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RESUMO

A aciddria D-2-hidroxiglutarica (D-2-HGA) € uma doenca neurometabodlica
primeiramente descrita por Chalmers e colaboradores, caracterizada biogquimicamente
pelo acimulo tecidual e elevada excrecdo urinéria do acido D-2-hidroxiglutéarico (D-2-
HG). A nivel molecular, a D2HGA pode ser causada por muta¢des no gene que codifica
a enzima mitocondrial D-2-hidroxiglutarato desidrogenase (D-2-HGDH) levando a
deficiéncia desta enzima ou por mutacOes especificas de ganho de fun¢éo da isocitrato
desidrogenase 2 (IDH2). As manifestacdes clinicas da D-2-HGA sdo majoritariamente
neuroldgicas, tais como epilepsia, hipotonia e retardo no desenvolvimento mental e
psicomotor. Esse erro inato do metabolismo apresenta dois fendtipos distintos: uma
forma neonatal grave e com risco de vida e uma variante mais branda da doenca. Visto
que os mecanismos fisiopatogénicos responsaveis pelo dano ao SNC nos pacientes
afetados por essa doenca ainda néo estéo totalmente elucidados, o presente trabalho teve
por objetivo investigar os efeitos ex vivo da administracdo intracerebroventricular (icv)
do D-2HG a ratos Wistar neonatos sobre a homeostase redox e a imunohistopatologia
nas principais estruturas cerebrais afetadas nos pacientes com D-2-HGA (estriado e
cortex cerebral). Em alguns experimentos, os animais foram pré-tratados
intraperitonealmente com o antioxidante melatonina ou com o antagonista de receptores
glutamatérgico do tipo NMDA MK-801 uma hora antes da administracéo icv de D-2-
HG. Inicialmente, avaliamos os efeitos do D-2-HG 6 horas apds a administracdo icv
sobre os parametros de homeostase redox. Os resultados mostraram que a administragdo
de D-2-HG induziu lipoperoxidacgdo, determinada pelo aumento significativo nos niveis
de malondialdeido (MDA), em estriado e cortex cerebral dos animais neonatos.
Também verificamos que o D-2-HG promoveu uma reducdo significativa do contetdo
de grupos sulfidrilas em estriado e aumento na formagéo de grupamentos carbonila no
cortex cerebral, evidenciando dano oxidativo as proteinas em ambas as estruturas. Além
disso, o metabolito aumentou a oxidag¢do da 2’,7’ - diclorofluoresceina (DCFH) no
cortex cerebral e estriado, o que, somado ao aumento nos niveis de nitratos e nitritos em
cérebro total, sugere que o D-2-HG provocou um aumento na producdo de espécies
reativas de oxigénio e de nitrogénio. Por outro lado, as concentracdes de GSH foram
diminuidas no cortex cerebral e as atividades das enzimas antioxidantes superdxido
dismutase (SOD) e catalase (CAT) aumentadas, indicando um provavel mecanismo
compensatério com aumento da transcri¢cdo génica secundario a elevagdo das espécies
reativas. Demonstramos também que o dano oxidativo aos lipideos e proteinas e o
aumento da producdo de espécies reativas induzido por D-2-HG foram prevenidos pelo
pré-tratamento dos animais com melatonina e MK-801. Contudo, tanto a melatonina
quanto o MK-801 nédo foram capazes de reverter o aumento provocado pelo D-2-HG na
atividade da SOD e CAT observados no cértex cerebral. Finalmente, a avaliacdo
morfoldgica do cérebro por meio da coloracdo por hematoxilina e eosina, 24 horas ap0s
a injecdo icv de D-2-HG, revelou a presenca de numerosos vacuolos e edema no cortex
cerebral, com efeitos semelhantes, mas menos expressivos no estriado. Também
observamos, 15 dias ap6s a administracdo icv do metabolito, um aumento da proteina
glial fibrilar 4cida (GFAP), indicando a inducdo de astrogliose. Concluindo,
presumimos que um comprometimento da homeostase redox, bem como a
excitotoxicidade glutamatérgica possam estar associados as alteracdes histopatoldgicas
observadas e contribuir, pelo menos em parte, para a neuropatologia encontrada nos
pacientes afetados pela D-2-HGA.



ABSTRACT

D-2-hydroxyglutaric aciduria (D-2-HGA) is a neurometabolic disorder first described
by Chalmers et al., biochemically characterized by tissue accumulation and high urinary
excretion of D-2-hydroxygluataric acid (D-2-HG). At the molecular level, D-2-HGA
can be caused by mutations in the gene encoding the mitochondrial enzyme D-2-
hydroxyglutarate dehydrogenase (D-2-HGDH) leading to deficiency of this enzyme or
by specific gain-of-function mutations in the isocitrate dehydrogenase 2 (IDH2). The
clinical manifestations of D-2-HGA are mostly neurological, such as epilepsy,
hypotonia and psychomotor/mental retardation. The neuropathological findings of this
disease are mainly anatomical changes in the central nervous system (CNS) such as
enlargement of the lateral ventricles (cortical atrophy), changes in the basal ganglia,
subependymal cysts and delayed brain maturation. This inborn error of metabolism
presents two distinct phenotypes: a severe and life-threatening neonatal form or a mild
form of disorder. Considering that the pathophysiological mechanisms underlying the
CNS damage observed in affected individuals remain unclear, the aim of the present
work was to investigate the ex vivo effects of D-2-HG intracerebroventricular (icv)
administration to neonatal Wistar rats on parameters of redox homeostasis and on the
immunohistotopathology of the main structures affected in patients with D-2-HGA
(striatum and cerebral cortex). In some experiments, the animals were pretreated
intraperitoneally with antioxidant (melatonin) or NMDA receptor antagonist (MK-801)
one hour prior to icv administration of D-2-HG. Initially, we evaluated the effects of D-
2-HG 6 hours after icv administration on the parameters of redox homeostasis. We
verified that D-2-HG in vivo icv injection induced lipid peroxidation, determined by the
significant increase in malondialdehyde (MDA) levels in striatum and cerebral cortex of
neonatal rats. We also observed that D-2-HG promoted a significant reduction in the
content of sulfhydryl groups in striatum and the increase carbonyl formation in the
cerebral cortex, denoting oxidative damage to proteins in both structures. In addition,
the metabolite increased the oxidation of of 2°,7°- dichlorofluorescein (DCFH) in both
evaluated structures, which added to the increase in the levels of nitrates and nitrites in
whole brain, suggests that D-2-HG provokes an increase in the production of reactive
oxygen and nitrogen species. On the other hand, GSH concentrations were decreased
only in the cerebral cortex, besides provoking an increase in the activity of the
antioxidant enzymes superoxide dismutase (SOD) and Catalase (CAT), indicating a
probable compensatory mechanism with increased gene transcription secondary to
observed reactive species elevation. In the striatum, the activity of SOD, CAT and
glutathione peroxidase (GPx) were decreased, an effect that can be attributed to
oxidative damage to protein structures, leading to a decrease in the catalytic activity of
these enzymes. Furthermore, D-2-HG-induced lipid and protein oxidative damage and
increase of reactive species production in the cerebral cortex and striatum were
prevented by the pretratament with melatonin or MK-801. However, melatonin and
MK-801 were not able to reverse the increase caused by D-2-HG in the SOD and CAT
activity observed in the cerebral cortex. Finally, histological brain sections 24 hours
after the D-2-HG icv injection, stained with hematoxilin and eosin, showed the presence
of numerous vacuoles and edema in the cerebral cortex, with less effects in the striatum.
Moreover, we observed that 15 days after the administration of metabolite, an increase
of the glial fibrillary acidic protein (GFAP), suggesting that D-2-HG promotes
astrogliosis. In conclusion, it may be presumed that the disturbance of cell redox
homeostasis and glutamatergic excitotoxicity are associated with the histopathological
changes observed, and may contribute at least in part to the neuropathology found in
patients affected by D-2-HGA.
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I.1. INTRODUCAO

I.1.1. Erros inatos do metabolismo

No inicio do século XX, mais precisamente em 1908, o médico inglés Sir
Archibald E. Garrod introduziu o termo erro inato do metabolismo (EIM) referindo-se a
alcaptondria, cistindria, pentosuria e albinismo. Através das recém postuladas leis de
Mendel, Garrod propés um modelo de heranca genética autossdmica recessiva, baseado
em suas observacOes de que estas doencas eram mais frequentes entre individuos de
uma mesma familia e maior consanguinidade entre os pais, embora estes e outros
parentes fossem individuos normais. Os EIM sdo um grupo de doencas fenotipicamente
heterogéneas causadas por defeitos genéticos que levam a deficiéncia de uma proteina,
geralmente uma enzima, acarretando no bloqueio de uma rota do metabolismo celular.
Como consequéncia do bloqueio dessa via, hd o acumulo de intermediarios
potencialmente toxicos nos tecidos e liquidos bioldgicos dos pacientes, além de uma
possivel deplecdo de produtos essenciais ao organismo (Bickel 1987; Mak et al. 2013).

Até o momento, foram descritos mais de 600 EIM com o defeito bioquimico
caracterizado. Embora sejam individualmente raros, coletivamente os EIM podem
alcancar uma incidéncia de aproximadamente 1 a cada 500-1.000 recém-nascidos Vvivos.
Avancgos no entendimento da etiologia molecular e bioquimica de EIM através de
técnicas desenvolvidas nos ultimos anos tém levado a um significativo progresso na
deteccdo e tratamento precoces dessas condicGes (Alfadhel et al. 2013; Beaudet et al.
2014; Vernon 2015), processo esse essencial para o diagndstico neonatal, através de
testes de triagem, que possibilitam uma intervencdo terapéutica no periodo pré-
sintomatico que podem levar a um desfecho clinico mais brando da doenca.

1.1.2. Aciddrias organicas

As acidemias ou acidurias orgéanicas constituem um grupo de EIM
caracterizados pelo acimulo de um ou mais &cidos 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 populacdo em geral é pouco conhecida, 0 que pode ser
creditado a falta de laboratdrios especializados para o seu diagndstico e ao
desconhecimento médico sobre essas enfermidades. Na Holanda, pais considerado
referéncia para o diagnostico de erros inatos do metabolismo, a incidéncia destas

doencas é estimada em 1: 2.200 recém-nascidos, enquanto que, na Alemanha, Israel e
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Inglaterra é de aproximadamente 1: 6.000 - 1: 9.000 recém-nascidos (Hoffmann et al.
2004). Na Arabia Saudita, onde a taxa de consanguinidade é elevada, a frequéncia é de
1: 740 nascidos vivos (Rashed et al. 1994). Chalmers e colaboradores ( 1980)
demonstraram que as aciduriass organicas eram os EIM mais frequentes em criangas
hospitalizadas, motivando diversos estudos clinicos, laboratoriais e epidemiolégicos nos

anos seguintes.

