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Resumo

A cistinose € uma doenga genética letal causada pelo transporte deficiente de cistina
para fora dos lisossomos, levando ao acimulo intralisossomal de cistina na maioria dos
tecidos, principalmente no rim. O tratamento precoce com cisteamina, um aminotiol capaz
de remover a cistina acumulada nos lisossomos, retarda a evolu¢do da doenga. Embora o
dano tecidual dependa do actimulo do dissulfeto cistina, os mecanismos responsaveis por
este dano ainda ndo estdo esclarecidos. A sobrecarga de lisossomos com dimetil cistina
éster tem sido usada para estudar a patogénese da cistinose. Tubulos renais proximais
isolados de ratos e de coelhos, sobrecarregados com dimetil cistina éster desenvolveram
deficiéncia na reabsor¢do tubular semelhante a observada na sindrome de Fanconi, a
principal manifestagdo clinico-laboratorial da cistinose. Estudos realizados com
fibroblastos de pacientes cistinéticos e com células tubulares renais sobrecarregadas com
dimetil cistinal éster sugerem que a apoptose estd aumentada nesta doenca. O actimulo de
cistina também induz queda nos niveis intracelulares de glutationa e de ATP , mesmo com
a capacidade mitocondrial geradora de ATP intacta.

Considerando que a creatinaquinase € uma enzima tidlica critica para a homeostasia
energética renal e que pode ser alterada por dissulfetos, nds investigamos os efeitos in vivo
e in vitro da cistina sobre a atividade desta quinase em rim de ratos Wistar jovens. Os
resultados mostraram que a cistina inibiu a atividade da creatinaquinase in vivo e in vitro.
A inibi¢@o foi do tipo ndo competitivo e dependente da concentragdo do inibidor e do
tempo de pré-incubagdo, sendo prevenida e revertida por cisteamina e por glutationa,
sugerindo a oxidacdo de grupos tidlicos essenciais para o funcionamento da enzima

Com o objetivo de investigar se a inibi¢do causada pela cistina era especifica para a
creatinaquinase renal ou poderia ocorrer também com outras enzimas tidlicas de outros
tecidos, nés estudamos os efeitos da sobrecarga de dimetil cistina éster sobre as enzimas
tidlicas creatinaquinase e piruvatoquinase, bem com sobre a enzima ndo tidlica lactato
desidrogenase, em rim e cortex cerebral de ratos Wistar jovens. Os animais foram injetados
subcutaneamente com dimetil cistina éster na dose de 1,6 pmol/g de peso corporal e/ou
cisteamina na dose de 0,46 umol/g de peso corporal do décimo sexto ao vigésimo dia de
vida, tendo sido mortos por decapitacido sem anestesia 12 horas apds a ultima injecdo. A
administracdo de cistina dimetiléster diminuiu a relagdo tiol/dissulfeto sem alterar a
atividade da lactato desidrogenase, mas inibiu a atividade das duas quinases, tanto no rim,
quanto no coértex cerebral. A administragdo de cisteamina normalizou a relagdo
tiol/dissulfeto e a atividade das duas quinases em ambos tecidos, refor¢cando a hipdtese de
que a cistina causa a inibicdo de enzimas tidlicas, provavelmente por meio da oxidacdo de
grupos tidlicos essenciais para o funcionamento destas enzimas.

Considerando que a cistina € um potencial oxidante e o estresse oxidativo pode
alterar a fungfo das proteinas tidlicas e induzir apoptose, nds investigamos os efeitos da
sobrecarga de cistina dimetiléster sobre vdrios pardmetros de estresse oxidativo em rim de
ratos Wistar jovens. A cistina dimetiléster induziu lipoperoxidacdo, carbonilacdo de
proteinas, e estimulacdo da atividade da superéxido dismutase, glutationa peroxidase e
catalase, provavelmente por meio da formagao de anions superoxido, peréxido de hidrogénio
e radicais hidroxilas. A administracdo de cisteamina preveniu, a0 menos em parte, estes
efeitos, sugerindo que este aminotiol aja como um “scavenger” de radicais livres.

Considerando todos os resultados em conjunto, podemos presumir que a cistina
induz estresse oxidativo, inibindo enzimas tidlicas com consequentes alteragcdes
metabdlicas, tais como diminuicdo da homeostasia metabdlica e reducdo dos niveis dos
antioxidantes piruvato, creatina epossivelmente glutationa. Se estes efeitos também
ocorrerem nos pacientes cistindticos, eles poderiam contribuir para o dano celular que
ocorre nesta doenca.



Abstract

Cystinosis is a lethal genetic disease caused by a lysosomal transport deficiency od
cystine, leading to intra-lysosomal cystine accumulation in most tissues, specially in
kidney. Early treatment with cysteamine, a cystine-depleting aminothiol, extends life of
affected patients. Although tissue damage might depend on accumulation of the disulfide
cystine, the mechanisms of tissue damage are not fully understood. Lysosomal loading
with cystine dimethyl ester has been used for studying the pathogenesis of cystinosis.
Isolated proximal renal tubules from rats and rabbits loaded with CDME developed
defective proximal tubular reabsorption, similar to that of Fanconi syndrome in cystinosis
Studies performed in fibroblasts of cystinotic patients and in kidney cells loaded with
cystine dimethyl ester suggest that apoptosis is enhanced in this disease. Cystine
accumulation also induces decrease of glutathione and of intracellular ATP content with
intact energy generating capacity of mitochondria.

Considering that creatine kinase, a thiol-containing enzyme, is critical for renal energy
homeostasis and may be altered by disulfides, we investigated the in vivo and in vitro
effects of cystine on this kinase in the kidney of young Wistar rats. Results showed that
cystine inhibited in vivo and in vitro the enzyme activity and that this inhibition was of the
non competitive type, time and concentration dependent, prevented and reversed by
cysteamine and glutathione, suggesting that creatine kinase inhibition was caused by
oxidation of essential sulthydryl groups necessary for the enzyme function. Next, to
investigate whether this inhibition was specific for renal creatine kinase, or might occur for
other thiol-containing enzymes in other tissues, we studied the effects of cystine
dimethylester load on the thiol-containing enzymes creatine kinase and pyruvate kinase, in
the kidney and brain of young Wistar rats. We also studied these effects on lactate
dehydrogenase, a non-containing thiol enzymae. The animals were injected twice a day
with 1.6 pmol/g body weight cystine dimethylester and/or 0.46 pmol/g body weight
cysteamine from the 16" to the 20™ postpartum day and killed after 12 hours. Cystine
dimethylester administration decreased thiol/disulfide ratio and inhibited the two enzyme
activities in tissues, but not lactate dehydrogenase activity, a non-containing thiol enzyme.
Co-administration of cysteamine normalized thiol/disulfide ratio and the two enzyme
activities, reinforcing the hypothesis that cystine inhibits thiol containing enzymes possibly
through oxidation of essential thiol groups of the enzymes.

Considering that cystine is a potential oxidant and oxidative stress is known to alter
the function of thiol containing proteins and induce apoptosis, we investigated the effects
of cystine dimethyl ester loading on several parameters of oxidative stress in the kidney of
young rats. Cystine dimethyl ester induced lipoperoxidation, protein carbonylation, and
stimulated superoxide dismutase, glutathione peroxidase and catalase activities, probably
through the formation of superoxide anions, hydrogen peroxide, and hydroxyl radicals. Co-
administration of cysteamine prevented, at least in part, those effects, possibly acting as a
scavenger of free radicals.

Taken together all the results, it can be presumed that cystine induces oxidative stress
inhibiting thiol-containing enzymes with consequent metabolic alterations such as
diminution of energy homeostasis and reduction levels of the antioxidants pyruvate, creatine,
and possibly glutathione. If these effects also occur in cystinotic patients, they could
contribute to tissue damage that occurs in this disease.
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I - INTRODUCAO
1 - Erros Inatos do Metabolismo

1.1 - Um breve Historico dos Erros Inatos do Metabolismo

Os dados historicos aqui apresentados foram retirados de Childs et al, 2001.

O termo erro inato do metabolismo (EIM) foi sugerido em 1909 por Archibald
Garrod, a partir de estudos com pacientes que apresentavam alcaptontria, albinismo,
cistiniria e pentosdria. Ele verificou que as doencas apresentavam uma distribui¢do
familiar e ocorriam, com maior freqii€ncia, nos filhos de casamentos consangiiineos. Esses
casos poderiam ser explicados por defeitos hereditirios e de heranga autossOmica
recessiva, baseado nas leis de Mendel. A partir de suas observagdes, Garrod desenvolveu o
conceito de que algumas doengas ocorriam por causa da deficiéncia de uma enzima
responsdvel por uma rota metabdlica. A alcaptondria, por exemplo, acontece por uma
deficiéncia na oxidag@o do 4cido homogentisico, um metabdlito da tirosina.

Os postulados basicos de Garrod foram refor¢ados e aprimorados por Beadle e
Tatum (um gene — uma enzima), onde um gene especifico estd relacionado a sintese de
uma cadeia polipeptidica especifica. Em 1948, Gibson demonstrou o primeiro defeito
enzimdtico em uma doenga genética humana, a deficiéncia de uma enzima NADH-
dependente, necessdria para a redugdo da meta-hemoglobina, na meta-hemoglobinemia
recessiva. Trabalhos de Pauling e colaboradores em 1949 e de Ingram em 1956, mostrando
que a alteragdo molecular da hemoglobina de pacientes com a anemia falciforme produzia
um padrdo diferente de migracao eletroforética forneceu a primeira evidéncia direta de que
mutagdes humanas realmente produzem uma alterag@o na estrutura primdria das proteinas.

Essas descobertas permitiram que o conceito de EIM fosse ampliado para proteinas ndo
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enzimdticas, surgindo o conceito de “doenga molecular” onde genes mutantes levam a
producdo de proteinas anormais cuja atividade funcional estd alterada (Beaudet et al,
1989).

Tao grande tem sido o desenvolvimento dos aspectos moleculares da genética dos
EIM, que o livro mais importante da drea, publicado periodicamente desde 1960 com o
titulo: “The Metabolic Basis of Inherited Disease”, em sua 7* edi¢do mudou o titulo para:

“The Metabolic and Molecular Bases of Inherited Disease” (Scriver et al., 1995).

No final da década de 80, doengas como o cancer e a deficiéncias do sistema
imunolégico foram incluidas entre os EIM (Scriver et al., 1995). Deste modo, o erro inato

passou a ser uma idéia central na medicina.

Desde o estudo inicial de Garrod em 1909, sobre os 4 erros inatos, o conhecimento
destas doencas metabdlicas tem crescido geometricamente. Foram descritos até o momento
mais de 500 EIM (Scriver et al., 2001), a maioria envolvendo processos de sintese,
degradacao, transporte e armazenamento de moléculas no organismo, causando um grande
ndmero de defeitos, com quadros clinicos diversos, que podem ser desde assintomdticos
até tdo graves que causem morte neonatal (Benson e Fenson, 1985). Os EIM manifestam-
se geralmente na infincia, apresentando sinais e sintomas semelhantes aos encontrados em

muitas doengas infantis (Holtzman, 1978).

E salientado por Scriver e colaboradores no preficio de seu livro (Scriver et al.,
2001): "a importancia da observacdo de Garrod que os EIM sdo manifestacdes de
individualidade bioquimica ndo foi reconhecida durante toda sua vida e nem nos dias de
hoje, pois muitos médicos ainda pensam nas doencas metabdlicas herdadas como situagdes
de extrema raridade, que nunca serdo vistas na pratica médica de rotina. Os EIM produzem
manifestacdes em cada orgdo, desde a vida fetal a geridtrica e sdo onipresentes na sua

aparéncia, ndo respeitando as qualifica¢des do médico - generalista ou especialista".

12



1.2 - Conceito de Erros Inatos do Metabolismo

Os EIM sdo doencas hereditdrias causadas por uma deficiéncia parcial ou total de
uma proteina, geralmente uma enzima. A deficiéncia ou auséncia na atividade dessa
enzima pode causar bloqueio de uma rota metabdlica, causando acimulo téxico de
substancias efou falta de produtos essenciais gerando muitas vezes prejuizo no

desenvolvimento mental e/ou fisico dos individuos afetados (Scriver et al, 2001).

1.3 - Classificacao dos Erros Inatos do Metabolismo

Em 1982, Sinclair propds uma classificagdo para os EIM:
1. Doencas de Transporte: sdo aquelas que afetam o transporte renal e/ou intestinal de
moléculas inorginicas ou orgénicas e determinam graus varidveis de deplecdo tecidual e
desnutricdo. Ocorrem perdas renais primdrias ou secunddrias a absor¢do de metabdlitos
intestinais. S3o exemplos deste grupo as deficiéncias de dissacaridases, defeitos no

transporte de magnésio, Doenca de Hartnup, entre outros.

2. Doencas de Armazenamento, Degradacdo e Secrecdo: em sua maioria envolvem o
aparelho de Golgi ou os lisossomos e determinam o acimulo de macromoléculas e
conseqiientes alteragdes patoldgicas nos tecidos onde o defeito se manifesta. A terapéutica
depende da reposicdo da enzima, do tecido, ou do 6rgdo, e ainda estd em fase
experimental. S3o exemplos deste grupo as doencas lisossOmicas de depdsito, as
glicogenoses e a cistinose.

3. Doencgas de Sintese: sdo aquelas em que ha sintese incompleta ou anormal de moléculas
biologicamente importantes, como hormdnios, moléculas de funcdo estrutural ou
imunoldgica, proteinas plasmdticas e enzimas destinadas ao plasma. Nesse ultimo caso,

ocorre hiperplasia do 6rgio que produz a molécula deficiente. A terapéutica da reposicdo é
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freqiientemente eficiente. Um exemplo tipico é a hiperplasia adrenal congénita por

deficiéncia de 21-hidroxilase da rota da sintese do cortisol.

4. Doengas do Metabolismo Intermedidrio: sdo aquelas que comprometem as vias de
metabolizacdo de pequenas moléculas. O defeito enzimdtico pode ocorrer em rotas
metabdlicas importantes (ciclo dos dcidos tricarboxilicos e ciclo da uréia). A gravidade e a
forma de instalacdo da doenga dependem normalmente do grau da deficiéncia enzimadtica e
da rota metabdlica comprometida. Costumam piorar por infecgdes e outros fatores que
aumentam o catabolismo. E comum nessas doencas o aciimulo de metabélitos t6xicos nas
células, provocando alteragdes bioquimicas locais e dano tecidual. Os metabdlitos sdo
liberados na circulagdo e eliminados na urina e podem provocar danos em outros tecidos,
quando suscetiveis a sua toxicidade. Algumas doengas deste grupo costumam responder
bem a restricdo dietética. Sdo exemplos deste grupo, os defeitos no ciclo da uréia, os
distdrbios do metabolismo da frutose, galactose e pentoses, os ditirbios do metabolismo
dos aminodcidos, dos dcidos orgénicos, as porfirias e os distirbios do metabolismo das
purinas.

Outra classificagdo (quadro -1) dos EIM, leva em conta a drea do metabolismo

afetada (Scriver et al, 2001):
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Quadro 1 - Classificagdo dos EIM de acordo com a area do metabolismo afetada (Scriver

et al, 2001).

EIM dos aminoacidos

EIM dos 4cidos orgénicos

EIM dos glicidios

EIM dos glicosaminoglicanos

EIM das glicoproteinas

EIM das purinas e pirimidinas

EIM das enzimas eritrocitarias

EIM dos metais

EIM das lipoproteinas

EIM dos hormonios

EIM das proteinas plasmaticas

1.4 — Sintomatologia dos Erros Inatos do Metabolismo

Os EIM apresentam manifestacdes clinicas muito variadas e inespecificas. A
variag@o ocorre por diferencas no grau de deficiéncia enzimadtica, drea do metabolismo e
tecidos afetados. Algumas delas ocorrem com maior freqiiéncia, como por exemplo,
deficiéncias no crescimento, vOmito, diarréia, letargia, coma, convulsdes, dificuldade

alimentar, hipotonia, dificuldades respiratérias, apnéia, hepatomegalia, odor anormal na
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urina ou na pele, anormalidades oculares, atraso no desenvolvimento psicomotor e,
principalmente, retardo mental progressivo (Burton et al, 1987; Scriver at al, 2001).
1.5 - Freqiiéncia dos Erros Inatos do Metabolismo

Em 1986, os EIM compreendiam mais de trés centenas de distirbios genéticos
(Mckusick, 1986). Em 2001, ultrapassaram cinco centenas de disttrbios (Scriver 2001).
De forma individual, cada EIM é uma doencga rara, mas como um grupo, apresentam uma
freqiiéncia relativamente alta, podendo ocorrer aproximadamente um caso para cada mil
nascimentos vivos (Giugliani et al, 1988; Lubs et al, 1977).
Em estudo realizado em unidades pediatricas de tratamento intensivo em Porto Alegre
(Brasil), a freqiiéncia dos EIM encontrada em pacientes selecionados através de sintomas e
sinais sugestivos foi de 1:15 (Wajner, 1986).

Coelho et al (1997) realizaram estudos no Servigo de Genética Médica do Hospital
de Clinicas de Porto Alegre (Brasil) com 10.000 pacientes que apresentavam sinais e
sintomas sugestivos de EIM entre 1982 e 1995 usando protocolos especificos que
incluiram testes para deteccdo de glicosaminoglicanos, aminodcidos, monossacarideos,
oligossacarideos e outros metabdlitos. O estudo revelou 647 casos de EIM (6,5%), valor
similar ao registrado por Wannmacher et al (1982). A maior incidéncia de EIM foi
observada nos grupos de distirbios lisossdmicos de depdsito (59,8%), seguida das
aminoacidopatias (21,2%). As desordens mais freqiientemente diagnosticadas foram a
fenilcetondria cldssica (PKU) (9,1%), gangliosidose GM; (9,1%), mucopolissacaridose tipo
1 (8,3%), mucopolissacaridose tipo VI (6,0%) e leucodistrofia metacromatica (4,9%). Além
disso, o desenvolvimento de novas técnicas para diagnosticar EIM certamente levara a

descoberta de novas doengas, tendendo a aumentar a freqiiéncia destes disturbios.
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1.6 — Estudos de Erros Inatos do Metabolismo em Animais

Nenhum modelo animal, quimico ou genético, é capaz de mimetizar integralmente
a doenca humana devido as peculiaridades genéticas e ambientais de cada espécie. No
entanto, os modelos permitem estudar a evolugdo da doenca e isolar cada um dos fatores
patogénicos presumiveis e associd-los da maneira desejada, obtendo informagdes
impossiveis de conseguir nos pacientes (Bulfield, 1980; Herschkowitz, 1982). Quase duas
décadas depois, pelo menos no que diz respeito aos erros inatos que afetam o sistema
nervoso, esta afirmativa parece ser tdo atual quanto no dia em que foi escrita. Muitos
passos podem ser conhecidos, como a atividade enzimatica anormal, a qual pode ser
devida a uma estrutura anormal da proteina enzimética ou uma quantidade diminuida da
mesma. Metabdlitos anormais podem estar presentes, ou metabdlitos normais podem se
acumular intracelularmente. Algumas vezes, a localizacdo celular do defeito é conhecida,
assim como as estruturas cerebrais que sao afetadas pelo metabolismo anormal. Mas esta
gama de informacdes ainda ndo explica completamente os distdrbios funcionais
freqiientemente observados nos erros inatos, € o preenchimento desta lacuna parece
envolver questdes de dificil resolucdo, como a determinagdo da hierarquia das causas, a
distincdo entre o que € causa e efeito, e a determinag@o de como estrutura e funcio se
relacionam, tanto no dambito molecular quanto celular. Neste sentido, o estudo de modelos
animais de erros inatos do metabolismo humano parece ser de grande valia para investigar
a patogenia destas doencas. Embora nenhum modelo animal possa reproduzir
completamente a doenga humana, eles podem auxiliar a compreender pelo menos alguns
aspectos da doenca. Além disso, as vantagens de se estudar tais modelos incluem a
possibilidade de investigar individuos com caracteristicas genéticas muito semelhantes, o
que dificulta a interferéncia de fatores relacionados a variabilidade genética, estudar os
mecanismos patogénicos através de uma abordagem compreensiva e multidisciplinar,

realizar o estudo durante o desenvolvimento dos vdrios estdgios da doenga, e nao s na sua
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fase terminal e irreversivel; facilitar a dosagem de metabdlitos nos compartimentos intra e
extracelular, e estabelecer um controle rigido sobre as condi¢des ambientais. Estes
modelos animais valem-se, portanto, de abordagens ndo possiveis de serem realizadas em
seres humanos, além de permitirem separar possiveis fatores causadores das patologias

(Lo, 1996).

2 - Cistinose

2.1 - Historico

Os dados historicos aqui apresentados foram retirados de Gahl et al. (2001) ou de
textos citados.

A cistinose foi reconhecida pela primeira vez como uma entidade clinica por
Abderhalden em 1903. Ele descreveu vdrias criangas que apresentavam actimulo anormal
de cistina, uma das quais apresentava crescimento deficiente aos 21 meses de idade.
Demonstrou, por meio de andlise quimica cléssica, que lesdes pontuais claras nos 6rgaos
internos dessa crianga eram constituidas pelo aminodcido cistina. Infelizmente,
Abderhalden também descreveu vdrias criangas com célculos urindrios de cistina e excesso
de cistina na urina , levando a uma persistente confusao entre cistinose e cistinuria.

Lignac em 1924, descreveu depésitos de cistina em criangas com raquitismo,
nanismo, doenca renal e assim ajudou a delinear aspectos clinicos da cistinose. Em 1931,
Fanconi descreveu uma crianga com glicosuria ndo-diabética. Em 1935, Toni descreveu
uma crianga com raquitismo resistente a vitamina D, fraturas espontineas, nanismo,
hipofosfatemia, acidose, albumintria e glicosuria. Um relato de Debré e colaboradores, em

1934, a respeito de uma crianga com caracteristicas semelhantes, levou a caracterizagéo de

uma condi¢do denominada Sindrome de Toni-Debré-Fanconi. Bickel e colaboradores em
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1952, forneceram evidéncias da associagdo com cistinose com a Sindrome de Fanconi e
com dano glomerular progressivo.

Experimentos com animais que receberam cistina oralmente ou intravenosamente
apresentaram uma severa toxicidade renal e lesdes renais como uma massiva proteindria,
células tubulares renais dilatadas e cilindros renais. Nenhum dos demais aminodcidos
testados afetou os rins, com excec¢do da tirosina que também ¢ relativamente insolivel. Em
1947, Dent estudou a aminoacidiria na cistinose e a extensdo da politria, glicosuria,
fosfatdria e proteinuria. Ele também percebeu que a aminoaciddria generalizada na
cistinose ndo era proveniente da sobrecarga desses aminodcidos no plasma e que nenhum
erro 6bvio no metabolismo do aminoédcido enxofrado era apresentado pelos pacientes. A
distin¢do clara entre cistinose e cistindria foi pela primeira vez bem definida em 1949,
quando a natureza familiar de ambas foi reconhecida, assim como a raridade da presenca
de cdlculos urindrios de cistina em pacientes cistindticos.

