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RESUMO

A Doenca do Xarope do Bordo ¢ uma alteracdo metabodlica hereditaria
caracterizada bioquimicamente pelo acumulo dos aminoéacidos de cadeia ramificada e seus
respectivos aminoacidos no sangue e nos tecidos destes pacientes. Os mecanismos
patogénicos das alteragdes neuroldgicas presentes nos pacientes ainda sdo pouco
conhecidos. Ha evidéncias de que o metabolismo energético esteja alterado no cérebro dos
pacientes. A creatinaquinase, enzima chave no metabolismo energético, esta envolvida
transporte ¢ manutengdo da energia cerebral.

Neste trabalho investigamos a inibi¢do da creatinaquinase pelos aminoacidos de
cadeia ramificada in vitro em cérebro de ratos em desenvolvimento, nas concentragdes
semelhantes as encontradas no plasma destes pacientes. O mesmo efeito nao foi verificado
com os cetoacidos de cadeia ramificada.

Verificamos ainda que este efeito também ocorreu em ratos tratados com leucina de
forma cronica do 6° ao 21° dia, e de forma aguda quando tratados por 12 horas com
intervalos de trés horas.

Os parametros cinéticos estudados mostraram um Km baixo (0,8 — 1,4 mM) para a
fosfocreatina como substrato, cuja variagdo no cérebro oscila entre 4 a 8 mM. Assim nas
condicdes fisiopatoldgicas a enzima estaria saturada em ralacdo a fosfocreatina, sendo
dificil a competicdo com os aminoacidos de cadeia ramificada, principalmente devido ao
alto Ki encontrado (6 a 26 mM), exceto em situagdes de baixas concentracdes deste
substrato. Entretanto, 0 Km encontrado para o ADP como substrato (0,3 £ 0,1 mM) ¢
semelhante a concentragdo do ADP do cérebro (0,2 — 0.4 mM). Como o Ki encontrado
também ¢ alto (14 — 30 mM), € possivel que a competicao entre o ADP como substrato e
os aminodcidos de cadeia ramificada diminua a atividade da enzima alterando a
homeostasia energética do cérebro, contribuindo para o dano neurologico encontrado nos
pacientes com a Doenga do Xarope de Bordo.

Os dados deste trabalho propdem um novo mecanismo fisiopatologico para as
alteracdes neuroldgicas encontradas na Doenca do Xarope do Bordo. Os aminoacidos de
cadeia ramificada, acumulados no cérebro destes pacientes, ocasionando a inibi¢do da
creatinaquinase estariam competindo com o ADP, produzindo deste modo um

desequilibrio energético e conseqiientemente o dano neuroldgico.



CAPITULO I

INTRODUCAO



Introducao

1 Creatinaquinase

A creatinaquinase (EC 2.7.3.2) ¢ uma importante enzima que catalisa a transferéncia
reversivel do fosfato rico em energia (~P) da fosfocreatina (PCr) para o adenosina difosfato
(ADP) originando adenosina trifosfato (ATP) e creatina (Cr). A enzima ¢ dependente de

magnésio.

PCr+ MgADP <4— MgATP + Cr

Esta transferéncia ¢ reversivel e garante a manutencdo continua do ATP nos tecidos ou

células que requerem muita energia para seu funcionamento (Wyss et al., 1992).

A creatinaquinase foi descoberta em extratos de musculo por Karl Loman, em 1934.

Possui cerca de 400 aminoacidos com massa molecular de 75 a 91 kDa e 306 a 380 kDa,

conforme a isoforma.

A Creatinaquinase (CK) possui cinco isoenzimas conhecidas em tecidos de aves e
mamiferos, sendo trés encontradas no citoplasma e duas na mitocondria. As isoenzimas
citosolicas sao dimeras e compostas por dois tipos de subunidades, a M de “muscle” ¢ B de
“brain”. As isoenzimas citosolicas sao constituidas por dimeros e conhecidas como CK-

MM, CK-BB e CK-MB, conforme o tipo de subunidade que a compdem. A isoenzima
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citoplasmatica CK-MM ¢ predominantemente encontrado no musculo esquelético, a CK-
BB no cérebro e tecidos neurais e a CK-MB no coragao e musculo estriado durante o
desenvolvimento (Eppemberg et al., 1967; e Wallimann et al., 1992). Estas isoformas sao
cineticamente similares, mas diferem na capacidade para associarem-se com organelas
subcelulares ou estruturas protéicas. Sob a microscopia eletronica apresenta uma forma
alongada semelhante a da banana (banana-like) (figura 1) (Eder et al., 1999; e Schlegel et

al., 1988).

As isoenzimas citoplasmaticas estdo localizadas em compartimentos subcelulares,
em subestruturas como miofibrilas, reticulo sarcoplasmatico, etc. Acreditava-se que as
1soenzimas citosolicas da creatinaquinase fossem soluveis, mas estudos bioquimicos de
fracionamento e imunoquimicos mostraram a compartimentalizagdo subcelular das
isoenzimas, acoplada ao seu funcionamento (Thompson et al., 1980; ¢ Wallimann et al.,

1992).

As isoenzimas mitocondriais, devido a sua localizagdo, sdo chamadas de CK-Mi
ubiqua e CK-Mi sarcomérica, ou ainda de CK-Mi, e CK-Miy respectivamente. A isoforma
sacomérica, ¢ expressada nos ventriculos e no musculo esquelético enquanto a isoforma
ubiqua ¢ expressada no musculo liso e em outros tecidos. As isoenzimas mitocondriais
estao localizadas no espacgo intermenbrana sob forma de moléculas octaméricas (figura 2)
ou diméricas (figura 1) (Schlegel et al., 1998; Eder, 1999; Wyss, 1992; ¢ Wallimann &

Hemmer, 1994).

11



Fig 1. Estéreo representa¢do da forma dimera da CK-BB. Os monomeros A e B sdo mostrados em azul e
amarelo respectivamente. Estrutura tridimensional da forma dimérica da creatinaquinase, mostrando as duas
subunidades. (Eder, 1999 e Schlegel, 1998).

A creatinaquinase estd localizada em tecidos que exigem muita energia para o
desempenho da funcdo fisioldgica como no musculo esquelético, no musculo cardiaco e no

cérebro etc. (Wallimann & Hemmer, 1994, revisao).

A CK-BB foi localizada nos astrocitos e na substancia branca através da
microscopia eletronica, com auxilio de coloracdo com imunoperoxidases e anticorpos
especificos. Nenhuma coloracdo foi observada nos neurénios ou outros elementos gliais
(Thompson et al.,1980).

A CK-BB pode estar super-expressada numa variedade de tumores solidos e
tumores de linhagens celulares, como por exemplo nas células pequenas de carcinoma de
pulmao, adenocarcinoma de célon e de reto, carcinoma de mama e de prdstata e ainda em

neuroblastoma. Parece que a alta atividade da CK-BB seria utilizada par sustentar a grande
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quantidade de energia que as células malignas necessitam para a multiplicagdo intensa

(Berges et al, 1996).

Fig 2. Estrutura tridimensional da forma octamérica da CK. Microfotografia eletronica da CK-Mi de galinha.
O angulo observado permite visualizar a disposi¢do concéntrica das formas diméricas, compondo a forma
octamérica. Na parte central, observa-se o canal onde ha a transferéncia do ~P

1.1 O sistema creatinaquinase/fosfocreatina

A localizacdo privilegiada da isoenzima citosolica no interior de subestruturas
citoplasmaticas, e das isoenzimas mitocondriais entre as membranas internas e externas,
atribui a CK um papel importante no metabolismo energético. A creatina atua como um
regulador da fosforilagdo oxidativa e carreador de ~P entre os locais de geracao (glicolise e

mitocondria) para os locais de consumo de energia (ATPases). Forma-se uma intricada

13



rede de distribuicdo de energia, altamente regulada denominada de circuito da

fosfocreatina.

Baseado no sistema CK/PCr muitos modelos foram formulados e fungdes
atribuidas. Besmann e Carpenter (1985), Wallimann et al., (1994, revisao) formularam o
modelo proposto inicialmente para o musculo, estendido apds para outros tecidos, e
atribuiram ao sistema as seguintes fungdes: tamponamento enérgico, controle metabodlico e

transporte de energia.

1.1.1 Tamponamento energético

A célula nervosa nao possui reserva de ATP e o nivel deste ATP deve ser mantido
durante o trabalho celular. Em média metade dos ~P sdo renovados a cada trés segundos.
Deve haver, portanto, um mecanismo que promova a rapida renovagao de ATP no cérebro.
Assim, o sistema CK/PCr evita a diminui¢ao dos niveis de ATP ¢ o acumulo de ADP,
contribuindo ainda para impedir a acidificagao intracelular devido a hidrolise do ATP

durante o trabalho efetuado.

1.1.2 Controle metabolico

A creatina quinase encontra-se no meio de uma rota entre a producdo e utilizagdo
de energia (Meyer et al., 1984). A atividade da CK ¢ compardvel a um circuito elétrico

onde as ATPases seriam as resisténcias € a mitocondria a bateria. De acordo com esta
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visdo, a mitocondria sintetiza o ATP e a CK transfere uma grande quantidade de energia,
atuando como um carregador de fluxo de ~P através do citoplasma, por um mecanismo de
difusdo facilitada. A concentragdao de fosfocreatina no cérebro ¢ muito mais alta do que a
concentracdo de ATP e de ADP. Deste modo ¢ mantida constante a relagdo ATP/ADP,
realizando o tamponamento da energia espacial. A manuten¢do do equilibrio da
creatinaquinase neste meio ¢ feita em compartimentos celulares que conseqiientemente
também armazenam a fosfocreatina (estocando energia). A combinagao entre a capacidade
de difundir ligagdes ricas em energia e a capacidade de armazenamento de energia, confere

a CK a propriedade de controle metabdlico.

1.1.3 Transporte de energia

A idéia do transporte de energia (energia espacial) no interior da célula surgiu ha
quase 40 anos com o trabalho pioneiro de Besmann (1966). A maior parte da energia
cerebral (95%) ¢ originada no interior da mitocondria e a transferéncia para o citosol ¢ feita
pela fosfocreatina que atua como um carreador energético que liga o local de produgdo de
energia ¢ o local de sua utilizagdo através de compartimentos subcelulares contendo a
creatinaquinase. O aumento da demanda de energia exigida requer um controle efetivo da
sua producao ou transferéncia. Alem da localizagao privilegiada da enzima nas entre as
membranas internas e externas mitocondriais € nas subestruturas citoplasmaticas, o baixo
Km da CK para ADP (entre 10 ¢ 35 uM) pode ser considerado um sensor de ADP
mantendo alta a relagdo ATP/ADP préximo aos locais de utilizacdo de energia, evitando

assim a diminuicdo da eficiéncia termodinamica que poderia ser provocada pela queda dos
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niveis de ATP. Este refinamento da organizagdao e controle da CK limita o ADP celular
livre, que poderia ocasionar uma inativacdo de ATPases e a inviabilizacdo celular.

(Wallimann et al., 1994; Saks et al., 1996).

1.2 Funcionamento do circuito creatinaquinase/fosfocreatina.

O esquema do funcionamento da creatinaquinase proposto por Walliman pode ser

visto na figura 3.

O ATP celular cerebral origina-se principalmente de duas rotas metabolicas: uma
da glicose através da glicolise ou glicogenolise e outra da fosforilagdo oxidativa que
acontece no interior das mitocondrias. Quatro tipos de compartimentos sdo identificados

para a CK, trés no citosol e um na mitocondria.

No citosol a enzima ¢ encontrada em “pools” de PCr/Cr e ATP/ADP, em
compartimentos, que funcionam ligados a glicolise e associados a estruturas subcelulares
em locais onde estdo as ATPases e requerem altos niveis de energia. O sistema da CK esta
em equilibrio com os substratos e os metabolitos da CK comportam-se como se estivessem
livremente em solucdo onde os efeitos da compartimentalizagdo sdo minimos em relagdo a
bioenergia celular e caracteristicas termodindmicas. Uma das fung¢des da CK citosoélica ¢
manter o ADP livre em baixas concentragdes e o ATP em altas concentragdes. Esta parte
do circuito representa a funcdo classica da enzima de manutengdo de energia temporal. Um

outro compartimento para CK ¢ encontrado na mitocondria ligado a fosforilacdo oxidativa.
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Esta localizado entre a membrana interna e externa das cristas mitocondriais, em locais

onde elas se aproximam.

A CK-Mi ¢ um octamero com forma cubodide que tem um canal central onde a
enzima interage com microcompartimentos formados por um translocador de nucleotidios
de adenina (ANT) na membrana interna da mitocondria € um poro ion seletivo na
membrana externa (VDAC) para formar um complexo multi-enzimdtico trans-membrana
canalizador de energia (Brdicka et al., 1994). O ATP originado da fosforilacao oxidativa, ¢
transportado através da membrana pelo ANT, transforma-se em ADP em contato com a
creatinaquinase, pela transferéncia do ~P. A fosfocreatina formada sai da mitocondria
através do poro, quando nova molécula de creatina, entra em contato com o espaco entre
membranas através do poro para nova transformacao. O PCr ¢ exportado da mitocondria
para os locais de consumo de energia no citosol, regenerando o “combustivel” do ATP,
mantendo alta a relacio ATP/ADP e a creatina regenerada volta & mitocondria para ser
novamente “recarregada”. Esta parte do modelo representa a fungdo de tamponamento
espacial. Um possivel aspecto regulador da CK-Mi, pode ser visualizado com as formas
octaméricas e diméricas intercovertidas, ¢ mantidas em equilibrio dinamico (Schlegel, et
al. 1988 b). Este equilibrio ¢ dependente do estado metabdlico da mitocondria e
esquematicamente visto como um modulador potencial da regulacdo metabdlica. As
formas octamérica, ligada a membrana mitocondrial interna, e a oligomérica, dissociada,
sao dependentes de pH. A célula assim pode funcionar com pequeno pool de ATP e ADP
porque recebe rapidamente reforcos do sistema PCr. Este modelo acopla a funcionalidade
da produgdo do ATP com a utilizagdo do ATP via CK e PCr, bem como a difusdo por rotas

de CK e PCr para locais de trabalho na célula. Rotas paralelas envolvendo o transporte de
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ATP podem operar ao mesmo tempo. Este modelo que foi desenvolvido para o musculo
esquelético, estendido para o espermatozoide e fornecendo energia para a sua motilidade,

células fotoreceptoras da retina, eletrdcitos, bordas em escova de epitélios de transporte e

cérebro.

ATPase AMPE
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Figura 3. Modelo do circuito Cr/PCr para homeostasia da energia intracelular em células especializadas com
metabolismo de alta atividade energética e armazenamento de energia flutuante. Walliman e col., 1994.
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1.3 Aspectos quimicos

A forma biologicamente ativa do dimero CK-BB possui uma massa molecular de
duas vezes 43 000 daltons e mede aproximadamente 92 x 42 x 65 A.

O sitio ativo da CK-Mi possui uma cisteina e dois residuos de arginina que sao
essenciais para atividade catalitica e, provavelmente, uma asparagina em 335 que esta

envolvida na ligacdo ao substrato (Wyss, 1992).

