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RESUMO

AQAO NEUROPROTETORA DO COMPOSTO EBSELEN E DO E'XERCI'CIO
FISICO EM MODELOS DE DOENCA DE ALZHEIMER ESPORADICA EM
CAMUNDONGOS

Autora: Franciele Martini
Orientadora: Dr.2 Cristina Wayne Nogueira

Sabe-se que a Doenca de Alzheimer (DA) é uma doenga neurodegenerativa que atinge cerca
de 47 milhdes de pessoas no mundo. Este nimero esta previsto para aumentar nas proximas
duas décadas. Uma gama de evidéncias tem mostrado que a patogénese da DA ainda ndo esta
completamente clara, afirma-se que seja heterogénea, pois seu desencadeamento esta
relacionado com o envolvimento de maltiplos fatores. O ebselen é um composto orgénico de
selénio, que tem merecido destaque na literatura devido suas propriedades farmacologicas. De
fato, os efeitos neuroprotetores do ebselen foram reconhecidos e seus alvos multifatoriais
parecem ser uma vantagem para estratégias terapéuticas prospectivas. Ainda, a préatica de
exercicio fisico regular proporciona diversos beneficios, e um deles est4 associado a aspectos
cognitivos, em idosos. Com isso, 0 objetivo principal desse estudo foi investigar a agédo
neuroprotetora do composto ebselen e do exercicio de forca na fisiopatologia da doenca de
Alzheimer em modelos animais de DA esporadica (CEUA: 7372110915 — 6145050717).
Inicialmente, os resultados do artigo 1 demonstraram que o ebselen inibiu, 1Cso 33.14 (28.93
— 37.97) UM, a atividade da isoforma G4 da enzima acetilcolinesterase (AChE) hipocampal,
in vitro. Nos modelos animais da DA esporédica, o ebselen (50mg/kg via i.p.) mostrou um
efeito neuroprotetor em um modelo de amnésia induzida pela escopolamina, protegendo
desses efeitos deletérios nos testes comportamentais de reconhecimento do objeto e Y- Maze
em camundongos Swiss. Somado a isso, este composto apresentou uma inibi¢do na atividade
da AChE, no hipocampo dos camundongos. Estes resultados sugerem que o ebselen modulou
a disfuncdo na neurotransmissdo colinérgica induzida pela escopolamina. No artigo 2 o
protocolo experimental utilizando estreptozotocina (ETZ - 3 mg/kg via i.c.v.) visou um
tratamento terapéutico e repetido com doses mais baixas de ebselen (1 e 10 mg/kg via i.p.). O
tratamento com ebselen, nos camundongos, em doses baixas, foi eficaz em reverter a perda de
memoria ocasionada pela no teste de reconhecimento e localizacdo do objeto e no Y-Maze.
Além disso, o composto foi efetivo em reverter todos os pardmetros de estresse oxidativo e 0s
niveis de proteinas da via apoptética nas razdes de Bax/Bcl-2, PARP clivada/PARP e nos
niveis de caspase-3 no hipocampo de camundongos tratados com ETZ. O manuscrito | visou
um tratamento terapéutico ndo farmacoldgico com um programa de exercicio de forca
utilizando uma escada, onde os animais foram submetidos a um treino de forca progressiva
com duracdo de 4 semanas. O exercicio de forca aumentou os niveis de marcadores
neurogénicos via sinalizagdo BDNF/ERK-CAMK-II/CREB no hipocampo de camundongos,
além de suprimir a perda de memoria no teste do Morris water maze (MWM), em um modelo
de DA esporédica. Finalmente, esta tese contribui para o esclarecimento dos mecanismos
neuroprotetores envolvidos na a¢do do ebselen e reforca a hipotese de que composto pode ser
uma interessante alternativa terapéutica para o tratamento da DA. Ainda, com relacdo ao
exercicio fisico de forca, os resultados contribuem para o entendimento dos efeitos do
exercicio de forca sobre a DA.

Palavras — chaves: ebselen, exercicio de forca, Alzheimer, neuroprotecao, estresse oxidativo.






ABSTRACT

NEUROPROTECTIVE ACTION OF EBSELEN COMPOUND AND PHYSICAL
EXERCISE IN SPORADIC ALZHEIMER DISEASE MODELS IN MICE

Author: Franciele Martini
Advisor: Cristina Wayne Nogueira, PhD
Alzheimer's Disease (AD) is a neurodegenerative disease that reaches about 47 million people

in the world and this prevalence is expected to increase over the next two decades. A range of
evidence has shown that the pathogenesis of AD is still not completely clear; it is
heterogeneous and involves multiple factors. Ebselen is an organoselenium compound, which
has pharmacological properties. In fact, the neuroprotective effects of ebselen have been
recognized and their multifactorial targets appear to be an advantage for prospective
therapeutic strategies. In addition, regular physical exercise has several benefits, among them
improvement of cognitive aspects in the elderly. Therefore, the main objective of this study
was to investigate the neuroprotective action of ebselen and the strength exercise in the
pathophysiology of animal models of sporadic AD (CEUA: 7372110915 - 6145050717).
Initially, the results of article 1 demonstrated that ebselen inhibited, in vitro. In the animal
models of sporadic AD, ebselen (50 mg / kg via i.p.) inhibited 1C50 33.14 (28.93 - 37.97) uM,
the G4 isoform activity of the hippocampal enzyme acetylcholinesterase (AChE) showed a
neuroprotective effect on a scopolamine-induced amnesia model, protecting against these
deleterious effects in object recognition and Y-Maze behavioral tests in Swiss mice. In
addition, this compound inhibited AChE activity in the hippocampus of mice. These results
suggest that ebselen modulated dysfunction in scopolamine-induced cholinergic
neurotransmission. In article 2 the experimental protocol, repeated treatment with lower
doses of ebselen (1 and 10 mg/kg via i.p.) in a model of AD induced by streptozotocin (STZ -
3 mg/ kg viai.c.v.) was carried out. Ebselen treatment was effective in reversing the memory
loss caused by STZ in mice, which was demonstrated in the object recognition and location
tests and Y-Maze. In addition, the compound was effective in reversing all parameters of
oxidative stress and protein levels of the apoptotic pathway in the Bax/Bcl-2, cleaved
PARP/PARP ratios and caspase-3 levels in the hippocampus of STZ-treated mice. In the
manuscript | mice were subjected to a non-pharmacological therapeutic treatment, a strength
exercise program, which was carried out bin a ladder, where the animals underwent
progressive force training (4 weeks). Strength exercise increased levels of neurogenic markers
via BDNF/ERK-CAMK-II/CREB signaling in the hippocampus of mice, in addition to
suppressing memory loss in the Morris water maze (MWM) test in a sporadic AD model.
Finally, this thesis contributes to better understand the neuroprotective mechanisms involved
in the action of ebselen and reinforces the hypothesis that this compound may be an
interesting therapeutic alternative for the treatment of AD. Regarding strength exercise, the
results help to understand the effects of strength exercise on AD.

Key words: ebselen, strength exercise, Alzheimer 's, neuroprotection, oxidative stress.
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INTRODUCAO

1.1. DEMENCIA

Para fins de definicdo, pode-se conceituar deméncia, como uma condigdo heterogénea
caracterizada por declinio cognitivo que ndo é suficientemente intenso para causar
prejuizo funcional, evidenciando, dessa maneira, o diagndstico de deméncia, ou também
conhecido como Comprometimento Cognitivo Leve (CCL) (PETERSEN et al., 2014;
ROCCA et al., 2011). Representando assim, um estado de transicdo entre o
envelhecimento normal e a deméncia leve, tanto em termos cognitivos gquanto
neuropatologicos (GUILLOZET et al., 2003; MUELLER et al., 2005).

Dados epidemioldgicos indicam um crescimento mundial da incidéncia de deméncia,
particularmente do tipo Alzheimer, especialmente nos chamados paises em
desenvolvimento, é a forma mais comum de deméncia (cerca de 65 a 80%) (QIU, C.,
2012). O relatdrio, de 2015, da “Alzheimer's Disease International” (ADI), estima que,
46,8 milhdes de pessoas em todo 0 mundo convivem com a doenga e as projecdes sdo de
que a prevaléncia deve dobrar até 2030, chegando a 74,7 milhdes de pessoas
(FRATIGLIONI et al., 2000; WIMO et al., 2017). Sendo assim, sera a principal causa de
dependéncia funcional e de mortalidade entre a populacgéo idosa (QIU, C., 2012).

O termo deméncia abrange um conjunto de sintomas envolvendo principalmente
perdas de memoria e de raciocinio decorrentes do préprio envelhecimento do individuo ou
associada a doencas neurodegenerativas (GALLUZZI et al., 2013; PARK e HAN, 2015;
PETERSEN e MORRIS, 2005). Claudia Suemoto, médica e professora da disciplina de
Geriatria, da Universidade de Séo Paulo, uma das ganhadoras do prémio “L’Oréal Unesco
para mulheres cientistas - 2016, juntamente com seu grupo de pesquisa, desenvolve um
projeto que trata da compreensdo dos fatores de risco do mal de Alzheimer e mostra, em
uma das suas pesquisas, que 0 ensino superior esta associado a menor prevaléncia de
deméncia e um aumento da reserva cognitiva (FARFEL et al., 2013). Assim, entre 0S
principais fatores de risco relacionados a doenca, estéo a baixa escolaridade, o tabagismo,
a diabetes, a depressdo, a inatividade fisica, a obesidade e a hipertensdo (WEINER et al.,
2013).

Mesmo que a idade seja o principal fator de risco para o desenvolvimento de uma
deméncia, o impacto da idade e do sexo é inconclusivo no progndstico do tempo restante
de vida dos pacientes (CHI et al., 2014; HELZNER et al., 2008; REITZ et al., 2011). Em
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geral, os pacientes com alguma forma de deméncia evoluem para a morte em torno de trés
a dez anos apds o diagnéstico (BRODATY et al., 2012). Infelizmente, ainda nao ha cura

conhecida ou medidas preventivas para a maioria dos tipos de deméncia.

1.2. DOENCA DE ALZHEIMER

1.2.1. CARACTERISTICAS EPIDEMIOLOGICAS E CLINICAS DA DOENCA DE
ALZHEIMER

A mais de um século, o médico Alis Alzheimer proferiu uma palestra no 37°
Congresso de Psiquiatria do Sudoeste da Alemanha, sobre sua pesquisa intitulada “Eine
eigenartige Ekrankung der Hirnrinde” - “Uma doenca Peculiar dos Neur6nios do Cortex
Cerebral”. Tratava-se do caso clinico de uma paciente de 51 anos que foi internada no
Hospital de Frankfurt, em 1901, apresentando perda de memoria progressiva, alucinages
e delirios. Apds sua morte, Alzheimer fez uma andlise cerebral identificando as principais
caracteristicas neuropatoldgicas da doenca, ou seja, a presenca de placas senis e dos
emaranhados neurofibrilares e a perda neuronal. Anos mais tarde, Emil Kraepelin, na 8°
edicdo do “Handbook of Psychiatry”, ap6s estudar casos parecidos, propds que se
denominasse essa patologia de “Doenca de Alzheimer’s”, em homenagem ao seu
descobridor (GOEDERT e SPILLANTINI, 2006; SOUCHAY, 2007).

Sabe-se que a DA é uma condicdo de vida tardia, atinge cerca de 47 milhGes de
pessoas no mundo (PRINCE et al., 2013). Este nUmero estd previsto para aumentar nas
proximas duas décadas (PRINCE et al., 2016). O custo total da deméncia foi estimado em
torno de US $ 818 bilhdes em 2010 e foi projetado para atingir US $ 1 trilhdo até 2018 em
todo o mundo (PRINCE et al., 2016). Isso se torna ainda mais dramatico pois cerca de
60% das pessoas afetadas pela deméncia vivem em paises de baixa e média renda. Diante
disso, entre os anos de 2010 e 2011, nos Estados Unidos, foi realizado um Projeto de Lei
de Alzheimer’s Nacional (National Alzheimer’s Project ACT - NAPA)
(http://napa.alz.org/national-alzheimersproject-act-backgroun), pelo Research Triangle
Institute, em que exigiu-se a criacdo de uma estratégia nacional para tentar solucionar a
“crise” na DA, com 0 objetivo principal de “prevenir ou tratar de forma eficaz a Doenca
de Alzheimer até 2025”.

No Brasil, segundo a Pesquisa Nacional por Amostra de Domicilios Continua,
divulgada pelo Instituto Brasileiro de Geografia e Estatistica (IBGE), a tendéncia ao

envelhecimento da populagdo se manteve nos ultimos anos, cerca de 4,8 milhdes de idosos
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desde 2012, superando os dados dos 30,2 milhdes em 2017. Estes dados correspondem a
um crescimento de 18% desse grupo etario, que tem se tornado cada vez mais representivo
no Brasil. Ainda, entre 2012 e 2017, a quantidade de idosos cresceu em todas as unidades
da federacdo, sendo os estados com maior propor¢do de idosos o Rio de Janeiro e 0 Rio
Grande do Sul, ambas com 18,6% de suas populagdes dentro do grupo de 60 anos ou
mais, segundo dados do IBGE.

A medida que a populacdo envelhece surgem, ao mesmo tempo, questdes de
fundamental importancia, tais como: Qual o limite para a expectativa de vida? Serd o
envelhecimento acompanhado por longos periodos de boa saude, bem-estar, engajamento
social e produtividade, ou é predominantemente despendido em doencas, incapacidade e
dependéncia? Como a velhice afeta os cuidados de salde e os custos sociais? Sdo estas
expectativas inevitaveis, ou ha possibilidade para estabelecer uma infra-estrutura fisica e
social capaz de promover uma melhora de satde e bem-estar? (ALBERT et al., 2011).

Em contraste a isso, além do sofrimento pessoal, pacientes com a DA requerem
cuidados médicos e hospitalares por muito tempo, logo constitui um sério problema de
salde publica, gerando custos a economia, mais de 1% do PIB global, levando a um
“pesado fardo” para os pacientes e para a sociedade (PLASSMAN et al., 2007).

A principal preocupacdo a cerca desta doenca esta relacionada a sua fisiopatologia,
caracterizada como uma espécie de lesdo degenerativa cronica, progressiva e irreversivel
no sistema nervoso central (SNC), apresenta um inicio insidioso, com deterioracdo lenta
na cognicdo, episodios de perda da memoria, capacidade funcional, alteracGes
comportamentais e de humor (DEL BO et al., 2009; HARDY e SELKOE, 2002; STIX,
2010). Ainda, os pacientes podem apresentar afasia, (distirbio de linguagem com
dificuldades de identificacdo, fluéncia, compreenséo e associagdo das palavras), aprazia
(desorganizagéo no controle motor) e agnosia (incapacidade de reconhecimento de objeto
e/ou familiares) (HARDY e SELKOE, 2002; HELMES e OSTBYE, 2002; STIX, 2010).

Uma gama de evidéncias tem mostrado que a patogénese da DA ainda ndo esta
completamente clara, afirma-se que seja heterogénea, pois seu desencadeamento esta
relacionado com o envolvimento de multiplos fatores, incluindo hereditariedade, aleracdes
nos niveis de neurotransmissores, além de fatores imunolégicos e ambientais (UBHI et al.,
2012). Morfologicamente a DA ¢é caracterizada por mudancas neuropatologicas
especificas, tais como: o deposito de fragmentos [B-amildide (BA) difusos e/ou
aglomerando-se, formando as placas senis (PS); emaranhados neurofibrilares (ENF)

decorrentes da hiperfosforilacdo da proteina Tau; surgimento concomitante de marcadores
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de inflamacdo cronica (GOTZ e ITTNER, 2008; HARDY e SELKOE, 2002; MOORE e
O'BANION, 2002; PARIHAR e BREWER, 2010).

Diante disso, muitas hipoteses etiologicas vém sendo estudadas para explicar a DA,
entre elas incluem-se a hipdtese de alteragdes genéticas, que causam “mutagdes” na
clivagem de proteinas precursoras das PA; diminuicdo dos fatores neurotroficos;
disfuncdo mitocondrial; neurotoxicidade ocasionada pelo estresse oxidativo; mecanismos
neuroinflamatdrios; disfuncdo no metabolismo energético e autofagia (BLENNOW et al.,
2006; YANG et al., 2016).

Assim, ndo é de surpreender que ainda faltam biomarcadores precisos e confiaveis
para o diagnostico precoce da doenca. A adicdo de novos biomarcadores aos critérios
diagnosticos provocou uma mudanca na forma como a DA é considerada uma entidade
patoldgica, isto é, ela ndo pode ser vista como uma doenga que apresenta fases clinicas
distintas e bem definidas, mas como um processo que acontece de forma multifatorial,
sequencial e ininterrupto (SPERLING, 2011; VAN MAURIK et al., 2017). Esta ideia é
suportada por estudos post-mortem que demonstraram que as mudancas fisiopatologicas
comecam a se desenvolver muito tempo antes dos sintomas cognitivos iniciais, em um
estagio pré —clinico ou pré-sintomético (SPERLING, 2011).

Com isso, a partir de 2003, o Departamento Cientifico de Neurologia Cognitiva e do
Envelhecimento da Academia Brasileira de Neurologia, recomenda para o diagnéstico da
DA, no Brasil, a presenca de pelo menos dois sintomas cognitivos ou comportamentais,
que afetem no minimo dois dominios: memodria, funcdes executivas, habilidades visuais e
espaciais, linguagem e personalidade ou comportamento. Aproximadamente 5% dos casos
de DA sdo familiares, devido ao gene autossémico dominante de transmissao (mutacdes
nos genes codificadores da proteina precursora amildide (APP), presenilina 1 e 2)
(TILLEMENT et al., 2011). Em contraste, a maioria dos casos sdo diagnosticados como
uma forma esporédica da doenca (deméncia esporédica decorrente da doenca de
Alzheimer - DEDA), ou seja, sua origem € desconhecida (NICOLAS et al., 2018).

1.3. FISIOPATOLOGIA DA DOENCA DE ALZHEIMER

A DA é diagnosticada através de avalia¢cBes neuroldgicas e imagens de ressonancia
magnética. A confirmacdo da doencga, no entanto, € obtida “post mortem”(ALBERT et al.,
2011). Imagens do cérebro de pacientes com a DA podem exibir atrofia cerebral e

encolhimento do hipocampo, dependendo do estagio de progresséo da doenca. (SINHA et



20

al., 2013). E importante salientar que o SNC do individuo com a DA nio é
uniformemente prejudicado; enquanto o cerebelo é altamente resistente, o hipocampo e o
neocoOrtex sdo muitos sensiveis ao processo patoldgico (MU e GAGE, 2011). Por esta
razdo as habilidades cognitivas séo mais afetadas do que, por exemplo, a movimentacéo
ou homeostase corporal basal (MU e GAGE, 2011).

As caracteristicas presentes nas regides cerebrais associadas & memaria dos pacientes
com a DA sdo os emaranhados neurofibrilares intracelulares (NFTSs) e as placas amiloides
extracelulares (MEDEIROS et al., 2011). Os NFTs sdo formados pela fosforilacdo
anormal de proteina tau (MEDEIROS et al., 2011; MORRIS et al., 2016),
desestabilizando assim os microtibulos e comprometendo a oxigenagdo e o transporte
axonal de nutrientes aos neurbnios (GOTZ e ITTNER, 2008; MORRIS et al., 2016).
Recentemente, foi demonstrado que os emaranhados ocasionam comprometimento na
memoria espacial e morte neuronal (FU et al., 2017), fornecendo, supostamente, uma
ligacdo entre a patologia da TAU e déficits cognitivos em estagios iniciais da DA. No
entanto, acredita-se que as alteracfes patologicas da tau sejam eventos a jusante da
deposi¢do de BA (BENNETT et al., 2004). Desta forma, é plausivel que, ambas, a tau e o
BA atuem paralelamente devido aos seus proprios efeitos toxicos e iniciem os eventos
patogénicos que caracterizam a DA (BENNETT et al., 2004; SPIERS e BENDOR, 2014).

A hipoétese da cascata amiloide sugere que o acimulo cerebral do peptideo BA ¢ um
evento central da DA, onde a protedlise da PPA acontece pela acdo sequencial de um
grupo de enzimas chamadas secretases, estas enzimas podem agir por duas vias distintas
(KARRAN et al., 2011; SELKOE e HARDY, 2016). A primeira delas é a via ndo-
amiloidogénica, na qual a a e y- secretases clivam sequencialmente a PPA, formando
fragmentos solUveis que ndo tem participacdo na patofisiologia da DA (KARRAN et al.,
2011). No entanto, a PPA pode sofrer acao da - ¢ y-Secretases e gerar os fragmentos
amiloidogénicos PA (mais comumente o BAi40 € 0 PA142), € estes, por sua vez,
desencadeiam varias cascatas patologicas que levam a disfuncdes sinapticas e dendriticas,
alem de ativarem a microglia e os astrocitos e induzirem a morte celular (Figura 1)
(MOORE e O'BANION, 2002; MULLER e ZHENG, 2012; SELKOE e HARDY, 2016).

Figura 1. Representacdo geral das funcGes fisiologicas e patoldgicas de proteinas da
familia APP. Representacdo do processamento de APP através da via ndo-amiloidogénica

(topo) e amiloidogénica (inferior). Entre os varios produtos de clivagem da APP, o
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ectodominio APP secretado tem implicado na da sinalizacdo neurotréfica e
neuroprotectora, enquanto se acredita que a A e a AICD induzam predominantemente
efeitos neurotdxicos. (AICD: dominio intracelular da APP; E1, E2: dominios

extracelulares conservados).
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Fonte: Adaptado de Miiller et al., 2012. Experimental Brain Research.

O PBA ¢ fisiologicamente degradado pelas enzimas peptidicas (IWATA et al., 2001;
QIU, W. Q. et al., 1998), ou entdo pode ser eliminado para a circulacdo periférica,
principalmente pela barreira hematoenceféalica, através do fluxo volumétrico do liquido
instersticial ou pelas vias linfaticas (TARASOFF-CONWAY et al., 2015). Além disso, 0s
agregados BA podem ser fagocitados e degradados pela agdao da microglia. Uma falha
nestes “sistemas” de degradac¢do poderia levar a um desequilibrio entre a relacdo da
producdo e a depuragdo de BA no cérebro, resultando em uma disfungdo neuronal e
subsequente neurodegeneragcdo (TARASOFF-CONWAY et al., 2015).



22

Assim, embora a patofisiologia da DA né&o esteja completamente elucidada, assume-se
que ambas as alteragdes morfoldgicas induzidas pelo AP, PS e ENF, iniciam uma cascata
patoldgica que resulta na disfuncdo neuronal e perda das conexdes sinapticas, devido,

principalmente, a inflamacdo e ao estresse oxidativo (Figura 2) (WANG, C. et al,,
2014a).

Figura 2. Representacdo da fisiopatologia da Cascata Amildide na DA.
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Fonte: Adaptado de CUMMINGS (2004). New England Journal of Medicine.

1.4. HIPOTESE COLINERGICA E MEDICAMENTOS DISPONIVEIS A DA



23

O papel do sistema colinérgico no processo neurodegenerativo esta bem estabelecido.
A ACh, conhecida como um neurotransmissor-chave no sistema nervoso, interage com
receptores associados a processos de aprendizagem e memoria. No cérebro, estd associada
ao controle motor, memoria e cogni¢do (DREVER et al., 2011). Sua sintese € realizada
pela colina-acetiltransferase (ChAT) através da catélise dos substratos colina e acetil CoA.
Esta reacdo é limitada pela concentracdo de colina, a qual tem sua concentracdo
dependente da acdo da AChE, enzima que lisa a acetilcolina em colina e acetato
(BLOKLAND, 1995; SCOTT et al., 2014).

A AChE é uma importante enzima responsavel por regular a transmissdo de impulsos
nervosos através das sinapses colinérgicas, hidrolisando o neurotransmissor excitatorio
ACh (SCHETINGER et al., 2000). Além disso, esta associada com o desenvolvimento,
aprendizagem e memoria, no cérebro (BALLARD et al., 2005a). Dessa forma, a “hipdtese
colinérgica” da DA (BALLARD et al., 2005b) comegou com evidéncias na diminui¢do da
expressdo da enzima colina acetiltransferase em pacientes com DA, esse estudo foi
realizado por laboratérios no Reino Unido em 1978 (DAVIS, K. L. e YAMAMURA,
1978). Esses achados levaram ao primeiro teste em pacientes com DA do tratamento com
inibidores da AChE (AChEI), um estudo realizado em 1981 (GIACOBINI, 2004), além de
uma demonstracdo de melhora na memdria em um grupo de pacientes em 1982
(PARSONS et al., 2013; PERRY et al., 1982). Houve também uma demonstracao de que
0s neur6nios colinérgicos mais afetados na DA se originavam no nucleo basal de Meynert
e que havia uma relacdo entre a inervagao colinérgica e a deposi¢cdo de amil6ide em placas
neuriticas (DREVER et al., 2011). Apds estes estudos, os AChEI foram testados
clinicamente em pacientes com a DA, levando a primeira aprovacdo pelo FDA de um
medicamento para a DA, a tacrina, em 1993 (CRISMON, 1994). De muitas terapias
colinérgicas, apenas a abordagem de AChEI mostrou um beneficio consistente
(CRISMON, 1994). No entanto, apesar do foco na hipotese colinérgica, é evidente que a
DA abrange muito mais do que danos nos neurdnios colinérgicos (TIRABOSCHI et al.,
2004).

