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RESUMO

A sulfito oxidase (SO) é uma enzima que catalisa a ultima reagdo na rota de
degradacdo de aminoacidos sulfurados, a oxidagdo de sulfito a sulfato. A deficiéncia da
SO ¢é um erro inato do metabolismo que pode ser causado tanto pela deficiéncia isolada
da enzima como por defeitos na sintese do seu cofator molibdénio, cuja principal
caracteristica bioquimica é o acumulo tecidual e a excre¢do urindria aumentada de
sulfito, tiossulfato e S-sulfocisteina. Os pacientes acometidos pela doenga tém
sintomatologia predominantemente neuroldgica, e exames de imagem evidenciam
encefalomalécia cistica, atrofia cerebral e edema, perda neuronal e astrogliose, os quais
se concentram na regido cortical. Pouco se sabe sobre os patomecanismos envolvidos
nos danos encontrados na deficiéncia da SO, porém dados apontam para uma agdo
toxica dos metabodlitos acumulados. Sendo assim, o objetivo deste estudo foi o de
investigar os efeitos in vitro do sulfito e do tiossulfato sobre a neurotransmissao
glutamatérgica e parametros de estresse oxidativo em fatias de cdrtex cerebral de ratos.
As fatias foram expostas ao sulfito ou tiossulfato (10 — 500 uM) durante 1 ou 3 h para a
realizacdo dos experimentos, nos quais medimos a captacao de glutamato dependente de
sodio, a atividade da enzima glutamina sintetase, os niveis de substancias reativas ao
acido tiobarbitdrico (TBA-RS), o contetudo de glutationa (GSH) e de sulfidrilas, a
formagéo de carbonilas e as atividades das enzimas antioxidantes glutationa peroxidase
(GPx), glutationa redutase (GR), glutationa S-transferase (GST) e glicose-6-fosfato
desidrogenase (G6PDH). Também avaliamos a liberacdo da lactato desidrogenase e a
reducdo do MTT. Foi observado que o sulfito diminui a captacdo de glutamato e que o
tiossulfato diminui a atividade da glutamina sintetase. Uma tendéncia quase
significativa de que o sulfito diminui a atividade da glutamina sintetase também foi

verificada. Quanto a homeostase redox, verificamos que o sulfito, na concentracdo de



10 uM, aumentou os niveis de TBA-RS e diminuiu as concentra¢des de GSH, sem
alterar a formacdo de carbonilas. J& o tiossulfato ndo teve nenhum efeito significativo
sobre esses parametros. Ainda verificamos que 500 uM de sulfito aumentaram o
contetdo de grupamentos sulfidril em cortex cerebral de ratos e o conteddo de GSH em
um meio sem amostra biolégica, o que pode ser explicado pela capacidade do sulfito em
reduzir pontes dissulfeto a grupos sulfidril. Ao medir as atividades das enzimas
antioxidantes GPx, GR, GST e G6PDH, ndo houve diferenca com qualquer dos
metabdlitos durante 1 h de incubagdo, porém, ao realizarmos 0s mesmos experimentos
com amostras incubadas por 3 h com sulfito, observamos inibicdo das atividades da
GPx, da GST e da G6PDH. Finalmente, observamos que o sulfito ndo alterou a redugéo
do MTT e a liberacéo de lactato desidrogenase, indicando que os resultados encontrados
ndo sdo devidos a morte celular. Pode ser concluido que um prejuizo na
neurotransmissdo glutamatérgica e estresse oxidativo causados pelos metaboélitos
acumulados na deficiéncia da SO estdo envolvidos, pelo menos parcialmente, na

disfuncdo neuroldgica observada nessa doenca.



ABSTRACT

Sulfite oxidase (SO) is the enzyme that catalyzes the oxidation of sulfite to sulfate,
which is the last step in the pathway of degradation of sulfur-containing amino acids.
SO deficiency is an inborn error of metabolism caused either by isolated deficiency in
this enzyme, or by defects in the synthesis of its molybdenum cofactor. The main
biochemical characteristic of this disorder is the tissue accumulation and high urinary
excretion of sulfite, thiosulfate and cysteine-S-sulfate. Patients present predominantly
neurological symptoms and brain abnormalities, such as cystic encephalomalacia, brain
atrophy and swelling and neuronal loss, which prevail in the cortical region. Although
available data point towards a toxic mechanism of the accumulating metabolites, little is
known about the exact pathomechanisms exerted by these compounds. Therefore, our
objective in this study was to investigate the in vitro effects of sulfite and thiosulfate on
glutamatergic neurotransmission and oxidative stress parameters in rat cerebral cortex
slices, a system with preserved integrity. Slices were exposed to sulfite or thiosulfate
(10 — 500 uM) for 1 or 3 h. After the incubation, we measured sodium-dependent
glutamate uptake, glutamine synthetase activity, thiobarbituric acid-reactive substances
(TBA-RS) levels, glutathione (GSH) and sulfhydryl content, carbonyl formation and the
activities of the antioxidant enzymes glutathione peroxidase (GPx), glutathione
reductase (GR), glutathione S-transferase (GST) and glucose-6-phosphate
dehydrogenase (G6PDH). Lactate dehydrogenase and MTT reduction were also
evaluated. We verified that sulfite reduced the glutamate uptake and that thiosulfate
inhibited glutamine synthetase activity. A pronounced trend toward glutamine
synthetase inhibition caused by sulfite was also seen. Regarding redox homeostasis, 10
UM sulfite increased TBA-RS levels and decreased GSH concentrations, without

altering protein carbonyl formation. Moreover, thiosulfate had no effect on these



parameters. Five hundred micromolar sulfite also increased sulfhydryl content in rat
cerebral cortex slices and increased GSH content in a medium devoid of biological
samples, which can be explained by the fact that sulfite is able to directly reduce
disulfide bonds to thiol groups. We further verified that sulfite did not alter the activities
of the enzymes GPx, GR, GST and G6PDH when cortical slices were incubated in the
presence of sulfite during 1 h. However, after an incubation of 3 h, sulfite decreased the
activities of GPx, GST and G6PDH. Finally, sulfite did not change MTT reduction and
lactate dehydrogenase release, suggesting that the effects observed were not due to cell
death. Therefore, it is concluded that glutamatergic neurotransmission impairment and
oxidative stress induced by the accumulating metabolites in SO deficiency may

contribute to the neurological dysfunction observed in this disorder.
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1.1 INTRODUCAO

1.1.1 Erros Inatos do metabolismo

Os erros inatos do metabolismo (EIM) compreendem um grupo de doengas com
quadro clinico muito variado, cuja caracteristica comum é a ocorréncia de um distdrbio
metabdlico causado por mutagcdes genéticas, as quais levam a sintese de uma proteina
defeituosa. Ja foram descritos EIM com defeitos em proteinas do tipo enzima,
transportador, receptor, proteina de membrana ou estrutural, cuja atividade diminuida
pode prejudicar a homeostase do organismo e levar ao acimulo de intermediarios
potencialmente tdxicos devido ao bloqueio de importantes rotas metabdlicas [1,2].

O termo EIM foi utilizado pela primeira vez por Sir Archibald Garrod no inicio
do século XX para descrever a alcaptonuria (AKU), uma doenca do metabolismo da
fenilalanina e da tirosina que provoca excrecdo aumentada de acido homogentisico na
urina dos pacientes, tornando-a escura. Garrod concentrou-se no estudo da duragdo, da
natureza metabolica e da incidéncia familiar da AKU a partir de casos relatados por ele
mesmo. Sir Garrod propds entdo que a AKU seria uma doenca de heranca recessiva,
obedecendo as leis Mendelianas, visto que alguns pacientes eram nascidos de unides
consanguineas de pais higidos. Ele também ressaltou que, mesmo numa época em que
casamentos entre parentes eram comuns, a AKU ainda era uma doenca bastante rara,
denotando a sua individualidade quimica, ou seja, que nao poderia ser explicada apenas
pela consanguinidade. Tal observagdo indicou que um problema metabdlico especifico
seria o responsavel pelos sintomas da doenca [3], 0 que neste caso era a deficiéncia da
enzima acido homogentisico oxidase, que catalisa a clivagem do anel aromatico do

acido homogentisico proveniente do catabolismo da tirosina (Figura 1) [1,2].
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Figura 1. Rota catabdlica dos aminoacidos fenilalanina e tirosina. Adaptado de Jorde,
Lynn B; Carey, John C; Bamshad, Michael J. Genética Médica, Capitulo 7: Genética

Bioquimica: Desordens Metabdlicas.

Os estudos de Garrod permitiram que muitas outras doencas ja conhecidas, tais
como a pentosUria e a cistindria, fossem também classificadas como EIM, pois
apresentavam as mesmas caracteristicas basicas da AKU [3]. Atualmente, ja estdo
descritos mais de 600 EIM, os quais podem ser classificados conforme o esquema

apresentado na figura 2.
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Figura 2. Classificagdo dos erros inatos do metabolismo baseada no quadro clinico e

em caracteristicas bioquimicas.

