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Resumo

OLIVEIRA, Pathise Souto. Efeitos farmacologicos de extrato de mirtilo (V.
virgatum) em modelo animal de sindrome metabdlica. 2015. 79f.
Dissertacédo (Mestrado) - Programa de Pdés-Graduagcdo em Bioquimica e
Bioprospecc¢ao. Universidade Federal de Pelotas, Pelotas.

A sindrome metabdlica (SM) é caracterizada por uma combinagéo de fatores
de risco cardiovascular que incluem hiperglicemia, resisténcia a insulina,
obesidade visceral, dislipidemia e hipertensio. Estudos sugerem que a elevada
ingestao energética pode ocasionar aumento na producao de espécies reativas
de oxigénio (ERO), que tem sido diretamente relacionado com as complicacdes
da SM e com o desenvolvimento de doencas neurologicas e disturbios
neuropsiquiatricos. Estudos epidemiolégicos revelam que compostos bioativos
presentes no mirtilo (Vaccinium virgatum) apresentam importantes efeitos
benéficos para alteragdes presentes na SM. Desta forma, o presente estudo
teve como objetivo availar os efeitos do consumo de extrato de fruto de
Vaccinium virgatum sobre parametros metabdlicos, comportamentais e de
estresse oxidativo em hipocampo e cortex cerebral de animais submetidos ao
modelo experimental de SM induzido por uma dieta hiperpalatavel (DHP). Os
camundongos C57/BL6 foram divididos em 4 grupos experimentais: grupo (1)
recebeu racao padrao e solucao salina por gavagem, grupo (2) racdo padrao e
extrato hidroacodlico de mirtilo (200 mg/kg) por gavagem, grupo (3) DHP e
solucdo salina por gavagem, e o grupo (4) DHP e extrato de mirtilo (200 mg/kg)
por gavagem. Os animais foram tratados durante 150 dias. Nossos resultados
mostraram que os animais submetidos a DHP apresentaram resisténcia a
insulina, aumento significativo do peso corporal, gordura visceral, glicose,
triglicerideos e colesterol total quando comparados ao grupo controle. No
entanto, o extrato de mirtilo reduziu esses parametros metabdlicos nos animais
submetidos a DHP. Da mesma forma, o extrato de mirtilo foi capaz de diminuir
0s niveis das substancias reativas ao acido tiobarbiturico (TBARS) em cortex
cerebral e hipocampo dos animais submetidos a DHP. Em contraste, ndo foram
observadas diferengas significativas no conteudo tidlico total, e atividade das
enzimas antioxidantes catalase (CAT) e superoxido dismutase (SOD) em
nenhum dos grupos testados. Além disto, os animais alimentados com a DHP
exibiram um aumento significativo no tempo de imobilidade no teste do nado
forcado. Por outro lado, a administragdo crénica do extrato preveniu esta
alteragcdo comportamental. Em contrapartida, nao foram observadas
modificagdes significativas no comportamento ambulatério, bem como no perfil
ansiolitico destes animais. Em conjunto, nossos resultados sugerem que o
extrato de mirtilo, administrado cronicamente, apresenta agao hipoglicemiante,
anti-dislipidémica, tipo-antidepressiva e antiperoxidativa em modelo animal de
SM.

Palavras-chave: Sindrome metabdlica. Mirtilo. Compostos fendlicos.
Parametros  metabodlicos. Parametros comportamentais.  Parametros
neuroquimicos.
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Abstract

OLIVEIRA, Pathise Souto. Efeitos farmacoldgicos de extrato de mirtilo (V.
virgatum) em modelo animal de sindrome metabdlica. 2015. 79f.
Dissertacdo (Mestrado) - Programa de Pd&s-Graduagcdo em Bioquimica e
Bioprospecc¢ao. Universidade Federal de Pelotas, Pelotas.

Metabolic syndrome (MetS) is characterized by a combination of cardiovascular
risk factors including hyperglycemia, insulin resistance, visceral obesity,
dyslipidemia and hypertension. Studies suggest that the increased energy
intake can enhance the production of reactive oxygen species (ROS), which
has been directly related to the complications of MetS and to the development
of neurological and neuropsychiatric disorders. Bioactive compounds of
blueberry (Vaccinium virgatum) have demonstrated beneficial effects to
alterations observed in the MetS. Therefore, in the present study we
investigated the effect of blueberry fruit extract on metabolic, behavioral and
oxidative stress in the hippocampus and cerebral cortex of mice submitted to an
experimental model of MetS induced by a highly palatable diet (DHP). Mice
C57/BL6 were divided into 4 experimental groups: (1) received standard chow
and saline orally, (2) standard chow and blueberry hydroalcoholic extract (200
mg/kg, p.o), (3) DHP and saline orally, (4) DHP and blueberry hydroalcoholic
extract (200 mg/kg, p.o). The animals were treated for 150 days. Our results
showed that the animals treated with DHP presented insulin resistance,
increased body weight, visceral fat, glucose, triglycerides, and total cholesterol
when compared to control group. However, the blueberry extract prevented the
increase in these metabolic parameters. Similarly, the blueberry extract was
able to reduce the levels of thiobarbituric acid reactive substances (TBARS) in
the cerebral cortex and hippocampus of animals submitted to DHP. In contrast,
no differences were observed in the total thiol content, activity of the antioxidant
enzymes catalase (CAT) and superoxide dismutase (SOD). In addition, the
DHP fed animals showed a significant increase in immobility time in the forced
swimming test and blueberry prevented this alteration. However, no changes
were observed in the ambulatory behavior, as well as anxiolytic profile of these
animals. Altogether, our findings suggest that blueberry extract, administered
chronically, exhibit hypoglycemic, antidyslipidemic, antidepressant-like and
antiperoxidative effects in an animal model of MetS.

Keywords: Metabolic Syndrome. Blueberry. Phenolic compounds. Metabolic
parameters. Neurochemical parameters. Behavioral parameters.
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1 Introducéo

No Brasil tem sido observado um aumento progressivo da prevaléncia
da sindrome metabdlica (SM) devido as alteragées demografico-populacionais,
tais como envelhecimento da populagdo, aumento da expectativa de vida e,
principalmente, ao aumento da obesidade, o qual estd relacionado as
mudangas comportamentais e culturais, como o aumento do sedentarismo € a
alimentacao inadequada (XAVIER & MONTE, 2005).

A SM é caracterizada por uma combinagdo de fatores de risco
cardiovascular que incluem hiperglicemia, resisténcia a insulina (RI), obesidade
visceral, dislipidemia e hipertensao (ALBERTI et al., 2009; BRUCE & HANSON,
2010; DIANA et al., 2013; MAYUKO et al., 2013). Outros fatores que também
tém sido relacionados a SM desempenham um papel importante na agresséo
ao miocardio por meio da produgcdo de substancias com acdes
cardiovasculares e sistémicas, como a leptina, fator de necrose tumoral (TNF-
a), interleucina-1beta (IL-1B), interleucina-6 (IL-6) e proteina C reativa (PCR)
(BULLO et al., 2007; SHAH et al., 2008; HAJER et al., 2009; RUDOLF et al.,
2014).

Dados da literatura sugerem que o aumento energético pode induzir o
estresse oxidativo e aumentar a producdo de espécies reativas de oxigénio
(ERRO) (PIHL et al., 2006; DINIZ et al., 2008; WELLEN & THOMPSON, 2010).
Ainda, o aumento destas espécies tem sido diretamente relacionado com o
desenvolvimento da obesidade, aterosclerose, diabetes mellitus tipo 2 (DM2),
RI, doencas neuroldgicas e disturbios neuropsiquiatricos (FRANCA et al., 2013;
MURDOLO et al., 2013; ZHANG & YOA, 2013). Além disto, niveis elevados de
cortisol e citocinas pré-inflamatérias sdo observados em pacientes com SM que
apresentam sintomas clinicos depressivos (PENNINX et al., 2003; HOWREN et
al., 2009; GRAGNOLI, 2014). RUDOLF e colaboradores (2014) sugerem que
niveis elevados de citocinas responsaveis pelo desenvolvimento da SM tais
como a IL-6, estdo entre os mais consistentes achados em individuos com

depressdo. Ainda, este estudo mostrou que concentragcoes elevadas de
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insulina e PCR em individuos depressivos, 0 que suporta a hipotese da
interacao entre depressdo e SM (RUDOLF et al., 2014).