Como ja mencionado, a DA é um importante problema de saide que provavelmente
aumentara progressivamente com o tempo (BROOKMEYER et al., 2007), e o principal
objetivo dos pesquisadores tem sido descobrir drogas eficazes para tratar esta doenca.
Muitos ja existem, mas ainda ndo foi encontrado tratamento para reverter a progressao da
doenca ou para controlar seu processo neurodegenerativo (SPUCH et al., 2012). A

primeira classe terapéutica aprovada pelo FDA foram os AChEI, cujo mecanismo consiste
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em impedir a degradagdo de ACh pela enzima AChE, o que aumentaria sua concentracdo
no cérebro. No entanto, a significante hepatotoxicidade observada pelo uso da Tacrina,
(WATKINS et al., 1994), fez com que esta droga fosse retirada do mercado. A Tabela 1
demonstra os medicamentos aprovados e utilizados para o tratamento da DA; todos foram
desenvolvidos para tratar os sintomas e desacelerar a progresséo da doenca (WATKINS et
al., 1994). Como podemos observar, sdo divididos em dois grupos: os anticolinesterasicos,
que pemitem a producdo de ACh e a memantina, que € um antagonista do receptor
NMDA (N-metil-D-aspartato) agindo na entrada de calcio nos neurdnios, reduzindo assim
a morte neuronal (JOHNSON e KOTERMANSKI, 2006).

Os AChEI podem ser classificados com base na reversibilidade e duracdo da inibicao
das colinesterases. A tacrina e a donepezila sdo inibidores reversiveis da AChE de curta e
de longa duracéo, respectivamente (DEARDORFF et al., 2015). A inibi¢cdo da enzima tem
duracdo intermediéria para o inibidor pseudo-irreversivel rivastigmina, e longa para o
inibidor irreversivel metrifonato (DEARDORFF et al., 2015). Este ultimo teve seus
estudos clinicos descontinuados, devido a sua toxicidade. Entretanto, todos apresentam
limitagGes clinicas quanto ao seu uso, devido & meia — vida curta ou por apresentarem
efeitos adversos, como distlrbios gastrointestinais e hepéaticos (PORCEL e
MONTALBAN, 2006).

Figura 3. Representacdo das drogas desenvolvidas para o tratamento da DA.
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Mais tarde, muitos estudos foram realizados e as evidéncias tém sugerido que a
enzima AChE desempenha um papel chave no desenvolvimento das placas senis,
acelerando a agregacdo e a deposicdo do peptideo BA, uma das caracteristicas mais
relevantes na DA e esse efeito poderia ser atenuado por AChEI, como por exemplo a
donepezila (ATTA UR et al., 2001; CUMMINGS, 2000; DAVIES, P. e MALONEY,
1976; ELLIS, 2005). Pode - se dizer que, essa classe farmacologica apresenta seguranca e
eficicia para o tratamento da DA (CUMMINGS et al., 2014), no entanto, sdo tratamentos
a nivel sintomatico dos pacientes e melhoram temporariamente os problemas de memoria,
pois ndo tratam a causa subjacente da DA e ndo diminuem a taxa de declinio cognitivo
(CHIAM et al., 2015; SHIMIZU et al., 2015). No entanto, o uso prolongado de donepezila
pode ser limitado pelo aumento dos efeitos colaterais do ténus vagal associados a
bradicardia, anorexia, dor abdominal, nausea e diarréia (TURON-ESTRADA et al., 2003).
Drogas com menos efeitos colaterais, provavelmente, teriam uma maior taxa de adeséo ao
medicamento prescrito.

De fato, diferentes centros de pesquisa tém se dedicado a busca de novas drogas
capazes de modificar e impedir a evolucdo progressiva da doenca. No entanto, este desafio
ainda néo foi resolvido pela ciéncia, pois os mecanismos envolvidos na DA, apesar de
muito estudado, ainda ndo sdo totalmente compreendidos (IQBAL et al., 2008).

Figure 4. Representacdo das alteracdes conhecidas e propostas nos neurdnios
colinérgicos que ocorrem no cerebro do idoso, no inicio da DA, em compara¢do com 0S
neurdnios jovens e saudaveis. Alteracfes na captacdo de colina, liberacdo de acetilcolina
prejudicada, déficits na expressao de receptores nicotinicos e muscarinicos, e déficits no

transporte axonal séo representados no neurdnio na DA.
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Fonte: Adaptado de TERRY e BUCCAFUSCO (2003). Journal of Pharmacology and
Experimental Therapeutics. (ChAT = colinacetiltransferase, AChE = acetilcolinesterase;
RM:Ach = receptor muscarinico M1; RM2Ach = receptor muscarinico Mz; VAChT =
transportador vesicular de acetilcolina; ACh = acetilcolina).

1.5. ESTRESSE OXIDATIVO

Como exposto anteriormente, uma das principais teorias da DA € um distdrbio na
funcionalidade do sistema colinérgico. Entretanto, evidéncias indicam que a presenca do
estresse oxidativo tem um papel importante na DA. Essa hipétese tem um apelo tedrico,
visto que o cérebro é considerado vulneravel ao dano oxidativo por diferentes razdes,
entre elas, a alta utilizacdo de oxigénio, alta concentracdo de lipideos e sua modesta defesa
antioxidante (GUTTERIDGE e HALLIWELL, 2018).

Em condigdes fisioldgicas, véarias defesas no organismo contribuem para a protecao
das espécies reativas, incluindo a sua baixa producdo, sua remocao por antioxidantes
enzimaticos, ndo-enzimaticos e a reparacdo dos danos oxidativos (DAVIES, K. J., 2000).
O estresse oxidativo é causado pelo aumento dos agentes pré-oxidantes e a diminuicao das
defesas antioxidantes. Os agentes pré-oxidantes responsaveis por causar o dano oxidativo
sdo as espécies reativas de nitrogénio (ERN) e as espécies reativas de oxigénio (ERO),
como os radicais livres (superoxido) e as moléculas como o perdxido de hidrogénio. As
EROs sdo produzidas em todo o organismo em processos fisioldgicos, porém em uma
quantidade aumentada podem causar modificacdes no lipideos, nas proteinas e no DNA
(DURACKOVA, 2010; VAVAKOVA et al., 2015).

O interessante da hipdtese do envolvimento das EROs nas doencas degenerativas é
que o dano oxidativo € consequéncia de insultos patolégicos que causam, em geral, um
acentuado desequilibrio entre as ER e os antioxidantes. No entanto, o dano oxidativo
decorrente do metabolismo também ocorre, de forma muito lenta, mas cumulativa ao
longo do tempo e pode ser responsavel pelo aparecimento tardio, lento e progressivo
destas doencas neurodegenerativas (COYLE e PUTTFARCKEN, 1993; MARKESBERY,
1997; PERSSON et al., 2014).

Um estudo realizado com cérebro de pacientes em diferentes estagios da DA
demonstrou um aumento dos niveis de peroxidac&o lipidica, ja nas fases iniciais da doenca
(BRADLEY et al., 2012). Embora o aumento das EROs seja uma caracteristica patoldgica
bem relacionada com a DA, a génese deste processo ndo € ainda bem esclarecida. Uma
das possibilidades seria a acdo pré-oxidativa do peptideo A (CHAKRABARTI et al.,
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2015). Por isso, acreditamos que a geracdo de especies reativas desempenha papel
fundamental na progresséo da doenca.

A protecdo contra o dano oxidativo é providenciada pelas defesas antioxidantes,
incluindo enzimas como a superoxido dismutase (SOD) que converte O2° em H0», a
catalase (CAT) que é responsavel pela detoxificacdo do H>O> e a glutationa peroxidase
(GSH-Px) que detoxifica os peroxidos organicos e inorganicos derivados da oxidacao de
fosfolipidios de membranas (SCANDALIOS, 1993). As enzimas antioxidantes sdo
consideradas as primeiras defesas para a protecdo das macromoléculas bioldgicas contra o
dano oxidativo (BUTTERFIELD et al., 2012). Além destas enzimas, a glutationa (GSH),
0s peptideos de histidina, as proteinas ligadas ao ferro (ferritina, transferrina) e o acido
dihidrolipoico, sdo exemplos ndo enzimaticos de defesas produzidas pelo organismo.
Defesas exogenas, provenientes da dieta, como o a-tocoferol (vitamina E), o &cido
ascorbico (vitamina C), o B-caroteno (pro-vitamina A) e compostos fendlicos como os
flavonoides, também possuem um papel importante na desativacdo das espécies oxidantes
(HALLIWELL, 2006).

1.6. MODELOS ANIMAIS PARA O ESTUDO DA DOENCA DE ALZHEIMER
ESPORADICA

Os modelos animais sdo ferramentas importantes para que se compreenda melhor a
patofisiologia da DA, possibilitando a descoberta de novos alvos terapéuticos para o seu
tratamento. Além de reproduzir os sintomas clinicos da doenca, que caracterizam a
validade aparente dos modelos experimentais, outros dois critérios sdo Uteis para a
confiabilidade e reprodutividade destes modelos: 1) a validade preditiva, que diz respeito a
capacidade do modelo em detectar os tratamentos clinicamente Uteis e Il) a validade
construtiva, referente a semelhanca de fatores causais da doenga no modelo experimental
e em pacientes (MCKINNEY, 2001; WILLNER, 1997). Baseado nestes critérios, diversos

modelos experimentais tém sido desenvolvidos para o estudo da DA em roedores.
1.6.1. MODELO DA ESCOPOLAMINA

A escopolamina ¢ um farmaco antagonista competitivo ndo-seletivo de receptores
muscarinicos. Portanto, ela ndo se liga fortemente a nenhum dos subtipos desses
receptores metabotropicos, tendo acdo central e periférica (ANTOR et al., 2014). Quando

administrada em altas concentra¢Ges, também pode antagonizar receptores nicotinicos.
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Receptores muscarinicos estdo distribuidos em todo nosso organismo e, no entanto 0s
subtipos M1 e M5 estdo mais presentes no cérebro. Portanto os efeitos centrais desse
farmaco sdo mediados por esses dois subtipos (KLINKENBERG e BLOKLAND, 2010)

Sabemos que, quando hd um acometimento da sinalizacdo colinérgica, por leséo de
areas com grande quantidade de neurdnios colinérgicos ou por uso de farmacos
antagonistas dessa via, como a escopolamina, ocorre um déficit em processos
mnemonicos (JACKLIN et al., 2015). Desta forma, o efeito amnésico da escopolamina é
esperado, visto que ela tem sido usada como um modelo farmacoldgico de inducdo de
amnésia em diversos estudos (DE BRUIN e POUZET, 2006; SCHABLE et al., 2012).

A administracdo de escopolamina esta entre os modelos mais comumente utilizados
pelos pesquisadores para investigar novas drogas (FLOOD e CHERKIN, 1986) para o
tratamento da DA (YAMADA et al., 2004). O significado da agdo colinérgica no cérebro
para funcdes de aprendizagem e memoria foi reconhecido ha mais de trés décadas, quando
doses comparativamente baixas de alguns antagonistas muscarinicos do receptor de
acetilcolina (escopolamina, atropina, beladona) foram estabelecidas para induzir déficits
cognitivos temporarios em voluntarios jovens, humanos, que se assemelhavam aqueles
visto em idosos (DRACHMAN e LEAVITT, 1974).

A reducdo na funcdo do sistema colinérgico central pode estimular aspectos da
deméncia como uma falha de memadria e perplexidade, como visto na DA (CHEN et al.,
2014). Tem sido observado que o dano dos neur6nios colinérgicos geralmente ocorra em
areas do cérebro relacionadas com a memoria e a aprendizagem, no hipocampo, cortex, e
0 nucleo basal de Meynert (GOVERDHAN et al., 2012).

No entanto, para estudos mecanicistas a escopolamina apresenta algumas limitagdes,
pois ndo € capaz de replicar os aspectos patoldgicos e a progressdao degenerativa
observada na DA (VAN DAM e DE DEYN, 2006). Além disso, a principal critica deste
modelo ¢ a falta de versatilidade, uma vez que as a¢des da escopolamina sdo limitadas ao
bloqueio da funcdo cerebral mediadas pelos receptores muscarinico (DORAISWAMY,
2002; TERRY e BUCCAFUSCO, 2003). Apesar dessa limitagdo, o comprometimento da
memoria induzido pela escopolamina fornece uma ferramenta fenotipica relativamente
rapida para a descoberta e selecdo de novas drogas para o tratamento de doencas
neurodegenerativas (GRAHAM et al., 2005).
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1.6.2. MODELO DA ESTREPTOZOTOCINA

O pioneiro do modelo de administracdo pela via intracerebroventricular (i.c.v.) de
estreptozotocina (ETZ) em roedores € o professor Sigfried Hoyer (HOYER e LANNERT,
2007). A injecgéo i.c.v. de uma glicosamina derivada, em uma dose subdiabetogéncia em
roedores, tem sido descrita como um modelo apropriado de DA esporadica, o qual é
caracterizado por um progressivo déficit de memdria acoplado a diversos efeitos
citotoxicos como distdrbios na utilizacdo da glicose e consequentemente do metabolismo
energético, alteracbes no sistema colinérgico, estresse oxidativo e neurodegeneracéao
(HOYER e LANNERT, 2008; LANNERT e HOYER, 1998; LESTER-COLL et al., 2006;
MISHRA et al., 2018; PLASCHKE et al., 2010; SALKOVIC-PETRISIC et al., 2011;
SHARMA et al., 2012).

Hoyer explica também que, o mecanismo pelo qual a ETZ induz citotoxicidade e
déficit cognitivo pela injecdo i.c.v. seja, possivelmente, pela dessensibilizacdo dos
receptores neurais de insulina e redugéo da atividade de enzimas glicoliticas (MISHRA et
al.,, 2018; PLASCHKE e HOYER, 1993; PLASCHKE et al., 2010). Desta maneira,

ocasionando uma queda no consumo cerebral de oxigénio e glicose, mas a queda do
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consumo de oxigénio é desproporcionalmente menor. Levando a hipéGtese de que a
principal alteracdo bioquimica na DA se refere ao controle sobre o metabolismo da glicose
cerebral, ou seja, uma subsequente falha de transducéo de sinal do receptor de insulina

cerebral.

O estresse oxidativo esta envolvido na patogénese da DA induzida pela ETZ em
roedores, desta forma, pode-se admitir que o surgimento de estresse oxidativo esta
relacionado aos efeitos deletérios induzidos pela ETZ. Pesquisas mostram que hd uma
maior geracdo de espécies reativas, peroxidacdo lipidica, carbonilacdo de proteinas,
deplecdo de defesas antioxidantes ndo enzimaticas (AGRAWAL et al.,, 2010;
DESHMUKH et al., 2009; ISHRAT et al., 2009; KUMAR et al., 2010; PRAKASH e
KUMAR, 2009).

E por fim, recentemente, MISHRA et al. (2018) confirmou em um de seus trabalhos
que a injecdo de ETZ — i.c.v. induz eventos fisopatolégicos como a diminui¢do do
metabolismo enrgético cerebral, disfuncdo do receptor de insulina. Além disso, estresse
oxidativo, neuroinflamagdo, disfungdo mitocondrial, excitoxicidade, aumento da
fosforilacdo da tau, deposi¢do de PA, perda sindptica e de memoria (PERSSON et al.,
2014). Por fim, juntos esses eventos sdo observados na DA esporadica (CARUSO et al.,
2018).

No entanto, ndo ha ddvida que este modelo também apresenta limitacdes relevantes,
uma vez que é um modelo experimental para estudar a DA esporadica metabdlica e as
possiveis terapias. E, ainda é uma questdo desconhecida como é a dessensibilizacdo do
receptor de insulina no cérebro, se é um efeito secundario do hipometabolismo da glicose

cerebral ou uma causa primaria da DA (GRIEB, 2016).

Figura 6. Representacdo quimica da ETZ onde inicia 0 processo quimico pela
formacdo da N-glucosamina e N-acetil-glucosamina e finalmente os metabolitos toxicos
glucosamina-N-acetil - UDP. Estes metabolitos toxicos promovem a formacdo da proteina
tau, do neuropeptideo AP, de neurofilamentos € um processo de degragdao de sinapse.
Esses processos bioguimicos e a formagdo anormal de metabdlitos toxicos no cérebro,
consequententemente, causa neurodegeneracdo que € uma caracteristica da DA

esporadica.
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1.7. A BUSCA POR NOVOS TRATAMENTOS E OS COMPOSTOS

ORGANICOS DE SELENIO

O Selénio (Se) é um micronutriente no organismo que representa um componente
essencial de selenoproteinas, que desempenham um papel importante em muitos processos
bioldgicos, incluindo as respostas imunes adaptativas e inatas e as defesas antioxidantes
(BEHNE et al., 1990; KRYUKOQV et al., 2003). Para fins nutricionais, o Se pode ser
utilizado tanto na forma inorgénica (selenito e selenato) como também, na forma organica
(selenocisteina, selenocistina e selenometionina) que possui menor toxicidade e maior
biodisponibilidade quando comparadas as formas inorgénicas (PAPP et al., 2007). Suas
fungdes bioldgicas sdo atribuidas as selenoproteinas, que contém residuos de
selenocisteina (SeCys) responsaveis pela sua atividade especifica. Selenoproteinas, tais
como a glutationa peroxidase (GPx), ao participar na reducdo de perdxido de hidrogénio e
lipoperoxidos, regulam o estresse oxidativo (PAPP et al., 2007).

Ao longo das Ultimas décadas, o interesse por compostos organicos de selénio
sintéticos tém aumentado devido as diversas propriedades farmacoldgicas que estas

moléculas apresentam numa vasta gama de modelos de patologias humanas (NOGUEIRA
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e ROCHA, 2011; NOGUEIRA et al., 2004). Dentre os compostos estudados por nosso
grupo de pesquisa, 0 ebselen, um composto selenoorganico multifuncional (NOGUEIRA
et al., 2004), onde atualmente encontra-se em fase de ensaios clinicos para esquemia
cerebral (GABRYEL and MALECKI, 2006) e transtorno bipolar (MASAKI ETA 1., 2016;
SINGH et al., 2013; WANG et al., 2014). Além disso, a eficicia deste composto ja foi

comprovada em um modelo transgénico de DA familiar (XIE et al., 2017).

1.7.1. EBSELEN

O Ebselen (2-fenil-1,2-benzisoselenazol 3(2H)-on) (Figura 4), também chamado PZ
51, é um composto orgéanico de selénio, que tem merecido destaque na literatura pelas
suas propriedades farmacoldgicas. O ebselen foi descrito e caracterizado como um
mimético da GPx em 1984 (MULLER e ZHENG, 2012; SCHEWE, 1995; WENDEL et
al.,, 1984), e desde entdo tem - se expandido a aplicabilidade de suas atividades
farmacoldgicas. A partir dessa década cresceu enormemente o nimero de estudos onde
nos quais o ebselen exerce protecdo em diferentes tipos celulares para os mais diversos
tipos de patologias. Foi um dos primeiros compostos sugeridos para a terapia de
inativacdo de hidroperdxidos na presenca de glutationa (PARNHAM, M. J. e KINDT,
1984).

A reacdo catalisada por estes compostos € similar a reacdo catalisada pela GPx, e € de
particular significancia para células vivas porque decompde H>O2, em um intermediario
que pode dar origem a ERO, prevenindo assim a formacdo de HQO° e peroxidacdo de
lipideos (NOGUEIRA et al., 2004). E um composto ndo-toxico, com baixo peso
molecular e dotado de potente atividade mimética da GPx (IMAI et al., 2001;
YAMAGUCHI et al., 1998) e, portanto, um excelente antioxidante, além de possuir a¢ao
anti-inflamatoria, reduzindo um grande ndmero de enzimas implicadas no processo
inflamatério (FURSTENAU et al., 2004). Ainda, como o ebselen ¢ uma molécula
biodisponivel que permeia a barreira hematoencefalica (IMAI et al., 2001), é possivel que

essa droga atue amplamente através de um efeito direto no sistema nervoso central.

Figura 7. Representagédo do desenvolvimento temporal do ebselen.
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Ainda, o ebselen é um composto que apresenta registro de patentes para o tratamento
da diabetes (Patent DE 4109508), malaria (Patent DE 3821392), doencas do pancreas
(Patent JP 02/083321), transtorno cerebral (Patent JP 01/131113), doengas cardiacas
(Patent JP 01/131114), doencas hepéticas (Patent JP 63/27431) e estresse oxidativo
(Patent DE 3616923) (KAUR D. et al., 2010). Assim, as evidéncias sobre a atividade
neuroprotetora dessa molécula também sdo extensas na literatura, em modelos de
isquemia cerebral (BORGES et al., 2005; PORCIUNCULA et al., 2001), Parkinson e DA
(MARTINI et al., 2018; ROSSATO et al., 2002; SCHEWE, 1995). Em vista dessas
caracteristicas, 0 composto possui: capacidade de reduzir a toxicidade de outros
xenobidticos; propriedades protetoras teciduais, principalmente contra o estresse oxidativo
e o potencial anti-inflamatério com varios alvos moleculares, como inibicdo de
lipoxigenases, NO sintase, NADPH oxidase, proteina quinase C entre outros (SCHEWE,
1995). Estudos in vivo, reforcam a acdo antioxidante e a eficacia neuroprotetora do
ebselen em véarios modelos de AVC isquémico (IMAI et al.,, 2001), evitando a
peroxidacdo lipidica causada pela ativagdo do sistema glutamatérgico (NOGUEIRA et al.,
2002; PORCIUNCULA et al., 2003). Além disso, o ebselen também tem sido
administrado com sucesso a humanos, reduzindo os déficits neurolégicos causados por
aneurismas subaracnoideos hemorragicos (SAITO et al., 1998; ZHAO e HOLMGREN,
2002).

Entre as drogas antioxidantes, o ebselen parece ser promissor devido a sua baixa
toxicidade, o que pode ser explicado, devido ao fato de que o selénio presente em sua

molécula néo ¢ liberado durante sua biotransformacéo e assim ndo é metabolizado pelo
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organismo (SCHEWE, 1995). Além da baixa toxicidade, ndo h& relatos de efeitos
colaterais relacionados ao uso de ebselen, outra propriedade desta molécula é a
estabilidade metabolica, o fato de seus metabolitos terem acdo bioldgica, bem como a
reducdo de peroxidos, a inibi¢do de enzimas e a modulacdo de processos de transducgéo de
sinais (MUGESH et al., 2001).

Figura 8. Estrutura quimica do ebselen CL13HINOSe

O

Se

1.7.2. ESTUDOS CLINICOS E O REPOSICIONAMENTO DE DROGAS

Conhecido como um composto selenoorganico multifuncional (NOGUEIRA et al.,
2004), o ebselen ha muitos anos encontra-se em evidéncia por preencher todas as
tendéncias para se tornar uma nova molécula de uso clinico. No ano de 2016, cientistas
utilizaram um banco de dados de medicamentos ‘“failed”, considerados clinicamente
seguros, mas ineficazes para 0 uso proposto, e apontaram o ebselen como um composto
que apresenta formidavel beneficio durante a fase de uso em modelo animal na pesquisa
(NOGUCHI, 2016; NOSENGO, 2016). Onde foi capaz de reproduzir esses efeitos em
ensaios clinicos em humanos, como uma possivel alternativa para o tratamento do
transtorno bipolar (MASAKI et al., 2016; SINGH et al., 2013) e perda auditiva induzida
por ruido (MAHADEVAN et al., 2013; WANG, X. et al., 2014b). De fato, os efeitos
neuroprotetores do ebselen foram reconhecidos e seus alvos multifatoriais (LUO et al.,
2013; PARNHAM, M. J. e SIES, 2013) parecem ser uma vantagem para estratégias

terapéuticas prospectivas.

NOSENGO (2016) cita “... esses esforgos se inspiram em algumas historias classicas
de sucesso. Um deles é o sildenafil um medicamento desenvolvido em 1989 para angina e
agora comercializado como Viagra e usado para tratar a disfuncdo erétil. Outra € a
azidotimidina, que falhou como droga quimioterapica, mas surgiu na década de 1980

como uma terapia para HIV...”.
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Sabe-se que em parte, o reposicionamento de drogas é resultado de avancos na
tecnologia, onde, estes avancos incluem andlises de dados que podem descobrir
semelhangas moleculares entre doencas e modelos computacionais que podem prever
quais compostos poderiam ser direcionados a outras patologias. Para isso conta-se com
sistemas de triagem de alta preciséo, no qual pode-se testar rapidamente medicamentos em
diferentes linhas celulares e assim iniciar ou ndo o reposicionamento de uma droga
(NOSENGO, 2016).

