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RESUMO

O sulfito e o tiossulfato estdo acumulados em tecidos e liquidos
biolégicos de pacientes afetados pela deficiéncia da sulfito oxidase (SO), uma
enzima mitocondrial que catalisa a oxidagao de sulfito derivado do metabolismo
de aminoécidos sulfurados. A deficiéncia da SO € causada pela deficiéncia
isolada da enzima SO ou por uma deficiéncia na rota de biossintese de seu
cofator molibdénio. Os individuos afetados por esta desordem apresentam
disfungéo neuroldgica progressiva, convulsdes neonatais severas, subluxagéo
do cristalino, hipotonia axial, hipertonicidade periférica e atraso no
desenvolvimento, resultando geralmente em morte prematura. Considerando
gue a fisiopatologia do dano neurol6gico encontrado em pacientes deficientes
para a SO ainda ndo estd esclarecida, o objetivo do presente trabalho foi
investigar os efeitos in vitro do sulfito e do tiossulfato sobre parémetros de
metabolismo energético e homeostase redox e mitocondrial em cérebro de
ratos jovens. Inicialmente, verificamos que o sulfito inibe a atividade do
complexo IV da cadeia respiratéria, indicando que este composto prejudica o
fluxo de elétrons, enquanto que o tiossulfato ndo afetou a atividade de nenhum
dos complexos da cadeia respiratoria em sobrenadantes de cortex cerebral.
Também foi verificado que o sulfito e o tiossulfato diminuem a atividade da
creatina quinase total (tCK) e de suas isoformas mitocondrial e citosélica,
sugerindo que estes compostos prejudicam o tamponamento e a transferéncia
de energia celular no cérebro. Aléem disso, melatonina, trolox (analogo soluvel
do a-tocoferol), glutationa e o inibidor da Oxido nitrico sintase N“-nitro-L-
arginina metil éster atenuaram ou preveniram totalmente a inibicdo da tCK
induzida por sulfito e tiossulfato, sugerindo o envolvimento de espécies reativas
de oxigénio e nitrogénio nestes efeitos. O sulfito e o tiossulfato também
aumentaram a oxidagao da 2’,7’-diclorofluorescina e inibiram a atividade da
aconitase, enquanto que somente o sulfito aumentou a producdo de peroéxido
de hidrogénio, reforcando o envolvimento de dano oxidativo nos efeitos
provocados por estes metabolitos. Contudo, a atividade da enzima Na',K'-
ATPase sinaptica ndo foi alterada pelo sulfito e tiossulfato. Em seguida,
observamos que o sulfito dissipa o potencial de membrana mitocondrial na
presenca de Ca**, de forma dose-dependente de sulfito e Ca** em preparacdes
mitocondriais de cérebro de ratos. O sulfito também induziu inchamento e
diminuiu a capacidade de retencéo de Ca®", os niveis de NAD(P)H na matriz e
o imunocontetdo de citocromo ¢ em mitocdndrias quando Ca?* estava presente
no meio. Além disso, as alteracdes provocadas pelo sulfito foram prevenidas
por ruténio vermelho, ciclosporina A e ADP, sugerindo que o sulfito induz
transicdo da permeabilidade mitocondrial (MPT). Também foi verificado que
dentre vérios inibidores da MPT, incluindo antioxidantes, inibidores da
fosfolipase A2 e o regente redutor ditiotreitol, apenas o agente alquilante de
tidis N-etilmaleimida foi capaz de prevenir o inchamento mitocondrial causado
por sulfito. O sulfito também diminuiu o conteddo de grupamentos tiol de
proteinas de membrana em preparacdes mitocondriais de cérebro, indicando
gue este composto age diretamente sobre grupamentos tiol contidos no poro
de MPT. Assim, pode-se presumir que o prejuizo no metabolismo energético e
na homeostase redox causados pelo sulfito e pelo tiossulfato e que a indugéo
de MPT pelo sulfito podem estar envolvidos na disfungdo neurolégica
observada nos portadores da deficiéncia da SO.

2



ABSTRACT

Sulfite and thiosulfate accumulate in tissues and biological fluids of
patients affected by the deficiency of sulfite oxidase (SO), which is a
mitochondrial enzyme that catalyzes the oxidation of sulfite derived from the
metabolism of sulfur amino acids. SO deficiency is caused by the isolated
deficiency of the enzyme SO itself or by a deficiency in the biosynthetic pathway
of its molybdenum cofactor. Individuals affected by this disorder present
progressive neurological dysfunction, severe neonatal seizures, lens
subluxation, axial hypotonia, limb hypertonicity and failure to thrive, resulting
often in early childhood death. Considering that the pathophysiology of the
neurological damage found in SO deficient patients has not been totally
established, the aim of the present work was to investigate the in vitro effect of
sulfite and thiosulfate on parameters of energy metabolism, as well as redox
and mitochondrial homeostasis in rat brain. First, we verified that sulfite
inhibited the activity of complex IV of the respiratory chain in cerebral cortex
supernatants, indicating that this compound impairs the electron transfer flow,
whereas thiosulfate did not affect any of the activities of the respiratory chain
complexes. It was also found that sulfite and thiosulfate markedly decreased the
activity of total creatine kinase (tCK) and its mitochondrial and cytosolic
isoforms, suggesting that these compounds impair brain cellular energy
buffering and transfer. Moreover, melatonin, trolox (soluble analogue of a-
tocopherol), glutathione and the nitric oxide synthase inhibitor N“-nitro-L-
arginine methyl ester attenuated or fully prevented the inhibition of tCK induced
by sulfite and thiosulfate, suggesting the involvement of reactive oxygen and
nitrogen species in these effects. Sulfite and thiosulfate also increased 2’,7’-
dichlorofluorescin oxidation and inhibited the activity of aconitase, whereas only
sulfite increased hydrogen peroxide production, reinforcing the involvement of
oxidative damage in the effects elicited by these metabolites. In contrast,
synaptic Na*,K*-ATPase activity was not altered by sulfite and thiosulfate. Next,
we observed that sulfite dissipates mitochondria membrane potential in the
presence of Ca®, in a sulfite and Ca** dose-dependent manner. Sulfite also
induced swelling and decreased Ca®* retention capacity, matrix NAD(P)H pool
and cytochrome ¢ immunocontent in mitochondria when Ca** was present in
the medium. Furthermore, the alterations elicited by sulfite were prevented by
ruthenium red, cyclosporine A and ADP, supporting the involvement of
mitochondrial permeability transition (MPT) in these effects. It was also verified
that among various MPT inhibitors, including antioxidants, phospholipase A2
inhibitors and the reductant reagent dithiothreitol, only the thiol alkylating agent
N-ethylmaleimide was able to prevent the sulfite-elicited mitochondrial swelling.
Moreover, sulfite decreased membrane protein thiol group content in brain
mitochondria, indicating that this compound acts directy on MPT pore
containing thiol groups. Taken together, it may be presumed that the
mitochondrial energy and redox homeostasis impairment caused by sulfite and
thiosulfate and MPT induced by sulfite may be involved in the neurological
dysfunction observed in patients affected by SO deficiency.
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l.1. INTRODUCAO

1.1.1. Erros Inatos do Metabolismo

Os erros inatos do metabolismo (EIM) sdo um grupo de doencas
genética e fenotipicamente heterogéneas causadas por defeitos genéticos que
levam a diminuicdo ou perda total da atividade de uma enzima especifica de
uma determinada rota metabdlica. Como consequéncia deste bloqueio
metabdlico ha o acimulo de intermediarios potencialmente toxicos nos tecidos
e liquidos biologicos dos pacientes e a deficiéncia de produtos essenciais ao
organismo (Bickel, 1987; Mak et al., 2013).

O termo EIM foi utilizado pela primeira vez em 1908 por Sir Archibald E.
Garrod quando estudava pacientes acometidos pela alcaptonuria, os quais
excretavam grandes quantidades de acido homogentisico na urina. Garrod
observou que a alcaptonuria e outros EIM representavam exemplos de
variaveis metabdlicas determinadas pela hereditariedade, uma vez que
verificou uma maior frequéncia dessas doencas em individuos pertencentes a
mesma familia e maior incidéncia de consanguinidade entre os pais dos
pacientes. Garrod propds um modelo de heranca autossémica recessiva para a
alcaptonuria baseando-se nas leis de Mendel e no fato dessa doenca nao ser
encontrada nos pais dos individuos afetados (Scriver et al., 2001).

Até o presente momento mais de 500 diferentes EIM ja foram
identificados, sendo estes classificados em quatro grupos distintos: desordens
de transporte, de armazenamento, de sintese e do metabolismo intermediario.
Esse numero 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). Embora individualmente
raras, essas doencas alcancam em conjunto uma incidéncia de
aproximadamente 1 a cada 500-1.000 recém nascidos vivos (Bari¢ et al., 2001;

Mak et al., 2013).

1.1.2. Sulfito oxidase (SO)

A enzima SO (EC 1.8.3.1) esta localizada no espaco intermembranas da
mitocondria e catalisa a oxidacdo do sulfito a sulfato, sendo essa a reacao final
da rota de degradacgdo dos aminoacidos sulfurados cisteina e metionina (Figura
1) (Johnson, 2003; Hobson et al., 2005). Além disso, essa enzima possui um
importante papel na detoxificacdo do sulfito proveniente de fontes exdégenas,
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 SO é um
homodimero com massa molecular de aproximadamente 110 kDa, e cada
monémero é dividido em trés dominios, um heme citocromo bs, um dominio de
ligacdo do cofator molibdénio e um dominio C-terminal responsavel pela
dimerizacao (Kisker et al., 1997). O cofator molibdénio contém uma molécula
de molibdopterina, a qual esta ligado o molibdénio, sendo este responsavel
pela oxidacdo do sulfito com a reducdo do molibdénio (VI) para o molibdénio
(IV). Os elétrons provenientes do sulfito sdo entéo transferidos um de cada vez

através do heme bs da enzima para o citocromo ¢ (Johnson e Duran, 2001). A



acdo da SO mantém os niveis plasmaticos de sulfito em até 10 uM (Ji et al.,

1995).
Aminotranferase 505
B-mercaptopiruvato e Cisteina AL) s-sulfocisteina
Transsulfurase LDH 0
\ Cisteina dioxigenase
H,5 + Piruvato B-mercaptolactato o _

5032_\1 Cisteina sulfinato

. Aminotranferase

Tiossulfato

B-sulfinil piruvato

I\‘ Piruvato

Sulfito [S05%)

Sulfito oxidase

Sulfato (504%)

Figura 1. Via do catabolismo da cisteina (Adaptado de Johnson e Duran,

2001).

1.1.3. Deficiéncia da sulfito oxidase (SO)

A deficiéncia da SO é uma doenca neurometabdlica de caréter
autossémico recessivo que ocorre devido a uma deficiéncia isolada da SO ou
devido a uma deficiéncia na rota de biossintese de seu cofator molibdénio.
Além de ser necessario para a reacao da SO, esse cofator também € essencial
para a atividade das enzimas xantina oxidase 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 Achados Bioquimicos

O quadro clinico da deficiéncia isolada da SO é similar ao da deficiéncia
do cofator molibdénio (Chan et al.,, 2002). Entretanto, 0s sintomas na
deficiéncia isolada da SO tém inicio mais tardio e sdo mais heterogéneos,
enquanto que a deficiéncia do cofator molibdénio € uma doenga geralmente
fatal. Os sintomas incluem disfuncdo neurolégica grave e progressiva,
convulsGes neonatais severas, hipotonia axial, hipertonicidade periférica, além
de subluxacdo do cristalino e atraso no desenvolvimento, resultando
geralmente em morte prematura (Edwards et al., 1999; Johnson e Duran,
2001).

As alteragdes bioquimicas tipicamente encontradas na deficiéncia da SO
(deficiéncia isolada da SO e deficiéncia do cofator molibdénio) incluem
excrecao urinaria excessiva de sulfito, tiossulfato e S-sulfocisteina (Basheer et
al., 2007; Herken et al., 2009). Na deficiéncia do cofator molibdénio ainda séo
observados baixos niveis plasmaticos de acido urico e altos niveis de xantina e
hipoxantina na urina, enquanto que na deficiéncia isolada da SO os niveis

plasmaticos desses compostos sdo normais (Chan et al., 2002).

1.1.3.2. Achados Neuropatolégicos

Os achados neuropatolégicos caracteristicos da deficiéncia isolada da
SO incluem perda massiva de neurbnios, desmielinizacdo e proliferacdo glial
com anormalidades na substancia branca. Também ja foi evidenciado atrofia
cortical, leucoencefalopatia e anormalidades nos ganglios basais, tdlamo e

cerebelo (Rosenblum, 1968; Basheer et al., 2007; Bindu et al., 2011).



J& as investiga¢6es patoldgicas e neurorradioldgicas para a deficiéncia
do cofator molibdénio sdo mais numerosas. Estudos ja demonstraram atrofia
cortical grave, dilatacdo dos ventriculos e anormalidades nos ganglios basais e
talamo (Slot et al., 1993; Schuierer et al., 1995; Appignani et al., 1996;
Vijayakumar et al., 2011). Com relacdo aos achados patolégicos, foi verificada
também perda massiva de neurbnios do coOrtex cerebral, tAlamo e ganglios
basais, além de gliose, espongiose e desmielinizacdo (Barth et al., 1985; Brown

et al., 1989; Vijayakumar et al., 2011).

1.1.3.3. Diagndstico

Todos os pacientes com a deficiéncia da SO possuem um perfil
metabolico caracteristico, embora 0s niveis excretados dos metabolitos
acumulados variem devido a diferencas no consumo de proteina, catabolismo e
producéo de creatinina. Para o diagndéstico das duas formas de deficiéncia da
SO, o sulfito é facilmente detectado na urina fresca através 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 oxidacao
do sulfito a sulfato em temperatura ambiente (Hobson et al., 2005; Ngu et al.,
2009; Sass et al.,, 2010). Um teste mais preciso é a identificacdo de S-
sulfocisteina na urina através da espectrometria de massas (Johnson e
Rajagopalan, 1995; Hobson et al., 2005). O diagnéstico especifico da
deficiéncia do cofator molibdénio € realizado a partir da medida dos niveis
plasmaticos e urinarios de &cido Urico, xantina e hipoxantina, visto que as

enzimas xantina oxidase e aldeido oxidase também estdo deficientes neste
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distdrbio. Caso sejam encontrados baixos niveis de &acido urico e altas
concentracbes de xantina e hipoxantina, o diagnéstico é a deficiéncia do
cofator molibdénio (Sass et al., 2010).

Embora a deficiéncia do cofator molibdénio possa ser geralmente
diagnosticada através da deteccdo de hipouricemia, a deficiéncia isolada da
SO geralmente ndo é detectada porque metabdlitos relevantes como a S-
sulfocisteina e o sulfito ndo séo rotineiramente testados ou séo instaveis (Sass
et al., 2004). Dessa forma, a determinacdo da homocisteina total no plasma
tem sido recomendada como um teste barato e de primeira linha (Sass et al.,
2010). Os portadores da deficiéncia da SO ou deficiéncia do cofator molibdénio
apresentam niveis plasmaticos indetectaveis de homocisteina, ja que o
acumulo de sulfito nessas doencas pode resultar da degradacdo de compostos
tiolicos tais como homocisteina (Sass et al., 2004).

A confirmacdo do diagnodstico 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 através do monitoramento da

atividade da SO em bidpsia das vilosidades coridnicas (Johnson, 2003).

[.1.3.4. Tratamento

Atualmente, o tratamento para a deficiéncia da SO é bastante limitado.
Na maioria dos casos, o tratamento sintomatico é realizado com o objetivo de
controlar as convulsdes, apresentando geralmente pouco sucesso (Sass et al.,
2010). Contudo, com a utilizacdo de novas drogas antiepilépticas, tais como a

vigabatrina, os pacientes tém apresentado melhora nas convulsdes (Johnson e
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Duran, 2001). Em alguns casos, uma dieta com baixa quantidade de proteina e
teor reduzido de aminoacidos sulfurados tem sido utilizada. Em pacientes com
uma deficiéncia moderada da SO, este tratamento diminuiu os niveis de
tiossulfato e S-sulfocisteina na urina. Além disso, foi observado que estes
pacientes apresentaram crescimento normal sem sinais de deterioragéo

neuroldgica e progresso no desenvolvimento psicomotor (Touati et al., 2000).

1.1.3.5. Fisiopatologia

Apesar de 0s mecanismos responsaveis pelo aparecimento de sintomas
neurolégicos encontrados nos pacientes afetados pela deficiéncia da SO ainda
nao estarem totalmente estabelecidos, evidéncias apontam para uma acao
toxica do sulfito. Estudos mostraram que o sulfito pode sofrer auto-oxidacao
gerando radicais livres (Mottley e Mason, 1988; Abedinzadeh, 2001; Baker et
al., 2002) e induzir estresse oxidativo em cérebro e figado de ratos in vitro
(Chiarani et al., 2008; Derin et al., 2009). Ja em estudos com ratos deficientes
para a enzima SO foi verificado que concentracbes aumentadas de sulfito
induzem lipoperoxidacdo no hipocampo e diminuem a capacidade antioxidante
do plasma, além de causarem déficit cognitivo (Kuclukatay et al., 2005; Herken
et al., 2009). Zhang e colaboradores (2004) observaram que o sulfito diminui a
biossintese de ATP e o potencial de membrana mitocondrial quando o
glutamato € utilizado como substrato e inibe a atividade da glutamato
desidrogenase em mitocondrias cerebrais de ratos. Ja estudos em células

Neuro-2a e PC12 evidenciaram que o sulfito aumenta a geracdo de espécies

reativas de oxigénio (ERO) e causa diminui¢do dos niveis de ATP (Zhang et al.,
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2004). Além disso, foi demonstrado que o sulfito causa morte neuronal no
hipocampo e cortex somatossensorial de ratos (Kocamaz et al., 2012;

Kencebay et al., 2013).

l.1.4 Metabolismo energético cerebral

O cérebro é um dos 6rgdos mais ativos metabolicamente, entretanto
possui reservas energéticas extremamente reduzidas em relacdo a sua alta
taxa metabdlica (Dickinson, 1996). Em condi¢cbes normais, o metabolismo
energético no cérebro € mantido principalmente pelo metabolismo oxidativo da
glicose, o qual ocorre mais rapidamente do que em outros érgaos como figado,
coracao ou rins (Sokoloff, 1993; Dickinson, 1996). Os neurdnios séo altamente
dependentes de lactato como substrato energético para o seu metabolismo
oxidativo, o qual € fornecido principalmente por astrocitos que utilizam a maior
parte da glicose (Pellerin, 2005).

