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“Learn from yesterday, live for today, hope for
tomorrow.

The important thing is not to stop questioning.”

Albert Einstein
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APRESENTACAO

A presente tese de doutorado esta organizada smarées, conforme a seguir:

Parte I: ResumoAbstract Lista de Abreviaturas, Introducéo e Objetivos;

Parte II: Resultados apresentados na forma de 2 artigotfities, dentre os quais um aceito
para publicacéo e outro submetido. Também contéoapitulo com introducao,

metodologia, resultados e discusséo.

Parte Il : Discusséao, Conclusdes, Perspectivas e Refer&Bitibisgraficas.



PARTE 1

|. RESUMO

A vitamina A (retinol) exerce papéis fundamentaasregulacdo de processos celulares, tais
como crescimento, divisdo e apoptose. Os efeitagtitml a nivel celular sdo classicamente
atribuidos a ativacédo de receptores nucleares rddidados receptores esteroides, RAR e
RXR, ativados por diferentes isbmeros do AR, carsido o produto mais biologicamente
ativo da metabolizacéo do retinol. Trabalhos rezemém identificando que o retinol também
exerce funcdes biologicas por mecanismos indepéesieta transcricio génica através da
ativacdo desses receptores, em uma ac¢ao nao-aléssido-genémica da vitamina A. Varios
trabalhos propdem um papel antioxidante da vitamigaembora alguns resultados
demonstrem o papel pré-oxidante da mesma. Nedballig ndés avaliamos o papel da
vitamina A no contexto das doencas neurodegenasat® mecanismo de acdo do AR no
processo de neurodiferenciagdo, a modulacdo daessgw de marcadores de
neurodegeneracao pelo retinol e o potencial papeVithmina A na prevencédo de danos
associados a DP em modelo de ratos foram estudatiesrvamos que o AR (1®1) induziu

a neurodiferenciacéo de células SH-SY5Y atravgwroducdo de espécies reativas e estresse
oxidativo. O retinol em concentracdes maiores qusialdégica (7, 10 e 2@M), atuou de
maneira pré-oxidante, aumentando a producdo deciespéeativas, a citotoxicidade e o
conteudo do receptor para produtos finais de dlicaayvancada (RAGE) de maneira redox-
dependente, bem como o imunoconteudo de marcademsencas neurodegenerativas como
a-sinucleina, peptidep-amildide e tau fosforilada indepedentemente deegst oxidativo.
No entanto, em modela vivo, o pré-tratamento com vitamina A (3000 IU/kg/diajtegeu o
dano neuronal induzido pela injecdo do agente psokiano 6-hidroxidopamina, e também
reduziu o processo inflamatoério. Estes resultadmaahstram que as acdes bioldgicas dos
retindides no sistema catecolaminérgico podem wagrandemente de acordo com o tipo
celular, contexto fisiolégico/patoldgico e modo a#ministracdo, demonstrando um amplo
espectro de acbes e mecanismos celulares.



IIl. ABSTRACT

Vitamin A (retinol) exerts fundamental role in agdr processes regulation, such as growing,
cell division and apoptosis. Retinoids effects octurough binding to nuclear retinoid
receptors, RAR and RXR, activated by different isosrof retinoic acid, considered the most
biologically active product of retinol. Recent segl have shown receptors independent
binding effects of retinoids, which was named asoa-genomic, or non-classical action
mechanisms of vitamin A. In recent years, severtaliss have been proposing an antioxidant
effect to vitamin A, however, series of pro-oxidaesults have been shown a redox-state of
this molecule. In this study, we evaluated the rofevitamin A in the context of
neurodegenerative diseases. The mechanism of acdtibnretinoic acid in the
neurodifferentiation process, the modulation ofrodegeneration markers by retinol and the
potential role of vitamin A in the prevention ofrdage associated to Parkinson’s disease
were evaluated. We observed that retinoic acigi¥0induced the neurodifferentiation of
SH-SY5Y cells through reactive species productiord eoxidative stress. Retinol in
concentrations above the physiological range (7arid 2@M) was able to generate reactive
species, induce cytotoxicity and modulate RAGE ulgfoa oxidative stress mechanism. Also,
retinol was able to modulate neurodegenerativeadese markers such assynuclein, -
amyloid and phosphorylation of tau. In our in vivedel, vitamin A (3000IU/kg/dia was able
to protect neurons from 6-hydroxydopamine inducedemhereration, and also reduced the
inflammatory process. These results demonstratetipabiological actions of retinoids in the
catecholaminergic system may vary according thetagjet, physiopathologic context and
administration mode, demonstrating a wide specwotiactions and cellular mechanisms.



lll. LISTA DE ABREVIATURAS

AR = acido retindico

DP =doenca de Parkinson

DA= doenca de Alzheimer

DH= doenca de Huntington

ELA= esclerose lateral amiotréfica

LB= corpos de Lewy, do inglésewy Bodies

APP =proteina precursora amiléide, do inglésyyloid precursor protein

MPTP= (1-metil-4-fenil-1,2,3,6-tetraidropiridina) € umaurotoxina que provoca sintomas
da DP

6-OHDA= 6-hidroxidopamina

ATP= adenosina trifosfato

EROS=espécies reativas de oxigénio

ERNS=espécies reativas de nitrogénio

BDNF= Fator neurotrofico derivado do cérebro, do indpésn-derived neurotrophic fator

RAGE-= receptor de produtos finais de glicacdo avancamlaglésreceptor for advanced
glycation endproducts

RARE= elementos responsivos a acido retinpaominglés retinoic acid response element
IL-1 g= interleucina B

TNF-a= fator de necrose tumoral-

DNA= acido desoxirribonucleico, do ingl@soxyribonucleic acid

SNC=sistema nervoso central

TH= enzima tirosina hidroxilase

HNE= 4-hidroxi-2-nonenal

PrP= proteina prion, do inglgsion protein



IV. INTRODUCAO

Vitamina A

Vitamina A € um termo genérico usado para defimrauclasse de compostos que
possuem atividade biolégica do retinol (retinolteéss de retinil e retinaldeido). Os
retindides, termo comumente utilizado para defairalogos do retinol, considerado a
“molécula-méae” da familia da vitamina A, bem comaaido retindico (AR), que é formando
intracelularmente através do metabolismo oxidatigoretinol (Montroneet al, 2009), séao
compostos lipossoluveis, encontrados em alimen®soigem animal —peixe e carne
vermelha- como vitamina A pré-formada e em alimgnde origem vegetal como pro-
vitamina A — carotenoides (Take@a al, 2014). No trato gastrointestinal sdo absorvidos e
biodisponibilizados para utilizacdo em processa®lfhgicos, armazenados no figado ou

excretados (Flajollett al, 2013) (Figura 1).
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Figura 1. Metabolismo dos retindides. Uma vez absorvidofinten intestinal, o retinol e o
B-caroteno podem ser convertidos a retinaldeido resempuentemente &cido retindico, e
utilizados pelos demais tecidos do organismo. @oktambém pode ser armazenado no
figado na forma de ésteres de retinil. Adaptado Ldleien, J et al. Role of vitamin A
metabolism in IIH: Results from the idiopathic sxranial hypertension treatment trial.
Journal of the Neurological Sciences 372 (2017848—



Os retindides estao envolvidos em uma complexadeiainalizacdo que regula a
expressao génica em diversos orgaos incluindo éba&r controlando em nivel de sistema
nervoso central (SNC) processos de diferenciacamaelamento neuronal (Maden, 2007).
Também exercem um papel essencial em processogedeintento, e sdo conhecidos
reguladores de funcdes relacionadas a divisdoacetals como reproducéo, desenvolvimento
embrionario e crescimento (Duester, 2008). Alénsali®s retindides estdo envolvidos na
manutencdo de processos fisiologicos tais como saovie funcdo motoras (Sarah J
Freemantle, 2003; Michele Montrone, 2009). O ppatimetabdlito do retinol, o AR (all-
transretinoic acid [ATRA]), € um regulador chave dueuat desenvolvimento embrionario
do sistema nervoso, estimulando o desenvolvimeatax®nios e dendritos levando a uma

funcionalidade sinaptica (Bo-Tao Tan, 2015).

O AR pode ter sua acao relacionada a duas fanu#ia®ceptores nucleares que se
ligam ao DNA e podem iniciar a transcricdo gén@a.receptores RA (RARs, isotipasp,
v), aos quais se liga a forma abundante de AR, cihieomo AR todo-trans, e os receptores
RXR (isotiposa, B, y), que ligam ao isbmero @s-AR (Duester, 2008). Na forma de
heterodimeros (RAR/RXR), estes receptores contr@amanscricdo de genes alvo do AR,
contendo a RAREr¢tinoic acid-response elemégnelementos responsivos a AR. A ligacao
do AR ao receptor RAR na forma de heterodimero R, conectado a um elemento
regulatério do DNA, estimula uma cascata de eveqtesresultam no recrutamento de co-

ativadores e a consequente iniciagdo da transaiidaden, 2007; Tafti e Ghyselinck, 2007).

Nos ultimos anos surgiram trabalhos apontando paeacdo do AR ndo dependente
de RARE e a consequente ndo ativacdo dos receptoresaregl®AR e RXR. Estes
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mecanismos do AR foram denominados de n&do-nualdargendmico ou nao-classico dos
retindides. Nosso grupo observou em diversos tnabakvidéncias de mecanismos néo-
gendmicos envolvendo retindides. Em cultura delaglde Sertoli, foi observado que o AR
induziu uma rapida estimulacdo de ERK1/2 (ZanottoeFet al, 2008), o retinol induziu a
ativacdo de ERK1/2 Src-dependente (Geéiml, 2006), rapida ativacao da fosforilacdo de
ERK1/2, JNK e Src (Gelaiet al, 2012), ativacdo do RAGE via p38 e Akt (Gelainal,
2011), ativacdo da catalase (Gelainal, 2008) e aumento do imunocontetudo da catalase
(Pasqualiet al, 2008) através do aumento da geracdo de espézsgas intracelulares.
Também foi observado em células PC12 que o reitidolz um rapido aumento nas espécies
reativas intracelulares (Gelain e Moreira, 2008necultura de células cromafins adrenais o
tratamento com retinol levou a uma aguda ativagderndima tirosina hidroxilase através da
inducéo do influxo extracelular de calcio e ativada proteina cinase C (Gelahal, 2007).
Esta forma de acao foi proposta devido a ineficééne regulacdo da atividade através do
bloqueio dos receptores e devido a rapida respisarvada, que sugeria um mecanismo
independente de receptores, inclusive através ddup@io de espécies reativas (Gelain e

Moreira, 2008).

Doencgas Neurodegenerativas

Doencas neurodegenerativas sdo patologias em aue2 o morte progressiva de
neurbnios do sistema nervoso central ou periférievando a deficiéncias motoras,
fisiologicas ou cognitivas. Estas doencas podenaafiversas areas do cérebro, e tem como
principais representantes a doenca de Parkinso)) (@Enc¢a de Alzheimer (DA), Esclerose
Lateral Amiotréfica (ELA) e a doenca de Hunting{(®fil). Estas doencas apresentam apenas

tratamentos paliativos, e por ndo apresentarem defiaitiva tornaram-se intenso foco de



estudos, a fim de compreender os mecanismos a@dular moleculares causadores da
citotoxicidade. De acordo com a Organizacdo Mundel Saude, em 2015, as doencas
neurodegenerativas foram a sétima causa de morteindo, tendo mais do que dobrado sua

incidéncia desde o ano 2000 (Organizacdo Mundi8ladale, 2017).

A DP é uma desordem neurodegenerativa que levada peogressiva dos neurdnios
dopaminérgicos da substancia negrars compacta Os pacientes portadores podem
apresentar uma combinacdo de sintomas motores-maotdoes. Sintomas motores tipicos
incluem hipocinesia, bradicinesia, tremor de repoefu rigidez, e sao utilizados como
fatores no diagndstico da patologia (Dietrichs énQ#017). Apesar dos inUmeros estudos
tentando compreender a doenca, os tratamentosndigi® sdo apenas sintomaticos e néo
inibbem a progressdo da patologia. Acredita-se qupema neuronal dopaminérgica é
responsavel pelas alterag6es motoras encontradi®enga, uma vez que 0s niveis da enzima
tirosina hidroxilase, envolvida na sintese de dapamassim como transportadores
dopaminérgicos, sao severamente reduzidos na DiHofGe et al, 2016). Além da perda
neuronal, diversos estudos demonstraram desregulded fatores neurotréficos, como
reducdo do fator neurotréfico derivado de célulagtia e reducdo da expressdo do fator
neurotréfico derivado de cérebro. Outro marcadobBeaé a presenca de agregados fibrilares
intracitoplasmaticos denominados corpos de Lewyesap de ser um agregado heterogéneo,
0s principais constituintes dos corpos de Lewywdiquitina e a proteina de terminal nervoso
pré-sinapticoa-sinucleina. Esta possui propensdo a agregacdo) paeientes com DP é
encontrada modificada através de oxidagao, nitragadivagem (Wakabayasht al, 2013).

A DP pertence a uma classe de doencas neurodetjeseidenominada sinucleinopatias, as
quais compartiiham o acumulo e agregacaa-deucleina como quadro central da morte

neuronal. Além da DP, encontram-se nessa classengmtia com Corpos de Lewy e
9



deméncia da DP (Spencetral, 2017). Outro grupo de doencgas neurodegeneraivague a
citotoxicidade celular € causada pela agregacégipaosao as taupatias, nas quais ocorre a
hiperfosforilagdo e agregacdo da proteina tau,oresvel pela regulacdo da estrutura e
funcdo dos microtubulos em neurdnios. Os mecaniste@#totoxicidade tau dependentes séo
encontrados na DA, ocorrendo também na encefatofratimatica cronica, doenca de Pick,
degeneracdo corticobasal e paralisia progressipeasuclear (Hasegawa, 2006; Rojas e

Boxer, 2016).

A DA é a causa mais comum de deméncia entre as;a®ereurodegenerativas na
populacdo acima de 60 anos, caracterizada cliniciEnpela progressiva perda de memoria e
declinio cognitivo (Leeet al, 2010). O cérebro de pessoas afetadas pela daepnesenta
significativa perda de sinapses e neurdnios resldtam forte atrofia do cértex e hipocampo
(Grimm et al, 2016). A citotoxicidade na DA esta associadapeitidsforilacdo da proteina
estabilizadora de microtubulos - tau, que resutéormacéo dos agregados protéicos (placas
neurofibrilares), caracteristicos da doenca. Estugtacionam que alteracdes no numero e
forma dos dendritos ocorrem antes da morte neur@@tahan e Dogan, 2017). Outra
caracteristica da doenca € o aumento de formacgeptddeop-amildide, e sua liberacdo
extracelularmente no SNC, com a consequente ativdeareceptores extracelulares que
desencadeiam respostas neurotoxicas. O pegitdaunldide € um polipeptideo contendo 39-
42 residuos de aminoacidos derivado do processanpeoteolitico da APP, uma proteina
transmembrana tipo | pertencente a familia mult@g@mue inclui as proteinas amiléides
precursorasike 1 e 2. A APP exibe uma variedade de func¢des hitddg que incluem
regulacdo do célcio intracelular, crescimento esadeelular, transporte axonal de vesiculas e

homeostase de ions metalicos (Sreitlal, 2007).
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A Esclerose Lateral Amiotréfica é outra doenca odegenerativa severa
caracterizada pela progressiva perda de neurdnidsres superiores do cortex e perda de
neurénios motores inferiores do tronco cerebrapenda vertebral. Esta perda celular resulta
em espasticidade, perda muscular e fraqueza, jpiadceeaté paralisia, dificuldades na fala,
degluticdo e respiracdo. O marcador patologico dench € a formacdo de agregados
citoplasmaticos nos neurdnios motores em degeremgdligodendrocitos circundantes, e
estas inclusbes encontram-se em outras areas aerelmmo lobos frontal e temporal,

hipocampo e cerebelo (Al-Chaladtial, 2016; Niedzielskat al, 2016b).

Ao contrario da DP, DA e ELA, que apresentam fat@enéticos, mas principalmente
fatores ambientais em sua origem, a doenca de rdjiofi possui como origem principal a
familiar, sendo herdada geneticamente. A DH é uatalqgia caracterizada pela progressiva
perda das funcbes cerebrais e musculares, queeodewido a programacao genética de
degeneracdo de neurdnios, e causa movimentos tedadas, perda da habilidade
intelectual e disturbios emocionais. A DH é caugagla expansao do trinucleotideo CAG no
éxon 1 do geneHuntingtin, localizado no cromossomo 4 (4p63). Enquanto indiv$d
normais possuem de 6-35 CAG, portadores da dogregemtam 36 ou mais repeticdoes. O
acumulo da proteina mutada que contém uma longaorelg poli glutamina causa morte
neuronal e degeneracdo das redes neurais (Manoba@rllemin, 2016; Ochalekt al,

2016).

A doenca de Creutzfeldt-Jakob (DCJ) também posagr@gacao protéica como causa
de citotoxicidade, ocorrendo o acumulo e agregagiproteina prion mutada (Prppron
protein). Em sua forma esporadica, a doenca apresentanonigra com eventos aleatérios

11



como inicio da alteracdo protéica, ao contrariofatena familiar em que os eventos séo
desencadeados por mutacdes no gene que codificB. 8AR doencas causadas por prions
também séo classificadas como neurodegenerativesigveis, aléem se serem infecciosas e
afetarem tanto humanos como animais (Karapegtaal, 2013; Brandner e Jaunmuktane,

2017).

