UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE CIENCIAS BASICAS DA SAUDE
PROGRAMA DE POS-GRADUACAO EM CIENCIAS BIOLOGICAS -

BIOQUIMICA

EFEITO DA ADMINISTRACAO INTRAESTRIATAL AGUDA DE
ACIDO QUINOLINICO SOBRE METABOLISMO ENERGETICO EM

RATOS JOVENS

CESAR AUGUSTO JOAO RIBEIRO
ORIENTADOR: Prof. Dr. MOACIR WAJNER
Dissertacdo de mestrado apresentada ao Programa de P6s-Graduacao em
Ciéncias Biologicas - Bioquimica da Universidade Federal do Rio Grande do

Sul como requisito parcial a obtencao do grau de Mestre em Bioquimica.

Porto Alegre, 2006



II

““Ser imperador sobre si mesmo é a primeira
condicdo para imperar sobre os demais.”

José Ortega y Gasset



III

Aquela que logo estara conosco

e que me transformaré de filho em pai.



IV

AGRADECIMENTOS

A UFRGS, publica e gratuita, juntamente com este Departamento, que me acolhem
desde 1999 e me proporcionaram uma formacgao de altissima qualidade.

Aos meus amigos Angelo e Cedric, colegas e parceiros na faculdade e amigos para
a vida inteira.

Aos funciondrios deste Departamento, em especial a Cléia, pois sem ela
seguramente as coisas aqui ndo funcionariam tao bem como funcionam.

Aos professores deste Departamento, pelos ensinamentos transmitidos durante
todos esses anos.

Em especial aos professores do Grupo de Erros Inatos do Metabolismo, Clovis,
Dutra e Angela, pelo companheirismo, carinho e experiéncias transmitidas nesses anos.

Aos colegas dos Laboratorios 34 e 36, em especial a Carolina, Angela e Cuca, boas
amigas e companheiras em alguns experimentos.

A trupe do Laboratério 38, o melhor laboratorio desde Departamento,
companheiros nos experimentos (que deram certo € que ndo funcionaram) e nos
churrascos 14 em casa.

As bolsistas IC Anna Laura, Anelise, Carol, Karina Scussiato e Juliana, pela ajuda
em todas as necessidades, ¢ & Vanessa, que teve papel importante no desenvolvimento
desse trabalho;

Aos colegas Alexandra, Rafael, Gustavo, Denis e Leticia, ¢ em especial ao
Guilhian, a Karina Dalcin e a Patricia, companheiros de faculdade, bons amigos os bons ¢

maus momentos.



v

Ao Professor Moacir, meu orientador desde sempre, nao s6 pela experiéncia
profissional e de pesquisa, e jamais pela oportunidade, mas principalmente pelo carinho e
orientagdo de vida nesses anos.

A minha familia, meus pais Bras e Lourdes, pela formagdo de carater e por todo o
suporte que vém me dando durante a vida inteira, € a minha irma Valéria, pelo carinho,
apesar das brigas pelo uso do computador.

E por ultimo, e definitivamente ndo menos importante, a Luciana, minha
namorada, mulher, amada, amante, que vem me apoiando desde o inicio da faculdade e
compreendendo que as vezes os experimentos requerem trabalhos que se estendem até
fora do horario normal de trabalho, pelo amor, carinho, compreensdao ¢ companheirismo
nesses anos, e que traz consigo o melhor do amor de um casal - 0 nosso bebé.

Obrigado!



VI

INDICE
PARTE | oottt et e e e et e e e tae e essaeesssaeesnseeesnseeas 01
RESUMO ...ttt ettt e e e e et e e e taeessaaeesnneaens 02
ABST RACT et e et e e ae e et e e e aae e eaaeeebaeeenraee e 03
LISTADE ABREVIATURAS ...ttt 04
1- INTRODUGAOQ ..o 05
1.1- Metabolismo do Triptofano - Via das Quinureninas .............c.c......... 05
1.2-Acido Quinolinico e Doencgas Neurodegenerativas ................ccc....... 08
1.3- Metabolismo Energético Cerebral .............cccoooieiieieieiiiceeeee, 10
1.3.1- Fosforilagao OXIdatiVa ...........cccceevieieiiieiieiecieeeeeeee e 11
1.3.2- Creatinad QUINASE ......ccueeeuvieeeeeeeeeeeeeee et 12
1.4- Metabolismo Energético nas Doencas Neurodegenerativas ............... 13
2- OBIETIVOS ...ttt ettt e eaae s aaeeaee e 17
2.1- ODJETIVO GEIal ..o 17
2.2- ODbjetivos ESPECITICOS .....ceoveieeiieieieieieteeeeestee et 17
PARTE T ettt e e aae e etae e sraeeeseseeesnseees 18
Artigo a ser Submetido a Revista “Journal of Neurochemistry” .................... 19
o o I S 1 USSP 71
1- DISCUSSAD ...ttt 72
2- CONCLUSOES ...ttt 82

REFERENCIAS BIBLIOGRAFICAS ..o 83



PARTE |



RESUMO

O 4cido quinolinico (AQ) ¢ um metabdlito do metabolismo do triptofano produzido
na via das quinureninas. Demonstrou-se ser um fraco agonista de receptores NMDA,
porém capaz de produzir morte em neurdnios susceptiveis via ativacdo a sua agdo
excitatéria. O envolvimento do AQ tem sido sugerido como um mecanismo patolégico em
diversas doengas neurodegenerativas, incluindo-se as doencas de Huntington, Alzheimer e
no complexo de deméncia induzida pela sindrome da imunodeficiéncia adquirida. As
propriedades neurotoxicas do AQ tém sido atribuidas principalmente a excitotoxicidade e
ao estresse oxidativo, enquanto muito pouco se sabe sobre seus efeitos sobre o
metabolismo energético cerebral. Assim, no presente estudo investigamos o efeito da
administracao intraestriatal de AQ (150 nmol) em ratos de 30 dias de vida sobre as
atividades de enzimas fundamentais do metabolismo energético, tais como os complexos I-
IV da cadeia respiratoria, creatina quinase e citrato sintase, além da produgdo de '“CO, a
partir de [1-"*CJacetato 3, 6 ou 12 horas ap6s a inje¢io de AQ. Observamos que a inje¢do
de AQ inibiu significativamente a atividade dos complexos II (50%), III (46%) e 1I-11I
(35%), bem como da enzima creatina quinase (27%), mas ndo alterou as atividades dos
complexos I e IV em estriados preparados 12 horas apds a inje¢do de AQ. Além disso, ndo
observamos quaisquer alteragdes nessas atividades enzimdticas 3 ou 6 horas apos o
tratamento com AQ. A producio de *CO; a partir de [1-'*Clacetato também foi inibida
significativamente (27 %) pelo AQ somente em estriados preparados 12 horas apds a
injecdo. As atividades dos complexos da cadeia respiratéria e da creatina quinase foram
também medidas em homogeneizados de estriado expostos a 100 uM de AQ. Nao foram
observadas alteragdes nessas atividades na presenga de AQ. Essas observagdes in vitro
juntamente com os achados ex vivo sugerem que a agdo do AQ comprometendo o
metabolismo energético em estriado de ratos ¢ provavelmente indireta. Novos
experimentos foram realizados para elucidar os mecanismos envolvidos nas inibi¢cdes das
atividades das enzimas do metabolismo energético induzidas pelo AQ. O pré-tratamento
dos ratos com MK-801, um antagonista de receptores NMDA, ou com creatina preveniu
completamente os efeitos inibitérios induzidos pelo AQ. Além disso, os seqiiestradores de
radicais livres a-tocoferol mais ascorbato e o inibidor da 6xido nitrico sintase L-NAME
preveniram completamente as inibigdes provocadas pelo AQ nas atividades do complexo
III e da creatina quinase, indicando que esses efeitos inibitorios sdo provavelmente devido
a geracdo de espécies reativas. Por outro lado, o pré-tratamento com piruvato bloqueou
completamente os efeitos inibitorios causados pela injecio de AQ na atividade do
complexo II e parcialmente a inibicao da atividade da creatina quinase indicando que esses
efeitos foram provavelmente devido a formagdo de espécies reativas Tomadas em
conjunto, esses resultados indicam fortemente que a fosforilagcao oxidativa e a transferéncia
energética celular estdo comprometidas por altas concentragcdes de AQ no estriado de ratos
jovens e que os efeitos inibitdrios em enzimas chave do metabolismo energético causados
pela injecdo de AQ sdo provavelmente devido a ativagao de receptores NMDA.



ABSTRACT

Quinolinic acid (QA), an endogenous metabolite produced in kynurenine pathway
of tryptophan metabolism, is a weak agonist at the NMDA receptor, and selectively kills
susceptible neurons via activation of the NMDA receptors The neurotoxic capacity of QA
in vivo has implicated it in a variety of neurodegenerative disorders, including
Huntington’s disease, Alzheimer’s disease and AIDS dementia complex. Most of QA toxic
properties have been attributed to excitotoxicity and oxidative stress, whereas very little is
known about its effects on brain energy metabolism. Therefore, in the present study we
investigated the ex vivo effect of intrastriatal administration of 150 nmol QA to 30-day-old
rats on critical enzyme activities of energy metabolism, including the respiratory chain
complexes I-IV, creatine kinase and citrate synthase, as well as on *CO, production from
[1-“C]acetate at distinct periods after QA injection. We observed that QA injection
significantly inhibited complexes II (50%), III (46%) and II-III (35%), as well as creatine
kinase (27 %), but not complexes I and IV activities in striatum prepared 12 hours after
QA treatment. In contrast, no alterations of these enzyme activities were observed 3 or 6
hours after QA treatment. **CO, production from [1-"*Clacetate was also significantly
inhibited (27 %) by QA only in rat striatum prepared 12 hours after injection. The
respiratory chain complexes and creatine kinase activities were also measured in striatum
homogenates exposed to 100 uM QA. No alterations of these activities were observed in
the presence of QA. These in vitro observations allied to the ex vivo findings suggest that
QA compromises energy metabolism in the rat striatum indirectly rather than due to a
direct action of QA on the enzymes. New experiments were therefore designed to elucidate
the involved mechanisms of QA-induced inhibition on the enzymatic activities of energy
metabolism. Pretreatment with the NMDA receptor antagonist MK-801 and with creatine
totally prevented the inhibitory effects elicited by QA. In addition, the free-radical
scavengers oa-tocopherol plus ascorbate and the nitric oxide synthase inhibitor L-NAME
completely abolished the inhibitions provoked by QA on CK and complex III, indicating
that these effects were probably due to generation of reactive species. On the other hand,
pyruvate pretreatment totally blocked the inhibitory effects of QA injection on complex II
activity and partially prevented QA-induced CK inhibition. Taken together, these
observations strongly indicate that oxidative phosphorylation and cellular energy transfer
are compromised by high concentrations of QA in the striatum of young rats and that the
inhibitory effects caused by QA injection on critical steps of energy metabolism were
probably mediated by NMDA stimulation.



LISTA DE ABREVIATURAS

AQ, acido quinolinico

ADP, difosfato de adenosina

ATP, trifosfato de adenosina

CK, creatina quinase

CoQ, coenzima Q

CTE, cadeia de transporte de elétrons

DH, doenca de Huntington

DNA, acido desoxirribonucléico

FADH,, flavina adenina dinucleotideo, forma reduzida
GABA, acido y-aminobutirico

GSH, glutationa reduzida

L-NAME, éster metilico da N®-nitro-L-arginina
MK-801, maleato de dizocilpina

NAD", nicotinamida adenina dinucleotideo, forma oxidada
NADP, nicotinamida adenina dinucleotideo fosfato
NMDA, N-metil-D-aspartato

NO, 6xido nitrico

PCr, fosfocreatina

SIDA, sindrome da imunodeficiéncia adquirida

SNC, sistema nervoso central



1- INTRODUCAO

1.1- Metabolismo do Triptofano — Via das Quinureninas

O triptofano € um aminoacido essencial, sendo usado por todas as formas de vida.
Em seres humanos, aproximadamente 30% do triptofano da dieta é incorporado em
proteinas. Além disso, € substrato para a producdo de diversas moléculas com atividade
biologica (ALLEGRI et al. 2003), conforme esquematizado na Figura 1. No sistema
nervoso central e no intestino, o triptofano € substrato para sintese de serotonina, enquanto
na glandula pineal ¢ utilizado para sintese de melatonina. Em situagdes em que o conteudo
de niacina na dieta ¢ insuficiente para as necessidades metabdlicas, o triptofano ¢ utilizado
na sintese do cofator essencial nicotinamida adenina dinucleotideo (NAD") (MOFFETT et
al. 2003). O triptofano também ¢ intermediario na via das quinureninas. Nesse particular, a
via das quinureninas ¢ a principal rota de catabolismo do triptofano, resultando na
producio de NAD' e outros intermedidrios neuroativos. Entre elas, destacam-se a
quinurenina, o acido quinurénico, a 3-hidroxiquinurenina e os acidos picolinico e

quinolinico (Figura 2).