Clinicamente os pacientes afetados por aciddrias organicas apresentam
predominantemente disfuncdo neuroldgica em suas mais diversas formas de expressao:
regressdo neurologica, convulsdes, coma, ataxia, hipotonia, hipertonia, irritabilidade,
tremores, movimentos coreatet6ticos, tetraparesia espastica, atraso no desenvolvimento
psicomotor, retardo mental e outras manifestacdes. As mais frequentes manifestacoes
laboratoriais sdo cetonemia, 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 (Beaudet et al. 2014). Através do uso da tomografia computadorizada, foram
encontradas na maioria dos pacientes afetados por essas doencas alteracbes de
substancia branca (hipomielizacdo e / ou desmielizacéo), atrofia cerebral generalizada
ou dos ganglios da base (necrose ou calcificacdo), megaencefalia, atrofia frontotemporal
e atrofia cerebelar (Mayatepek et al. 1996).

1.1.3. Acidarias 2-hidroxiglutéricas

O é&cido 2-hidroxiglutarico (2-HG), é um &cido dicarboxilico de 5 carbonos com
a presenca de uma hidroxila no carbono 2, conferindo a esta molécula um centro quiral
que possibilita a existéncia desse composto em duas conformacao enantioméricas, isto

é, pode estar presente na forma de acido D-2-hidroxiglutarico ou L-2-hidroxiglutarico

(Figura 1).
OH OH
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Figura 1. Estrutura quimica dos &cido L-2-hidroxiglutarico e D-2-hidréoxiglutarico destacando o carbono

quiral em vermelho.



As duas formas enandtioméricas do acido 2-hidroxiglutarico foram identificadas
pela primeira vez como constituintes normais da urina humana por Gregersen e
colaboradores (1977). Trés anos depois, dois novos erros inatos do metabolismo foram
relatados simultaneamente no Journal of Inherited Metabolic Disease. Chalmers e
colaboradores (1980) identificaram um paciente com aciddria D-2-hidroxiglutarica (D-
2-HGA, OMIM # 600721 e OMIM # 613657), enquanto Duran e colaboradores (1980)
descreveram um caso de aciduria L-2-hidroxiglutérica (L-2-HGA, OMIM # 236792),
publicacOes estas que estabeleceram os marcadores bioquimicos (D- e L-2-HG) nessas

duas doencas metabolicas distintas.

1.1.4. Aciduria D-2-hidroxiglutarica

A acidaria D-2-hidroxiglutarica (D-2-HGA) é uma doenca neurometabdlica,
caracterizada bioquimicamente pelo acumulo tecidual e excrecdo aumentada do acido
D-2-hidroxiglutarico (D-2-HG). Dois fen6tipos distintos da D-2-HGA foram descritos:
uma forma neonatal severa (tipo Il) (Kranendijk et al. 2010b) e uma variante infantil
menos grave (tipo 1) (Kranendijk et al. 2010a).

Na ultima década estudos estabeleceram as bases moleculares que levam ao
acumulo do D-2-HG nos dois fenétipos distintos de D-2-HGA. A enzima mitocondrial
hidréxiacido-oxoacido transidrogenase (HOT) catalisa a conversdo do a-cetoglutarato
(2-KG) em D-2-HG (figura 1). Este metabdlito, com funcdo fisiologica ainda
desconhecida, € novamente convertido a 2-KG por acdo da D-2-hidroxiglutarato
desidrogenase (D-2-HGDH) (figura 1). Uma mutacdo no gene que codifica a D-2-
HGDH provoca a diminuicdo ou perda total da atividade desta enzima e esta associada
ao aumento do D-2-HG caracterizando a aciddria D-2-hidroxiglutarica tipo |
(Kranendijk et al. 2010a).

TCA
cyele D-2-HGDH
2-KG /\
\/ D-2-HG
HOT

Figura 2. D-2-HG é formado a partir de 2-KG por a¢do da HOT. D-2-HGDH catalisa a converséo de D-
2-HG a 2-KG. O Acumulo de D-2-HG em pacientes com D-2-HGA tipo | ocorre quando ha deficiéncia
da D-2-HGDH (Adaptado de Kranendjik et al., 2012).



Jé& a aciduria D-2-hidroxiglutérica tipo Il esta relacionada a mutacGes especificas
no gene da isocitrato desidrogenase Il (figura 3), que levam a um aumento de 8 vezes na
atividade desta enzima e conferem a esta a capacidade de converter o alfa-cetoglutarato
em D-2-HG (Kranendijk et al. 2010b), sem alterar a atividade da HOT ou mesmo da D-
2-HGDH.

D-2-HGDH
TCA
ycle NADPH + H*
2 KG 0 H2m1:1ADP
K/ D-2-HG

HOT

Figura 3. IDH2 mutada ganha a funcéo de converter 2-KG em D-2-HG, além a produgéo de D-2-HG pela
HOT. A D-2-HGDH néo consegue metabolizar completamente todo o D-2-HG gerado, resultando em
acumulado de D-2-HG em pacientes com D-2-HGA tipo 11 (Adaptado de Kranendjik et al., 2012).

1.1.4.1. Diagnostico da aciddria D-2-hidroxiglutaricas

O diagnéstico diferencial das acidurias 2-hidroxiglutéricas inicia com a avalia¢do
clinica do paciente que possui um retardo no desenvolvimento néo esclarecido e/ou que
seja portador de disfuncdo neuroldgica de etiologia desconhecida, elevando o nivel de
suspeita para uma desordem metabdlica. O diagnostico provisério da A triagem urinéria
de &cidos organicos por cromatografia gasosa acoplada a espectrometria de massa (GC-
MS) revela um aumento nos niveis de 2-HG. Contudo, a determinacdo da configuracao
quiral ainda precisa ser determinada. Embora as manifestacdes clinicas possam sugerir
tanto D-2-HGA como L-2-HGA, a diferenciacdo quiral realizada através de GC-MS ou
de cromatografia liquida acoplada a espectrometria de massa em tandem (LC-MS/MS) é
obrigatoria para o correto diagndstico diferencial e consequente confirmacdo de D-2-
HGA (Kranendijk et al. 2012). Subsequentemente, a caracterizacdo genética e
enzimatica possibilita a confirmagdo de D-2-HGA e diferenciacdo em seus 2 subtipos,
representando uma importante informacao para diagnostico pre-natal futuro (Gibson et
al. 1993b; Struys et al. 2004).



1.1.4.2. Aspectos clinicos e neuropatologicos

As manifestacGes clinicas cardinais para ambos os fenoétipos da D-2-HGA
incluem retardo no desenvolvimento, hipotonia e convulsdes. Contudo, alguns estudos
demonstram que os pacientes acometidos pela D-2-HGA tipo Il apresentam convulsdes
mais frequentes e o atraso no desenvolvimento € mais severo do que o observado em
pacientes D-2-HGA do tipo I. Além disso, cerca de um terco dos pacientes com o tipo Il
apresenta cardiomiopatia (Kranendijk et al. 2012).

Os achados neuropatoldgicos dessa doenca sao principalmente alargamento dos
ventriculos laterais e alteracbes anatdbmicas nos ganglios da base. Alem disso, estudos
de neuroimagem demonstram, em ambos os fen6tipos da D-2-HGA, um aumento dos
espacos subaracnoideos frontais, pseudocistos subependimais, sinais de atraso na
maturacao cerebral e anormalidades na substancia branca cerebral multifocalizadas (van
der Knaap et al. 1999b, a). Neste contexto, devido a disfuncdo neuroldgica severa e
atrofia cerebral apresentadas pelos pacientes, a D-2-HGA é classificada como uma
doenca neurometabdlica.

A D-2-HGA tipo | é muito mais variavel quanto a sintomatologia clinica do que
a tipo 1. Em determinados casos 0s pacientes ndo apresentam alteracdes neuroldgicas
graves. Ja o fenotipo severo (tipo Il) caracteriza-se principalmente por encefalopatia
epilética de inicio neonatal ou na infancia, além de movimentos distbnicos ou
coreoatetéticos e deficiéncia visual. Um terco dos pacientes morre durante a infancia
(Kranendijk et al. 2012).

1.1.4.3. Achados Biogquimicos

Os pacientes acometidos pela D-2-HGA tém como achado bioquimico principal
0 acumulo tecidual e excrecdo urinaria aumentada do D-2-HG. Foram também
reportados aumentos nos niveis de GABA no liquor (van der Knaap et al. 1999b, a),
além de aumento moderado na excrecdo de intermediarios do ciclo do &cido citrico
(&cidos 2-cetoglutérico, citrico e succinico) em pacientes afetados. As concentracdes
intracelulares/mitocondriais de D-2-HG ainda s&o desconhecidas, enquanto que as
concentragOes plasmaticas em pacientes afetados pela D-2-HGA aumentam cerca de 30-
840 vezes. Embora as concentracOes intracerebrais de D-2-HG ainda sejam
desconhecidas, se acredita que possam ser maiores do que 0s niveis plasmaticos deste
metabdlito (Hoffmann et al. 1994).
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1.1.4.4. Tratamento

Ndo h4, até o presente momento, intervencdo terapéutica efetiva para os
pacientes com D-2-HGA. Adicdo de FAD (com o objetivo de aumentar a atividade de
enzimas D-2-HGDH) ndo resultou em atividade enziméatica aumentada (Achouri et al.
2004). Uma abordagem terapéutica utilizando riboflavina ainda ndo foi realizada.
Contudo, poderia ser benéfica, sabendo que a sequéncia de DNA do gene D2HGDH
pertence a familia das enzimas que utilizam FAD como cofator. Na D-2-HGA tipo 11, a
inibicdo da IDH2 mutante com oxaloacetato levou a diminuicdo da producdo de D-2-
HG em lisados de linfoblastos de pacientes (Kranendijk et al. 2011). A inibicdo com
substratos ou farmacos altamente especificos para IDH2 mutante pode representar uma

estratégia terapéutica viavel em pacientes.

1.1.4.5 Fisiopatologia

Embora geneticamente distintas, as D-2-HGA tipo | e tipo Il possuem como
caracteristica comum o acumulo de D-2-HG nos fluidos corporais, bem como aspectos
clinicos semelhantes. Essas observacdes podem sugerir que o metabdlito D-2-HG
potencialmente contribui para a fisiopatologia associada aos aspectos clinicos do retardo
no desenvolvimento, hipotonia e epilepsia presentes em ambos os tipos da desordem. A
superproducdo de D-2-HG provavelmente inicia na mitocdndria, ja que a D-2-HGDH e
a IDH2 sdo enzimas mitocondriais. As concentracdes de D-2-HG intracelular e
mitocondriais sdo desconhecidas; ja no plasma se sabe que, que nos pacientes afetados,
as concentracfes do metabolito estdo aumentadas de 30 a 840 vezes (26-757 uM)
(Gibson et al. 1993a; Kranendijk et al. 2010a, b, 2011). Os niveis médios no plasma de
pacientes tipo Il sdo cerca de 5 vezes mais elevados do que nos pacientes tipo I.
Sabendo que os pacientes com D-2-HGA tipo Il apresentam sintomas mais severos que
os tipo |, sugere-se que exista uma correlagdo entre o aumento das concentragdes de D-
2-HG e a severidade da doenca.

