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RESUMO

O objetivo do presente trabalho foi avaliar se a dieta de cafeteria durante o periodo
pré e pés desmame altera as caracteristicas histoldgicas do tecido adiposo branco
(TAB), tecido adiposo marron (TAM), e do figado em filhotes machos adultos. Para
isso, ratas Wistar com 21 dias de vida foram separadas em dois grupos: controle
(CTL,; ratas alimentadas com ragao padrao para roedores) e cafeteria (CAF; ratas
alimentadas com dieta de cafeteria durante todo seu periodo de vida). Aos 70 dias
de idade as ratas foram acasaladas e mantiveram o mesmo padrdo alimentar
durante a gestacdo e amamentacdo. Apds o0 nascimento, somente os filhotes
machos (F1) foram separados em 4 grupos (8 filhotes/ninhada) e receberam dieta
controle (CTL F1) ou dieta cafeteria (CAF F1) ao longo de suas vidas, conforme os
seguintes grupos: CTL-CTL F1, filhotes alimentados com dieta controle, nascidos
de mées que receberam dieta controle; CTL-CAF F1, filhotes alimentados com dieta
cafeteria, nascidos de mées que receberam dieta controle; CAF-CTL F1, filhotes
alimentados com dieta controle, nascidos de maes que receberam dieta cafeteria;
CAF-CAF F1, filhotes alimentados com dieta cafeteria, nascidos de maes que
receberam dieta cafeteria. Aos 100 dias de vida os animais foram eutanasiados e
0s parametros biométricos e metabdlicos, bem como a histologia do figado, TAB e
TAM foram avaliados. Para avaliacdo dos dados obtidos foi realizada uma Analise
de Componentes Principais, a qual demonstrou que a dieta de cafeteria maternal
protegeu os filhotes dos efeitos deletérios provocados pela exposicdo a dieta
obesogénica durante suas vidas, como demonstrada pela auséncia de alteracfes
no peso corporal e acumulo de gordura, porém falhou em proteger o figado e o

TAM, sugerindo que o impacto da dieta de cafeteria maternal é tecido especifico.

Palavras-chave: obesidade, programacdo metabdlica, prole e histologia



ABSTRACT

We, herein, evaluated whether the exposure of rats to a cafeteria diet pre- and/or
post-weaning, alters histological characteristics in the White Adipose Tissue (WAT),
Brown Adipose Tissue (BAT), and liver of young adult male offspring. Female Wistar
rats were divided into Control (CTL; rats fed on standard rodent chow) and Cafeteria
(CAF; fed on cafeteria diet during their entire life). After birth, male offspring only
(F1) were divided into four groups (8 pups/dams) and received the CTL or CAF diet
during their entire lives: CTL-CTLF1, control offspring born from dams that were fed
on control diet; CTL-CAF F1, cafeteria offspring born from dams that were fed on
control diet; CAF-CTL F1, control offspring born from dams that were fed on a
cafeteria diet; CAF-CAF F1, cafeteria offspring born from dams that were fed on a
cafeteria diet. Biometrics, metabolic parameters, and liver, BAT and WAT histology
were assessed. Data obtained were integrated using the Principal Component
Analysis (PCA). PCA showed that maternal CAF diet protects offspring from the
deleterious effects provoked by the exposure to an obesogenic diet during adult life,
as demonstrated by the absence of alteration in body weight and fat accumulation,
but failed to protect BAT and liver, suggesting that the impact of maternal CAF diet
is tissue-specific.

Key words: obesity, dams, offspring and morphology
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1. INTRODUCAO

A obesidade é definida como um acumulo excessivo de gordura no tecido
adiposo, condicdo frequentemente acompanhada de alteracbes metabdlicas,
hormonais e complica¢des no estado de saude (WHO, 2000).

No boletim divulgado pela Organizacdo Mundial da Saude (OMS), em Julho
de 2015, o crescente aumento da obesidade no mundo foi classificado como
epidemia. Segundo estes dados, entre os anos de 1980 e 2013, a proporcao de
adultos com excesso de peso e obesidade aumentou aproximadamente 8,5% em
ambos os sexos (NG et al., 2013). O rapido avanco da obesidade também tem sido
observado na populacao brasileira, conforme demonstram dados recentes obtidos
pela Vigilancia de fatores de risco e protecdo para doencgas crénicas por inquérito
telefonico (VIGITEL) (MS, 2015). De acordo com estes dados a frequéncia do
excesso de peso na populagéo adulta brasileira no ano de 2014 foi de 52,5%, sendo
maior entre homens (56,5%) que em mulheres (49,1%). A obesidade por sua vez,
incide sobre 17,9% da populacédo avaliada, sendo minimamente maior no sexo
feminino.

A obesidade é uma doenca de origem multifatorial relacionado a fatores
sociais, ambientais, culturais, genéticos e hormonais. Todavia, 0s estudos
epidemiologicos claramente demonstram que os habitos alimentares, atrelados ao
sedentarismo sao os principais determinantes para a atual epidemia de obesidade
(BRAUN et al., 2014; WHO, 2000; MS, 2015). Dentro deste contexto, pesquisas
recentes indicam que a condicdo metabdlica materna, em especial, o estado
nutricional materno pré e pés gestacional podem afetar o feto em desenvolvimento
influenciando o estado de saude deste novo individuo ao nascimento e com
repercussdes para a homeostase energética na vida adulta (DESAI; JELLYMAN;
ROSS, 2015).

Estudos epidemiolégicos demonstram que a incidéncia de obesidade entre
as mulheres gravidas acompanha o crescimento da obesidade na populacdo em
geral, chegando a 25% em alguns paises (GHELINCKX et al., 2008). O estado
nutricional e o consumo alimentar materno, em particular durante a gestacao e
lactacdo, podem influenciar o peso corporal do bebé ao nascimento tendo
repercussdes para a instalacdo de doencas crbnicas na vida adulta, sendo
denominado de programacdo metabdlica (DESAI, JELLYMAN; ROSS, 2015).

Estudo demonstrou que criangas expostas a programacgdo metabdlica, estarédo



mais vulneraveis aos efeitos deletérios do atual estilo de vida, onde ha predominio
na oferta de alimentos de alto teor caldrico associados a reducdo da pratica de
atividade fisica (OLIVEIRA; FISBERG, 2003).

A super nutricdo durante a gestacdo, associada a obesidade, promove
resisténcia a insulina, intolerdncia a glicose, acumulo de gordura visceral e
dislipidemias, condicdes metabdlicas que exercem impacto direto sobre o
desenvolvimento do bebé e modulam o estado de saude futuro deste individuo,
favorecendo a instalacdo de doencas crénicas no adulto, em especial a Sindrome
Metabdlica (SM) (SMITH; RYCKMAN, 2015; ECKEL; GRUNDY; ZIMMET, 2005).

Diferentes modelos experimentais que manipulam o estado nutricional
materno na gestacdo e/ou lactacdo tem sido usados para avaliar alteracdes
metabdlicas e histomorfoldgicas relacionadas a programacédo metabdlica e seus
efeitos deletérios sobre a prole, dentre os quais destacam-se o0 consumo de dieta
hipercalorica. A dieta de cafeteria (CAF) apresenta composicao semelhante a dieta
hipercaldrica consumida pelos humanos. Animais que consomem dieta CAF
apresentam aumento de peso, alto teor de tecido adiposo branco, hiperglicemia e
resisténcia a insulina, associada a inflamacé&o severa do figado, esteatose hepatica,
dislipidemia e disfuncdo das ilhotas pancreaticas. Deste modo, a dieta CAF é
efetiva em reproduzir em modelos animais, as caracteristicas da SM observada em
humanos (SAMPEY et al., 2011).

