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RESUMO

O antioxidante resveratrol, uma fitoalexina encontrada, principalmente em
uvas e também em quantidades significativas em varios tipos de vinho tinto, € um
promissor produto natural, com atividades antitumoral, cardioprotetora e
neuroprotetora. O objetivo do presente estudo foi investigar em células de glioma
C6 o efeito do resveratrol sobre proliferagcdo celular e alguns parédmetros
especificos relacionados a astrocitos (captagdo de glutamato, glutamina sintetase
e secrecao de S100B), comumente associados com o papel protetor dessas
células. Alem disso, foi investigado o efeito genoprotetor do resveratrol em
condigdes de estresse oxidativo induzido por perdxido de hidrogénio (H»O2) em
células C6. A proliferacao celular foi significativamente reduzida apds tratamento
com 100 e 250 uM de resveratrol. Uma rapida incubagao com resveratrol (1 h)
induziu um aumento linear na captagdo de glutamato e na atividade da glutamina
sintetase. O dano ao DNA foi medido pelo ensaio Cometa. Para investigar os
efeitos do resveratrol sobre o dano ao DNA induzido por H,O. utilizou-se dois
modelos de indugdo de estresse oxidativo. A mudanga de parametros gliais pode
contribuir para o papel protetor de astrocitos em condigdes de injuria cerebral,
reforcando o uso deste composto no arsenal terapéutico contra doencas
neurodegenerativas e desordens isquémicas. Resveratrol também foi capaz de
prevenir o dano oxidativo ao DNA celular, provavelmente, devido a suas
propriedades antioxidantes, isto pode ser importante para proteger o DNA em

doencas relacionadas com estresse oxidativo.
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ABSTRACT

The antioxidant resveratrol, a phytoalexin found mainly in grapes and also
substantial amounts in several types of red wine, is a promising natural product
with anticancer, cardio-protective and neuroprotective activities. The objective of
the present study was to investigate in C6 glioma cells, the effect of resveratrol on
cell proliferation, cell death and some specific parameters of astrocyte activity
(glutamate uptake, glutamine synthetase and secretion of S100B) commonly
associated with the protective role of these cells. Furthermore, it was investigated
the genoprotective effects of resveratrol under conditions of oxidative stress
induced by hydrogen peroxide (H20;) in C6 cells. Cell proliferation was significantly
decreased following treatment with 100 and 250 uM resveratrol. Short-term (1 h) of
resveratrol exposure induced a linear increase in glutamate uptake and in
glutamine synthetase activity. DNA damage was assessed by the comet assay.
For investigate the effects of resveratrol against oxidative stress induced by H,O»
on DNA damage, two models of oxidative stress induction were used. Changes in
glial activities can contribute to the protective role of astrocytes in brain injury
conditions, reinforcing the use of this compound in the therapeutic arsenal against
neurodegenerative diseases and ischemic disorders. Resveratrol was able to
prevent oxidative damage to cellular DNA, probably, due to its antioxidant
properties, it may be important in diseases for protecting against DNA damage

through oxidative stress.
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INTRODUCAO
1. Resveratrol

O resveratrol (3,4’,5-triidroxi-trans-estilbeno) (Figura 1), € um polifenol
encontrado naturalmente em frutas e vegetais e possui importantes propriedades

benéficas a saude (Pervaiz, 2004).
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trans-resveratrol

Figura 1. Trans-resveratrol

Os polifendis sédo divididos em duas categorias principais: flavonoides e
nao-flavondides. Os flavondides sdo encontrados em extratos de plantas e frutas e
sdo considerados os mais abundantes polifendis, entretanto os estilbenos’ nao-

flavondides sdo a menor classe, mas com muitos efeitos bioldgicos (Doré, 2005).

O resveratrol foi primeiramente isolado de raizes de Veratrum grandiflorum
em 1940, e posteriormente em 1963 a partir de raizes de Polygonum cuspidatum,
uma planta usada na medicina tradicional chinesa e japonesa (Baur & Sinclair,

2006). Além dessas plantas, o resveratrol esta presente em mais de 70 espécies

! Os estilbenos sdo compostos organicos que contém 1,2- difeniletileno como um grupo funcional
(Doré, 2005).



vegetais, sendo muito abundante em videiras de Vitis vinifera (Jeandet et al,
1991).

O principal significado do resveratrol na biologia da planta consiste em
protegé-la de ataques externos, especialmente infec¢des fungicas e radiagbes UV,
uma propriedade que inclui o resveratrol na classe dos antibiéticos das plantas,
conhecido como fitoalexinas (Langeake et al, 1979; Baur & Sinclair, 2006). O
resveratrol € encontrado principalmente em cascas e sementes de uvas, assim
como em algumas frutas silvestres “berries®” (Soleas et al, 1997). Sao
encontradas duas isoformas de resveratrol, os isbmeros cis e trans. As uvas,
aparentemente, apresentam apenas o isdmero trans, sendo que o vinho apresenta
ambos isdbmeros, devido provavelmente a isomerizacdo de trans a cis pela agao
da luz (Figura 2) (Doré, 2005). O isbmero trans € o principal responsavel pelos

efeitos biolégicos do resveratrol em mamiferos (Soleas et al, 1997).

Isomerizacdo
induzida pela luz

2H
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H
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frans-resveratrol cis-resveratmol

Figura 2. Isomerizagao do resveratrol. Adaptado de Doré, 2005.

2 Berries (do inglés antigo berie): Grupo de pequenas frutas vermelhas comestiveis, como morango
e framboesa, contendo um pericarpo suculento — do dicionario de inglés Collins — Harper Collins
Publishers (1992).



Ha inumeras lendas relatando o consumo e producdo de vinhos pela
humanidade. A Biblia relata que Noé, apds desembarcar de sua arca plantou um
vinhedo do qual fez vinho. Ja os gregos realizavam “Simpdsios” que literalmente
significa “bebendo junto” e dessa forma se reuniam para beber vinho em
ambientes de alegre convivio (Johnson, 1999).

Existem inumeros registros do uso medicinal do vinho pelos gregos.
Hipdcrates fez varias observagdes sobre as propriedades medicinais do vinho, que
sdo citadas em textos da historia da medicina. Galeno escreveu um tratado
denominado “De antidotos” sobre o uso de preparacdes a base de vinho e ervas,
usadas como antidotos de venenos (Johnson, 1999).

Por volta do ano de 1300, é publicado o primeiro livro sobre o vinho: “Liber
de Vinis”, escrito pelo espanhol Arnaldus de Villanova. O livro cita propriedades
curativas do vinho como: restabelecer o apetite e as energias, embelezar a face e
manter a pessoa jovem.

As concentragdes de resveratrol encontradas nos diferentes tipos de vinho
variam em fungéo da infecgédo por fungos, cultivo da uva, origem geografica, tipo
de vinho e praticas enoldgicas (Lamuela-Raventos et al, 1999). Souto et al (2001)
verificou que a média de resveratrol nos vinhos brasileiros fica em torno de 2,57
mg/L, sendo uma das mais altas do mundo. Esses valores, provavelmente devem
ser resultantes da alta umidade dos solos da Serra Gaucha, que favorecem a
proliferagdo de fungos (LangKage & Price, 1976).

Em 1979, Leger et al relatou, apdés um estudo em diversos paises, que o
consumo de vinho estaria correlacionado negativamente com a incidéncia de

doencas cardiacas isquémicas. A populacdo do sul da Franca possuia o menor



indice dessas doengas, apesar da ingestdo de uma dieta rica em gorduras
saturadas. Esta controvérsia originou o termo “Paradoxo Francés” (Renauld &
Lorgeril, 1992). A esse evento atribui-se 0 consumo moderado de vinho tinto pelos
franceses.

Ainda no mesmo ano, logo apdés a demonstracdo dos efeitos
cardioprotetores do vinho, foi descoberta a presenca de resveratrol no vinho
(Siemann & Creasy, 1992). Desde entdo, inumeros trabalhos (Figura 3) tém
mostrado os efeitos benéficos desta molécula, bem como seus mecanismos de

acao e vias de sinalizagao envolvidas.
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Figura 3. Citagdes de resveratrol no PubMed em fung¢&o do tempo. Adaptado

de Baur & Sinclair, 2006.

Entre os inumeros efeitos bioldgicos do resveratrol, destaca-se a alta

capacidade antioxidante, diminuindo a lipoperoxidagdo, atuando como um



sequestrador (scavenger) de espécies reativas de oxigénio (ERO) e diminuindo a
oxidagdo da lipoproteina de baixa densidade (Miller & Rice-Evans, 1995;
Chanvitayapongs et al, 1997; Sinha et al, 2002). Estas propriedades contribuem
para o efeito cardioprotetor do resveratrol e, além disso, ele diminui a agregacgao
plaquetaria (Demrow et al, 1995; Inoue et al, 2003), aumenta a lipoproteina de alta
densidade, possui atividade anti-hipertensiva (Araya et al, 2001; Soares de Moura
et al, 2004) e papel neuroprotetor (Draczynska-Lusiak et al, 1998; Miloso et al,
1999; Virgili & Contestabile, 2000; Sinha et al, 2002).

A atividade antiinflamatdria do resveratrol deve-se a seu efeito inibitorio
sobre as enzimas ciclooxigenases (COX 1 e 2) e lipooxigenase. O resveratrol
reduz as inflamagdes agudas e crbnicas, evitando todas as caracteristicas do
processo inflamatério (Chen et al, 2005).

O resveratrol também exerce atividade antitumoral, inibindo os trés estagios
da carcinogénese: iniciagdo, promog¢ao e progressao (Jang et al, 1997). Ele
também esta envolvido em varias vias de sinalizagdo que regulam o ciclo celular e
apoptose (Signorelli & Ghidoni, 2005), e recentemente foi associado ao aumento
da expectativa de vida em mamiferos, envolvendo uma familia de proteinas

denominadas sirtuinas (Baur & Sinclair, 2006).

2. Gliomas

Os tumores cerebrais representam menos de 2% de todas as neoplasias
malignas, constituindo uma pequena fragdo entre todos os tipos de cénceres
humanos (Kleihues & Cavenee, 2000). Entretanto, eles estdo relacionados a um

prognéstico bastante ruim, podendo desencadear muitos efeitos adversos,



envolvendo desde o sistema locomotor até o cognitivo e raramente levam a
disseminacao sistémica (Taphoorn & Klein, 2004; Mourad et al, 2005).

Os gliomas sédo os tumores mais comuns do Sistema Nervoso Central
(SNC) em humanos, apresentam origem glial e incluem os tumores constituidos,
predominantemente, de células com caracteristicas de astrocitos (astrocitomas),
oligodendrdcitos (oligodendrogliomas), células ependimais (ependimomas), e
misturas de varios tipos de células gliais (por exemplo, oligoastrocitomas) (Dai &
Holland, 2001). Os astrocitomas sao os gliomas mais comuns e, histologicamente,
sao caracterizados por células com citoplasma abundante e forte marcagao para a
proteina glial fibrilar acida (GFAP, do inglés Glial Fibrillary Acidic Protein), que
constitui os filamentos intermediarios de astrocitos. A origem dos astrocitomas
pode ser decorrente da dediferenciacdo® de astrocitos maduros ou da

transformacao das células precursoras astrociticas (Konopka & Bonni, 2003).

2.1. Linhagem de glioma de rato C6

O glioma C6* tem sua origem datada da década de 60 e constitui-se numa
grande fonte de estudos bioquimicos. Ele foi obtido apds injegdes em ratos do
agente alquilante N-nitrosometiluréia (Benda et al, 1968). Esta linhagem é
morfologicamente similar a glioblastomas, quando injetada no cérebro de ratos

neonatos (Auer et al, 1981). A comparagdo de modelos experimentais derivados

3 Dediferenciagéo, um estagio intermediario, em que uma célula especializada torna-se uma célula
mais primitiva, multipotente, para entdo se rediferenciar em um outro tipo celular. ATCC -
American type culture collection, www.atcc.org

* 0 termo “C6” significa células do Clone 6, sexto clone pds agente alquilante (Benda et al, 1971).


http://www.atcc.org/

de C6 indica que tumores gerados de células transplantadas em ratos Wistar
possuem caracteristicas proximas a glioblastomas naturais.

A linhagem C6 constitui-se como uma linhagem neural, apresentando
caracteristicas de oligodendrécitos, astrécitos e neurbnios (Parker et al, 1980),
dependendo do numero de passagensS. A expressao das proteinas gliais GFAP e

S100B atesta o carater astrocitario (Benda et al, 1971).

Embora com algumas limitagdes, 0 modelo de estudo C6 € muito util para
estudar o crescimento, a invasibilidade e a angiogénese de glioblastomas. Estas
células sao também largamente utilizadas em pesquisas visando a regulacao de
fatores de crescimento, bem como inumeras vias de transducédo de sinal (Grobben

et al, 2002; Kim et al, 2006).