A fisiopatologia da D-2-HGA ainda é pouco conhecida, embora haja na
literatura alguns trabalhos demonstrando efeitos deletérios do D-2-HG sobre a
bioenergética mitocondrial e homeostase redox em tecidos de roedores e humanos.
Dentro desses estudos, a exposicdo de cérebro de roedores e de pintos ao D-2-HG
provocou diminuicdo da atividade da enzima creatina quinase e das atividades dos
complexos IV e V da cadeia respiratdria (Da Silva et al. 2002, 2004; Kolker et al. 2002),
além de induzir estresse oxidativo in vitro (Kolker et al. 2002; Latini et al. 2003, 2005).
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Também foi demonstrado que a administracéo intraestriatal de D-2-HG a ratos Wistar
de 30 dias induziu estresse oxidativo e algumas alterac6es histopatoldgicas (da Rosa et
al. 2014). Além disso, o D-2-HG apresentou efeito excitotoxico em culturas primarias

de neur6énios de pintos através da ativacdo de receptores NMDA (Kolker et al. 2002).

1.1.5 . Radicais Livres e Defesas Antioxidantes

Radicais livres sdo espécies quimicas capazes de existir de forma independente
contendo um ou mais elétrons desemparelhados. Sendo assim, essas espécies
encontram-se em uma situacdo energeticamente instavel, o que as torna altamente
reativas (Southorn and Powis 1988; Halliwell, B., Gutteridge 2015a).

Em condicdes fisioldgicas, o O, sofre reducgdo tetravalente no complexo 1V da
cadeia transportadora de elétrons (CTE) resultando na formacdo de H2O. Entretanto,
centros redox dos complexos da CTE, como os presentes nos complexos | e I1l, podem
ser diretamente oxidados pelo O,, resultando na transferéncia de um dnico elétron para
essa molécula e na consequente geracdo de anion superéxido (02°*). O 02° pode ser
convertido pela superdxido dismutase (SOD) a peroxido de hidrogénio (H.0,), uma
espécie reativa ndo-radical ja que ndo apresenta elétrons desemparelhados. Por sua vez,
0 H,0, reagindo com Fe,” da origem ao radical hidroxila (OH"), um radical livre
extremamente reativo. O 0,*, 0 H,O, e 0 OH™ fazem parte das chamadas espécies
reativas de oxigénio (ERO). Além das ERO, existem ainda as espécies reativas de
nitrogénio (ERN), representadas principalmente pelo 6xido nitrico (NO) e o
peroxinitrito (ONOQ) (Halliwell, B., Gutteridge 2015a).

A producdo fisioldgica de ERO e ERN apresenta um importante papel na sintese
e regulacdo de proteinas e sinalizacdo celular, como a sinalizacdo de insulina e
adaptacdo ao exercicio (Irani 2000; Wall et al. 2012; Hamann et al. 2014; Webb et al.
2017), e na defesa contra infeccBes através da liberacdo de espécies reativas pelos
neutrofilos (Delanty and Dichter 1998; Aratani et al. 2012). Entretanto, quando
formadas em excesso, podem causar danos as células através da oxidacdo de diversas
biomoléculas, tais como lipidios, proteinas, carboidratos e acidos nucleicos (Halliwell,
B., Gutteridge 2015a).

Com a finalidade de evitar os efeitos nocivos das espécies reativas, as células
possuem mecanismos eficientes para a detoxificagcdo das mesmas: as defesas

antioxidantes enzimaticas e ndo-enzimaticas. Essas defesas estdo amplamente

12



distribuidas no organismo e compreendem agentes que removem cataliticamente 0s
radicais livres, como as enzimas SOD, catalase (CAT), glutationa peroxidase (GPx);
proteinas que minimizam a disponibilidade de pro-oxidantes (ions de ferro e cobre, por
exemplo) ao se ligarem aos mesmos, como as transferrinas; agentes que aprisionam
espeécies reativas e que sdo substratos de enzimas antioxidantes, como a GSH; além de
proteinas que protegem biomoléculas de danos por outros mecanismos (Halliwell, B.,
Gutteridge 2015b, c).

1.1.6 . Estresse oxidativo

Espécies reativas sao necessarias para a fungdo normal da célula, servindo como
moléculas de sinalizagdo para importantes papéis fisioldgicos. Elas sdo continuamente
produzidas e neutralizadas por sistemas de defesa antioxidante. No entanto, quando
produzidos em altas concentracdes ou quando as defesas antioxidantes estdo deficientes,
as espécies reativas podem causar dano celular. Se o aumento de espécies reativas é
relativamente pequeno, a resposta antioxidante sera suficiente para compensar esse
aumento. No entanto, sob certas condi¢des patoldgicas, a producdo de espécies reativas
estara aumentada, e as defesas antioxidantes podem ser insuficientes para restabelecer a
homeostase redox (Halliwell, B., Gutteridge 2015d).

O rompimento entre o equilibrio pré-oxidante e antioxidante é descrito como
estresse oxidativo, e pode representar um mecanismo fundamental envolvido em
doencas humanas (Halliwell 2006). O estresse oxidativo pode resultar tanto de uma
diminuicdo das defesas antioxidantes quanto de uma producdo aumentada de oxidantes,
bem como da liberacdo de metais de transicdo ou a combinacdo de quaisquer desses
fatores (Halliwell, B., Gutteridge 2015a).

As células séo capazes de tolerar um nivel moderado de estresse oxidativo, o que
geralmente resulta em um aumento na sintese de enzimas antioxidantes com a finalidade
de neutralizar as espécies reativas produzidas excessivamente. Por outro lado, se o dano
celular for exacerbado, o estresse oxidativo pode levar a morte celular por necrose ou
apoptose (Halliwell, B., Gutteridge 2015d).
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1.2. OBJETIVOS
1.2.1. Objetivo geral

Apesar da grave disfuncao neuroldgica observada nos pacientes acometidos pela
D-2-HGA, os mecanismos de neurotoxicidade néo estdo totalmente esclarecidos nessa
doenca. Além disso, ndo ha na literatura nenhum trabalho avaliando os efeitos do
metabolito acumulado neste EIM sobre o cérebro de ratos neonatos, periodo esse de
fundamental importancia, uma vez que o fenotipo mais grave dessa doenca ocorre nos
primeiros dias de vida. Por estas razdes, 0 objetivo deste trabalho foi investigar os
efeitos ex vivo da administracdo icv do D-2-HG sobre pardmetros de estresse oxidativo
em cortex cerebral e estriado de ratos neonatos, bem como alteragdes histopatoldgicas
cerebrais no intuito de desvendar os mecanismos toxicos desse composto e as

repercussdes do mesmo sobre 0 SNC.

1.2.2 Objetivos especificos
Verificar os efeitos da injecéo intracerebroventricular (icv) do D-2-HG a ratos
neonatos sobre 0s seguintes parametros em cortex cerebral e estriado:

a) A peroxidacdo lipidica (niveis de malondialdeido — MDA) e sobre a oxidacdo de
proteinas (formacdo de carbonilas e contetddo de grupos sulfidrilas).

b) A producdo de espécies reativas (oxidagdo de 2’,7’-diclorofluoresceina — DCFH
e 0 contetdo de nitratos e nitritos).

c) As defesas antioxidantes ndo enzimaticas (concentracdes de GSH) e enzimaticas
(atividade das enzimas SOD, CAT e GPx).

d) A morfologia cerebral e a imunohistologia da proteina glial fibrilar &acida
(GFAP).

e) Efeito de compostos neuroprotetores (melatonina e MK-801) sobre parametros
da homeostase redox.
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Abstract

High concentrations of D-2-hydroxyglutaric acid (D-2-HG) are found in brain and other
tissues and biological fluids of patients affected by the two forms of D-2-hydroxyglutaric aciduria (D-
2-HGA), D-2-hydroxyglutaric aciduria type 1 (D2HGA1) and D-2-hydroxyglutaric aciduria type Il
(D2HGAZ2) caused, respectively, by mutations in the genes encoding D-2-hydroxyglutarate
dehydrogenase and isocitrate dehydrogenase 2. The clinical findings of both disorders are epilepsy,
hypotonia and psychomotor retardation, as well as macrocephaly, visual problems and facial
dysmorphism. Neuroimaging findings usually reveal delayed cerebral maturation and myelination,
multifocal cerebral white matter abnormalities, subdural effusions, enlargement of the lateral
ventricles, and subependymal pseudocysts. Since very little has been reported on the pathomechanisms
involved in brain injury in these disorders, we investigated whether intracerebral administration of D-
2-HG to neonatal rat pups could alter important parameters of redox homeostasis and cause
histochemical and immunochemical histological alterations in cerebral cortex and striatum of these
animals. D-2-HG in vivo intracerebral administration also increased 2',7'-dichloroflurescein-DCFH-
oxidation (ROS formation), malondialdehyde concentrations (lipid peroxidation) and carbonyl
formation (protein oxidation), besides decreasing reduced glutathione levels (nonenzymatic antioxidant
defense) and increasing superoxide dismutase and catalase activities (enzymatic antioxidant defenses)
in the cerebral cortex. Some of these alterations were prevented by both melatonin and MK-801,
whereas others were differentially prevented by one of these compounds and still others (the
antioxidant enzyme activities SOD and CAT) were not changed by these protective agents. We also
observed that nitrates and nitrites production was significantly increased by in vivo D-2--HG
administration, implying a role for reactive nitrogen species in the effects observed. D-2-HG also
markedly induced reactive oxygen species production (increase of DCFH), lipid peroxidation (increase
of malondialdehyde concentrations) and protein oxidation (increase of sulfhydryl oxidation) in striatum
that were totally prevented by the antioxidant melatonin and by the competitive inhibitor of NMDA
glutamate receptors MK-801, implying the participation of reactive species and of overstimulation of
NMDA receptor in these effects. Finally, D-2-HG induced vacuolation and edema particularly in the
cerebral cortex with less intense alterations in the striatum that were presumably associated with the
unbalanced redox homeostasis caused by this metabolite. In addition, the metabolite provoked an
increase in the glial fibrillary acidic protein (GFAP), suggesting that D-2-HG promotes astrogliosis.
Our present data indicate that the major metabolite accumulating in D-2-HGA disturb cellular redox
status in cerebral structures mostly affected in patients with these diseases through induction of ROS
and RNS production and stimulation of NMDA receptors, It is presumed that these pathomechanisms

may contribute to the brain damage characteristic of this disease.

