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RESUMO

PACHECO, Simone Muniz. Efeitos das antocianinas em modelos experimentais
da doencga de Alzheimer: estudos in vitro e in vivo. 2018. 141f. Tese (Doutorado em
Ciéncias — area de concentracdo Bioquimica e Bioprospecc¢ao) — Programa de PG4s-
Graduacdo em Bioquimica e Bioprospeccdo, Centro de Ciéncias Quimicas,
Farmacéuticas e de Alimentos, Universidade Federal de Pelotas, Pelotas, 2018.

A doenca de Alzheimer (DA) é uma patologia neurodegenerativa caracterizada por
um progressivo e irreversivel declinio em varias funcdes intelectuais do individuo. As
principais caracteristicas neuropatoldgicas incluem deposicao extracelular de placas
formadas pelo peptideo B-amiloide (AB) e o acumulo intracelular de emaranhados
neurofibrilares. Além disso, outros fatores também tém sido associados a
patogénese da DA como estresse oxidativo, neuroinflamacéo, déficits na sinalizacao
colinérgica, disfuncdo da Na*',K*-ATPase e a resisténcia a insulina no sistema
nervoso central (SNC). Considerando que os farmacos disponiveis conseguem
apenas aliviar os sintomas, a busca de novos tratamentos que possam prevenir,
retardar ou tratar a doenca sdo fundamentais. As antocianinas pertencem ao grupo
dos flavonoides e tem sido descrito que essas possuem importantes atividades
biologicas como acbes antioxidantes, anti-inflamatdrias e neuroprotetoras. Assim, 0
objetivo desse trabalho foi investigar o efeito do tratamento com extrato rico em
antocianinas em modelos experimentais in vitro e in vivo da DA. Para o modelo in
vitro, utilizou-se culturas de astrécitos corticais obtidas de ratos neonatos, as quais
foram expostas ao lipopolissacarideo (LPS), e tratadas com extrato rico em
antocianinas (10, 30, 50 e 100 pg/mL) em dois tipos de protocolos: um de prevencéo
e o outro de reversado. Nesses protocolos foram avaliados parametros de viabilidade
celular e de estresse oxidativo, e a atividade da enzima acetilcolinesterase (AChE).
No primeiro protocolo, 0 extrato preveniu e, no segundo, O extrato reverteu as
alteracdes promovidas pelo LPS como aumento dos niveis de espécies reativas de
oxigénio (ERO) e de nitrito, aumento da atividade da AChE, diminuicdo da atividade
da superoéxido dismutase (SOD), do conteudo tidlico e da viabilidade celular. Para o
trabalho in vivo, realizou-se o modelo de deméncia esporadica do tipo Alzheimer
através da injecao intracerebroventricular (ICV) de estreptozotocina (STZ) em ratos
Wistar. Apos 3 dias do procedimento, os animais receberam extrato rico em
antocianinas (200 mg/kg; via oral) durante 25 dias. Nesses animais foram avaliados
parametros comportamentais relativos a memoria através do teste de
reconhecimento de objetos e o do labirinto em Y. O cortex cerebral e o hipocampo
foram utilizados para avaliar parametros de estresse oxidativo e atividades das
enzimas AChE e Na*K*ATPase. O tratamento com antocianinas protegeu contra os
deéficits de memoria e 0 aumento na atividade das enzimas AChE e Na*K*ATPase
em cortex cerebral e hipocampo induzido pelo STZ. Quanto aos parametros de
estresse oxidativo, o0 STZ induziu um aumento na peroxidacao lipidica e diminuicéo
da atividade das enzimas SOD, catalase (CAT) e glutationa peroxidase (GPx) em
cortex cerebral. No hipocampo, o STZ acarretou um aumento nos niveis EROs,
nitrito, peroxidacao lipidica, e da atividade da SOD e uma diminuicdo da atividade da
CAT e GPx. O tratamento com antocianinas foi capaz de reverter o dano oxidativo



induzido pelo STZ. Os achados do presente trabalho demonstraram que as
antocianinas promoveram efeito glioprotetor, contribuindo para a manutencdo da
homeostase dos astrécitos, provavelmente, pelo seu efeito antioxidante e pela
modulacdo da AChE, podendo, com isso, ter favorecido a protecdo observada
gquanto a diminuicdo no déficit de memoria, reforcando o potencial terapéutico
promissor das antocianinas.

Palavras-chave: antocianinas; doenca de Alzheimer; estreptozotocina; astrdcitos;

neuroprotecéo



ABSTRACT

PACHECO, Simone Muniz. Effects of anthocyanins in experimental models of
Alzheimer’s disease: in vitro and in vivo studies. 2018. 141f. Thesis (Doctorate em
Ciéncias — area de concentracdo Bioquimica e Bioprospeccao) — Programa de PG4s-
Graduacdo em Bioquimica e Bioprospecgcdo, Centro de Ciéncias Quimicas,
Farmacéuticas e de Alimentos, Universidade Federal de Pelotas, Pelotas, 2018.

Alzheimer's disease (AD) is a neurodegenerative disease characterized by a
progressive and irreversible decline in various intellectual functions of the individual.
The main neuropathological features include extracellular plague deposition formed
by the B-amyloid peptide (AB) and the intracellular accumulation of neurofibrillary
tangles. Moreover other factors have also been associated with the pathogenesis of
AD such as oxidative stress, neuroinflammation, cholinergic signaling deficits,
Na*,K*-ATPase dysfunction, and central nervous system (CNS) insulin resistance.
Considering that the available drugs can only alleviate the symptoms the search for
new treatments that can prevent, delay or treat the disease are fundamental.
Anthocyanins belong to the group of flavonoids and have been described that have
important biological activities as antioxidant, anti-inflammatory and neuroprotective
actions. Thus, the objective of this study was to investigate the effect of treatment
with anthocyanin-rich extract in in vitro and in vivo experimental models of AD. In the
in vitro model, cultures of cortical astrocytes from neonatal rats exposed to
lipopolysaccharide (LPS) and treated with anthocyanin rich extract (10, 30, 50 and
100 pg/mL) in two types of protocols: one of prevention and the other of reversal. In
these protocols, parameters of cell viability and oxidative stress, and the activity of
the acetylcholinesterase (AChE) were evaluated. The extract prevented and reversed
the changes promoted by LPS as increased levels of reactive oxygen species (ROS)
and nitrite, increased AChE activity, decreased superoxide dismutase (SOD) activity,
thiol content and cell viability. In the in vivo study, the model of sporadic dementia of
the Alzheimer type was performed by intracerebroventricular injection (ICV) of
streptozotocin (STZ) in Wistar rats. The animals received anthocyanin-rich extract
(200 mg/kg, oral) for 25 days. Behavioral memory parameters were evaluated
through the object recognition test and the Y-maze test. Cerebral cortex and
hippocampus were used to evaluate oxidative stress parameters and AChE and Na +
K + ATPase activities. Anthocyanin treatment was able to prevent memory deficits
and increase AChE and Na + K + ATPase activity in cerebral cortex and
hippocampus in the STZ-induced damage. For oxidative stress parameters, STZ
induced an increase in lipid peroxidation and a decrease in activity of the enzymes
SOD, catalase (CAT) and glutathione peroxidase (GPx) in cerebral cortex. In the
hippocampus, STZ induced an increase in ROS, nitrite, lipid peroxidation, and SOD
activity and a decrease in CAT and GPx activity. Treatment with anthocyanins was
able to reverse the oxidative damage induced by STZ. These findings demonstrated
that anthocyanins promoted a glioprotective effect, contributing to the maintenance of
astrocyte homeostasis, probably due to its antioxidant effect and the modulation of
AChE, which could have favored the protection observed regarding the decrease in
the deficit of memory, reinforcing the promising therapeutic potential of anthocyanins
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1 INTRODUCAO

A doenca de Alzheimer (DA) é considerada a principal causa de deméncia
entre a populagdo no mundo, sendo a idade o principal fator de risco para o seu
desenvolvimento (GRAHAN, BONITO-OLIVA e SAKMAR, 2017). A prevaléncia da
doenca aumenta significativamente apds os 65 anos de idade, apresentando uma
taxa de incidéncia de 6 a 8% em individuos acima de 85 anos (MAYEUX e STERN,
2012). Alguns autores consideram essa patologia neurodegenerativa uma pandemia
em decorréncia do crescimento acelerado no nimero de casos — aumento de 244%
entre 1990 e 2010 (GRILL et al., 2015). Estima-se que, em 2030, 67,5 milhdes de
pessoas no mundo apresentardo DA, sendo que este numero podera atingir 115,4
milhdes até 2050 (NOWRANGI, LYKETSOS e ROSENBERG, 2015).

E bem estabelecido na literatura que a DA causa declinio cognitivo e
comprometimento funcional progressivos, afetando a memodria e outras funcdes
intelectuais, o0 que leva a uma completa dependéncia para a realizacdo das
atividades basicas diarias (MAYEUX e STERN, 2012; HEPPNER, RANSOHOFF e
BECHER, 2015). Os critérios clinicos ainda apresentam papel central no diagnéstico
da DA, entretanto a validacdo de biomarcadores e exames de imagem serdo de
fundamental importancia para o diagnostico precoce da doenca no futuro
(NOWRANGI, LYKETSOS e ROSENBERG, 2015).

As principais alteracbes que caracterizam a DA incluem a deposicao
extracelular de placas formadas pelo peptideo B-amiloide (AB) e o acumulo
intracelular de emaranhados neurofibrilares compostos pela proteina tau
hiperfosforilada, promovendo a perda de sinapses e a morte neuronal (RASKIN et
al., 2015). Atualmente, associam-se outros fatores a patogénese da doenca como o
estresse oxidativo, a neuroinflamacéo, déficits na sinalizacdo colinérgica, a
disfuncdo da Na*,K*-ATPase e a resisténcia a insulina no cérebro, encontrados
inclusive em estégios iniciais da doenca (AGOSTINHO, CUNHA e OLIVEIRA, 2010;
CORREIA et al., 2011; ZHANG et al., 2013; DE LA MONTE e TONG, 2014; GRIMM,
FRIEDLAND e ECKERT, 2016; CALSOLARO e EDISON, 2016; CERVELLATI et al.,
2016).
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Hoje existem quatro medicamentos comercializados para o tratamento da DA,
sendo trés inibidores da acetilcolinesterase (AChE) (donepezil, rivastigmina e
galantamina) e um antagonista de receptores N-metil-D-aspartato (NMDA)
(memantina) (SCHELTENS et al., 2016; GRAHAM, BONITO-OLIVA e SAKMAR,
2017). Os primeiros sao utilizados principalmente nos estagios iniciais da doenca e a
memantina, nos casos de DA moderada a severa (SCHELTENS et al.,, 2016;
GRAHAM, BONITO-OLIVA e SAKMAR, 2017). Entretanto, esses medicamentos
conseguem apenas proporcionar um alivio sintomatico, retardando o declinio na
qualidade de vida dos individuos (GRAHAM, BONITO-OLIVA e SAKMAR, 2017).
Assim, novos tratamentos que possam prevenir, retardar ou tratar a doenca sao
fundamentais (SCHELTENS et al., 2016).

A literatura tem sugerido o potencial terapéutico dos compostos naturais na
prevencao e tratamento de doencas neurodegenerativas (CHOI et al., 2012). Dentre
esses, destacam-se as antocianinas que sdo compostos fendélicos pertencentes ao
grupo dos flavonoides encontrados em varios frutos, vegetais e flores (HE e GIUSTI,
2010). Além disso, varios trabalhos da literatura tém demonstrado importantes
atividades biologicas desses compostos como acdes antioxidantes, anti-
inflamatorias e neuroprotetoras (HE e GIUSTI, 2010; TSUDA, 2012).

Dados obtidos do nosso grupo de pesquisa ja relataram os efeitos benéficos
das antocianinas contra a neuroinflamacdo induzida por lipopolissacarideo (LPS)
(CARVALHO et al.,, 2017), a desmielinizacdo induzida pelo brometo de etidio
(CARVALHO et al.,, 2015) e o déficit de memdria induzido por escopolamina
(GUTIERRES et al., 2014a). Também ja foi demostrado que o pré-tratamento com
antocianinas preveniu alteracdes bioquimicas e comportamentais causadas pela
deméncia esporadica do tipo Alzheimer induzida por estreptozotocina (STZ)
(GUTIERRES et al., 2014b).

Assim, em virtude do crescente numero de estudos que evidenciam o0s
beneficios das antocianinas para a saude, incluindo propriedades neuroprotetoras, o
presente trabalho investigou o efeito neuroprotetor das antocianinas em modelos
experimentais in vitro e in vivo da DA. O modelo in vitro avaliou a capacidade das
antocianinas de prevenirem e/ou reverterem alteracdes decorrentes da exposicéo de
astrocitos corticais ao LPS. O modelo in vivo analisou os efeitos neuroprotetores das

antocianinas em parametros comportamentais e bioguimicos em um modelo de
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deméncia esporadica do tipo Alzheimer induzida pela injecao intracerebroventricular
(ICV) de STZ em ratos adultos.
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2 OBJETIVOS

Objetivo geral
Investigar o efeito neuroprotetor das antocianinas em modelos experimentais

in vitro e in vivo da doenca de Alzheimer.

Objetivos especificos

a) Avaliar o efeito do tratamento com extrato rico em antocianinas em cultura
primaria de astrécitos expostas ao LPS em relacdo aos seguintes parametros:

- Viabilidade e proliferacao celular.

- Estresse oxidativo.

- Atividade da enzima AChE.

b) Avaliar o efeito do tratamento com extrato rico em antocianinas em um modelo
animal de deméncia esporadica do tipo Alzheimer induzida por STZ em relacdo aos
seguintes aspectos:

- Parametros comportamentais para avaliagdo da memoria.

- Parametros de estresse oxidativo em cortex cerebral e hipocampo.

- Atividade da AChE e da Na*, K"-ATPase e isoformas (a1 e a2/a3) em coértex

cerebral e hipocampo.
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3 REVISAO DA LITERATURA

Doenca de Alzheimer

A DA foi descrita primeiramente pelo psiquiatra alemao Alois Alzheimer em
1906 durante a 372 Reunidao de Psiquiatras do Sudoeste Alemao (HIPPIUS e
NEUNDORFER, 2003; SMALL e CAPPAI, 2006). Nessa ocasifo, ele apresentou um
estudo de caso, relatando a rapida perda de memoria e desorientacdo no tempo e
no espaco de uma paciente de 51 anos, além da presenca de atrofia cerebral,
emaranhados neurofibrilares e depdsitos incomuns no coértex cerebral através da
andlise histologica post mortem (HIPPIUS e NEUNDORFER, 2003; SMALL e
CAPPAI, 2006).

Apés mais de um século, a etiologia da doenca ndo esta completamente
elucidada, entretanto é provavel que haja o envolvimento de fatores genéticos e
ambientais (MAYEUX e STERN, 2012). Atualmente, a DA pode ser classificada em
dois tipos: a do tipo familiar e a do tipo esporadica. A DA do tipo familiar, também
chamada de DA de inicio precoce pela sua ocorréncia antes dos 60 anos,
representa 1 a 5% dos casos e apresenta um padréo de transmissdo autossémica
dominante que envolve mutacdes nos genes da proteina precursora amiloide (APP)
e das presenilinas 1 e 2 (MAYEUX e STERN, 2012; GRIMM, FRIEDLAND e
ECKERT, 2016). Além disso, possui uma progressdo mais rapida, iniciando
principalmente entre a quarta e a quinta década de vida (MAYEUX e STERN, 2012).

A DA do tipo esporadica ou de inicio tardio, por acometer os individuos apos
0os 60 anos, compreende mais de 95% dos casos da doenca, apresentando
componentes genéticos como a presenca do alelo €4 do gene da apolipoproteina E,
e nao genéticos como idade avancada, sexo feminino, estilo de vida (dieta, atividade
fisica, tabagismo), comorbidades (doenca cerebrovascular, traumatismo craniano,
diabetes tipo Il, obesidade) e escolaridade (MCDOWELL, 2001; BEKRIS et al., 2010;
MAYEUX e STERN, 2012; REITZ e MAYEUX, 2014; GRIMM, FRIEDLAND e
ECKERT, 2016; SCHELTENS et al., 2016). A maior prevaléncia da DA no sexo
feminino se deve, principalmente a fatores como maior expectativa de vida, deplecao
de estrogeno associada com a menopausa, menores niveis de testosterona e menor
nivel educacional (BIASIBETTI et al., 2017)
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7

O sintoma inicial tipico da doenca é o comprometimento gradual da
capacidade de lembrar de novas informacdes e, conforme a doenca evolui, outros
aspectos cognitivos séo atingidos como a linguagem, o raciocinio abstrato, a tomada
de decisdo e a memdria para eventos remotos, além de dificuldades motoras
(ALZHEIMER’S ASSOCIATION, 2017; PIERCE, BULLAIN e KAWAS, 2017).
Sintomas psiquiatricos também sdo encontrados, podendo variar de leves
(depresséo, ansiedade, irritabilidade e apatia) a graves (agitacdo, agressividade,
desinibicdo, delirios e alucinacdes) (NOWRANGI, LYKETSOS e ROSENBERG,
2015). Conforme a progressdo da DA, estabelece-se um quadro de completa
dependéncia para a realizacdo das atividades cotidianas (ALZHEIMER'’S
ASSOCIATION, 2017). No estagio final da doenca, ocorre restricdo ao leito,
mutismo, incontinéncias e desnutricdo (ALZHEIMER'S ASSOCIATION, 2017
PIERCE, BULLAIN e KAWAS, 2017).

O diagnostico da DA ainda € fundamentalmente clinico, baseando-se
principalmente no historico familiar, nas altera¢cées cognitivas ou comportamentais,
nos testes para avaliacdo fisica e neuroldgica, além dos exames sanguineos e
imagens cerebrais para excluir outras causas potenciais de deméncia (MCKHANN et
al., 2011; ALZHEIMER’S ASSOCIATION, 2017). As primeiras diretrizes para o
diagnostico da DA foram estabelecidas em 1984 pelo National Institute of
Neurological and Comunicative Disorders and Strokes (NINCDS) e pela Alzheimer’s
Disease and Related Disorders Association (ADRDA) (MCKHANN et al., 2011).
Devido aos avancos nas pesquisas sobre a DA, surgiu a necessidade de revisao
desses critérios, sendo que, em 2011, novas recomendacfes foram publicadas pelo
National Institute on Aging em parceria com a Alzheimer’s Association (NIA-AA)
(MCKHANN et al., 2011).

Essas novas diretrizes adicionaram o uso de biomarcadores e exames de
imagens, considerando-0s como opcionais na pratica clinica, uma vez que ainda séo
necessarias mais pesquisas para a validacdo dos mesmos no uso para diagnostico,
desempenhando papel proeminente no futuro (MCKHANN et al., 2011; HAMPEL et
al., 2014; ALZHEIMER’S ASSOCIATION, 2017). Entretanto, a principal mudanca nas
recomendacfes envolve a sugestdo de trés estagios para a DA: o pré-clinico, o

comprometimento cognitivo leve e a deméncia (CUMMINGS, 2012).
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O estégio pré-clinico € caracterizado pela auséncia de sintomas perceptiveis
como a perda de memodria, mas j4 apresenta evidéncias como a acumulacdo do
peptideo AB no cérebro identificado pela tomografia de emissdo de pésitrons (PET)
ou, ainda, a diminuicdo da concentracdo do peptideo no liquido cefalorraquidiano
(LCR) (SPERLING et al., 2011; DUBOIS et al., 2016; ALZHEIMER’S ASSOCIATION,
2017). Essas alteracdes indicam que os sinais da doenca poderiam iniciar décadas
antes dos sintomas surgirem (ALZHEIMER’S ASSOCIATION, 2017).