Outro fator relevante, os gastos e o tempo que a industria farmacéutica dispbe para
colocar um medicamento no mercado, atualmente, levam de 13 a 15 anos e estima-se
entre US$ 2 a 3 bilhdes em média. Segundo Bernard Munos, membro sénior do conselho
do Centro Nacional de Ciéncias Translacionais Avancadas (CNCTA), medicamentos que
foram aprovados e inexplorados ou entdo, outros milhares que pararam nos testes clinicos,
muitos deles, como o ebselen, ndo necessitam ser submetidos aos testes de fase I, pois
apresentam baixos riscos de produzir efeitos colaterais, reduzindo assim os custos de
desenvolvimento em comparagdo com compostos completamente novos. No entanto,
segundo Tudor Oprea, pesquisador da Universidade do Novo México, em Albuquerque,
esta conduta poderia ser universal, por exemplo, se a dose e 0 modo de administracdo de
uma droga permanecer semelhantes, a previamente testada, caso contrario, a droga teria

que passar, novamente, pela fase I de testes.

Mais recentemente, JAROMIN (2018) desenvolveu um estudo com o ebselen em um
sistema de nanoencapsulamento, uma vez que este composto apresenta baixa solubilidade
e compostos com essa caracteristicas requerem um sistema mais eficiente de aplicacao.
Diante disso, obteve-se neste estudo, uma resposta positiva das nanocapsulas de ebselen
contra leveduras de Candida tropicalis, Candida albicans e Candida parapsilosi, além
disso, o composto foi capaz de suprimir a oxidacdo lipidica e demonstrou toxicidade
minima em uma linhagem celular. Desta forma, as nanocépsulas de ebselen representam
uma alternativa promissora, segura e complementar ao tratamento da candidiase cutanea
(JAROMIN, 2018).

1.8. EXERCICIO FISICO

1.8.1. EFEITO NEUROPROTETOR DO EXERCICIO FiSICO
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A prética de exercicio fisico regular proporciona diversos beneficios, e um deles esta
associado a aspectos cognitivos, em idosos. Um recente estudo de metanalise sobre os
fatores de risco para a DA, em idosos, indicou o sedentarismo como um dos mais
importantes entre os riscos modificiveis, correspondendo a 12,7 % de vulnerabilidade
populacional em todo o mundo (NORTON et al., 2014). Desta forma, pesquisas acerca
desta terapia ndo farmacoldgica sdo desenvolvidas em busca de mecanismos claros sobre
de que forma o exercicio fisico pode prevenir e/ou desacelerar a progressao da deméncia
em idosos (AHLSKOG et al., 2011; HAMER et al., 2010).

Com isso, diferentes modalidades e intensidades de exercicios tem sido estudadas e
apresentam importantes contribui¢des, como por exemplo, um estudo com exercicio de
corrida voluntaria proporcionou o aumento da sobrevivéncia de neurdnios primarios e da
neurogénese hipocampal (EHNINGER e KEMPERMANN, 2003). Ainda, esta mesma
modalidade de exercicio, demonstrou aumentar a proliferacdo celular, a sobrevivéncia e a
maturacdo de novas células na formacgdo hipocampal (VAN PRAAG, 2008; VAN
PRAAG et al., 1999). Essas mudancas neuroplasticas podem ter implicacdes relevantes no
efeito do exercicio em contribuir na aprendizagem e na memoria, diminuindo os sintomas
depressivos, que estdo ligados a doencas cognitivas, como na DA (COTMAN e
BERCHTOLD, 2007; HILLMAN et al., 2008).

Outra mudanca notéavel induzida pelo treinamento aerébico, vista no cérebro humano
adulto por ressonéncia magnética, foi 0 aumento do volume do hipocampo e a reversdo do
declinio cognitivo de 1 - 2% (ERICKSON et al., 2011). Desta forma, quando o
envelhecimento vem acompanhado de doencgas neurodegenerativas, que levam a deplecéo
progressiva dos neurbnios e a um quadro clinico de declinio cognitivo e perda de
memoria, 0 exercicio poderia ser uma alternativa terapéutica ndo — farmacoldgica que
auxiliaria na reducdo das taxas dos sintomas neuropsiquiatricos (KLEEMEYER et al.,
2016).

A DA é um tipo de deméncia (BISHOP et al., 2010), e a perda neuronal do hipocampo
pode ter uma participacdo importante na fisiopatologia da doenca. Curiosamente,
individuos que ndo eram dementes mas foram diagnosticados com a neuropatologia da
DA, suas células-tronco neurais foram preservadas, quando em comparagdo com

individuos com a DA e com a deméncia (BRILEY et al., 2016). Desta forma o exercicio
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fisico pode ser proposto como uma intervencdo de profilaxia para a manutengdo da
neuroplasticidade e cognicdo na DA (DUZEL et al., 2016).

Véarios mecanismos biologicos tém sido implicados nos efeitos protetores do exercicio
fisico, incluindo o aumento da neurogénese, a inducdo de angiogénese, 0 acréscimo da
plasticidade sinaptica, o aumento da sintese de fatores neurotroficos e de enzimas
antioxidantes, além da reducdo da producdo de espécies reativas (PAILLARD et al., 2015;
VAYNMAN et al., 2004). Ainda, um aumento do condicionamento aerdbico contribui
para 0 aumento de um melhor desempenho da memoria espacial no hipocampo
(ERICKSON et al., 2011) (Figura 8).

Figura 9. Representacdo dos Mecanismos fisioldgicos do Exercicio Fisico sobre a
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1.8.2. EXERCICIO DE FORCA

Evidéncias aceitas e bem elucidadas sugerem que a neurogénese no adulto é
importante para o funcionamento do hipocampo (BAPTISTA AND ANDRADE, 2018;
AGER ET AL. 2015). Em roedores, o aprendizado e a memdria aumentam a

neurogénese, enquanto que fatores que prejudicam a memoria, como estresse,
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envelhecimento e estados patologicos estdo associados a uma diminui¢do na neurogénese
hipocampal (BAPTISTA AND ANDRADE, 2018; AGER ET AL., 2015).

E compreendido que, o exercicio de forca pode levar a um aumento significativo na
proliferacdo celular, na neurogénese em camundongos e consequentemente, NOS pProcessos
de memoria e aprendizado (VAN PRAAG et al., 1999; VAN PRAAG et al., 2005). No
entanto, o impacto do exercicio de forga nesse processo é pouco compreendido. NOVAES
et al. (2014), mostrou pela primeira vez um aumento significativo na proliferacdo de
células e uma diminuicdo importante em proteinas pro-apoptdticas no hipocampo, apos
um programa de exercicios de forca progressiva em um grupo de mulheres. Em estudos
anteriores a esse, 0 mesmo grupo de autores mostrou que 0 mesmo programa de exercicios
melhorou o desempenho de ratos em diferentes tarefas de memoria (CASSILHAS et al.,
2012a; CASSILHAS et al., 2012b). Por exemplo, em um dos trabalhos, ratos submetidos a
oito semanas de exercicio de forca passaram mais tempo no quadrante da plataforma na
tarefa do Labirinto Aquético de Morris (CASSILHAS et al., 2012b) e apresentaram uma
laténcia maior para ingressar no compartimento aversivo, em uma tarefa de esquiva
inibitéria comparado com os animais controles. Para reforcar a ideia de que este tipo de
exercicio pode proteger o cérebro, um estudo mostrou que quatro semanas de exercicio de
forca reduziram a frequéncia de crises epilépticas em ratos, sugerindo um papel
neuroprotetor (PEIXINHO-PENA et al., 2012).

Desse modo, com base na heterogeneidade da etiologia da DA, na necessidade de
encontrar novas alternativas para a prevencdo e/ou tratamento desta doenca e nas
propriedades farmacoldgicas apresentadas pelo composto ebselen e pelo exercicio fisico
de forca, este trabalho investigou o potencial uso destas estratégias em modelos de DA

esporadica em camundongos.
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2. OBJETIVOS

2.1. OBJETIVOS GERAIS
Considerando os aspectos mencionados anteriormente, o principal objetivo deste
estudo foi investigar a acdo neuroprotetora do composto ebselen e do exercicio de forca na

fisiopatologia da doenca de Alzheimer em modelos animais de DA esporadica.

2.2. OBJETIVOS ESPECIFICOS

e Investigar o efeito de diferentes concentragOes de ebselen na atividade das isoformas
globulares G1 e G4 da AChE no cdrtex cerebral e no hipocampo de ratos in vitro;

e Investigar a acdo neuroprotetora do ebselen nos modelos de DA esporadica induzidos
pela escopolamina e por ETZ —i.c.v. em camundongos;

e Auvaliar o efeito neuroprotetor do exercicio de for¢a, como forma de tratamento néo-

farmacoldgico, em camundongos induzidos com ETZ - i.c.v;
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3. DESENVOLVIMENTO

O desenvolvimento desta tese estd apresentado sob a forma de dois artigos e um
manuscrito cientifico. Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias
Bibliograficas encontram-se nos proprios artigos e manuscrito, 0s quais estdo estruturados de
acordo com as normas de cada revista onde foram publicados ou submetidos. Em anexo a esta
tese encontram-se as autorizacOes das editoras para reproducdo dos artigos cientificos e as
cartas de aprovacdo dos projetos de pesquisa pela Comissdo de Etica no Uso de Animais
(CEUA) da Universidade Federal de Santa Maria.
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3.1. ARTIGO 1

EBSELEN INIBE A ATIVIDADE DA ISOFORMA GLOBULAR DA
ACETILCOLINESTERASE G4 IN VITRO E ATENUA AMNESIA INDUZIDA POR
ESCOPOLAMINA EM CAMUNDONGOS

EBSELEN INHIBITS THE ACTIVITY OF ACETYLCHOLINESTERASE
GLOBULAR ISOFORM G4 IN VITRO AND ATTENUATES SCOPOLAMINE-
INDUCED AMNESIA IN MICE

Franciele Martini, Ana Paula Pesarico, César Augusto Briining, Gilson Zeni,

Cristina Wayne Nogueira
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1| INTRODUCTION

Ana P. Pesarico’

| César A. Briining® | Gilson Zeni' |

There is a well-known relationship between the cholinergic system and learning,
memory, and other common cognitive processes. The process for researching and
developing new drugs has lead researchers to repurpose older ones. This study
investigated the effects of ebselen on the activity of acethylcholinesterase (AChE)
isoforms in vitro and in an amnesia model induced by scopolamine in Swiss mice. In
vitro, ebselen at concentrations equal or higher than 10 pM inhibited the activity of
cortical and hippocampal G4/AChE, but not G1/AChE isoform. Treatment of mice
with ebselen (50 mg/kg, i.p.) was effective against impairment of spatial recognition
memory in both Y-maze and novel object recognition tests induced by scopolamine
(1 mg/kg, i.p.). Ebselen (50 mg/kg) inhibited hippocampal AChE activity in mice.
The present study demonstrates that ebselen inhibited the G4/AChE isoform in vitro
and elicited an anti-amnesic effect in a mouse model induced by scopolamine. These
findings reveal ebselen as a potential compound in terms of opening up valid
therapeutic avenues for the treatment of memory impairment diseases.
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beta (AP) peptide and intracellular deposition of neurofibril-
lary tangles, resulting in the loss of cholinergic neurons in

Cognitive dysfunction is present in neurodegenerative
diseases, associated with memory and cognitive impairments,
such as Alzheimer's disease (AD), Parkinson's disease,
Huntington's disease and multiple sclerosis.'™ Studies have
shown that the observed pathophysiological changes are
similar among the various neurodegenerative diseases at
different levels, such as extracellular deposition of amyloid-

different regions of the brain.*’

The main alternative therapy for memory loss is to
increase the functionality of the cholinergic neurotransmitter
system by inhibiting acetylcholinesterase (AChE) activity,
the enzyme responsible for the breakdown of acetylcholine
(ACh).C Tt is reported in the scientific literature the vital role
of the neurotransmitter AChE in central and peripheral
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cognitive processes, including learning and memory.” For
example, the release of ACh, decreased after the loss of
cholinergic neurons, results in learning deficits.® Thus, the
duration of the ACh action depends on the activity of AChE,
which hydrolyzes ACh upon its release.® This is the
therapeutic approach used to treating different types of
dementia, AD, traumatic brain injury and delirium, and may
be useful in the treatment of schizophrenia.” It is also known
that AChE is present in the brain as two isoforms G1 and G4,
differently distributed in the cell compartments. Whereas the
G1 isoform is located in the cytosol, the G4 is found in the
plasma membrane.'° In the brain of mammals the isoform G4
represents 60-90% of the total AChE, depending on the
cerebral region.“ In this context, we wonder whether a
selective AChE isoform inhibitor might provide a better
cognitive enhancer drug.

The process for researching and developing new drugs has
lead researchers to repurpose older ones.'? This way, ebselen
has been run for bipolar disorder'>'* and type 2 diabetes
clinical trials.">'® Such story is becoming more common:
taking drugs that have been developed for one disorder and
repositioning them to tackle another is an important strategy
for researchers in industry and academia.'’ Experimentally,
extensive work has been done to figure out pharmacological
and toxicological properties of ebselen.'®'? Regarding the
effects on the AChE activity, ebselen is a reversible inhibitor
of cerebral AChE activity in a mixed type in vitro® and in
vivo.?! The chemical structure of ebselen has been also used
as a model for anti AD compounds by fusion of ebselen and
donepezil, a potent AChE inhibitor.?>?*

Considering ebselen properties and the importance of
cholinergic system to cognitive processes, this study aimed to
investigate the effects of ebselen on the activity of AChE
isoforms in vitro and in an amnesia model induced by
scopolamine in mice.

2 | EXPERIMENTAL PROCEDURE

2.1 | Animals

The in vitro experiments were carried out with male adult Wistar
rats (150-200 g), whereas male adult Swiss mice (25-30 g) were
used for the in vivo protocol. The animals were maintained at
22-25°C with free access to water and food, under a 12:12h
light/dark cycle with lights turned on at 7.00 a.m.

The present experimental study was approved by the
Institutional Ethics Committee on Care and Use of Experi-
mental Animal Resources from the Federal University of Santa
Maria, Brazil and registered under the number #7372110915.
The procedures in this study were performed in accordance
with the NIH Guide for the Care and Use of Laboratory
Animals. All efforts were made to minimize animal suffering
and to reduce the number of animals used in the experiments.

WiLEY-

2.2 | Drugs

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one) was pre-
pared and characterized in our laboratory by the method
previously described by Engman.24 Analysis of the 'HNMR
and "*C NMR spectra showed analytical and spectroscopic
data in full agreement with its assigned structure. The
chemical purity of ebselen (99.9%) was determined by GC/
MS. All other chemical reagents utilized were obtained from
standard commercial suppliers.

Ebselen was dissolved in dimethyl sulfoxide (DMSO), for
the in vitro experiments, and in 1:4:5 of DMSO, polyethylene
glycol and distilled water for the in vivo protocol. Donepezil
and scopolamine were dissolved in distilled water and saline,
respectively.

2.3 | Experimental design

2.3.1 | In vitro experiments

Ebselen effects on the activity of globular isoforms
G1 and G4 of AChE

Tissue preparation of AChE isoforms Rats were killed
by decapitation and frontal cortex and hippocampus were
quickly removed, placed on ice and homogenized. Tissues
were immediately homogenized in cold 30 mmo/l sodium
phosphate buffer, pH 7.0 and protease inhibitor, ethylene
glycol-bis (p-aminoethyl ether)-N,N,N ,N'-tetraacetic acid
(EGTA) (10 mM), (1/10, weight/volume, w/v).

The homogenates were centrifuged at 100 000g at4°Cina
Beckman Ultracentrifuge (LE 80) using a fixed angle rotor
(80 Ti) for 60 min. The supernatant was collected and stored
at 4°C, which constituted the salt soluble (SS or G1) isoform.
The pellet was re-suspended in 1% Triton X-100 (10% w/v in
30 mmol/l of sodium phosphate buffer, pH 7.0) and incubated
at 4°C for 60 min. These samples were then centrifuged at
100 000g at 4°C for 60 min. The supernatant was collected
and stored at 4°C, which is the detergent soluble (DS or G4)
isoform. This double-extraction method recovered 80-90% of
the total AChE activity.”® The extraction of G1 and G4
isoforms was further confirmed using gel filtration chroma-
tography purification.?®

Enzyme assay The AChE activity was performed in G1 and
G4 isoforms by the method of Ellman's®’ and Das®® with minor
modifications such as the final concentration (1 mmol/l) of
substrate, acetylthiocholine iodide and chromophore,
5’,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (1 mM), which
results in a better kinetic profile. The enzyme sample (0.5 pg of
protein) was pre-incubated for 2 min at 25°C in the presence of
3,10, 30, and 50 pM of ebselen and 39, 78, 156, 312, 625, and
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1.250nM of donepezil as a positive control. The enzymatic
reaction was initiated by adding the substrate acetylthiocholine
iodide (0.8 mM). The enzyme activity was determined spectro-
photometrically (Shimadzu, Kyoto, Japan) at 412nm at an
interval of 30 s for 2 min. The assay was run in duplicate for each
sample and each experiment was performed three times. The
AChE specific activity was expressed in pmoles/min/mg of
protein.

2.3.2 | In vivo experiments

The experimental design of this study is depicted in Figure 1.
Ebselen or donepezil (positive control) was administered by
the intraperitoneal (i.p.) route once a day for 5 days to mice.
Scopolamine (i.p.) was administered to mice once a day from
the third to the fifth day (Figure 1).*” Ebselen (50 mg/kg),
donepezil (5 mg/kg), and scopolamine (1 mg/kg) doses were
chosen based on our previous sludy30 and studies by other
3133 Al drugs were administered to mice in a
constant volume of 10 ml/kg. Appropriate vehicle-treated
groups were also assessed simultaneously.

The animals were randomly assigned in five different
groups as following: Group I (n =9): Vehicle (1:4:5 of DMSO,
polyethylene glycol and distilled water) + vehicle (saline);
Group II (n = 8): Ebselen (50 mg/kg) + vehicle (saline), Group

authors.

Habituation of

III (n =9): Vehicle (1:4:5 of DMSO, polyethylene glycol and
distilled water) + scopolamine (1 mg/kg), Group IV (n=09):
Ebselen + scopolamine, Group V (n=38): Donepezil (5 mg/
kg) + scopolamine.

2.3.3 | Behavioral tests

The locomotor, Y-Maze, and object recognition tests (ORT)
were carried out at days 3, 4, and 5 (Figure 1). The number of
mice assigned to each experimental group was 8-9, and the
same mice performed all behavioral tests. The mouse
behavior was recorded by an observer who was blind to the
treatment condition to which the animal was exposed.

Object recognition test (ORT)

The object recognition test was performed according to
Rosa® with some modifications. The behavioral test was
performed in a 45 X 45 cm open field surrounded by 30 cm
height walls, made of brown plywood. All animals were given
a habituation session where they were left to freely exploring
the open field for 5 min. No object was placed in the box
during the habituation trial. Subsequently, four objects were
used: Aj, Ay, B, and C. The “A” objects were two identical
triangles, the “B” object was a ball and the “C” object was a
rectangle. All objects were made of plastic material, with

A~ ORT Training  STM LTM
&4 e wefem (84
’ T T 1 T
Scp Scp 1h Scp 1h
Day | | | N -
1 2 3 4 5
Vehicle + + 4 4+ +
Ebs 50 mg/kg + + + i 4
Scp 1lmg/kg - - + + +
Ebs+ Scp +/- +/- +H+ +/+ +/+
DN (5 mg/kg) + Scp +- +- +H+ ++ ++ :

+ : Drug treatment
- ¢ Without drug treatment

] (] [

Frontal cortex
Hippocampus

Locomotor activity Y - Maze

FIGURE 1 Schematic representation of the experimental design. Scopolamine (Scp), Ebselen (Ebs), Donepezil (DN), object recognition test

(ORT), short-term memory (STM), long-term memory (LTM)
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10 x 10 cm? (length X height). Each object had the pattern of
color, as follows: blue, red, and yellow. Twenty-four hour
after habituation, training was conducted by placing each
individual mouse for 5min into the field, in which two
identical objects (objects A; and A,) were positioned in two
adjacent corners, 10cm from the walls. In a short-term
memory (STM), test performed 1.5 h after training; the mouse
explored the open field for 5min in the presence of one
familiar (A) and one novel (B) object. All objects presented
similar textures, colors, and sizes, but distinctive shapes. The
percentage of the total exploration time that the animal spent
investigating the novel object was the measure of recognition
memory. Between trials the objects were washed with 10%
ethanol solution. In a long-term memory (LTM) test, 24 h
after training, the same mouse explored the field for 5 min in
the presence of a familiar object A and a novel object C.
Recognition memory was evaluated in a similar way to that of
STM test. Exploration was defined as sniffing or touching the
object with the nose and/or forepaws. Data are expressed as
the mean+ SEM percentage. Exploratory preference in:
training = (A/(A| + A,)) x 100; STM = (B/(A, + B)) x 100;
LTM = (C/(A, + C)) x 100.

Y-maze test

The Y-maze is three-arm maze with equal angles between all
arms, which were 30 cm long and 5 cm wide with 12 cm high
walls. The maze floor and walls were constructed from dark
gray, polyvinyl plastic. Mice were initially placed within one
arm, and the sequence and number of arm entries were
recorded manually for each mouse over an 8 min period. The
percentage of trials in which the mouse entered all three arms
(ABC, CAB, or BCA but not ABB) was recorded as an
alternation to estimate short-term memory. One hour before
each test, the mice were given ebselen (50 mg/kg). After
30 min, mice received scopolamine (1 mg/kg) (Figure 1). The
Y-maze arms were cleaned with diluted 10% ethanol between
tests to remove odors and residues. The alternation score (%) for
each mouse was defined as the ratio of the actual number of
alternations to the possible number (defined as the total number
of arm entries minus two) multiplied by 100 as shown by the
following equation: % Alternation =[(Number of alterna-
tions)/(Total arm entries —2)] X 100. The number of arm
entries per trial was used as an indicator of locomotor activity.35

Spontaneous locomotor test

With the purpose of excluding sedative or motor abnormality
the mouse performed spontaneous locomotor test. The
animals were exposed to the chamber before testing, and
activity was monitored under light and sound-attenuated
conditions. Testing took place in a clear acrylic chamber
(500 x 480 x 500 mm) equipped with 16 infrared sensors for
the automatic recording of horizontal activity (Model EP149,
Insight Instruments Ltda, Sao Paulo, Brazil). Each animal
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initially was placed in the center of the testing chamber and
allowed to freely move while being tracked by an automated
tracking system. The data (distance, velocity, and crossings)
were collected and recorded during 4 min.

2.3.4 | Ex vivo analyses

Tissue preparation of total AChE activity

At the end of behavioral tests, mice were killed by
decapitation and the frontal cortex and hippocampus were
quickly removed, placed on ice and homogenized 1:20 (w/v)
in Medium I (0.32M sucrose, 5.0 mM HEPES, 0.1 mM
ethylenediamine tetraacetic acid disodium salt) buffer. The
homogenates were centrifuged at 2400g at 4°C for 15 min to
yield the low-speed supernatant (S1) fraction that was used in
the total AChE assay.

Tissue preparation of AChE isoforms
The tissue preparation of G1 and G4 isoforms was performed
as previously described in in vitro experiments.

G1 and G4 isoforms and total AChE activity assays
Gl and G4 isoforms and total AChE activity assays were
performed as previously described in in vitro experiments.

Protein quantification
Protein concentration was measured by the method of*® using
bovine serum albumin as the standard.

2.4 | Statistical analysis

All results are given as the mean + S.E.M. Statistical analyses
were performed by using one-way or two-way ANOVA
followed by Newman-Keuls to post hoc comparisons. The
IC50 was calculated by nonlinear regression analysis
(GraphPad Software, San Diego, CA). Correlation analyses
were performed using Pearson's correlation coefficient (r)
followed by the Gaussian distribution. All analyses were
performed by using the STATISTICA (StatSoft, Tulsa, OK).
Probability values less than 0.05 (P < 0.05) were considered
as statistically significant.

3 | RESULTS

3.1 | Ebselen and donepezil effects on the
AChE activity in G1 and G4 isoforms in vitro

The one-way ANOVA for G4 isoform of AChE activity
revealed a significant inhibitory effect of ebselen at
concentrations of 30 and 50uM in the frontal cortex
[Fa26)=29.65, P<0.0001] (Figure 2A) and at concen-
trations equal or higher than 10 pM in the hippocampus of rats
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FIGURE 2 Effect of ebselen and donepezil on the AChE G4
isoform activity in the hippocampus and frontal cortex in vitro:
ebselen (A) and donepezil (B). Values are expressed as

mean + S.E.M. of four independent experiments, performing in
different days, using different animals. AChE activity was expressed
as pmol acetyltiocholine/min/mg protein. Asterisks denote the
significance levels when compared to the respective vehicle group:
*P < 0.05, *#P <0.01, ***P < 0.001 (one-way ANOVA/Newman-
Keuls). Ebs, ebselen; DN, donepezil; AcSCh, acetyltiocholine

[Fa27)=27.88, P <0.0001] (Figure 2A). The ICs( and Imax
values for AChE/G4 activity of ebselen were: I1Cs, 33.14
(28.93-37.97) pM and Imax of 92 + 3% in the frontal cortex
and ICsp 17.11 (13.09-22.37) pM and Imax of 69 + 11% in the
hippocampus of rats.