Keywords: D-2-hydroxyglutaric aciduria; D-2-hydroxyglutaric acid; redox homeostasis; cerebral

cortex; striatum; histopathology.
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Introduction

D-2-hydroxyglutaric aciduria consists of two distinct neurometabolic disorders called D-2-
hydroxyglutaric aciduria type | (D2HGAL) and type 1I(D2HGAZ2) caused, respectively, by mutations in
the genes encoding D-2-hydroxyglutarate dehydrogenase [1] and isocitrate dehydrogenase 2 [2]. Both
types result in high levels of D-2-hydroxyglutaric acid in urine, plasma, CSF and, in particular, the brain.
The concentrations of this organic acid are much higher in D2HGA2 than in D2HGAL. Diagnosis is
based on detection of elevated concentrations of D-2-hydroxyglutaric acid in body fluids. Over 80 cases

of D2HGA have so far been reported, but the prevalence in the general population is unknown [3].

D2HGA1 manifests within the first 6 years of life, and disease progression is generally insidious
with mild to moderate clinical symptoms and a still undefined life expectancy [4]. In D2HGAZ2, the
symptoms emerge in the first 2 years of life, are more severe than in D2HGA1 and include
cardiomyopathy, associated with high mortality, in half of patients [4, 5]. The characteristic clinical
findings of both disorders consist of epilepsy, hypotonia and developmental delay. Most children with
early-infantile onset are affected by D2HGA2 and manifest with generalized convulsions, severe
hypotonia and psychomotor retardation [4]. Macrocephaly, visual problems and facial dysmorphism can

be also observed in both forms as the disease progresses.

Neuroimaging findings of both disorders usually reveal delayed cerebral maturation and
myelination, multifocal cerebral white matter abnormalities, subdural effusions, enlargement of the lateral
ventricles, and subependymal pseudocysts [1, 4, 6-10]. Patients with the mild ate-onset form have less

intense cerebral MRI anomalies. No effective treatment is available for these diseases.

The mechanisms of the neurological symptoms presented by D-2-HGA patients are still poorly
understood. However, since the concentrations of D-2-HG are up to 800 fold higher in the affected
patients compared to normal individuals and much higher in D-2-HGA type 2, the more severe form of
D-2-HGA, than in D-2-HGA type 1, it is conceivable that this organic acid is potentially neurotoxic in
this disorder [4]. In this context, it was verified that D-2-HG disrupts redox homeostasis [11-13],
mitochondrial bioenergetics [14-16] and the glutamatergic system [14, 17], reinforcing the presumption
that this accumulating metabolite contributes to the pathophysiology of D-2-HGA. It is emphasized that
these experimental studies were performed in brain of adolescent rats or human blood leukocytes [13]

(and so far nothing has been published on the effects of this organic acid in neonate brain.

Considering that the underlying mechanism of brain damage in D-2-HGA are still not fully
established especially in infantile brain and that this central structure is highly susceptible to free radical
attack, the present work investigated the effects of intracerebral administration of D-2-HG on a large
spectrum of redox homeostasis parameters in cerebral cortex and striatum of neonatal rats. Lipid
oxidative damage (malondialdehyde levels), protein oxidation (carbonyl formation and sulfhydryl
content), reactive oxygen species (DCFH oxidation), and the non-enzymatic (GSH levels) and enzymatic
antioxidant defenses (glutathione peroxidase, catalase and superoxide dismutase) were determined. We

also investigated whether D-2-HG could provoke-histopathological changes in the brain of these animals,
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by evaluating brain sections stained with hematoxylin and eosin (HE) and the GFAP immunofluorescence

staining.

Material and Methods

Animals

Neonatal Wistar rats obtained from the Central Animal House of the Department of
Biochemistry, ICBS, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil,
were used. Six whole litters of 12 animals each were used for each experimental in vivo condition. The
animals had free access to water and 20% (w/w) protein commercial chow (SUPRA, Porto Alegre, RS,
Brazil) and were maintained on a 12:12-h light/dark cycle in an air-conditioned constant temperature (22
°C = 1 °C) colony room. The experimental protocol was approved by the Ethics Committee for animal
research (35426) of the Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil, and followed
the “Guide for the Care and Use of Laboratory Animals” (NIH publication 85-23, revised 2011). All

efforts were made to minimize the number of animals used and their suffering.
Reagents

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO, USA. D-2-HG was
dissolved in phosphate-buffered saline (PBS) on the day of the experiments, and the pH was adjusted to
7.4.

D-2-HG administration and drug treatment

Seventy-two neonatal pups were used in the experiments. Each littermate received a intracerebral
injection into the Cisterna magna, as previously described [18, 19], between 12 and 48 hours after birth
(P1) with D-2-HG (0.75 umol/g, pH 7.4,) or vehicle (phosphate buffered saline (PBS), 0.01 M, pH 7.4).
After injection, animals were allowed to recover during 15-30 min and returned to their mother. In some
experiments, the antioxidant melatonin (MEL; 20 mg/kg body weight) [20] or the classical NMDA
receptor antagonist MK-801 (0.25 mg/kg body weight) [21] was administered intraperitoneally 60 min

before D-2-HG administration.
Sample Preparation

Six hours after D-2-HG injection, animals were euthanized by decapitation, and the brain was
immediately removed and kept on an ice Petri plate. The olfactory bulb, pons, and medulla were
discarded and the cerebral cortex and striatum were dissected, weighed, and kept chilled until
homogenization. For nitrate and nitrite determination, we used forebrain. These structures were
homogenized (1:10 w/v) in 20 mM sodium phosphate, pH 7.4, containing 140 mM chloride potassium
(1:10 w/v), centrifuged at 750 g for 10 min and the supernatants used for the assays. The following
parameters of oxidative stress were measured in these cerebral structures 6 hours after D-2-HG injection.

A few parameters could not be determined in striatum because of the small size of this cerebral structure
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and nitrate and nitrite determination was measured in whole brain, because this technique needs a greater

amount of tissue.

Reactive species production
2',7"-Dichlorofluorescein oxidation

DCFH oxidation was determined according to the method of LeBel [22] with slight
modifications. Homogenates (0.04-0.07 mg protein) were incubated with 2',7'-dichlorofluorescein
diacetate (DCF-DA) (5 uM) during 1 h at 37°C. DCF-DA is permeable to the cell membrane and is
deacetylated by esterases to DCFH in the intracellular medium. DCFH is then converted by reactive
species into the highly fluorescent product dichlorofluorescein (DCF). DCF fluorescence was measured
using wavelengths of 480 nm (excitation) and 535 nm (emission). The calibration curve was performed
with standard DCF (0.01-0.75 pM). The production of reactive species was calculated as pmol DCF / mg
protein.

Nitrate and nitrite content

Reactive nitrogen species (RNS) formation was evaluated by measuring nitrate and nitrite
content according to Navarro-Gonzalvez and collaborators [23], with some modifications. One hundred
and fifty microliters of supernatants (containing approximately 1.2 mg of protein) was deproteinized by
adding 125 mL of 75 mM ZnSO, solution, followed by centrifugation at 9,000 g for 2min at 25°C. The
supernatant obtained was neutralized with 55mM NaOH solution and diluted in 5 vol of glycine buffer
solution, pH 9.7. Copper-coated cadmium granules (600-1,000 mg) were added to the supernatants to
convert all nitrates into nitrite in the biological samples. Aliquots of 200 pL were then treated with 200
uL of Griess reagent (2% sulfanilamide in 5% HCI and 0.1% N-1-(naphtyl)ethylenediamine in H,O) and
incubated at room temperature for 10 min. The absorbance was read at 505nm. A calibration curve was
prepared with NaNO, at concentrations ranging from 1 to 125 mM. The final results were expressed in

pumol nitrate and nitrite / mg protein.
Oxidative damage
Malondialdehyde Levels

MDA concentrations were measured according to the method described by Yagi [23] with some
modifications. Briefly, one hundred microliters of cerebral cortex or striatum supernatants containing 0.3
mg of protein were treated with 200 uL of 10 % trichloroacetic acid and 300 pL of 0.67 % thiobarbituric
acid in 7.1 % sodium sulfate and incubated for 1 h in a boiling water bath. The tubes containing the
mixture were allowed to cool on running tap water for 5 min. The resulting pink-stained complex was
extracted with 400 pL of butanol. Fluorescence of the organic phase was read at 515 and 553 nm as
excitation and emission wavelengths, respectively. A calibration curve was performed using 1,1,3,3-
tetramethoxypropane and subjected to the same treatment as supernatants. MDA levels were calculated as

nmol MDA / mg protein.
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Sulfhydryl Group Content

This assay was performed according to Aksenov and Markesbery [24]. It is based on the reduction of
of 5,5'-dithio-bis(2-nitrobenzoic acid) DTNB by thiol groups, generating a yellow-stained compound
TNB whose absorption is measured spectrophotometrically at 412 nm. Thirty microliters of 0.1 mM
DTNB was added to 120 pL of cerebral cortex or striatum supernatants containing 0.36mg of protein.
This was followed by 30-min incubation at room temperature in a dark room. Absorption was measured
at 412 nm. Results were calculated as nmol TNB / mg protein.

Protein carbonyl formation

Protein carbonyl formation was measured according to the method of Reznick and Packer[25].
The assay is based on the reaction of the carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH)
generating a corresponding dinitrophenyl hydrazone, whose absorbance is read in spectrophotometer at
370 nm. Briefly, 200 pL of cerebral cortex or striatum supernatants were treated with 400 puL of 10 mM
DNPH dissolved in 2.5 M HCI or with 2.5 M HCI (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 9,000 g. The pellet was washed with
1 mL of ethanol:ethyl acetate (1:1, v/v) and suspended in 550 pL of 6 M guanidine prepared in 2.5 N
HCI. The difference between the absorbance of the samples treated with DNPH and with HCI (blank) was
used to calculate the carbonyl content. The results were calculated as nmol carbonyl groups / mg of

protein, using the extinction coefficient of 22,000 x 10° nmol / mL for aliphatic hydrazones.
Antioxidant defenses
Reduced glutathione concentrations

This parameter was measured according to Browne and Armstrong [26] with some
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 uL of sample
(0.3-0.5 mg of protein) previously deproteinized with metaphosphoric acid. This mixture was incubated
at room temperature in a dark room for 15 min. Fluorescence was measured using excitation and emission
wavelengths of 350 and 420 nm, respectively. Calibration curve was prepared with standard GSH (0.001—

1 mM), and the concentrations were calculated as nmol GSH / mg protein.
Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel [27] using tert-butylhydroperoxide as substrate.
The enzyme activity was determined by monitoring the NADPH disappearance at 340 nm in a medium
containing 600 pL of buffer (100 mM potassium phosphate containing 1 mM EDTA, pH 7.0), 10 pL of
40 mM sodium azide, 15 pL of 100 mM GSH, 15 uL of 10 U/mL glutathione reductase, 10 uL of 10 mM
NADPH, and 10 pL of sample (3 pg of protein). One GPx unit (U) is defined as 1 umol of NADPH

consumed per minute. The specific activity was calculated as U / mg protein.
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Catalase (CAT) activity

CAT activity was assayed according to Aebi [28] by measuring the absorbance decrease at 240
nm in a reaction medium containing 20 mM H,0O,, 0.1 % Triton X-100, 10 mM potassium phosphate
buffer, pH 7.0, and approximately 1 pg of protein. One unit (U) of the enzyme is defined as 1 pmol of

H,0, consumed per minute. The specific activity was calculated as U / mg protein.
Superoxide dismutase (SOD) activity

SOD activity was assayed according to Marklund [29] and is based on the capacity of pyrogallol
to autoxidize, a process highly dependent on superoxide anion, which is the substrate for SOD. The
inhibition of the autoxidation of pyrogallol occurs in the presence of SOD and, therefore, is proportional
to the activity of the SOD present in homogenates. The reaction medium contained 50 mM Tris buffer/1
mM ethylenediaminetetraacetic acid, pH 8.2, 80 U/mL CAT, 0.38 mM pyrogallol, and approximately 1
ng of protein, and the absorbance was read at 420 nm. A calibration curve was performed with purified
SOD as standard, in order to calculate the activity of SOD present in the samples. The specific activity

was calculated as U / mg protein.

