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RESUMO

Estudos recentes demonstraram que as antocianinas podem suprimir o
desenvolvimento da obesidade e de distdrbios metabdlicos associados. A
jabuticaba é uma fruta tipicamente brasileira que apresenta concentragdes
relativamente elevadas de antocianinas, particularmente em sua casca. Neste
estudo, os efeitos da casca de jabuticaba liofilizado (rica em cianidina-3-glicosideo
e delfinidina-3-glucosideo) na modulacdo da obesidade foram avaliados. Para tal,
camundongos foram alimentados com dieta hiperlipidica, rica em gordura
saturada, durante as quatro primeiras semanas e apos receberam a mesma dieta
hiperlipidica suplementada com a casca de jabuticaba liofilizada nas
concentracoes 1, 2 ou 4% (g/g) por 6 semanas adicionais. A suplementagédo, em
todas as doses testadas, ndo protegeu os animais contra o ganho de peso,
hiperleptinemia e intolerédnica a glicose induzidos pela dieta hiperlipidica.
Entretanto, demonstramos, por meio do teste de intolerancia a insulina, que todos
os tratamentos com a casca de jabuticaba lioflizada foram eficazes na reversao do
quadro de resisténcia a insulina ja& estabelecido no grupo alimentado com dieta
hiperlipidica ndo suplementada. Este efeito foi acompanhado por uma maior
fosforilacdo em tirosina do IR, IRS-1 e pela maior fosforilacdo das proteinas Akt e
FoxO, apo6s estimulo com insulina, no tecido adiposo e figado dos camundongos
tratados. Além disso, observou-se uma atenuacao da inflamacao local evidenciada
por meio da menor expressao da IL-18 e da fosforilagdo da proteina IkB-a no
tecido adiposo e figado dos animais tratados com a casca quando comparados
com o grupo controle alimentado com dieta hiperlipidica. Estes resultados
sugerem que a casca de jabuticaba liofilizada pode exercer uma acéo protetora
contra as patologias associadas a obesidade.



CAPITULO 1

1. INTRODUCAO

Durante a segunda metade do século XX, popula¢des de varios paises do
mundo passaram por mudangas comportamentais que levaram ao aumento do
consumo de alimentos com alta densidade energética e a reducdo da atividade
fisica. Tais modificagbes tiveram consequéncias marcantes no incremento da
prevaléncia da obesidade e de doengas associadas como resisténcia a insulina,
diabetes tipo 2 e doengas cardiovasculares, que exercem forte influéncia no perfil
de morbi-mortalidade da populagédo (VELLOSO, 2006).

Evidéncias epidemioldgicas sugerem que dietas ricas em frutas e vegetais
podem desempenhar um papel importante na prevencdo de varias doencas
cronicas nao transmissiveis. Esta capacidade tem sido associada principalmente a
presenga de compostos bioativos, dentre estes podemos destacar as
antocianinas, maior grupo de pigmentos solUveis encontrados no reino vegetal
(SCHRODER, 2007; CEFALU et al, 2008).

As antocianinas sdo compostos fendlicos pertencentes a familia dos
flavondides. Diversos estudos ja comprovaram que estes pigmentos exibem
efeitos biol6gicos multiplos com beneficios potenciais a saude humana e animal
(HE e GIUSTI, 2010). Trabalhos mais recentes demonstraram que as
antocianinas, assim como frutas e extratos ricos nesses compostos, podem
suprimir o desenvolvimento da obesidade e desordens metabdlicas associadas in

vivo.



O maior interesse na caracterizacdo dos mecanismos fisiopatologicos
envolvidos com a génese da obesidade, aliados a necessidade de se
desenvolverem métodos terapéuticos mais eficientes e seguros, servem como
base para o avanco das pesquisas em Nutricdo que visam a identificar alimentos e
compostos bioativos capazes de intervir no desenvolvimento desta epidemia

mundial.



2. REVISAO DE LITERATURA

2.1 Obesidade: Epidemiologia, Conceito e Implicacoes.

A obesidade é reconhecida hoje como um dos mais importantes problemas
de saude publica em todo o mundo devido a sua contribuicdo para o aumento
significativo de morte prematura e invalidez precoce, uma vez que esta condicao
esta intimamente relacionada a um maior risco para o desenvolvimento de uma
série de doencas cronicas nao transmissiveis, como resisténcia a insulina,
diabetes tipo 2, hipertensao arterial sistémica, dislipidemia aterogénica, doenca
hepatica gordurosa nao-alcodlica, doencas cardiovasculares e certos tipos de
cancer (KOPELMAN, 2000; GALIC et al., 2010).

Em relagédo as tendéncias ao longo do tempo, a prevaléncia da obesidade
comegou a aumentar progressivamente no inicio do ultimo século, mas somente
nas ultimas duas décadas as taxas de prevaléncia tornaram-se alarmantes tanto
em paises desenvolvidos quanto em paises em desenvolvimento. A natureza
global da epidemia da obesidade foi formalmente reconhecida pela Organizagao
Mundial de Saude em 1997 (CABALLERO, 2007). Estimativas recentes indicam
que em 2030 existirdo, aproximadamente, 2,16 bilhdes de adultos com sobrepeso
e 1,12 bilhdes de obesos em todo o mundo (KELLY et al., 2009; WHO, 2009).

Seguindo a tendéncia mundial, a prevaléncia de sobrepeso e obesidade no
Brasil também tém aumentado de forma continua e intensa de acordo com
estudos de larga escala realizados no pais (Estudo Nacional sobre Despesa
Familiar, 1974-1975; Pesquisa Nacional sobre Saude e Nutricdo, 1989 e Pesquisa
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de Orcamentos Familiares, 2002-2003; Pesquisa de Orcamentos Familiares,
2008-2009). Dados da ultima pesquisa mostram que o excesso de peso atingiu
aproximadamente metade da populagdo de adultos. A situagédo e a evolugéo da
prevaléncia da obesidade no Pais reproduzem, em linhas gerais, o quadro descrito
para a prevaléncia do excesso de peso. A obesidade cresceu mais de quatro
vezes entre 0s homens, de 2,8% em 1973-74 para 12,4% em 2008-09 e mais de
duas vezes entre as mulheres, onde as taxas passaram de 8% para 16,9%. O
problema alcanga significancia em todas as faixas etarias, classes econémicas e
regides do Pais. Além disso, foi observado que, nos ultimos seis anos, a
frequéncia de pessoas com excesso de peso tem aumentado em mais de um
ponto percentual ao ano, isto indica que, se essa tendéncia se mantiver, em cerca
de dez anos, o excesso de peso podera alcancar dois ter¢cos da populacao adulta
do Brasil; magnitude idéntica a encontrada na populacdo dos Estados Unidos
(Pesquisa de Orcamentos Familiares, 2008-2009).

A obesidade é resultante da quebra do equilibrio entre ingestao e gasto
energético, prevalecendo, sutilmente, o primeiro sobre o segundo, o que resulta
num estado de balango energético positivo, promovendo aumento nos estoques
de energia e, consequentemente, no peso corporal (FLIER, 2004; CABALLERO,
2007). Tal desequilibrio se deve a interagdo complexa entre diversos fatores
genéticos, metabdlicos, hormonais e ambientais, ainda nao totalmente
esclarecidos. Assim, a obesidade nao é considerada uma doenga singular, e sim
um grupo heterogéneo de condicbes com multiplas e causas que, em Ultima

andlise, refletem no fenétipo obeso (PEREIRA et al, 2003).



O aumento da prevaléncia da obesidade esta relacionado com a mudanca
no estilo de vida das populagdes, ao longo dos anos, 0 que € expresso por meio
da modificacdo dos padrdoes alimentares e de atividade fisica resultantes da
industrializacdo, urbanizacao e desenvolvimento econdmico. A adocao de padrbes
comportamentais que priorizam atividades profissionais sedentarias, e o aumento
do consumo e da disponibilidade de alimentos altamente energéticos, ricos em
acucares e gorduras, sobretudo as saturadas, sdo os principais fatores ambientais
associados ao progressivo aumento da prevaléncia desta doenga nos dias atuais

(POPKIN et al. 2006; MCALLISTER et al. 2009).

