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APRESENTACAOQ

Esta Tesc estd organizada cm scg¢des dispostas da scguinte mancira: Introdugdo,
Ohjetivos, Capitulos (1. 11 e 111 — referentes a artigos cientificos), Discussdo, Conclusdes,
Perspectivas, Bibliografias.

A secio Introducdo, apresenta o embasamento teérico que levou a formwular as
propostas da Tesce, as quais cstdo na scgio Objetivos.

A segdio Capitulos contém os artigos cientificos aceitos para publicagcdo ou
submetidos, 0s quais estio apresentados de acordo com os objetivos especificos. Esta secio
também apresenta os materiais, os métodos e as referéncias bibliograficas especificas de
cada artigo ¢ csta dividida cm Capitulos I, Il e 111

A sccao Discussdo contém uma interpretacao dos resultados obtidos nos diferentes
artigos cientificos. A se¢iio Conclusdes aborda as conclusdes gerais obtidas na Tese. A
secio Perspectivas apresenta as possibilidades de desenvolvimento de projetos futuros a
partir dos resultados obtidos, dande continuidade a csta linha de pesquisa.

A secio Bibliografia lista as referéncias citadas na Introdugdo e Discussdo da Tese.
E por fim, a secio Anexos apresenta a carta de aprovacfio e submissdes dos artigos

clentificos elaborados nesta Tese e apresentacOes na secio Capitulos.
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RESUMO

A doenga de Nicmann — Pick tipo € (DNPC) ¢ uma desordem genética lisossomal
neurodegenerativa causada pelo acimulo de lipidios, principalmente colesterol,
esfingomielina e glicoesfingolipidios no espaco perinuclear. UT8666A ¢ um agente inibidor
no transportc de colesterol, que vem sendo utilizado cm diversos modclos tanto in vive
quanto in vitro para mimificar DNPC, principalmente em fibroblastos. Diversas doengas
ncurodegencrativas ¢stio associadas ao cstresse oxidativo ¢ acredita-sc que radicais livres,
produtos de lipoperoxidacdo e alteragcdes na fluidez da membrana possam inibir a enzima
Na', K'-ATPase, levando a célula a um “déficit” energético. A deficiéncia de algumas
proteinas como a GFAP parccem tornar os astrocitos menos cficicntes em lidar com cstados
de injpirias no SNC, além de algumas pesquisas mostrarem um decréscimo na fosforilacio
de vimentina em fibroblastos humanos com NPC. MK-801 é um receptor nido competitivo
dc NMDA (N-mctil D-aspartato). sendo considerado um ncurotransmissor primario do
cé€rebro. O objetivo desse estudo foi observar os efeitos da droga U18666A, que cavsam o
actmulo de colesterol no citoplasma de astrocitos de ratos jovens e a partir daf verificar a
atividade dc  algumas hidrolascs lisossomais, parfmctros do csiresse  oxidativo,
metabolismo energético ¢ a hiperfosforilagio de filamentos intermedidrios (GFAP e
vimentina) em astréeitos de ratos jovens. Atraves da coloracdo de Filippin ¢ microscopia de
fluorescéncia e através da utilizacio do CellM software, foi feita a visualizagio e
quantificacio do colesterol. A melhor dose de UI8666A que permitiu o actimulo de
colesterol foi de 0,25 pg/mL em um periodo de incubacio de 48 horas. Astrdcitos de ratos
incubados com a droga (DNPC) mostraram um significativo aumento de colesterol em
relacdo aquelas culturas scm a droga. A medida da atividade da esfingomiclinasc ¢ enzimas
beta-glicosidase em astrécitos de ratos com NPC foi significativamente menor do que
astrocitos controle, o que € consistente com a atividade da DNPC humana. Verificando as
altcracoes sofridas cm nivel de cnzimas antioxidantes ¢ cstresse oxidativo obscrvamos que
U18666A leva a um aumento nos grupos TBARS e Carbonil, porém a uma diminvicio nos
grupos tidis medidos por ensaios sulfidril. Além disso, ocorre um deerésceimo na atividade
de CAT e SOD e aumenta a produciio de NO, ao analisarmos a atividade de Na*, K*
ATPase verifica-se um efeito inbitdrio na atividade dessa enzima. Os presentes resultados
mostram quc o acumulo dec colesterol nas culturas de c€lulas, induz o cstresse oxidativo, o
que indica gue € potencialmente téxico e confirma os resultados observados em outras
doengas neurodegenerativas. Por fim, ao utilizarmos 4 grupos diferentes, fazendo uso ou
nio da droga ¢ do MK-801verificou-sc¢ que com o actimulo de colesterol nas células ocorre
uma hiperfosforilagdo dos Filamentos Intermedidrios, tanto de GFFAP quanto de vimentina,
porém o MK-801, sendo um antagonista de NMDA e agindo sobre os receptores de
glutamato demonstram inibirem a cxcitotoxicidade provocada pelo Ul8B666A. Além dos
parimetros que foram testados em nosso trabalho, como extresse oxidativo. enzimas
antioxidantes ¢ metabolismo cnergético, fazendo uso da droga para mimificar NPC, outros
parimetros bioquimicos das células, os quais ainda nfio foram testados em nossos estudos,
podem ser testados com este modelo animal, contribuindo assim para uma melhor
compreensdo da doenga. Podemos fazer uso ainda de substiincias que diminuam a
excitotocicidade causada pelo avmento do colesterol, observados na NPC, a exemplo do
antagonista do receptor NMDA, MK-801, podendo se tornar ferramentas vidveis para
auxiliar no tratamento de docngas ncurodegencrativas relacionadas a cxcitotocicidade
glutamatérgica.
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ABSTRACT

The Niemann - Pick type C (NPC) is a disorder genetic neurodegenerative caused
by lysosomal accumulation of lipids, cspecially cholesterol, sphingomyelin  and
glycosphingolipids in the perinuclear space. U18666A is an inhibitory agent in cholesterol
transport, which has been used in several models both in vivo and in vitro to mimificar
NPC, cspecially in fibroblasts. Various ncurodcgencrative discascs arc associated with
oxidative stress and it is believed that the free radicals, lipid peroxidation products and
changes in membrane fluidity may inhibit the enzyme Na +, K + -ATPase, causing the cell
suffcring a deficit of cnergy. The deficicney of certain proteins as GFAP scem to make
astrocytes less efficient in dealing with states of injury in the CNS, and some research
shows a decrease in phosphorylation of vimentin in human fibroblasts with NPC. MK-801
1s a noncompetitive NMDA receptor, being considered a primary ncurotransmutter. The
objective of this study was to observe the effects of UI8S8666A drug, causing the
accumulation of cholestcrol in the cytoplasm of young rat astrocytes and thus verity the
activity of some lysosomal hydrolases, oxidative stress parameters, energy metabolism and
hyperphosphorylation of intermediate filaments (vimentin and GFAP) in astrocytes of
voung rat. Through Filippin staining and fluorescence microscopy and by using the
software CellM was made visualization and quantitation of cholesterol. The best dose
U18666A which allowed the accumulation of cholesterol was 0.25 mg / mL in a 48 hour
period of incubation. Rat astrocytes {NPC) incubated with the drug showed a significant
increase in total cholesterol relative to the cultures without drug. The measure of activity of
sphingomyclinasc and beta-glucosidase cnzymes in rat astrocytes NPC was significantly
lower than control astrocytes, which is consistent with the activity of the human NPC.
Noting the changes suffered in the level of antioxidant enzymes and oxidative stress
U18666A observed that leads to an increase in TBARS and carbonyl groups, but a decrease
in the thiol groups as measured by sulfhydryl tests. Moreover, there is a decrease in SOD
and CAT activity and increascs the production of NO, by analyzing the activity of the Na +,
K + -ATPase there is an inhibitory effect on this enzyme. The present results show that the
accumulation of cholesterol 1n cell cultures induces oxidative stress, which indicates that it
is potentially toxic, confirming the results observed in other neurodegencrative discascs.
Finally, we used four different groups, with or without the use of the drug MK-801, and
found that the accumulation of cholesterol in cells leads to hyperphosphorylation FI both
GFAP and vimentin, however, MK-801, an NMDA antagonist acts on the glutamate
receptor, and inhibit excitotoxicity caused by UL8666A. Besides the parameters that were
tested in our study, as oxidative stress, antioxidant cnzymes and concrgy mctabolism,
causing the drug to mimificar NPC other biochemical parameters of the cells, which were
not tested i our study may be tested with this model animal, thus contributing to a better
understanding of the discasc. We can still make usc of substances that reduce the
excitotocicidade caused by increased cholesterol, observed in NPC, such as the NMDA
receptor antagonist, MK-801, which can become viable tools to aid in the treatment of
ncurodegencrative discascs related to excitotocicidade glutamatergic.
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I.1IERROS INATOS DO METABOLISMO

Os dinimicos padrdcs do mctabelismo represcntam continuas movimentagocs
através dec produtos intermedidrios, mas a faléncia dc um tdnico passo afcta o fluxo,
causando acimulo de substrato ou deficiéneia de um produto levando a um Erro Inato do
Metabolismo {EIM) (Dherai, 2012). Os EIM sdo ocasionados, portanto, por uma falha de
sintesc, degradacdo, armazenamento ou transporte de molceulas no organismo (Sainz, ct al.,
2002: Araujo, 2004).

Tais defeitos no metabolismo sfo considerados a causa dos EIM, em que a auséncia
de um produto esperado, acimulo de substrato da etapa anterior interrompida ou o
surgimento de uma rota metabdlica alternativa podem levar ao comprometimento dos
processos celulares (Araujo, 2004).

Quando os EIM sio mencionados, o que pensamos € que $do extremamente raros e
que ocorrem em pequenos segmentos da populacio. Apesar de serem individualmente
raros, sua frequéncia conjunta é alta, aproximadamente 1:1000 nascidos vivos, resultando
ao redor de 20% das mortes por docngas genéticas ¢ ao redor de 38% dc docncgas
neurologicas hereditirias ou doencas de deposito (Dherai, 2012). Segundo Martins et al.
{2006), sfio descritas mais de 500 doencas classificadas como EIM. Scliz et al., (2007)
ainda rclatam que os mesmos ocorrem cm todos 0s grupos ¢tnicos ¢ cxistem cm todos 0s
continentes.

Em grande parte sdo doencas que afetam todo o organismo e podem se manifestar

em qualquer faixa etdria, fazendo com que médicos de diferentes especialidades devam



atentar aos sinais e sintomas de vm erro metabdlico em qualquer paciente que porventura,
possa scr encaminhado aos scus cuidados (Martins, 1999; Araujo, 2004).

Virias sdo as maneiras pelas quais os EIM podem ser classificados. Saudubray et al
(2012) categorizaram os EIM em wtés grandes grupos, conforme suas caracteristicas
fisiopatologicas:

a) Grupo I- EIM gque culminam cm intoxicacfio: Essc grupo cnvolve distirbios do
metabolismo intermedidrio que levam i intoxicacio aguda ou progressiva do
acumulo de compostos toxicos, secundirio no comprometimento das vias de
metabolizacdo de pequenas moléeulas.

b) Grupo II- EIM envolvendo metabolismo cnergético: Essc grupo envolve distirbios
cuja clinica € decorrente de alteracoes de produgiio e consumo energéticos. Em sua
maioria, sdo provenientes de distirbios do figado, miocirdio, misculo, cérebro
entre outros tecidos.

¢) Grupo III — EIM cnvolvendo moléculas complexas: Esse grupo inclui docngas que

alteram a sintesc ou o catabolismo de moléeulas complexas.

1.1.2 AS DOENCAS LISOSSOMICAS DE DEPOSITO (DLDs)

Os lisossomos sdo responsdvets pela reciclagem dos constituintes celulares que
contenham catabdlitos enzimdticos operando em meio dcido (Valayannopoulos et al.,
2011). Estio presentes em todas as células, porém sdo mais abundantes nas fagocitdrias,
como 0s macrofagos ¢ leucdcitos. As cnzimas hidroliticas presentes nos lisossomos sao
segregadas no reticulo endoplasmdtico rugoso e transportados para o Aparelho de Golgi,

onde sdo empacotadas nas vesiculas. As macromoléculas a serem digeridas sdo
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introduzidas por meio da fagocitose, a fim de serem degradadas. Os catabdlitos originados
da digestao intralisossomal ditundem-sc através da membrana ¢ entram no citosol onde sfio
utilizados pelo metabolismo  celular. As  enzimas  lisossOmicas  degradam  diversos
substratos, como oy glicosaminoghcanos, esfingolipidios, glicolipidios e ghcoproteinas
{Junqueira e Cameiro, 2004).

As docngas de depésito lisessdmico (DLDs), também conhecidas como desordens
de actimulo lisossomal compreendem um grupo de mais de 60 EIM causados por alteracoes
na atividade, modificacdes pds-traducionais e no trifego de hidrolases lisossomais, bem
como cm proteinas de membrana ¢ de transporte, resultando na cxpansio do cspaco
cndossomal/lisossomal nas células (Lachman ct al., 2004; Heard ct al., 2010).

As DLDs afetam virios tecidos e 6rgios ocasionando fendtipos complexos, com
variaghes nas manifestacdes neuroldgicas, digestivas e esqueléticas (Parenti, 2009). De
maneira geral, as doengas relacionadas ao sistema nervoso central apresentam uwm cardter

progressivo promovendo alta debilidade cognitiva ao pacicnte.

1.2. O SISTEMA NERVOSO CENTRAL E O COLESTEROL

O Sistema Nervoso Central (SNC) ¢ um sistcma que contém grande quantidade de
colesterol comparado aos demais. Em humanos, o cérebro compreende cerca de 2% do
peso corperal, mas estima-se que 25% do colesterol livre no corpo seja encontrado no SNC
{Dietschy e Turley, 2001). Esse sistema € composto de células nervosas, os neurdnios €
varios tipos dc cflulas cspecializadas, as cClulas  gliais que sfo os  astrocitos,

oligodendrécitos e microglias (Fields e Stevens-Graham, 2002).



Os astrdcitos estiio intimamente associados com sinapses neuronais e tém sido
associados a uma grande quantidade de fungdes: funcoes do tecido conjuntivo, participagao
na formacdo da barreita hemato-encefilica, participacio em eventos de teparacido e
reciclagem no SNC (Siegel et al., 1999). Pesquisas sugerem que neurdnios maduros in vive
dependem de colesterol derivados de astrocitos (Nieweg et al., 2009).

As cf€lulas adquircm colesterol via lipoproteinas contendo colesterol através de
endocitose mediada por receptores (Brown e Goldstein, 1986).

Quase todo colesterol do cérebro € sintetizado in sif €, como nao atravessa a
barrcira hematoencefélica (BHE) a partir da circulagfo periférica, scu cxcesso ¢ convertido
a 24-5-hidroxicolcsterol. Estc facilmente atravessa a BHE ¢ permite a liberagéo didria de
cerca de 6-7 mg de colesterol a partir do cérebro (Dietschy e Turley, 2001). Astrécitos
produzem colesterol e apolipoproteina E (APOE) que em conjunto com os fosfolipidios,
geram lipoproteinas que sfio semelhantes em tamanho as lipoproteinas de alta densidade
(HDL) do plasma (Boyles ct al., 1985). No SNC. os lipidios sdo transportados por cssas
lipoproteinas ¢ cssas particulas que circulam no liquor sao ricas em apoliproteinas E,
principal proteina constitutiva do HDL (Lipoproteina de Alta Densidade) cerebral
{Dietschy and Turley, 2001). Transportadores de colesterol, incluindo Transportador
Casscte dec ATP-Al (ABCAIl), Transportador Cassctc de ATP-G1 (ABCGI) ¢
Transportador Cassete de ATP-G4 (ABCG4) desempenham papéis cruciais na regulacio
lipidica do SNC (Reinshagen et al.,, 2009). Cabe lembrar que a camada dupla de
fosfolipides que compde a membrana neuronal regula a fluidez, influencia o nimero ¢ a
afinidade dos rcceptores nela ligados ¢ modula os processos de transducio de sinais. Os

fosfolipidios s80 os principals componentes da membrana neuronal e servem como
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substrato para a sintese de mediadores intra e extra-celulares, aumentando assim, sua
releviéincia para a neurotransmissio (Gattaz, 2000).

Funcdes neuronais  essenciais  dependem  da  disponibilidade de  colesterol.
Essencialmente todo o colesterol no SNC estd na forma ndo esterificada (Bjorkhem e
Meaney, 2004). O colesterol € essencial para manutengio de nma membrana plasmadtica
intacta, 0 quc ¢ neeessario para manter © ambicnte de ions nccessarios para a geragdo ©
propagacio de potenciais de acgio (Pfrieger, 2003a). A disponibilidade de colesterol estd
envolvida na morfogénese do SNC durante o desenvolvimento {(Engelking et al., 2006). As
membranas miclinicas sdo ricas cm colesterol assim como cm outros lipidios (Saher ct al..
2005). A baixa guantidade de miclina leva a disfungéo ncuronal, como ¢ cvidenciado pela
desmielinagio em desordens neurologicas severas, como na esclerose miltipla (Genain et
al., 1999),

O interesse sobre o metabolismo do colesterol no SNC, surgiv quando se observou
quc o colesterol cstd envolvido na docnga de Alzheimer. Defeitos na biossintese de
colesterol também t&m sido descritos cm vérias doengas neurodegenerativas, cntre clas a
doenga de Huntington, uma desordem neurodegenerativa autossdmica progressiva (Corder

et al., 1993).

