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RESUMO

FRANCO, Juliana Gastdo. Avaliacédo do estresse oxidativo em modelos de plasticidade
ontogenética: papel do resveratrol. 2012. 102 f. Tese (Doutorado em Fisiopatologia Clinica e
Experimental) — Faculdade de Ciéncias Médicas, Universidade do Estado do Rio de Janeiro,
Rio de Janeiro, 2012

A obesidade, cuja origem é multifatorial e a prevaléncia é crescente em diferentes
regides no mundo, estd geralmente associada a producdo desregulada de adipocinas, ao
aumento do estresse oxidativo e a ocorréncia de distdrbios metabolicos como dislipidemia,
intolerancia a glicose e hipertensdo. A Programacdo Metabdlica ou Plasticidade Ontogenética
tem sido proposta como um importante fator na etiologia da obesidade. Este fendmeno sugere
que alteracbes nutricionais, hormonais e ambientais durante periodos criticos do
desenvolvimento, tais como gestacdo e lactacdo, podem alterar a fisiologia e 0 metabolismo
de um organismo provocando o desenvolvimento de distirbios metabdlicos na vida adulta.
Neste trabalho foram estudados dois modelos de plasticidade ontogenética que programam
ratos Wistar para obesidade na vida adulta: a supernutricdo na lactagdo e o desmame precoce.
A supernutricdo na lactacdo provocada pela reducdo da ninhada causou obesidade, hiperfagia,
aumento do estresse oxidativo, resisténcia hepética a agdo da insulina e esteatose nas proles na
idade adulta. A desnutri¢do, provocada pelo desmame precoce, também se associou na idade
adulta com obesidade visceral, aumento do estresse oxidativo e esteatose, assim como
dislipidemia, resisténcia a insulina, hipertensdo arterial e resisténcia central a leptina. No
modelo de programacdo pelo desmame precoce, 0s animais adultos foram tratados com
resveratrol (30mg/kg/MC), um polifenol encontrado nas uvas e conhecido por seus efeitos
antioxidante e hipoglicemiante, por 30 dias. Os animais programados pelo desmame precoce
que receberam resveratrol tiveram massa corporal, gordura visceral e morfologia hepatica
semelhantes aos animais controles. Ainda, o resveratrol normalizou a pressdo arterial, a
dislipidemia, a glicemia e as concentracdes de adiponectina e leptina. A normalizagdo da
leptinemia esteve associada a correcao da resisténcia central a leptina nestes animais, uma vez
que o resveratrol normalizou além da ingestdo, o contetido hipotalamico de JAK2, pSTAT3 e
NPY. Portanto, os animais programados pela supernutricdo na lactacdo ou pelo desmame
precoce apresentaram aumento do estresse oxidativo associado a obesidade e alteracdes
metabolicas como esteatose. O tratamento com resveratrol nos animais programados pelo
desmame precoce preveniu o aumento de estresse oxidativo, obesidade visceral, resisténcia a
insulina, dislipidemia e esteatose. Além disso, o resveratrol causou normalizacdo da
leptinemia nestes animais, assim como da acao deste hormdnio no hipotalamo, controlando a
hiperfagia caracteristica deste modelo.

Palavras-chave: Supernutrigdo. Desmame precoce. Programacdo Metabolica. Resveratrol.
Etresse oxidativo.



ABSTRACT

Obesity, a multifactorial disease with increased prevalence in different regions in the
world, is generally associated with a deregulated adipocytokines production, increased
oxidative stress and the occurrence of metabolic disorders such as dyslipidemia, glucose
intolerance and hypertension. The Metabolic Programming or Developmental Plasticity has
been proposed as important factor in the etiology of obesity. This phenomenon suggests that
dietary changes, hormonal and environmental factors during critical periods of development,
such as pregnancy and lactation can alter the physiology and metabolism of an organism
causing the development of metabolic disorders at adulthood. In this work, we studied two
models of developmental plasticity in Wistar rats, which programmed for obesity at
adulthood: overnutrition during lactation and early weaning. Overnutrition during lactation
through litter size reduction caused obesity, hyperphagia, increased oxidative stress, liver
insulin resistance and steatosis in offspring at adulthood. Malnutrition caused by early
weaning was also associated with visceral obesity, increased oxidative stress and steatosis as
well as dyslipidemia, insulin resistance, hypertension and central leptin resistance in
adulthood. In this programming model by early weaning, adult animals were treated with
resveratrol (30mg/kg/BW for 30 days), a polyphenol found in grapes and known for its
antioxidant and hypoglycemic actions. Offspring programmed by early weaning that were
treated with resveratrol had body mass, visceral fat and liver morphology similar to those
found in control offspring. Also, resveratrol normalized blood pressure, dyslipidemia, and
serum glucose, adiponectin and leptin. The normalization of leptin levels was associated with
the correction of central leptin resistance in these animals, since resveratrol normalized food
intake and hypothalamic content of JAK2, pSTAT3 and NPY. Therefore, offspring
programmed by overnutrition during lactation or early weaning displayed increased oxidative
stress, obesity and metabolic disorders such as steatosis. Treatment with resveratrol in early
weaned offspring prevented the increase of oxidative stress, visceral obesity, insulin
resistance, dyslipidemia and steatosis. Indeed, resveratrol normalized serum leptin as well as
its action in the hypothalamus, controlling the hyperphagia characteristic of these offspring.

Keywords: Overnutrition. Early weaning. Programming. Resveratrol. Oxidative stress.
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INTRODUCAO

A obesidade é uma doenca de origem multifatorial que se caracteriza pelo acimulo de
tecido adiposo associado a producdo desregulada de adipocinas e aumento do estresse oxidativo
(Otani, 2011; Galic et al., 2011). A prevaléncia da obesidade é crescente em diferentes regides no
mundo (WHO, 2011) e muitos estudos tém sido desenvolvidos com o objetivo de identificar
estratégias de prevencdo e tratamento desta epidemia. O aleitamento materno exclusivo até os
seis meses de vida tem sido associado ao menor risco de obesidade e diabetes na vida adulta e,
por esta razdo, a amamentacdo tem sido considerada uma estratégia de prevencao da obesidade
(Sichieri & Souza, 2008; WHO, 2010). A obesidade na infancia, entretanto, se associou a
permanéncia do excesso de peso e ao aumento do risco cardiovascular na vida adulta (Reilly et
al., 2003; Must, 2003, Owen et al., 2009, Conde & Borges, 2011).

Estudos epidemioldgicos e experimentais sugerem que a origem da obesidade e de
doencas cronicas esta relacionada com a ocorréncia de eventos adversos em periodos criticos
como a gestacdo e a lactacdo. Este fendmeno, conhecido como Programacdo Metabdlia ou
Plasticidade Ontogenética, propde que, durante estes periodos, a fisiologia de 6rgaos e sistemas
pode ser alterada em resposta a alteragdes ambientais, nutricionais ou hormonais (Barker et al.,
1995; de Moura et al., 2008). Em nosso laboratério, desenvolvemos dois modelos de plasticidade
ontogenética em ratos - desmame precoce e supernutricdo neonatal - que se associaram ao
desenvolvimento de obesidade, hiperfagia e resisténcia central a leptina na vida adulta (Rodrigues
et al., 2009; Rodrigues et al., 2011; Conceicdo et al., 2011; Lima et al., 2011; Lopes Nobre et al.,
2011).

O uso de compostos derivados de alimentos no tratamento da obesidade e de doengas
cardiovasculares tem sido proposto nos Ultimos anos (Chachay et al., 2012). O resveratrol, um
polifendl estilbeno encontrado principalmente nas uvas, tem sido bastante estudado devido as
suas propriedades antioxidantes, hipoglicemiantes, antienvelhecimento e antimutagénicas
(Pervaiz & Holme, 2009). Recentemente, devido a identificacdo de efeitos do resveratrol também
na mobilizacdo de lipidios (Baile et al., 2011), estudos tém investigado a utilizacdo deste

composto em modelos de obesidade (Tauriainen et al., 2010; Gémez-Zorita et al., 2012).



12

No presente trabalho estudamos o estresse oxidativo em dois modelos de plasticidade
ontogenética relacionados com a obesidade na vida adulta - desmame precoce e supernutricao
neonatal. Além disso, avaliamos os efeitos do resveratrol sobre o estresse oxidativo e outros

distdrbios metabdlicos caracteristicos do modelo desmame precoce.
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1 REVISAO DE LITERATURA

1.10besidade

A prevaléncia da obesidade é crescente nos ultimos anos e por isso ela é considerada um
grave problema mundial de satde publica. Estimativas feitas pela Organizacdo Mundial de Salde
(OMS) em 2008 apontaram que 1,5 bilhdes de pessoas no mundo apresentavam sobrepeso, sendo
500 milhdes classificadas como obesas. Para o ano de 2015, a prevaléncia estimada € de 3,3
bilhGes de sobrepeso e de 700 milhdes de obesos (WHO, 2011).

A obesidade é o principal fator de risco para o desenvolvimento de complicagdes
metabdlicas como dislipidemia aterogénica, intolerancia a glicose, resisténcia insulinica,
hipertensdo e esteatose hepatica ndo alcoolica. Esta associacdo entre obesidade e tais
complicacbes aumenta o risco cardiovascular. A sindrome metabolica (SM) relaciona-se
diretamente com risco cardiovascular e é definida pela presenca de aumento da circunferéncia da
cintura abdominal e de pelo menos 3 dos seguintes componentes: HDLc diminuido,
hipertrigliceridemia, resisténcia a insulina, hipertensao arterial. A prevaléncia de SM, assim como
a de obesidade, esta aumentando rapidamente em todo o mundo (Otani, 2011).

Embora os critérios da SM sejam diferentes em alguns paises, a obesidade do tipo visceral
¢ um componente indispensavel para caracterizacdo dessa sindrome. Acredita-se que na
obesidade ocorram disfuncfes secretorias dos adipdcitos, como o aumento da producdo de
adipocinas (leptina e resistina), citocinas inflamatérias (IL-6, IL-10 e TNF-a) e fatores
prétromboticos (PAI-1), principalmente nos adipdcitos viscerais (Ahima & Lazar, 2008; Galic et
al., 2010).

1.1.1 Obesidade e leptina

A leptina, derivada da palavra leptos cuja origem € grega e significa magro, € um dos

principais hormdnios envolvidos com as complicagdes clinicas da obesidade. E um horménio
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peptidico produzido pelo gene ob, expresso e secretado principalmente por adipdcitos maduros.
Outros tecidos como placenta, glandula mamaria, masculo e cérebro também expressam o gene
da leptina (Bjorbaek & Kahn, 2004; Ahima, 2005; Lappas et al., 2005).

O principal sitio de acdo da leptina € o hipotalamo, onde este hormonio atua como fator
de saciedade estimulando a libera¢do de neuropeptidios anorexigénicos (a-MSH, CART e CRH)
e inibindo a producdo de neuropeptidios orexigénicos (NPY, AgRP e orexinas). O NPY
(Neuropeptideo Y) é capaz de aumentar o consumo alimentar e inibir a termogénese,
promovendo a adipogénese em ratos (Willians et al., 2004) e cuja expressao estd geralmente co-
localizada com o AgRP (peptideo relacionado a proteina agouti). O AgRP age através de
mecanismo competitivo pelo receptor de melanocortina (Valassi et al.,, 2008). O o-MSH
(hormbnio estimulante de melandcitos do tipo a ou melanocortina) e seu precursor POMC
(peptideo pro-opiomelanocortina) atuam via receptores de melanocortina. O neuropeptideo
transcrito regulado por cocaina e anfetamina (CART) encontra-se 90% co-localizado com POMC
no nucleo arqueado hipotaldmico (Palou et al., 2009).

O receptor para a leptina (OBR) apresenta diversas isoformas em mamiferos e pelo menos
seis ja foram identificadas em roedores: OBRa, OBRb, OBRc, OBRd, OBRe e OBRf. A isoforma
longa (OBRb) é considerada a mais importante para a acdo da leptina em diversos tecidos por
possuir maior dominio intracelular e desencadear mecanismos de sinalizacdo que vao resultar
efetivamente nas acfes hormonais (Hileman et al., 2002). O hipotalamo, incluindo nucleos
arqueado, ventromedial, paraventricular, dorsomedial e hipotalamo lateral, expressa a maior
densidade de OBRb em mamiferos. Os efeitos da leptina sdo mediados pela ativacdo da via de
sinalizacdo janus quinase 2 - proteina sinalizadora e ativadora da transcricdo, tipo 3 (JAK2-
STAT3) (Figura 1) (Sahu, 2003; Ahima, 2005). As proteinas JAK?2 sdo encontradas associadas ao
dominio intracelular do OBRb. A ligacdo da leptina ao seu receptor OBRb resulta em
autofosforilacdo de JAK2 em residuos de tirosina presentes no dominio intracelular do receptor,
com consequente ativacdo de STAT3 (proteina sinalizadora e ativadora da transcricéo, tipo 3). A
proteina STAT3 ativada sofre dimerizacdo, translocando-se para o nucleo, onde regula a
transcricdo de diversos genes, entre eles o da proteina SOCS3 (supressor da sinalizacdo de
citocinas, tipo 3). SOCS 3 exerce efeito inibitorio da via de sinalizagdo através de feedback
negativo intracelular e inibe tanto a fosforilagdo de JAK2 quanto a formagdo de STAT3
fosforilada (Bjorbaek et al., 1999; Sahu, 2003; Ahima, 2005).
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Figura 1. Via de sinalizacdo da leptina no hipotadlamo (adaptado de Sahu, 2003).

Os avancos na caracterizacdo dos mecanismos de acdo da leptina no hipotalamo
mostraram que a transduc¢do do sinal deste hormonio sofre importante controle por vias paralelas
de sinalizacdo celular e sugeriram um “cross-talk” entre as vias de sinalizacdo da leptina e da
insulina em determinadas regides. A leptina é capaz de regular proteinas envolvidas na
sinalizacdo da insulina como IRS-1, MAPK, ERK, AKT e PI3K, que sdo co-expressas com
proteinas da via JAK2-STAT3 em células de diversos tecidos (Carvalheira et al., 2005). Foi
demonstrado que a inibicdo de PI3K e 0 aumento de SOCS3 blogueiam tanto a resposta a leptina
quanto a insulina, reforcando a existéncia de cross-talk entre as respectivas vias de sinalizacdo
(Niswender et al., 2004). Portanto, estados fisiopatoldgicos que alterem concentracdo sérica de
leptina, como a obesidade, podem afetar as a¢Ges da insulina sobre o metabolismo.

As concentracBGes séricas de leptina se correlacionam positivamente com o indice de
massa corporal e o percentual de gordura corporal em individuos obesos (Lustig, 2001, Morton &
Schwartz, 2011). Entretanto, a hiperleptinemia na obesidade estd geralmente relacionada com
uma resisténcia ao efeito anorexigénico da leptina (Considine et al., 1996). A resisténcia a leptina
pode estar associada a diminuicdo de receptores OBRb ou de outras proteinas da via de

sinalizagdo deste hormdnio assim como ao aumento da expressdo de inibidores da via, como
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SOCS3 (Sahu et al., 2003). Outras proteinas, como a PTP-1B, que reconhece um sitio especifico
de JAK2 e diminui a sua fosforilagdo, também pode estar aumentada e inibir a via de sinaliza¢éo
intracelular da leptina (Zabolotny et al., 2002). A resisténcia a leptina também pode ser causada
pela reducdo de receptores do tipo OBRa com consequente diminuicdo do transporte de leptina
pela barreira hematoencefalica e de sua acdo no hipotalamo (Bjorbaek et al., 1999; Kastin et al.,
1999; Banks, 2001).

Alguns estudos demonstraram que a leptina pode promover estresse oxidativo, inflamagéo
vascular, e proliferacdo e migracdo de células endoteliais e musculares lisas, favorecendo o
desenvolvimento de aterosclerose. Em ceélulas vasculares, a leptina foi capaz de estimular a
producdo de endotelina 1 (ET-1) e promover calcificacdo vascular (Savoia & Schiffrin, 2004). Na
inflamacdo, a leptina age diretamente sobre os macrofagos para aumentar a atividade fagocitaria
e a producdo de citocinas pro-inflamatérias, além de exercer um efeito sobre as células T,
mondcitos, neutréfilos e células endoteliais (Fernandez-Sanchez et al., 2011). Ainda, a reducédo
dos niveis circulantes de leptina causada pela perda de peso em humanos esteve associada a
reducdo de outros diferentes marcadores inflamatorios (Hukshorn et al., 2004, Steffes et al.,
2006).

