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RESUMO

O aumento da prevaléncia da obesidade em todo o0 mundo apresenta grande impacto na saude
publica uma vez que o acumulo excessivo de gordura corporal no individuo é considerado
fator de risco para doencas cardiovasculares e € uma das principais caracteristicas da
sindrome metabolica (SM). Estudos experimentais sugerem que o sistema renina-angiotensina
(SRA) em tecido adiposo é influenciado pelo grau de obesidade e que a restricdo alimentar em
roedores impede ou retarda a ocorréncia de varias doencas crénicas. O objetivo deste estudo
foi avaliar o perfil metabdlico, os componentes do sistema renina-angiotensina e atividade
inflamatdria no tecido adiposo epididimal de camundongos submetidos a restricdo alimentar.
Camundongos Swiss machos foram divididos em oito grupos e foram alimentados durante
oito semanas com: G1: Dieta Padréo (ST) ad libitum; G2: ST-20% restricdo alimentar; G3:
ST-40% restricdo alimentar; G4: ST-60% restricdo alimentar; G5: Dieta rica em gordura
(HFD) ad libitum; G6: HFD-20% restri¢do alimentar; G7: HFD-40% restricao alimentar; G8:
HFD-60% restricdo alimentar. Foram avaliados o consumo alimentar, peso corporal,
parametros glicémicos, perfil lipidico e albumina. O peso dos tecidos adiposos epididimal,
retroperitoneal e mesentérico e a area de adipocitos do tecido adiposo epididimal foram
analisados. A expressédo de AGT, ECA, ECA-2, IL-6 e TNF-a do tecido adiposo epididimal
foi avaliada por PCR em tempo real. Os principais resultados mostraram uma reducao do peso
corporal, melhora da glicemia e do perfil lipidico, reducdo da albumina, diminuicdo do peso
dos tecidos adiposos epididimal, retroperitoneal e mesentérico e reducdo da area dos
adipdcitos no tecido adiposo epididimal de camundongos submetidos a restricdo alimentar
sobre dietas normolipidica e hiperlipidica. A diminui¢do da expressdo de IL-6, TNF-a, AGT e
ECA foi detectada nos grupos de tratamento de 20% e 40%, e um aumento da expressdo nos
grupos de restricdo alimentar de 60%. Em conclusédo, observou-se que restricdo alimentar de
20% e 40% melhora o metabolismo, controla a expressdo do SRA e de citocinas inflamatorias
em camundongos, enquanto que uma severa restricdo alimentar de 60% (desnutricdo) produz

um novo perfil pré-inflamatério com aumento das expressdes de AGT e ECA.

Palavras-chave: Metabolismo. Disturbios da nutricdo. Restricdo alimentar. Citocinas. Sistema

renina angiotensina.



ABSTRACT

The increasing prevalence of obesity worldwide has a great impact on public health as the
excessive accumulation of body fat is considered a risk factor for cardiovascular disease, and
it is one of the main features of the metabolic syndrome (MS). Experimental studies suggest
that renin-angiotensin system (RAS) in adipose tissue is influenced by the obesity degree e
food restriction in rodents prevents or delays the occurrence of various chronic diseases. The
purpose of this study was to evaluate the metabolic profile, the components of the renin-
angiotensin system and inflammatory activity in epididymal adipose tissue of mice subjected
to food restriction. Male Swiss mice were divided into eight groups and were fed for eight
weeks with: G1: Standard Diet (ST) ad libitum; G2: ST-20% food restriction; G3: ST-40%
food restriction; G4: ST-60% food restriction; G5: High-Fat Diet (HFD) ad libitum; G6:
HFD-20% food restriction; G7: HFD-40% food restriction; G8: HFD-60% food restriction.
Food intake, body weight, glycemic parameters, lipid profile and albumin were assessed. The
weight of epididymal, retroperitoneal, and mesenteric adipose tissues and the area of
adipocytes from epididymal adipose tissue were analyzed. The expression of AGT, ACE,
ACE-2, IL-6 e TNF-a epididymal adipose tissue was evaluated by real-time PCR. The main
findings showed a reduced body weight, improved glycemic and lipid profile, reduced
albumin, decreased weights of the epididymal, mesenteric and retroperitoneal adipose tissues
and reduced adipocyte size in epididymal adipose tissue of mice submitted to food restriction
under standard or high-fat diet. A diminished expression of IL-6, TNF-a, AGT and ACE was
detected in the 20% and 40% treatment groups, and increased expression in the 60% caloric
restriction groups. In conclusion, we observed that 20% and 40% caloric restriction improved
metabolism, controlling the RAS and cytokine expression in mice, while a severe 60% caloric
restriction (malnutrition) produced a new pro-inflammatory profile with increased AGT and
ACE expression.

Keywords: Metabolism. Nutrition disorders. Food restriction. Cytokines. Renin-angiotensin

system.



LISTA DE ABREVIATURAS E SIGLAS

ACC Acetil CoA carboxilase

AGT Angiotensinogénio

ANG II Angiotensina-II

Ang-(1-7) Angiotensina 1-7

ATl Receptor de angiotensina tipo AT1
AT2 Receptor de angiotensina tipo AT2
CCL2 Quimiocina ligante de CC2
CXCL5 Quimiocina CXCL5

DM Diabetes mellitus

ECA Enzima conversora de angiotensina
ECA2 Enzima conversora de angiotensina-2
ERO Espécies reativas de oxigénio (ERO)
ET-1 Endotelina tipo 1

HAS Hipertensao arterial sistémica
ICAM-1 Molécula de adesdo intercelular-1
IL-18 Interleucina-18

IL-6 Interleucina-6

LDL-C Lipoproteina de baixa densidade
Mas Receptor de Angiotensina 1-7
MRNA RNA mensageiro

NEP Neutral-endopeptidase

NF- kB Fator nucear - kB

NO Oido nitrico (NO)

OMS Organizacdo Mundial da Saude
PCP Prolil-carboxipeptidase

PEP Prolil-endopeptidase

PGI2 Prostaglandinas PGI2

SD Sprague-Dawley

SM Sindrome Metabdlica

SNS Sistema nervoso simpatico

SRA Sistema renina-angiotensina



TAB
TNF-a
VCAM-1
VIGITEL

VLDL-C

Tecido adiposo branco

Factor de necrose tumoral-a

Molécula de adeséo da celula vascular

Vigilancia de fatores de risco e protecdo para doencas
cronicas por Inquérito Telefonico

Lipoprotéicas de muito baixa densidade
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1 INTRODUCAO

1.1 Obesidade e Sindrome Metabolica

As transformacdes ocorridas nos padrdes socioecondmicos e culturais, nas ultimas décadas,
contribuiram de forma significativa para o aumento da expectativa de vida das pessoas,
entretanto, esse novo padrdo de vida, que exige habitos alimentares pouco saudaveis,
exposicao diaria a elevada carga de estresse e falta de tempo para a pratica de atividade fisica,
tem contribuido para 0 aumento da prevaléncia de doencas croénicas nao-transmissiveis, como

as doencas cardiovasculares, diversos tipos de cancer, diabetes e obesidade (1-4).

A obesidade é caracterizada pelo acimulo anormal ou excessivo de gordura corporal,
resultante do desequilibrio entre a ingestdo e o gasto de energia (5, 6). A etiologia da
obesidade é considerada multifatorial e estd associada a fatores genéticos e ambientais (6-8).
Em 2005 aproximadamente 1,5 bilhdo de adultos apresentavam sobrepeso e, destes, mais de
200 milhdes de homens e cerca de 300 milhdes de mulheres eram obesos (9, 10). Em
comparacdo com os dados de 1980, o aumento na prevaléncia de obesidade foi superior a
duas vezes, e as projecOes para 0s proximos anos estimam que, em 2030, um ndmero proximo
a 3,3 bilhGes de pessoas, ou 57,8% da populacdo adulta mundial, tera sobrepeso ou obesidade
(11, 12). A Figura 01 descreve a prevaléncia estimada de excesso de peso baseado no indice
de massa corporal (IMC > 25 Kg/m?) na populacdo mundial masculina com idade superior a
15 anos de idade nos anos de 2002, 2005 e 2010 evidenciando de forma ilustrativa como a

obesidade vem se tornando uma questao pandémica (11).
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Figura 01: Prevaléncia estimada de excesso de peso (IMC > 25kg/m?) na populacéo mundial
(masculina, idade superior a 15 anos) no ano de 2002, 2005 e 2010.
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Fonte: Organizacdo Mundial da Satde (OMS), 2011.
Disponivel em: https://apps.who.int/infobase/Comparisons.aspx. Acesso em 14 de julho de
2015.

No Brasil, desde 1974 observou-se aumento da prevaléncia de excesso de peso de quase trés
vezes em homens adultos e de quase duas vezes em mulheres adultas. No mesmo periodo, a
prevaléncia de obesidade aumentou em mais de quatro vezes no sexo masculino e em mais de
duas vezes no sexo feminino (12). Estudo de vigilancia de fatores de risco e protecdo para

doencas cronicas por inquérito telefonico (VIGITEL) realizado pelo Ministério da Satde em


https://apps.who.int/infobase/Comparisons.aspx
https://apps.who.int/infobase/Comparisons.aspx
https://apps.who.int/infobase/Comparisons.aspx
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2014 descreveu que a populacdo brasileira apresentava 52,5% de individuos acima do peso e
17,9% de obesos, como mostra a Figura 02 (13). Outro dado interessante evidenciado por esse
mesmo estudo foi 0 aumento significativo de excesso de peso entre 0s anos de 2006 a 2014
(Figura 03).