1.3. DOENCA DE NIEMANN PICK

A Doencga de Niemann- Pick (NPD) € uma doenca genética autossdmica recessiva
(MIM: 607608) guc resulta num metabolismo cclular lipidico anormal, descrita pela
primeira vez nos finais dos anos 20 por Albert Niemann e Ludwig Pick. Tal como outras

DLDs, é uma doenca rara ¢ mundialmente dispersa {Cho, et al., 2009; Rodriguez- Pascan,
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et al., 2009). A NPD ¢ um grupo de esfingolipidoses, uma das subdivisdes das DLDs,
caracterizadas pelo acumulo de lipideos no bago, figado, pulmdces, medula 6ssca ¢ cérebro.
Elas podem resultar de uma mutacdo no gene SMPDI (sphingomyelin phosphodiesterase 1)
que codifica a enzima ASM (acid sphingomyelinase enzyme), dando origem aos tipos Ae B
da doenca, ou de wma mutagdo nos genes Npcl ou Npc2, dando origem ao tipo C da
docnga.

Os pacientes com tipo A (DNPA) e B (DNPB) da doenca de Niemann- Pick tém
uma deficiéncia na atividade da enzima esfingomielinase dcida (ASM), enzima esta
responsdvel pela hidrélise de csfingomiclina nos lisossomas (Ledesma ct al., 2011). O
cspectro clinico desta desordem € variavel. No tipo A, cm que a enzima ASM cncontra-sc
praticamente inexistente, a crianca morre por volta dos 2-3 anos de idade (Ledesma, et al.,
2011). No tipo B, em que a enzima ASM € produzida de uma forma deficiente, as primeiras
manifestacdes clinicas poderdo ocorrer apenas na adolescéncia ou no jovem adulto, levando
a uma mortc prematura (Thurberg ct al., 2012).

Os tratamentos para DNP sao limitados, sendo a maioria deles constituidos por
cuidados de apoio. Os transplantes de orgdos t€m sido tentados com relativo sucesso. As
perspectivas futuras incluem terapia de reposi¢io enzimdtica e terapia génica. Transplante
dc medula éssca tem sido rcalizado come tratamento de suporte para DNPB, além dc
cuidados nutricionais, medicagio, fisioterapia e acompanhamento por especialistas,
medidas estas que podem ajudar na qualidade de vida do paciente (McGovern e

Schuchman, 2009).
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1.3.1 DOENCA DE NIEMANN- PICK TIPO C

A doenga de Niemann Pick tipo C (DNPC) ¢ uma desordem progressiva,
hereditdria, autossOmica tecessiva de acldmulo lisossomal causada por acdmulo de
colesterol néo esterificado e outros lipidios acumulados em endossomos/ lisossomos tardios
(LE/L) dc todas as cflulas ¢ tecidos, principalmente em células hepaticas ¢ nervosas.

As manifestagBes clinicas sdo heterogéneas ocasionando, na maioria das veres,
disfunc¢io hepdtica e severa neurodegeneracfio {Carstea et al., 1997; Millard et al., 2005;
Vandce ¢ Peake, 2011). Ataxia progressiva, hepatoesplenomegalia variavel, paralisia ocular
vertical, caracterizam o fendtipo classico (Patterson ct al., 2007; Imric ct al., 2007). Essa
desordem ocorre em aproximadamente 1 em 120.000 individuos (Vanier, 2010). Sua
manifestaciio ocorre geralmente entre a metade da infancia e adolescéncia . A morte ocorre
geralmente até a terceira década de vida.

A causa da docnca dc DNPC ¢ diferente daguela da DNPA ¢ DNPB que sao
causadas por defeitos no gene da esfingomiclinase dcida lisossomal (Ledesma ct al., 2011).
A DNPC € causada por mutacdes nos genes codificadores da proteina Niemann- Pick Cl1
{NPCI- 18gl1-12) ou NPC2 (14g24.3), que levam a disfuncdo e actimulo de colesterol
ndo-csterificado, csfingomiclina, fostolipidios ¢ glicolipidios no bago ¢ figade. Conforme
Liscum e Sturley (2004), os glicolipidios encontram-se muito elevados no cérebro e
observa-se deficiéncia parcial da esfingomielinase em fibroblastos como consequéncia
secundaria ao sequestro lisossémico do colesterol, inclnindo acimulo de gangliosideos
GM2 ¢ GM3 cm cspago intrancuronal (Vanicr ct al.,, 1999; Walkley ct al., 2004).
Fibroblastos em cultura apresentam uma deficiéneia na sintese de ésteres de colesterol néo-

esterificado nos compartimentos intra-vesiculares.
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Aproximadamente 95% dos casos de DNPC sdo ligados a mutagtes no gene NPC1
¢ 4% dos casos cstdo ligados a mutagdes no gene NPC2 (Vanicr, 2010). Muitas das
mutagdes NPCT sdo mutagdes pontuals missense, ¢ mais de 200 diferentes mutacdes NPCI
tern sido vistas em pacientes (Vanier, 2010).

A proteina NPCl nativa é uma glicoproteina bastante grande, com 1252
aminodcidos dc membrana que cstd localizada cm endossomos tardios. Ela apresenta 13
dominios transmembrana e interage transitoriamente com lisossomos e com 4 rede trans-
Golgi. Ela possui um dominio de esterol e mostra homologia com os dominios da HMG-
CoA redutasc ¢ SCAP (proteina ativadora de clivagem de SREBP), a qual ¢ agil para
regular positivamentc a sintesc dc colesterol ¢ absorgdo). Dois dominios podem
desempenhar um papel de interagbes proteina- proteina; um “loop™ rico em cisteina com
um motivo dedo- anel onde estido aproximadamente 1/3 das mutacoes descritas e um
dominio altamente conservado com um motivo ziper de leucina, localizado na cauda N-
terminal onde ha um local de ligagio de colesterol (Stortch ¢ Xu, 2009; Vanicr, 2010).

Ao contriario da proteina NPC1, a proteina NPC2 ¢ pequena, com apenas 132
aminodcidos, tendo um peptideo sinal adicional de 19 aminodcidos. Essa pequena
glicoproteina lisossomal € solivel, secretada e recapturada. Ela € transportada para os
lisossomos através de um receptor de manosc-6-fostato que sc liga ao colesterol (Storch ¢
Xu, 2009). A mutacio p.S120P € observada em pacientes com inicio juvenil e forma
neuroldgica progressiva e tem sido fundamental para elucidar o significado funcional do
sitio de colesterol na ligacdo da proteina NPC2 (Infante et al., 2008).

Acredita-se que as proteinas NPC1 ¢ NPC2 ambas ligam-sc ao colesterol. NPC1
liga-se ao colesterol com alta afinidade numa proporcao molar de 1:1 e NPC2 rapidamente

transfere colesterol, mas nido glicoesfingolipidios, ceramida, fosfolipidios ou acidos graxos
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entre lipossomas fosfolipidios ou membranas in vitro (Wang et al., 2010). Estudos recentes
indicam que o papel das proteinas NPC1 ¢ NPC2 no transporte de colesterol & restrito a
exportacdo lisossomal. Oy dados atuais sugerem que o movimento retrégrado do colesterol
a partiv da membrana plasmidtica para o RE ndo requer NPCT e que a implicagio destas
proteinas no processamento celular de colesterol endégeno ainda € tema de discussao

(Vanicr, 2010).

1.4. ENZIMAS LISO5SOMAIS E A DNPC

1.4.1 ESFINGOMIELINASE ACIDA

A esfingomielinase dcida (ASM) é uma fosfodiesterase da familia  das
metalofosfatases que se distribuem de forma ubiqua em todos os tecidos dos mamiferos
(Sakuragawa, 1982; Yamanaka ¢ Suluzi, 1982; Quintern ct al., 1987).

Na estrutura da ASM. entre o aminodcido 1 ao aminodcido 46, localiza-sc a regiao
de sinalizagdo de peptideo e, do aminodcido 89 até o 165 existe um dominio que apresenta
uma elevada homologia com a sequencia de saposinas (SAP) (Ponting, 1994). As SAP séo
proteinas ativadoras que sdo necessarias como cofatores para amagao de algumas hidrolascs
de esfingolipidios. O dominio SAP da ASM € essencial para a atividade catalitica da
enzima, ¢ acredita-se que também possa formar uma estrutura tercidria compacta que
estabilizaria a proteina contra as condigdes agressivas dos lisossomos. A regido terminal da
ASM néo contém nenhum dominio funcional reconhecivel, porém cstudos demonstram que
é crucial para a estrutura e conformacio da proteina e, por sua ver, estd envolvido na

funcio enzimatica e sua secrecio (Lee et al, 2007).
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Em toda a sua estrutura existem seis lugares de N-glicosilacdo, seis pontes
dissulfcto ¢ muiltiplos lugarcs de fosforilacfio {Lasmann ct al., 2003). A localizagdo de ASM
ndo se Himita exclusivamente ao interior dos lisossomos.

A ASM possui um  papel importante na regulagdo do metabolismo  dos
esfingolipidios mediante a hidrdlise de esfingomielina e € uma enzima chave na producio
dc ccramida que intervém nos mais diversos processos celulares, scndo assim de grande
importincia. A ASM tem um papel como mediador biogquimico de diversos estimulos,
quando as células sio expostas a certos estimulos apoptoticos, a ASM se transloca do
lisossomo para a membrana plasmdtica. rica em csfingomiclina, gerando dominios de
membrana ricos em ccramida (rafts). Estes microdominios funcionam como platatormas de
sinalizagdo que permitem o agrupamento de receptores e a transmissio do estimulo
apoptotico  (Gulbins, 2003). A ASM também € essencial para a organizacio e
funcionamento das membranas celulares neuronais, onde hd o acimulo de esfingolipidios,
sc rclacionando assim com a fluidez da membrana (Galvan ct al., 2008).

Recentemente, Bianco ct al., (2009) descobriram uma nova fungio para ASM: a
liberacio de microparticulas provenientes da membrana plasmdtica. As microparticulas sio
microvesiculas que transportam moléculas que contribuem na comunicacéio intercelular.

A atividade da ASM cncontra-s¢ normal cm tecidos ¢ leucdeitos de pacientes com
DNPC. Em culturay de fibroblastos pode-se encontrar uma deficiéncia parcial da enzima
come consequéncia secunddria do actimulo de colesterol. Tendo em vista que a interacio
entre os lipidios nfio € igual, lipidios que interagem e/ou empacotam mais eficazmente tém
tendéncia a scparar-sc naturalmente para formarcm cspontancamentc dominios na

membrana. Os dominios formados pelo colesterol e pela esfingomielina tém sido um dos
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assuntos mais controversos ¢ estudados nos tltimos anos {Nakashima et al., 1986; Simons
ct al., 2004; Lingwood ct al., 2009).

Muitos artigos apresentam tesultados mostrando que o colesterol interage melhor
com a esfingomielina do que com qualguer outro fosfolipidio (Ohvo-Rekila et al., 2002). A
velocidade de desorcio do colesterol em bicamadas contendo esfingomielina € mais baixa
do quc a velocidade da desorgao contendo qualquer outro tipo de fosfolipidio. Em misturas
bindrias  contendo  esfingomielina e outros  fosfolipidios, o colesterol  anula
preferencialmente a transicdo de fase de esfingomielina, indicando a interacio preferencial

com as moléculas deste lipidio (Simons ct al., 2004).

1.4.2. B-GLICOSIDASE (GBA)

Os lisossomoes contém cerca de 40 enzimas hidreliticas, incluindo proteases,
nuclcases, glicosidases, lipascs, fosfolipascs, fosfatascs ¢ sulfatascs. Estas cnzimas sao
todas hidrolases dcidas, enzimas que clivam ligacdes através da adicio de dgua. Muitos dos
produtos de digestdo lisossomal retornam para o citosol. Portanto, os lisossomos sdo
envolvidos em reciclagem desses compostos {Alberts et al.. 2010; Lieberman et al., 2013).

Devido & ampla varicdade de ligagdes glicosidicas que ocorrem naturalmente, nos
mais diversos seres vivos, desde plantas, bactérias. incluindo os seres humanos existe uma
diversidade de enzimas, denominadas glicosidases, cuja funcio é a clivagem destas
ligacdes. Esta diversidade €, presumivelmente, consequéncia da natureza diversa de seuns
substratos, ¢ tamb¢ém das difcrentes solucdes cvoluciondrias para o problema da construcio

de sitios ativos capazes de hidrolisar ligactes glicosidicas (Whiters, 2001). Especificamente



as GBAs formam um grupo altamente heterogéneo de enzimas hidroliticas (Bhatia et al.,
2002).

A deficiéneia ou superexpressdo da GBA estd associada a diversas desordens
metabdlicas. A principal condicdo humana associada a deficiéneia desta enzima € a doenca
de Gaucher. As mutacdes afetam a GBA lisossomal humana, uma enzima associada a
mcmbrana, ¢ a tornam incapaz de degradar scu substrato glicoccrcbrosideo, cm ccramida ¢
glicose (Grabowski et al. 1990). Glicocerebrosideos podem também se acumular no
exterior dos lisossomos em ontros tipos de células, levando a quebra ou producgio de outros
complexos glicolipidios (ex: glicoestingolipidios) que sdo particularmente cncontrados no
bago. Perda da homceostasia do cdlcio relacionada ao acimulo de glicocercbrosidco nos
neurdnios contribui para as manifestacdes neuroldgicas da doenga.

A atividade da GBA poderd apresentar-se normal ou levemente diminuida em

pacientes com DNPC em fibroblastos, mas principalmente em leucécitos (Lo et al., 2010).

1.4.3. B-GALACTOSIDASE (GLB)

A GLB, € uma enzima hidrolitica que catalisa a hidrélise do B-glicosidio em
monossacaridcos. A atividade nao-redundantc da GLB lisossomal garantc a corrcta
degradacio de glicoconjugados [3-galactosil em lisossomos e contribui para a manutengio
da homcostasc cclular. Esta cnzima cliva com alta afinidade o sialo-glicoconjugado G,
extremamente abundante em membranas neurais. Do Gmi. a galactose € removida

produzinde Gy, e de Gy o residuo de N-acetilgalactosamina é separado para formar G,
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pela acdo da GLB ¢ da [3-N-acctilhexosaminidase, respectivamente (Tettamanti 2004
Dorland, 2006).

Esta enzima € uma glicoproteina sintetizada em uma forma precursora com peso
molccular de 88 KDa que, apés processamento, dd origem a uma cnzima madura com 64
KDa, contendo de 7,5 4 9% de carboidratos em sua estrutura (Frost et al_, 1978).

Defeitos genéticos que afetam a funcio da GBA em humanos, além de causarem um
acumulo anormal ¢ progressivo de Gy em células de indimeros tecidos, também produzem
um efeito devastador no SNC, resultando na doenca neurodegenerativa de acimulo de G,
a gangliosidose Gy ou a doenca de Morguio tipo B (Okada e O’Brien, 1968; Suzuki et al.,
2001).

Nio hd na literatura, trabalhos que associem um auwmento ou diminuiciio da

atividade da B-galatosidasc na DNPC.

1.5. ENZIMA NAYK"- ATPASE E O COLESTEROL

A Na’, K*-ATPase € uma enzima transmembrana que catalisa o transporte ativo de
sddio ¢ potdssio através da membrana celular. Esse wransporte ¢ de grande importincia visto
que mais de um ter¢o de ATP consumido € utilizado para bombear tais fons. A Na*, K'-
ATPase esta presente em praticamente todas as células, incluindo o cérebro (Aperia, 2007).
Ela consome cerca de 40- 60% do ATP cercbral para manter o gradiente cletroquimico
necessdrio a excitabilidade neuronal, regulagio do volume celular, balango osmdtico e para
o transporte de moléculas ligadas ao co-transporte de Na™; como glicose, aminodcidos e

ncurotransmissorcs { Erccinska ¢ Silver, 1994, Kaplan, 2002; Jorgensen ct al., 2003).



Sua organizacio cstrutural consiste de uma subunidade alfa (o) ¢ de uma beta ().
Em humanos, identificou-se 4 isoformas da subunidade o (¢ 04) e trés isoformas de
subunidade B (Bi-Bs). Frequentemente, encontram-se associadas & Na', K'-ATPase,
proteinas de membrana FXYD (Familia de pequenas proteinas de membrana contendo
dominio regulador no transporte de 1ons), tamhém referidas como subumdade gama () as
quais influcneiam na atividade deste complexo enzimatico (Reinhard ct al., 2012).

