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RESUMO

A doenca de Huntington (DH) ¢é uma patologia
neurodegenerativa, autossdmica dominante caracterizada por sintomas
atribuidos & morte de neurénios estriatais e corticais no cérebro. O
mecanismo de neurodegeneracdo na DH parece estar relacionado com
excitotoxicidade, disfuncdo mitocondrial e estresse oxidativo. O
probucol (PB) é um composto fendlico antilipémico, que apresenta
propriedades anti-inflamatéria e antioxidante em diferentes modelos
experimentais de toxicidade/patologia. O objetivo deste estudo foi
investigar o possivel efeito protetor do PB sobre a neurotoxicidade e
estresse oxidativo em modelos experimentais de DH in vitro e in vivo.
Inicialmente, foi avaliada a relacdo entre prejuizo no metabolismo
energético, excitotoxicidade e estresse oxidativo em fatias de estriado de
ratos expostas ao acido quinolinico (AQ), acido 3-nitropropidnico (3-
NP) e ao modelo combinado (AQ + 3-NP). Os dados sugerem que 0s
modelos utilizados podem gerar um padrdo complexo de dano, que
envolve comprometimento metabdlico, formacao de espécies reativas de
oxigénio (ERO) e estresse oxidativo. O PB preveniu o estresse oxidativo
nas trés condicBes experimentais e foi capaz de proteger contra
disfuncdo mitocondrial induzida pelo AQ e AQ + 3-NP. Além disso, 0
potencial efeito protetor do probucol foi avaliado sobre a
neurotoxicidade do 3-NP em ratos. O pré-tratamento com probucol (por
60 dias) aumentou a atividade da glutationa peroxidase (GPx) no
estriado e no cdrtex e preveniu 0 prejuizo motor e o estresse oxidativo
induzido pelo 3-NP em ratos. O efeito do PB sobre a GPx e suas
propriedades antioxidantes estdo provavelmente associados ao seu efeito
benéfico neste modelo. Também foi verificado o possivel efeito protetor
do succinobucol, um analogo do PB, sobre a toxicidade induzida pelo 3-
NP em preparacGes mitocondriais de cérebro de ratos in vitro. O
probucol e o succinobucol preveniram o estresse oxidativo induzido
pelo 3-NP, mas apenas o succinobucol foi capaz de prevenir a disfuncéo
mitocondrial induzida pela toxina. Juntos este resultados sugerem um
novo papel para o probucol e seu analogo succinobucol como potenciais
agentes neuroprotetores em modelos de DH.

Palavras-chave: doenca de Huntington, &cido-3-nitropropi6nico, acido
quinolinico, probucol, succinobucol, estresse oxidativo.






ABSTRACT

Huntington’s disease (HD) is an autosomal dominant inherited
neurodegenerative disorder characterized by symptoms attributable to
the death of striatal and cortical neurons. The molecular mechanisms
mediating neurodegeneration in HD seem to be related to excitotoxicity,
mitochondrial dysfunction and oxidative stress. Probucol is a phenolic
lipid-lowering agent with antiinflammatory and antioxidant properties,
which plays protective effects in experimental models of
toxicity/pathology. The objective of this study was to investigate the
possible protective effects of probucol on neurotoxicity and oxidative
stress in experimental models of HD in vitro and in vivo. Initially, we
evaluated the potential relationship between energetic impairment,
excitotoxicity and oxidative stress in rat striatal slices exposed to QA, 3-
NP, as well as a combined model (AQ plus 3-NP). Our data suggest that
the three studied toxic models can generate complex patterns of damage,
which involve metabolic compromise, reactive oxygen species (ROS)
formation, and oxidative stress. Probucol prevented oxidative stress in
all used models, and was able to protect against the mitochondrial
dysfunction induced by QA and QA plus 3-NP. Furthermore, we
evaluate the potential protective effect of probucol against 3-NP
neurotoxicity in vivo. Probucol pretreatment (60 days) increased
glutathione peroxidase activity (GPx) in striatum and pre-frontal cortex
and prevented 3-NP-induced motor impairment and oxidative stress in
rats. The stimulatory effect of probucol toward GPx activity and its
antioxidant properties are likely related to its beneficial effects in this
model. The possible protective effect of succinobucol, a probucol
analogue, against 3-NP-induced toxicity was also evaluated in
mitochondrial brain preparations. Probucol and succinobucol prevented
oxidative stress induced by 3-NP, but only succinobucol was able to
prevent the mitochondrial dysfunction induced by the toxin. Taken
together, the results suggest a new role for probucol and its analogue
succinobucol as potential neuroprotective agents in HD models.

Keywords: Huntington’s disease, 3-nitropropionic acid, quinolinic acid,
probucol, succinobucol, oxidative stress.
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1 INTRODUCAO
1.1 Doenca de Huntington

A doenca de Huntington (DH) é uma patologia
neurodegenerativa caracterizada por alteraces motoras progressivas,
distarbio emocional, deméncia e morte neuronal. Classicamente
conhecida como coréia de Huntington (‘khoreia’ é a palavra grega para
danca), foi primeiramente descrita pelo médico norte americano George
Huntington, em 1872, que identificou as caracteristicas clinicas da
doenca e o padrdo de transmissdo familiar (Bates, 2005). Contudo, foi
apenas em 1983 que a mutacdo génica causadora da DH foi localizada
no cromosssomo 4 (Gusella et al., 1983) e, posteriormente, isolada em
1993 pelo Huntington’s Disease Collaborative Research Group. Este
grupo identificou uma mutacdo na por¢do 5° do gene IT15 ou
“Interesting Transcript 15” no braco curto do cromossomo 4, que
codifica a proteina Huntingtina. Tal mutacédo resulta numa expansao da
seqliéncia de nucleotideos citosina, adenina e guanina (CAG - que
codifica 0 aminoacido glutamina), resultando em uma proteina mutante
com uma sequéncia de poliglutaminas (poli-Q) no terminal aminico da
proteina huntingtina (Huntington’s Disease Collaborative Research
Group, 1993).

Geralmente, em individuos normais (que ndo apresentam a
doenca), a proteina huntingtina apresenta menos de 35 repeti¢des. J& nos
afetados pela desordem, a proteina apresenta acima de 36 residuos de
glutamina na porcdo N-terminal da cadeia polipeptidica (Huntington’s
Disease Collaborative Research Group, 1993), sendo essa caracteristica
utilizada como parametro de diagnostico para a doenca (Perez-De La
Cruz e Santamaria, 2007). Uma correlacdo inversa tem sido descrita
entre o comprimento da sequéncia Poli-Q e a idade do desenvolvimento
da doenga, determinado pela primeira manifesta¢cdo motora (Andrew et
al., 1993; Roos, 2010). Quanto mais longa essa sequéncia, mais cedo
ocorre 0 desenvolvimento da doenca e mais severa é sua progressao
(Vonsattel e DiFiglia, 1998). Quando a doenca inicia antes dos 20 anos
de idade, conhecida como Doenga de Huntington Juvenil (DHJ), a
sequencia poliglutaminica geralmente excede 55 repeti¢fes (Wheelock
et al., 2003).

A DH possui heranca autossdmica dominante, onde o alelo
normal transmite-se de geracdo em geragdo segundo as regras de
hereditariedade Mendeliana. O alelo mutante é instavel durante a
meiose, alterando o seu comprimento na maioria das transmissdes entre
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as geracdes, com um aumento de 1-4 unidades ou diminuicdo de 1-2
unidades do triplete CAG (Gil-Mohapel e Rego, 2011). Em casos raros
podem ocorrer expansdes maiores associadas a transmissdo paterna, o
que reflete uma maior taxa de mutacdo durante a espermatogénese
(Huntington’s Disease Collaborative Research Group, 1993).

A doenca possui prevaléncia de 5-10 casos para cada 100.000
habitantes na Europa e América do Norte (Ho et al., 2001; Vonsattel e
DiFiglia, 1998). A proteina huntingtina mutante é expressa durante toda
a vida, porém, na maioria dos casos, 0 aparecimento dos primeiros
sintomas surge apenas na idade adulta, entre os 35 e 50 anos de idade
(Roos, 2010). A doenca progride ao longo do tempo, tornando-se fatal
entre 15 a 20 anos apds o aparecimento dos primeiros sintomas (Ho et
al., 2001; Ross e Tabrizi, 2011).

Clinicamente, a DH caracteriza-se por coréia progressiva,
declinio cognitivo e distdrbios psiquiatricos (Roos, 2010). Os primeiros
sinais da patologia sdo sutis e podem variar bastante entre cada
individuo. Numa fase precoce, podem ser observadas alteracdes
moderadas na execucdo dos movimentos, dificuldades na resolucdo de
problemas, irritabilidade e depressdo. As alteragfes motoras, associadas
a perda de coordenacdo dos movimentos voluntarios, progridem de
forma lenta. Os movimentos involuntarios dos musculos (especialmente
membros superiores, inferiores e de face) tornam-se mais graves e 0s
pacientes perdem gradualmente a capacidade de movimento, fala e
degluticdo em fases mais avangadas da doenca (Garcia Ruiz et al., 2000;
Roos, 2010; Sanchez-Pernaute et al., 2000; Thompson et al., 1988).

Além das alteracGes motoras, as fungbes cognitivas sdo também
afetadas nos pacientes com DH (Gil-Mohapel e Rego, 2011). O declinio
da capacidade intelectual e de memoéria sdo os principais sinais de
déficit cognitivo nesses individuos (Roos, 2010) e, em alguns casos,
podem ser detectados décadas antes do aparecimento dos sintomas
motores (Gil-Mohapel e Rego, 2011). As alteragdes cognitivas tendem a
piorar ao longo do tempo, onde os doentes em fase tardia podem
apresentar deméncia severa (Folstein et al., 1983). Por outro lado, um
comportamento maniaco-depressivo, alteragdes de personalidade, tais
como irritabilidade, apatia e distlrbios sexuais e depressdo fazem parte
da sindrome psiquiatrica que caracteriza a DH (Dewhurst et al., 1970;
van Duijn et al., 2007). A morte geralmente ocorre devido a
complicagdes respiratdrias infecciosas, cardiovasculares ou até mesmo
por quedas, engasgos e suicidio (Roos, 2010).
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Considerando as caracteristicas acima descritas, 0s critérios
usados para o diagndstico da DH incluem: historico familiar de DH,
déficit motor progressivo associado a coréia ou rigidez, bem como
alteracBes psiquiatricas com deméncia progressiva, sem outra causa
definida (Ross e Tabrizi, 2011). Os individuos que apresentam estes
sintomas sdo submetidos ao teste genético, de forma a avaliar a presenca
da mutacdo associada a DH e confirmar o diagndstico (Gil-Mohapel e
Rego, 2011).

1.2. Neuropatologia da Doenca de Huntington

Neuropatologicamente, a DH é caracterizada por disfuncdo e
degeneracdo de areas especificas nos ganglios basais e no cortex
cerebral (Reiner et al., 1988; Storey e Beal, 1993).

Os ganglios basais constituem um conjunto de estruturas
cerebrais subcorticais envolvidos em diversos aspectos do controle
motor e de cognicdo (Graybiel, 1990; Mitchell et al., 1999). Nesta
regido, o processo neurodegenerativo inicia no estriado (\VVonsattel et al.,
1985), uma regido que recebe projecdes (aferéncias) de diversas areas
corticais (Mitchell et al., 1999), onde a morte neuronal ocorre
principalmente no ndcleo caudado e no putamen (Reiner et al., 1988;
Vonsattel e DiFiglia, 1998). A perda significativa de neuronios €
também relatada no cortex cerebral de pacientes, incluindo as regides
frontal, parietal e temporal (Heinsen et al., 1994; Mann et al., 1993),
apesar de essas alteragdes serem menos 6bvias do que as observadas no
estriado.

Uma escala de avaliacdo dos diferentes estagios patolégicos da
DH foi desenvolvida por Vonsattel e colaboradores em 1985 e permite
determinar a severidade da degeneracdo na doencga. Esta escala baseia-se
nos padrbes de degeneracdo estriatal observados em tecidos pos mortem
e é classificada em 5 graus (0 a 4). O grau 0O é praticamente
indistinguivel de um cérebro normal, apesar de uma perda neuronal de
30 a 40% poder estar presente no nicleo caudado. No grau 1 sdo
observadas algumas alteragbes como atrofia, diminuicdo neuronal e
astrogliose no ndcleo caudado. J& os graus 2 e 3 sdo caracterizados por
progressiva e severa atrofia do estriado, e o grau 4 por sua vez, inclui o
quadro mais grave de atrofia estriatal, com perda neuronal de até 95%
(Vonsattel et al., 1985). Além disso, foi estabelecida uma correlagdo
positiva entre 0 nimero de repeticdes CAG e a escala de VVonsattel, onde
um maior ndmero de repeticdes estd associado a lesbes mais
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pronunciadas no estriado e a um grau mais elevado nesta escala
(Vonsattel e DiFiglia, 1998).

Os neurdnios mais afetados no estriado sdo o0s neurdnios
espinhosos médios, que correspondem a aproximadamente 95% do
ndmero total de neur6nios estriatais. Esses neurénios sio GABAEérgicos
e, portanto, utilizam o neurotransmissor inibitério acido gama-
aminobutirico (GABA). A perda do efeito inibitdrio causada pela morte
desses neurdnios tem sido diretamente associada aos movimentos
involuntarios caracteristicos da doenca (Han et al., 2010).

Estudos revelaram que diferentes graus de degeneracdo podem
estar presentes em uma mesma populagdo neuronal do estriado (Ferrante
et al., 1987; Ferrante et al., 1997; Vonsattel, 2008). Esses estudos
demonstraram que neurdnios espinhosos médios GABAérgicos que se
projetam para o globo palido externo (via indireta) sdo os principais
afetados na DH. Essas alteracbes na via indireta tém sido associadas
com o desenvolvimento dos movimentos involuntarios (Crossman,
1987; Crossman et al., 1988). Com a progressdo da doenca, 0s neurdnios
espinhosos médios que se projetam para o globo palido interno (via
direta) e neurbnios piramidais corticais também sdo afetados. A
degeneracdo tardia dos neurbnios da via direta é responsavel pelo
desenvolvimento de bradicinesia e rigidez em estagios terminais da
doenca (Berardelli et al., 1999) (Figura 1).

Por outro lado, muitos interneurdnios, tanto no estriado como
no cortex, sdo “poupados” do dano no inicio da doenca (\Vonsattel,
2008). Porém, em fases mais avancadas, todas as projecdes estriatais sdo
afetadas, com atrofia estriatal extrema e perda consideravel da
populacdo neuronal no grau 4, indicando que todos os tipos neuronais
sdo vulneraveis nos estagios finais da doenca (Zuccato et al., 2010).
Dessa forma, nos graus 3 e 4, a neurodegeneracdo parece ndo ser restrita
ao estriado, ocorrendo também em outras regibes como o cértex cerebral,
globus palidus, tadlamo, nlcleo subtalamico, substancia nigra, cerebelo e
hipocampo (Kassubek et al., 2004; Vonsattel e DiFiglia, 1998; Zuccato et al.,
2010) sédo afetadas. Nessas condicfes, uma significativa atrofia com perda de
massa encefalica pode ser observada, podendo ocorrer reducdo de até 40% da
massa cerebral (Gil-Mohapel e Rego, 2011).
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Figura 1: Principais proje¢des neuronais afetadas na DH. Os neurbnios
espinhosos médios GABAGérgicos estriatais (linha tracejada rosa) e neurdnios
piramidais corticais (linha tracejada cinza) sdo as proje¢des neuronais mais
vulneraveis na DH. A morte desses neurbnios € responsavel pelo
desenvolvimento dos sintomas clinicos da doencga. GPi, globo palido interno;
GPe, globo palido externo; SN, nicleo subtalamico; SN, substancia nigra
(Adaptado de: Han et al., 2010).

1.3. Proteina Huntingtina mecanismos de neurodegeneracdo na
Doenga de Huntington

Apesar de ter sido identificada ha quase duas décadas, o exato
papel da proteina huntingtina nas células ainda ndo esta completamente
elucidado. A huntingtina é uma proteina de 348 kDa expressa em
humanos e roedores em niveis elevados no sistema nervoso central
(SNC) (DiFiglia et al., 1997; Ferrante et al., 1997; Fusco et al., 1999),
principalmente em neurdnios piramidais corticais que se projetam para o
estriado (Fusco et al., 1999). E encontrada principalmente no
citoplasma, associada a organelas como mitocéndrias, complexo de
Golgi, reticulo endoplasmatico, wvesiculas sinapticas e diversos
componentes do citoesqueleto (Hoffner et al., 2002), mas pode também
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estar presente, com menor frequéncia, dentro do nucleo das células
(Landles e Bates, 2004).

Essa proteina parece exercer importante papel na sobrevivéncia
celular por controlar vias de apoptose, regular o transporte intracelular, o
trafego e a secrecdo de vesiculas, mediar processos de endocitose,
promover a sinalizacdo celular e regulacdo transcricional (Harjes e
Wanker, 2003; Li e Li, 2004). Todas essas funcdes estdo relacionadas
com a sua capacidade de interacdo com outras proteinas nas células
(Zuccato et al., 2010).

Na DH a muta¢&o no gene da proteina huntingtina é responsavel
pela modificacdo conformacional da mesma. Essa proteina pode ser
clivada por proteases, caspases (Goldberg et al., 1996; Kim et al., 2001;
Sun et al., 2002) e calpainas (Gafni e Ellerby, 2002; Kim et al., 2001;
Sun et al., 2002) em fragmentos N-terminais, os quais podem formar
agregados protéicos citoplasmaticos, bem como inclusfes nucleares
(DiFiglia et al., 1997; Gafni e Ellerby, 2002; Sun et al., 2002). A
presenca desses agregados em regifes como o estriado e 0 cortex
cerebral é altamente téxica (Kim et al., 2001) e é responsavel por causar
disfuncdo neuronal, a qual esta diretamente envolvida nos sintomas
clinicos da doenga. Estudos demonstraram que a toxicidade estaria
envolvida com o recrutamento de muitas proteinas celulares para dentro
dos agregados, causando a perda de fungédo dessas proteinas, bem como
severa disfuncdo de vias de sinalizacdo intracelulares (Zuccato et al.,
2010).

Inimeras linhas de evidéncia sugerem que a presenca da
mutacdo da proteina na DH confere uma nova funcéo a huntingtina que
torna-se toxica para a célula (ganho de fungédo) (Browne e Beal, 2006;
Imarisio et al., 2008; Zuccato et al., 2010). Por outro lado, a perda de
funcao da proteina normal (devido a diminuigdo de sua expressao ou por
ser sequestrada para dentro de agregados da proteina mutante) também
contribui para alteragcBes na homeostase intracelular (Browne e Beal,
2006; Zuccato et al., 2010). Tanto o ganho de funcdo da proteina
mutante como a perda de funcdo da proteina normal contribui para a
disfuncdo e morte neuronal observadas na DH.

Neste contexto, diversos mecanismos patolégicos parecem
contribuir para a neurodegeneragdo, como desregulagdo transcricional,
comprometimento do sistema proteolitico, prejuizo no transporte axonal,
comprometimento metaboélico e disfuncdo mitocondrial, alteracdo na
homeostase do célcio, excitotoxicidade, estresse oxidativo, ativacdo de
caspases, resposta inflamatoria, entre outras (Krobitsch e Kazantsev,
2011).
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1.3.1. Excitotoxicidade e Doen¢a de Huntington

O glutamato é o neurotransmissor excitatorio mais abundante
no SNC e € essencial para uma variedade de processos fisiologicos,
como integridade da funcdo cerebral e desenvolvimento neuronal
(Ribeiro et al., 2011). Por outro lado, o glutamato esta também
relacionado com morte celular, desempenhando um importante papel na
patogénese da DH (Calabresi et al., 1999; DiFiglia, 1990; Ferraguti et
al., 2008).

Quando liberado nos terminais sinapticos, o glutamato ativa
diferentes tipos de receptores em neurdnios pos-sinapticos: (i) os
metabotropicos, que sdo receptores associados a segundos mensageiros
intracelulares, geralmente acoplados a proteina G, e (ii) os receptores
ionotrépicos, que sdo canais idnicos que permeiam cations para dentro
das células e desencadeiam respostas excitatrias, como 0s receptores
N-metil-D-aspartato (NMDA), 4&cido  -amino-3-hidroxi-5-metil-4-
isoxazol propiénico (AMPA) e acido cainico (KA) (Dhami e Ferguson,
2006; Dingledine et al., 1999; Olney, 1994; Ribeiro et al., 2010). A
ativacdo de receptores ndo-NMDA induz influxo de ions sodio e
subsequente despolarizacdo da membrana plasmatica, promovendo a
extrusdo do ion magnésio que normalmente bloqueia o canal do receptor
NMDA. Uma vez o ion magnésio liberado, a interacdo do glutamato (e
do seu co-agonista glicina) com seus respectivos sitios de ligacdo ativa o
receptor NMDA, levando a um influxo de célcio (Ca®") para o interior
da célula (Edmonds et al., 1995). A acdo do glutamato é finalizada
através da sua captacdo pelos astrocitos ou pelos neurdnios pré-
sinapticos (Danbolt, 2001).

A homeostase do glutamato deve ser estritamente regulada, uma
vez que um excesso deste neurotransmissor na fenda sinaptica
superestimula os receptores NMDA, causando aumento no influxo de
Ca®*. O influxo aumentado de Ca®* leva & ativacdo de proteases,
endonucleases e fosfolipases que culminam na degradacdo de diferentes
componentes celulares e na ativacdo de vias de morte celular (Estrada
Sanchez et al., 2008), num fendmeno conhecido como excitotoxicidade.

E importante salientar que o dano excitotoxico pode também
ocorrer em circunstancias onde os niveis extracelulares de glutamato séo
fisioldgicos, mas ha prejuizos no metabolismo energético, sendo
conhecido como “excitotoxicidade secundaria” (Beal et al., 1993). Em
condicdes de déficit no metabolismo energético, a reducdo na producéo
de ATP pode alterar a regulacdo do gradiente idnico através das
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membranas celulares mantida pela bomba Na'/K*-ATPase, causando
inapropriada ou prolongada abertura de canais i6nicos dependentes de
voltagem e parcial despolarizacdo da membrana (Browne e Beal, 2006).
Dessa forma, mesmo concentracdes extracelulares fisiologicas de
glutamato podem ativar receptores NMDA e aumentar o influxo de Ca®*
para o interior das células.

A hipotese da excitotoxicidade na patogénese da DH iniciou
com diferentes estudos mostrando que a administracdo de glutamato ou
acido cainico em ratos causava dano neuronal semelhante ao observado
na doenca (Beal et al., 1986; Coyle e Schwarcz, 1976). Essa hipdtese foi
confirmada posteriormente por achados que demonstraram que a
excitotoxicidade glutamatérgica € aumentada em modelos animais
transgénicos para a essa patologia (Hodgson et al., 1999; Levine et al.,
1999). Esses resultados sugerem que a superestimulacdo de receptores
NDMA pode desempenhar um papel significativo na patogénese da DH.

Alterac6es na remocdo do glutamato na fenda sinaptica também
podem contribuir de maneira expressiva para aumentar o dano
excitotoxico na DH. Estudos em modelos animais transgénicos da
doenca (R6/2 e R6/1) demonstraram comprometimento na regulacdo do
GLT1, uma das proteinas responsaveis pela remocdo do glutamato
extracelular, o que esta correlacionado com uma diminuicédo da captacao
de glutamato no estriado desses animais (Behrens et al., 2002; Lievens
et al., 2001; Shin et al., 2005). Alteracdes na captagdo de glutamato
também foram observadas em cérebros pos mortem de pacientes com
DH (Arzberger et al., 1997; Hassel et al., 2008).

Além disso, outras evidéncias também mostraram o efeito
direto da proteina mutante sobre os receptores NMDA, nos quais a
presenca dessa proteina inibiu a interacdo da proteina huntingtina
normal com a proteina pés-sinaptica PSD-95, (responsavel por regular a
atividade dos receptores NMDA), causando um aumento na
sensibilidade desses receptores (Sun et al., 2001). Outros trabalhos
também mostraram um aumento nos niveis de metabdlitos das vias das
quinureninas, como o acido quinolinico, que é um agonista do receptor
glutamatérgico NMDA (Coyle e Puttfarcken, 1993; Guidetti et al., 2004;
Zucker et al., 2005) em cérebros pos mortem de pacientes com DH.