Arido

Melatonina S-hidrozi-indolacético

Serotonina

F 3

proteinas \ : / Indicam

Sintese de g g
= &
ey
TRIFTOFANO
g ,
g Aroido
B
Ielanina & 8 3-indolacético
g
A
. Cuinurenina
Via do :
W ‘%
Aeido
CO, +MH; + Micotinico
H,O +energia l
Coenzima IAD"

Figura 1. Principais vias metabolicas do triptofano.

No cérebro, a rota metabolica das quinureninas leva a formacdo de acido
quinolinico e ocorre principalmente nas células da microglia (células semelhantes a
macrofagos residentes no cérebro) (HEYES et al. 1996). Em astrocitos, ndo ha a expressao
da enzima quinurenina 3-hidroxilase, o que direciona a L-quinurenina formada a partir de
triptofano para a formagdo de acido quinurénico. O acido quinurénico produzido pelos
astrocitos pode ser captado pelas células da microglia para seguir a via das quinureninas e

produzir acido quinolinico (GUILLEMIN et al. 2001a).
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Figura 2. Metabolismo do triptofano: via das quinureninas. A conversdo de triptofano em
quinurenina se d4 no figado por acdo da enzima triptofano 2,3-dioxigenase e nos outros

tecidos por acdo da enzima indolamina 2,3-dioxigenase.

Nos ultimos anos a via das quinureninas tem despertado consideravel interesse,
visto que diversos dos seus metabolitos apresentam atividades biologicas (ALLEGRI et al.
2003), interferindo no comportamento, no sono, na termo-regulacdo e na gestagdo
(STONE, 1993; CURZON, 1996). Essa rota estd bastante relacionada a resposta

inflamatoria, sendo que seus intermediarios sdo capazes de induzir a expressdo de varias



citocinas, quimiocinas e seus receptores em astrocitos (GUILLEMIN et al. 2000, 2001a),
promovendo a inflamagao. Além disso, encontram-se aumentados em diversas condi¢des
neuropatoldgicas (STONE, 2001a).

Dentre os intermedidrios da via das quinureninas, de fundamental importancia € o
acido quinolinico (AQ). Seu potencial fisioldgico e significancia farmacologica foram
reconhecidos com a descoberta da sua capacidade de ativagdo seletiva de receptores
glutamatérgicos excitatdrios sensiveis ao N-metil-D-aspartato (NMDA) (STONE, 2001a).

Também foi sugerido recentemente que o actimulo de intermediérios da rota das
quinureninas estaria envolvido no processo patogénico presente na acidemia glutarica tipo

I (HEYES, 1987; VARADKAR E SURTEES, 2004).

1.2- Acido Quinolinico e Doencas Neurodegenerativas

O envolvimento do AQ em diversas desordens neurodegenerativas, tais como
doengas de Alzheimer (WIDNER et al. 2000), Huntington (SCHWARCZ et al. 1984;
WHETSELL & SCHWARCZ, 1989; STONE, 2001b) e deméncia associada a sindrome da
imunodeficiéncia adquirida (SIDA) tem sido sugerido (HEYES et al. 1989, 1991)

A concentragdo de AQ no cérebro de pacientes afetados por essas doengas esta
elevado. Embora essas concentragdes raramente excedam 1 uM, esses niveis podem ser
suficientes para causar dano neuronal significante por ativagdo de receptores NMDA ou
através da liberacdo de glutamato endogeno (CONNICK & STONE, 1986, 1988). Nesse
particular, a excitotoxicidade produzida pela constante ativacdo de receptores NMDA
causada pelo AQ esta relacionada com o aumento das concentragdes citosolicas de célcio,
deplecdo de ATP ¢ GABA e morte especifica de neuronios colinérgicos ¢ GABAérgicos

(FOSTER et al. 1983, SCHWARCZ et al. 1984, STONE, 1993).



Fortes evidéncias indicam que a ativacdo de receptores NMDA ¢ critica para a
producdo do dano cerebral na deméncia associada a SIDA (LIPTON, 1998). Nesses
pacientes os niveis de AQ no liquido cefalorraquidiano estdo aumentadas em até 20 vezes,
sendo correlacionados com a severidade das disfungdes motora e cognitiva apresentadas
pelos mesmos (HEYES et al. 1991, MARTIN et al. 1992, STONE, 2001a). Os niveis de
AQ no cérebro encontram-se aumentados em até 60 vezes em pacientes com varias formas
de disfun¢do neuroldgica associada com inflamagdo quando comparados com outros
pacientes em que o dano cerebral ndo envolve inflamacdo (HEYES et al. 1992).

Recentemente, foi demonstrado que o peptideo B-amildide, cujo acumulo na forma
de placas (conhecidas como placas senis) estd associado a doenca de Alzheimer, induz a
produg¢do de 4cido quinolinico por macrofagos e, principalmente, pela microglia
(GUILLEMIN et al. 2001b). Diminui¢do nos niveis de acido quinurénico e elevag¢des nas
concentragdes de triptofano e seu metabdlito L-quinurenina foram encontradas nessa
doenga, sendo o aumento desses niveis proporcional ao grau do déficit cognitivo (BARAN
et al. 1999; WIDNER et al. 1999, 2000, HEYES et al. 1992).

Além disso, diversos estudos demonstraram recentemente que a formacdo de
espécies reativas e a reducao das defesas antioxidantes cerebrais também estao envolvidas
nas agdes neurotoxicas do AQ (RIOS & SANTAMARIA, 1991; BEHAN et al. 1999;
SANTAMARIA et al. 2001a,b, LEIPNITZ et al. 2005).

Por outro lado, o AQ tem sido usado como modelo animal de indug¢do quimica da
doenca de Huntington (DH), visto que as alteragdes neuroquimicas ¢ degenera¢ao neuronal
induzidas pela infusdo de AQ sdo similares aquelas observadas no cérebro de pacientes
com essa doenga (SCHWARCZ et al. 1983, 1984; BEAL et al. 1986; FERRANTE et al.
1993).

A DH ¢ uma desordem neurodegenerativa autossomica dominante, caracterizada

por deplegdo neuronal progressiva, particularmente dos ganglios da base, cujos
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mecanismos envolvidos ainda ndo estdo completamente elucidados. Entretanto, evidéncias
recentes t€m relacionado excitotoxicidade, estresse oxidativo e alteragdes no metabolismo
energético em cérebro de pacientes com DH (BRENNAN et al. 1985; MANN et al. 1990;
GU et al. 1996, BEAL, 2000). Outras evidéncias mostram que a anormalidade
mitocondrial no cérebro de pacientes com DH ¢ confinada ao estriado (BROWNE et al.
1997) e similar aquela induzida por malonato ou acido 3-nitropropidnico (BEAL et al.

1993a; LUDOLPH et al. 1992).

1.3- Metabolismo Energético Cerebral

O cérebro possui uma intensa atividade metabdlica, porém suas reservas
energéticas sdo extremamente pequenas em relagdo a sua demanda. Assim, ha necessidade
continua de substratos energéticos para o cérebro de mamiferos, sendo a glicose o principal
deles, onde, em contraste com outros tecidos, ndo necessita de insulina para ser captada e
oxidada (DICKINSON, 1996). No entanto, o padrao de utilizacdo deste nutriente varia
conforme a etapa de desenvolvimento do sistema nervoso central (SNC), o estado
nutricional do individuo e o destino de sua cadeia de atomos de carbono (MARKS et al.
1996). Situagdes de jejum prolongado fazem com que o SNC passe a utilizar corpos
cetonicos para a obtencdo de energia, a fim de poupar o organismo de um catabolismo
protéico exacerbado resultante da necessidade da manutengdo da glicemia via
gliconeogénese (MARKS et al. 1996). A glicose captada pelo cérebro ¢, também, fonte de
carbono para a sintese de diversas outras biomoléculas essenciais (por exemplo,
neurotransmissores), o que reforga a idéia de que a utilizagdo de glicose ndo estéd atrelada
somente a produgdo de energia.

Mitocondrias de mamiferos sdo organelas intracelulares ubiquas, responsaveis pela

producdo de ATP pelo metabolismo aerdbico, mas também desempenham outras fungdes
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intracelulares além da producao de ATP, tendo um papel critico no processo de apoptose €
servindo como um tampao de célcio. Tecidos com alta atividade aerobica, tais como
cérebro, musculos esquelético e cardiaco, apresentam altas concentracdes de mitocondrias
(ORTH & SCHAPIRA, 2001).

O ciclo do &cido citrico ¢ a via comum de oxidagdo dos glicidios, aminoacidos e
acidos graxos. O metabolismo energético cerebral se mostra essencialmente aerdbico,
sendo a glicose o principal substrato utilizado (CLARK et al. 1993), entrando no ciclo sob
a forma de acetil-CoA, que ¢ entdo oxidada completamente a CO,. Quando nao ha hipoxia,
a fosforilagdo oxidativa é dependente da concentragdo de ATP, ADP e fosfato inorganico
(Pi) e da razdo mitocondrial de NADH/NAD", que é determinada pela atividade da cadeia
transportadora de elétrons e pela transferéncia de elétrons provenientes de reagdes
catalisadas por enzimas mitocondriais. A cadeia transportadora de elétrons oxida o NADH
e o FADH, e bombeia protons para o espago intermembrana da mitocondria, formando
assim um gradiente de prétons que através da passagem pela ATP-sintase, produz ATP na

fosforilacdo oxidativa (ERECINSKA & SILVER, 1994).

1.3.1- Fosforilacdo Oxidativa

A fosforilagdo oxidativa é o processo principal da producdo de energia celular.
Todos os passos oxidativos na degradacdo de carboidratos, gorduras e aminoacidos
convergem a esse estagio final da respiracdo celular, em que a energia da oxidagao,
provida pelo fluxo de elétrons através das enzimas da cadeia respiratéria mitocondrial,
promove a sintese de ATP (NELSON & COX, 2004). A cadeia de transporte de elétrons
(CTE) mitocondrial é composta por quatro complexos enzimaticos (complexos I-1V),
recebe elétrons das coenzimas NADH e FADH,, e os transfere através de uma série de

reacdes de oxidacdo-reducdo até o oxigénio molecular e simultancamente acopla essa
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reacdo exoergonica a translocagdo de prétons através da membrana mitocondrial interna
(WALLACE, 1999). O fluxo de prétons (gradiente eletroquimico de prdtons) gerado
durante o transporte de elétrons na CTE leva a formagdo de ATP a partir de ADP e Pi pelo
complexo V (ATP sintase) (BABCOCK & WIKSTROM, 1992; WALLACE, 1999).

Os complexos da cadeia de transporte de elétrons sao complexos protéicos: NADH
desidrogenase (complexo I), sucinato: ubiquininona oxirredutase (complexo II), complexo
citocromo b-c; (complexo III) e citocromo ¢ oxidase (complexo IV), além de elementos
moéveis que se localizam entre os complexos. S3o eles a coenzima Q (CoQ), um
componente ndo protéico lipossoluvel que carreia elétrons entre os complexos I e I1I, e o
citocromo C, uma proteina localizada na face externa da membrana que transfere os

elétrons do complexo III para o complexo IV (MARKS et al. 1996).