Figura 02: Prevaléncia de excesso de peso e obesidade por sexo da populacéo brasileira em
2014,

70 - ETotal EMasculino OFeminino

80 - 56,5

50
% 40 -

30

20 -

10 -

Excesso de peso Obesidade
IMC = 25kg/m? IMC > 30kg/m?

Fonte: VIGITEL, 2014. Acesso em 15 de julho de 2015.

Figura 03: Evolucdo da frequéncia do excesso de peso de 2006 a 2014 da populagédo
brasileira.
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Aumento significativo (2006-2014) em todos os estratos p<0.001

Fonte: VIGITEL, 2014. Acesso em 15 de julho de 2015.
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A pandemia de obesidade na atualidade é um fator paralelo as crescentes taxas de prevaléncia
de sindrome metabdlica (SM) (14). Essa prevaléncia estd aumentando em proporcGes
epidémicas, ndo so nos Estados Unidos e no restante do mundo urbanizado, mas também nas
nacbes em desenvolvimento (15). A prevaléncia de SM na populacdo em geral €
aproximadamente 24% e superior a 80% entre os pacientes com diabetes mellitus (DM) tipo 2
(16, 17). Assim, evidencia-se a necessidade de novas investigacbes, bem como um
aprofundamento da cooperacdo entre as organizacfes nacionais e internacionais sobre a

questdo (14).

A SM ¢ caracterizada pela coexisténcia em graus variaveis de obesidade, hiperinsulinemia,
dislipidemia e hipertensdo arterial (18, 19). Também pode se manifestar associada a outras co-
morbidades, como estado pré-trombdético, o estado pro-inflamatério, a doenca hepatica
gordurosa ndo alcodlica, distarbios reprodutivos, microalbuminuria e disturbios da coagulacao
sanguinea (20, 21). A SM apresenta causa multifatorial como a obesidade, sendo influenciada
pela interacdo entre predisposicdo genética e fatores ambientais, como estilo de vida, habitos

alimentares e sedentarismo (2, 21).

As evidéncias disponiveis a partir de trés periodos consecutivos de grandes meta-analises tém
sistematicamente demonstrado que as pessoas com sindrome metabdlica possuem um
aumento para o risco de eventos cardiovasculares (22). A mais recente e maior delas incluiu
cerca de um milhdo de pacientes (total n=951083). Os investigadores concluiram que a
sindrome metabdlica estd associada com um aumento de 2 vezes em desfechos
cardiovasculares e um aumento de 1,5 vezes em todas as causas de mortalidade. Uma
descoberta muito importante desse estudo foi a evidéncia de que o risco cardiovascular € alto
em pacientes com a sindrome metabolica mesmo que ndo sejam portadores de diabetes (23).
Dessa forma, a sindrome metabdlica pode ser um colaborador adicional Gtil na estimativa do
risco cardiovascular global, além de outros fatores de risco ja conhecidos como idade e niveis
elevados de LDL-C (22).

O conjunto de disturbios metabdlicos que caracteriza a SM foi descrito pela primeira vez na
década de 1920 como uma alteracdo patoldgica associada a hipertensdo, hiperglicemia e gota
(24). Alguns décadas depois foi descrito que o excesso de gordura corporal estava relacionado
com anormalidades metabdlicas, como o DM tipo 2 e doengas cardiovasculares (25). Na

década de 1980, Reaven introduziu o termo Sindrome X, considerando a resisténcia a
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insulina, hipertensdo arterial ou DM tipo 2, hiperinsulinemia e dislipidemia como critérios
comuns a sindrome. Outras expressdes foram empregadas em substituicdo a SM, como
sindrome plurimetabdlica, sindrome da resisténcia a insulina, quarteto mortal, dentre outras
(26). Em 1998, a OMS prop6s a denominacdo comum de Sindrome Metabdlica para esse

conjunto de alteracGes metabdlicas (27, 28).

Considerando que SM esta associada a obesidade e resisténcia a insulina, isso proporciona
uma concepcao Util para prevencdo e tratamento da mesma, que pode ser traduzida de forma
simplista pela mudanca de estilo de vida, a qual deve incluir restri¢cdo calorica, perda de peso
e aumento da atividade fisica (22).

1.2 Restrigdo Alimentar e Desnutrigdo

A maioria dos beneficios relacionados a restricdo alimentar ou calorica esta ligada a reducéo
dos depositos de gordura, em especial da visceral e, consequentemente, das substancias por
eles produzidas, sendo tal processo irrefutavel por sua reprodutibilidade (1).

A restricdo cal6rica € caracterizada por um regime dietético de baixo teor calérico sem que
cause desnutricdo e foi descrita pela primeira vez como preditora de longevidade em roedores
em publicacéo datada de 1935. Esse estudo também apontou que quando a restri¢ao caldrica é
implementada apos a puberdade ela é capaz de aumentar a expectativa de vida por prevenir ou
atenuar a gravidade das doencas crénicas (29). O envelhecimento em ratos traz consigo
caracteristicas como aumento do peso corporal, especialmente condicionado ao tecido
adiposo, o qual tende a se concentrar em areas especificas do corpo. Nos seres humanos, de
maneira similar, eleva-se particularmente o tecido adiposo visceral, resultando em maior
circunferéncia da cintura, quadro que se configura obesidade abdominal, ainda que o
individuo seja eutrofico. Tal condigdo esta fortemente associada & sindrome metabdlica que se

relaciona a uma seérie de disturbios metabolicos (1).

Apesar de a restri¢do caldrica ter sido apontada como elemento para longevidade ha quase 70
anos, a base molecular de como ela influencia nesse processo ainda ndo é clara. Sua

complexidade reside em efeitos multiplos que incluem alteracbes metabdlicas, neuro-
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endocrinas e apoptose, que variam em intensidade e exibem diferengas marcantes entre o0s
sistemas de orgdos especificos. Varios modelos tém sido levantados para tentar responder
esses processos, mas nenhum resultado ainda foi satisfatério para integrar todos os efeitos da

restricao caldrica (30).

Estudos experimentais realizados com roedores apontaram que em parte a restricdo de
calorias aumenta a longevidade e previne ou retarda a ocorréncia de doencas crénicas como 0
diabetes, a aterosclerose, a cardiomiopatia, tumores, doencas auto-imunes, renais e
respiratérias (29, 31-35). De forma semelhante, estudos com macacos Rhesus vém
demonstrando efeitos similares aos identificados com roedores submetidos a restricao
calérica, o que reforca sua validade por também apontarem efeitos benéficos sobre o
metabolismo, a¢Ges hormonais, processos inflamatérios e na composicédo corporal (36, 37).
Entre suas evidéncias cabe destacar a melhoria nos fatores de risco para doencas
cardiometabdlicas, incluindo alteracdes na pressdo arterial, perfil de lipidios séricos, na

glicemia e na concentracdo e sensibilidade a insulina (22, 38).

Confirmando os resultados supracitados, o "Experimento Starvation Minnesota," realizado
entre 0s anos 1944 e 1945 na Segunda Guerra Mundial, forneceu os primeiros resultados da
avaliacdo sistematica dos efeitos da restricdo calorica grave entre individuos eutroficos. Neste
estudo, a reducdo da ingestdo de calorias foi de 45% durante 24 semanas, para a qual foram
identificados muitos efeitos potencialmente benéficos, similares aos observados em estudos
posteriores conduzidos com modelos animais. Entre os efeitos foram apontados diminuicéo da
gordura corporal e da presséo arterial, melhoria do perfil lipidico, reducéo sérica de T3 e da
frequéncia cardiaca de repouso (39). Tais efeitos vém sendo atribuidos especialmente a
diminuicdo das concentracBes plasmaticas de citocinas inflamatdrias induzida pela restri¢éo
de calorias, a qual causa também um aumento, ainda que modesto, nos niveis de cortisol

circulante, os quais resultam em uma reducéo sistémica da atividade inflamatoria (40-44).

Muitos dos efeitos de restrigdo de calorias vém sendo correlacionados as expressfes génicas
envolvidas, por exemplo, na resisténcia ao estresse, protecdo contra dano oxidativo e daqueles
relacionados a mediacdo da inflamacéo (45). Além disso, as evidéncias existentes apontam
que a restricdo caldrica por 16 semanas diminui os niveis de acetil CoA carboxilase (ACC)
produzida pelo figado, enzima que limita a biossintese de &cidos graxos para cerca de 25% da
linha de base (46).



18

Os beneficios da restricdo calorica sobre as doencas cardiometabodlicas sdo inquestionaveis.
No entanto, exacerbados valores de restri¢cdo caldrica pode induzir um estado de desnutricdo
que pode percorrer com condicdes inflamatdrias, hipermetabolicas e/ou hipercatabolicas de
acordo com a Declaracdo de Consenso da Academia de Nutricdo e Dietética / Sociedade
Americana de Nutricdo Parenteral e Enteral. Ainda de acordo com esse consenso, 0 estado
nutricional pode ser relacionado com baixos niveis plasméaticos de albumina e as suas
principais causas estdo associadas a baixa ingestdo de calorias, proteinas e outros nutrientes
necessarios para a manutencdo e reparacdo dos tecidos (22, 47, 48). Alguns estudos
demonstraram que os beneficios da restricdo caldrica ocorrem com valores de restricdo
maximos de 55-60% em comparacdo com a ingestdo de base. Se 0s animais sdo expostos a
uma restricdo calorica superior a esses valores eles podem desenvolver condigcbes clinicas
negativas associadas a desnutricdo, dentre elas condicdes inflamatdrias que também estdo

presentes em individuos obesos (25, 49, 50).