Dessa forma, a consideravel inervacdo glutamatérgica no
estriado, a partir do cortex cerebral, parece ser responsavel por
exacerbar o risco de dano excitotdxico nos neurénios estriatais (Browne
e Beal, 2006). Porém, estudos em tecido post mortem de pacientes em
estagios mais avancados da doenca demonstraram que 0s receptores
NMDA séo seletivamente depletados no estriado, sugerindo uma grande
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perda de neurbnios que expressam esses receptores e que a
excitotoxicidade poderia ser mais importante nas fases iniciais da
doenca (Young et al., 1988).

Além do aumento dos niveis intracelulares de calcio através de
receptores NMDA, a huntingtina mutante pode também aumentar a
concentracdo de Ca®* por desestabilizar a regulacdo mitocondrial deste
jon (Choo et al., 2004) e por sensibilizar o receptor InsP3 (inositol
(1,4,5)-trifosfato) no reticulo endoplasmatico, culminando com a
liberacio de Ca** dos estoques intracelulares (Tang et al., 2003). Juntos
esses eventos contribuem com progressiva neurodegeneracdo do
estriado (Figura 2).

Morte Neuronal

Figura 2: Mecanismo de excitotoxicidade na DH. A presenga da proteina
mutante huntingtina inibe a interacdo da proteina normal com a proteina pés-
sinaptica PSD-95 aumentando a sensibilidade dos receptores NMDA (a). Além
disso, a proteina mutante diminui a atividade do GLT-1 reduzindo a captacdo de
glutamato da fenda sinaptica (b) e aumenta a producéo de acido quinolinico (c),
um agonista de receptors NMDA, aumentando a ativagao desses receptores (c).
A superestimulacdo dos receptores NMDA causa aumento no influxo de célcio
nos neurdnios estriatais. Esses eventos toxicos sdo potencializados pela
disfungdo mitocondrial (d) e pela sensibilizacdo dos receptores InsP3 no reticulo
endoplasmatico (e), culminando com a liberagdo de Ca®* dos estoques
intracelulares. Todos esses eventos contribuem com a ativacdo de enzimas
dependentes de calcio como calpainas, caspases e endonucleases culminando
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com morte neuronal. QA, acido quinolinico; Glu, glutamato; mHtt, huntingtina
mutante (Adaptado de Popoli et al., 2007).

1.3.2. Déficit energético e disfuncdo mitocondrial na Doenca de
Huntington

As mitocndrias sdo importantes integradoras da funcdo celular
e, portanto, afetam o estado de equilibrio das células. Além do seu papel
na producdo de trifosfato de adenosina (ATP) através da fosforilagcdo
oxidativa, elas estdo envolvidas em outros processos como o controle
das concentracfes de calcio citosolicas, metabolismo de intermediarios
celulares e morte celular programada. As mitocondrias sdo também
importantes produtores de espécies reativas de oxigénio (ERO).
Diversas patologias humanas, incluindo as doencas neurodegenerativas,
estdo associadas com disfuncdo mitocondrial e producdo de ERO (de
Moura et al., 2010).

As primeiras hipoteses de disfuncdo no metabolismo energético
na DH surgiram a partir de observagdes da pronunciada e inexplicavel
perda de peso em pacientes, apesar do consumo calérico normal
(Djousse et al., 2002; Sanberg et al., 1981). Posteriormente, estudos
revelaram que o metabolismo da glicose nos ganglios basais e no cortex
cerebral era significativamente reduzido em individuos sintomaticos
(Andrews e Brooks, 1998; Grafton et al., 1992; Kuhl et al., 1985;
Kuwert et al., 1990; Kuwert et al., 1993). Além disso, outras alteracdes
metabdlicas, tais como elevada producdo de lactato (Browne, 2008;
Jenkins et al., 1993; Jenkins et al., 1998; Koroshetz et al., 1997;
Reynolds et al., 2005) e diminuicdo da sintese de ATP (Gines et al.,
2003; Milakovic e Johnson, 2005; Seong et al., 2005), foram
evidenciadas no estriado e no cortex de pacientes e em modelos animais
da doenga. Uma significativa reducdo na atividade de algumas enzimas
do metabolismo oxidativo, como a aconitase, 0 complexo da piruvato
desidrogenase e a a-cetoglutarato desidrogenase (Butterworth et al.,
1985; Mochel e Haller, 2011; Sorolla et al., 2008; Tabrizi et al., 1999),
foi observada em pacientes sintomaticos com atrofia no caudado e no
putamen.

Por outro lado, alguns trabalhos apontam que, além do cérebro,
outros tecidos também podem apresentam déficit energético (van der
Burg et al., 2009). Esses estudos mostraram distdrbio energético no
tecido muscular esquelético similar ao observado em neurénios estriatais
de pacientes (Gizatullina et al., 2006; Strand et al., 2005), bem como
diminuig&o nos niveis de fosfocreatina e ATP no misculo de individuos
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sintomaticos e pré-sintomaticos (Lodi et al., 2000; Saft et al., 2005).
Além disso, outras alteracBes foram encontradas, tais como diminuicdo
na razdo lactato/piruvato no fluido cérebro espinhal (Koroshetz et al.,
1997), alteragGes na morfologia mitocondrial e diminui¢do do potencial
de membrana em mitocdndrias isoladas de linfoblastos (Panov et al.,
2002; Squitieri et al., 2006), bem como deplecdo do DNA mitocondrial
em leucdcitos de pacientes com DH (Liu et al., 2008).

Varios mecanismos parecem contribuir para o déficit energético
no cérebro, incluindo alteracdes na atividade da cadeia transportadora de
elétrons, prejuizos na fosforilacdo oxidativa (Milakovic e Johnson,
2005), estresse oxidativo (Tabrizi et al., 1999), prejuizos no
tamponamento do calcio pela mitocondria (Lim et al., 2008; Oliveira et
al., 2006), anormalidades no trafego mitocondrial (Li et al., 2010),
desregulacdo de fatores chaves na biogénese mitocondrial (Cui et al.,
2006) e diminuicéo da glicolise (Powers et al., 2007).

Estudos em cérebro pos morten de pacientes com DH
mostraram uma marcante reducdo da atividade principalmente dos
complexos 11, 111 e uma menor deficiéncia do complexo IV da cadeia
transportadora de elétrons no caudado e no putamen, com atividades
normais no cortex frontal e no cerebelo (Benchoua et al., 2006; Brennan
et al., 1985; Browne et al., 1997; Gu et al., 1996; Stahl e Swanson,
1974). De particular importancia, deficiéncias no complexo Il tém sido
foco de atencdo na DH devido ao fato de que a inibicdo da enzima
succinato desidrogenase (SDH) por compostos como malonato e acido
3-nitropropiébnico mimetizam diversas caracteristicas clinicas e
neuropatoldgicas da doenca em modelos animais (Mochel e Haller,
2011). Esta enzima (SDH) é o principal componente do complexo Il
mitocondrial (Ackrell, 2000), o qual desempenha papel central na cadeia
respiratoria, no ciclo dos acidos tricarboxilicos e no controle da
producéo de radicais livres (Ackrell, 2000; Damiano et al., 2010; Rustin
et al., 2002). Benchoua e colaboradores (2006) relataram uma reducdo
na expressdo das subunidades Ip de 30 kDa e Fp de 70 kDa deste
complexo no nicleo caudado e no putamen de pacientes com DH, que
foi proporcional a morte neuronal, sugerindo que a deplecdo das
subunidades do complexo Il pode preceder a morte neuronal. Além
disso, a disfungdo do complexo Il na doencga parece estar diretamente
associada com o estresse oxidativo e excitotoxicidade, que levam a
morte celular (Benchoua et al., 2006; Browne e Beal, 2006; Mochel e
Haller, 2011).

Aliado a disfuncdo na cadeia transportadora de elétrons e
fosforilacdo oxidativa, alteracdes na homeostase do Ca** mitocondrial
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parecem contribuir na patogénense da DH. As mitocdndrias, juntamente
com o reticulo endoplasmatico, sdo reguladores centrais da concentracdo
de Ca®" nas células; aumentando sua captacdo quando as concentragdes
no citosol estdo elevadas, ou liberando esse ion em caso de queda de
seus niveis citoplasmaticos (Nicholls, 2009). No entanto, a capacidade
da mitocbndria de captar ions Ca?* do citosol é limitada, onde
concentragBGes aumentadas desse ion podem levar a abertura de poros na
membrana plasmatica mitocondrial e consequente morte celular (Leung
e Halestrap, 2008; Nicholls, 2009).

Neste contexto, estudos demonstraram alteracdes na capacidade
da mitocondria de regular as concentracbes de Ca®* no cérebro de
animais em modelos experimentais da doenca e em linhagens celulares
(Lim et al., 2008; Oliveira et al., 2006), bem como em células
sanguineas (linfocitos e plaquetas) de pacientes com DH (Panov et al.,
1999). Essas alteragfes foram relacionadas com uma interacdo da
proteina mutante huntingtina com a membrana mitocondrial externa
(Orr et al., 2008; Panov et al., 2002; Yu et al., 2003), aumentando a
sensibilidade da mitocondria a abertura de poros de transicdo
permeéveis a fons Ca®* ou a outros estimulos apoptéticos (Damiano et
al., 2010).

Apesar de a disfungdo mitocondrial estar diretamente
relacionada com prejuizos no metabolismo energético, muitos estudos
tém mostrado que alteracBes no trafego mitocondrial neuronal também
podem contribuir para a neurodegeneracdo na DH (Li et al., 2010;
Mochel e Haller, 2011). O mecanismo pelo qual a proteina mutante
afeta o trafego intracelular de organelas como as mitocdndrias ainda ndo
esta completamente esclarecido, mas estudos sugerem que os agregados
formados a partir da clivagem da proteina mutante huntingtina podem
bloguear o movimento mitocondrial nos neurdnios (Chang et al., 2006),
além de um efeito indireto desses agregados em prejudicar o transporte
axonal normal dependente da proteina huntingtina (Trushina et al.,
2004). Estudos demonstram que essas alterac8es no trafego mitocondrial
precedem a disfungdo mitocondrial e morte neuronal em modelos in
vitro e in vivo da DH (Trushina et al., 2004).

AlteracOes na expressdo do PGC-1a também estdo relacionadas
com a disfuncdo mitocondrial na DH (Weydt et al., 2006). O PGC-1a é
um co-ativador transcricional e importante regulador metabodlico
envolvido com a regulacdo da fungdo mitocondrial, como biogénese,
respiracdo, detoxificacdo de ERO, metabolismo energético e
termogénense (Puigserver e Spiegelman, 2003). A expressdo do PGC-1a
¢ reprimida no estriado em modelos in vivo e in vitro, bem como em
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pacientes com DH, pela interacdo da proteina huntingtina mutante com
fatores de transcricdo que regulam sua expressdo (Cui et al., 2006),
acarretando disfuncdo mitocondrial possivelmente por prejuizos na
fosforilacdo oxidativa (Cui et al., 2006). Todos os mecanismos descritos
relacionados a disfuncdo mitocondrial sdo representados na figura 3.

.’_I.’-_.’"',f-’:_OC | Huntingtina |-GGGGGGG
" Repetiges cAG \

A

\ p-oxidaciio

| Biogénese | Fosforilagdo
mitocondrial oxidativa

[Ca?*]

Figura 3: Mecanismos de disfuncdo mitocondrial na DH. A presenca da
proteina mutante huntingtina pode exercer um efeito direto sobre a funcéo
mitocondrial através de uma diminuicdo da atividade dos complexos I, 11l e IV
da cadeia transportadora de elétrons. Alteracdes na atividade do complexo Il
podem diminuir o potencial de membrana mitocondrial, causando a abertura de
poros de transicdo com liberacdo de ions calcio. Além disso, alteracbes no
complexo Il podem também induzir a producdo de ERO, que por sua vez,
podem promover dano oxidativo ao DNA mitocondrial. A diminuicdo da
expressdo do PGC-la pela prdea mutante contribui para a disfuncéo
mitocondrial na DH (Adaptado de de Moura et al., 2010).

1.3.3. Estresse oxidativo e Doenga de Huntington

O estresse oxidativo € um importante fator que tem sido
relacionado com as doencas neurodegenerativas (Beal, 1995). O cérebro
¢ altamente suscetivel ao dano induzido por espécies reativas devido a
sua alta utilizacdo de oxigénio e a presenca de concentracOes
relativamente baixas de enzimas antioxidantes e scavengers de radicais
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livres (Shinomol e Muralidhara, 2008). A geracdo de ERO e o resultante
estresse oxidativo desempenham relevante papel na neurodegeneracao
observada na DH (Mochel e Haller, 2011; Stack et al., 2008; Zuccato et
al., 2010).

Evidéncias apontam para um aumento de produtos de
peroxidacdo lipidica, como malondialdeido e 4-hidroxinonenal no tecido
cerebral e no sangue de pacientes com a doencga (Browne e Beal, 2006;
Browne et al., 1997; Browne et al., 1999; Chen et al., 2007). Além
disso, marcadores da oxidacdo de DNA (8-hidroxi-2-deoxiguanosina) e
de proteinas (proteinas carboniladas) também foram detectados em
cérebro e sangue de pacientes (Browne et al., 1997; Hersch et al., 2006).
Outros indicadores de estresse oxidativo, como o aumento da atividade
da enzima superoéxido dismutase mitocondrial e citoplasmatica (MnSOD
e Cu-Zn SOD, respectivamente), tém sido observados em cérebros de
pacientes (Sorolla et al.,, 2008) e em modelos animais da doenca
(Santamaria et al., 2001). Ainda, um aumento na atividade da glutationa
peroxidase (GPx), uma importante enzima responsavel pela
detoxificacdo de perdxidos nas células (Lubos et al., 2011), foi
observado no estriado e no cértex de pacientes com DH (Sorolla et al.,
2008). Além disso, foi demonstrado que a agregacdo da proteina
huntingtina mutante induz formacdo de peréxido de hidrogénio (H,0,)
em modelos in vivo e in vitro da doenca (Hands et al., 2011). Essas
evidéncias apontam para o envolvimento da GPx e dos peroxidos no
estresse oxidativo observado da DH.

Apesar de a origem da elevada geracdo de ERO na DH e em
modelos animais dessa patologia ndo estar completamente esclarecida, a
disfuncdo mitocondrial parece contribuir de maneira significativa para
este aumento (Mochel e Haller, 2011). Além disso, alguns estudos
sugerem que a producdo dessas espécies reativas estd envolvida com a
repressdo do PGC-1lo na presega da proteina huntingtina mutante. O
PGC-1a.é necessario no processo de transcricdo de enzimas
antioxidantes como a SOD e a GPx (St-Pierre et al., 2006), sendo um
importante protetor contra o dano oxidativo na DH.

1.4 Modelos animais da Doenga de Huntington

Desde 1970, diferentes modelos animais da DH foram
desenvolvidos. O primeiro foi um modelo de morte neuronal baseado na
administracdo de 4cido cainico, um composto excitotéxico que causava
morte neuronal (Coyle e Schwarcz, 1976). Outros modelos também
foram estabelecidos como o modelo induzido pelo malonato, acido
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quinolinico (AQ) e &cido 3-nitropropibnico (3-NP). Mais recentemente,
foram desenvolvidos os modelos transgénicos da DH em camunongos
(Mangiarini et al., 1996), primatas ndo humanos e outras espécies
(Marsh et al., 2003; Parker et al., 2001), os quais expressam 0 gene
mutante da proteina huntingtina.

No entanto, os modelos experimentais ndo genéticos ainda sdo
bastante utilizados no estudo dos processos neurodegenerativos na DH
devido a facil aquisicdo, controle e uso (Tunez et al., 2010). Nesses
modelos, a morte celular é induzida po mecanismos excitotoxicos (acido
cainico e AQ) ou por alteragfes no metabolismo mitocondrial (malonato
e 3-NP). Dessa forma, esses modelos, mesmo com algumas limitacGes,
sdo importaantes para o melhor entendimento dos fendmenos
relacionados com a doenca, bem como na busca de novos alvos
terapéuticos para o tratamento de tal patologia.

1.4.1 Acido quinolinico e o modelo excitotoxico

Inicialmente, o &cido cainico era utilizado como modelo
excitotéxico da DH (Coyle e Schwarcz, 1976). Apesar de importantes
estudos utilizando esse composto, anos mais tarde, pesquisadores
comegaram a testar outras toxinas excitotoxicas como o acido iboténico
e 0 acido quinolinico (Ramaswamy et al., 2007). Por diversas razdes,
detalhadas a seguir, 0 AQ tornou-se o composto excitotoxico preferido e
passou a ser utilizado como modelo para estudar a DH.

O AQ ou acido piridino-2,3-dicarboxilico ¢ um metabdlito
enddgeno da via das quinureninas nas células gliais. Essa via é a
principal rota de catabolismo do triptofano, resultando na producéo de
NAD" e outros intermediarios neuroativos como o &cido quinolinico
(Ruddick et al., 2006).

Em concentrages fisioldgicas, 0 AQ ndo causa danos, porém
discretos aumentos em seus niveis podem gerar toxicidade. Schwarcz e
colaboradores (1988) demonstraram aumentos na atividade de enzimas
da via das quinurenias no estriado de pacientes com DH. Posteriomente,
outros estudos também mostraram aumentos nas concentracfes de
intermediarios da via das quinureninas no cérebro de pacientes afetados
por esta doenga (Connick et al., 1989; Pearson e Reynolds, 1992; Perez-
De La Cruz e Santamaria, 2007; Schwarcz et al., 1988).

O AQ é incapaz de atravessar a barreira hematoencefalica e,
portanto, experimentalmente é administrado diretamente no estriado
(Foster et al., 2004). Shear e colaboradores (1998) demonstraram que a
injecdo intraestriatal de AQ € responsavel por causar alteragcdes motoras,
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além de prejuizos cognitivos. A administracdo de AQ também causa
neurodegeneracdo em ratos (Bordelon et al., 1997; Ribeiro et al., 2006),
camundongos (McLin et al., 2006) e primatas (Emerich et al., 2006), a
qual se assemelha aquela observada em humanos com DH (Kendall et
al., 2000; Ramaswamy et al., 2007).

As lesdes induzidas pelo AQ causam sintomas que
frequentemente mimetizam os danos vistos em estagios iniciais da DH
(Perez-De La Cruz e Santamaria, 2007; Ramaswamy et al., 2007), tais
como a hiperatividade. Entretanto, a hipoatividade que ocorre em fases
tardias da doenca ndo é observada em nenhuma dose da toxina
(Ramaswamy et al., 2007). Em roedores, a administracdo unilateral de
AQ causa comportamento rotacional assimétrico resultante de um
deshalango nas vias dopaminérgicas entre o hemisfério lesionado e o
intacto (Vazey et al., 2006). Além disso, as lesdes induzidas pelo AQ em
roedores produzem déficit cognitivo evidenciados em testes que avaliam
funcBes de memdria (Furtado e Mazurek, 1996; Isacson et al., 1984;
Shear et al., 1998).

O AQ reproduz o padrdo de perda de neurbnios GABAérgicos
similar ao que ocorre na DH, afetando especialmente neurbnios
espinhosos médios estriatais (Beal et al., 1986; Bordelon et al., 1997).
Por isso, tornou-se um bom modelo experimental para estudar a DH,
pois além das alteracfes comportamentais, esse composto também
reproduz mecanismos de morte neuronal observados na doenca. Como
ja mencionado, na DH a morte celular parece estar diretamente
envolvida com excitotoxicidade mediada por receptores NMDA. O AQ
atua como um agonista parcial de receptores NMDA (Stone e Perkins,
1981) e, portanto, sua administracdo no estriado, uma regido rica em
receptores NMDA causa superestimulacdo desses receptores com
despolarizacio da membrana e consequente aumento no influxo de Ca®*
resultando em dano gquando testado em concentragdes toxicas (Bordelon
et al., 1997). Além disso, o AQ estimula a liberacdo sinaptossomal de
glutamato e inibe sua captacdo pelos astrocitos o que contribui para o
aumento da concentracdo extracelular de glutamato, levando a uma
superestimulacdo do sistema glutamatérgico (Tavares et al., 2005;
Tavares et al., 2002, 2005).

Por outro lado, evidéncias apontam para um efeito do AQ sobre
0 metabolismo energético no cérebro. Alteracdes metabdlicas tais como
diminuicdo da captacdo de glicose, reducdo do consumo de O,
mitocondrial, diminuicdo nos niveis de ATP e NAD" e inibicdo do
complexo Il no tecido cerebral foram observados em animais tratados
com AQ (Bordelon et al., 1997; During et al., 1989; Foster et al., 1983;
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Kalonia et al.,, 2010; Santamaria e Rios, 1993; Schuck et al., 2007;
Vezzani et al., 1987). Recentes estudos in vivo e in vitro mostraram que
0 AQ é capaz de causar inibi¢cdo dos complexos mitocondriais I, 1l e IV
da cadeia transportadora de elétrons, bem como estresse oxidativo
(Kalonia e Kumar, 2011; Kalonia et al., 2010; Schuck et al., 2007).
Evidéncias experimentais também sugerem que parte da toxicidade
induzida pelo AQ envolve mecanismos diretos de geracdo de radicais
livres, estresse oxidativo e peroxidacdo lipidica (Behan et al., 1999;
Santamaria et al., 2001; Stone et al., 2000).

Considerando a potencial capacidade prd-oxidante do AQ, seus
efeitos toxicos tém sido associados a producdo de radical hidroxil (OH)
no estriado em condi¢des in vivo, num mecanismo que parece ser
independente de receptores NMDA (Santamaria et al., 2001). Além
disso, outros achados também apontam para o envolvimento do AQ na
producdo de ‘NO e de O, mostrando sua potencial habilidade em
produzir peroxinitrito (ONOO’), uma espécie reativa de nitrogénio
altamente toxica para as células (Noack et al., 1998; Perez-De La Cruz
et al., 2005; Ryu et al., 2004).

As alteracbes acima descritas podem ser atribuidas ao
mecanismo primario do AQ sobre os receptores NMDA, mas um efeito
secundario do mesmo sobre a producao de energia através da geracdo de
ERO ndo pode ser descartado (Schuck et al., 2007). Assim, 0 estresse
oxidativo parece ser uma importante alternativa para explicar, mesmo
que parcialmente, os eventos neurotdxicos induzidos pelo AQ, ja que o
uso de antioxidantes tem se mostrado efetivo contra a neurotoxicidade
deste composto (Perez-De La Cruz et al., 2005; Perez-Severiano et al.,
2004; Santamaria et al., 2003; Tasset et al., 2010).

1.4.2 Acido 3-nitropropiénico e o modelo do prejuizo no
metabolismo energético

O écido 3-nitropropiénico (3-NP) é uma toxina natural
sintetizada por algumas espécies de fungos (Aspergillus flavus,
Astragalus arthrinium) e plantas (Indigofera endecapylla) (Tunez et al.,
2010). Entre os anos de 1950 a 1960, o 3-NP foi relacionado a episodios
de envenenamento em mamiferos no oeste dos Estados Unidos.
Posteriormente, aproximadamente 100 casos de envenenamento com 3-
NP foram reportados na China, associados ao consumo de cana-de-
acUcar contaminada com o fungo Arthrinium (Ludolph et al., 1991).
Tais intoxicacOes foram responsaveis por causar encefalopatia aguda em
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adultos e criangas, seguida por casos de distonia e discinesia associados
a degeneracgdo do putamen (He et al., 1995).

Estudos em animais de laboratério levaram a caracterizacdo
anatomopatoldgica da toxicidade do 3-NP. No inicio dos anos 80, Gould
e colaboradores demonstraram que o tratamento com 3-NP produzia
preferencial degeneragdo do estriado de ratos e camundongos (Gould e
Gustine, 1982; Gould et al., 1985). Posteriormente, foi sugerido que
danos neuronais também podiam ocorrer em outras areas do cérebro,
como cerebelo, hipocampo, tdlamo e cortex cerebral (Beal et al., 1993;
Borlongan et al., 1997; Brouillet et al., 1999).