1.3.2- Creatina Quinase

A creatina quinase (CK) consiste de um grupo de isoenzimas com um papel central
no metabolismo energético, principalmente para tecidos com alta demanda energética,
como cérebro, musculo cardiaco e esquelético, onde funciona como um efetivo sistema de
tampao para os niveis celulares de ATP. A CK catalisa a transfosforilagdo reversivel entre
ATP e creatina a ADP e fosfocreatina [MgATP" + creatina «> (fosfocreatina)” + MgADP™ +
H'], ajudando a manter os niveis dos substratos fosforilados. Sabe-se que durante a
excitacao nervosa ¢ neuromuscular ocorre um aumento de dez vezes no turnover celular de
ATP, e que durante essas mudancas rapidas, o sistema creatina/fosfocreatina ¢ necessario
tanto como um tampao energético quanto como um sistema de transporte entre os locais de
producdo e consumo de ATP pelas ATPases para evitar grandes flutuagdes nos niveis de
ATP/ADP celulares nesses tecidos excitaveis (BESSMAN & CARPENTER, 1985;

SCHNYDER et al. 1991; WALLIMANN et al. 1992).
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As isoformas da CQ estdo localizadas em sitios de demanda e produgdo energética.
A isoforma citosdlica (Ci-CQ) consiste de dimeros e € expressa de uma maneira tecido-
especifica, isto €, cérebro-especifica (BB-CQ), musculo esquelético-especifica (MM-CQ) e
um heterodimero musculo cardiaco-especifico (MB-CQ) (SCHNYDER et al. 1991;
WALLIMANN et al. 1992; O’GORMAN et al. 1996; HAMMAN et al. 1995). As formas
mitocondriais da CQ (Mi-CQ) sdo dispostas em octameros e sdo compostas da isoforma
sarcomérica musculo-especifica Mib-CQ e da forma ubiqua Mia-CQ, que ¢ encontrada nas
mitocondrias do tecido cerebral (SAKS et al. 1985; SCHELEGEL et al. 198S;
WALLIMANN et al. 1992; GROSS et al. 1996).

Devido a sua localizagdo proxima a sitios onde se did a geragdo de energia e
transporte de ions através de membranas, o sistema CQ/fosfocreatina desempenha um
papel fundamental na homeostase energética neuromuscular. Assim, € presumivel que
alteracdes na funcdo da CQ levem ao desenvolvimento de varios estados patoldgicos
envolvendo o cérebro, musculo esquelético e musculo cardiaco (HAMMAN et al. 1995;

DAVID et al. 1998, AKSENOV et al. 1999; AKSENOV et al. 2000).

1.4- Metabolismo Energético nas Doencas Neurodegenerativas

Numerosas hipoteses tém sido propostas para explicar a fisiopatologia das doengas
de Alzheimer, Huntington e Parkinson, sem, no entanto, se obter at¢ o momento uma
explicagdo satisfatoria para o dano cerebral causado por essas doengas. No entanto,
acredita-se que possiveis mecanismos envolvam deficiéncia no metabolismo energético,
estresse oxidativo e neurotoxicidade mediada por receptores glutamatérgicos do tipo
NMDA, ou, possivelmente, um somatoério desses fatores (ROSE & HENNEBERRY,

1994). Uma das hipéteses ¢ de que alteragdes na cadeia transportadora de elétrons seria o
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evento etiologico primario na maioria dessas doengas (PARKER, 1989; PARKER et al.
1989, 1990, 1994; SWERDLOW et al. 1996, 1997).

O cérebro ¢ altamente dependente de energia para seu funcionamento normal
(ROSSEN et al. 1943) e a mitocondria ¢ a estrutura intracelular que mantém os
suprimentos de energia para o cérebro. Uma alteracdo funcional nessa estrutura podera
levar, portanto, a alteragdes patologicas nos neurdnios ¢ astrocitos (BEAL et al. 1993b;
BEAL, 1995; BOWLING & BEAL, 1995; DAVIS et al. 1995). Mutagdes no DNA
mitocondrial e reagdes envolvendo geracdo de espécies reativas podem danificar a
mitocondria e diminuir a atividade dos complexos da cadeia respiratéria. Um prejuizo no
transporte de elétrons, além de causar um prejuizo na produgdo de ATP, leva a uma
dispersao dos elétrons na forma de radicais livres potencialmente danosos a célula. Visto
que os sistemas de defesa antioxidantes, como as enzimas superoxido dismutase, glutationa
peroxidase, glutationa redutase e catalase, sdo relativamente deficientes no cérebro
(MARKLUND et al. 1982; MARTILLA et al. 1988), um ciclo vicioso pode ocorrer,
aumentando o dano oxidativo a neuronios e levando a morte neuronal caracteristica de
doengas neurodegenerativas. Um prejuizo na fosforilagdo oxidativa também reduz o
bombeamento de proétons através da membrana mitocondrial, diminuindo o potencial da
membrana e, conseqiientemente, levando a abertura do poro de transicdo da
permeabilidade mitocondrial. Evidéncias sugerem que uma diminui¢do no potencial de
membrana mitocondrial seja um evento primdrio na iniciagdo do processo apoptotico
(WADIA et al. 1998).

Por outro lado, dano neuronal e estresse oxidativo podem levar a mudangas reativas
em astrocitos situados nas proximidades, levando a um aumento na produgdo de citocinas
pro-apoptoticas e pro-inflamatorias, bem como a uma alteracdo na homeostase de ions
extracelulares e de aminoacidos neurotransmissores (MACCIONI et al. 2001). Além disso,

mecanismos patogénicos das doencas neurodegenerativas podem estimular células da
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microglia, levando a producao de substancias potencialmente neurotdéxicas (MACCIONI et
al. 2001).

Numerosas evidéncias associam doencas neurodegenerativas a uma diminui¢ao no
metabolismo energético. Estudos demonstraram uma diminui¢ao na atividade do complexo
I da cadeia respiratoria postmortem em cérebros de pacientes portadores de doenca de
Parkinson (GU et al. 1998; JANETZKY et al. 1994; SCHAPIRA et al. 1989, 1990a,b).
Também ha relatos de defeitos nos complexos II e III da cadeia respiratéria e na enzima o-
cetoglutarato desidrogenase, importante enzima do ciclo do acido citrico, nessa doenga
(MIZUNO et al. 1990, 1994).

Na doenca de Alzheimer, a mais comum dentre as doengas neurodegenerativas, ¢
encontrada principalmente uma redugdo na atividade do complexo IV da cadeia
respiratoria (MAURER et al. 2000). Estudos de imagem in vivo demonstraram uma
reducdo no metabolismo da glicose em pacientes portadores da doenca de Alzheimer, e
essa diminui¢do aparece precocemente, precedendo os sintomas clinicos, e se acentua com
a severidade da doenca (JAGUST et al. 1988; SMITH et al. 1992; KENNEDY et al. 1995;
SMALL et al. 1995). Estudos postmortem em cérebros também demonstraram uma
diminui¢do na atividade do complexo enzimatico da piruvato desidrogenase e na atividade
da enzima a-cetoglutarato desidrogenase na doenga de Alzheimer (PERRY et al. 1980;
GIBSON et al. 1988; MASTROGIACOMO et al. 1993).

Na esclerose lateral amiotrofica, observou-se uma diminui¢do na atividade dos
complexos I, III e IV da cadeia respiratoria em mitocondrias de células hibridas
(SWERDLOW et al. 1998).

Por outro lado, varios estudos t€ém demonstrado uma diminui¢do na utilizacdo de
glicose em estriado e cortex cerebral de pacientes portadores da doenc¢a de Huntington
(KUHL et al. 1982; HAYDEN et al. 1986; YOUNG et al. 1986; GRAFTON et al. 1992;

MARTIN et al. 1992; KUWERT et al. 1993), além de um aumento nos niveis cerebrais de
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lactato (JENKINS et al. 1993). Também se observou uma redug¢ao na utilizagdo de
oxigénio, bem como na atividade dos complexos II, Il e IV da cadeia respiratéria no
nucleo caudato de pacientes portadores dessa doenca (BRENNAN et al. 1985; GU et al.

1996).



17

2- OBJETIVOS

2.1- Objetivo Geral

Este trabalho tem por objetivo avaliar o efeito da administragao aguda intraestriatal
de 4cido quinolinico (AQ) sobre o metabolismo energético em estriado de ratos jovens
bem como os mecanismos envolvidos na disfun¢do energética estriatal induzida pela

administracao intraestriatal de AQ.

2.2- Objetivos Especificos

* Avaliar o efeito da administragdo intraestriatal de AQ sobre a producio de '*CO,
a partir de [1-"*CJacetato em homogeneizado de estriado de ratos 3, 6 ou 12 horas apos a
injecao.

* Avaliar o efeito da administragdo intraestriatal de AQ sobre a atividade dos
complexos I, II, IIT e IV da cadeia respiratéria em homogeneizado de estriado de ratos 3, 6
ou 12 horas ap0s a injegao.

* Avaliar o efeito da administracdo intraestriatal de AQ sobre a atividade da enzima
creatina quinase em homogeneizado de estriado de ratos 3, 6 ou 12 horas apds a injecao.

* Estudar os mecanismos envolvidos nas possiveis alteracdes do metabolismo
energético estriatal causada pela administragdo intraestriatal de AQ através da:

- pré-administracdo intraperitoneal de antioxidantes, tais a-tocoferol (100 mg/kg)
mais acido ascorbico (40 mg/kg) ou da pré-administragdo intraperitoneal de L-NAME (2
mg/kg);

- avaliagdo do efeito da pré-administracdo intraperitoneal de substratos energéticos,
tais como acido pirtvico (500 mg/kg) ou creatina (40 mg/kg).

- pré-administrag¢do intraperitoneal do antagonista de receptores NMDA, MK-801

(0,25 mg/kg).
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Abstract

Most of quinolinic acid (QA) toxic properties have been attributed to excitotoxicity
and oxidative stress, whereas very little is known about its effects on brain energy
metabolism. Therefore, in the present study we investigated the in vivo effect of
intrastriatal administration of 150 nmol QA to 30-day-old rats on critical enzyme activities
of energy metabolism, including the respiratory chain complexes I-IV, creatine kinase and
citrate synthase, as well as on **CO, production from [1-'*Clacetate at distinct periods
after QA injection. We observed that QA injection significantly inhibited complexes II
(50%), IIT (46%) and II-I1I (35%), as well as creatine kinase (27 %), but not complexes I
and IV activities in striatum prepared 12 hours after QA treatment. In contrast, no
alterations of these enzyme activities were observed 3 or 6 hours after QA treatment. *CO,
production from [1-'*CJacetate was also significantly inhibited (27 %) by QA only in rat
striatum prepared 12 hours after injection. The respiratory chain complexes and creatine
kinase activities were also measured in striatum homogenates exposed to 100 umol QA.
No alterations of these activities were observed in the presence of QA. These in vitro
observations allied to the ex vivo findings suggest that QA compromises energy
metabolism in the rat striatum indirectly rather than due to a direct action of QA on the
enzymes. New experiments were therefore designed to elucidate the involved mechanisms
of QA-induced inhibition on the enzymatical activities of energy metabolism. Pretreatment
with the NMDA receptor antagonist MK-801 and with creatine totally prevented the
inhibitory effects elicited by QA. In addition, the free-radical scavengers a-tocopherol plus
ascorbate and the nitric oxide synthase inhibitor L-NAME completely abolished the
inhibitions provoked by QA on CK and complex III, indicating that these effects were
probably due to generation of reactive species. On the other hand, pyruvate pretreatment
totally blocked the inhibitory effects of QA injection on complex II activity and partially

prevented QA-induced CK inhibition. Taken together, these observations strongly indicate
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that oxidative phosphorylation and cellular energy transfer are compromised by high
concentrations of QA in the striatum of young rats and that the inhibitory effects caused by
QA injection on critical steps of energy metabolism were probably mediated by NMDA

stimulation.

Key words: quinolinic acid, respiratory chain, creatine kinase, energy metabolism
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Introduction

Quinolinic acid (QA; 2,3-pryridine dicarboxylic acid), an endogenous tryptophan
metabolite produced at the kynurenine pathway, is an excitotoxin acting as an agonist at
the N—methyl-D-aspartate (NMDA) receptor (Stone, 1993). Experiments in rodents have
demonstrated that intrastriatal injection of QA mimics many of the neurochemical and
histological features of Huntington’s disease (HD) (Beal et al. 1986), and therefore this
neurotoxin has been used as a chemically-induced animal model of this disease (Schwarz
et al. 1983, 1984; Beal et al. 1986; Ferrante et al. 1993).

HD is a degenerative neurological disorder in which there is progressive neuronal
depletion, particularly in the basal ganglia, whose underlying mechanisms are still poorly
established. However, recent evidence has implicated excitotoxicity, oxidative stress and
metabolic impairment as important factors of the neuronal degeneration in HD and in other
neurodegenerative diseases (Beal et al. 2000). In this context, various studies have
demonstrated abnormal energy metabolism in postmortem HD brain, most notably reduced
activity of succinate-linked oxidation in the caudate nucleus and severe deficiency in
activities of the respiratory chain complexes (Brennan et al. 1985; Mann et al. 1990; Gu et
al. 1996). Further evidence has shown that the mitochondrial abnormality in HD brain is
confined to the striatum (Browne et al. 1997), being similar to that induced by the complex
II inhibitors of the respiratory chain malonate and 3-nitropropionic acid (Beal et al. 1993;
Ludolph et al. 1992).