Estudos epidemiologicos revelam que compostos bioativos produzidos
pelo metabolismo secundario vegetal, tais como as antocianinas, flavonoides e
outros compostos fenodlicos apresentam varias atividades, incluindo
antioxidante, anti-inflamatéria,  antidepressiva, anti-hipertensiva, anti-
hiperlipidémica e hipoglicemiante (MARY et al., 2009; BRONEEL et al., 2010;
PAREDES - LOPEZ et al., 2010; OSAMA et al., 2011; KUMAR et al., 2012).
Neste contexto, extratos de raizes, caules, folhas e frutos de mirtilo (Vaccinium)
contém varias substancias ativas que podem reduzir as complicagées da SM
(TSUDA et al., 2003; MARTINEAU et al., 2006; LEE et al., 2014). Ainda, estes
extratos podem apresentar protecdo contra os danos oxidativos em diferentes
condi¢des patologicas, uma vez que, os compostos fendlicos presentes tém
sido demonstrados como inibidores potentes da peroxidacao lipidica quando
comparados a outros antioxidantes (KONG et al., 2003; BAGCHI et al., 2004;
MOSKAUG et al., 2005).

Estudos em modelos animais e em culturas de células com o objetivo de
modular a resposta inflamatoria utilizando antocianinas observaram inibicdo da
secrecao de citocinas proé-inflamatérias (TESUDA et al., 2002; HERATH et al.,
2003; LEE et al., 2014). O aumento na producao destas citocinas e de ERO
tem sido observado em diversas patologias, dentre elas a SM e a depressao
(ZEUGMANN et al., 2010; PYYKKONEM et al., 2012 RYBKA et al., 2013). Em
animais e humanos, caracteristicas sintomaticas da SM estdo relacionadas
com o consumo de uma dieta rica em carboidratos, podendo induzir a

inflamacéo, o estresse oxidativo e disturbios cognitivos.
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2 Objetivos

Objetivo Geral

O objetivo geral desse trabalho foi avaliar os efeitos do consumo de
extrato hidroalcodlico de frutos de Vaccinium virgatum sobre o perfil glicidico e
lipidico, parametros de estresse oxidativo e comportamentais em camundongos

submetidos ao modelo de SM induzido por uma dieta hiperpalatavel.

Objetivos Especificos

e Avaliar in vivo a atividade anti-dislipidémica e hipoglicemiante do extrato

de frutos de Vaccinium virgatum no modelo animal de SM,;

e Avaliar o efeito do extrato de Vaccinium virgatum sobre parametros
comportamentais (campo aberto, teste do nado for¢cado e labirinto em

cruz elevado) no modelo animal de SM;

e Avaliar in vivo a agao antioxidante do extrato dos frutos de Vaccinium
virgatum em hipocampo e cortex cerebral de animais submetidos ao
modelo de SM através da determinagdo dos seguintes parametros:
substancias reativas ao acido tiobarbitarico (TBARS), conteudo tidlico
total, atividade das enzimas antioxidantes catalase (CAT) e superoxido
dismutase (SOD).
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3 Revisao da Literatura

Sindrome Metabolica

A SM é caracterizada por uma combinacdo de fatores de risco
cardiovascular que incluem hiperglicemia, RI, obesidade visceral, hipertensao e
dislipidemia, como aumento dos triglicerideos (TG) e diminuicdo das
concentracdes de lipoproteinas de alta densidade (HDL). Os sintomas da SM
pioram com o aumento do consumo de alimentos de alta densidade energética
e a inatividade fisica (FRANSSEN et al., 2008; ALBERTI et al., 2009; BRUCE &
HANSON, 2010; DIANA et al., 2013; MAYUKO et al., 2013).

O estudo da SM tem sido dificultado pela auséncia de consenso na sua
definicdo e nos pontos de corte dos seus componentes. Existem pelo menos
dois critérios que tém sido adotados na pratica clinica: um proposto pelo
National Cholesterol Education Program (NCEP), que apresentou a terceira
revisdo das diretrizes para diagndstico e controle das dislipidemias, o Adults
Treatment Painel, ATP Ill, conhecido como NCEP-ATP IIl (2001), e o outro
ditado pela Organizacdao Mundial da Saude (OMS) (ALBERTI & ZIMMET,
1998).

Sao classificados como portadores da SM pela definicdo do NCEP-ATP
[l (2001), aqueles que apresentam trés ou mais dos seguintes critérios:
circunferéncia abdominal elevada (>102 cm em homens e >88 cm em
mulheres), aumento dos TG (>150 mg/dL), diminuicdo do HDL (<40 mg/dL em
homens e <50 mg/dL em mulheres), hipertensdo arterial sistémica (pressao
arterial >130/85 mm/Hg ou uso de medicagao anti-hipertensiva) e glicemia de
jejum =110 mg/dL.

Segundo a definicdo da OMS (1998), os parametros diagndsticos
observados séao: intolerancia a glicose ou Rl e dois ou mais dos seguintes
critérios: hipertensao arterial sistémica, (pressao arterial >140/90 mm/Hg ou
uso de medicagdo anti-hipertensiva), aumento dos TG (>150 mg/dL),
diminui¢do do HDL (<35 mg/dL em homens e <39 mg/dL em mulheres), relagédo
cintura/quadril elevada ( >90cm para homens e 85 cm para mulheres) e/ou

indice de massa corporal (IMC) >30 Kg/m? e microalbuminuria (taxa de
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excec¢do de albumina >20 pg por minuto). Dentre os critérios definidos, os
adotados pelo NCEP-ATP IIl (2001) sdo os mais recomendados pela | Diretriz
Brasileira de Diagnoéstico e Tratamento da Sindrome Metabdlica por sua
simplicidade e praticidade.

Apesar da fracdo de lipoproteina de baixa densidade (LDL) circulante
nao constar nos critérios de diagndstico da SM, niveis plasmaticos elevados de
LDL sdo considerados um dos principais fatores de risco para o

desenvolvimento de doencga aterosclerotica cardiovascular (XAVIER et al.,
2004). Uma das hipoteses sobre a aterogénese refere-se a disfuncdo endotelial
induzida pela acao dos fatores de risco, em especial, pela exposi¢do do
endotélio vascular a LDL oxidada, aumentando assim o estresse oxidativo,

injuria vascular e acumulo de células espumosas (XAVIER et al., 2004;
MENUET et al., 2005). A oxidacdo € um dos processos de modificacdo das
LDL mais estudados. Atualmente se aceita que uma pequena proporcao destas
particulas seja modificada ainda na circulagédo e que a oxidagdo continue apos
a entrada na camada intima das artérias, em ambiente pro-oxidante,
caracterizando condigOes pro-aterogénicas (KOVANEN & PENTIKAINE, 2003).

A principal causa do desenvolvimento da SM tem sido um desafio para
os pesquisadores. No entanto, a Rl e a obesidade visceral sdo considerados os
principais componentes (DE CARVALHO VIDIGA et al., 2013). Sabe-se que a
secrecao de insulina é controlada pelo nivel plasmatico de glicose que estimula
as células B-pancreaticas a produzirem e secretarem maior quantidade deste
horménio. Quando a liberagdo de uma quantidade normal de insulina néo é
capaz de manter os niveis normais de glicose plasmatica, ocorre um aumento
da secrecao da insulina até a glicemia retornar aos valores normais (KOVAC et
al., 2007). A ativacdo do receptor de insulina resulta na translocagdo da
proteina transportadora de glicose 4 (GLUT4) do citosol para a membrana
celular, o que permite a entrada de glicose na célula. A Rl pode decorrer de
diversos fatores: defeitos na secrecédo e/ou acgao da insulina por menor numero
de receptores ou menor afinidade destes, reducao na quantidade de GLUT4 ou
na translocacdo de GLUT4 para a membrana, sendo este ultimo considerado
como o fator mais importante (SANTOS et al., 2006).
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A obesidade visceral contribui para estados pro-inflamatérios e pré-
oxidantes, assim como para alteragcbes no metabolismo da glicose e dos
lipidios (FERNANDEZ et al., 2010; SAVINI et al., 2013). Isto ocorre devido ao
acumulo de tecido adiposo na regido do abdémen. A disfungdo deste tecido
aumenta a capacidade de sintetizar moléculas com agdes pro-inflamatérias
denominadas adipocitocinas, que apresentam um papel importante nas
complicagdes associadas a SM e obesidade (BULLO et al., 2007; HAJER et al.,
2008; SHAH et al., 2008). Os niveis de TNF-a no plasma se elevam
persistentemente em individuos obesos ou com DM2 e em pacientes com
problemas cardiovasculares. Seu papel principal é mediado pela modulag&o da
atividade do GLUT4 (BULLO et al., 2007; HAJER et al., 2008). Assim como o
TNF-a, niveis elevados de IL-6 tém sido associados com aumento do risco de
desenvolver DM2, infarto agudo do miocardio e desenvolvimento de doencas
neurolégicas (BULLO et al., 2007; RUDOLF et. al., 2014). Um dos efeitos mais
importantes da IL-6 € o controle da produgédo da PCR, que por sua vez induz a
sintese de outras citocinas, como a molécula de adesdo celular vascular
(VCAM) ou a molécula de adeséo intracelular soluvel (sICAM) e propicia uma
ligacao entre a inflamacao e a aterosclerose (BULLO et al., 2007).