O consumo de dieta CAF durante os periodos pré-natal também é capaz de
promover programacdo metabdlica na prole, provocando alteracbes como:
aumento de peso, desordens metabodlicas e hormonais, esteatose hepatica,
inflamacéo do tecido adiposo branco e do figado (HOWIE et al, 2009; WHITE;
PURPERA; MORRISON, 2009; LI; SLOBADE; VICKERS, 2011; ZOE et al., 2014;
JACOBS et al., 2014).

Por outro lado, existem estudos contraditérios quanto aos efeitos da dieta
CAF nestes periodos do desenvolvimento e seus efeitos a longo prazo. Em estudo
realizado por Tamashiro et al., 2009 conclui-se que a dieta CAF ofertada a prole
ap6s o desmame pode ter papel mais significativo no desenvolvimento da
obesidade na vida adulta que a dieta CAF consumida durante a gestacao e lactacao
pela méae.

Considerando que a instalacdo da obesidade e o desenvolvimento da SM na
vida adulta podem estar associados a alteracbes nutricionais que modulam

periodos criticos do desenvolvimento, o0 presente estudo avaliou as adaptacfes



histomorfoldgicas no figado, tecido adiposo unilocular e tecido adiposo multilocular,
induzidas pelo consumo de dieta CAF na primeira geracao (F1) oriunda de méaes
gue consumiram dieta CAF na gestacéo e lactacéo.



2. REVISAO DE LITERATURA

2.1 Obesidade

A obesidade ja é considerada a quinta causa de morte no mundo, em média,
5% da populagdo mundial morre a cada ano em decorréncia do sobrepeso e
obesidade. Além deste niUmero expressivo que pode caracterizar esta alteracédo do
estado nutricional como uma pandemia, podemos relacionar o excesso de peso a
diversas outras doencas, em 44% dos diabéticos, 23% dos individuos com
cardiopatiaisquémica e 7% a 41% dos pacientes com cancer, a obesidade foi causa
secundaria para o desenvolvimento da patologia (WHO, 2011).

Estima-se que 500 milhdes de pessoas no mundo sédo obesas e este
aumento de peso é crescente, bem como a incidéncia de Diabetes mellitus (DM).
Em 2011, a Federacéao Internacional de DM revelou que 366 milhdes de pessoas
tinham DM e 4,6 milhdes morreram em consequéncia da doenca no mundo todo. A
previsdo para 2030 € de um aumento de 43% na incidéncia desta doencga.
Adicionalmente estes dados também mostram que em 2011 existiam 280 milhdes
de individuos pré diabéticos e a previsdo para 2030 € que 400 milhdes de pessoas
sejam portadoras desta doenca (IDF, 2012) e ainda entre as complicacbes da
obesidade, a DM aparece entre as 20 causas que podem diminuir a expectativa de
vida (WHO, 2014)

A associacao entre a DM e o0 excesso de tecido adiposo € decorrente do
rompimento da homeostase glicémica, promovida pela reunido de diferentes
elementos sendo denominada atualmente de Sindrome Metabdlica (SM). A SM
caracteriza-se pela associacdo da obesidade, em particular o acumulo de gordura
visceral, intolerancia a glicose, resisténcia a insulina, dislipidemia e complicacfes
cardiovasculares. A SM por sua vez eleva a chance de desenvolver DM, em
especial, Diabetes Melitus tipo 2 (DM2), o qual representa cerca de 95% dos cados
da doenca no mundo todo (FILHO et al., 2006;GUARNANI; BIRKEN; HAMILTON,
2015; KAUR, 2014).

Segundo o projeto Diretrizes, da Associacdo Médica Brasileira e Conselho
Federal de Medicina (DITEN, 2011) a obesidade pode ser definida como uma
doenca crbnica, inflamatoria, endocrino-metabdlica, heterogénea e multifatorial,
caracterizada pelo excesso de gordura corporal. Dentre as diferentes formas de

classificar a obesidade, a relacéo entre o peso e altura avaliada pelo indice de



Massa Corporal (IMC)! tem sido a ferramenta mais usada, em especial em grandes
estudos epidemiolégicos (WHO, 1995).

No Brasil, 0 acompanhamento do estado nutricional da populacgéo, realizado
pelo Ministério da Saude (MS, 2015), demonstrou que entre 2006 e 2012 houve um
crescimento continuo do excesso de peso e obesidade na populacdo adulta.
Eventos que permaneceram estaveis entre os anos de 2012 e 2014. O aumento do
peso corporal na populacdo brasileira foi acompanhada de uma maior incidéncia
de DM2, embora a prética de atividade fisica, melhora do consumo de frutas e
verduras e reducao do tabagismo também tenham sido observadas neste periodo.

Preocupantemente o excesso de peso e a obesidade sdo fendmenos que
afetam a populagao mais jovem, incluindo criangas e adolescentes no mundo todo,
tendo relacéo direta com habito alimentar e sedentarismo. Por exemplo, nos EUA
em média 1/3 das criancas americanas esta acima do peso, eventos que parecem
ser decorrente de fatores ambientais (GURNANI; BIRKEN; HAMILTON, 2015), tais
como: aumento da ingestdo de bebidas adogadas com acucar, consumo de fast-
foods e lanches processados, tempo reduzido de sono, reducdo da pratica de
atividade fisica e estresse familiar (BROWN et al., 2015).

O avanco da obesidade infantil também é observada em nosso pais, sendo
reflexo de mudancas nutricionais e socio econdmicas observadas nas ultimas
décadas conforme demonstram dados da Pesquisa e Orcamento Familiar (POF
2008-2009), realizada pelo Instituto Brasileiro de Geografia e Estatistica (IBGE) e
Ministério da Saude. Nesta pesquisa foi verificado que o aumento do consumo de
carnes, produtos panificados, derivados de leite e bebidas pela populacdo urbana,
além de ressaltar o aumento do consumo de alimentos fora do domicilio. Ainda de
acordo com esta pesquisa, a transi¢ao nutricional teve impacto direto nos indices
de peso corporal, em particular na infancia. De acordo com estes dados, os indices
de obesidade apresentam aumento significativo, principalmente, em criancas com
idade entre 5 a 9 anos. Entre os anos de 1989 e 2009, o sobrepeso entre meninos
e meninas dobrou e a obesidade aumentou mais de 300% (MS, 2010)

Em estudo recente, Smith; Rickman, 2015 apresentam evidéncias de que a

dieta e a saude materna promovem modificacdes no feto em desenvolvimento,

1IMC: indice que é calculado pelo peso do individuo em quilogramas, dividido por sua altura em
metros ao quadrado (kg/m?2). Classifica o estado nutricional do adulto com valores de IMC abaixo
de 18,5kg/m?2, em magreza graus I, Il e lll., eutrofia; com valores até 25kg/m2; pré-obesidade ou
sobrepeso, com valores entre 25 e 30kg/m2 e obesidade graus |, Il e lll, com valores acima de
30kg/m2 (WHO, 1995).



afetando a condi¢cdo ao nascimento e tendo repercussdes tardias na saude dos
filhos, resultando em mecanismos que contribuem para o desenvolvimento da SM,
DM2 e obesidade na vida adulta. Neste sentido, a manutencdo de um ambiente
intra-uterino saudavel modula o metabolismo do organismo em desenvolvimento e
previne ou atenua a possibilidade de instalacdo de doencgas cronicas no futuro. A
relacdo entre estados nutricionais materno e a condicdo de saude futura do
individuo tem sido explorada no conceito de Programacdo Metabdlica e diferentes
modelos animais tém sido amplamente utilizados para esclarecer as adaptacdes

moleculares, fisiologicas e morfoldgicas que alicercam esta hipétese.