Os disturbios caracterizados por consequéncias sistémicas sao mais frequentes
que aqueles que afetam um Unico 6rgdo. Dentro da categoria de disturbios com
consequéncias sistémicas, ainda existe uma outra subdivisdo em 3 grupos (Figura 2). As
doencas do grupo A afetam o catabolismo de moléculas complexas e incluem as
doencas lisossomais e peroxissomais, além de distdrbios no transporte intracelular e no
processamento de proteinas secretadas. Ja os EIM enquadrados no grupo B sdo aqueles
que levam a toxicidade aguda ou progressiva nos pacientes devido ao acumulo de
metabdlitos tdxicos originados do bloqueio metabdlico. Estes englobam as
aminoacidopatias, a maioria das acidurias organicas, defeitos do ciclo da ureia e
intolerancia a aclcares. No grupo C estdo as doencas cujos sintomas sdo, pelo menos
em parte, causados por déficit energético, tanto por problemas na producdo como na
utilizacdo da energia. Aqui estdo incluidos os defeitos na gliconeogénese e na
glicogendlise, acidemias laticas congénitas, defeitos na oxidagdo de acidos graxos e
doencas da cadeia transportadora de elétrons mitocondrial. Enfatize-se aqui que, apesar

do crescimento no numero de casos de EIM registrados, acredita-se que muitos
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pacientes sejam diagnosticados incorretamente ou ainda ndo tenham um diagndstico

preciso, 0 que se deve, principalmente, a inespecificidade dos sintomas. [4]

1.1.2 Sulfito oxidase (SO)

A SO (EC 1.8.3.1) é uma enzima mitocondrial que catalisa a oxidacao de sulfito
a sulfato, ultima reacdo da via de degradacdo dos aminoécidos sulfurados cisteina e
metionina (Figura 3). Essa enzima também faz a detoxificagdo do sulfito exdgeno, que é
encontrado, por exemplo, em conservantes de alimentos e medicamentos. A estrutura da
SO consiste em um homodimero de aproximadamente 110 kDa [5], sendo que cada
subunidade possui um dominio heme (ou citocromo bs) e um dominio de ligacdo do
cofator molibdénio, além de um dominio de ancoragem que conecta 0s dois
mondmeros. O cofator, que consiste em um grupo prostético de baixo peso molecular
no qual um atomo de molibdénio estd complexado a uma pterina, € necessario nao s
para a atividade da SO, como também de outras enzimas (chamadas molibdoenzimas),
tais como a xantina desidrogenase e a aldeido oxidase [6, 7].

A sequéncia da SO é altamente conservada entre espécies de vertebrados, sendo
que a SO humana apresenta 88% de identidade com a SO de rato e 68% com a de
galinha. Apesar de a estrutura cristalografica para a SO humana ainda néo estar descrita,
0 mecanismo de catalise da SO foi elucidado com a estrutura obtida da SO de galinha
[8]. Baseado nesse modelo, o sulfito se ligaria ao cofator molibdénio, sofrendo uma
oxidagéo de dois elétrons, sendo liberado na forma de sulfato; em seguida, ocorreriam
duas transferéncias intramoleculares de um elétron do cofator molibdénio para o Fe do
grupamento heme e deste para o citocromo c, aceptor final de elétrons externo a
proteina. Esse “caminho” dos elétrons durante as transferéncias intramoleculares seria

potencialmente facilitado por uma mudanca conformacional no dominio de ligacao
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entre 0s mondmeros, aproximando o dominio do cofator molibdénio do grupamento

heme, evitando, dessa forma, o vazamento de elétrons para o espaco intermembranas

[7].
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Figura 3. Via de catabolismo da cisteina. Adaptado de Johnson JL, Duran M. The
Online Metabolic & Molecular Bases of Inherited Diseases, capitulo 128: Molybdenum

Cofactor Deficiency and Isolated Sulfite Oxidase Deficiency.

1.1.3 Deficiéncia da sulfito oxidase (SO)

A deficiéncia da SO é um EIM de carater autossdmico recessivo que pode se
manifestar sob duas formas: como uma deficiéncia isolada da enzima SO ou como uma
deficiéncia causada pela falta do cofator molibdénio. A deficiéncia isolada da SO ¢é

causada por mutacdes no gene SUOX, que codifica a proteina da enzima, levando a
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sintese de uma proteina defeituosa com pouca ou nenhuma atividade enzimatica, sendo
posteriormente degradada. Por outro lado, a deficiéncia do cofator molibdénio é
decorrente de mutac6es nos genes que codificam as enzimas envolvidas na biossintese
da molécula de molibdopterina (genes MOCS1, MOCS2, MOCS3 ou GEPH),
prejudicando ndo s6 a atividade da SO, mas também das outras molibdoenzimas

humanas xantina desidrogenase e aldeido oxidase [6].

1.1.3.1 Achados clinicos e laboratoriais

As duas formas da deficiéncia da SO tém sintomatologia similar, atribuindo-se
os achados clinicos da deficiéncia do cofator molibdénio majoritariamente a deficiéncia
da prépria SO, sem consequéncias significativas dos defeitos da xantina desidrogenase e
aldeido oxidase. A apresentacdo da deficiéncia da SO é principalmente neuroldgica,
com a ocorréncia de convuls@es e hipotonia ja nos primeiros dias de vida. Os pacientes
também apresentam problemas respiratorios, dificuldades para se alimentar, retardo
motor, atraso no desenvolvimento e subluxacdo do cristalino, podendo levar o individuo
ao Obito. Quanto aos achados bioquimicos, a principal caracteristica da doenca é o
acumulo tecidual e a excre¢do urindria aumentada de sulfito, tiossulfato e S-
sulfocisteina (Figura 3). No caso da deficiéncia do cofator molibdénio, além desses
metabdlitos, ainda sdo observados niveis urinarios aumentados de taurina, xantina,

hipoxantina e &cido urico [9].

1.1.3.2 Achados neuropatologicos
Exames de imagem demonstram dilatagdo dos ventriculos, diminuicdo da
substéncia branca, encefalomalacia cistica, atrofia cerebral e edema [6, 10,11, 12]. Os

pacientes também apresentam lesGes corticais decorrentes de perda importante de
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neurdnios acompanhada de astrogliose e acumulo de corspusculos granulares de
microglia, além de espongiose. Na substancia branca é observada desmielinizagdo
juntamente com diminuicdo de ax6nios. Apesar de 0s principais danos estarem
concentrados no cértex cerebral, anormalidades similares ja foram encontradas nos

ganglios basais e no cerebelo [9,13].

1.1.3.3 Diagnostico e tratamento

Quando ha suspeita clinica de deficiéncia da SO, o diagndstico € realizado
inicialmente pela deteccdo de sulfito na urina com o uso de uma fita indicadora, e pela
pesquisa de S-sulfocisteina e tiossulfato, produtos de reacdes diretas do sulfito com
cisteina e mercaptopiruvato, respectivamente. Considerando-se as variacfes na dieta, no
catabolismo e producdo de creatinina de cada paciente, a proporcdo em que 0S
metabdlitos se encontram alterados pode variar sensivelmente. Outro viés desse teste é
que nem sempre o teste da fita indicadora funciona, uma vez que o sulfito oxida
rapidamente quando exposto ao ar, produzindo falsos negativos. Devido a isso, devem
ser utilizadas técnicas mais sensiveis, como a espectrometria de massas in tandem ou
quantificacdo por cromatografia liquida de alta performance (HPLC), para detectar os
outros metabdlitos, em especial a S-sulfocisteina, que é mais estavel que o sulfito.

Para o diagnostico diferencial da deficiéncia isolada da SO e da deficiéncia do
cofator molibdénio séo avaliadas as concentracBes plasmaticas e urinarias de xantina,
hipoxantina e acido urico, alteradas apenas na deficiéncia do cofator [9]. A confirmacéo
pode ser feita através da medida da atividade da SO em cultivo de fibroblastos da pele
dos pacientes e/ou por analise mutacional [6, 14, 15]. O diagndstico pré-natal também é
possivel pela medida da atividade da SO em células amnioticas, ou através de analise

mutacional pré-natal [9, 16, 17].
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O tratamento foca, principalmente, no controle dos sintomas, sobretudo das
convulsdes. O paciente também passa a ter restricdo proteica na dieta visando diminuir
0 aporte de cisteina e metionina. Outras tentativas focam na administracdo de
compostos que reagem com sulfito, impedindo a sua interagdo com moléculas
enddgenas, porém ainda sdo necessarios mais estudos na area, pois ha dificuldades em
se atingir concentragdes farmacoldgicas eficientes para tais compostos [9].

Trabalhos j& demonstraram eficicia no tratamento da deficiéncia do cofator
molibdénio tipo A, que é causada pela deficiéncia da enzima MOCS1AB [18]. O
tratamento consiste na infusdo de piranopterina ciclica monofosfato (cPMP), que é o
produto da MOCS1AB, fornecendo assim o substrato para a biossintese do cofator
molibdénio um passo adiante do blogqueio [19, 20, 21]. Foi mostrado que esse
tratamento melhorou os sintomas de pacientes que ja apresentavam dano neuroldgico,
desacelerando a progressdo da doenca, ao passo que pacientes que iniciaram a
administracdo de cPMP antes do aparecimento dos sintomas tiveram um melhor
desenvolvimento a longo prazo. Além disso, ja existe a perspectiva de novas terapias
baseadas no uso de nanoparticulas de trioxido de molibdénio direcionadas para a

mitocdndria, que possuem atividade catalitica semelhante a da SO [22].