Varios horménios possuem papel fundamental na manutencdo do peso
corporal. A leptina € um horménio peptidico formado por 167 aminoacidos,
transcritos a partir do gene ob, que foi originalmente clonado em camundongos.
(ROMERO & ZANESCO, 2006). Este horménio esta envolvido na homeostase
energética, atuando na estimulacdo da captacado de glicose, na lipdlise nos
adipdcitos, na redugcdo da ingestdo energética e na expressao de proteinas
desacopladoras (UCPs) em diversos tecidos (ROMERO & ZANESCO, 2006;
SCHERER et al., 2013).

Os individuos obesos apresentam elevados niveis plasmaticos de
leptina, cerca de cinco vezes maiores do que aqueles encontrados em
individuos eutroficos. Estima-se que a presenca de altos niveis de leptina seja
um indicativo de resisténcia a este hormdnio, ou pela alteracdo da sua sintese
e/ou secrecao, por alteracbes no transporte cerebral ou por deficiéncia nos
receptores (ROMERO & ZANESCO, 2006; SCHERER et al.,, 2013). A

hiperleptinemia, encontrada em individuos obesos, é atribuida a alteragées no
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receptor de leptina ou a uma deficiéncia em seu sistema de transporte na
barreira hematoencefalica, fendbmeno denominado resisténcia a leptina
semelhante ao que ocorre na DM2 (PARACCHINI & PEDOTTI, 2005;
ROMERO & ZANESCO, 2006).

Em contraste a maioria das adipocitocinas, a expressao de adiponectina
diminui com o aumento do tecido adiposo (LENZ & DIAMOND Jr., 2008). Os
efeitos metabodlicos desta citocina devem-se a melhora na sensibilidade a
insulina, reducdo na secrecao de glicose no figado e aumento na captacao de
glicose no tecido adiposo (ANTUNA-PUENTE et al., 2007; LENZ & DIAMOND
Jr., 2008; BONET et al., 2009). Os efeitos anti-inflamatorio e antiaterogénico
devem-se a inibicdo do crescimento de precursores de macréfagos e sua
diferenciacdo em células espumosas, inibicdo da adesdo de mondcitos na
parede vascular por reduzir a expressdo de moléculas de adesao e inibicdo na
remodelagem e proliferacdo de células musculares da parede vascular (BRAY
et al.,, 2009). Dentro deste contexto, tem sido relatado que a diminuicdo de
tecido adiposo na regidao do abdémen pode afetar diretamente o balanco
energético e a funcdo da insulina por aumentar os niveis de adiponectina e
diminuir os niveis de citocinas pro-inflamatdrias, tais como TNF-q, IL-6, PCR,
dentre outras (BUSETO et al., 2008).

O tratamento da SM com objetivo de melhorar a Rl preconiza a perda de
peso e a adocgao da pratica regular de exercicio fisico, pois promovem melhora
da sensibilidade a insulina reduzindo os riscos de complicagdes
cardiovasculares (TUOMILETHO, 2005; LUDWIG et al., 2012). O tratamento
farmacolégico para reducdo do peso inclui os inibidores de apetite, como
derivados da fentermina e sibutramina, e inibidores da absorgao de nutrientes
(WILSON & GRUNDY, 2003). No entanto, esses medicamentos nao tem sido
muito utéis no tratamento da obesidade devido a baixa eficdcia e inumeros
efeitos adversos provocados, prejudicando a adesao ao tratamento (ECKEL et
al, 2005).

O NCEP - ATP lll recomeda como alvo principal da terapéutica
hipolipidémica a reducdo dos niveis elevados de LDL, através dos
medicamentos da familia das estatinas (TUOMILEHTO, 2005). Além disto, os
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fibratos e o acido nicotinico (niacina) sdo utilizados para a redugéo dos TG e
para o aumento do HDL (SBC, 2005).

O tratamento medicamentoso da hipertensao arterial na SM visa reduzir
a morbidade e a mortalidade cardiovascular. Os beneficios podem ser
alcancados pelo uso de diuréticos, inibidores adrenérgicos, inibidores da
enzima conversora da angiotensina, antagonistas do receptor AT1 da
angiotensina |l, antagonistas de canais de calcio e vasodilatadores diretos
(SBC, 2005).

Com o avango dos estudos e conhecimentos dos mecanismos
envolvidos no controle da fome e saciedade, além do desenvolvimento de
novas tecnologias, outros medicamentos estdo sendo estudados e
desenvolvidos para o tratamento da SM. A terapia inclui medicamentos que
atuam sobre neurotransmissores, horménios associados a obesidade (leptina e
grelina), aumentam o gasto energético até suplementos com propriedades
antioxidantes e anti-inflamatorias (BAYS, 2004). Dentro deste contexto, € de
extrema importancia a busca por alvos terapéuticos que contemplem a gama
de condi¢des presentes nesta sindrome. Neste sentido, os frutos vermelhos,
como o mirtilo, sdo uma fonte importante de produtos biologicamente ativos,
devido a imensa diversidade em termos de estrutura, propriedades fisico-
quimicas ou bioldgicas (SIMOES et al., 2007; BASU & LYONS 2012).
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Sindrome Metabdlica e Estresse Oxidativo

As ERO sao formadas continuamente no metabolismo celular. Estas
espécies incluem ndo apenas radicais livres, como anion superéxido (O2*),
radical hidroxila (OHe) e oxigénio singleto, mas também alguns derivados nao
radicalares de oxigénio, como peroxido de hidrogénio (H202) e acido
hipocloroso (HCIO) (HALLIWELL & GUTTERIDGE, 2007; RAJENDRAN et. al.,
2014). Varias organelas podem gerar ERO, estas incluem as mitocéndrias, o
reticulo endoplasmatico e os peroxissomos. Em adi¢do, varias enzimas,
incluindo oxidases e oxigenases, geram ERO, como parte de seus ciclos de
reacdo enzimatica (Figura 1) (HOLMSTROM & FINKEL, 2014). A producéo
destas espécies tem sido observada em diversas condi¢des fisiolégicas, como
por exemplo, na fagocitose, fosforilagcdo de proteinas, apoptose, diferenciacao
celular, na coordenacdo da resposta inflamatoria, na sinalizagdo celular e na
regulacdo do tonus vascular e controle da ventilaggo (HALLIWELL &
GUTTERIDGE, 2007; RAJENDRAN et. al., 2014). Entretanto, quando formadas
em excesso, podem oxidar diversas biomoléculas, como os lipidios, as
proteinas e o DNA (HALLIWELL & GUTTERIDGE, 2007; VENTURINI et al.,
2011; HOLMSTROM & FINKEL, 2014; RAJENDRAN et. al., 2014). A oxidagéo
destas biomoléculas parece contribuir para o desenvolvimento de varias
patologias, incluindo doencgas neuroldgicas, aterosclerose, diabetes e cancer
(HOLMSTROM & FINKEL, 2014; RAJENDRAN et. al., 2014).
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Figura 1- Fontes intracelulares de espécies reativas de oxigénio (HOLMSTROM & FINKEL,
2014).

A fim de evitar os efeitos deletérios das ERO, o organismo dispoe de
mecanismos eficientes para a detoxificacdo destes agentes oxidantes,
conhecidos como defesas antioxidantes. Estas defesas podem proteger contra
as espeécies reativas por uma variedade de mecanismos diferentes, incluindo,
remogao catalitica realizada pelas enzimas antioxidantes, redugédo da formacgéao
destas espécies por meio de proteinas como albumina e transferrina, protecéao
de biomoléculas contra o dano oxidativo (como exemplo as chaperonas),
oxidacao pelas ERO a fim de preservar importantes biomoléculas como, por
exemplo, bilirrubina, ascorbato, a-tocoferol (vitamina E), glutationa (GSH),
flavonodides, acido urico dentre outras (HALLIWELL & GUTTERIDGE, 2007;
HUANG et al., 2012; HOLMSTROM & FINKEL, 2014; RAJENDRAN et al.,
2014).

Em condicdes fisiologicas ha um balanco entre a producao de ERO e os
sistemas de defesa antioxidante, porém, em certas condi¢cdes patoldgicas pode
haver aumento da producdo de oxidantes e/ou diminuicdo dos niveis de
antioxidantes, resultando no que chamamos de estresse oxidativo (Figura 2).

