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RESUMO

Introducdo: O Transtorno Bipolar (TB) € uma doenca cronica e recorrente, e sua
fisiopatologia ainda ndo esta completamente elucidada. Recentes estudos tém
encontrado significativas alteracdes em vias neurotréficas em pacientes com TB,
principalmente na neurotrofina BDNF. O BDNF esta envolvido em muitas funcbes
cerebrais, como sobrevivéncia, diferenciacdo neuronal e plasticidade sinaptica.
Farmacos que atuem aumentando os niveis de BDNF podem se tornar promissores
tratamentos para o TB. Objetivos: O objetivo desse trabalho foi avaliar os efeitos
neuroprotetores da tianeptina, um antidepressivo atipico, e de uma nova molécula
sintetizada a partir da tianeptina em um modelo in vitro. Métodos: Para o estudo, foi
utilizada uma linhagem de células de neuroblastoma humano SH-SY5Y, diferenciada
em neurbnios dopaminérgicos tratadas com tianeptina e NANT 03 nas
concentracdes de 30, 50 e 100uM por 48 horas. Apds, foi quantificado os niveis de
MRNA do BDNF, BDNF intracelular e secretado e niveis intracelulares de Bcl-2.
Resultado: NANT 03 aumentou os niveis de mRNA do BDNF no tratamento com 50
e 100uM, aumentou BDNF intracelular e secretado e Bcl-2 na dose de 100uM. A
tianeptina na dose de 100uM aumentou os niveis de BDNF intracelular e secretado.
Conclusédo: O novo composto apresentou um carater neuroprotetor maior que a
tianeptina o que demonstra que essa nova molécula pode contribuir para melhorar a

plasticidade sinaptica e cognigédo dos pacientes com TB.

PALAVRAS-CHAVE: Transtorno Bipolar, BDNF, Tianeptina, NANT 03.



ABSTRACT

Background: Bipolar disorder (BD) is a chronic and recurrent illness and its
pathophysiology is not yet completely understood. Recent studies have found
significant changes in neurotrophic pathways in patients with BD, especially in the
neurotrophin BDNF. BDNF is involved in several brain functions, such as neuronal
survival and differentiation and synaptic plasticity. Drugs that act by increasing
levels of BDNF may become promising treatments for BD. Objectives: The aim of
this study was to evaluate the neuroprotective effects of tianeptine, an atypical
antidepressant, and of new molecule synthesized from tianeptine in an in vitro
model. Methods: For study, a cell line of human neuroblastoma SH-SY5Y
differentiated into dopaminergic neurons was treated with concentrations of 30, 50
and 100uM of tianeptine and NANT 03 for 48 hours. Afterwards, it was measured
the levels of BDNF mRNA, intracellular and secreted BDNF and intracellular levels
of Bcl-2. Results: NANT 03 increased BDNF mRNA levels in treatment with 50
and 100uM, and increased intracellular and secreted BDNF and Bcl-2 levels in a
dose of 100uM. The tianeptine in the dose of 100uM increased levels of
intracellular and secreted BDNF. Conclusion: The new compound showed a
neuroprotective character greater than tianeptine. This suggests this new molecule

can improve cognition and neuronal plasticity of bipolar patients.

KEYWORDS: Bipolar Disorder, BDNF, Tianeptine, NANT 03.
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1. INTRODUCAO

Transtorno bipolar (TB) € uma doenca crdnica e recorrente, com uma
prevaléncia em torno de 2,4% da populagcdo mundial (1) e est4 associada com um
alto indice de suicidio e desemprego (2-4). Muitos pacientes com TB apresentam
diversas comorbidades clinicas, e um acentuado prejuizo cognitivo, acarretando
muitas vezes uma perda de funcionalidade e autonomia (5, 6).

O TB, ainda € uma condicao psiquiatrica de dificil tratamento e a depressao
bipolar é, particularmente, um quadro de manejo complicado pelo fato que
antidepressivos podem aumentar o risco do paciente entrar em um episodio de
mania (7) e ainda hoje existe uma grande necessidade de novas opcles
terapéuticas que melhorem o prognéstico dessa condicao.

Dessa forma, o estabelecimento dos mecanismos de acdo das drogas
antidepressivas, bem como o desenvolvimento de novas estratégias terapéuticas,
torna-se muito importante no cenario atual, visto que o TB ja é uma das maiores
causas de incapacitacdo mundial e responsavel por um grande gasto gerado ao
sistema unico de saude (8), e um tratamento adequado pode evitar a progressao
desta doenca e com isso amenizar 0s danos causados aos pacientes.

Diversos estudos apontam o BDNF como um dos principais responsaveis
pelas alteracdes na neuroplasticidade e memoria apresentada pelos pacientes
com TB (9) j& que esta neurotrofina encontra-se diminuida nos episodios de
mania e depressédo (10-12). Adicionalmente, um numero crescente de evidéncias

clinicas e pré-clinicas tem demonstrado que drogas antidepressivas, aumentam
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os niveis de BDNF (13-15), dando suporte a ideia de que deficiéncias nos niveis
de BDNF, bem como alteragbes nas suas vias de sinalizacdo, poderiam estar
envolvidas na fisiopatologia do TB e que drogas antidepressivas poderiam atuar
através do aumento dos niveis desse fator de prote¢cédo neuronal.

Os resultados do presente estudo buscam contribuir para o esclarecimento
dos mecanismos de acdo do antidepressivo tianeptina bem como para o
desenvolvimento de uma nova abordagem terapéutica, baseada na regulacéo da
secrecdo de fatores neuroprotetores em um modelo in vitro para futuramente ser

utilizada na clinica para o tratamento da depresséao bipolar.

2. REFERENCIAL TEORICO

2.1 Transtorno Bipolar

O Transtorno Bipolar (TB) é uma doenca psiquiatrica caracterizada por
alternancias de episddios de humor chamados de mania e depresséo aliados a
periodos de remissdo dos sintomas denominado eutimia (16) e atualmente
apresenta uma prevaléncia de 2,4% na populacdo mundial (1). O TB inicia-se em
geral no inicio da vida adulta, € uma doenca grave que apresenta um curso
cronico e recorrente. Apresenta altas taxas de morbidade e mortalidade trazendo
prejuizos e custos significativos para o portador e para a sociedade (3, 16, 17).
Segundo dados da Organizacdo Mundial da Saude, o TB € considerado a sexta

maior causa de incapacitagdo do mundo na faixa etaria entre 15 e 44 anos (8).
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De acordo com a Classificacdo Internacional das Doengas (CID-10) e o
Manual Diagnésticos e Estatistico de Transtornos Mentais (DSM V) o TB é
classificado em dois subtipos. O TB tipo | caracterizado pela presenca de
episédios maniacos e o TB tipo Il é diagnosticado pela presenca de episédios
hipomaniacos e depressivos.

Para estabelecer o diagnostico de TB, é preciso haver a identificacdo da
presenca de um ou mais episédios maniaco ou hipomaniaco ao longo da vida, e
muitas vezes essas informacdes precisam ser obtidas de familiares ou pessoas
proximas ao paciente a fim de estabelecer um diagnéstico correto (18). De acordo
com a Associacdo Psiquiatrica Americana (19), o episédio maniaco €
caracterizado pela elevacao persistente do humor, podendo ser expansivo ou
irritavel, e que perdure por pelo menos uma semana. A maioria dos pacientes em
mania apresentam grandiosidade, fuga de ideias e aceleracdo do pensamento.
Outros sintomas também costumam aparecer, como diminuicdo da concentracdo
e da necessidade de sono, distrabilidade, confuséo, taquilialia e envolvimento
excessivo em atividades prazerosas (por ex. compras desenfreadas, indiscricbes
sexuais). Esses pacientes também podem apresentar sintomas psicéticos como
delirios e alucinagbes. Os episédios hipomaniaco sdao semelhantes ao quadro
maniaco, porem nao apresentam sintomas psicoéticos e possuem uma gravidade
menor, ndo acarretando um prejuizo acentuado na funcionalidade social e
ocupacional do paciente. O episédio deve ser suficientemente grave para causar
prejuizo significativo no ambito familiar, social ou ocupacional, ou necessidade de

hospitalizacéo ou ter presenca de sintomas psicoticos (19).
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Os episodios depresivos também sdo caracterizados por alteracdes de
humor. Este apresenta-se com presenca de tristeza e melancolia. O paciente
perde interesse ou prazer pelas atividades do dia, sente-se angustiado e ancioso
com sentimento de inutilidade ou culpa excessiva. Perda ou ganho significativo de
peso sem estar em dieta, além de apresentarem insbénia ou hipersonia quase
todos os dias. Podem apresentar uma agitacao ou retardo psicomotor, dificuldade
de realizar tarefas, podendo apresentar um estado catatdnico. Também possuem
pensamentos de morte recorrentes, ideagdo suicida e tentativa de suicidio. Os
sintomas necessariamente devem causar prejuizo em todas as areas da vida da
pessoa, ndo podem ser causados por uso de substancias, nem ser devido a
alguma condi¢éo médica ou luto. (16, 19).

Mesmos com os avangos dos ultimos anos, o TB permanece uma doenca
recorrente, com curso bastante heterogéneo, predominantemente depressivo, e a
tentativa de elucidar a fisiopatologia dessa doenca tem sido foco de muitos

estudos, mas ainda ndo se sabe a exata causa do TB.

2.2 Fisiopatologia do Transtorno Bipolar

Apesar da fisiopatologia do TB ainda néao estar elucidada, pode-se afirmar
qgue nas ultimas décadas houve um avanco significativo no conhecimento da
etiologia dessa doenca. Ha estudos mostrando que mudancas de neuroimagem
estrutural e funcional, alteragbes do eixo-hipotalamo-pituitaria-adrenal (HPA),

aumento da atividade pro-inflamatoria, estresse oxidativo e vias neurotréficas

17



estdo associados ao TB e estes fatores podem estar implicados na fisiopatologia
dessa doenca (20).

Estudos de neuroimagem estrutural e funcional vém identificando
anormalidades anatdémicas, funcionais e neuroquimicas em algumas areas do
cérebro de pacientes com TB, como o cértex pré-frontal, hipocampo, amigdala e
em estruturas subcorticais como talamo e nucleos da base (21). Dentre essas
anormalidades estdo reducao do volume da substancia cinzenta, redugao de N-
acetil-aspartato (marcador de integridade neuronal), diminuicdo do volume e
densidade de neurbnios e células da glia e aumento nos niveis de
neurotransmissores como glutamato (22). Estudos post mortem também mostram
uma série de alteragcbes no cérebro de pacientes com TB, como reducdo do
tamanho e niumero de neurénios e células da glia no cortex pré-frontal, hipocampo
e amigdala. Tais alteracdes celulares podem ser responséaveis pelos prejuizos
cognitivos e funcionais que esses pacientes apresentam ao decorrer da doenca
(22, 23).

A inflamacao é outro mecanismo que tem sido associado a fisiopatologia
do TB (24, 25) e que também se relaciona com a progressado da doenca (26). As
citocinas, proteinas produzidas por células do sistema imune, sao fatores centrais
nos processos inflamatorios. Citocinas como as interleucinas IL-1, IL-6 e o fator
de necrose tumoral (TNF-a) possuem uma agao pré-inflamatéria enquanto as
interleucinas IL-4 e IL-10 apresentam uma atividade anti-inflamatoria. Essas
proteinas sdo moduladoras potentes do hormoénio liberador de corticotrofina
(CRH) provocando liberacdo do hormoénio adrenocorticotréfico (ACTH) e producéo

de cortisol, provocando uma hiperatividade do eixo-hipotalamo-pituitaria-adrenal
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(HPA), isso por sua vez é um estimulo para a inflamacgéo (27). Além disso, as
citocinas modulam fungdes no sistema nervoso central, como controle da
neuroplasticidade, resiliéncia celular, e regulacdo da apoptose (28). Pacientes
com TB, durante episddios agudos da doenca, tem mostrando alteracées nos
niveis das citocinas. Estudos mostram um aumento nos niveis de TNF-a e IL-6
em pacientes com episodios de depressdo e mania quando comparados com
eutimicos ou controles saudaveis (29-31). Esses resultados se tornam mais
evidentes, quando pacientes em um estdgio avancado da doenca sédo
comparados com controles saudaveis (32, 33). Em outro estudo observou-se um
aumento nos niveis de TNF-a e IL-6 em pacientes eutimicos, comparados com
individuos saudaveis (34). Esses dados evidenciam uma correlacdo entre o TB e
o sistema imunolégico e sugerem que a inflamacao esta relacionada com a
fisiopatologia dessa doenca.