By contrast, the one-way ANOVA of AChE/G1 activity
did not reveal a significant effect of ebselen in the frontal
cortex [F4 25 =0.31, P> 0.05] (Supplementary Figure S1A)
and hippocampus of rats [Fyu3,,=1.09, P>0.05]
(Figure Supplementary S1B).

The one-way ANOVA for G4 isoform of AChE activity
revealed a significant inhibitory effect of donepezil at
concentrations of 78-1250nM in the frontal cortex
[F(6:30)=6.40, P < 0.001] (Figure 2B) and at concentrations
equal or higher than 39nM in the hippocampus of rats
[Fi6.28)=95.65, P <0.0001] (Figure 2B). The ICs values for
AChE/G4 activity of donepezil were: 1Csy 53.97 (32.53-
89.54)nM in the frontal cortex and ICsy, 18.73 (9.47-
37.00) nM in the hippocampus of rats.

However, one-way ANOVA of AChE/G1 activity did not
show a significant effect of donepezil in the frontal cortex
[Fe27y=1.75, P> 0.05] (Figure Supplementary S2A) and
hippocampus of  rats [F6.27=0.70, P> 0.05]
(Figure Supplementary S2B).

3.2 | Ebselen effect on scopolamine-induced
memory impairment of spatial recognition
memory in the Y-maze

Figure 3 shows the effect of ebselen treatment on the
performance of mice in the Y-maze. The two-way ANOVA of
alternations (%) revealed a significant ebselen x scopolamine
interaction [F(;25)=8.25 P<0.01]. Post hoc analysis
showed that scopolamine decreased the number of correct
alternations when compared with those of the vehicle group
and treatment of mice with ebselen increased this parameter

Student r-test showed that donepezil increased the
alternations in mice treated with scopolamine in comparison
with those of the scopolamine/vehicle mice (P < 0.001).

The scopolamine administration also resulted in an
increased number of arm entries compared to those of the
control group (Table 1) [F(; 24,=8.16 P <0.01].

3.3 | Ebselen effect on scopolamine-induced
memory impairment in the object recognition
test in mice

Figure 4 shows the effect of ebselen treatment on the
performance of mice in the object recognition test. There
were no significant differences among groups in the time
spent exploring any of the two identical objects during
training [F(; 28 = 0.32 P> 0.05) (Figure 4A). The two-way

3 Vehicle
B3 Ebs 50mg/kg
# @ DN Smg/kg

Alternation (%)
8

Scopolamine

FIGURE 3 Effect of ebselen on scopolamine-induced memory
impairment in the Y-Maze test in mice. Values are expressed as
mean + S.E.M. of 9-10 animals. Asterisk denotes the significance
levels when compared to the respective vehicle group: *P < 0.05.
Hashtag denotes the significance levels when compared to the
Scopolamine group: *P < 0.05 (two-way ANOVA followed by the
Newman Keuls and the Student's r-test for donepezil)
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TABLE 1 Effects of ebselen on the number of arm entries in the
scopolamine-treated mice

Groups Number of arm entries
Control 310+ 1.5

Ebs 23.8+2.2

Scp 382+19"

Ebs + Scp 34.6+3.6

DN + Scp 44.1 +4.0°

Values are expressed as mean + S.E.M. of 8-9 animals.

“Denotes the significance levels when compared to the respective vehicle group,
P <0.05 (two-way ANOVA followed by the Newman Keuls).

"Denotes the significance levels when compared to the scopolamine group,
P <0.05 the Student's t-test. Ebs, ebselen; Scp, scopolamine; DN, donepezil.

ANOVA revealed significant ebselen x scopolamine
interactions in  the STM [F(126=9.35 P<0.01]
(Figure 4B) and in the LTM [F(;57,=9.30 P<0.01]
(Figure 4C). Pos hoc analysis showed that scopolamine
decreased the exploratory preference (% time spent
exploring a novel object) in the STM and LTM tests
when compared with that of the vehicle group and treatment
of mice with ebselen increased these parameters.

The Student z-test revealed that donepezil increased
the exploratory preference in STM (P < 0.001; Figure 4B)
and LTM (P < 0.001; Figure 4C) in scopolamine-treated
mice in comparison with that of the scopolamine/vehicle
mice.

3.4 | Ebselen effect on spontaneous locomotor
activity of mice treated with scopolamine

Table 2 shows the effect of ebselen, donepezil and
scopolamine treatments on the performance of mice in the
spontaneous locomotor test. The two-way ANOVA of
locomotor activity data revealed that scopolamine increased
total distance traveled [F; »3) = 10.53, P < 0.01] and velocity
[F1.14y=4.49, P =0.05] of mice.

The Student r-test demonstrated that donepezil did not
alter distance (P> 0.05), velocity (P> 0.05), and crossing
(P> 0.05) in mice treated with scopolamine in comparison
with that of the scopolamine/vehicle mice (Table 2).

3.5 | Ebselen effects on the AChE activity in
the frontal cortex and hippocampus of mice
treated with scopolamine

Figure 5 shows the effects of ebselen on the AChE activity in
the frontal cortex and hippocampus of mice. The two-way
ANOVA of the AChE activity revealed a significant ebselen x
scopolamine interaction [F(; 3, =12.78, P <0.01)] in the
hippocampus (Figure 5B), but not in the frontal cortex

@
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ﬂ I @ DN Smg/kg
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g 8

-
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~ 100+
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£ .
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=
= | |
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©
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#H#
o @ DN Smg/kg
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“
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20+ | |
0

Scopolamine

Exploratory preference (%)

FIGURE 4 Effect of ebselen on scopolamine-induced memory
impairment in the mouse object recognition test. Training (percentage
of time spent exploring any of two identical objects) (A), STM
(percentage of time spent exploring the novel object, test carried out
1 h after training) (B), and LTM (percentage of time spent exploring
the novel object, test carried out 24 h after training) (C). Values are
expressed as mean + S.E.M. of 9-10 animals. Asterisks denote the
significance levels when compared to the respective vehicle group:
##P < 0.01. Hashtags denote the significance levels when compared
to the scopolamine group: ###p < 0.001 (two-way ANOVA followed
by the Newman Keuls and the Student's 7-test for donepezil)

[F(124y=0.43, P>0.05)] (Figure 5A). Post hoc analysis
showed that scopolamine increased the AChE activity when
compared with the vehicle group and treatment of mice with
ebselen decreased this parameter.

The Student 7-test revealed that donepezil inhibited the
AChE activity in scopolamine-treated mice when compared
to the scopolamine/vehicle mice (P < 0.01).
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TABLE 2 Effects of ebselen on spontaneous locomotor activity in
the scopolamine-treated mice

Number of Velocity
Groups crossings Distance (mm) (mm/s)
Control 563.3 + 68.09 8600 + 157 39.6+9.1
Ebs 410.4 £46.10 6727 + 105 324+58
Scp 668.8 +38.45 13 140 + 883" 66.5 +9.6"
Ebs+Scp  511.0+57.08 10020 + 119 412+6.1
DN + Scp 688.3 + 65.42 13620 + 1280 67.8+6.0

Values are expressed as mean + S.E.M. of 8-9 animals.

“Denotes the significance levels when compared to the respective vehicle group,
P < 0.05 (two-way ANOVA followed by the Newman Keuls). Ebs, ebselen; Scp,
scopolamine; DN, donepezil.

3.6 | Ebselen effects on activities of AChE G1
and G4 isoforms in the frontal cortex and
hippocampus of mice treated with
scopolamine

Table 3 shows the effect of ebselen on the activities of AChE
Gl and G4 isoforms. The two-way ANOVA revealed a
significant main effect of ebselen [F(; 50, =7.14, P =0.014]

(A)

e
-
o
b

0.10+

0.05-

pmol AcSCh/min/mg protein

0.00-
Scopolamine
(B)

0.15+

P
0.104 3 Vehicle

Ebs 50mg/kg
#i i B DN Smg/kg

0.05+

pmol AcSCh/min/mg protein

0.00-

Scopolamine

FIGURE 5 Effect of ebselen on the AChE activity in the frontal
cortex (A) and hippocampus (B) of mice. Values are expressed as
mean + S.E.M. of 8-9 animals. Asterisks denote the significance
levels when compared to the respective vehicle group: *#P < 0.01.
Hashtags denote the significance levels when compared to the
Scopolamine group: #Pp <0.01 (two-way ANOVA followed by the
Newman Keuls and the Student's #-test for donepezil)

in AChE/G#4 activity in hippocampus. Scopolamine increased
the hippocampal AChE/G4 activity when compared with that
of ebselen/vehicle-treated mice.

The two-way ANOVA of frontal -cortical G4
[F124y=1.63 P>0.05] and Gl [F(24,=0.55 P> 0.05]
isoform activities and of hippocampal G1 isoform activity
[F(1.24)=0.88 P> 0.05] did not reveal a significant ebselen x
scopolamine interaction.

The Student 7-test revealed that donepezil did not alter the
activities of both AChE isoforms in mice treated with
scopolamine when compared to those of the scopolamine/
vehicle-treated mice (P > 0.05, Table 3).

Pearson's correlation analyses of the scopolamine-treated
groups data revealed a significant negative correlation between
the hippocampal AChE activity and behavioral performance in
the Y-maze (r=0.58, P=0.00631) (Figure 6A), STM
(r=0.74, P=0.00016) (Figure 6B) and LTM (r=0.46,
P =0.040) (Figure 6C).

4 | DISCUSSION

The present study demonstrates that ebselen protected against
memory impairment induced by scopolamine, characterized
in the Y-maze and novel object recognition tests, and
inhibited hippocampal AChE activity in mice. In addition,
ebselen inhibited the activity of AChE/G4 isoform in the
frontal cortex and hippocampus of rats in vitro.

AChE inhibitors offer an evidence-based approach to
delay the symptomatic cognitive decline in different
neurodegenerative conditions. AChE inhibitors prevent the
hydrolysis of ACh and have demonstrated efficacy, first in
clinical trials and more in clinical practice.’’ Because
cholinergic system plays a critical role in the learning and
memory functions®' the cholinergic deficit is one of the major
neuropathological characteristics associated with memory
loss and is intimately correlated with the progression of
cognitive impairment.*®

The in vitro results indicate that ebselen, similar to
donepezil, inhibited cortical, and hippocampal AChE/G4
activity. Accordingly, AChE inhibitors used in the clinical
treatment of AD are selective to G4 isoform that is relatively
more related to cognition than G1 isoform.?®

The G4 isoform of AChE is the major form for
metabolizing ACh and is selectively increased in AD.*
This information suggests that G4 isoform is the physiologi-
cally relevant form of AChE at cholinergic synapses, and its
inhibition would be expected to prolong the action of ACh. By
contrast, the AChE/G1 isoform occurs primarily in the neural
cytoplasm, where its inhibition would be unlikely to affect
synaptic physiology.” In spite of extensive studies on various
biochemical aspects of AChE, information on its molecular
isoforms and their involvement in learning and memory
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TABLE 3 Effects of ebselen on G1 and G4 isoforms of AChE activity in the scopolamine-treated mice
AChE activity (pmoles/min/mg protein)
AChE-G4 AChE-G1
Frontal cortex Hippocampus Frontal cortex Hippocampus
Control 0.112 +0.008 0.143 +0.021 0.042 + 0.005 0.017 +0.002
Ebs 0.097 + 0.009 0.090 +0.013* 0.031 +0.003 0.017 £0.002
Scp 0.087 +0.016 0.169 +0.015" 0.042 +0.004 0.019 +0.001
Ebs + Scp 0.100 + 0.009 0.141 + 0.008 0.039 +0.004 0.020 + 0.003
DN + Scp 0.090 +0.020 0.133 £ 0.020 0.041 £ 0.001 0.027 +0.005

The AChE activity values are expressed as mean + S.E.M. of 7-8 animals.

“Denotes the significance levels when compared to the respective vehicle group, P < 0.05 (two-way ANOVA followed by the Newman Keuls).
Denotes the significance levels when compared to the ebselen group, P < 0.05 (two-way ANOVA followed by the Newman Keuls and the Student's r-test for donepezil).

Ebs, ebselen; DN, donepezil.

functions are quite sparse. The pattern of AChE activity in rat
brain areas differs dependent on the sex and age.'® The loss of
the major G4 isoform correlates with the overall loss of AChE
activity observed by histochemical staining and is mostly
associated with axonal fibers in the cortex.*® Thus, the loss of
G4 may be a consequence of the cellular and axonal
degeneration known to occur in the cortex.*!

In the present study, we used two well-established
memory tests, Y-maze and object recognition,42 to evaluate
the effect of ebselen on the memory impairment induced by
scopolamine in mice. Scopolamine, an antagonist of
cholinergic muscarinic receptors, is effective to induce
ACh depletion in the hippocampus and frontal cortex,
resulting in the increase of AChE activity and cognitive
impairment in the short- and long-term memory in rodents.**
It is known that scopolamine increases the locomotor activity
of animals when administered at systemic doses above
0.056 mg/kg.44 The findings of the present study demonstrate
that ebselen protected against hyperlocomotion induced by
scopolamine in mice, suggesting a neuroprotective effect of
this compound.

Despite the differences between other” and ours
experimental protocol such as, the route of administration,

dose, species, and memory paradigm, recently Xie et al®®
reported that administration of ebselen in drinking water, for
6 months, improved cognitive impairment in the spatial
learning, reduced the level of amyloid-p, inhibited tau
hyperphosphorilation, and ameliorated oxidative stress.

In the present study, the administration of ebselen to mice
protected against the increase in the hippocampal total AChE
activity induced by scopolamine. This result reinforces those
previously demonstrated by us, in which ebselen behaviors as
amixed and reversible inhibitor of AChE in vitro.* The fact
that ebselen inhibited the hippocampal AChE/G4 in vitro but
did not alter the activity of this enzyme in the ex vivo protocol
could be explained by the time-consuming process with
multiple washes and centrifugations, the method used to
obtain the isoforms, and the kinetic type of inhibition
demonstrated by ebselen in the in vitro experiments.”® In
other words, the process of isoform preparation could wash
out this compound and, consequently, its inhibitory effect on
G4 isoform of AChE in mice because ebselen is a reversible
inhibitor of AChE. Mention should also be made of the
donepezil behavior in the G4 isoform of AChE that was
similar to that of demonstrated by ebselen either in vitro or ex
vivo.
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O  Ebs + Escopolmine
015 0.1 ?
° 0.15- A  DN+Escopolmine
£ 8 =046
“ o © r=058 - =074 £ p=0040
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FIGURE 6 Correlation analysis between hippocampal AChE activity and % alternance (Y-maze) (A), hippocampal AChE activity and short-

term memory (STM) (B), and hippocampal AChE activity and long-term memory (LTM) (C). Statistical analysis revealed the r and P-values of

0.58 (P =10.0063) (A); 0.74 (P =0.00016) (B); and 0.46 (P =0.040) (C)
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ACHhE inhibitors (donepezil, galanthamine, and rivastig-
mine) can cause cognitive improvement, which depends on
their level of inhibition of the AChE activity.‘“’ However,
there are many limitations on the use of AChEI, such as
cholinergic side effects, hepatotoxicity, or poor bioavailabil-
ity.*” Different from this, ebselen is bioavailable, blood-brain
barrier permeant and safe based on cellular toxicity 174849 and
a large body of evidence has confirmed that ebselen exhibits
neuroprotection on preclinical studies.’® Because ebselen has
anti-inflammatory and neuroprotective effects, and inhibits
AChE activity and tau phosphorylation, it appears as a
potential therapeutic agent for the treatment of diseases in
which cognitive function is present or, alternatively, ebselen
could be used in drug combination. The combination of two or
three drugs has been used to treat patients with AD*' and other
neurodegenerative diseases,> this because the pathological
processes involve different and inter-related aspects, neuro-
toxicity, oxidative stress, neuro-inflammation, apoptosis, and
cholinergic dysfunction.> In this study the effects of ebselen
were similar to those of donepezil, the first-line treatment for
Alzheimer's and non Alzheimer's dementia. Thus we
hypothesize whether ebselen could be, in the future, used
as an add-on therapy to donepezilbecause pharmacological
strategies based on drug combination could be the only
efficient way to treat some diseases.>>

As a study design limitation we acknowledge the lack of
mechanistic insight with regards to the cellular and molecular
basis for ebselen beneficial effects on memory. As it is beyond
the scope of this study it will be a subject of further studies.

Moreover, the molecular effects of ebselen on muscarinic
receptors have been not investigated and deserve further
investigation. In fact, the regulation of cognition in short-term
memory, which is particularly impaired in AD, occurs within
the hippocampus where post-synaptic muscarinic receptors
M1 (M1 mAChR) are predominant and play an important role
in memory and learning.>* Based on the beneficial effects of
ebselen on memory we wonder whether ebselen acts directly
inhibiting the activity of AChE/G4 isoform or indirectly
affecting cholinergic receptors. In this context, the contribution
of hippocampal AChE/G4 isoform in learning and memory
processing in the passive avoidance task*® and the induction of
hippocampal long-term potentiation® has been documented.

Furthermore, because we use a chemical model to induce
memory impairment, we cannot rule out the possibility that
ebselen directly blocks the scopolamine effects or that
scopolamine indirectly affects other neurotransmitter systems
and that the effects of ebselen on the globular isoforms of
AChE may be an indirect consequence.

In conclusion, the present study demonstrates that ebselen
is an inhibitor of the AChE/G4 in vitro and elicits an anti-
amnesic effect in a scopolamine mouse model. The present
findings provide ebselen as a potential compound in terms of
opening up valid therapeutic avenues for treating memory

impairment. Besides, a new synergic mode of action could be
proposed that may boost the therapeutic efficacy of drug.
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ARTICLE INFO ABSTRACT

Keywords: Alzheimer 's disease (AD) is characterized by progressive cognitive decline including memory impairment,
Ebselen cortical dysfunction, and neuropsychiatric disturbances. The drug discovery to treat AD consists to develop

Apoptosis compounds able to act in multiple molecular targets involved in the pathogenesis of the disease and the re-
MTm‘,’ry positioning of old drugs for new application. This way, the intracerebroventricular (icv) injection of strepto-
f\leeen;:";tect' : zotocin (STZ) has been used as a metabolic model of sporadic AD. The aim of the present study was to investigate
UTropr 1V . . . . . .
Organoselenium whether ebselen (1-10 mg/kg), a multifunctional selenoorganic compound, ameliorates memory impairment,

hippocampal oxidative stress, apoptosis and cell proliferation in a mouse model of sporadic AD induced by icv
STZ (3mg/kg, 1ul/min). The administration of ebselen (10 mg/kg, i.p.) reversed memory impairment and
hippocampal oxidative stress, by increasing the activities of antioxidant enzymes and the level of a non-enzy-
matic antioxidant defense, in Swiss mice administered with icv STZ. The anti-apoptotic property of ebselen was
demonstrated by its effectiveness against the increase in the ratios of Bax/Bcl-2, cleaved PARP/PARP and the
cleaved caspase-3 levels in the hippocampus of icv STZ mice. Although ebselen reversed memory impairment, it
was ineffective against the reduction in the number of BrdU positive cells induced by icv STZ. In conclusion, the
multifunctional selenoorganic compound ebselen was effective to reverse memory impairment, hippocampal
oxidative stress and apoptosis in a mouse model of sporadic AD induced by icv STZ.

1. Introduction

Alzheimer's disease (AD), the most common form of dementia, is
characterized by progressive cognitive decline including memory im-
pairment, cortical dysfunction, and neuropsychiatric disturbances
(Paulsen, 2011; Schoonheim et al., 2012). To date, an estimated 35
million people are suffering from AD, and this number is projected to
grow to 106.8 million people by 2050 (Sosa-Ortiz et al., 2012). Apart
from the slow and progressive degeneration process, the neuropatho-
logic hallmarks of AD are senile plaques and neurofibrillary tangles,
along with neuronal and synaptic loss, astrocytic and microglial
changes (Selkoe and Hardy, 2016; Walsh and Selkoe, 2004). The de-
velopment of an appropriate animal model of AD has been difficult, as

the etiology of this neurodegenerative disorder is complex and multi-
factorial (Jack et al., 2018). This way, the intracerebroventricular (icv)
injection of streptozotocin (STZ) has been used as a metabolic model of
sporadic AD (Grieb, 2016). This model produces central insulin re-
sistance, glucose hypometabolism (Shoham et al., 2003), oxidative
stress (Ishrat et al., 2006), inflammation (Shoham et al., 2003), neu-
rodegeneration, and memory impairment (Santos et al., 2012).
Regarding AD therapy, over the last decade, more than 50 candi-
dates have successfully passed phase II clinical trials, but none has
passed phase III. Therefore, some major trends in AD drug discovery
would be the development of compounds acting on the main stages of
the pathogenesis of the disease; the design of drugs acting on multiple
molecular targets involved in the pathogenesis of the disease and the
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Fig. 1. Schematic representation of the experimental design of this study. Ebs - ebselen, DN - donepezil, STZ - streptozotocin, BrdU- bromodeoxyuridine, STM - short-
term memory, LTM-long-term memory, OLT - object location test and SLT - spontaneous locomotor test.

repositioning of old drugs for new (anti-Alzheimer's) application
(Bachurin et al., 2017). Ebselen fulfills all these trends because it is a
multifunctional selenoorganic compound (Nogueira et al., 2004) cur-
rently undergoing clinical trials for cerebral ischemia (Gabryel and
Malecki, 2006), bipolar disorder (Masaki et al., 2016; Singh et al.,
2013), and noise-induced hearing loss (Mahadevan et al., 2013; Wang
et al., 2014). Moreover, the effectiveness of ebselen has been already
proven in a transgenic model (Xie et al., 2017), a model of familial AD.
Therefore, the aim of the present study was to investigate whether
ebselen ameliorates memory impairment, oxidative stress, apoptosis
and cell proliferation in a metabolic model of sporadic AD induced by
icv STZ.

2. Experimental procedures
2.1. Animals

The experiments were carried out using male adult Swiss mice
(25-35 g) obtained from our breeding colony. The mice were housed in
cages (5 mice per cage), with free access to food and water. The animals
were kept in an air-conditioned room (22 + 2°C) under a 12:12h
light/dark cycle, with lights turned on at 7:00 a.m. The experimental
procedures of this study were approved by the Institutional Ethics
Committee on Care and Use of Experimental Animal Resources from the
Federal University of Santa Maria-RS - Brazil (#7372110915). All ef-
forts were made to minimize animal suffering and to reduce the number
of animals used in the experiments.

2.2. Chemicals

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one) was prepared
and characterized in our laboratory by the method previously described
by Engman and Hallberg (1989). Analyses of the "H NMR and '*C NMR
spectra showed analytical and spectroscopic data in full agreement with
its assigned structure. The chemical purity of ebselen (99.9%) was de-
termined by gas chromatography-mass spectrometry (GC/MS). Strep-
tozotocin (STZ) and 5-bromo-deoxyuridine (BrdU) were obtained from
Sigma (St. Louis, MO, USA). Donepezil was purchased from a local
pharmacy (Santa Maria, Brazil). All other chemical reagents utilized
were obtained from standard commercial suppliers. Ebselen was dis-
solved in 1: 4: 5 of dimethyl sulfoxide (DMSO), polyethyleneglycol and
distilled water. Donepezil and BrdU were dissolved in saline solution.
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All drugs were administered to mice in a volume of 10 ml/kg. Appro-
priate vehicle-treated groups were also assessed simultaneously.

2.3. Intracerebroventricular (icv) injection of STZ

Adult male Swiss mice were anaesthetized by the intraperitoneal
(ip) route with ketamine at a dose of 100 mg/kg and xylazine at a dose
of 5mg/kg for icv injections. The head of mouse was placed in the
stereotaxic apparatus and a midline sagittal incision was made in the
scalp. The stereotaxic coordinates for the lateral ventricle were mea-
sured accurately as anterio-posterior —0.8 mm, lateral 1.5mm and
dorso-ventral, —4.0 mm relative to bregma and ventral from dura with
the tooth bar set at 0 mm. Through a skull hole, a 28-gauge Hamilton”
syringe of 10 pl attached to a stereotaxic apparatus and piston of the
syringe was lowered manually into lateral ventricle (Kroon and Riley,
1986). STZ (3mg/kg, icv, 1ul/min) was dissolved in citrate buffer
(3 mg/ml, pH 4.4) (Tiwari et al., 2009) just prior to administration. STZ
was injected, on alternate days (days 1 and 3), using a Hamilton mi-
crosyringe in a volume of 5 pl/injection in the lateral cerebral ventricle
of mice (Deshmukh et al., 2009; Sharma et al., 2010).

After surgery, the animals took approximately 1-2 h to recover from
anesthesia. The mice were kept in a well-ventilated room at 25 + 2°C
in individual cages and provided with free access to food and water
until they regained full consciousness. Food and water were placed
inside the cage for 2-3 days so that the animals could easily access it
without any physical trauma due to head injury.

