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RESUMO

A deficiéncia da atividade da enzima 3-hidroxi-3-metilglutaril-CoA liase (HL)
(OMIM 246450), também conhecida por aciduria 3-hidroxi-3-metilglutarica
(HMGA), € um disturbio genético caracterizado bioquimicamente pelo acumulo
predominante dos acidos 3-hidroxi-3-metilglutarico (HMG), 3-metilglutarico
(MGA) e 3-metilglutaconico (MGT), bem como em menor grau do acido 3-
hidroxiisovalérico em tecidos e liquidos bioldgicos de individuos afetados. Os
pacientes apresentam sintomas neuroldgicos graves e anormalidades no cortex
cerebral e ganglios da base cuja fisiopatogenia é pouco conhecida. No
presente estudo investigamos os efeitos dos principais metabdlitos acumulados
na HMGA sobre importantes parametros de estresse oxidativo em estriado de
ratos injetados com esses compostos e em astrocitos cultivados de cortex
cerebral, bem como sobre a fosforilagdo de proteinas do citoesqueleto de
estriado e cortex cerebral de ratos com 30 dias de idade. Assim, estudamos
inicialmente os efeitos da administracdo intrastriatal de HMG e MGA sobre
importantes parametros de estresse oxidativo em ratos em desenvolvimento.
Nossos resultados demonstram que o HMG e o MGA induziram dano oxidativo
em lipidios e proteinas. Os dois acidos também aumentaram a oxidacéo da 2'-
7'-diclorofluorescina (DCFH), ao passo que apenas o HMG induziu a produgao
de oxido nitrico. Em relacdao as defesas antioxidantes o HMG e o MGA
provocaram uma diminuicdo das concentragcdes de glutationa reduzida e das
atividades da superoxido dismutase e glutationa redutase, bem como um
aumento da atividade da glutationa peroxidase. J& o HMG também causou um
aumento de atividade da catalase e uma diminui¢do da atividade da glicose-6-
fosfato desidrogenase. Finalmente observou-se que antioxidantes preveniram
completamente ou atenuaram as alteracbes dos parametros de estresse
oxidativo causadas pelo HMG, reforgando a participagao de espécies reativas
nesses efeitos. Observou-se também que MK-801, um antagonista nao-
competitivo do receptor glutamatérgico do tipo N-metil-D-aspartato (NMDA),
preveniu alguns dos efeitos provocados pelo HMG, indicando o envolvimento
do receptor NMDA no desequilibrio redox causado por esse metabdlito. Tendo
em vista que os astrocitos sdo importantes para protecdo neuronal e sao
susceptiveis a danos por neurotoxinas, o passo seguinte de nossa investigacao
foi determinar os efeitos do HMG e MGA sobre parametros importantes da
homeostase redox e producédo de citocinas em astrocitos corticais cultivados.
Ambos os acidos organicos reduziram a fungdo mitocondrial astrocitaria sem
alterarem a viabilidade celular e também diminuiram as concentracées de
glutationa reduzida. Em contrapartida, ambos metabdlitos aumentaram a
formagao de espécies reativas (oxidagao da DCFH) e também provocaram um
aumento na liberacdo das IL-1B, IL-6 e TNFa através da via de sinalizacéo de
Erk. Finalmente investigamos os efeitos do HMG, MGA e MGT sobre a
fosforilagdo da GFAP e subunidades NFL, NFM e NFH dos neurofilamentos
(NF) em fatias de estriado e de cortex cerebral. Nossos resultados
demonstraram que o HMG, o MGA e o MGT provocaram uma hipofosforilagao
da GFAP e todas as subunidades dos NF nas duas estruturas cerebrais.
Verificamos ainda que a hipofosoforilagdo induzida por HMG nas proteinas do
citoesqueleto foi mediada pela inibicdo das proteinas cinases, sem alteracoes
de proteinas fosfatases. Assim, demonstramos que uma inibicdo da PKA
estaria envolvida na hipofosforilagdo da Ser55 na regidao aminoterminal da NFL,
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bem como uma inibicdo da JNK, resultaria na hipofosforilagdo das repeticdes
do tipo KSP na regido carboxiterminal das subunidades NFM e NFH.
Observou-se também que a hipofosforilagdo do citoesqueleto era dependente
dos receptores glutamatérgicos sinapticos e extrasinapticos (subunidade
NR2B) do tipo NMDA e também do fon Ca*. Além disso, o inibidor da 6xido
nitrico sintase, L-NAME, e o antioxidante TROLOX (analogo hidrosoluvel da
vitamina E) preveniram completamente a hipofosforilagdo e a inibicdo das
atividades da PKA e da JNK causada pelo HMG. Podemos entao presumir que,
os presentes dados fornecem evidéncias solidas de que o estresse oxidativo
induzido pelo HMG e MGA em estriados de ratos e em astrocitos corticais
cultivados, além de uma resposta inflamatdria evidenciada nessas células
neurais € uma hipofosoforilagdo em proteinas do citoesqueleto possam
representar mecanismos patoldgicos importantes que contribuem, ao menos
em parte, com as alteragdes cerebrais observadas nos pacientes afetados
pela deficiéncia da HL.



ABSTRACT

3-Hydroxy-3-methylglutaryl-CoA lyase (HL) deficiency, also known as 3-
hydroxy-3-methylglutaric aciduria (HMGA) is a genetic disorder biochemically
characterized by predominant accumulation of 3-hydroxy-3-methylglutaric
(HMG), 3-methylglutaric (MGA) and 3-methylglutaconic (MGT), as well as
lesser amounts of 3-methylglutaconic and 3-hydroxyisovaleric acids in tissues
and biological fluids of affected individuals. Clinically, the patients present
neurological symptoms and basal ganglia injury, whose pathomechanisms are
partially understood. In the present study, we investigated the effects of the
main metabolites accumulating in HMGA on important parameters of oxidative
stress in intrastriatally injected rats, in cortical cultured astrocytes, as well as on
the phosphorylation of striatal and cortical cytoskeletal proteins of 30 day old
rats. Thus, we first investigated the effects of the intrastiatal administration of
HMG and MGA on important parameters of oxidative stress in developing rats.
Our results demonstrate that HMG and MGA induced lipid and protein oxidative
damage. HMG and MGA also increased 2',7'-dichlorofluorescein oxidation,
whereas only HMG elicited nitric oxide production. Regarding the antioxidant
defenses, both organic acids decreased reduced glutathione concentrations
and the activities of superoxide dismutase and glutathione reductase and
increased glutathione peroxidase activity. HMG also provoked an increase of
catalase activity and a diminution of glucose-6-phosphate dehydrogenase
activity. We finally observed that antioxidants fully prevented or attenuated
HMG-induced alterations of the oxidative stress parameters, further indicating
the participation of reactive species in these effects. We also observed that MK-
801, a non-competitive antagonist of the N-methyl-D-aspartate (NMDA)
receptor, prevented some of these effects, indicating the involvement of the
NMDA receptor in the redox imbalance provoked HMG effects. Considering that
astrocytes are important for neuronal protection and are susceptible to damage
by neurotoxins the next step of this work was investigated the effects of HMG
and MGA on important parameters of redox homeostasis and cytokine
production in cortical cultured astrocytes. Both organic acids decreased
astrocytic mitochondrial function withouth altering cell viability, and also
decreased the concentrations of reduced glutathione. In contrast, they
increased reactive species formation (DCFH oxidation) and also provoked a
significant increase of IL-1pB, IL-6 and TNFa release through the Erk signaling
pathway. Finally, we investigated the effects of HMG, MGA and MGT on the
phosphorylation of GFAP and the neurofilaments (NF) subunits NFL, NFM and
NFH in striatal and cortical slices. Our results demonstrated that HMG, MGA
and MGT caused hypophosphorylation of GFAP and of all NF subunits in both
cerebral structures. We also found that the HMG-induced hypophosphorylation
on the cytoskeletal proteins was mediated by the inhibition of protein kinases
without altering protein phosphatases. Thus, we demonstrated that PKA
inhibition was involved in the hypophosphorylation of Ser55 in the amino
terminal region of NFL, as well as JNK inhibition resulting in the
hypophosphorylation of KSPrepeats in the carboxyl terminal region of NFM and
NFH subunits. It was also observed that the cytoskeletal hypophosphorylation
was dependent on synaptic and extra synaptic (NR2B subunit) NMDA
glutamatergic receptors and also on Ca®. Furthermore, the nitric oxide
synthase inhibitor, L-NAME, and the antioxidant TROLOX (polar analog of
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vitamin E) fully prevented the hypophosphorylation and the inhibition of PKA
and JNK activities caused by HMG. We can then presume that all these data
provide solid evidence that oxidative stress induced by HMG and MGA in rat
striatum and cortical cultured astrocytes, beyond of a inflamatory response
verified in this neural cell type and an hypophosphorylation of cytoskeletal
proteins could represent important pathomechanisms that contribute, at least in
part, the cerebral alterations observed in the patients afected by the HL
deficiency.
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I INTRODUCAO

I.1 Erros Inatos do Metabolismo (EIM)

I.1.1 Conceito e classificacao dos EIM

O termo erros inatos do metabolismo (EIM) foi utilizado pela primeira vez
por Archibald Garrod em 1908 durante estudos realizados com pacientes com
alcaptonuria, doengca em que os afetados excretam grandes quantidades de
acido homogentisico na urina. O pesquisador observou que, frequentemente,
um ou mais individuos da mesma familia eram portadores da doenga sem que
seus pais fossem afetados. Baseado também na observagdo da maior
incidéncia de consanguinidade entre os pais dos pacientes e nas leis de
Mendel, Garrod propds um modelo de heranca autossOmica recessiva para
este disturbio. Através da determinagdo do acido homogentisico na urina de
pacientes com alcaptonuria e da observagao de que esta substancia era um
metabdlito normal da degradagdo da tirosina, relacionou este acumulo a um
bloqueio na conversao do acido homogentisico até fumarato e acetoacetato.
Verificou-se mais tarde que tais altera¢des resultavam da sintese qualitativa ou

quantitativamente anormal de uma proteina enzimatica (SCRIVER et al., 2001).

Atualmente, mais de 500 EIM foram bioquimicamente caracterizados,
sendo que a maioria envolve processos de sintese, degradacao, transporte e
armazenamento de moléculas no organismo (SCRIVER et al., 2001). Os
pacientes portadores de algum tipo de EIM apresentam sintomatologia variada,
embora haja uma predominancia de sintomas neuroldgicos e anormalidades

cerebrais. Portanto, as manifestagbes clinicas mais comuns nos pacientes
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afetados por EIM estédo relacionadas ao acometimento do SNC, com retardo
neuropsicomotor, crises encefalopaticas, neurodegeneragdo progressiva e

outras alteragdes neuroldgicas (BURTON, 1987).

A maioria dos EIM deve-se a deficiéncia grave na atividade de uma
enzima. A auséncia ou deficiéncia severa da atividade enzimatica leva a um
bloqueio da rota metabdlica com acumulo dos substratos e seus derivados que
potencialmente podem provocar sintomatologia grave e mesmo morte

(MITCHELL e FUKAO, 2001).

Sinclair (1982) classificou os EIM em quatro grandes grupos conforme o
tipo de funcdo exercida pela proteina deficiente e o tecido envolvido,

considerando ainda aspectos clinicos, bioquimicos, patolégicos e terapéuticos:

a) Disturbios de transporte: envolvem proteinas transportadoras de
moléculas organicas ou inorganicas. Exemplos: deficiéncia de
dissacaridases e defeito no transporte de magnésio.

b) Disturbios de armazenamento, degradagdo e secregdo: envolvem
proteinas relacionadas com o aparelho de Golgi ou lisossomos na sua
grande maioria, provocando acumulo de macromoléculas em tecidos
especificos. Exemplos: doengas lisossémicas de depodsito, glicogenoses
e cistinose;

c) Disturbios de sintese: envolvem a sintese de proteinas com fungdes
hormonais, de defesa imunoldgica, estrutural, etc. Exemplos: hiperplasia
adrenal congénita por deficiéncia na atividade da enzima de 21-
hidroxilase, hipogamaglobulinemia;

d) Disturbios do metabolismo intermediario: caracterizam-se por
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deficiéncias enzimaticas das rotas do metabolismo intermediario de
moléculas pequenas comprometendo importantes rotas, tais como o
ciclo do acido tricarboxilico, o ciclo da uréia ou outras rotas. Assim, o
substrato da enzima deficiente se acumula a menos que haja uma rota
alternativa para metaboliza-lo. Por outro lado, o produto final da reagao
nao sera formado, podendo haver uma deficiéncia do mesmo no
organismo. Os mecanismos responsaveis pelos danos teciduais podem
ocorrer, desta forma pela: 1. acéo do substrato acumulado que pode ser
liberado na circulacéo e transportado para todo o organismo causando
efeitos toxicos devido a alteragbes bioquimicas e danos em varios
tecidos e particularmente no SNC; 2. pela falta de substancias
essenciais ao desenvolvimento do organismo causada pelo bloqueio
metabdlico. Os mais frequentes EIM constituem os grupos das acidurias

organicas, as aminoacidopatias, entre outros.

A identificacdo de um EIM permite a introducao de um tratamento eficaz

quando estiver disponivel. No entanto, ndo ha tratamento efetivo para a maioria

dos EIM no momento. Além disso, a ocorréncia de outros afetados no mesmo

grupo familiar pode ser evitada pela identificacdo de casais em risco, aos quais

pode ser oferecido o aconselhamento genético e, em muitos casos, o

diagnéstico pré-natal (SCRIVER et al., 2001).

I.1.2 Manifestacoes clinicas

Como mencionado anteriormente, pacientes portadores de EIM

apresentam sintomas muito variados e inespecificos, inclusive aqueles que séo

afetados pelo mesmo disturbio. Essa variagao fenotipica deve-se a diferentes
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graus de deficiéncia enzimatica, area do metabolismo envolvida e tecidos
afetados. Algumas manifestagdes clinicas aparecem com maior frequéncia no
periodo neonatal, tais como deficiéncia no crescimento, vomitos, diarréia,
convulsdes, letargia ou coma, odor peculiar na pele ou urina e dificuldade
alimentar, enquanto outras (atraso no desenvolvimento psicomotor,
neurodegeneracgao progressiva) podem aparecer mais tarde (BURTON, 1987).
Uma gama de sintomas e sinais clinicos deve alertar o médico para esse grupo
de doencgas. A forma de aparecimento dos sintomas € um fator importante na
distincao entre os dois grandes grupos de EIM: erros inatos devido a alteragdes
do metabolismo intermediario e erros inatos devidos ao depdsito celular de
macromoléculas. Os defeitos do metabolismo intermediario que levam ao
acumulo de moléculas pequenas (ex.: aminoacidos e &acidos organicos)
geralmente tém uma apresentagao clinica subita e a evolugdo se caracteriza
por episodios de agudizagao recorrentes geralmente precedidos por infecgdes,
ingestdo alimentar exagerada de alimentos especificos, cirurgia, jejum ou
outras condi¢gdes de catabolismo elevado, pois nestas situagdes ocorre
degradacao de proteinas ou lipideos que vao originar os metabdlitos toxicos
(ex.: defeitos do ciclo da uréia e acidemias orgéanicas). Sdo consideradas
doencgas de intoxicagado e/ou de comprometimento do metabolismo energético,
pois varias dessas entidades patoldgicas caracterizam-se por prejuizo deste

metabolismo.

Nos intervalos entre as crises, 0os pacientes podem estar clinicamente
normais e a concentragcdo dos compostos acumulados em algumas dessas
doencas préoxima ao normal. Para muitas destas doengas €, portanto, essencial

que as amostras para analise laboratorial sejam coletadas nos momentos de
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crise metabdlica. O exame fisico geralmente é inespecifico, assim como os
exames histopatolégicos dos érgdos mais afetados. O tratamento agudo com
restricao alimentar especifica (proteinas, lipidios ou glicidios) associada ou nao
a suplementacédo de vitaminas (que ajudam as reagbes enzimaticas) mostra
resultados extraordinarios para algumas dessas doencas, retirando o paciente

da crise em poucas horas ou dias.

Outros defeitos do metabolismo intermediario mostram uma evolugéo
cronica desde o nascimento ou nos primeiros meses ou anos de vida. Nesses
casos, a intoxicagao € crénica (ex.: fenilcetonuria) e os afetados apresentam
um atraso na aquisicdo das habilidades motoras (ex.: caminhar), nao

adquirindo as habilidades cognitivas normais.

Ja os EIM de moléculas complexas ou de organelas (doengas
lisossdbmicas de depodsito e peroxissomais) manifestam-se na sua quase
totalidade de uma forma crénica e progressiva, atingindo tecidos e o6rgaos
(figado, bago, medula 6ssea e encéfalo) em que os substratos (glicogénio,
lipideos complexos, mucopolissacarideos) que ndo podem ser degradados ali
se depositam. E comum encontrar nesses pacientes dismorfias e sinais clinicos
especificos (hepatomegalia, esplenomegalia, leucodistrofia, etc.). A doenca
geralmente se manifesta apds os primeiros meses ou anos de vida e € comum
o afetado perder as habilidades motoras e cognitivas que ja tinham sido
adquiridas. Os exames histopatologicos nos afetados por varias dessas
doengas sdo bastante informativos (presenga de glicogénio no figado nas
glicogenoses, de lipideos especificos em varios tecidos nas lipidoses, etc.). O

tratamento dessas doencgas, no entanto, € ainda experimental para a maioria
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das doencas deste grupo, sendo que a reposicdo enzimatica tem tido
recentemente sucesso em varias delas (SCRIVER et al., 2001; HUGHES et al.,
2007; SIMON et al., 2008; CHOI et al., 2008; ORTIZ et al., 2008; VEDDER et
al., 2008; GRABOWSKI, 2008; van DUSSEN et al., 2014; ITIER et al., 2014;

ANDERSON et al., 2014a,b; HENLEY et al., 2014).

I.2 Acidurias organicas

As acidemias ou acidurias organicas constituem um grupo de EIM
caracterizados pelo acumulo de um ou mais acidos organicos 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 doencas na populagao
em geral € pouco conhecida, o que pode ser creditado a falta de laboratorios
especializados para o seu diagndstico e ao desconhecimento médico sobre
essas enfermidades. Na Holanda, pais considerado referéncia para o
diagnostico de EIM, a incidéncia dessas doengas é estimada em 1:2.200
recém-nascidos, enquanto, na Alemanha, Israel e Inglaterra € de
aproximadamente 1:6.000 - 1:9.000 recém-nascidos (HOFFMANN et al., 2004).
Na Arabia Saudita, onde a consanguinidade € elevada, a frequéncia é 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

epidemiologicos nos anos seguintes.

Clinicamente os pacientes afetados por acidemias organicas apresentam

predominantemente disfungdo neurolégica em suas mais diversas formas de
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expressdo: regressdo neuroldgica, convulsbes, coma, ataxia, hipotonia,
hipertonia, irritabilidade, tremores, movimentos coreatetoticos, tetraparesia
espastica, atraso no desenvolvimento psicomotor, retardo mental e outras
manifestacdes. As mais frequentes manifestagdes laboratoriais sdo cetose,
cetonuria, neutropenia, trombocitopenia, acidose metabdlica, baixos niveis de
bicarbonato, hiperglicinemia, hiperamonemia, hipo / hiperglicemia, acidose
latica, aumento dos niveis séricos de acidos graxos livres e outros (SCRIVER
et al., 2001). Recentemente, com o uso da tomografia computadorizada e
ressonancia magnética, foram encontradas na maioria dos pacientes afetados
por essas doencas alteragbes de substancia branca (hipomielizagédo e / ou
desmielizag&o), atrofia cerebral generalizada ou dos ganglios da base (necrose
ou calcificagdo), megaencefalia, atrofia frontotemporal e atrofia cerebelar

(MAYATEPEK et al., 1996).

1.2.1 Aciduria 3-hidroxi-3-metilglutarica

A aciduria 3-hidroxi-3-metilglutarica (HMGA), causada pela deficiéncia
da enzima 3-hidroxi-3-metilglutaril-CoA liase (HL; EC 4.1.3.4), € uma aciduria
organica de heranga autossémica recessiva inicialmente descrita por Faull e
colaboradores (1976a,b). A HL catalisa a clivagem do 3-hidroxi-3-metilglutaril-
CoA (HMG-CoA) a acetoacetato e acetil-CoA, a qual é a ultima reacdo da
sintese de corpos cetdnicos e do catabolismo da leucina. Estudos demonstram
a existéncia de 90-100 casos de HMGA no mundo, sendo que, com excegao da
Arabia Saudita, Peninsula Ibérica (Portugal e Espanha) e mais recentemente
no Brasil a HMGA é rara em paises europeus e no Japao (VARGAS et al.,

2007; MENAO et al., 2009).
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Duas isoformas da HL s&o encontradas, uma localizada na mitocéndria e
a outra nos peroxissomos. A HL mitocondrial € um homodimero e o gene da
enzima esta localizado no cromossomo 1 (1p35.1-36.1), sendo composto por 9
éxons e 8 introns. A isoforma mitocondrial € composta por 298 residuos de
aminoacidos e contém uma sequéncia peptidica de 27 residuos de
aminoacidos na extremidade N-terminal, que sinaliza a entrada da enzima na
mitocondria. Dentro da mitocondria, o peptideo é removido, formando a enzima
madura com 298 residuos de aminoacidos. Por outro lado, a isoforma
peroxissomal possui 325 residuos de aminoacidos. Existe uma grande
diversidade e heterogeneidade de mutagbes na deficiéncia da HL; porém,
dentro de comunidades especificas o padrao pode ser mais homogéneo. As
mutagbes c.122G>A e c¢.109G>A sao prevalentes na Arabia Saudita e
Peninsula Ibérica, respectivamente. Apesar do conhecimento de diferentes
mutagdes, ndo ha correlacdo entre o gendtipo, a atividade enzimatica e o
prognostico dos pacientes (SWEETMAN e WILLIAMS, 2001; AL-SAYED et al.,

2006; PIE et al., 2007).

Devido ao defeito da HL, o principal metabdlito acumulado na HMGA é o
acido 3-hidroxi-3-metilglutarico (HMG), derivado da hidrélise do HMG-CoA. Na
urina de pacientes em tratamento, as concentragées de HMG variam entre 200-
4.000 mmol / mol de creatinina (individuos normais nos primeiros meses de
vida: 50-90 mmol / mol de creatinina). Contudo, durante crises de
descompensagao metabdlica, esse metabdlito pode alcancar niveis de 1.500-
19.000 mmol / mol de creatinina. Com a reversibilidade da reagao catalisada
pela enzima 3-metilglutaconil-CoA hidratase, o acido 3-metilglutacénico (MGT)

também se encontra acumulado nos tecidos e liquidos biolégicos dos
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pacientes. Além disso, o MGT pode ser hidrogenado a acido 3-metilglutarico
(MGA). Também devido a reversibilidade da enzima 3-metilcrotonil-CoA
carboxilase, altas concentragcdes de 3-metilcrotonil-CoA sdo encontradas e este
metabdlito pode ainda ser hidratado, gerando acido 3-hidroxiisovalérico
(OHIVA). Além disso, durante as crises de descompensacdo metabdlica séo
detectadas outros &cidos, tais como o glutarico e o adipico (BONAFE et al.,

2000; SWEETMAN e WILLIAMS, 2001).

1.2.1.1 Achados clinicos e neuropatolégicos

As manifestacbes clinicas da HMGA se apresentam usualmente no
periodo neonatal (SWEETMAN e WILLIAMS, 2001). Durante episédios agudos
de descompensacdo metabdlica (jejum prolongado ou situagdes
hipercatabdlicas), os pacientes apresentam vOmitos, diarréia, desidratagao,
hipotonia, hipotermia, letargia e apnéia que pode progredir ao coma
(SWEETMAN e WILLIAMS, 2001; FUNGHINI et al., 2001; POSPISILOVA et al.,
2003). Outros sintomas incluem hepatomegalia com hiperamonemia,
macrocefalia, microcefalia, pancreatite aguda, retardo no desenvolvimento e
cardiomiopatia. Alguns pacientes podem evoluir até a idade adulta (LEUNG et
al., 2009; REIMAO et al., 2009). Enfatiza-se que a deficiéncia da HL é fatal em
aproximadamente 20 % dos casos. Os pacientes também apresentam acidose
metabdlica com hipoglicemia hipocetética e elevagdo de transaminases no
plasma. Os achados de ressonancia magnética evidenciam lesbes na
substancia branca cerebral que, em alguns casos, podem ser reversiveis com o
tratamento baseado na restricdo alimentar de leucina (YALCINKAYA et al.,

1999; YYLMAZ et al, 2006; ZAIFEIRIOU et al., 2007). Além disso, foi
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verificado o envolvimento dos nucleos caudato, denteado, globus pallidus, bem
como do trato corticoespinhal (YALCINKAYA et al., 1999; YYLMAZ et al.,

2006).
1.2.1.2 Diagnéstico

A deficiéncia da HL deve ser investigada em pacientes que apresentam
hipoglicemia hipocetética e acidose metabdlica. Geralmente a HMGA é
diagnosticada através do aumento dos metabdlitos acumulados HMG, MGT,
MGA, 3-metilcrotonilglicina e OHIVA nos tecidos e liquidos biolégicos dos
pacientes (especialmente na urina) atravéz da cromatografia gasosa acoplada
a espectrometria de massa. A determinagdo da atividade da HL também é
importante, podendo ser medida espectrofotometricamente em leucécitos,
fibroblastos e plaquetas. A analise de DNA também é util para o diagnoéstico

pré-natal (SWEETMAN e WILLIAMS, 2001).
.2.1.3 Tratamento

A HMGA tem tratamento disponivel, baseado em dieta hipoproteica bem
como a administracdo de L-carnitina (100 mg . kg™ . dia™). Os pacientes devem
evitar situagbes de jejum e ingesta excessiva de gordura. Além disso, a
administracédo de glicose deve ser feita em vigéncia de episédios de
hipoglicemia que ocorrem geralmente durante as crises. A restricdo de leucina
(proteina) e de gordura também ¢é corriqueiramente utilizada (DASOUKI et al.,

1987).
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1.2.1.4 Fisiopatologia

A patogénese da aciduria 3-hidroxi-3-metilglutarica ndo esta bem
estabelecida, no entanto, é possivel que os metabdlitos acumulados em tecidos
e liquidos bioldgicos dos pacientes afetados sejam toxicos e responsaveis por
pelo menos parte dos sintomas apresentados. Os mecanismos pelos quais
esses acidos organicos levam aos sintomas caracteristicos dessa doenca
ainda nao foram totalmente desvendados, porém evidéncias in vitro e in vivo

indicam alteragdes no metabolismo energético e nas oxidacgdes bioldgicas.

