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“Existe somente uma idade para a gente ser feliz, somente uma época na vida de
cada pessoa em que é possivel sonhar e fazer planos e ter energia bastante para
realiza-los a despeito de todas as dificuldades e obstaculos...

... Tempo de entusiasmo e coragem em que todo desafio € mais um convite a
luta que a gente enfrenta com toda disposicdo de tentar algo NOVO, de NOVO e
de NOVO, e quantas vezes for preciso. Essa idade tdo fugaz na vida da gente

chama-se PRESENTE e tem a duracdo do instante que passa.”

Mario Quintana
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RESUMO

A hipermetioninemia ocorre em muitas doencas metabdlicas, dentre elas, na
deficiéncia da enzima metionina adenosiltransferase e na homocistindria.
Pacientes afetados por essas doencas podem apresentar alteracdes neurolégicas
e hepaticas; entretanto, os mecanismos responsaveis por essas manifestacoes
ndo estao totalmente elucidados. No presente trabalho inicialmente avaliamos o
efeito in vitro da metionina sobre a atividade da Na',K*-ATPase e sobre alguns
parametros de estresse oxidativo em hipocampo de ratos. Resultados mostraram
gue a pré-incubacdo de homogeneizados de hipocampo com metionina diminuiu a
atividade da Na',K'-ATPase e que antioxidantes (glutationa e trolox) preveniram
esse efeito. Verificou-se também que a metionina diminuiu o potencial antioxidante
total ndo enzimatico (TRAP), aumentou a lipoperoxidacdo (medida pela
guantidade de substancias reativas ao acido tiobarbitirico — TBARS e pela
guimiluminescéncia) e ndo alterou a atividade das enzimas antioxidantes catalase
(CAT), glutationa peroxidase (GSH-Px) e superdxido dismutase (SOD). A seguir,
desenvolvemos um modelo quimico experimental de hipermetioninemia em ratos,
a fim de estudar e melhor compreender os mecanismos fisiopatologicos dessa
doenca. Utilizando esse modelo, verificamos diversos parametros bioquimicos
cerebrais, como a atividade da Na',K*-ATPase e da acetilcolinesterase, alguns
parametros de estresse oxidativo, o conteudo lipidico total, bem como o
aprendizado e a memoria em ratos submetidos a tarefa do labirinto aquatico de
Morris. Também avaliamos parametros de estresse oxidativo em figado de ratos
hipermetioninémicos. O modelo crénico de hipermetioninemia foi realizado do 6°
ao 28° dia de vida e as doses de metionina administradas variaram de 1,34 a 2,68
pmol/g de peso corporal. Os ratos controles receberam solucéo salina no mesmo
volume. As concentracdes plasmaticas obtidas foram de 2 mmol/L, similares
aguelas encontradas no plasma de pacientes hipermetioninémicos. Os niveis
cerebrais de metionina foram de aproximadamente 1 pmol/g de tecido. No

tratamento agudo, ratos de 29 dias receberam uma injecdo de metionina, na dose

Vi



de 2,68 pmollg de peso corporal. Os resultados mostraram que a
hipermetioninemia aguda e cronica aumentou o TBARS e reduziu a Na',K'-
ATPase em cérebro de ratos. A hipermetioninemia crénica reduziu o conteudo
total de gangliosidios, fosfolipidios e colesterol, e ndo alterou a CAT e o conteudo
tidlico total em cérebro de ratos. Também observamos que a administracdo
cronica de metionina provocou um déficit na memoaria de trabalho e um aumento
na atividade da acetilcolinesterase cerebral. Por outro lado, a administracdo aguda
de metionina n&o alterou a atividade dessa enzima em cérebro de ratos. Por fim,
demonstramos que a hipermetioninemia crénica aumentou a quimiluminescéncia,
o contetdo de carbonilas e a atividade da GSH-Px, e diminuiu o TRAP e a
atividade da CAT em figados de ratos. Em contraste, ndo houve alteracdo nos
niveis de TBARS, TAR, conteudo tidlico total e na atividade da SOD em figado de
ratos. Nossos achados, em conjunto, poderdo auxiliar na compreensdo das
alteracbes  neurolégicas e hepaticas  observadas em pacientes

hipermetioninémicos.
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ABSTRACT

Hypermethioninemia is the biochemical hallmark of many metabolic disorders,
such as methionine adenosyltransferase activity deficiency and homocystinuria.
Affected patients can present neurological and hepatic alterations, whose
underlying mechanisms are not yet fully established. In the present work, we
evaluated the in vitro effect of methionine on Na',K*-ATPase activity and some
parameters of oxidative stress in hippocampus of rats. Results showed that
incubation of homogenates of hippocampus with methionine diminished Na* K-
ATPase activity and that simultaneous incubation with some antioxidants, such as
glutathione and trolox prevented this effect. We also demonstrated that methionine
decreased total radical antioxidant potential (TRAP), increased thiobarbituric acid
reactive substances (TBARS) e chemiluminescence (both are markers of lipid
peroxidation), but did not alter the activities of antioxidant enzymes catalase (CAT),
glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD) in
hippocampus of rats. Afterwards, considering that animal models are useful to
better understand the physiopathology of human diseases, we developed a
chemically induced experimental model of hypermethioninemia in rats. By using
this model, we verified many biochemical parameters, as Na‘,K'-ATPase and
acetylcholinesterase activities, some oxidative stress parameters, total lipid
content, as well as learning and memory in rats on Morris water maze task. We
also determined the effect chronic hypermethioninemia on some parameters of
oxidative stress in liver of rats. Chronic hypermethioninemia was performed from
the 6™ to the 28™ day of life and methionine doses administered (1.34—2.68 umol/g
of body weight) were chosen in order to induce plasma levels similar to those
described in hypermethioninemic patients (around to 2 mmol/L). By this treatment,
we also produced high levels of methionine (approximately 1 pumol/g wet tissue) in
brain of rats. Control rats received saline in the same volumes. In acute treatment,
29-day-old rats received one single injection of methionine (2.68 umol/g of body

weight). Results showed that acute and chronic administration of methionine



enhanced TBARS levels and decreased Na',K*-ATPase activity in brain of rats.
Chronic hypermethioninemia reduced total content of gangliosides, phospholipids
and cholesterol, but did not change CAT activity and total thiol content brain of rats.
We also observed that methionine-treated rats presented impaired performance on
working memory task and an increase in brain acetylcholinesterase activity. On the
other hand, acute administration did not alter this enzyme activity. Finally, we
demonstrated that chronic hypermethioninemia increased chemiluminescence,
protein carbonyl content and GSH-Px activity, and decreased TRAP and CAT
activity in liver of rats. In contrast, TBARS, TAR, total thiol content and SOD activity
were not affected by methionine administration in liver of rats. Altogether, our
findings may be helpful in the understanding of the neurological and hepatic

alterations observed in hypermethioninemic patients.
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l. INTRODUCAO



.1 ERROS INATOS DO METABOLISMO

Os erros inatos do metabolismo (EIM) sdo doencas hereditarias,
majoritariamente autossOmicas recessivas, que se caracterizam pela sintese de
proteinas alteradas, geralmente enzimas. Essas alteracbes resultam na
diminuicdo total ou parcial da atividade enzimatica, ocasionando o bloqueio de
rotas metabdlicas. Como conseqiéncia, pode ocorrer tanto o acumulo de
metabolitos toxicos como a falta de produtos essenciais, ambos com doenca
subsequente (Scriver et al., 2001).

A freqiéncia dos EIM é baixa, quando analisados individualmente; porém,
em conjunto, estima-se que possam atingir um em cada mil recém-nascidos Vivos.
(Giugliani, 1988). Até o momento, ja foram descritos mais de 500 EIM, a maioria
envolvendo processos de sintese, degradacao, transporte e armazenamento de
moléculas orgéanicas (Scriver et al., 2001).

A classificagcdo mais utilizada para os EIM é realizada de acordo com a area
do metabolismo afetada e subdivide-se em EIM de: aminoacidos, acidos
organicos, glicidios, lipidios, glicosaminoglicanos, glicoproteinas, purinas e
pirimidinas, enzimas eritrocitarias, metais, lipoproteinas, horménios e proteinas
plasmaticas (Scriver et al., 2001). Dentre os mais frequentes, estdo os EIM de
aminoacidos, sendo exemplos a fenilcetonuria, a hiperprolinemia, a homocistinuria

e a hipermetioninemia, que sera alvo do nosso estudo.



1.2 METIONINA

A metionina € um amino&cido que provém da dieta ou da degradacdo de
proteinas endodgenas, sendo metabolizada principalmente no figado. O primeiro
passo no metabolismo desse composto € a formacdo de S-adenosilmetionina
(AdoMet), em uma reacao catalisada pela enzima metionina adenosiltransferase
(MAT). A AdoMet, por sua vez, € convertida em S-adenosil-homocisteina
(AdoHcy) ao doar grupos metila a diversos compostos como DNA, RNA,
fosfolipidios e catecolaminas. Além de participar dessas reacdes de
transmetilacdo, a AdoMet pode sofrer descarboxilacdo formando as poliaminas. O
proximo passo é a hidrélise de AdoHcy em adenosina e homocisteina, através da
enzima S-adenosil-homocisteina hidrolase (Finkelstein, 1990; Mudd et al., 2001).

A homaocisteina formada pode ser metabolizada pelas vias de remetilacéo e
transulfuracdo. Na via de remetilagdo, esse composto recebe um grupamento
metila da betaina ou do 5-metiltetrahidrofolato formando metionina. Na
transulfuracdo, a homocisteina, em uma reacdo catalisada pela enzima

cistationina B-sintase, € convertida em cistationina. Essa, subseqientemente, é

hidrolisada a cisteina pela cistationina y-liase. A cisteina pode participar da
formacdo da glutationa reduzida (GSH), um importante antioxidante n&o
enzimatico, ou ser oxidada a taurina e sulfatos (Finkelsein, 1990; Mudd et al.,
2001) (Figure 1). Sabe-se que sob condi¢cdes nas quais ha um excesso de
metionina, além da transulfuracdo, existe outra via alternativa capaz de degradar

esse aminoacido, a transaminacdo, na qual sdo formados metabdlitos como o



metanotiol e o sulfeto de hidrogénio (Benevenga & Steele, 1984; Mudd et al.,

2001).
Acpo FOLICO DIETA PROTEINAS ENDOGENAS
METIONINA AT
MAT l DEMETTLACAOQ
DIMETI
SAM
CICLO DO GLICINA ACEPTOR DE METILA
510 -MTHF MS [ meser MK
ACIDO FOLICO — l( ACEPTOR METILADO
SAH
SAHH
5-Me -THF = HOMOCISTEINA
‘ CBS l VIA DE
TRANSULFURACAO
VIA DE CISTATIONINA
REMETILACAQ
CGL
CISTEINA

Figura 1. Metabolismo da metionina (Adaptado de Mudd et al., 2001).

MAT — metionina adenosiltransferase; MT — metiltransferase; SAHH — S-adenosil-homocisteina hidrolase;
CBS - cistationina B-sintase; CGL — cistationina y-liase; MS — metionina sintase; BHMT — betaina
homocisteina metiltransferase; MTHFR — metilenotetrahidrofolato redutase; SAM — S-adenosilmetionina; SAH
— S-adenosil-homocisteina; THF — tetrahidrofolato; 5,10-MTHF — 5,10-metilenotetrahidrofolato; 5-MeTHF — 5-

metiltetrahidrofolato.

A metionina € essencial para o desenvolvimento e 0 crescimento normais
de mamiferos e desempenha um papel importante na manutencdo das metilacdes
biolégicas e na homeostase redox celular; portanto, seu metabolismo deve ser
rigorosamente controlado (Prudova et al., 2005). Um ponto chave na regulacédo do
ciclo da metionina € a concentracdo de AdoMet, que pode ativar ou inibir enzimas
importantes, regulando assim, a velocidade da rota metabdlica (Prudova et al.,

2005; Finkelstein, 2006).



Existem trabalhos na literatura demonstrando que elevagbes nas
concentracoes de metionina podem causar efeitos deletérios em varios 6rgaos,
como o cérebro e o figado. Entretanto, 0S mecanismos responsaveis por esses
efeitos sdo pouco conhecidos (Hardwick et al., 1970; Toborek et al., 1996; Mudd
et al., 2001; Garlick et al., 2006).

A neurotoxicidade da metionina tem sido evidenciada através de estudos in
vitro realizados em nosso grupo de pesquisa, demonstrando que esse aminoacido
altera importantes parametros do metabolismo energético em cérebro de ratos,
como a producio de CO,, a liberacdo de lactato e a atividade da enzima Na*,K*-
ATPase (Streck et al., 2002a, 2003). Além disso, estudos realizados em modelos
animais demonstraram que a metionina apresenta efeito sinérgico sobre as
convulsdes causadas pela administracdo de homocisteina (Gaull et al., 1981;
Labrune et al., 1990). Por outro lado, estudos clinicos evidenciaram niveis
elevados de metionina no fluido cérebro-espinhal de pacientes psicéticos (Regland
et al., 2004).

Alteracbes no metabolismo da metionina tém sido relacionadas a
patogénese de diversas desordens hepéticas, como a cirrose e a esteatose
(Tsukamato & Lu, 2001; Avila et al., 2005; Kharbanda, 2007). Neste contexto,
Tsukamato e Lu (2001) demonstraram que a hipermetioninemia em pacientes
cirréticos pode ser atribuida a uma reducédo de 50 a 60% na atividade da MAT. Por
outro lado, Troen e colaboradores (2003) mostraram que altos niveis de metionina
apresentam efeito aterogénico em camundongos com deficiéncia na

apolipoproteina E.



1.3 HIPERMETIONINEMIA

A hipermetioninemia pode ocorrer em varias desordens metabdlicas, dentre
elas, na deficiéncia da MAT, na homocistinaria (Mudd et al., 2000; 2001) e na
deficiéncia da glicina N-metiltransferase (Augoustides-Savvopoulou et al., 2003).
Nesse trabalho daremos énfase a deficiéncia da MAT, pois € a causa genética
mais comum de hipermetioninemia isolada (Mudd et al., 2001).

A deficiencia da MAT € uma doenca autossdmica recessiva rara,
caracterizada bioquimicamente pelo acumulo tecidual do substrato metionina e
pela falta do produto AdoMet. A concentracdo plasmatica de metionina pode
atingir até 2.500 umol/L, sendo que os valores normais estdo em torno de 30
pmol/L. Elevadas concentracfes de metabdlitos, como a metionina sulfoxido, o
metanotiol e o sulfeto de hidrogénio, também podem ser observadas no plasma e
na urina dos pacientes afetados por essa doenca (Mudd et al., 2001).

Estudos genéticos demonstram que a deficiéncia da enzima ocorre devido a
mutacBes no gene MAT1A, responséavel por codificar as subunidades cataliticas
das duas isozimas presentes em figado adulto de mamiferos (MAT | e MAT III)
(Mudd et al., 2000, 2001).

Embora alguns pacientes hipermetioninémicos sejam assintomaticos, um
namero consideravel apresenta alteracdes neurolégicas como déficit cognitivo,
edema e desmielinizacdo cerebral, cuja fisiopatologia ndo estd completamente

estabelecida (Chamberlin et al., 1996; Mudd et al., 2000, 2001).



O diagnéstico é feito através da determinacdo da atividade da enzima
hepatica. Alteracbes nos niveis plasmaticos de AdoMet, na presenca de alta
concentracado de metionina, podem auxiliar no diagnostico. Apesar de permanecer
controverso, o tratamento é baseado em uma dieta restrita em metionina, a fim de
evitar os efeitos neurotoxicos do acumulo desse aminoacido. Entretanto, essa
restricdo pode reduzir ainda mais os niveis de AdoMet, agravando os danos

neurolégicos presentes nos pacientes hipermetioninémicos (Chien et al., 2005).

l.4 Na" ,K*-ATPase

A Na',K'-ATPase, também conhecida como bomba de Na'-K*, é uma
proteina transmembrana responsavel pela manutencdo do gradiente i6nico
neuronal, através do transporte ativo de trés ions Na" para o meio extracelular e
de dois ions K" para o meio intracelular, com concomitante hidrdlise de
aproximadamente 50% do ATP produzido no cérebro (Ames, 2000; Erecinska et
al., 2004).

O gradiente eletroquimico gerado pelo fluxo dos ions Na* e K" através da
membrana celular é utilizado para a manutencdo da excitabilidade neuronal,
regulacdo do volume celular, do balanco osmoético e para o transporte de
moléculas ligadas ao co-transporte de Na’, como glicose, aminoacidos e
neurotransmissores (Mobasheri et al., 2000; Kaplan, 2002; Jorgensen et al., 2003).
Além de funcionar como uma bomba idnica, a Na*,K*-ATPase pode atuar como
um receptor para a ouabaina nos eventos de transducao de sinal (Liu et al., 2003;

Wang et al., 2004).



Estruturalmente, a Na",K*-ATPase € uma enzima oligomérica composta de
duas subunidades a, que contém os sitios de ligagdo para os ions Na* e K*, ATP e
glicosidios cardiacos, duas subunidades B, na forma de glicoproteinas, e uma
subunidade vy, que esta associada ao dimero a3 (Mobasheri et al., 2000; Kaplan,
2002; Yu, 2003; Taguchi et al., 2007).

Durante o ciclo catalitico da Na*,K*-ATPase, a subunidade a é fosforilada e
desfosforilada em um residuo de &cido aspartico, estabilizando sua estrutura em
duas conformacdes, E1 e E2 Na conformacdo E1, ocorre a ligacdo de trés ions
Na’ na face intracelular, favorecendo a transferéncia de um grupo fosfato do ATP
para o sitio ativo da enzima. Essa fosforilagdo provoca uma mudanca
conformacional na Na*,K*-ATPase, com conseqiiente liberacdo dos ions Na* para
0 meio extracelular. Na conformacdo E2, a enzima apresenta alta afinidade por
jons K*, ocorrendo assim, a ligagdo de dois fons na face extracelular, o que
provoca a desfosforilacdo da enzima e, consequentemente, a liberacdo desses
jons para o meio intracelular. A enzima desprovida do grupamento fosfato ndo &
estavel na forma E2, voltando a forma E1, que tem alta afinidade por Na*

(Mobasheri et al., 2000; Kaplan, 2002; Jorgensen et al., 2003) (Figura 2).
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Figura 2. Ciclo catalitico da Na',K*-ATPase (Adaptado de Alberts et al., 2004).

Considerando que a Na',K*-ATPase ¢ importante para funcbes celulares e
sinapticas, a inibicdo da atividade dessa enzima pode ocasionar prejuizo no
funcionamento normal do sistema nervoso central (SNC). Neste contexto, estudos
mostraram que a ouabaina, um potente e seletivo inibidor da Na’,K'-ATPase,
apresenta acdo neurotéxica, podendo ocasionar morte neuronal (Lees & Leong,
1995; Yu, 2003). Adicionalmente, tem sido demonstrada uma associacdo entre a
diminuicdo da atividade dessa enzima e a fisiopatologia de diversas doencas que
afetam o SNC, tais como a isquemia cerebral (Wyse et al., 2000), as doencas
neurodegenerativas (Yu, 2003; Vignini et al., 2007) e as desordens depressivas

(Goldstein et al., 2006).



Estudos prévios realizados em nosso grupo de pesquisa mostraram que
alguns aminoacidos e/ou seus metabdlitos acumulados em EIM, tais como a
fenilalanina (Wyse et al.,, 1999), a prolina (Franzon et al.,, 2003), a arginina
(Bavaresco et al., 2003) e a homocisteina (Streck et al., 2002a; Matté et al., 2004)
inibem a atividade da Na*,K*-ATPase em cérebro de ratos.

Tem sido demonstrado que a Na',K*-ATPase é altamente vulneravel ao
insulto oxidativo, sendo inibida por espécies reativas de oxigénio (ERO) (Kurella et
al., 1999; Wang et al., 2003), possivelmente através da oxidacdo de grupamentos
tidlicos essenciais para a atividade da enzima (Dobrota et al., 1999; Kurella et al.,
1999). Essa enzima também pode ser inibida por produtos da peroxidacao lipidica,
como malondialdeido (MDA) e 4-hidroxi-2-transnonenal (HNE) e por alteracdes na
fluidez da membrana plasmatica (Lehotsky et al., 1999; Rauchova et al., 1999;

Chakraborty et al., 2003).

.5 RADICAIS LIVRES E ESTRESSE OXIDATIVO

Um radical livre € definido como qualquer espécie quimica capaz de existir
de forma independente e que contenha um ou mais elétrons desemparelhados. Os
radicais sdo altamente reativos e formados pela perda ou pelo ganho de um
elétron por um néo radical, bem como pelo processo de fissdo homolitica, o qual
corresponde a quebra de uma ligacéo covalente (Halliwell & Gutteridge, 2007).

As ERO - termo utilizado para designar radicais (anion superéxido e radical
hidroxila) e alguns néo radicais derivados do oxigénio (peroxido de hidrogénio e

oxigénio singleto) — sdo formadas principalmente durante a respiracao celular,
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pela reducdo incompleta (2-5%) do oxigénio molecular (Salvador & Henriques,
2004; Halliwell & Gutteridge, 2007). Fisiologicamente, essas espécies participam
de fungdes importantes, como a fagocitose, a sinalizacdo celular, a regulacéo de
proteinas e a plasticidade sinaptica (Ward & Peters, 1995; Serrano & Klann, 2004
Halliwell & Gutteridge, 2007). Entretanto, quando em excesso, as ERO podem
oxidar diversas biomoléculas, como os lipidios, as proteinas e o DNA. O dano
oxidativo aos lipidios, ou lipoperoxidacdo, ocorre quando as ERO reagem com
lipidios insaturados presentes nas membranas celulares, ocasionando
modificacdes na permeabilidade e na fluidez da membrana, além de causar dano
a proteinas transmembrana, como enzimas, receptores e canais i6nicos (Halliwell

& Gutteridge, 2007) (Figura 3).
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Figura 3. Dano oxidativo as biomoléculas.
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A fim de evitar os efeitos danosos das espécies reativas, 0 Nosso
organismo dispde de mecanismos eficientes para a detoxificacdo desses agentes
oxidantes, conhecidos como defesas antioxidantes. Essas podem ser divididas em
enzimaticas e ndo enzimaticas. As principais enzimas antioxidantes sédo a
superoxido dismutase (SOD), a catalase (CAT) e a glutationa peroxidase (GSH-
Px). As defesas antioxidantes ndo enziméticas incluem principalmente a GSH, o
acido ascorbico (vitamina C), o a-tocoferol (vitamina E), os polifendis, a
melatonina, a bilirrubina, o urato, o acido lipdico e os estrogenos (Salvador &
Henriques, 2004; Halliwell & Gutteridge, 2007).

Em condicdes fisiologicas, had um balanco entre a producdo de espécies
reativas e os sistemas de defesa antioxidante; porém, em certas condicbes
patoldgicas pode haver aumento da producdo de oxidantes e/ou diminuicdo dos
niveis de antioxidantes, favorecendo a ocorréncia do estresse oxidativo (Halliwell
& Gutteridge, 2007).

O cérebro é altamente suscetivel ao dano oxidativo, uma vez que apresenta
elevado consumo de oxigénio, presenca de neurotransmissores auto-oxidaveis,
membrana neuronal rica em acidos graxos poliinsaturados, alto nivel de ferro e
modesta defesa antioxidante (Halliwell, 2006). Neste sentido, existem diversas
evidéncias sugerindo o envolvimento do estresse oxidativo na patogénese do
dano neuroldgico presente em varias doencas neurodegenerativas, tais como as
doencas de Alzheimer e Parkinson, e a esclerose amiotréfica lateral (Mancuso et
al., 2006; Halliwell, 2006). Além disso, trabalhos realizados em nosso laboratorio

demonstraram que em modelos animais de EIM, como a hiperprolinemia (Delwing
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et al., 2003), a hiperargininemia (Wyse et al., 2001) e a homocistindria (Matté et
al., 2004), ha inducéo de estresse oxidativo cerebral.