1.1.4 Neurotransmissao glutamatérgica

O glutamato é o principal neurotransmissor excitatorio no sistema nervoso
central de mamiferos [23] e esta presente em concentracfes que podem ser de 1.000 a
10.000 vezes maior que as concentracdes de outros importantes neurotransmissores,
como, por exemplo, serotonina, noradrenalina e dopamina [24]. A neurotransmisséo
glutamatérgica age em diferentes regides cerebrais, nas quais até 50-80% dos neurdnios

sdo glutamatérgicos. Além disso, a neurotransmissdo glutamatérgica desempenha um
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importante papel na cognigdo, formacdo e evocacdo da memoria, aprendizado,
manutencdo da consciéncia, movimento, sensac¢des (como dor e gustacdo), plasticidade
celular, diferenciagdo e morte celular [24, 25].

Quando o glutamato é liberado na fenda sinéptica, o sinal desencadeado vai
depender do receptor ao qual ele ird se ligar. Nesse contexto, existem dois grandes
grupos de receptores para glutamato: receptores ionotropicos (iGIUR) e metabotrdpicos
(mGIuR). Os receptores iGIUR sdo canais i0nicos organizados na forma de
heteromultimeros, cuja composicdo determina a seletividade para fons Na*, Ca’'e K* e
incluem o receptor N-metil-D-aspartato (NMDA), receptor acido a-amino-3-hidroxi-5-
metil-4-isoxazol propiénico (AMPA) e receptor de cainato [24]. Os receptores mGIuR,
por sua vez, sdo acoplados a proteina G e induzem resposta pela ativacdo intracelular de
segundos mensageiros, como inositol trifosfato (IP3) e adenosina monofosfato ciclico
(cCAMP) [26]. Ambas as familias de receptores regulam mecanismos importantes em
sinapses excitatdrias e inibitorias e agem tanto nos terminais pré- como pdés-sinapticos
[24].

Para o funcionamento correto de todos esses processos fisioldgicos coordenados
pela sinalizacdo glutamatérgica, as concentracdes de glutamato no espago extracelular
(em especial, na fenda sinéptica) devem ser finamente controladas. O glutamato néo é
metabolizado no espaco extracelular e, portanto, para que ele seja adequadamente
reciclado ou neutralizado, deve ser importado para a célula [23]. A captacdo celular de
glutamato é realizada pelos seguintes transportadores de glutamato dependentes de Na™:
transportador de glutamato-aspartato 1 (GLAST1); transportador de glutamato 1 (GLT-
1); carreador de aminoacidos excitatorios 1 (EAAC1); e os transportadores de
aminoacidos excitatérios 4 e 5 (EAAT 4 e 5) [27, 28]. O GLASTL1 esta presente em

astrocitos de todas as regides do cerebro, e é considerado o mais importante
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transportador de glutamato no cerebelo e em regides do sistema nervoso periférico,
sendo frequentemente co-expresso com GLT-1. Ja o GLT-1 é o transportador mais
abundante do SNC, encontrado em astrocitos e, em menor propor¢do, em alguns
neurénios hipocampais. O EAACIL, expresso somente em neurdnios, encontra-se
constitutivamente por todo o cérebro e é concentrado nos dendritos e no soma das
células neuronais. Por outro lado, EAAT4 se localiza predominantemente nas células de
Purkinje do cerebelo, com algumas raras populagdes em outras regides cerebrais, ao
passo que o EAATS5 € encontrado quase que exclusivamente na retina. Tanto o EAAT4
quanto o EAATS séo transportadores de glutamato pouco eficientes, sendo sugerido que
eles atuariam principalmente como receptores inibitorios [28, 29].

O glutamato, ao ser captado pelos transportadores, pode ser usado para a sintese
de glutamina ou de a-cetoglutarato. Nos astrdcitos, a glutamina sintetase conjuga o
glutamato com uma molécula de amdnia, formando a glutamina. Visto que a glutamina
ndo tem atividade neurotransmissora, ela pode ser liberada “com seguranga” para o
espaco extracelular e, em seguida, captada pelos neurbnios, onde € novamente
convertida a glutamato pela glutaminase. Esse processo é conhecido como o ciclo
glutamato-glutamina. Por outro lado, o glutamato pode ser convertido em a-
cetoglutarato, tanto pela glutamato desidrogenase como por transaminases, e usado para
reciclagem do glutamato em neurdnios, ou utilizado para producéo de energia pelo ciclo
dos &cidos tricarboxilicos.

A manutencdo da homeostase glutamatérgica é particularmente importante
devido a excitotoxicidade induzida por glutamato. Esse fendmeno ocorre quando ha
uma exacerbacdo na sinalizacdo glutamatérgica, ou seja, ha muito mais moléculas de
glutamato se ligando a receptores do que seria necessario, 0 que geralmente ocorre por

falha na recaptacdo desse aminoacido. Dessa forma, pela ativacdo dos receptores,
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crescem os niveis de Ca®" intracelulares que, se ndo forem controlados, podem
desencadear diversos eventos toxicos a célula, incluindo aumento de espécies reativas,
aumento ndo fisioldgico do consumo de energia e, finalmente, morte celular. Estudos
sugerem que a excitotoxicidade pode, pelo menos em parte, contribuir para os danos
encontrados em patologias do SNC, como as doengas de Alzheimer [30] e de Parkinson
[31], esquizofrenia [32], esclerose lateral amiotrofica [33], autismo [34], doenca de

Huntington [35], epilepsia, dentre outras [36, 37].

1.1.5 Radicais livres e espécies reativas

Radicais livres sdo pequenas moléculas com um ou mais elétrons
desemparelhados que s@o capazes de existir de maneira independente. Essas moléculas
podem ser formadas tanto pela perda como pelo ganho de um elétron por parte de um
ndo-radical, bem como a partir de um processo denominado fissdo homolitica, em que a
ligacdo covalente entre dois atomos é desfeita e um dos atomos permanece com um
elétron do par anteriormente compartilhado [38].

Devido ao desequilibrio energético resultante do desemparelhamento dos
elétrons, radicais livres sdo altamente reativos e interagem facilmente com outros
compostos nao-radicais. Quando isso ocorre, outro radical livre pode ser formado, que,
por sua vez, pode gerar um novo radical livre e assim sucessivamente. Sendo assim, um
unico radical livre pode iniciar uma cadeia de reacdes redox resultando na formacéo de
novos radicais livres [38, 39].

O termo espécies reativas engloba ndo apenas os radicais livres, mas tambem
outras moléculas com alta reatividade que ndo possuem elétrons desemparelhados nos
seus orbitais externos. As duas principais classes de espécies reativas sao as de oxigénio

(espéecies reativas de oxigénio — ERQO) e as de nitrogénio (espécies reativas de
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nitrogénio — ERN). Os principais representantes de cada classe estdo listados na tabela
1[39].

Tabela 1. Representacdo das principais espécies reativas de oxigénio (ERO) e
nitrogénio (ERN). Adaptado de Bergendi, L. et al., Chemistry, physiology and
pathology of free radicals, Life Sciences, Vol. 65, pp. 1865-1874, 1999.

Espécies reativas de oxigénio (ERO)

Hidroxila "OH

Peroxido de hidrogénio H,0;

Anion super6xido O,”

Espécies reativas de nitrogénio (ERN)

Peroxinitrito ONOO’

Oxido nitrico "NO

Algumas espécies reativas sdo produtos normais do metabolismo celular. Por
exemplo, durante a transferéncia de elétrons na cadeia respiratéria mitocondrial, uma
pequena parte do oxigénio (em torno de 2 %) é apenas parcialmente reduzido devido ao
vazamento de elétrons, originando ERO como anion superdxido, perdxido de
hidrogénio e hidroxila [40, 41]. Radicais livres também podem ser produzidos em
grandes quantidades por determinadas células. Esse € o caso de células fagociticas do
sistema imune que expressam a enzima NADPH oxidase, a qual produz radical

superdxido com o objetivo de eliminar patdgenos.
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1.1.6 Defesas antioxidantes

As células possuem defesas antioxidantes enzimaticas e ndo enzimaticas para
eliminar as espécies reativas, ja que essas moléculas sdo produzidas normalmente
durante o metabolismo celular e podem ser toxicas devido a sua alta reatividade. Dentre
as defesas antioxidantes enzimaticas, podem ser citadas as enzimas superoxido
dismutase (SOD), catalase (CAT), glutationa S-transferase (GST) e glutationa
peroxidase (GPx), que atuam diretamente sobre as ERO; e as enzimas glutationa
redutase (GR) e glicose-6-fosfato desidrogenase (G6PDH), que tem papel fundamental
na reciclagem de moléculas importantes para as defesas antioxidantes (GSH e NADPH,
respectivamente). As defesas ndo-enzimaticas incluem moléculas que neutralizam ERO
e ERN por interacdo direta, sem a necessidade de atividade enzimética, tais como a
glutationa reduzida (GSH) e as vitaminas o-tocoferol e acido ascérbico, ou moléculas
que minimizam a disponibilidade de pré-oxidantes, como a transferrina que liga ions

ferro [38].

