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RESUMO

A acidemia glutarica tipo | (AG |) causada pela deficiéncia severa da enzima
glutaril-CoA desidrogenase, que catalisa a degradacao de lisina (Lis), resulta
no acumulo predominante dos acidos glutarico (AG) e 3-hidroxiglutarico
(8HG). Visto que os mecanismos responsaveis pelos danos cortical e estriatal
observados nos pacientes ainda nao estdo totalmente esclarecidos,
avaliamos a homeostase redox em diferentes regides cerebrais (cortex
cerebral, estriado e hipocampo) e tecidos periféricos (figado e coragio) de
camundongos selvagens (Gcdh**) e nocaute para a enzima glutaril-CoA
desidrogenase (Gedh™, modelo genético da AG 1) com 15, 30 e 60 dias de
vida. Os animais foram submetidos a uma sobrecarga de Lis através de uma
injecao intraperitoneal (8 umol/g) ou de uma dieta enriquecida com esse
aminoacido (2,8 % ou 4,7% de Lis) por 60 horas ou 40 dias (2,8% de Lis).
Determinamos as substancias reativas ao acido tiobarbiturico (TBA-RS),
conteudo de grupamentos sulfidrilas e formagao de grupamentos carbonila,
nitratos e nitritos e oxidacdo da 2’,7’- diclorofluoresceina (DCFH),
concentragdes de glutationa reduzida (GSH), bem como as atividades das
enzimas antioxidantes glutationa peroxidase, glutationa redutase, superoxido
dismutase, catalase e glicose-6-fosfato desidrogenase. Inicialmente
verificamos que os grupamentos sulfidrilas estavam reduzidas em cérebro e
as concentragdes de GSH estavam diminuidas em figado de animais Gedh™
de 15 dias, quando comparados aos animais Gedh™* alimentados com uma
dieta padréo. A injegao aguda de Lis, além de diminuir os niveis de GSH e os
grupamentos tidis em animais Gedh”, aumentou a formagao de carbonilas e
a oxidacdo de DCFH, bem como alterou as atividades das enzimas
antioxidantes em cérebro e figado, quando comparados aos animais Gedh™*
que também receberam Lis. Por outro lado, os pardmetros avaliados em
camundongos de 30 dias de vida nado diferiram no cérebro e tecidos
periféricos dos animais Gcdh” em relacdo aos camundongos selvagens
alimentados com uma dieta padrao. A inje¢cao aguda de Lis em animais Gcdh
” de 30 dias de vida provocou um aumento das concentracdes cerebrais de
AG e 3HG, sendo aproximadamente 40% mais altas no estriado quando
comparadas com as observadas em cortex cerebral. A injegdo aguda de Lis e
a administragdo da dieta enriquecida com Lis em animais Gedh” de 30 dias
provocaram dano oxidativo lipidico e proteico e alteraram as defesas
antioxidantes em estriado e cortex cerebral, mas nao nos outros tecidos
desses camundongos com relagdo aos animais Gedh**. Além disso, animais
Gedh” de 60 dias de vida tratados com dieta padrdo ou dieta enriquecida
com Lis (2,8%) por 40 dias, a partir do 21° dia de vida, mostraram apenas um
aumento nos niveis de TBA-RS em cortex cerebral e estriado, enquanto que
outros parémetros avaliados n&o foram significativamente alterados.
Finalmente, através de coloragdo com hematoxilina e eosina, observou-se a
presenca de vactiolos no estriado de animais Gedh” de 60 dias de vida apos
40 dias de dieta rica em Lis (2,8%). Ja em cértex cerebral se encontraram
vacuolos nos animais Gedh” com dieta padréo, o que ndo foi acentuado pela
sobrecarga de Lis. Concluindo, presumimos que uma alteracdo da
homeostase redox celular causada por sobrecarga de Lis, principalmente nos
estagios iniciais do desenvolvimento, possa contribuir para a patogénese do
dano cerebral particularmente estriatal na AG |.



ABSTRACT

Glutaric acidemia type | (GA [) is an organic acidemia caused by the severe
deficiency of glutaryl-CoA dehydrogenase, that catalyzes the degradation of
lysine (Lys), biochemically characterized by the predominant accumulation of
glutaric (GA) and 3-hydroxyglutaric (3HG) acids in tissues and biological fluids
of patients. Considering that the mechanisms underlying the cortical and
striatal damage observed in affected individuals remain unclear, we assessed
parameters of redox homeostasis in different brain regions (cerebral cortex,
striatum and hippocampus) and peripheral tissues (liver and heart) of wild-
type (Gedh™) and knockout mice for the enzyme glutaryl-CoA
dehydrogenase (Gedh™, a genetic model of GA I) with 15, 30 and 60 days
old. The animals were submitted to an overload of Lys through a single
intraperitoneal injection (8 umol / g) or to an enriched diet with this amino acid
(2.8% or 4.7 % Lys) for 60 hours or 40 days (2.8% Lys). We determined the
levels of thiobarbituric acid reactive substances (TBA-RS), concentrations of
sulfhydryl and carbonyl groups, nitrates and nitrites and oxidation of 2’,7’-
dichlorofluorescein (DCFH), concentrations of reduced glutathione (GSH) as
well as the activities of the antioxidant enzymes glutathione peroxidase,
glutathione reductase, superoxide dismutase, catalase and glucose-6-
phosphate dehydrogenase. We initially found that the sulfhydryl groups were
reduced in the brain and GSH concentrations were decreased in the liver of
15-day-old Gedh™ animals, compared to Gedh™* animals. Besides decreasing
the concentrations of GSH and thiol groups in Gcdh” mice, Lys acute
injection also increased carbonyl formation and DCFH oxidation, and altered
the profile of antioxidant enzyme activities in brain and liver, when compared
to Gedh™* mice receiving Lys. The parameters measured in 30-day-old Gedh™
" mice did not differ in brain and peripheral tissues, as compared to wild type
mice treated with normal diet. However, an acute injection of Lys caused an
increase of GA and 3HG concentrations in the brain, approximately 40 %
higher in the striatum, when compared to the cerebral cortex levels. The Lys
acute injection and the enriched Lys diet caused protein oxidative damage
and altered both enzymatic and non-enzymatic antioxidant defenses in
striatum and cerebral cortex of Gedh™ mice, but not in other tissues of these
mice, when compared to the wild type mice. Furthermore, 60-day-old Gedh™
mice treated with a standard or a Lys enriched diet (2.8 %) for 40 days (from
the 21™ day of life) showed only an increase of TBA-RS levels in cerebral
cortex and striatum, whereas the other parameters analyzed were not altered.
Finally, histological brain sections of 60-day-old mice, stained with hematoxilin
and eosin, showed the presence of vacuoles in striatum of Gedh” animals 40
days after the diet supplemented with Lys (2.8%). In the cerebral cortex,
vacuoles were observed in Gedh” animals with standard diet, but this was not
accentuated by Lys overload. In conclusion, it may be presumed that
alterations in the cellular redox homeostasis caused by Lys overload,
especially in the early stages of development, contribute to the pathogenesis
of brain damage observed in GA [, particularly in striatum.
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I.1. INTRODUGAO

1.1.1. Erros Inatos do Metabolismo

Sir Archibald E. Garrod usou o termo erros inatos do metabolismo
(EIM) em 1908 para designar doengcas como a alcaptonuria em que 0s
individuos afetados excretam grandes quantidades de acido homogentisico
na urina. Garrod observou uma maior frequéncia desta doenca em individuos
de uma mesma familia e maior incidéncia de consanguinidade entre os pais
dos pacientes. Baseando-se nas leis de Mendel e no fato de que os pais dos
individuos afetados ndo apresentavam a doencga, Garrod propés um modelo
de heranca autossbmica recessiva para este disturbio. Através da
observacgao de que o acido homogentisico presente em excesso na urina dos
pacientes era um metabdlito normal da degradacao proteica, ele relacionou
este acumulo a um bloqueio na rota de catabolismo da tirosina. Com o
surgimento de novos disturbios relacionados a alteragbes genéticas e que
envolviam o acumulo de outras substancias nos liquidos biolégicos dos
pacientes, postulou-se que estas doengas resultavam da sintese qualitativa
ou quantitativamente anormal de uma proteina, enzimatica ou nao,
pertencente ao metabolismo (Scriver et al., 2001). Presume-se que em
consequéncia deste bloqueio metabdlico possa ocorrer o acumulo de
precursores da reagao catalisada pela enzima envolvida, com a formagao de
rotas metabdlicas alternativas e a deficiéncia de produtos essenciais ao
organismo.

Até o momento foram descritos mais de 500 EIM, a maioria deles

envolvendo processos de sintese, degradagao, transporte e armazenamento



de moléculas no organismo (Scriver et al., 2001). Embora individualmente
raras, essas doencas em seu conjunto afetam aproximadamente 1 a cada

500-2.000 recém nascidos vivos (Baric et al., 2001).

1.1.2. Acidemias Organicas

As acidemias ou acidurias organicas constituem um grupo de EIM
caracterizados pelo acumulo de um ou mais acidos orgéanicos nos liquidos
biolégicos e tecidos dos pacientes afetados devido a deficiéncia da atividade
de enzimas do metabolismo de aminoacidos, lipideos ou carboidratos
(Chalmers e Lawson, 1982). A frequéncia destas doengas na populagao em
geral € pouco conhecida, o que pode ser creditado a falta de laboratorios
especializados para o seu diagndéstico e ao desconhecimento médico sobre
essas enfermidades. Na Holanda, pais considerado referéncia para o
diagnostico de EIM, a incidéncia destas doengas é estimada em 1: 2.200
recém-nascidos, enquanto que, na Alemanha, Israel e Inglaterra é de
aproximadamente 1: 6.000 - 1: 9.000 recém-nascidos (Hoffmann et al., 2004).
Na Arabia Saudita, onde a taxa de consanguinidade é elevada, a frequéncia
€ de 1: 740 nascidos vivos (Rashed et al., 1994). Chalmers e colaboradores
(1980) demonstraram que as acidemias organicas eram os EIM mais
frequentes em criangas hospitalizadas motivando diversos estudos clinicos,
laboratoriais e epidemioldgicos nos anos seguintes.

Os pacientes afetados por acidemias organicas apresentam
predominantemente disfuncédo neuroldgica em suas mais diversas formas de
manifestagao, que incluem regressao neuroldgica, convulsdées, coma, ataxia,

hipotonia, hipertonia, irritabilidade, tremores, movimentos coreatetdticos,



tetraparesia espastica, atraso no desenvolvimento psicomotor, retardo
mental, dentre outras. As altera¢des laboratoriais mais comuns sao cetose,
cetonuria, neutropenia, trombocitopenia, acidose metabdlica, baixos niveis de
bicarbonato, hiperglicinemia, hiperamonemia, hipo / hiperglicemia, acidose
latica e aumento dos niveis séricos de acidos graxos livres (Scriver et al.,
2001). Com o uso da tomografia computadorizada, na maioria dos pacientes
afetados por essas doencas sao encontradas alteracbes de substancia
branca (hipomielizagdo e / ou desmielinizagéo), atrofia cerebral generalizada
ou dos ganglios da base (necrose ou calcificagdo), macrocefalia, atrofia

frontotemporal e atrofia cerebelar (Mayatepek et al., 1996).

1.1.3. Acidemia Glutarica Tipo |

A acidemia glutarica tipo | (AG |, OMIM # 231670) é uma doencga
neurometabdlica autossbmica recessiva, primeiramente descrita por
Goodman e colaboradores (1975), causada pela deficiéncia severa na
atividade da enzima mitocondrial glutaril-CoA desidrogenase (GCDH, EC
1.3.99.7) da via catabdlica dos aminoacidos L-lisina (Lis), L-hidroxilisina e L-
triptofano. A reacao catalisada por esta enzima ocorre em duas etapas
consecutivas: a desidrogenacdo de glutaril-CoA a glutaconil-CoA e a
descarboxilacdo de glutaconil-CoA a crotonil-CoA (Hartel et al., 1993). O
composto intermediario glutaconil-CoA pode ser clivado e excretado como
acido glutacénico ou hidratado para 3-hidroxiglutaril-CoA (Figura 1.1).

A atividade deficiente da GCDH compromete o catabolismo dos
aminoacidos Lis, L-hidroxilisina e L-triptofano, formando rotas metabdlicas

alternativas com o acumulo predominante dos acidos glutarico (AG) e 3-



hidroxiglutarico (3HG), e também glutaconico, nos tecidos e liquidos

bioldgicos (liquor, plasma e urina) dos pacientes (Frerman, 2001).

Lisina
Acido 2-aminoadipico

Hidroxilina

Acido 2-cetoadipico €= Triptofano

|

Glutaril-CoA =3 [ACIDO GLUTARICO]

Acido glutaconico —1— GCDH
Glutaconil-CoA

&
3-Hidroxiglutaril-CoA —l— GCDH

i Crotonil-CoA
ACIDO i
[3-HIDROXIGLUTARICO] Acetil-CoA

Figura 1.1 — Rota de catabolismo dos aminoacidos triptofano, hidroxilisina e

lisina. Adaptado de Scriver et al., 2001.

As concentragdes no plasma desses acidos variam entre 5 e 400
pmol/L (Hoffmann et al., 1991, 1996; Merinero et al., 1995), enquanto que as
concentragdes cerebrais podem atingir 500—-5000 umol/L para o AG e 40-200
pgmol/L para o 3HG (Sauer et al., 2006), aumentando ainda mais durante as
crises encefalopaticas (Kolker et al., 2004). Considerando que a barreira
hematoencefélica (BHE) é pouco permeavel a esses acidos organicos,
acredita-se que a producao desses metabdlitos nas células neurais e o seu
acumulo no sistema nervoso central (SNC) possam explicar as diferengas

nas concentragdes cerebrais e plasmaticas, além de constituir um fator de



risco para a neurodegeneragdo caracteristica da doenga (Hoffmann et al.,
1993; Kolker et al., 2006a, b; Sauer et al. 2006; Strauss e Morton, 2003;
Strauss et al., 2003).

A AG | tem sua prevaléncia estimada em 1: 30.000-1:100.000
nascidos vivos, sendo considerada umas das mais frequentes doencas do
metabolismo dos acidos organicos, podendo atingir uma alta prevaléncia (até
1: 3.000 nascidos vivos) em algumas comunidades geneticamente

homogéneas (Goodman et al., 2001; Kdlker et al., 2007).

1.1.3.1. Achados Clinicos e Neuropatoldégicos

A AG | pertence a um grupo de doengas em que 0s sintomas sao
essencialmente neuroldgicos, sendo considerada por isso uma acidemia
organica “cerebral”. O quadro clinico dos pacientes com AG | € heterogéneo
e o curso da doenga parece ser seguido por diferentes padrbes. Alguns
pacientes desenvolvem-se normalmente, enquanto a maioria apresenta
hipotonia e atraso progressivo no desenvolvimento, além de crises
encefalopaticas. O mais importante achado clinico dos pacientes antes das
crises € a macrocefalia progressiva e atrofia cortical fronto-temporal
(Hoffmann et al., 1996).

Entre 3 e 36 meses de idade, uma caracteristica degeneracgao bilateral
aguda dos ganglios da base acomete os pacientes durante as crises
encefalopaticas, geralmente precipitadas por infecgdes ou imunizagdes de
rotina (situagdes em que o paciente se encontra em catabolismo acelerado).
As crises encefalopaticas usualmente duram poucos dias, mas cada episodio

leva a morte neuronal massiva. Apds essas crises agudas, surgem sintomas

10



relacionados a destruicao estriatal, tais como distonia e discinesia, hipotonia,
convulsdes, rigidez muscular e espasticidade (Goodman et al., 2001;
Hoffmann e Zschocke, 1999; Kolker et al., 2008). Isso sugere uma “janela de
vulnerabilidade” para o aparecimento dos sintomas, provavelmente
relacionada ao periodo de desenvolvimento cerebral.

Os achados neuropatologicos incluem também atrofia cortical fronto-
temporal ao nascimento, formagéo espongiforme e diminuigdo de substancia
branca (hipomielinizagdo ou desmielinizagdo) progressiva e uma
caracteristica degeneracgao bilateral aguda dos ganglios da base durante os
episodios de descompensagao metabdlica entre os 6 e os 36 meses de idade
(Brismar e Ozand, 1995; Couce et al., 2013; Hoffmann e Zschocke, 1999;
Neumaier-Probst et al., 2004; Nunes et al., 2013; Olivera-Bravo et al., 2013;
Strauss et al., 2003).

Além disso, exames de imagem por ressonancia magnética
geralmente mostram alteragées espongiformes progressivas na substancia
branca (leucoencefalopatia) com hipoplasia cortical e vacuolizagao,
hemorragia subdural e degeneracédo dos ganglios da base (Bodamer et al.,
2004; Carman et al., 2012; Couce et al., 2013; Goodman et al., 1977; Harting
et al., 2009; Hedlund et al., 2006; Neumaier-Probst et al., 2004; Nunes et al.,
2013; Pérez-Duenas et al., 2009; Strauss e Morton, 2003). Também podem
ser observados um alargamento dos espagos subaracnoideos da regido
frontotemporal e uma difusa atenuacdo da substancia branca periventricular
(Drigo et al, 1996; Pineda et al., 1998), tornando as criancas afetadas

mais propensas a sofrerem hemorragias agudas subdurais apés traumas de

11



pequena intensidade na cabecga (Hoffmann e Zschocke, 1999; Zinnanti et al.,

2014).

1.1.3.2. Aspectos Moleculares

Localizado no cromossomo 19p 13.2, o gene da GCDH codifica um
polipeptideo de 438 aminoacidos que, apos uma clivagem na porcédo N-
terminal retirando 44 aminoacidos, forma a proteina madura dentro da matriz
mitocondrial (Goodman et al., 1998). A maioria das mutacdes descritas esta
relacionada com simples mudancas de bases, como no caso da mais
frequente mutacdo em caucasianos R402W que acomete entre 10 e 20% dos
alelos (Busquets et al., 2000; Goodman et al., 1998; Zschocke et al., 2000).

A deficiéncia da GCDH é muito heterogénea, e muitos dos pacientes
sdo heterozigotos para duas diferentes mutagdes, mas dentro de
comunidades especificas o padrao é mais homogéneo (Busquets et al.,
2000). Apesar do conhecimento de diferentes mutagdes, nédo ha correlagéo
entre o gendtipo e a atividade enzimatica, bem como o fendtipo bioquimico,
clinico e o prognodstico dos pacientes (Goodman et al., 1998; Hoffmann e

Zschocke, 1999; Kolker et al., 2006a).

1.1.3.3. Diagnéstico
O diagndstico de AG | é feito através da detecgdo do aumento da
excregao urinaria dos acidos AG) e 3HG, sendo identificados por
cromatografia gasosa acoplada a espectrometria de massa (Hoffmann et al.,
1993, Kolker et al., 2012). Em alguns casos, a confirmagédo do diagnéstico é

feita através da medida da atividade enzimatica em fibroblastos de pacientes.
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Outro método complementar de diagnéstico € a analise do perfil de
acilcarnitinas, onde podem ser observadas elevagbes de glutarilcarnitina,
além de uma diminuicdo dos niveis de carnitina livre, através de
espectrometria de massas em tandem MS/MS nos liquidos biolégicos dos
pacientes (Ziadeh et al., 1995). A analise mutacional pode auxiliar no
diagndstico, porém, devido ao grande numero de mutagdes conhecidas, este
método tem um melhor aproveitamento em comunidades fechadas, onde as
mutacgdes se repetem em uma maior proporcao (Strauss et al., 2003).

Em alguns casos, pacientes com AG | podem apresentar excregao
urinaria pouco elevada ou intermitente, ou até mesmo excre¢do normal do
AG (ndo excretores) (Bergman et al., 1989; Campistol et al., 1992;
Hoffmann, 1996; Merinero et al., 1995). Nesses casos, se houver a suspeita
da AG | por achados clinicos e/ou neuroradiolégicos, a medida da atividade
da enzima GCDH em fibroblastos (ou leucdcitos) se torna necessaria
(Goodman e Frerman, 2001). A importancia do diagndstico neonatal precoce
da AG | através dos testes de triagem ja realizados em alguns paises e do
inicio imediato do tratamento é importante para a prevengdo das crises
encefalopaticas e suas consequéncias fatais (Lee et al., 2013; Lindner et al.,

2006; Pfeil et al., 2013; Viau et al., 2012).

1.1.3.4. Tratamento
O tratamento dos pacientes com AG | baseia-se fundamentalmente na
restricdo de Lis da dieta e administracdo de L-carnitina e riboflavina (Gokmen
et al.,, 2012). Além disso, o tratamento nas crises agudas, durante as

infeccdes, consiste na administracao de liquidos para evitar desidratacao e

13



na ingesta hipercalorica para controlar o catabolismo, além de outras
medidas gerais. A administracdo de insulina, glicose e bicarbonato também
pode prevenir ou diminuir o dano estriatal durante estes episddios, por inibir o
catabolismo e a acidose severa (Boy et al., 2013).

Devido a inibicdo da glutamato descarboxilase neuronal e as baixas
concentragdes de GABA nos géanglios da base dos pacientes (Leibel et al.,
1980), o tratamento com o acido valpréico foi utilizado em alguns pacientes,
pois este composto leva a um aumento seletivo de GABA nas sinapses
(através da inibicdo da GABA transaminase ou da semialdeido succinil
desidrogenase) (Stutchfield et al., 1985). No entanto, enfatize-se que, se o
dano estriatal se estabelecer apés uma ou mais crises encefalopaticas, o
tratamento posterior podera ser insatisfatorio.

Outro tratamento proposto é o uso de drogas anticolinérgicas, como
triexifenidil e toxina botulinica, para minimizar a discinesia e a distonia
encontradas em pacientes apds as crises encefalopaticas (Burlina et al.,
2004). Contudo, os anticolinérgicos e os anticonvulsivantes ndo mostraram
resultados satisfatérios em longo prazo (Hoffmann et al., 1996; Hoffmann e
Zschocke, 1999; Yamaguchi et al., 1987). Dessa forma, alternativas tém sido
propostas e avaliadas. Baseados em estudos prévios em um modelo animal
de AG | (Zinnanti el al., 2006), Zinnanti e colaboradores (2007) recentemente
propuseram a administragdo de glicose e homoarginina aos pacientes. O
objetivo foi o de reduzir o acumulo cerebral dos metabdlitos toxicos
produzidos pela deficiéncia da GCDH, visto que a arginina ira diminuir a
entrada da Lis através da BHE por competicado pelo sistema de transporte Y

(Kolker et al., 2012; Sauer et al., 2011). Desde entdo a suplementacao
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dietética com arginina vem sendo usada para tratar individuos acometidos
pela AG I, e estudos recentes tém relatado o beneficio dessa dieta (Kolker et

al., 2012; Sauer et al., 2011; Strauss et al., 2011).

1.1.3.5. Fisiopatologia

Nos ultimos anos, distintos mecanismos tém sido propostos para
explicar a fisiopatogenia do dano cerebral da AG |. Apesar de algumas
investigacdes prévias terem sugerido efeitos téxicos do AG e do 3HG, até o
presente momento, os mecanismos fisiopatolégicos que levam ao dano
cortical e estriatal apresentado pelos pacientes afetados pela AG | ainda néo
foram totalmente elucidados.