1.3 Manifestacdes inflamatorias associadas a obesidade e desnutrigéo.

Estudos clinicos e epidemioldgicos tém descrito uma ligacdo clara entre o desenvolvimento
de respostas inflamatorias e doencas metabolicas, em especial no contexto de obesidade e DM
tipo 2 (51).

Tradicionalmente, o tecido adiposo branco (TAB) era visto apenas como reserva energeética,
entretanto, novos estudos tem classificado esse tecido como um érgédo enddcrino e o principal
responsdvel pela producdo de citocinas (adipocinas) que atuam como mediadores e
reguladores de respostas imunes e inflamatorias (51-53) (Figura 4). Existem vérias evidéncias
que sugerem que o TAB torna-se hipertrofiado na obesidade devido a infiltragdo de
macrofagos que secretam citocinas pré-inflamatérias, incluindo factor de necrose tumoral
(TNF-a) e algumas interleucinas, como a IL-6 (50). Essa producgdo excessiva de citocinas pro-
inflamatdrias em individuos obesos tem sido associado as doencas cardiometabdlicas por

alterar o equilibrio entre as adipocinas anti e pro-inflamatorias no TAB (51-53).



19

O TAB ¢ constituido principalmente de adipdcitos, embora outros tipos de células sejam
fundamentais para o seu crescimento e funcgdo, incluindo os pré-adipécitos, macrofagos,
linfdcitos, fibroblastos e células vasculares (51, 54). O acumulo de macréfagos no TAB de
individuos obesos e em modelos animais de obesidade é proporcional a adiposidade, assim
como a perda de peso resulta numa redugdo sustentada no nimero de macréfagos de tecido
adiposo, que é acompanhado por uma diminuicdo do perfil inflamatdrio (54-56). Os
macrofagos também sdo mais abundantes no tecido adiposo visceral que no subcutaneo, fator

que tem sido associado ao maior risco de desenvolvimento de resisténcia insulinica (57).

Figura 04: Modulagéo fenotipica do tecido adiposo branco.
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Fonte: Adaptado de Ouche et al. (51)

Em oposicdo ao estado de obesidade, individuos expostos a valores extremos de restri¢do
calérica podem desenvolver estado de desnutricdo que pode cursar com condicGes
inflamatarias (47, 48).

Entende-se como desnutricdo qualquer desequilibrio nutricional (58). Individuos que néo
ingerem a quantidade adequada de calorias, proteinas ou outros nutrientes necessarios para a

manutencdo e reparacao tecidual estdo sujeitos ao desenvolvimento de desnutri¢do (59, 48).
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Aumento da necessidade diéria de calorias, absorcdo deficiente e alteracdo no transporte de
nutrientes sdo outras causas em potencial da desnutricdo (60). Portanto, devem-se estabelecer
os limites da restricdo calorica para evitar que individuos sejam expostos a valores criticos de

restricdo e o desenvolvimento de desnutricao e de suas co-morbidades associadas.

Estudos realizados nos ultimos anos tem demonstrado que o sistema renina-angiotensina
(SRA) modula de forma importante a funcéo endécrina do tecido adiposo branco (61). Desta
forma, é relevante compreender o funcionamento do SRA e sua interacdo com o metabolismo
do TAB.

1.4 Sistema Renina-Angiotensina (SRA)

O sistema renina-angiotensina se constitui de uma coordenada rede hormonal circulante
iniciada pela liberacdo da enzima renina, sintetizada pelas células justaglomerulares das
arteriolas aferentes renais. A renina é liberada por exocitose agindo enzimaticamente sobre o
angiotensinogénio (AGT) produzido pelo figado, hidrolisando-o em um decapeptideo, a
angiotensina | (Ang ). Este peptideo é catabolizado pela enzima conversora de angiotensina
(ECA) em um octapeptideo denominado de Angiotensina Il (Ang Il). Ela apresenta relevantes
acOes bioldgicas e age através de seus receptores especificos AT1 e AT2. A Ang Il também
pode ser formada por outras vias independentes da renina, pela acdo de catepsinas e quimases.
Outro importante componente desse sistema é o heptapeptideo Ang-(1-7) que, agindo via
receptor Mas, promove geralmente a¢Bes antagonicas as geradas pela Ang Il no receptor AT1
e similares as acdes da Ang Il no receptor AT2 . Ele pode ser produzido a partir da Ang Il ou
da Ang | através da acdo da ECA 2, PEP (prolil-endopeptidase) e NEP (neutral-
endopeptidase) (62).

A Ang Il é um dos mais potentes vasoconstritores conhecidos e € considerado o principal
componente biologicamente ativo do SRA, exercendo seus efeitos via dois receptores
distintos, AT1 e AT2, sendo que os mais conhecidos efeitos fisiologicos e patologicos da Ang
Il sdo mediados via receptores AT1, pela associagdo de multiplas interagdes com cascatas de

transducéo de sinais que comandam diversas a¢des biologicas (63).
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Dentre as principais agbes via AT1, a Ang Il induz vasoconstrigdo vascular
(preferencialmente renal, cerebral e coronariana), a retencdo renal de sodio ( via liberacdo de
aldosterona), retencéo renal de agua (via liberagcdo de vasopressina), supressao da renina (por
“feedback” negativo), hipertrofia de muasculo liso e cardiomidcitos, estimulacéo de fibrose no
miocéardio e vascular, efeito inotropico positivo (contracdo de cardiomidcitos), ativacdo do
sistema nervoso simpético (SNS), estimulacdo da secrecdo endotelial e estimulagdo da
formacdo de espécies reativas de oxigénio (ERO) (63). Sabe-se que doencas como
hipertensdo, hiperlipidemia, diabetes e aterosclerose estdo correlacionadas com a disfuncéo
vascular e mudancas estruturais, incluindo disfungdo endotelial, alteracdo da contratilidade e
remodelamento vascular, alteracGes estas que podem ser geradas por aumento da atividade da
Ang Il nos vasos (64). Os eventos celulares relacionados com esse processo envolvem
mudancas no musculo vascular liso com relacdo ao crescimento, apoptose, migracéo celular,

inflamacéo e fibrose (63).

Os efeitos da Ang Il no receptor AT2, na maioria das vezes, sdo opostos as acdes mediadas
pelo receptor AT1. Os principais efeitos de sua ativacdo sdo o antiproliferativo, a inibicdo do
crescimento celular e diferenciacdo celular, reparagdo tecidual, apoptose, vasodilatagéo,

desenvolvimento dos rins e trato urinério e prote¢ao contra isquemia cardiaca (65).

A Ang-(1-7) € um importante metabdlito da Ang 1, uma vez que estudos recentes ja apontam
seu possivel papel terapéutico (66). Sabe-se que a Ang-(1-7) libera 6xido nitrico (NO) e
prostaglandinas (PGI12) causando vasodilatacdo, inibindo a proliferacdo celular muscular e a
trombogénese (67, 68), atenuando o efeito vasoconstritor da Ang Il (68, 69) e inibindo a ECA
(70). Desequilibrios na interacdo harménica entre Ang Il e Ang-(1-7) parecem contribuir para

o inicio e desenvolvimento de doencas como a hipertenséo.

A formagéo de Ang-(1-7) é controlada por pelo menos trés enzimas que estdo presentes na
circulacdo sanguinea e em alguns tecidos (71, 72), podendo assim ser sintetizada a partir da
Ang | pela acdo das endopeptidases teciduais denominadas PEP e NEP (73) ou sendo formada
a partir da Ang Il pela acdo da PEP e da prolil-carboxipeptidase (PCP). Recentemente, foi
descrita uma nova via de formacdo da Ang-(1-7) por acdo da enzima conversora de
angiotensina 2 (ECA 2) (74, 75). A ECA 2 é responsavel pela conversdo da Ang | em
angiotensina-(1-9), que pode ser posteriormente convertida em Ang-(1-7) por acdo da ECA

ou de outras peptidases (75). Além disso, a ECA 2 promove a conversao direta da Ang Il em
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Ang-(1-7) com afinidade superior a que hidrolisa a Ang I. A Ang-(1-7) pode ser hidrolizada
pela ECA formando a angiotensina-(1-5) e a angiotensina-(1-3). Esta parece ser uma
importante via de inativacdo da Ang-(1-7) circulante e, possivelmente, também da forma

tecidual desse peptideo (74).