O 3-NP ¢é capaz de atravessar a barreira hematoencefalica e,
portanto, pode causar dano no SNC mesmo ap6s ser administrado
sistemicamente por via subcutdnea (sc) ou intraperitoneal (ip).
Inicialmente, os animais desenvolvem hiperatividade, nas duas
primeiras administracdes, seguida por hipoatividade a partir da quarta
injecdo (Borlongan et al., 1997). Tanto a administracdo sistémica como
intraestriatal é responsavel por desenvolver sintomas caracteristicos da
DH (Borlongan et al., 1995; Borlongan et al., 1997; Brouillet et al.,
1999) como ataxia, movimentos coreiformes, deméncia, bradicinesia,
fraqueza muscular, rigidez, entre outros (Al Mutairy et al., 2010; Silva-
Adaya et al., 2008; Tariq et al., 2005).

Diversos estudos vém caracterizando os efeitos neurotdxicos do
3-NP em modelos animais. Esses trabalhos revelam que a toxicidade do
3-NP in vivo pode variar dependendo de muitiplos fatores incluindo
espécie animal, sexo, idade ou protocolo de administracdo (Binienda,
2003; Bizat et al., 2003; Fernagut et al., 2002; Gabrielson et al., 2001;
Gopinath et al., 2011; Gould e Gustine, 1982; Ouary et al., 2000; Tasset
et al., 2011; Yang et al., 2004). Quando administrado pela via i.p. ou
s.c., 0 3-NP é mais toxico para ratos do que para camundongos, bem
como a sensibilidade é maior para fémeas e, de uma maneira geral, é
aumenta com a idade (Brouillet et al., 2005).

Administrado sistemicamente, sob condi¢bes cronicas, o 3-NP
causa lesdo bilateral, simétrica e seletiva degeneracao do estriado lateral,
sendo restrita a area dorso-lateral do caudado-putamen, semelhante ao
que ocorre na DH (Blum et al., 2001). Por outro lado, administracGes
agudas de 3-NP produzem lesGes com perda neuronal mais difusa
(Tunez et al., 2010), com diminuigdo da atividade motora, que pode ser
seguida por episddios de hiperatividade e movimentos anormais
(tremores, movimentos de cabeca, rigidez e elevagdo de cauda,
movimentos em circulo) (Ludolph et al., 1991). Por outro lado,
administracbes repetidas da toxina (4 semanas) induzem padrdo



37

hipercinético durante as primeiras duas semanas, seguido de
pronunciado padrdo hipocinético nas Gltimas semanas de tratamento
(Borlongan et al., 1995; Borlongan et al., 1997). Considerando esses
achados, o 3-NP pode mimetizar tanto alteracbes comportamentais
vistas no inicio da doenca, como as caracteristicas das fases mais
avancadas (Borlongan et al., 1995), dependendo do tempo de
administracdo.

As projecdes neuronais principalmente afetadas pelo 3-NP sdo
neurdnios espinhais médios GABAérgicos no estriado (Hassel e
Sonnewald, 1995). Dados da literatura demonstraram que a
administracdo de 3-NP em animais de laboratério é capaz de diminuir os
niveis de dopamina e a marcacdo para tirosina hidroxilase (TH) no
estriado, sugerindo que as vias dopaminérgicas nigroestriatais sdo
significativamente comprometidas neste modelo (Pei e Ebendal, 1995),
(Al Mutairy et al., 2010; Beal et al., 1993; Tariq et al., 2005).

O mecanismo primario de neurotoxicidade do 3-NP esta
envolvido com a inibicdo irreversivel da enzima mitocondrial SDH,
responsavel pela oxidacdo do succinato a fumarato no Ciclo de Krebs e
principal constituinte do complexo Il da cadeia transportadora de
elétrons (Ackrell, 2000; Coles et al., 1979), conforme mencionado
previamente (item 1.3.2). O 3-NP possui estrutura quimica similar ao
succinato (substrato da SDH) sendo capaz de bloquear o Ciclo do Krebs,
diminuindo a capacidade deste em produzir NADH disponivel para o
complexo I.. Em 1979, Coles e colaboradores propuseram que o 3-NP ¢
oxidado a nitroacrilato, uma molécula instavel que entdo reage com
alguns residuos no sitio ativo da enzima. Recentemente, Huang e
colaboradores (2006) mostraram que o 3-NP, apds sofrer oxidacdo pelo
complexo Il, forma um aducto covalente com uma arginina no sitio
ativo da enzima. o 3-NP blogueia também o Ciclo do Krebs, diminuindo
a capacidade deste em produzir NADH disponivel para o complexo |.

Diversos estudos sugerem diferentes mecanismos de toxicidade
e morte neuronal induzidos pelo 3-NP, como consequéncia do déficit
Dentre estes estdo, prejuizo na fosforilagdo oxidativa, deplecdo nos
niveis de ATP, diminuicdo do potencial de membrana mitocondrial,
alteracdo na homeostase do calcio, geracdo de ERO, excitotoxicidade e
ativacdo de vias de morte celular (Bizat et al., 2003; Mirandola et al.,
2010; Montilla et al., 2004; Rosenstock et al., 2004).

O efeito inibitério do 3-NP sobre a SDH e sua relagdo com a
degeneracéo estriatal foi bem caracterizado ex vivo e indica que a
inibicdo da enzima no estriado é similar a outras regides do cérebro,
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apesar dessa regido ser a principal area afetada pela toxina (Alexi et al.,
1998; Brouillet et al., 1998). A degeneracao estriatal parece ocorrer com
uma inibicdo parcial de 50-60% na atividade da enzima (Alexi et al.,
1998; Brouillet et al., 1998). Sob essas condi¢Bes, estudos in vitro
utilizando cultura de neurdnios demonstraram que a disfuncdo
mitocondrial induzida pelo 3-NP estd relacionada com uma rapida
diminuicdo nos niveis de ATP (Liot et al., 2009), perda do potencial de
membrana (Lee et al., 2002; Maciel et al., 2004) e aumento na producao
de ERO (Liot et al., 2009).

Em 1987, Hamilton e Gould levantaram a hip6tese de que a
toxicidade mediada pelo glutamato poderia desempenhar um papel
importante na degeneracdo estriatal induzida pelo 3-NP (Hamilton e
Gould, 1987). Posteriormente,Novelli e colaboradores (1988)
estabeleceram que a disfungdo no metabolismo energético pudesse
desencadear mecanismos de excitotoxicidade. Esses autores mostraram
que a disfuncio no metabolismo oxidativo e na enzima Na'/K*-ATPase
eram capazes de aumentar a neurotoxicidade do glutamato (Novelli et
al., 1988).

A hip6tese de uma excitotoxicidade indireta ou secundaria
sugere que a degeneracao estriatal induzida pelo 3-NP &, primeiramente,
devido a uma deplecdo nos niveis de ATP produzido pelo déficit no
metabolismo energético que diminui a atividade da enzima Na'/K'-
ATPase e causa despolarizacdo da membrana plasmatica, liberando o
blogueio pelos fons Mg?* nos receptores NMDA com conseqiiente
influxo de Ca** e Na?* (Beal et al., 1993; Novelli et al., 1988; Perez-De
La Cruz e Santamaria, 2007). Sob essas condi¢cdes, o 3-NP causa
excitotoxicidade por tornar os neurdnios mais sensiveis a niveis basais
de glutamato (Perez-De La Cruz e Santamaria, 2007), produzindo morte
neuronal (Pang e Geddes, 1997). Esses achados foram confirmados por
Liot e colaboradores (2009), que a excitotoxicidade induzida pelo 3-NP
em células neuronais, é capaz de causar uma maior formacdo de ERO,
bem como, significativa fragmentacdo mitocondrial e morte neuronal, e
que o tratamento com um antagonista de receptores NMDA foi capaz de
bloguear esses efeitos. Juntos, estes estudos nos fornecem evidéncias de
que a “excitotoxicidade secundaria” pode desempenhar importante papel
no mecanismo de morte celular induzido pelo 3-NP.

O estresse oxidativo ocasionado pelo aumento na producdo de
espécies reativas esta bem definido no mecanismo de toxicidade
induzido pelo 3-NP. De particular importancia, um recente estudo
mostrou que o tratamento com 3-NP foi capaz de induzir um aumento
bifasico na producdo de ERO (Liot et al.,, 2009). Esses autores
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demonstraram que 0 3-NP induz um rapido aumento na producdo de
ERO em células neuronais trinta minutos apds a exposi¢do, seguido por
um segundo pico de ERO algumas horas apés (Liot et al., 2009), devido
a ativacdo de receptores NMDA.

Aumentos na geracdo de ERO, como o O,", 0 H,O, e 0 "OH
foram reportados em estudos in vitro e in vivo (Bacsi et al., 2006; Liot et
al., 2009; Mandavilli et al., 2005; Sandhir et al., 2010). Além disso,
marcadores de estresse oxidativo como produtos de peroxidacdo lipidica
(malondialdeido e 4-hidroxinonenal), dano oxidativo ao DNA (8-
hidroxi-2-deoxiguanosina) e proteinas carboniladas, foram encontrados
em niveis elevados em regides do cérebro de ratos tratados com 3-NP
(Halliwell, 2006; Moncada e Bolanos, 2006; Santamaria et al., 2001),
indicando a relacdo do estresse oxidativo com as manifestacdes de
neurotoxicidade induzidas pela toxina. A administracdo sistémica de 3-
NP em roedores também pode causar diminuicdo nos niveis de
glutationa (Al Mutairy et al., 2010; Sandhir et al., 2010), deplecdo das
enzimas antioxidantes superoxido dismutase (SOD) (Bhateja et al.,
2012; Sandhir et al., 2010) e catalase (Bhateja et al., 2012; Kumar et al.,
2012).

Muitos estudos também apontam para 0 aumento na producéo
de espécies reativas de nitrogénio (ERN) derivadas do 6xido nitrico
('NO), através da estimulacdo da enzima éxido nitrico sintase (NOS)
(Deshpande et al., 2006). O tratamento com 3-NP causa aumento do
influxo de Ca?* através dos receptores NMDA e conseqiente ativac&o da
NOS. O "NO pode se combinar com anion superéxido (O,") para formar
o radical peroxinitrito (ONOQ"), uma espécie altamente reativa capaz de
induzir citotoxicidade tanto pela nitracdo de proteinas como pela
formacdo de "OH (Tunez et al., 2010). Tanto o ‘NO como ONOO
podem amplificar o inicial blogueio do complexo Il pelo 3-NP, bem
como induzir fragmentacdo mitocondrial (Liot et al., 2009) e
consequente morte neuronal. O mecanismo de morte induzido pela
toxina também parece estar relacionado com aumentos nas
concentracdes de Ca?* intracelulares e ativacdo de caspases e calpainas
(Tunez et al., 2010), resultando em morte celular tanto por necrose como
apoptose (Pang e Geddes, 1997; Sandhir et al., 2010; Sato et al., 1997)
(Figura 4).
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Figura 4: Neurotoxicidade induzida pelo 3-NP. O 3-NP inibe o complexo Il da
cadeia transportadora de elétron causando diminui¢do na produgdo de ATP,
alteracBes no potencial de membrana mitocondrial e aumento na producéo de
espécies reativas. A disfuncdo no metabolismo energético induzida pelo 3-NP
pode desencadear excitotoxicidade secundaria por tornar os neurdnios mais
sensiveis a niveis basais de glutamato. A despolarizagdo da membrana
plasmética libera o bloqueio exercido pelos fons Mg nos receptores NMDA
com consegiiente influxo de Ca®* e ativagdo de vias morte celular (Adaptado de
Tunez et al., 2010).

1.4.3 Acido quinolinico e &cido 3-nitropropidnico: o modelo
combinado

Recentemente foi demonstrado que o déficit energético
induzido pelo 3-NP, adicionado a uma moderada toxicidade do AQ,
produz uma sinérgica degeneracdo estriatal, num mecanismo que
envolve desregulacdo no calcio intracelular (Jacquard et al., 2006;
Perez-De La Cruz et al., 2008). Essas evidéncias estdo de acordo com
estudos realizados por Pérez-De La Cruz e colaboradores (2010) que
demonstraram o importante papel do estresse oxidativo e do déficit
energético na morte celular induzida pelo modelo combinado em fatias
de estriado de ratos. Além disso, a potenciacdo dos efeitos toxicos do
AQ pelo tratamento com 3-NP parece ser dependente da porcentagem de
inibicdo do complexo Il pelo 3-NP. Jacquard e colaboradores (2006)
observaram que a toxicidade do AQ é apenas aumentada quando ocorre
uma inibicdo do complexo Il maior do que 35% pelo 3-NP.
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Apesar da hipdtese da excitotoxicidade secundaria ser
frequentemente sugerida para explicar como o comprometimento
energético potencia ou desencadeia eventos excitotoxicos, achados
prévios mostraram que a hipersensibilidade dos receptores NMDA ao
AQ parece ndo aumentar em animais tratados com 3-NP. Neste mesmo
trabalho, os autores observaram que o aumento no influxo de Ca*
induzido pelo AQ em cultura de neurdnios estriatais ndo foi aumentado
pelo 3-NP, sugerindo a auséncia de hipersensibilizacdo de receptores
NMDA. Esses achados sugerem que a disfuncdo mitocondrial que
potencia a excitotoxicidade via receptores NMDA, parece ndo envolver
0 mecanismo de excitotoxicidade “indireta” ou “secundaria”. Na
verdade, a inibicdo do complexo Il pelo 3-NP pode modificar a
capacidade da mitocondria em captar o Ca?* citosélico. Dessa forma, o
tratamento com doses subtoxicas de 3-NP poderia alterar a habilidade da
mitocondria em tamponar o célcio citosolico que entra através dos
receptores NMDA mediado pelo AQ (Jacquard et al., 2006). Isso foi
comprovado por um estudo mais recente onde se observou que o Ca®*
intracelular parece estar mais envolvido com o dano oxidativo do que o
de origem extracelular (Perez-De La Cruz et al., 2008).

Além disso, a ativacdo de caspases e calpainas também parece
desempenhar um importante papel na toxicidade induzida pela
associacdo de AQ e 3-NP (Perez-De la Cruz et al., 2010). Finalmente,
outros mecanismos comuns de dano dessas toxinas como, por exemplo,
o potencial inflamatério do AQ aliado a sua acdo sobre receptores
NMDA, bem como seu efeito pré-oxidante, juntamente com a inibicao
irreversivel do complexo Il desempenhada pelo 3-NP, acabam
contribuindo para a geragao desse modelo peculiar de toxicidade (Tunez
et al., 2010). Assim, 0 mecanismo de toxicidade do modelo combinado
parece envolver diferentes eventos e vias de sinalizagdo. Esta questdo
ainda encontra-se sob investigacdo e o preciso mecanismo de toxicidade
deste modelo ainda ndo esta totalmente elucidado. Porém, vale ressaltar
que a disfuncdo no metabolismo energético e a excitotoxicidade, dois
mecanismos comuns na patogénese da DH, quando aliados, torna a
associacdo entre AQ e 3-NP uma ferramenta “mais completa” e precisa
como um modelo da patologia de Huntington (Tunez et al., 2010).

1.5 Tratamento da Doencga de Huntington e busca de novas terapias
Até o presente momento ndo existe tratamento efetivo para a

DH. Os medicamentos sdo utilizados, principalmente, com o objetivo de
controlar os sintomas motores e melhorar a qualidade de vida dos
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pacientes e possuem beneficio limitado, ndo conseguindo conter a
progressao da doenga.

Sintomas motores como a coréia sdo tradicionalmente tratados
com blogueadores de receptores de dopamina (neurolépticos tipicos e
atipicos) ou com seus depletores (tetrabenazina) (Roos, 2010).
Neurolépticos tipicos, incluindo haloperidol, pimozida, flufenazina,
tioridazina, risperidona entre outros sdo utilizados para o tratamento da
coréia e também dos sintomas psicéticos (Bonelli e Hofmann, 2007).
Esses medicamentos possuem alta afinidade pelos receptores de
dopamina D2, podendo induzir alguns efeitos colaterais como, por
exemplo, sintomas parkinsonianos e discinesia tardia, e devem apenas
ser utilizados em casos de extrema necessidade. Muitos neurolépticos
atipicos, como a clozapina e olanzapina, também sdo utilizados no
tratamento da coréia e dos sintomas psiquiatricos (Adam e Jankovic,
2008).

A tetrabenazina, por sua vez, é atualmente considerada um dos
mais efetivos agentes na reducdo da coréia, sugerindo uma boa
tolerabilidade entre os pacientes (Fasano et al., 2008; Frank, 2009;
Kenney et al., 2007). E o tunico medicamento aprovado pela Food and
Drug Administration nos Estados Unidos para o tratamento da coréia
associada a DH. Por outro lado, alguns efeitos adversos foram
reportados em tratamentos com a tetrabenazina incluindo insonia,
sonoléncia, depressdo, agitacao e hipercinesia (Frank, 2010).

Além desses medicamentos, outros tratamentos clinicos podem
ser utilizados como antagonistas glutamatérgicos (como amantadina e
memantina), inibidores da acetilcolinesterase (rivastigmina e
galantamina, para o0 tratamento da disfungdo  cognitiva),
anticonvulsivantes, entre outros (Adam e Jankovic, 2008; Imarisio et al.,
2008; Phillips et al., 2008; Roze et al., 2008). Terapias com
antidepressivos sdo também bastante freqlientes na DH. Os mais
prescritos atualmente sdo amitriptilina, imipramina e antidepressivos
triciclicos (Adam e Jankovic, 2008).

Considerando que os medicamentos utilizados para o
tratamento da DH representam uma alternativa meramente paliativa, que
proporciona beneficios sintomaticos e discretos sobre os sintomas
clinicos da doenga, diversas moléculas estdo sendo testadas em busca de
um tratamento efetivo capaz de retardar a progressdo da doenca. Neste
contexto, a terapia com antioxidantes que é evidentemente efetiva em
modelos animais da doenga (referncias), é hoje considerada uma
estratégia terapéutica para a busca de novos farmacos para o tratamento
da patologia de Huntington.
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A Coenzima Q10 (CoQ10) é um composto antioxidante que
vém demonstrando eficdcia como agente neuroprotetor em modelos
animais da DH (Beal et al., 1994; Kasparova et al., 2006; Stack et al.,
2006; Yang et al., 2009). Baseado na sua eficacia pré-clinica favoravel,
a CoQ10 tem também demonstrado resultados positivos em testes em
humanos com boa tolerabilidade e seguranca (Huntington's Disease
Collaborative Research Group, 2001; Feigin et al., 1996; Hyson et al.,
2010; Koroshetz et al., 1997).

Estudos tém sugerido que a melatonina, um composto
scavenger de espécies reativas, pode desempenhar um papel terapéutico
em doencas neurodegenerativas (Reiter et al., 1999; Stack et al., 2008;
Uz et al., 1996). Suas propriedades antioxidantes foram relacionadas ao
seu efeito protetor sobre a neurodegeneracdo induzida em modelos in
vivo da DH induzidos pelo 3-NP. A melatonina foi capaz de diminuir a
peroxidacdo lipidica e o dano oxidativo ao DNA, bem como aumentou a
atividade da enzima antioxidante SOD nesse modelo (Tunez et al.,
2004).

Outro composto antioxidante estudado é o acido lip6ico, um co-
fator essencial para muitos complexos enzimaticos que tem sido usado
no tratamento de doengas associadas com disfuncdo energética
(Henriksen, 2006; Packer et al., 1997). Esse composto se mostrou
efetivo em dois modelos genéticos da DH (R6/2 e N171-82Q),
aumentando a sobrevivéncia e prevenindo a perda de peso desses
animais (Andreassen et al., 2001). Efeitos neuroprotetores similares
também foram demonstrados com o selénio, um elemento essencial para
a atividade da enzima GPx. Esse composto foi capaz de melhorar
déficits comportamentais, evitar alteracbes na morfologia neuronal e
diminuir a peroxidacdo lipidica no estriado de animais tratados com AQ
(Santamaria et al., 2003).

Apesar de muitos compostos antioxidantes demonstrarem
potencial neuroprotetor em modelos animais, até o presente momento, a
maioria deles ainda ndo foram aplicados em testes clinicos em humanos.
Dentre estes, o a-tocoferol, acido ascdrbico, creatina ja foram testados
tanto em animais como em humanos, demonstrando seus beneficios
terapéuticos para a DH (Hersch et al., 2006; Peyser et al., 1995; Tabrizi
et al., 2003). Um estudo realizado por Peyser e colaboradores, em
pacientes com DH com sintomatologia leve & moderada, demonstrou
que o tratamento com a-tocoferol, apesar de ndo ter efeito sobre 0s
sintomas neuroldgicos e neuropsiquiatricos, diminuiu a taxa de declinio
motor no estagio inicial da doenga (Peyser et al., 1995).
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A creatina é outro candidato com potencial terapéutico para o
tratamento de doencas neurodegenerativas como a DH (Beal, 2011).
Esse composto além de possuir atividade antioxidante, € um precursor
energético que apresentou atividade neuroprotetora em modelos animais
da doenca (Andreassen et al., 2001; Dedeoglu et al., 2003; Ferrante et
al., 2000; Matthews et al., 1998; Shear et al., 2000). A creatina mostrou-
se segura, bem toleravel e suas concentracfes no cérebro foram
aumentadas em pacientes que receberam 10 g/dia durante 12 meses.
Além disso, o tratamento com creatina ndo modificou os escores dos
pacientes no The Unified Huntington Disease Rating Scale (UHRS),
uma escala desenvolvida para avaliar funges motoras, cognitivas e
alteracGes comportamentais dos pacientes (Siesling et al., 1998),
demonstrando que esse composto pode ser efetivo em estabilizar a
progressdo da doenca (Tabrizi et al.,, 2003). Outro estudo também
demonstrou que a creatina (8 g/dia durante 16 semanas) foi bem
tolerada, segura e diminuiu os niveis de 8-hidroxi-2-deoxiguonosina, um
marcador de dano oxidativo ao DNA que é significativamente elevado
em pacientes com a doenca (Hersch et al., 2006). Esses achados estéo de
acordo com estudos realizados em modelos animais transgénicos da
doenca, onde esse composto mostrou-se efetivo em melhorar o
desempenho motor, reduzir a agregacao da proteina huntingtina mutante
e a atrofia no estriado desses animais (Ferrante et al., 2000).

Considerando o importante papel do estresse oxidativo na
patogénese da doenca de Huntington, a terapia com moléculas
antioxidantes & uma estratégia terapéutica que pode ser efetiva na
tentativa de retardar a progressdo da doenca e melhorar a qualidade de
vida dos pacientes.

1.6 Probucol

O probucol é um composto fendlico que foi desenvolvido nos
Estados Unidos pela Consolidation Coal Company em 1970 (Figura 6).
Inicialmente, foi utilizado como antioxidante durante o processo de
fabricacdo da borracha. Posteriormente, as propriedades bioldgicas do
probucol foram descritas por bioquimicos da empresa Dow Chemical
Company, os quais verificaram os efeitos do mesmo sobre a reducdo dos
niveis plasmaticos de colesterol (Barnhart et al., 1970).

Este composto tem uma longa histéria de aplicacdo clinica com
eficacia estabelecida e perfis de seguranga. Entretanto, em 1995, 18 anos
apos a introducdo do probucol na clinica, varios paises interromperam o
seu uso em decorréncia dos efeitos colaterais desta substancia. Neste
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periodo, as agéncias controladoras retiraram o probucol do mercado
devido ao efeito do mesmo sobre a reducdo dos niveis plasmaticos da
lipoproteina de alta densidade (HDL) e também devido a ocorréncia de
arritmias ventriculares nos usuarios deste composto (Tardif et al., 2002).
Apesar da demonstragdo de efeitos colaterais, as propriedades
farmacol6gicas do probucol continuam sendo avaliadas em diversos
estudos clinicos (Poirier, 2005; Yamamoto, 2008) e o mesmo é utilizado
clinicamente no Japdo desde 1985, sendo que atualmente pelo menos 60
mil pacientes japoneses utilizam esse composto como medicamento.
Neste contexto, estudos toxicoldgicos adicionais sdo necessarios para
reposicionar o probucol como uma substancia terapéutica, visto que o0s
estudos disponiveis acerca dos efeitos colaterais causados pelo mesmo
sdo contraditdrios (Tardif et al., 2002; Tardif et al., 2003; Yamashita et
al., 2008).