Acredita-se que a deficiéncia dos corpos cetdnicos (acido acetoacético e
3-OH-butirico) durante o jejum ou durante fases agudas da doenga que
normalmente levam a hipoglicemia, possa explicar ao menos em parte o
quadro clinico dos pacientes, ja que os corpos cetbnicos sdo uma alternativa

energética importante para o cérebro.

Também foi verificado o envolvimento de espécies reativas na
fisiopatologia da HMGA. Foi demonstrado que o HMG e o MGA induzem dano
oxidativo lipidico e protéico e reduzem as defesas antioxidantes in vitro em
cortex cerebral, estriado e figado de ratos jovens (LEIPNITZ et al., 2008a,b;
2009). Além disso, MGA induz disfungdo mitocondrial e diminui a atividade da
Na®,K*-ATPase em sinaptossomas preparados de cérebro de ratos (RIBEIRO

et al., 2011).

Um modelo genético nocaute de HMGA foi recentemente desenvolvido

em camundongos, mas infelizmente os animais morrem ainda in utero,
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impossibilitando, desta forma, a utilizacdo desses animais para estudos de

patogénese da doenga (WANG et al., 1998).

1.3 Espécies reativas e radicais livres

“Espécies reativas” (ER) € um termo usado coletivamente para designar
tanto espécies “radicais” quanto “ndo radicais”, agentes oxidantes que
facilmente sao convertidos a radicais, tais como o acido hipocloroso (HOCI), o
acido hipobromoso (HOBr), o 0zdnio (O3), o peroxinitrito (ONOQO"), o oxigénio
singlet ('O2) e o peréxido de hidrogénio (H202). Sendo assim pode-se dizer que
todo radical livre € uma espécie reativa, entretanto, nem toda espécie reativa é
considerada um radical livre. E dentro dessa definicdo enquadram-se uma
ampla gama de espécies e algumas delas sao listadas na Tabela |

(HALLIWELL, 2008).

Radicais livres sdo moléculas ou atomos que contenham um ou mais
elétrons desemparelhados e possuam a capacidade de existir de forma
independente (SOUTHORN e POWIS, 1988; HALLIWELL e GUTTERIDGE,
1999). O desemparelhamento de elétrons, situacdo energeticamente instavel, é
o que confere alta reatividade a essas espécies. Os radicais livres podem ser
formados pela perda de um elétron de um nao-radical ou pelo ganho de um
elétron por um nao-radical. Radicais podem também ser formados em um
processo de fissdo homolitica, no qual uma ligagcdo covalente é quebrada e
cada elétron do par compartilhado permanece com cada um dos atomos
envolvidos (HALLIWELL e GUTTERIDGE, 1999). Quando um radical livre
reage com um composto nao-radical, outro radical livre pode ser formado;

assim, a presencga de um unico radical pode iniciar uma sequéncia de reagdes

21



em cadeia de transferéncia de elétrons (redox) (MAXWELL, 1995). Nas

reacbes em cadeia induzidas pelos radicais livres, um radical reativo leva a

formacado de um produto que também é um radical livre e que, por sua vez,

reage produzindo um terceiro radical.

Tabela | — Algumas espécies reativas

Radicais Livres

Nao radicais

Espécies reativas de oxigénio (ERO)

Superoéxido, O,
Hidroxila, OH®

Hidroperoxila, OH*; (superoxido

protonado)
Carbonato, CO"’;
Peroxila, RO,
Alcoxila, RO*

Radical dioxido de carbono, CO*»

Peréxido de hidrogénio, H,0»

Ozbnio, O3
Singlet, 'O,

Peréxidos orgéanicos, ROOH
Peroxomonocarbonato, HOOCO,

Peréxicarbonato nitroso, ONOOCO,

Espécies reativas de cloro

Cloro atdbmico, CI*

Acido hipocloroso, HOCI
Cloreto de nitrila, NO,CI
Cloraminas

Gas cloro, Cl;

Dioxido de cloro, ClO»

Espécies reativas de bromo

Bromo atomico, Br*

Acido hipobromoso, HOBr

Gas bromo, Bry
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Cloreto de bromo, HOBr

Espécies reativas de nitrogénio (ERN)

Oxido nitrico, NO* Acido nitroso, HNO,
Didéxido de nitrogénio, NO*, Cation nitrosil, NO*
Nitrato, NO*; Anion nitroxila, NO

Tetroxido dinitrogenado, N2O4
Trioxido nitrogenado, N2O3
Peroxinitrito, ONOO"

Peroxinitrato, O,NOO"

Acido peroxinitroso, ONOOH
Cation nitronico, NO,"
Peroxinitritos alquila, ROONO
Peroxinitratos de alquila, RO,ONO
Cloreto de nitrila, NOCl

Perdxiacetil nitrato, CH3C(O)OONO;

Fonte: adaptado de Halliwell (2006)

1.3.1 Mecanismos de dano celular induzido por espécies reativas

As espécies reativas de oxigénio (ERO) e de nitrogénio (ERN) ocorrem
tanto em processos fisiologicos quanto patolégicos do organismo.
Fisiologicamente essas espécies reativas apresentam diversas fungdes
(BERGENDI et al., 1999). Assim, um aumento da liberagédo local de radicais
livres pode ser benéfico, como € o caso da liberagdo de espécies toxicas
oxidantes pelos neutréfilos, que podem atuar na defesa do hospedeiro contra

uma infecgdo (DELANTY e DICHTER, 1998). Participam ainda de processos
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de sinalizagao celular e também estdo envolvidos na sintese e regulagdo de

algumas proteinas (WARD e PETERS, 1995).

Por outro lado, quando formadas em excesso, essas espécies altamente
reativas tém o potencial de oxidar moléculas bioldgicas incluindo proteinas,
lipidios e DNA (MAXWELL, 1995). Com relagdo aos efeitos prejudiciais das
reacbes oxidantes ao organismo, os radicais livres podem promover
lipoperoxidacao; podem causar a oxidagao de lipoproteinas de baixa densidade
(LDL); podem reagir com proteinas, levando a sua inativagdo e consequente
alteracao de sua funcéo; e podem também reagir com o DNA e RNA, levando a
mutagbes somaticas e a disturbios de transcricdo (DELANTY e DICHTER,

1998), entre outros efeitos.

1.3.1.1 Lipoperoxidacao

Antes de ser vista como uma consequéncia de dano oxidativo, a
lipoperoxidagéo deve ser considerada como um processo fisiolégico continuo
que ocorre normalmente nas membranas celulares. Além de ser um fator de
renovacdo da membrana, este processo é essencial na sintese de
prostaglandinas e leucotrienos, bem como na fagocitose e pinocitose. No
entanto, por serem formadas em grande parte por lipidios insaturados e
proteinas, as membranas sao particularmente vulneraveis ao ataque oxidativo.
Assim, quando a producéo de espécies reativas aumentar além da capacidade
de detoxificagcdo, esse processo sera exacerbado, e com isso, a
lipoperoxidacdo podera acarretar profundas alteracbes na estrutura e na
permeabilidade das membranas celulares. Isso ira causar perda de seletividade

na troca ibnica, liberagdo do conteudo de organelas e formagao de produtos
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citotoxicos como o malondialdeido (MDA) e o 4-hidroxinonenal (HNE), entre

outros eventos (FERREIRA e MATSUBARA, 1997).

Sob pH fisiolégico, MDA ataca proteinas e bases do DNA, causando
lesbes mutagénicas (DRAPER e HADLEY, 1990). HNE pode provocar dano
mitocondrial, inibicdo de sintese protéica e de DNA, e induz atividade
quimiotaxica ou lise celular e morte (ESTERBAUER et al., 1991). HNE parece
ser particularmente citotoxico a células neurais (KARLHUBER et al., 1997;
KELLER et al., 1999; MARK et al., 1997). Nesse contexto, formacado de HNE
precede morte neuronal (ONG et al.,, 2000) e concentragdes desse produto
lipidico final aumentadas sdo encontradas em tecido cerebral de pacientes
afetados por diversas doengas neurodegenerativas (JENNER, 2003). Por lesar
proteinas de membranas, esses produtos de lipoperoxidagdo podem também
inibir a atividade de importantes enzimas de membranas, como Ca?*-ATPase,
glicerol-3-fosfato  aciltransferase, glicose-6-fosfatase e Na* K'-ATPase, e

também canais de potassio (DUPRAT et al., 1995; McCONNELL et al., 1999).

A lipoperoxidagdo ocorre pelas etapas de iniciagdo, propagagao e
terminacéo. A iniciagdo € causada pelo ataque a um lipidio de membrana por
parte de qualquer espécie que tenha reatividade suficiente para abstrair um
atomo de hidrogénio de um grupo metileno (-CH,-). Nesse contexto, os radicais
hidroxila podem prontamente iniciar a lipoperoxidacdo. Ja que o atomo de
hidrogénio tem apenas um elétron, a abstragdo de H® de um grupo metileno
deixa um elétron desemparelhado no carbono (-°CH-). Esse radical formado é
geralmente estabilizado por um rearranjo molecular, formando um dieno

conjugado. O destino mais provavel desse radical € reagir com o O,, formando
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um radical peroxila (ROQO®). Os radicais peroxila, por sua vez, sdo capazes de
abstrair um préton de outra molécula lipidica, sendo esta fase conhecida como
a fase de propagacgao. O radical de carbono formado pode reagir com o O
para formar outro radical peroxila, e assim sucessivamente. A abstragdo de um
hidrogénio de outro lipidio por parte do radical peroxila gerara um hidroperéxido
lipidico (LOOH). O término da reagao podera ocorrer quando dois radicais
produzidos nas etapas anteriores reagirem entre si, formando um produto

estavel (HALLIWELL e GUTTERIDGE, 1999).

.4 Defesas antioxidantes

Antioxidantes s&o substancias enddgenas ou exdgenas que reduzem a
formagéo de radicais livres ou reagem com os mesmo, neutralizando-os. A
célula pode se proteger contra o dano oxidativo através de antioxidantes n&o

enzimaticos e enzimaticos.

Embora diferindo na composi¢cdo, as defesas antioxidantes estédo
amplamente distribuidas no organismo e compreendem agentes que removem
cataliticamente os radicais livres, como as enzimas superdxido dismutase,
catalase, glutationa peroxidase, entre 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 espécies reativas de oxigénio

e nitrogénio, como glutationa, a-tocoferol, acido ascorbico e a bilirrubina.
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.4.1 Defesas antioxidantes nao enzimaticas

As defesas antioxidantes ndao enzimaticas podem ser separadas em dois
grandes grupos: agentes hidrossoluveis e lipossoluveis. O primeiro grupo inclui
glutationa reduzida (GSH), acido ascérbico, acido urico, melatonina, os
cofatores selénio e coenzima Q10 e proteinas plasmaticas. O tripeptideo GSH
¢ um dos mais efetivos e abundantes antioxidantes contra ERO,
particularmente no cérebro onde as concentragdes alcangam 1-10mmol/L
(BAST, 1993). GSH mantém o equilibrio redox na célula e inativa ERO. Acido
ascorbico também parece ser muito importante no cérebro porque células
neurais tém um sistema de captacao altamente eficiente e os niveis de acido
ascorbico no liquor sdo muito mais altos do que no plasma (LONNROT et al.,

1996).

1.4.2 Defesas antioxidantes enzimaticas

A atividade de antioxidantes enzimaticos também é importante para a
detoxificacdo de radicais livres. Exemplos desses sdo as izoenzimas da
superoxido dismutase contendo cobre e zinco (Cu, Zn-SOD) ou magnésio (Mn-
SOD), a catalase (CAT), a glutationa peroxidase (GPx) e a glutationa redutase
(GR). Qualquer desequilibrio nesse sistema pode resultar em um aumento de
radicais livres derivados do oxigénio. As isoformas Cu, Zn-SOD e Mn-SOD
estdo presentes no citosol e mitocdndria cerebrais, e juntos com a GSH,
representam a linha de defesa mais importante contra a toxicidade do O,".
Isoformas da SOD geram H;O,, o qual é removido pela atividade da GPx

combinada com GSH ou GR, ou pela CAT (CHANCE et al., 1979; HALLIWELL
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e GUTTERIDGE, 1999b), ou adicionalmente por outras peroxidases (CHAE et

al., 1999).

.5 Estresse oxidativo

Espécies reativas sdo necessarias para a fungdo normal da célula,
servindo como moléculas de sinalizagdo para importantes papéis fisiologicos.
Elas sdo continuamente produzidas e neutralizadas por sistemas de defesa
antioxidante. No entanto, quando produzidos em altas concentragdes ou
quando defesas antioxidantes estdo deficientes, elas 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 condi¢cbes patologicas, a producdo de espécies reativas
estd muito mais aumentada, e as defesas antioxidantes podem ser

insuficientes para restabelecer a homeostase redox.

O rompimento entre o equilibrio pro-oxidante e antioxidante é descrito
como estresse oxidativo, e pode representar um mecanismo fundamental de
doencgas humanas (HALLIWELL e GUTTERIDGE, 2007; SIES, 1985). Assim, o
termo “Estresse Oxidativo” € usado para se referir a situagdo na qual a geracao
de espécies reativas ultrapassa a capacidade das defesas antioxidantes
disponiveis. Pode resultar tanto de uma diminuigcdo das defesas antioxidantes
quanto de uma producdo aumentada de oxidantes, bem como da liberagdo de
metais de transicdo ou a combinagcdo de quaisquer desses fatores

(HALLIWELL, 2001).
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O estresse oxidativo pode promover adaptagédo, dano ou morte celular.
Quando ocorre adaptacdo as células podem geralmente tolerar um estresse
oxidativo moderado, que geralmente resulta em up-regulation da sintese de
sistemas de defesa antioxidante a fim de restaurar o balango
oxidante/antioxidante. Apesar disso, nem sempre o estresse oxidativo precisa

envolver defesas antioxidantes aumentadas.

No dano celular, o estresse oxidativo pode danificar todos os alvos
moleculares (DNA, proteinas, carboidratos e lipidios) (HALLIWELL e
GUTTERIDGE, 2007). A resposta ao dano pode ser reversivel: a célula entra
em steady state alterado temporario ou prolongado que nao leva a morte

celular.

A 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 o0 meio extracelular. Pode haver a liberagdo de antioxidantes, como a
catalase e a glutationa, 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 impor a elas um estresse oxidativo. Ja na
apoptose, o mecanismo intrinseco de suicidio celular € ativado, e ndo ha a
liberacdo do conteudo celular. A morte celular por apoptose pode ser acelerada
em certas doengas, como as doengas neurodegenerativas, havendo

envolvimento do estresse oxidativo (HALLIWELL e GUTTERIDGE, 2007).

Além da indugao de necrose e apoptose, o estresse oxidativo pode levar
a um aumento da lipoperoxidagao, cujos produtos (MDA e HNE, entre outros)

s&o altamente neurotdxicos, e a um dano oxidativo tanto as proteinas, inibindo
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a atividade de diversas enzimas e alterando a funcéo celular, quanto ao DNA,
causando alteracdo de bases puricas e pirimidicas (HALLIWELL e

GUTTERIDGE, 2007).

O cérebro ¢ altamente dependente de energia para o seu funcionamento
normal e a mitocondria € a estrutura intracelular responsavel pela produgao
dessa energia. Para a producéo eficiente de energia na forma de ATP, a
mitocdndria possui uma alta demanda por oxigénio, ja que utiliza uma grande
quantidade de O, em uma massa de tecido relativamente pequena, o que torna

esse tecido altamente susceptivel a acdo de espécies reativas.

Além disso, a presenga de membranas celulares ricas em acidos graxos
de cadeia lateral poliinsaturada (PUFA), os quais sao especialmente sensiveis
ao ataque de radicais livres e consequente oxidagao de lipideos pode levar ao
dano por radicais livres no tecido cerebral. Alto conteudo de ferro, o qual
favorece a lipoperoxidagcdo e autooxidagdo de neurotransmissores através da
OH* formado na reagdo de Fenton (ZALESKA e FLOYD, 1985), a consideravel
quantidade de microglia, macréfagos residentes do sistema nervoso que
podem produzir O," e H,O,, sua modesta defesa antioxidante, sendo os niveis
de catalase particularmente baixos em muitas regides cerebrais (HALLIWELL e
GUTTERIDGE, 1996; HALLIWELL e GUTTERIDGE, 2007), aumentam a

suscetibilidade do cérebro ao dano causado por radicais livres.

Além disso, uma disfuncdo mitocondrial pode ocorrer por diminuicdo da
atividade dos complexos da cadeia respiratéria com um consequente prejuizo
no transporte de elétrons, o que leva a uma dispersao dos elétrons na forma de

radicais livres potencialmente danosos a célula.
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Numerosas evidéncias sugerem que os radicais livres e o0 estresse
oxidativo possam estar envolvidos na patogénese dos danos neurologicos de
varias doencas neurodegenerativas, como doenga de Alzheimer, doenga de
Parkinson e esclerose lateral amiotréfica. Como medida de parametros de
estresse oxidativo, existe um consideravel nimero de casos onde se relatou
aumento nos niveis de MDA e HNE no cérebro de pacientes, além de produtos
da oxidagao protéica, como grupos carbonil e 3-nitrotirosina, e também
produtos que resultam da oxidacdo de DNA, bem como concentragdes
reduzidas dos antioxidantes ndo enzimaticos GSH e acido ascoérbico e
diminuigdo da atividade das enzimas antioxidantes CAT e GPx (JENNER e

OLANOW 1996; LIU et al., 1999; PERRY et al., 2003).

Estudos demonstraram uma diminuigdo na atividade do complexo | da
cadeia respiratéria em cérebros postmortem de pacientes portadores de
doenca de Parkinson. Essa inibicdo do complexo | pode acarretar na geragao
de espécies reativas, tais como anion superodxido, radicais hidroxila e
peroxinitrito, as quais poderiam causar um prejuizo ainda maior na cadeia
transportadora de elétrons. Dessa forma, é possivel que o estresse oxidativo e
as disfung¢des mitocondriais formem um ciclo vicioso na doenga de Parkinson

(GU et al., 1996; JANETSKY et al., 1994; SCHAPIRA et al., 1989, 1990 a, b).

Na doengca de Alzheimer, a mais comum dentre as doengas
neurodegenerativas, é possivel que o estresse oxidativo tenha um papel chave
na morte neuronal. Tem sido proposto que o peptideo B-amildide, o formador
das chamadas placas senis, tenha a capacidade de gerar radicais livres

espontaneamente. Estudos in vivo também evidenciaram um dano oxidativo
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em ceérebros humanos postmortem com doenca de Alzheimer através da
observagdo de aumento de 8-hidroxi-2’-deoxiguanosina (8-OHdGA), produtos
de oxidacao de outras bases e de RNA, carbonilas de proteinas, nitrotirosina e
marcadores de peroxidacgao lipidica (SMITH et al., 1991; MARKESBERY et al.,

1999; NOUROOZ-ZADEH et al., 1999; LOVELL et al., 2000).

1.6 Citoesqueleto

Para que as células funcionem adequadamente elas devem se organizar
no espaco, interagir mecanicamente com o ambiente ao seu redor, apresentar
uma conformacao correta, ser fisicamente robustas e estar estruturadas de
forma adequada internamente. Muitas células devem também ser capazes de
modificar sua forma e migrar para outros locais. Além disso, todas as células
devem ser capazes de reorganizar seus componentes internos como
decorréncia dos processos de crescimento, divisdo e/ou adaptagdo a mudanca
no ambiente. Todas essas fungbes estruturais e mecéanicas apresentam-se
muito desenvolvidas em células eucaridticas, sendo dependentes de um

sistema de filamentos denominado citoesqueleto (ALBERTS et al., 2008).

As diferentes atividades do citoesqueleto dependem de trés tipos de
filamentos protéicos: filamentos de actina ou microfilamentos (MF),
microtubulos (MT) e filamentos intermediarios (FI). Cada tipo é formado pela
polimerizacdo de monémeros especificos (CARRAWAY, 2000; ALBERTS et al.,
2008). Os trés tipos de filamentos do citoesqueleto sdo conectados entre si e
suas funcbes sado coordenadas, permitindo a participacdo em inumeras
atividades celulares em conjunto com diversas proteinas associadas (BEAR et

al., 2002; ALBERTS et al., 2008) (Figura 1).
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Figura 1 — Citoesqueleto das células eucaritticas. O citoesqueleto é constituido por
microtubulos, filamentos intermediarios e microfilamentos. Os microfilamentos sdo formados
por uma dupla fita e sdo responsaveis pela contragcdo muscular, forma da célula e movimentos
citoplasmaticos. Os filamentos intermediarios sdo formados por subunidades que formam
polimeros e ajudam na manutengdo da forma celular, suportam a extensdo das células
nervosas e mantém as células unidas. Os microtubulos sao formados por dimeros de a e B-
tubulina e estdo associados com o transporte de organelas e cromossomos (adaptado de
<http://www.gceadvancelevel.com/cytoskeleton/>).

I.6.1 Filamentos intermediarios

Os filamentos intermediarios sdo formados pela associacdo de
subunidades fibrosas, constituindo fibras resistentes encontradas na maioria
das células animais. Eles foram denominados intermediarios por causa do seu
didametro (8 — 10 nm), que esta entre o didmetro dos MF (7 — 8 nm) e o
didmetro dos MT (25 nm) (ALBERTS et al., 2008). Os FI contituem a familia
mais diversificada de proteinas do citoesqueleto e sdo codificadas por cerca de
70 genes no genoma humano (FUCHS, 1994), possuindo um alto grau de
especificidade celular e sendo frequentemente considerados marcadores de
diferenciacédo celular (ALBERTS et al, 2008, ERIKSSON et al., 2009). As
subunidades dos Fl s&o constituidos por um dominio central altamente

conservado em o-hélice e dominios N- e C-terminal variaveis sendo
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classificados em seis sub-grupos, de acordo com o tipo celular e o padrao de

desenvolvimento (FUCHS, 1994).

Inicialmente os FlI eram considerados estruturas bastante estaticas e
rigidas com fungdes relacionadas a integridade estrutural de células e tecidos
(CHOU et al., 1997; COULOMBE et al., 2000; FUCHS e CLEVELAND, 1998;
OMARY e KU, 1997). De fato, o papel dos FI em conferir resisténcia mecanica
€ muito relevante e a consequente perda de fungdo pode estar relacionada
com doencgas envolvendo a fragilidade celular (FUCHS e CLEVELAND, 1998;
OMARY et al., 2004). Entretanto, nos ultimos anos as fungdes atribuidas aos Fl
tem ampliado significativamente, pois tem sido relacionados a uma variedade
de eventos celulares. Os FI desempenham um papel ativo no transporte de
sinais da periferia celular para o nucleo (CHANG e GOLDMAN, 2004;
PARAMIO e JORCANO, 2002), estdo envolvidos na motilidade (ECKES et al.,
1998; HELFAND et al., 2003), na adesao e migracao celular (IVASKA et al,,
2005) e na modificagdo de varios processos celulares devido a sua habilidade
de regular moléculas de sinalizacdo (PALLARI e ERIKSSON, 2006). Outras
fungdes atribuidas aos Fl sdo a capacidade de agir como proteinas
adaptadoras em vias de sinalizagdo, bem como estarem envolvidos no
crescimento e regeneracéo das células (KIM e COULOMBE, 2007) (Figura 2).
Além disso, diversos trabalhos descrevem alteracbes dos FlI em resposta a
danos e nos processos de reparo tecidual, cancer e outras doencas

(DePIANTO e COULOMBE, 2004; KUCHMA el al., 2012).
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Figura 2 — Os FI sdo integradores da citoarquitetura. Eles estdo ancorados no nucleo e se
estendem para o citoplasma formando pontos de contato na membrana plasmatica associando-
se com a mitocéndria, as membranas do complexo de Golgi e ao sistema endolisossomal. Os
Fl posicionam os centros de organizagdo dos microtubulos (MTOC), através de interagbes com
o complexo yTURC/GCP®6, influenciando a organizagdo dos MT e as propriedades de suas
proteinas transportadoras, bem como, da distribuicdo das proteinas de membrana (adaptado
de Godsel e colaboradores, 2007).

No sistema nervoso central (SNC) os Fl tem papel fundamental na
criacdo e manutencao da forma de neurbnios e astrécitos, na manutencao do
calibre axonal, bem como no transporte de organelas e substancias envolvidas
na transmissédo sinaptica (KIRKPATRICK e BRADY, 1999; ACKERLEY et al.,
2000). Essa rede protéica € um importante alvo para mecanismos de
transmisséo de sinais a partir de receptores de membrana plasmatica, levando

a uma resposta celular apropriada. Além disso, esta envolvida na organizacéo
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e reorganizagcao dos receptores de membrana, sendo essencial para os
mecanismos de reconhecimento celular (CARRAWAY, 2000), bem como para
a modulacdo da viabilidade celular através do processo de apoptose

(NDOZANGUE-TOURIGUINE et al., 2008).

