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Resumo

SPOHR, Luiza. Efeito do extrato de frutos de mirtilo e/ou do litio sobre o status
redox e na atividade das enzimas acetilcolinesterase e Na',K™-ATPase em
cérebro de ratos submetidos a um modelo experimental de mania. 2018. 68f.
Dissertacao (Mestrado em Ciéncias) - Programa de Pés-Graduagdo em Bioquimica
e Bioprospeccgédo, Centro de Ciéncias Quimicas, Farmacéuticas e de Alimentos,
Universidade Federal de Pelotas, Pelotas.

O transtorno de humor bipolar € um disturbio psiquiatrico grave caracterizado por
episodios recorrentes de mania e depressao. Considerando que essa patologia tem
um impacto negativo a vida dos portadores, se torna crucial a busca por agentes
neuroprotetores. O objetivo desse estudo foi investigar os efeitos protetores do
extrato de frutos de mirtilo e/ou do litio sobre parametros de estresse oxidativo, bem
como na atividade das enzimas acetilcolinesterase (AChE) e Na*,K*-ATPase em
cérebro de ratos submetidos ao modelo experimental de mania induzido por
cetamina. Ratos Wistar machos foram pré-tratados com veiculo, extrato de mirtilo
(200 mg/kg) e/ou litio (45 mg/kg ou 22,5 mg/kg duas vezes ao dia) durante 14 dias.
Entre os dias 8 e 14, os animais também receberam por via intraperitoneal uma
injecdo de cetamina (25 mg/kg) ou veiculo. No 152 dia os animais receberam uma
unica injecao de cetamina e apdés 30 minutos a atividade locomotora foi avaliada
através do teste de campo aberto. A administracdo de cetamina induziu um aumento
na atividade locomotora dos animais, bem como alteragcbes em parametros de
estresse oxidativo, como aumento nos niveis de espécies reativas de oxigénio
(ERO), substancias reativas ao acido tiobarbiturico (TBARS) e nitrito, além da
diminuicdo na atividade de enzimas antioxidantes. O pré-tratamento com extrato de
mirtilo ou litio foi capaz de prevenir a hiperlocomoc¢éo, bem como os parametros de
estresse oxidativo induzidos pela cetamina em cértex cerebral, hipocampo e
estriado. Quando o extrato de mirtilo foi associado ao litio, as alteracbes foram
parcialmente prevenidas. A cetamina aumentou a atividade das enzimas AChE e
Na*,K*-ATPase, enquanto o extrato de mirtilo preveniu parcialmente essas
alteragcdes. Nosso estudo demonstrou que o extrato de mirtilo possui capacidade
neuroprotetora frente ao modelo experimental de mania, entretanto devem ser
realizados mais estudos para avaliar seus efeitos como adjuvante.

Palavras-chave: transtorno de humor bipolar; hiperlocomocao; mirtilo; estresse
oxidativo; acetilcolinesterase; Na*,K*-ATPase.



Abstract

SPOHR, Luiza. Effect of the extract of blueberry fruits and/or lithium on the
redox status and the activity of the enzymes acetylcholinesterase and Na*,K*-
ATPase in rat brain submitted to an experimental model of mania. 2018. 68f.
Dissertagcdo (Mestrado em Ciéncias) - Programa de Pds-Graduagdo em Bioquimica
e Bioprospeccdo, Centro de Ciéncias Quimicas, Farmacéuticas e de Alimentos,
Universidade Federal de Pelotas, Pelotas.

Bipolar disorder is a severe psychiatric disease characterized by recurrent episodes
of mania and depression. Considering that this pathology has a negative impact on
the life of the patients, the search for neuroprotective agents becomes crucial. The
objective of this study was to investigate the protective effects of blueberry fruit
extract and/or lithium on oxidative stress parameters, as well as on the activity of the
enzymes acetylcholinesterase (AChE) and Na*,K*-ATPase in rat brain submitted to
the experimental model of mania induced by ketamine. Male Wistar rats were
pretreated with vehicle, blueberry extract (200 mg/kg) and/or lithium (45 mg/kg or
22.5 mg/kg twice daily) for 14 days. Between days 8 and 14, the animals also
received an intraperitoneal injection of ketamine (25 mg/kg) or vehicle. On the 15th
day the animals received a single injection of ketamine and after 30 minutes the
locomotor activity was evaluated through the open field test. The administration of
ketamine induced an increase in the locomotor activity of the animals, as well as
alterations in oxidative stress parameters, such as increase in the levels of reactive
oxygen species (ROS), thiobarbituric acid reactive substances (TBARS) and nitrite,
besides the decrease in activity of antioxidant enzymes. Pretreatment with blueberry
or lithium extract was able to prevent hyperlocomotion as well as the parameters of
oxidative stress induced by ketamine in cerebral cortex, hippocampus and striatum.
When the blueberry extract was associated with lithium, the alterations were partially
prevented. Ketamine increased the activity of the enzymes AChE and Na* K*-
ATPase, while the blueberry extract partially prevented these alterations. Our study
demonstrated that the extract of blueberry has neuroprotective capacity against the
experimental model of mania, however, more studies should be done to evaluate its
effects as an adjuvant.

Keywords: bipolar disorder; hyperlocomotion; blueberry; oxidative stress;
acetylcholinesterase; Na*,K*-ATPase.
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Apresentagéao

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a
forma de um manuscrito, o qual se encontra no item Manuscrito. As se¢des Materiais
e Métodos, Resultados, Discussdo e Referéncias encontram-se no proprio
manuscrito e representa a integra deste estudo.

O item Conclusbes encontra-se no final desta dissertacdo e apresenta
interpretagcdes e comentarios gerais sobre 0 manuscrito contido neste trabalho.

As referéncias referem-se somente as citagcbes que aparecem nos itens
Introducédo e Revisao de literatura desta dissertacao.

O manuscrito esta estruturado de acordo com as normas da revista cientifica

para o qual foi submetido.
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1 Introducgéo

O transtorno de humor bipolar (THB) € uma doencga psiquiatrica crbnica e
altamente debilitante (GHEDIM et al., 2012), em que seus sintomas oscilam entre
dois estados de humor opostos: depressdo e mania (HIRSCHFELD, 2014). O
episodio de mania gera no individuo um estado de energia excessiva, associado a
euforia, impulsividade e psicose (TANG e WANG, 2012). O THB é uma das
principais causas de incapacidade, levando a comprometimento cognitivo e funcional
e mortalidade elevada, particularmente a morte por suicidio (GRANDE et al., 2016).

O diagnostico do THB é essencialmente clinico, a complexidade e a
variedade dos sintomas retardam e confundem o mesmo, resultando no atraso do
tratamento especifico e adequado. O tratamento medicamentoso consiste em
restaurar o comportamento, controlar sintomas agudos e prevenir a ocorréncia de
novos episédios (MORENO, MORENO e RATZKE, 2005), entretanto, a terapia atual
utilizada ainda apresenta alguns efeitos adversos e um baixo indice terapéutico.
Tendo em vista as opgdes de tratamento limitadas e o dificil diagndstico, torna-se
necessaria uma melhor compreensao da neurobiologia subjacente a esse
transtorno, bem como a busca por novos compostos que possam interagir de forma
mais especifica com 0os mecanismos envolvidos na patogénese do THB (BEYER e
FREUND, 2017).

Os mecanismos neuroquimicos relacionados a fisiopatologia desse
transtorno permanecem pouco esclarecidos, entretanto, diversas alteragdes tém sido
evidenciadas. Varios estudos tém consistentemente demonstrado o envolvimento de
disfuncdes mitocondriais e alteracdes relacionadas ao sistema redox, bem como um
desequilibrio em enzimas relacionadas aos sistemas de neurotransmissao
(SIGITOVA et al., 2016).

Nesse contexto, os modelos animais podem ser considerados ferramentas
uteis na compreensdao dos mecanismos cerebrais associados a essa patologia
(BEYER e FREUND, 2017), pois sao capazes de mimetizar sintomas e
caracteristicas neuroquimicas e fisiolégicas envolvidas no THB. Entretanto, cabe
ressaltar que nao existem modelos animais capazes de mimetizar a ciclicidade
dessa patologia, sendo assim, os modelos utilizados atualmente avaliam somente o

episo6dio maniaco ou o episodio depressivo.
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Desta forma, pode-se destacar o modelo animal de mania induzido com
cetamina. A cetamina, em doses sub-anestésicas, &€ capaz de mimetizar alteragdes
comportamentais € neuroquimicas observadas em individuos durante um episddio
maniaco (GAZAL et al., 2015; VENANCIO et al., 2015; GHEDIM et al., 2012). Este
modelo animal de mania vem sendo bastante usado para a compreensdo dos
eventos bioldgicos envolvidos, bem como na busca de novos farmacos mais
especificos para o tratamento do THB (LOGAN e MCCLUNG, 2016; GHEDIM et al.,
2012).

