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Resumo

A 5-oxoprolina (acido L-piroglutamico) se acumula deficiéncia de glutationa
sintetase, uma doenca genética autossdmica regesbBhicamente caracterizada por
anemia hemolitica, acidose metabdlica e sintomamftgyicos severos. Considerando que
0s mecanismos de dano cerebral nessa doenca sé&w @mhecidos, e que recentemente
demonstramos que a 5-oxoprolina € capaz de promestesse oxidativan vitro,
resolvemos investigar os efeitis vivo da 5-oxoprolina sobre parédmetros de estresse
oxidativo, afim de melhor esclarecer seu papel ewatoxicidade da 5-oxoprolina e sua
participacdo nos mecanismos neuropatologicos deié&fia de glutationa sintetase. Para
isso, os efeitos da administragdo subcutanea adpi@aoxoprolina foram estudados sobre
o potencial antioxidante total (TRAP); a quimilum&téncia espontanea; as substancias
reativas ao acido tiobarbiturico (TBA-RS); o comtelde carbonilas, acido ascérbico,
glutationa reduzida (GSH), peroxido de hidrogétiimis e dissulfetos (e a razdo SH/SS),
assim como sobre as atividades das enzimas aratiuesl catalase (CAT), superéxido
dismutase (SOD) e glutationa peroxidase (GPx), atiddade da glicose 6-fosfato
desidrogenase (G6PD) em cortex cerebral e cereteloatos de 14 dias de vida. Os
resultados obtidos indicaram gunrevivo a 5-oxoprolina causa lipoperoxidacdo e oxidacao
protéica, compromete as defesas antioxidantesregsebaumenta o conteddo de peroxido
de hidrogénio, indicando que a 5-oxoprolina promestesse oxidativim vivo em cortex
cerebral e cerebelo de ratos jovens, mecanismavpbasnte envolvido na neuropatologia
da deficiéncia de glutationa sintetase, na quabadprolina estd acumulada.

O acido N-acetilaspartico, por outro lado, se adama Doenca de Canavan, uma
leucodistrofia severa causada pela deficiéncia rdama aspartoacilase e clinicamente
caracterizada por retardo mental severo, hipotanianacrocefalia, e também por
convulsdes tonico-clénicas generalizadas em apemamente metade dos pacientes. O
acido N-acetilaspartico € um precursor imediat@ @abiossintese enzimatica do acido N-
acetilaspartilglutamico, cuja concentracdo tambgta elevada nos pacientes afetados pela
Doenca de Canavan. Considerando que os mecanisendarb cerebral nessa doenca
permanecem pouco esclarecidos, investigamos o0 pepelestresse oxidativo na
neurotoxicidade dos acidos N-acetilaspartico e &ttaspartilglutamico, a fim de avaliar o
possivel envolvimento dos mesmos na neuropatottggidoenca de Canavan. Os efeitos
vitro dos acidos N-acetilaspartico e N-acetilaspartifghico, assim como os efeitos das
administracdes subcuténea e intracerebroventri¢utar.) de acido N-acetilaspartico e da
administracédo i.c.v. do &cido N-acetilaspartilgtoigo, foram estudados sobre os seguintes
parametros de estresse oxidativo em coértex ceredml ratos: TRAP; TAR;
quimiluminescéncia espontanea; TBA-RS; conteldosG8&1, peroxido de hidrogénio,
tidis totais e carbonilas; atividades das enzimasoxidantes CAT, SOD e GPx; e
atividade da G6PD. Os resultados indicaram queasperacido N-acetilaspartico é capaz
de aumentar o conteudo de perdéxido de hidrogérstimmelar a lipoperoxidacdo e a
oxidacdo protéica e de comprometer as defesasxmlaites em cérebro de ratos,
promovendo estresse oxidativo, que pode estar\édeahos mecanismos patofisioldgicos
responsaveis pelo dano cerebral observado nosnpexiagfetados pela Doenca de Canavan,
cujo marcador bioquimico classico € o acumulo d#odd-acetilaspartico.



Abstract

5-Oxoproline (L-pyroglutamic acid) accumulates idutgthione synthetase
deficiency, an autossomic recessive inherited desoclinically characterized by hemolytic
anemia, metabolic acidosis and severe neurologigaiptoms. Considering that the
mechanisms of brain damage in this disease ardypkmown, and that oxidative stress is
elicited by 5-oxoprolinen vitro, we decided to study the vivo effects of this metabolite
on oxidative stress parameters, in order to furtblwify its role in 5-oxoproline
neurotoxicity and its participation on the neurtyddgical mechanisms of patients affected
by glutathione sintetase deficiency. The effectaafte subcutaneous administration of 5-
oxoproline were studied on a wide spectrum of axeastress parameters, such as total
radical-trapping antioxidant potential (TRAP); spomeous chemiluminescence;
thiobarbituric acid-reactive substances (TBA-RS)d aarbonyl, ascorbic acid, reduced
glutathione (GSH), hydrogen peroxide, thiol andulfide contents (and SH/SS ratio), as
well as on the activities of the antioxidant enzgnecatalase (CAT), superoxide dismutase
(SOD) and glutathione peroxidase (GPx), and on abivity of glucose 6-phosphate
dehydrogenase (G6PD) in cerebral cortex and cduvebedf 14-day-old rats. The results
indicated thatn vivo 5-oxoproline causes lipid peroxidation and proteudation, impairs
brain antioxidant defenses and increases hydrogeoxige content, indicating that 5-
oxoproline elicits oxidative stress vivoin cerebral cortex and cerebellum of young rats, a
mechanism that may be involved in the neuropatholo§ gluthatione synthetase
deficiency, in which this metabolite accumulates.

N-acetylaspartic acid, on the other hand, accuresilat Canavan Disease, a severe
leukodystrophy characterized by swelling and spodggeneration of the white matter of
the brain. This inherited metabolic disease, caubgd deficiency of the enzyme
aspartoacylase, is clinically characterized by sewaental retardation, hypotonia and
macrocephaly, and also generalized tonic and cloype seizures in about half of the
patients. N-acetylaspartic acid is an immediatecymsor for the enzyme-mediated
biosynthesis of N-acetylaspartylglutamic acid, wha®ncentration is also increased in
urine and cerebrospinal fluid of patients affedigdCanavan Disease. Considering that the
mechanisms of brain damage in this disease renmairypunderstood, in the present study
we investigated whether oxidative stress is elicitey N-acetylaspartic acid or its
metabolite, N-acetylaspartylglutamic acid. Tihevitro effects of N-acetylaspartic acid and
N-acetylaspartylglutamic acid, as well as the effexf the acute subcutaneous
administration of N-acetylaspartic acid, and thesicerebroventricular administration of N-
acetylaspartic acid or N-acetylaspartylglutamicdacvere studied on oxidative stress
parameters: TRAP, TAR, spontaneous chemiluminesceNBA-RS, reduced glutathione
content, sufhydryl content, carbonyl content, andeazyme activities of CAT, SOD and
GPx as well as on GSH and hydrogen peroxide cantantd on G6PD activity, in the
cerebral cortex of rats. Our results indicated thaly N-acetylaspartic acid promotes
oxidative stress by stimulating lipid peroxidatioprotein oxidation and by impairing
antioxidant defenses and enhancing hydrogen peraadtent in rat brain. This could be
involved in the pathophysiological mechanisms resgue for the brain damage observed
in patients affected by Canavan Disease, in whigtétylaspartic acid accumulation is the
biochemical hallmark.



Lista de Abreviaturas

CAT catalase

SNC Sistema Nervoso Central

ER Espécies Reativas

ERN Espécies Reativas de Nitrogénio
ERO Espécies Reativas de Oxigénio
GPx glutationa peroxidase

G6PD glicose 6-fosfato desidrogenase
GS glutationa sintetase

GSH glutationa reduzida

H.0, peréxido de hidrogénio

LCR liquido cefalorraquidiano

NAA acido N-acetilaspartico

NAAG acido N-acetilaspartilglutamico
NO* oxido nitrico

0, radical superéxido

o, oxigéniosinglet

OH® radical hidroxila

ONOO peroxinitrito

ONOOH acido peroxinitroso

5-OP 5-oxoprolina

RO’ radical alcoxila

RO, radical peroxila

SH tiol

SS dissulfeto

SOD superoxido dismutase

TAR reatividade antioxidante total
TBA-RS substancias reativas ao acido tiobarbiturico

TRAP potencial antioxidante total



INTRODUCAO

1.1 — 5-Oxoprolina

1.1.1 — Papel Fisiolégico

A 5-oxoprolina (5-OP), também conhecida como adigaroglutamico ou acido
pirrolidona carboxilico, € uma molécula endogena participa do ciclg—glutamil, o qual
por sua vez esté relacionado a sintese e degradagfiotationa reduzida (GSH) e também

ao transporte intracelular de aminoacidos livresigiér, 1991) (Figura 1).

ADP + P, ATP

Amino
acid

Glutathione

Y—Glutamylcysteine

V-glutamy! Glycine
lranspeptidase ADP + P,
Cysteinylglycine ® D
€
® Cysteine ATP

Y—Glutamylamino acid

@
5—0Oxoproline Glutamate
O]
_____ ) .
Amino ATP  ADP + P;

acid

Figura 1. Cicloy-glutamil. Enzimas envolvida® = y-glutamilcisteina sintetas® = glutationa sintetas® = y-glutamil transpeptidase;

@ = y-glutamil ciclotransferase® = 5-oxoprolinase® = dipeptidase. Fonte: Marks al, 1996.

Nesse ciclo, a biossintese da GSH € catalisadapataconsecutiva das enzinyas
glutamilcisteina sintetase e glutationa sintet&®)( Através déeedbacknegativo, a GSH
inibe a atividade dg-glutamilcisteina sintetase, enzima marca-passeicdo. O passo

inicial de degradacdo da GSH é catalisado peatamil transpeptidase, que transfere o



grupo y-glutamil a um aminoacido. @glutamil aminoacido formado € utilizado pegla
glutamil ciclotransferase, que catalisa a liberat@ioesidug-glutamil na forma de 5-OP, a
gual é entdo convertida a glutamato por acdo deoprolinase. Em humanos, deficiéncias
hereditarias para cinco das seis enzimas do cicltoam identificadas, sendo a mais

comum delas a deficiéncia de GS (Larsson e Ande®f)1 ; Ristoff e Larsson, 2007).

1.1.2 — Acdes Neurotdxicas da 5-OP

Vérias acOes neurotoxicas foram atribuidas a FR)&keet al, 1984; Riekeet al,
1989; Rothsteinet al, 1993), cujo acumulo é o principal marcador biogoo da
deficiéncia de GS. Sua excitotoxicidade ja foi destada; a 5-OP se liga aos receptores
glutamatérgicos (Barone e Spignoli, 1990) e tamlidbe a captacdo de glutamato por
sinaptossomas (Bennet al, 1973; Dusticieret al, 1985). Além disso, as membranas
celulares podem ser um outro sitio de interacd® @&, a qual € capaz de inibir a atividade
da NA'K'-ATPase, enzima essencial para a funcdo e desémenio cerebrais
(Escobedo e Cravioto, 1973; Rie#kal., 1984). A 5-OP pode também promover um dano
ao metabolismo energético cerebral, visto que iaipeoducédo de CCe diminui 0s niveis
de ATP e a sintese de lipidios, aléem de reduzitvadade dos complexos | + Il e
complexo IV da cadeia respiratoria, indicando queadeia respiratéria € bloqueada em
pelo menos dois pontos distintos (Siktaal, 2001). A inibicdo da sintese de lipidios, por
sua vez, pode vir a ser danosa ao sistema neremsaic(SNC), visto que prejudicaria a
sinaptogénese, a mielinizacdo e outros eventogndeptes de lipidios, necessarios para
um desenvolvimento cerebral normal (Siétaal, 2001).

Ainda, a infuséo intracerebral aguda e cronica @2P5produz les6es neuronais



dose-dependentes em estriado, hipocampo, cértebrakre cerebelo de ratos, além de
provocar alteracdes comportamentais, assimetriugabsataxia, descoordenacéo motora,

tremor e discinesias (Rielet al, 1984; Riekeet al, 1989).

1.1.3 — Deficiéncia de GS

Descrita pela primeira vez por Jellum e colaborasiem 1970, essa desordem
hereditaria caracteriza-se pela presenca de altogisn de 5-OP no liquido
cefalorraquidiano (LCR), sangue e outros tecidasphrientes afetados, juntamente com a
elevada excre¢do urinaria da mesma, sendo essg@orttnominada 5-oxoprolindria ou
acidaria piroglutamica (Larssat al, 1985; Larsson e Anderson, 2001; Njalsson, 2005).

Até o presente momento, foram descritos aproximadén70 pacientes com
deficiéncia de GS (MIM 266130) (Njalsson, 2005;t8fise Larsson, 2007). O padrao de
heranca é autoss6mico recessivo, e a doenca é arcagporém, mais de vinte mutacdes
diferentes ja foram identificadas, o que pode eaplia heterogeneidade fenotipica
encontrada. Muitas mutacfes parecem afetar a ciucide ligacdo do ligante ou a
catalise, enquanto outras provavelmente afetarmartiacdo ou o enovelamento protéico
(Ristoff e Larsson, 1998; Polekhieaal, 1999; Ristoff, 2002). As mutacdes que afetam a
capacidade catalitica da GS podem fazé-lo por dimia afinidade pelo substrato, a
velocidade méaxima ou a estabilidade da enzima gbhalet al, 2000). Supde-se que a
forma mais branda da doenca seja devida a uma éwtqge afeta primariamente a
estabilidade da enzima, enquanto que a forma see@alevida a mutacdes que afetam as
propriedades cataliticas da enzima (Spielbergal, 1978). Independente do tipo de
mutacdo, todos os pacientes apresentam algum gratividade enzimatica residual (1-

30%) (Dahlet al, 1997; Ristoff e Larsson, 1998; Risteffal, 2000).



1.1.3.1 — Manifestacdes Clinicas

De uma forma geral, a deficiéncia de GS € clinicamearacterizada por anemia
hemolitica e acidose metabdlica severa; além dsase metade dos pacientes também
desenvolve sintomas neuroldgicos progressivosuimbb convulsdes, retardo mental,
ataxia, retardo psicomotor, espasticidade e graad@de psicose, entre outros (Robertson
et al, 1991; Larsson e Anderson, 2001; Risetffal, 2001). Aproximadamente 25% dos
pacientes morrem no periodo neonatal (Njalssonrgriio, 2005). O fendtipo clinico dos
pacientes sobreviventes € bastante variado, podendpresentar de forma leve, moderada
ou severa (Ristoff, 2002). A 5-oxoprolindria ocoa® todos 0s pacientes, porém € mais
pronunciada nos pacientes mais severamente afdtdgdsson, 2005).

Na doenca, a acidose metabdlica € devida a umawdgéo na inibicdo por
feedbackda enzimarglutamilcisteina sintetase no cigtglutamil, o que levara ao final a
superproducdo e acumulo de 5-OP, causando acidesbdtica (Larsson e Anderson,
2001; Ristoff, 2002).

Infeccbes bacterianas recorrentes também acometsses pacientes, sendo
atribuidas provavelmente a uma funcdo granulociteficiente (Ristoffet al, 2001). A
administracdo de Vitamina E normaliza a funcdo decdcitos polimorfonucleares
(granulécitos) em pacientes com deficiéncia de &8, 0 entanto, normalizar os niveis de
GSH, sendo recomendada sua suplementacdo para aviteorréncia de infeccdes

frequientes nesses pacientes (B@tel, 1979).

1.1.3.2 — Alteracdes Bioquimicas e Neuropatolégicas

As alteracbes bioquimicas observadas por Marsteiral (1981) em Orgaos



provenientes da autopsia de um paciente com defieiéde GS incluem uma reducéo
marcante na atividade da GS e altos niveis de ®@Ptodos os tecidos analisados,
particularmente nos rins e no cérebro. O contelelogldtationa se encontrava muito
reduzido em todas as regides cerebrais. O contel@dglutamato, neurotransmissor
excitatorio das células granulosas, estava forteangiminuido no cortex cerebelar, bem
como o conteudo de acigeaminobutirico, refletindo provavelmente a perdacéielas de
Purkinje, neurénios cerebelares eferentes quezartili acidoy-aminobutirico como seu
neurotransmissor inibitério (Marstet al, 1981).

Dentre os achados neuropatoldgicos da deficiéreci@®l estao a atrofia seletiva da
camada celular granulosa do cerebelo, lesbes foraisortex frontoparietal e lesdes
bilaterais no cértex visual e tdlamo, observandpesea neuronal e astrocitose no cértex
visual (Skullerucet al, 1980; Marsteiret al, 1981). Em pacientes que morrem no periodo
neonatal é possivel observar uma atrofia cerelgelagralizada, desmielinizacdo e necrose
cerebral (Ristoff, 2002). Cabe aqui ressaltar quéeades cerebrais desses pacientes sao
bastante similares aquelas vistas ap0s intoxicagamercurio, que afeta principalmente o
cerebelo e algumas regides do cortex cerebral IE3kd| 1980; Marsteiret al, 1981).
Nessa condi¢cdo, os neurdnios sdo presumivelmeniécddos por alteracbes oxidativas
resultantes da acdo quelante do mercurio em grsip@drilicos (-SH) vitais. Assim, é
possivel que na deficiéncia de GS perdas neur@maitares possam ocorrer devido a
ineficiente manutencéo dos grupos —SH em sua foechazida (Marsteiet al, 1981). No
entanto, o0 mecanismo de dano cerebral da deficiétei GS permanece ainda pouco

esclarecido.



1.1.3.3 — Diagndstico

O diagnostico precoce de desordens metabdlicasdamental para proporcionar
uma melhora no quadro clinico dos pacientes. Gergkrsuspeita-se de deficiéncia de GS
em recém-nascidos que apresentam um quadro de armEmiolitica juntamente com
acidose metabolica. Nesses casos, 0 diagnésticistoma deteccdo de baixa atividade
enzimatica da GS e baixos niveis de GSH no sanfiue ailtura de fibroblastos do
paciente, bem como de altos niveis de 5-OP no saegna urina, devido a elevada
excrecao urinaria da mesma. A 5-OP pode ser ddteetmaves de cromatografia gasosa
acoplada a espectrometria de massas (CG-EM) (Hoffrekal, 1989). Pode-se detectar
também a presenca de mutacdes no gene da GS ateatdEsicas de biologia molecular.

O diagnéstico pré-natal pode ser realizado atralgésanalise de mutacdes em
vilosidade coridnica, através da andlise da 5-OPliguido amnidtico (Erasmust al,
1993; Manninget al, 1994), ou ainda através da andlise da atividedienética da GS em

cultura de amniécitos ou de vilosidade coridnica.

1.1.3.4 — Tratamento

Atualmente, o tratamento primario consiste apenas corre¢cdo da acidose
metabdlica. Como os pacientes apresentam baix@ssnde glutationa, acredita-se que
estejam mais suscetiveis ao estresse oxidativordsgo, tem-se sugerido a utilizacdo de
antioxidantes na terapéutica dessas desordensitheesddo cicloy—glutamil (Jainet al,

1994, Ristoff, 2002).
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1.2 — Acido N-acetilaspartico

1.2.1 — Papel Fisiol6gico

O &cido N-acetilaspartico (NAA) é um dos derivadds aminoacido mais

abundantes do SNC de mamiferos, estando presenteraantracdes cerebrais de até 20

mM (Baslow, 2003; Harteet al, 2005). O NAA é normalmente sintetizado a pai8r

acetil-CoA e &cido L-aspartico por acdo da enzinmetilaCoA-L-aspartato N-

acetiltransferase, sendo hidrolizado a aspartaietato por acdo da enzima aspartoacilase

(Figura 2) (Beaudet, 2001).
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Figura 2. Sintese e degradacao do 4cido N-aceiitésp. Fonte: Madhavaraa al, 2005.

Apesar de sua alta concentracdo, o papel do NAAmetabolismo cerebral

permanece ainda pouco esclarecido (Benarroch, 20@8Entanto, varias hipoteses tém

sido recentemente lancadas na literatura. Dentppssveis fungdes do NAA, especula-se
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gue 0 mesmo possa apresentar um papel importam@haogénese, pela possibilidade de
atuar como uma fonte de grupos acetil, que seratepormente incorporados em lipidios
cerebrais (Chakrabortet al, 2001; Kirmaniet al, 2002; Madhavara®t al, 2005;
Namboodiriet al, 2006). Além disso, supde-se que 0 NAA possa atuabém como um
osmolito intracelular (Baslow, 2002); como uma farme armazeamento de aspartato
(Beaudet, 2001) ou de glutamato (Clatkal,, 2006); e como um carreador para a remocao
do excesso de nitrogénio do cérebro (Moketal, 2007).

Ainda, especula-se que uma das funcdes mais inmpestao NAA seja a de atuar
como um precursor imediato da biossintese enziematie N-acetilaspartilglutamato
(NAAG), um dos neuropeptideos mais abundantesaida@ervoso de mamiferos (Getl
al., 2004; Arunet al, 2006; Moffettet al, 2007), alcancando concentracdes cerebrais de
até 2,7 mM (Coyle, 1997; Pouwels e Frahm, 1997NANG é sintetizado a partir de
NAA e glutamato, havendo a producdo de aproximadtamema molécula de NAAG para
cada molécula de NAA sintetizada; sob condicOesteledy-statea relacdo NAA:NAAG é
mantida na proporcao 10:1 (Baslow e Guilfoyle, 20@®mo um composto neuroativo, o
NAAG pode agir primariamente como um agonista deep®res metabotropicos
glutamatérgicos do tipo Il (mGIluRll), especificarteemGIluR3, pré-sinapticos, levando a
inibicdo da liberacdo de glutamato na fenda sinagtiiVroblewskaet al, 1997; Benarroch,
2008); em concentracdes mais altas o NAAG € unofagonista de receptores N-metil-D-
aspartato (NMDA) (Neale, 2000; Plissal, 2000; Shavet al, 2001; Zhaet al, 2001). O
NAAG pode ser hidrolizado pela enzima dipeptidasedaa a—-ligada N-acetilada,
produzindo glutamato e regenerando NAA (Thoetasl., 2000; Benarrocht al, 2008).

Concentracdes aumentadas de NAA na urina, sah@ie e cérebro dos pacientes
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afetados, juntamente com um aumento das conceasrdgdNAAG, ocorrem na Doenca de
Canavan, uma leucodistrofia severa e progressivactesizada por edema cerebral e

degeneracado espongiforme da substancia brancal@Matéichals-Matalon, 2000).

1.2.2 — Acdes Neurotdxicas do NAA e do NAAG

O papel do NAA na patogénese da Doenca de Canasard& pouco esclarecido.
No entanto, a presenca de concentracdes aumemtaskses acido organico no cérebro dos
pacientes afetados por essa doenca sugere a [dadibide que o NAA ou algum
metabdlito relacionado possa exercer efeitos téxiBeaudet, 2001).
De fato, achados recentes sugerem que o metabotisndAA na Doenca de Canavan
encontra-se alterado também na retina neural, opqde estar relacionado a neuropatia
Optica observada nessa doenca (Baslow, 2003; Gedrgke 2004). No cérebro, acdes
neurotéxicas do NAA também foram demonstradas. A mimidtracdo
intracerebroventricular de NAA a ratos normais sEstnou capaz de induzir convulsoes,
provavelmente por uma excitacdo excessiva atrave@sregeptores metabotrépicos
glutamatérgicos (Akimitswet al, 2000; Kitadaet al, 2000; Yanet al, 2003). O NAA
também é capaz de aumentar a concentracdo infeacdlicalcio em cultura de células
(Rubin et al, 1995).0 NAAG, por sua vez, também ja mostrou acdes néxigas no
cérebro, tantan vitro (Thomaset al, 2000) quantan vivo (Plisset al, 2000; Plisset al,
2002; Plisset al, 2003; Bubenikova-Valesovét al, 2006), incluindo a indugcédo de

neurodegeneracgdo, alteracdo comportamental e elivalgp DNA neuronal.

1.2.3 — Doenca de Canavan

A Doenca de Canavan, descrita pela primeira ve2@3t por Myrtelle Canavan, é
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uma doenca hereditaria autossdmica recessiva @aupalh deficiéncia da enzima
aspartoacilase (MIM 271900) (Matalon e Michals-N@ata 2000), sendo mais frequente
entre a populacdo de Judeus Ashkenazi (Matalomal, 1995a). Nessa populacdo, a
frequéncia de portadores pode variar entre 1:34@ (Matalon e Michals-Matalon, 1999;
Leoneet al, 2000) e a incidéncia da doenca é estimada eoxiagmdamente 1:6000

nascidos vivos (Matalon e Michals-Matalon, 1999rdamn, 2000).

1.2.3.1 — Manifestacoes Clinicas

A Doenca de Canavan é clinicamente caracterizadagtardo mental severo e
progressivo, com incapacidade de aquisicdo de é&sgdiotoras normais durante o
desenvolvimento. Apesar dos pacientes afetadosingarte parecerem normais no
primeiro més de vida, podem exibir fixacdo visuelidtaria, irritabilidade e apatia ja ao
nascimento (Traeger e Rapin, 1998). ApGs 5-6 mdeedda, os pacientes desenvolvem
também hipotonia e macrocefalia, com dificuldade sdstentar a cabeca (Matalon e
Michals-Matalon, 2000; Mataloet al, 2006). Esses sintomas progridem posteriormente
para hipertonicidade com paralisia pseudobulbanyaisdes geralmente tonico-clonicas
ocorrem em aproximadamente metade dos pacientegeddr e Rapin, 1998; Beaudet,
2001). Frequentemente, 0s pacientes apresentawpadiaroptica e atrofia 6ptica (Matalon
e Michals-Matalon, 1999; Surendran al, 2003). Os pacientes afetados se tornam cada
vez mais debilitados com o passar do tempo, gerdémeom incapacidade de se mover
voluntariamente; ndo desenvolvem a habilidade deéaransentar, caminhar e falar
(Surendraret al, 2003). A morte tipicamente ocorre antes da adélecia, mas alguns
pacientes com formas mais leves da doenca podemavear até seus 20 anos (Moffett

al., 2007).
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A Doenca de Canavan é monogénica, com padrdao dmdgae autossémico
recessivo. O fenétipo é variavel, de acordo coipamde mutacdo envolvida; mutacdes que
desfacam a conformacao do sitio ativo da aspalésaciesultardo em quase total perda de
atividade e, consequentemente, em um fendtipo s&iero (Surendraet al, 2003).
Enquanto apenas duas mutacdes sdo a base mokgdaenca de Canavan em 98% dos
pacientes Judeus Ashkenazi, uma ampla variedadeutk;des pode ser encontrada em

pacientes ndo-judeus (Matalon e Michals-Matalo891 ®8lamboodiret al, 2006).

1.2.3.2 — Alterac6es Bioquimicas e Neuropatologicas

Apesar de o marcador bioquimico classico da Doeec&anavan ser o aumento
das concentracfes de NAA em plasma, urina, LCRebo®dos pacientes afetados (Tsai e
Coyle, 1995; Bluml, 1999; Surendranal, 2003), o NAAG também pode ser encontrado
em concentragdes elevadas na urina e no LCR dasnpes afetados (Burlinet al, 1999;
Krawczyk e Gradowska, 2003; Burlieaal, 2006).

Dentre as alteragdes neuropatoldgicas, pode-senalns edema cerebral e
degeneracdo espongiforme da substancia branca rdbraéa medida que a doenca
progride, o cérebro se torna atréfico e a subsdariozenta é também envolvida (Matalon e
Michals-Matalon, 2000). A atrofia cerebral aumeptagressivamente ao longo do tempo
em pacientes com Doenca de Canavan, juntamente ccammento progressivo da
concentracao tecidual de NAA (Janssinal, 2006). Pode-se observar edema astrocitario
com a presenca de mitocondrias alongadas e disdgr¢Adachiet al, 1972), extensiva
perda de mielina, edema e vacuolizacdo na subatéranca e no tronco cerebral (Kumar
et al, 2006; Skirantret al, 2007), e um aumento no niamero de oligodend®a@tale

astrocitos protoplasmicos (Beaudet, 2001).
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Até o presente momento existem poucas hipOtesesaade possiveis mecanismos
neuropatoldgicos envolvidos na Doenca de Canavadhiiarao e colaboradores (2005)
demonstraram um comprometimento na sintese deiodpide mielina, e sugeriram o
envolvimento de uma sintese de mielina deficiaesyltante de uma deficiéncia de acetato
derivado do NAA, na patogénese da doenca. Outiatdsp considera o envolvimento do
NAA como um osmolito intracelular na patogénesesaedesordem, a medida que o
aumento patologico de NAA levaria a um desequdilbsmotico com acumulo de excesso
de fluido no cérebro (Baslow, 2002). Apesar dasgnes hipoteses, o papel do NAA na

patogénese da Doenca de Canavan permanece airatagsalarecido.

1.2.3.3 — Diagnostico

O diagnéstico da Doenca de Canavan pode ser c@tfor através da deteccdo de
niveis aumentados de NAA na urina, sangue e LCRbdoentes (Surendraat al, 2003).
No cérebro, o aumento de NAA pode ser deteciaddvo de forma nao-invasiva através
de ressonancia nuclear magnética de proteh&R{(VIN) (Tsai e Coyle, 1995; Bliiml, 1999;
Gordon, 2000; Hartet al,, 2005). O diagndstico de escolha consiste nacibede altos
niveis de NAA na urina (aumento de 10 a 100 ve&sendraret al, 2003).

O diagnostico pré-natal da doenca pode ser faiwés da medida da concentracéo
de NAA no fluido amniotico, quando o aumento dacemriracao € expressivo (devendo ser
maior que 5 a 10 vezes o normal), ou por analis®NA, quando as mutagbes sao
conhecidas na familia (Matalat al, 1995b; Gordon, 2000). No entanto, a diversidiele
mutacdes associadas a Doenca de Canavan em pacigatpideus limita o uso da analise

de DNA para diagnostico pré-natal nesses paci¢Nsanboodiriet al,, 2006).
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1.2.3.4 — Tratamento

Até o presente momento ndo ha nenhum tratameptxifiso para a Doenca de
Canavan, sendo atualmente apenas sintomatico, d®gen principalmente controlar a
ocorréncia de convulsdes (Matalon e Michals-Matal®99). Recentemente foi sugerida a
suplementacédo dietaria de acetato como adjuvanteatamento da Doenca de Canavan,
baseando-se na hipotese de que a alteracao reeddetépidios por uma producdo anormal
de acetato no cérebro possa contribuir para goésiogia dessa doenca (Namboodiri
al., 2006). A possibilidade de terapia génica teno sidaliada, mas se encontra ainda em

estagio de estudos preliminares (McPéeal, 2006; Mataloret al, 2006).
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1.3 — Radicais Livres

1.3.1 — Definicéao

Um radical livre € qualquer espécie capaz de exiséindependente e que
contenha um ou mais elétrons desemparelhados Bouéth Powis, 1988; Halliwell e
Gutteridge, 2007), situagdo energeticamente instavwe confere alta reatividade a essas
espécies. Quando um radical livre reage com umradical, outro radical livre pode ser
formado, desencadeando reagbes em cadeia de témusdiede elétrons (Maxwell, 1995;
Boveris, 1998). Em condicdes fisiolégicas do melisbw celular aerdbio, o oxigénio
molecular (Q) sofre reducéo tetravalente, resultando na formagiduas moléculas de
agua (HO) (Bergendkt al, 1999). No entanto, aproximadamente 5% do oxigéilinado
na cadeia respiratria mitocondrial ndo é completaereduzido a agua, sendo convertido
a intermediarios reativos como radical superéxi@ |, radical hidroxila (OH), e
peroxido de hidrogénio (#,) (Cohen, 1989; Cadenas e Davies, 2000; Turren33)20

(Figura 2), o que pode ser exacerbado em condpdiefgicas (Boveris e Chance, 1973).

e g€ 2H" e HY e HY
OZL—» oz"¥$—» HzOz\ \ > OH\ \ » 2HO

radical peréxide d radical

superéxido hidrogénio hidroxila

Figura 3. Reducdo tetravalente do oxigénio moled@z na mitocondria até a formagdo de agua. Adaptad@oderis, 1998.

O termo genérico Espécies Reativas de Oxigénio jJER@ado para incluir ndo so
os radicais formados pela reducdo do(O,"” e OH), mas também alguns nao-radicais
derivados do oxigénio, como o perdxido de hidrog&ribO,), 0 oxigéniosinglet(*O,), o

acido hipocloroso e o ozoénio (Halliwell e Gutteegdg?2007). Aléem das ERO, existem
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diversas outras espécies radicalares, como osaradie carbonato, de enxofre, de cloreto,
de brometo e ainda as Espécies Reativas de Niiood&RN), sendo as principais
representantes o 6xido nitrico (Y@ o peroxinitrito (ONOQ, formado a partir da reacédo
do NO com o Qou, mais comumente, a partir da combinacdo dodd® o Q' . De uma

forma geral, o termo Espécies Reativas (ER) é ugatbbenglobar todas essas espécies.

1.3.2 — Efeitos das Espécies Reativas (ER) emmast®ioldgicos

As ER ocorrem tanto em processos fisioldgicos quaatolégicos do organismo.
Fisiologicamente, as ER apresentam diversas fungligdre as quais a participacdo na
fagocitose (Bergendet al, 1999), na sintese e regulacdo de proteinas, astigidiade
sinaptica e na sinalizacao celular, incluindo @asgolvidas nos processos de crescimento e
diferenciacéo celular (Ward e Peters, 1995; Sereaflann, 2004; Valket al, 2007).

Por outro lado, quando formadas em excesso, aseERpbtencial de oxidar as
biomoléculas do organismo (Maxwell, 1995). Diver§® podem promover diretamente
lipoperoxidagdo na bicamada lipidica (com exce@ibi®D,, NO* e O*), e podem reagir
também com proteinas das membranas celularegralteas caracteristicas de fluidez de
membrana e levando, assim, a perda de seletividadgoca idnica e a liberagdo de
subprodutos potencialmente toxicos, como o maldeeiido e o 4-hidroxinonenal (Ferreira
e Matsubara, 1997; Halliwell e Whiteman, 2004). dxido as proteinas, as ER podem
levar a inativacdo protéica, afetando a funcdo miEnes, receptores e proteinas de
transporte, levando consequientemente a alteracdiondao celular (Stadtman e Levine,
2003; Halliwell e Gutteridge, 2007). Na reacdo & com o DNA e RNA, o dano

oxidativo pode causar alteracdo de bases puricagimidicas, levando a mutacdes
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sométicas e a disturbios de transcricdo (Delarbjchter, 1998; Halliwell e Gutteridge,
2007).