Por apresentar caracteristicas de uma célula astrocitaria, a linhagem C6
também ¢é utilizada para investigagdes de caracteristicas bioquimicas e
metabdlicas que envolvam fung¢des astrociticas (Mangoura et al, 1989; Feng et al,

2004; Cechin et al, 2005; Funchal et al, 2005).

3. Astrocitos

Rudolph Virchow foi quem descreveu pela primeira vez, em 1846, a
neuroglia, do inglés nerve glue (por parecer-se com uma cola entre os neurénios),

como um tecido funcional, anatomicamente distinto do neuronal e do conectivo do

> O numero de passagens significa quantas vezes uma populagao de células foi tripsinizada e
semeada novamente, apds o primeiro cultivo. O processo envolve agao de tripsina, uma protease
empregada para ressuspender uma cultura aderida, para poder cultiva-la novamente, ATCC —
American type culture collection, www.atcc.org.


http://www.atcc.org/

SNC (Jacobson, 1991). Hoje, se reconhecem no SNC trés grandes grupos de
células gliais: (1) astrocitos e oligodendrdcitos, ambos de origem ectodérmica, que
formam a macroglia; (2) a microglia, de origem mesodérmica; (3) células

ependimais, de origem ectodérmica (Young, 1991).

Os astrécitos constituem aproximadamente 50% do numero total de células
do SNC. Eles sao divididos em dois tipos: os protoplasmaticos, na substancia
cinzenta (frequentemente ramificados e com largas expansoes) e os fibrosos, na
substancia branca (com menos ramificagdes, cilindricas e longas) (Young, 1991).
Sabe-se que os astrécitos e neurbnios apresentam um sofisticado sistema de
comunicagao reciproca que pode regular a liberagdo de neurotransmissores, a

excitabilidade neuronal e a transmissao sinaptica (Carmignoto, 2000).

As funcbes desempenhadas pelos astrocitos no SNC sao diversas, tais
como: (1) manutencgédo da homeostase de ions extracelulares, especialmente o K™;
(2) metabolismo de neurotransmissores, particularmente o glutamato e o GABA
(acido gama-aminobutirico) (Jessen, 2004; Gee & Keller, 2005); (3) atuam como
guias na migragao de neurdnios nos estagios iniciais do desenvolvimento (McKay,
1989); (4) sintese e liberacao de fatores tréficos e substancias neuroativas para os
neurdnios e para outros astrocitos (Hansson & Ronnback, 1995); (5) participagéo
na resposta imune no cérebro; (6) participacdo na resposta a injurias ao SNC,
tornando-se reativos (gliose reativa®); regulacéo do espaco extracelular através da
variagcdo do volume astrocitico (Kimelberg et al, 1992; Hansson & Ronnback,

1995).

® Gliose reativa se refere a hiperplasia e/ou hipertrofia das células gliais apés injurias ao SNC
formando uma “cicatriz” no local da lesao (Shao & McCarthy, 1994).



4. Marcadores Gliais em Astrocitos e Células de Glioma C6

Como anteriormente citado, os astrocitos participam de varios processos
fisiologicos e metabdlicos responsaveis por manter a homeostase do SNC.
Insultos fisicos e metabdlicos provocam rapidas alteragées nas células gliais e
este fendmeno é denominado gliose reativa, que é caracterizado entre outras
alteragdes, por um aumento na expressao de marcadores gliais tais como GFAP e

S100B (Baydas et al, 2003).

4.1. Proteina Glial Fibrilar Acida (GFAP)

A GFAP é uma proteina estrutural e constitui a subunidade protéica de
filamentos intermediarios do tipo Ill do citoesqueleto glial (Rodnight et al, 1997;
Gomes et al, 1999). A imunoreatividade da GFAP no SNC maduro se restringe
aos astrocitos protoplasmaticos na substancia cinzenta, astrécitos fibrosos na
substancia branca, glia radial no cerebelo (Glia de Bergmann) e em astrocitos
subependimais adjacentes aos ventriculos cerebrais (Eng et al, 2000).
Inicialmente isolada de lesdes cerebrais (placas) de pacientes com esclerose
multipla (Eng et al, 2000), a GFAP é reconhecida e amplamente utilizada como
marcador de astrocitos e de tumores de linhagem astrocitica (Pekny & Pekna,

2004).

A GFAP possui peso molecular aparente de 50 kDa, sendo composta por
trés regides distintas. Uma regido amino-terminal ndo-helicoidal com 35 residuos

de aminoacidos e uma estrutura em conformacéo B que contém oito residuos de



arginina, caracterizando esta regido como basica. Uma regido carboxi-terminal
nao-helicoidal que contém cerca de 50 residuos de aminoacidos € uma estrutura
globular que pode estar envolvida em interacbes da GFAP com outras proteinas.
A regidao central é formada por uma extensa a-hélice cuja sequéncia de
aminoacidos €& conservada em relacdo a outras proteinas de filamentos

intermediarios (Eng et al, 2000; Alberts et al, 2002).

A polimerizagdo da GFAP envolve varios passos (Figura 4). Inicialmente,
um dimero é formado através do pareamento entre dois monémeros idénticos.
Posteriormente, dimeros dispostos antiparalelamente interagem, ou seja, de um
mesmo lado encontramos um terminal carboxi e um amino formando um tetramero
ou protofilamento, dois tetrdmeros se associam e finalmente formam o polimero

(filamento intermediario) (Alberts et al, 2002).

Figura 4. Representacdo esquematica da formacdo de um filamento
intermediario: A) monbémero; B) dimero; C) tetramero formado de dois
dimeros dispostos antiparalelamente; D) dois tetrameros associados; E)

filamento intermediario com 10 nm de didmetro. Segundo Alberts et al, 2002.
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4.2. S100B

A S100B é um membro da familia de proteinas S100, encontrada
principalmente na forma homodimérica (com cerca de 21 kDa). E uma proteina
ligante de calcio do tipo EF-hand (hélice-loop-hélice) com dois sitios de ligagao ao
célcio por monémero (Van Eldik & Wainwright, 2003). Foi isolada ha mais de 40
anos (Moore, 1965) a partir de um extrato de cérebro bovino. Posteriormente
verificou-se que este extrato continha duas proteinas muito similares, a S100A1 e
a S100B, e a mesma foi identificada também em tecidos extracerebrais e hoje sdo
conhecidos 21 membros da familia S100 presentes nos mais diversos tipos
celulares de vertebrados (Donato, 2003) os quais possuem aproximadamente 50%
de homologia na sua sequéncia de aminoacidos (Zimmer & Van Eldik, 1988). As
proteinas da familia S100 receberam esta denominagdo por serem solluveis

mesmo em 100% de sulfato de aménio.

A S100B é produzida e secretada principalmente por astrocitos e exerce
efeitos autdcrinos e paracrinos sobre outras células gliais e neurbnios
apresentando fungbes intra e extracelulares como fosforilacdo de GFAP e
manutengao da integridade do citoesqueleto (Donato, 2003; Frizzo et al, 2004).

A proteina S100B tem um efeito duplo dependente da concentragao, ou
seja, em concentracbes na ordem nM exerce efeito neurotréfico promovendo
crescimento de neuritos, aumentando a sobrevivéncia de neurbnios durante o
desenvolvimento e em situagdes de injuria ao SNC (Tramontina et al, 2002;
Gottfried et al, 2003; Leite et al, 2006) e protegendo neurbnios contra a

excitotoxicidade do glutamato (Ahlemeyer et al, 2000; Tramontina et al, 2006). O
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efeito tréfico também é exercido em astrdcitos. Ja em concentragdes na ordem de
MM exerce efeito neurotéxico induzindo apoptose (Van Eldik & Wainwright, 2003).
Culturas primarias de astrocito e células de glioma C6 sdo comumente
utilizadas para estudar a expressao e a secregao de S100B (Van Eldik & Zimmer,
1987; Pinto et al, 2000; Davey et al, 2000). No entanto, estas células apresentam

diferentes mecanismos de expressao para o gene da S100B (Castets et al, 1997).

4.3. Neurotransmissédo Glutamatérgica

O glutamato é o principal neurotransmissor excitatério do SNC de
mamiferos e exerce um importante papel na plasticidade neural e neurotoxicidade
(Nakanishi, 1992). O glutamato medeia varios processos vitais, tais como:
desenvolvimento das células nervosas, incluindo proliferacdo e migragao
(McDonald & Johnson, 1990), modulagdo de mecanismos de aprendizado e
memoria (Izquierdo & Medina, 1997) e envelhecimento (Segovia et al, 2001). Os
receptores glutamatérgicos (GluRs) tém papel fundamental na plasticidade e no
desenvolvimento neural, bem como nos processos de neurodegeneragao e
transmissao sinaptica. A ativacdo excessiva dos GluRs durante episddios de
estresse cerebral, tais como: isquemia, traumatismo craniano, surtos epilépticos e
doengas neurodegenerativas levam a morte de neurbnios (neurotoxicidade). Os
GluRs estdo envolvidos intimamente na fisiopatologia das fungdes cerebrais
(Nakanishi et al, 1998; Ozawa et al, 1998; Anderson & Swanson, 2000; Loureiro et
al, 2005).

Os GluRs sao divididos em duas classes distintas: receptores ionotropicos e

metabotropicos (Stanimirovic et al, 1999). Os receptores ionotrépicos sado assim
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denominados por serem canais idnicos permeaveis a cations e sdo subdivididos
em N-metil-D-aspartato (NMDA) e ndo NMDA, que compreende os receptores
acido a-amino-3-hidroxi-5-metil-isoxazolenopropionato (AMPA) e cainato. Os
receptores metabotrépicos (mGIuRs) pertencem a uma familia de receptores que
estdo acoplados a proteinas G. A concentragcdo de glutamato no espaco
extracelular determina o grau de ativagao de seus receptores, por isso, € essencial

manter os niveis extracelulares desse neurotransmissor normais.

4.4 Captacao de Glutamato e Atividade da Glutamina Sintetase

O glutamato, apos ser sintetizado, é estocado pelo sistema de transporte
presente nas vesiculas que se encontram no terminal pré-sinaptico. Quando
ocorre a despolarizagdo dos terminais sinapticos glutamatégicos, o glutamato que
se encontra nas vesiculas é liberado para o meio extracelular (fenda sinaptica)
para interagir com seus receptores ionotropicos e/ou metabotropicos que estédo
localizados nas membranas pré e pds-sinapticas e também nas membranas gliais
(Gallo & Ghiani, 2000; Scannevin & Huganir, 2000). Apés, o glutamato € removido
da fenda sinaptica principalmente por sistemas de transporte que sao
dependentes de sdédio, localizados nos neurbnios e principalmente nas células
gliais (Robinson & Down, 1997; Anderson & Swanson, 2000; Danboldt, 2001;
Amara & Fontana, 2002; Gottfried, 2002; Martini et al, 2006). A captacdo
astrocitica € a mais eficiente para manter normal a concentracdo extracelular de
glutamato. Os astrécitos captam glutamato e intracelularmente ele é convertido em

glutamina pela enzima glutamina sintetase (GS). A glutamina é liberada pelos
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astrécitos e captada por neurdnios para ser novamente convertida em glutamato,
ciclo este conhecido como glutamina-glutamato (Matthews et al, 2005).

A glutamina-sintetase € uma enzima chave em duas importantes vias
bioquimicas: no figado a GS catalisa a detoxificagdo da amdnia e no cérebro, além
deste papel, garante a reciclagem do neurotransmissor glutamato, estando

localizada nos astrdcitos (Figura 5) (Matthews et al, 2005).

O yo
£ '
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ATP ADP |
CHo \ j (|:H2
éH—NH; >TH-NH§
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éoo' //f_ﬁx\l COO™

+ -
NH} Pi
Glutamato Glutamina

Figura 5. Reacao catalisada pela enzima Glutamina Sintetase

Atualmente, cinco tipos de transportadores de glutamato dependentes de
sédio estdo bem identificados e caracterizados: GLAST (EAAT1), GLT-1 (EAAT2),
EAAC1 (EAAT3), EAAT4 e EAATS (Amara & Fontana, 2002). Os transportadores
de glutamato localizados nas membranas das células gliais (Figura 6) sao de fato
0s responsaveis pela manutengdo dos baixos niveis extracelulares de glutamato,
garantindo dessa forma a homeostase celular (Andreson & Swanson, 2000;
Tanaka 2000; Amara & Fontana, 2002; Emanuelli et al, 2003; Porciuncula et al,

2004).
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A linhagem celular C6 pode apresentar os seguintes transportadores de
glutamato dependentes de sédio, GLAST, GLT-1 e EAAC1 (Takano et al, 2001).
Também ¢é expresso em C6 o trocador cistina-glutamato independente de sodio
(sistema XC) (Ye & Sontheimer, 1999; Takano et al, 2001). A principal fungédo do
sistema XC é a captacdo de cistina e manutencdo dos niveis de glutationa

intracelulares (Takano et al, 2001).