1.1.7 Estresse oxidativo

A medida que as espécies reativas sdo geradas na célula, os sistemas
antioxidantes as metabolizam, de modo a manter o estado redox normal do meio. No
entanto, certas condi¢cdes patoldgicas podem levar a uma producdo exacerbada de
espécies reativas ou a uma diminuicdo nas defesas antioxidantes, ou ambas, causando
um quadro de desequilibrio denominado estresse oxidativo.

Quando esse desequilibrio é apenas moderado e as células conseguem lidar com
ele, ocorre a chamada resposta adaptativa ao estresse oxidativo, o que geralmente induz
aumento nas defesas antioxidantes a fim de restaurar o equilibrio redox. Entretanto, se o

desequilibrio for grave, as defesas antioxidantes ndo serdo suficientes e as espécies
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reativas oxidardo componentes importantes para a homeostase celular, como lipidios,
proteinas e acidos nucleicos. Dependendo da gravidade do dano, pode haver até mesmo

a morte celular (por apoptose ou necrose) [38].

1.2 JUSTIFICATIVA

Pacientes acometidos pela deficiéncia da SO apresentam alteracdes cerebrais
graves e debilitantes, cujos patomecanismos ainda ndo foram totalmente esclarecidos.
Nesse sentido, tém sido investigados os potenciais efeitos deletérios dos metabolitos
acumulados na doenga, em especial o sulfito e tiossulfato. Diversos trabalhos ja
demonstraram que eles sdo neurotdxicos, uma vez que podem prejudicar o
tamponamento energético intracelular e induzir estresse oxidativo por gerar espécies
reativas, promover lipoperoxidagdo e comprometer as defesas antioxidantes em cérebro
de ratos [42 — 49]. Também ja foram verificadas alteragdes no contetido dos receptores
NMDA em ratos submetidos a um modelo da deficiéncia da SO, o que pode estar
associado com inducdo de excitotoxicidade, hipdtese reforcada pela semelhanca
quimica entre a S-sulfocisteina e o glutamato, agonista classico dos receptores NMDA
[50, 51, 52]. Dessa forma, ressalta-se a importancia de estudar mais detalhadamente os
efeitos do sulfito e do tiossulfato sobre parametros de neurotransmissdo glutamatérgica,
dano oxidativo e defesas antioxidantes a fim de esclarecer a fisiopatologia do dano

cerebral observado na deficiéncia da SO.
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1.3 OBJETIVOS
1.3.1 Objetivos Gerais

O objetivo deste trabalho foi estudar os efeitos in vitro do sulfito e do tiossulfato
sobre parametros de neurotransmissdo glutamatérgica e homeostase redox em cortex
cerebral de ratos.

1.3.2 Objetivos Especificos

- Avaliar os efeitos do sulfito e do tiossulfato sobre a captagédo de glutamato
dependente de sodio em fatias de cortex cerebral de ratos;

- Estudar os efeitos do sulfito e do tiossulfato sobre a atividade da enzima
glutamina sintetase em homogeneizado obtido de fatias de cortex cerebral de ratos;

- Avaliar os efeitos do sulfito e do tiossulfato sobre os pardmetros de dano
oxidativo medida de substancias reativas ao acido tiobarbiturico (TBA-RS), formacao
de carbonilas e contetdo total de grupamentos sulfidril em homogeneizado obtido de
fatias de cortex cerebral de ratos;

- Investigar os efeitos do sulfito e do tiossulfato sobre as concentragfes de
glutationa reduzida (GSH) e sobre as atividades das enzimas antioxidantes glutationa
peroxidase (GPx), glutationa redutase (GR), glutationa S-transferase (GST) e glicose-6-
fosfato desidrogenase (G6PDH) em homogeneizado obtido de fatias de cortex cerebral
de ratos.

- Estudar os efeitos do sulfito sobre a liberagcdo de lactato desidrogenase em
homogeneizado obtido de fatias de cortex cerebral de ratos.

- Estudar os efeitos do sulfito sobre reducdo de MTT em fatias de cortex cerebral

de ratos.
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Sulfite oxidase (SOX) deficiency is an inherited neurometabolic disorder biochemically characterized
by tissue accumulation and high urinary excretion of sulfite and thiosulfate. Affected patients present
severe neurological dysfunction accompanied by seizures, whose pathophysiology is poorly known. In
the present study we evaluated the in vitro effects of sulfite and thiosulfate on important parameters of
glutamatergic neurotransmission and redox homeostasis in rat cerebral cortex slices. We verified that
sulfite, but not thiosulfate, significantly decreased glutamate uptake when cerebral cortex slices were

gﬁfggfﬁ; dase deficiency exposed during 1 h to these metabolites. We also observed that thiosulfate inhibited glutamine synthetase
Sulfite (GS) activity. A pronounced trend toward GS inhibition induced by sulfite was also found. Regarding redox
Thiosulfate homeostasis, sulfite, at the concentration of 10 uM, increased thiobarbituric acid-reactive substances and

decreased glutathione concentrations after 1h of exposure. In contrast, thiosulfate did not alter these
parameters. We also found that 500 wM sulfite increased sulfhydryl group content in rat cerebral cortex
slices and increased GSH levels in a medium containing oxidized GSH (GSSG) and devoid of cortical
slices, suggesting that sulfite reacts with disulfide bonds to generate sulfhydryl groups. Moreover, sulfite
and thiosulfate did not alter the activities of glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione S-transferase (GST) and glucose-6-phosphate dehydrogenase (G6PDH) after 1 h of incubation.
However, sulfite inhibited the activities of GPx, GST and G6PDH when cortical slices were exposed for
3 h to sulfite. We finally verified that sulfite did not induce cell death after 1h of incubation. Our data
show that sulfite impairs glutamatergic neurotransmission and redox homeostasis in cerebral cortex.
Therefore, it may be presumed that these pathomechanisms contribute, at least in part, to the seizures
observed in patients affected by SOX deficiency.

Glutamatergic neurotransmission
Redox homeostasis
Rat cerebral cortex

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sulfite oxidase (SOX) deficiency is a debilitating disease caused
either by a mutation in the gene encoding the enzyme protein (iso-
lated SOX deficiency) or by defects in the pathway that synthesize

Abbreviations: S0X, sulfite oxidase; GS, glutathione sinthetase; TBA-RS, thio- X N i
its molybdopterin cofactor (molybdenum cofactor deficiency). SOX

barbituric acid-reactive substances; GPx, glutathione peroxidase; GR, glutathione

reductase; GST, glutathione-S-transferase; G6PDH, glucose-6-phosphate dehydro-
genase; DNPH, 2,4-dinitrophenylhydrazine; CDNB, 1-chloro-2,4-dinitrobenzene;
MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide; DTNB, 5,5-
dithio-bis (2-nitrobenzoic acid); GSSG, oxidized glutathione; LDH, lactate
dehydrogenase; GLAST, glutamate/aspartate transporter; CLT1, glutamate trans-
porter 1; EAACT, excitatory amino acid carrier 1.
* Corresponding author. Tel.: +55 51 3308 5551; fax: +55 51 3308 5540.
E-mail address: guilhian@ufrgs.br (G. Leipnitz).

http://dx.doi.org/10.1016/j.ijJdevneu.2015.03.005
0736-5748/© 2015 Elsevier Ltd. All rights reserved.

catalyses the oxidation of sulfite to sulfate, the final step in the path-
way of degradation of the sulfur-containing amino acids cysteine
and methionine (Johnson and Duran, 2001; Schwarz et al., 2009).
Sulfite may also be derived from exogenous sources, such as sul-
fiting agents that are used as food and medication preservatives
(Taylor et al.,, 1986). Both forms of SOX deficiency (isolated SOX
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deficiency and molybdenum cofactor deficiency) are biochemically
characterized by an abnormal tissue accumulation and high uri-
nary excretion of sulfite, thiosulfate and cysteine-S-sulfate. Patients
with the cofactor deficiency additionally present increased levels
of xanthine and hypoxanthine, since the enzyme xanthine dehy-
drogenase is also defective in this condition (Johnson and Duran,
2001; Schwarz et al., 2009).

The clinical presentation of SOX deficiency consists of severe
neurological symptoms, including seizures and mental retardation
that may lead to premature death (Bindu et al., 2011). Neuropatho-
logical analysis reveals severe encephalopathy with neuronal death
and demyelination accompanied by gliosis and diffuse spongiosis
in the cerebral cortex. Marked atrophy of the basal ganglia and tha-
lami, and dilated brain ventricles are also reported in MRI (Basheer
et al,, 2007; Dublin et al., 2002; Johnson and Duran, 2001).

Previous reports showed that the accumulating metabolites
in SOX deficiency are neurotoxic. In this context, a modulation
of NMDA receptor subunits was demonstrated in hippocampus
of SOX-deficient rats fed with sulfite (Oztiirk et al., 2006). Other
studies suggested that cysteine-S-sulfate could induce excitotox-
icity due to its chemical similarity to glutamate (Salman et al,,
2002; Tan et al, 2005). Previous data verified that sulfite and
thiosulfate markedly inhibit the activity of the enzyme creatine
kinase, whereas sulfite also causes brain mitochondrial dysfunction
(Gringsetal, 2013; Zhang et al., 2004). In addition, sulfite generates
reactive oxygen species (ROS) via autooxidation reactions leading
to lipid peroxidation and impairment of antioxidant defenses in rat
brain (Chiarani et al., 2008; Kocamaz et al., 2012; Kiiciikatay et al,,
2005; Niknahad and O’'Brien, 2008; Ozsoy et al., 2014).