Este termo se refere ao desequilibrio entre a capacidade antioxidante e as



26

ERO formadas, podendo resultar em dano aos componentes celulares
(HALLIWELL & GUTTERIDGE, 2007; RAJENDRAN, et. al., 2014).
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Figura 2- Producao e eliminacdo das ERO pelas enzimas antioxidantes (ROBERTS &
SINDHU, 2009).

Na SM ocorre um desequilibrio entre gordura, peso corporal,
lipoproteinas e lipidios (FRANCA et al., 2013). Este desequilibrio leva ao
aumento na producao de ERO e diminuicdo das defesas antioxidantes o que
interfere na suscetibilidade do organismo a lesdes oxidativas.

Estudos apontam que o aumento energético pode induzir o
estresse oxidativo e aumentar a produgcdo de ERO (PIHL et al., 2006; DINIZ et
al., 2008; WELLEN & THOMPSON, 2010). Além disto, o dano oxidativo pode
desempenhar um papel importante nas manifestagcées relacionadas a SM,
incluindo a obesidade visceral, aterosclerose, hipertensdo, DM2 e RI
(ROBERTS & SINDHU, 2009; FRANCA et al., 2013; MURDOLDO et al., 2013).

Sabe-se que a hiperglicemia, presente em individuos com SM, leva ao
aumento na producdo de espécies reativas na mitocdndria, por aumentar o
gradiente de prétons na membrana mitocondrial interna. Quando este gradiente
excede o limiar, a transferéncia de elétrons no complexo Il da cadeia

transportadora de elétrons é bloqueada, levando a um escape de elétrons da
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ubiquinona, com formacao de O,* (CHOI et al., 2008). Ainda, o aumento nos
niveis de AGL nos tecidos e na circulacdo também leva a um aumento na
producdo de ERO causando um desequilibrio entre a producao e eliminacao
destas espécies pelos sistemas de defesa celular (AVIGNON et al., 2012).
Estes AGL sao conhecidos como ativadores da producao de O,* dependente
de NADPH oxidase (Figura 3) em varias células, inclusive as fagociticas
(SCHONFELD & WOJTCZACK, 2008; MURDOLO et al., 2013).
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Figura 3- Complexo ativo da enzima NADPH-oxidase. Complexo formado pela
montagem de subunidades associadas a membrana (p22°P"x e gp91°Phox) e
subunidades citosolicas (p47°hx, Rac, p40rhx,  p67ehex),  (SCHONFELD &
WOJTCZACK, 2008).

Alguns estudos demonstraram que o aumento de ERO estd associado
ao aumento na expressdo de NADPH oxidase, e expressdo reduzida de
enzimas antioxidantes, e que o estresse oxidativo aumentado neste tecido esta
fortemente correlacionado com aumento de marcadores inflamatérios,
desregulacao de adipocitocinas, hipossecrecao de adiponectina e RI (Figura 4)
(TRIPATHY et al., 2003; FURUKAWA et al., 2004; REGE et al., 2013; LIU &
LIOYD, 2013). Além disto, sabe-se que o estresse oxidativo medeia processos
neuropatolégicos de uma série de doencas neurodegenerativas e disturbios
neuropsiquiatricos, e dados recentes tém sugerido o seu envolvimento na
fisiopatologia da depressdo (KUMAR et al., 2012; MAGALHAES et al., 2012;
RYBKA et al., 2013; ZHANG & YOA, 2013). Ainda, alguns estudos demonstram
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uma possivel associacao entre o estresse oxidativo, depressdo, SM e citocinas
pré-inflamatérias e sugerem que componentes presentes na SM s&o a principal
causa de mortalidade em individuos com disturbios neuropsiquiatricos (KAHL
et al., 2005; CAPURON et al., 2008; ZEUGMANN et al., 2010; PAN et al., 2012;
PYYKKONEM et al., 2012).

Alguns pesquisadores sugerem que niveis elevados de mediadores pro-
inflamatorios responsaveis pelo desenvolvimento da SM tais como a IL-6, estao
entre 0s mais consistentes achados em individuos com depressao. Ainda,
concentragdes elevadas de insulina e PCR foram encontradas em individuos
depressivos, o que suporta a hipdétese da interacdo entre depressdo e SM
(RUDOLF et al.,, 2014). Elevados niveis de IL-6 presentes na depressao
também estdo relacionadas com o ganho de peso e o acumulo de tecido
adiposo visceral (MAES et al., 2012).

A depressdao também tem sido associada com altos niveis de cortisol.
Sabe-se que o estresse causa a hiperativacdo do eixo hipotalamo-pituitaria-
adrenal (HPA), pelo desencadeamento da secrec¢ao hipotaléamica do horménio
liberador de corticotropina (CRH), que estimula a hipofise anterior a liberar o
horménio adrenocorticotréfico (ACTH), fazendo com que a secrecdo de cortisol
aumente. Altos niveis de cortisol podem alterar o humor, bem como causar
hiperglicemia, RI, e outros fatores presentes na SM (WEIGENSBERG et al.,
2008; GRAGNOLI, 2014). A hiperativacado do eixo HPA pode ocorrer devido a
variacdes nos genes de receptores do CRH, melanocortina, glicocorticéides,
entre outros, que podem ser parcialmente responsaveis pela associagdo de
depressao, DM2 e SM (WEIGENSBERG et al., 2008; GRAGNOLI, 2014).
Diante disto, o aumento dos niveis de cortisol e a inflamag¢ao podem contribuir
para o aumento da prevaléncia de depressao em individuos com SM e, assim
como o estresse oxidativo, pode também estar envolvido na fisiopatologia
deste transtorno de humor (PAN et al., 2012; PYYKKONEM et al., 2012;
GRAGNOLI, 2014).
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Figura 4- Esquema ilustrando como o aumento da producdo espécies reativas de
oxigénio (ERO) no tecido adiposo esta correlacionado com aumento de marcadores
inflamatorios e desenvolvimento da sindrome metabdlica (Adaptado de FURUKAWA et
al., 2004).

3.3. Sindrome Metabdlica e Frutos Vermelhos

Os frutos vermelhos como o mirtilo (Vaccinium sp.), amora silvestre
(Rubus sp.), groselha preta (Ribes nigrum) e vermelha (Ribes uva-crispa), uva
(Vitis vinifera), framboesa vermelha (Rubus idaeus) e preta (Rubus
occidentalis) sdo uma importante fonte de micronutrientes e compostos
fitoquimicos que promovem beneficios a saude e reduzem o risco de
desenvolvimento de doengas crdnicas nao transmissiveis, como por exemplo
as doencas cardiovasculares (SEERAM, 2008; SZAJDEK & BOROWSKA
2008; BASU & LYONS 2012). Dentre os compostos presentes nestes frutos,
destacam-se os polifendis, tais como flavondides, taninos condensados,
taninos hidrolisaveis e acidos fendlicos, cujas propriedades bioldgicas tém sido
atribuidas aos seus altos niveis e sua ampla diversidade (FERREIRA et al.,
2010; HIRSCH, 2011).

Estes frutos sao importantes componentes da nossa dieta diaria e por
apresentarem varios compostos bioativos sao utilizados em terapias
tradicionais para o tratamento de varias patologias, incluindo diabetes,
obesidade e SM (DEVALARAJA et al.,, 2011). O efeito protetor tem sido
atribuido, em grande parte, as propriedades biologicas, tais como atividade
antioxidante, anti-inflamatéria,  hipocolesterolémica e  hipoglicemiante
(CHERNIACK, 2011).
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O mirtilo € um fruto silvestre do género Vaccinium que pertence a familia
das Ericaceas (Figura 5), sendo um fruto de clima temperado que apresenta
grande importancia comercial, especialmente nos Estados Unidos e em alguns
paises da Europa (FACHINELLO, 2008). No Brasil, seu consumo esta
vinculado aos conceitos de saude e sofisticagcdo. Sua disponibilidade,
versatilidade e variedade de formas de apresentagcdo, permitem que seja
incorporado em uma ampla variedade de formulagdes durante quase todo o
ano (PAYNE, 2005). O Rio Grande do Sul é o estado com maior destaque na
producdo de mirtilo, ocupando uma area de 65 ha e producdo aproximada de
150 toneladas (FACHINELLO, 2008). As primeiras plantas foram trazidas em
1980, pela EMBRAPA - Clima Temperado (Pelotas - RS) oriundas da
Universidade da Flérida (Estados Unidos). O plantio comercial iniciou em 1990,
na cidade de Vacaria (RS) (HOFFMAN & ANTUNES, 2004).