1.1.2 Obesidade e estresse oxidativo

Radicais livres sdo definidos como qualquer atomo, molécula ou fragmento de molécula
contendo um ou mais elétrons desemparelhados na sua tltima camada de valéncia, o que faz com
gue essas espécies sejam altamente reativas, instaveis e de meia-vida muito curta. As espécies
reativas de oxigénio (ERO) e de nitrogénio (ERN) sdo produzidas naturalmente ou por alguma
disfuncé@o bioldgica. Dentre os processos naturais de geracdo de ERO, destaca-se a respiracéo
celular acoplada a fosforilagdo oxidativa para geracdo de ATP na mitocondria. O oxigénio (Oy)
sofre reducdo tetravalente pela enzima citocromo oxidase com aceitagdo de quatro elétrons,
resultando na formagdo de &gua (H.O). Durante esse processo sdo formados intermediarios
reativos, tais como o anion superéxido (O;), o peroxido de hidrogénio (H,O,) e o radical
hidroxila (OH"). Além das mitocondrias, as ERO e outros tipos de radicais livres também séo
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produzidos por diferentes sitios celulares e vias metabdlicas, tais como peroxisomos e 0s sistemas
enzimaticos xantina oxidase (XO), nicotinamida dinucleotideo fosfato reduzida (NADPH
oxidase) e oxido nitrico sintase (NOs) (Halliwell, 1994; Halliwell, 2000).

O estresse oxidativo pode ocorrer como resultado do aumento da geracdo de ERO e/ou
falha do sistema antioxidante (Sies, 1993; Roberts & Sindhu, 2009) (Figura 2). Recentemente, foi
observado que 0s organismos possuem mecanismos para 0 uso vantajoso dos radicais livres, que
estdo envolvidos em importantes funcdes fisioldgicas tais como a regulacdo do tdnus vascular,
controle da producéo de eritropoetina e outras func¢des induzidas pela hipdxia e transducéo de
sinais envolvidos no sistema imunoldgico (Droge, 2002). Por esta razdo, a definicdo

“desequilibrio redox” também tem sido utilizada para se referir ao estresse oxidativo.

Cellular, Respiration o X o
W

Physical Inactivity
Poor: Diet
Smoking

GSH GSSG

Protein Damage

Environmental

DNA Damage Lipid Peroxidation

I

Figura 2. Visdo geral da geracdo e da interceptacdo de EROs pelo sistema de defesa

antioxidante enzimatico (adaptado de Roberts & Sindhu, 2009).

O organismo disp0e de sistemas de defesa antioxidante enzimaticos e ndo enzimaticos ou
dietéticos, os quais podem ter origem no proprio organismo ou sdo adquiridos atraves da dieta.
Os antioxidantes sdo capazes de interceptar os radicais livres gerados pelo metabolismo celular
ou por fontes exdgenas, impedindo o ataque a dupla ligacdo dos &cidos graxos poliinsaturados,

aos aminoacidos das proteinas e as bases de DNA, evitando assim a formacéo de lesdes e perda
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da integridade e estabilidade celular (Sies, 1993; Yu, 1994; Roberts & Sindhu, 2009). O sistema
de defesa antioxidante enzimético é constituido principalmente pelas enzimas superoxido
dismutase (SOD), catalase (CAT), glutationa peroxidase (GPx) e glutationa redutase (GR). A
SOD ¢ a principal enzima antioxidante contra os ions superoxido (O2) produzidos por todo
organismo. Esta enzima catalisa a dismutagdo do O,", convertendo-o a perdxido de hidrogénio
(H2,0O,) e oxigénio (Fridovich, 1995). Existem trés formas principais de SOD em humanos:
CuzZnSOD citosolica, MnSOD mitocondrial, e SOD extracelular. O H,O, ¢é altamente reativo e,
diferente do anion superoxido, é capaz de difundir-se atraves das membranas celulares (Mates et
al., 1999). A catalase, abundante em todas as células, atua sobre o H,O, transformando-o em H,O
e oxigénio molecular. A GPx também é capaz de converter o0 H,O, em O, e H,0, utilizando a
glutationa reduzida (GSH) e transformando-a em glutationa oxidada (GSSG) e agua (Yu, 1994;
Roberts & Sindhu, 2009). A GPx e a CAT possuem a mesma funcéo sobre o H,0O,, sendo a GPx
mais eficiente em condicGes de elevada concentragdo e a CAT em baixas concentracdes de
espécies reativas de oxigénio (Finaud et al 2006). Ainda, o H,O, pode ser convertido em agua e
O, por tiorredoxinas (Nordberg & Arnér, 2001).

As ERO sdo capazes de causar danos oxidativos em estruturas celulares através da
oxidacdo de lipideos de membrana, da carbonilacdo de proteinas e de danos estruturais ao DNA
(Roberts & Sindhu, 2009). A oxidacdo resultante do ataque de radicais livres sobre &cidos graxos
poliinsaturados presentes nas membranas celulares e em lipoproteinas é denominada
lipoperoxidacdo. Durante esse processo sdo formados metabolitos secundarios altamente
citotoxicos como hidrocarbonetos de cadeia curta (etano, pentano), aldeidos (malondialdeido, 4-
hidroxinonenal), epdxidos e outros. Como resultado da lipoperoxidacdo, as membranas sofrem
alteracdo em sua estrutura com consequente alteracdo da permeabilidade, levando a perda da
seletividade para entrada e/ou saida de nutrientes e substancias téxicas a célula (Nikki, 2009).
Assim como os lipideos, proteinas também sdo alvos de radicais livres. A oxidacdo de
aminoéacidos resulta na formacdo de carbonilas e tidis oxidados que alteram a fun¢do normal da
proteina (Yan & Forster, 2011). O ataque de radicais livres ao DNA esta associado com
processos mutagénicos e carcinogénicos (Murtas et. al., 2010). A formacdo de radicais livres
proximo ao DNA pode resultar na oxidacéo de bases de pirimidina e purina, formacdo de adutos

e quebras na fita. Quando a cadeia do DNA ¢ quebrada, pode ser “reconectada” em outra posi¢ao
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alterando, assim, a ordem de suas bases, instalando-se um processo de muta¢do. O acimulo de
bases danificadas pode desencadear a oncogénese (Weinberg & Chandel, 2009).

Um importante mecanismo de patogenicidade das alteracbes metabdlicas relacionadas a
obesidade é o aumento do estresse oxidativo (Roberts & Sindhu, 2009; Otani, 2011). Estudos
sugerem que o aumento de ERO nos adipdcitos provoca a producéo desregulada de adipocinas na
obesidade e, consequentemente, o desenvolvimento de alteracdes da SM, como resisténcia a
insulina, hipertensdo e aterosclerose (Roberts & Sindhu, 2009; Otani, 2011). Embora a SM seja
de origem multifatorial, a hipertensdo, a intolerancia a glicose e a dislipidemia podem ser
causadas primariamente pelo mesmo mecanismo: a disfuncdo endotelial proveniente do aumento
de estresse oxidativo (Maury & Brichard, 2010; Otani, 2011). A produgdo de ERO aumenta
paralelamente ao acimulo de gordura nos adipdcitos. Foi demonstrado em ratos que o aumento
dos niveis de acidos graxos livres estimulou a producdo de ERO em adipdcitos através da
ativacdo da NADPH oxidase e diminuigdo da expressdo de enzimas antioxidantes (Furukawa et
al., 2004). Ainda, ratos obesos tratados com inibidor de NADPH oxidase mostraram redugédo na
producdo de ERO no tecido adiposo, normalizacdo da secrecdo de adipocinas e melhora do
diabetes, da hiperlipidemia e da esteatose hepatica (Fujita et al, 2006). Além disso, 0 estresse
oxidativo diminuiu a secrecdo de adiponectina em adipdcitos in vitro (Hattori et al., 2005; Soares
et al., 2005) e aumentou a expressao de citocinas pro-inflamatorias in vivo (Furukawa et al.,
2004; Chen et al., 2009; Sakurai et al., 2009). Portanto, é provavel que o aumento na producédo de
ERO cause um aumento do estresse oxidativo no adipécito, gerando uma inflamacédo sistémica,

envolvida no desenvolvimento de complicacbes da SM (Figura 3).
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Figura 3. Mecanismos de génese da sindrome metabdlica induzida pela obesidade
(adaptado de Otani, 2011).

1.2 Programacao Metabolica ou Plasticidade Ontogenética

Alteracbes nutricionais, hormonais e ambientais durante estagios criticos do
desenvolvimento, tais como gestacdo e lactacdo, podem alterar a fisiologia e 0 metabolismo de
um organismo provocando o desenvolvimento de distirbios metabdlicos na vida adulta (de
Moura et al., 2008, Fernandez-Twinn & Ozanne, 2010). Este fendmeno é conhecido como
programacao metabdlica foi proposto por Barker, que sugeriu que o baixo peso ao nascer causado
por um ambiente intrauterino adverso estava relacionado ao risco aumentado de desenvolvimento
de doencas crbnicas na idade adulta como diabetes tipo 2, hipertensdo e doenca cardiovascular
(Barker, 1995; Barker, 2007). A programacdo metabdlica, portanto, sugere que o feto é sensivel a
alteracdes nutricionais durante seu desenvolvimento. Do ponto de vista evolutivo, quando o
fornecimento de nutrientes € precario, respostas adaptativas provocam prioridade no

desenvolvimento de alguns 6rgéos em detrimento de outros. Tais alteracGes teriam como objetivo
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preparar o metabolismo para a sobrevivéncia do individuo frente a condi¢Ges adversas no futuro
(Hales & Barker, 1992; Simmons, 2005). Entretanto, estas alteragdes adaptativas podem persistir
mesmo em condic¢des normais de fornecimento de nutrientes, fazendo com que a modificacdo de
funcBes de 6rgdos e tecidos deixe de ser uma vantagem adaptativa, tornando-se deletéria para o
organismo. Atualmente, o termo "plasticidade ontogenética” tem sido utilizado e propGe uma
forma menos deterministica e mais probabilistica para explicar o surgimento de doengas em
resposta a insultos durante um periodo critico (Gluckman & Hanson, 2007).

Desde a primeira observacdao em humanos da relacdo entre 0 baixo peso ao nascer e 0
desenvolvimento de obesidade e doencas cronicas na vida adulta feita por Ravelli et al. (1976),
estudos epidemioldgicos em diferentes regides no mundo tém reforcado esta hipdtese (Gluckman
& Hanson, 2004; Barker, 2006; Fan et al., 2010; Efstathiou et al., 2012). No Brasil, no municipio
do Rio de Janeiro, evidenciou-se que a deposicdo abdominal de gordura e a hipertensao arterial
em mulheres adultas estiveram associadas a desnutri¢do perinatal (Sichieri et al, 2000a, Sichieri
et al, 2000b). Em S&o Paulo, a baixa estatura em criancas associada ao nivel de pobreza ao nascer
e, provavelmente, a ma nutricdo, indicou um maior risco para o desenvolvimento de obesidade
abdominal e hipertensdo arterial na vida adulta (Hoffman et al., 2000a; Hoffman et al., 2000b;
Sawaya et al., 2003).

Nas Ultimas décadas, diversos estudos experimentais foram desenvolvidos para melhor
compreender os mecanismos modulados pela plasticidade ontogenética. Diferentes estratégias
como alteracdo da nutricdo materna ou do crescimento fetal, exposicdo da mée ou do filhote a
horménios, poluentes ou fatores ambientais, entre outros, tém sido utilizadas visando mimetizar
alteracbes que pudessem ocorrer no ambiente pré ou pés-natal (Gluckman & Hanson, 2007). Em
nosso laboratério desenvolvemos diferentes modelos de plasticidade ontogenética buscando
compreender a programacdo da massa corporal e da adiposidade, do metabolismo energético,
assim como de alteragfes hormonais em ratos na vida adulta. Animais cujas maes sofreram
desnutricdo calorica na lactagcdo tiveram aumento do peso corporal e resisténcia ao efeito
anorexigénico da leptina na vida adulta (Passos et al., 2000, Passos et al., 2004). Ja a desnutri¢éo
proteica materna durante a lactacdo esteve associada com menores massas corporal e de gordura
total e central, menores concentracdes séricas de insulina e glicose e também resisténcia ao efeito
anorexigénico da leptina na vida adulta (Passos et al., 2004; Fagundes et al., 2009). Alem disso,

estes animais apresentam aumento da capacidade antioxidante e maior sensibilidade ao efeito do



22

tratamento com o antioxidante resveratrol (Franco et al.,, 2010). Nestes dois modelos de
alteracdes nutricionais na lactacdo, as mées apresentaram hipoprolactinemia (Lisboa et al., 2006)
e suas proles apresentaram hiperleptinemia ao desmame (Teixeira et al., 2002) e esta alteracéo
metabolica contribuiu para o desenvolvimento de modelos de exposicdo a leptina durante a
lactacdo (administrada na rata lactante ou no filhote). As proles programadas pela hiperleptinemia
neonatal apresentaram aumento da massa corporal e alteragdes enddcrinas como hiperleptinemia,
resisténcia ao efeito anorexigénico da leptina na vida adulta (Lins et al, 2005; Toste et al., 2006;
Trevenzoli et al., 2007; Passos et al., 2009; Pereira-Toste et al., 2009; Trevenzoli et al, 2010). A
inibicdo da producdo da PRL (prolactina) por um agonista dopaminérgico - a bromocriptina
causou um desmame precoce nas proles e programou para obesidade, dislipidemia, resisténcia a
insulina e a leptina (Bonomo et al., 2007; de Moura et al., 2009). Estas mesmas alteracdes foram
mostradas recentemente em proles adultas programadas por outro modelo de desmame precoce,
sem uso de substancia farmacoldgica ou separacdo materna (Lima et al., 2011; Lopes Nobre et al,
2011). Assim como a desnutricdo, a supernutricdo (SN) na lactagcdo, mimetizada pelo modelo
experimental de reducdo do tamanho da ninhada, também provocou obesidade do tipo visceral,
hiperinsulinemia e resisténcia a insulina e a leptina nas proles adultas (Rodrigues et al. 2009,
Conceicdo et al. 2011; Rodrigues et al., 2011).

1.2.1 Programacdo metabodlica pelo desmame precoce

A amamentacdo exclusiva reduz a mortalidade infantil causada por doencas infecciosas
gastrointestinais e respiratorias até o segundo ano de vida (WHO, 2000; Kramer et al., 2003;
Melo et al., 2008). Muitos estudos epidemioldgicos tém sugerido também que o aleitamento
materno esta associado a prevencdo da obesidade. Entretanto, a avaliacdo dos achados sobre a
relacdo entre aleitamento materno e risco futuro de obesidade torna-se dificil devido a curta
duracdo dos estudos e a ocorréncia de fatores de confusédo (Kramer et al., 2007; Ryan, 2007;
Karmer et al., 2009; Fewtrell, 2011). Uma analise de 14 estudos publicados entre 2003 e 2006
sobre relacdo entre amamentacdo e risco de sobrepeso e obesidade infantil mostrou que trés

estudos relataram um efeito protetor em criancas (ou seja, 0 aumento da duracdo da amamentagéo
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foi associado a um menor risco de sobrepeso ou obesidade infantil), quatro relataram um efeito
de protecdo parcial (ou seja, apenas evidente em um subgrupo), seis relataram nenhum efeito
protetor, e 1 relatou um efeito protetor em criangas, mas ndao em adultos (Ryan, 2007).
Entretanto, Arenz et al. (2004) mostraram através de metanalise que incluiu nove estudos com
mais de 69 mil participantes que a amamentagéo reduziu o risco de obesidade na infancia. Assim
como Harder et al. (2005), que mostraram uma associacdo inversa entre a duracdo da
amamentacao e o risco de sobrepeso. Mais recente, um estudo com 126 adolescentes identificou
que o aleitamento materno até pelo menos os 3 meses de idade esteve associado com menor risco
de obesidade e menor circunferéncia da cintura em criangas e adolescentes (de Armas et al.,
2009). No Brasil, um estudo realizado na cidade de S& Paulo, mostrou que criancas e
adolescentes que nunca receberam aleitamento materno tém maior ocorréncia de obesidade na
idade escolar, porém ndo encontrou efeito dose-resposta entre duracdo da amamentacéo e risco de
obesidade (Scanferla de Siqueira & Monteiro, 2007). Os achados controversos sobre a relagéo
entre amamentacdo e o risco futuro de obesidade indicam a necessidade de mais estudos, em
particular estudos longitudinais e experimentais. Em virtude dos inumeros beneficios do leite
materno a saude da crianca, a amamentacdo exclusiva até os seis meses de idade tem sido
considerada estratégica em salde publica e potencialmente Gtil na prevencdo da obesidade
(Sichieri & Souza, 2008).

A Organizacdo Mundial de Saude define amamentacdo exclusiva como 0 consumo
exclusivo de leite materno, sem nenhum outro tipo de alimento, suco ou mesmo agua durante o0s
seis primeiros meses de vida (WHO 2010). A introducdo de qualquer tipo de alimento na dieta de
uma crianga que, até entdo, se encontrava recebendo aleitamento materno exclusivo deve ser
definida como desmame. Dessa forma, “desmame precoce” pode ser compreendido como a
interrupcdo do aleitamento materno antes que a crianga complete seis meses de idade (Candeia et
al., 1983).

Recentemente, o Ministério da Saude publicou um estudo sobre a prevaléncia da
amamentacdo no Brasil (Brasil, 2009). Os dados deste estudo foram coletados no ano de 2008 e
comparados aos resultados anteriores obtidos no ano de 1999. A prevaléncia de amamentagdo
exclusiva em criancas menores de seis meses de idade foi de 41% nas capitais brasileiras, porém
os resultados variaram de 27% em Cuiaba, até 56% em Belém. A duragdo média do aleitamento

materno exclusivo foi de 1,8 meses e do aleitamento materno foi de 11,2 meses. A prevaléncia do
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aleitamento materno exclusivo em criancas menores de quatro meses subiu de 35% em 1999 para
51% em 2008, principalmente nas regides Sudeste, Norte e Centro-Oeste. Entretanto, o estudo
evidenciou a introducdo precoce de alimentacdo complementar: 21% das criangcas com idade
entre 3 e 6 meses ja consumia alimentos sélidos salgados e 24% das criangas na mesma faixa
etaria j& fazia o consumo de frutas.