Foi dificil identificar a localizagdo dos cristais de cistina, mas Barr e Bickel, em
1951, concluiram corretamente que eles estavam dentro das células no reticulo endotelial.
Estudos histolégicos em rins cistinéticos, realizados por Clay e colaboradores, em 1953,
demonstraram que muitos néfrons eram hipotréficos, particularmente nos tibulos
contorcidos proximais, com estreitamento na primeira parte dos tibulos formando uma
lesdo denominada de “pescoco de cisne”. Essas lesdes ndo sdo caracteristicas especificas
para cistindticos, mas sdo vistas em outras condicdes renais. Em 1962, microscopia
eletronica de uma amostra de bidpsia renal demonstrou cristais hexagonais nos tibulos
renais e a deformidade “pescoco de cisne” do tdbulo proximal foi confirmado em
microscopia de luz. Foi observado a vacuolizagdo e intumescéncia do reticulo
endoplasmaético e foram encontrados corpos citopldsmicos nas por¢des apical e central da

célula, freqiientemente com grossos granulos nos tdbulos contorcidos proximais.
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Concluiram que a cristalizacdo da cistina dentro das células, secunddria a algum defeito
metabdlico ou enzimético desconhecido, levou a patologia renal.

A era moderna de investigacdo clinica para a cistinose comegou em 1967 quando a
localizacdo intracelular do depdsito de cistina foi identificada nos lisossomos. Isto foi
demonstrado por centrifugacdo diferencial de fragdes subcelulares de fibroblastos e
linfécitos.

O préximo estagio foi investigar a hipdtese de que o transporte de pequenas
moléculas através da membrana lisossomal era mediado por um transportador. Para tal
investigacdo, leucocitos polimorfonucleares forem carregados com altas concentracdes de
cistina por exposi¢do ao dimetil cistina éster (CDME = cystine dimethylester), e assim
como ocorreu com outros aminodcidos metilésteres, foi hidrolisado especificamente nos
lisossomos, formando metanol e cistina livre. A idéia de Tietze, testada no laboratério de
Schulman no inicio da década de 80, de verificar o egresso de cistina usando leucdcitos de
pessoas normais e cistindticas, com 33S_cistina ou cistina ndo radioativa, revelou a perda
rapida de cistina das células normais (t;; = 45 min) e a perda lenta da cistina em células
cistindticas (t;, = infinito). Outros testes realizados com cultura de fibroblastos de pessoas
normais e de cistindticas, expostas a uma mistura do dissulfeto, cisteina e glutationa por 24
h, revelaram que as células normais perdem metade da cistina em 20 minutos, enquanto as
células cistinéticas praticamente nada perderam em 90 minutos.

Em 1995, o gene da cistinose foi localizado no cromossomo 17p por um grupo de

investigadores. Em 1998, o gene foi isolado e varias mutacdes foram identificadas.

2.2 — Conceito de Cistinose
CISTINOSE € uma desordem autossdmica recessiva com uma incidéncia estimada
de 1 caso para 100.000 a 200.000 nascidos vivos. Na cistinose nefropdtica, a cistina livre é

acumulada continuamente nos lisossomos, formando cristais intracelulares na maioria dos
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tecidos. De forma paralela, a aquisicdo de informacdes clinicas e bdsicas sobre cistinose
nas ultimas 4 décadas cristalizou a compreensdo da causa e tratamento desta doenca
previamente enigmadtica. Considerando a relativa eficdcia da terapia, o diagndstico e o

tratamento precoces tornaram-se criticos.

2.3 — Propriedades Quimicas e Sintese da Cistina

Cistina € um dissulfeto formado por oxidacdo direta de 2 aminodcidos cisteinas.
Cistina e cisteina participam de uma reagdo reversivel de oxirredugdo. Na presenca de
oxigénio, a cisteina € rapidamente oxidada a cistina. A cistina € muito pouco solivel em
dgua, aproximadamente 0,5 mM a temperatura ambiente e pH 7,0.

A baixa solubilidade da cistina em meio aquoso leva a formagdo de cristais de
cistina na urina, com conseqiiente formagdo de cdlculo renal, na doenca conhecida como
cistindria. Essa doenca é causada por um defeito na reabsor¢ado tubular renal de cistina e de
aminodcidos dibdsicos. O plasma humano & temperatura de 37 °C e pH 7,3, pode dissolver
aproximadamente 1,7 mM de cistina.

O aminoécido cisteina € originado pela hidrélise da cistationina, que é formada pela
combinagdo dos aminoacidos homocisteina e serina. A cadeia lateral da cisteina contém
um grupo sulfidrila (-SH), o qual € um importante componente do sitio ativo de muitas
enzimas. Em proteinas, 2 grupos -SH de dois residuos de cisteina podem se oxidar
formando 1 residuo de cistina, que contém uma ligacdo covalente denominada ponte
dissulfeto (-S-S-). A cistina é reduzida a cisteina utilizando NADH + H" como agentes

redutores.

2.4 — Quem sio os Lisossomos e qual € o papel dessas organelas?
Desde as descobertas do compartimento lisossomal por de Duve em 1959, muito se

tem aprendido sobre a fun¢do lisossomal na saide e na doenga. Os lisossomos representam
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o destino final para muitas moléculas que sofreram endocitose, autofagia ou secrecdo e,
cujo alvo € a destruicdo ou a reciclagem.

Portanto, vérias fungdes, incluindo a renovagio das proteinas celulares, regulacao
dos receptores de membrana, liberacdo dos nutrientes captados, inativagdo de organismos
patogénicos, reparo da membrana plasmatica, entre outras, dependem da func¢ao lisossomal
normal. A importincia fisiolégica dos lisossomos é realcada ainda mais pelas doencas
resultantes de defeitos na biogénese lisossomal e capacidade degradativa normal.

Os lisossomos podem ser morfologicamente muito heterogéneos devido as suas
numerosas funcdes celulares e variacdes no conteudo. Especificamente, os lisossomos sdo
definidos como organelas dcidas delimitadas por membranas e ricas em hidrolases.Um
papel crucial do fechamento da membrana entre endossomos tardios e lisossomos € separar
o potencial das hidrolases dcidas de outros constituintes celulares, protegendo-os assim de
uma degradag¢do ndo desejada.

Um determinado ndmero de proteinas da membrana lisossomal deve mediar as
funcdes essenciais dessa organela. Por exemplo, a acidificacdo do limen lisossomal por
uma bomba de préton, bem como a translocagdo de aminodcidos, acidos graxos e
carboidratos resultantes da degradacéo hidrolitica e dos nutrientes liberados por hidrolases
lisossomais especificas (Vitamina B, e colesterol), tém sido atribuidos as proteinas
integrais da membrana lisossomal com a finalidade de manter a homeostasia da célula
(Eskelinen et al., 2003). A importancia desses sistemas de transporte em mediar a saida dos
metabdlitos dos lisossomos torna-se especialmente clara nas doencas genéticas letais,

como a cistinose nefropdtica (Pisone et al., 1990; Hirota et al., 2004)

2.5 - Cistinosina
Os aminodcidos sdo translocados através da membrana lisossomal por

transportadores. A CISTINOSINA, uma proteina transportadora de cistina ja foi
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identificada e clonada. O gene CTNS que codifica a cistinosina estd mutado em pacientes
com cistinose (Eskelinen et al., 2003). A cistinosina contém 367 aminodcidos e 7
dominios transmembrana. Todos os pacientes com cistinose parecem ter muta¢des no gene

CTNS (Gahl et al., 2002).

2.6 — A Rota da Cistina e da Cisteina até os lisossomos

Pisoni et al, 1990, demonstraram que o sistema de transporte lisossomal , altamente
especifico para a cisteina, fornece a rota principal para a entrega da cisteina ao
compartimento lisossomal. Em relacdo aos fibroblastos cistindticos ou normais, a
habilidade desta rota em seqiiestrar grandes quantidades de cisteina nos lisossomos &
evidente a partir da captacdo da cistina, onde um minimo de 50-60% da [*S]cistina
radioativa total ¢é seqiiestrada como cisteina nos lisossomos e essas organelas
compreendem s6 4% do volume intracelular de fibroblastos humanos normais e 10% nos
cistinéticos.

A troca entre cistina e cisteina nos fibroblastos parece ser um processo ciclico,
dependente das necessidades do metabolismo celular em ambos os compartimentos:
citosolico e lisossomal. A cistina é transportada através da membrana plasmaética para o
citosol pelo sistema de transporte X cG. Ao entrar no citosol, a cistina é reduzida a
cisteina, provavelmente pela GSH. Embora baixos niveis desse dltimo produto tenham sido
observados em fibroblastos, a maioria da mistura entre dissulfeto, GSH e cisteina parece
ser metabolizada de outra forma, possivelmente por enzimas. A cisteina formada no citosol
pode ser transportada de volta ao espaco extracelular onde € reoxidada a cistina.

A cisteina citosélica pode ainda ser utilizada para sintese de GSH, de proteinas, ser
metabolizada para a producdo de outros constituintes celulares, ou seqiiestrada nos
lisossomos. Nos lisossomos, a cisteina pode reagir com pontes dissulfeto de proteinas,

como sugerido por Lloyd (1986), levando primeiro a formag¢do de quantidades equimolares
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de cisteina ligada a proteina e cistina, na posi¢do de cada ponte dissulfeto original e, apds a
protedlise, liberada como cistina livre e cisteina, no lisossomo. A cistina formada, sai para
o citosol pelo sistema de transporte de cistina lisossomal, a cistinosina. No citosol, a cistina
¢ reduzida a cisteina. Nenhuma producdo liquida de cistina intralisossomal ocorre via esse
mecanismo. Esse modelo esclarece a observacdo de Thoene e colaboradores (1990), de que
fibroblastos cistindticos acumulam cistina lisossomal pela degradacdo de proteinas ricas

em dissulfeto, mas ndo pela degradacio de proteinas ricas em cisteina.
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ASC
X" L
«6 asc
i GSH GSSG GSSG GSH

cistina \/ » cisteina < \_/ cistina
Sistema transporte — K -
especifico-cisteina Sistema 1

s J\b cisteina +  cistina
/Q

\,_\ Cys /
S/ degradacio
SH~—— < proteica
—sn 7

Sistema
Lisossomo traflstl.)orte

cistina
pH 5,3 cisteina

Citosol pH 7,0

Figura 1: Esquema adaptado do Sistema de Transporte Lisossomal Especifico para

Cisteina de Pisoni et al, 1990.
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2.7 - Caracteristicas Clinicas

Existem dois fen6tipos bésicos de cistinose: a nefropdtica e a nao nefropdtica. A
forma nefropdtica infantil é a mais comum, manifestando-se nos primeiros anos de vida.
Nesse trabalho iremos nos referir a cistinose nefropética.

Como € o caso de muitas doengas de depdsito lisossomal, as manifestagdes iniciais
da cistinose geralmente aparecem alguns meses apds o nascimento. Os sinais e sintomas

sdo multiformes, mas o envolvimento renal € a principal caracteristica clinica da doenca.

2.7.1 - Achados Renais

Os sintomas iniciais da cistinose resultam da faléncia dos tdbulos renais em
reabsorver pequenas moléculas, causando a sindrome de Fanconi em criangas. A cistinose
¢é a causa genética mais comum da sindrome em criancas. A sindrome de Fanconi resulta
da perda urindria excessiva de proteinas de baixo peso molecular, glicose, aminodcidos,
fosfato, célcio, bicarbonato, carnitina, d4gua e outras moléculas pequenas. Portanto, os

primeiros diagndsticos as criangas cistindticas podem ser confundidos com outras doengas.

A politiria corresponde a uma perda 2 a 6 litros de urina diluida diariamente,
podendo levar a morte. A desidratacdo nessas criangas progride rapidamente e pode ser
associada a uma febre cronica. A fosfatiiria leva ao raquitismo hipofosfatémico, com
dificuldade para caminhar e altos niveis de fosfatase alcalina no soro. A aminoacidiria
generalizada, resulta da excrecdo de aminodcidos em concentracdes até 10 vezes maiores
do que as normais. A concentracdo de cistina urindria € elevada as mesmas extensdes dos
demais aminodcidos, e os cdlculos de cistina ndo sdo formados como na cistiniria, por
causa da urina diluida e alcalina. Ao iniciar a adolescéncia, muitos pacientes apresentam
nefrocalcinose medular. A proteintiria ocorre porque o epitélio dos tibulos renais é
altamente especializado na reabsorcdo protéica por endocitose (Maunsbach, 1976; van

Deurs and Christensen, 1984).
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Quando a cistinose € diagnosticada ainda na infancia, a concentragdo de creatinina
do soro geralmente ndo estd muito elevada, apesar de um déficit na taxa de filtragdo
glomerular, poder j4, ser observada. Muitos pacientes apresentam cilindros granulosos e
hematiria ao exame de urina. Na auséncia de tratamento, a taxa de filtragdo glomerular

diminui inexoravelmente a partir da infancia.

Muitos pacientes t€ém uma melhora na sindrome de Fanconi. Alguns pacientes t€ém
um inexplicdvel platd na fun¢do renal durante meses ou anos; outros t€m uma rdpida
deterioracdo iniciada por uma infec¢do aguda, uma insuficiéncia renal aguda a partir de
uma infeccdo do trato urindrio, glomerulonefrite pds-infecciosa, ou hipoperfusdo devido a

desidratacao.

2.7.2 — Envolvimento Sistémico antes do Transplante Renal

Pacientes cistindticos apresentam dimensdes normais ao nascer, mas a altura deles
cai no primeiro ano de idade e eles conseqiientemente crescem aproximadamente 60% da
taxa normal. Na auséncia de tratamento essas criancas raramente adquirem uma altura que
exceda o pecentil 50 para uma crianca de 3 anos. Além disso, a formagdo de cristais de
cistina na cérnea causa fotofobia na pré-adolescéncia e o depdsito de cristais na tiredide
leva ao hipotireidismo antes dos 10 anos de idade. As criancas cistinéticas tém dificuldades
para se alimentar, suar, salivar e verter lagrimas. Ha deficiéncia visual e disfuncdo

cognitiva espacial, mas a inteligéncia geral costuma ser preservada.

2.7.3 — Envolvimento Sistémico apds o Transplante Renal

Ap6s o transplante renal, os pacientes freqiientemente apresentam efeitos colaterais
de medicamentos imunossupressores. Entretanto, avangos recentes do uso de altas doses de
corticoesterdides de longa duracdo e medicamentos anti-rejeicio podem evitar muitos

problemas poés-transplante. Outros pacientes tém complicacdes debilitantes da prdpria
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doenca, incluindo problemas oftalmolégicos; uma progressiva miopatia distal com
fraqueza muscular; hipogonadismo primdrio em pacientes do sexo masculino, dificuldade
para engolir; disfun¢do pulmonar; diabete; deterioragdo do sistema nervoso central e
insuficiéncia exdcrica pancredtica. O paciente mais velho com cistinose nefropdtica, o
primeiro a se submeter ao transplante (tinha 10 anos em 1968), tem agora 44 anos de idade.
Uma mulher cistinética, teve uma crianga sauddvel e normal apds se submeter a um

transplante renal bem sucedido (Gahl, et al., 2002).

2.8 — Caracteristicas Patoldgicas

O achado predominante na cistinose € a presenga de cristais de cistina em quase
todas as células e tecidos, incluindo na conjuntiva, cérneas, figado, baco, linfonodos, rins,
tiredide, intestinos, mucosa retal, musculos, cérebro, macréfagos e medula déssea. Os
cristais sdo hexagonais, romboédricos ou polimorfos, aumentando na cérnea com a
progressdo da idade. A solubilidade da cistina no plasma, a temperatura de 37 °C e pH 7,3,
¢ 1,7 mM, provavelmente inferior a concentracio nos lisossomos dos tecidos.
Inexplicavelmente, cristais de cistina nunca foram vistos em cultura de fibroblastos de
pacientes com cistinose, apesar da concentracdo lisossomal de cistina ser 100 vezes maior
que os valores normais. Os rins de pacientes cistindticos t€m um estreitamento
caracteristico dos tiibulos proximais renais, conhecido como deformidade pescogo-de-
cisne, que também € vista em outras desordens. Descrita pela primeira vez em 1953, a
deformidade desenvolvida no inicio do curso da cistinose parece corresponder
temporariamente ao desenvolvimento da sindrome de Fanconi. Apds o inicio da
tubulopatia, criancas com cistinose nefropdtica apresentam nefrite intersticial cronica,

proliferacdo endotelial nos glomérulos, necrose glomerular e hialinizacdo com

espessamento arteriolar e células gigantes multinucleadas, evoluindo em direcéo a faléncia
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renal. Todas essas alteracdes morfoldgicas podem ocorrer na auséncia de cristais de cistina

visiveis nos rins(Gahl, et al., 2002).

2.9 - Diagnéstico

O diagnostico € feito por medida do conteddo de cistina em leucdécitos. Os niveis de
cistina sdo medidos com o uso de um ensaio sensivel e especifico envolvendo proteinas
ligadoras de cistina ou com o uso de cromatografia de coluna de troca de ion. Em pessoas
normais, uma preparacdo de leucdocitos contém menos do que 0,2 nmol de meia cistina /
mg de proteina, enquanto pacientes com cistinose nefropatica excedem 2,0 nmol de meia
cistina / mg de proteina. (O contetiido de cistina é expresso em unidades de meia cistina
porque os métodos iniciais de quantificacdo envolveram uma reducio de cistina seguida de
um ensaio para cisteina). O exame de ldampada de fenda detecta a presenga dos tipicos
cristais de cistina na cornea, ele € usado no diagndstico de cistinose, porém esses cristais
estdo ausentes antes do primeiro ano de vida.

O diagnéstico pré-natal pode ser executado em cultura de amnidcitos ou em
amostra de vilosidades coridnicas. Muitos pais de filhos que apresentam risco a cistinose
evitam detec¢do pré-natal, mas solicitam testes imediatamente apds o nascimento. Assim, o
tratamento com cisteamina pode ser iniciado tdo logo o diagnéstico confirme a doenca. O

diagnodstico neonatal pode ser baseado na medida de cistina na placenta ou em leucdcitos.

2.10 - Como € o tratamento? E qual é 0 mecanismo de acao da droga?

Um tratamento bem sucedido para a cistinose nefropatica requer um diagnéstico
precoce. Se a doenga ndo for identificada e apropriadamente tratada na infancia, a faléncia
renal cronica se desenvolve com a concomitante necessidade de didlise e transplante. A
necessidade terapéutica de uma crianca afetada depende do estdgio da doenca e cai em 2

categorias: terapia paliativa, e especifica.
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2.10.1 — Tratamento paliativo

Essa terapia € aplicada em fun¢@o da enorme perda de fluido e solutos devido a
deficiente reabsor¢do tubular renal. Os rins afetados perdem grande quantidade de 4gua,
sddio, cloreto, potdssio, bicarbonato, célcio, aminodcidos, glicose e carnitina. Mecanismos
de sede e sensibilidade a sais estdo intactos, pois a ingestdo de dgua e de sais € essencial. A
reposicdo de eletrdlitos é acompanhada pela administracio oral de solugdes de bicarbonato
de sédio ou de citrato de sédio e potdssio, a qual € mais palativel. Também pode ser
necessario suplemento de célcio, fosfato de sédio e vitamina D para prevenir raquitismo
renal. A reposi¢@o de carnitina eleva os seus baixos niveis plasmaticos, mas alguns estudos
apontam a auséncia de estudos que comprovem que essa mudanca seja acompanhada por
uma melhora clinica.

Embora o hormdnio de crescimento ndo esteja deficiente na doenga, o seu uso
permite um aumento no crescimento para atingir € manter uma estatura normal de acordo
com a idade.

O hipotireoidismo, € controlado com levotiroxina e a administracao de testosterona
pode ser ttil para homens com hipogonadismo. Se ocorrer faléncia renal, os pacientes sdo
tratados com didlise ou hemodidlise até um transplante renal. Os rins transplantados ndo
apresentam alteragdes funcionais de cistinose, mas podem acumular cistina proveniente do

paciente.

2.10.2 — Tratamento Especifico

O tratamento especifico com cisteamina (B-mercaptoetilamina, CSH), um
aminotiol (Fig. 2), resulta na deplecdo da cistina lisossomal. Experimentos clinicos
demonstraram que a terapia quando iniciada precocemente, retarda a deterioragdo
glomerular renal e permite o desenvolvimento dos pacientes. Muitos pacientes tém

sobrevivido até a terceira década de vida sem precisar de um transplante renal. Se o
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diagnéstico for feito e o tratamento com cisteamina for iniciado antes do desenvolvimento
de sintomas, o progndstico para a funcdo glomerular € especialmente bom, mas a disfungéo
tubular ainda ocorre. O uso da terapia previne a reposicdo de levotiroxina nos pacientes,
indicando que ela tem um efeito benéfico ao menos em um 6rgdo ndo-renal, a tiredide.
Isso sugere que a cisteamina deve ser ttil na prevengdo de complicagdes pos-
transplante em pacientes com cistinose. O tratamento com cisteamina oral € a melhor
escolha para pacientes que tenham cistinose nefropdtica e ndo se submeteram ao

transplante renal.

Figura 2 - Estrutura da cisteamina, que depleta a cistina celular.

2.11 - E quando o transporte lisossomal de cistina estiver defeituoso?

A cistinose € definida as vezes como uma doenga de depdsito lisossomal (LSD),
mas a causa primdria da cistinose ¢ um problema de transporte da cistina (formada ap6s a
protedlise) para o citosol. O sistema da membrana lisossomal para o transporte de cistina
(caracterizado extensivamente em leucécitos polimorfonucleares humanos)  exibe
saturacdo cinética, contra-transporte, um efeito gene-dependente, estereoespecificidade e
um alto grau de especificidade ao ligante. O sistema de transporte de cistina para fora dos
lisossomos serve como um prototipo para outros sistemas que transportam aminodcidos,
carboidratos e outras moléculas pequenas. Desordens de transporte de 4cido sidlico e
transporte de cobalamina unem-se a cistinose como doencas de defeitos nos

transportadores de pequenas moléculas (Gahl et al., 2002)

30



2.12 - A deplecao da cistina pela cisteamina.