Histological analysis
Hematoxylin and eosin staining

We performed histological analysis in the brain with hematoxylin and eosin staining [30]. Six
rats of each group (PBS or D-2-HG-injected animals) were euthanized 24 hours after PBS or D-2-HG
(0.75 umol/g,) administration. The whole brain was removed and postfixed in 10% formaldehyde-
buffered solution, pH 7.0, for 48 hours at room temperature and processed for paraffin-embedded
sectioning. Three-micrometer-thick brain slices were obtained with a microtome (MICROM HM 360).
Brain sections were stained in hematoxylin solution for 5 min and then washed in running tap water. The
sections were then placed in eosin solution for 3 min, dehydrated with 100 % ethanol and cleared with
xylene for 2 min. Image analysis (magnification of 100x and 400x) was performed using the Q Capture

Pro Software (Olympus).
GFAP immunohistochemical staining

Fifteen days after D-2-HG icv administration, animals were deeply anesthetized with an
intraperitoneal injection of a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg), and transcardially
perfused with 0.9% saline solution containing 0.16% sodium citrate and then with 4% paraformaldehyde
prepared in 0.1 M phosphate buffered saline (PBS), pH 7.4, for brain fixation. Fixed brains were
removed, post-fixed by immersion in PFA during 24 h, and then sectioned on a vibrating microtome to
obtain 35-um-thick consecutive coronal series. Immunohistochemistry was performed using transverse
cerebral sections of neocortex and striatum of rats euthanized 15 days after D-2-HG or NaCl
administration, according to Moura et al. [31]. For each animal and staining procedure, three to six
equivalent sections were immunostained. Slices were incubated with the antibody anti-Ibal (1:1000,
Sigma-Aldrich, St. Louis, MO, USA) diluted in PBST (phosphate-buffered saline with Tween-20). After
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a 4 °C overnight incubation, sections were rinsed in PBS and incubated at room temperature for 2 h with
a secondary antibody (1:500) conjugated to fluorescent probes (Molecular Probes). Sections were then
washed, mounted using fluoroshield (Sigma-Aldrich Co.), and imaged in a FV300 Olympus confocal
microscope provided with 488 and 546 nm lasers. Primary or secondary antibodies were omitted in
negative controls [31].

Protein Determination

Protein content was measured by the method of Lowry [32], using bovine serum albumin as a
standard.

Statistical Analysis

Results are presented as mean + standard deviation. Assays were performed in triplicate, and the
mean was used for statistical calculations. Data were analyzed using the Student’s t test for unpaired
samples or one-way analysis of variance (ANOVA) followed by the post-hoc Tukey multiple range test
when the F was significant. Only significant values are shown in the text. Differences between groups
were considered significant at P<0.05. All analyses were carried out using the GraphPad Prism 5

software.

Results

D-2-HG intracerebral administration induces reactive oxygen species (ROS) and reactive

nitrogen species (RNS) generation in brain of neonate rats

We initially examined whether D-2-HG could induce reactive oxygen (ROS) and nitrogen
species (RNS) generation by determining DCFH oxidation and nitrate and nitrite concentrations in brain
of neonatal rats. D-2-HG significantly increased DCFH oxidation in cerebral cortex (17%) [F12) =
7.060; P = 0.0054] (Figure 1A) and striatum (47 %) [Fs12) = 19.13; P < 0.0001] (Figure 1B). It can be
also seen in the figures that melatonin and MK-801 pre-treatment totally prevented this increase in both
cerebral structures. It was also observed that RNS was significantly increased by D-2-DG in forebrain
(38%) [t = 4.240; P = 0.0054] (Figure 1C). Since the data clearly demonstrated that reactive species
generation are stimulated by D-2-HG, the next steps were to test whether this increase could provoke lipid
and protein oxidative damage and alter the antioxidant defenses in cerebral cortex and striatum of neonate
rats.

D-2-HG intracerebral administration provokes lipid oxidative damage in cerebral cortex and

striatum of neonate rats

Figures 2A and B shows that D-2-HG markedly enhanced the concentrations of MDA in cerebral
cortex (33%) [F12 = 11.22; P = 0.0009] and striatum (29%) [F,12) = 10.14; P = 0.0013] of neonate rats
6 h after its administration and that pre-treatment with the antioxidant melatonin and the NMDA
antagonist MK-801 fully prevented these effects. Since MDA is an end product of membrane

polyunsaturated fatty acid peroxidation, these data indicate that D-2-HG causes lipid oxidative damage
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D-2-HG intracerebral administration provokes protein oxidative damage in cerebral cortex and

striatum of neonate rats

Next we tested whether D-2-HG could cause protein oxidation by measuring sulfhydryl and
carbonyl group contents in cerebral cortex and striatum. We observed that D-2-HG intracerebral injection
significantly decreased sulfhydryl content in striatum (33%) [F 313 = 5.330; P = 0.0129] (Figure 3B), but
did not change this parameter in cerebral cortex [t = 0.1941; P = 0.8525] (Figure 3A). Furthermore, it
was also verified that carbonyl content was significantly enhanced by D-2-HG intracerebral injection in
cerebral cortex (37%) [F@s1z) = 22.31; P < 0.0001] (Figure 3C). A further interesting finding was that
melatonin and MK-801 completely prevented sulfhydryl oxidation in striatum (Figure 3B) and carbonyl
increase in cerebral cortex (Figure 3C). Since two thirds of total cellular sulfhydryl groups are protein
bound [33, 34], being their decrease mainly a reflection of cysteine sulfhyhdryl oxidation and,
considering that carbonyl group is represents a marker of free radical-mediated protein oxidation, our

results indicate that D-2-HG induces protein oxidative damage in cerebral cortex and striatum of rat pups.

D-2-HG intracerebral administration alters the antioxidant defenses in cerebral cortex and

striatum of neonate e rats

Next, we found that D-2-HG did not change GSH concentrations in striatum (Figure 4B) [t =
0.7871; P = 0.4539], but, in contrast, significantly decreased these levels in cerebral cortex (15%) [Fs12)
= 8.963; P = 0.0022] (Figure 4A). It was also seen that melatonin was able to fully prevent D-2-HG-
induced GSH diminution, in contrast to MK-802 that did not change this decrease (Figure 4A). These
findings indicate an impairment of the most important brain antioxidant defense by this organic acid in

the cerebral cortex.

Finally, we evaluated the effects of D-2-HG treatment on the enzymatic antioxidant defenses in
cerebral cortex of neonate rats. It was seen that D-2-HG significantly increased SOD (24%) (Figure 5A)
[Fa12 = 21.38; P = < 0.0001] and CAT (61%) [Fs12) = 10.88; P = 0.0010] (Figure 5B) activities, without
changing GPx activity [t = 1.978; P = 0.0884] (Figure 5C). Furthermore, pre-treatment with melatonin

and Mk-801 was not able to reverse the effects of D-2-HG on the activity of these antioxidant enzymes.

D-2-HG provokes extensive vacuolation in cerebral cortex and causes glial reactivity in striatum of

neonatal rats

The effect of D-2-HG intracerebroventricular administration on the brain integrity was then
studied by HE staining, 24 hours after the D-2-HG icv injection. We observed that D-2-HG
administration provoked intense edema and vacuolation in the cerebral cortex (4-fold) [t(6) = 21.11; P <
0.0001] (Figure 6) with less effects in the striatum (63%) [t = 7.00; P = 0.0004] (Figure 7). We also
evaluated whether these toxic effects could induce astrocyte reactivity. We verified that D-2-HG
increased GFAP staining (twofold) in the striatum [t = 6.406; P = 0.0004], with no effects on the

cerebral cortex (Figure 8), indicating that this metabolite induces glial reactivity.
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Discussion

Two biochemical defects are responsible for the two genetic forms of D-2-HGA, resulting in D-
2-HGA type 1 and D-2-HGA type 2, being the later form the more severe condition [4]. According to the
clinical manifestations and independently of the biochemical defect, two distinct neurometabolic forms of
D-2HGA with severe and mild phenotypes have been recognized [9, 10]. The infantile-early-onset variant
is characterized by acute symptomatology, including early infantile-onset epileptic encephalopathy with
severe hypotonia, psychomotor retardation and developmental delay, fatal cardiomyopathy, facial
dysmorphism and macrocephaly, and life expectancy may be from a few weeks to early adulthood [1, 4,
9, 10]. Cerebral imaging of D-2-HGA patients affected by both underlying molecular (D-2-HGAL and D-
2-HGAZ2) reveals brain atrophy with delayed cerebral maturation and multifocal cerebral white-matter
abnormalities in the first months of life [4, 9, 10]. The mild phenotype (late-onset variant) has a more
variable clinical presentation and less-consistent MRI findings than the severe phenotype; patients present
with hypotonia and progressive developmental delay and mental retardation, and life expectancy remains

undefined.

Although neurological features are prominent in this disorder, the pathogenesis of brain damage
is still poorly known. However, previous experimental revealed neurotoxic deleterious effects of D-2-HG,
disturbing redox homeostasis [11, 12, 14], mitochondrial bioenergetics [14, 16, 35] and the glutamatergic
system [14, 17], suggesting that this accumulating metabolite contributes to the pathophysiology
associated with the clinical features of developmental delay, hypotonia and convulsions of the affected
patients. This is in line with the findings observed in patients with these disorders in which the mean
plasma levels of D-2HG in type Il the most severe form are around 5 times higher than those of type I [4],
supporting a relationship between D-2-HG concentrations and disease severity. However, since to the best
of our knowledge nothing has been reported on the role of D-2-HG in neonatal brain, we investigated
whether accumulation of D-2-HG achieved by intracerebral injection of this organic acid to neonatal rats
could disturb cellular redox status and provoke histopathological alterations in cerebral cortex and

striatum of these animals.