Sabe-se que o figado possui alta resisténcia ao dano causado pelos
radicais livres, pois dispde de elevados niveis de antioxidantes e pode se adaptar
facilmente as alteracbes metabdlicas (Genet et al., 2002). No entanto, o estresse
oxidativo tem sido reconhecido como um fator fundamental nas diversas
mudancas fisiopatoldgicas observadas em doencas hepaticas, como a hepatite
aguda, a cirrose hepdética e o carcinoma hepatocelular (Loguercio & Federico,
2003; Kim et al., 2004; Tanikawa & Torimura, 2006). Neste contexto, Yalcginkaya e
colaboradores (2007) demonstraram que uma dieta suplementada com metionina
aumenta o dano oxidativo e a hepatoxicidade em ratos cronicamente tratados com
etanol. Além disso, a hipermetioninemia altera o status pré-oxidante/antioxidante

em figado de ratos (Toborek et al., 1996; Mori & Hirayama, 2000).

.6 LIPIDIOS DE MEMBRANA

As membranas celulares sdo compostas por trés classes principais de
lipidios: esfingolipidios, fosfolipidios e colesterol, os quais desempenham uma
série de funcdes fisiologicas importantes (Agranoff & Hajra, 1994; Devlin, 2003).

Os gangliosidios s&do glicoesfingolipidios complexos, com um ou mais
residuos de acido sialico na molécula, altamente concentrados nas membranas
celulares neurais (Tettamanti & Riboni, 1994; Devlin, 2003; Sonnino et al., 2007).
Os principais gangliosidios presentes no cérebro sdo GM1, GD1a, GD1b e GT1b,

0S quais sado sintetizados a partir de um precursor comum derivado da
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lactosilceramida (Kolter et al., 2002). Esses lipidios apresentam uma variedade de
funcdes importantes nos neurbnios, como a participacdo na proliferacdo e
diferenciacdo neuronal, na adesdo celular, na mielinizacdo e na transmissao
sinaptica (Nagai, 1995; Kolter et al., 2002; Mocchetti et al., 2005). Adicionalmente,
She e colaboradores (2005) demonstraram que os gangliosidios afetam a
plasticidade sinaptica em hipocampo, sendo efetivos para atenuar déficits
cognitivos em ratos.

Os fosfolipidios compreendem um grupo heterogéneo de compostos que
geralmente apresentam as seguintes regifes: grupo cabeca polar unido ao glicerol
por uma ponte fosfodiéster e cadeias hidrocarbonadas longas. Esses lipidios
constituem o esqueleto das membranas neurais e conferem a essas, fluidez e
permeabilidade ibnica; além disso, sdo requeridos para a funcdo de proteinas
transmembrana, como receptores e canais i6nicos. Os fosfolipidios mais
abundantes sé@o a fosfatidilcolina, a fosfatidiletanolamina e a fosfatidilserina
(Devlin, 2003; Farooqui et al., 2004). A esfingomielina, também considerada um
fosfolipidio por apresentar a fosfocolina como grupo cabeca polar, esta presente
em altas concentracdes na mielina (Devlin, 2003).

O colesterol, quimicamente derivado do ciclopentanoperidrofenantreno,
também € um constituinte integral das membranas plasmaéticas, localizando-se
especialmente no tecido neural (Ohvo-Rekila et al., 2002; Devlin, 2003). Apresenta
diversas funcbes como a modulacdo de propriedades fisico-quimicas das
membranas, a formacdo da mielina, a sinaptogénese e a liberacdo de
neurotransmissores (Mauch et al., 2001; Valenza & Cattaneo, 2006). O colesterol -

juntamente com os glicoesfingolipidios - estd concentrado em microdominios de
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membrana resistentes a solubilizacdo com detergentes, denominados lipid rafts,
0S quais parecem ser plataformas para os eventos de transducdo de sinal
(Paratcha & Ibanez, 2002).

Sabe-se que alteragdes na composicéo lipidica podem acarretar mudancas
nas propriedades fisicas das membranas e conseqluentemente, ocasionar
disfuncédo neuronal (Tettamanti & Riboni, 1994; Farooqui et al., 2004; Swapna et
al., 2006; Valenza & Cattaneo, 2006). Neste contexto, varia¢cées no contetdo e na
composicdo dos gangliosidios tém sido observadas em danos cerebrais como a
hipoxia (Yin et al., 2006), a isquemia (Kwak et al., 2005) e a doenca de Alzheimer
(Barrier et al., 2007). Adicionalmente, h4 estudos demonstrando que o conteudo
cerebral de colesterol e de fosfolipidio diminui com o avanco da idade
(Svennerholm et al., 1994) e em pacientes com desordens neurodegenerativas

(Svennerholm & Gottfries, 1994; Farooqui et al., 2004).

.7 ACETILCOLINESTERASE

A acetilcolina € um neurotransmissor classico que apresenta papel
importante no controle de diversos processos fisiolégicos no SNC e no periférico.
E sintetizada pela enzima colina acetiltransferase a partir de acetato e colina,
armazenada em vesiculas no neurdnio pré-sinaptico e tem sua acao finalizada
pelas colinesterases presentes nas sinapses (Prado et al., 2002).

As colinesterases, acetilcolinesterase (AChE) e butirilcolinesterase
(BuChE), séo constituintes ubiquos do sistema colinérgico e diferem basicamente

guanto a distribuicdo tecidual, propriedade cinética, especificidade por substratos
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e por inibidores seletivos (Massoulié et al., 1993). A AChE esta presente em maior
concentracdo no SNC, na juncdo neuromuscular e na membrana de eritrécitos,
hidrolisando preferencialmente a acetilcolina (Massoulié et al., 1993; Dave et al.,
2000).

Quanto a estrutura, a AChE pertence a familia de proteinas a/B, pois
contém uma folha [ central rodeada por hélices a (Soreq & Seidman, 2001;
Darvesh et al., 2003). O sitio ativo é formado por um sitio esterasico, que contém
uma triade catalitica composta pelos aminoacidos serina, histidina e glutamato e
por um sitio de ligacdo da colina ou aniénico (Soreq & Seidman, 2001; Lane et al.,
2006; Zimmerman & Soreq, 2006). Existem duas formas moleculares da AChE:
assimeétrica e globular. A forma globular € composta por monémeros, dimeros ou
tetrAmeros da subunidade catalitica, localizando-se no tecido nervoso, enquanto a
assimétrica consiste de um, dois ou trés tetrdmeros cataliticos ligados
covalentemente a uma subunidade ndo catalitica e estd mais concentrada na
juncdo neuromuscular (Aldunate et al., 2004; Lane et al., 2006).

Além de seu papel classico na transmissdo colinérgica, ha dados na
literatura demonstrando que a AChE contribui para a transmissdo sinaptica
dopaminérgica e glutamatérgica (Zimmerman & Soreq, 2006). Também esta
envolvida na adesao celular (Soreq & Seidman, 2001), no crescimento de neuritos
(Day & Greenfield, 2002), na sinaptogénese (Soreq & Seidman, 2001), no fluxo
sanguineo cerebral, na modulacdo da glia, na cascata amildide e na fosforilacado

da proteina tau (Ballard et al., 2005; Lane et al., 2006).
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Muitos estudos tém evidenciado a relacédo entre a doenca de Alzheimer e o
sistema colinérgico central, uma vez que a diminuicdo da neurotransmissao
colinérgica contribui, pelo menos em parte, para o déficit cognitivo e os disturbios
comportamentais observados em pacientes com essa desordem (Ballard et al.,
2005; Fodale et al., 2006). Neste contexto, Pillay e colaboradores (2003)
mostraram que a acetilcolina apresenta um papel neuroprotetor, sugerindo que a
diminuicdo desse neurotransmissor no SNC poderia acelerar a neurodegeneracéo
observada em pacientes com a doenca de Alzheimer. Adicionalmente, tem sido
demonstrado um envolvimento do estresse oxidativo no aumento da atividade da
AChE, com consequente reducdo da acetilcolina, em cultura de células de
pacientes com Alzheimer (Melo et al., 2003).

Convém ressaltar que a AChE tem sido investigada como um importante
alvo no tratamento de varias doencas neurodegenerativas. Neste contexto, os
inibidores reversiveis dessa enzima, utilizados na clinica, melhoram os sintomas
cognitivos, comportamentais e funcionais relacionados as deméncias
hipocolinérgicas, como a doenca de Alzheimer (Giacobini, 2003; Lane et al.,

2006).

1.8 MEMORIA

O aprendizado e a memoria sdo funcdes essenciais do SNC; entretanto,
apesar de intimamente relacionadas, compreendem processos distintos. O
aprendizado pode ser definido como uma alteracéo relativamente permanente no

comportamento que ocorre em consequéncia da pratica ou da experiéncia, ja a
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memodria consiste na capacidade de armazenar e evocar informacgdes (Lent, 2002;
Squire & Kandel, 2003).

Para que ocorra a formacdo da memoaria deve haver inicialmente a aquisicédo
da informacdo, que consiste na entrada de um evento qualquer nos sistemas
neurais ligados a memoria. Porém, dependendo do tipo de informacéo, ela pode
ser esquecida imediatamente, memorizada por um curto periodo, ou retida por
periodos prolongados, 0 que caracteriza o0 processo de consolidacdo. Por fim,
ocorre a evocacao, processo pelo qual a informacdo armazenada pode ser
requisitada para uso na cognicdo, emocao e/ou expressao de um comportamento
(Izquierdo, 2002).

As memoérias podem ser classificadas quanto ao tempo de retencdo da
informacdo armazenada em: memoria imediata ou sensorial, com duracdo de
apenas alguns segundos; memoria de curta duracdo, podendo durar minutos ou
poucas horas; e memoria de longa duracdo, que pode durar horas, dias ou anos,
garantindo o registro do passado autobiografico e dos conhecimentos do individuo
(Izquierdo & McGaugh, 2000; Squire & Kandel, 2003).

Embora os mecanismos envolvidos nos processos de formacdo da memoria
ndo estejam completamente estabelecidos, ha diversos trabalhos na literatura
sugerindo a participacdo de uma série de alteracbes bioquimicas em diferentes
areas do SNC. Os eventos bioquimicos incluem, inicialmente, a ativacdo de
receptores glutamatérgicos dos tipos NMDA (N-metil-D-aspartato), AMPA (a-
amino-3-hidroxi-5-metil-4-isoxazolpropionato) e metabotropicos (mGIuRs), seguida

de mudancas em segundos mensageiros com ativacdo de proteinas cinases
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(Izquierdo & Medina, 1997; Izquierdo, 2002). Além disso, tem sido proposto o
envolvimento da Na',K'-ATPase (Sato et al., 2004; Wyse et al., 2004) e do
estresse oxidativo (Abidin et al., 2004; Silva et al., 2004) na modulacdo dos
processos cognitivos.

Atualmente, existem varias técnicas capazes de avaliar a
memoéria/aprendizagem em animais, sendo uma delas, a tarefa do labirinto
aquatico de Morris. Esse teste € utilizado para investigar o aprendizado e a
memoéria espacial (D’Hooge & De Deyn, 2001). Estudos mostram que o
aprendizado espacial em geral depende da acdo coordenada dos sistemas de
neurotransmissdo e de diferentes regides cerebrais incluindo principalmente o
hipocampo. Corroborando com esses dados, investigadores demonstraram que
lesbes nessa estrutura, no cortex cerebral e no estriado, parecem prejudicar o
desempenho dos animais na tarefa do labirinto aquatico de Morris (D’Hooge & De

Deyn, 2001).
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1.9 OBJETIVOS

Objetivo Geral

Com a finalidade de melhor compreender os mecanismos envolvidos nas
alteracOes neurologicas presentes na hipermetioninemia, o objetivo geral desse
trabalho foi investigar o efeito da metionina sobre alguns parametros bioquimicos
(atividade da Na',K'-ATPase e da AChE, parametros de estresse oxidativo,
contetdo e composicéo de lipidios de membrana) em cérebro de ratos, bem como
avaliar possiveis alteragbes comportamentais em ratos submetidos a
hipermetioninemia. Considerando que a hipermetioninemia pode causar dano
hepatico, alguns parametros de estresse oxidativo também foram avaliados em
figado de ratos hipermetioninémicos.

Esse trabalho sera dividido em seis capitulos como segue:

Capitulo |
Objetivos Especificos
1. Investigar o efeito da pré-incubacdo de homogeneizados de hipocampo de
ratos na presenca de metionina sobre a atividade da Na’,K'-ATPase em
membrana plasmatica sinaptica.
2. Avaliar o papel dos antioxidantes GSH e trolox sobre a inibicdo da Na*,K*-
ATPase causada pela metionina.
3. Investigar o efeito in vitro de diferentes concentracfes de metionina sobre
alguns parametros de estresse oxidativo, denominados quimiluminescéncia,

substancias reativas ao acido tiobarbittrico (TBARS), potencial antioxidante
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total (TRAP), bem como sobre a atividade das enzimas antioxidantes CAT,

GSH-Px e SOD em hipocampo de ratos.

Capitulo 1l
Objetivos Especificos
1. Desenvolver um modelo quimico experimental de hipermetioninemia em
ratos jovens, a fim de mimetizar, pelo menos em parte, a doenca que ocorre

em humanos.

Capitulo 1l
Objetivos Especificos
1. Avaliar o efeito da administracdo crénica de metionina sobre alguns
parametros de estresse oxidativo, tais como TBARS, atividade da enzima
CAT e conteldo tidlico total, bem como sobre a atividade da Na' K" -
ATPase em hipocampo de ratos.
2. Verificar o efeito da hipermetioninemia aguda sobre a atividade da Na*,K" -

ATPase e sobre os niveis de TBARS em hipocampo de ratos.

Capitulo IV
Objetivos Especificos
1. Avaliar o efeito da administracéo crénica de metionina sobre o contetdo e a
distribuicdo de gangliosidios e fosfolipidios, bem como sobre a

concentracao de colesterol em cortex cerebral de ratos.
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2. Verificar o efeito da hipermetioninemia cronica sobre a atividade da Na*,K*-

ATPase e sobre os niveis de TBARS em cortex cerebral de ratos.

Capitulo V
Objetivos Especificos
1. Avaliar o aprendizado e a memoaria espacial na tarefa do labirinto aquatico
de Morris em ratos adultos submetidos ao modelo quimico experimental de
hipermetioninemia.
2. Verificar o efeito da administracdo aguda e crénica de metionina sobre a

atividade da AChE em cortex cerebral de ratos.

Capitulo VI
Objetivos Especificos
1. Verificar o efeito da administracdo cronica de metionina sobre parametros
de estresse oxidativo, denominados quimiluminescéncia, TBARS, TRAP,
reatividade antioxidante total (TAR), conteudo tidlico total e de carbonilas,
bem como sobre a atividade das enzimas antioxidantes CAT, GSH-Px e

SOD em figado de ratos.

OBS: Todos os capitulos serdo apresentados na forma de artigos cientificos.
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Abstract

In the present study we investigated the effect of methionine exposure of hippocampus homogenates on Na® ,K*-ATPase activity from
synaptic plasma membrane of rats. Results showed that methionine significantly decreased this enzyme activity. We also evaluated the effect
of incubating glutathione (GSH) and trolox (n-tocopherol) alone or combined with methionine on Na® K*-ATPase activity. The tested
antioxidants per se did not alter the enzymatic activity, but prevented the inhibitory action of methionine on Na™K™-ATPase activity,
indicating that Met inhibitory effect was probably mediated by free radical formation. Besides, we tested the in vitro effect of methionine on
some parameters of oxidative stress, namely chemiluminescence, thiobarbituric acid reactive substances (TBARS), total radical-trapping
antioxidant potential (TRAP), as well as on the antioxidant enzyme activities catalase, glutathione peroxidase and superoxide dismutase in rat
hippocampus. We observed that methionine significantly increased chemiluminescence and TBARS, decreased TRAP, but did not change the
activity of the antioxidant enzymes. These findings suggest that reduction of Na™,K™-ATPase activity and induction of oxidative stress may be
involved in the brain damage observed in human hypermethioninemia.

) 2005 ISDN. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hypermethioninemia is the biochemical hallmark of
methionine adenosyltransferase (MAT, EC 2.5.1.6) activity
deficiency, as well as of homocystinuria. Affected patients
with these disorders present neurological manifestations,
including cognitive deficit, mental retardation, cerebral
edema and demyelination, whose underlying mechanisms
are not yet fully established (Chamberlin et al., 1996; Mudd
et al, 2000; Mudd et al., 2001).

Na'K"-ATPase (EC 3.6.1.37) is a crucial enzyme
responsible for maintaining the ionic gradient necessary
for neuronal excitability. It is present at high concentrations
in brain cellular membranes, consuming about 40-50% of
the ATP generated in this tissue (Erecinska and Silver,
1994). It has been demonstrated that this enzyme is
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susceptible to free radical attack (Lees, 1993). Besides,
there are some reports showing that Na*,K*-ATPase activity
is decreased in cerebral ischemia (Wyse et al., 2000}, in
epilepsy (Grisar et al., 1992) and in various chronic
neurodegenerative disorders (Lees, 1993).

On the other hand, there is considerable evidence
showing that oxidative stress is an important event occurring
in various common acute and chronic neurodegenerative
pathologies, such as seizures, cerebral ischemia, demyelina-
tion, dementia and Alzheimer’s disease (Halliwell and
Gutteridge, 1985; Reznick and Packer, 1993; Karelsonetal.,
2001; Méndez-Alvarez et al., 2001). This is understandable
since the central nervous system is potentially sensitive to
oxidative damage due to its great oxygen consumption, high
lipid content and poor antioxidant defenses (Halliwell,
1996).

We have recently shown that methionine (Met) added
to the enzymatic assay, at concentrations usually found
in homocystinuria, inhibits Na*,K*-ATPase in purified
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synaptic plasma membrane preparations from hippocam-
pus of rats, suggesting a direct effect of this amino acid on
this enzyme activity (Streck et al., 2002).

In the present study we investigated the effect of
exposing hippocampus homogenates to Met on Na* K*-
ATPase activity from rat synaptic plasma membranes. We
also evaluated the role of the antioxidants glutathione
(GSH) and wrolox (ce-tocopherol) on the inhibition of this
enzyme activity caused by Met. We finally assessed whether
Met could induce oxidative stress by measuring some
parameters of oxidative stress, namely chemiluminescence,
thiobarbituric acid reactive substances (TBARS). total
radical-trapping antioxidant potential (TRAP), and the
activities of the antioxidant enzymes catalase (CAT),
glutathione peroxidase (GSH-Px) and superoxide dismu-
tase (SOD).

2. Experimental procedure
2.1, Subjects and reagents

Thirty-seven Wistar rats with 29-day-old were obtained
from the Central Animal House of the Department of
Biochemistry, Institute of Basic Science of Health, Federal
University of Rio Grande do Sul, Porto Alegre, RS, Brazil.
Animals were maintained ona 12/12 hlight/dark cycle inan
air-conditioned constant temperature (22 £ 1 °C) colony
room. Rats had free access to a 20% (w/w) protein
commercial chow and water. Animal care followed the
official governmental guidelines in compliance with the
Federation of Brazilian Societies for Experimental Biology
and was approved by the Ethics Committee of the Federal
University of Rio Grande do Sul, Brazil. The chemicals
were purchased from Sigma Chemical Co., St. Louis, MO,
USA.

2.2, Tissue and homogenate preparation

Animals were killed by decapitation without anaesthe-
sia, the brain was quickly removed and the hippocampus
was dissected and homogenized in 10 volumes of (.32 mM
sucrose solution containing 5.0 mM HEPES and 1.0 mM
EDTA., pH 7.4. The homogenates were separately incubated
at 37 °C for 1 h with Met (0.02-5.0 mM), 1.0 mM GSH,
3.0mM rtrolox, and with 5.0 mM Met combined with
1.LOmM GSH or 3.0 mM trolox. All substances were
dissolved in Tris—HCI buffer, pH 7.4. After incubation,
synaptic plasma membranes were prepared as described
below and the activity of Na*,K*-ATPase was determined.

For chemiluminescence and TBARS assays, hippocam-
pus was homogenized in 5 volumes (1:5 w/v) of 20 mM
sodium phosphate, pH 7.4, containing 140 mM KCI. For
TRAP measurement, the same structure was homogenized
(1:5w/v) in 0.1 M glycine buffer, pH 8.6. For CAT and
GSH-Px assays, hippocampus was homogenized (1: 10, w/v)

in 10 mM potassium phosphate buffer, pH 7.6 and, for SOD
activity, hippocampus was homogenized (1:10, w/v) in
50 mM Tris-HCI buffer with 1.0 mM EDTA, pH 8.2.

Met was dissolved in Tris—HCI buffer, pH 7.4 and added
to the incubation medium in concentrations ranging from
0.02 to 5.0 mM.

2.3, Preparation of synaptic plasma membrane

Synaptic plasma membranes from hippocampus were
prepared according to the method of Jones and Matus (1974)
with some modifications (Wyse et al, 1995). These
membranes were isolated using a discontinuous sucrose
density gradient consisting of successive layers of 0.3, (1.8
and 1.0 M. After centrifugation at 69,000 x g for 2 h, the
fraction between 0.8 and 1.0 M sucrose interface was taken
as the membrane enzyme preparation.

2.4. Na*,K*-ATPase activity assay

The reaction mixture for Na*,K*-ATPase activity assay
contained 5.0 mM MgCl,, 80.0 mM NaCl, 20.0 mM KCl
and 40.0 mM Tris—HCI, pH 7.4, in final volume of 200 pL.
The reaction was initiated by addition of ATP to a final
concentration of 3.0 mM. Controls were carried out under
the same conditions with the addition of 1.0 mM ouabain.
Na* K*-ATPase activity was calculated by the difference
between the two assays, as described by Wyse et al. (2000).
Released inorganic phosphate (Pi) was measured by the
method of Chan et al. (1986). Specific activity of the
enzyme was expressed as nmol Pi released per min per mg
of protein.

2.5. Chemiluminescence

Chemiluminescence, representing the spontaneous light
emission mainly from peroxidizing lipids, was assayed in a
dark room by the method of Gonzalez-Flecha et al. (1991).
Incubation flasks contained 3.5 mL of medium consisting of
20 mM sodium phosphate, pH 7.4 and 140 mM KCI. The
background chemiluminescence was measured for 5 min.
An aliquot of (.5 mL of hippocampus homogenate was
added and chemiluminescence was measured for 10 min at
room temperature. The background chemiluminescence was
subtracted from the total value. Chemiluminescence was
expressed as cpm/mg protein.