2.2 Obesidade, Resisténcia a Insulina e Inflamacao.

Nas Ultimas décadas observou-se um aumento surpreendente do
conhecimento cientifico a respeito dos fenémenos fisiopatolégicos decorrentes do
acumulo de gordura corporal.

Originalmente considerado um depdsito passivo de energia, atualmente, o
tecido adiposo é considerado um 6rgao enddcrino ativo, que se comunica com 0
sistema nervoso central e com tecidos periféricos por meio da secrecao de
substancias, chamadas adipocinas, que regulam multiplos processos metabdlicos,
homeostase energética e resposta imuno-inflamatéria (FRANSSEN et al, 2008).
Alteracdes nos niveis fisiol6gicos destas adipocinas representam um fator critico
para o desenvolvimento das comorbidades associadas a obesidade (RITCHIE e

CONNEL, 2007; SINGH et al, 2009).



As primeiras evidéncias que comprovaram a fungdo endécrina do tecido
adiposo aconteceram no inicio dos anos 90. Em 1994, Friedman e colaboradores
identificaram e caracterizaram o horménio leptina, cujo nome deriva do grego
leptos (magro), produto do gene Ob (ZHANG et al, 1994) . A leptina € um
horménio produzido pelo tecido adiposo branco em quantidade diretamente
proporcional a massa total deste tecido. Este horménio €, sem duvida, o mais
importante sinal periférico responsavel por estabelecer uma conexdo entre os
sitios de estoque de energia e o sistema nervoso central; por esta razéo, a leptina
€ considerada uma molécula-chave na regulagdao da homeostase energética e
controle da ingestédo alimentar, juntamente com a insulina, considerada o segundo
mais importante sinalizador periférico para o hipotalamo (Velloso, 2006). Os
efeitos metabdlicos da leptina ndo se limitam ao hipotalamo; a leptina atua em
varios tecidos periféricos, como figado, musculo esquelético, pancreas e o préprio
tecido adiposo onde estimula a oxidacao de acidos graxos, captacao de glicose,
inibe a deposicao ectopica de TG, reduz os efeitos lipogénicos da insulina e regula
a resposta imune (VAZQUEZ-VELA et al, 2008; LAGO et al, 2009; MAURY et al,
2009).

Outro estudo identificou que, além das proteinas envolvidas na regulagao
do metabolismo, o tecido adiposo também secreta o fator de necrose tumoral
(TNF-a), uma citocina pré-inflamatéria. Em 1993, Hotamisligil et al., além de
evidenciarem que o TNF- a tinha sua expressdo aumentada no tecido adiposo de
camundongos obesos, verificaram também que a administracdo de TNF-a
recombinante em cultura de células ou em animais reduz a sensibilidade a
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insulina. Adicionalmente, o0s mesmos pesquisadores demonstraram que
camundongos obesos que apresentam TNF-a ndo funcionante ou que néao
expressam receptores de TNF-a apresentam melhora da sensibilidade a insulina,
quando comparados aos camundongos controles.

Estudos posteriores evidenciaram que, além do TNF-a, outros mediadores
da inflamacao e citocinas, como as interleucinas 1 beta (IL1-B) e 6 (IL-6), tém sua
expressdo aumentada no tecido adiposo e em outros tecidos em modelos
experimentais de obesidade e em humanos, demonstrando que um estado de
inflamacéao crénica subclinica esta associado a obesidade, e que contribui para o
desenvolvimento da resisténcia a insulina (WELLEN e HOTAMISLIGIL, 2005).

O tecido adiposo de camundongos e humanos obesos é caracterizado por
um acumulo de macrofagos que é diretamente proporcional a magnitude da
massa adiposa (WEISBERG et al, 2003). Os macrofagos sao usualmente
recrutados em locais com dano tecidual e contribuem para o aumento dos niveis
de citocinas pré-inflamatérias (MAURY et al, 2009).

Atualmente, é sabido que citocinas pro-inflamatérias também prejudicam a
sinalizacao de leptina e insulina em diversos tecidos, inclusive no hipotalamo.

A interferéncia nos sinais emitidos no hipotalamo pelos hormdnios reguladores da
fome prejudica a homeostase local, o que por sua vez culmina no desarranjo
continuo da ingestao alimentar, perpetuando a falta de controle na ingestao
alimentar e o estabelecimento da obesidade e suas decorréncias (SKALICKY et

al., 2008).



A insulina € um horménio polipeptidico anabdlico produzido pelas células 3
pancreaticas, cuja sintese e secrecdo sao ativadas pelo aumento dos niveis
circulantes de glicose e aminoacidos apos as refeigdes. A insulina atua em varios
tecidos periféricos, incluindo musculo, figado e tecido adiposo, sendo um
componente essencial para o metabolismo de carboidratos, lipideos e proteinas
(GRUNDY, 2004). Este horménio exerce suas a¢des por meio da sua ligagdo com
o receptor de insulina (IR), em seguida, este receptor se autofosforila e fosforila
varios substratos da familia do receptor de insulina (IRS), iniciando uma cascata
sinalizadora que desencadeia suas atividades metabdlicas.

A resisténcia a insulina pode ser definida como um fenémeno biolégico no
qual hd uma diminuicdo da capacidade da insulina endégena ou exégena em
estimular a utilizagdo celular de glicose e manter normais as respostas
metabdlicas com ela relacionadas (DIAS et al, 2008). Entretanto, a Rl tem como
mecanismo compensador a hiperinsulinemia, resultante da capacidade adaptativa
das células B, que mantém a homeostase glicémica; porém quando ha faléncia
nestas células, surge entdo a intolerdncia a glicose e, posteriormente, o
estabelecimento da Diabetes Melito tipo 2 (OLEFSKY et al, 2010). Defeitos na via
de sinalizacdo em nivel dos pré-receptores, receptores e/ou pds-receptores sao
alguns dos possiveis mecanismos que atuam na génese da Rl (MILNAR et al,
2007).

Varias serina/treonina quinases que sao ativadas por citocinas pro-
inflamatérias e altos niveis de &acidos graxos livres (AGL) contribuem para a
inibicdo da sinalizagdo da insulina através da fosforilagao do IRS-1 em serina,
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incluindo a JNK (c-Jun NH2-terminal quinase) e IKKB (quinase B do inibidor do NF-
kB) (AGUIRRE et al., 2000; AKIRA et al., 2006).

A ativacdo da JNK leva a fosforilagdo em serina dos substratos tradicionais
do receptor de insulina (IRSs), o que contribui para resisténcia a transducao do
sinal da insulina por meio desta via (DEMPSEY et al., 2003). A outra via pré-
inflamatéria que pode ser ativada tanto pelo TNF-a quanto pela IL-1B € a
IKK/IKB/NFkB. A IKKB pode bloquear a sinalizagdo da insulina por pelo menos
dois mecanismos. Primeiramente, a IKKB pode induzir a fosforilacdo direta em
serina dos IRSs. Além disso, a IKKB pode fosforilar o inibidor do NF-kB (IkB) que
culmina na dissociagdo do complexo IkB/NFkB, levando a ativagdo do NFkB e sua
translocacao para o nucleo, onde este promove a expressao de varios genes
controladores de moléculas pré e antiinflamatérias, alguns dos quais induzem
resisténcia a acao da insulina (SCHENK et al., 2008; BASTOS et al., 2009).

A resposta inflamatéria presente na obesidade é decorrente da interacao
entre o sistema metabdlico e o sistema imune inato, pois estas sdo as mesmas
quinases que sao ativadas na resposta imune inata pelos Toll-like receptors
(TLRs). O sistema de resposta imunologica mediada por Toll representa uma
familia evolucionariamente conservada do sistema de defesa do hospedeiro
(MEDZHITQV et al, 1997).