As ER apresentam diferentes reatividades; em temeosis, pode-se dizer que
H.O,, NO e G’ reagem apenas com algumas poucas biomoléculasargogque OH
reage rapidamente com quase todas as biomoléegldemais ER apresentam reatividades
intermediarias (Halliwell e Whiteman, 2004). Poorger muito reativo, o £ promove
um dano biolégico altamente seletivo a inativac&@oatbumas enzimas e oxidacdo de
poucas moléculas (Halliwell, 2001; Liang e Pat@Q)4£ Halliwell e Gutteridge, 2007); o
dano promovido pelo £ geralmente envolve sua reagcdo com outros radimaisp o NO
(gerando ONOQ, ou geracao de outras espécies, come@ fhor dismutacdo espontanea
ou catalitica). Este, por sua vez, apesar de s#xéa pouco reativo, é capaz de gerar,OH
altamente reativo, sempre que entrar em contatoioosiC4* ou Fé* (Reacéo de Fenton)
(Halliwell, 2001). Ao contrario do £, que ndo é capaz de iniciar a lipoperoxidagéo por
nado ser suficientemente reativo para abstrair pihims de lipidios, o OHpode reagir
com todas as biomoléculas e inclusive iniciar paomente a lipoperoxidacao. ‘0, é uma
forma especialmente reativa do oxigénio capaz d#aoxliversas moléculas, incluindo os
lipidios de membrana, gerando com isso hidropeo&Xigidicos (Bergendst al, 1999). A
partir da reacdo de radicais centrados em carbano @ Q, ou ainda a partir da
decomposicdo de peroxidos organicos, podem serftosos radicais peroxila (RPe
alcoxila (RO), excelentes agentes oxidantes que podem abbktcagénios de outras
moléculas, sendo também importantes na lipoperoaaéHalliwell e Gutteridge, 2007). O
ONOQ, formado principalmente a partir de N®GQ,’", é capaz de depletar grupos —SH e

outros antioxidantes e promover dano oxidativop&ios, DNA e proteinas (Halliwell,
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2006; Halliwell e Gutteridge, 2007). Em pH fisiolég, o ONOO ¢é rapidamente protonado
a acido peroxinitroso (ONOOH), extremamente reaticapaz de oxidar e nitrar
diretamente lipidios, DNA e proteinas (Alvarez edR2003). O ONOOH pode ainda
causar um dano adicional, visto que pode sofreédisiomolitica gerando OkHalliwell,

2006).

1.3.3 — Defesas Antioxidantes

Em condicbes normais, nosso organismo € protegudra o dano oxidativo
induzido por ER pela atuacdo de varios antioxidgantmm diferentes fungbes, que
constituem um sistema de defesa tanto independgmdeto cooperativo, ou mesmo
sinérgico. Por definicdo, antioxidante € qualqudrstincia capaz de retardar, prevenir ou
remover o dano oxidativo a uma molécula alvo (Melli e Gutteridge, 2007). Embora
diferindo de tecido para tecido em sua composig#,defesas antioxidantes estdo
amplamente distribuidas e compreendem principaknast enzimas antioxidantes, que
removem cataliticamente as ER, e os antioxidariesenzimaticos, agentes de baixo peso
molecular, que sdo preferencialmente oxidados fgRs fim de preservar biomoléculas

mais importantes.

1.3.3.1 — Enzimas Antioxidantes

As enzimas de defesa antioxidante operam como wwens coordenado e
equilibrado, e atuam juntamente com outros antamntiels ditos ndo-enzimaticos (comno
tocoferol, acido ascérbico e glutationa) a fim det@ger o organismo da injuria celular
causada pelo dano oxidativo.

A superoxido dismutase (SOD) é uma metaloenzimacgtedisa a dismutacdo do
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0O, formando HO, e & (O, + O + 2H" — H,0, + O,) (Fridovich e McCord, 19609;
Bergendi et al, 1999; Halliwell e Gutteridge, 2007). As diferemtéormas de SOD
presentes em animais compreendem: a CuZnSOD, farp@mdduas subunidades idénticas
contendo um Cli e um ZiA* em cada subunidade (Fridovich, 1975), que ocarreitosol,
lisossomos, nucleo celular, espaco mitocondrialermémbranas e peroxissomas
(Fridovich, 1975; Fridovich, 1995; Ward e Peter393); a SOD extracelular (EC-SOD),
subtipo da CuzZnSOD, presente em fluidos extracasl@Abrahamssoat al, 1992); e a
MnSOD, mitocondrial, com 4 subunidades, cada qoatendo um atomo de manganés. A
MnSOD mitocondrial € essencial; camundongos knatkpara MnSOD, que apresentam
uma reducdo de 30 a 80% na atividade dessa enapresentam neurodegeneracdo com
morte celular e distirbios motores severos, naddseapazes de sobreviver mais do que
alguns dias ap6s o nascimento (Mebbal, 1998; Gacet al, 2008).

A dismutacdo do @ catalisada pelas SOD gera@4, que sera decomposto
diretamente a © por acdo subsequente da enzima antioxidante satdl@AT). O
mecanismo de reacdo da CAT &, assim como o da 8&encialmente uma dismutacao;
uma molécula de ¥D, é reduzida a D e a outra é oxidada & @ H:O, - 2 H,O + Q).

A CAT esta principalmente localizada nos peroxiss®ngue contém varias enzimas
produtoras de pD,, e também no citosol (Chanekal, 1979; Ward e Peters, 1995).

A glutationa peroxidase (GPx) também atua decompomdHO,, através do
acoplamento de sua redugdo ZOHcom a concomitante oxidagdo da glutationa reduzid
(GSH) ao dissulfeto de glutationa (GSSG)@QH+ 2 GSH - GSSG + 2 HO). A GPx
geralmente localiza-se nas membranas celularesspetifica para GSH como doador de

hidrogénios, mas pode agir em outros peroxidosrfieeo HO,, como hidroperéxidos
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lipidicos, havendo a reducdo do grupo perdxido adleool, sendo por esse motivo
considerada um dos principais sistemas de defesaxidante presentes no organismo
humano, particularmente eficiente na protecéo aoattipoperoxidacao (Wendel, 1981).
Existem basicamente dois tipos de GPx: uma quieaikelénio como cofator (citosélica e
mitocondrial); e outra que ndo depende de selémitosflica, responsavel pela
metabolizacdo de hidroperdxidos organicos). A prian@presenta quatro subunidades,
cada uma contendo um atomo de selénio em seuwasited Dai a importancia da ingestédo
de tragcos de selénio na dieta, elemento essequmlird proporcionar o cofator necessario

para a acao desta GPx.

1.3.3.2 — Antioxidantes Nao-enziméaticos

Os antioxidantes ndo-enzimaticos podem ser deBnabmo substancias que, em
baixas concentracdes em relacdo ao substrato @kidétardam ou previnem a oxidagéo
desse substrato, dessa forma protegendo contraidacdg de biomoléculas por ER
(Halliwell e Gutteridge, 2007; Fang et al., 200BDentre eles, destacam-se o &cido
ascorbico, a-tocoferol e a GSH.

O 4cido ascorbico, também conhecido como VitaminaéCuma vitamina
hidrossoluvel essencial, devendo ser obtida atralzdieta por incapacidade de ser
sintetizada (Halliwell e Gutteridge, 2007). Estégante em altas concentracdes no SNC,
em niveis maiores no LCR do que no plasma (Lorgtrad., 1996). Tem como funcgdes a
regeneracao da-tocoferol, e a importante atuacdo como scaveng &Rl incluindo o "

, RQ,’, RO, OH, ONOOH, '0,, além de outras espécies (Halliwell, 2001; Hallives

Gutteridge, 2007).
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J& oa-Tocoferol, por ser lipossoluvel, esta presentemambranas celulares, nas
mitocondrias e em lipoproteinas plasmaticas. Quaedge com uma ER, forma-se o
radical tocoferoxil, que pode ser regenerade-@coferol pelo acido ascorbico ou pela
GSH (Sokol, 1989; Ward e Peters, 1995; HalliweBugteridge, 2007). E um antioxidante
muito potente capaz de inibir a lipoperoxidacao IKwaet al, 2007), visto que seu
grupamento fendlico —OH rapidamente reage comy’ R€Ebnvertendo-os em radicais
tocoferoxila, inibindo com isso a propagacao desaedo em cadeia (Halliwell, 2001).

A GSH, por sua vez, € um tripeptidio formado plutamato, cisteina e glicina,
sendo o principal tiol intracelular de baixo pesolenular presente na maioria das células.
E um antioxidante enddgeno que atua sinergicammnte o a-tocoferol e com o &acido
ascorbico, sendo fundamental para manté-los nas feumamas reduzidas. Atua também
como um cofator enzimatico, sendo particularmemtgortante na reagédo catalisada pela
GPx, enzima que decompde peroxido de hidrogénidregerdxidos lipidicos. Além disso,
desempenha outras funcdes como a protecdo de gr8pbde proteinas contra oxidacao, e
a manutencdo da comunicagdo intercelular, alémedgér como uma forma atdxica de
depdsito e armazenamento de cisteina (Meister, ;18@tlerson, 1998; Halliwell e
Gutteridge, 2007). A GSH que foi oxidada sera p@steente regenerada as custas de
NADPH através da acdo da enzima glutationa red@S&G + NADPH + H - 2 GSH
+ NADP") (Chanceet al, 1979; Ward e Peters, 1995). Com isso garantgsse glutationa
esteja na maior parte em sua forma reduzida, @ gssencial para sua agdo como redutora

de outras moléculas biolégicas.
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1.3.4 — Estresse Oxidativo

Em condicbes normais, a producdo de ER € em suar paite balanceada pelos
sistemas de defesa antioxidante do organismo. Ksmten quando ha um desequilibrio
entre a producdo de ER e a defesa antioxidanteseeancondicdo de estresse oxidativo.
Esse disturbio no equilibrio pré-oxidante/antioxittg com favorecimento do primeiro,
pode resultar tanto de uma diminuicdo das defas@sxalantes quanto de uma producao
aumentada de ER, bem como da liberagdo de metaisamigcdo ou a combinacdo de
qguaisquer desses fatores (Halliwell, 2001). A dingéo dos niveis de antioxidantes pode
ocorrer por mutacdes que afetem as atividades étizas ou toxinas que as depletem, ou
ainda por deficiéncias de minerais e/ou antioxielmissenciais provenientes da dieta. Ja a
producdo aumentada de ER pode ser devida a expasigéveis aumentados de Gu a
toxinas que sejam elas préprias ER, ou que sejambolsadas gerando ER, como o
pesticida Paraquat, ou ainda pela excessiva ativde&istemas fisiologicos de geracdo de
ER, como a hiperativacdo fagocitaria em doencaanmtorias crénicas (Halliwell e
Whiteman, 2004). As consequéncias do estressetxidaodem incluir: adaptacdo (que
geralmente resulta eap-regulationda sintese de sistemas de defesa antioxidante @efi
restaurar o equilibrio oxidante/antioxidante); figu celular (que envolve dano as
biomoléculas do organismo, sendo esse dano oxidativpor alteracdo nos niveis de ions
ou por ativacdo de proteases), que pode gerar foodltamente neurotdxicos como o
malondialdeido e o 4-hidroxinonenal; ou ainda maméular por necrose ou apoptose

(Halliwell e Gutteridge, 2007).
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1.3.4.1 — Estresse Oxidativo e Doencas Neurodegtvas

O estresse oxidativo pode ser extremamente damoSINE; um dano as proteinas
do citoesqueleto dos neurdnios, por exemplo, pedarla disfuncdo neuronal, podendo
inclusive chegar a degeneracdo axonal e morte maiu(blalliwell e Gutteridge, 2007).
Esse potencial exacerbado de dano oxidativo aobréraleve-se a particular
susceptibilidade do mesmo ao estresse oxidatiyzecedmente devido: ao seu elevado
consumo de oxigénio, ja que processa uma grandeidade de @por unidade de massa
tecidual; ao seu alto conteudo de ferro, que paderécer a lipoperoxidagéo; ao seu alto
conteudo lipidico, principalmente lipidios de cadkiteral altamente poliinsaturada, que
sdo extremamente suscetiveis a lipoperoxidacéoa anedesta defesa antioxidante, sendo
os niveis de catalase particularmente baixos ertamtegides cerebrais; alta taxa de fluxo
de calcio através das membranas neuronais; e angeesle neurotransmissores auto-
oxidaveis, entre outros fatores (Halliwell, 199&llkvell e Gutteridge, 2007).

De fato, as ER e o estresse oxidativo parecem estailvidos na patogénese dos
danos neuroldgicos de varias doencas neurodegeasratomo as doencas de Alzheimer,
Parkinson e Huntington, a esclerose multipla e dessse lateral amiotrofica, doencas
cerebrovasculares, epilepsia, desmielinizacdo eedeim entre outras (Reznick e Packer,
1993; Maxwell, 1995; Delanty e Dichter, 1998; Erhetial, 2004; Halliwell e Gutteridge,
2007). Ainda, diversos estudos realizados em ngsgpo de pesquisa revelaram que o
estresse oxidativo parece estar aumentado em nsoegeerimentais quimicos de alguns
erros inatos do metabolismo, como a hiperprolinetigia Il (Delwing et al, 2003), a
hiperargininemia (Wyset al, 2001), a fenilcetondria (Kienzle-Hagen al, 2002) e a
homocistindria (Matteet al, 2004), e também em um modelo experimental kootkde

acidemia glutarica tipo | (Latiniet al, 2007). Porém, existem ainda incertezas e
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controvérsias no que diz respeito ao estresse tovddser a causa ou a consequéncia das
doencas nas quais esté envolvido (Halliwell, 1994).

Experimentalmente, a medida de parametros dessstoxidativo pode incluir:

* A avaliagdo das defesas antioxidantes ndo-enmiagtatraves das medidas do
Potencial Antioxidante Total (TRAP) e da Reatividadintioxidante Total (TAR), que
avaliam, respectivamente, a quantidade e a reatlegidlos antioxidantes ndo-enzimaticos
presentes no tecido, e também através das medadasrdeudo de antioxidantes néo-
enzimaticos especificos, como &cido ascorbico tatihna;

* A avaliacdo das defesas antioxidantes enzimatieasmveés da medida das
atividades das enzimas antioxidantes catalase (CAildperoxido dismutase (SOD) e
glutationa peroxidase (GPx), e também através dhadaela atividade da enzima glicose-6
fosfato desidrogenase (G6PD), que € a principaéfoelular de NADPH;

* A avaliagdo de dano oxidativo a lipidios, atravéls medidas de
quimiluminescéncia espontanea e de Substanciasv&eab Acido Tiobarbitirico (TBA-
RS);

* A avaliacdo de dano oxidativo protéico, através anedidas do conteudo de
carbonilas e de tidis totais;

* A avaliacdo dostatusredox celular, através da medida do conteudodite (5H),
dissulfetos (SS), e da razdo SH/SS; e

* A avaliagdo da formacdo de espécies reativaavédr das medidas de

fluorescéncia da diclorofluoresceina (DCF) e daeato de peroxido de hidrogénio.
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OBJETIVOS

O objetivo geral deste trabalho foi investigarosgivel papel do estresse oxidativo
na neurotoxicidade da 5-oxoprolina e do acido NiHaspartico, bem como de seu
metabdlito, o acido N-acetilaspartilglutamico, aés do estudo dos efeit@s vitro e in
vivo desses acidos organicos sobre diversos parantetesiresse oxidativo em cérebro de
ratos, a fim de avaliar o envolvimento de ER nosansmos responsaveis pela disfungéo
neurologica observada nos pacientes afetados pétaédcia de GS, na qual se encontra
acumulada a 5-oxoprolina, e pela Doenca de Canagaguial se encontram acumulados os

acidos N-acetilaspartico e N-acetilaspartilglutémic

Os objetivos especificos deste trabalho foram:

* Estudar os efeitom vitro da 5-oxoprolina sobre os contetdos de carbonities e
tidis totais, para avaliar o dano oxidativo prateice sobre a fluorescéncia da
diclorofluoresceina (DCF), para avaliar a formagéaeespécies reativas, em cortex cerebral

e cerebelo de ratos de 14 dias de vida.

* Estudar os efeitos da administracdo aguda decprokna em cortex cerebral e
cerebelo de ratos de 14 dias de vida sobre o Raltehatioxidante Total (TRAP), e os
conteldos de glutationa reduzida (GSH) e &cido resxy) para avaliar as defesas
antioxidantes ndo-enzimaticas do tecido; a quimihescéncia espontanea e os niveis de
Substancias Reativas ao Acido Tiobarbitirico (TBB)}R ambos parametros de

lipoperoxidacdo; o conteudo de carbonilas; o catdede peroxido de hidrogénio; o
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contetudo de tidis e dissulfetos, para avaliar @aa@H/SS; a medida da atividade das
enzimas antioxidantes catalase (CAT), superoxidmdiase (SOD) e glutationa peroxidase
(GPx), para acessar as defesas antioxidantes ditamédo tecido; e a medida da atividade
da enzima glicose 6-fosfato desidrogenase (G6P§ @valiar a principal fonte celular de

NADPH (via da pentose fosfato).

* Estudar os efeitom vitro e in vivodo &cido N-acetilaspartico sobre TRAP, TAR e
conteudo de GSH; quimiluminescéncia espontaneaAR8; conteludos de tidis totais e
de carbonilas; conteudo de peroxido de hidrogémtividades das enzimas antioxidantes

CAT, SOD e GPx; e atividade da G6PD em cortex catele ratos de 14 e 30 dias de vida.

* Estudar os efeito$n vitro e in vivo do acido N-acetilaspartilglutamico sobre
TRAP e conteaddo de GSH; quimiluminescéncia espeatém TBA-RS; conteludo de
carbonilas; atividades das enzimas antioxidante$,GOD e GPx; e atividade da enzima

G6PD em coértex cerebral de ratos de 14 e 30 diaglde
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Capitulo |

5-oxoproline reduces non-enzymatic antioxidant deses in vitro in rat

brain*

Artigo publicado na revista Metabolic Brain Disease

Metab. Brain Dis. 22: 51-65, 2007.

* Nesse capitulo, os resultados referentes a essale doutorado sdo apenas o0s

demonstrados nas Figuras 3, 4 e 5 desse artigo.
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Abstract 5-Oxoproline (pyroglutamic acid) accumulates in glutathione synthetase defi-
ciency, an inborn metabolic defect of the y-glutamyl cycle. This disorder is clinically
characterized by hemolytic anemia, metabolic acidosis and severe neurological disorders.
Considering that the mechanisms of brain damage in this disease are poorly known, in the
present study we investigated whether oxidative stress is elicited by 5-oxoproline. The in vitro
effect of (0.5-3.0 mM) 5-oxoproline was studied on various parameters of oxidative stress,
such as total radical-trapping antioxidant potential, total antioxidant reactivity, chemilumi-
nescence, thiobarbituric acid-reactive substances, sulthydryl content, carbonyl content, and
2',7'-dichlorofluorescein fluorescence, as well as on the activities of the antioxidant enzymes
catalase, superoxide dismutase and glutathione peroxidase in cerebral cortex and cerebel-
lum of 14-day-old rats. Total radical-trapping antioxidant potential and total antioxidant
reactivity were significantly reduced in both cerebral structures. Carbonyl content and 2,7’-
dichlorofluorescein fluorescence were significantly enhanced, while sulthydryl content was
significantly diminished. In contrast, chemiluminescence and thiobarbituric acid-reactive
substances were not affected by 5-oxoproline. The activities of catalase, superoxide dismu-
tase and glutathione peroxidase were also not altered by 5-oxoproline. These results indicate
that 5-oxoproline causes protein oxidation and reactive species production and decrease the
non-enzymatic antioxidant defenses in rat brain, but does not cause lipid peroxidation. Taken
together, it may be presumed that 5-oxoproline elicits oxidative stress that may represent a
pathophysiological mechanism in the disorder in which this metabolite accumulates.

Keywords 5-Oxoproline - Pyroglutamic acid - Glutathione synthetase deficiency - Rat
brain - Oxidative stress - Antioxidant defenses
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Introduction

5-Oxoproline (5-OP), also known as pyroglutamic acid, is an endogenous molecule derived
from L-glutamate, being a major intermediate in the y -glutamyl cycle. This cycle is necessary
to the synthesis and breakdown of glutathione (GSH) and also to the intracellular transport
of free amino acids (Meister, 1991).

High levels of 5-OP in cerebrospinal fluid, blood and urine are characteristically seen
in glutathione synthetase (GS) deficiency, an inborn metabolic defect of the y-glutamyl
cycle (Jellum et al., 1970; Larsson et al., 1985; Larsson and Anderson, 2001; Njalsson,
2005). About 70 patients have been described worldwide with GS deficiency (MIM 266130)
(Njalsson, 2005). This autosomal recessive inherited disorder is clinically characterized
by hemolytic anemia and metabolic acidosis; moreover, almost half of the patients also
develop progressive neurological symptoms, including seizures, mental retardation, failure to
thrive, ataxia, psychomotor delay and spasticity (Larsson and Anderson, 2001; Ristoff et al.,
2001). 5-Oxoprolinuria appears in all patients, but is more pronounced in those moderately
and severely affected (Njalsson, 2005). Approximately 25% of patients with hereditary
GS deficiency die during childhood (Njalsson and Norgren, 2005). The neuropathological
findings of GS deficiency include selective atrophy of the granule cell layer of the cerebellum,
focal lesions in frontoparietal cortex and bilateral lesions in visual cortex and (Skullerud et al.,
1980; Marstein et al., 1981). The mechanisms of brain damage in this disease remain not
fully established. However, 5-OP was already shown to be neurotoxic (Rieke et al., 1984;
Rieke et al., 1989). This organic acid was shown to promote excitotoxicity (Bennet Jr et al.,
1973; Dusticier et al., 1985; Barone and Spignoli, 1990) and inhibit brain energy metabolism
(Escobedo and Cravioto, 1973; Silva et al., 2001). In addition, chronic intrastriatal infusion
of 5-OP produced selective neuron sparing lesions in the rat striatum (Rieke et al., 1984),
which has been assumed to be due to glutamate-induced excitotoxic damage (Rothstein et al.,
1993).

In the present study we investigated the possible role of oxidative stress in 5-OP neurotox-
icity in order to clarify its participation in the brain damage mechanisms responsible for the
neurological impairment observed in GS-deficient patients. To accomplish that, the in vitro
effect of 5-OP was studied on the following oxidative stress parameters in cerebral cortex and
cerebellum of 14-day-old rats: total radical-trapping antioxidant potential (TRAP) and total
antioxidant reactivity (TAR), to evaluate non-enzymatic antioxidant defenses; chemilumi-
nescence and thiobarbituric acid-reactive substances (TBA-RS), to access lipid peroxidation;
sulfhydryl and carbonyl contents, to evaluate protein oxidation; dichlorofluorescein (DCF)
fluorescence assay, to measure RS production; and activities of the antioxidant enzymes
catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GPx), to access
enzymatic antioxidant defenses.

Experimental procedures
Materials

All chemicals were purchased from Sigma (St. Louis, MO, USA) except thiobarbi-
turic acid, which was purchased from Merck (Darmstadt, Germany) and 2,2'-azo-bis-(2-
amidinopropane) that was purchased from Wako Chemicals (USA). 5-OP solutions were
prepared on the day of the experiment in 20 mM sodium phosphate bufter, pH 7.4 containing
140 mM KCI. The pH was adjusted when necessary. The acid was added to homogenates at
final concentrations of 0.5, 1.0 or 3.0 mM.
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Animals

Fourteen-day-old Wistar rats bred in the Department of Biochemistry, ICBS, UFRGS, were
used. Sixty-four rats were used in the experiments. Eight rats were kept with dams per cage
until they were sacrificed. The dams had free access to water and a 20% (w/w) protein
commercial chow (Supra, Porto Alegre, RS, Brazil). They were kept in a room with 12:12 h
light/dark cycle (lights on 07:00-19:00 h) and with air-conditioned controlled temperature
(22 4+ 1°C). The NIH ‘Guide for the Care and Use of Laboratory Animals’ (NIH publication
No. 80-23, revised 1996) were followed in all experiments.

Tissue preparation and incubation

Rats were sacrificed by decapitation, and the brain was immediately removed and kept on an
ice-plate. The olfactory bulb, pons and medulla were discarded and both cerebral cortex and
cerebellum were dissected, weighed and kept chilled until homogenization. These procedures
lasted up to 3 min. Samples were not pooled except for measuring chemiluminescence (where
3 rats were pooled). Cerebral cortex and cerebellum were homogenized in 10 volumes (1:10,
w/v) of 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCIl. Homogenates
were centrifuged at 750g for 10 min at 4°C to discard nuclei and cell debris (Llesuy et al.,
1985; Lissi et al., 1986). The pellet was discarded and the supernatant was immediately
separated and used for the measurements.

Cerebral cortex and cerebellum supernatants were pre-incubated for 1 h at 37°C in the
presence of 5-OP at final concentrations ranging from 0.5 to 3.0 mM. Controls were incubated
only with the 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCI, without
5-OP. After incubation, aliquots were taken to measure TRAP, TAR, chemiluminescence,
TBA-RS, sulthydryl content, carbonyl content, and DCF fluorescence. To test the action of
5-OP on the antioxidant enzymes CAT, SOD and GPx, the organic acid was added to the
tissue homogenates at the time of assay of each enzyme activity without previous incubation.

Total radical-trapping antioxidant potential (TRAP)

TRAP was determined by measuring the chemiluminescence intensity of luminol induced by
2,2'-azo-bis-(2-amidinopropane) (ABAP) thermolysis (Lissi et al., 1992; Evelsonetal.,2001)
in a Wallac 1409 Scintillation Counter. The initial chemiluminescence value was obtained
by adding 3 mL of ABAP 10 mM, dissolved in 50 mM sodium phosphate buffer pH 7.4, plus
10 1L of luminol (5.6 mM) to a glass scintillation vial. The 10 L of 160 M Trolox (water-
soluble a-tocopherol analogue, used as standard) or 10 uL of tissue supernatant were then
added to that vial, producing a decrease in the initial chemiluminescence value. This value is
kept low until the antioxidants present in the sample are depleted, then chemiluminescence
returns to its initial value. The time taken by the sample to keep chemiluminescence low is
called induction time and is directly proportional to the antioxidant capacity of the tissue, so
TRAP represents the amount (quantity) of non-enzymatic antioxidants present in the sample.
The induction time of the sample was compared to that of Trolox. Results were reported as
nmol Trolox/mg protein.

Total antioxidant reactivity (TAR)

TAR was determined by measuring the luminol chemiluminescence intensity induced by
ABAP thermolysis (Lissi et al., 1995) using a Wallac 1409 Scintillation Counter. The

@ Springer

34



54 Metab Brain Dis (2007) 22:51-65

background chemiluminescence was measured by adding 4 mL of 2 mM ABAP, prepared in
0.1 mM glycine buffer, pH 8.6, plus 15 1L of luminol (4 mM) into a glass scintillation vial.
This was considered to be the basal value. The 10 L of 20 uM Trolox (used as a standard)
or tissue supernatant was then added and the chemiluminescence was measured during 60 s
to evaluate how fast it falls. The reduction in luminol intensity is considered a measure of
TAR capacity, which reflects the tissue capacity to react in front of an enhanced free radical
production. TAR represents not the amount but the reactivity (quality) of non-enzymatic
antioxidants present in the sample. The results were reported as nmol Trolox/mg protein.

Chemiluminescence

Samples of three rats were pooled and assayed for chemiluminescence in a dark room (Lissi
etal., 1986) using a beta liquid scintillation spectrometer Tri-Carb 2100TR. Incubation flasks
contained 3.5 mL of the same buffer used for homogenization. The background chemilu-
minescence was measured for 5 min. An aliquot of 0.5 mL of supernatant was added and
chemiluminescence was measured for 10 min at room temperature. The background chemi-
luminescence was subtracted from the total value. Chemiluminescence was calculated as
cps/mg protein.

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS was measured according to Esterbauer and Cheeseman (1990). Briefly, 300 L
of cold 10% trichloroacetic acid were added to 150 uL of supernatant and centrifuged at
300g for 10 min. Three hundred ;<L of the supernatant were transfered to a Pyrex® tube and
incubated with 300 L of 0.67% thiobarbituric acid in 7.1% sodium sulfate in a boiling water
bath for 25 min. The mixture was allowed to cool on water for 5 min. The resulting pink
stained TBA-RS were determined spectrophotometrically at 535 nm in a Beckman DU®640
Spectrophotometer. Calibration curve was performed using 1,1,3,3-tetramethoxypropane
as standard, being subjected to the same treatment as that of the samples. TBA-RS were
calculated as nmol TBA-RS/mg protein.

Sulthydryl content

This assay is based on the reduction of 5,5 -dithio-bis(2-nitrobenzoic acid) (DTNB) by
thyols, which in turn become oxidized (disulfide), generating a yellow derivative (TNB)
whose absorption is measured spectrophotometrically at 412 nm (Aksenov and Markesbery,
2001). Briefly, 50 L of homogenate were added to 1 mL of PBS buffer pH 7.4 containing
I mM EDTA. Then 30 uL of 10 mM DTNB, prepared in a 0.2 M potassium phosphate
solution pH 8.0, were added. Subsequently, 30 min incubation at room temperature in a
dark room was performed. Absorption was measured at 412 nm using a Beckman DU®640
spectrophotometer. The sulthydryl content is inversely correlated to oxidative damage to
proteins. Results were reported as nmol TNB/mg protein.

Carbonyl content

Oxidatively modified proteins present an enhancement of carbonyl content (Stadtman, 1990).
In this paper, carbonyl content was assayed by a method based on the reaction of protein car-
bonyls with dinitrophenylhydrazine forming dinitrophenylhydrazone, a yellow compound,
measured spectrophotometrically at 370 nm [24]. Briefly, 100 L of homogenate were added
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to plastic tubes containing 400 L of 10 mM dinitrophenylhydrazine (prepared in 2 M HCl).
This was kept in the dark for 1 h and vortexed each 15 min. After that, 500 uL of 20%
trichloroacetic acid were added to each tube. The moisture was vortexed and centrifuged at
14,000 rpm for 3 min. The supernatant obtained was discarded. The pellet was washed with
I mL ethanol:ethyl acetate (1:1, v/v), vortexed and centrifuged at 14,000 rpm for 3 min. This
washing procedure was repeated once again and, after centrifugation, the supernatant was
discarded and the pellet re-suspended in 600 L of 6 M guanidine (prepared in a 20 mM
potassium phosphate solution pH 2.3). The sample was vortexed and incubated at 60°C for
15 min. After that, it was centrifuged at 14,000 rpm for 3 min and the absorbance was
measured at 370 nm (UV) in a quartz cuvette. Results were reported as carbonyl content
(nmol/mg protein).

DCF (2',7'-dichlorofluorescein) fluorescence assay

DCEF fluorescence assay is used to measure RS production (Oyama et al., 1994). The tech-
nique is based on deacetylation of 2’'-7'-dichlorofluorescein diacetate (DCFH-DA), which
is oxidized by intracellular reactive species to form DCEF, a highly fluorescent compound.
One hundred microliters of homogenate were added to 100 1 of DCFH-DA (0.02 mM) and
incubated during 30 min at 37°C. A curve of DCFH-DA ranging from 0.25 to 10 uM was
performed. The DCF fluorescence was measured at 525 nm emission with excitation set at
460 nm in a Hitachi fluorescence spectrophotometer (model F-2000). DCF fluorescence was
calculated as nmol/mg protein.

Catalase assay

CAT activity was assayed using a double-beam spectrophotometer with temperature control
(Hitachi U-2001). This method is based on the disappearance of H,O, at 240 nm in a reaction
medium containing 20 mM H,0,, 0.1% Triton X-100, 10 mM potassium phosphate buffer,
pH 7.0, and 0.1-0.3 mg protein/mL (Aebi, 1984). One CAT unit is defined as one pmol of
hydrogen peroxide consumed per minute and the specific activity is reported as units per mg
protein.

Superoxide dismutase assay

This method for the assay of SOD activity is based on the capacity of pyrogallol to autoxidize,
a process highly dependent on O,~, which is substrate for SOD (Marklund, 1985). The
inhibition of autoxidation of this compound occurs in the presence of SOD, whose activity
can be then indirectly assayed spectrophotometrically at 420 nm, using a double-beam
spectrophotometer with temperature control (Hitachi U-2001). A calibration curve was
performed with purified SOD as standard, in order to calculate the activity of SOD present
in the samples. The results were reported as units of SOD/mg protein.

Glutathione peroxidase assay

GPx activity was measured using fert-butyl-hydroperoxide as substrate (Wendel, 1981).
NADPH disappearance was monitored at 340 nm using a double-beam spectrophotome-
ter with temperature control (Hitachi U-2001). The medium contained 2 mM glutathione,
0.15 U/mL glutathione reductase, 0.4 mM azide, 0.5 mM fert-butyl-hydroperoxide and
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0.1 mM NADPH. One GPx unit is defined as one pumol of NADPH consumed per minute
and the specific activity is represented as units per mg protein.

Protein determination

Protein concentration was determined in cerebral cortex and cerebellum supernatants using
bovine serum albumin as standard (Lowry et al., 1951).

Statistical analysis

Statistical analysis were performed by the one-way analysis of variance (ANOVA), followed
by the Tukey test for multiple comparison when the F' value was significant. Linear regression
analysis was also performed to verify dose-dependent etfects. All analyses were performed
using the Statistical Package for the Social Sciences (SPSS) software in a PC-compatible
computer. A value of p < 0.05 was considered to be significant.

Results

Initially, we evaluated the in vitro effect of 5-OP on non-enzymatic antioxidant defenses
in rat cerebral cortex and cerebellum. This was achieved by measuring TRAP and TAR,
which evaluate non-enzymatic antioxidants quantity and reactivity, respectively, present
in the samples. Figure 1 shows that TRAP was significantly reduced by the presence of
5-OP as compared to control, in a dose-dependent manner, both in cerebral cortex [F(3,
20) = 15911;p < 0.001][beta = —0.79; p < 0.001] and cerebellum [F(3,20) = 23.185;
p < 0.001] [beta = —0.73; p < 0.001]. In addition, TAR measurement was markedly
reduced at all concentrations tested, also in a dose-dependent way, when cerebral cortex [F(3,
20) = 53.596; p < 0.001][beta = —0.86; p < 0.001] and cerebellum [F(3,20) = 37.196;
p < 0.001] [beta = —0.87; p < 0.001] were exposed to 5-OP (Fig. 2).