2.0. Thioharbituric acid reactive substances (TBARS)

TBARS, a measure of lipid peroxidation, was determined
according to Esterbaver and Cheeseman (1990). Briefly,
homogenates were mixed with trichloroacetic acid 10% and
thiobarbituric acid 0.67% and heated in a boiling water bath
for 25 min. TBARS was determined by the absorbance at
535 nm. Results were reported as nmol of malonaldehyde
per mg protein.
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2.7, Toral radical-trapping antioxidant potential
{TRAP)

TRAP represents the total nonenzymatic antioxidant
capacity of the tissue and was determined by measuring the
luminol chemiluminescence intensity induced by 2.2"-azo-
bis(2-amidinopropane) (ABAP) (Evelson et al., 2001) at
room temperature. Briefly, four milliliters of 10 mM ABAP
were added to the vial and the background chemilumines-
cence was measured. Ten microliters of 4 mM luminol were
then added and the chemiluminescence was measured. This
was considered to be the initial value. Ten microliters of
80 pM trolox or homogenates (1:5 w/v in 0.1 M glycine
buffer, pH 8.6) were added and chemiluminescence was
measured until it reached the initial levels. The addition of
trolox or tissue homogenate to the incubation medium
reduces the chemiluminescence. The time necessary to
return (o the levels present before the addition was
considered to be the induction time. The induction time is
directly proportional to the antioxidant capacity of the tissue
and was compared to the induction time of trolox. Results
were reported as nmol of trolox per mg protein.

2.8, Catalase assay (CAT)

CAT activity was assayed by the method of Aebi (1984).
H,0O; disappearance was continuously monitored with a
spectrophotometer at 240 nm for 90 s. One unit of the
enzyme is defined as 1 pumol of hydrogen peroxide
consumed per minute and the specific activity was reported
as units per mg protein.

2.9 Glutathione peroxidase assay (GSH-Px)

GSH-Px activity was measured by the method of Wendel
(1981), except for the concentration of NADPH which was
adjusted to 0.1 mM after previous tests performed in our
laboratory. Tert-butyl-hydroperoxide was used as substrate.
NADPH disappearance was continuously monitored with a
spectrophotometer at 340 nm for 4 min. One GSH-Px unit is
defined as 1 pmol of NADPH consumed per minute and
specific activity was represented as units per mg protein.

2.10. Superoxide dismutase assay (50D)

SOD activity was measured by the method of Maklund
{1985). This method 1s based on the autoxidation of
pyrogallol which is highly dependent on O,*". One SOD
unit is defined as the amount of SOD necessary to inhibit
50% of pyrogallol autoxidation and the specific activity was
reported as units per mg protein.

2.11. Protein determination

Protein was measured by the method of Lowry etal. (1951)
or Bradford (1976) using bovine serum albumin as standard.

212, Statistical analysis

Data were analyzed by one-way ANOVA followed by the
Duncan multiple range test when F-test was significant. 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 w be
significant.

3. Results

First, we investigated the effect of incubating hippo-
campal homogenates in the presence of Met, at concentra-
tions ranging from 0.02 to 5.0 mM, on Na* K*-ATPase
activity from synaptic plasma membranes of rats. In this
assay, homogenates were exposed to Met and the synaptic
membranes were prepared afterwards. As can be seen
in Fig. 1A, 5.0mM Met significantly inhibited Na* K*-
ATPase activity by approximately 25% [F(5,18) = 12.164:
p <2 0.001].

Next, we evaluated whether the inhibitory action of Met
on Na* K*-ATPase activity could be mediated by oxidation
of critical groups on the enzyme or by peroxidation of
membrane lipids, by incubating hippocampal homogenates
with 5 mM Met in the presence of the antioxidant GSH
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Fig. 1. Effectof hippocampal homogenates exposure to methionine (A) and
to glutathione and trolox in the presence or absence of methionine (B) on
Ma" K™ ATPase activity from synaptic plasma membrane from rats. Hip

pocampal homogenates were preincubated at 37 °C for 1 howith Met (0.02

50 mM), 1.0 mM GSH, 2.0 mM trolox, 5.0 mM Met plus 1.0 mM GSH or
5.0 mM Met plus 3.0mM trolox. The synaptic plasma membranes were
prepared and the enzyme activity determined. Results are expressed as
means = 5.0, for four independent experiments (animals) in each group
performed in duplicate. ‘"p < 0.001 and ”p < (.01 compared to the other
groups {Duncan’s multiple range test). Met — methionine,
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Fig. 2. Effect of methionine on chemiluminescence (A) and thioharbituric
acid reactive substances (TBARS) (B) in rat hippocampal homogenates.
Results are expressed as means = S.D. for five independent experiments
(animals) in each group performed in duplicate. ‘p < 0,05 and **p < 0.001
compared to control (Duncan’s multiple range test).

(1.0mM) or wolox (w-tocopherol, 3.0mM). Post hoc
analyses showed that the antioxidants per se did not alter
Na",K*-ATPase activity, but prevented the inhibition of the
enzyme activity elicited by Met [F(5,18) = 6.805; p < 0.01]
(Fig. 1B).

We also investigated the effects of different concentra-

tions (0L.02-5.0mM) of Met on some parameters of

oxidative stress, namely chemiluminescence and TBARS
(indexes of lipid peroxidation), TRAP (an index of total
nonenzymatic antioxidant defenses), and on the antioxidant
enzymes CAT, GSH-Px and SOD in hippocampus of rats.
Fig. 2A shows that 5 mM Met significantly increased
chemiluminescence (~309%) [F(5,24)=3.718; p < 0.05].

TBARS was also significantly increased at concentrations of

35-5.0mM [F(5,24)=31.93; p < 0.001], with maximal
stimulation (~100%) occurring at 5.0 mM (Fig. 2B). Fig. 3
shows that Met significantly decreased TRAP [F(5,24) =
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Fig. 3. Effect of methionine on total radicaltrapping antioxidant potential
(TRAP) in rat hippocampal homogenates. Results are expressed as
means = 5.0, for five independent experiments (animals) in each group

performed in duplicate. ™p < 0.001 compared to control (Duncan's multi
ple range test).

10.19: p < 0.001], at concentrations as low as 1.0 mM. In
contrast, the activities of antioxidant enzymes were not
changed by Met (data not shown).

4. Discussion

The underlying mechanisms of brain dysfunction in
severe hypermethioninemia are poorly understood. In
this respect, it has been demonstrated that elevated Met
concentrations can be highly toxic, and that Met metabolites
produced by the transamination pathway such as metha-
nethiol might contribute to this toxicity (Smolin et al., 1981;
Coaoper, 1983; Benevenga and Steele, 1984). Itis also known
that Met has a synergistic effect on seizures elicited by
homocysteine (Mudd et al., 2001). On the other hand, we
have previously showed that 2.0 mM Met added w© the
enzymatic assay inhibits Na* K*-ATPase activity from
synaptic plasma membrane preparations and also reduces
brain energy metabolism in rat hippocampus (Sweck et al.,
2002, 2003). These observations may explain the cerebral
edema observed in severe hypermethioninemia since
inhibition of Na*K*'-ATPase activity may lead to an
impairment of sodium and potassium membrane transport
with a consequent intracellular accumulation of sodium
(Mudd et al., 2003).

In the present study we preincubated hippocampal
homogenates with different concentrations of Met synaptic
plasma membranes were prepared afterwards and the
activity of Na*,K*-ATPase measured. Hippocampus was
used because this structure is essential to learning/memory
(Holscher, 2003: Morris et al., 2003) and hypermethioni-
nemic patients present cognitive deficit (Mudd et al., 2000).
We verified that 5 mM Met significantly inhibited (~25%)
this enzyme activity.

Considering that Na* K*-ATPase is decreased by free
radical formation (Lees, 1993), lipid peroxidation (Mishra
etal., 1989; Viani et al., 1991) and that —SH groups of cell
proteins are highly susceptible to oxidative stress (Yufu
et al, 1993), we also investigated the effects of the
antioxidants GSH and trolox on the inhibitory action of Met
on this enzyme activity. Our results showed that GSH and
trolox per se did not alter Na* K*-ATPase activity, but fully
prevented the inhibitory role of Met on this enzyme.

Although the exact mechanism through which Met
inhibits Na*,K*-ATPase activity is yet unknown, the present
findings suggest the involvement of reactive species
probably by oxidizing SH groups of the enzyme and/or
by peroxidation of membrane lipids, in which the enzyme is
embedded. In this context, it should be noted that GSH acts
directly as a thiol-reducing agent, as well as a scavenger of
free radicals and lipid peroxidation products (Boyland and
Chasseaud, 1970; Meister and Anderson, 1983; Hammond
et al, 2001). In turn Vitamin E (a-twcopherol) is able to
interact with cell membranes, trapping reactive oxygen
species and interrupting the chain of oxidative reactions that
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damage cells (Ames et al, 1993; Burton et al, 1990;
Vatassery, 1998). Besides, there are studies in the literature
showing that w-tocopherol can effectively slow down the
progression  of  Alzheimer’s disease and reduce the
degeneration of hippocampal cells after cerebral ischemia
{(Hara et al., 1990; Sano et al., 1997). On the other hand, we
have previously shown that Vitamins E and C prevent the
reduction of Na'K'-ATPase and acetylcholinesterase
activities caused by hyperprolinemia and hyperargininemia
{Delwing et al., 2003; Franzon et al., 2003; Bavaresco et al.,
2003; Wyse et al., 2004), as well as the memory deficit
caused by hyperhomocysteinemia in rats (Reis et al., 2002).

In order to evaluate whether Met induces free radical
formation, we studied the effect of this amino acid on some
parameters of oxidative stress in rat hippocampus. Our
results showed that Met significantly increased chemilumi-
nescence and TBARS levels, indicating that the amino acid
induced lipid peroxidation. Met also provoked a decrease of
TRAP, which suggest an impairment of tissue nonenzy matic
antioxidant defenses, but did not change the activities of the
antioxidant enzymes CAT, GSH-Px and SOD. Altogether,
these findings indicate that Met, enhancing free radical
production and decreasing nonenzymatic antioxidant
defenses, elicited oxidative stress. Other studies demon-
strated that oxidation of protein Met residues by reactive
oxygen species and by transition metal-catalyzed reactions
is dependent upon the presence of molecular oxygen,
involving the generation of Met free radicals intermediates
{Miller et al., 1996; Schoneich and Yang, 1996). In contrast,
it has been demonstrated that Met exerts a protective role
against free radical damage in rat brain synaptosomes
{Slyshenkov et al., 2002) and there are some reports showing
that the cyclic oxidation-reduction of Met residues of
proteins may represent an important antioxidant mechanism
{Levine et al., 1996; Moskovitz et al., 1997, 2001).

It has been proposed that alterations in Na* ,K*-ATPase
activity may represent an important neurotoxic mechanism
for neurons (Lees, 1993). In this context, there are some data
showing that inhibition of Na*,K*-ATPase activity of the
similar order of magnitude as that found in our study
provokes increased Na‘ uptake and cytosolic free Ca**
concentrations, releasing acetylcholine and decreasing the
membrane potential of synaptosomes from cerebral cortex
of rats (Satoh and Nakazato, 1992). Decreased Na*K*-
ATPase activity leads to neuron-selective lesion in the rat
brain (Lees et al., 1990) and occurs in brain of rats subjected
to an experimental model of depression (Gamaro et al.,
2003). Furthermore, Hattori and colleagues found a
reduction (23%) of Na* K*-ATPase activity in the brain
of patients of Alzheimer’s disease, and suggested that the
decreased enzyme activity could be involved in the
pathophysiology of this neurodegenerative disorder (Hattori
et al, 1998).

Although it is difficult to extrapolate our in vitro data to
the human condition, it is tempting to especulate that
neurological symptoms observed in hypermethioninemia

may be related to high tissue concentrations of Met having
an adverse effect on brain function through oxidative stress
and inhibition of Na* K*-ATPase activity. However, whether
these or other abnormalities are the main factors responsible
for the brain damage in hypermethioninemia remains to be
clucidated.

Acknowledgements

This work was supported in part by grants from CNPqg,
FAPERGS and PRONEX II, FINEP, Brazil.

References

Aebi, H., 1984, Catalase in vitro. Meth. Enzymol. 105, 121-126.

Ames, BN, Shigenaga, M.K., Hagen, TM., 1993, Oxidants, antioxidants
and the degenerative diseases of aging. Proc. Natl. Acad. Sci. U.S.A. 90,
T915-7922.

Bavaresco, C.8., Caleagnotto, T., Tagliari, B., Delwing, D., Lamers, M.L.,
Wannmacher, C.M.D., Wajner, M., Wyse, A TS, 2003 Brain Na" K"
ATPase inhibition induced by arginine administration is prevented by
Vitamins E and C. Neurochem. Res. 28, 825829,

Benevenga, NI, Steele, RD., 1984, Adverse effects of excessive con
sumption of amino acids. Annu. Rev. Nutr. 4, 157-181.

Boyland, E., Chasseaud, L.F, 1970, The effect of some carbonyl com
pounds on rat liver glutathione levels. Biochem. Phammacol. 19, 1526
1528.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
hinding. Anal. Biochem. 72, 248-254.

Burton, G.W., Wronska, U., Stone, L., Foster, D.O., Ingold, K17, 1990,
Biokinetics of dietary RRR-oe-tocopherol inthe male guinea pig at three
dietary levels of Vitamin C and two levels of Vitamin E. Lipids 25, 199
210.

Chamberlin, M.E., Ubagai, T.. Mudd. 5.H.. Wilson. W.G., Leonard, J.V.,
Chou, 1.Y., 1996, Demyelination of the brain is associated with methio
nine adenos yltrans ferase DI deficiency. 1. Clin. Invest. 98, 10211027,

Chan, K.M., Delfer. D, Junger, K.D.. 1986. A direct colorimetric assay for
Ca®*stimulated ATPase activity. Anal. Biochem. 157, 375-380.

Cooper. AJ L., 1983, Biochemistry of sulfur-containing amino acids. Annu.
Rev. Biochem. 52, 187-222,

Delwing, D., Chiarani, F. Delwing. D.. Bavaresco, C.5.. Wannmacher,
CM.D., Wajner, M., Wyse, A T.S., 2003, Proline reduces acetylcholi
nesterase activity in cerebral cortex of rats. Metab, Brain Dis. 18, T9-86.

Erecinska, M.. Silver. LA, 1994, lons and energy in mammalian brain.
Prog. Neurobiol. 43, 37-71.

Esterbaver, H., Cheeseman, K.H., 1990. Determination of aldehydic lipid
peroxidation products: malonaldehyde and 4-hydroxynonenal. Meth.
Enzymaol. 186, 407-421.

Evelson, P, Travacio. M., Repetto, M., Escobar, J., Llesuy, S., Lissi, EA.,
2001, Evaluation of total reactive antioxidant potential (TRAP) of tissue
homogenates and their eytosols. Arch. Biochem. Biophys., 388, 261
266.

Franzon, R., Lamers, M L., Stefanello, FM., Wannmacher, C.M.D., Wajner,
M., Wyse, A T.5., 2003. Evidence that oxidative stress nvolved in the
inhibitory effect of proline on MNa® K™ ATPase activity in synaptic
plasma membrane of rat hippocampus. Int. J. Dev. Newrosci. 21,
303-307.

Gamaro, G.D., Streck, E.L., Matte, C., Prediger, M.E., Wyse, ATS.,
Dalmaz, C., 2003. Reduction of hippocampal Na” K™ ATPase activity
in rats subjected to an experimental model of depression. Neurochem.
Res. 28, 1339-1344.

29



656 EM. Siefanello et al /int. J. Devl Newroscience 23 (2005) 651-656

Gonzilez-Flecha, B., Llesuy. 5., Boveris, A., 1991, Hydroperoxide-initiated
chemiluminescence: an assay for oxidative stress in biopsies of heart,
liver and muscle. Free Rad. Biol. Med. 10, 93-100.

Grnsar, T., Guillaume, D., Delgado-Escueta, AV, 1992, Contribution of
MNa®" K™ ATPase to focal epilepsy: a brief review. Epilepsy Res. 12,
141149,

Halliwell, B., 1996, Free radicals, protein and DNA: oxidative damage
versus redox regulation. Biochem. Soc. Trans. 24, 1023-1027.

Halliwell, B., Gutteridge, JM.C., 1985 Oxygen radicals and nervous
system. Trends Neurosci. 8, 22-26.

Hammond, C.L., Lee, T.K., Ballatori, N., 2001, Novel roles for glutathione
in gene expression, cell death, and membrane transport of organic
solutes. J. Hepatol, 34, 946-954,

Hara, H., Kato, H., Kogure, K., 1990, Protective effect of a-tocopherol on
ischemic nevronal damage in the gerbil hippocampus. Brain Res. 511,
335-338.

Hattori, N.. Kitagawa, K., Higashida, T.. Yagyu. K., Shimohama. S..
Wataya, T, Perry, G., Smith, M.A., Inagaki, C.. 1998, Cl™-ATPase
and Na* K*-ATPase activities in Alzheimer's disease brains. Neurosci.
Lett. 254, 141-144.

Haolscher, C., 2003, Time, space and hippocampal functions. Rev. Meurosci.
14, 253-284.

Jones, D.H., Matus, AL, 1974 Isolation of plasma synaptic membrane from
brain by combination flotation-sedimentation density gradient centri
fugation. Biochim. Biophys. Acta 356, 276-287.

Karelson, E. Bogdanovic, N., Garlind, A., Winblad, B., Zilmer, K.
Kullisaar, T.. Wihalemm. K. Kairane, C. Zilmer, M., 2001. The
cerebrocortical areas in normal brain aging and in the Alzheimer's
disease: noticeable difference in the lipid peroxidation level and in
antioxidant defense. Neurochem. Res. 26, 353-361.

Lees, GJ.. Lehmann, A.. Sandberg, M., Hamberg. H.. 1990. The neuro
toxicity of ouabain, a sodium-—potassium ATPase inhibitor, in the rat
hippocampus. Neurosei. Lett. 120, 159-162.

Lees, GJ., 1993, Contributory mechanisms in the causation of neurode
generative disorders. Neuroscience 54, 287-322,

Levine, R.L., Mosoni, L.. Berlett, B.S.. Stadtman, E.R.. 1994, Methionine
residues as endogenous antioxidants in proteins. Proc. Natl. Acad. Sci.
U.8.AL 93, 1503615040,

Lowry, OH., Rosebrough, N.J., Farr, AL., Randall, RJ., 1951, Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265
275.

Maklund, S., 1985, Handbook of Methods for Oxygen Radical Research,
CRC Press, Boca Raton, pp. 243-247.

Meister, A., Anderson, M.E., 1983, Glutathione. Annu. Rev. Biochem. 52,
T11-T760.

Méndez-Alvarez, E.. Soto-Otero, R.. Hermida Agijeiras, A., Lopez-Real,
AM., Labandeira-Gareia, J.L., 2001. Effects of aluminium and zinc on
the oxidative stress caused by 6-hydroxydopamine autoxidation: rele
vance for the pathogenesis of Parkinson’s disease. Biochim. Biophys.
Acta 1586, 155-168,

Miller, B.L., Williams, T.D., Schoneich, C., 1996. Mechanism of sulfoxide
formation through reaction of sulfur radical cation complexes with
superoxide or hydroxide ion in oxygenated aqueous solution. J. Am.
Chem. Soc. 118, 1101411025,

Mishra, O.P., Delivoria-Papadopoulos, M., Cahillane, G., Wagerle, L.C.,
1989, Lipid peroxidation as the mechanism of modification of the
affinity of Na® K*-ATPase active sites for ATP, K*, Na®, and stro
phanthidin in vitro. Neurochem. Res. 14, 845-851.

Morris, R.G.. Moser, EL, Riedel, G., Martin, SJ., Sandin, J., Day, N.
O'Carroll, C., 2003, Philos. Trans. Roy. Soc. Lond. B. Biol. Sci. 358,
TT3-TR6.

Moskovitz, J.. Berlett, B.S., Poston, IM., Stadtman, ER.. 1997. The yeast
peptide-methionine sulfoxide reductase functions as an antioxidant in
vivo, Proc. Natl, Acad. Sci. U.S A, 94, 9585-9589,

Moskovitz, J., Bar-Noy, 5., Williams, W.M.. Requena J., Berlett, B.S.,
Stadtman, E.R., 2001. Methionine sulfoxide reductase MsrA is a

regulator of antioxidant defense and life span in mammals. Proc. Natl.
Acad. Sci. U.S.A. 98, 12920-12925,

Mudd. 5. H., Jenden, D)., Capdevila, A., Roch, M., Levy, H.L., Wagner. C..
2000, Tsolated hypermethioninemia: measurements of S-adenosyl
methioning and choline. Metabolism 49, 1542-1547,

Mudd. 5. H., Levy, HL.. Skovby, F, 2001, Disorders of transsul furation. In:
Scriver, C.R., Beaudet, A.L., 8ly, W.S., Valle, D. (Eds.), The Metabaolic
and Molecular Bases of Inherited Disease, vol. 2. McGraw-Hill, New
York, pp. 1279-1327.

Mudd, 5.H.. Braverman, N.. Pomper, M.. Tezcan, K., Kronick, J., Jayakar,
P., Garganta, C., Ampola, M.G., Levy, HL., McCandless, S.E., Wiltse,
H.. Stabler, S.P. Allen, R.H.. Wagner, C., Borschel, MW, 2003,
Infantile hypermethioninemia and hyperhomocysteinemia due to high
methionine intake: a diagnostic trap. Mol Genet. Metab, 79, 6-16.

Reis, EAL Zugno, AL, Franzon, R., Tagliari, B., Maue, C., Lamers, M.L.,
Netto, C.AL, Wyse, ATS., 2002, Pretreatment with Vitamins E and C
prevent the impaimment of memory caused by homocysteine adminis
tration in rats. Metab. Brain Dis. 17, 211-217.

Reznick, AZ., Packer, L., 1993, Free radicals and antioxidants in muscular
neurological diseases and disorders. In: Poli, G.. Albano, E.. Dianzani.
M.U. (Eds.), Free Radicals: From Basic Science to Medicine. Birkhiu
ser Verlag, Basel, pp. 425-437.

Sano, M., Emesto, C., Thomas, R.G., Klauber, M.R., Schafer, 5., Grund
man, M., Woodbury, P. Growdon, J. Cotman, C.W., Pfeiffer E..
Schneider, L.S., Thal, L.J., 1997. A controlled trial of selegiline, o
tocopherol, or both as treatment for Alzheimer's disease. New Engl. 1.
Med. 336, 1216-1222.

Satoh, E., Nakazato, Y., 1992, On the mechanism of ousbain-induced
release of acetylcholine from synaptosomes. J. Neurochem. 58,
1038-1044,

Schineich, C.. Yang, J., 1996, Oxidation of methionine peptides by Fenton
systems: the importance of peptide sequence, neighboring groups, and
EDTA. J. Chem. Soc., Perkin Trans. 2, 915-933,

Slyshenkov, V.., Shevalye, AA. Liopo, AV., Wojtczak, L., 2002, Pro
tective role of L-methionine against free radical damage of rat brain
synaptosomes. Acta Biochim. Pol. 49, 907-916.

Smolin, L.A., Benevenga, N.J., Berlow, S., 1981, The use of betaine for the
treatment of homocystinuria. J. Pediatr. 99, 467-472.

Streck, EL.. Zugno, AL, Tagliar, B., Wannmacher, C. M., Wajner, M.,
Wyse, A.T.5., 2002, Inhibition of Na® K™ ATPase activity by the meta
balites accumulating in homocystinuria. Metab. Brain Dis. 17, 83-91.

Streck, EL., Delwing, D, Tagliad, B., Matté, C., Wannmacher, C.M.D.,
Wajner, M., Wyse, AT.S., 2003, Brain energy metabolism is compro
mised by the metabaolites accumulating in homocystinuria. Neurochem.
Int. 43, 597-602.

Vatassery, G.T., 1998, Vitamin E and other endogenous antioxidants in the
central nervous system. Geriatrics 53 (Suppl. 1), 825-827.