Considering that the mechanisms involved in the brain injury
observed in SOX deficiency are still unclear and that practically
nothing has been studied concerning glutamatergic neurotrans-
mission, the present study evaluated the in vitro effects of sulfite
and thiosulfate on glutamate uptake, glutamine synthetase (GS)
activity, thiobarbituric acid-reactive substances (TBA-RS) levels,
glutathione (GSH) concentrations, sulfhydryl content, carbonyl
formation and the activities of glutathione peroxidase (GPx),
glutathione reductase (GR), glutathione S-transferase (GST) and
glucose-6-phosphate dehydrogenase (G6PDH). The effect of sulfite
on cell viability and integrity were also determined. These param-
eters were analyzed in rat cerebral cortex slices, which consist in a
system with preserved cell machinery, including enzymes, as well
as glutamate transporters and receptors.

2. Experimental procedures
2.1. Chemicals

Reagents were mainly purchased from Sigma Chemical Co.,
St. Louis, MO, USA, except for [3H]glutamate (49.6 Ci/mmol),
which was obtained from PerkinElmer Life and Analytical Sciences
(Boston, MA, USA).

2.2. Animals

Thirty-day-old Wistar rats obtained from the Central Animal
House of the Department of Biochemistry, ICBS, Universidade Fed-
eral do Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil, were
used. The animals had free access to water and 20% (w/w) protein
commercial chow (SUPRA, Porto Alegre, RS, Brazil) and were main-
tained on a 12:12 h light/dark cycle in an air conditioned constant
temperature (22°C+1°C) colony room. The experimental proto-
col was approved by the Ethics Committee for Animal Research of
UFRGS, Porto Alegre, Brazil, and followed the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH

Publications No. 80-23, revised 1978). All efforts were made to
minimize the number of animals used and their suffering.

2.3. Sample preparation for glutamatergic system and MTT
reduction evaluation

Animals were euthanized by decapitation, the brain was imme-
diately removed and sliced using a Mcllwain tissue chopper. The
slices (400 pm) were submerged in Na*-free medium for the mea-
surement of glutamate uptake; in Krebs-bicarbonate buffer, pH 7.4,
for GS activity determination; or in HBSS for MTT reduction assay.
Then, cerebral cortex slices were isolated, transferred to a 48-well
plate (one slice per well) and incubated with sulfite or thiosulfate
(10-500 M) at 37 °C during 1 h. After incubation, the slices were
used for glutamate uptake determination and MTT reduction or
homogenized in 200 p.L of Krebs-bicarbonate buffer to measure GS
activity.

2.4. Sample preparation for oxidative stress parameters
evaluation

Rats were euthanized, had their brain quickly removed and
placed on an ice plate. Cerebral cortex was dissected and sliced
with a Mcllwain tissue chopper. Approximately 60-75 mg of corti-
cal slices (300 wm) were placed in each well of a 48-well plate and
incubated with sulfite or thiosulfate (10-500 wM) at 37°Cfor 1 h.
After incubation, the slices were homogenized in 10 volumes (1:10,
w/v) of Krebs-bicarbonate buffer, pH 7.4. Homogenates were cen-
trifuged at 750 x g for 10 min at4°C to discard nuclei and cell debris
(Evelson et al., 2001). The pellet was discarded and the supernatant
separated to evaluate the biochemical parameters.

2.5. Glutamate uptake

Glutamate uptake experiments were carried out in the presence
of high Na* concentrations, which favor glutamate binding to high-
affinity uptake carriers (Almeida et al., 2010; Frizzo et al., 2002).
We used Hank’s buffered salt solution (HBSS) containing 137 mM
NaCl, 0.63 mM NazHPO4, 4.17 mM NaHCOs3, 536 mM KCl, 0.44 mM
KH;PO4, 1.26 mM CaCl;, 0.40mM MgSOy4, 0.50 mM MgCl;, and
5.5 mM glucose, pH 7.2, for measuring this uptake. After the incuba-
tion of cortical slices in the presence of the metabolites, we added
0.33 wCi/mL [?H]glutamate and 100 ..M nonradioactive glutamate.
The reaction was stopped after 7 min with five ice-cold washes with
1 mL HBSS and solubilized overnight with 200 p.L of 0.5 M NaOH.
Na*-independent uptake was determined by using N-methyl-D-
glucamine instead of sodium chloride. Na*-dependent uptake was
calculated as the difference between glutamate uptakes measured
in the medium containing Na* and in the medium containing
N-methyl-p-glucamine (Frizzo et al., 2002). The radioactivity incor-
porated was determined in a Wallac 1409 liquid scintillation
counter. Results are expressed in nmol/mg of protein.

2.6. Glutamine synthetase (GS) activity

GS activity was determined in homogenates obtained from cor-
tical slices after incubation as previously described (Olney, 1969).
One hundred microliters of homogenate were added to a reac-
tion mixture containing 50 mM imidazole buffer, pH 6.8, 100 mM
glutamine, 50 mM hydroxylamine, 25 mM sodium arsenate, 2 mM
MgCl; and 0.2mM ADP and incubated for 15min at 37°C. The
reaction was stopped by the addition of a solution containing
370mM ferric chloride, 100 mM HCl and 50mM trichloroacetic
acid. After centrifugation, the absorbance of the supernatant was
measured at 540nm and compared to a calibration curve of
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Table 1
Effect of sulfite and thiosulfate on carbonyl formation in rat cerebral cortex slices.

Protein carbonyl formation

Control 10 uM 50 uM 100 pM 500 uM
Sulfite 96.4+8.06 99.44+10.7 101 +9.64 95.3+8.74 95.5+6.88
Thiosulfate 125+7.85 1224+2.80 122 £3.67 121+6.16 1244+8.93

Cerebral cortex slices were exposed to sulfite and thiosulfate for 1 h. Results are presented as mean + standard deviation for six independent experiments (animals) and are
expressed as nmol of carbonyl groups/mg of protein. No significant differences were observed (one-way ANOVA).

vy-glutamylhydroxamate treated with ferric chloride reagent.
Results were expressed in pwmol/mg of protein/h.

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

TBA-RS levels were measured according to the method
described by Yagi (1998) with slight modifications. Briefly, 200 p.L
of 10% trichloroacetic acid and 300 p.L of 0.67% thiobarbituric acid
in 7.1% sodium sulfate were added to 100 wL of tissue super-
natants containing 0.10-0.30 mg of protein and incubated for 1h
in a boiling water bath. The mixture was allowed to cool on run-
ning 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 nm and 553 nm as excitation and emission
wavelengths, respectively. Calibration curve was performed using
1,1,3,3-tetramethoxypropane and subjected to the same treatment
as supernatants. TBA-RS levels were calculated as nmol TBA-RS/mg
protein.

2.8. Protein carbonyl formation

We measured protein carbonyl formation by spectrophotomet-
ric assay (Reznick and Packer, 1994) with some modifications.
One hundred microliters of supernatants containing approximately
0.15mg of protein were treated with 200l of 10mM 2,4-
dinitrophenylhydrazine (DNPH) dissolved in 2.5 NHClor with2.5N
HCI (blank) and left in the dark for 1 h. The proteins present in the
samples were then precipitated with 500 wL of 20% TCA and cen-
trifuged for 5 min at 10,000 x g. The pellet was suspended in 300 L
of 6 M guanidine prepared in 2.5 N HCL. The difference between the
DNPH-treated and HCl-treated samples (blank) was used to calcu-
late the carbonyl content determined at 365 nm. The results were
calculated as nmol carbonyl groups/mg protein, using the extinc-
tion coefficient of 22,000 M1 cm for aliphatic hydrazones.

2.9. Reduced glutathione (GSH) concentrations

GSH concentrations were measured according to Browne and
Armstrong (1998) with slight modifications. One hundred and
eighty-five microliters of 100mM sodium phosphate buffer, pH
8.0, containing 5 mM ethylenediaminetetraacetic acid (EDTA), and
15 pL of o-phthaldialdehyde (1 mg/mL) were added to 30 pL of
sample (0.03-0.05 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
(0.001-1mM) and the concentrations were calculated as nmol
GSH/mg protein.

We also tested whether sulfite could alter the redox state of
a commercial solution of GSSG (200 wM) by exposing this solu-
tion to 500 uM sulfite for 60min in a medium devoid of brain
supernatants. N-Ethylmaleimide (250 wM), a classical oxidant of
sulfhydryl groups, was used as a positive control. After sulfite expo-
sition, 7.4 mM o-phthaldialdehyde (1 mg/mL) was added to the

wells (96-well plate) and the mixture was incubated at room tem-
perature during 15 min.