Diversos autores relacionam as vacuolizagdes encontradas em
estudos postmortem de cérebro de pacientes afetados pela deficiéncia da
GCDH a excitotoxicidade (Goodman et al., 1977; Hoffmann e Zschocke,
1999) e consequente dano celular (Danbolt, 2001). Esta hipdtese esta
baseada na similaridade estrutural existente entre o glutamato e os principais
acidos organicos (AG e 3HG) (Flott-Rahmel et al., 1997; Wajner et al., 2004).
Nesse sentido, varios trabalhos tentam explicar a neuropatologia da AG | pela
interacdo desses 4acidos organicos com receptores e transportadores
glutamatérgicos (Bjugstad et al., 2001; Dalcin et al., 2007; Kolker et al., 2008;
Porciuncula et al., 2000; Porciuncula et al., 2004; Rosa et al., 2004; Wajner et
al., 2004). No entanto, apesar de diversas evidéncias da neurotoxicidade
destas substancias relacionadas ao sistema glutamatérgico, outros trabalhos
ndo confirmam essa hipotese (Freudenberg et al., 2004; Lund et al., 2004),

fazendo com que esta questado continue em intenso debate.
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Alteracdes da bioenergética também tém sido propostas para explicar
o dano cerebral na AG |. Estudos in vitro demonstraram alteragcdo da
homeostase energética pelos acidos AG e 3HG em cérebro e culturas de
neurénios de ratos (da Costa Ferreira et al., 2005; Ferreira et al., 2007; Kolker
et al., 2002a, 2002b; Latini et al., 2005a, Silva et al., 2000; Ulrich et al., 1999).
Além disso, estudos in vivo de ratos tratados cronicamente com AG
mostraram inibicbes nas atividades dos complexos I-Ill, II, lI-lll e da enzima
creatina quinase (CK) (Ferreira et al., 2005, 2007). Uma inibicdo da enzima
Na®, K" - ATPase pelo AG foi observada em cortex cerebral de ratos in vitro
(Kolker et al., 2002b), assim como em cérebro de ratos tratados cronicamente
ou através de uma injecao intraestriatal desse acido organico (Fighera et al.,
2006; Rodrigues et al., 2013), e a presenga de disfungdo mitocondrial foi
demonstrada em cultura de astrocitos de ratos tratados com AG ou 3HG
(Olivera et al., 2008).

Além disso, alteragdes do estado redox causadas pelo AG e 3HG
foram observadas através de estudos in vivo e in vitro. Neste contexto, foi
verificado que tanto o AG (de Oliveira Marques et al., 2003; Magni et al.,
2009) como o 3HG (Latini et al., 2002, 2005b) aumentam a lipoperoxidagao e
diminuem as defesas antioxidantes e os niveis de glutationa reduzida (GSH)
em cérebro de ratos in vitro. A geragao de espécies reativas de oxigénio
(ERO) na presenga de 3HG também foi evidenciada em culturas de
neurénios de telencéfalos de embrides de pinto (Kolker et al., 2001) e em
astrécitos de linhagem celular C6 (Quincozes-Santos et al., 2010). Também
foi demonstrado que a administracdo aguda e crbnica de AG aumenta a

peroxidacdo lipidica e diminui as defesas antioxidantes em diferentes
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estruturas cerebrais, figado e eritrécitos de ratos (Fighera et al., 2006; Latini
et al., 2007; Magni et al., 2012; Rodrigues et al., 2013).

Outros trabalhos demonstraram uma disfungdo endotelial com perda
da integridade da BHE causada pelos metabdlitos acumulados na AG |
(Muhlhausen et al., 2006: Strauss e Morton, 2003: Zinnanti et al., 2006;
Zinnanti et al., 2014), sendo também proposto que os metabdlitos da via das
quinureninas, uma das rotas de catabolismo do triptofano, estejam
associados com o dano cerebral nessa doenga (Heyes 1987: Lehnert e Sass,
2005: Varadkar e Surtees, 2004).

Enfatize-se que os resultados mencionados acima sado oriundos de
estudos in vitro e in vivo em ratos selvagens ou em culturas de células
obtidas de animais com atividade normal da GCDH.

Recentemente, um novo modelo de AG | foi concebido, onde a enzima
GCDH esta inativa através da alteragdo do gene responsavel por codifica-la
(modelo nocaute) (Koeller et al., 2002). Esse modelo animal de AG | tem sido
considerado o melhor modelo disponivel dessa patologia. Estudos recentes
com esse modelo demonstraram que o transporte de sucinato dos astrdocitos
para os neurdnios foi inibido pela agdo do AG e 3HG sobre o transportador
de dicarboxilatos em culturas primarias de astrocitos e neurbnios de
camundongos Gcdh” (Lamp et al., 2011). Zinnanti e colaboradores
encontraram uma diminuicdo nos niveis de ATP, fosfocreatina, a-
cetoglutarato, CoA, glutamato e GABA, bem como um aumento de acetil-CoA
em cérebro de camundongos Gedh” (Zinnanti et al., 2007).

Trabalhos recentes publicados com o modelo nocaute para a enzima

GCDH também mostraram que camundongos Gedh™ adultos apresentaram
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alteragbes comportamentais com perda da memoria de curta e longa duragéo
(Busanello et al., 2012), bem como redugédo na atividade e na expressao da
enzima Na',K' - ATPase e na atividade da enzima CK em cortex cerebral
(Amaral et al., 2012a). Animais Gedh” mais jovens (15 dias de vida) expostos
a uma sobrecarga de Lis apresentaram um disturbio na bioenergética celular,
observado através da inibi¢cdo da atividade das enzimas C e Na*,K* - ATPase
(Amaral et al., 2012b). Além disso, se observou acidente vascular cerebral
metabdlico e hemorragia cerebral espontédnea apds uma sobrecarga de Lis
nesse mesmo modelo para a AG |, indicando uma ruptura da integridade da

BHE, bem como perda de sua funcionalidade (Zinnanti et al., 2014).

1.1.3.6. Modelos Animais de Acidemia Glutarica Tipo |

O desenvolvimento de modelos animais que reproduzam as alteragdes
bioquimico-metabdlicas e os achados neuropatolégicos da AG | tém sido o
foco de diversos estudos, constituindo-se em um desafio para a elucidacao
da patogénese desse disturbio. Ferreira e colaboradores (2005) propuseram
um modelo quimico em ratos, administrando por via subcutidnea AG
diariamente do 7° ao 22° dia de vida, em que altas concentracdes desse
acido organico foram encontradas no cérebro.

Além disso, um modelo de degeneracgéo estriatal aguda proposto for
Strauss e Morton utiliza o acido 3-nitropropiénico (Strauss e Morton, 2003),
um inibidor classico do complexo Il da cadeia respiratéria empregado em
modelos de doenca de Huntington, que apresenta caracteristicas

neurorradiolégicas idénticas as observadas em pacientes com AG .
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Com relagdo ao modelo nocaute estabelecido em camundongos por
Koeller et al. (2002), foi verificado que os animais apresentaram um fendétipo
bioquimico similar ao dos pacientes, com elevados niveis de AG, 3HG e
conjugados de glicina e carnitina. Contudo, esse modelo ndo reproduziu o
fendtipo neuroldgico e a degeneragao estriatal caracteristica dos pacientes
afetados. Um aperfeicoamento deste modelo foi proposto por Zinnanti e
colaboradores (2006) com a administragdo, via oral, de uma sobrecarga de
Lis aos animais. Foi verificado nesse caso que as concentragdes de AG no
cérebro dos camundongos Gedh” aumentaram significativamente e que os
mesmos apresentaram um padrdo de neurodegeneracdo dependente do
estagio de desenvolvimento, semelhante ao apresentado pelos pacientes
(leséo estriatal aguda e leucoencaflopatia progressiva), além de provocar a
perda de seletividade da BHE. Os mesmos autores demonstraram que essa
sobrecarga de Lis provoca disfungdo mitocondrial e propuseram a utilizagéo
da suplementagdo com glicose e homoarginina para reduzir o acumulo
cerebral dos metabdlitos toxicos gerados pela deficiéncia da GCDH (Zinnanti
et al.,, 2007). Apesar da intensa investigagdo e do grande numero de
trabalhos buscando compreender a patogénese da AG |, as causas da
suscetibilidade do cortex fronto-temporal durante a gestagcédo e da janela de
vulnerabilidade estriatal durante os primeiros anos de vida permanecem
obscuras, constituindo-se nos principais desafios da pesquisa da AG |

(Goodman, 2004).
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I.1.4. Radicais Livres

Radicais livres s&o espécies quimicas com um ou mais elétrons
desemparelhados e possuem a capacidade de existir de forma independente
(Halliwell e Gutteridge, 2007; Southorn e Powis, 1988). Essas espécies
quimicas podem ser atomos, metais de transicdo ou uma molécula onde o
elétron desemparelhado esteja no orbital externo. Este elétron confere uma
alta reatividade a molécula, pois pode perder ou adquirir um segundo elétron
para esse orbital (Halliwell, 2006).

Os radicais livres podem ser formados pela perda de um elétron de um
nao-radical ou pelo ganho de um elétron por um n&o-radical. Radicais podem
também ser formados em um processo de fissdo homolitica, no qual uma
ligacdo covalente é quebrada e cada elétron do par compartilhado
permanece com cada um dos atomos envolvidos (Halliwell e Gutteridge,
2007). Quando um radical livre reage com um composto ndo-radical, outro
radical livre pode ser formado; assim, a presenca de um unico radical pode
iniciar uma sequéncia de reacbes em cadeia de transferéncia de elétrons
(redox) (Maxwell, 1995). Nas reagdes em cadeia induzidas pelos radicais
livres, um radical reativo leva a formacédo de um produto que também é um
radical livre e que, por sua vez, reage produzindo um terceiro radical.

Em condicdes fisiolégicas do metabolismo celular aerdbio, o oxigénio
molecular (O;) sofre redugao tetravalente, por receber quatro elétrons,
resultando na formacao de agua (H20). No entanto, aproximadamente 2% do
oxigénio utilizado na cadeia de transporte de elétrons mitocondrial ndo é
completamente reduzido a agua, podendo ser convertido a intermediarios

reativos, como os radicais superoxido (Oz-) e hidroxila (OH:), e também o
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peréxido de hidrogénio (H20;), processo esse que pode ser exacerbado em
condi¢des patoldgicas (Boveris e Chance, 1973; Roede e Jones, 2010).

O termo genérico espécies reativas de oxigénio (ERO) é usado para
incluir ndo so6 os radicais formados pela redu¢cdo do O, (O2- e OH‘), mas
também alguns n&o-radicais derivados do oxigénio, como o peroxido de
hidrogénio (H20.) e o oxigénio singlet ('0,) (Halliwell e Guteridge, 2007).
Além dessas, existem ainda as espécies reativas de nitrogénio (ERN), sendo

o oxido nitrico (NO-) e o peroxinitrito (ONOQ") as principais representantes.

1.1.5. Defesas Antioxidantes

Antioxidantes s&o substancias enddégenas ou exdgenas que reduzem
a formacgao de radicais livres ou reagem com os mesmos, neutralizando-os.
Embora diferindo na composicdo, as defesas antioxidantes estédo
amplamente distribuidas no organismo e compreendem agentes que
removem cataliticamente os radicais livres, como as enzimas superoxido
dismutase (SOD), catalase (CAT), glutationa peroxidase (GPx), glutationa
redutase (GR) e glicose-6-fosfato desidrogenase (G6PDH), dentre outras;
proteinas que minimizam a disponibilidade de pré-oxidantes (ions de ferro e
cobre, por exemplo) ao se ligarem aos mesmos, como as transferrinas;
proteinas que protegem biomoléculas de danos (incluindo dano oxidativo) por
outros mecanismos; agentes de baixo peso molecular que aprisionam ERO e
ERN, como glutationa reduzida (GSH), a-tocoferol, acido ascorbico e a

bilirrubina (Halliwell e Gutteridge, 2007).
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1.1.6. Estresse Oxidativo

Espécies reativas sdo necessarias para a fungdo normal da célula,
servindo como moléculas de sinalizagdo para importantes papéis fisioldgicos.
Elas sao continuamente produzidas e neutralizadas por sistemas de defesa
antioxidante. No entanto, quando produzidos em altas concentragdes ou
quando as defesas antioxidantes estdo deficientes, as espécies reativas
podem causar dano celular. Se o aumento de espécies reativas é
relativamente pequeno, a resposta antioxidante sera suficiente para
compensar esse aumento. No entanto, sob certas condigdes patoldgicas, a
producao de espécies reativas estara aumentada, e as defesas antioxidantes
podem ser insuficientes para restabelecer a homeostase redox.

O rompimento entre o equilibrio pré-oxidante e antioxidante é descrito
como estresse oxidativo, e pode representar um mecanismo fundamental
envolvido em doengas humanas (Halliwell e Gutteridge, 2007; Sies, 1985). O
estresse oxidativo pode resultar tanto de uma diminuicdo das defesas
antioxidantes quanto de uma produgcdo aumentada de oxidantes, bem como
da liberagdo de metais de transigcdo ou a combinagdo de quaisquer desses
fatores (Halliwell, 2001).

Como consequéncia, o estresse oxidativo pode promover adaptacao,

dano ou morte celular:

* Adaptacédo: as células podem tolerar um estresse oxidativo moderado,
que geralmente resulta em um aumento da sintese de sistemas de defesa

antioxidante a fim de restaurar o balanco pré-oxidante / antioxidante.

e Dano celular: o estresse oxidativo pode provocar dano a alvos

moleculares (DNA, proteinas, carboidratos e lipidios) (Halliwell e Gutteridge,
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2007b). Nesses casos, a resposta ao dano tecidual pode ser reversivel: a
célula entra em um estado de homeostase alterado temporario ou

prolongado, que néo leva a morte celular.

* Morte celular: pode ocorrer tanto por necrose quanto por apoptose. Na
morte celular por necrose, a célula incha e se rompe, liberando seu conteudo
para o meio extracelular. Pode haver a liberagdo de antioxidantes, como a
CAT e GSH, e também de pro-oxidantes, como os ions cobre e ferro e
proteinas do grupo heme, agentes esses que podem afetar as células
adjacentes, podendo até mesmo induzi-las a um estresse oxidativo. Ja na
apoptose, 0 mecanismo intrinseco de morte celular programada é ativado e
nao ha a liberacao do conteudo celular. A apoptose pode estar acelerada em
certas doencgas, tais como as desordens neurodegenerativas, havendo

envolvimento do estresse oxidativo (Halliwell e Gutteridge, 2007a).

1.1.7. Mecanismos de dano celular induzido por radicais livres

As ERO e ERN ocorrem tanto em processos fisiolégicos quanto
patologicos do organismo. Fisiologicamente, essas espécies reativas
apresentam diversas fung¢des (Bergendi et al., 1999). Assim, um aumento da
liberagdo local de radicais livres pode ser benéfico, como € o caso da
liberacdo de espécies oxidantes pelos neutrofilos, que podem atuar na defesa
do hospedeiro contra uma infecgdo (Delanty e Dichter, 1998). Participam
ainda de processos de sinalizagao celular e também estdo envolvidos na

sintese e regulagdo de algumas proteinas (Son et al., 2013).
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Por outro lado, quando formadas em excesso, essas espécies
altamente reativas tém o potencial de oxidar moléculas bioldgicas incluindo
proteinas, lipidios e DNA (Sesti et al., 2012). Com relagdo aos efeitos
prejudiciais das reagdes oxidantes ao organismo, os radicais livres podem
promover lipoperoxidagdo e consequentemente a ruptura das membranas
celulares; podem causar a oxidagao de lipoproteinas de baixa densidade
(LDL); podem reagir com proteinas, levando a sua inativagao e consequente
alteracéo de sua fungéo; e podem também reagir com o DNA e RNA, levando
a mutacdes somaticas e a disturbios de transcri¢ao (Delanty e Dichter, 1998),

dentre outros efeitos.

1.1.7.1. Suscetibilidade cerebral ao dano oxidativo

O cérebro tem alta suceptibilidade ao dano oxidativo, quando
comparado a outros tecidos como o figado, devido as suas caracteristicas e
fungdes. Primeiro, por ter grande demanda energética para o seu
funcionamento normal, o sistema nervoso central (SNC) tem a mitocéndria
como uma estrutura intracelular fundamental. Dessa forma, visto que a
producdao eficiente de energia na forma de ATP pela mitocéndria é
dependente de grandes quantidades de oxigénio, o alto consumo de O, se
traduz em um aumento da atividade da cadeia respiratéria e o consequente
aumento na producgao do radical superéxido pela dispersao dos elétrons.

Outra caracteristica do SNC que contribui para a alta susceptibilidade
ao dano oxidativo € o fato as membranas celulares serem ricas em acidos
graxos de cadeia lateral poliinsaturada (PUFA), os quais sdo especialmente

sensiveis ao ataque oxidativo de radicais livres. Além disso, o alto conteudo
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de ferro, o qual favorece a lipoperoxidagcdo e autooxidacdo de
neurotransmissores, a grande quantidade de microglia e macrofagos
residentes do sistema nervoso que podem produzir O, € H,O, e a modesta
defesa antioxidante (baixos niveis de catalase) aumentam a suscetibilidade
do cérebro ao dano causado por radicais livres (Halliwell, 1996; Halliwell e

Gutteridge, 2007a; Zaleska e Floyd, 1985).
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1.2. OBJETIVOS

1.2.1. Objetivo geral

O presente trabalho teve como objetivo estudar importantes
parametros de homeostase redox em varias estruturas cerebrais (cortex
cerebral, estriado e hipocampo) e tecidos periféricos (figado e coragao) de
camundongos Gcdh™ e selvagens (Gedh™) submetidos a uma dieta normal
ou a uma sobrecarga de Lis (inje¢do intraperitoneal ou dieta rica em Lis),

visando uma melhor compreensao da fisiopatologia do dano tecidual na AG I.

1.2.2. Objetivos especificos

a) Avaliar parametros de estresse oxidativo, através de determinagdo do
dano oxidativo lipidico (substancias reativas ao acido tiobarbiturico - TBA-RS)
e proteico (carbonilas e sulfidrilas), producao de espécies reativas (oxidagao
de 2’,7’-diclorofluoresceina-diacetato — DCFH, nitratos e nitritos), defesas
antioxidantes ndo enzimaticas (GSH) e enzimaticas (SOD, CAT, GPx, GR e
G6PDH) em tecidos cerebrais (cortex cerebral, estriado e hipocampo) e
periféricos (figado e coracdo) de camundongos Gedh™* e Gedh”™ com 15, 30
e 60 dias de vida.

b) Avaliar o efeito de uma sobrecarga aguda de Lis (injec&o intraperitoneal de
8 umol/g de Lis) em tecidos cerebrais (cortex cerebral, estriado e hipocampo)
e periféricos (figado e coracdo) de camundongos Gedh”* e Gedh” com 15 e
30 dias de vida sobre os seguintes parametros de estresse oxidativo: TBA-
RS, formacgdo de carbonilas, conteudo de sulfidrilas, oxidagdo de DCFH,

formacao de nitratos e nitritos, concentragdes de GSH e atividades das
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enzimas SOD, CAT, GPx, GR e G6PDH.

c) Investigar o efeito de uma sobrecarga dietética de Lis (2,8% e 4,7%) por 60
horas sobre os seguintes parametros de estresse oxidativo em tecidos
cerebrais (cortex cerebral, estriado e hipocampo) e periféricos (figado e
coracdo) de camundongos Gedh** e Gedh”™ com 30 dias de vida: TBA-RS,
formacdo de carbonilas, conteudo de sulfidrilas, oxidacdo de DCFH,
formacao de nitratos e nitritos, niveis de GSH e atividades das enzimas SOD,
CAT, GPx, GR e G6PDH.

d) Investigar o efeito de uma sobrecarga de Lis na dieta (4,7%) por 60 horas
sobre a viabilidade das células neuronais e astrocitarias, usando anticorpos
para NeuN, Ki67, S100b e GFAP, bem como marcadores de estresse
oxidativo, YNO2 e iNOS, em cortex cerebral e estriado de camundongos
Gedh** e Gedh™ com 30 dias de vida.

e) Investigar o efeito de uma sobrecarga de Lis na dieta (2,8%) por 40 dias
(do 21° ao 60° dia de vida) sobre os seguintes parametros de estresse
oxidativo em tecidos cerebrais (cortex cerebral e estriado) de camundongos
Gedh™ e Gedh” com 30 dias de vida: TBA-RS, concentracdes de GSH e
atividades das enzimas SOD, CAT, GPx, GR e G6PDH .

g) Investigar o efeito de uma sobrecarga de Lis na dieta (2,8%) por 40 dias
(do 21° ao 60° dia de vida) sobre a histologia do cértex cerebral e estriado de
camundongos Gedh'* e Gedh™ com 60 dias de vida, avaliada pela coloracéo

com hematoxilina e eosina.
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Abstract

We evaluated the antioxidant defense system and protein oxidative damage in brain
and liver of 15-day-old GCDH deficient knock out (chh'/ ") mice following an acute
intraperitoneal administration of Lys (8 pmol/g). We determined reduced glutathione
(GSH) concentrations, sulfhydryl content, carbonyl formation and the activities of the
antioxidant enzymes glutathione peroxidase (GPx), superoxide dismutase (SOD),
catalase (CAT) and glutathione reductase (GR) in brain and liver of these animals.
2’,7’-Dichlorofluorescein (DCFH) oxidation was also measured as an index of free
radical formation. The only parameters altered in Gedh”™ compared to wild type
(Gedh™™) mice were a reduction of liver GSH concentrations and of brain sulfhydryl
content. Acute Lys injection provoked a decrease of GSH concentration in the brain
and sulthydryl content in the liver, and an increase in carbonyl formation in brain and
liver of Gedh” mice. Lys administration also induced a decrease of all antioxidant
enzyme activities in the brain and an increase of the activities of SOD and CAT in the
liver of Gedh™" mice. Finally, Lys elicited a marked increase of DCFH oxidation in
brain and liver. It is concluded that Lys overload compromises the brain antioxidant
defenses and induces protein oxidation, probably secondary to reactive species

. . . +/+ .
generation, in infant Gedh™" mice.

Key words: glutaric acidemia type I, brain damage, antioxidant defenses, glutaric

acid, 3-hydroxyglutaric acid, infant Gedh™ mice
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Introduction

The mitochondrial enzyme glutaryl-CoA dehydrogenase (GCDH, EC
1.3.99.7) is responsible for the oxidative decarboxylation of glutaryl-CoA to crotonyl-
CoA and CO; in the catabolic pathways of the amino acids lysine (Lys) and
tryptophan [1]. Deficiency of GCDH activity is the biochemical defect of glutaric
aciduria type I (GA I, McKusick 23167, OMIM #231670), a cerebral organic aciduria
characterized by macrocephaly associated with frontotemporal atrophy at birth [2].
The biochemical hallmark of this disorder is the accumulation of glutaric acid (GA),
3-hydroxyglutaric acid (30HGA) and glutarylcarnitine in tissues and biological
fluids. Untreated patients normally develop acute encephalopathic crises between 6
months and 4 years of age that are frequently precipitated by catabolic states. These
episodes lead to massive striatal degeneration and the appearance of neurological
symptoms such as dystonia, dyskinesia, loss of motor control, seizures and coma [3].
Moreover, patients who do not suffer from acute episodes also develop chronic
neurologic dysfunction [4-6]. Neuroradiologic findings include progressive cortical
frontotemporal hypoplasia with white matter abnormalities (leukoencephalopathy),
chronic subdural effusions, hematomas, as well as acute striatal degeneration with
loss of medium spiny neurons and astrogliosis [2, 5, 7].

Several in vitro and in vivo experiments indicate that the accumulating organic
acids GA and 30HGA are related to the pathogenesis of this disorder, acting as
neurotoxins in the brain, probably facilitating excitotoxicity, oxidative damage and
impairment of cellular energy metabolism [8-30]. However, some results are
contradictory, probably due to variation in the experimental approaches, and nearly all
studies were performed in brain tissues with normal GCDH activity, which makes the
pathophysiological relevance of these experiments uncertain.

Koeller and collaborators [31] developed a mouse knock out model of GA 1,
replacing much of the GCDH gene with an in-frame beta-galactosidase cassette. The
animals showed a biochemical phenotype comparable to GA 1 patients, with
accumulation of GA and 30HGA and progressive leukodystrophy, although striatal
degeneration was not observed, even under conditions of metabolic stress. Zinnanti
and colleagues [32, 33] demonstrated that exposing these animals to high protein or
lysine (Lys) intake resulted in striatal damage similar to the human condition. The

neuropathological findings of these animals were comparable to human patients,
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including neuronal loss and vacuolation, blood-brain barrier breakdown, myelin
disruption and gliosis, mostly in the striatum and deep cortex.