Grande parte das doencas neurodegenerativas cdhgpanm mecanismo de
citotoxicidade comum, a agregacdo de formas altesade proteinas. Quando recém-
sintetizadas, as proteinas possuem uma rede dmogtade, formada por diversas proteinas
chaperonas que auxiliam contra interacdes inespaesié atuam no controle da conformacao.
Estimulos externos podem induzir a perda da corgo@im protéica nativa, juntamente com a
perda de sua funcdo, e mais ainda proteinas eapedtsenovelado tendem a entrar em vias
que resultam em agregacéo, as quais fornecem w@doede energia mais baixo do que a
conformacao nativa (Radwat al, 2017). Varios estudos apontam o estresse oxalatino
mecanismo de toxicidade inicial e fator contribuigara a formacéo de proteinas aberrantes

(Squier, 2001).

Estresse Oxidativo no Contexto de Doencas Neurodegeativas

Diversos estudos ao longo dos anos vém tentanadifidaer fatores que contribuem
para 0 processo de neurodegeneracdo no cérebside@uo um dos grandes desafios da
medicina moderna. Atualmente existem diversas bfad relacionadas aos mecanismos que
induzem dano e morte celular dos neurdnios nascdsemeurodegenerativas, como efeitos
excitatorios causados por aminoacidos, perturbalghonetabolismo energético celular e

estresse oxidativo (Niedzielskaal, 2016b).
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A fim de obter energia para o desempenho das @mdi$iologicas, as células
convertem energia para a forma de ATP, em um psocgsnominado fosforilagdo oxidativa
gue ocorre nas mitocondrias. Esse processo acalpaquiuzir subprodutos, espécies reativas
de oxigénio (EROS), espécies reativas de nitrog€RiBNS), entre outros. Além da
mitocondria, outras fontes endogenas produzem iespéeativas, e incluem reticulo
endoplasmatico, peroxissomos, enzimas da familidlDMAoxidase e outras monoamino
oxidases (Tonnies e Trushina, 2017). Em concergmgdoderadas ou baixas as espécies
reativas sd8o0 essenciais para o desenvolvimento neadu neuronal, sendo inclusive,
consideradas importantes barreiras de defesa dofdgcgdes, possuindo um importante papel
na inflamacdo. O sistema antioxidante é composto gms tipos de barreiras, uma
enzimatica, constituida pelas enzimas superoxidemutiase, glutationa peroxidase,
glutarredoxinas, tiorredoxinas e catalase, e ovdi@enzimatica, constituida, por exemplo,
por vitaminas. Os problemas surgem quando a pé&mdde espécies reativas excede a
capacidade de resposta do sistema antioxidanteeado, assim, oxidacdo protéica, do DNA
e lipoperoxidacéo, levando a dano oxidativo, degay@® celular, podendo evoluir para um
declinio funcional e morte celular (Birben al, 2012). Este desequilibrio entre a geracdo de
espécies reativas e a capacidade do sistema aaind&ide neutralizar as espécies recebe o
nome de estresse oxidativo. Além de fontes intudaeds, estimulos externos também podem
contribuir para a geracao de espécies reativagrébim se torna um alvo facil do excesso de
dano oxidativo, ja que possui em sua composicaadgraonteudo lipidico, grande demanda
energética, dependéncia do metabolismo aerébiessacabundante a metais de transicéo e
fraca capacidade antioxidante. Assim, o0 estress@atwo induz o0 aumento da
permeabilidade da barreira hematoencefalica, aodoredesta forma maior infiltracdo de

compostos indesejaveis no SNC causando neuroinfiana morte neuronal (Halliwell,
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2006; Di Domeniccet al, 2016; Niedzielsk&t al, 2016b; Salim, 2017; Tonnies e Trushina,

2017).

Embora a etiologia da maioria das doencas neurodegfevas seja multifatorial, com
participacdo génica e fatores ambientais, diveestsdos apontam para o papel do estresse
oxidativo no seu desenvolvimento. O principal efaieletério das espécies reativas como
anion superoéxido, radical hidroxil, peroxido derbg€nio e éxido nitrico € a indugcdo de
disfuncdo mitocondrial, geracdo de espécies reatiea agregacdo protéica na

neurodegeneracao (Losada-Barreiro e Bravo-Diaz{)201

A disfuncdo mitocondrial causada por estresse txamaobservada nas doencas
neurodegenerativas ocorre devido a dano oxidatovdBA mitocondrial e acumulo de
mutacBes. O DNA mitocondrial € menos protegido guRNA nuclear, apresentando menos
mecanismos de reparo e falta de histonas, ficangis suscetivel a constante geracdo de
espécies reativas. Uma vez que o DNA mitocondidifica grande parte das enzimas da
cadeia transportadora de elétrons, mutacdes ersegjgncia causam sérias consequéncias
nas células, especialmente neurdnios que posstiardesmhanda energética, podendo levar a
apoptose. Também decorre do estresse oxidativoc&edwua atividade da NADPH
desidrogenase da cadeia transportadora de eléteorsaibstancia negra de pacientes com
Parkinson, e de enzimas dos complexos piruvato dibggnase, a-cetoglutarato
desidrogenase e citocromo C oxidase em pacienteDéo (Filostoet al, 2011; Federicet

al., 2012; Cicconet al, 2013).
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O sistema nervoso central é altamente sensivekpécies reativas devido a alta
concentracdo de acidos graxos poli-insaturadosneasbranas dos neurénios. A peroxidacao
destes acidos graxos leva a geracdo de aldeidoss@omo o 4- hidroxi 2-nonenal (HNE),
que altera a funcado celular através da sua ligagao proteinas, e malondialdeido. Altas
concentracbes de HNE foram encontradas no cérebem efluidos de pacientes com
Parkinson, Alzheimer, Huntington e Esclerose Laté&miotréfica. Estudos apontam o
estresse oxidativo, especialmente a producédo de EtBO causa de modificacbes pos-
transcricionais que induzem a agregacao-dmucleina (Xianget al, 2013; Di Domeniceet
al., 2016). Outros estudos relacionam o estresse tieulee endoplasmatico com a
hiperfosforilagdo da proteina tau (lo al, 2012) e o0 estresse oxidativo com a inibicdo da

autofagia de proteinas mutadas na doenca de Htorti(gidoni et al, 2016).

A presenca de metais de transi¢cado no cérebro nfla® estado redox, sendo relatado
acumulo de ferro no cérebro de pacientes com Deatando a peroxidacao lipidica atraves
da geragcao do radical hidroxil pela da reacdo de@ofRe Homeostase anormal de outros
metais incluindo cobre, zinco, magnésio, manganékiminio também estdo relacionados
com a geracao de estresse oxidativo e agregagdeptioled3-amildide e da proteina tau. Foi
relatado, por exemplo, que o zinco se liga a ARRe®& 0 seu processamento, assim como o
zinco, aluminio, ferro e cobre se ligam diretametgeptide@-amildide e promovem a sua
agregacdo. Similarmente, estes metais podem estalvielos na fosforilacdo da proteina tau
e sua consequente liberacdo dos microtubulos, cdonnaacdo das placas neurofibrilares.
Outros estudos indicam que o préoprio peptifeamildéide pode gerar espécies reativas na
presenca de ferro e cobre (Buethal, 1994; Sayreet al, 2000; Smithet al, 2007; Tonnies e

Trushina, 2017). A ligacdo de metais divalentes @ornbre e manganés em residuos
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terminais daxr-sinucleina também induz a sua agregacao (Beretcl 2015; Rokackt al,

2016).

Além do estresse oxidativo, a inflamacdo tambéneqearestar relacionada com a
neurodegeneracdo na DP, através da liberacdo denes e prostaglandinas (Niranjan,
2014). Modelos experimentais da DP utilizando aidBelxidopamina como neurotoxina
demonstraram ocorrer um aumento na liberacdo deirtés pro-inflamatorias como TNFe
IL-1B, aumento da lipoperoxidacdo e reducdo do nivelG&1 (Farboodet al, 2015;
Kheradmandet al, 2016). As vitaminas sao potentes anti-inflamagimaturais, e seu uso

também é indicado na prevencao de doencas neurwtageas (Sutachaet al, 2012).

A presenca de marcadores inflamatdrios em céretleopacientes com doencas
neurodegenerativas aponta para uma relacéo etreesesoxidativo e inflamacao na etiologia
das doencas. Estudos relatam que a morte celuharliberacdo dex-sinucleina induz a
ativacdo da microglia aumentando assim o dano dogagico na DP. A ativacdo da
microglia induz a ativacdo da enzima NADPH oxidas@&ssim mais espécies reativas sao
geradas aumentando a neurotoxicidade. Analiseséranidicam um aumento na liberacao
de citocinas pro-inflamatorias como 13- TNFe na substancia negde pacientes com PD

e em soro de pacientes com AD (Zhanb@l, 2005; Niranjan, 2014; Demiret al, 2017).

O RAGE, ou receptor para produtos finais de glioagiiancada, é um receptor
extracelular multi-ligante, que desencadeia a trég@# NF«B dependente de citocinas, e

também a produgdo de espécies reativas comumestdeiada a diabetes e outros estados
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inflamatorios crénicos. Um dos ligantes descrittsalmente de RAGE é o peptid@e
amiloide, liberado no processo de desenvolvimertdDd, mas também pode se ligar a
demais produtos oriundos da glicacdo oxidativaatbaidratos (Caet al, 2016; Rayet al,
2016). A ativacdo do RAGE parece estar relaciomadao eixo neuroinflamatério, visto que
este receptor estimula a expressao de citocinagfaatorias, e € também ativado pelas
mesmas, contribuindo assim para a formacao de @argunflamatorio cronico. O RAGE é
capaz de se ligar ndo somente em AGHdnced glycation end-produjtg€omo também
em anfotericinas, calgranulinas e no pept{gi@amildide. Em uma situacdo de desequilibrio
redox, a ativacao deste receptor esta relaciomaaacativacao e progressao de inflamacao e
vias proé-apoptéticas (Piragt al, 2016). Recentemente, estudos indicam uma forte
participacdo do RAGE na DA, visto que o peptifleamiloide foi descrito como seu ligante,

e observou-se a ativacdo de muitas vias de sigabzaneurotoxicas associadas com
degeneracéo celular a partir da ligacdo do peptae®AGE (Yanet al, 2012). Outros
estudos apontam o RAGE como mediador para o traespo peptide@-amiléide pela
barreira hematoencefalica, aumentando assim aep@sigado no tecido neuronal, e também
um aumento no imunoconteudo de RAGE foi associado @ aumento de outros marcadores
para a DA (Candelat al, 2010; Valenteet al, 2010). Desde que estudos mostrando a
capacidade antioxidante da vitamina A surgiramiogaautores comegaram a sugerir 0 seu
uso como forma de prevencgdo ou tratamento congagas relacionadas a neurodegeneracao

(Reinhardtet al, 2016).
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Vitaminas, Estado redox e Doencas Neurodegeneratyva

Devido a importante relacdo entre o0 estresse owxaate as doencas
neurodegenerativas, pesquisas sugerem o uso deidatites para o tratamento ou prevencao
destas doencas. Vitaminas sdo compostos naturar eapresentar caracteristicas de
neutralizacdo das espécies reativas, seu uso temasiplamente proposto contra doencas

neurodegenerativas (Bhadti al, 2016).

A vitamina C, ou acido ascorbico, € um importamtgoxidante solivel em agua, que
protege os neurdnios do dano oxidativo, por reataaiforma reduzida da vitamina E, @u
tocoferol. A vitamina E, por sua vez, é um antiexitg lipossolivel que protege as
membranas celulares da lipoperoxidacdo. Juntameone a vitamina A 0 uso dessas
vitaminas ja foi sugerido como forma de prevencéw e¢ratamento da DP, e foi relatado
também uma correlacdo entre deficiéncia de vitanin@ o estabelecimento de morte
neuronal oxidativa, e seu efeito neuroprotetorreobiH e ELA. Baixos niveis plasméticos e
baixa ingesta de vitamina D estdo associados @&mPBgra ndo tenha sido estabelecido se é a
causa ou consequéncia da doenca devido a redugaoliedade em pacientes (Paraskevas

et al, 2003; Covarrubias-Pintet al, 2015; Wanget al, 2015).

A vitamina A e seus derivados influenciam na diferagcéo celular, proliferagéo,
apoptose e também possuem um papel fisiolégicoafurdtal em uma série de processos
biolégicos. Pela sua propriedade redox ativa tegendo contra a acao de espécies reativas
em algumas situagcbes, e promovendo o0 dano oxida&mooutras-, a vitamina A, e 0S
retindides em geral, foram postulados como compaattioxidantes, capazes de influenciar o

metabolismo de espécies reativas, sinalizacdo rednuilibrio do estresse oxidativo. Alguns
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efeitos relatados dos retindides foram relacionactos a habilidade dessa vitamina em
neutralizar formas téxicas de oxigénio e outrodcead livres (Burton e Ingold, 1984). A
administracdo de retinol ou carotenoides tem sidmplamente demonstrada inibir o
crescimento e desenvolvimento de diversos tiposud®ores, incluindo pele, pulméo e
hepatico (Doldcet al, 2015). Outros trabalhos indicam o uso de AR dagéo de apoptose e
modulacdo de enzimas antioxidantes em modelo decée mama (Hong e Lee-Kim, 2009).
A partir destas observacdes, também foi sugeriggoade retindides em terapias baseadas em
antioxidantes para tratar ou prevenir doencas degenerativas mediadas por radicais livres.
Outros modelos experimentais confirmaram a haliédda vitamina A em alterar o ambiente
redox, mas de forma pro-oxidante, aumentando augémddo radical &nion superoxido?(P

e dano oxidativo ao DNA, modulando a atividade miareas antioxidantes (Dal-Pizzet al,
2000; Dal-Pizzokt al, 2001). Além disso, a vitamina A induz morte ppojgtose através de
uma desregulacdo redox em modéto vitro. Devido a sua capacidade de induzir a
diferenciagao celular, o AR vem sendo proposto peapia no tratamento de neuroblastoma
humano através da inducdo de apoptose (@taal, 2012), e também como indutor de
neurodiferenciagdo em modelosvitro, a fim de melhor compreender eventos moleculares e

vias de sinalizacao em diversas patologias neusvdegtivas (Alberiet al, 2012).

1R=CH,0H
2R=CHO

3R=COOH

4R =CH,00CCH;

5R =CH,00C(CH,),,CH;

Figura 2: Estrutura dos Retinoides. 1 = retinol, 2= retinaldeido, 3 = acido retindico, 4 =
acetato de retinil, 5 = palmitato de retinil. Adaptdo de: Harrison, E.H.; Curley, R.W.
Carotenoids and Retinoids: Nomenclature, Chemistryand Analysis. Subcell Biochem.
2016;81:1-109.
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V. OBJETIVOS

Justificativa e apresentacéao dos objetivos

Considerando que: 1) o acido retingico tem papsresal no desenvolvimento neural
embrionario, mas seus mecanismos de acao naoceclaEsb seu papel como antioxidante ou
pré-oxidante na neurodiferenciacdo ainda ndo esdémrte; 2) o papel da vitamina A (retinol)
na neurotoxicidade e modulacdo de marcadores nsgeadrativos € incerto; 3) a
suplementacdo alimentar da vitamina A como prewvengéu tratamento de doencas
neurodegenerativas ainda € debatida visto suaradas-dependente, o objetivo central desta
tese foi 0 deestabelecer a acdo e mecanismos de diferentes rétites sobre processos de

neurodiferenciacédo e neurotoxicidade no sistema aaolaminérgico em modelogn vitro

einvivo, tendo como objetivos especificos:

a) investigar o papel de espécies reativas e sstregidativo na neurodiferenciacao

catecolaminérgica de células SH-SY5Y induzida p&r A

b) analisar o efeito da suplementacéo de retin@stesse oxidativo, viabilidade e acumulo

de marcadores neurodegenerativos células SH-SY5Y;

c) averiguar o efeito da suplementagdo oral vitami in vivo na prevencao do

parkinsonismo induzido por 6-hidroxidopamina.
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Abstract Human neuroblastoma SH-SYSY cells have been
used as an in vitro model for neurodegenerative disorders such
as Parkinson’s disease and can be induced to a mature neuro-
nal phenotype through retinoic acid (RA) differentiation.
However, mechanisms of RA-induced differentiation remain
unclear. Here, we investigate the role of reactive species (RS)
on SH-SY5Y neuroblastoma cells under RA differentiation,
using the antioxidant Trolox® as co-treatment. We found that
RA treatment for 7 days reduced the cell number and prolif-
erative capacity and induced the expression of adult
catecholaminergic/neuronal markers such as tyrosine hydrox-
ylase (TH), (3-1II tubulin, and enolase-2. Evaluation of intra-
cellular RS production by DCFH oxidation assay and quanti-
fication of cell non-enzymatic antioxidant activity by TRAP
demonstrated that RA increases RS production. Furthermore,
mitochondrial NADH oxidation showed to be inhibited under
differentiation with RA. Cells subjected to co-treatment with
antioxidant Trolox® demonstrated a remaining proliferative ca-
pacity and a decrease in the pro-oxidant state and RS production.
Besides, antioxidant treatment restores the mitochondrial NADH
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oxidation. Importantly, Trolox® co-treatment inhibited the ap-
pearance of morphological characteristics such as neurite exten-
sion and branching, and decreased the expression of TH, 3-III
tubulin, and enolase-2 after a seven-day differentiation with RA,
indicating that RS production is a necessary step in this process.
Trolox® also inhibited the phosphorylation of Akt and ERK1/2,
which are involved in differentiation and survival, respectively,
of these cells. Altogether, these data indicate the presence of a
redox-dependent mechanism in SH-SY5Y RA-differentiation
process and can be a useful insight to improve understanding
of neuronal differentiation signaling.