No Brasil, em 8 de setembro de 2008, foi sancionada pelo entdo Presidente da Republica,
Luis Inécio Lula da Silva, a lei nimero 11770, que prorroga o tempo da licenca maternidade por
mais 60 dias, somando ao todo 6 meses, que até 0 momento era de apenas 4 meses, conflitando
com o periodo de amamentacdo exclusiva recomendado pela OMS (Lei 11770). Apesar dos
avancos nas politicas publicas nacionais de incentivo ao aleitamento materno, o desmame
precoce permanece um importante desafio para os 6rgéos de salde.

Entre as razbes para a interrupcdo do aleitamento materno antes dos seis meses de idade
(desmame precoce), a falta de leite e necessidade de retorno ao trabalho foram frequentemente
alegados pela mée (Carrascoza et al., 2005; Volpini & Moura, 2005; Faleiros et al., 2006,
Mascarenhas et al., 2006). A situacdo socioecondmica também €& um importante fator que
influencia o desmame precoce (Faleiros et al., 2006). Estudos indicaram que maes com maiores
niveis de escolaridade amamentam mais tempo os seus filhos (Escobar et al., 2002; Volpini &
Moura, 2005).

Em animais experimentais, a interrup¢do da amamentacdo e a introducdo de alimentos
solidos antes do tempo natural sdo estratégias utilizadas para mimetizar o desmame precoce e
estudar os efeitos a curto e em longo prazo da amamentacao regular sobre diferentes parametros
(Kikusui, et al., 2006; Osaki et al., 2011; dos Santos Oliveira et al., 2011). Ratas geralmente
entram no cio e podem engravidar aproximadamente 21 a 22 dias pds-parto. Por essa razdo, ratos
utilizados na pesquisa experimental sdo geralmente desmamados aos 21 dias de idade (Kikusui,
et al., 2006). Apds cerca de duas semanas de vida, filhotes de ratos sdo capazes de comer, manter
a temperatura corporal, e evacuar (Plaut e Davis, 1972).

Nos ultimos anos, o desmame precoce tem sido relacionado ao desenvolvimento de
distdrbios comportamentais em roedores na vida adulta. Ono et al. (2008) observaram que 0
desmame precoce em camundongos machos aumentou os niveis de ansiedade nas 3° a 5° semanas
de idade. A privacdo materna aos 14 dias da lactacdo levou a um substancial aumento nos niveis

séricos de corticosterona dos filhotes, além de aumentar a resposta ao estresse, associada a
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diminuicdo de receptores para glicocorticoides no hipocampo (Kikusui et al., 2006). Além disso,
0 desmame precoce em ratos machos esté associado ao aumento da agressividade na idade adulta
(Kikusui & Mori, 2009). Estes estudos ressaltam a importancia da interacdo fisica entre méae-
filhote, uma vez que utilizam a separa¢do materna para induzir o desmame precoce (Liu, et al.
2000, Uriarte, et al. 2007).

Em nosso laboratério foi desenvolvido um modelo experimental de desmame precoce
com intuito de compreender sua relacdo com a programacao da massa corporal, da adiposidade e
de disfuncbes hormonais, em virtude da escassez de trabalhos na literatura. Primeiramente, foi
realizado um estudo onde ratas Wistar lactantes receberam injecéo de bromocriptina, um agonista
dopaminérgico, inibidor da producdo de PRL (prolactina), nos ultimos trés dias da lactacdo
(Bonomo et al., 2005). Na idade adulta, as proles programadas apresentaram obesidade,
hiperleptinemia e resisténcia ao efeito anorexigeno da leptina, porém sem alteracdo do consumo
alimentar (Bonomo et al., 2007) e hipotireoidismo central, sugerindo um hipometabolismo nestes
animais (Bonomo et al., 2008). Ainda, mostramos o desenvolvimento de dislipidemia, resisténcia
a insulina e hipoadiponectinemia (de Moura et al, 2009) e disfuncao renal (Passos et al., 2011)
na idade adulta neste mesmo modelo experimental. Fraga et al. (2011) evidenciou que estes
animais apresentaram distarbios comportamentais como diminuicdo de memaria e aprendizado e
aumento de ansiedade. Em outro modelo de administracdo de bromocriptina a ratas lactantes
(dias 7, 8 e 9 da lactacdo), as proles desenvolveram menor adiposidade visceral e hipotireoidismo
na idade adulta (Lisboa et al., 2010).

No entanto, ndo se sabia se as alteracdes encontradas na vida adulta de filhotes cujas maes
receberam bromocriptina ocorreram pelo uso deste farmaco ou somente pela menor oferta de leite
materno as proles. Desta, maneira objetivando isolar os fatores de confusdo, foi desenvolvido um
novo modelo de desmame precoce sem utilizacdo de farmaco e sem a necessidade de separagdo
materna (DP). Neste modelo, ao fim do 17° dia da lactacdo, as mées foram anestesiadas com dose
ndo letal de tiopental (0,06mg/100g de peso corporal) e enfaixadas com fita adesiva do tipo
esparadrapo que impediu o0 acesso dos filhotes ao leite materno nos ultimos 3 dias da lactacéo.
Lima et al. (2011) mostraram que o desmame precoce, provocado entdo pelo bloqueio mecanico
da amamentacdo, causou desnutricdo nas proles ao desmame e provocou o desenvolvimento de
sobrepeso, hiperfagia, aumento da adiposidade visceral, hiperglicemia, resisténcia a insulina,

hipoadiponectinemia, aumento de triglicerideos sericos, hiperleptinemia e resisténcia central a
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leptina evidenciada pelo menor contetido hipotaldmico das proteinas JAK2 e pSTAT3 na vida
adulta. Recentemente, evidenciamos que estes animais também apresentaram aumento da
expressao de NPY e diminuicdo de CART especificamente no PVN (Younes-Rapozo et al.,
2012).

1.2.2 Programacdo metabolica pela supernutricdo na lactacio

A prevaléncia de obesidade infantil nas ultimas décadas aumentou no mundo todo (de
Onis et al., 2010). Nos Estados Unidos, o nimero de criancas obesas triplicou nos ultimos 30
anos. O percentual de criancas obesas com idade entre 6 e 11 anos aumentou de 7% em 1980 para
quase 20% em 2008, e o percentual de adolescentes obesos entre 12 e 19 anos de idade aumentou
de 5% para 18% no mesmo periodo. Em 2008, evidenciou-se mais de 1/3 de criancas e
adolescentes com sobrepeso ou obesidade (Flegal et al., 2012; Ogden et al., 2010). No Brasil, um
estudo recente revelou que 22% de criancas e adolescentes com idade entre 5 e 19 anos
apresentavam obesidade (Gupta et al., 2012). A Pesquisa de Orcamentos Familiares (POF 2008-
2009) realizada pelo Instituto Brasileiro de Geografia e Estatistica (IBGE), em parceria com o
Ministério da Saude, mostrou um aumento importante no nimero de criangas com sobrepeso no
pais, principalmente na faixa etaria entre 5 e 9 anos de idade. O nimero de meninos com
sobrepeso aumentou de 15% em 1989 para 34,8% em 2009, assim como 0 numero de obesos
nesse mesmo grupo etario mais que triplicou, passando de 4,1% para 16,6%. Esse aumento
também foi visto em meninas entre 5 e 9 anos de idade: a prevaléncia de obesidade aumentou de
2,4% em 1989 para 11,8% em 2009 (IBGE, 2010).

Estudos epidemioldgicos sugerem que jovens com sobrepeso e obesidade apresentam
maiores chances de se tornarem adultos com sobrepeso e maior risco cardiovascular (Reilly et al.,
2003; Must, 2003, Owen et al., 2009, Conde & Borges, 2011). Esta associa¢do tem sido reforcada
através de estudos experimentais de excesso de nutrientes no periodo neonatal (Davidowa &
Plagemann, 2007; Rodrigues et al., 2009; Rodrigues et al., 2011; Conceigéo et al., 2011).

A reducdo do namero de filhotes da ninhada é um modelo experimental proposto para
induzir a supernutricdo na infancia em roedores (Plagemann et al., 1992). Em condicdes de



27

grande oferta de leite, os filhotes ingerem um volume préximo da capacidade do trato
gastrointestinal (Houpt & Epstein, 1973). A ingestdo abundante de leite pode levar o animal a
supernutricdo, pois o controle hipotalamico da ingestdo de alimentos no inicio da vida po6s-natal
ndo esta totalmente estruturado. O desenvolvimento da rede hipotalamica reguladora do apetite
em roedores ocorre predominantemente apos 0 nascimento. Somente em torno de 20 dias pds-
nascimento, os neurdnios do ndcleo ventromedial (VMN) adquirem aparéncia citologica
semelhante a de um animal adulto (Pozzo Miller & Aoki, 1992). Enquanto o NPY esta presente
no nucleo arqueado (ARC) do feto proximo ja ao 14° dia de gestacdo, projecdes de NPY/AgRP
entre 0 ARC e 0 nucleo dorso medial (DMN) nédo estdo completas até aproximadamente 10-11
dias ap6s o nascimento, assim como projecdes de NPY para o nucleo paraventricular (PVN)
hipotaldamico ndo estdo completamente desenvolvidas até o 15°-16° dia de vida (McMillen et al.,
2005). Durante a primeira semana de vida, parece haver uma dominancia relativa de inervacoes
NPY e aMSH no PVN derivadas do tronco cerebral sobre inervacdes derivadas do ARC,
sugerindo, portanto, que a informac&o sensorial vagal no intestino relativa a presenca do alimento
pode ser importante na regulacdo do comportamento alimentar em filhotes de ratos neste periodo
(Grove & Smith, 2003).

A supernutricdo perinatal tem sido relacionada a permanéncia de excesso de peso,
hiperfagia, hipertensdo e hiperinsulinemia na vida adulta (You et al., 1990; Plagemann et al.,
1992; Boullu-Ciocca et al., 2005; Davidowa & Plagemann, 2007; Rodrigues et al., 2007; Lopez
et al., 2007). Mais recente, foi observado que a supernutricdo na lactacdo esteve associada a
hipermetilacdo das regibes promotoras do receptor de insulina e de POMC (Plagemann et al.,
2009; Plagemann et al., 2010). A metilacdo, um fenbmeno epigenético bastante estudado
atualmente, consiste na ligacdo covalente de um radical metil a posicdo 5 do anel de citosina de
um dinucleotidio CpG (uma base citosina unida a uma base guanina) localizado em uma
sequéncia de DNA. Como a maioria dos genes dos mamiferos possuem ilhas CpG contidas na
regido promotora, o acimulo de metilacdes nessa regido pode impedir a ligacdo dos fatores de
transcricdo a seus respectivos dominios especificos, inibindo, dessa forma, o processo de
transcricdo de um determinado gene (Tate et al., 1993; Robertson, 2001). A metilacdo (hiper ou
hipometilagdo) do DNA, juntamente com a desacetilacdo de histonas, provocando alteracdo da

atividade de um determinando gene, € um mecanismo epigenético sugerido para explicar como
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eventos ambientais no inicio da vida causam modificacdes nos padrdes de expressdo génica
fenotipica tardiamente (Pinney & Simmons, 2012).

Em nosso laboratério, evidenciamos que a supernutricdo na lactacdo, induzida pela
reducdo do numero de filhotes ao 3° dia da lactacdo para 3 filhotes por ninhada, causou
obesidade total e visceral, diminuicdo de HDL-c e resisténcia central & leptina, evidenciada pelo
menor conteldo de pSTAT3 e maior de SOCS3 no hipotalamo (Rodrigues et al, 2011),
hipotireoidismo (Rodrigues et al, 2009) e aumento da area dos adipdcitos viscerais associada a

uma menor producdo de leptina em ratos aos 180 dias de idade (Conceicdo et al., 2011).

1.3 Resveratrol

O resveratrol (Res, 3, 5, 4'-trihidroxi-trans-estilbeno) é um polifenol estilbeno presente em
mais de 70 espécies de plantas das quais fazem parte da dieta humana uvas, amoras, amendoim,
entre outras. Em 1963, o resveratrol foi identificado em raizes de Polygonum cuspidatum,
utilizada na medicina chinesa e japonesa. Porém, o interesse pelo resveratrol foi despertado na
década de 90, quando quantidades significativas foram identificadas no vinho tinto (Gu et al.,
1999) e este polifenol foi considerado um fator importante para o Paradoxo Francés, um termo
cunhado para descrever a observacdo de que apesar de uma dieta rica em gorduras saturadas, a
populacdo francesa tem uma incidéncia muito baixa de doencas cardiovasculares (Renaud & de
Lorgeril, 1992).

As mais importantes uvas que contém resveratrol sdo Vitis vinifera, Vitis labrusca e Vitis
moscadine, nas quais esse composto é encontrado pincipalmente na casca em quantidades que
podem variar de 50 a 100 pg/g. (Ector et al., 1996). No vinho tinto, a concentragao de resveratrol
pode variar de 1,5 a 3,0 mg/L (Dong, 2003), podendo chegar até 7 mg/L (Bertelli et al., 1996).
Um estudo revelou que o vinho brasileiro pode ser considerado uma boa fonte de resveratrol,
uma vez que foi estimado um consumo total de 5,3 mg/dia de compostos estilbenos em pessoas
com um consumo regular de 160 ml de vinho tinto (Vitrac et al., 2005).

Nos ultimos anos, o resveratrol tem recebido bastante atencdo devido a suas propriedades

anti-inflamatorias, anti-carcinogénicas e antioxidantes, bem como sua capacidade de aumentar a
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longevidade em pequenos organismos e melhorar a satde geral em mamiferos (Pervaiz & Holme,
2009). Os efeitos bioldgicos do resveratrol incluem: supresséo da proliferacdo celular via inibicéo
de etapas chave em vias de transducao de sinais, promocdo de diferenciacéo celular, varredura de
ERO e intermediarios, inducdo da morte celular por apoptose através da ativacdo de vias
dependentes ou ndo da mitocondria e atividade antiinflamatoria via subsensibilizacéo de citocinas
pro inflamatorias (Pervaiz, 2004; Markus & Morris; 2008; Pervaiz & Holme, 2009). Estudos
mostraram que o resveratrol aumentou a captacdo de glicose pelo musculo, figado e adipdcito (Su
et al., 2006); aumentou a sintese e liberacdo de dxido nitrico pela eNOS (Baur & Sinclair, 2006);
diminui o triglicerideo e o colesterol, através da redugdo da sintese “de novo” de acidos graxos,
da incorporacdo de acetato em triglicerideos e da atividade da acetil-CoA carboxilase (Gnoni &
Paglialonga, 2009) e inibiu a secrecdo de hormonios tais como a leptina em adipdcitos
(Szkudelska et al., 2009) e a insulina em ilhotas pancreéaticas (Szkudelski, 2006). Dessa maneira,
seus efeitos sobre alteracbes metabdlicas como diabetes tipo 2, dislipidemia e hipertensao
arterial, tém sido bastante estudados nos ultimos anos.

A atuacdo do resveratrol como antioxidante se da tanto de maneira direta através da
varredura de espécies reativas como o radical hidroxila e o anion super6xido ou por quelar-se a
metais pesados, e indireta, através da modulagdo de sistemas pré ou antioxidante (Bradamante et
al., 2004). Porém, a atividade antioxidante do resveratrol parece ser mais eficiente atraves da
modulacdo de sistemas prd ou antioxidante (Spanier et al., 2009). O resveratrol atua inibindo
genes pré-oxidantes, como a NADPH oxidase, e induzindo a atividade e expressdo de enzimas
oxidantes. A capacidade do resveratrol em aumentar a atividade e/ou expressao de enzimas
antioxidantes tem sido demonstrada tanto em estudos in vitro (Tatlidede et al., 2009; Zheng et al.,
2010) quanto in vivo (Robb et al., 2008; Bhatt et al., 2011; Schmatz et al., 2012).

Estudos demonstraram que o resveratrol protegeu camundongos contra a obesidade
induzida por dieta (Lagouge et al., 2006) e, in vitro, inibiu a diferenciacdo de pré-adipéctos e
induziu a apoptose de adipécitos maduros (Yang et al., 2008). Desde entdo, modelos de
obesidade em roedores tém sido desenvolvidos para melhor compreender os mecanismos pelos
quais o resveratrol promove resisténcia contra o acimulo de tecido adiposo (Rivéra et al., 2009;
Louis et al., 2011; Goméz-Zorita et al., 2012).