In the present study we determined glutathione (GSH) concentrations,
sulthydryl content, carbonyl formation and the antioxidant enzyme activities
glutathione peroxidase (GPx), superoxide dismutase (SOD), catalase (CAT) and
glutathione reductase (GR) in brain and liver of wild type (Gedh™") and knockout
(Gedh™) mice in order to evaluate the tissue antioxidant defenses and protein
oxidation in a central (brain) and a peripheral (liver) tissue from these animals. We
also studied the effects of an acute intraperitoneal (i.p.) injection of Lys in Gedh”
mice as an attempt to mimic the crises of metabolic decompensation that often appear
to precede brain injury. 2°,7’-Dichlorofluorescein (DCFH) oxidation, an index of

reactive species generation, was also measured.
Material and Methods

Chemicals

All chemicals were of analytical grade and purchased from Sigma (St Louis,
MO, USA) unless otherwise stated. Solutions were prepared on the day of the
experiments and the pH was adjusted to 7.2-7.4 in the appropriate buffer for each

technique.

Animals

Gedh™ and Gedh” littermates, both of C129SvEv background, were
generated from heterozygotes and maintained at Unidade Experimental Animal of the
Hospital de Clinicas de Porto Alegre (Porto Alegre, Brazil). The animals were
maintained on a 12:12 h light/dark cycle (lights on 07:00-19:00 h) in air-conditioned
constant temperature (22 £ 1 °C) colony room, with free access to water and 20 %
(w/w) protein commercial chow containing 0.9 % Lys (SUPRA, Porto Alegre, RS,
Brazil). Fifteen-day-old male Gedh™" and Gedh”™ mice were used in all experiments,

corresponding to humans 3 to 4 years of age.
Ethical statement

This study was performed in strict accordance with the Principles of

Laboratory Animal Care, National Institute of Health of United States of America,
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NIH, publication n 85-23, revised in 2011, and approved by the Ethical Committee
for the Care and Use of Laboratory Animals of the Hospital de Clinicas de Porto
Alegre. All efforts were made to minimize suffering, discomfort, stress and the

number of animals necessary to produce reliable scientific data.

Lys administration
A group of Gedh™" and Gedh” animals were given a single i.p. injection of
Lys (8 umol/g) or saline. The parameters of oxidative stress were measured 24 hours

after Lys injection.

Tissue Preparation

The mice were anesthetized with a mixture of ketamine (90 mg/kg) and
xilazine (10 mg/kg) and transcardiacally perfused for 5 min with saline solution. After
perfusion, brain and liver were rapidly removed. The tissues were homogenized in 9
volumes (1:10, w/v) of 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM
KCI. Homogenates were centrifuged at 750 g for 10 min at 4 °C to pellet nuclei and
cell debris [34]. The pellet was discarded and the supernatant, which included
mitochondria, was retained for the measurements. Tissue slices (400 um) were also

prepared from the brain and liver for DCFH oxidation determination.

Reduced glutathione (GSH) levels

GSH levels were measured according to Browne and Armstrong [35]. One
volume of metaphosphoric acid was added to 150 mL of tissue supernatants, which
were centrifuged for 10 min at 7000 g. Then 30 mL from the pre-treated supernatants
were diluted with 70 mL of 100 mM sodium phosphate buffer, pH 8.0, containing 5
mM EDTA. This preparation was incubated with o-phthaldialdehyde (I mg/mL in
methanol) at room temperature for 15 min. Fluorescence was measured using
excitation and emission wavelengths of 350 and 420 nm, respectively. Concentrations
were calculated from a calibration curve of a GSH standard (0.001-1mM) and

expressed as nmol/mg protein.
Sulfhydryl content

This assay is based on the reduction of 5,5-dithio-bis (2-nitrobenzoic acid)

(DTNB) by thiols, generating a yellow derivative (TNB) whose absorption is
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measured spectrophotometrically at 412 nm [36]. Briefly, 30 pL of 10 mM DTNB
and 980 uL of PBS were added to 50 pL of tissue supernatants containing 0.3 mg of
protein. This was followed by a 30 min incubation at room temperature in a dark
room. Absorption was measured at 412 nm. Sulfhydryl content is inversely correlated
to oxidative damage to proteins. Results were calculated and expressed as nmol/mg

protein.

Protein carbonyl formation

Protein carbonyl formation, a marker of protein oxidative damage, was
measured spectrophotometrically according to Reznick and Packer [37]. Two hundred
microliters of tissues supernatants were treated with 400 pL of 10 mM 2,4-
dinitrophenylhydrazine (DNPH) dissolved in 2.5 N HCI or with 2.5 N HCI alone
(blank) and left in the dark for 1 h. Samples were then precipitated with 600 mL 20 %
trichloroacetic acid and centrifuged for 5 min at 10,000 g. The pellet was then washed
with 1 mL ethanol: ethyl acetate (1:1, v/v) and suspended in 550 mL of 6 M guanidine
prepared in 2.5 N HCI at 37 °C for 5 min. The difference between the DNPH-treated
and HCl-treated samples (blank) was used to calculate the carbonyl content
determined at 365 nm. The results were calculated and expressed as nmol of carbonyl
groups/mg of protein, using the extinction coefficient of 22,000 x 10° nmol/mL for

aliphatic hydrazones [38].

Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel [39] using tert-
butylhydroperoxide as substrate. The enzyme activity was determined by monitoring
the NADPH disappearance at 340 nm in a medium containing 100 mM potassium
phosphate buffer / 1 mM ethylenediaminetetraacetic acid, pH 7.7, 2 mM GSH, 0.1 U/
mL glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl-hydroperoxide, 0.1 mM
NADPH and tissue supernatants (approximately 3 pg of protein). One GPx unit (U) is
defined as 1 pmol of NADPH consumed per minute. The specific activity was

calculated and expressed as U / mg protein.

Superoxide dismutase (SOD) activity
SOD activity was assayed according to Marklund [40] and is based on the

capacity of pyrogallol to autooxidize, a process highly dependent on O,", which is a
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substrate for SOD. The inhibition of autoxidation of pyrogallol occurs in the presence
of SOD, whose activity can be then indirectly assayed spectrophotometrically at 420
nm. The reaction medium contained 50 mM Tris buffer / 1 mM
ethylenediaminetetraacetic acid, pH 8.2, 80 U / mL catalase, 0.38 mM pyrogallol and
tissue supernatants (approximately 1 pg of protein). A calibration curve was
performed with purified SOD as standard to calculate the activity of SOD present in

the samples. The results were calculated and expressed as U / mg protein.

Catalase (CAT) activity

CAT activity was assayed according to Aebi [41] by measuring the
absorbance decrease at 240 nm in a reaction medium containing 20 mM H,0O,, 0.1 %
Triton X-100, 10 mM potassium phosphate buffer, pH 7.0, and tissue supernatants
(approximately 1 pg of protein). One unit (U) of the enzyme is defined as 1 pmol of
H,0, consumed per minute. The specific activity was calculated and expressed as U /

mg protein.

Glutathione reductase (GR) activity

GR activity was measured according to Calberg and Mannervik [42] using
oxidized glutathione (GSSG) and NADPH as substrates. The enzyme activity was
determined by monitoring the NADPH disappearance at 340 nm in a medium with
2000 mM sodium phosphate buffer, pH 7.5, containing 63 mM
ethylenediaminetetraacetic acid, 1 mM GSSG, 0.1 mM NADPH and tissue
supernatants (approximately 3 pg of protein). One GR unit (U) is defined as 1 pmol
of GSSG reduced per minute. The specific activity was calculated and expressed as U

/ mg protein.

2,7 -Dihydrodichlorofluorescein (DCFH) oxidation

Reactive species production was assessed according to LeBel et al [43] by
using 2’°,7’-dihydrodichlorofluorescein diacetate (DCF-DA). DCF-DA was prepared
in 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM KCI and incubated
with tissue slices (30 mg) during 30 min at 37 °C. DCF-DA is enzymatically
hydrolyzed by intracellular esterases to form non-fluorescent DCFH, which is then
rapidly oxidized to form highly fluorescent 2°,7’-dichlorofluorescein (DCF) in the

presence of reactive species. The DCF fluorescence intensity parallels the amount of
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reactive species present. Fluorescence was measured using excitation and emission
wavelengths of 480 and 535 nm, respectively. A calibration curve was prepared with
DCF standards (0.25-10 mM) and the levels of reactive species were calculated from

the curve and expressed as pmol DCF formed / mg protein.

Protein Determination
Protein content was measured by the method of Lowry et al [44] using bovine

serum albumin as standard.

Statistical analysis

Results are presented as mean + standard deviation. Assays were performed in
triplicate and the mean was used for statistical calculations. Data were analysed using
one-way analysis of variance (ANOVA) followed by the post-hoc Duncan multiple
range test when F was significant. Only significant F values are shown in the text.
Differences between groups were considered significant at P < 0.05. All analyses
were carried out in an IBM-compatible PC computer using the Statistical Package for

the Social Sciences (SPSS) software.
Results

Reduced brain and liver GSH concentrations in Gedh™ mice

First, we observed that GSH levels were similar in the brain (Figure 1A), but
markedly diminished (up to 80%) in the liver of Gedh™, as compared to Gedh ™" mice
[Fa,15) = 47.666, P < 0.001] (Figure 1B). Lys administration decreased GSH
concentrations (up to 15%) in the brain [F(3,15= 2.595, P < 0.05] (Figure 1A), but did

not further reduce these concentrations in the liver (Figure 1B).

Reduced brain and liver sulfhydryl content in Gedh™ mice

Next, we showed that sulthydryl content was markedly reduced in the brain
(up to 45%) (Figure 2A) [F3,15=42.699, P < 0.001], but not in the liver (Figure 2B)
of Gedh”, as compared to Gedh™", mice. Sulfhydryl content was not further
diminished in the brain of Gedh” mice after Lys administration. However, a single
Lys injection did reduce sulfthydryl content in the liver of these knockout mice [F 12

=6.307, P <0.01] (up to 25%) (Figure 2B).
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Lys administration increases brain and liver protein carbonyl formation in Gedh™
mice

Figure 3 shows that carbonyl formation was not different in Gedh” mice, as
compared to Gedh™™ mice. Lys injection provoked a statistically significant increase
of carbonyl formation in the brain (up to 15%) [F,15y= 4.873, P < 0.05] (Figure 3A)
and liver (up to 14%) [F(3.12)= 3.198, P < 0.05] (Figure 3B) of Gedh” mice.

Lys administration alters brain and liver enzymatic antioxidant defenses in Gedh™
mice

In the brain, we observed that the activities of the antioxidant enzymes GPx,
CAT and GR were similar in Gedh” and Gedh™" mice (Figures 4 and 5). However,
there was a statistically significant decrease of all these enzyme activities 24 hours
after Lys [GPx: F(3,12)=13.487, P <0.001, up to 50%; SOD: F3,12)= 10.320, P < 0.01,
up to 70%; CAT: F,12)=17.542, P < 0.05, up to 33%; GR: F3,12= 15.331, P < 0.05,
up to 15%] (Figure 4). Interestingly, we found a marked increase of SOD (up to 65%)
[Fi,12)=11.898, P <0.01] and CAT (up to 25%) [F,12)= 28.655, P < 0.001] activities
in the liver of Gedh” mice that received Lys, with no alterations of GPx and GR

activities (Figure 5).

Lys administration increases brain and liver reactive species generation (DCFH
oxidation) in Gedh™ mice

We also found that although DCFH oxidation did not differ between Gedh™”
and Gedh™" mice, Lys increased DCFH oxidation in both the brain (up to 35%)
[F3,12)= 9.023, P < 0.001] (Figure 6A) and liver (up to 25%) [F3,14 = 11.001, P <
0.01] (Figure 6B).
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Discussion

Although the exact molecular mechanisms involved in GA I pathophysiology
are still poorly understood, it seems that GA and 30HGA, the major Lys-derived
accumulating metabolites, play a decisive role in the brain damage characteristic of
this disease [29]. In line with this assumption, Lys dietary restriction is currently used
to prevent striatal degeneration in affected patients, implying the need to decrease
brain GA and 30HGA concentrations [15, 33, 45, 46].

Astrogliosis, which may be associated with increased production of reactive
oxygen species [48, 49, 50], was observed in the striatal and cortical abnormalities of
Gedh™™ mice treated with high dietary Lys [33]. Recent studies from our laboratory
showed that Lys administration induced oxidative stress in vivo in the brains of adult
Gedh™™ mice [50, 51], but the redox homeostasis in younger (infant or adolescent)
animals has not been yet investigated. Therefore, in the present work we evaluated the
antioxidant defenses and protein oxidative damage in a central (brain) and a
peripheral (liver) tissue from infant (15-old-day) Gedh™ mice. We also investigated
the effects of a single Lys acute overload (8 umol/g) in these animals as an attempt to
mimic a situation of acute metabolic decompensation. 15-day-old mice correspond to
2-4-year-old humans, an age in which GA I patients are vulnerable to acute
degeneration [15, 52, 53].

The results obtained in the present investigation with infant mice showed that
GSH concentrations and sulthydryl content were reduced in liver and brain,
respectively, from Gedh™, as compared to Gedh™" mice under a normal chow that
contains 0.9 % Lys. Furthermore, Lys acute injection provoked marked alterations of
the antioxidant defenses in the brain and liver of Gedh” mice and to a higher extent
than those we previously reported with adult mice [46]. It has been shown previously
that serum and brain Lys levels do not change in Gedh™" and symptomatic and
asymptomatic Gedh” mice submitted to a high Lys overload [32, 33], making it
unlikely that brain Lys accumulation could be responsible for the disruption of redox
homeostasis observed in the present and previous studies. Because acute and chronic
Lys administration provokes an increase of GA in the brain of Gedh™ mice [33, 50], it
is concluded that the altered oxidative stress parameters were mainly due to the high

levels of this organic acid in the brain. This is consistent with previous observations
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showing that GA and 30HGA alter the redox homeostasis in vitro and in vivo in brain
of rodents [23-28].

The reduction of the concentrations of GSH, one of the most important
naturally occurring antioxidants, in liver and brain from Gedh”™ mice receiving Lys
injection indicate a compromised endogenous antioxidant defense system. Sulfydryl
content was also reduced, especially in brain, of Lys-supplemented Gedh” mice. Since
approximately two thirds of sulthydryl groups are bound to proteins [54], it is
presumed that reduced sulthydryl content reflects oxidation of cellular proteins that
may potentially lead to inactivation [55, 56]. Carbonyl formation, a marker of free
radical-mediated protein oxidation [57], was also increased in the brain and liver after
Lys administration. It is therefore assumed that induction of protein oxidative damage
occurred in brain and liver of the Lys-treated Gedh™ mice.

In order to further evaluate the antioxidant defense system, we measured
various antioxidant enzyme activities and observed that these activities were not
changed in brain and liver from Gedh” mice fed a normal chow. However, Lys
overload elicited reductions of GPx, DAT, SOD and GR enzyme activities in the
brain, whereas SOD and CAT activities were increased in the liver. The distinct
responses of brain and liver to the high GA levels induced by Lys are probably due to
the fact that the liver has a much higher regenerative capacity and adaptability to
metabolic alterations regulating body homeostasis than the brain [58, 59, 60]. The
increased SOD and CAT activities observed in liver from from Gedh” mice that
received Lys injection may be due to an up regulation of these antioxidant enzyme
genes secondary to superoxide and hydrogen peroxide overproduction. On the
contrary, the central nervous system is considered to be particularly vulnerable to
oxidative damage due to its high metabolic rate coupled to reactive oxygen species,
high levels of polyunsaturated fatty acids and the comparatively low content of
antioxidant systems, implying a lower capacity to react against free radicals compared
with other tissues [61, 62]. Therefore, it is presumed that the decrease of the
antioxidant enzyme activities verified in brain was probably a consequence of a direct
attack of reactive species to site-specific amino acids in enzyme structure as
previously shown in other pathological states [63, 64, 65].

Our previous work carried out in 30-day-old Gedh™ mice revealed that acute
and chronic Lys overload provoked alterations of these antioxidant activities only in

the brain [50, 51]. The younger mice tested here appear to have an even greater
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vulnerability to oxidative damage. The impairment of the antioxidant system and the
induction of protein oxidative damage in brain and liver of the Gedh” mice may be a
result of the generation of reactive species in this animal model of GA 1, since Lys
administration caused increased DCFH oxidation, which is a probe of ROS. The
present results are in line with the current therapeutic procedure of restricting Lys
dietary intake to GA I patients, especially in the first few years of life, where the brain
is highly vulnerable to degeneration [15, 45].

In conclusion, we have provided experimental evidence for a disruption of the
antioxidant capacity and induction of protein oxidative damage, especially in brain, of
infant Gedh” mice treated with a single Lys overload. Since Lys can rapidly penetrate
into the brain where it is mainly converted to GA and also to 30HGA [33, 47] and
since GA and also to 30HGA were shown to induce in vivo and in vitro oxidative
stress in brain of rodents [23, 25, 26, 28, 30], we postulate that our results are due to
brain accumulation of these organic acids. Finally, our findings suggest that
antioxidants, especially those targeted to the mitochondria [66, 67], may be adjuvant
therapies together with Lys dietary restriction and L-carnitine supplementation in the
treatment of GA 1 patients, especially in the first years of life and/or during
encephalopathic crises when the levels of the accumulating metabolites dramatically

Increase.
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Legends for Figures
Fig. 1. Glutathione (GSH) concentrations in brain (A) and liver (B) of Gdch™" and

Gedh”™ mice. GSH concentrations were also measured 24 h after a single injection of
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saline or lysine (Lys; 8 pmol/g) administered intraperitoneally to Gedh™™ mice. Data
are represented as mean = SD for 4 to 5 independent experiments (animals). *P <
0.05, compared to Gedh”” mice injected with saline; "P < 0.05 P < 0.001, compared

to Gedh™* mice (Duncan multiple range test).

Fig. 2. Sulfhydryl content in brain (A) and liver (B) of Gedh™* and Gedh” mice.
Sulthydryl content was also measured 24 h after a single injection of saline or lysine
(Lys; 8 umol/g) administered intraperitoneally to Gedh” mice. Data are represented
as mean £ SD for 5 independent experiments (animals). *P < 0.05, compared to
Gedh” mice injected with saline; "p<0.01,™P<0.001, compared to Gedh™™ mice

(Duncan multiple range test).

Fig. 3. Carbonyl formation in brain (A) and liver (B) of Gedh™* and Gedh” mice 24h
after saline or lysine injection. Carbonyl formation was also measured 24 h after a
single injection of saline or lysine (Lys; 8 umol/g) administered intraperitoneally to
Gedh”™ mice. Data are represented as mean + SD for 5 independent experiments
(animals). ***P < 0.001, compared to Gedh” mice; P < 0.01, compared to Gedh™”

mice (Duncan multiple range test).

Fig. 4. Glutathione peroxidase (GPx) (A), superoxide dismutase (SOD) (B), catalase
(CAT) (C) and glutathione reductase (GR) (D) activities in brain of Gedh™" and
Gedh”™ mice. The enzyme activities were also measured 24 h after a single injection
of saline or lysine (Lys; 8 pmol/g) administered intraperitoneally to Gedh” mice.

Data are represented as mean + SD for 5 independent experiments (animals). *P <
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0.05, ***P < 0.001, compared to Gedh”™ mice injected with saline; p< 0.05, Hip <

0.001, compared to Gedh ™" mice (Duncan multiple range test).

Fig. 5. Glutathione peroxidase (GPx) (A), superoxide dismutase (SOD) (B), catalase
(CAT) (C) and glutathione reductase (GR) (D) activities in liver of Gedh™" and Gedh™
" mice. The enzyme activities were also measured 24 h after a single injection of
saline or lysine (Lys; 8 umol/g) administered intraperitoneally to Gedh”™ mice. Data
are represented as mean = SD for 5 independent experiments (animals). ***P <
0.001, compared to Gedh”™ mice injected with saline; "p < 0.01, "p < 0.001,

+/+

compared to Gedh™ mice (Duncan multiple range test).

Fig. 6. 2°,7’-Dihydrodichlorofluorescein (DCFH) oxidation in brain (A) and liver (B)
of Gedh™" and Gedh” mice. DCFH oxidation was also measured 24 h after a single
injection of saline or lysine (Lys; 8 pmol/g) administered intraperitoneally to Gedh”
mice. Data are represented as mean + SD for 5 independent experiments (animals).
**P < 0.01, ***P < (0.001, compared to Gedh”™ mice injected with saline; "p<0.01,

compared to Gedh™* mice (Duncan multiple range test).
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Figures
Fig. 1
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Fig. 4
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ARTICLE INFO ABSTRACT

Articl_e history: In the present work we evaluated a variety of indicators of oxidative stress in distinct brain regions (striatum,
Received 24 January 2012 cerebral cortex and hippocampus), the liver, and heart of 30-day-old glutaryl-CoA dehydrogenase deficient
Received in revised form 6 March 2012 (Gedh~'~) mice. The parameters evaluated included thiobarbituric acid-reactive substances (TBA-RS), 2-7-

Accepted 6 March 2012

Available online 13 March 2012 dihydrodichlorofluorescein (DCFH) oxidation, sulfhydryl content, and reduced glutathione (GSH) concentra-

tions. We also measured the activities of the antioxidant enzymes glutathione peroxidase (GPx), glutathione
reductase (GR), catalase (CAT), superoxide dismutase (SOD) and glucose-6-phosphate dehydrogenase

gfﬂ::ff Zcidemia type | (G6PD). Under basal conditions glutaric (GA) and 3-OH-glutaric (30HGA) acids were elevated in all tissues
Glutaric acid of the Gedh ~'~ mice, but were essentially absent in WT animals. In contrast there were no differences be-
3-Hydroxyglutaric acid tween WT and Gedh ~/~ mice in any of the indicators or oxidative stress under basal conditions. Following
Oxidative stress a single intra-peritoneal (IP) injection of lysine (Lys) there was a moderate increase of brain GA concentra-
Gedh ™/~ mice tion in Gedh ~/~ mice, but no change in WT. Lys injection had no effect on brain 30HGA in either WT or

Gedh '~ mice. The levels of GA and 30HGA were approximately 40% higher in striatum compared to cerebral
cortex in Lys-treated mice. In the striatum, Lys administration provoked a marked increase of lipid peroxida-
tion, DCFH oxidation, SOD and GR activities, as well as significant reductions of GSH levels and GPx activity,
with no alteration of sulfhydryl content, CAT and G6PD activities. There was also evidence of increased lipid
peroxidation and SOD activity in the cerebral cortex, along with a decrease of GSH levels, but to a lesser ex-
tent than in the striatum. In the hippocampus only mild increases of SOD activity and DCFH oxidation were
observed. In contrast, Lys injection had no effect on any of the parameters of oxidative stress in the liver or
heart of Gedh ™~ or WT animals. These results indicate that in Gecdh ™~ mice cerebral tissue, particularly
the striatum, is at greater risk for oxidative stress than peripheral tissues following Lys administration.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Abbreviations: CAT, catalase; DCF-DA, 2-7-dihydrodichlorofluorescein diacetate; . . . . .
DCFH, 2-7-dihydrodichlorofluorescein; DTNB, 5-5-dithio-bis (2-nitrobenzoic acid); Glutaric aciduria type I (GA I, OMIM # 231670) is a cerebral organic

EDTA, ethylenediamine tetraacetic acid; GA I, glutaric aciduria type I; GA, glutaric aciduria caused by severe deficiency of glutaryl-CoA dehydrogenase
acid; Gedh /', deficient knockout mice; GCDH, glutaryl-CoA dehydrogenase; GPx, glu- (GCDH, EC 1.3.99.7) activity that catalyzes the oxidative decarboxylation
tathione peroxidise; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxi- of glutaryl-CoA to crotonyl-CoA [1]. GCDH deficiency results in tissue ac-
dized  glutathione; - GGPD,  glucose-G-phosphate dehydrogenase; 3OHGA, 3- - muation of glutaric acid (GA), 3-hydroxyglutaric acid (30HGA), and
hydroxyglutaric acid; IP, intra-peritoneal; KO, knockout; Lys, lysine; NADPH, nicotin- .. o N . .

amide adenine dinucleotide phosphate reduced; NADP*, nicotinamide adenine dinu- the derivative glutarylcarnitine. Lysine (Lys) oxidation seems to be
cleotide phosphate; PBS, phosphate buffered saline; RS, reactive species; SPSS, quantitatively the most important pathway for the formation of these
Statistical Package for the Social Sciences; SOD, superoxide dismutase; TBA-RS, thio- metabolites [2-4]. At birth, affected individuals present with macroce-

barbituric acid-reactive substances; WT, wild type. ) o phaly associated with frontotemporal hypoplasia. Most untreated pa-
* Corresponding author at: Departamento de Bioquimica, Instituto de Ciéncias Basi-

cas da Satide, Universidade Federal de Rio Grande do Sul. Rua Ramiro Barcelos N° 2600, tleflts develop a,CUte encePhaloPathlc crises tha,t l,EAd to perman.ent
Anexo, CEP 90035-003, Porto Alegre, RS, Brazil. Fax: +55 51 3308 5535. striatal destruction and dystonia. The vast majority of these crises
E-mail address: mwajner@ufrgs.br (M. Wajner). occur between 6 months and 3years of age, and are frequently
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precipitated by catabolic states, such as infections, fever and fasting.
However, a number of patients who never have an acute crisis nonethe-
less develop dystonia due to striatal injury [5-7]. Another characteristic
feature of GA I is delayed maturation of cerebral white matter, which
also occurs in patients who never have an acute encephalopathic crisis.
Pathologically the acute striatal degeneration in GA I is associated with
loss of medium spiny neurons. Extra-striatal neuropathology common-
ly seen in GA [ includes subdural and retinal hematomas, and a spongi-
form myelinopathy which seems to progresses with age [1,6,8-10].