A histidina faz parte de sitio ativo da enzima e atua como um extrator de proton do
grupamento guanidino da creatina, facilitando assim o ataque nucleofilico do fosfato gama
a ser transferido durante a reacdo enzimatica. Estudos feitos com NMR em cérebro

mostram quatro residuos nesta area que suportam a idéia da organizagdo de substratos.

Residuos de glutamina 231, 232 e 233 também presentes formam uma carga

compacta negativa, essencial para a catalise (Eder et al., 1999).

As isoenzimas da CK sdo conhecidas por conterem o grupamento sulfidrilico no
sitio ativo: Cisteina 278 na CK-Mi e Cisteina 283 na CK citosolica (Furter, 1993).
Modificagdes ocorridas nos residuos sulfidrilicos, por espécies ativas de oxigénio e NO,
diminuem a atividade mostrando que este grupamento também tem um importante

envolvimento na atividade catalitica da enzima (Susuki, 1992 e Kaneko, 1993).

O pH 6timo para a catalise varia de 6,0 a 7,0 na direcdo do ATP (citosol) e 7.5a 9.0

na dire¢ao da fosfocreatina (mitocondria).
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A estrutura da CK-BB possui trés regides flexiveis. Os residuos 66-70 formam uma
alga caracterizada por expor residuos hidrofobicos. Esta al¢a tem sido proposta para atuar
como uma espécie de tampa proxima ao sitio ativo retirando a dgua da catalise (Fritz-Wolf
et al,, 1996). A segunda alca flexivel contem os residuos 321-331 sem interesse
significativo aparentemente, e a terceira inclui uma hélice alfa, contendo os residuos 181-
190, localizada na superficie da molécula. Esta alca possui grande identidade com a

adenilatoquinase, outra enzima envolvida no transporte de ~P no cérebro.

A CK ¢ altamente sensivel a espécies ativas de oxigénio (Stachowiak et al., 1998;
Kaneko et al., 1993 e Gross et al, 1996). Este efeito produz deficiéncia energética, acimulo
de ADP e excesso de calcio intracelular. Foi verificado que o peroxidonitrito afeta a forma
octamérica da CK-Mi e evita a reoctamerizacdo da forma dimérica (Gross et al, 1996,
Wendt et al.,1998). Acredita-se que a desestabilizacdo da energia celular por exposi¢ao
cronica a espécies reativas de oxigénio pode ocorrer em muitas doengas neuromusculares,
com elevagao dos niveis de Ca2+ intracelular e apoptose (Mattson,1992). Foi demonstrada
uma clara ligagdo entre o aumento das formas diméricas, o aumento de Ca2+ e doengas
cardiacas (Soboll et al.,1999 e Molkentin et al., 1998). A relacao fisiopatologica entre CK
e patologias cérebrais foi demonstrada pelos estudos de Aksenov et al.(1997) e David et
al.(1998) que descreveram a redugdo da atividade da CK em alteragdes neurodegenerativas

como doenca de Alzheimer e doenca de Pick.

20



1.4 Aspectos fisiologicos

A creatinaquinase esta presente em diferentes areas do cérebro, demonstrado em
varios estudos (Holtzamn et al,.1993). Alta atividade da enzima foi encontrada no cerebelo
(Chandler, 1988) e no cortex cerebral (Maker et al., 1973 e Khan et al., 1976). Estudos
realizados com 31P—MRS, no cérebro humano in vivo, mostraram um alto fluxo da
creatinaquinase na substincia cinza, contendo concentragdes mais altas de fosfocreatina do
que na substdncia branca. Entretanto, foram encontrados altos niveis da atividade
enzimatica em culturas de oligodendrdcitos, células gliais tipicas da substdncia branca

(Manos et al., 1991; e Walliman et al., 1994).

A entrega de ~P para ATPases nos locais de sua utilizacdo e a restauragdo destes
carreadores depende muito da velocidade do fluxo destes compostos na célula. Esta
velocidade ¢ determinada pelo coeficiente de difusdo e conseqiientemente pela
concentracdo dos compostos. A concentragao de fosfocreatina no cérebro (~5 mM) ¢é
normalmente mais alta que a concentracdo do ATP (~3mM), a concentracao de creatina
(~6 mM) ¢ muito mais alta que a concentracdo do ADP (~0.3 mM) e a concentragao do
AMP (~0.03 mM) (Erecisnka e Silver, 1989). Considerando estes dados, a transformagao
de Cr em PCr deveria ser mais efetiva que a transformagdo do ADP em ATP.
Experimentos feitos com dinitrofluorbenzeno, um inibidor da CK, causou a perda de
movimentos na cauda distal de espermatozdides (Tombes e Saphiro, 1985) e comprometeu

seriamente a contracdo do musculo estriado (Cain e Davis, 1962).
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2 A Doenca do Xarope do Bordo

A Doenga do Xarope do Bordo (MSUD) ¢ uma aminoacidopatia secundaria a um
defeito na rota metabolica dos aminoacidos de cadeia ramificada (leucina, isoleucina e
valina). O actimulo destes trés aminoacidos e seus respectivos cetoacidos, em criangas nao
tratadas para MSUD, leva a encefalopatia e progressiva neurodegeneragdo. O diagndstico
precoce e a intervencdo com dieta podem prevenir complicacdes e permitir um

desenvolvimento intelectual muitas vezes normal.

Esta doenca ¢ assim denominada porque a urina dos pacientes afetados exala um
odor de acucar queimado. Os cetodcidos da leucina (Leu), isoleucina (Ile) e valina (Val)
também estdo presentes na urina destes pacientes, responsaveis pela denominagdo de o-
cetoacidiria de cadeia ramificada. O cetodcido da isoleucina, a-ceto-f-metilvalérico, ¢ o
responsavel pelo odor caracteristico da urina. Esta doenca ¢ ocasionada por uma alteragao
metabolica hereditaria que se ndo tratada causa retardo mental, incapacidade fisica e morte.
Pode atingir a todos os grupos étnicos numa incidéncia de 1:125 000 a 300 000
nascimentos. A freqiiéncia nos Estados Unidos e de 1:180 000 nascimentos. Por ser uma
doenga autossdmica recessiva, tem maior prevaléncia em populacdes com altas taxas de
consangiiinidade, sendo o motivo da alta prevaléncia (1:176 nascimentos) entre os

Menonitas, numa populagdo que vive na Pensilvania.

A alteragdo metabolica ¢ causada pela deficiéncia da atividade da desidrogenase

dos a-cetoacidos de cadeia ramificada que catalisa a descarboxilacao dos alfa-cetoacidos
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da leucina, isoleucina e valina que sao apds metabolizados a acetil-CoA, acetoacetato e

succinil-CoA (Chuang, 1998).

2.1. Aspectos historicos

Em 1954 Menkes et al. descreveram uma alteracdo neuroldgica progressiva e
degenerativa em quatro filhos de uma familia, que morreram com alguns meses de idade.
A urina destas criangas tinha um odor de xarope de bordo ou de agticar queimado. Acidos
organicos foram isolados da urina de alguns pacientes com estes sintomas (Menkes et al.,
1959). Dancis et al. identificaram o aumento patogénico dos aminoacidos de cadeia
ramificada e seus respectivos cetoacidos e em 1960, foi identificado o bloqueio metabdlico
na descarboxilacdo dos a-cetoacidos de cadeia ramificada: o 4cido a-cetoisocaproico
(KIC), o &cido a-ceto-B-metilvalérico (KMV) e o acido a-cetoisovalérico (KIV) (Dancis et

al., 1963 e 1967).

Em 1964 Snyderman iniciou com sucesso a primeira dieta com restricdo de
aminoacidos de cadeia ramificada. Em 1967, Dancis et al. observaram uma variante da
MSUD em duas familias de siberianos. As criangas tinham alteracdes neurologicas,
aumento dos cetoacidos e aminodcidos de cadeia ramificada e odor caracteristico na urina.

Entretanto os sintomas eram diferentes da forma classica de MSUD.

Em 1971, Scriver et al. descreveram o primeiro caso da doenga responsiva a

tiamina.
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Em 1978 a enzima mitocondrial desidrogenasse dos a-cetoacidos de cadeia
ramificada (BCKD) foi purificada at¢ a homogeneidade por Pettif et al. (1978) que

permitiu a clonagem do cDNA para sub-unidades do complexo BCKD humano.

2.2 Aspectos bioquimicos do metabolismo

A leucina, isoleucina e valina sdo aminoacidos essenciais constituidos por quatro ou
cinco atomos de carbono com uma fun¢do metila que ramifica a cadeia de carbonos na
posicdo 3 ou 4 (figura 4). Estes aminoacidos possuem uma rota catabolica em comum,

J4

participando como fonte alternativa de energia, que ¢é constituida por quatro etapas

distintas.
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Fig 4. Estrutura dos aminoacidos de cadeia ramificada.

Apods a ingestdo, os aminodcidos de cadeia ramificada sdo metabolizados pelo
musculo esquelético como fonte alternativa de energia e também oxidados nos rins,

coracdo tecido adiposo e cérebro.
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A oxidagdo inicia pelo transporte dos aminodcidos por um sistema L transportador
situado na membrana citoso6lica. Inicialmente hd uma transamina¢ao onde o grupo amino ¢
removido pela aminotransferase dos o-aminodcidos de cadeia ramificada, originando os

respectivos cetoacidos: KIC, KMV e KIV.

Os cetoacidos sao translocados por um transportador especifico para a mitocondria
onde sofrem uma descarboxilagdo oxidativa e o grupo carboxilico dos cetoacidos ¢
removido por um complexo enzimatico, a desidrogenase dos a-cetoacidos de cadeia

ramificada (BCKD).

Os produtos da descarboxilizagdo oxidativa dos cetodcidos produzidos pelo
complexo mitocondrial BCKD sao, respectivamente, isovaleril-CoA, a-metilbutiril-CoA e
isobutiril-CoA. Estes compostos sofrem uma desidrogenagdo por uma acil-CoA
deisdrogenase especifica. Neste passo as rotas metabolicas dos aminoacidos divergem. Os
derivados da leucina originam acetil-CoA e acetoacetato, os derivados da isoleucina

originam acetil-CoA e succinil-CoA e os derivados da valina s6 succinil-CoA
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Fig. 5. Metabolismo dos aminoacidos de cadeia ramificada. @ aminotransferase dos aminoacidos de cadeia
ramificada, @ desidrogenase dos a-cetoacidos de cadeia ramificada, ® desidrogenase do isovaleril CoA, @
desidrogenase de cadeia ramificada o-metil-acil CoA.
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2.3 O complexo enzimatico desidrogenase dos a-cetoacidos de cadeia

ramificada (BCKD)

A Doenga do Xarope do Bordo (MSUD) ¢ causada pela deficiéncia na atividade do
complexo enzimatico da desidrogenase dos a-cetoacidos de cadeia ramificada acumulando

leucina, isoleucina, valina e seus respectivos aminoacidos.

A desidrogenase dos a-cetodcidos de cadeia ramificada ¢ um complexo enzimatico
caracterizado por ter multiplas atividades. Estd localizada na membrana mitocondrial
interna e possui trés componentes cataliticos (E1, E2, e E3). E regulada por duas enzimas
(uma fosfatase e uma quinase da desidrogenase dos a-cetoacidos de cadeia ramificada). O
componente catalitico E1 (2-oxoisovalerato desidrogenase) é dependente de pirofosfato de
tiamina e possui duas distintas subunidades, a-E1 e B-El, que formam o «-2 -2
heterotetramero, onde ocorre a maioria das mutagdes. O componente catalitico E2 (di-
hidrolipoamida aciltransferase) ¢ constituido por uma transacilase. O complexo E3 (di-
hidrolipoamida desidrogenase) ¢ uma desidrogenase e estd associado com dois complexos
alfa-cetodesidrogenases adicionais: a piruvato desidrogenase e a alfa-cetoglutarato
desidrogenase. O E3 ¢ constituido por uma flavoproteina, regulada por uma quinase e uma
fosfatase, que controlam a atividade do complexo. A mutagdo em E3 causa também
deficiéncia da piruvato desidrogenase e da alfa-cetoglutarato desidrogenase.

Mutagdes em El, E2 e E3 causam a Doenca do Xarope do Bordo. Nao ha uma
correlacdo entre fenotipos moleculares e clinicos, com exce¢cdo da mutacdo em E3 que

causa a MSUD responsiva a tiamina. Mutagdes em enzimas reguladoras ndo sdo descritas.
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A deficiéncia do complexo resulta no acimulo dos a-cetoacidos e a-hidroxidcidos que

aparecem na urina e liquor de pacientes com a Doenca do Xarope do Bordo.

2.4 Classificacio da Doenca do Xarope do Bordo e Aspectos Clinicos

As manifestagOes clinicas das criangas com MSUD sdo bastante variaveis. Cinco
fenotipos clinicos sdo identificados e podem ser diferenciadas conforme a idade, a
severidade dos sintomas e a resposta ao tratamento com tiamina. Estes fenotipos clinicos
constituem as formas: classica, intermediaria, intermitente, responsiva a tiamina ¢ a

deficiente de E3 (Chuang e Shih, 2001).

A forma classica de MSUD ¢ a mais comum, a mais severa e desenvolve-se
rapidamente. A atividade enzimatica do complexo esta ausente ou apresenta apenas 2 % da
atividade normal. A doenca manifesta-se em recém nascidos, na primeira semana de vida,
e os niveis dos aminoacidos de cadeia ramificada, especialmente a leucina, estdo muito
aumentados no sangue, liquor e urina. Os cetodcidos derivados destes aminoacidos
também estdo aumentados. A presenca de aloleucina confirma o diagndstico. Os pacientes
apresentam sinais neuroldgicos como distonia, encefalopatia e alternam episddios de
hipotonia e hipertonia. A crianca inicialmente tem dificuldade de alimentar-se e perde
peso. Aparece o cheiro de acucar queimado na urina, apnéia e hipoglicemia. A
descoordenagdo motora transitéria tem sido relatada em pacientes com a forma classica de

MSUD. Pancreatite foi ocasionalmente observada, cetose e o odor de agucar queimado sdo
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normalmente encontrados. Os recém nascidos mostram sinais neuroldgicos progressivos

com retardo de crescimento, € na maioria das vezes morrem nos primeiros meses de vida.

A forma intermediaria ¢ uma variante da forma cléssica e a atividade enzimatica ¢é
mais alta. Os pacientes apresentam de 3 a 30 % da atividade enzimatica normal. E mais
rara que a forma classica e os pacientes toleram maior quantidade de leucina. A alteragao
neurologica e o retardo de crescimento sdo variaveis. A deficiéncia neuroldgica ¢ mais
branda. A doenca manifesta-se mais tarde quando apresenta sintomas da doenca classica,
entre 5 meses € 7 anos e os pacientes podem apresentar anemia por deficiéncia de ferro,
hiperuricemia e moderada acidose. Apresenta aumento de isoleucina e dos aminoacidos e

cetoacidos de cadeia ramificada.