Glutamatergic synapse Astrocyte Capillary
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Figura 6. Representacdo esquemética de uma Sinapse Glutamatérgica.

Adaptado de Magistretti et al., 1999. PGK, fosfoglicerato cinase.

5. Radicais Livres e Espécies Reativas de Oxigénio

O termo radical livre (RL) refere-se a uma estrutura quimica que possui um

elétron desemparelhado, ou seja, ocupando um orbital atdbmico ou molecular
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sozinho. Isso o torna muito instavel, extremamente reativo e com uma enorme
capacidade para combinar-se inespecificamente com as diversas moléculas
integrantes da estrutura celular ou derivados de cada uma delas (Halliwell &
Gutteridge, 2000). Os RL, em geral séo formados por absor¢ao de radiagao
(ultravioleta ou visivel), por reagcdes redox ou por processos de catalise enzimatica
(Slater, 1984).

Nos mamiferos, sdo produzidos RL de carbono, enxofre, nitrogénio e
oxigénio, mas os que ganham mais destaque devido a reatividade e aos danos
que podem causar sao os radicais derivados do oxigénio. O termo espécies
reativas de oxigénio (ERO) é frequentemente usado para incluir ndo apenas RL de
oxigénio, mas também espécies que nao sao propriamente um RL, mas derivadas
do O3, capazes de gerar RL, como por exemplo o peréxido de hidrogénio (H20-) e
o acido hipocloroso (HCLO), entre outros (Haliwell & Guttridge, 2000).

As ERO e outros RL podem ser produzidos por fontes enddgenas e
exdgenas. Entre as principais fontes enddgenas de RL estdo a cadeia de
transporte de elétrons mitocondrial, a degradacdo de acidos graxos nos
peroxissomos, 0s mecanismos de detoxificagdo mediados pelo complexo
enzimatico citocromo P-450, o processo de fagocitose; entre as exogenas
destacam-se as radiagdes, o cigarro e solventes organicos (Halliwell & Guttridge,

2000).

5.1. Estresse Oxidativo
Os RL formam-se em condigbes fisiolégicas em proporgdes controladas

pelos mecanismos defensivos celulares. Entretanto, em situagbes patoldgicas,
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essa producdo pode aumentar substancialmente. O estresse oxidativo pode
resultar de uma situacdo em que ha uma diminuicdo nos niveis das enzimas
antioxidantes, uma elevada velocidade de producdo de ERO ou uma combinagao

de ambas condigdes (Salvador & Henriques, 2004).

5.2. Perdxido de Hidrogénio (H205,)

Embora o H,O; ndo seja estritamente um RL por definicédo, ele € uma ERO
importante por sua capacidade de gerar radical hidroxila (OH’) em presenga de
metais como ferro (Figura 7). Ele é formado principalmente na matriz mitocondrial,
durante o processo de redugdo do oxigénio, ou pela, dismutagdo do radical

superoéxido pela enzima superdxido dismutase (Fridovich, 1998).

Fe”* + H,0, —> OH + OH + Fe*

Figura 7. Reacado de Fenton

6. Dano ao DNA e Ensaio Cometa

O dano ao DNA produzido por oxidagao € considerado o mais significante
dano oriundo do metabolismo celular. Estima-se que aproximadamente 2x10*
lesdes oxidativas ao DNA ocorram no genoma humano por dia (Ames &
Shigenaga, 1992). Acredita-se que, desta maneira, o reparo destas lesées possua
um papel central na prevengdo do aumento de mutagdes nos organismos Vivos

(Maluf, 2004).
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O excesso de ERO (por ex. H,O,) pode levar a oxidagdo de lipidios,
proteinas e DNA, causando dano as membranas celular e nuclear. O dano
irreparavel ao DNA esta envolvido na carcinogénese, envelhecimento e outras
doengcas degenerativas (Cozzi et al, 1997). Porém, devemos levar em
consideracao que o dano ao DNA pode ser induzido por habitos alimentares e
estilo de vida (McCord & Edeas, 2005).

O Ensaio Cometa € uma técnica simples e rapida para verificarmos de
modo quantitativo, quebras simples e duplas ao DNA (Maluf & Erdtmann, 2000;
Faust et al, 2004). Ostling & Johanson (1984), detectaram via eletroforese o dano
ao DNA induzido por radiacao ionizante, sob condi¢cdes de pH neutro, verificando
apenas quebras duplas ao DNA. Singh et al (1988) propuseram realizar a técnica
sob condicdes alcalinas e assim, detectaram quebras simples e duplas ao DNA.
Atualmente, esta técnica sofreu pequenas modificagdes (Tice et al, 2000), e vem

sendo amplamente utilizada para deteccdo de dano ao DNA.
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OBJETIVOS

Esta dissertacao sera apresentada na forma de capitulos, constituidos de

artigos cientificos, visando atingir os seguintes objetivos gerais:

Capitulo I:
Avaliar a agdo do resveratrol sobre a linhagem celular C6, através de

parametros celulares e gliais.

Capitulo II:
Avaliar o possivel efeito protetor do resveratrol sobre a linhagem C6, apds

insulto com perdxido de hidrogénio, através de parametros moleculares.
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CAPITULO |

RESVERATROL INCREASES GLUTAMATE UPTAKE AND GLUTAMINE

SYNTHETASE ACTIVITY IN C6 GLIOMA CELLS
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Abstract

Resveratrol, a phytoalexin found mainly in grapes, is a promising natural product with anti-cancer and cardio-protective activities.
Here, we investigated, in C6 glioma cells, the effect of resveratrol on some specific parameters of astrocyte activity (glutamate uptake, glu-
tamine synthetase and secretion of S100B, a neurotrophic cytokine) commonly associated with the protective role of these cells. Cell pro-
liferation was significantly decreased by 8% and 26%, following 24 h of treatment with 100 and 250 uM resveratrol. Extracellular S100B
increased after 48 h of resveratrol exposure. Short-term resveratrol exposure (from 1 to 100 uM) induced a linear increase in glutamate
uptake (up to 50% at 100 pM resveratrol) and in glutamine synthetase activity. Changes in these glial activities can contribute to the pro-
tective role of astrocytes in brain injury conditions, reinforcing the putative use of this compound in the therapeutic arsenal against neu-

rodegenerative diseases and ischemic disorders.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Resveratrol; Glutamate uptake; Glutamine synthetase; C6 glioma; GFAP; S100B

Resveratrol (3,4',5-trihydroxy-trans-stilbene), a phyto-
alexin found mainly in grapes and mulberries, is a promising
natural antioxidative, anti-inflammatory and estrogenic prod-
uct [1-3]. Many investigations have sought to understand the
molecular mechanisms of resveratrol and its diverse biological
effects, particularly its cancer chemopreventive [3], cardio-pro-
tective [4-6] and neuroprotective activities [7].

Brain tissue is particularly vulnerable to oxidative dam-
age, possibly due to its high consumption of oxygen and the
consequent generation of high quantities of reactive oxygen
species (ROS)! during oxidative phosphorylation [8]. More-
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U Abbreviations used: GS, glutamine synthetase; ROS, reactive oxygen species;
EDTA, ethylene-diaminetetraacetic acid; FBS, fetal bovine serum; DMEM,
Dulbecco’s modified Eagle’s medium; DAPI, 4’,6'-diamidino-2-phenylindole;
R, resveratrol; PI, propidium iodide; GFAP, glial fibrillary acidic protein.
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over, several enzymes expressed in brain, including mono-
amine oxidase and tyrosine hydroxylase, lead to hydrogen
peroxide formation as a normal by-product of their activ-
ity. Several regions of the brain are particularly rich in iron,
which promotes the production of damaging oxygen-free
radical species. Furthermore, the brain is relatively poorly
endowed with protective antioxidant enzymes or antioxi-
dant compounds. ROS formation has been implicated in
damage to cerebral tissue in several nervous pathologies
such as ischemia-reperfusion injury and neurodegeneratives
disorders [9,10].

Growing evidence indicates the prominent role of astro-
cytes in the defense against oxidative-stress mediated neu-
ronal death [I11]. In fact, co-culture studies show that
astrocytes protect neurons from cell death induced by
hydrogen peroxide and nitric oxide [12-14]. Moreover,
astrocytes provide glutathione precursors to neighboring
neurons [15].
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Although resveratrol has been proposed as a pharmaco-
logical tool for neuroprotection in several models of neuro-
nal injury, there are only a few studies regarding the effect
of this compound on astrocytes, particularly in ischemic
models of injury. Resveratrol is able to prevent interleukin-
6 production in astrocyte cultures exposed to oxygen and
glucose deprivation [16] and, in vivo, resveratrol attenuated
neuronal cell death and astrocyte reactivity in gerbils sub-
mitted to global ischemia [17].

The C6 glioma cell line was originally derived from rat
brain tumors induced with N-nitrosomethylurea [18]. This
cell line has oligodendrocytic, astrocytic and neuronal
properties [19] and are a widely used astrocyte-like cell line
[20-23]. Here, we investigated in C6 glioma cells the effect
of resveratrol on some specific parameters of astrocyte
activity; glutamate uptake, glutamine synthetase (GS) and
S100B secretion, commonly associated with the protective
role of these cells. The effect of resveratrol on cell morphol-
ogy, proliferation and death was also investigated.

Material and methods
Materials

L-’H]Glutamate was purchased from Amersham
International (UK). Resveratrol, monoclonal anti-S100B
(SH-B1), y-glutamylhydroxamate, propidium iodide and
material for cell culture were purchased from Sigma (St.
Louis MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Gibco BRL (Carlsbad, CA,
USA), fetal bovine serum (FBS) from Cultilab (Campinas,
SP, Brazil) and rhodamine-labeled phalloidin from Molec-
ular Probes (OR, USA), polyclonal anti-GFAP from
DAKO, polyclonal anti-S100 from DAKO, 4',6’-diami-
dino-2-phenylindole (DAPI) was from Calbiochem (La
Jolla, CA). All other chemicals were purchased from com-
mon commercial suppliers.

C6 glioma culture and resveratrol treatment

C6 glioma cells (clone 2B) were purchased from the
American type culture collection (Rockville, Maryland,
USA). Late passage cells (i.e. after at least 100 passages)
were seeded in flasks and cultured in DMEM (pH 7.4) sup-
plemented with 5% FBS, 2.5 mg/ml Fungizone® and 100 U/
L gentamicin. Cells were kept at a temperature of 37°C, a
minimum relative humidity of 95% and an atmosphere of
5% CO, in air. Exponentially growing cells were detached
from the culture flasks using 0.05% trypsin/ethylene-
diaminetetraacetic acid (EDTA) and seeded in 24-well
plates (5 x 10° cells/well). After cells reached confluence, the
culture medium was removed by suction and the cells were
incubated for 24 or 48h at 37°C in an atmosphere of 5%
CO,/95% air in DMEM (pH 7.4) without serum in the
absence or presence of resveratrol at indicated concentra-
tions, assuming cells exposed to vehicle (0.25% ethanol) as
controls. It is important to mention that in all parameters

analyzed the results obtained with vehicle were not different
from those obtained in basal conditions without ethanol.
After incubations cells were fixed for labeling studies and
morphological studies were performed using phase contrast
optics.

Cell counting

C6 cells were seeded at 5 x 10° cells/well in 24-well plates
and grown for 24h in DMEM +5% FBS. The culture
medium was removed by suction and the cells were incu-
bated for 24 or 48h at 37°C in an atmosphere of 5% CO,/
95% air in DMEM (pH 7.4) without serum in the absence
(controls) or presence of 1, 10, 25, 50, 100 or 250 uM resve-
ratrol. At the end of this period, the medium was removed,
cells were rinsed with PBS and 200l of 0.05% trypsin/
EDTA solution was added to detach the cells, which were
counted in a Neubauer chamber.

Cell integrity

Total intracellular lactate dehydrogenase (LDH) activity
after resveratrol exposure was determined in lysed cells
with 0.2% Triton X-100 by a colorimetric assay kit (from
Doles, Goiania, Brazil). Cells were treated with resveratrol
at indicated concentrations and incubated for 24 and 48 h.
Additionally, cellular damage was assessed by fluorescent
image analysis (Nikon inverted microscope using a TE-FM
Epi-Fluorescence accessory) of propidium iodide (PI, at
7.5 uM) uptake during 6 h. Optical density was determined
with the Optiquant version 02.00 software (Packard Instru-
ment Company). Density values obtained were expressed as
density light unit.

Nuclear morphology assay

C6 cells were cultured on circular glass coverslips and
treated with or without 100 or 250 uM of resveratrol for
24 or 48 h. The nuclear morphology assay was carried out
and cell cultures were fixed for 20 min with 4% parafor-
maldehyde in phosphate buffer (PBS), stained with
0.2 pg/ml of 4’,6’-diamidino-2-phenylindole (DAPI) for
1 h and visualized under a fluorescent microscope (Nikon
inverted microscope using a TE-FM Epi-Fluorescence
accessory). Apoptotic cells can be morphologically visu-
alized by nuclear shrinkage and chromatin condensation
or fragmentation.