Although the exact pathomechanisms underlying the brain damage
of GA I are not fully understood, a great body of evidence indicates that
GA and 30HGA are involved in its pathogenesis, causing excitotoxicity,
oxidative stress and mitochondrial dysfunction [4,11-33]. It is empha-
sized that most evidence revealing these pathomechanisms was based
on in vitro experiments performed in fresh cerebral cortex and stria-
tum, or in neuronal and astrocytic cell cultures from rats and chick em-
bryos with normal GCDH activity, which makes the pathophysiological
relevance of these works uncertain.

Recently a knockout (KO) model of GA I was developed in mice by
replacing the Gedh gene with an in-frame beta-galactosidase cassette
[31]. Exposing these animals to high protein or Lys intake resulted in
elevated serum and brain GA accumulation, as well as neuronal loss,
myelin disruption and gliosis mostly in the striatum and deep cortex
[33,34]. A chronic increase in oral Lys intake to weanling (4-week-
old) Gecdh '~ mice provoked an increase of brain Lys and GA levels
after 48 h of Lys exposure. Disrupted mitochondrial function, evi-
denced by mitochondrial swelling, accumulation of acetyl-coenzyme
A, decrease of ATP, phosphocreatine and coenzyme A, as well as a re-
duction of alpha-ketoglutarate, glutamate, glutamine and GABA con-
centrations were also found in the cerebral cortex of the Lys-treated
Gedh '~ mice [34].

Considering that to the best of our knowledge practically nothing
has been reported on cellular redox homeostasis in the Gedh ™~ ge-
netic model, in the present study we evaluated a large spectrum of
important parameters of oxidative stress in various brain regions (ce-
rebral cortex, striatum and hippocampus) and in peripheral tissues
(liver and heart) of WT and Gcdh ™~ animals in order to clarify
whether oxidative stress is involved in the pathogenesis, and more
specifically in the brain damage of GA I. We measured thiobarbituric
acid-reactive substances (TBA-RS), 2-7-dihydrodichlorofluorescein
(DCFH) oxidation, sulfhydryl content, reduced glutathione (GSH)
concentrations and the activities of the antioxidant enzymes glutathione
peroxidise (GPx), glutathione reductase (GR), catalase (CAT), super-
oxide dismutase (SOD) and glucose-6-phosphate dehydrogenase
(G6PD) in brain regions (cerebral cortex, striatum and hippocampus)
and in peripheral tissues (liver and heart) of WT and Gcdh™™ mice
while on standard mouse chow, and after acute lysine administration
in order to clarify whether oxidative stress is involved in the pathogene-
sis and more specifically in the brain damage of GA L.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade and purchased from Sigma
(St Louis, MO, USA) unless otherwise stated. Solutions were prepared
on the day of the experiments and the pH was adjusted to 7.2-7.4 in
the appropriate buffers for each technique.

2.2. Animals

Gedh '~ and WT mice littermate controls, both of C129SVEv back-
ground, were generated from heterozygotes and maintained at Fun-
dacdo Estadual de Producdo e Pesquisa em Satde (Porto Alegre,
Brazil). The animals were maintained on a 12:12 h light/dark cycle
(lights on 07.00-19.00 h) in air conditioned constant temperature

(2241 °C) colony room, with free access to water and commercial
chow containing 20% (w/w) protein, and 0.9% lysine (SUPRA, Porto
Alegre, RS, Brazil). Thirty-day-old male WT and Gcdh '~ mice from
F1 and F2 generations were used in all experiments.

2.3. Ethical statement

This study was performed in strict accordance with the Principles
of Laboratory Animal Care, National Institute of Health of United
States of America, NIH, publication no. 85-23, revised in 1996, and ap-
proved by the Ethical Committee for the Care and Use of Laboratory
Animals of the Federal University of Rio Grande do Sul. All efforts
were made to minimize suffering, discomfort, stress and the number
of animals necessary to produce reliable scientific data.

2.4. Lys administration

A group of WT and Gedh ™~ animals were given one intraperito-
neal (i.p.) injection of Lys (8 umol/g) in order to investigate whether
an acute Lys overload could induce oxidative stress in a model of
GCDH deficiency. It is emphasized that catabolism leading to in-
creased generation of Lys occurs during fasting/infections in GA I pa-
tients and may lead to striatal degeneration whose mechanisms are
still poorly known. Lys, GA and 30HGA concentrations were deter-
mined 1 h, 2 h and 24 h after Lys administration in striatum and cere-
bral cortex of WT and Gcdh ™~ mice. Protein concentrations were
also determined in brain homogenates from WT and Gecdh ™~ ani-
mals. The obtained data revealed that these concentrations did not
differ between controls and the GA I KO mice model and were ap-
proximately 3 mg/mL of protein. Lys concentrations were measured
by cation-exchange chromatography on a Biochrom 30+ Amino
Acid Analyzer, whereas GA and 30HGA levels were quantified by sta-
ble isotope dilution GC/MS using an Agilent Technologies 6890N Gas
Chromatograph equipped with a 5973N Mass Selective Detector. The
internal standards were (2,2,4,4-D4) GA and (2,2,4,4-D4) 30HGA. The
parameters of oxidative stress were measured 24 h after Lys injection
in order to study the medium to long-term effects of increased brain
GA concentrations. It is important to emphasize that at this time GA
concentrations returned to basal levels in the Gedh '~ mice, so that
our results could not be attributed to the presence of GA in the assays.

2.5. Tissue preparation

The mice were anesthetized with the mixture of ketamine (90 mg/
kg) and xilazine (10 mg/kg) and intracardiacally perfused during
5 min with saline solution. After perfusion, brain, liver and heart
were rapidly removed and placed on a Petri dish on ice. The olfactory
bulb, pons, medulla, and cerebellum were discarded, and the cerebral
cortex, striatum and hippocampus dissected and weighed. The tissues
were homogenized in 9 volumes (1:10, w/v) of 20 mM sodium phos-
phate buffer, pH 7.4 containing 140 mM KCl. Homogenates were cen-
trifuged at 750 x g for 10 min at 4 °C to discard nuclei and cell debris
[35]. The pellet was discarded and the supernatant, a suspension of
mixed and preserved organelles, including mitochondria, was sepa-
rated and used to measure oxidative stress parameters. Tissue slices
(400 um) were also prepared from the cerebral and peripheral struc-
tures for DCFH oxidation measurement.

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

TBA-RS levels were measured according to the method described
by Yagi [36] with slight modifications. Briefly, 200 pL of 10% trichloroa-
cetic acid and 300 pL of 0.67% TBA in 7.1% sodium sulfate were added
to 100 L of tissue supernatants containing 0.3 mg of protein and incu-
bated for 2 h in a boiling water bath. The mixture was allowed to cool
on running tap water for 5 min. The resulting pink-stained complex
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was extracted with 400 pL of butanol. Fluorescence of the organic phase
was read at 515nm and 553 nm as excitation and emission
wavelengths, respectively. Calibration curve was performed using
1,1,3,3-tetramethoxypropane and subjected to the same treatment as
supernatants. TBA-RS levels were calculated as nmol TBA-RS/mg pro-
tein. Results were expressed as percentage of controls.

2.7. 2-7-Dihydrodichlorofluorescein (DCFH) oxidation

Reactive species production was assessed according to LeBel et al.
[37] by using 2-7-dihydrodichlorofluorescein diacetate (DCF-DA).
DCF-DA was prepared in 20 mM sodium phosphate buffer, pH 7.4,
containing 140 mM KCl and incubated with tissue slices (30 mg) during
30 min at 37 °C. DCF-DA is enzymatically hydrolyzed by intracellular es-
terases to form non-fluorescent DCFH, which is then rapidly oxidized to
form highly fluorescent 2-7-dichlorofluorescein (DCF) in the presence
of reactive species (RS). The DCF fluorescence intensity parallels to the
amount of RS formed. Fluorescence was measured using excitation
and emission wavelengths of 480 and 535 nm, respectively. Calibration
curve was performed with standard DCF (0.2510 mM) and the levels of
RS were calculated as pmol DCF formed/mg protein. Results were
expressed as percentage of controls.

2.8. Sulfhydryl content

This assay is based on the reduction of 5-5-dithio-bis (2-nitrobenzoic
acid) (DTNB) by thiols, generating a yellow derivative (TNB) whose ab-
sorption is measured spectrophotometrically at 412 nm [38]. Briefly,
30 pL of 10 mM DTNB and 980 pL of PBS were added to 50 pL of tissue
supernatants containing 0.3 mg of protein. This was followed by
30 min incubation at room temperature in a dark room. Absorption
was measured at 412 nm. Sulfhydryl content is inversely correlated to
oxidative damage to proteins. Results were calculated and expressed
as nmol/mg protein.

2.9. Reduced glutathione (GSH) levels

GSH levels were measured according to Browne and Armstrong
[39]. Tissue supernatants with approximately 0.3 mg of protein
were diluted (1:20, v/v) in 100 mM sodium phosphate buffer pH
8.0, containing 5 mM EDTA. One hundred microliters of this prepara-
tion were incubated with an equal volume of o-phthaldialdehyde
(1 mg/mL in methanol) at room temperature for 15 min. Fluores-
cence was measured using excitation and emission wavelengths of
350 nm and 420 nm, respectively. Calibration curve was performed
with standard GSH (0.001-0.1 mM), and GSH concentrations were
calculated as nmol/mg protein. Results were expressed as percentage
of controls.

2.10. Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel [40] using tert-
butylhydroperoxide as substrate. The enzyme activity was determined
by monitoring the NADPH disappearance at 340 nm in a medium con-
taining 100 mM potassium phosphate buffer/1 mM ethylenediaminete-
traacetic acid, pH 7.7, 2mM GSH, 0.1 U/mL glutathione reductase,
0.4 mM azide, 0.5 mM tert-butyl-hydroperoxide, 0.1 mM NADPH and
tissue supernatants (approximately 3 pg of protein). One GPx unit (U)
is defined as 1 pmol of NADPH consumed per minute. The specific activity
was calculated as U/mg protein. Results were expressed as percentage
of controls.

2.11. Glutathione reductase (GR) activity

GR activity was measured according to Calberg and Mannervik
[41] using oxidized glutathione (GSSG) and NADPH as substrates.

The enzyme activity was determined by monitoring the NADPH dis-
appearance at 340 nm in a medium with 200 mM sodium phosphate
buffer, pH 7.5, containing 6.3 mM ethylenediaminetetraacetic acid,
1 mM GSSG, 0.1 mM NADPH and tissue supernatants (approximately
3 pg of protein). One GR unit (U) is defined as 1 pmol of GSSG reduced
per minute. The specific activity was calculated as U/mg protein. Re-
sults were expressed as percentage of controls.

2.12. Catalase (CAT) activity

CAT activity was assayed according to Aebi [42] by measuring the
absorbance decrease at 240 nm in a reaction medium containing
20 mM H,0,, 0.1% Triton X-100, 10 mM potassium phosphate buffer,
pH 7.0, and tissue supernatants (approximately 1 pg of protein). One
unit (U) of the enzyme is defined as 1 pmol of H,O, consumed per mi-
nute. The specific activity was calculated as U/mg protein. Results
were expressed as percentage of controls.

2.13. Superoxide dismutase (SOD) activity

SOD activity was assayed according to Marklund [43] and is based
on the capacity of pyrogallol to autooxidize, a process highly depen-
dent on O,* ", which is a substrate for SOD. The inhibition of autoxida-
tion of pyrogallol occurs in the presence of SOD, whose activity can be
then indirectly assayed spectrophotometrically at 420 nm. The reac-
tion medium contained 50 mM Tris buffer/1 mM ethylenediaminete-
traacetic acid, pH 8.2, 80 U/mL catalase, 0.38 mM pyrogallol and
tissue supernatants (approximately 1pg of protein). A calibration
curve was performed with purified SOD as standard to calculate the
activity of SOD present in the samples. The results were calculated
as U/mg protein and expressed as percentage of controls.

2.14. Glucose-6-phosphate dehydrogenase (G6PD) activity

G6PD activity was measured by the method of Leong and Clark
[44] in a reaction mixture (1 mL) containing 100 mM Tris-HCl pH
7.5, 10 mM MgCl2, 0.5 mM NADP + and tissue supernatants (approxi-
mately 3 pg of protein). The reaction was started by the addition of
1 mM glucose-6-phosphate and was followed in a spectrophotometer
at 340 nm. One G6PD unit corresponds to 1 mmol of substrate trans-
formed per minute and the specific activity was calculated as units
per mg protein and expressed as percentage of controls.

2.15. Protein determination

Protein levels were measured by the method of Lowry et al. [45]
using bovine serum albumin as standard.

2.16. Statistical analysis

Results are presented as mean 4 standard deviation. Assays were
performed in triplicate and the mean was used for statistical calcula-
tions. Data were analyzed using the Student's ¢ test for unpaired sam-
ples. Only significant ¢t values are shown in the text. Differences
between groups were rated significant at P<0.05. All analyses were
carried out in an IBM-compatible PC computer using the Statistical
Package for the Social Sciences (SPSS) software.

3. Results

3.1. Effect of i.p. lysine injection on brain levels of lysine, glutaric acid and
3-hydroxyglutaric acid

In the cerebral cortex the levels of Lys were similar in WT and
Gedh~/~ mice when maintained on standard lab chow, whereas GA
and 30HGA concentrations were undetectable in WT (results not
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Table 1

Concentrations of lysine (Lys), glutaric acid (GA) and 3-hydroxyglutaric acid (30HGA)
in the cerebral cortex and striatum of WT and Gedh ~/~ mice 2 h after a single intraper-
itoneal injection of lysine (8 umol/g).

Cerebral cortex Striatum

WTplus  Gedh ™~ Gedh ™~ WTplus  Gedh ™™

Lys plus Lys Lys plus Lys
Lys 48.5+3.1 54418 852+432" " 635+37 109 +5.76***
GA 248 +558 3709+442 49744346 #¥  438+634 63324355
30HGA 374672 340+48 364498 65.8423.2 4914 38.8"**

Values are mean+ standard deviation for 4 independent experiments (animals).
*P<0.05, **P<0.01, **P<0.001, compared to WT plus Lys mice; *#P<0.01 compared
to Gedh /'~ (Student's t-test for unpaired samples). We did not measure Lys, GA and
30HGA in WT mice without Lys administration. Results are expressed as pmol/g brain.

shown). In contrast, cortical levels of GA and 30HGA were strongly
increased in the Gedh ~'~ mice (15- and 9-fold, respectively), as has
been previously observed in these animals [33,34]. Two hours after
an acute i.p. injection of Lys the levels of Lys and GA in the cerebral
cortex of Gedh ™~ animals were increased by an average 1.6 and
1.35 fold, respectively, with no significant change in the level of
30HGA (Table 1). The levels of all three metabolites were similar at
1 and 2 h post Lys injection, and returned to baseline by 24 h (data
not shown).

In the striatum, the levels of Lys, GA, and 30HGA in Gedh ~/~ mice
were all significantly increased in comparison to WT mice 2 h after
i.p. Lys injection. Striatal metabolite levels were also higher than
those seen in the cerebral cortex of Gedh ™'~ mice following i.p. Lys
injection (Table 1). Data are not available for the cortical or striatal
levels of these metabolites in WT mice that did not receive Lys sup-
plementation and for the striatum of non-injected Gedh '~ mice.

3.2. Effect of Lys injection on measures of oxidative stress

We first observed no differences between untreated WT and
Gedh '~ mice in any of the measured parameters at baseline (results
not shown). We then evaluated the effect of a single i.p. injection of
Lys on these parameters since this injection resulted in elevation of
brain levels of GA and 30HGA.

3.3. Lys administration induces brain lipid peroxidation in Gedh ~'~ mice

In comparison to WT mice, the levels of malondialdehyde (TBA-RS)
in Gedh ~'~ mice were 50% higher in the cerebral cortex [¢g) = —3.952;
P<0.01] and 40% higher in the striatum [f(;) = —4.277; P<0.001] fol-
lowing a single i.p. injection of Lys (Fig. 1). In contrast, TBA-RS levels
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Fig. 1. Effect of lysine (Lys, 8 pmol/g) intraperitoneal administration on thiobarbituric
acid-reactive substances (TBA-RS) levels in cerebral cortex, striatum, hippocampus,
liver and heart of Gedh '~ mice 24 h after injection. Values are mean -+ standard deviation
for 6 independent experiments (animals), expressed as percentage of control (Lys-
injected Gedh */* mice) (dashed line) (Controls: 0.74 + 0.18; [nmol TBA-RS/mg protein]).
*P<0,01, ***P<0.001, compared to Gedh*/* mice (Student's t-test for unpaired samples).
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Fig. 2. Effect of lysine (Lys, 8pmol/g) intraperitoneal administration on 2-7-
dihydrodichlorofluorescein (DCFH) oxidation in cerebral cortex, striatum, hippocam-
pus, liver and heart of Gedh~'~ mice 24 h after injection. Values are mean + standard
deviation for 6 independent experiments (animals), expressed as percentage of control
(Lys-injected Gedh*/* mice) (dashed line) (Controls: 20.99 + 2.34; [pmol DCF/mg pro-
tein]). ***P<0.001, compared to Gedh ™" mice (Student's t-test for unpaired samples).

in hippocampus, liver and heart from were the same in WT and
Gcdh '~ mice 24 h after Lys injection.

3.4. Lys administration provokes brain DCFH oxidation in Gedh '~ mice

Next, we assessed the influence of Lys injection on DCFH oxidation
in cerebral cortex, striatum, hippocampus, liver and heart from
Gedh ~'~ mice. We observed that Lys significantly increased DCFH oxi-
dation up to 30% in striatum [t(;2) = —8.035; P<0.001] and hippocam-
pus [f9y= —2.209; P<0.001] of Gedh '~ mice (Fig. 2). There were no
differences between WT and Gedh ~/~ mice in the amount of DCFH
oxidation in cerebral cortex, liver and heart.

3.5. Lys administration does not alter sulfhydryl content in Gedh ~'~ mice

We also investigated the effect of Lys administration on sulfhydryl
content in striatum, cerebral cortex, hippocampus, liver and heart
from Gedh ~/~ and WT mice. It can be observed in Table 2 that Lys in-
jection did not modify these parameters in all examined structures.

3.6. Lys administration reduces brain glutathione (GSH) concentrations
in Gedh ~'~ mice

We also investigated the effect of Lys administration on GSH con-
centrations in mice tissues. It can be observed in Fig. 3 that Lys injec-
tion significantly decreased (up to 15%) the concentrations of GSH in
cerebral cortex [t(10)=5.025; P<0.001] and in striatum (up to 25%)
[t(sy=5.026; P<0.001], with no alteration of this parameter in hippo-
campus, liver and heart.

Table 2
Sulfhydryl content of cerebral cortex, striatum, hippocampus, liver and heart of Gedh /'~
mice 24 h after intraperitoneal lysine injection (8 umol/g).

Sulfhydryl content

WT Gedh ™~
Cerebral cortex 36.13+6.92 36.76+6.75
Striatum 59.54+7.51 59.77 £12.61
Hippocampus 21.54+9.39 24.52+5.03
Liver 68.55+4.98 72.89+9.85
Heart 49.84+6.19 50.28 +5.97

Values are mean 4+ standard deviation for 6 independent experiments (animals).
Results are expressed as nmol/mg protein. No significant differences were found
between groups (Student's t-test for unpaired samples).
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Fig. 3. Effect of lysine (Lys, 8 umol/g) intraperitoneal administration on reduced gluta-
thione (GSH) levels in cerebral cortex, striatum, hippocampus, liver and heart of
Gedh ™~ mice 24 h after injection. Values are mean =+ standard deviation for 6 indepen-
dent experiments (animals), expressed as percentage of control (Lys-injected Gedh /"
mice) (dashed line) (Controls: 7.62 4- 0.45; [nmol GSH/mg protein]). ***P<0.001, com-
pared to Gedh ™™ mice (Student's t-test for unpaired samples).

3.7. Lys administration alters the activities of the antioxidant enzymes
glutathione peroxidase, glutathione reductase and superoxide dismutase
in brain of Gedh '~ mice

We investigated the effect of Lys administration on the activities
of GPx, GR, CAT, SOD and G6PD in cerebral cortex, striatum, hippo-
campus, liver and heart from Gecdh '~ mice. Our results demonstrate
that a single Lys injection provoked an increase of SOD activity in ce-
rebral cortex (28%) [t(7) = —3.192; P<0.05], striatum (100%) [t(12)=
—5.922; P<0.001] and hippocampus (22%) [tsy=2.613; P<0.05]
(Fig. 4D), with no alteration in liver and heart (results not shown).
Moreover, the activity of GPx was significantly decreased (41%)
[t(12)=6.947; P<0.001] (Fig. 4A) and GR activity was increased
(45%) only in the striatum after Lys administration ([t(12)= —4.708;
P<0.001] (Fig. 4B), with no alterations in cerebral cortex, hippocam-
pus, liver and heart (results not shown). Finally, CAT (Fig. 4C) and
G6PD (Fig. 4E) activities were not altered by Lys administration in
any of the tissues examined.
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4. Discussion

In the present work we searched for alterations of cellular redox
homeostasis in central and peripheral tissues of 30-day-old Gedh /'~
mice. We first observed that the oxidative stress parameters did not
differ between Gedh ~'~ and WT mice receiving a normal diet (0.9%
Lys). These data reflect that at this age under basal conditions there
is no induction of oxidative stress in the Gedh ~/~ mice compared to
the WT mice.