No estagio de comprometimento cognitivo leve, ja ocorre um declinio
cognitivo em determinada area, incluindo a memoria, a funcéo executiva, a atencao,
a linguagem e as habilidades visuoespaciais (ALBERT et al., 2011). Porém, essa
diminuicdo ainda néo interfere de forma significativa nas atividades diarias do
individuo (ALBERT et al., 2011). Além disso, também foi observado um aumento na
razao proteina tau/AB no LCR e atrofia hipocampal nesses pacientes (HAMPEL et
al., 2014; REITZ e MAYEUX, 2014). Estima-se que, apds cinco anos do diagndéstico
de comprometimento cognitivo leve, em torno de metade dos pacientes preencheréo
0s requisitos para algum tipo de deméncia, especialmente a DA (CASELLI et al.,
2017). A figura 1 mostra uma representacao esquematica das alteracdes cognitivas,
metabodlicas, estruturais e moleculares em relacdo ao aparecimento dos sintomas da

DA de acordo com o tempo estimado.
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Figura 1- Representacdo esquemaética das alteracbes cognitivas, metabdlicas, estruturais e
parametros moleculares.
Fonte: Adaptado de Masters et al., 2015.

Os mecanismos envolvidos no desenvolvimento e na progressdo da DA ainda
nao foram totalmente esclarecidos. Sabe-se que a DA € uma patologia progressiva e
gue apresenta modificacbes em aspectos moleculares, fisioldégicos, anatdbmicos e
clinicos inter-relacionadaos (RASKIN et al., 2015). Em virtude de todas essas
variaveis, seu estudo € bastante complexo. Ha décadas a teoria dominante para a
sua patogénese € a hipétese da cascata amiloide (SELKOE e HARDY, 2016).

As duas principais caracteristicas histolégicas da doenca sdo a presenca de
placas senis extracelulares compostas pelo peptideo AB e o acumulo intraneuronal
de emaranhados neurofibrilares formados pela proteina tau hiperfosforilada
(ALZHEIMER’S ASSOCIATION, 2017; CASELLI et al., 2017). Essas lesbes levam a
perda de sinapses e a morte neuronal, afetando particularmente os neurdnios
colinérgicos o que contribui para o déficit de memoria (AGOSTINHO, CUNHA e
OLIVEIRA, 2010; FERREIRA-VIEIRA et al., 2016). Dentre as areas atingidas,
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encontram-se as areas limbicas, as neocorticais e as subcorticais (CASELLI et al.,
2017).

Recentemente, a NIA-AA as atualizou novamente com foco nos
biomarcadores a fim de utiliza-las em pesquisas e ndo na pratica clinica em geral.
Assim, a DA foi descrita como uma associacdo de alteracBes neuropatologicas,
sendo definida in vivo por biomarcadores e por exame post mortem, e ndo por
sintomas clinicos (JACK JR et al., 2018). Sabe-se que entre 30 a 40% de idosos
sem comprometimento cognitivo possuem alteracdes neuropatolégicas da DA na
autopsia e biomarcadores amiloides (JACK JR et al., 2018).

O sistema de biomarcadores sugerido envolve a utilizagdo de trés grupos:
grupo A referente a marcadores da presenga de placas de peptideo AB; grupo T
relacionado aos marcadores de emaranhados neurofibrilares de proteina tau
hiperfosforilada; e grupo N referente a neurodegeneracéo e ao dano neuronal (JACK
JR et al., 2018). Através da combinacédo desses marcadores, € possivel gerar quatro
perfis que indicam ou nédo a presenca da doenca como pode ser observado na

tabela 1.

Tabela 1 - Perfis de biomarcadores e estagios cognitivos

Estagios cognitivos

Biomarcadores Sem alteracdes Comprometimento leve Deméncia

Biomarcadores Biomarcadores normais; Biomarcadores normais;

A-T-IN- normais; sem alteragdo com comprometimento com deméncia
cognitiva cognitivo leve
AlteracBes patoldgicas Alteracdo patologica para  Alteragéo patoldgica para
A+/T-/IN- P ; . : A
pré-clinicas DA; com comprometimento DA; com deméncia
cognitivo leve
A+/T-IN+ Alterac@o patolégica Alteracdo patoldgica Alteracdo patoldgica
indicativa ou ndo de indicativa ou ndo de DA, indicativa ou ndo de DA,
DA; sem alteracao com comprometimento com deméncia
cognitiva cognitivo leve
A+/T+IN- .
A+/THIN+ DA pré-clinica DA com comprometimento DA com deméncia

cognitivo leve

Fonte: Adaptado de Alzheimer’s Association, 2018
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Entretanto, ha evidéncias da participacdo de outros componentes como 0O
estresse oxidativo, a neuroinflamacdo, déficits na sinalizagcdo colinérgica, a
disfungdo da Na*,K*-ATPase e a resisténcia a insulina no cérebro, encontrados
inclusive em estagios iniciais da doenca (AGOSTINHO, CUNHA e OLIVEIRA, 2010;
CORREIA et al., 2011; ZHANG et al., 2013; DE LA MONTE e TONG, 2014; GRIMM,
FRIEDLAND e ECKERT, 2016; CALSOLARO e EDISON, 2016; CERVELLATI et al.,
2016; ALZHEIMER’S ASSOCIATION, 2018).

Alteracdes envolvidas na Doencga de Alzheimer
Existem véarios mecanismos celulares e moleculares intrincados entre si na
DA, ndo sendo possivel ainda definir o que é a causa ou consequéncia no processo.
Dentre as alteracbes envolvidas na doenca, destaca-se a relacdo entre estresse
oxidativo e neuroinflamac&o acionando os demais eventos encontrados na patologia
(RASKIN et al., 2015).

Estresse oxidativo

O estresse oxidativo pode ser definido como uma condicdo que envolve um
desequilibrio entre a producdo de varias espécies reativas e as defesas
antioxidantes (HALLIWELL, 2006). Esse processo acaba por resultar em um
acumulo excessivo dessas espécies reativas que sao representadas principalmente
pelas espécies reativas de oxigénio (ERO) e de nitrogénio (ERN) (KIM et al., 2015;
CERVELLATI et al., 2016).

As espécies reativas incluem ndo apenas os radicais livres, mas também
alguns nao radicais como o peréxido de hidrogénio (H202) (HALLIWELL, 2006; KIM
et al., 2015). Um radical livre possui como principal caracteristica a presenca de um
ou mais elétrons ndo pareados como, por exemplo, o anion superéxido (O2"), o
radical hidroxila (OH"), o éxido nitrico (NO") e o peroxinitrito (ONOO~) (HALLIWELL,
2006).

O cérebro é especialmente vulneravel ao estresse oxidativo devido a fatores
como o elevado consumo de oxigénio (em torno de 20% em adultos). Isso ocorre em
virtude da alta producédo de trifosfato de adenosina (ATP) para a manutencéo da
homeostase ibnica intraneuronal necessaria para a propagacao do potencial de acao

e neurosecrecdo (HALLIWELL, 2006). Além disso, possui uma membrana lipidica
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rica em acidos graxos poli-insaturados, baixos niveis de defesas antioxidantes
endogenas e elevado conteddo de metais como ferro e cobre (HALLIWELL, 2006).

As ERO e ERN, em condi¢@es fisiolégicas, apresentam importante funcao
biolégica como moléculas sinalizadoras, estando envolvidas em processos da
resposta imune, da inflamacdo, da plasticidade sinaptica, do aprendizado e da
memoéria (GRIMM, FRIEDLAND e ECKERT, 2015; CERVELLATI et al., 2016).
Entretanto, um desequilibrio entre a formacdo e a remocdo dessas moléculas,
podera levar a um dano oxidativo a macromoléculas como lipidios, proteinas e DNA,
comprometendo o funcionamento celular e consequentemente a integridade dos
neurdnios (DARVESH et al., 2010; ZHAO e ZHAO, 2013; DE LA MONTE e TONG,
2014; PERSSON, POPESCU e CEDAZO-MINGUEZ, 2014; KIM et al., 2015).

A mitocondria é considerada a principal fonte endégena de ERO (PERSSON,
POPESCU e CEDAZO-MINGUEZ, 2014). No processo de transferéncia de elétrons
para a producao energética, ha uma pequena perda desses elétrons (menos de 5%)
nos complexos | e Il da cadeia transportadora de elétrons, sendo que esses acabam
por se ligar ao oxigénio o que leva a formagdo do Oz (HALLIWELL, 2006). Um
aumento na produgéo do Oz reflete em uma disfungéo mitocondrial (CERVELLATI
et al., 2016).

O Oz formado pode ser convertido a H20: através da sua dismutacdo pela
enzima superoxido dismutase (SOD) (SANTOS et al.,, 2013). Este € um passo
importante, uma vez que esse H202 pode ser removido pela acdo de outras enzimas
antioxidantes como a catalase (CAT) ou a glutationa peroxidase (GPx) ou, ainda,
pode ser convertido a OH® por meio da reacdo de Fenton ou de Haber-Weiss
(SANTOS et al., 2013). Além disso, o0 O2" ainda pode reagir com o NO°, formando
ONOO™ que por sua vez é capaz de induzir a oxidacao de lipidios e proteinas e a
fragmentacdo do DNA (CERVELLATI et al., 2016).

Evidéncias sugerem que o estresse oxidativo esta envolvido na patogénese
da DA, sendo considerado, inclusive, uma caracteristica precoce da doenca (LIN e
BEAL, 2006; PERSSON, POPESCU e CEDAZO-MINGUEZ, 2014; CERVELLATI et
al., 2016). Além disso, também é relatado que esse poderia contribuir ou até mesmo
ativar os mecanismos de processamento que levam a formacgéo do peptideo AB e da
proteina tau hiperfosforilada (LIN e BEAL, 2006; LEUNER, MULLER e REICHERT,
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2012; SELFRIDGE et al., 2013; DE LA MONTE e TONG, 2014; KIM et al., 2015;
ABOLHASSANI et al., 2017).

O exato mecanismo implicado na origem do aumento da produgéo de ERO e
ERN com consequente estabelecimento do estresse oxidativo na DA ainda n&o foi
elucidado (KIM et al., 2015). Entretanto, esse excesso de ERO/ERN pode ser
resultado da disfuncdo mitocondrial, acumulacdo anormal de metais de transicao
(ex: cobre, ferro e zinco), neuroinflamacéo, alteragdo no metabolismo da glicose,
além da acumulagdao anormal do peptideo AB e da proteina tau (QUERFURTH e
LAFERLA, 2010; ZHAO e ZHAO, 2013; KIM et al., 2015; ORTIZ et al.,, 2017;
ZILBERTER e ZILBERTER, 2017).

Estudos post mortem demonstraram o aumento da presenca de produtos da
peroxidagéo lipidica como o malondialdeido, 4-hidroxinonenal e F2-isoprostanos em
varias regides cerebrais e no LCR de pacientes com DA e comprometimento
cognitivo leve (HALLIWELL, 2006; DARVESH et al., 2010; ZHAO e ZHAO, 2013).
Também ja foi constatado em portadores da DA a elevacdo nos niveis de carbonilas
e de 3-nitrotirosina em hipocampo e neocoértex, indicando oxidacdo proteica, e
aumento dos niveis de 8-hidroxideoxiguanosina, marcador de dano oxidativo ao
DNA (nuclear e mitocondrial) (HALLIWELL, 2006; DARVESH et al., 2010; ZHAO e
ZHAO, 2013; CERVELLATI et al., 2016). Entretanto, alteracbes desses marcadores
a nivel periférico (soro, plasma, urina) em individuos com DA sdo ainda
inconclusivos (PERSSON, POPESCU e CEDAZO-MINGUEZ, 2014; CERVELLATI et
al., 2016).

Niveis elevados de peroxidacdo lipidica, de proteinas e acidos nucleicos
oxidados e produtos de glicacdo avancada foram identificados em regiées cerebrais
relacionadas com a DA, principalmente no hipocampo e no cértex entorrinal
(AGOSTINHO, CUNHA e OLIVEIRA, 2010; MANOHARAN et al., 2016). Assim,
propde-se que o0 aumento do estresse oxidativo comprometeria a atividade sinaptica
e a integridade neuronal (AGOSTINHO, CUNHA e OLIVEIRA, 2010; DE LA MONTE
e TONG, 2014; SCHEFF, ANSARI e MUFSON, 2016). Além disso, foi relatado que
0s niveis de estresse oxidativo estariam estritamente associados com alteracfes na
cognicédo (SCHEFF, ANSARI e MUFSON, 2016).
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Neuroinflamacéao

A neuroinflamacdo ¢é considerada um processo importante na
neurodegeneracéo causada pela DA, sendo sugerido que sua ocorréncia poderia ser
prévia e independente da deposicdo do peptideo AB (CALSOLARO e EDISON,
2016). De um modo geral, neuroinflamagédo é um termo utilizado para definir uma
resposta inflamatoria originada no sistema nervoso central (SNC) apds um dano e
gue leva a uma ativacao de células da glia (MORALES et al., 2014). Uma resposta
aguda é considerada benéfica, uma vez que contribui para o reparo tecidual,
minimizando danos adicionais (WILKINS et al., 2014). Entretanto, quando essa
resposta persiste, isto €, torna-se crdnica, pode desencadear alteracdes no
funcionamento cerebral, contribuindo para a disfungdo e morte neuronal
(AGOSTINHO, CUNHA e OLIVEIRA, 2010; CALSOLARO e EDISON, 2016).

Os principais tipos celulares envolvidos no processo neuroinflamatério sdo os
astrocitos e a microglia (WILKINS et al., 2014). Durante o processo, essas ceélulas
sofrem uma gradual ativacdo, levando a mudancas morfologicas e secrecdo de
mediadores inflamatérios como as citocinas fator de necrose tumoral a (TNF-a) e
interleucinas (IL-1B; IL-6); as prostaglandinas; as ERO e ERN; e as proteinas dos
sistema complemento (AGOSTINHO, CUNHA e OLIVEIRA, 2010; MORALES et al.,
2014). A ativacdo cronica da glia pode, através da continua liberacdo dos
mediadores inflamatorios, provocar disfuncdo neuronal e perda de sinapses, eventos
relacionados com o declinio da memoria, e preceder a morte neuronal que esta
associada a estagios mais tardios da DA (AZIZI e MIRSHAFIEY, 2012; RUBIO-
PEREZ e MORILLAS-RUIZ, 2012; HENEKA, KUMMER e LATZ, 2014).

Os astrocitos sdo especialmente importantes, pois, além de serem as células
gliais mais abundantes no SNC, possuem funcéo essencial na transmissao sinaptica
e no processamento da informacédo, na regulacdo da plasticidade sinaptica e no
fornecimento do suporte neurotréfico e metabdlico para as redes neuronais (AVILA-
MUNOZ e ARIAS, 2014; MORALES et al., 2014; MINTER, TAYLOR e CRACK,
2016). Ademais, os astrocitos atuam na homeostase do glutamato, evitando a
excitotoxicidade; na manutencdo da concentracdo de potassio (K*) extracelular,
controlando o processo de despolarizacdo do neurbnio; e na formacdo e
manutencdo da barreira hematoencefalica (BHE) (AGOSTINHO, CUNHA e
OLIVEIRA, 2010; MORALES et al., 2014; CALSOLARO e EDISON, 2016; ACOSTA,
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ANDERSON e ANDERSON, 2017). Enfim, quaisquer alteracées na relacao entre
astrocitos e neur6nios podem aumentar a neurotoxicidade e vulnerabilidade dos
neurdnios, iniciando uma cascata de dano neuronal (BAGYINSZKY et al.,, 2017,
GONZALEZ-REYES et al., 2017).

A astrogliose reativa, que é caracterizada pela hipertrofia celular e pela
elevada expressao da proteina &cida fibrilar glial (GFAP) e da proteina ligante de
calcio fracdo beta (S100B), ja foi identificada em cérebro de portadores da DA,
sendo associada a neurodegeneracédo (VERKHRATSKY et al., 2010; AVILA-MUNOZ
e ARIAS, 2014). Além disso, o grau de astrogliose foi correlacionado com a
severidade do comprometimento cognitivo (VERKHRATSKY et al., 2010).

Disfungdes no sistema colinérgico

A degeneracdo do sistema colinérgico € um importante componente da
patofisiologia da DA reconhecida ha mais de 30 anos (SABBAGH e CUMMINGS,
2011). Esse sistema esta envolvido em importantes funcbes neuronais como
atencdo, aprendizagem, memoria, resposta ao estresse e no ciclo sono-vigilia
(FERREIRA-VIEIRA et al., 2016).

O sistema colinérgico € aquele que utiliza a acetilcolina (ACh) como
neurotransmissor (MESULAM, 2004). A ACh é sintetizada no citosol dos neurénios
colinérgicos pré-sinapticos pela enzima colina acetiltransferase (ChAT) a partir dos
substratos colina e acetil-CoA (FERREIRA-VIEIRA et al.,, 2016). Uma vez
sintetizada, € transportada e armazenada em vesiculas sinapticas através do
transportador vesicular de acetilcolina (VAChT) (TATA et al., 2014). A sua liberacéo
na fenda sinaptica ocorre por exocitose, podendo interagir com 0S receptores
muscarinicos e nicotinicos (TATA et al., 2014). Na fenda sinaptica, a ACh é
rapidamente hidrolisada pela AChE em acetato e colina que, por conseguinte, &
recaptada pelo transportador de colina de alta afinidade (CHT1) para o neurdnio pré-
sinaptico a fim de ser utlizada para sintese de novas moléculas de ACh
(FERREIRA-VIEIRA et al., 2016).

Ao longo da progressdo da DA, observam-se perdas importantes de
neurdnios colinérgicos como os do nucleo basal de Meynert e os do complexo banda
diagonal septal que séo, respectivamente, a principal fonte de inervacdo colinérgica
do cortex cerebral e do hipocampo (MUFSON et al., 2008; FERREIRA-VIEIRA et al.,
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2016). Os neur6bnios localizados no nucleo basal de Meynert sdo os principais
afetados na DA, sendo que seu grau de perda esta correlacionado com a severidade
dos sintomas da doenca (YAN e FENG, 2004; FERREIRA-VIEIRA et al., 2016).

Os neurdnios colinérgicos diferem de outros neur6nios, pois utilizam o acetil-
CoA nédo apenas para a producao energética, mas também para a sintese de ACh,
tornando-os mais vulneraveis a privacao energética (SCHLIEBS e ARENDT, 2006).
Além disso, compostos neurotoxicos como aluminio, NO* e ERO demonstraram
contribuir para a perda desses neurdnios, uma vez que podem afetar o metabolismo
energético (SCHLIEBS e ARENDT, 2006).

Na DA, as principais alterages encontradas no sistema colinérgico incluem a
progressiva diminuicdo da atividade das enzimas ChAT e AChE (RASKIN et al.,
2015). Entretanto, foi encontrado um aumento da atividade da AChE em regides ao
redor das placas formadas por peptideo AR em varios estagios da doenca (GARCIA-
AYLLON et al., 2011). Além disso, foi sugerido que a AChE poderia interagir
diretamente com o peptideo AB, aumentando a sua deposicdo, além de estar
envolvida na modulacdo da formacido do mesmo (GARCIA-AYLLON et al., 2011;
CAMPANARI et al., 2013).

Em relacéo a atividade da ChAT, um estudo demonstrou que a sua atividade
estava preservada no neocortex de individuos com comprometimento cognitivo leve
(DAVIS et al., 1999). Também foi observado aumento da mesma em hipocampo e
cortex frontal, indicando que alguns componentes da inervacdo colinérgica no
hipocampo e no coértex sdo capazes de uma resposta compensatéria e/ou de
neuroplasticidade durante os estagios iniciais da DA (DEKOSKY et al., 2002;
MUFSON et al., 2008).