Most studies performed to examine the in vitro and in vivo effect of QA on brain
tissue demonstrated excitotoxicity and oxidative damage caused by this neurotoxin (Stone,
1993, Tavares et al. 2000, Santamaria et al. 2001; Leipnitz et al. 2005). It has been
demonstrated that excitotoxicity produced by sustained activation of NMDA receptors by
QA is related to increased cytosolic Ca*™ concentrations, ATP and GABA depletion, and

specific GABAergic and cholinergic neuronal death (Foster et al. 1983, Schwartz et al.
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1984, Stone, 1993). In addition, oxidative stress produced by free radical formation has
been also documented as an important mechanism of QA toxicity in the brain (Rios and
Santamaria, 1991; Santamaria and Rios, 1993; Perez-Severiano et al. 1998, 2004; Leipnitz
et al. 2005). In this context, not only oxygen-derived radical species, but also nitrogen-
derived species have been shown to be induced by QA in the rodent brain (Noack et al.
1998, Ryu et al. 2004). Surprisingly, very few studies were designed to examine the role of
quinolinic acid on brain energy metabolism, despite the fact that QA has been found at
increased concentrations in brain of HD patients and energy dysfunction and more
specifically deficiency of the activities of the respiratory chain complexes were also
observed in these patients. To our knowledge, only two works investigated the influence of
QA on striatum energetics in adult rats. It was demonstrated that intrastriatal injection of
QA provokes a progressive time-dependent mitochondrial dysfunction reflected by a low
respiratory chain ratio (decreased respiration) and a reduction of ATP, NAD", aspartate
and glutamate concentrations (Bordelon et al. 1997). Disturbances in neuronal activity and
ion gradients secondarily to metabolic impairment have been also attributed to QA
(Bordelon et al. 1998). Although these studies revealed that electrical activity and cellular
respiration are reduced by QA in the striatum, they did not evaluate the underlying
mechanisms.

Therefore, the present study was undertaken to investigate the influence of QA
intrastriatal injection to young rats on important parameters of energy metabolism,
including the activities of the various respiratory chain complexes, as well as on creatine
kinase and citrate synthase activities and '*CO, production from [1-'*C]acetate at distinct
periods after QA injection. We also examined the ability of a variety of administered
compounds (energetic substrates, antioxidants and an NMDA-receptor antagonist) to
modify the energetic deficit induced by intrastriatal QA injection in order to clarify the

mechanisms involved.
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Material and Methods

Animals and Reagents

A total of 140 30-day-old Wistar rats obtained from the Central Animal House of
the Department of Biochemistry, Instituto de Ciéncias Bésicas da Saude, Universidade
Federal do Rio Grande do Sul, Porto Alegre, Brazil, were used in the in vitro and ex vivo
studies. The animals were maintained on a 12:12 h light/dark cycle in an air-conditioned
constant temperature (22'C + 1'C) colony room, with food and water ad libitum. All
reagents used were of analytical grade and purchased from Sigma Co. (St Louis, MO,
USA), except for dizocilpine maleate (MK-801), which was purchased from Tocris

(Ballwin, MO, USA).

Quinolinic Acid Administration

The rats were deeply anesthetized with sodium thiopental (30 mg/kg i.p.) and
placed in a stereotaxic apparatus. A small hole was drilled in the skull for microinjection,
and 0.5 pL of 300 mM quinolinic acid (150 nmol, pH 7.4 adjusted with NaOH) or NaCl
(controls), at the same concentration, was slowly injected over 4 min into the left striatum
via a needle connected by a polythene tube to a 10 uL. Hamilton syringe. The needle was
left in place for another 1 min before been softly removed, so that the total procedure
lasted 5 min. The coordinates for injection were as follows: 0.6 mm posterior to bregma,
2.6 mm lateral to midline and 4.5 mm ventral from dura (Paxinos and Watson, 1986). The
correct position of the needle was tested by injecting 0.5 pL of methylene blue injection
(4% in saline solution) and carrying out histological analysis. The dose and method of QA
administration were based in previous works (Qin et al. 1992). The experimental protocol
was approved by the Ethics Committee for animal research of the Universidade Federal do

Rio Grande do Sul, Porto Alegre, Brazil and followed the NIH Guide for the Care and Use
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of Laboratory Animals (NIH publication 85-23, revised 1985). All efforts were made to
minimize the number of animals used and their suffering.

In some experiments the animals were pretreated during 7 days with daily i.p.
administration of a-tocopherol (40 mg/kg) plus ascorbic acid (100 mg/kg) or with NaCl
(0.9% 10 mL/kg, i.p.), as described previously (Franzon et al. 2003). Some animals were
also pretreated with N“-nitro-L-arginine methyl esther (L-NAME, 2 mg/kg) or NaCl (0.9%
10 mL/kg, i.p.) 30 minutes before QA intrastriatal injection. The L-NAME dose used was
shown to inhibit cerebral nitric oxide synthase (NOS) by more than 70% (Nishikawa et al.
1993), without significantly altering blood flow (Buisson et al. 1992). In another
experiment, rats were pretreated with sodium pyruvate i.p. at a dose of 500 mg/kg or NaCl
(0.9% 10 mL/kg, i.p.)1 hour before QA injection (Ryu et al. 2003). The effect of creatine
administration on QA-induced energetic dysfunction was also evaluated by preinjecting the
animals for 7 days, two injections per day, with creatine (50 mg/kg, i.p.) or NaCl (0.9% 10
mL/kg, i.p.), after which the animals received one intrastriatal QA injection (Vasques et al.
2005). Finally, in the experiments designed to evaluate the participation of glutamatergic
mechanisms mediated by NMDA -glutamate receptors, the animals received MK-801 (0.25

mg/kg, i.p.) or NaCl (0.9% 10 mL/kg, i.p.) 30 min before they were injected with QA.

Tissue Preparation

Animals were sacrificed by decapitation 3, 6 or 12 hours after intrastriatal injection
of either quinolinic acid or NaCl, the brain was rapidly excised on a Petri dish placed on
ice. The olfactory bulb, pons, medulla, cerebral cortex and cerebellum were discarded, and
the ipsilateral and contralateral striata were dissected, weighed and kept chilled until
homogenization with a ground glass type Potter-Elvehjem homogenizer in the specific
buffer used for each technique. For the determination of the electron transfer chain

complexes and creatine kinase activities, contralateral and ipsilateral striata were
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homogenized in 20 volumes of SETH buffer, pH 7.4 (250 mM sucrose, 2 mM EDTA, 10
mM Trizma base, and 50 IU/mL heparin). The homogenates were centrifuged at 800 X g
for 10 min at 4°C, the pellet was discarded and the supernatants kept at -70°C until enzyme
activity determination (Fischer et al. 1985). The maximal period between homogenate
preparation and enzyme analysis was always less than 7 days.

Mitochondria from striatum were also purified for measurement of complex I
activity. Briefly, the cerebral cortex was homogenized with a ground glass type Potter-
Elvehjem homogenizer in 10 volumes of phosphate buffer pH 7.4 containing 0.3M
sucrose, SmM MOPS, ImM EGTA and 0.1% bovine serum albumin. The homogenates
were centrifuged at 1500xg for 10 min at 4°C and the pellet was discarded. The
supernatant was centrifuged at 15,000%g in order to isolate mitochondria present in the
pellet, which was finally dissolved in the same buffer (Latini et al. 2005)

For the experiments carried out to measure '*CO, production, striatum was
homogenized (1:10, w/v) in Krebs-Ringer bicarbonate buffer pH 7.4 using an ice-chilled
glass homogenizing vessel at 900 rpm and total homogenates were used in these
experiments.

For the in vitro studies, striatum from non-treated rats was dissected and
homogenized in a similar manner as that for the ex vivo experiments to obtain supernatants
and purified mitochondrial fractions. The supernatants or mitochondrial preparations were

them incubated in the presence of 100 uM QA.

Respiratory Chain Complexes Activities

Mitochondrial respiratory chain enzyme activities were measured in striatum
supernatants 3, 6 or 12 hours after QA or NaCl intrastriatal injection. The activity of
NADH dehydrogenase (Complex I) was assessed as described by Cassina and Radi (1996)

in mitochondrial preparations. The activities of succinate: DCIP-oxidoreductase (complex
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IT) and succinate:cytochrome ¢ oxidoreductase (complex II-11I) were determined according
to the method of Fischer et al (1985). The activity of ubiquinol:cytochrome ¢ oxireductase
(complex IIT) was assayed according to the method described by Birch-Machin et al.
(1995) and that of cytochrome ¢ oxidase (complex IV) according to Rustin et al. (1994).
The methods described to measure these activities were slightly modified, as described in
details in previous reports (Brusque et al. 2002, da Silva et al. 2002). The activities of the
respiratory chain complexes were expressed as nmol/(min mg protein). For the in vitro
studies, 100 uM QA was supplemented to the incubation medium, whereas the control

group did not contain the metabolite.

Creatine Kinase activity (CK) determination

CK activity was measured in striatum homogenates 3, 6 or 12 hours after QA or
NaCl intrastriatal injection in a reaction mixture consisting of 60 mM Tris-HCI, pH 7.5,
containing 7 mM phosphocreatine, 9 mM MgSO,, 0.625 mM lauryl maltoside and
approximately 0.4-1.2 pg protein in a final volume of 100 pL. For the in vitro studies, 100
uM QA was supplemented to the incubation medium, whereas the control group did not
contain the metabolite. After 10 min of pre-incubation at 37°C, the reaction was started by
the addition of 0.3 umol ADP. The reaction was stopped after 10 min by the addition of 1
umol of p-hydroxymercuribenzoic acid. The creatine formed was estimated according to
the colorimetric method of Hughes (1962) with slight modifications as described
previously (da Silva et al. 2004). The color was developed by the addition of 100 uL 2%
o-naphtol and 100 pL 0.05% diacetyl in a final volume of 1 mL and read
spectrophotometrically at 540 nm after 20 min. Results were expressed as percentage of

controls as umol creatine formed/(min mg protein).
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Citrate Synthase activity

The activity of citrate synthase, a marker enzyme of mitochondrial viability, was
assayed according to Shepherd and Garland (1973) in a medium containing 75 mM Tris-
HCI pH 8.0, 0.01% Triton X-100, 0.1 mM DTNB, 0.5 mM oxaloacetic acid and 20 pg
protein. The reaction was started with the addition of 0.42 mM acetyl-CoA and monitored
spectrophotometrically at 412 nm for 3 min. Results were expressed as nmol TNB

formed/(min mg protein).

“co, production from [1-'*C]acetate

For the experiments designed to evaluate '*CO, production, the animals were
sacrificed 3 or 12 hours after intrastriatal QA or NaCl (0.9 %) injection, the contralateral
and ipsilateral striata were dissected and homogenized (1:10, w/v) in Krebs-Ringer
bicarbonate buffer pH 7.4 using an ice-chilled glass homogenizing vessel at 900 rpm. Total
striatal homogenates were added to small flasks (11 cm’). Flasks were pre-incubated in a
metabolic shaker at 37°C for 15 min. After pre-incubation, 0.1 uCi [1-'*C]-acetate and 0.5
mM of unlabeled acetate were added to the incubation medium. The flasks were gassed
with a 0,:CO; (95:5) mixture and sealed with rubber stoppers and Parafilm M. Glass
center wells containing a folded 65 mm/5 mm piece of Whatman 3 filter paper were hung
from the stoppers. After 60 min of incubation at 37°C, 0.1 mL of 50% trichloroacetic acid
was added to the medium and 0.1 mL of benzethonium hydroxide was added to the center
wells with needles introduced through the rubber stopper. The flasks were left to stand for
30 min to complete *CO, trapping and then opened. The filter papers were removed and
added to vials containing scintillation fluid, and radioactivity was measured (Dutra-Filho et

al. 1995).
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Protein determination
Protein was measured by the method of Lowry et al (1951), using bovine serum
albumin as standard. The protein concentration in the supernatants varied from 1.5-4.0 mg

protein/mL in all experiments.