Immunocytochemistry for GFAP

Cells were cultured on circular glass and treated with or
without 100 uM resveratrol for 24 or 48 h, fixed for 20 min
with 4% paraformaldehyde in phosphate-buffered saline
(PBS; 2.9mM KH,PO4, 38mM Na,HPO,-7H,0, 130 mM
NaCl, 1.2mM KCl), rinsed with PBS and permeabilized for
10min in PBS containing 0.2% Triton X-100. To reduce
non-specific background staining the fixed cells were then
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blocked for 1h with PBS containing 0.5% bovine serum
albumin. Immunocytochemistry for GFAP was carried out
as described previously [24]. Briefly, fixed cells were incu-
bated overnight with polyclonal anti-GFAP (1:200) fol-
lowed by peroxidase-conjugated IgG (Amersham, 1:200)
for 2h. Finally, the cells were treated with 0.05% diam-
inobenzidine (Sigma) containing 0.01% hydrogen peroxide
for 20 min. Cells were viewed with a Nikon inverted micro-
scope and images transferred to computer with a digital
camera (Sound Vision Inc. Wayland, MA). All images are
representative fields from at least three experiments carried
out in triplicate.

Glutamate uptake assay

C6 cells were preincubated in the absence (controls) or in
the presence of 0.01, 0.1, 1, 10, 25, 50, 100 or 250 uM resvera-
trol for 1h at 37°C in an atmosphere of 5% CO,/95% air in
DMEM (pH 7.4) without serum. Glutamate uptake was per-
formed as previously described [25] with some modifications.
Briefly, C6 glioma cells were incubated at 37°C in a Hank’s
balanced salt solution (HBSS) containing (in mM): 137
NaCl; 5.36 KCl, 1.26 CaCl,, 041 MgSO,, 0.49 MgCl,, 0.63
Na,HPO,-7H,0, 0.44 KH,PO,, 4.17 NaHCO; and 5.6 glu-
cose, adjusted to pH 7.4. The assay was started by addition of
0.lmM L-glutamate and 0.33 uCi/ml -[2,3-°H] glutamate.
Incubation was stopped after 10min by removal of the
medium and rinsing the cells twice with ice-cold HBSS. The
cells were then lysed in a solution containing 0.5M NaOH.
Radioactivity was measured in a scintillation counter. Final
glutamate uptake was obtained by discounting non-specific
uptake in assays carried out in sodium-free medium, pre-
pared by replacing NaCl with choline chloride in the HBSS.

GS activity

C6 cells were preincubated in the absence (controls) or in
the presence of 0.01, 0.1, 1, 10, 100 or 250 uM of resveratrol
for 1h at 37°C in an atmosphere of 5% CO,/95% air in
DMEM (pH 7.4) without serum. The enzymatic assay was
performed as previously described [26] with some modifica-
tions. Briefly, homogenate (0.1 ml) was added to 0.1 ml of
reaction mixture containing (inmM): 10 MgCl,; 50 L-gluta-
mate; 100 imidazole-HCI buffer (pH 7.4); 10 2-mercap-
toethanol; 50 hydroxylamine-HCI; 10 ATP and incubated
for 15min at 37°C. The reaction was stopped by the addi-
tion of 0.4 ml of a solution containing (in mM): 370 ferric
chloride; 670 HCI; 200 trichloroacetic acid. After centrifu-
gation, the supernatant’s absorbance was measured at
530 nm and compared to the absorbance generated by stan-
dard quantities of y-glutamylhydroxamate, treated with
ferric chloride reagent.

S100B measurement

The culture medium was replaced by DMEM without
serum. S100B was measured after 24 or 48 h in the absence

or in the presence of resveratrol (10, 50, 100 or 250 uM).
Cells were washed and scraped at 24 h for measurement of
intracellular S100B content. ELISA for S100B was carried
out as described previously [27] with modifications. Briefly,
50 ul of sample plus 50 ul of Tris buffer were incubated for
2 h on a microtiter plate previously coated with monoclonal
anti-S1I00B (SH-B1, from Sigma). Polyclonal anti-S100
(from DAKO) was incubated for 30 min and then peroxi-
dase-conjugated anti-rabbit was added for another 30 min.
The color reaction with o-phenylenediamine was measured
at 492 nm.

Protein determination

Protein concentrations were determined as previously
described [28], using bovine serum albumin as standard.

Statistical analysis

Data from the experiments are presented as mean + SE
and were analyzed statistically by one-way analysis of vari-
ance (ANOVA) followed by the Tukey test. Values of
P <0.05 were considered to be significant. All analyses were
carried out in an IBM compatible PC using the Statistical
Package for Social Sciences (SPSS) software.

Results
Effect of resveratrol and C6 glioma proliferation

The anti-proliferative effect of resveratrol was assessed
by incubating pre-confluent cells with resveratrol at indi-
cated concentrations (Fig. 1). Proliferation was signifi-
cantly decreased by 8% and 26%, following 24h of
treatment with 100 or 250 uM resveratrol, respectively
(P<0.01). This effect was more pronounced after 48 h of
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Fig. 1. Influence of resveratrol on C6 cell proliferation. Cells were treated
with resveratrol at indicated concentrations for 24 and 48 h in DMEM
without serum. At the end of the incubation, medium was removed fol-
lowed by addition of 0.05% trypsin/EDTA solution to detach the cells,
which were counted in a Neubauer chamber. The data represent the
means + SE values from three independent experiments performed in trip-
licate. Significant differences from control (0.25% ethanol) values is indi-
cated by *P < 0.01.
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treatment. Proliferation decreased by approximately 14%,
28% and 48%, following 48 h of treatment with 50, 100
and 250puM resveratrol, respectively (P<0.01). It is
important to emphasize that controls were treated with
0.25% ethanol vehicle.

Cell integrity and death

The LDH assay indicated that resveratrol impairs the
membrane integrity only at 250 uM at 24 and 48 h of treat-
ment (Fig. 2). Ethanol per se (at 0.25%) did not cause LDH
loss in C6 cells when incubated for 48 h. PI incorporation
(Fig. 3) was increased by resveratrol exposure only at
250uM for 24 and 48h (about 14 times and 20 times,
respectively). Microscopic observations following DAPI
incubation (Fig. 4) showed that resveratrol at 250 uM (in 24
and 48 h) was able to induce cell death possibly by necrosis,
indicated by the absence of nuclear fragmentation. In order
to confirm absence of cell damage with resveratrol at
100 uM we carried out immunocytochemistry in intermedi-
ate filaments using anti-GFAP antibody (Fig. 5). No altera-
tions were observed in phase contrast and in intermediate
filaments induced by 100 uM resveratrol during exposure
for 24 and 48 h.

Glutamate uptake and GS activity in C6 cells

Basal glutamate uptake under our conditions was
0.2nmol/mg prot/min (Fig. 6) and was not affected by 0.25%
ethanol. Resveratrol from 0.1 to 100uM induced a linear
increase in glutamate uptake (R>*=0.92). Interestingly, at
250uM, resveratrol also induced an increase of glutamate
uptake; however, we observed a decrease when compared to
100 uM resveratrol. It is important to mention that the gluta-
mate uptake measurement was carried out in the first hour of
resveratrol exposure; therefore, the decrease with 250 uM res-
veratrol would not be due to cell death. Basal GS activity
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Fig. 2. Effect of resveratrol on C6 cell damage measured by LDH. This
assay was evaluated by measuring the amount of the remaining intracellu-
lar enzyme, LDH, after resveratrol exposure at indicated concentrations
for 24 and 48 h. The data represent the means + SE values from three
independent experiments performed in triplicate. Significant difference
from control (0.25% ethanol) values is indicated by *P <0.01.

A Control R 100 uM R 250 uM
" -
B -
B 4.0 4
[ Control

= 337 @mRr100puM 1
f=}
Z 304 mR250uM
= *
225
%‘ 20 -
=
< 1.5 1
a
o 1.0 A
G]

0 A .

0.0 T

24 h 48 h

Fig. 3. Influence of resveratrol on membrane integrity measured by propi-
dium iodide (PI) uptake. PI uptake assay was carried out to quantify loss
of membrane integrity after exposure to resveratrol (R) at indicated con-
centrations for 24 and 48 h. (A) Representative fluorescent images with PIL.
(B) Bars are values (mean + SE) from three independent experiments per-
formed in triplicate. Significant difference from control (0.25% ethanol)
values is indicated by *P < 0.01. Scale bar: 50 pm.
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Fig. 4. Effect of resveratrol on nuclear morphology. DAPI staining was
used to visualize nuclear morphology by fluorescence microscope after
exposure to resveratrol at indicated concentrations for 24 and 48 h. Scale
bar: 50 pm.
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Resveratrol 100 pM

Phase contrast

Anti-GFAP

Fig. 5. Representative photomicrographs of C6 glioma cells exposed to
resveratrol. Cells were cultured on circular glass and treated with or with-
out 100 uM resveratrol for 24 and 48 h. Cells were fixed and immuno-
stained with anti-GFAP. Cells were viewed with a Nikon inverted micro-
scope. Images from phase contrast and immuno-stained with anti-GFAP
were transferred to computer with a digital camera (Sound Vision Inc.,
Wayland, MA). All images are representative fields from at least three
experiments carried out in triplicate. Scale bar: 50 pm.
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Fig. 6. Influence of resveratrol exposure on the glutamate uptake from C6
cells. Cells were treated with increasing concentrations (0.01, 0.1, 1, 10, 25,
50, 100 and 250 uM) of resveratrol for 1 h in DMEM without serum. After
this time, the incubation medium was removed and glutamate uptake per-
formed during 10 min as described in Materials and methods. The absence
of ethanol effect (per se) was shown in the inset. The data represent the
mean + SE values from four independent experiments performed in tripli-
cate. Data analyses were performed by linear curve fitting and are
expressed as the percentage change relative to control cells arbitrarily set
at 100%. Significant difference from control (0.25% ethanol) values is indi-
cated by *P <0.05.

(0.36 uM/mg prot/h) was increased by resveratrol at concen-
trations of 10 and 100 uM (Fig. 7). However, at 250 uM, resve-
ratrol was not different from the control. The basal activity of
GS was also not affected by ethanol as well.

Release of S100B protein in C6 cells

Extracellular S100B content was measured at 24 and
48 h of resveratrol exposure. A significant increase in S100B
was observed between 24 and 48 h, independently of resve-
ratrol addition (Fig. 8). Moreover, a significant increment
in this protein was observed after 48 h of resveratrol expo-
sure at concentrations of 100 and 250 uM.
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Fig. 7. Influence of resveratrol exposure on the GS activity from C6 cells.
Cells were treated with increasing concentrations (0.01, 0.1, 1, 10, 100 and
250 uM) of resveratrol for 1 h in DMEM without serum. After this time,
the incubation medium was removed and GS activity assay was per-
formed as described in Materials and methods. The absence of ethanol
effect (per se) was shown in the inset. The data represent the mean + SE
values from four independent experiments performed in triplicate. Data
analyses were performed by linear curve fitting and are expressed as the
percentage change relative to control cells arbitrarily set at 100%. Signifi-
cant difference from control (0.25% ethanol) values is indicated by
*P<0.05.
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Fig. 8. Effects of resveratrol exposure on the S100B release into the
medium in C6 cells. Cells were treated with resveratrol at indicated con-
centrations for 24 and 48 h in DMEM without serum. The data represent
the mean & SE values from four independent experiments performed in
triplicate. (a), Significantly different from respective sample at 24 h. (b),
Significantly different from control (0.25% ethanol). P <0.05.

Discussion

Resveratrol was shown to be effective against ischemic
brain injury and kainic acid-induced seizures or neuronal
cell damage [29] in rodents. The neuroprotection by resve-
ratrol has been mainly attributed to its intrinsic antioxidant
properties. However, their potential pharmacological or
toxicological effects in brain need to be elucidated. In fact,
little is known about the mechanism by which resveratrol
acts on diverse cell types as well as its intracellular targets.
Resveratrol has some structural resemblance with estrogens
and this could explain its estrogenic effect as well as, at least
in part, its anti-inflammatory activity, by binding to estro-
gens receptors [30]. Moreover, resveratrol has a modulatory
activity on cyclooxygenases, lipoxygenases [3] and nitric
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oxide synthase, which could mediate its anti-inflammatory
and anti-cancer effect on specific cell types [31].