Os TLRs sao proteinas transmembranas responsaveis pela deteccao da
invasao do organismo por patdégenos. Tais receptores sao expressos em varias
células do sistema imune, incluindo macréfagos, células dentriticas, linfécitos B e
tipos especificos de linfécitos T. A expressdo dos TLRs também é observada em
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outros tipos de células como adipdcitos, células endoteliais e células do epitélio
intestinal (TAKEDA et al., 2003).

Atualmente existem 12 membros da familia dos TLRs identificados em
mamiferos. O TLR-4 é um subtipo de TLRs que € responsavel pelo
reconhecimento de lipopolissacarideo (LPS) de bactérias gram-negativas. Da
mesma forma com que os receptores TLR-4 reconhecem estruturas lipidicas
presentes em agentes invasores, acidos graxos oriundos do consumo dietético
podem também ser reconhecidos por este sistema, desencadeando a ativagéo da
via do sistema imune, mesmo na auséncia de patégenos (LEE et al, 2001; SHI et
al., 2006; MILANSKI et al, 2009).

Portanto, alguns acidos graxos ao se ligarem a esse receptor de membrana
celular, acionam proteinas de resposta inflamatéria, incluindo a JNK e IKKB, que
bloqueiam a acao da insulina e atuam no desenvolvimento da resisténcia a

insulina (Figura 1).
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Figura 1. Resisténcia a Insulina e Inflamagéo. A ativagdo de serina/quinases na obesidade,
especialmente IKKB e JNK, ressalta a sobreposicdo das vias metabdlicas e inflamatérias:
essas sdo as mesmas quinases ativadas na resposta imune inata pelo TLR (foll-like receptor)
em resposta ao LPS e aos acidos graxos (AGS). (A) Via de sinalizagao da insulina; (B) Via de
sinalizagdo do TLR-4; e (C) Via de sinalizagao do TNF-a. FONTE: Pauli et al, 2009.
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2.3 Antocianinas: Caracteristicas quimicas, Propriedades Bioldgicas e

Metabolismo.

O padrao dietético desempenha um papel importante na etiologia e
prevencdo de varias doengas cronicas nao transmissiveis. Evidéncias
epidemiolégicas sugerem que dietas ricas em frutas e vegetais estao associadas a
menor prevaléncia de obesidade, diabetes tipo 2 e doengas cardiovasculares
(KIEC et al., 2008; ESPIN et al., 2007).

As antocianinas (do grego anthos = flor; kianos = azul) sdo metabdlitos
secundarios de plantas responsaveis pela pigmentacdo vermelha, azul e violeta de
diferentes tecidos vegetais, tais como, flores, frutos, folhas, sementes e raizes
(LIEBERMAN et al., 2007). Na alimentacdo humana, estes compostos estdo
disponiveis em diversas frutas como amoras, cerejas, péssegos, uvas, romas,
ameixas assim como muitas verduras de cor escura, como rabanete, feijao preto,
cebola roxa, berinjela, repolho roxo e batata doce, representando componentes
substanciais da fracdo ndo energética da dieta humana (BOBBIO et al., 2000;
BRITO et al., 2007; HE e GIUSTI, 2010).

Quimicamente, as antocianinas pertencem a grande classe dos compostos
fendlicos e séo classificadas como flavondides devido & estrutura caracteristica de
sua cadeia carbdnica (Cs-Cs-Cs), na qual os dois anéis aromaticos estédo
separados por um anel heterociclico intermediario. Sdo moléculas glicosiladas,
polihidroxi ou polimetoxi derivadas do cdation 2-fenilbenzopirilium, também
conhecido por cation flavilico, e apresentam uma rica diversidade estrutural,

devido a diferencas no numero de grupos hidroxila na molécula, grau de metilacao
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destes grupos hidroxila, natureza, nimero e posicdo de moléculas de acucares
ligadas aos anéis aromaticos, bem como a natureza € o0 numero de &cidos
alifaticos ou aromaticos anexado aos agucares (MCGUIE e WALTON, 2007). A

figura 2 ilustra a estrutura genérica de algumas antocianinas.

Figura 2. Estrutura genérica das antocianinas a partir do esqueleto das antocianidinas
(agliconas). Onde R;: H ou substituinte glicosidico; R. e R3: H ou CH3

Os interesses da comunidade cientifica em relacdo aos aspectos
bioquimicos e efeitos bioldgicos das antocianinas aumentaram substancialmente
durante a ultima década em razao de inUmeras evidéncias que demonstram seu
amplo potencial terapéutico. A propriedade melhor descrita das antocianinas € a
sua atividade antioxidante, a qual esta intimamente relacionada com outros efeitos
promotores da saude, como reducdo do risco de doencas cardiovasculares,
prevencao de certos tipos de cancer e de sua progressao, inibicdo da agregacao
plaquetéria, acdo antiinflamatéria e moduladora da resposta imune, protecdo
contra déficits neuronais associados com o envelhecimento e doencgas

neurodegenerativas (TALAVERA et al, 2005; HE et al, 2010).
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A atividade biolégica das antocianinas esta intimamente relacionada com a
sua biodisponibilidade de forma que a quantidade deste composto presente nos
alimentos nao reflete, necessariamente, a quantidade absorvida e metabolizada
pelo organismo (McGUIE e WALTON, 2007; BIESALKI et al., 2009).

Em geral, as antocianinas sdo absorvidas rapidamente no estémago e
intestino delgado apds a ingestdo, sobretudo na sua forma glicosilada intacta.
Apoés a absorgao, elas entram na circulagao sistémica apds passagem pelo figado.
Neste 6rgdo, uma parte destes compostos pode ser metabolizada por reacoes de
metilagdo e/ou glucoronidagédo, que sédo consideradas as duas rotas majoritarias
no metabolismo das antocianinas. Além destas conversdes enzimaticas, estes
pigmentos podem ser degradados pela microflora intestinal em moléculas de
acucar, acidos fendlicos e aldeidos e sdo, posteriormente, absorvidos no célon
(HE e GIUSTI, 2010; SHIPP e ABDEL-AAL, 2010).

Entretanto, o entendimento dos fatores que levam a liberacdo destes
compostos da matriz do alimento, a extensdo da absor¢gdo dos mesmos e 0 modo
por meio do qual a diversidade estrutural e, a consequente grande quantidade de
metabdlitos gerados afetam sua biodisponibilidade e eficacia bioldgica, ainda nao

foram completamente esclarecidos.

2.4 O papel das Antocianinas no Tratamento e Controle da obesidade.

Nos ultimos anos, observou-se um avanco substancial no conhecimento

cientifico sobre os compostos biotivos presentes em alimentos e seus efeitos no
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tratamento e prevencao da obesidade. Dentre os fitoquimicos que sdo conhecidos
por exercerem efeitos anti-obesidade in vivo encontram-se as antocianinas.

Neste sentido, alguns estudos tém demonstrado que as antocianinas,
provenientes de frutos e vegetais ricos neste composto, podem nao sé suprimir o
desenvolvimento da obesidade, mas também melhorar diversos parametros
metabdlicos associados, in vivo.

O primeiro trabalho, neste sentido, foi realizado por Tsuda e colaboradores
(2003). Estes pesquisadores comprovaram que o corante de milho roxo (Purple
corn color), rico em cianidina 3-O-B-glicosideo, reduziu o ganho de peso, 0s niveis
séricos de glicose e insulina e ainda normalizou a expressdo de TNF-a no tecido
adiposo de camundongos alimentados com dieta hiperlipidica. Em trabalhos
subsequentes, estes autores mostraram, por meio da técnica de Microarray, que a
cianidina 3-O-B-glicosideo, modula expressao de adipocinas devido ao aumento
na expressao de adiponectina e leptina, diminuicdo na expressao de IL-6 e do
inibidor da ativacdo de plasminogénio 1 (PAI-1), além de modular a expressao de
genes relacionados com o metabolismo lipidico em adipécitos isolados de ratos e
de humanos (TSUDA et al., 2004; 2005; 2006).