Statistical analysis

Data were expressed as means = SEM for absolute values or percentage of control.
Assays were performed in duplicate or triplicate and the mean was used for statistical
analysis. Results were assessed with a computerized statistical program (Statistical
Package for the Social Sciences, SPSS) on an IBM-compatible PC. Comparisons between
values were calculated using the unpaired and paired Student’s t-tests. Differences between

the groups were considered statistical significant when P < 0.05.

Results

The activities of the respiratory chain complexes were determined in homogenates
from the left striatum of rats sacrificed 3, 6 or 12 hours after QA or NaCl administration. It
can be seen in Table 1 that QA did not affect these enzymatic activities when rats were
killed 3 and 6 hours after intrastriatal injection, as compared to NaCl-injected animals. In
contrast, significant inhibitions on complex II (50%, P < 0.05), complex III (46%, P <
0.05) and complex II-IIT (35%, P < 0.01) activities, but not of complex I (P = 0.273), and
complex IV (P = 0.945) activities, were observed in striatum prepared 12 hours after QA
treatment (Figure 1).

The activity of citrate synthase was also determined in striatum homogenates
prepared 12 hours after QA or NaCl injection. No significant difference was found
between groups, indicating that the number of mitochondria and/or the mitochondrial

integrity was not affected by intrastriatal injection of QA (P = 0.456). These data
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corroborate our findings of no alteration of complexes I and IV activities of the respiratory
chain at 12 hours after QA intrastriatal administration.

The activities of creatine kinase (CK) in striatum homogenates taken 3, 6 or 12
hours after QA or NaCl administration are shown in Figure 2. No significant differences
between QA and NaCl-injected striata were found in CK activity at 3 or 6 hours after QA
injection. However, CK activity was significantly reduced by about 27% after 12 hours of
QA intrastriatal administration (P < 0.05).

We then examined the influence of QA treatment on CO, production from [1-
"CJacetate in total homogenates prepared from striatum of rats that received QA or NaCl
3, 6 or 12 hours after injection. No differences in '*CO2 synthesis were found 3 or 6 hours
after QA-injection. However, CO, production from acetate was found significantly reduced
by about 30% in striatum of QA-injected animals sacrificed 12 hours after QA
administration (P < 0.05) (Figure 3).

We then examined the in vitro effect of QA (100 uM) on the respiratory chain
complexes and creatine kinase activities in striatal homogenates of young rats. Table 2
shows that no significant changes were found when QA was added to the incubation
medium, as compared to controls. Taken together the in vitro and the ex vivo observations,
it may be presumed that QA-induced impairment of energy production was mediated by
indirect mechanisms, rather due to a direct action of this organic acid on the enzymes.

Therefore, the next set of experiments was designed to elucidate the mechanisms
involved in impairment of striatum bioenergetics caused by QA administration. The
animals were pretreated with antioxidants, energetic substrates or an NMDA receptor
antagonist and sacrificed 12 hours after QA injection. In these experiments, the activities
of the respiratory chain complexes and of creatine kinase were evaluated in striatum
homogenates prepared from the ipsilateral and the contralateral striatum (controls) in order

to minimize the number of animals used. Preliminary experiments revealed no significant
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changes in these activities between the NaCl-injected ipsilateral and the noninjected
contralateral striatum prepared 12 hours after injection (data not shown), indicating that
NaCl injection per se did not alter the energy metabolism parameters evaluated.
Furthermore, we also observed that QA injection in the ipsilateral striatum did not change
the energy metabolism parameters in the contralateral striatum (data not shown).

We initially pretreated the animals with daily i.p. injections of the free-radical
scavengers oa-tocopherol (40 mg/kg) plus ascorbate (100 mg/kg) for 7 days, while controls
received saline solution. As depicted in Figure 4, pretreatment with these drugs totally
prevented the inhibitory effect of QA on CK (P < 0.01 vs saline) and complex III (P <
0.05 vs saline) activities, but did not alter the inhibition provoked by this neurotoxin on
complexes II and II-III.

We then pretreated the animals with one i.p. injection of the NOS inhibitor L-
NAME (2 mg/kg) 30 min prior to QA intrastriatal administration (Figure 5). This drug was
administered in a dose that inhibits cerebral nitric oxide synthase up to 70% (Nishikawa et
al. Stroke 1993) without altering blood flow (Buisson et al. Br. J. Pharmacol, 1992). L-
NAME pretreatment only abolished the inhibitory effect of QA administration on CK
activity (P < 0.01 vs saline) (Figure 5), indicating that NO or/and peroxynitrite generation
is probably involved in such inhibitory effect. Taken together, these results indicate that
CK and complex III inhibition induced by QA injection is probably mediated by the
generation of reactive species.

Animals were also pretreated with the energetic substrates pyruvate and creatine,
Pretreatment of rats 1 hour prior to intrastriatal injection of QA with 500 mg/kg pyruvate, a
dose previously reported to be efficient to reduce QA-induced striatum toxicity (Ryu et al.
2004), did not alter the inhibitory pattern of complex II-III and III, but partially reduced (P
< 0.05 vs contralateral; P < 0.05 vs saline) the inhibitory effect of QA on CK activity and

completely prevented the inhibitory effect of this neurotoxin on complex II activity (P <
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0.05 vs saline) (Figure 6).

The effect of 1.p. creatine (50 mg/kg) or saline (0.9 % NaCl) pretreatment for 7
days, twice a day, on the inhibitory properties of QA was examined. As shown in figure 7,
creatine pretreatment completely prevented all inhibitory effects of QA. Moreover, the
activity of CK of animals receiving creatine was even higher (25%, P < 0.01) in the
ipsilateral, as compared with the contralateral striatum.

Finally, we observed that intraperitoneal preadministration of the NMDA
antagonist MK-801 (0.25 mg/kg) fully prevented the inhibitory effects elicited by QA
intrastriatal injection on all parameters evaluated (Figure 8). These results indicate that the
inhibitions of enzymatic activities caused by QA administration were probably mediated

by NMDA overstimulation.

Discussion

Quinolinic acid is presumably involved in the pathogenesis of neurodegenerative
disorders (Schwarcz et al. 1984, Whetsell and Schwarcz, 1989; Widner et al. 2000a,b;
Obrenovitch, 2001; Stone, 2001), infectious, inflammatory and non-inflammatory diseases
(Heyes et al. 1991, 1995, Halperin and Heyes, 1992; Brouwers et al. 1993) It has been
generally considered that the toxic actions of QA are predominantly related with NMDA
receptor overactivation (Stone et al. 1993; Susel et al. 1989), although other investigators
do not support the presumption that this mechanism is responsible for most of the brain
damage exerted by QA (Obrenovitch et al. 2001). In this context, QA is capable to induce
oxidative stress through reactive oxygen and nitrogen species formation by NMDA-
dependent and NMDA-independent manners, therefore involving a pattern of toxicity
distinct from excitotoxicity (Behan et al. 1999, Santamaria et al. 2001; Leipnitz et al.
2005). Furthermore, quinolinic acid (QA) and the inhibitors of complex II of the

respiratory chain malonate and 3-nitropropionic acid reproduce the neurochemical and
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histopathological features of Huntington’s disease characterized by basal ganglia lesions
and QA has been used as an animal model of because it this disorder (Schwarcz et al.
1983; Beal et al. 1986; Beal et al. 1993; Greene et al. 1993; Brouillet et al. 1995).

On the other hand, intracerebral administration of QA has been shown to cause
energetic dysfunction in striatum of adult rats but the involved mechanisms were not
unraveled (Bordelon et al. 1997, 1998).The present investigation demonstrates that in vivo
intrastriatal administration of QA to young rats decreases aerobic respiration, by
significantly blocking the respiratory chain and the citric acid cycle, and also compromises
energy transfer inside the cell, by inhibiting creatine kinase (CK) activity, in a time-
dependent manner. The alterations of energy metabolism were observed 12 hours, but not
3 or 6 hours after QA injection, suggesting that these effects could be mediated by indirect
mechanisms such as NMDA receptor activation and/or oxidative stress. This assumption is
reinforced by the fact that doses of 100 pmol QA were unable to inhibit in vitro the
activities of the respiratory chain complexes and of creatine kinase, indicating that no
direct effect of QA on these enzymes occurred.

Significant reductions of the activities of complexes II (50 %), II-III (35 %), 111 (46
%) of the respiratory chain and of CK (27 %) were detected in the striatum 12 hours after
QA injection. Labeled CO, production from [1-'*CJacetate, which reflects the activity of
the Krebs cycle, was also found reduced (27 %) only at 12 hours after QA infusion. Taken
together, these results strongly indicate that the striatum aerobic capacity was
compromised by QA.

Young animals (30 day-old rats) were used in our experiments because very little is
known on the effects of QA on intermediary metabolism at an early animal age. In this
context, changes in temporal and spatial expression of NMDA receptor subtypes (QA is an
agonist of these subtype of glutamate receptors) occur during brain development (Monyer

et al. 1994, Portera-Cailliau et al 1996, Wenzel et al 1997). Thus, it could be presumed
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that differential age-specific effects may be achieved in case QA acts on a specific subtype
of NMDA receptor.

We could hypothetically attribute our results of reduced activities of crucial
enzymatic steps of energy production as due to tissue damage and cell death caused by QA
infusion since reduced ATP production or utilization can result in loss of cell viability by
disrupting energy-dependent vital cellular processes, and it has been shown that QA
provokes lower ATP synthesis in the striatum (Bordelon et al. 1997). In this regard, ATP is
essential to fuel ionic pumps that generate and maintain ionic and voltage gradients across
neuronal membranes, including Na”, K", ATPase pump that controls the resting membrane
potential and other ATPases that regulate intracellular Ca*" levels (Novelli et al. 1988,
Haneberry et al. 1989, Zeevalk et al. 1991). Increased intracellular Ca’>" may lead to
reactive species formation and in turn attack important enzyme activities of the respiratory
chain and of the Krebs cycle (Dykens, 1994,). Therefore, impaired energy metabolism and
oxidative stress may form a self-amplifying cycle of cell toxicity. However, this was
probably not the case i.e. the changes in energy metabolism parameters as reported here are
not likely to be due to cell loss, since the activities of NADH dehydrogenase (complex I),
complex IV and citrate synthase, other enzyme activities that reflect the mitochondrial
content in the samples, were not altered by QA injection. This is in agreement with
previous studies showing that there is no significant decrease in cell number after similar
injections of this toxin (Bordelon et al. 1994).

The animal data obtained in the current study agree to a certain extend to other
reports performed in humans and showing that various activities of the respiratory chain
complexes, particularly complex II, are markedly and selectively reduced in postmortem
striatum from HD patients (Tabrizi et al. 1999, Gu et al. 1996). Thus, our results may
provide further support for the usefulness of intrastriatal QA injection as an animal model

of HD.



36

Considering that oxidative stress can be induced by QA in vitro and in vivo
(Leipnitz et al. 2005; Rios and Santamaria, 1991, Perez-Severiano et al. 2004) and that the
respiratory chain complexes I and III and CK can be attacked by free radicals (Cardoso et
al. 1999; Wendt et al. JBC 2003, Stachowiack JBC 1998), we evaluated whether free
radical generation could be involved in the energetic impairment provoked by QA
intrastriatal injection by pretreating animals with the free radical scavengers a-tocopherol
plus ascorbate or the NOS inhibitor L-NAME and then assaying the energetic parameters.
We observed that pretreatment with a-tocopherol plus ascorbate was able to fully prevent
CK and complex III inhibitions induced by QA infusion, indicating that these inhibitory
effects were mediated by reactive species. In this particular, it is well established that o-
tocopherol is a lipophilic antioxidant that acts as a free radical scavenger, donating
hydrogen to radicals usually peroxyl and alkoxyl radicals, thus preventing the propagation
of lipid peroxidation. Because it is localized into the hydrocarbon core of the phospholipids
bilayer, it interacts with cell membrane, protecting polyunsaturated fatty acids and thiol
groups of membrane proteins, keeping the integrity and function of the biomembranes
(Trappel, 1973; Ames et al. 1993; Burton et al. 1990). During this process, a-tocopherol is
converted to the tocopheryl radical, requiring ascorbate for its regeneration back to reduced
tocopherol (Frei et al. 1990; McCay, 1985; Carr and Frei, 1999). Regarding complex III, it
has been recently reported that this complex contains tightly bound cardiolipin molecules
that appear to be essential for its catalytic function (Gomez Jr and Robinson, 1999; Lange
et al. 2001) and that reactive oxygen species generated by the mitochondrial respiratory
chain affect complex III activity via cardiolipin peroxidation (Paradies et al. 2001). Our
results also demonstrated lack of preventive effect of a-tocopherol on complex II activity,
and this is in accordance with other study reporting an inability of a-tocopherol to protect
complex II in an oxidative stress situation (Cardoso et al. 1999). Therefore, it is likely that

a direct damage of free radicals towards the complex proteins of this complex occurs,
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rather than an indirect action due to lipid peroxidation of membrane proteins in which this
complex is embbebed. Further experiments using other antioxidants, such as glutathione
esters should be carried out to unravel the involved mechanisms.