Outro mecanismo conhecido de acdo do resveratrol é a ativacdo de vias que também séo

estimuladas pela restricdo calorica cronica, uma condi¢do conhecida por aumentar o periodo de
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vida e retardar a incidéncia de doencas em muitas espécies, desde leveduras até mamiferos
(Koubova & Guarente, 2003). Howitz et al. (2003) demonstraram, em leveduras, que e
mimetizagdo dos efeitos benéficos da restricdo caldrica cronica estavam associados a ativacao da
sirtuina 1 (SIRT1), uma histona desacetilase. Recentemente, outros estudos confirmaram a
capacidade do resveratrol em ativar a SIRT1 em roedores (Franco et al., 2010; Yar et al., 2011).
Além de utilizar histonas como substratos, a SIRT1 atua sobre proteinas ndo-histonas,
principalmente sobre fatores de transcri¢do, tais como: a subfamilia ForkHead O (FOXO), o
receptor ativado por proliferadores do peroxissoma (PPAR vy), o coativador de transcricao génica
la (PGC-1 a), o gene supressor tumoral p53 ¢ acetil-CoA sintetase (Yamamoto et al., 2007; Yu
& Auwerx, 2009). Dessa maneira, a ativagdo da SIRT 1 pelo resveratrol pode estar envolvida em

muitas de suas acOes, principalmente aquelas envolvidas no metabolismo energético.
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2 OBJETIVOS

Em ratos adultos programados pela supernutri¢do na lactacéo: avaliar o estresse oxidativo,
a morfologia hepética e a via de sinalizacdo da insulina.

Em ratos adultos programados pelo desmame precoce: avaliar o estresse oxidativo, a
pressdo arterial e a morfologia hepética e os efeitos do resveratrol sobre estes parametros bem

como sobre a sinalizacdo da leptina e 0 NPY no hipotalamo.
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ABSTRACT

Postnatal early overfeeding (EO) is related to later development of overweight and other
metabolic disorders. As oxidative stress is implicated in most human diseases, as obesity and
diabetes, we decided to study some parameters related to oxidative stress and insulin signaling in
liver from EO animals in adult life. To induce EO, litter size was reduced to 3 pups/litter (SL:
small litter) and groups with normal litter size (NL: 10 pups/litter) were used as control. After
weaning, rats had free access to standard diet and water. Body weight and food intake were
monitored daily and offspring were killed at 180 days-old. Significant differences had p<0.05 or
less. As expected, SL rats had hyperphagia, higher body weight and higher visceral fat mass at
weaning and adulthood. In liver, postnatal EO programmed for lower catalase (-42%), superoxide
dismutase (-45%) and glutathione peroxidase (-65%) activities. The evaluation of liver injury in
adult SL group showed lower nitrite content (-10%), higher liver and plasma malondialdehyde
content (+25% and 1.1 fold-increase, respectively). No changes of total protein bound carbonyl
or Cu/Zn SOD protein expression in liver were detected between the groups. Regarding insulin
signaling pathway in liver, SL offspring showed lower IRf (-66%), IRS1 (-50%), phospho-IRS1
(-73%), PI3-K (-30%) and Aktl (-58%). Indeed, morphological analysis showed that SL rats
presented focal areas of inflammatory cell infiltrate and lipid drops in their cytoplasm
characterizing a microsteatosis. Thus, we evidenced that postnatal EO can program the oxidative

stress in liver, maybe contributing for impairment of the insulin signaling.

INTRODUCTION


mailto:pclisboa@uerj.br
mailto:patricialisboa@pq.cnpq.br

34

In recent decades, the prevalence of childhood obesity has greatly increased worldwide
[1]. It is known that nutritional, environmental and/or hormonal influences during critical periods
early in life can permanently change the structure and function of body tissues and systems; this
association is denominated metabolic programming [2] and it was confirmed by epidemiological
and experimental data [3,4]. Studies in animal models have shown that excess of nutrition in
perinatal life represents a risk factor for obesity and associated metabolic disturbances in
adulthood [5,6,7]. Recently, in a systematic review and meta-analysis, Risnes et al. [8] showed a
strong association between higher birthweight and increased risk of cancer deaths.

Rats raised in ‘small litters’ (SL) are an established animal model to study short- and
long-term consequences of childhood obesity. This model of postnatal early overnutrition (EO)
was associated with hyperphagia, obesity, hypertension and hyperinsulinemia in adult life [10,
11, 12,13,14]. Other studies have suggested that oxidative stress, the imbalance between cellular
production of reactive oxygen species (ROS) and antioxidant defenses in cells, could be an early
event in the development of obesity-related chronic diseases, such as cardiovascular diseases,
diabetes mellitus and cancer [15, 16]. Nutrient overload and obesity increase ROS generation and
oxidative stress. Excessive nutrient in the metabolic pathways leads to an increased electron flux
through mitochondrial electron transfer chain. The consequent electron leak from respiratory
complex | and 111 of electron transfer chain leads to an increased production of ROS from the
mitochondria, such as superoxide and hydrogen peroxide [15].

Previously, we have shown in adult SL rats, the programming for overweight, higher total
and visceral fat mass, lower HDL-C, hyperphagia, central leptin resistance and thyroid
hypofuntion in adult life [6, 7]. At weaning, SL rats have insulin resistance characterized by an
increase in fasting glucose levels and hyperinsulinemia, while at 6 months old, these animals
showed a slight impairment in glucose tolerance test, 60 and 120 minutes after glucose load,
suggesting insulin resistance, despite basal normoglycemia and normoinsulinemia [7]. Other
reports showed that older (8 months old) SL rats present insulin resistance, suggesting that
insulin resistance in this experimental model seem to be age dependent [10, 11].

Since ROS have been proposed as a unifying mechanism linking nutrient excess and
obesity-associated disturbances, in the present study we evaluated some parameters related to

oxidative stress in adult rats programmed by EO. In addition, considering that there are two-way
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association between excessive ROS and insulin resistance, we studied the insulin signaling in

liver.

METHODS AND MATERIALS

The use of the animals according to our experimental design was approved by the Animal
Care and Use Committee of the Biology Institute of the State University of Rio de Janeiro
(CEUA/184/2007; CEUA/006/2009), which based their analysis on the principles adopted and
promulgated by the Brazilian Law issued on November 8, 2008 [17,18]. Wistar rats were housed
in a room with controlled temperature (25+ 1°C) and artificial dark—light cycles (lights on
07:00h, lights off 19:00h). Adult virgin female rats were caged with male rats (3:1) and after
mating, each female was placed in an individual cage with free access to water and food until
delivery.
Experimental Model of Postnatal EO

To induce EO during lactation, 3 days after birth, the litter size was adjusted to three male
rats per litter (SL) [11,6]. Litter containing 10 pups per mother was used as control (NL). The rats
analyzed were randomly chosen from 16 different litters (8 SL litters and 8 NL litters). After
postnatal day 21 (PN21) that corresponds to weaning period, both groups have free access to
water and standard diet. During lactation, body weight (BW) gain was daily monitored and from
weaning until PN180, body weight and food intake (g/100g BW) were monitored every 4 days.

At PN180, rats were killed after to be anaesthetized with pentobarbital (0.06 g/kg BW) in
order to collect blood, liver and visceral fat mass (VFM). The blood was collected by cardiac
puncture and poured in a tube containing EDTA. The VFM (mesenteric, epididymal and
retroperitoneal white adipose tissue) was excised and immediately weighed for evaluation of
central adiposity. Plasma and liver samples were frozen at -80°C until analysis.
Determination of antioxidant enzyme activities in liver

Liver samples of 200 mg were homogenized in potassium phosphate buffer with EDTA in
mechanical homogenizer (CT — 136 model from Cientec - laboratory equipment, Campinas, SP,
Brazil). After centrifugation, homogenates were stored at -80°C until analysis. The total protein
content was determined by the Bradford method [19].

Total superoxide dismutase (SOD) activity was assayed by measuring the inhibition of
adrenaline auto-oxidation as absorbance at 480 nm [20]. Catalase (CAT) activity was measured



36

by the rate of decrease in H,O, at 240 nm according to the method of Aebi [21]. Glutathione
peroxidase (GPx) activity was evaluated according to Flohé & Gunzler [22] by measuring the
oxidation of NADPH at 340 nm in the presence of H,0,.

Nitrite assay

The yield of radical nitric oxide (NO) an indirect measurement of nitric oxide content was
evaluated by Griss reaction through quantification of nitrite (NO,") in liver at 540 nm [23].
Thiobarbituric acid reactive substances (TBARS)

Lipid peroxidation was measured by malondialdenyde (MDA) concentration using the
thiobarbituric acid reactive substances (TBARS) method as previously described [24, 25].
Briefly, plasma and liver homogenates were mixed with 1mL of 10% trichloroacetic acid and
1mL of 0.67% thiobarbituric acid (Sigma Chemical Co., St. Louis, MO, USA); subsequently they
were heated in a boiling water bath for 30 min. The absorbance of the organic phase containing
the pink chromogen was measured spectrophotometrically at 532 nm. MDA equivalents were
expressed in nMol/mg protein.

Protein oxidation

Protein oxidation was evaluated in liver accordingly Levine et al. [26] as carbonyl groups
reacting with 2,4-dinitrophenyl-hydrazine (DNPH; Sigma, St. Louis, MO, USA). Values of
absorbance were obtained at 380 nm and expressed in nmol of carbonyl by 0,5 mg of protein.
Western blotting analysis

Liver samples were homogenized in cold lysis buffer (50 mM Hepes, pH 6.4, 1 mM
MgCI2, 10 mM EDTA and 1% Triton X-100) containing protease inhibitors (10 pg/ul aprotinin,
10 pg/ul leupeptin, 2 pg/p 1 pepstatin and 1 mM phenylmethylsuphonic fluoride - Sigma-Aldrich,
St Louis, MO, USA) using a Ultra-Turrax® homogenizer (IKA Werke GmbH & Co. KG,
Staufen, Germany). After centrifugation, homogenates were stored at -20 °C. The total protein
content was determined by the BCA™ protein assay kit (Pierce, Rockford, IL, USA).

Samples (30 pg total protein) were electrophoresed in 10-12% tris-glycine sodium
dodecyl sulfate (SDS) polyacrylamide gels. Proteins were transferred for polyvinylidene fluoride
membranes (Hybond ECL; Amersham Pharmacia Biotech, London, UK), blocked in 5% dry milk
in T-TBS (0.02 M Tris/0.15 M NaCl, pH 7.5 containing 0.1% Tween 20) at room temperature for
1 hour, washed 3x with T-TBS and incubated with the primary antibodies (Cu/Zn SOD, IR f,
IRS1, phospho-IRS1, PI3-K, Aktl and phospho-Aktl at 1:500 concentration) overnight at 4°C.
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Primary antibodies were purchased from Santa Cruz Biotechnology Inc. (San Francisco, CA,
USA). After washing 3x with T-TBS, blots were incubated with appropriate secondary antibodies
at 1:5000 concentration (Santa Cruz Biotechnology, CA, USA) for 1 hour and then, incubated
with streptavidin (Zymed, CA, USA) in the same dilution of the secondary antibody for 1 hour.
Blots were developed with diaminobenzamidine (DAB; Sigma Chemical Co., St. Louis, MO) as
chromogenic substrate or with enhanced chemiluminescence (ECL; Amersham Biosciences Inc.,
Piscataway, NJ).
Liver histology

Liver samples were fixed in formalin (freshly prepared 1.27 mol/L formaldehyde, 0.1 M
phosphate-buffered saline, pH 7.2) and embedded in paraffin to non-serial sections of 5 um.
Sections were placed in glass slides to stain in hematoxylin/eosin. The morphological study was
performed utilizing digital images, acquired at random (TIFF format, 36-bit color, 1360x1024
pixels) with an Olympus DP71 camera and an Olympus BX40 epifluorescence microscope
(Olympus, Tokyo, Japan).
Statistical analysis

Data are reported as meanS.E.M. The GraphPad Prism 4 program (GraphPad softwares,
Inc., La Jolla, CA, USA) was used for statistical analyses and graphics. Two-way ANOVA and
Bonferroni post test were used to analyze body weight and food intake changes. Cu/Zn SOD
expression and insulin signaling were analyzed by the non-parametric Mann-Whitney U test. The
other experimental observations were analyzed by unpaired Student's t test, with significance
level set at P<0.05.

RESULTS
Body weight, food intake and visceral fat mass

Body weight and food intake from weaning (PN21) to the sacrifice (PN180) are shown in
Figure 1. Offspring overfed during lactation (SL) had higher body weight than NL rats from PN7
until the end of lactation (+10%, p<0.0001, Fig. 1A). SL rats remained overweight until PN180
(+15%, p<0.05, Fig. 1B). SL group presented a higher relative food intake from weaning until
adulthood (PN180: +7%, p<0.05, Fig. 1C). Also VFM was higher (+92%, p<0.0001, Fig. 1D) in
SL rats compared to NL rats.

Evaluation of oxidative stress parameters
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As shown in Figure 2, adult SL offspring showed lower CAT (-42%, p<0.0001; Fig. 2A),
SOD (-45%, p<0.0001, Fig. 2B) and GPx activities (-65%, P<0.0001, Fig. 2C) than the NL
group. Despite the lower SOD activity, western blot analysis showed that Cu/Zn SOD content
was not different between the groups (NL:101.49 + 6.36 vs SL:86.60 + 5.43).

As depicted in Figure 3, liver nitrite bioavailability was lower in SL than NL group (-
10%, p<0.0001, Fig. 3A). Oxidative damage assessed by MDA quantification was higher in SL
group both in liver (+ 25%, p<0.05; Fig. 3B) and in plasma (1.1 fold-increase; p<0.05; Fig. 3C).

No significant difference in liver total protein bound carbonyl was observed between
groups (Fig. 3D).
Insulin signaling

Liver content of insulin signaling molecules IR, IRS1, phospho-IRS1, P13-K, Aktl and
phospho-Aktl are shown in Figure 4. The content of IRB, phospho-IRS1, IRS1, PI3-K, Aktl
were lower in SL compared to NL group: IR (-66%; p<0.05); Fig. 4A; phospho-IRS1 (-73%;
Fig 4B); IRS1 (-50%; p<0.05; Fig. 4C), P13-K (-30%; p<0.05; Fig. 4D) and Aktl (-58%; p<0.05;
Fig. 4E). We did not found differences in the content of phospho-Aktl between the groups (Fig
4F).
Liver histology

The morphological analysis showed a dysfunction in the hepatic tissue of adult SL
offspring. As demonstrated in Figure 5, SL rats presented focal areas of inflammatory cell
infiltrate and drops of lipids in their cytoplasm characterizing a microsteatosis, differently of the

NL rats that demonstrated a liver with preserved architecture

DISCUSSION

In the present study we observed that EO induced by small litter size causes an increase in
body weight gain during lactation and programs for hyperphagia and overweight in adult life,
confirming previous reports [11, 27, 28, 14] and also our previous results showing that SL rats
presented higher central adiposity as well as central leptin resistance at 180 days old [6, 7]. Since
nutrient overload and obesity were associated with increased ROS generation the main focus of
this study was to evaluate the oxidative stress in rats programmed by EO during lactation.

Obesity is associated with an unbalance of both lipid and carbohydrate metabolisms.

These nutrients in excess also increase the demand on the mitochondria and the utilization of the
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electron transport chain leading to an increased generation of ROS [29, 25]. Oxidative stress can
occur as a result of increased ROS generation and/or failure of antioxidant system. The
antioxidant system involves several nonenzymatic compounds and antioxidant enzymes such as
SOD, CAT and GPx. SOD is the first line of antioxidant defense system. The two main isoforms
of SOD, manganese superoxide dismutase (MnSOD) in mitochondria and copper-zinc superoxide
dismutase (Cu/Zn SOD) in cytosol converts superoxide radical into H,O,. H,O,, in turn, is
converted to oxygen and H,O by CAT or GPX [30]. Our present findings reveal that SOD, CAT
and GPx activities are significantly decreased in adult SL rats, suggesting a reduced antioxidant
defense, although differences in Cu/ZnSOD content was not observed. Rector et al. [31] have
demonstrated a reduced hepatic activity of the free radical scavenger SOD and increased oxidized
glutathione in obese rodent model of nonalcoholic fatty liver disease. This negative imbalance
between reduced antioxidant defense and increased oxidative damage likely predisposes
hepatocytes and hepatic mitochondria to progressive injury.

In this study, the lipid oxidative damage assessed by plasma and liver levels of MDA, one
of the key end products of lipid peroxidation was increased in SL rats. To our knowledge, this is
the first evidence showing an increase of MDA levels associated with a deficient antioxidant
defense in adult rats programmed by postnatal early overnutrition. The underlying causes for
increased MDA levels in this model probably associated with increased ROS production such as
O, are not yet established, but a decreased activity of the enzymatic antioxidant defense system
represented by SOD, CAT and GPx enzymes can be implicated.

