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PARTE I



Resumo

A deficiéncia da sulfito oxidase (SO) é uma doenga neurometabdlica causada por
uma deficiéncia isolada da enzima ou por defeitos na sintese do cofator molibdénio. Os
pacientes apresentam sintomas neurolégicos graves, cuja fisiopatologia ndo esta
totalmente esclarecida. No presente trabalho foram avaliados os efeitos in vitro do
sulfito e do tiossulfato, metabdlitos acumulados nessa deficiéncia, sobre as atividades
das enzimas creatina quinase (CK) e acetilcolinesterase (AChE), e sobre a homeostase
redox em hipocampo, estriado e cerebelo de ratos jovens. Também estudamos os efeitos
in vivo de uma injegdo intrahipocampal de sulfito sobre os mesmos parametros. Nos
experimentos in vitro, sobrenadantes de hipocampo, estriado e cerebelo foram expostos
ao sulfito ou tiossulfato (1-500 puM) durante 1 h a 37 °C e, apds essa incubacdo, 0s
parametros bioquimicos foram determinados. Nossos resultados mostraram que o sulfito
e o tiossulfato diminuiram a atividade da CK, e que o sulfito aumentou os niveis de
malondialdeido (MDA) em todas as estruturas encefalicas. A diminuic¢do da atividade
da CK e o aumento dos niveis de MDA induzidos pelo sulfito foram prevenidos pelo
tratamento com os antioxidantes melatonina e resveratrol. Também observamos que
apenas o tiossulfato foi capaz de diminuir a atividade da AChE em hipocampo. Em
relacdo ao sistema antioxidante, o sulfito aumentou as concentracBes de glutationa
reduzida (GSH) em hipocampo e estriado. Além disso, o sulfito diminuiu a atividade da
glutationa peroxidase (GPx) em todas as estruturas encefélicas, da glutationa S-
transferase em hipocampo e cerebelo, e da glutationa redutase (GR) em cerebelo. Nos
experimentos in vivo, os parametros foram analisados 30 min apds a administracédo
intrahipocampal do metabolito sulfito (2,5 pmol). De forma interessante, o sulfito
aumentou a atividade da superoxido dismutase, sem alterar as atividades da GPx, GR e
da CK. O metabdlito também ndo alterou as concentracdes de GSH, o contetdo de
sulfidrilas e os niveis de MDA. Pode ser sugerido que um prejuizo na transferéncia de
energia, na homeostase redox e na atividade da AChE sdo patomecanismos importantes

envolvidos no dano encefalico observado nos individuos com a deficiéncia da SO.



Abstract

Sulfite oxidase (SO) deficiency is a neurometabolic disorder caused either by
isolated deficiency in this enzyme or by defects in the synthesis of its molybdenum
cofactor. Patients show severe neurological symptoms, whose pathophysiology is not
yet established. In the present work, we evaluated the in vitro effects of sulfite and
thiosulfate, two major metabolites accumulated in SO deficiency, on creatine kinase
(CK) and acetylcholinesterase (AChE) activities, as well as on redox homeostasis in
hippocampus, striatum and cerebellum of young rats. We also investigated the in vivo
effects of sulfite intrahippocampal administration on the same biochemical parameters.
In the in vitro experiments, supernatants of hippocampus, striatum and cerebellum were
exposed to sulfite or thiosulfate (1-500 uM) for 1 h at 37 °C and, afterwards the
parameters were evaluated. Our results demonstrated that sulfite and thiosulfate reduced
CK activity and that sulfite increased malondialdehyde (MDA) levels in all brain
structures. Sulfite-induced decrease of CK activity and increase of MDA were
prevented by melatonin and resveratrol. We also observed that thiosulfate decreased
AChE activity only in hippocampus, whereas sulfite did not alter this parameter in any
structure evaluated. Regarding the antioxidant system, sulfite increased the
concentrations of reduced glutathione (GSH) in hippocampus and striatum.
Furthermore, sulfite decreased the activity of glutathione peroxidase (GPx) in all brain
structures, glutathione S-transferase in hippocampus and cerebellum, and glutathione
reductase (GR) in the cerebellum. In the in vivo experiments, the parameters were
analyzed in hippocampus supernatants 30 min after sulfite administration (2.5 pumol).
Sulfite injection increased the activity of superoxide dismutase, without altering the
activities of GPx, GR and CK. In addition, the metabolite did not change GSH
concentrations, sulfhydryl content and MDA levels. It may be suggested that energy
transfer and redox homeostasis impairment, as well as decreased AChE activity are

relevant pathomechanisms involved in brain damage observed in SO deficiency.



LISTA DE ABREVIATURAS
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RSV — Resveratrol

SNC — Sistema nervoso central

SO — Sulfito oxidase
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1.1 INTRODUCAO

1.1.1 Erros Inatos do Metabolismo (EIM)

Os erros inatos do metabolismo (EIM) constituem um grupo de doengas genética
e fenotipicamente heterogéneas causadas por defeitos genéticos (mutacdes) que levam a
diminuicdo ou perda total da atividade de uma enzima especifica de uma determinada
rota metabolica. Como consequéncia desse bloqueio metabdlico hd o acumulo de
intermediarios potencialmente toxicos nos tecidos e liquidos bioldgicos dos pacientes e
a falta de produtos essenciais ao organismo (Bickel, 1987; Mak et al., 2013).

O termo erros inatos do metabolismo (EIM) foi proposto, em 1908, por Sir
Archibald Garrod, para as doencas alcaptondria, cistindria, pentosuria e albinismo.
Fundamentado nas leis de Mendel e baseado em observacgdes de que essas doencas eram
mais frequentes em individuos da mesma familia, embora os pais e outros parentes
fossem normais, Garrod prop6s um modelo de heranca genética autossémica recessiva
para esses disturbios. Garrod também observou que alguns dos pacientes excretavam na
urina quantidades aumentadas de determinadas substancias intermediarias do
metabolismo. Posteriormente, foi demonstrado que cada gene exercia influéncia sobre a
sintese de uma determinada enzima que catalisa uma reacdo em cada rota metabolica.
Baseado nessa demonstracdo, o conceito de EIM, proposto por Garrod, foi reformulado
por Beadle & Tatum, em 1941, com a hipdtese “um gene - uma enzima”. Esse conceito
expressava que toda reacdo bioquimica estava sob controle de um Gnico gene e que a
mutacéo desse, resultando na modificacdo estrutural e funcional da enzima, ocasionava
uma alteracdo da capacidade celular de realizar uma determinada reacdo quimica. O
primeiro defeito enzimatico causador de uma doenca genética foi demonstrado por
Gibson em 1948. Entretanto, a hipdtese de Garrod sé foi confirmada em 1958, quando
La Du e colaboradores comprovaram a deficiéncia da oxidase do acido homogentisico
no figado de um paciente com alcaptondria. Com o surgimento de novos disturbios
relacionados a alteragdes genéticas e que envolviam o acumulo de outras substancias
nos liquidos bioldgicos dos pacientes, postulou-se que essas doencgas resultavam da
sintese qualitativa ou quantitativamente anormal de uma proteina, enzimatica ou nao,
pertencente ao metabolismo (Scriver et al., 2001). Presumiu-se entdo, que em
consequéncia desse bloqueio metabdlico, pode ocorrer o acumulo de precursores da
reacdo catalisada pela enzima envolvida, com a formacdo de rotas metabdlicas

alternativas e a deficiéncia de produtos essenciais ao organismo (Scriver et al., 2001).



Embora a sintomatologia dos EIM seja bastante variavel, existem alguns
sintomas e sinais clinicos que aparecem com maior frequéncia nestes distlrbios.
Podemos citar os seguintes sintomas: retardo no crescimento; dificuldade alimentar;
vomitos; diarreia; letargia ou coma; hipotonia; convulsdes; dificuldade respiratoria e
apneia; ictericia; hepatomegalia; odor anormal da pele; dismorfias e anormalidade
oculares (Scriver et al., 2001).

Mais de 600 diferentes EIM j& foram identificados, sendo esses classificados em
quatro grupos distintos: doencas de transporte, de armazenamento, de sintese e do
metabolismo intermediario. Esse nimero vem crescendo constantemente a medida que
novos conceitos e novas técnicas se tornam disponiveis para a identificacdo de fendtipos
bioquimicos (Scriver et al., 2001; Alfadhel et al., 2013). Diversas classifica¢cdes séo
usadas para os EIM. Sinclair (1982) classificou os EIM em quatro grandes grupos
conforme o tipo de funcdo exercida pela proteina deficiente e o tecido envolvido,
considerando ainda aspectos clinicos, bioquimicos, patoldgicos e terapéuticos:

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

b) doencas de armazenamento, degradacdo e secre¢do: envolvem proteinas
relacionadas com o aparelho de Golgi ou lisossomas, na sua grande maioria,
provocando acumulo de macromoléculas em tecidos especificos. Exemplos: doencas
lisossémicas de deposito, glicogenoses e cistinose;

C) doencas de sintese: envolvem a sintese de proteinas com fungdes
hormonais, de defesa imunoldgica, estruturais, etc. Exemplo: hiperplasia adrenal
congénita  por  deficiéncia na  atividade da enzima  21-hidroxilase,
hipogamaglobulinemia;

d) doencas do metabolismo intermediario: envolvem deficiéncias
enzimaticas das rotas de metabolizagdo de moléculas pequenas (aminoacidos, glicidios,
neurotransmissores, etc.), podendo comprometer rotas importantes como os ciclos dos
acidos tricarboxilicos e da ureia, ou rotas relacionadas a essas. O bloqueio produz o
acumulo de substrato da enzima deficiente, bem como dos metabdlitos produzidos a
partir desse, além da deficiéncia do produto final da rota, caso ndo possa ser suprido por
outra via metabolica. O acumulo de metabdlitos toxicos pode causar outras alteracdes
bioquimicas secundarias e danos nos tecidos. Como esses produtos sdo liberados na

circulacéo, eles podem prejudicar outros tecidos, sendo finalmente excretados na urina.
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Constituem o maior grupo do EIM e tém como exemplos as acidirias organicas, as
aminoacidopatias, as doencas do metabolismo das purinas, da frutose, galactose e
pentose, dentre outros.