2.10. Sulfhydryl content

This assay is based on the reduction of 5,5-dithio-bis (2-
nitrobenzoic acid) (DTNB) by thiols, generating a yellow derivative
(TNB) whose absorption is measured spectrophotometrically at
412 nm (Aksenov and Markesbery, 2001). Briefly, 30 pL of 10 mM
DTNB and 980 p.L of PBS were added to 50 pL of tissue supernatants
containing 0.1 mg of protein. This was followed by a 30 min incuba-
tion at room temperature in a dark room. Absorption was measured
at 412nm. Sulfhydryl content is inversely correlated to oxida-
tive damage to proteins. Results were calculated and expressed as
nmol/mg protein.

2.11. Glutathione S-transferase (GST) activity

The activity of GST was measured according to Mannervik and
Guthenberg (1981) with slight modifications. GST activity was
measured by the rate of formation of dinitrophenyl-S-glutathione
at 340 nm in a medium containing 50 mM potassium phosphate,
pH 6.5, 1 mM GSH, 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) as
substrate, and tissue supernatants (approximately 0.045 mg of pro-
tein). The results were calculated and expressed as U/mg protein.

2.12. Glutathione reductase (GR) activity

GR activity was measured according to Carlberg and Mannervik
(1985) using oxidized glutathione (GSSG) and NADPH as substrates.
The enzyme activity was determined by monitoring the NADPH
disappearance at 340 nm in a medium with 200 mM sodium phos-
phate buffer, pH 7.5, containing 6.3 mM EDTA, 1 mM GSSG, 0.1 mM
NADPH and tissue supernatants (approximately 0.065 mg of pro-
tein). The results were calculated and expressed as U/mg protein.

2.13. Glutathione peroxidase (GPx) activity

GPx activity was measured using tert-butylhydroperoxide as
substrate (Wendel, 1981). The enzyme activity was determined by
monitoring the NADPH disappearance at 340 nm in a medium con-
faining 100 mM potassium phosphate buffer/1 mM EDTA, pH 7.7,
2mM GSH, 0.1 U/mLGR, 0.4 mM azide, 0.5 mM tert-butyl hydroper-
oxide, 0.1 mM NADPH and tissue supernatants (approximately
0.065 mg of protein). The results were calculated and expressed
as U/mg protein.

2.14. Glucose-6-phosphate dehydrogenase (G6PDH) activity

G6PDH activity was measured by the method of Leong and
Clark (1984) in a reaction mixture containing 100 mM Tris-HCl
pH 7.5, 10mM MgCl,, 0.5 mM NADP* and tissue supernatants
(approximately 0.035 mg of protein). The reaction was started by
the addition of 1mM glucose-6-phosphate and was followed in
a spectrophotometer at 340 nm. The results were calculated and
expressed as U/mg protein.
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2.15. MTT reduction

Cell viability was determined in cerebral cortex slices exposed
to sulfite or thiosulfate at 37 °C for 1 h by measuring the reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) to a dark violet formazan product (Mosmann, 1983). After
pre-incubation, the slices were washed twice with 500 wL HBSS.
MTT reduction assay was performed in plates containing 300 p.L
HBSS and the reaction was started with the addition of 0.5 mgmL~!
MTT. After 45 min incubation at 37 °C the medium was removed
and the slices were submerged in dimethyl sulphoxide in order to
extract the colored formazan product. This colored product was
measured spectrophotometrically at a wavelength of 570 nm and a
reference wavelength of 630 nm. Results were compared to control
samples to which 100% viability was attributed.

2.16. lLactate dehydrogenase (LDH) assay

LDH is a cytosolic enzyme that is released from cell upon
membrane integrity loss. After different treatments, LDH activity
(reduction of pyruvate to lactate in the presence of NADH, which
is oxidized to NAD") was evaluated in the culture medium using
a fluorimetric assay. Fluorescence was measured using excitation
and emission wavelengths of 366 nm and 450 nm, respectively.

3. Results

First, we evaluated the in vitro effects of sulfite and thiosul-
fate on [3H] glutamate uptake and GS activity in rat cerebral
cortex slices exposed during 1h to these compounds. It can be
observed in Fig. 1 that sulfite, but not thiosulfate, significantly
reduced glutamate uptake [F316y=4.277; P<0.05]. We also ver-
ified that thiosulfate inhibited GS activity [F(3 3;)=5.054; P<0.05]
(Fig. 2). Furthermore, there is a statistical trend toward significance
that sulfite also inhibits the activity of GS [F(3 14)=2.328; P=0.119]
(Fig. 2).

We also investigated the effect of the exposition of sulfite and
thiosulfate during 1h on TBA-RS levels and carbonyl formation
in rat cerebral cortex. Our results demonstrate that sulfite sig-
nificantly increased TBA-RS levels at the concentration of 10 uM
[Fa35)=3.956; P<0.01], whereas higher concentrations of this
compound (50-500 wM) and thiosulfate did not alter this parame-
ter (Fig. 3). Moreover, sulfite and thiosulfate did not alter carbonyl
formation (Table 1).

Then, we determined the effects of sulfite and thiosulfate
on antioxidant defenses. We found that sulfite, only at 10 uM,
decreased GSH concentrations [Fs gy = 12.306: P<0.001], whereas
the other concentrations of this metabolite (50-500 wM) and thio-
sulfate did not significantly alter this parameter when cortical slices
were exposed during 1h to these compounds (Fig. 4).

The next set of experiments was performed to evaluate the abil-
ity of sulfite to react with disulfide bonds to generate thiol groups.
We first determined whether sulfite could reduce GSSG to GSH by
measuring GSH levels after exposing a solution of 200 uM GSSG
to 500 uM sulfite in a medium devoid of cerebral cortex slices.
Table 2 demonstrates that sulfite significantly increased GSH lev-
els in this medium. We also tested the effect of 500 uM sulfite
on total sulfhydryl group content in rat cerebral cortex slices and
verified that the metabolite significantly increased this parameter
(Table 2). These dataindicate that sulfite reacts with disulfide bonds
to generate thiol groups.

Moreover, as it can be observed in Table 3, sulfite and thiosulfate
did not alter the activities of the enzymes GPx, GR, GST and G6PDH
after 1h of incubation. We then evaluated the effect of sulfite on
the same enzymatic antioxidant defenses after 3h of exposure

Table 2
Effect of sulfite on glutathione (G5SH) levels in a medium containing commercial
oxidized glutathione (GSSG; 200 wM) and on sulfhydryl group content in rat cerebral
cortex.

GSH levels (FAU)

200 uM GSH
200 pM GSSG
200 pM GSSG +500 M Sulfite

29562 +2114.0
932.66+229.36"""
27296 - 1881.3™##

Sulfhydryl group content {nmol/mg of protein)
45.9+4.80
99.2+12.3**

Control
500 M Sulfite

Values are means + standard deviation for five to six independent experiments per-
formed in triplicate. GSH levels were measured in the absence of brain tissue. GSH
levels: *P<0.05. ***P<0.001 compared to 200 uM GSH.***P<0.001 compared to
200 wM GSSG (Duncan multiple range test). Sulfhydryl group content: **P<0.01,
compared to control (Paired-samples T test).

Table 3
Effect of sulfite and thiosulfate on the activities of glutathione-related metabolism
in rat cerebral cortex slices.

Sulfite

Control 10 pM 50 pM 100 pM 500 pM
GPx 11.0+£234 11.1+130 116+148 112+178 11.1+£1.23
GR 11.7+£146 1244251 107+336 9224331 11.1+2.21
GST 30.2+6.86 2644249 282+46 335+6.51 298+6.47
G6PDH 12.7+123 13.8+197 138+158 1484215 1524239

Thiosulfate

Control 10 pM 50 uM 100 pM 500 pM
GPx 108+1.95 11.7+255 10.7+157 109+344 114+266
GR 9.59+1.3 948+207 959+099 948+15 9.01+£1.25
GST 252+6.89 20.7+321 21.7+505 202+288 210+46
G6PDH 13.7+1.44 11.7+218 1344214 126+199 11.1+1.87

Cerebral cortex slices were exposed to sulfite and thiosulfate for 1h. Results are
presented as mean + standard deviation for four to six independent experiments
(animals) and are expressed as U/mg of protein. The activities of glutathione per-
oxidase (GPx), glutathione reductase (GR), glutathione S-transferase (GST) and
glucose-6-phosphate dehydrogenase (G6PDH) were not significantly altered [one-
way ANOVA).

and observed an inhibition of the activities of GPX [F434)=3.033;
P<0.05], GST [F432)=2.989; P<0.05] and G6PDH [Fi43;)=2.953;
P<0.05] (Fig. 5). We finally examined the effect of sulfite on cell
viability and integrity through MTT reduction and LDH release,
respectively, in cerebral cortex slices after 1h of incubation and
verified that the metabolite did not alter these parameters (data
not shown).

4. Discussion

SOX deficiency is an autosomal recessive disorder character-
ized by neurological dysfunction that frequently includes epilepsy,
whose pathophysiology is not totally established. In this context, a
previous report demonstrated that the accumulating metabolites
alter NMDA receptor subunit expression in SOX-deficient rat hip-
pocampus (Oztiirk et al., 2006). It has also been shown that sulfite
induces oxidative damage to lipids and decreases the concentra-
tions of the crucial antioxidant GSH in rat tissues (Chiarani et al.,
2008; Kiiciikatay et al,, 2005; Ozsoy et al., 2014). However, more
studies on the effects of sulfite and thiosulfate on glutamatergic
system and GSH metabolism-related enzymes could contribute to
explain the frequent seizures and other neurological symptoms
observed in affected patients.