O envolvimento do estresse oxidativo em doencas psiquiatricas também
tem sido alvos de muitos estudos. O termo radical livre refere-se a um atomo ou
molécula altamente reativo que contém um numero impar de elétrons em sua
Ultima camada eletrénica (35). Nos seres humanos sao produzidos radicais livres
de carbono, enxofre, nitrogénio e oxigénio, mas 0s que ganham maior destaque
devido a reatividade e aos danos que podem causar sao os radicais derivados do
oxigénio. O termo espécies reativas do oxigénio (36) inclui ndo somente radicais
livres, mas também, espécies ndo radicalares derivadas do oxigénio (37, 38).
Essas espécies podem causar danos a alvos celulares como lipideos, proteinas e
DNA. No entanto, nosso organismo possui sistemas de defesas antioxidantes

como as enzimas superéoxido dismutase (Sod), glutationa peroxidase (GPXx),
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catalase (Cat), glutationa- S-transferase (GST) (39). Além das defesas
enzimaticas existem ainda antioxidantes ndo enzimaticos, como a glutationa,
vitamina E (a-tocoferol), vitamina C (&cido ascorbico), flavonoides, B-caroteno e
N-acetilcisteina (40). Quando ha um desequilibrio entre as defesas antioxidantes
e as moléculas pro-oxidante estabelece-se um estado de estresse oxidativo. O
Sistema Nervoso Central (SNC) é particularmente sensivel ao estresse oxidativo,
ele utiliza uma alta taxa de oxigénio e possui moderadas defesas antioxidantes,
além disso, a constituicdo rica em lipideos do cérebro favorece o dano (41).
Estudos em pacientes com TB mostram um dano oxidativo acentuado, (33, 42-45)
e os sistema antioxidantes enzimaticos também estéo alterados com aumento na
atividade da Sod, GPx e GST (43, 46). No TB, ha fortes indicios que estes danos
oxidativos sejam provenientes de uma disfuncdo mitocondrial (26), jA que esta
organela esta envolvida na regulacdo do estado redox intracelular e é a principal
fonte de radicais livres através da cadeia transportadora de elétrons (47). Dessa
forma, o estresse oxidativo esta associado com o curso da doenca, e tratamentos
gue diminuem esse dano podem desacelerar a progressao do TB.

Os fatores neurotroficos também estdo fortemente relacionados com a
neurobiologia dos transtornos de humor. Como essa via sera o foco desse
trabalho, suas funcbes e correlagbes com o TB estdo descritos detalhadamente

abaixo.

2.3 Neurotrofinas e BDNF

As neurotrofinas formam uma familia de pequenas proteinas secretadas

pelo SNC que atuam em varios aspectos do funcionamento cerebral. A primeira
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proteina desse grupo a ser descoberto foi o fator de crescimento do nervo (NGF)
em 1950. Apos essa descoberta a neurobiologia ampliou-se para a identificacao e
elucidacdo de muitas fungbes celulares (48). Em 1982 foi descoberto o fator
neurotréfico derivado do cérebro (BDNF) seguida pela neurotrofina 3 (NT3) e a
neurotrofina 4/5 (NT4/5) (49). Desde entdo, muitos outros fatores de crescimento
neuronal ja foram identificados como o fator de crescimento semelhante a insulina
(IGF) e o fator neurotréfico derivado da glia (GDNF) (50).

Como outras proteinas, as neurotrofinas originam-se de seus precursores,
as pro-neurotrofinas que sdo proteoliticamente clivadas para produzir as
neurotrofinas maduras (51). As neurotrofinas maduras ligam-se a uma familia de
receptores tirosina quinase chamados de Trk, composto por trés receptores que
podem ser ativados por uma ou mais neurotrofinas. O receptor TrkA, TrkB, e TrkC
confere responsividade ao NGF, BDNF ou NT4/5, e ao NT-3 respectivamente
(Figura 1) (52). J& as pr6- neurotrofinas possuem maior afinidade pelo receptor
pan-neurotrofina p’°> e ao se ligarem nesse receptor podem desencadear um
processo de morte celular (51). No entanto, ao se ligar aos seus receptores Trk as
neurotrofinas ativam vias intracelulares que vao estimular a sobrevivéncia,
crescimento e integridade neuronal (53, 54), além de atuar na plasticidade
sinaptica e em mecanismos de aprendizado e memaria (55).

O BDNF é considerado a principal € mais abundante neurotrofina do SNC.
Ao se ligar no seu receptor TrkB promove a dimerizacédo e autofosforilacdo em
residuos de tirosina quinase intracelular, esses eventos de fosforilagdo
desencadeiam cascatas intracelulares através da ativacdo da proteina quinase

ativada por mitogeno (MAPK), fosfatidil inositol 3-quinase (PI3K) ou fosfolipase Cy
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(PLCy) (56) (Figura 2). A via desencadeada a partir da MAPK influencia eventos
de transcricdo como o aumento do fator de transcricdo CREB (proteina ligante ao
elemento responsivo ao AMPc) e regula a sintese proteica dependente de
plasticidade. A ativacdo PI3K induz a ativacdo da proteina Akt que esta envolvida
em muitas fungcbes como sobrevivéncia celular, tradugdo e transporte de
proteinas relacionadas com a manutencdo da plasticidade sinaptica (56). A via da
fosfolipase Cy estd envolvida com alteracdes nos niveis de célcio intracelular,
liberacdo de neurotransmissores e com a transcricdo de CREB (56). Além disso, a
ligacdo do BDNF no seu receptor TrkB modula a transmisséo sinaptica por meio
de alteracBes pré-sindpticas na liberacdo de neurotransmissores (57). Portanto,
BDNF esta envolvido em uma série de vias de sinalizag¢do intracelulares, como
sobrevivéncia, diferenciacdo e crescimento celular, regulando também a
plasticidade das células neuronais.

Outro mecanismo importante do BDNF que se tem estudado € o seu poder
de inibicdo da cascata de morte celular. Varias evidéncias mostram que essa
proteina inibe a morte celular ao se ligar na via de sinalizacdo MAPK,
aumentando a expressdo da proteina anti-apoptotica Bcl-2 (B-cell lymphoma 2)
(58). O BDNF também desempenha papel fundamental na plasticidade neuronal e
memoria, e parece mediar 0s principais processos dependentes de estimulo
externo, isto €&, aprendizado, experiéncias, memdrias, ou seja, as suas
caracteristicas o torna um potencial mediador neurobiolégico das experiéncias de

vida.
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Figura 1. Esquema mostrando os tipos de receptor tirosina quinase (Trk) e suas
diferentes afinidades para as neurotrofinas. (Modificado de: Chao MV. Neurotrophins and

their receptors: a convergence point for many signalling pathways. Nature reviews:

Neuroscience, 4:299-309, 2003).
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Expressao génica Sintese protéica

Figura 2. O BDNF liga-se com alta afinidade ao receptor TrkB induzindo a
dimerizacdo e autofosforilagdo de residuos de tirosina do receptor, servindo como sitios
de ligacdo a moléculas efetoras e ativando trés principais vias intracelulares: PLCy, PI3K
e MAPK. Essas vias levam a fosforilacdo e ativacdo do fator de transcricdo CREB,
atuando na transcricdo de genes essenciais para a sobrevivéncia e diferenciacdo de
neurénios. O recrutamento da PLCy aumenta os niveis intracelulares de Ca* e leva a
ativacdo de CaMKIl, fosforilando CREB. PI3K pode ser ativada pelo complexo
Shc/Grb2/SOS através da Gabl e IRS1/2. Os produtos lipidicos gerados pela ativagéo da
PI3K se ligam e ativam a proteina cinase Akt. A cascata ERK pode ser ativada tanto pelo
complexo Shc/Grb2/SOS quanto PI3K. A fosforilagdo de ERK leva diretamente a
fosforilagdo de CREB. Tanto Akt quando ERK ativam mTOR, responsavel por aumentar a
traducao de proteinas. (Modificado de: Cunha C et al. A simple role for BDNF in learning

and memory? Frontiers in Molecular Neuroscience. 3:1-14, 2010)
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2.4 BDNF e Transtorno Bipolar

As neurotrofinas, em especial o BDNF, tem sido amplamente estudadas
em muitas doencgas neuroldgicas e psiquiatricas. No TB, ha estudos mostrando
que essa proteina esta diminuida em pacientes durante os episédios agudos da
doenca quando comparados a controles saudaveis (10). Estudos posteriores
também encontraram resultados semelhantes em pacientes ndo medicados (11,
12). Além disso, os niveis de BDNF s&o correlacionados negativamente com a
gravidade dos sintomas maniacos e depressivos (10-12, 59). Tramontina e
colaboradores também mostraram que os niveis de BDNF aumentam depois da
melhora dos sintomas em pacientes com episédios de mania sugerindo que o
BDNF pode ser um preditor de resposta ao tratamento (60). Adicionalmente,
também observa-se que os niveis dessa neurotrofina mostram-se diminuidos em
pacientes cronicos, ou seja, que estdo em um estagio mais avancado da doenca,
em comparacao com pacientes em estagios inicias (34).

Estudos em modelos animais corroboram com o0s achados em seres
humanos. Apesar das limitacbes que os estudos com animais possuem, eles séo
de grande importancia para o entendimento da neurobiologia de muitas doencas,
ja que permitem extrapolar os conhecimentos para regides inacessiveis em
estudos clinicos. Para o TB, o modelo animal de mania induzido por d-anfetamina
é considerado um dos modelos de mania mais bem validado na literatura (61).
Estudos utilizando esse modelo mostram uma diminuicdo nos niveis de
neurotrofinas no hipocampo e esta diminuicdo € revertida pela administracdo de

litio (62, 63). Esses resultados corroboram com os achados encontrados em
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pacientes e validam a avaliagdo dos niveis de BDNF periférico, mostrando que h&
uma correlagéo entre SNC e periferia.

Com esses resultados pode-se sugerir que em uma fase inicial da doenca
o BDNF estaria diminuido durante os episédios agudos, e que em um estagio
mais avancado da doenca o BDNF torna-se cronicamente diminuido. Essa teoria
esta de acordo com as evidéncias de neuroprogressao e prejuizos cognitivos

apresentados pelos pacientes quando a doenca torna-se cronica.

2.5 Bcl-2 e Transtorno Bipolar

A Bcl-2 € uma proteina da familia da Bcl-2 que consiste em proteinas
préapoptoticas (Bad/Bik, Bax, Bak, tBid e Bim) e antiapoptéticas (Bcl-2 e Bcl-x).
Essas proteinas estdo localizadas na membrana da mitocdndria, reticulo
endoplasmatico e complexo de golgi (64). A Bcl-2 possui um carater protetor pela
sua acdo em suprimir cascatas apoptéticas através do sequestro de caspases,
prevenindo a liberacdo de fatores préapoptoticos, como citocromo c, da
mitocéndria para dentro do citosol e por aumentar a recaptacdo de célcio pela
mitocondria, impedindo a toxicidade causada pelo calcio quando este se encontra
em niveis elevados no citosol (65). Além disso, a Bcl-2 promove vias neurotroficas
gque assim como o BDNF, possuem um importante papel no crescimento,
diferenciagéo, maturagdo e sobrevivéncia celular (66).