Vérios trabalhos mostram que a Ang-(1-7) participa do controle do balango hidroeletrolitico
(40), promove inibicdo da proliferacdo de células musculares lisas vasculares (76), inibe o
crescimento de midcitos cardiacos (77), apresenta efeito antitrombotico (67) e antiarritmico
dentre outros. A producdo renal de Ang-(1-7) possui um importante papel na regulacdo da
pressao arterial. Em ratos, a Ang-(1-7) apresenta acdo natriurética, tanto em rins isolados,
como em animais anestesiados (78), sugerindo que esse peptideo exerce um efeito
vasodilatador na microcirculacdo renal, com efeito anti-hipertensivo. Atualmente, sabe-se que
boa parte das a¢des da Ang-(1-7) ocorrem por estimulo do seu receptor especifico, 0 Mas. A
primeira evidéncia da existéncia de um receptor especifico para a Ang-(1-7) foi obtida por
Campagnole-Santos e colaboradores em 1992 (79), que observaram a capacidade da Ang-(1-
7) de induzir, contrariamente a Ang Il, um aumento significante na sensibilidade do controle
barorreflexo. Varios outros estudos sugeriram a existéncia de um receptor seletivo para
mediar as a¢Oes da Ang-(1-7) (80). A Figura 05 mostra de forma esquematica a formacéo dos
principais componentes do Sistema Renina Angiotensina e as principais enzimas envolvidas
nesse processo. Ela também descreve os principais efeitos fisiologicos relacionados aos eixos
regulatério ECA/ANglI/AT1, considerado vasconstritor e pro-hipertensivo, e contra
regulatério ECA2/Ang-(1-7)/Mas, com atividade vasodilatadora e anti-hipertensiva, do

sistema renina angiotensina (81, 82).
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Figura 05 — Rede de formacéo dos principais componentes do Sistema Renina Angiotensina.
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Neste contexto dos eixos regulatorio e contra regulatorio do SRA, existem varios trabalhos

demonstrando que os efeitos anti-hipertensivos dos antagonistas de receptores de AT1, como

a candesartana, estdo em partes relacionados ao desvio do eixo regulatorio para o eixo contra-

regulatério ao favorecer a sintese de Ang-(1-7) e sua atividade vasodilatadora (83). Outros

trabalhos sugerem a associacdo de antagonistas dos receptores AT1 com Ang-(1-7) como um

potencial terapéutico no tratamento de doencas coronarianas (84). Os inibidores da enzima

conversora de angiotensina, como o lisinopril, também sdo capazes de deslocar o SRA a favor

do eixo contra-regulatorio ECA2/Ang-(1-7)/Mas ao elevar os niveis de Ang-(1-7) (85).
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1.5 Interagdo do Sistema Renina-Angiotensina e Metabolismo

Estudos realizados tem descrito a presenca de varios componentes do SRA no tecido adiposo
(86). No quadro de sindrome metabolica ja foram descritos aumento da atividade da renina
plasmética, maior nivel plasmatico de angiotensinogénio, maior atividade da ECA e maior
nivel plasmatico de aldosterona (61). Os niveis de mRNA de AGT sédo 60% maiores no tecido
adiposo do que no figado, que é considerado principal fonte de AGT (87). Além disso, a
expressdo de AGT é mais elevada em adipdcitos viscerais do que em adipdcitos subcutaneos,
tanto em ratos como em humanos (88). Os adipdcitos de ratos e de humanos apresentam 0s
dois subtipos de receptores angiotensinérgicos, AT1 e AT2, embora ainda nao estejam claras
as funcgdes especificas desencadeadas por esses receptores nessas células. In vivo, a expressdo
do gene para o receptor AT1 no tecido adiposo parece ser dependente da idade, uma vez que
foi observada uma menor densidade de receptores AT1 em ratos Sprague-Dawley (SD) idosos
guando comparados com ratos jovens. Os sitios de afinidade entre o receptor AT1 e a
angiotensina Il tém cinética semelhante aos de outros 6rgdos alvo do peptideo sendo a

densidade desse receptor no tecido adiposo semelhante a do coracéo (89).

Estudos utilizando cultura de células adiposas mostraram que 0 AGT e a Ang |l participam da
regulacéo e diferenciacéo do fenétipo do adipdcito. E provavel que o aumento no contetido de
triglicerideos e da atividade de duas enzimas, a sintetase de acidos graxos e a glicerol-3-
fosfato desidrogenase, sejam mediadas pela Ang Il, mostrando que esse peptideo controla a
adiposidade pela regulagio da sintese e armazenamento de lipidios (90). E interessante
observar que em cultura de células adiposas, a Ang Il é um fator adipogénico, enquanto no
animal vivo, atua como importante redutor do peso e da massa adiposa. Sabe-se que existe
uma correlagéo significativa entre a presséo arterial, o indice de massa corporal e o0s niveis do
AGT plasmatico em individuos normotensos e magros (61). Aproximadamente 20% da
variacdo do AGT plasmatico sdo determinados pelos niveis plasméticos da leptina, que serve
como um indicador da massa de tecido adiposo, sugerindo que esse tecido contribua para os
niveis de AGT plasmatico (90).

Estudos experimentais sugerem que o SRA do tecido adiposo é influenciado pelo grau de
obesidade. Outros estudos tem demonstrado que o TAB é regulado por fatores hormonais e

nutricionais e que a Ang Il pode modular o fluxo sanguineo por esse tecido atraves de fatores
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de crescimento e pelo metabolismo local. Assim, a ativacdo do SRA pode determinar efeitos
deletérios locais e sisttmicos em obesos e pode contribuir para o surgimento da hipertenséo
arterial sistémica (HAS) e outras doencas. A resisténcia a insulina por sua vez, esta associada
com o aumento da liberacdo de acidos graxos livres que sdo convertidos no figado em
triglicerideos e secretados em particulas lipoprotéicas de muito baixa densidade (VLDL-C)
(90).

A resisténcia a insulina induz uma reducdo da biodisponibilidade do éxido nitrico (NO) em
modelos experimentais e em individuos saudaveis. Individuos insulino-resistentes apresentam
resposta vasodilatadora endotélio-dependente prejudicada e a disfuncdo endotelial pode ser
também detectada em individuos saudaveis com primeiro grau de parentesco com 0S
individuos DM tipo 2 (91). Portanto, a disfuncdo endotelial € um elo comum entre a HAS,

DM tipo 2 e a sindrome metabdlica.

A Ang |l estd altamente correlacionada com a disfuncdo endotelial presente nos individuos
hipertensos, diabéticos, obesos e com a sindrome metabolica. Esse peptideo esta implicado
com o crescimento celular e com o processo inflamatorio. Desta forma, o estresse oxidativo
provocado pela Ang Il pode resultar em aumento da producdo de endotelina (ET-1), das
moléculas de adesdo como a molécula de adesdo da célula vascular (VCAM-1) e a molécula
de adesdo intercelular-1(ICAM-1), fator nuclear-k B (NF-kB), interleucina 6 (IL-6) dentre

outros mediadores inflamatorios (92).

Além da contribuicdo do SRA, principalmente via Ang Il, na génese da sindrome metabolica
ja descrita acima, interacdes em diferentes niveis desse sistema com a insulina sdo implicadas
como fator fundamental para o desenvolvimento da DM tipo 2 e sindrome metabdlica (57).
Estudos sugerem que a Ang 11, via receptor AT1, pode modular as a¢des da insulina. Assim, a
ativacdo do SRA induz o aparecimento de resisténcia as acGes metabolicas da insulina,
provocando hiperglicemia e elevacdo dos niveis de colesterol VLDL, triglicérides,
potencializando o efeito proliferativo da insulina. Além disso, a hiperglicemia e a
hiperinsulinemia ativam o SRA através do aumento da expressdao de AGT, Ang Il e receptores
AT1, que podem assim induzir aparecimento do quadro de hipertensdo arterial, disfungéo
cardiovascular e renal (93). Dessa forma, substéncias produzidas pelo tecido adiposo podem
interagir com o SRA reforcando suas acOes, participando entdo das alteragdes

cardiovasculares e renais associadas a obesidade e a sindrome metabdlica (94).
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Os efeitos da restricdo caldrica sobre o sistema renina-angiotensina ainda ndo foram
discutidos na literatura cientifica. Assim, o objetivo do presente estudo foi avaliar o
metabolismo, os componentes do SRA e a atividade inflamatdria no tecido adiposo de
camundongos submetidos a diferentes graus de restricdo alimentar sobre dietas normolipidica
e hiperlipidica, abrindo perspectivas de desenvolver novas propostas de intervengdo para o

controle de doencas cardiometabolicas.



27

2 OBJETIVOS

2.1 Objetivo geral

= Avaliar o metabolismo, componentes do sistema renina-angiotensina e atividade
inflamatdria no tecido adiposo de camundongos submetidos a restricdo alimentar sobre

dietas normolipidica e hiperlipidica.

2.2 Objetivos especificos

= Mensurar os efeitos da restricdo alimentar sobre o peso corporal, ingestdo alimentar e

adiposidade corporal;
= Mensurar os efeitos da restricdo alimentar sobre o perfil glicémico e lipidico;
= Mensurar os efeitos da restricdo alimentar sobre os valores de albumina plasmatica.

= Analisar a expressdo tecidual de mediadores pro-inflamatérios e do sistema renina-

angiotensina no tecido adiposo epididimal.