A forma intermitente da Doen¢a do Xarope do Bordo ¢ a segunda forma mais
comum. Os pacientes mostram um desenvolvimento de crescimento e inteligéncia quase
normal. A atividade do complexo enzimatico varia entre 5 e 10% do normal. Geralmente,
as criangas ndo tém sintomas ao nascer € estes comegam a aparecer no primeiro ou
segundo ano de vida, embora possam aparecer mais tarde na vida adulta. Em situagdes de
estresse catabodlico, como otite média ou outras infecgdes, podem descompensar e
apresentar episodios da doenga. Durante estes episodios pode acontecer ataxia, letargias e
coma, que devem ser tratados com dieta adequada. O diagndstico correto pode prevenir 0os

episodios de descompensagdo metabdlica e os sintomas da doenga.

A forma de MSUD tiamina responsiva ¢ rara ¢ mais branda. Somente a forma

inicial foi relatada por Scriver et al. (1971). Todos os pacientes mostram uma melhora no
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controle metabolico, com aumento da atividade enzimadtica, quando submetidos a uma

dieta com adi¢do de tiamina e restricdo de aminoacidos de cadeia ramificada.

A forma E3 deficiente ¢ muito rara e poucos foram os casos relatados na literatura
médica. As manifestagdes clinicas sdo algumas vezes semelhantes a forma intermediaria,
apresentando ainda severa acidose latica. Estes pacientes apresentam uma progressiva
deterioragdo neurologica com perda de mielina que ocasiona hipotonia, retardo de
crescimento ¢ movimentos desordenados. Alem da deficiéncia de BCKD possuem ainda

deficiéncia de piruvato desidrogenase e alfa-cetoglutarato desidrogenase.

Chuang (1995) sugeriu denominar o defeito na subunidade a-E1 de tipo 1A, o
defeito na subunidade B-E1 de tipo IB e o defeito na subunidade E3 de tipo III. O tipo III
combina a deficiéncia enzimatica de trés enzimas mitocondriais: o complexo da
desidrogenase dos alfa-cetoacidos de cadeia ramificada, a piruvato desidrogenase ¢ a alfa-

cetoglutarato desidrogenase.

30



Tabela 1. Fendtipos clinicos e bioquimicos na Doenga do Xarope do Bordo.

Fenétipo Aspectos clinicos Aspectos bioquimicos Atividade da
BCKDH
Classica Inicio neonatal Aumento de Leu, 02%
Dificuldade de alimentagdo Ile,Val
Letargia Aloleucina

To6nus aumentado./diminuido.

Cetoacidose
Convulsdes

Intermediaria Deficiéncia de crescimento Aumento de Leu, 3-30%
Atraso no desenvolvimento Ile,Val
Cetoacidose pouco freqiiente Aloleucina

Intermitente No inicio desenvolvimento normal Leu, Ile, Val normais 5-20 %
Episddios de ataxia quando assintomatico
Cetoacidose

Precipitados por infeccdo ou estresse que
podem ser fatais

Geralmente inteligéncia normal

Responsiva a Similar & forma intermediaria Normalizagdo de Leu, 2—40 %
tiamina Ile, Val, e respectivos
ceto 4acidos quando
respondem a terapia

com tiamina

Deficiéncia de lipo Usualmente sem sintomas neonatais Leu, Ile , Val e 0-25
desidrogenase (E3) Deficiéncia de crescimento respectivos ceto-,
Hipotonia acidos moderadamente
Acidose lactica aumentados
Atraso no desenvolvimento Aumento de piruvato e
Movimentos desordenados alfa-cetoglutarato

Deteriorag@o progressiva

Extraido de Biirger (1998) e adaptado de Chuang, 1995.
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2.5 Aspectos genéticos

A Doenga do Xarope do Bordo ¢ familiar e recessiva com genes localizados nos
cromossomos 19q13.1 — q13.2 para o tipo 1; 1p31 para o tipo 2; 6p22 — p21 para o tipo 3.
A doenca ¢ explicada pelas varias mutacdes que ocorrem nos loci das sub-unidades
cataliticas a-E1 para o tipol; B-E1 para o tipo 2, E2 e E3 do complexo da desidrogenase
dos a-cetoacidos de cadeia ramificada. O gene de cada subunidade estd localizado em

diferentes cromossomos.

A terapia génica acena atualmente com a possibilidade de corre¢ao do tipo IA. Um
paciente Menonita com MSUD teve a atividade da BCKD completamente restaurada apos

estabilizacdo da subunidade a-E1 deficiente com a transducdo de linfoblastos mediada por

retrovirus (Chuang e Shih, 2001).

3 A energia cerebral

O ATP ¢ a fonte de energia para muitos processos importantes na célula, e seus
niveis ndo devem cair durante os processos de utilizagdo, como a contracdo muscular e
estimulagdo cerebral. Nestes tecidos o ATP esta continuamente sendo reabastecido pela

acdo da creatinaquinase (Wyss et al.,1992).
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O estudo do metabolismo energético cerebral ¢ relativamente recente (Hertz e
Peng, 1992; Wyss et al., 1992; Erecinska e Silver, 1994; Ames, 2000). Os processos
vegetativos utilizam pouca energia, mas o metabolismo energético aumenta com a
atividade mental, restaurando gradientes i6nicos alterados durante a excitacdo nervosa

(transporte de ions, por exemplo) que consomem a maior parte do ATP produzido.

O Sistema nervoso central funciona gerando, processando e transmitindo impulsos
para manter o desequilibrio i6nico através da membrana neural. As interagdes entre os
diferentes tipos de células sdo de suprema importancia para a fungdo do sistema nervoso
central, como a liberagdo excitatéria do glutamato pelo neurénio e sua captagdo pelo
astrocito (Hertz e Peng, 1991). Ha uma clara correlagdo entre o metabolismo energético, a

concentracdo extracelular do potassio e a atividade da Na*, K'-ATPase (Sokoloff, 1981).

As células requerem energia para sobrevivéncia e realizagdo de multiplas tarefas
biologicas, e o sistema nervoso central exige para o seu funcionamento mais energia que

outros tecidos.

O metabolismo energético ¢ altamente organizado na célula e mecanismos especiais
estdo envolvidos na transferéncia de energia do local de geracdo para o local de consumo.
Conseqiientemente, ha diferencas energéticas em diferentes locais numa mesma célula. O
balango entre a produgdo e o consumo ¢ regulado de forma eficiente ¢ economica pelo

cérebro, sendo a energia gerada rapidamente utilizada, reduzindo a reserva produzida.
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O entendimento do mecanismo que envolve a energia cerebral ¢ de extrema

importancia para a compreensao de varios estados patoldgicos.

3.1 O estudo energético

A glicolise e a fosforilagdo oxidativa sdo as principais rotas produtoras de energia
no tecido nervoso dos mamiferos e estio particularmente interligadas. A Na',K'-ATPase
consome 50 a 60 % da energia gerada no sistema nervoso central, da qual 5 % provém da

degradacdo da glicose e 95 % do metabolismo oxidativo (Erecinska e Silver, 1994).

O metabolismo energético ¢ estudado através de compostos da degradagdo da
glicose como CO,, glicose, lactato; de nucleotideos da adenina como ATP, ADP, AMP; de
enzimas da via glicolitica como hexoquinase, fosfofrutoquinase e piruvatoquinase; de
enzimas envolvidas na degradagio ou sintese de ATP como a Na',K'-ATPase,
creatinaquinase e adenilatoquinase ou ainda com os compostos da cadeia respiratéria. A
idéia de que um “pool” de ATP, proveniente da glicolise ou fosforilagao oxidativa, estaria
a disposi¢ao no interior da célula € pouco aceita hoje em dia. A energia do ATP, gerada na
mitocondria, tem um deslocamento lento dentro da célula, muito mais lento que a difusdo
da 4gua. A transferéncia de energia para locais de consumo seria limitada se dependesse
somente do ATP e a atividade da ATPase poderia ser inibida pelo acimulo de ADP. Um
~P deve ser levado rapidamente, através da célula, para locais onde estdo as enzimas que

consomem energia. Um sistema altamente organizado gera e entrega de ~P. A
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compartimentalizagdo de enzimas geradoras de ATP, a justaposi¢ao destes locais aos de
consumo de ATP, aliados ao provimento de ~P para ATPases estabelecem um “feedback”
resultando numa geracao de energia proporcional ao consumo.

Técnicas histoquimicas demonstraram a presenca de subestruturas compartilhadas,
contendo locais produtores ou geradores de energia, além da habilidade do neurénio em

controlar seletivamente a energia produzida (Thompson et al., 1980).

Além da cadeia respiratdria ha dois sistemas enzimaticos no cérebro, que auxiliam
na manuten¢ao dos niveis de ATP, um dependente de creatinaquinase e fosfocreatina, € o
outro dependente de adenilatoquinase e ADP, os quais atuando em conjunto, reduzem estas

limitagOes da reserva de ATP.

Por outro lado, ja foi observado que a regulagdo da creatinaquinase e do ATP no
cérebro altera-se na auséncia do CK mitocondrial indicando que a producao de energia

cerebral esta altamente relacionada com a creatinaquinase (Kekelidze et al., 2001).

4 Objetivos

4.1 Objetivo geral

O objetivo principal desta tese foi investigar se os aminoacidos e os cetodcidos de
cadeia ramificada, que acumulam na Doenca do Xarope do Bordo, possuem algum efeito
sobre a atividade da creatinaquinase em cérebro de ratos em desenvolvimento e, em caso

positivo, caracterizar este efeito.
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4.2 Objetivos especificos

Estes estudos foram desenvolvidos sob a forma de quatro objetivos especificos:

1- Investigar o efeito in vitro dos aminoacidos de cadeia ramificada e de seus
cetoacidos sobre a atividade da creatinaquinase em homogeneizado total de cortex
cerebral, cerebelo e cérebro médio de ratos jovens.

2- Investigar o efeito da administra¢do aguda e cronica de leucina sobre a atividade
da creatinaquinase em homogeneizado total e nas fracdes citosdlica e mitocondrial de
cortex cerebral, cerebelo e cérebro médio de ratos jovens.

3- Caracterizar o mecanismo de inibicdo causado pelos aminoacidos de cadeia
ramificada sobre a atividade da creatinaquinase em homogeneizado total de cortex cerebral
de ratos jovens.

4- Caracterizar o mecanismo de inibicdo causado pelos aminoacidos de cadeia
ramificada sobre a atividade da creatinaquinase em homogeneizado total de cerebelo e

cérebro médio de ratos jovens.
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CAPITULO 11

RESULTADOS
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Artigo 1

Objetivo 1- Investigar o efeito in vitro dos aminoécidos de cadeia ramificada e de
seus cetodcidos sobre a atividade da creatinaquinase em homogeneizado total de cortex

cerebral, cerebelo e cérebro médio de ratos jovens.

. Creatine kinase activity from rat brain is inhibited by branched-chain amino

acids in vitro.
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ABSTRACT

Maple syrup urine disease (MSUD) is an inherited metabolic disorder
biochemically characterized by the accumulation of branched-chain amino acids (BCAA)
and their branched-chain keto acids (BCKA) in blood and other tissues. Neurological
dysfunction is usually present in the affected patients, but the mechanisms of brain damage
in this disease are not fully understood. Considering that brain energy metabolism seems to
be altered in MSUD, the main objective of this study was to investigate the in vitro effect
of BCAA and BCKA on creatine kinase activity, a key enzyme of energy homeostasis, in
brain cortex of young rats. BCAA, but not their BCKA, significantly inhibited creatine
kinase activity at concentrations similar to those found in the plasma of MSUD patients
(0.5 to 5 mM). Considering the crucial role creatine kinase plays in energy homeostasis in
brain, if this effect also occur in the brain of MSUD patients, it is possible that inhibition of

this enzyme activity may contribute to the brain damage found in this disease.

Key words: Maple syrup urine disease, branched-chain ketoaciduria, leucine, branched-

chain amino acids, branched-chain keto acids, creatine kinase
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INTRODUCTION

The inability to oxidatively decarboxylate the branched-chain o-keto acids
(BCKA) a-keto-isocaproic acid (KIC) , a-keto-B-methylvaleric acid (KMV) and a-keto-[3-
isovaleric acid (KIV) derived from the branched-chain a-amino acids (BCAA) leucine
(Leu), isoleucine (Ile) and valine (Val) causes the inherited metabolic disorder maple syrup
urine disease (MSUD) (1). BCAA and BCKA accumulate because there are a metabolic
block of the mitochondrial branched-chain a-keto acid dehydrogenase complex (BCKD)
(2). Surviving children often present a variable degree of brain damage, characterized by
mental retardation, neurological difficulties in walking and speech, and seizures (3).

Leu and KIC, the main accumulating metabolites, are considered to be the most
important neurotoxic substances in MSUD, but the mechanisms of brain damage in this
disease are still poorly known (3). Severe brain edema, myelin deficiency, striking spongy
degeneration of white matter, cerebellar necrosis and considerable nerve-cell loss in
substantia nigra and pontine nuclei suggest that brain energetic homeostasis is altered in
MSUD (4-6).

Creatine kinase (CK), EC 2.7.3.2, catalyzes the reversible transfer of the N-
phosphoryl group from creatine phosphate to ADP regenerating ATP. This enzyme
participates in a key system to maintain energy homeostasis of cells with high and
fluctuating energy requirement (7). CK isoenzymes are specifically located at places of
energy demand and energy production and so are linked by a creatine/creatine phosphate
circuit. They are compartmentalized subcellularly and coupled to sites of energy
production or energy consumption. The isoforms BB-CK (dimeric) and Mi-CK (octameric)
are the cytosolic and mitochondrial forms, respectively, found in the brain (8). Because

energy is necessary to maintain the development and regulation of cerebral functions, it has
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been postulated that damage of CK function may be an important step of a
neurodegenerative pathway that leads to neuronal loss in the brain (9). Recent findings
have reinforced this hypothesis, showing that CK activity is severely reduced in several
neurodegenerative diseases (10-12).

Considering that CK activity is reduced in neurodegenerative diseases, and
brain energy metabolism is probably altered in MSUD, in this work we investigated the
effect of BCAA and its BCKA, compounds known to accumulate in MSUD in human
brain, on CK activity in homogenates of brain cortex, cerebellum and midbrain from 22-

day-old rats.

EXPERIMENTAL PROCEDURES

Subjects and reagents:

Wistar rats bred in the Department of Biochemistry, UFRGS, were used in the
experiments. Eight pups were randomly assigned to each dam. Rats were kept with dams
while receiving the drugs until they were sacrificed at the 22™ day of life. The dams had
free access to water and to a standard commercial chow (Germani, Porto Alegre, RS,
Brazil) containing 20.5% protein (predominantly soybean), 54% carbohydrate, 4.5% fiber,
4% lipids, 7% ash and 10% moisture. Temperature was maintained at 24 = 1 °C, with a 12-
12 h light-dark cycle. The “Principles of Laboratory Animal Care” (NIH publication n°® 85-
23, revised 1985) were followed in all the experiments. All chemicals were purchased from

Sigma Chemical Co., St Louis, MO, USA.
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Preparation of brain homogenate

Animals were sacrificed by decapitation. The brain was rapidly removed and the
brain was dissected on a glass dish over ice. Time elapsed from decapitation to place the
brain on the ice was less than one minute. Olfactory bulbs and pons were discarded, and
cerebellum, brain cortex and midbrain (the rest of cerebrum) were separated and the tissue
was disrupted in ice-cold 300 mOsm NaCl (1/10, w/v) using a ground-glass homogenizer.
The homogenate was stored at —70° C when the assay was not carried out immediately.
Before the enzyme assay, the homogenates were frozen and thawed three times and diluted

a hundred times in the same buffer used in the assay.