Next, we investigated chemiluminescence and TBA-RS as lipid peroxidation parameters
(Table 1). 5-OP caused no effect on chemiluminescence in cerebral cortex [F(3, 12) = 2.144;
p > 0.05] and cerebellum [F(3, 12) = 0.582; p < 0.05] homogenates. Table 1 also shows
that 5-OP did not alter TBA-RS levels in cerebral cortex [F(3, 12) = 3.492, p > 0.05] and
cerebellum [F(3, 12) = 0.204, p > 0.05].

We also investigated whether tissue proteins were affected by 5-OP. To accomplish
this, two different parameters of oxidative protein damage were measured—sulthydryl and
carbonyl contents. Figure 3 shows that the sulfhydryl content was significantly reduced in
cerebellum by 3.0 mM 5-OP [F(3, 12) = 6.429; p < 0.05], indicating the occurrence of
oxidized proteins, but not in the cerebral cortex [F(3, 12) = 1.316,p > 0.05]. These results
were corroborated by those obtained with the measurement of the carbonyl content. Figure 4
shows that the carbonyl content was significantly enhanced by 3.0 mM 5-OP in cerebral
cortex [F(3,24) = 4.067; p < 0.05] and in cerebellum homogenates [F(3, 20) = 25.005;
p < 0.001], indicating protein oxidation.

DCF fluorescence was also determined and showed to be enhanced in cerebral cortex
homogenates exposed to 3.0 mM 5-OP [F(3, 12) = 4.359; p < 0.05], while in cerebellum
this organic acid had no effect [F(3, 12) = 0.712; p > 0.05] (Fig. 5).

Finally, the activities of the antioxidant enzymes CAT, SOD and GPx were assayed in
the presence of 5-OP (Table 2). This organic acid caused no effect on the activity of CAT in
cerebral cortex [F(3, 16) = 1.028; p > 0.05], as well as in cerebellum [F(3, 16) = 3.831;
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Fig. 1 In vitro effect of 60 — Cerebral Cortex
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p > 0.05]. Likewise, the activity of SOD was not altered by 5-OP in homogenates of cerebral
cortex [F(3, 20) = 2.791; p > 0.05] and cerebellum [F(3, 20) = 1.213; p > 0.05]. The
activity of GPx was also not affected by 5-OP both in cerebral cortex [F(3, 12) = 3.471;
p > 0.05] and cerebellum [F(3, 12) = 0.189; p > 0.05].

Discussion

5-OP accumulation is the biochemical hallmark of patients affected by GS deficiency. Blood
and CSF levels of 5-OP were reported in the range of 2-5 mM and 2-3 mM, respectively,
in these patients (Meister, 1974; Jain et al., 1994) while the physiological concentrations
of 5-OP are approximately 40 M in CSF and 50 M in plasma (Hoffmann et al., 1993).
The affected individuals typically present a wide genetic and phenotypic heterogeneity
including progressive neurological dysfunction with mental retardation, ataxia, spasticity,
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Fig. 2 111 vitro effect of 40 Cerebral Cortex
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and seizures. Although the underlying mechanisms of brain damage in this disorder are
poorly known, low GSH levels have been a postulated mechanism for cerebral injury in GSH
deficiency associated to the neurological symptoms in GS-deficient patients. A recent long-
term study on the outcome found no obvious correlation between GS activities, GSH levels
and clinical symptoms or outcome (Ristoff et al., 2001). However, brain 5-OP levels were
not determined in these patients. Moreover, the moderate and severe clinical phenotypes
could not be distinguished based on enzyme activity, GSH or y-glutamylcysteine levels
in cultured fibroblasts from GS-deficient patients (Njalsson et al., 2005). Another study
also found no correlation between the level of GS activity and the neurological symptoms
(Dahl et al., 1997). Altogether, these findings suggest that low GSH levels alone are not
the only determinant of neurodegeneration in these patients. Furthermore, individuals with
S-oxoprolinase deficiency, another inborn disorder of the y-glutamyl cycle, also have high
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Table 1 In vitro effect of 5-oxoproline (5-OP) on lipid peroxidation in cerebral cortex and
cerebellum from 14-day-old rats

Lipid peroxidation S-oxoproline concentration (mM)
parameters 0 0.5 1.0 3.0

Cerebral cortex
Chemiluminescence 108.4 £ 9.8 121.7 £ 18.3 126.7 + 16.7 135.7 + 16.0
(cps/mg protein)
TBA-RS (nmol/mg 34 + 0.05 37 +£02 34 £ 0.1 35+£03
protein)

Cerebellum
Chemiluminescence 98.3 + 129 106.7 £ 16.0 107.5 &£ 19.8 1126 £ 11.8
(cps/mg protein)
TBA-RS (nmol/mg 4.85 + 0.6 4.69 + 0.6 4.71 £ 0.5 454 £ 05
protein)

Note. Results are mean £ SD for four independent experiments performed in duplicate. No
significant differences were detected by ANOVA.

tissue concentrations of 5-OP and neurological symptoms similar to those of GS deficiency
but, in contrast, do not present reduced GSH levels (Larsson and Anderson, 2001), indicating
that 5-OP may be deleterious to the CNS. In fact, there are some reports in the literature
showing neurotoxic actions for 5-OP (Bennet Jr et al., 1973; Escobedo and Cravioto, 1973;
Rieke et al., 1984; Dusticier et al., 1985; Rieke et al., 1989; Barone and Spignoli, 1990;
Silva et al., 2001). However, the exact mechanisms underlying its toxicity remain not fully
understood and to our knowledge no study investigated the role of 5-OP on oxidative stress
in brain.

5-OP was shown to be excitotoxic (Bennet Jr et al., 1973; Rieke et al., 1989; Barone and
Spignoli, 1990) as well as to compromise brain energy metabolism by inhibiting Na*t,K*-
ATPase (Escobedo and Cravioto, 1973; Rieke et al., 1984), reducing CO, production, ATP
and lipid syntheses, and also respiratory chain enzyme activities (Silva et al., 2001).

Considering that to our knowledge no study investigated so far the role of 5-OP on
oxidative stress, in the present work we investigated the in vitro effect of this organic acid on
some oxidative stress parameters in order to evaluate whether free radical generation could
be elicited by this metabolite which could be possible related to the neurological damage
occurring in inborn errors of the y-glutamyl cycle.

We demonstrated that 5-OP significantly reduced both TRAP and TAR in cerebral cortex
and cerebellum of 14-day-old rats in a dose-dependent manner. Considering that TRAP
measures the content of non-enzymatic antioxidant defenses, while TAR reflects the capacity
of a given tissue to modulate the damage associated with an increased production of RS (Lissi
etal., 1995), these results indicate that 5-OP reduces the non-enzymatic antioxidant capacity
in rat brain, by means of reducing non-enzymatic antioxidant content (TRAP) and also the
antioxidant reactivity (TAR).

We also found that chemiluminescence and TBA-RS were not altered by the presence
of 5-OP in the incubation medium, suggesting that lipid peroxidation (oxidative damage to
lipids) is not induced by 5-OP neither in cerebral cortex nor in cerebellum (Esterbauer and
Cheeseman, 1990).

In contrast, 5-OP was able to cause oxidative damage to proteins mainly in the cerebellum
as verified by the significant decrease of sulfhydryl and carbonyl contents. Thus, it is possible
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Fig. 3 Invitro effect of
S-oxoproline (5-OP) on
sulfhydryl content in cerebral
cortex and cerebellum from
14-day-old rats. Results are
mean £ SD for six independent
experiments performed in
duplicate. *p < 0.05 compared
to control (Tukey multiple range
test)
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that this mechanism may be involved in the neuropathological findings and motor delayed
development observed in the patients affected by GS deficiency.

We also verified that 5-OP significantly increased reactive species, measured by the DCF
fluorescence assay. DCF fluorescence is generally increased by various oxygen and nitrogen
reactive species, although this probe is more sensitive to OH® and peroxynitrite compared to
other reactive species (Wardman et al., 2002; Myhre et al., 2003; Halliwell and Whiteman,

2004).
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Fig. 4 In vitro effect of
5-oxoproline (5-OP) on carbonyl
content in cerebral cortex and
cerebellum from 14-day-old rats.
Results are mean £ SD for six
independent experiments
performed in duplicate.

*p < 0.05 and *p < 0.001
compared to control (Tukey
multiple range test)
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Finally, we verified that the presence of 5-OP in the incubation medium did not change
the enzymatic antioxidant defenses, as determined by the activities of CAT, SOD and GPx.
These results indicate that 5-OP does not directly affect the antioxidant enzyme activities.

Taken together, our present results clearly indicate that 5-OP decreases the non-enzymatic
antioxidant defenses in rat brain, as shown by the significant reduction observed in TRAP
and TAR measurements, and provokes oxidative damage to proteins, probable by enhancing
RS production in cerebral cortex and cerebellum. At this point it should be emphasized
that the central nervous system is highly sensitive to oxidative stress due to its high oxygen
consumption, its high iron and lipid contents, especially polyunsaturated fatty acids, and
the low activity of antioxidant defenses (Halliwell, 2001). Considering that oxidative stress
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Fig. 5 Invitro effect of
S-oxoproline (5-OP) on
dichlorofluorescein (DCF)
fluorescence in cerebral cortex
and cerebellum from 14-day-old
rats. Results are mean £ SD for
six independent experiments
performed in duplicate.

*p < 0.05 compared to control
(Tukey multiple range test)
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can be elicit by the imbalance between free radical production and antioxidant defenses,
and since 5-OP decreases the brain antioxidant defenses and provokes increase in reactive
species and protein damage, it is postulated that 5-OP induces oxidative stress. Furthermore,
since excitotoxicity and blockage of the respiratory chain can also indirectly lead to free
radical generation (Nicholls and Budd, 1998) it is also possible that these mechanisms may
act synergistically to induce significant neural cell damage. It can be therefore suggested
the involvement of oxidative stress in the neuropathology of inherited disorders of the
y-glutamyl cycle, in which 5-OP accumulation is the biochemical hallmark. It is possible
that in vivo deficiency of GSH associated with accumulation of 5-OP could act synergistically,

@ Springer

43



Metab Brain Dis (2007) 22:51-65 63

Table2 [Invitro effect of S-oxoproline (5-OP) on catalase (CAT), superoxide dismutase (SOD)
and gluthatione peroxidase (GPx) activities in cerebral cortex and cerebellum from 14-day-old

rats

Enzyme activities 5-oxoproline concentration (mM)

(units/mg protein) 0 0.5 1.0 3.0
Cerebral cortex

CAT (n = 5) 112 £ 0.7 113 £ 1.1 1.1 £ 05 104 £ 1.0

SOD (n = 6) 5.8+ 0.8 5.6 £ 0.7 55 +038 6.6 + 0.8

GPx (n = 4) 189 £+ 1.1 185 £ 1.0 19.7 £ 1.8 17.0 £ 09

Cerebellum

CAT (n = 5) 19.1 £ 1.7 19.6 £ 1.6 179 £ 1.9 164 + 1.2

SOD (n = 6) 11.9 £ 1.1 11.1 +£ 1.3 10.7 £ 1.8 12.1 £ 1.6

GPx (n = 4) 294 £ 19 28.6 + 2.7 28.6 £ 1.5 292 + 1.7

Note. Results are mean =+ SD for four to six independent experiments performed in duplicate,
reported as units/mg protein. One CAT unit is defined as one pmol of hydrogen peroxide
consumed per minute. One SOD unit is defined as 80% inhibition of pyrogallol autoxidation. One
GPx unit is defined as one mmol of NADPH consumed per minute. No significant differences
were detected by ANOVA.

enhancing RS production and decreasing non-enzymatic antioxidant defenses, thus leading
to oxidative stress.

Even though the concentrations of 5-OP used in our assays are similar to those observed
in plasma and cerebrospinal fluid of patients affected by GS deficiency (1-5 mM) (Eldjarn
et al., 1972; Eldjarn et al., 1973; Meister, 1974; Jain et al., 1994), it is difficult to extrapolate
our in vitro findings to the human condition. However, if these effects also occur in the
brain of patients affected by GS deficiency, it is possible that they may contribute, at least in
part, to the neurological dysfunction characteristic of this disease. Whether impairment of
brain energy production, inhibition of Na*, K*-ATPase, excitotoxicity or oxidative stress is
the major underlying mechanism responsible for 5-OP neurotoxicity in the brain damage of
these patients remains to be elucidated.
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Abstract

5-Oxoproline accumulates in glutathione synthetdséiciency, an autossomic
recessive inherited disorder clinically charactdizby hemolytic anemia, metabolic
acidosis, and severe neurological symptoms whosgamésms are poorly known. In the
present study we investigated the effects of amulecutaneous administration of 5-
oxoproline to verify whether oxidative stress isciedd by this metaboliten vivo in
cerebral cortex and cerebellum of 14-day-old r&sr results showed that the acute
administration of 5-oxoproline is able to promot#hblipid and protein oxidation, to impair
brain antioxidant defenses, to alter SH/SS ratu tanenhance hydrogen peroxide content,
thus promoting oxidative stress vivo, a mechanism that may be involved in the

neuropathology of gluthatione synthetase deficiency

Keywords: 5-Oxoproline; glutathione synthetase deficiency; »adative stress;

antioxidant defenses
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Introduction

5-Oxoproline (5-OP), also known as L-pyroglutamicida accumulates in
cerebrospinal fluid, blood and urine from patiesffected by moderate and severe forms of
glutathione synthetase (GS) deficiency, an autosoatassive inherited disorder of tize
glutamyl cycle [1-5]. About 70 patients have beesatibed worldwide with GS deficiency
(MIM 266130) [4]. Patients with the severe formtbé disease present hemolytic anemia
and metabolic acidosis; moreover, almost half & patients also develop progressive
neurological symptoms, including seizures, menggrdation, ataxia, psychomotor delay
and spasticity [3,5,6]. Approximately 25% of alfeadted patients die during childhood [7].
The neuropathological findings of GS deficiencylinie selective atrophy of the granule
cell layer of the cerebellum, focal lesions in fiqparietal cortex and bilateral lesions in
visual cortex [8,9].

The mechanisms of brain damage in this diseaseimen@ fully understood.
However, 5-OP exhibits neurotoxic actions [10,Idfpmotes excitotoxicity [12-15] and
inhibits brain energy metabolism [16,17]. Recentlings from our laboratory showed that
5-OP causes protein oxidation, reactive specieslyatoon and decreases the non-
enzymatic antioxidant defensiesvitro in rat brain homogenates [18].

Since excitotoxicity and brain energy metabolisnpanment have already been
related to oxidative stress [19-21], it seems fdadhat altogether these processes may act
sinergisticallyin vivo. So, in the present study we investigateditheivo effects of 5-OP
on oxidative stress parameters in rat cerebrabranhd cerebellum of 14-day-old rats. To
accomplish this, the effect of acute subcutaneduodrastration of 5-OP was studied on the

following oxidative stress parameters: spontanedhemiluminescence and thiobarbituric

50



acid-reactive substances (TBA-RS), to assess fipidxidation; protein carbonyl content,
to evaluate protein oxidation; total radical-tragpantioxidant potential (TRAP), as well as
ascorbic acid and reduced glutathione (GSH) costetd evaluate non-enzymatic
antioxidant defenses; activities of the antioxidanzymes catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GRx)adsess enzymatic antioxidant
defenses; activity of glucose 6-phospate dehydragen(G6PD), to evaluate the main
cellular source of NADPH (pentose phosphate pathwednol (SH) and disulfide (SS)

contents, to evaluate SH/SS ratio; and hydrogeoxm content.

Materials and Methods

Materials

All chemicals were purchased from Sigma (St. LoM§), USA) except for 2,2’-
azo-bis-(2-amidinopropane) that was purchased f\dako Chemicals (USA). 5-OP

solutions were freshly prepared in saline solutang the pH was adjusted to 7.4.

Animals

Fourteen-day-old Wistar rats bred in the Departmein Biochemistry, ICBS,
UFRGS, from both sexes, were used. Rats were kiéiptdams until they were killed. The
dams had free access to water and a 20% (w/w)iprotenmercial chow (Supra, Porto
Alegre, RS, Brazil). They were kept in a room witB:12 h light/dark cycle (lights on

07:00-19:00 h) and with air-conditioned controlleanperature (ZZ + 1°C). The NIH
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‘Guide for the Care and Use of Laboratory AnimgN1H publication # 80-23, revised

1996) (National Institutes of Health, 1996) waddwaded in all experiments.

Acute administration of 5-OP and tissue preparation

Rats received subcutaneously the dose of 1g/kg beelght of 5-OP or saline
solution (controls). One hour after a single in@ctof saline or 5-OP solution, rats were
killed by decapitation, and the brain was immedyatemoved and kept on a Petry dish
placed on ice. The olfactory bulb, pons and meduéiee discarded and cerebral cortex and
cerebellum were dissected, weighed and kept chiledil homogenization. These
procedures lasted up to 3 min. Cerebral cortex aardbellum were homogenized in 10
volumes (1:10, w/v) of 20 mM sodium phosphate huyffd 7.4 containing 140 mM KCI.
Homogenates were centrifuged at pfdr 10 min at 4°C to discard nuclei and cell debris
[22,23]. The pellet was discarded and the supemhatas immediately separated and used

for the measurements.

5-oxoproline quantification

To ensure that the dose of 5-OP injected subcutmteachieved satisfactory
plasma and brain levels, aliquots were taken tosomeathe levels of this organic acid in
plasma and brain of rats submitted to acute adtrétisn of 5-OP. One hour after
receiving a single subcutaneous injection of 5-O® dose of 1g/kg body weight, rats were
killed by decapitation and had their blood collectato heparinized tubes and processed
for plasma separation. Their brain was also raprdiyoved and homogenized in saline

solution (0.9% NaCl). Plasma samples and cerelom@aolgenates were centrifuged at 400

52



for 10 min and 75@ for 10 min, respectively. The supernatants obtawede carefully
removed for 5-OP determination. 5-OP content wéaerdened by Gas Cromatography-

Mass Spectrometry (GC/MS) [24] using margaric asdhe internal standard.

Spontaneous chemiluminescence

Samples were assayed for spontaneous chemilumimesde a dark room [23]
using a beta liquid scintillation spectrometer Tarb 2100TR. The background
chemiluminescence was measured for 5 min in viatgaining 3.5 mL of the same buffer
used for homogenization. An aliquot of 0.5 mL opstnatant was added and spontaneous
chemiluminescence was measured for 10 minutesaah temperature. The background
chemiluminescence was subtracted from the totalevabpontaneous chemiluminescence

was calculated as counts per second (CPS)/mg protei

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS was measured according to Ohkawa et al. QL@5]. Briefly, to glass
tubes were added, in order of appearence: |[BO@f tissue supernatant; 56 of SDS
8.1%; 1500uL of 20% acetic acid in aqueous solution (v/v) pl3;3L500uL of 0.8 %
thiobarbituric acid; and 70QiL of distilled water. The mixture was vortexed ati
reaction was carried out in a boiling water bathifdnour. The mixture was allowed to cool
on water for 5 min, and was centrifuged ¢f@r 10 min. The resulting pink stained TBA-
RS were determined spectrophotometrically at 535 Antalibration curve was generated
using 1,1,3,3-tetramethoxypropane as a standard-H8 were calculated as nmol TBA-

RS/mg protein.
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Protein carbonyl content

Oxidatively modified proteins present an enhanagré carbonyl content [26,27].
In this study, protein carbonyl content was assaye@ method based on the reaction of
protein carbonyls with dinitrophenylhydrazine fongidinitrophenylhydrazone, a yellow
compound, measured spectrophotometrically at 370 [@8]. Briefly, 100 uL of
homogenate were added to plastic tubes containi@ 4L of 10 mM
dinitrophenylhydrazine (prepared in 2 M HCI). Thiss kept in the dark for 1 hour and
vortexed each 15 minutes. After that, 500 of 20% trichloroacetic acid were added to
each tube. The mixture was vortexed and centrifugle@0,000 g for 3 minutes. The
supernatant obtained was discarded. The pelletwagabed with 1 mL ethanol:ethyl acetate
(1:1, v/v), vortexed and centrifuged at 20,000 g B minutes. The supernatant was
discarded and the pellet re-suspended in | @0@f 6 M guanidine (prepared in a 20 mM
potassium phosphate solution pH 2.3). The sampewsaexed and incubated at°60for
15 minutes. After that, it was centrifuged at 20,@0for 3 minutes and the absorbance was
measured at 370 nm (UV) in a quartz cuvette. Resudtre represented as protein carbonyl

content (nmol/mg protein).

Total radical-trapping antioxidant potential (TRAP)

TRAP was determined by measuring the chemilumimescéntensity of luminol
induced by 2,2’-azo-bis-(2-amidinopropane) (ABARgrmolysis [29,30] in a Wallac 1409
Scintillation Counter. Three mL of ABAP 10 mM, diged in 50 mM sodium phosphate

buffer pH 7.4, plus 1@L of luminol (5.6 mM) were added to a glass sciatibn vial, and

the initial chemiluminescence was measured. Ilef 160 uM Trolox (water-solublex-
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tocopherol analogue, used as a standard) @i_16f tissue supernatant were then added to
that vial, producing a decrease in the initial cheminescence value. This value is kept
low until the antioxidants present in the sample depleted, then chemiluminescence
returns to its initial value. The time taken by g@mple to keep chemiluminescence low is
directly proportional to the antioxidant capacity tbe tissue, so TRAP represents the
amount (quantity) of non-enzymatic antioxidantsspré in the sample. Results were

represented as nmol Trolox/mg protein.

Ascorbic acid content

Ascorbic acid content was measured according toyenea al. (1979) [31]. The
method is based on the reduction of dichlorophedolhenol (DCIP) by ascorbic acid at
pH 3-4.5, which promotes a decrease in the absoebareasured spectrophotometrically at
520 nm. The non-specific reduction of DCIP by tliaiompounds was inhibited by the
addition of p-hydroxymercurobenzoic acid (pHMB)the buffer. Initially, 600uL of the
tissue homogenates were added to plastic tubeainorg 300uL of citrate/acetate buffer
pH 4.15 with pHMB. Each sample was then vortexed racted with 30Q.L of DCIP and
the absorbance at 520 nm was read after 30 secAndalibration curve was generated
using commercial ascorbic acid solution as a stahdescorbic acid content was expressed

aspg ascorbic acid/mg tissue.

Reduced glutathione (GSH) content
This method is based on the reaction of GSH withftuorophoreo-phtalaldeyde

(OPT) after deproteinizing the samples, and wassored according to Browne and
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Armstrong (1998) [32]. Initially, metaphosphoricidicwas used to deproteinize the
samples, which were then centrifuged at 1g0@r 10 min. Briefly, to 10QuL of each
supernatant were added 2 mL of sodium phosphatierbpH 8.0 and 10QuL OPT 1
mg/mL (prepared in metanol). The mixture was vateand allowed to stand in the dark
for exactly 15 minutes. After that, the fluorescemcas measured Ag,= 420 nm and\e,=
350 nm. A calibration curve was also performed v@itbtommercial GSH solution, and the

results were expressedamol GSH/mg protein.

Catalase assay

CAT activity was assayed using a double-beam spglottometer with temperature
control (Hitachi U-2001). This method is based loa disappearance o8, at 240 nm in
a reaction medium containing 20 mM,®, 0.1% Triton X-100, 10 mM potassium
phosphate buffer pH 7.0, and 0.1-0.3 mg protein[B88]. One CAT unit is defined as one
pmol of hydrogen peroxide consumed per minute aedspecific activity is expressed as

CAT units/mg protein.

Superoxide dismutase assay

This method for the assay of SOD activity is bagedhe capacity of pyrogallol to
autoxidize, a process highly dependent osf",Qwvhich is substrate for SOD [34]. The
inhibition of autoxidation of this compound occumsthe presence of SOD, whose activity
can be then indirectly assayed spectrophotomdiriedl 420 nm, using a double-beam
spectrophotometer with temperature control (Hitadh2001). A calibration curve was
generated with purified SOD as a standard, in ci@enlculate the activity of SOD present

in the samples. The results were expressed as ${diog protein.
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Glutathione peroxidase assay

GPx activity was measured usingrt-butyl-hydroperoxide as substrate [35].
NADPH disappearance was monitored at 340 nm usidgudle-beam spectrophotometer
with temperature control (Hitachi U-2001). The medicontained 2 mM glutathione, 0.15
U/mL glutathione reductase, 0.4 mM azide, 0.5 eM-butyl-hydroperoxide and 0.1 mM
NADPH. One GPx unit is defined as opmol of NADPH consumed per minute and the

specific activity is expressed as GPx units/mgearot

Glucose 6-phosphate dehydrogenase assay

G6PD activity was measured according to Leong atatkC(1984) [36]. The
method is based on the formation of NADPH at 340inma rection medium containing
100 mM Tris-Hydrochloryde buffer pH 7.5, 10 mM magium chloryde, 0.1% triton X-
100, 0.5 mM NADP, 1 mM glucose 6-phosphate and 0.1-0.3 mg protéin@me G6PD
unit is defined as ongmol of NADPH produced per minute and the specifitivaty is

expressed as G6PD units/mg protein.

Hydrogen peroxide content

The method used to measure hydrogen peroxide wsedbon the horseradish
peroxidase-mediated oxidation of phenol red by bgdn peroxide, which results in the
formation of a compound with increased absorbaric618 nm [37]. Briefly, 400 mg
cerebral cortex and 100 mg cerebellum were choppida Mcllwainn chopper and cut in

two perpendicular directions to produce 400 um vpdsems. Cortical or cerebellar prisms
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were pooled and added to a glass vial containibgy® dextrose buffer pH 7.0, and the
mixture was allowed to stand at room temperatunme lfohour. After that, a 6QuL
supernatant aliquot was taken and reacted with [23%f a medium containing 50 mM
sodium phosphate buffer pH 7.4, Bb of horseradish peroxidase and 1 mg/mL phenol red
(phenolsulfonphtalein). The reaction was carriet protected from light for 10 minutes.
After that, 5puL of 1 N NaOH were added to each tube and the bBbsge was read at 610
nm. A calibration curve was performed with commairgolution of hydrogen peroxide.

Results were expressed as nmol hydrogen peroxidigse.

Thiol and disulfide content (SH/SS ratio)

Thiols (SH) and disulfides (SS) were determinedoetdiog to Zahler and Cleland
(1968) [38]. The method is based on the reactioDTNB with the samples, producing a
yellow product, thionitrobenzoic acid (TNB). Fortabthiol and disulfide determination,
the reaction medium consisted of @b of 50 mM Tris buffer pH 9.0, 2%L of 3 mM
dithiothreitol (DTT) and 10QL of sample supernatant. After 15 min at room terapge,
50 pL of 1.0 M Tris buffer pH 8.1 and 7QGL of sodium arsenite were added. After 3 min,
25 L of 3 mM 5,5’-dithiobis-2-nitrobenzoic acid (DTNBHy 50 mM acetate buffer pH 5.0
were added and the absorbance was recorded fon &trdil2 nm. For thiol determination,
almost the same procedure was performed, only bemmgited DTT and sodium arsenite
from the reaction medium. Instead of them, an egakime of distilled water was added to
the medium. The disulfide content was calculatedugh the difference between the two
determinations. The SH/SS ratio was also calculasbults were expressed as nmol

TNB/mg protein.
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Protein determination
Protein concentration was determined in cerebrattego and cerebellum

supernatants using bovine serum albumin (BSA)staradard [39].

Statistical analysis

Statistical analysis was performed by the Studdnst for unpaired samples. All
analyses were performed using the Statistical RpcKar the Social Sciences (SPSS)
software in a PC-compatible computer. A value okp0.05 was considered to be

significant.

Results

Initially, we measured plasmatic and cerebral lgevef 5-OP after a single
subcutaneous injection of 5-OP (1g/kg body weigPldsma and brain average levels of 5-
OP determined by GC-MS were 2.82 mM and 0.80 mMn(mer of rats = 4), respectively.
Control rats receiving equal volume of saline shdweOP levels of 0.06 mM in plasma,
whereas 5-OP was not detected in the brain.

Next we investigated spontaneous chemiluminescandeTBA-RS, considered as
lipid peroxidation parameters. Figure 1A depictst th-OP markedly enhanced spontaneous
chemiluminescence in cerebral cortex [t(10)=8.1¢0.p1] and cerebellum [t(10)=8.47;
p<0.01] homogenates. Acute administration of 5-@B aaused a significant enhancement
of TBA-RS levels in both cerebral cortex [t(10)=8,.p<0.01] and cerebellum [t(10)=5.72,

p<0.01] (Figure 1B). These results indicate thevmtion of lipid peroxidation by 5-OP.
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We also investigated whether tissue proteins wHeetad by acute administration
of 5-OP. To accomplish that, we measured proteibhargyl content. Figure 1C shows that
protein carbonyl content was significantly enhanicederebral cortex [t(10)=5.64; p<0.01]
and in cerebellum [t(10)=5.01; p<0.01], indicatthg occurrence of oxidized proteins.

Next, we evaluated thén vivo effect of 5-OP on non-enzymatic antioxidant
defenses in rat cerebral cortex and cerebelluntiallyi we measured TRAP, which
evaluates the quantity of non-enzymatic antioxiglgmesent in the samples. Figure 1D
shows that TRAP was significantly reduced by 5i@Rivo as compared to control both in
cerebral cortex [t(10)=4.94; p<0.01] and cerebellafh0)=4.30; p<0.01]After that, we
evaluated the contents of the specific non-enzyrattioxidants ascorbic acid and GSH.
Their contents were not affected by acute admatisin of 5-OP (Table 1). Ascorbic acid
content was not altered both in cerebral corte&)$0.37; p>0.05] and in cerebellum of
young rats [t(6)=0.84; p>0.05]. GSH content was adlgu not affected by acute
administration of 5-OP neither in cerebral cortg44)=0.36; p>0.05] nor in cerebellum
[t(14)=0.99; p>0.05].

Then we decided to study the effect of acute adsmmation of 5-OP on the brain
enzymatic antioxidant defenses. The activitieshef antioxidant enzymes CAT, SOD and
GPx were assayed, as well as the activity of geidphosphate dehydrogenase (G6PD).
Acute administration of 5-OP significantly inhikatehe activity of CAT (Figure 2A) in
cerebral cortex of young rats [t(6)=4.08; p<0.Hpwever, this organic acid caused no
effect on this activity in the cerebellum [t(10)2%; p>0.05]. Likewise, the activity of GPx
(Figure 2B) was also inhibited by 5-OP in cerelm@itex [t(12)=2.55; p<0.05] but not in
the cerebellum [t(10)=1.59; p>0.05]. The activifySOD (Figure 2C) was not altered by

acute administration of 5-OP in cerebral cortex6)g0.28; p>0.05] and cerebellum
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[t(20)=0.30; p>0.05] (Figure 7B). The activity of6BD (Figure 2D), on the other hand,
was inhibited by 5-OHn vivo only in cerebral cortex [t(6)=4.36; p<0.01] andt nio
cerebellum [t(6)=1.84; p>0.05]. These results ¢tyesinow an impairment in the enzymatic

antioxidant defenses in cerebral cortex of ratsrstibd to acute administration of 5-OP.

Since hydrogen peroxide is a substrate for both @Ad GPx and the activities of
these enzymes were inhibited by 5-OP, we decidede@asure hydrogen peroxide content.
We found that acute administration of 5-OP was #&bknhance hydrogen peroxide content
both in cerebral cortex [t(14)=2.52; p<0.05] andebellum [t(10)=8.11; p<0.01] (Figure
3).

Finally we measured thiol and disulfide contentwadl as the SH/SS ratio in brain
homogenates. Table 2 shows that 5-OP acute admabost caused no alteration on SH
content neither in cerebral cortex [t(8)=1.63; ®@&).nor in the cerebellum [t(10)=0.07;
p>0.05]. In contrast, SS content was interestiregiitanced in cerebral cortex [t(8)=3.21,;
p<0.05] and also in cerebellum [t(10)=3.19; p<0.05]fact, the increase of SS content was
high enough to reduce SH/SS ratio both in ceretwekx [t(7)=3.41; p<0.05] and in the

cerebellum [t(8)=7.55; p<0.01].

Discussion

Patients affected by severe forms of GS deficigmregent 5-OP accumulation as a
biochemical hallmark and are clinically charactedizby progressive neurological
dysfunction with mental retardation, ataxia, spmdtsti and seizures. The underlying
mechanisms of brain damage in this disorder reffi@ipoorly known. Although low GSH

levels were postulated as a mechanism of ceretyjualyiin GS deficiency, recent studies
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suggest that low GSH levels are not the only dateant of neurodegeneration in these
patients, and that 5-OP itself may be deleterioube CNS [4,6,40,41].

Along with the already reported neurotoxic actidos 5-OP of excitotoxicity
[11,12,14] and impairment of brain energy metalmligl0,16,17], we have recently
reported a role of oxidative stress in 5-OP neuwiotty [18].

In the present study we investigated iheivo effects of 5-OP on oxidative stress
parameters in rat cerebral cortex and cerebelludeaday-old rats. Initially, we measured
plasmatic and cerebral levels of 5-OP induced bingle dose of 1 g/kg body weight of 5-
OP injected subcutaneously to rats. Blood and @8€l$ of 5-OP in GS-deficient patients
reported in the literature are in the range of 8 and 1-3 mM, respectively [42,43]
while physiological concentrations of 5-OP are appnately 40uM in CSF and 5QuM in
plasma [44]. The values obtained in our study vearelar to those present in GS-deficient
patients, ensuring that our acute model could béu used to study tha vivo effects of
5-OP on oxidative stress parameters.

We then investigated the effect of acute admirtisinaof 5-OP on the lipid
peroxidation parameters spontaneous chemiluminescand TBA-RS. We observed that
5-OP administration significantly enhanced spontasechemiluminescence and TBA-RS
levels in cerebral cortex and cerebellum indicathrag 5-OP promotes lipid peroxidation
vivo in rat cerebral cortex and cerebellum. Light ia tihemiluminescence assay can arise
mainly from excited carbonyld0,, ONOO and from peroxidizing lipids as a result of
increased reactive species production; TBA-RS &veh the other hand, reflects the
amount of malondialdehyde, which is end produdipidl peroxidation [45]. Therefore, the

enhancement of these parameters promoted by B®iRo indicates an induction of lipid
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oxidative damage by this compound. Since thesdtsesere not observed previously
vitro [18], it is suggested that 5-OP may not direcligitelipid peroxidation but rather
induce an indirect effect, probably involving enbaeth generation of reactive species that
trigger lipid peroxidation. It should be pointedt dloat some reactive species, such g@,H
0,", and NG, are not directly able to trigger lipid peroxidatiwhereas OHand ONOO
can directly initiate oxidative damage to lipid&]4

We also verified that protein carbonyl content wagnificantly enhanced in
cerebral cortex and cerebellum by 5-DRivo administration, indicating protein oxidative
damage. These results corroborate our previougtro findings [18], and so it seems
feasible to conclude that 5-OP is able to promaidation of proteins botin vitro andin
vivo.