We also investigated the effects of an acute Lys injection on oxida-
tive damage, reactive oxygen species formation and the antioxidant
defenses in the Gcdh ~/~ mice since temporary high Lys generation
due to enhanced proteolysis occurs in GA I patients during episodes
of metabolic decompensation, which are generally followed by
acute striatum degeneration. Lys administration led to increased
brain levels of GA soon after injection, with the highest concentra-
tions achieved in the striatum from the Gcdh ™~ mice. We also
found that Lys administration resulted in increased reactive species
production, lipid peroxidation and impaired antioxidant defenses fol-
lowing Lys supplementation in the brain of the Gedh ™~ animals. Fur-
thermore, the observed effects were more pronounced in the
striatum, but were also seen in the cerebral cortex and in hippocam-
pus to a much lesser degree, with no alteration in liver and heart in, as
compared to the WT mice.

Our observations that Lys overload provoked marked lipid peroxida-
tion in the striatum and cerebral cortex of Gedh ™~ mice was based on
the increased TBA-RS levels that reflect a high formation of malondial-
dehyde, an end product of membrane fatty acid oxidation [46]. It is fea-
sible that the lipid oxidative damage following Lys supplementation
could be secondary to elevated amounts of reactive species since
DCFH-DA oxidation, a measurement of these species, was found in-
creased especially in the in the striatum of the Lys-injected Gedh /'~
animals.

Regarding to the antioxidant defenses, the concentrations of GSH,
the major brain antioxidant with both cytoplasmatic and mitochon-
drial GSH pools [47], were reduced in the striatum and cerebral cortex
of the Gedh ~/~ animals that received Lys. Considering that GSH is an
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Fig. 4. Effect lysine (Lys, 8 umol/g) intraperitoneal administration on the activity of the antioxidant enzymes glutathione peroxidase (GPx; A), glutathione reductase (GR; B), catalase
(CAT; C), superoxide dismutase (SOD; D) and glucose-6-phosphate dehydrogenase (G6PD; E) in cerebral cortex, striatum, hippocampus, liver and heart of Gedh ~'~ mice 24 h after injection.
Values are mean + standard deviation for 6 independent experiments (animals), expressed as percentage of control (Lys-injected Gedh*/* mice) (dashed line) (Controls: [A: 4.28 +1.41];
[B: 20.10 +0.63]; [C: 4.93 +0.59]; [D: 9.91 = 1.21]; [E: 6.59  1.15]; [U/mg protein]). ***P<0.001, compared to Gedh*/* mice (Student's t-test for unpaired samples).
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effective scavenger of free radicals, a protector of thiol groups and a
cofactor of GPx, a-tocopherol and melatonin [48,49], it is concluded
that Lys overload reduced the brain tissue antioxidant defenses in
the Gedh '~ mice model. Furthermore, since a disruption of GSH sys-
tem homeostasis may result in oxidative injury in sensitized neurons
[50,51], it is presumed that our findings of reduced GSH levels in stria-
tum and cerebral cortex caused by Lys administration in Gedh ™~
mice may be at least in part involved in the brain abnormalities ob-
served in Lys-treated Gcdh ~/~ mice [4,32,33,52].

Furthermore, GPx activity was decreased and GR activity in-
creased in the striatum, whereas SOD activity was augmented in all
brain structures evaluated of the Lys-treated Gecdh ~~ animals. We
presume that induction of the expression of GR and SOD at the gene
level might have taken place as a compensatory mechanism in re-
sponse to increased formation of reactive species. This hypothesis is
base on the observations that reactive oxygen species have previously
been shown to regulate the expression of numerous genes, including
those encoding antioxidant enzymes, via specific signaling mecha-
nisms [47,53,54].

It must be considered that the brain has low activity of antioxidant
enzymes and reduced content of non-enzymatic antioxidants [47],
implying a lower capacity to react against free radicals compared
with other tissues. The brain has also a high rate of oxidative metabolism
coupled to ROS production, high amount of iron and greater peroxida-
tion potential because of its elevated content of polyunsaturated fatty
acids [46,55] that makes this tissue more vulnerable to increased forma-
tion of reactive species [55].

Since oxidative stress is caused by the imbalance between pro-
oxidants and anti-oxidant mechanisms [46], our present data strongly
indicate that acute Lys surplus induces in vivo oxidative stress in the
striatum and cerebral cortex of Gedh '~ mice. It must be emphasized
here that reactive oxygen species are capable to oxidize different mole-
cules, including lipids, proteins and DNA, representing a key event in
the pathogenic cascade leading to apoptotic (under chronic oxidative
stress) or necrotic (under acute oxidative insults) cell death [56-58].

Interestingly, oxidative stress accompanies inflammatory processes
[59-61] and patients with GA I frequently develop striatal damage during
and after infections that are associated with inflammation and with
a potential increase of tissue concentrations of GA and 30HGA
[18,62,63]. Furthermore, astroglyosis, a characteristic feature of neuroin-
flammation, is a common histopathological finding in the Gcdh '~
mice following exposure to chronically increased dietary Lys intake
[33]. It has been also demonstrated that oxidative stress impairs the
intrinsic cell potential, leading to proinflammatory and proapoptotic
signals and creating a vicious circle between oxidative stress and
neuroinflammation [64-66].

Our results showing that Gedh animals receiving acute Lys sur-
plus resulted in 40% increase of GA in the brain, but not elevation of
30HGA, suggest that probably GA induced oxidative damage and re-
duced the antioxidant defenses in these animals. It is emphasized
that Lys easily crosses the blood brain barrier and is oxidized to GA
in neural cells [18]. This is in agreement with the findings of Zinnanti
and colleagues [34] demonstrating that high dietary Lys intake in-
duces increased brain levels of GA which temporally parallels the mi-
tochondrial abnormalities observed in striatum and cerebral cortex of
4-week-old Gedh ~/~ mice. The significant body of in vitro and in vivo
evidence showing that GA and 30HGA provoke lipid and protein oxida-
tion and reduce the antioxidant defenses in brain of 30-day-old rats re-
inforces the view that the accumulating metabolites in GA I, particularly
GA, are mainly responsible for the brain damage in this disorder
[21,27-29].

An intriguing issue in our results was why under basal levels no
difference was encountered in the oxidative stress parameters be-
tween KO and WT mice. We feel that the inability to document any
differences does not rule out the possibility that the chronic exposure
of the Gedh ™~ mice to elevated GA and 30HGA does lead to

—/—

compensatory changes that we were unable to demonstrate, and
that such compensatory mechanisms reduce their vulnerability to
the chronic toxicity of the accumulated metabolites. Nonetheless, it
is apparent that an acute Lys injection does provoke oxidative stress
in the Gecdh ~/~ animals, suggesting that the rapid increase in GA
(20-fold higher than in WT mice) overwhelms the antioxidant capacity
of the brains of these mice.

Our observation that oxidative damage in the brains of Gedh /'~
mice was dependent on an increase in brain lysine and GA concentra-
tions suggests that therapies aimed at reducing brain lysine uptake
could be effective for treatment of GA I. Interestingly, it has been pre-
viously shown that arginine, which competes with lysine for brain
transport, and glucose that also decreased brain lysine uptake, possi-
bly by reduced utilization and compartmentalization, have beneficial
effects in the mouse GA I model and in human patients [33,34,67,68].

5. Conclusions

In conclusion, the present results provide for the first time experi-
mental evidence that oxidative stress is induced in vivo in the brain,
and particularly in the striatum, of Gedh ~/~ mice after acute Lys supple-
mentation. It is therefore presumed that overproduction of reactive
radicals is potentially deleterious to the CNS and may represent a rele-
vant pathomechanism of brain injury in GA I and particularly during en-
cephalopathic crises triggered by infections which are accompanied by
high brain increases of GA concentrations. Thus, trials with antioxi-
dants, especially those targeted to the mitochondria [69,70], considered
the main source of reactive oxygen species, could be undertaken initial-
ly in the Gedh ~'~ mice model and may potentially represent a novel ad-
juvant therapy together with Lys dietary restriction and r-carnitine
supplementation in the treatment of GA I patients, in order to protect
children from the devastating clinical sequelae of striatal damage.
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Deficiency of glutaryl-CoA dehydrogenase (GCDH) activity or glutaric aciduria type I (GA I) is an inherited
neurometabolic disorder biochemically characterized by predominant accumulation of glutaric acid and
3-hydroxyglutaric acid in the brain and other tissues. Affected patients usually present acute striatum necrosis dur-
ing encephalopathic crises triggered by metabolic stress situations, as well as chronic leukodystrophy and delayed
myelination. Considering that the mechanisms underlying the brain injury in this disease are not yet fully
established, in the present study we investigated important parameters of oxidative stress in the brain (cerebral cor-
tex, striatum and hippocampus), liver and heart of 30-day-old GCDH deficient knockout (Gedh~~) and wild type
(WT) mice submitted to a normal lysine (Lys) (0.9% Lys), or high Lys diets (2.8% or 4.7% Lys) for 60 h. It was observed
that the dietary supplementation of 2.8% and 4.7% Lys elicited noticeable oxidative stress, as verified by an increase of
malondialdehyde concentrations (lipid oxidative damage) and 2-7-dihydrodichlorofluorescein (DCFH) oxidation
(free radical production), as well as a decrease of reduced glutathione levels and alteration of various antioxidant
enzyme activities (antioxidant defenses) in the cerebral cortex and the striatum, but not in the hippocampus, the
liver and the heart of Gedh ™/~ mice, as compared to WT mice receiving the same diets. Furthermore, alterations
of oxidative stress parameters in the cerebral cortex and striatum were more accentuated in symptomatic, as com-
pared to asymptomatic Gedh '~ mice exposed to 4.7% Lys overload. Histopathological studies performed in the ce-
rebral cortex and striatum of these animals exposed to high dietary Lys revealed increased expression of oxidative
stress markers despite the absence of significant structural damage. The results indicate that a disruption of redox
homeostasis in the cerebral cortex and striatum of young Gedh '~ mice exposed to increased Lys diet may possibly
represent an important pathomechanism of brain injury in GA I patients under metabolic stress.

© 2012 Elsevier Inc. All rights reserved.
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- 1. Introduction

Abbreviations: CAT, catalase; DCF-DA, 2-7-dihydrodichlorofluorescein diacetate;
DCFH, 2-7-dihydrodichlorofluorescein; DTNB, 5-5-dithio-bis (2-nitrobenzoic acid);
EDTA, ethylenediamine tetraacetic acid; GA I, glutaric aciduria type I[; GA, glutaric
acid; Gedh™'~, deficient knockout mice; GCDH, glutaryl-CoA dehydrogenase; GFAP,
glial fibrillary acidic protein; GPx, glutathione peroxidise; GR, glutathione reductase;
GSH, reduced glutathione; GSSG, oxidized glutathione; G6PD, glucose-6-phosphate
dehydrogenase; 30HGA, 3-hydroxyglutaric acid; KO, knockout; Lys, lysine; NADPH,
nicotinamide adenine dinucleotide phosphate reduced; NADP™, nicotinamide adenine
dinucleotide phosphate; NeuN, neuronal nuclei; PAF, paraformaldehyde; PBS,
phosphate buffered saline; PBST, PBS plus 0.1-0.3% Triton X-100; SPSS, Statistical
Package for the Social Sciences; SOD, superoxide dismutase; TBA-RS, thiobarbituric

Glutaric aciduria type I (GA I, McKusick 23167; OMIM #231670) is
a neurometabolic disorder caused by a severe deficiency of the activ-
ity of glutaryl-CoA dehydrogenase (GCDH, EC 1.3.99.7) due to heteroge-
neous mutations in the GCDH gene. It is biochemically characterized
by tissue accumulation of glutaric acid (GA), 3-hydroxyglutaric
acid (30HGA) and glutarylcarnitine and high urinary excretion of
GA and 30HGA. Some GA I patients only excrete 30HGA in the
urine. Affected patients present macrocephaly associated with

acid-reactive substances; WT, wild type.

* Corresponding author at: Departamento de Bioquimica, Instituto de Ciéncias Basicas da
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1096-7192/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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frontotemporal atrophy at birth. Between 6 months and 3 years
most untreated children suffer acute encephalopathic crises com-
monly precipitated by infectious illness or vaccination. These epi-
sodes coincide with massive striatal necrosis, clinically manifested
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as dystonia and dyskinesia and other neurological symptoms [1-3]. Pa-
tients can also develop chronically progressive neurological dysfunction
without undergoing acute episodes [2,4,5]. Cranial MRI findings usually
show a pattern of progressive spongiform white matter changes
(leukoencephalopathy) with cortical hypoplasia, subdural hemor-
rhages and degeneration of the basal ganglia with loss of medium
spiny neurons, as well as astrogliosis [4,6-9].

Despite a great deal of experimental work on GA I neuropathology in
the last few years, the comprehension of the pathomechanisms of brain
injury in this disorder still remains partial. However, it has been suggested
that the accumulating organic acids GA and 30HGA behave as neuro-
toxins through three major synergistic mechanisms, excitotoxicity, dis-
ruption of mitochondrial energy homeostasis and oxidative stress in
vulnerable regions of the brain [10-35]. However, the pathophysiological
significance of these data is uncertain since most data were obtained in
tissues with normal GCDH activity, whereas some results are contradicto-
ry [22,36] possibly due to differences between the experimental ap-
proaches utilized.

A knockout (KO) mice model of GA I (Gedh~/~) developed by
Koeller and collaborators [37] proved to mimic the biochemical phe-
notype (accumulation of GA and 30HGA in tissues and body fluids)
and some of the neurological abnormalities (leukoencephalopathy)
observed in GA I patients, but did not induce the characteristic stria-
tum necrosis even under metabolic or infectious stressors. Zinnanti
and colleagues [38,39] improved this model by exposing the KO ani-
mals to high protein or lysine (Lys) (4.7%) dietary intake that gave
rise to higher brain GA concentrations and striatum degeneration. It
was also shown that the neuropathological findings observed in the
high dietary Lys-treated mice were comparable to those found in
human patients, including neuronal loss and vacuolization, blood-
brain barrier breakdown, myelin disruption and gliosis mostly in the
striatum and deep cortex. These investigators also demonstrated a
disturbance of mitochondrial energy metabolism, revealed by lower
concentrations of ATP and phosphocreatine and alterations of other bio-
energetics markers in the KO mice supplemented by high Lys [39].
However, a setback of this model is that most 4-week-old Gedh ™/~
mice receiving high Lys supplementation presented hypoactivity,
followed by paralysis, seizures and death after 5-7 days, paralleled
with striatal and cortical pathological abnormalities after 48 h of this
diet. These clinical and pathological findings may possibly interfere
with the investigation of the underlying mechanisms of brain damage
in this model since the obtained results may be the consequence rather
than the cause of neural cell injury and death.

We recently found that the striatum and to a lesser degree the cerebral
cortex of 30-day-old Gedh ™/~ mice are vulnerable to oxidative damage
24 h after an acute Lys intraperitoneal administration (8 umol/g) [40]. It
is of note that some of these animals were symptomatic, presenting
hypoactivity. In the present study we aimed to evaluate a large spectrum
of important parameters of redox homeostasis in brain structures (cere-
bral cortex, striatum and hippocampus) and in peripheral tissues (liver
and heart) from 30-day-old Gedh ~/~ and WT mice submitted to a normal
(0.9%) or high (2.8 or 4.7%) Lys diets for 60 h. We used a moderately
increased amount of Lys dietary supplementation (2.8% Lys), besides
the proposed high diet with 4.7% Lys supplementation, because the later
diet usually gives rise to severe neurological alterations and provokes
death in the Gedh ™/~ mice [38,39]. Histopathological studies were also
carried out in the brain of these animals submitted to a high (4.7%) Lys
diet.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade and purchased from Sigma
(St Louis, MO, USA) unless otherwise stated. Solutions were prepared

on the day of the experiments and the pH was adjusted to 7.2-7.4 in
the appropriate buffers used for each technique.

2.2. Animals

Gedh™'~ and WT mice of C129SvEv background were generated
from heterozygotes and maintained at Unidade Experimental Animal
of the Hospital de Clinicas de Porto Alegre (Porto Alegre, Brazil). The
animals were kept on a 12:12 h light/dark cycle (lights on 07.00-
19.00 h) in air-conditioned constant temperature (22 +1 °C) colony
room, with free access to water and 20% protein (w/w) commercial
chow. At 27 days of age, WT and Gcdh ™/~ animals were submitted
to a normal (0.9% Lys) or high dietary Lys intake (2.8 or 4.7% Lys)
for 60 h. WT and Gecdh™/~ mice were killed 60 h after the beginning
of the diet and then the parameters of oxidative stress were immedi-
ately measured in the various tissues (see detailed protocol below).

2.3. Ethical statement

This study was performed in strict accordance with the Principles of
Laboratory Animal Care, National Institute of Health of the United States
of America, NIH, publication n 85-23, revised in 2011, and approved by
the Ethical Committee for the Care and Use of Laboratory Animals of the
Hospital de Clinicas de Porto Alegre. All efforts were made to minimize
suffering, discomfort, stress and the number of animals necessary to
produce reliable scientific data.

2.4. Tissue preparation

The mice were anesthetized with the mixture of ketamine (90 mg/kg)
and xilazine (10 mg/kg) and intracardially perfused during 5 min with
saline solution. After perfusion, the brain, liver and heart were rapidly re-
moved and placed on a Petri dish on ice. The olfactory bulb, pons, medulla,
and cerebellum were discarded from the total brain, and the cortex, stri-
atum and hippocampus dissected and weighed. The tissues were homog-
enized in 9 volumes (1:10, w/v) of 20 mM sodium phosphate buffer,
pH 7.4 containing 140 mM KCl. Homogenates were centrifuged at
750 xg for 10 min at 4 °C to discard nuclei and cell debris [41]. The pellet
was discarded and the supernatant, a suspension of mixed and preserved
organelles, including mitochondria, was separated and used to measure
oxidative stress parameters. We emphasize that supernatants are widely
used as a valid model system to evaluate important pro-oxidant and anti-
oxidant parameters of oxidative stress [41-46] because they contain the
whole cell machinery including preserved organelles such as mitochon-
dria (the major source of free radical generation) and enzymes that are
necessary for free radical production and scavenging [43,46-48]. Tissue
slices (400 um) were also prepared from the cerebral cortex and the
peripheral structures for DCFH oxidation measurement.

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

TBA-RS levels were measured according to the method described
by Yagi [49] with slight modifications. Briefly, 200 L of 10% trichloro-
acetic acid and 300 pL of 0.67% TBA in 7.1% sodium sulfate were added
to 100 pL of tissue supernatants containing 0.3 mg of protein and in-
cubated for 2 h in a boiling water bath. The mixture was allowed to
cool on running tap water for 5 min. The resulting pink-stained com-
plex was extracted with 400 pL of butanol. Fluorescence of the organ-
ic phase was read at 515 nm and 553 nm as excitation and emission
wavelengths, respectively. Calibration curve was performed using
1,1,3,3-tetramethoxypropane and subjected to the same treatment
as supernatants. TBA-RS levels were calculated as nmol TBA-RS/ mg
protein. Results were expressed as percentage of controls.
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2.6. 2-7-Dihydrodichlorofluorescein (DCFH) oxidation

Reactive species production was assessed according to LeBel et al.
[50] by using 2-7-dihydrodichlorofluorescein diacetate (DCF-DA).
DCF-DA was prepared in 20 mM sodium phosphate buffer, pH 7.4,
containing 140 mM KCl and incubated with tissue slices (30 mg) dur-
ing 30 min at 37 °C. DCF-DA is enzymatically hydrolyzed by intracel-
lular esterases to form non-fluorescent DCFH, which is then rapidly
oxidized to form highly fluorescent 2-7-dichlorofluorescein (DCF) in
the presence of reactive species. The DCF fluorescence intensity parallels
to the amount of reactive species formed. Fluorescence was measured
using excitation and emission wavelengths of 480 and 535 nm, respec-
tively. Calibration curve was performed with standard DCF (0.25-
10 mM) and the levels of reactive species were calculated as pmol DCF
formed/mg protein. Results were expressed as percentage of controls.

2.7. Reduced glutathione (GSH) levels

GSH levels were measured according to Browne and Armstrong [51].
Tissue supernatants with approximately 0.3 mg of protein were diluted
(1:20, v/v) in 100 mM sodium phosphate buffer, pH 8.0, containing
5 mM EDTA. One hundred microliters of this preparation was incubated
with an equal volume of o-phthaldialdehyde (1 mg/mL methanol) at
room temperature for 15 min. Fluorescence was measured using exci-
tation and emission wavelengths of 350 nm and 420 nm, respectively.
Calibration curve was performed with standard GSH (0.001-0.1 mM),
and GSH concentrations were calculated as nmol/ mg protein. Results
were expressed as percentage of controls.

2.8. Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel [52] using tert-
butylhydroperoxide as substrate. The enzyme activity was determined
by monitoring the NADPH disappearance at 340 nm in a medium
containing 100 mM potassium phosphate buffer containing 1 mM
ethylenediaminetetraacetic acid, pH 7.7,2 mM GSH, 0.1 U/mL glutathi-
one reductase, 04 mM azide, 0.5 mM tert-butyl-hydroperoxide,
0.1 mM NADPH and tissue supernatants (approximately 3 g of pro-
tein). One GPx unit (U) is defined as 1 pmol of NADPH consumed per
minute. The specific activity was calculated as U/mg protein. Results
were expressed as percentage of controls.

2.9. Superoxide dismutase (SOD) activity

SOD activity was assayed according to Marklund [53] and is based
on the capacity of pyrogallol to autooxidize, a process highly depen-
dent on 05, which is a substrate for SOD. The inhibition of autoxi-
dation of pyrogallol occurs in the presence of SOD, whose activity
can be then indirectly assayed spectrophotometrically at 420 nm.
The reaction medium contained 50 mM Tris buffer containing
1 mM ethylenediaminetetraacetic acid, pH 8.2, 80 U/mL catalase,
0.38 mM pyrogallol and tissue supernatants (approximately 1 pg
of protein). A calibration curve was performed with purified SOD
as standard to calculate the activity of SOD present in the samples.
The results were calculated as U/mg protein and expressed as per-
centage of controls.

2.10. Catalase (CAT) activity

CAT activity was assayed according to Aebi [54] by measuring the
absorbance decrease at 240 nm in a reaction medium containing
20 mM H;0,, 0.1% Triton X-100, 10 mM potassium phosphate buffer,
pH 7.0, and tissue supernatants (approximately 1 pg of protein). One
unit (U) of the enzyme is defined as 1 pmol of H,0, consumed per
minute. The specific activity was calculated as U/mg protein. Results
were expressed as percentage of controls.

2.11. Glucose-6-phosphate dehydrogenase (G6PD) activity

G6PD activity was measured by the method of Leong and Clark [55] in
a reaction mixture containing 100 mM Tris-HCl pH 7.5, 10 mM MgCl,,
0.5 mM NADP ™" and tissue supernatants (approximately 3 pg of protein).
The reaction was started by the addition of 1 mM glucose-6-phosphate
and was followed in a spectrophotometer at 340 nm. One G6PD unit cor-
responds to 1 mmol of substrate transformed per minute and the specific
activity was calculated as U/mg protein and expressed as percentage of
controls.