Considerando que disturbios neuroldgicos, como o THB, tem um impacto
negativo a vida dos individuos afetados, se torna essencial a busca por novos
agentes neuroprotetores (MARASHLY et al.,, 2017). Neste contexto, pode-se
destacar o mirtilo, o qual se apresenta como uma excelente fonte de compostos
bioativos, como as vitaminas, os minerais e os polifendis, como as antocianinas. As
antocianinas sao flavonoides abundantes em frutas e legumes e se destacam por
possuir alta atividade antioxidante (HE e GIUSTI, 2010), atuar como agentes
neuroprotetores (PRIOR e WU, 2006; TSUDA, 2012) e desempenhar atividade anti-
inflamatéria (MAZZA, 2007; HE e GIUSTI, 2010). Sendo assim, extratos
provenientes de frutos de mirtilo podem ser importantes alvos de estudo na busca de

novas alternativas terapéuticas para a prevencao de episédios maniacos.
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2 Objetivos
Objetivo geral

Investigar os efeitos preventivos do tratamento com extrato de mirtilo e/ou

litio em alteragdes neuroquimicas induzidas por um modelo experimental de mania.

Objetivos especificos

- Avaliar o efeito preventivo do tratamento com extrato de mirtilo ou litio ou

associagao de ambos na hiperlocomocgéao induzida por um modelo animal de mania.

- Analisar a atividade das enzimas Na*,K*-ATPase e acetilcolinesterase
(AChE) em cortex cerebral, hipocampo e estriado de ratos submetidos a um modelo

de mania e tratados com extrato de mirtilo ou litio ou associacdo de ambos.

- Avaliar o efeito preventivo do tratamento com extrato de mirtilo ou litio ou
associacdo de ambos nos niveis de espécies reativas de oxigénio (ERO), nitrito,
espécies reativas ao acido tiobarbiturico (TBARS) e sulfidrilas (SH) em cértex

cerebral, hipocampo e estriado de ratos submetidos a um modelo de mania.

- Determinar o efeito preventivo do tratamento com extrato de mirtilo ou litio
ou associacdo de ambos na atividade das enzimas superéxido dismutase (SOD),
catalase (CAT) e glutationa S-transferase (GST) em cortex cerebral, hipocampo e

estriado de ratos submetidos a um modelo de mania.
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3 Reviséo de literatura
Transtorno de humor bipolar

Os transtornos de humor (TH) sdo problemas relevantes de saude mental
no Brasil e no mundo. Incluem transtornos unipolares (transtornos depressivos) e
transtornos bipolares (episédios maniacos, hipomaniacos e depressivos) (American
Psychiatric Association, 2017).

O transtorno de humor bipolar (THB) é um disturbio psiquiatrico complexo e
grave, que se caracteriza por episddios alternados de depressdo e mania ou
hipomania. Esta desordem pode ser considerada um problema de saude publica,
apresentando taxas elevadas de déficits psicossociais, hospitalizagdes e suicidios
(KUPFER, 2005). Estimativas mundiais de prevaléncia nos mostram que o THB
afeta aproximadamente 1-4% da populacdo mundial (SAUNDERS e GEDDES,
2016).

O THB é uma categoria que inclui trés diferentes condigoes: tipo |, tipo Il e o
transtorno ciclotimico (American Psychiatric Association, 2017). Comumente,
pacientes com THB do tipo | apresentam episddios recorrentes de mania e
depressao, o tipo |l € caracterizado pela alternéancia entre episédios de depressao e
hipomania, enquanto o transtorno ciclotimico envolve multiplos periodos de sintomas
hipomaniacos e de sintomas depressivos, porém mais brandos (American
Psychiatric Association, 2017).

Um episdédio maniaco € um periodo de pelo menos uma semana, onde o
individuo sofre de wuma autoestima exagerada, euforia, agressividade,
hipersexualidade, se distrai facilmente e possui um comportamento de risco
aumentado. Os sintomas hipomaniacos sao semelhantes a um episédio maniaco,
porém sd0 menos graves e nao levam aos grandes problemas que a mania
frequentemente causa. O episédio depressivo geralmente € um periodo de duas
semanas, onde o individuo sente uma profunda tristeza ou desespero (American
Psychiatric Association, 2017).

O THB parece ter fortes fatores de risco genético; estudos de familiares de
base populacional estimaram uma taxa de hereditariedade de cerca de 58% (SONG
et al.,, 2015). Fatores de risco ambientais, tais como trauma (ETAIN et al., 2013;
BRATLIEN et al., 2014), infeccdo e inflamacdo parecem contribuir com um menor
grau (SEVERANCE et al., 2014).
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A quinta edicdo do Manual de Diagndstico e Estatistica dos Transtornos
Mentais (DSM-5) apresenta uma gama de sintomas que caracterizam e geram o
diagndstico do individuo com THB. A sintomatologia € muito heterogénea e depende
fortemente do estado do paciente, dificultando o diagnostico e consequentemente o
tratamento precoce, que € importante para reduzir a gravidade da doenga (American
Psychiatric Association, 2017).

O THB é tratavel, medicacdo combinada ou ndo com psicoterapia séo
frequentemente usadas para gerenciar o transtorno ao longo do tempo (American
Psychiatric Association, 2017). O tratamento medicamentoso visa restaurar o
comportamento, controlar sintomas agudos e prevenir a ocorréncia de novos
episodios (MORENO, MORENO e RATZKE, 2005).

O unico farmaco aprovado especificamente para o tratamento do THB € o
litio (Li), sendo este um estabilizador de humor crucial para o tratamento de
episodios maniacos agudos, terapia profilatica e prevencado de suicidios (ALDA,
2015). Entretanto, a incidéncia de efeitos adversos e um baixo indice terapéutico
restringem seus beneficios (MCKNIGHT et al., 2012). Outros farmacos podem ser
utilizados para o tratamento deste transtorno, tais como anticonvulsivantes,
antipsicoticos tipicos e antipsicoticos atipicos (FORNARO et al., 2016; YATHAM et
al., 2013).

A fisiopatologia do THB & complexa, multifatorial e os seus mecanismos
permanecem pouco esclarecidos. Entretanto, dados da literatura tém apontado que
esse transtorno envolve alteragbes em mecanismos associados a vias de
sinalizacdo, atividades de neurotransmissores, neurotrofinas, estresse oxidativo e
inflamacao, bem como a uma série de disfungdes associadas a resiliéncia celular e
aspectos genéticos (SIGITOVA et al., 2016).

A melhoria das op¢oes de tratamento e diagndstico € crucial, principalmente
tendo em vista a alta taxa de tentativas de suicidio em pacientes com THB (NOVICK
et al., 2010). A busca por terapias que visam beneficiar o tratamento necessita de
um melhor conhecimento dos mecanismos moleculares e celulares envolvidos na
fisiopatologia desses transtornos. Dentro desse contexto, os modelos animais que
mimetizam sintomas e caracteristicas neuroquimicas e fisiolégicas envolvidas no
THB sdo de extrema importancia. Entretanto, cabe ressaltar que nao existem
modelos animais capazes de mimetizar a alternancia entre as fases de depresséao e

mania.
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Nos ultimos 10 anos, diversos modelos animais de mania foram
desenvolvidos para mimetizar o THB humano. O fendtipo maniaco é geralmente
induzido em modelos animais por farmacos, fatores ambientais ou genéticos
(SHARMA et al., 2016). Essas intervengdes induzem mudangas comportamentais
que sao analogas aos sintomas maniacos, como o modelo animal de mania induzido
por cetamina, que induz uma hiperlocomog¢édo (GHEDIM et al., 2012).

Com base em estudos que sugerem o envolvimento de uma hipofuncao
glutamatérgica no THB (DICKERSON et al., 2012; RAO et al., 2012) e um relato de
caso de indugdo de mania apos terapia com cetamina (RICKE et al., 2011), estudos
tém proposto um modelo animal de mania induzida pela cetamina (DEBOM et al.,
2016; GHEDIM et al., 2012). A cetamina age sobre o sistema glutamatérgico como
um antagonista n&o-competitivo do receptor N-metil-D-aspartato (NMDA)
(KAPCZINSKI e QUEVEDO, 2016). Os efeitos gerados pela cetamina no organismo
variam de acordo com a dose administrada. Estudos demonstram que doses baixas
(5 a 10 mg/kg) exibem propriedades antidepressivas (KATALINIC et al., 2013), em
doses moderadas (10 a 50 mg/kg) induz hiperlocomogédo e disfuncao celular
(GHEDIM et al., 2012), enquanto que em doses mais elevadas possuem efeito
anestésico dissociativo (KATALINIC et al., 2013).

A cetamina, além de ser um antagonista ndo-competitivo do receptor NMDA,
atua sobre uma variedade de sistemas de neurotransmissdo, assim como o0
monoaminérgico. Por inibir receptores NMDA, a administracdo dessa substancia
pode estimular a producdo e a liberagdo de dopamina como uma forma
compensatéria, mimetizando alteragcdes que ocorrem em individuos com THB. A
cetamina pode ter afinidade com receptores D> de dopamina e 5-HT2a de serotonina,
além de alterar o transporte desses neurotransmissores. Esse farmaco também
promove alteragdes em canais de Ca?* e Na*, interferindo no fluxo de ions, além de
induzir estresse oxidativo (KAPCZINSKI e QUEVEDO, 2016).

Os modelos animais de mania séo considerados uma ferramenta valiosa na
elucidagcdo de mecanismos subjacentes a este complexo estado comportamental,
pois permitem a investigacdo de estruturas cerebrais especificas, bem como
alteracdes comportamentais e bioquimicas que de outro modo seriam impossiveis
de serem observadas (SHARMA et al., 2016; GAZAL et al., 2014). Contudo, sao
Uteis na triagem de novos agentes com propriedades estabilizadoras de humor
(SHARMA et al., 2016).
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Transtorno de humor bipolar e estresse oxidativo

O termo estresse oxidativo refere-se a um grave desequilibrio entre a
producéo de espécies reativas e a defesa antioxidante (HALLIWELL e WHITEMAN,
2004). Sies (1991) definiu isso como um disturbio no equilibrio pro-oxidante-
antioxidante a favor do primeiro, levando a danos potenciais. Durante o metabolismo
energético, temos a formagao de espécies reativas, as quais sdo altamente danosas
aos sistemas bioldégicos (ANGELOVA e ABRAMOV, 2018).