The ROS or peroxynitrite are powerful oxidizing agents that might cause depletion of
sulfhydryl groups and oxidation of many molecules causing damage [32]. They can also cause
DNA damage such as breaks, protein oxidation, and nitration of aromatic amino acid residues in
proteins [33]. Measurement of NO content through quantification of nitrite in the liver showed a
decreased nitrite bioavailability in SL rats. One of the most important reactions under
physiological conditions is that O,” and NO radicals result in peroxynitrite. It is well known that
O, is important in the breakdown of NO to peroxynitrite, thereby depleting NO [34]. Therefore,
this decrease in nitrite levels presumably represents enhanced NO degradation by O, in the
presence of a deficient antioxidant mechanism of defense. On the other hand, insulin resistance

is associated with lower NO generation [35].
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The deficiency of activity of antioxidant enzymes and the higher plasma and liver MDA
concentrations in SL rats can indicate a higher oxidative stress in these animals. Some studies
have associated oxidative stress and its role in the development of insulin resistance. ROS have
been shown to activate the stress-sensitive serine/threonine kinase c-jun N-terminal kinase (JNK),
which in turn phosphorylates IRS at serine residues and thus attenuate insulin signaling [36]. In
the present study, SL rats presented an impairment of the insulin signaling in the liver, confirmed
by reduction of IR, IRS1, p-IRS1, PI-3K and Aktl content. Previously, Rodrigues et al. [14]
have demonstrated, in the 90 days-old SL rats, lower IRS1, PI-3K and GLUT-4 expressions and
lower Akt activity in adipocytes. Also, Martins et al. [37] have found that 150 days-old SL swiss
mice had decreased insulin sensitivity in the heart. However, in 1-year-old SL rats, no changes in
liver and heart insulin pathway signaling were observed [38].

It is possible that the excessive fat tissue or the inabilities of fat storage, common on
obesity, links nutrient excess to insulin resistance. The food intake reduction found in both C and
SL groups at 180 days old compared with 120 days old is probably due to ageing, since
orexigenic hypothalamic peptides are reduced during ageing [39]. Also, the higher body weight
compared to the lower food intake could be explained by the lower rest metabolic rate (RMR)
associated with ageing. We know that even in humans, ageing is associated with a higher visceral
fat mass gain compared to total body mass, especially in men [40]. The increased free fat acids
(FFA) flux into circulation causes ectopic accumulation of fat in tissues such as muscle and liver
[41, 42]. Besides, adipose tissue not only releases FFA but also produces several inflammatory
molecules including TNF-a and IL-6 which may have local effects on adipose metabolism and
also systemic effects on other tissues [43, 44]. In liver, TNF-o inhibits insulin signaling by
mechanisms including the activation of serine kinases such as JNK-1 and induction of SOCS
proteins [45]. Likewise, IL-6 impairs insulin signaling in liver through serine phosphorylation of
IRS-1 and activating SOCS proteins [43]. Furthermore, IL-6 induces VLDL secretion and
hypertriglyceridemia and it could directly affect liver lipid metabolism [46, 47, 48].

The higher oxidative stress evidenced by the lower activity of antioxidant enzymes CAT,
SOD and GPx and the higher MDA liver and plasma content could be responsible for the
impairment in liver insulin signaling in the SL group. Kathirvel et al. [49] demonstrated the
relation between the higher liver oxidative stress and impairment of insulin signaling in

transgenic mouse model of nonalcoholic fatty liver disease. In vitro oxidative stress in
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mammalian skeletal muscle leads to loss of IRS-1land IRS-2 proteins, increased relative IRS-
1Ser*®phosphorylation, and decreased phosphorylation of Akt Ser ** [16].

The oxidative stress is recognized as a promoter of important hepatic injury [50]. This
damage is associated to an inflammatory response and microsteatosis (nonalcoholic steatosis) as
demonstrated in postnatal EO offspring. Additionally, hepatic injury could be suggested in SL
offspring through reduction of serum albumin and increased serum globulin demonstrated in our
previous report [7]. Several studies in different experimental models have shown that the
diminished ratio between albumin and globulin (A/G) could be considered as marker of hepatic
tissue lesion [51, 52, 53].

In general terms, epigenetic mechanisms, such as DNA methylation or hystone
acethylation/deacethylation, induced by neonatal imprinting factors (diets, hormones, pollutants)
may lead to an increased risk of metabolic disorders in the adult offspring [4]. Studies correlate
the visceral obesity to DNA hypermethylation of important enzymes involved in mitochondrial
fatty acid oxidation, gluconeogenesis, and lipogenesis in the liver causing a silencing of your
expression and contributing to obesity-induced liver insulin resistance [54, 55]. Thus, this
explanation may help to understand the mechanism involved in the permanent changes of
oxidative stress parameters and insulin signaling induced by overnutrition during lactation.
Whether this alteration can turn overfed children more susceptible to cell damage caused by
higher ROS generation in adult life, which deserves epidemiological and prospective studies.

In conclusion our present findings evidenced that postnatal EO can program the oxidative

stress in liver, maybe contributing for impairment of the insulin signaling.
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Figure 1: Body weight evolution of SL (e) and NL (o) rats during lactation (A) and after
weaning (B) until 180 days old. Food intake at 30, 80, 120 and 180 days of NL and SL rats (C).
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Visceral fat mass of NL and SL rats (D). Values are reported as mean + SEM. *p<0.05; n=8

animals/group
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Figure 2: Liver catalase activity (A), superoxide dismutase activity (B) and glutathione
peroxidase activity (C) in adult SL (black) and NL (white) rats. Values are reported as mean

+SEM. *p<0.001, n=8 animals/group.
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Figure 5

Figure 5: Liver histology. Photomicrographs of the liver with same magnification (x40) and
stained with hematoxylin-eosin (H&E): (A) typical architecture of a NL offspring; (B) liver of
SL offspring with microsteatosis (arrow) and inflammatory cell infiltrate.
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ABSTRACT

We hypothesized that resveratrol, a natural phytoalexin found in grapes, can prevent
oxidative stress, obesity and its related disturbances in obese rats programmed by early
weaning. Lactating Wistar rats were separated into two groups: EW — dams were wrapped
with a bandage to interrupt the lactation in the last 3 d of lactation; control — dams whose
pups had free access to milk during all lactation. At the 150" day, EW offspring were
randomly subdivided into: EW + resveratrol (EW+Res) - resveratrol (30 mg/kg/day); EW +
vehicle (EW) rats received 0.5% (w/v) aqueous methylcellulose. The control group received
vehicle. Rats were treated by gavage daily for 30 days. EW offspring developed hyperphagia,
higher body weight, visceral obesity, higher SBP and DBP (+15% and +20%, respectively,
p<0.05) and higher serum TG e LDL-c but lower HDL-c (+55%, +33% and -13%,
respectively, p<0.05). Resveratrol normalized food intake, SBP and DBP and prevented
obesity and dyslipidemia in EW+Res. EW rats had higher plasma and liver TBARS and
lower plasma SOD and liver GPx activities (+51%, +18%, -58%, -31%, respectively, p<0.05)
and resveratrol normalized both plasma and liver TBARS and increased the activity of SOD
and CAT in plasma. EW rats presented liver steatosis and higher liver TG and resveratrol
prevented these hepatic alterations in EW+Res rats. In conclusion, this study demonstrated a
potential therapeutic use of resveratrol preventing obesity and oxidative stress and reducing
the risk of hypertension, dyslipidemia and steatosis in adult rats programmed by early

weaning.

INTRODUCTION

Adverse conditions in critical periods (gestation and lactation) as malnutrition could
affect permanently the progeny both in humans and animals [1, 2]. This association is termed
metabolic programming and was proposed by Barker that suggested an association between
low size at birth of the newborn and an increased risk of type 2 diabetes, hypertension and
cardiovascular disease at adulthood [3]. More recently, the term programming has been
reviewed and renamed as developmental plasticity, which suggest a more probabilistic than
deterministic phenomenon [4].

Obesity is increasing at an alarming rate throughout the world. Today it is estimated
that there are more than 1.5 billion overweight adults and nearly 43 million overweight
children under five years old worldwide [5]. Studies have focused on identifying obesity

early determinants, especially during infancy and childhood when central and peripheral
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systems that regulate energy balance could be programming [6, 7]. Breast-feeding duration
and exclusivity have been associated with obesity prevention in humans [8, 9]. The World
Health Organization (WHO) defines exclusive breast-feeding by the consumption of breast
milk until 6 months without any other type of food intake, juice or even water [10]. However,
only 35% of children worldwide are exclusively breast-fed during the first postnatal 4 months
[11]. We previously showed that early weaning in rats caused by prolactin blocking with
bromocriptine [12, 13] as well as through a non-pharmacological model [14, 15] caused
neonatal malnutrition for a short period and programmed the adult offspring for higher
adiposity, insulin resistance, dyslipidemia and central leptin resistance.

Growing evidence suggest that increased oxidative stress is involved in the
pathogenesis of cardiovascular disease in metabolic syndrome [16]. Oxidative stress, which
may occurs in consequence of the imbalance between free radical production and the capacity
of cellular antioxidant systems, induces cell damage and the deregulated production of
adipocytokines that contribute to obesity-associated insulin resistance, hypertension,
dyslipidemia and liver steatosis [17]. Therefore, in the programming model of early weaning
the higher adiposity and metabolic disturbances [14, 15, 12, 13] could be at least in part due
to a higher oxidative stress. Thus, we hypothesized that treating oxidative stress is an
important target to prevent and treat obesity and its associated comorbidities in these animals.

The use of bioactive food compounds at pharmacological doses is a recent therapeutic
approach to prevent obesity-related chronic diseases [18, 19, 20]. Resveratrol (trans-3, 40, 5-
trihydroxystilbene) is a natural phytoalexin mainly found in grapes, red wine, peanuts and
other plants [21, 22] that has been recognized to have beneficial properties including anti-
inflammatory, antioxidant, anti-tumor actions and anti-ageing effects [23, 24]. Early studies
of our laboratory showed that resveratrol decreased oxidative stress in a model of
programming by protein restriction during lactation [25]. In this present study, we evaluated
the oxidative stress in adult rats programmed by early weaning without maternal separation
or pharmacological approach as well as the effects of resveratrol in the treatment of metabolic

disturbances developed as a consequence of obesity in this experimental model.

METHODS AND MATERIALS

Experimental model of early weaning

Wistar rats were kept in a temperature controlled room (25+1°C) with artificial dark-
light cycles (lights on 07:00 h, lights off 19:00 h). Virgin female rats, 3 months old, were
caged with male rats (3:1), and after mating, each female was placed in an individual cage



56

with free access to food and water until delivery. Our experimental design was approved by
the Animal Care and Use Committee of the Biology Institute of the State University of Rio de
Janeiro (CEA/017/2009), according to the Brazilian Law issued on November 8, 2008, which
concerns the rearing and use of animals in teaching and research activities in Brazil [26].

At birth, 20 lactating rats were randomly assigned to each one of the groups: early
weaning (EW, n=10) - dams were lightly anaesthetized with thiopental (0.06 mg/ml per 100
g) and wrapped with a bandage to interrupt the lactation in the last 3 days of lactation; control
(n=10) - dams whose pups had free access to milk throughout lactation (21 days). All litters
were adjusted to six males to each dam at birth to maximize lactation performance.

EW and C groups received food directly into the cage and had free access to drinking
water. During lactation, offspring body weight (BW) was daily monitored. Two pups from
each litter were randomly chosen and followed during the experimental period. From
postnatal day (PN) 21 to PN 180, BW and food intake (g) of offspring were monitored every
4 days.

Oral treatment with resveratrol

In PN 150, two EW offspring of each litter were randomly subdivided into two groups:
EW + resveratrol (EW+Res, n=10) - rats received resveratrol (30 mg/kg/day); EW + vehicle
(EW, n=10) rats received 0.5% (w/v) aqueous methylcellulose (vehicle). Rats received
resveratrol or vehicle once a day by gavage during 30 days. The control group received
vehicle solution. Because of its low solubility in water, resveratrol was suspended into
carboxymethylcellulose solution [27, 25] and this suspension was prepared daily.

In PN 180, animals were euthanized with a non-lethal dose of thiopental (0.06
0/Kg/BW) to collected blood, carcass, visceral fat mass and liver samples. The blood was
collected by cardiac puncture and poured in a tube containing heparin. Plasma and tissue

samples were frozen at -80°C until analysis.

Body composition evaluation

Visceral fat-pads from 3 different regions (epididymal, mesenteric, and retroperitoneal)
were removed and weighed. Total body fat and protein contents were determined by carcass
analysis. The offspring eviscerated carcass was weighed, autoclaved for 1 h and homogenized
on distilled water (1:1). Fat content was measured in the homogenates by a gravimetrical
method described previously [14] and protein content was determined by the Lowry method
[28].
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Blood pressure

Systolic (SBP) and diastolic blood pressure (DBP) were measured in conscious rats by
in the PN 178 use of tail-cuff plethysmography (LE 5000, LETICA Scientific Instruments,
Barcelona, Spain). The first measurement of SBP and DBP was discarded and the mean of

three subsequent measurements was recorded.

Lipid profile

Total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL-c), serum
levels were analyzed using Biosystem (Barcelona, Spain) commercial test kits. LDL-c and
VLDL-c were obtained using Friedewald calculations:

1) LDL-c (mg/ dl) = total cholesterol — (triglycerides / 5) — HDL-c

2) VLDL-c (mg/ dl) = triglycerides / 5

Determination of antioxidant enzyme activities

Plasma and liver homogenates were used to determine superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx) activities. SOD activity was evaluated by
measuring the inhibition of adrenaline auto-oxidation as absorbance at 480 nm [29]. CAT
activity was assayed by the rate of decrease in H202 at 240 nm [30]. GPx activity was
evaluated by measuring the oxidation of NADPH at 340 nm in the presence of H202 [31].

The total protein content in each sample was determined by the Bradford method [32].

Thiobarbituric acid-reactive substances (TBARS)

Lipid peroxidation was measured by malondialdehyde (MDA) concentration using the
thiobarbituric acid reactive substances (TBARS) method as previously described [33, 25].
Briefly, plasma and liver homogenates were mixed with ImL of 10% trichloroacetic acid and
ImL of 0.67% thiobarbituric acid (Sigma Chemical Co., St. Louis, MO, USA) and heated in
a boiling water bath for 30 minutes. The absorbance of the organic phase containing the pink
chromogen was measured in a spectrophotometer at 532 nm. MDA equivalents were

expressed in nMol/mg protein.

Western Blotting analysis

Liver samples were homogenized in cold lysis buffer (50 mM Hepes, pH 6.4, 1 mM
MgCI2, 10 mM EDTA and 1% Triton X-100) containing Complete Protease Inhibitor
Cocktail Tablets™ (Roche®, Basel, Switzerland) using a Ultra-Turrax® homogenizer (IKA
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Werke GmbH & Co. KG, Staufen, Germany). The total protein content was determined by
the BCA™ protein assay kit (Pierce, Rockford, IL, USA).

Samples (30 pg total protein) were electrophoresed in 12% tris-glycine sodium dodecyl
sulfate (SDS) polyacrylamide gels. Proteins were transferred for polyvinylidene fluoride
membranes (Hybond ECL; Amersham Pharmacia Biotech, London, UK), blocked in 2%
bovine albumin (Sigma-Aldrich Co., St. Louis, MO, United States) in T-TBS (0.02 M
Tris/0.15 M NaCl, pH 7.5 containing 0.1% Tween 20) at room temperature for 1 hour,
washed 3x with T-TBS and incubated with the primary antibodies (CuZnSOD, catalase and
glutathione peroxidase at 1:500 concentration) overnight at 4°C. CuzZnSOD and GPx
antibodies were purchased from Santa Cruz Biotechnology Inc. (San Francisco, CA, USA)
and catalase from Sigma-Aldrich Co. (Sigma-Aldrich Co., St. Louis, MO, United States).
After washing 3x with T-TBS, blots were incubated with corresponding secondary antibodies
at 1:5000 concentration (Santa Cruz Biotechnology, CA, USA) for 1 hour and then, incubated
with streptavidin (Zymed, CA, USA) in the same dilution of the secondary antibody for 1
hour. Blots were developed with enhanced chemiluminescence (ECL; Amersham Biosciences

Inc., Piscataway, NJ).

Liver histology

Liver samples were fixed in formalin (freshly prepared 1.27 mol/L formaldehyde, 0.1 M
phosphate-buffered saline, pH 7.2) and embedded in paraffin to non-serial sections of 5 pm.
Sections were placed in glass slides to stain in hematoxylin/eosin. The morphological study
was performed using digital images, acquired at random (TIFF format, 36-bit color,
1360x1024 pixels) with an Olympus DP71 camera and an Olympus BX40 epifluorescence
microscope (Olympus, Tokyo, Japan).

Liver TG content

Total lipids were extracted from liver according the method described by Folch et al.
[34]. Liver samples (50mg) were homogenized in 1 ml isopropanol and centrifuged for 10
minutes, at 4°C. TG content was measured by using commercial kits (Quibasa, Minas Gerais,
Brazil).

Statistical analysis

Results are reported as mean £ SEM. Differences among the groups were analyzed by
One-way ANOVA followed by Newman Keuls post-test. Differences were considered

significant at p<0.05.
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RESULTS

Table 1 showed that EW offspring developed hyperphagia (+18%, p<0.05) compared
with C group and the treatment with resveratrol for 30 days normalized food intake in
EW+Res. As expected, EW offspring had higher body weight (+9%, p<0.05), total body fat
(+67%, p<0.05) but lower total body protein (-28%, p<0.05) compared with controls. In
addition, EW rats had higher epididymal (+42% vs C, p<0.05) and retroperitoneal (+33% vs
C, p<0.05) fat depots, without changes in mesenteric fat. EW+Res group had lower body
weight gain (-66% vs EW, p<0.05), total body fat content (-37% vs EW, p<0.05), epididymal
(-44% vs EW, p<0.05) and retroperitoneal (-33% vs EW, p<0.05) fat depots.