Ha um grande interesse no envolvimento da Bcl-2 na fisiopatologia e
tratamento do TB. Essa proteina pode ser alvo do tratamento com estabilizadores

de humor como litio e acido valproico (67). Estudos mostram um aumento na
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expressdo de Bcl-2 em cérebros de ratos que receberam estabilizadores de
humor e em linhagem de células de neuroblastoma humano SH-SY5Y tratadas
com essas medicacoes (68, 69). No entanto, a atividade de antidepressivos na
expressdo de Bcl-2 ainda é um pouco inconsistente e dependente da classe do
antidepressivo e do tipo de células estudadas. Chiou e colaboradores observaram
niveis elevados de mRNA da Bcl-2 em células de hipocampo tratados com
fluoxetina (70). Entretanto Levkovitz demonstrou aumento de apoptose em células
de neuroblastoma humano e glioma de ratos tratados com paroxetina, fluoxetina e
clomipramina (71).

Dessa forma, o desenvolvimento de farmacos com uma acéo
antiapoptotica bem estabelecida podem tornarem-se promissores tratamentos
para do TB, impedindo a morte celular e as alteragbes neuroanatdbmicas que

ocorrem com a progressao da doenca.

2.6 Alostase, toxicidade sistémica e neuroprogressao no Transtorno Bipolar

O termo alostase foi introduzindo por McEwen and Stellar em 1993, para
referir-se a ferramentas fisiologicas que s&o requeridas para que 0 organismo
adapte-se a uma situacao de estresse, ou seja, permitem uma maior resiliéncia
frente os desafios da vida (72). Esses mecanismos de alostase podem ser
protetores para o individuo em curto prazo, no entanto, se esses processos se
tornam extremos ou ineficientes € chamado de carga alostatica, ou seja, um
desgaste do corpo e do cérebro, resultado da cronica tentativa dos sistemas

fisiolégicos de manter a homeostase do organismo frente a mudancas ambientais
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(73). Os efeitos da carga alostatica sdo cumulativos e notavelmente visto durante
0 processo de envelhecimento e estresse crénico. Individuos com alta carga
alostética possuem maior incidéncia de doencas cardiovasculares, doencas
metabdlicas, além de um declinio fisico e cognitivo, e morte prematura (74-76).
No TB, tem-se proposto um conceito de alostase para integrar a vulnerabilidade
ao estresse, 0 prejuizo cognitivo e os altos indices de comorbidade e mortalidade
associados a progressao desta doenca (77) (Figura 3). O TB pode ser
considerado uma doenca com uma cumulativa carga alostatica que aumenta
progressivamente com o passar dos anos e com 0 aumento no numero dos
episodios de humor (6). Entre os mediadores da carga alostéatica estdo os fatores
neurotréficos (78), neurotransmissores (72), sistema inflamatério (79), horménios
(80), e estresse oxidativo (81). Embora esses mediadores estejam relacionados
com um funcionamento normal e prote¢cao do organismo, quando em excesso sao
associados com um quadro de toxicidade sistémica, acarretando prejuizos
celulares (82). Um estudo no qual se buscou detectar marcadores periféricos
como mediadores de carga alostatica em pacientes bipolares em episédios
agudos da doenca e na fase de eutimia comparados com controles saudaveis
mostrou que o0s pacientes com TB, principalmente nas fases de mania e
depressao, apresentaram um alto indice de toxicidade sistémica, quando
comparados aos controles (33, 83). Aléem disso, achados recentes indicam que a
exposicdo a episodios de humor recorrentes causariam uma sobrecarga alostatica
aumentando os niveis de toxicidade sistémica (84). Essa toxicidade sistémica
esta associada com as caracteristicas progressivas da doenca, e com todos os

prejuizos que a evolucdo dessa patologia acarreta aos seus portadores, como o
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aumento das comorbidades, a mortalidade precoce e a notéria disfuncéo
cognitiva, presente ndo s6 nas fases agudas da doenca, mas mantendo-se
durante a fase de eutimia (85).

Dessa forma, para diminuir os danos causados pelo curso progressivo do
TB, sdo necessarios tratamentos que tenham como alvos terapéuticos vias
celulares que aumentem a expressdo de proteinas com carater neuroprotetor
como BDNF e a Bcl-2, melhorem as sinapses neuronais, aumentem a

neurogénese e diminuam os efeitos deletérios do estresse.

I sonF

Episddios de humor recorrentes
Dano celular

Apoptose

| Estresse

| Resiliencia L
Reorganizacao
cerebral

| Cortex pré-frontal
| Hipocampo
T Amigdala

Figura 3. Ciclo proposto para o dano causado pelos multiplos episodios. O
estresse ambiental e os episédios de humor recorrentes estariam associados a
diminuicdo dos niveis de BDNF. Esta alteragdo estaria associada a uma maior
vulnerabilidade ao dano celular, levando a um remodelamento cerebral e consequente
alteracdo nas regides envolvidas na regulacdo do humor. Essas alteracbes diminuem a

capacidade de adaptagéo ao estresse instalando-se o ciclo.
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2.7 Tratamento do Transtorno Bipolar

Apesar de inumeras opc¢Oes terapéuticas, o TB ainda é uma condicéo
psiquiatrica de dificil tratamento. O objetivo em curto prazo € o tratamento dos
episédios de depressdo e mania ou mistos. O objetivo em longo prazo e a
profilaxia das recorréncias, ou seja, impedir que 0 paciente apresente novos
episodios de humor. As medicagbes mais usadas sdo o carbonato de litio, os
anticonvulsivantes como acido valpréico, carbamazepina e lamotrigina e 0s
antipsicoticos atipicos como risperidona, quetiapina, olanzapina, aripiprazol e
ziprasidona (16). O uso dos estabilizadores de humor séo essenciais durante
todas as fases do tratamento farmacologico do TB e o ideal seria que eles
tivessem uma eficacia antimaniaca e antidepressiva e prevenissem novos
episédios de humor. No entanto, ainda ndo ha um medicamento com tais
caracteristicas, sendo necessario, muitas vezes, a combinacdo de dois ou mais
farmacos (86).

A depressao bipolar é, particularmente, um quadro de tratamento muito
complicado. No passado, o foco do tratamento do TB era mais voltado para a fase
maniaca da doenca, entretanto recentes estudos ilustram a necessidade de
buscar estratégias terapéuticas para a fase depressiva do TB, por varias razbes
(87). Primeiro, durante o curso natural da doenca os pacientes passam muito
mais tempo na fase depressiva do que na fase maniaca (88). Segundo, quando o
paciente encontra-se na fase depressiva do TB ele se torna mais suscetivel a
cometer um suicidio (89). Além disso, a incompleta remissdo do episodio, com a
persisténcia de sintomas sub-sindrémicos depressivos tem sido a causa de

prejuizos funcionais (90) aumentando a chance de recaida (91). Dessa forma,
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buscar estratégias terapéuticas adequadas para o tratamento da depressdo
bipolar € um desafio para a psiquiatria e ainda ha uma grande necessidade da

identificacdo de novos farmacos que melhorem o progndstico dessa condicao.

2.8 Tianeptina

A molécula da tianeptina foi sintetizada pelo Instituto Servier, Franca no
comeco dos anos 1980, durante pesquisas para o desenvolvimento de novos
antidepressivos mais efetivos e seguros que os antidepressivos triciclicos (92). A
atividade antidepressiva desse farmaco foi comprovada em modelos animais (93,
94) e em ensaios clinicos (39, 95) e ela tem sido administrada nas dosagens de
25 a 50mg/dia em pacientes com depressao maior e depressao bipolar e uma boa
eficacia e tolerabilidade é observada (96).

O mecanismo de acdo da tianeptina € diferente dos demais
antidepressivos, enquanto os antidepressivos classicos inibem a recaptacdo de
serotonina (5-HT) e outros neurotransmissores, a tianeptina aumenta
seletivamente a recaptacdo de 5-HT (97). No entanto, estudos mostram que n&o
ha alteracbes da eficacia da 5-HT na transmissao sinaptica (98, 99).

Esse farmaco possui propriedades Unicas que contrapdem a maior parte
das alteragbes vistas no TB. Estudos recentes tém focado suas investigagdes nas
acOes neuroprotetora da tianeptina, como na melhora da plasticidade neural,
principalmente em regides como hipocampo e cortex e na capacidade de reverter

prejuizos causados pelo estresse em modelos animais. Margarinus e

colaboradores observaram que a tianeptina reverteu o encurtamento dendritico
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causado pelo estresse na regido CA3 do hipocampo (100). Outro trabalho
mostrou uma significativa acdo da tianeptina em aumentar a neurogénese em
animais submetidos a estresse (101), além de apresentar uma acao anti-
apoptética ao diminuir a morte celular causada pelo estresse em cértex e
hipocampo de ratos (102).

Algumas classes de antidepressivos estdo relacionadas com um aumento
da fosforilagdo de CREB induzindo um aumento na expressdo de fatores
neurotréficos como o BDNF. Reagan e colaboradores analisaram o conteudo total
e fosforilado de CREB e os niveis de mRNA do BDNF assim como 0s niveis
proteicos dessa neurotrofina no hipocampo e amigdala de ratos sujeitos a cronico
estresse na presenca e auséncia de tianeptina. Ele demonstrou que a tianeptina
diminuiu pCREB e aumentou a expressdo de BDNF na regido da amigdala,
sugerindo que o aumento de fatores neurotréficos podem ser relevantes para a
eficacia clinica desse farmaco (103).

A tianeptina também possui uma ac¢do na modulacdo do sistema
glutamatérgico. A liberacdo de glutamato (neurotransmissor excitatério) €
regulada por hormdnios glicocorticoides secretados em resposta ao estresse
ativando o eixo HPA (104). Estados depressivos e ansiosos e a exposicdo ao
estresse aumentam a liberacdo de glutamato e consequentemente a atividade
glutamatérgica (105, 106). Niveis elevados desse neurotransmissor podem
causar efeitos prejudiciais no SNC, como suprimir neurogénese no giro denteado
do hipocampo e ter um papel chave na retracédo dendritica causada pelo estresse.
A tianeptina possui uma propriedade de normalizar a transmissao glutamatérgica,

diminuindo os danos causados pelo aumento do glutamato durante episodios
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depressivos. Estudos de eletrofisiologia em ratos mostram que o0 estresse
aumenta correntes excitatérias nos receptores de glutamato NMDA e que a
concomitante administracdo de tianeptina normaliza as mudancas nas correntes
desses receptores (107). A crénica administracao de tianeptina também pode ter
como alvo o estado de fosforilacdo dos receptores de glutamato alterando suas
funcdes (108). A regulacao e distribuicdo do transportador de glutamato da glia
(GLT-1) e suas formas também d&o uma ideia da atividade desse
neurotransmissor e suas agcées no SNC. Ratos submetidos ao estresse tiverem
um aumento na expressao de GLT-1 na regido do giro denteado e CA3 do
hipocampo, quando os animais receberam tianeptina esse aumento na expressao
de GLT-1 foi suprimida, normalizando as concentragcdes de glutamato e
impedindo seus efeitos téxicos (109, 110). Além disso, a tianeptina mostrou
efeitos benéficos na funcdo cognitiva e memaoria em modelos animais (111-113).
Dentre outras propriedades farmacologicas da tianeptina encontra-se uma
atividade analgésica, propriedades ansioliticas sem efeitos colaterais, tratamento

de desordens do panico e efeito anticonvulsivante (39, 96, 114-117).

2.9 Sintese de uma nova molécula (NANT 03)

O NANT 03 € uma nova molécula sintetizada a partir da tianeptina, com o
intuito de desenvolver uma nova opcéao terapéutica para o tratamento de estados
depressivos, com uma potente acdo neuroprotetora. Sabendo-se das
caracteristicas neuroprotetoras da tianeptina, o objetivo da sintese desse novo

composto é potencializar as acdes da tianeptina através da insercdo de
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grupamentos funcionais na molécula original com a finalidade de desenvolver
uma droga mais facilmente absorvivel pelas células e assim mais eficaz em
desencadear agdes antidepressivas e neuroprotetoras.

O NANT 03 foi obtido a partir de uma reacdo de n-alquilagéo de tianeptina
e bromopropeno resultando no produto Acido 7-[(3-cloro-6-metil-5,5-diox0-6,11-
diidrodibenzo[c,f]-[1,2]tiazepin-11-il)N-alilamino]heptandico.