Dados da literatura sugerem que a expressdo ¢ a atividade da Na', K'-ATPasc ¢
modulada por miltiplos mecanismos, em resposta 4s necessidades celulares (Therien e
Blostein, 2000). Nesse contexto, a atividade dessa enzima pode ser inibida por radicais
livres, produtos de lipoperoxidacido e alteragdes na fluidez da membrana (Dencher et al.,
2007). Acrcdita-sc quc a Na*, K™-ATPasc mantém rcsiduos cm microdominios de
membrana especializados chamado caveolas e interagem com caveolina-1 (Wang et al.,
2004). Além do envolvimento na biogénese da caveola, caveolina é envolvida no trdfego de
colesterol da membrana plasmdtica (Uittenbogaard ct al., (2002). Reciprocamente, o
colesterol da membrana plasmatica controla a mobilidade e o trafego de caveolina- 1 (Park
ct al., 2009; Hayver ct al., 2010). Curiosamente verifica-se que a acfio de Na*, K™-ATPasc
interage diretamente com caveolina-1 (Cai et al., 2006). Além disso, essa interagdo nio
regula somente o trifego e mobilidade de caveolina-1, mas também tem um importante
covolvimento na manutengdo do colesterol na membrana plasmdtica ¢ na regulacio
intracelular no trifego de colesterol (Chen et al., 2009). Considerando a importincia da
Na*, K'-ATPase para o funcionamento normal do organismo e do SNC, e seu papel
fundamental na manutencdo do gradiente elétrico da membrana celular, a inibi¢do dessa

cnzima tem sido associada a fisiopatologia de diversas docngas, como a isquemia cercbral
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{Wyse et al., 2000), epilepsia (Grisar, 1984), desordens neurodegenerativas (Yu, 2003),

criscs convulsivas (Renkawcek ct al., 1992), docngas de Alzheimer (Hattori ct al., 1998).

1.6. ESTRESSE OXIDATIVO E AS DOENCAS NEURODEGENERATIVAS

Nos tltimos anos, diversos cstudos cm modclos animais ¢ cm pacicntes vém
demonstrando 4 participagdo do estresse oxidativo na fisiopatologia de alguns EIM
intermediario, incluindo as acidemias orgénicas, as doengas peroxissomais, os defeitos de
oxidac@o mitocondrial de acidos graxos ¢ as aminoacidopatias (Vargas ct al., 2004; Wajner
ct al., 2004; Barschak ct al., 2006; Schuck ct al., 2009; Sgaravatti ct al., 2009; Ribas ct al.,
2010; Tonin et al., 2010). Acredita-se que o acdmulo dos metabdlitos toxicos efou
alteracdes no estado antioxidante nestas desordens possa levar a um desequilibrio redox,
contribuindo para o desenvolvimento dos sintomas, principalmente o neuroldgico, apesar
dc o mecanismo responsavel pelo estresse  oxidativo nos EIM  ainda ndo  cstar
completamente cselarecido.

Espécies Reativas de Oxigénio (ERO) sio normalmente encontradas em organismos
vivos em baixas concentracdes. de forma equilibrada (Droge, 2002). Quando hi uma
diminui¢do nas defesas antioxidantes ¢/ou um aumento na concentragdo intracclular de
espécies reativas, ocorre o estado denominado de estresse oxidativo, onde os RL (Radicais
Livres) comecam a produzir danos as macromoléculas bioldgicas como lipidios,
acarretando na alteracio da permeabilidade de membranas celulares, proteinas,
desencadeando a oxidacdo destas, ¢ lesocs no DNA, promovendo dessa forma, dano
tecidual e até mesmo morte celular (Bechman e Ames, 1998; Ramos- Vasconcelos et al.,

2000; Halliwell e Gutteridge, 2007).
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Uma série de estudos confirmam que o aumento do estresse oxidativo tem sido um
dos fatores que contribuem para a patofisiclogia do SNC.

O estresse oxidativo, o qual € decorrente de um desequilibrio entre as defesas
antioxidantes e oy radicais livres, pode estar relacionado a indmeras doengas, tais como:
aterosclerose, cincer, doenga de Alzheimer e outras doencas neurodegenerativas cronicas.

Um ndmere crescente de situagdcs patoldgicas cnvolvende o SNC, incluindo
doengas neurodegenerativas, convulsdes, isquemia/reperfusdo e deméneia, tém  sido

assocladas ao estresse oxidativo (Halliwell, 2006a).

1.7. FILAMENTOS INTERMEDIARIOS E A DNPC

FlIs (Filamentos intermedidrios) sdo os maiores constituintes do citoesqueleto celular
e sofrem ativamente montagem e desmontagem via ciclo fosforilacio/defosforilacio
(Klymkowsky, 1995).

A proteina glial fibrilar dcida (GFAP) € o principal FI de astrécitos maduros, ¢ por
esse motivo € considerada um marcador dessas células. A vimentina (vim) € o FI expresso
em células mesenquimais, além de ser encontrada nos astrécitos imaturos (Alberts et al.,
2008). B importante, ressaltar que células sem FI de vimentina sdo incapazces de transportar
LDL colesterol derivado de lipoprotefnas de baixa densidade dos seus lisossomos para o
RE (reticulo endoplasmatico) por esterificacdio (Sarria et al,, 1992), um fendtipo que €
semelhante ao observado nas células com DNPC.

O papel estrutural da GFAP cm astrocitos ¢ conhecido ha bastante tempo. Porém.,
nos dltimos anos, ela tem se mostrado importante em diversas fungdes astrocitirias como

regeneracdo apds processos patoldgicos, plasticidade sindptica, gliose reativa, manutencio
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da forma, migraciio celular e como alvo de vias de transdugio de sinais. Além disso, a
GFAP participa dc um sofisticado sistcma de comunicacdo cntre 0s astrécitos ¢ ncurdnios
{Middeldorp e Hol. 2011).

Virias doencas apresentam aumento na expressdo de GFAP, como a doenga de
Alzheimer, encefalomielite, esclerose multipla (Eng e Ghimikar, 1994) e doen¢a de
Alexandcr (Middeldorp ¢ Hel, 2011). Por outro lado, cstudos com animais knockout para a
GFAP tém mostrado que falta dessa proteina parece tornar os astrocitos menos eficientes
em lidar com estados agudos de injurias no SNC (Pekny e Pekna, 2004).

Ja fo1 observado um deeréscimo na fosforilagao de vimentina solivel ¢ um aumento
na vimentina inselivel cm fibroblastos humanos com DNPC (Walter ct al., 2009),

provavelmente desequilibrando o ciclo de vimentina.

1.8(+)5-METI1L-10,11-DIHIDRO-5H-DIBENZENO| A-B |CICLOHEPTANO-5-10-

AMINO (MK-801)

Dizocilpina também conhecido como (+)5-metil-10,11-dihidro-5H-dibenzo[a.b]-
cicloheptano-5-10-amine ou MK-801, € nm antagonista nio competitivo do N-Metil-D-
aspartato {NMDA) que ¢ um receptor de glutamato, sendo este, um dos neurotransmissorcs
primdrios do cérebro. Pesquisas recentes tém relatado a toxicidade do glutamato sobre
células neureonais {excitotoxicidade) e que o uso do antagonista do receptor NMDA {como
o MK-801) teriam um efeito neuroprotetor em diversas situacgbes, por diminuirem a
ativacao dos receptores glutamatergicos (Luby ct al., 1959; Korpi ct al., 1987).

Os antagonistas do receptor NMDA, incluindo o MK-801, tém sido extensivamente

estudados para utilizagdo no tratamento de doengas com componentes de excitotoxicidade,

29



tais come acidente vascular cerebral, lesfio cerebral tranmadtica, e doencgas
ncurodegencrativas, como a Docenca de Huntington, Docnca de Alzheimer, ¢ Esclerosc
Lateral Amiotrdfica. O MK-801 tem sido efetivo na prote¢io dos neurdnios em culturas de
c€lulas e na neurodegeneracio excitotoxica de modelos animais (Mukhin et al,, 1997;

Ayala e Tapia, 2003; Kocaeli et al., 2005).

1.9 3-B- [2- (DIETI LAMINO) ETOXI] ANDROST-5-EN-17-ONA (U18666A)

A amina hidrofoba mais cspecifica ¢ clicaz utilizada para criar um fenétipo de
DNPC ¢ a 3-pB- [2- {(dicti lamino) ctoxi] androst-5-cn-17-ona {U18666A), quc contém uma
estrutura de anel hidrofdbico associado com um estrutura lateral ramificada e um grupo
amino que inibe o transporte de colesterol intracelular. Descrito hd 30 anos, ela inibe a
enzima desmosterol redutase (Cenedella e Bierkamper, 1979), responsdvel pela redugio do
desmosterol na biossintese do colesterol, ¢ também blogueia o transporte de colesterol-LDL
a partir de lisossomos para o reticulo endoplasmadtico (Eiscle et al., 1997).

O U18666A redur a quantidade de colesterol que atinge o reticulo endoplasmético e
impede o movimento de colesterol entre os compartimentos lisossomais € a membrana
plasmatica, ¢ da membrana plasmdtica para outros compartimentos intracclularcs (Lange ¢
Steck, 1994). Ele pode também atuar sobre a atividade ou a sintese de outras proteinas ou
lipidos que facilitam o movimento do colesterol e alteram a distribvicdo celular da proteina
NPCI.

Em 1973, Jurgelski ct al., utilizaram pcla primeira vez o UT8666A para mimcetizar o
fenétipo de DNPC em fibroblastos de gambas. Os resultados confirmaram os encontrados

{actimulo de colesterol) em pacientes com DNPC. Apds esse trabalho. outros foram

30



realizados. Em 1978 Bierkamper e Cenedella, conseguiram comprovar em fibroblastos de
ratos recém-nascidos, o mesmo actimulo de colesterol que cra cncentrado cm fibroblastos
de pacientes com DNPC. Estudos de Lange et al., (2002), realizados em fibroblastos
humanos mostraram que o bloqueio no transporte de colesterol por UIB666A ¢ o aumento
dos niveis de colesterol no citoplasma celular foram semelhantes aos realizados em
fibroblastos dc scres humanos com a docnga. Camundongos knockout para DNPC (NPC ™),
apds  utilizagio de U1B666A, também demonstraram um aumento de colesterol
citoplasmadtico, compativel com aquele encontrado em fibroblastos de humanos com a
docnca (Sdcz ct al., 2013).

A utilizacdo destc composto para imitar a DNPC cm astrécitos dec ratos ou
camundongons selvagens, ndo knockout, ainda nfio foi relatada, bem como o efeito da
acumulacio de colesterol em astrocitos, produzida por UI8666A sobre a atividade de

hidrolases lisossomais, estresse oxidativo e citoesqueleto celular.



2. OBJETIVO

2.1 Objetivo Geral
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O proposito desse estudo foi observar se a droga U18666A induzia o actimulo de
colesterol no citoplasma dos astréeitos de ratos jovens, mimetizando a DNPC. Em caso
afirmativo, observar o efeito deste acimulo de colesterol sobre a atividade de algumas
hidrolases lisossomais, sobre alguns parimetros de estresse oxidativo e do metabolismo
energético e sobre a hiperfosforilacio de filamentos intermedidrios, no intuito de verificar
altcragOcs bioguimicas quc possam contribuir para o cntendimente dos mecanismos

responsdveis pelo dano cerebral apresentados por individuos com DNPC.

2.2 Objetivos especificos

Capitulo It

Administrar a droga UT8666A em culturas de astrocitos de ratos jovens comparando com

culturas onde ndo foi adicionada a droga e observar:

1) A curva dosc-resposta com a droga Ul8666A para cstabelecer a melhor dose ¢ tempo de
incubacio,

2) O padrio de fluoreseéneia perinuclear de colesterol quanto ao ndmero de pixels,

3) A quantidade de colesterol citoplasmatico,

4) A mcdida da atividade das cnzimas cstingomiclinase, pB-glicosidasc ¢ B-galactosidasc

[SV]
(V]



Capitulo 1

Analisar os cfcitos descncadeados pelo aumento de colesterol cm astrécitos de ratos jovens,
apds a administragdo da droga UT8666A, observando:

1) A atividade da NA"/K*- ATPASE,

2) A atividade das enzimas antioxidantes SO e CAT,

3) A mcdida dc TBARS,

4y O conteddo de sulfidrilas e de carbonilas,

3) Os niveis de éxido nitrico.

Capitulo 1II:

Verificar os proviveis efeitos ocasionados sobre o citoesqueleto celular apds o aumento do
colesterol, provocados pela administracio da droga UI8B666A in vitro, em astrécitos de
ratos jovens, observando:

1) A fosforilacio dc filamentos intermedidrios;

2) A citotoxicidade dc U18666A sobre a GFAP ¢ a vimentina;

3) Os efeitos inibitérios de MK-801 sobre a fosforilagio de GFAP e vimentina;

4) A acio do MK-801 em relagdo ao UIB666A e a fosforilagdo dos filamentos

intermediarios.
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3. CAPITULO 1

Artigo: Effect of UIS666A on beta-glicosidase, sphingomyelinase and beta-galactosidase

activities in astrocytes of young rats Status: Publicado no Journal Membrane Biology
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Abstract Niemann-Pick type C disease (NPC) is a neu-
rodegenerative genetic disorder caused by accumulation of
lipids, especially cholesterol, in the perinuclear space.
U18666A is a cholesterol transport-inhibiting agent, being
used to mimic NPC, mainly in fibroblasts. The objective of
this study was to observe the effect of the drug U18666A,
which causes the accumulation of cholesterol in the cyto-
plasm of astrocytes from newborn rats, on some lysosomal
hydrolase activities. Filipin staining and fluorescence mi-
croscopy, through CellM software, were used for visual-
ization and quantification of cholesterol. The dose of
U18666A that provided the greatest accumulation of
cholesterol was that of 0.25 pg/mL in incubation for 48 h.
Primary rat astrocytes incubated with the drug (NPC)
showed a significantly higher amount of cholesterol than
those without UI8666A (controls). The measurement of
activity of enzymes sphingomyelinase and beta-glucosi-
dase in astrocytes of rats with NPC was significantly lower
than that of control astrocytes, which is consistent with the
disease in humans. The activity of the enzyme beta-
galactosidase showed no significant difference between
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both groups. We concluded that U18666A appears to be an
excellent intracellular cholesterol transport-inhibiting agent
affecting some metabolic pathways in astrocytes of young
rats, which mimics NPC in these animals. Just like the
change in the activity of lysosomal enzymes has been
demonstrated, other biochemical parameters of the cell can
be tested with this animal model, thus contributing to a
better understanding of the disease.

Keywords Niemann-Pick type C disease - Astrocytes -
U18666A - Cholesterol - Lysosomal enzymes

Introduction

Niemann-Pick type C disease (NPC) is a rare lysosomal
storage disorder, estimated to be in 1 case per 150,000 live
births (Meikle et al. 1997).

The disease was described as having a sub acute nervous
system involvement, with moderate/slower course and a
mild visceral storage; however, later work led to a reclas-
sification of NPC as a cellular lipid trafficking disorder,
involving more specifically endocytosed cholesterol
(Pentchev et al. 1994). In NPC disease, cells fail to esterify
exogenously added cholesterol. This disorder is charac-
terized by unique abnormalities of intracellular transport of
endocytosed cholesterol with accumulation of unesterified
cholesterol in endosomal/lysosomal compartment and the
Golgi complex (Ikonen and Holtta-Vuori 2004; Vanier
2010). Besides cholesterol sequestration, NPC cells can
also accumulate other lipids: sphingomyelin, phospho-
lipids, and glycosphingolipids accumulated in the liver and
spleen (Patterson et al. 2001), and glucosylceramide, lac-
tosylceramide, and gangliosides GM2 and GM3 accumu-
lated in the brain of affected individuals (Zervas et al.
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2001). NPC is related to a progressive neurodegenerative
phenotype and in most cases is fatal (Patterson et al. 2001).

This disease has an autosomal recessive inheritance and
is caused by mutations in genes, NPC1 (in 95 % of the
cases) and NPC2 (in approximately 4 % of the cases)
(Vanier 2010) located on chromosome 18. Mutations in
NPC1 and NPC2 genes cause severe imbalance of intra-
cellular lipid transport, leading to accumulation of unes-
terified cholesterol in perinuclear lysosomes (Liscum and
Sturley 2004). The NPC1 and NPC2 proteins both bind
cholesterol. NPC1 binds cholesterol with high affinity in a
1:1 molar ratio and NPC2 rapidly transfers cholesterol, but
not glycosphingolipids, ceramide, phospholipids, or fatty
acids, between phospholipid liposomes or membranes
in vitro (Wang et al. 2010).

NPC clinical manifestations are heterogeneous: hep-
atosplenomegaly, prolonged neonatal jaundice, respiratory
impairment, and secondary progressive neurological dis-
order. Clinical manifestations start from infancy to child-
hood, but occur most frequently during late childhood
(Vanier 2010).

Similar NPC phenotype can be induced through nu-
merous approaches and various drugs like steroids and
hydrophobic amines which have been considered to cause a
cholesterol traffic imbalance similar to NPC (Lange et al.
2000; Lloyd-Evans et al. 2008). Other proteins, like CFTR
(White et al. 2004), GULP (Kiss et al. 2006), Rabll
(Holtta-Vuori et al. 2002), PMD (Simons et al. 2002),
CREB (Lemberg et al. 2008), MLN64 (Zhang et al. 2002),
and VPS4 (Bishop and Woodman 2000), not structurally
related to either NPC1 or NPC2, also produced a storage of
cholesterol creating a NPC-like phenotype. On the other
hand, other works demonstrated that Rab proteins 7, 8, and
9 correct the cholesterol deposition in NPC human
fibroblasts (Linder et al. 2007).