Protein
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Figura 3 — Deplecdo da cistina pela cisteamina, fonte: Gahl et al., 2001

A cisteamina entra nos lisossomos através de um transportador especifico,

reage com cistina e forma cisteina e um dissulfeto cisteamina-cisteina, que sai dos

lisossomos por um transportador de lisina. No citosol, os dissulfetos sdo reduzidos pela

gulatationa a cisteamina e cisteina. Este processo permite o ciclo da cisteamina entre

lisossomos e citoplasma, com cada ciclo removendo 1 mol de meia cistina por mol de

cisteamina. A cisteamina tem um odor forte e liga-se a mucosa oral e obturagdes dentéarias.

Por essa razdo, cdpsulas de bitartrato de cisteamina (Cystagon, Mylan) sdo preferiveis
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quando as criangas tiverem idade suficiente para engolir as cdpsulas. Para bebés, o

conteddo das cdpsulas pode ser dissolvido em suco e dado com outros medicamentos.

2.13 - Qual é a dose de cisteamina indicada?

A cisteamina deve ser iniciada com uma dose didria de 10 mg de base livre por
quilograma do peso corporal, dada em doses divididas a cada 6 horas e aumentada, a cada
semana, em doses de 10 mg / kg por dia, at€ uma dose maxima de 60 a 90 mg / kg.dia (ou
1,3 a 1,95 g por metro quadrado de area da superficie corporal / dia). As doses mais
elevadas podem ser necessarias para obter uma deplegao satisfatoria de cistina por causa da
pobre absor¢do ou da rdpida inativagdo da droga.

Os efeitos colaterais normalmente estdo restritos a niusea e vomito. Em
casos raros, pode ocorrer urticiria alérgica, convulsdes e neutropenia. Aproximadamente
14% dos pacientes ndo toleram a cisteamina por causa da ndusea e vomito. Uma overdose
de cisteamina oral pode causar sonoléncia. Quando administrada em ratas gravidas, em
doses muito elevadas, ela causa defeito no desenvolvimento da prole. Os cristais de cistina
da cérnea nao dissolvem com a terapia oral, mas respondem a administragdo de colirio. Os
sintomas oculares regridem em semanas, e as cérneas tornam-se limpidas em alguns
meses.

Duas organizagdes oferecem suporte a pacientes com cistinose e aos familiares
deles.

2.14 - Relacio entre Cistinose e Apoptose

Dados recentes sugerem que a cistina lisossomal aumenta as taxas de apoptose em

cultura de células e um processo similar pode ocorrer in vivo. Diferencas nas taxas

intrinsecas de apoptose entre pacientes pode ocorrer, em parte, por variagdes fenotipicas.
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3 — CREATINAQUINASE

A creatinaquinase (CK; ATP: creatina N-fosforiltransferase, EC 2.7.3.2) foi
descoberta em extratos de musculo por Karl Lohman, em 1934. Possui cerca de 400
aminodcidos com massa molecular de 75 a 91 kDa e 306 a 380 kDa, conforme a isoforma.
A CK catalisa a transferéncia reversivel de um grupo N-fosforil da fosfocreatina (PCr) para
o ADP regenerando ATP (fig. 3). Possui papel essencial na homeostasia energética de
células com necessidades energéticas varidveis e intermitentes, como por exemplo,
musculo esquelético e cardiaco, tecidos neurais como cérebro e retina, fotorreceptores e
eletrécitos (Wallimann et al., 1998 a,b). O pH 6timo para a catilise enzimadtica varia de 6,0

a 7,0 na dire¢do de formacdo de ATP e 7,5 a 9,0 na direcdo de formagéo de PCr.

PCr + MgADP X5 MgATP + Cr

Figura 4 - Reacfo catalitica da creatinaquinase

Virias isoformas da creatinaquinase (CK) sdo identificadas por mobilidade
eletroforética, distribuicdo tecidual e subcelular e sua seqiiéncia primdria (Watts, 1973;
Villarreal-Levy et al.,1987; Perryman et al., 1986). Ha 4 principais isoenzimas da CK e os
nomes sdo em funcdo dos tecidos em que foram historicamente isoladas. H4 duas
isoformas citosdlicas, a muscular (MM-CK) e a cerebral (BB-CK), ambas existindo como
homodimeros sob condi¢des fisiologicas, podendo, em algumas circunstincias, como um
heterodimero MB-CK. As isoformas mitocondriais também sao duas, a forma ubiqua (Mi,-
CK) e a sarcomérica (Mis-CK), as quais sdo expressas predominantemente no cérebro e no
musculo estriado, respectivamente. As isoformas mitocondriais (MtCK), geralmente
existem usualmente como octimeros, mas podem ser transformadas rapidamente em

dimeros (McLeish and Kenyon, 2005). A interacdo entre as isoformas citosélica e
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mitocondrial é de fundamental importincia na homeostasia energética celular (Silva et al,
2003).

As isoenzimas da CK sdo conhecidas por conterem o grupamento sulfidrilico no
sitio ativo: Cisteina 278 na CK-Mi e Cisteina 283 na CK citosdlica (Furter, 1993).
Modificacdes ocorridas nos residuos sulfidrilicos, por espécies ativas de oxigénio e NO,
diminuem a atividade mostrando que este grupamento também tem um importante
envolvimento na atividade catalitica da enzima (Suzuki, 1992; Kaneko, 1993).

As isoenzimas da CK citosdlica (MM-, MB- e BB-CK) sdo sempre co-expressadas
em tecidos especificos junto com a isoforma mitocondrial. Usando fracionamento
bioquimico e localizagdo in situ, foi demonstrado que as isoenzimas da CK sdo
estritamente soldveis e de fato compartimentadas subcelularmente e unidas funcional e/ou
estruturalmente com sitios de producgao de energia (glicdlise e mitocondria) ou consumo de
energia (ATPases celulares, como ATPase actinomiosina e ATPase reticulo
sarcoplasmatico), formando um sistema de distribui¢cdo de energia altamente regulado e
intrincado- o circuito da PCr (Wallimann et al., 1992).

As isoenzimas Mi-CK, localizadas na parte externa da membrana mitocondrial
interna, assim como em sitios de contato com a membrana externa e interna, no espago
intermembranas, servem para facilitar, por unido funcional com o carreador ATP/ADP
(translocador adenina nucleotideo - ANT). Esta ligagdo funcional ocorre por meio da
exportagdo eletrogénica da matriz mitocondrial geradora de ATP em troca de ADP através
da membrana mitocondrial interna e a transfosforilagdo do ATP a PCr, conservando a
energia livre da hidrdlise do ATP exportado pelo ANT. A Mi-CK, por ser funcionalmente
unida ao poro da membrana mitocondrial externa , provavelmente esteja envolvida na
regulacdo da importacdo da creatina pela mitocondria e exportacdo da PCr para o citosol.

Portanto, através da unifo cinética das trés enzimas ANT, Mi-CK e porina (proteina poro-
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mitocondrial), forma-se um importante microcompartimento para o transporte de energia

mitocondrial e metabolismo energético celular (fig. 4, Wallimann et al., 1992).
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Figura 5 — Circuito da fosfocreatina, fonte: Wallimann et al., 1994

Diferentes fungdes tém sido sugeridas para a comunicacio entre as isoformas de
creatinaquinase citosdlica e mitocondrial por PCr e Cr (Wallimann, 1994), levando a
proposta do modelo de circuito da PCr (Rojo et al., 1991; Wallimann et al., 1992; Wyss et
al., 1992). Primeira, o sistema CK/PCr serve como um tampdo de energia flutuante,
mantendo as concentragdes de ATP e ADP estdveis e tamponando os H™ gerados. Ao
longo do tempo, essa funcdo impede a queda ripida da concentracdo de ATP durante o
trabalho celular e ao mesmo tempo evita uma acidificacdo intracelular causada pela

hidrélise do ATP durante o trabalho. Esse tamponamento de prétons do sistema CK/PCr,
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parece especialmente importante na fase inicial do exercicio intenso, antes da glicogendlise
ser ativada. Além disso, a liberac@o de fosfato inorgénico (Pi) € outra funcdo metabdlica do
sitema CK/PCr (Meyer et al., 1984).

Segunda, o circuito PCr serve para melhorar a eficiéncia termodindmica da
hidrélise do ATP para manter baixa a concentracio de ADP e manter alta a razdo
ATP/ADP nos sitios subcelulares onde a CK estd funcionalmente associada aos processos
que requeiram ATP, como por exemplo, bombas de ions (Wallimann et al., 1994).

Terceira, o circuito PCr também serve como tampdo de energia transportada entre
compartimentos. Nesse papel, a PCr tem a fungéo de transportadora de energia, conectando
sitios de producgdo de energia, como fosforilacdo oxidativa mitocondrial, com sitios de
utilizacdo de energia, onde a CK mitocondrial tem um papel eminente. Essa funcdo da CK
¢é sustentada por compartimentalizacdo subcelular especifica de diferentes isoenzimas da
CK em uma variedade de tecidos, como musculos, eletrdcitos, células fotorreceptoras e
espermatozoéides, por compartimentalizacdo subcelular da PCr/Cr, ATP/ADP e Pi e pela
localizacdo, estrutura e propriedades funcionais da Mi-CK octamérica (Saks et al., 1984;
Gellerich et al., 1987; Savabi et al., 1988; Saks et al., 1991; Zeleznikar et al., 1991;
Wallimann et al., 1992).

A localizacdo subcelular e proporcdes relativas das isoenzimas da CK, assim como
os niveis da PCr em diferentes tecidos de demanda energética alta e intermitente, sugerem
que o sistema CK/PCr trabalha ndo somente em paralelo com a difusdao de ATP e ADP,
mas dependendo do tecido, também funciona como um elo obrigatério entre sitios de
produg@o e consumo de ATP (Wallimann et al., 1992).

O circuito CK/PCr parece cumprir todas as necessidades de um sistema altamente
organizado de transporte e tamponamente de energia, assim como um sistema regulatorio
para controle das razdes subcelulares de ATP/ADP, levando juntos a uma utilizacdo de

energia mais eficiente em termos termodinamicos. Dependendo das necessidades
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metabdlicas da célula ou tecido, uma dessas diferentes fungdes do circuito CK/PCr pode
estar dominante. Por exemplo, em fibras musculares glicoliticas de contracdo rdpida, a
funcdo de tamponamento pode ser mais proeminente do que a funcdo de transporte. J4 na
contracdo lenta, ou no miusculo cardiaco, assim como em espermatozdides ou células
fotorreceptoras, a fung¢do de transporte pode ter maior relevincia do que a funcdo de
tamponamento. O circuito CK/PCr representa uma rede de distribuicio de energia
conectando sitios intracelulares de producdo de ATP (mitocdndria e glicolise) com sitios
de consumo de ATP (ATPases) (Wallimann et al., 1992).

A CK parece estar envolvida em certas condi¢des patoldgicas relacionadas com
déficit de energia cerebral. Em condi¢des andxicas, a adicdo de creatina ao meio de
incubacdo contendo fatias de cérebro protege a transmissao sindptica e mantém o potencial
de agfio via Na®, K'- ATPase (Whittingham e Lipton, 1981); a adi¢do de creatina aumenta
os niveis de PCr reduzindo a queda de ATP, a liberacdo de Ca* e a morte celular (Carter et
al., 1995). A deficiéncia congénita de creatina cerebral estd associada a disfungdo
extrapiramidal, convulsdes e fraqueza muscular ( Stockler et al., 1994).

Quantidades significativas da atividade da Mi-CK e de seu mRNA também foram
observadas nos rins, onde a Mi-CK junto com a BB-CK, foi encontrada no cdrtex e medula
externa renal, provavelmente participando do transporte de sédio. O mRNA para a Mi-CK
ubiqua foi a principal forma encontrada nos rins, placenta, intestino e cérebro (Wallimann
et al., 1992).

Devido a necessidade de energia para a manutengdo do desenvolvimento e
regulacdo das fungdes cerebrais, tem sido postulado que o prejuizo na funcido da CK pode
ser um importante passo no processo neurodegenerativo que leva a perda neuronal no
cérebro (Tomimoto et al., 1993). De fato, a atividade da CK esta severamente reduzida em

vdrias doengas neurodegenerativas (David et al., 1998; Aksenov et al., 2000).
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A CK ¢ altamente sensivel a espécies reativas do oxigénio (ROS) (Stachowiak et
al., 1998; Kaneko et al., 1993 e Gross et al, 1996). Este efeito produz deficiéncia
energética, acimulo de ADP e excesso de cdlcio intracelular. Foi verificado que o
peroxinitrito afeta a forma octamérica da Mi-CK e evita a reoctamerizagdo da forma
dimérica (Gross et al, 1996, Wendt et al.,1998). Acredita-se que a desestabilizacdo da
energia celular por exposicdo cronica a espécies reativas de oxigénio pode ocorrer em
muitas doencas neuromusculares, com elevagdo dos niveis de Ca’" intracelular e apoptose
(Mattson,1992). Foi demonstrada uma clara ligacdo entre o aumento das formas diméricas,

o aumento de Ca** e doencas cardiacas (Soboll et al.,1999).

4 — Piruvatoquinase

Uma vez que a via glicolitica € um sistema fundamental para o metabolismo
energético nos organismos, as enzimas glicoliticas estdo presentes em todas as células ou
tecidos dos mamiferos. Entretanto, cada tipo de tecido utiliza essas enzimas de uma
maneira especifica para seu metabolismo. Por exemplo, o figado, predominantemente
converte piruvato, um produto glicolitico, em 4cidos graxos via acetil-CoA, enquanto a
glicose é metabolizada a lactato ou CO, e dgua, para produgdo energética no musculo e no
cérebro.

A piruvatoquinase (PK; ATP:piruvato 2- O-fosfotransferase, EC 2.7.1.40) existe em
multiplas formas (isoenzimas). Geralmente essas isoenzimas sdo expressas de forma
especifica em cada tecido e com propriedades quimicas, fisicas, cinéticas, eletroforéticas e
imunoldgicas distintas. A PK € uma das enzimas que regulam a velocidade da via
glicolitica, catalisando a formagdo de piruvato e ATP a partir de fosfoenolpiruvato e ADP,

como demonstrado pela equacgéo abaixo:

PEP + ADP—~ ATP + Piruvato
Figura 6 - Reacdo catalitica da piruvatoquinase
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Nos mamiferos, a PK existe na forma de 4 isoenzimas, que sao referidas como tipo

L-, R-, M;-, e M, — (Imamura et al.,1986).
A L-PK ¢ predominantemente expressada em tecidos gliconeogénicos, especialmente no
figado, onde se constitui no maior componente, no rim, onde é o menor componente
(Harkins et al, 1977; Staal et al., 1985), estando também presente no intestino delgado e
nas células do pancreas(1,2). A isoforma R-PK é expressa nos eritrocitos e tecidos
hematopoiéticos. A M1-PK é expressa em miisculo esquelético, coracio e cérebro adulto,
cnstituindo-se na principal isoenzima nos tecidos diferenciados. A M;-PK € predominante
no feto, em neoplasias e nos tecidos indiferenciados e em proliferacdo, embora seja
encontrada também em alguns tecidos adultos, em menor quantidade no figado e em maior
quantidade no rim (Dabrowska et al., 1998). As expressdes dessas isoenzimas sio
reguladas durante o desenvolvimento. A M>—PK é a unica detectdvel precocemente em
tecido fetal, sendo gradualmente substituida pelos tipos L-, R-, M;-, durante o
desenvolvimento. Em contraste, em células transformadas e na regeneragdo do figado, as
isoenzimas tecido-especificas estdo presentes em niveis diminuidos ou completamente
ausentes e sdo substituidas pela isoenzima M—PK.

Todas as PKs s3o enzimas citosdlicas e homo-tetraméricas e cada subunidade
(mondmero) consiste de 4 dominios (A, B, C e N), cada um possuindo um sitio ativo. As
PKs de mamiferos exibem propriedades alostéricas, sendo ativadas homotropicamente pelo
fosfoenolpiruvato e heterotropicamente pela frutose 1,6-bisfosfato (FBP) para formar
piruvato, o qual estd envolvido em uma variedade de rotas metabdlicas, indicando que a
PK pode ser considerada uma enzima chave ndo somente para a rota glicolitica, mas
também para o metabolismo celular (Mattevi et al., 1996).

A isoenzima M;-PK, por muito tempo foi considerada diferente das outras formas
em suas propriedades enzimaticas, ndo sendo regulada alostéricamente, mostrando cinética

hiperbdlica e ndo sendo ativada pela frutose-1,6-bifosfato (FBP). A isoenzima M; —PK
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mostra uma cinética sigmoidal para o fosfoenolpiruvato (PEP) e é ativada pela FBP

(Friesen et al., 1998).

5 - Estresse Oxidativo

O texto sobre estresse oxidativo foi retirado das seguintes fontes:

- Locatelli et al., 2003; Carvalho et al., 2003; - e outras fontes citadas.

5.1 — O que é Estresse Oxidativo?

O estresse oxidativo é definido como um dano tecidual resultante de um
desequilibrio entre uma produgdo excessiva de compostos oxidantes e mecanismos de
defesas antioxidantes ineficientes.

A producdo de compostos oxidantes ¢é fisiologicamente relevante como uma etapa
importante nos processos de inflamacao e reparo tecidual. Além disso, eles representam
uma parte dos mecanismos de defesa contra a invasdo de microorganismos e células
malignas, bem como do restabelecimento e remodelagem tecidual. Por outro lado, uma
ativacdo imprépria ou inadequada dos processos oxidativos pode estar presente

cronicamente em situagcdes patoldgicas, contribuindo para a injdria celular e tecidual.

5.2 — Radicais Livres e Espécies Reativas: Os Oxidantes!

O papel patogénico dos radicais livres do oxigénio nas doencas foi reconhecido,
pela primeira vez, por Harman em 1956, que hipotetizou que eles eram gerados in vivo,
onde exerciam um papel na injuria celular, no cincer e nos processos do envelhecimento

(Harman, 1956; Harman, 1981).
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Do ponto de vista quimico, um radical livre (RL) é definido como qualquer dtomo,
grupo de dtomos ou molécula capaz de existir sob forma independente, que contenha um
ou mais elétrons desemparelhados (Del Maestro, 1980; Southorn, P. A. & Powis, G., 1988;
Halliwell & Gutteridge, 1999). Portanto, os RL podem ser formados pela adi¢do ou pela
perda de um elétron ou de uma substincia ndo-radicalar. Entretanto, hd compostos tio
reativos quanto os RL, mas que ndo possuem elétron nao-pareado na tltima camada. Sendo
assim, ndo podem ser denominados radicais livres (Droge, 2002). Essas substancias sdo
classificadas de forma mais abrangente como Espécies Reativas do Oxigénio (ROS =
Reactive Oxygen Species) e Espécies Reativas do Nitrogénio (RNS = Reactive
Nitrogen Species).

As ROS, geralmente t€m uma meia-vida curta e sua recombinacdo quimica é quase
imediata. Estudos mostram que as ROS t€m uma forte tendéncia para estabilizar sua drbita,
captando um elétron de outro dtomo ou molécula, que passa a tornar-se uma substancia

radicalar.

5.3 - Fontes Oxidativas

De maneira geral, o oxigénio molecular (O;) € necessdrio para a sobrevivéncia de
todos organismos aerdbicos. Assim, a obtencdo de energia por estes organismos € feita
através da fosforilagdo oxidativa. A cadeia respiratéria mitocondrial representa a fonte
celular mais potente de oxidantes, sendo seu principal sitio de formacdo o complexo

ubiquinona-citocromo c (Tyler, 1975), exemplificado pelo esquema abaixo:
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Na mitocdndria a citocromo oxidase promove a reducdo completa de uma molécula de O,

em uma de H,O, onde sdo necessarios 4 elétrons:

0, +4H + 4¢ > H,0

Porém, nem sempre o oxigénio se transforma completamente em &4gua. Como
conseqiiéncia de sua configuracdo eletronica, a molécula de oxigénio tem forte tendéncia,
durante as reacdes, em receber um elétron de cada vez, formando uma série de

intermedidrios téxicos e reativos (Meneghini, 1987). Neste processo sdo formados os

intermedidrios: anion radical super6xido (02_ ), peréxido de hidrogénio (H,0,) e radical
hidroxila (-OH), que correspondem a reducdo por um, dois e trés elétrons, respectivamente,

conforme esquema abaixo:

0. %, 0 %, HO0, _ %, oH _%, H,0
2H* H* H
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Os oxidantes mitocondriais podem exercer efeitos danosos e contribuem para o
envelhecimento celular e doencas neurodegenerativas. Entretanto, até agora, ndao havia
métodos disponiveis para determinar a contribuicdo dos oxidantes para a patologia celular.

O sistema de geracdo oxidante dos fagdcitos € baseado na produgdo das ROS via a
reducdo do oxigénio molecular (O,). Apds a exposi¢do a estimulos apropriados, a ativacio
de neutrofilos polimorfonucleares (PMNs) e de macréfagos e mondcitos aumenta o
consumo de O;. O sistema da enzima NADPH-oxidase , o qual estd ligado a membranas

celulares, reduz o O, ao radical &nion superdxido, que € altamente instavel, sendo

imediatamente convertido a per6xido de hidrogénio (H,O,).

Ambos, 02_ e H,O,  sdo precursores de outros potentes oxidantes. O 02_ interage

com Oxido nitrico (NO) para formar as RNS, enquanto o H,O, reage com o ferro
intracelular e forma o radical hidroxil (-:OH), o qual estd estritamente envolvido na
degradacéo lipidica da membrana celular, & agregacdo protéica e dano ao DNA. Além
disso, o H,O; € substrato para a mieloperoxidase (MPO) para produzir oxidantes clorados.
Na presenca de fons cloreto (le), a MPO converte H,O, a acido hipocloroso (Ole), um
potente composto capaz de oxidar lipideos, proteoglicanos, e grupos tidlicos de proteinas
de membrana. Além disso, também pode reagir com aminas (R-NH;) enddgenas para
produzir cloraminas (RNH-CI).

As ROS sio liberadas juntamente com as citocinas pré-inflamatdrias, as quais amplificam

a geracdo de oxidantes.
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Tabela 1 — Exemplos de algumas ROS e RNS

Nome

Formula Comentarios

Radical anion .
superoéxido 0;

Radical Hidroxila . OH

Peréxido de hidrogénio H,O,

Acido hipocloroso

HOC1
Oxigénio singlete 0,
Oxido nitrico 'NO
Peroxinitrito ONOO

E formado pela reducdo do oxigénio por 1 elétron.
Produzido por células fagociticas onde tem papel
importante na inativacdo de virus e bactérias.
Também é produzido durante o metabolismo normal
da mitocondria.