2.2 Programacédo Metabdlica

O interesse na origem da obesidade e de suas comorbidades tém crescido
nos ultimos anos. Evidéncias atuais demonstram que alterac6es nutricionais e/ou
hormonais ocorridas em janelas criticas do desenvolvimento, em particular
gestacdo e/ou lactagdo podem programar o metabolismo do feto em
desenvolvimento ou recém-nascido, repercutindo para seu estado de saude na vida
adulta (SEDAGHAT; ZAHEDIASL; GHASEMIL, 2015; SMITH; RYCKMAN, 2015).
O conceito essencial da “programacdo metabdlica” significa que a nutricdo, os
fatores hormonais, ambientais e metabdlicos podem alterar permanentemente a
estrutura dos O6rgdos, respostas celulares, expressdo génica, metabolismo e
fisiologia da prole. Essas alteracbes podem acontecer no feto, recém-nascido ou
no adulto (ROSS; DESAI, 2013).

Dentro deste contexto, importante atencdo ao metabolismo materno tem sido
empregada, uma vez que a condicao nutricional e metabdlica materna, durante os
periodos gestacional e lactacional pode acarretar alteracbes morfo-funcionais na
prole, pois durante estes periodos, um oragnismo em desnvolvimento passa por
fases de intensa proliferacdo e crescimento celular, acompanhando marcantes
alteracoes funcionais (PEREIRA et al., 2014).

Existem diferentes modelos experimentais de programacdo metabdlica,
dentre os quais se destacam a desnutricdo e hiperalimentacdo gestacional e/ou
lactacional e suas repercussdes para a prole. Interessantemente similares
impactos sobre o metabolismo tem sido observado nos descendentes ou primeira
geracdo (F1) nestas duas condicBes opostas, incluindo alteragcbes no peso

corporal, acumulo excessivo de gordura corporal, complicacbes na homeostase



glicémica e lipidica e maior incidéncia de co-morbidades como DM2 e doencas
cardiovasculares (SEGOVIA et al., 2014; Jl et al., 2015)

Modelos experimentais com restricdo de diversos nutrientes especificos,
oxigénio e hormonios procuram avaliar seus efeitos no desenvolvimento da prole e
suas consequéncias na vida adulta (SEDAGHAT; ZAHEDIASL ; GHASEMI, 2015).
Neste sentido, a ma nutricdo € uma preocupacao quando estudamos programacao
metabdlica, a condi¢cdo de restricao alimentar ou deficiéncia nutricional pode causar
atraso no crescimento intra-uterino, distirbios metabdlicos, dislipidemias, risco de
arterosclerose, enquanto a deficiéncia de micronutrientes como &cido fdlico,
vitamina B12, vitamina A, ferro, magnésio, zinco e célcio podem afetar a saude
cardiovascular (SZOSTAK-WEGIEREK, 2014).

Porém, considerando a atual epidemia de obesidade, dados recentes tém
ressaltado as complicacdes decorrentes da programacao induzida pelo consumo
de dieta rica em calorias pelas mées e seu impacto na prole F1, sugerindo que a
obesidade materna durante a gravidez esta associada ao risco de macrossomia e
aumento do risco de obesidade e DM2 na vida adulta. As alteracdes no padrao de
crescimento intra- uterino podem levar ao risco de desenvolvimento da SM na vida
adulta da prole (ROSS; DESAI, 2013).

O estado metabdlico e hormonal materno tanto no periodo gestacional
guanto no lactacional tem repercussdes para o organismo em desenvolvimento.
Por exemplo, a obesidade materna e suas comorbidades desencadeiam um
processo inflamatério e os mediadores inflamatorios liberados nesse processo,
podem atingir o feto. As citocinas proé-inflamatoérias afetam a funcéo placentaria
alterarando o fluxo de nutrientes e, indiretamente, podem prejudicar o
desenvolvimento fetal. Dentro deste contexto foi demonstrado que a concentracao
de citocinas inflamatorias placentarias podem estar relacionados ao aumento do
tecido adiposo visceral, do conteudo lipidico hepatocelular e fluxo alterado de
triglicerideos da prole (INGVORSEN et al., 2015; TARRADE et al.; 2015).

Quando aspectos relacionados a homeostase energética materna sao
avaliados, também sdo observados efeitos sobre a prole. Por exemplo, a
hiperglicemia e hiperinsulinemia materna provocam uma sequéncia de eventos que
conduzem a compensacdo das células B-pancreédticas do feto, provocando
proliferacdo e hiperplasia das mesmas, podendo levar a exaustdo, morte e
disfuncéo destas células (CERF, 2014).



Em recente estudo, Sullivan et al.,, 2015, também relacionaram a
programacdo metabdlica materna, induzida por dietas hiperlipidicas e
hipercaldricas, com disturbios de comportamento, como: déficit de atencdo e
hiperatividade, depressédo, autismo, esquizofrenia e aumento da ansiedade na
prole. Todas essas alteracdes seriam provenientes de alteracbes na formacéo
neuroenddcrina do feto.

Varios estudos em humanos correlacionam a mudanca epigenética® ao risco
de doencas metabdlicas, porém seus resultados sdo limitados. A maioria dos
estudos disponiveis sobre programacao e epigenética baseia-se em modelos
animais (VICKERS, 2014).

2.3 Alteracbes morfofuncionais induzidas pela obesidade e programacao
metabdlica

Associado ao excesso de tecido adiposo e ao rompimento da homeostase
glicémica, a obesidade também & acompanhada de dislipidemia, caracterizada
primariamente por aumento de acidos graxos livres, triglicerideos e colesterol total,
resultando em processo inflamatorio em diversos tecidos envolvidos na
homeostase energética, incluindo tecido adiposo, musculo e figado (DONATH et
al., 2013; PETRUZELLI; MOSCHETTA, 2010; ECKEL; GRUNDY; ZIMMET 2005),

Somado a presenca do processo inflamatorio, os tecidos periféricos também
podem sofrer outras alteracdes importantes, em especial a instalacéo de resisténcia
a insulina em diversos 6rgaos. A resisténcia insulinica hepatica, por exemplo, altera
a liberacdo de triglicerideos e glicose pelo figado, provocando um acumulo de
lipideos neste Orgao, caracterizando a esteatose hepatica. Adicionalmente a
resisténcia a insulina no proprio tecido adiposo reduz sua capacidade de extrair
substratos da circulacéo, favorecendo acumulo da gordura visceral, hipertrofia dos
adipdcitos e remodelacédo do tecido (10ZZ0O, 2015; GREGORIO et al., 2013).

Deste modo, frequentemente as alteracbes metabdlicas e enddcrinas
caracteristicas da obesidade sdo acompanhadas de ajustes morfol6gicos nos trés
principais setores da homeostase glicémica e lipidica, o tecido adiposo, o figado e
0 pancreas enddcrino. E relevante notar que, estes setores est&o entre os principais

tecidos alvos da programacdo metabdlica gestacional e lactacional com

2Epigenética se refere a mudancas hereditarias na fungdo de um gene sem alteracGes na
sequéncia de nucleotideos. ModificagBes epigenéticas podem ser transmitidas entre células ou
entre geracoes de individuos (CERF, 2015)



repercussoes na vida adulta (SAMPEY et al., 2011; DESAI; JELLYMAN; ROSS,
2015).

2.3.1 Obesidade e sua acao no figado

O figado é um 6rgdo que executa diversas funcbes essenciais para a
homeostase corporal, tendo papel central no metabolismo, sintese,
armazenamento e distribuicdo de nutrientes. Este 6rgdo é composto por varios tipos
celulares, sendo os hepatdcitos responséaveis por 78% do volume do figado e 70%
de todas as células do figado, sendo assim, a funcédo deste 6rgdo € dependente
particularmente da atividade dos hepatécitos (GENTRIC; DESDOUETS, 2014).