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, reacdo que participa da via de degradacao dos amino&cidos sulfurados cisteina
e metionina (Figura 1). Essa enzima também possui um importante papel na
detoxificacdo do sulfito proveniente de fontes exdgenas, uma vez que esse composto e
derivados sdo amplamente utilizados em conservantes de alimentos e na industria
farmacéutica a fim de manter a estabilidade e a poténcia de alguns medicamentos
(Gunnison e Palmes, 1973; Taylor et al., 1986; Chapman, 1993; Derin et al., 2006). A
estrutura da SO consiste em um homodimero de aproximadamente 110 kDa, sendo que
cada subunidade possui um dominio heme (ou citocromo b5) e um dominio de ligacéo
do cofator molibdénio, além de um dominio de ancoragem que conecta os dois
monodmeros (C-terminal) (Kisker et al., 1997). O cofator molibdénio contém uma
molécula de molibdopterina, a qual esta ligado o molibdénio, sendo esse o responsavel
pela oxidag&o do sulfito com a redugdo do molibdénio (V1) para o molibdénio (1V). Os
elétrons provenientes do sulfito sdo entdo transferidos um de cada vez através do heme

b5 da enzima para o citocromo c da cadeia respiratoria (Johnson e Duran, 2001).

Aminotranferase §05*
B-mercaptopiruvato e Cisteina A‘_) S-sulfocisteina
Transsulfurase LDH 0,
\ Cisteina dioxigenase
H,S + Piruvato B-mercaptolactato

Tiossulfato

5032_\1 Cisteina sulfinato
j Aminotranferase

B-sulfinil piruvato

I\ Piruvato

Sulfito (S05%)

I Sulfito oxidase

Sulfato (SO4)

Figura 1. Via do catabolismo da cisteina (Adaptado de Johnson e Duran, 2001).
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Baseado nesse modelo de reacdo, o sulfito se ligaria ao cofator molibdénio,
sofrendo oxidacdo de dois elétrons, sendo apds liberado na forma de sulfato; em
seguida, ocorreriam duas transferéncias intramoleculares de um elétron do cofator
molibdénio para o Fe do grupamento heme e desse para o citocromo c. Esse “caminho”
dos elétrons durante as transferéncias intramoleculares seria potencialmente facilitado
por uma mudanca conformacional no dominio de ligacdo entre os mondmeros,
aproximando o dominio do cofator molibdénio do grupamento heme, evitando, dessa

forma, o0 vazamento de elétrons para o espago intermembranas (Davis et al., 2013).

1.1.3 Deficiéncia da Sulfito Oxidase (SO)

A deficiéncia da SO é um EIM de carater autossdbmico recessivo que pode se
manifestar sob duas formas: como uma deficiéncia isolada da enzima SO ou uma
deficiéncia da SO causada pela falta do cofator molibdénio. Além de ser necessario para
a reacdo da SO, esse cofator também é essencial para a atividade das enzimas xantina
desidrogenase e aldeido oxidase (Edwards et al., 1999; Tan et al., 2005). Portanto, os
portadores da deficiéncia do cofator molibdénio sdo deficientes nas atividades dessas
trés enzimas.

1.1.3.1 Sintomatologia e Parametros Bioquimicos

As duas formas da deficiéncia da SO tém sintomatologia similar, atribuindo-se
os achados clinicos da deficiéncia do cofator molibdénio majoritariamente a deficiéncia
da propria SO, sem consequéncias significativas dos defeitos da xantina desidrogenase e
aldeido oxidase. Entretanto, os sintomas na deficiéncia isolada da SO tém inicio mais
tardio e sdo mais heterogéneos, enquanto que a deficiéncia do molibdénio é uma doenca
geralmente fatal. A apresentacdo de ambas as formas da deficiéncia da SO é
principalmente neuroldgica com a ocorréncia de convulsdes e hipotonia ja nos primeiros
dias de vida. Os pacientes também apresentam problemas respiratorios, dificuldades
para se alimentar, retardo motor, atraso no desenvolvimento e subluxagéo do cristalino.

As alteracBes bioquimicas tipicamente encontradas incluem elevada excregdo
urinaria de sulfito, tiossulfato e S-sulfocisteina (Basheer et al., 2007; Herken et al.,
2009). No caso da deficiéncia do cofator molibdénio, além desses metabdlitos, ainda
sdo observados niveis urindrios aumentados de taurina, xantina e hipoxantina, e

diminuicao do acido drico (Johnson et al., 2014).
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1.1.3.2 Aspectos Neuropatologicos

Os aspectos neuropatoldgicos caracteristicos da deficiéncia da SO incluem perda
massiva de neurdnios, desmielinizacdo e proliferacdo glial com anormalidades na
substancia branca. Exames de imagem demonstram dilatacdo dos ventriculos,
diminuicdo da substancia branca, encefalomalacia cistica, atrofia cerebral e edema
(Dublin et al., 2002; Tan et al., 2005; Sass et al., 2010; Chen et al., 2014). Atrofia
cortical, leucoencefalopatia e anormalidades nos ganglios basais, talamo e cerebelo
(Rosenblum, 1968; Basheer et al., 2007; Bindu et al., 2011) também sédo frequentemente
encontrados.

1.1.3.3 Diagnostico e Tratamento

Para o diagndstico das duas formas de deficiéncia da SO, o sulfito é facilmente
detectado na urina fresca atraveés de uma fita indicadora de sulfito (Johnson e Duran,
2001). Entretanto, varios estudos indicam que o teste da fita de sulfito ndo é confiavel
devido a rapida oxidacdo do sulfito a sulfato em temperatura ambiente (Hobson et al.,
2005; Ngu et al., 2009; Sass et al., 2010). Devido a isso, devem ser utilizadas técnicas
mais sensiveis, como a espectrometria de massas em tandem ou quantificacdo por
cromatografia liquida de alta performance (HPLC), para detectar os outros metabdlitos,
em especial a S-sulfocisteina, que € mais estavel que o sulfito (Johnson e Rajagopalan,
1995; Hobson et al., 2005). O diagnéstico diferencial da deficiéncia isolada da SO e da
deficiéncia do cofator molibdénio é realizado a partir da medida dos niveis plasmaticos
e urinarios de acido Urico, xantina e hipoxantina, visto que as enzimas xantina oxidase e
aldeido oxidase também estdo deficientes neste disturbio. A confirmacéo do diagnéstico
pode ser feita através da medida da atividade da SO em fibroblastos cultivados e analise
mutacional (Sass et al., 2010). O diagndstico pré-natal também é possivel pela medida
da atividade da SO em células amnidticas ou através de analise mutacional pré-natal
(Reiss et al., 1999; Johnson et al., 2003; Johnson et al., 2014).

Na maioria dos casos, o tratamento sintomatico é realizado com o objetivo de
controlar as convulsdes, apresentando pouco sucesso (Sass et al., 2010). O paciente
tambeém passa a ter restricdo proteica na dieta visando diminuir o aporte de cisteina e
metionina. FArmacos que reagem com o sulfito a fim de evitar que esse metabdlito ndo
interaja com moléculas enddgenas tém sido desenvolvidos, porém sdo necessarios mais
estudos para estabelecer doses adequadas para esses farmacos (Johnson et al., 2014).

1.1.3.4 Fisiopatologia

13



Apesar de 0s mecanismos responsaveis pelo aparecimento de sintomas
neuroldgicos encontrados nos pacientes afetados pela deficiéncia da SO ainda néo
estarem totalmente estabelecidos, evidéncias apontam para uma acao toxica do sulfito.
Estudos demonstraram que o sulfito sofre auto-oxidacdo gerando radicais livres
(Mottley e Mason, 1988; Abedinzadeh, 2001; Baker et al., 2002) que induzem estresse
oxidativo em cérebro e figado de ratos in vitro (Chiarani et al., 2008; Derin et al., 2009).
Ja em ratos deficientes para a enzima SO foi verificado que concentra¢des aumentadas
de sulfito alteram as defesas antioxidantes em cortex cerebral, induzem lipoperoxidagéo
no hipocampo e disfuncédo energética em cortex cerebral e estriado, além de causarem
déficit cognitivo (Kiglikatay et al., 2005; Herken et al., 2009; Grings et al., 2016). Em
um outro estudo, foi mostrado que o sulfito desregula a homeostase energética
mitocondrial e induz a abertura do poro de transicdo de permeabilidade mitocondrial
(Grings et al., 2014).

1.1.4 Creatina Cinase (CK)

A creatina cinase (CK) € uma enzima chave para a homeostase energética, sendo
representada por um sistema de enzimas compartimentalizadas em locais onde ha
grande producéo ou demanda de energia (Wallimann et al., 1992, 1998). A CK catalisa
a reacdo reversivel da transferéncia do grupo fosfato da fosfocreatina para o ADP,
levando a formacdo de creatina e ATP. Essa enzima encontra-se principalmente em
locais onde ha geracdo de forca por proteinas motoras, bomba de ions e outros
processos que requerem a utilizacdo de ATP.