Figura 5. Estrutura quimica do probucol.
1.6.1 Propriedades farmacoldgicas

A principal indicacdo terapéutica do probucol, nas Ultimas
décadas, estd associada com o tratamento da aterosclerose e,
consequentemente, com a prevencdo de doencas cardiovasculares
(Yamashita e Matsuzawa, 2009). Estudos experimentais e clinicos tém
demonstrado que o probucol diminui a progressdo da aterosclerose
(Regnstrom et al., 1996), protege a vasculatura (Poirier, 2003), inibe a
trombose (Tanous et al., 2006) e atua como uma molécula antioxidante
(Liu et al., 2000; Singla et al., 2007). Além disso, um estudo demonstrou
que o tratamento por via oral com baixas doses de probucol produz
significativos efeitos antioxidantes e reduz os niveis de radicais livres no
sangue de pacientes com doenca arterial coronariana (Kaminnyi et al.,
2007).
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Em humanos, o probucol retarda a aterosclerose e diminui a
incidéncia de doencas cardiacas em pacientes hipercolesterolémicos
(Sawayama et al., 2002). Um estudo recente sugeriu que o tratamento
com probucol por um longo periodo previne ataques cardiacos em
populacdo japonesa com hipercolesterolemia familiar, sem provocar
efeitos adversos significativos (Yamashita et al., 2008).

Além das propriedades sobre o sistema cardiovascular, estudos
sugerem que o probucol aumenta a neurogénese (Champagne et al.,
2003), modula a atividade de enzimas antioxidantes (Farina et al., 2009)
e possui propriedades anti-inflamatdrias (Pfuetze e Dujovne, 2000;
Uehara et al., 1991). Além disso, um trabalho do nosso grupo de pesquisa
(Farina et al., 2009) demonstrou que o probucol é capaz aumentar a atividade da
enzima glutationa peroxidase (isoenzima 1) em cultura primaria de neurdnios
cerebelares, sendo que este fendmeno foi responsavel pela protecdo contra
0 dano oxidativo induzido por metilmercirio, um neurotoxicante que
induz elevada producdo (Franco et al., 2007) e deficiente detoxificacdo
(Farina et al.,, 2003) de perdxido de hidrogénio. De particular
importancia, outro recente estudo do nosso grupo demonstrou o efeito
protetor do probucol num modelo de doenca de Alzheimer induzido por
AP 1-40 em camundongos. Nesse estudo, o probucol foi efetivo em
recuperar a perda sinaptica e a disfuncdo cognitiva induzida pelo f\1 -
40, onde esses efeitos foram atribuidos, ao menos em parte, a sua
atividade antioxidante (Santos et al., 2011).

1.6.2 Compostos derivados do Probucol

Alguns derivados do probucol tais como o0 composto
succinobucol (AGI-1067), tém apresentado elevada eficacia terapéutica
sem causar os efeitos colaterais decorrentes do uso do probucol (Tanous
et al., 2008). O succinobucol (Figura 7) é um éster monosuccinico
derivado do probucol que retém as propriedades antioxidantes deste
composto (Meng et al., 2002; Sundell et al., 2003). Estudos
demonstraram que o succinobucol previne o desenvolvimento da
aterosclerose e possui um efeito benéfico sobre o perfil lipidico
plasmatico em diferentes modelos experimentais (Sundell et al., 2003).
Da mesma forma, um estudo com pacientes cardiopatas demonstrou que
0 succinobucol é capaz de reduzir significativamente a incidéncia de
infarto do miocardio e o acidente vascular cerebral (Tardif et al., 2008).
Estudos pré-clinicos demonstram que o succinobucol ndo tem somente
efeito antioxidante, mas também possui propriedade anti-inflamatéria
(Kunsch et al., 2004; Luyendyk et al., 2007) e antidiabética, sendo capaz
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de reduzir os niveis de hemoglobina glicada e de glicose de jejum
(Tardif et al., 2008). Além disso, esse composto apresentou efeitos
benéficos frente a condigdo de resisténcia a acdo da insulina (Crim et al.,
2010). O succinobucol também é capaz de inibir vias de sinalizacdo
relacionadas com o processo inflamatério, bem como diminuir a
expressdo de moléculas de adesdo e citocinas inflamatérias em
diferentes tipos celulares, incluindo células endoteliais e macrofagos
(Kunsch et al., 2004; Luyendyk et al., 2007).

Figura 6: Estrutura quimica do succinobucol.

2. JUSTIFICATIVA

Apesar de animais transgénicos representarem um modelo mais
préximo a condi¢do humana da DH, pela presenca da proteina mutante
huntingtina, os modelos que empregam o AQ e 0 3-NP sdo de extrema
importancia para compreender os mecanismos de neurodegeneragdo da
doenca, jA que esses compostos sdo capazes de mimetizar alteragdes
comportamentais e bioguimicas observadas em pacientes (Tunez et al.,
2010). E evidente que esses modelos possuem limitacdes,
principalmente por ndo reproduzirem as caracteristicas genotipicas da
doenca, embora possam reproduzir o fénotipo da mesma. Vale a pena
ressaltar ainda que diversos mecanismos que hoje sdo compreendidos no
desenvolvimento da doenca surgiram a partir de estudos em modelos
animais ndo-genéticos (Borlongan et al., 1995; Coyle e Schwarcz, 1976;
Gould e Gustine, 1982; Gould et al., 1985; Ramaswamy et al., 2007).

A DH é uma patologia neurodegenerativa que esta diretamente
associada a disfuncdo no metabolismo energético e ao estresse oxidativo
(Zuccato et al., 2010). Considerando o papel importante do estresse
oxidativo na patogénese da DH, moléculas antioxidantes tém atraido
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consideravel atencdo da comunidade cientifica e da industria
farmacéutica como potenciais agentes terapéuticos no tratamento dessa
doenca (Stack et al., 2008).

Neste sentido, o interesse por estudos quimicos e bioguimicos
de compostos antioxidantes como o probucol e do seu analégo
succinobucol séo relevantes, principalmente devido ao fato de que esses
compostos apresentam importante atividade antioxidante e anti-
inflamatéria em outros modelos experimentais. O probucol demonstrou
efeito protetor em modelo experimental de doenca de Alzhemeir e de
isquemia cerebral (Park et al., 2007; Santos et al., 2011). Entretanto,
ainda ndo se sabe seu real efeito neuroprotetor frente a toxicidade e dano
oxidativo induzido por mecanismos de excitotoxicidade e disfuncdo no
metabolismo energético. Na verdade, estudos ja demonstraram que 0
probucol protege mitocdndrias isoladas de coracdo contra 0 estresse
oxidativo (Lemieux et al., 2011), mas seu papel na disfuncdo
mitocondrial no tecido cerebral ainda nao foi determinada. Ainda,
considerando o importante efeito do probucol em modular a GPx em
cultivos de neurbnios cerebelares (Farina et al., 2009), torna-se relevante
0 estudo deste composto em modelos experimentais da DH, uma vez
que a GPx e a geracdo de H,O, parecem estar envolvidos no cenario de
estresse oxidativo observado em tal patologia (Hands et al., 2011,
Sorolla et al., 2008). Além disso, nenhum estudo investigou, até o
presente momento, potenciais efeitos protetores do seu andlogo
succinobucol no sistema nervoso central. Esse composto desperta
atencdo porque mantem a atividade antioxidante do probucol sem seus
efeitos colaterais, podendo ser uma importante estratégia terapéutica em
modelos experimentais de doencas neurodegenerativas.

Tendo em vista que (i) existe um elevado dano oxidativo em
determinadas estruturas encefalicas de pacientes com a DH; (ii) ambos
0s modelos experimentais da DH (3-NP e AQ), assim como o modelo
combinado, causam estresse oxidativo; (iii) compostos antioxidantes
demonstram papel protetor frente a toxicidade induzida por AQ e 3-NP;
(iv) o composto probucol é um potente antioxidante e ja demonstrou
efeito protetor em modelos de neurotoxicidade/neuropatologia e (v)
ainda ha uma necessidade de efetivos tratamentos terapéuticos para a
DH, acredita-se que a busca de possiveis agentes com atividades
neuroprotetoras nestes modelos sdo amplamente justificaveis. O
presente trabalho visa a contribuir com conhecimento basico que pode
auxiliar no desenvolvimento de futuros estudos farmacologicos clinicos
visando um possivel (co) tratamento para retardar a progressao da DH e
para melhorar a qualidade de vida dos individuos com esta patologia.
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3. OBJETIVOS
3.1 Objetivo Geral

O objetivo geral deste trabalho foi investigar o possivel efeito
protetor do probucol frente a neurotoxicidade e estresse oxidativo em
modelos experimentais da Doenca de Huntington (in vitro e in vivo),
buscando elucidar possiveis mecanismos de acéo.

3.2 Objetivos especificos

(i) Investigar o papel do dano oxidativo nos efeitos neurotéxicos
induzidos pelo acido 3-nitropropidnico, &cido quinolinico e pela
associacao de ambos em fatia de estriado de ratos;

(if) Investigar o possivel efeito protetor do probucol contra a
neurotoxicidade induzida pela administracdo intraperitoneal do 3-NP em
ratos através de parametros comportamentais e bioguimicos, bem como
0 possivel mecanismo de neuroprotec¢ao;

(iii) Investigar o potencial efeito protetor do probucol e do seu analogo
succinobucol sobre a disfuncdo mitocondrial e estresse oxidativo
induzidos pelo 3-NP em preparacfes mitocondriais de cérebro de ratos,
bem como o possivel mecanismo de neuroprotecéo.

4. RESULTADOS

Os resultados que fazem parte desta dissertacdo estdo
apresentados sob a forma de artigo e manuscritos em fase de preparacéo.
Os itens Materiais e Métodos, Resultados, Discussdo dos Resultados e
Referéncias Bibliograficas, encontram-se nos proprios artigo e
manuscritos. O artigo 1 estd na forma como foi publicado na revista. O
manuscrito 1 estd em fase de preparacdo e ndo apresenta discussdo dos
resultados. Uma breve discussdo geral de todos os resultados desta
dissertacdo é apresentada no item 5. O manuscrito 2 esta na forma como
serd submetido a revista.
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4.1 PROBUCOL MODULA ESTRESSE OXIDATIVO E
EXCITOTOXICIDADE EM MODELOS IN VITRO DA DOENCA
DE HUNTINGTON
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PROBUCOL MODULATES OXIDATIVE STRESS AND
EXCITOTOXICITY IN HUNTINGTON’S DISEASE MODELS IN
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Huntington’s disease (HD) is an autosomal dominant inherited neurodegenerative disease character-
ized by symptoms attributable to the death of striatal and cortical neurons. The molecular mechanisms
mediating neuronal death in HD seem to be related to oxidative stress, excitotoxicity and misbalance in
energetic metabolism. In this study we evaluated the potential relationship between energetic impair-
ment, excitotoxicity and oxidative stress in rat striatal slices exposed to quinolinic acid (QA; as an
excitotoxic model), 3-nitropropionic acid (3-NP; as an inhibitor of mitochondrial succinate dehydro-
genase), as well as a combined model produced by the co-administration of these two toxins at subtoxic
concentrations. We took advantage of the direct antioxidant/scavenger properties of Probucol in order to
3-Nitrapropionic acid investigate the role of reactive oxygen species (ROS) in mediating the toxicity of both compounds alone
Quinolinic acid or in association. Experiments with MK-801 (a NMDA type glutamate receptor antagonist) and succinate
Probucol {an energy precursor agent) were also performed in an attempt to better comprehend the mechanisms of
Mitochendrial dysfunction damage and neuroprotection. QA (1mM), 3-NP (1 mM) and QA plus 3-NP (0.1 mM of both) significantly
Oxidative stress induced mitochondrial dysfunction and produced an increase in ROS generation, as well as a significant
increase in lipid peroxidation in striatal slices. Probucol (10 and 30 uM) prevented ROS formation and
lipid peroxidation in all used models, bur did not protect against the mitochondrial dysfunction induced
by 3-NP (only by QA or QA plus 3-NP). Sodium succinate (1 mM) protected the striatal slices only against
3-NP-induced mitochondrial dysfunction. On the other hand, MK-801 protected against mitochondrial
dysfunction in all used models. Our data suggest that the two studied toxic models (QA and 3-NP) or
the combined model (QA plus 3-NP) can generate complex patterns of damage, which involve metabolic
compromise, ROS formation, and oxidative stress. Moreover, a partial inhibition of SDH by subtoxic 3-
NP and moderate excitotoxicty by subtoxic QA are potentiated when both agents are associated. The
toxic action of QA plus 3-NP seems to be involved with CaZ* metabolism and ROS formation, and can be
prevented or attenuated by antioxidant/scavenger compounds and NMDAr antagonists.

0 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Huntington's disease (HD) is an autosomal dominant inher-
ited neurodegenerative disorder caused by an abnormal expansion

Abbreviations: DCF, of CAG repeat located in exon 1 of the gene enceding for the

", 2, T-dichlorofluorescein; DCFH-DA,  29.7-
dichlorofluorescein diacetate; DMEM, Dulbecco’s modified Eagle’s medium;

DMSO0, dimethylsulfoxide; HD, Huntington's disease; HEPES, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid: KRB, Krebs-Ringer bicarbonate buffer: LP, lipid
MDA, bis-dimethyl acetal; mHtt, mutant huntingtin;

MTT, 3-(4,5-dimetl 2-y1)-2, razolium bromide; NMDAr,
N-methyl p-aspartate receptors; 3-NP. 3-nitropropionic acid: QA. quinolinic
acid; PB, Probucol; RNS, reactive nitrogen species; ROS, reactive oxygen species;

H, succinate dehydrogenase; TBA, thiobarbituric acid; TBA-RS, thiobarbituric
acid-reactive substances
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Huntingtin protein [8,58]. The CAG repeat expansion leads to an
abnormal polyglutamine (polyQ) tract in mutant Htt (mHtt) N-
terminal region, which triggers a variety of aberrant interactions
leading to pathological gain of toxic functions as well as loss of
normal functions [7,59.65]. Moreover, the polyQ expansion can
cause conformational changes in the mutant protein leading to
intranuclear and intracytoplasmic insoluble aggregates or inclu-
sions, which seem to play important roles in HD pathogenesis
[12.37].

HD symptoms censist of motor, cognitive and psychiatric distur-
bances [58]. which are attributable to the death of medium spiny
GABAergic striatal neurons and, to a lesser extent, cortical neurons
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[33,55]. Several lines of evidence have proposed that the striatal cell
death observed in studies of HD pathogenesis in humans and ani-
mal models is mediated by a misbalance in energetic metabolism,
as well as oxidative stress and excitotoxicity [8,10,42].

Different genetic and toxin-based protocols have been devel-
oped to induce HD-like symptoms in laboratory animals [55].
Of particular importance, the administration of either quino-
linic acid (QA) or 3-nitropropionic acid (3-NP) to rodents
and non-human primates represents useful experimental mod-
els of HD: both biochemical and behavioral characteristics
observed in HD patients are reproduced in these models
[20,56,60,70].

QA (2.3-pyridinedicarboxylic acid), a tryptophan metabolite at
the kynurenine pathway in glial cells, is a well-known agonist of
the N-methyl p-aspartate (NMDA) type glutamate receptors that
typically produces excitotoxic damage [54,66]. Given its endoge-
nous nature, QA itself has been directly implicated as a potential
pathogenic factor in HD [71], since it has been recently demon-
strated that neostriatal and cortical levels of this toxicant is
significantly enhanced in postmortem brains from HD patients
at early stages of the disease [22,77]. QA has been currently
shown to exert selective striatal toxicity by means of excitotoxic,
pro-inflammatory and oxidative mechanisms [26,29,57,61], and
antioxidant compounds have been reported to protect against QA-
induced damage [4]. In addition, recent in vivo and in vitro studies
showed that QA also causes brain energy impairment, resulting in
inhibition of the mitochondrial complexes I, Il and IV, as well as
oxidative stress [28,62].

3-Nitropropionic acid (3-NP) is a mitochondrial toxin that
has been found to effectively produce HD-like symptoms in ani-
mals models [35,64.70]. The primary mechanism of 3-NP-induced
neurotoxicity involves irreversible inhibition of succinate dehydro-
genase (SDH), a key enzyme located at the inner mitochondrial
membrane and responsible for succinate oxidation to fumarate
[31,70]. SDH inhibition interferes with mitochondrial electron
transport cascade and oxidative phosphorylation, which leads
to cellular energy deficit [32]. 3-NP treatment causes depletion
of ATP levels, alteration in calcium homeostasis, generation of
reactive oxygen species (ROS) and neuronal death [34,36,44,50].
Interestingly, some studies have demonstrated that 3-NP-induced
neuronal death may also occur as result of excitotoxic events
[46,51], which likely represent a secondary response to a primary
energetic deficit.

More recently, an emerging line of research has provided
interesting models to study integrative toxic events occurring in
neurodegenerative disorders, including HD [14,15]. These mod-
¢els comprehend the facilitation of excitotoxic events through the
impairment of energy metabolism, and are produced by com-
bination of toxic molecules in different biological systems and
under different experimental conditions [70]. Recently, evidence
showed that the energy impairment induced by 3-NP, added by a
moderate toxic action of QA, produced synergic increase of stri-
atal degeneration, in a mechanism involving intracellular calcium
deregulation [24]. These evidences corroborate data from the stud-
ies of Pérez-De La Cruz and coworkers, who demonstrated that,
in the combined model, both oxidative stress and energy deficit
are likely synergically contributing to cell death in slices of stria-
tum [53]. From a molecular point of view, it is noteworthy that
impairment in energy metabolism and excitotoxicity, two common
elements in HD, seem to affect each other and involve a significant
increase in ROS generation and oxidative stress, which modulate
pathways mediating neuronal death: the interesting integra-
tive hypothesis for HD is proposed and discussed by Pérez-De
La Cruz and Santamaria [51]. Furthermore, some lines of evi-
dence indicate that antioxidants and energy precursor agents may
reduce neuronal death in HD models [16,25,68]. Although these

different events, namely (i) oxidative stress, (ii) excitotoxicity
and/or (iii) energetic deficits affect each other and seem to mediate
neuronal death in experimental models of HD [51], the relationship
between them in either QA- or 3-NP-based models is not com-
pletely understood. In addition, to the best of our knowledge, the
understanding about such relationship is significantly scarcer in
combined models (e.g., QA plus 3-NP).

Probucol (PB) is a phenolic lipid-lowering agent with antiox-
idant properties that had been clinically used during the past
few decades for the treatment and prevention of cardiovascular
diseases [11,74,75]. Of particular importance, previous experimen-
tal studies have reported that Probucol plays protective effects
in experimental medels of neurotoxicity/neuropathology [18.49].
Although the beneficial effects of Probucol under in vivo conditions
are mediated by its hypocholesterolemic and anti-inflammatory
properties [74], its beneficial roles under short-term incubations
in in vitro models are likely related to its direct antioxidant (scav-
enger) properties [73].

Taking into account that (i) the combined model of HD (QA
plus 3-NP) represents an useful tool in studding events mediating
HD pathogenesis and that (ii) the potential relationship between
energetic impairment, excitotoxicity and oxidative stress in the
QA plus 3-NP-based model is not completely understood, we took
advantage of the direct antioxidant/scavenger properties of Probu-
col to comprehend the role of ROS in the neurotoxic effects of
QA plus 3-NP, as well as in the synergistic relationship between
bath challenges. Because of the relevant contribution of astro-
cytes in the combined model [51], striatal slices were used in
this study since neuronal-glial interactions are preserved, thereby
resembling the physiological conditions of the brain in a more inte-
grative manner. Markers of energetic metabolism and oxidative
stress were evaluated in the slices exposed to 3-NP, QA andjor
Probucol in order to investigate the role of ROS in mediating the
toxicity of both compounds alone or in association. Additional stud-
ies using the NMDA type glutamate receptor antagonist MK-801
and the energy precursor agent succinate were also performed in
an attempt to better comprehend the mechanisms of damage and
neuroprotection.

2. Methods
21. Chemicals

3-Nitropropionic acid, quinolinic acid, Probucol, MK-801, sodium succi-
nate, thiobarbituric acid (TBA), malonaldehyde-bis-dimethyl acetal (MDA),
3.(4, hiazol-2-y1)-2,5-dip i bromide (MTT), 2.7~
dichlorofluorescein diacetate (DCFH-DA) were purchased from Sigma (St. Louis,
MO, USA). All other reagents were obtained from local suppliers.

22, Anmmals

Adult male Wistar rats (200-250g) (n-30) from our own breeding colony were
kept in cages with continuous access to food in a room with controlled temperature
(22+3°C) and a 12h light/dark cycle, with lights on at 7:00 am. All experiments
were conducted in accordance with the Guiding Principles of the Animal Care and
Wellness Committee of the Universidade Federal de Santa Catarina (CEUA/UFSC
PP00424; 23080.008706/2010-52).

2.3. Preparation and tncubation of striatal siices

Rats were killed by decapitation and the striatum was rapidly removed and
placed in ice-cold Krebs-Ringer bicarbonate buffer (KRE) (pH 7.4) containing
(122mM Nadl, 3mM KCL 1.2mM Mg50;, 1.3mM CaCly. 0.4 mM KHzPOy. 25 mM
NaHC0, 10mM glucose), The striatum was removed and slices (0.4 mm) were
rapidly prepared using a Mcllwain Tissue Chopper, separated in KRB at 4=C and
allowed to recover for 30 min in KRB at 37 -C [47].

24. Shce treatment

QA and 3-NP were dissolved in PBS buffer and neutralized to pH7 4 with NaDH,
and they were freshly prepared each time before treatment. Prabucol was dissolved
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in dimethylsulfoxide (DMS0), which was used as controljvehicle and whose con-
centration did not exceed 0.1%, Sodium succinate and MK-B01 were dissolved in
PBS buffer.

After the preincubation time striatal slices were incubated with vehicle, QA (0.1,
0.5and 1 mM), 3-NP (0.1, 0.5 and 1 mM), or with the combination of subtoxic con-
centrations of both agents (0.1 mM for both) at 37 *Cfor 2 h in KRB, After this period,
the medium was removed. the slices were washed with KRB and the medium was
replaced by a nutritive culture medium composed of 50% of KRB, 50% of Dulbecco’s
modified Eagle’s medium (DMEM, Gibco), 20mM of HEPES and 100 pg/mL of gen-
tamicine in a humidified 5% C0,/05% air atmosphere at 37 =C [43], and slices were
maintained for additional 4 h to evaluate mitochondrial viability, lipid peroxidation
and ROS formation,

Some experiments were performed in the presence of Probucol (10 and 30 pM),
sodium succinate (1 mM), MK-801 (50 uM) or their respective vehicles. These com-
pounds were co-incubated with the toxins (QA and/or 3-NP) and re-add in the slice
medium during the second incubation. The analytical procedures were performed
immediately after the last incubation.

2.5, MTTreduction assay

MTT reduction assay was evaluated as an index of mitochondrial function,
according to previous reports [1652] This method is based in the a of cells
to reduce MTT to a dark violet formazan product by mitochondrial dehydrogenases
in viable cells [45]

Striatal mitochondrial viability was evaluated after the second incubation, The
slices (one per probe) were added with 15 uL of MTT (5mg/mL). and re-incubated
at 37+ for G0min in KRB (750 pL). Then, the medium was removed and the slices
were washed for 30min in 1 mL of dimethylsulfoxide (DMSO) to remove the for-
mazan. Quantification of formazan was estimated by measuring optical density at
540nm. The slices were solubilized (1% SDS: 0.1 NNaOH) and an aliquot was used for
protein determination. Results were expressed as the percentage of MTT reduction
with respect to control values_ Preliminary experiments showed that 0,1% DMSO
(Prabucol's vehicle) did not interfere with the analyzed biochemical parameters per
se. Data from five experiments per group were collected and analyzed.

26 Lipid peroxidation assay

Lipid peroxidation (LP) was assessed in homogenates obtained from the striatal
slices (four slices per probe) by the assay of thiobarbituric acid-reactive substances
(TBA-RS) formation, according to previous reports [57].