2.12. Histopathological studies

WT and Gedh™'~ mice were anesthetized with 90:10 mg/kg
ketamine/xilazine mixture and intracardially perfused with 4%
paraformaldehyde (PAF) in 0.01 M PBS, pH 7.4. After fixation, brains
were quickly removed, maintained overnight at 4 °C in 10% PAF and
changed to phosphate buffered saline (PBS) until sectioning. A 1000S
Leica vibratome was used to obtain 30-50 pm thick consecutive coronal
series. Sections were stored either free-floating at 4 °C or mounted on
gelatin-coated slides for histological analysis. Representative sections
were stained with 1% boraxic methylene blue to evidence gross neuro-
anatomical features. In some experiments, the cerebral cortex and stri-
atum were dissected. Myelin content was estimated by histochemistry
against Sudan Il and Sudan IV (Sudan Black). Immunohistochemistry
was performed in striatum to study the different cell populations and
oxidative stress prototypic markers. For each animal and staining proce-
dure, 5 to 8 equivalent sections were immunostained. Striatal neuronal
population was recognized by labeling against the pan-neuronal mark-
er neuronal nuclei (NeuN), whereas the astrocytic population was stud-
ied by using antibodies against S100p and glial fibrillary acidic protein
(GFAP). Microglia was recognized by Ibal immunoreactivity. Immuno-
staining against Ki67 was performed to look for proliferating cells. A
monoclonal antibody reported as recognizing GCDH positive cells were
also employed. To perform immunohistochemical assays, free-floating
sections were washed with PBS, submitted to antigen retrieval by boiling
in 10 mM pH 6.0 sodium citrate during 10 min, then washed twice for
10 min. After that, slices were permeabilized with PBS plus 0.1-0.3% Tri-
ton X-100 (PBST) and treated with blocking buffer (PBS+ 0.3% Triton
X-100 + 5% bovine serum albumin) for 30 min. Finally slices were incu-
bated with pairs of antibodies i.e. anti-NeuN (Millipore, 1:250) together
with anti-GFAP (1:400), or anti-Ki67 (1:200, Abcam), or anti-S100B3
(1:500) with anti-nitrotyrosine (Millipore, 1:300), or anti-Ki67 (Abcam,
1:300) with anti-iNOS (Santa Cruz, 1:300). All dilutions were made in
PBST. After a 4 °C overnight incubation, sections were rinsed in PBS, and
incubated at room temperature for 90 min with 1:800 dilutions of
corresponding secondary antibodies conjugated to fluorescent probes
(Molecular Probes). Sections were then washed, mounted in glycerol
and imaged in a FV300 Olympus confocal microscope provided with
405, 488, 546 and 633 nm lasers. Primary or secondary antibodies were
omitted in negative controls [29].

2.13. Protein determination

Protein concentrations were measured by the method of Lowry et
al. [56] using bovine serum albumin as standard.

2.14. Statistical analysis

Results are presented as mean + standard deviation. Assays were
performed in triplicate and the mean was used for statistical calcula-
tions. Data were analyzed using the Student's ¢ test for unpaired sam-
ples to compare the parameters between and WT and Gedh ™/~ mice.
Only significant t values are shown in the text. Differences between
groups were rated significant at P<0.05. All analyses were carried
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out in an IBM-compatible PC computer using the Statistical Package
for the Social Sciences (SPSS) software.

3. Results

We first found that WT mice treated with 0.9%, 2.8% or 4.7% die-
tary Lys did not present apparent motor or behavioral alterations.
The same occurred with the Gedh ™/~ mice receiving normal or 2.8%
Lys intake. In contrast, 20-25% of Gedh '~ mice fed a 4.7% Lys became
hypoactive approximately 48-60 h after the diet start. Unless other-
wise stated, the results presented below refer to asymptomatic
mice. We also observed in a separate experiment that the hypoactive
mice died after approximately 5-7 days of diet.

Regarding the oxidative stress parameters, we observed that these
biochemical measurements did not differ in all examined structures
(cerebral cortex, striatum, hippocampus, liver and heart) from asymp-
tomatic WT and Gedh ~/~ mice receiving normal chow (0.9% Lys). How-
ever, significant alterations of most of these parameters were observed
in the brain of asymptomatic Gedh /'~ mice receiving 2.8% or 4.7% Lys
for 60 h, as discussed below with more details. Furthermore, there
were no differences in the magnitude of the alterations of the oxidative
stress parameters in Gecdh ~/~ mice fed with either 2.8% or 4.7% Lys, im-
plying that a “moderately” increased Lys intake (2.8%) was sufficient to
impair redox homeostasis in the absence of symptoms.

3.1. Lys dietary overload induces lipid peroxidation in the cerebral cortex
and striatum of Gedh '~ mice

Lys overload (2.8% and 4.7%) resulted in a significant increase of
malondialdehyde (TBA-RS) levels in the cerebral cortex [2.8%: t(g)=
3.313; P<0.01; 4.7%: t(gy=5.049; P<0.001] (Fig. 1A) and in striatum
[4.7%: t(gy=3.501; P<0.01] (Fig. 1B) of Gedh™'~ mice as compared
to WT mice. In contrast, this measurement was not altered in the hip-
pocampus, liver and heart of Gedh /'~ animals receiving 2.8% or 4.7%
Lys diet (results not shown).

3.2. Lys dietary overload increases reactive species formation (DCFH
oxidation) in the cerebral cortex of Gedh '~ mice

We also observed that DCFH oxidation was significantly increased in
the cerebral cortex of Gedh~/~ mice receiving 2.8% or 4.7% Lys dietary
supplementation, as compared to WT [2.8%: tg)=4.646; P<0.01;
4.7%: tgy=—2412; P<0.05] (Fig. 2). However, this parameter was
not changed in liver and heart of Gedh '~ mice receiving 2.8% or 4.7%
Lys dietary supplementation (results not shown).

3.3. Lys dietary overload decreases reduced glutathione (GSH) levels in
the cerebral cortex and striatum of Gedh '~ mice

We verified that GSH levels were markedly diminished in the cere-
bral cortex [2.8%: ts)=2.626; P<0.05; 4.7%: t;gy=3.390; P<0.01] and
striatum [2.8%: tsy=3.555; P<0.05; 4.7%: t(gy=2.764; P<0.01] of
Gedh™/~ that received 2.8% or 4.7% Lys dietary intake as compared to
WT mice (Figs. 3A and B). In contrast, GSH values were not changed
in the hippocampus, liver and heart of Gedh™~ mice treated with
2.8% or 4.7% Lys diet (results not shown).

3.4. GSH levels and DCFH oxidation are inversely correlated in the
cerebral cortex of Gedh '~ mice on a high Lys diet

Furthermore, the reduction of GSH concentrations (decrease of the
most important brain antioxidant defense) was inversely correlated
with DCFH oxidation (increased production of reactive species)
(r=—0.6662, P<0.05), suggesting that free radicals were probably in-
volved in the decrease of the non-enzymatic antioxidant defenses
(Fig. 4).
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Fig. 1. Effect of lysine (Lys) dietary overload on thiobarbituric acid-reactive substances
(TBA-RS) levels in the cerebral cortex (A) and the striatum (B) of WT and Gedh '~ mice.
Mice were fed with 0.9% (normal), 2.8% (3-fold increased) or 4.7% (5-fold increased) Lys
diet. Values are meandstandard deviation for 5 independent experiments (animals)
expressed as percentage of control (Control: A 0.9%: 1.49+0.28; 2.8%: 1.12+0.11; 4.7%:
13040.10; B 0.9%: 1.254+0.21; 2.8%: 0.8940.22; 4.7%: 1.1240.21; [nmol TBA-RS/mg
protein]). **P<0.01, **P<0.001, compared to WT mice (Student's t-test for unpaired
samples).

3.5. Lys dietary overload increases the activities of superoxide dismutase
and catalase in the cerebral cortex of Gedh '~ mice

High Lys intake (2.8% and 4.7%) induced a significant increase in
the activities of SOD and CAT in the cerebral cortex of Gcdh ™/~ mice
[SOD [2.8% Lys: t(g)=2.835; P<0.05; 4.7% Lys: tg,=2.719; P<0.05];
CAT [2.8% Lys: tg=4253; P<0.01; 47% Lys: [tz =3.424;
P<0.01]] (Figs. 5B and C). In contrast, no alterations of these antioxi-
dant enzyme activities were found in striatum, hippocampus, liver
and heart of Gedh ™/~ mice receiving either 2.8% or 4.7% Lys dietary
supplementation (results not shown). Furthermore, GPx and G6PD
activities were not changed in the cerebral cortex (Figs. 5A and D),
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Fig. 2. Effect of lysine (Lys) dietary overload on 2-7-dihydrodichlorofluorescein (DCFH) ox-
idation in the cerebral cortex of WT and Gedh™~ mice. Mice were fed with 0.9% (normal),
2.8% (3-fold increased) or 4.7% (5-fold increased) Lys diet. Values are mean + standard de-
viation for 5 independent experiments (animals), expressed as percentage of control (Con-
trol: 0.9%: 8.6440.89; 2.8%: 6.59+0.87; 4.7%: 7.12+£0.52; [pmol DCF/mg protein]).
*P<0.05, **P<0.01, compared to WT mice (Student's t-test for unpaired samples).
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as well as in the striatum, hippocampus and in the peripheral tissues
(heart and liver) of Gedh™/~ mice receiving 0.9%, 2.8% or 4.7% Lys, as
compared to WT mice (results not shown).

3.6. Disruption of redox homeostasis is significantly greater in the
cerebral cortex and striatum of symptomatic Gedh ~'~ mice submitted
to 4.7% Lys dietary overload

In a separate set of experiments we submitted Gecdh ~/~ mice submit-
ted to a 4.7% Lys diet and compared the changes of redox homeostasis
between symptomatic and asymptomatic animals. Fig. 6 shows that al-
terations of oxidative stress parameters were more evident in the cere-
bral cortex and striatum of symptomatic as compared to asymptomatic
Gcdh ™/~ mice submitted to 4.7% Lys dietary overload for 60 h. We can
observe in the figure a significantly higher TBA-RS (t9)=7.174,
P<0.001) and SOD activity ((9)=6.505, P<0.001) and a nonsignificant
tendency of GSH reduction in symptomatic Gedh ™~ mice in the cerebral
cortex. The striatum of symptomatic Gedh~/~ mice presented a signifi-
cant reduction of GSH levels (t(9) =4.658, P<0.001), an increase of SOD
activity (t9)=3.391, P<0.01) and a nonsignificant increase of TBA-RS
levels as compared to asymptomatic Gecdh ™~ mice.

3.7. Lys dietary overload does not affect gross brain anatomy and white
matter integrity in the cerebral cortex and striatum but provokes oxidative
damage in Gedh ~'~ mice submitted to 4.7% Lys dietary overload

We found no significant changes neither in the gross brain anatomy of
both WT and Gedh ™/~ mice submitted to high Lys nor in the myelination
in the cerebral cortex and striatum of high Lys (4.7%) -exposed Gcdh '~
mice, and no ventricular enlargement, indicating that this short treatment
(60 h) did not significantly affect the gross white matter integrity of these
brain structures (data not shown). Furthermore, the number of striatal
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Fig. 3. Effect of lysine (Lys) dietary overload on GSH levels in the cerebral cortex (A)
and the striatum (B) of WT and Gedh™/~ mice. Mice were fed with 0.9% (normal),
2.8% (3-fold increased) or 4.7% (5-fold increased) Lys diet. Values are mean 4 standard
deviation for 5 independent experiments (animals), expressed as percentage of control
(Control: A 0.9%: 8.3542.56; 2.8%: 9.744-3.57; 4.7%: 5.86 +0.79; B 0.9%: 10.24-0.95;
2.8%:16.2 £2.71; 4.7%: 12.8 +-2.93; [nmol GSH/mg protein]). *P<0.05, **P<0.01, com-
pared to WT mice (Student's t-test for unpaired samples).
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Fig. 4. Correlation between GSH levels and DCFH oxidation in the cerebral cortex of
Gedh™'~ mice on a high Lys diet. Mice were fed with a 2.8% (3-fold increased) or 4.7%
(5-fold increased) Lys diet and GSH concentrations (nmol/mg protein) and DCFH
oxidation (pmol/mg tissue) correlated.

neurons (estimated by immunostaining against the panneuronal marker
NeuN per area unit) remained unchanged in high Lys (4.7%) -exposed
Gedh ™'~ mice as compared to WT. However, NeuN neuronal staining in
high Lys treated animals was weaker and occupied cell cytoplasm. A sig-
nificant injury response was also discarded since Ki67 immunostaining
was similar in WT and Gedh ™~ mice (Fig. 7A). Furthermore, no changes
in S100b+ and GFAP+ cell number were observed in high Lys (4.7%)
-exposed Gedh ™/~ mice, discarding prominent astrogliosis, despite that
S100+ cells appeared swollen with increased immunoreactivity
(Fig. 7B). Interestingly, the striatum of high Lys (4.7%) exposed Gcdh '~
mice showed an increased number of neurons stained with nitrotyrosine
(Fig. 8A), as well as stained with iNOS, indicating an induction of oxidative
damage (Fig. 8B). Furthermore, Gedh ™/~ positive neurons were observed
only in WT mice, as expected (Fig. 8B, left panel).

4. Discussion

A large number of works investigated the molecular mechanisms
implicated in the neuropathology of GA I, but the exact underlying
processes are still poorly established probably because most studies
were carried out in the brain tissue with normal GCDH activity.

Considering that astrogliosis (reactive astrocytes), that is usually
associated with increased production of reactive oxygen species,
was found in the striatum and cerebral cortex of the Gedh™'~ mice
submitted to 4.7% dietary Lys [39] and also in the brain of GA I pa-
tients [4,8,9], it seems justified to investigate redox homeostasis in
Lys-treated Gecdh ™/~ mice. In this regard, we have recently verified
that oxidative stress is induced in vivo in the striatum and cerebral
cortex of 30-day-old Gedh ™/~ mice submitted to an acute intraperito-
neal injection of Lys [40]. However, some of these results were
obtained in tissues from symptomatic mice with hypoactivity and
partial paralysis. In the present work we comprehensively evaluated
oxidative stress parameters in brain structures (cerebral cortex, stria-
tum and hippocampus) and peripheral tissues (liver and heart) from
young (30-old-day) asymptomatic WT and Gedh —/~ mice chronically
exposed to a normal (0.9% Lys) or special diets enriched with Lys
(2.8% and 4.7%) for 60 h.

The utilization of a moderately increased (2.8%) Lys diet aimed to test
whether this treatment could induce disruption of redox homeostasis
without causing severe symptoms or death in the Lys supplemented
animals, which occurs in Gedh ™/~ mice receiving a 4.7% Lys enriched di-
etary supplementation [38]. It is of note that 2.8% Lys-treated animals did
not present symptoms, whereas the 4.7% Lys dietary supplementation
provoked hypoactivity in approximately one fourth of the Gedh ™/~
mice at the time of sacrifice (60 h of diet). However, our objective was
first to compare parameters of redox homeostasis between WT and
Gedh~/~ asymptomatic mice, and therefore we only used animals with
no symptoms in these experiments.
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Fig. 5. Effects of lysine (Lys) dietary overload on the activity of the antioxidant enzymes glutathione peroxidase (GPx; A), superoxide dismutase (SOD; B), catalase (CAT; C) and
glucose-6-phosphate dehydrogenase (G6PD; D) in the cerebral cortex of WT and Gedh™/~ mice. Mice were fed with 0.9% (normal), 2.8% (3-fold increased) or 4.7% (5-fold
increased) Lys diet. Values are mean + standard deviation for 5 independent experiments (animals), expressed as percentage of control (Control: GPx: 0.9%: 14.3 +1.46; 2.8%:
12.0+3.36; 4.7%: 13.7+£0.90; SOD: 0.9%: 7.90+0.86; 2.8%: 6.83 +0.43; 4.7%: 6.98 +0.78; CAT: 0.9%: 0.46+0.03; 2.8%: 0.30+0.12; 4.7%: 0.7340.18; G6PD: 0.9%: 5.34+1.00;
2.8%: 4.764+0.72; 4.7%: 4.93 +0.82; [U/mg protein]). *P<0.05, **P<0.01, compared to WT mice (Student's t-test for unpaired samples).

Overall we found that the evaluated parameters of redox homeo-
stasis did not differ between WT and Gedh ™/~ mice receiving a nor-
mal chow (0.9% Lys) in all brain structures and peripheral tissues,
which is in accordance with our previous results [40] and reinforces
the view that under basal conditions cellular redox status is preserved
in the Gedh™/~ animals under a normal diet. However, chronic die-
tary Lys overload provoked a selective disruption of redox homeosta-
sis in the brain. We observed that asymptomatic Gedh™/~ mice
exposed to either a 2.8% or a 4.7% Lys enriched diet presented

\:I Asymptomatic

significant and similar alterations of oxidative stress parameters in
the cerebral cortex and striatum, but not in hippocampus, liver and
heart, as compared to WT mice. The data described in details below
indicate that 2.8% Lys diet was sufficient to compromise redox ho-
meostasis in Gedh ™/~ mice and that the brain is more vulnerable to
Lys overload, as compared to peripheral structures.

Significantly increased TBA-RS (malondialdehyde) levels were
demonstrated in the striatum and cerebral cortex of Gedh ™/~ mice
after 60 h of high (2.8% or 4.7%) Lys diet. These findings reflect
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Fig. 6. Oxidative stress parameters (TBA-RS levels, GSH concentrations and SOD activity) in the cerebral cortex (A) and the striatum (B) of asymptomatic and symptomatic Gedh ~/~ mice
fed a 4.7% Lys diet. Values are mean + standard deviation for 5-6 independent experiments (animals). Data were presented as nmol TBA/mg protein, nmol GSH/mg protein and U/mg
protein for TBA-RS levels, GSH concentrations and SOD activity, respectively. **P<0.01, ***P<0.001, compared to asymptomatic mice (Student's t-test for unpaired samples).
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Gcedh'-4.7% Lys

WT

Fig. 7. Histopathological findings in the striatum from the Gcdh ™~ and WT mice on a high Lys (4.7%) diet. (A) Gedh ™/~ striatal neuronal NeuN positive population did not suffer
significant changes neither in the number nor in the gross immunoreactivity, as compared to WT mice (left panel). Furthermore, Ki67 immunostaining was similar in Gedh~/~ and
WT mice, discarding a significant injury response. (B) No changes in S100b+ and GFAP+ cell number were observed in high Lys (4.7%) -exposed Gedh™/~ mice, discarding
prominent astrogliosis, although a mild increase in GFAP immunoreactivity and an apparent swelling of S100b positive cells were observed in comparison to WT mice (left

panel). Calibration bar indicates 50 um.

induction of lipid peroxidation since malondialdehyde is an end
product of membrane fatty acid oxidation [57]. We also observed in
Gcdh~'~ mice fed a high Lys diet a marked increase of DCFH oxida-
tion, which is considered a reliable measurement of reactive species
formation [58]. It is therefore presumed that the lipid oxidative dam-
age observed following Lys supplementation could be secondary to
the induction of reactive species generation.

Regarding GSH, its levels were significantly reduced in the cerebral
cortex and striatum of the Gedh ™/~ animals that received 2.8% or 4.7%
Lys diets. Considering that endogenous GSH, the major naturally-
occurring brain antioxidant, is used to evaluate the non-enzymatic anti-
oxidant capacity of a tissue to prevent the damage associated with free
radical processes [57], it can be presumed that the antioxidant defenses
in the striatum and cerebral cortex of Gcdh ~/~ mice were compromised
by Lys enriched diets.

A significant inverse correlation between GSH concentrations and
DCFH oxidation (DCF levels) was also demonstrated in the present
study, suggesting that the decrease of the brain antioxidant defenses
was probably secondary to increased induction of reactive species for-
mation. Therefore, it is feasible that the marked decline of this important
cerebral antioxidant defense (GSH) reflects the rapid consumption of
this antioxidant by increased reactive species. Otherwise, we cannot ex-
clude the possibility that Lys-induced lipid oxidative damage may have
occurred due to GSH depletion.

Moreover, SOD and CAT activities were increased in the cerebral
cortex of Gedh ™/~ animals treated with either 2.8 or 4.7% Lys, with

no alterations in the other structures evaluated. In this context, it is
widely known that reactive species may upregulate the expression
of numerous genes via signaling mechanisms [57,59,60]. Therefore,
we presume that overexpression of SOD and CAT at the gene level
might have taken place in order to compensate the increased forma-
tion of reactive species (superoxide and hydrogen peroxide, respec-
tively), as previously observed in other pathological conditions with
oxidative stress [16,61,62].

Our present data indicate that the cerebral cortex and the striatum
are more vulnerable to oxidative stress than hippocampus and the
peripheral tissues (heart and liver) of Gecdh ™/~ mice submitted to
high Lys diet, which mimic the human condition evidencing that
these brain regions are more affected and present structural abnor-
malities in GA [ patients.

Interestingly, in a separate set of experiments we compared the
oxidative stress parameters in the cerebral cortex and striatum from
symptomatic and asymptomatic Gedh™’~ mice exposed to 4.7% Lys
diet. Symptomatic Gedh ™'~ mice presented a more accentuated dis-
ruption of redox homeostasis, as compared to asymptomatic animals,
indicating a probable association between neurologic symptoms and
disturbance of redox status.

Since oxidative stress results from an imbalance between the total
antioxidant defenses and the reactive species generated in a tissue,
our present results strongly indicate that oxidative stress, a deleteri-
ous cell condition leading to tissue damage, occurred in Gedh ™/~
mice submitted to high Lys supplementation [57]. At this point, it
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Fig. 8. Oxidative damage markers in the striatum from the Gedh~/~ and WT mice on a high Lys diet. (

Gedh'-4.7% Lys

A) Striatal sections from the Gedh™/~ mice showed an increased number of

nitrotyrosine (YNO2) positive cells and an impressive increase in the number of inducible nitric ox1de synthetase (iNOS) (B), as compared to WT mice (left panels). Furthermore,
Gedh™'~ positive neurons were observed only in WT mice (B). Calibration bar indicates 30 um.

should be emphasized that the brain has low antioxidant defenses, a
high metabolic rate associated with superoxide generation and increased
amounts of polyunsaturated fatty acids compared with other tissues,
that make this tissue more susceptible to free radical attack [57,63]. In
fact, oxidative stress has been implicated in the pathophysiology of
common neurodegenerative disorders, such as Parkinson's disease and
Alzheimer's disease, as well as in epileptic seizures and demyelination
[63-71].

On the other hand, it is known that Lys can easily cross the blood-
brain barrier in young mice being thereafter converted to GA in the
central nervous system [72]. In this scenario, it has been demonstrat-
ed that the brain levels of GA increase considerably in Gedh ™/~ mice
supplemented by a high Lys diet [38,39] and this was probably the case
in our present study. Taken into consideration these observations and
also results from previous studies performed in vitro and in vivo in rat
brain showing that GA is able to elicit oxidative stress in this tissue
[11,15,26-28], it is conceivable that GA was possibly involved in the dis-
ruption of cell redox homeostasis as here observed.

On the other hand, it is unlikely that brain Lys accumulation could
be responsible for the results obtained in the present study since it
was previously shown that serum and brain Lys levels did not differ
between WT, symptomatic and asymptomatic Gecdh™/~ mice fed a
4.7% Lys supplemented diet [38]. Therefore, distinctly from GA that
significantly accumulates in the brain from the knockout mice with
high Lys diet, it is presumed that Lys was not responsible to the
compromised redox homeostasis observed in the brain of these
animals.

Our results on the histopathological findings indicate that the
brain of Gedh ™/~ mice treated with high Lys (4.7%) did not show
major structural alterations upon 60 h of treatment. This is interest-
ing and suggests that the significant alterations of oxidative stress
parameters were not due to cell death in the central nervous system.
On the other hand, we cannot ascertain whether the data described
by Zinnanti and collaborators [39] showing an impairment of energy
homeostasis paralleled with striatum abnormalities in high Lys
(4.7%) -exposed Gedh ™/~ mice were consequence or cause of brain
injury since the biochemical alterations with reduced ATP and phos-
phocreatine concentrations were obtained during or after neuronal
loss and astrogliosis. Furthermore, the increased number of neurons
stained with nitrotyrosine (YNO2) and iNOS in striatum of Gedh ™/~
mice exposed to 4.7% Lys diet reinforces our findings indicating oxi-
dative damage in the brain of these animals. Moreover, the fact that
neuronal NeuN staining was weaker and more diffuse and the obser-
vations that S100 + cells appeared swollen with increased immuno-
reactivity in high Lys treated Gcdh™/~ animals than in WT mice
suggest that neural cells may suffer metabolic perturbations previ-
ously to lose viability and that oxidative damage may be associated
with these findings representing a relevant pathomechanism of ulte-
rior brain injury in the Gcdh '~ mice fed a high Lys diet [73]. This is
probably the case since symptomatic Gedh~/~ mice fed 4.7% Lys
presented a more accentuated disruption of redox homeostasis in
the cerebral cortex and striatum than asymptomatic Gedh /'~ mice,
suggesting that oxidative stress was probably associated with the
symptoms. 75
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Furthermore, considering that one-fourth of Gedh '~ mice fed a
4.7% Lys supplemented diet present hypoactivity after 48-72 h and
die 5 to 7 days later [[], our own observations], whereas the animals
with the same genetic background submitted to 2.8% Lys dietary in-
take are practically asymptomatic for a long time (even 14 days
after diet start), it is conceivable that a moderately increased Lys
overload (2.8%) may represent a better model of GAI, allowing inves-
tigation of underlying mechanisms responsible for brain damage in
this disorder.