A oxidacdo € essencial a vida aerébica e ao metabolismo celular,
produzindo, principalmente durante a respiracao celular, espécies reativas de forma
natural ou por uma disfuncao biolégica (BARREIROS, DAVID e DAVID, 2006). As
espécies reativas podem ser oriundas do metabolismo do oxigénio (ERO) ou do
nitrogénio (ERN).

As ERO e as ERN sao as principais contribuintes para o quadro conhecido
por estresse oxidativo. Elas incluem o anion superoéxido (O2™), radical hidroxila (HO")
e os nado radicais perdxido de hidrogénio (H202) e o oxigénio singleto ('0y)
(HALLIWELL, 2012, 2014; ROBERTS e SINDHU, 2009). Entre as ERN podemos
destacar o 6xido nitrico (NO) e o peroxinitrito (ONOO~) (HALLIWELL e WHITEMAN,
2004). Durante a funcéo celular normal, ERO e ERN sdo mediadores essenciais
para varios processos celulares, incluindo respostas imunes, sinalizagao celular,
defesa microbiana, diferenciacdo e adeséao celular (BAE et al., 2011). Entretanto,
quando em excessoO no organismo podem causar injurias celulares, como a
peroxidacao de lipideos, proteinas e DNA (BARREIROS, DAVID e DAVID, 2006).

A fim de evitar os efeitos deletérios das espécies reativas, o organismo
apresenta mecanismos de protecao, conhecidos como antioxidantes. Halliwell e
Gutteridge (1999) definiram um antioxidante como qualquer substéncia que, quando
presente em baixas concentragdbes em comparagao com as de um substrato
oxidavel, atrasam significativamente ou impedem a oxidacao desse substrato.

Em circunstancias normais, as espécies reativas podem ser eliminadas por
defesas antioxidantes enzimaticas e antioxidantes ndao-enzimaticas (ANDREZZA et
al., 2008). Dentre as principais defesas enzimaticas encontram-se a superoxido
dismutase (SOD), a catalase (CAT) e a glutationa peroxidase (GPx). As defesas
antioxidantes nao-enzimaticas incluem a glutationa reduzida (GSH), o acido
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ascorbico (vitamina C), o a-tocoferol (vitamina E) e os polifenois (MATTERA et al.,
2017).
As enzimas SOD, CAT e GPx trabalham em conjunto. A SOD esta envolvida

na dismutacdo do O,~ em oxigénio molecular e H,O, . J& a CAT promove a
decomposicdo de H202 em agua e oxigénio molecular. A GPx é um nome geral de
uma familia de enzimas envolvidas na remoc¢ao de H202 nos tecidos; elas utilizam
GSH como substrato para converter peroxidos e hidroperéxido em alcoois, agua e

glutationa oxidada (LOWE, 2014; ANDREAZZA et al., 2008) (Figura 1).
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FIGURA 1 - Mecanismo enzimatico antioxidante (Adaptado de BARBOSA et al., 2010).

Em condi¢gbes normais, ha um equilibrio entre a producdo de espécies
reativas e os mecanismos de defesa de um organismo. Em condi¢des patologicas,
pode ocorrer um aumento acentuado da producao de espécies reativas, sobrepondo
as defesas antioxidantes, causando o quadro de estresse oxidativo.

Todos os tecidos sdo suscetiveis ao dano oxidativo, entretanto, sabe-se que
o cérebro é particularmente propenso a lesdo oxidativa devido ao seu elevado
consumo de oxigénio, presenca de neurotransmissores auto-oxidaveis, alto teor de
acidos graxos peroxidaveis e limitada capacidade antioxidante (TER-MINASSIAN,
2006; BERK et al., 2011). O aumento do estresse oxidativo neuronal induz efeitos
deletérios na transducao do sinal, na resiliéncia celular e na plasticidade estrutural,
principalmente por ativagdo da degradacao oxidativa de lipidios nas membranas
plasmaticas (MACHADO-VIEIRA et al., 2007; MACHADO-VIEIRA, 2017). O estresse
oxidativo medeia processos neurologicos de diversas patologias psiquiatricas,
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incluindo o THB (SOUZA et al., 2014; ANDREAZZA et al., 2008; GERGERLIOGLU
et al., 2007), como evidenciado pelo alto dano oxidativo sistémico observado em
portadores (BERK, et al., 2011; ANDREAZZA, et al., 2010).

Uma das principais evidéncias é demonstrada pelo aumento da peroxidacao
lipidica, indicada pelos niveis de TBARS no soro de pacientes e alteragbes em
enzimas antioxidantes séricas, tais como SOD, CAT e GPx em pacientes com THB
(FREY et al., 2006). Estudos preé-clinicos realizados com modelos animais de mania
sugerem que o estresse oxidativo é uma caracteristica importante associada a
neurodegeneracdo e alteragdes comportamentais observadas nesses modelos
(GHEDIM et al., 2012; FREY et al., 2006). Além disso, alteragdes a nivel cerebral
tém sido relatadas em modelos animais de mania, marcadamente pelo aumento dos
niveis de TBARS e diminui¢do na atividade de enzimas antioxidantes (DEBOM et al.,
2016; SOUZA et al., 2014).

Transtorno de humor Dbipolar e enzimas envolvidas com a

neurotransmissao

A desordem bipolar permanece com a sua fisiopatologia pouco esclarecida,
porém, ja foi demonstrado que a mesma esta associada com disfun¢gao mitocondrial
(KATO e KATO, 2000), bem como com alteragbes em vias intracelulares que
regulam a transmissdo, a plasticidade e a sobrevivéncia neuronal (COYLE e
DUMAN, 2003). A disfuncdo mitocondrial esta estritamente relacionada com o
metabolismo energético do organismo, assim como a enzima Na* K*'-ATPase
(ZUGNO et al., 2009).

A Na*,K*-ATPase € uma proteina integral de membrana e € encontrada na
maioria das células dos eucariotos. E responsavel pelo transporte de ions sddio e de
ions potassio contra seu gradiente de concentracdo, fazendo uso da energia da
hidrolise do ATP (APERIA, 2007) e produzindo um gradiente eletroquimico através
da membrana celular (CASTRO et al., 2014; APERIA, 2007). Esta presente em
elevadas concentragdes no cérebro, consumindo cerca de 40-50% do ATP gerado
nesse tecido. No SNC atua mantendo a excitabilidade neuronal através da geracao
de potencial de membrana, além de regular o volume celular, o pH intracelular e o
fluxo de ions (ERECINSKA e SILVER, 1994).

A Na* ,K*-ATPase apresenta um mecanismo de acdo complexo, composto

por quatro etapas fundamentais que envolvem dois estados conformacionais, um
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estado desfosforilado, com alta afinidade por sédio (E1), e outro fosforilado, com alta
afinidade por potassio (E2) (GLYNN, 1993). Primeiramente, trés ions soédio e o ATP
se ligam a Na*,K*-ATPase, a enzima é, entao, fosforilada pelo ATP. Com a mudanga
conformacional provocada pela fosforilagédo, os sitios de ligacdo dos ions sodio sao
expostos ocorrendo a liberacdo desses ao meio extracelular. Posteriormente, dois
ions potassio ligam-se em sitios de alta afinidade da Na*,K*-ATPase e o fosfato
inorgénico € liberado. A desfosforilacdo da enzima causa outra mudanca
conformacional, reduzindo a afinidade pelo potassio e liberando dois ions ao meio
intracelular (GLYNN, 1993; KAPLAN, 2002) (Figura 2).
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Figura 2 - Mecanismo de acéo da enzima Na*,K*-ATPase (Adaptado de GLYNN, 1993).

Estudos com modelos animais ja demonstraram que a atividade dessa
enzima esta alterada em desordens psiquiatricas, como na depressao (GAMARO et
al., 2003) e no THB (ZUGNO et al., 2009). O trabalho desenvolvido por Zugno et al.,
(2009) demonstra que a atividade da Na*,K*-ATPase esta aumentada em animais
que receberam a administracdo de anfetamina, droga que é capaz de induzir o
episddio maniaco. Além disso, a administracdo de litio ou valproato foi capaz de
prevenir e também reverter essa alteracéo.

Considerando que a enzima Na*,K*-ATPase desempenha papel essencial
no metabolismo energético cerebral (ZUGNO et al.,, 2009) e que a disfuncéo
mitocondrial esta envolvida na fisiopatologia do THB (SIGITOVA et al., 2016), é
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possivel sugerir que alteracdes nessa enzima possam ocorrer durante os diferentes
episodios dessa patologia.

Além disso, cabe ressaltar também que o THB é capaz de alterar outros
sistemas de neurotransmissores (SIGITOVA et al.,, 2016), dentre estes o sistema
colinérgico. O sistema colinérgico € mediado pelo neurotransmissor acetilcolina
(ACh), o qual é amplamente distribuido no SNC e periférico (PATEL et al., 2018),
uma vez que quase todas as regidbes cerebrais sao inervadas por neurbnios
colinérgicos (WOOLF e BUTCHER, 2011). A neurotransmissdo colinérgica é
responsavel pela modulagdo de importantes fungdes neurais como atencgao,
aprendizagem, memoria, resposta ao estresse, vigilia e sono, além de estar
relacionada com transtornos neuropsiquiatricos (OBERMAYER et al., 2017).