Immediately, after the last incubation, the slices were homogenized in 500 L
of ultra-purified water, and an aliquot of 20L of the homogenate was sepa-
rated for protein determination. The homogenates remaining were mixed with
1mL of the TBA reagent (containing 15% of trichloroacetic acid, 0.375% of thio-
barbituric acid and 2.5%, v/v of HCI) to be re-incubated in a boiling water bath
i 30 min, Samples were then centrifuged at 3000 x g 15min, The opti-
cal density of supernatants was estimated in 540nm. The concentrations of
MDA (expressed as nmal of MDA per mg protein) were calculated by interpo-
lation in a standard curve of MDA (constructed in parallel), corrected by the
content of protein per sample and expressed as percent of MDA formed vs.
the control values. Data from five experiments per group were collected and
analyzed

2.7, Esttmation of reactive oxygen species (ROS) formatton

Formation of ROS was estimated with the fluorescent probe, 277-
dichlorofluorescein diacetate (DCFH-DA), as described by [2]. After cellular uptake,
DCFH-DA is enzymatically hydrolyzed by intracellular esterase to form non
fluorescent DCFH, which is then rapidly oxidized to form highly fluorescent 2.7
dichlorofluorescein (DCF) in the presence of ROS. DCF fluorescence intensity is
proportional to the amount of ROS that is formed. At the end of incubation, stri-
atal slices were homogenized in order to read the ROS production. An aliquot of
20 pL of the homogenate was separated for protein determination. DCFH-DA (5 pM)
was added to superatants and fluorescence was read after 30min using excitation
and emission wavelengths of 480 and 525 nm, respectively. ROS levels (expressed as
nmol of oxidized DCF per mg protein) were calculated by interpalation in a standard
curve of oxidized DCF (constructed in parallel), corrected by the content of protein
per sample expressed as percent of DCF oxidized formed vs. the control values. Data
from five experiments per group were collected and analyzed.

2.8 Protein determination

content of the slice were assessed

The protein
according to Lowry method [30]

2.9 Stattstical analysts

Data were analyzed using GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego, CA). Differences among the groups were analyzed by one-way

g
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Fig. 1. Mitochondrial dysfunctioninduced by QA and 3-NP. Striatal slices were incu-
bated with QA (0.1, 0.5 and 1mM), 3-NP (0.1, 0.5 and 1 mM) or vehicle at 37 =C for
2hin KRB. After this period, the medium was replaced for fresh culture medium
‘without QA or 3-NP and the slices were maintained for additional 4 h. Mitochon-
drial viability was evaluated by the MTT reduction method. Results are expressed as
the percentage of MTT reduction with respect to control values (dotted line). Data
are represented as mean +SEM (n- 3), *p<0.05 and **p<0.01 indicate statistical
difference from control by one-way ANOVA, following by Tukey’s post hoc test

ANOVA followed by the Tukey's post hoc test. Results are expressed as mean + SEM.
The differences were considered significant when p< 0.05.

3. Results

3.1. Probucol protects against mitochondrial dysfunction induced
by QA, 3-NP or QA plus 3-NP

In order to investigate the potential deleterious effects of QA
and 3-NP on energy metabolism, MTT reduction was assessed asan
index of the mitochondrial reductive capacity of striatal slices. Fig. 1
depicts a concentration-response study where slices of striatum
were exposed to different concentrations of QA or 3-NP (0-1 mM).
QA and 3-NP (at 0.5 and 1 mM, but not 0.1 mM) caused a signif-
icant decline in mitochondrial function (p<0.05), as indicated by
a decrease in the mitochondrial MTT reductive capacity in striatal
slices (Fig. 1). Sub-toxic concentrations of QA (0.1 mM) and 3-NP
(0.1 mM), which did not affect mitochondrial function when indi-
vidually presented in the incubation medium, caused significant
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Fig.2. Mitochondrial dysfunctioninduced by QA plus 3-NP. Striatal slices were incu-
bated with 0.1 mM QA, 0.1mM 3-NP, 0.1mM QA plus 0.1 mM 3-NP or vehicle at
37-Cfor Zh in KRB. After this period, the medium was replaced for fresh culture
medium without QA and/or 3-NP and the slices were maintained for additional 4 h.
Mitechondrial viability was evaluated by the MTT reduction method. Results are
expressed as the percentage of MTT reduction with respect to control values (dot-
ted line). Data are represented as mean = 5EM (n=3). “*p<0.01 indicates statistical
difference from control. *® p< 0.01 indicates statistical difference from QA or 2NP by
one-way ANOVA, following by Tukey's post hoc test.
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Fig. 3. Protective effect of Probucol against QA, 3-NP or QA plus 3-NP-induced mitochondrial dysfunction. Striatal slices were incubated with 1 mM QA, 1 mM 3-NP, 0.1 mM
QA plus 0.1 mM 3-NP or vehicle at 37°C for 2h in KRB. After this period. the medium was replaced for fresh culture medium without QA and/or 3-NP and the slices
were maintained for additional 4 h. PB (10 and 30 pM) or vehicle were co-incubated with the toxins and re-added in the culture medium during the second incubation,
Mitochondrial viability was evaluated by the MTT reduction method. Results are expressed as the percentage of MTT reduction with respect to control values (dotted line).
Data are represented as mean + SEM (n-5). **p<0.01 and ***p<0.001 indicate statistical difference from contral. ##p<0.01 and ##p<0.001 indicate statistical difference

from QA. 3NP or QA plus 3NP by one-way ANOVA, following by Tukey's post hoc test.

mitochondrial dysfunction in striatal slices when presented simul-
taneously (Fig. 2). Because 0.2mM QA or 3-NP alone also did not
affected mitochondrial function (data not shown), it is possible to
state that the incubation with QA plus 3-NP induced a synergistic
toxicity.

In order to investigate the molecular mechanisms mediating
the toxicity induced by QA and 3-NP (alone or in association), the
potential protective effect of Probucol (an antioxidant and scav-
enger compound) was evaluated in the presence of 1 mM of each
toxin (alone) or 0.1 mM of both toxins (simultaneously). Fig. 3 show
that the three toxic treatments (1 mM QA; 1 mM 3-NP; or 0.1 mM
of both) significantly induced mitochondrial dysfunction in stri-
atal slices (Fig. 3). Probucol was effective in protecting the insult
elicited by QA in both concentrations (p<0.01 and p<0.001 for
10 and 30 M, respectively) (Fig. 3). On the other hand, Probucol
had no effect in striatal slices against the insult elicited by 3-NP
(Fig. 3). However, in QA plus 3-NP model, Probucol (10 and 30 wM)
completely preserved the mitochondrial function showed a potent
neuroprotective activity, managing te restore the mitochondrial
function (Fig. 3).

3.2. ROS production and lipid peroxidation elicited by QA, 3-NP
or QA + 3-NP and protective effect of Probucol

Considering that mitochondrial dysfunction and ROS genera-
tion are closely related phenomena, which also can contribute
to increased lipid peroxidation, ROS levels were investigated in
QA- and/or 3-NP-exposed slices. ROS generation was significantly
increased in the striatal slices exposed to 1 mM QA, 1mM 3-NP or
0.1 mM of both compounds (Fig. 4A). As expected, Probucol, which
presents scavenger activity, completely prevented the QA, 3-NP
and QA plus 3-NP-induced ROS formation in the slices analyzed
(Fig. 4A).

Lipid peroxidation, which represents a consequence of
increased ROS formation, was assessed as an index of oxidative
damage to lipids. The statistical analysis revealed a significant
increased of lipid peroxidation by all toxic conditions (1 mM QA,
1mM 3-NP, or 0.1mM QA plus 0.1 mM 3-NP) in striatal slices
(Fig. 4B). The lipoperoxidative effects induced by either QA, 3-NPor
QA plus 3-NP were completely blocked by Probucol 10 and 30 M
(Fig. 4B).

3.3. Protective effect of sodium succinate and MK-801 against QA,
3-NP and QA plus 3-NP-induced mitochondrial dysfunction

Several studies have demonstrated that antioxidant compounds
are able to protect against the neurotoxicity elicited by QA, 3-
NP and QA plus 3-NP models. However, recently, the particular
interest in characterizing the protective properties of energy pre-
cursor agents against the toxic insult with 3-NP has been increased
[3.20,40,76]. In this study, we used sodium succinate as an energy
precursor and its capacity to restore the mitochondrial function
was investigate in an attempt to understand the mechanism of
damage induced by the toxins and the potential contribution of
the energetic metabolism disruption in either QA, 3-NP or QA
plus 3-NP-induced toxicity. Sodium succinate (1 mM) was unable
to recover the mitochondrial dysfunction induced by QA and QA
plus 3-NP treatments (Fig. 5A). On the other hand, sodium suc-
cinate effectively protected striatal slices against 3-NP-induced
mitochondrial dysfunction (p < 0.05, Fig. 5A).

In addition, mitochondrial dysfunction and ROS generation can
trigger excitotoxicity and induce massive entry of calcium ions
(Ca?*) from the extracellular environment, prompting the activa-
tion of cell death pathways [17,72]. Furthermore, QA stimulates
synaptosomal glutamate release and inhibits glutamare uptake into
astrocytes [69], which could lead to excitotoxic events. MK-801,
a well-known NMDA antagonist, has protective action against QA
insults [27]. However, studies on the potential protective effect of
NMDA receptor antagonists in the combined model (QA plus 3-NF)
are lacking in the literature. To further determine the contribu-
tion of the excitotoxic events linked with NMDA receptor activation
in QA, 3-NP and QA plus 3-NP-induced damage, slices were incu-
bated with the toxins in the absence or presence of MK-801, a
non-competitive antagonist of NMDA receptor.

As already demonstrated, MK-801 protected against QA toxicity
in striatal slices (p<0.001, Fig. 5B). Interestingly, MK-801 also was
effective in protecting the mitochondrial function disrupted by 3-
NPand QA plus 3-NPin striatal slices (p< 0.001 and p<0.01, Fig. 5B).

4. Discussion
The present study showed that QA (but not 3-NP)-induced mito-

chondrial dysfunction in striatal slices was prevented by Probucol,
an antioxidant compound with scavenger properties in vitro. When
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Fig. 4. Protective effect of Probucol against QA, 3-NP or QA plus 3-NP induced ROS formation and lipid peroxidation. Striatal slices were incubated with 1mM QA, 1mM
3-NP, 0.1 mM QA plus 0.1 mM 3-NP or vehicle at 37 -C for 2h in KRB. After this period, the medium was replaced for fresh culture medium without QA andfor 3-NP and the
slices were maintained for additional 4h. PB (10 and 30 pM) or vehicle were co-incubated with the toxins and re-add in the culture medium during the second incubation.
Formation of ROS was estimated with the fluorescent probe, 2" 7'-dichlorofluorescein diacetate (DCFH-DA) using excitation and emission wavelengths of 480 and 525 nm,
respectively. ROS levels (expressed as nmol of oxidized DCF per mg protein) are expressed as percent of control (dotted line) (A), Lipid peroxidation (LP) was assessed in
homogenates obtained from the slices by TBARS formation and expressed as nmol of MDA per mg of protein. Results are expressed as percent of MDA formed vs. the control
values [dotted line) (B). Data are represented as mean + SEM (n=5).**p<0.01 and ***p <0.001 indicate statistical difference from control. *p< 0.05, **p <0.01 and*** p< 0,001
indicate statistical difference from 3NP by one-way ANOVA. following by Tukey's post hoc test.

QA and 3-NP were simultaneously present at concentrations that
are sub-toxic when incubated individually (0.1 mM), a synergistic
mitochondrial toxicity was observed, which was totally protected
by Probucol. These results contribute to the understanding on
molecular mechanisms mediating QA- and/or 3-NP-induced mito-
chondrial dysfunction, corroborating previous data pointing to
excitotoxicity, oxidative stress and energetic deficit as important
events mediating the toxicity [24,53]. In addition, the presented
results add new insights on the involvement of ROS in the toxic
effects of QA and 3-NP to mitochondria, indicating that the blockade
of QA-induced ROS is enough to significantly blunt the decreased
mitochondrial dysfunction, although this event was not observed
for 3-NP.

Probucol prevented ROS formation and lipid peroxidation in
all used models, but did not protect against the mitochondrial
dysfunction induced by 3-NP (only by QA or QA plus 3-NP). This
data indicates that QA and 3-NP might share similar damage

mechanisms (ROS formation), but also may have different mech-
anisms. Although the predominant hypothesis on QA toxicity is
oriented to sustained NMDAr overactivation and excitotoxicity
[66], further leading to cell damage produced by enhanced levels
of Ca’* [41,63], evidence showed that QA is also able to produce
damage via ROS production [33,67] and/or alterations in energy
metabolism [28,62]. In this study, we demonstrated that QA was
able to induced mitochondrial dysfunction in striatal slices, but
this effect may be secondary to excitotoxicity, calcium influx and
ROS production. Interestingly, Probucol prevented mitochondrial
dysfunction probably by avoiding the secondary effect (energetic
deficit) due to the blockade of the primary event (ROS production).
Thus, when QA-induced ROS production was prevented by Probu-
col, there was protection against mitochondrial dysfunction. These
results indicate that ROS production and oxidative stress played
an important role of QA mediating deleterious effects in striatal
slices (mitochondrial dysfunction) and that the antioxidant and
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Fig. 5. Protective effect of sodium succinate and MK-801 against QA. 3-NP and QA
plus 3-NP-induced mitochondrial dysfunction, Striatal slices were incubated with
1mM QA, 1mM 3-NP, 0.1 mM QA plus 0.1 mM 3-NP or vehicle at 37=C for Zh in
KRB_ After this period. the medium was replaced for fresh culture medium without
QA and/or 3-NP and the slices were maintained for additional 4 h. Sodium succinate
(1mM)(A) or MK-801 (50 LM ) (B) were co-incubated with the toxins and re-add in
the slices medium during the second incubation. Mitochondrial viability was eval-
uated by the MTT reduction method. Results are expressed as the percentage of
MTT reduction with respect to control values (dotted line), Data are represented
as mean+ SEM (n-5). *p<0.05 and ***p< 0.001 indicate statistical difference from
control.? p< 0.05, ** p<0.01 and ***p< 0,001 indicate statistical difference from QA,
3NP or QA plus 3NP by one-way ANOVA, following by Tukey's post hoc test.

scavengers properties of Probucol were important in counteracting
these effects. This idea is supported by other studies reporting the
involvement of oxidative stress induced by QA [33]. In this regard,
the toxicity induced by QA in striatal slices could be linked not
Jjust to NMDAr overactivation and excitotoxicity, but also to ROS
production-inducing mitochondrial dysfunction.

On the other hand, Probucol, which diminished ROS production
and lipid peroxidation induced by 3-NP, did not protect against

the mitochondrial dysfunction induced by this toxin. The scav-
enger property of Probucel protected only against QA probably
because it was not able to modulate a direct energetic deficit
induced by 3-NP. 3-NP is a suicide inactivator of the mitochon-
drial Complex II, directly leading to mitochondrial dysfunction[23],
decreased ATP levels, membrane depolarization and ROS formation
[34,36,44]. Thus, 3-NP-induced ROS formation is a consequence
of mitochondrial dysfunction and despite Probucol antioxidant
effects, mitochondrial function was not re-established. Thus, this
work demonstrated a crucial effect of ROS in mitochondrial dys-
function induced by QA, but also demonstrated that 3-NP-induced
ROS production is not the only responsible by mitochondrial dys-
function in this model. Noteworthy, the novelty of this study does
not contradict previous data from literature, which show that ROS,
excitotoxicity and energetic deficit are mechanisms modulating the
toxicity in all the models [24,53].

However, the temporal profile of primary and secondary events
seems to be important in these models. This idea was better under-
stood by using MK-801 (an NMDAr antagonist) and succinate (an
energy precursor agent). MK-801, which prevents excitotoxicity,
also prevented QA, 3-NP and QA plus 3-NP-induced mitochon-
drial dysfunction. These findings indicate that 3-NP also caninduce
excitotoxic events. However, the incubation of striatal slices with
succinate, an energetic precursor, was able to prevent against 3-
NP-induced mitochondrial dysfunction, but did not protect against
QA effects. Interesting, succinate also did not protect against QA
plus 3-NP. These findings demonstrate the involvement of primary
and secondary events in these models. Although oxidative stress,
energetic deficit and excitotoxicity represent important events in
the models (QA, 3-NP and QA plus 3-NP), their sequences are likely
different depending upon the specific model. On the other hand,
the prevention of excitotoxicity-induced by 3-NP (by using MK-
801) was able to prevent mitochondrial dysfunction. This data
prove a critical role of excitotoxicity in mitochondrial dysfunction
induced by 3-NP model alone or in association with QA. Stud-
ies demonstrated that 3-NP can induce excitotoxicity [46,51]. The
hypothesis of an indirect or “secondary” excitotoxicity suggests
that 3-NP-induced striatal degeneration is due in first place to
depletion in ATP levels produced by a deficit in energy metabolism,
further leading to membrane depolarization and sustained voltage-
gated NMDAr activation by primary alteration of membrane Na®,
K'-ATPases [1,546,51]. Under these conditions, 3-NP is able to
cause excitotoxicity by making neurons vulnerable to endogenous
basal levels of glutamate [51], producing neuronal necrotic death
[6.48].

Liot et al. [38] showed that 3-NP induced the activation of
NMDAr in neuronal cells, leading to ROS formation, as well as
a significant mitochondrial fragmentation and cell death [38].
Remarkably, pretreatment with APS5, a glutamate receptor antag-
onist blocked the 3-NP-induced ROS formation, mitochondrial
fragmentation, and neuronal cell death [38]. This study provides
evidence that secondary excitotoxicity (caused by primary complex
Ilinhibition) may play an important role in 3-NP-induced cell death.
This is in accordance with our study, which indicates that MK-801
was able to protect striatal slices from 3-NP-induced mitochendrial
toxicity. The protective effect of MK-801 against 3-NP toxicity may
indicate a secondary excitotoxicity with involvement of NMDAr
activation. This is in accordance with other studies indicating the
involvement of glutamate receptor activation in 3-NP-induced
cell death [5,9,13,19]. The results also suggest that 3-NP-induced
damage may be partially glutamate receptor-mediated because the
energy deficiency induced by this toxin might lead to increases
in glutamate release, cellular depolarization, activation of NMDA
receptors, and increases in damaging calcium cascades [15,21,38].

Our results also showed that the simultaneous exposure to
subtoxic concentrations of QA plus 3-NP (which cannot induce

Brain Res. Bull. (2012), doi:10.1016/j.brainresbull.2012.01.003
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Fig. 6. Schematic representation of the mechanisms of QA plus 3NP-induced toxicity. Low concentrations of 3-NP primarily induce a moderate mitochondrial respiratory
complex Il inhibition (SDH) (event 1), which in turn lriers ATP drop, decrease in mitochondrial membrane potential (mA ¥) and massive production of ROS/RNS (event
2). The energy deficit makes neurons more basal levels of ("secondary” excitotoxicity). This scenario leads to plasma membrane
depalarization, which may release the Mg?* blockade ofvulhge gated NMDAr (event 3). Opening of NMDAr causes intracellular Ca?* influx. On the other hand, QA induce 2
moderate activation NMDAr (event 4), thus causing increased intracellular Ca®* concentrations. In addition, QA (event5)and
affects glutamate re-uptake into astrocytes (event 6), and so increasing extracellular concentrations of glutamate. Increased levels of intracellular calcium, which can directly
lead to mitochondrial dysfunction (event 7), might activate nitric oxide synthase (NOS) (event 8) thus increasing nitric oxide (NO) formation. NO can combine with 07~ to
form ONOO- (event 9], In addition, ROS/RNS generation might induce lipid peroxidation (event 10). Altogether, these events lead to proteases activation, thus inducing cell
death by necrosis and/or apoptosis (event 11). The blockade of NMDAr with MK-801 (event 12) and the scavenging activity of Probucol toward ROS/RNS (event 13) can block

mitechondrial dysfunction and newronal cell death. Succinate, as an energetic precursor, may mitigate mitochondrial dysfunction induced by 3-NP (event 14).

mitochondrial damage alone) induced mitochondrial dysfunction
and oxidative stress in a synergistic manner. In fact, when subtoxic
concentrations of QA (0.1 mM) and 3-NP (0.1 mM) were combined,
there was a significant decrease in the mitochondrial viability in
striatal slices, as well as increased in ROS levels and lipid peroxida-
tion, showing the involvement of oxidative stress in the impaired
of mitochondrial function induced by this mixed exposure. Inter-
estingly, Probucol (by scavenging ROS) prevented mitochondrial
toxicity in the mixed model. Probucol was able to protect striatal
slices against QA plus 3-NP-inducing mitochondrial dysfunction,
suggesting that oxidative stress played an important role in medi-
ating the deleterious effects of QA plus 3-NP. In addition, MK-801
also provides protection against QA plus 3NP. This is in accordance
with Pérez-De La Cruz and coworkers, who reported a reduction
of lipid peroxidation by MK-801 in QA plus 3-NP-treated synap-
tosomal membranes [52]. On the other hand, succinate did not
protect striatal slices against mitochondrial dysfunction induced
by QA plus 3-NP. Conversely, MK-801 effectively blunted the
mitochondrial toxicity induced by the association of both tox-
ins. Altogether, these findings suggest that a cascade of toxic
events related with NMDAr overactivation may play a relevant
role for cell damage following the toxic insult that involves deficit
in energy metabolism and excitotoxicity when QA and 3-NP are
associated.

As already mentioned, we found a synergistic toxicity of QAand
3-NP, which produced oxidative damage to striatal slices. Based

on literature data [24,51,53,70] and on our current findings, Fig. 6
depicts the main molecular mechanisms of QA plus 3NP-induced
toxicity. The primary mechanism mediating such damage may
involve a moderate energy metabolism deficit induced by SDH
inhibition by 3-NP.The energy metabolism dysfunction makes neu-
ronal cells more vulnerable to be damage by physiologic glutamate
levels (“secondary” excitotoxicity) [51]. In addition, QA induces a
moderate activation NMDAr, thus likely causing increased intra-
cellular Ca** concentrations, which in turn can lead to major
alterations in synaptic and mitochondrial functions, generation of
ROS and RNS and activation of cell death pathways [51]. 3-NP also
induces ROS and RNS formation, as well as increases in intracellu-
lar Ca®* levels and further activation of proteases [70]. Altogether,
these events might cause neuronal cell death (either necrotic or
apoptotic) (Fig. 6).

In summary, the findings of this study show that the two stud-
ied toxic models (QA and 3-NP) or the combined model (QA plus
3-NP) can generate complex patterns of damage, which involve
metabolic compromise, ROS formation, and oxidative stress. These
neurotoxic models share common mechanisms of cell damage,
despite each model recruits these processes in a differential man-
ner: QA by NMDAr activation and 3-NP by SDH inhibition. These
events were counteracted by Probucol, an antioxidant compound
with scavenger properties under in vitro conditions. Moreover, a
partial inhibition of SDH by subtoxic 3-NP and moderate excitotoxi-
cty by subtoxic QA are potentiated when both agents are associated.

Brain Res. Bull. (2012), doi:10.1016/j.brainresbull.2012.01.003
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The toxic action of QA plus 3-NP seems to involve changes in
Ca?* metabolism and ROS/RNS formation, and can be prevented
or attenuated by antioxidant/scavenger compounds and NMDAr
antagonists. Therefore, oxidative stress remains as a major expres-
sion in these toxic models, as well as a potential key target to
ameliorate neuronal damage in HD patients.
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Introduction

Huntington’s disease (HD) is a neurodegenerative disorder
primarily caused by a mutation in the gene encoding Huntingtin, which
leads to the production of a mutated protein (mHtt) (Li e Li, 2011; Roos,
2010; Southwell e Patterson, 2011). mHtt modulates molecular events
responsible for a progressive neurodegeneration of the caudate nucleus
and putamen in the basal ganglia (Reiner et al., 1988; Vonsattel e
DiFiglia, 1998) and in cortical regions (Heinsen et al., 1994; Mann et
al., 1993), which manifests with cognitive disturbance, behavioral
disorder, and movement incoordination (Roos, 2010).

A large body of evidence from both experimental and clinical
studies supports a pivotal role for oxidative stress and attendant
mitochondrial dysfunction in mediating the neuronal degeneration
observed in HD (Stack et al., 2008). Increased levels of oxidative
damage products, including protein nitration, lipid peroxidation, DNA
oxidation, and exacerbated lipofuscin accumulation, occur in HD
(Browne e Beal, 2006; Browne et al., 1997; Browne et al., 1999; Chen et
al., 2007; Hersch et al., 2006). Strong evidence exists for early oxidative
stress in HD, coupled with mitochondrial dysfunction, each exacerbating
the other and leading to energy deficits (Stack et al., 2008).