Ja foram descritos cinco tipos de isoenzimas de CK em vertebrados: trés
citosélicas e duas mitocondriais. As trés isoformas citosolicas sdo formadas por dimeros
compostos pelas subunidades M e B (M — muscle; B — brain). Dessa forma, elas sdo
classificadas como (Wallimann et al., 1992; Wyss e Kaddurah-Daouk, 2000):

e CK-MM - encontrada no musculo esquelético;

e CK-BB - encontrada no cerebro e tecidos neurais;

e CK-MB - encontrada no coracdo e masculo esquelético em
desenvolvimento.

Ja as isoformas mitocondriais séo classificadas como (Wallimann e Hemmer,
1994; Wyss e Kaddurah-Daouk, 2000; Boero et al., 2003):
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e CK-Mi ubigua (CK-Miy) — encontrada no musculo liso, cérebro e outros
tecidos;

e CK-Mi sarcomérica (CK-Mis) — encontrada nos ventriculos cardiacos e
musculo esquelético.

Varios estudos in vitro e in vivo tém evidenciado uma diminuicdo na atividade
da CK em doengas neurodegenerativas comuns (Whittingham e Lipton, 1981; Adhihetty
e Beal, 2008) e também em EIM (Grings et al., 2013; de Andrade et al., 2015). Nesse
contexto, tem sido sugerido que tal alteracdo causa um prejuizo no metabolismo

energético de diferentes tecidos de pacientes acometidos por essas doencas.

1.1.5 Acetilcolinesterase (AChE)

A acetilcolina € um neurotransmissor sintetizado no citoplasma do terminal
sinaptico a partir de acetato e colina por acdo da enzima colina-acetiltransferase. A acéo
da acetilcolina € finalizada por colinesterases presentes na sinapse (Lent, 2002;
Massoulié, 2002). Dentre essas colinesterases, a AChE é comumente encontrada no
SNC, musculo esquelético e na membrana de eritrécitos (Inestrosa e Perelman, 1990;
Massoulié et al., 1993; Darvesh et al., 2003; Aldunate et al., 2004). Estudos mostram
que essa enzima se encontra presente em estruturas com papel importante nas funcoes
cognitivas, tais como: cortex cerebral, hipocampo, amigdala e talamo (Darvesh et al.,
2003; Graef et al. 2011; Pohanka ,2011). A inibicdo da atividade da AChE leva ao
acumulo de acetilcolina na fenda sinaptica, podendo causar convulsdes e atagques

epilépticos (Olney et al., 1986, Kamkwalala e Newhouse, 2016).

1.1.6 Radicais Livres e Espécies Reativas

Radicais livres sdo pequenas moléculas com um ou mais elétrons
desemparelhados (Southorn e Powis, 1988; Halliwell, 2001; Halliwell e Gutteridge,
2015). Essas espécies quimicas podem ser &tomos, metais de transicdo ou uma molécula
gue possua um ou mais elétrons desemparelhados no orbital externo. Esse elétron
confere uma alta reatividade a molécula, pois pode perder ou adquirir um segundo
elétron para esse orbital (Halliwell, 2006).

Em condigdes fisioldgicas do metabolismo celular aerobico ha a formacéo de
radicais livres e de espécies reativas. Na mitocondria, o oxigénio molecular (O2) sofre
reducdo tetravalente, com incorporagdo de quatro elétrons, resultando na formacdo de

agua (H20). No entanto, aproximadamente 3% do oxigénio utilizado na cadeia
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respiratoria mitocondrial ndo é completamente reduzido a agua, podendo ser convertido
aos radicais livres anion superoxido (O2") e radical hidroxila (OH"), e também a espécie
reativa perdxido de hidrogénio (H20.), processo esse que pode ser exacerbado em
condicdes patologicas (Boveris, 1973; Sies, 2015).

O termo genérico “Espécies Reativas de Oxigénio” (ERO) ¢ usado para incluir
ndo s6 os radicais formados pela reducdo do O, como por exemplo, os radicais
superoxido e hidroxila, mas também algumas substancias reativas ndo-radicais, como o
perdxido de hidrogénio (Halliwell e Gutteridge, 2015). Além dessas, existem ainda as
espeécies reativas de nitrogénio (ERN), sendo o 6xido nitrico (NO") e o peroxinitrito
(ONOO") os principais representantes. As ERO e ERN apresentam uma série de
funcdes, tais como sinalizacdo celular e sintese e regulacdo de proteinas (Ward e Peters,
1995; Irani, 2000; Wall et al., 2012), bem como a defesa do organismo contra infeccdes,
realizada através da liberacdo de espécies reativas toxicas pelos neutréfilos (Delanty e
Dichter, 1998; Aratani et al., 2012). Entretanto, quando formadas excessivamente, essas
espécies sdo capazes de causar danos celulares através da oxidagcdo de diversas
biomoléculas (Halliwell e Gutteridge, 2015).

1.1.7 Defesas Antioxidantes

Com o objetivo evitar os efeitos danosos causados pelo excesso de espécies
reativas, existem mecanismos eficientes para a detoxificacdo das mesmas: as defesas
antioxidantes enzimaticas e antioxidantes ndo-enzimaticos endégenos ou derivados da
dieta. Embora diferindo na sua composicao, as defesas antioxidantes estdo amplamente
distribuidas no organismo (Halliwell e Gutteridege, 2015) e compreendem:

e Defesas antioxidantes enzimaticas: podem ser citadas as enzimas superdxido
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 tém papel
fundamental na reciclagem de moléculas importantes para as defesas
antioxidantes (glutationa reduzida-GSH, e NADPH, respectivamente).

e Defesas ndo-enzimaticas incluem moléculas que neutralizam ERO e ERN por
interacdo direta, sem a necessidade de atividade enzimatica, tais como a GSH e
as vitaminas o-tocoferol e &cido ascorbico, ou moléculas que minimizam a

disponibilidade de pro-oxidantes, como a transferrina que liga ions ferro.
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1.1.8 Estresse Oxidativo

As espécies reativas produzidas fisiologicamente sdo na sua maioria
neutralizadas pelos sistemas de defesa antioxidante presentes no organismo. Entretanto,
em determinadas condigdes patoldgicas hd um desequilibrio entre a producdo de
espeécies reativas e a sua remoc¢do pelos mecanismos de defesa antioxidante, o que da
origem a uma situagdo denominada estresse oxidativo (Halliwell e Gutteridge, 2015).

Assim, o termo “estresse oxidativo” ¢ usado para se referir a situagdo na qual a
geracdo de espécies reativas ultrapassa a capacidade das defesas antioxidantes
disponiveis. Pode resultar tanto de uma diminuicdo das defesas antioxidantes quanto de
uma producdo aumentada de oxidantes, bem como da liberagcdo de metais de transicao
que aceleram a producdo de algumas espécies reativas, ou entdo da combinacdo de
quaisquer desses fatores (Halliwell, 2006). Segundo Jones (Jones, 2006), uma situacédo
de estresse oxidativo ainda é caracterizada por alteracbes na sinalizacdo e controle
redox, além do aumento dos niveis de oxidantes.

Se o desequilibrio for grave, as defesas antioxidantes ndo serdo suficientes e as
espécies 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).

O estresse oxidativo pode promover adaptacéo, dano ou morte celular:

e Adaptacdo: as células podem tolerar um estresse oxidativo moderado, que
geralmente resulta em um aumento da sintese de sistemas de defesa antioxidante a fim
de restaurar o balango pré-oxidante / antioxidante.

e Dano celular: o estresse oxidativo pode provocar dano a alvos moleculares
(DNA, proteinas, carboidratos e lipidios) (Halliwell e Gutteridge, 2015). Nesses casos, a
resposta ao dano tecidual pode ser reversivel: a célula entra em um estado de
homeostase alterado temporario ou prolongado, que ndo leva a morte celular.

e Morte celular: pode ocorrer principalmente por necrose ou apoptose. Na morte
celular por necrose, a celula incha e se rompe, liberando seu contetido para 0 meio
extracelular. Pode haver a liberacdo de antioxidantes, como a CAT e a GSH, e também
de pré-oxidantes, como os ions cobre e ferro e proteinas do grupo heme, agentes esses
que podem afetar as células adjacentes, podendo até mesmo induzi-las ao estresse
oxidativo. J& na apoptose, um mecanismo intrinseco de morte programada é ativado e

ndo ha a liberacdo do conteudo celular. A apoptose pode estar acelerada em certas
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doencas, tais como as doencgas neurodegenerativas, havendo envolvimento do estresse
oxidativo (Halliwell e Gutteridge, 2015).

1.2. JUSTIFICATIVA

Pacientes acometidos pela deficiéncia da SO apresentam grave disfuncdo
neuroldgica acompanhada de anormalidades no hipocampo, ganglios basais e cerebelo
(Edwards et al., 1999; Johnson e Duran, 2001), cuja fisiopatologia ndo esta totalmente
esclarecida. Uma vez que essa doenca é bioquimicamente caracterizada pelo acumulo
de sulfito e tiossulfato nos tecidos e liquidos bioldgicos dos pacientes (Johnson e Duran,
2001) e que evidéncias da literatura sugerem que esses compostos sdo neurotdxicos
(Grings et al., 2013; Grings et al., 2014; de Andrade et al., 2015), torna-se relevante a
investigacdo dos efeitos desses compostos sobre hipocampo, estriado e cerebelo de ratos
para elucidar a etiopatogenia da deficiéncia da SO. Além disso, visto que ndo ha
tratamento eficiente para a deficiéncia da SO, também ¢é interessante a avaliacdo da
influéncia de moléculas com propriedades antioxidantes, tais como a melatonina (MEL)

e resveratrol (RSV), sobre a possivel toxicidade dos metabo6litos acumulados.