With regard to the antioxidant defense system, 5<ijnificantly reduced the
overall content of non-enzymatic antioxidants, mead as TRAP, both in cerebral cortex
and cerebellum, which is in line with our previonssitro findings [18]. However, ascorbic
acid and GSH levels were not affected by acute midimation of 5-OP, suggesting that
TRAP reduction observeid vivo is not due to a decrease of GSH or ascorbic &cithe
brain, there are other non-enzimatic antioxidahtg tay account for the TRAP values,
including a-tocopherol, metal-binding proteins, melatonine,d anarnosine [46,47].
Considering that antioxidant proteins account forogimately 40% of the TRAP values
[30] and that in the present study 5-OP promotedaixe damage to proteins, it seems
possible that the TRAP reduction observed couldabégast in part, due to a reduction in
the antioxidant action of proteins, which could ibgpaired by the oxidative damage

promoted by 5-OP.
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On the other hand, with respect to the enzymatto@dant defenses, the acute
administration of 5-OP significantly inhibited tlaetivities of CAT and GPx in cerebral
cortex of young rats, with no alteration of theseyene activities in cerebellum. As CAT
and GPx activities were not affectiedvitro by 5-OP [18], it is presumed that the inhibition
of these enzymes vivo occurred through an indirect effect of this orgaacid. In
contrast, the activity of SOD was not altered bytacadministration of 5-OP in cerebral
cortex and cerebellum. Altogether, these resultsvshn impairment in the enzymatic
antioxidant defenses in cerebral cortex of ratgesidd to acute administration of 5-OP.
Interestingly absolute and relativactivities of theantioxidant enzymes are higher in
cerebellum than in cerebral cortex, which couldegate different responses to oxidative
stress [48,49].

The activity of G6PD was also measured in cerelo@tex and cerebellum
homogenates from rats subjected to acute admitisiraf 5-OP. G6PD is the key
regulatory enzyme of the pentose phosphate patlamdy as such, controls the flow of
carbon through the oxidative phase of this pathesay produces reducing equivalents in
the form of NADPH to meet cellular needs for redeetbiosynthesis and maintenance of
the cellular redox state [50]. In mammals, mosthef NADPH is produced by the pentose
phosphate pathway [51]. In the present study, s f@lund that the acute administration of
5-OP was able to inhibit G6PD activity in cerebcaltex from young rats, which could
promote an impairment in the production of NADPHI andysruption in the cellular redox
balance. This is probably in line with the obserwekibition of GPx activity, since the
activity of this enzyme depends on the regeneratioreduced glutathione by glutathione
reductase, which in turn relies on NADPH that ipefedent on a normal activity of G6PD

[51,52]. It has also been reported that G6PD isnglly inactivated by 4-hydroxy-2-
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nonenal, a toxic product of membrane peroxidatisj.[

We measured thiol and disulfide contents, as wesllttee SH/SS ratio. Acute
administration of 5-OP caused no alteration of $Htent but enhanced the SS content and
reduced SH/SS ratio in cerebral cortex and in @&hain. Enhanced generation of reactive
species and/or impaired antioxidant detoxificatitmctions provokes an imbalance
between oxidative and reductive reactions, altethwg thiol/disulfide redox status [54].
Reduction of the SH/SS ratio reflects an oxidizsdbx state of the cell that may eventually
lead to oxidative stress [55]. Therefore, consitethat disulfide content was significantly
enhanced by acute administration of 5-OP and tHAES ratio was significantly reduced,
it is suggested that 5-OP is able to disturb thel ttedox status in cerebral cortex and
cerebellum of young rats vivo, which could also be contributing to the brain dagen
observed in GS-deficient patients.

The present study showed greater alterations odlative stress parameters in
cerebral cortex than in cerebellum, suggestingdbegbral cortex may be more susceptible
to oxidative stress. This hypothesis is corrobatdig reports showing greater reductive
potential (calculated as NADPH/NADPand GSH/GSSG ratios) [49] and greater
antioxidant enzyme activities [48,56] in the cetklre compared to the cerebral cortex,
suggesting a greater resistance of cerebellum idabxe stress. @oxidant factors that
directly or indirectly induce free radical geneoatialso differ among brain structures. For
instance, levels offon, which catalyses OHformation from hydrogen peroxide through
the Fenton reaction, are higher in cerebral cottex in cerebellum [57]So, the higher
iron levels along with increased/drogen peroxide content may contribute to the érigh

susceptibility of cerebral cortex to oxidative ssgromoted by 5-OP.
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Together, the present results demonstrated tha® ®{0its oxidative stress vivo
which may act synergistically with excitotoxicityL1,12,14] and impairment of energy
metabolism [10,16] to induce more significant néerdl damage in inherited disorders of
the y-glutamyl cycle in which 5-OP accumulates. Underdiag the underlying
mechanisms of brain damage that occurs in theserddiss may be helpful in the
development of effective therapy to amelioratertbarological dysfunction of the affected

patients.
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Table 1. Effect of acute administration of 5-oxoproline @?) on ascorbic acid and

reduced glutathione contents in cerebral cortexcandbellum from 14-day-old rats.

Cerebral cortex

Ascorbic acid Glutathione

(ua/maq tissue) (umol/mg protein)
Control 2.10+ 0.43 8.35+ 1.40
5-OP 2.29+0.94 8.621.60

Cerebellum

Ascorbic acid Glutathione

(La/maq tissue) (umol/mg protein)
Control 470+ 0.33 8.01+ 0.91
5-OP 4.31+0.88 852 1.14

Results are mean + SD (n=4-8) for independent @éxjeeits performed in duplicate. No

significant differences were detected (Studentést for unpaired samples).
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Table 2. Effect of acute administration of 5-oxoproline @?) on thiol (SH) and disulfide

(SS) contents, as well as on SH/SS ratio, in cateartex and cerebellum from 14-day-old

rats.

Cerebral cortex

SH content SS content
(nmol TNB/mg (nmol TNB/mg SH/SS ratio
protein) protein)
Control 59.98+ 5.05 3.65t 1.47 14.1G: 4.37
5-OP 67.44+ 8.91 13.826.92 * 6.00t 2.77 *
Cerebellum
SH content SS content
(nmol TNB/mg (nmol TNB/mg SH/SS ratio
protein) protein)
Control 81.53+ 4.08 9.74 2.48 7.60t 0.95
5-OP 81.82+ 8.80 17.025.02 * 435 0.17 **

Results are mean = SD (n=5-6) for independent @éxjeats performed in duplicate.

* p<0.05 and ** p<0.01 compared to control (Studentest for unpaired samples).
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Figure Captions

Fig. 1 Effect of acute administration of 5-oxoproline @?) on various parameters of
oxidative stress in cerebral cortex and cerebelfoom 14-day-old rats: spontaneous
chemiluminescence (A), thiobarbituric acid-reactisebstances (TBA-RS) (B), protein
carbonyl content (C) and total radical-trappingi@itlant potential (TRAP) (D). Results
are mean + SD (n=6) for independent experimentsopeed in duplicate. ** p<0.01

compared to control (Student'sest for unpaired samples)

Fig. 2 Effect of acute administration of 5-oxoproline @?) enzyme activities in cerebral
cortex and cerebellum from 14-day-old rats: ca&al@SAT) (A), glutathione peroxidase
(GPx) (B) superoxide dismutase (SOD) (C) and glacésphosphate dehydrogenase
(G6PD) (D). Results are mean + SD (n=4-6) for iredefent experiments performed in
duplicate. * p<0.05 and ** p<0.01 compared to cohtfStudent’st test for unpaired

samples)

Fig. 3 Effect of acute administration of 5-oxoproline (3oon hydrogen peroxide content
in cerebral cortex and cerebellum from 14-day-ais$.rResults are mean + SD (n=6-8) for
independent experiments performed in duplicate<€.p5 and ** p<0.01 compared to

control (Student’s test for unpaired samples)
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Figure 1
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Figure 2
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Capitulo Il

N-acetylaspartic acid promotes oxidative stress@mnebral cortex of rats
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Abstract

N-Acetylaspartic acid accumulates in Canavan Disease, a severe leukodystrophy characterized by swelling and spongy degeneration of the
white matter of the brain. This inherited metabolic disease, caused by deficiency of the enzyme aspartoacylase, is clinically characterized by severe
mental retardation, hypotonia and macrocephaly, and also generalized tonic and clonic type seizures in about half of the patients. Considering that
the mechanisms of brain damage in this disease remain not fully understood, in the present study we investigated whether oxidative stress is elicited
by N-acetylaspartic acid. The in vitro effect of N-acetylaspartic acid (10-80 mM) was studied on oxidative stress parameters: total radical-trapping
antioxidant potential (TRAP), total antioxidant reactivity (TAR), chemiluminescence, thiobarbituric acid-reactive substances (TBA-RS), reduced
glutathione content, sufhydryl content and carbonyl content in the cerebral cortex of 14-day-old rats. The effect of the acute administration of N-
acetylaspartic acid (0.1-0.6 mmol/g body weight) was studied on TRAP, TAR, carbonyl content, chemiluminescence and TBA-RS. TRAP, TAR,
reduced glutathione content and sulfhydryl content were significantly reduced, while chemiluminescence, TBA-RS and carbonyl content were
significantly enhanced by N-acetylaspartic acid in vitro. The enhancement in TBA-RS promoted by N-acetylaspartic acid was completely
prevented by ascorbic acid plus Trolox, and partially prevented by glutathione and dithiothreitol. The acute administration of N-acetylaspartic acid
also significantly reduced TRAP and TAR, and significantly enhanced carbonyl content, chemiluminescence and TBA-RS. Our results indicate that
N-acetylaspartic acid promotes oxidative stress by stimulating lipid peroxidation, protein oxidation and by decreasing non-enzymatic antioxidant
defenses in rat brain. This could be another pathophysiological mechanism involved in Canavan Disease.

(© 2007 ISDN. Published by Elsevier Ltd. All rights reserved.

Keywords: N-Acetylaspartic acid; Aspartoacylase deficiency; Rat brain; Canavan Disease; Oxidative stress

N-Acetylaspartic acid (NAA) is one of the most abundant
free amino acid derivatives in the mammalian central nervous
system, largely neuron specific, present in the brain in
concentrations up to 20 mM (Baslow, 2003). It is second only
to glutamate in its abundance in the mammalian brain (Matalon

Abbreviations: NAA, N-acetylaspartic acid; CD, Canavan Disease; TRAP,
total radical-trapping antioxidant potential; TAR, total antioxidant reactivity;
TBA-RS, thiobarbituric acid-reactive substances; GSH, reduced glutathione;
AA, ascorbic acid; DTT, dithiothreitol; L-NAME, Lmnitrn—l_—arginine methyl
ester; SOD, superoxide dismutase; CAT, catalase; ABAP, 2,2'-azo-bis-(2-ami-
dinopropane); DTNB, 5,5 -dithio-bis-(2-nitrobenzoic acid); TNB, thionitroben-
zoic acid

* Corresponding author. Tel.: +55 51 3308 5573; fax: +55 51 3308 5535.

E-mail address: dutra@ufrgs.br (C.S. Dutra-Filho).
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and Michals-Matalon, 2000). NAA is normally synthesized
from acetyl-CoA and vL-aspartic acid by acetyl-CoA-L-
aspartate N-acetyltransferase, and hydrolyzed to aspartate
and acetate by aspartoacylase (Beaudet, 2001). In spite of its
high concentration, the role of NAA in brain metabolism
remains unclear (Matalon and Michals-Matalon, 1999).
Speculations regarding the function of NAA include the
possibilities that the acetyl group is incorporated into brain
lipids (Chakraborty et al., 2001; Kirmani et al., 2002;
Madhavarao et al., 2005; Namboodiri et al., 2006), that
NAA serves as an intracellular osmolite (Baslow, 2002), that it
might serve as a precursor of N-acetyl-aspartyl-glutamate
(NAAG) (Gehl et al., 2004), that it might stabilize the
concentration of acetyl-CoA and that it might serve as a storage
form of aspartate (Beaudet, 2001).
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Massive excretion of NAA in the urine is the biochemical
marker for Canavan Disease (CD), which is caused by
deficiency of the enzyme aspartoacylase (Matalon and
Michals-Matalon, 2000). CD, an autosomal recessive disease
found more frequently among the Ashkenazi Jews, is a severe
progressive leukodystrophy characterized by swelling and
spongy degeneration of the white matter of the brain (Matalon
and Michals-Matalon, 2000). This disorder is clinically
characterized by severe mental retardation with inability to
gain developmental milestones. Although infants are usually
normal in the first month of life, they may exhibit poor visual
fixation, irritability, and poor suckling at birth (Traeger and
Rapin, 1998). After 5-6 months of age, the patients also
develop hypotonia, head lag and macrocephaly (Matalon and
Michals-Matalon, 2000). The patients progress to extreme
hypertonicity with pseudobulbar palsy and decorticate postur-
ing. Seizures, usually generalized tonic and clonic types, occur
in about half of patients (Traeger and Rapin, 1998; Beaudet,
2001). When the condition is suspected, the diagnosis can be
confirmed by elevated NAA levels in the urine, blood and spinal
fluid and in the brain in vivo by the use of proton nuclear
magnetic resonance spectroscopy (Gordon, 2000). The
increased levels of NAA lead to “swelling” or sponginess of
the brain and disruption of the white matter. As CD progresses,
the brain becomes atrophic, and the gray matter becomes
involved as well (Matalon and Michals-Matalon, 2000).
Swollen astrocytes can be seen, and electron microscopy
shows distorted and elongated mitochondria (Adachi et al.,
1972). The neuropathological findings of CD also include an
extensive loss of myelin, maintenance or slight increase in
numbers of oligodendroglia, and a prominent increase in
protoplasmic astrocytes (Beaudet, 2001).

The mechanisms of brain damage in this disease remain not
fully established. Madhavarao et al. (2005) demonstrated that
myelin lipid synthesis is significantly compromised in CD and
provide direct evidence that defective myelin synthesis,
resulting from a deficiency of NAA-derived acetate, is
involved in the pathogenesis of CD. Evidence supporting a
role for NAA as a molecular water pump may also be involved
in the pathogenesis of CD, as disrupted NAA metabolism
leads to the pathological build up of NAA, and consequently to
osmotic imbalance with a build up of excessive fluid in the
brain, and demyelination characteristic of this disease
(Baslow, 2002).

Although the role of NAA in the pathogenesis of CD is still
unclear, increased concentrations of NAA in tissues and fluids
would suggest the possibility that NAA or related metabolites
might have toxic effects (Beaudet, 2001). Patients with CD
often present with optic neuropathy (Matalon and Michals-
Matalon, 1999). The presence of NAA has already been
demonstrated in the retina (Baslow, 2003). Recent findings
suggest that the metabolism of NAA is disrupted in CD not only
in the brain but also in the neural retina, thus providing the
molecular basis for the retinal and optic nerve dysfunction in
this disease (George et al., 2004).

In the brain, NAA has been shown to induce seizures after
intracerebroventricular administration to normal rats, prob-

ably by neuronal overexcitation through metabotropic gluta-
mate receptors (Akimitsu et al., 2000; Kitada et al., 2000; Yan
et al., 2003). Indeed, epilepsy has already been related to
oxidative stress (Patel, 2004). In addition, as occurs in CD, it
was found that tardive dyskinesia patients also have
significantly higher concentrations of NAA in their cere-
brospinal fluid (Tsai et al., 1998). Interestingly, these authors
studied the association between oxidative stress and tardive
dyskinesia.

In the present study we investigated the possible role of
oxidative stress in NAA neurotoxicity in order to clarify its
participation in the brain damage mechanisms responsible for
the neurological impairment observed in CD patients. To
accomplish that, the in vitro effect of NAA was studied on the
following oxidative stress parameters in cerebral cortex of 14-
day-old rats: total radical-trapping antioxidant potential
(TRAP) and total antioxidant reactivity (TAR), to evaluate
non-enzymatic antioxidant defenses; chemiluminescence and
thiobarbituric acid-reactive substances (TBA-RS), to assess
lipid peroxidation; sulfhydryl and carbonyl contents, to
evaluate protein oxidation; and reduced glutathione (GSH)
content. We also evaluated the possible reversal of the effects of
NAA by some antioxidants on TBA-RS. The effect of the acute
administration of NAA on TRAP, TAR, carbonyl content,
chemiluminescence and TBA-RS in cerebral cortex of 14-day-
old rats was also studied.

1. Experimental procedures
1.1. Materials

All chemicals were purchased from Sigma (St. Louis, MO, USA) except
2,2'-azo-bis-(2-amidinopropane) that was purchased from Wako Chemicals
(USA). NAA solutions were freshly prepared in 20 mM sodium phosphate
buffer, pH 7.4 containing 140 mM KCI. The pH was adjusted when necessary.
The acid was added to homogenates at final concentrations of 10, 20, 40 or
80 mM.

1.2. Animals

Fourteen-day-old Wistar rats bred in the Department of Biochemistry,
ICBS, UFRGS, from both sexes and different litters, were used. Rats were
kept with dams until they were killed. The dams had free access to water and a
20% (w/w) protein commercial chow (Supra, Porto Alegre, RS, Brazil). They
were kept in a room with 12 h light:12 h dark cycle (lights on 07:00-19:00 h)
and with air-conditioned controlled temperature (22 4 1 “C). The NIH ‘Guide
for the Care and Use of Laboratory Animals’ (NIH publication #80-23, revised
1996) was followed in all experiments.

1.3. Tissue preparation

Rats were killed by decapitation, and the brain was immediately removed
and kept on an ice-plate. The olfactory bulb, pons and medulla were discarded
and the cerebral cortex was dissected, weighed and kept chilled until homo-
genization. These procedures lasted up to 3 min. Cerebral cortex was homo-
genized in 10 volumes (1:10, w/v) of 20 mM sodium phosphate buffer, pH 7.4
containing 140 mM KCI. Homogenates were centrifuged at 750 x g for 10 min
at 4 °C to discard nuclei and cell debris (Llesuy et al., 1985; Lissi et al., 1986).
The pellet was discarded and the supernatant was immediately separated and
used for the measurements. The homogenates used were from individual
animals, and they were never pooled. All experiments were repeated with
different animals.
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1.4. In vitro experiments

Cerebral cortex supernatants were pre-incubated for 1h at 37 °C in the
presence of NAA at final concentrations ranging from 10 to 80 mM. Controls
were incubated only with 20 mM sodium phosphate buffer, pH 7.4 containing
140 mM KClI, without NAA. After incubation, aliquots were taken to measure
TRAP, TAR, chemiluminescence, TBA-RS, sulthydryl content, carbony! con-
tent and GSH content.

The effect of some antioxidants on the enhanced TBA-RS levels promoted
by NAA was also investigated. All antioxidants were prepared in 20 mM sodium
phosphate buffer, pH 7.4, containing 140 mM KCI, and the final concentrations
were similar to those described previously (Latini et al., 2003; Bridi et al.,
2005), as follows: 200 wM ascorbic acid, 10 pM Trolox (a water soluble o-
tocopherol mimic), 400 uM dithiothreitol (DTT); 400 uM reduced glutathione
(GSH), 200 uM N’wnitm—l_—argininc methyl ester (L-NAME), 50 mU/mL
superoxide dismutase (SOD) (purified from bovine -erythrocytes, EC
1.15.1.1) and 50 mU/mL catalase (CAT) (purified from bovine erythrocytes,
EC L.11.1.6).

1.5. Acute administration of NAA

NAA was dissolved in saline solution and the pH was adjusted to 7.4. NAA
was administered subcutaneously in the following doses: 0.1, 0.3 or 0.6 mmol/g
body weight. Controls received saline solution. One hour after injections, rats
were killed by decapitation and tissue was prepared as mentioned above.
Cerebral cortex supernatants were directly used to measure TRAP, TAR,
carbonyl content, chemiluminescence and TBA-RS.

1.6. Total radical-trapping antioxidant potential (TRAP)

TRAP was determined by measuring the chemiluminescence intensity of
luminol induced by 2,2'-azo-bis-(2-amidinopropane) (ABAP) thermolysis (Lissi
et al., 1992; Evelson et al., 2001) in a Wallac 1409 Scintillation Counter. Three
milliliters of ABAP 10 mM, dissolved in 50 mM sodium phosphate buffer pH 7.4,
plus 10 pL of luminol (5.6 mM) were added to a glass scintillation vial, and the
initial chemiluminescence was measured. Ten microliters of 160 uM Trolox
(water-soluble a-tocopherol analogue, used as standard) or 10 pL of tissue
supernatant were then added to that vial, producing a decrease in the initial
chemiluminescence value. This value is kept low until the antioxidants present in
the sample are depleted, then chemiluminescence returns to its initial value. The
time taken by the sample to keep chemiluminescence low is directly proportional
to the antioxidant capacity of the tissue, so TRAP represents the amount (quantity)
of non-enzymatic antioxidants present in the sample. The results were calculated
as nanomoles Trolox per milligram of protein.

1.7. Total antioxidant reactivity (TAR)

TAR was determined by measuring the luminol chemiluminescence inten-
sity induced by ABAP thermolysis (Lissi et al., 1995) using a Wallac 1409
Scintillation Counter. The background chemiluminescence was measured by
adding 4 mL of 2 mM ABAP, prepared in 0.1 mM glycine buffer, pH 8.6, plus
15 pL of luminol (4 mM) into a glass scintillation vial. Ten microliters of
20 M Trolox or tissue supernatant was then added and the chemiluminescence
was measured during 60 s to evaluate how fast it falls. This velocity of reduction
in luminol intensity reflects the tissue capacity to promptly react against an
enhanced free radical production. TAR represents not the amount but the
reactivity (quality) of non-enzymatic antioxidants present in the sample. The
results were calculated as nanomoles Trolox per milligram of protein.

1.8. Reduced glutathione content

To determine reduced glutathione, cerebral cortex homogenates were
deproteinized with 2 M perchloric acid and centrifuged 10 min at 1000 x g.
Supernatants were neutralized with 2 M potassium hydroxide to pH 7.0
and centrifuged at 1000 x g for 10 min, as previously described (Araujo
et al., 2006). The supernatant obtained reacted with 6 mM 5,5’ -dithio-
bis(2-nitrobenzoic acid) and was read at 420 nm (Akerboom and Sies,

1981). The results were expressed in nanomoles GSH per milligram of
protein.

1.9. Carbonyl content

Oxidatively modified proteins present an enhancement of carbonyl content
(Stadtman, 1990). In this paper, carbonyl content was assayed by a method
based on the reaction of protein carbonyls with dinitrophenylhydrazine forming
dinitrophenylhydrazone, a yellow compound, measured spectrophotometrically
at 370 nm (Reznick and Packer, 1994). Briefly, 100 nL of homogenate were
added to plastic tubes containing 400 pL of 10 mM dinitrophenylhydrazine
(prepared in 2 M HCI). This was kept in the dark for 1 h and vortexed each
15 min. After that, 500 L of 20% trichloroacetic acid were added to each tube.
The mixture was vortexed and centrifuged at 14,000 rpm for 03 min. The
supernatant obtained was discarded. The pellet was washed with 1 mL etha-
nol:ethyl acetate (1:1, v/v), vortexed and centrifuged at 14,000 rpm for 3 min.
The supernatant was discarded and the pellet re-suspended in 600 pL of 6 M
guanidine (prepared in a 20 mM potassium phosphate solution pH 2.3). The
sample was vortexed and incubated at 60 “C for 15 min. After that, it was
centrifuged at 14,000 rpm for 03 min and the supernatant was used to measure
absorbance at 370 nm (UV) in a quartz cuvette. Results were reported as
carbonyl content (nmol/mg protein).

1.10. Sulfhydryl content

This assay is based on the reduction of DTNB by thiols, which in turn
become oxidized (disulfide), generating a yellow derivative (TNB) whose
absorption is measured spectrophotometrically at 412 nm (Aksenov and Mar-
kesbery, 2001). Briefly, 50 pL of homogenate were added to 1 mL of PBS
buffer pH 7.4 containing | mM EDTA. Then 30 pL of 10 mM DTNB, prepared
in a 0.2 M potassium phosphate solution pH 8.0, were added. Subsequently,
30 min incubation at room temperature in a dark room was performed.
Absorption was measured at 412 nm using a Beckman DU"™ 640 spectro-
photometer. The sulthydryl content is inversely correlated to oxidative damage
to proteins. Results were reported as nanomole TNB per milligram of protein.

1.11. Chemiluminescence

Samples were assayed for chemiluminescence in a dark room (Lissi et al.,
1986) using a beta liquid scintillation spectrometer Tri-Carb 2100TR. The
background chemiluminescence was measured for 5 min in vials containing
3.5 mL of the same buffer used for homogenization. An aliquot of 0.5 mL of
supernatant was added and chemiluminescence was measured for 10 min at
room temperature. The background chemiluminescence was subtracted from
the total value. Chemiluminescence was calculated as counts per second (CPS)
per milligram of protein.

1.12. Thiobarbituric acid-reactive substances (TBA-RS)

For the in vitro experiments, TBA-RS was measured according to Ester-
bauer and Cheeseman, 1990. Briefly, 300 nL of cold 10% trichloroacetic acid
were added to 150 pL of supernatant and centrifuged at 300 x g for 10 min.
Three hundred microliters of the supernatant were incubated with 300 L of
0.67% thiobarbituric acid in 7.1% sodium sulfate in a boiling water bath for
25 min. For the in vivo experiments, TBA-RS was measured according to
Ohkawa et al., 1979. Briefly, to glass tubes were added, in order of appearance:
500 pL of tissue supernatant; 50 L of SDS 8.1%; 1500 pL of 20% acetic acid
in aqueous solution (v/v) pH 3.5; 1500 wL of 0.8% thiobarbituric acid; and
700 pL of distilled water. The mixture was vortexed and the reaction was
carried out in a boiling water bath for | h. The next procedures are the same for
in vitro and in vivo techniques. The mixture was allowed to cool on water for
5 min, and was centrifuged 750 x g for 10 min. The resulting pink stained
TBA-RS obtained with both methods were determined spectrophotometrically
at 535 nm in a Beckman DU ™ 640 Spectrophotometer. A calibration curve was
generated using 1,1,3,3-tetramethoxypropane as a standard, being subjected to
the same treatment as that of the samples. TBA-RS were calculated as nanomole
per milligram of protein.
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1.13. Protein determination

Protein concentration was determined in cerebral cortex supernatants using
bovine serum albumin as a standard (Lowry et al., 1951).

1.14. Statistical analysis

Statistical analysis was performed by the one-way analyses of variance
(ANOVA), followed by the Tukey test for multiple comparison when the F
value was significant. Linear regression analysis was also performed to verify
dose-dependent effects. All analyses were performed using the Statistical
Package for the Social Sciences (SPSS) software in a PC-compatible computer.
A value of p < 0.05 was considered to be significant.

2. Results

Initially, we evaluated the in vitro effect of NAA on non-
enzymatic antioxidant defenses in rat cerebral cortex. This was
achieved by measuring TRAP and TAR, which evaluate non-
enzymatic antioxidants quantity and reactivity, respectively.
Fig. 1 A shows that TRAP was significantly reduced by NAA as
compared to control [F(4,35) =5.15; p < 0.05]. In addition,
TAR measurement was also significantly reduced [F(4,25) =
9.50; p <0.05] in a dose-dependent manner [f=—0.89;
p < 0.01] (Fig. 1B) when cerebral cortex was exposed to NAA.
Next we measured GSH content, which is one of the major
cerebral non-enzymatic antioxidants, to evaluate whether
TRAP and TAR reduction occurred by means of GSH content
reduction. Fig. 2 shows that GSH content was significantly
reduced in the presence of NAA [F(4,15) =4.20; p < 0.05].

We also investigated whether tissue proteins were affected
by NAA. To accomplish this, two different parameters of
oxidative protein damage were measured: sulfhydryl and
carbonyl contents. Fig. 3A shows that the carbonyl content was
significantly enhanced by NAA in cerebral cortex homogenates
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Fig. 1. In vitro effect of N-acetylaspartic acid (NAA) on non-enzymatic
antioxidant defenses: total radical-trapping antioxidant potential (TRAP) (A)
and total antioxidant reactivity (TAR) (B) in cerebral cortex from 14-day-old
rats. Results are mean = S.D. (n = 6-8) for independent experiments performed
in duplicate. p < 0.05 and ~ p < 0.01 compared to control (Tukey test).
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Fig. 2. In vitro effect of N-acetylaspartic acid (NAA) on reduced glutathione
(GSH) content in cerebral cortex from 14-day-old rats. Results are mean = S.D.
(n=4) for independent experiments performed in duplicate. p < 0.05 com-
pared to control (Tukey test).

[F(4,15)=6.29; p <0.05] in a dose-dependent
[B=0.69; p < 0.001], indicating protein oxidation. This result
was corroborated by those obtained with the measurement of
the sulfhydryl content. Fig. 3B shows that the sulthydryl
content was significantly reduced in cerebral cortex by NAA
[F(4,15)=20.30; p < 0.001], indicating the occurrence of
oxidized proteins.

Next, we investigated chemiluminescence and TBA-RS as
lipid peroxidation parameters. Chemiluminescence was sig-
nificantly enhanced by NAA in cerebral cortex homogenates
[F(435)=13.37; p<0.05] in a dose-dependent way
[B=0.75; p <0.001] (Fig. 4A). Fig. 4B shows that NAA
was also able to alter TBA-RS levels in cerebral cortex
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Fig. 3. In vitro effect of N-acetylaspartic acid (NAA) on protein oxidation
indices: carbonyl content (A) and sulfhydryl content (B) in cerebral cortex
from 14-day-old rats. Results are mean = S.D. (n = 4) for independent experi-
ments performed in duplicate.”p < 0.05 and ~ p < 0.01 compared to control
(Tukey test).
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Fig. 4. In vitro effect of N-acetylaspartic acid (NAA) on lipid peroxidation
parameters: chemiluminescence (A) and thiobarbituric acid-reactive substances
(TBA-RS) (B) in cerebral cortex from 14-day-old rats. Results are mean £ S.D.
(n=4-8) for independent experiments performed in duplicate. = p < 0.01
compared to control (Tukey test).

[F(4,15) =9.99; p < 0.05]. Both results indicate that NAA may
stimulate lipid peroxidation in vitro. Finally we studied the role
of various antioxidants on the effect produced by NAA on
TBA-RS levels. To accomplish that, cerebral cortex homo-
genates were incubated for 1 h with 80 mM NAA alone or
combined with the free radical scavengers ascorbic acid,
Trolox, DTT, GSH, CAT, SOD or L.-NAME and the TBA-RS
levels were measured afterwards. Fig. 5 shows that the NAA-

TBA-RS
(nmol/mg protein)

> ¢ X LR
00&@,\«6" PHE X $ eﬂeieisi&f&{ﬁ?
¥ v FEHL TS
X N

¥

Fig. 5. Invitro effect of 80 mM N-acetylaspartic acid (NAA) on thiobarbituric
acid-reactive substances (TBA-RS) in cerebral cortex from 14-day-old rats in
the presence of various antioxidan scorbic acid (AA) plus Trolox; reduced
glutathione (GSH); Nmnilro-L-zu‘gininc methyl ester (L-NAME); superoxide
dismutase (SOD); catalase (CAT) and dithiothreitol (DTT). Results are
mean £ S.D. (n=4) for independent experiments performed in duplicate.
“p <0.01 compared to control; *p < 0.05 and *p < 0.01 compared to
NAA (Tukey test).

induced increase of TBA-RS measurement was completely
prevented by 200 uM ascorbic acid plus 10 uM Trolox. It
was also observed that 400 puM DTT and 400 M GSH were
able to partially prevent the increase of TBA-RS levels
caused by NAA. In contrast, the use of 50 mU/mL CAT,
50 mU/mL SOD or 200 uM of the nitric oxide synthase
inhibitor L-NAME did not reduce the increased TBA-RS
values observed in NAA-treated homogenates [F(13,42) =
13.76; p < 0.01]. It is important to note that the addition of
any of these antioxidants alone did not significantly alter
TBA-RS values.

We also studied the effect of the acute administration of
NAA on TRAP, TAR, carbonyl content, chemiluminescence
and TBA-RS in order to evaluate if the effects observed on
these parameters in vitro were confirmed in vivo. TRAP
(Fig. 6A) was significantly reduced by NAA as compared to
control [F(4,25)=18.74; p <0.01] in a dose-dependent
manner [B=—0.89; p <0.01]. In addition, TAR was also
significantly reduced [F'(4,25) = 13.49; p < 0.01] (Fig. 6B) in
cerebral cortex from rats submitted to acute administration of
NAA. Carbonyl content was significantly enhanced by the
acute administration of NAA [F(3,14)=5.75; p < 0.01]
(Fig. 7), indicating protein oxidation. Lipid peroxidation
was also demonstrated, as chemiluminescence was signifi-
cantly enhanced by the acute administration of NAA
[F(4,24) =7.24; p < 0.01] (Fig. 8A). Fig. 8B shows that the
acute administration of NAA was also able to alter TBA-RS
levels [F(4,25) =4.52; p < 0.01]. These results indicate that
NAA may impair non-enzymatic antioxidant defenses and
promote both protein oxidation and lipid peroxidation in vivo,
in agreement with our in vitro results.
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Fig. 6. Effect of the acute administration of N-acetylaspartic acid (NAA)
on non-enzymatic antioxidant defenses: total radical-trapping antioxidant
potential (TRAP) (A) and total antioxidant reactivity (TAR) (B) in
cerebral cortex from 14-day-old rats. Results are mean £ S.D. (n=0)
for independent experiments performed in duplicate. p < 0.05 and
“p <0.01 compared to control (Tukey test). Rats were killed 1 h after
injection.
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Fig. 8. Effect of the acute administration of N-acetylaspartic acid (NAA) on
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Results are mean = S.D. (n = 5-6) for independent experiments performed in
duplicate. 'bp < 0.0l compared to control (Tukey test). Rats were killed I h
after injection. CPS = counts per second.