The administration of 3-NP to rodents and non-human primates
has been proposed as a useful experimental model of HD; both
biochemical and behavioral characteristics observed in HD patients are
reproduced in this model (Rossignol et al., 2011; Tunez et al., 2010). It
is noteworthy that, likewise in HD, striatal GABAergic neurons are
particularly affected by 3-NP exposure (Hassel e Sonnewald, 1995).
Additionaly, similarly to that observed in HD patients, the dopaminergic
nigrostriatal pathways are also significantly impaired following 3-NPA
administration (Pei e Ebendal, 1995).

The primary mechanism of 3-NP-induced neurotoxicity
involves irreversible inhibition of succinate dehydrogenase (SDH), a
key enzyme located at the inner mitochondrial membrane and
responsible for succinate oxidation to fumarate (Kumar e Kumar, 2009;
Tunez et al.,, 2010). SDH inhibition interferes with mitochondrial
electron transport cascade and oxidative phosphorylation, which leads to
cellular energy deficit (Kumar et al., 2007). On the other hand, recent
studies clearly demonstrate that impaired energy metabolism can
produce oxidative stress as well as formation of reactive oxygen (ROS)
and nitrogen species (Liot et al., 2009; Sandhir et al., 2010) which are
critically involved in neuronal death induced by 3-NP.
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Of particular importance, some lines of evidence have showed
that glutathione peroxidase (GPx), an important enzyme mediating the
detoxification of peroxides in several tissues (Lubos et al., 2011),
including the central nervous system (CNS) (Dringen e Hirrlinger,
2003), should display an important role in HD models and in the
pathogenesis of HD. In fact, GPx and peroxide metabolism seem to be
important in HD because GPx was induced in the striatum and cortex of
HD patients (Sorolla et al., 2008). On the other hand, Chen and co-
workers (2007) demonstrated a decreased in GPx activity in erythrocyte
of HD patients and no change on GPx activity was observed in R6/1
mice, a transgenic model of HD (Perez-Severiano et al., 2004).
However, this topic remains elusive and additional researches in this
theme is well warranted.

Probucol, a phenolic lipid-lowering agent with antioxidant and
anti-inflammatory properties (Yamashita e Matsuzawa, 2009), had been
clinically used during the past few decades for the treatment and
prevention of cardiovascular diseases (Buckley et al., 1989; Yamashita
et al., 2008; Yamashita e Matsuzawa, 2009). Interestingly, previous
experimental studies have reported that probucol plays protective effects
in experimental models of neurotoxicity/neuropathology (Farina et al.,
2009; Park et al., 2007; Santos et al., 2011). With a particular emphasis
on neurodegenerative disorders’ models, Santos and co-workers
demonstrated beneficial effects of probucol against Ap;_s-induced
synaptic loss and cognitive impairment in an Alzheimer’s disease in vivo
study with mice (Santos et al., 2011). In addition, this compound was
able to modulate oxidative stress and excitotoxicity in an in vitro HD
model by decreasing 3-NP-induced ROS production and lipid
peroxidation in striatal slices (Colle et al.,, 2012). Although the
molecular mechanisms mediating the beneficial effects of probucol in
the aforementioned studies are not well understood, its antioxidant, anti-
inflammatory and hypocholesterolemic properties likely account for the
observed protection. Of particular importance, an in vitro study showed
that probucol increased GPx activity in primary cultures of cerebellar
neurons (Farina et al., 2009), which was responsible for a protective
effect against the toxicity elicited by methylmercury, an environmental
pollutant whose mechanisms of toxicity are related, at least partially, to
the increased production (Franco et al., 2007) and decreased
detoxification (Franco et al., 2009) of peroxides. Although glutathione
peroxidase has been reported as an enzyme that seems to be important in
the pathogenesis of HD (Chen et al., 2007; Sorolla et al., 2008) and
hydrogen peroxide has been proposed as a critical ROS mediating the
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deleterious effects observed in HD models (Hands et al., 2011; Tunez et
al., 2006), there are no studies in the literature on the potential protective
effects of probucol in in vivo experimental models of HD.

As already mentioned, oxidative stress represents a crucial
event in HD experimental models (Perez-Severiano et al., 2004;
Santamaria et al.,, 2003; Tunez et al., 2006), as well as in the
pathogenesis of HD (Chen et al., 2007; Hersch et al., 2006; Sorolla et
al., 2008), and glutathione peroxidase has been pointed as an important
enzyme in this scenario (Santamaria et al., 2003; Sorolla et al., 2008;
Tunez et al., 2006). In addition, a previous in vitro study from our group
showed a stimulatory effect of probucol toward GPx activity in primary
cultured neurons (Farina et al., 2009). Based on these evidences, we
hypothesized that probucol could present beneficial effects in an in vivo
HD’s model based on 3-NP intoxication. Our research was motivated by
the fact that previous data support the rationale for therapeutic strategies
that either potentiate antioxidant defenses or avoid oxidative stress
generation to delay HD progression (Sorolla et al., 2008). Behavioral
analyses (mainly based on the motor performance) and biochemical
alterations (oxidative stress-related parameters, particularly related to
glutathione peroxidase activity and hydrogen peroxide metabolism)
were evaluated in the striatum and prefrontal cortices of rats exposed to
3-NP in an attempt to elucidate mechanisms of neurotoxicity and
neuroprotection.

Materials and Methods
Chemicals

Probucol, 3-nitropropionic acid, p-Nicotinamide adenine
dinucleotide phosphate sodium salt reduced from, glutathione reductase
from baker’s yeast, reduced glutathione and dimethyl sulfoxide were
obtained from Sigma (St. Louis, MO, USA). All other chemicals were
of the highest grade available commercially.

Animals

Adult Wistar male rats (5 months old), from our own breeding
colony, were maintained at 22°C, on a 12 h light: 12 h dark cycle, with
free access to food and water. All experiments were conducted in
accordance with the Guiding Principles in the Use of Animals in
Toxicology, adopted by the Society of Toxicology (1989) and were
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approved by our ethics committee for animal use at the Universidade
Federal de Santa Catarina (CEUA/UFSC PP00424; 23080.008706/2010-
52).

Drug treatment protocol

Forty animals were randomly divided into four groups
containing 10 animals each. To investigate the effect of long-term
administration of probucol on the behavioral and biochemical
impairment, animals received approximately 3.5 mg/Kg/day of probucol
or vehicle (10% of DMSQ) in drinking water daily during 2 months.
After this period, animals received 25 mg/Kg of 3-NP intraperitoneally
(i.p.) or vehicle (NaCl 0.9%), once a day during six consecutive days
(Al Mutairy et al., 2010; Tariq et al., 2005) with continuous treatment
in the drinking water (probucol or vehicle), with some modifications.
Water consumption was monitored every 2 days in order to correct
probucol dosage if necessary and gain weight was monitored every 2
weeks.

Behavioral analysis

Twenty four hours after the last 3-NP administration, open field
and rota-rod tasks were conducted for evaluation of locomotors and
motor abilities.

Spontaneous locomotor activity

The animals were evaluated for 5 min in the open field arena
(Archer, 1973).The apparatus, made of wood and covered with
impermeable Formica, had a 100 cm x 100 cm white floor (divided by
black lines into 25 20 cm x 20cm squares) and 40-cm high white walls.
Each rat was placed in the center of the open field, and the number of
squares crossed and rearings were registered (Moreira et al., 2010).

Rota rod task

The integrity of motor system was evaluated using the rota rod
test. Briefly, the rota rod apparatus consists of a rod 30 cm long and 3
cm in diameter that is subdivided into four compartments by discs 24 cm
in diameter. The rod rotates at a constant speed of 14 rpm. The animals
were given a prior training session before the initialization of 3-NP
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administration to acclimate them to the apparatus. The latency for first
fall of from the rod and number of falls were noted. The cut-off time
was 240 s (Avila et al., 2010).

Biochemical analyses
Tissue preparation

Twenty four hours after of the behavioral analyses, animals (6-5
per group) were anesthetized with isoflurane (1 mL/mL; Abbot
Laboratorios do Brasil Ltda., RJ, Brazil) using a vaporizer system
(SurgiVet Inc., WI, USA) and the blood was collected by cardiac
puncture in heparinized tubes. Then, the animals were Kkilled by
decapitation, the brain was removed and the prefrontal cortices and
striatum were dissected. The cerebral cortex and striatum (from half
hemisphere) were randomly homogenized (1:10w/v) in HEPES buffer
(20 mM, pH 7.0). The tissue homogenates were centrifuged 16,000 x g,
at 4°C for 20 min and the supernatants obtained were used for the
determination of enzymatic activities and for the quantification of the
levels of reduced glutathione (GSH) and thiobarbituric acid reactive
substances (TBARS). Whole blood was centrifuged at 3,000 x g, at
room temperature for 10 min and the obtained plasma was used to
measure total cholesterol levels.

Cholesterol levels

Total cholesterol levels were determined in plasma by an
enzymatic method based on the oxidase/peroxidase system using
commercial kit reagents (Labtest Diagnostica®, Lagoa Santa-MG,
Brazil).

Antioxidant enzymes

Cortical and striatal Glutathione reductase (GR) activity was
determined based on the protocol developed by Carlberg e Mannervik,
1985). Briefly, GR reduces GSSG to GSH at the expense of NADPH,
the disappearance of which can be followed at 340 nm. Cortical and
striatal Glutathione peroxidase (GPx) activity was determined based on
the protocol developed by Wendel, 1981) by indirectly measuring the
consumption of NADPH at 340 nm. The GPx uses GSH to reduce the
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tert-butyl hydroperoxide, producing GSSG, which is readily reduced to
GSH by GR using NADPH as a reducing equivalent donor.

Superoxide dismutase (SOD) activity was determined in
cortical and striatal homogenates according to the methodology of Misra
and Fridowich in 480 nm (Misra e Fridovich, 1972). The addition of
samples of tissue containing SOD inhibits the auto-oxidation of
epinephrine. The rate of inhibition was monitored during 180 seconds.
The amount of enzyme required to produce 50% inhibition was defined
as one unit of enzyme activity. Catalase activity was measured by the
method of Aebi et al., 1974). The reaction was started by the addition of
freshly prepared 30 mM H,0,. The rate of H,O, decomposition was
measured spectrophotometrically at 240 nm.

Reduced Glutathione levels

Reduced glutathione (GSH) levels were determined by a
fluorimetric assay as previously described (Hissin e Hilf, 1976). GSH
was measured in cerebral cortex and striatum homogenates after
precipitation with 1 volume of 0.6 M perchloric acid and centrifuged at
14,000 rpm at 4 °C for 10 min. A volume of f0 of supernatant was
incubated with 100 pl of ortho-phthaldehyde (0.1% wi/v in methanol)
and 1.85 ml of 100 mM Na,HPO, for 15 min at room temperature.
Fluorescence intensity was read in a microplate reader at an emission
wavelength of 420 nm with an excitation wavelength of 350 nm. GSH
content was calculated by using concurrently run standard curves and
expressed as nmol GSH.mg protein ™.

Determination of thiobarbituric acid reactive substances levels

Thiobarbituric acid reactive substances (TBARS) were
determined in the striatal and cortical homogenates using the method
described by Ohkawa et al., 1979, in which malondialdehyde (MDA), an
end-product of lipid peroxidation, reacts with thiobarbituric acid to form
a colored complex. The samples were incubated at 100C for 60 minutes
in acid medium containing 0.45% sodium dodecyl sulphate and 0.67%
thiobarbituric acid. After centrifugation, the reaction product was
determined at 532 nm using MDA as standard.

Protein determination
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The protein measurements content of the homogenates were
assessed according to Lowry method (Lowry et al., 1951).

Respiratory chain complex |1 activity
Tissue preparation

The cerebral cortex and striatum (from half hemisphere) were
homogenized (1:10w/v) in 4.4 mM potassium phosphate buffer pH 7.4,
containing 0.3 M sucrose, 5 mM MOPS, 1 mM EGTA and 0.1% bovine
serum albumin. The homogenates were centrifuged at 3000xg for 10
min at 4 °C. The pellet was discarded and the supernatants were
centrifuged at 17,000xg for 10 min at 4 °C. The obtained pellet was
dissolved in the same buffer and kept at -70 °C until enzyme activity
determination (Latini et al., 2005).

Measurement of the respiratory chain Complex Il activity

The activity of succinate-2,6-dichloroindophenol (DCIP)-
oxidoreductase (complex Il) was determined according to the method of
Fischer et al., 1985. Complex Il activity was measured by following the
decrease in absorbance due to the reduction of 2,6-DCIP at 600 nm and
calculated as nmol .min"* .mg protein ™.

Western Blot analyses
Tissue preparation

Cortical and striatal tissues were homogenized (1:10 w/v) in
ice-cold lysis buffer (50 mM Tris-HCI pH 7.5, 1% Triton X-100, 100
mM NaCl, 5 mM EDTA pH 8.0, 40 mM B-glycerolphosphate, 50 mM
NaF, 200 uM orthovanadate, 5% glycerol and protease inhibitors). The
homogenates were centrifuged at 13,000 x g, at 4°C for 45 min. Prior to
western blot analysis, equivalent amounts of proteins were mixed in
buffer (Tris 200 mM, glycerol 10%, SDS 2%, - mercaptoethanol 2.75
mM and bromophenol blue 0.04%), boiled for 5 minutes and kept at —20
°C until western blot analyses.

Western Blot
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Samples (50 pg of protein) were subjected to SDS
polyacrylamide gel electrophoresis on 7.5% polyacrylamide gels for
inducible nitric oxide synthase (iNOS). Gels were run at 30 mA for
about 120 min, with the electrophoresis tank placed in an iced water
bath. Separated proteins were electroblotted onto nitrocellulose
membranes at a constant current intensity of 400 mA for 90 min. The
membranes were blocked for 60 min at room temperature in blocking
buffer containing 5% nonfat dry milk. Blots were incubated overnight at
4°C with either the primary polyclonal antibody against iNOS (1:1000,
Santa Cruz) or against B-actin (1:2000) in TBS-Tween-BSA buffer (20
mM Tris base, 140 mM NacCl, 0.05% Tween-20). After washing, the
blots were incubated for 60 min at room temperature with protein A/G-
horseradish peroxidase conjugate in TBS-Tween buffer. Then,
membranes were washed and developed with Immun-Star HRP
Chemiluminescent  reagents (Bio-Rad, Hercules, CA), and
chemiluminescence was viewed with the Versadoc Imaging system
(Bio-Rad). Band intensity was quantified by using the Scion Image
software. Densitometric values from iNOS bands were normalized with
respect to B-actin bands.

Statistical analysis

Data were analyzed using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA). Differences among the
groups were analyzed by one-way ANOVA followed by the Tukey post
hoc test. Alternatively, 3-NP vs. probucol interactions was analyzed by
two-way ANOVA followed by Bonferroni post hoc test. Results are
expressed as mean + SEM. The differences were considered significant
when p< 0.05.

Results

Probucol prevents 3-NP-induced decrease in body weight, but not
modify complex Il inhibition

Probucol treatment did not affect physiological parameters such
as body weight and food or liquid consumption when compared to non-
treated animals before the 3-NP administration (data not shown). Total
cholesterol levels decreased in the plasma of animals treated with
probucol when compared with the control group, confirming its
hipocholesterolemic effects independently from 3-NP administration
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[Fs1s = 4.7, p<0.05] (data not shown). 3-NP administration did not
change total cholesterol levels in plasma.

The 3-NP administration induced a significant decrease in body
weight (Fs, 30= 7.582, p<0.001), while this decrease was not observed in
the animals pretreated with probucol (Figure 1). Two-way ANOVA
showed a significant interaction between 3-NP and Probucol [Fy s
=6.01, p= 0.02] concerning body weight.

The mitochondrial complex Il activity was inhibited by 3-NP
treatment in cortex [Fs 17 = 4.94, p< 0.01] (Figure 2A) and striatum [Fy,
21 = 11.88, p< 0.001] (Figure 2B). However, probucol was not able to
revert this inhibition.

Probucol pretreatment prevents the motor impairment induced by 3-
NP

In order to evaluate the effects of 3-NP administration on motor
performance, open field and rota rod tasks were performed. 3-NP
treatment was associated with significant alterations in the behavioral
tests, characterized by a decrease in the number of crossings and rearing
in the open field [F33, = 4.578; p <0.01 and Fs3, = 6.945; p <0.01,
respectively] (Figure 3A and 3B), decrease in the latency to the first fall,
and increase in the number of falls in the rota rod task [F32, = 9.543; p
<0.05 and Fj3,4 = 10.84 ; p <0.001, respectively] (Figure 3C and 3D).
Probucol pretreatment for 60 days improved the performance of the 3-
NP-exposed rats in the open-field and in rota rod tasks. Probucol
pretreatment totally protected against 3-NP-induced decrease in the
number of rearing in the open field and decrease in the latency to the
first fall in the rota rod, but the decrease in the number of crossings and
the increased in the number of falls were only partially protected by
probucol. This data indicate that probucol pretreatment was able to
prevent the effect of 3-NP administration.

Probucol pretreatment prevents cortical and striatal oxidative stress
induced by 3-NP

As shown in Figure 4, 3-NP administration caused a significant
increase in TBARS production in the cortex (Fs9 =7.085, p<0.01) and
striatum [F3 15 =6.271, p<0.01] (Figure 4A and 4B). Pretreatment with
probucol led to a decrease in striatal and cortical lipid peroxidation to
levels indistinguishable (similar) from controls (Figure 4A and 4B). In
agreement, two-way ANOVA showed significant interactions between
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3-NP and Probucol in cortex [F;19=10.21, p= 0.0048] and striatum [Fy 15
=13.14, p=0.0025] concerning TBARS levels.

Additionally, the activities of the antioxidant enzymes
superoxide dismutase (SOD) and catalase were significantly increased
by 3-NP in cortex and striatum when compared with control group [F3 15
=4.00, p<0.05 in cortex and F3 154 =4.972, p<0.05 in striatum] (Figure 5A
and 5B), and [F36=6.873, p<0.01 in cortex and F3 15 =6.046, p<0.05 in
striatum] (Figure 5C and 5D), respectively. Probucol treatment
significantly attenuated the 3-NP-induced increase in SOD and catalase
activities. Moreover, interactions were observed between 3-NP and
probucol by two-away ANOVA regarding SOD [F; 16 =4.54, p=0.0489
in cortex and Fj15 =4.92, p=0.0397 in striatum] and catalase [Fi 6
=11.44, p=0.0038 in cortex and F;5 =10.66, p=0.0043 in striatum]
activities, respectively.

Effects of 3-NP and/or probucol on cortical and striatal glutathione
peroxidase activity and other GSH-related parameters

Probucol treatment caused a significant increase in cortical and
striatal glutathione peroxidase (GPx) activity independently from 3-NP
administration as indicated by a significant one-way ANOVA [F3i3
=4.486, p<0.05] (Figure 6A) and [F3; =7.246, p<0.05] (Figure 6B).
3NP-treatment significantly increased glutathione reductase (GR)
activity when compared with control group in cortical tissue [Fs;s
=4.068, p<0.05] (Figure 7A). In addition, two-way ANOVA showed
significant interactions between 3-NP and Probucol [Fy15=9.1, p=
0.0087] concerning GR activity in cortex. Striatal GR activity was not
significantly different among groups (Figures 7B).

3-NP-treatment significantly decreased GSH levels in cortex
when compared with control group [Fs 15 =5.159, p<0.05], and probucol
pretreatment significantly attenuated the 3-NP-induced decrease in GSH
levels (Figure 7C). Two-way ANOVA showed significant interaction
between 3-NP and Probucol [F;;3 =13.3, p= 0.003] concerning GSH
levels in cortex. Striatal GSH content was not significantly different
among groups by one-away ANOVA, but a significant effect of the
pretreatment was observed in two-way ANOVA [F; 14 =5.84, p= 0.03]
(Figure 7D).

Probucol pretreatment prevents cortical and striatal increase of iINOS
expression induced by 3-NP
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3-NP treated rats showed higher levels of iINOS expression in
cortex [Fsg = 11.35; P<0.05] (Figure 8A) and striatum [F3s = 7.786;
P<0.05] (Figure 8B) compared to the vehicle-treated rats, confirming
iNOS increments in the 3-NP model. However, the 3-NP plus probucol
groups showed iNOS levels statistically similar to controls, suggesting
that probucol blunted the INOS up-regulation induced by 3-NP
administration.
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FIGURES AND LEGENDS

% Change in body Weight

Figure 1: Probucol prevents 3-NP-induced decreased in body
weight. The animals were pretreated with 3.5 mg/Kg of probucol or
vehicle (10 % of DMSO) in drinking water daily for 2 months and
administered intraperitoneally with 3-NP (25 mg/Kg) or vehicle, once a
day, during 6 consecutive days. The values are expressed as percentage
of change in body weight after 3-NP administrations and expressed as
mean + S.E.M. (n=10-11 rats/group). ***p < 0.001 when compared with
the control group and # p< 0.05 when compared with the 3-NP group by
one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test.
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Figure 2: 3-NP treatment reduces complex Il activity. The animals
were pretreated with 3.5 mg/Kg of probucol or vehicle (10% of DMSO)
in drinking water daily for 2 months and administered intraperitoneally
with 3-NP (25 mg/Kg) or vehicle, once a day, during 6 consecutive
days. Complex Il activity in cortex (A) and striatum (B) is expressed as
nmol.min-.mg protein * and presented as mean * S.E.M. (n=5-6
rats/group). *p < 0.05, ** p<0.01 and *** p<0.001 when compared with
the control group by one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test.
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Figure 3: Probucol attenuates motor impairment induced by 3-NP
in rats. The animals were pretreated with 3.5 mg/Kg of probucol or
vehicle (10% of DMSO) in drinking water daily for 2 months and
administered intraperitoneally with 3-NP (25 mg/Kg) or vehicle, once a
day, during 6 consecutive days. Locomotor (A) and exploratory (B)
activities in the open field as well as the latency for the first fall (C) and
the number of falls in the rota rod (D) were evaluated 24 h after the last
3-NP administration. The results are expressed as the total humber of
crossings (A), total number of rearings (B), the latency for the first fall
(s) (C) and total number of falls. Data are presented as mean + S.E.M.
(n=9-10 rats/group). *p < 0.05, ** p<0.01 and *** p<0.01 when
compared with the control group and # p<0.05 when compared with the
3-NP group by one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test.
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Figure 4: Probucol prevents cortical and striatal lipid peroxidation
induced by 3-NP in rats. The animals were pretreated with 3.5 mg/Kg
of PB or vehicle (10% of DMSO) in drinking water daily for 2 months
and administered intraperitoneally with 3-NP (25 mg/Kg) or vehicle,
once a day, during 6 consecutive days. Cortical (A) and striatal (B)
thiobarbituric acid reactive substances (TBARS) levels are expressed as
nmol of MDA/mg protein. Data are presented as mean £ S.E.M. (h= 5-6
rats/group). **p< 0.01 when compared with the control group and ##
p<0.01 when compared with the 3-NP group by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test.
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Figure 5: Probucol prevents the increase in superoxide dismutase
(SOD) and catalase activities in cortex and striatum of rats. The
animals were pretreated with 3.5 mg/Kg of probucol or vehicle (10% of
DMSO) in drinking water daily for 2 months and administered
intraperitoneally with 3-NP (25 mg/Kg) or vehicle, once a day, during 6
consecutive days. Cortical (A) and striatal (B) SOD activity is expressed
as SOD unites/mg of protein. Catalase activity in cortex (C) and striatum
(D) is expressed as pumol of H,O,/min/mg protein. Data are presented as
mean + S.E.M. (n=5-6 rats/group). *p< 0.05 and **p<0.01 when
compared with the control group, and #p<0.05 and ##p<0.01 when
compared with the 3-NP group by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.