Paralelamente, Jayaprakasan et al. (2006) demonstraram que as
antocianinas purificadas de Cornelian cherry, quando adicionadas a dieta
hiperlipidica (0,01%) melhoraram a obesidade e resisténcia a insulina em
camundongos. O tratamento com antocianinas, durante oito semanas, reduziu
24% do ganho de peso, independente do consumo, melhorou a tolerancia a
glicose e diminuiu a acumulagao de lipidios no figado.
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Em outro estudo, a dieta hiperlipidica foi suplementada com 10% de soja
negra ou com 0,04% de antocianinas isoladas da casca da soja. Ambos o0s
tratamentos reduziram significativamente o ganho de peso e melhoraram o perfil
lipidico dos ratos por meio da diminuicdo do colesterol total e triglicérides e
aumento dos niveis séricos de HDL colesterol (KNOW et al., 2007).

Ao contrério, outro grupo de pesquisadores (PRIOR et al., 2008) observou
que a suplementacao de dietas hiperlipidicas com Blueberries ou com morangos
inteiros liofilizados (10%) promoveu maior ganho de peso e adiposidade; no
entanto, os animais alimentados com as antocianinas purificadas destes frutos
exibiram menor ganho de peso quando comparados ao grupo controle. Em
estudos subseqlentes, estes pesquisadores demonstraram também que o
tratamento tanto com o fruto inteiro liofilizado quanto com as antocianinas
purificadas de Raspberry também néo alteraram o desenvolvimento da obesidade
induzida por dieta hiperlipidica (PRIOR et al.,2010).

Em 2008, Sasaki e colaboradores sugeriram que a cianidina-3-O-3-
glicosideo, purificada do corante de milho roxo, melhora a sensibilidade a insulina
e hiperglicemia por meio da diminuicao da expressao da proteina 4 transportadora
de retinol (RBP4) e aumento da expressao do transportador de glicose 4 (GLUT4)
no tecido adiposo de camundongos diabéticos tratados com a antocianina (0,02%
dieta) em questdo. Este efeito foi também acompanhado pela expressao
diminuida de marcadores inflamatérios, como o TNF-a e a proteina quimiotaxica

de mondécitos 1 (MCP-1).
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Resultados similares foram obtidos por De Furia et al, 2009. Em seu estudo,
camundongos foram alimentados com dieta hiperlipidica acrescida de 4% de
Blueberry liofilizada. Embora a suplementacdo nao tenha reduzido o ganho de
peso e adiposidade induzida pela dieta, foram observadas melhoras na resisténcia
a insulina, hiperglicemia e na inflamacdo do tecido adiposo devido a menor
expressdo de genes relacionados a inflamagédo e a menor infiltracdo de
macroéfagos neste tecido.

Seymour e colaboradores (2009), também observaram uma diminui¢do do
estado pré-inflamatério crénico associado a obesidade. Neste estudo, a
suplementacao da dieta hiperlipidica com Tart Cherries inteiras e liofilizadas (1%)
foi associada com expressao reduzida da atividade do NFkB, TNF-a e IL-6.

Assim, as informagbes disponiveis na literatura sdo cada vez mais
favoraveis a acao anti-obesogénica das antocianinas; porém, ainda nao sao
completamente entendidos os mecanismos pelos quais estes pigmentos sao
capazes de modular as complexas vias metabodlicas que atuam na génese da

obesidade.

2.5 Jabuticaba (Myrciaria ssp)

A jabuticabeira (Myrciaria spp.) € uma arvore frutifera nativa do Brasil,
encontrada em extensa faixa do pais, desde o Para até o Rio Grande do Sul,
porém exibe maior ocorréncia e produtividade nos estados da regido Sudeste
(SATO e CUNHA, 2007). A frutificacao ocorre duas vezes por ano, de janeiro a

fevereiro e de novembro a dezembro, sendo esta Ultima a safra de maior
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producao. O fruto da jabuticabeira apresenta de 3-4 cm de didmetro contendo de
uma a quatro sementes grandes, com uma espessa casca roxa que recobre uma
polpa gelatinosa, branca e intensamente doce.

Dentre as espécies atualmente conhecidas, destaca-se a Myrciaria
cauliflora (DC) Berg (jabuticaba Paulista ou Acu) e a Myrciaria jaboticaba (Vell)
Berg (jabuticaba Sabara), sendo esta ultima a mais apreciada e doce das
jabuticabas além de ocupar a maior area cultivada no Brasil (DONADIO, 2000;
MATTOS, 1983).

A jabuticaba é utilizada para varios fins culinarios e medicinais. Geralmente,

o fruto € consumido in natura ou utilizado no preparo de geléias e licores. Na
medicina popular, sua casca tem sido utilizada no tratamento contra

uma variedade de condi¢des inflamatérias, incluindo hemoptise, asma, diarréia e
amigdalite (LIMA et al., 2008).

Além disso, a jabuticaba € um fruto bastante interessante do ponto de vista
nutricional. A polpa apresenta quantidades consideraveis de vitamina C e
minerais, onde se destaca o ferro, célcio, fésforo e potassio, ja a casca, embora
normalmente desprezada, € rica em minerais, fibras solUveis e insollveis e
também apresenta quantidades relevantes de antocianinas (OLIVEIRA et al.,
2003). Reynertson (2007) determinou o teor de antocianinas do fruto inteiro e os
valores encontrados foram de 433 mg para a cianidina-3-O-B-glicosideo e 81mg
por 100 g de peso seco para a delfinidina-3-O-6- glicosideo. Estudos realizados
em nosso laboratério, para a identificacdo e quantificacao das antocianinas da
casca de jabuticaba liofilizada, revelaram a presenca de delfinidina-3-O-3-
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glicosideo e cianidina-3-O-B-glicosideo, os valores encontrados para estas duas

antocianinas foram de 635,3 e 1964 mg/100 de peso seco, respectivamente.

Apesar de existir um consumo pronunciado de jabuticaba, principalmente
na regidao sudeste, ha poucos estudos na literatura sobre seus constituintes
quimicos e propriedades funcionais. Além disso, conhecimentos mais
aprofundados dos compostos bioativos presentes na jabuticaba, assim como de
possiveis efeitos promotores de saude sdo imprescindiveis, uma vez que irdo
contribuir para um melhor aproveitamento e, consequentemente, para a maior

valorizagao econdmica desta fruta tipicamente brasileira.
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3.

OBJETIVOS

Objetivo Geral

Os objetivos do presente trabalho foram investigar os efeitos da casca de

jabuticaba liofilizada, rica em antocianinas, sobre o ganho de peso, perfil lipidico e

resisténcia a insulina em camundongos Swiss alimentados com dieta hiperlipidica.