1.6.1.1 Neurofilamentos

Os neurofilamentos (NF) séo FI importantes na fisiologia neuronal,
sendo os principais componentes do citoesqueleto dos neurbnios maduros.
Séao formados pela polimerizagdo de trés subunidades: os NF de baixo (NFL;
68 KDa), médio (NFM; 150 KDa) e alto peso molecular (NFH; 200 KDa)
(ALBERTS et al, 2008). A extremidade amino-terminal juntamente com a
regido em o-hélice da subunidade NFL interagem lateralmente e
longitudinalmente formando a estrutura propriamente dita do NF (GEISLER e
WEBER, 1981), enquanto as regides carboxi-terminais das subunidades NFM e
NFH séo responsaveis pelas projecdes laterais, que permitem a interacdo dos
NFs entre si e com os demais constituintes do citoesqueleto (HISANAGA e
HIROKAWA, 1988; GOTOW et al, 1992; KIRKPATRICK e BRADY, 1999).
Originalmente se assumia que os NF eram compostos apenas pelas
subunidades NFL, NFM e NFH, porém estudos recentes indicam que outras
proteinas como a a-internexina, no SNC, e a periferina, no sistema nervoso
periférico (SNP), também se associam com os NF participando da formagao do

Fl neuronal (BEAULIEU et al., 1999; YUAN et al., 2006).

A principal fungéo atribuida aos NF € a manutengéo do calibre axonal e
consequentemente o aumento da velocidade de conducdo do impulso elétrico,

processo esse regulado por fosforilagdo. Além disso, os NF também
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contribuem para as propriedades dindmicas do citoesqueleto axonal durante a
diferenciacdo neuronal e para o crescimento, a regeneragao e a orientacéo dos
axbnios (NIXON e SHEA, 1992). Eles sao formados dentro do corpo celular e
posteriormente transportados para o axénio, sendo a fosforilagdo do dominio
carboxi-terminal um importante mecanismo regulatério do transporte axonal

(JUNG et al., 2000).

Acumulo anormal de NF ¢é descrito em varias doencas
neurodegenerativas, tais como esclerose lateral amiotrdfica, doenca de
Parkinson, doenga de Alzheimer (AL-CHALABI e MILLER, 2003; LIU et al,
2004) e em neuropatias toxicas (ZHU et al., 1998) sendo considerado, em
muitos casos, um marcador nessas disfungdes neuronais (SU et al., 2012).
Ainda ndo é compreendido como esse acumulo de NF contribui para o
processo neurodegenerativo nessas doengas, mas sugere-se que o transporte
dos NF esteja interrompido nos neurdnios afetados (ACKERLEY et al., 2000;

LARIVIERE e JULIEN, 2004).

1.6.1.2 Proteina glial fibrilar acida

A proteina gial fibrilar acida (GFAP) é uma proteina estrutural de 50 KDa
sintetizada nos astrécitos e em algumas células de Schwann (GUO-ROSS et
al., 1999; KANEKO et al., 1995; KOSAKO et al., 1997). A GFAP é considerada
marcador de astrocitos e € importante na modulagdo da motilidade e forma
celular por fornecer estabilidade estrutural aos astrécitos. Além disso, esse Fl é
importante para a interagdo astrécito-neurénio (McCALL et al.,, 1996;

ELIASSON el al., 1999) participando do sofisticado sistema de comunicagao
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intercelular reciproco que pode regular a liberagdo de neurotransmissores, a

excitabilidade neuronal e a transmissao sinaptica (CARMIGNOTO, 2000).

No SNC, apdés um dano, os astrocitos tornam-se reativos e respondem
de uma maneira tipica denominada astrogliose, que é caracterizada por uma
rapida sintese de GFAP (EDDLESTON e MUCKE, 1993), sendo essa proteina,
em muitos casos, um marcador de neurotoxicidade. Mudancas na expressao
de GFAP podem alterar a morfologia dos astrécitos o qual pode afetar
indiretamente outros tipos celulares e a estrutura do cérebro (MIDDELDORP e
HOL, 2011). Uma intensiva gliose reativa & verificada em doengcas como
esclerose multipla (HALLPIKE et al, 1983), adrenoleucodistrofia

(SCHAUMBURG et al., 1975) e doenga de Alexander (ENG et al., 1998).

1.6.1.3 Vimentina

Entre as proteinas dos filamentos intermediarios a vimentina € a mais
amplamente distribuida ocorrendo em muitas células de origem mesenquimal.
Além disso, é expressa de forma transitéria durante o desenvolvimento em
muitos tecidos (ALBERTS et al, 2008). No SNC é expressa na glia radial,
astrocitos imaturos e também na glia de Bergmann no cerebelo. Durante a
diferenciacao dos astrécitos € substituida progressivamente por GFAP (MENET
et al., 2001). Essa proteina, juntamente com a GFAP, participa do processo de

gliose reativa apds dano no SNC (MENET et al., 2001; PEKNY et al., 1999).

A vimentina desempenha uma fungdo importante na integridade
estrutural de células e tecidos (NIEMINEM et al, 2006), na adesdo, na

migracéao (GONZALES et al., 2001; HOMAN et al., 1998; TSURUTA e JONES,
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2003; KREIS et al., 2005), na transducdo de sinal (JANOSCH et al., 2000;
IVASKA et al.,, 2005; PERLSON et al, 2005; KUMAR et al, 2007) e em

processos apoptoticos (YANG et al., 2005).

Os FI sofrem alteragbes dindmicas na sua organizagao citoplasmatica
durante diferentes estagios do ciclo celular ou em resposta a sinais celulares
(STEINERT e ROOP, 1988; HELFAND et al., 2005) sendo a fosforilagdo um
mecanismo central na regulacdo da organizagao da rede citoplasmatica de FlI

(ERIKSSON e GOLDMAN, 1993).

1.7 Fosforilacao

A fosforilagdo protéica € uma modificagdo pods-traducional importante
para as vias de transducao de sinal que controla o metabolismo, crescimento,
divisdo e diferenciagao celular, motilidade, trafego de organelas, transporte de
membrana, contracdo muscular, imunidade, memdéria e aprendizado

(MANNING et al., 2002a,b).

Essa modificagdo covalente tem a propriedade de regular a fungéo de
proteinas em resposta a estimulos extracelulares (NESTLER e GREENGARD,
1999). Segundos mensageiros intracelulares, tais como o AMPc e o caélcio
regulam fungdes neuronais através de alteracdo no estado de fosforilagdo de
proteinas intracelulares. A fosforilagado altera a fungao proteica de uma maneira
rapida e reversivel. O grau de fosforilagdo de uma proteina alvo reflete um
balanco entre as acgdes contrarias de proteinas cinases e fosfatases,
integrando um conjunto de rotas de sinalizagdo celular (Figura 3). Entre o

substrato de cinases e fosfatases estdo enzimas, receptores de
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neurotransmissores, canais idnicos e proteinas estruturais (PURVES et al.,

2005).

ATP ADP

>—< oo

OH

Ll

PO,

Figura 3 — Regulacado das proteinas celulares por fosforilacdo. Proteinas cinases
transferem grupos fosfato do ATP para residuos de serina, treonina ou tirosina em um
substrato protéico. A remogao dos grupos fosfato & catalisada por proteinas fosfatases
(adaptado de Purves e colaboradores, 2005).

Os componentes do citoesqueleto estdo entre as principais proteinas
alvo modificadas por fosforilagdo em resposta a sinais extracelulares que
podem determinar a morfologia neuronal (SANCHEZ et al., 2000). Nos Fl a
fosforilagdo é o principal mecanismo responsavel pela sua modulagéo,
contribuindo na sua organizagao e fungao de maneira célula e tecido especifica

(GRANT e PANT, 2000; OMARY et al., 2006).

Os FlI podem ser fosforilados nas regides aminoterminal e/ou
carboxiterminal. A fosforilagdo do dominio aminoterminal esta relacionada com

a capacidade de associacdo e desassociagcdo dos Fl, sendo controlada por
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cinases dependentes de segundo mensageiros (SIHAG et al,, 2007). Ja no
dominio carboxiterminal a fosforilagdo é realizada por cinases independentes
de segundo mensageiros e tem implicagbes na interacdo dos FlI com outras

estruturas do citoesqueleto (CHOU et al., 1997; GRANT e PANT, 2000).

Os Fl s&o substratos de inumeras serina/treonina cinases incluindo a
proteina cinase C (PKC), a proteina cinase dependente de calcio e calmodulina
(PKCaMll), a proteina cinase dependente de AMPc (PKA), a familia das
proteinas cinases ativadas por mitogeno (MAPK), a proteina cinase
dependente de ciclina 5 (CDKS5), entre outras. Estas cinases possuem um
papel significativo na regulagéo da estrutura e associagéao dos Fl, bem como na
interacdo deles com outras proteinas (ERIKSSON et al., 2004; SIHAG et al.,
2007). Além disso, a agcao dessas cinases nos Fl é sitio especifica, ou seja,
elas fosforilam um residuo especifico dentro da estrutura protéica (SIHAG et
al., 2007). Proteinas serina/treonina fosfatases como a proteina fosfatase 1
(PP1) e as proteinas fosfatases 2A (PP2A) e 2B (PP2B ou calcineurina)
também desempenham um papel importante na regulacdo do citoesqueleto

(GRANT e PANT, 2000).

O estado de fosforilagado dos NF tem um papel importante no controle da
integridade do citoesqueleto, no transporte e no didametro axonal (MOTIL et al.,
2006; SIHAG et al., 2007; STRACK et al., 1997), além de promover a interagao
desses FI com as mitocéndrias (WAGNER et al, 2003). Também pode
modular a funcédo de organelas (TOIVOLA et al., 2005) e proteger os NF da
protedlise (GRANT e PANT, 2000). Os NF sao altamente fosforilados in vivo,

porém o grau de fosforilagdo do NFM e do NFH e, especialmente do NFL, é
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diferente em cada compartimento neuronal sendo altamente fosforilados no
axbénio, mas pouco fosforilados no corpo celular e nos dendritos (GOTOW e

TANAKA, 1994; GOTOW et al., 1994).

A regido amino-terminal dos NF é fosforilada em sitios distintos na NFL e
NFM. Os sitios mais frequentes de fosforilagdo dessas subunidades s&o os
residuos Ser55 na NFL fosforilados pela PKA e pela PKC e PKA nos residuos
Ser23 da NFM (SIHAG e NIXON, 1990; SIHAG et al, 1999). Além disso,
estudos in vitro mostraram que os residuos Ser57 e Ser51 da NFL sao
substratos da PKCaMIl e PKC, respectivamente (GONDA et al., 1990;

HASHIMOTO et al., 2000).

A fosforilacdo da regido carboxi-terminal das subunidades NFM e NFH
dos FI ocorre em uma sequencia de repeticdes de lisina, serina e prolina
(repeticdes do tipo KSP) (GEISLER et al., 1987; XU et al.,, 1992; LEE et al.,
1988). A fosforilacdo desses sitios pode ser regulada por cascatas de
transducéao de sinal disparadas por fatores de crescimento, influxo de calcio ou
neurotoxinas, sendo realizadas por cinases como as MAPK e a CDK5 que séao
direcionadas por prolina para fosforilar a serina (LI et al., 1999 a,b; PIEROZAN

etal., 2012).

Assim como nos NF, a polimerizacao de GFAP e da vimentina também é
regulada pela fosforilacdo/desfosforilagdo do dominio aminoterminal que
contém muitos sitios fosforilaveis (INAGAKI et al., 1996; GOHARA et al., 2001;
TAKEMURA et al.,, 2002). Para a GFAP foram identificados seis diferentes
sitios de fosforilacdo Thr7, Ser8, Ser13, Ser17 e Ser34 na regidao aminoterminal

e Ser389 na regiao carboxiterminal (INAGAKI et al., 1990; NAKAMURA et al.,
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1992; TSUJIMURA et al., 1994; SEKIMATA et al., 1996), entretanto pouco se
sabe a respeito do papel de cada um desses sitios na associagao, organizagao
estrutural e disposicao dos Fl. A fosforilagdo/desfosforilagao da regido amino-
terminal da GFAP em aminoacidos especificos regula a associagdo dessa
proteina e é importante para a sua distribuicdo durante o ciclo celular (RALTON
et al., 1994; YASUI et al., 1998; KAWAJIRI et al., 2003). Além disso, sugere-se
que a fosforilagdo da GFAP regula a plasticidade estrutural dos filamentos
gliais e eventualmente as fungdes dos astrécitos e protege a GFAP da
degradacdo (TAKEMURA et al, 2002; KOROLAINEN et al, 2005). Ja a
vimentina apresenta varios sitios especificos de fosforilagdo na regido amino-
terminal. Essa modificagdo pods-traducional nessa proteina parece ter um papel

importante na migracéao celular (IVASKA et al., 2005).

A fosforilagdo/desfosforilagdo € o principal mecanismo regulatério dos Fl
e de outras proteinas do citoesqueleto e alteragées nos niveis fisioldégicos de
fosforilacdo/desfosforilacdo dessas proteinas sdo consideradas eventos criticos
em patologias do SNC podendo levar a disfungcéo neurolégica e morte celular
(MILLER et al., 2002). Varias doencgas neurodegenerativas, tais como a doenca
de Alzheimer, a doenga de Parkinson e a doengca de Huntington sao
caracterizadas por acumulo de agregados de filamentos insoluveis no
citoplasma das células (GOEDERT, 1998; JULIEN, 1999; DIiPROSPERO et al.,
2004), os quais estao relacionados a desregulagdo na atividade de cinases e
fosfatases aos Fl, constituindo-se em um mecanismo na neurodegeneragao

(PETZOLD, 2005).
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Assim, no presente trabalho investigamos os efeitos dos principais
acidos organicos acumulados na HMGA sobre a homeostase redox em
estriado de ratos jovens, sobre a resposta inflamatdria e a homeostase redox
em astrocitos de cortex cerebral de ratos neonatos e sobre a fosforilacdo de
proteinas do citoesqueleto em estriado e cortex cerebral ratos jovens.
Dividimos esse trabalho em trés capitulos que correspondem a trés artigos

cientificos, o primeiro ja aceito e publicado e outros dois submetidos.
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Il OBJETIVOS

1.1 Objetivo geral

O objetivo geral desse trabalho foi o de explorar alguns dos mecanismos
patogénicos dos principais acidos organicos acumulados na aciduria 3-hidroxi-
3-metilglutarica que possam explicar ao menos em parte o dano cortical e
estriatal caracteristico dos pacientes afetados por essa doenca, focando na
homeostase redox, resposta inflamatéria e fosforilacdo de proteinas do

citoesqueleto de ratos jovens.

Il.2 Objetivos especificos

e Investigar os efeitos ex vivo da administracao intraestriatal dos acidos
HMG e MGA sobre o dano oxidativo lipidico (niveis de substancias reativas ao
acido tiobarbiturico), dano oxidativo proteico (formagao de carbonilas), defesas
antioxidantes ndo-enzimaticas (concentragcbes de glutationa reduzida),
formacdo de espécies reativas (oxidacdo da 2',7’-diclorofluorescina e
determinagcdo de nitritos e nitratos) e enzimaticas (atividades das enzimas
antioxidantes glutationa peroxidase, glutationa redutase, superoxido dismutase,
catalase e glicose-6-fosfato desidrogenase), em estriado de ratos de 30 dias de
vida.

¢ Investigar os efeitos in vitro dos acidos HMG e MGA sobre a formacao
de espécies reativas (oxidacdo da 2',7’-diclorofluorescina), as defesas
antioxidantes nao-enzimaticas (concentragdes de glutationa reduzida), a
viabilidade celular (formagdo do formazan e incorporagdo do iodeto de

propideo), bem como sobre a resposta inflamatoria (concentragdes de IL-1p,
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IL-6, TNFa e NFkB) e a indugao de gliose reativa (quantificagdo de GFAP) em
astrocitos de cortex cerebral de ratos neonatos cultivados (1 a 2 dias de vida).

e Investigar os efeitos in vitro dos acidos HMG, MGA e MGT sobre o
sistema de fosforilagdo dos FI (incorporagdo de [*’P]-ortofosfato de sddio,
proteinas cinases e fosfatases) de astrocitos (GFAP) e neurdnios (NFL, MFM e
NFH), bem como, investigar os mecanismos de agdo dos efeitos
desencadeados pelos metabdlitos testados em estriado e cortex cerebral de

ratos de 30 dias de vida.
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ARTICLE INFO ABSTRACT
Article history: 3-Hydroxy-3-methylglutaryl-CoA lyase (HL) deficiency is a genetic disorder biochemically characterized by
Received 26 February 2013 predominant accumulation of 3-hydroxy-3-methylglutaric (HMG) and 3-methylglutaric (MGA) acids in tis-
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sues and biological fluids of affected individuals. Clinically, the patients present neurological symptoms
and basal ganglia injury, whose pathomechanisms are partially understood. In the present study, we investi-
gated the ex vivo effects of intrastriatal administration of HMG and MGA on important parameters of oxida-
tive stress in striatum of developing rats. Our results demonstrate that HMG and MGA induce lipid and

g—eﬁ;vc(l)rrgf&a-methylglutaric aciduria protein oxidative damage. HMG and MGA also increased 2’,7’-dichlorofluorescein oxidation, whereas only
3-Hydroxy-3-methylglutaric acid HMG elicited nitric oxide production, indicating a role for reactive oxygen (HMG and MGA) and nitrogen
3-Methylglutaric acid (HMG) species in these effects. Regarding the enzymatic antioxidant defenses, both organic acids decreased
Oxidative stress reduced glutathione concentrations and the activities of superoxide dismutase and glutathione reductase and
Striatum increased glutathione peroxidase activity. HMG also provoked an increase of catalase activity and a diminu-

tion of glucose-6-phosphate dehydrogenase activity. We finally observed that antioxidants fully prevented or
attenuated HMG-induced alterations of the oxidative stress parameters, further indicating the participation
of reactive species in these effects. We also observed that MK-801, a non-competitive antagonist of the
N-methyl-D-aspartate (NMDA) receptor, prevented some of these effects, indicating the involvement of
the NMDA receptor in HMG effects. The present data provide solid evidence that oxidative stress is induced
in vivo by HMG and MGA in rat striatum and it is presumed that this pathomechanism may explain, at least in
part, the cerebral alterations observed in HL deficiency.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

3-Hydroxy-3-methylglutaryl-CoA lyase (HL) deficiency (OMIM

_— ) . 246450) is an autosomal recessive genetic disorder biochemically
Abbreviations: CAT, catalase; DCF, 2',7'-dichlorofluorescein; DCFH, 2',7'- . . . . . .

dichloroflurescin;  DCFH-DA,  2',7’-dichlorofluorescin  diacetate; DNPH, 24- characterized by predominant tissue accumulation and high urinary

dinitrophenylhydrazine; GC/MS, gas chromatography/mass spectrometry; G6PD, excretion of large quantities of 3-hydroxy-3-methylglutarate (HMG)

glucose-6-phosphate dehydrogenase; GPx, glutathione peroxidase; GR, glutathione and 3-methylglutarate (MGA), as well as 3-methylglutaconate,

reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; HL, 3-hydroxy-3- 3_hydroxyisovalerate and 3_methylcr0t0nylglycine to lesser amounts
methylglutaryl-CoA lyase; HMG, 3-hydroxy-3-methylglutaric acid; HMGA, 3-hydroxy-3- [1-3]
methylglutaric aciduria; L-NAME, N®-nitro-L-arginine methyl ester; MEL, melatonin; :

MGA, 3-methylglutaric acid; NAC, N-acetylcysteine; NMDA, N-methyl-D-aspartate; RNS, Clinical presentation usually occurs in the first year of life. Acute

reactive nitrogen species; ROS, reactive oxygen species; SOD, superoxide dismutase; episodes are common and are characterized by vomiting, diarrhea,
SPSS, statistical package for the social sciences; TBA-RS, thiobarbituric acid- reactive sub- dehydration, hypotonia, hypothermia, lethargy, coma and apnea, as
stances; TCA, trichloroacetic acid. o ) o well as by metabolic acidosis and hypoketotic hypoglycemia. Other
* Corresponding author at: Departamento de Bioquimica, Instituto de Ciéncias Basicas siens include macrocephalia. developmental delav. hepatomegalia
da Satide, Universidade Federal de Rio Grande do Sul. Rua Ramiro Barcelos N° 2600 - Anexo, g . R p ’ p L X Y, p . &
CEP 90035-003, Porto Alegre, RS - Brazil. Fax: +55 51 3308 5535. with liver test alterations, acute pancreatitis and dilated cardiomyopa-
E-mail address: mwajner@ufrgs.br (M. Wajner). thy [2,4-7]. This disease is fatal in approximately 20% of cases, although

1096-7192/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ymgme.2013.03.017
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the symptoms tend to be milder after childhood [8,9]. Cerebral magnet-
ic resonance neuroimaging shows predominantly abnormalities in the
caudate nucleus and dentate nucleus and multiple coalescent lesions
in periventricular subcortical white matter and arcuate fibers [10-12].

The mechanisms underlying the pathogenesis of the brain damage
in HL deficiency are poorly known. However, it has been suggested
that hypoglycemia associated with deficit of ketone bodies, secondary
carnitine deficiency and intracellular accumulation of toxic organic
acids may be involved in the pathophysiology of this disease [13-15].
In this context, previous in vitro studies demonstrated that HMG and
MGA induce lipid and protein oxidative damage and reduce the
non-enzymatic antioxidant defenses in cerebral cortex, striatum and
liver of young rats [16-18]. It was also shown that MGA induces
mitochondrial dysfunction and inhibits Na* K*-ATPase activity in
synaptosomes prepared from rat brain [19]. However, to the best of
our knowledge, there is no study on the in vivo effects of the major
metabolites accumulating in HL deficiency on redox cellular
homeostasis.

Therefore, in the present work we investigated whether high stria-
tum concentrations of HMG and MGA achieved by an acute intrastriatal
injection of these organic acids to young rats could affect redox homeo-
stasis in the hope to better clarify the pathomechanisms of striatal
abnormalities observed in HL deficiency. For this purpose, impor-
tant parameters of oxidative stress were determined, including
malondialdehyde (MDA) concentrations (lipid peroxidation), carbonyl
formation (protein oxidative damage), 2’,7’-dichlorofluorescin (DCFH)
oxidation, nitric oxide production, reduced glutathione (GSH) con-
centrations (non-enzymatic antioxidant defenses) and the activities of
the antioxidant enzymes superoxide dismutase (SOD), glutathione
reductase (GR), glucose-6-phosphate dehydrogenase (G6PD), glutathi-
one peroxidase (GPx) and catalase (CAT).

2. Materials and methods
2.1. Reagents

All reagents used were of analytical grade and purchased from
Sigma Co. (St. Louis, MO, USA). The solutions of HMG (4 M), MGA
(4 M) and NaCl were prepared in water and the pH was adjusted to
7.4 with NaOH. N-acetylcysteine (NAC), melatonin (MEL), N®-nitro-L-
arginine methyl ester (L-NAME), dizocilpine maleate (MK-801) and
the combination of a-tocopherol (vitamin E) plus ascorbic acid
(vitamin C) were dissolved in water, and the pH was similarly adjusted
to 7.4.

2.2. Animals

Thirty-day-old male Wistar rats, obtained from the Central Animal
House of the Department of Biochemistry, ICBS, Universidade Federal
do Rio Grande do Sul, Porto Alegre, RS, Brazil, were used. 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 4+ 1 °C) colony
room, with free access to water and 20% (w/w) protein commercial
chow (SUPRA, Porto Alegre, RS, Brazil). The experimental protocol
was approved by the Ethics Committee for Animal Research of the
Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil and
followed the NIH Guide for the Care and Use of Laboratory Animals
(NIH publication 85-23, revised 1996). All efforts were made to
minimize the number of animals used and their suffering.

2.3. Administration of 3-hydroxy-3-methylglutaric (HMG) and
3-methylglutaric acids (MGA)

Rats were anesthetized with an intraperitoneal (i.p.) injection
of equitesine (3.33 mL/Kg), which consists of a mixture of 0.25 M
chloral hydrate, 88 mM magnesium sulfate heptahydrate, 10 mg/mL

sodium thiopental, 5.8 M propylene glycol and 1.97 M ethanol. They
were thereafter placed on a stereotaxic apparatus. Two small holes
were drilled in the skull and 1 pL (4 umol) of a HMG, MGA or NaCl
solution (control group) was slowly injected into each striatum
over 3 min via a needle connected by a polyethylene tube to a
10 pL Hamilton syringe. The needle was left in place for another
1 min before being softly removed, so that the total procedure
lasted 4 min. The coordinates for injections were as follows: 0.6 mm pos-
terior to the bregma, 2.6 mm lateral to the midline and 4.5 mm ventral
from dura [20]. In some experiments, animals were pre-treated i.p. with
MEL (100 mg/kg), NAC (150 mg/kg) or vitamin E (40 mg/kg) plus
vitamin C (100 mg/kg) for 3 days, after which they received an acute in-
jection of HMG. In other experiments, MK-801 (6 nmol) or L-NAME
(0.2 nmol) was injected intrastriatally 30 min before the administration
of HMG.

Some animals aged 7 and 30 days of life were injected with a single
dose of HMG or MGA (10 pmol/g body weight of each organic acid) and
sacrificed 30 min after the administration. The concentrations of the
organic acids were measured in striatum from these animals 30 min
after injection.

2.4. Striatum preparation

The rats were sacrificed by decapitation without anesthesia 30 min
after the intrastriatal injection of the organic acid or NaCl. We sacrificed
the animals and collected the samples 30 min after the injection
because we aimed to investigate short-lived effects (acute evaluation)
of the major metabolites accumulating in 3-hydroxy-3-methylglutaric
aciduria. The brain was rapidly excised on a Petri dish placed on an ice
plate. The olfactory bulb, pons, medulla, cerebral cortex and cerebellum
were discarded and the striatum was dissected, weighed, and homoge-
nized in 4 (1:4, w/v) (measurement of nitric oxide production) or 10
volumes (1:10, w/v) (evaluation of the other oxidative stress parame-
ters) of 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM
KCl. Homogenates were centrifuged at 750 g for 10 min at 4 °C to dis-
card nuclei and cell debris [21]. The pellet was discarded and the super-
natant, a suspension of mixed and preserved organelles, including
mitochondria, was separated and used to measure oxidative stress
parameters. Slices (400 pm) of striatum were also prepared and used
for DCFH oxidation.