As estruturas e reagBes quimicas realizadas para a sintese desse novo
composto ndo podem ser divulgadas por motivos de restricbes contratuais e para

nao prejudicar a patente.
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3. MARCO TEORICO

Baseados na revisdo da literatura pode-se verificar que nos ultimos anos
houve um aumento expressivo no numero de estudos que buscam entender os
mecanismos nheurobiolégicos envolvidos nas patologias psiquiatricas. Com isso,
muitas questdes sobre essas doencas ja foram elucidadas, no entanto, apesar de
tantos esfor¢cos, hd muitos resultados inconclusivos e conflitantes e muitas
davidas para serem esclarecidas, sendo assim tornam-se imprescindiveis mais
estudos nesse campo.

Recentemente estudos cientificos tém apontado alguns fatores importantes
na fisiopatologia do TB. Como mostrado na revisdo de dados da literatura, ha
alteracbes de marcadores inflamatdrios, estresse oxidativo e vias neurotréficas
envolvidas nessa patologia. Sabe-se também, que com a progressao da doenca
h& um declinio cognitivo e funcional importante nos pacientes. Baseado nesses
dados, j& se conseguiu compreender melhor como essa doenca se desenvolve.
Contudo, apesar dos avancos nos ultimos anos, ainda ndo se desenvolveu
abordagens terapéuticas inovadoras, que tenham como alvo de acdo vias
celulares sabidamente envolvidas com a progressdo da doenca. Além disso,
muitas terapias farmacologicas por mais efetivas que possam ser, continuam sem
um mecanismo de acdo completamente elucidado, tornando ainda mais complexa
o entendimento dessa doenca.

Dentro desse contexto, este trabalho busca uma nova estratégia
terapéutica baseado da sintese de um novo composto a partir de uma molécula
que se sabe possuir caracteristicas neuroprotetoras, com a finalidade de

desenvolver um farmaco mais eficaz por atuar em vias celulares envolvidas com a
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progressdo da doenca e assim obter novas opcdes terapéuticas para um

tratamento mais adequado dos pacientes.
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4. JUSTIFICATIVA

Apesar de nos ultimos anos ter havido um grande avan¢o no entendimento
da fisiopatologia do TB, pouco se inovou no aspecto farmacologico, ou seja, as
principais opcdes terapéuticas disponiveis continuam as mesmas, tornando o TB
ainda uma condicdo psiquiatrica de dificil tratamento. Diversos estudos de
seguimento mostram que as maiorias dos pacientes ndo conseguem uma
recuperagdo sintomética duradoura, e mesmo quando livres de sintomas
depressivos e maniacos apresentam um prejuizo na funcionalidade social e
ocupacional (16). Dessa forma, torna-se evidente a necessidade de terapias mais
eficazes em reverter os sintomas do TB e amenizar os danos que a progressao
da doenca acarreta na funcionalidade dos pacientes.

Nesse estudou buscou-se entender melhor o mecanismo de acdo da
tianeptina e do NANT 03, uma molécula desenvolvida com a finalidade de se
obter uma nova estratégia terapéutica para o TB, e avaliar como essas drogas
atuam em vias sabidamente envolvidas na etiologia do TB, como a via do BDNF.
Para isso, estabeleceu-se um modelo in vitro mais adequado para esse estudo,
utilizando um protocolo de diferenciacdo de uma linhagem de células de
neuroblastoma humano SH-SY5Y em neurdnios dopaminérgicos.

O resultado desse trabalho pode contribuir na elucidagcdo do mecanismo de
acao da tianeptina, além de ajudar no desenvolvimento de uma nova proposta
terapéutica baseada na regulacdo de fatores neuroprotetores, para que estes
possam ajudar na manutencdo da integridade neuronal dos pacientes com TB

diminuindo os danos causados pela progressao da doenca.
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5. OBJETIVOS

5.1 Objetivo primario

Avaliar os efeitos neuroprotetores da tianeptina e de um novo composto

(NANTO03) em um modelo in vitro através da cultura de células SH-SY5Y

diferenciadas em neurdnios dopaminérgicos.

5.2 Objetivos secundarios

Estabelecer o modelo de diferenciacdo celular da linhagem de
neuroblastoma humano SH-SY5Y em neurdnios dopaminérgicos.
Avaliar a expressdo de mRNA do gene do BDNF em células SH-SY5Y
diferenciadas, tratadas com tianeptina e NANT 03.

Analisar os niveis de BDNF intracelular em células SH-SY5Y
diferenciadas tratadas com tianeptina e NANTO3.

Quantificar os niveis de BDNF secretado pelas células SH-SY5Y
diferenciadas tratadas com tianeptiana e NANTO3.

Avaliar os niveis de Bcl-2 em células SH-SY5Y diferenciadas tratadas

com tianeptina e NANT 03.
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7. ARTIGO CIENTIFICO EM INGLES

7.1 Comparison between proliferative and neuron-like SH-SY5Y cells as an in

vitro model for Parkinson disease studies.

Artigo publicado na Revista Brain Research

Esse artigo é referente ao primeiro objetivo secundario desse trabalho.
Neste estudo buscou-se estabelecer um modelo de diferenciacdo celular de uma
linhagem de células de neuroblastoma humano SH-SY5Y em células com
caracteristicas bioquimicas e morfolégicas de neurdnios dopaminérgicos. Dessa
forma, desenvolveu-se um modelo experimental in vitro mais adequado para o

estudo de doencas psiquiatricas e neuroldgicas.
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ABSTRACT

The molecular mechanisms underlying the cellular lost found in the nigrostriatal
pathway during the progression of Parkinson’s disease (PD) are not completely
understood. Human neuroblastoma cell line SH-SY5Y challenged with 6-
hydroxydopamine (6-OHDA) has been widely used as an in vitro model for PD.
Although this cell line differentiates to dopaminergic neuron-like cells in response
to low serum and retinoic acid (RA) treatment, there are few studies investigating
the differences between proliferative and RA-differentiated SH-SY5Y. Here we
evaluate morphological and biochemical changes which occurs during the
differentiation of SH-SY5Y cells, and their responsiveness to 6-OHDA toxicity.
Exponentially growing SH-SY5Y cells were maintained with DMEM/F12 medium
plus 10% of fetal bovine serum (FBS). Differentiation was triggered by the
combination of 10 uM RA plus 1% of FBS during 4, 7 and 10 days in culture. We
found that SH-SY5Y cells differentiated for 7 days show an increase
immunocontent of several relevant neuronal markers with the concomitant
decrease in non-differentiated cell marker. Moreover, cells became two-fold more
sensitive to 6-OHDA toxicity during the differentiation process. Time course
experiments showed loss of mitochondrial membrane potential triggered by 6-
OHDA (mitochondrial dysfunction parameter), which firstly occurs in proliferative
than neuron-like differentiated cells. This finding could be related to the increase in
the immunocontent of the neuroprotective protein DJ-1 during differentiation. Our
data suggest that SH-SY5Y cells differentiated by 7 days with the protocol
described here represent a more suitable experimental model for studying the

molecular and cellular mechanisms underlying the pathophysiology of PD.
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1. Introduction

Parkinson disease (PD) is one of the most common neurodegenerative
disorders, affecting about 2% of the population over the age of 60 (Lo Bianco et
al., 2004). This chronic disturb causes severe motor dysfunction, such as
bradykinesia, resting tremor, rigidity, postural instability, and also affects
autonomic function and cognition (Poewe, 2008; Lesage and Brice, 2009).
Pathologically, it is associated with the profound loss of dopamine-producing
neurons in the substantia nigra pars compacta and the presence of Lewy bodies in
affected regions of the central nervous system (Schapira, 2008). Although several
factors, including mitochondrial dysfunction, oxidative stress and apoptosis have
been suggested to contribute to cell death in PD, its etiology remains unknown
(Prabhakara et al., 2008).

6-hydroxydopamine (6-OHDA) is the most used toxin in experimental
models of PD (Gomes-Lazaro et al., 2008; lkeda et al., 2008; Mu et al., 2009).
Because this neurotoxin has similar structure to dopamine, it shows high affinity
for the dopamine transporter and for this reason selectively destroys
dopaminergic/catecholaminergic neurons (Lehmensiek et al., 2006). Once inside
the neuron, 6-OHDA accumulates and undergoes no enzymatic auto-oxidation,
promoting free radical formation (Bladini et al., 2008). The inhibitory effect over
complex | activity in mitochondria also accounts for the described mechanism of
reactive oxygen species (ROS) generation by this neurotoxin (Lehmensiek et al.,

2006; Inden et al., 2006; Chin et al., 2008). Moreover, 6-OHDA induces cell death
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of human neuroblastoma SH-SY5Y (Jordan et al., 2004) and mouse
pheochromocytoma PC12 cell lines (Nie et al., 2002) and selectively kills tyrosine
hydroxylase (TH)-immunoreactive neurons in substantia nigra and striatum in
animal models of intranigral-administration (Inden et al., 2006).

Exponentially growing SH-SY5Y cells treated with 6-OHDA are often used
as an in vitro model for PD (Hwang et al., 2008; Lev et al., 2008). This cell line is a
human catecholaminergic neuroblastoma derived from SK-N-SH, which resembles
immature sympathetic neuroblasts in culture (Biedler et al., 1978). These cells are
typically locked in an early neuronal differentiation stage, characterized
biochemically by the low presence of neuronal markers (Biedler et al., 1978;
Gilany et al., 2008). In this regard, the proliferative SH-SY5Y cells do not represent
a suitable experimental model for studying the molecular and cellular mechanisms
underlying the pathophysiology of PD, a disease that affects primarily
differentiated dopaminergic neurons (Schapira, 2008).

In spite of that, many lines of evidence have indicated that human
neuroblastoma SH-SY5Y cells are able to acquire neuron-like phenotypes with
neurite outgrowth and branches by all-trans-retinoic acid (RA) treatment (Pahiman
et al., 1984; Miloso et al., 2004). RA is essential in embryonic development and
maintenance of growth and differentiation of epithelial, fibroblastic and
myelomonocytic cells (Bastien and Rochette-Egly, 2004). Hence, RA controls
cellular differentiation processes by modulating the expression of several RA-
responsive genes by the activation of retinoic acid/retinoid nuclear receptors (Mark
et al.,, 2006). In vitro, RA also plays a role in regulating transition from the

proliferating precursor cell to post-mitotic differentiated cell (Lopez-Carballo et al.,
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2002). Although some previous reports have addressed the RA-differentiation
process in SH-SY5Y cells (Lépez-Carballo et al., 2002; Savickiene et al., 2009),
there are few studies that compare the changes in neuronal markers in SH-SY5Y
cells undergoing the differentiation process, and their cellular response to 6-OHDA
(Cheung et al., 2009).

Here we evaluate morphological, biochemical and cytotoxic parameters
related to human neuroblastoma SH-SY5Y cells differentiated by RA treatment
and challenged with 6-OHDA. Our results suggest that SH-SY5Y cells
differentiated by 7 days with 1% FBS and RA represent a more suitable
experimental model for studying the molecular and cellular mechanisms

underlying the pathophysiology of PD.

2. Results
2.1 Cell morphology analysis

To demonstrate that SH-SY5Y cells can be differentiated to a neuronal-like
phenotype with the combination of lowering fetal bovine serum (FBS) and RA
treatment, we first analyzed changes in cell morphology. We observed a complete
decrease in cellular proliferation rate (data not shown) and the induction of
extensive neurites outgrowth by the differentiation protocol of SH-SY5Y cells (Fig.
1). This change in morphology was observed as early as 24 h of treatment. No
further differences were observed during the differentiation process (4, 7 and 10
days). Exponentially growing cells maintained a typical epithelial morphology (Fig.
1A). Figure 1B shows a representative image of SH-SY5Y cells over 7 days of

differentiation.
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2.2 Western blot and immunocytochemistry

Changes in specific neuronal and non-differentiated cell markers during the
differentiation process were evaluated by western Blot immunoassay. A significant
increase in the immunocontent of the neuronal markers TH, neuron specific
enolase (NSE) and neuronal nuclei protein (NeuN) in differentiated cells (4, 7 and
10 days of differentiation) as compared to proliferative cells (representative
western blots in Fig. 2A, and respective densitometry analysis in Fig. 2B) were
found. On the other hand, a significant decrease in the non-differentiated marker
nestin was observed only in 7 and 10 days of differentiation (Fig. 2). Based on
these data, we re-evaluate the differentiation cells markers through
immunocytochemistry and western blot analysis in proliferative and 7- day- RA-
differentiated SH-SY5Y cells (Fig. 3). These data confirmed that only 7-day-RA-
differentiated cells expressed TH, NSE and NeuN, with the concomitant decrease
in nestin immunocontent (Fig. 3). Insert boxes show the intense cytosolic
immunoreactivities of NSE and TH in differentiated cells and nestin in proliferative

cells, and nuclear immunoreactivity of NeuN in differentiated cells (Fig. 3A).

