,E., and Lu,B. (2008). Phosphorylation 
of 4E-BP by LRRK2 affects the maintenance of dopaminergic neurons in Drosophila. EMBO J. 27, 
2432-2443. 

Inglis,K.J., Chereau,D., Brigham,E.F., Chiou,S.S., Schobel,S., Frigon,N.L., Yu,M., Caccavello,R.J., 
Nelson,S., Motter,R., Wright,S., Chian,D., Santiago,P., Soriano,F., Ramos,C., Powell,K., Goldstein,J.M., 
Babcock,M., Yednock,T., Bard,F., Basi,G.S., Sham,H., Chilcote,T.J., McConlogue,L., Griswold-
Prenner,I., and Anderson,J.P. (2009). Polo-like kinase 2 (PLK2) phosphorylates alpha-synuclein at 
serine 129 in central nervous system. J. Biol. Chem. 284, 2598-2602. 

Ishii,T., Itoh,K., Sato,H., and Bannai,S. (1999). Oxidative stress-inducible proteins in macrophages. 
Free Radic. Res. 31, 351-355. 



References 

 
220 

Ito,G., Okai,T., Fujino,G., Takeda,K., Ichijo,H., Katada,T., and Iwatsubo,T. (2007). GTP binding is 
essential to the protein kinase activity of LRRK2, a causative gene product for familial Parkinson's 
disease. Biochemistry 46, 1380-1388. 

Itoh,K., Tong,K.I., and Yamamoto,M. (2004). Molecular mechanism activating Nrf2-Keap1 pathway in 
regulation of adaptive response to electrophiles. Free Radic. Biol. Med. 36, 1208-1213. 

Itoh,K., Wakabayashi,N., Katoh,Y., Ishii,T., O'Connor,T., and Yamamoto,M. (2003). Keap1 regulates 
both cytoplasmic-nuclear shuttling and degradation of Nrf2 in response to electrophiles. Genes Cells 
8, 379-391. 

Iwai,A., Masliah,E., Yoshimoto,M., Ge,N., Flanagan,L., de Silva,H.A., Kittel,A., and Saitoh,T. (1995). 
The precursor protein of non-A beta component of Alzheimer's disease amyloid is a presynaptic 
protein of the central nervous system. Neuron 14, 467-475. 

Jakel,R.J., Kern,J.T., Johnson,D.A., and Johnson,J.A. (2005). Induction of the protective antioxidant 
response element pathway by 6-hydroxydopamine in vivo and in vitro. Toxicol. Sci. 87, 176-186. 

Jakel,R.J., Townsend,J.A., Kraft,A.D., and Johnson,J.A. (2007). Nrf2-mediated protection against 6-
hydroxydopamine. Brain Res. 1144, 192-201. 

Jaleel,M., Nichols,R.J., Deak,M., Campbell,D.G., Gillardon,F., Knebel,A., and Alessi,D.R. (2007). LRRK2 
phosphorylates moesin at threonine-558: characterization of how Parkinson's disease mutants affect 
kinase activity. Biochem. J. 405, 307-317. 

Janetzky,B., Hauck,S., Youdim,M.B., Riederer,P., Jellinger,K., Pantucek,F., Zochling,R., Boissl,K.W., and 
Reichmann,H. (1994). Unaltered aconitase activity, but decreased complex I activity in substantia 
nigra pars compacta of patients with Parkinson's disease. Neurosci. Lett. 169, 126-128. 

Jellinger,K.A. (2008). A critical reappraisal of current staging of Lewy-related pathology in human 
brain. Acta Neuropathol. 116, 1-16. 

Jenner,P. (2003). Oxidative stress in Parkinson's disease. Ann. Neurol. 53 Suppl 3, S26-S36. 

Jenner,P., Dexter,D.T., Sian,J., Schapira,A.H., and Marsden,C.D. (1992). Oxidative stress as a cause of 
nigral cell death in Parkinson's disease and incidental Lewy body disease. The Royal Kings and 
Queens Parkinson's Disease Research Group. Ann. Neurol. 32 Suppl, S82-S87. 

Jha,N., Jurma,O., Lalli,G., Liu,Y., Pettus,E.H., Greenamyre,J.T., Liu,R.M., Forman,H.J., and 
Andersen,J.K. (2000). Glutathione depletion in PC12 results in selective inhibition of mitochondrial 
complex I activity. Implications for Parkinson's disease. J. Biol. Chem. 275, 26096-26101. 

Jia,Z., Zhu,H., Misra,B.R., Li,Y., and Misra,H.P. (2008). Dopamine as a potent inducer of cellular 
glutathione and NAD(P)H:quinone oxidoreductase 1 in PC12 neuronal cells: a potential adaptive 
mechanism for dopaminergic neuroprotection. Neurochem. Res. 33, 2197-2205. 



References 

 

 
221 

Junn,E. and Mouradian,M.M. (2002). Human alpha-synuclein over-expression increases intracellular 
reactive oxygen species levels and susceptibility to dopamine. Neurosci. Lett. 320, 146-150. 

Kalaitzakis,M.E., Graeber,M.B., Gentleman,S.M., and Pearce,R.K. (2008). The dorsal motor nucleus of 
the vagus is not an obligatory trigger site of Parkinson's disease: a critical analysis of alpha-synuclein 
staging. Neuropathol. Appl. Neurobiol. 34, 284-295. 

Kalivendi,S.V., Yedlapudi,D., Hillard,C.J., and Kalyanaraman,B. (2010). Oxidants induce alternative 
splicing of alpha-synuclein: Implications for Parkinson's disease. Free Radic. Biol. Med. 48, 377-383. 

Kamga,C.K., Zhang,S.X., and Wang,Y. (2010). Dicarboxylate carrier-mediated glutathione transport is 
essential for reactive oxygen species homeostasis and normal respiration in rat brain mitochondria. 
Am. J. Physiol Cell Physiol 299, C497-C505. 

Kang,D. and Hamasaki,N. (2005). Mitochondrial transcription factor A in the maintenance of 
mitochondrial DNA: overview of its multiple roles. Ann. N. Y. Acad. Sci. 1042, 101-108. 

Kang,D., Kim,S.H., and Hamasaki,N. (2007). Mitochondrial transcription factor A (TFAM): roles in 
maintenance of mtDNA and cellular functions. Mitochondrion. 7, 39-44. 

Kataoka,K., Nishizawa,M., and Kawai,S. (1993). Structure-function analysis of the maf oncogene 
product, a member of the b-Zip protein family. J. Virol. 67, 2133-2141. 

Kaufman,B.A., Durisic,N., Mativetsky,J.M., Costantino,S., Hancock,M.A., Grutter,P., and 
Shoubridge,E.A. (2007). The mitochondrial transcription factor TFAM coordinates the assembly of 
multiple DNA molecules into nucleoid-like structures. Mol. Biol. Cell 18, 3225-3236. 

Kaur,D. and Andersen,J. (2004). Does cellular iron dysregulation play a causative role in Parkinson's 
disease? Ageing Res. Rev. 3, 327-343. 

Keeney,P.M., Quigley,C.K., Dunham,L.D., Papageorge,C.M., Iyer,S., Thomas,R.R., Schwarz,K.M., 
Trimmer,P.A., Khan,S.M., Portell,F.R., Bergquist,K.E., and Bennett,J.P., Jr. (2009). Mitochondrial gene 
therapy augments mitochondrial physiology in a Parkinson's disease cell model. Hum. Gene Ther. 20, 
897-907. 

Keeney,P.M., Xie,J., Capaldi,R.A., and Bennett,J.P., Jr. (2006). Parkinson's disease brain mitochondrial 
complex I has oxidatively damaged subunits and is functionally impaired and misassembled. J. 
Neurosci. 26, 5256-5264. 

Kelly,D.P. and Scarpulla,R.C. (2004). Transcriptional regulatory circuits controlling mitochondrial 
biogenesis and function. Genes Dev. 18, 357-368. 

Kensler,T.W., Wakabayashi,N., and Biswal,S. (2007). Cell survival responses to environmental 
stresses via the Keap1-Nrf2-ARE pathway. Annu. Rev. Pharmacol. Toxicol. 47, 89-116. 



References 

 
222 

Kim,H.J., Jeon,B.S., Yoon,M.Y., Park,S.S., and Lee,K.W. (2012). Increased expression of alpha-
synuclein by SNCA duplication is associated with resistance to toxic stimuli. J. Mol. Neurosci. 47, 249-
255. 

Kim,R.H., Smith,P.D., Aleyasin,H., Hayley,S., Mount,M.P., Pownall,S., Wakeham,A., You-Ten,A.J., 
Kalia,S.K., Horne,P., Westaway,D., Lozano,A.M., Anisman,H., Park,D.S., and Mak,T.W. (2005). 
Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine (MPTP) and 
oxidative stress. Proc. Natl. Acad. Sci. U. S. A 102, 5215-5220. 

Kim,T.D., Paik,S.R., Yang,C.H., and Kim,J. (2000). Structural changes in alpha-synuclein affect its 
chaperone-like activity in vitro. Protein Sci. 9, 2489-2496. 

Kingsbury,A.E., Bandopadhyay,R., Silveira-Moriyama,L., Ayling,H., Kallis,C., Sterlacci,W., Maeir,H., 
Poewe,W., and Lees,A.J. (2010). Brain stem pathology in Parkinson's disease: an evaluation of the 
Braak staging model. Mov Disord. 25, 2508-2515. 

Klaidman,L.K., Adams,J.D., Jr., Leung,A.C., Kim,S.S., and Cadenas,E. (1993). Redox cycling of MPP+: 
evidence for a new mechanism involving hydride transfer with xanthine oxidase, aldehyde 
dehydrogenase, and lipoamide dehydrogenase. Free Radic. Biol. Med. 15, 169-179. 

Klivenyi,P., Siwek,D., Gardian,G., Yang,L., Starkov,A., Cleren,C., Ferrante,R.J., Kowall,N.W., 
Abeliovich,A., and Beal,M.F. (2006). Mice lacking alpha-synuclein are resistant to mitochondrial 
toxins. Neurobiol. Dis. 21, 541-548. 

Knutti,D. and Kralli,A. (2001). PGC-1, a versatile coactivator. Trends Endocrinol. Metab 12, 360-365. 

Ko,L., Mehta,N.D., Farrer,M., Easson,C., Hussey,J., Yen,S., Hardy,J., and Yen,S.H. (2000). Sensitization 
of neuronal cells to oxidative stress with mutated human alpha-synuclein. J. Neurochem. 75, 2546-
2554. 

Kobayashi,M. and Yamamoto,M. (2006). Nrf2-Keap1 regulation of cellular defense mechanisms 
against electrophiles and reactive oxygen species. Adv. Enzyme Regul. 46, 113-140. 

Kontopoulos,E., Parvin,J.D., and Feany,M.B. (2006). Alpha-synuclein acts in the nucleus to inhibit 
histone acetylation and promote neurotoxicity. Hum. Mol. Genet. 15, 3012-3023. 

Kosaka,K., Tsuchiya,K., and Yoshimura,M. (1988). Lewy body disease with and without dementia: a 
clinicopathological study of 35 cases. Clin. Neuropathol. 7, 299-305. 

Kostka,M., Hogen,T., Danzer,K.M., Levin,J., Habeck,M., Wirth,A., Wagner,R., Glabe,C.G., Finger,S., 
Heinzelmann,U., Garidel,P., Duan,W., Ross,C.A., Kretzschmar,H., and Giese,A. (2008). Single particle 
characterization of iron-induced pore-forming alpha-synuclein oligomers. J. Biol. Chem. 283, 10992-
11003. 

Krebiehl,G., Ruckerbauer,S., Burbulla,L.F., Kieper,N., Maurer,B., Waak,J., Wolburg,H., Gizatullina,Z., 
Gellerich,F.N., Woitalla,D., Riess,O., Kahle,P.J., Proikas-Cezanne,T., and Kruger,R. (2010). Reduced 



References 

 

 
223 

basal autophagy and impaired mitochondrial dynamics due to loss of Parkinson's disease-associated 
protein DJ-1. PLoS. One. 5, e9367. 

Krejsa,C.M., Franklin,C.C., White,C.C., Ledbetter,J.A., Schieven,G.L., and Kavanagh,T.J. (2010). Rapid 
activation of glutamate cysteine ligase following oxidative stress. J. Biol. Chem. 285, 16116-16124. 