E um dos radicais livres mais potentes, sendo
produzido pela acdo de radiagOes ionizantes e na
decomposi¢ao de H,O, catalisada por metais.

E formado na dismutag¢@o do radical anion superéxido
catalisada pela SOD. Também ¢é produzido por vdrias
oxidases, entre elas a xantina oxidase.

E produzido a partir de ClI° e H,O, pela
mieloperoxidase em neutréfilos ativados. Possui
importante papel na destruicdo de bactérias. Reage
com H,0, produzindo '0,.

E uma forma bastante reativa do oxigénio. E
produzido nas reacdes de fotossensibilizacdo e em
outras reac¢des envolvendo peréxidos.

E um radical com importantes papéis fisioldgicos,
sendo formado a partir da L-arginina numa reacio
mediada por enzimas do grupo da NO sintase.

NO. Sua

protonagdo torna-o altamente oxidante sendo capaz
de lesar uma série de biomoléculas.

Formado na reagio entre O} e

5.4 - Marcadores do Estresse Oxidativo

Os oxidantes sdo compostos altamente reativos, com uma meia-vida de segundos.

Além disso, a determinacdo deles in vivo, geralmente, ndo é possivel. Ao contrério,

lipideos, proteinas, carboidratos e &cidos nucléicos, apds serem modificados por oxi-

radicais, tém uma meia-vida que varia de horas a semanas, o que faz deles marcadores

ideais do estresse oxidativo.
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Os radicais livres podem atacar uma série de biomoléculas, iniciando reacdes em
cascata onde um radical reage com um composto gerando novos radicais. O alvo celular
dos radicais (proteinas, lipideos e DNA) estd relacionado ao seu sitio de formacdo. O
processo de oxidacdo resultante do ataque de radicais livres sobre a membrana chama-se
lipoperoxidacao. A lipoperoxidacdo € dividida em 3 etapas, iniciagdo, propagacdo, e
terminacgdo. Na etapa de:

1 - inicia¢do, o radical livre ataca a cadeia do 4cido graxo (LH) abstraindo um
hidrogénio, gerando um radical centrado no carbono da cadeia alifatica do lipideo

(Le).

2 - propagacdo, o Le reage rapidamente com o oxigénio formando radicais peroxila

(LOO.), esses, por sua vez, atacam outros dcidos graxos adjacentes gerando mais

Le, gerando assim uma reacdo em cadeia.

3 - terminagdo é resultante da reagdo entre os radicais formando compostos nao

radicalares (fig. 7).

.

LH Membrana Celular

1 O, Aldeidos: MDA, 4-HINE, efc.
LH—» L+ —» LOO- LOOH \,_, Etano, Pentano

v Epéxidos
2 Le Etc.

Os passos intermedidrios da lipoperoxidagdo
1. Iniciagdo: LH —% L=

2. Propagacdio: L* + Op —»= LOO*
LOO« +LH — LOOH+L*

3. Termina¢do: LOO= + LOO » _gprodutos
LOOs +L+ —» ndo
Le + L+ —» radicalares

Figura 7 — Representacgéo das etapas da lipoperoxidagao

45



Durante a peroxidagdo lipidica, hidroperéxidos instdveis, resultantes de uma cascata de
reacdes dependentes do radical peroxil com 4cidos graxos insaturados, sdo degradados a
produtos menores e mais estdveis como a acroleina, malonaldeido ou malondialdeido
(MDA), 4-hidroxinonenal (HNE), substincias reativas ao acido tiobarbitirico (TBARS).
Como resultado da lipoperoxidacdo as membranas sofrem alteracdes na fluidez e na
permeabilidade, resultando em perda na homeostasia e morte celular.

Proteinas s@o alvos da injdria mediada por oxidantes, como as ligacdes cruzadas e
os produtos de agregacdo, os quais podem ser resistentes a proteélise. Entretanto, tem sido
dificil encontrar marcadores da oxidagdo protéica. Produtos de oxidacdo protéica (AOPPs)
foram encontradas em pacientes com insuficiéncia renal A denominacdo AOPPs € usada
em analogia com os produtos finais de glicacdo, ou “advanced glycation end-products”
(AGEs), com os quais, os AOPPs tém varias homologias. A existéncia de uma forte
relacdo entre AOPPs e AGEs levou ao conceito de carbonilas de estresse, onde a oxidacao
atua junto com a glicacdo na formacao das AGE:s.

Finalmente, os compostos oxidativos podem interagir com 4cidos nucléicos e

contribuir para a mutagénese e oncogénese.
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Figura 8 — Principais alvos das substancias oxidantes
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5.5 - Sistemas de Defesa Antioxidantes

Para prevenir os efeitos nocivos das ROS, sistemas antioxidantes: enzimaticos e

ndo-enzimdticos, estdo naturalmente presentes e neutralizam os radicais livres. A

superoxido dismutase (SOD) acelera a taxa de dismutagio do O3 a H,O, como a primeira

linha da defesa antioxidante. A catalase (CAT) reduz H,O, a 4gua. A glutationa peroxidase
contendo selénio (GPx) reduz todos os peréxidos lipidicos orgénicos e requer GSH como
um doador de hidrogénio (Tabela 3).

O principal antioxidante ndo-enzimético ativo € representado pela prépria GSH
(tabela 2), a qual atua como um “scavenger” de H,O,, -OH e oxidantes clorados. A
vitamina E protege a membrana celular da peroxidacdo lipidica pela formacdo de um

radical tocoferoxil de baixa reatividade. A vitamina C age como ‘“‘scavenger’ diretamente

de 02_ e ‘OH. Proteinas plasmdticas como ferritina, transferrina e mesmo albumina

exercem um efeito antioxidante ndo-enzimdtico pelo seqiiestramento de fons de metal de

transi¢ao.
Tabela 2 - Exemplo de antioxidante nao-enzimatico
Tripepitideo presente em altas Reduz peréxidos (H,O,, LOOH) a dgua ou
. concentragdes nas células; dlcool numa reacdo catalisada pela GPx.
Glutationa
(GSH) Exerce papel fundamental no Capaz de neutralizar radicais O5 e - OH.
funcionamento da GPx. Reduz dehidroascorbato a ascorbato.
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Tabela 3 — Principais antioxidantes enzimaticos

Enzima
Antioxidante Propriedades Localizagdo / Tipos
) Transforma o radical super6xido em Citoplasma: Cu, Zn-SOD
SUPEROXIDO H-0: . . -
DISMUTASE Matriz Mitocondrial: Mn-SOD
(SOD) 02._ + 02._ +2H" ﬂ H,O,+ O,  Extracelular: a SOD contem Cu e
7Zn no sitio catalitico.
. c-GPX: GPx classica
Remove H,0; e outros peréxidos PHGPX: GPx especifica para
organicos hidroperéxidos de fosfolipidio
GLUTATIONA H,0, + 2 GSH -, 2 H,0 + GSSG p-GPX: GPx plasmdtica
PEROXIDASE
(GP GI-GPX: GPx encontrada
X) LOOH + 2GSH -2LOH + H,0 + principalmente no trato digestivo.
GSSH *todas possuem Selé€nio no sitio
Onde L=H ativo
CATALASE Remove o H,O, Abur{da}nte no Figado e
(CAT) Eritrécitos: Heme-Catalase.

2 H202 >2 HzO + 02

Mn-Catalase.

A geragdo excessiva de metabdlitos reativos do oxigénio também exerce um papel

na fisiopatologia de uma variedade de doengas renais, clinicas e experiementais (Ichikawa

et al., 1993). Essas doencas incluem desordens glomerular e tubular, cronica e aguda, por

meio de ambos os mecanismos: imunoldgicos e nido-imunolégicos. Nos rins, como em

outros 6rgdos, as enzimas antioxidantes endogenas protegem as células contra os efeitos

téxicos dos radicais livres e tem um sistema de defesa especial contra a injdria oxidativa. A

SOD existe em 2 formas: Cu,Zn-SOD e Mn-SOD. Estudos indicaram que a atividade das

SODs e CAT ¢é modulada por muitos estimulos e é regulada para satisfazer a necessidade

bioldgica imposta pelo estresse oidante (Touati, 1992).
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II - OBJETIVOS

Considerando que os mecanismos bioquimicos envolvidos na génese do dano
celular e tecidual presente na cistinose sdo pouco conhecidos e controversos, esse trabalho

teve como objetivos:

1 - Determinar os efeitos in vitro e in vivo da cistina e/ou da cisteamina sobre a
atividade da creatinaquinase, em fracdes mitocondrial e citosdlica de rim de ratos Wistar
jovens, e caracterizar o tipo de inibicdo causada pela cistina.

2 - Investigar o efeito da administracdo do dimetil cistina éster e/ou cisteamina
sobre as atividades da piruvatoquinase em homogeneizado livre de mitocondrias e da
creatinaquinase nas fragdes mitocondrial e citosélica de rim e de cérebro de ratos Wistar
jovens.

3 - Determinar o efeito da administracdo do dimetil cistina éster e/ou cisteamina

sobre alguns parimetros de estresse oxidativo em rim de ratos Wistar jovens.
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III - RESULTADOS

Objetivo 1 - Determinar os efeitos in vitro e in vivo da cistina e/ou da cisteamina
sobre a atividade da creatinaquinase, em fragcoes mitocondrial e citosélica de rim de

ratos Wistar jovens, e caracterizar o tipo de inibicdo causada pela cistina

Artigo 1

Inibicdo da atividade da creatinaquinase por cistina no rim de ratos jovens

Virginia Cielo Rech, Genaro Azambuja Athaydes, Luciane Rosa Feksa, Paula Karine
Barcelos Dornelles, Valnes Rodrigues-Junior, Carlos Severo Dutra-Filho, Angela Terezinha
de Souza Wyse, Moacir Wajner, and Clovis Milton Duval Wannmacher. Inhibition of
creatine kinase activity by cystine in the kidney of young rats. Pediatric Research, 60:190-

195, 2006.
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Abstract

Nephropathic cystinosis is a lethal genetic disease caused by a lysosomal transport
disorder leading to intra-lysosomal cystine accumulation in all tissues. Cystinosis is the
most common inherited cause of Fanconi syndrome, but the mechanisms by which cystine
causes tissue damage are not fully understood. Thiol-containing enzymes are critical for
renal energy metabolism and may be altered by disulfides like cystine. Therefore, in the
present study our main objective was to investigate the in vivo and in vitro effects of
cystine on creatine kinase, which contains critical thiol groups in its structure, in the kidney
of young Wistar rats. We observed that cystine inhibited in vivo and in vitro the enzyme
activity and that this inhibition was prevented by cysteamine and glutathione. The results
suggest oxidation of essential sulthydryl groups necessary for creatine kinase function by
cystine. Considering that creatine kinase and other thiol-containing enzymes are crucial for
renal energy metabolism, and programmed cell death occurs in situations of energy
deficiency, the enzyme inhibition caused by cystine released from lysosomes might be a

mechanism of tissue damage in patients with cystinosis.

Key words: cystine; kidney; creatine kinase; cysteamine; cystinosis.
Abbreviations

CK; creatine kinase

CSH: cysteamine

Cys: cystine

GSH: reduced glutathione

Ki: inhibition constant

Km: Michaelis-Menten constant
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Introduction

Nephropathic cystinosis is an autosomal recessive disease characterized by a defect in
the transport of cystine out of lysosomes, leading to intralysosomal accumulation of
cystine in most body tissues (1). It is caused by lack of expression of the gene encoding
cystinosin, the lysosomal membrane cystine transporter (2). Cystine accumulation leads to
renal failure and other systemic complications in non-treated cystinotic children (3).
Cysteamine (CSH) treatment, when initiated in the first 2 years of age, reduces the
intracellular concentrations of cystine, delaying the evolution towards end stage renal
disease (4). The first clinical symptoms occurring in early childhood are severe electrolyte
disturbances, urinary loss of solutes and failure to thrive, and are thought to be due to the
Fanconi syndrome (5). Histopathological studies showed evidence of a temporal
relationship between cellular cystine accumulation, the development of the characteristic
“swan neck” lesion of the proximal tubule and the Fanconi syndrome (6). Lysosomal
localization of cystinosin in human proximal tubular cell supported its defect in cystinosis
(7).

It is well known that some enzyme activities may be altered by thiol/disulfide exchange
between protein sulthydryl groups and biologically occurring disulfides (8). Creatine
kinase (CK, EC 2.7.3.2) is a thiol-containing enzyme that catalyses the reversible transfer
of the phosphoryl group from phosphocreatine to ADP, regenerating ATP. This enzyme
exerts a key role in cellular energy metabolism of tissues with high-energy requirements
(9). There are distinct CK isoenzymes, which are compartmentalized specifically in places
where energy is released (mitochondria) or utilized (cytosol). The kidney contains BB-CK
(cytosolic isoform) and ubiquitous Mi-CK (mitochondrial isoform). These isoforms are
present in the renal cortex and outer medulla, possibly supplying energy necessary for

sodium transport in the nephron (10). Sodium-dependent transporters were shown to be
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inhibited in immortalized human kidney epithelial cells loaded with cystine dimethyl ester
(11), suggesting a possible involvement of CK activity. One of the factors that enable cells
to undergo apoptosis, or other form of programmed cell death, is an alteration of
mitochondrial permeability with consequent reduction of ATP supply (12). In this context,
we have recently reported that cystine inhibits CK activity in vitro in the brain of young
rats (13).

On the other hand, considering that cystine is a disulfide, it is feasible that it may act on
intracellular thiol-enzymes, like CK, modifying cell function and contributing to cell death.
Therefore, in the present study we investigated the in vivo and in vitro effects of cystine on
CK activity in mitochondrial and cytosolic fractions of rat kidney. We also investigated the
effects of cysteamine and reduced glutathione (GSH), a thiol-containing peptide, on the

inhibition caused by cystine on the enzyme activity.

Methods

Animals and reagents

Sixty 21-day-old Wistar rats bred in the Department of Biochemistry, UFRGS, were
used in the experiments. At this age, Wistar rat development is equivalent to the
development of a 6-years-old child. The animals were kept with dams until they were
sacrificed. The dams had free access to water and to a standard commercial chow (Supra,
Porto Alegre, RS, Brazil) containing 20.5% protein (predominantly soybean supplemented
with methionine), 54% carbohydrate, 4.5% fiber, 4% lipids, 7% ash and 10% moisture.
Temperature was maintained at 24 £ 1 °C, with a 12-12 h light-dark cycle. The “Principles
of Laboratory Animal Care” (NIH publication 85-23, revised 1985) were followed in all
the experiments, and the Ethics Committee for Animal Research of the Federal University
of Rio Grande do Sul approved the experimental protocol. All chemicals were purchased

from Sigma Chemical Co., St Louis, MO, USA.
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In vivo experiments

Twenty four animals were randomly separated into four groups and received
administration of 20 uL/g body weight of one of the following buffered solutions (pH 7.4):
0.85 g% saline (control group), 50 mM cystine (Cys group), 13 mM cysteamine (CSH
group), or 50 mM cystine + 13 mM cysteamine (Cys + CSH group). Cysteamine was
administered subcutaneously and saline or cystine was administered intraperitonealy.
Cystine dose was chosen to achieve 0.5 mM concentration in kidney tissue after 60 min
(controls < 0.2 mM); cysteamine dose was similar to that used to treat patients affected by
cystinosis (1). Rats were killed after one hour and the kidneys removed for cystine and CK

activity determination.

Preparation of renal tissue

Treated and non-treated animals were killed by decapitation, the kidneys were
rapidly removed, decapsulated, washed and homogenized with a Teflon-glass homogenizer
in 5 volumes of ice-cold SET buffer (0.32 M sucrose, | mM EGTA, 10 mM Tris-HCI), pH
7.4. The homogenate was centrifuged at 800 x g for 10 min, the pellet was discarded and
the supernatant was centrifuged at 10,000 x g for 15 min. The supernatant solution of the
second centrifugation, containing the cytosol and other cellular components such as
endoplasmic reticulum and lysosomes, was collected for determination of the cytosolic CK
activity. The pellet, containing mitochondria, was washed twice with the same isotonic
SET buffer, resuspended in 100 mM MgSOy-Trizma buffer, pH 7.5, for determination of
the mitochondrial CK activity. The cytosolic and mitochondrial fractions were stored for
no more than 1 week at —70 °C in case the enzymatic assay was not carried out

immediately after the subcellular preparations. The mitochondrial fraction was frozen and
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thawed three times immediately before the assay to break mitochondrial membranes,

facilitating the interaction between CK and the substrates.

Cystine determination

The cystine content in kidney tissue was measured according to Sullivan et al (15)
using cystine as the standard. Briefly, proteins were removed from kidney homogenate
with 5% TCA (trichloroacetic acid). Fifty uL of the supernatant were mixed with 20 uL. of
ImM sodium cyanide to liberate cysteine from cystine. After 10 min, 10 uLL of 40 mM
sodium 1,2-naphtoquinone-4-sulfonate, 50 UL of 0.8 M sodium sulfite, and 10 pL of 0.25
M sodium hyposulfite were added. The absorbance was measured in a spectrophotometer
at 530 nm. The content of cysteine and other thiols was measured by the same method,
using water instead of cyanide. The difference between the two measures was considered

as cystine.

Creatine kinase activity assay

The reaction mixture contained the following final concentrations: 300 mM Tris-
HCI buffer, pH 7.5, 7 mM phosphocreatine, 9 mM MgSOQOy, and approximately 1 pg protein
in a final volume of 0.13 mL. After a variable time of preincubation at 37 °C (0, 30 or 60
min), the enzymatic reaction was started by the addition of 0.42 pumol ADP. In the
experiments performed to test the influence of GSH and CSH on the inhibition caused by
cystine, 1 mM GSH or 2 mM CSH were added before (to evaluate prevention) or after (to
evaluate reversion) preincubation of the enzymatic material (cytosolic or mitochondrial
fraction) for 0, 30 and 60 min in the presence of cystine. The reaction was stopped after 10
min incubation by the addition of 1 pmol p-hydroxymercuribenzoic acid. The reagent

concentrations and the incubation time were chosen to assure linearity of the enzymatic
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reaction. Appropriate controls were carried out to discount chemical hydrolysis of
phosphocreatine and the amount of creatine already present in the enzymatic material. The
creatine formed by the enzymatic action was estimated according to the colorimetric
method of Hughes (16). The color was developed by the addition of 0.1 mL 2 % o-naphtol
and 0.1 mL 0.05 % diacetyl in a final volume of 1 mL and read after 20 minutes at 540 nm.
None of the substances added to the assay medium interfered with the color development
or spectrophotometric readings. Results were expressed as nmol of creatine formed per
min per mg protein.

For the in vivo experiments, CK activity was measured in the absence and in the
presence of 1 mM reduced glutathione (GSH), the most abundant thiol-containing peptide
of the kidney, which achieves 5 mM concentration in both mitochondria and cytosol of the
renal tubular cells (17).

The in vitro experiments were performed in the following sequence:

1- Cystine was added to the incubation medium at 0.2, 0.5 and 1.0 mM final concentrations
without preincubation (0 min) or preincubated for 30 or 60 min;

2- Cystine was added to the incubation medium at 0.5 mM final concentration and
preincubated for 0, 30 or 60 min; 1 mM reduced glutathione (GSH) was added before
preincubation or after 30 or 60 min of preincubation;

3- Cystine was added to the incubation medium at 0.5 mM final concentration and
preincubated for 0, 30, and 60 min; 2 mM cysteamine was added before preincubation or
after 30 or 60 min of preincubation;

4- Competition studies between cystine and the enzyme substrates phosphocreatine or
adenosine-5’-diphosphate (ADP) and the determination of the Michaelis-Menten constant
(Km) was performed according to Lineweaver and Burk (18). In these experiments,

phosphocreatine or ADP concentrations were chosen to assure linearity of creatine kinase

57



activity and cystine inhibition. The values of the inhibition constant (Ki ) were determined

according to Dixon and Webb (19).

Protein determination
The protein content was determined by the method of Lowry et al. (14) using

bovine serum albumin as the standard.

Statistical analysis

Data were analyzed by one-way ANOVA followed by the Tukey test when the F
values were significant. Concentration or time dependent effects were analyzed by linear
regression. All data were analyzed by the Statistical Package for the Social Sciences

(SPSS) software using a PC computer.

Results

First, the animals were subjected to administration of cystine, cysteamine, or
cystine plus cysteamine. Creatine kinase activity was then measured in the presence and in
the absence of GSH in the assay. When measured in the absence of GSH, cystine
administration reduced CK activity in the mitochondrial (F(3,16)= 3.56; p< 0.05) and
cytosolic (F(3,20)= 7.91; p <0.001) fractions. Furthermore, cysteamine administration did
not alter CK activity, but prevented the enzymatic inhibition caused by cystine. When CK
activity was measured in the presence of GSH, we did not observe differences between
controls and the other groups in the mitochondrial (F(3,16)= 2.21; p>0.12) and cytosolic
(F(3,20)= 1.64; p>0.21) fractions, indicating that the inhibition caused by cystine was

reversible, possibly occurring through oxidation of the thiol groups of the enzyme (Table

1).

58



Next, cystine at 0.2, 0.5, and 1.0 mM final concentrations was added to the
incubation medium containing the cytosolic or the mitochondrial kidney fractions obtained
from non-treated rats without preincubation, or preincubated for 30 and 60 min. The linear
regression showed that cystine significantly inhibited CK activity in the cytosolic fraction
in all assays in a concentration-dependent way: F(1,26) = 36.84; B = -0.77; p< 0.0001
(without preincubation); F(1,26) = 52.52; B = - 0.82; p < 0.0001 (30 min of preincubation);
F(1,26) = 23.63; B = - 0.69; p < 0.0001 (60 min of preincubation) (Fig 1A). The same
pattern of inhibition was observed for CK activity in the mitochondrial fraction: F (1,26) =
125.81; B =-0.91; p < 0.0001 (without preincubation); F (1,26) = 32.67; f =- 0.75; p <
0.0001 (30 min of preincubation); F (1,26) = 16.46; B = - 0.62; p < 0.001 (60 min of
preincubation) (Fig. 1B). The linear regression also showed that cystine inhibited CK
activity at all tested concentrations in a time-dependent way in the cytosolic fraction (F
(1,19) = 26.68; B = - 0.76; p < 0.001 (control); F (1,19) = 88.42; f =-0.91; p < 0.0001 (0.2
mM cystine); F(1,19) = 38.55; B = - 0.82; p < 0.0001 (0.5 mM cystine); F(1,19) = 20.40; B
=-0.72; p < 0.001 (1 mM cystine). However, in the mitochondrial fraction, no time-

dependent inhibition was observed.