2.5. Organic acid analysis

HMG and MGA quantification in brain homogenates was performed
by gas chromatography/mass spectrometry (GC/MS) according to
Sweetman [22] with some modifications [23]. For this analysis, we
used striatum homogenates (1:10 w/v in 20 mM sodium phosphate
buffer, pH 7.4, containing 140 mM KCl) prepared from rats that
received a single intrastriatal administration of HMG (4 pmol) or MGA
(4 umol), as described previously. Brain homogenates previously incu-
bated for 1 h at 37 °Cwith HMG (20 mM) or MGA (20 mM) to evaluate
the metabolism of these organic acids in the brain. We also utilized
striatum from 7- and 30-day-old rats injected i.p. with 10 umol/g
body weight of HMG or MGA, which was homogenized (1:10, w/v) in
20 mM sodium phosphate buffer, pH 7.4, containing 140 mM KCl. An
aliquot of 500 piL of each sample (brain homogenates) was first acidified
to pH 1.5-2.0 and mixed with 100 pL hexadecane (internal standard).
Standard solutions of HMG and MGA at the concentration of 1 mM
were also submitted to the same procedure.

2.6. Oxidative stress parameters

2.6.1. Malondialdehyde (MDA) concentrations

MDA concentrations were estimated by measuring thiobarbituric
acid-reactive substances (TBA-RS) [24], with slight modifications.
Briefly, 200 pL of 10% trichloroacetic acid (TCA) and 300 pL of 0.67%
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thiobarbituric acid in 7.1% sodium sulfate were added to tissue
supernatants containing 0.3 mg of protein and incubated for 2 h in
a boiling water bath. The resulting pink-stained complex was
extracted with 400 puL of butanol. Fluorescence of the organic
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. MDA concentrations were calculated
as nmol MDA/mg of protein.

2.6.2. Protein carbonyl formation

Protein carbonyl formation was measured spectrophotometrically
according to Reznick and Packer [25]. Two hundred microliters of
striatum supernatants containing 0.3 mg of protein were treated
with 400 pL of 10 mM 2,4-dinitrophenylhydrazine (DNPH) dissolved
in 2.5 N HCl or with 2.5 N HCl (blank) and left in the dark for 1 h.
Samples were then precipitated with 600 pL of 20% TCA 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 pL of
6 M guanidine prepared in 2.5 N HCl at 37 °C for 5 min. The absor-
bance was read at 365 nm. 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
as nmol of carbonyl groups/mg of protein, using the extinction coeffi-
cient of 22,000 x 10% nmol/mL for aliphatic hydrazones.

2.6.3. 2',7'-Dichlorofluorescin (DCFH) oxidation

Reactive oxygen species (ROS) production was assessed by deter-
mining DCFH oxidation according to LeBel [26]. 2’,7’-Dichlorofluorescin
diacetate (DCFH-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. DCFH-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 ROS. The DCF fluorescence intensity parallels
the amount of ROS formed. Fluorescence was measured using excitation
and emission wavelengths of 480 and 535 nm, respectively. Calibration
curve was performed with standard DCF (0.1-1 pM) and the levels of
ROS were calculated as pmol DCF formed/mg protein.

2.6.4. Nitrate and nitrite content

Nitrate and nitrite concentrations were evaluated according to
Navarro-Gonzalvez [27] with some modifications. One hundred and
fifty microliters of tissue supernatants (containing approximately
1.2 mg of protein) were deproteinized by adding 125 pL of 75 mM
ZnSO,4 solution, followed by centrifugation at 9000 g for 2 min at
25 °C. The supernatant obtained was neutralized with 55 mM NaOH
solution and diluted in 5 volumes of glycine buffer solution, pH 9.7.
Copper-coated cadmium granules (600-1000 mg) were added to the
supernatants to convert all nitrate into nitrite in the biological samples.
Aliquots of 200 pL were then treated with 200 pL of Griess reagent (2%
sulfanilamide in 5% HCl and 0.1% N-1-(naphtyl)ethylenediamine in
H,0) and incubated at room temperature by 10 min. The absorbance
was read at 505 nm. A calibration curve was prepared with NaNO, at
concentrations ranging from 1 to 125 puM. The final results were
expressed in pmol of nitrate and nitrite/mg of protein.

2.6.5. Reduced glutathione (GSH) concentrations

GSH concentrations were measured according to Browne and Arm-
strong [28] with slight modifications. One hundred and eighty-five
microliters of 100 mM sodium phosphate buffer, pH 8.0, containing
5 mM EDTA, and 15 pL of o-phthaldialdehyde (1 mg/mL) were added
to 30 pL of sample (0.3-0.5 mg of protein) previously deproteinized
with metaphosphoric acid. This mixture was incubated at room tem-
perature in a dark room for 15 min. Fluorescence was measured
using excitation and emission wavelengths of 350 nm and 420 nm,

respectively. Calibration curve was prepared with standard GSH
(0.001-1 mM) and the concentrations were calculated as nmol/mg of
protein.

2.6.7. Superoxide dismutase (SOD) activity

SOD activity was assayed according to Marklund [29]. The reaction
medium contained 50 mM Tris buffer/1 mM ethylenediaminetetraacetic
acid, pH 8.2, 80 U/mL catalase, 0.38 mM pyrogallol and approximately
1 pg of protein. The inhibition of autoxidation of pyrogallol, a process
dependent on superoxide, occurs in the presence of SOD, whose activity
can be then indirectly assayed spectrophotometrically at 420 nm. The
results are reported as U/mg of protein.

2.6.8. Glutathione reductase (GR) activity

GR activity was measured according to Carlberg and Mannervik [30].
The enzyme activity was determined by monitoring the NADPH de-
crease 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). The specific activity was calculated and expressed as U/mg of
protein.

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

G6PD activity was measured by the method of Leong and Clark [31],
in which the reaction mixture contained 100 mM Tris-HCl, pH 7.5,
10 mM MgCl,, 0.5 mM NADP* and 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. The specific activity is
represented as U/mg of protein.

2.6.10. Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel [32] using tert-
butylhydroperoxide as substrate. The enzyme activity was determined
by monitoring the NADPH decrease at 340 nm in a medium con-
taining 100 mM potassium phosphate buffer/1 mM EDTA, 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 approximately 3 pg of
protein. The specific activity was calculated as U/mg of protein.

2.6.11. Catalase (CAT) activity

CAT activity was assayed according to Aebi [33] 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 approximately 1 pg of protein. The specific activity was
calculated as U/mg of protein.

2.7. Protein content

The protein content was determined by the method of Lowry et al.
[34], using bovine albumin as standard.

2.8. Statistical analysis

Data were expressed as means 4 SD for absolute values. Assays
were performed in duplicate or triplicate and the mean was used
for statistical analysis. Data were analyzed using one-way analysis
of variance (ANOVA) followed by the Duncan multiple range test
when the F value was significant. 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.
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3. Results
3.1. HMG and MGA concentrations achieved in rat striatum

We first determined the concentrations of HMG and MGA achieved
in the striatum after a single injection of each of the organic acids.
We verified that mean HMG and MGA concentrations achieved in the
striatum were respectively 140 and 200 pM.

Next we tested in vitro whether 1) HMG could be converted to MGA
by measuring MGA formation from HMG in brain homogenates and 2)
MGA could be metabolized in the brain. We observed under our condi-
tions that MGA could not be detected when HMG was incubated for 1 h
with brain homogenates and that MGA was not metabolized in the
brain since the amount of MGA remained the same when brain was
exposed for 1 h with this organic acid (results not shown). These data
suggest that the brain does not contain the enzymes necessary for
HMG and MGA metabolism as it was previously reported [35] and indi-
cate that our results were due to true effects of HMG and MGA injected
into the striatum.

We also investigated whether HMG and MGA are able to cross
the blood-brain barrier (BBB) by i.p. injection of each organic acid
(10 umol/g body weight) to 7- and 30-day-old (young) rats. We barely
detected both organic acids in the striatum of 30-day-old rats (concen-
trations around 20 pM). However, the same dose of these metabolites
injected i.p. in 7-day-old rats gave rise to high striatum accumulation
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of these compounds (HMG: 348 uM; MGA; 480 M), implying that
the immature BBB is much more permeable to these organic acids.

3.2. HMG and MGA intrastriatal administration induces lipid and protein
oxidative damage in rat striatum

Fig. 1A shows that HMG and MGA [F, 13y = 12.78; P < 0.001] signif-
icantly increased MDA levels in rat striatum, indicating that these organic
acids induce lipid oxidative damage.

We also evaluated the effect of intrastriatal administration of HMG
and MGA on carbonyl formation, a product of protein oxidation, in rat
striatum. We observed that HMG and MGA [F3 10y = 8.13; P < 0.01]
significantly increased carbonyl formation (Fig. 1B), indicating that
both organic acids provoke protein oxidative damage.

3.3. HMG and MGA intrastriatal administration increases reactive species
production in rat striatum

We assessed whether reactive species were involved in HMG and
MGA-induced pro-oxidant effects by investigating the influence of
these organic acids on DCFH oxidation and nitrate plus nitrite produc-
tion. We verified that HMG and MGA significantly increased DCFH oxida-
tion [F2,13y = 16.4; P < 0.001] (Fig. 1C), whereas only HMG increased
nitrate and nitrite production [F(; 11y = 2.97; P < 0.05] (Fig. 1D).
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Fig. 1. Effect of intrastriatal administration of 3-hydroxy-3-methylglutaric acid (HMG, 4 umol) or 3-methylglutaric acid (MGA, 4 pmol) on malondialdehyde (MDA) levels (A), carbonyl
formation (B), 2’,7'-dichlorofluorescin (DCFH) oxidation (C), nitric oxide production (D), GSH concentrations (E), and the activities of superoxide dismutase (SOD), glutathione reductase
(GR), glucose-6-phosphate dehydrogenase (G6PD), glutathione peroxidase (GPx) and catalase (CAT) (F) in rat striatum 30 min after injection. Data are expressed as mean + SD of 5 to 6
independent experiments (animals) performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, compared to rats that received intrastriatal NaCl injection (Duncan multiple range test).
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3.4. HMG and MGA intrastriatal administration reduces GSH concentra-
tions in rat striatum

The next step of this work was to investigate the effects of HMG
and MGA on GSH concentrations. Fig. 1E depicts that HMG and
MGA [F,15) = 20.29; P < 0.001] decreased GSH concentrations in
rat striatum, indicating a decrease of striatal non-enzymatic antioxi-
dant defenses.

3.5. HMG and MGA intrastriatal administration modulates antioxidant
enzyme activities in rat striatum

We then determined the effects of intrastriatal administration of
HMG and MGA on the activities of the antioxidant enzymes SOD, GR,
G6PD, GPx and CAT. It can be observed in Fig. 1F that HMG and
MGA significantly decreased SOD [F,,15) = 13.78; P < 0.001] and GR
[F(215) = 44.97; P <0.001] activities, whereas HMG decreased the
activity of G6PD [F(315) = 2.88; P < 0.05] in rat striatum. On the other
hand, GPx activity was significantly increased by HMG and MGA
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intrastriatal administration [F(;15) = 12.58; P < 0.01], whereas HMG
increased CAT activity [F(, 15y = 6.44; P < 0.05] (Fig. 1F).

3.6. Antioxidants and MK-801 prevented HMG-induced alterations of the
parameters of oxidative stress

We also investigated the effects of i.p. pre-treatment of MEL (Fig. 2),
NAC (Fig. 3) and the combination of vitamin E plus vitamin C (Fig. 4) on
HMG-induced lipid oxidative damage and alterations of the antioxidant
defenses in rat striatum. The figures demonstrate that these antioxi-
dants fully prevented or attenuated the effects of HMIG on MDA levels
(Figs. 2A, 3A and 4A), GSH concentrations (Figs. 2B, 3B and 4B) and
the activities of SOD, GR, G6PD, GPx and CAT (Figs. 2C, 3C and 4C).

We then evaluated the influence of a single intrastriatal injection of
the non-competitive NMDA receptor antagonist MK-801 and of the
nitric oxide synthase (NOS) inhibitor L-NAME on the effects elicited
by HMG (Fig. 5). We observed that MK-801 fully prevented lipid perox-
idation induced by HMG (Fig. 5A), whereas L-NAME totally prevented
and MK-801 attenuated GSH decrease caused by HMG (Fig. 5B).
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Fig. 2. Effect of melatonin (MEL; 100 mg/kg) on 3-hydroxy-3-methylglutaric acid (HMG, 4 pmol)-induced alterations on malondialdehyde (MDA) levels (A), glutathione (GSH)
concentrations (B) and activities of antioxidant enzymes (C). Values are means =+ standard deviation of five to six independent experiments (animals) performed in triplicate.
*P < 0.05, **P < 0.01, ***P < 0.001, compared to control (NaCl-injected rats); *P < 0.05, compared to HMG (Duncan multiple range test).
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Regarding the enzymatic antioxidant defenses, L-NAME and MK-801
prevented the HMG-elicited decrease of SOD activity (Fig. 5C), whereas
MK-801 avoided the decrease of the activity of GR and L-NAME barred
the decrease of G6PD provoked by HMG (Fig. 5C).

4. Discussion

The mechanisms of brain injury in HL deficiency are poorly
known, although it is conceivable that the hypoglycemia and/or hyper-
ammonemia occurring during crises may be involved in the neurologi-
cal dysfunction presented by the patients [2,7,35]. It could be also
presumed that chronic accumulation of HMG and MGA may represent
an important pathomechanism contributing to the cerebral symptoms
and abnormalities observed in these patients, particularly during
episodes of metabolic decompensation, in which the concentrations of
these metabolites dramatically increase. Therefore, it seems relevant
to investigate the in vivo role of the major metabolites accumulating
in HL deficiency on the cell redox homeostasis in the brain in order
to clarify the relationship between the clinical features and the bio-
chemical abnormalities in this disorder.

In the present study we evaluated the effects of an acute intrastriatal
administration of HMG and MGA on important parameters of oxidative
stress in rat striatum, a cerebral structure mainly altered in the brain of
the affected patients [10-12]. We found that intrastriatal administration
of HMG and MGA induced lipid peroxidation in striatum, corroborating
our previous in vitro findings showing that both organic acids increased
TBA-RS levels in rat brain [18]. Since TBA-RS measurement reflects the
amount of MDA generated, a final product formed by the oxidation of
unsaturated fatty acids of lipid constituents of the tissues, these results
indicate that HMG and MGA induced lipid oxidative damage in vivo.
We also showed that the antioxidants MEL, NAC, the combination of
vitamins C and E prevented or attenuated MDA concentrations increase
elicited by HMG, implying that this effect was secondary to elevated
reactive species generation, mainly hydroxyl and peroxyl radicals,
which are scavenged by these antioxidants [36-38].

HMG and MGA also increased carbonyl formation in the striatum. In
this context, it should be noted that carbonyl groups are generated in
proteins by the oxidation of amino acid side chain residues (Pro, Arg,
Lys, and Thr) mediated by reactive species [39]. We cannot also exclude
the possibility that aldehydes resulting from lipid peroxidation, which
were increased by HMG, may have secondarily induced carbonyl



150 C.G. Fernandes et al. / Molecular Genetics and Metabolism 109 (2013) 144-153

i [ saline + NaCl
- @ saline + HMG

BB VitE + Vit C + HMG

# 3 saline + NaCl
@ saine + HMG

ED VitE + VitC + HVG

0.5 1 *k*k
2= 044 =T
S5
%8
.E'g 0.3 -
S g
o= 024
S 3
gE
=< 014
0.0
10 -
PRI
$§
8%
E5 61 *
[TIE =]
S g
3= 4
e
o< 24
0
16 - i
*
™) 1
gg "7 i
=8 H
- T
o O ]
oS 8- |
EP =
> 3
23 " £
62 4 la, |
0 - = 8
SOD GR G6PD GPx

[ saline + NaCl
B saline + HVG
BB VitE + VitC + HVMG

Fig. 4. Effect of the combination of a-tocopherol (vitamin E, Vit E; 40 mg/kg) and ascorbic acid (vitamin C, Vit C; 100 mg/kg) on 3-hydroxy-3-methylglutaric acid (HMG, 4 umol)-induced
alterations on malondialdehyde (MDA) levels (A), glutathione (GSH) concentrations (B) and activities of antioxidant enzymes (C). Values are means =+ standard deviation of five to six
independent experiments (animals) performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, compared to control (NaCl-injected rats); *P < 0.05, **P < 0.01, **#P < 0.001 compared to

HMG (Duncan multiple range test).

generation [39]. Since carbonyl group generation is currently used as a
marker of free radical-mediated protein oxidation [40], it is presumed
that these organic acids provoked protein oxidative damage in the
striatum.

We also verified that HMG and MGA increased DCFH oxidation,
suggesting the involvement of ROS in HMG and MGA pro-oxidant
effects [41,42]. HMG also increased nitric oxide production, as deter-
mined by the augmented formation of nitrates and nitrites provoked
by this metabolite. These data, allied to our findings showing that
NAC, MEL, the combination of vitamins C and E and L-NAME (NOS
inhibitor) prevented lipid peroxidation and also the alterations of anti-
oxidant defenses elicited by HMG, reinforce the presumption that the
oxidative damage was due to increased generation of reactive oxygen
and nitrogen species. On the other hand, it is possible that the increase
of reactive nitrogen species (RNS) induced by HMG was partly due to
overstimulation of NMDA receptors since MK-801, the antagonist of
these receptors, also prevented HMG-induced pro-oxidant effects [43].

Regarding the antioxidant system, we found that HMG and MGA
significantly reduced GSH concentrations, and this is in line with
our previous in vitro findings [18]. Considering that endogenous
GSH is the main naturally-occurring antioxidant in the brain and is
used to evaluate the capacity of a tissue to prevent the damage asso-
ciated to free radical processes [38], it is presumed that the rat

striatum non-enzymatic antioxidant defenses were compromised by
HMG and MGA in vivo. Moreover, since GSH is considered an impor-
tant defense against lipid oxidative damage scavenging reactive
species responsible for the initiation of this process, it is feasible
that lipid peroxidation elicited by HMG and MGA could be secondary
to GSH reduction. It is emphasized that GSH reduction could be due to
the increase of reactive species elicited by HMG and MGA, which may
have consumed this important brain antioxidant, reducing its final
concentrations.

HMG and MGA also significantly decreased SOD and GR activities
and increased GPx activity in rat striatum. In addition, HMG caused a
significant increase of CAT activity and a decrease of G6PD activity.
Although we cannot at present explain the mechanisms by which SOD
activity was reduced, it has been suggested that a decrease in the activ-
ities of antioxidant enzymes, such as SOD, may be due to ROS causing a
site-specific amino acid modification [43,44]. We should emphasize
that a reduction of SOD activity may lead to superoxide anions excess
that usually generates other forms of carbon-, nitrogen- and oxygen-
centered radicals that could contribute to the lipid and protein oxidative
damage induced by HMG and MGA in the brain. Furthermore, the
increase of GPx activity, DCFH oxidation and lipid peroxidation caused
by HMG and MGA administration suggest that hydrogen peroxide and
lipid peroxide are probably involved in HMG- and MGA-induced
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compared to HMG (Duncan multiple range test).

oxidative damage in rat striatum. As regards the increased CAT activity,
induction of the expression of this antioxidant enzyme at the gene level
might have taken place as a compensatory mechanism in response to
increased formation of hydrogen peroxide [45-47] induced by HMG.
Finally, it is feasible that HMG-induced diminution of G6PD activity
may have contributed to the decreased GR activity due to the lack of
NADPH for GSH recycling through this enzyme.

We also found that the non-competitive NMDA receptor antagonist
MK-801 prevented the lipid oxidation and the alterations of antioxidant
defenses caused by HMG. These data highlight a role for NMDA receptor
in these effects. The fact that NMDA receptors may be involved in
HMG-induced effects is not surprising because of the structural similar-
ity between HMG and glutamate. Therefore, it may be of interest to
study whether these organic acids and especially HMG interact with
NMDA receptors. On the other hand, we cannot exclude the possibility
that induction of NOS activity leading to generation of RNS was at least
partially due to overstimulation of NMDA glutamate receptors by this
organic acid [38,43,48].

Since oxidative stress results from an imbalance between the total
antioxidant defenses and the reactive species generated in a tissue,

our present data strongly indicate that HMG and MGA induce oxidative
stress in vivo in rat striatum. It must be emphasized here that ROS are
capable to oxidize different molecules, including lipids, proteins, sugars
and DNA, representing a key event in the pathogenic cascade leading to
necrotic or apoptotic cell death [49-51]. Furthermore, oxidative stress is
a very deleterious condition especially to the brain compared with
other tissues [38]. This is supported by the fact that the brain has a
high rate of oxidative metabolism coupled to ROS production, lower
activity of antioxidant enzymes, reduced content of non-enzymatic
antioxidants and higher peroxidation potential because of its high
content of polyunsaturated fatty acids [38].

Currently, we cannot determine the pathophysiological relevance
of the present data since to our knowledge brain concentrations of
HMG and MGA were not yet established in HL deficiency. However,
it should be stressed that the significant alterations of the biochemical
parameters were obtained at micromolar concentrations in our pres-
ent in vivo model. On the other hand, we found that HMG and MGA
were shown to rapidly cross the BBB in 7-day-old rats in the striatum,
although only traces of these compounds were detected in this
cerebral structure from older animals. These data indicate that the
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immature barrier is much more permeable to these organic acids and
that treatment for HL deficient patients should be better controlled in
early stages of development.

In summary, our present data clearly demonstrate that HMG and
MGA disturb cell redox homeostasis in the striatum. We cannot attri-
bute our findings to derivatives of HMG and MGA since their concentra-
tions did not change when these organic acids were incubated with
brain slices or homogenates. This is in accordance with recent findings
showing that HL is not expressed in the mitochondrial fraction of the
brain [35], reinforcing our results and indicating that HMG and MGA
are not produced in situ in the brain.

In conclusion, to the best of our knowledge this is the first report
showing that HMG and MGA induce in vivo oxidative stress in the
striatum at least partially mediated by NMDA receptors. The present
in vivo data allied to previous in vitro studies [16-19] indicate that this
pathomechanism may potentially contribute to the neurologic manifes-
tations found in HL deficiency. In this regard, antioxidants directed
towards the mitochondria or specific antagonists of NMDA glutamate
subunits focused to selectively block the toxic effects of NMDA stimula-
tion without interfering with its physiological function in neurotrans-
mission may possibly serve in the future as adjuvant therapies in HL
deficiency, especially during crises [52,53]. In this context, it was recent-
ly shown that the NMDA receptor antagonist ketamine significantly
reduced seizures and ameliorated the clinical status of a patient with
nonketotic hyperglycinemia [53]. It is also possible that memantine,
an open-ion channel antagonist with rapid turnover, that was shown
to protect against excitotoxicity in Alzheimer's disease patients, could
be used to prevent brain abnormalities in this disorder [54].
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3-Hydrohy-3-methylglutaric aciduria (HMGA) is an inherited metabolic disorder caused
by 3-hydroxy-3-methylglutaryl-CoA lyase deficiency. It is biochemically characterized
by predominant tissue accumulation and high urinary excretion of 3-hydroxy-3-
methylglutarate (HMG) and 3-methylglutarate (MGA), as well as 3-methyglutaconate
and 3-hydroxyisovalerate. Affected patients commonly present acute symptoms during
metabolic decompensation, including vomiting, seizures and lethargy/coma
accompanied by metabolic acidosis and hypoketotic hypoglycaemia. Although
neurological manifestations are common, the pathogenesis of brain injury in this
disease is poorly known. Astrocytes are important for neuronal protection and are
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Abstract

3-Hydrohy-3-methylglutaric aciduria (HMGA) is an inherited metabolic disorder caused by 3-hydroxy-3-
methylglutaryl-CoA lyase deficiency. It is biochemically characterized by predominant tissue
accumulation and high urinary excretion of 3-hydroxy-3-methylglutarate (HMG) and 3-methylglutarate
(MGA), as well as 3-methyglutaconate and 3-hydroxyisovalerate. Affected patients commonly present
acute symptoms during metabolic decompensation, including vomiting, seizures and lethargy/coma
accompanied by metabolic acidosis and hypoketotic hypoglycaemia. Although neurological
manifestations are common, the pathogenesis of brain injury in this disease is poorly known. Astrocytes
are important for neuronal protection and are susceptible to damage by neurotoxins. In the present study,
we investigated the effects of HMG and MGA, the major metabolites accumulating in HMGA, on
important parameters of redox homeostasis and cytokine production in cortical cultured astrocytes. The
role of the metabolites on astrocyte mitochondrial function (thiazolyl blue tetrazolium bromide — MTT
reduction) and viability (propidium iodide incorporation) was also studied. Both organic acids decreased
astrocytic mitochondrial function withouth altering cell viability, and the concentrations of reduced
glutathione. In contrast, they increased reactive species formation (2°-7’-dichlorofluorescein diacetate -
DCFHDA oxidation). They also provoked a significant increase of IL-153, IL-6 and TNFa release through
the ERK signaling pathway. Taken together, the data indicate that the principal compounds accumulating
in HMGA induce a proinflammatory response in cultured astrocytes that may possibly be involved in the

neuropathology of this disease.

Kew words: 3-Hydrohy-3-methylglutaric aciduria; oxidative stress; proinflamatory response; astrocytes;

cytokine production; ERK pathway.