Objetivos Especificos

1)

Avaliar e monitorar a ingestdo dietética e o0 ganho de peso em
camundongos submetidos as dietas experimentais durante todo o
experimento;

Determinar os niveis séricos de colesterol total, triglicérides e HDL
colesterol;

Determinar os niveis séricos de leptina;

Analisar a tolerancia a glicose, pelo teste de tolerancia a glicose (GTT) e a
sensibilidade periférica a insulina pelo teste de tolerancia a insulina (ITT);
Avaliar o efeito da suplementacdo com a casca de jabuticaba liofilizada
sobre a transducao do sinal da insulina em figado e tecido adiposo;

Avaliar o efeito da suplementacdo com a casca de jabuticaba liofilizada

sobre a expressao de marcadores inflamatérios em figado e tecido adiposo.
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CAPITULO 2

Freeze-dried jaboticaba peel powder improves insulin sensitivity

in high-fat fed mice.
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ABSTRACT

The peel of the native Brazilian fruit jaboticaba, is rich in anthocyanins
(ACNSs), which are known for its anti-obesity effects in animal models. Here, we
evaluated the effects of freeze-dried jaboticaba peel powder on a number of
metabolic parameters in a model of experimental obesity.. Mice were initially fed on
a high-fat diet (HFD) for four weeks and then switched to a high-fat diet
supplemented with freeze-dried jaboticaba peel powder (1, 2 or 4% wt:wt) for
additional six weeks. The freeze-dried jaboticaba peel powder exerted no
protective effect on HFD-induced weight gain, hyperleptinemia and glucose
intolerance. However, the supplementation was effective to reduce insulin
resistance as determined by improved signal transduction through the insulin
receptor (IR)/insulin receptor substrate-1 (IRS1)/Akt/forkhead box protein (FoxO)
pathway and by the attenuation of inflammatory signaling. These results suggest
that freeze-dried jaboticaba peel powder may exert a protective role against
obesity-associated insulin resistance.

Keywords: Obesity; insulin resistance; jaboticaba; Myrciaria jaboticaba;

anthocyanins.
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INTRODUCTION

Obesity has reached epidemic proportions in the world, with substantial adverse
consequences for human health (7). A number of life-threatening diseases such as,
type 2 diabetes mellitus, dyslipidemia, cardiovascular diseases, hypertension and
certain types of cancer are significantly associated with this condition (2).

Nutritional factors are known to play an important role in the development of a
number of diseases. The recent changes in human life-style with the introduction of
carbohydrate and fat-rich diet standards is amongst the most important factors
leading to the increased prevalence of obesity. Conversely, epidemiological data
suggest that increased consumption of fruits, vegetables, legumes, nuts, whole grains
and olive oil are favorably associated with the prevention of metabolic diseases
including obesity, and by the reduction of cardiovascular disease, hypertension and
diabetes (3, 4). The property of some vegetable-derived nutrients to reduce the risk of
chronic diseases has been associated, at least in part, to the occurrence of the
bioactive non-nutrient compounds which are known to exert a wide range of biological
activities (5, 6).

Anthocyanins (ACNs) are an example of such bioactive compounds. They
constitute the largest and probably the most important group of water-soluble natural
pigments responsible for the vivid blue, purple, and red color of many vegetables and
fruits (7). Many reports have shown that anthocyanin exhibits an array of
pharmacological properties, such as anti-inflammatory and anticarcinogenic activities,

as well as preventive effects on cardiovascular and degenerative diseases. All the
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putative health-promoting effects are more or less associated with their potent
antioxidant property, related to their chemical characteristics (8).

The recent findings have suggested that the consumption of ACNs may
reduce obesity and some of its associated disorders, at least in animal models.
Tsuda and coworkers (9) demonstrated that diet supplemented with purple corn
color, rich in cyanidin-3-glucoside, significantly suppressed the gain of body weight
and also improved the insulin sensitivity and hyperlipidemia in high-fat-fed mice.
ACNs from the Cornelian cherry and black soybeans are also reported to
effectively reverse the obesity and improve certain metabolic parameters
associated with diets high in saturated fats (70, 717). However, additional in vivo
studies have reported that whole powdered berries in a high-fat diet, compared to
purified anthocyanins, were not quite effective in preventing obesity and, actually,
they showed a potential to increase obesity on the models used on the study (712,
13).

Jaboticaba (Myrciaria jaboticaba) is an indigenous Brazilian fruit found in
extense areas of the country, particularly in the Southeast. The mature fruits are
round and have a thick, dark purple, astringent skin that covers a sweet, white,
gelatinous flesh. The fruit is widely used in Brazil, where it is mostly consumed
fresh and, to a smaller extent, it is used to make jams and liqueurs. lts peel is a
rich source of biologically active phenolic compounds, containing high
concentrations of anthocyanins, particularly cyanidin-3-glucoside and delphinidin-3-

glucoside, similar to other well-studied berries and fruits (74, 15).
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The current study was designed to investigate the effect of freeze-dried
jaboticaba peel powder on weight loss, glucose tolerance, insulin resistance and
lipid profile in high-fat-fed mice. The results show that, although no changes in
body mass were achieved, freeze-dried jaboticaba peel powder significantly

improved insulin signal transduction and inflammatory signaling.

MATERIALS AND METHODS

Antibodies, chemicals, and buffers. All the reagents for SDS-PAGE and
immunoblotting were from Bio-Rad (Richmond, CA, USA). HEPES,
phenylmethylsulfonyl fluoride, aprotinin, dithiothreitol, Triton X-100, Tween 20,
glycerol, and BSA (fraction V) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). The human regular insulin (Novolin R) was from Novo Nordisk
(Clayton, CN, USA). The antibodies against phospho-insulin receptor B (IR)
(#3070, rabbit monoclonal), phospho—insulin receptor substrate (IRS)-1 (#3026,
rabbit polyclonal) and phosphorylated- forkhead transcription factor box (FoxO)
(#9464, rabbit monoclonal) were from Cell Signaling (Danvers, MA, USA). Anti-
phospho-Akt (sc-7985-R, rabbit polyclonal), phospho-inhibitor of NFkB alpha (IkB-
a) (sc-7977-R, rabbit polyclonal) and interleukin 1 B (IL-1B) (sc-1252, goat
polyclonal) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Chemicals for Real-time PCR were from Invitrogen (Carlsbad, CA, USA) and
Applied Biosystems (Foster City, CA, USA). Intron-skipping primer for IL-1(3
(Rn00580432_m1) and Glyceraldehyde-3-phosphate dehydrogenase (GAPD)

(#4352339E) was obtained from Applied Biosystems.
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Jaboticaba. The jaboticaba fruits (Myrciaria jaboticaba Vell berg) were
obtained directly from producer (Aguai, Sdo Paulo State, Brazil), during main
harvest season in September 2008.

Preparation of freeze-dried jaboticaba peels. The fruits were manually
washed with fresh water and the peels were separated and frozen at -20 C. The
frozen peels were lyophilized and grounded into fine powder by an electrical mill.
The freeze-dried powdered was kept in airtight containers and stored at -80 <€ until
the time of further use.

Animals and diets. Male Swiss inbred strain mice (21 days of age), originally
imported from the Jackson Laboratory and currently bred at the University of
Campinas Breeding Center were used in the study. The investigation was
approved by Ethics Committee for Animal (Permission: 2020-1/2010) and followed
the University guidelines for the use of animals in experimental studies. The
animals were maintained at 21 + 3 C, on a 12 h artificial light/dark cycle and
housed in individual cages. They were then randomly divided into five groups with
eight animals per treatment (following an initial acclimatization period for 7 days).
All groups were balanced for initial body weight. The treatments were Control
group (C): mice were fed on normal diet, based on the AIN-93G (76), containing
7% (wt/wt) soybean oil (15); Control High fat group (HF): mice were fed on high-fat
diet, containing 4% (wt/wt) soybean oil and 31% (wt/wt) lard; High-fat diet plus 1%
(wt/wt) freeze-dried jaboticaba peel powder (HFJ1%); High-fat diet plus 2% (wt/wt)
freeze-dried jaboticaba peel powder (HFJ2%) and High-fat diet plus 4% (wt/wt)
freeze-dried jaboticaba peel powder (HFJ4%). Mice were initially fed on a high-fat
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diet for 4 weeks and then switched to a high-fat diet containing freeze-dried
jaboticaba peel powder for an additional 6 weeks. The diets were replaced at
intervals of 3 days to prevent oxidation of the fat and the anthocyanins present in
freeze-dried jaboticaba peel powder. All diets were balanced for fiber and energy.
The concentrations of freeze-dried powder in the diets and ACNs composition and
contents were determined according to preliminary studies conducted by our
research group (77, in press). The composition of the diets, energy densities and
ACNs contents are presented in Table 1. Body weight and food intake for each

mouse were measured weekly throughout the study.
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Table 1. Composition and Energy Density of Modified AIN-93G Diets?.