Assim, sugere-se que, em estagios avancados da doenca, exista uma severa
perda de inervacdes colinérgicas corticais, enquanto que, em estagios iniciais ou no
comprometimento cognitivo leve, ndo ocorre aparentemente nenhuma degeneracao,
mas sim uma perda da funcdo colinérgica (SCHLIEBS e ARENDT, 2011). Dentre
essas estdo a reducdo da liberacéo e recaptacdo da ACh e alteracfes na expressao
dos receptores (muscarinicos e nicotinicos) de ACh (SCHLIEBS e ARENDT, 2011).

Atualmente, a principal classe de medicamentos disponivel para o tratamento
da DA s&o os inibidores da AChE (GARCIA-AYLLON et al., 2011). Esses agem

evitando a degradagdo da ACh, com consequente aumento do seu contetdo na
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fenda sinaptica, prolongando seu efeito (SCHLIEBS e ARENDT, 2006). Com isso, ha
uma melhora na transmissdo colinérgica, reduzindo temporariamente o déficit
cognitivo dos pacientes sintomaticos, principalmente, durante o primeiro ano de
tratamento (DARREH-SHORI et al., 2004; SCHELTENS et al., 2016).

Alteragcdes na Na*,K*-ATPase

A Na*K*-ATPase é uma enzima ligada a membrana essencial para a
manutencdo do equilibrio ibnico dos neurdnios, regulando a entrada de K* com a
saida de sodio (Na*) das células (ARNAIZ e ORDIERES, 2014). Uma mudanca
nesse equilibrio leva a despolarizacdo neuronal com a entrada de célcio (Ca?"),
promovendo liberagdo de neurotransmissores e desequilibrio osmético com
consequente prejuizo funcional (ZHANG et al., 2013; ARNAIZ e ORDIERES, 2014).
A modulagdo da atividade da Na*,K*-ATPase afeta diretamente a transmissao
sinaptica, a plasticidade sinaptica e o processo de aprendizado e memodria
(MOSELEY et al., 2007; ZHANG et al., 2013; PETRUSHANKO et al., 2016).

A Na*,K*-ATPase possui trés subunidades: a, B e a y (ARNAIZ e ORDIERES,
2014). A subunidade a é a catalitica, sendo a responsavel pela troca de ions Na*e
K* e € aonde se encontra o sitio de ligacdo para o ATP (ARNAIZ e ORDIERES,
2014). A subunidade B € a responsavel por regular a atividade e a estabilidade
conformacional da subunidade a e a subunidade y provavelmente desempenha uma
funcao reguladora de forma tecido-especifica (ARNAIZ e ORDIERES, 2014).

A subunidade a apresenta quatro diferentes isoformas: a1, a2, a3 e a4
(MOSELEY et al., 2007). Dessas, trés isoformas sdo expressas no cérebro: a al é
encontrada em varios tipos celulares do SNC; a a2 é predominantemente expressa
em astrocitos; e a a3 é expressa apenas em neurénios (MOSELEY et al., 2007).

Em analises post mortem de portadores da DA, a atividade da Na*,K*-ATPase
se encontrava diminuida (ARNAIZ e ORDIERES, 2014). Foi observado que essa
diminuicdo da atividade poderia ser em parte atribuida aos efeitos citotoxicos do
peptideo AB (ZHANG et al., 2013; PETRUSHANKO et al., 2016). Outro estudo
demonstrou que o peptideo AB na forma oligomérica foi capaz de interagir com a
subunidade a3, resultando em aumento da concentracdo de Ca?* intracelular e

consequente morte neuronal (OHNISHI et al., 2015). Além disso, a Na*,K*-ATPase
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também poderia ser um alvo do estresse oxidativo, promovendo a diminui¢cdo da sua
atividade (ZHANG et al., 2013).

Modelos experimentais da Doenga de Alzheimer

Estudos em modelos animais, 0os quais mimetizam sintomas e caracteristicas
neuroquimicas e fisiolégicas envolvidas no DA, tém sido de extrema importancia
para a compreensdo dos eventos bioldgicos envolvidos, bem como na busca de
novos farmacos com acBes mais especificas. Dessa forma, existem diferentes
modelos animais para o estudo da DA, sendo que esses podem ser divididos em
transgénicos e ndo transgénicos (NEHA et al., 2014). Dentre 0os ndo transgénicos,
encontram-se os seguintes: infusdo ICV do peptideo AB; infusdo ICV do acido
ocadaico; e injecao ICV de STZ (NEHA et al., 2014).

O STZ € uma substancia que foi isolada, no final da década de 1950, de uma
bactéria presente no solo denominada Streptomyces achromogenes (GRIEB, 2016).
Essa substancia é formada por uma estrutura N-metil-N-nitrosureia ligada ao
carbono 2 de uma hexose (AL-AWAR et al., 2016). Foi primeiramente utilizada como
antibidtico e posteriormente como um agente antitumoral (GRIEB, 2016). Entretanto,
atualmente, o seu maior uso € para a inducdo do modelo experimental de diabetes
melito do tipo | e do tipo Il em roedores (GRIEB, 2016).

A acao diabetogénica do STZ se deve a citotoxicidade seletiva para as células
B-pancreaticas, uma vez que essa substancia é capaz de entrar na célula através do
transportador de glicose do tipo 2 (GLUT 2), sendo que as mesmas apresentam
altos niveis desse transportador (KAMAT et al., 2016). Ap6s cruzar a membrana das
células e ser metabolizado, o STZ gera alquilacdo do DNA através da molécula
metilnitrosureia, causando sua fragmentacdo, e consequente ativacdo da enzima
poli-ADP-ribose-polimerase (PARP) a fim de promover seu reparo (LENZEN, 2008;
AL-AWAR et al., 2016). A excessiva ativacdo dessa enzima causa diminuicdo dos
niveis de nicotinamida adenina dinucleotideo oxidada (NAD*) e, consequentemente,
diminuicdo da formacdo de ATP, desencadeando a morte celular (SZKUDELSKI,
2001; LENZEN, 2008; GRIEB, 2016). Além disso, o STZ é capaz de provocar a
metilacdo de proteinas, contribuindo para as altera¢cdes funcionais nas células
(LENZEN, 2008).
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Outros mecanismos envolvidos na toxicidade do STZ incluem a capacidade
de liberar NO* intracelularmente e a de gerar EROs (SZKUDELSKI, 2001). Ha a
formagdo do Oz pela sua agdo na mitocondria e pelo aumento da atividade da
enzima xantina oxidase, levando a producdo de H202 e do OH" (SZKUDELSKI,
2001; DE LA MONTE e TONG, 2009). Assim, tanto o NO* quanto as EROs acabam
por contribuir para a fragmentacdo do DNA, além de desencadear outros efeitos
deletérios as células como inibicdo do ciclo de Krebs, diminuicdo do consumo de
oxigénio pela mitocondria e restricdo da geracdo de ATP pela mesma
(SZKUDELSKI, 2001; LENZEN, 2008).

A administracdo ICV de doses subdiabetogénicas (1 — 3 mg/kg) de STZ é
capaz de promover alteracdes cerebrais similares as encontradas na DA do tipo
esporadica em humanos como alteracdo no metabolismo da glicose, estresse
oxidativo, reducdo na transmissdo colinérgica, neuroinflamacdo, degeneracao
neuronal e comprometimento na aprendizagem e memoria (SALKOVIC-PETRISIC e
HOYER, 2007; AGRAWAL et al., 2009; SHARMA et al., 2012; RAI et al., 2013;
KAMAT et al., 2016). Atualmente, € um modelo bastante utilizado, uma vez que
permite acompanhar tanto as caracteristicas iniciais como as tardias da doenca
(SALKOVIC-PETRISIC et al., 2013).

O mecanismo exato pelo qual o STZ exerce seus efeitos toxicos no SNC
ainda nado foi completamente elucidado (DEHGHAN-SHASALTANEH et al., 2016;
KNEZOVIC et al., 2017). Entretanto, parece que, de forma similar ao que acontece
perifericamente, o alvo do STZ no cérebro € o GLUT 2, sendo seu efeito dependente
da dose e do tempo de exposicdo (KNEZOVIC et al., 2017). Além disso, foi sugerido
gue o receptor de insulina e sua via de sinalizacdo poderiam ser afetados pelo STZ
intracelularmente através de seus produtos de degradacédo ou do estresse oxidativo
induzido por ele (KNEZOVIC et al., 2017).

Um estudo recente investigou alteracbes em hipocampo de ratos machos
ap6s a infusdo de STZ (3 mg/kg) em diferentes tempos (2, 4 e 8 semanas)
(BIASIBETTI et al., 2017). Foi encontrado diminuicdo dos niveis da enzima ChAT (2,
4 e 8 semanas); diminui¢do da captacdo de glicose (4 e 8 semanas); diminui¢do dos
niveis de glutationa (GSH) (4 e 8 semanas); e aumento da GFAP (2, 4 e 8 semanas)
e da S100B (8 semanas) (BIASIBETTI et al.,, 2017). Outro estudo recente

demonstrou que o STZ (3 mg/kg) foi capaz de causar uma resposta inflamatéria
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aguda (7 dias) e persistente (30 dias) através da ativacdo da microglia e dos
astrocitos em &reas periventriculares e no hipocampo dorsal de ratos (BASSANI et
al., 2017).

Kraska et al. (2012) identificou alteragbes provocadas pelo STZ (3 mg/Kg)
apos 1 semana, constatando processo inflamatério e alteracdes neuronais no
septum que se agravaram apos 3 meses. O septum apresenta projecdes
colinérgicas para regides como cortex entorrinal, cértex cingulado e hipocampo,
sendo que essas conexdes estdo envolvidas na memoria de curto prazo e na
atencao (KRASKA et al., 2012).

Além disso, outro trabalho demonstrou que o déficit cognitivo promovido pelo
STZ (3 mg/kg) foi dependente do tempo transcorrido apos a administracao ICV,
sendo considerada uma resposta aguda até um 1 més apoés a injecao; entre 1 e 3
meses uma fase de compensacdo;, e entre 6 e 9 meses uma fase de
descompensacédo com declinio progressivo cronico (KNEZOVIC et al., 2015). Nesse
mesmo trabalho, foi observado acumulacéo intracelular de peptideo ABi42 em
neocortex a partir do 3° més e agregados extracelulares apés 6 meses em neocortex
e hipocampo (KNEZOVIC et al., 2015). Além disso, alteracdes neurofibrilares iniciais
foram detectadas a partir do 1° més em areas dispersas do cortex temporal, sendo
detectadas ap6s 3 meses em areas do hipocampo (KNEZOVIC et al., 2015) (Figura
2).
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Figura 2 - Déficits cognitivos e alteracdes neuropatolégicas e ultraestruturais em ratos
submetidos a injecéo intracerebroventricular de estreptozotocina durante 9 meses.

Fonte: Adaptado de Kzenovic et al., 2015.

Santos et al. (2018) avaliaram o efeito da administracdo ICV de STZ em
relacdo aos niveis da enzima O-B-N-acetil-glicosaminiltransferase (OGT), enzima
altamente expressa no tecido cerebral, a resisténcia a insulina e a atividade
astroglial em hipocampo de ratos Wistar apdés 1 e 4 semanas. Foi observada
diminuicdo dos niveis da OGT em ambos os periodos, destacando que O-
glicosilacdo com N-acetilglicosamina parece estar diminuida na DA. Ainda, foi
encontrado um aumento da fosforilacdo do substrato-1 do receptor de insulina (IRS-
1) na serina 307 que esta relacionado com a resisténcia a insulina, e reducéo da
captacdo da glicose, ambos na semana 4, associando-se ao déficit cognitivo

espacial. Observou-se também uma diminuicdo da glutamina sintetase (GS) e da
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GSH em 1 e 4 semanas, sugerindo disfuncdo astroglial que, por conseguinte, pode
estar envolvida com as alteragbes cognitivas e com a neurodegeneragcao nesse
modelo.

Estudo com células Neuro-2a demonstrou que o mecanismo de agdo do STZ
envolve uma doacao rapida e espontanea de NO* e producdo de ERO com prejuizo
da atividade da fosfatidilinositol-3-cinase (PI3K), inativacdo da proteina cinase B
(Akt) pela S-nitrosilagéo e morte celular por apoptose. Essas alteragbes acarretam
na resisténcia a insulina, podendo assim explicar parcialmente as alteracfes
cognitivas observadas (CRUNFLI et al., 2018).

Atualmente, esse modelo experimental tem seu uso bastante difundido para o
estudo do potencial terapéutico de novos compostos tanto para prevencdo quanto
para o tratamento da DA (SALKOVIC-PETRESIC et al.,, 2013). Além disso, é
especialmente utilizado para a investigacdo dos efeitos de compostos naturais como
estratégia terapéutica na DA (KAMAT et al., 2016).

Entretanto, tem sido proposto que a neuroinflamacdo possui um papel
importante no mecanismo das doencas neurodegenerativas, sendo considerada
uma caracteristica precoce encontrada na DA (NAZEM et al., 2015). Um modelo
amplamente utilizado € o que envolve o uso do LPS tanto in vitro como in vivo
(NAZEM et al., 2015). O LPS é um componente da membrana das bactérias gram-
negativas e é considerado uma potente endotoxina (ZAKARIA et al., 2017). Essa
molécula acaba por desencadear a liberacdo de citocinas pro-inflamatorias como
TNF-a, IL-6 e IL-1B e a ativacado do fator nuclear kappa B (NF-kB), a liberagdo de
NO® e 0 aumento da producédo de ERO (BELLAVER et al., 2015). O LPS exerce seus
efeitos por meio da sua ligacdo com a proteina CD14 presente na membrana da
célula alvo, formando um complexo o qual interage com o receptor toll-like tipo 4
(TLR4), podendo ativar astracitos e microglia no SNC (NAZEM et al., 2015).

Assim, podem ocorrer danos ao endotélio, deplecdo de GSH e disfuncéo
mitocondrial, causando reducao nos niveis de ATP. Com isso, o LPS influenciaria a
consolidacdo da memoria em roedores, induzindo déficits analogos aos observados
na DA. Contudo, esses resultados poderiam ser afetados por varios fatores como a
dose utilizada, o local de administragéo e a duragao da exposi¢cédo (ZAKARIA et al.,
2017).
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Compostos naturais x Doenga de Alzheimer

Antocianinas

As antocianinas (do grego anthos = flores e kianos = azul) s&o definidas como
pigmentos naturais hidrossolUveis pertencentes a uma classe de compostos mais
ampla denominada flavonoides (HE e GIUSTI, 2010; FANG, 2015). Esses pigmentos
sdo responsaveis pela grande diversidade de cores das flores e dos frutos,
conferindo tonalidades de laranja, vermelho, violeta, roxo e azul (MIGUEL, 2011,
HRIBAR e ULRIH, 2014). Todas essas cores auxiliam na atracdo de animais
polinizadores e dispersores de sementes, facilitando a propagacao das plantas (WU
et al.,, 2006; HE e GIUSTI, 2010; KOVINICH et al.,, 2014). Além disso, as
antocianinas desempenham acao fotoprotetora e sua sintese pode ser aumentada
em situacdes de estresse biotico ou abidtico, participando do sistema de defesa
vegetal (PETRONI e TONELLI, 2011; KOVINICH et al., 2014; KARPPINEN et al.,
2016).

As antocianinas sdo compostas por uma estrutura basica chamada de
antocianidina ou aglicona que é formada por dois anéis aromaticos (A e B) ligados a
um anel heterociclico com a presenca de oxigénio (C) conforme pode ser observado
na figura 3 (CASTANHEDA-OVANDO et al., 2009). Quando uma molécula de agtcar
se liga a esta estrutura (forma glicosilada), as antocianidinas passam a ser
chamadas de antocianinas (TSUDA, 2012; POJER et al., 2013). A forma aglicona

raramente é encontrada na natureza, pois € muito instavel (HRIBAR e ULRIH, 2014).

Figura 3 - Estrutura quimica bésica das antocianinas.
Fonte: Pojer et al., 2013.
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Atualmente, j& foram isoladas 35 diferentes estruturas de antocianidinas e
mais de 600 antocianinas foram identificadas (HRIBAR e ULRIH, 2014; SMERIGLIO
et al.,, 2016). Entretanto, as antocianidinas mais prevalentes na natureza sao a
cianidina, a delfinidina, a pelargonidina, a malvidina, a peonidina e a petunidina,
sendo que os glicosideos de cianidina, delfinidina e pelargonidina sdo 0s mais
comuns (KONG et al.,, 2003). As principais fontes alimentares de antocianinas
incluem frutos como amora, framboesa, mirtilo, cereja, uva, roma, ameixa, e vegetais
como rabanete, berinjela, repolho roxo e batata-doce roxa (HE e GIUSTI, 2010).

Estudos in vivo jA demonstraram a capacidade das antocianinas de
atravessar a BHE, sendo detectadas em regides cerebrais relacionadas com o
aprendizado e a memoria como o cortex cerebral e o hipocampo (ANDRES-
LACUEVA et al., 2005; KALT et al., 2008). Foram identificadas antocianinas nao
metabolizadas em cérebros de ratos alimentados com uma dieta suplementada com
extrato de mirtilo (2%) durante 10 semanas (ANDRES-LACUEVA et al., 2005). Em
outro trabalho, uma dieta enriquecida com antocianinas do extrato de amora (Rubus
fruticosus L.) foi fornecida aos ratos durante 15 dias, encontrando-se no cérebro
0,25 + 0,05 nmol/g de tecido de antocianinas (TALAVERA et al., 2005). Um estudo in
vitro avaliou o transporte de antocianinas através de um modelo celular de BHE,
sugerindo que esses compostos e seus metabdlitos eram capazes de atravessar
essa barreira influenciados pela lipofilicidade (FARIA et al., 2014).

As antocianinas tém demonstrado potencial efeito benéfico frente ao declinio
cognitivo e a neurodegeneracdo relacionada ao envelhecimento (TSUDA et al.,
2012; RENDEIRO, RHODES e SPENCER, 2015). Os mecanismos que podem estar
envolvidos na sua capacidade neuroprotetora incluem atividade antioxidante,
atividade anti-inflamatoria, modulacdo da sinalizacdo neuronal e da expressao
génica relacionadas com a plasticidade sinaptica e aumento do fluxo sanguineo
cerebral (HE e GIUSTI, 2010; TSUDA, 2012; POJER et al.,, 2013; RENDEIRO,
RHODES e SPENCER, 2015).

O efeito neuroprotetor das antocianinas tem sido sustentado por estudos in
vitro, in vivo e em humanos. O pré-tratamento das células de neuroblastoma
humano (SH-SY5Y) com cianidina 3-O-glicopiranosideo ou cianidina foi capaz de
inibir a formacdo de ERO a nivel extracelular e extracelular/intracelular,

respectivamente, sendo que a cianidina também evitou a indugéo de eventos
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apoptoticos (TAROZZI et al., 2007). Em outro estudo, Tarozzi et al. (2010)
demonstraram que a cianidina 3-O-glicosideo inibiu a agregacao do peptideo AB2s-35
em oligbmeros naquele mesmo tipo celular. Ainda o pré e co-tratamento com a
cianidina 3-O-glicosideo reduziu a morte celular tanto por apoptose como por
necrose promovida pelos oligbmeros do peptideo AB2s-35 (TAROZZI et al., 2010).
Células de neuroblastoma de camundongos (N2A) incubadas com os peptideos
AB2s-3s € AP140 €, apds tratadas com antocianinas, apresentaram diminuicdo da
formacdo de ERO, preservacdo da homeostase do Ca?* e inibicdo da ativacdo da
enzima (3-secretase (SHIH et al., 2011).