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 metabolismo energético e estresse oxidativo em hipocampo,
estriado e cerebelo de ratos jovens. Também foram avaliados os efeitos in vivo do

sulfito em hipocampo de ratos jovens.
1.3.2. Objetivos Especificos
- Avaliar os efeitos do sulfito e do tiossulfato sobre a atividade da CK;
- Estudar os efeitos do sulfito e do tiossulfato sobre a atividade da AChE;
- Avaliar os efeitos do sulfito sobre os niveis de malondialdeido (MDA);

- Investigar os efeitos do sulfito sobre as concentragcbes de GSH e sobre as

atividades das enzimas antioxidantes GPx, GR e GST;
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- Determinar se os antioxidantes MEL e RSV podem prevenir os efeitos
induzidos in vivo pelo sulfito sobre os niveis de (MDA) e a atividade da CK em

hipocampo, estriado e cerebelo de ratos;

- Avaliar os efeitos in vivo da administracdo intrahipocampal do sulfito sobre:
medida de niveis de MDA, contéudo de sulfidrilas, concentracdes de GSH e sobre as
atividades da CK, GPx, GR e SOD.
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Abstract

Patients with sulfite oxidase (SO) deficiency present severe brain abnormalities, whose pathophysiology
is not yet totally elucidated. We evaluated the effects of sulfite and thiosulfate, metabolites accumulated
in SO deficiency, on creatine kinase (CK) and acetylcholinesterase (AChE) activities, and on redox status
in hippocampus, striatum and cerebellum of developing rats. Our in vitro results showed that sulfite and
thiosulfate decreased CK activity, whereas sulfite also increased malondialdehyde (MDA) levels in all
brain structures evaluated. Sulfite-induced decrease of CK activity and increase of MDA levels were
prevented by melatonin and resveratrol. Thiosulfate also decreased AChE activity in hippocampus.
Regarding the antioxidant system, sulfite increased glutathione concentrations in hippocampus and
striatum. Furthermore, sulfite decreased the activities of glutathione peroxidase in all brain structures, of
glutathione S-transferase in hippocampus and cerebellum, and of glutathione reductase in cerebellum. In
addition, in vivo findings obtained with a single administration of sulfite into hippocampus of rats
demonstrated that this metabolite increased SOD activity, without significantly altering other biochemical
parameters. Our data suggest that impairment of energy transfer, redox status and AChE activity may be

important pathomechanisms involved in brain damage observed in individuals with SO deficiency.

Keywords: sulfite, thiosulfate, redox status, energy transfer, acetylcholinesterase, brain.
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1. Introduction

Sulfur dioxide and several forms of inorganic sulfites that liberate sulfite under certain
conditions are widely used in food and drug industries as dough conditioners, bleaching and antimicrobial
agents (Gunnison et al. 1987; Derin et al. 2006; Taylor et al. 1986; Vandevijvere et al. 2010). Sulfite is
also produced endogenously from the catabolism of the sulfur-containing amino acids cysteine and
methionine. These sulfites are absorbed by the gastrointestinal tube and distributed to all organs including
the brain. Both endogenously and exogenously derived sulfite is detoxified in mammalian tissues by
sulfite oxidase (SO; EC 1.8.3.1), an enzyme localized in the mitochondrial intermembrane space that
catalyzes the oxidation of sulfite to sulfate (Johnson and Duran 2001; Schwarz et al. 2009).

The importance of SO is observed in cases of SO deficiency, which is a rare and severe
metabolic disorder caused either by a deficiency of SO apoenzyme (isolated SO deficiency; ISOD), or by
a deficiency of any enzyme involved in the molybdenum cofactor biosynthetic pathway (MoCo
deficiency) (Johnson and Duran 2001). SO deficiency is biochemically characterized by an abnormal
tissue accumulation and high urinary excretion of sulfite, thiosulfate and cysteine-S-sulfate. Patients
affected by both forms of this disorder, 1ISOD and MoCo deficiency, present severe neurological
dysfunction characterized by encephalopathy, psychomotor retardation and generalized seizures, and may
have a fatal outcome at an early age. Dislocated lens and feeding difficulties are also commonly observed
(Basheer et al. 2007; Chan et al. 2002; Edwards et al. 1999; Ngu et al. 2009; Tan et al. 2005).
Pathological investigations reveal abnormalities in basal ganglia, cerebral cortex, cerebellum and
hippocampus, with severe neuron loss and extensive gliosis (Bindu et al. 2011; Johnson and Duran 2001;
Dublin et al. 2002).

The pathophysiology has been associated to the tissue accumulation of sulfite and its derivatives.
In line with this, worsening of symptoms is observed in SO-deficient individuals during crises of
metabolic decompensation that results in an increased availability of sulfur-containing amino acids and
consequently to acute sulfite intoxication (Johnson and Duran 2001). In this scenario, previous reports
demonstrated that sulfite induces lipid peroxidation and impairs antioxidant defenses in whole brain
homogenates and erythrocytes of normal and SO-deficient rats (Chiarani et al. 2008; Derin et al. 2009;
Herken et al. 2009; Kigukatay et al. 2005; Ozturk et al. 2010). Chemical studies demonstrated that sulfite
generates a sulfite radical, and leads to the formation of superoxide anion in the presence of oxygen via
autooxidation reactions (Baker et al. 2002; Mottley and Mason 1988). In addition, our group and other
investigators demonstrated that sulfite and thiosulfate markedly inhibit the activity of the enzyme creatine
kinase (CK) in rat cerebral cortex, whereas sulfite also causes mitochondrial dysfunction in brain
mitochondrial preparations (Grings et al. 2013; Zhang et al. 2004). Sulfite also decreases mitochondrial
membrane potential and ATP synthesis in mitochondria of rat brain and kidney, as well as in Neuro-2a
and PC12 cells (Grings et al 2014; Vincent et al. 2004; Zhang et al. 2004).

However, it should be emphasized that there are few studies evaluating the possible
neurotoxicity of sulfite and thiosulfate in other brain structures rather than cerebral cortex. Therefore, in
the present work we investigated the in vitro effects of these metabolites on the activity of CK, the main
enzyme of energy transfer, in hippocampus, striatum and cerebellum of developing rats. We also assessed

redox homeostasis by measuring malondialdehyde (MDA) levels, glutathione (GSH) concentrations, and
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the activities of superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GR)
and glutathione S-transferase (GST) in the same brain structures. Acetylcholinesterase (AChE) activity
was also examined in vitro. We further assessed the in vivo effects of a single intrahippocampal injection
of sulfite on the activities of CK, SOD, GPx and GR, MDA levels and GSH concentrations.

2. Material and Methods

2.1. Animals

Thirty-day-old male Wistar rats obtained from the Central Animal House of the Department of
Biochemistry, ICBS, Universidade Federal do Rio Grande do Sul (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 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 of the UFRGS, Porto Alegre, Brazil, and followed the “National
Institutes of Health Guide for the Care and Use of Laboratory Animals” (NIH Publications N°. 80-23,
revised 1978). All efforts were made to minimize the number of animals used and their suffering.

2.2. Reagents

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO, USA. Sulfite and
thiosulfate were dissolved on the day of the experiments in the buffer used for each assay and the pH was
adjusted to 7.4. Parallel experiments were carried out to detect any interference of sulfite and thiosulfate
on the techniques utilized to measure the biochemical parameters.

2.3. Incubation for in vitro studies

For in vitro experiments, hippocampus, striatum and cerebellum of thirty-day-old rats were
dissected and used to prepare supernatants or synaptossomes, as described in “Sample preparation”. The
samples were then incubated in the absence (control group) or in the presence of sulfite or thiosulfate (1-
500 uM) (test group) during 1 h at 37 °C. After the incubation, aliquots were separated to measure the
biochemical parameters. In some experiments, supernatants were co-incubated with sulfite (50 or 500
pM) and melatonin (MEL; 1,500 uM) or resveratrol (RSV; 5 or 100 pM). The doses of the antioxidants
used were selected according to the literature (Bellaver et al. 2016; Grings et al. 2013).

2.4. Intrahippocampal administration of sulfite for in vivo studies

Rats were deeply anesthetized with equitesine (3.33 mL / Kg intraperitoneally-i.p.), which is a
mixture of 0.25 M chloral hydrate, 88 mM magnesium sulfate heptahydrate, 10 mg / mL sodium
thiopental, 5.8 M propylene glycol and 1.97 M ethanol, and placed in a stereotaxic apparatus. Two small
holes were drilled in the skull for microinjection. Two microliters of a 1.25 M (2.5 pumol) or 1.5 M (3.0
umol) sulfite solution were administered into the hippocampus bilaterally over 5 min via needles
connected by a polyethylene tube to a Hamilton syringe coupled to a pump with controlled speed. Sodium
chloride (NaCl), at the same doses of sulfite, was injected into the hippocampus of another group of rats
(control group). The needle was left in place for another 1 min before being softly removed, so that the
total procedure lasted 4 min. The coordinates for injections were as follows: 4.3 mm posterior to bregma,
2.9 mm lateral to midline, and 3.4 mm ventral from dura (Paxinos and Watson 1986). The correct position

of the needle was tested by injecting 0.5 puL of methylene blue injection (4 % in saline solution). Thirty
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min after the injection the rats were euthanized and had their hippocampus used to prepare different
samples, as described in the topic “Sample preparation”.

2.5. Sample preparation

Animals were euthanized by decapitation and the brain was immediately removed, and kept on
an ice plate. The olfactory bulb, pons and medulla were discarded and the hippocampus, striatum and
cerebellum were dissected, weighed and kept chilled until homogenization. For CK activity
determination, the structures were homogenized (1:10 w/v) in an isosmotic saline solution, for CS activity
determination in SET buffer, pH 7.4, whereas for the measurement of redox homeostasis parameters in 20
mM sodium phosphate, pH 7.4, containing 140 mM chloride potassium (1:10 w/v). The homogenates
were centrifuged at 750 g for 10 min and the supernatants used for the assays.