2.4. Experimental protocol

The experimental design of this study is depicted in Fig. 1. Firstly, in
order to validate memory impairment induced by icv STZ, mice per-
formed the object recognition test on days 18-22. At the 22 day of
protocol experimental, mice received ebselen at the dose of 1 or 10 mg/
kg (ip), or positive control, donepezil, at the dose of 5 mg/kg (ip), once
a day for 14 days (35 day) (Blokland, 1995). Regarding the doses of
ebselen used in this experimental protocol, the highest dose was se-
lected based on a previously published study (Unsal et al., 2016), which
revealed 10 mg/kg (ip) as an effective dose against icv STZ induced
oxidative stress and apoptosis in Sprague-Dawley rats. The dose of
1 mg/kg ebselen was carried out in order to investigate whether a lower
dose would be effective in this experimental protocol.

The animals (n = 72) were randomly assigned in eight different
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groups (n = 9/group) as following: Group I- Sham: mice sham-operated
injected with vehicle of STZ and treated with vehicle of ebselen; Groups
II and III - Sham + ebselen: mice sham-operated injected with vehicle
of STZ and treated with ebselen at a dose of 1 or 10 mg/kg, respectively.
Group IV -Sham + donepezil: mice sham-operated injected with ve-
hicle of STZ and treated with donepezil at a dose of 5 mg/kg. Group V-
STZ; mice injected with STZ (3 mg/kg, icv) and treated with vehicle of
ebselen; Groups VI and VII - STZ + ebselen: mice injected with STZ and
treated with ebselen at a dose of 1 or 10 mg/kg; Group VIII-
STZ + donepezil: mice injected with STZ and treated with donepezil at
a dose of 5 mg/kg.

At day 22, which corresponds to the end of validation of memory
impairment model, glycemia of animals was measured to rule out the
effect of hyperglycemia on behavioral tests and ex vivo analyses.

At the end of behavioral tests, mice were immediately killed by
cervical dislocation and samples of hippocampus were excised and
stored at —80 °C for ex vivo analyses (Fig. 1).

2.5. BrdU protocol

A new set of animals, that did not perform the behavioral tests, was
used (n = 40) to carry out this experiment. The protocol was performed
according to Kim and Sung (2017) and Kee et al. (2002), with some
modifications. BrdU was given to mice at a dose of 50 mg/kg once daily
for three consecutive days (days 33-35). The animals were euthanized
24 h after the last BrdU injection (Fig. 1).

2.6. Behavioral tests

On days 30-35, the animals performed the behavioral tests as
shown in Fig. 1: days 30 and 31- habituation to object recognition test
(ORT) arena; days 32 and 33- training of test, day 33 - mice performed
training and after that they were subjected to short-term memory test
(STM); day 34 - mice performed LTM test (long-term memory), object
location test (OLT) and Y-maze test; day 35- mice performed sponta-
neous locomotor test (SLT) and after that the animals were euthanized.

2.6.1. Object recognition test (ORT)

The object recognition test was performed according to Rosa et al.
(2003) with some modifications. The behavioral test was performed in
a 45 x 45 cm open field surrounded by 30 cm height walls, made of
brown plywood. All animals were given a habituation session where
they were left to freely exploring the open field for 10 min. No object
was placed in the box during the habituation trial. Subsequently, four
objects were used: Al, A2, B and C. The “A” objects were two identical
double Lego colorful toys; the “B” object was a double Lego colorful toy
“C” object was a double Lego colorful toy. All objects were made of
plastic material, with 10 cm x 10 cm (length X height) and presented
similar textures, colors (blue, red and yellow), and sizes, but distinctive
shapes.

Twenty-four and 48 h after habituation two trainings were carried
out by placing each individual mouse for 10 min into the field, in which
two identical objects (objects A1 and A2) were positioned in two ad-
jacent corners, 10 cm from the walls. In a STM test given 1.5 h after the
last training, the mice explored the open field for 6 min in the presence
of one familiar (A) and one novel (B) object. The percentage of the total
exploration time that the animal spent investigating the novel object
was the measure of recognition memory. Between trials the objects
were washed with 10% ethanol solution. In a LTM test given 24 h after
the last training, the same mice explored the field for 6 min in the
presence of a familiar object A and a novel object C. Recognition
memory was evaluated as for the STM test. Exploration was defined as
sniffing or touching the object with the nose and/or forepaws.
Exploratory preference in: training = (A2/(A1 + A2)) x 100; STM =
(B/(A1 + B)) x 100; LTM = (C/(A1 + C)) x 100.
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2.6.2. Object location test (OLT)

This test was performed according to Dao et al. (2013) with some
modifications, in the same apparatus used in the ORT. The training was
carried out by placing each mouse into the field where two objects
(objects Al and C; double Lego colorful toy) were positioned in two
adjacent corners, 10 cm from the walls. Thus, 2h after the session
training, object C was moved to a location that was diagonally opposite
to object Al, and the animals were allowed to explore the objects
during 6 min and the evaluation of the exploration was done as de-
scribed the steps above in section 2.6.1.

2.6.3. Y- maze test

The Y- maze has three-arm maze with equal angles between all
arms, which were 30 cm long and 5 cm wide with 12 ¢cm high walls. The
maze floor and walls were constructed from dark grey, polyvinyl
plastic. Mice were initially placed within one arm, and the sequence
and number of arm entries were recorded manually for each mouse
over an 8-min period. The percentage of trials in which the mice en-
tered all three arms (ABC, CAB, or BCA but not ABB) was recorded as an
alternation to estimate short-term memory. The Y- maze arms were
cleaned with diluted 10% ethanol between tests to remove odors and
residues. The alternation score (%) for each mouse was defined as the
ratio of the actual number of alternations to the possible number (de-
fined as the total number of arm entries minus two) multiplied by 100
as shown by the following equation: % Alternation = [(Number of al-
ternations)/(Total arm entries — 2)] X 100. The number of arm entries
per trial was used as an indicator of locomotor activity (Gotz and Ittner,
2008).

2.6.4. Spontaneous locomotor test (SLT)

With the purpose of excluding sedative or motor abnormality, the
mouse performed spontaneous locomotor test. The animals were ex-
posed to the chamber and activity was monitored under light and
sound-attenuated conditions. Testing took place in a clear acrylic
chamber (500 x 480 x 500 mm) equipped with 16 infrared sensors for
the automatic recording of horizontal activity (Model EP149, Insight
Instruments Ltda, Sao Paulo, BR). Each animal initially was placed in
the center of the testing chamber and allowed to freely move while
being tracked by an automated tracking system. The data (distance,
speed and crossings) were collected and recorded during 4 min.

2.7. Ex vivo analyses

2.7.1. Glycemia
The glucose levels were determined in portable ACCU-CHEK
ACTIVE glucose. The glucose level was expressed as mg dl ™'

2.7.2. Parameters of oxidative stress

The hippocampus samples of mice from all experimental groups
were homogenized in 50 mM Tris HCI at pH 7.4, 1:10 (w/v), and cen-
trifuged at 2500 g for 10 min at 4 °C to yield a low-speed supernatant
(S1) fraction. S1 was used for the determination of oxidative stress
parameters.

2.7.2.1. Malondialdehyde levels (MDA). Briefly, an aliquot of S1 was
added to NaOH 3 M and incubated at 60 °C during 30 min. After, 6%
H3PO,4 and 0.8% thiobarbituric acid (TBA) were added to the system
and the mixture was heated at 90 °C for 2 h. Following, 10% SDS and n-
butanol were added to extract the TBA-malondialdehyde (MDA)
product, which was analyzed on Shimadzu’HPLC equipment. The
analytical column was a Phenomenex” ODS-2C;5 reverse-phase
(250 mm X 4.6 mm, 5pm; 100 Z\, Allcrom, BR) and the mobile phase
was ultrapure water and methanol (50:50; v/v). The HPLC analysis was
performed under isocratic conditions at a 0.6 ml/min flow rate and UV
detector set at 532nm with a 20 pl sample volume injection (Grotto
et al., 2007). The results were expressed as nmol MDA/mg protein.
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2.7.2.2. Catalase  (CAT)  activity. The  CAT  activity — was
spectrophotometrically assayed by monitoring the H,O, consumption
at 240nm according to Aebi (1984). The enzymatic reaction was
performed by the addition of an S1 aliquot and the substrate (H,0,)
at a concentration of 0.3 mM in a medium containing 50 mM phosphate
buffer, pH 7.0. The enzymatic activity was expressed in units (1 U
decomposes 1 pmol of H,O,/min at pH 7.0 and at 25 °C)/mg protein.

2.7.2.3. Superoxide dismutase (SOD) activity. The SOD activity was
measured spectrophotometrically according toMisra and Fridovich
(1972). This method is based on the capacity of SOD in inhibiting
autoxidation of epinephrine to epinechrome. In this assay, S1 diluted
1:10 (v/v) was added in a 50 mmol/L NayCO3 buffer pH 10.3 and the
enzymatic reaction was initiated by adding epinephrine. The color
reaction was measured at 480 nm and the results were express in units
(1 U decomposes 1 pmol of epinephrine/min at pH 7 and at 25 °C)/mg
protein.

2.7.2.4. Glutathione S-transferase (GST) activity. The GST activity was
assayed spectrophotometrically at 340 nm by the method ofHabig et al.
(1974). The reaction mixture contained an aliquot of S;, 0.1M
potassium phosphate buffer pH 7.4, 100 mM glutathione (GSH) and
100mM1-Chloro-2,4-dinitrobenzene (CDNB), which was used as
substrate. The enzymatic activity was expressed as nmol CDNB
conjugated min/mg/protein.

2.7.2.5. Total non-protein sulfhydryl (NPSH) levels. The NPSH levels
were determined by the method of Ellman et al. (1961). S; was mixed
(1:1) with 10% trichloroacetic acid. After the centrifugation (2500 g for
10 min), the protein pellet was discarded and free — SH groups were
determined in the clear supernatant. An aliquot of supernatant was
added in 1M potassium phosphate buffer (pH 7.4) and 10 mM 5.5
dithiobis - (2 — nitrobenzoic acid). The color reaction was measured at
412 nm. NPSH levels were expressed as nmol NPSH/g tissue.

2.7.2.6. Protein quantification. The protein concentration was measured
by the method described byBradford (1976), using bovine serum
albumin (1 mg/ml) as the standard.

2.7.3. BrdU immunohistochemistry

The animals (n = 6-9) were deeply anaesthetized and perfused with
saline followed by cold 4% paraformaldehyde (PFA). Brains were re-
moved, fixed in 4% PFA and embedded in paraffin. For BrdU im-
munohistochemistry, 5um brain sections were cut through the hippo-
campus, and slices were first deparaffinized (40 min at 80 °C) and rinsed
in xylol. Sections were then rinsed in phosphate-buffered saline (PBS,
pH 7.00) and the blockade of non-specific proteins were made with 1%
of bovine serum albumin (BSA) diluted in PBS. Afterward, the blockade
of endogenous peroxidase were made with 5% H,O, in methanol (3
times) and washed in 0.05% Triton X-100 diluted in PBS, and then were
incubated with a mouse monoclonal anti-BrdU antibody (RPN 202 Kit,
GR Healthcare®, 1:100) diluted in DNAse-1 overnight at 4°C.
Subsequently, the sections were incubated with a secondary antibody
peroxidase anti-mouse-IgG, followed by tertiary antibody (both
Spring”) 40 min each, at room temperature. The immunohistochemical
reaction was revealed by 0.06% 3,3-diaminobenzidine (DAB) in PBS for
5min. After being rinsed in distilled water, sections were counter-
stained with hematoxylin for 5s, dehydrated in ethanol and mounted
on slides using Entellan. For each brain, BrdU-positive cells were
identified by their brown stain and were counted visually using a Leica
Application Suite X microscope at 40 X objective magnification. The
number of stained BrdU cells was determined through mean of 10 cuts
per animal with an interval of 50 um in the dentate gyrus area of hip-
pocampus. Data were expressed as total number of BrdU positive cells
in the dentate gyrus.
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2.7.4. Western blot assay

For the western blot analyses, the contents of proteins were not
determined in the samples from mice of icv STZ treated with ebselen
(1 mg/kg) and its respective control group because this dose of ebselen
was not effective in all behavioral tests.

Samples of hippocampus (n = 5-6 animals/group) were homo-
genized in Radioimmunoprecipitation assay buffer (RIPA buffer) solu-
tion containing 150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, in the presence of com-
mercial phosphates and protein inhibitor cocktail (Sigma-Aldrich
Company, St. Louis, Missouri, United States). Tissue extracts were di-
luted to a final protein concentration of 2 ug/ul. The samples (40 ug of
protein) and pre stained molecular weight standards (Sigma-Aldrich
Company, St. Louis, Missouri, United States) were separated on 10%
resolving with 4% concentrating SDS-PAGE electrophoresis gels.
Proteins were transferred to nitrocellulose membrane using Transfer-
Blot” Turbo™ Transfer System (1.0 A; 45 min for proteins above 25 kDa
or 5min for proteins below 25kDa). After blocking with 3% bovine
serum albumin solution, the blots were incubated overnight at 4 °C with
rabbit anti-poly (ADP-ribose) polymerase (PARP) (1:1000); rabbit
cleaved caspase- 3 (caspase- 3) (1:1000); and rabbit (Bcl - 2) (1:1000)
obtained from Cell Signaling Technology, Beverly, MA, USA and rabbit
(Bax) (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, US). Mouse
anti-B-actin (1:5000, abcam) was stained as additional control of the
protein loading. After primary antibodies incubation, membranes were
washed and incubated with secondary antibodies conjugated with
horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA, USA) for
1hat room temperature and developed with chemiluminescence kit
(Amersham, Sao Paulo/Brazil). Optical density (OD) of the Western
blotting bands was quantified using Image J (NIH, Bethesda, MD, USA)
software for Windows. Each value was derived from the ratio between
arbitrary units obtained by the protein band and the respective B-actin
band.

2.8. Statistical analysis

All experimental results are presented as the mean = S.E.M.
Normality of data was analyzed using a D'Agostino and Pearson om-
nibus normality test. Student t-test was used to compare STZ and ve-
hicle groups in the object recognition test (in the validation model of
memory impairment). Statistical comparisons among experimental
groups (STZ x ebselen) and (STZ x donepezil) in behavioral tests and
parameters of oxidative stress were performed by two-way analysis of
variance followed by the Newman-Keuls test when appropriate.
Immunohistochemistry and western blot data were statistically com-
pared by one-way analysis of variance followed by the Newman-Keuls
test when appropriate. All analyses were performed by using the STA-
TISTICA for Windows software Version 7 (Stat Soft, Oklahoma, USA) by
an investigator blinded to treatment. A value of P < 0.05 was con-
sidered to be significant.

3. Results
3.1. STZ induced memory impairment in mice

Fig. 2 shows the effect of STZ injection on the performance of mice
in the object recognition test. The Student's t-test revealed that STZ
decreased the exploratory preference (% time spent exploring a novel
object) of mice when compared with that of the vehicle-treated group in
the STM (P = 0.006 and LTM (P = 0.0001) tests.

By contrast, the insert of Fig. 2 demonstrates that STZ did not alter
the time spent exploring any of the two identical objects in training
(P = 0.480).
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3.2. Ebselen reversed memory impairment induced by STZ in the mouse
ORT

Fig. 3 shows the effect of ebselen treatment on the performance of
mice in the ORT. There were no significant differences among groups in
the time spent exploring any of the two identical objects in trainings 1
and 2 [F (54g) = 0.896, P = 0.415](Fig. 3A).

The two-way ANOVA of percentage of exploratory preference re-
vealed a significant ebselen X STZ interaction in the STM [F
(2,48) = 5.38, P = 0.007] and in the LTM [F (54s) = 5.64, P = 0.006].
Post-hoc analyses demonstrated that both doses of ebselen reversed
memory impairment induced by STZ of mice in the STM (Fig. 3B), but
only the highest dose of ebselen increased the percentage of exploratory
preference of mice in the LTM (Fig. 3C).

The inserts of figures demonstrate the effects of donepezil, the po-
sitive control, in the training session (Fig. 3A), STM (Fig. 3B) and LTM
(Fig. 3C). There were no significant differences among groups in the
time spent exploring any of the identical objects in trainings 1 and 2 [F
(1,32) = 0.479, P = 0.493]. The two-way ANOVA of percentage of ex-
ploratory preference revealed a significant donepezil X STZ interaction
in the STM [F (332 = 41.34, P = 0.0001], but not in the LTM [F
(1,32) = 2.61, P = 0.115]. Post hoc analysis showed that donepezil at a
dose of 5 mg/kg reversed memory impairment induced by STZ in mice
only in the STM (Fig. 3C).

3.3. Ebselen reversed memory impairment induced by STZ in the mouse OLT

Fig. 4 shows the effect of ebselen treatment on the performance of
mice in the OLT. The two-way ANOVA of percentage of exploratory
preference revealed a significant ebselen X STZ interaction in the OLT
[F(2,48) = 4.44, P = 0.016]. Post hoc comparisons showed that STZ
decreased the percentage of exploratory preference of mice in the OLT
when compared with that of the vehicle-treated group, and ebselen at a
dose of 10 mg/kg reversed this parameter.

The insert of Fig. 4 demonstrates the effect of the positive control,
donepezil, in the OLT. The two-way ANOVA of percentage of ex-
ploratory preference indicated a significant donepezil X STZ interac-
tion in the OLT [F (132 = 14.04, P = 0.0007]. Post hoc analysis
showed that donepezil at a dose of 5 mg/kg reversed the STZ- induced
mouse memory impairment in the OLT.

3.4. Ebselen reversed memory impairment induced by STZ in the mouse Y -
maze

Fig. 5 shows the effect of ebselen treatment on the performance of
mice in the Y- maze test. The two-way ANOVA of alternations (%) in-
dicated a significant ebselen X STZ interaction [F (545 = 3.21,
P = 0.049]. Post hoc comparisons showed that STZ decreased the
percentage of alternations of mice in the Y-maze test when compared
with that of the vehicle-treated group, and ebselen at both doses
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reversed this parameter.

The insert of Fig. 5 demonstrates the effect of the positive control,
donepezil, in the Y - maze test. The two-way ANOVA of alternations (%)
demonstrated a significant donepezil x STZ interaction in the Y - maze
[F (1,32) = 11.13, P = 0.002]. Post hoc analysis showed that donepezil
at a dose of 5mg/kg reversed STZ - induced mouse memory impair-
ment in the Y-maze test.

3.5. Ebselen and STZ did not alter the mouse spontaneous locomotor
activity

Table 1 shows the effect of ebselen treatment or STZ on the mouse
spontaneous locomotor activity. The two-way ANOVA of crossings
[F2,42) = 0.077, P =0.92], distance travelled [F( 42 = 0.596,
P = 0.55] and speed [F(5 42) = 0.031, P = 0.96] revealed that there was
not a statistically significant ebselen x STZ interaction. Neither STZ nor
ebselen changed the number of crossings, distance travelled and speed
of mice.

The two-way ANOVA of crossings [Fq »s) = 0.77, P = 0.78], dis-
tance travelled [F( 5y = 2.01, P = 0.16] and speed [F(s) = 0.055,
P = 0.81] did not show a statistically significant donepezil x STZ in-
teraction. The data on spontaneous locomotor activity parameters were
similar in all experimental groups (Table 1).

3.6. Ebselen reversed oxidative stress induced by STZ in hippocampus of
mice

Fig. 6A-E shows the ebselen effects on parameters of oxidative
stress in the mouse hippocampus. The two-way ANOVA of MDA levels
in the mouse hippocampus [F(, 42) = 3.25, P = 0.048] revealed a sig-
nificant ebselen x STZ interaction. Post hoc analyses showed that STZ
increased MDA levels when compared with those of the vehicle-treated
group. Treatment of mice with ebselen was effective against this
parameter (Fig. 6A) only at the dose of 10 mg/kg.

The two-way ANOVA of CAT activity revealed a significant
ebselen x STZ interaction [F(3 36 = 5.38, P = 0.008]. Post hoc analysis
showed that STZ decreased the CAT activity when compared with that
of the vehicle-treated group, and ebselen at the highest dose was ef-
fective against this parameter (Fig. 6B).

The two-way ANOVA of SOD activity showed a significant
ebselen x STZ interaction [F;42) = 13.94, P = 0.0001]. Post hoc
analysis showed that STZ decreased the SOD activity when compared
with the vehicle-treated group and treatment of mice with ebselen re-
versed this parameter only at the dose of 1 mg/kg (Fig. 6C).

The two-way ANOVA of GST activity indicated a significant
ebselen x STZ interaction [F(; 36) = 3.58, P = 0.037]. Pos hoc analysis
showed that STZ increased the GST activity when compared with the
vehicle-treated group and treatment of mice with ebselen was effective
against this parameter at both doses tested (Fig. 6D).

The two-way ANOVA of NPSH levels revealed a significant
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Fig. 3. Effects of ebselen on training sessions (A), STM (B) and LTM (C) in the ORT of mice treated with STZ. Inserts show effects of donepezil treatment (5 mg/kg) on

the performance of mice in training sessions (A), STM (B) and LTM (C). Values are expressed as mean

"

S.E.M. of 9 animals. Asterisk denotes the significance levels

when compared with the respective vehicle group: (***) P < 0.001. Hashtag denotes the significance levels when compared with the STZ group: (**) P < 0.01 and
(**#) P < 0.001 (two-way ANOVA followed by the Newman Keuls). STM - short-term memory; LTM - long-term memory.

ebselen x STZ interaction [F(5 30y = 4.23, P = 0.024]. Pos hoc analysis
showed that STZ decreased the NPSH levels when compared with the
vehicle-treated group and treatment of mice with ebselen reversed this
parameter only at the dose of 10 mg/kg (Fig. 6E).

The inserts of Fig. 6 A-E demonstrate the effect of positive control,
donepezil, in the parameters of oxidative stress. The two-way ANOVA
of MDA levels indicated a significant donepezil x STZ interaction [F
(1,28) = 4.62, P = 0.040]. Post hoc analysis showed that treatment of
mice with donepezil at a dose of 5 mg/kg was effective against the in-
crease in MDA levels (Fig. 6A) induced by STZ in the mouse
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hippocampus.

The two-way ANOVA of CAT activity did not reveal a significant
effect of donepezil [F 54y = 0.378, P = 0.544] (Fig. 6B).

The two-way ANOVA revealed a significant donepezil X STZ inter-
action in the SOD activity [F (1 24) = 8.37, P = 0.007]. Post hoc analysis
showed that STZ decreased the SOD activity when compared with the
vehicle-treated group and treatment of mice with donepezil at a dose of
5mg/kg reversed this parameter in the hippocampus (Fig. 6C).

The two-way ANOVA revealed a significant donepezil X STZ inter-
action in the GST activity [F 24) = 8.02, P = 0.009]. Pos hoc analysis
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Fig. 4. Effects of ebselen on the OLT of mice treated
with STZ. Insert shows the effect of donepezil treat-
ment (5 mg/kg). Values are expressed as
mean * S.E.M. of 9 animals. Asterisk denotes the
significance levels when compared with the re-
spective vehicle group: (**) P < 0.01 and (***)
P < 0.001. Hashtag denotes the significance levels
when compared with the STZ, vehicle treated group
**) P < 0.01 and (***) P < 0.001 (two-way
ANOVA followed by the Newman Keuls). LTM - long-
term memory.
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Table 1

Ebselen and icv STZ effects on the mouse spontaneous locomotor test.

STZ 3 mgkg

Groups Number of Crossings Distance (mm) Speed (mm/s)

Vehicle 607.0 * 55.86, p = 0.775 10060 + 803, p = 0.847 46.0 = 2.0, p = 0.658
Ebs 1 mg/kg 632.5 + 34.78,p = 0.937 10560 + 729, p = 0.849 52.0 = 3.0,p = 0.815
Ebs 10 mg/kg 552.0 * 44.38, p = 0.996 9605 = 703,p = 0.831 48.0 = 3.2,p =0.838
DN 5mg/kg 645.5 + 49.30, p = 0.951 10990 = 526, p = 0.460 45.8 + 2.2,p = 0.904
STZ 530.0 = 65.14,p = 0.775 9428 * 950, p = 0.847 43.3 = 4.9,p = 0.658
STZ + Ebsl mg/kg 615.0 = 45.94, p = 0.981 11640 * 525, p = 0.811 49.8 = 1.5, p = 0.609
STZ + Ebs10 mg/kg 669.0 = 53.94,p = 0.934 11698 + 869, p = 0.931 44.2 = 4.5,p = 0.944
STZ + DN 5 mg/kg 647.5 = 51.69, p = 0.915 10770 + 960, p = 0.597 46.4 + 4.7,p = 0.833

Values are expressed as mean *+ S.E.M. of 8-9 animals. Data analysis was carried out through two-way analysis of variance ANOVA followed by the Newman-Keul's
test. P values of per se groups (Ebs 1 and 10 mg/kg, DN) were obtained by comparing these groups with the vehicle group, and those of STZ-treated groups
(STZ + ebselen (1 and 10) and STZ + DN) were obtained by comparing with the STZ group. Ebs — ebselen; DN - donepezil; STZ — streptozotocin.

showed that STZ increased the GST activity when compared with the
vehicle-treated group and treatment of mice with donepezil at a dose of
5 mg/kg reversed this parameter (Fig. 6D).