Kruger,R., Kuhn,W., Muller,T., Woitalla,D., Graeber,M., Kosel,S., Przuntek,H., Epplen,J.T., Schols,L., 
and Riess,O. (1998). Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson's disease. 
Nat. Genet. 18, 106-108. 

Kubo,S.I., Kitami,T., Noda,S., Shimura,H., Uchiyama,Y., Asakawa,S., Minoshima,S., Shimizu,N., 
Mizuno,Y., and Hattori,N. (2001). Parkin is associated with cellular vesicles. J. Neurochem. 78, 42-54. 

Kudin,A.P., Bimpong-Buta,N.Y., Vielhaber,S., Elger,C.E., and Kunz,W.S. (2004). Characterization of 
superoxide-producing sites in isolated brain mitochondria. J. Biol. Chem. 279, 4127-4135. 

Kuhn,D.M., Arthur,R.E., Jr., Thomas,D.M., and Elferink,L.A. (1999). Tyrosine hydroxylase is inactivated 
by catechol-quinones and converted to a redox-cycling quinoprotein: possible relevance to 
Parkinson's disease. J. Neurochem. 73, 1309-1317. 

Kuroda,Y., Mitsui,T., Kunishige,M., Shono,M., Akaike,M., Azuma,H., and Matsumoto,T. (2006). Parkin 
enhances mitochondrial biogenesis in proliferating cells. Hum. Mol. Genet. 15, 883-895. 

Kuzuhara,S., Mori,H., Izumiyama,N., Yoshimura,M., and Ihara,Y. (1988). Lewy bodies are 
ubiquitinated. A light and electron microscopic immunocytochemical study. Acta Neuropathol. 75, 
345-353. 

Lall,M.M., Ferrell,J., Nagar,S., Fleisher,L.N., and McGahan,M.C. (2008). Iron regulates L-cystine 
uptake and glutathione levels in lens epithelial and retinal pigment epithelial cells by its effect on 
cytosolic aconitase. Invest Ophthalmol. Vis. Sci. 49, 310-319. 

Langston,J.W., Ballard,P., Tetrud,J.W., and Irwin,I. (1983). Chronic Parkinsonism in humans due to a 
product of meperidine-analog synthesis. Science 219, 979-980. 

Larsson,N.G., Wang,J., Wilhelmsson,H., Oldfors,A., Rustin,P., Lewandoski,M., Barsh,G.S., and 
Clayton,D.A. (1998). Mitochondrial transcription factor A is necessary for mtDNA maintenance and 
embryogenesis in mice. Nat. Genet. 18, 231-236. 

Lash,L.H. (2006). Mitochondrial glutathione transport: physiological, pathological and toxicological 
implications. Chem. Biol. Interact. 163, 54-67. 

Lautier,C., Goldwurm,S., Durr,A., Giovannone,B., Tsiaras,W.G., Pezzoli,G., Brice,A., and Smith,R.J. 
(2008). Mutations in the GIGYF2 (TNRC15) gene at the PARK11 locus in familial Parkinson disease. 
Am. J. Hum. Genet. 82, 822-833. 



References 

 
224 

LaVoie,M.J., Ostaszewski,B.L., Weihofen,A., Schlossmacher,M.G., and Selkoe,D.J. (2005). Dopamine 
covalently modifies and functionally inactivates parkin. Nat. Med. 11, 1214-1221. 

Lebovitz,R.M., Zhang,H., Vogel,H., Cartwright,J., Jr., Dionne,L., Lu,N., Huang,S., and Matzuk,M.M. 
(1996). Neurodegeneration, myocardial injury, and perinatal death in mitochondrial superoxide 
dismutase-deficient mice. Proc. Natl. Acad. Sci. U. S. A 93, 9782-9787. 

Lee,F.J., Liu,F., Pristupa,Z.B., and Niznik,H.B. (2001). Direct binding and functional coupling of alpha-
synuclein to the dopamine transporters accelerate dopamine-induced apoptosis. FASEB J. 15, 916-
926. 

Lee,H.J., Khoshaghideh,F., Patel,S., and Lee,S.J. (2004). Clearance of alpha-synuclein oligomeric 
intermediates via the lysosomal degradation pathway. J. Neurosci. 24, 1888-1896. 

Lee,J.M., Shih,A.Y., Murphy,T.H., and Johnson,J.A. (2003). NF-E2-related factor-2 mediates 
neuroprotection against mitochondrial complex I inhibitors and increased concentrations of 
intracellular calcium in primary cortical neurons. J. Biol. Chem. 278, 37948-37956. 

Lee,K.W., Chen,W., Junn,E., Im,J.Y., Grosso,H., Sonsalla,P.K., Feng,X., Ray,N., Fernandez,J.R., Chao,Y., 
Masliah,E., Voronkov,M., Braithwaite,S.P., Stock,J.B., and Mouradian,M.M. (2011). Enhanced 
phosphatase activity attenuates alpha-synucleinopathy in a mouse model. J. Neurosci. 31, 6963-
6971. 

Lee,M., Hyun,D., Halliwell,B., and Jenner,P. (2001). Effect of the overexpression of wild-type or 
mutant alpha-synuclein on cell susceptibility to insult. J. Neurochem. 76, 998-1009. 

Lee,M.K., Stirling,W., Xu,Y., Xu,X., Qui,D., Mandir,A.S., Dawson,T.M., Copeland,N.G., Jenkins,N.A., 
and Price,D.L. (2002). Human alpha-synuclein-harboring familial Parkinson's disease-linked Ala-53 --> 
Thr mutation causes neurodegenerative disease with alpha-synuclein aggregation in transgenic mice. 
Proc. Natl. Acad. Sci. U. S. A 99, 8968-8973. 

Leggio,L., Addolorato,G., Abenavoli,L., and Gasbarrini,G. (2005). Wilson's disease: clinical, genetic 
and pharmacological findings. Int. J. Immunopathol. Pharmacol. 18, 7-14. 

Lenaz,G. (2001). The mitochondrial production of reactive oxygen species: mechanisms and 
implications in human pathology. IUBMB. Life 52, 159-164. 

Leng,Y. and Chuang,D.M. (2006). Endogenous alpha-synuclein is induced by valproic acid through 
histone deacetylase inhibition and participates in neuroprotection against glutamate-induced 
excitotoxicity. J. Neurosci. 26, 7502-7512. 

Leroy,E., Boyer,R., Auburger,G., Leube,B., Ulm,G., Mezey,E., Harta,G., Brownstein,M.J., 
Jonnalagada,S., Chernova,T., Dehejia,A., Lavedan,C., Gasser,T., Steinbach,P.J., Wilkinson,K.D., and 
Polymeropoulos,M.H. (1998). The ubiquitin pathway in Parkinson's disease. Nature 395, 451-452. 



References 

 

 
225 

Lesage,S. and Brice,A. (2009). Parkinson's disease: from monogenic forms to genetic susceptibility 
factors. Hum. Mol. Genet. 18, R48-R59. 

Lev,N., Ickowicz,D., Melamed,E., and Offen,D. (2008). Oxidative insults induce DJ-1 upregulation and 
redistribution: implications for neuroprotection. Neurotoxicology 29, 397-405. 

Li,H.Y., Zhong,Y.F., Wu,S.Y., and Shi,N. (2007). NF-E2 related factor 2 activation and heme oxygenase-
1 induction by tert-butylhydroquinone protect against deltamethrin-mediated oxidative stress in 
PC12 cells. Chem. Res. Toxicol. 20, 1242-1251. 

Li,W., Jiang,H., Song,N., and Xie,J. (2011). Oxidative stress partially contributes to iron-induced alpha-
synuclein aggregation in SK-N-SH cells. Neurotox. Res. 19, 435-442. 

Li,W., Lesuisse,C., Xu,Y., Troncoso,J.C., Price,D.L., and Lee,M.K. (2004). Stabilization of alpha-
synuclein protein with aging and familial parkinson's disease-linked A53T mutation. J. Neurosci. 24, 
7400-7409. 

Li,Y., Huang,T.T., Carlson,E.J., Melov,S., Ursell,P.C., Olson,J.L., Noble,L.J., Yoshimura,M.P., Berger,C., 
Chan,P.H., Wallace,D.C., and Epstein,C.J. (1995). Dilated cardiomyopathy and neonatal lethality in 
mutant mice lacking manganese superoxide dismutase. Nat. Genet. 11, 376-381. 

Lim,J., Lam,Y.C., Kistler,J., and Donaldson,P.J. (2005). Molecular characterization of the 
cystine/glutamate exchanger and the excitatory amino acid transporters in the rat lens. Invest 
Ophthalmol. Vis. Sci. 46, 2869-2877. 

Lin,J., Handschin,C., and Spiegelman,B.M. (2005). Metabolic control through the PGC-1 family of 
transcription coactivators. Cell Metab 1, 361-370. 

Lin,J., Puigserver,P., Donovan,J., Tarr,P., and Spiegelman,B.M. (2002). Peroxisome proliferator-
activated receptor gamma coactivator 1beta (PGC-1beta ), a novel PGC-1-related transcription 
coactivator associated with host cell factor. J. Biol. Chem. 277, 1645-1648. 

Lin,J., Wu,P.H., Tarr,P.T., Lindenberg,K.S., St-Pierre,J., Zhang,C.Y., Mootha,V.K., Jager,S., Vianna,C.R., 
Reznick,R.M., Cui,L., Manieri,M., Donovan,M.X., Wu,Z., Cooper,M.P., Fan,M.C., Rohas,L.M., 
Zavacki,A.M., Cinti,S., Shulman,G.I., Lowell,B.B., Krainc,D., and Spiegelman,B.M. (2004). Defects in 
adaptive energy metabolism with CNS-linked hyperactivity in PGC-1alpha null mice. Cell 119, 121-
135. 

Lin,M.T. and Beal,M.F. (2006). Mitochondrial dysfunction and oxidative stress in neurodegenerative 
diseases. Nature 443, 787-795. 

Liu,C., Fei,E., Jia,N., Wang,H., Tao,R., Iwata,A., Nukina,N., Zhou,J., and Wang,G. (2007). Assembly of 
lysine 63-linked ubiquitin conjugates by phosphorylated alpha-synuclein implies Lewy body 
biogenesis. J. Biol. Chem. 282, 14558-14566. 



References 

 
226 

Lonard,D.M., Lanz,R.B., and O'Malley,B.W. (2007). Nuclear receptor coregulators and human disease. 
Endocr. Rev. 28, 575-587. 

Lotharius,J. and O'Malley,K.L. (2001). Role of mitochondrial dysfunction and dopamine-dependent 
oxidative stress in amphetamine-induced toxicity. Ann. Neurol. 49, 79-89. 

Lou,H., Montoya,S.E., Alerte,T.N., Wang,J., Wu,J., Peng,X., Hong,C.S., Friedrich,E.E., Mader,S.A., 
Pedersen,C.J., Marcus,B.S., McCormack,A.L., Di Monte,D.A., Daubner,S.C., and Perez,R.G. (2010). 
Serine 129 phosphorylation reduces the ability of alpha-synuclein to regulate tyrosine hydroxylase 
and protein phosphatase 2A in vitro and in vivo. J. Biol. Chem. 285, 17648-17661. 

Lu,S.C. (2009). Regulation of glutathione synthesis. Mol. Aspects Med. 30, 42-59. 

Lucking,C.B., Bonifati,V., Periquet,M., Vanacore,N., Brice,A., and Meco,G. (2001). Pseudo-dominant 
inheritance and exon 2 triplication in a family with parkin gene mutations. Neurology 57, 924-927. 

Lucking,C.B., Chesneau,V., Lohmann,E., Verpillat,P., Dulac,C., Bonnet,A.M., Gasparini,F., Agid,Y., 
Durr,A., and Brice,A. (2003). Coding polymorphisms in the parkin gene and susceptibility to Parkinson 
disease. Arch. Neurol. 60, 1253-1256. 

Lucking,C.B., Durr,A., Bonifati,V., Vaughan,J., De,M.G., Gasser,T., Harhangi,B.S., Meco,G., Denefle,P., 
Wood,N.W., Agid,Y., and Brice,A. (2000). Association between early-onset Parkinson's disease and 
mutations in the parkin gene. N. Engl. J. Med. 342, 1560-1567. 