A ACh é sintetizada pela enzima colina acetiltransferase (ChAT) por dois
diferentes precursores, acetil-CoA e colina. Posteriormente, o transportador vesicular
de acetilcolina (VAChT) leva o neurotransmissor até as vesiculas sinapticas. Apds
ocorrer a despolarizagdo no neurénio pré-sinaptico, ACh sofre exocitose atingindo a
fenda sinaptica, onde pode se ligar a receptores, 0os quais podem ser receptores
muscarinicos ou nicotinicos. ACh estando na fenda sinaptica podera ser hidrolisada
pela enzima acetilcolinesterase (AChE), formando acetato e colina, que serao
reciclados no terminal do nervo pré-sinaptico pelo transportador de colina de alta
afinidade (ChT) (FERREIRA-VIANA et al., 2016) (Figura 3).
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Figura 3 - Neurotransmissao colinérgica. ChT - Transportador de colina; ChAT - Colina
acetiltransferase; VAChT - Transportador vesicular de acetilcolina; ACh - Acetilcolina; AChE-
Acetilcolinesterase; AChR - Receptor de acetilcolina (Adaptado de POHANKA, 2012).
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A AChE é uma serina hidrolase que catalisa a hidrodlise especifica da ACh
em acetato e colina, regulando a concentracdo desse neurotransmissor na fenda
sinaptica. Essa enzima possui uma unidade catalitica conhecida por triade,
composta pelos residuos de aminoacidos serina (Ser-200), histidina (His-440) e
glutamato (Glu-327) que se localizam no interior da enzima (SOREQ e SEIDMAN,
2001).

Dentro desse contexto, acredita-se que a atividade colinérgica anormal esta
envolvida com varias doengas do SNC, como o THB e a doenca de Alzheimer
(JOPE et al.,, 1986). Um aumento da atividade da AChE pode levar a uma
diminuicdo do nivel de ACh, o que pode contribuir para altera¢des neuroldgicas no
episodio maniaco (CUMMINGS, 2000). Além disso, ja foi relatado que farmacos
capazes de inibir a atividade da AChE podem ser benéficos no tratamento de
disturbios psiquiatricos (DIGBY et al., 2012).

Mirtilo

A nutricdo moderna € considerada um tema multidisciplinar que converge
com a epidemiologia, bioquimica, quimica, ciéncia comportamental, biologia, ciéncia
alimentar e a medicina. Tem sido atribuida a alimentacdo, ndo somente a funcgao
nutricional e o apelo sensorial, mas também beneficios fisioloégicos que o alimento
pode produzir, visando a prevencdo, a melhora ou até mesmo a cura de diversas
patologias (WILLIAMSON, 2017).

Nesse contexto, podemos destacar os alimentos funcionais, os quais séo
conceituados como alimentos que possuem fungdes nutricionais basicas e, além
disso, possuem a capacidade de promover efeitos benéficos a saude (ANVISA
1999a e 1999b). Dentre os alimentos funcionais, tém-se as frutas - especialmente as
bagas - as quais sdo uma fonte rica de varios fitoquimicos e nutrientes que podem
explicar os seus efeitos fisiolégicos (BASU, SCHELL e SCOFIELD, 2017). Dentro
desse contexto, podemos destacar o mirtilo.

O mirtilo, também conhecido por blueberry, pertence a familia das Ericaceae
e ao género Vaccinium. Esta incluido no grupo das pequenas frutas, juntamente com
a amora, framboesa e morango e caracteriza-se por sua coloracdo azul-escura. E
nativo de regides da Europa e dos Estados Unidos, onde costuma ser bastante
cultivado e comercializado (FACHINELLO, 2008). No Brasil, a sua introducao foi
realizada no ano de 1983, através de uma colecao de plantas trazidas pela Embrapa
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Clima Temperado localizada no municipio de Pelotas, no Rio Grande do Sul
(HOFFMANN, 2014).

O mirtilo tem em sua constituicdo mais de 80% de agua, além de agucares,
acido citrico, acido malico, vitaminas A e C e minerais como 0 manganés, potassio e
ferro (WANG, CAMP e EHLENFELDT, 2012). Essa baga vem ganhando
popularidade devido as suas excelentes propriedades benéficas a saude e a sua
composigao rica em polifenois (SINELLI et al., 2008).

Os compostos fendlicos ou polifendis apresentam estruturas quimicas
variadas, possuem pelo menos um grupo hidroxila ligado a um anel aromatico.
Historicamente, os polifendis eram principalmente de interesse para os botanicos,
pois desempenham varios papéis nas plantas e fazem parte da classe de
metabolitos secundarios ou fitoquimicos (WILLIAMSON, 2017). Os polifendis se
enquadram em diversas categorias, como acidos fendlicos, estilbenos e flavonoides,
0s quais podem atuar como agentes redutores, neutralizadores de radicais livres ou
desativadores do oxigénio singleto (RIBEIRO e SERAVALLI, 2004; MELO e
GUERRA, 2002).

Dentre os polifendis, podemos destacar os flavonoides, os quais possuem
consideravel interesse cientifico e terapéutico. S0 compostos de origem vegetal e
possuem uma estrutura fendlica variavel (SILVA et al., 2015). As principais classes
sao as flavonas, flavondis, isoflavonoides e as antocianinas (LAZARY, 2010). Estas
classes polifendlicas tém se destacado por suas mais diversas propriedades, ja
demonstraram ter acao terapéutica, como por exemplo, ao sistema imunoldgico,
circulatério, cardiovascular e nervoso (GEORGIEV, ANANGA e TSOLOVA, 2014).

As antocianinas (do grego anthos - flor e kianos - azul) sdo pigmentos
naturais que fazem parte da familia dos flavonoides (QUIDEAU et al., 2011).
Ocorrem em todos os tecidos das plantas e sdo responsaveis pelas cores vermelho-
alaranjado, rosa, vermelho, violeta, azul e roxo (MARTIN, DIAZ-MONTANA e
ASUERO, 2017). As antocianinas sao derivadas das antocianidinas, as quais nao
possuem grupos glicosideos, ja nas antocianinas, uma ou mais hidroxilas estédo
ligadas a acucares (MARCO, POPPI e SCARMINIO, 2008). A Figura 4 representa a

estrutura geral de uma antocianina.
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Figura 4 - Estrutura geral das antocianinas (Adaptado de FERNANDES et al., 2012).

As antocianinas ocorrem amplamente em alimentos derivados de plantas,
sendo assim, sdo abundantes na dieta humana (FERNANDES et al., 2012). Quanto
a sua biodisponibilidade e metabolismo, as mesmas possuem diferengas quando
comparadas com outros flavonoides, pois podem sofrer alteragées em resposta ao
pH e temperatura (BROUILLARD e DUBOIS, 1977). Elas sdo absorvidas a nivel
gastrico e intestinal, mas também podem ser metabolizadas no célon (FERNANDES
et al.,, 2012). Podem ser detectadas em diferentes estruturas, como no coértex
cerebral e no cerebelo, demonstrando assim, sua capacidade de atravessar a
barreira hematoencefalica (KALT et al., 2008).

Diversos estudos tém descrito propriedades bioldgicas e fatores benéficos a
saude que podem estar associados ao consumo de mirtilo, 0 que pode estar
relacionado com o alto teor de polifenois encontrados nesse fruto (SINELLI et al.,
2008). Entre as pesquisas realizadas, podemos destacar o estudo in vivo
desenvolvido por Debom et al., (2016), onde foi avaliado o efeito protetor de um
extrato de mirtilo frente a alteragdes induzidas por um modelo animal de mania. Foi
observado nesse estudo que o extrato de mirtilo foi capaz de prevenir efeitos pro-
oxidantes, bem como inflamatorios, sugerindo um papel neuroprotetor associado ao
consumo desse fruto. Tem sido demonstrado também que o consumo normal de
mirtilo colabora na melhora clinica de doencgas neurodegenerativas, como a doencga
de Alzheimer e Parkinson (SUBASH et al., 2014).

Assim, € possivel sugerir que intervencdes nutricionais ricas em fitoquimicos,
as quais estao presentes em frutas como o mirtilo, podem ser importantes alvos de

estudos na busca de novas abordagens terapéuticas para o THB.
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Abstract

Rationale: Bipolar disorder is a psychiatric disease characterized by recurrent episodes of mania and depression.
Blueberries contain bioactive compounds with important pharmacological effects such as neuroprotective and
antioxidant actions. Objective: The aim of this study was to investigate the effects of blueberry extract and/or
lithium on oxidative stress, and acetylcholinesterase (AChE) and Na*,K*-ATPase activity in an experimental
ketamine-induced model of mania. Methods: Male Wistar rats were pretreated with vehicle, blueberry extract
(200 mg/kg), and/or lithium (45 mg/kg or 22.5 mg/kg twice daily) for 14 days. Between the 8" and 14™ days, the
animals also received an injection of ketamine (25 mg/kg) or vehicle. On the 15" day the animals received a
single injection of ketamine; after 30 minutes, the locomotor activity was evaluated in an open field test. Results:
Ketamine administration induced an increase in locomotor activity. In the cerebral cortex, hippocampus and
striatum, ketamine also induced an increase in reactive oxygen species, lipid peroxidation and nitrite levels, as
well a decrease in antioxidant enzyme activity. Pretreatment with blueberry extract or lithium was able to
prevent this change. Ketamine increased the AChE and Na*,K*-ATPase activity in brain structures, while the
blueberry extract partially prevented these alterations. In addition, our results showed that the neuroprotective
effect was not potentiated when lithium and blueberry extract treatment were given together. Conclusion: In
conclusion, our findings suggest that blueberry extract has a neuroprotective effect against an experimental

model of mania. However, more studies should be performed to evaluate its effects as an adjuvant therapy.