Creatine kinase activity assay

CK activity was assayed in medium contained 5.9 mM phosphocreatine, 100 mM
MgSO4-Trizma buffer pH 7.5 and approximately 1 pg of protein homogenate in a final
volume of 0.1 mL. After 5 minutes of pre-incubation the reaction was initiated by the
addition of 0.3 nmol of ADP-glutathione. The reaction was stopped after 10 min by the
addition of 1umol of p-hydroxymercuribenzoic acid. The creatine liberated was estimated
according to Hughes (13). Color was developed by the addition of 0.1 mL 20 % a-naphtol
and 0.1 mL 20 % diacetyl and read after 20 minutes at 540 nm. For the in vitro studies,
BCAA or its BCKA were dissolved in 100 mM MgSO4-Trizma buffer pH 7.5. and added
to the incubation medium at final concentrations ranging from 1 to 5 mM for Leu or KIC
and from 0.5 to 2.0 mM for the other substances. These concentrations are similar to that
found in plasma of MSUD patients. Results were expressed as pmol of creatine formed per

min per mg of protein.
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Protein determination

Protein was measured according to Lowry (14) using serum bovine albumin as

standard.

Statistical analysis

Data from the experiments were analyzed by one-way analysis of variance
(ANOVA) followed by the LSD test when F value was significant. For analysis of dose-
dependent effect, linear regression was used. All analyses were carried out in an IBM

compatible PC using the Statistical Package for the Social Sciences (SPSS) software.

RESULTS

The in vitro effect of BCAA, as well as the correspondent BCKA, on the enzyme
activity in the brain homogenates of the brain structures from twenty two-day-old rats was
investigated. Leu, Ile, and Val significantly inhibited CK activity in the homogenates of
brain cortex in a dose-dependent manner (Fig 1): [F(1,39) =20.01; p< 0.001; B =-0.61; t
=4.47; p< 0.001]; lle: [F(1,37) = 17.761; p< 0.001; B = -0.57; t = 4.21; p< 0.001]; Val
[F(1,38) = 56.46; p< 0.001; B = -0.77; t = 4.57; p< 0.001]. Similar effects were observed
for midbrain ( Fig 2): Leu: [F(1,42) = 24.91; p< 0.001; B =-0.61; t = 4.99; p< 0.001]; Ile
[F(1,33) =20.86; p< 0.001; B =-0.62; t =4.57; p< 0.001]; Val [F(1,34) = 14.69; p< 0.001;
B =-0.55; t=3.83; p< 0.001]. All three BCAA also significantly inhibited CK activity in
cerebellum homogenates in a dose-dependent way (Fig 3) : Leu: [F(1,40) = 21.89; p<
0.001; B =-0.59; t = 4.68; p< 0.001]; Ile: [F(1,29) = 18.12; p< 0.001; B = -0.62; t = 4.26;

p<0.001]; Val [F(1,33)= 15.06; p< 0.001; B = -0.56; t = 3.88; p< 0.001].
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In contrast, BCKA did not alter CK activity in the homogenates of the brain
structures studied. KIC: brain cortex [F(5,30) = 1.32; p>0.3]; cerebellum [F(5,30) = 0.62;
p>0.68]; midbrain [F(5,24) = 0.27; p>0.90]; KMV: brain cortex [F(4,25) = 0.81; p>0.53];
cerebellum [F(4,25) = 0.36; p>0.82]; midbrain [F(4,25) = 0.38; p>0.81]; KIV: brain cortex
[F(4,25) = 1.57; p>0.23]; cerebellum [F(4,25) = 0.18; p>0.93]; midbrain [F(4,25) = 0.66;

p>0.61].

DISCUSSION

BCAA and their BCKA accumulate in plasma and tissues of MSUD affected
patients. Neurological dysfunction is common in these patients but the mechanisms
underlying the pathophysiology of this disorder seem to be multiple and poorly known. It
has been proposed that brain cells in MSUD may be subjected to two mechanisms that
limit the availability of LNAA: competition for transport of LNAA at the blood-brain
barrier and trans-stimulated exchange out of neuronal cells for subsequent metabolism or
sequestration in the periphery (15). In this context, we have reported a reduction of large
neutral amino acid (LNAA) in plasma and brain of hyperleucinemic rats (16). On the other
hand, we have reported that all amino acids, keto acis and hydroxy acids accumulating in
this disease stimulate the in vitro lipid oxidation in rat brain (17). Other mechanisms of
neurotoxicity of metabolites accumulated in MSUD proposed by us and by other
investigators include: oxidation of glutamate and glutamine (18), inhibition of glutamate
uptake into synaptic vesicles (19,20), apoptosis (21,22), and induction of convulsions
through GABAergic and glutamatergic NMDA mechanisms. (23).

In the present study we demonstrated that the BCAA, but not their correspondent

BCKA, inhibit the in vitro activity of CK in the brain of rats, in a dose-dependent manner,
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at concentrations similar to those found in plasma of MSUD patients. This indicates that
not only Leu, but also the others two BCAA accumulating in MSUD may be neurotoxic,
altering brain energetic homeostasis. It is important to emphasize that the inhibition of CK
activity caused by BCAA occurred in all brain structures studied, correlating with the
morphologic changes found in the brain of MSUD patients (4-6).

It is possible that the inhibitory effect of BCAA on CK activity observed in vitro,
also occurs in vivo, since the BCAA are rapidly transported into the brain (24) and
accumulate in brain of MSUD patients (25). On the other hand, we also observed in the
present study that BCKA did not affect the in vitro CK activity. Because KIC achieve high
concentrations in the plasma of MSUD patients (0.6 to 4.6 mM), it is possible that this keto
acid may reduce in vivo the CK activity, since it has been reported that KIC is rapidly
taken up by neurons and actively transaminated to Leu, increasing the concentration of this
amino acid in brain tissue (24,26). Considering that morphologic changes found in the
brain of MSUD patients point to alteration in the energy metabolism in the central nervous
system (4-6), it is feasible to envisage that the inhibition of CK activity caused by BCAA
could contribute to the brain energy alteration in this disease.

The CK/creatine phosphate system exerts three integrated functions in Brain cells:
temporary energy buffering, metabolic capacity, and energy transfer and metabolic control
(27,28). This system is now recognized as an important metabolic regulator during health
and disease (29). A decrease in CK activity is one of the biochemical markers of brain cell
damage in age-related neurodegenerative diseases, including Alzheymer’s disease (30).
The decrease of CK activity in the brain correlates well with the neurodegeneration
parameters in severely affected regions in Alzheimer’s disease (31). Therefore, damage of

CK function may be an important part of a neurodegenerative pathway that leads to
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neuronal loss in the brain (9). These findings are reinforced by the observation that creatine
and phosphocreatine  have neuroprotective effects against energy deprivation and
glutamate excitoxicity, attributable to an enhancement of cytosolic high-energy phosphate
stores (32). On the other hand, considering that CK and the creatine-creatine phosphate
energy shuttle may play a role in brain development that is associated with
oligodendrocyte function and/or myelogenesis (33), the reduction of oligodendrocytes and
myelin deficiency, the most prominent morphologic changes found in the brain of MSUD
patients (3) may be possibly associated to reduction of brain CK activity.

In summary, the results show that BCAA, compounds known to accumulate in
MSUD in human brain, inhibit CK activity in the brain of young rats. Considering that
creatine kinase is a key enzyme for energy homeostasis, if this enzyme inhibition also
occurs in the brain of MSUD patients, it is possible that the diminution of this enzyme
activity may alter energy metabolism and function in the brain of the patients and
contribute to the brain damage characteristic of this disease. Further studies will be

necessary to evaluate whether creatine supplementation may benefit MSUD patients.
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Fig 1. In vitro effect of leucine, isoleucine and valine on creatine kinase activity in
homogenates of brain cortex from young rats.
Data are mean = S.D. for 6-8 independent experiments performed in triplicate. Different

from control, * p< 0.05, ** p<0.01 ( LSD test)

Fig.2. In vitro effect of leucine, isoleucine and valine on creatine kinase activity in
homogenates of midbrain from young rats.
Data are mean + S.D. for 6-8 independent experiments performed in triplicate. Different

from control, * p< 0.05, ** p<0.01 ( LSD test)

Fig.3. In vitro effect of leucine, isoleucine and valine on creatine kinase activity in
homogenates of cerebellum from young rats.
Data are mean = S.D. for 6-8 independent experiments performed in triplicate. Different

from control, * p< 0.05, ** p<0.01 ( LSD test)
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Maple syrup urine disease (MSUD) is a metabolic disorder biochemically characterized by
the accumuolation of branched-chain amino acids (BCAA) and their branched-chain kelo
acids (BCKA) in blood and tissues. Neumlogical dysfunction is nsually present in the pa-
tients, bul the pathophysiology of hrain damage is still obscure. Considering that brain
enenzy metabolism is possibly aliered in MSUD, the main objective of this study was 1o
delermine crealine kinase activily in the brain of rats subjected (o acute and chronic adimin-
istration of leucineg. Chronic hy perlenci nemia was indoced by subculaneous admi nistrations
of 4.8 pmol leacinedp body weight, twice a day, [rom the 6th Lo the 21st posinatal day. For
acule hyperleucinemia, 21-day-old rats received three administrations of the amino acid at
3 hointerval. Twelve hours after the chronic reatment or 1 hoafter the acule one, mats were
killed and creating kinase activity measured. The resulls indicaled thatl acale or chronic
administration of leucing altered creatine kinase activity in the brain of leucine-treated rats.
Considering the erueial role creatine kinase plays in energy homeostasis in brain, if these
elfects also ocourin the brain of MSUD patients. il is possible that alleration of this encyme
aclivity may contribute to the brain damage found in this disease.

Fey werds: Maple syrmup uring disease; branched-chain ketcaciduria; leucine; creating kinase.

INTRODUCTION

Maple syrup urine disease (MUY, or branched-chain ketoaciduria, is an inherited
aulosomal disease caused by a deficiency in the activity of branched-chain e-keto acid de-
hydropenase complex (BCKID). Asa result of this deficiency, the branched-chain e-amino
acids (BUAA) leucine (Len), isolencine (Ile), and valine (Val) and their branched-chain
ce-keto acids (BCKA) e-keloisocaproie acid (KIC), a-kelo-8-methylvaleric acid (KM,
and e-ketoisovaleric acid (KIV), respectively, accumulale in blood andlissoes (Dancis efal.,
1960 Menkes, 19590, Surviving children often present a variable degree of brain dam-
age, characterized by mental retardation, nemrological ditlicalties in walking and speech,
and seizures (Chuang and Shih, 2001). MSUD is predominantly a while-matler disorder,
and the newropathologic changes include severe hrain edema, myelin deficiency, striking
spongy depeneration of while matter, cere bellar necrosis and considerable nerve-cell loss in
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substantia nigra and pontine nuclei, suggesting that brain energetic homeostasis is altensd
inthis disease (Kamei ef af., 1992; Kiil and Rokkones, 1964; Rivielloef el 1991,

i have previously reported that clronic e administration indoces behavioral deficits
inrats (hello ef ad., 1999), in agreement with others that consider Leu andfor its keto acid
KIC, as the main newrotoxic metabolies in this disease (Chuang and Shih, 20013, However,
the mechanisms of brain damage in MSUTY are stll poorly knowi,

Crealine kinase (CK). EC 2.7.3.2, calalyres the reversible transfer of the & -phos phoryl
group from creatine phosphate © ADE repenerating AT This enayime calalyses a critical
reaction 1o maintain energy homeostasis of cells with high and Qucluating energy requine-
ment (Wallimann eral, 1992). CK isoenzymes are specifically located at places of energy
demand and energy production and so are linked by a creatine/creatine phosphate circuit.
They are compartmentalized subcellularly and conpled to sites of energy production or en-
ergy consumplion. The isolonms B-CK (dimeric) and Mi-CK (oclameric) are the cylosolic
and mitochondrial forms, respectively. founds in the brain ( Wyss ef al. 1992). Because
energy is necessary o maintain the development and regulation of cerebral funclions, il
has been postulated that damage of CK [unction may be an important step of a neurode-
generative pathway that leads Lo neuronal loss in the brain (Tomimoto ef af, 1993). Recent
lindings have reinforced this hypothesis, showing that CK activity is severely reduced in
several neurodegeneralive diseases (Aksenov af all, 20000 David ef af., 1998).

Considering thal CK activity is reduced in neurodegenerative diseases, brain energy
metaholism is probahly allered in MSUTY, and Leu is considered the most probable neuro-
Lo ic BOAA in this wiork we investigated the elTect of acote and chronic Len adininis ration
on CK activily in the brain of young rals.

MATERIAL AND METHODS
Subjects and Reagents

Wistar rals bred in the Department of Biochemistry, UFRGS, were used in the exper-
iments. Eight pups were randomly assigned o each dam. Raols were kepl with dams while
receiving the drugs until they were sacrificed. The dams had Iree access to waler and to
a standard commercial chow (Germani, Porto Alegre, RS, Brazil) containing 205% pro-
tein (predominanty soybean), 54% carbohydrale, 4.5% fiber, 4% lipids, 7% ash. and 10%
moisture. Temperatune was maittained at 24 + 1°C, wilh a 12-12 h light-dark cyele. The
“Principles of Laboratory Animal Care™ (NIH publication no. 85-23, nevised 1983) wene
followed in all the experiments. All chemicals were purchased from Sigma Chermical Co,
81 Louis, MO, USA.

Leucine Treatment
Chionic Treatment

Hyperlencinemia was induced by daily subcutaneous administration of Eew, Trom the
fth o the 2 1st day of life. The animals were randomly separated into two groups and were
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injected twice a day al & h intervals. Leocine was disolved in saline (0.85%) and bufTered
o pH 7.4 with NaOH and administered in doses calewlated according 1o body weight
estahlished from pharmacokinelic parameters in our laboratory (Mello eral. 1999 Half
af the animals received subeulaneosns administrations of 4.8 pmol leucinefs body weight.
and the others received the same volume of saling solution. Twelve hours after treatment
the rals wene Killed by decapitation withoul anesthesia, and the brain was rapidly removed
[ior creatine kinase activity and protein delerminations.

Acute Treatmen!

Twenly 2-day-old Wistar rats were used. The animals were randomly separated into
twir groups. Bulfered Leu solution was administered to half of the animals, three times at
3 hintervals, in the same doses stated above (4.8 gmol leocine/g body weight). Control
rats received the same volume of saline solution. Rats were killed by decapitation withoot
anesthesia 1 hoafler the lastinjection and the brain was rapidly removed.