Em contraste com outros tecidos como 0 musculo esquelético e o tecido
adiposo, o0 cérebro ndo necessita de insulina para captar e oxidar a glicose.
(Dickinson, 1996). A oxidacao da glicose através da via glicolitica forma lactato
nos astrocitos, o qual é direcionado para os neurdnios, onde € oxidado no ciclo
de Krebs e na cadeia transportadora de elétrons (CTE) (Pellerin, 2005). O
acoplamento entre a CTE e a fosforilacdo oxidativa gera grande parte do ATP

necessario ao céerebro (Erecinska e Silver, 1994).

1.1.4.1. Creatina quinase (CK)

Apesar de no cérebro a fosforilacdo oxidativa fornecer em torno de 95%

de todo o ATP sintetizado na célula, outros mecanismos auxiliam na
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manutenc¢do dos niveis deste composto. Um destes importantes mecanismos &
o sistema da enzima creatina quinase (CK), o qual estd presente em tecidos
com alta demanda energética, como o cérebro. A CK ocorre tanto no citosol
guanto no espago intermembranas mitocondrial, onde interage com a
membrana mitocondrial interna e externa, e catalisa a reacdo reversivel de
transferéncia do grupamento fosfato do ATP para o grupamento guanidino da
creatina, formando fosfocreatina e ADP. O sistema creatina/fosfocreatina/CK
desempenha um papel fundamental na bioenergética e na fungéo cerebral uma
vez que é importante para o tamponamento energético, regenerando ATP e
mantendo baixos niveis de ADP, e para a transferéncia de ATP de sitios de
produgcdo na mitocondria para outros de consumo no citosol (Erecinska e

Silver, 1994; Wendt et al., 2003).

1.1.4.2. Na" K*-ATPase

A Na', K' -ATPase é uma enzima transmembrana que também
desempenha um papel fundamental para o funcionamento do sistema nervoso.
Essa enzima catalisa o transporte simultdneo de 3 jons Na* para fora e 2 ions
K" para dentro da célula, garantindo a manutencéo do gradiente de Na* e K"
através da membrana plasmatica, o qual é essencial para a manutencédo do
potencial de repouso da membrana e para a propagacao do impulso nervoso
(Kaplan, 2002; Hamada et al., 2003; Takeuchi et al., 2008). O transporte dos
cations Na® e K' através da membrana plasmatica contra seus gradientes de

concentracdo € dependente de ATP, sendo que cerca de 40 a 50 % do ATP
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produzido no cérebro é consumido pela Na',K'-ATPase para realizar este

transporte (Erecinska e Silver, 1994).

1.1.5. Fosforilagdo Oxidativa e Homeostase Mitocondrial

A fosforilacdo oxidativa é o processo final do metabolismo produtor de
energia nos organismos aerobicos. Todas as vias de degradacéo oxidativa de
aminoacidos, carboidratos e lipidios convergem para essa etapa, na qual a
energia proveniente da oxidagdo e conservada em equivalentes reduzidos
(NADH e o FADH),) é utilizada para a sintese de ATP. Neste processo o NADH
e FADH, doam elétrons para a CTE, os quais fluem sequencialmente através
de uma série de complexos enzimaticos, que em eucariotos estdo ancorados
na membrana mitocondrial interna. Cada componente da CTE transfere
elétrons para um aceptor com maior potencial de reducédo, sendo o oxigénio o
aceptor final de elétrons, o qual é reduzido a H,O. Sendo assim, a transferéncia
de elétrons é impulsionada por um crescente potencial redox existente entre os
equivalentes reduzidos, os complexos enzimaticos da CTE e o O,. A energia
liberada pela transferéncia de elétrons entre os complexos da CTE é utilizada
para bombear prétons da matriz mitocondrial para o espaco intermembranas,
possibilitando a producdo de ATP a partir de ADP e fosfato inorganico (Pi) em
uma reacao catalisada pela ATP sintase (Nelson e Cox, 2012).

A CTE é composta por uma série de complexos enzimaticos e uma
coenzima lipossoluvel, os quais apresentam grupos prostéticos como flavina
mononucleotideo, centros ferro-enxofre e citocromos contendo ferro ou cobre,

gue permitem aos complexos o desempenho de sua fungédo como aceptores e
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doadores de elétrons (Di Donato, 2000; Lieberman e Marks, 2009). O complexo
I, também chamado de NADH:ubiquinona oxidorredutase ou NADH
desidrogenase recebe elétrons do NADH e os transfere para a coenzima Q
(CoQ; ubiquinona), a qual também recebe elétrons do complexo Il (succinato
desidrogenase), provenientes do FADH, resultante da oxidag&o do succinato a
fumarato no ciclo de Krebs. Os elétrons da ubiquinona reduzida sdo doados ao
complexo I, também conhecido como complexo dos citocromos bc; ou
ubiquinona:citocromo ¢ oxidorredutase, que por sua vez reduz o citocromo c.
Por fim, o complexo IV (citocromo ¢ oxidase) catalisa a reducéo do O, a H,0,
utilizando os elétrons provenientes do citocromo ¢, sendo necessarias quatro
moléculas de citocromo c¢ para reduzir completamente uma molécula de O,
(Abeles et al., 1992; Nelson e Cox, 2012).

E importante ressaltar que o NADH e o FADH; produzidos na matriz
mitocondrial podem doar seus elétrons diretamente para a CTE. Por outro lado,
o NADH produzido no citosol necessita de sistemas chamados de lancadeiras
de elétrons para transferir elétrons do NADH do citosol para a CTE, uma vez
gue a membrana mitocondrial interna é impermeavel as moléculas de NADH e
FADH,. Existem duas lancadeiras de elétrons para este propdsito, designadas
de lancadeira malato/aspartato e lancadeira do glicerol-3-fosfato (utilizada pelo
cérebro). Uma vez formadas na mitocéndria, as moléculas de NADH e FADH,
podem doar elétrons para o complexo | ou para a CoQ, respectivamente,
suprindo a CTE (Lieberman e Marks, 2009; Nelson e Cox, 2012).

A transferéncia de elétrons através dos complexos da CTE até o O, esta
acoplada a sintese de ATP pela ATP sintase, de forma que a energia liberada

no transporte de elétrons é utilizada para a formacéo de uma ligacdo de fosfato
16



de alta energia, dando origem a uma molécula de ATP, o que é explicado pelo
modelo quimiosmoético. A medida que os elétrons s&o transferidos de um
complexo da CTE para o outro ha liberacdo de energia, uma vez que 0O
potencial de reducdo de cada complexo esta em um nivel energético menor
que o complexo anterior. Esta energia é utilizada pelos complexos I, Il e IV
para bombear prétons da matriz mitocondrial para o espaco intermembranas
contra seu gradiente de concentracdo, gerando um gradiente eletroquimico
através da membrana mitocondrial interna (MMI). Este gradiente possui dois
componentes: o potencial de membrana (gradiente elétrico) e o gradiente de
prétons (gradiente quimico), e € também chamado de forca proton-motora, uma
vez que € a energia que impulsiona os prétons de volta para a matriz a fim de
atingir o equilibrio eletroquimico. A forca proton-motora dirige a fosforilagdo do
ADP a medida que os prétons retornam passivamente para a matriz a favor do
gradiente eletroquimico através de um poro para prétons associado a ATP
sintase (Lieberman e Marks, 2009; Nelson e Cox, 2012)

Considerando que o O, é oxidado a H,O pelo complexo IV da CTE,
pode-se estimar a respiracdo mitocondrial através da medida do consumo de
O,. Apesar de essa medida determinar diretamente apenas a velocidade da
transferéncia de elétrons para o seu aceptor final, a molécula de O,, muitas
informacBes sobre diversos outros processos relacionados a mitocondria
podem ser obtidos simplesmente pela adaptacdo das condicbes de incubacéao.
Através dessa medida pode-se investigar o transporte de substratos através da
membrana mitocondrial, a atividade das desidrogenases, a atividade dos

complexos da CTE, o transporte de nucleotideos de adenina pela membrana
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mitocondrial, a atividade da ATP sintase e a permeabilidade da membrana
mitocondrial a H* (Nicholls e Ferguson, 2002).

A respiragdo mitocondrial pode ser dividida experimentalmente em 5
estagios, conforme ilustrado na figura 2. No estado 1 ha apenas mitocondrias
na presenca de Pi. Ap0s a adicdo de substrato oxidavel ocorre o estado 2,
onde a respiracdo € lenta devido a falta de ADP. O estado 3 ou estado
fosforilante representa o consumo de O, apés a adicdo de ADP, o qual
estimula o consumo de O, e a producédo de ATP. Ja o estado 4 ou estado nédo-
fosforilante reflete o0 consumo de O, apds as mitocdndrias ja terem depletado o
ADP disponivel, resultando em uma diminuicdo da taxa de respiracdo e em
uma auséncia da producéo de ATP. Por fim, o estado 5 representa a andxia. E
importante salientar que apenas os termos estado 3 e estado 4 sdo comumente
utilizados (Nicholls e Ferguson, 2002). A transducéo de energia entre a CTE e
o gradiente eletroquimico de préotons é bem regulada, sendo que um pequeno
desequilibrio termodinamico entre ambos pode resultar em uma alteracao
importante no transporte de elétrons pela cadeia respiratoria. Dessa forma,
guando ha a dissipacdo do gradiente de prétons pela acdo da ATP sintase
devido a adicdo de ADP, ha um desequilibrio que estimula a transferéncia de
elétrons pela cadeia respiratéria e, consequentemente, o consumo de Oo.
Portanto, é necessario que haja disponibilidade de ADP e um potencial de
membrana suficientemente alto para que a ATP sintase esteja ativa (Nicholls e
Ferguson, 2002; Nelson e Cox, 2012). Neste contexto, o acoplamento da
respiracdo mitocondrial € definido como a capacidade da mitocéndria de gerar
ATP quando exposta ao ADP, ou seja, acoplar os processos de oxidacao e de

fosforilagdo. No caso de ocorrer a dissipacdo do gradiente eletroquimico de
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prétons devido a um dano ou aumento da permeabilidade da MMI ocorre o
desacoplamento do transporte de elétrons e da sintese de ATP, resultando em
um aumento do consumo de oxigénio (atividade respiratéria aumentada) com

reduzida producao de ATP (Nicholls e Ferguson, 2002).
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Figura 2. Estados da respiracdo mitocondrial (Adaptado de Nicholls e

Ferguson, 2002).

Além de sua principal funcéo de producéo de energia na forma de ATP a
mitocdndria desempenha outros importantes papeis. Essa organela é a
principal fonte de ERO, uma vez que alguns centros redox dos complexos da
CTE, como os presentes nos complexos | e lll, podem ser diretamente
oxidados pelo O,, com a transferéncia de um unico elétron para essa molécula,
gerando anions superoxido (O2*) na matriz mitocondrial e no espaco

intermembranas. Por outro lado a mitocéndria também € a principal fonte de
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defesas antioxidantes nas células (Cadenas e Davies, 2000; Han et al., 2001).
Além disso, a mitocéndria € fundamental para a manutencdo da homeostase
do célcio (Nicholls e Akerman, 1982) e estd envolvida em diversos processos

gue levam a morte celular, incluindo a liberacdo de citocromo c (Liu et al.,

1996).

.1.6. Papel da Mitocondria na Homeostase Celular do Ca?*

A habilidade de acumular, reter e liberar Ca®* é uma funcdo ubiqua e
fundamental das mitocéndrias de animais, sendo seu papel fundamental para o
tamponamento do Ca*" citosélico (Starkov, 2010) Em situacdes nas quais ha
um aumento nos niveis intracelulares de Ca**, devido a um prejuizo dos
sistemas de remocéo de Ca*" ou devido & ativacdo de receptores N-metil-D-
aspartato (NMDA) nos neurdnios, essa sobrecarga citosélica de Ca®" pode
levar a uma ativacdo de enzimas liticas como a fosfolipase A2, proteases e
endonucleases, resultando em degradacdo celular (Fiskum et al., 1999;
Nicholls e Budd, 2000; Orrenius et al., 2003). Sob essas condi¢des, a
mitocdndria se torna essencial no sequestro de Ca** (Budd e Nicholls, 1996;
Castilho et al., 1998; Stout et al., 1998).

O Ca?" é captado e liberado pela mitocondria através de transportadores
em um processo que consome energia. Para acessar 0 espaco
intermembranas ou ser liberado de volta no citosol, o Ca®* utiliza os canais de
anions dependentes de voltagem (VDAC), localizados na membrana
mitocondrial externa. Uma vez no espaco intermembranas, o Ca** é captado

pela mitocéndria por um sistema uniporte de Ca** (MCU), sendo sua entrada
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impulsionada pelo potencial de membrana negativo gerado pela atividade dos
complexos da CTE. JA a liberacdo de Ca®" da matriz é realizada pelos
trocadores Na*/Ca?* (MNCX) e H/Ca** (mHCX) (Bernardi e von Stockum,
2012; Rizzuto et al., 2012; Brini et al., 2014) (Figura 3).

Na matriz mitocondrial, o Ca®* acumulado forma precipitados
osmoticamente inativos com o fosfato, permitindo que a mitocondria seja capaz
de acumular grandes concentracées de Ca®', podendo chegar a 300 uM
dependendo do tecido (Starkov, 2010). Contudo, uma excessiva captacao
mitocondrial de Ca®* pode ter como consequéncia a permeabilizacdo
mitocondrial ndo seletiva, conhecida como transicdo da permeabilidade
mitocondrial (MPT), a qual resulta da abertura de um poro na MMI (Zoratti e
Szabo, 1995; Adam-Vizi e Starkov, 2010; Starkov, 2010). O poro de transicéo
da permeabilidade mitocondrial (MPTP) € formado por proteinas presentes na
matriz mitocondrial ou na MMI e possui 2-3 nm de diametro. A composicao
proteica do MPTP ainda ndo € conhecida, porém alguns requerimentos
minimos sao esperados para que uma proteina possa ser um candidato a
componente do MPTP, tais como a capacidade de se ligar a membrana
mitocondrial interna e abrir um canal de 2-3 nm de diametro que seja
completamente reversivel (transitério) (Starkov, 2010). O translocador de
nucleotideos adenina (ANT) tem sido sugerido como uma das mais provaveis
proteinas formadoras do MPTP (Halestrap e Brenner, 2003; Leung e Halestrap,
2008). Evidéncias também apontam a ciclofilina D, uma proteina da matriz
mitocondrial que interage com o ANT, como um componente chave para a

abertura do poro (Figura 3). A ciclofilina D é um alvo da ciclosporina A (CsA),
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um peptideo inibidor do MPTP (Woodfield et al., 1998; Bernardi e von Stockum,

2012; Rizzuto et al., 2012; Brini et al., 2014).
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Figura 3. Modelo padrdo da homeostase mitocondrial de Ca®". T: trocador;
CTE: cadeia transportadora de elétrons; MMI. Membrana Mitocondrial Interna;

CAC: ciclo do acido citrico (Adaptado de Starkov, 2010).

A abertura do MPTP leva a permeabilidade de solutos com uma massa
molecular de até 1,5 kDa, resultando em liberacdo de Ca*" para o citosol,
inchamento mitocondrial devido a captacdo osmoética de agua, dissipacdo do
potencial de membrana (AWm), perda de nucleotideos piridina e glutationa
reduzida (GSH), comprometimento da sintese de ATP e liberacdo de fatores
apoptogénicos intramitocondriais, como o citocromo ¢ (Kim et al., 2003; Soane
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et al., 2007; Starkov, 2010; Rasola e Bernardi, 2011; Bernardi e von Stockum,

2012; Rizzuto et al., 2012).

1.1.7. Radicais Livres e Defesas Antioxidantes

Radicais livres sdo espécies quimicas que contém um ou mais elétrons
desemparelhados e que sao capazes de existir de forma independente. Essas
espécies encontram-se em uma situacao energeticamente instavel devido ao
desemparelhamento de elétrons, o que as torna altamente reativas (Southorn e
Powis, 1988; Halliwell e Gutteridge, 2007d).

Em condig¢des fisiolégicas do metabolismo celular aerdbico, o O, sofre
reducéo tetravalente no complexo IV da CTE resultando na formacao de H,O.
No entanto, cerca de 3 a 5% do O, ndo é completamente reduzido a H;O,
podendo ser convertido a ERO, tais como o radical superéxido (O,") e hidroxila
(OH"), além do nao-radical peréxido de hidrogénio (H,O,), em um processo que
pode ser exacerbado em condi¢cdes patolégicas (Boveris e Chance, 1973;
Roede e Jones, 2010). Além das ERO, existem ainda as espécies reativas de
nitrogénio (ERN), sendo as principais representantes o 6xido nitrico (NO®) e o
peroxinitrito (ONOQ) (Halliwell e Gutteridge, 2007d).

As ERO e ERN estdo presentes em processos fisioldgicos e apresentam
uma série de funcdes, tais como sinalizacdo celular e sintese e regulacéo de
proteinas (Ward e Peters, 1995; Irani, 2000; Wall et al., 2012), bem como a
defesa do organismo contra infeccles, realizada através da liberacdo de
espécies reativas toxicas pelos neutrdfilos (Delanty e Dichter, 1998; Aratani et

al., 2012). Entretanto, quando formadas excessivamente, essas espécies sao
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capazes de causar danos celulares através da oxidacdo de diversas
biomoléculas, tais como, lipidios, proteinas, carboidratos e DNA (Halliwell e
Gutteridge, 2007d).

A fim de evitar os efeitos danosos causados pelas espécies reativas,
existem mecanismos eficientes para a detoxificacdo das mesmas: as defesas
antioxidantes enzimaticas e antioxidantes nao-enzimaticos enddgenos ou
derivados da dieta. Essas defesas estdo amplamente distribuidas no
organismo e compreendem agentes que removem cataliticamente os radicais
livres, como as enzimas superoxido dismutase, catalase (CAT), glutationa
peroxidase; proteinas que minimizam a disponibilidade de pro-oxidantes (ions
de ferro e cobre, por exemplo), ao se ligarem aos mesmos como as
transferrinas; agentes que aprisionam ERO e ERN, como GSH, a-tocoferol e
acido ascorbico; além de proteinas que protegem biomoléculas de danos por

outros mecanismos (Halliwell e Gutteridge, 2007a).