Cell proliferation can be modulated, among other fac-
tors, by alterations on the cytoskeleton and extracellular
matrix [32]. In vivo, neuronal-glial interaction is facili-
tated by the characteristic morphology of astrocytes
which in the intact brain are mainly process-bearing cells
where processes typically capsulate neuronal structures
and the cerebral vasculature [33]. Several factors in vitro
have been described regulating glial morphology and
proliferation, including intracellular calcium [34], redox
environment (C. Gottfried, unpublished results), acidifi-
cation and substrate protein environment [24,35]. In our
experimental conditions, resveratrol per se, did not affect
C6 glioma cell morphology. However, we observed a
reduced C6 glioma proliferation following 50 and
100 uM resveratrol exposure for 48 h, which is consistent
with the very well demonstrated anti-proliferative prop-
erties of resveratrol. The mechanism (s) for this growth
inhibitory activity of resveratrol could be due to its abil-
ity to block ribonucleotide redutase [36] or to its antioxi-
dant properties that have also been shown to inhibit
proliferation of hepatic stellate cells [37]. Moreover, res-
veratrol at 250 uM caused cell death probably via a
necrotic process, as indicated by the absence of nuclear
fragmentation in DAPI assay.

Regulation of the glutamate level in the synaptic cleft by
glutamate transporters located mainly in astroglia is critical
to avoid excitotoxic injury. In fact, a number of reports
have shown increased extracellular levels of glutamate in
certain neurodegenerative diseases such as Alzheimer’s dis-
ease, amyotrophic lateral sclerosis, motor neuron disease
and stroke [38]. It is also very well-known that, in these
brain disorders, increases in ROS levels occur, which have
been associated with increased release and decreased
uptake of glutamate [39]. Here, we demonstrate that resve-
ratrol is able to modulate glutamate uptake in C6 glioma
cells. in vitro studies indicate that glutamate uptake by glial
cells is regulated by the surrounding redox environment
and that this uptake activity decreases under oxidizing con-
ditions (see [40] for a review). Therefore, resveratrol could
affect the redox environment of glutamate transporters and
favor their activities, at least in a range from 0.1-100 pM.
Moreover, resveratrol could affect glutamate uptake inde-
pendently of its antioxidant property [41]. Long and short-
term changes in glutamate uptake activity are mediated by
protein kinases [42] and resveratrol could affect such
kinases. In support of this idea, an inhibitory effect of resve-
ratrol on PKC and PKD and phorbol ester-responsive
kinases has been described [43,44]. Moreover, it has been
reported that phorbol 12-myristate 13-acetate quickly
decreases GLT-1 activity, the main glutamate transporter
found in C6 glioma, by inducing rapid transporter internal-
ization [45]. Therefore, resveratrol could increase glutamate
uptake by inhibition of phorbol ester-responsive kinases.
However, the present study did not specifically address the
question of the cellular mechanism through which gluta-

mate uptake is influenced by resveratrol; this aspect
requires further investigation.

Interestingly, resveratrol at 100 pM increased glutamate
uptake by 50%, whilst at 250 uM it only increased by 30%.
This difference was significant, suggesting a biphasic effect.
Accordingly, more recent data provide evidence that,
depending upon its concentrations and cell type, resveratrol
may have opposing effects in some biological parameters,
presenting both anti and prooxidant activity and anti and
proapoptotic effect [3]. In the same vein, we found that res-
veratrol (1-100 uM) increased GS activity in a concentra-
tion-dependent manner (R?>=0.95), whilst 250 pM
resveratrol did not affect GS activity. It is important to
mention that both glutamate uptake and GS assays were
carried out 1 h after resveratrol exposure and, at this time,
the decrease observed would not be due to cell death.

S100B is a calcium-binding protein that is primarily
expressed in the central nervous system by astroglia. The
protein belongs to the S100 family involved in the regula-
tion of cell proliferation and morphology. Besides its intra-
cellular role, S100B is secreted by a unknown mechanism
and exerts regulatory effects on neighboring cells (astro-
cytes, neurons and microglia) depending on its concentra-
tion, being neurotrophic at nanomolar levels and apoptotic
at micromolar levels [46,47]. Primary astrocytes and C6 gli-
oma cell preparations have been used commonly and indis-
tinctly to study S100B expression and secretion [48,49].
However, these cells have different regulatory mechanisms
for the gene expression of the SI00B [50]. We found that
resveratrol exposure (at 100 and 250 uM) increased extra-
cellular S100B content 48 h afterwards. Since no parallel
loss of LDH from C6 cells was observed at 100 uM resvera-
trol it would be reasonable to conceive that resveratrol
affects the mechanism of S100B secretion. However, at
250 uM resveratrol the membrane integrity is lost and
therefore the extracellular S100B, at least in part, is due to
cell leakage. In agreement, we found an increase of PI
incorporation at this concentration of resveratrol.

Many extracellular roles for SI00B have been proposed
(see [46,47] for a review). This protein at nanomolar con-
centration in vitro stimulates neurite outgrowth and neuro-
nal survival [51] and is able to protect hippocampal
neurons against glutamate toxicity [52]. Extending our find-
ings to astrocytes, it would be possible conceive that resve-
ratrol stimulates S100B secretion that in turn stimulates
neuronal survival and activity during brain injury and
recovery.

It is important to mention some limitations and perspec-
tives of this study. First, we have investigated resveratrol at
concentration range from 0.01 to 250 uM. These values
were chosen based on many other recent works [53].
However, there is an apparent discrepancy between the
concentrations used for in vitro resveratrol efficacy (com-
monly 5-100 tM) and the extracellular concentrations (less
than 2 uM in plasma) [54]. Low levels of resveratrol are due
to its fast metabolism in liver and intestinal epithelial cells,
mainly to resveratrol-glucuronide and resveratrol-sulfate
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(see [31] for a review). These conjugations can be reversed
in peripheral tissues and some polyphenols present in the
diet (e.g. quercetin) can inhibit resveratrol glucuronidation
making it difficult to estimate its bioavailability and final
concentration in tissue targets. Second, cultured astrocytes
and C6 glioma cells have been used almost equally to inves-
tigate astrocyte physiology because these cells exhibit many
common biochemical properties [9,20-23]. However, fur-
ther studies extending our findings will be necessary in pri-
mary cultures of astrocytes and in co-culture with neurons.
In summary, we have demonstrated for the first time,
that resveratrol (at 50-100 uM) improves important glial
activities such as glutamate uptake, GS activity and S100B
secretion. Changes in these parameters may contribute to
the protective role of astrocytes in brain injury conditions,
reinforcing the putative use of this compound in the thera-
peutic arsenal against neurodegenerative disorders and
ischemia-reperfusion injury. In contrast, elevated concen-
trations of resveratrol may not have beneficial effects.
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Abstract

The antioxidant compound, trans-resveratrol, is found in substantial amounts in several
types of red wine and has been proposed to have beneficial effects in brain pathologies that
may involve oxidative stress. The objective of the present study was to investigate the
genoprotective effects of resveratrol under conditions of oxidative stress induced by
hydrogen peroxide in C6 glioma cells. DNA damage was assessed by the alkaline single-
cell gel electrophoresis assay or comet assay. In order to investigate the genoprotective
effects of resveratrol against oxidative stress induced by hydrogen peroxide on DNA
damage, two models of oxidative stress induction were utilized. I. I mM hydrogen peroxide
for 0.5 h (10-250 pM of resveratrol) and II. 0.1 or 0.5 mM hydrogen peroxide for 6 h (10-
100 UM of resveratrol). Resveratrol was able to prevent oxidative damage to cellular DNA,
induced in model I, at all concentrations tested; however, at 6 h of incubation, resveratrol
prevented DNA damage only partially. After 6 h of incubation (up to 48 h) resveratrol per
se induced a slight time and dose-dependent DNA damage. In conclusion, these results
provide evidence that resveratrol may act as a significantly bioactive compound, supporting
the possibility that, due to its antioxidant properties, it may be important in health and

disease for protecting against DNA damage through oxidative stress.

Keywords: Resveratrol, genotoxicity, neuroprotection, hydrogen peroxide, comet assay, C6

glioma.



1. Introduction

Resveratrol (3,5,4’-trihydroxy-stilbene, scheme 1), a polyphenol present in grapes and
red wine, has antioxidant proprieties and a wide range of other biological effects (Fremont,
2000; Baur and Sinclair, 2006).

Scheme 1. Chemical structures of trans- and cis-resveratrol isomers.

Many studies now attest the cardioprotective (Das et al, 2006; Stef et al,2006; Shen et
al, 2006) and chemopreventive (Pervaiz, 2004; Signorelli and Ghidoni, 2005; Delmas et al.,
2006) effects of this compound. In addition, epidemiological evidence shows that moderate
consumption of red wine is inversely correlated with the incidence of dementia and
Alzheimer's disease (Tredici et al.,, 1999; Marambaud et al., 2005). Furthermore, direct
neuroprotective effects of resveratrol against oxidative stress have been demonstrated in
vitro (Chanvitayapongs et al., 1997; Savaskan et al, 2003). The underlying mechanisms of
the neuroprotective action of resveratrol, however, are not fully understood. We recently
demonstrated that resveratrol is able to modulate glial parameters such as glutamate uptake,
glutamine synthetase and S100B secretion in C6 glioma cells (Dos Santos et al., 2006) and
in primary astrocyte cultures (L.M.V. Almeida — unpublished results). Brain tissue is
particularly vulnerable to oxidative damage, possibly due to its high consumption of
oxygen and the consequent generation of high quantities of reactive oxygen species (ROS)
during oxidative phosphorylation (Castanet et al., 1999). Several regions of the brain are
particularly rich in iron, which promotes the production of damaging oxygen free radical
species such as °OH radicals (Halliwell and Gutteridge 1989). Furthermore, the brain is
relatively poorly endowed with protective antioxidant enzymes or antioxidant compounds.
ROS formation has been implicated in damage to nervous tissue in several brain

pathologies, such as ischemia-reperfusion injury and neurodegenerative disorders (Rego



and Oliveira, 2003; Manton et al., 2004). Excessive ROS (e.g, hydrogen peroxide - H,O;)
can lead to lipid, protein and DNA oxidation, causing cell damage to all cellular
constituants. Irreparable DNA damage is involved in carcinogenesis, aging and other
degenerative diseases (Cozzi et al, 1997).

Several enzymes expressed in brain, including monoamine oxidase and tyrosine
hydroxylase, lead to H,O, formation as a normal by-product of their activity. Putative
signaling pathways, activated by resveratrol in neural cells, have now been demonstrated in
neuroblastoma cell lines, where the phosphorylation of some key kinases has been shown to
occur within minutes of exposure to resveratrol (Miloso et al., 1999). The actions of
resveratrol on protein kinases appear to be complex: it activates extracellular regulated
kinases ERK1 and ERK2 (Miloso et al., 1999; Alkhalaf and Jaffal, 2006), while inhibiting
protein kinase C (PKC), a mediator of cancer cell proliferation (Atten et al., 2005).

The C6 glioma cell line was originally derived from rat brain tumors induced by N-
nitrosomethylurea (Benda et al., 1968); these cells have oligodendrocytic, astrocytic, and
neuronal properties (Parker et al., 1980) and are widely used as an astrocyte-like cell line
(Mangoura et al., 1989; Feng and Zang, 2004; Cechin et al., 2005; Funchal et al., 2005; Dos
Santos et al., 20006). In this study, the effects of resveratrol on H,O,-mediated DNA damage
in C6 glioma cells were determined using alkaline single-cell gel electrophoresis (the comet
assay).

2. Material and Methods

2.1. Materials: trans-resveratrol, propidium iodide, ethidium bromide and material for
cell culture were purchased from Sigma (St. Louis MO, USA). Dulbecco’s modified

Eagle’s medium (DMEM) was purchased from Gibco BRL (Carlsbad, CA, USA) and fetal



bovine serum (FBS) was from Cultilab (Campinas, SP, Brazil). All other chemicals were
purchased from regular commercial suppliers.

2.2. C6 glioma culture and resveratrol treatment

C6 glioma culture was performed essentially accordingly to the procedure previously
described (Dos Santos et al., 2006). After cells reached confluence, the culture medium was
removed by suction and the cells were incubated for 1, 6, 12, 24 or 48 hours at 37°C in an
atmosphere of 5% CO, / 95% air in DMEM (pH 7.4) without serum in the absence or
presence of resveratrol (10, 50, 100 or 250 pM), taking cells exposed to vehicle (0.25%
ethanol) as controls. The concentrations of resveratrol used in these experiments were
obtained from previous determinations (Dos Santos et al., 2006). Importantly, in all
parameters analyzed, the results obtained with vehicle were not different from those
obtained in basal conditions without ethanol.

2.3. Hydrogen peroxide treatment

In order to investigate the protective effects of resveratrol against oxidative stress
induced by H;0,, two models of oxidative stress induction were used. Before H,O,
exposure, cells were pre-incubated with different concentrations of resveratrol (10, 50, 100
or 250 uM) for 1 h at 37°C in an atmosphere of 5% CO,/ 95% air in DMEM (pH 7.4)
without serum. After this, the medium was maintained and H,O, was added as follows:
MODEL I - 1 mM H,0, for 0.5 h (in the presence or absence of 10, 50, 100 and 250 uM of
resveratrol) and MODEL 1II - 0.1 or 0.5 mM H,O, for 6 h (in the presence or absence of 10,
50 and 100 pM of resveratrol). During incubations, cells were maintained at 37°C in an
atmosphere of 5% CO,/ 95% air.