The most effective and specific hydrophobic amine used
to create a NPC-like phenotype is 3-B-[2-(diethy-
lamino)ethoxyJandrost-5-en-17-one  (U18666A), which
contains a hydrophobic ring structure associated with a
branched lateral structure and an amino group that inhibits
the transport of intracellular cholesterol. Described
30 years ago, it inhibits the enzyme desmosterol reductase
(Cenedella and Bierkamper 1979) responsible for reduction
of desmosterol to cholesterol in cholesterol biosynthesis,
and it also blocks the transport of LDL-cholesterol from
lysosomes to the endoplasmic reticulum (Eisele et al.
1997). U18666A lowers the amount of cholesterol that
reaches the endoplasmic reticulum and prevents the
movement of cholesterol between lysosomal compartments
and the plasma membrane, and from the plasma membrane
to other intracellular compartments (Lange and Steck
1994). It can also act on the activity or synthesis of other
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proteins or lipids that facilitate cholesterol movement and
change the cellular distribution of NPC1 protein.

The compound U18666A has been used to mimic NPC
phenotype, because the cholesterol accumulated in the in-
tracellular space in cells treated with U18666A is similar to
the one observed in cells of patients with NPC (Vanier
2010; Wang et al. 2010; Neufeld et al. 1999; Lange et al.
2002). These studies on the blockade in cholesterol trans-
port by UI8666A and increased levels of cholesterol in cell
cytoplasm were conducted on fibroblasts from humans
(Lange et al. 2002), skunks (Jurgelski et al. 1973), newborn
rats (Bierkamper and Cenedella 1978), and NPC™/~ mice
(Saez et al. 2013). The use of this compound to mimic NPC
in astrocytes from wild rats, not knockout rat or mice, has
not yet been reported, as well as the effect of cholesterol
accumulation in astrocytes produced by UI18666A on
lysosomal hydrolase activities.

Therefore, the purpose of this study was to observe the
effect of the drug U18666A, which causes the accumula-
tion of cholesterol in the cytoplasm of astrocytes from
newborn rats, in order to show this accumulation of
cholesterol in the cytoplasm and the effect of this drug on
the some lysosomal hydrolase activities.

Materials and Methods
Animals

Wistar rats (0-3 days) from the Central Animal House of
the Department of Biochemistry, ICBS, UFRGS had free
access to water and a 20 % (w/w) protein commercial
chow. They were kept in a room with a 12:12 h light/dark
cycle and temperature of 22 £ 1 °C. The “Principles of
Laboratory Animal Care” (NIH publication n°85-2, revised
1985) were followed in all the experiments and the ex-
perimental protocol was approved by the Ethics Committee
for Animal Research of the Federal University of Rio
Grande do Sul, Porto Alegre.

Cortical Astrocyte Culture

The rats were euthanized by decapitation and the cerebral
cortex was removed. It was homogenized with CMF-BSS
buffer and placed in a 24 well-plate in DMEN—Dulbecco’s
Modified Eagle Medium (GIBCO®), supplemented with
10 % Fetal Bovine Serum (SBF) (Invitrogen). After the cells
reached confluence in culture, the medium was changed 4 h
after the total incubation time was completed, every four days.

The “multiwell” plates used for the development of
cultures were previously incubated with a substrate of
poly-L-lysine (Sigma).
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Experiments to Obtain the Time Curve with the use
of the Drug U18666A

In these experiments, the cultures were incubated with
U18666A at doses of 0.1; 0.25; 0.5; 1, and 2 pg/mL in
periods of 24, 48, and 72 h, in order to determine the op-
timal dose and time of incubation of the drug in astrocytes
so that cholesterol accumulation is apparent.

Filipin Staining

The technique of Kruth et al. (1986) was used for the ob-
servation of the amount of cholesterol accumulated after
addition of the drug. 450 pL of medium DMEN supple-
mented with 5 % of lipoprotein deficient serum (LPDS)
was added to each well of the culture plate, according to
the time set for the dose curve above. 0.73 pg/100 pL of
low-density lipoprotein (LDL) was added and subsequently
the plates were again incubated for another 24 h in CO,
incubator at 37 °C. After this period, in the dark, the cells
were washed twice with 300 pL of pre-warmed PBS and
the medium removed. Then the cells were fixed for 45 min
with 300 pL of phosphate buffered formalin 10 % and pH
7.2 in dark room. The fixative was removed and the cells
washed with PBS buffer and 0.9 % saline. Filipin staining
(0.01 % in PBS) (Sigma) was used for 45 min for the
staining of coverslips. Then the cells were washed with
0.9 % saline. For microscopic analysis, a 358 nm excita-
tion and 461 nm emission filter was used, for an exhibition
of 64 ms.

Quantification of Fluorescence of Filipin Staining

All slides were examined and photographed by NIS-
Element AR 3.10 in Nikon fluorescence microscope
(Nikon Instruments, Melville, NY). The quantification of
the fluorescence of the images was analyzed for the number
of pixels, using CellM Olympus software.

Cholesterol Dosage

Astrocyte intracellular cholesterol was determined by
fluorometric technique using the commercial kit Amplex
Red Cholesterol (Molecular Probes) according to the
manufacturer’s instructions. Thus, a four-point standard
curve, and a H,O, positive control were used, as well as the
samples that were pipetted into a black 96-well fluoro-
metric plate and flat bottom (OptiPlate™-96F, Perkin
Elmer).

Fifty microliters of reaction solution W2 (300 uL. Am-
plex Red Reagent 4+ 2 U/mL cholesterol oxidase + 0.2
U/mL cholesterol esterase) was added to the curve and
samples in all wells. The plate was kept for 30 min at

37 °C, in shaking incubator and dry heat. Afterwards,
fluorescence was measured in plate reader (Spectramax
M5-Molecular Devices) at 544 nm excitation and 590 nm
emission. The value obtained was corrected by measuring
protein levels (Lowry et al. 1951) found in the astrocytes
tested and expressed in pg of cholesterol/mg protein.

Measurement of Acid Sphingomyelinase Activity
(ASM)

A technique adapted from Pentchev et al. (1980) was used
for measuring ASM activity. Thus, '*C-10 uCi/200 uL
sphingomyelin radioactive substrate was used. After incu-
bation of the sample in substrate during 4 h while stirring
at 37 °C in dry incubator (Marconi MA-127), some pro-
cedures were performed and titration of radioactivity was
carried out in B Perkin Elmer’s scintillation system (Liquid
Scintillation Analyzer TriCarb® 2800 TR). The results
were expressed in nmol/h/mg of protein.

Measurement of Beta-Galactosidase (GLB) Enzyme
Activity

Miniaturized technique of Goldim et al. (2012) adapted
from Suzuki and Suzuki (1970) was used for measuring the
activity of beta-galactosidase (GLB): 10-20 pL of the
sample diluted in 10 pL. of NaCl 0.2 M elution buffer was
placed in a fluorometric plate, and 20 pL of the substrate
4-methylumbelliferyl B-p-galactoside 1.33 mM. After in-
cubation at 37 °C for 1 h, fluorescence was read in plate
reader (SpectraMax MS5-Molecular Devices) at 365 nm
excitation and 450 nm emission. The results were ex-
pressed in nmol/h/mg of protein.

Measurement of Beta-Glucosidase (GLB) Enzyme
Activity

The enzymatic activity of B-glucosidase was measured
according to Goldim et al. (2012) adapted from Petters
et al. (1976). 5 pL of the sample diluted in 12.5 pL of
phosphate citrate buffer 0.54 M, pH 5.5 were placed in a
fluorometric plate. Then 25 pL of the substrate 4-methyl-
umbelliferyl B-p-glycoside 10 mmol/L. (substrate) with
50 mmol/L of sodium taurocholate in distilled water. After
incubation at 37 °C for 1 h, fluorescence was read in a
plate reader (SpectraMax MS5-Molecular Devices) at
365 nm excitation and 450 nm emission. The results were
expressed in nmol/h/mg of protein.

Statistical Analysis

Data were compared by two-way analysis of variance
(ANOVA) followed by Duncan’s test when F value was
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significant (p < 0.05). All analyzes were performed using
the Statistical Package for the Social Sciences (SPSS) in a
compatible PC-computer.

Results

Determination of UI8666A Dose for the Experimental
Model

According to Fig. 1, we can see that the dose of 0.25 pg/
mL of U18666A in astrocytes from rats was the most ap-
propriate regarding the increase in cholesterol compared to
astrocytes from rats not treated with the referred substance.

In Fig. 1, it can also be seen that incubation of drug
during 48 h was more appropriate to ensure this significant
increase in cholesterol level.

Filipin staining in astrocytes indicating increase in
cholesterol can be visualized in Fig. 2.

Presence of Cholesterol in Astrocytes from Rats
with and Without Addition of U18666A

Control cells did showed no fluorescence in the cytoplasm,
indicating no accumulation of cholesterol (Fig. 2a). In turn,
cells to which U18666A (0.25 pg/mL) was added for 48 h
showed an increased amount of cholesterol in the cyto-
plasmic space, which is indicated by the intense per-
inuclear fluorescence (Fig. 2b). After quantification by
fluorescence using CellM software, the differences were
confirmed by one-way ANOVA where it was found that the
amount of cholesterol in control cells was significantly
lower than that in the astrocytes with the drug (p < 0.001).
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Fig. 1 Cholesterol concentration depending on the dose and time of
incubation of U18666A in astrocytes from rats. (@) 24 h; (&) 48 h;
(D 72h of incubation. Cholesterol was measured using CellM
Olympus software and was expressed as pixels of fluorescence. Data
are expressed as mean =+ standard deviation. (*) statistically sig-
nificant difference from the group not treated with the drug (control)
and the group with U18666A 0.25 pg/mL (p < 0.0001)
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Amount of Intracellular Cholesterol in Astrocytes From
Rats With and Without the Addition of U18666A

In an assay for quantification of intralysosomal unesterified
cholesterol accumulation using Amplex Red kit, a sig-
nificant difference (p < 0.05) was observed between con-
trol samples and the astrocytes incubated with U18666A
(Fig. 3). The cholesterol level of astrocytes that received
the drug (54.2 pg of cholesterol/mg of protein) was two
times higher than that in control astrocytes (25.7 pg of
cholesterol/mg of protein).

A significant correlation was obtained when we com-
pared the Filipin quantitation method of cholesterol de-
termination using CellM software and the measurement of
cholesterol using the Amplex Red kit (controls:
r=0.9973, p<0.04 and astrocytes incubated with
U18666A: r = 0.99, p < 0.0051.

Measurement of the Activity of Lysosomal Hydrolases
in Astrocytes From Rats that Underwent Treatment
with U18666A in the NPC Model

Sphingomyelinase (ASM)

When ASM enzyme activity in astrocytes (Fig. 4) was
compared between the control samples and the samples
that mimic NPC, a significant difference was observed
(p < 0.0209), that is, astrocytes in contact with the drug
showed an enzymatic activity (42.50 £ 3.21) significantly
lower than that of control cells (65.68 £+ 7.83).

p-Glucosidase (GBA)

The activity of enzyme GBA in control astrocytes was
significantly greater (701.8 £ 78.24) than that of NPC
astrocytes (366.9 + 120.2) (p < 0.0369). These results can
be seen in Fig. 5.

p-Galactosidase (GLB)

According to the analysis of enzyme GLB activity in as-
trocytes from control samples and samples positive for the
accumulation of cholesterol, no significant difference
(p >0.1035) was observed between these groups
(137.1 £ 18.0; 187.5 £ 15.70, respectively), although ac-
cording to Fig. 6, the enzymatic activity in NPC astrocytes
may seem greater than that of the controls.

Discussion

Cholesterol is an essential component of the Central Ner-
vous System, and growing evidence suggests an
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Fig. 2 Astrocytes from rats
incubated without (a) and with
(b) U18666A 0.25 ng/mL for
48 h. Astrocytes are visualized
after Filipin staining technique
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Fig. 3 Amount of intracellular cholesterol (pg/mg of protein) in
astrocytes measured with a laboratory KitAmplex® Red Cholesterol.
Astrocytes from rats were incubated without (control) and with
U18666A 0.25 pg/mL for 48 h. Data are expressed as mean =+ stan-
dard deviation. (*) statistically significant difference from control
group (p < 0.05)
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Fig. 4 Activity of enzyme ASM (nmol/h/mg of protein) in astrocytes
from rats incubated without (control) and with U18666A 0.25 ng/mL
for 48 h. Data are expressed as mean = standard deviation. (¥)
statistically significant difference from the control group (p < 0.02)

association between dysfunction in the brain cholesterol
metabolism and the onset of neurodegenerative disorders
(Dietschy and Turley 2004). Some studies suggest that
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Fig. 5 Activity of enzyme GBA (nmol/h/mg of protein) in astrocytes
from rats incubated without (control) and with U18666A 0.25 pg/mL
for 48 h. Data are expressed as mean =+ standard deviation. (¥)
statistically significant difference from the control group (p < 0.03)
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Fig. 6 Activity of enzyme GLB (nmol/h/mg of protein) in astrocytes
from rats incubated without (control) and with U18666A 0.25 pg/mL
for 48 h. Data are expressed as mean =+ standard deviation

in vivo, cholesterol in the Central Nervous System is
derived from astrocytes and then sent to mature neurons
(Nieweg et al. 2009).

The main purpose of this study was to establish a Nie-
mann-Pick type C, disease with drug U18666A, in cultured
astrocytes from neonatal rats (in vitro study), and thereafter

@ Springer



220

D. C. Santos et al.: Effect of U18666a in Astrocytes of Young Rats

perform biochemical analyzes such as checking the activity
of the main lysosomal enzymes associated to this disorder.

The accumulation of cholesterol was inducted in cul-
tured astrocytes from rats aged 0-3 days through the ad-
dition of U18666A. This drug is widely used to mimic NPC
disease in animal models, though in other cells (Liscum
and Faust 1989, Lange et al. 1998; Underwood et al. 1996)
and in the increase of cholesterol levels in NPC™/~ mice
(Saez et al. 2013).

In the present study, we demonstrated that the quan-
tification of fluorescence of the cholesterol levels observed
in Filipin staining in the studied groups through the number
of pixels in the image (CellM software), was a practical
and not subjective method. This technique showed that
there is a significant difference between the intralysosomal
unesterified cholesterol accumulation in control cells and
those containing the drug. These analyzes were one at
different times and doses, and we obtained the appropriate
dose and time (0.25 pg/mL in a 48-h period). After this
period and with a higher dose, there is no marked accu-
mulation of cholesterol in these cells. Moreover, according
to Cheung et al. (2004), higher doses of U18666A increase
the probability that the cells will suffer apoptosis. These
authors used dose and incubation time similar to the ones in
the present study, and there was no problem of cell death.

In the assay for quantification of intracellular cholesterol
using the kitAmplex®™ Red Cholesterol (Molecular Probe),
in astrocytes, it was demonstrated that astrocytes treated
with U18666A had greater accumulation of intralysosomal
unesterified cholesterol than control cells (not treated with
the drug). The average cholesterol levels observed in
control cells was 25.7 pg of cholesterol/mg of protein,
corresponding to slightly less than twice the cholesterol
levels accumulated in the cells incubated with U18666A
(54.2 pg of cholesterol/mg of protein). This kit, Amplex®™
Red Cholesterol (Molecular Probe) was used by Téngemo
et al. (2011) to quantify free cholesterol and intralysosomal
unesterified cholesterol contained in fibroblasts of NPC
patients with great results.

The cholesterol levels calculated with CellM software
corresponded to the cholesterol levels observed in quan-
tification using the kit Amplex®™ Red Cholesterol (Mole-
cular Probe), which demonstrates that the use of an
appropriate software to quantify fluorescence of Filipin test
provides safe quantification of cholesterol levels, which
suggests the test has the potential to support diagnosis of
NPC disease based on cultured cells.

Lysosomal Storage Diseases, which include NPC, are
understood as a consequence of mutations that resulted in
reduced synthesis of the lysosomal enzymes, leading to
accumulation of lipids within this cell organelle. In our
study, we measured the activity of some lysosomal
enzymes associated with degradation of lipids:
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sphingomyelinase, B-glucosidase, and B-galactosidase. The
activities of these enzymes are changed in human NPC
(Vanier et al. 1991).

We noticed that the activity of ASM in cells with higher
cholesterol accumulation was reduced. These results were
compatible with those where reduced ASM activity was
observed in culture of fibroblasts of patients with NPC
(Vanier et al. 1991; Pentchev et al. 1987; Vanier et al.
1988). The activity of enzyme GBA in astrocytes from rats
was compared between control samples and samples
positive for NPC, and a significant difference was found
between the two groups. Samples of NPC astrocytes
showed a decrease in GBA levels. This had also been ob-
served in previous studies in fibroblasts from patients with
NPC (Vanier et al. 1980; Besley and Moss 1983).

Regarding the activity of enzyme, GLB no significant
difference was observed between the groups. However, in
Fig. 6, we noticed that astrocytes from rats with NPC ap-
pear to have higher enzyme activity than control samples.
No significant increase in the activity of GLB was de-
scribed by Wenger et al. (1974) in fibroblasts from patients
with Niemann-Pick type C disease.

By analyzing the changes occurred in lysosomal en-
zymes in our animal model and comparing them with
studies carried out by other authors in fibroblasts from
humans with Niemann-Pick type C disease, we once again
confirm that our model is of great relevance and reliability
for future research with cell cultures of astrocytes.