Figura 5- Fruto de mirtilo (Vaccinium virgatum) (PERTUZATTI, 2009).

Os frutos de mirtilo tém despertado a atencao dos pesquisadores devido
aos seus efeitos positivos na promog¢éo da saude e na prevencao de algumas
patologias. O efeito benéfico tem sido atribuido a uma ampla variedade de
compostos bioativos, principalmente de antocianinas (LIU et al.,, 2002;
GIOVANELLI & BURATTI de 2009; YOU et al., 2011). Dentre as antocianinas
presentes no mirtilo destacam-se a petunidina-3-glicosideo, cianidina-3-
glicosideo, delfinidina-3-glicosideo, delfinidina-3-galactosideo e a malvidina-3-
glicosideo (BELITZ & GROSCH, 1997).
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Estudos epidemiologicos revelam que compostos produzidos pelo
metabolismo secundario vegetal, tais como antocianinas, flavonoides e outros
compostos fendlicos apresentaram resultados benéficos em alteragdes
presentes na SM devido as agbes antioxidante, anti-inflamatoria,
antidepressiva, anti-hipertensiva, anti- hiperlipidémica e hipoglicemiante (MARY
et al., 2009; BRONEEL et al., 2010; PAREDES - LOPEZ et al., 2010; OSAMA
et al., 2011; KUMAR et al., 2012). Alguns estudos demonstraram que extratos
de frutos de mirtilo contém varias substancias ativas que podem reduzir as
complicacdes presentes na SM (TSUDA et al., 2003; MARTINEAU et al., 2006;
LEE et al., 2014). DEFURIA e colaboradores (2009) relataram efeitos
favoraveis do mirtilo sobre a DM2 em modelos animais. Estes pesquisadores
verificaram que em ratos alimentados com elevada quantidade de gordura e
suplementados com mirtilo ocorreu uma diminuicdo da RI e de citocinas proé-
inflamatoérias, comparativamente com os ratos alimentados apenas com uma
dieta rica em gordura. Além disto, as antocianinas presentes no mirtilo
melhoraram o perfil lipidico e reduziram a concentragao de colesterol tota (CT)
aumentando a excregado fecal de acidos e esterdis neutros em animais
alimentados com uma dieta rica em colesterol (LIANG et al., 2013). Ainda,
extratos de frutos de mirtilo demonstraram protecao contra o estresse oxidativo
observado em diferentes condi¢des patologicas, uma vez que os compostos
fendlicos presentes inibiram a peroxidagao lipidica, quando comparados a
outros antioxidantes. (KONG et al., 2003; BAGCHI et al., 2004; MOSKAUG et
al., 2005).

Estudos em modelos animais e em culturas de células com o objetivo de
modular a resposta inflamatodria utilizando antocianinas observaram inibi¢cdo da
secrecdo de citocinas pro-inflamatorias, tais como interleucina-8 (IL-8), PAI-1,
IL-1, IL-6, TNF-a e fator nuclear kappa B (NF-KB) (TESUDA et al., 2002;
HERATH et al.,, 2003; LEE et al.,, 2014). O aumento na producao destas
citocinas e o estresse oxidativo estdo envolvidos na fisiopatologia de uma
variedade de doencas, dentre elas a SM e a depressao (ZEUGMANN et al.,
2010; PYYKKONEM et al, 2012; RYBKA et al., 2013). KUMAR e
colaboradores (2012) demonstraram propriedades antidepressivas de extrato

de mirtilo em animais submetidos ao modelo de depressao induzida pelo
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estresse crbénico, o que pode ser atribuido a inibicdo de Oxido nitrico no
cérebro. Esta molécula atua como segundo mensageiro e tem sido implicada
na neurotransmissao, plasticidade sinaptica, aprendizado, agressividade e
depressao (KUMAR et al., 2012). Em outro estudo, PAPANDREOU e
colaboradores (2009) avaliaram a administracdo de extratos de mirtilo em
camundongos submetidos a testes de desempenho cognitivo. Os
pesquisadores demonstraram que a suplementagcdo com estes extratos esta
intimamente relacionada com a inibicdo da atividade da acetilcolinesterase,
aumento da protecdo contra os danos oxidativos, aumento dos niveis de GSH
e ascorbato no coértex cerebral e uma melhora significativa na aprendizagem e
memoria quando comparados ao grupo controle.

Varios estudos cientificos tém demonstrado os efeitos benéficos do
mirtlo em varias patologias, tais como doencas neurologicas e
neuropsiquiatricas, obesidade, diabetes, doencas cardiovasculares, dentre
outras. Neste sentido, estes estudos podem definir a importancia do consumo
destes frutos ou de seus derivados na modulacdo de biomarcadores
especificos de estresse oxidativo subjacentes a SM (BASU & LYONS, 2012).
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Capitulo 1

Manuscrito

Todos os resultados dessa dissertagao
serdao apresentados na forma de
manuscrito.
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Abstract

The aim of this study was to investigate the effect of blueberry fruit
extract on metabolic, behavioral and oxidative parameters in the hippocampus
and cerebral cortex of mice submitted to an experimental model of MetS
induced by a highly palatable diet (DHP). Mice C57/BL6 were divided into 4
experimental groups: (1) received standard chow and saline orally, (2) received
standard chow and blueberry hydroalcoholic extract (200 mg/kg, p.o), (3)
received DHP and saline orally, (4) received DHP and blueberry hydroalcoholic
extract (200 mg/kg, p.o). The animals were treated for 150 days. Our results
showed that the animals treated with DHP presented insulin resistance,
increased body weight, visceral fat, glucose, triglycerides, and total cholesterol
when compared to control group. However, the blueberry extract prevented the
increase in these metabolic parameters. Similarly, the blueberry extract was
able to reduce the levels of thiobarbituric acid reactive substances in the
cerebral cortex and hippocampus of animals submitted to DHP. In contrast, no
differences were observed in the total thiol content, activity of the antioxidant
enzymes catalase and superoxide dismutase. In addition, the DHP fed animals
showed a significant increase in immobility time in the forced swimming test and
blueberry prevented this alteration. However, no changes were observed in the
ambulatory behavior, as well as anxiolytic profile of these animals. Overall, our
findings suggest that chronic consumption of blueberry extract exhibit
hypoglycemic, hipolipidemic, antidepressant-like and antiperoxidative effects in

an animal model of MetS.

Keywords: Metabolic Syndrome. Blueberry. Phenolic Compounds. Metabolic

parameters. Neurochemical parameters.
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1. Introduction

Obesity is a chronic pathological condition characterized by accumulation
adipose tissue associated with an increased risk of multiple morbidities and
mortality [1-3]. Further, the obesity is causally linked to metabolic syndrome
(MetS), a cluster of factors including insulin resistance, increased abdominal fat,
dyslipidemia and hypertension [4]. MetS is also characterized by low high-
density lipoprotein (HDL) cholesterol in association with elevated triglyceride
levels that commonly precedes the development of type 2 diabetes and heart
disease [4,5]. Furthermore, the increase in plasma free fatty acids (FFA)
concentrations in normal subjects to levels comparable to those observed in
obese individuals also induces oxidative stress, inflammation and subnormal
vascular reactivity [6].

Abnormally high levels of free radicals and the loss of antioxidant
defense mechanisms lead to damage to the cellular organelles and enzymes,
increased lipid peroxidation, DNA damage, and protein derivatives, the
development of insulin resistance, depression and neurobehavioral and
cognitive deficit [2,7-10]. Epidemiological studies reveal that bioactive
compounds produced by the secondary metabolism of plant foods as
anthocyanins, flavonoids and other phenolic compounds show multiple
biological functions including antioxidant, anti-inflammatory, anti-hypertensive,
anti-hyperlipidemic and hipoglicemic [11-14]. Blueberries (Vaccinium sp) are
known to contain high levels of anthocyanins, flanonoids and phenolic
compounds [15-17]. Extracts of roots, stems, leaves and fruits of blueberry
contain several active ingredients that may reduce complications of diabetes
and obesity [18-20]. In addition, these extracts have demonstrated protection
against damage from oxidative stress in different pathologic conditions, such as
cardiovascular disorders, advancing age-induced oxidative stress inflammatory
responses, degenerative diseases, and to trigger genetic signaling in promoting
human health and disease prevention [21-24].

Some authors demonstrated that animals supplemented with blueberry
fruit have decreased weight gain and food intake, improvement in cognitive and

motor performance and protection of short-term memory decline [25-27].
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Moreover, blueberry supplementation prevented the development of
impairments in neurochemistry, synaptic transmission and behavior in rodent
models of brain aging [28,29].