As depicted in table 2, EW offspring presented higher SBP and DBP (+15% and +20%,
respectively, p<0.05), serum TG (+55%, p<0.05), LDL-c (+33%, p<0.05) but lower HDL-c (-
13%, p<0.05) compared with controls. Resveratrol treatment normalized SBP (-15% vs EW,
p<0.05) and DBP (-19% vs EW, p<0.05), serum TG (-35% vs EW, p<0.05), LDL-c (-37% vs
EW, p<0.05) and HDL-c to close that those found in C group.

As demonstrated in Figure 1, EW rats had higher plasma and liver TBARS (+51 and
+18%, respectively; p<0.05, fig 1A and 1B) compared with C group. In addition these
animals had lower plasma SOD (-58%, p<0.05, fig 2A) and liver GPx (-31%, p<0.05, fig 2F)
activity with no changes in plasma catalase and GPx activities (figs 2C and 2E) and liver
SOD and catalase activities (figs 2B and 2D) compared with C group. Resveratrol treatment
normalize both plasma and liver TBARS to concentrations close to those found in C group
(+45 and +13% vs EW, respectively; p<0.05, figs 1A and 1B) and increased the activity of
SOD (2 fold-increase vs EW, p<0.05, fig 2A) and catalase (1.1 fold-increase and +94% vs
EW and C, respectively, p<0.05, fig 2C) in plasma. We did not found differences in plasma
GPx as well as in SOD, catalase and GPx activities in liver of EW+Res group. No significant
changes in liver content of were observed among the groups (Figure 3).

The morphological analysis showed a dysfunctional hepatic tissue of adult EW
offspring. As demonstrated in Figure 4, EW rats presented drops of lipids in their cytoplasm
characterizing a microsteatosis, differently of the C and EW+Res rats which demonstrated a
liver with preserved architecture. Liver TG content was higher in EW group (+47% vs C,
p<0.05, fig4B) and resveratrol normalized it in EW+Res group (-40% vs EW, p<0.05, fig4B).

DISCUSSION
Early weaning without maternal separation or pharmacological approach programmed

adult rats for visceral obesity, hyperphagia and dyslipidemia reinforcing our previous
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findings [14, 15]. Here, for the first time, we showed that these animals had higher oxidative
stress, higher blood pressure and liver steatosis, confirming our hypothesis of an association
among these parameters in the early weaning model. Also we reported the effects of
resveratrol attenuating the oxidative stress and concomitantly reducing serum lipids, blood
pressure, visceral fat accumulation, hepatic triglyceride and liver steatosis in rats
programmed by early weaning.

In humans exclusive breastfeeding has been considered an important strategy to prevent
the later development of obesity [8, 35]. Experimental studies in rodents showed that milk is
an important source of nutrients and hormones such as leptin [36]. It is known that leptin is
required for a normal postnatal development of hypothalamic pathways in the arcuate nucleus
responsible for the future control of energy homeostasis [37]. These findings suggest that
obesity and hyperphagia in adult EW rats could be related to the decreased leptin action in the
hypothalamus of pups in the last 3 days of lactation. Previously we showed that different
models of neonatal malnutrition - maternal energy malnutrition during lactation and maternal
hypoprolactinaemia caused by bromocriptine administration in the end of lactation - also
programmed the development of obesity and hyperphagia at adulthood [38, 12, 13]
reinforcing the importance of adequate supply of milk throughout lactation for the future
control of adipogenesis and food intake.

EW programmed rats treated with resveratrol had lower body weight gain, food intake
and epididymal and retroperitoneal fat pad mass compared with EW rats. These results
suggested that resveratrol seems to prevent or treat visceral obesity in these animals and
reduce food intake. The effects of resveratrol on body weight and food intake are unclear.
Obese Zucker rats treated with resveratrol at both doses of 15 mg/kg or 45 mg/kg body
weight per day for 6 weeks showed reduced final body weight and visceral fat pads weight
without significant changes in food intake [39]. Other findings in high-fat-fed mice showed
that resveratrol (about 20 mg/kg) did not reduce final body weight [24] and had no effects on
energy intake or body fat percentage [40]. However, Kim et al. [41] demonstrated that one-
time intraperitoneal injection of resveratrol (100 mg/kg) suppressed food intake during 24
and 48 h in C57BL/6J mice. Thus, it seems that the effect of resveratrol is dose and time-
dependent and further studies are necessary to understand its mechanism on body weight and
food intake.

Increased oxidative stress is generally involved in the pathogenesis of hypertension,
dyslipidemia and steatosis [16, 17]. Oxidative stress may occur as a result of increased ROS

production and/or failure of antioxidant system. The antioxidant system is composed by
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nonenzymatic molecules and antioxidant enzymes such as SOD, CAT and GPx. The higher
oxidative stress in EW rats could be evidenced by the higher plasma and liver TBARS
concentration and lower activities of SOD in plasma and GPx in both plasma and liver.
Resveratrol prevented this higher plasma and liver TBARS in EW+Res rats and it was
probably associated with enhanced antioxidant defense in this animals, suggested by the
normalization of plasma SOD activity close to that found in C rats and the increasing in
plasma CAT activity. The role of oxidative stress in the pathogenesis of hypertension has
been reported in several studies and the main mechanism proposed is the reduced
bioavailability of nitric oxide (NO) promoting endothelial dysfunction [42, 16, 17]. The
superoxide anion (Oy) in the presence of oxidative stress reacts with NO stimulating the
production of peroxynitrite and reducing the NO bioactivity [43]. Peroxynitrite in turn causes
uncoupling of endothelial nitric oxide synthase (eNOS) producing superoxide [42].
Resveratrol prevented the higher blood pressure and the higher lipid peroxidation in
EW+Res. Bhatt et al. [44] demonstrated that resveratrol attenuated the development of
hypertension in spontaneously hypertensive rats by increasing SOD activity and prevented
the eNOS uncoupling. In addition resveratrol was also reported to increase NO synthesis [45,
46]. Although we did not measure the NO content in this present study, the improvement of
antioxidant defense in plasma and the lower lipid peroxidation caused by resveratrol in
EW+Res rats suggest that scavenging of superoxide is occurring in these animals.

Steatosis is generally caused by an increased flux of free fatty acids and glycerol to the
liver contributing to TG synthesis [47]. EW programmed rats had microvesicular steatosis
compared with controls and this alteration was did not found in EW+Res. Since this is a
semi-quantitative evaluation, we measured the liver TG content and the results confirmed that
resveratrol reduced liver lipid accumulation in EW+Res animals. Oxidative stress is
recognized as a promoter of hepatic injury and steatosis [48]. The higher TBARS and lower
GPx activity in liver of EW offspring indicated oxidative damage in these animals. Although
we did not find significant increased activity or content of antioxidant enzymes SOD, CAT or
GPx in liver of EW+Res group, resveratrol reduced liver TBARS. These effects of resveratrol
reducing the availability of liver triglycerides and oxidative stress and thus preventing the
progression of steatosis are supported by several models of steatosis in rodents [49, 50, 39].
Studies have shown that resveratrol directly activates enzymes involved in both
mitochondrial and peroxisome fat oxidation [39] and may indirectly improve mitochondrial
activity and function by activation of the histone deacetilase SIRT1 [51] and adiponectin

[52]. In fact, previously we showed that resveratrol increased SIRT1 in a programming model
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of protein restriction [25]. Resveratrol seems to avoid the dyslipidemia progression in EW
treated rats since they did not developed higher serum TG and LDL-c and lower HDL-c.
These changes could be associated with the effects of resveratrol on preventing visceral and
liver fat accumulation. In addition, it was reported that resveratrol reduces cholesterol
synthesis by downregulation of HMG-CoA reductase and inhibits the activity of CETP, and
consequently, decreases the transfer of cholesteryl esters from the atheroprotective HDL to
the proatherogenic LDL and VLDL [53, 54].

In conclusion, we showed higher oxidative stress, liver steatosis and hypertension in
adult rats that were early weaned pointing out the importance of exclusive breastfeeding to
prevent the risk of future development of metabolic syndrome. Also we demonstrated that
resveratrol preventing obesity and oxidative stress and, thus, reducing the risk of
hypertension, dyslipidemia and steatosis. The use of resveratrol as a therapeutic approach to

treat obesity and chronic diseases is an important issue to be investigated in future studies.
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Table 1: Anthropometric parameters of adult control (C) and early weaned offspring treated
(EW+Res) or no with resveratrol (EW) for 30 days

C EW EW+Res
Mean SEM Mean SEM Mean SEM
Body weight 3914 7,46 421,0* 9,62 400,0 14,97
(9)
Body weight gain in 30 days 11,4 3,63 15,5 2,85 5,2" 1,45
(9)
Food Intake in 30 days 19,6 0,32 23,2* 0,37 19,2 0,37
(g/day)
Total body fat 58 1,00 9,7* 1,15 6,1" 0,79
(9/100g carcass)
Total body protein 18,8 1,21 13,6* 0,79 15,7 0,59
(9/100g carcass)
Epididymal fat weight 0,8 0,06 1,2* 0,16 0,8 0,09
(9/100gBW)
Retroperitoneal fat weight 1,2 0,11 1,7* 0,15 1,2 0,10
(9/100gBW)
Mesenteric fat weight 0,9 0.07 1,2 0,12 1,1 0,10
(9/100gBW)

(Mean values with their standard errors, n=10)
Significant different at p<0.05; * vs C; # vs EW
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Table 2: Serum lipid profile, liver TG content and blood pressure of adult control (C) and

early weaned offspring treated (EW+Res) or no with resveratrol (EW) for 30 days.

EW EW+Res

Mean SEM Mean SEM Mean SEM
SBP (mmHg) 139,3 3,82 160,7* 6,07 137,0 5,16
DBP (mmHg) 105,0 5,71 126,2* 6,15 101,3 4,35
TG (mg/dl) 30,9 2,86 48,0 4,79 31,1* 3,88
Total cholesterol (mg/dl) 53,9 4,61 60,7 2,95 51,7 2,28
LDL-cholesterol (mg/dl) 19,7 3,19 26,3* 1,93 16,4" 1,39
HDL-cholesterol (mg/dl) 30,9 1,17 26,8* 0,99 28,0 0,49
VLDL-cholesterol (mg/dl) 6,5 0,73 8,0 0,93 6,2 0,77
TG (mg/g hepatic tissue) 18,5 1,86 27,2 1,71 194" 1,92
Mean values with their standard errors, n=10)
Significant diferent at p<0.05; * vs C; # vs EW
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Figure 1. Plasma (A) and liver (B) TBARS concentration of adult control (C) and early

weaned offspring treated (EW+Res) or no with resveratrol (EW) for 30 days. Values are

means, with their standard errors represented by vertical bars, n=10. Mean values were

significantly diferent at p<0.05; * vs C; # vs EW.
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Figure 2. Plasma (A) and liver SOD (B) activity, plasma (C) and liver GPx activity (D) and
plasma (E) and liver (F) catalase activity of adult control (C) and early weaning offspring
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treated (EW+Res) or no with resveratrol (EW) for 30 days. Values are means, with their
standard errors represented by vertical bars, n=10. Mean values were significantly diferent at
p<0,05; * vs C; # vs EW.
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Figure 3. Liver content of CuzZn-SOD (A), catalase (B) and GPx (C) of adult control (C) and
early weaning offspring treated (EW+Res) or no with resveratrol (EW) for 30 days. Values
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are means, with their standard errors represented by vertical bars, n=10. Mean values were
significantly diferent at p<0,05; * vs C; # vs EW.
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Figure 4. Liver histology (A) and TG content (B). Photomicrographs of the liver with same
magnification (x40) and stained with hematoxylin-eosin (H&E). The normal appearance in
control offspring (C), microvesicular steatosis in early weaning offspring (EW) and liver with
architecture similar to control group in early weaning offspring treated with resveratrol
(EW+Res). Values are means, with their standard errors represented by vertical bars, n=10.
Mean values were significantly diferent at p<0,05; * vs C; # vs EW
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ABSTRACT

Obesity and its clustering of cardiovascular risk factors are increasing worldwide.
Resveratrol has been shown to improve cardiovascular disease and much speculation about its
use in the treatment of obesity has emerged in the last years. In this study, we evaluated the

effects of resveratrol (res) over visceral obesity, hyperleptinemia and insulin and leptin
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resistance in a developmental plasticity model of obesity in adult early weaned rats. To induce
early weaning, lactating dams were separated into two groups: early weaning (EW) — dams
were wrapped with a bandage to interrupt lactation in the last 3 d of lactation and control (C)
— dams whose pups had free access to milk during the entire lactation period (21 d). At 150
days-old, EW animals were subdivided into: EW+res (30mg/kg/BW) during 30 days and EW
treated with diluent solution both by gavage. Resveratrol prevented the higher body weight,
hyperphagia, visceral obesity, hyperleptinemia, hyperglycemia, insulin resistance and
hypoadiponectinemia at adulthood in animals that were early weaned. Leptin resistance
associated with lower JAK2 and pSTAT3 and higher NPY in hypothalamus of EW rats was
normalized by resveratrol, and this seems to be independent of SOCS3 normalization. The
present results suggest that resveratrol is useful as therapeutic tool in treating obesity as this

compound could modulate fat accumulation and appetite control.

INTRODUCTION

Adverse conditions during the fetal or early post-natal life can alter an organism's
physiology and metabolism contributing to the development of metabolic diseases in later life
(Moura et al., 2008, Fernandez-Twinn & Ozanne, 2010). This phenomenon is termed
metabolic programming and was proposed by Barker that suggested an association between
low size at birth and an increased risk of adult-onset type 2 diabetes, hypertension and
cardiovascular disease (Barker, 2007). The current term “developmental plasticity” has been
proposed instead of metabolic programming, which suggests a more probabilistic than
deterministic phenomenon (Gluckman & Hanson, 2007). A large number of studies have
supported this theory and suggested that an adequate nutrition not only during gestation but
also in lactation is critical to establish the future endocrine and metabolic status. Maternal
malnutrition during lactation or early weaning have been associated with obesity, insulin
resistance, hyperleptinaemia and leptin resistance at adulthood in rats (Passos et al., 2000; de
Moura et al., 2009; Lisboa et al., 2006; Bonomo et al., 2007; Lisboa et al., 2010). We
previously showed in a model of early weaning without maternal separation that pups had
malnutrition at weaning and developed visceral obesity and some metabolic syndrome
components, as well, hyperleptinaemia and central leptin resistance at adulthood (Lima et al,
2011). Studies have suggested that breastfeeding is potentially useful for population-based
strategies aimed at obesity prevention. In humans, exclusive breastfeeding and up to 6 month
of age were associated with reduced risk of obesity at child and adulthood (Arenz et al., 2004;
Owen et al., 2006, de Armas et al., 2009).
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Obesity is characterized by increased storage of fatty acids in an expanded adipose
tissue mass and a deregulated expression of adipocytokines (Galic et al., 2010). Leptin,
produced mainly by adipocytes is an important adipocytokine with a significant role in the
regulation of food intake and energy expenditure (Rahmouni, 2010; Friedman, 2011). The
hypothalamus is the most important tissue responsive to the anorectic leptin actions (Ahima &
Antwi, 2008), where leptin binds to its long form receptor (OBRb) and activates the janus
tyrosine kinase 2 (JAK2) signal transducer and activator of transcription 3 (STAT3)
intracellular pathway. The activation of the JAK2/STAT3 pathway stimulates the suppressor
of cytokine signaling 3 (SOCS3), an inhibitor of the leptin signaling pathway (Sahu, 2003;
Ahima & Osei, 2004). Besides obese humans and animals have high leptin levels, its action in
central nervous system is generally impaired since they frequently develop a central leptin
resistance (Morton & Schwartz, 2011; Rahmouni, 2010; El-Haschimi et al., 2000). Central
leptin resistance is associated with a reduction of expression and/or activation of the OBRDb,
JAK2, and STAT3 as well as an increase in SOCS3 expression (Sahu et al., 2003).

Resveratrol (3,4',5-trihydroxystilbene) is a natural phytoalexin detected in several
plant species, including grapes, peanuts, berries and pines that has been investigated since the
90’s by its cardiovascular protective properties implicated in the “French Paradox” (Lekli et
al., 2010). Studies have shown that resveratrol improved insulin sensitivity and lowers body
weight in obese rodents (Baur et al., 2006; Lekli et al, 2008; Sharma et al., 2010; Gémez-
Zorita et al., 2012) which has led to much speculation about its use as therapeutic supplement
to treat obesity in humans. However to the best of our knowledge there is no in vivo study
about the mechanism by which resveratrol reduces food intake. Our main hypothesis is that
through the serum leptin reduction, resveratrol improves leptin sensitivity at the hypothalamic
level in obesity. Thus, considering the anti-obesity actions of resveratrol we evaluated its
possible beneficial effects in preventing hyperleptinaemia and leptin resistance, which have
previously identified (Lima et al, 2011) in an experimental model of obesity programmed by
the interruption of breastfeeding in the last 3 days of lactation.