Os hepatocitos em roedores e seres humanos tém uma vida util longa e
raramente se dividem em condi¢cdes normais na vida adulta. Contudo, estas células
tem uma notavel capacidade de proliferacdo e regeneracdo em resposta a
situacdes de estresse, como resseccgao cirlrgica, exposicao a substancias toxicas
e infecgao viral, além de hepatites cronicas B e C, exposicéo a sobrecarga de ferro
e cobre e processos inflamatérios, como esteatose hepatica (GUIDOTTI et al.,
2003).

O figado contribui para a homeostase glicémica, tanto no estado alimentado
como em situacdes de estresse ou jejum. Em situacdes pos-prandiais 0 excesso
de substratos, particularmente glicose, sdo armazenados no figado sob a forma de
glicogénio hepatico. Adicionalmente o figado também processa os lipideos da dieta,
armazenando acido graxos hepaticos, na forma de triglicerideos. A glicose
armazenada no figado provém essencialmente da dieta, enquanto a fonte hepatica
de lipideos é oriunda da diet(15%), da lipdlise do tecido adiposo (59%) e também
do processo de lipogénese (26%) (ONYEDWERE et al., 2015). Durante o jejum, as
concentracgfes glicémicas sdo mantidos pela glicogendlise hepatica e em situacées
de jejum prolongado também mantido pela sintese de glicose (gliconeogénese).

O controle das vias glicoliticas e lipogénicas hepatica é diretamente
modulado pela acdo do hormdnio insulina. A obesidade provoca a resisténcia
insulinica hepética, promovendo liberacdo irregular de glicose e triglicerideos.
Adicionalmente, a hiperinsulinemia decorrente da resisténcia a insulina induz
acumulo de triglicerideos no figado (esteatose hepatica), fibrose hepatica,
inflamacé&o hepatica e cirrose hepatica (10ZZ0, 2015).

A esteatose hepatica que é caracterizada por um acumulo de gordura nos

hepatdcitos, comprometendo mais de 5% no peso ou volume total do figado, na



auséncia do consumo de &lcool e exposicdo a toxina ou doencga viral € nomeada
como Doenga Hepatica Gordurosa N&o Alcodlica (DHGNA). Esta condicéo
acomete 30% dos adultos de paises desenvolvidos, possivelmente pelo aumento
da obesidade e expectativa de vida na populacdo (CALVO et al.,, 2015). Esta
associacdo entre obesidade, SM e funcdo hepatica pode ser observada pelo
aumento do fator de crescimento do hepatdcito, que acontece pelo acumulo de
gordura no figado, tendo relagdo com o aumento do IMC e aumento dos adipdcitos,
paralelamente a um quadro de resisténcia a insulina (LINNEMANN; BAAN; DAVIS,
2014).

Existem algumas hipoteses para o aumento da concentracdo dos
triglicerideos nos hepatdcitos e o acontecimento da esteatose hepatica, séo
chamados de 3 “hits”®. No “primeiro hit” acontece um acumulo metabdlico de
lipideos, que leva a lipotoxicidade, estresse oxidativo e inflamagdo. No “segundo
hit” acontece uma lesao tecidual e ativacado de células estreladas, este processo &
provocado por ativacdo de citocinas inflamatorias e fatores de crescimento. O
aumento da sinalizacéo de TNF-a associado a sintese de colageno hepatico resulta
em alteracOes da matriz extracelular e fibrose, desequilibrio entre a taxa de morte
e regeneracao dos hepatécitos que promovem distorcdo na arquitetura do figado
caracterizando o “terceiro hit”. (ONYEKWERE et al., 2015; WILLIAMS; KANG;
WASSERMAN, 2015).

A extensdo da esteatose hepéatica pode ser classificada pela presenca de
gordura nas seguintes proporcoes: leve (0 — 33%), moderada (34 — 66%) e grave
(>66%) (EBERTZ et al., 2014), esta avaliacéo pode ser feita através de exames de
imagem, como tomografias e ecografias. As principais caracteristicas histolégicas
da DHGNA séao semelhantes aquelas da doenca hepatica induzida pelo alcool e
incluem esteato-hepatite (inflamacéo do figado gorduroso, do parénquima, com ou
sem o acompanhamento de necrose focal) e diferentes graus de fibrose, incluindo
cirrose. A esteatose é predominantemente macrovesicular e, geralmente, é
distribuida por todo o figado, embora possam existir proeminéncias de esteatose
microvesicular. Neutrofilia leve, alteracfes linfocitarias ou infiltrados inflamatérios
mistos também podem ser observados (ONYEKWERE et al., 2015; WILLIAMS;
KANG; WASSERMAN, 2015; EL KADER; EL DEN ASHMAWY, 2015).

3“hits”: passos



O consumo de dieta CAF promove esteatose hepética, principalmente
macrovesicular, associada a presenca de diversas células inflamatorias,
especialmente macrofagos (SAMPEY et al., 2011), um proceso inflamatério

também presente em animais programados metabolicamente.

2.3.2 Obesidade e sua ac¢éo no tecido adiposo

O tecido adiposo (TA) é dividido no organismo em tecido adiposo
unilocular/branco e tecido adiposo multilocular/marrom, os quais apresentam
funcdes e histologia diferentes. O tecido adiposo unilocular exerce um papel
importante no metabolismo energético, o qual ocorre pelos processos bioquimicos
de lipogénese e lipolise associados a eventos secretdrios que modulam ingestao
alimentar e gasto energético. Durante a lipogénese os adipdcitos convertem o
excesso de substratos energéticos (glicose e lipideos) em triglicerideos (TG), os
guais sdo clivados em &acidos graxos livres (AGL) e glicerol durante a lipdlise
(SANCHEZ-DELGADO, et al.,, 2015). Morfologicamente os adipocitos sao
caracterizados pelo grande vacuolo lipidico central, com ndcleo achatado em
direcao a periferia celular (BLOOR ; SYMONDS, 2014).

De modo geral o tecido adiposo unilocular pode ser subdividido em:
subcutédneo e visceral. A gordura subcutanea esta localizada na hipoderme,
enquanto a gordura visceral conecta 6rgaos internos e acumula-se no interior da
cavidade abdominal (GHAZARIAN et al., 2015). Agordura é armazenada em forma
de retroperitoneal e perigonadal, também pode ser armazenada na regiao intra-
abdominal, que forma o tecido adiposo visceral. Ainda pode cercar alguns 0rgaos
como coracao e rins. Os roedores possuem ainda depdsitos nas regides: gonadal,
epididimal e inguinal (BLOOR ; SYMONDS, 2014).

O tecido adiposo multilocular tem caracteristicas funcionais e morfolégicas
distintas do unilocular. Metabolicamente os adipocitos do multilocular sao
especializados em dissipar energia sob a forma de calor, pela oxidacao de glicose
e lipideos, um processo denominado termogénese. O controle deste processo &
diretamente feito pela atividade do Sistema Nervoso Simpatico (SNS), via
norepinefrina. Morfologicamente este tecido é caracterizado pela coloracdo rosa
claro a vermelho escuro, apresentando alta vascularizacao, presenca de goticulas
de gordura dispersas no citoplasma e grande namero de mitocéndrias (SANCHEZ-
DELGADOt al., 2015; LEE; JUNG; CHOI, 2015; WHITTLE; LOPEZ ; VIDAL-POING,
2011).



Em recente revisdo Tupone, Maddem & Morris, 2014, afirmaram que a maior
guantidade de tecido adiposo multilocular encontrada em individuos magros estava
relacionada a maior gasto energético. Adicionalmente estes autores demonstratam
gue o multilocular diminui com o aumento da idade, com a elevagdo do IMC bem
como, com adiposidade visceral. Finalmente o maior teor de multilocular, pelo
menos em humanos, € inversamente proporcional a presenca de esteatose
hepética e obesidade (PORTER; CHONDRONIKOLA,; SIDOSSIS, 2015).