Keywords: bipolar disorder; hyperlocomotion; anthocyanins; oxidative stress; acetylcholinesterase;
Na*,K*-ATPase.
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1. Introduction

Bipolar disorder (BD) is one of the most debilitating mental illnesses, characterized by recurrent
episodes of elevated mood, mania, and depression, interspersed with periods of euthymia (Phillips and Kupfer
2013). This disorder is associated with a significant mortality and morbidity, with high rates of suicide and
medical comorbidities (Sagar and Pattanayak 2017) and is among the leading causes of disability worldwide
(Walker et al. 2015). In manic episodes, people undergo from exaggerated self-esteem, less need to sleep, is
easily distracted, hyperactivity and has increased risk behavior (Phillips and Kupfer 2013).

The pathophysiology of this disorder is complex and multifactorial, and its mechanisms remain unclear.
However, studies have demonstrated that mitochondrial dysfunction, disturbances in neurotransmitters systems,
alterations in membrane transport, and oxidative stress seem to play important roles in the pathogenesis of BD
(Sigitova et al. 2016).

Oxidative stress is characterized as an imbalance between antioxidant and pro-oxidant processes,
resulting in the increase in reactive species levels which have potential to cause cellular damage (Adam-Vizi and
Chinopoulos 2006). Biomarkers of oxidative stress, such as an increase in lipid peroxidation and decrease in
antioxidant defenses, have been described in BD patients (Mansur et al. 2016; Chowdhury et al. 2017),
indicating that free radicals are involved in neurochemical changes in this psychiatric disorder.

Brain oxidative stress damage also may alter the structure and function of crucial enzymes such as
acetylcholinesterase (AChE) and Na*,K*-ATPase (Dobrota et al. 1999). AChE is the main enzyme involved in
the degradation of the neurotransmitter acetylcholine, while the Na*,K*-ATPase is responsible for
electrochemical gradients across the neuronal membranes by regulating the entry of K* and exit of Na* from cells
(Erecinska and Silver 1994; Zugno et al. 2009; Arnaiz and Ordieres 2014). As a consequence of their key
physiological roles, the activity of these enzymes has been studied in different pathological and experimental
conditions (Cho 1995; Zugno et al. 2009; Carvalho et al. 2012; Gutierres et al. 2014). Thus, molecules capable of
modulating the Na*,K*-ATPase and AChE enzymes increase the possibility to develop new therapeutic strategies
for reducing the severity and complications of BD.

Lithium is one of the most widely used drugs in the treatment of BD. Studies have demonstrated that
this drug has neuroprotective effects by significantly reducing the severity and frequency of mania, and
preventing bipolar depression and suicide (Moreno et al. 2005; Fornaro et al. 2016). However, side effects and
low therapeutic index are well-recognized limitations for lithium monotherapy in BD.

In recent years, considerable attention has been directed towards the identification of natural
compounds that may be used for human health promotion and disease prevention. Blueberry (Vaccinium spp.)
has gained worldwide interest as it contains various bioactive compounds (Wu et al. 2017) that may have potent
biological activities such as antioxidant, anti-inflammatory and neuroprotective actions (Gutierres et al. 2014;
Debom et al. 2016). Thus, the consumption of diets enriched with polyphenols may present new perspectives for
the prevention or treatment of neuropsychiatric diseases (Gazal et al. 2014; Debom et al. 2016).

Considering that BD is one of the most debilitating psychiatric diseases and that its therapy has many
adverse effects, this study aims to evaluate the potential therapeutic of blueberry extract on AChE and Na*,K*-
ATPase activities and oxidative stress parameters in brain regions of rats submitted to ketamine-induced model

of mania. In addition, we also evaluated the effects of the joint blueberry extract and lithium treatment.
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2. Material and methods

Chemicals

Acetylthiocholine iodide (AcSCh), Coomassie Brilliant Blue G, Trizma Base, thiobarbituric acid, 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB), ethylenediaminetetraacetic acid (EDTA), dichloro-dihydro-fluorescein
diacetate (DCFH-DA), epinephrine and ouabain octahydrate were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Trichloroacetic acid and hydrogen peroxide were purchased from Synth® (Brazil). All other

reagents used in the experiments were of analytical grade and the highest purity.
Blueberry extract preparation and phytochemical determination

Extraction

Fruits of Vaccinium virgatum were harvested at Embrapa Clima Temperado (Brazilian Agricultural
Research Corporation) Pelotas/RS, Brazil (31°40'47"S and 52°26'24"W). After collection, the fruit were stored at
—20°C until the extraction process. The extract was prepared according to Bordignon et al. (2009). Briefly, 30 g
of unprocessed blueberries were weighed and sonicated for 30 min at 25°C in 90 mL 70:30 v/v ethanol-water
(pH 1.0). The extracts were filtered, the ethanol removed under reduced pressure, and then lyophilized until dry.

These procedures were performed in triplicate and sheltered from light.

LC/MS and anthocyanin identification

Anthocyanins were individually identified using liquid chromatography (Acquity-UPLC™) coupled to
a photodiode array detector (PDA) and a high-resolution mass spectrometer (Xevo® G2 QTof model —
WATERS®) equipped with an electrospray ionization source (ESI) operating in positive mode. The
chromatographic separation was performed using a Synergi™ Polar-RP column (Phenomenex® - id 4 pm, 150 x
2.0 mm) at 40°C and the injection volume was set at 5 pL. The elution was performed using an aqueous phase
consisting of 2% formic acid (solvent A) and acetonitrile containing 1% formic acid (solvent B). A linear
gradient according to the following conditions was used: 0-10 min, 5-12% B; 10-29 min, 12-18% B; 29-33
min, 18% B; 33-34 min, 5% B with a constant flow of 0.4 mL/min. The detection was performed at 520 nm, and
the range of spectral scanning in the visible region ranged from 450 to 600 nm (PDA). Mass scanning ranged
from m/z 200 to 1500 with a scan time of 0.5 s. MS/MS analyses were performed using a collision energy ramp
(10-30 eV) with argon as the collision gas. A capillary voltage of 1.0 kV, source block temperature of 120°C,
desolvation temperature of 600°C; nebulizer nitrogen flow rate of 80 L/h, desolvation nitrogen gas flow of 800
L/h, and cone voltage of 40 V were used controlled by MassLynx v.4.1 software for data acquisition and

processing. All samples were analyzed in triplicate.

Animals

Adult male Wistar rats (60 days, 250-300 g) were obtained from the Central Animal House of Federal
University of Pelotas, Pelotas, RS, Brazil. The animals were housed in standard cages at an ambient temperature
of 23 £ 1°C, with 12 h light/dark cycles and free access to water and food. The Committee of Ethics and Animal
Experimentation of the Federal University of Pelotas, Brazil, under protocol number CEEA 9085-2016,

approved all animal procedures. The use of animals was in accordance with the Brazilian Guidelines for the Care
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and Use of Animals in Scientific Research Activities (DBCA), which is in agreement with the National Council
of Control of Animal Experimentation (CONCEA).

Animal model of mania and prevention protocol with blueberry extract and/or lithium

Sixty animals were divided into six groups (n=10): | (vehicle, saline), Il (ketamine, 25 mg/kg), I
(ketamine 25 mg/kg + lithium 45 mag/kg), 1V (ketamine 25 mg/kg + blueberry extract 200 mg/kg), V (ketamine
25 mg/kg + lithium 45 mg/kg + blueberry extract 200 mg/kg), and VI (ketamine 25 mg/kg + lithium 22.5 mg/kg
+ blueberry extract 200 mg/kg). The animals in groups 1V, V, and VI received the blueberry extract orally, while
the animals of 111, V, and VI received lithium (twice a day). The animals in groups | and Il received the same
volume of saline solution. From the 8™ to the 14" day, the animals in groups II, 111, 1V, V, and VI also received
ketamine treatment, while group | received vehicle intraperitoneally. On the 15™ day of treatment, the animals
received a single injection of ketamine or saline. Thirty minutes later, the locomotor activity was assessed in an
open-field apparatus (Figure 1). The blueberry extract, lithium, and ketamine dosages and treatment times were
based on previous studies described in the literature (Ghedim et al. 2012; Gazal et al. 2014, Debom et al. 2016).

Open-field test

Locomotor behavior was evaluated using an open-field apparatus (Gazal et al. 2014, Debom et al.
2016). The apparatus consisted of a wooden box measuring 72 x 72 x 33 cm (width x length x height), with the
floor divided into 16 equal squares (18 x 18 cm). The number of quadrants crossed over a period of 5 minutes
was the parameter used to evaluate locomotor activity. The apparatus was cleaned with 40% ethanol and dried

after each individual animal session.

Brain tissue preparation
After the open field test, the animals were euthanized by decapitation and the brain was collected and
the cerebral cortex, striatum, and hippocampus were dissected. The brain structures were homogenized in

specific buffer and centrifuged. The supernatant was used for all biochemical determinations.