By using these doses, Leu-trealed animals achieve maximal plasma Leno levels similar
to that found in the plasma of MSUD patients 30 min aller subcutaneous injection of he
amino acid. Maximal brain Leu levels are achieved 60 min afler amino acid administration.
Twelve hours after injection, Len levels return to the normal levels in plasma and brain
(Mello eral., [999),

Preparation of Brain Cortex Homogenate and Fractions

The brain was dissecled on a glass dish over ice. Time elapsed from decapilation to
place the brain on the ice was less than 1| min. O phatory bulbs and pons were discarded. and
cereheum, brain cortex and midbrain (the rest of cerebrum) were separated., and the lissoe
was disrupled in jce-cold 300 mOwm MaCl (1710, wiv) using a ground-glass homogenizer.
The homogenate was centrifuged at 830 = g for 10 min, the pellet was discarded and the
supernatant was centrifuged for 10,000 s ¢ for 15 min. The supernatant of the second
centrifugation was collected for determination of cylosolic CK activity, and the pellel was
washed two times with TRIS-sacarose 10 md isotonic buffer pH 7.5 and resuspended in
100 mM M eSO4-Trizma buffer pH 7.5 [or determination of mitochondrial CK aclivity.
Homogenale, cylosolic, and mitochondrial fractions were stored al —70°C when the assay
was nolcarried outimmediately. Belore the enzyme assay, the homogenale and the fractions
were frozen and thawed Lhiee times.

Creatine Kinase Activily Assay

CE activity was assayed in medium containing 5.9 mM creatine phosphate. 100 mh
MaSO4-Trirma buffer pH 7.5, and approximately 1 gg of proein homogenate in a final
volume of 0.1 ml., After 5 min of preincubation, the reaction was initiated by the addition
af 0.3 nmol of ADP-glutathione. The reaction was stopped altler 10 min by the addition of
I peamol af p-hydroscymercaribenaoic acid. The creatine liberated was estimated according
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o Hughes (1962, Color was developed by the addidon of 0.1 ml 20% c-naphtol and
0.1 mE 20% diacetyl and read alter 20 min at 540 nm. Results were expressed as gemol of
creatine formed per minule per mg of protein.

Prodein Determination

Frowin was measared according to Lowry @ al (19510 nsing bovine albumin as
standard.

Statistical Anal ysis

Prata were analyred by the Student’s f-tesl [or independent samples. All analyses werne
carried oul in an IBM compatible PC using the Statistical Package for Social Sciences
(SPSS) soltware.

RESULTS

CE activity was measuredin homogenates of brain cortex (Fig. 1y, midbrain (Fig. 2, and
cerebellim (Fig. 3) from rats subjected Lo acute and chronic Leu administration. CE activ-
ity was reduced in the homogenates of cerebellum (#(14) = 5.87; ¢ = 0L.001) and midbrain
(14 = 3,34 p o (U010, butwas increased in brain corlex homogenate (7(12) = 285, p <
(.05} [rom rals subjected to acute Leu administration. The mitochondriafeytosol ratio of
CK activity did nol difler from those of controls in the three brain structares of acalely Leu-
treated rals: cerebellum: control = 101 £ 0.1 ]; Leu-treated = 109 £ 0.16; (14 = .15,
P o= 0.25; midbrain: control = 108 £ 0.21; Leu-lrealed = 0.95 + 0.16; (14 = 1.31:

[
E 4 = ik
e 3 I I
E
E 2
8 :
81 S
£ 7
A I Ji
control  leucine control leucine
ACUTE CHRONIC

Figure 1. Effect ofacute and chronie leucine admimstration oncreatine kinase activity inhomogenates
from brain cortex of young mis. Dala are mean 4= 51 for 588 independent expenments perfommed in
triphcate. Different from control, *p < 0005, ' p < 001 (Student’s f4est).

60



Hyperleueinenia and Creatine Kinase n

(1]

:7

A\

urnal creatinedmin . my proteln
B3

control  leucine control leucine
ACUTE CHROMNIG

Figure 2. Effectof acute and chronic leucine administration on creatine kinase activity inhomogenates
from midbrain of young mis. Data are mean 4+ S0 for 652 independent expenments performed 1n
tnphicate. Different from control, *p < OB, % p < 001 (Student’s f-1est ),

§ o= 0200 brain cortex: control = 0,91 220.22; Leu-treated = 102 £ 0012 #(12) = 1.22;
p o= 0200, indicating that Len effect was similar on the isoenzymes in the bwo subcellular
[ractions.

In chronically treated animals, CK activity was signilicantly reduced in the homo-
penates of cerebellum (f10) = 2244 p = 0.05) and midbrain (0100 = 3.12; p = 0.05),
but was increased in brain cortex homogenates (#0100 = 3.58; p = Q.01 (Fig. 2). The
i tochondriafoytosol ratio of CK activily in the three brain structores ol Leu-trealed rats
did not differ significantly from those of controls: cerebellum: control = 0,93 4+ (0.15;
Lev-treated = 084 20013 K100 = 1.37; p = 0.20; midhrain: control = 081 4 013
Levu-treated = 0.93 £ 0.22; (100 = 118 p = (.25, and brain cortex: control = 101 £
(.12 Leo-treated = 1.02 = 0110 /10y = .69, p = 0.5 indicaling that Leu caused the
same effect on the o Soeney mes,

t
t

T ™

wmal creatinedmin . mg protein
L]

control  leucine control  leucine
ACUTE CHRONIC

Figure 3. Effectof acute and chronic leucine adminstration on creatine kinase activity inhomogenabes
from cerebellum of young rats, Data are mean 4= 5D for 68 independent experiments pedormed in
tnplicate. Different from contral, *p < 05, Y p < 001 (Student™s s-Lest ),
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BCAA and their BCEKA accumulate in plasma and tissoes of MSUD affected patients.
Meurological dysfunction is common in these patients ol the mechanisms underlyving the
pathophysiology ol this disonder seem o be multiple and poorly known. Tt has been proposed
that brain cells in MSUT may be subjected o two mechanisms thal li mit the availability of
large nentral amino acids (LNAA ) competition for ransport of EMAA at the blood-brain
barrier and trans-stimulated exchange oul of nearonal cells for subsequent metabolism or
sequestration in the periphery (felke ef al, 20020 In this context, we have reported a
reduction of large neuatral amino acid (ENAA) in plasma and brain of hy perleucinemic rats
CAranjo @f el 200010, On the other hand, we have reported that all amino acids, keto acids,
and hydroxy acids accumunlating in this disease stimulate the in vitro lipid oxidation in rat
brain (Fontella ef af, 2002), Other mechanisms of neurotoxicity of metabolites accumulated
in MSUD proposed by us and by otherinvestigators include oxidation of glutamate and glu-
taming (Aielke & af, 1997, inhibilion of glotamate uptake into synaptic vesicles (Reisefal.,
2000; Tavares & af, 20007, apoplosis (Touvel @ af., 20000, and induction of comulsions
through GABAegic and plutamateroic MMDA mechanisms (Coilinhoef af., 2001).

W have previously demonstrated that suslained plasma Leuo levels, similar (o those
found in the plasma of MSUTY patients, induce behavior deficits in developing rals (Mello
ef e, 19997 I the present sludy, we demonstrated that acute or chionic administration of
Leuw, the major BCAA accumulated in MSUL. increases CK aclivily in brain cortex and
reduces this endyme activity in midbrain and cerebellum of trealed rats. The allered CK
activity found in brain cortex, cerebellum, and midbrain of chronically Leu-treated rats is
probably notcansed by a reversible direct effect ol the amino acid on the enzy me, because,
al the time of animal sacrifice and brain isolation (12 h after treatment), plasma and brain
Leu levels returned to normal levels (Mello @f al., 1999, Therelore, the alteration of CK
activity may be caused by regulation of expression or postlanslational modification of
existing engyme molecules. This laker mechanism was proposed by other investigators who
[ound that the reduced kevel of CEL observed in several nearodegenerative disorders, is the
result of postiranslational modifications o the enzyme (Aksenov ef al, 1997, 1989,

The hypothesis that altered CK activity observed aller chronic administration of Teu
was not a direct engyme inhibition or stimulation was reinfooced by the results obtained
with the acute administration of Leu. which also altered the engyme activity in the same
direction. In this experiment, the concentration of Leu in the brain atthe dme of rat sacrifice
(1 h after the last injection) is around 2.2 pmolfg lssoe (approximately 3 mbd), meaning
that the final Len concentration in the assay medium was as low as 0.3 uM, because the
homogenates were diloted 100000 Hmes for the assay of CK activity.

Inrespect W the observed increase in CK activily in the brain cortex of Leo- eated mats,
il is possible that the amino acid causes a reduction of CK aclivity in whole brain and. dif-
ferently from midbrain and cerebellum, the mechanisms of recuperation of enzyme aclivily
are more active in the brain cortex. n this case, CK activily would be elevaled when assayed
in the absence of significant amounts of Leu. This hiphasic response (an inidal decreased
activity reflecting inactivationof the engvme. followed by an increased activity correspond -
ing toa response of the organism to maintain the eneyme function) was previously observed
in Ma®, K" -ATPase acvity in synaptosomal membranes of brain cortex of rals subjecled
Lo phenylalanine administration (Wyse ef af., 1995). This hypothesis is consistent with the
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nenropathology changes found in the hrain corex of MSUD patients whose neurons and ax-
oms are usually well preserved. differently from the other brain stroctures (Choang and Shih,
20017, Taken together, the results of the acute and chronic Leu administration suggest that
high Leu levels may decrease CK activity in the brain regions more alTected by the disease.

Il is possible that the inhibitory effect of Leu on CK activity ohserved in rats, also
occurs in the patients, since BCAA are mapidly transported into the brain (Yudkoff, 1997}
and accumulate in brain of MSUD patients (Prensky and Moser, 1966). On the other hand,
it is possible that KIC, the e-keto acid derived from Leo. may also reduoce the CK activity,
because il achieves high concentralions in the plasma of MSUD palients (0.6—4.6 mhi) and is
rapidly taken up by neurons and actively transaminated o Leuw, increasing the concentration
of this amino acid in bmin tissue (Yodkoll, 1997; Zielke of af., 1996). Considering thal
morphologic changes found in the brain of MSUD patients point to alleralion in the energy
metabolism in the central nervous system (Kamed ef af, 1992; Kiil and Rokkones, 1964;
Riviello ef al, 1991), i is feasible o emvisage that the inhibition of CK activily caused by
Lazu could contribute to the brain energy delicit in this disease.

The CEicreatine phosphate system exerts three inlegraled functions in brain cells:
lemporary energy bollering, metabolic capacity, and energy tanster and metabolic con-
trol (Saks ef al., 1996 Wallimann «f af., 1998a). This syslem is now recognized as an
important metabolic regulator during health and disease (Wallimann ef af., 1998b). A de-
crease in CK activity is one of the bioche mical markers ol brain cell damage in age-related
neurodegenerative diseases, including Aleheimer’'s disease (Aksenov of al.. 1997 The de-
crease of CK activity inthe hrain correlates well with the neurodegeneralion parameters in
severel v affected regions in Alzheimer’s disease (Hensley e af. . 199530, Therelore, damage
of CK [unction may be an important part of a neurodegenerative pathway that leads 1o
brain damage (Tomimoto ef af., 1993), These fndings are reinforced by the observalion
that creatine and crealine phosphale have nenroprotective effects againal energy depriva-
ion and glutamate excitoxicity, attributable o an enhancement of eytosolic high-energy
phosphate stores (Broswwetsky ef af.. 2000, On the other hand, considering that CK and
the creatine-creating phosphate energy shuttle may play a mwle in brain development that
is associated with oligodendrocyte funclion andfor myelogenesis (Manos ef al., 1991), the
reduction of oligodendrocytes and myelin deficiency, which are the most prominent mor-
phologic changes found in the brain of MSUT patients (Chuang and Shih, 20013, may be
possibly associaled o CK activily diminution.

In summary. our resolts indicate that Lew, the major BCAA accmmulating in MSUD,
allersthe in vive CK activity inthe brain cortex of rats. Considering that areatine kinase is a
kev enzyme forenergy homeostasis in brain, if this effect also ocours in the brain of MSUT
patients, it is possible that the alleralion of this eneyme activily may impair brain energy
me tabolism. contributing to the brain damage found in this disease. I this is the case, it will
be important o perform more studies on CK system in MSUD to evaluale whether creatine
supplementation would bencfit these patients.
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Artigo 3

Objetivo 3- Caracterizar o mecanismo de inibi¢do causado pelos aminoacidos de cadeia
ramificada sobre a atividade da creatinaquinase em homogeneizado total de cortex cerebral

de ratos jovens.

Kinetic studies on the inhibition of creatine kinase activity by branched-chain

o~-amino acids in the brain cortex of rats

Carmen Pilla, Rui Felipe de Oliveira Cardozo, Paula Karine Barcelos Dornelles,
Carlos Severo Dutra-Filho, Angela Terezinha de Souza Wyse, Moacir Wajner, and Clovis
Milton Duval Wannmacher.
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Abstruet

Maple symup urnedissss (MELI) is nmeinhdic disorder bicchemically chamelbaized by ihzaccumuolation of hrane bed-chain c-amino
agics { BOAA) aml their branchad-cleun a-kete acids {BCEA ) in blood wd tissues, Nenmlogical dysfunction is vsually present in the
palictis. bk the mechanisms ol benin damnge in this diseaseare G from be undersiood. The mmin objectieeof thissuchy wis (o meestigalethe
mechamisms by which BEAA iohubai creatine kinase activiiy, o key enevme ol asapy homeosiasia inthe bmin corex of 2 Llay-old Wisiar
s, Forthe kinelic shies, Lineweayer-Bude and o medibication of the Chevilland et al. plols wers used o chamelerize the machanisms of
enzyme inhibition, The resulis indicabad that BCA A inhibil creatine kinase by competition with the subsirabes phosphoer saline aod AP
at the avlive site. Comsidering the coucinl rale crenfine kinnse plavs in snergy bomecstasis in broin, if these effects also ocourin the bmin
al MSLUT paliania, i 15 possible il inhibibion of tles enzvose ackvaty may contriboiz e the bran domages foond o ihs disease. In ths

wase, il is possible that craatine sapplanentiation o the dist ouight benetit ML paticnis.