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 condi¢des patolégicas ha um desequilibrio entre a
producdo de espécies reativas e a sua remocao pelos mecanismos de defesa
antioxidante, o que da origem a uma situacdo denominada estresse oxidativo
(Halliwell e Gutteridge, 2007b).

O estresse oxidativo pode resultar tanto de uma producdo aumentada de

espécies reativas quanto de uma diminuicdo das defesas antioxidantes,
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podendo levar a lipoperoxidagéo, cujos produtos sdo altamente neurotoxicos,
ao dano oxidativo a proteinas, levando a sua inativagdo e alterando a funcao
celular, e ao dano oxidativo ao DNA e RNA, causando muta¢cBes soméaticas e
distarbios de transcricdo (Delanty e Dichter, 1998; Halliwell, 2001; Halliwell e
Gutteridge, 2007b). Um nivel moderado de estresse oxidativo pode ser tolerado
pelas células, resultando geralmente em um aumento na sintese de enzimas
antioxidantes com a finalidade de neutralizar as espécies reativas em excesso.
Por outro lado, o estresse oxidativo exacerbado pode levar a morte celular por
necrose ou apoptose, devido aos grandes danos celulares causados pelas

espécies reativas (Halliwell e Gutteridge, 2007b).
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[.2. JUSTIFICATIVA

Pacientes acometidos pela deficiéncia da SO apresentam principalmente
encefalopatia, retardo psicomotor e convulsdes neonatais severas (Edwards et
al., 1999; Johnson e Duran, 2001), cuja fisiopatologia ndo esta totalmente
esclarecida. Uma vez que esta doenca € bioquimicamente caracterizada pelo
acumulo de sulfito e tiossulfato nos tecidos e liquidos bioldgicos dos pacientes
(Johnson e Duran, 2001), sugere-se que esses coOmpostos sejam
potencialmente neurotoxicos. Nesse contexto, nada se sabe sobre possiveis
efeitos neurotdéxicos do tiossulfato, ao passo que trabalhos anteriores
demonstraram que o sulfito causa prejuizos a funcédo mitocondrial (Vincent et
al., 2004; Zhang et al., 2004). Também deve ser salientado aqui que alguns
pacientes apresentam acidemia latica (Eichler et al., 2006; Basheer et al.,
2007). Dessa forma, torna-se importante avaliar os efeitos desses compostos
sobre parametros de bioenergética, homeostase redox e funcéo mitocondrial, e
investigar possiveis mecanismos envolvidos nesses efeitos em tecidos
cerebrais a fim de melhor esclarecer os mecanismos responsaveis pelo dano

neurolégico apresentado pelos portadores da deficiéncia da SO.
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1.3. OBJETIVOS

1.3.1. Objetivo Geral
O objetivo do presente trabalho foi investigar os efeitos in vitro do sulfito
e do tiossulfato sobre parametros de metabolismo energético e homeostase

redox e mitocondrial em cérebro de ratos jovens.

1.3.2 Objetivo Especificos

a) Avaliar os efeitos do sulfito e do tiossulfato sobre a atividade dos
complexos I-ll, 1I, 1I-11l e IV da CTE em homogeneizado de cortex cerebral de
ratos.

b) Avaliar os efeitos do sulfito e do tiossulfato sobre a atividade da CK
total em homogeneizado de cértex cerebral de ratos.

c) Avaliar os efeitos do sulfito e do tiossulfato sobre a oxidacdo da
diclorofluorescina (DCFH) em fatias de cortex cerebral de ratos e sobre a
producédo de peroxido de hidrogénio e a atividade da enzima aconitase em
preparacdes mitocondriais de cérebro de ratos.

e) Avaliar os efeitos do sulfito e do tiossulfato sobre a atividade da
Na' K*-ATPase em membranas sinapticas isoladas de cortex cerebral de ratos.

f) Avaliar os efeitos do sulfito e do tiossulfato sobre os parametros
respiratérios estado 3, estado 4, razdo de controle respiratério (RCR) e estado
induzido por carbonilcianeto m-clorofenil-hidrazona (CCCP) (estado
desacoplado), medidos através do consumo de oxigénio em preparacdes

mitocondriais de cérebro de ratos.
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g) Avaliar os efeitos do sulfito sobre o AWYm, inchamento mitocondrial,
retencdo de Ca®" pela mitocondria, contetdo de NAD(P)H na matriz
mitocondrial, conteldo de grupamentos ti6is de proteinas de membrana da
mitocondria e liberacdo de citocromo ¢ na presenca ou auséncia de Ca* em

preparagfes mitocondriais de cérebro de ratos.
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Sulfite oxidasze (50) deficiency is biochemically characterized by tissue accumulation and high urinary excretion
of sulfite, thiosulfate and S-sulfocysteine. Affected patients present severs neurological symptoms and cortical at-
rophy, whose pathophysiology is still poorly established. Therefore, in the present work we investigated the
» in vitro effects of sulfite and thiosulfate on important parameters of energy metabolism in the brain of young
};g;::ﬁdase deficiency rats. We verified that sulfite moderately inhibited the activity of complex IV, whereas thiosulfate did not alter
Sulfite any of the activities of the respiratory chain complexes. It was also found that sulfite and thiosulfate markedly re-
duced the activity of total creatine kinase (CK) and its mitochondnal and cytosolic isoforms, suggesting that these
metabolites impair brain cellular energy buffering and transfer. In contrast, the activity of synaptic NatK™-
ATPase was not altered by sulfite or thiosulfate. We also observed that the inhibitory effect of sulfite and thiosul-
fate on CK activity was prevented by melatonin, reduced glutathione and the combination of both antioxidants,
as well as by the nitric oxide synthase N"-nitro-t-arginine methyl ester, indicating the involvement of reactive
oxygen and nitrogen species in these effects. Sulfite and thiosulfate also increased 2',7'-dichlorofluarescin oxida-
tion and hydrogen peroxide production and decreased the activity of the redox sensor aconitase enzyme,
reinforcing a role for oxidative damage in the effects ehiated by these metabolites. It may be presumed that
the disturbance of cellular energy and redox homeostasis provoked by sulfite and thiosulfate contributes to the

neurclogical symptoms and abnormalities found in patients affected by SO defidency.
© 2013 Elsevier BEV. All rights reserved.

Thiosulfate

Bioenergetic dysfuncrion
Reactive species

Rat brain

1. Introduction deficiency) or n any gene that affects the synthetic pathway of its

molybdenum cofactor (molybdenum cofactor deficlency) (Sass et al.,

Sulfite oxidase (SO; FC 1.8.3.1), encoded by SUOX gene, is an enzyme
localized in the mitochondrial intermembrane space that catalyzes the
oxidation of sulfite to sulfate, which is the terminal reaction of the me-
tabolism of sulfur amino acids (Johnson, 2003 ). SO also detoxifies the
sulfite derived from exogenous sources, such as sulfiting agents used
in pharmaceuticals and as preservatives in food (Basheer et al., 2007;
Chapman, 1993; Derin et al., 2006; Taylor et al.,, 1986). The importance
of SO becomes obvious in cases of 50 deficiency. The deficiency of this
enzyme can be caused by mutations in the SUOX gene (isolated SO

Abbreviations: oK, cytosolic crearine kinase: Ck, creatine kinase: DT, dichlorofluorescein;
DEF-DA, 277 '-dichlorofluorescein - diacetate; DNOFH, 2°7'-dichlorofluoresan; DOFP, 26-
dichlornindophenol: GSH. reduced glutathione; L-MAME, NY-nitro-L-arginine methyl
ester; mCK, mitochondrial creatine kinase; MEL melatonin; Pi, inorganic phosphate;
ROS, reacrive oxygen spedes; 50, sulfite oxidase; ok, total creatine kinase: TRO, trolox

* Corresponding author. Tel: + 55 51 3308 5560; fax: + 35 51 3308 5535,

E-mail address: guilhian@ufrgs br [G. Leipnitz).

0378-1119/% - see front matter © 2013 Elsevier BV, All rights reserved.
hetp://dx dof.org/ 101016 gene 2013.02.018

2010).

Patients affected by SO deficiency (isolated 50 deficiency and mo-
lybdenum cofactor deficiency) present severe neurological dysfunction
characterized by encephalopathy, psychomotor retardation and zener-
alized 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). Neuropathological findings indude massive neuronal loss and
gliosis in cerebral cortex, atrophy in the cerebral white matter and ab-
normalities in basal ganglia and cerebellum (Appignani et al, 1996;
Basheer et al, 2007; Bindu et al, 2011; Johnson and Duran, 2001;
Schuierer et al, 1995; Slot et al, 1993; Vyjayakumar et al, 2011).
Biochemically, the disorder is characterized by tissue accumulation
and high urinary excretion of sulfite and its related metabolites thiosul-
fate and S-sulfocysteine (Johnson and Duran, 2001).

The mechanisms underlying the pathogenesis of the severe brain
damage in 50 deficiency are still poorly eluddated. However, previous
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studies demonstrated that sulfite induces lipid peroxidation and
decreases antioxidant defenses in brain and erythrocytes of normal
and SO-defident rats (Chiarani et al., 2008; Dertin et al., 2009; Herken
et al, 2009; Kiicitkatay et al, 2005; Ozturk et al, 2010). Moreover,
chemical studies demonstrated that sulfite generates a sulfite radical
that could mediate lipid peroxidation, and leads to the formation of
superoxide anion in the presence of oxygen (Baker et al, 2002;
Mottley and Mason, 1988). It has been shown also that sulfite decreases
mitochondrial membrane potential and ATP synthesis in mitochondria
prepared from rat brain and kidney, as well as in Meuro-2a and PC12
cells (Vincent et al., 2004; Zhang et al,, 2004). Finally, a recent study
demonstrated that the administration of sulfite causes death of pyrami-
dal neurons in the hippocampus of normal and SO-deficient rats
(Kocamaz et al., 2012).

Considering that the potential neurotoxic effects of thiosulfate have
not yet been investigated and that the exact neurotoxic mechanisms
exerted by sulfite are not fully established, in the present study we
evaluated the in vitro effects of these metabolites on bioenergetics, by
determining the activities of the respiratory chain complexes I to IV
[oxidative phosphorylation), creatine kinase (K] (intracellular energy
transfer) and Nat KT-ATPase (neurotransmission) activities, as well
as on redox homeostasis, by measuring 2'.7'-dichlorofluorescin
[DCFH) oxidation, hydrogen peroxide production and the redox sensor
aconitase activity {production of reactive species) in the brain of young
rats.

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, Forto
Alegre, Brazil, and followed the “Mational Institutes of Health Guide for
the Care and Use of Laboratory Animals” (MIH Publications No. 80-23,
revised 1978). All efforts were made to minimize the number of animals
used and their suffering.

22 Reagents

All chemicals were purchased from Sigma Chemical Co., St. Louis,
MO, USA. Sulfite and thiosulfate were dissolved on the day of the exper-
iments in the buffer used for each assay and the pH was adjusted to 7.4.
The biochemical parameters were determined in the presence of varn-
ous concentrations of sulfite and thiosulfate (1-500 pM), whereas
control groups did not contain these metabolites in the incubatdon
medium. Parallel experiments were carried out to detect any interfer-
ence of sulfite and thiosulfate on the techniques utilized to measure
the biochemical parameters.

23. Sample preparation

Animals were killed by decapitation and the brain was immediately
removed, and kept on an ice plate. The olfactory bulb, pons and medulla
were discarded and the cerebral cortex was dissected, weighed and kept
chilled until homogenization. For the determination of the activities of
the respiratory chain complexes [-1IL I, 1I-1I and IV, cerebral cortex
was homogenmized (1:20, w/v) in SETH buffer (250 mM sucrose,
2.0 mM EDTA, 10 mM Trizma base and 50 IU-mL~" heparin), pH 7.4.
For total creatine kinase (tCK) activity determination, the cerebral cor-
tex was homogenized (1:10 w/v) in an isosmotic saline solution. The

homogenate was centrifuged at 800 g for 10 min and the supernatant
wias kept at — 70 “C until being used for enzymatic activity determina-
tion. For the preparation of mitochondrial and cytosolic fractions, the
homogenates were centrifuged at 800 g for 10 min at 4 °C and the
pellet discarded (Ramirez and [imenez, 2000). The supernatant was
then cenftrifuged at 27,000 g for 20 min at 4 "C. The pellet containing
the mitochondria was washed three times with saline solution and
used as the mitochondrial fraction for the mitochondnal creatine kinase
'mCK) enzymatic assay. The supernatants were further centrifuged at
125,000 g for 60 min at 4 “C the microsomal pellet discarded, and the
cytosol (supernatant) was used for the determination of cytosolic crea-
tine kinase {cCK) activity. The period between tissue preparation and
measurement of the parameters was always less than 5 days, except
for mCK and cCK assays, which were performed in the same day of the
preparations. We used samples containing approximately 0.01-1 mg
protein in the assays. Tissue slices (25 mg) were also prepared from
the cerebral cortex for DCFH oxidation measurement.

2.4. Preparation of mitochondnal fractions

For the measurement of aconitase activity and hydrogen peroxide
production forebrain mitochondria were isolated from the brain of 30-
day-old rats as described by Rosenthal et al. (1987), with slight modifi-
cations. Animals were killed by decapitation, had their brains rapidly
removed and put into ice-cold isolation buffer containing 225 mM man-
nitol, 75 mM sucrose, 1 mM EGTA, 0.1% bovine serum albumin ( free of
fatty acids) and 10 mV HEPES, pH 7.2. The cerebellum, pons, medulla
and olfactory bulbs were removed and the remaining material was
used as the forebrain. The forebrain was cut into small pieces using
surgical sdssors, extensively washed to remove blood and homoge-
nized 1:10 in a Dounce homogenizer using both a loose-fitting and a
tight-fitting pestle. The homogenate was centrifuged for 3 min at
2000 g. After centrifugation, the supernatant was again centrifuged for
8 min at 12,000 g. The pellet was suspended in isolation buffer contain-
ing 10 L of 10% digitonin and centrifuged for 8 min at 12,000 g. The
supernatant was discarded and the final pellet gently washed and
suspended in isolation buffer devoid of EGTA, at an approximate protein
concentration of 20 mg-mL™ . This preparation results in a mixture of
synaptosomal and non-synaptosomal mitochondria similar to the
brain composition.

2.5. Preparation of synaptic plasma membrane

For the measurement of Na™ K™-ATPase activity, cerebral cortex
was homogenized (1:10, w/v) ina 032 mM sucrose solution containing
5.0 mM HEPES and 1.0 mM EDTA. Synaptical plasma membranes were
then prepared according to the method of Jones and Matus (1974),
modified by Wyse et al. (1998) using a discontinuous sucrose density
gradient consisting of successive layers of 0.3, 0.8 and 1.0 mM. After
cenfrifugation at 68,000 g for 2 h, the fracdon at the 0.8-1.0 mM
sucrose interface was taken as the membrane enzyme preparation.

2.6. Respiratory chain complex I-IV activities

The activities of sucdnate-2 6-dichloroindophenol ( DIP)-oxddoreductase
(complex II) and sucdnate/cytochrome c oxidoreductase (complexes -
[T} were determined according to Fischer et al. (1985). The activity of
NADH/gytochrome ¢ oxidoreductase (complexes I-III) was assayed
according to the method desaribed by Schapira et al. (1990) and that of
cytochrome ¢ oxidase (complex [V) according to Rustin et al. (1994).
The methods used to measure these activities were slightly modified, as
described in detail in a previous report (da Silva et al., 2002). The samples
were pre-incubated with sulfite or thiosulfate at 30 °C for 30 min. The
confrols did not contain the metabolites in the incubation medium. The
activities of the respiratory chain complexes were calculated as
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nmol-min~'-mg protein~ ' and the results were expressed as a percent-
age of control.

2.7. Creatine kinagse (CK) activity

The activities of tCK, mCK and cCK were measured according to
Hughes (1962) with slight modifications (da Silva et al, 2004). In
brief, the reaction mixture consisted of 50 mM Trs buffer, pH 7.5,
containing 7.0 mM phosphocreatine, 7.5 mM Mg50,, and cortical prep-
arations 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-hydroxy-
mercuribenzoic acid. The creatine formed was estimated according to
the colorimetric method of Hughes (1962). The color was developed
by the addition of 0.1 mL of 20% «-naphthol and 0.1 mL of 20% diacetyl
in a final volume of 1.0 mL and read after 20 min at \ = 540 nm.
Results were calculated as pmol of creatine-min~ '-mg protein™ ' and
expressed as a percentage of control. In some experiments, the antioxi-
dants trolox (soluble w-tocopherol, TRO, 5 puM), melatonin (MEL,
1000 pM), the nitric oxide synthase inhibitor N*-nitro-1-arginine meth-
vl ester (L-NAME, 500 pM) or reduced glutathione (GSH, 10-100 )
was co-incubated with 500 pM sulfite or thiosulfate.

2 8. Determination of Na = K-ATPase activity

The reaction mixture for the Na= KT-ATPase assay contained 5 mM
MgCly, 80 mM Na(, 20 mM K, and 40 mM Tris-HC buffer, pH 7.4,
and purified synaptic membranes (approximately 3 g of protein] pre-
viously incubated with sulfite or thiosulfate at 37 *C for 30 min. The en-
zymatic assay ocourred at 37 °C during 5 min and started by the
addition of ATP (disodium salt, vanadium free) to a final concentration
of 3 mM. The reaction was stopped by the addition of 200 pL of 10% tri-
chloroacetic aad. Mgﬁ_—ATPase ouabain-insensitive was assayed under
the same conditions with the addition of 1 mM ouabain. Na* K-
ATPase activity was calculated by the difference between the two assays
(Wyse et al, 1998). Released inorganic phosphate [P1) was measured by
the method of Chan et al. { 1986). Enzyme-specific activities were calcu-
lated as nmol Pi released-min~'-mg protein™ ! and expressed as a
percentage of control.