O tratamento com pelargonidina (10 mg/kg; oral) com inicio 3 dias antes da
administracdo ICV do peptideo AB2s-35 até 0 22° dia apods promoveu melhora do
déficit cognitivo e atenuou o estresse oxidativo, o déficit colinérgico e a reatividade
astrocitaria em hipocampo de ratos adultos (SOHANAKI et al., 2016). Em um modelo
animal de envelhecimento baseado na administracéo intraperitoneal de D-galactose,
foi observado que a administracdo de antocianinas (100 mg/kg; intraperitoneal),
durante 7 semanas, proporcionou melhora da memoria de curta duracao e espacial,
aléem de reduzir os niveis de ERO, de peroxidacao lipidica, de ativacdo dos
astrocitos e supressdo de varios marcadores inflamatérios como a Oxido nitrico
sintase induzivel (iNOS), o TNF-a e o NF-kB em cortex cerebral e hipocampo
(REHMAN et al., 2017).

Em ratos idosos (18 meses), a suplementacdo com antocianinas purificadas
(179,0 ug/g de racdo) durante 6 semanas promoveu aumento da memoria espacial e
incremento nos niveis do fator neurotréfico derivado do cérebro (BDNF) hipocampal
e da expressdo do mRNA do BDNF nas regides CAl, CA3 e giro denteado do
hipocampo (RENDEIRO et al.,, 2013). Estudo com camundongos transgénicos
(APdE9) demonstrou que os animais alimentados com dieta rica em antocianinas
iniciada aos 2,5 meses de idade, isto é, antes da deposi¢do das placas AB, e
continuada até os 13 meses, apresentaram melhora da hiperatividade e do déficit
cognitivo, além de mostrar efeitos benéficos no metabolismo da APP e do peptideo
AB (VEPSALAINEN et al., 2013).

Estudo também com camundongos transgénicos para a DA (APP/PS1)
encontrou que a administracao intraperitoneal de 12 mg/kg/dia de extrato de

antocianinas de feijdo preto coreano, durante 30 dias, foi capaz de melhorar a
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memoria espacial averiguada através dos testes de labirinto aquatico de Morris e do
labirinto em Y. Outro achado interessante do estudo foi a redugdo do estresse
oxidativo nos camundongos tratados com o extrato através da ativacdo do fator
nuclear eritroide 2 relacionado ao fator 2 (Nrf2) e seus genes alvo como heme
oxigenase 1 (HO-1) e glutamato cisteina ligase — subunidade modulatéria (GCLM),
podendo associar-se com a melhora da memoéria espacial nesses animais (ALl et al.,
2017).

Khan et al. (2018) avaliaram o efeito anti-inflamatério e antioxidante das
antocianinas em modelos in vitro e in vivo de neurotoxicidade induzido pelo LPS. No
modelo in vitro, células de hipocampo de camundongo (HT22) foram tratadas com
meio condicionado de células de microglia (BV2) expostas ao LPS (1pg/mL) e ao
extrato de antocianinas de feijao preto coreano (100 pg/mL). Observou-se que as
antocianinas foram capazes de inibir o aumento da expressdo de TNF-a nessas
células. No modelo in vivo, o tratamento de camundongos com antocianinas (24
mg/kg/dia intraperitonealmente) durante 2 semanas (com inicio 1 semana antes da
aplicacdo do LPS intraperitonealmente) preveniu a producdo de ERO, inibiu a
neuroinflamacédo e a neurodegeneracao e reduziu o dano a memoria provocado pelo
LPS.

Dados experimentais com idosos diagnosticados com deméncia do tipo
Alzheimer de leve a moderada evidenciaram que o consumo diario de 200 mL de
suco de cereja rico em antocianinas, durante 12 semanas, promoveu melhora na
fluéncia verbal e da memdria de curta e de longa duracdo (KENT et al., 2015).
Também foi encontrado que o consumo de suco de uva Concord (6,3 a 7,8
mL/kg/dia — 46% de antocianinas) por individuos acima de 68 anos, portadores de
comprometimento cognitivo leve, durante 16 semanas, promoveu aumento da
ativacdo neuronal em areas corticais e melhora da memoéria (KRIKORIAN et al.,
2012).

E importante salientar que trabalhos prévios do nosso grupo de pesquisa ja
demonstraram que o pré-tratamento com antocianinas durante 7 dias foi capaz de
prevenir déficit de memoria e alteragdes nas atividades das enzimas AChE, Na*,K*-
ATPase e Ca?*-ATPase, e nos niveis de nitrato e nitrito em cortex cerebral e
hipocampo de ratos submetidos a um modelo de deméncia esporadica do tipo
Alzheimer induzida por STZ (GUTIERRES et al., 2014b).
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Dessa forma, a fim de dar continuidade a esses estudos, o objetivo do
presente trabalho foi avaliar se o tratamento com antocianinas € também capaz de
reverter as alteragbes induzidas pelo STZ bem como avaliar o efeito desses
compostos na modulacdo das respostas astrocitarias na prevencédo e na reversao de

insultos induzidos pelo LPS.
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4 RESULTADOS

Os resultados que fazem parte dessa tese estao apresentados sob a forma de
dois artigos. As sec¢Bes materiais e métodos, resultados, discussdo e referéncias
encontram-se nos proprios artigos e representam a integra desse estudo.

Os itens discussdo e conclusbes que se encontram no final dessa tese
apresentam interpretacdes e comentarios gerais sobre os artigos contidos nesse
trabalho.

As referéncias sao referentes apenas as citagcbes que aparecem nos itens
introducéo e discusséao da tese.

Os artigos estdo estruturados de acordo com as revistas as quais foram
publicados: Cellular and Molecular Neurobiology (Artigo 1) e The Journal of
Nutritional Biochemistry (Artigo 2).
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Artigo 1

Glioprotective effects of lingonberry extract against altered cellular viability,
acetylcholinesterase activity, and oxidative stress in lipopolysaccharide-treated

astrocytes
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Abstract

Altered astrocytic function is a contributing factor to the development of neurological
diseases and neurodegeneration. Berry fruits exert neuroprotective effects by
modulating pathways involved in inflammation, neurotransmission, and oxidative
stress. The aim of this study was examined the effects of the lingonberry extract on
cellular viability and oxidative stress in astrocytes exposed to lipopolysaccharide
(LPS). In the reversal protocol, primary astrocytic cultures were first exposed to 1
pg/mL LPS for 3 h and subsequently treated with lingonberry extract (10, 30, 50, and
100 ug/mL) for 24 h and 48 h. In the prevention protocol, exposure to the lingonberry
extract was performed before treatment with LPS. In both reversal and prevention
protocols, the lingonberry extracts, from 10 to 100 pyg/mL, attenuated LPS-induced
increase in reactive oxygen species (around 55% and 45% respectively, P<0.01),
nitrite levels (around 50% and 45% respectively, P<0.05), and acetylcholinesterase
activity (around 45% and 60% respectively, P<0.05) in astrocytic cultures at 24 and
48 hours. Also, in both reversal and prevention protocols, the lingonberry extract also
prevented and reversed the LPS-induced decreased cellular viability (around 45%
and 90% respectively, P<0.05), thiol content ((around 55% and 70% respectively,
P<0.05), and superoxide dismutase activity (around 50% and 145% respectively,
P<0.05), in astrocytes at both 24 h and 48 h. Our findings suggested that the
lingonberry extract exerted a glioprotective effect through an anti-oxidative

mechanism against LPS-induced astrocytic damage.

Keywords: astrocyte, lingonberry extract, lipopolysaccharide, oxidative stress,

acetylcholinesterase, cellular viability

1. Introduction

Polyphenols are compounds involved in the defense system of plants
(Almeida et al. 2016). These substances are a central part of our diet since they are
found in a variety of vegetables and fruits (Almeida et al. 2016). Berries are a very
rich source of polyphenols, in particular, anthocyanins that are water-soluble

pigments responsible for the red, purple, and blue colors found in these fruits (Del
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Rio et al. 2010; Fang 2015; Shih et al. 2007). Lingonberry (Vaccinium vitis-idaea L.)
is a small red berry of the Ericaceae family that grows in northern latitudes including
Scandinavian countries, Canada, and China (Fan et al. 2012; Mane et al. 2011). The
lingonberry extract consists primarily of a pool of 15 anthocyanins and cianidina-3-O-
galactoside was to be the major (Mane et al. 2011). An increasing number of studies
provided evidence for health benefits of anthocyanins including anti-oxidative, anti-
inflammatory, and neuroprotective properties (Subash 2014; Zafra-Stone 2007).
Previous studies showed that anthocyanins were able to cross the blood-brain barrier
(BBB) of rodents and can be localize in several brain regions related to learning and
memory (Faria et al. 2014; Andres-Lacueva et al. 2005; Youdim et al. 2003). In
addition, our research group has already proven its benefit for the treatment of
diseases that affect the central nervous system (CNS) suggesting that anthocyanins
have potential to cross the BBB (Carvalho et al. 2017; Carvalho et al. 2015; Gutierres
et al. 2014a; Gutierres et al. 2014b).

Neurodegenerative diseases, such as multiple sclerosis, Parkinson’s disease
(PD), and Alzheimer’s disease (AD), are closely associated with inflammation and
oxidative stress (Cunningham et al. 2009). Reactive oxygen species (ROS),
excessive cyclooxygenase-2 (COX-2), nitric oxide synthases (NOS), and large
release of pro-inflammatory cytokines have been associated with neurological
damage (Bolafios and Heales 2010; Lin and Beal 2006; Wee Yong 2010).

Astrocytes are glial cells distributed throughout the CNS in an arrangement
optimal for chemical and physical interaction with neuronal synapses and brain blood
supply vessels, and can produce neurotrophic factors, cytokines, and
neurotransmitters. In neurodegenerative diseases, astrocytes react to the damaging
inflammatory microenvironment by increasing cell metabolism and engendering cell
hypertrophy and proliferation. This condition of glial cell dysfunction is termed
reactive astrocytosis and can be harmful for neurons (Hamby and Sofroniew 2010;
Sofroniew and Vinters 2010). Reactive astrocytes stimulate the accumulation of
extracellular glutamate, aggravate inflammation by the production of pro-
inflammatory cytokines, and produce neurotoxic levels of ROS and nitric oxide (NO),
thus promoting neuronal death and CNS injury (Alirezaei et al. 2011; Sofroniew and
Vinters 2010).
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Lipopolysaccharide (LPS) is a membrane component of gram-negative
bacteria, which can stimulate glial cells and induce the expression of pro-
inflammatory molecules that can damage the CNS (Dunn and Swiergiel 2005; Lau et
al. 2007). Owing to its ability to set an inflammatory environment, LPS is used to
model inflammation (Kipp et al. 2008). It has been demonstrated that LPS induced
COX-2, inducible nitric oxide synthase (iNOS), pro-inflammatory cytokine expression
(interleukin-1B (IL-1B), IL-6 and tumor necrosis factor alpha TNF-a), increased the
number of glial fibrillary acidic protein (GFAP)-positive cells and neuronal apoptosis,
reduced expression of brain-derived neurotrophic factor (BDNF) and caused
memory decline (Catorce et al. 2016; Daulatzai et al. 2016). Thus, chronic
neuroinflammation promote each other, leading to the establishment of a detrimental
vicious cycle that is characteristic of neurodegenerative diseases. Consequently,
targeting neuroinflammation represents a major therapeutic interest to modulate
neuronal loss and is currently the subject of several studies.

Acetylcholine (ACh) is recognized as a neurotransmitter in the central and
peripheral nervous systems. However, others studies also showed that ACh
modulates the physiological function of cells and tissues, acting as a cell-to-cell
signaling molecule via muscarinic and nicotinic ACh receptors (mAChRs and
NAChRs) (Fujii et al. 2017). Evidence show potential anti-inflammatory of ACh in
astrocytes may provide protection against degeneration of neurons and glioprotection
against astrogliosis induced by LPS in vitro. More recently, it has been demonstrated
that Ach in glial cells leads to blocking of the nuclear factor kappa B (NF-kB) pathway
and a consequent reduction in neuroinflammation (Patel et al. 2017; Han et al. 2014;
Liu et al. 2012; Shen et al. 2012). The effect induced by ACh is correlated with the
essential role of acetylcholinesterase (AChE) activity that cleaves ACh into choline
and acetate interrupted the cholinergic signaling (Ferreira-Vieira et al. 2016). For this
reason, the investigation of inhibitors of this enzyme is important to control of
neuroinflammation. The particular importance, previous studies showed that
anthocyanins were able to inhibit AChE activity in the brain of rats submitted a model
of memory deficit (Gutierres et al. 2014a; Gutierres et al. 2014b).

In this context, in the present study we evaluated the effects of lingonberry
extract on cellular viability, AChE activity, and oxidative stress parameters in primary

culture of rat astrocytes treated with LPS.
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2. Materials and Methods

Chemicals

The LPS from Escherichia coli (055:B5), 5,5-dithiobis-2-nitrobenzoic acid
(DTNB), tetrabutylammonium salt malondialdehyde (MDA), and acetylthiocholine
were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). The lingonberry extract
(NutriPhy® Lingonberry) was obtained from Christian Hansen (SAS, Hoersholm,
Denmark). The identification of polyphenols and anthocyanins in the lingonberry
extract was described by Mane et al. (2011).
Animals

Wistar rats (aged 1-2 d) were maintained under a standard 12-h dark-light

cycle (lights on between 7:00 a.m. and 7:00 p.m.) in a room at a controlled
temperature (22 + 2 °C). All animal procedures were approved by the Committee of
Ethics and Animal Experimentation of the Federal University of Pelotas, Brazil, under
protocol number CEEA 0179/2015. The use of the animals is in accordance with the
Brazilian Guidelines for the Care and Use of Animals in Scientific Research Activities
(DBCA) and with the National Council of Control of Animal Experimentation
(CONCEA).

Astrocytic Cultures

Primary astrocytic cultures were prepared as described by Gottfried et al.
1999. The cerebral cortices of newborn (1-2 d) Wistar rats were removed and
dissociated in a calcium and magnesium free balanced salt solution (pH 7.4). After
removing the meninges, the cerebral cortex was dissociated by sequential passages
through a pipette. The cell suspension was settled through centrifugation for 10 min
at 1,000 rpom. The sediment cells were resuspended in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, pH 7.6).
Subsequently, the cells were seeded in plates (6-well and 96-well) pretreated with
poly-L-lysine. Four hours after seeding, the plates were washed with phosphate-
buffered saline (PBS) and a new medium was added. Cultures were maintained at
5% CO2, 37 °C, and humidified atmosphere for 20 d until confluence for cell

maturation and differentiation, and the fresh medium was replaced every 4 d.
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Culture treatment with LPS and lingonberry extract

The lingonberry extract was dissolved in water and subsequently mixed with
DMEM with 10% FBS to obtain solutions at final concentrations of 10, 30, 50, and
100 pg/mL. For the cytotoxicity test, astrocytes were exposed to lingonberry extract
at the four different concentrations for 24 h and 48 h. To induce inflammation by LPS
(Bellaver et al. 2015b) with the purpose of testing the potential of lingonberry extract
in treating neuroinflammation, we used two different protocols, namely reversal and
prevention protocols (Fig. 1). In the reversal protocol, the cells were first exposed to 1
pg/mL LPS for 3 h and were subsequently treated only with lingonberry extract for 24
h and 48 h. In the prevention protocol, to test the potential of the extract for
preventing neuroinflammation, the cells were first exposed to different concentrations
of lingonberry extract for 3 h and subsequently treated only with 1 pg/mL LPS for 24
h and 48 h. The control cells were maintained only in DMEM with 10% FBS.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

Cell viability was determined using the MTT assay, which consists of
measuring the number of cells with metabolically active mitochondria based on the
reduction of the tetrazolium salt MTT to formazan.

Briefly, cells were washed with PBS and 0.5 mg/mL MTT were subsequently
added in each well. The cells were then incubated for 90 min at 37 °C and 5% COx.
The MTT solution was removed and the precipitate was dissolved with dimethyl
sulfoxide (DMSO). The absorbance was determined in a microplate reader at 492

nm, and was linearly proportional to the number of cells with active mitochondria.

The sulforhodamine B assay

The sulforhodamine B (SRB) assay was used for the determination of the cell
proliferation based on the measurement of cell protein. Briefly, cultures were washed
and fixed in 50% trichloroacetic acid for 45 min at 4 °C. After washing five times with
distilled water, 0.4% SRB in acetic acid was added. After incubation for 30 min, the
plates were washed five times with 1% acetic acid for the complete removal of
unbound dye. Finally, the dye was eluded with 10 mM Tris solution and the

absorbance was determined in a spectrophotometer at 530 nm.
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Acetylcholinesterase (AChE) activity

The AChE activity in primary cortical astrocytes was determined as previously
described (Ellman et al. 1961). The cell lysate was prepared in PBS and the cells
were mechanically lysed with the aid of a scraper. First, the reaction system was
composed of 10 mM 5,5-dithio-bis-2-nitrobenzoic acid (DTNB), 100 mM phosphate
buffer (pH 7.5), and 15 pL of lysate cell, and was incubated for 2 min at 27 °C in 96-
well microplates. Subsequently, 8 mM acetylthiocholine was added and the
absorbance was determined at 412 nm in a spectrophotometer for 2 min with 30-s
intervals at 27 °C. All readings were performed in triplicate and the AChE activity was
expressed as umol AcSCh/h/mg of protein. Protein content was measured by using
the Coomassie blue method (Bradford 1976).

Oxidative stress parameters
Reactive oxygen species (ROS) assay

Formation of ROS was determined according to Ali et al. (1992) with some
modifications. The intracellular generation of ROS was determined by using the 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) assay, whereby DCFH-DA reacts
with ROS and consequently emits fluorescence. Intact cells were incubated with 1
UM DCFH-DA in serum-free medium for 30 min at 37 °C. Subsequently, cells were
washed with PBS and fluorescence was determined in a multi-well plate reader
(485/520 nm). The ROS production was reported as the percentage of untreated

cells (control).

Total thiol content (SH) assay

The total SH was determined in lysates of astrocytes using the DTNB method
as described by Aksenov and Markesbery (2001). The reaction was based on the
reduction of DTNB by thiols resulting in a yellow derivative (TNB) whose absorption

is read at 412 nm. The results were expressed in nmol TNB/mg of protein.

Nitrite determination
The production of NO was determined by measuring the accumulated level of

nitrite (indicator of NO) in the supernatant after 24 h or 48 h of LPS treatment with or
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without different concentrations of lingonberry extract by using a colorimetric reaction
with Griess reagent (Stuehr and Nathan 1989). For this reaction, 100 pL of
sulfanilamide in 5% phosphoric acid were added to 100 pL cell-culture supernatants.
After mixing the reagents, the samples were maintained at room temperature for 10
min for a correct reaction to take place. Subsequently, the samples were mixed with
100 pL of Griess reagent (0.1% N-[1-naphthyl] ethylenediamine dihydrochloride) and
incubated for 10 min in the dark. The absorbance was measured at 540 nm using a
96-well microplate reader and the amount of nitrite in the supernatant was compared

to a standard curve of known concentrations of sodium nitrate.

Superoxide dismutase (SOD) assay

The SOD activity was measured in the lysates according to Misra and
Fridovich (1972). This method is based on the inhibition of superoxide dependent
adrenaline auto-oxidation in a spectrophotometer adjusted at 480 nm. The specific

activity of SOD was reported as units/mg of protein.

Catalase (CAT) assay
The CAT activity based on the decomposition of H202 monitored at 240 nm at
ambient temperature was performed according to Aebi (1984). The CAT activity was

reported as units/mg of protein.