Macdonald,V. and Halliday,G.M. (2002). Selective loss of pyramidal neurons in the pre-
supplementary motor cortex in Parkinson's disease. Mov Disord. 17, 1166-1173. 

Machida,Y., Chiba,T., Takayanagi,A., Tanaka,Y., Asanuma,M., Ogawa,N., Koyama,A., Iwatsubo,T., 
Ito,S., Jansen,P.H., Shimizu,N., Tanaka,K., Mizuno,Y., and Hattori,N. (2005). Common anti-apoptotic 
roles of parkin and alpha-synuclein in human dopaminergic cells. Biochem. Biophys. Res. Commun. 
332, 233-240. 

Maingay,M., Romero-Ramos,M., and Kirik,D. (2005). Viral vector mediated overexpression of human 
alpha-synuclein in the nigrostriatal dopaminergic neurons: a new model for Parkinson's disease. CNS. 
Spectr. 10, 235-244. 

Maiorino,M., Scapin,M., Ursini,F., Biasolo,M., Bosello,V., and Flohe,L. (2003). Distinct promoters 
determine alternative transcription of gpx-4 into phospholipid-hydroperoxide glutathione peroxidase 
variants. J. Biol. Chem. 278, 34286-34290. 

Mann,V.M., Cooper,J.M., and Schapira,A.H. (1992b). Quantitation of a mitochondrial DNA deletion in 
Parkinson's disease. FEBS Lett. 299, 218-222. 

Mann,V.M., Cooper,J.M., Daniel,S.E., Srai,K., Jenner,P., Marsden,C.D., and Schapira,A.H. (1994). 
Complex I, iron, and ferritin in Parkinson's disease substantia nigra. Ann. Neurol. 36, 876-881. 



References 

 

 
227 

Mann,V.M., Cooper,J.M., Krige,D., Daniel,S.E., Schapira,A.H., and Marsden,C.D. (1992a). Brain, 
skeletal muscle and platelet homogenate mitochondrial function in Parkinson's disease. Brain 115 ( 
Pt 2), 333-342. 

Manning-Bog,A.B., McCormack,A.L., Li,J., Uversky,V.N., Fink,A.L., and Di Monte,D.A. (2002). The 
herbicide paraquat causes up-regulation and aggregation of alpha-synuclein in mice: paraquat and 
alpha-synuclein. J. Biol. Chem. 277, 1641-1644. 

Maragakis,N.J. and Rothstein,J.D. (2004). Glutamate transporters: animal models to neurologic 
disease. Neurobiol. Dis. 15, 461-473. 

Mariani,E., Polidori,M.C., Cherubini,A., and Mecocci,P. (2005). Oxidative stress in brain aging, 
neurodegenerative and vascular diseases: an overview. J. Chromatogr. B Analyt. Technol. Biomed. 
Life Sci. 827, 65-75. 

Martensson,J., Lai,J.C., and Meister,A. (1990). High-affinity transport of glutathione is part of a 
multicomponent system essential for mitochondrial function. Proc. Natl. Acad. Sci. U. S. A 87, 7185-
7189. 

Martin,H.L. and Teismann,P. (2009). Glutathione--a review on its role and significance in Parkinson's 
disease. FASEB J. 23, 3263-3272. 

Martin,L.J., Pan,Y., Price,A.C., Sterling,W., Copeland,N.G., Jenkins,N.A., Price,D.L., and Lee,M.K. 
(2006). Parkinson's disease alpha-synuclein transgenic mice develop neuronal mitochondrial 
degeneration and cell death. J. Neurosci. 26, 41-50. 

Martinat,C., Shendelman,S., Jonason,A., Leete,T., Beal,M.F., Yang,L., Floss,T., and Abeliovich,A. 
(2004). Sensitivity to oxidative stress in DJ-1-deficient dopamine neurons: an ES- derived cell model 
of primary Parkinsonism. PLoS. Biol. 2, e327. 

Maruyama,M., Ikeuchi,T., Saito,M., Ishikawa,A., Yuasa,T., Tanaka,H., Hayashi,S., Wakabayashi,K., 
Takahashi,H., and Tsuji,S. (2000). Novel mutations, pseudo-dominant inheritance, and possible 
familial affects in patients with autosomal recessive juvenile parkinsonism. Ann. Neurol. 48, 245-250. 

Mata,I.F., Wedemeyer,W.J., Farrer,M.J., Taylor,J.P., and Gallo,K.A. (2006). LRRK2 in Parkinson's 
disease: protein domains and functional insights. Trends Neurosci. 29, 286-293. 

Matigian,N., Abrahamsen,G., Sutharsan,R., Cook,A.L., Vitale,A.M., Nouwens,A., Bellette,B., An,J., 
Anderson,M., Beckhouse,A.G., Bennebroek,M., Cecil,R., Chalk,A.M., Cochrane,J., Fan,Y., Feron,F., 
McCurdy,R., McGrath,J.J., Murrell,W., Perry,C., Raju,J., Ravishankar,S., Silburn,P.A., Sutherland,G.T., 
Mahler,S., Mellick,G.D., Wood,S.A., Sue,C.M., Wells,C.A., and Mackay-Sim,A. (2010). Disease-specific, 
neurosphere-derived cells as models for brain disorders. Dis. Model. Mech. 3, 785-798. 

Matsuzaki,M., Hasegawa,T., Takeda,A., Kikuchi,A., Furukawa,K., Kato,Y., and Itoyama,Y. (2004). 
Histochemical features of stress-induced aggregates in alpha-synuclein overexpressing cells. Brain 
Res. 1004, 83-90. 



References 

 
228 

Mauceli,G., Busceti,C.I., Pellegrini,A., Soldani,P., Lenzi,P., Paparelli,A., and Fornai,F. (2006). 
Overexpression of alpha-synuclein following methamphetamine: is it good or bad? Ann. N. Y. Acad. 
Sci. 1074, 191-197. 

Mazzulli,J.R., Mishizen,A.J., Giasson,B.I., Lynch,D.R., Thomas,S.A., Nakashima,A., Nagatsu,T., Ota,A., 
and Ischiropoulos,H. (2006). Cytosolic catechols inhibit alpha-synuclein aggregation and facilitate the 
formation of intracellular soluble oligomeric intermediates. J. Neurosci. 26, 10068-10078. 

Mbefo,M.K., Paleologou,K.E., Boucharaba,A., Oueslati,A., Schell,H., Fournier,M., Olschewski,D., 
Yin,G., Zweckstetter,M., Masliah,E., Kahle,P.J., Hirling,H., and Lashuel,H.A. (2010). Phosphorylation of 
synucleins by members of the Polo-like kinase family. J. Biol. Chem. 285, 2807-2822. 

McCord,J.M. and Edeas,M.A. (2005). SOD, oxidative stress and human pathologies: a brief history 
and a future vision. Biomed. Pharmacother. 59, 139-142. 

McCord,J.M. and Fridovich,I. (1969). Superoxide dismutase. An enzymic function for erythrocuprein 
(hemocuprein). J. Biol. Chem. 244, 6049-6055. 

McFarland,N.R., Fan,Z., Xu,K., Schwarzschild,M.A., Feany,M.B., Hyman,B.T., and McLean,P.J. (2009). 
Alpha-synuclein S129 phosphorylation mutants do not alter nigrostriatal toxicity in a rat model of 
Parkinson disease. J. Neuropathol. Exp. Neurol. 68, 515-524. 

McGeer,P.L. and McGeer,E.G. (2004). Inflammation and neurodegeneration in Parkinson's disease. 
Parkinsonism. Relat Disord. 10 Suppl 1, S3-S7. 

McLean,P.J., Kawamata,H., and Hyman,B.T. (2001). Alpha-synuclein-enhanced green fluorescent 
protein fusion proteins form proteasome sensitive inclusions in primary neurons. Neuroscience 104, 
901-912. 

McRitchie,D.A., Cartwright,H.R., and Halliday,G.M. (1997). Specific A10 dopaminergic nuclei in the 
midbrain degenerate in Parkinson's disease. Exp. Neurol. 144, 202-213. 

Meister,A. and Anderson,M.E. (1983). Glutathione. Annu. Rev. Biochem. 52, 711-760. 

Meulener,M., Whitworth,A.J., Armstrong-Gold,C.E., Rizzu,P., Heutink,P., Wes,P.D., Pallanck,L.J., and 
Bonini,N.M. (2005). Drosophila DJ-1 mutants are selectively sensitive to environmental toxins 
associated with Parkinson's disease. Curr. Biol. 15, 1572-1577. 

Meulener,M.C., Xu,K., Thomson,L., Ischiropoulos,H., and Bonini,N.M. (2006). Mutational analysis of 
DJ-1 in Drosophila implicates functional inactivation by oxidative damage and aging. Proc. Natl. Acad. 
Sci. U. S. A 103, 12517-12522. 

Miao,L. and St Clair,D.K. (2009). Regulation of superoxide dismutase genes: implications in disease. 
Free Radic. Biol. Med. 47, 344-356. 



References 

 

 
229 

Michaeli,S., Oz,G., Sorce,D.J., Garwood,M., Ugurbil,K., Majestic,S., and Tuite,P. (2007). Assessment of 
brain iron and neuronal integrity in patients with Parkinson's disease using novel MRI contrasts. Mov 
Disord. 22, 334-340. 

Monsalve,M., Wu,Z., Adelmant,G., Puigserver,P., Fan,M., and Spiegelman,B.M. (2000). Direct 
coupling of transcription and mRNA processing through the thermogenic coactivator PGC-1. Mol. Cell 
6, 307-316. 

Monti,B., Gatta,V., Piretti,F., Raffaelli,S.S., Virgili,M., and Contestabile,A. (2010). Valproic acid is 
neuroprotective in the rotenone rat model of Parkinson's disease: involvement of alpha-synuclein. 
Neurotox. Res. 17, 130-141. 

Moore,D.J. (2006). Parkin: a multifaceted ubiquitin ligase. Biochem. Soc. Trans. 34, 749-753. 

Moore,D.J., Zhang,L., Dawson,T.M., and Dawson,V.L. (2003). A missense mutation (L166P) in DJ-1, 
linked to familial Parkinson's disease, confers reduced protein stability and impairs homo-
oligomerization. J. Neurochem. 87, 1558-1567. 

Moore,D.J., Zhang,L., Troncoso,J., Lee,M.K., Hattori,N., Mizuno,Y., Dawson,T.M., and Dawson,V.L. 
(2005). Association of DJ-1 and parkin mediated by pathogenic DJ-1 mutations and oxidative stress. 
Hum. Mol. Genet. 14, 71-84. 

Mortiboys,H., Johansen,K.K., Aasly,J.O., and Bandmann,O. (2010). Mitochondrial impairment in 
patients with Parkinson disease with the G2019S mutation in LRRK2. Neurology 75, 2017-2020. 

Mosharov,E.V., Staal,R.G., Bove,J., Prou,D., Hananiya,A., Markov,D., Poulsen,N., Larsen,K.E., 
Moore,C.M., Troyer,M.D., Edwards,R.H., Przedborski,S., and Sulzer,D. (2006). Alpha-synuclein 
overexpression increases cytosolic catecholamine concentration. J. Neurosci. 26, 9304-9311. 

Motohashi,H. and Yamamoto,M. (2004). Nrf2-Keap1 defines a physiologically important stress 
response mechanism. Trends Mol. Med. 10, 549-557. 

Mouatt-Prigent,A., Muriel,M.P., Gu,W.J., El Hachimi,K.H., Lucking,C.B., Brice,A., and Hirsch,E.C. 
(2004). Ultrastructural localization of parkin in the rat brainstem, thalamus and basal ganglia. J. 
Neural Transm. 111, 1209-1218. 

Mounsey,R.B. and Teismann,P. (2010). Mitochondrial dysfunction in Parkinson's disease: 
pathogenesis and neuroprotection. Parkinsons. Dis. 2011, 617472. 

Mounsey,R.B. and Teismann,P. (2012). Chelators in the treatment of iron accumulation in 
Parkinson's disease. Int. J. Cell Biol. 2012, 983245. 

Mulcahy,R.T. and Gipp,J.J. (1995). Identification of a putative antioxidant response element in the 5'-
flanking region of the human gamma-glutamylcysteine synthetase heavy subunit gene. Biochem. 
Biophys. Res. Commun. 209, 227-233. 



References 

 
230 

Murphy,M.P. (2009). How mitochondria produce reactive oxygen species. Biochem. J. 417, 1-13. 