Com a instalacdo da obesidade e resisténcia insulinica, que sdao
caracteristicas da SM, os adipécitos sofrem uma remodelagdo, resultado do
acumulo de TG, que provoca disfuncao secretéria e associado a hiperinsulinemia
promove proliferacdo e expansao do tecido adiposo. Assim, 0 nimero e area dos
adipécitos sdo aumentados. O processo de hipertrofia do adipdcito esta
diretamente relacionado ao aumento na producdo de citocinas pro-inflamatorias,
tais como TNF- a, diferenciacao e apoptose (SANCHES-DELGADO, 2015; BLOOR;
SYMONDS, 2014; LEE; JUNG; CHOI, 2015).

O sistema imunoldgico tem papel importante no controle da estrutura do
tecido adiposo e sua homeostase, inibindo a inflamacgéo e remodelacéo do tecido.
Esses processos tem relacdo direta com o acometimento da funcédo enddcrina e
obesidade. Sob condi¢cdes normais, sem excesso de peso, o tecido adiposo &
povoado por varias células do sistema imunologico, principalmente macréfagos
(WENSVEEN et al., 2015). Os eosindfilos também tem papel importante no controle
inflamatorio e séo residentes no tecido adiposo, controlando a acéo de Interleucina
4 (IL-4) e Interleucina 5 (IL-5), citocinas anti-inflamatorias, sua deficiéncia provoca
aumento de citocinas pré-inflamatérias, aumento da sensibilidade ao
desenvolvimento da obesidade e resisténcia a insulina, tornando esse eixo,
dominante no mecanismo de homeostase do tecido adiposo (GHAZARIAN et al.,
2015).

As células Natural killer (NK) representam uma segunda populacdo de
células imunes no TA, a sua falta conduz a concentractes reduzidas de IL-4 e IL-
13 e aumento de citocinas pro-inflamatorias, na obesidade, sua resposta pode
mudar, podendo até promover resisténcia a insulina (WENSVEEN et al., 2015;
COUSIN, et al., 2015). As células T-reguladores, principalmente as células T CD4+,
também estdo envolvidas na inibicdo da inflamacdo no TA (GHAZARIAN et al.,
2015; WILLIAMS; KANG; WASSERMAN, 2015).



Uma dieta rica em calorias provoca no tecido adiposo visceral um aumento
de gordura nos adipdcitos, acumulo de células imunolégicas (neutrdfilos,
macrofagos e células NK), aumento da massa do adipdcito, hipertrofia e hiperplasia
do adipdcito, reducdo da producdo de adiponectina, menor captacdo de glicose.
Todos estes elementos diminuem a sensibilidade do unilocular & insulina, bem
como, também favorecem a instalacéo de resisténcia a insulina em outros tecidos
(WENSVEEN et al., 2015).

Estudos realizados em ratos Wistar mostraram um aumento de 3 vezes do
unilocular nos animais que consumiram dieta CAF em relacéo a dieta controle; além
disso, apresentou resultados de infiltracdo de macrofagos 14 vezes maior neste
tecido em relacéo ao grupo controle (SAMPEY et al., 2011)

No tecido adiposo, a adipogénese acontece no final da gestacdo e no inicio
da vida pés-natal sendo sensivel as condi¢bes uterinas, principalmente ao
fornecimento deficientes ou excessivo de nutrientes (SEGOVIA et al.,, 2014).
Quando exposto a uma grande oferta de gorduras, acucar e sal pela alimentacao
materna (ZELTSER, 2015), ocorrem alteracdes no unilocular do feto, podendo
aumentar sua capacidade de armazenar lipideos e redugéo na sua capacidade de
termogénese, na fase adulta a producdo de adipécitos € estabilizada, quando
produzidos em excesso ha primeira infancia, podem levar a obesidade tardia
(SEGOVIA et al., 2014).

2.4 Modelos animais de obesidade experimental

Existem diversos modelos experimentais de obesidade utilizados para
estudar a fisiopatologia desta doenca e suas comorbidades. Dentre eles destacam-
se 0s animais submetidos a lesao eletrolitica no hipotalamo ventromedial (VMH);
ratos e camundongos tratados com glutamato monossodico (MSG); animais
geneticamente obesos como ratos Zucker e camundongos ob/ob (DIEMEN;
TRINDADE; TRINDADE, 2006; CESARETTI; JUNIOR, 2006).

Um modelo de dieta rica em gordura bastante estudado, baseado no
aumento da proporcao de lipideos, é a dieta hiperlipidica (HIGA, et al.; 2014).
Estudos demonstram a rapidez no ganho do peso, acumulo de gordura, alteracdes
inflamatorias, hipertrigliceridemia e hiperglicemia em animais submetidos ao
consumo de dieta hiperlipidica (PODRINI, et al., 2013; HAIRI; THIBAULT, 2010).

As dietas hipercaldricas que sao caracterizadas por proporcao de

carboidratos e gordura inadequados, também sdao amplamente utilizadas como



ferramenta para promover o ganho excessivo de peso nos animais. Um dos
modelos utilizados para este fim é a dieta de CAF, pois reflete a realidade da dieta
ocidental, fornecendo grandes quantidades de sal, gordura e agucar. Este tipo de
dieta promove hiperfagia, ganho rapido de peso, aumento da massa de gordura,
alteracfes no metabolismo da glicose, niveis elevados de insulina e hipertrofia dos
adipécitos (CASTELL-AUVI, 2011; HIGA et al., 2014).

Estudos afirmam que este € um dos modelos mais confiaveis para promover
efeitos semelhantes a SM em humanos, bem como, reproduzir a inflamacéao do TAB
(SAMPEY et al., 2011). Esta dieta também tem sido utilizada como modelo para
programacao metabdlica, sendo ofertada as maes durante gestacao e lactacéao, e
promovendo alteracbes sobre parametros corporais, bioquimicos, ho rmonais e
reprodutivos da prole (JACOBS et al., 2014).

Durante o periodo de desenvolvimento do feto e até no crescimento inicial
do recém nascido, estes sdo muito vulneraveis a estimulos nutricionais da
alimentacdo materna, relacionadas a ma ou super nutricao, resultando na mudanca
das estrutura dos o6rgaos, repostas celulares e expressao génica que provoca
impacto no metabolismo e fisiologia da prole. Esta programacéo pode ter efeitos
imediatos ou tardios na vida do individuo (DESAI; JELLYMAN; ROSS, 2015).

O resultado desta programacao é controverso. Estudo que avaliou os efeitos
do consumo da dieta materna CAF e a oferta da mesma dieta a prole demonstrou
aumento de peso e gordura retroperitoneal, colesterol, leptina e insulinemia em
todos os grupos que consumiram dieta CAF, especialmente no grupo CTL-CAF, em
gue somente a prole consumiu dieta CAF, comprovando que nesta situacao a dieta
materna nao teve efeito de programacdo metabdlica. Este estudo ainda mostrou
gue estes efeitos foram mais expressivos em animais com 120 dias de vida que em
animais com 30 dias de vida, esclarecendo que o maior efeito da dieta CAF ocorre
na vida adulta (MUCELLINI et al., 2014).