Ingredients (g/kg diet) Cc HF HFJ1% HFJ2% HFJ4%
Casein ” 1515 1515 1515 1515 151.5
Corn starch 428 251.3 253.3 255.3 259.3
Maltodextrin 142.2 83.4 83.4 83.4 83.4
Sucrose 107.8 63.3 63.3 63.3 63.3
Cellulose 50 50 48 46 42
Soybean oil 70 40 40 40 40
Lard 0 310 310 310 310
Mineral mixture 35 35 35 35 35
Vitamin mixture 10 10 10 10 10
L-Cystine 3.0 3.0 3.0 3.0 3.0
Choline bitartrate 2.5 2.5 2.5 2.5 2.5
Tert-Butylhydroquinone 0.014 0.014 0.014 0.014 0.014
Jaboticaba peel powder 0 0 10 20 40
Total 1000 1000 1000 1000 1000
Energy density (Kcal/g diet) 3.9 55 55 55 5.5

Anthocyanins (mg/kg diet)

Cyanidin-3-O-glucoside 0 0 196.4 392.8 785.6
Delphinidin-3-O-glucoside 0 0 63.5 127 254
Total 0 0 259.9 519.8 1039.6

@ The diets were prepared according to the formulation of the American Institute of Nutrition for
AIN-93G with modified protein content to 12% according to Goena et al. (18). ® Amount was
calculated based on protein content equal to 79.2%.



Intraperitoneal glucose tolerance test (iGTT) and insulin tolerance test (ilTT).
iGTT and ilTT were performed on food-deprived (6h) nonanesthetize mice after 9
and 10 weeks of treatment, respectively. Blood glucose levels were measured with
Optium™ mini (Abbott Diabetes Care, Alameda, CA, USA) handheld glucometer
using appropriate test strips. For iGTT, a solution of 20% glucose (2.0g/kg body
weight) was administered into the peritoneal cavity. Blood samples were collected
from the tail vein at 30, 60, 90, and 120 min for determination of glucose
concentrations. The area under the curve (AUC) was calculated using these
values. For ilTT, glucose blood levels were sampled 5, 10, 15, 20, 25, and 30 min
following Intraperitoneal (ip) injection of human insulin (0.75 U/kg). The rate
constant for glucose disappearance during an insulin tolerance test (K1) was
calculated using the formula 0.693/t12.The glucose ti» was calculated from the
slope of the least-square analysis of the plasma glucose concentrations during the
linear decay phase (19).

Collection of Serum, Liver and Adipose tissue. After 11 weeks of consuming
the diets, the fasting mice (12h) were anesthetized by an ip injection of
ketamin/diazepam (1/1 v/v) and the collection were initiated after the loss of
corneal and pedal reflexes. Blood samples were taken from the interior vena cava
and the serum was obtained from de coagulated blood by centrifugation at 4000
rpm for 15 min at 4 C. The serum was immediately frozen at - 80C until use. The
liver and epididymal adipose tissue were removed and processed according to the

subsequent analysis.
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Determination of Serum Lipid Parameters and leptin levels. The serum
triglycerides, total cholesterol and high-density lipoprotein (HDL) cholesterol were
assayed enzymatically using commercial kits according to manufacturer’s
directions (Laborlab, Guarulhos, SP, Brazil). Serum leptin was measured by
enzyme-linked immunosorbent assay (ELISA) using a commercial assay kit
(Mouse leptin ELISA kit, Millipore, Billerica, MA, USA).

Imunoblotting. For evaluation of cytokine expression, protein activity and insulin
signal transduction in liver and adipose tissue, the abdominal cavities of
anesthetized mice (n=4) were opened, the portal vein exposed and 100pl (10°
mol/liter) of insulin or saline was injected. Fragments (3.0 x 3.0 X 3.0mm) of liver
(at 30s) and epididymal adipose tissue (at 2 min) were excised after the infusion of
insulin and immediately homogenized in solubilization buffer at 4 T (1% Triton X-
100, 100 mmol/liter Tris-HCI (pH 7.4), 100 mmol/liter sodium pyrophosphate, 100
mmol/liter sodium fluoride, 10 mmol/liter EDTA, 10 mmol/liter sodium
orthovanadate, 2.0 mmol/liter phenylmethylsulfonyl fluoride, and 0.1 mg
aprotinin/ml). The extracts were centrifuged at 15,000 rpm at 4 T for 40 min to
remove insoluble material, and the supernatant was used as sample. The protein
concentration of the samples was determined by the Biuret method. The
immunoblotting was performed on tissue extracts as previously described by
Thirone et al. (20), with minor modifications. The proteins were separated by SDS-
PAGE, transferred to nitrocellulose membranes and blotted with antibodies against
phospho-IR, phospho-IRS-1, phospho-Akt, phospho-FoxO, IL-18 and phospho-IkB-
a. Specific bands were labeled by chemiluminescence and visualization was
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performed by exposure of the membranes to RX-films. Bands intensities were
quantified by digital densitometry (ScionCorp, Frederick, MD, USA) and normalized
with B-actin.

RNA extraction and quantitative real-time PCR. Total RNA was extracted using
a commercially available acid-phenol reagent Trizol (Invitrogen Corp.). RNA
integrity was confirmed by nondenaturing agarose gel electrophoresis. The first-
strand cDNA was synthesized using SuperScript Ill reverse transcriptase and
random hexamer primers as described in the manufacturer’s protocol (Invitrogen
Corp.) The quantitative PCR was run to determine the expression of IL-1 in the
liver of treated mice using primer supplied with commercially available assays from
Applied Biosystems. The reference gene was GAPD (Glyceraldehyde-3-phosphate
dehydrogenase, (Applied Biosystems). Real-time PCR analysis of gene expression
was carried out in an ABI Prism 7500 sequence detection system (Applied
Biosystems). The optimal concentration of complementary DNA and primers, as
well as the maximum efficiency of amplification, was obtained through 5-point, 2-
fold dilution curve analysis for each gene. Amplification was performed in a 20 L
final volume containing 6.25 ng of reverse-transcribed RNA according to the
manufacturer's recommendations using the TagMan PCR master mix. Real-time
data were analyzed using the Sequence Detector System 1.7 (Applied
Biosystems). Results were expressed as relative transcript amount as previously
optimized (27).

Statistical analysis. All results are reported as means + SEM. Differences
between the treatment groups were evaluated using one-way analysis of variance
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(ANOVA). When the ANOVA indicated significance, a Tukey-Kramer post hoc test

was performed. p<0.05 was accepted as statistically significant.

RESULTS

Mice were fed on control (n=8) or high-fat diet (n=32) for 4 weeks prior to
treatment with freeze-dried jaboticaba peel powder; the initial body mass
(23.45+0.9 g) was similar between. As expected, after 11 weeks, body mass and
cumulative body mass gain were significantly higher in mice fed on HFD as
compared to the low-fat control diet (CD). The addition of freeze-dried jaboticaba
peel powder on HFD did not protect against HFD-induced body mass gain, while
the cumulative body mass gain in mice fed on HFD plus 2% freeze-dried
jaboticaba peel powder (HFJ2%) was significantly greater than HFD treatment
alone, 31.62+0.9 g and 23.25%£1.40 g, respectively. In all the remaining groups
receiving freeze-dried jaboticaba peel powder, body mass was increased as

compared to HDF but this was not significant. (Figures 1a and 1b).
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Figure 1. Body weight trajectories (A) and Cumulative weight gain (B) of mice fed the CD,
HFD, HFJ1%, HFJ2% or HJ4% for 11 weeks. Values are means + S.E.M., n = 8. *p < 0.05,
HF vs C group and *p < 0.05, HF2% vs HF group. No differences were observed between

HFJ groups.