2.3 6-OHDA cytotoxicity

After exploring the differences between proliferative and RA-differentiated
SH-SY5Y cells, we examined their susceptibility to 6-OHDA. Proliferative and
differentiated SH-SY5Y cells were exposed to different 6-OHDA concentrations for
24 h and drug neurotoxicity was assessed. To establish the optimal experimental

dosage, we first plotted a dose-response curve (Fig. 4A). The RA-differentiated
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cells are more susceptible to this neurotoxin. However, in 4 days of differentiation,
the drug GI50 value is not distinct from proliferative cells. Only in 7 and 10 days of
RA-differentiation, the drug GI50 value had a significant decrease (i.e.: increased
sensitivity) compared to proliferative cells. Based on these data, we next decided
to run the ensuing experiments using 35 or 15 pyM 6-OHDA in proliferative and in
cells with 7 days of differentiation, respectively, which were the drug concentration

that reduced cell viability about 50% (drug GI50 value).

2.4 Mitochondrial membrane potential and DJ-1 immunocontent

6-OHDA treatments induce loss of mitochondrial membrane potential in
both proliferative and differentiated SH-SY5Y cells. Interestingly, even though the
proliferative cells are more resistant to this neurotoxin (higher GI50 value), time
course experiments showed that mitochondrial depolarization firstly occur in
proliferative than neuron-like differentiated cells challenged with 6-OHDA (3 and 6
hours of treatment, respectively) (Fig. 5A). In order to further investigate the
molecular mechanism involved in the delay in mitochondria depolarization found in
differentiated cells, we examined the levels of the neuroprotective protein DJ-1 in
both experimental groups. We found an increase in DJ-1 levels during the
differentiation process. To confirm these data, we performed another western blot
in proliferative and 7-days-RA-differentiated SH-SY5Y cells. Differentiated cells

expressed significantly higher amount of this neuroprotective protein (Fig. 5B).
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3. Discussion

The etiology of Parkinson disease is still not fully understood, but genetic
analyses, epidemiologic studies and development of new in vitro experimental
models of PD will potentially provide important new insights into the pathogenesis
of PD (Dawson and Dawson, 2003). While primary rat midbrain cell cultures have
been widely used to study the biochemical cascades involved in PD, they are not
derived from human source and they present only 6 - 15% TH-positive neuronal
cells (Liu et al., 2008), which limits the translation of potential findings into the
pathophysiology of PD. Due to the difficulty to find a suitable and accessible model
for PD, exponentially growing human neuroblastoma or rat pheochromocytoma
cell lines (e.g.: SH-SY5Y and PC12) are often used to study the idiopathic PD with
respect to neurochemical parameters (Lee et al., 2002; Gomez-Lazaro et al.,
2008). However, these cell lines are tumor cells, so that they have oncogenic and
mitogenic properties (Biedler et al., 1978).

The novel findings presented here are that the human neuroblastoma SH-
SY5Y cell line differentiates into a dopaminergic neuron-like by the combination of
lowering the FBS to 1% and 10 uM RA treatment for 7 days, leading to the
acquisition of all desired morphological and biochemical characteristics of an in
vitro cellular model to study PD. Moreover, during the differentiation process this
cell line presents an increase in DJ-1 protein immunocontent, a neuroprotective
protein that has been extensively related to an early onset of PD.

Even though the differentiation properties of retinoic acid over human
neuroblastoma cell line SH-SY5Y have been widely investigated (Miloso et al.,

2004; Guarnieri et al., 2009), few works focused these features to be used as an in
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vitro model for PD research (Tieu et al., 1999; Cheung et al; 2009). To address
whether RA-differentiated SH-SY5Y cells are functionally mature, our study
showed the detailed characteristics of proliferative and RA-differentiated SH-SY5Y
through the immunoreactivity of several neuronal markers, cellular morphology
and response to 6-OHDA treatment.

We observed an increase of the neuronal markers TH, NSE and NeuN,
starting at 4 days of RA-dependent differentiation process. TH, a classical
dopaminergic cell marker, has low immunocontent and is not active in proliferative
SH-SY5Y cells. TH is the rate-limiting enzyme in catecholamine synthesis, hence,
these cells do not secrete dopamine (Biedler et al., 1978; Seitz et al., 2000). RA
treatment induces TH expression and activates phosphatase 2A, which
dephosphorylates and activates TH, turning them into dopamine-producing cells
(Pahiman et al., 1984; Dunkley et al., 2004; Prabhakara et al., 2009). Therefore,
our findings are in agreement to these data. However, this subject is still
controversial since there are few studies showing the expression of dopaminergic
cells markers in proliferative cells (Cheung et al., 2009; Guarnieri et al., 2009).
Therefore, another neuronal marker studied here was NSE. The differentiation
protocol causes an increase of NSE immunocontent and its activity, reinforcing
that RA-differentiated SH-SY5Y cells acquired a more neuronal phenotype
(Pahimann et al., 1984; Cheung et al., 2009). Moreover, we also observed an
increase in NeuN, which is only expressed in neurons upon maturation, and
therefore served as a neuronal marker (Weyer and Shiling, 2003 Cheung et al.,
2009). Although we found an increase in the immunocontent of all these neuronal

markers as early as 4 days of differentiation, there is an equal amount of nestin
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protein in proliferative and in 4 days differentiated SH-SY5Y cells. After 7 days of
RA differentiation, the expression of nestin decreases significantly, keeping this
behavior through 10 days of treatment. Nestin, an intermediate filament, is
expressed in a cell-cycle-dependent manner. Nestin is down-regulated as
neuroepithelial stem cells cease division and differentiate along their respective
neuronal lineages (Hockfield and McKay, 1985; Fuchs and Weber, 1994; Thomas
et al., 2004).

Immunocytochemistry assay confirmed the changes in the immunocontent
of the cells markers. We detected immunoreactivity of NSE and TH in cytoplasm of
RA-differentiated cells and the NeuN immunoreactivity was verified in the nuclear
compartment. On the other hand, nestin immunoreactivity was found in the
cytoplasm of proliferative cells. Our data are not in agreement with a previous
study that showed immunoreactivity of NSE and TH in both cytoplasm and nucleus
(Cheung et al., 2009). In spite of that, there are few studies showing that these are
cytosolic proteins (Odelstad et al., 1981; Dunkley et al., 2004).

As previously shown, SH-SY5Y cells must be differentiated in vitro at least
7 days to show mature excitability, action potential propagation and formation of
synaptic vesicles (Sarkanen et al., 2007, Cheung et al., 2009). These data are in
agreement with our findings. Therefore, our study confronts previous data that
suggested there are limited changes in dopaminergic markers immunocontent
after RA differentiation (Cheung et al., 2009).

After characterizing the differences between these experimental models, we
analyzed their responsiveness to 6-OHDA. Proliferative and 4-day-RA-

differentiated SH-SY5Y cells responded equally to this neurotoxin. In 7 and 10
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days of differentiation, we found an increased sensitivity to this neurotoxin. The
only dramatic difference between 4-, 7- and 10-day-RA-differentiated cells found
here was in nestin immunocontent. Previous studies showed that the reduction of
nestin expression by siRNA resulted in clearly vulnerability to oxidant-induced
(H202) cell death in neuronal progenitors (Sahlgren et al., 2006). Furthermore,
this protein has been associated with tumor aggressiveness (Weggen et al.,
1997), and downregulation of nestin in neurons activates Cdk5/p35-dependent
apoptosis, suggesting that nestin serves as a survival factor, protecting neuronal
progenitors from stress-induced cell death (Thomas et al., 2004; Reimer et al.,
2009). So that, the role of nestin in the resistance to 6-OHDA remains to be
described.

In contrast to our data, there are studies showing that RA-differentiated SH-
SY5Y cells are more resistant to neurotoxins like 6-OHDA (Tieu et al.,1999;
Cheung et al., 2009). Tieu et al. showed that RA-differentiated SH-SY5Y cells
decreased p53 protein (proapoptotic), thus resulting in vulnerability to 6-OHDA.
They discuss this data based on both proliferative and RA-differentiated SH-SY5Y
cells have an inactive p53, which is sequestered in the cytoplasm (Moll et al.,
1995). Nevertheless, another study verified that transcriptional active p53 is found
in the nucleus of RA-differentiated cells (Chen et al., 2007). Hence, the association
between p53 and neurotoxin resistance suggested by this study is not known.
Moreover, Cheung et al. also showed that RA-differentiated SH-SY5Y cells are
less susceptible to the 6-OHDA cytotoxicity, probably because of the up-regulation
of the survival signaling pathways, including the increase of Akt and Erk1/2

expression. Based on these, they suggest that the best experimental model for
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study PD is proliferative cell. The data present here support the opposite
conclusion.

Even though proliferative cells present a two-fold higher G150 value for 6-
OHDA, time course experiments showed that mitochondrial depolarization, a
marker of organelle dysfunction, firstly occurs in proliferative (3 hours) than in
neuron-like differentiated cells (6 hours) once challenged with 6-OHDA. These
data are in agreement with another study that showed a collapse of the
mitochondrial membrane potential in proliferative SH-SY5Y cells rapidly after 6-
OHDA treatment (Ikeda et al., 2008). This study also showed that 6-OHDA
induces the formation of intracellular reactive oxygen species (ROS). The resultant
oxidative stress triggers the activation of the p38 MAPK cascade, leading to the
lost of AWm and cytochrome c release, which results in caspase 9 and 3-
dependent apoptosis. On the other hand, there is no data showing the effect of 6-
OHDA in mitochondrial dysfunction in RA-differentiated cells.

Differences in mitochondria depolarization kinetics trigged by 6-OHDA
suggest that differentiated cells present an extra mitoprotective feature against this
neurotoxin. This finding could be related to the significant increase in the levels of
the protein DJ-1 during differentiation treatment found here. DJ-1 protein belongs
to the DJ-1/ThiJ/Pfpl superfamily of proteins, which are conserved in many
different organisms (Mizote et al. 1999). Mutations in this protein have been
strongly related to an early onset of PD (Bonifati et al., 2003). It was demonstrated
that the expression of DJ-1 can be induced by ROS (Sekito et al., 2006), and their
mutant forms make the neuron more susceptible to the cell death induced by

oxidative stress (Xu et al., 2005; Miyazaki et al., 2008). DJ-1 is exclusive cytosolic,
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however, upon oxidative damage this protein translocates to the mitochondria
(Zhang et al., 2005). So, DJ-1 plays a role in mitochondrial maintenance (Zhong
and Xu, 2008). Hence, the expression of this protein protects the mitochondria of
differentiated cells from the 6-OHDA toxicity and delays mitochondria
depolarization (REF), but the neuroprotective mechanism of DJ-1 over the
mitochondria remains to be described. Furthermore, previous studies showed the
increase of Akt in RA-differentiated cells (Lopez-Carballo et al., 2002; Cheung et
al., 2009). Cheung et al. associated the increase of Akt immunocontent with the
resistance to 6-OHDA in differentiated cells. Since it is known that DJ-1 can
activate Akt (Clements et al., 2006), this mechanism could be related to the delay
in mitochondria depolarization found here in differentiated cells challenged with 6-
OHDA. More studies are necessary to explore the role of DJ-1/Akt in 6-OHDA-
induced neuronal dysfunction.