2.4. Morphological studies and propidium iodide uptake in C6 glioma cells.



During treatments, cells were analysed and photographed with a Nikon inverted
microscope phase-contrast optics. Cellular damage was assessed by fluorescent image
analysis using the propidium iodide (PI) method (Pringle et al., 1996), which measures the
incorporation of PI by the cells. Cells were treated with 7.5 UM PI concomitantly with
H,0, addition and maintained until the end of incubation, after which cells were analysed
and photographed with a Nikon inverted microscope using a TE-FM Epi-Fluorescence
accessory. Optical density was determined with the Optiquant version 02.00 software
(Packard Instrument). Density values obtained were expressed as the density light unit
(DLU).

2.5. Comet assay

A standard protocol for comet assay preparation and analysis was adapted (Singh et al.,
1988; Tice et al., 2000). After different treatments as described above, C6 glioma cells were
detached by incubating in the presence of trypsin/EDTA 0.05%. During trypsinization, cells
were carefully manipulated to avoid mechanical stress. Slides were prepared by mixing 50
ul of C6 glioma suspension with 70 pl of low melting point agarose (0.75%). The mixture
(cells/agarose) was added to a fully frosted microscope slide coated with a layer of 300 pl
of normal melting agarose (1%). After solidification, the cover slip was gently removed,
and the slides were placed in lysing solution (2.5 M NaCl, 100 mM disodium EDTA and 10
mM Tris, pH 10.0, with freshly added 1% Triton X-100 and 10% dimethyl sulfoxide) for
up to 24 h. Subsequently, the slides were incubated in freshly prepared alkaline buffer (300
mM NaOH and 1 mM EDTA, pH 12.6) for 10 min and electrophoresed. Following
electrophoresis, slides were immersed in neutralizing buffer (0.4 M Tris-HCI, pH 7.5, 4°C)

for 5 min, before finally applying 50 uL of 5 pg/mL ethidium bromide to them and leaving



in the dark for 20 min to stain the DNA. Negative and positive controls were used for each
electrophoresis assay in order to ensure the reliability of the procedure. Images of 100
randomly selected nuclei (50 nuclei from two replicated slides) were analyzed for each
treatment. Nuclei were scored visually for comet tail size based on an arbitrary scale of 0-4,
i.e., ranging from no damage to extensive damage of DNA (Scheme 2). Thus, a group
damage index could range from 0 (all nuclei without tail, 100 cells x 0) to 400 (all nuclei
with maximally long tails, 100 cells x 4) (Collins et al. 1996; Collins et al. 1997).

Scheme 2. Representative images of tail sizes indicating DNA fragmentation used to
calculate index of DNA damage. During electrophoresis any relaxed or broken DNA
fragments migrate further than supercoiled, undamaged DNA. Slides were viewed on a
Nikon inverted microscope using a TE-FM Epi-Fluorescence accessory and images were
transferred to a computer with a digital camera (Sound Vision Inc. Wayland, MA).

2.6. Statistical analysis. Data from the experiments are presented as mean + S.E.M.
and were analyzed statistically by one-way analysis of variance (ANOVA) followed by the
Tukey’s test. Values of P < 0.05 were considered to be significant. All analyses were
carried out on an IBM compatible PC, using the Statistical Package for Social Sciences
(SPSS) software.

3. Results

3.1. Effect of resveratrol on DNA damage in C6 glioma cells

As shown in Fig. 1 A, resveratrol per se induced slight DNA damage in a time and dose-
dependent manner. Interestingly, the same profile was observed with regard to the
percentage of nuclei with an index of damage 4, as shown in Fig. 1B (see the description of

the comet assay and scheme 2 in the Material and Methods section for a better



understanding of the different degrees of DNA damage used to calculate the index of DNA
damage). During the first six hours of resveratrol incubation, C6 glioma cells presented a
very low index of DNA damage (up to 42 + 1.25 — Fig. 1A) and an insignificant percentage
(up to 2% - Fig. 1B) of damage 4, the highest degree of DNA fragmentation. It should be
pointed out that it was not possible to measure the index of DNA damage at 48 h with 250
MM resveratrol due to the presence of cell death in agreement with our previous results
(Dos Santos et al., 2006).

3.2. Cell morphology and membrane integrity evaluation under conditions of
oxidative stress induced by H,O; in C6 glioma cells

C6 cells were morphologically analysed by phase contrast microscopy after different
exposure times of exposure to H,O,, as indicated in Fig. 2. Under basal culture conditions,
as demonstrated previously (Funchal et al., 2006), C6 glioma cells presented a rounded
appearance, and this characteristic shape was not altered even in control medium containing
0.25% ethanol vehicle (Fig. 2A panel d) or different times of exposure to resveratrol (Fig.
2A, panels a and g). Importantly, 0.25% ethanol did not alter basal morphology (data not
shown) in model I of DNA oxidative damage. Fig. 2A, panels b, e, h show H,O,-induced
morphological alterations in C6 cells, consisting of process-bearing cells, as indicated by
the arrows, and resveratrol was not able to prevent this effect (Fig. 2A, panels c, f, 1). In
order to confirm the absence of cell death in all parameters investigated in both models of
H;0;-iduced DNA damage, cell integrity was evaluated by PI uptake. There was no cell
integrity alteration, as observed by density values indicated in each panel (Fig 2B).

3.3. Genoprotective effects of resveratrol against H,O-iduced DNA damage in C6

glioma cells



For model I of treatment, the index of DNA damage observed when C6 glioma cells
were incubated in the presence of H,O, without resveratrol was 39 + 2.05 (Fig. 3A). In this
model, resveratrol was able to almost totally prevent oxidative damage to cellular DNA
induced by H,O, at all concentrations tested (P< 0.05). However, for model II, the effective
concentrations of resveratrol against oxidative 0.1 mM H,0,-induced DNA damage (73 +
2.56) ranged from 50 to 100 pM (29 £ 1.88 and 31 + 1.99, respectively). However, in the
presence of 0.5 mM H,O,, resveratrol presented a partial dose-dependent prevention of
H,0,-induced DNA damage (89 * 2.89) in C6 glioma cells (Fig. 3A). Interestingly, the
percentage of nuclei containing damage 4 (Fig. 3B) showed the same profile as the DNA
damage index determined in Fig. 3A. It should be pointed out that this comparative analysis
was also described in Fig 1.

4. Discussion

The present results constitute, to our knowledge, the first evidence of a neuroprotective
role of resveratrol against oxidative DNA damage evaluated by the comet assay. H,O, is
the major mediator of oxidative stress and a potent mutagen. Large quantities of H,O, can
be generated by the respiratory chain and several other metabolic pathways. Moreover,
activated inflammatory cells (e.g. microglia) are able to produce this molecule via the
oxidative burst mechanism. Although this peroxide is a weak oxidant, it can be converted,
in the presence of reduced transition metals such as ferrous and cuprous ions, to highly
reactive hydroxyl radicals that are believed to mediate the genotoxicity of this compound
(Halliwell and Gutteridge 1989).

Model I of H,0O, exposure was used to induce an intense (1 mM peroxide) and acute (30

min) damage. Cells pretreated with resveratrol (for 1 h) were fully protected from peroxide



damage. Model II of H,O, exposure was used to induce a less intense (0.1-0.5 mM
peroxide), but lasting (6 h) damage. Pre-incubation with resveratrol at 10 UM was not able
to prevent DNA damage induced by peroxide, but at 50-100 UM, resveratrol was
protective. However, caution is necessary to interpret results of the comet assay. This assay
is very sensitive for detecting low levels of DNA damage, but this damage is usually not
necessarily correlated with cell viability (Brendler-Schaab et al, 2005). In fact, based on PI
uptake, cell integrity was maintained under our models (I and II) after oxidative insult.

Our results support the idea that resveratrol has a potential role for neuroprotection in
vitro and could be beneficial in brain disorders involving oxidative stress. In
neuropathologies, as well as in the natural process of aging, the involvement of oxygen free
radical overproduction is strongly suspected as a major factor related to the progressive
derangement from normal function (Beckman and Ames, 1998) and could involve several
mechanisms of cell signaling.

The effect of resveratrol per se on DNA damage was clear, depending on its
concentration and time of incubation. Accordingly, many other data suggest that, depending
upon its concentration and the cell type, resveratrol and other antioxidants in the diet may
have opposing effects on some biological parameters, presenting both anti- and pro-oxidant
activities and anti- and pro-apoptotic effects (Pervaiz, 2004). Recently, we showed that
resveratrol was able to stimulate glutamate uptake activity in C6 glioma cells up to 100
MM, but it decreased this activity at 250 pM (Dos Santos et al., 2006).

Many protein targets of ROS are involved in the regulation of cell morphology,
including G proteins and protein kinases (Zhu et al, 2005; Ben-Mahdi et al, 2000).

Alterations in C6 glioma cell morphology were induced by H,O,; however, resveratrol (at



antioxidant concentrations) was not able to reverse the changes putatively caused by
oxidative stress. Furthermore, resveratrol did not induce any morphological changes in C6
cells at pro-oxidant concentrations, suggesting that the effect observed on morphology is
not exclusively due to changes in the redox state of these cells.

A recent study on astrocytes showed that H,O, triggers the phosphorylation of the p38
mitogen-activated protein kinase (MAPK) leading to cytoskeleton reorganization (Zhu et
al, 2005). The signaling pathway involved in the cytoskeleton reorganization of C6 cells is
not known, but if p38 is activated by H,O,, resveratrol may not be able to reverse this
activation. Since resveratrol activates p38 MAPK, at least in cardiocytes (Das et al, 2006)
and human malignant B cells (Shimizu et al, 2006), blockage of such alterations, induced
by peroxide, that also involve the activation of this protein kinase would not be possible.

Another important signaling system is the protein kinase C (PKC) system, a family of
12 serine/threonine kinases, which play a central role in the growth factor signal
transduction pathway and regulate a wide variety of cellular functions, including cell
proliferation and cell death (Nishizuka, 1994; Koivunen et al., 2006). Neuroprotective
abilities have been attributed to resveratrol, since protection against nitric oxide-related
toxicity in cultured hippocampal neurons could involve PKC inactivation (Bastianetto et
al., 2000). Several members of the PKC system serve as substrates for caspases and the
PKC9d isozyme has been intimately associated with DNA damage-induced apoptosis. It has
also been demonstrated that PKCO is likely to be involved in resveratrol-mediated
neuroprotection (Han et al., 2004). In addition, the function of PKCd may be influenced by
the presence of other PKC isozymes, such as PKCa (Matassa et al, 2003), and resveratrol

appears to also exert an inhibitory effect on PKCa (Slater et al., 2003). Thus, this inhibitory



effect of resveratrol against DNA damage in C6 glioma cells could be explained by the
antioxidant properties of resveratrol that probably inhibit the action of PKC® and/or
modulate the signaling processes of this enzyme. In this scenario, the inhibitory effects of
resveratrol on PKC activities are likely to be important determinants in the mechanisms by
which resveratrol exerts its beneficial effects on cellular function and deserves further
investigations.

Two limitations of this study must be mentioned. First, we investigated resveratrol at a
concentration range of 10 to 250 UM based on other in vitro assays; however, plasmatic
levels of this polyphenol are many times lower (Gescher and Steward, 2003). Secondly,
although we found a promising benefit of resveratrol against oxidative damage in C6 cells,
these results cannot be automatically extended to other neural cells, such as neurons;
additional investigation into the neuroprotective activity of resveratrol against oxidative
DNA damage in other experimental models and cell types is required.

In summary, our results from model I indicate an effective protective effect of
resveratrol (at concentrations between 10 and 100 pM) against oxidative DNA damage,
induced by H,0O,, in C6 glioma cells. Its protective effect was observed in two in vitro
models involving different treatment with H>O,. Moreover, longer exposure (more than 12
h) of resveratrol at a higher concentration (250 UM) caused an increase in DNA damage.
This study contributes to further the understanding of the neuroprotective role of
resveratrol, emphasizing the influence of this polyphenol and other antioxidants in the diet
for human heath, possibly in the prevention of brain disorders associated with oxidative

stress.
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LEGENDS

Figure 1. Effect of different concentrations of resveratrol on DNA damage in C6
glioma cells. Cells were incubated for different times (1-48 h) in the presence of different
concentrations (10, 50, 100 and 250 pM) of resveratrol. The extent of damage to DNA was
assessed by the comet assay and the index of DNA damage (A) was calculated as described
in Material and Methods. (B) Percentage of damage 4 in the same treatments shown in A.
Data represent the mean + S.E.M. of the eight experimental determinations performed in
duplicate. Significant differences from control (0.25% ethanol) values are indicated by *P<
0.05.