29 2" 7-Dichlorofluorescin (DCFH) oxidation

The production of reactive species was determined according to the
method of LeBel et al. {1992 with slight modifications. Cerebral cortex
slices were exposed to sulfite or thiosulfate for 1 h at 37 “C. Afterwards,
the tissue slices were incubated with 5 pM 2’ 7'-dichlorofluorescein
diacetate (DCF-DA), prepared in 20 mM sodium phosphate buffer,
pH 7.4, containing 140 mM K, during 30 min at 37 *C. DCF-DA is
permeable to the cell membrane and is deacetylated by esterases to
DCFH in the intracellular medium. This nonfluorescent product is
converted by reactive species into the highly fluorescent product
dichlorofluorescein { DCF). After incubation, fluorescence was measured
using wavelengths of 480 nm (excitation) and 535 nm (emission). The
calibration curve was performed with standard DCF (1-100 pM). The
production of reactive species was calculated as pmol DCF- g of tissue™?
and expressed as a percentage of contral

2.10. Mitochondnal hydrogen peroxade (H202) release

Mitochondrial preparations (0.5 mg protein-mL~?) supported by
2.5 mM glutamate plus 2.5 mM malate were incubated in standard re-
action medium in the presence of 10 pM Amplex red and 1 U-mL™?
horseradish peroxidase. The fluorescence was monitored over time on
a Hitachi F-4500 spectrofluorometer operated at excitation and emis-
sion wavelengths of 563 and 587 nm, respectively, and slit width of

5 nm. Sulfite or thiosulfate (500 pM) was added to the reaction medium
at the beginning of the assay. Antimycin A (AA) (0.1 pg-mL™") was
added at the end of the measurement. Data were expressed as FALL

2.11. Aconitase activity

The activity of aconitase was measured according to Morrison ( 1954)
in brain mitochondrial fractions. Sulfite or thiosulfate (1-500 uM) was
added to the medium containing 36 mM Tris buffer, pH 7.4, (.07 mM
sodium citrate, (.08 mM 1-cysteine, 1.3 mM manganese chlonde,
0.5 U-mL™ "' isoditrate dehydrogenase, 0.18 mM NADP™ and mitochan-
drial preparations (0.5 mg protein-ml™ '] and submitted to a pre-
incubation for 30 min at 37 *C. The enzyme activity was monitored
following the reduction of NADP™ at wavelengths of excitation and
emission of 340 and 466 nm, respectively. Controls did not contain the
metabolites in the Incubation medium. The activity of aconitase was cal-
culated as pmol NADPH-min™'-mg protein™! and the results were
expressed as a percentage of control.

2.12. Protein determination

Protein content was measured by the method of Lowry et al. (1851,
using bovine serum albumin as a standard.

2.13. Statistical analysis

Results are presented as mean 4 standard dewiation. Assays
were performed in triplicate and the mean was used for statistical
calculations. Data were analyzed using one-way analysis of varance
[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. Differ-
ences between groups were considered significant at P < 0.05. All anal-
yses were carmied out in an IBM-compatible PC computer using the
Statistical Package for the Social Sciences (SPSS) software.

3. Results
3.1. Sulfite inhibits respiratory chain complex [V activity in rat cerebral cortex

First, we evaluated the effect of sulfite and thiosulfate on the activi-
ties of the respiratory chain complexes [ to [V in rat cerebral cortex in an
attempt to elucidate whether these compounds could alter the electron
flow through the electron transfer chain. Sulfite significantly inhibited
complex IV activity [Fy415 = 4438, P<0.05] in a dose-dependent
manner [} = —0.650, P < 0.01], whereas no significant alterations
were induced by this metabolite on the activities of the respiratory
chain complexes [-1II and [I-1II (Fig. 1). It should be stressed here that
complex Il activity could not be measured in the presence of sulfite be-
cause this compound interfered with the assay. Moreover, thiosulfate
did not affect any of the complex activities (Fig. 1).

32. Sulfite and thiosulfate inhibit creatine fanase activity in rat cerebral
cortex

The effect of sulfite and thiosulfate on tCK activity in cortical
supematants from young rats was also examined. We found that tCK ac-
tivity was significantly inhibited by sulfite [Fry 15, = 36.717, F < 0.001]
and thiosulfate [Frqsey = 250306, P = 0.001] in a dose-dependent
manner [sulfite: 5 = —0.721, P<0.001; thiosulfate: [ = —0.824,
P <= 0.001] (Fig. 2A). We then investizated the effect of these com-
pounds on the activity of mCK and c(K isoforms. Figs. 2B and C show, re-
spectively, that mCK and cCK activities were inhibited by sulfite [mCK:
Fra1sy = 55250, P < 0.001; cK: Fiq15 = 15368, P = 0.001] and thio-
sulfate [mCK: Frga0) = 58537, P<0001; O Frais = 33312,
P = 0.001]. The inhibition induced by these metabolites on mCK and
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Fig. 1. Effect of sulfite and thiosulfate on the activides of the respiratory chain complexes I-IV in rat cerebral cortex. Cerebral cortex supernatants were incubated in the presence of sulfite
or thiosulfare (1500 pM). Values are means + standard deviation for four to six independent experiments (animals) and are expressed as percentage of contrals (controls: (A) Complex
1111 activity [nmel cytochrome ¢ reduced -min~ '-mg protein™*]: sulfite: 414 + 1.40, thiosulfare: 2,60 = 0.27: [B) complex II actvity [nmol DOP reduced-min ' -mg protein™ ')
thinsulfater 997 + 0.98; (C) complex N-M activity [nmol cytochrome ¢ reduced -min™'-mg protein™']: sulfite: 35.0 = 432, thiosulfate: 274 + 3.70; (D) complex IV activity [nmaol
cytochrome ¢ oxidized- min~'-mg protein™]: sulfite: 96.7 = 12.3, thiosulfate: 67.1 + 10.1). Contrals did not contain the tested compounds in the incubation medium. “P < 0.05, com-

pared to controls [Duncan multiple range test).

c(K activities presented a dose-dependent fashion [sulfiter mCK:
= —0687, P<0.01; cCK: A = —0.653, P < 0.01; thiosulfate: mCK:
= —0844, P < 0.001; cCK: 3 = —0.906, P = 0.001].

3.3, Antioxidants prevent creatine kinase inhibition caused by sulfite and
thiosulfate in rat cerebral cortex

In order to evaluate whether the significant reduction of tCK activity
caused by sulfite and thiosulfate was mediated by the oxidation of critical
groups of the enzyme that are susceptible to reactive species attack, cor-
tical supematants were pre-incubated with sulfite (500 (M) or thiosul-
fate (500 pM) in the presence of the antioxidants TRO (5 pM]), MEL
(1000 pM), L-NAME (500 pM) and GSH (10 pM). It was verified that
MEL attenuated the inhibition of tK activity caused by sulfite
[Frs1s = 34.794, P = 0.001] (Fig. 3A). Furthermore, GSH fully prevented,
whereas MEL and L-NAME attenuated the inhibitory effect induced by
thiosulfate on tCK activity [F 52 = 50.402, P < 0.001] (Fig. 3B). Thereai-
ter, we tested whether higher doses of GSH (50 or 100 uM) or a combina-
tion of MEL (1000 pM) and GSH (10 or 50 pM) could prevent the sulfite-
induced inhibidon of tCK actvity. We found that 50 pM GSH and a
combination of 1000 pM MEL and 10 uM GSH attenuated tCK activity in-
hibition caused by sulfite, whereas 100 pM G5H and the combination of
1000 p0 MEL and 50 ph GSH fully prevented this effect [GSH:
Frsao = 52358, P = 0.001; MEL 4+ GSH: Fizas; = 56.345, P < 0.001]
(Figs. 4A and B).

34. Sulfite and thiosulfate do not change Na™,K™"-ATPase activity in rat
cerebral cortex

We also tested the effect of sulfite and thiosulfate on Na™ K ™-ATPase
activity from synaptic plasma membranes of cerebral cortex of rats. It
can be observed in Table 1 that these metabolites did not change Na™,
K™-ATPase activity.

3.5 Sulfite and thiosulfate increase reactive species production in rat brain

The next set of experiments was carried out to investigate the effect
of sulfite and thiosulfate on reactive species production. Fig. 5 shows
that both metabolites were able to increase DCFH oxidation in cortical
slices [sulfite: Fjz:5 = 5.862, P< 0.01; thiosulfate: Fzqe = 3.742,
P<0.05] in a dose-dependent fashion [sulfite: 5 = 0.524, P < 0.05;
thiosulfate: 3 = 0.498, P < 0.05]. We also found that, in the presence
of glutamate and malate as substrates, H»0, production was increased
by sulfite in brain mitochondrial preparations, whereas thiosulfate did
not modify this parameter (Fiz. 6).

3.6. Sulfite and thiosulfate inhibit aconitase activity in rat brain

We then evaluated the effects of sulfite and thiosulfate on the activ-
1ty of mitochondrial aconitase, which is considered a sensitive marker of
oxidative stress. It can be observed in Fig. 7 that both compounds de-
creased aconitase activity [sulfite: Frq15 = 36.717, P < 0.001; thiosul-
fate: Fry35 = 36.717, P = 0.001] in a dose-dependent manner [sulfite:
[ = —0.721, P = 0.001; thiosulfate: [ = —0.824, P < 0.001].

4. Discussion

Isolated SO deficiency and molybdenum cofactor deficiency are
biochemically characterized by tissue accumulation and high urinary
excretion of sulfite, thiosulfate and 5-sulfocysteine (Johnson and
Duran, 2001). Although severe neurclogical symptoms are observed
in affected patients, the exact underlying mechanisms involved in
the neuropathology of these disorders are poorly established. How-
ever, accumulation of high amounts of lactic acid in some affected
patients indicates mitochondrial dysfunction (Basheer et al., 2007;
Eichler et al., 2006). Therefore, in the present study we evaluated
the in vitro effects of sulfite and thiosulfate on important parameters
of energy metabolism, as well as on redox homeostasis in the brain of
young rats.
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We Inifially verified that sulfite selectvely inhibited complex IV
activity of the respiratory chain. Since complex [V represents the rate-
limiting enzyme of the mitochondrial respiratory chain, being a central
site of regulation of oxidative phosphorylation, proton pumping effi-
ciency and ATP production (Amold, 2012), it may be suggested that
this inhibition caused by sulfite could contribute, at least in part, to
the decrease of ATP synthesis demonstrated in previous studies
(Vincent et al, 2004; Zhang et al, 2004). Our present data indicate
that oxidative phosphorylation is compromised by sulfite.

We also investigated the effect of sulfite and thiosulfate on the activ-
ities of CK and found that both compounds inhibited tCK, as well as the
activities of the isoforms mCK and cCK in cerebral cortex. Considering
that the CK system is essential for the transport of high-enerzy phos-
phate from the sites of energy production in the mitochondrial matrix
to cytosolic sites of energy consumption, maintaining a stable ATP
level in living cells (Du et al., 2013; Wendt et al., 2003), the present
data indicate that sulfite and thiosulfate impair brain cellular enerzy
buffering and transfer.
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Fig. 3. Effect of antioxidants on the inhibition of toml creatine kinase (60K activity induced
by sulfice (A} and thiosulfate (B) in rat cerebral cortex. The antoxidants crolax (TRO,
5 W), melatonin (MEL, 1000 uM], the nitric oxide synthase inhibitor N"-nitro-r-
arginine methyl ester (L-NAME, 500 pM) or redieced glutathione (GSH, 10 ub) was co-
incubated with 500 p sulfite or thiosulfzte and the acBivity of the enzyme measured
afterward. Values are means + standard deviation for four to ten independent experi-
ments [animals) and are expressed as percentage of controls (conorols: oK [nmal
creatine-min~ ' mg protein~]: sulfiter 378 + (0.81; thiosulfate: 6.72 + 2.54). Controls
did not contain the tested compounds in the incubation mediem. *°P < 001,
=P = 0.001, compared to controls; #F## < 0001, compared to 500 phd sulfite or thiosul-
fate (Duncan multiple range test).

It should be emphasized here that CK has vulnerable amino acid
residues, induding cysteine thiol groups, which are very reactive to ox-
idants {Li et al, 2011; Wang et al,, 2001; Wendt et al., 2003). Further-
more, it has been shown that brain (K activity decreases after
exposure to agents that promote generation of free radicals, probably
by oxidation of the cysteine residues of the enzyme that are critical for
its functional activity (Arstall et al, 1998; Burmistrov et al, 1992;
Konorev et al., 1998; Stachowiak et al., 1998; Wallimann et al.,, 1998;
Wendt et al., 2003; Wolosker et al,, 1996). Therefore, we evaluated the
effect of antioxidants on the inhibitory effect caused by sulfite and thio-
sulfate on tCK activity and found that low concentrations of MEL atten-
uated the inhibitory effect of sulfite. We also observed that a high dose
of GSH (100 pM) and the combination of relatively low doses of MEL
(1000 uM) and GSH (50 uM) totally prevented sulfite-induced inhibi-
tion of tCK. These findings showing that GSH prevents the inhibitory ef-
fect caused by sulfite on CK activity suggest that sulfite probably
mediates the oxidation of critical thiol groups of the enzyme that are
protected by the antioxidant GSH, and that hydroxyl radical, which is
mainly scavenged by MEL (Galano, 2011; Halliwell and Gutteridge,
2007; Reiter et al, 2001; Tarmura et al., 2013), is probably involved in
this effect. Regarding the thiosulfate-induced inhibition of tCK activity,
we verified that, besides MEL and GSH, L-NAME also prevented this
effect, implying that thiosulfate mediates the generation of reactive
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Fig. 4. Effect of increasing concentrations of glutathione (G5H) (A) and a2 combination of
melztonin (MEL) and GSH (B) on sulfite-induced inhibition of total creatine kinase
(0CK] in rat cerebral cortex. In these experiments, G3H (30 or 100 ph) (A) or a combina-
ton of MEL (1000 pM) and GSH (10 pM or 30 M) (B) was co-incubared with 500 uM sul-
fite and the activity of the enzyme was measured afterward. Values are means + standard
deviation for five to six independent experiments {animals) and are expressed as percent-
age of controls (controls: tCK activity [nmol creatine-min~*-mg protein— '] A 7.04 +
1.43: B: 738 + 130). Controls did not contain the tested compounds in the incubation
medium. **P < 0.01, =**P < 0.001, compared to controls; #=P < 0.01, #5P < 0001, com-
pared to 500 pM sulfite (Duncan multiple range test).

nitrogen species. This is in line with the previous studies showing that
CK can be rapidly inactivated by peroxynitrite and nitric oxide-derived
oxidants that mainly target the active cysteine sites of the enzyme
(Konorev et al,, 1998; Wendt et al, 2003).

Our results showing that sulfite and thiosulfate increased DCFH
oxidation, which is a probe sensible to ROS oxidation, and only sulfite
enhanced H,0- production reinforce the role of reactive species in the
inhibitions of t(K caused by sulfite and thiosulfate in rat brain. Although
we cannot at present determine the exact mechanisms by which these
reactive species are formed, it is well established that sulfite auto oxida-
tion promotes the generation of sulfur trioxide anion, superoxide anion

Table 1
Effect of sulfite and thiosulfate on Na™ K™ -ATPase actvity in rat cerebral cortex

Ma~ K~-ATPase activigy

Contral 1M 10 uM 100 500 pM
Sulfite 100 =276 116=178 117 =160 108 +£212 1053 £ 137
Thigsulfate 100 = 140 9598 =108 SB0 =100 102 =164 101 + 207

Walues aremeans £+ standard deviation for five to six independent experiments ( animals)
and are expressed as percentage of controls. [Controls: Ma™ K—-ATPase activity [nmal Pi
released -min~'-mg of protein—']: sulfite: 715 + 157 thiosulfare: 1250 = 175). No
significant differences berween groups were detected (one-way ANOVA).
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Fig. 5. Effect of sulfite and thiosulfate on 27, 7'-dichlorofluorescin [DCFH) oxtdation in rat
cerebral cortex. Cerebral cortex slices were incubated in the presence of sulfite or thiosul-
fate (1-300 pM). Values are means = standard deviation for four to seven independent
experiments (animals ) and are expressed as percentage of controls [ controls: DCFH oxida-
tion [pmol/g of tssue]: sulfite: 0.47 + 0.10: thiosulfate: 0.45 = 0.12]. Controls did not
contzain the tested compounds in the incubation mediem *P < 0005, *°F < 0,01, compared
to controls {Duncan multiple range test).

and hydrogen peroxide (Baker et al,, 2002; Hayon et al., 1972; Hegg and
Haobbs, 1978). In this particular, a large body of evidence also demon-
strates that reactive species derived from sulfite auto oxidation induce
lipid and protein oxidation and DNA damage (Baker et al, 2002;
Hayatsu, 1976; Hayatsu and Miller, 1972; Peiser and Yang, 1979; Shi
and Mao, 1994; Southerland et al,, 1982; Yang, 1973).

Sulfite and thiosulfate also decreased the activity of mitochondrial
aconitase, a citric add cycle enzyme reported to be a redox sensor of
reactive species (Gardner et al, 1994; Liang et al, 2012; Patel, 2004).
Considering that aconitase is particularly susceptible to oxidative inacti-
vation by superoxide anion, which oxidizes the 4Fe-4S cluster located
at the active site of this enzyme releasing a labile iron with the concom-
itant generation of H»0» (Bultean et al., 2003; Cantu et al,, 2011; Myers
etal, 2010; Vasquez-Vivar et al,, 2000} and that sulfite was shown to in-
duce superoxide anion generation (Baker et al, 2002; Hayon et al,
1972; Mottley and Mason, 1988), it is conceivable that sulfite-induced
aconitase inhibition was mediated by superoxide anion. It is also em-
phasized that the co-release of iron and hydrogen peroxide from
aconitase during its Inactivation fadlitates the formation of hydroxyl
radical via Fenton reaction (Cantu et al, 2011; Vasguez-Vivar et al,
2000), which s also in line with our results showing that MEL prevented
the inhibitory effect of sulfite on CK activity. However, it should be
noted that other reactive species are capable of inactivating aconitase
(Gardner et al, 1997). Our findings demonstrating that thiosulfate
inhibited aconitase activity, but did not alter hydrogen peroxide
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Fig. 6. Effect of sulfite and thiosulfare on hydrogen peroside production in mitochondrial
enriched fractions from rat brain. Brain mitochondrial preparations (05 mg protein-mL™ "),
25 mM glutamare plus 25 mM malare as substrares and sulfite or thiosulfare (500 ub)
were added o the incubaton medium in the beginning of the assay. The conorol group
did not contain the tested compounds in the incubation medium Antdmycdn A (AA)
(0.1 pg-mL~") was added at the end of assays, as indicated in the figure. Traces are represen-
tanve of four independent experiments and were expressed a5 fluorescence arbitrary units
[FALT).
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Fig. 7. Effect of sulfite and thiosulfare on aconitase activity in mitochondrial enriched frac-
tions from rat brain. Mitochondrial enriched fractions (0.5 mg protein-mL ™) were incu-
bated in the presence of sulfite or thiosulfate (1-300 pM). Values are means + standard
deviaton for six independent experiments (animals) and are expressed as percentage of
contols {controls: aconitase activity [umaol NADPH.-min~*-mg protein']: sulfite:
278 = 5.16; thiosulfate: 181 + 3.63). Controls did not contain the tested compounds
inthe incubation medium. “P < 0,05, ***P < 0001, compared to controls (Duncan multiple
range test).

generation, suggest that other reactive species, besides superoxide
anion, are involved in this effect

Finally, we observed that sulfite and thiosulfate did not affect Na™,
K™-ATPase activity that corroborates with previous findings {Chiarani
et al,, 2008) and indicates that these compounds do not compromise
the membrane potential generation and the cellular volume control
which is highly dependent on Na™ K™ -ATPase activity.