Introduction

3-Hydroxy-3-methylglutariyl-CoA lyase (EC 4.1.3.4) catalyses the cleavage of 3-hydroxy-3-
methylglutaryl-CoA to form acetyl-CoA and acetoacetate. This reaction is a key step in ketogenesis and is
also the last step in the leucine catabolic pathway [1-2]. Deficiency in this enzyme activity is the cause of
to the autosomal recessive disorder called 3-hydroxy-3-methylglutaric aciduria (HMGA, MIM 246450).
Biochemically, the disease is characterized by predominant tissue accumulation and high urinary
excretion of 3-hydroxy-3-methylglutarate (HMG) and 3-methylglutarate (MGA), as well as 3-
methylglutaconate, 3-hydroxyisovalerate and 3-methylcrotonylglycine to a lesser degree [3-8].

Clinical presentation usually occurs in the first year of life during fasting or intercurrent illnesses, mainly
infections. Acute symptoms include vomiting, seizures and lethargy/coma, accompanied by metabolic
acidosis, hypoketotic hypoglycemia and mild hyperammonemia [1, 10-11, 19]. Chronically progressive
brain injury and mild hepatic alterations during crises are frequently present in this disorder. Pancreas and
heart can also be involved in some patients [8, 12-17]. Magnetic resonance neuroimaging frequently
shows multiple and marked coalescent lesions in periventricular subcortical white matter and arcuate
fibers, most prominent in frontal or periatrial regions, apart from alterations in the basal ganglia attesting
the significance of the neurological involvement [17-20].

Astrocytes, the more versatile cells in the mammalian brain, provide neuronal support and stability, being
therefore important modulators of normal brain functioning [21-22]. Moreover, these cells have crucial
role in neurodegenerative disorders, playing decisive roles in damaging and stress responses by
synthesizing cytokines and chemokines [23]. This process usually lead to reactive astrogliosis and may be
beneficial or deleterious because reactive astrocytes may underlie pro- or anti-inflammatory effects, being
the proinflammatory response involved in pathogenesis of neurodegenerative processes [24].
Additionally, astrocytes modulate the biosynthesis and release of antioxidant defenses like glutathione
(GSH) in the CNS [25].

The pathophysiology of 3-hydroxy-3-methylglutaril-CoA lyase (HMG-CoA lyase) deficiency is only
partially understood. It may be explained by energy deficit (hypoketotic hypoglycaemia), reduction of
fatty acid oxidation due to carnitine deficiency or alternatively due to the intracellular accumulation of
ammonia and/or the toxic organic acids accumulating secondary to the leucine catabolic pathway
blockage. Previous experimental evidence supports neurotoxic effects of the major compounds that
accumulate intramitochondrially in HMGA. Oxidative stress has been proposed as one of the primary
causes of neurodegeneration, not only through the structural and functional alterations that reactive
oxygen species (ROS) produce to cell biomolecules, but also because they are potential mediators of cell
death by either necrosis or apoptosis [26]. In this context, previous in vitro and ex vivo studies
demonstrated that HMG and MGA induce lipid and protein oxidative damage and reduce the non-
enzymatic antioxidant defenses in cerebral cortex, striatum and liver of young rats [27-30]. It was also
shown that MGA reduces mitochondrial redox potential (mitochondrial dysfunction) and inhibits
Na+,K+-ATPase activity in synaptosomes prepared from rat brain [31].

However, to the best of our knowledge, nothing has been reported on the influence of these metabolites
on astrocytes to establish whether these cells are vulnerable to the major metabolites accumulating in

HMGA. Since cultured astrocytes have made important contributions to the understanding of
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neurodegenerative pathologies because of their critical role on the neuronal-astrocytic interactions [32-
33], in the present work we investigated the effects of HMG and MGA on oxidative and inflammatory
parameters in cortical primary astrocyte cell cultures. To further clarify the pathogenesis of the brain
damage in HMGA, we explored the putative mechanisms involved in inflammatory response induced by

these organic acids in astrocytes

Material and Methods

1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM) and other materials for cell cultures were purchased
from Gibco. DNase and polyclonal anti-GFAP was purchased from Dako, whereas thiazolyl blue
tetrazolium bromide (MTT), propidium iodide (Pi) and ELISA for NF«xB, TNF-a, IL-1B and IL-6 were
purchased from Invitrogen, PeproTech and eBioscience, respectively. All other chemicals were obtained

from Sigma—Aldrich.

2. Animals

Male Wistar rats (1 to 3 days old) were obtained from our breeding colony (Department of Biochemistry,
UFRGS, Brazil) and maintained in a controlled environment (12 h light/12 h dark cycle; 22 = 1 °C; ad
libitum access to food and water). The experimental protocol was approved by the Ethics Committee for
animal research of the Federal University of Rio Grande do Sul, Porto Alegre, Brazil and followed the
“Principles of Laboratory Animal Care (NIH publication 85-23, revised 1985). All efforts were made to

minimize the number of animals used and their suffering.

3. Primary astrocyte cultures

Animals had their cerebral cortex asseptically removed from cerebral hemispheres. All meninges were
removed. During the dissection, the cerebral cortex was kept in HBSS (Hank’s Balanced Salt Solution)
containing 0.05% trypsin and 0.003% DNase at 37 °C for 8 min. The tissue was then mechanically
dissociated for 7 min using a Pasteur pipette and centrifuged at 100 g for 5 min. The cells were
resuspended in HBSS containing DNase (0.003%) and left for decantation during 20 min. The
supernatant was collected and centrifuged for 400 g for 7 min. The cells from the supernatant were
resuspended in DMEM (10% fetal bovine serum (FBS), 15 mM HEPES, 14.3 mM NaHCO3, 1%
fungizone and 0.04% gentamicin) and plated in 24-well plates pre-coated with poly-L-lysine at a density
of 3-5 x 10° cells/cm®. The cells were cultured at 37 °C in a 95% air / 5% CO, incubator. The first

medium exchange occurred 24 h after obtaining the culture.

4. Organic acids treatment

After cells reached confluence, the culture medium was removed and the cells were incubated in the
absence or presence of HMG or MGA (0.2 to 5 mM) for 24 h at 37 °C in a 95% air / 5% CO, incubator
in DMEM with 1% FBS.



5. Intracellular ROS levels

Intracellular ROS production was assessed as previously described [34] using the nonfluorescent cell
permeating compound 2’-7’-dichlorofluorescein diacetate (DCFHDA) on cells under basal conditions or
treated with HMG or MGA. DCFHDA is hydrolyzed by intracellular esterases to dichlorofluorescein
(DCFH), which is trapped within the cell. This nonfluorescent molecule is then oxidized to fluorescent
dichlorofluorescin (DCF) by the action of cellular oxidants. Astrocytes were treated with DCFHDA (10
mM) for 30 min at 37°C. Following DCFHDA exposure, the cells were scraped into PBS supplemented
with 0.2% Triton X-100. Fluorescence was measured using a plate reader (Spectra Max M5, Molecular

Devices) at excitation and emission wavelengths of 485 nm and 520 nm, respectively.

6. Mitochondrial function

Mitochondrial function was accessed by thiazolyl blue tetrazolium bromide (MTT) reduction assay, in
which formazan is produced (activity of mitochondrial dehydrogenases). Briefly, 0.05 mg / ml of MTT
was added to the incubation medium. After 3 hours of incubation, the medium from each well was gently
removed by aspiration and dimethylsulfoxide (DMSO) was added to each well followed by incubation
and shaking for 5 min. The formazan product generated during the incubation was solubilized in DMSO

and measured at 560 and 650 nm. Only functional cells are able to reduce MTT.

7. Reduced glutathione (GSH) content

GSH levels were assessed as previously described [35]. Astrocyte homogenates (50 mg) were diluted in
100 mM sodium phosphate buffer (pH 8.0) containing 5 mM EDTA, and the protein was precipitated
with 1.7% meta-phosphoric acid. The supernatant was assayed with o-phthaldialdehyde (1 mg/ml
methanol) at room temperature for 15 min. Fluorescence was measured using excitation and emission
wavelengths of 350 and 420 nm, respectively. A calibration curve was performed with standard GSH

solutions (0-500 mM). GSH concentrations were calculated as nmol/mg protein.

8. IL-1B, IL-6 and TNFa measurement

IL-1B and IL-6 was carried out in an extracellular medium, using a rat IL-1B or IL-6 ELISA from
eBioscience (USA), whereas the TNFo assay was carried out in the same medium, using a rat TNF-a
ELISA from Peprotech (USA). The results are expressed as the percentage of control levels. To test
whether HO1 and ERK signaling pathways were involved in the production of these classical cytokines,
we used their inhibitors zinc proporporphyrin IX (ZnPP IX, 10 pM) and PD98059 (5 uM), respectively,
for 0.5 h before the treatment with HMG and MGA.

9. Measurement of NFkB levels
The levels of NFkB p65 in the nuclear fraction, which had been isolated from lysed cells by
centrifugation, were measured using an ELISA commercial kit from Invitrogen (USA). The results are

expressed as percentages relative to the control levels.



10. Measurement of astrocyte viability

Cell viability was measured by propidium iodide cell incorporation using phase contrast optics.
Membrane integrity was assessed by fluorescent image analysis (Nikon inverted microscope using a TE-
FM Epi-Fluorescence accessory) of propidium iodide (Pi) uptake (7.5 mM) [36] at 37 °C in an
atmosphere of 5% CO,/ 95% air in DMEM supplemented with 5% FBS.

11. GFAP quantification by western blot analysis

To characterize the astrocyte cultures we measured the glial fibrilar astrocyte protein (GFAP) levels by
western blot in the presence or absence of 5 mM HMG or 5 mM MGA. Cells were solubilized with a lysis
solution containing 4 % sodium dodecyl sulfate (SDS), 2 mM EDTA and 5 mM Tris-HCI at pH 6.8.
Equal amounts of protein from each sample were boiled in a sample buffer (62.5 mM Tris-HCI, pH 6.8, 2
% (w/v) SDS, 5 % B-mercaptoethanol, 10 % (v/v) glycerol, 0.002 % (w/v) bromophenol blue) and
submitted to electrophoresis in a 10 % (w/v) SDS-polyacrilamide gel. The separated proteins were
transferred to a nitrocellulose membrane. Equal loading of each sample was confirmed with Ponceau S
staining (Sigma). The membrane was incubated with polyclonal antibodies targeting GFAP (1:3000). B-
actin was used as a loading control. After incubating overnight with the primary antibody at 22 °C, the
membrane was washed and incubated with peroxidase-conjugated anti-rabbit immunoglobulin (IgG) at a
dilution of 1 : 1000 for 1h. The chemiluminescence signal was detected using enhanced
chemiluminescence; the resulting films were scanned and the bands were quantified using the Scion

Image software (Scion Corp., Frederick, MD, USA).

12. Protein assay

Protein content was measured using Lowry’s method, with bovine serum albumin as a standard [37].

13. Statistical analyses

Differences among groups were statistically analyzed using one-way analysis of variance (ANOVA),
followed by the Duncan’s multiple range test and in some experiments the Student ¢ test for unpaired
samples was used. Only significant F and ¢ values were shown. All analyses were performed using the

Statistical Package for Social Sciences software, version 18.0 (SPSS Inc., Chicago, IL, USA).

Results

1. 3-Hydroxy-3-methylglutaric (HMG) and 3-methylglutaric (MGA) acids decrease mitochondrial
function in cultured astrocytes

We first evaluated the mitochondrial function by the MTT reduction assay. Cultured astrocytes exposed
to HMG and MGA at 5 mM concentration for 24 h significantly decreased formazan formation (HMG:
Fig. 1A [Fpe = 22.6; P < 0.001] and MGA: Fig. 1B [F,6 = 60.1; P < 0.001], respectively). However,
astrocyte viability, measured by propidium iodide incorporation, was not significantly changed by HMG

and MGA for 24 h (results not shown).



2. 3-Hydroxy-3-methylglutaric (HMG) and 3-methylglutaric (MGA) acids increase reactive oxygen
species (ROS) production and reduce the antioxidant defenses in cultured astrocytes

Next, we investigated whether HMG and MGA could alter ROS production in primary astrocyte cultures
from neonatal rat cerebral cortex. Fig. 2A and B show that HMG [F 37 = 40.9; P < 0.001] and MGA
[Fuszn = 27.5; P < 0.001] significantly increased DCFH oxidation in cultured astrocytes in a dose
dependent manner (HMG: = 0,88; P < 0.001; MGA: B =0.81; P <0.001), indicating that these organic
acids induce ROS production.

We also evaluated the effect of HMG and MGA on GSH levels, the major naturally occurring brain
antioxidant. Fig. 3A and B show that HMG [F4 ;) = 16.1; P < 0.001] and MGA [F 45, = 10.8; P < 0.001]
significantly decreased GSH concentrations in astrocytes in a dose dependent manner (HMG: 3 =-0.62; P

<0.01; MGA: B =-0.66; P <0.001), indicating a decrease of non-enzymatic antioxidant defenses.

3. 3-Hydroxy-3-methylglutaric (HMG) and 3-methylglutaric (MGA) acids induce cytokine
production in cultured astrocytes

We then investigated the inflammatory response in cultured astrocytes exposed to HMG or MGA by
measuring interleukin production in the extracellular medium. Our results show that both HMG and MGA
induced significant increases of the levels of interleukin 1B (IL-1p, Fig. 4A [F,9) = 28.7; P < 0.001] and
Fig. 4B [Fp9)=29.5; P <0.001]), interleukin 6 (IL-6, Fig. 4C [F(59,=35.3; P <0.001] and Fig. 4D [F
=42.6; P < 0.001]) and tumor necrosis factor a. (TNFa., Fig. SE [F(,9) = 40.9; P < 0.001] and Fig. 4F
[F20) = 10.4; P <0.001]) release, indicating a proinflammatory response caused by these organic acids. It
can be also seen that all effects were dose dependent (IL-13: HMG: B = 0.86; P < 0.001; MGA: = 0.87;
P < 0.001; IL-6: HMG: B = 0.77; P < 0.01; MGA: B = 0.92; P < 0.001; TNFo: HMG: B = 0.87; P <
0.001; MGA: B = 0.76; P < 0.01). In a separate set of experiments, we observed no changes in cell
integrity (evaluated by PI incorporation, data not shown), implying that the increased levels of cytokines

most likely resulted from secretion of these proinflamatory factors.

4. 3-Hydroxy-3-methylglutaric (HMG) and 3-methylglutaric (MGA) acids do not activate NFkB in
cultured astrocytes

We also observed that NFkB levels were not altered by exposition of cultured astrocytes to HMG and
MGA for 24 h (Fig. 5A and B).

5. ERK signaling pathway mediates the 3-hydroxy-3-methylglutaric (HMG) and 3-methylglutaric
(MGA)-induced proinflammatory cytokines release

In an attempt to determine the mechanisms underlying the HMG and MGA-induced increase
proinflammatory cytokines, we measured cytokine production (IL-1p, IL-6 and TNFa) in the presence of
ERK (PD98059) and HO1 (ZnPP IX) inhibitors. Table 1 shows that ERK inhibitor totally abolished the
effects of HMG and MGA on IL-1 and TNFa levels. However, HO1 inhibitor was not able to prevent
the increase in cytokines release provoked by HMG and MGA (Table 2).



6. 3-Hydroxy-3-methylglutaric (HMG) and 3-methylglutaric (MGA) do not induce reactive gliosis
or alter astrocyte morphology

We finally measured the glial fibrilar astrocyte protein (GFAP) levels by western blot in cultured
astrocytes exposed to 5 mM HMG or 5 mM MGA. No alterations in GFAP expression levels were
detected, as compared to controls, indicating that these organic acids do not induce reactive gliosis (Fig.
6). In addition, no modification of cell morphology could be observed on microscope images (results not
shown). These results demonstrated that HMG and MGA did not induce reactive gliosis neither changed
cell morphology.

Discussion

Patients affected by HMG-CoA deficiency, also known as 3-hydroxy-3-methylglutaric aciduria (HMGA),
accumulate predominantly HMG and MGA in their tissues and body fluids. The concentrations of these
metabolites dramatically increase during acute metabolic crises, which are characterized by severe
metabolic acidosis, hypoketotic hypoglycaemia, mild hyperammonaemia, vomiting, hypotonia, coma, and
seizures resulting in permanent neurological damage [6, 11, 17, 20]. Although the neurological symptoms
are common and cerebral MRI reveals marked lesions in periventricular and/or subcortical white matter,
the mechanisms underlying the brain injury in this disease are poorly known. However, previous in vitro
and ex vivo studies have shown that the major metabolites accumulating in this disorder disrupt
mitochondrial dysfunction and redox homeostasis in rat brain [27-30].

Astrocytes modulate ionic homeostasis, energy metabolism, antioxidant and anti-inflammatory responses,
among other important CNS functions [38-43]. Furthermore, since the utilization of primary astrocyte
cultures have contributed to the understanding of the role of astrocytes in physiological and pathological
conditions [33], in the present study we exposed astrocytes derived from cerebral cortex of neonatal rats
to equimolar concentrations of HMG and MGA to mimic the biochemical phenotype of HMGA, and
evaluated redox homeostasis, cytokine production, cell mitochondrial function and viability.

Initially we observed that HMG and MGA provoked a dose dependent increase of DCFH oxidation in
cultured astrocytes, an useful probe for oxidative study. Since oxidation of DCFH occurs mainly through
free reactive oxygen formation and is commonly used as a probe for the total ROS production in
biological systems, it is concluded that these compounds elicited reactive species generation in an intact
cell system (astrocytes), corroborating with previous findings obtained with subcellular fractions from
total brain that includies all neural cells [27-31]. So, the first novel finding of the present investigation is
the observation that astrocytes are involved in free radical production induced by the major metabolites
accumulating in HMGA.

We also found that these organic acids markedly decreased GSH concentrations in cortical cultured
astrocytes. In this context, astrocytes are considered to be a major source of GSH by synthesizing and
secreting this antioxidant, thus helping the maintenance of the neuronal redox state [44-45]. GSH is the
most abundant antioxidant in the brain, exerting a critical role to scavenge reactive oxygen species (ROS),
protect protein sulthydryl groups in the appropriate redox state, also regulating cell death and survival

pathways [46].



Since adequate levels of antioxidants are essential to protect cells against oxidative damage and an
imbalance in the pro-oxidant/antioxidant homeostasis induces oxidative stress [47], it is possible that the
significant reduction of GSH induced by the metabolites accumulating in HMGA may cause loss of
functionality of astrocytes under HMG and MGA exposure, as observed by the significant reduction of
MTT. It is emphasized that the MTT assay is commonly used to assess mitochondrial functionality, as an
indicator of cell energy and metabolic status, although it is also accepted as a marker of cell viability.
Since propidium iodide incorporation was not changed in cultured astrocytes exposed to HMG and MGA
under the same conditions, we presume that cell viability was preserved. Noteworthy, astrocytes have
been demonstrated to be vulnerable to various toxins and in particular to MPP+ and this susceptibility
seems to be dependent on a pro-oxidant condition induced by MPP+, leading astrocytes to lose
functionality [48-49].

We cannot establish at the present whether the reduction of GSH levels occurred due to its oxidation by
free radicals because of a high production of reactive species (increased DCFH oxidation) leading to GSH
consumption, or whether the reduction of GSH levels led to an imbalance of reactive species formation
leading to a pro-oxidant state. It is of note that depletion of GSH takes place during stress conditions
giving rise to an inflammatory response with oxidative stress that plays a critical role in astrocytic
inflammatory response [50]. In addition, glial GSH depletion induces neuroinflammation and
neurotoxicity with significant augment of proinflammatory cytokines [51].

In this particular, another original contribution of our work was the demonstration of elevated levels of
the cytokines IL-1p, IL-6 and TNFa in cultured astrocytes exposed to HMG and MGA. TNFa and IL1-8
are synthesized predominantly by microglia and astrocytes, acting in acute inflammatory responses and
these cytokines are able to induce IL-6 synthesis. IL-6 is also produced in microglia, astrocytes and
neurons and plays a pivotal role in a variety of CNS functions such as induction and modulation of
astrocytes reactivation, pathological inflammation and neuroprotection [50-54]. Moreover, the elevation
of cytokine levels probably reflects glial reactivity that, in combination with an increase in ROS
production and a decrease in antioxidant content in the brain, has been reported as primary features in the
pathogenesis and development of various human diseases and of neurodegeneration [55-56]. Another
point to be emphasized 1is that in our present study astrocyte activation was observed without GFAP
overexpression [57].

ERK pathway has been implicated in the regulation of glial inflammatory response following an
insult/damage and is an upstream signal transduction of NFxB [51, 58]. NFxB is considered the major
inflammatory mediator in the CNS, although its mechanism of activation and subsequent translocation
into the nucleus are not completely understood [59-60]. In this sense, the effects of HMG and MGA on
classical proinflammatory cytokines (TNFa and IL1-B) were shown to be dependent on ERK signaling
pathway. Concerning to IL-6, this cytokine presents a duality of actions, degenerative and reparative
and/or anti- and proinflammatory [61]. We found here that IL-6 augment was not associated with ERK,
but may be alternatively due to the increase of TNFa and IL1-B, inductors of IL-6 production [62, 50].
Additionally, we explored the involvement of HOI cascade, another upstream of NF«B, on cytokine

release induced by HMG and MGA. The ZnPP IX inhibitor did not prevent cytokine generation.



The pathophysiological importance of our present data is difficult to predict because brain concentrations
of HMG and MGA are not yet established in HMGA affected patients. However, since neurological
symptoms appear or become worse during these catabolic crises, in which the concentrations of the
accumulating metabolites dramatically increase, it is conceivable a correlation between accumulation of
these metabolites and worsening of clinical features. It should be also noted that the concentrations of
organic acids in general, and in particular of dicarboxylic acids (such as HMG and MGA), that
accumulate in various organic acidemias are higher in the brain as compared with the blood probably
because of the low efflux of these compounds from the brain, which is in accordance with the trapping
theory [63-66]. Nevertheless, the main relevance of this study is that it provides solid evidence that
astrocytes derived from neonatal rats are vulnerable to the toxicans HMG and MGA.

In summary, we describe for the first time a susceptibility of neonatal rat cortical astrocytes to the toxic
insults of HMG and MGA, giving rise to a proinflammatory response with increased cytokine production
and oxidative stress, accompanied by mitochondrial dysfunction. Our findings confirm previous results
carried out in subcellular fractions and homogenates from whole brain and indicate that disruption of
astrocyte redox homeostasis caused by the major organic acids accumulating in HMGA may contribute to
the neuropathology of patients affected by this disease. Furthermore, our present data indicate that
cultured astrocytes represent an interesting and promising biological tool to study toxicity of compounds
accumulating in inherited disorders, although their main limitation lies in the fact that it does not involve
the intricate relationships between neurons and glial cells. It is therefore presumed that reactive species
and citokyne production contribute to the neurological dysfunction observed in this disorder, particularly
during metabolic crises, when metabolite production and brain accumulation is even higher. However, we
cannot rule out that hyperammonemia and energy deprivation (hypoketotic hypoglycaemia), may also be
involved in the brain injury of these patients since these conditions may result in free radical formation in
the CNS [58, 67-68].Overall, these observations suggest that antioxidants may potentially be useful for
therapeutic purposes to protect neural cells against oxidative damaging response in HMGA affected

patients.
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Legend to figures

Fig. 1 In vitro effects of 3-hydroxy-3-methylglutaric (HMG) and 3-methylglutaric acids (MGA) on
thiazolyl blue tetrazolium bromide (MTT) reduction in astrocyte cultures from cerebral cortex of rats.
Data are represented as mean £ SD of 3 independent experiments (wells) performed in triplicate and
expressed as percentage of controls ** P < (.01, *** P <(.001, compared to control (Duncan’s multiple
range test)

Fig. 2 In vitro effects of 3-hydroxy-3-methylglutaric (HMG, A) and 3-methylglutaric acids (MGA, B) on
2’,7’-dichlorofluorescein diacetate (DCFH-DA) oxidation in astrocyte cultures from cerebral cortex of
rats. Data are represented as mean = SD of 7 to 10 independent experiments (wells) performed in
triplicate and expressed as percentage of controls * P < 0.05, ** P < 0.01, *** P < 0.001, compared to
control and expressed as percentage of controls (Duncan’s multiple range test)

Fig. 3 In vitro effects of 3-hydroxy-3-methylglutaric (HMG, A) and 3-methylglutaric acids (MGA, B) on
reduced glutathione (GSH) levels in astrocyte cultures from cerebral cortex of rats. Data are represented
as mean = SD of 5 to 6 independent experiments (wells) performed in triplicate and expressed as
percentage of controls. ** P <0.01, *** P <0.001, compared to control (Duncan’s multiple range test)
Fig. 4 In vitro effects of 3-hydroxy-3-methylglutaric (HMG) and 3-methylglutaric acids (MGA) on the
release of the cytokines interleukin 18 (IL-1 - A, B), interleukin 6 (IL-6 - C, D) and tumor necrosis
factor a (TNF a - E, F) in astrocyte cultures from cerebral cortex of rats after 24 hours of exposition.
Data are represented as mean + SD of 4 independent experiments (wells) performed in triplicate and
expressed as percentages of controls. * P < 0.05, ** P < (0.01, *** P < (0.001, compared to control
(Duncan’s multiple range test)

Fig. 5 In vitro effects of 3-hydroxy-3-methylglutaric (HMG) and 3-methylglutaric acids (MGA) on the
NFkB levels in astrocyte cultures from cerebral cortex of rats after 24 hours of exposition. Data are
represented as mean = SD of 4 independent experiments (wells) performed in triplicate and expressed as
percentages of controls. No differences between groups were detected (one-way ANOVA)

Fig. 6 In vitro effects of 3-hydroxy-3-methylglutaric (HMG) and 3-methylglutaric acids (MGA) on
GFAP expression levels in astrocyte cultures from cerebral cortex of rats after 24 hours of exposition.
Data are represented mean + SD of 2 independent experiments (wells) performed in triplicate and

expressed as percentage of controls. No differences between groups were detected (one-way ANOVA)
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Table1
Click here to download Table: Table 1.doc

Table 1 - Effects of the ERK inhibitor PD 98059 (5 uM) on 3-hydroxy-3-methylglutaric (5 mM HMG)
and 3-methylglutaric acids (5 mM MGA)-induced alterations on the release of the cytokines interleukin
1B (IL-1pB), interleukin 6 (IL-6) and tumor necrosis factor a (TNF a) in astrocyte cultures from cerebral

cortex of rats

IL-1B IL-6 TNF o
Control 100 100 100
PD 98059 98.7+7.20 104 + 8.67 98.3 +3.78
HMG 137 +10.8 *** 142 + 12.9 *** 139 + 5.56 ***
MGA 145 + 7.44 *x* 162 + 14.3 %% 140 + 5.65 ***
HMG + PD 98059 102 £9.01 ™ 147 + 11.5 *** 106 + 5.40 ™
MGA + PD 98059 96.3 + 14.5 " 160 + 19.8 *** 106 + 9.45

Values are mean + standard deviation for four to six independent (wells) experiments per group expressed as percentage of control. *** p <'0.001 compared to

control group; ### p < 0.001 compared to HMG and MGA (Duncan’s multiple range test).