Keywords Retinoic acid - Neuronal differentiation -
SH-SYSY - Oxidative stress - Tyrosine hydroxylase

Introduction

Parkinson’s disease (PD) is the most common movement dis-
order, affecting approximately six million people worldwide
[1] and is highly connected to oxidative stress, with increased
lipid peroxidation, decreased glutathione, abnormalities in
iron homeostasis, and protein aggregation [2]. Cellular models
are often used to understand pathways and molecular events
of pathological processes. In vitro research emerged as first
choice for preliminary studies on the molecular action, cyto-
toxic and genetic events of neurodegenerative diseases, in-
cluding PD [1]. The human neuroblastoma SH-SYS5Y cell line
has been largely used in neuroscience studies, particularly to
generate different PD cell models [3—6]. Originally derived as
subclone of the neuroblastoma cell line SK-N-SH, SH-SY5Y
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cells have been frequently used either in an undifferentiated
condition or in a neuron-like state after inducing the cells into
a functional and morphological neuronal phenotype. Retinoic
acid (RA) is a signaling molecule and exerts a major role in
neuronal differentiation and patterning [7]. Differentiation
with RA has been shown to induce morphological and meta-
bolic changes that confer neuronal-like features [5] and also
induces cell cycle arrest, neurite outgrowth, and differentiation
into catecholaminergic phenotype [6, 8—10]. Administration
of RA in therapeutic protocols for neuroblastoma treatment
had promising clinical results [10, 11]. Also, neurons derived
from SH-SYSY treatment with RA for 7 to 10 days express
specific neuron markers, such as tyrosine hydroxylase (TH),
enolase-2, and 3-III tubulin, enabling this model for molecu-
lar studies on cell replacement therapy, neuronal differentia-
tion, disease modeling, and drug screening [8, 12].

RA is the main active metabolite of retinol, from the reti-
noid family of related compounds (which includes vitamin A)
and may influence the oxidant status of the cell due to intrinsic
redox-active properties [13, 14]. Classically, RA effects are
mediated by the nuclear retinoic acid receptors (RAR) and
retinoid X receptors (RXR) [9, 10, 14]. More recently, new
mechanisms of action triggering cellular events not related to
retinoid receptor activation were identified, and these events
have been referred to as non-genomic, non-classical, or extra
nuclear effects of retinoids [15, 16]. Several studies reported
non-genomic actions by retinoids, and some of these are de-
pendent on reactive species (RS) production and redox mod-
ifications [17-21]. Although it is known that RAR-/RXR-me-
diated gene transcription exerts an important role in neuronal
differentiation, the necessity of high concentrations (5 to
10 umol/L) of RA to induce SH-SYSY differentiation [5]
suggests the participation of RAR-/RXR-independent
mechanisms.

RA-induced differentiation of SH-SY5Y cells has been re-
lated with resistance to oxidants and xenobiotics, possibly due
to modulation of RS production and oxidative stress responses
[8, 22, 23]. In previous works, it was observed that SH-SY5Y
cells expressing Nrf2, a transcription factor responsible for the
activation of key genes in antioxidant response and xenobiotic
detoxification, enhanced the expression of markers associated
to neurite outgrowth, such as neurofilament-M and
microtubule-associated protein 2 (MAP2) when treated with
RA for up to 4 days [24]. This result indicated that up-
regulation of antioxidant defense was essential to RA-
induced differentiation in SH-SYSY cells. Besides, the obser-
vation that RA enhances NADPH oxidase expression in SH-
SYSY cells and that pharmacological inhibition of this en-
zyme inhibits both MAP2 expression and morphological dif-
ferentiation [25] indicates that RS production may be an es-
sential step in RA-induced neuronal differentiation.

Here, we evaluated the role of RS production and oxidative
stress during RA differentiation using the neuroblastoma SH-
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SYS5Y cell line. Using both undifferentiated (proliferative) and
differentiated SH-SYS5Y cells, we characterized the redox-
dependent effects of RA on SH-SYSY cell viability, prolifer-
ation and cell cycle, cellular morphology, expression of spe-
cific neuronal proteins, and activation of signaling pathways.
Synthetic antioxidant Trolox®, a vitamin E analog, was used
to evaluate the effect of oxidative stress during differentiation.
Therefore, in the present study, we provide valuable insight
into the mechanisms of action of RA on SH-SYS5Y cells, spe-
cifically on the role of RS and oxidative stress as necessary
events taking place in the signaling cascade evoked by RA
during neuronal differentiation.

Materials and Methods
Cell Culture and Treatments

Human SH-SY5Y neuroblastoma cell line was obtained from
the European Collection of Cell Cultures (ECACC). Cells
were grown in 1:1 mixture of Ham’s F12 and Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
2 mM L-glutamine, 0.28 mg/mL of gentamicin, 250 pg
amphotericin B, and 10 % heat inactivated fetal bovine serum
(FBS) ina 5 % CO,-humidified incubator at 37 °C. Cells were
seeded at an initial density of 10* cells/cm® in culture dishes
for 24 h (TPP Techno Plastic Products AG). Differentiation
was induced in 1 % FBS medium by 10 uM all-trans-retinoic
acid (RA). The culture medium was replaced every 3 days,
and the cells were maintained under differentiation for 7 days.
Antioxidant treatment was carried by adding Trolox®
(100 uM). Two different control groups were considered for
different purposes: proliferating cells cultured in 10 % FBS
(proliferative cells) were used as standard for proliferative,
undifferentiated cells; and cells exposed to 1 % FBS medium
(non-proliferative cells) were used as control in relation to the
cells submitted to differentiation with RA 10 uM in 1 % FBS.
Besides, a zero time group was used as control of the starting
point of differentiation, in which cells were briefly exposed to
RA in 1 % FBS and incubation was promptly terminated (Day
0) (Fig. 1). For phosphorylation experiments, cells were
changed to free-serum medium for 1 h, followed by pre-
incubation of 2 h with Trolox® (AR+T and T groups). After
this time, cells were treated with RA or vehicle (Trolox®
group) for 0, 15, 30, 45, and 60 min.

Parameters of Cellular Viability and Neuronal
Morphologic Phenotype

The sulforhodamine B (SRB) incorporation assay was used
for determination of cellular density, as it is directly related to
cellular protein biomass. This assay relies in the high affinity
of SRB to protein components of the cell [26]. The absorbance
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Fig. 1 Schematic overview of experimental design. Proliferative cells
consist in cells under 10 % FBS medium for 48 h with medium
replacement after 24 h. Non-proliferative cells consist in 24 h under
1 % FBS medium and Day 0 consist of cells briefly exposed to 1 %
FBS medium with RA. The differentiation protocol consisted in
reducing medium FBS concentration from 10 to 1 % and then adding

was determined spectrophotometrically at 515 nm, and results
were expressed as percentage of SRB incorporation. Lactate
dehydrogenase (LDH) activity in the incubation medium was
assessed to estimate cell membrane leakage, using a commer-
cial kit from Labtest SA (MG, Brazil). To evaluate cellular
morphology at daily basis, phase-contrast micrographies were
taken by using an inverted microscope (Nikon Eclipse TE300)
connected to a digital camera.

Flow Cytometry Analyses of Cell Proliferation
and Differentiation

To determine the cell cycle state of cells, first was used Click-
iT EAU® Alexa Fluor 647 flow cytometry assay kit
(Molecular Probes). Briefly, SH-SY5Y cells were cultured in
6-well plates and differentiated for 7 days. After this, the cells
were pre-incubated for 3 h with EAU® (5-ethynyl-2'-
deoxyuridine) to allow it to incorporate into DNA. The cells
then were fixed in 4 % formaldehyde followed by incubation
with rabbit anti-tyrosine hydroxylase (Cell Signaling
Technology, #9664, 1:800). Cells were analyzed by flow cy-
tometry (BD FACS Calibur flow cytometer, BD Biosciences);
data were analyzed by FlowJo (cytometric data analysis and
presentation software). Ten thousand cells were analyzed per
sample, and data were also reported as the percentage of pro-
liferative (EdU®-positive) and differentiated cells (TH-posi-
tive cells). We also performed a cell cycle progression assess-
ment in which differentiated and proliferative cells were
stained with PI (propidium iodide) followed by flow cytome-

try sorting.

RA (10 uM) 24 h later. RA plus Trolox® (100 uM) and Trolox® alone
were the other groups to evaluate the role of antioxidant treatment in RA
differentiation. The culture medium was replaced every 3 days, and after
7 days under treatment, cells were collected and prepared for the
experiments

Confocal Immunofluorescence Microscopy

Cells were washed with phosphate-buffered saline (PBS) and
fixed on chamber slides with 4 % paraformaldehyde (PFA) in
4 °C for 15 min. Samples were sequentially treated with
0.15 % Triton X-100 and 5 % FBS for 1 h and 30 min. Cells
were immunostained with specific antibodies, the primary an-
tibodies were utilized as follows: rabbit anti-TH (Cell
Signaling Technology, 9664, 1:800), mouse anti-3-III tubulin
(Novex, 480011, 1:1000), and fluorescent-labeling Alexa
Fluor 488 goat anti-mouse (Molecular Probes, A11001,
1:800) and fluorescent-labeling Alexa Fluor 488 goat anti-
rabbit (Molecular Probes, A11008, 1:800). For nuclear stain-
ing, Prolong Gold Antifade Reagent with DAPI (Molecular
Probes, P36931) was used. Images were taken with an
Olympus FluoView 1000 confocal microscope and subse-
quently analyzed by using Olympus FluoView FV1000
Software, ver. 3.0. Thresholds discriminating between signal
and background were selected by utilizing cells that were only
stained with secondary antibodies in order to discriminate any
false positive result.

Immunoblotting

To perform immunoblot experiments, cells were lysed with
2 % sodium dodecyl sulfate (SDS) and was resolved in stan-
dard SDS-polyacrilamide gel electrophoresis and were trans-
ferred to an nitrocellulose membrane (Millipore, Bedford)
using a Trans-Blot SD Semi-Dry Electrophoretic Transfer
Cell (Bio-Rad, Hercules, CA, USA). Protein loading and
electroblotting efficiency was verified through Ponceau S
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staining, and the membrane was washed with TTBS (Tris
100 mM, pH 7.5, 0.9 % NaCl and 0.1 % Tween-20). The
membrane was blocked in TTBS containing 5 % of non-fat/
skim dry milk for 60 min at room temperature. Primary anti-
body was incubated overnight at 4 °C and subsequently
washed with TTBS. Anti-rabbit or mouse IgG peroxidase-
linked secondary antibody was incubated for 2 h at room
temperature, and the membrane was washed again with
TTBS. Blots were finally developed and immunoreactivity
was detected by enhanced chemiluminescence using
Supersignal West Pico Chemiluminescent kit (Thermo
Scientific). Densitometric analyses were carried using a
CCD camera (GE ImageQuant LAS 4000) and the quantita-
tive analysis was performed using Image J. software. Anti-
enolase-2 (Cell Signaling Technology, 9664, 1:500), anti-3-
actin (Sigma-Aldrich®, A1978, 1:500), anti-phospho-Akt
(Thr308) (Cell Signaling Technology, #13038S, 1:1000),
anti-Akt (Cell Signaling Technology, #9272S, 1:1000), anti-
phospho-ERK1/2 (Thr202/Tyr204) (Cell Signaling
Technology, #9101, 1:1000), and anti-ERK1/2 (Cell
Signaling Technology, #9102, 1:1000) were used.

Quantitative RT-PCR

Total RNA was extracted from cells according to the manu-
facturer’s instructions (PureLink® RNA mini kit -
12183018 A—Life Technologies™). The cDNA was synthe-
sized with the Super Script III Reverse Transcriptase kit
(Invitrogen) using 1 pg of total RNA. Quantitative RT-PCR
reactions were performed in triplicate for each sample using
the Step One Plus thermocycler (Applied-Biosystems) and
Power SYBR® Green PCR Master Mix (4367659, Life
Technologies™). Reactions were carried out in 25 pL follow-
ing manufacturer’s instructions. Primer sequences are as fol-
lows: forward sequence (5’CAGAGGCCATCATGTCCCCG
3”) and reverse (5’CTTCCCCTCCTTCTCCTCAAZ’) for ty-
rosine hydroxylase; forward sequence (CCATGTTC
GTCATGGGTGTGAACCA) and reverse sequence
(GCCAGTAGAGGCAGGGATGATGTTG) for endogen
gene GAPDH. Quantification was performed using the 2
—AACT method.

Total Reactive Antioxidant Potential (TRAP)

TRAP was measured and calculated as previously described
[27]. Briefly, TRAP represents the non-enzymatic antioxidant
capacity of the cells. This is determined by measuring the
luminol chemiluminescence intensity of emission induced
by thermolysis of 2,2'-azobis (2-amidinopropane) hydrochlo-
ride (AAPH) as free radical source. The system was left to
stabilize for 2 h, then samples were added and the readings
monitored for 60 min in a liquid scintillator counter (Wallac
1409, Perkin—Elmer, Boston, MA, USA). Results were
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transformed into a percentage, and the area under the curve
(AUC) was calculated by utilizing the GraphPad software
(SanDiego, CA, USA). Results express the extent by which
the non-proteic fraction of the cells inhibits the free radical-
derived luminescence.

Intracellular Reactive Species Production (DCFH-DA)

Intracellular reactive species production was measured by the
DCFH-DA oxidation assay, as previously described [28]. This
technique is based on the capability of DCFH to be oxidized to
highly fluorescent dichlorofluorescein (DCF) in the presence
of reactive species (RS) and can be used as an index to quan-
tify the overall RS production in cells. Briefly, SH-SYS5Y cells
were seeded in 96-well plates and 100 uM DCFH-DA dis-
solved in medium containing 1 % FBS was added in each
well. Cells were incubated for 2 h in order to allow cellular
incorporation, and DCF fluorescence was read at 37 °C in a
fluorescence plate reader (Spectra Max M2, Molecular
Devices, USA) with an emission wavelength of 535 nm and
an excitation wavelength of 485 nm. The results were
expressed as percentage of DCF fluorescence in relation to
untreated control.

Assessment of Mitochondrial Activity by NADH Oxidase
Assay

The NADH segment comprises the electron transport from
Complex I to Complex IV. The mitochondria from SH-
SYSY cells were isolated according to Voss et al. (1961)
[29]. For complete lysis of the mitochondria, several freeze-
thaw cycles were applied. The membrane fragments were
used to evaluate enzymatic activity of NADH oxidase seg-
ment through spectrophotometrical assay as described by
Singer (1974) [30]. Briefly, NADH oxidase activity was mea-
sured at 28 °C in phosphate buffer 80 mmol/L, pH 7.4, EDTA
50 umol/L, NADH 0.2 mmol/L, and 0.1 mg/mL of mitochon-
drial protein in a total volume of 1.0 mL. The reaction was
initiated by the addition of the substrate and was followed by
the decrease in absorbance at 340 nm.

Protein Assay

Total protein was quantified by Lowry assay and used to nor-
malize all data [31].

Statistical Analysis

Results were expressed as the mean + SEM of three indepen-
dent experiments (n = 3). Data were analyzed by a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test. Data were analyzed by using GraphPad software® (San
Diego, CA; version 5.00). Differences were considered to be
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significant when #p < 0.05, *x p < 0.01, or #** p < 0.001 and
between groups (#p < 0.05, ##p < 0.01, or ###p < 0.001).

Results

Effects of Antioxidant Treatment on Morphologic
Differentiation, Cell Viability, and Proliferation

SH-SYSY cells were differentiated for 7 days with RA in the
presence or absence of the antioxidant Trolox®. Proliferative
(grown at 10 % FBS) and non-proliferative (grown at 1 %
FBS) cells were used as controls for differentiation, while cells
under RA at day zero (brief addition of RA in 1 % FBS and
termination at time zero of differentiation) were used to com-
pare with the effects of RA at 7 days of differentiation. The
neuroblastoma SH-SYSY cell line includes at least two mor-
phologically and biochemically distinct phenotypes:
neuroblastic (N-type) and substrate adherent (S-type)
(Fig. 2a, c). Proliferative cells present typical rounded cell
bodies and few short projections. In non-proliferative cells,
increased formation of neurite projections, that were generally
small, was observed. Prolonged exposure to RA (7 days)
caused substantial morphologic differentiation, with a consid-
erable proportion of neuroblastic (N-type) cells being differ-
entiated into a neuronal phenotype by extending long neuritic
processes, whereas the S-type cells did not undergo apparent
morphological changes (Fig. 2g, h). Besides the length of
neurites, cells differentiated with RA also presented a higher
number of elongations and branching and evident fewer cells/
area than observed in other treatments. Co-treatment with
Trolox® led to a smaller proportion of the N-type cells under-
going differentiation, and the apparent number of S-type cells
increased compared to cells treated with RA (Fig. 21, j). Cells
treated only with Trolox® presented significantly increased
cells/field (Fig. 2k, 1), and although many of them had minor
neuritic projections, we observed a significantly higher pro-
portion of cells displaying morphologic characteristics resem-
bling proliferative or apoptotic states. Cells maintained in 1 %
FBS without RA for 7 days presented extensive cell death and
detachment and were not evaluated in further assays (not
shown).