At the present, it is difficult to determine the pathophysiological
relevance of our present data, since the concentrations of sulfite and
thiosulfate in the brain of patients with 50 defidency are unknown.
However, it should be stressed that the disturbance of enerzy metabo-
lism and redox homeostasis verified in our study was achieved with mi-
cromolar concentrations of the evaluated metabolites. Although we did
not determine whether sulfite or thiosulfate alters cell viability in the
present work, this may be a possibility since it has been evidenced
that sulfite-induced oxidative damage leads to neuron loss in rat hippo-
campus and somatosensory cortex (Kencebay et al, 2013; Kocamaz
et al, 2012). It is also noteworthy that, among human brain structures,
cerebral cortex presents the highest expression of 50, suggesting that
this brain region needs higher enzyme levels, perhaps due to greater
formation of sulfite during metabolism (Woo et al., 2003). Therefore,
the deficiency of this enzyme may predispose the cerebral cortex to
damage by excess of sulfite and thiosulfate, which is in accordance
with the clinical evidence showing severe cortical damage in several
patients (Woo et al, 2003). In this scenario, most of our results showing
a disturbance of energy and redox homeostasis were carried out in cere-
bral cortex.

In conclusion, this is the first report showing that the metabolites
accumulating in 50 deficiency markedly inhibit CK activity and moder-
ately impair the electron flow through the respiratory chain. The pres-
ent study also evidences alterations of redox homeostasis caused by
sulfite and thiosulfate in brain cortex. In case these findings are con-
firmed in vivo and in tissues from patients affected by isolated SO defi-
clency and molybdenum cofactor deficiency, it is tempting to speculate
that bioenergetic and redox homeostasis dysfunction may contribute, at
least in part, to the neurological damage found in these disorders.
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Abstract

Sulfite oxidase (SO) deficiency is an inherited metabolic disease
biochemically characterized by the accumulation of sulfite, thiosulfate and S-
sulfocysteine in tissues and biological fluids of the affected patients. The main
clinical symptoms include severe neurological dysfunction and brain
abnormalities, whose pathophysiology is still unknown. The present study
investigated the in vitro effects of sulfite and thiosulfate on mitochondrial
homeostasis in isolated brain mitochondria from young rats in the presence or
absence of Ca*. It was verified that sulfite per se, but not thiosulfate,
decreased state 3, cyanide m-chlorophenyl hydrazine-stimulated state and
respiratory control ratio in mitochondria respiring with glutamate plus malate,
suggesting that the oxidation of these substrates could be impaired. In line with
this, we found that sulfite inhibited the activities of glutamate and malate
dehydrogenases. Sulfite also induced mitochondrial swelling and reduced
mitochondrial membrane potential, Ca®* retention capacity, matrix NAD(P)H
pool and cytochrome ¢ immunocontent when Ca** was present in the medium.
These alterations were prevented by ruthenium red, cyclosporine A and ADP,
supporting the involvement of mitochondrial permeability transition (MPT) in
these effects. We further observed that, among various MPT inhibitors, only the
thiol alkylating agent N-ethylmaleimide prevented the sulfite-elicited swelling
and that sulfite decreased thiol group content in brain mitochondria. These
findings indicate that sulfite acts directly on MPT pore containing thiol groups.
Therefore, it may be presumed that disturbance of mitochondrial energy
homeostasis and MPT induced by sulfite could be involved in the neuronal

damage found in patients affected by SO deficiency.
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1. Introduction

Sulfite, thiosulfate and S-sulfocysteine accumulate in tissues and
biological fluids of patients affected by sulfite oxidase (SO) deficiency, an
autosomal recessive disorder which can arise either from the isolated deficiency
of the enzyme SO or from defects in the biosynthetic pathway of its essential
cofactor, a molybdenum containing pterin molecule [1, 2]. SO is a mitochondrial
enzyme that catalyzes the final step in the oxidative degradation of the sulfur
containing amino acids cysteine and methionine, playing also an important role
in detoxifying exogenously supplied sulfite, since this metabolite may be
generated from compounds that are used in food and pharmaceutical industries
as preservatives and antimicrobial agents [3-5].

Both forms of SO deficiency are clinically characterized by progressive
neurological dysfunction, severe neonatal seizures, lens subluxation, axial
hypotonia, limb hypertonicity and failure to thrive, resulting often in early
childhood death [1, 2, 6-9]. Neuropathological studies reveal severe
encephalopathy with neuronal loss and demyelination in the cerebral white
matter accompanied by gliosis and diffuse spongiosis. Marked atrophy of the
cerebral cortex, basal ganglia, thalami, as well as myelin loss in cerebellum are
also reported [1, 7, 10, 11]. Furthermore, MRI scans show hypoplasia of the
corpus callosum, basal ganglia and brainstem, and cystic changes and
calcifications in the basal ganglia [1, 8].

Although brain abnormalities are predominant features in patients
affected by SO deficiency, the biochemical basis of the pathogenesis
characteristic of this disorder is still unclear. Nevertheless, there is evidence

that accumulation of sulfite and its derivatives may be responsible for the
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clinical findings in affected patients. In this regard, it has been shown that sulfite
can undergo oxidation generating free radicals [12-16], which induce oxidative
stress in rat brain and erythrocytes [17-21]. Moreover, sulfite impairs the
electron flow through the respiratory chain, whereas sulfite and thiosulfate
inhibit the activity of creatine kinase in brain of rats [22]. Zhang and colleagues
[23] also showed that sulfite causes a decrease in ATP biosynthesis and
mitochondrial membrane potential, and inhibits the activity of glutamate
dehydrogenase in rat brain, suggesting mitochondrial dysfunction. In this
particular, it should be emphasized that lactic acidemia has been described in
affected patients [2, 10, 24]. It was also shown that S-sulfocysteine, a sulfite
derivative, triggers excessive Ca*" influx through NMDA receptor overactivation
[25]. Recent studies demonstrated that sulfite causes neuron loss in rat
hippocampus and somatosensory cortex [26, 27].

Calcium homeostasis dysregulation has been suggested to play an
important role in the pathophysiology of neurodegenerative disorders that are
associated with excitotoxicity, bioenergetic dysfunction and oxidative stress [28-
36]. Under such pathological conditions, excessive Ca®" uptake by the
mitochondrion directly result in organelle dysfunction characterized by
exacerbated reactive oxygen species formation, dissipation of the membrane
potential, altered redox potential and opening of the mitochondrial permeability
transition (MPT) pore, which may lead to cell death [37, 38].

Since the effects of sulfite and thiosulfate on mitochondrial function are
not totally elucidated, we examined the in vitro effects of these compounds on
ADP-stimulated state (state 3), resting state (state 4) and carbonyl cyanide m-

chlorophenyl hydrazine (CCCP)-stimulated state (uncoupled state) of
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mitochondrial respiration, the respiratory control ratio (RCR), as well as the
activities of glutamate, malate and a-ketoglutarate dehydrogenases in brain
mitochondrial preparations from young rats. Considering that a mitochondrial
dysfunction can compromise Ca*" buffering system and that this may be
involved in the pathogenesis of SO deficiency, we also investigated the
influence of sulfite in the presence of micromolar concentrations of Ca*" on
mitochondrial membrane potential, swelling, Ca®" retention capacity, matrix
NAD(P)H content, membrane protein thiol group content and cytochrome c

release.
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2. Material and Methods

2.1 Reagents

All chemicals were purchased from Sigma (St. Louis, MO, USA), except
for calcium green-5N that was obtained from Molecular Probes, Invitrogen
(Carlsbad, CA), and mouse anti-cytochrome ¢ monoclonal antibody and anti-
mouse IgG peroxidase-linked antibody from Abcam (Cambridge, UK). Sulfite
and thiosulfate were dissolved on the day of the experiments in the buffer used
for each technique and the pH was adjusted to 7.4. The final concentrations of

these metabolites in the incubation medium ranged from 1 to 500 uM.

2.2 Animals

Thirty-day-old male Wistar rats, obtained from the Central Animal House
of the Department of Biochemistry, ICBS, Universidade Federal do Rio Grande
do Sul, Porto Alegre, RS, Brazil, were used. The animals were maintained on a
12:12 h light/dark cycle (lights on 07:00-19:00 h) in air conditioned constant
temperature (22 + 1 °C) colony room, with free access to water and 20 % (w/w)
protein commercial chow (SUPRA, Porto Alegre, RS, Brazil). The experimental
protocol was approved by the Ethics Committee for Animal Research of the
Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil, and followed
the NIH Guide for the Care and Use of Laboratory Animals (NIH publication 85-
23, revised 1996). All efforts were made to minimize the number of animals

used and their suffering.

2.3 Preparation of mitochondrial fractions
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Forebrain mitochondria were isolated from 30-day-old rats as previously
described [39] with slight modifications [40]. Animals were killed by decapitation,
had their brains rapidly removed and put into ice-cold isolation buffer containing
225 mM mannitol, 75 mM sucrose, 1 mM EGTA, 0.1 % bovine serum albumin
(BSA; fatty acid free) and 10 mM HEPES, pH 7.2. The cerebellum, pons,
medulla and olfactory bulbs were removed and the remaining material was used
as the forebrain. The forebrain was cut into small pieces using surgical scissors,
extensively washed to remove blood and homogenized 1:10 in a Dounce
homogenizer using both a loose-fitting and a tight-fitting pestle. The
homogenate was centrifuged for 3 min at 2000 g. After centrifugation, the
supernatant was again centrifuged for 8 min at 12,000 g. The pellet was
suspended in isolation buffer containing 10 yL of 10 % digitonin and centrifuged
for 8 min at 12,000 g. The final pellet containing the mitochondria was gently
washed and suspended in isolation buffer devoid of EGTA, at an approximate
protein concentration of 20 mg.mL™?. For the measurement of malate
dehydrogenase (MDH), glutamate dehydrogenase (GDH) and a-ketoglutarate
dehydrogenase (a-KGDH) activities, mitochondrial preparations were submitted
to a pre-incubation at 37 °C for 30 min in the absence or presence of sulfite.

We carried out parallel experiments with various blanks (controls) in the
presence or absence of sulfite and thiosulfate, and also with or without
mitochondrial preparations in the incubation medium in order to detect any
interference (artifacts) in the techniques utilized to measure the mitochondrial

parameters.
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2.4 Determination of mitochondrial respiratory parameters by oxygen
consumption

Oxygen consumption rate was measured according to Amaral et al. [41]
using a Clark-type electrode in a thermostatically controlled (37 °C) and
magnetically stirred incubation chamber using glutamate plus malate (2.5 mM
each), succinate (5 mM) plus rotenone (2 pg.mL™), a-ketoglutarate (5 mM) or
pyruvate plus malate (2.5 mM each) as substrates. Sulfite or thiosulfate was
added to the reaction medium consisted of 0.3 M sucrose, 5 mM MOPS, 5 mM
potassium phosphate, 1 mM EGTA and 0.1 % BSA, pH 7.4, and mitochondrial
preparations (0.75 mg protein.mL™ using glutamate plus malate, a-ketoglutarate
or pyruvate plus malate and 0.5 mg protein.mL™ using succinate). State 3
respiration was measured after the addition of 1 mM ADP to the incubation
medium. In order to measure resting (state 4) respiration, 1 pug.mL™ oligomycin
A was added to the incubation medium. The respiratory control ratio (RCR:
state 3/state 4) was then calculated. The uncoupled state was induced by the
addition of the classical uncoupler CCCP (1 pM). States 3, 4 and CCCP-
induced state were calculated as nmol O, consumed. min™.mg protein™ and the

results were expressed as percentage of control.

2.5 Determination of glutamate dehydrogenase (GDH) activity

GDH activity was assayed according to Colon et al. [42]. The reaction
mixture contained mitochondrial preparations (60 upg protein.mL™), 50 mM
triethanolamine buffer, pH 7.8, 2.6 mM EDTA, 105 mM ammonium acetate, 0.2
mM NADH, 10 mM a-ketoglutarate and 1.0 mM ADP. The reduction of NADH

absorbance was monitored spectrophotometrically at 340 nm. GDH activity was
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calculated as pmol NADH.min.mg protein™ and expressed as percentage of

control.

2.6 Determination of malate dehydrogenase (MDH) activity

MDH activity was measured according to Kitto [43]. The incubation
medium consisted of mitochondrial preparations (7 pg protein.mL™), 10 pM
rotenone, 0.1 % Triton X-100, 0.14 mM NADH, 0.3 mM oxaloacetate and 50
mM potassium phosphate, pH 7.4. MDH activity was determined following the
reduction of NADH fluorescence at wavelengths of excitation and emission of
366 and 450 nm, respectively. MDH activity was calculated as pmol NADH.min"

! mg protein™ and expressed as percentage of control.

2.7 Determination of a-ketoglutarate dehydrogenase (a-KGDH) complex activity

The activity of a-KGDH complex was evaluated according to Lai and
Cooper [44] and Tretter and Adam-Vizi [45] with some modifications. The
incubation medium contained mitochondrial preparations (0.25 mg protein.mL"
1), 50 mM K,PO4, 1 mM MgCl,, 0.2 mM thiamine pyrophosphate, 0.4 mM ADP,
10 pM rotenone, 0.2 mM EGTA, 0.12 mM coenzyme A-SH, 1 mM a-
ketoglutarate, 2 mM NAD" and 0.1 % Triton X-100 and the pH was adjusted to
7.35. The reduction of NAD" was recorded at wavelengths of excitation and
emission of 366 and 450 nm, respectively. a-KGDH activity was calculated as

nmol NADH.min*.mg protein™ and expressed as percentage of control.

2.8 Determination of mitochondrial membrane potential (A¥m)
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The AWm was estimated according to Akerman and Wikstrom [46] and
Figueira et al. [47], following the fluorescence of the cationic dye safranin O
(5 M) on a Hitachi F-4500 spectrofluorometer with magnetic stirring at an
excitation and emission of 495 and 586 nm, respectively, using 2.5 mM
glutamate plus 2.5 mM malate as substrates. Mitochondrial preparations
(0.5 mg protein.mL™) were incubated at 37 °C with sulfite in 5 mM HEPES
buffer, pH 7.2, containing 150 mM potassium chloride, 5 mM magnesium
chloride, 0.015 mM EGTA, 5 mM potassium phosphate, 0.01 % BSA and
1 pg.mL™* oligomycin A. CaCl, (10-30 pM) was added to the reaction medium
50 s after the beginning of the assay. In some experiments, the mitochondrial
preparations were incubated with cyclosporin A (CsA; 1 uM), ADP (300 pM) or
ruthenium red (RR; 1 pM). In the end of each measurement, maximal
depolarization was induced by 1 puM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP). The data were expressed as fluorescence arbitrary

units (FAU).

2.9 Determination of mitochondrial swelling

Mitochondrial swelling was assessed by measuring light scattering
changes on a Hitachi F-4500 spectrofluorometer with magnetic stirring
operating at excitation and emission of 540 nm, using 2.5 mM glutamate plus
2.5 mM malate as substrates. Mitochondrial preparations (0.5 mg protein.mL™)
were incubated at 37 °C with 500 uM sulfite in 5 mM HEPES buffer, pH 7.2,
containing 150 mM potassium chloride, 5 mM magnesium chloride, 0.015 mM
EGTA, 5 mM potassium phosphate, 0.01 % BSA and 1 pg.mL™ oligomycin A.

CaCl, (40 uM) was added to the reaction medium 50 s after the beginning of the
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assay. In some experiments the mitochondrial preparations were incubated with
CsA (1 pu™M), ADP (300 uM), RR (1 pM), N-acetylcysteine (NAC; 1 mM),
catalase (CAT, 500 U.mL™), melatonin (MEL, 1 mM), coenzyme Q1o (CoQ, 50
pMM), trifluoperazine (TFZ; 20 uM), chlorpromazine (CP, 20 pyM), quinacrine
(QUIN; 200 uM), dithiothreitol (DTT, 3 mM) or N-ethylmaleimide (NEM, 20 pM).
In the end of each measurement, maximal swelling was induced by the addition
of alamethicin (40 pg.mL™), a pore-forming compound. The data were

expressed as FAU.

2.10 Mitochondrial Ca®* retention capacity

Ca®* retention capacity was determined in mitochondria incubated at
37 °C with 500 puM sulfite in 5 mM HEPES buffer, pH 7.2, containing 150 mM
potassium chloride, 5 mM magnesium chloride, 0.015 mM EGTA, 5 mM
potassium phosphate, 0.01 % BSA, 30 uM ADP, 1 pyg.mL™ oligomycin A, 2.5
mM glutamate and 2.5mM malate, and supplemented with 0.2 yM calcium
green-5N. A low concentration of ADP (30 uM) was present in the incubation
medium to achieve more consistent mitochondrial Ca*" uptake responses [48].
Levels of external free Ca** were measured by recording the fluorescence of
calcium green-5N on a temperature-controlled  Hitachi  F-4500
spectrofluorometer with magnetic stirring operating at excitation and emission
wavelengths of 506 and 532 nm, respectively, and slit width of 5 nm. Two min
after the addition of mitochondria (0.5 mg.mL™) to the cuvette, 20 pM CaCl,
were added. In some experiments, the mitochondrial preparations were
incubated with CsA (1 uM) and ADP (300 uM). The data were expressed as

FAU.
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2.11 Determination of NAD(P)H fluorescence

Mitochondrial matrix NAD(P)H autofluorescence was measured at 37 °C
on a Hitachi F-4500 spectrofluorometer with magnetic stirring operating at an
excitation wavelength of 366 nm and emission wavelength of 450 nm, using
2.5mM glutamate plus 25mM malate as substrates. Mitochondrial
preparations (0.5 mg protein.mL™) were incubated at 37 °C with 500 pM sulfite
in 5 mM HEPES buffer, pH 7.2, containing 150 mM potassium chloride, 5 mM
magnesium chloride, 0.015 mM EGTA, 5 mM potassium phosphate, 0.01%
BSA and 1 pg.mL*oligomycin A. CaCl, (20 uM) was added to the reaction
medium 50 s after the beginning of the assay. In some experiments, the
mitochondrial preparations were incubated with CsA (1 uM), ADP (300 puM) or
RR (1 puM). In the end of the measurements, maximal NAD(P)H oxidation was

induced by 1 uM FCCP. The data were expressed as FAU.