83

A
£
< 16~ *
g * oy
= .
£ ——
- 12
55
B e
g 8
a3
x
OF ,
=T
=
s
£ el N4 el
£ 0&@ < o <
%) beQ
B
=
€ 124
2 * *
g . 1
>
£ &
58
© 5
[ ]
[=]
=T
=
s
;I] T T T T
E
c el L el
£ O&@ < o <
< 'h’"g

Figure 6: Probucol modulates the cortical and striatal glutathione
peroxidase activity. The animals were pretreated with 3.5 mg/Kg of
probucol or vehicle (10 % of DMSO) in drinking water daily for 2
months and administered intraperitoneally with 3-NP (25 mg/Kg) or
vehicle, once a day, during 6 consecutive days. Cortical (A) and striatal
(B) GPx activity is expressed as nmol of NADPH oxidized/min/mg
protein. Data are presented as mean £ S.E.M. (n=5-6 rats/group). *p<
0.05 when compared with the control group by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test.
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Figure 7: Probucol prevents the increase in glutathione reductase
activity and the decreased in reduced glutathione levels induced by
3-NP in the cortex of rats. The animals were pretreated with 3.5 mg/Kg
of probucol or vehicle (10% of DMSO) in drinking water daily for 2
months and administered intraperitoneally with 3-NP (25 mg/Kg) or
vehicle, once a day, during 6 consecutive days. Cortical (A) and striatal
(B) GR activity is expressed as nmol of NADPH oxidized/min/mg
protein. GSH levels in cortex (C) and striatum (D) are expressed as
pmol GSH.mg protein™. Data are presented as mean + S.E.M. (n=5-6
rats/group). *p< 0.05 when compared with the control group and #
p<0.05 when compared with the 3-NP group by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test.
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Figure 8: Probucol prevents cortical and striatal increase in iNOS
expression induced by 3-NP. The animals were pretreated with 3.5
mg/Kg of probucol or vehicle (10% of DMSO) in drinking water daily
for 2 months and administered intraperitoneally with 3-NP (25 mg/Kg)
or vehicle, once a day, during 6 consecutive days. Cortical (A) and
striatal (B) iNOS expression was determined by Western blot and
expressed as optical density related to actin. Data are presented as mean
+ S.E.M. (n=3 rats/group). *p < 0.05 when compared with the control
group, and #p<0.05 and p<0.01 when compared with the 3-NP group by
one-way analysis of variance (ANOVA) followed by

Tukey’s multiple comparison test.
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Abstract

Huntington’s disease (HD) is a progressive neurodegenerative
disorder characterized by symptoms attributable to the death of striatal
and cortical neurons. Mitochondrial dysfunction and oxidative damage
have been related with neurodegeneration and cell death in HD. This
study evaluated and compared the potential protective effects of
probucol and succinobucol, two compounds with anti-inflammatory and
antioxidant properties, on oxidative stress and mitochondrial
dysfunction induced by 3-nitropropionic acid (3-NP, an inhibitor of
succinate dehidrogenase) in rat brain mitochondria-enriched preparation.
3-NP caused significant inhibition of mitochondrial complex Il activity,
induced mitochondrial dysfunction and increased reactive oxygen
species (ROS) generation, as well as significantly increased lipid
peroxidation in mitochondria. Probucol and succinobucol pretreatment
(1, 3 and 10 uM) did not prevent 3-NP-induced mitochondrial complex
Il inhibition. On the other hand, both compounds prevented ROS
formation and lipid peroxidation, but only succinobucol was able to
prevent the mitochondrial dysfunction induced by 3-NP. The present
results indicate that probucol and succinobucol are able to counteract the
oxidative stress induced by 3-NP. In addition, mitochondrial dysfunction
induced by 3-NP was completely protected by succinobucol in a
mechanism independent of complex Il inhibition. This is the first study
reporting the beneficial effects of succinobucol in an in vitro
experimental model of a neurodegenerative disease. The present
findings suggest that succinobucol might be a novel strategy to slow or
halt oxidative process in neurodegenerative process, but further studies
are needed to fully elucidate its mechanism of action.

Keywords: Huntington’s disease, 3-nitropropionic acid, probucol,
succinobucol, mitochondrial dysfunction, oxidative stress.
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1. Introduction

Mitochondria are responsible for major biochemical functions
needed for cellular homeostasis, and represent the main source of ATP.
Basic research has demonstrated that mitochondria play crucial roles in
cell survival by controlling energy metabolism, apoptosis pathways,
calcium (Ca®*) homeostasis and free radicals production (Mattson et al.,
2008). With a particular emphasis on the central nervous system (CNS),
it is well known that an adequate balance in these processes is essential
for neuronal signaling, plasticity and neurotransmitter release. On the
other hand, mitochondrial dysfunction and oxidative damage have been
related with the pathogenesis of numerous neurodegenerative disorders,
such as Parkinson's disease (PD), Alzheimer's disease (AD) and
Huntington's disease (HD) (de Moura et al., 2010). In Huntington's
disease, recent studies have highlighted the particular mechanisms that
directly link mitochondrial defects with neurodegeneration and cell
death (Damiano et al., 2010; Mochel e Haller, 2011; Oliveira, 2010).

HD is a progressive neurodegenerative disorder caused by
mutation in gene encoding Huntingtin protein leading to production of
neurotoxic form of mutated Huntingtin (m-Htt) protein (Roos, 2010;
Ross e Tabrizi, 2011; Southwell e Patterson, 2011), and is characterized
by a progressive neurodegeneration mainly in the basal ganglia and
cortical regions (Jackson et al., 1991).

A considerable amount of evidence suggests that mitochondrial
dysfunction is directly or indirectly involved in HD (Reddy et al., 2009).
For example, biochemical studies demonstrated decreased glucose
metabolism (Andrews e Brooks, 1998; Kuwert et al., 1990) and elevated
lactate production (Browne, 2008; Reynolds et al., 2005) in the basal
ganglia and cerebral cortex in HD patients. In addition, analysis of
postmortem HD brain showed reduced activity in complex I, 111, and IV
of the electron transport chain (Benchoua et al., 2006; Brennan et al.,
1985; Browne et al,, 1997; Gu et al., 1996; Lim et al., 2008).
Mitochondrial complex Il dysfunction in HD seems to be intimately
associated with oxidative stress and excitotoxicity that leads to cell
death (Benchoua et al., 2006; Browne, 2008; Mochel e Haller, 2011).
Reactive oxygen species (ROS) generated by mitochondria have shown
to target different molecules, including diverse mitochondrial
components (lipids, proteins, DNA, etc.) (Perez-De la Cruz et al., 2010).

The administration of the mitochondrial toxin 3-nitropropionic
acid (3-NP), an irreversible inhibitor of succinate dehidrogenase (SDH,
complex 1), was shown to elicit cortical and striatal neuronal
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degeneration and behavioral abnormalities in animals similarly to those
observed in HD patients (Beal et al., 1993; Brouillet et al., 1998;
Rossignol et al., 2011; Tunez et al., 2010). The mechanism of 3-NP-
induced neurotoxicity involves depletion of ATP levels, mitochondrial
membrane despolarization, dysregulation of intracellular calcium
homeostasis, generation of ROS and activation of death pathways (Bizat
et al., 2003; Kumar et al., 2010; Lee et al., 2002; Lee et al., 2002;
Montilla et al., 2004).

Probucol (PB) is a phenolic lipid-lowering agent with powerful
antioxidant properties, clinically used during the past few decades for
the treatment and prevention of cardiovascular diseases (Buckley et al.,
1989; Yamashita et al., 2008; Yamashita e Matsuzawa, 2009); due to its
hypocholesterolemic and anti-inflammatory properties (Yamashita e
Matsuzawa, 2009). Probucol is an important agent in promotion
endogenous antioxidant reserve and protecting against increased in
oxidative stress (Singla et al., 2007). Furthermore, a recent study has
shown that this compound is able to prevent the oxidative stress in heart
mitochondria (Lemieux et al., 2011). Of particular importance, previous
experimental studies have also reported that probucol plays protective
effects in experimental models of neurotoxicity/neuropathology (Colle
et al., 2012; Farina et al., 2009; Park et al., 2007; Santos et al., 2011).
Despite the benefits of the probucol, this compound was associated to
adverse and undesirable effects including lowering of HDL cholesterol
(Tardif et al., 2002) and prolongation of cardiac repolarization
(McDowell et al., 1994; Tardif et al., 2003). Alternatively, succinobucol
(AGI-1067), the monosuccinic acid ester of probucol (“probucol-
derivative”), is a metabolically stable modification that retains
antioxidant and anti-inflammatory properties equipotent to those of
probucol but did not cause its collateral effects (Kunsch et al., 2004).
Although some studies have evaluated the potential beneficial effects of
probucol and its derivative (succinobucol) in different pathological
conditions (Al-Majed, 2011; Sia et al., 2002; Tardif et al., 2008; Tardif
et al., 2008), no studies have evaluated the potential protective effects of
succinobucol in models of neurophatology.

As mentioned previously, mitochondrial damage and oxidative
stress seem to be involved in the neurodegeneration observed in HD
(Damiano et al., 2010; Mochel e Haller, 2011; Oliveira, 2010). On the
other hand, probucol and succinobucol have notably shown anti-
inflammatory and antioxidant properties (Kunsch et al., 2004;
Pallebage-Gamarallage et al., 2010) and the pattern compound has been
reported to present neuroprotective effects in the experimental models
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(Colle et al., 2012; Farina et al., 2009; Park et al., 2007; Santos et al.,
2011). However, there is a lack of evidence concerning the potential
protective effect of succinobucol in experimental models of
neurotoxicity/neuropathology in the literature. This kind of evidence
seems to be well-warranted because of the absence of adverse effects of
succinobucol in humans, in sharp opposition to its pattern compound
(probucol). Thus, we used an in vitro approach with mitochondria-
enriched preparations derived from rat brain in order to tested the
hypothesis whether probucol and its analogue succinobucol could
prevent the potential deleterious effects of 3-NP, comparing their
effects. Biochemical parameters related to energetic metabolism and
oxidative stress in mitochondria-enriched preparations exposed to 3-NP,
as well as the potential protective effects of probucol and succinobucol
against 3-NP-induced mitochondrial dysfunction were investigated in an
attempt to elucidate mechanisms of protection.

2. Material and Methods
2.1. Compounds

The chemical structures of the compounds tested in the present
study are shown in the Figure 1: Probucol was purchased from Sigma
Aldrich and Succinobucol was synthesized according to previous
literature (Haibin et al., 2006).

2.2. Chemicals

3-Nitropropionic acid, sodium succinate, thiobarbituric acid
(TBA), malonaldehyde-bis-dimethyl acetal (MDA), 3-(4, 5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2°,7’-
dichlorofluorescein diacetate (DCFH-DA) were purchased from Sigma
(St. Louis, MO, USA). All other reagents were obtained from local
suppliers.

2.3. Animals

Adult male Wistar rats (200-250 g) from our own breeding
colony were kept in cages with continuous access to food in a room with
controlled temperature (22 + 3°C) and a 12 h light/dark cycle, with
lights on at 7:00 am. All experiments were conducted in accordance
with the Guiding Principles of the Animal Care and Wellness
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Committee of the Universidade Federal de Santa Catarina
(CEUA/UFSC PP00424; 23080.008706/2010-52).

2.4. Preparation of brain mitochondrial-enriched fractions

Rat brain mitochondria were isolated as previously described
Brustovetsky e Dubinsky, 2000) with some modifications. Rats were
killed by decapitation and the brain was rapidly removed and
homogenized (1:5 w/v) in ice-cold ‘‘isolation buffer I’ (225 mM
mannitol, 75mM sucrose, 1ImM EGTA, 0.1% bovine serum albumin
(BSA), and 10mM HEPES, pH 7.2). The resulting suspension was
centrifuged for 7 min at 2000 X g at 2°C. After centrifugation, the
supernatant was recentrifuged for 10 min at 12,000 X g. The pellet was
resuspended in 5 mL of “‘isolation buffer II’’ containing 225 mM
mannitol, 75 mM sucrose, 1 mM EGTA, and 10 mM HEPES, pH 7.2,
and recentrifuged at 12,000 X g for 10 min. The supernatant was
decanted, and the final pellet was gently washed and resuspended in
“incubation buffer” (65 mM KCI, 100 mM sucrose, 50 uM EGTA, and
10 mM HEPES, pH 7.2), to a protein concentration of approximately 10
mg/mL. These enriched mitochondrial fractions were used for
measurement of MTT reduction assay, lipid peroxidation and ROS
production.

For measuring the respiratory chain complex Il activity, tissue
mitochondrial suspensions were prepared as previously described
(Latini et al., 2005). Briefly, tissues were homogenized in 10 volumes of
4.4 mM potassium phosphate buffer pH 7.4, containing 0.3 M sucrose,
5 mM MOPS, 1 mM EGTA and 0.1% bovine serum albumin. The
homogenates were centrifuged at 3000xg for 10 min at 4 °C. The pellet
was discarded and the supernatants were centrifuged at 17,000xg for 10
min at 4 °C. The obtained pellet was dissolved in the same buffer.

2.5. Standard incubation procedure

3-NP was dissolved in PBS buffer and neutralized to pH 7.4
with NaOH, and they were freshly prepared each time before treatment.
Probucol and succinobucol were dissolved in dimethylsulfoxide
(DMSO), which was used as control/vehicle and whose concentration
did not exceed 0.1%.

Mitochondria-enriched fractions (0.5 mg protein) were added to
200 pl standard incubation buffer. Sodium succinate (2 mM) was added
in the incubation medium, and mitochondria-enriched fractions were
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incubated with vehicle or 3-NP (1, 2 or 3 mM) at 37°C for 30, 60 or 120
min. Some experiments were performed in the presence of probucol or
succinobucol (1, 3 and 10 uM), or vehicles. These compounds were pre-
incubated for 2.5 h and maintained during 3-NP incubation.

Some experiments were performed in the presence of by tert-
butyl hydroperoxide (tBuOOH) in which mitochondria were incubated
with this organic peroxide (300 uM) at 37°C for 30 min after probucol
or succinobucol pre-incubations. The analytical procedures were
performed immediately after the last incubation. The results shown are
representative of a series of four to five independent experiments, using
independently isolated mitochondrial-enriched fractions.

2.6. MTT reduction assay

MTT reduction assay was evaluated as an index of
mitochondrial function, according to previous reports (Elinos-Calderon
et al., 2010; Perez-De La Cruz et al., 2009). This method is based in the
ability of cells to reduce MTT to a dark violet formazan product by
mitochondrial dehydrogenases in viable cells (Mosmann, 1983).

Mitochondrial-enriched fractions were incubated with 200 uL
of MTT (0.5 mg/mL), and re-incubated at 37°C for 20 min. Samples
were then centrifuged at 16,000 X g, 10 min and the pellet were washed
for 60 minutes in 300 L of dimethylsulfoxide (DMSO) to remove the
formazan. Quantification of formazan was estimated by measuring
optical density at 540 nm. Results were expressed as the percentage of
MTT reduction with respect to control values.

2.7. Estimation of reactive oxygen species (ROS) production

Formation of ROS was estimated with the fluorescent probe,
2’ 7’-dichlorofluorescein diacetate (DCFH-DA), as described by Ali et
al., 1992. DCFH-DA is enzymatically hydrolyzed by intracellular
esterase to form non fluorescent DCFH, which is then rapidly oxidized
to form highly fluorescent 2°, 7’-dichlorofluorescein (DCF) in the
presence of ROS. DCF fluorescence intensity is proportional to the
amount of ROS that is formed. At the end of incubation, DCFH-DA (5
M) was added to the mitochondrial-enriched fractions and re-incubated
for 20 min. Mitochondria-enriched fractions were centrifuged at 1,000 X
g, 5 min and the pellet were resuspended in PBS for determination of
intra-mitochondrial ROS levels. Fluorescence was read using excitation
and emission wavelengths of 480 and 525 nm, respectively, using
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oxidized DCF as standard. The values are expressed as percent of
control in the absence of treatment.

2.8. Lipid peroxidation assay

Lipid peroxidation (LP) was assessed in the mitochondrial-
enriched fractions by the assay of thiobarbituric acid-reactive substances
(TBARS) formation, according to previous reports (Ohkawa et al.,
1979). Mitochondria-enriched fractions were centrifuged at 3,000 X g,
10 min. The pellet was washed with PBS, re-centrifuged and then,
resuspended in 75 pL of PBS. The samples were incubated at 10@ for
60 minutes in acid medium containing 0.45% sodium dodecyl sulphate
and 0.67% thiobarbituric acid. After centrifugation, the reaction product
was determined at 532 nm using MDA as standard. Data were expressed
as percent of MDA formed vs. the control values.

2.9. Measurement of the respiratory chain complex Il activity

The activity of succinate-2,6-dichloroindophenol  (DCIP)-
oxidoreductase (complex Il) was determined according to the method of
Fischer et al., 1985. Complex Il activity was measured by following the
decrease in absorbance due to the reduction of 2,6-DCIP at 600 nm and
calculated as nmol .min"* .mg protein ™.

2.10. Protein determination

The protein measurements content of the mitochondrial-
enriched fractions were assessed according to Lowry method (Lowry et
al., 1951).

2.11. Statistical analysis

Data were analyzed using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA). Differences among the
groups were analyzed by one-way ANOVA followed by the Tukey post
hoc test. Results are expressed as mean = SEM. The differences were
considered significant when p< 0.05.

3. Results
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3.1. 3-NP-induced mitochondrial dysfunction and oxidative stress

In order to investigate the potential deleterious effects of 3-NP
on energy metabolism, MTT reduction was assessed as an index of the
mitochondrial reductive capacity. Figure 2 depicts concentration and
time-response studies. 3-NP (1, 2 and 3 mM) caused a significant
decline in mitochondrial function (approximately 25, 30 and 45%,
respectively) (p<0.05, p<0.01 and p<0.001, respectively) (Fig. 2A). In
figure 2B, 2 mM 3-NP (60 and 120 min of incubation) caused a
significant decline in mitochondrial function (approximately 30% for
both times) (p<0.05), as indicated by a decrease in the mitochondrial
MTT reductive capacity in mitochondrial-enriched fractions.

3-NP (2 mM), which did not affect mitochondrial function in 30
min of incubation, caused significant inhibition of mitochondrial
complex Il activity (up to 80%) in brain preparation (p<0.001, Fig. 3).
Mitochondrial-enriched fractions treated with 3-NP at 120 min, showed
95% of complex Il inhibition (p<0.001, Fig. 3). Moreover, 3-NP-
exposed mitochondrial-enriched fractions exhibited a fast increase in the
ROS production in the first 30 min (p<0.05, Fig. 4A), which was
accompanied by a significant increase in lipid peroxidation in 120 min
of incubation (p<0.001, Fig. 4B). Respiratory complex Il inhibition by
3-NP likely caused this increase in ROS.

3.2. Probucol and succinobucol prevent 3-NP-induced oxidative
stress

Several studies have demonstrated that antioxidant compounds
are able to protect against the neurotoxicity elicited by 3-NP. However,
recently, we demonstrated that probucol, an antioxidant compound with
scavenger properties under in vitro conditions, prevented ROS
formation and lipid peroxidation, but did not protect against the
mitochondrial dysfunction induced by 3-NP (Colle et al., 2012). So, we
decided to study if succinobucol, an analogue of probucol, could prevent
against 3-NP-incuced toxicity, as well as comparing the effects of both
compounds.

The pre-treatment with probucol (1 uM) partially prevented the
mitochondrial damage induced by 3-NP treatment (Figure 5A). On the
other hand, succinobucol (1, 3 and 10 uM) effectively prevented 3-NP-
induced mitochondrial damage (Figure 5B).

In addition, probucol and succinobucol, which present
scavenger activity, completely prevented 3-NP-induced ROS formation
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in mitochondrial-enriched fractions in all used concentrations (Figure
6A and 6B). Lipid peroxidation induced by 3-NP was also completely
blocked by both compounds in all concentrations tested (Figure 7A and
7B).

To better understand mechanisms mediating the protective
effects of probucol and succinobucol, additional experiments on
complex Il activity were performed. Figure 8 shows that 2 mM 3-NP
induced a significant inhibition of mitochondrial complex Il activity.
Probucol and succinobucol did not prevent complex Il inhibition
induced by 3-NP (p<0.001, Fig 8A and 8B). However, probucol and
succinobucol effectively prevented mitochondrial dysfunction induced
by tert-butyl hydroperoxide (tBuOOH) (p<0.05, Fig 9A and 9B). These
data confirm that the protective effects of both compounds in
mitochondrial function are not involved with the recovery of complex Il
activity; the antioxidant and scavenger properties of these compounds
are likely involved with their protective effects against 3-NP.

4. Discussion

The present results show that probucol and succinobucol, two
agents with anti-inflammatory and antioxidant properties, protected
against 3-NP-induced oxidative stress in mitochondria-enriched
fractions derived from rat brain. In addition, mitochondrial dysfunction
induced by 3-NP was totally protected by succinobucol in a mechanism
independent of complex Il inhibition. This is the first study reporting the
beneficial effects of succinobucol in an experimental model of
neurotoxicity. On the other hand, probucol, which diminished ROS
production and lipid peroxidation induced by 3-NP, did not protect
against the mitochondrial dysfunction induced by this toxin. This is in
accordance with another study from our group, which demonstrated that
probucol was not able to protect striatal slices from 3-NP-induced
mitochondrial dysfunction (Colle et al., 2012). Although both
compounds (probucol and succinobucol) did not prevent 3-NP-induced
inhibition of the activity of the mitochondrial complex Il, succinobucol
protected against 3-NP-induced mitochondrial dysfunction, when
evaluated by the MTT assay.

3-NP is a suicide inactivator of the mitochondrial Complex II,
directly leading to mitochondrial dysfunction (Huang et al., 2006) and
ROS formation (Kumar et al., 2010; Lee et al., 2002; Montilla et al.,
2004). It was proposed that 3-NP is oxidized to 3-nitroacrylate, an
unstable molecule which then reacts with some residue in the active site
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of SDH (Coles et al., 1979). In fact, Huang and co-workers reported that
3-NP forms a covalent adduct with the side chain of Arg297 (Huang et
al., 2006). In the present study, 3-NP induced immediate complex Il
inhibition and ROS production at 30 min, but mitochondrial dysfunction
(evaluated by MTT reduction assay) was observed only at 60 min after
3-NP treatment. This is in accordance with Liot and co-workers (2009),
who reported that the inhibition of complex Il by 3-NP in cortical
neurons was able to evokes an immediate ATP drop and sustained ROS
increased at 30 min after 3-NP exposure, but neither mitochondrial
damage nor cell death were observed in that time. Other studies also
demonstrated that mitochondrial dysfunction induced by 3-NP,
measured by MTT assay, occurs after 60 min of exposure in
synaptosomal preparations (Elinos-Calderon et al., 2010; Perez-De La
Cruz et al., 2006). Based on our data and on the previous mentioned
evidences, one could suppose that 3-NP-induced ROS generation is
responsible, at least in part, for the delayed decrease observed in MTT
reduction.

In this study, we used enriched mitochondrial fractions from
brain tissue obtained from a differential centrifugation methodology.
However, this approach removes only nuclei, undisrupted cells and the
cytosolic fraction from the tissue homogenates (Kristian, 2010).
Additionally, the mitochondrial fractions are heavily contaminated with
synaptosomes and myelin (Graham, 2001). Removal of these
contaminants required gradient centrifugation using a density media
(Kristian, 2010). Thus, as previously mentioned, the findings of this
study show that SDH might be not necessarily the only enzyme
responsible for the MTT reduction, since that other factors present in the
enriched mitochondrial fraction might be involved in the formation of
formazan when SDH was inhibited by 3-NP. Thus, although there is
increasing evidence showing that SDH is an important enzyme
mediating the reduction of MTT to its formazan metabolite (Staler et al.,
1963; Berridge and Tan, 1992), our finding suggests that SDH
contribution in this process (MTT reduction) might have been
overestimated in the current literature.

MTT is a water soluble tetrazolium salt, which is converted to
an insoluble purple formazan by cleavage of the tetrazolium ring by
succinate dehydrogenase within the mitochondria (Slater et al., 1963). In
addition, some lines of evidence suggest that MTT is reduced to form a
formazan product by accepting electrons from cellular reducing
equivalents (i.e. NADH, NADPH, or succinate), indicating that MTT
reduction is dependent on cellular redox activity, thus a reflection of
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mitochondrial function (Berridge e Tan, 1992; Musser e Oseroff, 1994).
Accordingly, MTT reduction could has been used as an indicator for
cellular oxidative metabolic activity (Ahmadian et al., 2009; Takahashi
etal., 2002).