= Comparar a histologia dos adipdcitos do tecido adiposo epididimal entre os grupos de

animais submetidos a restricdo alimentar.
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3 PRODUTOS

3.1 Produto 1: “OBESITY AND MALNUTRITION: SIMILARITY OF PRO-INFLAMMATORY
STATES BY MODULATION OF THE RENIN-ANGIOTENSIN SYSTEM”, enviado para
publicacéo no periodico Hypertension.
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ABSTRACT

The increasing prevalence of obesity worldwide has a great impact on public health as the
excessive accumulation of body fat is considered a risk factor for cardiovascular disease, and
it is one of the main features of the metabolic syndrome (MS). The purpose of this study was
to evaluate the metabolic profile, inflammatory markers and the renin-angiotensin system
(RAS) expression in the adipose tissue of mice subjected to food restriction. Male Swiss mice
were divided into eight groups and were fed for eight weeks with: G1: Standard Diet (ST) ad
libitum; G2: ST-20% food restriction; G3: ST-40% food restriction; G4: ST-60% food
restriction; G5: High-Fat Diet, obese (HFD) ad libitum; G6: HFD-20% food restriction; G7:
HFD-40% food restriction; G8: HFD-60% food restriction. Food intake, body weight,
glycemic parameters, lipid profile and albumin were assessed. The weight of adipose tissues
and the area of adipocytes from epididymal adipose tissue were analyzed. The expression of
AGT, ACE, ACEZ2, IL-6 and TNF-a in epididymal adipose tissue was evaluated by PCR. The
main findings showed a reduced body weight, improved glycemic and lipid profile, reduced
albumin, decreased adipose tissues weight and reduced adipocyte size in the epididymal
adipose tissue of mice submitted to food restriction under standard or high-fat diet. A
diminished expression of IL-6, TNF-a, AGT and ACE was also detected in the 20% and 40%
treatment groups, and increased expression in the 60% food restriction groups. In conclusion,
we observed that 20% and 40% food restriction improved metabolism, controlling the RAS
and cytokine expression in mice, while a severe 60% food restriction (malnutrition) produced

a new pro-inflammatory profile with increased AGT and ACE expression.

Keywords: Food restriction; malnutrition; standard diet; high-fat diet; cytokines; renina-

angiotensin system; metabolism.
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INTRODUCTION

The increasing prevalence of obesity worldwide (1, 2) has a great impact on public
health as the excessive accumulation of body fat is considered a risk factor for cardiovascular
disease, and it is one of the main features of the metabolic syndrome (MS) (3). The main
comorbidities of MS include hypertension, dyslipidemia, stroke, type-2 diabetes mellitus
(T2DM) and some types of cancer (4). Obesity is characterized by the accumulation of body
fat resulting from an imbalance between food intake and energy expenditure (3, 5). Recently,
obesity has been described as a proinflammatory state associated with elevation of tissue and
circulating levels of proinflammatory enzymes, pro-coagulant factors, cytokines and
chemokines, demonstrating that adipose tissue modulate not only the adipose tissue biology,
but also the reproductive and endocrine systems, immunity, inflammation and insulin
sensitivity (6). There are several evidences suggesting that white adipose tissue (WAT)
becomes sore during adipose tissue hypertrophy due to macrophages infiltration that secrete
proinflammatory cytokines, including tumor necrosis factor TNF-a and some interleukins,
such as IL-6 (7).

There are a growing number of studies describing the importance of the renin-
angiotensin system (RAS) in metabolic regulation, cardiovascular and inflammatory diseases
development (8-10). Various components of the RAS have been identified in the adipose
tissue (11). Recent studies have shown that RAS modulates significantly the metabolism and
endocrine function of adipocytes. It has been described in the MS framework an increased
plasma renin activity, increased angiotensinogen plasma levels, increased ACE activity, and
increased aldosterone plasma levels (12). It is known that exist a significant correlation
between blood pressure, body mass index, and plasma AGT levels in normotensive and lean

individuals (12).
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Experimental studies suggest that RAS in adipose tissue regulated by hormonal and
nutritional factors is influenced by the obesity degree and that Ang Il can modulate blood
flow by growth factors and local metabolism. Thus, RAS activation can determine local and
systemic deleterious effects in obese and can thus contribute to the emergence of systemic
hypertension and other diseases. Insulin-resistant individuals show an impaired endothelium-
dependent vasodilation and endothelial dysfunction (13).

Studies in the literature suggest that Ang Il, through AT1 receptor may modulate the
insulin actions. So, the RAS activation induces the emergence of resistance to the insulin
metabolic actions causing hyperglycemia and elevated cholesterol levels (VLDL) and
triglycerides, beyond enhancing insulin proliferative effect. Furthermore, hyperglycemia and
hyperinsulinemia activate the RAS by increasing the expression of AGT, Ang Il and AT1
receptors which can thus induce the appearance of hypertension, cardiovascular and renal
disorders (14). Thus, substances produced by the adipose tissue may interact with RAS
reinforcing their actions during obesity and metabolic syndrome (15).

Caloric restriction is characterized by a low-calorie dietary regimen without causing
malnutrition and was first described as a longevity predictor in rodents as published in 1935.
Experimental studies in rodents showed that partly calorie restriction increases longevity and
prevents or delays the occurrence of chronic diseases such as diabetes, atherosclerosis,
cardiomyopathy, tumors, autoimmune diseases, renal and respiratory problems (16-18).
Rhesus monkeys studies have shown similar effects to those identified in rodents under
caloric restriction, which reinforces its validity by also suggesting beneficial effects on
metabolism, hormonal actions, inflammation and body composition (19). Among its evidence,
we should emphasize the improvement in risk factors for cardiometabolic diseases, including
changes in blood pressure, serum lipid profile, glycemic parameters and insulin sensitivity

(20, 21). However, exacerbated caloric restriction values may induce a malnutrition state and
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according to the Consensus Statement of the Academy of Nutrition and Dietetics / American
Society for Parenteral and Enteral Nutrition malnourished individuals may present
inflammatory, hypermetabolic and/or hypercatabolic conditions. Still according to this
consensus, malnutrition may be related to low albumin plasma levels and its main causes are
reduced intake of calories, proteins and other nutrients needed for tissue maintenance and
repair (22).

Some researchers have shown that the maximum effect occur with a restriction from
55 to 60% compared to baseline intake. If animals are exposed to a greater restriction of these
values they may develop a malnutrition state with negative effects. There are a few studies in
this calorie restriction transition range which show the maximum constraint associated with
beneficial effects (23).

Thus, the purpose of the present study was to evaluate the metabolic profile and
expression of inflammatory markers and RAS components in adipose tissue of mice
submitted to different food restriction degrees and fed with high-fat and standard diets,
opening up the prospect of developing new intervention proposals to combat the

cardiometabolic diseases.

METHODS

Animals - The experiment was conducted with sixty-four Swiss mice (male with four week
old) divided in eight groups (n=8 each) and fed with the following respective experimental
diets for 8 weeks. The groups were divided in: G1: Standard Diet (ST) ad libitum; G2: ST-
20% food restriction; G3: ST-40% food restriction; G4: ST-60% food restriction; G5: High-
Fat Diet (HFD) ad libitum; G6: HFD-20% food restriction; G7: HFD-40% food restriction;

G8: HFD-60% food restriction. All experimental protocols were performed in accordance
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with the international guidelines for animal care and approved by local authorities. The

animals were maintained under controlled light and temperature conditions.

Food Restriction — The groups of animals fed with standard and high-fat diet given ad
libitum, had their food intake measured in a daily basis. From the food intake of these groups,

the food restriction of 20, 40 and 60% was then calculated.

Diets - Standard diet (Purina - Labina®) used for regular mice maintenance is composed by
66% carbohydrate, 23% of protein and 11% of fat with a total of 3.95 kcal per 1g of diet.
High-fat diet was composed by 24% of carbohydrate, 15% of protein, and 61% of fat,
presenting a total of 5.28 kcal per 1g of diet (35). The High-fat diet was prepared according to
the standards of the Official Analytical Chemists Association as described previously (24,
25). All of the high-fat diet components were purchased from Rhoster® LTDA (S&o Paulo,

SP, Brazil).

Measurements of body weight, food intake, and tissue collection - Food intake and body
weight were measured every day during treatment. Overnight fasted mice were killed by
decapitation and blood samples and white adipose tissues (epididymal, retroperitoneal and
mesenteric) were collected, weighed, immediately frozen in dry ice and stored at —80 °C for

posterior analysis.

Glucose tolerance and insulin sensitivity tests (TTG and TSI) - For the glucose-tolerance
test, D-glucose (2 mg/g of body weight) was intraperitoneally injected into overnight fasted
mice. Glucose levels from tail blood samples were monitored at 0, 15, 30, 60 and 120 min

after injection. Insulin sensitivity tests were performed on morning with the animals in the fed
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state, after intraperitoneal injection of insulin (0.75 U/kg body weight). Tail’s blood samples
were taken at time points 0, 15, 30 and 60 min after injection for the measurement of blood

glucose levels.

Determination of blood measurements - Serum was obtained after centrifugation (4000 x g
for 7 min at 4 °C). Total serum cholesterol, triglycerides, high-density protein (HDL), glucose
and albumin were assayed using enzymatic kits (Wiener®, Argentina). Measurements were

made in Wiener BT-3000 plus Chemistry Analyzer (Wiener®, Argentina).