2.12 Determination of mitochondrial membrane protein thiol group content

The mitochondrial membrane protein thiol content in rat brain was
measured according to Kowaltowski et al. [49] with slight modifications. After
mitochondrial swelling experiments, the medium was centrifuged at 15,000 g for
2min in order to sediment the mitochondria. The resultant pellet was
resuspended in 5 mM HEPES buffer, pH 7.2, containing 150 mM potassium
chloride, 5 mM magnesium chloride, 0.015 mM EGTA, 5 mM potassium
phosphate and 0.01 % BSA and submitted to three subsequent freeze-thawing
procedures to release matrix proteins. A centrifugation was then carried out
during 2 min at 15,000 g. The pellet was treated with 200 pL of 6.5 %

trichloroacetic acid and centrifuged at 15,000 g during 2 min in order to
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precipitate the proteins. This procedure was repeated twice. The final pellet was
suspended in 200 pL of a medium containing 0.5 mM EDTA and 0.5 M Tris, pH
8.3. Three hundred and forty micrograms of protein were added to 1 mL of a
solution containing 100 yM 5,5’-dithio-bis(2-nitrobenzoic acid), 0.5 mM EDTA
and 0.5 M Tris, pH 8.3. Absorption was measured at 412 nm. Thiol group
1

content was calculated as nmol 5-thio-2-nitrobenzoic acid (TNB).mg protein

and expressed as percentage of control.

2.13 Cytochrome c immunocontent measurement

After mitochondrial swelling experiments, the medium was centrifuged at
12,000 g for 10 min in order to sediment the mitochondria. The resultant pellet
was resuspended in 1 x RIPA buffer and centrifuged (10,000 g for 5 minutes at
4°C). Equal amounts of protein (30 ug per well) for each sample prepared in
Laemmli-sample buffer (62.5 mM Tris—HCI, pH 6.8, 1 % (w/v) SDS, 10% (v/v)
glycerol) were fractionated by SDS-PAGE and electro-blotted onto nitrocellulose
membranes with Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell, Bio-
Rad (Hercules, CA, USA). Protein loading and electro-blotting efficiency were
verified through Ponceau S staining, and the membrane was washed with
Tween-Tris buffered saline (Tris 100 mM, pH 7.5, 0.9% NaCl and 0.1% Tween-
20). Membranes were incubated for 20 min at room temperature in SNAP i.d.®
2.0 Protein Detection System Merck Millipore (Billerica, MA, USA) with
cytochrome c¢ primary antibody (1:500 dilution range) and washed with TTBS
afterwards. Anti-mouse IgG peroxidase-linked secondary antibody was
incubated with membrane for additional 20 min in SNAP (1:5,000 dilution

range), washed again and the immunoreactivity was detected by enhanced
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chemiluminescence using Supersignal West Pico Chemiluminescent kit from
Thermo Scientific  (Luminol/Enhancer and Stable Peroxide Buffer).
Densitometric analysis of the films was performed with Image J software. Blots
were developed to be linear in the range used for densitometry. The results

were expressed as percentage of control.

2.14 Protein determination
Protein content was measured by the method of Bradford [50], using

bovine serum albumin as a standard.

2.15 Statistical analysis

Results are presented as mean + standard deviation. Assays were
performed in duplicate or triplicate and the mean was used for statistical
analysis. Data were analyzed by one-way ANOVA, followed by the post hoc
Duncan multiple range test when F was significant. Only significant F values are
shown in the text. Differences between groups were rated significant at P<0.05.
All analyses were carried out using the Statistical Package for the Social

Sciences (SPSS) software.
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3. Results

3.1 Sulfite alters oxygen consumption in brain mitochondria supported by
glutamate plus malate

First, we determined the effect of sulfite and thiosulfate on brain
mitochondrial oxygen consumption using glutamate plus malate, succinate, a-
ketoglutarate or pyruvate plus malate as substrates. Figure 1 shows that brain
mitochondria incubated under our experimental conditions were well
functioning, as indicated by the higher respiratory rates observed in the
presence of ADP (state 3) relatively to those obtained after the addition of the
ATP synthase inhibitor oligomycin A (state 4). It was verified that sulfite
decreased state 3 respiration [F(29=15.546, P<0.01] (Figure 1A), CCCP-
induced state respiration (uncoupled state) [F(2,9=30.413, P<0.001] (Figure 1C)
and RCR [F(29=25.149, P<0.001] (Figure 1D), but not state 4 (Figure 1B), in
mitochondria supported by glutamate plus malate. In contrast, sulfite did not
alter mitochondrial respiration when succinate, a-ketoglutarate or pyruvate plus
malate were used as substrates. Moreover, thiosulfate did not affect
mitochondrial oxygen consumption regardless the substrate used (results not

shown).

3.2 Sulfite inhibits GDH and MDH activities in brain mitochondria

We assessed the effect of sulfite on the activities of GDH, MDH and a-
KGDH in mitochondrial preparations in order to evaluate whether the inhibition
of brain mitochondrial respiration caused by this metabolite in the presence of
glutamate plus malate as substrates could be explained by the impairment of

glutamate and malate oxidation. Figures 2A and 2B show that sulfite inhibited
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GDH [F(4,15=3.163, P<0.05] and MDH [F425=17.192, P<0.001] activities. In

contrast, a-KGDH activity was not altered by sulfite (Figure 2C).

3.3 Sulfite induces mitochondrial membrane potential (A¥m) dissipation and
swelling in the presence of Ca?" in brain mitochondria supported by glutamate
plus malate

The next set of experiments was carried out to investigate the effect of
sulfite on AWm in state 4 respiring mitochondria in the absence or presence of
Ca?* (10-30 pM), using glutamate plus malate as substrates. It can be seen in
Figure 3A that sulfite caused a progressive reduction of AWm after the addition
of increasing Ca®* concentrations. In contrast, no effect could be observed in
the absence of Ca®" in the incubation medium. We then evaluated the effect of
raising sulfite concentrations (10-500 uM) on AWm in the presence of Ca®* (20
MM) and observed that sulfite dissipates AWm in a dose-dependent manner
(Figure 3B). RR, a potent inhibitor of the mitochondrial Ca®* uptake, was able to
prevent sulfite-induced AWm reduction, implying that sulfite effects are
dependent on the entrance of Ca®" into the mitochondria. Furthermore, the
decrease of AWm provoked by sulfite in the presence of Ca®* was prevented by
CsA and ADP, inhibitors of MPT (Figure 3C).

In order to further study a possible involvement of the non-selective inner
membrane permeabilization due to MPT pore opening with sulfite-induced AWYm
decrease, we measured mitochondrial swelling by following light scattering
changes. It was verified that sulfite caused mitochondrial swelling in the
presence of Ca®, being this effect fully prevented by RR, CsA and ADP,

reinforcing therefore the induction of MPT by sulfite (Figure 4).
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3.4 Sulfite reduces Ca®* retention capacity in brain mitochondria supported by
glutamate plus malate

We then investigated the influence of sulfite on mitochondrial Ca?*
retention, since MPT induction leads to a rapid release of Ca* from
mitochondria. As shown in Figure 5, sulfite reduced the mitochondrial Ca*
retention capacity compared with control mitochondria supported by glutamate
plus malate. Furthermore, CsA and ADP prevented this effect, indicating the
involvement of MPT induction in the mitochondrial Ca*? handling disruption

induced by sulfite.

3.5 Sulfite decreases mitochondrial matrix NAD(P)H pool in the presence of
Ca?* in brain mitochondria supported by glutamate plus malate

Sulfite reduced NAD(P)H fluorescence in the presence of Ca*" in
mitochondria supported by glutamate plus malate (Figure 6), suggesting that
this metabolite decreased NAD(P)H pool due either to a oxidation of the
reduced equivalents or their loss from the matrix. CsA, ADP and RR were able

to prevent this effect, suggesting the involvement of MPT induction.

3.6 NEM prevents sulfite-induced swelling in the presence of Ca*" in brain
mitochondria supported by glutamate plus malate

In the next step, we evaluated whether compounds reported to inhibit the
MPT, such as phospholipase A2 inhibitors (TFZ, CP and QUIN) [51, 52],
antioxidants (NAC, CAT, MEL and CoQ) [53, 54], the reductant reagent DTT
[49, 55, 56] and the hydrophobic thiol reagent NEM [49, 55-57], could prevent

the mitochondrial swelling induced by sulfite. We found that the inhibitors of
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phospholipase A2, antioxidants and DTT did not alter this effect (results not
shown). In contrast, NEM prevented sulfite-induced swelling in the presence of
Ca”", suggesting that sulfite exerts a direct effect on thiol groups of proteins

involved in MPT pore formation (Figure 7).

3.7 Sulfite decreases the content of thiol groups in the presence of Ca* in brain
mitochondria supported by glutamate plus malate

Our results also demonstrate that 500 uM sulfite significantly decreased
the content of thiol groups in the presence of Ca?' in brain mitochondria
[F11)=34.591, P<0.001] (Figure 8), reinforcing the view that sulfite has a direct
effect on these groups. We further observed that 200 uM NEM decreased this

parameter in the same conditions (positive control) (Figure 8).

3.8 Sulfite induces cytochrome c release from brain mitochondria in the
presence of Ca?*

Finally, we measured the effect of sulfite on cytochrome c release from
mitochondria. We found that sulfite markedly decreased mitochondrial
cytochrome ¢ immunocontent [F,6=119.171, P<0.001] (Figure 9), indicating an
increase of cytochrome c release from the mitochondria. CsA attenuated this
effect, implying that it occurred due to sulfite-induced MPT in the presence of

ca**
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4. Discussion

High tissue levels of sulfite and thiosulfate are characteristic of isolated
SO deficiency and molybdenum cofactor deficiency. Affected patients
predominantly present neonatal seizures, encephalopathy and psychomotor
retardation, whose pathophysiology is uncertain. However, some evidences
indicate that mitochondrial dysfunction caused by the accumulating metabolites
may be involved in the neurological dysfunction of these diseases [2, 10, 22-
24]. Therefore, in the present study we investigated the effect of sulfite and
thiosulfate on brain mitochondrial homeostasis.

We first verified that sulfite, but not thiosulfate, decreased oxygen
consumption in state 3 and uncoupled respiration in mitochondria supported by
glutamate plus malate, that are electron donors of complex I, but not with
succinate, which donates electrons to complex IlI, and other NADH-linked
substrates (a-ketoglutarate or pyruvate plus malate). Our findings are in
accordance with the results found by Zhang and collaborators [23], showing that
sulfite causes ATP depletion in PC12 and Neuro-2a cells. Taken together, these
data indicate that sulfite-induced decrease of mitochondrial respiration occurred
due to a blockage of glutamate and/or malate oxidation. We further verified that
sulfite inhibited GDH and MDH activities, whereas no alteration was observed in
a-KGDH activity. In the brain, GDH reaction occurs mainly in the direction of
oxidative deamination of glutamate forming NADH and a-ketoglutarate, which
can be oxidized through the Krebs cycle [58]. MDH, in turn, is a Krebs cycle
enzyme and also a component in the malate-aspartate shuttle system.
Therefore, it is presumed that the mitochondrial respiration impairment caused

by sulfite may be due to the inhibition of glutamate and malate oxidation through
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GDH and MDH, which causes a decrease in the availability of intermediates of
tricarboxylic acid cycle and a lack of reduced equivalents to supply the
respiratory chain. These findings are in line with those observed by Zhang and
colleagues [23], who showed that 100 uM sulfite, which was the highest dose
tested, moderately inhibits MDH activity and markedly diminished GDH activity.

Next, we observed that sulfite decreased the AWYm and induced swelling
in brain mitochondria in the presence of Ca*, but not in the absence of this
cation. In addition, the prevention of these effects by RR, a potent inhibitor of
the mitochondrial Ca®* uptake [59], supports the importance of the involvement
of Ca* in these effects. It is well known that mitochondria play a central role in
cytosolic Ca®* buffering, although an abnormal increase in mitochondrial Ca**
uptake may induce MPT and lead to apoptosis in different cells [38, 60-62]. The
MPT causes a non-selective traffic between the mitochondrial matrix and the
cytosol, allowing the influx of water and substances up to 1.5 kDa into the
matrix and leading to mitochondrial swelling, loss of metabolites (Ca*,
glutathione, NADH and NADPH), AWm collapse, impairment of oxidative
phosphorylation and ATP synthesis, as well as release of proapoptotic factors,
such as cytochrome c [63-68].

Our results also showed that the decrease of AWm elicited by sulfite is
due to a non-selective membrane permeabilization caused by MPT pore
opening, since AWm dissipation was accompanied by mitochondrial swelling
and was inhibited by CsA and ADP. In this particular, CsA inhibits MPT by
binding cyclophilin D, a mitochondrial matrix protein which has been reported to
be a MPT pore modulator through its interaction with the adenine nucleotide

translocator (ANT) [60, 69-71]. Furthermore, it is known that adenine
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nucleotides inhibit MPT pore through their binding to ANT [38, 48]. Our data
showing that sulfite reduced the mitochondrial Ca?* retention capacity and that
this effect was prevented by CsA plus ADP are also in line with the induction of
MPT pore opening by synergistical effects of sulfite and Ca?*.

We further verified that NEM prevented the mitochondrial swelling
induced by sulfite in the presence of Ca?*. NEM is an alkylating agent that
reacts with sulfhydryl groups to form stable thioether bonds. Previous reports
demonstrated that NEM has access to critical thiol groups on ANT that regulate
the MPT pore opening [56, 72, 73]. Therefore, our data showing that NEM
prevented the mitochondrial swelling caused by sulfite indicate that this
compound modulates MPT by attacking thiol groups, which increases the
probability of pore opening. This is reinforced by our findings showing that
sulfite decreased the content of thiol groups in brain mitochondria and is in
accordance with other evidences demonstrating that sulfite reacts directly with
sulfhydryl groups [1]. On the other hand, since antioxidants did not prevent
sulfite-induced swelling, it may be suggested that the reactive species
generated from this metabolite do not alter critical groups involved in MPT pore
opening. Indeed, it has been reported that other compounds, such as
acetoacetate, phenylarsine oxide and 4,4’-diisothiocyanatostilbene-2,2’-
disulfonic acid, are able to induce MPT independently of reactive species [49,
56, 57, 72]. It is also of note that Costantini and collaborators [55] reported that
at least two distinct sites containing thiol groups modulate MPT and that one
site is insensitive to reductants like DTT.

Sulfite also diminished the mitochondrial matrix NAD(P)H levels in the

presence of Ca*. The loss of the mitochondrial pool of pyridine nucleotides
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could be explained by a release of NAD(P)H from the mitochondria through the
MPT pore, which can lead to the impairment of mitochondrial redox
homeostasis. In fact, the matrix NAD(P)H pool decrease elicited by sulfite was
inhibited by CsA and ADP, implying that this effect was caused by MPT
induction.

We also found that sulfite reduced mitochondrial cytochrome c
immunocontent, which could be related to the MPT induced by this compound.
In this regard, the release of cytochrome c from the intermembrane
mitochondrial space into the cytosol typically accompanies the osmotic swelling
and the physical rupture of the mitochondrial outer membrane provoked by MPT
[74, 75]. The observation that the decrease of mitochondrial cytochrome c
immunocontent was prevented by CsA supports this hypothesis. The release of
cytochrome c¢ from mitochondria into the cytosol plays a key role in the
apoptosis induction by forming the apoptosome complex with Apaf-1 and
procaspase-9 and initiating the caspase cascade [67, 76, 77]. Thus, our results
suggest that sulfite may induce apoptosis by promoting MPT in the presence of
Ca*.

It is noteworthy that neurons are more susceptible to the induction of
MPT due to increases in intracellular Ca?* levels after NMDA receptor
overstimulation (excitotoxicity). In this context, it should be emphasized that S-
sulfocysteine, a metabolite structurally similar to glutamate generated from
sulfite and free cysteine, is able to activate NMDA receptors [78, 79], leading to
high Ca** influx. Furthermore, the inhibition of GDH by sulfite could lead to high
levels of glutamate in the synaptic cleft, contributing to the raise of intracellular

Ca®" concentrations. In addition, energy metabolism dysfunction induced by
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sulfite could also play an important role in Ca®* dyshomeostasis through the
impairment of Ca®* removal systems. Therefore, it is hypothesized that a failure
in Ca®* handling by the mitochondrion is potentially involved in the
neuropathology of SO deficiency.