Acetylcholinesterase (AChE) activity assay

AChE activity was determined as previously described by Ellman et al. (1961). The reaction system,
composed of 10 mM DTNB, 100 mM phosphate buffer (pH 7.5), and 15 pL homogenate was incubated for 2
min at 27°C. After this, 8 mM AcSCh was added to the reaction. The absorbance was read using a

spectrophotometer at 412 nm for 2 min at 25°C. AChE activity was expressed as umol AcSCh/h/mg of protein.

Na*,K*-ATPase activity assay

Na*,K*-ATPase activity was measured as previously described by Carvalho et al. (2012). The reaction
mixture for the Na*,K*-ATPase activity assay contained 6 mM MgCl,, 50 mM NaCl, 5 mM KCI, 0.1 mM
EDTA, and 30 mM Tris-HCI, pH 7.4. After 10 min pre-incubation at 37°C, the reaction was initiated by the
addition of ATP to a final concentration of 3 mM and incubated for 30 min. Control experiments were carried
with the addition of 1 mM ouabain. Released inorganic phosphate (Pi) was measured using the malachite green
method (Chan et al. 1986). Na*, K*-ATPase activity was expressed as pg Pi/mg protein/minute.
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Brain oxidative stress assays
Oxygen reactive species (ROS) assay

The oxidation of DCFH-DA to fluorescent 2’,7'-dichlorofluorescein (DCF) was measured to detect
intracellular reactive oxygen species. DCF fluorescence intensity was recorded using excitation at 488 nm and
emission at 525 nm 30 min after the addition of DCFH-DA to the medium. ROS formation was determined
according to Ali et al. (1992) with some modifications and was expressed as pmol DCF/mg protein.

Nitrite levels assay

Nitrite levels were assessed as per Stuehr and Nathan (1989). The supernatants were used in a
colorimetric reaction with Griess reagent, where 50 pl sulphanilamide in 5% phosphoric acid was added to 50 pl
supernatant. After 10 minutes, samples were mixed with 100 pl N-(1-naphthyl) ethylenediamine dihydrochloride
and incubated for 10 minutes in the dark. The absorbance was measured at 540 nm and the amount of nitrite is

expressed as pmol nitrite/mg of protein.

Thiobarbituric acid reactive substances (TBARS) quantification

Lipid peroxidation was quantified using TBARS, according to Esterbauer and Cheeseman’s (1990)
method. First, homogenates were mixed with 15% trichloroacetic acid and 0.67% thiobarbituric acid. This
mixture was heated for 30 minutes at 95°C and then cooled for 10 minutes. TBARS was determined by the

absorbance at 535 nm. Results are expressed as nmol TBARS/mg protein.

Total sulfhydryl content (SH content) quantification

This assay, performed as described by Aksenov and Markesbery (2001), was based on the reduction of
DTNB by thiols, which in turn become oxidized (disulfide), generating a yellow derivative (TNB) whose
absorption is measured in the spectrophotometer at 412 nm. Homogenates were added to PBS buffer, pH 7.4,
containing EDTA. The reaction was started by the addition of DTNB. Results were expressed as nmol TNB/mg
protein.

Superoxide dismutase (SOD) activity

This assay is based on the inhibition of the autoxidation of adrenaline in a spectrophotometer at 480 nm.
The intermediate reaction produces superoxide, which is scavenged by SOD. One SOD unit was defined as the
enzyme amount to cause 50% inhibition of adrenaline autoxidation. Total SOD activity was measured using the
method described by Misra and Fridovich (1972) and the specific activity of SOD is expressed as units/mg
protein.

Catalase (CAT) activity

CAT activity was determined using the method described by Aebi (1984). The reduction in the amount
of H,0, was monitored for 180 seconds using a spectrophotometer at 240 nm at 37°C. One unit of the enzyme is
defined as the mount required to consume one nmol of H,O, per minute and the specific activity is expressed as

units/mg protein.
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Glutathione S-transferase (GST) activity assay
GST activity was determined according to the method of Habig et al. (1974), which uses 1-chloro-2,4-

dinitrobenzene (CDNB) as a substrate. The activity is expressed as pmol GS-DNB min/mg protein.

Protein determination

For SOD, CAT, and GST activity, and TBARS and total sulfhydryl content levels, the protein levels
were measured using the method detailed by Lowry et al. (1951) using bovine serum albumin as the standard.
For Na*,K*-ATPase and AChE activity, and ROS and nitrite levels, the protein levels were measured using the

Coomassie blue method according to Bradford (1976), with bovine serum albumin as the standard.

Statistical analysis
Data were analyzed using analysis of variance (one-way ANOVA), followed by Tukey’s multiple
comparison test. P<0.05 was considered to represent a significant difference in the analysis. All data are

expressed as the mean + S.E.M.

3. Results

Anthocyanin identification in blueberry extract
Anthocyanin identification was based on the fragmentation pattern and exact mass. Five aglycone
fragments were identified: cyanidin, peonidin, delphinidin, petunidin, and malvidin. The aglycone fragmentation

pattern and exact mass identified fifteen monoglycosylated anthocyanins (Table 1).

Open-field test

Ketamine treatment induced hyperlocomotion in rats (P<0.05), as represented by an increase in the
number of crossings in the open field test. Pretreatment with lithium-alone (45 mg/kg) (P<0.001), blueberry
extract-alone (200 mg/kg) (P<0.01), and lithium (45 mg/kg) plus blueberry extract (200 mg/kg) (P<0.01)
prevented this increase. Co-treatment with lithium (22.5 mg/kg) plus blueberry extract (200 mg/kg) was not able

to prevent this behavioral change (P>0.05) (Figure 2).

Acetylcholinesterase (AChE) activity in the cerebral cortex, hippocampus, and striatum

In the cerebral cortex, no change in AChE activity was observed in the animals treated only with
ketamine; however, an increase in enzyme activity was observed in animals treated with both lithium and
blueberry extract (P<0.01; Figure 3). In the hippocampus and striatum, an increase in AChE activity was
observed in the ketamine group (P<0.05). Both lithium (P<0.05) and blueberry extract (P<0.05) treatments were
able to prevent this alteration (Figure 3). Lithium and blueberry extract co-treatment was not effective in
preventing the changes in AChE activity induced by ketamine administration in the hippocampus and striatum of

rats (Figure 3).

Na*,K*-ATPase activity in the cerebral cortex, hippocampus, and striatum

In the cerebral cortex, our results show an increase in Na*,K*-ATPase activity in the ketamine group
(P<0.05); treatment with lithium-alone (P<0.01) and blueberry extract-alone (P<0.01) were able to prevent this
alteration (Figure 4). In the hippocampus, an increase in Na*,K*-ATPase activity was observed in the ketamine
group (P<0.05); only lithium (22.5 mg/kg) and blueberry extract (200 mg/kg) co-treatment was able to prevent
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this ketamine-induced change (P<0.001). In the striatum, an increase in Na*,K*-ATPase activity in the ketamine
group (P<0.05) was observed; treatment with lithium-alone (P<0.05), blueberry extract-alone (P<0.05), and
lithium (45 mg/kg) plus blueberry extract (200 mg/kg) (P<0.001) were able to prevent this alteration (Figure 4).

Oxidative stress parameters in the cerebral cortex

Figure 5 shows that ketamine caused an increase in ROS levels (P<0.05); pretreatment with lithium-
alone (P<0.001) and blueberry extract-alone (P<0.01) were able to prevent this increase. The administration of
both treatments together was not effective in preventing the increase in ROS levels induced by ketamine (Figure
5). Treatment with lithium-alone (P<0.05), blueberry extract-alone (P<0.01), and lithium (45 mg/kg) plus
blueberry extract (P<0.05) prevented the increase in the TBARS levels induced by ketamine administration
(P<0.05). In all experimental groups evaluated, no significant changes were observed in nitrite levels in the
cerebral cortex.

Pretreatment with lithium-alone (P<0.01), blueberry extract-alone (P<0.05), and lithium and blueberry
extract together (P<0.05) prevented the decrease in the total sulfhydryl content induced by ketamine. Ketamine
also caused a decrease in the SOD activity (P<0.05), while lithium-alone (P<0.05) and blueberry extract-alone
(P<0.05) pretreatment were effective in preventing this alteration. Similar results were observed in the catalase
activity in the ketamine group (P<0.05); again, this change was prevented by pretreatment with lithium-alone
(P<0.05), blueberry extract-alone (P<0.05), and lithium (45 mg/kg or 22.5 mg/kg) and blueberry extract together
(P<0.01).

Oxidative stress parameters in the hippocampus

In the hippocampus, ketamine administration also caused an increase in ROS levels (P<0.05). Only
pretreatment with blueberry extract-alone was able to prevent this alteration (P<0.01). In the hippocampus,
ketamine increased the TBARS levels; pretreatment with lithium-alone (P<0.05), blueberry extract-alone
(P<0.01) and lithium (45 mg/kg) plus blueberry extract (200 mg/kg) (P<0.01) were able to prevent this alteration
(Figure 6). In relation to antioxidant enzymes, our results show that ketamine induced a decrease in SOD and
CAT activity in the hippocampus when compared with the control group (P<0.05). It is important to note that all
treatments evaluated in this study could prevent the alterations in CAT activity, while only the lithium-alone
(P<0.001), blueberry extract-alone (P<0.001) and lithium (45 mg/kg) plus blueberry extract (P<0.001)
pretreatment were able to restore SOD activity when compared with the ketamine group (Figure 6). No changes

were observed in the nitrite levels or total sulfhydryl content in the hippocampus (Figure 6).