The two-way ANOVA revealed a significant donepezil X STZ inter-
action in the NPSH levels [F (1 29) = 4.36, P = 0.049]. Post hoc analysis
showed that STZ decreased the NPSH levels when compared with the
vehicle-treated group and treatment of mice with donepezil at a dose of
5mg/kg increased this parameter in the hippocampus (Fig. 6E).

3.7. Icv STZ did not alter blood glucose levels
Table 2 shows the effect of icv STZ on glycemia. An unpaired Stu-

dent's t-test revealed that icv STZ did not alter glycemia in mice when
compared with that of the vehicle group (P = 0.610).
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3.8. Ebselen did not restore reduced cell proliferation induced by STZ in the
mouse dentate gyrus of hippocampus

Fig. 7 shows the ebselen effect on the number of BrdU positive cells,
a marker of cell proliferation, in the dentate gyrus area of hippocampus.
The one-way ANOVA revealed the reduction on the number of BrdU
positive cells in the dentate gyrus area of hippocampus of animals in-
jected with STZ when compared with those of the vehicle-treated group
[F (4,34 = 21.69, P = 0.0001]. By contrast, one-way ANOVA showed
that neither ebselen nor donepezil restored cell proliferation in the
dentate gyrus area of hippocampus (P = 0.210).

3.9. Ebselen reversed the levels of apoptotic proteins altered by STZ in the
hippocampus of mice

The Bax/Bcl-2 and PARP cleaved/PARP ratios; and the protein le-
vels of cleaved caspase- 3 in the hippocampus of mice are shown in
Fig. 8A-C. There was a significant increase in the ratio of Bax/Bcl-2 [F
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Fig. 6. Effects of ebselen on hippocampal MDA levels (A), CAT activity (B), SOD
activity (C), GST activity (D) and NPSH levels (E) of mice treated with STZ.
Inserts show the effects of donepezil treatment (5 mg/kg). Values are expressed
as mean * S.E.M. of 8 (MDA), 7 (CAT, SOD and GST) and 6 (NPSH) animals.
Asterisk denotes the significance levels when compared with the respective
vehicle treated group: (*) P < 0.05, (**) P < 0.01 and (***) P < 0.001.
Hashtag denotes the significance levels when compared with the STZ, vehicle
treated group (¥) P < 0.05, (**) P < 0.01 and (***) P < 0.001 (two-way
ANOVA followed by the Newman Keuls).

(5,200 = 14.59, P = 0.0001] and cleaved PARP/PARP [F (59, = 12.28,
P = 0.0001] and in the level of cleaved caspase- 3 [F (531) = 5.16,
P = 0.002] in the hippocampus of mice injected with STZ when com-
pared to those of the vehicle-treated group. Ebselen and donepezil
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reversed this increase to the levels of control group.
The levels of proteins Bax [F (530 = 14.59, P = 0.0001] and Bcl-2
[F (5,30) = 3.96, P = 0.0087] separately plotted are depicted in Fig. 1S.

4. Discussion

The results of the present study demonstrate that the multi-
functional compound ebselen reversed memory impairment and
modulated oxidative stress and the levels of proteins related to apop-
tosis in a mouse model of sporadic AD induced by icv STZ.

Animal models are critical to drug discovery and provide a basic
platform to investigate new therapies. The icv injection of STZ is an
established, standardized and reproducible approach to metabolic
sporadic AD (Salkovic-Petrisic et al., 2013). STZ alters the function of
enzymes involved in the brain glucose metabolism (Hoyer and Lannert,
2007), stimulates oxidative stress (Agrawal et al., 2011; Ishrat et al.,
2009; Javed et al., 2012), the apoptotic pathway (Agrawal et al., 2011)
and the release of cytotoxic factors, which can lead to neuronal death
(Bhalala, 2015). Although icv STZ is a non-transgenic metabolic model
of sporadic AD, which resembles features in brains of AD patients, we
should acknowledge the lack of mechanistic explanation of icv STZ
action as a limitation of this model (Grieb, 2016).

In the present study, the icv injection of STZ besides causing
memory impairment and oxidative stress, it increased the hippocampal
levels apoptotic markers and decreased neurogenesis in the dentate
gyrus area of hippocampus. Despite differences between STZ doses,
some authors Mishra et al. (2018); Kraska et al. (2012) have reported
that icv STZ induced severe atrophy of the area around the lateral
ventricles after 21 days and lesions extended posterior to the dentate
gyrus, and neurodegenerative lesions associated with inflammation and
oxidative stress (Kraska et al., 2012). The STZ model has also beha-
vioral consequences, such as memory and learning impairment (Mehla
et al., 2013). In fact, our findings demonstrate that icv STZ decreased
mouse performance in the STM, LTM, OLT and Y-maze tests, reflecting
loss of memory.

Scientists have used a database of 'failed' drugs, found to be safe but
ineffective for their proposed use, to identify ebselen, a compound
which displays formidable benefit during the animal model phase of
research (Noguchi, 2016; Nosengo, 2016) and have been able to re-
produce these effects in human clinical trials, as a possible alternative
to treat bipolar disorder (Masaki et al., 2016; Singh et al., 2013), and
noise-induced hearing loss (Mahadevan et al., 2013; Wang et al., 2014).
In fact, ebselen neuroprotective effects have been recognized (Singh
et al.,, 2016) and its multifactorial targets (Luo et al., 2013; Parnham
and Sies, 2013) seem to be an advantage for prospective therapeutic
strategies. Besides, the effectiveness of ebselen has been already proven
in a transgenic model of AD (Xie et al., 2017). Widely used transgenic
mouse AD models have provided valuable insights into the molecular
mechanisms underlying the memory decline; however, due to the par-
ticular B -amyloid-related gene manipulation, they resemble the fa-
milial but not the sporadic AD form. Despite the differences in the ex-
perimental protocol (dose, species, time of administration and route)
between the Xie et al. (2017) study and our present study, the de-
monstration that ebselen improved the cognitive impairment in spatial
learning, reduced B-amyloid level and inhibited tau hyperpho-
sphorylation in a model of familial AD motivated us to investigate this
compound in a model that mimics a specific endophenotype, such as
STZ icv-treated animals which develop insulin resistant brain state.

The findings of the present study reproduced well-known properties
of ebselen, such as antioxidant, anti-apoptotic, neuroprotective and
memory enhancing (Singh et al., 2016) in a mouse model of sporadic
AD induced by icv STZ. Ebselen administration reversed hippocampal
oxidative stress induced by icv STZ by increasing the activities of an-
tioxidant enzymes and the levels of a non-enzymatic antioxidant de-
fense. The anti-apoptotic property of ebselen was demonstrated in this
study by its effectiveness against the increase in the ratios of Bax/Bcl-2,
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Table 2

Effect of icv STZ on glycemia of mice.
Groups Glycemia (mg/dl)
Vehicle 107.7 + 4.86
STZ 104.8 + 2.67

Values are expressed as mean = S.E.M. of 9 animals.
Data analysis was carried out through unpaired
Student's t-test. STZ — streptozotocin.

cleaved PARP/PARP and in the levels of caspase-3 in the hippocampus
of mice experimentally induced by icv STZ. Apoptosis inhibition de-
pends partly on the balance between the levels of Bcl-2 and Bax, in-
creased apoptotic frequency is associated with decline in Bcl-2 ex-
pression (Upadhyay and Kamp, 2003). In other words, the decrease of
Bcl-2/Bax ratio inhibits the DNA repair capacity with consequent dis-
assembly and cell death (Pollack et al., 2002). Moreover, the increase of
Bax/Bcl-2 ratio found in the hippocampus of icv STZ mice, can up-
regulate caspase-3 and increase apoptosis (Salakou et al., 2007). An-
other characteristic event of apoptosis is the proteolytic cleavage of
PARP, a nuclear enzyme involved in DNA repair, DNA stability, and
transcriptional regulation. Caspases, in particular caspase-3 and -7,
cleave the 116-kDa form of PARP-1 to generate cleaved fragments (Wei
and Shi, 2013). In the present study, ebselen reversed caspase- 3 acti-
vation and induction of PARP cleavage in the hippocampus of icv STZ
mice. These findings, taken together, reinforce the anti-apoptotic action
of ebselen in a sporadic model of AD.

The general consensus in the scientific literature is that adult hip-
pocampal neurogenesis plays a vital role in the long-term spatial
memory (Snyder et al., 2005) and that reduction of adult neurogenesis
produces behavioral disturbances that lead to learning and memory
impairment (Cameron and Glover, 2015). Whether decreased neuro-
genesis is just a neuroanatomical manifestation of the AD or function-
ally contributes to memory impairment remains uncertain, but it is
known that neurogenesis can be regulated by numerous factors asso-
ciated with behavioral intervention and cognitive states (Baptista and
Andrade, 2018). In fact, behavioral interventions, including hippo-
campus dependent learning, environmental enrichment and voluntary
running, can increase the rate of neurogenesis and BrdU positive cells
(Deng et al., 2010).

Moreover, it is plausible that interventions that improve

Journal of Psychiatric Research 109 (2019) 107-117

neurogenesis may be useful to treat hippocampal dysfunctions found in
AD. Evidence found in transgenic mouse models of AD indicates that
intrahippocampal transplantation of human neural stem cells improved
cognition by enhancing synaptogenesis (Ager et al., 2015). Even though
promising results highlight transplantation therapy as a possible in-
tervention for AD it is not clear the role new neurons play in the
functional activity of the mature brain and whether these cells display
any clinical relevance (Apple et al., 2017).

In the present study, icv STZ reduced the neuronal cell proliferation
in the dentate gyrus area of hippocampus, which helps to explain the
memory impairment of STZ mice; however, neither ebselen nor done-
pezil was effective against this decrease even that they reversed
memory impairment. This result leads us to believe that the multi target
profile of ebselen is behind its memory enhancing effect demonstrated
in this study.

Because ebselen is a bioavailable molecule that permeates the
blood-brain barrier (Imai et al., 2001) it is possible that this drug acts
largely through a direct central nervous system effects. Regarding the
concentration of ebselen in plasma, a single oral dose of 100 mg/kg
ebselen in rats produces serum values of 4-5uM (Salom et al., 2004),
whereas 1 mg/kg of ebselen (iv) reached 12 pg/ml in rat plasma (Imai
et al., 2001). Moreover, data on ebselen pharmacokinetic reveal that
the selenium portion was not bioavailable and, therefore, ebselen did
not enter the selenium pool of the body. On the contrary, it was me-
tabolized and excreted explaining its low toxicity (Parnham and Sies,
2000). Considering that ebselen has been reported to have antioxidant
(Wang et al., 2014), anti-inflammatory (Xie et al., 2017) and neuro-
protective (Singh et al., 2016) actions and that it inhibits the activity of
acetyl cholinesterase (Martini et al., 2018) and phosphorylation of tau
(Mahadevan et al., 2013), we may have found a new role for ebselen to
treat diseases in which cognitive function is present.

This study has some limitations that have to be pointed out as
follow, because neuronal atrophy is the main hallmark of AD (Fu et al.,
2017), we acknowledge the lack of this end point measurement as a
weakness of this study. The use of BrdU, a marker of cell proliferation;
reflects on new neurons and glial cells. Although it is known that the
granular layer of dentate gyrus consists predominantly of neurons to
affirm that BrdU-positive cells are related to neuronal proliferation, it
would be required a BrdU/NeuN co-labeling. There is no doubt that icv
STZ is an experimental model to study metabolic sporadic AD and po-
tential therapies. Nevertheless it is still an open question how is the STZ

Fig. 7. Effect of ebselen on the number
of BrdU positive cells in the dentate

STZ

gyrus area of hippocampus in mice
treated with STZ. Photographs are re-
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Fig. 8. Effect of ebselen on the hippocampal ratios of Bax/Bcl 2 (A) and cleaved PARP/PARP (C) and the levels of cleaved caspase- 3 (D) in mice treated with STZ.
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Values are expressed as mean

S.E.M. of 5-6 animals. Asterisk denotes the significance levels when compared with the respective vehicle group: (*) P < 0.05, (**)

P < 0.01and (***) P < 0.001. Hashtag denotes the significance levels when compared with the STZ, vehicle treated group () P < 0.05, (**) P < 0.01 and (**#)

P < 0.001 (one -way ANOVA followed by the Newman Keuls).

mechanistic action, such as how is the brain insulin receptor desensi-
tization or is brain glucose hypometabolism secondary effect or primary
cause of AD (Grieb, 2016), these answers would help to converge the
data obtained in this model to human sporadic AD. Moreover, it should
be acknowledged the limitations of this model to mimic other relevant
end points of sporadic AD.

Finally, in this study, most of ebselen effects, such as reversion of
memory impairment, antioxidant and anti-apoptotic, were similar to
those elicited by donepezil, the first-line treatment for Alzheimer's
disease and non Alzheimer's dementia. Because long-term use of do-
nepezil could be limited by increased vagal tone side effects associated
to bradycardia, anorexia, abdominal pain, nausea and diarrhea (Turon-
Estrada et al., 2003), drugs with fewer side effects would likely have a
lower rate of people stop taking their prescribed drug.

In conclusion, the multifunctional selenoorganic compound, eb-
selen, was effective to reverse memory impairment, oxidative stress and
apoptosis in a mouse model of metabolic sporadic AD induced by icv
STZ.
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ABSTRACT

Alzheimer's disease (AD) is a progressive neurodegenerative disorder that has generated
scientific interest in part as a reflection of its prevalence in the population. Evidence
provided by studies with animal models and humans indicate that physical exercise
promotes neuroplasticity and improves cognitive function. The aim of this study was to
investigate the effects of 4-week strength exercise on the hippocampal protein contents
and memory performance in mice subjected to a model of sporadic AD induced by
streptozotocin (STZ). STZ (3 mg/kg, i.c.v.) was injected to adult male Swiss mice. Mice
started the exercise training at the 21* day after induction with STZ and spent 4 weeks
(5 day/week) in this training. Each training session consisted of 1 series of 10
repetitions of climbing a ladder (I m high, with 1.5 cm grids). Mice performed the
Morris Water Maze (MWM) test and samples of hippocampus were used to determine
protein contents of BDNF/ERK - CAMK - II/CREB signaling pathway. Strength
exercise was effective against the decrease in the time spent and distance traveled in the
target quadrant induced by STZ. The strength exercise was effective against the
reduction of mBDNF, TrkB and NeuN hippocampal protein levels in STZ-injected
mice. The decrease in the hippocampal ratio of pERK/ERK, pCAMKII/CAMKII and
pCREB/CREB induced by STZ was reversed by strength exercise. Strength exercise
modulated the levels of Bcl2 and Bax in the hippocampus of STZ-injected mice. The
present study demonstrates that strength exercise suppressed STZ-induced spatial
memory impairment and modulated the BDNF/ERK - CAMK - II/CREB signaling

pathway in the hippocampus of mice.

Keywords: strength; exercise; memory; BDNF/ERK - CAMK - II/CREB
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1. INTRODUCTION

Alzheimer's disease (AD) is the most prevalent type of dementia due to the
increasing aging process of society [1]. Overall, 135 million people are estimated to be
living with dementia by 2050, which will lead to an increase in the social, physical and
economic burden for both patients and caregivers, becoming a major public health
problem [2]. The complexity of AD, which involves multiple phenotypes, makes the
discovery of new treatments even more difficult [3].

Considering that a healthy lifestyle improves mental activity and reduces the risk
of various diseases (Khodadadi et al., 2018), neural repair and synaptic plasticity in the
central nervous system (CNS) can be improved through non-pharmacological
interventions [4]. Physical exercise is one of the most important neuroprotective,
noninvasive and non-pharmacological interventions [5,6] in addition to be affordable
and inexpensive for the population [7]. Physical exercise has been proposed as one of
the ways to counteract neurological and cognitive disorders in animal models [8-10] and
human beings [11]. Moreover, treadmill running reduced amyloid plaque and improved
the mouse performance in the Morris Water Maze in a transgenic model of AD [12]. To
date, the frequent practice of physical activity has been related to the lower AD risk and
delay or slowing down the progression of the disease [13,14].

Although, the majority of the molecular targets involved in the positive effects
of exercise in the CNS are still unknown [15,16], the mitogenic signaling of activated
protein kinases (MAPK), multiple transducing agents that participate in neural plasticity
[17,18], are activated by physical exercise [13]. Many of these changes in signaling
have been observed in hippocampal formation, a region of the brain linked to learning,
memory and emotional processes [19,20] and highly susceptible to damage in

neurodegenerative diseases.



Considering that little is known about the effects of strength exercise in animal
models of AD, the aim of this study was to investigate the effects of 4-week strength
exercise on the hippocampal protein contents and memory performance in mice

subjected to a model of sporadic AD induced by streptozotocin (STZ).

2. EXPERIMENTAL PROCEDURES

2.1. Animals

The experiments were carried out using male adult Swiss mice (25-35g)
obtained from our breeding colony. The mice were housed in cages (5 mice per cage),
with free access to food and water. The animals were kept in an air-conditioned room
(22 + 2°C) under a 12:12 h light/dark cycle, with lights turned on at 7:00 a.m. The
experimental procedures of this study were approved by the Institutional Ethics
Committee on Care and Use of Experimental Animal Resources from the Federal
University of Santa Maria-RS - Brazil (#7372110915). All efforts were made to
minimize animal suffering and to reduce the number of animals used in the

experiments.

2.2. Chemicals

STZ (3 mg/kg) was dissolved in citrate buffer (3 mg/ml, pH 4.4) [21] just prior
to administration. The drug was administered by the intracerebroventricular (i.c.v) route
in a volume of 5 pl/injection, at 1pul/min, in the lateral cerebral ventricles of mice.

Appropriate vehicle-treated group was also assessed simultaneously.

2.3 Experimental protocol
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The experimental design of this study is shown in Fig. 1. The animals were
randomly assigned in three different groups as following: Group I — Vehicle: mice
sham-operated injected with vehicle and that did not perform strength exercise (n=9
animals); Groups II — STZ: mice sham-operated injected with STZ and that did not
perform strength exercise (n=8 animals). Group III — STZ + EXE: mice injected with
STZ and that performed strength exercise (n=9 animals). In order to follow the
principles of the 3Rs (Replacement, Reduction and Refinement), the design
experimental of this study did not assign mice to the exercise group. The reduction of
this group of animals is consistent with the scientific aim of this study.

After exercise protocol, the mice performed the Morris Water Maze test. After
that, the mice were immediately killed by cervical dislocation and samples from the

hippocampus were excised and stored at - 80 °C for western blot analyses.

2.3.1 Injection of STZ - i.c.v.

Adult male Swiss mice were anesthetized intraperitoneally (i.p) with ketamine
(100 mg/kg) and xylazine (5 mg/kg) for i.c.v injections. The head of mouse was placed
in the stereotaxic apparatus and a midline sagittal incision was made in the scalp. The
stereotaxic coordinates for the lateral ventricle were measured accurately as anterio-
posterior -0.8 mm, lateral 1.5 mm and dorso-ventral, -4.0 mm relative to bregma and
ventral from dura with the tooth bar set at 0 mm. Through a skull hole, a 28-gauge
Hamilton® syringe of 10 pl attached to a stereotaxic apparatus and piston of the syringe
was lowered manually into lateral ventricle [22]. STZ (3 mg/kg, i.c.v., 1ul/min) was
injected, on alternate days (days 1 and 3, Fig. 1), using a Hamilton microsyringe in a

volume of 5 pl/injection in lateral cerebral ventricle of mice [23,24].



After surgery, the animals took approximately 1-2 h to recover from anesthesia.
The mice were kept in a well-ventilated room at 25 + 2 °C in individual cages and
provided with free access to food and water until they regained full consciousness. Food
and water were placed inside the cage for 2-3 days so that the animals could easily

access it without any physical trauma due to head injury.

2.3.2 Exercise training protocol

Mice started the exercise training at the 21" day after induction with STZ (Fig.
1). The animals spent 4 weeks (5 days a week) in this strength exercise training. The
training consisted of climbing a ladder 1 m high, with 1.5 cm grids. Initially, the
animals gained familiarity with the ladder climbing weightless for 5 days during the
adaptation period. The initial weight adhered to the tail of each animal was 10% of their
body weight and progressively increased up to 60% after 5 weeks (week 1: adaptation
period, week 2: 10% of body weight, week 3: 20% of body weight, week 4: 40% of
body weight; week 5: 60% of body weight). Each training session consisted of 1 series
of 10 repetitions successful starts during the 4 weeks of exercise, with a rest of 1 min
between sets[25]. To reduce stress, outsource stimuli such as food reward and electrical
stimulation were not given to mice during exercise climbing stairs. In addition, the
intensity was carefully adjusted for each animal in each exercise session.
2.3.3 Morris Water Maze test

The MWM test records the learning ability and visual spatial memory of the
animals [26]. This test was carried out using a MWM device, including a circular
swimming pool (180 cm in diameter, 60 cm height), of black color, filled to a depth of
25 cm with water at 22 + 1 ° C. Little light was used for illumination and the room had

sound insulation. Several visual cues were present. The pool had four quadrants with
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four starting lines named north (N), east (E), south (S) and west (W), and a submerged
platform (10 cm in diameter) centrally located 1 cm below the water in the N quadrant,
painted black, was placed inside the target quadrant of this pool, 2 cm below the surface
of the water. The platform was held in a constant position throughout the test. Under
normal conditions, animals quickly learn to swim directly toward the platform and reach
it in a shorter time. The procedure was performed on five consecutive days [27]. Each
mouse underwent four (N-E-S-W) tests in the first 4 days of the test. The maximum
time for the attempt was 120 s. If the mouse found the platform hidden within 120 s, it
was held for an additional 20 s and then removed. The mouse that could not find the
platform hidden during the designated time was gently guided to the platform and kept
the control for 20 s. The mean escape latency time that is the time spent by each mouse
to find the hidden platform was recorded for each mouse during each test performed
during the four test days and was used as an index of acquisition or learning [28]. On
the fifth day, the mice were subjected to a probe test session where the platform was
removed from the pool and each mice was allowed to explore the pool for 60 s.The time
spent by each mouse and the distance traveled in the target quadrant in which the hidden
platform was previously placed was recorded as an indicator of recovery or memory
[28,29].

2.3.4 Western blot assay

Samples of hippocampus (n=5-6 animals/group) were homogenized in
Radioimmunoprecipitation assay buffer (RIPA buffer) solution containing 150 mM
NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0, in the presence of commercial phosphatase and protein inhibitor cocktail

(Sigma-Aldrich Company, St. Louis, Missouri, United States). The protein



concentration was determined by protein assay kit (Bio-Rad Laboratories, Hercules,
CA). Tissue extracts were diluted to a final protein concentration 2 pg/ul. The samples
(40 pg of protein) and pre stained molecular weight standards (Sigma-Aldrich
Company, St. Louis, Missouri, United States) were separated on 10% resolving with 4%
concentrating SDS-PAGE electrophoresis gels. Proteins were transferred to
nitrocellulose membrane using Transfer-Blot® Turbo™ Transfer System (1.0 A; 45 min
for proteins above 25 kDa or 5 min for proteins below 25 kDa). After blocking with 3%
bovine serum albumin solution, the blots were incubated overnight at 4 °C with primary
antibodies as shown in Table 1. B-actin was stained as additional control of the protein
loading. After primary antibodies incubation, membranes were washed and incubated
with secondary antibodies conjugated with horseradish peroxidase (Bio-Rad
Laboratories, Hercules, CA, USA) for 1 h at room temperature and developed with
chemiluminescence kit (Amersham, Sdo Paulo/Brazil). Optical density (OD) of the
Western blotting bands was quantified using Image J (NIH, Bethesda, MD, USA)
software for Windows. Each value was derived from the ratio between arbitrary units

obtained by the protein band and the respective -actin band.

2.4. Statistical analysis

All experimental results are presented as the mean + S.E.M. Normality of data
was analyzed using a D'Agostino and Pearson omnibus normality test. Comparisons
between experimental groups on escape latency were performed using repeated
measures analysis (ANOVA) followed by the Newman - Keuls test. Other behavioral
results and Western blot data were analyzed by one-way ANOVA followed by the
Newman-Keuls test. All analyzes were performed using STATISTICA software for
Windows version 7 (Stat Soft, Oklahoma, USA) by investigator blind to treatment.

Values of probability less than 0.05 (P <0.05) were considered statistically significant.
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3. RESULTS
Strength exercise ameliorates spatial memory of STZ- injected mice

Fig. 2 A-D shows that the mice that performed strength exercise had a decrease
in escape latency and an increase in the time spent and the distance traveled in the target
quadrant in the MWM test. An average of the trials performed each day for each group
was recorded. The latency to reach the platform was similar in all groups, on the first
day of training. From the second day of training, the mice of all groups reached the
platform in a shorter period of time. Fig. 2A shows the representative path traveled by
mice in the labyrinth during training days.

Fig. 2B shows the decrease in escape latency of the animals over the training
days. The repeated measures analysis of variance revealed that mice from the STZ-EXE
group performed better over the days when compared to those of the STZ group [F (2.5
= 3.63, P <0.001]. On the day of the probe test, the STZ group showed a significant
decrease in time spent and distance traveled in the target quadrant, where the platform
was previously located, when compared to the other groups. The mice from the STZ-
EXE group showed an increase in the distance traveled ([F 223y = 11.04, P <0.0001],
Fig. 2C) and in the time spent in the target quadrant ([F 223 = 10.08, P <0.0001], Fig.