Considering that CK is a thiol-enzyme and cystine is a disulfide, we investigated
the in vitro effects of GSH on the CK inhibitory effects of cystine. We first evaluated
whether the inhibition caused by 0.5 mM cystine on CK activity was preventable or
reversible, by adding 1 mM GSH in the cytosolic and mitochondrial fractions, without
preincubation or with preincubation of 30 or 60 min. Our results showed that cystine
inhibited the cytosolic CK activity, whereas GSH fully prevented this inhibition without
preincubation: (F (3,20) = 11.21; p < 0.001) or with 30 min of preincubation (F(5,42) =
46.91; p < 0.001). However, reversion and prevention induced by GSH were only partial

when the preparations were preincubated for 60 min (F(5,42) = 49.18; p < 0.001). Cystine
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also inhibited the mitochondrial CK activity and GSH prevented this effect without
preincubation (F(3,28) = 6.9; p < 0.01), and by preincubating the mitochondrial fraction
for 30 min (F(5,42) = 33.11; p < 0.001) or 60 min (F(5,42) = 6.34; p < 0.001), but did not

reverse the effect caused by cystine when preincubated for 30 or 60 min (Table 2).

Considering that cysteamine (CSH) is a thiol-compound like GSH and has been
used in the treatment of patients with cystinosis, we also investigated CSH effect on the
inhibition of CK activity caused by cystine in the cytosolic and mitochondrial fractions, by
adding 2.0 mM cysteamine without preincubation or after 30 or 60 min of preincubation
with 0.5 mM cystine. Our results showed that 0.5 mM cystine inhibited the cytosolic CK
activity, whereas CSH fully prevented the inhibition occurring without preincubation (F
(3,20) = 548; p < 0.01), and partially prevented and reversed cystine-induced CK
inhibition when preincubated for 30 min (F(5,30) = 138.51; p < 0.001) or for 60 min
(F(5,30) = 89.47; p < 0.001). Cystine also inhibited the mitochondrial CK activity, whereas

CSH fully prevented this inhibition in the absence of preincubation (F(3,28) = 9.84;

p < 0.001) or when preincubated for 30 min (F(5,42) = 28.3; p < 0.001) or for 60 min
(F(5,42) = 9.55; p < 0.001). CSH also fully reversed the CK inhibition caused by cystine
when preincubated for 60 min and partially reversed this effect with 30 min of

preincubation (Table 3).

In an attempt to better characterize the inhibition of CK activity caused by cystine,
competition studies between cystine and the enzyme substrates ADP and phosphocreatine
were performed in the absence of preincubation, according to the Lineweaver-Burk plot
(not shown). The double-reciprocal plots showed that the inhibition caused by cystine on
the cytosolic and mitochondrial CK activity was of the noncompetitive type for the two
substrates, reinforcing the results obtained with GSH and cysteamine. The Km values for

the cytosolic CK calculated from the Lineweaver-Burk plot were 0.8 mM and 3.3 mM for
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ADP and phosphocreatine, respectively; Km values for the mitochondrial CK were 0.08
mM and 2.5 mM for ADP and phosphocreatine, respectively. Values of the inhibition
constant (Ki) for cytosolic CK inhibition by cystine, calculated from the Dixon plot (not
shown), were 0.5 mM and 0.2 mM for ADP and phosphocreatine, respectively; Ki values
for the mitochondrial CK were 0.3 mM and 0.2 mM for ADP and phosphocreatine,
respectively. Since Ki is the equilibrium constant for cystine binding and cystine
concentration in kidney of patients with cystinosis is higher than 5 nmol/mg wet tissue
(approximately 6 mM) (25), the CK isoforms would be strongly inhibited in case cystine is

released from lysosomes.

Discussion

We first investigated the in vivo effects of cystine, cysteamine and cystine plus
cysteamine on CK activity from kidney of young rats. The results showed that cystine
administration reduced CK activity and co-administration of cysteamine prevented this
inhibition. Furthermore, addition of GSH to the CK assay reversed the inhibition caused by
cystine on CK activity, suggesting oxidation of critical thiol groups of the enzyme.

The in vitro experiments showed that cystine inhibited CK activity at different
concentrations and times of preincubation. We then investigated the effects of GSH or
CSH, on the inhibition caused by cystine in order to clarify the underlying mechanisms of
this inhibition. We observed that the inhibitory effect of cystine on CK was both prevented
and reversed by cysteamine, suggesting that this inhibition was probably mediated by
modification of important sulfhydryl groups of the enzyme. Competition studies between
cystine and ADP or phosphocreatine showed a noncompetitive pattern. The Ki values for
cystine inhibition were at least 10-fold lower than cystine concentration found in the
kidney of patients with cystinosis indicating that our results may be of pathophysiological

significance (20).
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Although tissue damage might depend on cystine accumulation, the mechanisms of
cystine toxicity are still under investigation. Cystine is usually found inside the lysosomes.
Mice lacking cystinosin accumulate cystine in the lysosomes but do not develop Fanconi
syndrome (21), indicating that intralysosomal cystine accumulation per se may not cause
tissue damage. Furthermore, hystological studies in patients affected by cystinosis have
shown a large accumulation of cystine in lysosomes of normally functioning cells,
suggesting that cystine needs to be released from lysosomes to cause damage. There are
several possibilities to explain how cystine could leave lysosomes and act into other cell
compartments. It is possible that the small cystine crystals may partially disrupt the
lysosomal membranes, since positive reactions for acid phosphatase, a lysosomal marker,
was not always found in the periphery of the cystine crystals (22). Another possibility is
the egress of cystine from lysosomes by secretion (23), followed by cystine transport back
into the cytosol. In this context, it has been shown that cystine accumulates in the
cytoplasm, nucleus and cytoplasmic inclusions of dark cells, as well as extracellularly in
the liver and in the kidney of patients with cystinosis, and in biopsies of renal allografts
from patients with cystinosis, indicating that cystine crystals may not be limited to
lysosomes (24). Since the presence of dark cells is indicative of the early stages of
autophagy (25), a form of cell death, it is conceivable that a great liberation of cystine into
the cytosol caused by lysosomal membrane rupture or by cystine secretion and back
transport could rapidly kill the cell. However, since cystine is nearly insoluble at pH
ranging from 6 to 8, a rapid release of large amounts of cystine from its crystals killing
cells is unlikely. Therefore, a slow dissolution of the cystine crystals may continuously
liberate free cystine, leading to a sustained inhibition of thiol-containing enzymes and
promoting cell death. On the other hand, is has been demonstrated a small and transient
decrease of the glutathione pool in cystinotic cell lines during exponential growth phase

(27), increasing four times the GSSG / GSH ratio (28). Considering that GSH slowly reacts
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with cystine to generate cysteine (26), it is possible that the increased free cystine
concentration may explain the low GSH levels found in these cells. Furthermore, it is
known that GSH depletion induces the mitochondrial permeability transition (MPT)
causing cell death by apoptosis (29). Lysosomes are involved in apoptosis (30), and recent
experiments with fibroblasts from cystinotic patients have shown that these cells are more
prone to apoptosis (31). These investigators suggested that cystine accumulated in
lysosomes can be released during the early permeabilization phase causing apoptosis
mediated by a caspase-dependent cell death. Similarly, apoptosis was also induced by
cystine in cultured human retinal pigment epithelial cells (32). It is also possible that
cystine released induces a necrotic-like cell death via a caspase-independent cell death
(33). Moreover, it seems that the degree of ATP deprivation determines whether the cell
death will occur by autophagy, apoptosis or necrosis (34). In this scenario, energy deficit
was observed in renal tubule cells loaded with cystine dimethyl ester, corresponding to a
model of cystinosis with Fanconi syndrome (35). Moreover, addition of creatine to the diet
of mice fully suppress the apoptosis induced by TNFalpha (36), suggesting that apoptosis
may be prevented by increasing energy metabolism.

Deficient activities of several thiol-containing enzymes, but not of non-thiol
enzymes, was reported in postmortem liver and kidney tissues from patients with
nephropathic cystinosis, but CK activity was not measured (20). It can not be discarded
that these enzymes may have normal activities in the intact cells and be inhibited by
cystine released from the lysosomes following cell lysis (37).

Mi-CK is part of a unique temporal and spatial energy buffer system in tissues with
high energy requirements, being also important to inhibit the Ca**-induced opening of the
mitochondrial permeability transition pore which leads to apoptosis (38). It is well known

that CK activity decreases after exposure to agents promoting generation of free radicals
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probably by oxidation of the sulfhydryl residues of the enzyme (39). This may explain our
results showing that GSH prevented the inhibitory effect of cystine on CK activity.

We have already demonstrated that cystine inhibits in vitro CK activity in rat brain
(13). In the present study we demonstrate that cystine strongly inhibits in vivo and in vitro
kidney CK activity and that cysteamine can prevent this inhibition. Considering that CK is
a key enzyme for energy metabolism in renal cortex and outer medulla, in case cystine is
released from lysosomes, these effects could also occur in the renal tubules of patients with
cystinosis. Besides, other thiol-containing enzymes could be inhibited by a similar
mechanism. In this case, it is possible to envisage that a diminution of these enzyme
activities may potentially impair energy metabolism, contributing to the tissue damage
through programmed cell death. This hypothesis is reinforced by other genetic
(tyrosinemia, galactosemia, cytochrome C oxidase deficiency) and acquired (heavy metals,
drugs, maleate) causes of Fanconi Syndrome, in which the accumulated toxic substances
cause energy deficit (40). Considering that cysteamine is used to treat patients with
cystinosis because it causes parenchymal organ cystine depletion (4), the present data
provides another possible beneficial effect for the use of this drug since the protective
effect of cysteamine could be important in preventing some metabolic consequences of
cystine accumulation, such as inhibition of CK activity. Further studies are however

necessary to evaluate the activity of CK in patients affected by cystinosis.
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Figure 1. In vitro effects of cystine (Cys) for 0 (without preincubation) 30 and 60 min of
preincubation on creatine kinase activity in cytosolic (A) and mitochondrial (B) fractions
in the kidney from young rats.

Creatine kinase activity is expressed as nmol creatine per minute per mg protein. Data are
means * SD for n = 6-8 independent experiments performed in triplicate.

#* p<0.01; ** p<0.001 compared to control (Tukey test).

] None (Control); [ Cys 0.2 mM;Ed Cys 0.5 mM;Hll Cys 1 mM
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Table 1. In vivo effect of cystine (Cys), cysteamine (CSH), cystine plus cysteamine (Cys

+ CSH) on creatine kinase activity in cytosolic and mitochondrial fractions in the kidney

from young rats.

Group
Cystine +
Cellular fraction Control Cystine Cysteamine
Cysteamine

Mitochondrial 101 7 84 + 0 % 90 + 8 91 + 10
Mitochondrial + GSH 110 +7 108 + 11 102 + 14 92+9
Cytosolic 121 +7 105 + 6 ** 123+5 11849
Cytosolic + GSH 116 +8 110+ 6 123 +17 118+ 10

Creatine kinase activity is expressed as nmol creatine per minute per mg protein. Data are

means + SD for n = 5-6 independent experiments performed in triplicate.

*p < 0.05; #* p <0.01 compared to control (Tukey test).
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Table 2. In vitro effect of reduced glutathione (GSH) added before (pre) or after (post)

preincubation with cystine for different times on creatine kinase activity in the kidney from

young rats in the presence or absence cystine (Cys).

Cellular fraction Mitochondrial Cytosolic
Group Preincubation time (min) Preincubation time (min)
0 30 60 0 30 60
Control
74 £ 11 88+ 11 107 £ 11 110+5 100+ 16 105+ 14
(Cys 0 mM)
GSH 1 mM pre 77 £13 101 £ 11 107 £ 11 114+ 12 11010 115+ 11
GSH 1 mM post - 94 £ 15 100 £ 15 - 105+ 18 11118
55+4 49+ 8 84+ 8 88 +7 33+5 40+6
Cys 0.5 mM
Qs Qkx Qe Qe Qkx Qkk
Cys 0.5 mM + 85+ 8
7013 89+9 101 £9 112+ 11 91+ 10
GSH 1mM pre a*, b**
Cys 0.5 mM + 53110 82+ 10 60=x 11 6611
GSH 1mM post asksk axk k| a®x prE

Creatine kinase activity is expressed as nmol creatine per minute per mg protein.

Data are means * SD for n = 6-8 independent experiments performed in triplicate.

*p < 0.05; **p < 0.01 for: a = different from the other groups; b = different from

Cys 0.5 mM (Tukey test).

73



Table 3. In vitro effect of cysteamine (CSH) added before (pre) or after (post) preincubation with

cystine for different times on creatine kinase activity in the kidney from young rats in the presence or

absence of 0.5 mM cystine (Cys).

Cellular fraction Mitochondrial Cytosolic
Group Preincubation time (min) Preincubation time (min)
0 30 60 0 30 60
Control
66 =8 74+ 8 98+ 11 123+9 105+ 8 116 8
(Cys 0 mM)
CSH 2 mM pre 74 £ 14 84 +7 105+ 8 117+ 12 108 £5 1109
CSH 2 mM post - 75+ 13 100 £ 15 - 111 £7 109 £9
516 39+5 70+ 10 99+ 10 33+2 44+ 4
Cys 0.5 mM
ax axx a* b* Q¥ akk
Cys 0.5 mM + 111 £13 90+4 85+4
80+ 14 84+ 10 104 £ 10
CSH 2 mM pre b* b
Cys 0.5 mM + 599 79+ 8 73+£8
- 100+ 15 -
CSH 2 mM post ax b b#*

Creatine kinase activity is expressed as nmol creatine per minute per mg protein.

Data are means * SD for n = 6-8 independent experiments performed in triplicate.

*p < 0.05; **p < 0.01 for: a = different from the other groups, b = different

from the control (Tukey test).
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Abstract

Background: Cystinosis is a systemic genetic disease caused by a
lysosomal transport deficiency accumulating cystine in the lysosomes of all tissues.
Cystine accumulation induces decrease of intracellular ATP content with intact
energy generating capacity of mitochondria. Although tissue damage might depend
on cystine accumulation, the mechanisms of tissue damage are still obscures.
Considering that thiol-containing enzymes are critical for several metabolic
pathways, our main objective was to investigate the effects of cystine dimethylester
load on the thiol-containing enzymes creatine kinase and pyruvate kinase, in the
kidney and brain of young Wistar rats.

Methods: Wistar rats were injected twice a day with 1.6 umol/g body
weight cystine dimethylester and/or 0.46 wmol/g body weight cysteamine from the
16" to the 20™ postpartum day and killed after 12 hours.

Results: Cystine dimethylester administration decreased thiol/disulfide
ratio and inhibited the two enzyme activities. Co-administration of cysteamine, the
drug used to treat cystinotic patients, normalized thiol/disulfide ratio and the two
enzyme activities.

Conclusions: Cystine inhibits creatine kinase and pyruvate activities
possibly by oxidation of the sulthydryl groups of the enzymes. Considering that
creatine kinase and pyruvate kinase, like other thiol-containing enzymes, are crucial
for energy homeostasis and antioxidant defenses, the enzymes inhibition caused by
cystine released from lysosomes could be a mechanism of tissue damage in patients
with cystinosis.

Key words: creatine kinase; cysteamine; cystine dimethylester; cystinosis; pyruvate

kinase.
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Introduction

Nephropathic cystinosis is an autosomal recessive disease characterized by
a defect in the transport of cystine out of lysosomes, with the consequent
intralysosomal accumulation of cystine in most of body tissues [1]. Cystinois is
caused by deficient expression of the gene encoding cystinosin, the lysosomal
membrane cystine exporter [2]. Cystine accumulation leads to renal failure and
other systemic complications in non-treated cystinotic children [3]. The treatment
with cysteamine (CSH) reduces intracellular accumulation of cystine, extending
patients life [4]. Fanconi syndrome, the most prominent clinical aspect of the
disease, is characterized by severe electrolyte disturbances, urinary loss of solutes
and failure to thrive [5]. Histopathological studies in the kidneys of cystinotic
children showed a temporal relationship between cystine accumulation in the
proximal renal tubules and the development of the characteristic “swan neck” lesion
of the Fanconi syndrome [6]. Surviving adult patients may present brain cortical
atrophy with low cognitive performance, confusion, memory loss, and visual
processing impairments [7,8]. Severe cerebral involvement with necrosis, spongy
change, and vacuolization may produce profound neurological deficits [9].

It is well known that some thiol-containing enzymes may have their
activities altered by thiol/disulfide exchange between the protein sulfhydryl groups
and disulfides [10]. Pyruvate kinase (ATP:pyruvate 2-O-phosphotransferase, EC
2.7. 1. 40) and creatine kinase (EC 2.7.3.2) are two thiol-containing enzymes critical
for energy metabolism in almost all mammalian tissues. Pyruvate kinase (PK) is a
crucial enzyme of glucose metabolism, the main pathway that provides energy for
brain and kidney function. There are at least four known isozymic forms of PK in
vertebrates, designed as L (liver), M1 (brain, muscle), M2 (kidney) and R

(erythrocyte). These isozymes differ in their chemical, physical, Kkinetic,
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electrophoretic, and immunological properties, as well as their tissue distribution
[11]. M1 and M2 isozymes are different products of the same gene and all studied
PK isoforms present a tetrameric structure and thiol groups necessary for
functioning. We have demonstrated that cystine inhibits the in vitro activity of PK
from the brain cortex of young rats [12].

Creatine kinase (CK) is a thiol-containing enzyme that catalyses the
reversible transfer of the phosphoryl group from phosphocreatine to ADP,
regenerating ATP. This enzyme exerts a key role for cellular energy metabolism of
tissues with high-energy requirements. There are distinct CK isoenzymes, which are
compartmentalized specifically in the places where energy is liberated
(mitochondria) or utilized (cytosol). The kidney and the brain contain BB-CK
(cytosolic isoform) and ubiquitous Mi-CK (mitochondrial isoform). In the kidney,
these enzymes are localized in cortex and outer medulla, possibly supplying energy
necessary for sodium transport [13]. Reduced brain CK/creatine system has been
found in patients with diseases affecting brain function [14]. We have reported that
cystine inhibits the in vitro CK activity in the brain [15] and kidney [16] of young
rats. Considering that cystine is a disulfide, it is possible that it may act on
intracellular thiol-containing enzymes, like CK and PK, impairing energy
homeostasis with consequent cell death [17].

Animal models of cystinosis have been developed by knock out [18] or by
loading lysosomes with cystine dimethylester (CDME) [19-21]. Knock out mice
lacking cystinosin accumulate cystine in lysosomes but do not develop Fanconi
syndrome, suggesting that cystine accumulation per se may be not sufficient for
tissue damage. Renal tubule cells of rats loaded with CDME developed Fanconi
syndrome associated to a decrease in energy metabolism and inhibition of sodium-

dependent transporters in human kidney epithelial cells, suggesting a deficit of
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energy [21,22]. Recent investigations performed on cystinotic fibroblasts
demonstrated altered status of glutathione [23] and decreased intracellular ATP
content with intact mitochondrial energy generating capacity [24]. Therefore, the
main objective of the present study was to investigate the in vivo effects of CDME
administration on thiol/disulfide content and on CK and PK activities in the kidney
and brain cortex of young Wistar rats. We also investigated the effects of the co-
administration of CSH on the same enzyme activities. Lactate dehydrogenase

(LDH:E.C. 1.1.1.27), a non thiol-containing enzyme, was also assayed.

Methods

Animals and reagents

Wistar rats bred in the Department of Biochemistry, UFRGS, were used in
the experiments. The animals were kept with dams until they were sacrificed. The
dams had free access to water and to a standard commercial chow (Supra, Porto
Alegre, RS, Brazil) containing 20.5% protein (predominantly soybean
supplemented with methionine), 54% carbohydrate, 4.5% fiber, 4% lipids, 7% ash
and 10% moisture. Temperature was maintained at 24 = 1 °C, with a 12-12 h light-
dark cycle. The “Principles of Laboratory Animal Care” (NIH publication 85-23,
revised 1985) were followed in all the experiments, and the Ethics Committee for
Animal Research of the Federal University of Rio Grande do Sul approved the
experimental protocol. All chemicals were purchased from Sigma Chemical Co., St

Louis, MO, USA.
In vivo experiments

Thirty-two rats were randomly separated into four groups and were treated

from the 16" to the 20" postpartum day. The animals were kept with dams while
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receiving administration of 20 uL/g body weight of one of the following buffered
solutions (pH 7.4), twice a day at 12 hours interval: 0.85 g% saline (control group),
80 mM CDME (CDME group), 13 mM cysteamine (CSH group), or 80 mM CDME
+ 13 mM CSH (CDME + CSH group). CSH was administered subcutaneously and
saline or CDME were administered intraperitonealy. CDME dose was equivalent to
that used to load lysosomes in adult rats [19, 20]; cysteamine dose was equivalent to
that used for the treatment of the patients [1]. Rats were killed in the 21* day,
twelve hours after the last injection. At this age, Wistar rat development is

equivalent to the development of a 6-years-old child.
Preparation of renal and brain tissues

Treated animals were killed by decapitation without anesthesia, the
kidneys and the brains were rapidly removed. The kidney was decapsulated, the
brain cortex was dissected, and the two tissues were homogenized with a Teflon-
glass homogenizer in 5 volumes of ice-cold SET buffer (0.32 M sucrose, 1 mM
EGTA, 10 mM Tris-HCI), pH 7.4. The homogenate was centrifuged at 800 x g and
the pellet was discarded. The supernatant was centrifuged at 10,000 x g for 10 min.
The supernatant solution containing cytosol and other cellular components such as
endoplasmic reticulum and lysosomes, was collected for determination of pyruvate
kinase, cytosolic CK and LDH activities. The pellet, containing mitochondria, was
washed twice with the same Tris-sucrose isotonic buffer, resuspended in 100 mM
Tris-HCl buffer, pH 7.5, containing 9 mM MgSO, for determination of
mitochondrial CK activity. All steps were performed at 4 °C. The subcellular
fractions were stored for no more than 1 week at —70 °C when the assay was not

carried out immediately. The mitochondrial fraction was frozen and thawed three
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times immediately before the assay, to break mitochondrial membranes, facilitating

the interaction between CK and the substrates.