Viani, P, Cervato, G..Fiorilli, A., Cestaro, B., 1991, Age-related differences
in synaptosomal peroxidative damage and membrane properties. J.
Meurochem. 56, 253-258,

Wendel, A, 1981, Glutathione peroxidase. Meth, Enzymaol. 77, 325-332,

Wyse, AT.S., Bolognesi, G., Brusque, AM., Wajner, M., Wannmacher,
CM.D, 1995 Na* K" ATPase activity in the synaptic plasma mem
brane from the cerebral cortex of rats subjected to chemically induced
phenylketonuria. Med. Sci. Res. 23, 261-263.

Wyse, ATS., Streck, EL., Worm, P., Wajner, A., Ritter, F., Netto, CA.,
2000. Preconditioning prevents the inhibition of Na® K- ATPase activ
ity after brain ischemia. Neurochem. Res. 25, 971-975,

Wyse, AT.S., Stefanello, EM., Chiarani, E, Delwing, D., Wannmacher,
CM.D., Wajner, M., 2004, Arginine administration decreases cerebral
cortex acetylcholinesterase and serum butyrylcholinesterase probably
by oxidative stress induction. Neurochem. Res. 29, 385-389,

Yufu, K., Itho, T., Edamatsu, R.. Mori, A., Hirakawa, M., 1993, Effect of
hyperbaric oxygenation on the Na® K" -ATPase and membrane fluidity
of cerebrocortical membranes after experimental subarachnoid hemaor
rhage. Neurochem. Res. 16, 1033-1039,

30



CAPITULO Il - ARTIGO 2

Chemically induced model of hypermethioninemia in rats

Francieli M. Stefanello, Cristiane Matté, Emilene B. Scherer,

Clovis M.D. Wannmacher, Moacir Wajner, Angela T.S. Wyse

Periodico: Journal of Neuroscience Methods

Status: Publicado

31



ELSEVI

Journal of Neuroscience Methods 160 (2007) 14

JOURNAL OF
NEUROSCIENGE
METHODS

www.elsevier.com/locate/jneumeth

Chemically induced model of hypermethioninemia in rats

Francieli M. Stefanello, Cristiane Matté, Emilene B. Scherer, Clovis M.D. Wannmacher,
Moacir Wajner, Angela T.S. Wyse*

Departamento de Bioguimica, ICBS, Universidade Federal do Rio Grande do Sul, Rua Ramiro Barcelos, 2600-Anexo,
CEP 00035-003 Porto Alegre, RS, Brazil

Received 4 May 2006; received in revised form 20 July 2006: accepted 25 July 2006

Abstract

In the present study, we developed a chronic chemically induced model of hypermethioninemia in rats. We induced elevated concentrations of
methionine in the blood by injecting subcutaneously methionine ( 1.34-2.68 pmol/g of body weight) to developing animals of various ages. Brain
methionine concentrations were approximately 1.25 pumol/g wet tissue (~1.0 mM). We then injected the same doses of methionine to young rats
twice a day at 8 h intervals from the 6™ to the 28" postpartum day. Controls received saline in the same volumes. The body. brain and hippocampus
of rats were weighed after treatment and showed that hypermethioninemic animals had no differences in these parameters, when compared to
the control group, suggesting that methionine did not canse malnutrition in the rats. Considering that experimental animal models are useful to
understand the pathophysiology of human disease, the present model of hypermethioninemia may contribute to the investigation of the mechanisms

of brain damage caused by high tissue methionine levels.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Hypermethioninemia: Metabolic disease; Animal model: Methionine

1. Introduction

Methionine (Met) is an essential amino acid important for the
normal growth and development of mammals (Finkelstein and
Martin, 1986). However, if the concentration of Met increases,
it may become toxic (Benevenga and Steele, 1984; Cooper,
1983; Mudd et al., 2001; Smolin et al., 1981). In this context,
high plasma levels of Met (hypermethioninemia) have been
encountered in various inherited disorders such as methionine
adenosyltransferase deficiency (Chamberlin et al., 1996; Mudd
et al., 2000, 2001), homocystinuria (Mudd et al., 2001) and
glycine N-methyltransferase deficiency in which neurological
symptoms may occur (Augoustides-Savvopoulou et al., 2003;
Ozias and Schalinske, 2003). In addition. extreme elevations
of adenosylhomocysteine and adenosylmethionine occur in
adenosylhomocysteine hydrolase deficiency (Baric et al.,
2005).

Despite a great deal of works on the neurotoxic effects
of Met, the mechanisms behind these actions remain to be

* Corresponding author. Tel.: +55 51 3316 5573; fax: +55 51 3316 5535,
E-matl address: wyse@ufrgs.br (A T.5. Wyse).

0165-0270/% — see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10, 1016/). jneumeth.2006.07.029

elucidated. However, in vifre studies have begun to identify
some of the actions of Met to induce brain damage. In this
context, we have previously demonstrated that this amino acid
induces oxidative stress, reduces brain energy metabolism
and inhibits Nat,K*-ATPase activity in rat hippocampus in
vitro (Stefanello et al., 2005; Streck et al., 2002a, 2003).
These alterations may explain the cerebral edema observed
in patients with methionine adenosyltransferase deficiency
since reduction of Na*t,K*-ATPase caused by hypermethion-
inemia may lead to an impairment of sodium and potassium
membrane transport with a consequent intracellular accumu-
lation of sodium and water (Mudd et al., 2003). Interestingly,
clinical studies demonstrated that Met levels are elevated
in cerebrospinal fluid of psychotic patients (Regland et al.,
2004).

Animal experimental models can be used to better under-
stand the pathophysiology of human diseases. In this context,
our laboratory has developed animal models for some inherited
metabolic disorders, such as phenylketonuria (Wyse et al.,
1994, 1995), hyperprolinemia type II (Moreira et al., 1989),
homocystinuria (Streck et al.,, 2002b), methylmalonic and
propionic acidemias (Brusque et al., 1999; Dutra et al., 1991).
In these models, we reproduced the peak levels achieved by the
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accumulating metabolites after feedings by repeated injections
o the rats during a critical period of brain development (6" to
the 28! postnatal day).

In the present study we attempted to create a chemically
induced experimental model of hypermethioninemia in young
rats by injecting Met twice a day from the &' to the 28t post-
partum day.

2. Materials and methods
2.1. Animals

Wistar rats were obtained from the Central Animal House of
the Department of Biochemistry, Institute of Basic Science of
Health, Federal University of Rio Grande do Sul, Porto Alegre,
RS, Brazil. Animals were maintained on a 12 h light/dark cycle
in an air-conditioned constant temperature (224 1°C) colony
room. Rats had free access to a 20% (w/w) protein commercial
chow and water. Animal care followed the official governmen-
tal guidelines in compliance with the Federation of Brazilian
Societies for Experimental Biology and was approved by the
Ethics Committee of the Federal University of Rio Grande do
Sul, Brazil.

2.2, Chemicals

Ortho-phthaldialdehyde (OPA), methionine standard and
homocysteic acid were obtained from Sigma Chem. Co. (St.
Louis, MA, USA), whereas mercaptoethanol and methanol for
chromatography was purchased from Merck (Darmstadt, Ger-
many).

2.3. Tissue preparation

Wistar rats of 6-13, 14-20 and 21-28 days of life received
a subcutaneous injection of Met. Blood was collected by car-
diac puncture at [5min, 1, 2, 8 or 12h after Met injection,
and the plasma was separated. The animals were sacrificed and
the brain was immediately isolated. The olfactory bulbs, pons,
medulla and the cerebellum were discarded and the cerebrum
was homogenized in five volumes of saline solution. Plasma and
cerebrum homogenates were deproteinized with methanol (1:3,
viv) and centrifuged at 400 x g for 10min. The supernatants
were removed for Met determination.

2.4. Methionine quantification

The concentrations of Met in plasma and cerebrum
were determined by high-performance liquid chromatogra-
phy (HPLC) according to Joseph and Marsden (1986). The
analysis was performed using a reverse phase column (ODS
25cm x 4.6 mm x 5 m) and fluorescent detection after pre-
column derivatization with OPA plus mercaptoethanol. The flow
rate was adjusted to 1.4mL/min in a gradient of the mobile
phase of methanol and 0.5 M sodium phosphate buffer pH 5.5
(buffer A, 80% methanol: buffer B, 20% methanol). Each sam-
ple run lasts 45 min. Met was identified by its retention time

Table |
Pharmacokinetic parameters of methionine and doses administered according
to rat age

Ageidays)  tyzimin)  Vyiml/g)  Cly (pLiming)  Met doses
(pemolfg weight!
6-13 3024 0.90 2.07 1.34
14-20 206.9 0.96 3.22 2.01
21-28 1328 0.92 4.80 2.68

Note: The parameters were calculated after acute subcutaneous injections of
Met, after which animals were sacrificed at regular time intervals (15 min, 1. 2
8 and 12 h). #2: plasmatic half-time: Vy: apparent volume of distribution; Cly
plasmatic clearance: Met: methionine.

and was quantitatively determined by using its chromatographic
peak area and correlating with the internal standard peak area
{homocysteic acid).

2.5, Chemically induced hypermethioninemia

Doses of Met administered were chosen in order to induce
high plasma Met levels similar to those found in patients affectec
by some conditions with hypermethioninemia. The chosen Mei
doses were 1.34-2.68 pmol/g of body weight depending on ani-
mal age, as shown in Table 1. We then determined the following
pharmacokinetic parameters, apparent volume of distributior
(V). plasmatic half-time (fy;2) and plasmatic clearance (Cly,
after Met injection. Chronically induced hypermethioninemiz
was also used in the present study by administering Met subcu-
taneously twice a day with an interval of 8 h between injections
to rats from the 6% to the 28t day of life. Control rats receivec
saline solution in the same volumes. Twelve hours after the lasi
injection, the body, cerebrum and hippocampus of rats were
weighed.

2.0. Statistical analysis

Data were analyzed by the Student’s f-test or by one-way
ANOVA followed by Duncan multiple range test when F-value
was significant. All analyses were performed using the Sta-
tistical Package for the Social Sciences (SPSS) software in 2
PC-compatible computer. A value of p <0.05 was considered tc
be significant.

3. Results

Fig. 1 shows that 15 min after injection plasma Met levels
were about 30-fold higher (approximately 2 mM) than normal
values [6—13 days: (F(5,12)=67.19, p<0.001): 14-20 days:
(Fi5.12)=161.05, p<0.001); 21-28 days: (F(5.12)=331.32
p<0.001)]. Fig. 2 shows that cerebral Met concentrations were
approximately 15-fold higher (around to 1.25 pwmol/g wet tis-
sue) normal concentrations 60 min after injection [6-13 days:
(Fi(5,12)=135.06, p<0.001); 14-20 days: (F(5,12)=131.14
p<0.001): 21-28 days: (F(5,12)=44.96, p<0.001).

The pharmacokinetic parameters apparent volume of distri-
bution {Vy), plasmatic half-time (f1,2) and plasmatic clearance
(Clp) were determined after Met injection (Table 1). It can be
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Fig. 1. Methionine plasma levels following methionine administration accord-
ing to the age of rats. Rats of 6-13, 14-20 and 21-28 days of age were
administered methionine and the blood was collected 15 min, 1. 2, 8 and 12h
after injection. Data are expressed as mean £ 5 E.M. for three animals in each
aroup ( ANOVA).

observed in the table that higher doses of Met were necessary
to achieve maximal plasma Met concentration as animal age
advanced.

Taking these data into consideration, we developed a
chronic chemical model with hypermethioninemia by injecting
a buffered Met solution twice a day at 8 h intervals from the 6% to
the 28t day of life, corresponding to the most vulnerable period
of brain development in the rat. Control rats received saline in the
same volumes. As can be seen in Table 2, body, cerebrum and
hippocampus weight of rats submitted to chronic Met admin-
istration did not differ from saline-treated rats, suggesting that
Met did not cause malnutrition in the animals. However, we can-
not assume that brain damage did not occur in these animals, so
that neurochemical parameters should be investigated in order
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Fig. 2. Methionine cerebrum concentrations following methionine administra-
tion according tothe age of rats. Rats of 6-13, 14-20 and 21-28 days of age were
sacrificed after 15min, 1,2, 8 and 12 h and the brain was immediately separated
and homogenized. Data are expressed as mean= 5.E.M. for three animals in
each group (ANOVA).

s

Table 2
Effect of chemically induced hypermethioninemia on body, cerebrum and hip-
pocampus weight of rats

Treatment

Saline Methionine
Body weight (g) T3.25 £ 4.80 69.01 £ 4.10
Cerebrum weight (g) 110 £ 0,05 1.07 £ 0.02
Hippocampus weight (g) 0.10 £ 0.01 0.10 £ 0.01

Note: Data are expressed as mean=£ 5.D. for eight rats per group. No significant
difference between groups was detected (unpaired Student’s f-test).

to clarify the chronic effects of high sustained levels of Met in
the brain.

4. Discussion

The principal objective of the present study was to produce
high sustained levels of methionine in plasma of rats simi-
lar to those found in some inherited pathological conditions
in which the concentrations of this amino acid are increased
{Augoustides-Savvopoulouetal., 2003; Mudd et al., 2001; Ozias
and Schalinske, 2003). Concentrations of Met approximately
30-fold the normal levels (controls) were achieved in plasma by
subcutaneous administration of this amino acid. The maximal
plasma Met concentrations were reached 15 min after a single
injection of Met, gradually decreasing afterwards, but remained
high for at least 6 h. Brain Met concentrations were maximal
60 min after injection, and corresponded to approximately 13-
fold the normal values. Brain Met concentrations also decreased
along time, but remained relatively high even 8§ h after injection.
Since relatively high concentrations of Met were encountered in
the brain, it can be presumed that Met crosses the blood-brain
barrier, corroborating with other data showing that Met is trans-
ported via the L-carrier system (Kracht et al., 2003: O’Kane and
Hawkins, 2003).

The pharmacokinetic parameters measured after Met admin-
istration showed that plasmatic clearance increased and plas-
matic half-time decreased as animal age advanced. These data
probably indicate that renal excretion and hepatic metabolism
of Met are not fully developed in very young rats. Addi-
tionally, we observed that the concentrations of Met in the
brain decreased more slowly than those in the plasma, remain-
ing relatively high up to 8h after Met injection. It should
be, however, emphasized that, besides Met, other metabo-
lites such as S-adenosylmethionine, homocysteine and §-
adenosylhomocysteine, perhaps cystathionine and sarcosine
probably increased in the plasma of rats injected with Met.
Although the extent to which such changes occur in brain is
uncertain, it is unlikely that they have contributed decisively to
the effects observed in the present study.

‘We then administered chronically twice a day the same doses
of Met utilized to calculate the pharmacokinetic parameters dur-
ing a period of rapid brain development (from the 6 to the 28
postnatal day of life) in which crucial events occur, such as
synaptogenesis (Clark et al., 1993), myelogenesis and intense
neural proliferation (Enesco and Leblond, 1962; Winick and
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Noble, 1965). Our findings demonstrated that animals submitted
to this madel had no differences in body, cerebrumor hippocam-
pus weight, when compared to the control group, indicating
that Met does not cause malnutrition in the rats, which could
otherwise interfere with some important studies in the brain.
Therefore, this chemical model seems suitable for futures studies
aiming to investigate the role of high brain Met concentrations
on neurochemical parameters and behavior in order to clarify
the neuropathological changes observed in hypermethioninemic
patients. However, it should be taken into consideration that Met
derivatives may also increase following Met administration so
that data originated from this model should be interpreted with
caution.
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Abstraet In the present study we investigated the effect of chronic administration of
methionine, a metabolite accumulated in many inherited pathological conditions
such as methionine adenosyltransferase deficiency and homocystinuria, on some
parameters of oxidative stress, namely thiobarbituric acid reactive substances
(TBARS), catalase activity and total thiol content, as well as on Na' K -ATPase
activity in rat hippocampus. For chronic treatment, rats received subcutaneous
injections of methionine (1.34-2.68 umol/g of body weight), twice a day, from the
6th to the 28th day of age and controls received saline. Animals were killed 12 h
after the last injection. Results showed that chronic hypermethioninemia
significantly increased TBARS, decreased Na" K*-ATPase activity but did not alter
catalase and total thiol content. Since chronic hypermethioninemia altered TBARS
and Na' K'-ATPase activity at 12 h after methionine administration, we also
investigated the effect of acute administration of this amino acid on the same
parameters studied after chronic methionine administration. For acute treatment,
29-day-old rats received one single injection of methionine (2.68 pmol/g of body
weight) or saline and were killed 1, 3 or 12 h later. Results showed that rats subjected
to acute hypermethioninemia presented a reduction of Na',K'-ATPase activity and
an increase in TBARS when the animals were killed at 3 and 12 h, but not at 1 h,
after methionine administration. These data indicate that hypermethioninemia
increases lipid peroxidation which may, at least partially, explain the effect of
methionine on the reduction in Na' K'-ATPase activity. If' confirmed in human
beings, our findings could suggest that the induction of oxidative stress and the
inhibition of Na* K*-ATPase activity caused by methionine might contribute to the
neurophysiopathology observed in patients with severe hypermethioninemia.
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Introduction

Tissue accumulation of methionine (Met) can occur in many metabolic disorders.
such as methionine adenosyltransferase deficiency and homocystinuria. Affectec
patients with these disorders present a variable degree of neurological dysfunc-
tion, including mental retardation, cognitive deficit and cerebral edema; however
the exact mechanisms involved in these alterations remain poorly understooc
(Mudd et al. 2000, 2001).

Accumulating evidence suggests that reactive oxygen species and/or oxidative
stress can contribute to newrological dysfunction present in many neurodegenerative
disorders, including Alzheimer’s disease (Bergendi ef al 1999; Mancuso et al. 2006;
Halliwell 2006). At this point, it should be emphasized that lipid, protein and DNA
oxidative damage, as well as reduced concentrations of enzymatic and nonenzymatic
defenses have been demonstrated in patients affected by these disorders (Olanow
1993; Perry et al 2003; Halliwell 2006). In this respect, we have shown that Met ir
vitro induces oxidative stress in rat hippocampus (Stelanello et al. 2005).

Na®,K™-ATPase is an enzyme embedded in the plasma membrane that cataly zes the
active transport of monovalent cations inside and outside the cell membrane at the
expense of ATP hydrolyzing. This enzyme is responsible for generating and maintaining
membrane potential necessary for neuronal excitability and thus disturbances in its
activity could have grave consequences for central nervous system (CNS) functioning
(Erecinska and Silver 1994; Mobasheri et al. 2000). Accordingly, there are repors
showing that Na" K'-ATPase activity is reduced in epilepsy (Grisar er al. 1992)
depressive disorders (Goldstein et al. 2006), an experimental model of cercbral
ischemia (Wyse et al. 2000), a depression model (de Vasconcellos et al. 2005), and ir
many neurodegenerative disorders, including Alzheimer’s disease (Hattory et al. 1998;
Vignini ef al. 2006). On the other hand, it has been demonstrated that free radicals and,
or oxidative stress inhibit Na",K'-ATPase activity (Lees 1993; Jamme et al 1995;
Rauchovd et al. 1999). In addition, we have shown that Met inhibits hippocampal Na*
K*-ATPase activity in vitro (Streck et al. 2002; Stefanello et al. 2005).

Therefore, considering that oxidative stress and Nat K'-ATPase activity are
associated with neurological dysfunction (Mobasheri et al. 2000; Halliwell 2006;
Vignini et al. 2006) and Met alters these parameters in vitro (Stefanello et al 2005).
in the present study we investigated the effect of chronic administration of Met or
some parameters of oxidative stress, namely thiobarbituric acid reactive substances
(TBARS), catalase activity and total thiol (SH) content, as well as on Na' K™
ATPase activity in synaptic plasma membrane from hippocampus of rats. The Na',
K'-ATPase activity and TBARS levels were also tested in hippocampus of rats
subjected to acute hypermethioninemia. The working hypothesis is that the
administration of’ Met could induce oxidative stress and this alteration would be
associated with a possible inhibition of Na*,K*-ATPase activity. Hippocampus was
used because this cerebral structure is essential to learning/memory (Holscher 2003;
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Morris et al. 2003) and patients with severe hypermethioninemia present impairment
in memory (Mudd et al. 2000, 2001).

Materials and methods
Subjects and reagents

Wistar rats were obtained from the Central Animal House of the Department of
Biochemistry, Institute of Basic Science of Health, Federal University of Rio Grande
do Sul, Porto Alegre, RS, Brazil. Animals were maintained on a 12/12 h light/dark
cycle in an air-conditioned constant temperature (22+1°C) colony room. Rats had
free access to a 20% (w/w) protein commercial chow and water. Animal care
followed the official governmental guidelines in compliance with the Federation of
Brazilian Socicties for Experimental Biology and was approved by the Ethics
Committee of the Federal University of Rio Grande do Sul, Brazil. The chemicals
were purchased from Sigma Chemical Co., St. Louis, MO, USA.

Methionine administration procedure

For chronic treatment, Met solution was administered subcutaneously twice a day at
8 h intervals from the 6th to 28th day of age. Control animals received saline
solution in the same volumes as those applied to Met-treated rats. Met doses were
calculated from pharmacokinetic parameters previously determined in our labora-
tory (Stefanello et al. 2007). Animals received 1.34 pmol Met/g body weight
during the first 8 days of treatment, 2.01 pmol Met/g body weight from days 14th
to 20th, and 2.68 pmol Met'g body weight from the 2 1st to 28th day. Rats subjected
to this treatment achieved plasma Met levels (around to 2 mmol/1) similar to those
found in hypermethioninemic patients with some inherited pathological conditions
(Mudd er al. 2001; Augoustides-Savvopoulou ef al. 2003).

Maximal brain levels were achieved 60 min afier Met administration (1.25 umol/g
wet tissue). Twelve hours afler treatment, plasma and brain Met concentrations
returned to normal levels. The animals were killed 12 h after the last injection and
hippocampus were quickly dissected out. For acute treatment, 29-day-old rats
received one single subcutaneous injection of Met (2.68 umol/g of body weight) or
saline (control) and were killed 1, 3 or 12 h later. For both treatments, Met was
dissolved in 0.9% NaCl solution and buffered to pH 7.4.

Tissue and homogenate preparation

Animals were killed by decapitation without anesthesia, the brain was quickly
removed and the hippocampus was dissected. For TBARS and total thiol content
assays, hippocampus was homogenized in ten volumes (1:10, wiv) of 1.15% KCl or
in phosphate buffer saline (PBS), pH 7.5, containing 1 mM EDTA, respectively. For
CAT assay, hippocampus was homogenized (1:10, w/v) in 10 mM potassium
phosphate buffer, pH 7.6. For Na" K"-ATPase assay, hippocampus was homogenized
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in ten volumes (1:10, w/v) of 0.32 M sucrose solution containing 5.0 mM HEPES
and 0.1 mM EDTA, pH 7.4. After homogenization, synaptic plasma membranes
were prepared and the activity of Na* K'-ATPase was determined.

TBARS assay

TBARS, an index of lipid peroxidation, were determined according to the method
described by Ohkawa et al (1979). Briefly, 50 ul of 8.1% sodium dodecyl sulfate,
1.5 ml of 20% acetic acid solution adjusted to pH 3.5 and 1.5 ml of 0.8% aqueous
solution of thiobarbituric acid were added to 500 pl of tissue homogenate in a Pyrex
tube, and then heated in a boiling water bath for 60 min. Afier cooling with tap
water, the mixture was centrifuged at 1,000 = g for 10 min. The organic layer was
taken and the resulting pink color was determined in a spectrophotometer at 535 nm.
The results were reported as nmol of TBARS per mg protein.