The overall food intake (g/mouse/day) did not differ between control and
high-fat groups throughout the experiment. However, at fifth week of experiment
the HFJ2% group consumed statistically more food (7.33+0.9 g) than all the other
groups (4.05%0.16 g) (Figure 2a). This may be attributed to the fact that transition
to the HFJ2% led to a marked increase in their food consumption, in particular for
the first week, perhaps due to novelty or palatability of the diet.

It is important to notice that control mice on CD consumed the same amount
of food as mice on HFD by weight, but the energy intake was higher in the HF
control and treatments, approximately 23.0 Kcal/mouse/day, whereas the mice on
the CD consumed 16.0 Kcal/mouse/day. In mice fed on HFD plus 2% and 4%

freeze-dried jaboticaba peel powder the energy intake were significantly greater
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than HF group (Figure 2b). Thus, the higher energy intake showed to be closely
associated with a greater cumulative weight gain throughout the experiment in

these treatments.
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Figure 2. Food intake (g/mouse/day) during the 11-week study period (A). No differences
were observed among CD fed mice and HFD fed mice. Except at week 5 when food intake
by HF2% was significantly different from all others groups (*** p < 0.001). Energy intake
(Kcal/mouse/day) (B). *p < 0.05; ***p < 0.001, HF2% vs HF group; **p < 0.01, HF4% vs HF

group.Values are means + S.E.M., n = 8.

Fasting serum triglycerides, total cholesterol and HDL cholesterol were not
altered by level of fat or freeze-dried jaboticaba peel powder in the diet (Table 2).
Serum leptin concentrations were highly correlated with the fat mass, the leptin
level was 3.4 fold greater in HFD mice than in CD mice, but the levels were not
changed in all treatments with HFD plus freeze-dried jaboticaba peel powder

(Figure 3).
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Table 2. Serum lipids profile of the experimental animals?.

Contents (mg/dL)

C HF HFJ1% HFJ2% HFJ4%
Triglycerides 39.68 + 9.9 52.84 +1.8 65.17+8.3 67.07 £8.3 67.0£9.0
Cholesterol 236.12+18.1 220.89+17.1 231.36 +18.8 233.12+18.1 241.05+13.05

HDL-cholesterol 88.73 + 6.8 71.52 £ 4.0 65.76 + 3.2 65.76 + 4.1 81.71 +6.4

@ Values are presented as means + SEM of eight mice per treatment, except for triglycerides (n=4);
data from sacrifice, after a 12 hours fast. No statistic differences were observed (p=0.05, ANOVA).
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Figure 3. Fasting serum leptin levels of C, HF, HFJ1%, HFJ2% and HJ4% groups. Bars
represent means + S.E.M. of n = 8 mice. *p < 0.05, HF vs C group. No differences were

observed among the HFJ and HF groups.

iGTT were performed after 5 weeks of dietary treatment to determine the
effects of freeze-dried jaboticaba peel powder on glucose tolerance. The basal

blood glucose levels, prior to the iGTT, was significantly higher in HF control
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compared with control mice, 73.7115.27 and 130.71+£11.06 mg/dL, respectively. In
HFJ1%, HFJ2% and HFJ4% groups the average basal blood levels were higher
than HF control group (166+11.97, 140.43+x17.67 and 142.71£10.90 mg/dL,
respectively), but this was not statistically significant. Similarly, the area under the
curve (AUC) values for plasma glucose levels during the iGTT were significantly
increased in all HFD groups compared to control group (Figure 4a). These results
demonstrated that glucose intolerance in control HFD fed mice was not
ameliorated by freeze-dried jaboticaba peel powder treatments.

The contribution of insulin sensitivity in the glucose intolerance was
investigated by determining the clearance of plasma glucose as a function of time
after insulin injection (ITT). This measure of whole body insulin sensitivity can be
expressed by constant rate for glucose disappearance (Krt); larger values indicate
greater tissue insulin sensitivity. Notably, mice fed on HFD plus freeze-dried
jaboticaba peel powder showed significant increase in Kt values compared to
mice fed the HFD and the Krr did not differ from the control group (Figure 4b).
These data suggest that freeze-dried jaboticaba peel powder may prevent HFD

induced insulin resistance (IR) in mice.
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iGTT
iaucy) (A) and Kirr during intraperitoneal insulin tolerance test (B) were determined in C, HF,
HFJ1%, HFJ2% and HJ4% groups after 10 and 11 weeks of the experiment, respectively.
Bars represent means + S.E.M. of n = 6 mice. *p < 0.05, HF vs C group; *p < 0.05, HF1%
vs HF group; ***p < 0.001, HF1% vs HF group; **p < 0.01, HF4% vs HF group.
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Figure 4. Glucose areas under curves during intraperitoneal glucose tolerance test

In order to evaluate candidate mechanisms responsible for the
enhancement of insulin sensitivity of the freeze-dried jaboticaba peel powder
treatments, we examined insulin signaling through the IR/IRS1/Akt/FoxO pathway
in liver and adipose tissue of mice. Impairment in all steps of the insulin signaling
cascate was detected in HF control group. As shown in Figure 5, significant
improvement in insulin signal transduction was observed through the increased
insulin-mediated tyrosine phosphorylation of IR, IRS-1 and Akt in liver and adipose
tissue and in threonine phosphorylation of FoxO in liver of mice treated with freeze-

dried jaboticaba peel powder when compared with HF control mice.
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Figure 5. Representative immunoblots of insulin signaling proteins in adipose tissue (A)
and liver (B) of C, HF, HFJ1%, HFJ2% and HJ4% groups before (-) or after (+) insulin
stimulation. Tissues extracts from mice were prepared and immunoblotted (IB) with
respective antibodies, as described in Materials and Methods. The membrane was
stripped and immunoblotted with anti-B-actin antibody and used as loaded protein (lower
panels in figures A and B).

Because previous studies have shown that chronic activation of intracellular
proinflammatory pathways within the insulin target cells might contribute to the
obesity-related insulin resistance we decided to evaluate whether freeze-dried
jaboticaba peel powder can modulate HFD-induced inflammation. Remarkably, the

protein and mRNA expression of the cytokine IL-1B in adipose tissue and liver of
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HFJ1% and HFJ4% groups were significantly reduced, in HFJ2% group, we also
observed this trend but it was not significantly different from HF control group
(Figures 6a and 6b). This effect was accompanied by a significant decrease in
phosphorylated-IkBa protein levels in liver of all mice treated with freeze-dried

jaboticaba peel powder (Figure 6c).
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Figure 6. Immunoblot analysis of IL-1 in adipose tissue (A) extracts of C, HF, HFJ1%,
HFJ2% and HJ4% groups. The membrane was stripped and immunoblotted with anti-$3-
actin antibody and used as loaded protein (lower panel in figure A). Transcript amount of
IL-1B in liver of HF, HFJ1%, HFJ2% and HJ4% groups (B) was determined by real-time
PCR, as described in Materials and Methods. Bars represent means + S.E.M, n=4; *p <
0.05 vs HF group. The phosphorylation of IkB in liver of HF, HFJ1%, HFJ2% and HJ4%

groups (C) was determined by immunoblot (representative blot). The results of scanning
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densitometry are expressed as arbitrary units. Bars represent means + S.E.M. B, n=4; **p
< 0.01 vs HF group.
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DISCUSSION

Recently, much attention has been focused on natural bioactive
phytochemicals present in foods that may provide desirable health benefits beyond
basic nutrition and play important roles in the prevention of chronic disorders and
metabolic diseases including obesity. The potential of bioactive components to
treat or prevent obesity is under intense exploration, and this represents an
attractive and alternative strategy for developing future of more safe anti-obesity
approaches (22, 23).

Although in recent years, emerging reports have been evidenced the
importance of anthocyanins as dietary antioxidants for prevention of oxidative
damage, several studies gradually focused on its beneficial effects in preventing
obesity and diabetes (24).