The present results are in line with the current therapeutic proce-
dure of restricting Lys dietary intake to GA I patients, especially in the
first few years of life, where the brain is highly vulnerable to degener-
ation [3,23]. Furthermore, we have proven that a 3-fold higher Lys
diet (2.8%) applied to the genetic mice model established by Koeller
and collaborators [37] does not induce death. It seems feasible that
this new GA I model using 2.8% Lys-supplemented diet may represent
a valuable tool to study long term effects of the putative toxic accu-
mulating metabolites in the central nervous system given the in-
creased number of children who are growing to adolescence and
adulthood due to neonatal screening and/or aggressive treatment.
The use of this model may be also essential for the development of
novel specific therapies.

In conclusion, the present results provide experimental evidence
that the cerebral cortex and striatum of 30-day-old Gedh ™'~ mice
submitted to high Lys intake are particularly susceptible to oxidative
stress. Furthermore, disruption of redox homeostasis was more evi-
dent in symptomatic Gedh ~/~ mice exposed to a high Lys diet indicat-
ing an association between symptoms and alterations of brain redox
status in this model of GA I. However, we cannot rule out that other
mechanisms such as excitotoxicity, mitochondrial dysfunction and
breakdown of the blood-brain barrier [31,33-35,74-77] also contrib-
ute in a synergistically way to cause brain damage in GA L.
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Capitulo IV

Avaliagao de parametros de estresse oxidativo e analise histopatolégica
em cortex cerebral e estriado de camundongos nocaute para a enzima

glutaril-CoA desidrogenase submetidos a dieta crénica com lisina
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1.INTRODUGAO

A acidemia glutarica tipo | (AG |) € uma doenga neurometabdlica
autossdmica recessiva causada pela deficiéncia da enzima glutaril-CoA
desidrogenase (GCDH), que participa da rota de catabolismo dos
aminoacidos lisina (Lis), hidroxilisina e triptofano. O bloqueio dessa atividade
enzimatica na AG | leva ao acumulo predominante dos acidos glutarico (AG)
e 3-hidroxiglutarico (3HG) nos tecidos e liquidos bioldgicos (sangue, urina e
liquor) dos pacientes afetados. A prevaléncia da doenca é estimada em 1:
30.000-1:100.000 nascidos vivos, podendo atingir uma alta prevaléncia (até
1: 300 nascidos vivos) em algumas comunidades fechadas (Goodman et al.,
2001; Kolker et al., 2007). A acidemia glutarica tipo | (AG 1) é considerada
uma acidemia organica “cerebral’”, pois o0s pacientes apresentam
essencialmente sintomatologia neurolégica. Ao nascimento, alguns pacientes
apresentam macrocefalia e atrofia cortical frontotemporal, enquanto outros se
desenvolvem normalmente. Entre 3 e 36 meses de idade, uma caracteristica
degeneracgao bilateral aguda do estriado acomete os pacientes durante crises
encefalopaticas geralmente precipitadas por infecgbes ou vacinagdes
(situagbes em que o paciente se encontra em catabolismo elevado). Apds
essas crises agudas, ha o surgimento de sintomas relacionados a destruigéo
estriatal, tais como distonia e discinesia, hipotonia, convulsdes, rigidez
muscular e espasticidade (Goodman et al., 2001; Hoffmann e Zschocke,
1999; Kolker et al., 2008). Tal fato sugere uma “janela de vulnerabilidade”
para o aparecimento dos sintomas, provavelmente relacionada ao periodo de

desenvolvimento cerebral.
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Apesar de algumas investigacbes prévias terem sugerido efeitos
toxicos do AG e do 3HG, até o presente momento os mecanismos
fisiopatologicos que levam ao dano cortical e estriatal apresentado pelos
pacientes afetados pela AG | ainda nao foram totalmente elucidados.

Diversos autores relacionam as vacuolizagdes encontradas em
estudos postmortem de cérebro de pacientes afetados pela deficiéncia da
GCDH a excitotoxicidade (Goodman et al., 1977; Hoffmann e Zschocke,
1999) e consequente dano celular (Danbolt, 2001). Esta hipotese esta
baseada na similaridade estrutural existente entre o glutamato e os principais
acidos organicos (AG e 3HG) acumulados na AG | (Flott-Rahmel et al., 1997;
Wajner et al.,, 2004). Nesse sentido, varios trabalhos tentam explicar a
neurotoxicidade da AG | pela interagdo desses acidos organicos com
receptores e transportadores glutamatérgicos (Bjugstad et al., 2001; Dalcin et
al., 2007; Kolker et al., 2008; Porciuncula et al., 2000; Porciuncula et al.,
2004; Rosa et al., 2004; Wajner et al., 2004). No entanto, apesar de diversas
evidéncias da neurotoxicidade destas substancias relacionadas ao sistema
glutamatérgico, recentes trabalhos ndo confirmam essa hipotese
(Freudenberg et al., 2004; Lund et al., 2004), fazendo com que esta questao
continue sob intenso debate.

Recentemente, o modelo nocaute para o gene da GCDH (Gedh™) em
camundongos (Koeller et al., 2002) foi aperfeicoado por Zinnanti e
colaboradores (2006) com a administragdo, via oral, de uma sobrecarga de
Lis aos animais. Neste particular, foi verificado que as concentragbes de AG
no cérebro dos camundongos Gcdh” aumentaram significativamente e que

0S mesmos apresentaram um padrao de neurodegeneragcdo dependente do
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estagio de desenvolvimento, semelhante ao apresentado pelos pacientes
afetados pela AG | (lesdo estriatal aguda e leucodistrofia progressiva), além
de provocar a perda de seletividade da barreira hematoencefalica. Os
mesmos autores demonstraram que essa sobrecarga de lisina provoca uma
disfungdo mitocondrial, e propuseram a utilizacdo da suplementacdo com
glicose e homoarginina para reduzir o acumulo cerebral dos metabdlitos
toxicos gerados pela deficiéncia da GCDH (Zinnanti et al., 2007). Apesar da
intensa investigagdo, as causas da suscetibilidade frontotemporal cortical
durante a gestacdo e da janela de vulnerabilidade estriatal durante os
primeiros anos de vida permanecem obscuras, constituindo-se nos principais
desafios da pesquisa da patogénese da AG | (Goodman, 2004).

Nosso proposito na presente investigacao foi avaliar o efeito de uma
dieta crénica com altas concentragdes de lisina (2,8 %) (40 dias de dieta a
partir do 21°. dia de vida) sobre a oxidagdo de lipidios (medida de
substancias reativas ao acido tiobarbiturico - TBA-RS), bem como sobre as
defesas antioxidantes (concentragdes de glutationa reduzida — GSH - e as
atividades das enzimas antioxidantes glutationa peroxidase -GPx -,
superoxido dismutase (SOD), catalase (CAT), glutationa redutase (GR) e
glicose-6-fosfato desidrogenase , GGPDH) em cortex cerebral e estriado de

animais selvagens (Gedh™*) e Gedh™.
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2. MATERIAL E METODOS
2.1. Animais

Camundongos previamente genotipados de 60 dias de vida foram
usados para a avaliacdo dos parametros de estresse oxidativo e viabilidade e
morfologia celular nas varias estruturas cerebrais. Os animais nocaute (Gcdh
”) e selvagens (Gedh™) foram submetidos a dieta com 0,9 % ou 2,8 % de

lisina (Lis) por 40 dias a partir do 21° dia de idade (tratamento crénico).

2.1.1. Manutencgéo da colbnia

Os camundongos da linhagem 129SvEv foram mantidos na Unidade
de Experimentacdo Animal do Hospital de Clinicas de Porto Alegre (UEA-
HCPA).

O acasalamento foi feito através de camundongos heterozigotos e
homozigotos, ja que os homozigotos doentes sao férteis. A prole foi testada
por meétodos de biologia molecular no desmame, momento em que os
animais foram marcados pelo método de perfuragdes no pavilhdo auricular.
Um numero maximo de 8 filhotes foi mantido por caixa, sendo dada
preferéncia aos homozigotos afetados (para uso nos experimentos) e
heterozigotos (para manutengé&o da colbénia). Os filhotes excedentes foram
sacrificados. Esses animais foram mantidos com a mé&e até o desmame e
posteriormente utilizados em outros experimentos. Aos 21 dias, os animais
foram desmamados e mantidos em gaiolas separados por sexo até o
momento dos experimentos. Camundongos selvagens da mesma linhagem

de mesma idade foram utilizados como controle.
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Os animais foram mantidos em gaiolas plasticas em ambiente
controlado com ciclos de 12 h de luz e escuriddo na UEA-HCPA. Os animais
tiveram livre acesso a agua e ragéo padréo (0,9 % Lis) ou com sobrecarga de

Lis na concentracao de 2,8 %.

2.2. Preparagao das amostras para técnicas de estresse oxidativo

Os animais foram sacrificados por decapitacdo sem anestesia aos 60
dias de vida, o cérebro foi imediatamente separado e as estruturas cortex
cerebral e estriado isoladas em placa de Petri colocada sobre gelo.
Homogeneizados foram preparadas de cada estrutura cerebral. Apds, foram

retiradas aliquotas para a realizagao das técnicas bioquimicas.

2.3. Preparacao de sobrenadantes das estruturas cerebrais

Apoés a dissecagao, as estruturas foram pesadas e homogeneizadas
em tampao fosfato de sédio 20 mM contendo cloreto de potassio 140 mM, pH
7,4, na propor¢ao de 1:10 (peso / volume) e o homogeneizado obtido foi
levado a centrifugagcéo a 750 g durante 10 min a 4 °C. O sobrenadante foi

empregado para a medida dos diferentes parametros de estresse oxidativo.

2.4. Parametros de estresse oxidativo
2.4.1. Avaliagao da peroxidagao lipidica

A avaliacao de dano oxidativo lipidico foi feita através da medida dos
niveis de substancias reativas ao acido tiobarbiturico (TBA-RS) e foi realizada
de acordo com o método de Yagi (1998). Foram adicionados a 100 uL de

amostra 200 L de &cido tricloroacético 10 % e 300 L de acido tiobarbiturico
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0,67%. A mistura foi levada a um banho fervente durante 2 h e apds resfriada
em agua a temperatura ambiente. Foram adicionados 400 uL de butanol, os
tubos foram agitados por exatos 20 segundos e centrifugados a 5.000 x g
durante 3 minutos. Apds a centrifugacao, foram retirados 300 uL da fase
superior (fase organica), os quais foram lidos espectrofluorimetricamente em
comprimentos de onda de excitacdo e emissdo de 515 nm e 553 nm,
respectivamente. Concomitantemente, foi feita uma curva de calibracdo com
1, 1, 3, 3-tetrametoxipropano, na qual todos os pontos foram tratados da
mesma forma que as amostras. Os resultados foram calculados como nmol

TBA-RS / mg de proteina.

2.4.2. Medida das concentragoes de glutationa reduzida (GSH)

As concentragbes GSH foram medidas de acordo com a técnica de
Browne & Armstrong (1998). Uma aliquota de 150 pL foi tratada com acido
metafosférico com o objetivo de precipitar as proteinas e proporcionar um
meio com pH acido para a GSH ser mantida na forma reduzida. Apds
centrifugacao, foram adicionados 15 uL de o-ftaldialdeido e 255 uL de
tampé&o a 30 pL do sobrenadante obtido. A fluorescéncia gerada foi medida
com comprimentos de onda de excitacdo e emissdao de 350 e 420 nm,
respectivamente. A curva de calibragdo foi realizada com GSH padrao

(0,001-1 mM) e os resultados foram calculados como GSH / mg de proteina.

2.4.3. Medida da atividade da glutationa peroxidase (GPx)

A atividade da GPx foi determinada pelo método de Wendel (1981)

usando hidroperoxido de tert-butila como substrato. Os seguintes reagentes
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foram adicionados: tampao fosfato de potassio 100 mM, pH 7,0, contendo
EDTA 1 mM, azida sodica 40 mM, glutationa 100 mM, glutationa redutase 10
U / ml, NADPH 10 mM e a amostra (0,1 — 0,3 ug de proteina). Esta mistura
foi incubada a 25 °C durante 1 minuto, a fim de estabilizar o meio, e ap6s foi
adicionado hidroperéxido de tert-butila 10 mM para iniciar a reagao. A queda
da absorvancia a 340 nm foi acompanhada durante 240 segundos e a
atividade da GPx foi calculada utilizando-se o coeficiente de extincdo do
NADPH a 340 nm de 6,2 mM™" cm™. A atividade da GPx foi calculada como U

/ mg de proteina (1U = 1 ymol NADPH consumido / min).

2.4.4. Medida da atividade da superéxido dismutase (SOD)

A atividade da SOD, de acordo com Marklund (1985), foi avaliada
baseando-se na capacidade do piragalol de se autoxidar em um processo
altamente dependente de O2+-, que € um substrato para a SOD. A inibicdo
da autooxidagdo desse composto ocorre na presenga da SOD, cuja atividade
pode ser indiretamente medida no espectrofotdmetro a 420 nm. O meio de
reacao consiste em tampao Tris 50 mM, acido etilenodiaminotetracético, pH
8,2, catalase 80 U / mL, piragalol 0,38 mM e aproximadamente 1 pg de
proteina da amostra. Uma curva de calibracéo foi feita com SOD purificada
como padréo para calcular a atividade da SOD presente nas amostras. Os

resultados foram expressos como U / mg de proteina.
2.4.5. Medida da atividade catalase (CAT)

A atividade desta enzima foi realizada através do método de Aebi

(1984). Em 100 pL do sobrenadante adicinou-se 10 pl de Triton 0,1 %
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seguido de agitacdo, e essa mistura foi conservada em gelo durante 15
minutos. Em 50 mL de tampé&o fosfato de potassio 10 mM, pH 7,0 foram
adicionados 100 pl de H20, 30% (v/v) e a esse meio adicinou-se 25 pl de
amostra. A leitura da queda da absorvancia do H,O, em espectrofotdmetro a
240 nm, a temperatura ambiente (22 °C * 2) foi feita por durante 100
segundos. Para o célculo da CAT o coeficiente de extingdo do H,O, de 43.6
mM'em™ foi usado. Os resultados da atividade da CAT foram expressos em

U / mg proteina (1U =1 pmol H,O, consumido / min.

2.4.6. Medida da atividade da glutationa redutase (GR)

A atividade da GR foi avaliada de acordo com Calberg e Manervik
(1985), usando glutationa oxidada (GSSG) e NADPH como substratos.
Determinou-se a atividade enzimatica monitorando o desaparecimento de
NADPH a 349 nm num meio contendo tampéo fosfato de sdédio 200 mM, pH
7,5, contendo &cido etilenediaminotetracético 6,3 mM, GSSG 1 mM, NADPH
0,1 mM e amostra com aproximadamente 3 ug de proteina. Uma unidade de
GR (U) é definida como 1 ymol de GSSG reduzida por minuto. A atividade

especifica foi calculada como U / mg de proteina.

2.4.7. Medida da atividade da glicose-6-fosfato desidrogenase (G6PDH)
A atividade da G6PDH foi realizada através do método descrito por
Leong e Clark (55), com uma mistura contendo Tris-HCI 100mM pH 7,5,
MgCl, 10mM, NADP+ 0,5mM e sobrenadante (aproximadamente 3 ug de
proteina). A reagao foi iniciada com a adicdo de glicose-6-fosfato 1TmM e

acompanhada em espectrofotdbmetro a 340 nm. Uma unidade de G6PDH
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corresponde a 1mmol de substrato transformado por minuto, e atividade foi

calculada como U / mg de proteina.

2.5. Analise histologica

Para as analises histoldgicas, os animais foram anestesiados, mortos
e o cérebro foi removido e colocado em formaldeido 10 % por 24 horas.
Apods, os mesmos foram emblocados em parafina, e se¢des coronais (3 um)
foram preparadas em micrétomo. Laminas coradas com hematoxilina e
eosina foram preparadas, e imagens do cortex cerebral e do estriado foram

obtidas através de um microscopio optico.

2.6. Dosagem de proteinas
A dosagem de proteinas nas amostras foi realizada através do

método de Lowry (1951), usando albumina sérica bovina como padrao.

2.7. Anadlise estatistica
As anadlises estatisticas foram feitas pelo teste t de Student para
amostras independentes, e através do programa SPSS versido 15.0.

Diferencas significativas foram consideradas quando P < 0,05.
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3. RESULTADOS

3.1. Efeito da dieta cronica de lisina sobre a medida de substancias
reativas ao acido tiobarbiturico (TBA-RS) em coértex cerebral e estriado
de camundongos Gedh™* e Gedh™ de 60 dias de vida

Inicialmente, estudamos o efeito da dieta crbénica de Lis 2,8% por 40
dias sobre a medida de substancias reativas ao acido tiobarbiturico (TBA-RS)
em cortex cerebral e estriado de camundongos Gedh™* e Gedh” de 60 dias
de vida. Observamos que a dieta alterou significativamente os niveis de TBA-

RS nas duas estruturas estudadas (Figura 3.1 A e B).
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Figura 3.1 — Efeito da dieta crénica de lisina 2,8% sobre os niveis de
substancias reativas ao acido tiobarbiturico (TBA-RS) em sobrenadante de
cortex cerebral e estriado de camundongos Gecdh** e Gedh™. Os valores
representam média + desvio padrao da média (n=5). Os resultados foram
analisados por teste t de Student para amostras independentes. * P < 0,05;
*** P <0,001.

3.2. Efeito da dieta cronica de lisina sobre a medida as concentragées
de glutationa reduzida (GSH) em coértex cerebral e estriado de

camundongos Gcdh** e Gedh™ de 60 dias de vida
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A figura 3.2 mostra que a administragcdo de uma dieta enriquecida em

Lis ndo alterou as concentragcdes de GSH 40 dias apds o inicio da dieta.
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Figura 3.2 — Efeito da dieta crénica de lisina 2,8% sobre as concentragbes de
glutationa reduzida (GSH) em sobrenadante de cértex cerebral e estriado de
camundongos Gcdh”* e Gedh™. Os valores representam média *+ desvio
padrdo da média (n=5). Os resultados foram analisados por teste t de
Student para amostras independentes. Ndo houve diferenca significativa
entre os grupos.

3.3. Efeito da dieta cronica de lisina sobre a atividade das enzimas
antioxidantes glutationa peroxidase (GPx), superéxido dismutase (SOD),
catalase (CAT), glutationa redutase (GR) e glicose-6-fosfato
desidrogenase (G6PDH) em coértex cerebral e estriado de camundongos
Gedh™* e Gedh™ de 60 dias de vida

As atividades das enzimas antioxidantes nao foram alteradas pela
administracdo de uma dieta enriquecida em Lis, em coértex cerebral (Figura

3.3.1) e estriado dos animais Gedh™ (Figura 3.3.2).
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Figura 3.3.1 — Efeito da dieta crénica de lisina 2,8% sobre as atividades das
enzimas glutationa peroxidase (GPx; A), superéxido dismutase (SOD; B),
catalase (CAT; C), glutationa redutase (GR; D) e glicose-6-fosfato
desidrogenase (G6PDH; E) em sobrenadante de cortex cerebral de
camundongos Gcdh”* e Gedh™. Os valores representam média + desvio
padrao da média (n=4-6). Os resultados foram analisados por teste t de
Student para amostras independentes. Nao houve diferenga significativa
entre os grupos.

>
w

[
=]
3]

= 0

xS QT [ 09%Lis
(= c g
63 Q3 4 15 Bl 238%Lis
© D 20 © 0 g2
T 5 T 33 cg
[} (] © O 1.
£3 3 -
2 o
B 2 10 T D L
>E >E 1 2 Ros
s = =
<5 2 o 2
= = <>
o 0.0
Gedh** Gedh™ Gedh** Gedh™ Gedh*™ Gedh™
—~ 20 T 25
T BE.
wE s ge?
s 2 <
-3 g a 1.5
T o 10 o
T T 2o 1.0
'E o 8o
s E 5 ,'t;’ £
<3 2 5 0.5
2 <=
0 0.0:
Gedh** Gedh™ Gedh** Gedh™

Figura 3.3.2 — Efeito da dieta crénica de lisina 2,8% sobre as atividades das
enzimas glutationa peroxidase (GPx; A), superéxido dismutase (SOD; B),
catalase (CAT; C), glutationa redutase (GR; D) e glicose-6-fosfato
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desidrogenase (G6PDH; E) em sobrenadante de estriado de camundongos
Gedh** e Gedh™. Os valores representam média + desvio padrdo da média
(n=4-6). Os resultados foram analisados por teste t de Student para amostras

independentes. Nao houve diferenga significativa entre os grupos.

3.4. Anadlise histolégica do cortex cerebral e do estriado de

+/+

camundongos Gcdh** e Gedh™ de 60 dias de vida submetidos a uma
dieta crénica de lisina

A etapa seguinte deste trabalho foi investigar anormalidades
histolégicas através da coloragdo com HE em cérebro de camundongos
Gedh™ submetidos a dieta normal (0,9% Lis) ou com 2,8% de Lis por 40 dias.
Observamos a presengca de uma intensa vacuolizagao no cortex cerebral,
mas ndo no estriado de camundongos Gcdh” com 60 dias de vida
submetidos a dieta normal (Figura 3.4, painel A). Além disso, os animais
Gedh™ tratados com dieta rica em Lis apresentaram um grande nimero de

vacuolos no estriado, sem que houvesse um aumento da vacuolizagdo no

cortex cerebral (Figura 3.4, painel B).
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Figura 3.5 — Coloracdo por Hematoxilina e Eosina do cortex cerebral e do
estriado de camundongos Gedh™* e Gedh” submetidos a dieta 0,9 % de Lis
(A) ou 2,8% de Lis (B). As flechas indicam a presenga de vacuolos. Imagens
representativas foram obtidas de 3 animais. Aumento de x200 (estriado) e

x100 (cértex cerebral).
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PARTE Il

Discussao e Conclusoes
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ll.1. DISCUSSAO

Pacientes acometidos pela AG | normalmente apresentam destruicdo
estriatal aguda durante crises encefalopaticas associadas a descompensagéao
metabdlica, bem como leucoencefalopatia progressiva que afeta
principalmente o cortex cerebral (Goodman e Frerman, 2001).

Apesar dos sintomas neuroldgicos e as anormalidades cerebrais
ocorrerem na maioria dos individuos afetados néo tratados, os mecanismos
moleculares envolvidos no dano cerebral da doenga ainda n&o estdao bem
esclarecidos. Além disso, praticamente todos os estudos sobre a patogénese
desse disturbio foram realizados em tecidos de animais selvagens com
atividade normal da GCDH. Baseando-se nesses estudos, diversas hipoteses
tém sido levantadas para explicar os danos neurolégicos encontrados na
doenga, tais como a excitotoxicidade, alteragdes da bioenergética celular,
comprometimento da integridade da BHE e do estado redox (Amaral et al.,
2012a, 2012b; Ferreira et al., 2007; Figuera et al., 2006; Jafari et al., 2011;
Kolker et al., 2002a, 2002b; Latini et al., 2005; Magni et al., 2012; Olivera et
al., 2008; Rodrigues et al., 2013; Sauer et al., 2005; Ulrich et al., 1999;
Zinnanti et al., 2006, 2007).