3. Discussion

NAA accumulation is the biochemical hallmark of patients
affected by CD. The affected individuals typically present
progressive neurological dysfunction with mental retardation,
hypotonia, macrocephaly and seizures. Although the under-
lying mechanisms of brain damage in this disorder remain
unclear, increased concentrations of NAA in tissues and fluids
would suggest the possibility that NAA or related metabolites
might have toxic effects (Beaudet, 2001), and that excess NAA
may be deleterious to the CNS. Although the exact mechanisms
underlying its toxicity remain not fully understood, there are
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some reports in the literature showing neurotoxic actions for
NAA. In isolated hippocampal neurons, NAA was found to
induce an inward current, acting on the G protein-coupled
metabotropic glutamate receptors, resulting in excitation of the
neurons, thereby contributing to the occurrence of epileptic
seizures (Yan et al., 2003). According to Akimitsu et al. (2000),
NAA was strongly suggested to be a novel excitatory amino
acid involved in the appearance of seizures in some types of
epilepsy. Recent findings reported that tremor rats (a genetic
model for CD) receiving adenovirus-based aspartoacylase gene
transfer showed partial reduction of NAA levels in the brain
which resulted in modulation of both seizure length and
frequency. These data strongly suggest that increased NAA
levels in the tremor rat brain participate in the course of
epilepsy (Klugmann et al., 2005). Animal studies show that
epileptic seizures result in free radical production and oxidative
damage to cellular proteins, lipids and DNA (Bruce and
Baudry, 1995; Liang et al., 2000). Conversely, recent work
suggests that chronic mitochondrial oxidative stress and
resultant dysfunction can render the brain more susceptible
to epileptic seizures (Trotti et al., 1998; Liang and Patel, 2004).
It seems that there is a role for oxidative stress both as a cause
and a consequence of epileptic seizures (Patel, 2004).

Considering that to our knowledge no study has investigated
so far the role of oxidative stress on NAA neurotoxicity, in the
present work we investigated the in vitro effect of this organic
acid as well as the effect of the acute administration of NAA on
some oxidative stress parameters in order to evaluate whether
free radical generation could be elicited by this metabolite,
which could be possibly related to the neurological damage
occurring in CD.

We demonstrated that NAA significantly reduced both
TRAP and TAR in cerebral cortex of 14-day-old rats.
Considering that TRAP measures the content of non-enzymatic
antioxidant defenses, while TAR reflects the capacity of a given
tissue to modulate the damage associated with an increased
production of RS (Lissi et al., 1995), these results indicate that
NAA reduces the non-enzymatic antioxidant capacity in rat
brain both in vitro and in vivo, by reducing non-enzymatic
antioxidant content (TRAP) and also the antioxidant reactivity
(TAR). GSH is a major non-enzymatic antioxidant present in
mammalian brain, so we evaluated whether the reduction of
TRAP and TAR promoted by NAA was in fact caused by a
reduction in GSH content of the brain. We demonstrated that
NAA significantly reduced GSH content in vitro, which
suggests that the TRAP and TAR reduction observed in the
presence of NAA actually occurred by means of GSH content
reduction.

In the present work we also showed that NAA was able to
cause oxidative damage to proteins, as verified by the
significant alterations of sulfhydryl and carbonyl contents.
Thus, it is possible that oxidative damage to proteins may be
involved in the neuropathology of CD.

We also found that chemiluminescence and TBA-RS were
enhanced by the presence of NAA in the incubation medium, as
well as by the acute administration of NAA, suggesting that
NAA induces lipid peroxidation (oxidative damage to lipids) in
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cerebral cortex of 14-day-old rats. Considering that the
overproduction of reactive oxygen species gives rise to high
TBA-RS levels (Halliwell and Gutteridge, 1999a), we studied
the influence of various antioxidants on the increased TBA-RS
levels induced by 80 mM NAA in vitro. We observed that
ascorbic acid plus Trolox was able to completely prevent the
NAA-elicited increase in TBA-RS levels in cerebral cortex
homogenates. These findings may suggest the participation of
hydroxyl radicals on this effect, since this reactive species is
scavenged by the antioxidants used (Halliwell and Gutteridge,
1999b; Bains and Shaw, 1997). On the other hand, hydrogen
peroxide and superoxide anion may not be involved because
their scavenging, respectively, by CAT and SOD were not able
to prevent TBA-RS levels enhancement caused by NAA. Since
DTT and GSH partially prevented NAA-induced TBA-RS
levels enhancement, we cannot rule out the possibility that the
oxidation of SH groups is involved in the NAA neurotoxic
effects. In contrast, nitric oxide was not probably involved in
the increased TBA-RS levels caused by NAA since L-NAME
was not able to reduce the increase of TBA-RS levels promoted
by NAA.

Taken together, our results indicate that NAA may promote
oxidative stress in vitro and in vivo in cerebral cortex of 14-day-
old rats by decreasing non-enzymatic antioxidant defenses and
stimulating oxidative damage to both lipids and proteins,
probably by enhancing reactive species in cerebral cortex. Our
study introduces another possible pathological mechanism to
the brain damage observed in affected patients, and it can be
therefore suggested that oxidative stress may be involved in the
neuropathology of CD, in which NAA accumulation is the
biochemical hallmark.

Even though the concentrations of NAA used in our assays
are similar to those observed in plasma and cerebrospinal fluid
of patients affected by CD (up to four-fold elevated in plasma
and cerebrospinal fluid) (Tsai and Coyle, 1995; Surendran
et al., 2003), it is difficult to extrapolate our findings to the
human condition. However, our results are in line with those of
Tsai et al. (1998), who studied the association between
oxidative stress and tardive dyskinesia. Interestingly, it was
found that tardive dyskinesia patients also have significantly
elevated concentrations of NAA in their cerebrospinal fluid
(100 mM), as occurs in CD. Tardive dyskinesia symptoms
correlated positively with markers of excitatory neurotransmis-
sion and protein carbonyl group (Tsai et al., 1998). Elevated
levels of conjugated dienes and thiobarbituric acid-reactive
products in the CSF of tardive dyskinesia patients have also
been reported (Pall et al., 1987; Lohr et al., 1990). The
hypothesis of oxidative damage in tardive dyskinesia is
supported by reports that vitamin E reverses the symptoms
of tardive dyskinesia patients (Adler et al., 1993; Lohr and
Caligiuri, 1996; Zhang et al., 2004). Notably, patients are more
responsive to treatment with vitamin E earlier in the course of
their disorder, consistent with the model that the oxidative
damage is cumulative over time and would involve functional
impairment before frank degeneration (Tsai et al., 1998). Those
findings of enhanced carbonyl content and enhanced lipid
peroxidation in the CSF of tardive dyskinesia patients, who also

present dramatic elevations of NAA levels, are in line with our
findings of enhanced protein oxidation and lipid peroxidation in
cerebral cortex homogenates exposed to NAA.

In the present study we demonstrated that NAA decreases
non-enzymatic antioxidant defenses and stimulates oxidative
damage to both lipids and proteins, promoting oxidative stress.
If the oxidative stress elicited by NAA in our study also occurs
in the brain of patients affected by CD, it is possible that it may
contribute, along with other mechanisms, to the neurological
dysfunction characteristic of this disease. Based on the results
presented here, it is proposed that the administration of
antioxidants, especially vitamins E and C, should be considered
as a potential adjuvant therapy for patients affected by CD.
However, the underlying mechanisms responsible for NAA
neurotoxicity in the brain damage of these patients remains to
be further elucidated.
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Abstract

N-Acetylaspartic acid accumulates in Canavan Dmseas severe inherited
neurometabolic disease clinically characterizedsbyere mental retardation, hypotonia,
macrocephaly and generalized tonic and clonic tgpeures. Considering that the
mechanisms of brain damage in this disease renmairypunderstood, in the present study
we investigated the effect of N-acetylaspartic asidhe enzymatic antioxidant status in rat
brain. The in vitro effect of N-acetylaspartic a¢id-80 mM) was studied on the activities
of catalase, superoxide dismutase and glutathi@rexmlase, as well as on hydrogen
peroxide content in cerebral cortex of 14-day-@ltsr The effect of acute administration of
0.6 mmol N-acetylaspartic acid/g body weight on slaene parameters was also studied.
Catalase and glutathione peroxidase activities wraficantly inhibited, while hydrogen
peroxide content was significantly enhanced by Bidaspartic acid both in vitro and in
vivo. In contrast, superoxide dismutase activityswet altered by N-acetylaspartic acid.
Our results clearly show that N-acetylaspartic aicipairs the enzymatic antioxidant
defenses in rat brain. This could be involved i thathophysiological mechanisms

responsible for the brain damage observed in pateffected by Canavan Disease.

Keywords: N-Acetylaspartic acid; Canavan Disease; hydrogmroxide; catalase;

glutathione peroxidase; rat brain
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N-acetylaspartic acid (NAA) is normally synthesiz&odm acetyl-CoA and L-
aspartic acid by acetyl-CoA:L-aspartdleacetyltransferase (EC 2.3.1.17) and hydrolyzed
to aspartate and acetate by N-acyl-L-aspartate amdiolase (EC 3.5.1.15,
aspartoacylase) (Beaudet, 2001). In spite of regcbérebral concentrations up to 20 mM
(Baslow, 2003), the role of NAA on brain metaboligemains unclear (Matalon and

Michals-Matalon, 1999).

Massive excretion of NAA in the urine is the bioshieal hallmark of Canavan
Disease (CD), an autossomal recessive inheritedlokt disease caused by deficiency of
the enzyme aspartoacylase (Matalon and Michalsibata2000). CD, found more
frequently among the Ashkenazi Jews, is a severgressive leukodystrophy characterized
by swelling and spongy degeneration of the whitdtenaof the brain; as the disease
progresses, the brain becomes atrophic and the rgedier becomes involved as well
(Matalon and Michals-Matalon, 2000). Brain atrogitggressively increases over time in
CD patients and this occurs in parallel with NAAei(Janson et al., 2006). Diagnosis is
confirmed by elevated NAA levels in the urine, ldaand spinal fluid and also in the brain

in vivo by the use of proton nuclear magnetic resme spectroscopy (Gordon, 2000).

Patients affected by CD present severe mentaldiagian with inability to gain
developmental milestones, as well as hypotonia rmadrocephaly (Traeger and Rapin,
1998; Matalon and Michals-Matalon, 2000). Aboutfhal the patients also develop
generalized tonic and clonic convulsions (Traeget Rapin, 1998; Beaudet, 2001). The
affected children become increasingly debilitatethvage, often with inability to move
voluntarily or swallow. Death typically occurs befoadolescence, but some Canavan

patients with milder forms survive into their 20s beyond (Moffett et al., 2007).
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Neuropathological findings of CD include extensiss of myelin with intramyelinic

splitting, edema and vacuolation in the white masted brain stem (Kumar, et al., 2006;
Skiranth et al., 2007) increase of oligodendroglia protoplasmic astrocytes (Beaudet,
2001), the presence of swollen astrocytes, andbrtest and elongated mitochondria

(Adachi et al., 1972).

Although the role of NAA in the pathogenesis of @Dstill unclear, increased
concentrations of NAA in the brain would suggest thossibility that NAA or related
metabolites might have toxic effects (Beaudet, 200fdeed neurotoxic actions for NAA
in the brain have already been demonstrated, ds dble to induce seizures after
intracerebroventricular administration to normabkyarobably by neuronal overexcitation
through metabotropic glutamate receptors (Akimésal., 2000; Kitada et al., 2000; Yan et
al., 2003). It was also proposed that the defectiyelin synthesis results from a deficiency
of NAA-derived acetate (Madhavarao et al., 2005mNaodiri et al., 2006), and that an
osmotic imbalance with a build up of excessivedlin the brain is a consequence of the
pathological accumulation of NAA, which was suggesto act as a ‘molecular water

pump’, leading to demyelination (Baslow, 2002).

Recent work from our research group demonstratedrde of NAA inducing
oxidative stress, and it was hypothesized the @patiion of this accumulating metabolite
in the brain damage pathomechanisms responsiblethfer neurological impairment
observed in CD patients (Pederzolli et al., 200@0Wr data indicated that NAA may
promote oxidative stress in vitro and in vivo imet@ral cortex of young rats by decreasing
non-enzymatic antioxidant defenses and stimulatixigative damage to both lipids and

proteins, probably by enhancing reactive speciegiabral cortex.
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In the present study we investigated the effed®iAA on the enzymatic antioxidant
status in rat brain in order to further clarify thele of oxidative stress in NAA
neurotoxicity and to try to better understand istigipation in the mechanisms of brain
damage responsible for the neurological impairmehserved in CD patients. To
accomplish this, the in vitro effect of N-acetylaggc acid (10-80 mM) was studied on the
activities of the antioxidant enzymes hydrogen-gete:hydrogen-peroxide oxidoreductase
(EC 1.11.1.6; catalase, CAT), superoxide:superoxaédoreductase (EC 1.15.1.1;
superoxide dismutase, SOD) and glutathione:hydrggeoxide oxidoreductase (EC
1.11.1.9; glutathione peroxidase, GPx), as welbasthe hydrogen peroxide content in
cerebral cortex of 14-day-old rats. The effect ofita administration of NAA was also

studied on the same parameters in the brain.

Experimental Procedures

Materials

All chemicals were purchased from Sigma (St. LoM&), USA). N-acetylaspartic
acid solutions were freshly prepared in 20 mM sodphosphate buffer with 140 mM KCI

pH 7.4 or saline solution, and the pH was adjusted 4.

Animals

Fourteen-day-old Wistar rats bred in the Departmein Biochemistry, ICBS,

UFRGS, from both sexes and different litters, wesed. Rats were kept with dams until
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they were killed. The dams had free access to veatdra 20% (w/w) protein commercial
chow (Supra, Porto Alegre, RS, Brazil). They weeptkin a room with 12:12 h light/dark
cycle (lights on 07:00-19:00 h) and with air-corahied controlled temperature (22 +
1°C). The NIH Guide for the Care and Use of Laboratdnimals (NIH publication # 80-

23, revised 1996) was followed in all experiments.

Tissue preparation

Rats were killed by decapitation, and the brain wa®ediately removed and kept
on an ice-plate. The olfactory bulb, pons and madwlere discarded and the cerebral
cortex was dissected, weighed and kept chilledl tnmimogenization. These procedures
lasted up to 3 min. Cerebral cortex was homogeniizdd volumes (1:10, w/v) of 20 mM
sodium phosphate buffer, pH 7.4 containing 140 m®l.Kdomogenates were centrifuged
at 750 g for 10 min at 4 °C to discard nuclei aelll @ebris (Llesuy et al., 1985; Lissi et al.,
1986). The pellet was discarded and the supernatastimmediately separated and used
for the measurements. The homogenates used wenerichvidual animals and they were

never pooled. All experiments were repeated witfedint animals.

In vitro experiments

Cerebral cortex supernatants were used for the ureaents in the presence or
absence of NAA, with and without pre-incubation. time experiments without pre-
incubation, NAA was tested at final concentratisaaging from 10 to 80 mM. In the
experiments with pre-incubation, 80 mM NAA was preubated with cerebral cortex

supernatants for 1 hour at 37°C. Controls were bated only with 20 mM sodium
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phosphate buffer, pH 7.4 containing 140 mM KCl hweiit NAA.

Acute administration of NAA

NAA was dissolved in saline solution and the pHsveajusted to 7.4. NAA at a
dose of 0.6 mmol/g body weight was administereastameously. Controls received saline
solution. One hour after injections, rats wereekilby decapitation and tissue was prepared
as mentioned above. Cerebral cortex supernatants wsed to measure antioxidant

enzyme activities and hydrogen peroxide content.

Catalase assay

CAT activity was assayed using a double-beam spelottometer with temperature
control (Hitachi U-2001). This method is based loa disappearance oh8, at 240 nm in
a reaction medium containing 20 mM,®, 0.1% Triton X-100, 10 mM potassium
phosphate buffer pH 7.0, and 0.1-0.3 mg protein{fbi, 1984). One CAT unit is defined
as onepmol of hydrogen peroxide consumed per minute ared dpecific activity is

calculated as CAT units/mg protein.

Superoxide dismutase assay

SOD activity was determined using the RANSOD kdnfr RANDOX (Antrim,
UK). The method is based on the formation of rednfizran from the reaction of 2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium hlaride and superoxide radical
produced in the incubation medium from xanthinetikare oxidase reaction system, which
is assayed spectrophotometrically at 505 nm. Thabiiton of the produced chromogen is

proportional to the activity of the SOD presenhomogenates. A 50% inhibition is defined
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as one unit of SOD and the specific activity isca@dted as SOD units/mg protein.

Glutathione peroxidase assay

GPx activity was measured using tert-butyl-hydrogete as substrate (Wendel,
1981). NADPH disappearance was monitored at 340 using a double-beam
spectrophotometer with temperature control (Hitadi2001). The medium contained 2
mM glutathione, 0.15 U/mL glutathione reductase} M azide, 0.5 mM tert-butyl-
hydroperoxide and 0.1 mM NADPH. One GPx unit isimkd as onqumol of NADPH

consumed per minute and the specific activity gesented as GPx units/mg protein.

Hydrogen peroxide content
This method is based on the horseradish peroxit@skated oxidation of phenol

red by hydrogen peroxide, which results in the fation of a compound demonstrating
increased absorbance at 610 nm (Pick and Keis280))1 Briefly, 400 mg cerebral cortex
were chopped with a Mcllwainn chopper in corticasms (400 pm), which were added to
a glass vial containing 5.5 mM dextrose buffer p8, and the mixture was allowed to
stand at room temperature for 1 hour. After th&0aL supernatant aliquot was taken and
reacted with 23%L of a medium containing 50 mM sodium phosphatddsyéH 7.4, 85
pL of horseradish peroxidase and 1 mg/mL phenolpéénolsulfonphtalein). The reaction
was carried out in the dark for 10 minutes. Afteatf 5uL of 1 N NaOH was added to each
tube, and the absorbance was read at 610 nm. Bratbn curve was performed with
commercial solution of hydrogen peroxide. Resulerencalculated as nmol hydrogen

peroxide/mg tissue.
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Protein determination
Protein concentration was determined in cerebrakgcsupernatants using bovine

serum albumin as a standard (Lowry et al., 1951).

Statistical analysis

For the experiments with more than two groups imgarison, statistical analysis
was performed by the one-way analysis of variadd¢qVVA), followed by the Tukey test
for multiple comparisons when the F value was sicgmt. For the experiments with only
two groups, statistical analysis was performed ey $tudent’s t test. All analyses were
performed using the Statistical Package for thegb@&ciences (SPSS) software in a PC-
compatible computer. A value of p < 0.05 was com®d to be significant. The enzyme

kinetic parameters were calculated using the Gragh®ism 5 software.

Results

In the present study we evaluated the in vitro endivo effects of NAA on the
enzymatic antioxidant defenses and on hydrogenxmiraontent in cerebral cortex of 14-

day-old rats.

NAA markedly inhibits CAT activity in an uncompegitmanner

We started measuring the effect of NAA on CAT attiin vitro by measuring the

enzyme activity in cerebral cortex homogenatedhenpgresence or the absence of NAA at
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final concentrations ranging from 10 to 80 mM, with and with 1 hour pre-incubation.
Figures 1A and 1B show that CAT activity was matkedhibited by the presence of NAA
in the reaction medium at all concentrations testgld no pre-incubation [F(4,15)=14.87;
p<0.01] and with 1 hour pre-incubation [t(6)=17.88;0.01], showing a strong inhibition
of up to 44% compared to control. Similar resulesevobtained with a purified commercial
CAT preparation (EC 1.11.1.6, from bovine liverjgiiie 1C), in the absence of cerebral
cortex homogenates, indicating a possible direeraction of NAA with CAT. We also
tested the effect of acute administration of 0.6ahNWAA/g body weigth to 14-day-old rats
on CAT activity in order to verify if the effect ebrved in vitro was also detected in vivo.
We found that CAT activity was significantly redacey acute administration of NAA
[t(14)=3.19; p<0.01] (Figure 2). Next, we performkphetic studies on the interaction
between NAA and CAT. The Hanes-Woolf plot (Figujenas analyzed over the range of
2.5-20 mM hydrogen peroxide as substrate in theratgsand presence of 1-20 mM NAA.
Km value was calculated as the intersection of inbwidine with x-axis, whereas \Mx was
calculated as the slope of the inhibitor li@ansidering that the different inhibitor curves
intercepted the x-axis at different points and thate lines presented different slopes, our
data indicated that the inhibition of CAT activibaused by NAA was uncompetitive,
because both K values and maximal velocity were altered with @aging NAA
concentrationsApparent K, for hydrogen peroxide as substrate angh\of CAT were
15.09 mM and 9.69 pmol @, consumed per minute per mg protein, respectividle. K’
value (uncompetitive inhibition constant) was 15m®1. A similar inhibition profile was
obtained with the Lineweaver-Burk double reciprgaialt, which was also analyzed in the

same conditions
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SOD activity is not affected by NAA

The effect of NAA on SOD activity was also studi&ksults are depicted in Figure
4. We evaluated the in vitro effect of NAA on SO&iiaity in cerebral cortex homogenates
in the presence or absence of NAA, at final conmegiohs ranging from 10 to 80 mM,
without and with 1 hour pre-incubation. NAA caugsedl effect on this enzyme activity at
all concentrations tested without pre-incubatiof# [E5)=1.11; p>0.05] (Figure 4A) or after
1 hour pre-incubation [t(6)=0.08; p>0.05] (Figui®)4The in vivo acute administration of
NAA also caused no effect on SOD activity [t(142@). p>0.05] (Figure 5), which is in

line with the in vitro results.

NAA strongly inhibits GPx activity

Next, we evaluated the in vitro effect of NAA on XGRctivity in cerebral cortex
homogenates in the presence or absence of NAA.&Bfwty was inhibited (27% to 34%
compared to control) in vitro by the presence of ANAn the reaction medium at
concentrations as low as 20 mM without pre-incura{iF(4,15)=6.60; p<0.01] (Figure
6A) and with 1 hour pre-incubation [t(6)=5.03; p&D}] (Figure 6B). Similar results were
obtained with a purified commercial GPx preparati@C 1.11.1.9, from bovine
erythrocytes) (Figure 6C), in the absence of calebortex homogenates, indicating a
possible direct acting effect of NAA with GPx. GRativity was also significantly reduced

by acute administration of NAA [t(14)=2.97; p<0.d®jgure 7).

Hydrogen peroxide content is enhanced by NAA
Altogether, the inhibition of CAT and GPx activi®y NAA points to the possible

involvement of hydrogen peroxide in NAA neurotogycmechanism, since this reactive
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species is the substrate for both enzymes. To roonfhis hypothesis, we measured
hydrogen peroxide content both in vitro and in vifaagure 8). After 1 hour pre-incubation
of 80 mM NAA with cerebral cortex slices, hydrogperoxide content was significantly
higher in the presence of NAA as compared to cofi(®)=3.77; p<0.01] (Figure 8A). The
acute administration of NAA was also able to sigaifitly enhance hydrogen peroxide
content in cerebral cortex of rats [t(12)=3.41; 40 (Figure 8B). These results suggest

that an increase of hydrogen peroxide content neay\mlved in NAA neurotoxicity.

Discussion

NAA brain accumulation is the biochemical hallmarkpatients affected by CD,
which is clinically characterized by severe neugadal dysfunction with progressive
mental retardation, hypotonia, macrocephaly anduses. Although the underlying
mechanisms of brain damage in this disorder remagiear, increased concentrations of
NAA in tissues and fluids suggest the possibilltgtt NAA or related metabolites might
have toxic effects (Beaudet, 2001) and that ext&%& may be deleterious to the CNS.
Although the exact mechanisms underlying its tayxicemain not fully understood, there
are some reports in the literature showing neurotaxtions for NAA. In this context,
NAA was able to induce an inward current, actingtlom G protein-coupled metabotropic
glutamate receptors, resulting in excitation of tleurons, thereby contributing to the
occurence of epileptic seizures (Akimitsu et aDO@ Yan et al.,, 2003). In addition,
Klugmann et al. (2005) showed that a partial reidacbf NAA levels in the brain of
genetically aspartoacylase-deficient rats (trenats)rresults in modulation of both seizure

length and frequency, suggesting that increased Névels in the tremor rat brain
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participate in the course of epilepsy. Interesyngpileptic seizures have already been
related to oxidative stress (Bruce and Baudry, 1996tti et al., 1998; Liang et al., 2000;

Liang and Patel., 2004; Patel, 2004), a conditioat bccurs when the delicate balance
between production of reactive species and antamtidlefense systems seen in healthy
aerobes is upset, or repair system fails. Thisbsadue both from diminished antioxidant

defenses and/or increased production of reactieeiap, which can potentially lead to

biomolecular oxidative damage (Halliwell and Guttge, 2007a).

In fact, a recent study from our research groupdemonstrated a possible role of
oxidative stress on NAA neurotoxicity, as the résubtained indicated that NAA may
promote oxidative stress in vitro and in vivo inred@al cortex of 14-day-old rats by
decreasing the non-enzymatic antioxidant defensdsstimulating oxidative damage to
both lipids and proteins, probably by enhancingctiga species in cerebral cortex
(Pederzolli et al., 2007). By that time, we demaated that NAA significantly reduces the
non-enzymatic antioxidant capacity in rat brainhbiot vitro and in vivo, by reducing tissue
non-enzymatic antioxidant content (TRAP), the adtlant reactivity (TAR) and GSH
content. We also showed that NAA was able to cawddative damage to proteins
(increased carbonyl content) and lipids (increagesmiluminescence and TBA-RS levels)
both in vitro and in vivo. Interestingly, it was s#yved that ascorbic acid plus Trolox
completely prevented the NAA-elicited increase IBAFRS levels in cerebral cortex
homogenates.

In order to identify mechanisms by which oxidatisteess plays a role in NAA
neurotoxicity, in the present work we investigatbd in vitro and in vivo effects of this
organic acid on major enzymatic antioxidant deferes&d on hydrogen peroxide content in

cerebral cortex of 14-day-old rats.
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We started measuring the effect of NAA on the atgtiof CAT, the antioxidant
enzyme that catalyses direct decomposition of ryeimoperoxide to ground-state.(We
found that CAT activity from cerebral cortex homagtes was markedly inhibited (44% to
69% inhibition compared to control) in vitro by thpesence of NAA in the reaction
medium at all concentrations tested (10 mM and driglvithout pre-incubation. We also
showed that 80 mM NAA also markedly decreased C&ividy after 1 hour exposition of
cerebral cortex homogenates to this metabolitethEtmore, similar results were obtained
with a purified commercial CAT preparation, indiogt a possible direct interaction of
NAA with CAT. Finally, we observed that acute adisiration of 0.6 mmol NAA/g body
weigth to 14-day-old rats significantly inhibitedrtical CAT activity, corroborating our in
vitro findings. In order to investigate the mectsamiof NAA inhibition on CAT activity,
we performed kinetic studies on the interactionreein NAA and CAT from cerebral
cortex homogenates. Values of, ind Vjnax obtained (15.09 mM and 9.69 umol.mimg
prot*, respectively) were similar to the ones reporteglipusly in rat brain (Somani and
Husain, 1996). Our results have also shown that NiAAibits CAT activity in an
uncompetitive manner and that For NAA (15.19 mM) was lower than the concentosis
found in the brain of patients affected by CD.

Next, we studied the effect of NAA on activity 0O, the antioxidant enzyme
which dismutates superoxide to produce hydrogeroxpgée and water, being highly
efficient in the catalytic removal of superoxidedicals. NAA caused no effect on this
enzyme activity in vitro and in vivo.

We then evaluated the effect of NAA on GPx activishich removes hydrogen
peroxide by coupling its reduction to,® with oxidation of reduced glutathione (GSH).

Although being more specific for GSH as a hydrodenor, it can also act on peroxides
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other than hydrogen peroxide, where the peroxideimrs reduced to an alcohol. GPx
activity from cerebral cortex homogenates was atdobited in vitro by NAA in the
reaction medium without previous incubation aneratt hour of pre-incubation. NAA was
also able to inhibit commercial GPx preparatiomli¢ating a possible direct interaction of
NAA with GPx. Similarly to CAT, GPx activity wassd significantly reduced by the acute
administration of NAA, reinforcing our in vitro fdings. Taken together, the inhibition of
CAT and GPx activities may indicate an impairmefit detoxification of its shared
substrate hydrogen peroxide. So, we then meastinedeffect of NAA on hydrogen
peroxide content both in vitro and in vivo. We fduthat exposition of cerebral cortex
homogenates to 80 mM NAA for 1 hour significantiyhanced hydrogen peroxide content.
The acute administration of NAA was also able gmsicantly enhance hydrogen peroxide
content in cerebral cortex of 14-day-old rats,dnadance with our in vitro findings. These
results suggest that an enhancement in hydrogexigercontent is probably involved in
NAA neurotoxicity and may be secondary to the réiduacof CAT and GPx activities. In
this context, hydrogen peroxide mixes readily withter and can diffuse within and
between cells and is toxic to many cells in thadl@00uM range, causing senescence and
apoptosis, and at higher levels it promotes necregil death (Halliwell and Gutteridge,
2007b). Considering that in our previous work wevséd that ascorbic acid plus Trolox,
which are scavengers of OHvere able to completely prevent the NAA-elicitedrease in
TBA-RS levels in cerebral cortex homogenates (Pmileret al., 2007) and that in the
present work we found a NAA-mediated increase idrbgen peroxide content it may be
suggested the participation of hydrogen peroxiael, probably of OF that is produced

from the former by the Fenton reaction, on NAA r@oxicity.
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Altogether, our present findings clearly show tHdAA may promote an
impairment of enzymatic antioxidant defenses irelbmal cortex of young rats both in vitro
and in vivo, by inhibiting CAT and GPx activitiespmpromising the eficiency of reactive
species detoxification, which could lead to oxidatdamage to biomolecules. Moreover,
NAA promotes an enhancement of hydrogen peroxidaeect in vitro and in vivo, which
could be possibly involved in the progression aralmenance of the neurodegeneration
characteristic of CD.

Regarding to the pathophysiology relevance of orgsgnt data, it must be
emphasized that the alteration of the oxidativeesstr parameters occurred with
concentrations of NAA observed in plasma and cesgiinal fluid of patients affected by
CD (up to 4-fold elevated) (Tsay and Coyle, 199&re®dran et al., 2003). Although it is
difficult to extrapolate our findings to the humeondition, in case the antioxidant defense
impairment elicited by NAA in our study also occunsthe brain of patients affected by
CD, it is possible that it may contribute, alonghwother mechanisms, to the neurological
dysfunction characteristic of this disease. Finalbur present results showing an
impairment in enzymatic antioxidant defenses ane@mancement of hydrogen peroxide
content, together with our previous results of NAécreasing non-enzymatic antioxidant
defenses and stimulating protein and lipid oxidatilamage in cerebral cortex of 14-day-
old rats, indicate that NAA may promote oxidatiieessin vitro andin vivo both by
enhancing reactive species (hydrogen peroxide, possibly hydroxyl radical) and by
diminishing antioxidant defenses. Based on thesalltse it is reinforced here the
proposition that administration of antioxidantspesally vitamins E and C, should be
considered as a potential and beneficial adjuvhetapy for patients affected by CD.

However, the exact underlying mechanisms of NAAragxicity and its participation in
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the brain damage of these patients remain to bleduelucidated.
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FIGURE LEGENDS

Figure 1. In vitro effect of N-acetylaspartic acid (NAA) aatalase (CAT) activity: (A) in
cerebral cortex, without previous incubation; (B) éerebral cortex, with 1 hour pre-
incubation at 37C; and (C) in a purified commercial CAT preparai@nthout previous
incubation. Results are mean + SD (n=4) for indepah experiments performed in

duplicate. ** p<0.01 compared to control (TukeyttessStudent’s t test).

Figure 2. Effect of acute administration of 0.6 mmol NAA/gdy weigth to 14-day-old
rats on catalase (CAT) activity in cerebral corteemogenates. Results are mean + SD
(n=8) for independent experiments performed in idapt. ** p<0.01 compared to control

(Student’s t test).

Figure 3. Kinetic analysis of the inhibition of catalase (CAcaused by N-acetylaspartic
acid (NAA) in vitro in cerebral cortex homogenatesn 14-day-old rats. The figure shows
the Hanes-Woolf plot of the CAT activity for hydmy peroxide concentrations (2.5-20
mM) in the absence of NAA and in the presence oM, 5 mM, 10 mM and 20 mM

NAA. All experiments were performed at least fondépendent times, and similar results

were obtained. Data presented were from indiviéxpkriments.

Figure 4. In vitro effect of N-acetylaspartic acid (NAA) @uperoxide dismutase (SOD)

activity: (A) in cerebral cortex, without previoulscubation; and (B) in cerebral cortex,

110



with 1 hour pre-incubation at 3Z. Results are mean £ SD (n=4-6) for independent
experiments performed in duplicate. No significdifterences were detected from control

(Tukey test or Student’s t test).

Figure 5. Effect of acute administration of 0.6 mmol NAA/gdy weigth to 14-day-old
rats on superoxide dismutase (SOD) activity in loerecortex homogenates. Results are
mean = SD (n=8) for independent experiments perfadrrim duplicate. No significant

differences were detected from control (Studentést).

Figure 6. In vitro effect of N-acetylaspartic acid (NAA) aiutathione peroxidase (GPx)
activity: (A) in cerebral cortex, without previouscubation; (B) in cerebral cortex, with 1
hour pre-incubation at 3C; and (C) in a purified commercial GPx preparatiatithout

previous incubation. Results are mean £ SD (n=Ajrfdependent experiments performed

in duplicate. * p<0.05 and ** p<0.01 compared totrol (Tukey test or Student’s t test).

Figure 7. Effect of acute administration of 0.6 mmol NAA/gdy weigth to 14-day-old
rats on glutathione peroxidase (GPx) activity inebeal cortex homogenates. Results are
mean + SD (n=8) for independent experiments perarin duplicate. ** p<0.01 compared

to control (Student’s t test).