Nitric oxide (NO) has been implicated in the neurotoxicity associated with
glutamate receptor stimulation (Dawson et al. 1991) and more recently with QA-induced
neurotoxicity in the striatum (Peres-Severiano et al. 1998). NMDA receptor activation
induces NOS (Ayata et al. 1997) by calcium influx, leading to increase of NO and its
highly toxic reactive nitrogen species derivative peroxynitrite. In this context, increase in
microglia-derived iNOS and neuronal NOS have been reported in QA-injected striatum
(Ryu, 2004, Schmidt et al. 1995). Our results revealed that pretreatment with the NOS
inhibitor L-NAME was able to totally prevent the inhibitory effect of QA infusion on CK
activity, without altering the other parameters of energy metabolism, indicating therefore
that CK activity is especially vulnerable to NO and/or peroxynitrite attack . Our findings
are in agreement with previous reports showing that CK activity is inhibited by
peroxynitrite (Wendt et al. 2003, Stachowiack JBC 1998). The absence of a preventive
effect of L-NAME on QA-induced inhibition of the respiratory chain complexes II, III and
II-IIT indicates that inhibition of these complexes were probably not mediated by nitrogen
reactive species. Taken together, these results indicate that the impairment of striatum
bioenergetics induced by QA injection is partially mediated by generation of reactive
species.

Since pyruvate serves as a cellular energy substrate (Tsacopoulos and Magistretti,
1996), exhibits antioxidant activity (Giandomenico et al. 1997) and protects against
NMDA-mediated cell death by enhancing energy metabolism (Maus et al. 1999), in this
work we also tested the effect of pyruvate pretreatment on the energetic dysfunction
caused by QA intrastriatal infusion. Pyruvate completely prevented the inhibitory effect on

complex II activity and attenuated the inhibition of CK activity provoked by QA. These
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results agree with previous reports showing that this compound is neuroprotective against
QA-induced damage in different types of striatal neurons (Ryu et al. 2003, 2004). Ryu and
coworkers (2004) also reported that pyruvate treatment decreased by about 50% iNOS
expression in astrocytes, a fact that may explain the partial prevention of CK activity
inhibition and reinforces our present data indicating that this inhibition is at least in part
mediated by formation of NO or its metabolites. In addition, since pyruvate can directly
neutralize H,O, and lipid peroxides in a non-enzymatic reaction (Constantopoulos and
Barranger, 1984; DeBoer et al. 1993; Crestanello et al. 1995), it may be presumed that
these properties may also be related to the inhibition of complex II and CK elicited by QA.
Regarding complex II, it has been shown that pyruvate induces in vitro synthesis of citrate,
NADPH and GSH (Tejero-Taldo et al. 1999) and that GSH protects complex II against
inhibition induced by oxidative stress (Cardoso et al. 1999). Although we did not measure
GSH levels after pyruvate pretreatment, it may be presumed that pyruvate may have
prevented the inhibitory QA-induced inhibition of complex II of the respiratory chain by
increasing GSH levels. This is in agreement with the observations that inhibitions of
mitochondrial activities are related to the deficient regeneration of the endogenous
naturally-occurring antioxidant GSH that depend on the supply of hydrogen from
respiratory substrates (Glinka and Youdim, 1994).

Moreover, considering that various studies have shown neuroprotective effects of
creatine supplementation against energy deficit caused by malonate and 3-nitropropionic
acid toxicity in vivo (Matthews et al. 1998; Malcon et al. 2000) and in cultivated striatal
and hippocampal neurons (Brustovetsky et al. 2001), we examined whether creatine
administration could change the pattern of energy dysfunction provoked by intrastriatal
injection of QA. We found that pretreatment with creatine completely abolished all

inhibitory effects induced by QA injection on striatum bioenergetics.
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Despite its broad neuroprotective properties in vivo and in vitro, the mechanisms of
action of creatine-mediated neuroprotection are not well understood yet. Current
hypotheses include enhanced energy storage, as well as stabilization of the mitochondrial
permeability transition pore by the octameric conformation of CK (O’Gorman et al. 1997,
Brdiczka et al. 1998; Wyss and Kaddurah-Daouk, 2000). Thus, it is well established that
creatine is an excellent stimulant of mitochondrial respiration, resulting in the generation
of phosphocreatine (PCr) and secondarily of ATP (Kernec et al. 1996; O’Gorman et al.
1996). Furthermore, rise in PCt/ATP ratio may serve to power ion pumps, especially the
energetically demanding sarcoplasmic-endoplasmic reticulum Ca’’-ATPase pump
(Wallimann and Hemmer, 1994), whose activities are required to maintain ion
homeostasis, excitability, and Ca®" signaling. These ion pumps are coupled to CK and
require a high local ATP/ADP ratio for efficient function. In addition, it should be noted
that creatine exposure may upregulate transcription of the brain cytosolic CK
(Kuzhikandathil and Molloy, 1994), as has been observed by protein kinase A upregulation
of the brain isozyme of CK (Kuzhikandahtil and Molloy, 1994). Taken together, these
effects may act synergistically in order to improve the overall bioenergetic status of the
cell, making it more resistant to injury (Zhu et al. 2004).

Creatine also protects against NMDA overstimulation, which may be attributed to
its capacity to rise PCr levels and the ability of PCr to stimulate synaptic glutamate uptake
and thereby to reduce extracellular glutamate (Xu et al. 1996). This hypothesis is
reinforced by the fact that QA was previously shown to stimulate synaptosomal glutamate
release and to inhibit astrocyte glutamate uptake (Tavares, et al. 2002).

Previous reports have demonstrated that QA administration and NMDA excitotoxic
lesions are associated with reduction of energy reserves (Mitani, 1994; Tsujii et al. 1994;
Bordelon et al. 1997). Excitotoxicity is accompanied by Ca®" surge (Khodorov et al. 1996,

Stout et al. 1998), which leads to a deterioration of the cellular energy status, if energy
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reserves are insufficient for Ca*” pumping (Brewer and Wallimann, 2000). Bioenergetics
failure could be the result of reactive species-induced oxidation and inactivation of several
of the mitochondrial transport chain complexes (Zhang et al. 1990), mitochondrial
aconitase (Li et al. 2001) and/or ATP synthase (Beal et al. 1986). Therefore, we tested
whether the noncompetitive NMDA antagonist MK-801 could block QA effect on striatum
bioenergetics. We observed that this glutamate antagonist was able to fully prevent all QA-
induced inhibitory effects on energy metabolism. These findings are in agreement with a
report describing that MK-801 blocks QA-induced degeneration in rat striatum (Woodruff
et al. 1987) and strongly support the hypothesis that the blockage of the respiratory chain
and CK caused by QA intrastriatal injection was secondary to NMDA receptor stimulation.

As regards to the pathophysiological importance of our findings, it should be
emphasized that QA concentrations that provoked the effects here observed were similar to
those found during neuroinflammatory processes (Beagles et al. 1998, Obrenovitch, 2001;
Obrenovitch and Urenjak, 2003). Furthermore, although we did not measure ATP levels, a
previous experiment using a similar approach demonstrated that ATP synthesis was
markedly blocked by QA intrastriatal administration (Bordelon et al. 1997). In this
scenario, our present investigation extended this study and unraveled some of the involved
mechanisms of energy depletion, showing also that the Krebs cycle (CO, production) was
also blocked by QA, as well as CK activity, indicating that energy transfer is also
compromised by intrastriatal high levels of QA.

In conclusion, our present results indicate that energy dysfunction must be also
considered as a QA-inducing mechanism of cell damage. Since creatine is well tolerated in
man, the present findings are of particular interest because use of oral treatment with
creatine may represent a potential novel adjuvant therapeutic strategy against QA toxicity,
particularly in neurodegenerative diseases in which brain QA concentrations are increased

and/or defects in energy metabolism are implicated (Beal, 1992).
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Table 1: Respiratory chain complex activities in striatum homogenates (complexes II, II-

III, III and IV) or in striatum mitochondrial preparations (complex 1) 3 or 6 hours after

intrastriatal administration of 150 nmol QA.

Time after intrastriatal

injection

NaCl QA NaCl QA
257.4 + 305.8 + 261.2 + 242.1 +

Complex | 24.3 49.1 13.9 147
(n = 3) (n = 3) (n = 3) (n = 3)
4.59 + 4.35 + 5.30 + 5.64 +

Complex 11 0.58 0.29 0.40 0.68
(n = 4) (n = 4) (n =5) (n = 4)
19.76 + 25.16 =+ 23.55 + 25.43 +

Complex I11- 111 1.89 1.86 0.80 3.04
(n = 4) (n = 4) (n =5) (n = 4)
148.1 + 174.5 + 114.5 + 121.3 +

Complex 1V 36.1 13.8 15.6 11.7
(n =5) (n = 3) (n =5) (n = 4)

Data represent mean + SEM for 4-6 experiments performed in duplicate and are expressed

as nmol/min mg protein. Activities are expressed as nmol.min"'.mg protein™ No significant

differences were found between the various groups (Student’s t test for unpaired samples).
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Table 2: In vitro effect of QA (100 uM) on the respiratory chain complexes and creatine

kinase activities in striatum homogenates of 30-day-old Wistar rats.

Control 100 pM QA
Complex 11 4% J_:r 2549 4&22 J;r 2530
Complex 11- 111 24 .(2n4 :i 61). 08 22 .(5n3 :i 60) 56
Complex 1V 125(.n5 :i 41)1 .6 120(.n9 :i 48) 75
Creatine Kinase 6C()§ J:—f 2567 5?2 J;r 2542

Data represent mean + SEM for 4-6 experiments performed in duplicate and are expressed

as nmol.min™.mg protein” for complexes II, II-III and IV and as umol creatine.min™'.mg

protein” for creatine kinase. No significant differences were found between the various

groups (Student’s t test for paired samples)
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Legend to Figures

Figure 1: Respiratory chain complex activities in striatum 12 hours after intrastriatal
administration of 150 nmol QA. Animals received NaCl or QA in the left striatum as
described in Material and Methods. Data are represented as mean + SEM for 3-6
independent experiments performed in duplicate and are expressed as nmol.min"'.mg

protein™ * P < 0.05; ** P < 0.01 compared to NaCl (Student’s t test for unpaired samples).

Figure 2: Creatine kinase activity in striatum obtained at different periods (3-12 hours)
after intrastriatal administration of 150 nmol QA or NaCl. Animals received NaCl or QA
in the left striatum as described in Material and Methods. Data are represented as mean +
SEM for 4-8 independent experiments performed in triplicate and are expressed as pmol
creatine.min”.mg protein™. ** P < 0.01 compared to NaCl (Student’s t test for unpaired

samples).

Figure 3: '*CO, production from [1-"*CJacetate in striatum obtained at different periods (3-
12 hours) after intrastriatal administration of 150 nmol QA or NaCl. Animals received
NaCl or QA in the left striatum as described in Material and Methods. Data are represented
as mean + SEM for 4-5 independent experiments performed in triplicate and are expressed
as percentage of controls. * P < 0.05 compared to NaCl (Student’s t test for unpaired

samples).

Figure 4: Effects of a-tocopherol (40 mg/kg) plus ascorbic acid (100 mg/kg) on QA striatal
energy metabolism inhibition. Animals were treated with saline or a-tocopherol plus

ascorbic acid i.p. for 7 days prior to QA injection. Data are represented as mean = SEM for
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5 independent experiments (animals) performed in duplicate and are expressed as
percentage of controls. * Significantly different from contralateral striatum (control) (* P <
0.05; ** P < 0.001). «»<+ Significantly different from ipsilateral striatum of rats that

received saline (% P < 0.05, %< P <0.01). (Student’s t test for unpaired samples).