Figure 2. Representative photomicrographs of C6 glioma cells exposed to resveratrol
and H,O; and membrane integrity, measured by propidium iodide (PI) uptake. Cells
were pre-incubated for 1 h in the presence of different concentrations of resveratrol (as
indicated above) before the addition of H,O,. Oxidative damage was induced with 1 mM

H,0, for 0.5 h, co-incubated with 250 UM resveratrol (Model I) or with 0.1 or 0.5 mM
H,O; for 6 h, co-incubated with 100 pM resveratrol (Model II). After incubation, cells were
fixed and phase contrast images (A) were recorded as described in the Material and
Methods section. Original images were adjusted by increasing the contrast. All images are
representative fields from at least four experiments. Scale bar: 50 pm. (B) Representative
fluorescent images with PI in the same order as treatments shown in Fig. 2A. Values
indicated in each panel are means + S.E.M from four independent experiments. Res,
resveratrol. Scale bar: 50 um.

Figure 3. Inhibitory effect of resveratrol on H;O,-induced DNA damage in C6 glioma

cells. Cells were pre-incubated for 1 h in the presence of different concentrations of



resveratrol (as indicated above) before the addition of H,0O,. Oxidative damage was
induced with 1 mM H,O, for 0.5 h, co-incubated with 10, 50, 100 or 250 UM resveratrol
(Model I) or with 0.1 or 0.5 mM H,0, for 6 h, co-incubated with 10, 50 or 100 uM
resveratrol (Model II). (A) Index of DNA damage. The extent of damage to DNA was
assessed by the comet assay and calculated as described in Material and Methods. Data
represent means = S.E.M. of the eight experimental determinations performed in duplicate.
a, significant differences from control (0.25% ethanol) values; b, significantly different
from 50 UM resveratrol in the presence of 0.5 mM of H,0O, (P<0.05). (B) Percentage of
damage 4 in the same treatments shown in A. Lines indicate index of DNA damage in the

control samples.
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DISCUSSAO

Nas duas ultimas décadas foram estudadas muitas propriedades biolégicas
de produtos naturais. Consequientemente, muitos destes compostos apresentaram
um excelente potencial terapéutico, entre eles o resveratrol. Entre os inumeros
efeitos biolégicos do resveratrol, encontrado em uvas e “berries” e também no
vinho tinto (Pervaiz, 2004), destacam-se as atividades antioxidante,
antiinflamatadria, cardioprotetora, antitumoral e neuroprotetora (Fremont et al, 1999;
Pervaiz, 2004; Signorelli & Ghidoni, 2005; Baur & Sinclair, 2006).

A linhagem celular C6 tem sido amplamente utilizada em modelos de
estudo para o melhor entendimento dos mecanismos fisioldgicos e bioquimicos de
diversas moléculas. Por ser considerada uma linhagem com caracteristicas
astrociticas, foi utilizada neste trabalho como modelo de astrocito, sendo alvo do
polifenol resveratrol. Dessa forma, analisamos o efeito per se do resveratrol, bem
como parametros indicativos de atividade protetora neural.

Assim, esta dissertacéo esta dividida em dois capitulos. O primeiro capitulo
trata da agao do resveratrol sobre o glioma C6, avaliando parametros celulares,
(como proliferagdo e morte celular) e gliais (como captagdo de glutamato,
atividade da enzima GS e secrecdo de S100B). Ja o segundo capitulo, aborda o
papel protetor do resveratrol contra o dano oxidativo ao DNA induzido por H,O,
através do ensaio Cometa.

Numerosos estudos demonstram o efeito protetor do resveratrol contra
isquemia cerebral, indugcdo de dano por acido cainico ou dano neuronal em

roedores (Virgili & Contestabile, 2000; Ates et al, 2006). O efeito neuroprotetor do

55



resveratrol tem sido atribuido, principalmente, as suas propriedades antioxidantes.
Entretanto, seu potencial papel farmacolégico ou seus efeitos toxicolégicos no
cérebro necessitam mais esclarecimento. Pouco se sabe sobre o0 mecanismo pelo
qual o resveratrol atua em diferentes tipos celulares, assim como seus diferentes
alvos intracelulares. O resveratrol tem uma estrutura semelhante aos estrogénios,
e isso pode explicar seu efeito estrogénico e em parte, sua atividade
antiinflamatadria pela ligagdo aos receptores estrogénicos (Jannin, et al, 2004). No
entanto, o resveratrol modula a atividade das ciclooxigenases, lipooxigenases
(Pervaiz, 2004) e oxido nitrico sintase, a qual pode mediar efeitos antiinflamatdrios

e antitumorais em alguns tipos celulares (Signorelli & Ghidoni, 2004).

A proliferacdo celular pode ser modulada entre outros fatores, por
alteragdes no citoesqueleto e matriz extracelular (Wozniak et al, 1994). In vivo, a
interagcdo neurdnio-glia € facilitada pelas caracteristicas morfolégicas dos
astrocitos (Ventura & Harris, 1999) e in vitro, varios fatores tém sido descritos na
regulagdo da morfologia e proliferagédo glial, incluindo o calcio intracelular (Alberdi
et al, 2005), o desequilibrio redox (C. Gottfried, dados ndo publicados), a
acidificacdo do pH intracelular e o tipo de substrato de adesao celular (Cechin et
al, 2002; Gottfried et al, 2003). Em nossas condigdes experimentais, o resveratrol
nao afetou a morfologia celular do glioma C6, demonstrado através de
imunocitoquimica para filamentos intermediarios, onde nenhuma alteracédo de
GFAP foi observada, apds exposicao de 100 uM de resveratrol por 24 e 48 h.
Entretanto, observou-se uma reducio na proliferacdo celular, nas doses de 50 e

100 uM de resveratrol apds 48 horas de exposigéo (Figura 1, Capitulo 1), o que é
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consistente com as propriedades anti-proliferativas do resveratrol ja descritas na
literatura. A atividade inibitéria do resveratrol sobre a proliferagdo celular pode
ocorrer devido a sua habilidade em bloguear a ribonucleotideo redutase’
(Fontecave et al, 1998), ou pela sua propriedade antioxidante®, capaz de inibir a
proliferacdo de, por exemplo, células hepaticas (Kawada et al, 1998). Ja na
concentracdo de 250 uM, o resveratrol causou morte celular, provavelmente por
um processo de necrose, uma vez que nao houve irregularidade na morfologia
nuclear, observada através do ensaio com o fluoréforo DAPI (Figura 4, Capitulo I).

A regulagao dos niveis de glutamato na fenda sinaptica, por transportadores
de glutamato localizados principalmente nos astrécitos, € critica para evitar
excitotoxicidade neuronal. Varios artigos mostram um aumento extracelular nos
niveis de glutamato em certas doencas neurodegenerativas, como Alzheimer,
esclerose lateral amiotréfica e acidente vascular cerebral (Campiani et al, 2003).
Sabe-se também que essas desordens cerebrais aumentam os niveis de ERO e
isto tem sido associado ao aumento da liberacdo e queda na captacdo de
glutamato (Bowling & Beal, 1995). O resveratrol foi capaz de modular a captagao
de glutamato em células de glioma C6, indicando que a captacdo de glutamato em
células gliais pode ser regulada pelo papel antioxidante deste polifenol, uma vez
que condigdes oxidantes podem induzir diminuicdo na captagdo de glutamato
(Trotti et al, 1998). Assim, o resveratrol, nas concentragcdes entre 0,1 — 100 uM,

poderia estar modulando o estado redox dos transportadores de glutamato,

" O resveratrol sequestra radical tirosil, que é essencial para a proteina ribonucleotideo redutase,
inibindo, dessa forma, a sintese de desoxiribonucleotideos.

® O resveratrol inibe a proliferagcdo de células hepaticas, alterando vias de transdugdo de sinal,
como MAPK e reduzindo os niveis de ciclina D1, uma proteina do ciclo celular.
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favorecendo sua atividade. Além disso, o resveratrol também poderia estar
modulando a captagdao de glutamato independente de suas propriedades
antioxidantes (Ovesna & Horvathoya-Kozics, 2005). J& é bem descrito que
mudancgas na captagado de glutamato sdo mediadas por proteinas cinases (Guillet
et al, 2005) e neste caso, o resveratrol poderia estar modulando essas cinases.
Foi demonstrado por Slater e colaboradores (2003), que o resveratrol foi capaz de
inibir PKC e PKD. Além disso, sabe-se que o forbol 12-miristoil 13-acetato, um
ativador de PKC dependende de caélcio e diacilglicerol, diminuiu a atividade de
GLT-1, um dos transportadores de glutamato encontrado em células C6, por
induzir rapidamente a internalizagcado do transportador, indicando que a PKC pode
regular negativamente a captacdo de glutamato (Kalandadze et al, 2002). Dessa
forma, o resveratrol poderia estar aumentando a captagao de glutamato por inibir a
PKC. O resveratrol aumentou a captagao de glutamato em 50% na dose de 100
MM, j& com 250 yM o aumento foi de apenas 30%. Essa diferenga pode sugerir um
efeito bifasico do resveratrol, dependendo da dose. Recentemente, alguns artigos
tém mostrado que o efeito do resveratrol € dependente da concentracdo e tipo
celular, podendo apresentar efeitos opostos em alguns parametros biolégicos
como atividade anti- e pro-oxidante e anti- e pré-apoptotica (Pervaiz, 2004).

O resveratrol também teve efeito sobre a enzima GS, aumentando sua
atividade nas concentragdes de 10 a 100 uM, de maneira dose-dependente,
enquanto que 250 uM de resveratrol ndo afetou a atividade da GS (Figura 7,
Capitulo 1). E importante mencionar que ambos os ensaios de captagdo de
glutamato e da atividade da GS foram feitos apds 1 h de exposi¢cado ao resveratrol

e neste periodo ndo houve morte celular em nenhuma das concentragbes
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testadas, portanto, o efeito negativo sobre estes dois parametros com a
concentracido de 250 uM nao se deve a morte celular.

A proteina S100B possui atividades intra e extracelulares, sendo sua
atividade extracelular dependente da sua concentracdo. Em concentracées nM
exerce papel neurotréfico e na ordem de uM apresenta efeito apoptético (Donato,
2003). A exposicao de resveratrol nas concentragdes de 100 e 250 uM, por 48
horas em células C6 aumentou o conteudo extracelular de S100B (Figura 8,
Capitulo I). Através da atividade intracelular da enzima lactato desidrogenase
(LDH) observou-se que resveratrol somente alterou a integridade celular na
concentragao de 250 uM, tanto em 24 quanto em 48 horas de exposigao (Figura 2,
Capitulo 1). Assim, apenas a concentragdo de 100 uM de resveratrol afetou o
mecanismo de secrecdo de S100B, enquanto na concentragcao de 250 uM, devido
a perda da integridade da membrana o aumento na secregédo de S100B foi devido
ao extravasamento celular. Confirmando os dados obtidos pela medida do
conteudo intracelular de LDH, a marcacao com iodeto de propidio mostrou morte
celular somente na concentracéo de 250 uM de resveratrol (Figura 3, Capitulo ).
De acordo com dados de outros autores, a morte celular em C6 induzida por
resveratrol ocorre por necrose (Michels et al, 2006). Portanto, os resultados
obtidos com iodeto de propideo, juntamente com o resultado obtido com DAPI,
indicam mais uma vez que a morte celular induzida por resveratrol em C6 & por
necrose e ndo por apoptose.

Conforme ja descrito, concentracées nanomolares de S100B estimulam o
crescimento de neuritos, a sobrevivéncia neuronal (Winningham et al, 1989) e a

protecao contra a toxicidade induzida pelo glutamato em neurénios de hipocampo
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(Kogel et al, 2004). Desta forma, nossos resultados inferem que o aumento de
secrecao de S100B (que foi na ordem de nanomolar), em glioma C6 exposto ao
resveratrol, pode ser um indicativo de resposta glial para estimular a sobrevivéncia
neuronal e fungdes cerebrais pds-injuria.

O estresse oxidativo esta relacionado a patogénese de varias doengas do
SNC, como acidentes vasculares isquémicos e doengas neurodegenerativas,
porém, o0 mecanismo molecular especifico envolvido necessita melhor
entendimento.