42003 Pubishad by Flsevier Sciamwe Lid, onbehallof [318,

Farprevals: Mapie symup urie dissusy, Brmhodchain ketoackduna; Leusine Briched-chait -amino aclis; Crealing kinse

1. Imtroduction

Maple syrup urime diseasz (MSL} or branchad-chain ke-
toaeiduria 18 a maabolic inheritad disorder caused by a dafi-
ciency m the activity of branchad-chain e-keto acid ddydro-
penase complex { BCKI acounmilating the hanchal-<<lhain
e-amine acids (BCAMA) leucing (Lew), isolaucing (He) and
valing (Valj and their branchad-chain c-kato acids (HCRAJ,
ee-keto-iocaproic acid (K1), o-keio-p-methylvaleric acid
[KMVY and a-keto-isowaleric acid (KIV) in bloed and tis-
ses of the patients (Menkes, 1959; Dancis et al., 19600,
Surviving childran ofien present a variabla degree of brain
damage, characterizad by mental rdardation. peurological
difficuliies in walking and speech, and seiaures | Chuane and
Shih, 20013 MSUL 1 predominantly a whibe-matber disor-
dir and the nauropathologic changes inchile sovere brin

e, myelin daficiency, striking spongy degenemfion of

while matier, cerebellar necrosis and considemble nerve-cell

* Correponding mnfhor Tl 85-51-T816.55835;
fax: 55.51-330 5 5535,
Eopnld oliress: chwischwiiulrgsbr (OO, Weninzchery

loess in substantin nigra and ponting nuclai, suggesting that
brain enerpetic homeostasis is deficient in this disease (Kiil
anid Rokkones, 1964; Riviello et al., 1991; Kamei @ al.,
19623,

Lz and K I, the main aceumulatine matabolites, ane con-
sklanad the most impon ant neumtoxic subsiances in ML,
bt the mechantans by which this subsiances cause brain
damuge in this diseasz are siill poorly known (Chuang and
Shih, 20017,

Creatine kinase (CKy, EC2.7.3.2, catulyses the revasible
transliar of the N-phosphory] group lrom phosphocreatine to
AP regenerating AT This enzyme participates of an im-
portant system b nuinlain enzrgy bomeosiasis of cells with
high and fluctuating energy requirament (Wallimann ot al.,
1982, CK moeneymes are specifically locatad at places of
high enerpy demand and priduction, linking energy pro-
cuction and enargy utlization by a creating/phosphocreating
circuil (Wyss el al., 1992}, Comsilaring thal energy is crili-
cal o mainiain the development and regulation of carehral
functims, it has been postlated that alteration of the one-
atine/phisphocreatine circuil may be an imporiant step of
a nenrcdegeneminve pathway that lzads o neurona] kss in
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he brain {lomimoeta et al, 1993) In this conlexl., it has
baan reported severaly reduced CK aciivily in several neu-
roslegenaative diseases (David & al., 1998, Aksenov a al.,
20100,

hly albarad in MSLID, in this work we investigatad the mech-
anism of the inhibition cansed by BCAA on CK activity
in the hrain of 22-chy-old rat= [l i impodant o koow ihe
type of inhihition of the emeyme CK bacause it is possi-
bl that this approach may be usad 10 design drugs o mavoid
this inhibition.

1. Experimental procedures

2. .5||'|'f|'|. ol and redy

Twenty-fomr Wistar rats brad in the Depariment of Ris-
chemisiry, UFILGS, were usad in the expenments. Eight
pups ware rmdiomly sssignal o @ch dam. Rats were kapt
with dans until they were sacrificed at the 21s1 day ol life.
The dams had free access to water and o a stareard com-
mercial chow (Gemmani, Porto Alegre, RS, Brzil) contin-
ing 20 protein (predominantly soybean supplemented
with mathiomng), 54%. carbohydimie, 4.5% fiber, 4% lipids,
T ash amd 109 moisiare. Tamperature was miniainad at
M+ 10, with a 12-12h light-dark cyvele. The “Mriver
Wes of Laboratory Awfmal Care™ (NI publication 85-23,
revisal 1985} ware [ollowad inall the expariments, and ihe
exparimeantal protocol was apprved by the Fihics Com-
millez For Animal Rescarch of the Fadaal University of
Rio CGrade do Sul. ALl chemicals were purchased from
Slgima.

22, Preparation of T

hominpe

Amimals were sacrificed by decapitation. The brain was
rapidly removied and dissected on o plass dish over ice.
Timez glapsed from dacapitation Lo place the brin on the ice
wag less than | min. Oliactory bulbs, poms, and cerchallum
werz discardal, and the hrain coriex tissue was dempied
in ice<cold 300mCsm MaCl (L0 w'v) using & ground-
ulass bomogenizer. The homogenale was siorad b —70 °C
when the sssay was nol carried out immediately. Before
the awymez assay, the homogenate was Trozen and thawed
three times.

23 Cn

The
cenrations: S0 mb Tris-HCL buffer, pil 7.5, Tmd pl
phiecreating, Smbd MpS0,, and approximately 1 pg probein
in a final vohime of 0.1ml. Adfter 15 min of pre-incubation
al AT7C, the reaclion was starbed by the addiben of
03 pmol ADP phes 0.08 wmol reduced glatathione. The

reaction wus slopped alier 10min by the additon of 1 pmol
phydroymercuribenzodc acid. The reagent concentrations
anid the incubation ime were chosen o assare linearity of
the enzymatic reaction. Appropriate controls were carried
out o measure chemical hydmol ysis of plosphocnzatine.
The creating fommed was estimalted according o the colon-
miztric methiod of Hughes (19625 The color was developed
by the addition of 01 ml 2% e-naphthol and 0.1 m 0.05%
dacetyl in 4 final volume of | ml and read after 20 min at
540nm. BCAA did mot interfere. with spectrometric read-
ings or color development, Resulls were expressed as pnwol
ol creatine formad per min per mg protein.

24, Pretn

The prodein content of cerebral cortex: homo
daenminad by the method o Lowry @ al. (15
serum boving albumin as the stndad.

I, using

V5 Kinete @

The competitins siokdies and the Ky (Michacls con-
stant} values were parformal socording o Lineweava and
Burk {1934} and the & (inhibition comstant) valies wenz
calculated from the Dixem and Webb (19543 plot. The in-
laachion hetwemn Lan, e, and Val, was characterizad by
mn adaptation of the competitive plot of Chevillard & al.
(19837 according to Wyse et al. (19985 The competi-
tve plot is a method For detammining whither or not teo
anzyme-calnlvzad reactions with two different subsimies
ocour b the same active site. This method was adapied for
ditermining whether or pot two different inhibitors act at
the same site on the mzyme. 1t is a plot of ol mie apainst
P, where B varizs from 0 to 1 and specilies the concentr-
tioms (1 — Fiag ared Py of the two amine acids in lenns
of relerence concentrations aq and fo chosen s as o give
the sime mabes ab P = 0 and 1. Thesz concentrations werz
Ambd for Lawand 2 mb for e and Val. [F the teo inhibitors
act at the same sil2, the competitive plot pives a horizonial
straight line, 12, the ol mie 15 independant of & Inde-
penident reactions at tao separate sites give a cuve with a

minimum; separie rections with cross-inhibiton generata
curves with either maxima or minima according o whethear
the inhibition constanis ol the two inhibitors a1 ene site are
smaller or higher than the inhibition comstants at the other
sl

ndant’s
asl for independent samples or one-way analysis of van-
(ANOVAS followed by the Tukey fzst when Fovaluz
wits sipnificant. For analvsis of dose-dependent effacts, lin-
car regression was wsed. All analyses were carnad oul in an
138 compatible PC using the Statstical Package for Social
Sciences (SPS5) soflware,
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3 Resudts

Firat, we incubatad Len ar 2.5 and 5 mb, and e and Yal
at 05 and | mb fiml concenirations comesponding o ihe
comcentrations found in the plasma of MSUD patients. Wa
chsarved a significant dose-dependent inhibition caused hy
Len [Fil, 19 = 1549; g = —06T7; ¢ = 3.0 F = 0.001],
e [Fi], 18 = 17.42; g = —068 ¢ = 417 P o 0.1,
and Val [Fil, 1% = 2231 g = =073 1 = 4TL P =
0,001 ] (Fig. 13,

I ordlar o better understad the mechanizms undarlying
the inhibatiom cansed by BCAA on fhe in vite CK activ-
ity, wa hrst camied out conipetition experiments hatween
Lin, [, or Wal, and the enzyme subsirates phosphocreating
{Fig. 21 or ADP (Fig. 33 The Lineweaver- Burk plot indi-
catad that all thrse BOAA inhihited CK activity by com-
pelition with the two engyme subsirates, probably al ihe
activiz site. The K, Fw phosphocreaime as substrate way
0.8+ 0.3mM (w = &), sipnificantly higher [r(1d) = 2.74;
Pow 0.01] than the Ky for ADP as substrate [03 4001
[n = 8)]. The K} valuzs for phosphocraating s subsirabe,
calculated by the Dixen plot, weare 16 £ 3 mb (e = 5} for
Len, 10+ 3mM (m = 5) for le, and 14+ 7mM (v =5
for Val. No significant differences were fund among the £,
valies [Fi2, 125 = 1.14; P =0.36].

In respact o ADP as subsimiz, the K, wilues were 22 £+
SmM (r = 5) for Leu, 21 £2mM (0 = 5 for e, ind
23+5mM (e = 4y for ¥al. Mo significant differences among
the K valoes [Fi20 125 = 0019 P = 0,83 ] were lound . Con-
silenng @ach of the two subsimis, the similarites among
the K, walues for the three amine acids, indicate that iha
affinities hdween CK and the aming ackls are of the same
oreler of magrmtuds,

MNat, we parformad inberaction axperimants batwean the
BCAA plotied according to a medification of Chevillard
et al. (1993} as describad by s (Wyse etal, 19298 The
straight ling on the inbzraction plols, 12 a compebitive plot,
shivwed that all three BCAA act al the same enzyme site
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Fig. 1 Linewesver- Bk competilion plol bebwesn phosphooeaiine wnd
leucine, isolewcine, of valine on mebine kinase aciiviy m bmin conex
heomeopenates fhom pomg mils Delz are represslative of thee-Hve inde-
pRIEenl experiments perfomned n mplicete. (A) Leudne (B) lsslocine;
arel ] viline, (¥ controd (wilhou! nhihiory () 5 mM; (&) 10mad;
L JRET S

{Fig. 43, renforcing the resulis obiainad with the Line-
weavar-Rurk double-raciprical plot

4. Discussion

BCAA and their BCKA accumulate in plasma and tis-
snzs of MEUD affectad patients. Neuroksgical dysfunction
is cormmon in these patients bul the mechanisms undarlying
the pathoplysiology o this dissrder seam to be multiple and
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poerly known, We have reported a reduction ol large neo-
tral aming acid (LMANA) in plasma and brain of hy perleuzin-
amic rals (Araujo @l al., 2000, in agreanent with Selke
et al. (2002) who proposed that bmin cells in MSUD may
b subjectad to reducad larpe peutra l aming acids (LMNAA)
a5 A comsaquence of compealition for iranspert o LNAA at
the blood-brain barrier and trans-shmulatad exchange out
af nenromal cells for subsegquent matabolism or sequisin-
tien in the pariphery. On the ofhar hand, we have reporizd
that all amine acids, keto acids and hydroxy acids known o
accumulate in s diszase stimulate the in vitro lipic oxida-

ten i ral brain (Fonlella et al., 2002, Other machanisms
of nauroloxicity of matabalites accumulatad in MELD pro-
posad by us and by other imvestigators include: oxidation
ol ghatamate are glutaming (Lielks et al., 19973, inhibition
of gloamate upkike into svmptic vesicles Tavares & al,|
20060 Reis et al., 2000, apopicsis (Jouvet o al., 2 00045,
and inchiction of convukions through GABAzic and gho-
tamatergic MMIA mechanisms (Coitinhe ef al., 20013,

In the present stucy wie demorstmiad a dose-dependant
inhibition of CK activity in brain cortex: homogenales from
22-ihy-old Wistar mis causad by BCAA ai concentralions
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similar b these found in the plasma of MU patients. This
might sugeest that pot only Lew, bt alse the ofhen two
BCAA accummlating in MSUT may be neuroxio, impair-
ing brain energeiic homecstsis L s possible that the in-
hibitory effizct of RCAA on CK activity chserved in wiito,
alse ceeurs 0 vivo, since BOAA are rapidly immsported
intor the brain (Yudkoll, 1997 und accummlate in the brain
of MU patents (Premsky and Moser, 1966). Consider-
ing that morphologic changss fourd in the brain of MSLD
patients point to altaation in the enarey matabolem in the
ceniral nervous system (Kill and Rokkones, 1964: Riviello
alal., 19491; Kame @ al, 1992, it is feasible o envisage
thal the inhibition of CK aclivily causad by BOAA could
comtribubz to the brain enagy alteration in this desease.

W also deferminad the £y, of the reaction catalysed
by CK for phosphecreating and ADP as substmies. The

0.8 £ 03 mM value of the K, for phasphocratine as sub-
atrabe, is 5-10 times lowear than the cocentration of phos-
phocreating in mt bram, which is m the range of 4-8 md
[Makai el al., 20003, Considering that &5 is the subsirabe
conicemration at which . engymaic reaction proceeds at
cne-hall ils maximal valecity, brain CK is nearly saturited
in respect o phosphocreatine in normal conditions. There-
fove, phosphocrating is hmiting for CK activity only o sit-
uations in which severe reduction of enargy production oc-
curs with consaquant dramatic drop of brain phosplocre -
ting lewels. Onthe other hand, the K values fr BCAA inhi-
hition was in the mnge of 5-20mbd for phosphocreatine as
snbstrte. Considenng that & is the equilibrium cormstant for
inhibabor binding, and the enzyime = saturaied o the sub-
sirbe, itis possibli thal the competiticn betwem BCAA and
phisphocreating may baof litkde pathoplysiokegical signifi-
canca in M SUTL unless in conditions of reduced enargy pro-
cluction.

Reparling o AP as substmate, the K for CK (03 £+
01l mM) and the ADP* concentration in the brin (02
D4 mMd) (Plaschke et al, 1999}, are m the same mnge, indi-
cating that CEoas fr from being saturated inrespect © AR
Therefore, ATIF, and not phosphocreatine comtant, repulates
brain CRactivity in normal conditions. There fore, although
tha K vahies for BOANA (6-30mbd) are high, the ks ADP
concenirations usually found in the brain indicate that the
coqnpetition between ADP and BCAA, dimimishing CK
activity, may altar the finction of the CK/phosphocreating
system, comtnbuting to the brin damage characteristic of
the patianis with MSLID.