For the synaptosomal preparations, the tissues were extensively washed and then manually
homogenized in 2.5 mL of buffer containing 0.32 M sucrose, 2 mM EDTA, 2 mM EGTA, and 20 mM
HEPES, pH 7.2. The homogenates were centrifuged at 450 g for 10 min at 4°C and the supernatants
transferred to a new tube. Then, the supernatants were centrifuged at 20,000 g for 10 min at 4°C, and the
resulting crude synaptosomal pellet was resuspended in Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 2.3
mM CaClz, 1 mM MgCly, 3.6 mM NaHCOs;, 5 mM glucose, and 5 mM HEPES, pH 7.2) (Springer et al.,
1998). Synaptosomal preparations were used to evaluate GSH concentrations and AChE activity.

2.6. Creatine kinase (CK) activity

CK activity was measured according to Hughes (1962) with slight modifications (da Silva et al.,
2004). The reaction mixture consisted of 50 mM Tris buffer, pH 7.5, containing 7.0 mM phosphocreatine,
7.5 mM MgSOg, and tissue preparations in a final volume of 0.1 mL. Sulfite or thiosulfate was added to
the medium and submitted to a pre-incubation at 37 °C for 30 min. The reaction was then started by the
addition of 4.0 mM ADP and stopped after 10 min by the addition of 0.02 mL of 50 mM p-
hydroxymercuribenzoic acid. The creatine formed was estimated according to a colorimetric method in
which the color was developed by the addition of 0.1 mL of 20% a-naphthol and 0.1 mL of 20% diacetyl
in a final volume of 1.0 mL and read after 20 min at A = 540 nm. Results were calculated as
umol.min"'.mg protein".

2.7. Malondialdehyde (MDA) levels

MDA concentrations were measured by the thiobarbituric acid-reactive substances (TBA-RS)
method described by Esterbauer and Cheeseman (1990), with slight modifications. Briefly, 300 uL of
cold 10 % trichloroacetic acid were added to 150 uL of pre-incubated supernatants in the presence of
sulfite for 1 h at 37°C and centrifuged at 3,000 g for 10 min. Three hundred microliters of the pre-
incubated supernatants were then incubated with 300 pL of 0.67 % TBA in 7.1 % sodium sulfate on a
boiling water bath for 25 min. The tubes containing the mixture were allowed to cool on running tap
water for 5 min. The resulting pink-stained TBA-RS were determined in a spectrophotometer at 532 nm.
A calibration curve was performed using 1,1,3,3-tetramethoxypropane, and each curve point was
subjected to the same treatment. MDA levels were calculated as nmol MDA.mg protein™.

2.8. Glutathione (GSH) concentrations

This parameter was measured according to Browne and Armstrong (1998) with some

modifications. One hundred and eighty-five microliters of 100 mM sodium phosphate buffer, pH 8.0,
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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 350and 420 nm, respectively. Calibration curve was prepared with standard GSH (0.001-1
mM), and the concentrations were calculated as nmol GSH.mg protein-t.
2.9. Sulfhydryl group content

This assay was performed according to Aksenov and Markesbery (2001). It is based on the
reduction of DTNB by thiol groups, generating a yellow-stained compound TNB whose absorption is
measured spectrophotometrically at 412 nm. The sulfhydryl content is inversely correlated to oxidative
damage to proteins. Results were calculated as nmol TNB.mg protein™.,

2.10. Superoxide dismutase (SOD) activity

SOD activity was assayed according to Marklund (1985) 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 pg 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-t.

2.11. Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel (1981) 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
ML of 40 mM sodium azide, 15 pL of 100 mM GSH, 15 uL of 10 U/ml glutathione reductase, 10 pL of
10 mM NADPH, and 10 pL of sample (3 pg of protein). One GPx unit (U) is defined as 1 pmol of
NADPH consumed per min. The specific activity was calculated as U.mg protein-i.

2.12. Glutathione reductase (GR) activity

GR activity was measured as previously described by Calberg and Manervik (1985). The
enzyme activity was determined by monitoring NADPH consumption at 340 nm in a medium with 200
mM sodium phosphate buffer, pH 7.5, containing 6.3 mM ethylenediaminetetraacetic acid, 1 mM GSSG,
0.1 mM NADPH, and approximately 3 pg of protein. One GR unit (U) is defined as 1 pumol of GSSG
reduced per min. The specific activity was calculated as U.mg protein™.

2.13. AChE activity

AChE activity was determined according to the method of Ellman and colleagues (1961), with
some modifications. Hydrolysis rates were measured at ACh concentration of 0.8 mM in 300 pL assay
solution with 30 mM phosphate buffer, pH 7.5, and 1.0 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB)
at 25 °C. Fifteen microliters of supernatants were added to the reaction mixture and pre-incubated for 3
min. The hydrolysis was monitored by formation of the thiolate dianion of DTNB at 412 nm for 2-3 min
(intervals of 30 s). AChE activity was calculated as pmol.ht.mg of protein.

2.14. Protein determination
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Protein content was measured by the method of Lowry et al. (1951), using bovine serum albumin as a
standard.

2.15. 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 Duncan multiple range test
when F was significant. Linear regression analysis was also used to test dose dependent effects. Only
significant F values are shown in the text. Differences between groups were considered significant at P <
0.05. All analyses were carried out using the Statistical Package for the Social Sciences (SPSS) software.

3. Results
Sulfite and thiosulfate decrease CK activity in hippocampus, striatum and cerebellum in vitro

We evaluated the in vitro effects of sulfite and thiosulfate on CK activity in different rat brain
structures in order to check whether these compounds could alter intracellular energy transfer. Fig.1 and 2
show that sulfite and thiosulfate significantly reduced the activity of CK in hippocampus (Fig.1a and 2a)
[Sulfite: F,18=2.889, P<0.001] [Thiosulfate: F24=92.957, P<0.001], striatum (Fig.1b and 2b) [Sulfite:
F.18=9.770, P<0.001] [Thiosulfate: F24=13.782, P<0.001] and cerebellum (Fig.1c and 2c) [Sulfite:
F(.18=10.484, P<0.001] [Thiosulfate: Fs30=13.638, P<0.001]. We also investigated the effects of the
free radical scavengers MEL (1,500 uM) and RSV (100 pM) on the sulfite-induced decrease of CK
activity. It was verified that MEL prevented the effect of sulfite on this enzyme activity in hippocampus
(Fig.3a) [F,20=112.769, P<0.001] and striatum (Fig.3b) [F(s20=72.961, P<0.001], whereas in cerebellum
MEL attenuated this effect (Fig.3c) [Fse=72.961, P<0.05]. Regarding RSV, this antioxidant attenuated
the CK inhibition caused by sulfite in hippocampus (Fig.3a) [F20=112.769, P<0.001] and striatum
(Fig.3b) [F(z20=72.961, P<0.001].

Sulfite induces lipid peroxidation in hippocampus, striatum and cerebellum in vitro

Next, we investigated the effects of sulfite on MDA levels and observed that this metabolite
significantly increased this parameter in hippocampus (Fig.4a) [F@19=13.782, P<0.001], striatum
(Fig.4b) [F,16=11.518, P<0.001] and cerebellum (Fig.4c) [F@20=12.522, P<0.001], suggesting induction
of lipoperoxidation in these brain structures. The addition of MEL (1,500 uM) fully prevented the lipid
oxidative damage induced by 500 uM sulfite in the three brain structures (Fig.5) [Hippocampus:
Fi20=21.911, P<0.001] [Striatum: F20=4.436; P<0.05] [Cerebellum: F20=62.320; P<0.001].
Furthermore, RSV (5 uM) fully prevented this effect in striatum (Fig.6b) [F20=4.436; P<0.05], and
attenuated in hippocampus (Fig.5a) [F20=21.911, P<0.001] and cerebellum (Fig.5¢) [F20=62.320;
P<0.001].

Sulfite increases GSH concentrations in rat hippocampus and striatum in vitro

We also determined the effect of sulfite on GSH concentrations in order to check whether this
metabolite could impair the antioxidant defenses. Interestingly, sulfite increased GSH concentrations in
hippocampus (Fig.6a) [Fa,20=4.771, P<0.01] and striatum (Fig.6b) [F,17=1.884, P<0.001].
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Sulfite modulates the activities of antioxidant enzymes in hippocampus, striatum and cerebellum in
vitro

The effects of sulfite on the enzymatic antioxidant defenses were further studied. We verified
that sulfite significantly reduced GPx activity in hippocampus (Fig.7a) [F,19=92.121, P<0.001], striatum
(Fig.7b) [F13=39.235, P<0.001] and cerebellum (Fig.7c) [F@17)=81.624, P<0.001]. Sulfite also
decreased GST activity in hippocampus (Fig.8a) [F(22=4.346, P<0.05] and cerebellum (Fig. 8c)
[F@,11=4.346, P<0.05], and mildly decreased GR activity in cerebellum (Fig.9¢) [F(20=3.763, P<0.05].

In contrast, SOD activity was not significantly altered by the metabolite (data not shown).

Thiosulfate decreases AChE activity in hippocampus in vitro
The influence of sulfite and thiosulfate on the activity of AChE was examined in synaptosomal
preparations from hippocampus, striatum and cerebellum. Sulfite did not alter AChE activity in any

structure evaluated, whereas thiosulfate only mildly decreased this activity in hippocampus (Table 1).