The present study demonstrated that supplementation of HFD with freeze-
dried jaboticaba peel powder did not produce a significant protection against
dietary saturated fat induced increase in body weight gain and in fact, tended to
increase cumulative weight gain, accompanied by no difference in food and energy
intake. We also observed no changes in serum lipids contents and leptin levels in
mice fed on the freeze-dried jaboticaba peel-enriched diets. Similarly, recent
studies have also reported that whole freeze-dried powders of concord grapes,
blueberry and black raspberry were ineffective in preventing obesity and, in some
cases, it could increase body weight gain and adiposity relative to HF fat fed

control (25, 12, 13). However, purified ACNs from various sources, including purple
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corn, Cornelian cherry, black soybean coats, blueberries and strawberries, have
been shown positive responses in HFD-induced obesity, such as decrease in body
weight gain, improvement in lipid profile, hyperleptinemia and hyperglycemia to
levels similar to mice fed control diet (9-12). Reasons for the differential response
between whole foods and purified extracts of ACNs are still not fully elucidated.
The possible therapeutic effects of anthocyanins are certainly dependent on
sufficient bioavailability and not on the exact amount of ACNs consumed (26).
Possibly other components present in whole food matrix may reduce the rate of
absorption and bioactivity of ACNs counteracting in some way to prevent any
protective effect against obesity.

The freeze-dried jaboticaba peel powder supplementation did not attenuate
HFD-induced hyperglycemia as well, which was reflected in a larger incremental
area under the curve iGTTauc of the plasma glucose. The pathogenesis of
glucose intolerance is complex and is mainly a function of the interplay between
insulin sensitivity and endocrine pancreatic function (27). In this study, in an
attempt to clarify whether impaired insulin secretion or decreased insulin sensitivity
is the primary defect of hyperglycemia after intraperitoneal glucose load, we
evaluated the insulin sensitivity by the iITT method. We demonstrated that mice fed
on HFJ diets for 6 weeks were protected from IR based on significant increase in
Kirt when compared with HFD control group. The Kirr value reflects the rate of
glucose removal by increased glucose uptake in insulin-sensitive tissues,
particularly skeletal muscle, and suppression of hepatic glucose production in
response to exogenous insulin.
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The molecular action and mechanisms of the ACNs responsible for
amelioration of insulin sensitivity and prevention of obesity are not fully understood.
Possible suggested mechanisms have included improvement of insulin sensitivity
via up-regulation of glucose transporter 4 (GLUT 4) accompanied by down-
regulation of retinol binding protein 4 (RBP4) in type 2 diabetic mice (28) and by
inhibition of the inflammatory adipocytokines expression [interleukin-6 (IL-6), tumor
necrosis factor-a (TNF-a) and monocyte chemoattractant protein-1 (MCP-1)] and
decreased nuclear factor kB (NFkB) activity in white adipose tissue in high-fat-fed
mice (25, 29).

To address the molecular action and possible mechanisms by which freeze-
dried jaboticaba peel powder treatments ameliorates insulin sensitivity, we
evaluated key molecular steps of the insulin signaling machinery in liver and
adipose tissue of treated mice.

The effects of insulin on cell metabolism are mediated by a heterotetrameric
receptor expressed in a number of tissues such as liver, adipose and skeletal
muscle cells. Binding of insulin to its receptor initiates a cascade of events such as
receptor autophosphorylation on tyrosine residues and tyrosine phosphorylation of
insulin receptor substrate (IRS) proteins that subsequently activate the
downstream signalling pathways. Tyrosine phosphorylation of IRS1 leads to the
phosphorylation and activation of Akt, which plays an essential role in translocation
of GLUT4 to facilitate the transport of glucose into cells. Akt also mediates the
inhibitory effects of insulin on hepatic glucose output by induce phosphorylation of
transcriptional factors FoxO that results in nuclear export of FoxO proteins,
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transcriptional inactivation and consequently inhibition of key gluconeogenic
enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and the glucose-6
phosphatase (G6Pase) (30).

Our results showed that the impaired signal transduction through IR/ IRS1/
Akt/FoxO pathway was completely restored in liver and adipose tissue from freeze-
dried jaboticaba peel powder treated mice compared to HFD mice. Enhanced
insulin signaling was demonstrated in our study by increased tyrosine
phosphorylation of IR, IRS1 and Akt and in threonine phosphorylation of FoxO.

It is now commonly accepted that obesity is characterized by a broad
inflammatory response and many inflammatory mediators, overproduced by
expanded adipose tissue, may exhibit impact on insulin action contributing
significantly to establishment of insulin resistance. TNF-a, IL-6, IL-13, and other
cytokines, activate various serine kinases, such as Jun N-terminal kinase (JNK)
and inhibitors of nuclear factor kappa B kinase (IkB), which can phosphorylate IRS
proteins and possibly other insulin signaling molecules interfering with normal
insulin action, creating a state of cellular insulin resistance (31, 32).

The reactive oxygen species (ROS) and oxidative stress, triggered by
hyperglycemia, also plays important role in development of insulin resistance. The
increases generation of ROS can lead to the activation of multiple stress-sensitive
serine/threonine (Ser/Thr) kinase signaling cascades such as IkB-B, and others

resulting in reduced insulin action (33).
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Some reports showed that anthocyanins have a potency of the anti-
inflammatory activity and the downregulation of some inflammatory adipocitokines
expression can contribute to amelioration of diabetic state (25, 28).

Accordingly, the insulin-sensitizing effect of freeze-dried jaboticaba peel
powder in the present study were associated with attenuated inflammation
manifested as lower expressions of IL-1B in adipose tissue and liver accompanied
by decreased phosphorylated-IkBa protein levels in liver of all treated mice in a
dose-independent manner. Similarly, DeFuria et al. (25) demonstrated that
blueberry supplementation can protect against whole-body insulin resistance by
inhibiting the early inflammatory events in adipose tissue, induced by a high fat diet
in mice.

Furthermore, our previous study demonstrated that freeze-dried jaboticaba
peel powder has potency of an antioxidant in vivo (17). Taken all these information
together, our results suggest that one of the possible mechanisms by which the
freeze-dried jaboticaba peel powder exerts a protective role against HFD-induced
insulin resistance in mice, may be due to ability of jaboticaba anthocyanins exert
their effects as free radical scavengers and/or modulate cellular stress signaling
processes during inflammation acting as signaling agents by inhibiting the NFkB
signal pathway.

Here, we demonstrated that impaired glucose tolerance observed in mice
fed the HFJ diets was not due to insulin resistance. It is well known that dietary
antioxidants including anthocyanins protect pancreatic beta cells from glucose-
induced oxidative stress (34). Thus, further studies should be done in order to
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investigate whether freeze-dried jaboticaba peel powder supplementation may be
associated with dysfunction of pancreatic islet B cells and inadequate insulin
secretion.

In conclusion, the consumption of high fat diet containing freeze-dried
jaboticaba peel powder, rich in cyanidin-3-glucoside and delphinidin-3-glucoside,
was not quite as effective in reverse the effects of HFD on body weight and
glucose intolerance; however, the supplementation was effective to correct diet-
induced insulin resistance by improved insulin signal transduction and reduced

inflammation in liver and adipose tissue of treated mice.
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CONCLUSAO

Os resultados deste trabalho permitem concluir que a suplementacao da
dieta hiperlipidica com casca de jabuticaba liofilizada, durante 6 semanas, nao foi
eficaz na reversdo dos efeitos da dieta hiperlipidica sobre o peso corporal e
intolerancia a glicose, no entanto, a suplementacdo reverteu a resisténcia a
insulina por meio da preservacado da sinalizagdo da insulina e atenuacdo da
inflamacédo no figado e no tecido adiposo dos camundongos tratados. Estes
resultados sugerem que a casca de jabuticaba liofilizada pode exercer uma agao

protetora contra as patologias associadas a obesidade.
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