The CE/phisphocreatine system ewerts several inbapra ted
funetiems in brain cells, namely tenporary encrgy baflering,
mztaholic capacity, energy iranslar and metabolic control
[Sakes et al., 195 ; Wallimann et al. 1%6%a,b). This system
15 niow recognizad as an imporiant maabolic regulatar dur-
ing health andl disease (Wallimann ot al, 195 by, A de-
areasa in CK activity is ome of the bicchamical markers of
brain call damape in age-relatad nenmodaganerative diseases,
including Alehizimer's dissase (Aksanov et al, 19573 The
devrase of CK activity in the brain cormelates well with the
naurcdiegenamtion paramaiers m seversly aflzctad regicms
in Alrheimer's disease (Hensley o al, 1995), Therefore,
alteratiom of CK function may play an imporiant 1olz m a
pathway tlui leads 1o neuronal ess in the brain | Tomimoeio
et al., 19493, These Andings are reinforcad by the observa-
tien that ereating and phosphocreatine bave neursprotectiva
efliects against enargy deprivation and ghiamte excitoxic-
ity, ntiribatahlz by enhancing high-enargy phosphate slores
{Bnuicvalsky 2t al., 20003, Therefire, considering that CK
ani the ercatine- phosphecreating enarpy shutile may plava
1ole in brain development that is asscciabed with oligoden-
drocyte Function and/or myelogenasis (Mancs i al., 19917,
the loss ol oligodendrocytes and myelin deficiency, the most
prominan morphologic chanees Band inthe brain of M1
patients (Chuang ared Shih, 20073, may be associabad with
CE activity diminution.
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In surmmary, our results indicate that RCAA inhibit com-
petitively CE activity in cerebml eoriex homogenates fiom
22-dhy-old Wistar ats. Considering that creating kimse 15
a kay engyme for enengy homecstasis i the brain, in casa
this effect also occurs in the brain of MSUL patients, it is
possible o envisage that an alteration of this azyme ac-
tivity may polentially impair brain energy metabolism, con-
tribuiting o the brain damage found 10 patients affected by
this disease. Finally, comsidering that the curmant diat ther-
apy ig imsulficiant to maintain normal hrain development in
MELUD patients, that creatine easily crosses the blood-brain
barner fHemmer and Wallimann, 19933, and thal creating
sdminisiration resulis m significant improvament in patients
with mtechandria] aeephalopathy and cther peurological
dismses {Tamopolsky and Beal, 20017, itmay be inbzresting
1o kst whether creating supplemantation to the diet would
bhenefit MELD patianis.
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Artigo 4
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ABSTRACT

Maple syrup urine disease (MSUD) is a metabolic disorder biochemically
characterized by the accumulation of branched-chain amino acids (BCAA) and their branched-
chain keto acids (BCKA) in blood and tissues. Neurological dysfunction is usually present in
the patients, but the mechanisms of brain damage in this disease are far from be understood.
We have previously reported that BCAA, but not BCKA inhibit CK activity in rat brain.
Therefore, the main objective of the present study was to investigate the mechanisms by which
BCAA inhibit creatine kinase activity in the cerebellum and midbrain of 21-day-old Wistar
rats. For the kinetic studies, Lineweaver-Burk plot was used to characterize the mechanisms of
enzyme inhibition. The results indicated that BCAA inhibit creatine kinase by competition
with the substrates phosphocreatine and ADP at the active site. Considering the crucial role
creatine kinase plays in energy homeostasis in brain, if these effects also occur in the brain of
MSUD patients, it is possible that inhibition of this enzyme activity may contribute to the

brain damage found in this disease.

Key words: Maple syrup urine disease, branched-chain ketoaciduria, leucine, branched-chain

amino acids, creatine kinase
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INTRODUCTION

Maple syrup urine disease (MSUD) or branched-chain ketoaciduria is a metabolic
inherited disorder caused by a deficiency in the activity of branched-chain a-keto acid
dehydrogenase complex (BCKD) accumulating the branched-chain a-amino acids (BCAA)
leucine (Leu), isoleucine (Ile) and valine (Val) and their branched-chain a-keto acids (BCKA)
a-keto-isocaproic acid (KIC), a-keto-B-methylvaleric acid (KMV) and a-keto-isovaleric acid
(KIV) in blood and tissues of the patients (1,2). Surviving children often present a variable
degree of brain damage, characterized by mental retardation, neurological difficulties in
walking and speech, and seizures (3). Neuropathologic changes in MSUD include severe brain
edema, myelin deficiency, striking spongy degeneration of white matter, cerebellar necrosis
and considerable nerve-cell loss in substantia nigra and pontine nuclei, suggesting that brain
energetic homeostasis is deficient in this disease (4, 5). Leu and KIC, the main accumulating
metabolites, are considered the most important neurotoxic substances in MSUD, but the

mechanisms by which this substances cause brain damage in this disease are still poorly

known (3).

Creatine kinase (CK), EC 2.7.3.2, catalyzes the reversible transfer of the N-
phosphoryl group from phosphocreatine to ADP regenerating ATP. CK is the key enzyme of
an important system to maintain energy homeostasis of cells with high and fluctuating energy
requirement (6). CK isoenzymes are specifically located at places of high energy demand
(cytosol) and production (mitochondria), linking energy production and energy utilization by a
creatine/phosphocreatine circuit (7). Considering that energy is critical to maintain the
development and regulation of cerebral functions, it has been postulated that alteration of the

creatine/phosphocreatine circuit may be an important step of a neurodegenerative pathway that
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leads to neuronal loss in the brain (8). In this context, it has been reported severely reduced
CK activity in several neurodegenerative diseases (9,10).

We have previously reported that BCAA, but not their BCKA, inhibit the in vitro CK
activity in rat brain in a dose-dependent way (11). We have also reported that BCAA inhibit
CK activity in rat brain cortex by competition with the substrates ADP and phosphocreatine
(12). Therefore, in the present work we investigated the mechanism of the inhibition caused
by BCAA on CK activity in the cerebellum and midbrain of developing rats. It is important to
know the type of inhibition of the enzyme CK because it is possible that this approach may be

used to design drugs to avoid this inhibition.

EXPERIMENTAL PROCEDURES

Subjects and Reagents. Twenty four Wistar rats bred in the Department of
Biochemistry, UFRGS, were used in the experiments. Eight pups were randomly assigned to
each dam. Rats were kept with dams until they were sacrificed at the 21st day of life. The
dams had free access to water and to a standard commercial chow (Germani, Porto Alegre,
RS, Brazil) containing 20.5% protein (predominantly soybean supplemented with
methionine), 54% carbohydrate, 4.5% fiber, 4% lipids, 7% ash and 10% moisture.
Temperature was maintained at 24 + 1 °C, with a 12-12 h light-dark cycle. The “Principles of
Laboratory Animal Care” (NIH publication 85-23, revised 1985) were followed in all the
experiments, and the experimental protocol was approved by the Ethics Committee For
Animal Research of the Federal University of Rio Grande do Sul. All chemicals were

purchased from Sigma Chemical Co., St Louis, MO, USA.
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Preparation of Brain Homogenate. Animals were sacrificed by decapitation. The
brain was rapidly removed and dissected on a glass dish over ice. Time elapsed from
decapitation to place the brain on the ice was less than one minute. Olfactory bulbs, pons, and
the brain cortex were discarded and the cerebellum and the rest of the brain (midbrain) were
separated and disrupted in ice-cold 300 mOsm NaCl (1/10, w/v) using a ground-glass
homogenizer. The homogenate was stored at —70° C when the assay was not carried out

immediately. Before the enzyme assay, the homogenate was frozen and thawed three times.

Creatine Kinase Activity Assay. The reaction mixture contained the following final
concentrations: 60 mM Tris-HCI buffer, pH 7.5, 7 mM phosphocreatine, 9 mM MgSO,, and
approximately 1 pg protein in a final volume of 0.1 mL. After 15 minutes of pre-incubation at
37°C, the reaction was started by the addition of 0.3 umol ADP plus 0.08 pumol reduced
glutathione. The reaction was stopped after 10 minutes by the addition of 1 pmol p-
hydroxymercuribenzoic acid. The reagent concentrations and the incubation time were chosen
to assure linearity of the enzymatic reaction. Appropriate controls were carried out to measure
chemical hydrolysis of phosphocreatine. The creatine formed was estimated according to the
colorimetric method of Hughes (13). The color was developed by the addition of 0.1 mL 2 %
a-naphtol and 0.1 mL 0.05 % diacetyl in a final volume of 1 mL and read after 20 minutes at
540 nm. BCAA did not interfere with spectrometric readings or color development. Results

were expressed as pmol of creatine formed per min per mg protein.

Protein Determination. The protein content of the cerebral cortex homogenates was

determined by the method of Lowry et al (14), using serum bovine albumin as the standard.
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Kinetic Studies. The competition studies and the Km (Michaelis constant) values
determination were performed according to Lineweaver and Burk (15) and the Ki (inhibition

constant) values were calculated from the Dixon and Webb plot (16).

Statistical Analysis. Data from the experiments were analyzed by Student’s t test for
independent samples or one-way analysis of variance (ANOVA) followed by the Tukey test
when F value was significant. All analyses were carried out in an IBM compatible PC using

the Statistical Package for Social Sciences (SPSS) software.

RESULTS

Competition experiments between Leu, Ile, or Val, and the enzyme substrates
phosphocreatine or ADP were carried out in 22-day-old rats because we have previously
demonstrated that BCAA inhibited brain CK activity at this age. The Lineweaver-Burk plot
performed in midbrain (Fig 1 and 2)) and in cerebellum (Fig 3 and 4) indicated that all three
BCAA inhibited CK activity by competition with the two enzyme substrates, probably at the
active site. The Km for phosphocreatine as substrate was significantly lower [t(14) = 2.75; p<
0.01] in midbrain [0.7 £ 0.1 mM (n= 8)] than the Km in cerebellum [1.4 £ 0.2 mM (n=8)]. In
contrast, the Km for ADP as substrate did not differ significantly [t(14) = 0.71; p> 0.7]
between midbrain [0.35 £ 0.1 (n=8)] and cerebellum [0.3 = 0.1 (n=8)]. The Ki values for
phosphocreatine as substrate, calculated by the Dixon plot, were 14 £ 3 mM (n=5) for Leu, 12
+ 3 mM (n=5) for Ile, and 15 £ 5 mM (n=5) for Val in midbrain and 12 + 3 mM (n=5) for Leu,
15 £ 3 mM (n=5) for Ile, and 15 £ 4 mM (n=5) for Val in cerebellum. No significant
differences were found among the Ki values in midbrain [F(2,12) = 0.84; p = 0.6] or in

cerebellum [F(2,12) = 0.64; p = 0.8].
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In respect to ADP as substrate,. the Ki values were 22 £ 6 mM (n=5) for Leu, 20 + 2
mM (n=5) for Ile, and 23 £ 5 mM (n=4) for Val in midbrain, and 21 £ 6 mM (n=5) for Leu, 22
+ 4 mM (n=5) for Ile, and 22 £ 6 mM (n=4) for Val in cerebellum. No significant differences
among the Ki values in midbrain [F(2,12) = 0.28; p > 0.7] or in cerebellum [F(2,12) = 0.19; p
> (.8] were found. Considering each of the two substrates, the similarities among the Ki
values for the three amino acids, indicate that the affinities between CK and the amino acids

are of the same order of magnitude in the two brain structures investigated.

DISCUSSION

BCAA and their BCKA accumulate in plasma and tissues of MSUD affected patients.
Neurological dysfunction is common in these patients but the mechanisms underlying the
pathophysiology of this disorder seem to be multiple and poorly known. We have reported a
reduction of large neutral amino acid (LNAA) in plasma and brain of hyperleucinemic rats
(17), in agreement with Zielke et al (18) who proposed that brain cells in MSUD may be
subjected to reduced large neutral amino acids (LNAA) as a consequence of competition for
transport of LNAA at the blood-brain barrier and trans-stimulated exchange out of neuronal
cells for subsequent metabolism or sequestration in the periphery. On the other hand, we have
reported that all amino acids, keto acids and hydroxy acids known to accumulate in this
disease stimulate the in vitro lipid oxidation in rat brain (19). Other mechanisms of
neurotoxicity of metabolites accumulated in MSUD proposed by us and by other investigators
include: oxidation of glutamate and glutamine (20), inhibition of glutamate uptake into
synaptic vesicles (21,22), apoptosis (23,24), and induction of convulsions through

GABAergic and glutamatergic NMDA mechanisms (25).
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We have previously demonstrated that BCAA inhibit CK activity in brain cortex
homogenates from developing Wistar rats at concentrations similar to those found in the
plasma of MSUD patients, suggesting that not only Leu, but also the others two BCAA
known to accumulate in MSUD may be neurotoxic, impairing brain energetic homeostasis
(11). BCAA plasma concentrations were used to investigate the in vitro effects of BCAA on
CK activity because these amino acids easily penetrate in brain (26), the ratio between the
CSF concentrations of BCAA in MSUD patients and normal controls are similar to those of
plasma (27), and 8h after death, plasma and brain amino acid levels were similar in one
MSUD patient died at the age of 25 days (28), indicating that plasma and brain
concentrations are possibly similar in MSUD patients. Although proline also inhibit CK
activity, it is interesting to note that the inhibition caused by BCAA on CK is not a general
effect of amino acids, since glutamate do not alter the enzyme activity (29).

It is possible that the inhibitory effect of BCAA on CK activity observed in vitro, also
occurs in vivo, since BCAA are rapidly transported into the brain (30) and accumulate in the
brain of MSUD patients (28). Considering that morphologic changes found in the brain of
MSUD patients point to alteration in the energy metabolism in the central nervous system
(4,5, it is feasible to envisage that the inhibition of CK activity caused by BCAA could
contribute to the brain energy alteration in this disease.

We also determined the Km of the reaction catalyzed by CK for phosphocreatine and
ADP as substrates. The Km values for phosphocreatine as substrate in midbrain (0.7 = 0.1
mM), and in cerebellum (1.4 + 0.2 mM) are 4-10 times lower than the concentration of
phosphocreatine in rat brain, which is in the range of 4-8 mM (31). Considering that Km is
the substrate concentration at which an enzymatic reaction proceeds at one-half its maximal

velocity, midbrain and cerebellum CK is nearly saturated in respect to phosphocreatine in
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normal conditions. Therefore, phosphocreatine may be limiting for CK activity only in
situations in which severe reduction of energy production occurs with consequent great drop
of brain phosphocreatine levels. On the other hand, the Ki values for BCAA inhibition was in
the range of 6-25 mM in midbrain, and 10-25 mM in cerebellum for phosphocreatine as
substrate. Considering that Ki is the equilibrium constant for inhibitor binding, and the
enzyme is saturated for the substrate, it is possible that the competition between BCAA and
phosphocreatine may be of little pathophysiological significance in MSUD, unless in
conditions of marked reduction of energy production.

Regarding to ADP as substrate, the Km for CK in midbrain (0.35 + 0.1 mM) and in
cerebellum (0.3 £ 0.1), and the ADP concentration in the brain (0.2-0.4 mM) (32), are in the
same order of magnitude, indicating that CK is far from being saturated in respect to ADP.
Therefore, ADP, and not phosphocreatine content, regulates brain CK activity in normal
conditions. Therefore, although the Ki values of BCAA for ADP as substrate are high in
midbrain and cerebellum (6-30 mM), the low ADP concentrations usually found in the brain
indicate that the competition between ADP and BCAA, diminishing CK activity, may alter the
function of the CK/phosphocreatine system, contributing to the brain damage characteristic of
the patients with MSUD.

The CK/phosphocreatine system exerts several integrated functions in brain cells,
namely temporary energy buffering, metabolic capacity, energy transfer and metabolic control
(33,34). This system is considered an important metabolic regulator during health and disease
(35). A decrease in CK activity is one of the biochemical markers of brain cell damage in age-
related neurodegenerative diseases, including Alzheimer’s disease (36). The decrease of CK
activity in the brain correlates well with the neurodegeneration parameters in severely affected

regions in Alzheimer’s disease (37). Therefore, alteration of CK function may play an
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important role in the pathway that leads to neuronal loss in the brain (8). These findings are
reinforced by the observation that creatine and phosphocreatine have neuroprotective effects
against energy deprivation and glutamate excitoxicity, probably because thy enhance high-
energy phosphate stores (38). Therefore, considering that CK and the creatine-
phosphocreatine energy shuttle may play a role in brain development that is associated with
oligodendrocyte function and/or myelogenesis (39), the loss of oligodendrocytes and myelin
deficiency, two morphologic changes found in the brain of MSUD patients (3), may be
associated with CK activity diminution.