Oxidative stress parameters in the striatum

In the striatum, ketamine induced an increase in ROS (P<0.05) and nitrite (P<0.05) levels when
compared with the control group (Figure 7). Pretreatment with lithium-alone, blueberry extract-alone, and both
together prevented these alterations to similar levels (P<0.05) (Figure 7). Lithium-alone (P<0.05) and blueberry
extract-alone (P<0.05) pretreatment also prevented the increase in TBARS levels induced by ketamine (P<0.05).
In all experimental groups evaluated, no changes were observed in the total sulfhydryl content in the striatum.
Ketamine administration did not alter the SOD or CAT activity in the rat striatum (P>0.05), however, our results

showed a decrease in the SOD activity in the groups treated with lithium (45 mg/kg or 22.5 mg/kg) and
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blueberry extract together (P<0.05). In addition, an increase in the CAT activity was observed only in the
striatum of animals treated with lithium (45 mg/kg) plus blueberry extract (P<0.001) (Figure 7).

Glutathione S-transferase (GST) activity in the cerebral cortex, hippocampus, and striatum

Figure 8 shows that ketamine causes an increase in the activity of the GST enzyme in cerebral cortex
(P<0.05). Pretreatment with lithium, blueberry extract, and both together were able to prevent these alterations to
similar extents (P<0.05) (Figure 8). In the hippocampus, an increase in GST activity was observed only in the
animals pretreated with lithium (22.5 mg/kg) plus blueberry extract when compared with the other groups
(P<0.05). No changes were observed in GST activity in the striatum (P>0.05) (Figure 8).

4. Discussion

In the present study we evaluated the therapeutic potential of blueberry extract, as well as its effects
when administered together with lithium, on neurochemical and behavior changes induced by an animal model
of mania.

The animal model of mania induced by ketamine is an experimental model used for the elucidation of
neurological dysfunctions in manic episodes. Ketamine is a non-competitive N-methyl-D aspartate (NMDA)
receptor antagonist capable of affecting a variety of receptors and cellular processes (Kapczinski and Quevedo
2016). Ketamine at subanesthetic doses alters mitochondrial respiratory chain activity in various brain structures
(De Oliveira et al. 2011) and induces neurotoxicity in primary neuronal culture (Wang et al. 2008). Here, our
results showed that ketamine induces hyperactivity in rats, similar to behavior observed in individuals with BD
during a manic episode (Nestler and Hyman 2010; Dickerson et al. 2012). These findings are consistent with
previous studies that also demonstrated that blueberry extract or lithium treatment were capable of preventing
hyperlocomotion induced by ketamine (Debom et al. 2016).

Regarding the brain enzymes, ketamine induced an increase in AChE activity in the hippocampus and
striatum. These findings are in conformity with previous studies that showed changes in the cholinergic system
in BD (Sigitova et al. 2016). Cholinergic signaling is regulated by AChE, an enzyme that rapidly hydrolyses
ACh (Sperling et al. 2008). ACh is involved in motor function, cognition, and attention, and an increase in AChE
activity could reduce Ach levels, contributing to cholinergic signaling disruption in the brain. In fact, Cummings
(2000) demonstrated that the reduction of ACh levels is associated with the manifestation of psychiatric diseases,
particularly psychosis. In addition, the use of AChE inhibitors has been associated with a reduction of
neuropsychiatric symptoms (Digby et al. 2012; Obermayer et al. 2017).

Blueberry extract was capable of preventing the alterations in AChE activity, similar to standard lithium
drug treatment. Previous studies have shown that lithium improved memory and decreased AChE activity in the
brain, and that these effects may be associated with the inhibition of GSK-3B (Jing et al. 2012). Blueberry extract
has also been described to improve memory and decrease AChE activity in experimental models (Papandreou et
al. 2011). Thus, our findings provide additional mechanisms by which bioactive compounds in blueberry extract
could have neuroprotective effects in BD.

Ketamine administration also induced an increase in Na*,K*-ATPase activity in all evaluated brain
structures. It has been established that dysfunction in Na*,K*-ATPase activity alters neuronal excitability leading

to brain damage. Ketamine can activate glutamatergic neurotransmission by activating AMPA or kainate
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receptors in dopaminergic neurons, increasing the release of dopamine in the synaptic cleft (Tan et al. 2012;
Duan et al. 2013). Dopamine is involved in the regulation of several proteins, including the Na*,K*-ATPase
(Yang et al. 2007). Thus, the increase in Na*,K*-ATPase activity could be explained, at least in part, by the
activation of dopamine D2 receptors (Yamaguchi et al. 1996).

Interestingly, lithium treatment was able to prevent the change in Na*,K*-ATPase activity only in the
cerebral cortex. Corroborating our study, Cho (1995) also showed that lithium decreased Na*,K*-ATPase activity
in rat brain synaptosomes. Similarly, blueberry extract also prevented the increase in Na*,K*-ATPase activity in
the cerebral cortex and striatum. Data from the literature have shown that anthocyanins are responsible for many
beneficial properties of blueberries, such as their antioxidant (Debom et al. 2016; Oliveira et al. 2017) and anti-
inflammatory (Smeriglio et al. 2016) activities. Neuroprotective actions of anthocyanins in experimental models,
such as those for Alzheimer's disease (Gutierres et al. 2014), Huntington disease (Kreilaus et al. 2016), and
depression (Nabavi et al. 2017) have also been described. In addition, experimental evidence has suggested that
cyanidin-3-O-glucoside protects cortical neurons against glutamate excitotoxicity (Bhuiyan et al. 2011). Of
particular importance, extract rich in anthocyanins inhibited hippocampal cell death (Ahn et al. 2011) and
reverted alterations in Na*,K*-ATPase activity in the cortex cerebral and hippocampus in models of memory
deficits (Gutierres et al. 2014).

Ketamine administration increased ROS and TBARS levels and decreased the activity of the antioxidant
enzymes, SOD and CAT, in the cerebral cortex and hippocampus. These findings are in accordance with other
studies using this animal model of mania (Gazal et al. 2014; Debom et al. 2016). Zuo et al. (2007) also
demonstrated that subanesthetic doses of ketamine led to the transient generation of hydroxyl radicals in mice.
An increase in the TBARS level and alterations in antioxidant enzymes in the serum, plasma, and red blood cells
has also been described in patients with BD (Machado-Vieira et al. 2007; Andreazza et al. 2008; Kapczinski and
Quevedo 2016).

SOD is the enzyme responsible for converting the superoxide anion radical (Oz7) into hydrogen
peroxide (H.02), while CAT metabolizes H,O- into water and molecular oxygen (Halliwell 2012). The decrease
in activity of these antioxidant enzymes in the cerebral cortex and hippocampus may result in an accumulation of
02" and H,0; radicals (Pisoschi and Pop 2015), which may be associated with an increase in ROS and TBARS
levels, and a decrease in the total thiol content seen in this study. Overproduction of ROS and dysfunctions in
antioxidant system can have deleterious effects on signal transduction and cell resilience, mainly by inducing
lipid peroxidation in the membranes and damage to proteins (Valko et al. 2007). Thus, it is plausible to suggest
that oxidative stress could also contribute to the alterations in AChE and Na*,K*-ATPase activity seen in this
study.

It is important to note that ketamine also induced an increase in the nitrite levels in the striatum. Nitrite
is a metabolite of nitric oxide (NO), an important messenger involved with the regulation of mitochondrial
function in the brain (Riob6 et al. 2001). Yanik et al. (2004) showed an increase in the plasma nitrite levels in
patients with BD. In addition, Venéancio et al. (2015) suggested that ketamine interferes with the activity of
complex I, resulting in an increase in mitochondrial nitric oxide synthase (mitNOS) activity and elevated levels
of NO. Furthermore, NO contributes to oxidative stress, because it can react with O, and lead to the formation
of peroxynitrite (ONOO-), a powerful oxidant (Adam-Vizi 2005).
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The antioxidant effect of blueberry extract may be associated with anthocyanins. It has already been
shown that they can cross the blood-brain barrier (Andres-Lacueva et al. 2005) and act as a scavenger of free
radicals (Del Bo et al. 2015). Among the main mechanisms involved in the antioxidant activity of anthocyanins
is the ability to donate hydrogen atoms to free radicals, as well as the chelation of metallic ions (Han et al. 2015).
In relation to antioxidant effects of lithium, evidence has suggested that this drug may increase the levels of the
bcl-2 protein in the brain (Chen et al. 1999; Manji et al. 2000). Bcl-2 has been associated with mitochondrial
activity, as well as with the antioxidant effects of lithium (Machado-Viera and Soares 2007).

In the present study, we also found that GST activity was increased in the cerebral cortex of the rats
used in the mania model. In another study, Chan et al. (2008) demonstrated that the administration of ketamine
also increased the activity of hepatic GST. Although we cannot state the exact mechanisms by which this
increase occurred, a study in bipolar patients also demonstrated that the GST activity is enhanced (Andreazza et
al. 2009), suggesting that the alteration in this enzyme’s activity can be considered a compensatory mechanism.