Glutathione peroxidase (GPx) assay
The activity of GPx was performed using a commercial kit (Randox
Laboratories Ltd, United Kingdom) according to the manufacturer’s instructions. The
GPx activity was reported as units of activity of the GPx/mg of protein.
Protein determination
Protein determination was performed according to the method of Lowry (1951)

using bovine serum albumin as standard.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 5 and one-way

analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons.
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Furthermore, all data were expressed as mean + standard error and the differences
between mean values were considered significant at P < 0.05.

3. Results

Lingonberry extract reverses and prevents LPS-induced alterations of astrocyte
viability and proliferation

First, we determined the cytotoxic profile of the lingonberry extract by exposing
astrocytic cultures to 10, 30, 50, and 100 pg/mL of the extract for 24 h and 48 h. Our
results indicated no changes in cell viability when compared with non-exposed
control cells, revealing that the lingonberry extract is not harmful for healthy CNS
cells at these concentrations (Fig. 2a, b).

In the reversal protocol, exposure to LPS at a concentration of 1 ug/mL for 24h
reduced the cell viability by approximately 40% when compared to control cells (Fs,20
= 32.39, P < 0.05; Fig. 2c). This results may be due to the fact that LPS induces
mitochondrial dysfunction in these cells through the increase of ROS and NO
(Bellaver et al. 2015a). On the other hand, treatment with the lingonberry extract at
10, 30, 50, and 100 ug/mL for 24 h reversed the deleterious effect of LPS, and
increased the cell viability rates by 35%, 30%, 30%, and 50%, respectively, indicating
a glioprotective effect (Fs20 = 32.39, P < 0.05; Fig. 2c). Similar results were obtained
after treatment for 48 h, where LPS also caused a 50% reduction in cell viability (Fs,20
= 23.58, P < 0.05; Fig. 2d), and treatment with lingonberry extract effectively
reversed this LPS effect (Fs,20= 23.58, P < 0.05; Fig. 2d).

In the prevention protocol, our results showed that treatment with the
lingonberry extract also prevented the LPS-induced alteration of cell viability at both
24 h and 48 h. After 24 h, LPS reduced the viability of astrocytes by 40% when
compared with the control cells (Fs20= 12.06, P < 0.05; Fig. 2e), while treatment with
the extract at all concentrations significantly increased the cellular viability when
compared with the LPS-alone group (Fs20 = 12.06, P < 0.05; Fig. 2e). Similar results
were obtained after treatment with the extract for 48 h. While exposure to LPS
resulted in a 50% decreased in astrocyte viability compared with the control group
(Fs20=12.06, P < 0.05; Fig. 2f), treatment with lingonberry extract at 30, 50, and 100

pg/mL significantly increased the astrocyte viability rate when compared to LPS
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alone to 50%, 100%, and 90%, respectively, of the LPS-alone level (Fig. 2f). Our
findings revealed that the lingonberry extract exerts a protective effect against LPS-
induced damage in astrocytes. It is well known that astrocytes react to the damaging
inflammatory microenvironment by increasing the cell metabolism and engendering
cell hypertrophy and proliferation (Hamby and Sofroniew 2010; Sofroniew and
Vinters 2010). Exposure to LPS increased cell proliferation by 20% and 40% after 24
h and 48 h, respectively (Fig. 2g, h, i, j), and cell hypertrophy with increased cell body
and higher cell density were observed (Fig. 3). In contrast, treatment with the
lingonberry extract at 10, 30, and 50 pg/mL reversed these deleterious LPS effects
by decreasing the proliferation rates of astrocytes to levels equal to controls, and by
restoring homeostasis after 24 h of treatment (Fs20 = 91,76, P < 0.001; Fig. 2g). The
extract at all four concentrations decreased the proliferation and hypertrophy induced
by LPS after 48 h of treatment, thus indicating a glioprotective effect (Fs20 = 8,62, P <
0.0001; Fig. 2h). In addition, similar results were obtained after 48 h treatment in the
prevention protocol, where the lingonberry extract at 10, 30, and 50 ug/mL prevented
the deleterious LPS effects and restored homeostasis (Fs20= 69,62, P < 0.0001; Fig.
2)). Interestingly, morphologically we also observed prevention and reversion in the
morphological changes induced by LPS observed in the astrocytes, in the groups
exposed to anthocyanins, a morphology similar to that of the control group was
observed with cell bodies of characteristic size to that of the astrocytes with absence
of cells with morphology indicating cell death, plus one instead indicating the safety

of the treated and glioprotective effect (Fig 3).

Lingonberry extract modulates the LPS-induced alterations of the AChE activity

In the reversal protocol, compared with the control group, we observed an
increase in the AChE activity in astrocytes exposed to LPS for 24 h (65%, Fs20 =
7.03, P <0.05) and 48 h (75%, Fs20=5.44, P < 0.05; Fig. 4). However treatment with
lingonberry extract at 10, 30, 50, and 100 pg/mL decreased the AChE activity in
astrocytes by approximately 40% after 24 h (Fs20 = 7.03, P < 0.05) and 50% after 48
h (Fs20 = 5.44, P < 0.05; Fig. 4). Similar results were obtained in the prevention
protocol, where pretreatment with the lingonberry extract at all four concentrations
prevented the LPS-induced increase in AChE activity at 24 h (40%) (Fs18=4.48, P <
0.05) and 48 h (75%) (Fs1s = 3.91, P < 0.05; Fig. 4).
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Evaluation of oxidative damage markers in astrocytes exposed to LPS and
lingonberry extract

In the reversal protocol, our results indicated an increase of 82% and 141% of
ROS production in astrocytes exposed to LPS after 24 h (Fsss = 32.82, P < 0.05) and
48 h (Fs3s = 14.41, P < 0.05), respectively. However, treatment with lingonberry
extract at 10, 30, 50, and 100 pug/mL reversed this alteration by approximately 50—
65% after 24 h (Fsse = 32.82, P < 0.05) and 40-65% after 48 h (Fs3s = 14.41, P <
0.05; Table 1). In the prevention protocol, LPS also increased the ROS levels by
approximately 60% after 24 h (Fsss = 23.70, P < 0.05) and 84% after 48 h (Fss7 =
6.88, P < 0.05). The pretreatment with lingonberry extract at 10, 30, 50, and 100
pHg/mL at both 24 h and 48 h prevented this increase by approximately 50% (Fs,s5 =
23.70, P < 0.05) and 40% (Fs,s7= 6.88, P < 0.05), respectively (Table 1).

In both experimental protocols, LPS increased the NO levels both after 24 h
and 48 h. In the reversal protocol, the increase was 96% at 24 h (Fsi1s = 5.06, P <
0.05) and 32% at 48 h (Fs18 = 40.08, P < 0.05). Treatment with lingonberry extract at
10, 30, 50, and 100 pg/mL reversed this alteration by approximately 40% after 24 h
(Fs.18 = 5.06, P < 0.05) and 55% after 48 h (Fs1s = 40.08, P < 0.05; Table 1). In the
prevention protocol, lingonberry extract at all concentrations prevented this LPS-
induced NO production both at 24 h (11-55%) (Fs1s = 82.18, P < 0.05) and at 48 h
(50-62%) (Fs,18= 17.09, P < 0.05; Table 1).

In the reversal protocol, LPS treatment also reduced the SH levels in
astrocytes by approximately 30% (Fsi14 = 7.43, P < 0.05) and 50% (Fs14=7.17, P <
0.05) at both 24 h and 48 h, respectively, compared with the control group. However,
the lingonberry extract at only 100 pyg/mL could reverse this LPS-induced damage by
increasing the SH values by 40% after 24 h (Fs14 = 7.43, P < 0.05) and 70% after 48
h (Fs14a=7.17, P < 0.05; Table 1). In the prevention protocol, LPS also decreased the
SH content by approximately 30% at 24 h (Fs14 = 11.28, P < 0.05) and 50% at 48 h
(Fs17 = 11.46, P < 0.05). In contrast, pretreatment with lingonberry extract at 50 and
100 pg/mL after 24 h prevented the reduction of SH content caused by LPS by
approximately 45% and 70%, respectively (Fs14= 7.43, P < 0.05). On the other hand,
after 48 h, lingonberry extract at all four concentrations (10, 30, 50, and 100 ug/mL)
prevented the SH reduction induced by LPS by 80%, 100%, 60%, and 60%,
respectively (Fs14=7.17, P <0.05; Table 1).



54

Evaluation of antioxidant enzymatic activities in astrocytes exposed to lingonberry
extract and LPS

Figure 5 depicts the effect of LPS and lingonberry extract on the activity of
anti-oxidative enzymes in astrocytes in the reversal protocol. Based on the results,
LPS decreased the SOD activity at both 24 h (Fs18 = 25.76, P < 0.05) and 48 h (Fs1s
= 75.39, P < 0.05) by approximately 50% and 40%, respectively, when compared
with the control group. When astrocytes were exposed to LPS and treated
subsequently with lingonberry extract (30, 50, and 100 pg/mL), an increase in the
SOD activity was observed at both 24 h (Fs1s = 25.76, P < 0.05) and 48 h (Fs1s =
75.39, P < 0.05). No changes were observed in the CAT activity (P > 0.05; Fig. 5).
Moreover, LPS significantly increased the GPx activity at 24 h (94%, Fsi1s= 10.63, P
< 0.05). However, treatment with 10, 30, 50, and 100 pug/mL of lingonberry extract
reversed this alteration by decreasing the GPx by 65%, 37%, 39%, and 64%,
respectively (Fs1s = 10.63, P < 0.05). After 48 h, a decrease in the GPx activity was
observed only in astrocytes exposed to LPS and treated with 100 pg/mL lingonberry
extract (P < 0.05; Fig. 5).

In the prevention protocol, the LPS treatment induced a decrease in the SOD
activity at 24 h (50%) and 48 h (60%). However, pretreatment with lingonberry extract
at 50 and 100 pg/mL prevented this SOD alteration at 24 h to 133% and 157%,
respectively (Fs11 = 13.64, P < 0.05). At 48 h, all concentrations of the lingonberry
extract prevented the LPS-induced decrease in the SOD activity (Fs14 = 15.33, P <
0.05; Fig. 6). In contrast, LPS treatment at both 24 h and 48 h resulted in no changes
in the CAT and GPx activities in the prevention protocol (P > 0.05; Fig. 6).

4. Discussion

Neuroinflammation represents the cell response to tissue damage, and is
characterized by the release of pro-inflammatory cytokines and free radicals.
However, sustained, excessive, or inappropriate inflammation is the cause of
astrocytic dysfunction and neuronal death (McGeer et al. 2003). Astrocytes play
critical roles in physiological brain processes, including glutamate homeostasis, blood
flow and excitability, metabolic support of neurons, and synaptic development and

plasticity. In light of these roles, functional alterations in astrocytes are important
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contributors to the progression of neurological diseases (Acosta et al. 2017).
Therefore, the evaluation of compounds with anti-inflammatory and anti-oxidative
actions targeting astrocytes is very important for the treatment or prevention of
neuroinflammation.

In the present study, we demonstrated the ability of the lingonberry extract to
protect against LPS-induced damage in astrocytes. Treatment with lingonberry
extract both before and after exposure to LPS (i.e., prevention and reversal
protocols, respectively) prevented or reversed the LPS-induced alterations in cell
viability, hypertrophy, and proliferation in astrocytes. Our results also showed that
lingonberry extract has the potential to enhance anti-oxidative defenses and
decrease the production of ROS and reactive nitrogen species through the negative
modulation of INOS activity, thus leading to the regulation of the cell redox state and
protecting against oxidative damage caused by LPS in astrocytes. In addition, LPS
induced an increase in the astrocytic AChE activity, which was restored by treatment
with the lingonberry extract. Similar results were found recently by our research
group where it was possible to observe that anthocyanins control neuroinflammation
in mice exposed to LPS. Carvalho et al. (2017) showed that anthocyanins extract
prevents oxidative stress through carbonyl protein, Nox (nitrite/nitrate) and lipid
peroxidation reduction in cerebral cortex and hippocampus. Moreover it is capable to
prevent the increase of proinflammatory interleukins as IL-1B, IL-6, TNF-a and
interferon-y (INF-y) in hippocampus. They also showed that anthocyanins prevent the
increase of GFAP levels in cerebral cortex and hippocampus of mice exposed to LPS
suggesting that this extract modulate the astrocyte activation.

The Toll-like receptor 4 (TLR4), a LPS receptor, is a primary mediator of the
innate immune response to pathogens (Park and Lee 2013). Activation of TLR4 by
LPS triggers a response through signaling factors that induce the expression of
genes related to inflammation (Pasare and Medzhitov 2005). Recent findings
indicated that, after activating TLR4, astrocytes may cause changes in the BBB,
promote inflammation, and modulate immune responses (Banks et al. 2015).
Activation of TLR4 leads to astrocytic signaling via the NF-kB, mitogen-activated
protein kinase (MAPK), and Janus kinase 1/signal transducer and activator of
transcription 1 (JAK1/STAT1) pathways, which in turn regulate the expression of a

wide range of pro-inflammatory molecules and downregulate the copper-zinc-
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containing SOD (Gorina et al. 2011). Furthermore, TLR4 causes apoptotic death of
astrocytes and autophagy primarily by glutamate excitotoxicity (Belkacemi and
Ramassamy 2016; Sharma et al. 2016) upregulation of growth arrest specific 1
(Gasl) (Sun et al. 2016) and pro-inflammatory cytokine levels (Sun et al. 2016), and
mitochondrial dysfunction with increased levels of oxygen/nitrogen species (Bellaver
et al. 2015a). Based on these previous findings, chronically and abnormally activated
astrocytes may affect the synaptic activity in neuronal networks contributing to
development of neurological pathologies.
Lingonberry is a small red berry rich in functional compounds. The beneficial
effects of berry fruits are related to phytochemicals such as anthocyanins, caffeic
acid, quercetin, and ferulic acid. Flavanols are a major class of polyphenols in
lingonberry extract (5.8% [w/w]), followed by flavonols (2.9%), phenolic acids (1.9%),
and anthocyanins (1.5%) (Mane et al. 2011). Previous studies have demonstrated
the actions of anthocyanins in several neurological conditions such as PD
(Strathearn et al. 2014), neuroinflammation (Carvalho et al. 2017), demyelination
(Carvalho et al. 2015), memory dysfunction (Gutierres et al. 2014a), and AD
dementia (Gutierres et al. 2014b). The antioxidant potential of anthocyanins depends
on the chemical structure of the molecule and this property is also influenced by
number of hydroxyl groups, catechol moiety in the B ring, oxonium ion in the C ring,
hydroxylation and methylation pattern, acylation and glycosylation (Pojer et al. 2013).
The precise mechanisms involved in the neuroprotective effects of
anthocyanins are not completely understood. However, previous studies have
suggested that the anti-inflammatory and anti-oxidative actions of these compounds
may be due to the inhibition of the signaling pathway mediated by the transcription
factor NF-kB (Morais et al. 2016), modulation of T-cell cytokine signaling, inhibition of
IFN-y signal transduction (Roth et al. 2016), upregulation of the anti-oxidative
capacity by increased SOD activity, decreased NO contents and prostaglandin E2
(PGE2) (Wang et al. 2015), inhibition of COX-2 activity and ROS (Nair et al. 2015),
and reduction of the levels of inflammatory cytokines (Sogo et al. 2015). In line with
these previous findings, we showed that treatment with an extract rich in
anthocyanins was capable of reversing and preventing alterations caused by LPS
treatment in astrocytes through anti-oxidative mechanisms. This antioxidant

protection of the lingonberry extract is associated with the increase in cell
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mitochondria viability and the restoration of the SOD activity in astrocytes exposed to
LPS.

In addition, the lingonberry extract increased the SH content in astrocytes
exposed to LPS probably by preserving the thiol-containing glutathione (GSH) that is
fundamental in redox status and protein function regulation (Moskaug et al. 2005;
Poole 2015) because this biomolecule is highly susceptible to oxidative damage. In
addition, lingonberry extract also reversed the alterations in GPx activity in astrocytes
after 24 h of exposure to LPS, thus demonstrating that these compounds are capable
of modulating the glutathione-related enzymatic system (Shih et al. 2007). Most
importantly, previous studies have reported that the release of GSH by astrocytes is
essential to maintain stable SH levels in the CNS (Wang and Cynader 2000) and that
astrocytes protect neurons against NO toxicity through a GSH-dependent
mechanism (Chen et al. 2001).

In neurological diseases, NO is produced due to increased expression of INOS
and can contribute to oxidative stress and neuronal death (Wakabayashi et al. 2010).
Moreover, NO mediates the disruption of mitochondrial membrane, which contributes
to cell death by bioenergetics failure, loss of intra-mitochondrial contents, increase of
ROS production, and release of signaling molecules that regulate cellular apoptosis
(Stewart and Heales 2003). Previous studies demonstrated that INOS upregulation in
glial cells caused neurodegeneration in PD (Liberatore et al. 1999) and brain immune
cell activation in AD (Armato et al. 2013). In our study, we showed that lingonberry
extract prevented and reversed the increase in the nitrite levels induced by exposure
of astrocytes to LPS, demonstrating that the glioprotective effect of lingonberry
extract is also associated with the regulation of NO levels.

In the present investigation, we also evaluated the effects of LPS and
lingonberry extract on the activity of AChE, which is an important enzyme expressed
in several cells including astrocytes (Thullbery et al. 2005) and is responsible for
hydrolysis of the neurotransmitter ACh (Greenfield and Vaux 2002; Soreq and
Seidman 2001). Alterations in AChE activity have been associated with several brain
dysfunctions (Wee Yong 2010). Our results demonstrated that exposure of
astrocytes to LPS increases the activity of AChE possibly by decreasing the levels of
acetylcholine. It is important to consider that acetylcholine synthesis can be also
inhibited by H202 and NO (Luth et al. 2001). In line with this, lingonberry extract at all
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time points and concentrations effectively reversed and prevented the increase of
AChE induced in astrocytes by LPS, possibly due to the antioxidant action of the
phytochemicals present in this extract.

Another important aspect to be discussed is that acetylcholine is a molecule
with anti-inflammatory actions. Although the mechanisms involved in the control of
the brain immune response remain unclear, studies have shown that an increase in
AChE activity causes microglial activation and elevated levels of proinflammatory
cytokines (Gnatek et al. 2012) and upregulation of INOS activity (von Bernhardi et al.
2003). On the other hand, the increased acetylcholine levels inhibit the inflammatory
effects of LPS through the inbuilt release of TNF-a by microglia through the nAChRs
via MAPK (Shytle et al. 2004). These previous findings are in line with our results,
which together suggested that compounds present in lingonberry fruits exert
glioprotective action by modulating cholinergic signaling pathways.