METHODS

Experimental model of early weaning and oral treatment with resveratrol

Wistar rats were kept in an environmentally controlled room (25+1°C and 12:12-h
light-dark cycle; lights on from 7:00 A.M. to 7:00 P.M.). Three-month-old virgin rats were
caged with male rats in the proportion of 3:1. After mating, each pregnant rat was placed in an

individual cage with free access to food and water until delivery. This experimental model
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was approved by the Animal Care and Use Committee of the Biology Institute of the State
University of Rio de Janeiro (CEA/017/2009), according to the Brazilian Law issued on
November 8, 2008, which regulates the use of animals in teaching and research activities in
Brazil (Marques et al. 2009).

After birth, 20 lactating rats were randomly divided into two groups: Early weaning
(EW, n = 10) — dams were lightly anaesthetized with thiopental (0.06 mg/ml per 100 g) and
wrapped with a bandage to interrupt lactation in the last 3 days of lactation; Control (C, n =
10) — dams whose pups had a standard lactation period, i.e. weaning at 21 days of lactation.

In postnatal day (PN) 150, two EW offspring of each litter were randomly subdivided
into two groups: EW + resveratrol (EW+Res, n = 10) - rats received resveratrol (30 mg/kg/d);
EW+ vehicle (EW, n = 10) rats received 0.5% (w/v) aqueous methylcellulose (vehicle). The
Control group (n = 10) received 0.5% (w/v) aqueous methylcellulose (vehicle). Animals
received resveratrol or vehicle once a day by gavage during 30 days. Resveratrol was
suspended into carboxymethylcellulose solution because of its low solubility in water (Das et
al. 2008; Franco et al., 2010) and this suspension was prepared freshly and daily before the
gavage. From PN 21 until PN 180, body weight (BW) and food intake (g) were monitored
every 4 day.

In PN 180, animals were euthanized with a non-lethal dose of thiopental (0.06 mg/ml
per 100g of BW) to collect blood, carcass, visceral fat mass and hypothalamus samples. The
blood was collected by cardiac puncture, and visceral fat (epididymal, mesenteric, and
retroperitoneal regions) and hypothalamus were removed. Plasma and tissue samples were
frozen at -80°C until analysis.

Western Blotting Analysis

JAK2, pSTAT3, SOCS3, NPY hypothalamic contents were analyzed by Western
Blotting using actin as an internal control. Hypothalamus samples were homogenized in ice-
cold lysis buffer (50mM-HEPES, 1mM-MgCI2, 10mM-EDTA, Triton X-100 1%, pH 6,4)
containing Complete Protease Inhibitor Cocktail Tablets (Roche®, Branford, CT, USA).

After centrifugation (7500 g for 5 min), supernatants were stored at -80°C. Protein
concentrations were determined by the BCA Protein Assay Kit (Thermo Scientific, Rockford,
IL, USA). Samples (30 mg total protein) were electrophoresed in 10% or 12% tris-glycine
SDS polyacrylamide gels and transferred onto nitrocellulose membranes (Hybond ECL,;
Amersham Pharmacia Biotech, Bucks, UK). Membranes were blocked with 2% albumin in
T-TBS (0.02 M Tris/0,15 M NaCl, pH 7.5, containing 0,1% Tween 20) for 1 h. The following
specific primary antibodies were used: anti-JAK2, anti-pSTATS3, anti-SOCS3, anti-NPY and
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anti-actin. Membranes were incubated with primary antibodies at a 1:500 to 1:1000 dilution in
T-TBS for 1 h. After washing 3 times with T-TBS, the blots were incubated with the
corresponding secondary antibody (1:5000; peroxidase-conjugated IgG; Santa Cruz
Biotechnology, Inc.) for 1 h and then with streptavidin (1:5000; Zymed, San Francisco, CA,
USA) for 1 h. Targeted proteins were developed with enhanced chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) and then exposed to X-ray film.
Images were scanned and bands were quantified by densitometry using Image J 1.34 software
(Wayne Rasband National Institute of Health, Bethesda, MA, USA).

Serum hormones measurement

Blood samples were centrifuged (1500 g for 20 min) to obtain serum, which was kept
at -80C until assay. All determinations were performed in one assay. Leptin was measured
with a specific radioimmunoassay (RIA) kit (Linco Research, St Charles, MO, USA) with a
range of detection from 0.5 to 50 ng/ml; the intra-assay variation was 2.9%. Insulin was
determined using a RIA kit (ICN Pharmaceuticals, Inc., Orangeburg, NY, USA) with an assay
sensitivity of 0.1 ng/ml and an intra-assay variation of 4.1%. Serum adiponectin was
measured using an ELISA kit (Millipore, Billerica, MA, USA) with an assay sensitivity of
0.155 ng/ml.

Adipocytes morphometric analysis

Visceral (epididymal) white adipose tissue was fixed (freshly prepared 1.27 mol/L
formaldehyde, 0.1 M phosphate-buffered saline, pH 7.2), embedded in paraffin, sectioned (5
pm of thickness) and stained with hematoxylin-eosin. The cross-sectional area of the
adipocytes was measured on digital images acquired at random (TIFF format, 36-bit color,
1360x1024 pixels) with an Olympus DP71 camera and an Olympus BX40 epifluorescence
microscope (Olympus, Tokyo, Japan), and analyzed with the software Image-Pro Plus version
5.0 (Media Cybernetics, Silver Spring, MD, USA). Some of the original color images were
converted to gray scale images, for documentation purposes, by using the Adobe Photoshop
software. At least 50 adipocytes per animal (n = 5) were randomly measured, totaling 250

adipocytes per group.

Glucose homeostasis evaluation

Fasting blood glucose was determined from the tail vein of fasting rats using a

glucometer (ACCU-CHEK Advantage; Roche Diagnostics, Mannhein, Germany).
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Insulin sensitivity was assessed by:
HOMA-IR = insulin pU/ml * serum glucose mmol/22.5
where HOMA-IR is homeostasis model assessment of insulin resistance.

Statistical analysis

Results are reported as mean = SEM. Differences among the groups were analyzed by
One-way ANOVA followed by Newman Keuls post-test. Differences were considered

significant at p<0.05.

RESULTS

As demonstrated in Figure 1, EW programmed animals to higher body weight,
hyperphagia and visceral obesity at adulthood (+9% fig. 1A, +18% fig. 1C, +44% fig. 1D,
respectively; p<0.05). Resveratrol treatment prevented these alterations in EW+Res group
which had body weight, body weight gain, visceral fat mass and food intake similar to C
group.

As expected, EW offspring had higher glycemia and HOMA-IR (+38% and 62%,
figs.2A and 2B, p<0.05) associated with lower serum adiponectin (-22%, fig. 2D). These
parameters were reversed by resveratrol in EW+Res group. No change in serum insulin was
found among the groups.

EW offspring showed hyperleptinaemia (+64%, fig. 3A) and morphometric analysis
showed that these animals had higher epididymal adipocyte area (+34%, fig. 3B). EW+Res
rats showed serum leptin and area of epididymal adipocyte similar to those found in C group.

Protein content of the leptin signaling pathway in the hypothalamus was shown in
Figure 4. Adult EW offspring displayed lower hypothalamic JAK2 (-27%, fig. 4A; p<0.05),
pSTAT3 (-40%, fig. 4B; p<0.05) and higher SOCS3 (+53%, fig. 4C; p<0.05) contents, and
resveratrol treatment normalized JAK2 and pSTAT3 in EW+Res but not SOCS3 content. In
addition, EW rats showed higher hypothalamic content of NPY (+39%, fig. 4D; p<0.05) and

resveratrol normalized it.

DISCUSSION

Obesity and overweight pose a major risk for chronic diseases, including type 2
diabetes, cardiovascular disease and hypertension (WHO, 2011). This clustering of
cardiovascular risk factors is known as metabolic syndrome (Sarzani et al., 2008). Animal
models and in vitro experiments have shown beneficial properties of resveratrol indicating

that this compound may be helpful in preventing and treating some metabolic diseases (Xia &
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Weng, 2010; Prasad , 2010; Chachay et al., 2011). In this study, rats programmed by early
weaning were used as an experimental model of obesity associated with some characteristic of
metabolic syndrome (Lima et al., 2011). Resveratrol administration at a dose of 30 mg/kg/BW
during 30 days in EW rats prevented the higher body weight, visceral obesity,
hyperleptinemia, central leptin resistance and hyperglycemia as well as hypoadiponectinemia
that feature this experimental model of programming.

EW adult rats had a small increase in BW associated with an important increase in
visceral fat and total body fat (Lima et al., 2011). We confirmed these findings here and
showed that EW resveratrol treated rats did not have increased BW or visceral fat mass
probably due to a food intake reduction found in these animals. Studies have shown that
resveratrol acts in different steps of adipocyte life cell cycle, inhibiting cell proliferation
during early preadipocyte development, differentiation and lipid accumulation in later
preadipocyte as well as promotes lipolysis and apoptosis in mature adipocytes (Rayalam et
al., 2008; Szkudelska et al., 2009a; Baile et al., 2011). In Obese Zucker rats, resveratrol at
both doses of 15 or 45 mg/kg/BW per day for 6 weeks reduced final body weight and visceral
fat pads weight (Gomez-Zorita et al., 2012). Lagouge et al. (2006) showed that resveratrol
supplementation for 15 weeks significantly decreases body weight gain and visceral fat-pad
weights in high-fat diet fed mice. However, also in high-fat fed mice, resveratrol (about 20
mg/kg) did not reduce body weight (Baur et al. 2006) and had no effects on food intake or
body fat (Tauriainen et al., 2011). Besides the lower VFM, EW rats treated with resveratrol
had lower epididymal adipocyte area compared with EW rats suggesting that resveratrol with
this change may alter the flow of free fatty acids and adipocytokines from these animals.
Resveratrol has been shown to up regulate expression of genes that modulate mitochondrial
function promoting fatty acid oxidation (Zhang, 2006; Gerhart-Hines et al., 2007). Indeed,
resveratrol down regulates the expression of transcription factors involved in adipocyte
metabolism such as PPARYy, fatty acid synthase (FAS), hormone-sensitive lipase (HSL), and
lipoprotein lipase (LPL) (Baile et al., 2011). In visceral adipose tissue of obese humans,
resveratrol decreased PPARY and increased adiponectin expression (Costa Cdos et al., 2011).
In obese Zucker rats, resveratrol increased adiponectin levels (Rivera et al., 2009) as well in a
mice model of obesity induced by high fat diet (Rogers et al., 2008). Also in our study,
adiponectin levels were restored by resveratrol. Hyperglycemia, higher HOMA-IR and
hypoadiponectinemia despite normal insulin levels suggested insulin resistance in EW
programmed rats, as we previously reported (Lima et al., 2011; Lopes Nobre et al., 2011).

Resveratrol prevented the higher glucose levels and HOMA by normalizing serum
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adiponectin in EW treated rats. The possible mechanism by which resveratrol improves
glycemia in our study, could be the reported increasing of GLUT4 translocation and
enhancing Akt phosphorylation with stimulation of glucose uptake in skeletal muscle cells
(Minakawa et al., 2011).

There is a positive correlation between circulating leptin levels and total body fat
mass, which could explain the hyperleptinemia in obesity (Lonnqvist et al., 1997). However,
despite the high levels of leptin, which should reduce food intake and fat stores, a leptin
resistance generally occurs in obesity (Galic et al.,, 2010; Morton & Schwartz, 2011).
Resveratrol prevented the hyperleptinemia in EW+Res rats, probably due to a reduction in
both body weight and visceral fat. Studies have shown that resveratrol seems to prevent
obesity and reduce plasma leptin in rodents on a high-caloric diet (Baur et al., 2006). In
addition, resveratrol inhibited leptin secretion from adipocyte in vitro (Szkudelska et al.,
2009b) and suppressed leptin expression in adipose tissues in high-fat diet fed mice (Kim et
al., 2011). Resveratrol also normalized hypothalamic contents of JAK2 and pSTAT3 and this
could be explained by the normalization of serum leptin. Despite resveratrol changed JAK2
and STATS3 activity, SOCS3 remained increased in EW+Res. We previously showed in adult
EW rats that calcium supplementation prevented hyperleptinemia and central leptin resistance
also normalizing JAK2 and pSTAT3 without changing the higher SOCS3 (Lopes Nobre et al.,
2011). Other molecules, such as phosphotyrosine phosphatase (PTP)-1B, can probably inhibit
leptin signaling pathway (Zabolotny et al., 2002). Studies demonstrated that resveratrol,
through activation of sirtuin (SIRT)-1, could suppress the expression of PTP-1B (Ghanim et
al., 2010). Thus, we cannot discard a direct resveratrol effect on the leptin signaling pathway
independent of its effect lowering leptin production.

Neuropeptide Y (NPY) is an orexigenic neuromodulator secreted by neurons in the
central and peripheral nervous systems that normally is inhibited by leptin in the arcuate
hypothalamic nucleus (Valassi et al., 2008). In this study, we showed that EW animals had
high hypothalamic levels of NPY that could be related to the leptin resistance. Thus, the
normalization of NPY by resveratrol could be explained by the improvement of leptin
sensitivity, normalizing food intake in these animals. The present findings could be reinforced
by the study of Kim et al. (2010) that demonstrated that one-time intraperitoneal injection of
resveratrol (100 mg/kg) suppressed food intake during 24 and 48 h in C57BL/6J mice and that
resveratrol downregulated NPY and AgRP expression in hypothalamic N29-4 cell culture. To
our knowledge this is the first study that investigates the effects of resveratrol in vivo upon

hypothalamic content of leptin signaling pathway proteins and NPY.



81

In conclusion, resveratrol prevented the visceral fat accumulation in adult rats
programmed by early weaning and consequently regulated leptin and adiponectin levels that
contributed to correction of insulin resistance, central leptin resistance and food intake in
these animals. These present results suggest the importance of the future use of resveratrol as
therapeutic tool in treating obesity. However, further research is required to verify other

mechanisms besides those reported here as well as safety use in human studies.
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Figure 1. A) Body weight at 150 d (first day of Res treatment) and at 180 d; B) body weight
gain in 30 days; C) food intake in 30 days and D) relative visceral fat mass of adult control
(C) and early weaning offspring treated (EW+Res) or no with resveratrol (EW) for 30 days.
Values are means, with their standard errors represented by vertical bars, n=10. Statistical
significance was determined by one-way ANOVA and Newman-Keuls post-test; p<0,05; * vs
C;#vs EW
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Figure 2. A) Glycaemia; B) insulinemia; C) homeostasis model assessment of insulin
resistance (HOMA-IR) and D) adiponectinemia of adult control (C) and early weaning
offspring treated (EW+Res) or no with resveratrol (EW) for 30 days. Values are means, with
their standard errors represented by vertical bars, n=10. Statistical significance was
determined by one-way ANOVA and Newman-Keuls post-test; p<0,05; * vs C; # vs EW
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Figure 3. A) Serum leptin (n = 10) B) and mean cross-sectional area of adipocytes (n = 5) B).

C) Photomicrographs of the white adipose tissue (epididymal fat) with same magnification

(40x) and stained with hematoxylin-eosin (H&E). Adipocytes with normal size both in

Control (C) and early weaning that received resveratrol (EW+Res) and hypertrophic

adipocytes in early weaning rats (EW). Values are means, with their standard errors

represented by vertical bars. Statistical significance was determined by one-way ANOVA and

Newman-Keuls post-test; p<0,05; * vs C; # vs EW.
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Figure 4. A) Hypothalamic content of janus tyrosine kinase 2 (JAK2); B) phosphorylated
STAT (pSTAT); C) suppressor of cytokine signalling 3 (SOCS3) and D) NPY. Actin content
was used as the control loading. Values are means with standard errors, represented by
vertical bars, n=7. Statistical significance was determined by one-way ANOVA and Newman-

Keuls post-test; p<0,05; * vs C; # vs EW.
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4 DISCUSSAO

No presente estudo demonstramos que tanto a desnutricdo, provocada pelo desmame
precoce, quanto a supernutricdo, causada pela redugcdo do numero de filhotes, causou nas
proles adultas aumento de massa corporal, obesidade do tipo visceral e hiperfagia,
corroborando com nossos achados anteriores (Rodrigues et al., 2009; Conceicéo et al., 2011;
Lima et al., 2011; Lopes Nobre et al., 2011; Rodrigues et al, 2011) aléem de importante
alteracdes no estresse oxidativo que sdo dados originais para estes dois modelos.

O estresse oxidativo tem sido proposto como um importante mecanismo causador de
resisténcia a insulina, hipertensdo e doenca cardiovascular (Otani, 2011; Roberts & Sindhu,
2009). Acredita-se que o aumento do estresse oxidativo contribua para a instalacdo de
inflamacéo sisttmica com consequente desregulacdo da producdo de adipocinas (Otani,
2011). Como em ambos os modelos de plasticidade ontogenética (desmame precoce e
supernutricdo) os animais apresentaram componentes da SM na idade adulta, um dos
objetivos deste trabalho foi avaliar o estresse oxidativo nesses animais.