We initially verified that D-2-HG administration markedly increased DCFH oxidation in cerebral
cortex and striatum and nitrate and nitrite concentrations in whole brain. Since DCFH oxidation reflects
ROS and nitrates and nitrites concentrations RNS [36], these data strongly support that production of
these reactive species are induced by D-2-HG. These findings are in acordance with previous in vitro and
in vivo animal experimental data showing that D-2-HG increase reactive species in brain of 30-day-old

rats and in chick neuronal cultures [11, 12, 14].

The next step of our investigation was to evaluate whether these increases could provoke lipid
and protein oxidative damage. In this particular, we observed that D-2-HG significantly increased MDA
levels in cerebral cortex and striatum, corroborating previous in vivo and in vitro findings showing D-2-
HG-induced increases of the levels of thiobarbituric acid-reactive substances in brain of adolescent rats
[11, 12]. Since MDA is an end product of membrane fatty acid peroxidation, these data indicate that D-2-
HG induces lipid peroxidation that is probably particularly important as a damaging deleterious

pathomechanism in brain damage because this tissue contains a large amount of lipids. In this context, it
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is emphasized that lipid peroxidation of unsaturated fatty acidsof lipid neural membranes may increase

their permeability altering ion transport and cellular metaabolic processes [37].

D-2-HG also markedly increased carbonyl groups in the cerebral cortex and significantly
decreased sulfhydryl content in the striatum. Since carbonyl groups are formed by oxidation of amino
acid side chain protein residues (Pro, Arg, Lys, and Thr) and two thirds of sulfhydryl groups in cells are
protein bound [33, 34], it is assumed that D-2-HG induces protein oxidative damage in the brain. We
cannot rule out the possibility that MDA could react with nucleophilic groups in proteins, such as the side

chains of lysine, cysteine, and histidine, forming adducts that contain the carbonyl moiety [38—40].

Regarding to the antioxidant defenses, D-2HG provoked a significant decrease of GSH
concentrations in cerebral cortex of neonate rats that could be tentatively attributed to its oxidation
forming oxidized glutathione by increased reactive species generation. Since GSH represents the major
naturally-occurring tissue antioxidant and plays a key role in maintaining the intracellular redox state
protecting crucial cellular sulfhydryl groups [36], our present findings suggest that D-2-HG impairs the
tissue non enzymatic antioxidant defenses. We cannot establish at the present why GSH levels were not
changed in the striatum, but a conceivable explanation could be the higher turnover of GSH recovery in
this cerebral structure that is well vascularized with the highest blood flow compared to other brain

structures.

We also demonstrated that in vivo D-2-HG intracerebral administration increased SOD and CAT
activities, without changing Gpx activity in cerebral cortex of the neonate rats. It may be presumed that
the increased activities of SOD and CAT might have occurred due to the overexpression of these enzymes
at gene level in order to compensate the increased formation of superoxide and hydrogen peroxide that

are the natural substrate of these enzymes.

On the other hand, we presume that D-2HG-induced lipid and protein oxidative damage and
decreased GSH concentrations probably resulted from the enhanced generation of ROS and RNS,
hypothesis that is supported by the observations that melatonin, that scavenges mainly the radical
hydroxyl and peroxyl but also RNS [41, 42], was able to totally prevent D-2-HG pro-oxidant effects. We
may also assume that the decreased concentrations of GSH, an important brain antioxidant defense
against lipid and protein oxidative damage and protector of sulfydrhyl groups from oxidation, by its
reactive species scavenging properties [43, 44] responsible for the initiation of these processes, may have
also contributed to these oxidative effects, making lipids and proteins more vulnerable to the oxidative
damage caused by D-2-HG through ROS formation. Otherwise, our results, showing that the classical
antagonist of glutamate NMDA receptors MK-801 prevented lipid and protein oxidative damage, as well
as ROS formation and the antioxidant defense decrease, indicate that overstimulation of these receptors
may also have happened possibly because of the similarity of the chemical structures between this organic
acid and glutamate. This presumption is supported by a previous study has shown activation of NMDA

receptors by receptors by D-2-HG in primary neuronal cultures [14].

Taken together, our present findings strongly indicate that D-2-HG induces oxidative stress in
vivo in rat cerebral cortex and striatum of neonatal rats since oxidative stress results from an imbalance

between the total antioxidant defenses and the reactive species generated in a tissue. This process is
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highly deleterious to the brain because this tissue has a high rate of oxidative metabolism coupled to
superoxide production, lower activity of antioxidant enzymes, and higher peroxidation potential (high
content of polyunsaturated fatty acids) [36, 45]. In this scenario, it is stressed the capability of ROS and
RNS to oxidize important cellular molecules, including lipids, proteins, sugars, and DNA, representing a

key event in the pathogenic cascade leading to necrotic and apoptotic cell death [46, 47].

In order to test whether D-2-HG in vivo administration could cause brain injury,
histopathological studies were carried out 24 h after D-2-HG injection and clearly revealed extensive
edema and vacuolation in the cerebral cortex, with less intense effects in the striatum. Although not
proven, we assume that these brain alterations could be possibly related to the disruption of redox
homeostasis elicited by this organic acid. In addition, 15 days after D-2-HG injection we observed
increased GFAP staining in striatum, indicating that this compound provokes glial reactivity, a condition
triggered by brain injury and characterized by astrocyte activation, and, in severe cases, astrocyte
proliferation [48, 49]. These alterations have the potential to protect the surrounding neurons, but, when
exacerbated, they may cause detrimental effects leading to neuronal damage, as observed in some

neurodegenerative diseases [18, 50-52].

It is difficult to determine at present the pathophysiological relevance of our present findings
since the actual intracellular concentrations of D-2-HG in D-2-HGA are still unknown. Plasma D-2-HGA
levels affected patients are up to 840-fold increased, compared to normal individuals and may reach 0.8
mM. However, considering that the concentrations of organic acids accumulating within neural cells in
organic acidemias are usually much higher than those of plasma and cerebrospinal fluid (trapping theory)
[53] and since D-2-HGA is considered a cerebral organic acidemia because symptoms are totally or
almost exclusively neurologic and D-2-HG is formed and trapped in the CNS [54, 55], it is conceivable
that much higher concentrations of this neurotoxic organic acid are found in the brain of the affected
patients where it could potentially exert its neurotoxic effects disturbing cellular redox homeostasis.

Conclusion

In conclusion, intracerebral administration of D-2-HG provokes lipid and protein oxidative
damage and disrupts the antioxidant defenses in the cerebral cortex and striatum of neonatal rats. Most of
these effects were prevented by the potent antioxidant melatonin and by the NMDA antagonist MK-801,
implying that reactive species generation and overstimulation of these glutamate receptors may underlie
the altered cellular redox status. This is the first report showing that a single D-2-HG injection can cause
oxidative stress and histopathological changes in the brain of neonatal rats. These in vivo findings and the
in vitro experimental animal and in vitro humans studies strongly indicate that disruption of cellular redox
status may be involved in the neurologic symptoms and brain abnormalities of patients affected by D-2-
HGA.

On the other hand, it is feasible that sustained elevated levels of D-2-HG found in the patients
may lead to chronic oxidative stress, as found in a previous study [56]. Another novel and important

finding of the present investigation is the histopathological alterations observed in the cerebral cortex and
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striatum of pups injected with D-2-HG that are presumably caused by disruption of redox homeostasis. In
case our present in vivo findings are further confirmed in tissues (blood and cultivated fibroblasts) from
individuals affected by D-2HGA, it is tempting to speculate that antioxidants could be supplemented to

the affected patients as a potential adjuvant therapy to prevent or attenuate neurologic symptoms.
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Legend to figures

Fig. 1 Effect of intracerebral administration of D-2-hydroxyglutaric acid (D-2-HG; 0.750 pmol/g) on
DCFH oxidation in the cerebral cortex (A) and striatum (B) and on nitrate and nitrite concentrations in the
forebrain (C) of neonatal rats. Data are represented as mean + SD for four to six independent experiments
(animals) performed in triplicate and are expressed as percentage of controls (controls: (A) DCFH
oxidation [pmol / mg protein]: 2.60 £ 0.14; (B) DCFH oxidation [pmol / mg protein]: 3.69 + 0.46; (C)
nitrates and nitrites concentration [pumol / mg protein]: 1.40 £+ 0.2). *P<0.5, **P < 0.01. ***P < 0.001
compared to control; #P < 0.05, ##P < 0.01, ##P < 0.001, compared to D-2-HG (Tukey multiple range

test and Student’s t test for unpaired samples).

Fig. 2 Effect of intracerebral administration of D-2-hydroxyglutaric acid (D-2-HG; 0.750 pumol/g) on
malondialdehyde (MDA) levels in the cerebral cortex (A) and striatum (B) of neonatal rats. Data are
represented as mean £ SD for four to six independent experiments (animals) performed in triplicate and
are expressed as percentage of controls (controls: (A) MDA levels [nmol / mg protein]: 0.67 + 0.08; (B)
MDA levels [nmol / mg protein]: 1.71 + 0.14). **P < 0.01, compared to control; ##P < 0.01, ##P <
0.001, compared to D-2-HG (Tukey multiple range test).

Fig. 3 Effect of intracerebral administration of D-2-hydroxyglutaric acid (D-2-HG; 0.750 pmol/g) on
sulfhydryl content in the cerebral cortex (A) and striatum (B) and on carbonyl formation in the cerebral
cortex of neonatal rats. Data are represented as mean = SD for four to six independent experiments
(animals) performed in triplicate and are expressed as percentage of controls (controls: (A) sulfhydryl
content [nmol / mg protein]: 41.8 + 3.92; (B) sulfhydryl content [nmol / mg protein]: 33.9 + 3.5; (C)
carbonyl formation [nmol / mg protein]: 4.81+ 0.38). *P<0.5, ***P < 0.001, compared to control; #P <
0.05, ##P < 0.01, ###P < 0.001, compared to D-2-HG (Tukey multiple range test).

Fig. 4 Effect of intracerebral administration of D-2-hydroxyglutaric acid (D-2-HG; 0.750 umol/g) on
reduced glutathione (GSH) concentrations in the cerebral cortex (A) and striatum (B) of neonatal rats.
Data are represented as mean = SD for four to six independent experiments (animals) performed in
triplicate and are expressed as percentage of controls (controls: (A) GSH concentrations [nmol / mg
protein]: 0.67 £ 0.08; (B) GSH concentrations [nmol / mg protein]: 1.71 + 0.14). *P<0.05, **P < 0.01,
compared to control; ##P < 0.01, compared to D-2-HG (Tukey multiple range test and Student’s t test for

unpaired samples).