We concluded that UI8666A appears to be an excellent
inhibitor of the cholesterol transport in astrocytes of young
rats and is able to mimic Niemann-Pick type C disease in
these animals. This drug also alters the activity of three
important enzymes in the degradation of lipids metabolism.
Just like the change in the activity of lysosomal enzymes
has been demonstrated, other biochemical parameters of
the cell can be tested with this animal model, thus con-
tributing to a better understanding of the disease.
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Abstract:

The objective of this study was to verify the effect of the drug UI8666A on some
oxidative stress parameters in astrocytes of Wistar rats (0 to 3 days old). In these
cxperiments, the cultures were incubated with UI8666A at a dosc of 0.25 pg/mL for 48
hours, dose and period considered ideal to mimic Niemann-Pick type C disease. First, the
drug’s influence on astrocyte cultures on Na*, K™ ATPase was tested and an inhibitory
cifcct on this enzyme activity was obscrved. Furthermore, thiobarbituric acid rcactive
substanccs (TBARS), carbonyl, sulthydryl, catalasc (CAT), supcroxide dismutasc (SOD),
and nitric oxide (NO) formation were measured in the astrocytes from Wistar rats.
UT8666A was capable of enhancing TBARS, but not able to alter the carbonyl assay. In
addition, U18666A caused a reduction of protein thiol groups measured by the sulthydryl
assay. Morcover, Ul8666A decrcascd CAT and SOD  activity, but cnhanced NO
production.

The present findings showed that UIB666A besides promote cholesterol
accumulation in astrocytes, induces oxidative stress, compatible with other

ncurodegencrative discascs.

Keywords: Niemann-Pick type C disease, astrocytes, UL18666A, oxidative stress.
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1. Introduction

Niemann-Pick type C disease (NPC) is a progressive, hereditary, autosomal
recessive lysosomal storage disorder cansed by accumulation of non-sterified cholesterol
and other lipids in latc endosomcesf/lysesomes of all cclls and tissucs, mainly liver and
nervous cells. The clinical manifestations are heterogeneous and most times cause Liver
dysfunction and acute neurodegeneration {Carsteaet al., 1997; Millard et al., 2005; Vance
and Pcake, 2011). Progressive ataxia, variable hepatosplenomegaly, and vertical ocular
paralysis characterize the classic phenotype (Patterson ct al., 2007; Imric et al., 2007). This
disorder appears in approximately 1 out of every 120,000 individuals (Vanier, 2010) and
usually manifests itself between the middle of childhood and adolescence. Patients usually
die until the third decade of life.

Similar phenotypes can be induced in scveral ways and with scveral drugs such as
stcroids  and  hydrophobic  amincs, among  which  spccifically  3-B-[2-
{(diethylamino)ethoxylandrost-5-en-17-one (U18666A). This drug has been used to mimic
the NPC phenotype, thus causing cholesterol accumulation in the intracellular spaces of
trcated cclls, similar to human fibroblasts with NPC (Vanicr, 2010, Wang ct al., 2010;
Neufeuld et al., 1999; Lange et al., 2002).

Reactive Oxygen Species (ROS) are usvally found at low concentrations in a
balanced manner in living organisms (Drdge, 2002). When antioxidant defenses decrease
and/or intraccllular concentration of reactive specics increasc, the so-called oxidative stress
oceurs, in which the FR begin damaging the biologic macromolecules such as lipids (which

changes cell membrane permeability), proteins (initiating their oxidation), and DNA
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damage {which promotes tissne damage and even cell death) (Halliwell and Guitteridge,
2007; Ramos-Vasconcclos ct al., 2000; Bechman and Amcs, 19938). A scrics of studics
confirm that the increase in oxidative stress has been one of the contributing factors to
central nervous system (CNS) pathophysiology and that the enzyme Na', K'-ATPase plays
a crucial hole in the regular functioning of the organism and of the CNS and in maintaining
the cell membrance’s clectric gradient. The inhibition of this cnzyme has been associated
with the physiopathology of several diseases such as brain ischemia (Wyse et al., 2000),
epilepsy (Grisar, 1984), neurodegenerative disorders (Yu. 2003), convulsive crises
{Renkawck ct al., 1992), and Alzhcimer’s discasc (Hattori ct al., 1998).

Na®, K™-ATPasc is a transmembranc cnzyme that catalyzes the active sodium and
potassium transport through the cell membrane. This transport is highly important since one
third of the ATP consumed is used to pump these ions. Na”, K™-ATPase is present in
virtually all cells, even in the brain ( Aperia, 2007). 1t consumes about 40-60%: of the brain’s
ATP to maintain the clectrochemical gradient required for ncuronal cxcitability, ccllular
volume regulation, osmotic balance, and transport of molecules linked to the co-transport of
Na' such as glucose, amino acids, and neurotransmitters (Erecinska and Silver, 1994;
Kaplan, 2002; Jorgensen et al., 2003). It is believed that Na*, K*-ATPase residues remain
in specialized membrance microdomains called caveolac and interact with caveolin-1 (Wang
et al., 2004).

This study aims to study the in vitro effects of administering U18666A on some
oxidative stress parameters and the energy metabolism in young-rat astrocyte cultures in
order to investigate biochemical changes that may contribute to understand the mechanisms

responsible for the brain damage shown by NPC patients.
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2. Materials and methods

2.1. Animals

Wistar rats (0 to 3 days old) from the Central Animal House of the Department of
Biochemistry, 1ICBS, UFRGS had free access to water and were fed a 20% (w/w) protein
commercial chow. They were kept in a room with a 12/12 h light/dark cycle and
temperature of 22+1 °C. The “Principles of Laboratory Animal Care” (NTH publication no.
85-2. revised in 1985) were followed in all experiments and the experimental protocol was
approved by the Ethics Committee for Animal Rescarch of the Federal University of Rio
Grandc do Sul, Porto Alegre, RS, Brazil. In this study we used a 18 animals per group for

each experiment.

2.2. Cortical Astrocyte Culture

The rats were euthanized by decapitation and the cerebral cortex was removed. Tt
was homogenized with CMP-BSS buffer and placed in a 24-well plate in DMEN —
Dulbecco’s Modified Eagle Medium (GIBCO®), supplemented with 10% Fetal Bovine
Serum (FBS) (Invitrogen). After the cells reached confluence in culture, the medium was
changed 4 h after the total incubation time was completed, cvery four days, rcaching a full
confluence on the 15th day.

The multiwell plates vsed for the development of cultures were previously
incubated with a poly-1-lysine substrate (Sigma).

After 15 days the cultures were incubated with UI8666A at a dosc of 0.25 pg/mL

for 48 h, dose and peried considered ideal to mimic NPC.

2.3. Oxidative Stress Measurements
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2.3.1. Thiobarbituric Acid Reactive Substances (TBARS) Measurement:

For the TBARS assay, trichloroacctic acid {10% w/v) was added to the homogenatc
to precipitate proteins and to acidify samples (Buege and Aust, 1978). This mixture was
then centrifuged at 1,000 g for 3 min. The protein-free sample was extracted and TBA
{0.67% w/v) was added to the reaction medium. Tubes were placed in a water bath {100
°C) for 30 min. Absorbance was rcad at 535 nm in a spectrophotometer (T80 UV/VIS
Spectrometer, PG Instruments, Alma Parck, Lutterworth, UK). Commercially available

malondialdehyde was used as the standard. Results were expressed as nmol./mg protein.

2.3.2. Carbonyl Assay:

The carbonyl assay was used to determine oxidative damage (o proteins.
Homogenates were incubated in the dark with 2 ddinitrophenylhydrazine (DNPH, 10 mM)
in 2.5 M HCI for 1 h at room temperature. Samples were mixed every 15 min. Next, 20%
{(w/v) TCA was added to the tubes, which were then left in ice for 10 min and centrifuged
for 5 min at 1,000 g to collect the protein precipitates. Another wash was performed with
10% TCA. The pellet was washed 3 times with ethanol:ethy] acetate (1:1) (v/v). The final
precipitates were dissolved in 6 M guanidine hydrochloride, and the solutions were allowed
to stand for 10 min at 37 °C and wcre then read at 360 nm (Rcznick and Packer, 1994), The

results were expressed as nmol/mg protein.

2.3.3. Sulthydryl Assay:

This assay 18 based on the reduction of 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB)
by thiols, generating a yellow derivative (TNB) whose absorption is determined
spectrophotometrically at 412 nm (Aksenov and Markesbery, 2001). In short, 0.1mM

DTNB was added to 120uL of the samples. This was followed by a 30min incubation at
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room temperature in a dark room and absorbance was measured at 412 nm. The sulfhydryl
content 1s inverscly corrclated to oxidative damage to proteins. Results were reported as

mrmol/mg protein.

2.4. Determination of Antioxidant Enzyme Activities:

Superoxide dismutase (SOD) activity, cxpressed as USOD/mg protein, was bascd
on the decrease in the rate of autocatalytic adrenochrome formation at 480 nm [18].
Catalase(CAT) activity was determined byfollowing the decrease i hydrogen peroxide

{H>03) absorbance at 240 nm and cxpressed as CAT/mg protein (Acbi H, 1984).

2.4.1. Nitric Axide Production:

Nitric oxide was determined by measuring the stable product nitrite using the
colorimetric assay described by Hevel and Marletta (1994). In short, the Griess reagent was
preparcd by mixing cqual volumes of 1% sulfanilamide in 0.5 N HCl and 0.1% N-(1-
naphthyl)ethylenediamine in deionized water. The reagent was added directly to the
homogenates and incubated under reduced light at room temperature for 30 min. Samples
were analyzed at 550 nm on a microplate spectrophotometer. Controls and blanks were run
simultancously. Nitrite concentrations were calculated using a standard curve prepared with

sodium nitrite (0—80 mM). Results were cxpressed as nmol/mg protein.

2.5. Na™, K*-ATPase activity assay

The reaction mixture for the Na*, K*-ATPase assay contained 5.0 mM MgCl2, 80.0
mMNaCl, 20.0 mMKC], and 40.0 mMTris-HCL, pH 7.4, for a final volume of 200 uL. The
reaction was initiated by adding ATP for a final concentration of 3.0 mM. Controls were

carried out under the same conditions with the addition of 1.0 mMouabain. Na*, K*-
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ATPase activity was calculated from the difference between the two assays, according to
the method of Wysce ct al. (2000). Released inorganic phosphate (Pi) was mcasurcd by the
method of Chan et al. (1986). The enzyme’s specific activity was expressed as nmol Pi

released per min per mg of protein.

2.6. Protein Determination
Protein concentration was determined by the method of Lowry et al. (1951) vsing

hovine serum albumin as standard.

2.7. Statistical Analysis

Data from the experiments were analyzed statistically by two-way analysis of
variance (ANOVA) followed by the Tuley's test. Values of p<0.05 were considered
significant. All analyses were carried out using the software Statistical Package for Social
Sciences (SPSS) (version 17.0, International Business Machines Corporation, New York,

NY, USA).

3. Results

3.1. Oxidative Stress Measurements

The technmiques used for the analyses of TBARS, sulfhydryl and carbonyl were used
toassess the damage to lipids and proteins, respectively. Figure 1 shows the effect of
U18666A rcgarding TBARS. It was obscrved that the drug led to a significant increasc in
TBARS in the astrocytes isolated from the cortex of young rats when the culture was
exposed to 0.25 pg/mL after 48 h with the drug (p<0.0170; t=3.004). On the other hand,

sulthydryl levels significantly decreased in contact with the drug (Figure 2; p<0.0001; t=
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5.786), while carbonyl levels proved to be higher when in contact with the drug (Figure 3;

p<0,0403; 1=2,749).

3.2. Determination of Enzyme Antioxidant Activities:

The cffcet of the drug Ul8666A on nitric oxide and the activity of the cnzymcs
catalase (CAT) and superoxide dismutase (SOD) was also investigated.

When nitric oxide production in astrocytes (Figure 4) was compared between the
control samples and the samples that mimic NPC, a significant difference {(p<0.0008:;
t=4.755) was found, showing an increase in nitric oxide when in contact with the drug. The
drug caused a significant reduction in SOD activity (Figure 5; p<0.0119, t= 3.241) and

CAT activity (Figure 6; p<0.0045, t=3.902).

3.3. Na*, K*-ATPase

Initially, the influence of U18666A on the specific activity of Na*, K*-ATPase in rat
astrocytes was investigated (Figure 7). Statistical analyses revealed that the drug
significantly inhibited Na', K'-ATPasc in young-rat astrocytcs (p<0.0021, t=4.277) when

compared to the controls.

4. Discussion

Niemann-Pick type C disease 1s a rare, chronic, progressive disease characterized by
a disorder in the intracellular lipid transport (lturriaga et al., 2006; Patterson et al., 2001;
Vanier ct al., 2010). It mainly involves the storage of non-sterificd cholesterol and
glycosphingolipids in intraccllular lysosomes of scveral tissucs, mainly the liver, spleen,

and brain (Héron et al., 2012 Patterson et al., 2010; Pineda et al., 2010).
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The brain is characterized by having a high metabolic rate and low levels of
antioxidants, and it is therefore very vulnerable to reactive species. Given that the brain has
a reduced antioxidant capacity, that makes the ROS protection levels and iflammatory
processes are relatively low (Leonard, 2012). As a result, 1t is important to consider that
there are basically three reactions that are relevant to cell damage. The first relates to lipid
peroxidation of membrancs, the sccond would be the very oxidative changes in protcins
and, finally, the reaction involving injuries that can occur at the DNA level (Oliveira and
Schoffen, 2010) including that of mitochondrial complex. This could lead to the depletion
of cnergy and scrve as a source of rcactive specics causing the oxidative damage and
impaired cell function 1n various target sites (Milusheva ct al., 2010).

The present study investigated whether oxidative stress and the energy metabolism
is involved with in vitro effects caused by the drug U18666A in young-rat astrocyte
cultures.

Treating primary cortical ncuron culturcs with Ul8666A causcs sccondary
apoptosis duc to the increase in ROS (Cenedella, 2009). Oxidative stress has been observed
in different NPC cellular models (Zampieri et al., 2009) as well as in the brains of rats with
NPC (Smith et al., 2009).

Onc important target of biologic studics regarding oxidative stress is nitric oxide
(NO). It plays a regulatory role and, under normal conditions, is produced endogenously by
several cells (Wei et al., 2003), among which neurons (Prast and Philippu, 2001). NO is
one of the main inter/intracellular messengers inside and between neurons in the peripheral
nervous system and the CNS (Duncan and Heales, 2003). In the nervous system, NO
influences the release of neurotransmitters and synaptic processes (Contestabile, 2000) and

seems to be involved, as an intracellular mediator, in neurotoxin-induced cell death
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{Dawson et al., 1991). Several neurotoxic models show that NQ induces the death of
dopamincrgic ncuron culturcs and that this ccll-dcath process involves the incrcase in
oxidative stress (Dehmer et al., 2000; Matthews et al., 1997; Van Muiswinkel et al., 1998),
often promoting pathogenic mechanisms involved in neurodegenerative processes (Zhang
et al, 2006). The exact mechanism throngh which NO contributes to certain
ncurodcgencrative discases in not fully understood.

Antioxidant enzymes such as CAT and SOD represent the first barrier against
reactive species and are essential for cell survival (Halliwell, 2001; Remacle, 1992). Thiols
(SH) play a kcy antioxidant rolc in ccllular protection and cxtraccllular roles against
oxidative stress (Akscnov and Markesbery, 2001). The techniques used in the present study
showed a significant decrease in CAT, inhibition of SOD activity, and an increase in NO
production in the cerebral cortex of young rats in contact with U18666A. Such changes
lead to a harmful increase in lipids in the cerebral cortex (Medeiros et al.. 2012). These
results confirm what had been reported by Funchal ct al. (2010) in rats” cercbral cortex.
hippocampus, and cercbellum when in contact with other drugs that also cause lipid
peroxidation.

Lipid peroxidation is characterized by an increase in the production of reactive
thiobarbituric acid rcactive substances (TBARS) as a conscquence of the attack of ROS
against cell membranes, causing a loss of selectivity in ion exchange and release of
organelle contents, such as lysosomal hydrolytic enzymes, and the formation of cytotoxic
products, culminating with cell death (lFerreria and Matsubara, 1997). Since the cell
membrane and intraccllular matrix arc vital structures for the ccll, it is not surprising to find

that the ROS-induced lesion influences the extension of disease processes (Bulkley, 1983).

N
N



1t was observed that the cultures that received U18666A showed an increase in TBARS
Ievels in astrocytes, which indicates the drug induces lipid peroxidation.

Exposing astrocytes to UIB666A in vitre significantly reduced the sulfhydryl
groups, thus reducing the non-enzymatic antioxidant defenses. Previous in vifro studies
with organochalcogenoyl also show this reduction in SH groups in rats™ cerebral cortex
{Penz ct al., 2009).

In relation to the carbonyl groups of proteins, a biochemical marker of oxidative
damage, a significant increase was observed in astrocytes where the drug was placed. These
data arc in agrecement with studics by Ribas ct al (2012), who obscrved the same results in
plasma of paticnts NPC1.

Furthermore, studies show that, in the Parkinsonian brain, many catalytic subunits
of complex T show high levels of carbonyl modifications indicative of protein oxidation
{Bueler, 2009). The carbonyl groups are produced in the side chains of the protein when
certain amino acids (especially proline, arginine. lysinc and threonine) arc oxidized
(Dalledone et al, 2003). These changes in the protein structure may affect the function of
receptors, enzymes and transport proteins, Tesulting in partial or complete loss of
functionality of the protein (Halliwell and Gutteridge, 2007). Considering that the protein
and lipid exidation can rcsult in cellular dysfunction, it is conccivable that the lipid and
oxidative damage observed in untreated patients NPCT may be involved, at least in part, to
tissue damage encountered in these patients. Carbonyl groups content is the most common
parameter used as a biomarker of severe oxidative damage to proteins and is considered an
carly and stable marke of protein oxidation (Levine ct al, 1990), both in vitro and in vivo

{Stadtman and Berlett, 1997).