On the other hand, MTT can be reduced by receiving electrons
not only in mitochondria but other cellular organelles, even though the
exact sites of reduction or responsible enzymes remain elusive
(Takahashi et al., 2002). In addition, evidence shows that the first step of
mitochondrial oxidative phosphorylation, which is catalyzed by
pyruvate dehydrogenase complex, might play a key role in MTT
reduction rather than SDH (Takahashi et al., 2002). Recently, McKenna
and co-works (2000) reported which the activity of malic enzyme
(malate-NADP*-oxidoreductase decarboxylating) that converts malate to
pyruvate, is high in cortical synaptic mitochondria of adult rat brain.
Based on this evidence, one could suppose that this enzyme might play a
role in MTT reduction in mitochondria. This idea is supported by the
findings of Takahashi and co-workers, who demonstrated that malate
causes small increases in MTT reduction by cultured neurons, although
the activity of malic enzyme is much lower in mitochondria from
cultured cortical neurons than those from cortical synaptic mitochondria
of adult rat brain (Takahashi et al., 2002). This findings can explain the
MTT reduction even with complex Il inhibition by 3-NP. Accordingly,
succinobucol, which did not recover SDH inhibition, was able to protect
against 3-NP-induced decreased of MTT reduction.

The protective effect afforded by succinobucol could be related,
at least in part, to its antioxidant properties. From a mechanistic point of
view, it is hypothesized that 3-NP-induced SDH inhibition could lead to
the generation of ROS (Liot et al., 2009), which might subsequently
cause a decrease in mitochondrial function (evaluated by MTT assay)
due to their hazardous effects toward different dehydrogenases (located
either in mitochondria or in the intra-synaptosomal milieu).
Succinobucol, which presents scavenger properties, could prevent the
secondary events (decreased MTT reduction) due to its ability to
neutralize the ROS generated after SDH inhibition. This idea is
reinforced by the fact thar succinobucol preventes tert-butyl
hydroperoxide-induced mitochondrial dysfunction. However, a potential
relationship between the observed protective effects of succinobucol and
its capacity in modulating energetic factors could be not ruled out.

An intriguing (and not solved) question from our study is why
just succinobucol, but not probucol, protected against 3-NP-induced
mitochondrial dysfunction. In fact, both compounds protected against 3-
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NP-induced ROS generation and lipid peroxidation. Thus, what makes
succinobucol a better protective agent (MTT reduction) in our
experimental model? Based on its molecular structure, one could
hypothesize that the succinobucol might modulate proteins involved in
the mitochondrial homeostasis. These effects could be done by the
whole molecule (not by a metabolite) because succinobucol is not
metabolized to probucol neither to other Muldrew e Franks, 2009.
Taking into account the modulatory (and beneficial) effects of succinate
in Huntington experimental model (Colle et al., 2012), the potential
advantage of succinobucol when compared to probucol could be due its
succinyl moety. However, additional studies are necessary to solve this
question.

As already mentioned, mitochondrial dysfunction and oxidative
stress represents a crucial event in HD experimental models (Perez-
Severiano et al., 2004; Santamaria et al., 2003; Tunez et al., 2006), as
well as in the pathogenesis of HD (Chen et al., 2007; Klepac et al.,
2007; Sorolla et al., 2008). Thus the search for therapeutic strategies that
can either potentiate antioxidant defenses or avoid oxidative stress
generation are extremely relevant to retard HD progression. The present
findings suggest that the antioxidant succinobucol, might be a novel
strategy to slow or halt oxidative process in neurodegenerative process,
but further studies are needed to elucidate its potential mechanism of
action.
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FIGURES AND LEGENDS

Probucol Succinobucol

Figure 1. Structures of the compounds.
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Figure 2: Mitochondrial dysfunction induced by 3-NP.
Mitochondria-enriched ~ fractions were exposed to different
concentrations of 3-NP (1, 2 and 3 mM) for 2 h (A) or 2 mM 3-NP for
30, 60 and 120 min (B). Mitochondrial viability was evaluated by the
MTT reduction method. Results are expressed as the percentage of MTT
reduction with respect to control values (dotted line). Data are
represented as mean + S.E.M. (n=4). * p< 0.05, ** p<0.01 and p<0.001
indicates statistical difference from control by one-way ANOVA,
following by Tukey post-hoc test.
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Figure 3: Effects of 3-NP on Complex Il activity. Mitochondria-
enriched fractions were exposed to 2 mM 3-NP and the activity of
complex Il was measured after 30, 60 and 120 min of incubation.
Complex Il activity was measured by following the decrease in
absorbance due to the reduction of 2,6-DCIP at 600 nm, calculated as
nmol/min/mg of protein and presented as mean + S.E.M. (n= 4-5). ***
p<0.001 indicates statistical difference from control by one-way
ANOVA, following by Tukey post-hoc test.
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Figure 4: Effects of 3-NP on ROS production and lipid peroxidation
in brain mitochondria. Mitochondria-enriched fractions were exposed
to 2 mM 3-NP at 37°C for 30 and 120 min. Production of ROS was
estimated with the fluorescent probe, 2°,7’-dichlorofluorescein diacetate
(DCFH-DA) using excitation and emission wavelengths of 480 and 525
nm, respectively. ROS levels (expressed as nmol of oxidized DCF per
mg protein) are expressed as percent of control (dotted line) (A). Lipid
peroxidation (LP) was assessed by TBARS formation (expressed as
nmol of MDA per mg of protein) are expressed as percent of control
(dotted line) (B). Data are represented as mean + S.E.M. (n= 4-5). *
p<0.05 and *** p<0.001 indicates statistical difference from by one-way
ANOVA, following by Tukey post-hoc test.
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Figure 5: Protective effect of probucol and succinobucol against 3-
NP induced mitochondrial dysfunction. Mitochondria-enriched
fractions were pre-incubated with probucol (1, 3 and 10 uM) (A) or
succinobucol (1, 3 and 10 uM) (B) or vehicle at 37°C for 2.5 h. After
this period, mitochondria-enriched fractions were subjected to damage
with 2 mM 3-NP for 120 min. Mitochondrial viability was evaluated by
the MTT reduction method. Results are expressed as the percentage of
MTT reduction with respect to control values (dotted line). Data are
represented as mean + S.E.M. (n=5-7). * p<0.05, ** p< 0.01 and ***
p<0.001 indicates statistical difference from control. # p< 0.05 indicates
statistical difference from 3-NP by one-way ANOVA, following by
Tukey post-hoc test.
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Figure 6: Protective effect of probucol and succinobucol on the
production of reactive oxygen species (ROS) induced by 3-NP in
brain mitochondria. Mitochondria-enriched fractions were pre-
incubated with wvehicle and probucol (1, 3 and 10 pM) (A) or
succinobucol (1, 3 and 10 uM) (B) at 37°C for 2.5 h. After this period,
mitochondria-enriched fractions were subjected to damage with 2 mM
3-NP for 30 min. ROS levels (expressed as nmol of oxidized DCF per
mg protein) are expressed as percent of control (dotted line). Data are
represented as mean £ S.E.M. (n= 5-6). ** p< 0.01 and *** p<0.001
indicates statistical difference from control. # p< 0.05; ## p< 0.01 and
### p<0.001 indicates statistical difference from 3-NP by one-way
ANOVA, following by Tukey post-hoc test.
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Figure 7: Protective effect of Probucol and succinobucol on lipid
peroxidation induced by 3-NP in brain mitochondria. Mitochondria-
enriched fractions were pre-incubated with vehicle and probucol (1, 3
and 10 uM) (A) or succinobucol (1, 3 and 10 uM) (B) at 37°C for 2.5 h.
After this period, mitochondria-enriched fractions were subjected to
damage with 2 mM 3-NP for 120 min. Lipid peroxidation (LP) was
assessed by TBARS formation and expressed as nmol of MDA per mg
of protein. Results are expressed as percent of MDA formed vs. the
control values (dotted line). Basal lipid peroxidation was 1.847 + 0.0338
nmol MDA/mg protein. Data are represented as mean + S.E.M. (n= 4-5).
** p< 0.01 indicates statistical difference from control. # p< 0.05; ## p<
0.01 and ### p<0.001 indicates statistical difference from 3-NP by one-
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inhibition of Complex Il activity in mitochondria brain.
Mitochondria-enriched fractions were pre-incubated with vehicle and
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37°C for 2.5 h. After this period, mitochondria-enriched fractions were
subjected to damage with 2 mM 3-NP for 30 min. Complex Il activity
was measured by following the decrease in absorbance due to the
reduction of 2,6-DCIP at 600 nm, calculated as nmol/min/mg of protein
and presented as mean + S.E.M. (n= 4-5). *** p<0.001 indicates
statistical difference from control by one-way ANOVA, following by
Tukey post-hoc test.
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Figure 9: Protective effect of probucol and succinobucol against
tBUOOH-induced mitochondrial dysfunction. Mitochondria-enriched
fractions were pre-incubated with probucol (1, 3 and 10 uM) (A) or
succinobucol (1, 3 and 10 uM) (B) or vehicle at 37°C for 2.5 h. After
this period, mitochondria-enriched fractions were subjected to damage
with 300 pM tBuOOH for 30 min. Mitochondrial viability was
evaluated by the MTT reduction method. Results are expressed as the
percentage of MTT reduction with respect to control values (dotted
line). Data are represented as mean + S.E.M. (n=5-7). *** p<0.001
indicates statistical difference from control. # p< 0.05 indicates
statistical difference from 3-NP by one-way ANOVA, following by
Tukey post-hoc test.
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5. DISCUSSAO GERAL

Desde a sua descricdo inicial, feita 1872, a doenca de
Huntington (HD) vem sendo caracterizada como uma desordem
neurodegenerativa progressiva com sintomas atribuidos a morte de
neurbnios das projecdes estriatais e de neurdnios corticais do cérebro
(Heinsen et al., 1994; Mann et al., 1993; Vonsattel e DiFiglia, 1998).
Diversos fatores parecem estar envolvidos na patogénese da doenca
como a excitotoxicidade, a disfun¢do mitocondrial e o estresse oxidativo
(Benchoua et al., 2006; Browne e Beal, 2006; Mochel e Haller, 2011).

O entendimento dos mecanismos moleculares relacionados com
a patogénese da DH tem crescido bastante nos Gltimos anos, gracas ao
desenvolvimento de modelos animais que mimetizam caracteristicas
fenotipicas ou genotipicas da doenca. Dentre os modelos utilizados para
estudar o comprometimento mitocondrial e a morte celular induzida por
mecanismos excitotdxicos, os mais empregados sdo 0 modelo do acido
3-nitropropidnico ¢ o modelo do acido quinolinico, respectivamente
(Perez-De La Cruz e Santamaria, 2007). Além disso, recentemente
algumas linhas de pesquisa vém utilizando o0 AQ e o 3-NP em
associacdo, ou seja, administrados concomitantemente, no intuito de se
obter um modelo mais completo e com elevada relevancia para o estudo
dos mecanismos envolvidos na patogénese da doenca (Tunez et al.,
2010), porém os mecanismos envolvidos na toxicidade do modelo
combinado ainda ndo estdo totalmente esclarecidos.

Neste contexto, o objetivo do primeiro estudo foi avaliar a
potencial relacdo entre déficit energético, excitotoxicidade e estresse
oxidativo no mecanismo de dano induzido pela associacgdo entre AQ e 3-
NP em fatias de estriado de ratos in vitro.

Neste estudo foi observado que a toxicidade induzida pelo AQ
ndo estd apenas relacionada ao seu efeito excitotdxico primario, mas a
disfuncdo mitocondrial e 0 estresse oxidativo também contribuem para o
mecanismo de dano induzido por este composto. O probucol preveniu a
disfungdo mitocondrial induzida pelo AQ provavelmente por prevenir o
efeito deste composto sobre a producdo de ERO, mostrando o
importante papel das ERO e do estresse oxidativo na toxicidade do AQ.

Por outro lado, o 3-NP induziu disfuncdo mitocondrial como
um mecanismo primario de toxicidade devido a inibicdo do complexo Il
da cadeia transportadora de elétrons (Huang et al., 2006), porém as
propriedades antioxidantes do probucol ndo foram capazes de proteger
contra esse efeito. J& o tratamento com MK-801, reverteu a disfungédo
mitocondrial induzida pelo 3-NP, mostrando o envolvimento de eventos
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excitotoxicos (secundarios a inibicdo do complexo 1) no mecanismo de
toxicidade deste composto.

Os resultados também mostraram que a exposi¢cdo simultanea a
concentragbes subtoxicas de AQ e 3-NP induzem disfuncéo
mitocondrial e estresse oxidativo de uma maneira sinérgica. O probucol
foi capaz de prevenir a disfun¢do mitocondrial induzida pela associacao
de ambos os compotos, reforcando a importancia das ERO nos danos
induzidos por este modelo. Ainda, o efeito protetor do MK-801 no
modelo combinado sugere que eventos téxicos mediados pela super-
estimulacdo de receptores NMDA também possuem um relevante papel
no mecanismo de dano celular induzido pela associacdo do AQ e 3-NP.
Assim, a acdo toxica da associacdo desses compostos parece envolver
mecanismos de excitotoxicidade e geracdo de ERO e pode ser prevenida
por antagonistas de receptores NMDA e por compostos
antioxidantes/scavengers como o probucol.

Considerando a capacidade do probucol em modular o estresse
oxidativo induzido pelo 3-NP em fatias de estriado de ratos in vitro, bem
como seu efeito benéfico ou protetor em outros modelos de
neurotoxicidade/neuropatologia previamente descritos na literatura
(Farina et al., 2009; Park et al., 2007; Santos et al., 2011), o objetivo do
segundo estudo foi investigar o potencial efeito benéfico do probucol em
um modelo in vivo de DH induzido pelo 3-NP em ratos.

A administracdo 3-NP (25 mg/Kkg, i.p.) durante 6 dias induziu
significativa perda de peso, alteragcBes comportamentais e bioguimicos
nos animais. A excessiva perda de peso induzida por repetidas
administracfes de 3-NP é bem evidenciada na literatura (Kumar et al.,
2012; Kumar e Kumar, 2009; Ramaswamy et al., 2007) e pode estar
diretamente relacionada ao déficit energético induzido pela inibicdo do
complexo 1l induzido pela toxina (Kumar e Kumar, 2009). De fato, em
nosso estudo, houve uma diminuigdo significativa na atividade do
complexo Il. O pré-tratamento com probucol (aproximadamente 3,5
mg/kg/dia) durante 2 meses foi capaz de prevenir a perda de peso nos
animais, mas nao reverteu a inibicdo do complexo Il induzida pela
toxina.

Além disso, a administracdo de 3-NP induziu significativas
alteracbes motoras nos animais. Esse efeito é bem evidenciado na
literatura, onde os animais tratados com 3-NP podem desenvolver
hipoatividade seguido de administragdes repetidas da toxina (Borlongan
et al.,, 1997). Estudos sugerem que o comprometimento do sistema

.....

nos niveis energéticos nas células (Seaman, 2000). O pré-tratamento
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com probucol preveniu o prejuizo no sistema locomotor induzido pela
toxina, apesar de ndo reverter a inibicdo do complexo Il.

O tratamento com 3-NP também induziu estresse oxidativo, o
qual foi evidenciado pelo aumento nos niveis de TBARS e na atividade
das enzimas antioxidantes superéxido dismutase (SOD) e catalase no
cortex e no estriado dos animais tratados. Além disso, foi observado um
aumento significativo na atividade da enzima glutationa redutase e
diminuicdo nos niveis de GSH no cortex dos animais tratados com 3-
NP. Ainda, o tratamento com 3-NP induziu um aumento na expressdo da
iINOS, uma enzima responsavel pela sintese de "ON. Este estresse
oxidativo esta relacionado a disfuncdo mitocondrial induzida pelo 3-NP,
que € responsavel por causar uma diminuicdo nos niveis de ATP e
geracdo de ERO.

O probucol demonstrou uma potente atividade antioxidante e
conseguiu diminuir o estresse oxidativo induzido pelo 3-NP. De maneira
interessante, o probucol aumentou a atividade da GPx no estriado e no
cortex dos animais, um efeito que foi independente do 3-NP. Essa
capacidade do probucol foi evidenciada em prévios estudos in vitro,
onde esse composto aumentou a atividade da GPx em cultivos de
neurdnios cerebelares (Farina et al., 2009), o que foi responsavel pelo
efeito protetor desse composto frente ao metilmercurio, um composto
altamente toxico no sistema nervoso central (Farina et al., 2011).

Algumas linhas de evidéncia vém monstrando que a GPx pode
desempenhar um importante papel na DH. Estudos recentes
demonstraram um aumento na atividade da GPx no estriado e no cortex
(Sorolla et al., 2008), e uma diminuicdo nos eritrécitos (Chen et al.,
2007) de pacientes. Além disso, foi demonstrado que a presenca da
proteina huntingtina mutante esta relacionada com excessiva producao
de perdxido de hidrogénio (Hands et al., 2011). Neste contexto, os dados
obtidos com o probucol tornam-se relevante sugerindo que o efeito
protetor desse composto em retardar o estresse oxidativo induzido pelo
3-NP pode estar relacionado, a0 menos em parte, a sua capacidade de
modular a GPx. A importancia desta enzima frente ao estresse oxidativo
induzido pelo 3-NP foi demonstrada em um estudo onde camundongos
knock-out para a GPx apresentaram degeneracdo estriatal muito mais
pronunciada do que animais selvagens, seguido da administracdo de 3-
NP (Klivenyi et al., 2000). Além disso, Santamaria e colaboradores
demonstraram que 0 tratamento com selenito de sddio, um composto
que também aumenta a atividade da GPx, foi capaz proteger contra a
toxicidade induzida pelo AQ (Santamaria et al., 2003), mostrando a
importancia dessa enzima em conter o dano oxidativo.
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Por outro lado, outros mecanismos de acdo do probucol ndo
podem ser descartados, como o efeito direto desse composto como um
antioxidante/scavenger, bem como seu efeito anti-inflamatorio. A
atividade antiinflamatéria do probucol tem sido importante na sua
protecdo principalmente sobre o sistema cardiovascular (Poirier, 2003;
Tanous et al., 2006; Yamashita e Matsuzawa, 2009), porém esse efeito
pode também ser importante em modelos envolvendo o sistema nervoso
central. O aumento da expressdo da iINOS estd relacionado com
processo inflamatorio. Essa enzima é comumente regulada por
mediadores inflamatérios e sua persistente ativacdo pode causar o
aumento na producdo de ‘ON (Napolitano et al., 2008). Um estudo
recente mostrou aumentos na expressdo de alguns mediadores
inflamatorios no estriado e no cértex de pacientes com DH (Silvestroni
et al., 2009), demonstrando que o processo inflamatorio parece ser
importante na patogénese da doenca.

Em resumo, o tratamento com 3-NP inibiu o complexo 11, o que
ndo foi prevenido pelo probucol. Porém, o estresse oxidativo
subseqliente a essa inibigcdo foi atenuado pelo composto, provavelmente
devido a sua capacidade de aumentar a atividade da GPx. Por outro lado,
as propriedades anti-inflamatérias do probucol ndo podem ser
descartadas sendo que mais estudos sdo necessarios pra elucidar o
possivel mecanismo de acdo deste composto neste modelo de DH
induzido pelo 3-NP.

No terceiro trabalho desta dissertacdo, avaliou-se os efeitos
protetores do probucol e do succinobucol sobre o dano oxidativo
induzido pelo 3-NP em preparacdes mitocondriais de cérebro de ratos,
objetivando-se comparar ambos 0s compostos.

Tanto o probucol como o succinobucol foram capazes de
prevenir o estresse oxidativo induzido pelo 3-NP, mas apenas o
succinobucol foi capaz de proteger contra a disfuncdo mitocondrial
induzida pela toxina. Por outro lado, esses compostos ndo tiveram
nenhum efeito sobre a inibigdo do complexo Il induzida pelo 3-NP.
Esses dados estdo de acordo com os resultados apresentados
anteriormente no artigo 1 desta dissertacdo, onde foi demonstrado que o
probucol é capaz de conter apenas o estresse oxidativo induzido pelo 3-
NP, mas ndo protege a disfungdo mitocondrial.

O efeito protetor do succinobucol evidenciado no presente
estudo estd relacionado, pelo menos em parte, a sua atividade
antioxidante. A inibicdo da SDH pelo 3-NP ¢é responsavel pela geracao
de ERO, podendo causar diminui¢do da funcdo mitocondrial (avaliada
pelo método da reducdo do MTT). As propriedades scavenger do
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succinobucol poderiam proteger esse evento secundario a inibicdo da
SDH devido a sua habilidade de neutralizar espécies reativas geradas
apos a inibicdo do complexo 1. Essa idéia é reforcada pelos dados que
demonstram que o succinobucol previne a disfun¢do mitocondrial
induzida pelo tBUOOH.

No entanto, 0 mecanismo de protecdo do succinobucol parece
ndo estar somente envolvido com as propriedades antioxidantes e
scavenger deste composto, uma vez que o probucol, que apresenta
propriedades similares e que também foi capaz de proteger contra a
geracdo de ERO e peroxidacdo lipidica induzida pelo 3-NP, ndo
protegeu da disfuncdo mitocondrial induzida pela toxina. Uma hip6tese
para explicar esse mecanismo pode estar relacionada a estrututra
quimica desses compostos, onde o succinobucol poderia ser responsavel
por modular proteinas envolvidas na homeostase mitocondrial e,
portanto, ser mais efetivo quando comparado ao probucol devido ao
grupamento succinato presente na sua estrutura. Entretanto estudos
adicionais sdo necessarios para determinar o real mecanismo de
protecdo do succinobucol.

Dessa maneira, o presente estudo evidencia os possiveis efeitos
benéficos que podem ser obtidos pela administracdo do probucol e do
seu analogo succinobucol em modelos experimentais in vivo e in vitro
da DH. Terapias preventivas capazes de aumentar as defesas
antioxidantes ou de reduzir o estresse oxidativo podem ser de extrema
importancia no intuito de retardar a progressdo da DH.

6. CONCLUSOES

1) O 3-NP e 0 AQ, bem como a associa¢do de ambos 0s compostos
em concentracdes sub-toxicas, sdo capazes de induzir um
complexo mecanismo de dano envolvendo comprometimento
metabdlico, formacdo de ERO e estresse oxidativo em fatias
teciduais de estriado de ratos;

2) O probucol foi capaz de modular o estresse oxidativo induzido
pelas trés condicBes acima-mencionadas, 0 que parece ocorrer
devido a sua capacidade antioxidante;

3) O probucol preveniu a perda de peso, as alteragdes motoras e 0
estresse oxidativo induzido pela administragdo de 3-NP, e este
efeito pode ser atribuido, a0 menos em parte, a sua capacidade
de aumentar a atividade da enzima GPx no estriado e no cOrtex
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dos animais, bem como as suas propriedades antioxidante direta
(scavenger) e anti-inflamatdria;

4) O probucol e o sucinobucol preveniram o estresse oxidativo
induzido pelo 3-NP em preparacdes mitocondriais de cérebro de
ratos; além disso, o succinobucol foi capaz de prevenir o dano
mitocondrial induzido pelo 3-NP num mecanismo independente
da inibicdo do complexo II.

7. PERSPECTIVAS

Alguns aspectos relacionados a este trabalho ainda precisam ser

melhor elucidados. Desta forma, algumas perspectivas sdo propostas ao
final desta dissertacéo:

1.

3)

Avaliar o efeito do tratamento com 3-NP sobre marcadores de
sinapses nervosas (niveis da proteina sinaptofisina) em cértex e
estriado de ratos, bem como o papel do pré-tratamento com
probucol;

Investigar a  possivel  contribuicdio  das  propriedades
antiinflamatdrias do probucol no mecanismo de protecdo desse
composto frente a neurotoxicidade do 3-NP através da determinacao
de marcadores de inflamacdo como niveis de TNF-a, interleucina-6
e interleucina-1p, astrécito e microglia ativados;

Avaliar melhor o mecanismo de ac¢éo do succinobucol na protecao
contra o dano mitocondrial induzido pelo 3-NP.
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