Com o aumento alarmante da prevaléncia de obesidade em diferentes regides no
mundo, diversas estratégias de tratamento tém sido propostas nos Gltimos anos. Contudo,
combater este grave problema de salude publica permanece um grande desafio. Como a
intervencdo dietética € considerada como a primeira opcdo no tratamento da obesidade,
polifendis derivados de plantas, como o resveratrol, tém sido sugeridos como estratégias
terapéuticas coadjuvantes e, por essa razdo, tém despertado bastante interesse nos ultimos
anos. Dessa maneira, também foi objetivo deste trabalho estudar os efeitos antioxidantes do
resveratrol e as possiveis consequéncias sobre componentes da SM em ratos adultos
programados pelo desmame precoce.

Recentemente, mostramos que ratos SN apresentam adipdcitos hipertréficos e sabe-se
que este tipo de adipocito se relaciona com aumento do risco cardiovascular. No entanto, foi
visto que a secre¢do de leptina pelos adipdcitos esta diminuida na idade adulta, sugerindo uma
disfungdo deste tecido nesses animais (Conceicdo et al., 2011). Anteriormente foi
demonstrado em seres humanos que a leptina se correlaciona negativamente com a severidade
da SM (Paz-Filho et al., 2009). Assim, é provavel que ocorra uma exaustdo da producdo da
leptina pelo tecido adiposo dos ratos SN (Conceicdo et al., 2011), assim como pode haver
exaustdo da célula beta pancreatica na resisténcia a insulina. A leptina, além de atuar na

regulacdo de ingestdo de alimentos e na manutencdo do peso corporal, pode atuar no tecido
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adiposo promovendo lipdlise e adipogénese. Conceicao et al. (2011) sugeriram que a secrecdo
diminuida de leptina, pode estar relacionada a hipertrofia dos adip6citos nos animais SN.

Em nosso primeiro trabalho apresentado (Artigo 1), mostramos que 0S animais
programados pela supernutricdo na lactacdo tiveram aumento do estresse oxidativo no plasma
e no figado, associado com resisténcia a insulina, acimulo de gordura e infiltrado inflamatério
hepaticos. Os animais SN apresentaram obesidade e hiperfagia persistentes até a idade adulta,
corroborando com achados anteriores em nosso laboratorio (Rodrigues et al., 2009; Rodrigues
et al., 2011; Conceicédo et al., 2011). A hiperfagia nestes animais pode ser explicada pela
resisténcia a leptina, identificada na idade adulta pela diminuicdo de pSTAT e aumento de
SOCS3 hipotalamicos, apesar da normoleptinemia (Rodrigues et al., 2011). O excesso de
nutrientes eleva a utilizacdo da cadeia de transporte de elétrons mitocondrial, aumentando da
geracdo de ERO (Rudich et al, 2007; de Oliveira et al., 2010). Os animais SN apresentaram
maior dano oxidativo e diminuigdo da atividade da SOD, CAT e GPx no figado. Uma vez que
estes animais apresentaram grande quantidade de tecido adiposo visceral e area aumentada
dos adipdcitos, é provavel que ocorra a liberacdo desregulada de citocinas inflamatdrias que
contribuam ainda mais para o estresse oxidativo. TNFo e IL-6 sdo capazes de reduzir a
sinalizacdo a insulina através de inducdo de SOCS-3 e da fosforilagcdo de IRS1 em residuos de
serina (Mooney et al., 2001; Popa et al., 2007). O estresse oxidativo provavelmente contribuiu
para resisténcia a insulina no figado destes animais evidenciada pelo menor contetdo de IR,
IRS1, pIRS1, PI3-K e Aktl. A relacdo entre estresse oxidativo e diabetes vem sendo proposta
por diversos autores (Roberts & Sindhu, 2009; Otani, 2011). As ERO sdo capazes de inibir a
sinalizacdo da insulina através da ativacdo de JNK (kinase c-jun N-terminal kinase) com
consequente fosforilacdo em residuos de serina do substrato do receptor de insulina 1 (IRS1)
(Hirosumi et al., 2002), diminuicdo de IRS1 e IRS2 e diminuicdo da fosforilacdo de Akt
(Archuleta et al., 2009). Outros autores mostraram que apesar da normoinsulinemia, animais
superalimentados na lactacdo apresentaram resisténcia a insulina no adipdcito (Rodrigues et
al., 2007) e no coracdo (Martins et al. 2008). Recentemente, a hipermetilacdo do promotor do
receptor de insulina foi relatada neste modelo de plasticidade ontogenética (Plagemann et al.,
2010). Portanto, é possivel também que o tecido adiposo dos animais programados apresente
resisténcia a insulina, prejudicando o armazenamento de lipideos nos adipocitos, que entdo se
acumulam na circulacdo ou mesmo se depositam em outros tecidos.

Sabe-se que o0 estresse oxidativo pode promover injaria em diferentes tecidos,
incluindo o figado (Rolo et al., 2012). Evidenciamos nos animais SN, quando observamos a

morfologia hepatica, a presenca de microesteatose e de infiltrado inflamatdrio aos 180 dias. A
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esteatose ndo alcodlica (NAFLD - nonalcoholic fat liver disease) caracteriza-se pela
deposicao de gordura no figado, sendo sua causa ndo diretamente relacionada ao consumo de
etanol e esta fortemente associada a obesidade, principalmente a obesidade visceral (Gabriely
& Barzilai, 2003). O adipdcito visceral é lipoliticamente mais ativo que o subcutaneo e a
liberacdo de acidos graxos livres, assim como de adipocinas diretamente na veia porta expde o
figado a estas moléculas, favorecendo o desenvolvimento de esteatose (Saito et al., 2007).
Portanto, a supernutricdo neonatal induzida pela reducdo do tamanho da ninhada causou
obesidade com acumulo de gordura visceral, hiperfagia, estresse oxidativo e esteatose
hepatica nas proles na vida adulta.

No segundo trabalho desta tese (Artigo 2), evidenciamos aumento do estresse
oxidativo também em ratos desmamados precocemente. Neste modelo, utilizamos o
resveratrol, um polifenol estilbeno com atividade antioxidante, para testar a seguinte hipotese:
se modulacdo do estresse oxidativo pode prevenir ou melhorar componentes da SM
previamente identificados neste modelo de plasticidade ontogenética (Lima et al., 2011;
Lopes Nobre et al., 2011).

Além das caracteristicas ja relatadas, como obesidade visceral, hiperfagia e
hipertrigliceridemia (Lima et al., 2011; Lopes Nobre et al., 2011), neste estudo evidenciamos
que ratos adultos programados pelo desmame precoce tiveram hipertensdo arterial,
diminuicdo de HDL-c e aumento de LDL-c, acimulo de trigilicerideos hepaticos e esteatose
na vida adulta. Associado a essas alteracdes metabolicas, estes animais tiveram aumento de
estresse oxidativo. O resveratrol preveniu o aumento do estresse oxidativo, assim como o
desenvolvimento de hipertensdo arterial, dislipidemia e esteatose nos animais DP. Ainda,
mostramos no 3° artigo desta tese (Artigo 3) que o resveratrol normalizou a leptinemia, a
adiponectinemia, a glicemia e a resisténcia a insulina nestes animais. Além disso, corrigiu a
resisténcia central a leptina e a hiperfagia.

O estresse oxidativo estd envolvido na génese de doencas cardiovasculares e um
potente mecanismo proposto € a disfuncdo endotelial. Na hipertensdo arterial sistémica
(HAS), ocorre aumento da produgdo intravascular de ERO e ERN com participacéo
importante das enzimas NADPH oxidase, XO, Cox e eNOS. Além disso, a HAS cursa com 0
declinio na atividade do oOxido nitrico que pode ser devido a diminuicdo na expressao ou
atividade de eNOS, auséncia de substrato ou cofator para eNOS ou ainda degradagédo
acelerada desta enzima (Cai & Harrison, 2008). A HAS nos animais DP pode ser associada
também ao aumento da concentracdo sérica de leptina. A leptina atua diretamente no coragéo

e Nos Vvasos sanguineos via receptores especificos estimulando a frequéncia cardiaca e a
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pressao arterial e através da estimulagdo central do sistema nervoso simpatico (Rahmouni et
al., 2010). Além disso, a hipoadiponectinemia pode estar envolvida no aumento da PA, uma
vez que estudos clinicos e experimentais mostram que a hipoadiponectinemia ¢ um fator de
risco independente para o desenvolvimento de hipertensdo associada a obesidade (Nishida et
al., 2007). O excesso de gordura visceral e a consequente liberacdo de AGL e citocinas, além
do estresse oxidativo contribuiram para o desenvolvimento de esteatose nestes animais, assim
como de dislipidemia. A esteatose é causada pelo maior influxo de AGL no figado. Os AGL
em excesso favorecem producdo hepatica de VLDL e TG, bem como a hidrolise das
particulas de LDL repletas de TG pela lipase hepatica, com consequente formacgdo de
moléculas de LDL pequenas e densas e de HDL do tipo 3 (carregadas de TG) que podem
rapidamente serem degradadas e excretadas pelos rins, comprometendo a funcéo
cardioprotetora desta lipoproteina. Este mecanismo pode explicar o aumento de TG e LDL-c e
a diminuicdo de HDL-c encontrados nos animais DP. Ainda, o influxo de AGL no figado
prejudica a capacidade oxidativa mitocondrial, aumentando o estado reduzido da cadeia de
transporte de elétrons (ETC) e estimulando vias peroxisomais e microssomais da oxidacao de
AGL, o que eleva a producdo de ERO (Rolo et al., 2012).

O resveratrol normalizou a concentracdo de TBARS tanto no plasma quanto no figado
e de SOD no plasma, e aumentou a atividade plasméatica da CAT. A diminuicdo da producao
de radicais livres pelo resveratrol é atribuida, principalmente, a modulacdo do sistema
antioxidante enzimatico, através da inibicdo da enzima pro-antioxidante NADPH oxidase
(Orallo et al., 2002; Soylemez et al., 2008; Soylemez et al., 2009) e ativacdo de enzimas
antioxidantes catalase, SOD e GPx (Ungvari et al., 2007; Spanier et al., 2009). Considerando
a participacdo de SOD e CAT na interceptagdo de ERO, podemos sugerir que o resveratrol
normalizou a geracdo de ERO e, contribuindo para a normalizacdo da PA e dos TG e LDL-c
plasmaticos. O aumento da atividade da SOD pelo resveratrol evitou o desacoplamento da
enzima eNOS e aumentou a biodisponibilidade de 6xido nitrico (NO) em ratos hipertensos
(Bhatt et al., 2011). Sabe-se que a eNOS desacoplada ndo perde a capacidade de receber
elétrons, doando-0s um a um ao seu substrato O, e consequentemente, gera superdxido ao
invés de NO. Portanto, podemos sugerir que através da melhora da funcdo endotelial, o
resveratrol normalizou a PA. Além disso a normalizacdo da leptina, mostrada no Artigo 3,
também pode ter contribuido para a normalizacdo da PA. Alguns estudos tém mostrado
efeitos do resveratrol sobre a mobilizac&o de lipideos, diminuindo o acimulo de gordura tanto
em adipdcitos isolados (Lagouge et al., 2006), quanto in vivo no tecido adiposo e no figado
(Baur et al., 2006; Lagouge et al., 2006; Shang et al., 2008, Bujanda et al., 2008; Rivera et al.,
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2009) e aumentando a oxidagdo de &cidos graxos no musculo esquelético (Baur et al., 2006;
Lagouge et al., 2006). Os efeitos do resveratrol sobre os lipideos plasmaticos podem envolver
ainda a reducdo da expressdo de hidroxi metil gutamil CoA (HMG CoA) redutase (Cho et al.,
2008) e 0 aumento da excrecdo de sais biliares nas fezes (Miura et al., 2003). Riveéra et al.
(2009) mostraram que o resveratrol reduziu os TG plasméticos em ratos obesos. Gomez-
Zorita et al. (2012) também encontraram o efeito do resveratrol em ratos Zucker obesos na
diminuicdo dos TG hepaticos e na melhora da esteatose. A prevencao da obesidade visceral
nos animais DP também sugere uma menor liberacdo de AGL e citocinas contribuindo para a
normalizacdo dos lipideos plasmaéticos, assim como a reducdo do acimulo de TG hepaticos e
prevencdo de esteatose nestes animais.

O resveratrol também preveniu a resisténcia a insulina nos animais DP. Apesar de ndo
provocar alteracdo na insulina plasmatica, o resveratrol normalizou a adiponectina e a
glicemia. Diversos estudos mostraram que o resveratrol aumentou adiponectina em adipocitos
isolados (Costa et al., 2011) e in vivo (GOmez-Zorita et al., 2012) e a captagdo de glicose no
musculo esquelético através do aumento da translocacdo do GLUT4 e da fosforilagdo da AKT
(Minakawa et al., 2011). Portanto, mesmo ndo alterando sua concentracdo, o resveratrol
aumentou a sensibilidade a insulina tanto através da normalizacdo da adiponectinemia quanto
pelo aumento da captacéo de glicose.

Os animais programados pelo DP apresentaram diminuicdo de JAK2 e pSTAT3 e
aumento de SOCS3 e NPY no hipotalamo indicando resisténcia a leptina (Lima et al., 2011 e
Younes-Rapozo et al., 2012) . O resveratrol corrigiu essa resisténcia, assim como a ingestdo
de racdo durante o periodo de tratamento. Ao que se saiba, este foi o primeiro estudo a
avaliar o efeito do resveratrol sobre a sinalizacdo da leptina e 0 NPY no hipotalamo no qual
mostramos a normalizacéo das proteinas JAK2, pSTAT3 e do NPY (Artigo 3). O contetdo de
SOCS3, entretanto permaneceu aumentado. Em um estudo anterior, os animais DP que
receberam suplementacdo de célcio tiveram correcdo da hiperfagia e da resisténcia central a
leptina também sem normalizacdo do contetdo de SOCS3, que permaneceu aumentado
(Lopes Nobre et al., 2011). A via da leptina pode ser regulada negativamente também pela
fosfatase PTP-1B. Embora ndo tenhamos avaliado essa fosfatase neste estudo, é possivel ela
esteja reduzida, pois sabe-se que a sirtuina 1 (SIRT1) suprime sua expressdo e que 0
resveratrol ativa a SIRT1. Anteriormente, demonstramos que o resveratrol aumentou a
expressdo de SIRT1 em ratos Wistar (Franco et al., 2010). A reducdo da ingestdo foi
demonstrada em camundongos injetados via 1.P. com resveratrol (100 mg/kg) por Kim et al.

(2009) junto com o aumento da expressdo de NPY e AgRP in vitro em células hipotalamicas.
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Portanto, parece haver um efeito direto central do resveratrol sobre o controle alimentar, que
neste estudo foi mostrado pela primeira vez in vivo. N&d&o podemos deixar de atribuir a
normalizacdo da leptina sérica a correcdo da hiperfagia e da resisténcia central a este
hormanio.

Comparando os dois modelos estudados (SN vs DP) quanto ao aumento do estresse
oxidativo, podemos verificar que na supernutricdo houve uma reducdo mais importante na
atividade das enzimas antioxidantes no figado destes animais, que se relacionou com a
resisténcia a acdo da insulina neste 6rgdo. Nos animais DP, somente a atividade da GPx
esteve diminuida no figado, no entanto houve uma reducao significativa da atividade da SOD
e da GPx, esta porém ndo significativa, no plasma. Em ambos os modelos, ndo encontramos
alteracdo significativa no conteddo hepéatico das enzimas antioxidantes. A esteatose se
relacionou com o aumento da lipoperoxidacdo no figado tanto no SN quanto no DP.

A programagcdo do dano oxidativo e da defesa antioxidante também foi vista em ratos
cujas maes foram alimentadas com dieta rica em gordura (Zhang et al., 2011) ou com dieta
pobre em proteina durante a gestacdo (Theys et al., 2009), sugerindo que a capacidade
antioxidante e o dano oxidativo podem ser programados in utero (Strakovsky & Pan, 2011).
No presente estudo mostramos que 0 estresse oxidativo pode também ser programado durante
a lactacdo, seja pelo excesso ou pela falta de nutrientes (Artigos 1 e 2), sugerindo que genes
envolvidos na regulacdo deste podem ser epigeneticamente regulados no periodo neonatal.
Nossos achados sugerem ainda que o resveratrol pode ser Gtil no tratamento da obesidade e
que estudos direcionados a avaliar os mecanismos modulados pelo resveratrol em animais

obesos, bem como o uso deste composto em humanos, sao necessarios.
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5 CONCLUSAO

A supernutricdo na lactacdo e o desmame precoce programaram o aumento do estresse
oxidativo, que se associou com a presenca de obesidade visceral e complicacGes metabolicas,
tais como a esteatose hepatica na vida adulta.

O resveratrol administrado via oral por 30 dias nos ratos adultos programados pelo DP
preveniu 0 estresse oxidativo e disturbios metabolicos como a resisténcia a insulina, a
dislipidemia e a esteatose. Os efeitos do resveratrol nos animais DP provavelmente foram
mediados pela prevencdo da obesidade visceral e pela normalizagdo da secrecdo de
adipocinas, como a leptina. A normalizacdo da leptinemia, assim como da sua acdo no

hipotdlamo, controlou ainda a hiperfagia caracteristica dos animais programados pelo DP.
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