In animals and humans, symptomatic features of MetS are linked to
consumption of high-carbohydrate diets, inducing inflammation, oxidative stress
and cognitive disorders. In this respect, we assessed the effects of blueberry
extracts on lipid and glycemic profile, oxidative stress and behavioral

parameters in mice fed with a highly palatable diet.

2. Materials and Methods

Chemicals and Procedures

All reagents were purchased from Sigma Chemical Company® (St. Louis,
MO, USA). All solvents were purchased from Vetec® AG (Rio de Janeiro,

Brazil). All reagents were of analytical grade.

Extraction

Vaccinium virgatum fruits was harvested in orchard at Federal University
of Pelotas (31948%12.48"S and 52230“34.08"“W). The extracts were prepared
according Bordignon et al. [30], with modifications. Unprocessed freeze
rabbiteye blueberry fruits (30 g) were sonicated for 30 min at 25°C in 90 mL
70:30 v/v ethanol-water. The pH solution was adjusted to 1.0. After, the crude
extracts were filtered; the ethanol evaporated under reduced pressure and the
remaining aqueous solution was lyophilized yielding the tested samples. These

procedures were performed in triplicate and sheltered from light.

Total flavonoid content
The total flavonoid content in samples was determined according to
Miliauskas et al. [31] with minor modifications. The calibration curve was
prepared by mixing aliquots of 1 mL of an ethanolic solution of rutin in
concentrations of 100, 150, 200, 300, 450 and 500 pg/mL with 1 mL of an
ethanolic solution of 20 g/L aluminum chloride and diluted with 25 mL of
ethanol. The absorptions were measured at 415 nm after 40 min. These

readings were used to draw the calibration curve. The absorption of each
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blueberry sample was measured under the same conditions. Data are mean *
SD values expressed as milligrams of rutin per 100 g of fresh fruit and 1 g of

dried extract. All analyses were performed in triplicate.

Total phenolic content

The total phenolic content was determined according to Singleton et al.
[32] with slight modifications. The calibration curve was first prepared by mixing
125 mL aliquots of an ethanolic solution of gallic acid in concentrations of 100,
150, 200, 300, 450 and 500 pg/mL, 500 pL of distilled water and 125 pL of Folin-
Ciocalteau reagent. After 3 min 1.25 mL of a 7% solution of sodium carbonate
was added and 1 mL of distilled water making a final volume of 3 mL. The
readings were performed after 90 min. on a wavelength of 760 nm. Dataare
mean + SD values expressed as milligrams of gallic acid per 100 g of fresh fruit

and 1 g of dried extract. All analyses were carried out in triplicate.

Total anthocyanin content
Anthocyanins were quantified by the pH differential method [33,34].
Calculation of the anthocyanin concentration was based on cyanidin 3-
glucoside in molar extinction coefficient of 26.900 and molecular weight of 449.2
g/mol. Data are mean = SD values expressed as milligrams of cyanidin-3-
glucoside per 100 g of fresh fruit and 1 g of dried extract. All analyses were

performed in triplicate.

Animals and drug treatments
Male C57/BL6 mice 21 days (25-30g) maintained at 21-25°C with free

access to water and food, under a 12:12 h light:dark cycle (lights on at 7:00

a.m.) were used throughout this study.

Mice were divided into four groups: (1) normal diet group (ND) + vehicle,
which received standard laboratory rat chow (50% carbohydrate, from starch,
22% protein and 4% fat) and saline orally; (2) ND + blueberry, which received
standard laboratory rat chow (50% carbohydrate, from starch, 22% protein and

4% fat) and 200 mg/kg/day of blueberry orally; (3) highly palatable diet group
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(HPD) + vehicle, which received a enriched sucrose diet (65% carbohydrates
being 34% from condensed milk, 8% from sucrose and 23% from starch, 25%
protein and 10% of fat) and saline orally (4) HPD + blueberry, which received a
enriched sucrose diet (65% carbohydrates being 34% from condensed milk, 8%
from sucrose and 23% from starch, 25% protein and 10% of fat) and 200
mg/kg/day of blueberry orally. All animals had free access to food and water.
The HPD protocol was performed according to the method described by Souza
et al. [35]. The dose of blueberry extract used in this study was chosen
according to Leibowitz et al. [36].

The experiments were performed after approval by the Ethics Committee
of the Institution (CEEA n° 10265) and all efforts were made to minimize animal

suffering.

Body weight gain and food intake

Changes in body weight and food intake patterns of mice were measured
throughout the experimental period. The weight of each mouse was recorded
on day 0 and at weekly intervals throughout the course of the study. The
quantity of food consumed by each group was recorded weekly, and the food

consumption per mouse was calculated for all groups.

Sample collection and biochemical assay

After 150 days of food and extract administration and 24 hours after the
last behavioral test, the animals of all groups were sacrificed by decapitation
after 6 h of fasting. At sacrifice, visceral fat was weighed and the blood
collected. Serum was obtained by centrifugation at 4000 rpm (4°C) for 15 min.
Cerebral cortex and hippocampus were collected and stored at -80°C for

subsequent biochemical analyzes.

Glucose tolerance test
Mice were injected intraperitoneally with 50% glucose solution load of 2
mg/g of body weight. The glucose levels for all the groups were estimated by
the glucometer (AccuChek Active, Roche Diagnostics®, USA) at 30, 60, and
120 min after the injection by a small tail puncture.
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Biochemical parameters
Measurements of serum glucose, total cholesterol and triglyceride levels
were determined using commercially available diagnostic kits supplied by
Labtest® (Labtest, MG, Brazil).

Behavioral analysis

All behavioral experiments were conducted between 9 a.m. and 6 p.m
under low-intensity light. All apparatuses were cleaned with a 10% ethanol

solution and then dried with a paper towel after each trial.

Forced Swim Test (FST)

The depressive-like behavior was evaluated by the total duration of
immobility in the forced swimming test, as previously described Kaster et al.
[37]. Briefly, in the FST, mice were individually forced to swim in an open
cylindrical container (diameter, 10 cm; height, 25 cm), with water at 25 + 1°C
and the total duration of immobility during a 6 min period was scored: mice were
judged to be immobile when they ceased struggling and remained floating
motionless in the water, making only those movements necessary to keep its

head above water.

Open-field Test
The ambulatory behavior was assessed in an open-field test as previously
described by Kaster et al. [38]. The apparatus consisted of a box measuring 40
x 60 x 50 cm with the floor of the arena divided into 12 equal squares and
placed in a sound-free room. Animals were placed in the rear left square and
left to freely explore it for 8 min during which time the number of squares
crossed with all paws (crossing) was counted. The apparatus was cleaned up

with a 70% alcohol solution and dried after each individual mouse session.

Elevated plus-maze
The evaluation of anxiety-related behaviors was carried out using the
elevated-plus maze [39]. The maze consists of a cross, made of two opposite
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closed arms and two opposite open arms (each with 31 cm long, 5 cm wide and
15 cm tall), set up 40 cm above the floor. Mice were placed at the center of the
cross and left to explore the apparatus during a total of 5 min. One entry was
considered when the mice placed the four paws inside an arm. We recorded the

time spent in the open and closed arms, as a measure of anxiety.

Oxidative stress parameters

2.6.1Tissue preparation

Cerebral cortex and hippocampus was homogenized in sodium
phosphate buffer pH 7.4 containing KCI (1:10, w/v). The homogenates were
centrifuged at 3500 rpm for 10 min at 4°C. Immediately the supernatant was

separated and used for biochemical determinations.

Thiobarbituric acid-reactive substances (TBARS)

TBARS, a measure of lipid peroxidation, was determined according to
the method described by Ohkawa et al. [40]. Briefly, tissue supernatant was
mixed with 20% trichloroacetic acid and 0.8% thiobarbituric acid and heated in a
boiling water bath for 60 min. TBARS were determined by the absorbance at

535 nm and reported as nmol TBARS/mg protein.

Total thiol content assay
Total thiol content was determined using the DTNB (5,5'-dithiobis-2-
nitrobenzoic acid) method as described by Aksenov and Markesbery [41] with
some modifications. Briefly, 50 pL of de sample was mixed with 980 pL of PBS,
pH 7.5, containing 1mM EDTA. The reaction was started by the addition of 30
pL of 10 mM DTNB stock solution in PBS. The amount of TNB formed was

determined at 412 nm. The results were reported as nmol of TNB/ mg protein.