In relation to our findings, an important aspect to be discussed is that the when lithium or blueberry
were administered separately, the preventive effects were similar. These data are in agreement with previous
studies from our research group (Debom et al. 2016). Although lithium has a range of adverse effects, this drug
is the standard pharmacological treatment of patients with BD (McKnight et al. 2012). Thus, the results obtained
in this study suggest that the bioactive compounds in the blueberry extract could have the same therapeutic
molecular targets as lithium.

Data from the literature have led to new perspectives on natural compounds, as well as the synergistic
potential of numerous substances in the treatment of diseases (Hemaiswarya et al. 2008; Choi et al. 2012). The
combination of selective therapy could enhance the beneficial effects, decrease doses compared to when the
same drugs are administered individually, and reduce the side effects caused by drug monotherapy
(Hemaiswarya et al. 2008). However, in our study, we found that the preventive effects in a model of mania was
decreased when lithium and blueberry extract treatment were provided together. Considering that blueberry
extract has many bioactive compounds with pharmacological effects, significant side effects and potential
interactions with conventional drugs are possible.

Although we cannot precisely explain the mechanism involved in this interaction, it is important to
consider that among the determinants for this difference in responses is the capacity for metal chelation,
bioavailability, plasma concentrations, and a slow and continuous release of phenolic compounds from the gut
into the bloodstream.

In conclusion, our findings demonstrate that blueberry extract prevents ketamine-induced alterations in
AChE and Na*,K*-ATPase activity and oxidative stress in the brain in an experimental model of mania,
suggesting that blueberry extract has lithium mimetic-properties. Blueberry extract is a natural and inexpensive
therapeutic means to support a healthy brain in psychiatric disorders. However, more studies are necessary to

evaluate the potential interactions with lithium and its use as an adjuvant therapy.
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Legends of figures

Figure 1 - Animal model of mania induced by ketamine and prevention protocol with blueberry and/or lithium

treatment.

Figure 2 - Effect of lithium (45 mg/kg, p.o.), blueberry extract (200 mg/kg, p.0.), and lithium (45 or 22.5 mg/kg,
p.o.) plus blueberry extract (200 mg/kg, p.o.) pretreatment on ketamine-induced hyperactivity in an open-field
test in rats. Data are expressed as mean + S.E.M. (#) Denotes P<0.05 when compared with the vehicle/saline
group. (**) P<0.01 and (***) P<0.001 when compared with the vehicle/ketamine group (One-way ANOVA
followed by Tukey test, n=7-10).

Figure 3 - Effect of lithium (45 mg/kg, p.o.), blueberry extract (200 mg/kg, p.o.), and lithium (45 or 22.5 mg/kg,
p.o.) plus blueberry extract (200 mg/kg, p.o.) pretreatment on acetylcholinesterase (AChE) activity in the
cerebral cortex, hippocampus, and striatum of animals in a ketamine-induced model of manic-like behavior. Data
are expressed as mean = S.E.M. (#) Denotes P<0.05 when compared with the vehicle/saline group. (*) P<0.05,
(**) P<0.01, and (***) P<0.001 when compared with the vehicle/ketamine group (One-way ANOVA followed
by Tukey test, n=7-10).

Figure 4 - Effect of lithium (45 mg/kg, p.o.), blueberry extract (200 mg/kg, p.o.), and lithium (45 or 22.5 mg/kg,
p.o.) plus blueberry extract (200 mg/kg, p.o.) pretreatment on Na*,K*-ATPase activity in the cerebral cortex,
hippocampus, and striatum of animals in a ketamine-induced model of manic-like behavior. Data are expressed
as mean = S.E.M. (#) Denotes P<0.05 when compared with the vehicle/saline group. (*) P<0.05, (**) P<0.01,
and (***) P<0.001 when compared with the vehicle/ketamine group (One-way ANOVA followed by Tukey test,
n=5-6).

Figure 5 - Effect of lithium (45 mg/kg, p.o.), blueberry extract (200 mg/kg, p.0.), and lithium (45 or 22.5 mg/kg,
p.o.) plus blueberry extract (200 mg/kg, p.o.) pretreatment on levels of ROS, nitrite, TBARS, total thiol content,
and superoxide dismutase and catalase activity in the cerebral cortex of animals in a ketamine-induced model of
manic-like behavior. Data are expressed as mean + S.E.M. (#) Denotes P<0.05 when compared with the
vehicle/saline group. (*) P<0.05, (**) P<0.01, and (***) P<0.001 when compared with the vehicle/ketamine
group (One-way ANOVA followed by Tukey test, n=5-6).

Figure 6 - Effect of lithium (45 mg/kg, p.o.), blueberry extract (200 mg/kg, p.o.), and lithium (45 or 22.5 mg/kg)
plus blueberry extract (200 mg/kg) pretreatment on levels of ROS, nitrite, TBARS, total thiol content, and
superoxide dismutase and catalase activity in the hippocampus of animals in a ketamine-induced model of
manic-like behavior. Data are expressed as mean + S.E.M. (#) Denotes P<0.05 when compared with the
vehicle/saline group. (*) P<0.05, (**) P<0.01, and (***) P<0.001 when compared with the vehicle/ketamine
group (One-way ANOVA followed by Tukey test, n=5-6).

Figure 7 - Effect of lithium (45 mg/kg, p.0.), blueberry extract (200 mg/kg, p.o.), and lithium (45 or 22.5 mg/kg)
plus blueberry extract (200 mg/kg) pretreatment on levels of ROS, nitrite, TBARS, total thiol content, and
superoxide dismutase and catalase activity in the striatum of animals in a ketamine-induced model of manic-like

behavior. Data are expressed as mean + S.E.M. (#) Denotes P<0.05 when compared with the vehicle/saline
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group. (*) P<0.05, (**) P<0.01, and (***) P<0.001 when compared with the vehicle/ketamine group (One-way
ANOVA followed by Tukey test, n=5-6).

Figure 8 - Effect of lithium (45 mg/kg, p.o.), blueberry extract (200 mg/kg, p.o.), and lithium (45 or 22.5 mg/kg)
plus blueberry extract (200 mg/kg) pretreatment on glutathione S-transferase activity in the cerebral cortex,
hippocampus, and striatum of animals in a ketamine-induced model of manic-like behavior. Data are expressed
as mean + S.E.M. (#) Denotes P<0.05 when compared with the vehicle/saline group. (*) P<0.05 and (**) P<0.01
when compared with the vehicle/ketamine group (One-way ANOVA followed by Tukey test, n=5-6).
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Table 1 - Anthocyanin identification of blueberry extract.

Anthocyanin Amax (NM) N]lglreraﬂllzr (Er[Ir\(/|)1+-n:)/;m) Main f:’na/gments
Delphinidin-O-galactoside 507 CoHa101p 465.1060 (5.8) 303
Delphinidin-O-glucoside 507 CoHa101p 465.1060 (5.8) 303
Cyanidin-O-galactoside 515 C21H21011+ 449.1065 (-4.2) 287
Delphinidin-O-pentoside 505 CaoH1gOu1 435.0892 (3.0) 303
Cyanidin-O-glucoside 515 621H21011+ 449.1065 (-4.2) 287
Petunidin-O-galactoside 522 CZZH23012+ 479.1161 (-6.1) 317
Petunidin-O-glucoside 522 CooHa301 479.1161 (1.1) 317
Cyanidin-O-pentoside 517 CZOH19010+ 419.0931 (-4.7) 287
Peonidin-O-galactoside 517 CuHypOn  463.1215 (-5.4) 301
Petunidin-O-pentoside 517 021H21011+ 449.1087 (-0.1) 317
Peonidin-O-glucoside 517 szston+ 463.1215 (-5.4) 301
Malvidin-O-galactoside 530 023H25012+ 493.1326 (-4.1) 331
Malvidin-O-glucoside 530 023H25012+ 493.1326 (-4.1) 331
Peonidin-O-pentoside 515 021H21010+ 433.1101 (-7.9) 301

Malvidin-O-pentoside 522 CouHyOn'  463.1207 (-7.1) 331
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5 Conclusdes

O modelo animal de mania induzido pela cetamina foi capaz de preencher os
trés critérios importantes para ser considerado um bom modelo experimental. A
administracdo de cetamina alterou o comportamento locomotor dos animais
(validade de face), bem como parametros de estresse oxidativo e atividade de
enzimas (validade de constructo) e, ainda, as altera¢des induzidas por ela foram
prevenidas pelo farmaco padréao usado na clinica (validade preditiva).

De forma geral, nosso estudo demonstrou que o extrato de mirtilo, de forma
semelhante ao litio, foi capaz de prevenir a hiperlocomo¢do, bem como os
parametros neuroquimicos induzidos pela cetamina. Entretanto, observa-se que o
efeito preventivo no modelo animal de mania foi diminuido quando o extrato de
mirtilo foi associado com o litio em diferentes doses.

Os efeitos neuroprotetores do extrato de mirtilo podem estar associados com
a presenga das antocianinas em sua composi¢ao, uma vez que esse flavonoide ja
demonstrou os seus efeitos protetores frente a diversas patologias. Considerando a
potencialidade do mirtilo na prevencao das alteragdes do modelo experimental de
mania, pode-se concluir que mais estudos sao necessarios para avaliar seus efeitos
como um adjuvante do litio no tratamento dos episédios maniacos.

Os resultados demonstrados neste trabalho podem colaborar na elucidagao
dos mecanismos fisiopatoldgicos associados a esse transtorno de humor, bem como
na busca de compostos com agao protetora visando a melhoria na qualidade de vida

dos pacientes.
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Presidente da CEEA

) c
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