Reverse transcription and Real Time PCR - Total RNA from the epididymal adipose tissue
was prepared using TRIzol reagent (Invitrogen Corp.®, San Diego, California, USA), treated
with DNAse and reverse transcribed with M-MLV (Invitrogen Corp.®) using random
hexamer primers. Levels of AGT, ACE, ACE2, IL-6 and TNF-oo mRNA were determined by
real-time PCR (gQRT-PCR) using SYBR Green reagent (Appllied Biosystems®, USA) in a
PlusOne platform (Appllied Biosystems). Gene expression was normalized to the endogenous
GAPDH. The relative comparative CT method of Livak and Schmittgen (26) was applied to

compare gene expression levels between groups, using the equation 244",

Hematoxylin and eosin staining - Epididymal adipose tissue samples from mice were fixed
in 10% neutral-buffered formalin at 40C overnight, dehydrated through a graded alcohol
series, xylene and paraffin, and then embedded in paraffin. Sections of 5 pum were prepared
for H&E. Images (x10 ocular and x40 objective lenses) were captured with Evolution LC
Color light camera (Media Cybernetics®, USA). A total area of 1.84 mm2, containing at least

100 fat cells for each sample, was measured using the Image J Software (ESTADO, USA®).
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Statistical analysis - All data were transferred to GraphPad Prism software (Version 5.0®,
San Diego, California, USA) and analyzed with 95% confidence (p<0.05). Data are expressed
as the mean + SEM. The statistical significance of differences in mean values between mice
groups was assessed by One-Way ANOVA followed by Bonferroni post-test. To TTG and

TSI were used Two-Way ANOVA tests followed by Bonferroni post-test.

RESULTS

According to Figure 1A, we observed that there was significant reduction in the rate of
food intake for different groups undergoing food restriction on standard diet (P<0.0001).
These data were accompanied by a decrease in body weight of the different groups at the end
of treatment (P<0.0001; Fig. 1B e C). Significant reduction in body fat was observed in the
treatment groups fed with the standard diet (ST-20% FR, ST-40% FR and ST-60% FR) in
relation to control group: epididymal white adipose tissue (P <0.0001; Fig. 1D),
retroperitoneal (P = 0.0007; Fig. 1E) and mesenteric (P = 0.0038; Fig. 1F). A significant
decrease in adipocyte area was observed in the treatment groups from histological analysis (P
<0.0001; Fig. 1G and H).

According to Figure 2A, analysis of treatment with high-fat diet showed a significant
reduction in food intake values for the different groups subjected to food restriction (P
<0.0001). Regarding the body weight, it was observed a significant decrease in body weight
of different groups at the end of treatment compared to HFD (P <0.0001; Fig. 2B and C). On
body adiposity, significant reduction in body fat was observed in the treatment groups fed
with high fat diet (HFD-20% FR, HFD-40% FR and HFD-60% FR) compared to HFD group:
epididymal white adipose tissue (P <0.0001, Fig 2D), retroperitoneal (P = 0.0002; Fig. 2E)

and mesenteric (P <0.0001; Fig. 2F). Decrease in the area of adipocytes from histological
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analyzes was observed in all treatment groups compared to the HFD group (P <0.0001, Figure
2G and H).

For the TSI significant reduction was observed in blood glucose levels at all times of
measurement (0, 15, 30 and 60 minutes) in the treatment groups in relation to ST group (Fig.
3A). As regards the TTG (Fig. 3B), there was a measure reduction to the group ST-20% FR
(15 and 30 minutes), ST-40% FR (15, 30, 60 and 120 minutes) and ST-60% FR (0, 15, 30, 60
and 120 minutes) compared to the ST group.

For the group involving fat diet has been shown in TSI a significant reduction in blood
glucose levels in HFD-20% FR (15 minutes), HFD-40% FR (15 and 30 minutes) and HFD-
60% FR (0, 15, 30, 60 and 120 minutes) groups compared to the HFD group. There has been
also a significant decrease in HFD-60% FR (0, 15, 30, 60 and 120 minutes) group for the
groups HFD-20% FR and HFD-40% FR (Fig. 3C). In relation to TTG (Fig. 3D)there was a
reduction in measures to the group HFD+20% FR (15, 30 and 60 minutes) HFD-40% FR (15,
30, 60 and 120 minutes) and HFD-60% FR (0, 15, 30, 60 and 120 minutes) compared to the
HFD group. It was also evidenced significant reduction in the HFD-60% FR group compared
to HFD-20% FR and HFD-60% FR groups at all times.

Plasmatic analyzes showed a glucose and triglyceride levels reduction in the ST-20%
FR, ST-40% FR and ST-60% FR groups in relation to ST group (P <0.0001, Table 1).
Significant reduction was observed in the ST-60% FR group in relation to ST group for total
cholesterol (P = 0.0592, Table 1) and HDL-cholesterol (P = 0.0328, Table 1). For albumin
levels, significant reduction was observed in the ST-60% FR group compared to the ST group
(P =0.0026, Table 1).

For the group involving high-fat diet, plasmatic analyzes showed a reduction in
glucose levels in all treatment groups (HFD-20% FR, HFD-40% FR e HFD-60% FR)

compared to the HFD (P<0.001; Table 2). Total cholesterol levels were decreased in the
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group HFD-40% FR e HFD-60% FR in relation to HFD group HFD (P=0.0022; Table 2) and
HDL-cholesterol HFD-60% FR in relation to HFD group (P = 0.0549, Table 2). Levels of
total triglycerides were decreased in HFD-60% FR group in relation to HFD group (P =
0.0032, Table 2). For albumin levels, significant reduction was observed in the HFD-60% FR
group compared to the HFD group (P = 0.0006, Table 2).

Analysis by quantitative real time PCR (qQRT-PCR) showed a significant reduction in
AGT expression in groups ST-20% FR and ST-40% FR in relation to ST group. Furthermore,
there was no observed association between groups ST-60% FR and ST, however there was a
significant increase in the ST-60% FR group in relation to ST-40% FR (Fig. 4A). In relation
to the ACE expression levels, the results showed a decreasing in ST-20% FR and ST-40% FR
groups in relation to ST group. Additionally was not observed association between the groups
ST+60% FR and ST, but there was a significant increase in the ST-60% FR group in relation
to ST-40% FR similarly to AGT expression (Fig. 4B). To analyze the expression of ACE2
there was no significant difference between the analyzed groups (Fig. 4C).

For the inflammatory markers (Fig. 4D), there is a significant reduction of IL-6
expression in the ST-40% FR group compared to ST group. However, there was no
significant difference between the ST-60% FR group in relation to ST. Additionally, there is a
significant IL-6 increase in the ST-60% FR group compared to ST-40% FR group. TNF-a
(Fig. 4E) showed similar profile expression to IL-6 with significant reduction in group ST-
40% FR compared to ST group and a significant increase in ST-60% FR group compared to
the ST-40% FR group. It is also important to note that there was no significant difference
between the ST-60% FR group compared to ST.

For the group treated with high fat diet, there was a significant reduction in the AGT
expression in HFD-40% FR group compared to HFD groups (Fig. 5A). Additionally, there

was increased expression in the HFD-60% FR group compared to HFD-20% FR and HFD-
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40% CR groups. For the ACE expression (Fig. 5B) it is verified a significant reduction in the
HFD-20% FR, HFD-40% FR, and HFD-60% FR groups in relation to the HFD group. To the
analysis of the ACE2 expression, there was no significant difference between the analyzed
groups (Fig. 5C).

For inflammatory markers, a significant decrease was observed in the IL-6 expression
levels in the HFD-40% FR group compared to HFD group. However, no significant
difference between the HFD-60% FR group compared to HFD. Additionally, there is a
significant increase in IL- 6 expression in the HFD-60% FR group compared to HFD-40% FR
group (Fig. 5D). For the TNF-a expression, a significant decrease was found in groups HFD-

20% FR and HFD-40% FR compared to HFD (Fig. 5E).

DISCUSSION

The present study evaluated the metabolic profile, inflammatory markers and the
renin-angiotensin system (RAS) expression in the adipose tissue of mice subjected to different
degrees of foof restriction treated with standard (normolipidic) and high-fat (hyperlipidemic)
diets. It was noticed a significant reduction in body weight for all groups of both high-fat
(obese) and standard diets submitted to food restriction treatments in a proportional way to the
food intake imposed on the animals. These findings were associated with an adipose tissue
weight reduction in addition to progressive decreased adipocytes diameters. It was also
observed an improvement in glycemic profile of the two diet-study groups and a slight
improvement in the lipid profile of the animals that underwent the standard-diet, in addition to
decreased expression of proinflammatory cytokines up to the restriction of 40% on standard

and high-fat diets. These effects were related with the beneficial regulation of gene expression
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of the renin-angiotensin system components. Increased adipose pro-inflammatory genes
expression was observed in both obese (high-fat) and 60% food restriction states.

The RAS is primarily initiated by the expression of Angiotensinogen (AGT) at
different tissues. This protein is produced mainly by hepatocytes; however under
pathophysiological conditions, such as metabolic syndrome, adipocytes can became one of the
main AGT sources (16). Renin cleaves AGT to produce Ang I, a biologically inactive peptide
that is rapidly hydrolyzed by angiotensin-converting enzyme (ACE) to the octapeptide, Ang
I. Besides Ang II, several other angiotensin peptides formed from AGT have biological
activity; nevertheless the main one is Ang-(1-7), that broadly opposes Ang Il actions. Ang-
(1-7) can also be produced from the degradation of Ang Il through the action of the ACE-
homologue enzyme so-called ACE2 (27, 28). Many angiotensin peptides have been
implicated in insulin resistance (16, 29) or hypertension associated to obesity and metabolic
syndrome (29, 30). It is well known that Ang Il by acting through type 1 (AT1) receptors
produces endothelial dysfunction and metabolic changes leading to hypertension (31).
However, recent studies have demonstrated that Ang-(1-7) by acting at Mas receptor (32)
generally opposes several metabolic effects of Ang I, which in turn improves insulin
sensitivity, glucose tolerance and type 2 diabetes, reduces body fat, increases adiponectin
production and reverses hyperleptinemia (8-10, 33, 34). Indeed, Ang-(1-7) decreases the
release of inflammatory mediators by the adipose tissue in obesity animal models (10, 35). In
this context, the ACE/Angll/AT1 branch can be considered vasconstrictor, prohypertensive
and proinflammatory while the ACE2/Ang-(1-7)/Mas axis is considered vasodilator,
antihypertensive and anti-inflammatory (36).