Catalase (CAT) assay
CAT activity was assayed according to Aebi [42] based on the
decomposition of H2O2 monitored at 240 nm at ambient temperature. One CAT
unit is defined as one pumol of hydrogen peroxide consumed per minute and the

specific activity is reported as units/mg protein.
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Superoxide dismutase (SOD) assay
SOD activity was measured by the method described by Misra and
Fridovich [43]. 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 per mg of protein.
Protein determination
Protein was determined by the method of Lowry [44] using bovine serum

albumin as standard.

Statistical analysis

The values are expressed as mean + S.E.M. Glucose tolerance was
analyzed by Repeated Measures analyses of variance (ANOVA) and
Bonferroni's post-hoc test. Parametric variables were tested by Two-Way
ANOVA and Bonferroni's post-hoc test. A value of P<0.05 was considered to be

significant. Analyses were performed using the software GraphPad PRISM 5°.

3. Results

3.1. Total phytochemical determination

Total content of anthocyanins in rabbiteye blueberry was 13.03 + 0.44
mg/g of dried extract and 76.86 + 2.56 mg/100 g of fresh fruit. Regard of total
content of flavonoids, we obtained 156.52 + 4.86 mg/g of dried extract and
923.47 = 28.67 mg/100 g of fresh fruit. In addition, the total content of phenolic
acid was 302.70 £ 8.13 mg/g of dried extract and 1785.93 + 47.97 mg/100 g of
fresh fruit.

Metabolic parameters

Table 1 shows that there was no significant differences in the initial
weight of the animals of all groups (blueberry treatment: [F(1,35) = 3.52,
P=0.07], diet: [F(1,35) = 1.32, P=0.26], interaction: [F(1,35) = 4.20, P<0.05]).
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However, treatment with blueberry (200 mg/kg, p.o.) reduced the weight gain of
the animals fed with the ND, as well as HPD (blueberry treatment: [F(1,33) =
49.14, P<0.001], diet: [F(1,33) = 31.90, P<0.001], interaction: [F(1,33) = 4.86,
P<0.05]) and reduced visceral fat (blueberry treatment: [F(1,28) = 34.28,
P<0.001], diet: [F(1,28) = 316.01, P<0.001], interaction: [F(1,28) = 9.56,
P<0.05]).

Additionally, blueberry treatment prevented the increase in serum
glucose levels (blueberry treatment: [F(1,36) = 53.61, P<0.001], HPD: [F(1,36)
= 52.02, P<0.001], interaction: [F(1,36) = 36.57, P<0.001]), triglycerides
(blueberry treatment: [F(1,11) = 7.10, P<0.05], HPD [F(1,11) = 6.89, P<0.09],
interaction: [F(1,11) = 38.87, P<0.001]) and total cholesterol (blueberry
treatment) [F(1,14) = 1.09, P=0.31], HPD [F(1,14) = 56.46, P<0.001],
interaction: [F(1,14) = 8.69, P<0.05]) caused by HPD.

To address insulin resistance, we performed the glucose tolerance test.
As can be seen in Fig. 1, the impairment in glucose tolerance induced by HPD

was prevented by blueberry treatment (P<0.05).

The depressant-like effect of highly palatable diet in the FST is prevented by

chronic consumption of blueberry extract

As shown in Fig. 2A, mice submitted to a HPD exhibited a significant
increase in immobility time in the FST as compared to control animals, an
indicative of a depressive-like state. Chronic treatment with blueberry extract
prevented the increase in immobility time (blueberry treatment: [F(1,31) = 5.19,
P<0.05], HPD: [F(1,31) = 7.04, P<0.05], interaction: [F(1,31) = 5.05, P<0.05]).

In order to rule out nonspecific motor effects that could influence activity
in the FST, mice were also submitted to the open-field test (Fig. 2B). No
significant alteration in the ambulatory behavior was observed in the open-field
test, suggesting that the effect of blueberry consumption in the FST are not
related to changes in the locomotor activity (blueberry treatment: [F(1,35) =
2.99, P=0.09], HPD: [F(1,35)=0.22,P=0.64], interaction: [F(1,35)=1.05,P=0.31]).
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Anxiogenic profile of mice submitted to highly palatable diet and chronic

blueberry consumption in the elevated plus-maze

No differences were found in the anxiogenic profile (time spent in the
open arm of the elevated plus maze; see Fig. 3A (blueberry treatment: [F(1,34)
= 0.65, P=0.43], HPD: [F(1,34) = 0.03, P=0.87], interaction: [F(1,34)= 0.06,
P=0.81]), or number of open arm entries; (Fig. 3B) of mice submitted to the
HPD e/or blueberry consumption (blueberry treatment: [F(1,34) = 0.80, P=0.38],
HPD: [F(1,34)=0.17, P=0.68], interaction: [F(1,34)= 0.48, P=0.49]). The
absence of ambulatory behavior alterations was further confirmed in the plus-
maze apparatus since no change was found in the total number of entries
between groups (Fig. 3C) (blueberry treatment: [F(1,34) = 0.30, P=0.58], HPD:
[F(1,34)=1.07, P=0.30], interaction: [F(1,34)= 0.34, P=0.56]).

Measurement of oxidative stress parameters in the cerebral cortex and

hippocampus
Fig. 4A shows that blueberry treatment was able to prevent the increase

in TBARS levels induced by HPD in the cortex (blueberry treatment:
[F(1,35)=19.63, P<0.001], HPD: [F(1,35)=1.39, P=0.24], interaction:
[F(1,35)=12.15, P<0.01]). The sulfhydryl content (Fig. 4B) and the activity of the
antioxidant enzymes CAT (Fig. 4C) and SOD (Fig. 4D) were not different in the
HPD or in the group treated with blueberry extract.

Also, we evaluated the effects of blueberry on oxidative stress
parameters in the hippocampus. Likewise, blueberry treatment (200 mg/kg,
p.0.) was able to prevent the increase in TBARS levels induced by HPD (Fig.
5A) (HPD: [F(1,15)=1.80, P<0.05], blueberry treatment: [F(1,15)=5.40, P<0.05],
interaction: [F(1,15) = 8.60, P<0.01]), without interfering in the sulfhydryl content
(Fig. 5B) (blueberry treatment: [F(1,15)=0.34, P=0.57], HPD: [F(1,15)=4.43,
P<0.05], interaction: [F(1,15)=1.76, P=0.20]), CAT activity (Fig. 5C) (blueberry
treatment: [F(1,14) = 2.22, P=0.16], HPD: [F(1,14) = 0.22, P=0.64], interaction:
[F(1,14) = 8.60, P=0.08]) or SOD activity (Fig 5D) (blueberry treatment:
[F(1,11) = 7.20, P =0.21], HPD: [F(1,11) = 0.73, P=0.41], interaction:
[F(1,11) = 2.98, P=0.11]).
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4. Discussion

The present study investigated the ability of blueberry extract to improve
some biochemical and behavioral parameters related to the pathogenesis of the
MetS, in particular, blood lipid and glicemic profile, oxidative stress and
depressive-like behavior.

The HPD-induced changes in biochemical parameters (insulin
resistance, glucose, cholesterol and triglycerides) and the lipid peroxidation
(TBARS) were significantly prevented by the treatment with blueberry extract.
However, no significant effect was observed on the total thiol content, SOD or
CAT activity after treatment with blueberry extract.

It must be noted that recent studies have not confirmed this biochemical
effects in humans. BASU et al. [45] demonstrated that the consume of freeze-
dried blueberry beverage daily for 8 weeks in a randomized controlled trial
decreased the systolic and diastolic blood pressures, without affecting serum
levels of glucose and lipid profiles. On other hand, another interventional study
with hyperlipidemic adults receiving of anthocyanins (fruit extract) or placebo
capsules twice a day for 4 weeks demonstrated that the fruit extract significantly
reduced total cholesterol [46]. Anthocyanins such as cyanidin-3-glucoside have
been shown in vitro to regulate the expression and activity of key enzymes
involved in lipid metabolism including LPL, fatty acid synthase and ABCAT1.
These findings might explain the observed effects of blueberry consumption on
lipid profile [47]. Phenolic acids and flavonoids are also important phytochemical
classes in MetS combating. The antiobesity, hipolipidemic properties of phenolic
acids, as gallic acid, and their ability to reduce oxidative stress in animal models
have been shown [48,49]. Moreover, coumaric acid can reduce weight as well
as serum cholesterol, triacylglycerol, insulin and leptin [49,50]. In turn,
flavonoids, as quercetin, have also potential antiobesity effects through
inhibition of preadipocytes differentiation and induction of apoptosis of mature
adipocytes [49, 51]. There are also reports rutin can reduce the blood levels of
insulin and leptin, as well as, inhibit glycerol-3-phosphate dehydrogenase, an
enzyme linked to glycerol and triacylglycerol convertion in adipose tissue and
liver [50].
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Many dietary polyphenols are antioxidants that can protect against
oxidative damage by directly neutralizing reactive oxidants [48]. Reactive
oxygen species (ROS) are unavoidable products during normal intracellular
metabolism. They play essential roles in cell differentiation, proliferation, and
host defense response. However, ROS can cause oxidation of DNA, proteins
and lipids [52]. As a result, the action of reactive species can lead to the
destruction of cell membrane permeability and cellular dysfunction, related
neurodegenerative diseases and MetS [53-55].