In order to understand the effect of antioxidant treat-
ment on RA-induced neurodifferentiation, we performed
assays to evaluate parameters of cell viability and cyto-
toxicity, proliferation and cell cycle progression. First,
we assessed SRB incorporation and medium LDH activ-
ity to evaluate protein biomass and viability/cytotoxicity.
As expected, non-proliferative cells had a decreased rate
of SRB incorporation compared to proliferative cells,
and RA treatment for 7 days further decreased this ef-
fect (Fig. 2m). This effect is probably related to the
decrease in the number of proliferating and

undifferentiated cells observed along the differentiation
treatment with RA. Antioxidant treatment with Trolox®,
however, had no significant effect on RA-induced SRB
incorporation. Cells subjected to Trolox® alone for
7 days displayed a similar SRB incorporation to prolif-
erative cells. As SRB incorporation is related to the
protein biomass and cultured cells undergoing differen-
tiation may present less protein biomass than in prolif-
erative or undifferentiated conditions, we assessed LDH
activity in the incubation medium to detect cytosolic
leakage. We did not observe significant differences be-
tween groups, except for cells treated with Trolox® in
the presence or absence of RA, which presented a small
increase in medium LDH activity (Fig. 2n). A positive
control group for cytotoxicity with Triton X-100 1 %
was used, and medium LDH activity was approximately
100-fold higher than in proliferative cells (not shown).

Next, we determined the number of cells incorporating
EdU® to evaluate the proportion of cells under active mi-
totic activity in each treatment. An equal number of cells
from each group was analyzed, and the number of cells
incorporating EAU® was decreased in non-proliferative cells
compared to proliferative cells (Fig. 3a, b). Differentiation
with RA substantially decreased the number of EQU®-incor-
porating cells and this effect was not inhibited by co-
treatment with Trolox®. Treatment with Trolox® alone also
decreased EdU®-incorporation in relation to the proliferative
cell control, but not to the extent of RA treatment (Fig. 3a,
b). FACS analysis of cell cycle by PI staining revealed that
differentiation with RA increased the proportion of cells in
GO0/G1 phase and decreased the amount of cells in G2/M
phase (Fig. 3c). Co-treatment with Trolox® induced an in-
crease in sub-G1 phase cells and also decreased the propor-
tion of GO/G1 cells (Fig. 3c). Trolox® alone increased the
number of cells in G2/M phase and reduced the amount in
GO0/G1 phase. Altogether, these results are suggestive that
RA-induced changes in proliferation and cell cycle progres-
sion during the process of differentiation are inhibited by
antioxidant treatment, which causes cell cycle arrest with
cell death as possible consequence.

Effects of Antioxidant Treatment on Neuronal Markers
Expression

Tyrosine hydroxylase (TH) is considered a marker of SH-
SYSY cell differentiation into an adult catecholaminergic phe-
notype, and all treatments increased the proportion of cells
containing TH as seen in FACS analysis (Fig. 3b,
quantification at Fig. 4a). The proportion of TH-positive, dif-
ferentiated cells was decreased by co-treatment with Trolox®
(Figs. 3b and 4a). The quantification of TH mRNA by RT-
PCR confirmed these observations (Fig. 4b). Enolase-2, an-
other neuronal specific protein [8], was evaluated by WB and
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Fig. 2 Parameters of cellular viability and neuronal morphologic
phenotype. a-l Effect of antioxidant co-treatment with Trolox® on
morphologic differentiation induced by RA. SH-SYS5Y cells are mainly
neuroblastic N-type (arrows), but some substrate-adherent S-type cells
appear (arrowheads) and present morphological alterations after
differentiation, with neurite elongation and branching. Scale bars

followed a similar pattern (Fig. 4c). We also evaluated the
effect of antioxidant treatment on (-III tubulin and TH by
confocal immunofluorescence microscopy which allows
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from three independent experiments. Analyzed by one-way ANOVA
followed by post hoc Tukey’s test, triple asterisk indicates p < 0.05 vs
control 10 % and triple octothorpe indicates p < 0.05 vs respective groups

observing the expression of these neuronal markers along with
the differentiation into the neuronal morphologic phenotype
(Fig. 4d). All of the treatments increased the content of TH in
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Fig.3 Flow cytometry analyses of cell proliferation and differentiation. a
Cell proliferation was assessed by flow cytometry to detect and count
cells incorporating EAU®. b Quantification of EAU® incorporation in
cells treated with RA, RA+Trolox®, and Trolox® for 7 days, with

the same overall pattern as previously seen, with the cells
treated with RA for 7 days showing the largest increase in
TH immunostaining along with neurite projection and
branching per cell body (Fig. 4d13—d16). Co-treatment with
Trolox® decreased TH immunostaining along with neurite
formation and branching (Fig. 4d17-d20). A similar pattern
of neuronal marker expression in response to RA and Trolox®
was observed with (3-III tubulin (Fig. 4). Cells treated with
Trolox® alone also showed a substantial increase in 3-I1T
tubulin immunofluorescence, but probably due to the higher
number of cells per field.

Tyrosine hydroxylase

respective controls. ¢ Cell cycle analysis of SH-SY5Y cells was per-
formed with detection and sorting of cells with different profiles of incor-
porated PL p < 0.05 GO/G1 phase RA vs RA+T; p < 0.001 SubG1 phase
control 10 % vs RA+T; p < 0.001 SubG1 phase RA vs RA+T

Effects of RA on Intracellular RS Production
and Mitochondrial Activity in SH-SYSY Cells

As our results indicated that antioxidant treatment inhibits the
action of RA on neuronal differentiation, we next investigated
the intracellular reactive species production in SH-SYS5Y cells
treated with RA. The first assay performed was the monitoring
of DCFH oxidation, a technique used to analyze the overall
production of intracellular RS (Fig. 5a). Proliferative and non-
proliferative cells did not present differences in basal RS pro-
duction. However, RA induces a significant increase in DCFH
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Fig. 4 Effect of antioxidant treatment on expression of mature neuron
markers induced by RA differentiation. a Mean values quantification of
flow cytometry analysis of tyrosine hydroxylase positive cells. Data are
mean + S.E.M. from three independent experiments. b Quantification of
mRNA expression for catecholaminergic marker tyrosine hydroxylase
(TH) after RA differentiation. ¢ Western blot analysis of neuron specific
marker enolase-2. Values are expressed as mean + SEM of three indepen-
dent experiments (n = 3). Statistical difference compared to control was

oxidation rate and this effect was partially inhibited by co-
treatment with Trolox®. The second assay used was the total
reactive antioxidant potential (TRAP), which gives an indica-
tion of the non-enzymatic antioxidant capacity of the cells
against RS produced by an artificial generation system. The
production of RS by the TRAP system is enhanced by homog-
enates from cells treated with RA (Fig. 5b), which correlates
to the increase in RS production found by DCFH-DA assay.
Homogenates from cells co-treated with Trolox® present a
significant reversion of this effect, indicating that Trolox®
inhibits the pro-oxidant effect of RA. We next evaluated the
rate of NADH oxidation by isolated mitochondria, as
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determined by one-way ANOVA followed by Tukey’s post hoc test (sin-
gle asterisk indicates different to control 10 % p < 0.05; triple asterisk
indicates p < 0.001; octothorpe indicates difference between groups
p < 0.05). d Confocal immunofluorescence microscopy of SH-SYS5Y
cells after RA, RA+Trolox®, and Trolox® treatment for 7 days with
respective controls. Tyrosine hydroxylase (green fluorescence), DAPI
(nuclei), and B-III tubulin (red fluorescence) are shown. Scale bars rep-
resent 10 um

mitochondrial activity is one of the main sources of RS pro-
duction in aerobic cells (Fig. 5¢). Proliferative cells generally
demonstrate higher mitochondrial activity that is related to
their increased metabolic demand, and our results confirmed
a reduced mitochondrial activity in non-proliferative cells
compared to proliferative cells. Cells exposed to RA demon-
strated a similar profile of mitochondrial oxidative activity to
non-proliferative cells, but co-treatment with Trolox® partial-
ly restored the rate of NADH oxidation. Interestingly, Trolox
alone® significantly enhanced the rate of NADH oxidation,
which may be related to the increased proliferation rate ob-
served in this group earlier. These results, altogether, are
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suggestive that the increased RS production observed in cells
treated with RA may be a consequence of impaired NADH

<« Fig. 5 Effect of antioxidant co-treatment on reactive species production,
non-enzymatic antioxidant profile, and mitochondrial NADH oxidation
in cells differentiated with RA. a DCF fluorescence monitoring after SH-
SY5Y RA, RA+Trolox®, and Trolox® treatment for 7 days and
respective controls. b The total antioxidant potential (TRAP) evaluation
was performed and the area under curve values obtained from kinetic
monitoring are demonstrated. Values are expressed as mean + SEM of
three independent experiments (n = 3). ¢ SH-SYSY cells mitochondrial
function was analyzed through NADH oxidase assay. Mitochondria were
isolated from cells after RA, RA+Trolox®, and Trolox® treatments for
7 days, with respective controls. Statistical difference compared to control
was determined by one-way ANOVA followed by Tukey’s post hoc test
(single asterisk indicates different to control 10 % p < 0.05; triple asterisk
indicates p < 0.001; octothorpe indicates difference between groups
p < 0.05)

oxidation by mitochondria, as altered mitochondrial activity is
a common source of oxidative stress in cells.

Effect of Antioxidant Treatment on Akt and ERK1/2
Phosphorylation by RA in SH-SYSY Cells

In previous reports, RA was observed to induce non-genomic,
rapid (up to 60 min) activation of Akt and ERK1/2 in SH-
SYS5Y cells, and neuronal differentiation and cell survival
were shown to be dependent on this effect [9, 32]. To inves-
tigate whether RS induced by RA influence protein kinases
phosphorylation, we evaluated the effect of co-treatment with
Trolox®. Cells were pre-incubated with Trolox® for 2 h and
then RA was added for different periods. Increases in Akt and
ERK1/2 phosphorylation are observed in different periods of
RA incubation; Akt phosphorylation was increased 45 min
after RA addition while ERK1/2 phosphorylation was en-
hanced in cells briefly exposed to RA (day zero) and also
15 min later (Fig. 6). The extent of Akt and ERK1/2 phos-
phorylation with RA was reduced in the presence of Trolox®,
thus indicating the participation of RA-induced RS in the
mechanism of activation of these protein kinases.

Discussion

For many years, several attempts to transplant neurons and
restore the dopaminergic transmission have been performed
[12]. The nervous system involves a complex and intrinsic
cellular signaling, and our understanding of the molecular
mechanisms involved in cell cycle regulation and neuronal
differentiation has markedly increased over recent years. In
order to elucidate the mechanisms of neuronal differentiation
and maturation, different cell models have been used in mech-
anistic studies. One of these models is the human neuroblas-
toma SH-SYS5Y cell line, which is typically locked in an early
neuronal differentiation stage, characterized by low levels of
neuronal markers. Upon exposure to appropriate differentia-
tion conditions, SH-SY5Y cells can be driven toward
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Fig. 6 Effect of antioxidant treatment on Akt and ERK1/2
phosphorylation by RA in SH-SY5Y cells. Cells were pre-incubated for
2 h with Trolox® (AR+T and T groups) and then RA was added (Trolox
group). Cells were harvested at 0, 15, 30, 45, and 60 min after RA

differentiated, mature, neuronal phenotypes. In this report, we
explored the role of RS during in vitro neurodifferentiation,
demonstrating through differentiation of SH-SYS5Y cells with
RA and the antioxidant Trolox®, that this process is actually
dependent on RS production and oxidative stress.

The effects of RA in SH-SY5Y neurodifferentiation are well
documented, which include attenuation of proliferative rate and
extension of neuritic processes [4]. Nonetheless, proper evalu-
ation of cell cycle progression, cytotoxicity, and cell number are
often underestimated, as these parameters rarely are evaluated
simultaneously in the same work. In our experiments, we ob-
served considerable changes in cell number and viability, and
these features seemed to be conditioned by the concentration of
FBS in the medium (which is the major stimulator of
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addition and Akt and ERK1/2 phosphorylation were evaluated by
western blot. Mean quantitative values are depicted as a percentage of
control and b fold-induction

proliferation) together with RA, which is the main inducer of
biochemical and morphological differentiation in this model.
Here, we confirm that long-term exposure to RA markedly
reduced proliferation as the cell number decreases, EQU® in-
corporation (indicative of proliferation) decreases, SRB incor-
poration (indicative of total cell protein biomass) decreases, and
percentage of cells at GO/G1 increases. The SRB incorporation
assay, commonly used to assess cell viability, gives an accurate
measure of total protein biomass, which is a parameter more
closely related to the number of cells under a given condition.
Thus, the decrease in SRB incorporation promoted by RA is a
consequence of the inhibition in proliferative capacity, but is
not related to cytotoxicity/cell death. However, cells co-treated
with RA and Trolox® also displayed decrecased SRB
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incorporation, but increased LDH activity in the medium and
this indicates that the decrease in protein biomass is a conse-
quence of cell death. Importantly, cells treated with RA did not
show any alterations in morphology or medium LDH activity
suggestive of cytotoxicity. However, the co-treatment with
Trolox® reduced the proportion of cells under G0/G1 by RA
and led to a significant increase in cells at sub-G1 phase, which
is associated to cells undergoing apoptotic processes. These
observations contribute to the suggestion that antioxidant treat-
ment inhibits the modifications in cell cycle by RA and this
process results in cell death. Although LDH activity is com-
monly associated to necrotic death while cells under sub-G1
state are more associated to apoptosis, these two types of cell
death are not mutually exclusive of each other and may take
place together in heterogeneous populations of cells. Previous
studies demonstrated that RA induction of cellular differentia-
tion is preceded by cell cycle arrest, with a higher percentage of
cells in G1 and a reduction of cells in S phase after RA treat-
ment [4, 12]. Our data are consistent with that, as in our model
RA treatment maintained SH-SY5Y cells in a post mitotic state,
with higher percentage of cells at GO/G1 state, and here we
observed that antioxidant treatment did not reverse these cells
to proliferative state, as EAU® incorporation was not altered.
Altogether, these observations suggest that RS production by
RA is a necessary step to drive cells into the differentiated
phenotype and that the changes in cell cycle induced by RA
may result in cell death if RS production is inhibited.

The capacity of RA to induce differentiation is a well-
established protocol in neuroscience research [10]. Here, we
confirmed that RA induced morphological alterations to cells,
with extension of neuritic processes in N-type cells to form a
typical neuronal network phenotype. Importantly, RA induced
biochemical changes that are commonly associated to the adult
catecholaminergic phenotype, including increased expression
of TH, 3-III tubulin, and enolase-2, considered markers asso-
ciated with neurogenesis and neural differentiation [33-35].
Trolox® decreased both the morphological changes and the
expression of such markers, indicating that RA-induced differ-
entiation of SH-SYSY cells requires a pro-oxidant state to take
place. In previous works, some evidence that changes in the
redox state were required for neurodifferentiation by RA were
observed. The induction and activation of Nrf2, which up-
regulates the transcription of antioxidant enzymes and is con-
sidered the major transcription factor in cellular antioxidant
response, was demonstrated to be a necessary step in neurite
formation and induction of MAP2, a marker of neuritogenesis,
in SH-SYS5Y cells treated for 4 days with RA [24]. In cells
treated with RA for up to 96 h, Nrf2 was shown to exert a
prominent role in the promotion of the survival of SH-SY5Y
cells against RA cytotoxicity, which suggested that RA induced
a pro-oxidant environment during differentiation, causing oxi-
dative stress [36]. Here, we investigated if RS production and
consequent oxidative stress induced by RA were necessary

events in the full differentiation of SH-SY5Y by evaluating
the expression of biochemical markers of adult neuronal
phenotype, such as TH (considered the gold standard for
catecholaminergic neurons) and enolase-2, as well as (3-1I1
tubulin.

Exposure of SH-SYSY cells to RA substantially increased
the level of RS and induced a pro-oxidant state since day zero
of incubation, and we found this observation important for
several reasons concerning the possible mechanisms of RA
action on neuronal differentiation. RA is a byproduct of vita-
min A (retinol) metabolism, and it is generally considered to
act through the activation of nuclear steroid receptors and
retinoid receptors of the RAR/RXR subfamilies. These chang-
es in RS production and pro-oxidant environment occurred
well before protein expression changes are likely to have de-
veloped and so alternative mechanisms for RA action must be
considered. Non-genomic or extra nuclear effects of retinoids
have shown that RA can modulate signaling pathways inde-
pendently of retinoid nuclear receptor activation and gene
transactivation [14, 37, 38]. RS production by RA was previ-
ously demonstrated to result in increased activity of the anti-
oxidant enzyme catalase [16] and also cause the non-genomic
stimulation of MEK1/2-ERK 1/2-caspase-3 pathway [15], all
events related to oxidative stress responses. Once we observed
that RA was creating a pro-oxidant effect in cells and possibly
acting through non-genomic mechanisms, we analyzed the
phosphorylation of Akt and ERK1/2. Both Akt and ERK1/2
are cell survival pathways and also regulate the differentiation
and proliferation. In previous works, the phosphorylation/
activation of Akt and ERK1/2 was observed in SH-SYSY
differentiation by RA [9, 32]. Differentiation was completely
blocked using inhibitors of PI3K/Akt pathway; however, the
use of ERK1/2 inhibitors had no effect on cellular differenti-
ation, although led to cell death [10]. Activation of Akt was
demonstrated to be mediated by RAR through a non-classical
mechanism of interaction with PI3K [11], confirming the in-
volvement of non-genomic mechanisms of RA action in pro-
tein kinase signaling. In our study, brief treatment with RA
was able to induce the generation of RS, leading to a pro-
oxidant environment that was associated to the increased
phosphorylation of Akt and ERK1/2, suggesting that non-
genomic actions by RA involving RS production are essential
in SH-SYS5Y neuronal differentiation. We observed that pre-
treatment with Trolox® caused a reduction in Akt and ERK1/
2 phosphorylation induced by RA addition. It is important to
note that Trolox® alone also increased ERK1/2 phosphoryla-
tion in such short periods of incubation and this effect may be
related to the increased number of cells in this group. Non-
proliferative SH-SYS5Y cells, which were exposed only to
FBS 1 %, did not show changes in RS production, indicating
that serum deprivation did not contribute to the pro-oxidant
state observed with RA. Redox-dependent activation of pro-
tein kinases including members of the MAPK family and the
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PI3K/Akt pathway were observed in other cell types and with
different pro-oxidant agents, including retinoids [19, 21, 39,
40].