Figure 5: Effects of nitric oxide synthase inhibitor (L-NAME, 2 mg/kg) on QA striatal
energy metabolism inhibition. Animals were treated with saline or L-NAME i.p. 30 min
prior to QA injection. Data are represented as mean + SEM for 6 independent experiments
(animals) performed in duplicate and are expressed as percentage of controls. *
Significantly different from contralateral striatum (control) (* P < 0.05; ** P < 0.01). %
Significantly different from ipsilateral striatum of rats that received saline (%< P <

0.01). (Student’s t test for unpaired samples).

Figure 6: Effects of pyruvate (500 mg/kg) on QA striatal energy metabolism inhibition.
Animals were treated with saline or pyruvate 1.p. 1 hour prior to QA injection. Data are
represented as mean = SEM for 4-7 independent experiments (animals) performed in
duplicate and are expressed as percentage of controls. * Significantly different from
contralateral striatum (control) (* P < 0.05; ** P < 0.01). % Significantly different from
ipsilateral striatum of rats that received saline (¢* P < 0.05). (Student’s t test for unpaired

samples).

Figure 7: Effects of creatine (50 mg/kg) on QA striatal energy metabolism inhibition.
Animals were treated with saline or creatine i.p. for 7 days, twice a day, prior to QA
injection. Data are represented as mean £ SEM for 4-6 independent experiments (animals)
performed in duplicate and are expressed as percentage of controls. * Significantly

different from contralateral striatum (control) (* P < 0.05; ** P < 0.01). «* Significantly
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different from ipsilateral striatum of rats that received saline (% P < 0.05, <« P <

0.01). (Student’s t test for unpaired samples).

Figure 8: Effects of pretreatment with MK-801 (0.25 mg/kg) prior to QA striatal energy
metabolism inhibition. Animals were treated with saline or MK-801 i.p. 30 min before QA
injection. Data are represented as mean £ SEM for 5 independent experiments (animals)
performed in duplicate and are expressed as percentage of controls. * Significantly
different from contralateral striatum (control) (* P < 0.05; ** P < 0.01). % Significantly
different from ipsilateral striatum of rats that received saline (< P < 0.05). (Student’s t

test for unpaired samples).
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1- DISCUSSAO

O 4cido quinolinico (AQ) ¢ um agonista NMDA que exerce agdes excitotoxicas no
sistema nervoso central (SNC) (STONE, 1993). No entanto, uma vez que o AQ ¢ um
agonista relativamente fraco desses receptores (SCHWARCZ et al. 1983), os mecanismos
de toxicidade do AQ sobre o SNC continuam parcialmente esclarecidos. Neste particular
foi recentemente relatado que, apesar das concentragdes de AQ aumentarem em até 10-100
vezes em células ativadas da microglia ¢ em macrofagos invasores do SNC durante
processos neuroinflamatdrios, essas quantidades de AQ ainda s3o insuficientes para
resultar em atividade excessiva dos receptores NMDA e morte neuronal (OBRENOVICH,
2001). Assim novos experimentos s3o necessarios para verificar porque o AQ ¢é tao
neurotdxico se todos os seus efeitos ndo podem ser atribuidos a superestimulagdo do SNC.

Por outro lado, tem sido demonstrado que o AQ induz lesdes estriatais semelhantes
as encontradas na doenca de Huntington, uma vez que o dano produzido por esse acido
poupa os neurdnios somatostatina-neuropeptideo Y (BEAL et al. 1986). Dai o fato do AQ
estar sendo usado como modelo animal quimico da DH para que se possa estudar a
patogénese dessa doenca com a finalidade de se descobrir agentes terapéuticos para a
mesma. Interessante também ¢ a constatagdo de que as concentragdes do AQ estdo
aumentadas postmortem no cérebro de pacientes afetados pela doenca de Huntington e
também pela doenca de Alzheimer (STONE, 2001). Recentemente a patogénese do dano
neuroldgico dessas patologias tem sido associada a excitotoxicidade, estresse oxidativo e
disturbio metabodlico (SALINZKA et al. 2005, ZARKOVIC, 2003, BEAL et al. 2000).

A presente investigacdo teve por objetivo estudar o efeito da administracao
intraestriatal do AQ sobre varios pardmetros do metabolismo energético, com énfase
particular sobre a producdo e a transferéncia celular de energia. Utilizamos em nossos

experimentos animais jovens (30 dias de vida) visto que pouco se sabe sobre os efeitos do
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AQ em animais dessa idade, sendo a maior parte dos trabalhos com o AQ realizada em
ratos de 3 ou mais meses de idade.

Verificamos inicialmente que o AQ ndo alterou a atividade dos complexos da
cadeia respiratoria (fosforilagdo oxidativa) ou da enzima creatina quinase (CK)
(transferéncia de energia) em estriado obtido 3 ou 6 horas apos a injecao intraestriatal de
AQ. No entanto, 12 horas ap6s a injecao de AQ as atividades dos complexos II, II-III, IIT e
da CK estavam significativamente reduzidos em 50, 35, 46 ¢ 27%, respectivamente. Tais
resultados indicam que a cadeia respiratoria estava marcadamente bloqueada com reflexos
negativos sobre a producdo de ATP. Tendo em vista que a CK ¢é fundamental para a
transferéncia do ATP mitocondrial para o citosol, podemos concluir que a produgdo e a
transferéncia de energia intracelular foram comprometidas pela inje¢do intraestriatal do
AQ. Testamos também a atividade do ciclo do acido citrico pela medida da produgdo de
CO, a partir de [1-'*CJacetato. Observamos que essa medida foi significativamente
reduzida 12 horas apods a infusdo de AQ. Esses resultados, tomados em seu conjunto,
indicam que o metabolismo energético no estriado dos animais foi marcadamente afetado
pelas concentragdes elevadas de AQ apos a sua administragdo intracerebral, mas nao
informa se esse efeito ocorreu diretamente, ou secundariamente a estimulacdo de
receptores NMDA e/ou a geracdo aumentada de espécies ativas (RIOS & SANTAMARIA,
1991; BEHAN et al. 1999; SANTAMARIA et al. 2001a,b, LEIPNITZ et al. 2005). O fato
de que as alteragdes no metabolismo energético somente foram observadas apds 12 horas
da infusdo do AQ, podem levantar a suspeita de que esse efeito foi secundario a outras
alteragdes. Entdo resolvemos testar o efeito in vitro do AQ, na concentra¢do de 100 uM,
sobre as atividades dos complexos da cadeia respiratoria e da CK. Verificamos que o AQ,
na concentracdo de 100 pM, ndo foi capaz de alterar quaisquer das atividades
determinadas, o que sugere que o efeito do mesmo comprometendo o metabolismo

energético celular ap6s a administracdo intraestriatal tenha sido secundario a outros efeitos.
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Estudos anteriores demonstraram que lesdes excitotdxicas via receptores NMDA
estdo associadas com reducao dos niveis de ATP e fosfocreatina (BORDELON, 1997,
MITANI, 1994). A reducgdo da producgdo ou utilizacdo de ATP pode levar a morte celular
via processos dependentes de energia. Assim, o ATP ¢ essencial para varias bombas
10nicas que geram e mantém os gradientes i0nicos e elétricos nas membranas neuronais €
que sdo essenciais para o funcionamento das células neurais. Dentre essas bombas,
salientamos a bomba Na",K'-ATPase que controla o potencial de membrana e também
outras ATPases que regulam os niveis intracelulares de Ca*". (NOVELLI et al. 1988;
HENEBERRY et al. 1989, ZEEVALK et al. 1991).

A redugdo do metabolismo energético associada com estresse oxidativo podem
formar um ciclo de auto-amplificagdo de toxicidade celular, o que pode explicar o fato de
que somente encontramos efeitos 12 horas ap6s a injecao de AQ.

E importante enfatizar que, apesar de niio termos analisado histopatologicamente as
provaveis lesdes provocadas pela administragdo intraestriatal do AQ, é provavel que as
alteracdes no metabolismo energético aqui reportadas ndo tenham sido devidas a
diminui¢ao do numero de células neurais, visto que as atividades dos complexos I e IV da
cadeia respiratoria e da enzima citrato sintase ndo foram alteradas pela injecdo de AQ.
Nesse particular, enfatize-se os resultados de BORDELON e colaboradores (1994),
demonstrando que nao houve diminui¢do significativa do numero de células ap6s horas de
injegdes similares de AQ.

Assim, nossos dados sdo consistentes com achados de que as atividades dos
complexos da cadeia respiratoria sdo marcada e seletivamente reduzidos no estriado de
pacientes com DH (TABRIZI et al. 1999, GU et al. 1996). Portanto, nossos resultados dao
suporte para a utilizagdo de injecdo intraestriatal de AQ como modelo quimico animal para
inducdo de doencas neurodegenerativas.

Por outro lado, espécies reativas estdo envolvidas em varios processos patologicos,
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tais como no envelhecimento (BOKOV et al., 2004), na hipoxia (CHEN et al. 2003) e em
varias doeng¢as neurodegenerativas, incluindo a doenca de Huntington (STOY et al. 2005).
Além disso, diversos estudos demonstraram que o AQ pode induzir estresse oxidativo in
vitro e in vivo (LEIPNITZ et al. 2005, RIOS e SANTAMARIA, 1991; SANTAMARIA e
RIOS, 1993). Assim, para avaliar o papel da geragao de espécies reativas na disfuncao
energética estriatal encontrada 12 horas apds a inje¢do de AQ, os animais foram pré-
tratados com seqiiestradores de radicais livres (a-tocoferol mais ascorbato) ou com um
inibidor da enzima 6xido nitrico sintase (NOS, éster metilico de N“-nitro-L-arginina, L-
NAME) e os parametros energéticos foram avaliados.

Observamos que o pré-tratamento com a-tocoferol e ascorbato administrados
simultaneamente foi capaz de prevenir a inibicdo da CK e do complexo III induzida pela
injecdo de AQ, indicando que esses efeitos inibitorios foram mediados pela geragdo de
espécies reativas. O a-tocoferol interage com as membranas celulares, captura radicais
livres e interrompe a cadeia de reagdes oxidativas que causam dano as células. (AMES et
al. 1993; BURTON et al. 1990) Durante esse processo, a-tocoferol é convertido a radical
tocoferil, necessitando de ascorbato para sua regeneragdo a tocoferol reduzido (FREI et al.
1990, McCAY, 1985; CARR & FREI, 1999). Neste contexto, enfatize-se resultados
anteriores demonstrando que o complexo III da cadeia respiratoria ¢ inibido por espécies
ativas de oxigénio (CARDOSO et al. 1999), sendo que a CK mitocondrial pode ser atacada
por espécies ativas de nitrogénio e de oxigénio (GROSS et al. 1996; WENDT, et al. 2003;
STACHOWIACK et al. 1998), sendo que essas atividades foram completamente
prevenidas pelo pré-tratamento com a-tocoferol mais ascorbato.

J& o oxido nitrico (NO) estd envolvido com a neurotoxicidade causada pela
estimulagdo de receptores glutamatérgicos (DAWSON et al. 1991), sendo verificado que a

estimulacdo de receptores glutamatérgicos e a conseqiiente geragdo de NO sdo fatores
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importantes na patogénese de varias doengas neurodegenerativas (MELDRUM &
GARTHWAITE, 1990, DAWSON et al. 1992). Neste contexto, esta bem estabelecido que
a ativagdo de receptores NMDA resulta na ativacao da oxido nitrico sintase (iNOS) pela
entrada intracelular de calcio (AYATA et al. 1997), o que estimula a sintese de espécies
reativas de nitrogénio, como o NO e o seu derivado tdxico peroxinitrito.

Além disso, aumento na iNOS derivada de microglia e NOS neuronal também
foram demonstrados em estriado de ratos apds a injegdo de AQ (RYU et al. 2004,
SCHMIDT et al. 1995).

Nossos resultados mostraram que o pré-tratamento com L-NAME, um inibidor da
NOS, foi capaz de prevenir o efeito inibitorio da atividade da CK causado pela injecdo de
AQ, o que estd de acordo com resultados prévios de que a atividade da CK ¢ inibida por
peroxinitrito (WENDT et al. 2003; STACHOWIACK et al. 1998). Por outro lado, o pré-
tratamento com L-NAME ndo inibiu a diminui¢do de atividade dos varios complexos da
cadeia respiratoria, indicando que as espécies ativas de nitrogénio ndo estdo envolvidas
com a inibicdo da cadeia respiratoria. Tomados os resultados em seu conjunto, ¢ possivel
que a entrada de célcio na célula secundaria a superestimulacdo dos receptores NMDA
pelo AQ possa ter induzido a producdo de espécies ativas de oxigénio por parte da
mitocondria que poderiam ser responsaveis pela inibi¢cdo da cadeia respiratoria.