Fig. 5 Effect of intracerebral administration of D-2-hydroxyglutaric acid (D-2-HG; 0.750 umol/g) on the
activities of superoxide dismutase (SOD) (A), catalase (CAT) (B) and glutathione peroxidase (GPx) (C)
in the cerebral cortex of neonatal rats. Data are represented as mean + SD for four to six independent
experiments (animals) performed in triplicate and are expressed as percentage of controls (controls: (A)
SOD activity [U / mg protein]: 4.47 + 0.32; (B) CAT activity [U / mg protein]: 1.42 £ 0.28; GPx activity
[U / mg protein]: 21.07 £ 1.49). *P<0.5, **P < 0.01. ***P < 0.001 compared to control (Tukey multiple

range test and Student’s t test for unpaired samples).
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Fig. 6 Light microscopy images showing hematoxylin and eosin (HE) staining of the cerebral cortex from
control (PBS) (A, C) and D-2-hydroxylglutaric acid (D-2-HG)-injected neonatal rats (B, D). Animals
were sacrificed 24 h after D-2-HG intracerebroventricular administration. Representative images were
obtained from six rats per group. HE staining with magnification of x 100 and x 400. (E) Quantification
of the number of vacuoles was performed with x 400 magnification by using the median of five randomly
selected fields from three cerebral cortex sections per brain. Values are mean + standard deviation for six

rats per group. ***P < 0.001 compared to PBS-injected rats (Student’s t test for unpaired samples)

Fig. 7 Light microscopy images showing hematoxylin and eosin (HE) staining of the striatum from
control (PBS) (A, C) and D-2-hydroxylglutaric acid (D-2-HG)-injected neonatal rats (B, D). Animals
were sacrificed 24 h after D-2-HG intracerebroventricular administration. Representative images were
obtained from six rats per group. HE staining with magnification of x 100 and x 400. (E) Quantification
of the number of vacuoles was performed with x 400 magnification by using the median of five randomly
selected fields from three cerebral cortex sections per brain. Values are mean * standard deviation for six

rats per group. ***P < 0.001 compared to PBS-injected rats (Student’s t test for unpaired samples).

Fig. 8 Effect of intracerebral administration of D-2-hydroxyglutaric acid (D-2-HG; 0.750 pmol/g) on
GFAP staining in cerebral cortex (A) and striatum (B) of 15-day-old rats. Animals were sacrificed 15
days after D-2-HG injection. Representative images of GFAP immunofluorescence staining were
obtained from six rats per group. Quantification of GFAP staining in cerebral cortex and striatum was
performed with x 400 magnification. Data are represented as mean = SD for six independent experiments
(animals) performed in triplicate and expressed as percentage of control. ***P < 0.001 compared to

control (PBS) (Student’s t test for unpaired samples).
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I11.1. DISCUSSAO

Individuos afetados pela D-2-HGA, apresentam uma sintomatologia clinica
predominantemente neuroldgica, que pode incluir crises epiléticas graves, hipotonia e
retardo mental e psicomotor. Os achados neuropatoldgicos evidenciados em estudos de
ressonancia magnética nuclear cerebral dos pacientes geralmente mostram alargamento
dos ventriculos laterais, aumento dos espagos subaracnoideos frontais, sinais de atraso
na maturacao cerebral e anormalidades nos ganglios da base e na substéncia branca (van
der Knaap et al. 1999b, a). Apesar de estudos recentes terem elucidado as bases
moleculares que causam as duas formas de D-2-HGA (Kranendijk et al. 2010a, b), as
alteracOes celulares e os mecanismos patoldgicos que levam ao dano cerebral e quadro
neuroldgico severo permanecem pouco esclarecidos. No entanto, foi sugerido que 0s
fenotipos patoldgicos dos pacientes afetados resultam dos efeitos toxicos do D-2-HG no
sistema nervoso central, o que corrobora com o fato de que os pacientes com D-2-HGA
tipo Il, que apresentam maior acumulo desse &cido, exibam comprometimento
neurolégico mais severo do que os acometidos por D-2-HGA tipo I. Nesse contexto, a
semelhanca estrutural do D-2-HG com glutamato e o a-cetoglutarato, dois metabolitos
centrais no sistema glutamatérgico, sugere que a fisiopatologia da doenca possa
envolver alteragdes desse sistema ou vias de metabolismo do a-cetoglutarato. Neste
contexto, estudos in vitro e in vivo tem demostrado que este metabolito prejudica a
homeostase redox e a bioenergética mitocondrial, bem como causa alteracbes do
sistema glutamatérgico em ratos em desenvolvimento (30 dias de vida) e pacientes com
D-2-HGA (Da Silva et al. 2002; Kolker et al. 2002; Latini et al. 2003, 2005; Junqueira
et al. 2004; da Rosa et al. 2014; Rodrigues et al. 2017). Esses resultados talvez
expliqguem a acidemia latica presente em pacientes afetados por essa doenca, indicando
disfuncdo mitocondrial (van der Knaap et al. 1999b, a). No entanto, os resultados

experimentais até agora descritos foram obtidos em ratos adolescentes.

Dessa forma, visando melhor compreender os sintomas neuroldgicos observados
na D-2-HGA principalmente a tipo 2 que acometesse recem-nascidos ou afetados na
primeira infancia, e levando em conta a inexisténcia de trabalhos cientificos que
avaliem a neurotoxicidade do D-2-HG em modelo animal no periodo neonatal,
investigamos se a administracdo intracerebroventricular deste metabdlito poderia
perturbar o estado redox e induzir alteracbes histopatoldgicas no cortex cerebral e

estriado destes animais. Ressalta-se que a escolha destas estruturas cerebrais ocorreu

45



pelo fato destas serem as principais afetadas neste EIM (Misra et al. 2005; Kranendijk et
al. 2012).

Inicialmente, investigamos se a administracdo intracerebral in vivo do D-2-HG
em ratos neonatos poderia induzir a producao de espécies ativas. Determinamos entéo
os niveis de DCFH que reflete predominantemente espécies reativas de oxigénio
(EROS) e o0s niveis de nitratos e nitritos que sao reflexo da producdo de espécie reativas
de nitrogénio (ERN) (Halliwell, B., Gutteridge 2015d). Verificamos que a
administracdo icv de D-2-HG aumentou significativamente a oxidacdo de DCFH em
cortex cerebral e estriado, bem como os niveis de nitratos e nitritos em cérebro total.
Nossos resultados estdo de acordo com os descritos por da Rosa e colaboradores (2014)
que demonstraram in vivo um aumento de ERN em ratos Wistar de 30 dias de vida, e
também com os de Kolker e colaboradores (2002) que observaram que o D-2-HG

aumenta a geracao de ERO in vitro em neur6nios de pintos.

O préximo passo de nossa investigacdo foi determinar se esse aumento de
espécies reativas poderia causar dano oxidativo lipidico e proteico. Observamos que 0
D-2-HG promoveu o aumento significativo dos niveis de MDA em coértex cerebral e
estriado, corroborando com os achados in vitro e in vivo relatados anteriormente que
demonstraram que o D-2-HG aumenta os niveis de substancias reativas ao &cido
tiobarbitdrico no cérebro de ratos de 30 dias (Latini et al. 2003; da Rosa et al. 2014).
Uma vez que o MDA é um produto final da peroxidacdo de acidos graxos insaturados,
esses dados indicam que o D-2-HG induz dano oxidativo a esta importante classe de
biomoléculas no cérebro. E importante notar que a lipoperoxidagio pode comprometer
as membranas lipidicas das células, resultando em alteracbes na organizagcdo das
mesmas, bem como na fluidez e na permeabilidade, podendo alterar o transporte de ions

e 0s processos metabdlicos (Yadav and Ramana 2013).

Também verificamos que o D-2-HG promoveu uma reducao significativa do
contetdo de grupos sulfidrilas em estriado e aumentou a formagdo de grupamentos
carbonila no cortex cerebral. Sabendo que os grupamentos carbonila sdo formados pela
oxidacdo de residuos proteicos da cadeia lateral de aminoéacidos (Pro, Arg, Lys e Thr) e
que dois tercos dos grupos sulfidrila nas células estdo ligados a proteinas (Levine et al.
1994; Requejo et al. 2010), assume-se que 0 D-2-HG induz oxidagdo de proteinas em
ambas as estruturas avaliadas. Nesse contexto, € também possivel que a oxidacdo das

proteinas causada pelo D-2-HG aqui observada pode estar relacionada ao aumento nas
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concentracdes de MDA, ja que este composto reage rapidamente com grupos
nucleofilicos de proteinas carboniladas, levando a formacdo de adutos (ligacdes
covalentes entre grupos proteicos secundarios a dano oxidativo) (Orioli et al. 2005; Fritz
and Petersen 2013; Fedorova et al. 2014). Presumimos que o dano oxidativo lipidico e
proteico possa dever-se ao aumento na producdo de ERO e ERN provocadas por esse

acido organico.

Relativamente as defesas antioxidantes, nossos dados demostraram que o D-2-
HG provoca uma diminuicdo significativa nas concentragdes de GSH no cortex
cerebral, o que também poderia ser atribuido ao aumento da producéo de radicais livres
observado neste tecido. Embora ndo tenhamos até o presente momento as razdes pelas
quais os niveis de GSH ndo se alteraram no estriado, é possivel que a regeneracdo desse
potente antioxidante seja mais rapida nesse tecido que corresponde ao tecido cerebral
mais vascularizado no cérebro. Tendo em vista que o0 GSH desempenha um papel
fundamental na manutengdo do estado redox intracelular por ser o antioxidante ndo
enzimatico mais abundante no cérebro e também ser um eficiente protetor de grupos
sulfidrila, bem como um sequestrador de radicais livres, as concentragdes desse
antioxidante sdo utilizadas para avaliar a capacidade de um tecido em prevenir o dano
oxidativo associado ao processo de producdo de radicais livres (Halliwell, B.,
Gutteridge 2015a), Assim, uma diminuicdo destas concentracdes torna o cortex cerebral

mais suscetivel ao dano oxidativo as suas biomoléculas.

Quanto as atividades das enzimas antioxidantes somente foram medidas no
cortex cerebral. Verificamos que a administracdo do D-2-HG a ratos neonatos provocou
aumento significativo da atividade das enzimas CAT e SOD no cortex cerebral, sem
alterar a atividade da GPx. Embora ndo tenhamos investigado os mecanismos que
levaram ao aumento de algumas atividades enzimaticas, € que possivel que o aumento
das atividades dessas enzimas tenha ocorrido devido a inducdo da expressdo das
mesmas a nivel génico por um mecanismo compensatorio em resposta ao aumento na
formacdo de espécies reativas, principalmente do radical superéxido e do perdéxido de
hidrogénio. Neste particular, é sabido que as ERO regulam a expressdo de inimeros
genes, incluindo aqueles que codificam para enzimas antioxidantes por vias de
sinalizacdo especificas (Rushmore et al. 1991; Lakshminarayanan et al. 1998; Halliwell,
B., Gutteridge 2015a). Assim, o aumento da atividade da SOD poderia também ser

secundario ao aumento das concentracdes do radical superoxido, convertendo-o ao
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peroxido de hidrogénio, enquanto o aumento da atividade da CAT facilitaria a

conversdo do perdxido de hidrogénio a agua.