Creatine kinase activity assay

The reaction mixture contained the following final concentrations: 300
mM Tris-HCl buffer, pH 7.5, 7 mM phosphocreatine, 9 mM MgSQO4, and
approximately 1 ug protein in a final volume of 0.13 mL. After a preincubation by 5
min at 37 °C, the enzymatic reaction was started by the addition of 0.42 umol ADP.
The reaction was stopped after the incubation for 10 minutes by the addition of 1
pwmol p-hydroxymercuribenzoic acid. The reagent concentrations and the incubation
time were chosen to assure linearity of the enzymatic reaction. Appropriate controls
were carried out to discount chemical hydrolysis of phosphocreatine and the amount
of creatine already present in the enzymatic material. The creatine formed by the
enzymatic action was estimated according to the colorimetric method of Hughes
[25]. The color was developed by the addition of 0.1 mL 2 % o-naphtol and 0.1 mL
0.05 % diacetyl in a final volume of 1 mL and read after 20 minutes at 540 nm.
CDME or CSH did not interfere with the color development or spectrophotometric
readings. Results were expressed as nmol of creatine formed per min per mg
protein.
Pyruvate kinase activity assay

Pyruvate kinase activity was assayed essentially as described by Leong et
al [26]. The incubation medium consisted of 0.1 M Tris-HCI buffer, pH 7.5, 10 mM
MgCl,, 0.16 mM NADH, 75 mM KCI, 5.0 mM ADP, 7 units of L-lactate
dehydrogenase, 0.1 % (v / v) Triton X-100, and 10 pL of the mitochondria-free
supernatant in a final volume of 0.5 mL. The reaction was started after 30 min of

pre-incubation at 37 °C by the addition of 1.0 mM phosphoenolpyruvate. NADH

82



oxidation was recorded spectrophotometrically during 2 min at 340 nm. All assays
were performed in triplicate at 25 oC. Reagents concentration and assay time (2
min) were chosen to assure the linearity of the reaction. Results were expressed as
umol of pyruvate formed per min per mg of protein. CDME or CSH did not
interfere with LDH activity or with spectrophotometric readings.
Lactate dehydrogenase assay

LDH activity was assayed essentially as described by Kaplan et al, [27].
The incubation medium consisted of 0.1 M Tris-HCI buffer, pH 7.2, 0.3 mM
NADH, 0.2 M sodium chloride, 30 mM sodium azide and 1 pL of the mitochondria-
free supernatant in a final volume of 0.5 mL. The reaction was started after 5 min of
pre-incubation at 37 °C by the addition of 2.0 mM sodium pyruvate. NADH
oxidation was recorded spectrophotometrically during 2 min at 340 nm. All assays
were performed in triplicate at 25 oC. Reagents concentration and assay time (2
min) were chosen to assure the linearity of the reaction. Results were expressed as
umol of pyruvate transformed per min per mg of protein. CDME or CSH did not
interfere with spectrophotometric readings.
Determination of thiols and disulfides

Thiols and disulfides were determined essentially according to Zahler and
Cleland [28]. The reaction medium consisted of 0.1 mL of 50 mM Tris buffer pH
9.0, 0.1 mL of 3 mM DTT (dithiothreitol), and 0.2 mL of cytosolic or mitochondrial
fraction. After 20 min at room temperature, 0.2 mL of 1.0 M Tris buffer pH 8.1 and
1.5 mL of sodium arsenite were added. After 2 min, 0.1 mL of 3 mM DTNB (5,5’-
dithiobis -2-nitrobenzoic acid) in 50 mM acetate buffer pH 5.0 were added and the
absorbance at 412 mu was recorded for 3 min. For thiol determination, the same
procedure was performed, omitting DTT and sodium arsenite. The disulfide content

was calculated through the difference between the two determinations. A mixture of
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cysteine and cystine was used as the standard. Results were expressed as mmol of
cystine (disulfide) or mmol of cysteine (thiol) per mg of protein.
Protein determination

The protein content was determined by the method of Lowry et al. [29]
using bovine serum albumin as the standard. CDME and CSH did not interfere in
the raction.
Statistical analysis

Data were analyzed by one-way ANOVA followed by the Tukey test when
the F value was significant. All data were analyzed by the Statistical Package for

the Social Sciences software (SPSS 12.0 for Windows) [30].
Results

The animals receiving CDME administration presented less weight gain
along the treatment than controls and rats receiving CSH. Cysteamine
administration together with CDME did not increase weight gain. However, kidney
and brain cortex weight, as well as protein content of the two tissues did not differ
between the groups, indicating that the biochemical differences between the groups
can not be attributed to protein loss (Table 1).

The animals injected with CDME presented significantly decreased
thiol/disulfide ratio in the mitochondrial and in the cytosolic fractions of brain
cortex (Table 2) and kidney (Table 3). It can be seen that creatine kinase was also
decreased in the two subcellular fractions, as well as pyruvate kinase activity in the
cytosolic fraction. Co-administration of CSH prevented the decrease of
thiol/disulfide ratio and the reduction of the enzyme activities. Lactate

dehydrogenase activity was not affected by the treatments (Tables 2 and 3).
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Discussion

In the present work we investigated the effects of the administration of
CDME, CSH or CDME + CSH on CK, PK and LDH activities of the brain and
kidney of young rats. We observed that CDME administration reduced the activities
of the thiol-containing enzymes CK and PK in the two tissues and co-administration
of CSH prevented the inhibition. On the other hand, LDH activity, a non thiol-
containing enzyme, was not altered in the two tissues.

We also observed that CDME administration reduced thiol/disulfide ratio
and that co-administration of CSH restored thiol/disulfide ratio to normal. These
results suggest that lysosomes loading with CDME might inhibit the two enzymes
out of lysosomes possibly through oxidation of their thiol groups.

Although tissue damage in cystinosis might depend on cystine
accumulation, the mechanisms of cystine toxicity are still unclear. Mice lacking
cystinosin accumulate cystine in lysosomes but do not develop Fanconi syndrome
[18], suggesting that cystine must leave the lysosomes for tissue damage, in
agreement with the observation that large lysosomal accumulation of cystine is
found in apparently normal functioning cells. One possibility to explain how cystine
could leave lysosomes and act into other cell compartments is the egress of cystine
from lysosomes by secretion [31], followed by cystine transport back into the
cytosol. In this context, ultrastructural observations in the liver and in the kidney of
patients with cystinosis, showed cystine accumulation in the cytoplasm, nucleus and
cytoplasmic inclusions of dark cells, and even extracellularly, indicating that cystine
crystals may be not always limited to lysosomes [32]. The presence of dark cells is
indicative of the early stages of autophagy [33], a form of cell death, suggesting that
release of cystine from lysosomes may induce cell death. Considering that cystine is

poorly soluble at pH ranging 6 to 8, dissolution of the cystine crystal liberated from

85



the lysosomes would liberate free cystine slowly, inhibiting thiol-containing
enzymes and promoting cell death. Considering that GSH (reduced glutathione)
reacts with cystine to generate cysteine [34], the increase in free soluble cystine
could explain the decrease of the glutathione pool [35], and the four times decrease
of the GSH / GSSG (thiol / disulfide) ratio in cystinotic cells [36]. On the other
hand, it is known that GSH depletion induces cell death by apoptosis [37]. Recent
experiments with fibroblasts from cystinotic patients suggest that lysosomal cystine
accumulated can be released during the early permeabilization phase of lysosomes
in apoptosis [38]. Apoptosis was also induced in cultured human retinal pigment
epithelial cells by incubating with cystine [39]. In addition, it seems that the
intensity of mitochondrial permeabilization with consequent reduction of ATP
determines whether the cell death occurs by autophagy, apoptosis or necrosis [40].
This is reinforced by the observation that addition of creatine to the diet of mice
increases mitochondrial activity and fully prevents the apoptosis induced by TNFo
[41], suggesting that apoptosis may be prevented by increasing energy metabolism.
The decrease of PK activity observed in the present work could reduce pyruvate
levels inside the cells. Pyruvate, an intermediate metabolite of glucose metabolism,
is an effective scavenger of reactive oxygen species [42]. Besides, pyruvate
prevents neuronal death promoted by glycolytic inhibition by Zn**, suggesting that
pyruvate reduction may induce cell death [43]. Therefore, simultaneous diminution
of PK and CK activities could strongly reduce energy metabolism and antioxidant
defenses (pyruvate and GSH) with severe consequences for cell function and
survival. The diminished activity of PK, CK, and possibly of other thiol-containing
enzymes, might at least partially explain the decreased ATP content with normal
energy generating capacity of mitochondria found in human cystinotic fibroblasts
[24].
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Deficient activities of several thiol-containing enzymes, but not of non-
thiol enzymes, in postmortem liver and kidney tissues from patients with
nephropathic cystinosis was reported, but PK and CK activities were not measured
[44]. However, it cannot be excluded that these enzymes could have normal
activities in the intact cells and be inhibited by cystine released from the lysosomes
during the enzymes assay [45].

We have already demonstrated that cystine inhibits the in vitro PK and CK
activities in rat brain and in kidney and that CSH prevents and reverses these
inhibitions [12,15,16]. Now, we are demonstrating that CDME loading inhibits CK
and PK activities in the brain and kidney of young rats and cysteamine prevents this
inhibition. In case cystine is released from lysosomes, these effects could also occur
in the tissues of patients with cystinosis. Besides, other thiol-containing enzymes
could be inhibited by a similar mechanism. In this case, it is possible to envisage
that a diminution of these enzyme activities might potentially impair energy
metabolism, contributing to the tissue damage through programmed cell death. This
hypothesis is reinforced by other genetic (tyrosinemia, galactosemia, cytochrome C
oxidase deficiency) and acquired (heavy metals, drugs, maleate) causes of Fanconi
Syndrome, in which accumulated toxic substances cause energy deficit and
oxidative stress [46]. If inhibition of thiol-containing enzymes occurs in patients
with cystinosis, the increase of thiol / disulfide ratio promoted by CSH
administration could be important in preventing some metabolic consequences of
cystine accumulation. However, further studies are necessary to evaluate the activity
of thiol-containing enzymes like PK and CK in patients affected by cystinosis

before and after CSH treatment.

87



Acknowledgements

This work was supported in part by grants from Conselho Nacional de
Desenvolvimento Cientifico e tecnoldgico (CNPqg-Brazil), Fundagdo de Amparo a
Pesquisa do Rio Grande do Sul (FAPERGS, RS-Brazil) and Programa de Nicleos

de Exceléncia (PRONEX-CNPq /FAPERGS -Brazil).

88



References

[1] Gahl WA., Thoene JG, Schneider JA Cystinosis: a disorder of
lysosomal membrane transport. In: The Metabolic & Molecular Bases of Inherited
Diseases eds. Scriver C.R., Beaudet A.L. Sly W.S. & Valle D. McGraw-Hill, New
York, 8" ed; 2001 pp 5085-5108

[2] Town M, Jean G, Cherqui S, Attard M, Forestier L, Whitmore SA,
Callen DF, Gribouval O, Broyer M, Bates GP, van’t Hoff W, Antignac C A novel
gene encoding an integral membrane protein is mutated in nephropathic cystinosis,
Nat Genet 1998;18: 319-324.

[3] Schneider JA, Clark KF, Greene AA, Reisch JS, Markello TC, Gahl
WA, Thoene JG, Noonan PK, Berry KA Recent advances in the treatment of
cystinosis, J Inher Metab Dis 1983; 18: 387-397.

[4] Gahl WA, Charnas L, Markello TC, Bernardini I, Ishak KG, Dalakas
MC Parenchymal organ cystine depletion with long-term cysteamine therapy.
Biochem Med Metab Biol 1992; 48: 275-285.

[S] Baum M The Fanconi syndrome of cystinosis: insights into the
pathophysiology. Pediatr Nephrol 1998;12;:492-497.

[6] Mahoney CP, Striker GE Early development of the renal lesions in
infantile cystinosis. Pediatr Nephrol 2000;15: 50-56.

[7] Jonas AJ, Conley SB, Marshall R, Johnson RA, Marks M, Rosenberg
H Nephropathic cystinosis with central nervous system involvement. Am J Med

1987; 83: 966-970.

[8] Nichols SL, Press GL, Schneider JA, Trauner DA Cortical atrophy and
cognitive performance in infantile nephropathic cystinosis. Pediatr Neurol 1990; 6:

379-381
89



[9] Vogel DG, Malekzadeh MH, Cornford ME, Schneider JA, Shields
WD, Vinters HV Central nervous system involvement in nephropathic cystinosis. J
Neuropathol Exp Neurol 1990; 49: 591-599.

[10] Gilbert HF Redox control of enzyme activities by thiol/disulfide
exchange. Meth Enzymol 1984; 107: 330-351.

[11] Hall ER, Cottam GL Isoenzymes of pyruvate kinase in vertebrates:
their physical, chemical, kinetic and immunological properties. Int J Biochem 1978;
9: 785 —793.

[12] Feksa LR, Cornelio AR, Dutra-Filho CS, Wyse AT, Wajner M,
Wannmacher CMD Inhibition of pyruvate kinase activity by cystine in brain cortex
of rats. Brain Res 2004; 1012: 93-100.

[13] Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM
Intracellular compartmentation, structure and function of creatine kinase
isoenzymes in tissues with high and fluctuating energy demands: the
‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem J 1992; 281:
21-40.

[14] Schulze A Creatine deficiency syndromes. Mol Cell Biochem 2003;
244: 143-150.

[15] Fleck RM, Rodrigues Jr V, Giacomazzi J, Parissoto D, Dutra-Filho
CS, Wyse AT, Wajner M, Wannmacher CMD Cysteamine prevents and reverses the
inhibition of creatine kinase activity caused by cystine in rat brain cortex.
Neurochem Int 2005; 46: 391-397.

[16] Rech VC, Athaydes GA, Feksa LR, Dornelles PKB, Rodrigues-Junior
V, Dutra-Filho CS, Wyse AT, Wajner M, Wannmacher CMD Inhibition of creatine
kinase activity by cystine in the kidney of young rats. Pediatr Res 2006; 60:190-

195.

90



[17] Guimardes CA, Linden R Programmed cell death: apoptosis and
alternative deathstyles. Eur J Biochem 2004; 271: 1638-1650.

[18] Cherqui S, Sevin C, Hamard G, Kalatzis V, Sich M, Pequignot MO,
Gogat K, Abitbol M, Broyer M, Gubler MC, Antignac C Intralysosomal cystine
accumulation in mice lacking cystinosin, the protein defective in cystinosis. Mol
Cell Biol 2002; 22: 7622-7632.

[19] Foreman JW, Bowring MA, Lee J, States B, Segal S Effect of
cystine dimethylester on renal solute handling and isolated renal tubule transport in
the rat: a new model of the Fanconi syndrome. Metabolism 1987; 36: 1185-1191.

[20] Ben-Nun A, Bashan N, Potashnik R, Cohen-Luria R, Moran A
Cystine loading induces Fanconi’s syndrome in rats: in vivo and vesicle studies. Am
J Physiol 1993; 265: 839-844.

[21] Ccetinkaya I, Schlatter E, Hirsch JR, Herter P, Harms E, Kleta R
Inhibition of Na'-dependent transporters in cystine-loaded human renal cells:
electrophysiological studies on the Fanconi syndrome of cystinosis. J Am Soc
Nephrol 2002; 13: 2085-2093.

[22] Foreman JW, Benson LL, Wellons M, Avner ED, Sweeney W,
Nissim I, Nissim I Metabolic studies of rat renal tubule cells loaded with cystine:
the cystine dimethylester model of cystinosis, J Am Soc Nephrol 1995; 6: 269-272.

[23] Levtchenko E, Graaf-Hess A, Wilmer M, van der Heuvel L,
Monnens L. Blom H Altered status of glutathione and its metabolites in cystinotic
cells. Nephrol Dial Transplant 2005; 20: 1828-1832.

[24] Levtchenko EN, Wilmer MJG, Janssen AJM, Koenderink JB, Visch
AJ Willems PH, Graaf-Hess A, Blom HJ, van den Heuvel LP, Monnens LA
Decreased ATP content and intact mitochondrial energy generating capacity in

human cystinotic fibroblasts. Pediatr Res 2006; 59: 287-292.

91



[25] Hughes BP A method for the estimation of serum creatine kinase and
its use in comparing creatine kinase and aldolase activity in normal and pathological
sera. Clin Chim Acta 1962; 7: 597-603.

[26] Leong SF, Lai JC, Lim L, Clark JB Energy-metabolising enzymes in
brain regions of adult and aging rats, J Neurochem 1981; 37: 1548 — 1556.

[27] Kaplan A, Szabo LL, Opheim KE Clinical Chemistry: Interpretation
and techniques. Lea and Febiger, Philadelphia, 1988 pp.186-189

[28] Zahler WL, Cleland WW A specific and sensitive assay for
disulfides. J Biol Chem 1968; 243: 716-719.

[29] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ Protein
measurement with the Folin phenol reagent. J Biol Chem 1951; 193: 265-275.

[30] Leech NL, Barrett, KC, Morgan, GA. SPSS for intermediate statistics.
Use and interpretation. Lawrence Erlbaum Associates, Publishers. London, ond Ed,
2005, pp 46-62

[31] Andrews NW Regulated secretion of conventional lysosomes. Trends
Cell Biol 2000; 10: 316-321.

[32] Spear GS, Gubler MC, Habib R, Broyer M Dark cells of cystinosis:
occurrence in renal allografts. Hum Pathol 1989; 20: 472-476.

[33] Clarke PG Developmental cell death: morphological diversity and
multiple mechanisms. Anat Embryol 1990; 181:195-213.

[34] Jones DP, Go YM, Anderson CL, Ziegler TR, Kinkade JM, Kirlin
WA Cysteine/cystine couple is a newly recognized node in the circuitry for
biologic redox signaling and control. FASEB J 2004; 18: 1246-1248.

[35] Chol M, Nevo N, Cherqui S, Antignac C, Rustin P Glutathione
precursors replenish decreased glutathione pool in cystinotic cell lines. Biochem

Biophys Res Comm 2004; 324: 231-235.

92



[36] Wilmer MJ, de Graaf-Hess A, Blom HJ, Dijkman HB, Monnens LA,
van den Heuvel LP, Levtchenko EN Elevated oxidized glutathione in cystinotic
proximal tubular epithelial cells. Biochem Biophys Res Commun 2005; 337: 610-
614.

[37] Armstrong JS, Jones DP Glutathione depletion enforces the
mitochondrial permeability transition and causes cell death in Bcl-2 overexpressing
HL60 cells. FASEB J 2002; 16: 1263-1265.

[38] Park MA, Thoene JG Potential role of apoptosis in development of
the cystinotic phenotype. Pediatr Nephrol 2005; 20: 441-446.

[39] Jiang S, Moriarty-Craige SE, Orr M, Cai J, Sternberg P, Jones DP
Oxidant-induced apoptosis in human retinal pigment epithelial cells: dependence on
extracellular redox state. Invest. Ophtalmol Vis Sci 2005; 46:1054-1061.

[40] Burlacu A, Jinga V, Gafencu AV, Simionescu M Severity of
oxidative stress generates different mechanisms of endothelial cell death. Cell
Tissue Res 2001; 306: 409-416.

[41] Hatano E, Tanaka A, Kanazawa A, Tsuyuki S, Tsunekawa S, Iwata S,
Ellerby LM, Bredesen D, Freeze H, Abrahamson M, Bromme D, Krajewski S, Reed
JC, Yin XM, Turk V Inhibition of tumor necrosis factor-induced apoptosis in
transgenic mouse liver expressing creatine kinase. Liver Int 2004; 24: 384-393.

[42] Das UN Pyruvate is an endogenous anti-inflammatory and anti-oxidant
molecule, Med Sci Monit 2006; 12: RA79-84

[43] Berry EV, Toms NJ Pyruvate and oxaloacetate limit zinc-induced
oxidative HT-22 neuronal cell injury. Neurotoxicology (in press).

[44] Patrick AD Deficiencies of SH-dependent enzymes in cystinosis.

Clin Sci 1965; 28: 427-443.

93



[45] Schneider JA, Schulman JD Cystinosis, In: The Metabolic Basis of
Inherited Disease. eds Stanbury, Wyngaarden JB, Fredrickson DS Goldstein JL,
Brown MS McGraw-Hill, New York, 5™ ed; 1983 pp1844-1866.

[46] Bergeron M, Gougoux A, Noél J, Parent L The renal Fanconi
syndrome. In: The Metabolic & Molecular Bases of Inherited Diseases. eds. Scriver
CR, Beaudet AL, Sly WS, Valle D. McGraw-Hill, New York, gt ed; 2001 pp 5023-

5038.

94



Table 1. Effect of cystine dimethylester (CDME) and cysteamine (CSH) administration on

body, kidney and brain cortex weight, and protein content of kidney and brain cortex of

young rats.
Group ANOVA
Control CDME CSH CDME + CSH

Body weight gain along 14+2.7 9.8 +0.9% 13.1+3.7 8.8+22%  F(3,26)=4.91; P<0.01
treatment (g)

Kidney
Weight (mg) 482+ 134 446 + 68 472 + 133 454 + 72 F(3,26) = 0.39; P> 0.75
Protein content (mg/g wet g+ 12 80+ 4 82+5 85+7 F(3,26) = 0.71; P> 0.55
weight)

Brain cortex
Weight (mg) 730 + 62 718 + 42 718 +29 693 + 31 F(3,26) = 0.93; P> 0.43
Protein content (mg/g wet 49 +3 51+2 50+3 49+ 4 F(3,26) = 0.94; P> 0.43

weight)

Data are means * SD for 7-8 independent experiments performed in triplicate

*P <0.05 compared to control and CDME + CSH groups (Tukey test)
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Table 2. Effect of cystine dimethylester (CDME) and cysteamine (CSH) administration

on thiol and disulfide content and on creatine kinase, pyruvate kinase and lactate

dehydrogenase activities in the brain cortex of young rats.

Cellular fraction

Group ANOVA
Control CDME CSH CDME + CSH
Mitochondrial fraction
. 1.63 +
Thiol content 2.61+0.15 2444023 2324021 F(3,26) = 17.6;P< 0.001
0.41 55
0.62 + 0.51 +
Disulfide content 0.84+0.16 0,085 - 0.71 £0.08 F(3,26) = 12.7; P<0.001
2.58 + 471 +
Thiol/disulfide ratio 3.09+£0.42 003 T 3241043 F(3,26) = 8.7; P<0.001
0.39 +
Creatine kinase activity 0.71+ 0.07 0,095 0.64 £0.07 0.67 +0.06 F(3,26) = 27.8;P< 0.001
Cytosolic fraction
1.29 +
Thiol content 0.84 +0.09 0,185+ 0.85+ 0.06 1.31 £0.18*** F(3,26) = 51.4;P< 0.001
0.17 +
Disulfide content 0.08 £ 0.03 0,005 0.09+£0.02 0.14£0.02*** F(3,26) = 15.8;P< 0.001
7.58 +
Thiol/disulfide ratio 10.51+£1.92 . 9.44 £0.97 9.35+0.99 F(3,26) = 6.9; P<0.001
Creatine kinase activity 0.98 +0.12 0.79+0.11** 0.95+0.06 0.97+0.03 F(3,26) = 7.1;P< 0.001
Pyruvate kinase activity ~ 1.9110.09  1L.62F0.17% 183+0.14  1.81%0.11 F(3,26) = 5.23;P< 0.01
15.45 £1.08 14.63 £0.81 1437+£2.25 14.67%+0.88 F(3,26) = 0.84;P> 0.48

LDH activity

Data are means * SD for 7-8 independent experiments performed in triplicate

Thiol content is expressed as mmol cysteine per mg protein; disulfide content is expressed

as mmol cystine per mg protein; creatine kinase activity is expressed as wmol creatine per

minute per mg protein; pyruvate kinase activity is expressed as umol pyruvate per min per

mg protein; lactate dehydrogenase activity (LDH) is expressed as imol pyruvate per min

per mg protein.