2D) when compared to those of the STZ group.

Strength exercise has neuroprotective and anti-apoptotic effects in hippocampus of
STZ- injected mice
Representative qualitative images of m-BDNF, TrkB, pCAMKII/CAMKII,

PERK/ERK, pCREB/CREB western blotting analyses are shown in Fig. 3 and 4.



The hippocampal protein levels of mBDNF (Fig. 3A) and TrkB (Fig. 3B) were
reduced in STZ-SED mice when compared to those of the vehicle group. The strength
exercise increased mBDNF [F (215 = 20.34, P <0.0001] and TrkB levels [F (2,14 = 13.36,
P <0.0001] in the hippocampus of mice experimentally induced with STZ.

A statistically significant increase in the ratios of pPERK/ERK [F(3,15)= 10.52, P <
0.001 Fig.3C], pPCAMKII/CAMKII [F(2,15y=4.62, P < 0.01 Fig. 3D] and pCREB/CREB
[Fai6 = 7.73, P < 0.001 Fig. 3E] was found in the hippocampus of STZ-EXE mice
when compared to those of the STZ group.

Fig. 4B shows the reduction of protein content of NeuN in the hippocampus of
STZ-SED mice when compared to those of the vehicle group and strength exercise was
effective against this decrease [F(2,17)= 25.27, P < 0.0001].

Fig. 4C and 4D show a significant increase in the protein levels of Bcl, [F(2,15) =
8.87, P < 0.01] and a decrease in those of Bax [Fp16 = 5.87, P < 0.05] in the
hippocampus of STZ mice and strength exercise was effective against the dysregulation
of these protein levels induced by STZ.

4. DISCUSSION

The present study demonstrates the effectiveness of a strength exercise strategy
against spatial memory impairment in a mouse model of sporadic AD induced by STZ.
Moreover, to the best of our knowledge, this is the first study in which strength exercise
suppressed STZ-induced memory impairment and modulated the BDNF/ERK - CAMK
- II/CREB signaling pathway in the hippocampus of mice.

As memory impairment and dementia are significant features of
neurodegenerative diseases, more specifically of AD, it is not surprising that much of
the published scientific literature on cognitive enhancement under any neurological

conditions is associated with animal models of AD [30,31]. In addition, this is
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consistent with clinical studies exploring the effects of new compounds on animal
models of AD [31]. To help understanding whether pharmacotherapy is the only viable
option for managing AD, in this study we turned our attention to the strength exercise as
a noninvasive and non-pharmacological intervention in a mouse model of sporadic AD.

Overall exercise has positive effects on brain functions and in disorders
associated with neurodegenerative processes, such as Alzheimer's and Parkinson's
disease models [32-35]. In agreement with Sahay et al. [36] results, our behavioral data
demonstrate that 4-week strength exercise increased performance of mice in a memory
task. Although in the Sahay et al. [36] study, the hippocampal neurogenesis and
memory increment were demonstrated in a mouse model of voluntary exercise.

The findings of our study indicate that the integrity of mBDNF signaling was
affected in the hippocampus of STZ-injected mice and strength exercise promoted an
increase in mBDNF and TrkB levels, and in downstream proteins, such as pERK / ERK
and pCAMK-II/CAMK-II ratios, which could lead to increased levels of NeuN in the
hippocampus of mice. It has been demonstrated that the integrity of BDNF signaling is
affected in neurodegenerative events [37] and that deficient conversion of pro-BDNF to
mBDNF and its signaling, via TrkB, contributes to cognitive dysfunctions in cases of
AD [38].

In addition, CREB, a cyclic AMP responsive element binding protein, is well
known to play a key role in mediating synaptic plasticity and promoting neuronal
survival in the brain [39-41]. Accordingly, the p-CREB/#-CREB ratio was increased in
response to strength exercise in hippocampus of mice injected with STZ. The
suppressive effect of CREB activation on cell death is linked to CREB-mediated

transcription of Bcly, an anti-apoptotic gene, and CREB-activated cell survival against

11



stress stimuli is linked to CREB phosphorylation through of MAPK-dependent form
and CaMK- 1I [39,42,41].

The findings of this study show that strength exercise promoted an anti-apoptotic
effect because it reduced the protein levels of Bax and increased the levels of Bcly, in
addition to trigger the activation of the CREB and BDNF pathway mediated by CaMK-
II. Collectively these findings suggest that strength exercise induced a cooperative
activation of CREB in a manner dependent of ERK and CaMK- II.

It is important to note that the decrease of apoptotic pathway activation,
demonstrated in this study, may also be involved with the increase in the levels of
NeuN. A plausible explanation to this seems to be that new neurons can be produced
because mBDNF signaling is involved with both survival and neurogenesis; or an
increase in the cellular survival would be a consequence of anti-apoptotic effects of
strength exercise. However, these hypotheses should be interpreted with caution,
because we did not determine specific markers of neurogenesis in this study.

The present study demonstrates, to the best of our knowledge, for the first time
that strength exercise suppressed memory impairment and modulated the hippocampal
BDNF/ERK - CAMK - II/ CREB signaling pathway in a mouse model of AD induced
by STZ. In addition, the beneficial effects of strength exercise seem to recruit anti
apoptotic mechanisms, as seen in the hippocampal levels of Bax and Bcl,.
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Fig. 1. Experimental design of this study.

Fig. 2. Effects of strength exercise on path traveled (A); escape latency (B); distance
traveled (C) and time spent (D) in the target quadrant in the MWM test of STZ- injected
mice. Values are expressed as mean + S.E.M. of 8-9 animals. Asterisk denotes the
significance levels when compared to the vehicle group: (*) P < 0.05; (**) P < 0.01.
Delta denotes the significance levels when compared to the STZ group: (*® P < 0.01.

(®*®) P < 0.001 (one -way ANOVA followed by the Newman Keuls).

Fig. 3. Effects of strength exercise on protein contents of mBDNF (A), TrkB (B),
PERK/ERK (C), pPCAMKII/CAMKII (D) and pCREB/CREB (E) in the hippocampus of
STZ-injected mice. Values are expressed as mean + S.E.M. of 5 - 6 animals. Asterisk
denotes the significance levels when compared to the vehicle group: (*) P < 0.05, (¥*) P
< 0.01. Delta denotes the significance levels when compared to the STZ group: G P<
0.05; (* P < 0.01 and (**®) P < 0.001 (one - way ANOVA followed by the Newman
Keuls). Photographs are representative images of one mouse of each group of

qualitative Western blotting analyses normalized to B-actin protein.

Fig. 4. Effects of strength exercise on protein contents of NeuN (A), Bax (B) and Bcl2
(C) in the hippocampus of STZ-injected mice. Values are expressed as mean + S.E.M.
of 5 - 6 animals. Asterisk denotes the significance levels when compared to the vehicle
group: (*) P < 0.05, (**) P < 0.01. Delta denotes the significance levels when compared
to the STZ group: (°) P < 0.05; (**) P < 0.01 and (®*) P < 0.001 (one - way ANOVA
followed by the Newman Keuls). Photographs are representative images of one mouse

of each group of qualitative Western blotting analyses normalized to -actin protein.
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Table 1. List of primary antibodies and their dilutions

Antibody ~ Molecular Weight (kDa) Type Company Dilution
mBDNF 14 rabbit Abcam 1:1000
TrkB 94 rabbit Abcam 1:1000
pERK 42/44 rabbit Abcam 1:1000
ERK 42/44 rabbit Cell Signaling Technology  1:1000
pCAMKII 50 rabbit Cell Signaling Technology  1:1000
CAMKII 50 rabbit Cell Signaling Technology  1:1000
pCREB 43 rabbit Cell Signaling Technology  1:1000
CREB 43 rabbit Cell Signaling Technology  1:1000
NeuN 48/46 mouse Millipore 1:1000
Bax 23 rabbit Cell Signaling Technology  1:1000
Bcl2 28 rabbit Cell Signaling Technology ~ 1:1000
B-actin 42 mouse Abcam 1:5000

BDNF (brain-derived neurotrophic factor); TrkB (tropomyosin-related kinase B); ERK

(extracellular element binding protein); CREB (cAMP-response element binding

protein) (kx-opioid receptor); CAMK II (Ca™ /calmodulin-dependent protein kinase II);

NeuN (neuronal nuclear protein).
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4. DISCUSSAO

A DA é uma doenca heterogénea e com patofisiologia complexa, a qual se manifesta
em multiplos sintomas fisiologicos, comportamentais e funcionais, que juntos, levam a
incapacidade (ZUCCHELLA et al., 2018) . Sendo um dos principais problemas de saude
em individuos idosos, leva a deterioracdo progressiva da cognicao, funcionamento diério
da atividade e comportamento que, em conjunto, levam & falta de um tratamento
modificador e eficaz do percurso da doenca (ZUCCHELLA et al., 2018). Os inibidores
das colinesterases e a memantina, um antagonista nao-competitivo do receptor NMDA,
sd0 0s Unicos farmacos sintoméaticos comercialmente disponiveis, no entanto seu impacto
clinico permanece modesto e controverso (BIRKS, J. e CRAIG, 2006; BIRKS, J. S. et al.,
2015).

Neste sentido, além dos diferentes efeitos farmacoldgicos do composto organico de
selénio, ebselen, como antinflamatdrio, antioxidante, neuroprotetor, estudos tém
demonstrado um grande interesse por drogas multifuncionais.

O ebselen é um composto que apresenta beneficios em diferentes modelos animais de
estudo(NOGUCHI, 2016; NOSENGO, 2016), dentre seus efeitos, foi capaz de reproduzir
esses efeitos em ensaios clinicos com humanos, como uma possivel alternativa para o
tratamento de transtorno bipolar (MASAKI et al., 2016; SINGH et al., 2013) para perda
auditiva induzida por ruido(MAHADEVAN et al., 2013; WANG, X. et al., 2014b). De
fato, os efeitos neuroprotetores do ebselen foram reconhecidos e seus alvos multifatoriais
parecem ser uma vantagem para as perspectivas terapéuticas (LUO et al., 2013,
PARNHAM, M. J. e SIES, 2013; SINGH et al., 2016). Além disso, nenhum evento foi
relatado com relacdo a efeitos colaterais e toxicidade, nas doses administradas de ebselen
(SINGH et al., 2016).

De modo geral, os resultados que aqui foram apresentados mostram que 0 composto
ebselen é capaz de melhorar a memoria de reconhecimento, localizagdo e memoria
espacial. Observou-se que, o ebselen corroborou positivamente no desempenho da
memoria em modelo de amnésia induzido por escopolamina e no modelo de DA
esporédica induzido por ETZ i.c.v. (artigo 1 e artigo 2).

Inicialmente, observamos que a hipotese colinérgica para a deméncia sugere que esta,
com déficits na memoria, no aprendizado e mudangas no comportamento, seja causada,
pelo menos em parte, por um decréscimo nos niveis de ACh no cérebro (BALLARD et

al., 2005b). Assim, uma reducdo na atividade da enzima AChE foi demonstrada no cortex
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cerebral e no hipocampo de pacientes afetados por doencas neurodegenerativas
(FISHMAN et al., 1986), sugerindo que alteracGes em sua atividade pode estar associada
com as alteracdes cognitivas caracteristicas de doencas neurodegenerativas (CUMMINGS
et al., 2014; LAW et al., 2001). Por outro lado, a degeneragdo dos terminais nervosos
colinérgicos em regibes cerebrais especificas resulta numa reducdo da forma globular
tetramétrica, isoforma G4, associada a membrana da AChE (YOUNKIN et al., 1986).
Baseado nesses relatos, inibidores reversiveis das colinesterases tém sido usados como
estimuladores cognitivos no tratamento terapéutico da DA (GREIG et al., 2001).

O envolvimento do ebselen com o sistema colinérgico também j& foi evidenciado em
outros estudos. Nosso grupo de pesquisa reforgou as evidéncias sobre o envolvimento do
ebselen na atividade da AChE, assim este composto foi caracterizado como um inibidor
misto e reversivel da AChE in vitro (MARTINI et al., 2015). Conforme os resultados
obtidos no artigo I, o ebselen inibiu a atividade da AChE/G4 hipocampal in vitro. No
entanto, ndo foi capaz de alterar a atividade desta enzima ex vivo, 0 que poderia ser
explicado pelo método utilizado, caracterizado por um processo demorado de multiplas
lavagens e centrifugacGes e o ebselen apresentar uma inibicdo cinética reversivel, como
foi caracterizado anteriormente in vitro (MARTINI et al., 2015).

Ainda, os resultados apresentados no artigo 1 primeiramente estenderam os estudos
sobre a forma em que o composto ebselen atua sobre as isoformas da AChE — G1 e G4.
Desta forma, o artigo 1 revelou pela primeira vez que o ebselen inibe a atividade da
isoforma AChE/G4, no cortex e no hipocampo de ratos in vitro. J& ex vivo, inibiu a fragdo
G4 no cortex cerebral e a G1 no hipocampo. Além disso, o ebselen mostrou um efeito
neuroprotetor em um modelo de amnésia induzida pela escopolamina, protegendo desses
efeitos deletérios nos testes comportamentais. Somado a isso, este composto apresentou
uma inibicdo na atividade da AChE, aos niveis do controle, no hipocampo dos
camundongos, neste mesmo modelo. Por essa razdo, nossos resultados sugerem que este
composto foi capaz de modular a disfungdo na neurotransmissao colinérgica induzida pela
escopolamina (artigo 1). Ainda, estes resultados reforcam aqueles previamente
demonstrados pelo nosso grupo, os quais revelam o ebselen como um inibidor misto e
reversivel da AChE in vitro (MARTINI et al., 2015). Interessantemente, os inibidores da
AChE utilizados no tratamento clinico da DA sdo seletivos para a isoforma G4 que esta,
relativamente, mais relacionada com a cognigéo quando comparado com a isoforma G1

(DAS et al., 2005). Esta informacdo sugere que a isoforma G4 € a forma fisiologicamente
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relevante da AChE nas sinapses colinérgicas, e espera-se que a sua inibicdo prolongue a
acao da ACh.

Em conjunto, os resultados obtidos e descritos no artigo 1 sdo relevantes por
apresentarem 0s primeiros passos para a compreensao do efeito neuroprotetor do ebselen
na DA. Uma vez que, o possivel mecanismo envolvido no efeito do ebselen em melhorar
0 desempenho cognitivo dos camundongos nos testes TRO e no labirinto em Y podem ser
atribuidos a uma modulagé@o da neurotransmissao colinérgica, vista no artigo 1, no qual o
fato da atividade da AChE cerebral ter aumentado em decorréncia da injecdo de
escopolamina nos animais, leva a uma diminuicdo dos niveis de ACh na fenda sinaptica,
prejudicando assim a memoria destes. No entanto, esta hipdtese ndo nos permite afirmar
se 0 ebselen poderia aumentar os niveis do neurotransmissor ACh, uma vez que este
ensaio ndo foi realizado, uma limitag&o deste estudo.

Os resultados apresentados no artigo 1 foram promissores e trazem indicios do papel
neuroprotetor do ebselen na prevencdo e progressao da em um modelo animal da DA.
Contudo, para mimetizar uma situacdo onde o prejuizo na memoria e no aprendizado,
assim como as disfuncbes bioquimicas fossem mais consistentes e bem estabelecidas,
delineamos o protocolo 2 desta tese utilizando o modelo de DA esporadica, induzida com
ETZ i.c.v. em camundongos, e assim avaliamos o efeito terapéutico do ebselen (artigo 2).

Um ponto importante a destacar-se, no artigo 1 utilizamos a dose de 50 mg/kg, pois
doses mais baixas testadas no protocolo 1, da escopolamina, ndo foram encontrados
resultados eficazes do ebselen em cinco dias de tratamento. Além disso, visto que a
molécula de ebselen caracteriza-se como lipossolavel, tivemos alguns impasses para
encontrar um veiculo ideal para diluicdo da droga. Desta forma, ap0s Vvérias tentativas e
diversos veiculos utilizados, conseguimos modificar o protocolo 1 e assim, obter doses
mais baixas no protocolo 2.

O protocolo experimental utilizado no artigo 2 visou um tratamento terapéutico e
repetido com doses mais baixas de ebselen, sendo 1 e 10 mg/kg. Durante os 21 dias ap0s a
indugdo com a ETZ, os grupos diferentes (Sham e ETZ) foram monitorados em seus pesos
e sua alimentacdo e durante este periodo ndo observou-se sinais de infeccdo e perda de
peso devido a cirurgia. Ao final dos 21 dias também nédo se notou altera¢des da glicemia,
no qual foi monitorado no dia 21 pds-operatério, eliminando qualquer indicio de
hiperglicemia, um resultado ja esperado, uma vez que utilizamos doses subdiabetogénicas.

Certamente, para a realizacdo do tratamento de uma doenca, € necessario que a mesma

esteja instituida. Logo, para verificar se a ETZ induziu um prejuizo na cogni¢do dos
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animais e posteriormente tentar reverter este dano com ebselen, realizou-se o TRO, 21
dias apds a injecdo da ETZ (artigo 2). Corroborando com dados prévios da literatura, o
desempenho cognitivo dos animais neste teste confirmou que a ETZ causou um déficit na
memdria dos camundongos (AGRAWAL et al.,, 2011; HOYER e LANNERT, 2007,
JAVED et al., 2012).

Desta forma, observou-se que o tratamento com ebselen, em doses baixas, foi eficaz
em bloquear este efeito da ETZ no TRO e no Y-maze, dois testes consolidados para a
identificacdo do comportamento do tipo Alzheimer. (Artigo 2). Estes resultados, em
conjunto com aqueles apresentados no artigo 1, sdo relevantes por apresentarem 0S
primeiros passos para a compreensdo do efeito neuroprotetor do ebselen em modelos de
DA esporéadica, também, reforcam a ideia de que o ebselen preserva a memoria e € capaz
de restaurar as habilidades cognitivas dos animais. Ainda, dados anteriores apontam que 0
ebselen apresenta efeito neuroprotetor apenas em doses mais elevadas, ou entdo em
tratamentos mais longos, como foi visto por XIE et al. (2017) utilizando um modelo de
DA em camundongos transgénicos (MARTINI et al., 2018). E importante salientar
também que nenhum dos tratamentos alterou a atividade locomotora dos animais
observada no monitor de atividades, o que descarta que 0 comportamento dos
camundongos possa ter sido influenciado por alteraces na atividade locomotora.

Ainda no artigo 2, tendo em vista a acdo antioxidante, ja reportada, do ebselen e as
evidéncias que tém apontado que o estresse oxidativo desempenha um papel — chave na
patogénese de doencas neurodegenerativas acredita-se que 0S compostos que apresentam
acdo antioxidantes sejam capazes de proteger células neuronais sadias da morte ou do
dano induzido pelo estresse oxidativo, que consequentemente desencadeia a problemas
cognitivos (GOLDMAN et al., 2018). Esta propriedade antioxidante foi evidenciada no
artigo 2, em que o composto foi efetivo em reverter todas os parametros de estresse
oxidativo alterados pela ETZ. Assim, sabe —se que o efeito antioxidante do ebselen
também esteve envolvido no seu efeito neuroprotetor contra o dano oxidativo induzido
pela ETZ, uma vez que o composto preveniu o tecido cerebral do aumento das ER, assim
como modulou a atividade das enzimas antioxidantes (Artigo 2).

Além disso, a via apoptotica é regulada principalmente pelas proteinas da familia Bcl-
2, incluindo a proteina pré-apoptética, Bax e a proteina anti-apoptética, Bcl-2. O
equilibrio entre as duas classes de proteinas determina o destino das células, inclusive a
sobrevivéncia de neurénios (UPADHYAY et al., 2003). Assim, nesta tese, elucidamos o

envolvimento do ebselen na via apoptética, demonstrado pela efetividade em reverter o
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aumento nas razdes de Bax/Bcl-2, PARP clivada/PARP e nos niveis de caspase-3 no
hipocampo de camundongos induzidos por ETZ i.c.v. Desta forma, a diminuicdo da
relacdo Bcl-2 / Bax inibe a capacidade de reparo do DNA com consequente inativacao de
morte celular (POLLACK et al., 2002). Notavelmente, o ebselen reverteu a ativagao de
caspase-3 e a inducgéo de clivagem da PARP no hipocampo dos camundongos, refor¢cando
a acdo anti-apoptotica do ebselen em um modelo de DA esporadica. Ainda, com relacdo a
via apoptotica, vale ressaltar que, no artigo 2 realizamos uma marcacdo por
imunohistoquimica da caspase -3 nas regides do giro denteado, CA1 e CA3 do hipocampo
dos camundongos e obtivemos um aumento da ETZ na regido CAL e o ebselen foi capaz
de reverter este aumento, reforcando seu papel anti-apoptético (Anexo D). As
propriedades antioxidantes do ebselen sdo em parte responsaveis pela protecdo exercida
por este composto frente a neurodegeneracdo, uma vez que o EO esta associado a morte
celular (Artigo 2). A atenuacdo da perda e morte celular também deve ser atribuida ao seu
efeito anti-inflamatorio.

Além disso, injecdo i.c.v. de ETZ também reduziu a proliferacdo de células neuronais
na area do giro denteado do hipocampo, o que nos esclarece, em parte, 0
comprometimento da memoria dos animais induzidos com ETZ, no entanto, nem o
ebselen nem o controle positivo, donepezila, foram eficazes frente a essa diminuicéo,
mesmo que eles apresentem efeito em reverter o prejuizo da memoria. No entanto, nos
questionamos sobre este resultado, uma vez que nos leva a sugerir que o perfil multi-alvo
do ebselen poderia estar envolvido na melhora da memdria. No entanto, mais estudos
precisam ser feitos para elucidar nossa hipotese.

Como amplamente discutido anteriormente a propriedade multi-alvo de uma molécula
tem sido considerada a melhor alternativa terapéutica de doencas multipatogénicas e
complexas, como é o caso da DA (NOSENGO, 2016). O principal desafio no
desenvolvimento de farmacos multi-alvo é ele prevenir ou impactar em diferentes
mecanismos celulares e grande parte dessas alteragcdes moleculares foi demonstrada em
ambos os artigos 1 e 2. De fato, o ebselen nos demonstrou ter amplo espectro de acdo em
modelos de DA esporadica.

Por ser uma molécula biodisponivel, que atravessa a barreira hematoencefalica (IMAI
et al., 2001) o ebselen atua amplamente no SNC, de forma direta. Com relacdo a sua
concentragdo no plasma, pesquisas mosntram que uma dose aguda de 100 mg/kg de
ebselen em ratos apresenta valores sericos de 4 a 5 uM (SALOM et al., 2004), enquanto

que 1 mg/kg de ebselen intravenoso atinge 12 pg/ml no plasma de ratos (IMAI et al.,
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2001). Ainda, estudos mostram que sua farmacocinética revela que sua porcao de selénio
na estrutura ndo esta biodisponivel e, portanto, ndo € metabolizado e excretado,
explicando sua discreta toxicidade (PARNHAM, M. e SIES, 2000).

Desta forma, considerando os efeitos farmacoldgicos do ebselen observados no
presente estudo com relagdo a sua farmacocinética, no qual a dose de 10 mg/kg foi efetiva
em todos os testes, pode-se considerar que este composto apresenta uma janela terapéutica
segura para futuras experiéncias em humanos para tratar a DA.

De fato, outro ponto importante, é que o uso do modelo da DA esporédica induzida
pela ETZ é uma ferramenta para a descoberta do efeito neuroprotetor do ebselen e seu
mecanismo de acdo, contudo, a busca de outros modelos € interessante pois
conseguiriamos verificar se o efeito do ebselen, visto nesta tese, se reproduziria e também,
poderiamos ver outros mecanismos envolvidos em sua acdo neuroprotetora. Mesmo que, a
ETZ seja um modelo metabolico ndo transgénico de DA esporadica, onde seus efeitos se
assemelham as principais caracteristicas observadas em cérebros de pacientes com DA
devemos reconhecer que ainda falta um esclarecimento do mecanismo concreto de acao
da ETZ, o que podemos considerar uma limitagéo deste modelo (GRIEB, 2016).

Por fim, existe uma “crise” no desenvolvimento de medicamentos para a DA, com
isso, as industrias de medicamentos estdo deixando de lado a pesquisa e 0 aumento do
indice da DA devido a falta de compreensdo mecanicista e de metas validadas (CONN e
ROTH, 2008). Isso levou oportunidades para os pesquisadores buscarem estratégias e o
uso de farmacos antigos, ou ja utilizados para outros fins, fossem reutilizados para assim
“resgatar” alguns farmacos (CAVALLA, 2009; CONN e ROTH, 2008). E a grande
expectativa dessa estratégia é que elas podem facilitar a rapida comercializacdo, uma vez
que os primeiros obstaculos para o desenvolvimento de farmacos ja foram eliminados.
Desta forma, o desenvolvimento de uma droga ndo comercializada como o ebselen para a
DA é mais atraente quando comparado a outros compostos que ainda ndo se sabe a
aplicabilidade em humanos.