Outros achados importantes do presente estudo foram que o pré-tratamento dos
ratos neonatos com o antioxidante melatonina, uma hora antes da administracédo icv de
D-2-HG, foi capaz de prevenir completamente, tanto em cortex quanto em estriado, 0s
efeitos pro-oxidantes do metabolito sobre o aumento dos niveis de MDA, formacéo de
grupamentos carbonila e a diminuicdo do contedo de grupos sulfidrilas e dos niveis de
GSH, bem como evitou 0 aumento da oxidacdo de DCFH. Esses resultados reforcam a
hipétese de que o dano oxidativo lipidico e proteico, bem como a diminuicdo das
defesas antioxidantes nos tecidos cerebrais, sejam devidos ao aumento na producéo de
especialmente ERO, mais particularmente os radicais hidroxila e peroxil que séo
sequestrados pela melatonina (Reiter et al. 2001; Anisimov et al. 2006; Halliwell, B.,
Gutteridge 2015c). Por outro lado, o pré-tratamento com melatonina nédo foi capaz de
normalizar o aumento das atividades das enzimas CAT e SOD pelo D-2-HG, sugerindo
outras espécies ativas que ndo o superoxido e o peréxido de hidrogénio ou mesmo

outros mecanismos para esse aumento.

Tendo em vista que o D-2-HG é estruturalmente similar ao glutamato, podendo
potencialmente estimular receptores glutamatérgicos, particularmente os do tipo NMDA
que promovem a entrada de calcio nos neurdnios estimulando secundariamente a sintese
de ERO e ERN, testamos os efeitos do MK-801 antagonista classico desses receptores,
sobre as alteracdes da homeostase redox causadas pelo D-2-HG. E importante enfatizar
que estudos anteriores mostraram uma relacdo importante entre o0 D-2-HG e o influxo
de calcio e morte neuronal mediado por receptores NMDA (Kolker et al. 2002). Ainda
nesta linha de raciocinio, o0 aumento de ERN induzido pelo D-2-HG pode ser
parcialmente devido ao aumento da atividade da enzima éxido nitrico sintase (NOS)
pelo elevado influxo de célcio secundério a estimulacdo dos receptores NMDA (Ayata
et al. 1997; Brown 2010), esse influxo de célcio também pode levar ao aumento
producdo de ERO por a¢do direta do excesso desse ion a nivel mitocondrial (Reynolds
and Hastings 1995; Nicholls 2004). Nossos resultados mostraram que o MK-801
preveniu totalmente a lipoperoxidacdo (aumento de MDA), o dano oxidativo as
proteinas (aumento de carbonilas e dimunicdo de sulfidrilas) e a producdo
suprafisiologica de ERO (aumento na oxidacdo de DCFH) em ambas as estruturas

estudadas. Porém, esse antagonista ndo foi capaz de alterar a atividade de nenhuma das
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enzimas antioxidantes analisadas no cortex cerebral. Esses achados apontam para a
participacdo dos receptores NMDA na inducédo de estresse oxidativo em cértex cerebral
e estriado de ratos neonatos, possivelmente pela supra-estimulacdo desses receptores
pelo D-2-HG.

Pacientes com D-2-HGA apresentam uma série de anormalidades na arquitetura
estrutural de diversas regides cerebrais (van der Knaap et al. 1999b, a; Kranendijk et al.
2012), sendo assim, examinamos se a administracdo do D-2-HG poderia causar
anormalidades no cortex e estriado de ratos neonatos. A analise histopatoldgica através
da coloracéo por HE, 24 horas ap0s a injecdo de D-2-HG, demonstrou que o metabdlito
provoca importante vacuoliza¢do e edema no cdrtex cerebral dos animais, com efeitos
menos intensos no estriado. Nesse contexto, enfatize-se que a formacdo de vacuolos
pode ser secundéria a disfuncdo do metabolismo energético (Strauss and Morton 2003),
excitotoxicidade (Goodman et al. 1977; Forstner et al. 1999; Hoffmann and Zschocke
1999) ou ainda ser causado por alteracdes da homeostase redox (Cubells et al. 1994;
Wilt et al. 2000; Saxena et al. 2010). Nossos resultados obtidos em cérebros neonatos
estdo em consonancia com um estudo anterior que observou vacuolizacdo e outras
anormalidades histoldgicas provocadas por D-2-HG no cérebro de ratos jovens (30 dias
de vida) (da Rosa et al. 2014).

Também observamos, 15 dias apds a injecdo de D-2-HG, que este metabdlito
causou um aumento na expressdo de GFAP no estriado dos animais, indicando
reatividade glial, uma condicdo desencadeada por dano ao SNC e caracterizada pela
ativacdo e hipertrofia de astrécitos com aumento da expressdo de GFAP e outros
marcadores, e, em casos graves, proliferacdo intensa dessas células (Sofroniew and
Vinters 2010; Anderson et al. 2014). Em condicbes fisioldgicas, tais alteracdes
astrocitarias tém o potencial de proteger os neurbnios circundantes, mas em casos
extremos os astrocitos podem perder fungdes essenciais, produzindo moléculas
potencialmente tdxicas, comprometendo e exacerbando o dano neuronal, como
observado em diversas doencas neurodegenerativas (Nagele et al. 2004; McGeer and
McGeer 2008; De Keyser et al. 2008; Olivera-Bravo et al. 2011).

Uma vez que as concentragdes cerebrais de D-2-HG em pacientes com D-2-
HGA sdo desconhecidas, é dificil estabelecer a importancia fisiopatoldgica dos
resultados encontrados, de modo que nossos achados devam ser tomados com cuidado.

No entanto, ja que as concentra¢fes de &cidos orgéanicos que se acumulam nas células
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neurais em acidemias organicas sdo geralmente mais elevadas do que as do plasma e do
liquido cefalorraquidiano (trapping theory) de pacientes com varias acidemias organicas
(Hoffmann et al. 1993; Sauer et al. 2010), € possivel que as concentracdes de D-2-HG
estdo bastante elevadas no SNC dos pacientes afetados e que nosso modelo possa ter
mimetizado situacdo semelhante, embora ndo tenhamos quantificado as concentracfes
desse acidos organico ap06s a administracdo icv do mesmo. Além disso, a D-2-HGA é
considerada uma acidemia organica cerebral, em que os sintomas neurolégicos e
anormalidades cerebrais sdo predominantes ou exclusivas e 0os metabolitos acumulados
(no caso o D-2-HG) é produzido dentro do cérebro e tem dificuldade de deixar esse
tecido (Sauer et al. 2010), onde potencialmente pode exercer seus efeitos neurotdxicos

perturbando a homeostase redox celular e causando alteracdes histopatoldgicas.

Em conclusdo, este € o primeiro relato mostrando que a administracdo in vivo de
D-2-HG a ratos neonatos prejudica a homeostase redox nas principais estruturas
afetadas pela D-2-HGA. Estes efeitos foram prevenidos pelo potente antioxidante
melatonina e pelo antagonista de receptores NMDA de glutamato MK-801, implicando
que a geracdo de espécies reativas e a superestimulacdo destes receptores de glutamato
podem contribuir para as alteracbes do estado redox celular. Os dados aqui
apresentados, aliados a estudos anteriores em modelos in vitro (Latini et al. 2003) e in
vivo (da Rosa et al. 2014) em roedores, e ainda in vitro em humanos (Rodrigues et al.
2017), indicam que um desequilibrio da homeostase redox pode potencialmente
contribuir, pelo menos em parte, para as alteracdes neuroldgicas encontradas nos
pacientes afetados por essa doenca. Finalmente, nossos achados histolpatoldgicos
denotam que o D-2-HG provoca alteragfes histoldgicas nas duas principais estruturas
que sao afetadas nos pacientes. Por estas razdes, é possivel que os resultados da presente
investigacdo, agindo sinergicamente com outros fatores intrinsecos (gravidade e tipo de
mutacdes) e extrinsecos, podem potencialmente contribuir para explicar a fisiopatologia
dos sintomas neuroldgicos e anormalidades cerebrais observadas nos pacientes afetados.
Caso nossos resultados neste modelo animal in vivo possam ser confirmados em tecidos
(fibroblastos cultivados) de individuos afetados por D-2-HGA, é tentador especular que
antioxidantes poderiam ser suplementados aos pacientes afetados como uma terapia
adjuvante potencial para prevenir ou atenuar o dano oxidativo que parece estar atrelado

a patologia desta doenca.
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111.2. CONCLUSOES

Verificamos que a injecéo icv de D-2-HG:

Induziu o aumento da producdo de ERO e ERN, determinado através da

oxidagdo de DCFH e os niveis de nitratos e nitritos, respectivamente, em cortex
cerebral e estriado ratos Wistar neonatos.
Provocou dano oxidativo as proteinas e lipideos em ambas as estruturas
analisadas.
Causou diminuicéo da principal defesa antioxidante (GSH) no cdrtex cerebral.
Aumentou as atividades das enzimas antioxidantes CAT e SOD, sem alterar a
atividade da GPx no cortex cerebral. Esse efeito pode ser atribuido a um
provavel mecanismo de compensacdo ao aumento da producdo de espécies
reativas.
A melatonia e 0 Mk-801 demonstraram efeitos protetores ao impedir 0 aumento
na producdo de espécies reativas e os dano oxidativo a proteinas e lipideos do
cortex cerebral e estriado, bem como prevenir a diminui¢do dos niveis de GSH
no cortex cerebral.

Promoveu extensiva vacuolizacdo e edema no cértex cerebral dos animais, com
efeitos menos intensos no estriado. Além disso mediou um aumento na
expressao de GFAP, indicando que reatividade glial possa também ter papel na
patogenia da doenga.

Como concluséo geral propomos que 0s prejuizos a homeostase redox somado

as alterac@es histologicas promovidas pelo D-2-HG possam explicar, a0 menos em

parte, as manifestacdes neuroldgicas e as anormalidades estruturais presente no SNC

de pacientes com D-2-HGA. Por fim, julgamos que os efeitos de compostos

antioxidantes e farmacos que ajam sobre o sistema glutamatérgico deveriam ser

melhor investigados visto que apresentaram efeitos benéficos nos paradmetros

avaliados no presente estudo e poderiam ter repercussdes terapéuticas positivas aos

pacientes afetados por esta grave doenga.
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