In conclusion, our study provides for the first time evidence that sulfite
acts synergistically with Ca?* inducing MPT in the brain mediated by a direct
attack of sulfite on critical protein cysteinyl groups of the transition pore.
Therefore, it is presumed that bioenergetic dysfunction and MPT induction may
be important pathomechanisms underlying the pathogenesis of the neurological
dysfunction observed in SO deficient patients. It is also conceivable that
protective compounds targeting to mitochondrial thiol groups in MPT pore may

be promising therapeutic strategies for SO deficiency.
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Legends to figures

Fig. 1. Effect of sulfite on ADP-stimulated respiration (state 3) (A), resting
respiration (state 4) (B), CCCP-stimulated respiration (uncoupled state) (C) and
on respiratory control ratio (RCR) (D) using brain mitochondria supported by
glutamate plus malate (GM), succinate (SUC), a-ketoglutarate (a-KG) and
pyruvate plus malate (PM). Sulfite (100 or 500 pM) was added at the beginning
of incubation to the reaction medium containing the mitochondrial preparations
(0.75 mg protein.mL™ using glutamate plus malate, a-ketoglutarate or pyruvate
plus malate and 0.5 mg protein.mL™ using succinate). Values are means =
standard deviation for three to four independent experiments (animals) and are
expressed as percentage of controls (Controls: (A) State 3 [nmol O,.min™*.mg of
protein™]: GM: 80.7 + 12.7; SUC: 72.2 + 6.45; a-KG: 41.4 + 6.54; PM: 124 +
12.5; (B) State 4 [nmol O,.min™*.mg of protein®]: GM: 8.43 + 1.54; SUC: 13.5 +
0.87; a-KG: 11.6 + 0.99; PM: 9.09 + 0.50; (C) CCCP [nmol O,.min*.mg of
protein™]: GM: 85.9 + 13.9; SUC: 67.0 + 6.46; a-KG: 27.5 + 2.59; PM: 124 +
35.2; (D) RCR: GM: 9.67 £ 0.98; SUC: 5.32 + 0.19; a-KG: 3.56 £ 0.31; PM: 13.7
+ 2.12. *P < 0.05, ** P < 0.01, *** P < 0.001, compared to controls (Duncan

multiple range test).

Fig. 2. Effect of sulfite on glutamate dehydrogenase (GDH) (A), malate
dehydrogenase (MDH) (B) and a-ketoglutarate dehydrogenase (a-KGDH) (C)
activities in brain mitochondria. Sulfite (1-500 uM) was added to the reaction
medium containing the mitochondrial preparations and incubated for 30 min.
Values are means + standard deviation for four to six independent experiments

(animals) and are expressed as percentage of controls. (Controls: (A) GDH
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[umol NADH.min™.mg protein™]: 74.49 + 4.470; (B) MDH [umol NADH.min™*.mg
protein™]: 6377 + 570.5; (C) a-KGDH [nmol NADH.min*.mg protein™]: 54.17 *
11.04). *P < 0.05, ** P < 0.001, compared to controls (Duncan multiple range

test).

Fig 3. Effect of sulfite on mitochondrial membrane potential (AWm) using brain
mitochondria supported by glutamate plus malate in the absence or presence of
Ca?*. Sulfite (500 uM) (trace b) was added at the beginning of incubation to the
reaction medium containing the mitochondrial preparations (0.5 mg protein.mL"
1. Increasing concentrations of Ca?* (0 pM, trace b; 10 uM, trace c¢; 20 uM,
trace d; 30 uM, trace e) were added 50 s afterwards (A). Increasing
concentrations of sulfite (10 uM, trace b; 100 uM, trace c; 250 uM, trace d; 500
MM, trace e) were added at the beginning of incubation to the reaction medium
containing the mitochondrial preparations (0.5 mg protein. mL™). Ca®* (20 uM)
was added 50 s afterwards (B). Sulfite (500 uM) (trace b) was added at the
beginning of incubation to the reaction medium containing the mitochondrial
preparations (0.5 mg protein.mL™). Ca®* (20 pM) was added 50 s afterwards. In
some experiments, the mitochondrial preparations were incubated with sulfite
plus ruthenium red (RR; 1 uM; trace c), cyclosporine A (CsA; 1 uM; trace d) or
ADP (300 uM; trace e) (C). Control (trace a) in graphic A was performed in the
absence of Ca*" and sulfite, whereas controls (traces a) in graphics B and C
were performed in the presence of Ca?* (20 pM) and did not contain sulfite.
FCCP (1 uM) was added at the end of the experiment, as indicated. Traces are
representative of three independent experiments and were expressed as

fluorescence arbitrary units (FAU).
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Fig. 4. Effect of sulfite on mitochondrial swelling using brain mitochondria
supported by glutamate plus malate in the presence of Ca?". Sulfite (500 puM)
(trace b) was added at the beginning of incubation to the reaction medium
containing the mitochondrial preparations (0.5 mg protein.mL™). Ca®* (40 uM)
was added 50 s afterwards. In some experiments, the mitochondrial
preparations were incubated with sulfite plus ruthenium red (RR; 1 uM; trace c),
cyclosporine A (CsA; 1 pM; trace d) or ADP (300 uM; trace e). Control (trace a)
was performed in the presence of Ca*" (40 uM) and did not contain sulfite.
Alamethicin (Alam; 40 pg.mg of protein®) was added at the end of the
experiment, as indicated. Traces are representative of three independent

experiments and were expressed as fluorescence arbitrary units (FAU).

Fig. 5. Effect of sulfite on mitochondrial Ca®" retention capacity using brain
mitochondria supported by glutamate plus malate in the presence of Ca*.
Sulfite (500 uM) (trace b) was added at the beginning of incubation to the
reaction medium containing ADP (30 uM) and the mitochondrial preparations
(0.5 mg proteinmL™). Ca®** (20 pM) was added afterwards. In some
experiments, the mitochondrial preparations were incubated with sulfite and
cyclosporine A (CsA; 1 uM) plus ADP (300 uM; trace d). Controls (traces a and
c) were performed in the presence of 20 uM Ca*" and did not contain sulfite.
Traces are representative of three independent experiments and were

expressed as fluorescence arbitrary units (FAU).

Fig. 6. Effect of sulfite on mitochondrial NAD(P)H content using brain

mitochondria supported by glutamate plus malate in the presence of Ca®".
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Sulfite (500 uM) (trace b) was added at the beginning of incubation to the
reaction medium containing the mitochondrial preparations (0.5 mg protein.mL"
). Cca® (20 pM) was added 50 s afterwards. In some experiments, the
mitochondrial preparations were incubated with sulfite plus ruthenium red (RR;
1 uM; trace c), cyclosporine A (CsA; 1 uM; trace d) or ADP (300 pM; trace e).
Control (trace a) was performed in the presence of Ca* (20 pM) and did not
contain sulfite. FCCP (1 uM) was added at the end of the experiment, as
indicated. Traces are representative of three independent experiments and

were expressed as fluorescence arbitrary units (FAU).

Fig. 7. Effect of N-ethylmaleimide (NEM; 20 pM) on sulfite-induced
mitochondrial swelling using brain mitochondria supported by glutamate plus
malate in the presence of Ca®*. Sulfite (500 puM) (trace b) was added at the
beginning of incubation to the reaction medium containing the mitochondrial
preparations (0.5 mg protein.mL™). Ca?* (40 pM) was added 50 s afterwards. In
some experiments, the mitochondrial preparations were incubated with sulfite
plus NEM (trace c). Control (trace a) was performed in the presence of Ca®* (40
uM) and did not contain sulfite. Alamethicin (Alam; 40 pg.mg of protein™) was
added at the end of the experiment, as indicated. Traces are representative of
three independent experiments and were expressed as fluorescence arbitrary

units (FAU).

Fig. 8. Effect of sulfite on thiol group content in brain mitochondria supported by
glutamate plus malate in the presence of Ca®". Sulfite (500 pM) and Ca** (40

MM) were added to the incubation medium containing the mitochondrial
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preparations (0.5 mg protein.mL™). In some experiments, the mitochondrial
preparations were incubated with N-ethylmaleimide (NEM; 200 yM). Values are
means + standard deviation for four to five independent experiments (animals)
and are expressed as percentage of control (Control: 540 + 21.3 nmol TNB.mg
protein®). * P < 0.01, ** P < 0.001, compared to control (Duncan multiple

range test).

Fig. 9. Effect of sulfite on cytochrome ¢ immunocontent in brain mitochondria
supported by glutamate plus malate in the presence of Ca?". Sulfite (500 uM)
and Ca* (40 pM) were added to the incubation medium containing the
mitochondrial preparations (0.5 mg protein.mL™). In some experiments, the
mitochondrial preparations were incubated with sulfite plus cyclosporine A
(CsA; 1 uM). A representative immunoblot of cytochrome c is also displayed.
Values are means * standard deviation for three to four independent
experiments (animals) and are expressed as percentage of control (Control:
33091 + 2660 arbitrary units). *P < 0.01, ** P < 0.001, compared to control;

#%P<0.001, compared to sulfite (Duncan multiple range test).
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Membrane potential

Figure 4
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Figure 5
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Figure 7

Figure 8
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Figure 9
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111.1 DISCUSSAO

A deficiéncia da SO (tanto a deficiéncia isolada da enzima quanto a
deficiéncia do cofator molibdénio) € caracterizada bioquimicamente por
acumulo tecidual e alta excrecédo urinaria de sulfito, tiossulfato e S-sulfocisteina
(Johnson e Duran, 2001). Os pacientes apresentam predominantemente
encefalopatia, retardo psicomotor e convulsdes neonatais severas (Tan et al.,
2005; Basheer et al., 2007; Ngu et al.,, 2009), cuja patogénese tem sido
atribuida a neurotoxicidade dos metabdlitos acumulados (Kuculkatay et al.,
2005; Chiarani et al., 2008; Derin et al., 2009; Herken et al., 2009; Ozturk et al.,
2010). Além disso, estudos anteriores sugerem o0 envolvimento de disfuncéo
mitocondrial no aparecimento e progressao dos sintomas, o que € reforcado
pela observacédo de acidemia latica em alguns pacientes (Vincent et al., 2004;
Zhang et al., 2004; Eichler et al., 2006; Basheer et al., 2007). E fundamental
ressaltar que a mitocéndria, além de desempenhar papel central na geracdo de
energia para a homeostase dos processos celulares através da manutencéo
dos niveis de ATP, é importante fonte de espécies reativas, participa
ativamente da manutencéo da homeostase do Ca?* (Nicholls e Akerman, 1982)
e também pode estar envolvida na inducdo de morte celular em situacfes
patolégicas (Liu et al., 1996). Portanto, no presente estudo investigamos 0s
efeitos do sulfito e do tiossulfato sobre importantes parametros bioquimicos de
bioenergética e homeostase redox e mitocondrial com a finalidade de melhor
esclarecer os mecanismos fisiopatogénicos do dano neurolégico encontrado
em portadores da deficiéncia da SO.

Incialmente, investigamos os efeitos do sulfito e do tiossulfato sobre a

atividade dos complexos da CTE e observamos que o sulfito inibiu a atividade
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do complexo IV, sem alterar a atividade dos demais complexos testados. O
complexo IV é a enzima passo-limitante da CTE, desempenhando um papel
central na regulacdo da fosforilagdo oxidativa, do bombeamento de prétons da
matriz mitocondrial para o espaco intermembranas e da producdo de ATP.
Dessa forma, pode-se sugerir que a inibicdo do complexo IV causada pelo
sulfito pode contribuir, a0 menos em parte, para a diminuicdo dos niveis de
ATP demonstrada em trabalhos anteriores (Vincent et al., 2004; Zhang et al.,
2004). Por outro lado, verificamos que o tiossulfato ndo foi capaz de inibir a
atividade dos complexos da cadeia respiratoria.

Apos, observamos que o sulfito e o tiossulfato inibiram fortemente a
atividade da creatina quinase total (tCK), bem com de suas isoformas citosolica
(cCK) e mitocondrial (mCK) isoladas. A CK possui um papel fundamental para
a funcédo cerebral através do transporte de ligacGes 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). A mCK utiliza ATP e creatina para produzir fosfocreatina, que
atua como reserva e carreador de ligacbes fosfato de alta energia. A
fosfocreatina € entdo transportada para o citosol, onde a cCK catalisa a reacéo
reversa, reabastecendo o “pool” de ATP neste compartimento celular
(Holtzman et al., 1997; Wendt et al., 2003). Sendo assim, o sulfito e o
tiossulfato causam um grande prejuizo no transporte e tamponamento de
energia intracelular inibindo tanto a producdo de fosfocreatina na mitocéndria
guanto o reestabelecimento do “pool” de ATP nos seus sitios de utilizacdo no

citosol.
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E importante salientar que a CK possui residuos de aminoacidos
bastante vulneraveis, como a cisteina 282 do sitio ativo da enzima, que € muito
reativa frente a oxidantes (Wang et al., 2001; Wendt et al., 2003; Li et al.,
2011). Alem disso, ja foi demonstrado que a atividade da CK cerebral diminui
apos a exposicdo a agentes que induzem a producdo de espécies reativas,
provavelmente pela oxidacdo de residuos de cisteina criticos para o
funcionamento da enzima (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 inibicdo da
enzima causada por sulfito e tiossulfato. Nestes experimentos, observamos que
a melatonina (MEL; 1000 uM) atenuou a inibicdo induzida pelo sulfito, ao passo
gue 100 uM de GSH ou uma combinacao de MEL (1000 uM) com uma menor
concentracdo de GSH (50 uM) preveniram totalmente a diminuicdo da atividade
da CK. Estes achados sugerem que a exposicao ao sulfito leva a oxidacdo de
grupamentos tidis fundamentais para a atividade da enzima, os quais podem
ser protegidos pela GSH, um classico protetor contra processos de oxidacao de
grupamentos sulfidrila (Halliwell e Gutteridge, 2007c). Através desses
resultados também se pode inferir o envolvimento do radical hidroxila na
inibicdo da atividade da CK pelo sulfito, uma vez que a MEL € um importante
sequestrador deste radical (Halliwell e Gutteridge, 2007c; Galano, 2011;
Tamura et al., 2013). Entretanto, ndo é possivel descartar o envolvimento de
outras espécies reativas nos efeitos do sulfito, uma vez que ja foi demonstrado
gue a MEL também pode sequestrar outras espécies reativas, tais como

perdxido de hidrogénio, oxigénio singlete e 6xido nitrico (Reiter et al., 2001).
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Quanto a inibicdo causada pelo tiossulfato sobre a atividade da CK, foi
observado que, além da GSH e da MEL, o inibidor da éxido nitrico sintase N*-
nitro-L-arginina metil éster (L-NAME) também atenuou este efeito, sugerindo o
envolvimento de ERN. De fato, h4 evidéncias mostrando que a CK é
rapidamente inativada por peroxinitrito e 6xido nitrico, os quais tém como alvo
principal residuos de cisteina do sitio ativo (Konorev et al., 1998; Wendt et al.,
2003).

Em seguida verificamos o efeito do sulfito e do tiossulfato sobre a
oxidagdo do DCFH e observamos que ambos 0s compostos testados
aumentaram este parametro em coOrtex cerebral. Este ensaio é uma medida
inespecifica da producéo de espécies reativas, uma vez que o DCFH pode ser
oxidado por uma série delas, incluindo radicais peroxil, alcoxil, diéxido de
nitrogénio, carbonato e hidroxila, bem como peroxinitrito (LeBel et al., 1992;
Ischiropoulos et al., 1999; Bilski et al., 2002; Ohashi et al., 2002; Myhre et al.,
2003). Dessa forma, nossos resultados indicam que o sulfito e o tiossulfato
induzem a producdo de espécies reativas. Além disso, verificamos que o
sulfito, mas néo o tiossulfato, aumentou a producéo de peroxido de hidrogénio
em mitocondrias isoladas de cérebro. Tomando em conjunto, esses resultados
reforcam o envolvimento de espécies reativas na inibicdo da CK pelo sulfito e
pelo tiossulfato.

No presente momento, ndo podemos determinar 0s exatos mecanismos
pelo quais ocorre a producdo dessas espécies reativas, mas estudos anteriores
mostram que o sulfito é capaz de sofrer auto-oxidacéo, levando a geracao de
espécies reativas, tais como o anion trioxido de enxofre, anion superoxido e

peréxido de hidrogénio, através de reacdes de propagacao (Hayon et al., 1972;
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Hegg e Hobbs, 1978; Baker et al., 2002). Neste contexto, uma série de estudos
também j& demonstrou que espécies reativas derivadas da auto-oxidacdo do
sulfito reagem com biomoléculas, causando a oxidacdo de nucleotideos
difosfopiridina e da metionina (Klebanoff, 1961; Yang, 1970), destruicdo do
triptofano e do B-caroteno (Yang, 1973; Peiser e Yang, 1979), adicdo de
ligacdo dupla em alquenos (Southerland et al., 1982), peroxidacdo de &cidos
graxos (Lizada e Yang, 1981), modificacao de acidos nucleicos (Hayatsu, 1976)
e dano ao DNA (Hayatsu e Miller, 1972).

Estudamos também o efeito do sulfito e do tiossulfato sobre a atividade
da enzima aconitase, uma enzima que catalisa a estereocisomerizacdo do
citrato a isocitrato via cis-aconitato no ciclo de Krebs e que é considerada um
sensor redox de espécies reativas (Gardner et al., 1994; Patel, 2004; Liang et
al., 2012). Foi observado que ambos os metabdlitos diminuiram a atividade da
aconitase em preparacdes mitocondriais cerebrais. Levando em conta que a
aconitase € suscetivel a inativacdo por espécies reativas, principalmente pelo
anion superoxido, resultando na liberacdo de um Fe labil do seu centro
catalitico ferro-enxofre (4Fe-4S) com a concomitante formacéo de peréxido de
hidrogénio (Vasquez-Vivar et al., 2000; Bulteau et al., 2003; Myers et al., 2010;
Cantu et al., 2011), e que trabalhos anteriores demonstram que o sulfito induz a
geracdo do anion superoxido (Hayon et al.,, 1972; Mottley e Mason, 1988;
Baker et al., 2002), pode-se sugerir que este radical livre esteja envolvido na
inibicdo da aconitase induzida pelo sulfito. Ainda é importante ressaltar aqui
gue a liberacdo concomitante de perdxido de hidrogénio e Fe (Il) do sitio ativo
da aconitase pode levar ao aumento da formacdo do radical hidroxila através

da reacdo de Fenton (Vasquez-Vivar et al., 2000; Cantu et al., 2011), o que
90



esta de acordo com nossos resultados que demonstraram que MEL previne a
inibicdo da CK induzida pelo sulfito. Quanto a inibicdo da aconitase pelo
tiossulfato, pode-se inferir que h& o envolvimento de outras espécies reativas,
além do anion superoxido, ja que nao foi observado um aumento na producao
de peréxido de hidrogénio. De fato, j& foi demonstrado que outras espécies
reativas sdo capazes de inibir a atividade da aconitase, tais como 6xido nitrico
e peroxinitrito (Gardner et al., 1997; Tortora et al., 2007).

Por outro lado, observamos que o sulfito e o tiossulfato nédo alteraram a
atividade da Na',K'-ATPase, uma enzima importante para a geracdo do
potencial de membrana e manutencao do volume celular, ndo sendo capazes,
portanto, de comprometer o funcionamento destes processos celulares.