Long-term exposure of SH-SYSY cells to RA maintained
the level of RS in a pro-oxidant state for 7 days. Retinoids are
known to have redox-related properties and influence the ox-
idant status of the cell [19, 22, 41, 42]. Previous studies
showed that RA treatment for 7 days in SH-SY5Y cells alters
the redox status of the cell [43], and activates antioxidant
enzymes that contribute to endogenous cellular defense (e.g.,
catalase, superoxide dismutase, and glutathione peroxidase)
[22]. RA co-treatment with Trolox® significantly decreased
RS production and the pro-oxidant environment generated by
RA. The TRAP assay, in which the production of RS (mainly
peroxyl radicals) by a synthetic free radical generator system
is monitored in the presence of samples depleted from their
enzymatic activities, showed that homogenates from cells in-
cubated with RA were able to enhance RS production by this
system; however, in DFCH oxidation assay, which is per-
formed with intact living cells, RA also enhances RS produc-
tion. These assays altogether indicate that both enzymatic and
non-enzymatic mechanisms may be involved in RA-induced
RS production in our experimental conditions. RA-induced
differentiation is therefore dependent on the rapid production
and long-term maintenance of RS and pro-oxidant environ-
ment, suggesting a redox-dependent mechanism of differenti-
ation. Nonetheless, the exact mechanisms by which RA mod-
ulates RS production during neuronal differentiation remain to
be better understood. Retinoids and RA itself have been dem-
onstrated to influence the cell redox state by several mecha-
nisms, acting as antioxidants or pro-oxidants in different con-
texts. Beyond creating a pro-oxidant status in the cell, another
consistent feature of exposure to RA is the presence of chang-
es in cellular bioenergetics [23, 44] and mitochondria impair-
ment in response to oxidative stress [45]. Recent evidence
indicates that mitochondria might be a key effector in RA-
induced differentiation of SH-SYSY cells [44]. Accordingly,
the well-established pharmacological use of RA to treat neu-
roblastoma is based in its ability to induce cell cycle arrest and
apoptosis through Bcl-2 activation [46]. Increased mitochon-
drial membrane potential, levels of cytochrome ¢ oxidase,
MnSOD, and also increased bioenergetic reserve capacity oc-
cur after RA-induced differentiation [23, 44]. Furthermore,
RA induces the expression of glycolytic pathway proteins,
probably due to the increase in energy required for
neurodifferentiation [22].

Here, we observed that cells submitted to differentiation
with RA decreased their rate of mitochondrial NADH oxida-
tion and this was partially reversed by Trolox®. Importantly,
mitochondrial NADH oxidation was significantly decreased
in all treatments carried in medium with decreased serum (1 %
FBS), if compared to proliferative cells, maintained in 10 %
FBS. This result is expected due to the presence of oxidizable
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energetic substrates in FBS, such as glucose; nevertheless,
Trolox® also stimulated NADH oxidation in cells maintained
in 1 % FBS for 7 days in the absence of RA. These results,
altogether, are suggestive that changes in mitochondrial activ-
ity in order to adapt the bioenergetic requirements of the cells
to the conditions of serum deprivation are a necessary step
prior to RA addition in this model of neuronal differentiation.
It is known that differentiated cells in a post mitotic state
depend primarily on mitochondria to meet their energetic re-
quirements [23, 44], and we found that long-term treatment
with RA maintained mitochondrial NADH oxidation de-
creased. The reduced mitochondrial activity is likely to be
associated with the observed increase in RS production by
RA, since oxidative stress can result from cellular respiratory
changes that lead to the leakage of electrons from donor redox
centers to molecular oxygen [45, 47, 48]. Schneider et al.
observed that RA treatment actually increased the mitochon-
drial capacity and bioenergetic reserve along 5 days of differ-
entiation; importantly, in that study, cells at the day zero of
differentiation—therefore maintained 24 h in 1 % FBS before
RA addition—were considered as undifferentiated cells, com-
pared to cells under 5-day differentiation with RA [23]. Here,
we also observed a significant increase in mitochondrial
NADH oxidation rate by cells differentiated with RA for
7 days compared to day zero, although cells maintained at
10 % FBS presented much higher rates of NADH oxidation.
It was suggested that differentiation by RA increased the cell
resistance against oxidative stress [23], but our findings indicate
that oxidative stress is actually an essential step of differentia-
tion. Corroborating this, we observed that RA co-treatment
with Trolox® reduced the level of oxidative stress and conse-
quently mitochondrial activity was restored; besides, and more
surprisingly, treatment with Trolox® alone substantially im-
proved mitochondrial function, consistent with low levels of
RS and the continued proliferative status of the cell. This result
suggests that maintaining mitochondrial activity at low levels
during differentiation may be an adaptation to the pro-oxidant
effect of RA, as treatment with Trolox® for 7 days in 1 % FBS
without RA-stimulated mitochondrial activity to levels above
proliferative cells. Previous works by us and others demonstrat-
ed that Nrf2 is an essential step in RA-induced differentiation
[24, 36] and the role of Nrf2 activity on mitochondrial activity
during RA-induced neuronal differentiation remains to be bet-
ter understood. Besides, Trolox® is able to exert specific effects
in mitochondrial NADH oxidation due to its intrinsic ability to
scavenge RS generated by intracellular metabolism. It was pre-
viously observed that, when added alone to cultured cells,
Trolox® induces mitochondrial thiol reduction, mitochondrial
filamentation and, importantly, increased expression of fully
assembled mitochondrial complex I, as well as enhanced citrate
synthase activity [49].

In conclusion, findings from this study demonstrate that the
pro-oxidant effects of RA are required for the differentiation
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of SH-SY5Y cells into an adult neuronal phenotype, express-
ing markers of mature catecholaminergic neurons such as TH,
enolase-2, and 3-III tubulin. Moreover, RA-differentiation in-
duced cell cycle withdrawn and reduced mitochondrial
NADH oxidation. Co-treatment with Trolox® was able to
block the neuronal differentiation, maintaining cells into a
proliferative state but ultimately leading to cell death after
7 days, probably due to the serum deprivation. Our results
confirm previous findings showing that the antioxidant de-
fense system was essential for RA-induced neuronal differen-
tiation in SH-SYSY cells, but also highlight that the genera-
tion of RS and oxidative stress is an essential step in this
process. Since RS and oxidative stress affect the activity of
several regulatory pathways through redox-dependent protein
modulation, this study may bring new insights on the under-
standing of neuronal differentiation signaling.
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Abstract

Retinoids (vitamin A and derivatives) are recogdizs essential factors for central
nervous system (CNS) development. Retinol (vitafjralso was postulated to be a major
antioxidant component of diet as it modulates igacpecies production and oxidative stress
in biological systems. Oxidative stress plays a amajole either in pathogenesis or
development of neurodegenerative diseases, orievieoth. Here we investigate the role of
retinol supplementation to human neuron-derived SS#%Y cells over reactive species
production and biochemical markers associated toodegenerative diseases expressed at
neuronal level in Parkinson’'s disease and Alzhésneélisease:a-synuclein, f-amyloid
peptide, tau phosphorylation and RAGE. Retinolttremt (24 hours) impaired cell viability
and increased intracellular reactive species pitolu@t the highest concentrations (7 up to
20 uM). Antioxidant co-treatment (Trolox 100 pM)ceied cell viability and inhibited RS
production. Furthermore, retinol (10 pM) increaséte levels of a-synuclein, tau
phosphorylation at Ser39@-amyloid peptide and RAGE. Co-treatment with antiaxt
Trolox inhibited the increased in RAGE, but not thiéect of retinol ona-synuclein, tau
phosphorylation ang-amyloid peptide accumulation. These data indidhtg increased
availability of retinol to neurons at levels abdte cellular physiological concentrations may
induce deleterious effects through diverse mechasjisvhich include oxidative stress but
also include reative species-independent modulaifgoroteins associated to progression of

neuronal cell death during the course of neurodegeine diseases.

Keywords: vitamin A; neurotoxicity; SH-SY5Y; RAGE; oxidativ&ress; neurodegeneration.
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Introduction

Although retinoids are recognized as essentiabfadior development of the central
nervous system (CNS), the role of retinol (vitarAinand its derivatives in the adult brain is
still a matter of debate. Traditionally, most an8@layed by retinol were ascribed to nuclear
retinoid receptor signaling, probably because s the first biological mechanism to be
understood (Tafti e Ghyselinck, 2007). Later, retiwas postulated to be a major antioxidant
component of diet, and then proposed to influeneactive species metabolism, redox
signaling and oxidative stress balancing (Elliga@05). These observations led various works
to suggest the use of retinoids in antioxidant-Dabeerapies to treat or prevent diseases
related to free radical-mediated cell cycle alierst (Goodmaret al, 2011). Such oxidative
stress-evoked perturbations of cell function areeoked in different types of cancer, pro-
inflammatory conditions and neurodegenerative disgdHalliwell e Gutteridge, 2007).

It has long been postulated that oxidative strelsg/spa major role in either
pathogenesis or development of neurodegeneratsgasits, or even in both (Niedzielska
al., 2016a). Parkinson’s disease (PD) is characterigedelective death of dopaminergic
neurons of the nigro-striatal axis and accumulatibhistological structures known as Lewy’s
bodies, which are mainly formed by aggregationaedynuclein and ubiquitin. Reactive
species (RS) produced by both endogenous and exagesources strongly enhanae
synuclein-mediated protein aggregation, which tesil impairment of neuronal function,
neuronal death, and microglia activation (Berraetadl, 2015; Niedzielskat al, 2016a). In
Alzheimer’s disease (AD), the most common neurodegdive condition, oxidative stress is
also associated to the hyperphosphorylation ohiteeotubule-stabilizing protein tau, which
results in the formation of neurotoxic histologistductures known as neurofibrillary tangles,
characteristic of this disease (Mondragon-Rodrigetesd, 2013).

Besides the increase of aberrant phosphorylatedsfof tau, AD is also characterized
by the enhanced formation and accumulatioff-ainyloid peptide, which is released to the
extracellular environment in the CNS and activatidferent extracellular receptors that
trigger neurotoxic responses (Nalivaeva e Turn@i32 Recently, the receptor for advanced

glycation endproducts (RAGE) was reported to be @nthe main mediators ¢f-amyloid
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neurotoxicity (Yanet al, 2012). RAGE is a multi-ligand receptor that tegg NF-kB-
dependent transcription of cytokines and reactpexies production commonly associated to
diabetes and chronic inflammatory states. Theamimcreasing body of evidence implicating
a major role of RAGE in the main cellular processgkserved in AD onset and development,
which indicates that RAGE may also play a more ganele in neurodegenerative processes
not only in this disease, but also in other coondsiand during ageing (Cet al, 2016; Ray

et al, 2016).

Based on this relationship among oxidative stress rieurodegenerative processes,
antioxidant-based protocols for both prevention tmedtment of several neurodegenerative
diseases have been proposed (Halliwell, 2006; hatska et al, 2016a). Vitamin A, along
with vitamins C and E, as well as other antioxidastmmonly found in diet — such as plant
polyphenols — are generally considered as “non-hdtntompounds. For this reason,
different studies propose pharmacological approacred diet supplementation aiming to
increase the circulating levels of these compoundbke body, as strategies to regulate cell
redox homeostasis (Halliwell, 2006). However, ie ttase of vitamin A and other retinoids,
this approach has caused negative results wheredpplprevention of some types of cancer
and cardiovascular diseases, which suggested #tialr also could induce pro-oxidant
effects depending on doses and (Goodmtaal, 1993; The Abc-Cancer Prevention Study
Group, 1994; Omenn, Goodman, Thornquist, BalmedleQuGlass, Keogh, Meyskens,
Valanis, Williams, Barnhart, Cherniackt al, 1996; Mongan e Gudas, 2007). In the present
work, we aimed to evaluate the effect of increashmeg cellular availability of retinol on the
expression of neuronal markers of PD and AD. Fa plurpose, we evaluated the effect of
retinol on the content ofi-synuclein, tau phosphorylatiofi;amyloid peptide and RAGE
using the human SH-SY5Y neuron-derived cell lineaa# vitro neuronal model. We also
investigated the involvement of reactive specietheneffects of retinol in the content of these

markers of neurodegeneration and over viabilitypeeters.
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Material and Methods

Chemicals

All-trans retinol alcohol, Trolox, 2’,7’-dichloroldrofluorescein diacetate (DCFH-
DA), sulphorhodamine B (SRB) , Tween-20 afiednercaptoethanol were from Sigma
Chemical Co. (St Louis, MO, USA). Retinol was dissd in DMSO. Concentrated stocks
were prepared immediately before experiments bwtiddg retinol into DMSO and
determining final stock concentration by UV absmpt solution was kept protected from
light and temperature during all procedures. Appate solvent controls were performed for
each condition (DMSO < 0.1%) Treatments were itetlby adding concentrated solutions to
reach final concentrations in the well. The finddasol concentration did not exceed 0.1% in
any experiment. Tissue culture reagents were fralncds(Invitrogen Corporation, Carlsbad,
CA, USA) and were of tissue culture grade. Sodiwdetyl sulfate (SDS)—polyacrylamide
gel electrophoresis (PAGE) reagents were from Bao-Raboratories (Hercules, CA, USA),
nitrocellulose membrane (Hybond ECL), enhanced doemmescence kit (ECL plus), and
anti-rabbit immunoglobulin (horseradish peroxidésked whole antibody from donkey)

were from Amersham Pharmacia Biotech (Amersham,. UK)

Cell Culture and Treatments

Human SH-SY5Y neuroblastoma cell line was obtaifnech European Collection of
Cell Cultures (ECACC). Cells grown in a mixture bflHam's F12 and Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat-iivated fetal bovine serum (FBS),
2 mM of glutamine, 0.28g/uL of gentamicin and 25Qg/uL of amphotericin B, in a 5 %
CO2 humidified incubator at 37 °C. The culture nuediwas replaced each 2 days and cells
were sub-cultured once they reached 90% confludhaeassays, cells were cultured in 6-
well culture plates (western blot experiments) 6+w&ll culture plates (SRB and DCFH-DA
assays) until they reached approximately 70% cenfia, then the medium was replaced for
the same medium with 1% FBS for 2 hours to mininize effect of FBS endogenous
retinoids. After this period, treatments were perfed by adding concentrated stock-solutions
of retinol and Trolox. Retinol concentrations useere zero (only vehicle, DMSO 0.1%), 1,
2.5, 5, 7,10 and 20M. Trolox concentration used was 100 pM.
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Cellular Viability

SH-SY5Y cells viability was assessed by differesgays. MTT (3-(4,5-dimethyl)-2,5-
diphenyl tetrazolium bromide) reduction is basedtmability of viable cells to reduce MTT
and form a blue formazan product. MTT solution ritestock solution of 5 mg/mL) was
added to the incubation medium in the wells analfconcentration of 0.2 mg/mL. The cells
were left for 45 min at 37 °C in a humidified 5% £&mosphere, then medium was removed
and plates were shaken with DMSO for 30 min. Optiemsity of each well was measured at
550 nm (test) and 690 nm. Data were expressed ragmniage of the formazan formation
compared to untreated cells (control). The secoethad used to analyze cellular viability
was SRB incorporation, a colorimetric assay thatmedes cell number by staining total
cellular protein. Briefly, cells were fixed by layeg 100uL of ice-cold 40% trichloroacetic
acid (TCA) on top of the culture medium and inceldaat 4°C for 1 h. Plates were then
washed five times with cold water. The excess wates then decanted and the plates left to
dry in air. SRB stain (5QiL; 0.4% in 1% acetic acid) was added to each wedl Eft in
contact with the cells for 30 min. The cells wenert washed with 1% acetic acid, rinsed 4
times until only the dye adhering to the cells W&t The plates were then air-dried and 100
uL of 10 mM Tris base pH 10.5 were added to each. Wk plates were gently shaken for
20 min on a gyratory shaker and the absorbanceach evell was read at 492 nm. Cell
survival was measured as the percentage absoricangeared to the absorbance of control
(non-treated cells).

Intracellular Reactive Species Production (DCFH-DA)

Intracellular reactive species production was deieed by the DCFH-DA assay, as
previously described (Gelagt al, 2011). Briefly, 2 x 16SH-SY5Y cells were seeded in 96-
well plates and 100 uM DCFH-DA dissolved in mediagontaining 1% FBS was added to
each well and incubated for 2 h to allow cellulacarporation. After that, the medium was
discarded and fresh medium containing retinol witked, and DCF intracellular fluorescence
was monitored for 37 °C for 1 hour and read agdier 24 hours in a fluorescence plate
reader (Spectra Max M2, Molecular Devices, USA)wanh emission wavelength set at 535
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nm and an excitation wavelength set at 485 nm.rékelts were expressed as percentage of

DCF fluorescence.