Nagakubo,D., Taira,T., Kitaura,H., Ikeda,M., Tamai,K., Iguchi-Ariga,S.M., and Ariga,H. (1997). DJ-1, a 
novel oncogene which transforms mouse NIH3T3 cells in cooperation with ras. Biochem. Biophys. 
Res. Commun. 231, 509-513. 

Nakamura,T., Yamashita,H., Takahashi,T., and Nakamura,S. (2001). Activated Fyn phosphorylates 
alpha-synuclein at tyrosine residue 125. Biochem. Biophys. Res. Commun. 280, 1085-1092. 

Nakaso,K., Nakamura,C., Sato,H., Imamura,K., Takeshima,T., and Nakashima,K. (2006). Novel 
cytoprotective mechanism of anti-parkinsonian drug deprenyl: PI3K and Nrf2-derived induction of 
antioxidative proteins. Biochem. Biophys. Res. Commun. 339, 915-922. 

Navarro,A. and Boveris,A. (2009). Brain mitochondrial dysfunction and oxidative damage in 
Parkinson's disease. J. Bioenerg. Biomembr. 41, 517-521. 

Navarro,A., Boveris,A., Bandez,M.J., Sanchez-Pino,M.J., Gomez,C., Muntane,G., and Ferrer,I. (2009). 
Human brain cortex: mitochondrial oxidative damage and adaptive response in Parkinson disease 
and in dementia with Lewy bodies. Free Radic. Biol. Med. 46, 1574-1580. 

Negro,A., Brunati,A.M., Donella-Deana,A., Massimino,M.L., and Pinna,L.A. (2002). Multiple 
phosphorylation of alpha-synuclein by protein tyrosine kinase Syk prevents eosin-induced 
aggregation. FASEB J. 16, 210-212. 

Nguyen,H.N., Byers,B., Cord,B., Shcheglovitov,A., Byrne,J., Gujar,P., Kee,K., Schule,B., Dolmetsch,R.E., 
Langston,W., Palmer,T.D., and Pera,R.R. (2011). LRRK2 mutant iPSC-derived DA neurons demonstrate 
increased susceptibility to oxidative stress. Cell Stem Cell 8, 267-280. 

Nichols,W.C., Pankratz,N., Hernandez,D., Paisan-Ruiz,C., Jain,S., Halter,C.A., Michaels,V.E., Reed,T., 
Rudolph,A., Shults,C.W., Singleton,A., and Foroud,T. (2005). Genetic screening for a single common 
LRRK2 mutation in familial Parkinson's disease. Lancet 365, 410-412. 

Noack,H., Bednarek,T., Heidler,J., Ladig,R., Holtz,J., and Szibor,M. (2006). TFAM-dependent and 
independent dynamics of mtDNA levels in C2C12 myoblasts caused by redox stress. Biochim. 
Biophys. Acta 1760, 141-150. 

Norris,E.H., Uryu,K., Leight,S., Giasson,B.I., Trojanowski,J.Q., and Lee,V.M. (2007). Pesticide exposure 
exacerbates alpha-synucleinopathy in an A53T transgenic mouse model. Am. J. Pathol. 170, 658-666. 

Oakley,A.E., Collingwood,J.F., Dobson,J., Love,G., Perrott,H.R., Edwardson,J.A., Elstner,M., and 
Morris,C.M. (2007). Individual dopaminergic neurons show raised iron levels in Parkinson disease. 
Neurology 68, 1820-1825. 

Obeso,J.A., Rodriguez-Oroz,M.C., Goetz,C.G., Marin,C., Kordower,J.H., Rodriguez,M., Hirsch,E.C., 
Farrer,M., Schapira,A.H., and Halliday,G. (2010). Missing pieces in the Parkinson's disease puzzle. 
Nat. Med. 16, 653-661. 



References 

 

 
231 

Okado-Matsumoto,A. and Fridovich,I. (2001). Subcellular distribution of superoxide dismutases 
(SOD) in rat liver: Cu,Zn-SOD in mitochondria. J. Biol. Chem. 276, 38388-38393. 

Okochi,M., Walter,J., Koyama,A., Nakajo,S., Baba,M., Iwatsubo,T., Meijer,L., Kahle,P.J., and Haass,C. 
(2000). Constitutive phosphorylation of the Parkinson's disease associated alpha-synuclein. J. Biol. 
Chem. 275, 390-397. 

Olanow,C.W. and Tatton,W.G. (1999). Etiology and pathogenesis of Parkinson's disease. Annu. Rev. 
Neurosci. 22, 123-144. 

Olanow,C.W., Perl,D.P., DeMartino,G.N., and McNaught,K.S. (2004). Lewy-body formation is an 
aggresome-related process: a hypothesis. Lancet Neurol. 3, 496-503. 

Orrell,R., de,B.J., Marklund,S., Bowe,F., and Hallewell,R. (1995). A novel SOD mutant and ALS. Nature 
374, 504-505. 

Outeiro,T.F., Kontopoulos,E., Altmann,S.M., Kufareva,I., Strathearn,K.E., Amore,A.M., Volk,C.B., 
Maxwell,M.M., Rochet,J.C., McLean,P.J., Young,A.B., Abagyan,R., Feany,M.B., Hyman,B.T., and 
Kazantsev,A.G. (2007). Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity in models of 
Parkinson's disease. Science 317, 516-519. 

Outeiro,T.F., Putcha,P., Tetzlaff,J.E., Spoelgen,R., Koker,M., Carvalho,F., Hyman,B.T., and McLean,P.J. 
(2008). Formation of toxic oligomeric alpha-synuclein species in living cells. PLoS. One. 3, e1867. 

Owen,A.D., Schapira,A.H., Jenner,P., and Marsden,C.D. (1996). Oxidative stress and Parkinson's 
disease. Ann. N. Y. Acad. Sci. 786, 217-223. 

Padmanabhan,B., Tong,K.I., Ohta,T., Nakamura,Y., Scharlock,M., Ohtsuji,M., Kang,M.I., Kobayashi,A., 
Yokoyama,S., and Yamamoto,M. (2006). Structural basis for defects of Keap1 activity provoked by its 
point mutations in lung cancer. Mol. Cell 21, 689-700. 

Paglia,D.E. and Valentine,W.N. (1967). Studies on the quantitative and qualitative characterization of 
erythrocyte glutathione peroxidase. J. Lab Clin. Med. 70, 158-169. 

Paisan-Ruiz,C. (2009). LRRK2 gene variation and its contribution to Parkinson disease. Hum. Mutat. 
30, 1153-1160. 

Paisan-Ruiz,C., Bhatia,K.P., Li,A., Hernandez,D., Davis,M., Wood,N.W., Hardy,J., Houlden,H., 
Singleton,A., and Schneider,S.A. (2009). Characterization of PLA2G6 as a locus for dystonia-
parkinsonism. Ann. Neurol. 65, 19-23. 

Palacino,J.J., Sagi,D., Goldberg,M.S., Krauss,S., Motz,C., Wacker,M., Klose,J., and Shen,J. (2004). 
Mitochondrial dysfunction and oxidative damage in parkin-deficient mice. J. Biol. Chem. 279, 18614-
18622. 



References 

 
232 

Paleologou,K.E., Schmid,A.W., Rospigliosi,C.C., Kim,H.Y., Lamberto,G.R., Fredenburg,R.A., 
Lansbury,P.T., Jr., Fernandez,C.O., Eliezer,D., Zweckstetter,M., and Lashuel,H.A. (2008). 
Phosphorylation at Ser-129 but not the phosphomimics S129E/D inhibits the fibrillation of alpha-
synuclein. J. Biol. Chem. 283, 16895-16905. 

Pankratz,N., Nichols,W.C., Uniacke,S.K., Halter,C., Murrell,J., Rudolph,A., Shults,C.W., Conneally,P.M., 
and Foroud,T. (2003). Genome-wide linkage analysis and evidence of gene-by-gene interactions in a 
sample of 362 multiplex Parkinson disease families. Hum. Mol. Genet. 12, 2599-2608. 

Pankratz,N., Wilk,J.B., Latourelle,J.C., DeStefano,A.L., Halter,C., Pugh,E.W., Doheny,K.F., Gusella,J.F., 
Nichols,W.C., Foroud,T., and Myers,R.H. (2009). Genomewide association study for susceptibility 
genes contributing to familial Parkinson disease. Hum. Genet. 124, 593-605. 

Pardo,C.A., Xu,Z., Borchelt,D.R., Price,D.L., Sisodia,S.S., and Cleveland,D.W. (1995). Superoxide 
dismutase is an abundant component in cell bodies, dendrites, and axons of motor neurons and in a 
subset of other neurons. Proc. Natl. Acad. Sci. U. S. A 92, 954-958. 

Parge,H.E., Hallewell,R.A., and Tainer,J.A. (1992). Atomic structures of wild-type and thermostable 
mutant recombinant human Cu,Zn superoxide dismutase. Proc. Natl. Acad. Sci. U. S. A 89, 6109-
6113. 

Parihar,M.S., Parihar,A., Fujita,M., Hashimoto,M., and Ghafourifar,P. (2008). Mitochondrial 
association of alpha-synuclein causes oxidative stress. Cell Mol. Life Sci. 65, 1272-1284. 

Parihar,M.S., Parihar,A., Fujita,M., Hashimoto,M., and Ghafourifar,P. (2009). Alpha-synuclein 
overexpression and aggregation exacerbates impairment of mitochondrial functions by augmenting 
oxidative stress in human neuroblastoma cells. Int. J. Biochem. Cell Biol. 41, 2015-2024. 

Park,J., Kim,S.Y., Cha,G.H., Lee,S.B., Kim,S., and Chung,J. (2005). Drosophila DJ-1 mutants show 
oxidative stress-sensitive locomotive dysfunction. Gene 361, 133-139. 

Parker,W.D., Jr., Parks,J.K., and Swerdlow,R.H. (2008). Complex I deficiency in Parkinson's disease 
frontal cortex. Brain Res. 1189, 215-218. 

Paul,A., Belton,A., Nag,S., Martin,I., Grotewiel,M.S., and Duttaroy,A. (2007). Reduced mitochondrial 
SOD displays mortality characteristics reminiscent of natural aging. Mech. Ageing Dev. 128, 706-716. 

Paxinou,E., Chen,Q., Weisse,M., Giasson,B.I., Norris,E.H., Rueter,S.M., Trojanowski,J.Q., Lee,V.M., 
and Ischiropoulos,H. (2001). Induction of alpha-synuclein aggregation by intracellular nitrative insult. 
J. Neurosci. 21, 8053-8061. 

Pearce,R.K., Owen,A., Daniel,S., Jenner,P., and Marsden,C.D. (1997). Alterations in the distribution of 
glutathione in the substantia nigra in Parkinson's disease. J. Neural Transm. 104, 661-677. 

Pedersen,K.M., Marner,L., Pakkenberg,H., and Pakkenberg,B. (2005). No global loss of neocortical 
neurons in Parkinson's disease: a quantitative stereological study. Mov Disord. 20, 164-171. 



References 

 

 
233 

Penn,A.M., Roberts,T., Hodder,J., Allen,P.S., Zhu,G., and Martin,W.R. (1995). Generalized 
mitochondrial dysfunction in Parkinson's disease detected by magnetic resonance spectroscopy of 
muscle. Neurology 45, 2097-2099. 

Pennathur,S., Jackson-Lewis,V., Przedborski,S., and Heinecke,J.W. (1999). Mass spectrometric 
quantification of 3-nitrotyrosine, ortho-tyrosine, and o,o'-dityrosine in brain tissue of 1-methyl-4-
phenyl-1,2,3, 6-tetrahydropyridine-treated mice, a model of oxidative stress in Parkinson's disease. J. 
Biol. Chem. 274, 34621-34628. 

Perfeito,R., Cunha-Oliveira,T., Rego,A.C. (2012). Revisiting oxidative stress and mitochondrial 
dysfunction in the pathogenesis of Parkinson’s disease – resemblance to the effect of 
psychostimulant drugs of abuse. In press in Free Radical Biology and Medicine. 

Perfeito,R., Rego,A.C. (2008). Post-translational modifications of alpha-synuclein and mitochondrial 
dysfunction in Parkinson’s disease. (Outeiro. T., ed.) Transworld Research Network, Chapter 7; 203-
230. 