Considerando que alteragdes nutricionais durante periodos criticos do
desenvolvimento, tais como, a gestacdo e lactacdo podem programar o
metabolismo da prole favorecendo a instalacdo de obesidade na vida adulta, é
necessario avaliar a interacdo de efeitos entre a dieta materna e a da prole; sua
repercussao nos aspectos histomorfolégicos da prole na vida adulta o que permitira
caracterizar melhor o processo de programacdo metabdlica, com o intuito de

atenuar ou mesmo reverter suas consequéncias a Iongo prazo.
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Abstract

We, herein, evaluated whether the exposure of rats to a cafeteria diet pre- and/or
post-weaning, alters histological characteristics in the White Adipose Tissue (WAT),
Brown Adipose Tissue (BAT), and liver of young adult male offspring. Female Wistar
rats were divided into Control (CTL; rats fed on standard rodent chow) and Cafeteria
(CAF; fed on cafeteria diet during their entire life). After birth, male offspring only
(F1) were divided into four groups (8 pups/dams) and received the CTL or CAF diet
during their entire lives: CTL-CTLr1, control offspring born from dams that were fed
on control diet; CTL-CAF r1, cafeteria offspring born from dams that were fed on
control diet; CAF-CTL r1, control offspring born from dams that were fed on a
cafeteria diet; CAF-CAF r1, cafeteria offspring born from dams that were fed on a
cafeteria diet. Biometrics, metabolic parameters, and liver, BAT and WAT histology
were assessed. Data obtained were integrated using the Principal Component
Analysis (PCA). PCA showed that maternal CAF diet protects offspring from the
deleterious effects provoked by the exposure to an obesogenic diet during adult life,
as demonstrated by the absence of alteration in body weight and fat accumulation,
but failed to protect BAT and liver, suggesting that the impact of maternal CAF diet
is tissue-specific.

Key words: obesity, dams, offspring and histology
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Introduction

Maternal over nutrition during pregnancy and lactation increases the risk of obesity,
Metabolic Syndrome (MS) and Type 2 Diabetes (T2D) in the offspring during
adulthood [1]. These early effects of the nutritional maternal environment on the
growth and metabolism of offspring and their long-term impact on health are defined
as metabolic programming [1,2,3]; a concept previously established by Barker and
colleagues. These authors showed that an adverse fetal environment, followed by
an obesogenic diet in postnatal life, may lead to chronic disease in adulthood [4].
Moreover, post-weaning exposure to hypercaloric diet induces the development of
obesity, disruption in glucose-insulin homeostasis, dyslipidemia, liver steatosis, and
cardiovascular diseases [5,6,7]. As such, experimental obesity can be produced by
maternal or post-weaning dietary manipulations. The cafeteria diet (CAF) is a
reliable model of dietary obesity in humans, promoting voluntary hyperphagia, body
weight gain, exacerbated adipose tissue expansion, hyperglycemia and
hyperinsulinemia, and inflammatory processes in the liver and adipose tissue [6,8].
It is well known that maternal life-time exposure to CAF diet induces body weight
gain, higher adipose tissue content and metabolic abnormalities, such as
hypercholesterolemia, hyperinsulinemia and hyperleptinemia [6]. This maternal
state can induce metabolic programming in adult offspring, culminating in obesity
and its associated metabolic disorders [9,10,11,12,13]. As such, the programmed
metabolic phenotype, found in the offspring, could be exacerbated during growth, in
particular when offspring are also exposed to a life-long obesogenic diet [6].
However, while the effects of maternal over nutrition on weight gain and metabolism
in offspring, before weaning, are well characterized [1,3], their persistent effects on
adipose tissue content, glucose tolerance, insulin resistance and liver abnormalities
in adulthood are contradictory [5,6,14,15]. Thus, an understanding as to how pre-
and post-natal environment interactions affect the growth and development of
offspring is fundamental, since the timing of an insult determines which organ or
systems will be altered, when obesity occurs and the severity of diseases, later in
life [16,17,18]. As such, some tissues appear to be more vulnerable to nutritional
insults during development. Thus, marked programming effects have been
observed in White Adipose Tissue (WAT), Brown Adipose Tissue (BAT) and liver
[19,20]. Surprisingly, it was recently shown that maternal over nutrition could protect
against the deleterious effects of the obesogenic diet during adulthood [6]. In the

present study, we evaluated whether the exposure to a CAF diet, pre- and post-



weaning (alone or combined), modifies the histological characteristics of the WAT,
BAT and liver of young adult male offspring.

Materials and Methods

Experimental methods

The Committee on Ethics in Animal Experimentation of the State University of
Western Parana approved all experiments (CEUA-10/12/2013). All animals used in
this study were housed under controlled room temperature (23+3-C), light (12 h
light/dark cycle), and had free access to food and water. At 21 days of age, 16 Wistar
female rats were randomly divided into two dietary experimental groups: (1) Control
group (CTL), fed on standard rodent chow (12.39 kJ/g — NuvilabTM, Colombo,
Brazil) and water ad libitum; and (2) Cafeteria group (CAF), fed on a cafeteria diet.
The CAF diet used in this study was adapted from previous studies [21,22]. Detailed
information about the nutritional value and ingredients of all foods used in this
model, demonstrating that the CAF diet, when introduced at weaning, is able to
induce obesity in adult female rats, has been previously published [6].

At 70 d of age, CTL and CAF female rats (n=16) were mated with a control male
(n=8) in a harem system (ratio of 2 females to 1 male) during approximately two
weeks. The pregnant females were housed in individual cages until delivery. After
birth, the litter size was adjusted to eight pups/dam, to maximize lactation
performance. After weaning, these offspring (F1) were fed with CTL or CAF diets for
11 weeks and were allocated to the groups:

CTL-CTLrs, control offspring born from dams that were fed on control diet
CTL-CAF 1, cafeteria offspring born from dams that were fed on control diet
CAF-CTL 1, control offspring born from dams that were fed on a cafeteria diet
CAF-CAF r1, cafeteria offspring born from dams that were fed on a cafeteria diet.
Importantly, in all experimental groups the number of animals analyzed was 5-7 per

group from five different litters. The experimental design is represented in Figure 1.
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Figure 1 — Experimental design. After weaning (day 21), offspring were allocated to the groups: CTL-
CTLk1, control offspring born from dams that were fed on control diet; CTL-CAF r1, cafeteria offspring
born from dams that were fed on control diet; CAF-CTL r1, control offspring born from dams that were

fed on cafeteria diet; CAF-CAF r1, cafeteria offspring born from dams that were fed on cafeteria diet.

Body Weight, Adipose Tissue Content and Plasma Metabolic Parameters

At 100 d of age, after 8 h of fasting, the body weights (b.w) of adult F1 offspring were
evaluated. Rats were submitted to euthanasia, total blood was collected and the
plasma separated by centrifugation. The concentrations of total cholesterol,
triglycerides and glucose were quantified by a colorimetric method (LaborLab). The
retroperitoneal fat depot was removed, weighed and values expressed as g/100g of
bw. This fat depot was used as representative of WAT for histological analysis.
Brown Adipose Tissue (BAT) and liver were also removed for histological analysis.
Histological Analysis

After removal of the retroperitoneal fat depot, BAT and liver were weighed, washed
in saline solution and prepared for histological analysis. The liver was sectioned into
3 parts by transverse cuts in its major axis. The BAT was sectioned into 2 parts with
cross sections in its major axis. The retroperitoneal fat depot was cut in 2 portions
of 0.5 cm in diameter and 0.5 cm thick with the aid of a mold. Briefly, dissected
tissues were fixed in 10% neutral buffered formalin (Merck, Buenos Aires,
Argentina) for 72 h. Dehydration was performed by passing the samples through
ethanol solutions of increasing graduation (70, 80, 90 and 100%), diafanization in
xylol and final embedding in paraffin. The tissues were cut into 5-um sections on a

Reichert Jung rotary microtome (Leica RM 2025 Microsystems Inc., Wetzlar,



Germany) and Hematoxilin and Eosin (H&E) were used for staining. The slides were
photographed using a light microscope (Olympus BX 50), coupled to a digital
camera (SAMSUNG SHC-410NAD) using photo Micro 5.6 software. Sections were
photographed along their entire length, field to field and the images captured were
analyzed using the Image J 1.48v program, which was previously calibrated to 100x
and 200x and standardized for the analysis of each image (Corel Draw X7 program).
All analyzes were performed by a single observer.