Table2
Click here to download Table: Table 2.doc

Table 2 - Effects of the heme oxygenase 1 (HO1) inhibitor zinc protoporphyrin IX (10 uM ZnPP IX) on
3-hydroxy-3-methylglutaric (5 mM HMG) and 3-methylglutaric acids (5 mM MGA)-induced alterations

on the release of the cytokines interleukin 1 (IL-1B), interleukin 6 (IL-6) and tumor necrosis factor o

(TNF o) in astrocyte cultures from cerebral cortex of rats

IL-1B IL-6 TNF o
Control 100+0 1000 100+ 0
ZnPP IX 98 +6.29 100 +4.03 103 £2.83
HMG 145 4 8.33 #** 160 £ 8.04 *** 136 £5.51 ***
MGA 149 + 16.1 *** 172 £ 18.9 #** 142 £3.77 ***

HMG + ZnPP IX
MGA + ZnPP IX

140 £ 11.8 ***
155 + 6.56 ***

152 £9.05 ***
177 £ 6.76 ***

134 £5.16 ***
143 £ 13.9 ***

Values are mean + standard deviation for 4 to 6 independent (wells) experiments per group expressed as percentage of control. *** p <(0.001 compared to control

group (Duncan’s multiple range test).
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Experimental evidence that the major metabolites accumulating in 3-
hydroxy-3-methylglutaryl-CoA lyase deficiency induce
hypophosphorylation of cytoskeletal proteins of neural cells mediated by
protein kinase inhibition and oxidative stress
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Abstract: 3-Hydroxy-3-methylglutaryl-CoA lyase (HL) deficiency is an inborn disease biochemically
characterized by tissue accumulation and high urinary excretion of 3-hydroxy-3-methylglutaric (HMG),
3-methylglutaric (MGA), 3-methylglutaconic (MGT) acids and also of 3-hydroxyisovaleric acid to a
lesser extend. Neurological symptoms and abnormalities are commonly observed in patients with this
disease, but their pathogenesis is poorly known. In the present study we found that HMG, MGA and
MGT caused hypophosphorylation of glial fibrillary acidic protein and the neurofilament subunits NFL,
NFM and NFH in striatal and cortical slices of rats. Energy deprivation was not responsible for these
effects since important parameters of mitochondrial energy production were not altered. However,
HMG-induced hypophosphorylation of cytoskeletal proteins was mediated by inhibition of protein
kinases, with no alterations of protein phosphatases. Thus, we demonstrated that protein cAMP-
dependent kinase (PKA) inhibition was involved in the hypophosphorylation of Ser55 of NFL, as well
as JNK/MAPK inhibition resulted in the hypophosphorylation of KSP repeats of NFM and NFH subunits.
It was also observed that the cytoskeletal hypophosphorylation was dependent on synaptic and extra
synaptic (NR2B subunit) NMDA receptors and also on Ca2+. Furthermore, the NOS inhibitor, L-NAME,
and the antioxidant, TROLOX (polar analog of vitamin E), fully prevented the hypophosphorylation and
the inhibition of PKA and JNK activities caused by HMG. These findings indicate that the principal
metabolites accumulating in HL deficiency disrupt the cytoskeleton phosphorylating system probably
through NMDA receptors, Ca2+ and disruption of redox homeostasis. It is presumed that these
mechanisms may contribute to the neuropathology of this disease.
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Abstract

3-Hydroxy-3-methylglutaryl-CoA lyase (HL) deficiency is an inborn disease
biochemically characterized by tissue accumulation and high urinary excretion of 3-
hydroxy-3-methylglutaric (HMG), 3-methylglutaric (MGA), 3-methylglutaconic (MGT)
acids and also of 3-hydroxyisovaleric acid to a lesser extend. Neurological symptoms
and abnormalities are commonly observed in patients with this disease, but their
pathogenesis is poorly known. In the present study we found that HMG, MGA and
MGT caused hypophosphorylation of glial fibrillary acidic protein and the
neurofilament subunits NFL, NFM and NFH in striatal and cortical slices of rats.
Energy deprivation was not responsible for these effects since important parameters of
mitochondrial energy production were not altered. However, HMG-induced
hypophosphorylation of cytoskeletal proteins was mediated by inhibition of protein
kinases, with no alterations of protein phosphatases. Thus, we demonstrated that protein
cAMP-dependent kinase (PKA) inhibition was involved in the hypophosphorylation of
Ser55 of NFL, as well as INK/MAPK inhibition resulted in the hypophosphorylation of
KSP repeats of NFM and NFH subunits. It was also observed that the cytoskeletal
hypophosphorylation was dependent on synaptic and extra synaptic (NR2B subunit)
NMDA receptors and also on Ca”*. Furthermore, the NOS inhibitor, L-NAME, and the
antioxidant, TROLOX (polar analog of vitamin E), fully prevented the
hypophosphorylation and the inhibition of PKA and JNK activities caused by HMG.
These findings indicate that the principal metabolites accumulating in HL deficiency
disrupt the cytoskeleton phosphorylating system probably through NMDA receptors,
Ca” and disruption of redox homeostasis. It is presumed that these mechanisms may

contribute to the neuropathology of this disease.
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Introduction

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) lyase (EC 4.1.3.4) is an
enzyme found in the mitochondrial matrix and peroxisomes that catalyzes the final step
in the metabolism of L-leucine also participating in ketone body synthesis (Gibson et
al., 1988; Wysocki and Hihnel, 1986). Deficiency of HMG-CoA lyase (HL), also
called 3-hydroxy-3-methylglutaric aciduria (HMGA, OMIM 246450), is an autosomal
recessive inborn disease with an estimated prevalence of 1 in 100,000 live births (Pié et
al., 2007; Reimao et al., 2009). This enzymatic deficiency results in tissue accumulation
and high urinary excretion of 3-hydroxy-3-methylglutaric (HMG), 3-methylglutaric
(MGA), 3-methylglutaconic (MGT) and 3-hydroxyisovaleric acids (Faull et al., 1976).
The symptoms appearance occurs in the first year of life, normally after a fasting period
or other catabolic event. The most prominent findings are vomiting, hepatomegaly with
mild liver alterations, lethargy, coma, convulsions, metabolic acidosis and hypoketotic
hypoglycaemia (Gibson et al., 1988). Encephalopathy with generalized cerebral edema,
structural abnormalities in the white matter (hypomyelinization) of cerebral cortex and
the basal ganglia are the main findings on MRI (Yalcinkaya et al., 1999; Yylmaz et al.,
2006; Zaifeiriou et al., 2007).

Recent in vivo studies described oxidative damage and activation of N-methyl-
D-aspartate (NMDA) receptors with free radical formation caused by HMG and MGA
in the CNS of rats (Fernandes et al., 2013; da Rosa et al., 2013), supporting a role for
excitotoxicity and redox imbalance in the brain damage in this disorder. In this context,
it must be stressed that these metabolites are structurally similar to glutamate. It is also
of note that NMDA receptors and oxidative imbalance are implicated in the

misregulation of signaling pathways disrupting the phosphorylating system associated



with the cytoskeleton in various pathological conditions (Loureiro et al., 2010a,b;
Cattani et al., 2013; Pierozan et al., 2010).

Intermediate filament (IF) proteins are cell-specific constituents of the
cytoskeleton. Mature astrocytes express glial fibrillary acidic protein (GFAP), which is
necessary to maintain cell shape, motility/migration, proliferation, glutamate
homeostasis and neurite outgrowth, being also important for protection against CNS
injury (Middeldorp and Hol, 2011). Neurons express neurofilaments (NF), which are
constituted by three distinct subunits classified by their molecular masses: NFH (high
molecular weight neurofilament subunit), NFM (middle molecular weight
neurofilament subunit) and NFL (light molecular weight neurofilament subunit). They
represent the most abundant cytoskeletal elements in mature neurons where their
principal function is to control the axonal caliber and nerve conductivity (Perrot and
Eyer, 2009).

The physiological role of IF proteins is mainly controlled by phosphorylation,
which is a dynamic process mediated by the combined action of several protein kinases
and phosphatases in response to extracellular signals. In this context, the
phosphorylation sites in IF subunits are located in their amino- and carboxyl-terminal
domains and the phosphorylation levels are implicated in the association/disassociation
ability as well as in the interaction with other cytoskeletal components (Sihag et al.,
2007). In vivo and ex vivo studies from our group and others demonstrated that the
phosphate groups on the N-terminal head domain of GFAP, vimentin, and NFL are
added by second messenger-dependent protein kinases, such as cAMP-dependent
protein kinase (PKA), Ca2+/calmodulin-dependent protein kinase II (PKCaMII), and
protein kinase C (PKC) (Sihag et al., 2007; Pierozan et al., 2010, 2012).

Phosphorylation sites in the C-terminal domain of NFM and NFH are located in Lys-



Ser-Pro (KSP) repeat regions of these subunits. The KSP repeats are phosphorylated by
proline directed kinases such as Cdk5 (Guidato et al., 1996), the mitogen-activated
protein kinases (MAPK) Erkl1/2, JNK, and p38MAPK (Veeranna et al., 1998;
Brownlees et al., 2000) and by the glycogen synthase kinase 3 (GSK3) (Veeranna et al.,
2000).

Protein phosphatases are highly concentrated in the mammalian brain (Strack et
al., 1997) and the cytoskeleton is a preferential target for the action of Ser-Thr
phosphatases 1, 2A and 2B (PP1, PP2A and PP2B) (de Almeida et al., 2003; Funchal et
al., 2005a,b; de Mattos-Dutra et al., 1997). In this context, PP1 and PP2B-mediated
hypophosphorylation of IF proteins in the cerebral cortex of rats caused by
intrastriatally injected of quinolinic acid (QUIN) was first reported in our laboratory and
proposed to misregulate cytoskeletal homeostasis and be associated with QUIN toxicity
(Pierozan et al., 2014).

Thus, considering that the phosphorylating system associated with the
cytoskeleton may be related to neural damage and that the pathogenesis of the brain
damage in HL deficiency is still poorly elucidated, in the present report we investigated
the actions of HMG, MGA and MGT on the phosphorylating system associated with the
IF-enriched cytoskeleton in striatal and cortical slices of young rats. We also searched
for the role of NMDA receptors and oxidative stress on the alterations of the
cytoskeletal phosphorylating system homeostasis provoked by HMG exposure. We
hypothesize that disruption of cytoskeletal homeostasis could be implicated in the
neural damage induced by the main metabolites accumulating in HMG-CoA lyase

deficiency.



Material and Methods
Chemicals

[32P]Na2HPO4 was purchased from Comissdo de Energia Nuclear (CNEN), Sdo Paulo,
Brazil. 3-Hydroxy-3-methylglutaric acid (HMG), 3-methylglutaconic (MGA) acid, 3-
methylglutaconic acid (MGT), acrylamide, antipain, 1,2-bis (2-aminophenoxy) ethane-
N-N-N’-N’-tetraacetic  acid tetrakis (acetoxy-methyl Ester) (BAPTA-AM),
benzamidine, bisacrilamide, calyculin A, chymostatin, dizocilpine (MK-801), ethylene
glycol tetraacetic acid (EGTA), ifenprodil, leupeptin, NG-nitro-L-arginine methyl ester
(L-NAME), N-acetyl-L-cystein (NAC), pepstatin, tacrolimus (FK-506), (+)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (TROLOX) were obtained from Sigma
(St. Louis, MO, USA). Anti-pNFL(Ser55) and anti-p38MAPK and anti-phospho
p38MAPK antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The anti-PKCamlI o, anti-JNK (p54), anti-JNK (p46) anti-pJNK (p54), anti-
pINK (p46), anti-Erk (p44), anti-Erk (p42) anti-pErk (p44), anti-pErk (p42) and anti
PKAca antibodies were from Cell Signaling (Danvers, MA, USA). The antibody NFH
(anti-KSP repeats) was purchased from Chemicon (Temecula, CA, USA). The
chemiluminescence ECL kit peroxidase and the conjugated anti-rabbit IgG were
obtained from Amersham (Oakville, Ontario, Canada). All chemicals were of analytical

grade.
Animals

Thirty-day-old Wistar rats obtained from Central Animal House of the Departmento de
Bioquimica da Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil, were
used in the experiments. The animals were maintained on 12:12 h light/dark cycle in an

air-conditioned constant temperature (22 °C + 1 °C) colony room, with food and water



ad libitum. The project followed the experimental protocol “Principles of Laboratory
Animal Care” (NHI publication 85-23, revised 1985) and was approved by the Ethics

Committee for Animal Research of the Federal University of Rio Grande do Sul.
Phosphorylation assay
Pre-incubation

Rats were sacrificed by decapitation, the striatum and cerebral cortex were dissected
onto Petri dishes placed on ice and cut into 400 um thick slices with a Mcllwain
chopper. Tissue slices were initially preincubated at 30 °C for 10 min in a Krebs-Hepes
medium containing 124 mM NaCl, 4 mM KCI, 1.2 mM MgSQOy, 25 mM Na-Hepes, 12
mM glucose, 1 mM CaCl,, pH 7.4, and the following protease inhibitors: 1 mM
benzamidine, 0.1 uM leupeptin, 0.7 uM pepstatin and 0.7 uM chymostatin. In some
experiments we used 50 uM BAPTA-AM, 0.2 uM caliculyn, 1 mM EGTA, 100 uM
FK-506, 10 uM ifenprodil, I mM N®-Nitro-L-arginine methyl ester hydrochloride (L-
NAME), 10 uM dizocilpine (MK-801), 1 mM N-acetyl cysteine (NAC), S uM 6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (TROLOX).
Incubation and extraction of the cytoskeletal fraction

After pre-incubation, the medium was changed by 100 uL of a Krebs-Hepes medium in
the absence or presence of HMG, MGA or MGT (0.2 to 5 mM). In some experiments
we evaluated the effects of 5 mM HMG using striatum slices in order to find out the
mechanisms of action of this organic acid on the cytoskeletal phosphorylating system.
100 uCi of [**P]-orthophosphate was then added to the incubation medium and the
labeling reaction was allowed to proceed for 60 min at 30 °C. Reaction was stopped

with 1 mM of cold stop buffer (150 mM NaF, 5 mM EDTA, 5 mM EGTA, 50 mM Tris-



HCI, pH6.5, and the protease inhibitors described above). Slices were then washed
twice with stop buffer to remove excess radioactivity. These slices were homogenized
in 400 uL of ice-cold high salt buffer containing 5 mM KH,PO,4, 600 mM KCI, 10 mM
MgCl,, 2 mM EGTA, 1 mM EDTA, 1 % triton X-100, pH 7.1 and the protease
inhibitors described above. The homogenate was centrifuged at 15,800 x g for 10 min at
4 °C, the supernatant discarded and the pellet washed/resuspended with the same
volume of the high salt buffer. The washed/resuspended pellet was centrifuged as
described and the supernatant was discarded. The Triton-insoluble IF-enriched pellet,
containing NF subunits and GFAP, was dissolved in 1 % SDS and after prepared to
electrophoresis with a concentrated sample buffer containing 33.3 % glycerol, 16 % f3-
mercaptoethanol, 5 % SDS, 0.033 M NaOH and boiled for 3 min (Funchal et al., 2003).

Samples were analyzed in 7.5 % SDS-PAGE
Polyacrylamide gel electrophoresis (SDS-PAGE)

Samples of [F-enriched fraction containing equal protein content (50 ug) were loaded
onto a 7.5 or 10 % gel. The gels were exposed to X-ray films (T-mat G/RA) (Kodak) at
-70 °C with intensifying screens and after 30 days the autoradiograph was obtained. The
[32P]—0rth0phosphate incorporated to each sample was quantified from each
correspondent cytoskeletal protein by scanning the films with a Hewlett-Packard
Scanjet 6100C scanner and determining optical densities with an AlphaEaseFC version
6.0.0 software (FluorChem SA). Protein loading was controlled by Comassie blue R

staining. All bands measured were within the linear range of the film.
Western blot analysis

Total tissue homogenate was obtained from striatum slices previously incubated for 60
min at 30 °C with or without 5 mM HMG and in some experiments with the addition of
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1 mM of L-NAME or 5 uM of TROLOX. The slices were homogenized in 100 mL of a
lysis solution containing 2 mM EDTA, 50 mM Tris-HCI, 4 % SDS, pH 6.8. This was
followed by dilution in a solution containing 40 % glycerol, 5 % -mercaptoethanol, 50
mM Tris-HCI, pH 6.8 and boiled for 3 min. The samples (30 ug of protein) were loaded
onto a 10 % gel by SDS-PAGE according to the discontinuous system of Laemmli
(Laemmli, 1970) and transferred to nitrocellulose membranes (Trans-blot SD semi-dry
transfer cell, BioRad) for 1 h at 15 V in transfer buffer: 48 mM Trizma, 39 mM glycine,
20 % methanol and 0.25 % SDS. The nitrocellulose membranes were washed for 10
min in Tris buffered saline (TBS: 0.5 M NaCl, 20 mM trizma, pH 7.5), followed by 2 h
incubation in blocking solution (TBS plus 5 % deffated dried milk). After incubation,
the blots were washed twice for 5 min with TBS plus 0.05 % Tween-20 (T-TBS), and
then incubated overnight at 4 °C in blocking solution containing the following
monoclonal antibodies: anti-PKCaMII «, anti-p38/MAPK, anti-PKAca, anti-JNK (p54),
anti-JNK (p46) anti-pJNK (p54), anti-pJNK (p46), anti-Erk (p44), anti-Erk (p42) anti-
pErk (p44), anti-pErk (p42) diluted 1:1000, anti-pNFL(Ser55) diluted 1:800, anti-
NFH/NFM KSP repeats diluted 1:100 anti- actin diluted 1:1000. The blot was then
washed twice for 5 min with T-TBS and incubated for 2 h in TBS containing peroxidase
conjugated rabbit anti-mouse IgG or anti-rabbit IgG diluted 1:2000. We also used the
following negative controls: antibody negative control (lacking the sample containing
the antigen of interest) and sample negative control (lacking the first antibody). The blot
was washed twice again for 5 min with T-TBS and twice for 5 in with TBS. The blot
was then developed using a chemiluminescence ECL kit and quantified as described

above.
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Cell viability

Cell viability was evaluated by lactate dehydrogenase (LDH) activity (Whitaker and
McKay, 1969) and by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction (Liu et al., 1997) in striatal and cortical slices. LDH release was
determined using a colorimetric commercial kit (from Doles, Brazil) and expressed as
percentage of positive control samples after addition of 10 % Triton X-100. Results
were expressed relative to 100% LDH activity. For the MTT assay, MTT (0.5 mg/mL)
in Krebs—Hepes medium was incubated for 60 min at 30 °C. The tetrazolium ring of
MTT is cleaved by various dehydrogenases and then precipitated as a blue formazan
product. The medium was then aspirated, the precipitated formazan was solubilized
with dimethyl sulfoxide and quantified spectrophotometrically at a wavelength of 550

nm.
Parameters of energy homeostasis
CO; production

Cerebral cortex and striatum slices (400 wm) were pre-incubated with or without 5 mM
HMG or MGA in Krebs—Ringer bicarbonate buffer (1.17 mM KH;PO,4, 118 mM NaCl,
4.69 mM KClI, 24.1 mM MgSOy, 3.33 mM CaCl, and 650 mM NaHCOs;, pH 7.4) into
small flasks (11 cm’) in a volume of 450 uL at 35 °C for 60 min in a metabolic shaker
(90 oscillations / min). After pre-incubation, [U—14C] glucose (0.055 mCi) plus 5.0 mM
of unlabeled glucose was added to the incubation medium. The flasks were gassed with
an O,/CO; (95:5) mixture and sealed with rubber stoppers Parafilm M. Glass center
wells containing a folded 60 nm / 4 nm piece of Whatman 3 filter paper were hung from
the stoppers. After incubation in the metabolic shaker 0.2 mL of 50 % trichloroacetic

acid was supplemented to the medium and 0.1 mL of benzethonium hydroxide was
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added to the center of the wells with needles introduced through the rubber stopper. The
flasks were left to stand for 30 min to complete CO, trapping and then opened. The
filter paper were removed and added to vials containing scintillation fluid, and
radioactivity was counted (Reis de Assis et al., 2004). Results were calculated as nmol

CO, .h" . gtissue " and expressed as percentage of control.
Preparation of mitochondrial fractions

Mitochondrial preparations from forebrain were isolated according to Rosenthal and co-
workers (1987), with slight modifications (Mirandola et al., 2008). Animals were
decapitated, the forebrain was dissected and homogenized with a glass hand-held
homogenizer in ice-cold mitochondria isolation buffer containing 225 mM mannitol, 75
mM sucrose, | mM EGTA, 0.1 % bovine serum albumin (BSA, free fatty acid) and 10
mM HEPES, pH 7.2. The homogenate was centrifuged at 2,000 x g for 3 min at 4 °C.
The pellet was discarded and the supernatant was centrifuged at 12,000 x g for 8 min at
4 °C. The resultant pellet was resuspended in 5 mL of isolation buffer containing 20 pL.
of 10% digitonin (final concentration of 0.04%), and centrifuged 12,000 x g for 10 min
at 4 °C. The supernatant was discarded and the pellet resuspended in 5 mL of isolation
buffer without EGTA and centrifuged at 12,000 x g for 10 min at 4 °C. The final pellet
was resuspended in isolation buffer without EGTA in an approximate protein
concentration of 15-20 mg/mL. Protein concentration was measured by the method of
Bradford (1976) using BSA as standard. This preparation results in a mixture of
synaptosomal and non-synaptosomal mitochondria similar to the general brain
composition. Mitochondria obtained from forebrain were used in the assays
immediately after isolation and assays were carried out in the absence or presence of

2
Ca™.
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Spectrophotometric analysis of the citric acid cycle enzyme activities

The activities of aconitase and o-ketoglutarate dehydrogenase (a-KGDH) complex
enzymes of the citric acid cycle (CAC) were determined using enriched mitochondrial
fractions from whole brain, whereas succinate dehydrogenase (SDH) was measured in
brain homogenates. HMG or MGA (5 mM) were supplemented to the subcellular
preparations and submitted to a pre-incubation at 37 °C for 60 min. The activity of the
enzyme aconitase (ACO) was measured according to Morrison (1954), following the
reduction of NADP* at wavelengths of excitation and emission of 340 and 466 nm,
respectively. The activity of the a-KGDH complex was evaluated according to Lai and
Cooper (1986) and Tretter and Adam-Vizi (2004), with slight modifications (Viegas et
al., 2009). The reduction of NAD" was recorded in a Hitachi F-4500 spectrofluorometer
at wavelengths of excitation and emission of 340 and 466 nm, respectively. The activity
of succinate dehydrogenase (SDH) was determined as described by Fischer and
colleagues (1985). The activities of these citric acid cycle enzymes were calculated as
nmol . min" . mg protein™; mmol . min™ . mg protein” or mmol . min" . mg protein™

and expressed as percentage of control.
Spectrophotometric analysis of the respiratory chain complexes I-IV activities

The activities of succinate—2,6-dichloroindophenol (DCIP)—oxidoreductase (complex II)
and succinate:cytochrome ¢ oxidoreductase (complexes II-III) were determined in
homogenates from striatum or cerebral cortex according to Fischer and co-workers
(1985) and that of cytochrome ¢ oxidase (complex IV) according to Rustin and co-
workers (1994). The methods described to measure these activities were slightly
modified, as described in details in a previous report (da Silva et al., 2002). HMG or

MGA (5 mM) was added to the reaction medium at the beginning of the assays, while
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no metabolite was added to controls. The activities of the respiratory chain complexes
were calculated as nmol . min" . mg protein” or mmol . min" . mg protein’ and

expressed as percentage of control.
Mitochondrial membrane potential

Mitochondrial membrane potential (A¥Ym) was estimated according to Akerman and
Wikstrom (1976) and Kowaltowski and co-workers (2002). The fluorescence of 5 uM
cationic dye safranine O, a A¥Ym indicator, was followed at excitation and emission
wavelengths of 495 and 586 nm. CCCP was added in the end of measurements to
abolish A¥Ym. Mitochondrial incubations were carried out at 37 °C, with continuous
magnetic stirring. The assay was conducted in medium containing 150 mM KCl, 5 mM
MgCl, 30 uM EGTA, 0.1 mg / mL BSA, 5 mM HEPES, 2 mM KH,PO4, pH 7.2, 1 png/
mL oligomycin A, using state 4 respiring mitochondria (0.5 mg protein / mL) supported
by 2.5 mM glutamate plus 2.5 mM malate or succinate plus rotenone. HMG (5mM),
MGA (5mM), CaCl, (30 uM) and CCCP (3 uM) were added as indicated by the arrows
in the figure. Traces are representative of independent experiments carried out in
mitochondrial preparations from forebrain of three animals and were expressed as

fluorescence arbitrary units (FAU).
Protein determination

The protein concentration was determined by the methods of Lowry (Lowry et al.,

1951) or Bradford (Bradford, 1976) using serum albumin as standard.
Statistical analysis

Data were statistically analyzed by one-way analysis of variance (ANOVA) followed by

the Duncan multiple range test when the F-test was significant. A p < 0.05 was
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considered significant. All analyses were performed using the SPSS 19.0 software

program on an IBM-PC compatible computer.