Figure 8. In vitro and in vivo effects of N-acetylasparticich(NAA) on hydrogen peroxide

content from 14-day-old rats: (A) in vitro in cerabcortex homogenates, with 1 hour pre-

incubation at 37C; and (B) in vivo in cerebral cortex homogenatesnf rats subjected to
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an acute administration of 0.6 mmol NAA/g body wkigResults are mean + SD (n=4-7)
for independent experiments performed in duplicédte.p<0.01 compared to control

(Student’s t test).
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Capitulo V

Intracerebroventricular administration of N-acetykpartic acid impairs
antioxidant defenses and promotes protein oxidatiorcerebral cortex of

rats

Artigo submetido a revista Metabolic Brain Disease
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Abstract

N-acetylaspartic acid (NAA) is the biochemical hakk of Canavan Disease, an
inherited metabolic disease caused by deficiencasplartoacylase activity. NAA is an
immediate precursor for the enzyme-mediated bit®gis of N-acetylaspartylglutamic
acid (NAAG), whose concentration is also increasedrine and cerebrospinal fluid of
patients affected by CD. This neurodegenerativerdes is clinically characterized by
severe mental retardation, hypotonia and macro¢gpaad generalized tonic and clonic
type seizures. Considering that the mechanismsanf llamage in this disease remain not
fully understood, in the present study we invesédawhether intracerebroventricular
administration of NAA or NAAG elicits oxidative &ss in cerebral cortex of 30-day-old
rats. NAA significantly reduced total radical-trapg antioxidant potential, catalase and
glucose 6-phosphate dehydrogenase activities, abeprotein carbonyl content and
superoxide dismutase activity were significantiyhamced. Lipid peroxidation indices and
glutathione peroxidase activity were not affectgdNAA. In contrast, NAAG did not alter
any of the oxidative stress parameters tested. Qasults indicate that
intracerebroventricular administration of NAA impaiantioxidant defenses and induces
oxidative damage to proteins, which could be inedlvin the neurotoxicity of NAA
accumulation in CD patients.

Keywords N-acetylaspartic acid; N-acetylaspartylglutamiclaaspartoacylase deficiency;

Canavan Disease; oxidative stress; rat brain
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Introduction

N-acetylaspartic acid (NAA) is present at excemlbn high concentrations in
mammalian brain, reaching up to 20 mM (Baslow, 20®8t its metabolic and
neurochemical functions remain unclear (Moffettakt 2007). However, it has been
postulated that NAA may serve as a source of teeyagroup to be incorporated into brain
lipids (Chakraborty et al., 2001; Kirmani et al002; Madhavarao et al., 2005; Namboodiri
et al., 2006), as an intracellular osmolite (Basl@@02) and as a storage form of aspartate
(Beaudet, 2001). In addition, NAA is an immediateqursor for the biosynthesis of N-
acetylaspartylglutamate (NAAG), which is one of thmst abundant neuropeptides in
mammalian nervous tissue (Gehl et al., 2004; Arual.e 2006; Moffet et al., 2007) with
brain concentrations ranging from 0.5 to 2.7 mMuiRels and Frahm, 1997). In rat brain,
NAAG is synthesized from NAA and glutamate at a&rat about one molecule of NAAG
for every 10 molecules of NAA synthesized and ursteady-state conditions this ratio is
maintained (Baslow and Guilfoyle, 2006). As a nagtve compound, NAAG acts
primarily as an agonist at metabotropic glutamateptors of group Il (mGIuR II), and, at
higher concentrations, NAAG is a weak agonist ofmBthyl-D-aspartate receptors
(NMDA-R) (Neale, 2000; Pliss et al.,, 2000; Shaveakt 2001; Zhao et al., 2001).
Interestingly, NAAG can be hydrolized by N-acetgldta-linked acidic dipeptidase

(NAALADase), regenerating NAA (Thomas et al., 2000)

Canavan Disease (CD) is an autossomal recessieatied neurometabolic disorder
in which NAA accumulation is the biochemical halikaThis severe and progressive
leukodystrophy is caused by deficiency of the ereyaspartoacylase, which hydrolyzes

NAA to acetate and aspartate (Beaudet, 2001; Matalod Michals-Matalon, 2000).
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Patients with CD present severe mental retardatigmotonia and macrocephaly, and about
half of them also present generalized tonic andiclseizures (Traeger and Rapin, 1998;
Matalon and Michals-Matalon, 2000; Beaudet, 2000he diagnosis of CD can be
established by the detection of increased NAA wulpatient urine, blood and spinal fluid
and in the brainn vivo by the use of proton nuclear magnetic resonaneetisscopy
(Gordon, 2000). Increased NAAG concentrations hals® been reported in urine and
cerebrospinal fluid of patients affected by CD (Bw et al., 1999; Krawczyk and
Gradowska, 2003). Neuropathological findings of fdBlude an extensive loss of myelin
(Kumar et al., 2006) with intramyelinic splittingdema and vacuolation in the white matter
and the brain stem (Skiranth et al., 2007), leadimgorain “swelling” or sponginess
characteristic of this disease, an increase in musnbf oligodendroglia and protoplasmic
astrocytes (Beaudet, 2001), and the presence dieswastrocytes, as well as distorted and
elongated mitochondria (Adachi et al., 1972). As @Igresses, the brain becomes
atrophic, and the gray matter becomes involved el (Matalon and Michals-Matalon,
2000). Brain atrophy progressively increases owme tin CD patients, and whole-brain

NAA rises linearly and continuously (Janson et2006).

Possible underlying mechanisms of brain damagelnnClude a defective myelin
synthesis resulting from a deficiency of NAA-dedvacetate (Madhavarao et al., 2005;
Namboodiri et al., 2006; Kumar et al., 2006) andsmnotic imbalance due to the
pathological accumulation of NAA, which lead to @ld up of excessive fluid in the brain
(Baslow, 2002). Although the role of NAA in the pagenesis of CD is still unclear,
increased concentrations of NAA in tissues anddfiuivould suggest the possibility that

NAA or related metabolites might have toxic effeqtBeaudet, 2001). In fact,
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intracerebroventricular administration of NAA torn@l rats was able to induce seizures,
probably by neuronal overexcitation through metadmwt glutamate receptors (Akimitsu

et al., 2000; Kitada et al., 2000; Yan et al., 2008 this scenario, epilepsy has already
been related to oxidative stress (Bruce and BauB95; Trotti et al., 1998; Liang et al.,

2000; Liang and Patel, 2004; Patel, 2004). In &ulditrecent data from our laboratory

indicated that subcutaneous administration of NAAnmtes oxidative stress in cerebral
cortex of young rats by decreasing non-enzymatitoxdant defenses and stimulating

oxidative damage to both lipids and proteins (Paalkret al., 2007), but it was not clear

whether these results were caused by NAA or bgdts/ative NAAG.

In the present study we investigated the effect iofracerebroventricular
administration of NAA and NAAG to 30-day-old rats warious parameters of oxidative
stress in cerebral cortex, in order to evaluatetidrehese accumulating metabolites could
induce oxidative stress in the brain, that couldréated to the mechanisms of brain
damage responsible for the neurological impairmehserved in CD patients. To
accomplish this, the following oxidative stress graeters were studied: spontaneous
chemiluminescence and thiobarbituric acid-reactubstances (TBA-RS), to assess lipid
peroxidation; carbonyl content, to evaluate prot@xidation; total radical-trapping
antioxidant potential (TRAP), to evaluate non-enagimantioxidant defenses; glucose 6-
phosphate dehydrogenase (G6PD) activity, to evaltiet main cellular source of NADPH
(pentose phosphate pathway); and the activitiethefantioxidant enzymes glutathione
peroxidase (GPx), catalase (CAT) and superoxidmutizse (SOD), to assess enzymatic

antioxidant defenses.
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Materials and Methods

Materials

All chemicals were purchased from Sigma (St. LoM&), USA) except 2,2’-azo-
bis-(2-amidinopropane) that was purchased from Weakmmicals (USA). NAA and
NAAG solutions were freshly prepared in artific@rebrospinal fluid containing 12 mM
NaCl, 0.35 mM KCI, 0.125 mM NafO,, 0.13 mM MgC}, 2.6 mM NaHCQ, 0.2 mM
CaCh and 1.1 mM glucose, prepared as previously destriy Zielke et al. (2002). The

pH was adjusted to 7.4 when necessary.

Animals

Thirty-day-old male Wistar rats bred in the Aninkéduse of Universidade Federal
de Ciéncias da Saude de Porto Alegre were used.hadtfree access to water and a 20%
(w/w) protein commercial chow (Supra, Porto AlegrRs, Brazil). They were kept in a
room with 12:12 h light/dark cycle (lights on 07:00:00 h) and with air-conditioned
controlled temperature (22 + 1°C). The NIH Guide for the Care and Use of Laborator

Animals (NIH publication # 80-23, revised 1996) wakowed in all experiments.

Intracerebroventricular (i.c.v.) administration BfAA and NAAG

After deeply anesthetized with sodium pentobadbifiNembutal, 45 mg/kg body
weight, i.p.), tricotomy was done and the rats wiexed in a stereotaxic apparatus. An

incision of about 12-15 mm long was made throughsitalp to expose the bone. Using the
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stereotaxic apparatus (David Kopf Instruments, f@alia, USA), the needle of a Hamilton
syringe was inserted into the lateral cerebral neue through a drilled opening using the
following coordinates, according to Paxinos and &/at(2004): -0.1 mm caudally from
bregma (anteroposterior); 1.4 mm from the saggtduire (lateral); and 3.9 mm from the
skull surface (dorsoventral). The volume g5 of artificial cerebrospinal fluid containing
8 umol NAA (Akimitsu et al., 2000) or 0.8mol NAAG (Pliss et al., 2003) was slowly
infused over two minutes into the lateral cerelmaitricule. Control rats received the same
volume of artificial cerebrospinal fluid alone. Tineedle was left in situ for another 2
minutes before withdrawal. Sham rats were subjetdetie same surgical procedure, but
received no i.c.v. administration, and showed mmificant difference from control (data

not shown).

Tissue preparation

Rats were killed by decapitation 15 or 60 minutiésra.c.v. administration, and the
brain was immediately removed and kept on an ieéeplThe olfactory bulb, pons and
medulla were discarded and the cerebral cortex dissected, weighed and kept chilled
until homogenization. These procedures lasted up3tenin. Cerebral cortex was
homogenized in 10 volumes (1:10, w/v) of 20 mM sadiphosphate buffer, pH 7.4
containing 140 mM KCIl. Homogenates were centrifugeéd50g for 10 min at 4°C to
discard nuclei and cell debris (Llesuy et al., 19BBsi et al., 1986). The pellet was
discarded and the supernatant was immediately atgoband used for the measurements.
The homogenates used were from individual animeatsl they were never pooled. All

experiments were repeated with different animals.
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Spontaneous chemiluminescence

Samples were assayed for spontaneous chemilumimesae a dark room (Lissi et
al., 1986) using a beta liquid scintillation speateter Tri-Carb 2100TR in the out of
coincidence mode. The background chemiluminescerase measured for 5 min in vials
containing 3.5 mL of the same buffer used for hoemization. An aliquot of 0.5 mL of
supernatant was added and spontaneous chemiluranoeswas measured for 10 minutes
at room temperature. The background chemiluminescevas subtracted from the total
value. Spontaneous chemiluminescence was reprédsasateounts per second (CPS)/mg

protein.

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS was measured according to Ohkawa et al.9.1Bfiefly, to glass tubes
were added, in order of appearence: f00of tissue supernatant; 30. of SDS 8.1%;
1,500 pL of 20% acetic acid in aqueous solution (v/v) pt$;31,500uL of 0.8 %
tiobarbituric acid; and 70@L of distilled water. The mixture was vortexed atte
reaction was carried out in a boiling water bathXdour. The mixture was allowed to
cool on water for 5 min, and was centrifuged at gg0r 10 min. The resulting pink
stained TBA-RS obtained were determined spectrgphetrically at 535 nm in a
Beckman D640 Spectrophotometer. A calibration curve was ged using 1,1,3,3-
tetramethoxypropane as a standard, being subjéztée same treatment as that of the

samples. TBA-RS were represented as nmol/mg protein
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Carbonyl content

Oxidatively modified proteins present an enhancdameh carbonyl content
(Stadtman and Levine, 2003). In this paper, carbocoptent was assayed by a method
based on the reaction of protein carbonyls withitdiphenylhydrazine forming
dinitrophenylhydrazone, a yellow compound, measwsgettrophotometrically at 370 nm
(Reznick and Packer, 1994). Briefly, 1§Q of homogenate were added to plastic tubes
containing 40QuL of 10 mM dinitrophenylhydrazine (prepared in 2H\I). This was kept
in the dark for 1 hour and vortexed each 15 minutsfser that, 500uL of 20 %
trichloroacetic acid were added to each tube. Theune was vortexed and centrifuged at
20,000 g for 3 minutes. The supernatant obtainesl discarded. The pellet was washed
with 1 mL ethanol:ethyl acetate (1:1, v/v), vortdxand centrifuged at 20,000 g for 3
minutes. The supernatant was discarded and thet pellsuspended in 6Q@L of 6 M
guanidine (prepared in a 20 mM potassium phospéaitgion pH 2.3). The sample was
vortexed and incubated at 80 for 15 minutes. After that, it was centrifuged2;000 g
for 3 minutes and the supernatant was used to meabgorbance at 370 nm. Results were

represented as carbonyl content (hmol/mg protein).

Total radical-trapping antioxidant potential (TRAP)

TRAP was determined by measuring the chemilumimescéntensity of luminol
induced by 2,2’-azo-bis-(2-amidinopropane) (ABARjermolysis (Lissi et al., 1992;
Evelson et al.,, 2001) in a Wallac 1409 Scintillati€ounter working in the out of
coincidence mode. Three mL of the reaction mixiwwataining 10 mM ABAP and 0.02

mM luminol in 50 mM sodium phosphate buffer pH Wdre added to a glass scintillation
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vial and the initial chemiluminescence was measufet pL of 160 uM Trolox (water-
solublea-tocopherol analogue, used as standard) quL10f tissue supernatant were then
added to that vial, producing a decrease in th@irghemiluminescence value. This value
is kept low until the antioxidants present in thample are depleted, then
chemiluminescence returns to its initial value. Time taken by the sample to keep
chemiluminescence low is directly proportional he antioxidant capacity of the tissue, so
TRAP represents the amount (quantity) of non-enzgmantioxidants present in the

sample. The results were represented as nmol Trotpgrotein.

Glucose 6-phosphate dehydrogenase assay

G6PD activity was measured according to Leong aadkG1984). The method is
based on the formation of NADPH at 340 nm in aioecimedium containing 100 mM
Tris-Hydrochloryde buffer pH 7.5, 10 mM magnesiuiocyde, 0.1% triton X-100, 0.5
mM NADP’, 1 mM glucose 6-phosphate and 0.1-0.3 mg protéinfme G6PD unit is
defined as oneumol of NADPH produced per minute and the speciftivity is

represented as G6PD units/mg protein.

Glutathione peroxidase assay

GPx activity was measured using tert-butyl-hydrogele as substrate (Wendel,
1981). NADPH disappearance was monitored at 340 using a double-beam
spectrophotometer with temperature control (Hitadki2001). The medium contained 2
mM glutathione, 0.15 U/mL glutathione reductase} M azide, 0.5 mM tert-butyl-

hydroperoxide and 0.1 mM NADPH. One GPx unit isimed as ongumol of NADPH
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consumed per minute and the specific activity pgesented as GPx units/mg protein.

Catalase assay

CAT activity was assayed using a double-beam spglottometer with temperature
control (Hitachi U-2001). This method is based loa disappearance o8, at 240 nm in
a reaction medium containing 20 mM,®, 0.1% Triton X-100, 10 mM potassium
phosphate buffer pH 7.0, and 0.1-0.3 mg protein(A¢bi, 1984). One CAT unit is defined
as onepmol of hydrogen peroxide consumed per minute ared dpecific activity is

represented as CAT units/mg protein.

Superoxide dismutase assay

This method for the assay of SOD activity is bagedhe capacity of pyrogallol to
autoxidize, a process highly dependent ony, @hich is substrate for SOD (Marklund,
1985). The inhibition of autoxidation of this comyml occurs in the presence of SOD,
whose activity can be then indirectly assayed spphbtometrically at 420 nm, using a
double-beam spectrophotometer with temperatureraogtiitachi U-2001). A calibration
curve was generated with purified SOD as a standardrder to calculate the activity of

SOD present in the samples. The results were repexs as SOD units/mg protein.

Protein determination
Protein concentration was determined in cerebrakgcsupernatants using bovine

serum albumin as a standard (Lowry et al., 1951).
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Statistical analysis
Statistical analysis was performed by the Student®st. All analyses were
performed using the Statistical Package for thegb@&ciences (SPSS) software in a PC-

compatible computer. A value of p < 0.05 was cosrgd to be significant.

Results

In the present work, the oxidative stress pararsetere analyzed in cerebral cortex

from 30-day-old rats after 15 or 60 minutes ofragk i.c.v. injection of NAA or NAAG.

Initially, we evaluated the effect of these compaairon the lipid peroxidation
parameters spontaneous chemiluminescence and TBARIE can be seen in Figure 1A,
NAA was not able to alter spontaneous chemilumierse in cerebral cortex homogenates
obtained from 30-day-old rats after 15 minutes4}D.52; p>0.05] and after 60 minutes
[t(10)=0.48; p>0.05] after i.c.v. injection. Simileesults were obtained with NAAG at 15
minutes [t(10)=0.39; p>0.05] or 60 minutes [t(10B&) p>0.05] after i.c.v. injection
(Figure 1B). TBA-RS levels were equally not affettey i.c.v. administration of NAA (15
minutes after injection, [t(14)=0.70; p>0.05]; 60inotes after injection, [t(10)=0.42;
p>0.05]; Figure 2A) or of NAAG (15 minutes afterjention, [t(10)=1.81; p>0.05]; 60
minutes after injection, [t(10)=1.20; p>0.05]; FigB). Altogether, the data demonstrated

that i.c.v. administration of NAA or NAAG does nmmtomote lipid oxidative damage.

We also investigated whether oxidation of tissuetgins were affected by i.c.v.
administration of NAA or NAAG, by measuring carbbmmpntent. Figure 3A shows that

carbonyl content was significantly enhanced by NiAAerebral cortex homogenates after
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15 minutes [t(14)=5.60; p<0.01] and 60 minutes.ofvi injection [t(10)=4.43; p<0.01],

indicating protein oxidative damage. However, i.@gministration of NAAG was not able
to affect carbonyl content at 15 minutes [t(10)41.8>0.05] or 60 minutes [t(10)=0.80;
p>0.05] after injection, as depicted in Figure 3Bese results show that NAA, but not

NAAG, was able to induce oxidative damage to prstei

The next set of experiments was performed to etalube effect of i.c.v.
administration of NAA and NAAG on non-enzymatic iantdant defenses, by measuring
TRAP. Figure 4A shows that TRAP was significantiguced by NAA, as compared to
control at 15 minutes [t(14)=4.46; p<0.01] and 6@hutes [t(10)=2.84; p<0.05] after
injection, suggesting that this organic acid redute non-enzymatic antioxidant defenses.
However, TRAP was not affected by i.c.v. administra of NAAG at 15 minutes

[t(10)=0.51; p>0.05] and 60 minutes [t(10)=1.290®5] after injection (Figure 4B).

We also studied the effect of i.c.v. administrat@nNAA or NAAG on G6PD
activity, which is is the key regulatory enzymetloé pentose phosphate pathway (Table I).
We found that G6PD activity was significantly reddcby i.c.v. administration of NAA
only at 60 minutes after injection [t(10)=5.90; p&0, whereas at 15 minutes no effect was
observed [t(14)=0.18; p>0.05]. NAAG, on the othandi, did not alter G6PD activity at 15

minutes [t(10)=1.22; p>0.05] or 60 minutes [t(10)7®) p>0.05] after injection.

The effect of i.c.v. administration of NAA or NAAGvas also tested on the
antioxidant enzyme activities of GPx, CAT and SOIalle I). We observed that at 15
minutes after NAA injection, CAT activity was si@icantly reduced [t(14)=7.83; p<0.01],
while SOD [t(14)=1.30; p>0.05] and GPx [t(14)=1.34:0.05] activities were not affected

by i.c.v. NAA administration. Furthermore, 60 miastafter NAA administration, CAT
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activity was also significantly reduced [t(10)=2.98<0.05], GPx activity not affected
[t(10)=0.42; p>0.05] and, interestingly, SOD adtiviwas significantly enhanced
[t(10)=4.51; p<0.01]. In contrast, i.c.v. admin&ton of NAAG was not able to induce
alterations in CAT activity (15 minutes, [t(10)=Q;0p>0.05]; 60 minutes, [t(10)=1.05;
p>0.05]), SOD activity (15 minutes, [t(10)=1.52; @65]; 60 minutes, [t(10)=0.93;
p>0.05]) and GPx activity (15 minutes, [t(10)=1.58:0.05]; 60 minutes, [t(10)=1.95;
p>0.05]). These results clearly indicate that i.edministration of NAA impairs enzymatic

antioxidant defenses, whereas NAAG causes no effect

Discussion

We have previously reported that NAA at concentradisimilar to those found in
CD patients promotes oxidative stregs vitro and in vivo (acute subcutaneous
administration) in cerebral cortex of 14-day-oldsréPederzolli et al., 2007). NAAG also
accumulates in the brain of CD patients and recéndings showed that
intracerebroventricular administration of NAAG tats is able to alter their behaviour and
to induce neurodegeneration, with significant clenigy cell morphology and cleavage of
DNA (Pliss et al., 2003; Bubenikova-Valesova et 2006) which in turn can be produced
by oxidative damage (Halliwell and Gutteridge, 2007

Therefore, in the present study, we extended aawvigus investigation by
evaluating the influence of i.c.v. administratiohMAA or also of NAAG on oxidative
stress parameters in cerebral cortex of rats. Weddhat spontaneous chemiluminescence

and TBA-RS were not affected by NAA or NAAG, sugiyes that oxidative damage to
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lipids is not elicited by i.c.v. administration tfese compounds to 30-day-old rats. This
effect is not in accordance with our previous resswhich clearly showed a promotion of
oxidative damage to lipids by NAA vitro or when subcutaneously administered to 14-
day-old rats (Pederzolli et al., 2007). The lacketiect of NAA on 30-day-old rats may
possibly be due to the better antioxidant statesegmt at this age compared to younger rats
(Mavelli et al., 1982; Schreiber et al., 1995; @rivet al., 2000) or to other unknown
mechanisms.

On the other hand, NAA, but not NAAG, was able &mge oxidative damage to
proteins, as verified by the significant increaske carbonyl content. These results
corroborate our previous findings showing that NA&Avitro andin vivo (subcutaneous
administration) increased carbonyl content in cetlebortex of rats (Pederzolli et al.,
2007).

We also demonstrated here that NAA significantueed TRAP in cerebral cortex
of rats subjected to i.c.v. administration of NABonsidering that TRAP measures the
content of non-enzymatic antioxidants (Lissi et 4095), these results indicate that NAA
reduces the non-enzymatic antioxidant capacityainbrain by reducing non-enzymatic
antioxidant content (TRAP), which is in line withirgprevious results.

We observed that NAA was able to significantly reel G6PD activity in cerebral
cortex after 60 minutes of i.c.v. injection, WhNAAG produced no effect on this enzyme
activity. G6PD is the key regulatory enzyme of gentose phosphate pathway, which is
regulated by a number of factors including hormonastrients and oxidative stress
(Kletzien et al., 1994). G6PD is the rate-limitiegmzyme in the GSH- and NADPH-
dependent kD, elimination, suggesting the importance of G6PDtlwe antioxidant

function of brain and pathogenesis of oxidativeesdrrelated diseases (Hashida et al.,
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2002). Thus, G6PD activity may provide an early keaiof oxidative stress since it is able
of responding rapidly to the increased demand fADRH necessary for the maintenance
of the cellular redox state (Kletzien et al., 199%)e reduction of G6PD activity caused by
NAA could elicit an impairment of NADPH production.

With regard to the effects of NAA and NAAG on thetiaxidant enzymes CAT,
SOD and GPx from cerebral cortex, NAAG did not ratteese activities. However, CAT
activity was significantly reduced by NAA i.c.v.jattion, whereas GPx activity was not
affected and SOD activity was significantly incre@sn cerebral cortex. CAT is a ferric
heme protein that directly catalyses the decomiposif H,O, to water, being the major
defense to remove B, when in excess (Halliwell and Gutteridge, 2007h e other
hand, the increased activity of SOD may reflectlzout effect of higher de novo synthesis
of this enzyme in an effort to remove the superexatlical.

Our data on the effects of NAA on the major antilaxit enzymes reinforce the
view that oxidative stress responses do not alwayave a coordinated expression of all
antioxidant enzymes and that their expression guladed by different mechanisms
(R6hrdanz et al., 2000; Wilson and Johnson, 2000j.results showing an enhancement of
SOD activity and a reduction of CAT and G6PD atiea by NAA administered
intracerebrocentricularly suggest a possible inmpairt in HBO, detoxification. Considering
that SOD expression is readily induced after 1 hewuposition of cell cultures
to H,O, (Yoo et al., 1999; Rojo et al., 2004), our findinfan increase of SOD activity
may also involve enhanced expression of this aittaot enzyme in response to oxidative
stress promoted by NAA.

Altogether, our present findings show that i.c.amanistration of NAA promotes

impairment of antioxidant defenses in cerebral eorof 30-day-old rats, by reducing
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TRAP, CAT and G6PD activities, compromising therefdhe efficiency of reactive
species detoxification, which could eventually leadthe deleterious consequences of
oxidative damage to biomolecules, and also to grairment in NADPH production and a
dysruption in the cellular redox balance. Consiugthat oxidative stress can be elicited by
the imbalance between free radical production arttbddant defenses, and since NAA
promoted protein damage, as well as diminishedoxrigi@nt defenses, it might be
postulated that oxidative stress is induced in lmatecortex of 30-day-old rats by i.c.v.
administration of NAA, the major metabolite accuatirig in CD.

Pliss and coworkers (2003) recently found that NAAGv. was able to induce
DNA cleavage, which was thought that could be ntedidby oxidative stress. In the
present study we found that i.c.v. administratibNAAG is not able to promote oxidative
stress up to 60 minutes after being administeredest was unable to alter any of the
parameters tested. Thus, it seems that the neurogéffects observed earlier by other
investigators (Pliss et al., 2000; Pliss et alQZ®Pliss et al., 2003; Bubenikova-Valesova
et al., 2006) may not be mediated by oxidativesstre

Even though the i.c.v. administration doses of N&# NAAG used in our assays
are similar to those reported previously that cduseurotoxic effects (Akimitsu et al.,
2000; Pliss et al., 2003), it is difficult to expate our findings to the human condition.
However, if the effects observed here, togetheh \pitevious findings (Pederzolli et al.,
2007), also occur in brain of patients affected @, it is possible that they may
contribute, at least in part, to the mechanismpaesible for the brain damage observed in

those patients and the therapeutic use of antinigdzhould be considered.
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Table |I. Effect of intracerebroventricular (i.c.v.) admiméion of N-acetylaspartic acid
(NAA) and N-acetylaspartylglutamic acid (NAAG) dmetactivities of glucose 6-phosphate
dehydrogenase (G6PD), catalase (CAT), superoxidenudase (SOD) and glutathione

peroxidase (GPx) in cerebral cortex of 30-day-akd.r

NAA

G6PD activity

CAT activity

SOD activity

(U/mg protein)

(U/mg protein)

(U/mg protein)

GPx activity
(U/mg protein)

15 min® 60min 15min 60 min 15 min 60 min 15 min 60 min
Control 11.45+ 17.00+ 4.40+ 542+ 6.04+ 6.91+ 16.38+% 19.24+
0.21 0.72 0.36 0.24 0.68 0.71 1.88 0.58
NAA 11.30+ 14.42+ 3.04+ 452+ 568+ 8.35+ 15.40+ 18.98+
1.29 0.79**  0.34** 0.71* 0.48 0.34* 0.88 1.38
NAAG
G6PD activity CAT activity SOD activity GPx activity
(U/mg protein) (U/mg protein) (U/mg protein) (U/mg protein)
15 mii® 60min 15min 60min 15min 60 min 15 min 60 min
c | 14.39+ 11.65+ 3.36% 3.58+ 6.07+ 5.93+ 16.78+ 14.79+
ontro
1.64 0.87 0.47 0.45 0.55 0.59 2.39 1.82
NAAG 13.45+ 12.13+ 3.35% 3.88+ 5.61+ 570+ 14.89+ 12.96+
0.95 1.18 0.45 0.52 0.49 0.20 1.69 1.40

Results are mean + SD for six-to-eight independsgieriments (animals) performed in duplicate. *©80.

and **p<0.01 compared to control (Studerittest for unpaired sample$)Time after i.c.v. injection.
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Figure 1. Effect of intracerebroventricular (i.c.v.) admim&ion of N-acetylaspartic acid
(NAA) (A) or N-acetylaspartylglutamic acid (NAAG) BJ on spontaneous
chemiluminescence in cerebral cortex from 30-day-@its. Rats were killed 15 or 60
minutes after injection. Results are mean + SD {8F6or independent experiments
(animals) performed in duplicate. No significanffetineces were detected from control

(Student’d test).

Figure 2. Effect of intracerebroventricular (i.c.v.) admim&ion of N-acetylaspartic acid
(NAA) (A) or N-acetylaspartylglutamic acid (NAAGPB] on thiobarbituric acid reactive
substances (TBA-RS) in cerebral cortex from 30-diayrats. Rats were killed 15 or 60
minutes after injection. Results are mean + SD {8F6or independent experiments
(animals) performed in duplicate. No significanffeliences were detected from control

(Student'd test).

Figure 3. Effect of intracerebroventricular (i.c.v.) admiméion of N-acetylaspartic acid
(NAA) (A) or N-acetylaspartylglutamic acid (NAAGB] on carbonyl content in cerebral
cortex from 30-day-old rats. Rats were killed 150rminutes after injection. Results are
mean + SD (n=6-8) for independent experiments (alsnperformed in duplicate. *

p<0.05 and ** p<0.01 compared to control (Studentést).
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Figure 4. Effect of intracerebroventricular (i.c.v.) admiméion of N-acetylaspartic acid
(NAA) (A) or N-acetylaspartylglutamic acid (NAAGB] on non-enzymatic antioxidant
defenses: total radical-trapping antioxidant pogr(iTRAP) in cerebral cortex from 30-
day-old rats. Rats were killed 15 or 60 minutesraftjection. Results are mean + SD (n=6-
8) for independent experiments (animals) performeduplicate. * p<0.05 and ** p<0.01

compared to control (Student'sest).
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FIGURE 2
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FIGURE 3

I Control A
89 550 NAA
*%*
-~ 6- N
c £ *%
2
c B T
[
oS 4]
-
gE
o=
£8
S & 2
0
15 minutes 60 minutes
I Control B
NAAG
8

Carbonyl content
(nmol/mg protein)

15 minutes 60 minutes

152



FIGURE 4
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Capitulo VI

Efeitos in vitro do acido N-acetilaspartilglutamicsobre parametros de

estresse oxidativo em cortex cerebral de ratos
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Avaliamos também no presente trabalho os efeitosvitro do acido N-
acetilaspartilglutamico, outro metabdlito acumuladodoenca de Canavan, sobre alguns
parametros de estresse oxidativo em cortex cerelerahtos. Considerando que o pico
maximo de concentragdo do acido N-acetilaspartdghico se da entre os dias 8 e 14 de
vida pos-natal em ratos, e que esse acido orgapiasenta maior toxicidade em ratos de
aproximadamente 15 dias de vida do que em ratdsoadiBubenikova-Valesovét al,
2006), neste experimento foram utilizados rato&4ldias de vida. Os homogeneizados de
cortex cerebral foram incubados por 1 hora &3ia presenca ou auséncia de acido N-
acetilaspartilglutamico nas concentracdes de 1, H) anM. ApoOs a incubacdo foram
medidos o0s seguintes parametros de estresse wsmid&otencial Antioxidante Total
(TRAP), para avaliar as defesas antioxidantes nédoréticas; quimiluminescéncia
espontanea e Substancias Reativas ao Acido Titl@ehi (TBA-RS), para avaliar dano
oxidativo a lipidios; e conteudo de carbonilas,apavaliar o dano oxidativo protéico.
Observamos nesse estudo que o acido N-acetilagpértivitro ndo foi capaz de alterar
significativamente os parametros de estresse @widatvaliados em coOrtex cerebral de
ratos de 14 dias de vida (Tabela I), ndo sendaampiy, capaz de promover estresse

oxidativoin vitro.
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Tabela I. Efeitosin vitro do acido N-acetilaspartilglutamico (NAAG) sobrergraetros
gerais de estresse oxidativo: potencial antioxelaiotal (TRAP), quimiluminescéncia
espontanea, substancias reativas ao acido tiobacbit (TBA-RS) e conteudo de

carbonilas em cortex cerebral de ratos de 14 @diasdd.

NAAG in vitro
TRAP Quimiluminescéncia TBA-RS Conteudo de
(nmol Trolox/mg espontanea (nmol/mg carbonilas
proteina) (CPS/mg proteina) proteina) (nmol/mg proteina)
Controle 43,56+ 0,86 62,01 1,87 4,00+ 0,58 2,61+ 0,42
NAAG 1 mM 42,80+ 3,54 61,45 5,15 3,99+ 0,35 2,82+ 0,17
NAAG 5 mM 42,42+ 1,50 62,63 4,08 4,11+ 0,49 2,88t 0,30
NAAG 10 mM 41,66+ 4,16 62,44 2,94 4,24+ 0,64 2,90t 0,49

Resultados expressos como média + desvio padré yarn de quatro experimentos independentes
realizados em duplicata. N&o foram detectadasetifas significativas em relagdo ao controle (ANOVA)
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DISCUSSAO

1. 5-Oxoprolina

Apesar de apresentarem ampla heterogeneidade gepétenotipica, os pacientes
afetados pela deficiéncia de GS, na qual ha um aloide 5-OP, geralmente manifestam
um quadro de disfuncdo neuroldgica progressivactaiaada por retardo mental, ataxia e
convulsdes, entre outros sintomas. No entanto, @sanismos responsaveis pelo dano
cerebral observado nesses pacientes permaneceapainco conhecidos.