**P <0.01; ***p < 0.001 compared to the other groups (Tukey test).
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Table 3. Effect of cystine dimethylester (CDME) and cysteamine (CSH) administration

on thiol and disulfide content and on creatine kinase, pyruvate kinase and lactate

dehydrogenase activities in the kidney of young rats.

Cellular fraction Group ANOVA
Mitochondrial fraction  Control CDME CSH CDME + CSH
Thiol content 079+0.04  0.67+£0.09%%* 0784006  0.75t 0.12 F(3,26) = 4.1; P< 0.01
Disulfide content 0.29+0.07  0.26+0.04 025+0.04 027+ 0.06 F(3,26) = 1.2; P> 0.31
Thiol/disulfide ratio 272 024  257+033% 3124035 2774025 F(3,26) = 3.8; P< 0.01
Creatine kinase activity ~ 624+34  552428%  633+33 60.5+3.7 F(3,26) = 7.1; P< 0.001
Cytosolic fraction
Thiol content 0.23+0.02%* 0.31+0.04 0.34% 0.03 0.33+ 0.02 F(3,26) = 14.1; P< 0.001
Disulfide content 0.16+£0.01  0.26 £0.03*** 0.16%0.01 0.22+0.01%**  F(3,26) = 12.9; P< 0.001
Thiol/disulfide ratio 1444018 1.19 £ 0.21%** 2z % 022 1.51+0.17 F93.26) = 103 P<
ok 0.001
Creatine kinase activity ~ 88359  786%6.9%  862%39 88.9+7.6 F(3,26) = 4.2; P< 0.01
Pyruvate kinase activity ~ 3065632 1957+301% 27344281 2774605  F(326)=4.3;P<00l
1657+0.81 1689+096  1641+1.01  15.68+1.13  F(3,26)= 1.61;P>0.21

LDH activity

Data are means * SD for 7-8 independent experiments performed in triplicate

Thiol content is expressed as mmol cysteine per mg protein; disulfide content is expressed

as mmol cystine per mg protein; creatine kinase activity is expressed as nmol creatine per

minute per mg protein; pyruvate kinase activity is expressed as nmol pyruvate per min per

mg protein; lactate dehydrogenase activity (LDH) is expressed as pumol pyruvate per min

per mg protein.

**P <0.01; ***p < 0.001 compared to the other groups (Tukey test)
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Objetivo 3 - Determinar o efeito da administracdo do dimetil cistina éster e/ou

cisteamina sobre alguns pardmetros de estresse oxidativo em rim de ratos Wistar jovens.

Artigo 3

Promocado de estresse oxidativo em rim de ratos submetidos a sobrecarga de

dimetil cistina éster

Virginia Cielo Rech, Luciane Rosa Feksa, Maria Fernanda Arevalo do Amaral,
Gustavo Waltereith Koch, Moacir Wajner, Carlos Severo Dutra-Filho , Angela Terezinha
de Souza Wyse, Clovis Milton Duval Wannmacher. Promotion of oxidative stress in
kidney of rats loaded with cystine dimethyl ester. Aceito para publicagdo na revista

Pediatric Nephrology.
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Abstract

Cystinosis is a systemic genetic disease caused by a lysosomal transport deficiency
accumulating cystine in most tissues. Although tissue damage might depend on cystine
accumulation, the mechanisms of tissue damage are not fully understood. Studies
performed in fibroblasts of cystinotic patients and in kidney cells loaded with cystine
dimethyl ester suggest that apoptosis is enhanced in this disease. Considering that
oxidative stress is a known apoptosis inducer, our main objective was to investigate the
effects of cystine dimethyl ester loading on several parameters of oxidative stress in the
kidney of young rats. Animals were injected twice a day with 1.6 pmol/g body weight
cystine dimethyl ester and/or 0.26 pumol/g body weight cysteamine from the 16" to the 20™
postpartum day and killed after 1 or 12 hours. Cystine dimethyl ester induced
lipoperoxidation, protein carbonylation, and stimulated superoxide dismutase, glutathione
peroxidase and catalase activities, probably through the formation of superoxide anions,
hydrogen peroxide, and hydroxyl free radicals. Co-administration of cysteamine, the drug
used to treat cystinotic patients, prevented, at least in part, those effects, possibly acting as a
scavenger of free radicals. These results suggest that the induction of oxidative stress might

be one of the mechanisms leading to tissue damage in cystinotic patients.

Keywords: cystinosis; cystine dimethyl ester; cystine, oxidative stress; kidney.
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Introduction

Lysosomal cystine accumulation is the hallmark of cystinosis, a rare inherited
disorder caused by a defect in the lysosomal cystine carrier cystinosin encoded by the
CTNS gene, responsible for cystine exodus from lysosomes [1]. Accumulation of cystine
results in multiple organ damage with renal lesion being the most pronounced in the first
decade of life. Individuals with cystinosis experience both tubular dysfunction (renal
Fanconi syndrome) and glomerular deterioration. The renal Fanconi syndrome usually
occurs within the first year of life. Glomerular deterioration progresses throughout the first
decade of life resulting in end-stage renal failure, unless patients are treated with
cysteamine (CSH), a cystine-depleting drug [2].

Lysosomal loading with cystine dimethyl ester (CDME) has been used in the last
decades for studying the pathogenesis of cystinosis. Isolated proximal tubule from rats
and rabbits loaded with CDME developed defective proximal tubular reabsorption, similar
to that of Fanconi syndrome in cystinosis [3-7]. The results obtained with CDME loading
suggested that the Fanconi syndrome was caused by reduced mitochondrial ATP
generation, leading to decreased activity of proximal tubular Na®, K'-ATPase and
consequent diminution of Na'-coupled proximal transport of glucose, amino acids, ions
and water [5, 7, 8]. However, recent studies showed that mitochondrial energy generation
capacity in cystinotic fibroblasts and in human immortalized proximal tubular epithelial
cells appears to be normal, and the observed mild decrease of intracellular ATP content
seems insufficient to cause alterations of Na*, K*-ATPase activity [9, 10], suggesting that
other mechanisms might account for the reduced enzyme activity. On the other hand,
cystinotic cells, as well as normal cells loaded with CDME, are more susceptible to
undergo apoptosis, even with normal energy mitochondria generating capacity [11].

Oxidative stress, often defined as an imbalance of pro-oxidants and antioxidants,

has been associated with apoptosis [12]. Cystine markedly increases the cytotoxic response
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of bacteria to hydrogen peroxide, suggesting that the amino acid might impair the cellular
defense machinery against hydrogen peroxide. This effect may involve a thiol-disulfide
exchange reaction at the cell membrane level [13]. An elevated GSSG/total GSH (%) ratio
was observed in cystinotic cells, suggesting that increased oxidative stress might be present
in cystinotic cells [14]. Inverse correlation between cystine accumulation and intracellular
GSH content indicates that under stress conditions such as intensive energy demand or
increased oxidative insult, cystinotic cells may be more prone to GSH depletion [9, 14, 15].
GSH depletion in cystinotic proximal tubule cells may be related to enhanced apoptosis
[10].

Considering that apoptosis has been suggested as a possible mechanism of cell death
in cystinosis, oxidative stress may induces apoptosis, and cystine is a potential pro-oxidant,
our main objective was to investigate the effects of CDME loading on some parameters of
oxidative stress in the kidney of young rats. We also examined the effect of cysteamine, a

potential antioxidant, on the same enzymes activities.

Methods
Animals and reagents

Wistar rats bred in the Department of Biochemistry, UFRGS, were used in the
experiments. The animals were kept with dams until they were sacrificed. The dams had
free access to water and to a standard commercial chow (Supra, Porto Alegre, RS, Brazil)
containing 20.5% protein (predominantly soybean supplemented with methionine), 54%
carbohydrate, 4.5% fiber, 4% lipids, 7% ash and 10% moisture. The animals were
maintained on a 12:12 h light / dark cycle (lights on 07.00 - 19.00 h) in conditioned
constant temperature (22°C + 1°C) colony room. The “Principles of laboratory animal
care” (NIH publication no 80-23, revised 1996) were followed in all experiments and our

research protocol was approved by the Ethical Committee for animal experimentation of
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the Universidade Federal do Rio Grande do Sul. All efforts were made to minimize animal
suffering and to use only the number of animals necessary to produce reliable scientific
data. All chemicals were purchased from Sigma (St. Louis, MO, USA), except
thiobarbituric acid, which was purchased from Merck (Darmstadt, Germany) and
superoxide dismutase kit, which was obtained from RANDOX (Antrim, United Kingdom).
CDME and CSH solutions were buffered to pH 7.4 with NaOH immediately before the
administration to the animals. Thiobarbituric acid-reactive substances (TBA-RS), catalase
activity (CAT), superoxide dismutase activity (SOD), glutathione peroxidase activity
(GPx) and carbonyls content were measured with a spectrophotometer with temperature
control (Hitachi U-2001). Oxidation of 2',7'-dihydrodichlorofluorescein (DCFH) was

measured with a fluorescence spectrophotometer (Hitachi F 2000).

Cystine dimethyl ester (CDME) loading

Sixty-four rats were randomly separated into four groups and were treated from the
16" to the 20™ postpartum day. The animals received administration of 20 pL/g body
weight of one of the following buffered solutions (pH 7.4), twice a day at 12 hours
interval: 0.85 g% saline (control group), 80 mM CDME (CDME group), 13 mM
cysteamine (CSH group), or 80 mM CDME + 13 mM CSH (CDME + CSH group). CSH
was administered subcutaneously and CDME was administered intraperitoneally. CDME
dose was equivalent to that used to load lysosomes in adult rats [3, 7] and cysteamine dose
was equivalent to that used for the treatment of the patients [16]. Rats were sacrificed in
the 21 day, half one hour after the last injections, and the others twelve hours after the last
injection. At this age, Wistar rat development is equivalent to the development of a 6-
years-old child. Treated animals were sacrificed by decapitation without anesthesia, and
the kidneys were rapidly removed. The kidneys were decapsulated and homogenized with

a Teflon-glass homogenizer in 5 volumes of ice-cold SET buffer (0.32 M sucrose, 1 mM
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EGTA, 10 mM Tris-HCI), pH 7.4. The homogenate was centrifuged at 800 x g and the
pellet was discarded. The supernatant solution containing mitochondria, cytosol and other
cellular components such as endoplasmic reticulum and lysosomes, was collected for
determination of the parameters of oxidative stress. The supernatants were stored for no

more than 1 week at —70 °C when the assay was not carried out immediately.

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS was determined according to the method described by Esterbauer and
Cheeseman [17]. TBA-RS measures malondialdehyde (MDA), a product of
lipoperoxidation caused mainly by hydroxyls free radicals. Hydroxyl free radicals are
mainly formed from H,O; by the iron-catalyzed Fenton reaction or by the Haber-Weiss
reaction [18]. Briefly, 500 puL of cold 10% trichloroacetic acid were added to 250 UL of the
supernatants and centrifuged at 800 x g for 10 min. The reaction mixture containing 300
UL of the supernatants and 300 UL of 0.67% thiobarbituric acid in 7.1% sodium dodecyl
sulfate was left in boiling water bath for 25 min. The mixture was allowed to cool on
water for 5 min. The resulting pink stained TBA-RS was determined in a
spectrophotometer at 532 nm. CDME or CSH did not produce color when tested without
the addition of the supernatant, demonstrating the absence of a direct reaction to
thiobarbituric acid. Calibration curve was performed using 1,1,3,3-tetramethoxypropane
and each curve point was subjected to the same treatment as that of the supernatants. TBA-

RS was calculated as pmol of malondialdehyde formed per mg of protein.

2',7'-dihydrodichlorofluorescein (DCFH) oxidation

Oxygen and nitrogen reactive species production was assessed according to LeBel
et al. [19] by using 2',7'-dihydrodichlorofluorescein diacetate (DCF-DA). H202-F62+—

derived oxidant is mainly responsible for the nonenzymatic oxidation of DCFH. In
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addition, peroxidase alone and oxidants formed during the reduction of H,O, by peroxidase
oxidize DCFH [19]. DCF-DA prepared in 20 mM sodium phosphate buffer, pH 7.4,
containing 140 mM KCI was incubated with 100 pL of supernatants during 30 min at
37 °C. DCF-DA is enzymatically hydrolyzed by intracellular esterases to form non-
fluorescent DCFH, which is then rapidly oxidized to form highly fluorescent 2',7'-
dichlorofluorescein (DCF) in the presence of reactive species. The DCF fluorescence
intensity parallels to the amount of reactive species formed. Fluorescence was measured
using excitation and emission wavelengths of 480 nm and 535 nm, respectively.
Calibration curve was performed with standard DCF (0.25-10 uM) and the levels of

reactive species were calculated as nmol of DCF formed per mg of protein.

Determination of carbonyls

Carbonyl protein content was determined by the method described by Reznick and
Packer [20]. Carbonyls are formed by the oxidation of amino acids in proteins, or
adducts formed with the products of lipoperoxidation, mainly 4-hydroxy-2-nonenal
(HNE). Histidine, arginine and lysine are the main target amino acids for carbonylation
[21]. Briefly, 200 puL supernatant of each sample, and 400 pL of 10 mM 2,4-
dinitrophenylhydrazine (DNPH) or 400 uLL 2 mM HCI were incubated at room
temperature for 1 h in a dark ambient. After incubation, 0.5 mL of 20% TCA was
added and centrifuged at 10,000 x g for 3 minutes. Next, the protein pellet was washed
two times with 1 mL of ethyl acetate/ethanol 1:1 (v/v) and suspended in 0.6 mL 6
mol/L guanidine and kept at 60 °C for 15 min. After centrifugation at 10,000 x g for 3
min, each sample was read at 370 nm and total carbonylation calculated using a molar
extinction coefficient of 22,000 M'lcm'l, as described by Levine et al. [22]. Results are

expressed as nmol of carbonyls formed per mg of protein.
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Superoxide dismutase (SOD) activity

SOD is responsible for dismutation of superoxide anions, forming hydrogen
peroxide (H,0,). Superoxide anions react with Fe-S-Enzymes, phenoxyls and nitric oxide.
SOD activity, including cytosolic Cu-Zn-SOD, and mitochondrial Mn-SOD, was
determined using the RANSOD kit (Randox, Antrim, United Kingdom). The method is
based on the formation of red formazan from the reaction of 2-(4-iodophenyl)-3-(4-
nitrophenol)-5-phenyltetrazolium chloride and superoxide radical (produced in the
incubation medium from the xanthine—xanthine oxidase reaction system), which is assayed
spectrophotometrically at 505 nm. The inhibition of the chromogen production is
proportional to the activity of the SOD present in the sample. A 50% inhibition is defined

as 1 U of SOD and the specific activity is represented as units per milligram of protein.

Catalase (CAT) activity

CAT is responsible for transformation of H,O; in H,O. Hydrogen peroxide can
react with thiol and methionyl groups of enzymes and other proteins, and form the high
reactive hydroxyl free radical. CAT activity was assayed according to Aebi [23] by
measuring the absorbance decrease at 240 nm in a reaction medium containing 20 mM
H,0,, 0.1% Triton X-100, 10 mM potassium phosphate buffer, pH 7.0, and 10 pL
supernatants. One unit (U) of the enzyme is defined as one umol of H,O, consumed per
minute and the specific activity was expressed as pimol of H,O, consumed per minute per

mg of protein.

Glutathione peroxidase (GPx) activity
GPx activity was measured according to Wendel [24] using tert-butyl-
hydroperoxide as substrate. The enzyme activity was determined by monitoring the

NADPH disappearance at 340 nm in a medium containing 100 mM potassium phosphate
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buffer / ethylenediaminetetraacetic acid 1 mM, pH 7.7, 2 mM, glutathione, 0.15 U / mL
glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl-hydroperoxide, 0.1 mM NADPH
and 10 pL supernatants. One GPx unit (U) is defined as one pmol of NADPH consumed
per minute. The specific activity was expressed as wmol of NADPH consumed per minute

per mg of protein.

Protein determination
The protein content was determined by the method of Lowry et al. [25] using
bovine serum albumin as the standard. CDME and CSH did not interfere in the reaction.

Statistical analysis

Data from weight of the animals were analyzed by repeated measures ANOVA
followed by the Tukey test when the F value was significant. Data from the parameters
of oxidative stress were analyzed by three-way ANOVA (presence or absence of
CDME; presence or absence of CSH; time of sacrifice). Post hoc analysis of a
significant interaction was performed by one-way ANOVA followed by the Tukey test
when the F value was significant when required. All data were analyzed by the

Statistical Package for the Social Sciences software (SPSS 12.0 for Windows) [26].

Results

Analysis of the body weight of the rats by repeated measures showed a significant
between-subject effect (F (3,53) = 3.82; p<0.01). Body weight did not differ between groups
at the beginning of the treatment (F(3,53) = 0.216; p > 0.80), but CDME-treated group
presented a significant weight deficit after six days of treatment (F (3, 53) = 3.11; p < 0.05),
similar to the poor development observed in cystinotic children. Co-administration of CSH

prevented the poor rat development caused by CDME loading (Figure 1).
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Univariate F-tests for CDME by CSH interaction showed that co-administration of
CSH prevented the effect of CDME on TBA-RS (F(1,48) =18.53; p <0.001), carbonyl
content of proteins (F(1,48) = 6.28; p <0.05), DCFH oxidation (F(1,48) = 32.67; p <0.001),
CAT activity (F(1,48) =4.01; p <0.05), GPx activity (F(1,48) = 33.81; p <0.001), and SOD
activity (F(1,48) = 4.49; p <0.05). Univariate F-tests for CDME by time interaction showed
that the effect of CDME administration was independent of the time of animals sacrifice for
TBA-RS (F(1,48) = 0.42; p >0.52), carbonyl content of proteins (F(1,48) = 1.67; p > 0.2),
DCFH oxidation (F(1,48) = 0.37; p > 0.54), and GPx activity (F(1,48) = 2.57; p <0.15),
whereas was dependent for CAT activity (F(1,48) = 12.64; p <0.001), and SOD activity
(F(1,48) = 5.81; p <0.05). Post hoc comparison between means indicate that CDME
administration increased TBA-RS, carbonyl content of proteins, DCFH oxidation, and GPx
activity, independently of the time of animal sacrifice, and co-administration of CSH
prevented this increase (Figures 2, 3, 4, 5). On the other hand, in the rats receiving CDME
administration, CAT activity was reduced l1h after treatment, and increased after 12h. Co-
administration of CSH prevented the increase, but not the decrease of CAT activity (Figure
6). It can be seen in figure 7 that SOD activity did not change in rats receiving CDME and
sacrificed after 1h, but increased after 12h. Co-administration of CSH did not change SOD
activity after 1h, but prevented the increase caused by CDME administration after 12h.

Taken together, these results suggest that CDME administration induces the
formation of superoxide anions, hydrogen peroxide and hydroxyl free radicals, leading to
lipoperoxidation, protein carbonylation, and stimulation of SOD, GPx and CAT activities.
Moreover, CSH probably act as a scavenger of free radicals, preventing, at least in part, the

effects of CDME.
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Discussion

In the present work we investigated the effects of the administration of CDME,
CSH or CDME + CSH on various parameters of oxidative stress in the kidney of young
rats. We observed that CDME administration induces lipoperoxidation, protein
carbonylation, and stimulates SOD, GPx and CAT activities, probably through the formation
of superoxide anions, hydrogen peroxide, and hydroxyl anions. Besides, CSH prevented, at
least in part, the effects of CDME, possibly acting as a scavenger of superoxide anions and
hydrogen peroxide.

Thiols like CSH are potential physiologic targets for both superoxide and hydrogen
peroxide, and they are more reactive with each oxidant when fully ionized. Scavenging of
superoxide is followed by thiol oxidation and can deplete defenses against other oxidants,
or shift the redox balance toward a more oxidized status [27]. The shift of the redox
balance may be harmful, because the intracellular redox state may determine whether a
substance may act as antioxidant or pro-oxidant [28]. In the present investigation, lack of
antioxidant effect of CSH in some measures could also be due to the thiol oxidase activity of
Cu,Zn-SOD. This enzyme promotes oxidation of thiols with consequent formation of
hydrogen peroxide [29].

In the present work, one hour after the last injection, SOD activity was normal and
CAT activity was reduced, possibly because superoxide radicals inhibit this enzyme
activity [30]. Twelve hours after the last administration, the two enzyme activities were
increased. It is possible that the increase of SOD activity, eliminating superoxide radicals,
could be responsible, at least in part, for the increase of CAT activity.

The major cellular thiol/disulfide systems, including GSH/GSSG and
cysteine/cystine, are not in redox equilibrium and respond differently to chemical toxicants
and physiologic stimuli [31]. Furthermore, in vitro studies show that variation in

cysteine/cystine redox over the range found in vivo affects signaling pathways, which
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control cell proliferation and oxidant-induced apoptosis. The results point to the conclusion
that free radical scavenging antioxidants are of increased importance when thiol/disulfide
redox states are oxidized. Therefore, thiol/disulfide redox states, per se, function in redox
signaling and control as well as antioxidant protection [32].

Oxidative stress has been associated with apoptosis in several kidney diseases
[33-37]. The cysteine/cystine couple provides a means to oxidize proteins without direct
involvement of more potent oxidants [38]. HNE, a product of lipoperoxidation, triggers
oxidative stress-linked apoptotic cell death through activation of the caspase cascade [39].
Under conditions of hydrogen peroxide delivery that mimic in vivo situations, the
oxidative event that triggers the induction of apoptosis by H,O, is a Fenton-type reaction
and is independent of the thiol or selenium states of the cell [40].

Impairment of a lysosomal function may affect apoptosis even if lysosomal pathways
per se do not play an essential role in mediating the execution of the cell-death
program, they may contribute to the general phenomenon by amplifying the process.
Indeed, loss of cell integrity for whatever reason should lead to chaotic disruption of
lysosomes and release of their contents, thus exacerbating loss or degradation of
components essential for survival [41]. On the other hand, mitochondrial membrane
permeabilization (MMP) is likely to be indispensable for cell death initiated at lysosomal
level, indicating that MMP constitutes a central event in the death-inducing signaling
cascade [42]. Lysosomal membrane permeabilization has been suggested for cystine
liberation during the initial step of apoptosis [11], inducing the activation of the proapoptotic
PKC delta through cysteinylation of the enzyme [43]. Besides, oxidative stress induces the
formation of protein-mixed disulfides with low-molecular-weight thiols [44].