In summary, the results previously reported demonstrating that BCAA inhibit
competitively CK activity in brain cortex of rats, and the present results indicating the
same effects in midbrain and in cerebellum, in case this effect also occurs in the brain of
MSUD patients, it is possible to envisage that an alteration of this enzyme activity may
potentially impair brain energy metabolism, contributing to the brain damage found in the
patients affected by this disease. Finally, it is well known that the current diet therapy is
insufficient to maintain normal brain development in MSUD patients (3). Therefore,
considering that creatine easily crosses the blood-brain barrier (40), and that creatine
administration results in significant improvement in patients with mitochondrial
encephalopathy and other neurological diseases (41), it may be interesting to test whether

creatine supplementation to the diet would benefit MSUD patients.
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Fig. 1 Lineweaver-Burk competition plot between phosphocreatine and leucine (A), isoleucine
(B), or valine (C) on creatine kinase activity in midbrain homogenates from young rats.

Data are representative of 3-5 independent experiments performed in triplicate.

4 control (without inhibitor); B 5mM; A 10 mM; @ 15 mM.

Fig.2. Linewever-Burk competition plot between ADP and leucine (A), isoleucine (B), or
valine (C) on creatine kinase activity in midbrain homogenates from young rats.

Data are representative of 3-5 independent experiments performed in triplicate.

4 control (without inhibitor); B 5 mM; A 10 mM; @ 15 mM.

Fig. 3 Lineweaver-Burk competition plot between phosphocreatine and leucine (A), isoleucine
(B), or valine (C) on creatine kinase activity in cerebellum homogenates from young rats.

Data are representative of 3-5 independent experiments performed in triplicate.

4 control (without inhibitor); B 5mM; A 10 mM; @ 15 mM.

Fig. 4 Lineweaver-Burk competition plot between ADP and leucine (A), isoleucine (B), or
valine (C) on creatine kinase activity in cerebellum homogenates from young rats.

Data are representative of 3-5 independent experiments performed in triplicate.

4 control (without inhibitor); B 5mM; A 10 mM; @ 15 mM.
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Capitulo 111

DISCUSSAO, CONCLUSOES E PERSPECTIVAS FUTURAS
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3.1 Discussao

Os aminoécidos e os cetodcidos de cadeia ramificada acumulam no plasma e no
liquor dos pacientes com a Doenga do Xarope do Bordo e pouco se sabe sobre os
mecanismos que provocam a disfuncdo neurologica encontrada nestes pacientes. Varios
mecanismos tém sido propostos através de estudos realizados no Laboratério de Erros
Inatos do Metabolismo e em outros laboratorios, como por exemplo, a diminuicdo de
aminoacidos de cadeia longa (Aragjo et al., 2001), por competi¢do com o transporte na
barreira hemato-encefalica, ou seqiiestracdo periférica (Zielke et al., 2002). Nosso
laboratério demonstrou que em ratos hiperleucemicos, estes aminoacidos e cetoacidos
estimulam in vitro a oxidagdo de lipideos em cérebro de ratos (Fontella et al., 2002).
Outros mecanismos também procuraram explicar o dano neurologico como a oxidagdo do
glutamato e glutamina (Zielke, 1997), a inibicao da captagdo do glutamato nas vesiculas
sindpticas (Tavares et al., 2000 e Reis et al., 2000) e a inducdo de convulsdes por

mecanismos NMDA GABA¢érgicos e glutamatérgicos (Coitinho et al., 2001).

Neste trabalho propomos um novo mecanismo. Demonstramos que os aminoacidos
de cadeia ramificada: leucina, isoleucina e valina, que acumulam no sangue e no liquor dos
pacientes com a Doenga do Xarope do Bordo inibem a atividade da creatinaquinase,
enzima chave para a manutencdo da homeostasia energética no tecido nervoso, podendo

ser em parte responsavel pelo o dano neuroldgico observado.

Inicialmente foi demonstrado que a leucina, isoleucina e valina inibiram in vitro a

creatinaquinase cerebral de ratos jovens, de forma dose dependente € em concentragdes
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semelhantes as encontradas no plasma dos pacientes com a Doenga do Xarope do Bordo.
Entretanto, o mesmo tipo de inibicdo, ndo foi observado in vitro, na presenga dos
respectivos cetoacidos nas concentragdes ja descritas nestes pacientes. E possivel que estes
cetoacidos também possam inibir indiretamente a enzima in vivo. Ja foi demonstrado que o
KIC, cetoacido derivado da leucina e encontrado em altas concentragdes no plasma dos
pacientes com a Doenga do Xarope do Bordo ¢ captado rapidamente pelos neurdnios e
transformado em leucina (Yudkoff, 1997), aumentando a concentracdo deste aminoacido
no cérebro (Zielke et al.,, 1997). Considerando que as alteragdes histopatologicas
encontradas no cérebro destes pacientes sugerem alteracdes no metabolismo energético, ¢

possivel que a inibigdo da creatinaquinase esteja envolvida no processo fisiopatologico.

Nosso laboratério ja demonstrara que ratos tratados de forma cronica com leucina,
em niveis similares aos encontrados no plasma de pacientes com a Doenga do Xarope do
Bordo, apresentaram déficit de comportamento (Mello et al., 1999). Portanto era
importante pesquisar se o efeito dos aminoicidos de cadeia ramificada sobre a
creatinaquinase, observado in vitro, também estaria repetindo in vivo. N6s demonstramos
que a forma aguda e cronica de tratamento aumenta a atividade da CK no cortex, mas
diminui no cérebro médio e cerebelo. E possivel que as alteragdes encontradas nos animais
tratados cronicamente nao sejam devidas a agdo direta do aminoacido sobre a enzima, uma
vez que os animais foram sacrificados 12 horas ap6s o Ultimo tratamento. J4 foi descrito
que apds este tempo os niveis de leucina ja retornaram ao normal (Mello, 1999). Postulou-
se que estas alteracdes poderiam ser devidas a regulagdo da expressdo da enzima ou
mesmo uma modificagdo pos-traducional de moléculas existentes. A modificagdo pds-

traducional ja foi proposta por Aksenov e col. (1997, 1999 e 2000) ao observar a reducao
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da CK em alteragdes neurodenegerativas severas. Nossa hipdtese de que a alteracdo da
enzima, apoOs tratamento cronico, nao era devida a uma ac¢do direta, foi reforcada com os
resultados obtidos no tratamento agudo. Os resultados foram semelhantes aos obtidos no
tratamento cronico. Os animais foram sacrificados uma hora apods o ultimo tratamento ¢ a
concentracdo de leucina deveria estar em torno de 3 mM (Mello, 1999), mas no meio
ensaiado, devido a dilui¢ao de 10000 vezes, a concentracdo do aminoacido era muito baixa

(0,3 uM).

Em relacdo ao aumento de atividade observado no cortex e diminuicdo no cérebro
médio e cerebelo € possivel que os mecanismos de recuperagdo da enzima no cérebro
sejam mais ativos no cortex. Uma resposta bifasica, mostrando uma diminui¢do da
atividade inicial seguida de aumento foi observada em nosso laboratério quando ratos
foram tratados com fenilalanina e a atividade da Na+-K+-ATPase testada (Wyse, 1995).
Esta hipotese ¢ reforgada pelos dados obtidos por Chuang e Shih (2001) em que os
neurdnios de cortex de pacientes com a Doenga do Xarope do Bordo sdo melhores

preservados do que em outras estruturas do cérebro.

Para entender melhor o efeito destes aminoacidos sobre a creatinaquinase, era
necessario verificar alguns parametros cinéticos da enzima. Portanto foram determinados o

Km e o Ki para ambos os substratos da enzima.

Observamos que o Km para fosfocreatina, obtido através do grafico de Lineweaver-
Burk, foi de 0,8 £ 0,3 mM para cortex, 0,7 + 0,1 mM para o cérebro médio e 1,4 = 0,2 mM

para cerebelo. Como o Km representa a concentragao do substrato onde a enzima alcanca a
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metade de sua velocidade maxima, a creatinaquinase cerebral estd normalmente saturada
por fosfocreatina, ja que os valores obtidos estdo muito mais baixos do que a concentragao
da fosfocreatina no cérebro (4 8 mM) (Nakai et al., 2000). Deste modo, a fosfocreatina so6
seria limitante para a atividade da enzima em situagdes de grande reducao de energia. Por
outro lado, nés encontramos o Ki para a inibi¢ao dos aminoacidos de cadeia ramificada
variando de 7-21 mM. Considerando que o Ki representa a constante de equilibrio para a
ligacdo do inibidor e que a enzima estd saturada pela fosfocreatina, ¢ possivel que os
aminoacidos ndo consigam competir com o substrato e que tenha pouco significado
fisiopatologico na Doenca do Xarope do Bordo, a ndo ser que exista severa diminui¢cdo de

energia e portanto, de fosfocreatina.

O Km para ADP, o outro substrato da CK, foi de 0,3 = 0,1 mM para o cortex, 0,35
+ 0,1 mM para o cérebro médio e 0,3 + 0,1 mM para o cerebelo, e a concentracio de ADP
no cérebro estd no mesmo nivel de 0,2 —0,4 mM (Plaschke et al., 2000). Os dados
mostraram que a CK esta longe de ser saturada pelo ADP. Os valores de Ki encontrados
para o ADP variando de 6-30 mM indicam que os aminoacidos de cadeia ramificada
competem com o ADP, diminuindo a atividade da enzima e alterando o sistema CK/PCer,
podendo contribuir, deste modo, para as alteragdes neuroldgicas encontradas nos pacientes

com a Doenca do Xarope do Bordo.

A creatinaquinase exerce varias fungdes no cérebro como o tamponamento de
energia metabolica, de capacidade metabolica e transferéncia de energia e ¢ reconhecida
como um importante regulador metabolico e um bio-marcador de dano celular em doencas

neurodegenerativas como a doenca de Alzheimer. Tem também um papel importante na
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rota metabolica que leva a perda neuronal. Isto reforca a idéia de que a creatina e a
fosfocreatina t€ém um efeito neuroprotetivo (Matthews et al., 1998) contra a diminui¢do de
energia e contra a neurotoxicidade do glutamato (Brustovesk et al., 2001). Além disso, a
CK esta associada com o desenvolvimento cerebral dos oligodendrocitos e/ou a
mielogenese (Manos et al., 1991). A perda de oligodendrdcitos e a deficiéncia de mielina,
sao duas importantes alteragdes morfologicas encontradas por Chuang e Shih (2001) no

cérebro de pacientes com a Doenga do Xarope do Bordo.

3.2 Conclusoes

Os dados experimentais realizados durante o desenvolvimento deste estudo nos

permitiram verificar que:

I- Os aminodacidos de cadeia ramificada, que acumulam na Doenca do Xarope do
Bordo, inibem a atividade da creatina quinase in vitro, em cérebros de ratos jovens nas
estruturas estudadas: cortex, cérebro médio e cerebelo; mas os cetodcidos respectivos nao

mostraram interferéncia na atividade da enzima.

2- O mesmo tipo de inibigcdo foi verificado in vivo, no cérebro médio e cerebelo
quando injetamos leucina em ratos em desenvolvimento, tratados de forma aguda e
cronica. O cortex, ao contrario mostrou aumento de atividade, sugerindo que os
mecanismos de recuperagao da atividade enzimatica sejam mais ativos no cortex cerebral

do que no cerebelo e no cérebro médio.
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3- A relagdo entre a atividade mitocondrial e citosdlica manteve-se constante no
tratamento agudo e cronico, indicando que o efeito exercido pelos aminoacidos de cadeia
ramificada sobre a creatinaquinase ¢ similar nas isoenzimas cerebrais localizadas nestes

dois compartimentos.

4- O Km determinado no cortex cerebral (0,8 £ 0,3 mM), no cérebro médio (0,7
0,1 mM) e no cerebelo (1,4 + 0.2 mM) para a fosfocreatina como substrato, muito abaixo
da concentracdo de fosfocreatina encontrada normalmente no cérebro (4,8 mM), e o Ki
muito alto variando de 7 a 21 mM indicam que a competicao entre 0s aminoacidos de
cadeia ramificada e a fosfocreatina teria pouco valor fisiopatoldégico na Doenga do Xarope

do Bordo, exceto em condigdes de grande reducao na producdo de energia pelo cérebro.

5- O Km determinado, no cértex (0,8 = 0,3 mM), no cérebro médio (0,7 = 0,1 mM)
e no cerebelo (1,4 £ 0,2 mM) para o ADP como substrato, ¢ alto em relagdo a concentracao
de ADP normalmente encontrada no cérebro (0,3 £ 0,1 mM), indicando que a atividade
enzimatica ¢ dependente da concentracao de ADP. Neste caso, mesmo que o Ki seja muito
alto (6 a 30 mM), a competi¢do entre os aminodcidos de cadeia ramificada e o ADP pode
alterar o sistema CK/PCr, ocasionando alteragdo da homeostasia energética cerebral,

podendo contribuir para o dano neuroldgico nos pacientes com a Doenga do Xarope do

Bordo.
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3.3 PERSPECTIVAS FUTURAS

O trabalho aqui apresentado demonstrou que a creatinaquinase ¢ inibida de forma
competitiva pelos aminoacidos de cadeia ramificada no cérebro de ratos e que esta inibi¢ao
¢ provavelmente realizada no centro ativo da enzima. Foi proposto um novo mecanismo,
por alteracdo da homeostasia energética cerebral, para contribuir com o desenvolvimento
do dano neurolédgico presente nos pacientes com a Doenca do Xarope do Bordo.

Considerando que a creatinaquinase ¢ a enzima chave para manter homeostasia da
energia cerebral, que os pacientes com a Doenga do Xarope do Bordo apresentam aciimulo
dos aminoacidos de cadeia ramificada no sangue e no liquor, que experimentos em nossos
laboratdrios ja mostraram que os aminoacidos de cadeia ramificada sdao produtores de
radicais livres (Fontella et al., 2002) e que a CK ¢ uma enzima tidlica, seria importante
investigar se os aminoacidos de cadeia ramificada podem inibir a creatinaquinase por um
segundo mecanismo, ndo competitivo, através de radicais livres.

Considerando que os pacientes com a Doenga do xarope do Bordo sdo tratados com
dieta terapéutica hipoprotéica e que esta ¢ insuficiente para manter o desenvolvimento
normal dos pacientes, que a creatina atravessa facilmente a barreia sangue-cérebro e que
em pacientes com doencas neuroldgicas e encefalopatias mitocondriais tratados com
creatina mostraram significante melhora (Hemmer e Wallimann, 1993 e Kekelideze et al.,
2000), seria importante também investigar se a suplementacdo de creatina na dieta dos
ratos poderia prevenir os efeitos comportamentais provocados pele administracdo de
leucina.

Considerando que tem sido sugerido para a adenilatoquinase um papel também de

transferéncia de energia intracelular, semelhante ao atribuido a creatinaquinase

103



participando no tamponamento da relacdo ATP/ADP; que sua atividade pode substituir a
creatinaquianse quando esta estd diminuida (Dzeja et al., 1996), seria interessante também

investigar o efeito dos aminoacidos de cadeia ramificada sobre a atividade da AK.

O processo cientifico é uma longa cadeia
de interrogagdes.
Cada questdo que encontra a sua resposta
abre um novo campo de investigagdo a
explorar.

George E. Palade
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