Periquet,M., Latouche,M., Lohmann,E., Rawal,N., De,M.G., Ricard,S., Teive,H., Fraix,V., Vidailhet,M., 
Nicholl,D., Barone,P., Wood,N.W., Raskin,S., Deleuze,J.F., Agid,Y., Durr,A., and Brice,A. (2003). Parkin 
mutations are frequent in patients with isolated early-onset parkinsonism. Brain 126, 1271-1278. 

Perry,G., Castellani,R.J., Hirai,K., and Smith,M.A. (1998). Reactive Oxygen Species Mediate Cellular 
Damage in Alzheimer Disease. J. Alzheimers. Dis. 1, 45-55. 

Perry,T.L. and Yong,V.W. (1986). Idiopathic Parkinson's disease, progressive supranuclear palsy and 
glutathione metabolism in the substantia nigra of patients. Neurosci. Lett. 67, 269-274. 

Perry,T.L., Godin,D.V., and Hansen,S. (1982). Parkinson's disease: a disorder due to nigral glutathione 
deficiency? Neurosci. Lett. 33, 305-310. 

Pesah,Y., Pham,T., Burgess,H., Middlebrooks,B., Verstreken,P., Zhou,Y., Harding,M., Bellen,H., and 
Mardon,G. (2004). Drosophila parkin mutants have decreased mass and cell size and increased 
sensitivity to oxygen radical stress. Development 131, 2183-2194. 

Pessayre,D. (2007). Role of mitochondria in non-alcoholic fatty liver disease. J. Gastroenterol. 
Hepatol. 22 Suppl 1, S20-S27. 

Petit,A., Kawarai,T., Paitel,E., Sanjo,N., Maj,M., Scheid,M., Chen,F., Gu,Y., Hasegawa,H., Salehi-Rad,S., 
Wang,L., Rogaeva,E., Fraser,P., Robinson,B., St George-Hyslop,P., and Tandon,A. (2005). Wild-type 
PINK1 prevents basal and induced neuronal apoptosis, a protective effect abrogated by Parkinson 
disease-related mutations. J. Biol. Chem. 280, 34025-34032. 

Petrucelli,L., O'Farrell,C., Lockhart,P.J., Baptista,M., Kehoe,K., Vink,L., Choi,P., Wolozin,B., Farrer,M., 
Hardy,J., and Cookson,M.R. (2002). Parkin protects against the toxicity associated with mutant alpha-
synuclein: proteasome dysfunction selectively affects catecholaminergic neurons. Neuron 36, 1007-
1019. 



References 

 
234 

Pohjoismaki,J.L., Wanrooij,S., Hyvarinen,A.K., Goffart,S., Holt,I.J., Spelbrink,J.N., and Jacobs,H.T. 
(2006). Alterations to the expression level of mitochondrial transcription factor A, TFAM, modify the 
mode of mitochondrial DNA replication in cultured human cells. Nucleic Acids Res. 34, 5815-5828. 

Polymeropoulos,M.H., Higgins,J.J., Golbe,L.I., Johnson,W.G., Ide,S.E., Di,I.G., Sanges,G., Stenroos,E.S., 
Pho,L.T., Schaffer,A.A., Lazzarini,A.M., Nussbaum,R.L., and Duvoisin,R.C. (1996). Mapping of a gene 
for Parkinson's disease to chromosome 4q21-q23. Science 274, 1197-1199. 

Polymeropoulos,M.H., Lavedan,C., Leroy,E., Ide,S.E., Dehejia,A., Dutra,A., Pike,B., Root,H., 
Rubenstein,J., Boyer,R., Stenroos,E.S., Chandrasekharappa,S., Athanassiadou,A., Papapetropoulos,T., 
Johnson,W.G., Lazzarini,A.M., Duvoisin,R.C., Di,I.G., Golbe,L.I., and Nussbaum,R.L. (1997). Mutation 
in the alpha-synuclein gene identified in families with Parkinson's disease. Science 276, 2045-2047. 

Poskanzer,D.C. and Schwab,R.S. (1963). COHORT ANALYSIS OF PARKINSON'S SYNDROME: EVIDENCE 
FOR A SINGLE ETIOLOGY RELATED TO SUBCLINICAL INFECTION ABOUT 1920. J. Chronic. Dis. 16, 961-
973. 

Prestera,T., Talalay,P., Alam,J., Ahn,Y.I., Lee,P.J., and Choi,A.M. (1995). Parallel induction of heme 
oxygenase-1 and chemoprotective phase 2 enzymes by electrophiles and antioxidants: regulation by 
upstream antioxidant-responsive elements (ARE). Mol. Med. 1, 827-837.. 

Probst,A., Bloch,A., and Tolnay,M. (2008). New insights into the pathology of Parkinson's disease: 
does the peripheral autonomic system become central? Eur. J. Neurol. 15 Suppl 1, 1-4. 

Pronin,A.N., Morris,A.J., Surguchov,A., and Benovic,J.L. (2000). Synucleins are a novel class of 
substrates for G protein-coupled receptor kinases. J. Biol. Chem. 275, 26515-26522. 

Puigserver,P. and Spiegelman,B.M. (2003). Peroxisome proliferator-activated receptor-gamma 
coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic regulator. Endocr. Rev. 
24, 78-90. 

Puigserver,P., Adelmant,G., Wu,Z., Fan,M., Xu,J., O'Malley,B., and Spiegelman,B.M. (1999). Activation 
of PPARgamma coactivator-1 through transcription factor docking. Science 286, 1368-1371. 

Rabinovic,A.D. and Hastings,T.G. (1998). Role of endogenous glutathione in the oxidation of 
dopamine. J. Neurochem. 71, 2071-2078. 

Ramos-Gomez,M., Kwak,M.K., Dolan,P.M., Itoh,K., Yamamoto,M., Talalay,P., and Kensler,T.W. 
(2001). Sensitivity to carcinogenesis is increased and chemoprotective efficacy of enzyme inducers is 
lost in nrf2 transcription factor-deficient mice. Proc. Natl. Acad. Sci. U. S. A 98, 3410-3415. 

Ramsey,C.P., Glass,C.A., Montgomery,M.B., Lindl,K.A., Ritson,G.P., Chia,L.A., Hamilton,R.L., Chu,C.T., 
and Jordan-Sciutto,K.L. (2007). Expression of Nrf2 in neurodegenerative diseases. J. Neuropathol. 
Exp. Neurol. 66, 75-85. 



References 

 

 
235 

Rausch,W.D., Hirata,Y., Nagatsu,T., Riederer,P., and Jellinger,K. (1988). Tyrosine hydroxylase activity 
in caudate nucleus from Parkinson's disease: effects of iron and phosphorylating agents. J. 
Neurochem. 50, 202-208. 

Reaume,A.G., Elliott,J.L., Hoffman,E.K., Kowall,N.W., Ferrante,R.J., Siwek,D.F., Wilcox,H.M., 
Flood,D.G., Beal,M.F., Brown,R.H., Jr., Scott,R.W., and Snider,W.D. (1996). Motor neurons in Cu/Zn 
superoxide dismutase-deficient mice develop normally but exhibit enhanced cell death after axonal 
injury. Nat. Genet. 13, 43-47. 

Recchia,A., Debetto,P., Negro,A., Guidolin,D., Skaper,S.D., and Giusti,P. (2004). Alpha-synuclein and 
Parkinson's disease. FASEB J. 18, 617-626. 

REDDY,D.V., ROSENBERG,C., and KINSEY,V.E. (1961). Steady state distribution of free amino acids in 
the aqueous humours, vitreous body and plasma of the rabbit. Exp. Eye Res. 1, 175-191. 

Rego,A.C. and Oliveira,C.R. (2003). Mitochondrial dysfunction and reactive oxygen species in 
excitotoxicity and apoptosis: implications for the pathogenesis of neurodegenerative diseases. 
Neurochem. Res. 28, 1563-1574. 

Ren,B., Robert,F., Wyrick,J.J., Aparicio,O., Jennings,E.G., Simon,I., Zeitlinger,J., Schreiber,J., 
Hannett,N., Kanin,E., Volkert,T.L., Wilson,C.J., Bell,S.P., and Young,R.A. (2000). Genome-wide 
location and function of DNA binding proteins. Science 290, 2306-2309. 

Reyes,A., Mezzina,M., and Gadaleta,G. (2002). Human mitochondrial transcription factor A (mtTFA): 
gene structure and characterization of related pseudogenes. Gene 291, 223-232. 

Rideout,H.J. and Stefanis,L. (2002). Proteasomal inhibition-induced inclusion formation and death in 
cortical neurons require transcription and ubiquitination. Mol. Cell Neurosci. 21, 223-238. 

Rideout,H.J., Larsen,K.E., Sulzer,D., and Stefanis,L. (2001). Proteasomal inhibition leads to formation 
of ubiquitin/alpha-synuclein-immunoreactive inclusions in PC12 cells. J. Neurochem. 78, 899-908. 

Riederer,P., Sofic,E., Rausch,W.D., Schmidt,B., Reynolds,G.P., Jellinger,K., and Youdim,M.B. (1989). 
Transition metals, ferritin, glutathione, and ascorbic acid in parkinsonian brains. J. Neurochem. 52, 
515-520. 

Riedl,A.G., Watts,P.M., Brown,C.T., and Jenner,P. (1999). P450 and heme oxygenase enzymes in the 
basal ganglia and their roles in Parkinson's disease. Adv. Neurol. 80, 271-286. 

Rimaniol,A.C., Mialocq,P., Clayette,P., Dormont,D., and Gras,G. (2001). Role of glutamate 
transporters in the regulation of glutathione levels in human macrophages. Am. J. Physiol Cell Physiol 
281, C1964-C1970. 

Ross,O.A., Braithwaite,A.T., Skipper,L.M., Kachergus,J., Hulihan,M.M., Middleton,F.A., Nishioka,K., 
Fuchs,J., Gasser,T., Maraganore,D.M., Adler,C.H., Larvor,L., Chartier-Harlin,M.C., Nilsson,C., 



References 

 
236 

Langston,J.W., Gwinn,K., Hattori,N., and Farrer,M.J. (2008). Genomic investigation of alpha-synuclein 
multiplication and parkinsonism. Ann. Neurol. 63, 743-750. 

Ross,O.A., Toft,M., Whittle,A.J., Johnson,J.L., Papapetropoulos,S., Mash,D.C., Litvan,I., Gordon,M.F., 
Wszolek,Z.K., Farrer,M.J., and Dickson,D.W. (2006). Lrrk2 and Lewy body disease. Ann. Neurol. 59, 
388-393. 

Rothfuss,O., Fischer,H., Hasegawa,T., Maisel,M., Leitner,P., Miesel,F., Sharma,M., Bornemann,A., 
Berg,D., Gasser,T., and Patenge,N. (2009). Parkin protects mitochondrial genome integrity and 
supports mitochondrial DNA repair. Hum. Mol. Genet. 18, 3832-3850. 

Rushmore,T.H. and Pickett,C.B. (1990). Transcriptional regulation of the rat glutathione S-transferase 
Ya subunit gene. Characterization of a xenobiotic-responsive element controlling inducible 
expression by phenolic antioxidants. J. Biol. Chem. 265, 14648-14653. 

Samii,A., Nutt,J.G., and Ransom,B.R. (2004). Parkinson's disease. Lancet 363, 1783-1793. 

Satake,W., Nakabayashi,Y., Mizuta,I., Hirota,Y., Ito,C., Kubo,M., Kawaguchi,T., Tsunoda,T., 
Watanabe,M., Takeda,A., Tomiyama,H., Nakashima,K., Hasegawa,K., Obata,F., Yoshikawa,T., 
Kawakami,H., Sakoda,S., Yamamoto,M., Hattori,N., Murata,M., Nakamura,Y., and Toda,T. (2009). 
Genome-wide association study identifies common variants at four loci as genetic risk factors for 
Parkinson's disease. Nat. Genet. 41, 1303-1307. 

Sato,H., Arawaka,S., Hara,S., Fukushima,S., Koga,K., Koyama,S., and Kato,T. (2011). Authentically 
phosphorylated alpha-synuclein at Ser129 accelerates neurodegeneration in a rat model of familial 
Parkinson's disease. J. Neurosci. 31, 16884-16894. 