O H;O, é um dos maiores mediadores do estresse oxidativo e um
importante agente mutagénico, que pode ser gerado em grandes quantidades pela
cadeia repiratoria e varias outras vias metabdlicas. O cérebro expressa varias
enzimas, incluindo monoamina oxidases e tirosina hidrolases que participam da
formagao normal de H,O, como produto de sua atividade. No entanto, células com
atividade antiinflamatdria (ex. microglia) sdo capazes de produzi-lo via mecanismo
de “explosao” oxidativa. Embora o H,O; seja um forte agente oxidante, ele pode
ser convertido, na presenca de metais de transi¢cao, como ferro e cobre, em radical
hidroxil, um ERO que pode mediar a genotoxicidade deste composto (Halliwell &
Gutteridge, 1990). O cérebro é rico em ferro, sendo capaz de produzir ERO, mas
pobre em enzimas e compostos antioxidantes (Manton et al, 2004). A formacao de
ERO tem sido relacionada com o dano ao tecido cerebral presente em varias
neuropatologias, como isquemia e doengas neurodegenerativas, assim como no
processo natural de envelhecimento (Beckman & Ames, 1998; Rego & Oliveira,
2003; Manton et al, 2004) e isto pode envolver muitos mecanismos de sinalizagéao

celular.
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Para investigar o efeito neuroprotetor do resveratrol sobre o dano oxidativo
ao DNA através do ensaio do cometa, foram estabelecidos dois modelos de
inducdo de estresse oxidativo. No modelo |, utiizou-se 1 mM de H;O, por 30
minutos, com concentracdes de resveratrol variando de 10 a 250 uM e no modelo
I, 0,1 e 0,5 mM de H,O, por 6 h, com 10, 50 e 100 uM de resveratrol. Antes de
incubar com H,O,, em ambos modelos, as células C6 foram pré-tratadas com
resveratrol nas respectivas concentracoes.

O ensaio Cometa € um método simples e rapido para avaliar dano recente
ao DNA (Maluf & Erdtmann, 2000). Para realizar essa técnica é necessario utilizar
células integras e pode ser aplicado a diversos tipos celulares (Maluf, 2004). Singh
e colaboradores (1988) modificaram o método inicialmente descrito por Ostling &
Johanson (1984), permitindo avaliar dano ao DNA em células individuais, sob
condigdes alcalinas. Primeiramente as células C6 foram submetidas a pH alcalino,
ocorrendo rompimento das membranas celular e nuclear, bem como rompimento
em pequenos fragmentos de DNA, quando danos simples e duplos estiverem
presentes. O dano ao DNA é quantificado através da analise de 100 células que
recebem um escore que varia de 0 (célula sem dano) a 4 (dano maximo) de
acordo com a intensidade da cauda (Esquema 2, Capitulo Il).Portanto, quanto

maior a cauda, mais dano ao DNA (Maluf, 2004).

O ensaio Cometa é muito sensivel para deteccao de baixos niveis de dano
ao DNA, e este dano nao esta necessariamente correlacionado com a viabilidade
celular (Brendler-Schaab et al, 2005). Através do ensaio com iodeto de propidio

(marcador de morte celular e indicativo de necrose), observou-se que a

61



integridade celular foi mantida em nossas condi¢gdes de insulto oxidante. Também
€ importante salientar que resultados recentes, que ndo fazem parte desta
dissertacao, indicaram aumento de ERO nos dois modelos de inducéo ao estresse
oxidativo, através do ensaio de tert-butil hidroperdxido, feito segundo Flecha e

colaboradores (1991).

Assim, os resultados obtidos in vitro com C6, sugerem que o resveratrol
pode ser benéfico nas desordens cerebrais envolvendo estresse oxidativo. O
efeito do resveratrol per se sobre o dano ao DNA também mostrou ser dependente
da concentracido e tempo de incubacdo. As concentracdes de resveratrol variaram
de 10 a 250 uM e os tempos de incubacdo de 1 a 48 h. Nas primeiras 6 horas de
incubacédo com resveratrol, o indice de dano néao foi superior a 42 + 1,25 (Figura
1A, Capitulo Il) e mostrou também baixa percentagem de dano 4, conforme Figura
1B, Capitulo Il. Entretanto, apés 12 h e nas concentragdes mais elevadas de
resveratrol houve aumento do indice de dano ao DNA e maior porcentagem de
dano 4, sendo que com 250 pM de resveratrol, devido a presenga de morte
celular, demonstrada através do ensaio com iodeto de propidio (Figura 3, Capitulo
1), nao foi possivel avaliar dano ao DNA.

Nos dois modelos de indugao de estresse oxidativo estudados, o resveratrol
foi capaz de prevenir o dano ao DNA. No modelo | houve prevencao quase total
de dano oxidativo ao DNA celular. Ja no modelo Il, o efeito foi mais significativo na
presenca de 0,5 mM de H,O,, comportando-se parcialmente de maneira dose-

dependente e com 0,1 mM de H,O, houve efeito apenas nas concentracbes de 50
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e 100 uM de resveratrol (29 + 1.88 e 31 + 1.99, respectivamente; Figura 3A,
capitulo II).

O tratamento com H,0, também induziu alteragbes na morfologia celular de
glioma C6 e o resveratrol ndo foi capaz de prevenir estas alteragdes morfologicas.
Muitas proteinas alvos de ERO estdo envolvidas na regulagdo da morfologia
celular, incluindo proteinas G e proteinas cinases (Bem-Mahdi et al, 2000: Zhu et
al, 2005), como a ROCK, que esta envolvida na manutencgéo de fibras de actina,
através da cascata da proteina G monomeérica RhoA (Ongusaha et al., 2006).
Considerando o duplo efeito do resveratrol (podendo ser anti e pro-oxidante), para
nossa surpresa, o resveratrol ndo induziu nenhuma alteracdo morfoldégica em
células C6, mesmo em concentragbes mais altas, sugerindo que o efeito sobre a
morfologia ndo seja apenas dependente do estado redox dessas células. E
importante salientar que o resveratrol também ndo alterou a organizacdo de

filamentos intermediarios, visto na Figura 5, Capitulo 1.

Um estudo recente em astrécitos mostrou que o H;O, estimulou a
fosforilacdo de p38 MAPK (Proteina cinase ativada por mitégenos), levando a
reorganizacgao do citoesqueleto (Zhu et al, 2005). A via de sinalizagao envolvida na
reorganizagao do citoesqueleto de células C6 nao é conhecida, mas se a p38 é
ativada por H,O,, o resveratrol pode nao ser capaz de reverter essa ativacao,
apesar de ja ter sido demonstrado em outras células (como células cardiacas e
células B) que o resveratrol pode ativar p38 MAPK (Shimizu et al, 2006).

Um importante sistema de sinalizagcdo € a PKC, uma familia de 12

serina/treonina cinases que tem um papel central nas vias de transdugao de sinal
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e uma grande variedade de fungdes celulares, incluindo a proliferagdo e morte
celular (Nishizuka, 1994; Koivunen et al, 2006). A inativacdo da PKC esta
relacionada ao papel neuroprotetor do resveratrol contra toxicidade induzida por
oxido nitrico em cultura de neurdnios hipocampais (Bastianetto et al, 2000).
Algumas isoformas da PKC servem como substrato para caspases e a isoenzima
PKC & tem sido associada com a inducdo de dano ao DNA por apoptose.
Demonstrou-se também que a PKC & esta envolvida na neuroprotecdo mediada
por resveratrol (Han et al, 2004). Porém, a PKC & pode ser influenciada pela
presenca de outras isoenzimas da PKC, como a PKC a (Slater et al, 2003). Assim,
este efeito inibitério do resveratrol contra o dano ao DNA em células de glioma C6
pode ser explicado pelas propriedades antioxidantes do resveratrol, que
provavelmente inibem a acdo da PKC a. Neste cenario, o efeito inibitério do
resveratrol sobre a PKC provavelmente € importante para determinar o
mecanismo pelo qual o resveratrol exerce seu efeito benéfico sobre as fungdes
celulares.

Conforme abordado até o momento, o resveratrol exerce seus efeitos
biolégicos por diferentes mecanismos, muitos ndo totalmente esclarecidos. A
maior parte destes efeitos biolégicos € mostrada em tratamentos in vitro. Uma das
maiores limitagdes dos trabalhos in vitro sdo as altas concentragdes de resveratrol
utilizadas, pois se sabe, a partir de estudos farmacocinéticos, que o resveratrol é
rapidamente metabolizado pelo figado e por células intestinais (sofrendo
reabsorcdo) e seus principais metabodlitos s&o resveratrol-glicuronideo e

resveratrol-sulfato (Wenzel & Somoza, 2005). Alguns polifendis presentes na dieta
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(ex. quercetina) podem inibir a glicuronidagao, dificultando a biodisponibilidade e
concentracdo final dos metabdlitos nos tecidos alvos.

A concentragao plasmatica de resveratrol em humanos é ao redor de 2 uM
e no cérebro ao redor de 0,4 pM (Gescher & Steward, 2003). Nossas
concentracdes de estudos in vitro variaram de 0,01 a 250 yM de resveratrol, e
estdo de acordo com as concentragdes utilizadas na literatura recente (Picard et
al, 2004), que demonstram melhores resultados in vitro entre as concentragdes de
10 — 100 pM.

De acordo com suas caracteristicas de solubilidade, o resveratrol pode ser
solubilizado em DMSO (dimetil-sulfoxido) ou etanol, sendo que nosso grupo optou
por solubilizar em etanol, para aproximar nossos resultados de uma dieta baseada
no consumo de vinho, visando estudos in vivo, administrando resveratrol em ratos,
salientando que a presenca de alcool ndo é necessaria para a absor¢cdo do
resveratrol (Goldberg et al, 2003).

Assim, a analise de todos os dados mostra o efeito benéfico do resveratrol
sobre culturas de gliomas C6, sendo estas utilizadas como equivalente de cultura
de astrécitos, para estudos sobre a fisiologia e bioquimica dos mesmos (Mangoura
et al, 1989; Feng et al, 2004; Cechin et al, 2005; Funchal et al, 2005). Nossos
resultados demonstram que o resveratrol, nas concentracbes de 50 e 100 uM
aumentou os trés parametros gliais analisados, captagéo de glutamato, atividade
da GS e secrecido de S100B. Essas alteracbes, nestes parametros, podem
contribuir para o papel protetor dos astrécitos em condi¢cées de injuria cerebral,
reforcando o uso deste composto como potencial terapéutico para doencas

neurodegenerativas. Em contraste, concentragdes elevadas de resveratrol podem
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nao apresentar efeitos benéficos. Nés também demonstramos o efeito protetor do
resveratrol nas concentracdes entre 10 e 250 uM contra o dano oxidativo ao DNA
induzido por H»O, nos dois modelos de insulto estudados. O efeito per se do
resveratrol revelou que exposi¢cao maior que 12 h e concentracido superior a 250
MM aumentou o indice de dano ao DNA. Este estudo é mais uma contribuicdo do
papel protetor do resveratrol, enfatizando a importancia deste polifenol e de outros
antioxidantes na dieta, possibilitando a prevencao de desordens cerebrais

associadas ao estresse oxidativo.
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CONCLUSOES

1. Concluséao Geral

Os dados obtidos com a linhagem C6 nos permitem concluir que o
resveratrol regula parametros celulares, exercendo efeito benéfico em relagéo as
funcdes gliais (captacédo de glutamato, atividade da glutamina sintetase e secregao

de S100B), bem como efeito protetor contra dano induzido por H20..

2. Conclusdes especificas

Capitulo |

1) O resveratrol foi capaz de inibir a proliferagcao celular do glioma C6 apés 24
e 48 horas de incubacéo;

2) Nao houve alteragao da integridade celular, conforme medida do conteudo
intracelular de LDH,;

3) A dose de 250 UM de resveratrol induziu morte celular em glioma C6,
evidenciando talvez, o efeito pré-oxidante do resveratrol;

4) A morte celular observada provavelmente é do tipo necrose, uma vez que
nao houve irregularidade na morfologia nuclear, tipica de apoptose;

5) O citoesqueleto de filamentos intermediarios (GFAP) nao foi alterado por
resveratrol;

6) O resveratrol aumentou a captacédo de glutamato e a atividade da enzima

GS, sendo o aumento de captacao de forma linear.
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7) A secrecdo de S100B em gliomas C6 foi aumentada por resveratrol,

evidenciando um possivel papel tréfico deste composto.

Capitulo Il

1) O resveratrol induziu dano ao DNA em células C6 de maneira dose-
dependente;

2) O H,0; alterou a morfologia celular do glioma C6 e o resveratrol nao foi
capaz de prevenir estas alteracoes;

3) Nos dois modelos de indugédo de estresse oxidativo (modelo | e IlI) ndo
se observou morte celular;

4) Resveratrol protegeu a linhagem celular C6 do dano ao DNA induzido

por HZOZ.
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PERSPECTIVAS

» Avaliar o potencial antioxidante do resveratrol em nossos modelos de

inducao de estresse oxidativo.

» Avaliar os efeitos do resveratrol em culturas primarias de astrécito e
neurénio, bem como o efeito do meio condicionado resultante do tratamento

com resveratrol.

» Verificar a agdo do resveratrol in vivo, através da administragdo de doses
diarias de resveratrol (VO e/ou IP) em ratos Wistar, avaliando diferentes

parametros bioquimicos e histoquimicos.
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