5. Conclusion

The present study demonstrated that the lingonberry extract was capable of
reversing and preventing the damage induced by LPS in primary astrocytic cultures.
Our findings showed that lingonberry extract exerts a glioprotective effect through the
increase of cellular viability, restoration of AChE activity, and anti-oxidative
mechanism, thus contributing to the maintenance of astrocytic homeostasis (Fig. 7).
Further studies are still necessary to evaluate the promising therapeutic potential of

lingonberry extract against neuroinflammatory diseases.
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Legends of figures

Fig. 1 Experimental scheme of the two protocols used in the study. Astrocytes were
obtained from primary cultures and maintained in standard conditions for 20 days. In
the reversal protocol, astrocytes were exposed to lipopolysaccharide (LPS, 1 pg/mL)
for 3 hours and subsequently treated with lingonberry extract. In the prevention
protocol, cells were first treated with lingonberry extract for 3 hours and subsequently

exposed to LPS

Fig. 2 Effects of lingonberry extract on cellular viability in primary astrocytic cultures
after 24 hours (a) and 48 hours (b). Cellular viability of astrocytes treated with
lipopolysaccharide (LPS) and lingonberry extract (reversal protocol) after treatment
for 24 hours (c) and 48 hours (d). Cellular viability of astrocytes treated with
lingonberry extract and LPS (prevention protocol) after treatment for 24 hours (e) and
48 hours (f). Cellular proliferation of astrocytes treated with LPS and lingonberry
extract (reversal protocol) after treatment for 24 hours (g) and 48 hours (h). Cellular
proliferation of astrocytes treated with LPS and lingonberry extract (prevention
protocol) after treatment for 24 hours (i) and 48 hours (j). Values represent mean *
standard error of the mean. The experiments were performed in triplicate. Data were
analyzed by one-way analysis of variance followed by Tukey’s post-hoc test. ‘P <
0.05, “P < 0.01, and ™P < 0.001, different from control cells; *P < 0.05, #P < 0.01,
and ##P < 0.001, different from LPS group

Fig 3 Representative phase-contrast microphotographs of astrocytes exposed to
lipopolysaccharide (LPS) and treated with the lingonberry extract after 48 hours
(images were taken using an Olympus inverted microscope; magnification 40x).
Arrows indicate astrocytes evidencing the different morphologies found between the

groups.

Fig. 4 Acetylcholinesterase (AChE) activity in primary astrocytic culture exposed to
lipopolysaccharide (LPS) and lingonberry extract after 24 hours and 48 hours in both
reversal and prevention protocols. Values represent the mean * standard error from

three independent experiments performed in triplicate. Data were analyzed by one-
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way analysis of variance followed by Tukey’s post-hoc test. P < 0.05, “P < 0.01,
different from control cells; P < 0.05, #P <0.01, different from LPS group

Fig. 5 Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) activities in primary astrocytic culture exposed to lipopolysaccharide (LPS) and
lingonberry extract after 24 hours and 48 hours in the reversal protocol. Values
represent the mean + standard error from three independent experiments performed
in triplicate. Data were analyzed by one-way analysis of variance followed by Tukey’s

post-hoc test. ‘P < 0.05, P < 0.01, and ™P < 0.001, different from control cells; P <
0.05, #P <0.01, and ##P < 0.001, different from LPS group

Fig. 6 Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) activities in primary astrocyte culture exposed to lipopolysaccharide (LPS) and
lingonberry extract after 24 hours and 48 hours in the prevention protocol. Values
represent the mean * standard error from three independent experiments performed
in triplicate. Data were analyzed by one-way analysis of variance followed by Tukey’s
post-hoc test. ‘P < 0.05, “P < 0.01, different from control cells; #P < 0.05, #P < 0.01,
and ##P < 0.001, different from LPS group

Fig. 7 Mechanisms involved in the glioprotective actions of lingonberry extract in
lipopolysaccharide (LPS)-induced damage in astrocytes. AChE, acetylcholinesterase;
INOS, inducible nitric oxide synthases; ROS, reactive oxygen species; SH, thiol

content; SOD, superoxide dismutase.
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Table 1 -Reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS) activity, and total thiol
content (SH) in primary astrocytic culture exposed to lipopolysaccharide (LPS) and lingonberry extract
(10-100 pg/mL) after 24 hours and 48 hours in both the reversal and prevention protocols.

Reversal Protocol

24 h 48 h
iNOS (nmol SH (nmol/mg iNOS (nmol SH
Groups ROS (%) NO/mg of of protein) ROS (%) NO/mg of (nmol/mg of
protein) protein) protein)
Control 100 79.4+1.2 293+9.9 100 124.04£5.7 297.1+26.4
LPS 182.5+9.1™ 156.1+9.9™ 208.0+16.4™ 241.9+24.5™ 163.8+13.6" 156.8+7.8™
10 pg/mL 90.0+8.1## 78.317.4### 180.7+3.7"™ 147.2+11.6% 59.7+6.0"™### 233.3+14.6
30 pg/mL 88.9+9.9%## 106.3+15.8* 268.8+26.2 127.3+14.7%# 72.3+0.6### 241.9+12.4
50 pg/mL 73.3+7.2### 108.1+7.8% 237.948.2 123.5+17.5%# 75.7+0.67## 217.245.9
100 pg/mL 62.2+5,9### 100.0+10.4# 285.6+15.2% 85.1+12.6%## 87.9+1.6"### 266.7+29.4%
Prevention Protocol
24 h 48 h
iNOS (nmol SH (nmol/mg iNOS (nmol SH
Groups ROS (%) NO/mg of of protein) ROS (%) NO/mg of (nmol/mg of
protein) protein) protein)
Control 100 79.4+1.2 301.5+7.16 100 121.0+6.3 297.1+26.4
LPS 160.2+9.8™ 146.7£2.5™ 208.4+16.42" 184.3 +15.04™ 173.3+13.7" 156.8+7.8™
10 pg/mL 73.92+4.86%# 64.9+2.0"# 240.0£29.2 105.07+11.51## 76.816.5"## 285.7+9.1##
30 pg/mL 88.77+4.79%#  113.243.6™##  198.0+16.3" 116.3+12.03# 85.6+18.4### 323.9+20.8#
50 pg/mL 68.37+9.12%# 96.6+5.3"## 305.445.73# 109.7+14.71# 64.8+4.3"### 246.6127.4%
100 ug/mL  74.48+8.87## 129.9+2.0™# 358.7+5.02%# 105.3+14.46%## 75.8+8.9"## 250.8 5.0#

Values represent the mean + standard error from three independent experiments performed in
triplicate. Data were analyzed by one-way analysis of variance followed by Tukey’s post-hoc test. P <
0.05, ”P < 0.01, and ™P < 0.001, different from control cells; #P < 0.05, #P < 0.01, and ##P < 0.001,
different from LPS group.
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Artigo 2

Anthocyanins as a potential pharmacological agent to manage memory deficit,
oxidative stress and alterations in ion pump activity induced by experimental sporadic
dementia of Alzheimer's type
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Abstract

Anthocyanins (ANT) are polyphenolic flavonoids with antioxidant and neuroprotective
properties. This study evaluated the effect of ANT treatment on cognitive
performance and neurochemical parameters in an experimental model of sporadic
dementia of Alzheimer's type (SDAT). Adult male rats were divided into four groups:
control (1 mL/kg saline, once daily, by gavage), ANT (200 mg/kg, once daily, by
gavage), streptozotocin (STZ, 3 mg/kg), and STZ plus ANT. STZ was administered
via bilateral intracerebroventricular (ICV) injection (5 pL). ANT were administered
after ICV injection for 25 days. Cognitive deficits (short-term memory and spatial
memory), oxidative stress parameters, acetylcholinesterase (AChE) and Na*-K*
ATPase activity in the cerebral cortex and hippocampus were evaluated. ANT
treatment protected against the worsening of memory in STZ-induced SDAT. STZ
promoted an increase in AChE and Na*-K*ATPase total and isoform activity in both
structures; ANT restored this change. STZ administration induced an increase in lipid
peroxidation and decrease in the level of antioxidant enzymes, such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), in the cerebral
cortex; ANT significantly attenuated these effects. In the hippocampus, an increase
in reactive oxygen species (ROS), nitrite and lipid peroxidation levels, and SOD
activity and a decrease in CAT and GPx activity were seen after STZ injection.
ANT protected against the changes in ROS and antioxidant enzyme levels. In
conclusion, the present study showed that treatment with ANT attenuated memory
deficits, protect against oxidative damage in the brain, and restore AChE and ion

pump activity in an STZ-induced SDAT in rats.

Keywords: anthocyanins; Alzheimer disease; oxidative stress; acetylcholinesterase;

Na*-K*ATPase; streptozotocin
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by
progressive memory loss and reduced cognitive capacity [1]. It is the most common
cause of dementia and its prevalence increases significantly with age [2,3]. It is
estimated that 67.5 million people in the world will have AD by 2030 and this could
reach 115.4 million by 2050 [4]. Sporadic AD is multifactorial and comprises the
majority of cases of this disease [2,3,5,6].

The neuropathological changes underlying AD include extracellular senile
plaques formed by B-amyloid peptide (AB) and intracellular accumulation of
neurofibrillary tangles composed of hyperphosphorylated protein tau that promote
synaptic dysfunction and neuronal death [7]. Furthermore, oxidative stress,
neuroinflammation, altered ionic homeostasis, cholinergic dysfunction, and deficits in
insulin signaling are also related with AD pathogenesis [8-10].

Oxidative stress has been associated with the initiation and progression of AD
[11,12]. This is supported by the potential high vulnerability of neurons to reactive
oxygen species (ROS), large amount of polyunsaturated fatty acids, high level of pro-
oxidant metals, and low level of endogenous antioxidants in the brain [13,14].
Oxidative stress can induce membrane lipid damage, changes in enzymes critical to
neuronal and glial function, and structural damage to DNA leading to tissue damage,
synapse dysfunction, and cell death [15].

Furthermore, studies have also proposed a relationship between oxidative
stress and dysfunction in acetylcholinesterase (AChE) and Na*-K*-ATPase activity in
many diseases [16]. AChE is responsible for the hydrolysis of the neurotransmitter
acetylcholine (ACh) and this enzyme has been an important therapeutic target in AD
since this pathology was first associated with the loss of cholinergic neurons and
decrease in the level of ACh in the brain, leading to cognitive deficits [17,18]. In
addition, Na*-K*-ATPase plays a role in intracellular ion and membrane potential
homeostasis, regulating neuronal excitability. Alterations in Na*-K*-ATPase activity
are associated with impaired synaptic responses, leading to alterations in the
process of learning and memory [16].

Many studies in the literature have focused on the therapeutic potential of

natural compounds aimed at the prevention of neurodegenerative diseases [19].
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Anthocyanins (ANT), polyphenolic flavonoids found in various flowers, fruits, and
vegetables, have demonstrated important biological activities, such as antioxidant
and anti-inflammatory actions [20,21]. Our research group has reported the beneficial
effects of ANT against lipopolysaccharide (LPS)-induced neuroinflammation [22],
ethidium bromide-induced demyelination [23], and scopolamine-induced memory
deficits [24]. Of particular importance in this study, we also demonstrated that
pretreatment with ANT prevented the behavioral and neurochemical alterations
caused by streptozotocin (STZ)-induced sporadic dementia of Alzheimer's type
(SDAT) [25].

In this sense, considering the growing number of studies that provide evidence
of the health benefits of ANT, the present study investigated the effect of ANT on
protecting learning and memory ability in STZ-induced SDAT in rats. To delineate a
possible mechanism of action for ANT, we also investigated the activity of key
enzymes involved in cholinergic transmission, as well as oxidative and nitrosative

stress markers, in the cerebral cortex and hippocampus of these animals.

2. Material and methods

Chemicals
Acetylthiocholine iodide (AcSCh), Coomassie Brilliant Blue G, ouabain, STZ,
dichloro-dihydro-fluorescein diacetate (DCFH-DA), 5,5'-dithiobis (2-nitrobenzoic acid)
(DTNB), and adenosine triphosphate (ATP) were purchased from Sigma Chemical
Co. (St Louis, MO, USA). An anthocyanin-rich extract was obtained from grape skins
(AC-12-R-WS-P/10120/Gin: 601412) and is commercially available from Christian
Hansen A/S. All other reagents used in the detailed experiments were of analytical

grade and the highest purity.

Animals
Forty adult male Wistar rats (2 months old) weighing 200-300 g were used in
this study. The animals were kept in the Central Animal House of Federal University
of Pelotas in colony cages under standard temperature (23 + 1°C), relative humidity
(45-55%), and lighting (12-h light/dark cycle) conditions for all trials. The rats had ad

libitum access to an adequate commercial diet and water. This study was approved
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by the Ethics Committee and Animal Experimentation of the Federal University of
Pelotas under the protocol number CEEA 0179/2015.

Intracerebroventricular injection of STZ

For all surgical procedures, adult male rats were anesthetized with ketamine
(100 mg/mL) and xylazine (20 mg/mL), administered intraperitoneally. The head of
the animal was positioned in the stereotaxic apparatus and a midline sagittal incision
was made in the scalp. The skull was drilled on both sides according to the
stereotaxic coordinates used for the lateral ventricles. These coordinates were -0.8
mm anteroposterior and 1.5 mm mediolateral from the bregma and -4.0 mm
dorsoventral to the dura with the bregma as the zero reference point [25,26]. The
animals were divided into four groups: control (C), ANT, STZ, and STZ + ANT. The
animals in the STZ and STZ + ANT groups received intracerebroventricular injection
(ICV) of 3 mg/kg STZ dissolved in a citrate buffer (pH 4.5), delivered through the
holes drilled in the skull [27]. The other groups received vehicle solution (citrate
buffer) ICV. Both STZ and vehicle were injected using a 10 puL 28-gauge Hamilton®
syringe and each ventricle received 5 pL of solution at a rate of 1 puL/min for five

minutes.

Treatment with anthocyanin
Three days after the ICV injection of STZ or vehicle, the animals in the ANT
and STZ + ANT groups were treated with 200 mg/kg ANT dissolved in saline daily by
gavage for 25 days (see Figure 1). Animals in the Control and STZ groups received
saline (1 mL/kg) also by gavage during the same time. The dose of ANT

administered was selected according to findings from previous studies [25].

Behavioral tests

Open field test

After twenty-six days of STZ injection, the animals underwent an open field
test. In this test, the animals were placed in the apparatus consisting of a square
arena measuring 56 x 40 x 30 cm with the floor divided into twelve squares (12 x 12

cm each). Rats were placed individually in one of the four corners of the apparatus
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and remained within the setup for five minutes. During this time, total crossing and
rearing response were analyzed. The arena was cleaned with 40% ethanol after
each individual session. This test allows quantification of locomotor activity and
identification of motor disabilities and altered exploratory activity [25,28].

Object recognition test

Twenty-four hours after the open field test that was also used as habituation to
the apparatus, the animals underwent an object recognition test to evaluate short-
term memory. First, the animals were placed individually in the arena with two
identical objects (object A and B) for five minutes and allowed to explore them freely
(training session). After two hours, in the test session, the animals were placed again
in the arena for five minutes but one of the previous objects (B) was replaced by a
new object (object C). The time spent exploring the familiar and novel object was
recorded. The objects used were pairs of plastic mounting blocks and were placed in
a symmetrical position inside the arena. The arena and objects were cleaned
between trials with 40% ethanol to remove residues and smells. Exploration was
considered only when the rats were sniffing or touching the objects with their nose
and/or forepaws. Results were analyzed using the recognition index for each animal
calculated as follows, recognition index = TC/(TA+TC), where TA is the time taken to

explore familiar object A and TC is the time taken to explore new object C [29].

Y-maze Test

Twenty-eight days after the STZ injection, the animals underwent a Y-maze
test to evaluate spatial memory. This test used a Y-maze that had three arms, with
each arm randomly designated as either the start arm (A), novel arm (B), or other
arm (C). This test had a training session where the animal was placed in the
apparatus on the start arm and was free to explore only the start arm and other arm
for five minutes. The novel arm remained blocked throughout the training session.
After two hours, the test session was performed with an open novel arm and the
animal could freely explore all three arms over a five-minute period. The apparatus
was cleaned with 40% ethanol after each session. The time spent in each arm was
determined and the results were expressed as the percentage of time spent and

number of entries on the new arm [30]. Twenty-four hours after the Y-maze test, the
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animals were euthanized; and brain was removed and the hippocampus and cerebral
cortex were dissected for evaluation using biochemical assays. Blood also was

collected for analysis of glucose levels.

AChE activity determination

Samples of cerebral cortex and hippocampus were homogenized on ice in a
glass potter with 10 mM Tris—HCI solution (pH 7.4). Aliquots of brain structure
homogenates were stored at -80 °C until utilization. The protein content was
determined using the Coomassie blue method, with bovine serum albumin as the
standard solution [31].

The AChE enzymatic assay was determined using a spectrophotometric
method [32]. This method is based on the formation of the yellow anion, 5,5-dithio-
bis-acid-nitrobenzoic, which was measured by absorbance at 412 nm, over a 2-min
period at 25°C. The enzyme (40-50 ug of protein) was pre-incubated for 2 min. The
reaction was initiated by adding 0.8 mM AcSCh. All samples were tested twice and

the enzyme activity was expressed in pmol AcSCh/h/mg of protein.

Determination of total ATPase, Na*-K*-ATPase, and isoform activities

Na*-K*-ATPase activity was measured in the cerebral cortex and
hippocampus supernatant as previously described [22]. Briefly, the assay medium
consisted of 30 mM Tris-HCI buffer (pH 7.4), 0.1 mM EDTA, 50 mM NacCl, 5 mM KCl,
6 mM MgClz, and 120 ug of protein in the presence or absence of ouabain (3 uM or 4
mM) to reach a final volume of 200 pL. The reaction was started by the addition of
ATP to a final concentration of 3 mM. After 30 minutes at 37°C, the reaction was
stopped by the addition of 50 yL of 50% (w/v) trichloroacetic acid (TCA). Saturating
substrate concentrations were used, and the reaction rate was linear with respect to
protein content and time. Appropriate controls were included in the assays for the
non-enzymatic hydrolysis of ATP. The amount of inorganic phosphate (Pi) released
was quantified colorimetrically, as previously described [33], using KH2PO4 as the
reference standard. The absorbance at 630 nm was measured. The specific Na*-K*-
ATPase activity was calculated by subtracting the ouabain-insensitive activity from
the overall activity (in the absence of ouabain) and was expressed in nmol of Pi/mg

of protein/min.
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Different concentrations of ouabain were used to evaluate the activity of
different Na*™-K*-ATPase isoforms. A classical pharmacological approach based on
the isoform-specific sensitivity to ouabain was used [34]. The experiments were
performed as previously described [35]. To determine if treatments alter ouabain-
sensitive ATPase activity, 3 UM or 4 mM ouabain was used (so as to only inhibit the
Na'-K*-ATPase isoforms containing subunits a2/a3, or to every inhibit isoform,

respectively).

Oxidative stress determination

2.8.1. Brain tissue preparation

The cerebral cortex and hippocampus were homogenized in sodium
phosphate buffer (20 mM) containing KCI (140 mM), pH 7.4. The homogenates were
centrifuged at 2500g for ten minutes at 4°C and the supernatant was separated to
analyze oxidative stress parameters. The samples were stored at -80°C until
utilization. Protein content was determined using the Lowry method [36], with bovine

serum albumin as the standard solution.

Reactive oxygen species (ROS) determination

ROS formation was determined as previously described [37] with some
modifications. The method was based on the oxidation of DCFH-DA to fluorescent
dichlorofluorescein (DCF). DCF fluorescence was measured using excitation at 485
nm and emission at 520 nm 30 minutes after the addition of DCFH-DA to the sample.

ROS levels were expressed as pmol DCF/mg of protein.

Nitrite levels quantification

Nitrite (NO2’) content was measured using the Griess reaction, as previously
described [38]. Briefly, 50 puL of sample plus 50 pL of sulphanilamide in 5%
phosphoric acid were incubated for 10 minutes at room temperature. Next, 50 uL of
N-(1-naphthyl) ethylenediamine dihydrochloride was added and the mixture was
incubated for 10 minutes at room temperature while protected from illumination.

Absorbance at 540 nm was measured in a 96-well microplate reader. A sodium nitrite



89

solution was used as the reference standard and the results were expressed as pumol
NO2 /mg of protein.