Imunoblotting

To evaluate the immunocontent afsynuclein, tau phosphorylated at Ser396,
amyloid peptide and RAGE, SH-SY5Y cells treatechwitinol and Trolox were lysed with
2% sodium dodecyl sulfate (SDS) and was resolvedtamdard SDS-polyacrilamide gel
electrophoresis and were transferred to an nitulose membrane (Millipore, Bedford) using
a Trans-Blot SD Semi-Dry Electrophoretic TransfexllGBio-Rad, Hercules, CA, USA).
Protein loading and electroblotting efficiency wasified through Ponceau S staining, and
the membrane was washed with TTBS (Tris 100 mM,7p@ 0.9% NaCl and 0.1% Tween-
20). The membrane was blocked in TTBS containirfigp Bf non-fat/skim dry milk for 60
minutes at room temperature. Primary antibody wasubated overnight at 4°C and
subsequently washed with TTBS. Anti-rabbit or molg€& peroxidase-linked secondary
antibody was incubated for 2 hours at room tempegatind the membrane was washed again
with TTBS. Blots were finally developed and immueactivity was detected by enhanced
chemiluminescence using Supersignal West Pico Quenmescent kit (Thermo Scientific).
Densitometric analyses were carried using a CCDecanfGE ImageQuant LAS 4000) and
the quantitative analysis was performed using Imagsoftware. Anti-a-synuclein (Cell
Signaling Technology, 4179S, 1:1000), aptactin (Sigma-Aldrich, A1978, 1:500), anti-
phospho-tau (Ser396) (Cell Signalling Technology325, 1:1000), anti-tau (Cell Signalling
Technology, 4019S, 1:1000), aftamyloid (Cell Signalling Technology, 2454S, 1:1900
and anti-RAGE (Sigma Aldrich, SAB2105049, 1:100@rgvused.
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Quantitative RT-PCR

Total RNA was extracted from cells according to thanufacturer’s instructions
(PureLink® RNA mini kit - 12183018A—Life Technolag™). The cDNA was synthesized
with the Super Script Ill Reverse Transcriptase (kivitrogen) using lug of total RNA.
Quantitative RT-PCR reactions were performed iplitate for each sample using the Step
One Plus thermocycler (Applied-Biosystems) and Ro®¥BR® Green PCR Master Mix
(4367659, Life Technologies™). Reactions were edrriout in 25 pL following
manufacturer's instructions. Primer sequences ase fallowed: foward sequence
(5’ ACTGGTGCTGAAGTGTAAGG3’) and reverse (5'CCATTCCTI CATTGCCTS3’) for
RAGE; forward sequence (5’CCATGTTCGTCATGGGTGTGAACEA and reverse
sequence (5’GCCAGTAGAGGCAGGGATGATGTTG3) for endogegene GAPDH.

Quantification was performed using the RACT method.

Protein Assay and Statistical Analysis

Protein content was normalized for western blangas after determination of
cellular total content by Bradford method as praslg described (Gelairet al, 2011).
Results were expressed as the mean + SEM of tim@ependent experiments with the
number of replicates varying from three to eightaading the assay. D’Agostino & Pearson
test was applied for normality check. Data werelyaea by one-way analysis of variance
(ANOVA) followed by Holm-Sidak’s post hoc tests. rFexperiments with Trolox, two-way
ANOVA followed by Sidak’s post hoc was performedat® were analyzed by using
GraphPad software® (San Diego, CA; version 5.00jfe2nces were considered to be
significant whenx*p<0.05, xxp<0.01, **xp< 0.0001, ***p<0.00001 and between groups
(#p<0.05, ##p<0.01, or ###p< 0.001).
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Results

Effects of retinol treatment on cell viability arehctive species production

SH-SY5Y cells were incubated with retinol for 24uins in medium with reduced
serum (1% SFB). Retinol concentrations used in ghisly varied from levels reported to be
in the upper physiological limits - 2.5 and 5 pMup to concentrations of 10 and 20 puM,
which are used in pharmacological treatments (Rbss, 2001). We observed that retinol at
7, 10 and 20 uM significantly reduced cell vialyildccording the MTT- and SRB-based
assays (Fig. 1a and b). Concentrations up to 5 viat affect either MTT reduction or SRB
incorporation in SH-SY5Y cells, but at 7 uM a dese in these parameters was observed,
indicating decreased number of viable cells congpamecontrol. These results indicate that
concentrations of retinol beyond the limit of 5 wihy induce deleterious effects in SH-

SY5Y neuronal-like cells.

Previous works demonstrated that supplementatidh vatinol may increase RS
production and oxidative stress vitro andin vivo, leading to oxidative damage and cell
death (Gelairet al, 2006; De Bittencourt Pasquai al, 2013). In this context, intracellular
reactive species (RS) production was evaluatedhbyDXCFH oxidation assay. The rate of
DCFH oxidation was enhanced in cells treated watimol at 7, 10 and 20 uM for 1 h (Fig.
2a). After 24 of retinol exposure, RS productiorsveaen more pronounced at 10 and 20 uM
compared to other doses (Fig. 2b). These wereaime sloses that induced significant effects
in terms of cytotoxicity in SH-SY5Y cells. To evale if the cytotoxic effect of retinol was
dependent on RS production, cells were co-treaiddthe membrane permeable antioxidant
Trolox 100 uM, a hydrophilic synthetic analogue @tocopherol. Trolox co-treatment
inhibited the loss of cell viability induced by iratl at 10 and 20 uM (Fig. 3a and b),
confirming the relationship between RS species yrtdn and cytotoxicity induced by
retinol in SH-SY5Y cells.
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Effects of retinol om-synuclein, tau phosphorylatioi;amyloid peptide and RAGE

To evaluate the cytotoxic effect of retinol on renal-like SH-SY5Y cells, we used
retinol at 10 uM as, besides having a pro-oxidantt eytotoxic effect, this dose is widely
used in cell studies to mimic a condition of ina®a retinol availability through dietary or
pharmacological supplementation (Lenggehl, 2014; Owusu e Ross, 2016). As mentioned
earlier, the increase in-synuclein is a cellular hallmark of PD, whifeamyloid peptide
accumulation and aberrant tau phosphorylation atelar characteristics of AD and other
diseases associated to protein misfolding. Ce#laté&xd with 10 uM retinol for 24h had
increased levels af-synuclein ang-amyloid peptide (Fig. 4a and b). To assess whethigr
was mediated by RS production, the effect of Tralon these parameters was evaluated.
The antioxidant co-treatment did not affect the@ase imi-synuclein ang-amyloid content
induced by retinol (Fig. 4a and b). We also evadahe content of tau phosphorylated at
Ser396 in neuronal SH-SY5Y cells. Retinol led taré@ased phosphorylated tau and

antioxidant co-treatment with Trolox did not chanlis effect (Fig. 4c).

Recently, induction of RAGE expression had beenlicafed in the pathogenesis
and/or progression of AD, PD and other processesitfin sustained inflammation (Satée
al., 2012; Teismanmrt al, 2012; Caiet al, 2016). In the adult neurons, RAGE expression is
normally repressed, but oxidative insults and tertanflammation are able to induce RAGE
expression, thus triggering a cascade of eventsntlag lead to chronic neuroinflammation
and neurodegeneration (Retal, 2016). Retinol led to an increase in RAGE contemt this
effect was prevented by antioxidant co-treatmerl Wrolox, suggesting the involvement of
RS production in this effect (Fig. 5a). Oxidativieess may affect protein expression by
several mechanisms, including regulation of mRNAression and proteolytic degradation;
thus RAGE mRNA expression was evaluated by quantteRT-PCR. Retinol caused an
increase in RAGE mRNA levels, but this effect was mhibited by Trolox (Fig. 5b). This
suggests that RS production by retinol is importemtmaintain RAGE protein levels
constantly enhanced, while retinol-mediated RAGENARup-regulation is not dependent on

RS production.
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Fig. 1. Effect of retinol on cell viability(A) MTT reduction in cells treated with different
concentrations (1 to 20M) of retinol for 24 hours. Vehicle is DMSO 0.1%.afa were
expressed as percentage of the formazan formatiotomtrol (untreated) cells. (B) SRB
incorporation in cells treated with increasing aamtcations of retinol for 24 hours. Vehicle is
DMSO 0.1%. Graphs depict mean = S.E.M. Data obthifdm three independent
experiments (8 replicates in each experiment). Ratdyzed by one-way ANOVA followed
by Holm-Sidak’s post hoc test. *p<0.05 and **p€0001 compared to control.

A) 1 hour B) 24 hours

N

iy
e 3
b

N
=
%
*
*
*
*
*
*
*

DCFH oxidation rate
(fold-control)
&
DCFH oxidation rate
(fold-control)

Inomanfl

1 25 5 7 10 20
Retinol (1M)

125 5 7 10 20
Retinol (M)

Control
Vehicle

o o s
g & @
Control |1
Vehicle |-|
-] N

Fig. 2. Effect of retinol on cell RS productioBH-SH5Y cells were previously loaded with
DCFH and retinol was added later (see material anathods). DCF fluorescence was
monitored (A) 1 hour and (B) 24 hours after retiadtlition to cells. Vehicle is DMSO 0.1%.
Graphs depict mean + S.E.M. Data obtained frometimdependent experiments (8 replicates

in each experiment). Data analyzed by one-way ANGMkbwed by Holm-Sidak’s post hoc

test. ***p<0.00001 compared to control.
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Fig. 3. Effect of antioxidant co-treatment on retinol inddacytotoxicity SH-SY5Y cells were
treated for 24 hours with retinol at either 10 6r[2M in the presence or absence of the cell
permeable antioxidant Trolox 100 pM. Cell viabilityas assessed by (A) MTT reduction and
(B) SRB incorporation. Data are mean = S.E.M frdme¢ independent experiments (8
replicates in each experiment). Data were analyagdone-way ANOVA followed by
Bonferroni’s post hoc test. ****p<0.00001 vs cortrg values from comparison between

selected groups are indicated.
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Fig.4. Content ofa-synuclein,f-amyloid peptide and tau phosphorylated at Ser396dlls
treated with retinolCells were treated with retinol 10 uM with or watit Trolox 100 uM for

24 hours. The content of (A}synuclein and (Bp-amyloid peptide was evaluated by western
blot and normalized in relation tB-actin content. (C) Phospho-tau western blots were
normalized in relation to total tau. Representablas are shown below graphs. Values are
expressed as mean + SEM of three independent exgrats (3 replicates in each experiment).
Data were analyzed by two-way ANOVA followed by &k post hoc test. ***p<0.0001,
**p<0.001 and *p<0.005 compared to control.
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Discussion

Control of the cellular redox balance became on¢hefmain goals in therapeutic
strategies against neurodegenerative diseasesesidt,rthe search for compounds with a
potential antioxidant action at CNS level has iasetl. As mentioned earlier, the focus of
most studies on the role of vitamin A on adult bra on its role as either antioxidant or
regulator of gene transcription through retinoidlear receptors. However, as observed here,
retinol may exert pro-oxidant effects at increasiogncentrations. Retinoids, as other
compounds commonly referred to as “antioxidantstistrbe more accurately defined as a
“redox-active” molecule. Interaction of redox-aeigompounds with other electron donors or
acceptors may influence the oxidative balance givan environment in several possible
ways, which will vary according the molar ratio Wween each component, their current
oxidation state, and the presence of other redtadysdas. Redox catalysts in brain include
catecholamines, quinones, iron, zinc and coppeichwin neurodegenerative conditions have
increased availability for redox reactions as tlaeg released in protein-free forms from
damaged cells (Halliwell, 2006).

Antioxidants present in diet, such as retinol, hiagen suggested to be included in the
development of protocols to treat or prevent neegeteration and other oxidative stress-
related diseases (Famgal, 2002; Le Prelet al, 2007; Mongan e Gudas, 2007). On the other
hand, our results show that at concentrations abow@hysiological range observed in cells
(0.2 — 5 uM (Ros=t al, 2001)), retinol enhances RS production and cytoity to SH-
SY5Y neuronal cell line. It is not surprising thabmpounds generally considered
“antioxidants” present a dualistic effect in biolog systems. We have previously observed
that retinol may act as a pro-oxidant agent inSettoli cells (Gelairet al, 2006), bovine
adrenal chromaffin cells (Gelaiet al, 2007), PC12 cells (Gelain e Moreira, 2008) and in
animal models (Pasquali, Gelain, De Oliveiea al, 2009; Pasquali, Gelain, Olivejrat al,
2009). In all these systems, this pro-oxidant e¢ffeas observed as increasing concentrations
of retinol were available to cells. Retinol availap to cells may be greatly stimulated by
supplementation or pharmacological protocols ths¢ @dministration of “mega-doses”
(Imdad et al, 2011; Mayo-Wilsoret al, 2011). In the past, clinical studies evaluatimgl o
supplementation with retinol angtcarotene had to be discontinued due to increaseg |
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cancer incidence and cardiovascular disease, whreh conditions strongly related to
oxidative stress (Goodmaet al, 1993; The Abc-Cancer Prevention Study Group, 1994
Omenn, Goodman, Thornquist, Balmes, Cullen, Gldesgh, Meyskens, Valanis, Williams,
Barnhart e Hammar, 1996). Long-term effects at GiéBe not evaluated in these subjects.
However, retinol-based supplements and supplemdotets are still available without any
kind of restriction or special recommendationsnagtically all countries.

The relationship between-synuclein accumulation and progression of neuronal
damage in the course of PD is widely reported @=iret al, 2015). Since early suggestions
that oxidative stress plays an important role in B@me studies observed that free radical-
mediated reactions constitute essential stepssynuclein aggregate formation (Niedzielska
et al, 2016a). Antioxidants were reported to preventroeal damage by blocking the
conjugation between dopaminectesynuclein, a process resulting in protofibril f@aton and
neurocytotoxicity (Halliwell, 2006). Therapeuticrategies aiming to maintain the redox
balance in cells of the CNS have been proposeddat tor prevent PD and dietary
antioxidants such as vitamins C and E are suggedstquay a role in PD development
(Paraskevast al, 2003). Nonetheless, we observed that cytotoxgesl@f retinol also led to
increasedi-synuclein in SH-SY5Y cells. Although deleteriouteets caused by-synuclein
in PD are commonly associated to its abnormal aggien into Lewy’s bodies, increased
expression and accumulation are essential stepstprthis process of aggregation (Berrocal
et al, 2015). Interestingly, the effect of retinol anrsynuclein was not prevented by
antioxidant treatment with Trolox, which was unecieel, as most deleterious effects of
retinol at cellular level observed so far were agged to oxidative stress. This suggests that
retinol is able to influence-synuclein protein turnover by a mechanism thatosassociated
with RS production, although oxidative stress isspnt in these experimental conditions.
Previously, it was observed that oral supplemetatvith vitamin A led to oxidative stress
and increased-synuclein in the nigro-striatal axis of rats, @hts latter effect was attributed
to oxidative stress (De Oliveira, Oliveira, BehrofH et al, 2009). On the other hand, our
data indicate that the effect of retinol upon thesameter is not dependent on RS production.
Modulation ofa-synuclein gene expression by retinol or othervdgives through genomic

mechanisms was not reported so far, but this doaldssessed in future studies.
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In AD a number of studies reported a relationshgiwieen oxidative stress and
activation of signaling pathways leading to abertan phosphorylation, a cell hallmark of
this disease (Mondragon-Rodriguetzal, 2013). Retinoids were suggested for development
of therapeutic strategies against AD (Leteal, 2009), and retinoic acid was observed to
inhibit amyloid deposition in a transgenic animaddel of the disease (Dirgt al, 2008). Tau
is phosphorylated at approximately 25 differenésithrough the action of diverse protein
kinases; nonetheless, Ser396 phosphorylation &ddcn an epitope recognized by specific
antibodies against paired helical filaments anddesen referred to as one of the earliest steps
leading to neurofibrillary tangles formation in ABnd Down syndrome (Mondragon-
Rodriguezet al, 2014). We observed here that incubation of SHXS¥élls with pro-oxidant
concentrations of retinol induced the increasehiogphorylation of tau at Ser396. It is known
that aberrant forms of tau disrupt the neuronal émstaesis by enhancing misfolded protein
aggregates, thus reinforcing neurofibrillary tasgblermation. This further contributes to
microglia activation and pro-inflammatory cytokineslease, which in turn stimulates RS
production and establishes a neurocytotoxic feddlmcle (Smithet al, 2007). Thep-
amyloid peptide exerts an important role in thi®gess as it may activate membrane
receptors (such as RAGE) that trigger cytotoximalmg pathways, as well as undergo a
process of oligomerization and formation of amyl@@enile) plaques, which accumulate in
the extracellular space. Both processes resultctivasion of microglia, which tends to
enhance RS production through pro-inflammatoryvation and further enhance this cycle
(Nalivaeva e Turner, 2013). This neuroinflammataxys is also thought to be a consequence
of RAGE up-regulation, as the expression of theptor is known to be stimulated by pro-
inflammatory cytokines and protein/peptide-carbolyel aggregates (Maczurekal, 2008).
RAGE activation enhances the NF-kB-mediated upieggun of pro-inflammatory cytokine
expression, thus contributing for chronic neur@nfmation. Recently, overwhelming
evidence has been indicating a prominent role 8GR in AD. Thep-amyloid peptide was
found to be a RAGE ligand/activator, and many ntxic signal pathways associated to
cellular degeneration were observed to be triggere@xtracellula3-amyloid peptide in a
RAGE-dependent fashion (Yaat al, 2012). RAGE was also reported to mediate the
transport of systemig-amyloid peptides across the blood-brain barrtaustincreasing brain
amyloid deposition (Candelat al, 2010). Besides, an increase in the immunocoraént
RAGE was reported to be associated to the increfsther markers of AD in human brains
(Valenteet al, 2010).
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Oxidative stress is extensively associated toataerrant phosphorylation and RAGE
up-regulation (De Bittencourt Pasquat al, 2013; Mondragon-Rodrigueet al, 2013;
Mondragon-Rodriguezet al, 2014). As mentioned earlier, oxidative stress rtsxean
important role in AD-associated neurodegeneratioriurn, aberrant phosphorylation of tau,
with consequent formation of paired helical filarteeand neurofibrillary tangles, induces a
pro-oxidant state by causing the microglia-dependetivation of RS production (Schmét
al., 2012). Administration of retinoic acid, a metat®bf retinol, decreased the formation of
tau aggregates in a triple transgenic AD mouse m@AEPswe/PS1M146V/tauP301L)
(Watamuraet al, 2016). Here, retinol stimulated tau phosphorglatbut, surprisingly, this
effect was not mediated by the increase in RS mtomluthat is responsible for the loss of cell
viability. Although the mechanism by which retinmiduces this effect is not clear, the
induction of neuronal differentiation with retinoacid and BDNF to SH-SY5Y cells was
previously observed to enhance tau expression hodpmorylation (Jamset al, 2004). In
that study, it was observed that G$Kahd Cdk5 played important roles in the effect ol
by retinoic acid. Tau phosphorylation is affectgdabmyriad of different protein kinases, and
retinol may be inducing this effect through a samimechanism, as it was previously
demonstrated to activate different protein kinaspethdent signaling pathways (Gelairal,
2011; De Bittencourt Pasquati al, 2013).