In the present study we demonstrate for the first time that sulfite
reduces glutamate uptake in cerebral cortex, suggesting that this
metabolite causes alterations of glutamate transporters localized
in this brain region. Considering that the glial glutamate/aspartate
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Fig. 1. Effect of sulfite (A) and thiosulfate (B) on [*H]glutamate uptake in cerebral cortex slices of young rats. Cerebral cortex slices were exposed to sulfite and thiosulfate
for 1 h. Results are presented as mean + standard deviation for five to six independent experiments (animals) and are expressed as nmol/mg protein. *P<0.05 compared to

control (Duncan multiple range test).
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Fig. 2. Effect of sulfite (A) and thiosulfate (B) on glutamine synthetase (GS) activity in cerebral cortex slices of young rats. Cerebral cortex slices were exposed to sulfite and
thiosulfate for 1 h. Results are presented as mean + standard deviation for four to eight independent experiments (animals) and are expressed as pmol/mg protein/h. *P<0.05

compared to control (Duncan multiple range test).

transporter (GLAST) and glutamate transporter 1 (GLT1) and the
neuronal glutamate transporter excitatory amino acid carrier 1
(EAAC1) are present in our cerebral cortex preparations (Rosa et al.,
2007), one or more of these transporters are the candidates to be
the target of sulfite. We also verified that sulfite and thiosulfate
inhibited GS activity. Since this enzyme is essential for the main-
tenance of the glutamate-glutamine cycle (Matés et al., 2002), it
may be presumed that this cycle is being affected by these com-
pounds. On the other hand, sulfite and thiosulfate did not alter
cell viability and integrity, implying that their effects on gluta-
matergic system are not likely due to cell injury. Taken together,
our data suggest that sulfite and thiosulfate disturb glutamatergic
neurotransmission.

A

[

4

TBA-RS levels
(nmol/mg protein)

0

Control 10 50 100 500
Sulfite (uM)

We also evaluated the effects of sulfite and thiosulfate on
redox homeostasis parameters. Sulfite, at a low dose (10 uM),
induced lipid peroxidation and decreased GSH concentrations,
whereas higher doses of the same metabolite (50-500 uM) did
not change these parameters. In contrast, sulfite and thiosulfate
did not alter carbonyl formation. The biphasic effects exerted by
sulfite on lipid peroxidation and GSH concentrations, pending on
its concentrations, may be possibly explained by the fact that this
metabolite is able to react with disulfide bonds to form thiol com-
pounds (Robinson and Pasternak, 1964) that are antioxidants. In
line with this, we verified that 500 wM sulfite increased sulfhydryl
group content in rat cerebral cortex slices, and increased GSH lev-
els in a medium containing GSSG and devoid of cortical slices,

B

TBA-RS levels
(nmol/mg protein)

Control 10 50 100 500
Thiosulfate (uM)

Fig. 3. Effect of sulfite (A) and thiosulfate (B) on thiobarbituric acid-reactive substances (TBA-RS) levels in cerebral cortex slices of young rats. Cerebral cortex slices were
exposed to sulfite and thiosulfate for 1 h. Results are presented as mean =+ standard deviation for five to eight independent experiments (animals) and are expressed as nmol

TBA-RS/mg protein. **P<0.01 compared to control (Duncan multiple range test).
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confirming that sulfite reacts with disulfide bonds to gener-
ate sulfhydryl groups. Similar findings were demonstrated by
Niknahad and O’Brien (2008) that reported an increase of GSH
concentrations in cultured rat hepatocytes exposed to high
concentrations of sulfite (millimolar range). So, it may be sug-
gested that, in our experimental conditions, high doses of sulfite
react with GSSG recycling this compound to GSH, leading to
the restoration of the concentrations of this antioxidant to
basal levels (control levels) and to the prevention of lipid per-
oxidation. However, we cannot rule out that other oxidative
stress parameters not measured in the present study may be
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altered by high doses of sulfite. Indeed, Grings et al. (2013)
demonstrated that high concentrations of sulfite induce reactive
species overproduction in rat brain. Concerning the sulfite-induced
lipid oxidative damage and decrease of GSH levels at low doses,
these effects are probably mediated by reactive species produced
during sulfite autooxidation reactions (Hayon et al., 1972). This is
in accordance with previous in vitro studies showing that sulfite
disrupts redox homeostasis in different rat tissues (Chiarani et al,,
2008; Kiiciikatay et al., 2005; Niknahad and O’'Brien, 2008; Ozsoy
et al., 2014).
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Fig. 4. Effect of sulfite (A) and thiosulfate (B) on reduced glutathione (GSH) concentrations in cerebral cortex slices of young rats. Cerebral cortex slices were exposed to
sulfite and thiosulfate for 1h. Results are presented as mean + standard deviation for five to six independent experiments (animals) and are expressed as nmol GSH/mg

protein. ***P<0.001 compared to control (Duncan multiple range test).
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Fig. 5. Effect of sulfite on the activities of glutathione (GSH) metabolism-related enzymes in cerebral cortex slices of young rats. Cerebral cortex slices were exposed to
sulfite and thiosulfate for 3 h. Values are mean =+ standard deviation for four to eight independent experiments (animals). (A) Glutathione peroxidase (GPx) activity (U/mg of
protein); (B) Glutathione reductase (GR) activity (U/mg of protein); (C) Glutathione-S-transferase (GST) activity (U/mg of protein); (D) Glucose-6-phosphate dehydrogenase

(GB6PDH) activity (U/mg of protein). *P<0.05 compared to control {Duncan multiple range test).
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The influence of sulfite and thiosulfate on the activity of antiox-
idant enzymes related to GSH metabolism was also studied. We
did not find alterations on these enzyme activities when cortical
slices were exposed to sulfite or thiosulfate during 1 h. Neverthe-
less, sulfite inhibited the activities of GPx, GST and G6PDH at a
prolonged exposure of cerebral cortex to this compound. These
inhibitory effects exerted by sulfite on the GSH-related enzymes
could be attributed to reactive species attack causing a site-specific
amino acid modification on the enzyme structure and leading to
the impairment of cell enzymatic antioxidant defenses (Arenas
et al,, 2013; Halliwell and Gutteridge, 2007). On the other hand,
although we cannot explain at present why an extended incubation
is required for sulfite-induced decrease of enzyme activities, it may
be speculated that during this period there is a sufficient build-up
of the damaging sulfite-derived reactive species able to cause dele-
terious effects. Since the inhibition of GPx, GST and G6PDH affects
GSH recycling and the detoxification of xenobiotic compounds (Gu
et al.,, 2015; Halliwell and Gutteridge, 2007), it may be presumed
that brain redox balance is compromised by sulfite.

Considering that sulfite disrupts redox homeostasis and that
glutamate transporters, mainly GLT1, GLAST and EAAC1, are vulner-
able to biological oxidants (Trotti et al., 1998; Mysona et al., 2009;
Banerjee et al., 2008; Danbolt, 2001), it may be suggested that the
reduction of glutamate uptake caused by sulfite possibly occurs due
to oxidative damage to these glutamate transporters, leading to an
impairment of the termination of glutamatergic synaptic transmis-
sion and to excitotoxicity. In this context, this pathomechanism has
been demonstrated in common neurodegenerative disorders, such
as Alzheimer’s disease and amyotrophic lateral sclerosis (Trotti
etal., 1998; Mehtaetal.,2013; Beste etal., 2014; Kosticet al.,2012).

We cannot ascertain the pathophysiological relevance of our
present data, since the concentrations of sulfite in brain of affected
patients have not been determined. However, it is noteworthy that
even low concentrations of this metabolite (10 and 50 wM) were
able to alter parameters of glutamatergic system and redox homeo-
stasis. It should be also emphasized here that the cerebral cortex
presents the highest expression of SOX among brain regions (Woo
etal., 2003), implying that the deficient activity of this enzyme may
predispose the cerebral cortex to damage by excess of sulfite. This
isinaccordance with the clinical evidence showing cortical damage
in several SOX-deficient patients (Woo et al., 2003).

5. Conclusion

In conclusion, to our knowledge, this is the first report showing
that sulfite and thiosulfate disturb glutamatergic neurotransmis-
sion. It was also seen that sulfite inhibits GSH metabolism-related
enzymes, reinforcing the previous data in the literature showing
that oxidative stress contribute to cause neurodegeneration in SOX
deficiency (Chiarani et al., 2008; Kiigiikatay et al., 2005; Niknahad
and O'Brien, 2008; Ozsoy et al., 2014). In case these findings are
confirmed in vivo in animal models and in tissues from patients
affected by SOX deficiency, it is conceivable that antagonists of
glutamatergic receptors and antioxidant agents may be used as
adjuvant therapies to treat patients with this disorder.
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111.1 DISCUSSAO

A deficiéncia da SO é wuma doenca neurometabélica caracterizada
bioquimicamente pelo acimulo tecidual e elevada excrecdo urinaria de sulfito,
tiossulfato e S-sulfocisteina. Dentre os achados clinicos, se destacam disfun¢do motora,
atraso no desenvolvimento e alteragfes no cristalino, enquanto que exames de imagem
mostram graves anormalidades no cortex cerebral acompanhadas de edema,
leucodistrofia e atrofia generalizada [6, 10, 11, 12].