Thiobarbituric acid reactive substances (TBARS) level method

TBARS was used to determine lipid peroxidation through the malondialdehyde
(MDA) levels according to a method described previously [39]. Briefly, 100 pL of
tissue homogenate was mixed with 15% TCA and 0.67% thiobarbituric acid. This
mixture was heated at 95°C for 30 minutes and cooled (4°C) after for 10 minutes.
The absorbance was measured at 532 nm and the results were expressed as nmol
TBARS/mg of protein.

Total thiol level assay

The total level of thiol groups was measured using the DTNB method
according to a modified, previously described method [40]. Briefly, 10 pL of sample
was mixed with 145 uL of PBS-EDTA (1 mM), pH 7.5. For the reaction, 10 pL of
DTNB (10 mM) in PBS was added to the mixture. After one hour of incubation at
room temperature, the absorbance was read at 412 nm and the results were

expressed as nmol TNB/mg of protein.

Superoxide dismutase (SOD) activity assay

The activity of SOD was determined using a method that is based on
measuring the inhibition of the autoxidation of adrenaline as described previously
[41]. For this assay, the medium contained catalase (10 uM), 10 pL of sample,
glycine buffer (50 mM, pH 10.2) and adrenaline (60 mM). SOD levels were assayed
using the sample absorbance at 480 nm. The results were expressed as Units/mg of
protein. One unit of SOD was defined as the amount of enzyme necessary to inhibit

50% of adrenaline autoxidation.

Catalase (CAT) activity assay

CAT activity was measured according to a previously described method [42].
For this analysis, 10 puL of sample was mixed with Triton X-100 (1:10 w/v) and
potassium phosphate buffer (pH 7.0). The reaction was started with the addition of

hydrogen peroxide (H2032) in the reaction medium. This method is based on the ability
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of the CAT to decompose H202 and is measured by the decrease in absorbance at
240 nm. One unit of CAT was defined as one pmol of H202 consumed per minute

and the specific activity was expressed as Units/mg of protein.

Glutathione peroxidase (GPx) activity assay

The activity of GPx was analyzed using a commercial kit from Randox
Laboratories Ltd. (United Kingdom) according to the manufacturer’s instructions. This
method is based on that previously described [43] in which GPx catalyzes the
oxidation of glutathione (GSH) by cumene hydroperoxide. In the presence of
glutathione reductase (GR) and NADPH, the oxidized glutathione (GSSG) is instantly
converted to the reduced form with a concomitant oxidation of NADPH to NADP*.
The resultant decrease in absorbance at 340 nm was measured. One GPx unit was
defined as 1 ymol of NADPH consumed per minute and the specific activity was

recorded as Units/mg of protein.

Determination of glucose levels
Glucose levels were determined in serum using a commercial kit (Labtest®

Diagnostica S.A. MG, Brazil), according with the manufacturer’s instructions.

Statistical analysis
Statistical analysis of test results was carried out using one or two-way
analysis of variance (ANOVA) followed by Bonferroni post-hoc testing for multiple
comparisons. P < 0.05 was considered to represent a significant difference in all

experiments. All data were expressed as the mean + SEM.

3. Results

Anthocyanins protect impairment of non-spatial memory induced by STZ
administration

Figure 2 shows the effects of ANT treatment on the behavioral results from the
open field, object recognition, and Y-maze tests. In the open field test, it was

observed that STZ did not alter the number of total crossings or rearing responses,
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suggesting that neither STZ nor ANT affected the locomotor or exploratory capacity
of the animals (Fig. 2A and B).

Our results also demonstrated that STZ injection induced a memory
impairment in the object recognition task and ANT treatment effectively attenuated
the memory deficits [Fa,23)= 7.72; P < 0.05; Fig. 2C] . In this study, we also evaluated
the effects of the treatment with ANT and STZ on spatial memory in Y-maze
apparatus. STZ decreased both the percentage of time spent [F32) = 11.18; P <
0.01; Fig. 2D] and number of entries [F@36) = 24.19; P < 0.001; Fig. 2 E] into the
novel arm. ANT treatment did not increase the time spent in the novel arm nor the

number of entries into the novel arm.

Anthocyanins protect against alterations in AChE activity in both the cerebral
cortex and hippocampus induced by STZ administration

Figure 3 shows the effect of ANT (200 mg/kg) and ICV-STZ (3 mg/kg) on
AChE activity in the cerebral cortex and hippocampus of rats. STZ injection promoted
a significant increase in AChE activity in both structures and ANT administration was
able to protect against this increase in the cerebral cortex [F40) = 7.73; P<(.01; Fig.
3A] and hippocampus [F.39) = 12.67; P<0.01; Fig. 3B].

Anthocyanins protect against alterations in Na*-K*-ATPase total and isoform
activity in the cerebral cortex and hippocampus induced by STZ administration

Figures 4 and 5 shows the effect of ANT (200 mg/kg) and ICV-STZ (3 mg/kg)
on the total ATPase, total Na*-K*-ATPase, and a2,3 and a1 isoforms activities in the
cerebral cortex and hippocampus, respectively. STZ administration caused a
significant increase in ATPase and Na*-K*-ATPase activity in the cerebral cortex and
ANT treatment was able to protect against these changes [F,20 = 5.33; P<(0.01;
Fig. 4A] [Fa200 = 5.02; P<0.01; Fig. 4B]. ANT treatment also protect against the
increase induced by ICV-STZ administration in Na*-K*-ATPase a2,3 [F(,20 = 14.06;
P<0.001; Fig. 4C] and ol [F@.20) = 14.70; P<0.001; Fig. 4D] isoform activities.

Similar results were observed in the hippocampus. ICV-STZ also caused an
increase in the total ATPase and Na*-K*-ATPase activities and ANT treatment was
able to protect against these changes [Fa.20) = 5.24; P<(.05; Fig. 5A] [Fa.17) = 4.97;
P<0.05; Fig. 5B]. ANT treatment also protect against the increase induced by ICV-
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STZ administration in Na*-K*-ATPase 02,3 activity [Fa16 = 5.71; P<(.05; Fig. 5C].
Regarding the Na*-K*-ATPase a1 isoform activity, no alterations were observed in
any group evaluated in this study [F,17) = 0.1058; P=0.7490; Fig. 5D].

Anthocyanins protect against the changes in antioxidant responses in thecerebral
cortex and hippocampus induced by STZ administration

Figure 6 shows the oxidative stress parameters in the cerebral cortex of rats
that underwent STZ administration and were treated with ANT (200 mg/kg) for 25
days. First, it was observed that neither STZ nor ANT modified the ROS levels
(Fig. 6A). However, STZ administration caused an increase in nitrite levels [Fs23) =
5.39; P<(.05; Fig. 6B] that was not restore by ANT. STZ administration led to an
increase in TBARS level, an effect attenuated by ANT treatment [Fa,19 = 6.21;
P<0.05; Fig. 6C]. The sulfhydryl content did not significantly changed in this
structure in any group (Fig. 6D). Regarding the antioxidant enzymes, it was
observed that ICV-STZ injection promoted a reduction in their activity and ANT
treatment was restored this effect on SOD [Fai5 = 11.47; P<0.01; Fig. 6E] and
CAT [Fais = 7.29; P<0.05; Fig. 6F]. ANT also was able to protect against the
decrease in GPx activity induced by STZ injection [F,14) = 8.89; P < 0.01; Fig. 6G]).

Figure 7 shows that ANT treatment was able to attenuated the increase in
ROS levels (F@,15 = 5.86; P < 0.05; Fig. 7A] in the hippocampus. Moreover ICV-
STZ induced an increase in nitrite [Fa.23 = 8.27; P < 0.01; Fig. 7B] and TBARS
levels [Faz20 = 43.14; P < 0.001; 7C] however, ANT did not protect against this
effect. No changes were observed in the total sulfhydryl content in any group (Fig.
7D). Regarding the antioxidant enzymes, it was observed that STZ injection
increased SOD and decreased CAT and GPx activities. ANT administration
protected against the changes in SOD [Fu,15) = 7.35; P<0.05; Fig. 7E], CAT [Fa.1s) =
6.33; P<0.05; Fig. 7F], and GPx activity [F(,15 = 7.50; P<(.05; Fig. 7G].

Treatment with anthocyanins and/or STZ did not alter the blood glucose levels
Figure 8 shows that the levels of blood glucose was not altered in any of the

experimental groups evaluated in this study [F,18) = 1.47; P > 0.05].
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4. Discussion

The present study investigated the neuroprotective potential of ANT in an STZ-
induced model of SDAT in rats. This model promotes multiple alterations similar to
those found in patients with AD, such as a decrease in brain glucose metabolism,
oxidative stress, reduction in cholinergic signaling, neuroinflammation, neuronal loss,
and impairment of learning and memory [44-47]. A recent study showed that
pathological alterations in this model were dependent on the time since the STZ
injection, with up to one month after injection considered an acute response, between
one and three months a compensatory phase, and between six and nine months a
decompensatory phase with a chronic progressive decline [48].

Our findings demonstrate that STZ impairs memory acquisition (short-term
memory) and spatial memory. In addition, no difference between groups was
observed in the open field test, excluding the possibility of STZ interfering with
locomotor activity in the memory tests. These findings are in accordance with
previous studies that used this rodent model [25,49-51-56)].

The damage caused by ICV-STZ administration can reach septal and corpus
callosum regions [57], and beyond, causing changes at the level of the fornix,
anterior hippocampus, and periventricular structures [58]. These structures are
involved in memory function, with the perirhinal cortex most strongly related to object
recognition after short intervals and the hippocampus linked with spatial memory and
long-term object recognition [59]. Moreover, the septum has cholinergic projections
on to cortical regions and the hippocampus, which are also involved in memory
acquisition [57,60], and it is suggested that ICV-STZ administration disrupts these
connections, altering memory consolidation [57].

Treatment with ANT was able to protect against memory deficits induced by
ICV-STZ only in the object recognition test. This finding is in accordance with
previous studies that also showed that an ANT-rich diet could have learning and
memory enhancing effects in mice with trimethyltin-induced neurotoxicity [61],
improved short-term and working memory in old rats [62], and spatial learning and
memory in D-galactose-treated rats [63] and transgenic AD murine model [64].
Furthermore, a recent study with humans showed that intake of an ANT-rich cherry
juice for 12 weeks could have beneficial effects on cognitive performance in older

adults with mild to moderate dementia [65].
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In addition, our results also showed that ANT treatment restores AChE activity
in the cerebral cortex and hippocampus in an experimental model of STZ-induced
SDAT. It is well established in the literature that the cholinergic system plays a pivotal
role in the regulation of learning and memory and shows changes during aging and
AD progression [66,67]. In fact, cholinesterase inhibitors act by inhibiting the
degradation of ACh, improving cholinergic transmission and reducing temporarily the
cognitive deficit of symptomatic patients with AD [68]. The increase in AChE activity
may lead to a decrease in ACh levels, contributing to memory deficits. This finding is
in accordance with previous studies using STZ-induced SDAT [25,27,69,70].

Treatment with blueberries (Vaccinium corymbosum L.) for two months
reduced AChE activity in D-galactose-treated rats [71]. In an in vitro assay, an ANT-
rich grape skin extract inhibited AChE activity in a dose-dependent manner with an
ICs0 of 363.61 pg/mL [72]. Another study demonstrated that oral pretreatment with
pelargonidin (10 mg/kg) attenuated the hippocampal increase in AChE activity in a
model of AD induced by amyloid B2s-35 peptide in rats [73]. Previous findings from our
research group also demonstrated that ANT treatment protects against alterations in
AChE activity and memory deficits caused by scopolamine administration [24].

The Na*-K*-ATPase enzyme plays a crucial role in maintaining the Na*and K*
gradient across the plasma membrane. Three isoforms are expressed in the brain:
the a1 isoform is found in many cell types, the a2 isoform is predominantly expressedin
astrocytes, and the a3 isoform is exclusively expressed in neurons [74]. Data fromthe
literature have demonstrated that dysfunctions in specific isoforms alter spatial
learning and motor activity [74,75] and a decrease in Na*-K*-ATPase activity in the
brain is associated with memory impairment [76,77].

In the present study, it was observed that STZ induced an increase in Na*-K*-
ATPase activity, including the a1 and a2/a3 isoforms. A previous study reported a
reduction in Na*-K*-ATPase activity 14 days after STZ injection, during the initial
phase of the establishment of the SDAT model [25]. Other evidence has also showed
that there is a reduction in the activity of this enzyme in different brain structures 21
days after STZ administration [78]. Studies have associated the reduction in Na*-K*-
ATPase activity with markers of oxidative stress since this enzyme has -SH residues
which makes it susceptible to oxidation. On the other hand, evidence shows that this

enzyme has several amino acid residues, such as serine, tyrosine, and threonine,
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that are targets of phosphorylation by cellular kinases. Glucose and insulin, for
example, seem to play an important role in regulating Na*-K*-ATPase activity. It was
described that 1, 2, and 3 hours after insulin administration there was a decrease in
activity [79]. Moreover, the activation of insulin receptors results in reversible covalent
modification of the catalytic subunits of intracellular signaling pathways that are
utiized by insulin  in  controling Na*-K*-ATPase activity, including
phosphatidylinositol-3-kinase [80], AKT/ERK [81], PKA, and PKC [82,83]. Thus, is
plausible suggest the metabolic dysfunctions caused by STZ administration mainly
affect insulin receptor-dependent signaling pathways, impairing the regulation of Na*-
K*-ATPase. However, our results showed an increase in Na'™-K*-ATPase in brain
after STZ administration demonstrating that other mechanisms besides insulin
signaling may be involved in the alterations of this enzyme in this pathological
condition [84,85].

Interestingly, it was demonstrated that pretreatment with ANT (200 mg/kg) for
seven days prevented the decrease in the Na*-K*-ATPase in the cerebral cortex and
hippocampus induced by scopolamine in rats [24]. It was also shown that ANT
prevent the impairment of Na*-K*-ATPase in brain of experimentally demyelinated
rats [22]. The beneficial effects of the ANT on brain function in learning and memory
deficits and age-related neurodegeneration [21,86] include antioxidant and anti-
inflammatory activities [20,87], modulation of neuronal signaling pathways and gene
expression that are important to control synaptic plasticity [86], and improvement of
cerebral blood flow [21]. Thus, considering that alterations in the Na*-K*-ATPase
directly compromises axonal impulse transmission, our findings demonstrate that
ANT also can contribute to the restoration of ATP levels in the brain.

Our results showed changes in oxidative stress parameters in the cerebral
cortex and hippocampus after 28 days of ICV-STZ administration. It is well
established that administration of ICV-STZ induces oxidative stress through ROS and
reactive nitrogen species (RNS) generation [45]. ROS formation is involved with
cellular injury in AD and is related in the initiation and development of memory
impairments in rats [53,88]. Moreover, STZ treatment causes depletion of antioxidant
systems, increase in the TBARS and protein carbonylation levels, decline in ATP

level, and mitochondrial dysfunction [45,47].
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Interestingly, the oxidative-nitrative damage caused by ICV-STZ was detected
in the brain of rats 1 to 8 weeks after the injection [47]. The upregulation of inducible
nitric oxide synthase (iINOS) and neuronal nitric oxide synthase (nNOS) protein and
MRNA expression promoted by STZ injection may be an enzymatic source of the
elevated nitrite level in the cortex and hippocampus in this model. Once expressed,
INOS produces a high level of nitric oxide (NO) constantly, having a toxic effect on
neurons [86]. Moreover, the excess of superoxide (O2™) can react rapidly with NO,
producing peroxynitrite (ONOO"), which reacts with several biological molecules
promoting damage and neuronal cell death [27,89-91].

Corroborating with our findings, other studies also showed a decrease in
enzymatic antioxidant defense after ICV-STZ administration [27,92,93]. SOD
catalyzes the dismutation of Oz to H202, which can be neutralized through the action
of other enzymes such as CAT and GPx [14]. It has been documented that ICV-STZ
can reduce the GSH level. This is critical in eliminating H202 and organic peroxides
by GPx since this enzyme depends on GSH as an electron donor for the reduction of
peroxides [12,92,94]. The decrease in SOD, GPx, and CAT activity may impair O2"
and H202 removal and this can generate hydroxyl radicals and lipid peroxidation,
triggering alterations in the biological properties of membranes [14,53,95]. In this
study, lipid peroxidation was significantly increased in the ICV-STZ group as
demonstrated by the TBARS content. Curiously, the higher SOD activity found in the
hippocampus could be a compensatory mechanism in response to the increased O2"
accumulation. The hippocampus is especially vulnerable to the pathological
alterations present in AD and the pyramidal neurons in the CAL region is particularly
susceptible to oxidative stress [96,97]. Furthermore, it has been shown that the
neurons in this region contain higher levels of Oz and ROS production [97]. Besides,
there is a high demand for ROS/RNS as signaling molecules and this fact can be
observed in CA1 neurons that require O2™ for long-term potentiation [97]. Evidences
suggest that this scenario could lead a copper zinc superoxide dismutase
(CuznSOD) upregulation to facilitate the removal of the radicals and an increase in
manganese superoxide dismutase (MnSOD) expression within the pyramidal
neurons of the hippocampus [96,98] On the other hand, the overexpression of SOD
may promote an increase in H202 formation that can induce a harmful oxidation of

cell components [96,99].
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In addition, ANT treatment was able to protect against the oxidative damage
caused by ICV-STZ, suggesting that this effect may be associated with the
improvement of dysfunctional memory. ANT have a direct free radical-scavenging
activity due to the hydrogen donation capacity that is dependent on its chemical
structure, especially the presence of hydroxyl groups in ring B [87,100]. The
antioxidant action of ANT is further evidenced by indirect pathways, such as he
modulation of antioxidant enzymes, reducing the formation of DNA oxidative abducts
and endogenous ROS by inhibiting NADPH oxidase and xanthine oxidase, or by
modifying mitochondrial respiration and arachidonic metabolism [87].

It is important to consider that ANTs are capable of crossing the blood brain
barrier (BBB), and are found in several regions of the brain, including regions related
to memory and learning such as the cortex and hippocampus [101-103]. In an in vitro
study the transport of ANT across a BBB cell model was evaluated and suggested
that these compounds and their metabolites were able to cross due to their
lipophilicity [104].

In conclusion, the present study demonstrated that ANT treatment was able to
protect against memory deficits in an experimental model of STZ-induced SDAT.
These beneficial effects may be related with its antioxidant capacity and modulation
of AChE and Na*-K*-ATPase activity in brain regions (Fig. 9).
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Legends of figures

Figure 1 - Scheme for induction protocol of experimental model of sporadic dementia

of Alzheimer's type and anthocyanins (200 mg/kg) treatment in rats.

Figure 2 - Effects of treatment with anthocyanins (200 mg/kg) on the results of
behavioral tests of animals that were administered intracerebroventricular
streptozotocin (STZ; 3 mg/kg) injection. The locomotor activity behavior was
analyzed using the open field task on the number of total crossings (A) and rearing
responses (B). The non-spatial memory and spatial memory was analyzed
respectively using the object recognition task (C) and Y-maze apparatus: percentage
of time spent (D) and number of entries (E) into the novel arm. Data are expressed
as meaniS.E.M. *Denotes significant difference from the vehicle group for P<(.05;

***P<(.001. # Denotes significant difference from the STZ group for P<(.05 (Two or

one-way analysis of variance followed by Bonferroni post hoc test).

Figure 3 - Acetylcholinesterase (AChE) activity in the cerebral cortex (A) and
hippocampus (B) in animals treated with intracerebroventricular streptozotocin (STZ;
3 mg/kg) and/or anthocyanins (200 mg/kg). Data are expressed as mean + S.E.M.
**Denotes significant difference from the vehicle group for P<(0.01. *Denotes a
significant difference compared with the STZ group for P<0.01 (Two or one-way

analysis of variance followed by Bonferroni post hoc test).