Hence, our data suggest that 7-day-RA-differentiated form of SH-SY5Y
cells represents a more suitable experimental model for studying the molecular

and cellular mechanisms underlying the pathophysiology of PD.

4. Experimental Procedure
4.1 Reagents

Materials used in cell culture were acquired from Gibco®/Invitrogen (S&o
Paulo, SP Brazil). Chemicals were obtained from Sigma Chemical Co. (St. Louis,

MO, USA).

4.2 Cell culture and differentiation
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Exponential growing human neuroblastoma cell line SH-SY5Y, obtained
from ATCC (Manassas, VA, USA), were maintained in a mixture 1:1 of Ham’s F12
and Dulbeco Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated FBS, 2 mM of glutamine, 0.28 ug/uL of gentamicin and 250 pg of
amphotericin B, in a humidified atmosphere of 5% of CO2 in air at 37 °C. Cell
medium were replaced each three days and the cells were sub-cultured once they
reached 90% confluence. All treatments were performed when cells were ~75%
confluence. For the immunocytochemistry, MTT assay and JC-1 fluorescence, the
cells were plated in a 24-well plated at density of 6 x 104 cells per well. For
western blot analysis, the cells were seeded into bottles of 75 cm3 at density of 5 x
106 cells. After 24 hours of cell plating, differentiation was induced by lowering the
FBS in culture medium to 1% plus RA at 10 yM during 4, 7 and 10 days. This
treatment was replaced each 3 days to replenish RA in culture media. Hence we
choose these specific days of differentiation because these are the days of retinoic
acid replacement in the culture medium. To evaluate the differences in cell
morphology in proliferative and cells differentiated for 4, 7 and 10 days, we
analyzed them under phase contrast light microscopy. Images were captured with

NIS-elements software.

4.3 Western blot

After 24 hours plating (proliferative cell) or after the differentiation treatment,
cells were washed with PBS and ressuspended in a Tris-buffer (pH 7.0) with
protease inhibitor (Roche®), sonicated, and its total protein extracts (20 pug) were

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE) and then transferred onto a PVDF membrane. Thereafter, nonspecific
binding was blocked with 5% of BSA in TTBS for 1 hour at room temperature.
Membranes were then incubated overnight at 4 °C with rabbit anti-TH (1:5000)
from Sigma Chemical Co (St. Louis, MO, USA), rabbit anti-NSE (1:20000), rabbit
anti-nestin (1:5000), mouse anti- NeuN (1:1000) or mouse anti-DJ-1 (1:10000)
from Chemicon/Millipore® (Billerica, MO, USA). After washing, the membrane was
incubated with peroxidase-conjugated secondary antibodies (1:5000 or 1:10000)
from Dako® (Glostrup, DK) for 2 hours at room temperature. Bands were
visualized with Super Signal West Pico Chemislumiscence Substrate from
PIERCE® (Rockford, Il, USA). Membranes were then striped and reprobed with
rabbit anti-B-actin antibody (1:5000) from Sigma Chemical Co (St. Louis, MO,
USA) followed by goat anti-rabbit peroxidase-conjugated secondary antibody

(1:5000) from Dako® (Glostrup, DK).

4.4 Immunocytochemistry

Cells were washed twice with PBS to remove the excess of culture medium
followed by the fixation in acetone:methanol (1:1 v/v) for 20 minutes. The
endogenous peroxidase was inhibited by methanol:hydrogen peroxide (95:5%
v/v). Non-specific binding were blocked with 1% BSA in PBS-Triton-X100 for 1
hour. Cells were incubated with the rabbit anti-TH (1:500), rabbit anti-NSE
(1:2000), rabbit anti-nestin (1:500) and mouse anti-NeuN antibodies overnight at 4
°C. After washing the cells with PBS/ 0.02% Triton-X100, they were incubated with
biotinilated secondary antibody for 1 hour at room temperature followed by the

incubation of tertiary antibody linked with horseradish peroxidase-streptavidin
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complex. The color reaction is constituted by 0.06% of diaminobenzidine (DAB)
and 1% of hydrogen peroxide in PBS. The cells were covered in this solution for 5
minutes at room temperature. Images were visualized under light microscopy and

captured NIS-elements software.

4.5 6-OHDA cytotoxicity

6-OHDA was freshly prepared in 0.1% ascorbic acid to avoid oxidation.
Cytotoxicity of 6-OHDA were evaluated by exposing cells to different
concentrations of this neurotoxin for 24 hours at 37 °C, and cell viability was
estimated by the quantification of the 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction to a blue formazan product by
cellular dehydrogenases (Fang et al., 2005). At the end of the treatments, the
medium was discarded and a new medium containing 0.5 mg/mL MTT was added.
These cells were incubated for 1 hour at 37 °C. This medium was discarded after
the incubation and the cells were washed three times with PBS. DMSO was added
to solubilize the formazan crystals for 30 minutes. Absorbance was determined at
560 nm and 630 nm in a SoftMax Pro Microplate Reader (Molecular Devices®,

USA).

4.6 Mitochondrial Membrane Potential (A¥m)

Proliferative and 7-day-RA-differetiated SH-SY5Y cells were treated by
different time with their correspondent GI50 value of 6-OHDA (35 and 15 pM,
respectively) to evaluate the mitochondrial depolarization, as previously described

(Klamt and Shacter, 2005). Cells (0.5 X 106 cells/mL) were incubated for 20
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minutes at 37 °C with 10 pug/pL of a lipophilic cationic probe 5,5, 6,6’-tetrachloro-
1,1’, 3,3’-tetraethylbenzimidazolcarbocyanine iodide (JC-1), centrifuged, washed
once with PBS, transferred to a 96-well plate (105 cells/well), and assayed using
SoftMax Pro fluorescence plate reader (Molecular Devices®, USA) with the
following settings: excitation at 485 nm, emission at 540 and 590 nm, and cut-off
at 530 nm. AWYm was estimated using the ratio of 590 nm (J-aggregates)/540 nm

(monomeric form).

4.7 Protein quantification
The proteins contents were measured by the Bradford assay (Bradford,

1976).

4.8 Statistical analysis

Band intensities of western blots were quantified by a densitometer and
expressed as relative values to the controls. Data are expressed as means + SD
from at least three independent experiments. For statistical analysis, quantitative
data were analyzed by student t test and the one-way analysis of variance
(ANOVA) followed by Neuman-Keuls test. Differences were considered significant

atp <0.05.
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Figura 2
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Figura 3
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Figura 4
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Figura 5
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FIGURES LEGEND

Fig. 1. Morphological parameter of human neuroblastoma SH-SY5Y cells
differentiated with retinoic acid. Representative phase contrast images of
proliferative SH-SY5Y cells in culture medium with 10% of FBS (A).
Representative phase contrast images of RA-differentiated human neuroblastoma
cell line SH-SY5Y cultured for 7 days with 10 uM RA in culture medium with 1% of
FBS (B). Note the stellate morphology and the abundance of neurites in

differentiated cells (400X magnification).

Fig. 2. Changes in the immunocontent of selected neuronal and non-differentiated
cell markers in human neuroblastoma cell line SH-SY5Y during 4, 7 and 10 days
of differentiation. A) Representative immunoblots of the neuronal markers neuron-
specific enolase (NSE), neuronal nuclei protein (NeuN) and tyrosine hydroxilase
(TH) and the non-differentiated marker nestin. B) Densitometric analysis of bands
representing means + SD of three independent experiments. B-actin was used as
loading control, as described in experimental procedure section. ***Statistically
different from the corresponding control values, p < .001 (one-way analysis of

variance)

Fig. 3. Immunocytochemistry and Western blot analysis of selected neuronal and
non-differentiated cell markers in proliferative and 7-days-differentiated human
neuroblastoma cell line SH-SY5Y. (A) Representative immunocytochemistry
images and B) western blots showing the immunocontent in triplicates of neuronal

and non-differentiated markers. C) Densitometric analysis of bands representing

83



means = SD of three independent experiments. (B-actin was used as loading
control, as described in experimental procedure section. *Statistically different

from the corresponding control values, p < .05; **p < .001 (student t test).

Fig. 4. Differences in sensitivity of proliferative and differentiated human
neuroblastoma cell line SH-SY5Y to the 6-OHDA neurotoxin. Cells were treated
with different concentrations of 6-OHDA for 24 h, and the drug cytotoxicity was
evaluated using the MTT assay, as described in experimental procedure section.
A) Cytotoxicity curves for 6-OHDA. (B) GI50 value for 6-OHDA obtained during the
different days of differentiation. The data represent means + SD for three
experiments carried out in quadruplicates. ***Statistically different from the

corresponding control values, p <.001 (one-way analysis of variance).

Fig. 5. Loss of membrane potential in proliferative and differentiated cells of the
neuroblastoma cell line SH-SY5Y challenged with 6-OHDA and the DJ-1 protein
immunocontent. A) Cell were treated with respective 6-OHDA GI50 value,
harvested and incubated with JC1 (10 pg/mL) at 37 °C for 15 min. The data
represent means = SD for three experiments carried out in quadruplicate.
***Statistically different from the corresponding control values, p < .001 (one-way
analysis of variance). B) DJ-1 immunocontent of proliferative and 7-days
differentiated SH-SY5Y cells. The figure represents immunoblots showing
representative high DJ-1 expression in differentiation cells. The graph shows the
quantification of DJ-1 immunocontent. ***Statistically different from the

corresponding control values, p < .001 (one-way analysis of variance) B)
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Densitometric analysis of DJ-1 immunocontent bands representing means + SD of
three independent experiments. 3-actin was used as loading control, as described
in experimental procedure section. **Statistically different from the corresponding

control values, p <.001 (one-way analysis of variance / student t test).
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7.2 Tianeptine and its derivative NANT 03 have neuroprotective effects in a

differentiated SH-SY5Y human neuroblastoma cell line.

Artigo a ser submetido na revista Journal of Molecular Neuroscience.

Este artigo é referente aos objetivos secundarios de 2 a 5. Neste trabalho
utilizou-se o modelo experimental estabelecido no estudo anterior, uma linhagem
de células de neuroblastoma humano SH-SY5Y diferenciada em neurbnios
dopaminérgicos, no qual se avaliou o efeito neuroprotetor do NANT 03 e da

tianeptina.
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Abstract

Background: Recent studies have found strong evidence that neurotrophic
factors, especially BDNF, play a crucial role in the response to antidepressant
treatment. BDNF is a neurotrophin widely expressed in the adult brain, playing an
important role in a variety of neural processes, such as neurogenesis, neuronal
connectivity, and neuroplasticity. Therefore, BDNF might be an important target for
antidepressant therapeutic drugs. The aim of this study was to develop a novel
drug from tianeptine, the NANT 03, and evaluate its neuroprotective features.
Methods: Differentiated human neuroblastoma SH-SY5Y cell line was treated with
30, 50 and 100uM of tianeptine and its derivative NANT 03. Afterwards, the levels
of BDNF mRNA, intracellular and secreted BDNF, as well as intracellular levels of
Bcl-2 were measured. Results: NANT 03 increased BDNF mRNA levels in the
treatments of 50 and 100uM, and increased intracellular and secreted BDNF and
Bcl-2 in the dose of 100uM. Moreover, tianeptine in the dose of 100uM increased
levels of intracellular and secreted BDNF. Conclusion: The new compound NANT
03 showed a greater neuroprotective feature when compared to tianeptine. This
suggests that this new molecule can improve cognition and neuronal plasticity of

patients.

Keywords: Antidepressants, Tianeptine, NANT 03, BDNF, Bcl-2
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Introduction

Antidepressant drugs have been in use for more than 50 years, but their
precise mechanisms of action are still not fully understood. The most accepted
hypothesis assumes that antidepressants restore the neurotransmission in
noradrenergic and serotoninergic system (Drzyzga et al 2009). However, recent
studies have found strong evidence that growth factors, especially Brain-derived
neurotrophic fator (BDNF), play a crucial role in response to antidepressant
treatment. BDNF is a neurotrophin widely expressed in the adult brain, playing an
important role in a variety of neural processes, such as neurogenesis, neuronal
connectivity, and neuroplasticity (McAllister et al 1999). Furthermore, BDNF is
important in memory and learning processes, and is involved in cognition as well
as mood-related behaviors (Post 2007). Therefore, BDNF might be an important
target for therapeutic drugs, also providing protection against stress-induced
neuronal damage (Coyle and Duman 2003; Hashimoto et al 2004; Martinowich et
al 2007; Nestler et al 2002). For this reason, recent findings suggest that
depression is related to the alterations in neurotrophic pathways (Castren and
Rantamaki 2010b; Neto et al 2011; Yu and Chen 2011). Some authors even
suggested that increased neuronal cell loss might contribute to the pathogenesis
of depression (Duman 2004). Hence, appreciable interest has been focused on
the trophic and antiapoptotic effects of antidepressants.