Results

We first observed that cell viability (MTT assay and LDH release) was not
altered in striatal and cortical slices exposed to HMG, MGA or MGT for 60 min (results
not shown). In contrast, HMG (Figure 1 A, B, G and H) and MGA (Figure 1 C, D, I and
J) caused hypophosphorylation of GFAP and NF subunits (NFL, NFM and NFH) in
both brain structures, whereas MGT provoked hypophosphorylation of cytoskeletal IF

only in the striatum (Figure 1E and K).
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Figure 1 —Effect of HMG, MGA or MGT on the phosphorylation levels of IFs in the
cytoskeletal fraction from slices of striatum or cerebral cortex of 30-day-old rats. Tissue slices
were incubated during 60 min in the presence or absence (control group) of the metabolites (0.2
— 5 mM). Effects of HMG (A and B), MGA (C and D) and MGT (E and F) on the radioactivity
incorporated into IFs in striatal and cortical slices. Data are reported as mean + SD of 18
animals in each group and expressed as percentage of controls. Statistically significant from
controls: * p < 0.05, ** p < 0.01, *** p < 0.001 (Duncan’s multiple range test). Comassie blue
stained molecular weight standards, representative stained gel and corresponding
autoradiography from striatal slices on HMG (G), MGA (I) and MGT effects (K) and from
cerebral cortex slices on HMG (H), on MGA (J) and MGT effects (L). AR: autoradiography; C:
Control; MW: molecular weight standard proteins; SDS: SDS page.

In order to understand the mechanisms underlying the effects of HMG and MGA
on the phosphorylation system associated with the cytoskeleton, we measured some
parameters of energy metabolism to test the possibility that decreased ATP availability
could be responsible for the disrupted phosphorylating system. We found no alteration
of citric acid cycle enzyme activities, CO, production, activities of the respiratory chain
complexes II, II-III and IV and mitochondrial membrane potential in striatal and cortical

preparations exposed to HMG- and MGA, making unlikely that decreased energy
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production could explain our results of hypophosphorylation (Tables I, II and III; Figure

2).

Table I — Effect of 3-hydroxy-3-methylglutaric (HMG) or 3-methylglutaric (MGA) acids on the CO,
production from [U-¥C] glucose in rat brain tissue slices

Controle HMG MGA
Striatum 100 = 13.1 113 £6.15 -
Cerebral cortex 100 £ 26.9 114 +404 122 +39.1

Values are mean + standard deviation for four to six independent (animals) experiments per group. The
CO, production was calculated as pmol '*CO, . h™' . g tissue”’ and expressed as percentage of control. No
significant differences between groups were detected (one way ANOVA).

Table II — Effect of 3-hydroxy-3-methylglutaric (HMG) or 3-methylglutaric (MGA) acids on the
citric acid cycle (CAC) enzymes in enriched mitochondrial fractions from rat brain

Control HMG MGA

ACO 100 +26.3 113 +20.9 110+ 17.7

a-KGDH 100 +42.2 98.1 +34.6 103 £54.8

Values are mean + standard deviation for four to six independent (animals) experiments per group. The
activities of aconitase (ACO) and a-ketoglutarate dehydrogenase (a-KGDH) were calculated as pmol
NADPH . min™' . mg protein™ and mmol NADH . min™" . mg protein™", respectively, and expressed as
percentage of control. No significant differences between groups were detected (one way ANOVA).

Table I1I - Effect of 3-hydroxy-3-methylglutaric (HMG) or 3-methylglutaric (MGA) acids on the
activities of respiratory chain complexes and the activity of the CAC enzyme succinate
dehydrogenase (SDH) in rat brain homogenates

Striatum Cerebral cortex
Control HMG MGA Control HMG MGA
I 100 + 14.2 101 +13.4 97.8+6.29 100 +5.50 959+ 127 97.8+7.25
II-111 100+ 11.8 100 + 8.46 101 +£9.13 100 +7.33 99.3+£3.07 101 + 6.61
v 100 £ 10.5 100 +17.4 944+115 100 +£29.1 999+104 102+ 152
SDH 100 + 7.46 100 + 18.3 98.7+11.3 100+11.3 96.1 +4.83 98.3 +£2.89

Values are mean+ standard deviation for four to six independent (animals) experiments per group. The
activities of complexes II, II-1II, IV and the activity of succinate dehydrogenase (SDH) were calculated
as nmol . min™' . mg protein™" and nmol DCIP . min™" . mg protein™, respectively, and expressed as
percentage of control. No significant differences between groups were detected (one way ANOVA).
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Figure 2 — Effects of HMG or MGA acids on mitochondrial membrane potential in the presence of Ca**
(30 uM). All experiments were performed in a reaction media containing mitochondrial preparations (0.5
mg protein. mL™") supported by glutamate plus malate (A) or succinate (B). HMG or MGA (5 mM, lines
b-c, respectively) were added 50 seconds after the beginning of the assay. Controls (line a) were
performed in the absence of the metabolites. The reaction media contained 30 uM EGTA. CCCP (3 uM)
was added at the end of the assays. Traces are representative of 3 independent experiments (animals) and
were expressed as fluorescence arbitrary units (FAU).

We further investigated the mechanisms underlying the hypophosphorylation of
IF induced by HMG, the major accumulating compound, using the striatum that is
mainly compromised in patients affected by HL deficiency (Sweetman and Williams,

2001; van der Knaap et al., 1998; Yalcinkaya et al., 1999; Yylmaz et al., 2006).

Since hypophosphorylation can be due to protein phosphatase activation and/or
protein kinase inhibition, we first searched for the protein phosphatases involved in the
hypophosphorylation of cytoskeletal proteins using specific Ser-Thr phosphatase
inhibitors. We observed that the potent PP1 and PP2A inhibitor calyculin A (Sheppek et
al., 1997) and the specific PP2B inhibitor FK506 (Baba et al., 2003) were ineffective in

preventing HMG-induced decrease of IF phosphorylation (Figure 3).

18



IF phosphorylation
(% of control)

150- 150-
3 Control [ Control

IR HVG R HVG
3 calyculin [ FK-506
[ HMG + Calyculin B HMG + FK-506

-
=3
o
1
-
o
?

o
<

IF phosphorylation
(% of control)
g
T

GFAP NFL NFM NFH GFAP NFL NFM NFH

Figure 3 — Effects of PP1, PP2A and PP2B inhibitors on HMG-induced decrease of the phosphorylation
levels of IFs in the cytoskeletal fraction from striatum slices of 30-day-old rats. Tissue slices were co-
incubated during 60 min in the presence or absence (control group) of the metabolite (5 mM) plus 0.2 uM
calyculin (A; PPland PP2A inhibitor) or 100 uM FK-506 (B; PP2B inhibitor). Data are reported as mean
+ SD of 18 animals in each group and expressed as percentage of controls. Statistically significant
differences from controls were determined by one-way ANOVA followed by Duncan’s multiple range
test. * p <0.05, ** p <0.01, *** p < 0.001 compared with control.

We next investigated whether the most common Ser-Thr kinases known to
modulate the phosphorylating level of IF cytoskeletal proteins, namely cAMP-
dependent protein kinase (PKA), Ca2+/calmodulin—dependent protein kinase (PKCamlI)
and the mitogen-activated protein kinases (MAPK) Erk, JNK and p38MAPK (Hisanaga
et al., 1990; Sihag and Nixon, 1989; Sihag et al., 2007), were involved in HMG
hypophosphorylating effect. Western blot analysis using specific antibodies showed
unaltered immunocontent of the active PKCamll subunit (Figure 4A), but decreased
immunocontent of the active PKA subunit (Figure 4B), evidencing a role for PKA in the
hypophosphorylation of the IF proteins induced by this metabolite. We also tested the
phosphorylation level of NFLSerS5, known to be the preferential phosphorylation site
for PKA in the amino-terminal region of NFL subunit (Grant and Pant, 2000). It was
observed reduced immunocontent of phosphorylated Ser55, reinforcing the involvement

of PKA in HMG hypophosphorylating effects (Figure 4C).

19



w 150
f=
2
c
el T
o 2 100
SE
£ S Control HMG
£s PKCam I | e
£ 2 Actin [e— —
o
4
o 0 :
Control

B

200+
-
3
£ = 150
o2
Q
ot *
S 8 1004
Eyg Control HMG
§°\° 504 PKAco Wl
$ Actin | —

0 T
Control

C
.
§ 150-
c
: T
o= *
g £ 1004
£ c
ES Control HMG
@‘s 50 PNFL(Ser55) s
= X ] .
év Actin | e a—
T
z 0

T
Control

Figure 4 - Effects of HMG on the immunocontent of PKCamll (A), PKAC o (B) and Ser55
phosphorylation site (C) in the total homogenates from striatal slices of 30-day-old rats. Western blot with
anti-PKCamlI a, anti-PKAca or anti-pNFL(Ser55) antibodies. Tissue slices were incubated during 60 min
in the presence or absence (control group) of the metabolite (5 mM). Data are reported as mean + SD of 6
animals in each group and expressed as percentage of controls. Statistically significant differences from
controls were determined by Student ¢ test. * p < 0.05 compared with control.

Next, we examined the involvement of the MAPK cascade on HMG-induced IF
hypophosphorylation. Western blot analysis with specific monoclonal antibodies
showed unaltered immunocontent of Erkl/phospho-Erkl and Erk2/phospho-Erk2

(Figure 5A), as well as of p38MAPK/phospho-p38MAPK (Figure 5B). In contrast,
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phospho-JNK, but not total JNK, immunocontent was significantly decreased (Figure
5C), implying a reduction of JNK activity/phosphorylation. In an attempt to verify the
implications of the downregulated pJNK on the hypophosphorylation of NFM and NFH
subunits, we determined the phosphorylation level of the KSP repeats located in the tail
domain of these subunits, known to be the preferential phosphorylating sites for
MAPKSs (Veeranna et al., 2000). Results of Western blot assay with the phosphoKSP
repeat antibody showed reduced immunocontent of these phosphorylated sites in

response to HMG (Figure 5D).
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Figure 5 - Effects of HMG on the immunocontent of Erk 1/2 (A), p38MAPK (B), INK (C) and
phosphoKSP repeats (D) in the total homogenates from striatal slices of 30-day-old rats. Western blot
with anti-Erk (p42), anti-Erk (p44), anti-pErk (p42), anti pErk (p44), anti-p38/MAPK, anti-phospho-
p38/MAPK, anti-JNK (p54), anti-JNK (p46), anti-pJNK (p54), anti-pJNK (p46) or anti-KSP repeat
antibodies. Tissue slices were incubated during 60 min in the presence or absence (control group) of the
metabolite (5 mM). Data are reported as mean + SD of 6 animals in each group and expressed as
percentage of controls. Statistically different from controls: * p < 0.05, ** p < 0.01, *** p < 0.001
(Student’s 7 test).

Since we have shown that NMDA receptors are implicated in oxidative stress
caused by intracerebral administration of HMG in rat striatum (Fernandes et al., 2013),
we next assessed the involvement of NMDA receptors in the IF hypophosphorylated
levels in HMG treated striatal slices. Results showed that 10 uM MK-801, a non-
competitive antagonist of synaptic NMDARs (Pierozan et al., 2010) totally prevented
HMGe-induced GFAP, NFL, NFM and NFH hypophosphorylation (Figure 6A). Similar

results were obtained with 10 uM ifenprodil, a selective antagonist of extra-synaptic
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NMDAR-containing NR2B subunit (Rittase et al., 2014) (Figure 6B). These data
indicate the participation of both synaptic and extra-synaptic glutamate receptors in the

hypophosphorylating effect of HMG towards IF.

We also found that the IF hypophosphorylation caused by HMG was totally
prevented when striatum slices were co-incubated with the intracellular and
extracellular Ca®* chelators BAPTA-AM (50 uM) and EGTA (1 mM), respectively, in a
Ca**-free medium (Figure 6C). These findings support a role for Ca®* underlying the
actions of HMG in the homeostasis of the cytoskeleton associated phosphorylating

system.
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Figure 6 — Effects of a synaptic and extra-synaptic NMDARs and Ca** levels on the effect of HMG on
the phosphorylation level of IF proteins from striatal slices of 30-day-old rats. Tissue slices were co-
incubated during 60 min in the presence or absence (control group) of the metabolite (5 mM) plus the
synaptic NMDAR antagonist MK-801 (A; 10 uM), the extra-synaptic NMDAR inhibitor (NR2B subunit)
ifenprodil (B; 10 uM) or the intra and extra-cellular Ca” chelators BAPTA-AM, (50 uM) and EGTA,
(C;1 mM), respectively. Data are reported as mean + SD of 18 animals in each group and expressed as
percentage of controls. Statistically significant differences from controls were determined by one-way
ANOVA followed by Duncan’s multiple range test. * p < 0.05, *** p < 0.001 compared with control; ***
p <0.001 compared with HMG.

Next, we evaluated the role of reactive species in the hypophosphorylating
effects of HMG. We observed that the nitric oxide synthase (NOS) inhibitor L-NAME

(1 mM) totally prevented the hypophosphorylation of GFAP and NF subunits (Figure
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7A), suggesting a role for reactive nitrogen species in such effect. TROLOX (5 uM), a
soluble polar vitamin E analog, also normalized the phosphorylating level of GFAP and
NF subunits (Figure 7B), suggesting a role for peroxyl radicals in the HMG action. In
contrast, N-acetyl cysteine (NAC) (1 mM), a GSH precursor, failed to prevent HMG-

elicited IF hypophosphorylation (Figure 7C).
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Figure 7 — Effects of L-NAME, TROLOX and NAC on HMG-induced alteration on the phosphorylation
levels of intermediate filaments subunits (IFs) in the cytoskeletal fraction from striatal slices of 30-day-
old rats. Tissue slices were co-incubated during 60 min in the presence or absence (control group) of the
metabolite (5 mM) plus L-NAME, a nitric oxide synthase inhibitor (A;1 mM), TROLOX, a vitamin E
hidrosoluble analogue (B;5 uM) or NAC, a GSH precursor (C;1 mM). Data are reported as mean + SD of
18 animals in each group and expressed as percentage of controls. Statistically significant differences
were determined by one-way ANOVA followed by Duncan’s multiple range test. * p < 0.05, ** p < 0.01,
*#% p <0.001 compared with control; "p<005,"p<001," p<0001 compared with HMG.

Finally, we searched for whether L-NAME (1 mM) and TROLOX (5 uM) could
prevent the inhibition of PKA and JNK activities provoked by HMG. Thus, striatal

slices were co-incubated with HMG and TROLOX or L-NAME and the immunocontent
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of the active enzyme subunits was quantified. Western blot analysis showed that
TROLOX and L-NAME restored the immunocontent levels of the active form of PKA
(Figure 8A and B) and JNK (Figure 8C and D), strengthening a role for
oxidative/nitrosative stress on the altered phosphorylating system associated with the IF

cytoskeleton of astrocytes and neurons in striatal slices treated with HMG.
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Figure 8 — Effects of TROLOX and L-NAME on PKAca and JNK immunocontent in the total
homogenate of striatal slices of 30-day-old rats. Tissue slices were incubated during 60 min in the
presence or absence (control group) of the metabolite (5 mM) plus TROLOX (5 uM) or L-NAME (1
mM). Western blot with anti PKAca (A and B); anti-pJNK (p54), anti-pJNK (p46) (C and D). Data are
reported as mean + SD of 6 animals in each group and expressed as percentage of controls. Statistically
significant differences were determined by one-way ANOVA followed by Duncan’s multiple range test.
#* p < 0.01, #* p < 0.001 compared with control; * p < 0.05," p <0.01," p <0.001 compared with
HMG.
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Discussion

In the present report, we described that HMG, MGA and MGT, at concentrations
found to induce mitochondrial redox homeostasis dysfunction (Leipnitz et al, 2008a.b,
2009), were able to disrupt the cytoskeleton phosphorylating system of neural cells in
striatal and cortical slices of 30-day-old rats. We initially demonstrated that these
organic acids that accumulate in HMGA cause hypophosphorylation of GFAP and NF
subunits (NFL, NFM and NFH). The data indicate for the first time that the
phosphorylating system associated with the IF-enriched cytoskeleton of astrocytes and
neurons is vulnerable to the effects of HMG, MGA and MGT and may contribute to the
pathophysiological mechanisms of brain damage in this disease. It was also found that
the hypophosphorylation induced by HMG was not due to energy deprivation, since
important parameters of mitochondrial energy production were not altered by this
compound. Similarly, HMG-elicited decrease of phosphorylated IF could not be
attributed to activated protein phosphatases, since specific inhibitors of the most
important Ser-Thr phosphatases known to be associated with these cytoskeleton (PP1,
PP2A and PP2B) failed to prevent this effect. More interesting, we found that the
hypophosphorylation provoked by HMG was mediated by down-regulated PKA and
JINK/MAPK activities. The antioxidants TROLOX and the NOS inhibitor L-NAME
normalized the phosphorylation levels of IFs and prevented the inhibition of PKA and
JNK provoked by HMG in striatum, strongly indicating that oxidative and nitrosative
damage of these protein kinases were responsible for the alterations observed. It is also
conceivable that synaptic and extra-synaptic NMDA receptors may have also
participated in these effects since the non-competitive NMDA antagonists MK-801and
ifenprodil similarly restored the phosphorylated levels of IFs (Hardingham et al., 2002;

Zhou et al., 2013a).
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It is of note that striatum was used for elucidating the underlying mechanism of
HMG, which most accumulates in HMGA, because progressive injury to the basal
ganglia and usually found in patients with HMGA, attesting the vulnerability of this
brain region. We also emphasize that leucoencephalopathy (cortical atrophy) is also
detected in brain imaging of these individuals (van der Knaap et al., 1998; Yal¢inkava et
al., 1999; Yylmaz et al., 2006). Furthermore, we have chosen to focus on the
phosphorylating system associated with the IF cytoskeleton since these proteins are
crucial for cell function, besides participating in the regulation of signaling pathways,
axonal caliber and their dynamics is mostly regulated by phosphorylation (Sihag et al.,
2007). Besides, several evidences point to a role for the IF cytoskeletal proteins in the
cell response to an insult through alterations in the homeostasis of the phosphorylating
system of these proteins (hyper and hypophosphorylation) observed in animal models of
neurometabolic diseases (Pierozan et al., 2014; Loureiro et al., 2010a,b; Funchal et al.,

2005a,b).

It is well known that hypophosphorylated NFs are more susceptible to
proteolytic breakdown and accumulation of hypophosphoryltated NFs into the axons
could disturb the axonal transport of organelles and intracellular compounds (Goldstein
et al., 1987; Pant, 1988). In line with this, hypophosphorylated NF proteins have been
associated with the neurotoxicity of quinolinic acid and tellurium and the consequent
cell damage (Heimfarth et al., 2012a,b, 2013a,b; Pierozan et al., 2014). Also, IF
hypophosphorylation in C6 glioma cells exposed to high homocysteine levels has been
associated with actin reorganization and altered cell morphology (Loureiro et al.,
2010a,b). Therefore, the effects observed in the present work let us suppose that in vitro
changes on the phosphorylating system associated with the cytoskeleton can be a

predictor of the potential in vivo neurotoxicity of HMG.
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In our findings, decreased PKA activity was reflected by the
hypophosphorylation of Ser55 in the amino-terminal head domain of NFL, which is
implicated in the regulation of the polymerization/depolymerization dynamic of these
proteins (Grant and Pant, 2000). In addition, decreased JNK activity was supported by
hypophosphorylated Lys-Ser-Pro (KSP) repeats of NFM and NFH tail domain regions
(Giasson and Mushynski, 1997). It is stressed that misregulated phosphorylation levels
in NFM and NFH has long been considered to be associated with abnormal axonal

transport rate and disrupted stability of mature axons (Sihag et al., 2007).

The relevance of NMDA-mediated actions of HMG on the phosphorylating
mechanism associated with the cytoskeleton was also supported by Ca®* buffering,
which totally prevented IF hypophosphorylation. Our results corroborate previous
evidence that induction of oxidative stress by HMG in intrastriatally injected rats is
mediated by NMDA receptors (Fernandes et al., 2013). On the other hand, it is
important to note that neither PKCaMII nor PP2B (two calcium-dependent enzymes)
activities were altered in response to HMG, suggesting that IF hypophosphorylation
donwstream of NMDA was not dependent exclusively on Ca®* levels on the
kinase/phosphatase activities, pointing to more complex mechanisms directed to the

phosphorylating system.

Taking into account that activated GIuN2BR gives rise to inhibition of
cAMP/PKA/CREB signaling pathway (Corcoran et al., 2013) and that ifenprodil, a
blocker of extra-synaptic NR2B subunit-containing NMDARs (Zhou et al., 2013a),
prevented HMG-induced IF hypophosphorylation, we propose that PKA down-
regulation could be, at least partially, ascribed to NR2B-mediated mechanisms of PKA
inhibition. Our findings showing that IF proteins can be a target of NR2B actions are in

line with the previously described role of NR2B in the regulation of hippocampal actin
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cytoskeleton (Akashi et al., 2009). Also, GluN2B-containing NMDARs have been
shown to have a role in the deleterious actions of oligomers of amyloid-beta peptide 1-
42 in microtubule dynamics in hippocampal cultures, suggesting that NR2B could be
implicated in cytoskeletal disruption and neuronal dysfunction (Mota et al., 2012).
Interestingly, 3-hydroxyglutaric acid, a structurally HMG similar  compound
accumulated in glutaric academia type I, was shown to cause neuronal death by
overactivation of the NR2B subunit of NMDA glutamate receptors (Kolker et al.,

2000a,b), reinforcing the excitotoxic role of NR2B on brain metabolic pathology.

Regarding to the preventive effect of L-NAME on PKA and JNK activities, this
is in line with the ability of NO to inhibit JNK via S-nitrosylation (Park et al., 2000).
We could also presume that down-regulated JNK/MAPK may occur via co-activation of
synaptic and extra-synaptic GluRs with induction of nNOS (Courtney et al., 2014; Zhou
et al., 2013b). The observations that TROLOX, an effective scavenger of peroxyl
radicals, normalized the reduction of protein kinases and the phosphorylating levels of
IF provoked by HMG, may be tentatively associated with lipid peroxidation inducing
these effects. This is in line with the previously reported modulation of the cytoskeleton
in conditions of redox imbalance in different cell types and stress conditions (Loureiro

et al.,2010a,b, 2013; Zamoner et al., 2008a,b).

We here demonstrated solid evidence for neurotoxic effects of the principal
organic acids accumulating in HMGA disrupting cystoskeletal phosphorylating system
with possible consequences for cellular function. We also found that antioxidants
prevented these effects directed towards protein kinases, which is in accordance with
previous findings showing that these metabolites disturb redox homeostasis (Leipnitz et
al., 2008a,b, 2009; Fernandes et al., 2013; da Rosa et al., 2013). Therefore, it is

conceivable that, besides hypoketotic hypoglycemia or hyperammonemia, the brain
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damage in HMGA may be also a consequence of cytoskeleton dysregulation caused by

high toxic levels of these organic acids.

In conclusion, this is the first report demonstrating that the disrupted
homeostasis of the phosphorylating system associated with the cytoskeleton is caused
by the major metabolites accumulating in HMGA. The evidence of a link between
NMDA receptors, redox imbalance, misregulation of cell signaling mechanisms and
hypophosphorylation of IF in response to HMG point to a critical role of the signaling
pathways regulating the IF phosphorylation in the events of HMG-induced toxicity.
Since disorganization of the cytoskeleton may be directly involved in several
neurodegenerative disorders, we are tempted to propose that therapeutic strategies to
regulate NMDA receptors and oxidative/nitrosative stress might serve as an adjuvant
therapy for the protection of cells from the compounds that are found at high

concentrations in this disease.
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Il DISCUSSAO

A HMGA é um disturbio genético de carater autossdmico recessivo com
prevaléncia estimada de 1 para cada 100.000 nascimentos (PIE et al., 2007;
REIMAO et al., 2009). E causada pela deficiéncia da HL, resultando em um
acumulo tecidual e uma alta excregcdo urinaria dos acidos 3-hidroxi-3-
metilglutarico (HMG), 3-metilglutarico (MGA) e 3-metilglutacénico (MGT), bem
como em menor grau dos acidos 3-hidroxi-isovalérico e 3-metilcrotonilglicina
nos individuos afetados (BONAFE et al., 2000; SWEETAMN e WILLIAMS,
2001; PIE et al., 2007). A apresentacdo clinica geralmente ocorre durante o
primeiro ano de vida, usualmente apés um periodo de jejum prolongado ou
outro evento catabdlico. Os episdédios agudos sdo comuns e séo caracterizados
por vémitos, diarréia, desidratagdo, hipotonia, hipotermia, letargia, coma e
apnéia, bem como por acidose metabdlica e hipoglicemia hipocetotica. Outros
sinais incluem macrocefalia, atraso no desenvolvimento, hepatomegalia com
alteracbes no exame de figado, pancreatite aguda e cardiomiopatia dilatada
(SWEETMAN e WILLIAMS, 2001; GIBSON et al., 1994; FUNGHINI et al., 2001;
VARGAS et al.,, 2007; ZAFEIRIOU et al, 2007). Esta doenca é fatal em
aproximadamente 20% dos casos, embora os sintomas tendem a ser mais

leves depois da infancia (THOMPSON et al., 1990; PIE et al., 2003).