Catalase assay

Catalase activity was assayed by the method of Aebi (1984). H,0, disappearance
was continuously monitored with a spectrophotometer at 240 nm for 90 s. One uni
of the enzyme is defined as 1 umol of hydrogen peroxide consumed per minute and
the specific activity was reported as units per mg protein.

Total thiol content assay

Total thiol content was determined using the DTNB method, as described by
Aksenov and Markesbery (2001) with some modifications. Briefly, 50 ul of the
sample was mixed with 980 pl of PBS, pH 7.5, containing 1 mM EDTA. The
reaction was started by the addition of 30 pl of 10 mM DTNB stock solution in PBS.
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Fig. 2 Effect of chronic administration of methionine on Na® K -ATPase activity from synaptic plasma
membrane of rat hippocampus. Data are expressed as mean+SD of five animals in each group.
FEEn< 0001 compared to control groups (Student’s ¢ test)
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Afier 30 min of incubation at room temperature, the absorbance at 412 nm was
measured and the amount of TNB formed was calculated. The resulis were reported
as nmol of TNB per mg protein.

Preparation of synaptic plasma membrane

Synaptic plasma membranes from hippocampus were prepared according to the
method of Jones and Matus (1974) with some modifications (Wyse ef al. 1995).
These membranes were isolaied using a discontinuous sucrose density gradient
consisting of successive layers of 0.3, 0.8 and 1.0 M. After centrifugation at 69,000 =
g for 2 h, the fraction between (0.8 and 1.0 M sucrose interface was taken as the
membrane enzyme preparation.

Na " K'-ATPase activity assay
The reaction mixture for Na' K -ATPase activity assay contained 5.0 mM MgCls,,

80.0 mM NaCl, 20.0 mM KCI and 40.0 mM Tris-HCI, pH 7.4, in final volume of
1400

4]
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Fig. 3 Effect of acute administration of methionine on Na' K -ATPase activity (a) and on thiobarbituric
acid reactive substances (TBARS) (b) in hippocampus of rats. Data are expressed as mean+5D of 4-5
animals in each group, *¥p<0.01; *#*p<0.00]1 compared to control groups (Duncan’s multiple range test)
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200 pl. The reaction was initiated by addition of ATP to a final concentration of
3.0 mM. Controls were carried out under the same conditions with the addition of
1.0 mM ouabain. Na* K -ATPase activity was calculated by the difference between
the two assays, as described by Wyse ef al. (2000). Released inorganic phosphate
(Pi) was measured by the method of Chan et al. (1986). Specific activity of the
enzyme was expressed as nmol Pi released per min per mg of protein.

Protein determination

Protein was measured by the method of Lowry et al (1951) or Bradiord (1976)
using bovine serum albumin as standard.

Statistical analysis

Data were analyzed by Student’s ¢ test or by one-way analysis of variance (ANOVA)
followed by the Duncan’s multiple range test when F-value was signilicant. All
analyses were performed using the Statistical Package for the Social Sciences
(SPSS) sofiware in a PC-compatible computer. Differences were considered
statistically significant if p<0.05.

Resulis

First, we verified the effect of chronic administration of Met on some parameters of
oxidative stress in rat hippocampus. Figure 1 shows that chronic hypermethio-
ninemia significantly increased (30%) TBARS values (a) [¢(10)=-2.83; p<0.05]
when compared to control group (saline). As can be also observed in Fig. 1, Met did
not alter catalase activity (b) [¢(6)=0.55; p=>0.05] and total thiol content (c) [#(6)=
0.005; p=0.05].

Next, we determined the activity of Na*,K'-ATPase in synaptic plasma membranes
from hippocampus of rats subjected to chronic hypermethioninemia. Figure 2 shows
that Met-treated rats presented a significant reduction (35%) in Na"K'-ATPase
activity [¢(8)=5.71; p<0.001] when compared to control groups. Since chronic
administration of Met to developing rats (6th to the 28th postpartum day) provoked
changes in TBARS values and Na' ,K"-ATPase activity when the animals were killed
at 12 h afier the last injection (chronic studies), we also evaluated these same
parameters in hippocampus of young rats (29-day-old) at different times (1, 3 or 12 h)
after the administration of Met (acute studies). Figure 3 shows that acute hyper-
methioninemia significantly decreased (~30%) Na' K -ATPase activity (a) [F(3,15)=
18.86: p<0.001] and increased (~35%) TBARS (b) [F(3,15)=8.57; p<0.01] at 3 and
12 h, but not 1 h, after Met injection.

Discussion
Neurological dysfunction is observed in patients with severe hypermethioninemia

(Mudd et @l 2000, 2001), whose physiopathology is still poorly understood.
ﬂ.‘ipringer

43



Metab Brain Dis

However, there is some data in the literature suggesting that elevated Met concentrations
and/or its metabolites are potentially toxic (Benevenga and Steele 1984; Mudd et al.
2001; Garlick 2006). In this context, we have demonstrated that Met in vitro reduces
energy metabolism, induces oxidative stress and inhibits Na* K'-ATPase activity in rat
hippocampus (Streck et al 2002, 2003; Stefanello er al 2005). It has also shown that
Met increases hippocampal acetylcholinesterase activity in vitro (Schulpis er al. 2006).
On the other hand, clinical studies have demonstrated that Met levels are elevated in
cerebrospinal fluid of psychotic patients (Regland et al. 2004).

Animal models are useful to better understand the pathophysiology of discases. In
this context, we have recently developed in our laboratory a chemically experimental
model of hypermethioninemia (Stefanello et al. 2007), in which we produced high
levels of Met in blood of rats similar to those found in some pathological conditions
such as methionine adenosyltransferase deficiency, homocystinuria and glycine N-
methyltransferase deficiency (Mudd er al. 2001; Augoustides-Savvopoulou et al.
2003). The drug was administered during a period characterized by intense
synaptogenesis and gliogenesis and when cerebral structures involved in cognition
have a rapid development in rats (Loo ef al. 1980; Davis and Squire 1984; Clark et
al. 1993; Miller et al 1994). Animals exposed to Met treatment presented no
differences in physical growth and brain weight when compared to the control
group, suggesting that Met did not cause malnutrition in the rats, which could
otherwise interfere with some important studies in the brain (Stefanello et al. 2007).
By using this model, we initially evaluated the effect of chronic Met administration
on some parameters ol oxidative stress, namely TBARS, catalase activity and total
thiol content, as well as on Na" K'-ATPase activity in rat hippocampus at 12 h after
the last Met injection. We showed that chronic hypermethioninemia significantly
increased TBARS, but did not alter catalase and total thiol content. Considering that
TBARS reflects the amount of malondialdehyde formation, an end product of
membrane fatty acid peroxidation (Halliwell and Gutteridge 2006), our data indicate
that Met increased spontancous lipid peroxidation in the brain, inducing oxidative
damage in membrane lipids. We also demonstrated that Met administration
significantly decreased Na',K'-ATPase activity from synaptic plasma membranes
from rat hippocampus. These findings are in agreement with previous in vitro data
from our laboratory showing that Met induces oxidative stress and inhibits brain Na®,
K- ATPase activ ity (Stefanello et al 2005).

According to the pharmacokinetic parameters determined by Stefanello er al.
(2007), the Met concentration decreases after 6 h of administration and returned to
normal levels after 12 h. Here presented results indicate that high levels of Met are
not necessary to produce inhibition of Na*,K'-ATPase activity suggesting that this
effect is rather indirect. In this context, numerous studies have demonstrated the
vulnerability of membrane bound Na" K'-ATPase to free radicals (Jamme et al.
1995; Rauchovd ef al. 1999). The oxidation of sulthydryl or other essential groups of
the enzyme, besides the damage to membrane phospholipids by the peroxidative
process and the associated alteration of fluidity or other membrane properties have
been implicated in the inactivation of Na" K'-ATPase (Yufu et al 1993;
Fleuranceau-Morel et al. 1999; Lehtosky ef al. 1999). Accordingly, our recent data
showed that the antioxidants such as glutathione (GSH), SH-group protecting agent,
and trolox (x-tocopherol) prevented in vitro the inhibitory effect of Met on cercbral
ﬂ Springer
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Na" K'-ATPase activity in rats (Stefanello er al. 2005). Considering that chronic
hypermethioninemia altered TBARS values and Na' K'-ATPase activity at 12 h
alter Met administration, we also determined the effect of acute hypermethioninemia
on these same parameters in hippocampus of rats at 1, 3 or 12 h after Met injection.
Our results demonstrated that this amino acid, at 3 and 12 h afier administration,
significantly decreased Na* K*-ATPase activity and increased TBARS. Although not
conclusive, the present in vivo findings suggest that lipid peroxidation may, at least
partially, explain the inhibition provoked by Met towards Na* K*-ATPase activity in
the hippocampus. Na* K'-ATPase activity is critical for maintaining the basal
membrane potential necessary for a normal neurotransmission, and alterations in this
enzyme activity may be a link between many common neurotoxic mechanisms in
neurons (Lees and Leong 1995; Wang et al 2003; Yu 2003). In this context,
neuronal death associated with failure of the Na*, K™ pump may lead to apoptosis
and necrosis mediated by depletion of K™ and accumulation of Na* and Ca®",
respectively (Xiao ef al. 2002). On the other hand, inhibition of Na'" K'-ATPase has
been also associated with excitotoxicity and neurodegenerative disorders (Lees
1993; Cousin ef al. 1995; Pisani et al 2006; Vignini et al. 2006).

Therelore, although it is difficult extrapolate our results to the condition human,
we cannot rule out a possible correlation between an inhibition of Na"K™-ATPase
activity and induction of oxidative stress caused by Met and the brain damage
present in hypermethioninemic patients. However, more studies are necessary to
investigate additional mechanisms involved in severe hypermethioninemia.
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Abstract

Neurological dysfunction is observed in patients with severe hypermethioninemia, whose physiopathology is still poorly understood. In the
current study we investi gated the effect of chronic administration of methionine on the content and species of gangliosides and phospholipids, as
well as on the concentration of cholesterol in rat cerebral cortex. Wistar rats received subcutaneous injections of methionine ( [.34-2.68 pmol/g
of body weight), twice a day, from the 6th to the 28th day of age and controls received saline. Animals were killed 12 h after the last injection.
Results showed that methionine administration significantly decreased the total content of lipids in cerebral cortex of rats. We also observed that
this amino acid significantly reduced the absolute quantity of the major brain gangliosides (GMI1, GDla, GDIb and GT Ib) and phospholipids
{sphingomyelin, phosphatidylcholine and phosphatidylethanolamine). We also showed that Na™ K™-ATPase activity and TBARS were changed
in cerebral cortex of rats subjected to hypermethioninemia. If confirmed in human beings, these data could suggest that the alteration in lipid
composition, Na™, K -ATPase activity and TBARS caused by methionine might contribute to the neurophysiopathology observed in

hypermethioninemic patients.
() 2007 ISDN. Published by Elsevier Ltd. All rights reserved.

Keywords: Hypermethioninemia; Gangliosides; Phospholipids; Cholesterol; Cerebral cortex

L. Introduction

Tissue accumulation of methionine (Met) is a biochemical
hallmark of many inherited metabolic disorders, such as
methionine adenosylransferase (MAT) deficiency and homo-
cystinuria. Although, some patients with MAT deficiency did
not present significant clinical symptoms, a significant number
of affected patients present neurological manifestations,
including cognitive deficit, mental retardation, cerebral edema
and demyelination {Chamberlin et al., 1996: Mudd et al., 2000,
2001 ).

It has been shown that lipids, such as gangliosides.
phospholipids and cholesterol present a variety of important
physiological functions in neurons (Agranoff and Hajra, 1994).
Gangliosides, a complex family of sialylated glycosphingoli-

* Corresponding author. Tel.: +£55 51 3308 5573; fax: +55 51 3308 5535,
E-mail address: wyse@ufrgsbr (A T.S. Wyse).
! Both are first authors.

O726-5T48/530000 @@ 2007 ISDN. Published by Elsevier Ltd. All rights reserved.

doi:10. 1016/ ijdevnen. 200708004

pids, are particularly abundant in the neuronal membranes
acting on proliferation and neuronal differentiation, myelina-
tion and synaptic transmission (Ando, 1983: Tettamanti and
Riboni, 1994; Nagai, 1995: Kolter et al., 2002: Moccheti.
2005). It has also been proposed that gangliosides may play
significant role in learning/memory mechanisms (Rahmann,
1995; She et al., 2005). Phospholipids are a heterogeneous
group of compounds that constitute the backbone of neural
membranes. They provide the membrane with suitable
environment, fluidity and ion permeability, and are required
for the function of integral membrane proteins, receptors and
ion channels (Farcoqui et al., 2004). Cholesterol is a structural
component of membranes and is required for viability and
cellular proliferation (Ohvo-Rekild et al., 2002). It and
glycosphingolipids are concentrated in detergent-resistant
microdomains or lipid rafts, which are seen as platforms for
the signal transduction events (Paratcha and Ibanez, 2002).
Cholesterol is also involved in membrane trafficking, myelin
formation and synaptogenesis (Mauch et al., 2001; Valenza and
Cattaneo, 2006).
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There are some evidences showing that alterations in the
content and composition of gangliosides occur in experimental
models of organic acidemia (Wajner et al., 1988: Brusque et al.,
1998: Trindade et al., 2002), hypoxia/ischemia (Trindade et al.,
2001; Ramirez et al.. 2003) and Alzheimer’s disease (Barrier
et al., in press). Additionally, it has been demonstrated that
brain phospholipid and cholesterol contents decrease with
advancing age (Svennerholm et al., 1994) and in patients with
neurodegenerative diseases (Svennerholm and Goitfries, 1994;
Farooqui et al., 2004).

The aim of this study was to investigate whether early
chronic administration of Met would affect the content and the
species of gangliosides and phospholipids, as well as the
concentration of cholesterol in cerebral cortex of rats.
Additionally, considering that Na*,K*-ATPase and thiobarbi-
turic acid-reactive substances (TBARS) are marker of neuronal
membrane (Jones and Matus, 1974) and lipid peroxidation
(Ohkawa et al.. 1979), respectively, we also evaluated the effect
of chronic hy permethioninemia on these parameters in cerebral
cortex of rats. Our hypothesis is that hypermethioninemia could
alter lipid content, Na* K*-ATPase activity and lipid peroxida-
tion in brain of rats. We used cerebral cortex because this
structure is involved in  memory/learning mechanisms
{(Izquierdo et al., 1998) and several patients with hypermethio-
ninemia present cognitive impairment (Mudd et al., 2000,
2001).

2, Experimental procedures
21 Subjects and reagenis

Wistar rats were obtained from the Central Animal House of the Depart
ment of Biochemistry, Institute of Basic Science of Health, Federal University
of Rio Grande do Sul, Porto Alegre, RS, Brazil. Animals were maintained ona
1212h light/dark cycle in an  air-conditioned constant temperature
(22 = 1*C) colony room. Rats had free access to a 20% (w/w) protein
commercial chow and water The NIH “Guide for the Care and Use of
Laboratory Animals™ (NIH publication No. 80-23, revised 1996) was fol
lowed in all experiments.

Silica-gel 60 thin-layer chromatography (TLC) sheets were supplied by
Merck (Darmstadt. Germany). All other chemicals were obtained from
Sigma-Aldrich (Saint Louis, MO, USA) and the solvents used were of
analytical grade.

2.2, Methionine administration procedure

Methionine was dissolved in 0.9% sodium chloride solution and was
adjusted to pH 7.4. For the chronic treatment, Met solution was administered
subcutaneously twice a day at & h intervals from the 6th to 28th day of age.
Control animals received saline solution in the same volumes as those applied to
Met-treated rats. Met doses were caleulated from pharmacokinetic parameters
previously determined in our laboratory (Stefanello et al., 2007a). Animals
received .24 pmol Met/g body weight during the first & days of treatment,
201 pmol Met'g body weight from day 14th to 20th, and 2.68 pmol Met/g
body weight from day 2 1st to the 28th. Rats subjected to thistreatment achieved
plasma Met levels (2 mmol/L) similar to those found in hypermethioninemic
patients with some inherited pathological conditions (Mudd et al., 2001;
Augoustides-Savvopoulou et al., 2003), Maximal brain levels were achieved
60 min after Met administration (1.25 pmol/g wet tissue). Twelve hours after
treatment, plasma and brain Met concentrations returned to normal levels. The
animals were killed 12 h after the last injection and cerebral cortex was quickly
dissected out.

2.3, Lipid exiraciion

The cerebral cortex was weighed and homogenized in a 2:1 mixture of
chloroform:methanol (C:M, 2:1, viv) to a 20-fold dilution of tissue mass and
centrifuged at 800 = g for 10 min. The pelletwas re-homogenized in C:M(1:2)to
a 10-fold dilution of original sample mass (Folch etal., 1957). The C:M extracts
were combined and this pool was used for the following determinations.

2.4, Toral gangliosides, phospholipids and cholesterol
determinaiions

Aliguots from the total lipid extracts were used for ganglioside determina
tion by the N-acetyl-neuraminic acid (NeuAc) quantification with the thiobar
bituric acid assay described by Skoza and Mohos (1976).

Phospholipid and cholesterol were guantified in aliquots from total lipid
extracts according to the method of Bartlett (1959) and to the Trinder-enzy matic
technigue {Bergmeyer, 1974), respectively.

2.5, Thin layer chromatography (TLC) analysis

Ganglioside species were analyzed by TLC and this technigue was per
formedon 10 em = 10 em Merck plates of silica gel 60using a developing tank
described by Nores et al. (1994). Aliguots of the total lipid extracts containing
4 nmaol of NeuAc suspended in 10 pL. C:M (1:1) were spotted on 8 mm lanes.
TLC was developed, sequentially, with two mixtures of solvents, firstly C:M
(41, viv) and secondly C:M:{.25% CaCly (60:36:8, v/v/v). Ganglioside profile
was visualized with resorcinol reagent (Svennerholm, 1957; Lake and Good
win, 1976). The chromatographic bands were guantified by scanning densito
metry at 380 nm with a CS 9201 PC SHIMADZU densitometer. Individual
ganglioside values, expressed as nmol NeuAc/mg protein, were calculated by
relating their respective percentage to the absolute total quantity of ganglioside
NeuAc. The terminology used herein for gangliosides is that recommended by
Svennerholm (1963).

Phospholipid species were analyzed by TLC using chloroform:methano
Lacetic acidwater (C:M:Aac:W, 86:14:4: 1, viviviv) as the solvent system
which is a maodification of the theoretical under phase (Folch et al., 1957)
Aliquots of total lipid extracts containing a quantity eguivalent to 7 pmol of
inorganic phosphorus (Pi) suspended in 10 pL of C:M (2:1) were spotted on
same plate size described above. Phospholipid bands were visualized with
Comassie-Blue R250 (Nakamura and Handa, 1984). The chromatographic
hands were quantified by scanning densitometry at 300 nm with a CS 9301
PC SHIMADZU densitometer. Individual phospholipid values, expressed as
nmol Pifmg protein, were caleulated by relating their respective percentage to
the absolute total quantity of phospholipid-Pi.

2.6, Preparation of synaptic plasma membrane

The cerebral cortex was homogenized in 10 volumes (1:10, w/v) of 0.32 M
sucrose solution containing 5.0 mM HEPES and 0.1 mM EDTA, pH 7.4. After
homaogenization, synaptic plasma membranes were prepared according to the
method of Jones and Matus (1974) with some modifications (Wyse etal., 1995),
These membranes were isolated using a discontinuous sucrose density gradient
consisting of successive layers of 0.3, 0.8 and 1.0 M. After centrifugation at
69,000 = g for 2 h, the fraction between 0.8 and 1.0 M sucrose interface was
taken as the membrane enzyme preparation.

2.7. Na*,K*-ATPase activity assay

The reaction mixture for Na”,K'-ATPase activity assay contained 5.0 mM
MgCl,, 80.0 mM NaCl, 20,0 mM KCl and 40.0 mM Tris-HCL pH 7.4, in final
volume of 200 pL. The reaction was initiated by addition of ATP to a final
concentration of 3.0mM. Controls were carried out under the same conditions
with the addition of 1.0 mM ouabain. Na™ K™ ATPase activity was calculated by
the difference between the two assays, as described by Wyse et al. (2000).
Released inorganic phosphate (Pi) was measured by the method of Chan et al
(1986). Specific activity of the enzyme was expressed as nmol Pi released per
min per mg of protein.
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2.8, Thioharbituric acid-reactive subsiances {TBARS)

TBARS was determined according to the method described by Ohkawa
et al. (1979). Briefly, 50 pL of 8.1% sodium dodecyl sulfate, 1.5 mL of 20%
acetic acid solution adjusted to pH 3.5 and 1.5 mL of 0.8% agueous solution of
thiobarbituric acid were added to 500 pL of cerebral cortex homogenate in a
Pyrex tube, and then heated in a boiling water bath for 60 min. After cooling
with tap water, the mixture was centrifuged at 1000 = g for 10 min. The organic
layer was taken and the resulting pink color was determined in a spectro
photometer at 535 nm. The results were reported as nmol TBARS/mg protein.

2.9, Protein determination

Protein content was measured by the method of Bradford (1976). Bovine
serum albumin was used as standard,

2,10, Staristical analysis

Drata were analyzed by unpaired Student’s ttest and were expressed as
mean = 5. EM. All analyses were performed using the Statistical Package for
the Social Sciences (SPSS) software in a PC-compatible computer. Differences
were considered statistically significant if p < (.05,

3. Results

We initially evaluated the effect of chronic hypermethio-
ninemia on total lipid content in cerebral cortex of rats. As can
be seen in Table 1, chronic administration of Met significantly
decreased gangliosides [#(13) = 5.53; p < 0.01], phospholipids
[#(13)y=5.77: p < 0.01] and cholesterol [t{14)=5.01: p <
0.01] content around 60, 45 and 35%, respectively.

We also evaluated the content of the different gangliosides and
phospholipids (sphingomyelin—SM, phosphatidylcholine—PC
and phosphatidylethanolamine—PE) in cerebral cortex of rats
subjected to chronic Met administration. Table 2 shows that
chronic hypermethioninemia significantly decreased the gang-
liosides studied [GMI: (19 =10.65; p<0.01) GDla:
(t(9)=22.95: p < 0.01); GDIb: (#(9) =7.58; p < 0.01); GT1b:
(19 =13.47: p < 0.01)]. We also observed a reduction of all
classes of phospholipids studied [SM: (#(12) = 6.76; p < 0.01});
PC: (#(12) = 13.41; p < 0.01); PE: (#(12) =21.41; p < 0.01)].

Na* K*-ATPase activity and TBARS levels were also
studied in cerebral cortex of rats subjected to chronic
hypermethioninemia. Table 3 shows that Met-treated rats
presented a significant reduction (25%) of Na* K*-ATPase
activity [t{6) =4.13; p < 0.01] and an increase (30%) of
TBARS values [i(b)= —4.65: p < 0.01] when compared to
control groups.

Table 1
Effect of chronic hypermethioninemia on ganglioside, phospholipid and cho
lesterol content in cerebral cortex of rats

Lipid content Control Methionine
Gangliosides 265.55 £ 3143 100,12 + 5.95°
Phosphaolipids T86.09 + 53.47 425.11 + 35,24
Cholesterol 123,86 £ 7.95 80.91 = 3.18"

Ganglioside, phospholipid and cholesterol content are expressed in nmol

NeuAc/mg protein, nmol Pifmg protein and pg cholesterol/mg protein, respec

tively. Data are presented as mean = S.EM. for 7-8 animals in each group.
* Different from contral, P < 001 (Student’s i-test).