Por outro lado, se o inicio da cascata patoldogica ¢ a deplecdo das reservas
energéticas celulares, entdo agentes que mantém os estoques energéticos celulares podem
atuar como agentes neuroprotetores.

Testamos também o efeito do pré-tratamento com substratos energéticos apos a
injecdo intraestriatal de AQ com o intuito de verificar se esses agentes, que podem ser
administrados de forma oral, poderiam prevenir ou atenuar o déficit energético verificado
no estriado através das medidas das atividades da cadeia respiratoria e da creatina quinase.

O 4cido piruvico, metabolito final da glicolise, que ¢ um substrato energético celular
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(TSACOPOULOS & MAGISTRETTI, 1996) e também apresenta atividade antioxidante
(GIANDOMENICO et al. 1997), foi o primeiro substrato a ser testado. Estudos in vitro
mostraram capacidade neuroprotetora do piruvato sobre morte celular mediada por
ativagdo de receptores NMDA por estimular o metabolismo energético (MAUS et al.
1999). Em nosso estudo, demonstramos que o pré-tratamento com 500 mg/kg de piruvato
foi capaz de prevenir completamente os efeito inibitorio causado pela inje¢ao de AQ sobre
a atividade do complexo II e parcialmente sobre a atividade da CK. Nossos resultados
concordam com aqueles de RYU e colaboradores (2003, 2004), que observaram efeitos
neuroprotetores in vivo do piruvato sobre o dano estriatal induzido por AQ. E possivel que
esses efeitos sejam devidos a capacidade do acido pirtivico de neutralizar os efeitos do
H,O, e de peroxidos lipidicos através de uma reacdo nao-enzimadtica
(CONSTANTOPOULOS & BARRANGER, 1984; DEBOER et al. 1993;
CRESTANELLO et al. 1995), bem como de aumentar as concentragdes dos intermediarios
do ciclo do acido citrico (SUNDQVIST et al. 1989; RUSSELL & TAEGTMEYER, 1991).
Uma vez elevado, o citrato inibe a enzima fosfofrutoquinase (GARLAND et al. 1963) ¢
direciona o fluxo glicolitico para a via da hexose monofosfato, a principal fonte de
NADPH necessaria para regenerar glutationa reduzida (HILTUNEN & DAVIS, 1981). O
aumento do fluxo nessa via aumenta a razio NADPH/NADP" servindo para direcionar a
reagdo da glutationa redutase para a formacao de glutationa reduzida, o principal agente
antioxidante do SNC. TEJERO-TALDO e colaboradores (1999) confirmaram essa hipotese
em um modelo de isquemia/reperfusdo cardiaca seguida de tratamento com piruvato, onde
encontraram aumento dos niveis de citrato, NADPH e GSH. Embora ndo tenhamos medido
as concentragdes de GSH ap6s a administragdo de piruvato em nosso modelo, € se o
piruvato de fato aumenta os niveis de GSH em nosso modelo experimental, isso
concordara com os resultados de CARDOSO e colaboradores (1999), que demonstraram

que GSH ¢ capaz de proteger a inibi¢do induzida por estresse oxidativo na atividade do
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complexo II.

Tendo em vista que estudos prévios demonstraram que GSH ¢ capaz de proteger a
inibigdo da atividade do complexo II induzida por estresse oxidativo (CARDOSO et al.
1999), ¢ possivel que em nosso estudo o aumento de GSH provocado por piruvato tenha
prevenido o efeito inibitoério do AQ sobre o complexo II da cadeia respiratéria. Além disso,
considerando outros resultados, demonstrando que o tratamento com piruvato diminui em
aproximadamente 50% a expressdo da iNOS em astrdcitos, podemos presumir que essa
acdo possa estar envolvida na prevengao parcial da inibi¢do da atividade da CK provocada
pelo piruvato, que demonstramos ser provavelmente devida a formacdo de NO ou seus
metabolitos.

Por outro lado, considerando a gama crescente de evidéncias indicando efeitos
neuroprotetores da creatina sobre a toxicidade induzida por NMDA e malonato in vivo
(MALCON et al. 2000), por glutamato e peptideo B-amildide em neurdnios hipocampais
cultivados (BREWER & WALLIMANN, 2000), e por 3-nitropropionato tanto in vivo
(MATTHEWS et al. 1998) quanto em culturas de neurdnios estriatais e hipocampais
(BRUSTOVETSKY et al. 2001), testamos também o efeito do pré-tratamento com creatina
sobre o déficit energético provocado pela administracdo intraestriatal de AQ. Verificamos
que o pré-tratamento com creatina completamente preveniu os efeitos inibitorios sobre o
metabolismo energético induzidos pela injecdo de AQ. Convém enfatizar que a creatina ¢
um excelente estimulante da respiragdo mitocondrial, resultando na formagdo de
fosfocreatina (PCr, KERNEC et al. 1996; O’GORMAN et al. 1996). Além disso, o
aumento na relagdo PCr/ATP estimula as bombas idnicas, especialmente as Ca*"-ATPases
do reticulo sarcoplasmatico-endoplasmatico que tém alta demanda energética
(WALLIMANN & HEMMER, 1994), necessarias para manter a homeostase idnica,
excitabilidade e sinalizagdo de Ca*". Essas bombas estdo acopladas 4 CK e necessitam uma

alta relagio local de ATP/ADP para fungio eficiente. E sabido também que a creatina
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aumenta o estado bioenergético celular de uma maneira geral, tornando a célula mais
resistente a injuria (ZHU et al. 2004).

A capacidade da PCr de aumentar o estado energético celular e, portanto, de
estimular a captacdo sinaptica de glutamato, reduzindo a concentracdo extracelular de
glutamato, também pode ser considerado como um fator importante nos efeitos
neuroprotetores da creatina (XU et al. 1996). Neste particular, foi verificado em nosso
laboratorio que o AQ estimula a liberagdo sinaptossomal de glutamato e inibe a captagao
astrocitaria deste neurotransmissor in Vitro potencialmente levando a excitotoxicidade
(TAVARES et al. 2002). A excitotoxicidade, por sua vez, ¢ acompanhada por um aumento
do influxo intracelular de Ca*” (KHODOROV et al. 1996; STOUT et al. 1998), levando a
um ciclo vicioso por aumento crénico de Ca®" e posterior deterioragio do estado energético
celular, no caso das reservas energéticas serem insuficientes para o bombeamento de Ca*"
(BREWER & WALLIMANN, 2000).

Foi também demonstrado que a exposi¢do por longo tempo com Cr induz a
transcricdo da CK citosolica (KUZHIKANDATHIL & MOLLOY, 1994). Esse fato,
associado com o aumento da demanda energética induzida pela inje¢do de AQ, pode
explicar o aumento das atividades do complexo IV e da CK observados no estriado dos
ratos pré-tratados com creatina e que receberam injecdo intraestriatal de AQ. Esse
resultado ndo ¢ devido ao aumento da quantidade de mitocondrias visto que a atividade da
citrato sintase permaneceu inalterada.

Além das observagdes acima referidas quanto as propriedades neuroprotetoras in
VIVO ¢ in vitro da creatina, também se tem constatado a estabilizagdo do poro de transi¢ao
de permeabilidade mitocondrial pela conformagdo octamérica da CK (O’GORMAN et al.
1997, WYSS & KADDURAH-DAOUK, 2000). Assim, alguns dos efeitos da creatina
podem ser devidos a estabilizacdo e prote¢ao do poro de transicdo de permeabilidade e, por

conseguinte, da integridade mitocondrial (BRDICZKA et al. 1998).
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Como o AQ ¢ um agonista de receptores NMDA, resolvemos finalmente testar o
efeito do bloqueio desses receptores sobre o déficit energético causado pelo AQ. Neste
particular, o MK-801 ¢ um antagonista de receptores NMDA nao-competitivo que foi
descoberto na triagem de compostos com atividade anticonvulsivante (WONG et al. 1986),
bloqueando o influxo de calcio mediado por NMDA (MURPHY et al. 1987). No presente
estudo, verificamos que o pré-tratamento sistémico com MK-801 foi capaz de bloquear
completamente a toxicidade e todas as alteracdes do metabolismo energético induzidas
pela injecdo de AQ. Esses achados estdo de acordo com os achados de FOSTER e
colaboradores (1987 a,b), em que o MK-801 foi capaz de bloquear a degeneragdo do
estriado e do hipocampo induzida por NMDA, bem como a neurotoxicidade induzida por
AQ em estriado de ratos (WOODRUFF et al. 1987).

Tomadas essas observagdes em seu conjunto ¢ aliadas aos resultados do presente
trabalho, podemos concluir que a inibi¢ao do ciclo do acido citrico, da cadeia respiratoria e
da creatina quinase observadas no presente trabalho foram provavelmente secundarias a
superestimulagdo dos receptores NMDA por AQ. A prevengdo da inibicdo de alguns
parametros por seqiiestradores de radicais livres ou por L-NAME deveu-se possivelmente
ao impedimento da formacdo secundaria de espécies reativas devidas a entrada de célcio
conseqiiente a superestimulacao de receptores NMDA pelo AQ. Enfatize-se que, quando o
AQ foi adicionado (experimentos in vitro) ao meio de incubagdo, ndo houve nenhum efeito
do mesmo sobre os parametros de metabolismo energético analisados, o que esta de acordo
com as conclusdes de que o déficit energético provocado pela injegdo intraestriatal in vivo
do AQ sobre o estriado ¢ indireto e mediado por estimulo de receptores NMDA.

Apesar das bases moleculares da toxicidade glutamatérgica ainda ndo estarem
completamente elucidadas, hd um consenso geral de que ¢ dependente da entrada de célcio
intracelular (CHOI, 1985, 1987, 1995). Além disso, sabe-se que os receptores NMDA sao

importantes na mediagdo da neurotoxicidade glutamatérgica, possivelmente devido a sua



81

alta permeabilidade a calcio (CHOI, 1988; TYMIANSKI, 1996). Nesse particular, ha
varias evidéncias demonstrando a participacdo de ions calcio no processo citotdxico.
Assim, o aumento do calcio intracelular leva a ativagdo de varias enzimas, incluindo-se as
calpainas e outras proteases, proteinas quinases, oxido nitrico sintase, calcineurinas e
endonucleases. Ha também aumento na producao de radicais livres, alteragdes na

organizagdo do citoesqueleto, e ativagdo de sinais genéticos levando a morte celular

(SATTLER & TYMIANSKI, 2000).
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2- CONCLUSOES

Em conclusdo, o presente estudo demonstra que a injecao intraestriatal de AQ
resulta em uma reducdo marcada das atividades dos complexos da cadeia respiratoria e da
enzima CK no SNC de ratos jovens de maneira tempo-dependente. Além disso, nossos
achados mostram que os efeitos inibitérios causados pela administracdo intraestriatal de
AQ sa3o totalmente dependentes da ativagdo de receptores NMDA. Nossos resultados
também demonstram que os efeitos inibitérios nas atividades da CK e do complexo III
podem ser devidos a geracdo de espécies reativas, ja que tais efeitos inibitdrios foram
prevenidos quando da pré-administragdo de seqiiestradores de espécies reativas e/ou de um
inibidor da sintese de oOxido nitrico. O aumento do estado energético pela pré-
administracdo de piruvato parcialmente preveniu os efeitos inibitdrios causados pela
injecdo de AQ, enquanto a pré-administragdo de creatina foi capaz de prevenir totalmente
os efeitos causados pelo AQ. Visto que acdes neuroprotetoras da creatina tém sido
relatadas, tanto por aumentar o estado energético celular, como por sua capacidade
antioxidante, e também por ser bem tolerada em seres humanos, sendo rapidamente
absorvida quando administrada por via oral (BALSON et al. 1994, DAWSON et al. 1995,
HAGENFELDT et al. 1994), nossos achados sugerem que a suplementagcdo com creatina
pode ser uma nova estratégia terapéutica em doencas neurodegenerativas em que ocorre
aumento das concentragdes intracerebrais do AQ ou durante processos neuroinflamatérios
caracterizados quimicamente pelo aumento nas concentragdes intracelulares dessa

neurotoxina (BEAL, 1992).
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