Praticamente todos os pacientes apresentam sintomas neurologicos
graves e anormalidades no cértex cerebral e ganglios da base (YALCINKAYA
et al., 1999; YYLMAZ et al., 2006; ZAFEIRIOU et al., 2007) cuja fisiopatogenia
€ pouco conhecida. Entretanto, podemos presumir que o acumulo crénico

desses metabdlitos pode representar, ao menos em parte, um mecanismo
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importante que contribui para os sintomas e anormalidades cerebrais
observadas nestes pacientes, especialmente durante episodios de
descompensagao metabdlica, em que as concentragées dos acidos organicos
aumentam drasticamente. Portanto, no presente estudo investigamos os efeitos
dos principais metabdlitos acumulados na HMGA sobre importantes
parametros de estresse oxidativo, sobre a resposta inflamatéria, bem como
sobre a fosforilacdo de proteinas do citoesqueleto no estriado e coértex cerebral
de ratos, com o objetivo de esclarecer a relagdo entre as caracteristicas
clinicas e as alteracdes bioquimicas nessa doenca. E digno de nota que o
estriado foi utilizado porque nessa doenga ocorre lesdo progressiva nos
ganglios da base (estriado nos roedores), atestando a vulnerabilidade dessa
regido do cérebro. Ressaltamos, ainda, que a leucoencefalopatia (atrofia
cortical) também é comumente detectada em imagens do cérebro desses
individuos, justificando o uso do cortex cerebral neste estudo (van der KNAAP

et al., 1998; YALCINKAYA et al., 1999; YYLMAZ et al., 2006).

Como ja mencionado, os mecanismos subjacentes da patogénese das
lesdes cerebrais na HMGA sdo pouco conhecidos. No entanto, tem sido
sugerido que além do acumulo intracelular de acidos orgéanicos toxicos,
hipoglicemia associada com déficit de corpos ceténicos, deficiéncia de carnitina
podem também estar envolvidos na patofisiologia da doenga (KAHLER et al.,
1994; MITCHELL e FUKAO, 2001; LEUNG et al, 2009). Neste contexto,
estudos in vitro anteriores demonstraram que o HMG e o MGA induzem dano
oxidativo lipidico e protéico e reduzem as defesas antioxidantes nao
enzimaticas no cortex cerebral, no estriado e no figado de ratos jovens

(LEIPNITZ et al., 2008a,b e 2009). Mostrou-se também que o MGA induz
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disfuncdo mitocondrial e inibe a atividade da Na +, K + -ATPase em

sinaptossomas preparados a partir de cérebro de ratos (RIBEIRO et al., 2011).

A partir desses achados iniciamos nossa investigagao estudando os
efeitos ex vivo da administragéo intrastriatal de HMG e MGA sobre parametros
de estresse oxidativo em estriado de ratos em desenvolvimento (Capitulo 1).
Avaliamos se altas concentragdes de HMG e MGA no estriado de ratos jovens
obtidas por uma injecao intrastriatal aguda desses acidos organicos poderiam
afetar a homeostase redox na esperanga de esclarecer melhor os mecanismos
patoldgicos envolvidos nas anormalidades do estriado, uma estrutura cerebral
alterada no cérebro dos pacientes afetados (van der KNAAP et al.,1998;
YALCINKAYA et al., 1999; YYLMAZ et al, 2006). Para isso, foram
determinados parametros importantes de estresse oxidativo, incluindo as
concentragdes de MDA (peroxidagao lipidica), a formagao de carbonilas (dano
oxidativo protéico), a produgdo de espécies reativas (oxidagdo da DCFH e
producao de oxido nitrico), as concentragcdes de GSH (defesas antioxidantes
nao enzimaticas) e as atividades das enzimas antioxidantes SOD, GR, G6PD,

GPx e CAT.

Nossos resultados demonstram que o HMG e o MGA induziram dano
oxidativo a lipidios e a proteinas, bem como aumentaram a producao de
espécies reativas de oxigénio, enquanto o HMG também induziu a producgéo de
espécies reativas de nitrogénio. Em relacdo as defesas antioxidantes, ambos
os metabdlitos diminuiram os niveis de GSH e causaram alteracbes em varias
atividades enzimaticas, provocando um desequilibrio nesses sistemas de

defesa. Finalmente observou-se que os  antioxidantes melatonina, N-
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acetilcisteina e a combinagédo de vitaminas C e E preveniram completamente
ou atenuaram as alteragbes dos parametros de estresse oxidativo causadas
pelo HMG, reforcando a participacdo de espécies reativas, mais
particularmente os radicais hidroxila e peroxila que sdo sequestrados por estes
antioxidantes (REITER et al., 2001; ANISIMOV, 2006; HALLIWELL e
GUTERIDGE 2007). Verificamos também que o MK-801, um antagonista néo-
competitivo do receptor glutamatérgico do tipo NMDA, impediu alguns dos
efeitos provocados pelo HMG, indicando o envolvimento dos receptores NMDA
nos efeitos encontrados. O fato de receptores NMDA estarem envolvidos nos
efeitos induzidos por HMG nao ¢é surpreendente, devido a semelhanga
estrutural entre a HMG e glutamato. Portanto, pode ser de interesse estudar se
os acidos orgénicos acumulados e, especialmente, o HMG interagem
diretamente com receptores NMDA. Por outro lado, ndo se pode excluir a
possibilidade de o aumento na producdo das ERN pode ser mediada por uma
indugdo da atividade da oOxido nitrico sintase, que conduz a geragao dessas
espécies foi, pelo menos, parcialmente devido a supraestimulacdo dos
receptores NMDA por este acido organico (HALLIWELL e GUTTERIDGE,

2007; BROWN, 2010; AYATA et al., 1997).

Nossos resultados indicam fortemente que o HMG e o MGA provocam
estresse oxidativo in vivo em estriado de ratos jovens. Devemos salientar
também que as espécies reativas sdo capazes de oxidar moléculas diferentes,
incluindo lipidos, proteinas, acucares e DNA, o que representa um evento
chave na cascata que conduz a patogenicidade da morte celular necrética ou
apoptotica (KROEMER e REED, 2000; NIZUMA et al., 2009; CIRCU e AW,

2010). Além disso, o estresse oxidativo € uma condigdo muito prejudicial,
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especialmente para o cérebro em comparagao com outros tecidos, devido ao
fato de o cérebro possuir uma alta taxa de metabolismo oxidativo acoplado a
uma grande produgdo de ERO, uma atividade reduzida das enzimas
antioxidantes, menores concentragdes de antioxidantes e maior potencial de
peroxidacdo, devido ao seu elevado teor de PUFA (HALLIWELL e

GUTTERIDGE, 2007).

A partir do conhecimento de que o cérebro é bastante suscetivel ao
estresse oxidativo causado pelo HMG e pelo MGA fomos investigar se os
astrécitos sdo células alvo desses metabdlitos, ja que essas células neurais
sdo fundamentias para o funcionamento do sistema nervoso central e
susceptiveis a danos por neurotoxinas, além de serem importantes fontes de
producdo de espécies reativas. Para tal determinamos os efeitos do HMG e
MGA sobre importantes parametros da homeostase redox, producado de
citocinas, bem como sobre a fungdo mitocondrial e a viabilidade de astrdcitos
cultivados obtidos de cortex cerebral de ratos neonatos (Capitulo 2).
Descobrimos que ambos os acidos orgéanicos reduziram a fungdo mitocondrial
astrocitaria, sem alterar a viabilidade celular, reduzindo também as
concentragcdes de GSH. Em contrapartida, os metabdlitos aumentaram a
formacado de espécies reativas verificada por um aumento na oxidacdo da
DCFH e provocaram um aumento significativo das citocinas proé-inflamatérias

IL-1B, IL-6 e TNFa através da via de sinalizacao da Erk.

Assim, reforcando nossos resultados encontrados no capitulo 1,
verificamos que o HMG e o MGA provocaram um aumento na producado de

espécies reativas. Uma vez que a oxidagdo da DCFH ocorre principalmente por
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meio de ERO e é utilizada como uma sonda para a determinacdo de
particularmente ERO em sistemas biologicos, concluiu-se que estes acidos
organicos provocaram a geragao de espeécies reativas em um sistema de
células intactas (astrdcitos), corroborando com resultados anteriores (LEIPNITZ
et al., 2008a,b e 2009; RIBEIRO et al., 2011). Ndo podemos, no entanto excluir
a participacado de ERN nesse modelo, visto que a oxidagdo da DCFH pode
também ocorrer através dessas espécies, assim como citado no capitulo 1
deste trabalho. Tais resultados indicam que os astrécitos expostos aos
principais metabdlitos que se acumulam na HMGA estdo envolvidos na

produgao de radicais livres.

Descobrimos também que estes acidos organicos diminuiram
marcadamente as concentragcdes de GSH. Nesse contexto, os astrocitos séo
considerados uma das principais fontes de GSH por sintetizar e secretar esse
antioxidante, ajudando, assim, a manutencdo do estado redox neuronal
(DRINGEN, 2000; POPE et al., 2008). GSH é o antioxidante mais abundante
no cérebro, exercendo um papel fundamental para eliminar as ERO, proteger
os grupamentos sulfidrila das proteinas no estado redox adequado, regulando
também a morte celular e as cascatas de sobrevivéncia celular (SARAFIAN et

al., 1996).

Uma vez que niveis adequados de antioxidantes sao essenciais para
proteger as células contra os danos oxidativos (CASTOLDI et al., 2001), &
possivel que a redugao significativa da GSH induzida pelos metabdlitos que se
acumulam na HMGA pode causar perda da funcionalidade de astrocitos

expostos ao HMG e ao MGA, como observado pela redugéo significativa de
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MTT. Salienta-se que o ensaio MTT & comumente utilizado para avaliar a
funcionalidade mitocondrial, como um indicador do estado energético das
células refletindo a atividade de desidrogenases, embora também seja aceito
como um marcador de viabilidade celular. Uma vez que a incorporacao de
iodeto de propidio nao foi alterado em astrécitos em cultura expostos ao HMG
e ao MGA nas mesmas condigdes, conclui-se que a viabilidade celular foi

preservada (TSAl e LEE, 1994; ALARCON-AGUILAR et al., 2014).

Nao podemos estabelecer no presente se a reducéo dos niveis de GSH
ocorreu devido a sua oxidagao por radicais livres devido a uma alta produgao
de espécies reativas (aumento da oxidagdo DCFH) causada pelos acidos
organicos que leva ao consumo de GSH, ou se a redugao dos niveis de GSH
levou a um desequilibrio na formagcdo de espécies reativas levando a um
estado pro-oxidante. No entanto, enfatiza-se que a deplecdo de GSH ocorre
durante condi¢des de estresse que podem ser consequéncia de uma resposta
inflamatéria com estresse oxidativo, desempenhando portanto um papel critico

na resposta inflamatéria astrocitica (TANABE et al., 2010; LEE et al., 2010).

Nesse particular, uma contribuicdo original de nossa investigagcao
(capitulo 2) foi a demonstracado de niveis elevados de citocinas IL-1(3, IL-6 e
TNFa em astrécitos cultivados expostos a HMG e MGA. TNFa e IL-1B sao
sintetizadas predominantemente por microglia e astrocitos na resposta
inflamatéria aguda. Essas citocinas também podem induzir a sintese de IL-6. A
IL-6 é produzida em microglia, astrocitos e neurénios e desempenha um papel
central numa variedade de fungdes do sistema nervoso central, tais como a

inducdo e a modulagao de ativagao de astrocitos, inflamagéao e neuroprotecéo
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(TANABE et al., 2010; LEE et al., 2010; SANTELLO et al., 2011; ERTA et al.,
2012; YE et al., 2013). Além disso, a elevagdo dos niveis de citocinas
provavelmente reflete a reatividade da glia que, em combinagdo com um
aumento da producdo de ER e um decréscimo no teor de antioxidantes no
cérebro, foram descritas como envolvidas na patogénese e no desenvolvimento
de varias doencas humanas e na neurodegeneracdo (DARLINGTON, 2005;

KANWAR e NEHRU, 2007).

Assim, verificamos que o0 HMG e o MGA induziram as citocinas proé-
inflamatérias classicas (TNFa e IL1-B) dependentes da via de sinalizagao Erk.
No que diz respeito ao IL-6, esta citocina apresenta uma dualidade de acdes,
degenerativas e reparadoras, anti- e pré-inflamatérias (FARINA et al.,, 2007)
Neste particular, € de se notar que a via Erk tem sido implicada na regulagao
da resposta inflamatéria glial apés um insulto (dano) e € uma via de transdugao
de NF«B (LEE et al., 2010; SANTELLO et al., 2011; ERTA et al., 2012; YE et
al., 2013; DARLINGTON, 2005; KANWAR e NEHRU, 2007; BRENNER, 2014;
BOBERMIN et al., 2012). NFkB é considerado o principal mediador inflamatério
no SNC, embora o seu mecanismo de ativagdo e subsequente translocagao
para o nucleo ndo sdao completamente compreendidos (GLOIRE et al., 2006;
WAKABAYASHI et al., 2010). Por outro lado, o aumento de IL-6 n&o foi
associado com a via da Erk, mas pode ter sido causado alternativamente pelo
aumento de TNFa e IL1-B, indutores de IL-6 (TANABE et al., 2010; TANABE et

al., 2011).

Os resultados obtidos no capitulo 2 indicam uma susceptibilidade de

astrocitos corticais de ratos neonatos aos insultos téxicos do HMG e do MGA,
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associado a um aumento da resposta proé-inflamatéria com aumento da
producgéao de citocinas e de estresse oxidativo acompanhada por uma disfungéo
mitocondrial. Esses resultados confirmam nossos achados de inducdo de
estresse oxidativo em estriado in vivo por esses compostos, bem como
achados anteriores in vitro realizados em fragdes subcelulares e
homogeneizados de cérebro (LEIPNITZ et al., 2008a,b; 2009) e indicam que a
perturbacdo da homeostase redox astrocitaria causada pelos principais acidos
organicos que se acumulam na HMGA pode potencialmente contribuir para a
neuropatologia de pacientes afetados por esta doenca. Além disso, nossos
dados indicam que astrocitos em cultura representam uma ferramenta biolégica
interessante e promissora para estudar a toxicidade dos compostos que se
acumulam em outras doencas hereditarias metabdlicas, embora a sua
principal limitagdo dos achados presentes reside no fato de que n&o envolve as
relagdes complexas entre neurdnios e células gliais. Presume-se, portanto, que
a producdo de espécies reativas e citocinas contribuem para a disfuncéo
neurolégica observada nesta doenca, particularmente durante as crises
metabdlicas, em que a produgdo e o acumulo dos metabdlitos no cérebro
provavelmente é ainda maior. No entanto, ndo se pode descartar que a
hiperamonemia e a privagédo de energia (hipoglicemia hipocetética) também
podem estar envolvidas na lesdo cerebral desses pacientes uma vez que estas
condicbes também podem resultar na formagcao de radicais livres no SNC

(BOBERMIN et al., 2012; SINGH et al., 2004; SUH et al., 2007).

Finalmente investigamos os efeitos do HMG, MGA e MGT sobre a
fosforilagdo da GFAP e das subunidades dos NF (NFL, NFM e NFH) do

citoesqueleto em fatias de estriado e coértex cerebral de ratos jovens (Capitulo
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3). Optamos por focar nosso estudo no sistema de fosforilagdo associada aos
FI do citoesqueleto, porque essas proteinas sdo cruciais para a morfologia
celular, além de participarem da regulagao de vias de sinalizagdo, na formagéao
e manutencdo do calibre axonal e também porque essas dindmicas sdo
principalmente reguladas por fosforilagcao (SIHAG et al,, 2007) . Além disso,
varias evidéncias apontam para um papel dos Fl na resposta a um insulto
celular através de alteracbes na homeostase do sistema de fosforilacdo dessas
proteinas (hiper e hipofosforilagdo) observada em modelos animais de doengas
neurometabdlicas (PIEROZAN et al., 2014; LOUREIRO et al, 2010a,b;

FUNCHAL et al., 2005a,b).

Resumidamente, nossos resultados obtidos no capitulo 3 foram que o
HMG, o MGA e o MGT provocaram uma hipofosforilagdo da GFAP e das
subunidades dos NF nas duas estruturas cerebrais testadas e esse efeito foi
mediado pela inibicdo das proteinas cinases PKA e JNK, sem a participacao
das proteinas fosfatases. Observou-se também que a hipofosforilagcdo do
citoesqueleto era dependente dos receptores do tipo NMDA sinapticos e
extrasinapticos, bem como do ion Ca®*. Além disso, os antioxidantes TROLOX
e L-NAME preveniram completamente a hipofosforilagcdo e a inibicdo das

atividades da PKA e da JNK causadas pelo HMG.

Esses dados indicam que o sistema de fosforilagcdo do citoesqueleto
associado com os Fl de astrocitos e neurbnios & vulneravel aos efeitos do
HMG, do MGA e do MGT, podendo contribuir para explicar os mecanismos
patofisiolégicos de dano cerebral dos pacientes com a deficiéncia da HL.

Verificou-se também que o hipofosforilagdo induzida pelo HMG nao foi devido
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ao déficit energético (o ATP é necessario para que haja a correta fosforilagdo
de proteinas), uma vez que parametros importantes da produgdo de energia
nao foram alteradas pelo HMG. Também demonstramos que a diminuigdo da
fosforilagcdo dessas proteinas nao poderia ser atribuida a ativagcao de proteinas
fosfatases, uma vez que os inibidores especificos Ser-Thr das fosfatases mais
importantes associados com o citoesqueleto (PP1, PP2A e PP2B) nao
conseguiram evitar este efeito. Contudo, descobrimos que a hipofosforilagdo
provocada pelo HMG foi mediada pela inibicdo das proteinas cinases PKA e
JNK. Além disso, observamos que os antioxidantes TROLOX e o inibidor da
oxido nitrico sintase (NOS), L-NAME, preveniram totalmente a hipofosforilagéo
dos Fl e a inibicdo da atividade da PKA e da JNK provocadas pelo HMG no
estriado, indicando fortemente que ERO e ERN poderiam ter provocado dano
oxidativo a essas proteinas cinases e serem responsaveis pelas alteragdes de
fosforilacdo observadas. Também é& concebivel que os receptores NMDA
sinapticos e extra-sinapticos também podem ter participado nesses efeitos uma
vez que os antagonistas de NMDA n&o competitivo, MK-801, e seletivo da
subunidade NR2B, ifenprodil, normalizaram os niveis de fosforilagdo dos FI

(HARDINGHAM et al., 2002; ZHOU et al., 2013a,b).

Para reforgar a participagao das cinases nos efeitos causados por HMG
verificamos que a diminuicdo da atividade da PKA foi refletida pela
hipofosforilagcdo da Ser55 no dominio aminoterminal da NFL que esta implicado
na regulagdo da dinamica de polimerizagdo / despolimerizagdo dessas
proteinas (GRANT e PANT, 2000). Além disso, a diminuigdo da atividade da
JNK refletiu-se na hipofosforilagao das repeticbes do tipo KSP nos dominios

carboxiterminal do NFH e do NFN (GIASSON e MUSHYNSKI, 1997). Ressalte-
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se que os niveis de fosforilagdo do NFM e do NFH tem sido associados com a
velocidade de transporte axonal e a estabilidade dos axénios maduros (SIHAG

et al., 2007).

Os efeitos do HMG sobre o mecanismo de fosforilagdo associada ao
citoesqueleto mediados por NMDA foi reforcada pela importancia do Ca®'
nesses efeitos, ja que o tamponamento e o sequestro desse ion totalmente
preveniram essa hipofosforilagdo. Esses resultados corroboram com os
resultados encontrados no capitulo 1 desta tese de que a indugao de estresse
oxidativo causado por injecao intracerebral de HMG é mediada por receptores

glutamatérgicos do tipo NMDA.

Levando-se em conta que a ativacao de receptores glutamatérgicos que
PKA (CORCORAN et al.,, 2013) e que o ifenprodil, um bloqueador seletivo
dessa subunidade extrasinaptica (ZHOU et al, 2013a,b) preveniu a
hipofosforilagcdo dos Fl provocada por HMG, é possivel que esse efeito tenha
sido mediado pela inibicdo da PKA secundariamente a ativagcao dos receptores
NMDA extrasinapticos. Nossos resultados mostram que proteinas do
citoesqueleto podem ser alvo de agdes indiretas ao estimulo dos NR2B, o que
esta de acordo com o papel descrito anteriormente desses receptores na
regulacéo do citoesqueleto de actina no hipocampo (AKASHI et al., 2009).
Além disso, os NR2B tém demostrado possuir um papel prejudicial na dinamica
dos microtubulos em culturas de hipocampo com consequente disfuncéo
neuronal (MOTA et al.,, 2012). Curiosamente, o acido 3-hidroxiglutarico, um

composto estruturalmente semelhante ao HMG, que se acumula na acidemia

148



glutarica tipo I, foi demonstrado provocar morte neuronal por superativagéo da
subunidade NR2B de receptores NMDA (KOLKER et al., 2000a,b), reforgando
portanto o papel excitotdéxico dessa subunidade NMDA no cérebro de doencas

metabdlicas.

Assim, no capitulo 3, demonstramos evidéncias de que os principais
acidos organicos que se acumulam na HMGA alteram o sistema de fosforilagéo
do citoesqueleto com possiveis consequéncias para a forma e fungao celular.
Descobrimos também que alguns antioxidantes impediram esses efeitos
inibitérios em proteinas cinases, o que esta de acordo com achados prévios
(LEIPNITZ et al., 2008a,b e 2009; da ROSA et al., 2013), além de reforcar os
resultados encontrados nos capitulos anteriores desta tese, mostrando que
esses metabdlitos perturbam a homeostase redox no cérebro. Portanto, é
concebivel que, além da hipoglicemia-hipocetotica e da hiperamonemia, os
danos cerebrais apresentados pelos pacientes acometidos pela HMGA podem
ser também uma consequéncia da desregulagao no citoesqueleto causada por
niveis toxicos destes acidos organicos, ja que esses podem exercer
sinergicamente um papel critico nas vias de sinalizagdo que regulam a

fosforilacdo dos Fl e bem como suas fungdes celulares.

Finalmente, é dificil de prever a importancia fisiopatologica dos dados
apresentados nesta investigacao, pois as concentragdes cerebrais de HMG,
MGA e MGT ainda ndo foram estabelecidas no cérebro dos doentes com
HMGA. No entanto, uma vez que os sintomas neurolégicos aparecem ou
pioram durante as crises catabdlicos, em que as concentragdes dos

metabdlitos acumulados aumentam drasticamente durante esses episédios, é
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concebivel que o acumulo desses metabolitos possam estar relacionados com
a piora clinica. Devemos também enfatizar que as concentragbes dos acidos
organicos em geral, e em especial de acidos dicarboxilicos (tais como a HMG,
MGA e MGT), que se acumulam em varios acidemias organicas sdo mais
elevados no cérebro, em comparagao com o sangue, provavelmente devido ao
baixo efluxo destes compostos a partir do cérebro, que esta de acordo com a
teoria de aprisionamento cerebral de acidos dicarboxilicos (HOFFMANN et al.,
1993; HOFFMANN et al., 1994; SAUER et al., 2006; STELLMER et al., 2007).
E, uma vez que os resultados obtidos na presente tese podem estar
diretamente envolvidos em varias doengas neurodegenerativas, somos
tentados a propor que estratégias terapéuticas para regular os receptores
NMDA, o estresse oxidativo / nitrosativo e os niveis de citocinas podem
potencialmente servir como terapia adjuvante para a protecdo do sistema

nervoso central dos pacientes afetados por HMGA.

150



IV CONCLUSOES

A injegdo intraestriatal dos acidos HMG e MGA induziram a
producdo de espécies reativas de oxigénio e nitrogénio, a
peroxidacéo lipidica, a oxidac&o protéica, diminuiram os niveis de
GSH e desestabilizaram as defesas antioxidantes enzimaticas
indicando que esses metabdlitos induzem estresse oxidativo ex
vivo em estriado de ratos jovens.

A exposigao de astrécitos cultivados de coértex cerebral de ratos
neonatos ao HMG e ao MGA causa aumento na producédo de
espécies reativas, diminuicdo dos niveis de GSH, aumento na
liberacdo de citocinas pro-inflamatérias mediado pela cascata da
Erk e um desequilibrio da fungdo mitocondrial, configurando
portanto, uma indugado de extresse oxidativo e uma indugao de
resposta inflamatéria nessas células neurais importantes para o
funcionamento do sistema nervoso central.

Os acidos HMG, MGA e MGT provocaram hipofosforilagdo das
proteinas GFAP e das subunidades NFL, NFM e NFH do
citoesqueleto de estriado e de cortex cerebral de ratos jovens,
mediada pela inibicdo das proteinas cinases PKA e JNK
secundariamente ao estimulo dos receptores glutamatérgicos
sinapticos e extrasinapticos bem como de dano oxidativo a essas
proteinas.

Em resumo, os principais acidos organicos acumulados na HMGA
provocam um desequilibrio da homeostase redox e alteragao do

sistema fosforilante de proteinas do cicloesqueleto com o

151



envolvimento de receptores NMDA que potencialmente
representam mecanismos patogénicos envolvidos no dano

estriatal e cortical em pacientes afetados pela deficiéncia da HL.
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V PERSPECTIVAS

e Estudar os efeitos da injecado intraestriatal dos acidos HMG e
MGA em ratos jovens sobre a fosforilagdo das proteinas do
citoesqueleto no estriado.

e Estudar os efeitos dos acidos HMG e MGA sobre a fosforilacdo
das proteinas do citoesqueleto em culturas de astrécitos e
neurénios de cortex cerebral e estriado de ratos.

e Fazer andlise histopatolégica com hematoxilina/eosina e
imunohistoquimica para GFAP e NeuN em estriado de ratos
jovens injetados com os acidos HMG e MGA.

e Estudar a morfologia e a viabilidade celular de neurbnios e
astrocitos cultivados de cortex cerebral e estriado de ratos

expostos aos acidos HMG e MGA.
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