Table 2
Effect of chronic hypermethioninemia on ganglioside and phospholipid species
in cerebral cortex of rats

Control Methionine

Ganglioside (nmol NeuAc/mg protein)

GMI 3385+ 1.27 16.45 + 0.99"

GDla 141,40 + 4.64 46.05 + 1.80°

GDIb 27.22 = 1.67 1259+ 1.11°"

GTIb 62.8] £ 3,43 24.74 + 0.99"
Phospholipid (nmol Pifmg protein)

SM 2589 = 1.43 1275 + 1.31°

PC 279.62 £ 8.20 160,32 £ 3.43°

PE 49411 = 10.77 252.03 + 3.43"

Individual ganglioside and phospholipid values were caleulated by relating their
respective percentage to the absolute total quantity of ganglioside-NeuAc and
phospholipid-Pi, respectively (see Table 1). The percentages were obtained by
scanning densitometry of the TLC. Data are presented as mean = S.EM. for 4
7 animals in each group.

* Different from control, P < 0.01 (Student’s t-test).

Table 3
Effect of chronic administration of methionine on Na® K" -ATPase activity and
thiobarbituric acid-reactive substances (TBARS) in cerebral cortex of rats

Control Methionine
Na® K™ ATPase activity 1091.5+ 8.34 858.3+ 55.76"
(nmol Pifmin-mg protein)
TBARS level (nmol/mg protein) 297 £ 0.11 3180+ 0.14"

Data are expressed as mean = SEM. for 4 animals in each group.
" Different from control, P <001 (Student’s t-test).

4. Discussion

There is a growing body of evidence sug gesting that elevated
Met concentrations and/or its metabolites are potentially toxic
(Benevenga and Steele, 1984; Regina et al., 1993; Mudd et al.,
2001; Garlick, 2006). In this context, we have previously
demonstrated that Met in vitro reduces brain energy metabo-
lism, induces oxidative swess and inhibits Na*,K*-ATPase
activity in rat hippocampus (Streck et al, 2002, 2003;
Stefanello et al., 2005). Besides, we also have showed that
Met administration decreases Na'K*-ATPase activity and
induces lipid peroxidation in hippocampus of rats (Stefanello
et al., 2007b).

In the present study we initially investigated the effect of
chronic administration of Met on total lipid content in cerebral
cortex of rats, by using an experimental model of hyper-
methioninemia developed in our laboratory (Stefanello et al.,
2007a). Results demonstrated that chronic hypermethioninemia
significantly reduced the total content of gangliosides,
phospholipids and cholesterol in cerebral cortex of rats.
Therefore, considering that Met was administered in a period
characterized by rapid development of central nervous system
and intense cellular proliferation and growth (Loo et al., 1980;
Davis and Squire, 1984; Clark et al., 1993), and that this phase
is also characterized by a progressive accumulation of lipids
particularly sphingolipids (Dobbing and Sands, 1971; Ando,
1983), it is conceivable that Met could alter normal brain
development in rats subjected to long-term Met administration.
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The profile of gangliosides after chronic administration of
Met in rat cercbral cortex was also evaluated in our study.
Results showed that Met significantly reduced the quantity of
the major gangliosides (GMI, GDla, GD1b and GT 1b). These
results could indicate that Met causes alterations in brain
plasma membranes, since gangliosides are closely associated
with neuronal membranes and participate in many neuronal
functions (Tettamanti and Riboni, 1994: Mocchett, 2005).

We also determined the phospholipid classes in cerebral
cortex after Met administration. We observed a reduction in the
content of the different phospholipids studied (SM, PC, and
PE). In agreement with our study, alterations in brain
phospholipid composition have been also reported in other
models of brain injury, such as hypoxia/ischemia (Ramirez
et al., 2003) and schizophrenia (du Bois et al., 2005).

Since Met administration alters membrane lipids composi-
tion that can alter membrane fluidity and permeability and
Na* K*-ATPase is considered a marker of neuronal membrane
(Jones and Matus, 1974), in the present study we also
investigated the effect of chronic Met administration on this
enzyme activity in synaptic plasma membrane from cerebral
cortex of rats. Results showed that Na* K*-ATPase activity was
significantly reduced by long-term Met administration. This
result is in agreement with our previous in vitro and in vive data
showing that Met inhibits hippocampal Na*, K*-ATPase activity
(Stefanello et al., 2005, 2007b).

It has been demonstrated that the oxidative membrane
damage can affect the cellular dynamic properties, and
consequently the function of membrane-bound enzymes,
which may have serious consequences on neuronal functioning
(Mecocci et al., 1997; Kamboj et al., 2006). We observed here
that rats subjected to Met administration present an increase of
TBARS (index of lipid peroxidation) in cerebral cortex. This
result is in agreement with previous studies showing that Met
increases lipid peroxidation in hippocampus of rats (Stefanello
et al., 20035, 2007b). We propose that the alterations caused by
Met could be, at least in part, due to oxidative damage of the
membrane lipids. This fact could provoke changes in lateral
assembly of glycosphingolipids, unsaturated glycerophospho-
lipids and cholesterol and alter Na*,K*-ATPase activity as
sug gested by other investigators (Lehotsky et al., 2002; Suzuki,
2002: Molander-Melin et al., 2005; Welker et al., 2007).

In conclusion, the present study shows that chronic
hypermethioninemia decreases the content of the major
categories of lipids (gangliosides, cholesterol and phospholi-
pids), reduces the activity of the Na*,K*-ATPase and increases
lipid peroxidation in cerebral cortex of rats. If confirmed in
human beings, our results in association with other studies
might contribute, at least in part, to the neurophysiopathology
observed in hypermethioninemic patients. However, more
studies are necessary fo investigate additional mechanisms
involved in severe hypermethioninemia.
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Abstract In the present study we investigated the effect
of chronic hypermethioninemia on rat performance in the
Morris water maze task, as well as on acetylcholinesterase
(AChE) activity in rat cerebral cortex. For chronic treat-
ment, rats received subcutaneous injections of methionine
(1.34-2.68 umol/g of body weight), twice a day, from the
6th to the 28th day of age: control rats received the same
volume of saline solution. Groups of rats were killed 3 h,
12 h or 30 days after the last injection of methionine to
AChE assay and another group was left to recover until the
6(th day of life to assess the effect of early methionine
administration on reference and working spatial memory of
rats. AChE activity was also determined after behavioral
task. Results showed that chronic wreatment with methio-
nine did not alter reference memory when compared to
saline-treated animals. In the working memory task, we
observed a significant days effect with significant differ-
ences between conitrol and methionine-treated animals.
Chronic hypermethioninemia significantly increased AChE
activity at 3 h, 12 h or 30 days after the last injection of
methionine, as well as before or after behavioral test. The
effect of acute hypermethioninemia on AChE was also
evaluated. For acute treatment, 29-day-old rats received
one single injection of methionine (2.68 umol/g of body
weight) or saline and were killed 1, 3 or 12 h later. Results
showed that acute administration of methionine did not
alter cerebral cortex AChE activity. Our findings suggest
that chronic experimental hypermethioninemia caused
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cognitive dystunction and an increase of AChE activity
that might be related, at least in part, to the neurological
problems presented by hypermethioninemic patients.

Keywords Hypermethioninemia - Metabolic disease -
Memory - Morris water maze - Acetylcholinesterase

Introduction

Tissue accumulation of methionine (Met) can occurin many
metabolic disorders, such as methionine adenosyltransferase
deficiency and homocystinuria. Affected patients with these
disorders present a variable degree of neurological dys-
function, including mental retardation, cognitive deficit and
cerebral edema: however the exact mechanisms involved in
these alterations remain poorly understood [1, 2].

It has been described that the impairments in learning,
memory and behavior observed in patients with dementia
are caused, at least in part, by changes in cholinergic sys-
tem function [3-6], since there are consistent evidence that
low levels of acetylcholine (ACh) in the brain are associ-
ated with cognitive dysfunction [7, 8].

Cholinergic transmission is mainly terminated by ACh
hydrolysis by the enzyme acetylcholinesterase (AChE: EC
3.1.1.7). This enzyme is widely expressed in tissues that
receive cholinergic innervations, such as neurons and
muscle cells [9, 10]. On the other hand, reports suggest that
AChE substantially contributes to synaptic (ransmission,
both in cholinergic and other types of synapses, like
dopaminergic and glutamatergic ones [11].

Considering that hypermethioninemic patients usually
present a variable degree of mental retardation and other
neurological symptoms, we decided to investigate whether
early chronic administration of Met would affect leaming/
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memory in the Morris water maze, using both reference
and working memory protocols. We also investigated the
effect of acute and chronic administration of Met on AChE
activity in cerebral cortex of rats. The working hypothesis
is that chronic experimental hypermethioninemia would
cause changes in AChE activity and impairment leaming/
memory in adult rats.

Experimental procedure
Animals and reagents

Male Wistar rats were obtained from Central Animal
House of the Department of Biochemistry, Institute of
Basic Health Sciences. Federal University of Rio Grande
do Sul, Porto Alegre, Brazil. They were maintained on a
12:12 h light/dark cycle (lights on 07:00-19:00 h) in air-
conditioned constant temperature (22 £ 1°C) colony room,
with free access to water and 20% (w/w) protein com-
mercial chow. Animal care followed the official
governmental guidelines in compliance with the Society
Policy and was approved by the Ethics Committee of the
Federal University of Rio Grande do Sul, Brazil. All
chemicals were obtained from Sigma Chemical Co. (St
Louis, MO, USA).

Methionine administration procedure

Methionine was dissolved in 0.9% NaCl solution and buf-
fered o pH 7.4. As for the chronic treatment. Met solution
was administered subcutaneously twice a day at 8 h inter-
vals from the 6th to 28th day of age. Control animals
received saline solution in the same volumes as those
applied to Met-treated rats. Animals received 1.34 pmol
Met'g body weight during the first 8 days of treatment,
2.01 pmol Met/g body weight from day 14th to 20th and
2.68 pmol Met/g body weight from day 21st to 28th. The
doses of Met administered were dependent on animal age,
which were determined by following pharmacokinetic
parameters, apparent volume of distribution, plasmatic half-
time and plasmatic clearance after Met injection [12]. Rats
subjected to this treatment achieved plasma Met levels
{around to 2 mmol/L) similar to those found in hyperme-
thioninemic patients with some inherited pathological
conditions [2, 13]. Maximal brain levels were achieved
60 min after Met administration (1.25 pmol/g wet tissue).
About 12 h after treatment, plasma and brain Met concen-
trations returned to normal levels. A group of animals were
killed 3 h, 12 h or 30 days after the last injection of Met and
the cerebral cortex was removed to AChE determination.
Another group stayed at Central Animal House of the

Department of Biochemistry until the 60th day of life to be
tested in the water maze task; after that animals were killed
and cerebral cortex was dissected, homogenized (1:10 w/v
in 150 mM potassium phosphate buffer, pH 7.5) and cen-
trifuged at 1000 x g for 10 min. The supernatant was used
for the AChE activity determination.

As for the acute treatment, 29-day-old rats received one
single subcutaneous injection of Met correspondent to
2.68 umol/g of body weight and control rats received an
equivalent volume of saline [12]. The animals were killed
1, 3 or 12 h after injection and the cerebral cortex was
dissected and prepared as described above.

Behavioral procedures

On the 60th day of life, animals were subjected w behav-
ioral testing. We used the Morris water maze, an apparatus
widely employed for the study of spatial learning and
memory tasks [14-16].

The water maze consisted of a black round tank, 200 c¢m
in diameter and 100 ¢m high, filled to a depth of 50 cm
with water, maintained at constant temperature (23°C). The
tank was theoretically divided into four equal quadrants for
the purpose of analysis. Several distal visual cues were
placed on the walls of the room: trials were recorded by a
video camera mounted above the center of the tank.

Reference memory task

The task consisted of 5 training and one test session. In the
acquisition phase, rats had 4 daily trials to find the plat-
form, submerged 2 cm under the water surface, and placed
on the center of one of the quadrants of the tank during all
training days. For each trial, the rat was placed in water
facing tank wall, in one of the 4 starting locations (N, 5, W
and E). The order of starting positions varied in every trial
and any given sequence was not repeated on acquisition
phase days. Rats were allowed to search for the platform
during 60 s and. in the case of failing to find it, they were
gently guided to it; all animals were allowed to remain on
the platform for 10 s. Latency to find the platform was
measured in each trial. The interval between trials was
15-20 min [15]. One day after the last training trial. each
rat was subjected to a probe trial in which the platform was
removed. We measured four parameters, namely latency to
cross on the location of the platform, the number of target
crossings and the time spent in target (the quadrant in
which the platform was located in the training sessions)
and opposite quadrants. These parameters were taken as a
measure for spatial memory [15].

In order to detect motor impairments that could possibly
affect performance in experimental groups, the swimming
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speed was calculated by taking the distance traveled in the
first 15 s of the probe trial.

Working memory task

After 1 week, the working memory version of Morris water
maze was performed. The task consisted of 4 consecutive
trials per day, with a 30-s inter-trial interval, when the
animals were placed in the tank facing the wall and
allowed to search for the submerged platform, positioned
on the center of one of the quadrants. Platform position
changed every subsequent day during the four testing days.
Latencies to find the platform in every first, second, third
and fourth trials were calculated considering all testing
days so to assess working memory performance [15].

Open field task

The task was run in a wooden box measuring
60 x 40 x 50 cm with a frontal glass wall, whose floor was
divided by white lines into 12 equal squares. Animals were
placed facing the rear left corner of the arena and observed
for 2 min. The number of squares crosses with the four
paws from one square to another was indicative of motor
activity [17].

Acetylcholinesterase assay

Acetylcholinesterase activity was determined according to
Ellman et al. [18], with some modifications. Hydrolysis
rates were measured at acetylthiocholine concentration of
0.8 mM in 1 mL assay solutions with 30 mM phosphate
buffer, pH 7.5, and 1.0 mM DTNB at 25°C. About 50 ul of
rat cerebral cortex supernatant was added to the reaction
mixture and preincubated for 3 min. The hydrolysis was
monitored by formation of the thiolate dianion of DTNB at
412 nm for 2-3 min (intervals of 30 5). All samples were
run in duplicate.

Protein determination

Protein was measured by the method of Bradford [19]
using bovine serum albumin as standard.

Statistical analysis

Reference memory training and working memory data
were analyzed by repeated measure analysis of variance

@ Springer

(ANOVA) and data from the probe trial parameters, the
open field test and AChE were analyzed by Student’s ¢ test
or by one-way ANOVA: post hoc Duncan multiple range
test was run when indicated. Descriptive statistics data
were expressed as mean + SEM. All analyses were per-
formed using the Statistical Package for the Social
Sciences (SPSS) software, in a PC-compatible computer.

Results

Experiment 1: effect of hypermethioninemia on
reference and working memory tasks in the Morris
water maze

We observed that animals subjected to chronic hyperm-
ethioninemia did not show changes in body weight at 28-
day-old (control: 69.85 + 1.23; Met: 69.57 = 1.25,
p = 0.05] and 60-day-old (control: 173.07 = 2.44; Met:
175.64 £ 496, p > 0L05); this suggests that Met adminis-
tration did not cause malnutrition. That is in agreement
with our previous work demonstrating that body and brain
weight were not altered by Met treatment [12].

Figure | shows that chronic administration of Met did
not affect the spatial memory acquisition phase. Both
groups showed the same ability to find the platform and
learn its location along the 5 days of training session.
Repeated measures ANOVA (days versus groups) revealed
a major days effects for both groups [F(4,23) = 75.32,
p < 0.01], without any interaction between days and
groups. Four parameters were evaluated in the test session,

60 -

—&— Control
50 —&— Methionine

30

20

10

Latency to find the platform (s)

0 T T T T T 1
0 1 2 3 4 5 5]

days

Fig. 1 Effect of chronic methionine administation on spatial mem-
ory acquisition phase. Data show latencies o find the platform across
blocks of four tnals on each day and are expressed as mean = SEM
for 14 animals in each group. There was no significant difference
between groups, p > 0.05 (repeated measures ANOVA)
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Table 1 Effect of chronic administration of methionine on test session parameters namely time spent in the target quadrant, time spent in the
opposite quadrant, latency to cross the location of the platform, and number of crossings over platform location

Test session parameters

Group

Control Methioning

Time spent in the target quadrant (s)
Time spent in the opposite quadrant (s)
Time spent 1o cross the platform (s)

Number of crossing on the platform location

2707 £ 1.90 29.14 £ 2,19

799 = 1.00 8.36= 1.47
1093 = 322 10.64 = 2.86
571 = (.84 4.14 = (.44

Data are expressed as mean = SEM for 14 animals in each group. There was no significant difference between groups, p = 0.05 (Swdent’s 1 west)

namely the time spent in target and opposite quadrants and
the latency to cross and the number of crossings on the
platform location (Table 1). It was shown that Met did not
affect the time spent in the target quadrant [#(26) = —0.71;
p = 0.05] nor that on the opposite quadrant [#(26) = —0.32;
p =0.05], as well as the latency to cross on the location of
the platform [#26) =0.07; p > 0.05] and the number of
crossings on the former platform location [#(26) = 1.65;
p=0.05].

We also evaluated the effect of chronic Met adminis-
tration in the performance of rats in the working memory
version of Morris water maze. Repeated measures ANOVA
revealed a significant days effect [F(3,24) = 108.27;
p < 0.01] with an interaction group x days also significant
[F(3.24) = 2.795; p < 0.05]. Post hoc independent ¢ tests
showed significant differences in days 1 and 4 between the
two groups (both p < 0.05) (Fig. 2).

In order to verify whether Met treatment would affect
motor activity, we submitted the animals to the open field

50 <
T
C) —8— Methionine
E 40-
&
[+%
E 30+
=
b
=
i
o 20-
&
&
i
10 -
3
O T T L] L) 1
4] 1 2 3 4 5

trials

Fig. 2 Effect of chronic methionine administration on working
memory version of Momis water maze. Data represent latency o
find the platform on each trial during four days and are expressed as
mean = SEM for 14 animals in each group. Different from control,
#p < 0.05 (repeated measures ANOVA)

task. Met did not alter the number of crossings
[#(26) = 1.23; p = 0.05] nor of rearings [#(26) = —04T;
p = 0.05] (Table 2). No motor deficits were also found in
rats performing both water maze tasks, as assessed by swim
speed: the general mean, considering all experimental
groups, was 27.7 cm/s, with p > (0L05.

Experiment 2. effect of hypermethioninemia on AChE
activity in hippocampus of rats

Considering that cholinergic system plays a crucial role in
cognitive function, we verified the effect of Met adminis-
tration on AChE activity in cerebral cortex of rats. Figure 3
shows that chronic hypermethioninemia significantly
increased (around 30-45%) AChE activity when the rats
were killed 3 h (A) [#7)=—2.95; p<005], 12h (B)
[H(10y = =3.66: p < 0.01] or 30 days (C) [H{6) = —3.55:
p < (L05] after the last injection of Met.

Additionally, we also evaluated AChE activity in cere-
bral cortex of rats subjected o experimental
hypermethioninemia before and after behavioral tasks. As
can be observed in Table 3, AChE activity were signifi-
cantly increased, by approximately 50% when measured
before [#6) = —4.43; p < 0.05] and after memory testing
[H(16) = —3.43: p < 0.01].

Finally, we determined the effect of acute administration
of Met on AChE activity in rat cerebral cortex at 1, 3 or
12 h after injection. Results show that a single injection of
Met did not alter this enzyme activity in all tmes tested

Table 2 Effect of chronic administration of methionine on perfor-
mance (number of crossings and rearings) in the open field task

Group Number of crossings MNumber of rearings
Control 3757 £ 1356 1050 = 0.87
Methioning 33.93 £ 251 1114 = 104

Data are presented as mean = SEM for 14 animals in each group.
There was no significant difference between groups, p > 0.05 (Sw-
dent’s ¢ test)
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Fig. 3 Effect of chronic methionine administration on acetylcholin-
esterase (AChE) activity inrat cerebral cortex at 3 h(A), 12 hi(B) and
30 days (C) after last injection. Data are expressed as mean = SEM
for 4-6 animals in each group. Different from control, *p < 0.05,
##p < 0.01 (Student’s 1 test)

[control: 1.27 = 0.08: Met (1 hy: 1.35 £ 0.02, Met (3 h):
1.17 £ 0.03, Met (12 h): 1.69 = 0.23; p > 0.05].

Discussion

Neurological dysfunction is observed in patients with
severe hypermethioninemia [1, 2], whose physiopathology
is still poorly understood; however, there is data in litera-
ture suggesting that elevated Met concentrations and/or its
metabolites are potentially neurotoxic [2, 20, 21]. We have
demonstrated that Met in vitro reduces brain energy
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metabolism, induces oxidative stress and inhibits Na*,K*-
ATPase activity in rat hippocampus [22-24].

Animal models are useful to better understand the
pathophysiology of diseases. In this context, we have
recently developed in our laboratory a chemically experi-
mental model of hypermethioninemia [12], in which we
produced high levels of Met in blood of rats similar to those
found in some pathological conditions such as methionine
adenosyltransferase deficiency, homocystinuria and glycine
N-methyltransferase deficiency [2, 13]. We cannot discard
the increase of Met metabolites in the plasma of rats sub-
jected o this model, such as S-adenosylmethionine,
homocysteine and S-adenosylhomocysteine, perhaps cy-
stathionine and sarcosine.

The Met was administered during a period characterized
by intense synaptogenesis and gliogenesis and when cere-
bral structures involved in cognition have a rapid
development in rats [25-28]. Animals exposed to Met
treatment presented no differences in physical growth and
brain weight when compared to the control group, sug-
gesting that Met did not cause malnutrition in the rats [12].

By using this model, in the present study we investi-
gated the effect of chronic hypermethioninemia on spatial
navigation tasks in the Morris water maze. Results show
that hypermethioninemic rats did not presented perfor-
mance impairment in the acquisition phase (Fig. 1) nor on
the time spent in target quadrant and in platform location,
as well as in the latency to cross over the platform location
in session (Table 1) of reference memory task. However,
Met significantly impaired working memory performance,
since there was significant days effect with an interaction
group x days and significant differences in days 1 and 4
(Fig. 2).

We also evaluated the effect of chronic hypermethio-
ninemia on AChE activity in cerebral cortex of rats. Our
results show that this enzyme activity was increased in
hypermethioninemic rats when they were killed 3 h, 12 h,
30 days after the last injection of Met (Fig. 3), as well as
before and after behavioral tasks (Table 3). To confirm
these findings, we verified the effect of a single injection of
Met (acute study) on AChE activity. Results show that
acute administration did not alter this enzyme activity in

Table 3 Effect of chronic administration of methioning on acetyl-
cholinesterase (AChE) activity measured before and after memory
tasks in rat cerebral cortex

Group AChE activity (pmol ACSCh/h/mg protein)
Before Afier

Control 113 £ 0.06 1.03 £0.05

Methionine 156 £ 010 153 £ 0 13+

Data are expressed as mean = SEM for 4-9 animals in each group.
Different from control, *p < 005, **p < 0.01 (Student’s ¢ test)
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cerebral cortex of rats killed 1. 3 or 12 h after Met
administration, what corroborates with results of chronic
treatment showing that the increase of AChE activity
depend on elevated levels of Met during development. The
increases in AChE may be due to the compensatory
mechanism of long-term administration with Met may be
due to the up-regulation of AChE gene expression. Further
investigation is required to clarfy the potential mecha-
nisms by which Met and/or its metabolites act on AChE.