Regarding the regulatory and counter-regulatory axis of the RAS, there are several
studies showing that the antihypertensive effects of the AT1 receptors antagonists, such as the

candesartana, are found to be partly associated with a deviation from the regulatory to the
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counter-regulatory axis, thus promoting the synthesis of Ang-(1-7) and its vasodilator activity
(37). Other studies suggest the association of AT1 antagonists with Ang-(1-7) as a potential
therapeutic alternative for the treatment of coronary diseases (38). The inhibitors of the
angiotensin converting enzyme (ACE), as the lisinopril, are also capable to dislocate the RAS
toward the counter-regulatory axis (ECA2/Ang-(1-7)/Mas), by increasing the levels of Ang-
(1-7) (39).

The decrease in body weight of different groups of mice submitted to different degrees
of food restriction on standard and high-fat diets can be associated with a reduction of food
intake imposed on the animals. Several studies have shown that body weight is associated
with food intake (40, 41), and that one of the predisposing factors to obesity is the imbalance
between food intake and energy expenditure (3, 5). The weight reduction of epididymal,
retroperitoneal and mesenteric adipose tissues with increased food restriction on standard and
high-fat diets may be related to the progressive reduction of food intake imposed on the
animals. There is ample evidence in the literature that demonstrates that food restriction
decreases the accumulation of body fat (21, 23, 40) independent of the constitution of the
basal diet being evaluated (41). Another important point to be observed is that the weight
reduction of the adipose tissues may be associated with the hypertrophy process that took
place, since there was a significant reduction in the diameter of adipocytes with the
progressive increase in the values of food restriction, either under the treatment with a
standard or high-fat diet (42, 43).

The results of insulin sensitivity and glucose tolerance tests showed beneficial results
with the gradual increase of food restriction on standard and high-fat diets. Similar results
were also found for the levels of fasting glucose. These results are in accordance with several
published studies describing the beneficial effects of food restriction on glucose metabolism

(20, 23, 40, 41). Regarding the lipid profile, reduced levels of total cholesterol, HDL-
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cholesterol and triglycerides found with the gradual increase of food restriction corroborate
with the results from other studies (41, 42). According to the “Consensus Statement of the
Academy of Nutrition and Dietetics / American Society for Parenteral and Enteral Nutrition”,
malnutrition may be related to low albumin plasma levels which was observed in both groups
of mice treated with 60% of food restriction in both treatments (22).

Experimental studies suggest that the regulation of the RAS is influenced by the
obesity degree (13). Therefore, weight reduction induced by food restriction may exert
positive effects in RAS regulation. In this work, a decreased expression of AGT in epididymal
adipose tissue with the gradual increase of food restriction of up to 40% of food intake
baseline for standard and high-fat diets was evidenced. However, this reduction was not
observed in the groups submitted to 60% food restriction, which on the contrary, revealed a
significant increase in the expression of this gene when compared to the groups who had
reduced food intake by 40% baseline. These results suggest that food restriction of up to 40%
over the basal diet, regardless of whether standard or high-fat, are associated with improved
regulation of the RAS, whereas values of 60% food restriction reflect negative effects in this
regulation. The expression of ACE was reduced with increased food restriction in a similar
way to AGT, but did not present significant increase in groups under food restriction of 60%
when compared to the 40% groups, although these groups have shown the same tendency.
These results are coherent with several studies that demonstrate that food restriction can
beneficially regulate the RAS on controlling the rise of the plasma renin activity,
angiotensinogen plasmatic levels and decrease of the ACE activity (12). There are a few
studies that determine the maximum limit of food restriction that animals may be subjected
without causing malnutrition, a study of longevity indicates that this limit stays between 55
and 60%, corroborating the results found in this study (23).The inflammatory markers

expression of epididymal adipose tissue decreased with the increase in the food restriction
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imposed on the animals, which was expected since the fatty tissue of animals decreased along
with the food restriction increase.

Obesity has been described as a pro inflammatory state associated with increased
circulating levels of inflammatory cytokines, such as IL- 6 and TNF - a (6, 7). Since the
animals showed a decrease in body weight and adipose tissue (epididymal, retroperitoneal and
mesenteric) with increased food restriction, a decreased expression of inflammatory markers
was expected. However, restriction groups of 60% did not have this tendency, on the contrary,
had significantly increased expression of inflammatory markers compared to the groups
submitted to food restriction of 40% in both treatment groups. These results confirm the
hypothesis that the benefits of food restriction increases with increased food restriction, but
not indefinitely, and that values close to 60% of food restriction induce a state of malnutrition
that is associated with increased expression of inflammatory markers, ACE and AGT as well
as the obesity status (22, 23).

In conclusion, the present study shows that 20% and 40% food restriction prevents
deterioration of glucose and lipid metabolic profile and controls the values of plasma albumin,
body weight and the weight of epididymal, retroperitoneal, and mesenteric adipose tissues in
mice subjected to standard and high-fat diets. 20% and 40% food restriction improved
metabolism, controlling some of the RAS components and cytokines expression in mice,
while a severe 60% food restriction (malnutrition) produced a new pro-inflammatory state
with increased AGT and ACE expression similar to high-fat obese animals. These results
support the food restriction use as a therapeutic alternative tool for the prevention of obesity-
related disorders and modulation of RAS in adipose tissue.

PERSPECTIVES
Food restriction (20% and 40%) prevented body-weight gain and obesity, improving

metabolic profile, besides controlling the expression of pro-inflammatory cytokines through
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adipose tissue RAS modulation. Thus, these results confirm and extend previous results
showing the food restriction relevance on preventing lipid and glucose disorders and opening

perspectives for the use of RAS modulation to treat metabolic-related diseases.
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NOVELTY AND SIGNIFICANCE:

1) What Is New: The present study shows for the first time that 20% and 40% food
restriction improves metabolism controlling the proinflammatory cytokines and RAS
expression in mice, while a severe 60% food restriction produce a new pro-inflammatory

profile with increased AGT and ACE expression.

2) What Is Relevant? The presented results are extremely relevant because they describe that
food restriction value is associated with beneficial effects on the metabolic profile before

inducing a malnutrition state and RAS is modulated accordingly.

3) Summary: In summary, we showed that food restriction prevents alterations of glucose
and lipid metabolism and controls the values of plasma albumin, body weight and the weight
of epididymal, retroperitoneal, and mesenteric adipose tissues in mice subjected to increased
amounts of food restriction on standard and high-fat diets. It is also concluded that 20% and
40% of food restriction control the proinflammatory cytokines expression in mice, while a
severe 60% food restriction produce a new pro-inflammatory profile with increased AGT and

ACE fat expression.
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ST ST-20%FR ST-40%FR ST-60%FR
Glucose (mg/dL) 133.6 £27.6 81.4 £18.2*** 62.8 £ 19.12 *** 35.71 £ 17.2%**
Total cholesterol (mg/dL) 110.0 £11.7 100.0+9.3 95.8 +14.3 82.1 +£23.2*
High-density lipoprotein (mg/dL) 76.0+£12.9 67.8+5.9 644174 60.15+6.9*
Triglycerides (mg/dL) 113.0+8.8 82.8 £ 14.7** 62.1 £ 22.2 *** 49.29 + 19.7***
Albumin (g/dL) 5.5+0.6 5.7+0.3 55+0.3 4.6 +0.4*

Table 1 — Plasma glucose, lipidic parameters and albumin in mice subjected to food restriction standard diet (ST,
ST-20%FR, ST-40%FR, ST-60%FR). Data are presented as mean + SEM; * p<0.05; ** p<0.01;
*** p<0.001. * Between treatment groups (ST-20%FR, ST-40%FR, ST-60%FR) and ST.

ST HFD HFD-20%FR HFD-40%FR HFD-60%FR

Glucose (mg/dL) 133.6+27.6 163.9+40.9 101.5+30.2*** 945+23.7** 450+ 15.1***

Total cholesterol (mg/dL) 110.0+11.7 1375+244 111.8+37.1 89.4+127** 83.1+17.7*%

High-density lipoprotein (mg/dL) 76.0+129 87.0+17.2 76.8+8.4 74.2+8.2 69.4+9.9*
Triglycerides (mg/dL) 113,0+8.8 1183+27.8 111.9+327 942+9.3 75.2 £ 16.4**
Albumin (g/dL) 55%0.6 58+0.2 56+0.1 55%0.2 5.1+0.3***

Table 2 — Plasma glucose, lipidic parameters and albumin in mice subjected to food restriction high-fat diet
(HFD, HFD-20%FR, HFD-40%FR, HFD-60%FR). Data are presented as mean + SEM; * p<0.05, ** p<0.01;
*** n<0.001. * Between treatment groups (HFD-20%FR; HFD-40%FR; HFD-60%FR) and HFD.