Schafer,F.Q. and Buettner,G.R. (2001). Redox environment of the cell as viewed through the redox 
state of the glutathione disulfide/glutathione couple. Free Radic. Biol. Med. 30, 1191-1212. 

Schapira,A.H. (1995). Oxidative stress in Parkinson's disease. Neuropathol. Appl. Neurobiol. 21, 3-9. 

Schapira,A.H. (2004). Disease modification in Parkinson's disease. Lancet Neurol. 3, 362-368. 

Schapira,A.H. (2007). Mitochondrial dysfunction in Parkinson's disease. Cell Death. Differ. 14, 1261-
1266. 

Schapira,A.H. (2008). Mitochondria in the aetiology and pathogenesis of Parkinson's disease. Lancet 
Neurol. 7, 97-109. 

Schapira,A.H. (2009). Etiology and pathogenesis of Parkinson disease. Neurol. Clin. 27, 583-603, v. 

Schapira,A.H. (2011). Challenges to the development of disease-modifying therapies in Parkinson's 
disease. Eur. J. Neurol. 18 Suppl 1, 16-21. 



References 

 

 
237 

Schapira,A.H. and Jenner,P. (2011). Etiology and pathogenesis of Parkinson's disease. Mov Disord. 
26, 1049-1055. 

Schapira,A.H., Cooper,J.M., Dexter,D., Clark,J.B., Jenner,P., and Marsden,C.D. (1990). Mitochondrial 
complex I deficiency in Parkinson's disease. J. Neurochem. 54, 823-827. 

Schapira,A.H., Cooper,J.M., Dexter,D., Jenner,P., Clark,J.B., and Marsden,C.D. (1989). Mitochondrial 
complex I deficiency in Parkinson's disease. Lancet 1, 1269. 

Schell,H., Hasegawa,T., Neumann,M., and Kahle,P.J. (2009). Nuclear and neuritic distribution of 
serine-129 phosphorylated alpha-synuclein in transgenic mice. Neuroscience 160, 796-804. 

Schipper,H.M. (2004). Heme oxygenase expression in human central nervous system disorders. Free 
Radic. Biol. Med. 37, 1995-2011. 

Seaton,T.A., Cooper,J.M., and Schapira,A.H. (1998). Cyclosporin inhibition of apoptosis induced by 
mitochondrial complex I toxins. Brain Res. 809, 12-17. 

Seaton,T.A., Jenner,P., and Marsden,C.D. (1996). Mitochondrial respiratory enzyme function and 
superoxide dismutase activity following brain glutathione depletion in the rat. Biochem. Pharmacol. 
52, 1657-1663. 

Seet,R.C., Lee,C.Y., Lim,E.C., Tan,J.J., Quek,A.M., Chong,W.L., Looi,W.F., Huang,S.H., Wang,H., 
Chan,Y.H., and Halliwell,B. (2010). Oxidative damage in Parkinson disease: Measurement using 
accurate biomarkers. Free Radic. Biol. Med. 48, 560-566. 

Sellbach,A.N., Boyle,R.S., Silburn,P.A., and Mellick,G.D. (2006). Parkinson's disease and family history. 
Parkinsonism. Relat Disord. 12, 399-409. 

Sengstock,G.J., Olanow,C.W., Menzies,R.A., Dunn,A.J., and Arendash,G.W. (1993). Infusion of iron 
into the rat substantia nigra: nigral pathology and dose-dependent loss of striatal dopaminergic 
markers. J. Neurosci. Res. 35, 67-82. 

Seymen,O., Seven,A., Candan,G., Yigit,G., Hatemi,S., and Hatemi,H. (1997). The effect of iron 
supplementation on GSH levels, GSH-Px, and SOD activities of erythrocytes in L-thyroxine 
administration. Acta Med. Okayama 51, 129-133. 

Shavali,S., Brown-Borg,H.M., Ebadi,M., and Porter,J. (2008). Mitochondrial localization of alpha-
synuclein protein in alpha-synuclein overexpressing cells. Neurosci. Lett. 439, 125-128. 

Shendelman,S., Jonason,A., Martinat,C., Leete,T., and Abeliovich,A. (2004). DJ-1 is a redox-
dependent molecular chaperone that inhibits alpha-synuclein aggregate formation. PLoS. Biol. 2, 
e362. 



References 

 
238 

Sherer,T.B., Betarbet,R., Testa,C.M., Seo,B.B., Richardson,J.R., Kim,J.H., Miller,G.W., Yagi,T., 
Matsuno-Yagi,A., and Greenamyre,J.T. (2003a). Mechanism of toxicity in rotenone models of 
Parkinson's disease. J. Neurosci. 23, 10756-10764. 

Sherer,T.B., Kim,J.H., Betarbet,R., and Greenamyre,J.T. (2003). Subcutaneous rotenone exposure 
causes highly selective dopaminergic degeneration and alpha-synuclein aggregation. Exp. Neurol. 
179, 9-16. 

Sherer,T.B., Kim,J.H., Betarbet,R., and Greenamyre,J.T. (2003b). Subcutaneous rotenone exposure 
causes highly selective dopaminergic degeneration and alpha-synuclein aggregation. Exp. Neurol. 
179, 9-16. 

Sherer,T.B., Richardson,J.R., Testa,C.M., Seo,B.B., Panov,A.V., Yagi,T., Matsuno-Yagi,A., Miller,G.W., 
and Greenamyre,J.T. (2007). Mechanism of toxicity of pesticides acting at complex I: relevance to 
environmental etiologies of Parkinson's disease. J. Neurochem. 100, 1469-1479. 

Sherer,T.B., Trimmer,P.A., Borland,K., Parks,J.K., Bennett,J.P., Jr., and Tuttle,J.B. (2001). Chronic 
reduction in complex I function alters calcium signaling in SH-SY5Y neuroblastoma cells. Brain Res. 
891, 94-105. 

Shih,J.C., Chen,K., and Ridd,M.J. (1999). Monoamine oxidase: from genes to behavior. Annu. Rev. 
Neurosci. 22, 197-217. 

Shimura,H., Hattori,N., Kubo,S., Mizuno,Y., Asakawa,S., Minoshima,S., Shimizu,N., Iwai,K., Chiba,T., 
Tanaka,K., and Suzuki,T. (2000). Familial Parkinson disease gene product, parkin, is a ubiquitin-
protein ligase. Nat. Genet. 25, 302-305. 

Shimura,H., Schlossmacher,M.G., Hattori,N., Frosch,M.P., Trockenbacher,A., Schneider,R., Mizuno,Y., 
Kosik,K.S., and Selkoe,D.J. (2001). Ubiquitination of a new form of alpha-synuclein by parkin from 
human brain: implications for Parkinson's disease. Science 293, 263-269. 

Shin,J.H., Ko,H.S., Kang,H., Lee,Y., Lee,Y.I., Pletinkova,O., Troconso,J.C., Dawson,V.L., and 
Dawson,T.M. (2011). PARIS (ZNF746) repression of PGC-1alpha contributes to neurodegeneration in 
Parkinson's disease. Cell 144, 689-702. 

Shults,C.W. (2006). Lewy bodies. Proc. Natl. Acad. Sci. U. S. A 103, 1661-1668. 

Sian,J., Dexter,D.T., Lees,A.J., Daniel,S., Agid,Y., Javoy-Agid,F., Jenner,P., and Marsden,C.D. (1994a). 
Alterations in glutathione levels in Parkinson's disease and other neurodegenerative disorders 
affecting basal ganglia. Ann. Neurol. 36, 348-355. 

Sian,J., Dexter,D.T., Lees,A.J., Daniel,S., Jenner,P., and Marsden,C.D. (1994b). Glutathione-related 
enzymes in brain in Parkinson's disease. Ann. Neurol. 36, 356-361.. 

Sian-Hulsmann,J., Mandel,S., Youdim,M.B., and Riederer,P. (2011). The relevance of iron in the 
pathogenesis of Parkinson's disease. J. Neurochem. 118, 939-957. 



References 

 

 
239 

Siddiqui,A., Chinta,S.J., Mallajosyula,J.K., Rajagopolan,S., Hanson,I., Rane,A., Melov,S., and 
Andersen,J.K. (2012). Selective binding of nuclear alpha-synuclein to the PGC1alpha promoter under 
conditions of oxidative stress may contribute to losses in mitochondrial function: Implications for 
Parkinson's disease. Free Radic. Biol. Med. 53, 993-1003. 

Sidhu,A., Wersinger,C., and Vernier,P. (2004). Does alpha-synuclein modulate dopaminergic synaptic 
content and tone at the synapse? FASEB J. 18, 637-647. 

Simon-Sanchez,J., Schulte,C., Bras,J.M., Sharma,M., Gibbs,J.R., Berg,D., Paisan-Ruiz,C., Lichtner,P., 
Scholz,S.W., Hernandez,D.G., Kruger,R., Federoff,M., Klein,C., Goate,A., Perlmutter,J., Bonin,M., 
Nalls,M.A., Illig,T., Gieger,C., Houlden,H., Steffens,M., Okun,M.S., Racette,B.A., Cookson,M.R., 
Foote,K.D., Fernandez,H.H., Traynor,B.J., Schreiber,S., Arepalli,S., Zonozi,R., Gwinn,K., van der 
Brug,M., Lopez,G., Chanock,S.J., Schatzkin,A., Park,Y., Hollenbeck,A., Gao,J., Huang,X., Wood,N.W., 
Lorenz,D., Deuschl,G., Chen,H., Riess,O., Hardy,J.A., Singleton,A.B., and Gasser,T. (2009). Genome-
wide association study reveals genetic risk underlying Parkinson's disease. Nat. Genet. 41, 1308-
1312. 

Singh,A., Misra,V., Thimmulappa,R.K., Lee,H., Ames,S., Hoque,M.O., Herman,J.G., Baylin,S.B., 
Sidransky,D., Gabrielson,E., Brock,M.V., and Biswal,S. (2006). Dysfunctional KEAP1-NRF2 interaction 
in non-small-cell lung cancer. PLoS. Med. 3, e420. 

Slot,J.W., Geuze,H.J., Freeman,B.A., and Crapo,J.D. (1986). Intracellular localization of the copper-
zinc and manganese superoxide dismutases in rat liver parenchymal cells. Lab Invest 55, 363-371. 

Smith,W.W., Jiang,H., Pei,Z., Tanaka,Y., Morita,H., Sawa,A., Dawson,V.L., Dawson,T.M., and Ross,C.A. 
(2005). Endoplasmic reticulum stress and mitochondrial cell death pathways mediate A53T mutant 
alpha-synuclein-induced toxicity. Hum. Mol. Genet. 14, 3801-3811. 

Smith,W.W., Pei,Z., Jiang,H., Dawson,V.L., Dawson,T.M., and Ross,C.A. (2006). Kinase activity of 
mutant LRRK2 mediates neuronal toxicity. Nat. Neurosci. 9, 1231-1233. 

Snyder,H., Mensah,K., Theisler,C., Lee,J., Matouschek,A., and Wolozin,B. (2003). Aggregated and 
monomeric alpha-synuclein bind to the S6' proteasomal protein and inhibit proteasomal function. J. 
Biol. Chem. 278, 11753-11759. 

Sofic,E., Lange,K.W., Jellinger,K., and Riederer,P. (1992). Reduced and oxidized glutathione in the 
substantia nigra of patients with Parkinson's disease. Neurosci. Lett. 142, 128-130. 

Sofic,E., Riederer,P., Heinsen,H., Beckmann,H., Reynolds,G.P., Hebenstreit,G., and Youdim,M.B. 
(1988). Increased iron (III) and total iron content in post mortem substantia nigra of parkinsonian 
brain. J. Neural Transm. 74, 199-205. 

Sofic,E., Sapcanin,A., Tahirovic,I., Gavrankapetanovic,I., Jellinger,K., Reynolds,G.P., Tatschner,T., and 
Riederer,P. (2006). Antioxidant capacity in postmortem brain tissues of Parkinson's and Alzheimer's 
diseases. J. Neural Transm. Suppl 39-43. 



References 

 
240 

Sorensen,L., Ekstrand,M., Silva,J.P., Lindqvist,E., Xu,B., Rustin,P., Olson,L., and Larsson,N.G. (2001). 
Late-onset corticohippocampal neurodepletion attributable to catastrophic failure of oxidative 
phosphorylation in MILON mice. J. Neurosci. 21, 8082-8090. 