Although tissue damage in cystinosis might depend on cystine accumulation, the
mechanisms of cystine toxicity are still unclear. Mice lacking cystinosin accumulate

cystine in lysosomes but do not develop Fanconi syndrome [45], suggesting that cystine
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must leave the lysosomes for tissue damage, in agreement with the observation that large
lysosomal accumulation of cystine is found in apparently normal functioning cells. One
possibility to explain how cystine could leave lysosomes and act into other cell
compartments is the egress of cystine from lysosomes by secretion, followed by cystine
transport back into the cytosol. Recent experiments with fibroblasts from cystinotic
patients suggest that lysosomal cystine accumulated can be released during the early
permeabilization phase of lysosomes in apoptosis [46]. Apoptosis was also induced in
cultured human retinal pigment epithelial cells by incubating with cystine [47]. In addition,
supplementation of creatine, a potent antioxidant [48], to the diet of mice fully prevents the
apoptosis induced by TNFa [49]. On the other hand, in other genetic (tyrosinemia,
galactosemia, cytochrome C oxidase deficiency) and acquired (heavy metals, drugs,
maleate) causes of Fanconi syndrome, the accumulated toxic substances cause energy
deficit and oxidative stress [50]. If oxidative stress occurs in patients with cystinosis, the
supplementation of antioxidants together with CSH administration could help the
prevention of tissue damage. However, it must be emphasized that in cystinosis the cystine
accumulates in the lysosomes de novo, not by transiting and flooding the cystosol as is the
case in the CDME model, hence a steady state oxidant challenge does not occur in
cystinotic tissue unless the lysosomal cystine is released. Then it is probably a very small
amount, compared to cellular GSH, based on lysosomal volume and cystine solubility.
Considering the limitations of CDME model of cystinosis, further studies are necessary to
evaluate the occurrence of oxidative stress and apoptosis in the tissues of patients affected

by cystinosis.
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Figure 1. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on body weight of the rats at the first and the sixth day of treatment. Data
are mean = SD for 15 animals in each group. *p<0.05 compared with the other groups at

the sixth day of treatment (Tukey test).

Figure 2. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on thiobarbituric acid reactive substances (TBA-RS) in the kidney of rats.
Data are mean + SD for 6-8 animals in each group. Animals were sacrificed in the sixth
day of treatment 1 h or 12 h after the last injection. *p<0.05; **p<0.01 compared with the

other groups of rats sacrificed at the same time (Tukey test).

Figure 3. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on oxidation of 2’,7’-dichlorofluorescein (DCFH) in the kidney of rats.
Data are mean + SD for 6-8 animals in each group. Animals were sacrificed in the sixth
day of treatment 1 h or 12 h after the last injection. **p<0.01 compared with the other

groups of rats sacrificed at the same time (Tukey test).

Figure 4. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on carbonyls content in the kidney of rats. Data are mean + SD for 6-8
animals in each group. Animals were sacrificed in the sixth day of treatment 1 h or 12 h
after the last injection. **p<0.01 compared with the other groups of rats sacrificed at the

same time (Tukey test).
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Figure 5. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on the activity of glutathione peroxidase (GPx) in the kidney of rats. Data
are mean * SD for 6-8 animals in each group. Animals were sacrificed in the sixth day of
treatment 1 h or 12 h after the last injection. **p<0.01 compared with the other groups of

rats sacrificed at the same time (Tukey test).

Figure 6. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on the activity of catalase (CAT) in the kidney of rats. Data are mean £ SD
for 6-8 animals in each group. Animals were sacrificed in the sixth day of treatment 1 h or
12 h after the last injection. **p<0.01 compared with the other groups of rats sacrificed at

the same time (Tukey test).

Figure 7. Effect of cystine dimethyl ester (CDME) and cysteamine (CSH)
administration on the activity of superoxide dismutase (SOD) in the kidney of rats. Data
are mean * SD for 6-8 animals in each group. Animals were sacrificed in the sixth day of
treatment 1 h or 12 h after the last injection. *p<0.05 compared with the other groups of

rats sacrificed at the same time (Tukey test).
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IV - DISCUSSAO

A cistinose nefropdtica € uma doenca autossdmica recessiva caracterizada por um
defeito no transporte de cistina para fora dos lisossomos, levando a um acimulo deste
dissulfeto nos lisossomos da maioria dos tecidos (Gahl et al, 2001). O acimulo de cistina
leva a insuficiéncia renal nas criancas afetadas que ndo forem tratadas precocemente com
cisteamina (Schneider et al, 1995), um aminotiol capaz de diminuir os depdsitos de cistina
(Gahl et al, 1992)). Estudos histopatolégicos mostraram uma correlacdo temporal entre o
acimulo de cistina, alteragdes morfo-funcionais dos tdbulos renais proximais e o
desesnvolvimento da Sindrome de Fanconi (Mahoney e Striker, 2000).

Algumas enzimas que cont€ém grupos tidlicos em sua estrurtura podem ter suas
atividades alteradas pela troca entre seus grupos tidlicos e dissulfetos como a cistina
(Gilbert, 1984). A creatinaquinase (CK, EC 2.7.3.2) e a piruvatoquinase (PK)
(ATP:piruvato 2-O-fosfotransferase, EC 2.7. 1. 40) sdo duas enzimas tidlicas criticas para a
homeostasia energética de quase todos os tecidos. A PK catalisa uma etapa critica para o
metabolismo da glicose, provendo energia para o funcionamento normal do cérebro e do
rim, entre outros 6rgdos. A isoforma M1, abundante no cérebro e no rim, e a isoforma M2,
abundante no rim, s@o produzidas pelo mesmo gene e apresentam estrutura tetramérica,
grupos tidlicos necessarios para seu funcionamento normal e comportamneto cnético
semelhantes (Hall e Cottam,1978). O piruvato, um dos produtos da acdo da PK, pode
formar acetil-CoA para prover energia, ou agir como antioxidante, protegendo as células
por meio de ambas a¢des (Das, 2006; Berry e Toms, 2006). A CK catalisa a transferéncia
reversivel do grupo fosforila da fosfocreatina para o ADP formando ATP e creatina. A CK
exerce um papel critico na manutengdo da homeostasia energética, principalmente para
aqueles tecidos que necessitam de altas demandas de energia em momentos criticos, tais
como tecido nervoso e muscular (Wallimann et al, 1992) As isoenzima da CK estdo

compartimentalizadas estrategicamente nos locais de liberacdo e captacdo de energia
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(mitocdndria) e de utilizacdo da mesma (citosol), servindo como um verdadeiro
transportador de fosforilas desde a mitocondria até o citosol (Wallimann et al, 1992). O rim
e o cérebro contém as isoenzimas BB-CK citosodlica e Mi-CK mitocondrial. No rim, estas
enzimas estdo localizadas nas regides cortical e medular externa, possivelmente atuando no
transporte de sédio (Wallimann et al, 1992). Em células renais humanas, a sobrecarga com
CDME inibe os transportes dependents de s6dio, o que pode estar associado a uma inibi¢do
da CK (Ccetinkaya et al, 2002). A creatina, além de fazer parte da homeostasia energética,
tem importante acio antioxidante (Hatano et al, 2004; Sestili et al, 2006).

O estresse oxidativo tem sido associado a apoptose (Corcoran et al, 1994), sendo
que a cistina aumenta a resposta citotéxica de bactérias ao perdxido de hidrogénio,
possivelmente por meio de uma troca entre grupos tidlicos e dissulfetos na membrana
bacteriana (Cantoni et al, 1995). Foi observado um aumento da relacdo GSSG/ GSH (%)
em células de pacientes cistindticos, sugerindo um aumento de estresse oxidativo
(Levtchenko et al, 2005; Laube et al, 2006). E possivel que diante de situacdes de grande
demanda de energia, ou de estresse oxidativo, as células cistindticas apresentem deplecdo
de GSH (Wilmer et al,2005; Levtchenko et al, 2005; Mannucci et al, 2006).

Modelos animais de cistinose t€ém sido desenvolvidos por meio de “knock out”
(Cherqui et al, 2002) ou por meio de sobrecarga de lisossomos por CDME (Foreman et al,
1987; Bem-Nun et al, 1993; Ccetinkaya et al, 2002). Os camundongos “knock out” com
auséncia de cistinosina acumulam a cistina, mas ndo desenvolvem sindrome de Fanconi,
sugerindo que o actimulo lisossomal de cistina por si s6 seja insuficiente para provocar
dano celular. A sobrecarga com CDME tem sido usada para tentar esclarecer os
mecanismos que levam o actimulo de cistina a provocar dano celular. A sobrecarga de
tibulos renais proximais com CDME provoca um déficit de reabsor¢io de dgua, eletrélitos,
aminodcidos e glicose semelhante ao observado na sindrome de Fanconi, possivelmente

por reducdo de ATP e da atividade da Na*, K*-ATPase (Foreman et al, 1987; Foreman e
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Benson, 1990; Salmon e Baum, 1990; Coor et al, 1991; Bem-Nun et al, 1993; Foreman et
al, 1995). No entanto, estudos recentes contestam esta explicacdo, sugerindo que outros
mecanismos devam estar associados a reducdo da atividade da enzima Na*, K*™-ATPase
(Wilmer et al, 2005; Laube et al, 2006). Esta enzima é bastante sensivel ao estresse
oxidativo, o que poderia explicar a maior suscetibilidade das células cistindticos a
desenvolver apoptose mesmo com a capacidade mitochondrial geradora de energia normal
(Park et al, 2002).

Portanto, os mecanismos pelos quais a cistina acumulada nos lisossomos leva ao
dano celular na cistinose ainda sdo controversos. Com o objetivo de contribuir para a
compreensdo destes mecanismos foram realizados 3 grupos de experimentos em ratos
Wistar jovens:

1- Efeitos in vivo e in vitro da cistina, CSH e da associacdo de ambas sobre a
atividade da enzima tidlica CK das fracdes citosdlica e mitocondrial de rim (artigo 1);

2- Efeitos da administracdo de CDME, CSH e associagdo de CDME com CSH
sobre as atividades das enzimas tidlicas PK e CK de rim e de cortex cerebral, além da
atividade da LDH, uma enzima nio tidlica (artigo 2);

3- Efeitos da administragio de CDME, CSH e associacio de CDME com CSH
sobre varios parametros de estresse oxidativo em rim (artigo 3).

Os resultados obtidos com estes 3 grupos de experimentos permitiram acrescentar
algum conhecimento a controvérsia sobre os mecanismos patogénicos na cistinose.

1- Efeitos in vivo e in vitro da cistina, CSH e da associagdo de ambas sobre a
atividade da enzima tidlica CK das fracdes citosdlica e mitocondrial de rim (artigo 1).

Os resultados mostraram que a administrag@o de cistina reduziu a atividade da CK
nas fracdes citosolica e mitocondrial e a co-administracdo de CSH preveniu esta reducio.
Além disso, a adi¢do de GSH ao ensaio enzimdtico reverteu a reducdo da atividade,

sugerindo uma inibicdo reversivel, possivelmente sobre os grupos tidlicos essenciais da
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enzima. Os estudos in vitro mostraram que a inibi¢do da enzima era do tipo ndo-
competitivo em relagdo aos substratos ADP e fosfocreatina, dependente do tempo de pré-
incubacdo e da concentracdo de cistina no ensaio enzimdtico, além de poder ser prevenida
e revertida pela adi¢do de CSH ao ensaio.

Estes resultados sdo compativeis com a hipétese de que a cistina pode inibir a CK
por alteracdo dos seus grupos tidlicos essenciais. Com o objetivo de testar esta hipdtese, foi
realizado o segundo experimento, utilizando a sobrecarga lisossomal de CDME e a
avaliacdo de seu efeito ndo apenas sobre a atividade da CK em rim, mas também sobre a
atividade de outra enzima tidlica, a PK, e de uma enzima néo tidlica, a LDH. Além disso, a
atividade destas 3 enzimas foi medida também no cértex cerebral, para evidenciar se o

efeito sobre elas ocorria em outro tecido afetado pela doenca..

2- Efeitos da administracdo de CDME, CSH e associacio de CDME e de CSH
sobre as atividades das enzimas tidlicas PK e CK de rim e de cortex cerebral, além da
atividade da LDH, uma enzima nio tidlica (artigo 2).

Os resultados evidenciaram que a administracdo de CDME, sobrecarregando os
lisossomos renais e corticais cerebrais, reduziu as atividades das enzimas tidlicas PK e CK
de ambas fracdes, em ambos tecidos, e que a co-administracio de CSH preveniu estes
efeitos. Além disso, a LDH, uma enzima desprovida de grupos tidlicos essenciais, ndo foi
afetada pela sobrecarga de CDME. Também foi observado que a administracio de CDME
reduziu a relacdo entre tiois e dissulfetos e que a administracdo de CSH restabeleceu a
normalidade desta relacgdo.

Estes resultados, juntamente com os anteriores, reforcam a hipotese de que a
inibi¢do de enzimas tidlicas pode ser um dos mecanismos pelos quais a cistina pode causar
dano aos tecidos. Além disso, considerando a reversibilidade da inibicdo enzimética por

GSH e CSH, pode-se presumir que a cistina possa induzir estresse oxidativo, por meio do
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qual provoque oxidacdo dos grupos tidlicos destas e de outras enzimas e proteinas. Para

testar esta hipdtese foi realizado o terceiro grupo de experimentos.

3- Efeitos da administracio de CDME, CSH e associagdo de CDME e de CSH
sobre varios parametros de estresse oxidativo em rim (artigo 3).

Os resultados indicaram que a administracio de CDME foi capaz de induzir
lipoperoxidagdo, carbonilacdo de proteinas e estimulacdo da atividade das enzimas
antioxidantes SOD, GPx e CAT, provavelmente por meio da indugdo de perdxido de
hidrogénio e de anions superéxido e hidroxila, j4 que houve aumento da oxidacdo do
DCFH. Além disso, a co-administragdo de CSH preveniu parte destes efeitos, sugerindo
que este aminotiol possa agir como ‘“‘scavenger’ de &nions perdxido e de perdxido de
hidrogénio.

Portanto, considerando os resultados obtidos nos 3 grupos de experimentos, é
possivel levantar a hipdtese de que a cistina, ao ser liberada de seu depdsito lisossomal,
induza a formacdo de radicais livres capazes de provocar lipoperoxidagéo, carbonilagdo de
proteinas e oxidagd@o de grupos tidlicos, entre outros efeitos ndo testados, levando ao dano
celular, possivelmente por apoptose.

A apoptose pode ser induzida em células retinianas por incubag¢do com cistina
(Jiang et al, 2005). A inibicdo da PK pode reduzir o conteido celular de piruvato,
reduzindo ndo s6 a liberagdo e captacdo de energia, como também a atividade de
“scavenger” de espécies ativas exercida pelo piruvato, ambas condi¢des favordveis ao
desencadeamento da apoptose (Das, 2006; Berry e Toms, 2006). A inibicdo da CK, da
mesma forma, reduz a homeostasia energética e a concentragdo de creatina, também um
potente antioxidante (hatano et al, 2004; Sestili et al, 2006). A inibicdo de outras enzimas
tidlicas ampliaria este processo de reducdo da disponibilidade energética, indugdo de

estresse oxidativo e desencadeamento de morte celular.
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Os principais sistemas celulares tiol/dissulfeto, GSH/GSSG e cisteina/cistina ndo
estdo em equilibrio redox e respondem individualmente aos estimulos fisiolégicos e
substancias toxicas (Jones, 2006). Variacdes do sistema redox cisteina/cistina acima dos
valores normais afetam vias de sinalizagdo que controlam a proliferacdo celular e a
apoptose induzida por oxidantes (Jones 2006a). O préprio sistema redox cisteina/cistina
pode oxidar proteinas sem o envolvimento direto de outros oxidantes mais potentes (Jones
et al, 2004).

O estresse oxidativo tem sido associado a apoptose em vdrios disturbios renais
(Furfaro et al, 2005; Xie e Guo, 2006; Chevalier, 2006; Xie e Shaikh, 2006; Susztak et al,
2006). Em outras causas genéticas (tirosinemia, galactosemia, deficiéncia de citocromo C
oxidase) e adquiridas (intoxicagdes por metais pesados, drogas) de sindrome de Fanconi, as
substancias toxicas acumuladas causam déficit de energia e estresse oxidativo (Bergeron et
al, 2001).

A permeabilizagdo da membrana mitocondrial (MMP) parece ser indispensdvel para
a morte celular iniciada ao nivel dos lisossomos, indicando que a MMP exerce um papel
central na cascata de sinalizacio que leva a morte celular (Boya et al, 2003). A
permeabilizacdo da membrana lisossomal durante as fases iniciais da apoptose foi sugerida
como forma de liberacdo da cistina acumulada, a qual exerceria sua agdo nos outros
compartimentos celulares, principalmente por cisteinilagdo de proteinas (Park et al, 2006).
Atualmente hd uma tendéncia crescente a aceitar a hipdtese de que a cistina necessita sair

dos lisossomos para desencadear o processo de morte celular.
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V — CONCLUSOES

Objetivo 1 - Determinar os efeitos in vitro e in vivo da cistina e/ou da cisteamina

sobre a atividade da creatinaquinase em fracoes mitocondrial e citosolica de rim de ratos

Wistar jovens, e caracterizar o tipo de inibicdocausada pela cistina.

Conclusoes

1-

A administracdo de cistina reduziu a atividade da creatinaquinase nas fracoes
mitocondrial e citosdlica, e a co-administragdo de cisteamina preveniu esta
inibigdo;

A adi¢do de glutationa reduzida ao ensaio da creatinaquinase reverteu a inibi¢do
causada pela administracdo de cistina;

A cistina inibiu a atividade da creatinaquinase nas fracdes mitocondrial e
citosdlica de um modo dependente de concentragdo e de tempo, e a adi¢do de
cisteamina ao ensaio reverteu e preveniu esta inibi¢ao;

Os estudos de competicdo entre cistina e os substratos da creatinaquinase ADP
e fosfocreatina mostraram um padrdo ndo competitivo;

Os valores de Ki para a inibicdo da creatinaquinase nas fragdes mitocondrial e
citosdlica foram pelo menos 10 vezes menores do que as concentragdes de

cistina observadas no rim de pacientes cistindticos.
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Objetivo 2 - Investigar o efeito da administracd@o do dimetil cistina éster e/ou
cisteamina sobre as atividades da piruvatoquinase em fracdo citosolica e da
creatinaquinase nas fracoes mitocondrial e citosélica de rim e de cérebro de ratos Wistar
jovens.

Conclusoes

1- A administracio dimetil cistina éster reduziu a atividade das enzimas tidlicas
piruvatoquinase na fragdo citosélica e da creatinaquinase nas fragdes
mitocondrial e citosdlica, tanto no rim quanto no cértex cerebral dos ratos, e a
co-administracdo de cisteamina preveniu esta inibi¢do;

2- A atividade da lactato desidrogenase, uma enzima nao-ti6lica, ndo foi alterada
pela administracdo do dimetil cistina éster e/ou de cisteamina;

3- A administragdo do dimetil cistina éster diminuiu a relagdo tiol/dissulfeto e a

co-administragdo de cisteamina preveniu esta diminuicao.
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Objetivo 3 - Determinar o efeito da administracdo do dimetil cistina éster e/ou

cisteamina sobre alguns pardmetros de estresse oxidativo em rim de ratos Wistar jovens.

Conclusoes

1-

A administracdo do dimetil cistina éster aumentou as substincias reativas ao
acido tiobarbitdirico (TBA-RS), a carbonilagdo de proteinas e a oxidag¢do da
2'7'-diidrodiclorofluoresceina (DFCH), sugerindo a inducdo de formagéo de
peréxido de hidrogénio e de anions superdxido e hidroxila, levando a
lipoperoxidagdo e a carbonilacdo de proteinas;

A atividade da superdxido dismutase (SOD) aumentou no rim de ratos somente
12 h apds a ultima injecdo do dimetil cistina éster, sugerindo a formacgado de
radicais super6xido com estimulac¢ao da atividade da enzima;

A atividade da glutationa peroxidase (GPx) diminuiu no rim de ratos 1h apés a
dltima inje¢do do dimetil cistina éster, e aumentou apds 12h, sugerindo que a
enzima seja inibida inicialmente pelos radicais superdxido, aumentando
posteriormente por um efeito rebote;

A atividade da catalase (CAT) aumentou no rim dos ratos que receberam o
dimetil cistina éster, sugerindo a formagdo de peréxido de hidrogénio com
estimulacdo da atividade da enzima;

A co-administragdo de cisteamina preveniu os efeitos do dimetil cistina éster,
sugerindo que este aminotiol possa agir como ‘“scavenger’ de radicais livres,

especialmente anions superéxido e hidroxila.
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Conclusao geral

A cistina é um potente inibidor in vitro e in vivo das enzimas tidlicas. Na forma do
dimetil cistina éster, a cistina se acumula nos lisossomos, induz a formacdo de radicais
livres, e inibe a atividade de enzimas tidlicas, o que poderia ocasionar alteracdo do
metabolismo energético e inducdo de morte celular programada. A cisteamina, uma
substancia utilizada nos pacientes cistindticos para remover a cistina acumulada nos
lisossomos, previne os efeitos dos radicais livres formados e a inibicdo das enzimas
ti6licas. Se estes efeitos da cistina observados nos animais também ocorrerem nos
pacientes cistindticos, é possivel que a suplementacio de creatina e de outros

antioxidantes, tais como vitaminas E e C, possa ser benéfica aos pacientes como

coadjuvante ao uso de cisteamina.
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VI - PERSPECTIVAS

Esse trabalho abre oportunidades para novos estudos, tais como:

1 - Investigar o efeito da administracdo de antioxidantes em ratos submetidos a
sobrecarga de dimetil cistina éster e/ou cisteamina sobre a atividade de enzimas tidlicas e

de parametros de estresse oxidativo no rim dos animais;

2 - Investigar a atividade de enzimas lisossomais em rim de ratos submetidos a

sobrecarga de dimetil cistina éster e/ou cisteamina;

3 - Determinar a atividade da creatinaquinase, da piruvatoquinase, € enzimas
lisossomais e parametros de estresse oxidativo em leucécitos de pacientes afetados por
cistinose, e verificar se o tratamento convencional com cisteamina destes pacientes altera

ou nao a atividade das enzimas.
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