Os sintomas tém sido principalmente associados aos metabdlitos acumulados,
cuja potencial toxicidade levaria ao dano celular e tecidual e, assim, aos achados
clinicos. Dados da literatura evidenciam modificagdo nas subunidades dos receptores
NMDA, inducdo de dano oxidativo, prejuizo nas defesas antioxidantes e alteracfes no
metabolismo energético em modelos in vitro e in vivo da deficiéncia da SO [42 — 52].
No entanto, ainda pouco se sabe sobre a influéncia do sulfito e do tiossulfato sobre a
neurotransmissdo glutamatérgica, e sobre o sistema antioxidante relacionado ao
metabolismo da GSH. Sendo assim, investigamos os efeitos do sulfito e do tiossulfato
sobre tais sistemas em fatias de cortex cerebral de ratos.

As fatias de cortex cerebral foram expostas por 1 h ao sulfito ou tiossulfato, em
concentracdes que variaram de 10 a 500 uM, para avaliacdo do sistema glutamatérgico.
Verificamos que o sulfito, em todas as concentragdes avaliadas, diminuiu a captacéo do
glutamato dependente de sodio, indicando uma possivel alteracdo dos transportadores
de glutamato corticais. E importante ser salientado aqui que a amostra utilizada
apresenta a estrutura tecidual do coértex cerebral intacta, preservando, assim, a
organizacdo de proteinas de superficie, incluindo os proprios transportadores
glutamatérgicos. Contudo, ndo é possivel afirmar em nosso presente estudo quais

transportadores especificos sao afetados pelo sulfito.
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Também vimos que o tiossulfato inibiu a atividade da glutamina sintetase e que
o sulfito apresenta forte tendéncia em exercer o0 mesmo efeito. Essa enzima é expressa
em astrocitos e sua principal fungdo é de “neutralizagdo” do glutamato, isto ¢, ao utilizar
o0 glutamato para produzir glutamina, a glutamina sintetase produz um aminoacido sem
capacidade neurotransmissora, o qual é entdo liberado para o espaco extracelular e pode
ser internalizado pelos neurénios, onde € reconvertido em glutamato. Dessa forma, o
sulfito e o tiossulfato alteram o controle das concentragdes extracelulares de glutamato,
pois prejudicam a recaptacdo desse neurotransmissor e sua metabolizacao.

Em um segundo momento, avaliamos os efeitos dos metabolitos sobre
pardmetros de estresse oxidativo em fatias de cortex cerebral de ratos. Observamos que
o sulfito, na concentracdo de 10 uM, aumentou os niveis de TBA-RS e diminuiu as
concentragfes de GSH. Por outro lado, concentragbes mais altas de sulfito e o
tiossulfato ndo alteraram esses parametros. Isso demonstra que o sulfito exerce um
efeito bifasico sobre a oxidacdo de lipidios e da GSH, j& que apenas baixas
concentragfes desse composto parecem ser deletérias sobre esses parametros. Com o
objetivo de melhor investigar esse efeito bifasico e considerando que ja foi demonstrado
que o sulfito é capaz de reduzir pontes dissulfeto a grupamentos sulfidril, investigamos
os efeitos do sulfito sobre o contetdo de grupamentos sulfidril. O sulfito, na
concentracdo de 500 UM, aumentou o conteudo de sulfidrilas e, quando co-incubamos
sulfito e GSSG em num meio sem amostra bioldgica, observamos um aumento nas
concentracdes de GSH. Tais resultados reforcam os achados de que o sulfito interage
diretamente com pontes dissulfeto doando elétrons, o que aumentaa formacéo de tiois.
Achados semelhantes ja foram relatados num trabalho realizado em culturas de
hepatocitos de ratos, no qual os autores mostraram que concentragdes milimolares de

sulfito aumentam o conteudo de GSH [48]. Dessa forma, pode ser especulado que o

35



sulfito, em altas concentragdes, é capaz de reciclar a GSH, o que evita a lipoperoxidacao
que poderia ser induzida pelo excesso de espécies reativas. Entretanto, outros estudos
relataram que o sulfito induz estresse oxidativo in vitro em outras preparacdes de
diferentes tecidos [44, 47, 49], o que sugere que mesmo altas concentracdes de sulfito
possam alterar outros parametros de dano oxidativo ndo investigados no nosso modelo
experimental.

No proximo passo de nosso trabalho examinamos os efeitos do sulfito e
tiossulfato sobre as atividades de importantes enzimas antioxidantes relacionadas com o
metabolismo da GSH. Foram analisadas as atividades das enzimas GPx, GR, GST e
G6PDH. Quando as fatias de cortex cerebral foram expostas aos compostos durante 1 h,
ndo houve diferenca na atividade das enzimas. J& quando incubamos as amostras na
presenca de sulfito 500 uM por 3 h, observamos inibicdo das atividades da GPx, GST e
G6PDH. Pode ser sugerido que esse efeito inibitdrio exercido pelo sulfito ocorra devido
a modificagdes sitio-especificas em aminoacidos importantes para a atividade catalitica
ou para a manutencdo da estrutura tridimensional das enzimas. Além disso, supomos
que essas modificacbes sejam provavelmente mediadas por espécies reativas
acumuladas durante um periodo mais longo de incubacdo com o sulfito (3 h), ja que
essas enzimas apresentam aminoécidos vulneraveis ao dano oxidativo [53 — 57].

Por outro lado, os metabdlitos acumulados na deficiéncia da SO ndo alteraram a
formagéo de carbonilas. Ndo foram investigadas no presente estudo as razdes pelas
quais esse parametro ndo foi alterado, mas € possivel que as espécies reativas geradas a
partir de sulfito e do tiossulfato ndo sejam capazes de oxidar os grupamentos funcionais
proteicos que gerariam grupos carbonilas, tipicamente residuos de prolina, arginina,
lisina e treonina [54]. Dessa forma, pode ser especulado que a inibicdo das enzimas

GPx, GST, G6PDH e glutamina sintetase causada pelo sulfito esteja ocorrendo via
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oxidacdo de grupamentos sulfidril. I1sso esta4 de acordo com o fato de que estudos com
enzimas com sequéncias homologas mostraram que a GPx, a GST e a glutamina
sintetase ndo possuem os residuos de aminodcidos passiveis de carbonilagdo em
posicdes importantes para a sua atividade [54, 55, 56]. Além disso, o sulfito e o
tiossulfato ndo alteraram a liberagdo da lactato desidrogenase e a reducdo do MTT,
indicando que os efeitos exercidos por esses metabdlitos ndo ocorreram devido a dano e
morte celular.

Considerando-se que um prejuizo na neurotransmissdo glutamatérgica pode
levar ao aumento de espécies reativas no meio intracelular, sugere-se que o dano
oxidativo causado pelo sulfito ndo seja mediado somente por espécies reativas geradas
por sua auto-oxidacdo, mas também via alteracGes no sistema glutamatérgico. Nesse
contexto, sabe-se que 0s proprios transportadores de glutamato sdo especialmente
sensiveis a modificages oxidativas [58 — 61].

Concluindo, mostramos que o sulfito e o tiossulfato alteram o sistema
glutamatérgico e induzem estresse oxidativo em cérebro de ratos. Enfatize-se aqui que
os efeitos causados por esses metabdlitos ocorreram em concentracdes relativamente
baixas, 0 que indica que mesmo um actimulo moderado de sulfito e tiossulfato pode
causar dano celular. Além disso, ja foi relatado que o cértex cerebral é a estrutura
cerebral com maior expressdo da enzima SO [63], o que indica que essa regido é

particularmente sensivel aos efeitos do sulfito.

37



111.2 CONCLUSOES

O sulfito diminui a captacdo de glutamato dependente de sddio em cortex
cerebral de ratos;

O sulfito e o tiossulfato inibem a atividade da glutamina sintetase em cortex
cerebral de ratos;

O sulfito, na concentracdo de 10 UM, induz peroxidacdo lipidica e diminui as
concentracdes de GSH em cdrtex cerebral,

O sulfito, na concentracdo de 500 uM, aumenta o contedo de grupamentos
sulfidril em cortex cerebral e aumenta a concentracdo de GSH a partir de GSSG
em um meio sem amostra bioldgica;

O sulfito inibe a atividade das enzimas GPx, GST e G6PDH em coértex cerebral.

111.3 PERSPECTIVAS

Avaliar os efeitos da injecéo intracerebroventricular de sulfito e tiossulfato sobre
a neurotransmissao glutamatérgica em cortex cerebral de ratos;

Avaliar os efeitos de antagonistas glutamatérgicos (por exemplo, MK-801) e de
antioxidantes (por exemplo, melatonina e vitamina E) sobre os efeitos do sulfito
e tiossulfato na neurotransmissao glutamatérgica e homeostase redox em cérebro

de ratos.
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