Another target in the mechanism of action of antidepressant drugs has been
the antiapoptotic protein Bcl-2 (B-cell lymphoma 2). This protein is part of the Bcl-2

family of proteins and inhibits the release of apoptotic proteins from mitochondria.
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Thus, Bcl-2 promotes cell survival and neurotrophic effects, as well as axonal
growth and release of neuronal differentiation stimuli (Drzyzga et al 2009). The
antidepressant activity on the expression of Bcl-2 is still inconsistent, depending
on the antidepressant class and the cell type studied (Drzyzga et al 2009)

Thus, drugs that act by activating survival pathways by increasing proteins
such as Bcl-2 and BDNF may help to ameliorate neuronal functioning by
facilitating synaptic connectivity and improving depressive symptoms (Castren and
Rantamaki 2010a). Among these drugs, tianeptine an atypical antidepressant
presents neuroprotective features and has been used for the treatment of
depressive episodes. In contrast with most antidepressant agents, it has a
different mechanism of action, enhancing serotonin uptake in the brain without
affecting norepinephrine and dopamine uptake (De Simoni et al 1992; Fattaccini et
al 1990; Kato and Weitsch 1988).

Tianeptine in doses of 25 to 50 mg/day has been used in patients with MDD
(major depression) and depressive BD (bipolar disorder), and its efficacy and
tolerability is clearly demonstrated (Kasper and McEwen 2008). Furthermore,
tianeptine improves not only the depressive symptoms, but also the cognitive and
structural changes that characterize depressive states (Uzbay et al 2007). It acts
in several neuronal systems that may contribute to ameliorate the cognitive
dysfunctions and impaired functionality presented by the patients. Among these
properties, tianeptine may improve the neuroplasticity and increase hippocampal
dendritic length (Magarinos et al 1999). Studies have shown that this drug
prevents and reverses modifications and structural changes in metabolism and

neural functions caused by stress, such as decreased size of hippocampus and
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increased concentration of the metabolite N-acetyl-aspartate (Czeh et al 2001).
Furthermore, data suggest that tianeptine can promote neuroplasticity by
increasing the expression of neurotrophic factors such as BDNF and NGF in the
hippocampus and amygdala in animal exposed to stress. (Alfonso et al 2006;
Reagan et al 2007).

Although tianeptine presents a good antidepressant action along with
neuroprotective features, the development of similar yet novel therapeutic drugs
with improved permeability across biological barriers would be of relevance for the
achievement of more potent neuroprotective characteristics. Thus, the rationale of
this study was to develop a new compound synthesized from tianeptine with the
aim of creating a novel drug with enhanced permeability across biological barriers
and superior neuroprotective features than tianeptine. Thereafter, the
neuroprotective properties of the newly synthesized molecule NANT 03 was
evaluated through the quantification of BDNF and Bcl-2 levels in differentiated
human neuroblastoma SH-SY5Y cell line treated with different concentrations of

tianeptine and its derivative NANT 03.

Experimental procedures

Materials

Materials used in cell culture were acquired from Gibco®/Invitrogen (S&o

Paulo, SP Brazil). Tianeptine (Stablon) was kindly donated by Servier (France).
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Synthesis of 7-(allyl(3-chloro-6-methyl-6,11-dihydrodibenzo[c,f][1,2]thiazepin-11-

yl)amino]heptanoic acid 5,5 dioxide (NANT 03).

A solution of 422 mg of Tianeptine (7-[(3-chloro-6-methyl-6,11-
dihydrodibenzo[c,f][1,2]thiazepin-11-yl)amino]heptanoic acid 5,5 dioxide) in
methanol was added to 80 uL of bromopropene and to 80 mg of sodium
bicarbonate (NaHCO3). The solution was heated at reflux for 25 h. The crude
material was purified by chromatography on silica gel using a mixture of
dichloromethane-ethyl acetate-ethanol as eluent. The title compound was isolated

as a light yellow wax.

Cell culture and differentiation

Exponential growing human neuroblastoma cell line SH-SY5Y, obtained
from ATCC (Manassas, VA, USA), were maintained in a 1:1 mixture of Ham’s F12
and Dulbeco Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 pg/mL gentamicin and
0,25 pg/mL of amphotericin B, in a humidified atmosphere of 5% CO, at 37 °C.
Cell medium was replaced every three days and cell were sub-cultured once they
reached 80% confluence. All treatments were performed when cells were ~75%
confluence.

After 24 hours of cell plating, differentiation was induced by lowering the
FBS in culture medium to 1% plus 10 uM retinoic acid (RA) during 7 days. This

treatment was replaced each 3 days to replenish RA in culture media. After this
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protocol, the cells exhibit morphological and biochemical characteristics of

dopaminergic neurons (Lopes et al 2010).

Pharmacological Treatment

Differentiated cells were treated with 30, 50 and 100uM tianeptine and
NANT 03 for 48 hours. Cellular toxicity was assessed in all doses. Certain toxicity
was seen with the higher dose of NANT 03. However, drugs commonly used in
clinical show a higher toxicity even at lower doses in the experimental model used

in this work (data not show).

Measurement of intracellular and released (extracellular) BDNF levels

SH-SY5Y cells were cultivated and differentiated in 25cm?®flasks at a
density of 1,5x 10° to measure intracellular BDNF levels. In the 7" day of
differentiation cells were treated with 30, 50, and 100uM tianeptine and NANT 03
for 48h. After cells lysis in 10 mM PBS, sonication and centrifugation at 5.000 rpm
for 5 minutes, supernatants were collected and used to measure intracellular
BDNF levels. Samples of culture medium were also collected from treated cells
for the measurement of released BDNF. BDNF was measured in cell extracts and
culture media with a sandwich-ELISA kit, according to the manufacturer's

instructions (Millipore, USA).
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Quantitative RT-PCR

For gene expression assays, cells were plated and differentiated in a 6- well
plate at a density of 3 x 10° cells / well. In the 7" day of differentiation, cells were
treated with 30, 50, and 100 pM tianeptine and NANT 03 for 48h. Total RNA was
extracted from the cells using TRI Reagent (Invitrogen) according to the
manufacturer's instructions. RNA concentrations were measured with NanoDrop®
ND-1000 (NanoDrop Technologies, Montchanin, DE, USA). All reactions were
performed in triplicates in the 7500 Real Time PCR System (Life Technologies).
One microgram of total RNA was reverse-transcribed to complementary DNA
(cDNA) using the High Capacity cDNA Reverse Transcription Kit (Life
Technologies, CA, USA) following the manufacturer's protocol. cDNA was stored
at -80°C until real-time quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis. All cDNAs were diluted 1:10 before being used as
PCR template. The dilution was chosen after standard curve was performed.
Specific primer pairs and TagMan MGB probe labeled with FAM for human BDNF
transcript (Life Technologies) were custom made (NCBI Reference Sequence:
NM_001143807.1). The sequences are the following: F - &
TGGCTGACACTTTCGAACAC 3, R—- 5 CCTTTGGAGCCTCCTCTTCT 3’, Probe
— 5 GACGCAGACTTGTACACGTC 3’. Primers and probes (Life Technologies)
specific for human beta actin (4352935E) and beta-2-microglobulin (4326319E)
labeled with FAM and VIC, respectively, were used as endogenous control.
Relative expression levels were determined by the ddCt method, according to

Livak and Schmittgen (2001).
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Measurement of Bcl-2 levels

For the measurement of Bcl-2 levels, the cells were cultivated and
differentiated in 75cm>flasks at a density of 2 x 10 cells / flask. In the 7" day of
differentiation the cells were treated with 30, 50, and 100uM tianeptine and NANT
03 for 48h. Cells were lysed in 10 mM PBS by freezing and thawing three times.
The supernatants were used to measure Bcl-2 levels using an ELISA commercial

kit, according to the manufacturer’s instructions (Enzo Life Sciences).

Statistical analyses

Data are expressed as mean = SD from at least three independent
experiments. For statistical analyses, quantitative data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey post-hoc test when ANOVA was
significant, and Kruskal-Wallis test was used for non-parametric variables.

Differences were considered significant when p < 0.05.

Results

Effects of Tianeptine and NANT 03 in the expression of BDNF mRNA.

The levels of BDNF mRNA were measured by RT-PCR in differentiated SH-

SY5Y cells treated with tianeptine and NANT 03 in the concentrations of 30, 50
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and 100 uM for 48 hours. The concentrations of 50 and 100 pM of NANT 03
significantly increased the levels of BDNF mRNA when compared to FSB and to
vehicle (ethanol) (F(4-26)=5,923, p= 0,0022) (Figure l1la). Tianeptine did not show

significant differences (p>0,05) (Figure 1 b).

Effects of Tianeptine and NANT 03 in the levels of intracellular and released

BDNF

The levels of intracellular and released BDNF were measured by sandwich-
ELISA in SH-SY5Y cells after 48 hours of treatment with NANT 03 and tianeptine
in the concentrations of 30, 50 e 100 uM. NANT 03 in the concentration of 100uM
increased the levels of intracellular BDNF when compared to the FSB control and
to vehicle (ethanol) (F(4-19)= 13,86 p<0,0001) (Figure 2a), and increased the
levels of released BDNF in the cells treated with 100 uM when compared to all the
groups (F( 4-19)= 9,926 p=0,0004) (Figure 3a). Tianeptine 100 uM increased the
levels of intracellular BDNF when compared with 30 and 50 pM (F(4-19)=4,834
p=0,0105) (Figure 2b), and 100 uM also increased the levels of released BDNF

when compared to all the groups (F(4-19) = 26,24 p<0,0001) (Figura 3b).

Effects of Tianeptine and NANT 03 in the levels of Bcl-2

The levels of Bcl-2 were measured by ELISA in differentiated SH-SY5Y
cells after 48 hours of treatment with NANT 03 and tianeptine in the concentrations

of 30, 50 e 100 uM. NANT 03 in the concentration of 100 uM increased the levels
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of Bcl-2 when compared to FBS control and vehicle (ethanol) (F(4-12) = 15,08 p=

0,0009) (Figure 4a). Tianeptine did not alter Bcl-2 levels p>0,05 (Figure 4b).

Discussion

In this study, we evaluated the effects of tianeptine, an atypical
antidepressant, and its derivate NANT 03, in BDNF mRNA expression,
intracellular levels of BDNF and Bcl-2, and in the levels of released BDNF in a
human neuroblastoma SH-SY5Y cell line differentiated into dopaminergic neurons.
Our results show that NANT 03 was more effective than tianeptine in enhancing
BDNF and Bcl-2 levels, which suggests that the mechanisms of action of this
molecule can be related to the activation of neurotrophic and antiapoptotic
pathways and thus develop a neuroprotective action.

Several studies associate mood disorder and mechanisms of action of
antidepressants with neurotrophic factors. Among them, BDNF has been of great
interest, given that it is the main neurotrophin of the central nervous system and
activates pathways of neuronal protection (Duman 2009). Recent meta-data
analyses report a positive correlation between BDNF levels and the
antidepressant response in depressed patients (Brunoni et al 2008; Sen et al
2008).