Deve ser enfatizado que dentre as estruturas cerebrais humanas, o
cortex cerebral é aquela que apresenta a maior expressao de SO, o que sugere
uma necessidade de niveis mais elevados dessa enzima especificamente
nessa regiao, possivelmente devido a uma maior producéo de sulfito (Woo et
al., 2003). Sendo assim, a deficiéncia da SO pode predispor o cortex cerebral a
um dano causado pelo excesso de sulfito e tiossulfato. De fato, evidéncias
clinicas mostram dano cortical grave em diversos pacientes (Woo et al., 2003),
estando de acordo com 0s nossos resultados que mostram distlrbios na
homeostase energética e redox em cortex cerebral de ratos.

O préximo passo de nossa investigacéo teve como foco estudar o efeito
do sulfito e do tiossulfato sobre parametros respiratérios e de homeostase
mitocondrial em preparacdes mitocondriais obtidas de cérebro de ratos.
Verificamos que o sulfito, mas nao o tiossulfato, diminui o consumo de oxigénio

no estado 3 e no estado induzido por CCCP (estado desacoplado), bem como
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a RCR em mitocondrias quando glutamato e malato (doadores de elétrons para
o complexo 1) foram utilizados como substrato. Por outro lado, quando
succinato (doador de elétrons para o complexo IlI) ou a-cetoglutarato ou
piruvato e malato (doadores de elétrons para o complexo 1) foram ultilizados
como substratos, ndo houve alteracdo no consumo de oxigénio. NOSSO0S
resultados ainda mostraram que o sulfito inibiu moderadamente a atividade da
GDH e fortemente da MDH, ndo alterando a atividade da a-KGDH, o que esta
de acordo com os estudos de Zhang e colaboradores (2004). Sabe-se que o
glutamato e a sua oxidacéo via GDH possuem um importante papel no sistema
nervoso central. Além de ser o principal neurotransmissor excitatério do
sistema nervoso central, o glutamato contribui significativamente como
substrato para a respiracdo mitocondrial. No cérebro, a reacdo da GDH ocorre
principalmente na direcdo da desaminacdo oxidativa do glutamato, formando
NADH e a-cetoglutarato, o qual pode ser oxidado pelas reacdes subsequentes
do ciclo de Krebs (Kelly e Stanley, 2001). J4& a MDH, além de ser uma
importante enzima do ciclo de Krebs, € de extrema importancia na lancadeira
de elétrons malato-aspartato. Assim, espera-se que a inibicdo da GDH e da
MDH ocasione uma diminui¢do da disponibilidade de intermediarios do ciclo de
Krebs e de equivalentes reduzidos para fornecer elétrons a cadeira respiratoria.
Presume-se entdo que a diminuicdo do consumo de oxigénio causado pelo
sulfito ocorra devido a inibicdo da GDH e MDH.

Em seguida, verificamos que o sulfito per se ndo alterou o AWm
utilizando glutamato e malato como substratos. Por outro lado, a adicdo de
Ca’" ao meio de incubac&o contendo sulfito ocasionou uma diminuicdo do AWYm

de forma dose-dependente tanto de sulfito quanto de Ca?". Também
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verificamos que a diminuicdo do AWm causada pelo sulfito na presenca de
Ca?* foi inibida pelo ruténio vermelho (RR), um potente inibidor da captacao
mitocondrial de Ca?*, demonstrando que a diminuicdo do AWm pelo sulfito é
dependente da entrada de Ca?" na mitocondria. Além disso, os efeitos
causados pelo sulfito sobre o AWYm foram totalmente prevenidos por CsA e
ADP, dois classicos inibidores do MPTP. A CsA inibe o MPTP através da sua
ligacdo com a ciclofilina D, uma proteina da matriz mitocondrial que tem sido
descrita como um modulador do MPTP através da sua interacdo com o ANT
(Tanveer et al., 1996; Basso et al., 2005; Yarana et al., 2012; Pottecher et al.,
2013). J4 em relagédo ao ADP, estudos mostram que 0s nucleotideos adenina
sédo potentes inibidores do poro através da sua ligacdo ao ANT (Crompton,
1999; Saito e Castilho, 2010). Neste contexto, sabe-se que apesar de a
mitocéndria possuir um papel central na homeostase do Ca?', sendo
fundamental para o tamponamento do Ca®" citosélico, um aumento excessivo
da concentracdo deste cation na matriz mitocondrial pode induzir a MPT e
causar apoptose em diferentes tipos celulares (Crompton, 1999; Smaili et al.,
2000; Hajnoczky et al., 2006; Yarana et al., 2012). A inducédo da MPT leva ao
trafego ndo seletivo entre a matriz mitocondrial e o citosol, o que permite o
influxo de agua e substancias com até 1,5 kDa para a matriz, ocasionando
uma série de consequéncias, tais como inchamento mitocondrial, perda de
metabdlitos (Ca**, Mg?*, GSH, NADH e NADPH), dissipacdo do AWm, prejuizo
na fosforilacdo oxidativa e na sintese de ATP, bem como a liberacéo de fatores
pré-apoptoéticos, como o citocromo ¢ (Zoratti e Szabo, 1995; Tatton e Olanow,
1999; Starkov et al., 2004; Zorov et al., 2009; Rasola e Bernardi, 2011; Martel

etal., 2012).
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No préximo passo da nossa investigacdo observamos que o sulfito
induziu inchamento mitocondrial, o qual foi prevenido por RR, CsA e ADP.
Estes achados sugerem que a dissipacdo do AWm induzida por sulfito e Ca®*
esta relacionada com a permeabilizacdo ndo seletiva da membrana
mitocondrial interna devido a abertura do MPTP.

No que diz respeito & capacidade de retencédo de Ca?* da mitocodndria,
observamos que o sulfito diminuiu este parametro, sendo este efeito prevenido
por CsA e ADP, o que esta de acordo com a propriedade que o sulfito tem de
promover a MPT na presenca de Ca®". Neste contexto, & concebivel que a
abertura do MPTP permita a liberacdo de Ca?* da matriz mitocondrial apés este
atingir um limiar de concentracdo que supera a capacidade de retencdo da
mitocondria, resultando na permeabilizacdo ndo seletiva da membrana
mitocondrial interna (Zoratti e Szabo, 1995; Crompton et al., 1999; Kowaltowski
et al., 2001; Bernardi e von Stockum, 2012).

Além disso, o sulfito causou a diminuicdo do conteido de NAD(P)H da
matriz mitocondrial na presenca de Ca*". Tendo em vista que a diminui¢do nos
niveis de NAD(P)H induzida por sulfito foi inibida por CsA e ADP, presume-se
gue este efeito ocorreu devido a abertura do MPTP e consequente liberacdo de
NAD(P)H da matriz mitocondrial, levando a um prejuizo na homeostase redox
mitocondrial.

Avaliamos entdo se diversos compostos descritos como inibidores da
MPT, como a trifluoperazina (TFZ), clorpromazina (CP), quinacrina (QUIN), N-
acetilcisteina (NAC), CAT, melatonina (MEL), CoQ, ditiotreitol (DTT) e N-
etilmaleimida (NEM), seriam capazes de prevenir o inchamento mitocondrial

induzido por sulfito na presenca de Ca®". Neste contexto, diversos trabalhos
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utilizam TFZ, CP e QUIN como inibidores do poro devido a sua capacidade de
inibir a fosfolipase A2 (Pastorino et al., 1996; Broekemeier et al., 2002).
Estudos anteriores demonstraram que a ativacédo da fosfolipase A2 aumenta a
geracao de acidos graxos insaturados, como o acido araquiddnico, o qual leva
a producao de radicais livres, podendo induzir MPT (Nishimura et al., 2008). Ja
os antioxidantes NAC, CAT, MEL e CoQ s&o usados na prevengédo de MPT,
pois a geracdo de radicais livres pode ocasionar a oxidagdo de grupamentos
tibis presentes em proteinas envolvidas no MPTP e induzir sua abertura
(Kowaltowski et al., 2001; Chinopoulos et al., 2003; Nishimura et al., 2008;
Adam-Vizi e Starkov, 2010). Em relacdo a utilizacdo do DTT, este composto é
um potente agente redutor, prevenindo a formacdo de pontes dissulfeto e
tornando o MPTP menos suscetivel a abertura (Petronilli et al., 1994; Costantini
et al., 1996; Kowaltowski et al., 1997). Os nossos resultados demonstram que
os inibidores da fosfolipase A2, antioxidantes e DTT ndo foram capazes de
prevenir o inchamento mitocondrial induzido pelo sulfito na presenca de Ca*".
Por outro lado, a NEM preveniu totalmente este efeito. A NEM € um agente
alquilante hidrofobico que reage com grupamentos sulfidrila formando ligacdes
tioéter estaveis. Estudos anteriores demonstraram que a NEM tem acesso a
grupamentos tiol criticos de residuos de aminoacidos do ANT, o0s quais
regulam o MPTP deixando-o com maior ou menor suscetibilidade a abertura
(Petronilli et al., 1994; Halestrap et al.,, 1997; McStay et al., 2002). Sendo
assim, 0s nossos achados indicam que o sulfito age através da modulacdo de
grupamentos tiol presentes em proteinas envolvidas na formacdo do MPTP.
Verificamos também uma diminuicdo do conteldo de grupamentos tiol de

protefnas de membrana mitocondrial induzida pelo sulfito na presenca de Ca®,
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reforcando que o sulfito induz MPT por modular tais grupamentos. Também se
pode inferir que o sulfito possua um efeito direto sobre os grupamentos tiol, ndo
sendo a diminuicdo do conteldo destes uma consequéncia do ataque por
espécies reativas produzidas pelo sulfito, uma vez que os antioxidantes
testados nao preveniram o inchamento mitocondrial induzido por este
composto. De fato, ja foi anteriormente demonstrado que o sulfito é capaz de
reagir diretamente com grupamentos sulfidrila (Johnson e Duran, 2001). Além
disso, ja foi demonstrado que outros compostos, tais como acetoacetato, 6xido
de fenilarsina (OF) e acido 4,4’-diisotiocianatostilbeno-2,2’-disulfénico (DIDS),
induzem a abertura do poro de MPT através de mecanismos independentes de
espécies reativas, como o “cross-linking” de grupamentos sulfidrila (Petronilli et
al., 1994; Kowaltowski et al., 1997; Kim et al., 2002; McStay et al., 2002).
Ainda, € importante salientar que Constatini e colaboradores (1996) sugeriram
gue pelo menos dois sitios distintos contento grupamentos tiol modulam o
MPTP, sendo um destes sitios insensivel a agentes redutores tais como o DTT.
Da mesma forma, foi verificado que a diminuicdo no conteddo de grupamentos
tiol em proteinas de membrana mitocondrial causada pelo OF e pelo DIDS é
parcialmente aditiva, indicando que moléculas indutoras de MPT podem reagir
com diferentes grupamentos tiol da membrana mitocondrial (Kowaltowski et al.,
1997).

Por fim, verificamos que o sulfito diminuiu o imunoconteddo de citocromo
c em preparacdes mitocondriais na presenca de Ca®*, podendo estar este
resultado relacionado com a inducdo de MPT por este composto, uma vez que
este efeito foi prevenido por CsA. A liberacdo do citocromo ¢ pode ocorrer

devido ao inchamento osmoético e consequente ruptura da membrana
96



mitocondrial externa provocada pela indugcdo de MPT (Petit et al., 1998;
Crompton, 2000). Quando liberado da matriz mitocondrial para o citosol, o
citocromo ¢ possui um papel fundamental na formacéo do apoptossomo e na
ativacao da apoptose, através da sua interacdo com o fator 1 de ativacdo de
protease apoptotica (Apaf-1), recrutando e ativando a caspase-9, o que da
inicio a cascata de caspases (Green e Reed, 1998; Andreyev e Fiskum, 1999;
Rasola e Bernardi, 2011). Portanto, os nossos resultados sugerem que o sulfito
poderia induzir apoptose através da inducdo de MPT na presenca de Ca®".

E dificil determinar a importancia fisiopatoldgica dos nossos resultados,
entretanto ha uma série de evidéncias demonstrando que a abertura do MPTP
e um prejuizo na homeostase do Ca?" contribuem para a neurodegeneracéo
observada em diversas doencas (Murphy et al., 1999; Friberg e Wieloch, 2002;
Figueira et al., 2013). E importante enfatizar que o0s neurbnios Ss&o
particularmente vulneraveis a inducdo da MPT, pois em situacdes de privacéo
energética severa, tais como isquemia/reperfusdo e hipoglicemia, os niveis
citosélicos de Ca*" nos neurdnios aumentam como uma consequéncia de um
prejuizo nos sistemas de remocdo de Ca** e da ativacdo de receptores de
glutamato, principalmente os do tipo NMDA. Neste contexto, ha evidéncias de
gue a S-sulfocisteina, um metabdlito estruturalmente similar ao glutamato e
derivado da reacédo de sulfito com cisteina livre, é capaz de ativar os receptores
NMDA (Olney et al., 1975; Kagedal et al., 1986), levando a um aumento do
influxo de Ca** na célula. Além disso, o sulfito poderia levar a um aumento dos
niveis de glutamato na fenda sinptica devido a inibicdo da GDH, contribuindo
ainda mais para o aumento dos niveis intracelulares de Ca?". Outro fator que

pode contribuir para um desequilibrio na homeostase do Ca** é um dano no
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sistema de remocdo deste cation, ocasionado pela disfuncdo energética
induzida pelo sulfito. Dessa forma, a inducdo de MPT pelo sulfito pode
contribuir para a disfuncdo neurologica apresentada pelos pacientes com a
deficiéncia da SO.

Concluindo, este estudo mostra que o sulfito e o tiossulfato causam dano
na homeostase energética e redox do cérebro e que o sulfito age
sinergicamente com o Ca?" induzindo a MPT em mitocondrias cerebrais
através do ataque direto a grupamentos tiol de proteinas envolvidas na
formacdo do MPTP. Caso estes resultados sejam observados in vivo e em
tecidos de pacientes acometidos pela deficiéncia da SO, pode-se presumir que
a disfuncdo bioenergética, o estresse oxidativo e a indu¢cdo do MPT sao
importantes mecanismos fisiopatolégicos envolvidos no dano cerebral
apresentado pelos pacientes afetados por essa desordem. Além disso, é
possivel que inibidores da MPT possam representar potenciais estratégias
terapéuticas para a prevencdo do dano neurolégico encontrado nestes

pacientes.
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111.2 CONCLUSOES

O sulfito inibe a atividade do complexo IV da CTE, indicando que este
composto prejudica o fluxo de elétrons pela cadeia respiratoria.

O sulfito e o tiossulfato inibem a atividade da tCK, bem como de suas
isoformas citosolica e mitocondrial isoladas, indicando que estes
compostos comprometem a transferéncia e tamponamento energético
celular.

A inibicdo da tCK induzida por sulfito foi atenuada por MEL e totalmente
prevenida por GSH e por uma combina¢do de MEL e doses mais baixas
de GSH. J&a a inibicdo da tCK induzida por tiossulfato foi totalmente
prevenida por GSH e atenuada por MEL e L-NAME. Presume-se entao
gue o sulfito e o tiossulfato causam a oxidacdo de grupamentos tiol
criticos para a atividade da CK através da formacdo de espécies
reativas.

O sulfito e o tiossulfato induziram a producédo de espécies reativas em
cortex cerebral de ratos.

O sulfito e o tiossulfato inibiram a atividade da aconitase em preparacoes
mitocondriais de cérebro.

O sulfito diminuiu 0 consumo de oxigénio no estado 3 e no estado
induzido por CCCP (estado desacoplado) e o RCR em mitocondrias
cerebrais isoladas utilizando o glutamato e o malato com substratos.

O sulfito inibiu a atividade da GDH e da MDH em mitocondrias cerebrais

isoladas, sugerindo que a diminuicdo do consumo de oxigénio causada
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e malato.

O sulfito diminuiu o AWYm e induziu inchamento mitocondrial em
mitocondrias isoladas de cérebro utilizando glutamato e malato como
substratos na presenca de Ca*", porém ndo na auséncia deste cation.
Estes efeitos foram prevenidos por RR, ADP e CsA, indicando que o
sulfito induz MPT na presenca de Ca*".

O sulfito diminuiu a capacidade de retencdo de Ca* em mitocondrias
isoladas de cérebro, sendo este efeito prevenido por CsA e ADP.

O sulfito diminuiu os niveis de NAD(P)H em mitocondrias isoladas de
cérebro, sendo este efeito prevenido por RR, CsA e ADP.

O inchamento mitocondrial induzido por sulfito foi totalmente prevenido
por NEM. Além disso, o sulfito diminuiu o conteudo de grupamentos tiol
das proteinas de membrana mitocondrial na presenca de Ca®,
indicando que o sulfito induz a MPT através do ataque a grupamentos
sulfidrila de proteinas envolvidas na formacédo do MPTP.

O sulfito diminuiu o conteddo de citocromo ¢ em mitocondrias isoladas
de cérebro, sendo este efeito prevenido por CsA. Estes resultados
indicam que o sulfito promove a liberacdo de citocromo ¢ como

consequéncia da inducédo de MPT.
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1.3 PERSPECTIVAS

Avaliar os efeitos in vitro do sulfito e do tiossulfato sobre parametros de
metabolismo energético em diferentes estruturas, tais como estriado e
cerebelo, uma vez que os pacientes afetados pela deficiéncia da SO
apresentam, além de atrofia cortical, anormalidades nos géanglios da
base e cerebelo.

Avaliar os efeitos ex vivo do sulfito em cortex cerebral, estriado e
cerebelo sobre pardmetros de metabolismo energético em ratos com
deficiéncia para a enzima SO, induzida através de dieta pobre em
molibdénio e adicdo de tungsténio na agua de beber.

Avaliar os efeitos ex vivo do sulfito em preparacdes mitocondriais de
cérebro total sobre o consumo de oxigénio e a homeostase mitocondrial
na presenca e auséncia de Ca®* em ratos com deficiéncia para a enzima
SO, induzida através de dieta pobre em molibdénio e adicdo de
tungsténio na agua de beber.

Avaliar os efeitos ex vivo do sulfito sobre a morfologia, proliferacdo e
morte de neurdnios e astrocitos através de imunohistoquimica e da
avaliacdo do imunoconteudo de caspases em ratos com deficiéncia para
a enzima SO, induzida através de dieta pobre em molibdénio e adicéo

de tungsténio na agua de beber.
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