Evidence both in experimental and clinical studies has suggested the involvement of
oxidative stress and ROS in the development of Lysosomal Storage Discases (LSDs).

A decrease in Na +, K + -ATPase activity has been observed as a response to
treatment with U18666A. Previous studies in mice showed a decrease in Na', K'™-ATPase
activity in neuronal and liver structures (Cornelius, 1995; 2001), which match the present
results. Changes in Nz, K™-ATPasc, in the presence of nen-lethal cell damage, activates
the neuronal injury apoptosis cascade probably by changing the homeostasis of the ion K*
{Wang et al., 2003).

These data highlight an increasc in lipid peroxidation and production of rcactive
oxygen specics and, conscquently, lcad to a decrease 1n cnzymatic antioxidant stressors.

Changes in these parameters show an important involvement in the pathophysiology
of the NPC disease, as well as in other diseases previously analyzed, and may be the target
of research for other neurodegenerations. The results hereby presented enable concluding
that U18666A, by storing cholesterol in young-rat astrocyte cultures, impacted paramcters
similar to thosc found in NPC in humans and in other animals both in vitro and in vivo.
Therefore, UIR666A 1s shown to be a good agent to mimic NPC 1n astrocyte cultures for

biochemical studies of this disease.
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Figure Captions

Fig. 1. Effect of U18666A on thiobarbituric acid reactive substances (TBARS) in astrocytes
from 0-3-day-old rats. Values are expressed as nmol/mg protein. Statistically significant
differences from control were determined by ANOVA followed by Tukcey's test: *p<0.03,

#p<0.01. We used 6 animal per group for each one.

Fig. 2. Effect of UT8666A on protein sulphydryl groups in astrocytes from 0-3-day-old rats.
Values are expressed as nmol/mg protein. Statistically significant differences from control
were determined by ANOVA followed by Tukey’s test: *p<0.0001. We used 6 animal per

group for cach onc.

Fig. 3. Effect of UI8666A on carbonyl formation in astrocytes from 0-3-day-old rats.
Values are expressed as nmol/mg protein. Statistical analyses for the control were
determined by ANOVA followed by Tukey’s test: *p<0,04. We used 6 animal per group for

each one.

Fig. 4. Effect of UI18666A on nitric oxide (NO) production in astrocytes from 0-3-day-old
rats. Values arc cxpressed as nmol/mg protein. Statistically significant differences from
control were determined by ANOVA followed by Tukey’s test: *p<0.0008. We used 6

animal per group for each one.

Fig. 5. Effect of U18666A on superoxide dismutase in astrocytes from 0-3-day-old rats.

Valucs arc cxpressed as nmol/ mg protein. Statistically significant differences from control
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were determined by ANOVA followed by Tukey’s test: *p<0.0119. We vsed 6 animal per

group for cach onc.

Fig. 6. Effect of UI8666A on the activities of the antioxidant ensymes catalase in astrocytes
from 0-3-day-old rats. Values are expressed as nmol/ mg protein. Statistically significant
differences from contrel were determined by ANOVA followed by Tukey's test: *p<0.0045.

We used 6 animal per group for each one.

Fig. 7. Effect of U18666A on the activities of Na~, K*-ATPase in astrocytes from of 0-3-
day-old rats. Values are expressed as nmol/mg protein. Statistically significant differences
were determined by ANOVA followed by Tukey's test: *p<0.0021. We used 6 animal per

group for each one.
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Abstract

UT8666A 1s a drug that had been used 1n several models both in vivo and in vitro
to mimic Niemann-Pick type C disease (NPC). MK-801 15 an uncompetitive NMDA (N-
Methyl-D-aspartate) receptor, a receptor of glutamate which 1s one of the brain’s primary
neurotransmitters. Recent studies have reported the toxicity of glutamate on neuron cells
{excitotoxicity). The goal of the present study was to observe the hyperphosphorylation of
intermediate filaments (GFAP and vimentin) in astrocyte cultures from Wistar rats 0 to 3
days old. These analyses were carried out using four different groups based on whether or
not they used the UI8666A drug or MK-801. Analyses in these groups show that
U18666A, after causing an increasc 1n ccll cholesterol, leads to hyperphosphorylation of the
intermediate filaments, both GFAP and vimentin. However, MK-801, being an NMDA
antagonist and acting on the glutamate receptors, was shown to inhibit the excitotoxicity
caused by UI8666A. The results obtained may enable inferring that substances that
decrease the excitotoxicity caused by the higher cholesterol levels observed in NPC, such
as the NMDA receptor antagonist MK-801, can be viable tools to aid in the treatment of

neuredegenerative diseases related to glutamatergic excitotoxicity.

Key-words: UIB666A, Nicmann-Pick discasc, cholesterol, glutamate, intermediate

filaments



1. Introduction

Niemann-Pick type C discasc (NPC) is characterized as a ncurodcgencrative discasc
caused by changes in lipid metabolism, particularly of cholesterol. Cholesterol levels are
highly regulated among neurons and glia and changes in hipid metabolism, especially of
cholesterol, lead to an imbalance that may cause diseases, among which NPC (Karten et al.,
2009; Vancc ct al., 2005). Lipoproteins and cholesterol in the central nervous system (CNS)
do not come from peripheral blood, but are instead synthesized by glial cells, mainly
astrocytes (Hayashi et al., 2011).

Glial fibrilary acidic protcin (GFAP) 1s the main intermediate filament (IF) of mature
astrocytes, thus it 1s considered a marker for these cells. Vimentin 1s the IF cxpressed in
mesenchymal cells, besides being found in immature astrocytes (Alberts et al., 2008). It iy
important to point out that cells with no vimentin IF are unable to carry LDL cholesterol
derived from low-density lipoproteins from their lysosomes to the endoplasmic reticulum
(ER) (Sarria ct al., 1992), resulting in a phenotype similar to that obscrved in NPC cells.

GFAP’s main structural role in astrocytes has been long known. However, in recent
years, it has been shown to be important 1n several astrocyte functions such as regeneration
after pathological processes, synaptic plasticity, reactive gliosis, shape maintenance, cell
migration, and as the target of signal transduction pathways. Morcover, GFAF takes part in
an elaborate communication system between astrocytes and neurons (Middeldorp and Hol,
2011).

Several diseases cause an increase in GFAP expression, such as Alzheimer’s
discasc, cncephalomyclitis, multiple sclerosis (Eng and Ghirnikar, 1994), and Alcxander

disease (Middeldorp and Hol, 2011). On the other hand, studies with GFAP knockout
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animals have shown that the lack of this protein seems to make astrocytes less efficient in
dealing with acutc states of CNS lesions (Pekny and Pckna, 2004).

IFs are the largest components of the cell cytoskeleton and are actively associated
and disassociated via the phosphorylation-dephosphorylation cycle (Klymkowsky, 1995).

A decrease in phosphorylation of soluble vimentin and an increase of insoluble
vimcntin has been observed in human fibroblasts with NPC {Walter ct al., 2009), which led
to an imbalance in the vimentin association-disassociation cycle. This results in a state of
dephosphorylated polymerized filaments (insoluble vimentin} and small depolymerized and
phosphorylated units (soluble vimentin) (Klymkowsky, 1995; Inagaki ct al.,1997; Eriksson
ct al., 2004). This imbalance may occur duc to the inhibition of scveral kinascs, such as
protein kinase C (PKC), which has been associated to vimentin phosphorylation (Ivaska et
al., 2005).

Dizocilpine, also known as {(+)3-methyl-10,11-dihydro-5H-dibenzo|a.b]-
cycloheptane-3-10-imine, or MK-801, is an uncompetitive antagonist of N-Mcthyl-D-
aspartatc (NMDA), a glutamate receptor. NMDA is onc of the brain’s most important
excitatory neurotransmitters. Studies have reported glutamate toxicity on neuron cells
{excitotoxicity) and that the use of antagonists of the NMDA receptor (such as MK-801)
might have a ncuroprotective cffect in scveral situations since they lower the activation of
glutamatergic receptors (Luby et al., 1959; Korpi et al., 1987).

NMDA receptor antagonists, including MK-801, have been extensively studied for
use in the treatment of diseases with excitotoxicity components, such as stroke, traumatic
brain injury, and ncurodcgencrative discascs such as Huntington’s discasc, Alzheimer’s

disease, and amyotrophic lateral sclerosis. MK-801 has been effective in protecting neurons
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in cell cultures and in the excitotoxic neurodegeneration in animal models (Mukhin et al.,
1997; Avala and Tapia, 2005; Kocacli ct al., 2003).

Phenotypes similar to NPC can be induced using several pathways and drugs,
among which 3-p-[2-(diethylamino)ethox y]androst-5-en-17-one (U18666A). This drug has
been used to mimic the NPC phenotype, thus causing cholesterol accumulation in the
intraccllular spaces of trcated cclls, similar to human fibroblasts with NPC (Vanicr, 2010;
Wang et al., 2010; Neufeuld et al., 1999; Lange et al., 2002; Copetti-Santos, 2015).

The present study aimed to study the phosphorylation of GFAP and vimentin and
the reversion of these scttings after adding MK-801 to culturcs of astrocytes with

U18666A-induced NPC phenotype.

2. Materials and Methods
2.1. Animals

Pregnant Wistar rats {200-250 g) were obtained from the breeding stock of the
Federal University of Rio Grande do Sul (UFRGS). Rats were maintained on a 12 h/12 h
photoperiod in a colony room with constant temperature (22 °C), with food and water at
libitum. The animals were observed on gestational day 22. As soon as delivery finished,
mothers and pups were sacrificed by decapitation without ancsthesia. The experimental
protocol followed the “Principles of Laboratory Animal Care” (NHI publication 85-23,
revised 1996} and was approved by the Ethics Committee for Animal Research of the
Federal University of Rio Grande do Sul (number 18266). All efforts were made to

minimize the number of animals used and their suffering.

2.2. Cortical Astrocyte Culture
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Astrocyte primary cultures were prepared from the cerebral cortex of newborn (0-3-
day old) Wistar rats as described by Lourciro ct al. (2010). Bricfly. rats were decapitated,
brain structures were removed, and the meninges were carefully stripped off. Mechanically
dissociated cells were plated in Dulbeceo’s modified Eagle’s medium (DMEM)/10% FBS
{pH 7.4) supplemented with glucose (33 mM), glutamine (2 mM), and sodium bicarbonate
(3 mM) in a 15.6 and 34.8 mm diamcter well (6- and 24-wcll plate) {Corning Inc., New
York, New York) previously coated with polyornithine (1.5 pg/mL, Sigma, St. Louis, MO).

After astrocytes reached confluence, the culture medium was removed by soction
and the cells were incubated for 1 h at 37 °C in an atmosphere of 5% CO; in DMEM
without fectal bovine scrum (FBS) in the absence (controls) or prescnce of UIS666A at a
dose of 0.25 pg/mL for 48 h as described below. To evaluate glutamatergic involvement on
NPC astrocytes, cells were pre-incubated in the presence of the NMDA antagonist MK-801

{50 pM} for 30 min before U18666A treatment (Copetti-Santos et al., 2015).

2.3. Drug Treatment

In order to investigate the ctfccts of Ul8666A-induced cholesterel accumulation
and of MK-801 on the hyperphosphorylation of intermediate filaments, the astrocyte
cultures were treated as follows: group 1 = cultures with no added drug (controls); group 2
= culturcs added with U18666A (0.25 pg/mL) (trcated group); group 3 = cultures with MK-
801 (50 pM) added to the medium; and group 4 = cultures with U18666A and MK-801 (50
uM) added to the medium. All culture plates were incubated for 48 h. Cell cultures

containing over 95% GFAP-positive cells were used in all trals.

2.4. In Vitro Phosphorylation
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Astrocytes were incubated for 24 h in the presence or absence of U18666A, then the
medium was changed and incubation for 1 h was carried out at 30°C with 1,000 mL of a
medium containing 124 mM NaCl, 4 mM KCI1, 1.2 mM MgS0s, 25 mM Na-HEPES (pH
74), 12 mM glucose, and 1 mM CaCl, and the following protease inhibitors: 1 mM
benzamidine, 0.1 mM leupeptin, 0.7 mM antipain, 0.7 mM pepstatin, 0.7 mM chymostatin,
and 10 mCi [**P]- orthophosphatc with or without addition of UlI8666A (0.25 ng/mL). In
the experiments designed to study signaling mechanisms, cells were pre-incubated for 30
min in the presence or absence of 50 pM MK-801. The labeling reaction was normally
allowed to proceed for 1 h at 30 °C and stopped with 1 mL of cold stop buffer (150 mM
NaF, 5 mM EDTA, 5 mM EGTA, Tris—HCI, 50 mM. pH 6.5, and the protcasc inhibitors
described above). Cells were then washed twice by decantation with stop buffer to remove
excesy radioactivity. Next, preparations of IF-enriched high-salt Triton-insoluble
cytoskeletal fraction were obtained from striatal primary astrocytes, as described by
Funchal ct al. (2003). Bricily, cclls were homogenized in 200 pL of ice-cold high-salt
buffer containing 5 mM KH-PO. (pH 7.1). 600 mM KCl, 10 mM MgCl,, 2ZmM EGTA., 1%
TritonX-100, and the protease inhibitors described above. The homogenate was centrifuged
at 15,800 x g for 10 min at 4 °C in an Eppendorf centrifuge and the supernatant was
discarded. The Triton-insoluble IF-cnriched pellet, containing GFAP and vimentin, was
dissolved in 1% SDS and protein concentration was determined using the method by Lowry

et al.

2.5. Polyacrylamide Gel Electrophoresis (SDS-PAGE)
The cytoskeletal fraction was prepared as described above. Equal protein

concentrations were loaded onto 10% polyacrylamide gels and analyzed by SDS-PAGE
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{Laemmli, 1970). After drying, the gels were exposed to T-MAT films at -70°C with
intensitfying screens and finally the autoradiograph was obtained. Cytoskeletal protcins
were quantified by scanning the films with a Hewlett-Packard Scanjet 6100C scanner and
optical densities were determined with an Optiquant version 02.00 software (Packard

Instrument Company). Density values were obtained for the proteins studied.

2.6. Statistical Analysis

Data were statistically analyzed by one-way analysis of variance (ANOVA)
followed by the Tukey-Kramer multiple comparison test when the f test was significant
and necessary. All analyses were performed using the SPSS software program on an 1BM-

PC compatible computer.

3. Results

Initally, the cifects of Ul8666A on astrocyte ccll cultures from Wistars rats 0 to 3
days old on the endogenous phosphorylation system associated with enriched cytoskeletal
IF fractions from the cerebral cortex regarding both vimentin and GFAP were studied.
Astrocyte cultures in contact with UIS666A showed an increase in IF protein
hyperphosphorylation when compared with the control cells (drug free). These analyscs
indicate that phosphorylation increased both in GFAP and insoluble vimentin by nearly two
fold, as shown in Fig. 1, with a significant difference (GFAP = p<0.0001; vimentin =
p<0.0001). Western blot analyses on the 1Y subunits confirm that the cells in contact with
U18666A do undergo hyperphosphorylaton (Fig. 2). These results were observed duc to

the addition of **P both in vimentin and in GFAP.
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Subsequently, cells cultured drug free were put in contact with MK-801, an
uncompetitive NMDA antagonist, and it was obscrved that this agent tends to docs not alter
the phosphorylation, remaining at normal levels, driving it to even lower levels than in the
control cells, which shows a significant difference when the GFAP IFs are analyzed
{p<0.0001) (Fig 3).

Concomitantly, culturcs of astrocytes trcated with Ul8666A were also put in
contact with MK-801 and protein phosphorylation did not increase regarding both GFAP
and insoluble vimentin. That shows that MK-801 inhibits the action of the drug U18666A,

thus preventing hyperphosphorylation of the FI insoluble (Fig 3).

4, Discussion

ULIB666A  (3-B-|2-(diethylamino)ethoxy|androst-5-en-17-one), a  hydrophobic
amine, has been used to mimic NPC in human and animal tissucs, among which: fibroblasts
of newborn rats (Bicrkamper and Cenedella, 1978), fibroblasts of NPC-free humans (Lange
et al. 2002), NPC knockout mice (NPC'/') (Sdez et al., 2013). and Wistar rat astrocyte
cultures (Copetti-Santos et al., 2015).

Considering that, from the development of the NPC phenotype with ULS666A,
changes have already been observed in the activity of lysosomal hydrolases which are also
changed in human NPC (Copetti-5antos et al., 2015) and that changes have already been
observed in the cellular cytoskeleton in human NPC (Walter et al., 2009), the aim of this
study was to obscrve that these changes are present in Ul18666A-induced NPC astrocyte

cultures.
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In the present study, first hyperphosphorylation was observed in cytoskeleton IF
both in GFAP and insoluble vimentin in culturcs of Ul8666A-induced NPC astrocytes.
Kodam et al. (2010) also observed an insoluble hyperphosphorylation of vimentin in the
hippocampus of mice NPC1 ~/~. The same was also observed by Walter et al. (2009) in

human fibroblasts with NPC1.