Figure 4 - Total ATPase (A), Na*-K*-ATPase (B), Na*-K*-ATPase a2,3 (C) and Na*-
K*-ATPase a1 (D) isoform activity in the cerebral cortex in animals treated with
intracerebroventricular streptozotocin (STZ; 3 mg/kg) and/or anthocyanins (200
mg/kg). Data are expressed as mean + S.E.M. *Denotes significant difference from
the vehicle group for P<(0.05; ** P<0.01; **P<(.001. # Denotes a significant
difference compared with the STZ group for P<(.05; #P<0.01 (Two or one-way

analysis of variance followed by Bonferroni post hoc test).

Figure 5 - Total ATPase (A), Na*-K*-ATPase (B), Na*-K*-ATPase a2,3 (C) and Na*-

K*-ATPase a1 (D) isoform activity in the hippocampus in animals treated with
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intracerebroventricular streptozotocin (STZ; 3 mg/kg) and/or anthocyanins (200
mg/kg). Data are expressed as mean + S.E.M. *Denotes significant difference from
the vehicle group for P<0.05; ** P<0.01. # Denotes a significant difference compared
with the STZ group for P<(.05; #P<0.01 (Two or one-way analysis of variance

followed by Bonferroni post hoc test).

Figure 6 - Effects of anthocyanins treatment (200 mg/kg) on reactive oxygen
species level (A); nitrite level (B); TBARS level (C); sulfhydryl content (D);
superoxide dismutase activity (E); catalase activity (F); and glutathione peroxidase
activity (G) in the cerebral cortex of animals administered with intracerebroventricular
streptozotocin (STZ; 3 mg/kg) injection. Data are reported as means = S.E.M.
*Denotes significant difference from the vehicle group for P<(.05; **P<(.01;
***P<(.,001. *Denotes significant difference from the STZ group for P<0.05;
#P<(0.01 (Two or one-way analysis of variance followed by Bonferroni post hoc
test).

Figure 7 - Effects of anthocyanins treatment (200 mg/kg) on reactive oxygen
species level (A); nitrite level (B); TBARS level (C); sulfhydryl content (D);
superoxide dismutase activity (E); catalase activity (F); and glutathione peroxidase
activity (G) in the hippocampus of animals administered with intracerebroventricular
streptozotocin (STZ; 3 mg/kg) injection. Data are reported as means + S.E.M.

*Denotes significant difference from the vehicle group for P<0.05; **P<0.01. *
Denotes significant difference from the STZ group for P<(.05 (Two or one-way

analysis of variance followed by Bonferroni post hoc test).

Figure 8 - Effects of anthocyanins treatment (200 mg/kg) blood glucose levels in
serum of animals administered with intracerebroventricular streptozotocin (STZ; 3

mg/kg) injection. Data are reported as means + S.E.M.
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Figure 9 - Neuroprotective potential of anthocyanins against damage caused by the
administration of intracerebroventricular streptozotocin in an experimental model of

sporadic dementia of Alzheimer's type.
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5 DISCUSSAO

A DA é uma doenca cronica com uma longa fase pré-clinica e assintomatica e
gue culmina na deméncia. Seus sintomas caracteristicos incluem dificuldades em
relacdo a memodria, a linguagem, a resolucdo de problemas e outras habilidades
cognitivas (MASTERS et al., 2015; ALZHEIMER’S ASSOCIATION, 2018).

O tratamento atual da DA engloba a utlizacdo de medicamentos que
aumentam a cognicdo, restringindo-se a duas classes: inibidores da AChE e
antagonista de receptores de NMDA. Entretanto, a resposta clinica desses farmacos
é limitada, sendo que a maioria dos pacientes apresenta desaceleracdo do declinio
cognitivo sem perda adicional por 6 a 9 meses (MASTERS et al., 2015).
Recentemente, dois ensaios clinicos envolvendo farmacos promissores para o
tratamento da DA nao trouxeram beneficios significativos para os participantes dos
estudos (MAKIN, 2018). Assim, a auséncia de efetivas estratégias de prevencao e
tratamento ainda estdo entre os maiores desafios da doenca (WANG et al., 2017).

Sabe-se que a maioria dos casos da DA sdo da forma esporadica na qual ha
associacao de fatores ambientais, como os relacionados com o estilo de vida e de
polimorfismos genéticos. Além disso, tem sido demonstrado associacao positiva
entre DA e patologias como diabetes mellitus, obesidade e doenca cardiovascular.
Cabe destacar que esses fatores de risco possuem uma base semelhante como
aumento de marcadores do estresse oxidativo e da inflamacdo (HERMAN et al.,
2018).

Estudo em cérebros de individuos portadores da DA ja revelou a presenca de
estresse oxidativo e neuroinflamacdo nos mesmos. O mecanismo preciso que leva
ao desenvolvimento dessas alteracfes nao foi totalmente esclarecido, e ainda
permanece o debate se sdo causa ou consequéncia da patologia. Contudo,
evidéncias demonstram uma relagcédo direta entre a producdo anormal do peptideo
AB e desenvolvimento e/ou manutencao do estresse oxidativo e da neuroinflamacao
(GONZALEZ-REYES et al., 2017).

Mediante esse cenario, medidas que previnam, atenuem ou revertam esses
danos sdo de fundamental importancia. Dentre o0s indmeros compostos

neuroprotetores propostos em modelos in vitro e in vivo da DA, 0s compostos
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fendlicos, especialmente, as antocianinas tém demonstrado resultados promissores.
Diversos mecanismos podem estar envolvidos na neuroprotecdo promovida pelas
antocianinas como a sua atividade antioxidante e anti-inflamatéria, modulacdo da
sinalizacdo neuronal e da expressao génica relacionadas com a plasticidade
sinaptica e aumento do fluxo sanguineo cerebral (HE e GIUSTI, 2010; TSUDA,
2012; POJER et al., 2013; RENDEIRO, RHODES e SPENCER, 2015). Estudos
prévios ja demonstraram a acdo das antocianinas em varias condicfes neurolégicas
como a doenga de Parkinson (STRATHEARN et al.,, 2014), neuroinflamagéo
(CARVALHO et al., 2017), desmielinizagdo (CARVALHO et al., 2015), disfuncdo da
memoria (GUTIERRES et al., 2014a) e deméncia do tipo Alzheimer (GUTIERRES et
al., 2014b).

A fim de dar prosseguimento a investigacdo da ac&o neuroprotetora das
antocianinas em modelos experimentais da DA, o artigo | dessa tese avaliou os
efeitos do extrato de lingonberry na viabilidade celular, na atividade da AChE e nos
parametros de estresse oxidativo em cultura primaria de astrécitos de ratos expostos
ao LPS. Os astrocitos sdo fundamentais para os processos fisiologicos cerebrais
como a homeostase do glutamato, fluxo sanguineo e excitabilidade, suporte
metabolico para os neurdnios e plasticidade sinaptica. Assim, alteracdes funcionais
Nnos mesmos possuem peso importante para a progressao de doencas neurologicas
(ACOSTA et al., 2017).

Nesse estudo, observou-se que o tratamento com o extrato, antes e apos a
exposicdo ao LPS, foi capaz de prevenir e reverter as alteracdes em relacdo a
viabilidade e a proliferacdo celular. Também foi possivel observar a diminuicdo da
producédo de ERO e ERN através da modulacédo da atividade da iNOS, prevenindo e
revertendo as alteracdes causadas pelo LPS. E importante lembrar que o NO-,
produzido em virtude do aumento da expressao da iINOS, pode contribuir para o
estresse oxidativo e morte neuronal (WAKABAYASHI et al., 2010), uma vez que
promoveria modificacbes na permeabilidade mitocondrial, favorecendo o
extravasamento do seu contetdo, o aumento da producédo de ERO e a liberacéo de
moléculas sinalizadoras de morte celular (STEWART e HEALES, 2003).

Além disso, o tratamento com o extrato de lingonberry foi associado com um
aumento da viabilidade mitocondrial, o restabelecimento da atividade da SOD e da

GPx, e aumento do contetdo de sulfidrilas nesses astrécitos expostos ao LPS. A
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manutencdo do conteudo tidlico da GSH € fundamental para a regulacdo do estado
redox e da funcao proteica, uma vez que essa biomolécula é altamente suscetivel ao
dano oxidativo (MOSKAUG et al., 2005; POOLE, 2015). Estudos prévios ja relataram
qgue a liberacdo de GSH pelos astrocitos € essencial para a conservacdo dos niveis
de sulfidrilas no SNC (WANG e CYNADER, 2000), e que os astrdcitos protegem 0s
neurbnios contra a toxicidade do NO'" através de um mecanismo dependente de GSH
(CHEN et al., 2001).

Outro resultado importante desse trabalho demonstrou que o LPS induziu
aumento da atividade da AChE nos astrécitos, sendo restaurada pelo tratamento
com o extrato de lingonberry. A AChE é uma enzima também expressa em astrocitos
(THULLBERY et al., 2005). Esse aumento da atividade da AChE pode contribuir para
diminuir os niveis de ACh, sendo que sua sintese também pode ser inibida pelo
H202 e NO* (LUTH et al., 2001). Além disso, outros estudos ja demonstraram que
aumento na atividade da AChE causa ativacdo da microglia, eleva os niveis de
citocinas pro-inflamatérias (GNATEK et al., 2012) e aumenta a atividade da INOS
(VON BERNHARDI et al., 2003).

O artigo Il dessa tese analisou o efeito neuroprotetor das antocianinas
(extraidas e purificadas da casca da uva) em um modelo de deméncia esporadica do
tipo Alzheimer induzida por STZ em ratos Wistar machos e adultos. J& € bem
descrito que esse modelo promove alteracdes similares aquelas encontradas em
pacientes com DA como diminuicdo do metabolismo de glicose, estresse oxidativo,
alteracdo na sinalizacdo colinérgica, neuroinflamacdo, morte neuronal e
comprometimento do aprendizado e da memodria (SALKOVIC-PETRESIC et al.,
2007; 2013; 2014; KAMAT et al., 2016).

Conforme mostraram os resultados, o STZ alterou tanto a memoria de curta
duracdo quanto a memoria espacial e ndo modificou a atividade locomotora desses
animais o que esta de acordo com estudos prévios (SHOHAM et al., 2007; ISHRAT
et al., 2009b; SAXENA, PATRO e NATH, 2011; JAVED et al., 2012; EJAZ AHMED et
al., 2013; GUTIERRES et al., 2014b; DESHMUKH et al., 2016; BIASIBETTI et al.,
2017; RAVELLI et al., 2017). A administracdo ICV do STZ pode alcancar regides do
septum e do corpo caloso, além do fornix, hipocampo anterior e estruturas
periventriculares (SHOHAM et al.,, 2003; KRASKA et al., 2012). Essas estruturas

estdo envolvidas na memodria, sendo que o cortex perirrinal esta mais relacionado


http://www.ncbi.nlm.nih.gov/pubmed/?term=Thullbery%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=16052514
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%BCth%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=11532247
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gnatek%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22639569
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com a memoria de curto prazo e o hipocampo, com a memodria de longo prazo e
espacial (ANTUNES e BIALA, 2012). Além disso, o septum possui projecdes
colinérgicas para as regides do cortex e hipocampo, também envolvidas na
aquisicdo da memodria, sugerindo que a administracdo do STZ pode interromper
essas conexdes, alterando a consolidacdo da memoria (KRASKA et al., 2012; DE
JAEGER et al., 2013).

As antocianinas foram capazes de proteger contra as alteracbes da memdria
de curto prazo, além de restabelecerem a atividade da AChE em cértex cerebral e
hipocampo. Esses resultados estdo de acordo com estudos anteriores que
mostraram que as antocianinas promoveram melhora da memaéria de curto prazo e
de trabalho em ratos idosos (RAMIREZ et al., 2005), da memoria espacial em ratos
tratados com D-galactose (REHMAN et al., 2017) e em um modelo transgénico para
DA (VEPSALAINEN et al., 2013). Também foi relatado que a ingestdo de suco de
cereja rico em antocianinas por 12 semanas poderia ter efeitos benéficos sobre o
desempenho cognitivo em idosos com deméncia leve a moderada (KENT et al.,
2017). Ainda, tratamento com mirtilo (Vaccinium corymbosum L.) durante 2 meses
reduziu a atividade da AChE de ratos tratados com D-galactose (COBAN et al.,
2015) e achados prévios do nosso grupo de pesquisa demonstraram que o
tratamento com antocianinas protegeu contra alteracdes na atividade dessa enzima
e déficits de memoria causados pela administracdo de escopolamina (GUTIERRES
et al., 2014a).

Outro achado interessante do nosso estudo foi 0 aumento da atividade da
Na*-K*-ATPase, incluindo suas isoformas a1 e a2/a3, induzido pelo STZ,
diferentemente do encontrado em trabalhos anteriores nos quais foi observado
diminuicdo dessa atividade (ISHRAT et al., 2009a; GUTIERRES et al., 2014b). A
reducdo da atividade da Na*-K*-ATPase ja foi associada com marcadores do
estresse oxidativo, uma vez que essa enzima possui sulfidrilas, tornando-a
suscetivel a oxidacdo. Evidéncias também demonstraram que a mesma possui
varios residuos de aminoacidos como serina, treonina e tirosina que sdo alvos da
fosforilacdo por cinases. Glicose e insulina também parecem ser importantes na
regulacdo da Na*-K*-ATPase. Assim, € possivel sugerir que as disfungbes
metabdlicas causadas pela administracdo de STZ afetam principalmente as vias de

sinalizacdo dependentes de receptores de insulina, prejudicando a regulacdo da
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Na+-K+-ATPase. Entretanto, nossos resultados mostraram um aumento na Na+-K+-
ATPase no cérebro apdés a administracdo de STZ, demonstrando que outros
mecanismos além da sinaliza¢do da insulina podem estar envolvidos nas alteracdes
desta enzima nessa condicdo patoldgica (HERNANDEZ-R, 1992; LORES e
BERSIER, 2014). Além disso, o tratamento com antocianinas foi capaz de
restabelecer a atividade da Na*'-K*-ATPase e, com isso, acredita-se que possam
contribuir para a restauracao dos niveis de ATP no cérebro.

Em relacdo aos parametros de estresse oxidativo, observou-se alteracdes
desencadeadas pela administracdo do STZ. Ja € bem estabelecido que o estresse
oxidativo induzido pelo STZ ocorre por essa substancia gerar ERO e ERN. Além
disso, é capaz de promover a expressao da iNOS e da oxido nitrico sintase neuronal
(nNOS) sendo uma possivel fonte do elevado conteudo de nitrito em cortex e
hipocampo no modelo (RENDEIRO, RHODES e SPENCER, 2015). Assim, o0
excesso de O2" pode se combinar rapidamente com o NO*, produzindo ONOO" que
pode reagir com varias biomoléculas, gerando dano e morte neuronal (HALLIWELL,
2006; TIWARI et al., 2009; DARVESH et al., 2010; TOTA et al., 2010). Também foi
observada, diminuicdo da atividade das enzimas antioxidantes. A diminuicdo da
atividade da SOD, GPx e CAT pode prejudicar a remocao do Oz e do H202,
gerando OH" e peroxidacdo lipidica, alterando as propriedades biologicas das
membranas (ISHRAT et al., 2009b; JAVED et al., 2015; CERVELLATI et al., 2016).
Curiosamente, foi observado aumento da atividade da SOD em hipocampo dos
animais submetidos aos STZ o que pode indicar um mecanismo compensatorio em
resposta ao aumento do acumulo de O2". Nesse contexto, as antocianinas foram
capazes de proteger contra o dano oxidativo induzido pela injecdo ICV do STZ,
sugerindo que esse efeito possa estar associado a melhora da disfuncdo na
memoria.

A acdo antioxidante das antocianinas esta relacionada com sua capacidade
de eliminacéo direta das espécies reativas através da doacdo de hidrogénio que é
dependente da sua estrutura quimica, especialmente a presenca de grupos hidroxila
no anel B (MIGUEL, 2011; POJER et al., 2013). Além disso, também atua por vias
indiretas através da modulacdo de enzimas antioxidantes, reducdo da formacgéo de

adutos no DNA e formagdo enddgena de ERO pela inibicdo da NADPH oxidase e da
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xantina oxidase, ou, ainda, pela modificacdo da respiracdo mitocondrial e do
metabolismo do acido araquidénico (POJER et al., 2013).

Assim, esses achados permitem observar que as antocianinas promoveram
efeito glioprotetor, contribuindo para a manutencdo da homeostase dos astrocitos,
provavelmente, pelo seu efeito antioxidante e pela modulagédo da AChE, podendo,
com isso, ter favorecido a protecdo observada quanto a diminuicdo no déficit de

memoria, reforcando o. promissor potencial terapéutico das antocianinas.
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6 CONCLUSOES

Em relagédo ao protocolo in vitro, os resultados demonstram que o extrato de
lingonberry foi capaz de prevenir e reverter os danos induzidos pelo LPS, exercendo
um efeito glioprotetor através do aumento da viabilidade celular, modulag¢éo da via
colinérgica e atividade antioxidante, contribuindo assim para a manutencdo da
homeostase dos astrocitos.

Em relagcédo ao protocolo in vivo, os resultados demonstraram que 0 extrato
rico em antocianinas (obtido da casca da uva) foi capaz de proteger contra 0s
déficits de memadria em um modelo de deméncia esporadica do tipo Alzheimer e que
esse efeito pode ser atribuido ao seu potencial antioxidante e a capacidade de

restaurar a sinalizagao colinérgica e as bombas idnicas no SNC.
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7 PERSPECTIVAS

As principais perspectivas para a continuagdo desse trabalho envolvem o
estudo de outros aspectos que possam contribuir para um maior esclarecimento dos
mecanismos moleculares e bioquimicos associados a DA como os elencados a
seqguir:

- Avaliagdo do efeito do tratamento com extrato rico em antocianinas em cultura
primaria de astricitos expostas ao peptideo AB.

- Determinacg&o dos niveis de citocinas IL-6 e IL-10 em astrocitos expostos ao LPS e
ao peptideo AB.

- Marcacéao de reatividade astrocitaria através da GFAP.

- Determinagéo dos niveis de citocinas (IL-6 e IL-10), BDNF e neuropeptideo Y no
modelo de deméncia esporadica do tipo Alzheimer através da inje¢céo ICV de STZ

em ratos Wistar e tratados com extrato rico em antocianinas.
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Cormssdo de Elica em Expaimentasas Avime

Pelotas, 14 de janeiro de 2015

De: Prof. Dr. Everton Fagonde da Silva
Presidente da Comissdo de Etica em Experimentagdo Animal (CEEA)
Para: Professora Roselia Maria Spanevello

Centro de Ciéncias Quimicas, Farmacéuticas e de Alimentos
Senhora Professora:

A CEEA analisou o projeto intitulado: “Mecanismo neuroprotetores das
antocianinas sobre a perda de meméria ¢ parimetros bioquimicos em modelos
experimentais para a doeng¢a de Alzhmeir”, processo n°23110.000179/2015-48,
sendo de parecer FAVORAVEL a sua execucio, considerando ser o assunto pertinente
e a metodologia compativel com os principios éticos em experimentagio animal e com
os objetivos propostos.

Solicitamos, apés tomar ciéncia do parecer, reenviar o processo a3 CEEA.

Salientamos também a necessidade deste projeto ser cadastrado junto ao
Departamento de Pesquisa ¢ Iniciagdo Cientifica para posterior registro no COCEPE
(cédigo para cadastro n° CEEA 0179-2015).

Sendo o que tinhamos para 0 momento, subscrevemo-nos.

nciosdmente,

ke

Prof. Dr. Everton Fagonde da Silva
Presigénte da CEEA
Ciente em: .9 /02 /2015

Assinatura da Professora Responsavel:
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