BDNF is an important factor in the etiology of MDD and BD (Hashimoto
2010). Serum levels of this protein is reduced in depressive patients (Karege et al
2002; Shimizu et al 2003) and in acute BD episodes (Cunha et al 2006; Machado-

Vieira et al 2007), and normalization of BDNF levels may be related to a clinical
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improvement (Tramontina et al 2009). Several studies suggest that
antidepressants act by increasing the expression of neurotrophic factors, such as
BDNF, thus improving neuroplasticity, neuronal connectivity and cell resilience
(Coyle and Duman 2003; Nestler et al 2002). Moreover, another important
mechanism induced by BDNF is its ability to inhibit cell death cascades. Evidence
suggests that this protein can inhibit cell death by increasing the expression of the
antiapoptotic protein Bcl-2 (Bonni et al 1999).

Beyond its antidepressant activity, tianeptine presents several
neuroprotective actions, increasing neurotrophic factors, such as BDNF (Alfonso
et al 2006; Reagan et al 2007) and reverting deleterious effects caused by stress
(Czeh et al 2001; Magarinos et al 1999) and by the increase in glutamate in animal
models of stress (Kole et al 2002). In this study, tianeptine proved its
neuroprotective action by enhancing the levels of intracellular and released BDNF.
However, it was not able to enhance Bcl-2 levels. In a study by Lucassen et al,
showed tianeptine reduced cell death in the prefrontal cortex and in the
hippocampus of rats that were submitted to psychosocial stress, suggesting that
tianeptine presents an antiapoptotic action possibly independent of Bcl-2
(Lucassen et al 2004). NANT 03 presented superior results than that of tianeptine,
given that it induced significantly more BDNF in all analyzed parameters, including
Bcl-2 levels, in which tianeptine induced no alteration.

The BDNF is synthesized as pro-BDNF and that is cleaved by protease to
form the mature BDNF, its binding to the receptor TrkB promotes neuronal survival
and growth. Although there is no literature on the consensus pro-BDNF is

secreted, or if it is found only intracellular, it has been proposed that only mature
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BDNF is secreted and is biologically active to exerts protective effects, and pro-
BDNF is a transient intermediate that is unlikely to be secreted or to have a
physiological role as an extracellular ligant (Matsumoto et al 2008). Thus pro-
BDNF is intracellularly located and serves as a BDNF stock (Nishino et al 2011).
In our study, the ELISA employed is not able to distinguish between mature and
pro-BDNF, but both drugs increased the levels of secreted BDNF. In other words,
they increased the biologically active BDNF that acts by binding to the tyrosine
kinase receptor type B (TrkB) and activating neuroprotective pathways, leading to
growth, differentiation and cell survival. NANT 03 also increased mRNA levels,
which suggests that more BDNF is being synthesized.

In the clinical use, drugs that act on neurotrophic and antiapoptotic
pathways present a key role in hindering the progression of the disorder, and, thus
avoiding cumulative damage that mood disorders present throughout the years
(Drzyzga et al 2009). These disorders are associated with reductions in the
volume of hippocampus and prefrontal cortex (Karege et al 2002), and the
increase in the levels of BDNF and Bcl-2 may prevent and/or ameliorate these
alterations.

Our results show that NANT 03, the new molecule derived from tianeptine,
presents a higher efficacy in increasing the levels of BDNF and Bcl-2, which
shows that it presents protective actions in vitro. However, these results cannot be
extrapolated to humans yet. More preclinical studies are required in order to

clinically test this drug, after which efficacy and tolerability results will be available.
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Figura la, b

Effects of NANT 03 and tianeptine in the expression of mMRNA BDNF in the cells
line SH-SYS5Y differentiated in dopaminergic neurons. The cells were treated with
30, 50 and 100uM of NANT 03 for 48h and compared with the controls SFB (fetal
serum bovine) and vehicle CE (control ethanol) ((p<0,05 ANOVA one way). Each
column represent the mean £ S.D. of three experiments, * p < 0.05 or 0.01; ** p <

0.001; *** p < 0.0001
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Figure 2a
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Figura 2a, b

Effects of NANT 03 and tianeptine in the levels of BDNF intracellular in the cells
line SH-SY5Y differentiated in dopaminergic neurons. The cells were treated with
30, 50 and 100uM of NANT 03 for 48h and compared with the controls SFB (fetal
serum bovine) and vehicle CE (control ethanol) (p<0,05, ANOVA one way). Each
column represents the mean £+ S.D. of four experiments, * p < 0.05 or 0.01; ** p <

0.001; *** p < 0.0001.
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Figure 3a
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Effects of NANT 03 and tianeptine in the levels of BDNF released in the cell line
SH-SY5Y differentiated in dopaminergic neurons. The cells were treated with 30,
50 and 100uM of NANT 03 for 48h and compared with the controls SFB (fetal
serum bovine) and vehicle CE (control ethanol) (p<0,05, ANOVA one way). Each

column represents the mean + S.D. of four experiments, * p < 0.05 or 0.01; ** p <

0.001; *** p < 0.0001.
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Figure 4a
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Figura 4a, b
Effects of NANT 03 and tianeptine in the levels of Bcl-2 in the cells line SH-SY5Y
differentiated in dopaminergic neurons. The cells were treated with 30, 50 and
100uM of NANT 03 for 48h and compared with the controls SFB (fetal serum
bovine) and vehicle CE (control ethanol) ((p<0,05 ANOVA one way). Each column

represents the mean + S.D. of three experiments. * p < 0.05 or 0.01; ** p < 0.001,

k) < 0.0001
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8. CONSIDERAGOES FINAIS

Neste trabalho buscou-se estabelecer um modelo experimental in vitro
mais adequado para estudos de doencas neuroldgicas e psiquiatricas e atraves
desse modelo, estudar os efeitos neuroprotetores do antidepressivo tianeptina e
de uma nova molécula sintetizada a partir da tianeptina, com a finalidade de
desenvolver uma nova abordagem terapéutica para o tratamento de episodios
depressivos, que além de atuar sobre os sintomas depressivos, ative vias de
protecdo e crescimento neuronal.

Devido a dificuldade de se obter modelos animais adequados para o
estudo de doencas psiquiatricas e por ser inacessivel a utilizacdo de amostras de
tecido cerebral de pacientes, a linhagem de células de neuroblastoma humana
SH-SY5Y € bastante usada em trabalhos de psiquiatria, no entanto, essa
linhagem ¢é composta por células tumorais que possuem propriedades
mitogénicas e oncogénicas (118). Assim, trabalhos que utilizam esse modelo para
o estudo de doencas psiquiatricas possuem uma limitacdo em seus resultados ja
gue sao células tumorais e ndo neurdnios.

Dessa forma, este trabalho buscou estabelecer um modelo experimental
mais adequado para o estudo de doencas psiquiatricas e neurolégicas. Os
achados apresentados, demostram que a realizacdo de um protocolo de
diferenciacéo celular com acido retindico na concentragdo de10uM e meio de
cultivo com soro fetal bovino 1% durante 7 dias é eficaz em diferenciar as células
de neuroblastoma humano SH-SY5Y em células com caracteristicas morfolégicas

e bioguimicas de neurbnios dopaminérgicos. Dentre as caracteristicas
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morfolégicas estdo a aquisicdo de dendritos e a diminuicdo do corpo celular
adquirindo um formato estrelado. Os parametros bioquimicos analisados sé&o
marcadores especificos de neurdnios, como a enzima Tirosina Hidroxilase (TH), a
proteina Enolase Neurdnio Especifica (NSE) e a Proteina nuclear especifica de
neurénio (NeuN), que tornam-se expressos has células apds os sete dias do
protocolo de diferenciagdo. Também foi analisado um marcador de células
indiferenciadas, a proteina de filamento Nestina, que depois dos sete dias de
diferenciacdo ndo € mais observado nas células diferenciadas em neurdnios.
Desta forma, pode-se observar que as células SH-SY5Y passam de células
tumorais para células neuronais. Assim, nesse trabalho estabeleceu-se um
modelo experimental mais adequado para o estudo de doengas psiquiatricas e
para ensaios com drogas que atuem no SNC.

Baseado no modelo experimental de células neuronais estabelecido neste
trabalho, realizou-se um estudo para caracterizar e avaliar o efeito neuroprotetor
da tianeptina e de um novo composto desenvolvido a partir da molécula
tianeptina, o NANT 03.

Os resultados encontrados nesse trabalho mostram que o0 novo composto
sintetizado apresenta uma importante acao neuroprotetora. O NANT 03 aumentou
significativamente os niveis de BDNF intracelular e secretado, ou seja, o BDNF
maduro que se ligara no seu receptor TrkB e exercera efeitos de crescimento e
protecdo neuronal. Também observou-se um aumento nos niveis de mRNA do
BDNF sugerindo que mais BDNF sera produzido. Adicionalmente o NANT 03
aumentou os niveis de Bcl-2, uma proteina antiapoptética, que atuando

sinergicamente com o BDNF podem contribuir para diminuir a perda e atrofia
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neuronal e consequentemente os déficits cognitivos encontrado nos pacientes
com transtorno bipolar.

A tianeptina também mostrou-se eficaz em aumentar os niveis de BDNF
intracelular e secretado, no entanto ndo aumentou os niveis de mRNA e de Bcl-2.
Dessa forma, esses resultados comprovam os efeitos neuroprotetores da
tianeptina demostrado por outros trabalhos citados anteriormente. No entanto, o
seu derivado NANT 03 apresentou um carater neuroprotetor superior 0 da
tianeptina. Assim, pode-se dizer que o0 objetivo de sintetizar um composto com
caracteristicas neuroprotetoras superior a da tianeptina foi alcancado. Além disso,
como esse trabalho foi desenvolvido em um modelo experimental de neurdnios
dopaminérgicos humanos, aumenta a relevancia dos resultados encontrados,
uma vez que essas células estdo envolvidas com a fisiopatologia do TB.

Sabendo-se que pacientes com TB apresentam ao longo da doenca graves
prejuizos cognitivos e perda de funcionalidade, e isso muito se deve a atrofia e
diminuicdo de importantes estruturas cerebrais. Ressalta-se, que farmacos que
possuem um efeito neuroprotetor por atuarem em vias neurotréficas e
antiapoptoticas podem ter papel fundamental em impedir a dano neuronal
observado nesses pacientes.

Baseados nos resultados encontrados nesse trabalho pode-se sugerir que
esse novo composto pode se tornar uma importante estratégia terapéutica para o
tratamento da depresséao bipolar, diminuindo os danos causados pela progressao
doenca. O modelo proposto por Kapczinski e colaboradores citado anteriormente
mostra que o0s pacientes com TB apresentam um dano cumulativo com a

progressao da doenca, causando o desgaste de varios sistemas do organismo. A
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diminuicdo de fatores neurotréficos, principalmente o BDNF, estdo envolvido
nesse dano.

Dessa forma, reforcamos a ideia, que um tratamento precoce com
farmacos que tenham como alvos terapéuticos vias de prote¢cdo neuronal como
neurotrofinas e proteinas antiapoptoticas tornam-se estratégias importantes para
prevenir a progressdo da doenca e assim diminuir 0os prejuizos cognitivos e a
perda de funcionalidade encontrado nos pacientes.

Apesar dos dados encontrados nesse trabalho com o novo composto
serem satisfatérios, cabe ressaltar que este é apenas um estudo in vitro, ou seja,
ndo pode-se extrapolar os resultados encontrados neste estudo para a clinica.
Para a utilizacdo deste composto em pacientes ainda sdo necessarios estudos
pré-clinicos em modelos animais que visam definir o perfil farmacolégico e
toxicolégico desse novo medicamento, para demonstrar que em uma fase
seguinte podera ser realizado ensaios em seres humanos, com seguranga.

Como perspectivas desse trabalho, estdo a realizacdo de ensaios em
modelos animais com o NANT 03 para analisar testes de toxicidade, ou seja,
analisar se o tratamento agudo e crénico com essa droga € segura e nao
apresenta efeitos adversos graves. Também sdo necessarios a realizacdo de
testes comportamentais nos animais para demonstrar se esse composto
apresenta boa atividade antidepressiva e comparar com antidepressivos utilizados
na clinica atualmente. Além disso, avaliar marcadores bioquimicos nos animais
como o BDNF, além de outros parametros de neuroprotecdo. Com isso,
futuramente esse farmaco podera ser testado em humanos e posteriormente ser

utilizado na clinica para o tratamento de doencas psiquiatricas.
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