As to GFFAP, our results also agree with the literature. Hovakimyan et al. (2013)
observed an incrcasc of this protein insoluble phosphorylated in the olfactory bulb and
Luan et al. (2007) and Bae et al. (2005), had the same result in astrocytes, both worked in

an experimental model of NPC1 '~ mice.

The intermediate filaments were also studicd in other neurodegencrative discascs.
An increase in GFAP insoluble??? phosphorylated was observed in Alzheimer's disease
{Ning et al., 2014) and Parkinson's disease {Thornton et al., 2012) and Huntington's discase
{Picrozan ct al., 2014) and induced ncurodegencration ditcluride (Heimfarth ct al., 2008).
Vimentin insoluble phosphorylated also proved to be increasced in Alzheimer discasc (Levin
et al., 2009), Huntington disease (Pierozan et al., 2008) and neurodegeneration induced

diteluride {Heimfarth et al., 2008).

These results were supported by the evidence that phosphorylation may regulate the
dynamic properties of 1F, thus leading to a reorganization of the 1F network (lnagaki et al.,
1996b). In addidon, the pathological hyperphosphorylation of the cytoskeletal protein is
tought to be related to ncuronal damage and formation of aggregates of cytoskeletal
elements in different cell compartments, which can be considered a commom characteristic

of some neurodegenerative diseases (Petzold, 2005).
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Among the receptors involved in excitotoxicity, the NMDA receptor (NMDAR)
stands out as the main onc taking part in this phenomenon. Astrocyte culturcs in contact
with MK-801, since it 18 an uncompetitive NMDA antagonist, enable full prevention by
lowering hyperphosphorylation levels and leading to regular phosphorylation levels in the
1Fs both in vimentin and GFAP. This nenroprotective action has been also observed in
cortical cclls using MK-801, which inhibits the action of NMDA (Parsons ct al., 1995;
Palmer et al., 1997).

Hyperphosphorylation of 1Fs cavsed by the UIB666A-induced cholesterol
accumulation, was prevented by MK-801, thus showing the cytotoxic cifeets involved in
cytoskeleton protcin dercgulation. As shown in this study, MK-801 fully prevented
hyperphosphorylation hoth in yvimentin and GFAP. Therefore, the mechanisms that led to
IF hyperphosphorylation were likely the ones dependent on the NMDA receptor,
supporting U18666A as a glutamatergic agonist that acts on the cytoskeleton, besides being
dircetly linked to the increasc in cholesterol.

The results obtained may cnable inferring that substances that decrease the
excitotoxicity caused by the higher cholesterol levels observed in NPC, such as the NMDA
receptor antagonist MK-801, can be viable tools to aid in the treatment of

ncurodegencrative discases related to glutamatergic excitotoxicity.
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Figure Legends

Figure 1- Effect of U18666A on the phosphorilation of Fl of {A) GFAP and {B) vimentin in
the cytoeskeletal fraction from rats™ astrocytes cultures. Different statistically significant
from control were determined by Student t test: *p<0.0001. t=6.86 (A), t=6.66 (B). We used

a n = 6 per group for cach experiment.

Figure 2- Coomasie blue stained molecular weight standards, representative stained gel of a
control (C) and treated samples (T), corresponding autoradiograph, and western blot for
vimentin - and GFAP. Equal amounts of the cytoskeletal fraction (30ug) from control and
trcatcd samples were run in 7,5% polyacrylamide gel clectrophoresis. MW: molccular
weight standard proteins: WB: Western blotting. We used a n = 6 per group for each

experiment.

Figurc 3- Effcet of MK 801 and Ul18666A on the phosphorilation of FI of (A) GFAP and
(B) vimentin in the cytocskeletal fraction from rats’ astrocytes culturcs. Different
statistically significant were determined by ANOVA followed by Tukey’s test: p<0.0001.

* Different from control, # different from control, MK-801 and MK-801 + U18666A. We

uscd a n = 6 per group for cach cxperiment
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6. DISCUSSAO
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A doenga de Niemann Pick Tipo C (DNPC) é uma doenga rara, crdnica,
caracterizada por uma dcsordem progressiva no transporic intracclular dc  lipidios
(Ttturriaga et al., 2006; Patterson et al., 2001; Vanier et al., 2010). Ela envolve o acamulo
de colesterol nfio esterificado e glicoesfingolipidios em lisossomos intracelulares de varios
tecidos, principalmente o figado, bago ¢ cérebro (Héron ct al., 2012; Patterson ct al., 2010;
Pineda et al., 2010).

O colesterol € um componente essencial do Sistema Nervoso Central (SNC) e
existem evidéncias que sugerem uwma associagdo entre a disfuncio do metabolismo do
colesterol no cérebro e o aparecimento de perturbacdes neurodegenerativas (Dietschy,
Turley 2004). Alguns cstudos sugerem que, in vive, o colesterol no SNC scja derivado de

astrocitos e entio enviado para os neurénios maduros (Nieweg et al., 2009).

O propasito desse cstude foi mimetizar o acamulo de colesterol cm astrécitos de
ratos jovens, como aquele que ocorre na DNPC, pela adicio da droga UT8666A,
observando seu efeito sobre as atividades de hidrolases lisossomais, alguns pardmetros de
estresse oxidativo e o metabolismo energético e sobre o citoesqueleto celular. no intuito de
verificar  alteragdes  bioquimicas que possam  confribuir para o cntendimento dos
mecanismos responsdvets pelo dano cerebral apresentados por individuos com DNPC.

O acimulo de colesterol foi induzido em cultura de astrécitos de ratos de idade
cntre 0 a 3 dias com a adicdo dc Ul8666A. Essa droga ja foi utilizada para mimificar a
docnga de DNPC cm modclos animais em outras células que nfio os astrécitos (Liscum and
Faust, 1989: Underwood et al.. 1996) e em camundongos knockout NPC” (Siex et al.,

2013).
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Em um primeire momento, adaptamos a dose € o tempo de exposicdo dos astrécitos
a droga, de modo a observarmos um aumente significativo dec colesterol. Para tanto,
utilizamos 5 doses de U18666A: 0.1; 0.25; 0.5; 1 ¢ 2pg/mL e 3 tempos de exposicio: 24,
48 ¢ 72 horas. A dose de 0,25 pg/mL e o tempo de 48 horas foram escolhidos porque apos
esse periodo e com dosagem maior, o anmento ocorrido ndo foi significativamente
difcrente. Cheung ct al. (2004), quando utilizaram altas doscs dec U18666A cm culturas de
neurdnios corticais de roedores, observaram um aumento significativo na probabilidade de
ocorrer apoptose celular. Com isso, esses autores optaram por usar doses e tempos de
incubacdo similarcs aos do nosso cstudo, ndo obscrvando assim, morte cclular. Estes
achados, portanto, reforcam a dosc ¢ o tempo cscolhido cm nosso trabalho.

A verificaciio da presenca de colesterol nos fibroblastos de pacientes com DNPC é
realizada pelo teste de Filipin. Este teste consiste em verificar a presenca de colesterol
acumulado no espaco perinuclear € compara-la com amostras de individuos normais. Ao
final desta téenica, € realizada uma obscrvagéo subjctiva, cm microscopio de fluorescéncia,
do colesterol acumulado. Com o objetivo de transformarmos csta visuvalizacdo cm um
método mais ohjetivo, nds associamos esta fluorescéneia com o nimero de pixels gerados,
através de um programa de computador, o CellM. Este método, mostrou-se pratico e nio
subjctivo. Essa téenica mostrou uma diferenga significativa cntre ¢ acimulo de colesterol
nio esterificado intralisossomal em células controle e aguelas contendo a droga.

No ensaio de quantificacio de colesterol intracelular vsando o kitAmplex® Red
Cholesterol {Molecular Probe), demonstrou-se que os astrécitos tratados com U18666A
tinham um maior actimulo de colesterol ndo csterificado intralisossomal do que as células
controle (ndo tratados com a droga). O nivel médio de colesterol observados nas células

controle foi 25,7 mg de colesterol / mg de proteina, o que corresponde a um pouco menos
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de duas vezes o nivel de colesterol acumulado nas células incubadas com UI8666A (54,2
mg de colesterol / mg de proteina). Este kit foi usado por Téangemo ct al (Téngerno ct al.,
2011) para quantificar o colesterol livre e colesterol ndo esterificado intralisossomal
contido em fibroblastos de pacientes DNPC. Estes pesquisadores observaram que em
células de pacientes com DNPC havia mais colesterol acumulado (3 vezes mais) do que
naguclas dec individuos normais. Estes resultados cstde de acorde com os resultados aqui
ohservados.

Os niveis de colesterol observados com o programa Cell-M corresponderam aos
niveis de colesterol observados na quantificacdo wsando o kit Amplex® Red Cholcesterol, o
quc demonsira gue o uso de um programa apropriado para quantificar a fluorcscéncia do
teste de Filipin fornece uma quantificacio segura dos niveis de colesterol. Isto sugere que o
ensaio tem o potencial para auxiliar no diagnostico da doenca de DNPC em células
cultivadas.

Docngas Lisossomais de Depésito, dentre as quais sc inclui a DNPC, sdo cntendidas
como uma conscequéneia de mutacdes que resultam cem sintese reduzida de cnzimas
lisossomais levando ao actimulo de lipidios nesta organela celular. Em nosso estudo nos
medimos a atividade de enzimas lisossomais associadas com a degradacio de lipidios:
csfingomiclinasc (ASM), B-glicosidasc (GBA) ¢ B- galactosidasc (GLB). A atividade
dessas enzimas estd alterada em humanos com doenga de Niemann-Pick tipo A e B, doenca
de Gaucher e Gangliosidose GMI, respectivamente (Vanier et al., 1991, Zimran et al.,
1991:; Suzuki et al., 1991).

Perecbemos que a atividade da ASM cm astréeitos contendo UT8666A foi reduzida,
significativamente, em relagio aos astrocitos controles sem atingir niveis proximos a zero

como ocorre na Doenga de Niemann-Pick tipo A ou B. Estes resultados foram compativeis
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com aqueles que demonstraram uma atividade reduzida da ASM em cultora de fibroblastos
dc pacicntes com DNPC (Pentchev ct al.,, 1987, Vanicr, 1988; Vanicr, 1991),
demonstrando, portanto, que nosso modelo mimetizou as condigdes patoldgicas humanas
neste sentido. Conforme Reagan (2000) € evidente que a regulagido de ASM nido €
simplesmente obtida através da reducido da quantidade de enzima por meio de transcricio
ou traducdao. Em vez disso, as concentragdes clevadas de colesterol livee intracclularcs
parecem alterar eventos de processamento e / ou trifico criticos para a atividade da ASM
ou induzir mudancas alostéricas que tornam a enzima inativa. Este regulamento pds-
transducional mediado por colesterol parcee cstar envolvido dirctamente na comprecnsao
das vias rcgulatorias complexas que participam da homcostase do colesterol intracclular ¢
da esfingomielina.

A atividade da enzima GBA em astrocitos de ratos também foi comparada entre
amostras controle e amostras positivas para DNPC, e encontramos uma diferenca
significativa cntrc os dois grupos. Amostras dc astrécitos DNPC  mostraram uma
dimmnuicao significativa nos nivels de GBA. Isso também tinha sido observado em estudos
anteriores em fibroblastos de pacientes com DNPC (Vanier et al. 1980; Besley e Moss,
1983)., o que demonstra também nma conformidade com o modelo empregado no presente
trabalho. Esta diminui¢do, cmbora menor que aquela cncontrada na doenga de Gaucher,
provavelmente deve-se a degradagio acelerada da glicocerebrosidase madura, ao invés da
diminuigdc na sva produgio como aquela provocada pela mutagdo no gene GBAI
responsdvel pela deenca de Gauncher (Salviolli et al., 2004).

Em rclacao a atividade da cnzima GLB ndo foi obscrvada difcrenga significativa
entre os grupos controle e tratado em astrocitos de ratos. Em fibroblastos humanos, até o

momento, ndo foi observado uma diferenca significativa na atividade da GLB quando
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comparado com a atividade em fibroblastos de pacientes com doenca de Niemann Pick tipo
C.

Estes resultados acima demonstraram que o modelo de DNPC em astrocitos de ratos
jovens pela adigdo da droga UT8666A, foi adequado para mimetizar a doenca e que quando
analisamos as atividades de enzimas que estiio envolvidas com a degradacio de lipidios
acumulados ncsta patologia, sc mostrou compativel com os resultades obscrvados cm
humanaos.

O colesterol e a enzima Na~, K*-ATPase siio dois componentes indispensdveis na
membrana plasmética de  mamifcros. A Na", K"-ATPasc rcgula o transporic
transmembrana cm mamifcros ¢ ¢ um receptor de esterdides cardiotonicos cndégenos. As
cavéolas consistem em um subconjunto dos _, definidas pela presenca da
protefna caveolina (Parton e Simons, 2007). Esses _ sdo formados a partir da
interacdo entre esfingolipidios, colesterol e proteina (Schoner e Scheiner- Bobis, 2007;
Simon ¢ Gerl, 2010). Essa complexa composicao lipidica da membrana plasmatica ¢ a
formacao dos microdominios lipidicos cspeeificos _na regulagio da Na',
K'-ATPase, indicando que essa enzima pode estar associada com  “caveolae/rafts”,
mostrando uma importante funcdo do colesterol na regulagio da Na®, K'-ATPase
{Cornclius, 2008).

Um decréscimo na atividade da Na©, K™-ATPase em células tubulares renais LLC-
PK1 (camundongos BALB/c +/npc"ih) ja foi observado em resposta ao tratamento com
U18666A. Estudos prévios em camundongos NPC1™" mostraram também um decréscimo

na atividade de Na®, K'-ATPase em estruturas neuronais e no figado (Chen et al., 2011).
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Levando-se isto em consideracdo, resolvemos testar como estaria a atividade da

Na®, K"-ATPasc ¢cm nosso modclo para DNPC.

A atividade da Na*, K*-ATPase em astrécitos de ratos jovens submetidos ao
U18666A apresentou-sc diminuida significativamente em relacio aqueles cm que a droga
ndo foi adicionada. Estes resultados, portanto, estdo de acordo com aqueles obtidos nos
trabalhos citados acima em camundongos com DNPC, mostrando mais uma vez a

eficiéncia de nosso modelo.

Acredita-se que a diminnicdo na atividade da Na +, K + -ATPase seja pela interacio
entre o colesterol e a Na +, K + -ATPase atuando como um sensor de colesterol na
membrana plasmatica. A interrupgfo dessa interagé@o prejudicaria as células na regulagdo do
trifego intracelular de colesterol e consequentemente a sintese desse composto e seu

metabolismeo, permitindo assim uma diminnicio na atividade da Na +, K + -ATPase.

Acredita-se que a morte neuronal provocada pela inibi¢dao da Na+, K+-ATPase pode
ocorrer por virios mecanismos, como excitotoxicidade glutamatérgica e estresse oxidativo
{Lees, 1991). A recaptacio de glutamato pelos astrécitos e pelo neurdnio pré-siniptico (em
menor quantidade) ocorre com co-transportc dc s6die. Com a cnzima inibida, a
concentracdo extracelular de sodio diminui e a receptacio de glutamato pode ficar
comprometida, resultande em estimulacio excessiva de receptores glutamatérgicos (Lipton
¢ Roscnberg, 1994). Por outro lado, a cstimulagao cxcessiva de receptores de glutamato,
incluindo o subtipo NMDA, provoca intluxo de cédleio. O aumento intracelular cxcessivo de
cdleio pode levar a producio de radicais livres, que pode levar a danos celulares (Avrova et

al., 1999).

101



As alteracdes no transporte de neurotransmissores também podem estar relacionadas
com a merte ncurcnal causada pela inibiciio da Na+,K+-ATPasc, visto que a inibicao da
enzima estd relactonada & liberagio de neurotransmissores (Jacobson et al., 1986). Além
disso, outros estudos indicaram que a inibicio da Nat+, K+-ATPase, secundéria a deplecao
de energia e a producdo de radicais livres, na presenca de um insulto nio-letal, ativa a
cascata dc apoptosc ¢ lesfo neuronal provavelmente, amplificando a ruptura na homeostasc
de potdssio (Wang et al., 2003). Essas evidéncias sugerem que o envolvimento do estresse
oxidativo ¢ ROS no desenvolvimento de DLDs, possam estar ocorrendo devido as
altcracdes na cnzima Na +, K + -ATPasc. Isto nos levou a investigar, no prescnte estudo, sc
0 cstresse oxidativo esta envolvido com cfcitos in vitro causados pela droga UIB666A cm

culturay de astrocitos de ratos jovens.

O cérebro caracteriza-sc por ter uma clevada taxa metabolica ¢ baixos niveis de
antioxidantes, e, por conseguinte, € bastante vulnerdvel a espéeies reativas (Leonard, 2012).
Atendendo que o cérebro tem uma reduzida capacidade antioxidante, isto faz com que os
niveis de protecio contra ERO e processos inflamatérios sejam relativamente baixos
{Leonard, 2012). Em fungio disso, ¢ importante considerar que existem fundamentalmente
trés reacdes que sdo relevantes para o dano celular. A primeira diz respeito 4
lipoperoxidacao das membranas, a segunda seria a prépria mudanca oxidativa nas proteinas
e, por ultimo, a reac¢iio que envolve lesdes que podem ocorrer ao nivel do DNA (Oliveira e
Schoffen, 2010) inclusive aqucle do complexoe mitocondrial. Isto poderia levar a deplecao
de energia e servir como uma fonte de espécies reativas, causando os danos oxidativos e
comprometimento da funcio celular em vdrios locais alvo (Milusheva et al., 2010).