In this study we evaluated the activity of the enzymes SOD and CAT in
cerebral cortex and hippocampus of animals subjected to HPD and treated with
blueberry extract, since that the enzymatic antioxidant defenses help to control
reactive species levels protecting the cells against oxidative damage [52].
However, no significant differences in the activity of these enzymes were
observed in any of the groups tested. Similarly, no significant differences were
found in total thiol content in the studied tissues, which is a biomarker to
oxidative damage to proteins. In contrast, a study performed by SINHA and
collaborators [56] with obese rats presenting all components of the MetS
verified a significant decrease in SOD and CAT activity in the cerebral cortex,
indicating that the components present in the MetS may be involved in the
decrease in antioxidant defenses. Furthermore, studies suggest that increase in
energy intake can induce oxidative stress and higher ROS production in
adipocytes [57-60]. Accordingly, our study indicated that TBARS levels, a lipid
peroxidation biomarker, had a significant increase in cerebral cortex and
hippocampus of animals subjected to HPD. These results suggest that higher
energetic intake can be involved in this oxidative damage.

Alternatively, chronic ingestion of blueberry in animals subjected to HPD
prevented the increase in TBARS levels on studied tissues. Indeed, blueberry
fruit extract is protective against oxidative stress damages in different
pathological conditions indicating it could be a potent inhibitor of lipid
peroxidation when compared to other classic antioxidants [21-24]. These
positive effects have been attributed to anthocyanins, flavonoids and other
phenolic presence [15-17]. We further reinforce that the present study evaluated
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the effects of the whole berry and at this point we are not able to determine the
specific contribution of the isolated polyphenols.

Our study shows that MetS induces lipid peroxidation in the cerebral
cortex and hippocampus of mice. Indeed, some data show that oxidative stress
in several brain regions may play a role in the pathogenesis of depression [61-
63]. In addition, it has been demonstrated an association between depression
and MetS [64,65]. To confirm this hypothesis, we investigated whether
depressive behavior is elicited by HPD consumption and the influence of
blueberry treatment. Our findings demonstrate that mice exposed to a MetS
model presented a depressive-like behavior in FST and administration of
blueberry extract prevented this effect. Furthermore, no significant changes in
the ambulatory behavior were observed in animals submitted to the open field
test, which suggests that the effect of blueberry intake on the FST is specific
and not related to alterations in locomotor activity. The Vaccinium genus
demonstrated antidepressant properties in stressed mice, possibly by
modulation of nitric oxide signaling pathway [24].

Herein we also demonstrate that despite the absence of effects in the
anxiolytic profile, animals subjected to HPD had a significant increase in
immobility time on FST. In addition to oxidative damage, the depressive-like
behavior observed in our data may be explained due to the fact that individuals
with MetS show elevated levels of proinflammatory cytokines [66]. Additionally,
high concentrations of insulin and C-reactive protein in depressed individuals
seem to be important indicatives that reinforce the hypothesis of an interaction
between depression and MetS [67].

In summary, our results suggest that in this animal model treatment with
blueberry extract produces antidepressant-like and antiperoxidative effects,
besides it alters body composition in association with improvement in glucose
and lipid profiles. Therefore, these data may contribute to the development of

new pharmacological intervention in patients with MetS.
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Figure Captions

Fig. 1: Glucose tolerance test measured at the baseline (0), 30, 60 and 120 min
after glucose injection (2 mg/g body weight). Data are expressed as mean *
S.E.M. Statistical analysis were performed with Repeated Measures ANOVA
followed by Bonferroni's post-hoc test. ‘P<0.05 when compared to control group
(vehicle/ND)

Fig. 2: Effect of chronic blueberry consumption (200 mg/kg, p.o.) on the highly
palatable diet (HPD) in immobility time in the FST (A) and ambulatory behavior
in the open-field test (B). The results are expressed as mean £ S.E.M. (n=9-10
for group). *P<0.05 when compared to control group (vehicle/ND). #P<0.05
when compared to vehicle/HPD group. Two-way ANOVA followed by Bonferroni

post-hoc test.

Fig. 3: Anxiogenic profile of mice submitted to highly palatable diet (HPD) and
chronic blueberry consumption (200 mg/kg, p.o.) in the elevated plus-maze.
Time spent in open arms (A), humber of opens arm entries (B) and total number
of entries (C) in the elevated plus-maze. The results are expressed as
percentage of control (mean + S.E.M), n=9-10. Two-way ANOVA followed by

Bonferroni post-hoc test.

Fig. 4: Effects of highly palatable diet (HPD) and blueberry (200 mg/kg, p.0.) on
TBARS formation (A), total thiol content (B), catalase (CAT, C), and superoxide
dismutase (SOD, D) activity in the cerebral cortex of mice. Data are expressed
as mean + S.E.M. (n =5-10 for group). **P<0.01 as compared to the control

group. #P<0.05 as compared to vehicle/HPD group.

Fig. 5: Effects of highly palatable diet (HPD) and blueberry (200 mg/kg, p.0.) on
TBARS formation (A), total thiol content (B), catalase (CAT, C) and superoxide
dismutase (SOD, D) activity in the hippocampus of mice. Data are expressed as
mean = S.E.M. (n =5-10 for group). **P < 0.01 as compared to the control

group. #P < 0.05 as compared to vehicle/HPD group.
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Table 1. Metabolic parameters of the animals submitted to metabolic syndrome

studied after oral administration of blueberry

ND/Vehicle ND/Blueberry HPD/Vehicle HPD/Blueberry
Initial body weight (g) 16.00 + 1.33 20.80 £ 0.50 17.10 £ 1.43 16.89 £ 1.41
Final body weight (g) 29.80 + 0.97 27.40 £ 0.50* 36.22 + 0.62*** 30.75 + 0.45%
Visceral fat mass (g) 0.54 +0.16 0.40+0.01 1.92 + 0.21*** 0.83 + 0.07#
Glycemia (mg/dL) 82.82 +3.98 76.62 + 3.55 147.3 £ 6.20*** 82.29 + 5.26#
Total cholesterol (mg/dL) 68.01 + 7.48 79.63 +4.91 132.0 £ 4.14* 107.6 + 6.69%
Triglycerides (mg/dL) 86.18 + 1.74 97.08 + 3.32 113.2 £ 3.46** 86.06 + 3.32%

Data are expressed as mean + S.E.M. (n =5-10). (***) Denotes P < 0.001 as compared to the ND/Vehicle

control group. (*) Denotes P < 0.05 as compared to the ND/Vehicle control group. (¥) Denotes P < 0.01 as
compared to HPD/Vehicle group.
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Fig. 5
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Conclusao

Tendo em vista os resultados obtidos foi possivel observar que:

e O consumo da dieta hiperpalatavel induziu experimentalmente a SM,
uma vez que ocasionou resisténcia a insulina, aumentou
significativamente o peso corporal, gordura visceral, glicemia,
triglicerideos e colesterol total. Além disto, aumentou significativamente
a peroxidacgao lipidica em hipocampo e cortex cerebral, bem como o
tempo de imobilidade no teste do nado forcado em camundongos

submetidos ao modelo animal.

e A administracdo crbénica de extrato de frutos de mirtilo foi capaz de
reduzir significativamente as complicacbes metabdlicas presentes nesta
sindrome. Da mesma forma, foi possivel observar que a administracao
de mirtilo protegeu contra o dano oxidativo aos lipideos em estruturas
cerebrais dos animais submetidos ao modelo de SM e apresentou um

efeito tipo-antidepressivo.

Em conjunto, nossos achados demonstram que o tratamento com
extrato de mirtilo apresenta importantes efeitos sobre a composi¢ao corporal
bem como sobre parametros bioquimicos séricos ho modelo de SM estudado.
Além disto, este extrato demonstra acao tipo-antidepressiva e antiperoxidativa,
podendo assim, ser considerado um agente terapéutico auxiliar para
portadores de SM. Dentro deste contexto, mais estudos sdo necessarios para
melhor elucidar os efeitos benéficos de extrato de mirtilo nesta desordem
metabdlica.
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