Spencer,J.P., Jenner,P., Daniel,S.E., Lees,A.J., Marsden,D.C., and Halliwell,B. (1998). Conjugates of 
catecholamines with cysteine and GSH in Parkinson's disease: possible mechanisms of formation 
involving reactive oxygen species. J. Neurochem. 71, 2112-2122. 

Spillantini,M.G., Schmidt,M.L., Lee,V.M., Trojanowski,J.Q., Jakes,R., and Goedert,M. (1997). Alpha-
synuclein in Lewy bodies. Nature 388, 839-840. 

Staal,R.G., Mosharov,E.V., and Sulzer,D. (2004). Dopamine neurons release transmitter via a 
flickering fusion pore. Nat. Neurosci. 7, 341-346. 

Stichel,C.C., Zhu,X.R., Bader,V., Linnartz,B., Schmidt,S., and Lubbert,H. (2007). Mono- and double-
mutant mouse models of Parkinson's disease display severe mitochondrial damage. Hum. Mol. 
Genet. 16, 2377-2393. 

Stokes,A.H., Hastings,T.G., and Vrana,K.E. (1999). Cytotoxic and genotoxic potential of dopamine. J. 
Neurosci. Res. 55, 659-665. 

St-Pierre,J., Drori,S., Uldry,M., Silvaggi,J.M., Rhee,J., Jager,S., Handschin,C., Zheng,K., Lin,J., Yang,W., 
Simon,D.K., Bachoo,R., and Spiegelman,B.M. (2006). Suppression of reactive oxygen species and 
neurodegeneration by the PGC-1 transcriptional coactivators. Cell 127, 397-408. 

Stralin,P., Karlsson,K., Johansson,B.O., and Marklund,S.L. (1995). The interstitium of the human 
arterial wall contains very large amounts of extracellular superoxide dismutase. Arterioscler. 
Thromb. Vasc. Biol. 15, 2032-2036. 

Strauss,K.M., Martins,L.M., Plun-Favreau,H., Marx,F.P., Kautzmann,S., Berg,D., Gasser,T., Wszolek,Z., 
Muller,T., Bornemann,A., Wolburg,H., Downward,J., Riess,O., Schulz,J.B., and Kruger,R. (2005). Loss 
of function mutations in the gene encoding Omi/HtrA2 in Parkinson's disease. Hum. Mol. Genet. 14, 
2099-2111. 

Sugeno,N., Takeda,A., Hasegawa,T., Kobayashi,M., Kikuchi,A., Mori,F., Wakabayashi,K., and 
Itoyama,Y. (2008). Serine 129 phosphorylation of alpha-synuclein induces unfolded protein 
response-mediated cell death. J. Biol. Chem. 283, 23179-23188. 

Suh,J.H., Shenvi,S.V., Dixon,B.M., Liu,H., Jaiswal,A.K., Liu,R.M., and Hagen,T.M. (2004). Decline in 
transcriptional activity of Nrf2 causes age-related loss of glutathione synthesis, which is reversible 
with lipoic acid. Proc. Natl. Acad. Sci. U. S. A 101, 3381-3386. 

Sulzer,D. (2007a). Multiple hit hypotheses for dopamine neuron loss in Parkinson's disease. Trends 
Neurosci. 30, 244-250. 



References 

 

 
241 

Sulzer,D. (2007b). Multiple hit hypotheses for dopamine neuron loss in Parkinson's disease. Trends 
Neurosci. 30, 244-250. 

Sulzer,D. (2010). Clues to how alpha-synuclein damages neurons in Parkinson's disease. Mov Disord. 
25 Suppl 1, S27-S31. 

Swerdlow,R.H., Parks,J.K., Davis,J.N., Cassarino,D.S., Trimmer,P.A., Currie,L.J., Dougherty,J., 
Bridges,W.S., Bennett,J.P., Jr., Wooten,G.F., and Parker,W.D. (1998). Matrilineal inheritance of 
complex I dysfunction in a multigenerational Parkinson's disease family. Ann. Neurol. 44, 873-881. 

Swerdlow,R.H., Parks,J.K., Miller,S.W., Tuttle,J.B., Trimmer,P.A., Sheehan,J.P., Bennett,J.P., Jr., 
Davis,R.E., and Parker,W.D., Jr. (1996). Origin and functional consequences of the complex I defect in 
Parkinson's disease. Ann. Neurol. 40, 663-671. 

Szabo,C., Ischiropoulos,H., and Radi,R. (2007). Peroxynitrite: biochemistry, pathophysiology and 
development of therapeutics. Nat. Rev. Drug Discov. 6, 662-680. 

Tabrizi,S.J., Orth,M., Wilkinson,J.M., Taanman,J.W., Warner,T.T., Cooper,J.M., and Schapira,A.H. 
(2000). Expression of mutant alpha-synuclein causes increased susceptibility to dopamine toxicity. 
Hum. Mol. Genet. 9, 2683-2689. 

Taira,T., Saito,Y., Niki,T., Iguchi-Ariga,S.M., Takahashi,K., and Ariga,H. (2004). DJ-1 has a role in 
antioxidative stress to prevent cell death. EMBO Rep. 5, 213-218. 

Takahashi,H., Ohama,E., Suzuki,S., Horikawa,Y., Ishikawa,A., Morita,T., Tsuji,S., and Ikuta,F. (1994). 
Familial juvenile parkinsonism: clinical and pathologic study in a family. Neurology 44, 437-441. 

Takahashi,M., Ko,L.W., Kulathingal,J., Jiang,P., Sevlever,D., and Yen,S.H. (2007). Oxidative stress-
induced phosphorylation, degradation and aggregation of alpha-synuclein are linked to upregulated 
CK2 and cathepsin D. Eur. J. Neurosci. 26, 863-874. 

Tan,E.K., Yew,K., Chua,E., Puvan,K., Shen,H., Lee,E., Puong,K.Y., Zhao,Y., Pavanni,R., Wong,M.C., 
Jamora,D., de,S.D., Moe,K.T., Woon,F.P., Yuen,Y., and Tan,L. (2006). PINK1 mutations in sporadic 
early-onset Parkinson's disease. Mov Disord. 21, 789-793. 

Tanaka,Y., Engelender,S., Igarashi,S., Rao,R.K., Wanner,T., Tanzi,R.E., Sawa,A., Dawson,L., 
Dawson,T.M., and Ross,C.A. (2001). Inducible expression of mutant alpha-synuclein decreases 
proteasome activity and increases sensitivity to mitochondria-dependent apoptosis. Hum. Mol. 
Genet. 10, 919-926. 

Thannickal,T.C., Lai,Y.Y., and Siegel,J.M. (2007). Hypocretin (orexin) cell loss in Parkinson's disease. 
Brain 130, 1586-1595. 

Thomas,B. and Beal,M.F. (2007). Parkinson's disease. Hum. Mol. Genet. 16 Spec No. 2, R183-R194. 



References 

 
242 

Tofaris,G.K., Layfield,R., and Spillantini,M.G. (2001). alpha-synuclein metabolism and aggregation is 
linked to ubiquitin-independent degradation by the proteasome. FEBS Lett. 509, 22-26. 

Tofaris,G.K., Razzaq,A., Ghetti,B., Lilley,K.S., and Spillantini,M.G. (2003). Ubiquitination of alpha-
synuclein in Lewy bodies is a pathological event not associated with impairment of proteasome 
function. J. Biol. Chem. 278, 44405-44411. 

Tofaris,G.K., Revesz,T., Jacques,T.S., Papacostas,S., and Chataway,J. (2007). Adult-onset 
neurodegeneration with brain iron accumulation and cortical alpha-synuclein and tau pathology: a 
distinct clinicopathological entity. Arch. Neurol. 64, 280-282. 

Tomi,M., Funaki,T., Abukawa,H., Katayama,K., Kondo,T., Ohtsuki,S., Ueda,M., Obinata,M., 
Terasaki,T., and Hosoya,K. (2003). Expression and regulation of L-cystine transporter, system xc-, in 
the newly developed rat retinal Muller cell line (TR-MUL). Glia 43, 208-217. 

Tong,Y., Yamaguchi,H., Giaime,E., Boyle,S., Kopan,R., Kelleher,R.J., III, and Shen,J. (2010). Loss of 
leucine-rich repeat kinase 2 causes impairment of protein degradation pathways, accumulation of 
alpha-synuclein, and apoptotic cell death in aged mice. Proc. Natl. Acad. Sci. U. S. A 107, 9879-9884. 

Tsunemi,T. and La Spada,A.R. (2012). PGC-1alpha at the intersection of bioenergetics regulation and 
neuron function: from Huntington's disease to Parkinson's disease and beyond. Prog. Neurobiol. 97, 
142-151. 

Ueda,K., Fukushima,H., Masliah,E., Xia,Y., Iwai,A., Yoshimoto,M., Otero,D.A., Kondo,J., Ihara,Y., and 
Saitoh,T. (1993). Molecular cloning of cDNA encoding an unrecognized component of amyloid in 
Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A 90, 11282-11286. 

Valente,E.M., Abou-Sleiman,P.M., Caputo,V., Muqit,M.M., Harvey,K., Gispert,S., Ali,Z., Del,T.D., 
Bentivoglio,A.R., Healy,D.G., Albanese,A., Nussbaum,R., Gonzalez-Maldonado,R., Deller,T., Salvi,S., 
Cortelli,P., Gilks,W.P., Latchman,D.S., Harvey,R.J., Dallapiccola,B., Auburger,G., and Wood,N.W. 
(2004a). Hereditary early-onset Parkinson's disease caused by mutations in PINK1. Science 304, 
1158-1160. 

Valente,E.M., Bentivoglio,A.R., Dixon,P.H., Ferraris,A., Ialongo,T., Frontali,M., Albanese,A., and 
Wood,N.W. (2001). Localization of a novel locus for autosomal recessive early-onset parkinsonism, 
PARK6, on human chromosome 1p35-p36. Am. J. Hum. Genet. 68, 895-900. 

Valente,E.M., Salvi,S., Ialongo,T., Marongiu,R., Elia,A.E., Caputo,V., Romito,L., Albanese,A., 
Dallapiccola,B., and Bentivoglio,A.R. (2004b). PINK1 mutations are associated with sporadic early-
onset parkinsonism. Ann. Neurol. 56, 336-341. 

Valle,I., Alvarez-Barrientos,A., Arza,E., Lamas,S., and Monsalve,M. (2005). PGC-1alpha regulates the 
mitochondrial antioxidant defense system in vascular endothelial cells. Cardiovasc. Res. 66, 562-573. 



References 

 

 
243 

Van Laar,V.S., Mishizen,A.J., Cascio,M., and Hastings,T.G. (2009). Proteomic identification of 
dopamine-conjugated proteins from isolated rat brain mitochondria and SH-SY5Y cells. Neurobiol. 
Dis. 34, 487-500. 

van Muiswinkel,F.L., de Vos,R.A., Bol,J.G., Andringa,G., Jansen Steur,E.N., Ross,D., Siegel,D., and 
Drukarch,B. (2004). Expression of NAD(P)H:quinone oxidoreductase in the normal and Parkinsonian 
substantia nigra. Neurobiol. Aging 25, 1253-1262. 

Van,R.H., Ikeno,Y., Hamilton,M., Pahlavani,M., Wolf,N., Thorpe,S.R., Alderson,N.L., Baynes,J.W., 
Epstein,C.J., Huang,T.T., Nelson,J., Strong,R., and Richardson,A. (2003). Life-long reduction in MnSOD 
activity results in increased DNA damage and higher incidence of cancer but does not accelerate 
aging. Physiol Genomics 16, 29-37. 

Vasquez,O.L., Almeida,A., and Bolanos,J.P. (2001). Depletion of glutathione up-regulates 
mitochondrial complex I expression in glial cells. J. Neurochem. 76, 1593-1596. 

Vekrellis,K., Xilouri,M., Emmanouilidou,E., and Stefanis,L. (2009). Inducible over-expression of wild 
type alpha-synuclein in human neuronal cells leads to caspase-dependent non-apoptotic death. J. 
Neurochem. 109, 1348-1362. 

Vekrellis,K., Xilouri,M., Emmanouilidou,E., Rideout,H.J., and Stefanis,L. (2011). Pathological roles of 
alpha-synuclein in neurological disorders. Lancet Neurol. 10, 1015-1025. 