O tratamento de culturas primérias de neurdnios corticais com U18666A podce cau-
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sar apoptose secunddria devido ao aumento no ERO (Cenedella, 2009). O estresse
oxidativo ja foi obscrvado cm fibroblastos, critréeitos ¢ plasma de humanos com DNPC
(Zampier et al., 2009; Ribas, et al.. 2012)

Um importante alvo dos estudos biologicos sobre o estresse oxidativo € o 6xido
nitrico (NO). Ele desempenha um papel regulador e, em condi¢des normais, € produzido
cndogenamente por varias clulas (Wei ct al., 2003), cntrc as quais os ncurénios (Prast ¢
Philippu, 2001). O NO € um dos principais mensageiros inter / intracelular, dentro e entre
dos neurénios no sistema nervoso periférico e no SNC {Duncan e Heales, 2005). No SNC,
o NO influencia a liberagdo de neurotransmissorcs ¢ processos sinapticos (Contestabile,
2000) ¢ parcce cstar cnvolvido, como um mediador intracclular na morte cclular induzida
por neurotoxina (Dawson et al., 1991). Virios modelos neurotdxicos mostram que o NO
induz a morte de culturas de neurdnios dopaminérgicos e que este processo de morte celular
envolve o aumento do estresse oxidativo (Dehmer et al., 2000; Mattews et al., 1997;
Muiswinkel ct al., 1998), promovendo assim mecanismos patogénicos cnvolvidos cm
processos neurodegencrativos. O mecanismo exato através do qual o NO contribui para

certas doengas neurodegenerativas ainda nio foi completamente entendido.

Nosso estudo mostrou um  aumento na produgio do NO. Esses resultados
confirmam o que jd havia sido considerado por outros autores em condicdes fisiologicas
onde o aumento nas concentracdes de NO causou lesdo celular, visto que promoveu a
formacao de radicais livres favorccendo os danos do cstresse oxidativo (Wei ct al., 2003).
Além disso, a producdo excessiva de NO pode contribuir para um processo denominado

excitotoxicidade glutamatérgica que & descrita como vma condigio resultante da liberacio



excessiva de glutamato e a consequente entrada de cdlcio no terminal pds-sindptico e

ativacdo de NOS célcio-dependente.

A excitotoxicidade parece ser responsdvel por grande parte do dano cerebral que
ocorre cm vdrias doengas ncurodcgencrativas {Duncan ¢ Heales, 2005). A mdxima
atividade da NOS depende da sua localizagio. Essa enzima estd localizada em invaginagoes
especializadas da membrana plasmatica, as cavéolas. O RNA- mensageiro da caveolina €
hiper-regulado quando a cntrada do colesterol livre via LDL para a célula ¢ aumentada ¢ a
regulacdo do efluxo de colesterol livre pela caveola € mediada pelo RNA mensageiro da
caveolina (Fielding et al., 1997). Virias evidéncias indicam que o aumento da regulagio da
caveolina , em células expostas a altos niveis de LDL- colesterol, resultam diretamente de
um avmento na transcricdo do gene da NOS induzido pelo maior contevido celular de

colesterol (Bist et al., 1997).

Enzimas antioxidantcs como a CAT ¢ a SOD representam a primeira barrcira contra
as csplcics reativas ¢ sfAo cssenciais para a sobrevivéncia da clula (Halliwell, 2001
Remacle, 1992). Tigis (SH) desempenham um papel fundamental na prote¢ao antioxidante
celular e papéis extracelulares contra o estresse oxidativo (Aksenov ¢ Markesbery, 2001).
As técnicas usadas no presente estudo mostraram uma diminnicao significativa na atividade
da CAT ¢ na atividadc da SOD no cortex cercbral de ratos jovens cm contato com
U18666A. Tais mudancas levam a um aumento significativo em lipidios no cortex cerebral
{Medeiros et al., 2012). Estes resultados confirmam o que havia sido relatado por Funchal
ct al. (2010) em cortex cercbral, hipocampo ¢ cercbelo de ratos quando cm contato com

outras drogas que também causam peroxidacio lipidica. O aumento da atividade da SOD e
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CAT reflete um aumento da resisténcia ao estresse oxidativo (Barreiros et al. 2006;

Torsdottir ct al., 2010) pedendo levar a uma tentativa de restabelecimento da homceostasc.

A peroxidacio lipidica é caracterizada por um aumento na producio de substincias
rcativas ao dcido tobarbinirico (TBARS) como uma consequéneia do ataque dc ERO
contra membranas celulares, causando uma perda de seletividade em permuta idnica e a
liberagdo do conteido de organelas, tais como enzimas hidroliticas lisossomais, ¢ a
formacao dc produtos citotoxicos, culminando com a morte cclular (Ferrcira ¢ Matsubara,
1997). Uma ver que a membrana celular e a matriz extracelular sdo estruturas vitais para a
c€lula, niio € surpreendente verificar que as ERQO induzem lesdes que influenciam a

extensfio de processos patologicos (Bulkley, 1983).

Observou-se que as culturas de astrocitos que receberam UT8666A mostraram um
aumento nos niveis de TBARS, o que indica que a droga induz a peroxidagfio de lipidios.
Scndo a DNPC uma docnga ncurodegencrativa, csta cra a nossa hipdtese. visto que cm
certas docngas ncurodegencerativas, tais como na Docnga de Alzheimer ¢ Parkinson ja
foram demonstrados nivels elevados de TBARS (Sundaram, et al., 1996; Nikam et al,
2009). Esse aumento também fo1 observado em fibroblastos e plasma de pacientes NPC1

{Ribas ct al., 2012).

Astrécitos expostos a ULB666A in vitro apresentaram uma redugiio significativa de
grupos sulfidril, reduzindo assim suas defcsas antioxidantes ndo-cnzimdticas.  Estudos
prévios in vitro com organocaalcogenol também mostram esta redugdo cm grupos SH no
cortex cerebral, hipocampo e cerebelo dos ratos quando estiio sob efeito citotoxico causado

pelo uso da droga (Funchal et al., 2011). A reducido significativa de grupos sulfidril,



também foi encontrada em outras doencas lisosossdmicas de depdsito como a

Mucopolissacaridose tipo II {Negretto ot al., 2013).

Em relaciio aos grupos carbonila de proteinas. um marcador biogquimico de danos
oxidativos, foi cncontrado um aumento significativo nos astrécitos onde foi adicionada a
droga, em relagdo aos astrocitos controles. Esses dados estdo de acordo com aqueles

observados cm plasma de individuos com DNPC, sem tratamento, por Ribas ct al (2012).

Os grupos carbonil sfio produzidos em cadeias laterais da proteina quando alguns
aminodcidos {especialmente Pro, Arg. Lys e Thr) sfio oxidados (DalleDone et al.. 2003).
Estas alteragOes da estrutura da proteina podem afetar a fungfio de receptores, enzimas e
protcinas de transporte, resultando numa perda parcial ou completa da funcionalidade da
protefna (Halliwell e Gutteridge, 2007). Considera-se que a oxidacdo proteica e lipidica
pode resultar em disfuncfio celular. E concebivel que o dano, lipidico e oxidativo das
proteinas, verificado nos astrocitos in vitro © cm pacicntes nio tratados, com DNPC, possa
cstar associado, pelo menos em parte com a lesdo tecidual encontrado nos pacicntes com

DNPC.

A medida do contcido de grupamentos carbonila € o parimetro mais utilizado como
biomarcador de dano oxidativo severo a protefnas, sendo considerado um marcador precoce
e de oxidacdo estidvel de proteinas (Levine et al., 1990} tanto in vitro quanto in vive
{Stadtman c¢ Berlett, 1997). Embora a carbonilacdo de proteinas scja usualmente causada
por dano oxidativo induzido por cspéeics reativas, ngs nfio podemos cxcluir a possibilidade
de que aldeidos resultantes da peroxidacio lipidica possam também induzir a geracio de

carbonilas (DalleDone et al, 2003).
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Estodos com cérebro de individuos com Doenga de Parkinson, uma outra doenca
ncurodcegencrativa, mostraram  quc  muitas subunidades cataliticas do complexo 1
apresentavam niveis elevados de modificagdes carbonil, indicativas de oxidacio proteica

{Bueler, 2009).

Com o intuito de continuarmos procurando alteragbes biogquimicas nos astrocitos

submcetidos ao modelo com UL8666A, scguimos cstudando o citocsqueleto celular.

Ao adicionar U18666A as culturas de astrocitos de ratos e induzirmos vm fenétipo

DNPC as mesmas, observamos uma hiperfostforilagio de vimentina insoltivel e de GFAP.

Trabalhos dec Kodam ct al. (2010) também obscrvaram uma hiperfosforilacio de
vimentina insoliivel em hipocampo de camundongo NPC1™7. O mesmo foi relatado por

Walter et al., (2009) cm fibroblastos humanos com NPCI.

Quanto 4 GFAP, nossos resultados sfo similares aos resultados encontrados na
litcratura. Hovakimyan ct al. (2013), obscrvaram um aumcnto desta protcina insolivel
fosforilada em bulbo olfatério e Luan et al., {2007) e Bae et al., (2003), tiveram o mesmo
resultado cm astrécitos, ambos os trabalhos cm modclos cxperimental de ratos NPC1™".

Algumas doengas neurodegenerativas também foram analisadas e demonstraram
aumento de GHAP, entre essas doengas estdo: Alzheimer (Ning et al., 2014), Parkinson
{Thornton ct al., 2012), bem como Huntington (Picrozan ct al., 2014) ¢ ncurodcgencracao
induzida por diteluride (Heimfarth et al., 2008). Na doen¢a de Huntington ({Pierozan et al.,
2014), neurodegeneragio induzida por diteluride (Heimfarth et al., 2008). e Doenca de
Alzheimer (Levin et al., 2009), também observou-se o anmento de vimentina insolivel

fosforilada.
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As propriedades dinimicas dos Fl, podem ser reguladas pela fosforilagio dessas
proteinas (Inagakd ct al., 1996b), o que pedec scr supoertado através dos rcsultados
encontrados aqui, bem como em outros experimentos ja realizados e outras doencas
neurodegenerativas analisadas anteriormente por outros autores. Além disso, as doencas
neurodegenerativas tém como caracteristica a formagdo de agregados de elementos do
citocsqueleto em  diferentes compartimentos cclularcs, o que podc cstar rclacionado
diretamente com a hiperfosforilacio patologica das proteinas do citoesqueleto. (Petzold,
2005).

Existem receptores que estéo dirctamente cnvolvidos na cxcitotoxicidade, cntre cles
destaca-sc o rceeptor NMDA (NMDAR) como principal rcceptor cnvolvido neste

fendmeno.

Em nossas culturas de astrocitos, ao colocarmos o MK-801, por cstc scr um
antagonista nio competitivo de NMDA, observamos que os niveis de fosforilacio
tornaram-se mais baixos, permitindo assim uma total prevencio e tornando os niveis de
fosforilagdo normais dos Fl, tanto de vimentina quanto GFAP. Essa aciio neuroprotetora ja
foi obscrvada cm células corticais utilizando MK-801, inibindo a acdo do NMDA (Parsons

et al., 1995; Palmer et al., 1997).

A hiperfosforilagdo dos FI, devido ao actimulo de colesterol induzido pelo
U18666A, foi prevenida pelo MKS801, demonstrando dessa forma efeitos citotoxicos
envolvidos na desregulacdo das proteinas do citoesqueleto. Conforme demonstrado neste
trabalho, 0 MK801 preveniu totalmente a hiperfosforilag@o, tanto da vimentina guanto de

GFAP. Portanto, provavelmente os mecanismos que levaram i hiperfosforilacdo dos FI
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foram mecanismos dependentes do receptor NMDA, estando o colesterol, cujo aumento foi
induzido pclo ULI8666A, agindo como um agonista glutamatérgicoe sobrc o citocsqueleto.

A partir dos resultados obtidos, talves possamos intuir que substincias que
diminuam a excitotoxicidade causada pelo aumento do colesterol, observado na DNPC, a
exemplo do antagonista do receptor NMDA, MK-801, podem ser ferramentas vidveis para

auxiliar no tratamento dc docngas ncuredcgencrativas relacionadas & cxcitotoxicidade

glutamatérgica.
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7. CONCLUSOES
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De acordo com os objetivos estabelecidos para este trabalho, obtivemos as seguintes
conclusdcs:
Capitulo T:

1) Apés a utilizacio de UI8666A na cultura de astrécitos, obtivemos nma curva dose-
resposta, sendo a dose de (0.25ug/ml no tempo de 48 horas a estabelecida para mimificar

a DNPC.

2) Através do CellM software foi possivel verificar o padrio de fluorescéncia perinuclear
de colesterol, observando-se assim que a quantidade de colesterol em células tratadas
com a droga UI8666A € significativamente mais elevada do que aquela das células
controle. Esses resultados mostram que este € um bom método para se realizar o

diagnostico de acumulo de colesterol na DNPC.

3) A quantidade de colesterol nao esterificado intralisossomal, mostrou uma significativa
diferenga, aproximadamente duas vezes maior, nas cClulas que reccberam a droga
quando comparadas com as cClulas controle, gquando utilizamos o Kit Amplex Red.

Esses resultados, foram compativeis com as andliscs feitas com o CellM softwarc.

4) Ap6s analisarmos a atividade de trés importantes enzimas na degradacio do
metabolismo de lipidios observamos que: a atividade da esfingomielinase de astrdcitos €
significativamente menor nas células em contato com a droga (DNPC) em relacio as
células sem a droga (controles); a atividade da beta-glicosidase de astrécitos tratados foi
significativamente menor do que aquela das células controle e a atividade da beta-

galactosidase ndo diferiu entre os dois grupos.
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Capitulo 1

1)

2)

4)

As téenicas utilizadas para andlises de TBARS, carbonila e sulfidnl serviram para
avaliar os danos aos lipidios e as proteinas, demonstrando que: o uso de UTE666A nas
culturas de astrocitos de ratos jovens leva a um significativo aumento de TBARS e
carbonil, porem os niveis de sulfidril demonstram estar significativamente diminuidos
em astrécitos com a droga. Esses resultados indicam que a droga pode estar levando a

uma peroxidagio lipidica quando comparados com as células controle.

A produgio de 6xido nitrico em astrécitos DNPC encontra-se mais elevada em
comparagdo com as cClulas controle. Este aumento pode estar dirctamente cnvolvido

no aumento do estresse oxidativo.

Ocorreu uma redugio significativa na atividade das enzimas antioxidantes SOD e CAT

no modelo de DNPC quando comparado com células controle.

A atividade especifica da Na*, K'-ATPase em astrécitos de ratos submetidos A droga
U18666A estava diminuida significativamente em relacdo as células controle, o que

pode indicar uma interacio entre o colesterol e essa enzima via neuronal.
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Capitulo 111:

1) Culturas de astrécitos quando em contato com U18666A, apresentaram um aumento
significativo, quase duas vezes maior, na fosforilacdo das protefnas dos FI quando

comparados com as células controle (sem a droga).

2) Andlises de Western blot nas subunidades dos FI comprovaram, que as células em
contato com o UIB666A, realmente sofrem hiperfosforilagiio. Estes resultados foram

- P 32 - : - -
observados devido ao acréscimo de 7P, tanto em vimentina insolivel, quanto cm GFAP.

3) Quando colocamos as cclulas nao tratadas com U18666A cm contato com MK-801, um
antagonista nio competitivo de NMDA, observamos uma diminuicio significativa da

fosforilagdo de GFAP e nenhuma mudanga na fosforilacio de vimentina.

4) Astrocitos tratados concomitantemente com MK-801 e U18666A, mostraram gue esse
antagonista diminui consideravelmente o nivel de hiperfosforilagdo nos Fl. inibindo

assim a cxcitotoxicidade ocasionada pelo acimule de colesterol.



S.PERSPECTIVAS
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Como continuacdo deste trabalho as seguintes perspectivas sdo colocadas:

- A droga UI8666A serve como um excelente agente para mimificar a DNPC, isso serve
como modelo para futuros estudos com outras células, inclusive fibroblastos humanos a fim

de esclarecer a DNPC e suas implica¢des nos diferentes tecidos.

- QOutras enzimas de sintese e degradacio de lipidios, como por exemplo a hexosaminidase
A e a galactocerebrosidase poderdo ser analisadas e o efeito do aumento do colesterol, pelo

U18666A poderd ser testado.

- O UI8666A, sendo um excelente inibidor no transporte de colesterol e tendo sido testado
em culturay de astrocitos de ratos wistar jovens com DNPC, torna-se um excelente agente
para o estudo de diferentes parimetros bioquimicos tanto em células com DNPC como em

outras doencas neurodegenerativas.

- Outros agentes, que inibam a excitotoxicidade do U18666A, como o MK-801, podem ser
testadoy tanto em astrécitos de ratos jovens como em outras células visando futuramente
auxiliar no tratamento de doencas neurodegenerativas relacionadas a excitotoxicidade

glutamatérgica.
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