RAGE up-regulation in response to oxidative stsgas observed in different diseases
characterized by increased RS production, includihgbetes, atherosclerosis and AD
(Pugazhenthet al, 2016). In AD, RAGE is believed to contribute iraimtaining an elevated
state of RS production by stimulating NADPH oxid&Kejro e Postina, 2009), enhance tau
phosphorylation via the ERK1/2-GSRE3®athway (Liet al, 2011; Barroseet al, 2013) and
amyloid translocation through blood-brain barres, mentioned earlier. In the course of AD,
RAGE was implicated in the activation of the innatenune system, which is an important
component in the progression of neurodegenerasiang local pro-inflammatory stimulation
contributes to neuronal death. The involvement &GE in the pathogenesis and/or
progression of other neurodegenerative conditisngoorly explored. In PD, the expression
of RAGE and its ligands has been studied only vesgently. The RAGE -429T/C

polymorphism was associated with increased PD gtibdéy in a Chinese ethnic group
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(Han population), and the CC genotype of -429T/G wlaserved as a protective factor in the
same study (Gaet al, 2014). Ablation of RAGE or its ligand S100B shalie be protective

in the MPTP-induction of PD model in rodents, togetwith alterations in the levels of
S100B and HMGBL1 in PD patients, were also suggedstv a prominent role for RAGE in
the course of this condition (Satheal, 2012; Teismanet al, 2012; Santoret al, 2016),
Here, we observed that pro-oxidant concentratidmstool led to an increase irsynuclein,
tau phosphorylation an@-amyloid, but antioxidant treatment did not affabis effect;
however, the increase in RAGE was blocked by Trologicating the involvement of RS
production in RAGE stimulation. RAGE expression mag induced by several distinct
mechanisms, including oxidative stress, increasatlability of RAGE ligands and pro-
inflammatory mediators (Ragt al, 2016). Our results are suggestive that high aunagons

of retinol may induce deleterious effects to nesreia multiple mechanisms, which may (or
not) be dependent on RS production. In a previoakwour group showed that incubation of
A549 human lung cancer cell line with retinol atmsar conditions also increased RS
production and oxidative stress, but these effeet® responsible for RAGE down-regulation
(De Bittencourt Pasquadt al, 2013). In lungs, RAGE is expressed in a constutashion

at physiological conditions, and deleterious preesssuch as oxidative stress or pro-
inflammatory stimuli downregulate RAGE expressiaa,opposite to other cells (Queissér
al., 2008; Creagh-Browst al, 2010).

Regarding the relationship between retinol suppfeat®on and cellular retinol
concentrations, there are some controversies tpobged. It is a consensus that increased
retinol intake results in increased retinol concaians inside cells, but dynamics of retinol
metabolism in mammalian cells turns difficult tdaddish an accurate relationship between
oral intake dosage and plasma levels (Pennistorareuniiihardjo, 2006). Retinol, as a
hydrophobic molecule, is carried by serum retinading proteins (SRBP’s) between tissues,
and may be stored inside cells bound to cellulamaokbinding proteins (CRBP’s) or
esterified to fatty acids. In situations charactedi as hypervitaminosis A, the serum levels of
retinol are not different from well-fed, normal imdiuals, but the levels or other retinoids are
markedly increased (Penniston e Tanumihardjo, 2086} this reason, although it is a
consensus that the availability of retinol and derivatives is increased to cells during
hypervitaminosis or supplementation, serum retquantification is not considered a reliable

method for determination of individual vitamin Aasis. On the other hand, it is well-
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established that dietary vitamin A deficiency causeurologic deficits in both animal models
and humans (Etchamendst al, 2003; Penniston e Tanumihardjo, 2006), and that o
supplementation at high doses to rats induces tixedalamage to brain and cognitive
impairment (Schnoret al, 2011). Thus, it is clear that both deficit anccess of dietary
retinol influence cell homeostasis and functiorg #mat oral supplementation of retinol may
increase the cellular concentrations of this vitatoi harmful levels.

Concluding, in the present study we show evideneeaahstrating that increasing
retinol concentrations to neuron-like SH-SY5Y cadishanced RS production, cytotoxicity
and increased the immunocontentiedynuclein, tau phosphorylatiopsamyloid peptide and
RAGE. The effects of retinol upon biochemical hahks of PD ¢-synuclein) and AD (tau
phosphorylation an@-amyloid peptide) were not dependent on RS prodogctout RAGE
up-regulation and loss of cell viability were reeduby antioxidant treatment with Trolox.
These results show that retinol is capable of naithd markers of neurodegeneration at
cellular level through different mechanisms, sorhevbich are related to oxidative stress.
Altogether, these results indicate that increashegavailability of retinol to neuronal cells

may lead to deleterious effects and contributestorodegeneration.
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CAPITULO Il

Resultados de trabalhdn vivo-

Vitamina A (retinol) como tratamento preventivo naneurodegeneracgao induzida por 6-
hidroxidopamina em ratos
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Introducao

A vitamina A é um importante nutriente para o degstnmento do sistema nervoso
central, devido a suas propriedades de diferenmjag@scimento e proliferacdo celular
(Maden, 2007). Ainda mais, a vitamina A e seusvdeios — os retindides-, sdo utilizados no
tratamento de diversas condi¢cdes, como problemaeldee tumores, como cancer de pele,
mama, pulmao e hepéatico (Doleb al, 2015). Por muitos anos a vitamina A foi postulada
como antioxidante a doses baixas. Nos Ultimos afesos pré-oxidantes dos retindides
demonstraram que a vitamina A € uma molécula redwa, e seus efeitos dependem do
estado redox do ambiente, como por exemplo, a chukcde defesa antioxidante celular e a
qualidade da funcdo mitocondrial (De Oliveira, bae et al, 2011). Como potencial agente
antioxidante, a vitamina A, assim como outras vit&®, vem sendo sugeridas como
tratamento ou prevencdo de doencas neurodegemsrgfParaskevast al, 2003). Nosso
grupo demonstrou que doses terapéuticas de vitafn{i@00-90001U/Kg/dia) tiveram efeito
pré-oxidante em algumas regibes do cérebro, cono dgamocondrial e aumento de-
sinucleina na substancia negra e estriado (De i@j\v@liveira, Behr, Hoffet al, 2009). No
entanto, faltam estudos apontando o efeito da sgplitacdo com vitamina A em doses
recomendadas frente ao dano parkinsoniano. Assinpresente estudo nds investigamos o
efeito da vitamina A, em doses diarias recomenddd&9001U/Kg did por 28 dias frente ao
dano induzido por 6-hidroxidopamina, no soro, LCBubstancia negra (SN). Pré-tratamento
com vitamina A antes da induc¢édo do dano parkinsaniaduziu o quadro inflamatdrio e teve
efeito protetor no cérebro. Os presentes resultaglggerem o papel das vitaminas
lipossoluveis, especificamente retindides derivadiopalmitato de retinol, na prevencao de

neurodegeneracao induzida ao eixo nigro-estrigistiefna dopaminérgico) do cérebro.

Metodologia

Animais

Ratos Wistar adultos (280-300g) obtidos da nos8priar colénia foram mantidos em caixas
em grupos de 5 animais. Agua e comida foram manéiddibidum e os animais mantidos
em ciclo de 12 horas claro-escuro (7:00- 19:0@& ¢mperatura controlada (231 °C). Todos

os experimentos foram realizados de acordo comia Bacional de Saude de Cuidados no
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Uso de Animais em Laboratério (NIH publication niani80-23 revised 1996), assim como
as recomendagbOes de cuidados animais da Sociedemt@leiBa de Neurociéncias e
Comportamento. O protocolo de pesquisa foi aprovaéto Comité de FEtica para

experimentacdo animal da Universidade Federal da3Rande do Sul.
Tratamento

Antes de iniciar o tratamento, 0os animais passa@num periodo de 10 dias de habituacdo a
manipulagdo. Apds este periodo, os animais foratados uma vez ao dia durante 28 dias
com o uso de uma agulha de gavagem com palmitatetoi®l| (forma lipossolavel). Os
tratamentos foram realizados a noite (quando amasiestavam mais ativos e consumiam
maior quantidade de comida) a fim de garantir urdgima absorcéo da vitamina A, uma vez
que essa vitamina € melhor absorvida durante ufegde. Os animais foram tratados com
veiculo (6leo mineral; n=30 animais) ou 3000 IUda palmitato de retinol (n=30 animais)
via oral utilizando gavagem, em um volume maximoOggnL. Medidas adequadas foram

tomadas para minimizar a dor e o desconforto (Rigyr

Cirurgia Estereotéaxica

Os ratos foram anestesiados com uma Unica dosetamika e xilasina via intraperitoneal e
fixados no aparelho estereotaxico. Uma solucao de d& 6-OHDA (Sigma-Aldrich; St.
Louis, MO) (10ug, contendo 0,01% acido ascorbitm)jnjetada na substancia negra (lado
direito), nas seguintes coordenadas AP -5.0mm, H&nmm, ML+2.1mm a partir do bregma.
Os animais controles passaram pelo procediments, n@a foi injetada nenhuma solucéo
apos a perfuracdo com a agulha. A taxa de liberagd®-OHDA foi mantida por um
modulador a 0,5uL/min. Apds toda solucao ter sijetada no cérebro, a agulha permaneceu

no cérebro por mais 5 minutos.

Andlise Comportamental

Duas semanas apoOs a injecdo de 6-OHDA o equilitmator foi verificado através do
aparelho rotarod. Os ratos foram treinados atrdee3 sessbes de 5 minutos e ambientados
por 2 horas antes da analise. Os animais foramadbscno aparelho (18rpm) e o tempo de

laténcia que o animal permaneceu no rotarod famaticamente gravado, e novamente cada
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animal teve 3 chances no aparelho. Resultados ferqumessos como a média do tempo de

laténcia nas 3 tentativas.

ELISA enzyme linked immunosorbent asgay

O ensaio ELISA indireto foi realizado para analisardancas no conteudo de TN IL-18
utilizando soro como amostra. As amostras forampetisadas em placas de 96 pocos e
mantidas sob incubacdo por 24 horas. As placasferstédo lavadas com uma solugcao de
lavagem (PBS com 0,05%Tween-20), e entdo anticoggpecificos foram adicionados e
incubados por mais 24 horas (anti-Thfe- anti-IL-13; 1:1000). As placas foram novamente

lavadas e incubadas com anticorpo secundario porg (anti-rabbit; 1:1000).

Imunohistoquimica

Ratos foram perfundidos através damp da aorta do sistema vascular descendente. Foi
administrada salina estéril durante 10 minutosuiseg de 10 minutos com solucédo de
paraformaldeido (PFA) 4% in PBS (7,4). Os céreljovam cuidadosamente extraidos e
mantidos em PFA 4% por 24 horas a 4°C, depois gasgzara solucado de sucrose 15% por
24 horas a 4°C e entdo passados a solucdo deesd@%se mantidos a 4°C. Os cérebros
foram secos e congelados a -20°C. Depois de 24 laosaibstania negra foi seccionada em
fatias de 20um utilizando um aparelho criostat®2@C (Jung Histoslide 2000R; Leica;
Heidelberg, Germany). Um total de 20 a 30 fatiassdbstancia negra foram coletadas e
armazenadas em PBS contendo Triton 100x 0,1% (RB%)0As fatias foram incubadas
com albumina 5% durante 2 horas para bloqueio ghgdies ndo-especificas. O anticorpo
primério foi incubado durante 48 horas a 4°C. Qgarpos foram diluidos em PBS contendo
albumina sérica bovina (2%). Depois de 4 lavagens EBS 0,1%, as fatias foram incubadas
com anticorpo secundario diluido em PBS 2% albunidepois de uma hora a temperatura
ambiente, as fatias foram lavadas varias vezes B& ®1%, transferidas para laminas
gelatinizadas, montadas com FluorSaveTM (345789 ercM Millipore; MA, USA), e
finalizadas com laminulas. As imagens foram obtidas Microscopio EVOS FL Auto
Imaging System (AMAFD1000 —Thermo Fisher ScientifiA, USA).
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Anélise Estatistica

A anadlise estatistica foi realizada através dowso# GraphPad 5.0. Para mdltiplas
comparacdes foi utilizado ANOVA seguido de TukeyBmnferronipost hoc Os resultados
foram expressos como média + erro médio padraoo@eddo protéico foi mensurado
através da técnica de Bradford em todos os ensafss.diferencas foram consideradas
significativas quandep<0.05,**p<0.01,***p< 0.0001, ***p<0.00001 and between groups
(#p<0.05, ##p<0.01, or ###p< 0.001).

7 28
dias o - }
tratamento palmitato perfusio
aclimatagio de retinol sacrificio
3000 IU/Kg/dia
inje¢io  ROTAROD
6-OHDA

%
|

SNe

Figura 1: Desenho esquematico da metodologia utilizadaa€ds foram pré-tratados por 28
dias com palmitato de retinol, logo ap6s foram sefimos ao dano com 6-hidroxidopamina.
Apo6s 15 dias o parkisonismo foi avaliado atravésesdte comportamental rotarod, e apds os
animais foram sacrificados e os tecidos coletados posterior andlise.

Resultados

Comportamento e Caracterizacdo do Dano por 6-OHDA

A vitamina A conseguiu reverter o efeito neudegatiav/tOxico da 6-
hidroxidopamina através da analise comportamental ratarod, em que o0s animais
previamente tratados com vitamina A mantiveram-@e rpais tempo no aparato, quando
comparados com 0s animais que somente receberat®HDA. Foi possivel confirmar
através de andlise da tirosina hidroxilase por whistoquimica a inducdo do modelo de dano
por 6-OHDA, j& que os ratos tratados somente cooxiaa tiveram consideravel redu¢éo no

namero de neurénios dopaminérgicos.
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Quadro Inflamatdrio Sistémico

A administracdo prévia de vitamina A foi capaz dmntwlar o quadro inflamatoério
desenvolvido pelo dano, e mais ainda reverteuasde citocinas pro-inflamatoérias (TNF-
a e IL-1B) no soro de animais quando comparado ao grupe@uente recebeu a injecao de
6-OHDA.
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Figura 2: Efeito do pré-tratamento com vitamina A em testenportamental, citocinas
séricas e andlise de liquor. A) Comportamento madber ratos apos a lesdo com 6-OHDA
analisando através do Rotarod. Foi analisado o dedeplaténcia dos animais (n=10). B)
Andlise da citocina pré-inflamatdéria ILBIno soro dos animais (n=8). C) Analise da citocina
pro-inflamatoéria TNFe no soro dos animais (n=8). D) Andlise do age Carbetil lisina no
liquor dos animais (n=6).
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Vitamina A
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TH

NeulN
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Figura 3: Efeito do pré-tratamento com vitamina A na substamegra de ratos (n=2).
Visualizacdo de imunofluorescéncia de tirosinadxdase e NeuN. Dapi foi utilizado para
coloracéo do nucleo.
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Figura 4. Efeito da inducdo de dano com 6-hidroxidopaminasulastancia negra de ratos
(n=2). Visualizacdo de imunofluorescéncia de tiragiidroxilase e NeuN. Dapi foi utilizado
para coloragéo do nucleo.
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Vitamina A +6-OHDA

CN Ipsi

DAPI

TH

NeuN

Merge

Figura 5: Efeito do pré-tratamento com vitamina A na indugde dano com 6-
hidroxidopamina na substancia negra de ratos (N48)alizacdo de imunofluorescéncia de
tirosina hidroxilase e NeuN. Dapi foi utilizado pamloracdo do nucleo.
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Vitamina A

Vitamina A +6-OHDA

Figura 6: Efeito do pré-tratamento com vitamina A na indugde dano com 6-
hidroxidopamina na substancia negra de ratos. Wsigdo de imunofluorescéncia de tirosina
hidroxilase e NeuN. Dapi foi utilizado para coldacdo nucleo. Detalhes da morfologia
celular em aumentos de 20x e 40x.
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Discussao

A fim de explorar se a vitamina A poderia exerdgum efeito benéfico no curso da
DP, nés caracterizamos os efeitos de ingestdoocar@a palmitato de retinol em doses diarias
recomendadas em condi¢cdes de dano aos neurbni@noh@pgicos. Neste estudo, noés
utilizamos o modelo de lesdo induzida por 6-hidtopamina em ratos, um modelo in vivo
extensivamente utilizado em avaliacbes preé-clinidascompostos com potencial anti-
parkinsoniano (Hanseet al, 2016). A analise de imunohistoquimica revelou quaimero
total de neurdnios TH-positivos foi extensamentur&lo com a aplicagao de 6-OHDA na
regido ipsilateral de rato parcialmente lesadosaaedo com estudos prévios (Kieh al,
2016). Uma relacéo positiva ocorreu em relacédoresgltados da analise comportamental,
em que ratos lesionados com 6-OHDA desenvolverams deficiéncias motoras, quando
comparados com ratos pré-tratados com vitaminaatbem observou-se uma protecéo da
vitamina A apresentando maior quantidade de neosOniH-positivos. Estes dados
contrastam estudos prévios realizados com vitayjnam que a administracdo da vitamina
teve efeito toxico em diversas areas do cérebrodDeira, De Bittencourt Pasquakt al,
2007; De Oliveira, Oliveira, Behr, Hgfét al, 2009; De Oliveireet al, 2012). Neste estudo,
no entanto, contrariando os estudos anterioresutli|avam doses relativamente altas de
retinol, nds utilizamos doses recomendadas de m@piacio (30001U/Kg diy. Além disso,
nenhum estudo utilizando a vitamina A como prétranto frente ao dano parkinsoniano

induzido por 6-OHDA foi desenvolvido anteriormente.