54

0.034
l.A EXZ D e Ak FEE
x.x 1]
—_ k. k& 'g
2 2 §  0.024
o ) *kk 0 —
ki 23
- '] T m
£ = 5
-] E —
H E g 0014
z
: o
w
T 0.00-
< @
oOf o
:§ '@
& & E
80- % 0.008-
]
&
5 607 g 0.006-
= 2
) - zg
E 22 0004
> hk 0 2
g Il xxx  —@= ST E
e * * T 0002
= ST- 20%FR 2
0 — =
0 5 10 15 20 25 30 35 40 45 50 55 60 -+ ST-40%FR ¢  0.000-
Time of treatment (days) - ST-60%FR
S—— F 0.010~
o
C 2
3 *
- - o
Cl ez =
E w
g 2 2 T
Q -
g % s -
z e i
= =
uD: " s g
o : i
e c 2
A :
@
T =
& < <& ! T
o o« o P
’"Q\ °‘°\ @\ o 0\3% ,\3@
& & & . . &
N & &
. 3 > v | - ) = ; KPS -
ST ' ST-20%FRy ST-40%FR, ST-60%FR ' + -
' [ A ™ Bt 4 - Y \ -.),_‘" ¥ A4 "'
< - > 4 < \ vt - 0’
ar ‘ 3 Y L >t
% : ) % N » ¥ ' @ 3
r : 4 . ) \ S i
4 by é < b B Y ”~ <
T Y- / < 2 \ L& A i |
I - e G ol - 4 .
Kkk
H 40004 Kk
ek k.
< Sk
€ 30004 ik
g el r
< 2000 ——
= e
Q
a 1000
g e
]
u
0- 1 T
A @
@ oF .,\Sg. g\.?q'
» » &
@ S &

Fig. 1. Food intake, body weight, fat weight, adipocyte area and hematoxylin/eosin staining in mice subjected to
food restriction standard diet (ST, ST-20%FR, ST-40%FR and ST-60%FR). Food intake (A), daily body weight
(B), total body weight (C), epididymal adipose tissue weight (D), retroperitoneal adipose tissue weight (E),
mesenteric adipose tissue weight (F), hematoxylin and eosin staining (G) and epididymal adipocyte area (H).
Scale bar indicates 50 um (G). Data are presented as mean + SEM; * p<0.05, ** p<0,01; *** p<0,001.
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Fig. 2. Food intake, body weight, fat weight, adipocyte area and hematoxylin/eosin staining in mice subjected to
food restriction high fat diet (ST, HFD, HFD-20%FR, HFD-40%FR, HFD-60%FR). Food intake (A), daily body
weight (B), total body weight (C), epididymal adipose tissue weight (D), retroperitoneal adipose tissue weight
(E), mesenteric adipose tissue weight (F), hematoxylin and eosin staining (G) and epididymal adipocyte area
(H). Scale bar indicates 50 um (G). Data are presented as mean + SEM; * p<0.05, ** p<0,01; *** p<0,001.
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Fig. 3. Insulin sensitivity and glucose tolerance tests in mice subjected to food restriction standard (Fig. A and B)
and high-fat (Fig. C and D) diets. Data are presented as mean + SEM; * p<0.05, ** p<0,01, *** p<0,001.
Fig. A: * Between treatment groups (ST-20%FR, ST-40%FR, ST-60%FR) and ST. Fig. B: * Between ST e
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Fig. 4. Effects of 8-week food restriction on gene expression levels components of the renin-angiotensin and
inflammatory markers epididymal adipose tissue of mice fed a standard diet (A-E). AGT (A), ACE (B),
ACE2 (C), IL-6 (D) e TNF-a (E). Data are presented as mean £ SEM; * p<0.05; ** p<0,01; *** p<0,001.
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Fig. 5. Effects of 8-week food restriction on gene expression levels components of the renin-angiotensin and
inflammatory markers epididymal adipose tissue of mice fed high-fat diet (A-E). AGT (A), ACE (B), ACE2 (C),
IL-6 (D) e TNF-a (E). Data are presented as mean + SEM; * p<0.05; ** p<0,01; *** p<0,001.
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4 CONSIDERACOES FINAIS

Em sintese, os resultados do presente trabalho mostraram que a restricdo alimentar em
camundongos Swiss tratados com dietas normolipidica e hiperlipidica reduz o peso corporal,
melhora o metabolismo glicémico e lipidico, reduz a albumina plasmatica, diminui o peso dos
tecidos adiposos epididimal, retroperitoneal e mesentérico e reduz area dos adipdcitos no
tecido adiposo epididimal. Verificou-se ainda diminuicdo da expresséo de IL-6, TNF-a, AGT
e ECA nos grupos de tratamento de 20% e 40%, e um aumento da expressao nos grupos de
restricdo alimentar de 60%. Esses resultados sugerem que restricdo alimentar de 20% e 40%
melhora o metabolismo, controla a expressdo do SRA e de citocinas inflamatdrias em
camundongos, enquanto que uma severa restricdo alimentar de 60% produz um novo perfil

pro-inflamatorio com aumento das expressdes de AGT e ECA.

Em conjunto, esses achados sugerem que a restricdo alimentar € uma importante ferramenta
na prevengdo e tratamento de doengas associadas ao metabolismo, sobretudo no quadro de

sindrome metabdlica.
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ANEXO A — Parecer do Comité de Etica em Experimentacio e Bem Estar Animal.

UNIVERSIDADE ESTADUAL DE MONTES CLAROS
COMITE DE ETICA EM EXPERIMENTACAO E BEM-ESTAR ANIMAL  Unimontes

PARECER CONSUBSTANCIADO
Montes Claros, 02 de margo de 2012,

Processo N, * 019
Titwlo do Projefo; Avaliagio metabolica ¢ de Expressio do sistema renina Angiotensina (SRA) ¢ Sirtuinas em
camundongos da linhagem FVB/N submetidos & restrigio caldrica (RC).

Orientador: Prof. Dr. Sérgio Henrique Sousa Santos

E sabido que as sirtuinas possuem papel primordial na regulagio de indmeras vias metabdlicas ¢ em processos
adaptativos relacionados com 3 obesidade ¢ os aspectos da sindrome metsholica, Estas incluem a expressio de
citocinas pelos adipdcitos {adipocinas), & maturagio das células de gordura, a secrecio de insulina ¢ da sensibilidade
dos tecidos. a modulagio dos niveis plasmaticos de glicose, colesterol ¢ homenstase lipidica ¢ capacidade de energin
mitocandrial. InGmeros estudos mostram que @ maioria dos beneficios relacionados i restrigho caldrica estd ligada &
reduglo dos depdsitos de gordura, em especial da visceral ¢, consequentemente, das substincias por eln produzidas,
seido tal processo irrefusivel por sua reprodutibilidade, sendo a restrigho caldrica capaz de sumentar 3 expectativa
de vida em individuos com obesidade sbdominal por retardar o desenvolvimento  de  doengas
<cardiovasculares.Estudos recentes mostram o Sistema Renina-Angiotensinn (SRA) no spenas como um  regulador
da pressilo arterial ¢ homeostasia cardiovascular, mas também como um complexo sistema hormonal envolvido nas
mais diversas fungdes no organismo, relacionadss a p metabblicos, por meio da stuagdo da Ang-(1-7). Slo
conhecidas virias interagdes da Ang-(1-7) com com a fungiio endéerina do tecido adipaso, no-entanto, a possivel
relagdo enfre SRA, sinuinas ¢ RC ainda nfio sio compreendidos.Neste contexto, os resultados do presente estudo
permiticko a1 compreensdo mais aprofundada dos mecanismos de atuagho e de relagdo entres sirtuinas ¢ componentes
do SRA em modelos animais obesos submetidos a condigdes de restriglio caldrica, abrindo a perspectiva de
desenvolvimento de novas propostas de intervengdo parn combate das doengas cardiometsbélicas que mais
acometen e matam a populagio mundial, Y

O presente estudo teve como objetivo geral avaliar o peefil lipidico ¢ glicémico de camundongos da linhagem FVB/N

submetidos & condigdes de restrigho caldrica. Tendo como abjetivos especificos:
Avaliar o padrdo de expressio dos marcadores inflamatrios 1L1-B, IL-6, TNF-¢ ¢ TGF-f.

* Avalior o padrio de expressio de adipocinas (leptina, resistina ¢ adiponcctina),

*  Avaliar 4 express3o de componentes no Sistema Renina-Angiotensina.

*  Avaliar a expressio das sirtuinas em diversos tecidos.

* Awaliar a regulaghio glicémica por meio de testes de sensibilidade insulinica ¢ tolerincia a glicose.

* Mensurar o5 niveis plasmiticos lipidicos, dosando especificamente os niveis de triglicérides, colesterol total
¢ HDL.

*  Comparar a histologta dos adipdcitos entre grupos de animais.

Parecer

A Comissao de Etica em Experimentagdo ¢ Bem-Estar Animal da Unimontes snalisou o processo 019 ¢ entende que
0 mesmo estd completo ¢ dentro das normas da Comisslo ¢ das Resolugdes do Conselho Nacional de Controle ¢
Experimentacio Animal, Sendo assim, somos pela APROVAGAO do projeto.

Presidente da Comissdo de £1i Experimentagdo ¢ Bem-Estar Animal da UNIMONTES