Vogiatzi,T., Xilouri,M., Vekrellis,K., and Stefanis,L. (2008). Wild type alpha-synuclein is degraded by 
chaperone-mediated autophagy and macroautophagy in neuronal cells. J. Biol. Chem. 283, 23542-
23556. 

Volles,M.J., Lee,S.J., Rochet,J.C., Shtilerman,M.D., Ding,T.T., Kessler,J.C., and Lansbury,P.T., Jr. (2001). 
Vesicle permeabilization by protofibrillar alpha-synuclein: implications for the pathogenesis and 
treatment of Parkinson's disease. Biochemistry 40, 7812-7819. 

von,C.R., Dawson,V.L., and Dawson,T.M. (2004). Parkin-associated Parkinson's disease. Cell Tissue 
Res. 318, 175-184. 

Voutsinas,G.E., Stavrou,E.F., Karousos,G., Dasoula,A., Papachatzopoulou,A., Syrrou,M., Verkerk,A.J., 
van der Spek,P., Patrinos,G.P., Stoger,R., and Athanassiadou,A. (2010). Allelic imbalance of 
expression and epigenetic regulation within the alpha-synuclein wild-type and p.Ala53Thr alleles in 
Parkinson disease. Hum. Mutat. 31, 685-691. 

Wakamatsu,M., Ishii,A., Ukai,Y., Sakagami,J., Iwata,S., Ono,M., Matsumoto,K., Nakamura,A., Tada,N., 
Kobayashi,K., Iwatsubo,T., and Yoshimoto,M. (2007). Accumulation of phosphorylated alpha-
synuclein in dopaminergic neurons of transgenic mice that express human alpha-synuclein. J. 
Neurosci. Res. 85, 1819-1825. 



References 

 
244 

Wang,B. and Williamson,G. (1994). Detection of a nuclear protein which binds specifically to the 
antioxidant responsive element (ARE) of the human NAD(P) H:quinone oxidoreductase gene. 
Biochim. Biophys. Acta 1219, 645-652. 

Wang,C., Tan,J.M., Ho,M.W., Zaiden,N., Wong,S.H., Chew,C.L., Eng,P.W., Lim,T.M., Dawson,T.M., and 
Lim,K.L. (2005). Alterations in the solubility and intracellular localization of parkin by several familial 
Parkinson's disease-linked point mutations. J. Neurochem. 93, 422-431. 

Wang,X.J., Sun,Z., Villeneuve,N.F., Zhang,S., Zhao,F., Li,Y., Chen,W., Yi,X., Zheng,W., Wondrak,G.T., 
Wong,P.K., and Zhang,D.D. (2008). Nrf2 enhances resistance of cancer cells to chemotherapeutic 
drugs, the dark side of Nrf2. Carcinogenesis 29, 1235-1243. 

Warner,T.T. and Schapira,A.H. (2003). Genetic and environmental factors in the cause of Parkinson's 
disease. Ann. Neurol. 53 Suppl 3, S16-S23. 

Waxman,E.A. and Giasson,B.I. (2008). Specificity and regulation of casein kinase-mediated 
phosphorylation of alpha-synuclein. J. Neuropathol. Exp. Neurol. 67, 402-416. 

Webb,J.L., Ravikumar,B., Atkins,J., Skepper,J.N., and Rubinsztein,D.C. (2003). Alpha-Synuclein is 
degraded by both autophagy and the proteasome. J. Biol. Chem. 278, 25009-25013. 

Weisiger,R.A. and Fridovich,I. (1973). Mitochondrial superoxide simutase. Site of synthesis and 
intramitochondrial localization. J. Biol. Chem. 248, 4793-4796. 

Wesemann,W., Solbach,M., Nafe,R., Grote,C., Sontag,K.H., Riederer,P., Jellinger,K., Mennel,H.D., and 
Clement,H.W. (1995). Effect of lazaroid U-74389G on iron-induced reduction of striatal dopamine 
metabolism. J. Neural Transm. Suppl 46, 175-182. 

West,A.B., Moore,D.J., Biskup,S., Bugayenko,A., Smith,W.W., Ross,C.A., Dawson,V.L., and 
Dawson,T.M. (2005). Parkinson's disease-associated mutations in leucine-rich repeat kinase 2 
augment kinase activity. Proc. Natl. Acad. Sci. U. S. A 102, 16842-16847. 

White,C.C., Viernes,H., Krejsa,C.M., Botta,D., and Kavanagh,T.J. (2003). Fluorescence-based 
microtiter plate assay for glutamate-cysteine ligase activity. Anal. Biochem. 318, 175-180. 

Winner,B., Rockenstein,E., Lie,D.C., Aigner,R., Mante,M., Bogdahn,U., Couillard-Despres,S., 
Masliah,E., and Winkler,J. (2008). Mutant alpha-synuclein exacerbates age-related decrease of 
neurogenesis. Neurobiol. Aging 29, 913-925. 

Wood-Kaczmar,A., Gandhi,S., Yao,Z., Abramov,A.Y., Miljan,E.A., Keen,G., Stanyer,L., Hargreaves,I., 
Klupsch,K., Deas,E., Downward,J., Mansfield,L., Jat,P., Taylor,J., Heales,S., Duchen,M.R., Latchman,D., 
Tabrizi,S.J., and Wood,N.W. (2008). PINK1 is necessary for long term survival and mitochondrial 
function in human dopaminergic neurons. PLoS. One. 3, e2455. 



References 

 

 
245 

Wruck,C.J., Claussen,M., Fuhrmann,G., Romer,L., Schulz,A., Pufe,T., Waetzig,V., Peipp,M., 
Herdegen,T., and Gotz,M.E. (2007). Luteolin protects rat PC12 and C6 cells against MPP+ induced 
toxicity via an ERK dependent Keap1-Nrf2-ARE pathway. J. Neural Transm. Suppl 57-67. 

Wu,J., Lou,H., Alerte,T.N., Stachowski,E.K., Chen,J., Singleton,A.B., Hamilton,R.L., and Perez,R.G. 
(2012). Lewy-like aggregation of alpha-synuclein reduces protein phosphatase 2A activity in vitro and 
in vivo. Neuroscience 207, 288-297. 

Xu,J., Kao,S.Y., Lee,F.J., Song,W., Jin,L.W., and Yankner,B.A. (2002). Dopamine-dependent 
neurotoxicity of alpha-synuclein: a mechanism for selective neurodegeneration in Parkinson disease. 
Nat. Med. 8, 600-606. 

Yang,W., Chen,L., Ding,Y., Zhuang,X., and Kang,U.J. (2007). Paraquat induces dopaminergic 
dysfunction and proteasome impairment in DJ-1-deficient mice. Hum. Mol. Genet. 16, 2900-2910. 

Yoon,J.C., Puigserver,P., Chen,G., Donovan,J., Wu,Z., Rhee,J., Adelmant,G., Stafford,J., Kahn,C.R., 
Granner,D.K., Newgard,C.B., and Spiegelman,B.M. (2001). Control of hepatic gluconeogenesis 
through the transcriptional coactivator PGC-1. Nature 413, 131-138. 

Yoritaka,A., Hattori,N., Uchida,K., Tanaka,M., Stadtman,E.R., and Mizuno,Y. (1996). 
Immunohistochemical detection of 4-hydroxynonenal protein adducts in Parkinson disease. Proc. 
Natl. Acad. Sci. U. S. A 93, 2696-2701. 

Yoshida,Y., Izumi,H., Ise,T., Uramoto,H., Torigoe,T., Ishiguchi,H., Murakami,T., Tanabe,M., 
Nakayama,Y., Itoh,H., Kasai,H., and Kohno,K. (2002). Human mitochondrial transcription factor A 
binds preferentially to oxidatively damaged DNA. Biochem. Biophys. Res. Commun. 295, 945-951. 

Zarranz,J.J., Alegre,J., Gomez-Esteban,J.C., Lezcano,E., Ros,R., Ampuero,I., Vidal,L., Hoenicka,J., 
Rodriguez,O., Atares,B., Llorens,V., Gomez,T.E., del,S.T., Munoz,D.G., and de Yebenes,J.G. (2004). 
The new mutation, E46K, of alpha-synuclein causes Parkinson and Lewy body dementia. Ann. Neurol. 
55, 164-173. 
Zarranz,J.J., Alegre,J., Gomez-Esteban,J.C., Lezcano,E., Ros,R., Ampuero,I., Vidal,L., Hoenicka,J., 
Rodriguez,O., Atares,B., Llorens,V., Gomez,T.E., del,S.T., Munoz,D.G., and de Yebenes,J.G. (2004). 
The new mutation, E46K, of alpha-synuclein causes Parkinson and Lewy body dementia. Ann. Neurol. 
55, 164-173. 

Zecca,L., Tampellini,D., Gerlach,M., Riederer,P., Fariello,R.G., and Sulzer,D. (2001). Substantia nigra 
neuromelanin: structure, synthesis, and molecular behaviour. Mol. Pathol. 54, 414-418. 

Zeevalk,G.D., Razmpour,R., and Bernard,L.P. (2008). Glutathione and Parkinson's disease: is this the 
elephant in the room? Biomed. Pharmacother. 62, 236-249. 

Zhang,J., Perry,G., Smith,M.A., Robertson,D., Olson,S.J., Graham,D.G., and Montine,T.J. (1999). 
Parkinson's disease is associated with oxidative damage to cytoplasmic DNA and RNA in substantia 
nigra neurons. Am. J. Pathol. 154, 1423-1429. 



References 

 
246 

Zhang,L., Shimoji,M., Thomas,B., Moore,D.J., Yu,S.W., Marupudi,N.I., Torp,R., Torgner,I.A., 
Ottersen,O.P., Dawson,T.M., and Dawson,V.L. (2005). Mitochondrial localization of the Parkinson's 
disease related protein DJ-1: implications for pathogenesis. Hum. Mol. Genet. 14, 2063-2073. 

Zhang,Y., Dawson,V.L., and Dawson,T.M. (2000). Oxidative stress and genetics in the pathogenesis of 
Parkinson's disease. Neurobiol. Dis. 7, 240-250. 

Zheng,B., Liao,Z., Locascio,J.J., Lesniak,K.A., Roderick,S.S., Watt,M.L., Eklund,A.C., Zhang-James,Y., 
Kim,P.D., Hauser,M.A., Grunblatt,E., Moran,L.B., Mandel,S.A., Riederer,P., Miller,R.M., Federoff,H.J., 
Wullner,U., Papapetropoulos,S., Youdim,M.B., Cantuti-Castelvetri,I., Young,A.B., Vance,J.M., 
Davis,R.L., Hedreen,J.C., Adler,C.H., Beach,T.G., Graeber,M.B., Middleton,F.A., Rochet,J.C., and 
Scherzer,C.R. (2010). PGC-1alpha, a potential therapeutic target for early intervention in Parkinson's 
disease. Sci. Transl. Med. 2, 52ra73. 
 
Zhou,W., Hurlbert,M.S., Schaack,J., Prasad,K.N., and Freed,C.R. (2000). Overexpression of human 
alpha-synuclein causes dopamine neuron death in rat primary culture and immortalized 
mesencephalon-derived cells. Brain Res. 866, 33-43. 

Zhu,H., Cao,Z., Zhang,L., Trush,M.A., and Li,Y. (2007). Glutathione and glutathione-linked enzymes in 
normal human aortic smooth muscle cells: chemical inducibility and protection against reactive 
oxygen and nitrogen species-induced injury. Mol. Cell Biochem. 301, 47-59. 

Zielonka,J. and Kalyanaraman,B. (2010). Hydroethidine- and MitoSOX-derived red fluorescence is not 
a reliable indicator of intracellular superoxide formation: another inconvenient truth. Free Radic. 
Biol. Med. 48, 983-1001. 
Zou,J. and Crews,F. (2006). CREB and NF-kappaB transcription factors regulate sensitivity to 
excitotoxic and oxidative stress induced neuronal cell death. Cell Mol. Neurobiol. 26, 385-405. 


	A_Nov.2012.pdf
	B_Nov.2012.pdf
	C_Nov.2012.pdf
	D_Nov.2012.pdf
	E_Nov.2012.pdf
	F_Nov.2012.pdf
	G_Nov.2012.pdf
	H_Nov.2012.pdf
	I_Nov.2012.pdf
	J_Nov.2012.pdf
	K_Nov.2012.pdf
	M_Nov.2012.pdf