Sabe-se que esses pacientes apresentam, alémosleniatis de 5-OP, niveis
diminuidos do antioxidante GSH no cérebro, e pse anotivo tem sido postulado que
pacientes com deficiéncia de GS poderiam ter umailsédade aumentada ao estresse
oxidativo (Ristoffet al, 2001; Larsson e Anderson, 2001). Apesar de p®$aiveis de
GSH terem sido até entédo postulados como o priheipaanismo responséavel pelos danos
cerebrais nesses pacientes, estudos recentesadesliem pacientes afetados por essa
desordem revelaram nédo haver correlagdo entrevidaate da GS, os niveis de GSH, os
niveis dey—glutamilcisteina e a presenca ou auséncia dasastoeurologicos (Daket al,
1997; Ristoffet al, 2001; Njalssoret al, 2005; Nygrenet al, 2005), ndo tendo sido
avaliados o0s niveis sanguineos de 5-OP em nenhussesleestudos. Nygren e
colaboradores (2005) observaram auséncia de daidatow ao DNA nuclear em
fibroblastos de pacientes afetados pela defici&hei®&S, e auséncia de correlagcédo entre os
niveis de GSH ou deg-glutamilcisteina e a protecao contra dano oxidadiy DNA. Esses
pesquisadores sugerem, entdo, que a oxidagao e @oimpostos celulares, a alteragéo
do potencial redox celular ou efeitos toxicos decprsores de GSH, como a 5-OP, sejam

explicacbes mais plausiveis para os mecanismoonsdpeis pelos sintomas clinicos
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associados a deficiéncia de GS (Nygeeal, 2005).

Ainda, é interessante observar que individuos cefiti@incia de 5-oxoprolinase,
gue constitui outro erro inato do cigleglutamil, também apresentam altas concentracfes
teciduais de 5-OP e manifestacdes clinicas neuoal®gsimilares as encontradas na
deficiéncia de GS; no entanto, ndo apresentam snidi@ninuidos de GSH (Larsson e
Anderson, 2001).

Em conjunto, essas evidéncias sugerem que os méckigidos de GSH talvez néao
sejam o0s Unicos determinantes da neurodegeneragéesnpacientes. Considerando que a
5-OP apresenta diversas ag¢des neurotdxicas (Benrsdt 1973; Escobedo e Cravioto,
1973; Riekeet al, 1984; Dusticieet al, 1985; Riekeet al., 1989; Barone e Spignoli, 1990;
Silvaet al, 2001), é possivel que a 5-OP por si sO tenhageaws em parte, algum papel
no dano cerebral observado nesses pacientes. Alt@ns mecanismos responsaveis pela
sua toxicidade permanecem ainda pouco esclarecidos.

Dentre os efeitos neurotdoxicos da 5-OP, tem-se lgyecdo a receptores
glutamatérgicos e inibicdo da captacdo de glutamptomovendo excitotoxicidade
(Bennetet al, 1973; Riekeet al, 1984; Barone e Spignoli, 1990); a inibicdo, ¢daa
neurbnios quanto em células gliais, da’N&ATPase, enzima fundamental na
manutencdo do gradiente i6nico de*Na K" através das membranas neuronais e da
excitabilidade neuronal (Escobedo e Cravioto, 1®&i8keet al, 1984; Stahl, 1984, Lees,
1991); e o comprometimento do metabolismo enemyétierebral, pela reducdo da
producao de Cg dos niveis de ATP e da sintese de lipidios, a@énmibicdo da atividade
dos complexos | + Ill e complexo IV da cadeia resipria (Silvaet al, 2001). Cabe

salientar que tanto o mecanismo de excitotoxicidgdanto a inibicdo da N&'-ATPase
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e a inibicdo dos complexos da cadeia respiratérimijam relacionados a ER (Hexum e
Fried, 1979; Kukrejat al, 1990; Pellegrini-Giampietro, 1990; Cleegtral, 1992; Bondy
e Le Bel, 1993; Lees, 1993; Nicholls e Budd, 19498lliwell e Gutteridge, 2007), sendo
por isso possivel que todas essas agfes prom@atias-OP sejam de fato mediadas pela
producdo de ER. Além disso, cabe salientar queepitss com deficiéncia de GS
apresentam alteracdes neuropatologicas muito santelaquelas observadas nos casos
de intoxicacdo por mercurio, na qual o envolvimatgaima producdo aumentada de ER ja
foi também demonstrado (Marste@t al, 1981). Em conjunto, todas essas evidéncias
sugerem o possivel envolvimento do estresse oxaat neurotoxicidade da 5-OP.
Recentemente demonstramos que a 5-OP pode compramatitro as defesas
antioxidantes ndo-enzimaticas em cérebro de raitsts, que diminuiu significativamente e
de forma dose-dependente tanto o TRAP quanto o TR, medem quantidade e
reatividade dos antioxidantes ndo-enzimaticos ddae respectivamente (Pederzeflial,
2007). No presente trabalho, avaliamos os efeitodgtro da 5-OP sobre parametros de
dano oxidativo a proteinas e sobre a producdo derERdrtex cerebral e cerebelo de
ratos. Observamos que a 5-OP pode promavesitro dano oxidativo protéico, ja que
alterou os conteudos de carbonilas e de tidissiopaovavelmente através do aumento da
producdo de ER no cortex cerebral e cerebelo des favens, visto que aumentou a
fluorescéncia do DCF, ensaio que mede a produgdergiezada, e ndo especifica, de ER
(Pederzolliet al, 2007). Dessa forma, considerando que o estiedgdativo pode ser
gerado pelo desequilibrio entre a producédo de BR adefesas antioxidantes, e que a 5-OP
diminui as defesas antioxidantes ndo-enzimatioasieata a producdo de ER e promove

dano oxidativo protéico, postula-se que a 5-OP pazale induzir estresse oxidativo

160



vitro, sendo esse mais um possivel mecanismo envolridsua neurotoxicidade.

Considerando que tanto a excitotoxicidade quant@lano ao metabolismo
energético cerebral sdo igualmente promovidos pe@P, e que ambos j& foram
relacionados ao estresse oxidativo, parece posgivelesses processos possam agir de
forma sinérgican vivo. Assim, resolvemos investigar os efeitnsvivo da 5-OP sobre
parametros de estresse oxidativo a fim de melldareser seu papel na neurotoxicidade
desse acido organico. Para issios de 14 dias de vida foram submetidos a adtragéo
aguda de solucdo salina (ratos controle) ou de 5a@ministradas por via subcutanea,
sendo 0s animais mortos 1 hora apos a injecaoudtfets em nosso estudo a medida dos
niveis plasmaticos e cerebrais atingidos por unmee dmica de 5-OP (1g/kg de peso
corporal). A escolha da dose de 5-OP baseou-sestrdceprévio realizado por Caccia e
colaboradores (1982), que mostrou que a admingiracal de igual dose de 5-OP a ratos
produziu concentracdes plasmaticas similares asnéaclas nos pacientes afetados pela
deficiéncia de GS. Cabe ressaltar que os nivels-@€ no plasma e LCR dos pacientes
afetados pela deficiéncia de GS se encontram ma i@ 2 a 5 mM e de 1 a 3 mM,
respectivamente (Meister, 1974; Jawh al, 1994), enquanto que as concentracdes
fisiologicas de 5-OP séao aproximadamentquDno plasma e 4QM no LCR (Hoffmann
et al, 1993). Os niveis plasmaticos e cerebrais de BiliEos em nosso estudo (2,82 mM
e 0,80 mM, respectivamente) sdo similares aos ¢&r@cms no plasma e LCR de pacientes
com deficiéncia de GS, assegurando que nosso maugido atinge concentragOes
satisfatorias para avaliar os efeitovivo da 5-OP.

Foram avaliados o0s efeitos da administracdo agdda 5-OP sobre a

guimiluminescéncia espontédnea e sobre o0s niveisulistancias reativas ao acido
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tiobarbitarico (TBA-RS), sendo ambos consideradagametros de lipoperoxidacdo. A
guimiluminescéncia espontanea mede a luz emititizs ppidios peroxidados resultantes
de um aumento na producédo de ER (Halliwell e Gdger 2007), enquanto o TBA-RS
reflete a quantidade de malondialdeido formadoamatiacédo de lipidios promovida pela
lipoperoxidagéo (Esterbauer e Cheeseman, 1990kr@baos que a administracdo aguda
de 5-OP aumenta significativamente a quimiluminesigéespontanea e os niveis de TBA-
RS em cortex cerebral e cerebelo, indicando que-@P 5é capaz de promover
lipoperoxidagadn vivo em cérebro de ratos, resultados que ndo haviamosiservados
anteriormentdan vitro (Pederzolliet al, 2007). Cabe lembrar que nem todas as ER séo
capazes de iniciar a lipoperoxidac&ai®, RO’,, NO®, e ONOOH podem prontamente
fazé-lo. Por outro lado, #,, NO' e Q' ndo sédo suficientemente reativos para abstrair um
hidrogénio de um lipidio poliinsaturado, ndo sendpazes de iniciar diretamente a reacao
em cadeia de lipoperoxidacéo (Halliwell e Whiteni2004; Halliwell e Gutteridge, 2007).
Considerando que o estimulo a lipoperoxidacdo pvaogela 5-OP foi observado apenas
in vivo, e ndain vitro, sugere-se que a 5-OP possa apresentar um ei@itetd sobre esse
parametro, provavelmente envolvendo produg@ovivo de ER capazes de iniciar a
lipoperoxidagéo (Halliwell e Gutteridge, 2007). Alé&lisso, é importante ressaltar que nos
experimentodn vitro, o cortex cerebral e o cerebelo foram exposto©& Somente apds a
homogeneizacdo desses tecidos, processo que proonggenpimento de membranas
celulares, excluindo-se nesse tipo de experimemavolvimento de mecanismos como o
da excitotoxicidade, por exemplo, que exige a prgsele membranas e sinapses neuronais
integras. Cabe lembrar que a promocéo de excititiaxie pela 5-OP ja foi demonstrada

(Bennet et al., 1973; Rieke et al., 1989; Barospignoli, 1990), e que a excitotoxicidade
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por si sO ja foi relacionada a estresse oxidativee$, 1993; Hazel, 2007). O excesso de
liberacdo neuronal de glutamato pode ativar divgersoeptores glutamatérgicos prée- e pos-
sinapticos, gerando um conseqliente aumento inttacelle calcio, que pode levar a
disfuncdo mitocondrial, superproducdo de ER e ¢divade proteases, fosfolipases e
endonucleases, culminando com a morte celularigidlle Gutteridge, 2007; Hazet al,
2007). Assim, a possivel contribuicdo da excitatioide para os efeitos promovidos pela
5-OPin vivo ndo deve ser desconsiderada, podendo ter havidsinargismo de efeitos
para a promocéao de lipoperoxidacao pela S5fORvo.

Em relacdo ao dano oxidativo protéico, sabe-se dijiuersas ER podem oxidar
residuos de aminoacidos em proteinas formando fm®dontendo grupos carbonila, que
podem ser quantificados através de sua reacao cdimiteofenilhidrazina (Halliwell e
Gutteridge, 2007). Verificamos no presente trabaljue o conteldo de carbonilas €
significativamente aumentado em cértex cerebraleebelo de ratos submetidos a
administracdo aguda de 5-OP, indicando dano oxmagrotéico. Esses resultados
corroboram nossos resultados anteriamegitro (Pederzolliet al, 2007, sugerindo que a
5-OP é capaz de promover a oxidacao de protein&sittavitro quantain vivo.

Observamos ainda que o TRAP, que avalia a quaetidedantioxidantes n&o-
enzimaticos presentes no tecido, € significativaemezduzido pela 5-OR vivo tanto em
cortex cerebral quanto em cerebelo de ratos, esgidede acordo com nossos resultados
vitro (Pederzolliet al, 2007). No entanto, os niveis de &cido ascorbicte GSH, dois
importantes antioxidantes n&o-enzimaticos cerebndis sdo afetados pela administracéo
aguda de 5-OP, sugerindo que a reducdo do TRAPnalolsein vivo ndo seja

especificamente devida a reducdo de acido ascomicdsSH. No cérebro, outros
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importantes antioxidantes ndo-enzimaticos incluen-tocoferol (Vitamina E, principal
antioxidante lipofilico cerebral), proteinas quédsnde metais como a ceruloplasmina e a
metalotioneina, e ainda a carnosina (neuropeptidea) melatonina (horménio pineal)
(Stvolinski et al, 1999; Coyleet al, 2002; Boldyrewet al, 2004; Guelmaret al, 2004;
Vassilievet al, 2005; Halliwell, 2006; Anisimoet al, 2006; Jimenez-Jorgs al, 2007,
Carpenéet al, 2007), entre outros. Dessa forma, além do aamtwrbico e da GSH,
diversos outros antioxidantes ndao-enzimaticos pocimiribuir para os valores do TRAP
(Halliwell e Gutteridge, 2007). Especificamente psteinas com funcdes antioxidantes
contribuem para aproximadamente 40% dos valores idoeddo TRAP em
homogeneizados de cérebro de ratos (Eveds@h, 2001). Considerando que no presente
estudo observamos um significativo dano oxidatiraigco promovido pela 5-OiR vivo,
parece possivel que a redugcdo do TRAP promovida9E€lP possa ter sido ao menos em
parte devida a uma reducéo de proteinas com agfiegidantes, que podem ter tido seu
funcionamento normal comprometido pelo dano oxidgbiromovido pela 5-OP.

Quanto as defesas antioxidantes enzimaticas, anedracao aguda de 5-OP reduz
significativamente as atividades das enzimas adiaotes CAT e GPx apenas em cortex
cerebral de ratos jovens. A atividade da SOD, parn&z, ndo é alterada em nenhuma das
estruturas cerebrais estudadas. Os diferentes ggade alteracdo encontrados em nosso
estudo para as atividades enzimaticas estdo delcaoamm o fato de que o sistema
antioxidante endégeno é complexo (Halliwell e Gidtge, 2007), e com o fato de que as
atividades de enzimas antioxidantes (defesas etizamie 0 conteldo de antioxidantes de
baixo peso molecular (defesas ndo-enziméticasyaptam diferentes padrdes de alteracéo

entre tecidos periféricos e estruturas cerebriezaado-se também com a idade (Hussain
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et al, 1995; Ferriet al, 2005; Yanget al, 2006; Campeset al, 2007). Ainda, estudos
mostram que as regides cerebrais apresentam désratividades enzimaticas e padroes
de alteracdo das mesmas, a fim de reestabeleaaneohktase redox; especificamente as
atividades das enzimas antioxidantes sdo maioregnmedelo do que no cortex cerebral, o
gue pode gerar respostas distintas de cada regi&@steesse oxidativo (Hussagn al,
1995; Yanget al, 2006). Essas variacdes de resposta podem o@rgrarte devido as
caracteristicas especificas de cada regido cerebrab o consumo de oxigénio, a taxa de
atividade metabdlica, a susceptibilidade aos oxetanentre outros (Kaushik e Kaur,
2003). Além disso, fatores pro-oxidantes que dioeténdiretamente induzem a geracao de
ER também diferem entre 6rgdos e entre estrutigeebi@is; o contetdo de ferro, por
exemplo, € maior no coértex cerebral do que no edwetle ratos em desenvolvimento
(Beardet al, 1993). Apesar dos diferentes efeitos encontragds a administracdo aguda
de 5-OP sobre as atividades das enzimas antiogglans resultados obtidos mostram
claramente que a 5-OP pode prejudicarivo as defesas antioxidantes enzimaticas em
cérebro de ratos. Como as atividades da CAT e dan@® haviam sido alteradasvitro
pela 5-OP (Pederzolét al, 2007), presume-se que a inibicdo dessas enpeta$H-ORn
vivo tenha ocorrido através de um mecanismo indireto5-d2P sobre as atividades
enzimaticas da CAT e da GPx. Novamente, ndo podedessartar um possivel
envolvimento do mecanismo de excitotoxicidade nesfe#to. De qualquer forma, a
reducdo das atividades da CAT e GPx pela 5-@Pvivo pode indicar um
comprometimento na detoxificagdo de seu substoatdO,. Em baixas concentracdes, 0
H,0O, é metabolisado principalmente pela GPx, que apt@seaior atividade cerebral do

gue a CAT; no entanto, em altas concentracOes.g, ld CAT passa a ser a principal
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responsavel pela sua detoxificac@i¢aushik e Kaur, 2003). No presente trabalho,
avaliamos o conteudo de,® em cortex cerebral e cerebelo de ratos submetidos a
administracdo aguda de 5-OP. Foi possivel obsemgae a 5-OP aumenta
significativamente o contetdo de®}in vivo, 0 que sugere que um aumento d®hbode
estar envolvido na neurotoxicidade da 5-OP. Apdeaser pouco reativo, 0,8, pode ser
citotoxico (causando senescéncia, apoptose e melttkar necrética) e pode ainda inativar
diretamente algumas enzimas, geralmente por oxadde&grupos —SH essenciais para a
atividade catalitica das mesmas (Halliwell e Gidtg, 2007). Além disso, 0 B,
atravessa facilmente as membranas celulares egrajgeseper sepouco reativo, € capaz
de gerar OH altamente reativo, sempre que entrar em coni@io ions Ct* ou Fé*
(Reacéo de Fenton) (Halliwell, 2001). Andreoli ¢éaboradores (1993) demonstraram que
o H,O, € capaz de reduzir significativamente os niveidTe em cultura de células, sendo
esse efeito prevenido pela adicdo de CAT ao maaosiderando que os niveis de ATP séo
reduzidos tanto por #, quanto pela 5-OP (Silvat al, 2001), e considerando que o
conteudo de kD, é aumentado pela 5-OP, € possivel iguavo haja um sinergismo entre
esses efeitos, potencializando a diminuicdo dosisitle ATP. E interessante observar que
Nnossos resultados mostram um maior aumento dolmmide HO, pela 5-OP no cortex
cerebral do que no cerebelo. Considerando que tewdm de ferro € também maior no
cortex cerebral do que no cerebelo (Beatrdl, 1993), e considerando também que o ferro
é um catalisador da reacdo de Fenton, na qualrh@aédo de radicais CHa partir de
H,O,, é possivel que tenha havido uma maior gerac@Hlea partir de HO,no cértex
cerebral do que no cerebelo.

A atividade da G6PD também foi medida em coértexlmexd e cerebelo de ratos
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submetidos a administracdo aguda de 5-OP. A G6RDegzima regulatéria da via da
pentose fosfato e, como tal, controla o fluxo dbaaos através da fase oxidativa dessa via
e produz equivalentes redutores na forma de NAD®&id puprir as necessidades celulares
para biossintese e manutencdo status redox celular (Kletzienet al, 1994). Em
mamiferos, a maior parte do NADPH é produzida pelada pentose fosfato (Hashida

al., 2002), que é regulada por diversos fatores cbprnodnios, nutrientes e estresse
oxidativo (Kletzien et al., 1994). Dessa formati@idade da G6PD pode representar um
marcador precoce de estresse oxidativo, ja quepézcde responder rapidamente ao
aumento na demanda de NADPH necessério para a engéot dostatusredox celular
(Kletzien et al, 1994). Além disso, como a atividade da G6PD podéar a taxa de
producdo de NADPH, pode também comprometer a adgdei de detoxificacdo de
peréxidos pela GPx, ja que o funcionamento norrassa enzima depende da regeneracao
da GSH pela glutationa redutase, que por sua veende de NADPH (Hashidet al,
2002; Williams e Ford, 2004). Dessa forma, a G6Ridepser crucial para a funcao
antioxidante, particularmente na eliminacdo de xdo®, visto que é a enzima marca-
passo na regeneracdo de GSH (Haskidal, 2002). No presente estudo, foi possivel
observar que a administracdo aguda de 5-OP é apaeduzir significativamente a
atividade da G6PD em cortex cerebral de ratos, ® gpde causar uma alteragcdo na
producdo de NADPH e no equilibrio redox celularcé&gemente, Hashida e colaboradores
(2002) sugeriram que a vulnerabilidade das célukebrais ao dano oxidativo € em
grande parte devida a baixa capacidade de fornatingee NADPH, que € necessario para
a remocao de baixas concentracdes g@,HVisto que o funcionamento normal da GPx

depende da regeneracdo de GSH pela glutationaasedujue por sua vez depende do
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NADPH produzido pela G6PD (Hashidaal, 2002; Williams e Ford, 2004), e que tanto a
GPx quanto a G6PD tém suas atividades reduzidasSp@P, é possivel gue vivo haja
um sinergismo entre esses efeitos, podendo geztivaehente um comprometimento na
detoxificacdo do BD,. Além disso, também ja foi relatado que a G6PDbréeente
inativada por 4-hidroxinonenal, um produto téxica lipoperoxidacdo (Ninfalet al,
2001), processo esse que também é induzido peRiB-@vo.

Também medimos o contetdo de tiois (SH) e disadfésS), o que nos permitiu
calcular a razdo SH/SS. A administracdo aguda @ 540 causou alteracdo no contetudo
de SH, mas aumentou o conteudo de SS e diminuz& rSH/SS em cortex cerebral e
cerebelo. A producdo aumentada de ER e/ou funcéexi@antes comprometidas
provocam um desequilibrio entre reacdes oxidatvasdutoras, alterandostatusredox
SH/SS (Moriarty-Craige e Jones, 2004). A reducémdao SH/SS reflete ugtatusredox
oxidado da célula que pode, por fim, levar ao ss&eoxidativo (Sultanat al, 2008).
Assim, considerando que o conteido de SS € sigtifaanente aumentado pela
administracdo aguda de 5-OP e que a razdo SH/&fificativamente reduzida, pode-se
sugerir que a 5-OP é capaz de altémavivo o statusredox tiélico em cértex cerebral e
cerebelo de ratos jovens. Considerando que tammnteddo de SS quanto de®d séo
aumentados pela 5-OP, e que ®k£ capaz de inativar algumas enzimas diretamenge pel
oxidacdo de grupos —SH essenciais (Halliwell e é3idgije, 2007), postula-se que a
oxidacdo de grupos —SH, bem como o aumento M»,Hbossam estar de fato envolvidos
nos mecanismos de neurotoxicidade da 5-OP. E @st@née observar que a enzima
Na’',K*-ATPase contém grupos —SH essenciais para a at&idatalitica, os quais sdo

suscetiveis ao ataque oxidativo (Andreeti al, 1993), e essa enzima € prontamente
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inativada por ER, que promovem uma inibicdo irrsivel de sua atividade (Hexum e
Fried, 1979; Kukrejaet al, 1990). Andreoli e colaboradores (1993) demorstnague o
H,0, é capaz de promover uma inibicdo direta da atildcia N3 K*-ATPase em cultura
de células, sendo que a adicdo de CAT ao meio @& cadp prevenir completamente a
presenca dessas alteracdes. Considerando quekd I Pase, que apresenta grupos —SH
oxidaveis essenciais para sua atividade cataliéidajbida tanto pela 5-OP (Escobedo e
Cravioto, 1973; Rieket al, 1984) quanto por #D. (Andreoliet al, 1993), e que a 5-OP é
capaz de aumentar os conteudos dé.t¢ de SS, € possivel gue vivo a reducdo da
Na',K*-ATPase seja ainda mais significativa.

De uma forma geral, nossos resultados mostraranesemnca de alteracbes mais
proeminentes dos parametros de estresse oxidativwodex cerebral, com menos efeitos
no cerebelo, que por sua vez apresentou maior idagl@c antioxidante e maiores
atividades das enzimas antioxidantes, sugerindo @uebdrtex cerebral parece mais
suscetivel ao estresse oxidativo. Diferencas reggomas atividades dos sistemas
antioxidantes e taxas metabdlicas variaveis podemeatar a vulnerabilidade ao estresse
oxidativo em regides cerebrais especificas, podepdwocar dano oxidativo com
intensidades diferentes (Cardozo-Pelazal, 2000). Yang e colaboradores (2006)
demonstraram que, dentre as diferentes regidelreesea que apresenta o maior potencial
redutor (calculado através da relacdo NADPH/NARPGSH/GSSG), ou seja, a estrutura
mais resistente a danos oxidativos, é o cerebalssdé resultados estdo de acordo com
alguns trabalhos que mostram menores atividadeszimas antioxidantes (Hussa&hal,
1995; Campeset al, 2007) e maior conteudo de carbonilas (marcadoroxidagéo

protéica) (EI-Mohseret al, 2005) em cortex cerebral do que em cerebeloe Gahbrar

169



ainda que o conteldo de ferro, catalisador da fp@imae OH, é maior no cértex cerebral
do que no cerebelo (Beaetlal, 1993). Todos esses fatores podem estar comtdbyara
a maior sensibilidade do cortex cerebral ao esresglativo promovido pela 5-OP.
Considerando que a 5-OP diminui significativameagalefesas antioxidantes néo-
enzimaticas, aumenta a producdo de ER e promowe a@adativo protéico tantm vitro
guantoin vivo, e considerando que, além disso, a 5#@Rivo promove também dano
oxidativo a lipidios e diminuicdo das defesas amfiantes cerebrais enziméticas,
juntamente com o aumento do contetdo d@&,Hcom a reducgédo da atividade da G6PD
(possivelmente prejudicando, com isso, a produeaddADPH) e com a alteracdo da razdo
SH/SS (alterando o equilibrio redox celular), poderpostular que a 5-OP € capaz de
promover estresse oxidatiuo vitro e in vivoem cérebro de ratos jovens. Vale lembrar que
Nygren e colaboradores (2005), ao observarem aaséecdano oxidativo ao DNA em
fibroblastos de pacientes afetados pela deficiéthei&S e auséncia de correlagdo entre os
niveis de GSH e a protecdo contra dano oxidativB®Mdé, sugeriram que a oxidacdo de
outros compostos celulares, a alteracdo do potersziax celular ou efeitos toxicos de
precursores de GSH, como a 5-OP, fossem explicagi®is plausiveis para os
mecanismos responsaveis pelos sintomas clinicosiadss a deficiéncia de GS (Nygren
et al, 2005). E de fato, demonstramos no presentelii@lversos efeitos neurotdxicos
da 5-OP, incluindo o dano oxidativo a lipidios etpinas, comprometimento das defesas
antioxidantes e alteragdo gtatusredox celular. Se esses efeitos também ocorregsm n
pacientes afetados pela deficiéncia de GS, é mdsgive possam contribuir para a
neuropatologia dessa doenca. Além disso, ja que mxcitotoxicidade (Bennet al,

1973; Riekeet al, 1989; Barone e Spignoli, 1990) quanto o bloquei@adeia respiratoria
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(Silva et al, 2001), ambas acdes promovidas pela 5-OP, podambém levar
indiretamente a geracdo de ER (Bondy e Le Bel, 18&3olls e Budd, 1998), € possivel
gue esses mecanismos possam agir de forma sinégicalucdo de um dano neuronal
significativo. A formacédo excessiva de ER pode meen dano mitocondrial, incluindo a
oxidacdo do DNA, lipidios e proteinas, e abertwadro de transicdo de permeabilidade
mitocondrial, evento relacionado a degeneracédo menoelular (Calabreset al, 2005).
Por outro lado, um dano mitocondrial, como o caogaela 5-OP através da inibicdo de
complexos da cadeia respiratéria, além de podeindima producdo de ATP, pode
provocar a desorganizagado da cadeia respirat@imifpndo com isso que elétrons possam
escapar mais facilmente por haver uma reducéo ipletando Q a H,O, podendo levar a
formagcdo aumentada de ER comg 0OH,0, e OH, resultando em um circulo vicioso
(Milatovic et al, 2001; Guptat al, 2002; Halliwell e Gutteridge, 2007). Apesar d® 1ser
possivel precisar qual seria o evento iniciadocataata de efeitos promovida pela 5-OP, é
possivel que estejam todos de fato intimamentecicglados. A 5-OP promove dano
oxidativo protéico, podendo estar inativando algsireazimas; de fato, além de inibir a
Na',K*-ATPase (Escobedo e Cravioto, 1973) e complexos cadeia respiratoria
mitocondrial (Silvaet al, 2001), a 5-OP a capaz de inibir as enzimasjadtates CAT e
GPx, detoxificadoras de B,, o qual por sua vez é aumentado pela 5-OP. Considie
gue a 5-OP é capaz de aumentar os conteudos de&B®©,, o qual por sua vez é capaz
de oxidar diretamente grupos —SH, é possivel go® ta aumento do #D, quanto a
oxidacdo de grupos —SH estejam envolvidos nos rsnan de neurotoxicidade da 5-OP.
A capacidade de detoxificagcdo de@] pela CAT, que atua em altas concentragbes de

H.0,, e pela GPx, que atua em baixas concentracfesQ@ie pphrece estar em grande parte
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pode se transformar em ER mais danosas atravésadaor de Fenton. O funcionamento
normal da GPx, por outro lado, depende em grande p@ funcionamento normal da
G6PD, que fornece NADPH para regenerar GSH, cuj@ag#o ocorre acoplada a reacéo
catalisada pela GPx. A G6PD, no entanto, tambémbila pela 5-OP, podendo realmente
comprometer a eficiéncia da detoxificagdo d®©Hpela GPx. A G6PD, por sua vez, é
também inibida por 4-hidroxinonenal, produto téxicda lipoperoxidagcdo. A
lipoperoxidagdo, também promovida pela 5-OP, séepsel iniciada por algumas ER,
excluindo-se o bD,. Dessa forma, imagina-se gaevivo tenha ocorrido a producédo de ER
mais reativas, mais danosas, com real potenciakidiar lipidios e proteinas, ambas a¢des
promovidas pela 5-OP. Além de tudo isso, vale leamfue a 5-OP compromete as defesas
antioxidantes cerebrais, podendo com isso torn@érebro ainda mais suscetivel ao
estresse oxidativo, o qual pode entdo ser potéraial, levando ao dano oxidativo. Dessa
forma, todos esses efeitos podem estar conjuntaneamntolvidos nos mecanismos de
neurotoxicidade da 5-OP, podendo contribuir pagarmo cerebral observado nos pacientes
com deficiéncia de GS.

Apesar de as concentragfes de 5-OP utilizadas ssmethares as observadas no
plasma e LCR dos pacientes afetados pela defie&teiGS (1-5 mM) (Eldjaret al,
1972; Eldjarnet al, 1973; Meister, 1974; Meister, 1991; Jah al, 1994), é dificil
extrapolar nossos achados para a condicdo humanantsdnto, se esses efeitos também
ocorrerem no cérebro dos pacientes afetados évpbsggie possam contribuir, a0 menos
em parte, para a disfuncdo neuroldgica caractaida deficiéncia de GS, na qual a 5-OP

se encontra acumulada, podendo-se sugerir o emetd do estresse oxidativo na
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neuropatologia dessa doenca. Nos pacientes afgiatiodeficiéncia de GS, € possivel que
haja ainda um sinergismo entre o acumulo de 5-@Rleficiéncia de GSH, aumentando a
producdo de ER e diminuindo as defesas antioxidarievando assim ao estresse
oxidativo. Nao foi esclarecido ainda qual o pritipnecanismo responsavel pela
neurotoxicidade da 5-OP no dano cerebral dessesnpag, podendo estar envolvidos o
dano a producdo energética cerebral, a inibicAbalZK -ATPase, a excitotoxicidade, o
estresse oxidativo ou uma combinacdo de quaisqessed fatoresEntender os
mecanismos responsaveis pelo dano cerebral queecuas pacientes com deficiéncia de
GS pode ser util no desenvolvimento de uma teraga@efetiva para amenizar a disfungéo

neuroldgica desses pacientes.

2. Acido N-acetilaspartico

O acumulo de NAA é o marcador bioquimico da Doaefeg&€anavan, um erro inato
do metabolismo clinicamente caracterizado por disdo neuroldgica severa caracterizada
por retardo mental progressivo, hipotonia, macrl@efe convulsbes. Até o presente
momento, ndo ha tratamento especifico para essadees, sendo apenas sintomatico,
controlando-se principalmente a ocorréncia de dsdes. Cabe lembrar que a presenca de
niveis elevados de NAAG, um metabdlito do NAA,gattmbém relatada na urina e LCR
de pacientes afetados pela Doenca de Canavan n@wli al, 1999; Krawczyk e
Gradowska, 2003).

Até o presente momento existem poucas hipotesesaage possiveis mecanismos
neuropatologicos envolvidos nessa doenca. Foi sloggue poderiam estar envolvidos: (a)

0 comprometimento na sintese de lipidios de migliesultante de uma deficiéncia de
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acetato derivado do NAA (Madhavarabal, 2005); e (b) o desequilibrio osmético com
acumulo de excesso de fluido cerebral promovido peimento patologico de NAA, que
atuaria como um osmoalito intracelular (Baslow, 20020 entanto, essas hipéteses tém
sido recentemente discutidas na literatura (Bask®83; Moffettet al., 2007), e o papel do
NAA na patogénese da Doenc¢a de Canavan permametzeuco esclarecido.

Apesar de 0s mecanismos responsaveis pelo danoralenessa desordem serem
ainda pouco compreendidos, a presenca de conddedragmentadas de NAA nos tecidos
e fluidos corporais sugere a possibilidade de qINAA e/ou metabdlitos relacionados,
como o NAAG, possam exercer efeitos toxicos (Begu2l@1), e que o0 excesso desses
acidos organicos possa ser deletério ao SNC. Aplesas mecanismos pelo qual exercem
sua toxicidade nédo terem sido ainda completamesttarecidos, diversos relatos na
literatura mostram acdes neurotoxicas tanto palAA quanto para o NAAG, ambos
acumulados nos pacientes afetados pela Doenca miv&@a O NAA, por exemplo, é
capaz de agir sobre receptores glutamatérgicosbotedpicos acoplados a proteina G,
resultando em excitagdo neuronal e contribuindsimagara a ocorréncia de convulsdes
epiléticas (Akimitsuet al, 2000; Yanet al, 2003). Klugmann e colaboradores (2005)
mostraram que a reducdo parcial dos niveis de NAAarebro de ratos geneticamente
deficientes de aspartoacilase (rat@snor) resulta na modulacédo tanto da duracdo quanto
da frequiéncia das convulsfes, sugerindo que ossrdgeebrais aumentados de NAA no
rato tremor participam de fato no curso da epilepsia. Esti@nsanimais mostraram que
convulsdes epiléticas resultam em producdo de H&e oxidativo a proteinas celulares,
lipidios e DNA (Bruce e Baudry, 1995; Liargg al, 2000), enquanto que o estresse

oxidativo mitocondrial crénico, bem como sua digfm resultante, podem tornar o
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cérebro mais suscetivel a convulsdes epiléticastt{Tet al, 1998; Liang e Patel, 2004);
em conjunto, essas evidéncias sugerem que pareeeura papel para o estresse oxidativo
tanto como causa quanto como conseqiéncia de s@eguepiléticas (Patel, 2004). Além
disso, o NAA também é capaz de aumentar a concéwtiatracelular de célcio em cultura
de células (Rubiet al, 1995). E interessante ressaltar que o estresdativo é capaz de
desregular o metabolismo do calcio, geralmentearalss um aumento na concentracao
intracelular de calcio (Halliwell e Gutteridge, Z00 ER podem danificar o sistema de
captacado de célcio pelo reticulo endoplasmaticttezferir no efluxo de calcio através da
membrana plasmatica, por oxidarem grupos —SH eséerde canais transmembrana,
podendo promover a abertura de canais que permataentrada de calcio na célula
(Halliwell e Gutteridge, 2007). Por esses motivés,possivel que o aumento da
concentracao intracelular de célcio promovido péfA tenha sido de fato mediado por
estresse oxidativo.