Sulfite intrahippocampal administration increases SOD activity in vivo

We finally evaluated the effect of a single intrahippocampal administration of sulfite on
parameters of energy transfer and redox homeostasis. We verified that sulfite administration significantly
increased SOD activity [tg=-3.659, P<0.01], but did not significantly alter CK activity, MDA levels,
GSH concentrations, sulfhydryl content and the activities of GPx and GR (Table 2).

4. Discussion

SO deficiency is biochemically characterized by tissue accumulation and high urinary excretion
of sulfite, thiosulfate and S-sulfocysteine (Johnson and Duran 2001). Severe neurological symptoms, such
as neonatal seizures, encephalopathy and psychomotor retardation, are commonly observed in affected
patients (Johnson and Duran 2001). Since the mechanisms involved in the pathophysiology of brain
lesions are not fully established, in the present study we investigated whether sulfite and thiosulfate could
exert toxicity in hippocampus, striatum and cerebellum of young rats. These brain regions were examined
because abnormalities accompanied by neuronal death are observed in these structures in SO-deficient
patients (Johnson and Duran 2001; Zaki et al. 2016), and to investigate whether there is a differential
vulnerability to sulfite-elicited toxic effects.

We initially investigated the effect of sulfite and thiosulfate on the activity of CK and found that
both compounds inhibited this activity in hippocampus, striatum and cerebellum. These results are in
accordance with a previous study demonstrating that sulfite and thiosulfate also decrease the activity of
CK in cerebral cortex of rats (Grings et al. 2013). Considering that the CK system is essential for the
transport of high-energy phosphate from the sites of energy production in the mitochondrial matrix to
cytosolic sites of energy consumption, maintaining ATP levels in the normal range in both compartments
(Du et al. 2013; Wendt et al. 2003), the present data indicate that sulfite and thiosulfate impair brain

cellular energy transfer.
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It should be considered here that CK has vulnerable amino acid residues, including cysteine thiol
groups, which are very reactive to oxidants (Li et al. 2011; Wang et al. 2001; Wendt et al. 2003).
Furthermore, it was showed that brain CK activity decreases after exposure to agents that promote
generation of free radicals, probably by oxidation of cysteine residues of the enzyme that are critical for
its activity (Arstall et al. 1998; Konorev et al. 1998; Stachowiak et al. 1998; Wallimann et al. 1998;
Wendt et al. 2003). Therefore, we evaluated the effect of antioxidants on the inhibitory effect caused by
sulfite on CK activity and found that MEL prevented this effect in striatum and hippocampus, and was
capable to attenuate it in cerebellum. We also observed that RSV partially prevented sulfite-induced
inhibition of CK in hippocampus and striatum. The fact that MEL prevented CK activity decrease
suggests that this effect elicited by sulfite is mediated by hydroxyl radicals, which are mainly scavenged
by MEL (Galano 2011; Halliwell and Gutteridge 2007; Reiter et al. 2001; Tamura et al. 2013). Regarding
RSV, it is conceivable that its beneficial action was also probably due to the direct antioxidative capacity
of this compound. However, we cannot exclude that MEL and RSV are also protective by regulating the
activities and expression levels of enzymes and proteins associated with survival signals and antioxidant
defenses (Baur and Sinclair 2006; Ramis et al. 2015).

In the next step, the effects of sulfite on redox status were studied in hippocampus, striatum and
cerebellum. We first verified that sulfite increased MDA levels in these brain structures. Since MDA is an
end product of membrane fatty acid peroxidation, these data indicate that sulfite induces lipid oxidative
damage. These findings are in line with those reported by Chiarani et al. (2008) demonstrating that sulfite
induces lipoperoxidation in the same brain structures of 10- and 60-day-old rats. Moreover, the free
radical scavengers MEL and RSV prevented MDA levels increase caused by sulfite in the three brain
regions, reinforcing the view that sulfite-induced toxic effects occur, at least partially, via reactive
species-mediated oxidation.

We also found that sulfite increased GSH concentrations in hippocampus and striatum, which is
in line with previous data from our group and other investigators showing that this compound increases
the levels of this antioxidant in rat cerebral cortex and liver (Robinson and Pasternak 1964; Parmeggiani
et al. 2015; Niknahad and O’Brien 2008). It was suggested that this effect occurred due to the ability of
sulfite to react with disulfide bonds forming thiol compounds, such as GSH (Robinson and Pasternak
1964; Parmeggiani et al. 2015; Niknahad and O’Brien 2008). Taken together, these observations show
that sulfite is a redox active molecule that causes a dysregulation in brain GSH homeostasis.

Sulfite decreased the activities of the GSH metabolism-related enzymes GPx, GST and GR in
different brain areas, indicating that the enzymatic antioxidant system is compromised. These effects were
possibly mediated by oxidation of critical amino acid residues of GPx, GST and GR structures caused by
sulfite. Furthermore, since GPx and GST detoxify lipid hydroperoxides and 4-hydroxynonenal,
respectively, formed during lipid peroxidation (Halliwell and Gutteridge 2007), it is conceivable that the
decreased activity of these enzymes contributes to the sulfite-induced lipid oxidative damage.
Furthermore, our present results are in line with a previous study showing that sulfite decreases GPx and
GST activities also in rat cerebral cortex (Parmeggiani et al. 2015).

Cholinergic system is essential for central nervous system once it can modulate cognition,

emotion and brain electrical activity (Graef et al. 2011). AChE is a serine protease that participates in the
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end of cholinergic transmission degrading acetylcholine in choline and acetic acid (Pohanka 2011).
Therefore, we further investigated the effects of sulfite and thiosulfate on AChE activity. It was found
that only thiosulfate mildly decreased AChE activity in rat hippocampus, suggesting that this metabolite
impairs cholinergic neurotransmission. In this context, previous studies demonstrated that a reduction in
AChE brain levels and activity has been associated to cognitive deficits and neurological dysfunction
observed in neurodegenerative disorders, such as Alzheimer's disease and dementia (Delwing-de Lima
2016; Law et al. 2001; Petersen et al. 1999; O’Brien et al. 2003). Although we have not investigated the
mechanism underlying thiosulfate-induced decrease of AChE activity, it may be speculated that this
alteration was mediated by reactive species generated by thiosulfate. This hypothesis is in accordance
with previous data showing that thiosulfate increases reactive species generation in rat brain (Grings et al.
2013). On the other hand, more studies are necessary in order to clarify the reasons by which only
thiosulfate, but not sulfite, changed this enzyme activity.

We finally investigated the in vivo effects of an intrahippocampal administration of sulfite on
parameters of energy metabolism and redox homeostasis. We verified that sulfite increased SOD activity
in rat hippocampus 30 min after its administration, but did not alter MDA levels, sulfhydryl content, GSH
concentrations and the activities of GPx and GR. We believe that most of sulfite-induced in vitro effects
in hippocampus were not observed in the in vivo model because the metabolite, at the dose used (2.5
pmol), did not achieve neurotoxic concentrations in this brain structure 30 min after the administration.
Aiming to clarify this issue, we performed a single injection of sulfite at a higher dose (3 pmol).
However, when receiving this higher dose of sulfite, the animals died less than 30 min after the
procedure. Thus, although we could not evaluate bioenergetics and redox homeostasis in the hippocampus
of rats receiving a high dose of sulfite, the lethality provoked by the metabolite suggests that it exerts
neurotoxicity in this brain region in vivo.

By analyzing our data, we observe that cerebellum was slightly more vulnerable to sulfite- and
thiosulfate-induced toxicity than hippocampus and striatum once the magnitude of the effects exerted by
these metabolites on CK and GR activities, and on MDA levels was higher in this brain region. Although
this is not in accordance with the data verified by Grings et al. (2016) that demonstrated higher
susceptibility of striatum than hippocampus and cerebellum to sulfite, it should be considered that our
results were obtained with an acute in vitro exposure (1 h-incubation in the presence of the metabolites)
of tissue supernatants or synaptosomes to the accumulating metabolites, whereas the findings in the
literature were found with a chronic in vivo sulfite exposure (administration of sulfite in the form of
sodium metabisulfate in the water during 6 weeks) to the different encephalic regions (Grings et al. 2016).
Therefore, it may be speculated that the susceptibility to damage also depends on the period of exposure
of the brain structures to the metabolites (acute or chronic exposure).

The pathophysiological relevance of our findings cannot be established once there are no reports
describing the concentrations of sulfite and thiosulfate in hippocampus, striatum and cerebellum of SO-
deficient patients. However, it should be noted that our results were obtained with sulfite and thiosulfate
at concentrations as low as 10 puM. Furthermore, it has been observed that during episodes of metabolic
decompensation characterized by increased proteolysis and marked accumulation of metabolites patients

present worsening of symptoms possibly due to acute sulfite intoxication (Johnson and Duran 2001). On
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the other hand, more studies performed in primary cultures of neural cells and tissues from patients are
necessary in order to reinforce the present findings.