No que se refere a homeostase redox, alteragdes da mesma tém sido
frequentemente relacionadas a morte celular, a doengas neurodegenerativas
comuns, bem como a neurodegeneragao presente em varios EIM, incluindo
a AG | (Gu et al.,, 1998; Jafari et al., 2011; Lovell et al., 2000; Magni et al.,
2009; Rodrigues et al., 2013). Estudos anteriores realizados in vitro ou in vivo
em tecidos de ratos demonstraram que os acidos organicos acumulados na

AG | (AG e 3HG) induzem estresse oxidativo em culturas de células neurais e
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em cérebro fresco de roedores (de Oliveira Marques et al., 2003; Jafari et al.,
2011; Latini et al., 2002, 2005, 2007; Magni et al., 2009; Magni et al., 2012;
Rodrigues et al., 2013).

O desenvolvimento de um modelo genético com atividade nula da
GCDH (Gecdh”) em camundongos, mais tarde aperfeicoado com
administracdo de dieta rica em Lis, tornou-se uma boa ferramenta para
estudar a neuropatologia desse EIM, uma vez que reproduz o fendtipo
bioquimico e neurolégico dos pacientes, incluindo a leucoencefalopatia e a
degeneracgao estriatal (Koeller et al., 2002: Zinnanti et al., 2006, 2007). Nesse
particular, a suplementacdo de uma dieta rica em Lis (4,7 %) aos animais
Gedh™ resultou em um aumento nas concentracdes teciduais de AG e 3HG,
além de provocar o aparecimento de lesdes no estriado, semelhantes as que
ocorrem em criangas afetadas pela AG | (Zinnanti et al., 2006).

A presente investigacao foi elaborada usando cérebro, figado e
coragdo de camundongos jovens com idades entre 15 e 60 dias de vida com
o objetivo primordial de avaliar a homeostase redox nesses animais em
condi¢des basais ou submetidos a uma sobrecarga aguda ou crbnica de Lis.
Animais selvagens e nocaute de 15 e 30 dias de vida foram submetidos a
uma injecdo aguda intraperitoneal de Lis (8 ymol/g), enquanto camundongos
de 30 dias de idade receberam por 60 h uma dieta com 2,8 ou 4,7 % de Lis.
Em outros experimentos, animais selvagens e nocaute receberam
suplementacéo de 2,8 % desse aminoacido por 40 dias desde o 21° dia de
vida. Nosso intuito foi o de mimetizar uma situacdo de descompensacao
metabdlica com aumento dos metabdlitos acumulados (AG e 3HG), induzida

por sobrecarga aguda de Lis (injegao Unica i.p. ou dieta por um curto espago
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de tempo). Também objetivamos uma situagao de sobrecarga cronica de Lis,
com o intuito de estudar se altas concentragdes desse aminoacido na dieta
poderiam provocar alteragbes estruturais e morfolégicas no cérebro dos
animais selvagens e nocaute tratados.

Os seguintes parametros de estresse oxidativo foram avaliados: TBA-
RS (dano oxidativo lipidico), conteudo de grupamentos sulfidrilas e carbonilas
(dano oxidativo proteico), oxidagdo de DCFH e nitratos e nitritos (espécies
reativas), concentracdes de GSH e atividades das enzimas antioxidantes
GPx, SOD, CAT, GR e G6PDH (defesas antioxidantes). Os estudos
histopatoldgicos foram realizados por técnicas de imunohistoquimica em
cortex cerebral e estriado dos camundongos Gedh** e Gedh™ de 30 dias de
vida submetidos a dieta com alta concentragao de Lis (4,7%) por 60 horas ou
por técnicas histolégicas em animais de 60 dias de vida tratados com uma
dieta enriquecida com Lis (2,8%) por 40 dias, com o intuito de detectar
alteragbes morfoldgicas e funcionais no SNC.

Primeiramente, os paréametros foram avaliados as defesas
antioxidantes, dano oxidativo proteico e oxidagao de DCFH em cérebro total
e figado de camundongos Gcdh™* e Gedh™ de 15 dias de vida injetados
intraperitonalmente com uma dose unica de solugao salina (controle) ou Lis
(8 pmol/g). Em condi¢gbes basais (inje¢do de salina) houve redugdo nas
concentragdes de GSH no figado e do conteudo de sulfidrilas no cérebro dos
animais Gcdh”, comparados aos Gedh™*. A injecdo de Lis por sua vez
diminuiu ainda mais as concentragbes de GSH no cérebro e o conteudo de
sulfidrilas no figado, além de aumentar a formagdo de carbonilas e a

oxidacdo de DCFH em ambos tecidos. Por fim, as atividades de todas as
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enzimas antioxidantes diminuiram no cérebro, enquanto que as atividades da
SOD e da CAT aumentaram no figado dos camundongos Gcdh” que
receberam Lis. Esses resultados evidenciam alteracées do estado redox em
camundongos Gcdh™ no inicio de seu desenvolvimento em condigcdes basais

que se acentuam com a sobrecarga de Lis.

Investigamos também os parametros de estresse oxidativo em
estruturas cerebrais (cortex cerebral, estriado e hipocampo) e tecidos
periféricos (figado e coragdo) de camundongos Gedh”* e Gedh™ de 30 dias
de vida. N&o foram encontradas diferencas entre os dois grupos em
condi¢gdes basais (dieta normal) em todos os tecidos examinados,
distintamente do que ocorreu com animais Gedh” de 15 dias de idade. Em
um segundo momento, investigamos os mesmos parametros de estresse
oxidativo apds uma unica injecéo i.p. de solugéo salina (NaCl 0,9 %) ou Lis (8
pymol/g) em animais de mesma idade. A injecdo de Lis provocou um aumento
das concentragdes do AG e 3HG no cérebro de camundongos Gcdh”,
principalmente no estriado, mas também no cértex cerebral.

Verificamos também que a administragcdo de Lis nos camundongos
Gedh” de 30 dias induziu peroxidagdo lipidica (aumento dos niveis de TBA-
RS) em estriado e cortex cerebral, quando comparado aos animais Gedh™”.
A medida de TBA-RS indica principalmente a quantidade de malondialdeido
(MDA) formado, produto da oxidagdo de acidos graxos poliinsaturados de
lipidios complexos. Por ser altamente toxico, o MDA causa alteracbes nos
residuos de aminoacidos e mutagées ao reagir com proteinas e bases do
DNA, respectivamente (Halliwell e Gutteridge, 2007a). Além disso, o aumento

significativo na oxidacdo de DCFH observado no estriado provavelmente
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reflete uma producdo aumentada de espécies reativas nesse tecido, que
podem estar relacionados com os resultados mencionados anteriormente de
concentragdes mais elevadas de AG nessa estrutura cerebral. A medida
direta de uma espécie reativa é de dificil realizacao, pois a alta reatividade da
maioria dessas espécies (baixo tempo de meia-vida) ndo permite uma
estabilidade adequada para sua medida. Contudo, a oxidacdo da sonda
DCFH indica a quantidade de espécies reativas geradas no tecido. Dessa
forma, os resultados obtidos na presente investigacao sugerem um efeito pro-
oxidante relevante da suplementacdo de Lis sobre lipideos de membrana
provavelmente mediado pela geragdo de ERO e ERN.

Uma diminuicdo das concentracbes de GSH também foi observada no
estriado e cortex cerebral dos animais Gecdh” de 30 dias de vida que
receberam dose intraperiotoneal Unica de Lis, indicando um
comprometimento das defesas antioxidantes ndo enzimaticas provavelmente
como consequéncia do aumento na producgao de radicais livres. A GSH é um
efetivo sequestrador de radicais livres, protegendo grupamentos tidis, além
de ser cofator da enzima GPx e da melatonina, e ajudando a reduzir as
formas oxidadas de outros antioxidantes (do a-tocoferol e do ascorbato), o
que atesta sua relevancia como agente antioxidante. E possivel, portanto,
que o dano oxidativo demonstrado em nossa investigagdo nos camundongos
Gedh” seja em parte decorrente da diminuicdo do contetido de GSH no
cortex cerebral e estriado de animais injetados com Lis.

A injecdo de Lis também modificou as atividades das enzimas
antioxidantes, aumentando as atividades das enzimas SOD e GR e

diminuindo a atividade da GPx no estriado, enquanto que em coértex cerebral
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apenas um aumento da atividade da SOD foi observado. Embora néo
tenhamos investigado os mecanismos que levaram ao aumento de algumas
atividades enzimaticas, a inducdo da expressao da GR e da SOD a nivel
génico pode ocorrer como um mecanismo compensatorio em resposta ao
aumento na formacédo de espécies reativas. Esses resultados podem ser
devido ao fato de que ERO regulam a expressdo de inumeros genes,
incluindo aqueles que codificam para enzimas antioxidantes por vias de
sinalizacdo especificas (Halliwell, 2006; Lakshminarayanan et al., 1998;
Rushmore et al., 1991). Por outro lado, o aumento da atividade da SOD
poderia também ser secundario ao aumento das concentragbes do radical
superoxido, convertendo-o ao peroxido de hidrogénio, enquanto o aumento
da atividade da GR poderia facilitar a regeneragcéo da GSH.

Ja no hipocampo as alteragdes nos parametros de estresse oxidativo
foram pouco evidentes e refletidas pelos aumentos moderados na oxidacao
de DCFH e da atividade da SOD. Em contraste aos achados cerebrais, ndo
houve qualquer modificacdo dos parametros avaliados em figado e coragao
dos animais Gedh”, indicando uma maior susceptibilidade do SNC ao dano
oxidativo, principalmente do estriado, tecido no qual se encontraram
concentragdes mais elevadas de AG, quando comparado ao cortex cerebral.

Na etapa seguinte do trabalho investigamos os paréametros de
estresse oxidativo em cértex cerebral, estriado, hipocampo, figado e coragéo
de camundongos selvagens e nocautes para a enzima GCDH de 30 dias de
vida submetidos a uma dieta normal (0,9% de Lis) ou a dietas enriquecidas
com Lis (2,8% e 4,7%) por 60 horas. A suplementacéo de Lis na dieta levou a

um aumento da peroxidagado lipidica (niveis aumentados de MDA), da
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producao de espécies reativas (aumento na oxidacédo de DCFH) e alteragdes
das defesas antioxidantes (diminuicdo das concentragbes de GSH e
alteragbes das atividades das enzimas antioxidantes) em estriado e em
cortex cerebral, mas ndo em hipocampo, figado e coragao, de animais Gedh™

+/+

comparados aos animais Gcdh™ recebendo as mesmas dietas. Uma
correlagdo inversa significativa entre as concentracées de GSH e a oxidagao
de DCFH também foi demonstrada, sugerindo que a diminui¢do das defesas
antioxidantes cerebrais seja provavelmente secundaria ao aumento na
formacdo de espécies reativas. Dessa forma, podemos inferir que uma
reducdo desse importante antioxidante cerebral possa reflitir seu alto
consumo (oxidagdo) pelo aumento da produgdo de espécies reativas.

Também nado podemos excluir a possibilidade de que o dano oxidativo

lipidico induzido pela dieta rica em Lis tenha ocorrido pela deplegao de GSH.

Outro passo de nossa investigagao foi o de comparar os niveis de
TBA-RS, as concentracdes de GSH e a atividade da enzima SOD em animais
Gedh™ sintomaticos com assintomaticos apds a ingestao da dieta enriquecida
com Lis (4,7%). Verificamos que as alteragbes detectadas foram mais
pronunciadas nos animais nocautes sintomaticos, sugerindo que o
comprometimento da homeostase redox possa estar associado a efeitos
deletérios da Lis e mais provavelmente dos acidos organicos derivados da
mesma no cérebro dos animais.

Finalmente, analises histopatologicas de cortex cerebral e estriado dos

+/+

animais Gedh™* e Gedh™ de 30 dias de vida expostos a dieta com Lis 4,7%
por 60 horas foram realizadas por técnicas de imunofluorescéncia. A

marcacdo dos neurdnios nos animais Gcdh” com NeuN nZo mostrou
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diferengas significativas, tanto no numero quanto na imunoreatividade,
quando comparado ao grupo de camundongos selvagens (WT). Além disso,
a marcacgao para Ki67 foi muito semelhante entre os grupos de animais Gedh

e WT, descartando dano neuronal significativo.

No que diz respeito as células gliais, ndo foram observadas diferencas
no numero de células S100b e GFAP positivas em camundongos Gcdh™
expostos a dieta com alta concentracdo de Lis (4,7%) em relagdo aos
animais selvagens, o que afasta a possibilidade de astrogliose. No entanto,
detectamos um aumento moderado na imunoreatividade para GFAP e um
inchamento das células marcadas com S100b em comparagdo com as dos
camundongos selvagens, indicando estresse astrocitario. Por outro lado,
verificamos um numero aumentado de células positivas para nitrotirosina
(YNO2) e um aumento expressivo da marcagao para a enzima oxido nitrico
sintetase induzivel (INOS), quando comparado com o grupo de animais WT.
Esses dados histopatologicos indicam um aumento na expressdao de

marcadores de estresse oxidativo induzido por ERN.

Tomados em seu conjunto, os presentes resultados indicam uma
disfuncdo da homeostase redox em cortex cerebral e estriado de animais
Gedh™ de 15 e 30 dias de vida expostos a uma sobrecarga de Lis.

No que se refere a animais de 60 dias de vida, ndo houve nenhuma
alteragcao dos parametros de estresse oxidativo avaliados no cortex cerebral
e estriado dos camundongos Gcdh” submetidos & dieta normal, embora os
niveis de TBA-RS tenham aumentado moderadamente nestas estruturas
cerebrais apds dieta enriquecida com Lis (2,8%) por 40 dias a partir do 21°

dia de idade. Por outro lado, essa dieta cronica ndo alterou os outros
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parametros de estresse oxidativo avaliados (concentracdes de GSH e
atividade das enzimas antioxidantes GPx, SOD, CAT, GR e GG6PDH).
Infelizmente ndo pudemos administrar 4,7 % de Lis a esses animais, pois a

maioria deles tem um desenlace fatal apés 5 dias de tratamento.

Com relagdo a avaliagdo histolégica das estruturas cerebrais nos
animais Gedh” de 60 dias tratados com dieta normal (0,9 % de Lis), realizada
através da coloragdo por HE, observamos uma intensa vacuolizagdo no
cortex cerebral de camundongos Gcdh” sem alteracdes no estriado. Além
disso, quando submetemos os camundongos Gcdh” a dieta rica em Lis
(2,8%) por 40 dias desde o 21° dia de vida, verificamos a presenga de um
grande numero de vacuolos no estriado desses animais, enquanto que a
vacuolizagao cortical ndo foi aumentada. Nossos dados indicam que o
estriado dos camundongos Gcdh” pode estar sendo progressivamente
lesado pelo aumento persistente da Lis e mais provavelmente dos
metabdlitos acumulados na AG | derivados da Lis, particularmente o AG.
Neste sentido, um estudo recente observou uma degeneragao estriatal tardia
em ratos tratados com AG no primeiro dia de vida (Olivera-Bravo et al.,

2011).

Um estudo anterior demonstrou pequena perda neuronal e ativagéo
astrocitaria em cortex cerebral e estriado de camundongos Gcdh™ adultos
tratados com uma sobrecarga de Lis na dieta por 45 dias (Zinnanti et al.,
2006), indicando que a Lis e/ou seus derivados acidos sejam deletérios para
o SNC. Tomados em seu conjunto este estudo e os resultados de nossa
presente investigagdo estdo de acordo com estudos neuroradiolégicos feitos

em pacientes com AG |, demonstrando que, além das alteragdes do cortex
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cerebral, uma lesao estriatal crbnica também acomete pacientes com essa
doencga (Neumaier-Probst et al., 2004).

Assim, a avaliagdo da homeostase redox ao longo do desenvolvimento
de camundongos selvagens e Gedh™, nas idades de 15, 30 e 60 dias de vida,
mostrou importantes diferengas nas respostas do organismo frente a uma
sobrecarga aguda ou crénica de Lis (através da administracéo i.p. de Lis ou
dieta enriquecida com esse aminoacido). As alteragbes mais significativas
dos parametros de estresse oxidativo ocorreram nos animais mais jovens
deficientes em GCDH com 15 e 30 dias de vida, enquanto que nos animais
Gedh” com 60 dias de vida praticamente nenhuma alteragdo da homeostase
redox foi observada, mesmo apés a suplementagéo da dieta com 2,8% de Lis
por um longo periodo. Ja os animais nocaute mais jovens, de 15 dias de vida,
em dieta normal sem a presencga de altas concentragdes de Lis, mostraram
importantes alteracdes nas defesas antioxidantes, tendo niveis diminuidos de
GSH no cérebro e menor quantidade de grupamentos sulfidrilas no figado,
quando comparados aos animais WT. Apds a injecdo de Lis, outros
parametros se alteraram, indicando aumento na produgcédo de ERO e dano
proteico. Neste particular, € possivel que a imaturidade da BHE nesse
periodo do desenvolvimento explique as alteragbes do estado redox
observadas em animais dessa idade apds a administracdo aguda de uma
alta dose de Lis que leva a produgao aumentada de AG no cérebro (Zinnati et
al., 2006, 2014). Assim, acreditamos que os efeitos encontrados estejam
sendo mediados pelo presenca do AG, que ja foi apontado como agente
causador de efeitos deletérios em outros estudos realizados em cérebro de

roedores (Latini et al., 2005: Magni et al., 2009, Rodrigues et al., 2013).
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Na idade de 30 dias, a indugdo de estresse oxidativo no cortex
cerebral e especialmente no estriado dos camundongos Gcdh” somente foi
detectada apds a sobrecarga de Lis, através de uma unica injegao unica ou
pela dieta de curta duragdo enriquecida neste aminoacido, ndo sendo
observada com a injecdo de solugao salina ou com dieta normal. Como ja
evidenciado em outros trabalhos, o aumento nas concentragdes
intracerebrais de AG parece estar relacionada com a sua producdo pelas
células neurais e pela dificuldade desse acido dicarboxilico de atravessar as
membranas cerebrais, levando ao seu acumulo no SNC (Hoffmann et al.,
1993, 1994; Jafari et al., 2011; Sauer et al., 2006; Stellmer et al., 2007;
Zinnanti et al., 2007). Assim, acreditamos que a Lis apds entrar no cérebro
pela BHE seja convertida principalmente em AG, cujas concentragdes
aumentam pela impossibilidade de metaboliza-lo pela falta da enzima GCDH
e pela dificuldade do mesmo em sair do cérebro (Jafari et al., 2011; Zinnanti
et al., 2007).

Analisando ainda as diferencas dos resultados encontrados em cértex
cerebral e estriado, nessa Ultima estrutura se observaram efeitos mais
significativos do que no cortex cerebral. A vulnerabilidade do estriado ao
estresse oxidativo em comparagdo com cortex cerebral, e ainda hipocampo e
os tecidos periféricos coragao e figado, pode ser devida as concentragdes
maiores dos metabdlitos derivados da Lis (AG e 3HG) ou a uma
suscetibilidade maior do estriado e em menor intensidade do cortex cerebral
a esses compostos. Neste particular, € de se notar que tanto na condicéo
humana quanto no modelo genético aqui utilizado essas regides cerebrais

sdo mais afetadas em relacao a outras.
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Resultados experimentais anteriores demonstraram que os acidos AG
e 3HG séo pro-oxidantes e podem reduzir as defesas antioxidantes no SNC
(de Oliveira Marques et al., 2003; Jafari et al., 2011; Latini et al., 2002, 2005,
2007; Magni et al., 2009; Magni et al.,, 2012; Rodrigues et al., 2013),
desempenhando possivelmente um importante papel através desse
mecanismo no dano cerebral caracteristico da AG I. Nao se pode porém
afastar a possibilidade que a propria Lis seja em parte responsavel pelos
efeitos encontrados em nosso trabalho, uma vez que foi previamente
demonstrado que esse aminoacido induz estresse oxidativo in vitro e in vivo
no cérebro de ratos jovens (Seminotti et al., 2008; Seminotti et al., 2011) e
que nao se conhece as concentracdes intracerebrais da Lis nos pacientes
afetados por essa doenca. Nesse particular, a restricao de Lis na dieta tem
sido usada com sucesso para prevenir a degeneragao estriatal em pacientes
com AG | e mais recentemente a suplementagao dietética com arginina ou
homoarginina tem sido demonstrada ser benéfica para os animais Gedh™ e
seres humanos afetados por esse disturbio provavelmente por competirem
com a Lis pelo transportador na BHE (Jafari et al., 2011; Kolker et al., 2012;
Strauss et al., 2013; Strauss et al., 2011; Strauss e Morton, 2003; Zinnanti et

al., 2007).

Enfatize-se ainda que o estresse oxidativo € uma condicéo deletéria a
célula (Halliwell e Gutteridge, 2007a) e principalmente ao SNC que possui
poucas defesas antioxidantes, quando comparado a outros tecidos (Halliwell
e Gutteridge, 1996), o que faz com que este tecido seja mais vulneravel ao
aumento da producéo de espécies reativas. De fato, o estresse oxidativo tem

sido implicado na fisiopatologia de varias doengas neurodegenerativas
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comuns, tais como as doengas de Parkinson e de Alzheimer, bem como em
epilepsia e na desmielinizagdo (Behl e Moosmann, 2002; Berg e Youdim,
2006; Bogdanov et al., 2001; Halliwell e Gutteridge, 1996; Karelson et al.,
2001; Mancuso et al., 2006; Méndez-Alvarez et al., 2001; Perez-Severiano et
al., 2000; Stoy et al., 2005).

Concluindo, relatamos pela primeira vez que uma sobrecarga de Lis
aguda induz estresse oxidativo principalmente em tecidos cerebrais, mas
também em figado, de camundongos nocaute para a enzima GCDH,
especialmente nos estagios iniciais do desenvolvimento (15 e 30 dias de
vida). Ja que uma produgao elevada de espécies reativas, as quais induzem
dano a componentes celulares fundamentais para o funcionamento normal
dos tecidos (proteinas, lipidios e DNA), seria potencialmente deletéria ao
SNC, o uso de agentes antioxidantes poderia representar uma nova
abordagem terapéutica, junto com outras medidas, no tratamento dos

pacientes afetados por esse disturbio genético.
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ll.2. CONCLUSOES

Nossos resultados indicam uma alteragcdo da homeostase redox celular
em animais deficientes da enzima GCDH (modelo nocaute de AG |; Gedh™),
principalmente nas estruturas cerebrais estriado e coértex cerebral, em
estagios iniciais do desenvolvimento que se acentua quando esses animais
recebem uma injegao unica de altas concentragdes de Lis ou dieta de curta
duracao enriquecida em Lis.

As alteragdes dos parametros de estresse oxidativo foram mais
evidentes no estriado em relagao ao cortex cerebral.

Também foram detectadas vacuolizacbes no cortex cerebral de animais
Gedh™ com 60 dias de vida, processo que ndo se acentuou por uma dieta
crbnica com alta concentracdo de Lis. No entanto, o estriado dos animais
com 60 dias de vida em dieta normal ndo apresentou as mesmas alteragdes
histolégicas, que apenas ocorreram quando da dieta crénica com Lis por 40

dias.
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lil.3. PERPECTIVAS

Estudar o efeito de uma sobrecarga aguda de Lis (injecéo i.p.) sobre a
homeostase redox e energética em animais mais jovens (5, 7 e 10 dias de
vida).

Estudar parametros de homeostase redox em filhotes Gedh™* e Gedh™
(cérebro, figado e coragdo) de maes homozigotas submetidas a uma
sobrecarga cronica de Lis (dieta), bem como sobre o desenvolvimento
neuromotor e o comportamento (aprendizado/memdéria) da prole em idade
adulta.

Avaliar os tecidos cerebrais de camundongos Gedh™* e Gedh” com 7,
15 e 30 dias de vida submetidos a uma sobrecarga de Lis por técnicas
histologicas e por imunohistoquimica, bem como por “imunoblotting”.

Avaliar a homeostase redox em tecidos (sangue, figado e musculo

esquelético) de pacientes com AG |.
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