Histological measurements were carried out for each tissue evaluated. The
retroperitoneal fat depot was photographed at a magnification 100x and an
adipocyte nuclei count performed. Additionally, all adipocytes in all the sections were
circled and the adipocyte area (mm?) was measured. For the BAT images were
photographed at 200x magnification and cell proliferation evaluated by the adipocyte
nuclei count (3 sections/slide). Qualitative analysis of the fat depot was also
performed to assess fat droplets in the adipocyte cytoplasm. Finally, the diameters
of the areas evaluated were delimited in the hepatic tissue (0.5 cm) using a default
template. Ares were photographed at a magnification 100x and images were used
for qualitative analysis of the presence of infiltrated fat in the hepatocyte cytosol. For

this analysis, at least 20 photos were assessed by a single observer.

Statistical analysis

The body weight, weight of the retroperitoneal fat depot, triglycerides, cholesterol
and glucose were assessed for normality by Shapiro-Wilk test and homoscedasticity
by the Levene test. The variables were compared by two-way ANOVA, maternal diet
(CTL and CAF) and offspring diet (CTLr1 and CAFf1) as factors to evaluate the
effects of isolated factors and their interaction (F values) on the metabolic state of
offspring. The Tukey-HSD post-hoc test used. Associations of biometric, metabolic
plasma parameters and histological variables with maternal and offspring diet was
made by Principal Components Analysis (PCA) [23]. Analyses were performed
using the Prism 6.0 software (GraphPad Prism version 6.05 for Windows; GraphPad
Software, La Jolla, CA, USA) and Past [24]. Differences were considered as

significant when p<0.05.

Results



Effect of maternal and offspring CAF diets on body weight, Liver, BAT,
retroperitoneal adipose tissue content, triglycerides, glucose, and total plasma
cholesterol in male adult F1 offspring, at 100d of age.

As shown in Table 1, at 100d of age, body weight was affected by the interaction
between offspring and maternal diets (F1,18=7.423; p= 0.014), as well as by the
isolated effects of exposure to maternal (F1,18=5.86; p= 0.026) or offspring diet
(F1,18=61.11; p<0.0001). Neither maternal nor offspring diets affect significantly the
weight of liver and BAT in adult offspring at 100d of age. Thus, adult F1 offspring in
the CTL-CAFr: and CAF-CAF k1 groups presented higher body weights than the
animals of the CTL-CTLr1 and CAF-CTLr1 groups. Retroperitoneal fat depot weight
was influenced only by the offspring diet (F1,18=15.77; p= 0.0009). Thus, adult F1
offspring in CTL-CAFf1 group presented higher retroperitoneal content compared
with those of the CTL-CTLF1and CAF-CTL r1 groups.

Table 1. Body weight, retroperitoneal adipose tissue content, liver weight, BAT weight, triglycerides,

total cholesterol and plasma glucose concentrations in male adult F1 offspring aged 100 d.

CTL-CTL CTL-CAF CAF-CTL CAF-CAF p-value p-value p-valor
mother offspring interaction

Body weight (g) 211.2+4.0  256.4+4.99%¢ 2125:3.76> 234.3t4.32*  0.026 <0.0001 0.014
b,d d d b,c

Retroperitoneal fat 1.0+0.29 1.9+0.11 0.9+0.10 1.6+0.21 0.299 0.0009 0.580

weight (g/100g) b ac b

Liver weight (g/100g) 3,25+0,19 3.87+0,05 3.59+0,10 3.58+0,12 0.860 0.033 0.030
b a

BAT weight (g/100g) 0.25+0,08 0.1940,02 0.21+0,02 0.29+0,03 0.574 0.806 0.151

Triglycerides (mg/dL) 181.0£25.9  450.0+106.9  116.0+7.6  219.1+28.1  0.041 0.009 0.353
b a.c,d b b

Cholesterol (mg/dL) 51.1+4.4 75.3t5.9 62.9+1.7 91.0+8.2 0,027 0.0002 0.735
b,d a d a.c

Glucose (mg/dL) 131.9+3.2°¢  207.6+29.42 91.3+3.8° 164.5+8.4*>  0.0052 <0.0001 0.926

Data are mean + SEM of each group. The letters above numbers represent statistical differences in
Two-way ANOVA with Tukey post- test (p<0. 05). 2 CTL-CTLkr1, control offspring born from dams that
were fed on control diet; ® CTL-CAF 1, cafeteria offspring born from dams that were fed on control
diet; ¢ CAF-CTL r1, control offspring born from dams that were fed on a cafeteria diet;  CAF-CAF r1,

cafeteria offspring born from dams that were fed on a cafeteria diet.

The exposure of the mothers to the CAF diet promoted isolated effects on plasma
triglyceride levels, total cholesterol, and glucose (F1,17=10.66; p=0.004; F11s=5.84;
p=0.02; F118=4.94, p=0.039; respectively). Similarly, the exposure of offspring to the

diets also promoted isolated effects on the plasma triglyceride levels, total



cholesterol, and glucose (F117=16.87; p=0.0007; F118=21.11; p=0.0002;
F118=19.99, p=0.0003, respectively). No interactions between maternal and
offspring diets were observed, as shown in Table 1. Thus, the concentration of
triglycerides in plasma was significantly higher in CTL-CAFf1, compared with other
groups (p<0.05). In addition, at 100 d of age, the adult CTL-CAFr; and CAF-CAFF1
groups displayed hypercholesterolaemia and hyperglycemia, compared with CTL-
CTLF1.

Some histological aspects of the retroperitoneal fat depot were altered only by post-
weaning exposure to CAF diet. Adult F1 offspring in the CTL-CAFr1 group
presented lower numbers of adipocytes and larger individual adipocyte sizes, in the
retroperitoneal fat depot, when compared with adipocytes of the CTL-CTLF; rats
(p<0.05). Both adipocyte numbers (F1,17=7.76; p=0.01; Figure 2E) and adipocyte
size (F1,17=6.59; p=0.02; Figure 2F) were affected only by post weaning exposure
to CAF diet. Neither maternal nor post weaning exposure to the CAF diet altered
inflammatory processes in the retroperitoneal fat depot (data not shown). The
histological analyses of BAT are shown in Figure 3A-E. Cell proliferation in BAT was
analyzed quantitatively by counting nuclei, revealing no significant difference
between groups. Isolated effects of maternal or offspring diet, and no interactions
were observed (r1,18=0.67; p=0.42) (Figure 3E). Qualitative analysis demonstrated
that only adult F1 offspring exposed to the CAF diet post weaning induced lipid
accumulation in BAT. Thus, increased lipid droplet counts were found in BAT from
adult F1 offspring of the CTL-CAFF1 and CAF-CAF 1 groups, compared with those
of the CTL-CTLr1 and CAF-CTLF1 groups. However, the exposure of rats to the CAF
diet, during the pre- or post-natal phases, resulted in fat deposition in the liver. Thus,
in the CTL-CAFr1, CAF-CTLr1 and CAF-CAF r1 groups lipid accumulation was found
in the liver (Figure 4A-D).

Figure 2. Effects of exposure to CAF diet during pre and post weaning, alone or in combination, on

histological aspects of the retroperitoneal adipose tissue depot of male adult F1 offspring at 100d of

age.
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Representative histology of retroperitoneal adipose tissue depot with H&E staining (100X
magnification); Figure 2A — D; Scale bars: 200 um. Histological data for adipocyte area (Figure 2E),
measured for all cells, and adipocyte humber (Figure 2F), expressed as mean +SEM. The letters
above the bars represent statistical differences by Two-way ANOVA with the Tukey post- test (p<O.
05). a CTL-CTLF1, control offspring born from dams that were fed on a control diet; b CTL-CAF F1,
cafeteria offspring born from dams that were fed on a control diet; c CAF-CTL F1, control offspring
born from dams that were fed on a cafeteria diet; d CAF-CAF F1, cafeteria offspring born from dams

that were fed on a cafeteria diet.