In conclusion, our study provides strong evidence that sulfite and thiosulfate are toxic to
hippocampus, striatum and cerebellum by disturbing energy transfer and production, and inducing
oxidative stress in these brain structures. Therefore, these pathomechanisms possibly contribute to the
abnormalities observed in these brain structures of patients. We also verified that RSV and MEL
prevented sulfite-induced CK inhibition and lipid peroxidation. These findings allied to data from the
literature showing beneficial effects of RSV and MEL for neurodegenerative disorders (Miller et al. 2015;
Karthic et al. 2016; de Oliveira et al. 2016) suggest that these compounds could be considered for the
development of novel therapeutic approaches for individuals affected by SO deficiency.
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Figure 1. In vitro effects of sulfite on creatine kinase (CK) activity in rat hippocampus (a),

striatum (b) and cerebellum (c). Values are means + standard deviation for four independent (animals)

experiments performed in triplicate and are expressed as percentage of controls (Controls: CK activity

[umol creatine.mint.mg protein™]: (a): hippocampus: 3.82 + 0.99; (b): striatum: 2.64 * 0.63; (c):
cerebellum: 5.28 + 2.2). ** P < 0.01, *** P < 0.001, compared to control; # P < 0.01, #* P < 0.001,

compared to 500 uM sulfite (Duncan multiple range test).
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Figure 2. In vitro effects of thiosulfate on creatine kinase (CK) activity in rat hippocampus (a),

striatum (b) and cerebellum (c). Values are means + standard deviation for five to six independent

(animals) experiments performed in triplicate and are expressed as percentage of controls (Controls: CK

activity [umol creatine.min™.mg protein]: (a): hippocampus: 1.34 + 0.13; (b): striatum: 9.80 + 2.96; (c):
cerebellum: 3.50 + 1.94). ** P < 0.01, *** P < 0.001, compared to control; # P < 0.01, #* P < 0.001,

compared to 500 pM sulfite (Duncan multiple range test).
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Figure 3. In vitro effects of melatonin (MEL) and resveratrol (RSV) on sulfite (50 uM)-induced
decrease of creatine kinase (CK) activity in rat hippocampus (a), striatum (b) and cerebellum (c). MEL
(1,500 uM) or RSV (100 puM) were co-incubated with sulfite. Values are means + standard deviation for
three to six independent (animals) experiments performed in triplicate and are expressed as percentage of
controls (Controls [pumol creatine.mint.mg protein=]: (a): hippocampus: 6.26 + 0.60; (b): striatum: 11.2 +
0.15; (c): cerebellum: 9.49 + 0.89. ** P < 0.01, *** P < 0.001, compared to control; ¥ P < 0.001,

compared to 50 uM sulfite (Duncan multiple range test).
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Figure 4. In vitro effects of sulfite on malondialdehyde (MDA) levels in rat hippocampus (a),
striatum (b) and cerebellum (c). Values are means + standard deviation for five to six independent
(animals) experiments performed in triplicate and are expressed as percentage of controls (Controls
[nmol.mg protein™]: (a): hippocampus: 3.46 + 0.27; (b): striatum: 4.03 + 0.18; (c): cerebellum: 3.30 +
0.46. ** P <0.01, *** P < 0.001, compared to control (Duncan multiple range test).
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Figure 5. In vitro effects of melatonin (MEL) and resveratrol (RSV) on sulfite (500 uM)-
induced increase of malondialdehyde (MDA) levels in rat hippocampus (a), striatum (b) and cerebellum
(c). MEL (1,500 puM) or RSV (5 uM) were co-incubated with sulfite. Values are means + standard
deviation for six independent (animals) experiments performed in triplicate and are expressed as
percentage of controls (Controls [umol creatine.min™.mg protein]: (a): hippocampus: 3.10 + 0.50; (b):
striatum: 3.16 + 0.45; (c): cerebellum: 2.94 + 0.35. * P < 0.05, *** P < 0.001, compared to control; ## p
< 0.001, compared to 500 uM sulfite (Duncan multiple range test).
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Figure 6. In vitro effects of sulfite on glutathione (GSH) concentrations in rat hippocampus (a),
striatum (b) and cerebellum (c). Values are means + standard deviation for five independent (animals)
experiments performed in triplicate and are expressed as percentage of controls (Controls [nmol.mg
protein']: (a): hippocampus: 0.88 + 0.08; (b): striatum: 1.35 + 0.24; (c): cerebellum: 1.72 + 0.50). ** P <

0.01, *** P < 0.001, compared to control (Duncan multiple range test).
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Figure 7. In vitro effects of sulfite on the activity of glutathione peroxidase (GPx) in rat
hippocampus (a), striatum (b) and cerebellum (c). Values are means + standard deviation for five to six

independent (animals) experiments performed in triplicate and are expressed as percentage of controls

(Controls [nmol.mg protein']: (a): hippocampus: 9.98 + 0.76; (b): striatum: 8.99 * 1.60; (c):

cerebellum:10.5 £ 0.87. ** P < 0.01, *** P < 0.001, compared to control (Duncan multiple range test).
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Figure 8. In vitro effects of sulfite on the activity of glutathione S-transferase (GST) in rat
hippocampus (a), striatum (b) and cerebellum (c). Values are means * standard deviation for four to seven
independent (animals) experiments performed in triplicate and are expressed as percentage of controls
(Controls [nmol.mg protein]: (a): hippocampus: 13.7 + 1.52; (b): striatum: 10.6 + 1.92; (c): cerebellum:
14.0+£1.87). ** P <0.01, *** P <0.001, compared to control (Duncan multiple range test).
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Figure 9. In vitro effects of sulfite on the activity of glutatione reductase (GR) in rat
hippocampus (a), striatum (b) and cerebellum (c). Values are means + standard deviation for five to six
independent (animals) experiments performed in triplicate and are expressed as percentage of controls
(Controls [nmol.mg protein™]: (a): hippocampus: 5.59 + 0.96; (b): striatum: 6.18 + 1.07; (c): cerebellum:
7.07 £0.62). ** P < 0.01, *** P < 0.001, compared to control (Duncan multiple range test).

Table 1. In vitro effects of sulfite and thiosulfate on acetylcholinesterase (AChE) activity in rat

hippocampus, striatum and cerebellum

Sulfite
Control 50 uM 100 uM 500 uM
Hippocampus 100 £ 134 101 +£6.82 101 £3.09 101 + 2.67
Striatum 100+£119 103+ 7.70 104 £ 8.96 105+2.34
Cerebellum 100 + 6.98 108 +£6.49 111 +£10.5 110+ 10.5
Thiosulfate
Control 50 UM 100 pM 500 pM
Hippocampus 100 £ 134 96.2 +4.23 98.3+£9.65 83.0+7.31*
Striatum 100+ 11.9 101+ 7.36 95.8+£7.39 92.3+5.30
Cerebellum 100 +6.98 114 +£15.0 105 +£9.86 96.4+8.79

Values are means + standard deviation for six independent experiments (animals) and are expressed as
percentage of controls (Controls [pmol.ht.mg of protein™*]: Hippocampus: 2.26 + 0.30, Striatum: 21.8 +
2.60, Cerebellum: 2.14 + 0.10). * P < 0.05, compared to control (Duncan multiple range test).
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Table 2. In vivo effect of intrahippocampal administration of sulfite on malondialdehyde (MDA) levels,
glutathione (GSH) concentrations, sulfhydryl content, and the activities of creatine kinase (CK),
glutathione peroxidase (GPx), glutathione reductase (GR) and superoxide dismutase (SOD) in
hippocampus of young rats

NacCl Sulfite
MDA Levels 0.52 +0.03 0.66 +0.17
GSH Concentrations 454 +0.15 457 +0.25
Sulfhydryl Content 32.7 + 4.86 34.7 +4.82
CK Activity 0.77 £ 0.06 0.71+0.08
GPx Activity 2.28+0.74 2.29+0.23
GR Activity 5.71+0.86 5.75+0.69
SOD Activity 1.05+0.35 1.69+0.17*

Data are represented as mean = SD for four to six animals per group. Malondialdehyde (MDA) levels and
glutathione (GSH) concentrations are expressed as nmol.mg protein™. The activity of creatine kinase
(CK) is expressed as pumol creatine.min™.mg protein™. The activities of glutathione peroxidase (GPx),
glutathione reductase (GR) and superoxide dismutase (SOD) are expressed as U.mg protein-. P<0.05,
compared to rats that received intrahippocampal NaCl injection (Student’s t-test for unpaired samples).
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111.1 DISCUSSAO

A deficiéncia da SO (tanto a deficiéncia isolada da enzima quanto a deficiéncia
do cofator molibdénio) é caracterizada bioquimicamente por acumulo tecidual e alta
excrecdo urinaria de sulfito, tiossulfato e S-sulfocisteina (Johnson e Duran, 2001). Os
pacientes apresentam predominantemente convulsdes neonatais graves (Tan et al., 2005;
Basheer et al., 2007; Ngu et al., 2009), cuja patogénese tem sido atribuida a
neurotoxicidade dos metabolitos acumulados (Kigcikatay et al., 2005; Chiarani et al.,
2008; Derin et al., 2009; Herken et al., 2009; Ozturk et al., 2010). Por outro lado, é
importante ressaltarmos que os mecanismos de toxicidade exercidos por esses
compostos ndo estdo totalmente estabelecidos, especialmente no que se refere ao dano
nos ganglios basais, hipocampo e cerebelo. Visto que disfuncdo bioenergética e estresse
oxidativo estdo envolvidos na fisiopatologia de muitas doencas neurodegenerativas,
como as doengas de Alzheimer e Parkinson (Kim GH et al., 2015; Tonnies e Trushina,
2017), hipotetizamos que tais mecanismos também estejam envolvidos na deficiéncia da
SO. Nesse contexto, ja foi visto que o sulfito causa um prejuizo na bioenergética e na
homeostase redox em coértex cerebral de ratos (Vincent et al., 2004; Zhang et al.,
2004;Grings et al., 2013).

Primeiramente avaliamos os efeitos do sulfito e do tiossulfato sobre a atividade
da CK, uma importante enzima para a transferéncia celular de energia. O sulfito e o
tiossulfato diminuiram essa atividade enzimatica de maneira dose-dependente em
estriado, hipocampo e cerebelo. Nesse particular, ja estd bem descrito que a CK possui
um papel fundamental para a funcéo encefalica atraves do transporte de ligacbes fosfato
de alta energia dos seus sitios de producdo na matriz mitocondrial para seus sitios de
consumo no citosol, mantendo os niveis de ATP estaveis na célula (Wendt et al., 2003;
Du et al., 2013). Sendo assim, o sulfito e o tiossulfato causam um prejuizo no transporte

e tamponamento de energia intracelular.