Although we have observed that rats subjected to
chronic hypermethioninemia do not show changes on
serum butyrylcholinesterase (BuChE), we cannot discard
here the effect of Met on brain BuChE activity, since in our
study we used a substrate that can be hydrolyzed for both
cholinesterases [29]. More studies are necessary o inves-
tigate the mechanisms of increase of cholinesterases caused
by chronic hypermethioninemia.

AChE, a highly conserved enzyme in animal kingdom, is
distributed throughout a wide range of vertebrate tissues. It
is essential to normal function of nervous system, since it
rapidly terminates the action of ACh released into the syn-
apse. The involvement of the cholinesterase in modulating
glial activation, cerebral blood flux, amyloid cascade and
tau phosphorylation has also been described [5, 30, 31]. Ttis
currently speculated that actions of this enzyme could affect
underlying processes in Alzheimers disease [5], what turned
AChE an important therapeutic target. In this context,
reversible inhibitors of this enzyme have been used as
cognitive enhancers in treatment of patients with Alzhei-
mer’s and other neurodegenerative disorders [31-35].
Furthermore, based on these data and in our results showing
that chronic hypermethioninemia increases AChE activity,
we could expect that the constant stimulation of this enzyme
by Metmight decrease ACh levels, what could be associated
with memory deficits observed in hypermethioninemic rats.

In summary, the present study demonstrates that rats
subjected to experimental chronic administration of Met
present a significant working memory deficit and an
increase of AChE activity in cerebral cortex of rats.
Although it is difficult to exwrapolate our results to the
human condition, we cannot rule out a possible correlation
between our preclinical results and the cognitive deficit
found in hypermethioninemic patients.
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Abstract

The purpose of the present study was to evaluate the effect of early chronic
administration of methionine on various parameters of oxidative stress, namely
chemiluminescence, thiobarbituric acid-reactive substances (TBARS), total radical-
trapping antioxidant potential (TRAP), total antioxidant reactivity (TAR), total thiol
group and carbonyl content, as well as on the activities of the antioxidant enzymes
catalase, glutathione peroxidase and superoxide dismutase in liver of rats. For
hypermethioninemia model, Wistar rats received subcutaneous injections of
methionine (1.34-2.68 pmol/g of body weight), twice a day, from the 6™ to the 28"
day of age and controls received saline; animals were sacrificed 3 h or 12 h after
the last injection. Our data showed that chronic hypermethioninemia significantly
increased chemiluminescence, carbonyl content and glutathione peroxidase
activity, and decreased catalase activity when the rats were sacrificed 3 h after the
last injection of methionine. In contrast, TBARS, TRAP, TAR, total thiol content and
superoxide dismutase activity were not affected by methionine administration.
Additionally, we also observed that hypermethioninemic rats sacrificed at 12 h after
the last injection of methionine presented a significant reduction of TRAP and
catalase activity, an enhance of chemiluminescence, but did not alter TAR,
TBARS, total thiol group, carbonyl content, as well as the activities of glutathione
peroxidase and superoxide dismutase. These findings suggest that oxidative stress
induction caused by methionine may be, at least in part, one of the mechanisms
related to the liver damage observed in hypermethioninemia.

Keywords: Hypermethioninemia — Oxidative stress — Liver — Rat
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Introduction

It has been shown that elevation of plasma methionine (Met) may occur in
several genetic abnormalities, such as methionine adenosyltransferase (MAT)
activity deficiency, homocystinuria and glycine N-methyltransferase. Some
hypermethioninemic patients can present hepatic alterations as cirrhosis and
steatosis, whose underlying mechanisms are not completely established (Horowitz
et al.,, 1981; Klatstin and Conn, 1993; Avila et al., 2000; Mudd et al., 2001,
Augoustides-Savvopoulou et al., 2003).

Since the liver has an important role in the Met metabolism (Finkelstein,
1990; Mato et al., 2002), it has been proposed that elevated levels of this amino
acid can be highly toxic for its (Hardwick et al., 1970; Toborek et al., 1996). In this
context, some data from literature showed that disturbances of the Met cycle might
result in hepatic damage, such as liver cirrhosis (Tsukamato and Lu, 2001; Avila et
al., 2002, 2005).

Oxidative stress can result from increased production of reactive species
that are highly reactive and can damage biomolecules, diminished levels of
antioxidant or due to a combination of these conditions (Halliwell and Gutteridge,
2007). It has recently been recognized as a fundamental factor in a variety of
pathophysiological changes observed in many liver diseases, such as acute
hepatitis, liver cirrhosis, hepatocellular carcinoma and hepatic regeneration
(Loguercio and Federico, 2003; Kim et al., 2004; Tanikawa and Torimura, 2006). In
this respect, Yalginkaya and colleagues (2007) demonstrated that Met-

supplemented diet might augment hepatotoxicity and oxidative damage in liver of
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ethanol-treated rats. Changes in hepatic prooxidant/antioxidant status have been
reported in rats treated with high Met diet (Toborek et al., 1996; Mori and
Hirayama, 2000). In addition, we have recently reported that Met in vitro induces
oxidative stress in brain of rats (Stefanello et al., 2005).

The aim of the present study was to investigate the effect of Met on various
parameters of oxidative stress in order to clarify its participation in the liver damage
mechanisms observed in hypermethioninemia. To accomplish that, the effect of
chronic administration of Met was studied on chemiluminescence, thiobarbituric
acid-reactive substances (TBARS), total radical-antioxidant potential (TRAP), total
antioxidant reactivity (TAR), total thiol group, carbonyl content, as well as on the
activities of the antioxidant enzymes catalase (CAT), glutathione peroxidase (GSH-

Px) and superoxide dismutase (SOD) in liver of rats.

Materials and Methods

Subjects and reagents

Wistar rats were obtained from the Central Animal House of the Department
of Biochemistry, Institute of Basic Science of Health, Federal University of Rio
Grande do Sul, Porto Alegre, RS, Brazil. Animals were maintained on a 12/12 h
light/dark cycle in an air-conditioned constant temperature (22 + 1°C) colony room.
Rats had free access to a 20% (w/w) protein commercial chow and water. The NIH
“Guide for the Care and Use of Laboratory Animals” (NIH publication N° 80-23,

revised 1996) was followed in all experiments.
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All chemicals were purchased from Sigma (St. Louis, MO, USA) except 2,2'-

azo-bis-(2-amidinopropane), which was purchased from Wako Chemicals (USA).

Methionine administration procedure

Methionine was dissolved in 0.9% NacCl solution and buffered to pH 7.4. For
the chronic treatment, Met solution was administered subcutaneously twice a day
at 8 h intervals from the 6" to 28"™ day of life. Control animals received saline
solution in the same volumes as those applied to Met-treated rats. Met doses were
calculated from pharmacokinetic parameters previously determined in our
laboratory (Stefanello et al., 2007). Animals received 1.34 umol Met/g body weight
during the first 8 days of treatment, 2.01 pmol Met/g body weight from day 14" to
20", and 2.68 pmol Met/g body weight from day 21% to 28™. Rats subjected to this
treatment achieved plasma Met levels similar to those found in
hypermethioninemic patients with some inherited pathological conditions (Mudd et
al., 2001; Augoustides-Savvopoulou, 2003), maximal plasma levels were reached
15 min after Met injection (around to 2 mmol/L). Twelve hours after treatment,
plasma Met concentrations returned to normal levels. The animals were sacrificed

3 h or 12 h after the last injection.

Tissue and homogenate preparation
Rats were sacrificed by decapitation without anesthesia, and the liver was
immediately dissected out and homogenized in 10 volumes (1:10, w/v) of 20 mM

sodium phosphate buffer, pH 7.4 containing 140 mM KCIl. Homogenates were
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centrifuged at 750 x g for 10 min at 4°C, the pellet was discarded and the

supernatant was immediately separated and used for the measurements.

Chemiluminescence

Samples were assayed for chemiluminescence, a measure of lipid
peroxidation, in a dark room by the method of Gonzéalez-Flecha et al. (1991) using
a Wallac 1409 Scintillation Counter. The background chemiluminescence of
incubation flasks containing 1.8 mL of the same buffer used for homogenization

and 100 pyL 3 mM tert-butyl hydroperoxide was measured for 8 min. An aliquot of

100 pL of supernatant was added to the incubation flask and incubated at 30°C for
30 min. After that, chemiluminescence was measured for 12 min at room
temperature. The background chemiluminescence was subtracted from the total

value. Chemiluminescence was calculated as cps/mg protein.

Thiobarbituric acid-reactive substances (TBARS)

TBARS, a measure of lipid peroxidation, was determined according to the
method described by Ohkawa et al. (1979). Briefly, 50 pL of 8.1% sodium dodecyl
sulfate, 1.5 mL of 20% acetic acid solution adjusted to pH 3.5 and 1.5 mL of 0.8%
agueous solution of thiobarbituric acid were added to 500 pL of tissue homogenate
in a Pyrex tube, and then heated in a boiling water bath for 60 min. After cooling
with tap water, the mixture was centrifuged at 1,000 x g for 10 min. The organic

layer was taken and the resulting pink color was determined in a
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spectrophotometer at 535 nm. The results were reported as nmol TBARS/mg

protein.

Total radical-trapping antioxidant potential (TRAP)

TRAP, which represents the quantity of the tissue nonenzymatic antioxidant
defenses, was determined by measuring the chemiluminescence intensity of
luminol induced by 2,2’-azo-bis-(2-amidinopropane) (ABAP) thermolysis (Evelson
et al.,, 2001) in a Wallac 1409 Scintillation Counter. The initial chemiluminescence
value was obtained by adding 3 mL of 10 mM ABAP, dissolved in 50 mM sodium
phosphate buffer pH 7.4, plus 10 pyL of 5.6 mM luminol to a glass scintillation vial.
Ten microliters of 160 uM Trolox (water-soluble a-tocopherol analogue, used as
standard) or tissue supernatant were then added to that vial, producing a decrease
in the chemiluminescence value until the antioxidants present are depleted and
chemiluminescence reaches the initial values. The time taken by the sample to
keep the chemiluminescence low is called induction time and is directly
proportional to the antioxidant capacity of the tissue. The induction time of the
tissue was compared to that presented by Trolox. TRAP represents the amount
(quantity) of nonenzymatic antioxidants present in the sample. Results were

reported as nmol Trolox/mg protein.

Total antioxidant reactivity (TAR)

TAR, which represents the quality of the tissue nonenzymatic antioxidant

defenses, was determined by measuring the luminol chemiluminescence intensity
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induced by ABAP thermolysis according to the method of 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 the same buffer used for
homogenization, plus 15 pL of 4 mM luminol into a glass scintillation vial. This was
considered to be the basal value. Ten microliters 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 its 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 nonenzymatic antioxidants present in the

sample. The results were reported as nmol Trolox/mg protein.

Total thiol content

This assay was performed as described by Aksenov and Markesbery
(2001), which 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. Briefly, 50 yL of homogenate were
added to 1 mL of PBS buffer pH 7.4 containing 1 mM EDTA. The reaction was
started by the addition of 30 pL of 10 mM 5,5'-dithio-bis(2-nitrobenzoic acid)
(DTNB). Subsequently, 30 min incubation at room temperature in a dark room was

performed. Results were reported as nmol TNB/mg protein.
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Protein carbonyl content

Oxidatively modified proteins present an enhancement of carbonyl content
(Stadtman, 1990). Carbonyl content was assayed by the method of Reznick and
Packer (1994), which is based on the reaction of protein carbonyls with
dinitrophenylhydrazine forming dinitrophenylhydrazone, a yellow compound,
measured spectrophotometrically at 370 nm. Briefly, in a dark room 100 pL 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 hour
and vortexed each 15 minutes. After that, 500 uL of 20% trichloroacetic acid were
added to each tube. The mixture was vortexed and centrifuged at 14,000 rpm for 3
minutes. The supernatant obtained was discarded. The pellet was washed with 1
mL ethanol:ethyl acetate (1:1, v/v), vortexed and centrifuged at 14,000 rpm for 3
minutes. This washing procedure was repeated once again and, after
centrifugation, the supernatant was discarded and the pellet ressuspended in 600
pL of 6 M guanidine (prepared in 20 mM potassium phosphate solution pH 2.3).
The sample was vortexed and incubated at 60°C for 15 minutes. After that, it was
centrifuged at 14,000 rpm for 3 minutes and the absorbance was measured at 370

nm (UV) in a quartz cuvette. Results were reported as nmol carbonyl/mg protein.

Catalase (CAT) assay
CAT activity was assayed according to Aebi (1984) by measuring the
absorbance decrease at 240 nm in a reaction medium containing 20 mM H,O,,

0.1% Triton X-100 and 10 mM potassium phosphate buffer, pH 7.0. One CAT unit
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is defined as one pmol of hydrogen peroxide consumed per minute and the specific

activity is reported as units/mg protein.

Glutathione peroxidase (GSH-Px) assay

GPx activity was measured according to the method described by Wendel
(1981) using tert-butyl hydroperoxide as substrate. NADPH disappearance was
monitored at 340 nm in a medium containing 2 mM glutathione, 0.15 U/mL
glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl hydroperoxide and 0.1 mM
NADPH. One GPx unit is defined as one umol of NADPH consumed per minute

and the specific activity is represented as units/mg protein.

Superoxide dismutase (SOD) 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. 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/mg protein.

Protein determination

Protein was determined by the method of Lowry et al. (1951) using bovine

serum albumin as standard.
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Statistical analysis
Data were analyzed by unpaired Student's t test. 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

First, we investigated the effect of chronic Met administration on lipid
peroxidation parameters in liver of rats. Figure 1A shows that chronic
hypermethioninemia significantly increased chemiluminescence when measured at
3 h (up to 40%) [t(8)=—4.19; p<0.01] and 12 h (up to 25%) [t(6)=—3.48; p<0.05] after
the last injection of Met. TBARS levels were not altered by this amino acid [3 h:
(t(9)=1.19; p>0.05); 12 h: ((9)=-1.23; p>0.05)] (Fig. 1B).

Next, we evaluated the effect of chronic hypermethioninemia on total
antioxidant capacity of liver homogenates by determining TRAP and TAR, which
evaluate nonenzymatic antioxidants quantity and reactivity, respectively. Figure 2A
shows that hypermethioninemia significantly reduced TRAP when the rats were
sacrificed 12 h (approximately 30%) [t(12)=4.39; p<0.01], but not 3 h [t(8)=1.20;
p>0.05] after the last injection of Met. In contrast, TAR was not altered by Met at
none time tested [3 h: (t(9)=1.19; p>0.05); 12 h: (t(10)=1.58; p>0.05)] (Fig. 2B).

We also investigated total thiol group and carbonyl content. As can be
observed in Figure 3, total thiol content was not altered by chronic

hypermethioninemia at 3 h [t(9)=0.18; p>0.05] or 12 h [t(10)=-0.8; p>0.05] after the
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last injection of Met. Figure 4 shows that carbonyl content was significantly
enhanced by hypermethioninemia in liver of rats when measured at 3 h (up to
50%) [t(9)=-3.81; p<0.01], but not 12 h [t(10)=-1.57; p>0.05] after the last
administration of Met.

Finally, the activities of antioxidant enzymes were assayed in liver of rats
subjected to chronic hypermethioninemia (Table 1). The activity of CAT was
significantly decreased (approximately 30%) by Met when measured at 3 h
[t(9)=3.52; p<0.01] and 12 h [t(11)=4.63; p<0.01] after last injection of this amino
acid. In addition, the activity of GSH-Px was enhanced at 3 h (approximately 50%)
[t(10)=—4.83; p<0.01], but not 12 h [t(10)=0.28; p>0.05] after Met administration.
SOD activity was not affected by hypermethioninemia at none time tested [3 h:

(t(9)=—0.74; p>0.05); 12 h: (t(12)=0.004; p>0.05)].

Discussion

In the present study we investigated the effect of chronic administration of
Met on various oxidative stress parameters in rat liver, by using an experimental
model of hypermethioninemia developed in our laboratory (Stefanello et al., 2007),
in which we produced high levels of Met in blood of rats similar to those found in
some pathological conditions such as methionine adenosyltransferase deficiency,
homocystinuria and glycine N-methyltransferase deficiency (Mudd et al., 2001;

Augoustides-Savvopoulou et al., 2003). According to the pharmacokinetic
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parameters determined in this model, the Met concentration is relatively high at 3 h
after last administration of this amino acid and returned to normal levels after 12 h.

We initially  demonstrated that Met  significantly  increased
chemiluminescence when measured at 3 h and 12 h after the last injection of the
amino acid. In contrast, we did not observe alteration in TBARS levels (Fig. 1).
Similar data were found in liver of rats chronically exposed to glutaric acid (Latini et
al., 2007). In this scenario, it should be emphasized that the markers of lipid
peroxidation utilized in our study reflect different phases of lipid oxidative damage,
the light emitted in the chemiluminescence assay usually arises from peroxidizing
lipids resulting from an increase in reactive species production, whereas TBARS
reflects the amount of malondialdehyde formation, one important intermediates of
lipid peroxidation (Halliwell and Gutteridge, 2007). Furthermore, other explanation
to these findings could be the binding of malondialdehyde to biomolecules, such as
structural and functional proteins, amino acids and nucleic acids (Esterbauer et al.,
1991; Tuma, 2002; Aldini et al., 2007).

The next set of experiments was performed in order to evaluate whether rats
sacrificed 3 h or 12 h after chronic administration of Met would be able to alter
nonenzymatic antioxidant defenses in liver. We found that Met-treatment
significantly decreased TRAP, but did not alter TAR at 12 h after last injection of
Met. These parameters were not altered when the rats were sacrificed 3 h after last
administration of amino acid (Fig. 2). Our results indicate that Met compromises
the liver nonenzymatic antioxidant quantity, since TRAP measures the content of

nonenzymatic antioxidant defenses, while TAR reflects the capacity of a tissue to
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prevent the damage associated to reactive species processes (Lissi et al., 1995;
Evelson et al., 2001).

We also evaluated the effect of Met-treatment on total thiol content in liver of
rats. Results showed that this parameter was not altered by chronic
hypermethioninemia at 3 h or 12 h after the last injection of Met (Fig. 3). Although
we cannot establish the mechanisms by which Met alters TRAP values, it is
feasible that this amino acid decreases nonenzymatic antioxidants, but not GSH
content, since our results demonstrated that total thiol content was not affected by
chronic hypermethioninemia. However, more studies are necessary to elucidate
such mechanisms.

The measurement of protein carbonyl groups is the most frequently used
biomarker of protein damage (Levine, 2002; Dalle-Donne et al., 2003). Carbonyls
can arise as a result of protein glycation by sugars, by the binding of aldehydes to
proteins and by the direct oxidation of amino acid side chains by reactive species
(Requena et al., 2001; Levine, 2002; Dalle-Donne et al., 2003). In this study, we
showed that chronic hypermethioninemia significantly increased carbonyl content
at 3 h after last injection of Met, but not at 12 h (Fig. 4), suggesting an effect
caused by the presence of Met and/or an indirect long-term effect of this amino
acid.

As regards the antioxidant enzymes, we observed that chronic
hypermethioninemia provoked a significant decrease of CAT activity when the rats
were sacrificed at 3 h and 12 h after last injection of Met. In addition, the activity of
GSH-Px was increased only at 3 h and SOD activity was not affected by chronic

Met administration in rat liver (Table 1). In accordance with our study, alterations in

76



these enzyme activities were found after administration of N-nitrosodiethylamine, a
potent carcinogenic agent, in liver of rats (Bansal et al., 2005; Subramanian et al.,
2007). We cannot establish precisely the mechanisms by which Met alters the CAT
and GSH-Px activities; however, it has been demonstrated that the decrease of
antioxidant enzyme activities may reflect the sensitivity of these enzymes to free
radical-induced inactivation (Godin et al., 1988). On the other hand, enhanced
activity of antioxidant enzymes may occur in response to sustained production of
reactive species (Harris, 1992). In this scenario, GSH-Px activity was increased in
aging as an adaptation to an enhanced level of oxidative products (de Cavanagh et
al., 2000; Mecocci et al., 2000). Thus, it is feasible that the increase in GSH-Px
activity caused by Met administration could be due to the increased concentration
of H,O, resulting of the inhibition of CAT activity since these enzymes are
responsible to metabolize H,O, (Halliwell and Gutteridge, 2007).

In summary, our data show that long-term Met treatment decreases
nonenzymatic antioxidant defenses, increases lipid peroxidation and protein
carbonylation, as well as alters activity of antioxidant enzymes. Although further
studies should be necessary to better identify the mechanisms involved, these
findings suggest that Met induces oxidative stress in liver of rats, which may
contribute, at least in part, to the hepatic damage observed in hypermethioninemic

patients.
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Fig. 1. Effect of chronic hypermethioninemia on chemiluminescence (A) and
thiobarbituric acid-reactive substances (TBARS) (B) in rat liver at 3 h or 12 h after
last administration of methionine. Data are expressed as mean = S.D. for 4-6

animals in each group. *p<0.05; **p<0.01, compared to control (Student’s t test).

Fig. 2. Effect of chronic hypermethioninemia on total radical-trapping antioxidant
potential (TRAP) (A) and total antioxidant reactivity (TAR) (B) in liver of rats at 3 h
or 12 h after last injection of methionine. Data are expressed as mean + S.D. for

5-7 animals in each group. **p<0.01, compared to control (Student’s t test).

Fig. 3. Effect of chronic administration of methionine on total thiol content in rat
liver at 3 h and 12 h after last injection. Data are expressed as mean = S.D. for 5-6

animals in each group. p>0.05 (Student’s t test).

Fig. 4. Effect of chronic hypermethioninemia on carbonyl content in rat liver at 3 h
and 12 h after last injection of methionine. Data are expressed as mean + S.D. for

5-6 animals in each group. **p<0.01, compared to control (Student’s t test).
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Table 1. Effect of chronic hypermethioninemia on catalase (CAT), gluthatione

peroxidase (GSH-Px) and superoxide dismutase (SOD) activities in liver of rats

Enzyme activities Control Methionine
(units/mg protein)

3h
CAT 479.50 + 88.13 329.20 + 38.62**
GSH-Px 345.68 + 71.81 519.54 + 51.16**
SOD 9.98 £ 3.17 11.19+1.94

12 h
CAT 652.05 + 105.21 465.97 £ 17.90**
GSH-Px 399.96 + 73.98 389.47 + 56.38
SOD 10.80 + 1.96 10.79 £ 2.75

Results are mean = S.D. for 5-7 animals in each group, reported as units/mg protein. One
CAT unit is defined as 1 pumol of hydrogen peroxide consumed per minute. One GSH-Px
unit is defined as 1 umol of NADPH consumed per minute. One SOD unit is defined as

50% inhibition of pyrogallol autoxidation. **p<0.01, compared to control (Student’s t test).
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A hipermetioninemia ocorre em varias desordens metabdlicas, dentre elas,
na deficiéncia da MAT e na homocistindria. Os pacientes afetados por essas
doencas podem apresentar alteragdes neuroldgicas como déficit cognitivo, edema
e desmielinizacéo cerebral; entretanto, a patogénese dessas manifestacfes ainda
€ pouco conhecida (Mudd et al., 2000, 2001).

A neurotoxicidade da metionina tem sido evidenciada através de diversos
estudos, entretanto os mecanismos pelos quais esse aminoacido atua no SNC
precisam ser elucidados. Neste contexto, trabalhos realizados em nosso
laboratério demonstraram que a metionina, quando adicionada diretamente ao
meio de incubacdo (estudos in vitro), altera importantes parametros do
metabolismo energético em cérebro de ratos, como a producdo de CO,, a
liberacéo de lactato e a atividade da enzima Na*,K*-ATPase (Streck et al., 2002a,
2003). Mudd e colaboradores (2003) sugeriram que essas alteracbes causadas
pela metionina poderiam explicar, pelo menos em parte, o edema cerebral
presente nos pacientes hipermetioninémicos, uma vez que a inibicdo da Na*,K"-
ATPase poderia ocasionar um prejuizo no transporte dos ions Na* e K™ através da
membrana plasmatica, com conseqiiente actimulo intracelular de Na* e agua.