Ainda, durante a elaboracdo desta tese, realizamos uma revisdo sistematica na
literatura a cerca do papel do exercicio fisico como estilo de vida em individuos que
desenvolveram a DA na velhice e assim, existem evidéncias consistentes de que o
exercicio ajuda a reduzir ou prevenir a deterioragdo cognitiva e cerebral, entre 0s idosos e,
consequentemente, o aparecimento de doencas neurodegenerativas (CASSILHAS et al.,
2007; HOTTING e RODER, 2013; LIU-AMBROSE et al., 2013; MULLEN e HALL,

2015). Ainda, estd claramente visto que, o exercicio fisico tem uma influéncia
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significativa na qualidade de vida e no envelhecimento saudavel (MATTSON, 2012;
NOUCHI et al., 2014) e na prevencdo das doencgas neurodegenerativas e mentais, como o
Alzheimer, depressdo, ansiedade e o estresse ao longo da vida (GOMEZ-PINILLA e
HILLMAN, 2013; LIN e KUO, 2013).

Segundo Ratey (RATEY e LOEHR, 2011), onde ele afirma que, se queremos ser mais
inteligentes devemos fazer mais exercicio, pois “o exercicio é a ferramenta mais
poderosa que possuimos para aperfeicoar a funcdo cerebral... E, simplesmente, um dos
melhores tratamentos, de que dispomos, para muitos problemas psiquidtricos”.

Neste contexto, sabemos que o cérebro estd associado ao controle das funcgdes do
corpo, entre elas, as fungbes motoras e cognitivas. Estas funcdes sdo dependentes de uma
relacdo complexa entre as estruturas cerebrais (DISHMAN et al., 2006; MATTA MELLO
PORTUGAL et al., 2013). No entanto, durante o envelhecimento, VvArios processos
comprometem as estruturas cerebrais e, consequentemente, as funcdes cerebrais. A
disfuncdo colinérgica (CARRO et al., 2002; REDDY et al., 2010; RENTZ et al., 2010), a
reducdo do fluxo sanguineo (PARKES et al.,, 2004) e os déficits cognitivos
(HOOGENDAM et al, 2014) sdo algumas das mudangas ocasionadas pelo
envelhecimento. Mais recentemente, a atencdo tem sido dada a perda muscular
relacionada a idade (HAWKINS et al., 2003; HURLEY et al., 2011) e aos problemas
fisioldgicos associados, como a perda 6ssea (STRASSER et al., 2011), diabetes (FLACK
et al., 2010), sindrome metabolica (STRASSER et al., 2011), e a mortalidade devido a
essas causas (JURCA et al., 2004). Interessantemente, em relacéo a funcdo cognitiva, uma
pesquisa realizada em adultos mais velhos mostrou que a intervencdo de um treinamento
de forca melhora significativamente as habilidades cognitivas (CASSILHAS et al., 2007).

O treinamento fisico € uma estimulagdo positiva de todo o corpo (DESLANDES et al.,
2009; MATTA MELLO PORTUGAL et al., 2013) Existem varios mecanismos
neurobioldgicos que podem explicar os efeitos positivos do exercicio sobre a prevencéo e
o tratamento de doencas mentais, tais como: liberacdo de neurotransmissores como a
serotonina e a dopamina, fatores troficos, aumento da neuroplasticidade, neurogénese e
melhora da cogni¢do (MATTA MELLO PORTUGAL et al., 2013). No entanto, a maioria
das evidéncias sobre o exercicio sdo baseadas em estudos de treinamento aerdbico
(MATTA MELLO PORTUGAL et al., 2013)., assim os beneficios mentais e bioldgicos
que o treinamento de forca trds ndo sdo bem conhecidos, incluindo seus possiveis efeitos

positivos na prevencgdo e tratamento da DA. Além disso, os efeitos do treinamento de
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forga sobre as funcbes cognitivas j& foram discutidas (WESTCOTT, 2012), mas seus
mecanismos ainda séo desconhecidos.

Desta forma, o manuscrito | visou um tratamento terapéutico ndo farmacologico com
um programa de exercicio de forga e duracdo de 4 semanas, sendo a 1° semana apenas
familiarizacdo com o aparato e com o programa de exercicio, buscando verificar o
potencial neuroprotetor do exercicio fisico de forca em modelo de DA induzida por ETZ
i.c.v. em camundongos.

Estudos epidemiolégicos, também relataram risco reduzido de comprometimento
cognitivo leve em idosos que mantém niveis elevados de atividade fisica. Além disso,
ocorre um aumento na producdo de fatores neurogénicos e na formacdo de sinapses
(CASSILHAS et al., 2007), que promovem a afinidade nas ligacGes aos receptores de
membrana acarretando positivamente a duracdo e a intensidade das cascatas de
sinalizacdo. Desta forma, aumenta os fatores neurogénicos, a neurogénese, a memaria e 0
aprendizado (CASSILHAS et al., 2007). No entanto, poucos estudos comparam os efeitos
de diferentes modos de exercicio na cogni¢do, como por exemplo, o exercicio de forca.

Mesmo que, o exercicio aerébico seja mais popular na populacdo idosa, cada vez mais
0 exercicio com o uso de carga vem sendo recomendado para essa populacao,
principalmente para a prevencdo de distarbios neuromusculares associados ao
envelhecimento, como perda de massa muscular e eficiéncia neuromuscular (ARENT et
al., 2018; SCHIMIDT et al., 2014). Desta forma, alguns estudos comecaram a inserir nas
atividades com idosos os exercicios multicomponentes que compreendem exercicios que
trabalnham forca, equilibrio, coordenacdo, além do condicionamento aerdébico
(EGGENBERGER et al., 2015).

Neste contexto, um estudo recente realizado em pacientes com deméncia mostrou que
uma combinacdo de treinamento de forca e o exercicio aerdbico é mais efetivos na
reducdo da cognigcdo relacionada a deméncia do que apenas 0 exercicio aerdbico,
sublinhando o potencial terapéutico do treinamento de forca (BOSSERS et al., 2015). Em
outros 5 estudos, o treinamento de forca foi encontrado para melhorar o desempenho
cognitivo em idosos e em mulheres idosas com comprometimento cognitivo leve.
(CASSILHAS et al., 2007; LIU-AMBROSE et al., 2013). Assim, ha evidéncias recentes
para mostrar que o treinamento de forgca tem efeitos benéficos no funcionamento do
cerebro tanto em populagfes saudaveis quanto clinicas.

Os resultados apresentados no manuscrito 1 indicam que a integridade da sinalizagao

de mBDNF foi diminuida no hipocampo de camundongos injetados com ETZ e o
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exercicio de forgca promoveu um aumento desses niveis, mBDNF e TrkB, além das
proteinas pPERK/ERK e pCAMK-II/CAMK-II, o que poderia explicar 0 aumento nos
niveis do NeuN no hipocampo dos camundongos. Sabe-se que o CREB ¢é um fator de
transcricdo que regula diversas respostas celulares, incluindo a proliferagéo, sobrevivéncia
e diferenciacéo. Interessantemente, o pCREB liga-se a regido promotora do BDNF e Bcl?2
aumentando a regulacdo da expressdo de ambas as proteinas (FINKBEINER, 2000). Esta
poderia ser uma possivel explicacdo para o aumento dos niveis de BDNF e Bcl2 no
hipocampo de camundongos induzidos com ETZ i.c.v. e submetidos a um exercicio de
forca. O CREB ¢é um ponto de convergéncia de muitas vias de sinalizacdo que medeiam o
aumento da atividade sinaptica, como as proteinas quinases ativadas por mitdgeno
(MAPK), a proteina quinase dependente de Ca * ?-calmodulina tipo Il (CaMK-11), que sio
conhecidas por serem ativadas em resposta ao exercicio (MOLTENI et al., 2002). Ainda,
0 CREB regula a sobrevivéncia neuronal, a proliferacdo de precursores, o crescimento e a
diferenciacdo neuronal, bem como as funcdes de aprendizagem e memoria (ALONSO et
al., 2002; BENITO e BARCO, 2010).

Ainda, sabemos que o NeuN pode ser usado como um marcador de células neurais
recém-geradas no hipocampo. E importante notar que a diminuicio da ativagio da via
apoptotica, demonstrada no manuscrito I, também pode estar envolvida com o aumento
nos niveis de NeuN. Uma possivel explicacdo seria que novos neurbnios podem ser
produzidos, pois a sinalizacdo de mBDNF estaria envolvida tanto na sobrevivéncia quanto
na neurogénese; ou ainda, um aumento na sobrevivéncia celular seria uma consequéncia
dos efeitos anti-apoptoticos do exercicio de forca. No entanto, essa hipOtese deve ser
interpretada com cautela, pois ndo determinamos marcadores especificos de neurogénese
neste estudo, o que futuramente poderia ser investigado.

Ademais, os resultados apresentados no manuscrito I mostram claramente que o
exercicio de forca influéncia na modulagdo de proteinas constituintes de vias moleculares
reguladas pela DA no hipocampo. De acordo com o nosso conhecimento, este é o
primeiro estudo em que o exercicio de forca foi capaz de aumentar os niveis de
marcadores neurogénicos via sinalizagio BDNF/ERK-CAMK-II/CREB no hipocampo de
camundongos, além de suprimir a perda de memaria no teste MWM, em um modelo de
DA esporadica.

Cabe ressaltar, que o manuscrito | tinha como proposta inicial, verificar o efeito
sinérgico do exercicio de forca + ebselen, em uma dose subefetiva (0.1 mg/kg), no entanto

ndo houve aumento conforme o esperado, ou seja o efeito sinérgico ndo foi observado.
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Frente a isso, nossa hipdtese com relagdo a este achado, é que o efeito do exercicio atingiu
um “teto” e, consequentemente, o efeito do ebselen nao foi evidenciado (Anexo E).

Além disso, dentre os mecanismos desencadeadores de apoptose, 0 CREB estimula a
expressdo de fatores pro-sobrevivéncia incluindo membros da familia Bcl2 (WILSON et
al., 1996). Com base nesses mecanismos propostos, h4& um aparente aumento da
sinalizacdo anti- apoptotica pelo CREB em hipocampo de animais induzidos por ETZ
i.c.v. e isto corrobora com os efeitos neurogénicos da via de sinalizacdo BDNF/ERK-
CAMK-II/CREB. Ainda, foi relatado que a DA provoca redugdo significativa na
expressdo do gene BDNF (GREENBERG et al., 2009). Este impacto negativo sobre o
BDNF tem importamtes implicacbes para uma série de condi¢bes patologicas. Por
exemplo, comprometimento da memdria dependente do hipocampo (DAVIS, S. et al.,
2000) e aumento do apoptose neuronal (DAVIS, S. et al., 2000), caracteristicas que estéo
envolvidas em varios estados patoldgicos associados as doengas neurodegenerativas, em
especial a DA. Os resultados presentes no manuscrito I mostram uma reducdo dos niveis
de BDNF maduro (mBDNF) bem como a fosforilacdo do TrkB e da pERK no hipocampo
nos camundongos induzidos por ETZ e uma reversao destes niveis pelo exercicio de forga,
no qual os animais foram submetidos por 4 semanas. O mMBDNF desencadeia a ativacéo
da proteina quinase regulada por sinal extracelular (ERK) (CHEN et al., 2013) e assim
podemos sugerir que isso possa contribuir com aumento da fosforilacdo da ERK e a
melhora da memaoria no MWM nos animais que praticaram exercicio de forca. De fato o
CREB por ser um fator de transcricdo que regula diversas respostas celulares, incluindo a
proliferacdo, sobrevivéncia e diferenciacdo, interessantemente, o pCREB liga-se a regido
promotora do BDNF e Bcl2 aumentando a regulacdo da expressdo de ambas as proteinas
(FINKBEINER, 2000). Esta poderia ser uma possivel explicacdo para o aumento do
BDNF e Bcl2 no hipocampo de camundongos induzidos com ETZ submetido ao exercicio
de forca.

Estes resultados permitiram a proposta de uma possivel hipGtese para ter-se um melhor
entendimento dos efeitos do ebselen e do exercicio de forca sobre as alteracdes induzidas
pelos modelos animais de DA esporadica (Figura 10), estimulando novos estudos para sua
possivel confirmacao.

Figura 10. Esquema geral dos mecanismos envolvidos nos efeitos farmacolégicos do
ebselen e do exercicio fisico de forca sobre as altera¢fes induzidas pelos modelos animais

de DA esporadica.
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5. CONCLUSAO

Os resultados apresentados nesta tese indicam que o composto organico de selénio
ebselen protegeu o comprometimento da memdria induzida pela escopolamina, em ambos
os testes utilizados, Y-maze e TRO. Inibiu a atividade da AChE no hipocampo dos
camundongos, além de inibir a atividade da isoforma AChE/G4 no cértex frontal e no
hipocampo in vitro

Ainda, a presente tese demonstrou que o composto multifuncional, ebselen, reverteu o
comprometimento da memdria nos testes de TRO, LO e Y- maze, modulou o estresse
oxidativo e os niveis de proteinas relacionadas a apoptose no modelo de DA esporédica
induzida por ETZ i.c.v., em camundongos.

Com isso, observamos que, 0s principais mecanismos envolvidos no efeito
neuroprotetor do ebselen sdo, antioxidante; modulador da atividade da AChE e supressor
da morte neuronal.

Com relacdo a terapia ndo farmacoldgica, o exercicio de forca foi eficaz em reverter o
dano de memédria no MWM nesta modalidade de exercicio fisico de forca em um modelo
de DA esporédica induzida por ETZ i.c.v.,, no qual seu principal mecanismo foi a
supressdao do comprometimento da memoria espacial através da modulacdo da via de
sinalizacdo BDNF/ERK — CAMK - 11/ CREB, no hipocampo dos camundongos.

Finalmente, esta tese contribui para o esclarecimento dos mecanismos neuroprotetores
envolvidos na acdo do ebselen e reforca a hipdtese de que composto pode ser uma
interessante alternativa terapéutica para o tratamento da DA. Além disso, a importancia do
exercicio de forca para retardar a progressao em pacientes com DA, uma modalidade de

exercicio que seus beneficios ainda ndo sdo completamente elucidados.
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PERSPECTIVAS

- Investigar se o ebselen, em doses mais baixas, exerce efeito diretamente nos niveis do
neurotransmissor ACh e em seus receptores muscarinicos, por exemplo, o M1;

- Avaliar se o ebselen diminui os emaranhados nerofibrilares e as placas senis,
fisiopatologias importantes da DA,

- Avaliar o efeito sinérgico em diferentes doses do ebselen e aplicar em outras
modalidades de exercicio fisico, como terapia para o tratamento de doencas

neurodegenerativas;
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CERTIFICADO

Certificamos que a proposta intitulada "AVALIACAO DO POSSIVEL EFEITO TERAPEUTICO DO COMPOSTO EBSELEN FRENTE A
PREJUiZOS COGNITIVOS INDUZIDOS POR DIFERENTES MODELOS DE DOENCA DE ALZHEIMER EM CAMUNDONGOS SWISS",
protocolada sob o CEUA n? 7372110915, sob a responsabilidade de Cristina W. Nogueira - que envolve a produgao, manutengao
e/ou utilizagdo de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem), para fins de pesquisa cientifica ou
ensino - esta de acordo com os preceitos da Lei 11.794 de 8 de outubro de 2008, com o Decreto 6.899 de 15 de julho de 2009, bem
como com as normas editadas pelo Conselho Nacional de Controle da Experimentacao Animal (CONCEA), e foi aprovada pela
Comissao de Etica no Uso de Animais da Universidade Federal de Santa Maria (CEUA/UFSM) na reunio de 23/06/2016.

We certify that the proposal "EVALUATION OF POSSIBLE THERAPEUTIC EFFECT OF COMPOUND EBSELEN IN FRONT OF COGNITIVE
DEFICIT INDUCED BY DIFFERENT ALZHEIMER'S DISEASE MODELS IN SWISS MICE", utilizing 310 Heterogenics mice (310 males),
protocol number CEUA 7372110915, under the responsibility of Cristina W. Nogueira - which involves the production,
maintenance and/or use of animals belonging to the phylum Chordata, subphylum Vertebrata (except human beings), for scientific
research purposes or teaching - is in accordance with Law 11.794 of October 8, 2008, Decree 6899 of July 15, 2009, as well as with
the rules issued by the National Council for Control of Animal Experimentation (CONCEA), and was approved by the Ethic
Committee on Animal Use of the Federal University of Santa Maria (CEUA/UFSM) in the meeting of 06/23/2016.

Finalidade da Proposta: Pesquisa (Académica)
Vigéncia da Proposta: de 10/2016 a 10/2017 Area: Bioquimica E Biologia Molecular
Origem: Biotério Central UFSM

Espécie: Camundongos heterogénicos sexo: Machos idade: 42 a 42 dias N: 310
Linhagem: Swiss Peso: 25a35g

Resumo: Os compostos organicos de selénio apresentam importantes propriedades farmacolégicas ja reportadas, destacando-se
entre elas os efeitos protetores sobre o déficit cognitivo em diferentes modelos experimentais. O ebselen, um composto organico
sintético de selénio, é considerado um potente agente farmacoldgico em fungao de seus diversos efeitos ja demonstrados, entre
eles antioxidante, anti-inflamatério e neuroprotetor, e também pela baixa toxicidade atribuida a molécula. Sabe-se que o ebselen
atravessa a barreira hematoencefélica e é seguro com base na toxicidade celular e ensaios clinicos de Fase I-lll. Estudos
demonstram que o ebselen inibe a atividade da Acetilcolinesterase (AChE) ex vivo (Mazzanti et al., 2006) e também inibe a
atividade da enzima AChE cerebral in vitro (Martini et al., 2014). A acetilcolina (ACh) é um mediador quimico de sinapses no
sistema nervoso central (SNC), e sabe-se que hd uma relagao entre o déficit da transmisséo colinérgica e doencas relacionadas
com o prejuizo da meméria (Cummings et al., 1998). AChE é um dos catalisadores bioldgicos mais eficientes e desempenha um
papel chave na neurotransmissao colinérgica através da hidrélise da ACh (Soreq e Seidman, 2001; Mesulam et al., 2002). Dessa
forma, os inibidores da AChE, conhecidos como IAChE, foram inicialmente desenvolvidos para tratar a disfungdo cognitiva na
doenca de Alzheimer (DA) através do aumento dos niveis da ACh na fenda sinéptica. Para este projeto, avaliaremos os possiveis
efeitos protetores do composto ebselen sobre modelos que mimetizam a DA, para isso serdo utilizados os modelos da injecao
escopolamina e peptideo ?-amiléide em camundongos Swiss. Os animais serdo avaliados comportalmente nos seguintes testes:
reconhecimento do objeto, localizagdo do objeto, esquiva passiva e labirinto aquético de Morris. A atividade locomotora dos
animais também sera avaliada através da caixa de atividades, onde serdo monitorados nimero de elevacdes, a distancia
percorrida e a contagem do tempo de permanéncia no quadrante central. Além disso, amostras de tecido cerebral serdo analisadas
em diferentes técnicas experimentais (western blot, imunohistoquimica e ELISA) com a finalidade de investigar um possivel
mecanismo de agdo do composto organico de selénio estudado.

Local do experimento: Sala 2424 - Prédio 18 Sala 3209 - Prédio 19

Santa Maria, 01 de outubro de 2018

Avenida Roraima, 1000, Reitoria, 22 andar - CEP 97105-900 Santa Maria, RS - tel: 55 (55) 3220-9362 / fax:
Horério de atendimento: das 8:30 &s 12h e 14h &s 17hs : e-mail: ceua.ufsm@gmail.com
CEUA N 7372110915
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CERTIFICADO

Certificamos que a proposta intitulada "AVALIACAO DA ACAO NEUROPROTETORA E ANTI-INFLAMATORIA DO EBSELEN E DO
EXERCICIO DE NATACAO EM MODELO DE DANO COGNITIVO INDUZIDO POR ESTREPTOZOTOCINA", protocolada sob o CEUA n?
6145050717, sob a responsabilidade de Cristina W. Nogueira e equipe; Franciele Martini; Luiza Souza Marques - que envolve a
produgdo, manutengao e/ou utilizagao de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem), para fins de
pesquisa cientifica ou ensino - esta de acordo com os preceitos da Lei 11.794 de 8 de outubro de 2008, com o Decreto 6.899 de 15
de julho de 2009, bem como com as normas editadas pelo Conselho Nacional de Controle da Experimentagao Animal (CONCEA), e
foi aprovada pela Comisséo de Etica no Uso de Animais da Universidade Federal de Santa Maria (CEUA/UFSM) na reunio de
24/08/2017.

We certify that the proposal "EVALUATION OF NEUROPROTETARY AND ANTI-INFLAMMATORY ACTION OF EBSELEN AND SWIMMING
EXERCISE IN MODEL OF COGNITIVE DAMAGE INDUCED BY ESTREPTOZOTOCIN", utilizing 240 Heterogenics mice (240 males),
protocol number CEUA 6145050717, under the responsibility of Cristina W. Nogueira and team; Franciele Martini; Luiza Souza
Marques - which involves the production, maintenance and/or use of animals belonging to the phylum Chordata, subphylum
Vertebrata (except human beings), for scientific research purposes or teaching - is in accordance with Law 11.794 of October 8,
2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National Council for Control of Animal Experimentation
(CONCEA), and was approved by the Ethic Committee on Animal Use of the Federal University of Santa Maria (CEUA/UFSM) in the
meeting of 08/24/2017.

Finalidade da Proposta: Pesquisa (Académica)
Vigéncia da Proposta: de 09/2017 a 09/2018 Area: Bioquimica E Biologia Molecular
Origem: Biotério Central UFSM

Espécie: Camundongos heterogénicos sexo: Machos idade: 50 a 60 dias N: 240
Linhagem: Swiss Peso: 25a35¢g

Resumo: Os compostos organicos de selénio apresentam importantes propriedades farmacoldgicas ja reportadas, destacando-se
entre elas os efeitos protetores sobre o déficit cognitivo em diferentes modelos experimentais. O ebselen, um composto organico
sintético de selénio, é considerado um potente agente farmacoldgico em fungdo de seus diversos efeitos j& demonstrados, entre
eles antioxidante, anti-inflamatério e neuroprotetor, e também pela baixa toxicidade atribuida a molécula (NOGUEIRA e ROCHA
2011). Sabe-se que o ebselen atravessa a barreira hematoencefélica e é seguro com base na toxicidade celular e ensaios clinicos
de Fase I-lll. A doenga de Alzheimer (DA) é uma disfungdo neurodegenerativa progressiva e multifatorial, caracterizada
principalmente por uma diminuicao da sinalizacdo colinérgica e perda da memoria (SCHLIEBS e ARENDT, 2011). A DA é evidenciada
pelo depdsito de fragmentos ?-amildides, emaranhados neurofibrilares e neuroinflamacdo. Estudos mostram que, o exercicio fisico
regular juntamente com terapia farmacoldgica, é um dos tratamentos para a prevengao da progressao da DA por possuir efeitos
sobre multiplos sistemas neurotransmissores e promovendo desta forma um aumento da expectativa de vida (UBHI e MASLIAH,
2013). Assim, mais pesquisas sao necessarias para investigar a capacidade do exercicio em modular, em parte, muitos marcadores
da DA. Para este projeto, avaliaremos os possiveis efeitos protetores do composto ebselen juntamente com o exercicio de natagao
sobre um modelo que mimetiza a DA. Para isso a estreptozotocina sera utilizada como modelo inducdo de déficit cognitivo em
camundongos Swiss (SHARMA, 2012). Os animais serdo submetidos a adaptagdo do exercicio de natagdo 20 min /dia durante 5
dias. Ap6s a fase de adaptacdo, os animais serdo submetidos ao exercicio de natagdo 30 min/ dia, 5 vezes por semana, durante 4
semanas. Ainda, os animais receberdo o composto ebselen nas doses de 5, 10 ou 20 mg/kg durante 14 dias. Na Ultima semana, os
camundongos serdo avaliados comportamentalmete no teste do labirinto aquético de Morris. Além disso, amostras de cértex e
hipocampo serdo analisadas nas técnicas experimentais de western blot e imunohistoquimica, com a finalidade de investigar o
possivel mecanismo de agdo do composto organico de selénio juntamente com o exercicio fisico de natagdo.

Local do experimento: Laboratério- 2424 Durante todo o curto periodo em que os animais estardo em nossa sala de
experimentacdo laboratorial, a limpeza e a troca das palhas de cada uma das caixas serao efetuadas por um funcionario, sendo
que, o mesmo esta devidamente treinado para realizar o procedimento, causando o minimo possivel de desconforto para os
animais experimentais.

Santa Maria, 01 de outubro de 2018
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ANEXO D- Resultado suplementar a tese, referente ao artigo 2
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ANEXO E- Resultado suplementar a tese, referente ao manuscrito |

Figure 1. Experimental design of this study.
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Figure 2. Strength exercise plus ebselen and strength exercise perse revert the learning

and memory impairment induced by ICV-STZ in mice.
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Figure 3. Strength exercise plus strength and exercise exercises revert the levels

of protein involved in neuroprotection and proteins involved in apoptotic processes.
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Figure 4. Strength exercise plus strength and exercise exercises revert the levels of
protein involved in neuroprotection and proteins involved in apoptotic processes.
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