A CK possui residuos de aminoacidos bastante vulneraveis, como a cisteina 282
do seu sitio ativo, a agentes oxidantes (Wang et al., 2001; Wendt et al., 2003; Li et al.,
2011). De fato, ja foi demonstrado que a atividade da CK cerebral diminui apds a
exposicdo a moléculas que induzem a producdo de espécies reativas (Burmistrov et al.,
1992; Wolosker et al., 1996; Arstall et al., 1998; Konorev et al., 1998; Stachowiak et al.,
1998; Wallimann et al., 1998; Wendt et al., 2003). Tendo em vista essa suscetibilidade

da CK frente a agentes oxidantes, foi investigado o efeito de antioxidantes sobre a
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inibicdo dessa enzima causada por sulfito. Observamos que a MEL (1500 uM) preveniu
a inibicdo da CK causada pelo sulfito em hipocampo e estriado, porém em cerebelo a
MEL atenuou esse efeito. Também testamos o efeito do RSV (100 uM) e verificamos
uma atenuacdo do efeito do sulfito sobre a atividade da CK nas trés estruturas
encefalicas. Esses dados sugerem que o sulfito causa a oxidacdo de grupamentos da CK
através de radicais livres, os quais sdo possivelmente sequestrados pela MEL e pelo
RSV. Ainda pode ser sugerido que mais especificamente o radical hidroxila esta
envolvido nesse efeito, uma vez que a MEL € um eficiente sequestrador desse radical
(Galano, 2011; Tamura et al., 2013;Halliwell e Gutteridge, 2015). Entretanto, ndo pode
ser descartado o envolvimento de outras espécies reativas nesse efeito, uma vez que ja
foi demonstrado que tanto a MEL quanto o RSV também podem sequestrar peréxido de

hidrogénio, oxigénio singlete e 6xido nitrico (Reiter et al., 2001).

Considerando que o sulfito e o tiossulfato diminuiram a atividade da CK através
da acdo de radicais livres, avaliamos os efeitos do sulfito sobre parametros de estresse
oxidativo nas trés regifes encefalicas. O sulfito aumentou os niveis de MDA em
hipocampo, estriado e cerebelo. Visto que o0 MDA ¢é um produto final da oxidacdo de
acidos graxos poliinsaturados, concluimos que sulfito induz peroxidagdo lipidica in
vitro. A peroxidacdo lipidica € um processo danoso para a célula visto que pode
comprometer as membranas lipidicas, resultando em alteracGes na organizacao, fluidez
e permeabilidade das mesmas, além de alterar o transporte de ions e 0s processos
metabdlicos (Yadav et al., 2013). Também investigamos os efeitos da MEL e do RSV
sobre esse parametro e verificamos que a MEL preveniu totalmente a lipoperoxidagédo

induzida pelo sulfito, ao passo que o RSV preveniu ou atenuou esse efeito.

Outra observacdo importante foi de que o sulfito provocou um aumento
significativo nas concentracGes de GSH em hipocampo e estriado. Presume-se que esse
efeito se deve a habilidade do sulfito de reagir com liga¢des dissulfeto, formando assim
grupamentos tidis, como demonstrado em estudos anteriores (Robinson e Pasternak,
1964; Niknahad e O’Brien, 2008; Parmeggiani et al., 2015). Essas observa¢des mostram
que o sulfito é uma molécula redox que leva a desregulacdo da homeostase do

metabolismo do GSH no cérebro.

Uma vez que o sulfito foi capaz de causar dano lipidico e alterar o metabolismo

da GSH, analisamos as atividades de enzimas antioxidantes GPx, GST e GR. E
importante ressaltar que essas enzimas realizam funcbes de detoxificacdo de espécies
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reativas e compostos potencialmente neurotoxicos. Foi observado que as enzimas
tiveram suas atividades diminuidas pelo sulfito, principalmente a GPx, que foi inibida
de forma acentuada em todas as estruturas encefélicas. Pode ser sugerido que o efeito
inibitério exercido pelo sulfito ocorra devido a modificacdes sitio-especificas em
aminoacidos importantes para a atividade catalitica ou para a manutencdo da estrutura
tridimensional das enzimas. Além disso, € importante considerar que as modificacGes
nas estruturas das enzimas antioxidantes e também da CK possam ser mediadas por
espécies reativas produzidas via sulfito ou por ataque direto do sulfito em certos

grupamentos dissulfeto.

O proximo passo foi o de estudar a acdo do sulfito e do tiossulfato sobre a
atividade da AChE em hipocampo, estriado e cerebelo, uma vez que ha dados na
literatura mostrando que alteracGes colinérgicas estdo envolvidas na fisiopatologia de
alguns disturbios neurodegenerativos, tais como deméncia (Blokland, 1995; Petersen et
al., 1999; O’Brien et al., 2003; Ballard et al., 2005). O sulfito néo alterou a atividade da
AChE em nenhuma estrutura encefalica, porém o tiossulfato diminuiu essa atividade em
hipocampo, indicando que esse metabolito leva a desregulacdo da neurotransmissao
colinérgica nessa regido. Esses dados indicam que a inibicdo da atividade da AChE
causada pelo tiossulfato tenha sido mediada por espécies reativas, ja que resultados
anteriores do nosso grupo mostram que o tiossulfato aumenta a oxidacdo de DCFH em
cérebro de ratos (Grings et al., 2013). Contudo, sdo necessarios mais estudos para
entender os mecanismos envolvidos nesse efeito e também para esclarecer porque

somente o tiossulfato, e ndo o sulfito, diminuiu essa atividade enzimatica.

Apbs investigar os efeitos in vitro do sulfito e do tiossulfato, estudamos o0s
efeitos de uma injecdo intrahipocampal de sulfito (2,5 pumol) sobre os mesmos
parametros analisados in vitro em hipocampo de ratos. Investigamos os efeitos in vivo
apenas do sulfito, e ndo do tiossulfato, pelo fato de esse ser o composto que se acumula
em maiores concentracdes na deficiéncia da SO. A administracdo de sulfito aumentou a
atividade da SOD, porém ndo alterou os niveis de MDA, as concentra¢des de GSH, o
contetdo de sulfidrilas, e as atividades da CK, GR e GPx. Visto que os resultados in
vivo estdo em aparente controvérsia com os dados in vitro, uma vez que o sulfito causou
toxicidade in vitro, foi avaliada uma dose maior desse metabdlito (3 pumol). Contudo,

verificamos que, ao administrar a dose maior de sulfito, os animais foram a obito logo
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apos a injecdo. Apesar da andlise da homeostase redox e bioenergética ndo ter sido

possivel, tal observacdo sugere que o sulfito é neurotoxico in vivo.

Nossos achados demonstraram que o cerebelo é mais vulneravel ao ataque de
espécies reativas geradas pelo sulfito e pelo tiossulfato do que hipocampo e estriado,
visto que os niveis de MDA e as atividades da CK e da GR foram alteradas de forma
mais acentuada nessa estrutura. Esses resultados diferem das observacdes de Grings et
al. (2016), onde foi evidenciado que o estriado é mais suscetivel ao sulfito que
hipocampo, cortex cerebral e cerebelo. Essas diferencas podem ter ocorrido porque no
trabalho de Grings foram avaliados os efeitos de uma exposi¢do cronica in vivo de
sulfito, enquanto que no presente estudo foi realizada uma exposicéo aguda in vitro dos

metabolitos nas regides encefélicas.

O nosso trabalho mostra que o sulfito e o tiossulfato causaram disfuncao
bioenergética e estresse oxidativo in vitro em hipocampo, estriado e cerebelo. E
importante considerar que os efeitos causados por esses metabdlitos ocorreram em
concentragOes relativamente baixas (ja na concentragdo de 10 uM), o que indica que
mesmo um acumulo moderado de sulfito e tiossulfato pode induzir toxicidade. Portanto,
presumimos que alteracdes no metabolismo energético e na homeostase redox sao
patomecanismos que estdo envolvidos, pelo menos em parte, no dano observado em

diferentes estruturas encefalicas de pacientes com deficiéncia da SO.

111.2. CONCLUSOES

O sulfito e tiossulfato inibiram a atividade da CK em hipocampo,

estriado e cerebelo.

O sulfito induziu peroxidacdo lipidica em hipocampo, estriado e

cerebelo.

e Os antioxidantes MEL e RSV preveniram a diminui¢cdo da atividade da
CK e a peroxidacdo lipidica causadas pelo sulfito em hipocampo,

estriado e cerebelo.

e O sulfito aumentou os niveis de GSH em hipocampo e estriado.
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O sulfito diminuiu a atividade da GPx em hipocampo, estriado e

cerebelo.
e O sulfito diminuiu a atividade da GST em hipocampo e cerebelo.
e O sulfito diminuiu a atividade da GR em cerebelo.
e O tiossulfato diminuiu a atividade da AChE em hipocampo.

e A administracdo de sulfito diminuiu a atividade da SOD em hipocampo.

111.3. PERSPECTIVAS

e Testar diferentes doses de sulfito (2,5-3,0 pumol) para a administracéo
intrahipocampal e intracerebelar com o objetivo de estabelecer uma dose
ideal desse metabdlito.

e Avaliar os efeitos da administracdo intrahipocampal e intracerebelar de
sulfito sobre 0 metabolismo energético e a homeostase redox em ratos de
15 e 30 dias de vida.

e Avaliar a influéncia de compostos potencialmente neuroprotetores
(melatonina, resveratrol e bezafibrato) sobre os efeitos da administragdo

intrahipocampal e intracerebelar de sulfito em ratos.
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