Dando continuidade aos estudos realizados por nosso grupo de pesquisa,
no presente trabalho primeiramente avaliamos o efeito da pré-incubacdo de
homogeneizados de hipocampo na presenca de diferentes concentracdoes de
metionina (0,02 a 5 mM) sobre a atividade da Na',K'-ATPase em membrana
plasmética sinaptica de ratos. E importante salientar que utilizamos o hipocampo
por ser uma estrutura essencial para os processos de memoria e aprendizado

(Holscher, 2003; Morris et al., 2003), e porque pacientes hipermetioninémicos
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apresentam déficit cognitivo (Mudd et al., 2000). Nossos resultados mostraram
gue a metionina, na concentracdo de 5 mM, inibe significativamente a atividade da
enzima.

Alteracbes na atividade da Na',K*-ATPase podem estar associadas a
diversos mecanismos de toxicidade neuronal, uma vez que essa enzima €
essencial para a manutencdo do potencial de membrana necesséario para a
neurotransmissao (Wang et al., 2003; Yu, 2003). Neste contexto, investigadores
demonstraram que uma reducdo na atividade Na',K'-ATPase pode ocasionar
morte neuronal, através da deplecdo de K* e acimulo de Na* e Ca*™ (Xiao et al.,
2002; Yu, 2003). Além disso, inibicho da enzima € observada em diversas
doencas neurodegenerativas (Pisani et al., 2006; Vignini et al., 2007).

Considerando que a Na',K'-ATPase € inibida por espécies reativas de
oxigénio (Dobrota et al., 1999; Kurella et al., 1999; Wang et al., 2003) e também
por alteracdes na fluidez da membrana associadas a lipoperoxidacédo (Chakraborty
et al., 2003), nds investigamos o efeito dos antioxidantes GSH (protetor de grupos
-SH das proteinas) e trolox (scavenger de radical peroxil) sobre a inibicdo da
Na’,K*-ATPase causada pela metionina em hipocampo de ratos. Os resultados
mostraram que esses antioxidantes sdo capazes de prevenir totalmente o efeito
inibitério da metionina sobre a Na’,K'-ATPase, sugerindo que a oxidacdo de
grupos —SH essenciais da enzima e a peroxidacao de lipidios de membrana estéo
envolvidos nessa inibic&o.

Com o proposito de verificar se a metionina induz a formac&o de espécies

reativas, estudamos o efeito in vitro desse aminoacido sobre alguns parametros de
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estresse oxidativo, denominados quimiluminescéncia, TBARS e TRAP, bem como
sobre a atividade das enzimas antioxidantes CAT, GSH-Px e SOD em hipocampo
de ratos. Nossos dados mostraram que a metionina aumenta significativamente a
guimiluminescéncia e o0s niveis de TBARS, considerados marcadores de
peroxidacdo lipidica, e diminui o TRAP, um indice de defesa antioxidante tecidual
ndo enzimatica; porém, ndo modifica a atividade das enzimas antioxidantes. Em
conjunto, esses achados sugerem que a metionina induz estresse oxidativo, o qual
€ caracterizado por um desequilibrio entre a producdo de espécies reativas e as
defesas antioxidantes (Halliwell & Gutteridge, 2007).

Cabe ressaltar que o estresse oxidativo € um importante evento que esta
relacionado com a fisiopatologia de algumas doencas neurodegenerativas, tais
como as doencas de Alzheimer e Parkinson, e a esclerose amiotréfica lateral
(Mancuso et al., 2006; Halliwell, 2006). Neste contexto, dano oxidativo a lipidios,
proteinas e DNA, bem como reducdo nas defesas antioxidantes enzimaticas e nao
enzimaticas tém sido observadas em pacientes com essas desordens (Perry et al.,
2003; Halliwell, 2006).

Sabendo-se que modelos animais sdo amplamente utilizados para a
compreensdo dos mecanismos fisiopatologicos de doencas que ocorrem em
humanos e que em nosso laboratoério ja foram desenvolvidos modelos de varios
EIM, como a fenilcetonuria (Wyse et al., 1995), a hiperprolinemia (Moreira et al.,
1989) e a homocistinuria (Streck et al., 2002b), o principal objetivo desse trabalho
foi desenvolver um modelo quimico experimental de hipermetioninemia em ratos
jovens, a fim de mimetizar, pelo menos em parte, a situacao clinica observada nos

pacientes hipermetioninémicos.
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Os parametros farmacocinéticos foram determinados apos a administracéo
aguda de metionina e mostraram que a depuracao plasmatica aumenta, enquanto
0 tempo de meia-vida diminui com o avanco da idade dos animais, sugerindo que
a excrecdo renal e o metabolismo hepatico do aminoacido nédo estédo totalmente
desenvolvidos em ratos muito jovens.

A concentracdo plasmética méxima de metionina (em torno de 2 mmol/L) foi
atingida 15 min apdés uma Uunica injecdo do aminoacido, permanecendo
relativamente elevada por pelo menos 6 h. Ja a concentracdo cerebral maxima
(aproximadamente 1,25 pmol/g de tecido) ocorreu 1 h apdés a administracdo e
diminuiu mais lentamente do que a plasmatica. Ndo podemos descartar que outros
metabolitos, como a AdoMet, a AdoHcy, a homocisteina, a cistationina e a
sarcosina estejam aumentados no plasma de ratos tratados com metionina.
Porém, é improvavel que o0 aumento desses metabdlitos contribua
significativamente para os efeitos observados nesse estudo.

A partir desses parametros, desenvolvemos um modelo cronico de
hipermetioninemia, no qual as doses administradas variaram conforme o peso e a
idade dos animais e foram escolhidas com o objetivo de obter niveis plasmaticos
similares aqueles encontrados em pacientes hipermetioninémicos. Os animais
foram tratados do 6° ao 28° dia de vida, ja que esse é um periodo caracterizado
por intensa sinaptogénese e gliogénese, e também por um rapido
desenvolvimento de estruturas cerebrais envolvidas na cogni¢céo (Loo et al., 1980;
Clark et al., 1993; Miller et al., 1994). Nossos resultados mostraram que 0S

animais submetidos ao tratamento crénico com metionina ndo apresentam
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diferencas no peso corporal, do cérebro e do hipocampo, quando comparados aos
do grupo controle, indicando que o aminoacido ndo causa desnutricdo nos
animais. Desta forma, o modelo quimico desenvolvido pode ser utilizado para
estudar o efeito de altas concentracbes de metionina sobre parametros
bioguimicos e comportamentais em ratos, a fim de elucidar os mecanismos
fisiopatoldgicos da hipermetioninemia.

A segquir, utilizando o modelo descrito acima, avaliamos alguns parametros
de estresse oxidativo, denominados TBARS, atividade da CAT e conteudo tidlico
total, bem como a atividade da Na',K'-ATPase em hipocampo de ratos
hipermetioninémicos. Mostramos que a administracdo crénica de metionina
aumenta significativamente a quantidade de TBARS e reduz a atividade da
Na*,K*-ATPase, porém néo altera a atividade da CAT e o conteldo tidlico total. E
provavel que a metionina altere a atividade da Na*,K*-ATPase de forma indireta,
pois no tratamento cronico os animais foram sacrificados 12 h ap6s a ultima
injecdo, ou seja, quando os niveis do aminoacido ja haviam retornado aos valores
normais.

Considerando que a hipermetioninemia cronica altera o TBARS e a Na*,K"-
ATPase, avaliamos também o efeito da administracdo aguda de metionina sobre
esses parametros bioquimicos em hipocampo de ratos sacrificados 1 h, 3 h ou 12
h ap6s a injecdo do aminoacido. Os resultados mostraram que a metionina
aumenta o TBARS e diminui a atividade da Na',K*'-ATPase 3 h e 12 h ap6s a
administracdo, mas ndo 1 h apds. Analisando esses achados podemos sugerir

gue o dano oxidativo aos lipidios de membrana esteja envolvido na inibicdo da
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Na',K*-ATPase causada pela metionina, o que corrobora com os resultados
obtidos in vitro.

A fim de dar seguimento aos estudos in vivo, resolvemos estudar o efeito da
administracdo cronica de metionina sobre o conteudo total de importantes lipidios
de membrana em cértex cerebral de ratos. Vimos que a hipermetioninemia crénica
reduz o conteudo de gangliosidios, fosfolipidios e colesterol. Desta forma,
considerando que a metionina foi administrada em um periodo de rapido
desenvolvimento do SNC (Loo et al., 1980; Clark et al., 1993) e que essa fase é
caracterizada pelo acumulo progressivo de lipidios, particularmente esfingolipidios
(Dobbing & Sands, 1971; Ando, 1983), é provavel que o desenvolvimento cerebral
esteja alterado em animais cronicamente expostos a esse aminoacido.

O perfil dos gangliosidios e fosfolipidios também foi avaliado em cértex
cerebral de animais submetidos a hipermetioninemia cronica. Os resultados
mostraram que a metionina diminui significativamente a quantidade dos principais
gangliosidios (GM1, GDla, GDlb e GT1lb) e fosfolipidios (fosfatilcolina,
fosfatidiletanolamina e esfingomielina) presentes no SNC. Corroborando com
esses dados, alteracdes na composicdo cerebral desses lipidios tém sido
encontradas em modelos animais de acidemias organicas (Trindade et al., 2002),
de hipodxia/isquemia (Trindade et al., 2001; Ramirez et al., 2003) e de doencas
neurodegenerativas (Farooqui et al., 2004; Batrrier et al., 2007).

A manutencdo da composicdo lipidica e das propriedades fisicas das
membranas € essencial para o funcionamento de enzimas e receptores
associados a elas (Swapna et al., 2006). Desta forma, considerando que a Na* K-

ATPase € uma proteina que estd inserida na bicamada lipidica, sendo
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considerada um marcador de membrana neuronal (Jones & Matus, 1974), nos
avaliamos o efeito da hipermetioninemia crénica sobre a atividade dessa enzima
em membrana plasmatica sinaptica de cértex cerebral de ratos. Verificamos que a
atividade da Na',K*-ATPase esta diminuida em animais expostos cronicamente a
metionina. Também demonstramos que esse aminoacido aumenta os niveis de
TBARS em cortex cerebral de ratos. Resultados foram similares aos observados
em hipocampo. Com esses achados podemos propor que a metionina causa dano
oxidativo aos lipidios de membrana, o que poderia provocar mudancas na
estrutura dos glicoesfingolipidios, fosfolipidios e colesterol, e conseqientemente
alterar a atividade da Na',K*-ATPase, como sugerido por outros investigadores
(Lehotsky et al., 2002; Suzuki, 2002; Welker et al., 2007).

Tendo em vista que pacientes hipermetioninémicos usualmente apresentam
dano neuroldgico e distarbios cognitivos (Mudd et al., 2000, 2001) e que, como
demonstramos nesse estudo, a hipermetioninemia crénica altera parametros
bioguimicos importantes para os processos cognitivos, nds também avaliamos o
desempenho de ratos submetidos ao modelo cronico de hipermetioninemia na
tarefa do labirinto aquatico de Morris, a qual permite avaliar a memoria espacial de
referéncia e de trabalho (D’Hooge & De Deyn, 2001).

As tarefas experimentais foram realizadas 31 dias ap6s o término do
tratamento cronico e consistiram de duas fases: na primeira fase, os animais
foram treinados a fim de aprender a localizacdo de uma plataforma de escape,
utilizando pistas colocadas na parede da sala (mapeamento ou estratégia
espacial). A seguir, os animais foram submetidos a sessao de teste para avaliacao

dos seguintes parametros: tempo gasto no quadrante alvo e no oposto ao alvo,
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namero de cruzamentos no local da plataforma e laténcia para passar pelo local
onde estava a plataforma. Na etapa seguinte, realizou-se a tarefa experimental
para a avaliacdo da memodria de trabalho, na qual a posicdo da plataforma foi
modificada a cada dia. Os resultados mostraram que 0s ratos submetidos a
administracdo cronica de metionina ndo apresentam diferencas, em relacdo aos
controles, na fase de aquisicdo da memodria de referéncia e nos parametros
avaliados na sesséo de teste. Entretanto, a metionina prejudica significativamente
o0 aprendizado dos animais na tarefa para avaliacdo da memodria de trabalho.
Acreditamos que o déficit & memdria encontrado na hipermetioninemia seja
independente das habilidades motoras dos animais, visto que ndo foram
encontradas alterac6es no campo aberto e na velocidade do nado.

Considerando a importancia do sistema colinérgico central para o0s
processos cognitivos (Das et al., 2005; Ballard et al., 2005; Fodale et al., 2006),
nos determinamos o efeito da hipermetioninemia sobre a atividade da AChE em
cortex cerebral de ratos. Os resultados mostraram que a administracdo cronica de
metionina aumenta a atividade da AChE em ratos sacrificados 3 h, 12 h ou 30 dias
apos a ultima injecdo do aminoacido, bem como antes e apés a realizacdo das
tarefas comportamentais. Entretanto, verificamos que a administragcdo aguda de
metionina ndo altera a atividade da enzima em nenhum dos tempos analisados
(2 h, 3 hou 12 h), o que corrobora com os dados obtidos no tratamento crénico,
mostrando que o aumento na atividade da AChE depende da exposicdo a niveis
elevados de metionina durante o desenvolvimento dos animais. Embora néo
saibamos o exato mecanismo responséavel pelo aumento na atividade da AChE,

sugerimos como hipotese a sintese aumentada da enzima ocasionada pela
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administracdo prolongada de metionina. Adicionalmente, observamos que ratos
submetidos a hipermetioninemia cronica ndo apresentam mudancas na atividade
da BUChE sérica. Entretanto, ndo podemos descartar um efeito da metionina
sobre a atividade dessa enzima em cérebro de ratos, uma vez que em nossoO
estudo utilizamos como substrato a acetilcolina, a qual € hidrolisada por ambas as
colinesterases (Mesulam et al., 2002).

Convém ressaltar que a AChE, enzima essencial para o funcionamento
normal do SNC, esta envolvida na patogenia da doenca de Alzheimer, 0 que a
torna um importante alvo terapéutico (Ballard et al., 2005). Neste contexto,
inibidores reversiveis da enzima tém sido amplamente utilizados para melhorar o
déficit cognitivo presente em pacientes portadores da doenca de Azheimer e de
outras desordens neurodegenerativas (Giacobini, 2003; Lane et al., 2006). Desta
forma, baseado nesses achados e em nossos resultados mostrando que a
hipermetioninemia aumenta a atividade da AChE, podemos esperar que a
constante estimulacdo da enzima causada pela metionina diminua os niveis de
acetilcolina, o que poderia estar associado ao déficit cognitivo observado em ratos
hipermetioninémicos.

Aléem das alteracbes neuroldgicas presentes em  pacientes
hipermetioninémicos (Mudd et al., 2000, 2001), dados da literatura mostram que a
hipermetioninemia provoca alteragcbes hepéticas (Tsukamato & Lu, 2001).
Considerando esse fato e sabendo que o estresse oxidativo pode estar envolvido
na patogénese de diversas doencas hepaticas (Loguercio & Federico, 2003;

Tanikawa & Torimura, 2006), nés avaliamos alguns parametros de estresse
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oxidativo em figado de ratos sacrificados 3 h ou 12 h ap6s a administracao crbnica
de metionina.

N6s inicialmente  demonstramos que a metionina aumenta
significativamente a quimiluminescéncia 3 h e 12 h apos a ultima administracao do
aminoéacido, entretanto, ndo altera os niveis de TBARS. E importante destacar que
0s marcadores de lipoperoxidacao utilizados em nosso estudo representam fases
distintas do dano oxidativo aos lipidios, a Iluz emitida no ensaio da
guimiluminescéncia usualmente aumenta devido aos lipidios peroxidados
resultantes de um aumento na producéo de espécies reativas, enquanto o TBARS
reflete a quantidade de MDA formada, produto final do processo de peroxidacao
lipidica (Halliwell & Gutteridge, 2007). A auséncia de efeito da metionina sobre o
TBARS também poderia ser explicada pela ligagdo do MDA a biomoléculas, tais
como proteinas, aminoacidos e acidos nucléicos (Esterbauer et al., 1991; Tuma,
2002; Aldini et al., 2007).

A préxima etapa do nosso estudo foi avaliar se a hipermetioninemia crénica
seria capaz de alterar a quantidade (TRAP) e/ou a reatividade (TAR) das defesas
antioxidantes ndo enzimaticas em figado de ratos (Lissi et al., 1995; Evelson et al.,
2001). Os resultados mostraram que a metionina diminui significativamente o
TRAP 12 h, mas ndo 3 h apés a ultima injecdo do aminoacido. O TAR néo foi
alterado pela administracdo de metionina em nenhum dos tempos avaliados.
Nossos achados sugerem que a metionina compromete a quantidade de
antioxidantes ndo enzimaticos, porém nao modifica a capacidade tecidual de
prevenir o dano associado a acdo dos radicais livres, jA que ndo observamos

alterac&o nos valores do TAR. Também verificamos que o contetdo tidlico total, o
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gual reflete principalmente as concentracdes de GSH, permaneceu inalterado
apo6s a administracdo cronica de metionina. Dessa forma, embora ndo possamos
estabelecer os mecanismos pelos quais a metionina altera os valores do TRAP, é
possivel que esse aminoacido diminua outros antioxidantes ndo enzimaticos, uma
vez que o contéudo total de grupos tidis ndo foi modificado nas nossas condi¢des
experimentais.

A medida do conteudo de carbonilas € considerada o principal marcador de
dano oxidativo a proteinas (Levine, 2002; Dalle-Donne et al., 2003). Sabe-se que
as carbonilas podem aumentar devido a glicacdo protéica pelos acucares, pela
ligacdo de aldeidos as proteinas e pela oxidacdo direta das cadeias laterais dos
aminoacidos causada pelos radicais livres (Requena et al., 2001; Levine, 2002;
Dalle-Donne et al., 2003). Verificamos que a hipermetioninemia crénica aumenta
significativamente o contetdo de carbonilas em figado de ratos sacrificados 3 h,
mas ndo 12 h apoés a ultima injecdo de metionina, sugerindo que a presenca de
metionina é indispenséavel para que ocorra esse efeito.

Com relacdo as enzimas antioxidantes, nds observamos que animais
sacrificados 3 h e 12 h apo6s o tratamento crénico com metionina apresentaram
uma diminuigcéo significativa na atividade da CAT. Em adicao, a atividade da GSH-
Px aumentou significativamente 3 h apds a ultima injecdo de metionina e a SOD
nao foi alterada em nenhum dos tempos analisados. Em concordancia com esses
achados, alteracbes na atividade dessas enzimas antioxidantes foram
encontradas em figado de ratos apds a administracdo de N-nitrosodietilamina, um
potente agente carcinogénico (Bansal et al., 2005; Subramanian et al., 2007). Nao

podemos estabelecer precisamente os mecanismos pelos quais a metionina altera
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a atividade da CAT e da GSH-Px; entretanto, tem sido demonstrado que a
diminuicdo na atividade das enzimas antioxidantes pode refletir a sensibilidade
dessas a inativacdo induzida pelos radicais livres (Godin et al., 1988). Por outro
lado, um aumento na atividade das enzimas antioxidantes pode ocorrer em
resposta a producdo aumentada de espécies reativas (Harris, 1992). Dessa forma,
podemos propor que o aumento na atividade da GSH-Px causado pela metionina
ocorra devido a concentracdo elevada de peroxido de hidrogénio proveniente da
inibicdo da atividade da CAT, uma vez que essas enzimas Sao responsaveis pela
metabolizacdo dessa ERO (Halliwell & Gutteridge, 2007).

Em resumo, podemos sugerir que a exposicdo prolongada a metionina
induz estresse oxidativo em figado de ratos, uma vez que diminui as defesas
antioxidantes ndo enzimaticas, aumenta a lipoperoxidacdo e a carbonilacdo de
proteinas, e também altera a atividade das enzimas antioxidantes.

Embora pouco se conheca sobre os mecanismos responséaveis pelo dano
cerebral presente nos pacientes hipermetioninémicos, demonstramos nesse
trabalho que a metionina reduz a atividade da Na',K'-ATPase, induz estresse
oxidativo, altera o conteudo de importantes lipidios de membrana e aumenta a
atividade da AChE em cérebro de ratos. Verificamos também que a metionina
causa prejuizo a memoéria em ratos. Esses achados, em conjunto, podem ser
relevantes para explicar as alteragbes neuroldégicas presentes na

hipermetioninemia.
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V. CONCLUSOES
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ESTUDOS IN VITRO:

A pré-incubacdo de homogeneizados de hipocampo de ratos com metionina
inibiu a atividade da Na*,K*-ATPase de membrana plasmatica sinaptica. A
inibic&o foi prevenida pelos antioxidantes GSH e trolox.

A metionina diminuiu 0 TRAP e aumentou o TBARS e a quimiluminescéncia

em hipocampo de ratos.

ESTUDOS IN VIVO:

Foi desenvolvido um modelo quimico experimental de hipermetioninemia
em ratos, cujas concentracfes plasmaticas de metionina foram
semelhantes aquelas encontradas em pacientes hipermetioninémicos

(aproximadamente 2 mmol/L).

Animais submetidos ao modelo de hipermetioninemia apresentaram:

Reducgdo na atividade da Na',K*-ATPase, aumento na atividade da AChE e

nos niveis de TBARS em cérebro de ratos.

Reducdo no conteudo total de gangliosidios, fosfolipidios e colesterol.

Diminuicdo na quantidade dos principais gangliosidios (GM1, GD1la, GD1b e

GT1b) e fosfolipidios (fosfatidilcolina, fosfatidiletanolamina e esfingomielina)

em cérebro de ratos.

Prejuizo na memoaria de trabalho.
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* Aumento na quimiluminescéncia, no contetdo de carbonilas e na atividade
da GSH-Px. Diminuicdo no TRAP e na atividade da CAT em figado de

ratos.

CONCLUSAO GERAL

Tendo em vista que modelos animais sdo extremamente (teis no
conhecimento da fisiopatologia de doencas que ocorrem em humanos,
destacamos a importancia do nosso trabalho ao desenvolver um modelo quimico
experimental da hipermetioninemia. Esperamos que esse modelo permita a
realizacdo de muitos estudos cuja finalidade seja melhor compreender os
mecanismos  envolvidos nas  alteracbes presentes nos  pacientes
hipermetioninémicos.

Em conjunto, demonstramos que a hipermetioninemia provoca uma série de
alteracfes bioquimicas e comportamentais em ratos, as quais, se confirmadas em
humanos, poderdo auxiliar no entendimento da disfuncdo neurologica e do dano

hepatico associados a hipermetioninemia.
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V. PERSPECTIVAS
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. Avaliar a expressdo génica da Na',K'-ATPase e da AChE em hipocampo
de ratos submetidos a hipermetioninemia crénica.

Investigar o efeito da administracdo crénica de metionina sobre alguns
parametros do metabolismo energético (producdo de CO,, atividade de
enzimas da cadeia respiratdria) em hipocampo de ratos.

Investigar o efeito da administracdo crénica de metionina sobre outras
tarefas comportamentais em ratos.

Investigar o efeito do tratamento com o gangliosidio GM1 sobre as
possiveis alteracdes bioquimicas e comportamentais causadas pela

hipermetioninemia cronica.
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