O NAAG, por sua vez, também apresenta diversasagéerotoxicas relatadas na
literatura. Observou-se que o NAAG pode exibir ntaxicidadein vitro em culturas
primarias corticais (Thomast al, 2000), ein vivo pode induzir morte neuronal (Pliss
al., 2000) e alterar as propriedades funcionais mitestis da barreira hemato-encefalica
(Plisset al, 2002). Estudos recentes mostraram que a adragést intracerebroventricular
de NAAG a ratos é capaz de alterar o comportamelise mesmos e induzir
neurodegeneracdo hipocampal, com alteracbes sighviis na morfologia celular e
clivagem do DNA (Pliset al, 2003; Bubenikova-Valesowt al, 2006). Apesar de o
DNA sofrer decomposicdo espontanea e fisiologicaiatnente, o estresse oxidativo

acelera enormemente o dano ao DNA (Halliwell e &idge, 2007). Com isso, parece
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possivel que a quebra de fitas de DNA observada agidinistracdo de NAAG possa ter
sido mediada por ER, que podem ter promovido darioNA.

Considerando que nenhum estudo até o presente nwrhawia investigado o
papel do estresse oxidativo na neurotoxicidade A8 M do NAAG, resolvemos estudar
os efeitosin vitro e in vivo desses acidos organicos sobre alguns parametrestrégsse
oxidativo em cortex cerebral de ratos de 14 e @6 de vida. O objetivo geral desse estudo
foi avaliar se a producdo de ER pode ser geradags@s metabolitos, o que poderia estar
relacionado ao dano neurolégico observado nos masicom Doenca de Canavan, nos
guais tanto NAA quanto NAAG se encontram acumulatlims experimentom vitro, 0s
homogeneizados de cortex cerebral de ratos deas4ddi vida foram incubados por 1 hora
a 37C na presenca ou auséncia de NAAG nas concentrdedgs5,0 ou 10,0 mM e na
presenca ou auséncia de NAA nas concentragfes;d20;1d0 ou 80 mM no meio de
incubacdo. Apenas nos ensaios enzimaticos o éfelitro do NAA foi testado com e sem
essa pré-incubacdo. Nos experimeiiiogvo, ratos de 14 dias de vida foram submetidos a
administracdo aguda de salina (ratos controle) ®INAA nas doses de 0,1; 0,3 ou 0,6
mmol/g peso corporal, administradas por via sulm@#asendo os animais mortos 1 hora
apos a injecdo; e ratos de 30 dias de vida forafmmetidos a administracdo
intracerebroventricular de LCR artificial (ratosntmle) ou NAA (8umol) ou NAAG (0,8
pmol), sendo os animais mortos em 15 ou 60 minyids a injegao.

Demonstramos que o NAA reduz significativamenteatan TRAP quanto o TAR
em cortex cerebrah vitro, e reduz o TRAP tambéim vivo, tanto através da administracéo
subcutanea quanto da intracerebroventricular de NA®tos de 14 e 30 dias de vida,

respectivamente. Considerando que o TRAP mede telodm de defesas antioxidantes
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nao-enzimaticas, enquanto que o TAR reflete a ddg@de do tecido de modular o dano
associado a uma producdo aumentada de ER @tisdi 1995), esses resultados indicam
gue o NAA reduz a capacidade antioxidante ndo-eitmem em cérebro de ratos tairo
vitro quantoin vivo, através da reducdo do conteudo de antioxidardesemzimaticos
(TRAP) e da reducao da reatividade desses antim@ddTAR). Demonstramos ainda que
o NAA reduz significativamentm vitro o conteddo de GSH, o principal antioxidante n&o-
enzimatico cerebral (Rice e Russo-Menna, 1998)eosyigere que as reducdes do TRAP e
do TAR observadas anteriormente na presenca de NA¥erdade podem ter ocorrido as
expensas de uma reducdo de GSH. Assim, os ressiitadioam claramente que o NAA é
capaz de comprometer as defesas antioxidantesnzémé&icas em cérebro de ratos, tanto
in vitro quantain vivo.

Conforme previamente citado, diversas ER podemanxigsiduos de aminoacidos
em proteinas formando produtos contendo grupowr#éah que podem ser quantificados
através de sua reacao com a dinitrofenilhidrazitallijvell e Gutteridge, 2007). Além
disso, residuos de proteina contendo grupos —SHilgée particularmente suscetiveis a
oxidacdo, podendo haver a abstracdo de hidrog&esses grupos por parte de ER,
oxidando o grupo —SH e formando pontes dissulfeessa forma, além da alteracdo no
conteudo de carbonilas, a oxidacdo dos grupos —&thbém usada como marcador de
oxidacdo protéica, medindo-se o conteudo de taims (Aksenov e Markesbery, 2001).
Foi possivel observar que vitro o NAA é capaz de aumentar o conteudo de carboailas
diminuir o de tidis totais (havendo oxidagdo depgsi—SH a dissulfetos), ia vivo é
também capaz de aumentar o contetdo de carboailts dpds administracdo subcutanea

guanto apos administracdo intracerebroventricidaNAA. Assim, pode-se sugerir que 0
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NAA é capaz de causar dano oxidativo protéit@itro e in vivo em cortex cerebral de
ratos de 14 e 30 dias de vida. Portanto, parecgy@sjue o dano oxidativo as proteinas
esteja envolvido na neurotoxicidade do NAA, o queEe entdo estar relacionado a
neuropatologia da Doenca de Canavan, na qual asemwacdes de NAA estdo
expressivamente aumentadas.

Observamos também que a quimiluminescéncia espnténo TBA-RS foram
aumentados vitro pela presenca de NAA no meio de incubacéo, assimoin vivo pela
administracdo aguda de NAA, sugerindo que o NAAagaz de induzir lipoperoxidacao
em cortex cerebral de ratos de 14 dias de vida.eNw@nto, a quimiluminescéncia
espontanea e o TBA-RS nao foram afetados pela @&traigéo intracerebroventricular de
NAA a ratos de 30 dias de vida. Esses resultadgerem que o dano oxidativo aos lipidios
€ estimulado pelo NAAn vitro e in vivo em cOrtex cerebral de ratos de 14 dias de vida,
mas ndo é estimulado pelo NAA vivo em cortex cerebral de ratos de 30 dias de vida.
Considerando que a superproducédo de ER gera dltess mle TBA-RS, por estimular a
lipoperoxidagdo (Halliwell e Gutteridge, 2007), @stigamos a influéncia de varios
antioxidantes sobre os niveis aumentados de TBAsB&idos por NAA 80 mMn vitro.
Observamos que a mistura de &cido ascérbico maidoxTrfoi capaz de prevenir
completamente o aumento dos niveis de TBA-RS pratoopelo NAA em cortex
cerebral. Esses resultados podem sugerir a pa¢éipde OF nesse efeito, visto que essa
ER é sequestrada pelos antioxidantes usados naran(&ains e Shaw, 1997; Halliwell e
Gutteridge, 2007). Por outro lado;® e Q* provavelmente ndo estejam envolvidos, ja
gue tanto CAT quanto SOD, que atuariam sobre esdestratos, ndo foram capazes de

prevenir o aumento dos niveis de TBA-RS causadioshb®&A. Ainda, como o ditiotreitol

178



(protetor de grupos —SH) e a GSH foram capazesreleepir apenas parcialmente o
aumento dos niveis de TBA-RS induzido por NAA, dagemos excluir a possibilidade de
gue a oxidagdo de grupos —SH esteja envolvida feas neurotéxicos do NAA. No
entanto, NO provavelmente ndo esteja envolvido nesse efeigtp \que o L-NAME
(inibidor da 6xido nitrico sintase) ndo foi capazréduzir o aumento dos niveis de TBA-
RS promovido pelo NAA.

Investigamos também no presente estudo o efeito adBministracdo
intracerebroventricular de NAA sobre a atividadeG&PD em coértex cerebral de ratos de
30 dias de vida. Como previamente dito, a G6P[R2&zana marca-passo da via da pentose
fosfato, sendo regulada por varios fatores, devdrquais o estresse oxidativo (Kletzitn
al.,, 1994). A G6PD ¢é a enzima limitante da detoxifimagle HO, dependente de GSH e
NADPH, o que mostra sua importancia na funcao =iotamte cerebral (Adamst al,
2001; Hashidaet al, 2002). Por esse motivo a medida da atividade adeszima
regulatoria pode ser considerada como um marcadecope de estresse oxidativo
(Kletzien et al, 1994). Observamos em nosso trabalho que o NAap&az de reduzir
significativamente a atividade da G6PD, o que pmaeprometer a producado de NADPH e
alterar o equilibrio redox celular em cortex cea¢le ratos de 30 dias de vida.

Quanto as defesas antioxidantes enzimaticas, medamimeiramente o efeito do
NAA sobre a atividade da CAT, que catalisa diretatmea decomposicdo do,® a
oxigénio molecular (Aebi, 1984). Observamos quéiadade dessa enzima € fortemente
inibida in vitro pelo NAA, com ou sem incubacao prévia, e tamig@éwivo, tanto através
da administracdo aguda quanto intracerebroverdriclé NAA a ratos de 14 e 30 dias de

vida, corroborando nossos resultadosvitro. Além disso, resultados similares foram

179



obtidos com uma preparacdo comercial de CAT padf; indicando uma possivel
interacdo direta do NAA com a CAT. Na tentativaagaliar o mecanismo de inibicdo da
CAT pelo NAA, realizamos estudos cinéticos sobiateracdo do NAA com a CAT em
homogeneizados de cértex cerebral de ratos deak4dai vida. Os valores de,e Viax
obtidos foram similares aos relatados previamemeérebro de ratos (Somani e Husain,
1996; Baudet al, 2004). Nossos resultados mostraram também qMAA inibe a
atividade da CAT de forma acompetitiva, e que;o(éonstante de inibicdo de inibidor
acompetitivo) para o NAA foi menor que as conceliies encontradas no cérebro de
pacientes afetados pela Doenca de Canavan, sugepireda inibicdo da CAT pelo NAA
pode ter relevancia fisiopatologica.

Estudamos também o efeito do NAA sobre a atividid&Px, que decompde®b
através de sua reducdo aChl com a concomitante oxidacdo da GSH; apesar de se
praticamente especifica para GSH como doadoraddedéinios, a GPx pode também atuar
em outros peréxidos organicos, sendo os mesmogidedua um alcool correspondente
(Wendel, 1981). A atividade da GPx é inibidavitro pela presenca de NAA no meio de
reacdo, sem incubacao prévia, e também com 1 legueédincubacdo. Além disso, o NAA
também inibe a atividade da preparacdo comerciaGBg purificada, indicando uma
possivel interagdo direta com a enzima. Apesar ananistracao intracerebroventricular
de NAA a ratos de 30 dias de vida ndo alterar @datle da GPx, a administracdo
subcutanea de NAA a ratos de 14 dias de vida ézodpaeduzir significativamente a
atividade cortical dessa enzima, corroborando rsosssultadosn vitro. A inibicdo das
atividades da CAT e GPx pode indicar um possivelgrometimento da detoxificacdo de

H,0,, substrato igualmente decomposto pelas duas esiz@iservamos ainda no presente
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trabalho que a exposicdo dos homogeneizados dexodetebral ao NAA 80 mM por 1
hora € capaz de aumentar significativameanteitro o conteddo de ¥D,. In vivo, 0
conteudo de BD, em cortex cerebral de ratos de 14 dias de vida éamliboi
significativamente aumentado apos administracdalagle NAA, o que esta de acordo
com nossos resultadas vitro. Esses resultados sugerem que 0 aumento no contiedd
H,O, esta provavelmente envolvido na neurotoxicidaddNA@ e pode ser secundario a
reducdo das atividades da CAT e GPx promovidas [géla. Por outro lado, o aumento
no conteudo de #D, é capaz de promover a auto-inativagdo da CAT (A&84), inibindo
irreversivelmente a atividade dessa enzima; a @Bxentanto, € menos suscetivel a
inativagcdo mediada por ;B, (Baud et al, 2004). Apesar de apresentarem diferentes
afinidades pelo bD,, ambas sdo requeridas para a detoxificacdo &, Hsendo a
toxicidade do HO, enormemente potencializada quando CAT e/ou GPxgddidas (Baud

et al, 2004). Cabe ressaltar que gx-dse mistura facilmente com a agua e pode difundir
para o meio intracelular, sendo toxico a divergosstcelulares na faixa de 10 a 104,
causando senescéncia e apoptose, e em concensrata@iseslevadas pode promover morte
celular necrotica (Halliwell e Gutteridge, 2007)é disso, o KO, € capaz de abrir canais
catibnicos na membrana plasmatica, permitindo ea@atde célcio em certos neurbnios e
glia, entre outros tipos celulares, levando consetginente ao aumento na concentragéo
intracelular de calcio (Halliwell e Gutteridge, Z200Como um dos efeitos neurotéxicos
apresentados pelo NAA é justamente o aumento neentmacdo intracelular de calcio
(Rubinet al, 1995), e como foi observado que o NAA € capaauwteentar o contetddo de
H.O,, € possivel que o aumento da concentracdo de @@ potencializadim vivo por

um sinergismo desses efeitos. E interessante a@sgwe o efeito de aumento da
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concentracao intracelular de célcio foi observadaencentrages relativamente baixas de
NAA (10 mM) (Rubinet al, 1995), sendo entdo possivel que concentracOdsAde
maiores, como as observadas nos pacientes afgiaizo®oenca de Canavan, promovam
uma exacerbacdo desse efeito. Aumentos transitdaosoncentracdo de calcio regulam
diversos processos fisiologicos, como a prolifevacéelular e a liberacdo de
neurotransmissores; no entanto, aumentos desamolda concentragcdo de célcio
intracelular podem estimular a Oxido nitrico sietas fosfolipase A2, calpainas e
proteases, promovendo alteracfes de citoesquelptalendo desencadear a transicdo de
permeabilidade mitocondrial, que abre poros na mangbmitocondrial interna e causa um
colapso no potencial de membrana (Halliwell e Gulte, 2007). Esse evento requer a
presenca de agentes indutores, que podem ser g@séxiganicos, agentes oxidantes de
grupos —SH (como 04@,, que é aumentado pelo NAA) e 0 ONO® medida que solutos
escapam da matriz através do poro, ocorre um diébeigu osmoético e edema
mitocondrial, que podem culminar com morte celulecrética ou apoptética (Halliwell e
Gutteridge, 2007). De fato, Baud e colaborador®842observaram em cultura de células
a presenca de edema celular em quase 100% dassoekylostas por 1 hora agd. Vale
lembrar que dentre os achados neuropatologicos @enda de Canavan ha edema
astrocitario e cerebral, com a presenca de mito@dlongadas e distorcidas (Adaehi
al., 1972), podendo tais alteracOes estarem relatésn@ao aumento da concentracdo
intracelular de calcio, que pode ser exacerbado pelmento do conteudo de,®}
promovido pelo NAA, caso esses efeitos também aoorno cérebro dos pacientes
afetados pela Doenca de Canavan.

Avaliamos ainda o efeito do NAA sobre a atividadeSDD, enzima antioxidante
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gue dismuta o €, produzindo HO, e HO. O NAA néo é capaz de alterar a atividade
dessa enzima em cOrtex cerebral mewitro (com ou sem pré-incubacao) nemvivo pela
administracdo subcutadnea de NAA a ratos de 14 dasvida. Por outro lado, a
administracéo intracerebroventricular de NAA é eaga aumentar significativamente a
atividade da SOD medida 1 hora ap0s a injecédo etaxcéerebral de ratos de 30 dias de
vida. Alguns trabalhos mostram que ha um aumentatinalade da SOD em cérebro de
ratos adultos, bem como um aumento gradual e @sigeena geracdo mitocondrial de
0,", em relacédo ao cérebro de ratos de 12 dias dgSaaeibert al, 1995; Tsayet al,
2000). Tem sido relatado também que raiter, que séo ratos Sprague-Dawley mutantes
caracterizados por tremores, hipomielinizacdo, edeastrocitario e degeneracao
espongiforme precoce, exibem também alteracbesetabwlismo cerebral de ER (Kondo
et al, 1995; Nakadateet al, 2006). Gomi e colaboradores (1994) demonstramam
aumento significativo na atividade da SOD e umaigéd significativa na atividade da
CAT no cérebro de ratositter adultos, mas tais alteracbes ndo foram observadas
cérebro de ratositter neonatos. Ainda, Ueda e colaboradores (2002) wdsen acumulo
de HO, no cérebro de ratastter adultos, sugerindo que a atividade aumentada daeO
a atividade reduzida da CAT, também observada€reb de ratozitter adultos, podem
levar ao acumulo excessivo de,®d no tecido cerebral (Gomiet al, 1994),
potencializando o dano celular. Esses resultadosereddos em ratozitter, que
apresentam alteracdes neuropatologicas similarebsesvadas na Doenca de Canavan, na
qgual o NAA esta acumulado, corroboram nossos ashddaim aumento da atividade da
SOD e diminuicdo da atividade da CAT promovidosopdAA administrado por via

intracerebroventricular no cérebro de ratos dei&9 de vida. Além disso, o fato de que o
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NAA é capaz de aumentar significativamente o catdede HO, in vitro e in vivo em
cérebro de ratos de 14 dias de vida sugere quatelmn de LO, possa estar também
aumentado no ceérebro de ratos de 30 dias de violasiderando que nesses animais a
atividade da SOD estd aumentada, a atividade da €Ad reduzida e a atividade da
G6PD, que fornece o NADPH necessério para o fuaomemto normal da GPx, esta
também reduzida, pode-se sugerir que a detoxificded$0, esteja de fato comprometida
no cérebro de ratos de 30 dias de vida submetidasrénistracdo intracerebroventricular
de NAA. Alguns trabalhos mostram que condi¢cdesajtezem o metabolismo de ER sé&o
capazes de aumentar a atividade da SOD (RistereknBg 1976; Liévreet al, 2000).
Rister e Baehner (1976) mostraram que cobaias ®gaos condicbes hiperoxicas
apresentam aumento de*@ inducdo da SOD, com reducéo simultanea da CAPx G
fato ndo haver inducéo correspondente da CAT et@Gfa muito dificil a manutencdo da
concentracdo de @, em niveis normais, e 0 excesso g®fprovavelmente resultard na
formacdo de ER mais danosas, como o’ Qatravés da reacdo de Fenton. Além disso,
Lievre e colaboradores (2000) observaram que @&atle da SOD é significativamente
aumentada em 1 hora apO6s a hipoxia/reperfusdoadpli@ cultura de neurdnios, e
sugeriram que isso possa significar a mobilizagdernzimas pré-existentes ou o resultado
de uma inducdo muito precoce do gen da SOD em ses@am estresse oxidativo. A
transcricdo do gen da SOD é regulada em respaditeeesos estimulos, como citocinas
pro-inflamatorias, fatores de crescimento e estregglativo, que gera umap-regulation

da expressdo da SOD (Zelgbal, 2002). A importancia especifica de ER ou deaitées

no statusredox celular na transducéo de sinal e regulagdgetdes esta se tornando cada

dia mais evidente, estando atualmente bem estatelque o HO, € a principal ERO
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mediadora de sinalizagdo celular (Aslan e Ozbe@3RMDiversos estudos mostram que o0
agrotéxico Paraquat, agente gerador ¢¥&, @ capaz de induzir a SOD (Nicotextaal,
1989; Yooet al, 1999). Além disso, o0 gen da SOD é particularmeagulado por NkB,
fator de transcricdo essencial a diversos procesdokres, como inflamacéao, imunidade,
proliferacdo celular e apoptose (Warmeeral, 1996; Mannat al, 1998). O NF«B, por

sua vez, além de ser controlado pstatusredox celular, é ativado rapidamente por
diversas ER, principalmente pog®, mas também pd0,, HOCI e ONOO (Wanget al,
2002; Gloireet al, 2006). De fato, o tratamento de diversas linhagelulares com 1,

€ capaz de aumentar significativamente a expredad80OD ja a partir de 1 hora de
exposicao, indicando que 0,Bh esta de fato diretamente envolvido na indugdoadess
enzima antioxidante (Warneet al, 1996; Yoo et al, 1999; Rojoet al, 2004).
Considerando que a expressao da SOD pode aunmeiatg@aytir de 1 hora de exposicdo ao
H.0,, pode-se sugerir que a inducédo do gen da SOD smdar rapidamente em resposta
ao estresse oxidativo. E interessante observar ajuexpressdo da SOD aumenta
significativamente em cértex cerebral de ratos &Yiskpostos a um estresse agudo, mas
ndo croénico (Filipovic e Radojcic, 2005). O fato gee a expressdo da SOD pode ser
prontamente induzivel por.B, faz com que essa enzima possa funcionar como uma
resposta protetora eficiente contra o estresseatixad(Yooet al, 1999), e a ativacédo da
via desencadeada pelo XB; ativado por HO,, pode reforcar a capacidade antioxidante
celular e proporcionar protecao efetiva contraesse oxidativo atraves dg-regulation

de genes que codificam enzimas antioxidantes (Rbgl, 2004). A resposta ao estresse
oxidativo, no entanto, nem sempre ocorre atravasrgeexpressao coordenada de todas as

enzimas antioxidantes, visto que a expressao gélaganesmas € regulada por diferentes
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mecanismos (Rohrdaret al., 2000; Wilson e Johnson, 2000). Considerando rqpssos
resultados demonstraram um aumento na ativida@daem 1 hora apos a administracao
intracerebroventricular de NAA em cérebro de ra®s80 dias de vida, considerando que a
reducdo da CAT e G6PD juntamente com o aumentoQda @ servados nesses animais
podem promover um comprometimento na detoxificagdoHO,, que provavelmente
esteja acumulado no cérebro dos mesmos, e consildeagnda que a expressao da SOD
pode ser prontamente e rapidamente induzivel pOg,Hugere-se que o aumento da SOD
observado em nosso estudo possa ter havido pomuorarso na expressado dessa enzima
antioxidante, em resposta ao estresse oxidativogvriglo pelo NAA.

Considerando que o &cido ascoérbico é capaz derpravelano celular induzido
por HO, (Avshalumovet al, 2004), e que a mistura de acido ascorbico meioXN,
scavengersie OH, (Halliwell e Gutteridge, 2007), foi capaz de peiv completamente o
aumento dos niveis de TBA-RS em homogeneizado$rdexccerebral e que observamos
um aumento no conteldo de®3 mediado pelo NAA, pode-se sugerir a participacao
efetiva de HO,, e possivelmente Gt que é produzido a partir do,®p através da reacdo
de Fenton, na neurotoxicidade do NA%abe lembrar que previamente a mistura de CAT
mais SOD, que detoxificam,B, e Q*, respectivamente, ndo havia sido capaz de prevenir
0 aumento dos niveis de TBA-RS promovido pelo NiAvitro em cortex cerebral de
ratos de 14 dias de vida, e por isso se imagin@auayibO, e O,* provavelmente néo
estivessem envolvidos nos efeitos do NAA. No ewntasabe-se agora que o NAA é capaz
de inibir fortemente a atividade da CAT, sendo patgjue a CAT estivesse entdo inibida
na medida dos niveis de TBA-RS, e por isso ndsdwvsido capaz de prevenir 0 aumento

dos niveis de TBA-RS induzido por NAA.
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Ainda, considerando que o NAA é capaz de aumengnifisativamente o
conteudo de bBD,, considerando que o0 ,8, pode oxidar diretamente grupos —-SH
(Halliwell e Gutteridge, 2007), e considerando tpr@o o ditiotreitol (protetor de grupo —
SH) quanto a GSH foram capazes de prevenir apamaigjmente o aumento dos niveis de
TBA-RS induzido por NAA, ndo devemos excluir a pbiislade de que a oxidagcédo de
grupos —SH esteja também envolvida nos efeitoot@uicos do NAA.

Em conjunto, nossos resultados indicam que o NAAeppromover estresse
oxidativo in vitro e in vivo em coértex cerebral de ratos de 14 dias de vidayés da
diminuicdo das defesas antioxidantes enzimatiaa@oeenzimaticas e da geracdo de dano
oxidativo a lipidios e proteinas, provavelmenteopslmento de ER no cértex cerebral.
Além disso, a administracao intracerebroventricdeNAA pode comprometer as defesas
antioxidantes também em cértex cerebral de rat@dbas de vida, por reduzir o TRAP e
a atividade da CAT, comprometendo assim a eficgéa detoxificacdo de ER; pode
promover dano oxidativo protéico; e também comptene producao de NADPH e alterar
o equilibrio redox celular, podendo-se sugerir QUEAA é também capaz de promover
estresse oxidativo em cortex cerebral de ratos Geli@s de vida. Especificamente a
reducdo das defesas antioxidantes enzimaticaséatda inibicdo das atividades da CAT e
GPx, pode de fato comprometer a eficiéncia da detagdo de ER, o que pode levar por
fim ao dano oxidativo as biomoléculas. Além digsblAA pode promover um aumento no
conteudo de bD; in vitro e in vivo, 0 que pode estar envolvido na neurotoxicidade do
NAA e, possivelmente, na progressao e manutenc@eutmdegeneracdo caracteristica da
Doenca de Canavan. Nosso estudo introduz outrdvebseecanismo patolégico para o

dano cerebral observado nos pacientes afetadcjrsiigrse que o estresse oxidativo pode
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estar envolvido na neuropatologia da Doenca de @anaujo marcador bioquimico é o
acumulo de NAA.

De uma forma geral, observamos nesse trabalho sermgre de alteracbes de
parametros de estresse oxidativo promovidas peld MAuito mais proeminentes no
cérebro de ratos de 14 dias de vida do que norcédebratos de 30 dias de vida. Cabe
ressaltar que aos 14 dias de vida o cérebro de estd ainda em pleno desenvolvimento,
estando ainda imaturo, havendo um pico de mielfdiza crescimento cerebral e
neurogénese em torno dessa idade; ja aos 30 diadajéha uma reducgao significativa de
todos esses processos (Morgateal, 2002). Sabe-se que mamiferos neonatos podem
exibir uma capacidade menor de metabolizar divesgbstancias e xenobioticos, estando
portanto mais suscetiveis a toxicidade aguda descésxinas (Lottiet al, 2002). Além
disso, nossos resultados estdo de acordo com akvexsdéncias existentes na literatura
gue mostram que o cérebro de ratos em desenvoliomede ser mais sensivel ao estresse
oxidativo do que o cérebro de ratos adultos. Khairglaboradores (2000) demonstraram
gue o cérebro imaturo de ratos neonatos respoinfes#io cerebral de uma excitotoxina
com fragmentagcdao de DNA de forma muito mais proentm e abundante do que no
cérebro de ratos adultos, sugerindo que um inguxit@iotéxico neonatal resulta em morte
celular mais extensiva do que a provocada por $emtd insulto ao cérebro adulto. Vale
lembrar que a excitotoxicidade ja foi relacionada estresse oxidativo (Pellegrini-
Giampietroet al, 1990; Lees, 1993). Di Toro e colaboradores (2@@monstraram que a
formacdo cerebral de ER aumenta significativamemen a idade dos ratos apos o
nascimento, culminando em aproximadamente 10 éiasdad, decaindo significativamente

aos 30 dias de vida e estabilizando aos 90 diagidée Baud e colaboradores (2004)
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observaram que oligodendrocitos em desenvolvimeéto mais vulneraveis ao,® e
mais sensiveis ao estresse oxidativo do que oligivdeitos maduros, e que a CAT de
oligodendrécitos em desenvolvimento é inativada @edposicado a #,. Além disso, o
H.O, & degradado mais rapidamente e induz a formacaonet®s ER intracelulares nos
oligodendrécitos maduros do que nos imaturosiearancede HO, nos oligodendrécitos
maduros € expressivamente maior do que nos imatergsortanto apresentam uma
capacidade antioxidante pelo menos 8 vezes maiqudas células imaturas (Baetdal.,
2004). Driver e colaboradores (2000) observaramajpeoducdo de ER estimulada por
ferro no cérebro de ratos de 14 dias é signifieatiente maior do que no cérebro de ratos
adultos, sugerindo que ratos em desenvolvimentesaptam uma maior sensibilidade a
producdo cerebral de ER apdés a exposicdo a toxioague ratos adultos. Essa maior
sensibilidade pode estar na verdade relacionadgtaticsantioxidante cerebral. De fato, as
enzimas antioxidantes SOD, CAT e GPx séo encordgragabaixos niveis no cérebro de
ratos neonatos e aumentam com a idade (Maselél, 1982; Schreibeet al, 1995),
sugerindo que ratos neonatos estariam menos ptotegontra um aumento patolégico de
ER e, por isso, estariam mais suscetiveis ao setrasidativo. Dessa forma, pode-se
concluir que nossos achados demonstrando uma saoeptibilidade de ratos nenonatos
ao estresse oxidativo esta de acordo com as evidémastentes na literatura.

Quanto aos efeitos do NAAG, metabdlito do NAA també@cumulado nos
pacientes afetados pela Doenca de Canavan, sobaengieos de estresse oxidativo
avaliados em nosso estudo, foi possivel observarogNAAG néo é capaz de alterar o
TRAP nemin vitro nemin vivo. Observamos também que esse acido organico rjaeé c

de causar dano oxidativo protéico, & medida queahéra o contetdo de carbonilas nem
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vitro nemin vivo. Observamos que a quimiluminescéncia espontanebBA-RS nao sao
afetados pela administragcéo intracerebroventricddaNAAG, e também néo sdo afetados
in vitro pelo NAAG presente no meio de incubacédo, sugerqupo dano oxidativo aos
lipidios ndo € estimulado por esse acido orgameca@tex cerebral de ratos de 30 dias de
vida. Assim como ja havia sido observado com osaileparametros de estresse oxidativo,
novamente o NAAG néo € capaz de alterar as atiggldds enzimas antioxidantes CAT,
SOD e GPx, nem a atividade da G6PD. Apesar de Plisslaboradores (2003) terem
recentemente relatado que a administracdo intdar@arentricular de NAAG é capaz de
induzir clivagem de DNA, pensando-se que esseoefsideria ter sido mediado por
estresse oxidativo, no presente trabalho constat@me o NAAG nado é capaz de induzir
estresse oxidativo, ja que ndo alterou nenhum didmetros testados némvitro nemin
vivo. No entanto, quebra de fitas também ocorre duaméparo do DNA e n&o pode ser
atribuida unicamente ao estresse oxidativo (Hallivv&utteridge, 2007). Parece possivel
gue os efeitos neurotdxicos exercidos pelo NAAGseokados anteriormente por outros
pesquisadores (Plist al, 2000; Plisst al, 2002; Pliset al, 2003; Bubenikova-Valesova
et al, 2006), ndo tenham sido mediados por estressato, ja que em nosso estudo o
NAAG néo alterou cstatusantioxidante e ndo promoveu dano oxidativo a biémdas.
Além disso, nesses estudos a possibilidade deefgihérgicos entre NAA e NAAG, ja
gue o NAAG pode ser convertido enzimaticamente &AN#8o foi investigada, e ndo deve
ser descartada. Enquanto parece que o NAA pode estémente relacionado aos
mecanismos responsaveis pelo dano cerebral obsenasl pacientes com Doenca de
Canavan, o papel neuroquimico do NAAG na patogédesea doenca deve ser melhor

elucidado.
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Apesar de as concentracfes de NAA usadas em rmafsdhb serem similares as
observadas no plasma, cérebro e LCR de paciergesla$ pela Doenca de Canavan, nos
guais se pode observar um aumento nos niveis de d¢A#té 4 vezes (Tsai e Coyle, 1995;
Bluml, 1999; Surendraet al, 2003), € dificil extrapolar nossos achados pacandi¢édo
humana. No entanto, esses resultados estdo deammdTsai e colaboradores (1998) que
estudaram a associacdo entre estresse oxidativecimesia tardia. Foi observado que
pacientes com discinesia tardia também apresertacestracoes fortemente aumentadas
de NAA no LCR (até 100 mM), da mesma forma que recan Doenca de Canavan. Os
sintomas da discinesia tardia mostraram correlggdsitiva com os marcadores de
neurotransmisséo excitatoria e com conteudo deogrcarbonila (Tsaat al, 1998). Niveis
elevados de dienos conjugados e TBA-RS no LCR deem&s com discinesia tardia ja
foram também relatados (Petial, 1987; Lohret al, 1990). A hipétese de dano oxidativo
nos pacientes com discinesia tardia é reforcadaghatios de que a Vitamina E é capaz de
reverter os sintomas dos pacientes afetados parcesslicdo (Adleet al, 1993; Lohr e
Caligiuri, 1996; Zhangt al, 2004). O aumento do contetdo de carbonilas entvess de
produtos de dano oxidativo a lipidios (MDA e dienamjugados) no LCR indica a
ocorréncia de proteinas oxidadas e de lipoperodmagumentada em pacientes com
discinesia tardia, que também apresentam elevaedaessivas dos niveis de NAA, e
estdo de acordo com nossos achados de um aumentuxidiE;do protéica e de
lipoperoxidagcédo promovidos pelo NAA em cortex ceaélde ratos.

Concluindo, nossos resultados mostrando o comphoreto das defesas
antioxidantes (enzimaticas e ndo-enzimaticas) eeracgo de dano oxidativo tanto a

lipidios quanto a proteinas, sugerem que o NAApazale promover estresse oxidativo
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tantoin vitro quantoin vivo em cortex cerebral de ratos de 14 e 30 dias dg &abntando
para um importante papel do®, e provavelmente do CHna patogénese da Doenca de
Canavan. Em conjunto, pode-se sugerir que o congihoanto das defesas antioxidantes,
o dano oxidativo aos lipidios e proteinas, o aumelot contetudo de 4,, a oxidacédo de
grupos —SH, o comprometimento na producdo de NARP&lteracdo netatusredox
celular resultem em estresse oxidativo e estejafatdesnvolvidos na neurotoxicidade do
NAA. Se esses efeitos também ocorrerem no cérebpadientes afetados pela Doenca de
Canavan, € possivel que possam contribuir, junteemeem outros mecanismos, para a
disfuncdo neuroldgica caracteristica dessa dodBgseado nesses resultados, propde-se
gue a administracao de antioxidantes, especialntasteitaminas E e C, seja considerada

como adjuvante na terapéutica dos pacientes atefmda Doenca de Canavan.
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