Além de se demonstrar efeito protetor sobre osameag dopaminérgicos neste
modelo da DP, a vitamina A também exibiu efeitogi-aflamatérios. A inflamacéo
associada a neurodegeneracdo no modelo com 6-OBD& fescrito em outros trabalhos
(Farbood et al, 2015). Analise do soro dos animais revelou qupré@tratamento com
vitamina A foi capaz de reverter o quadro inflamiat@esenvolvido pela 6-OHDA. Ratos
que receberam a suplementagdo com vitamina A tivenanores niveis séricos das citocinas

pro-inflamatorias IL-B E TNF-.

Muitos estudos demonstram a importancia da ativdo&eceptor para produtos finais
de glicagdo avancada (RAGE) na ativacao de viasirgdizacao relacionadas a processos
patolégicos (Abdelsalam e Safar, 2015). Além disgoios estudos também indicam o papel

dos produtos finais de glicacdo avancada (AGE’s) desenvolvimento de doencas
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neurodegenerativas (Santoed al, 2016). Neste trabalho observamos que a vitamina A
aumentou os niveis de carbometil-lisina, mas quaadministrada em forma de pré-
tratamento frente ao dano com 6-OHDA, se demonsteoprotetora e reduziu os niveis do

AGE no liquido cefalorraquidiano dos animais.

Este estudo fornece novas informagdes em relagAt@araina A e sua relacdo com
doencas neurodegenerativas, em especial a DP. hiatlacéo de forma preventiva de doses
recomendadas da vitamina se demonstraram ser qredefrente a neurodegeneracdo e

também de carater anti-inflamatorio.
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PARTE 3

DISCUSSAO

Grande parte da relagéo entre vitamina A e suacwgue de inducéo de rotas via
producdo de espécies reativas e geracdo de estradsgivo esta relacionada com a sua
caracterizacao redox ativa. Dependendo do micrmantgem que se encontra, a vitamina A
em doses baixas a moderadas pode atuar de manéinaidante, combatendo espécies
reativas, ou de maneira pré-oxidante em altas cwragges, sendo a fonte geradora de
estresse oxidativo (Pravket al, 2013). Em pacientes portadores de alguma condiigéca
ou patolégica, os retindides parecem aumentaraetosfdeletérios, visto que interagem com
um microambiente alterado fisioldégica e bioquimieate. Uma vez que a suplementagéo
com retindides é feita em individuos consideradmsdéveis, os efeitos encontrados sao
benéficos, j& que desta forma parecem atuar aunEntpreventivamente a defesa

antioxidante (Goralczyk, 2009).

Por muitos anos, o uso de retindides foi sugermoac tratamento antioxidante. A
suplementacao cofftcaroteno foi indicada no tratamento de cancegqug o consumo deste
retindide estava associado com uma menor incidéesta doenca. Varios mecanismos de
acao foram propostos fiecaroteno, como neutralizacao de espécies reattras 0 0xigénio
singlet e consequente reducdo da lipoperoxidacdo (Buetoingold, 1984). Estudos
epidemiolégicos realizados utilizando vitamina p-earoteno como prevenc¢ao na incidéncia
de céancer de pulmdo em fumantes apontaram paraumeefeito preventivo, relatando

inclusive maior incidéncia de cancer no grupo gaeeebeu a suplementacdo (Omenn,
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Goodman, Thornquist, Balmes, Cullen, Glass, Keolfeyskens, Valanis, Williams,
Barnhart, Cherniagcket al, 1996). Outros estudos posteriores provaram quefeisos
adversos doB-caroteno estavam diretamente relacionado com tosside fumante dos
participantes, e que em circunstancias normais, irmgividuos ndo fumantes, existem
evidéncias de efeitos benéficos (Goralczyk, 2009 mesma forma, a suplementacédo com
B- caroteno em ratos saudaveis melhorou a defegsexiailainte e foi considerada uma

alternativa segura para o consumo de retindidds(Bcet al, 2014).

Por outro lado, muitos trabalhos indicam atuacd@-oxidante do retinol,
demonstrando que a geracdo de espécies reativasegtal relacionada com a disfuncéo
mitocondrial e aumento do radical superdéxido2()O A suplementacdo com palmitato de
retinol (1000, 2000 e 100001U/kg/dia) demonstraupsé-oxidante em areas do cérebro como
cerebelo, cértex, hipocampo e estriado, além dezin@lteracbes comportamentais similares
a ansiedade (Schneet al, 2015). Analise de suplementacdo com palmitateetieol (1000-
90001U/kg/dia) demonstrou ser pré-oxidante com antmée estresse oxidativo e nitrosativo
(4500 1U), além de induzir dano ao complexo IV mdodrial no hipotalamo de ratos (De
Oliveira, Oliveira, Da Rocheet al, 2009); aumento da atividade da caspase-3 noxc(e
Oliveira et al, 2010); reducdo da atividade mitocondrial e redugds niveis de BDNF e
receptor D2 no hipocampo (De Oliveira, Da Rqcka al, 2011); inducdo de estresse
oxidativo no estriado, cortex, cerebelo, hipocansuistancia negra e estriado (De Oliveira,
De Bittencourt Pasqualet al, 2007; De Oliveira e Moreira, 2007; De Oliveiray8strin, et
al., 2007; De Oliveira e Moreira, 2008; De Oliveetal, 2008; De Oliveira, Oliveira, Behr,
Hoff, et al, 2009; De Oliveira, Oliveira, Behr e Moreira, 20@aumento do imunocontetdo
de RAGE no cortex (De Oliveira, Oliveira, Behr, Biatencourt Pasqualiet al, 2009). Um

estudo realizado com suplementacao de palmitatetoh®l em ratas gestantes revelou que o
76



consumo excessivo de retinol durante a gestacaur iedtresse oxidativo no estriado e
hipocampo materno, assim como da prole (Schetoal, 2011). Além disso, suplementacéo
utilizando doses baixas de palmitato de retinolmparor periodo de tempo em ratas também
indicou aumento de estresse oxidativo e disfuncdocondrial no cortex, hipocampo,
estriado e cerebelo, e inducédo de estresse oxada#ivsubstancia negra e estriado de ratos

machos (De Oliveira, Lorenzet al, 2011; De Oliveiraet al, 2012).

O estresse oxidativo vem sendo relacionado conduc@o ou progressao de doencas
cardiovasculares e inflamatoérias ha varios anoseiRemente, a geracdo de espécies reativas
também tem sido apontada como causa de doencdsvane a morte neuronal, nas doencgas
neurodegenerativas. Dentre estas, estdo a DA conausa mais comum de deméncia na
atualidade, e a DP. Trabalhos relatam a relacie ssa¢des mediadas por espécies reativas
e a formacado dos agregados protéicog-dimucleina na DP, e fosforilacdo da proteina &au n
DA (Halliwell, 2006; Mondragon-Rodriguet al, 2013; Berrocaét al, 2015; Niedzielskat
al., 2016b). O peptidep-amildide também possui um papel importante nogsse da DA, e

pode sofrer oligomerizacdo com a formacéo de plsenis (Nalivaeva e Turner, 2013).

O grupo dos retindides incluifacaroteno e a vitamina A e seus metabdlitos, sendo
AR 0 mais ativo componente derivado do retinol.dpsos trabalhos utilizam estes compostos
isoladamente, e € possivel, por exemplo, identifiterentes acdes para cada um. Estudos
comparativos, inclusive, relatam que o retinol gazade produzir espécies reativas, efeito que

nao é observado no tratamento com AR (Gelain e ikéor2008).
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A deficiéncia de vitamina A foi apontada como fatde suscetibilidade ao
desenvolvimento da DA, promovendofeclivagem da APP e a geracdo de peptifleo
amildide com a formacédo de placas senis, exaceob&mohbém a perda de memoria.
Suplementacdo com doses terapéuticas de vitamidamfostrou melhorar a memdéria e o
déficit cognitivo em camundongos, e niveis séridesvitamina A foi correlacionado com
melhora cognitiva em humanos (Zeeg al, 2016; Zenget al, 2017). A sinalizacado dos
retindides tem influéncia no desenvolvimento da &avés da ativacdo de mdultiplas vias,
melhorando os sintomas da doenca e reduzindo audeacdie amiloide e hiperfosforilacdo da
proteina tau (Sodhi e Singh, 2014; Grinetnal, 2016). Embora muitos autores sugiram a
suplementacdo com vitamina A na prevencdao da DPa uometa-analise revelou ser
inconclusiva a relacdo entre vitamina fAcaroteno e Parkinson, necessitando mais estudos

epidemiolégicos para conferir maior validacao (Tdeket al, 2014).

O AR, considerado o principal metabdlito do retinpbssui papel importante na
diferenciagao, proliferacéo, apoptose, podendorataemo antioxidante, exercendo suas
funcBes através da ligacdo com os receptores idgmaucleares. O uso de AR também ja foi
sugerido no tratamento de cancer de mama e deofigadim como em episédios isquémicos
e no tratamento da acne (Hong e Lee-Kim, 2009)tairanto com AR em células de
leucemia mieloblastica revelou que o estado reagmalbdas células teve influéncia na acéo
do AR e estes dois fatores em conjunto influenmare resposta ao tratamento, com a
presenca de agles tanto antioxidantes quanto jlérigs do AR (Mantymaet al, 2000).
Além disso, 0 AR possui papel importante no trat@mele diversas doencas, entre elas a
DA, em que parece reduzir a agregacao do pepfidenildide e ativar funcdes acetilcolina
dependentes (Leet al, 2009; Chakrabaret al, 2016). A administracdo de AR teve efeito

protetor contra o dano induzido por MPTP, reduziadmorte de neurbnios dopaminérgicos
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na substancia negra, assim como suas projecoestriame (Estevest al, 2015); e também

produziu efeito protetor contra o dano induzido PE€DHDA, reduzindo a morte celular, a
alteracdo motora e aumentando o numero de neurtroesma hidroxilase positivos na area
afetada (Yinet al, 2012). Em modelo experimental da DP utilizandemona como agente
indutor do dano, revelou-se que o0 AR restauroufiziléocomotor quando utilizado como

tratamento pds dano cerebral (Ulustal, 2011).

Observamos neste trabalho que o AR induziu a difésedo de células de
neuroblastoma humano SH-SY5Y para um fendtipo oltetinérgico maduro através da
producdo de espécies reativas e inducdo de estrEkdivo via sinalizacdo de ERK1/2 e
Akt. Células expostas a rapidos tratamentos conjd®dXibiram um aumento na producéo de
espécies reativas, ressaltando o rdpido mecanismagab do AR, e a importancia da geracéo

do estresse oxidativo no processo de neurodiferefici

Neste trabalho, além do AR possuir sua atividadeameoduladora através de acéo
proé-oxidante, também foi que o retinol em concedea maiores que a fisiologica, é capaz
de modular o RAGE em células SH-SY5Y nao diferatasaatravés da producao de espécies
reativas. O tratamento com retinol foi capaz deeniar a expressédo do receptor através do
aumento da producdo de espécies reativas. No entanto-tratamento com Trolox®
bloqueou 0 aumento do RAGE, indicando a envolvimeiatproducdo de espécies reativas na
estimulacao do receptor. Observamos também ge&rmiratuou de maneira pro-oxidante,
aumentando a producado de espécies reativas e amaonteddo de marcadores de doencas

neurodegenerativas comesinucleina, peptide@-amildide, tau fosforilada e também do
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receptor para produtos finais de glicacdo avang®AGE). Nos trabalhosin vitro

apresentados aqui, tanto o retinol quanto o ARratnale maneira pro-oxidante.

Muitos modelos de estudos para as doengas neurcztageas vém sendo
desenvolvidos, modelos que utilizam métoutositro através do uso de culturas celulares, e
modelosin vivo, através do uso de animais. A escolha do modeierdie do desenho
experimental, e do objetivo do estudo, e tanto nesdeelulares quanto animais possuem

vantagens e desvantagens (Beal, 2001).

Os modelos celulares se tornam primeira escolhalaeo rapido desenvolvimento
experimental. Além disso, tipos celulares espexdficcomo neurdnios dopaminérgicos,
podem ser isolados e estudados, detalhe impomargedeterminar a sua contribuicdo na DP.
Dentre os modelos celulares de estudo da DP sateagoduas linhas principais, uma com o
objetivo de estudar a perda dos neurdnios dopagwesr da substancia negra, e outra
estudando os agregados protéicos contemdnucleina. Varias linhagens celulares séo
utilizadas para tanto, como a linhagem de neurtdstees humano SH-SY5Y e a linhagem de
feocromocitoma humano PC12. Estas células prodwzdimeram catecolaminas e podem
desenvolver caracteristicas neuronais maduras cousoode protocolos especificos de
diferenciacdo neuronal. O uso de modelos vitro para o0 estudo de doencas
neurodegenerativas € um importante avanco, vistoaqutilizacdo de uma populacéo celular
definida possibilita uma melhor compreensdo dosamemos celulares e moleculares

envolvidos na patologia. (Martinez-Morales e Li&@]12; Falkenburgest al, 2016).
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Ao mesmo tempo, muitos passos importantes da DPedagdo a patogénese e
patofisiologia requerem a interacdo de diferenfesstcelulares, e, portanto, sdo mais bem
estudados em modelos animais, como por exemplapel gas células da glia e inflamacéao,
assim como alteracdes sinapticas (Falkenbwegal, 2016). A fim de que tenham relevancia
no estudo da DP, os modelos animais devem congeimals caracteristicas especificas
basicas, como perda gradual dos neurdnios dopagigogre déficits motores facilmente
detectaveis. Os modelos animais se classificam asmue utilizam toxinas ou manipulacao
génica para mimetizar o quadro patologico (Blefazedborski, 2014). Atualmente existem
diversas toxinas que mimetizam o dano semelhabte,&omo o uso de 6-hidroxidopamina,
rotenona e MPTP (Gubellini e Kachidian, 2015; Sar#tabu et al, 2016). A 6-
hidroxidopamina foi o primeiro agente a ser uttiaem modelos de DP. Depois de injetada
na substancia negra, a 6-OHDA se acumula seletiv@m®s neurbnios dopaminérgicos,
levando a morte destes neurdnios devido a toxieidageracdo de espécies reativas, e € um
modelo eficaz em estudos sereeningfarmacolégico (Beal, 2001; Tieu, 2011). Atualneent
nenhum modelo animal € capaz de reproduzir penfeitée a condicdo encontrada em
pacientes com PD, no entanto, ainda sdo os modedis proximos a realidade humana
(Blesaet al, 2012). Os modelos que utilizam toxinas reproduzeperda neuronal, mas
falham em né&o induzir a formacdo de corpos de Lelayos modelos genéticos embora
reproduzam a presenca dos corpos de Lewy, ndo eapsmes uma morte neuronal
consideravel, constituindo essa a maior limitagédordelo (Blesa e Przedborski, 2014).
Ainda assim, é importante também ressaltar quese@sabe de maneira concreta todas as
causas envolvidas na forma esporadica da DP, &npor ndo se consegue reproduzir a

patogénese inteira encontrada na doenca (Falkesteirgl, 2016).
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No modeloin vivo apresentado neste trabalho, os resultados dansemtigcdo com
palmitato de retinol teve efeito protetor contra efeitos danosos da 6-OHDA sobre a
substancia negra, e ainda reduziu o quadro infl@moat possivelmente atuando como
antioxidante. Os resultados deste trabalho reforgaioncepcao de que a vitamina A € uma

molécula redox-ativa, podendo atuar como pro-oxaan antioxidante.
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CONCLUSOES

Concluindo com base nos resultados apresentadtestredzalho, é possivel identificar
mecanismos do retinol e do &cido retindico envaleen geracao de espécies reativas tanto na
neurodiferenciacdo quanto na modulacdo de marcadewwodegenerativos como o RAGE.
Também conclui-se haver outros mecanismos de mghitulae marcadores de doencas
neurodegenerativas pelo retinol, ndo envolvendceraggo de ambiente pro-oxidante. A
vitamina A também teve efeito neuroprotetor cordralano induzido pela 6-OHDA, e
também parece estar envolvida em mecanismos ageniafido, sugerindo-se um papel anti-

inflamatorio para o retinol em modelimsvivo da doenca de Parkinson.
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PERSPECTIVAS

Com base nos resultados observados neste trabalperspectivas futuras sao:

- Verificar o comportamento do retinol em modelwitro utilizando 6-hidroxidopamina em

células SH-SY5Y:;

- Melhor compreender o papel do RAGE na DP, cometead vitro utilizando 6-

hidroxidopamina em células SH-SY5Y.

- Realizar mais anélises complementares aos dddiok® no experimentio vivo, tais como:
western blotting da substancia negra para tirdsith@xilase e RAGE; PCR da substancia
negra para interleucinas proé-inflamatorias, f.elITNFo e analise de HPLC para retinol e

metabodlitos no soro e LCR.
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