Figure 3. Effect of exposure to CAF diet pre and post weaning, alone or in combination, on

histological aspects of BAT from male adult F1 offspring at 100d of age.
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Representative histology of BAT with H&E staining (200X magnification); Figure 3A — D; Scale bars:
150 pm. Qualitative histological analysis to evaluate the profile of lipid droplets in the cytosol of
adipocytes. Quantitative analysis was performed of by nuclei counts and expressed as mean+SEM
(Figure 3E). Nuclei are indicated by red arrows and lipid droplets are indicated by yellow arrows. The
letters above bars represent statistical differences; Two-way ANOVA with Tukey post- test (p<0. 05).
a CTL-CTLF1, control offspring born from dams that were fed on a control diet; b CTL-CAF F1,
cafeteria offspring born from dams that were fed on a control diet; ¢ CAF-CTL F1, control offspring
born from dams that were fed on a cafeteria diet; d CAF-CAF F1, cafeteria offspring born from dams

that were fed on a cafeteria diet.

Figure 4. Effect of exposure to CAF diet pre and post weaning, alone or in combination, on

histological aspects of the liver pf male adult F1 offspring at 100d of age.



Representative image of livers with H&E staining (200X magnification); Figure 4A — D; Scale bars:
150 ym. Qualitative histological analyses evaluated the profile of lipid infiltration in the hepatocyte

cytosol. Lipid droplets are indicated by yellow arrows.

Discussion

An adequate nutritional environment, during pregnancy and lactation, is critical for
optimal offspring development [9,17,25]. As such, the current epidemics of MS and
T2D in adulthood may result from maternal obesogenic diet during these critical
phases of development [1]. However, the mechanisms underpinning maternal
obesity and how they interfere in the programming of obesity risk, in adult offspring,
are not well defined [6,15]. Here, we evaluated whether post-weaning exposure to
a CAF diet would result in the amplification of this phenotype in the adult F1 offspring
of dams exposed to a life-time of CAF diet. In particular, the histological aspects of
the WAT, BAT and liver tissues of these offspring were compared. Surprisingly, adult
F1 offspring, derived from dams exposed to life-long CAF diet, including during
pregnancy and lactation periods, did not present alterations in body weight, adipose
tissue content, and some plasma parameters. Our results are in agreement with
those of other reports that have used an almost identical experimental design, and
did not observe significant modifications in offspring [6,15], or only a marginal effect
in the exacerbation of the obesity phenotype, in adult F1 offspring [5]. However, our

findings contrast with data from other studies showing that offspring derived from



dams submitted to maternal hypercaloric diets display obesity and metabolic
abnormalities in adult life [2,7,9]. In this sense, to evaluate the impact of CAF diet
on maternal metabolism is important, once that, this state will determine the degree
of metabolic programming on adult offspring. Using same CAF maternal diet in the
present study, Sagae et al. 2015 and Mucellini et al. 2014 showed that the consume
of CAF diet by female at long of life promotes rises in body weight associated with
greater white adipose tissue accumulation; confirming the effectiveness of this diet
to induce obesity in mothers. Moreover, Mucellini et al. 2014 also showed that
maternal cafeteria diet does not alter glycemia or triglycerides levels, although
induces hyperinsulinemia and the increase of total cholesterol. Therefore, it is
important to keep in mind that the degree of mismatch between the pre- and
postnatal environments may be crucial to metabolic programming. Thus, the initial
adaptive physiological changes in fetal and pre-natal periods, necessary to
guarantee survival, may be maladaptive in later life [26,27]. Nevertheless, our
findings show that, independently of maternal diet, post-weaning exposure to the
CAF diet promotes obesity, hyperglycemia, and dyslipidemia in adult F1 offspring.
Mucellini et al. 2014, using the same experimental design that we used, including
the same cafeteria diet, analyzed the offspring immediately after weaning (21 days
of age) and evidenced no difference in the body weight of animals whose mothers
were fed with cafeteria diet or standard diet; an effect also observed at 30 days of
age. However, at 30 days of age, offspring fed with cafeteria diet showed higher
visceral fat, without maternal diet influence. In rats, intense adipogenesis occurs
during the last week of pregnancy and also during lactation; showing that these
periods are particularly sensitive to the developmental programming of adiposity
[16]. The expansion of WAT is morphologically characterized by increases in the
sizes of individual adipose cells (hypertrophy) or augmented adipocyte numbers
(hyperplasia) [16,28,29]. Any imbalance in this mechanism favors chronic
inflammatory processes in this tissue, which are the hallmark of obesity and
metabolic disorders [30]. Interestingly, we found the worst morphological profile in
the WAT of adult F1 offspring exposed to the CAF diet just during post weaning;
these alterations were characterized by adipocyte hypertrophy and a reduction in
adipocyte numbers. Furthermore, the combined effect of maternal CAF diet with the
post-weaning CAF diet (CAF-CAFr1 group) prevented morphological changes in the
adipocytes in the adult F1 offspring, showing that maternal CAF diet did not
exacerbate the obesity phenotype (induced by exposure to the CAF diet) during post



weaning. In fact, the maternal obesogenic diet appears to protect the WAT in adult
F1 offspring. This protective effect of maternal overnutrition on adult F1 offspring
has been previously reported [26,31], where authors suggested that the maternal
obesogenic diet alters hypothalamic leptin signaling, programming the metabolism
of adult offspring to minimize the degree of diet-induced obesity [25,30]. However,
as described below, the impact of early life exposure to maternal CAF diet on
morphological tissue aspects, in adult F1 offspring, appears be tissue-specific.

The development of BAT starts during pregnancy, with intense recruitment occurring
during the lactation and post-weaning phases [31,32]. Thus, nutritional insults during
these critical periods can reduce thermogenic activity in the BAT, thereby
suppressing energy expenditure and, ultimately, promoting obesity in adulthood
[33]. BAT adipocytes contain numerous smaller lipid vesicles, dispersed throughout
the cytosol, giving a multilocular morphological aspect to this depot [28]. The profile
of lipid droplets in the cytosol of BAT adipocytes reflects the degree of thermogenic
activity and, indirectly, represents increased sympathetic flux driven to the tissue
[34]. Maternal overnutrition induces functional and morphologic changes in the BAT
of adult offspring, leading to fat deposition, inflammation, and alterations in the
activity of sympathetic nerves [16]. However, our results show that the maternal
exposure to CAF diet did not affect morphologic aspects in the BAT of adult F1
offspring that consumed a normal diet at post weaning. These results contrast with
those obtained by others, where maternal CAF dietary was found to promote
significant alterations in BAT in adult offspring that were not reversed by the
exposure to a normal post-weaning diet [35,36]. As expected, we observed that
post-weaning exposure to a CAF diet induces lipid overload in the BAT of adult F1
offspring, an effect that is independent of the maternal diet profile. Thus, in contrast
to observations in the retroperitoneal depot, the maternal CAF diet did not protect
adult offspring that were also exposed to a life-long CAF diet. In a recent review,
BAT was reported to be vulnerable to nutritional insults, especially those occurring
during the pre- and post-natal periods of life, as important autonomic sympathetic
input and gene expression profiles are established during these periods [36,37].
Considering that WAT and BAT depots have different embryological origins, and
employ different pathways of proliferation and differentiation during pregnancy and
lactation, it is probable that the windows of vulnerability to nutritional insults are
depot-specific, resulting in different morphological adjustments when animals are

fed on a CAF diet, later on in life.



Taken together, we can draw two important conclusions from these results. Firstly,
the maternal CAF diet does not modulate the metabolism, adipose tissue content or
histological aspects of the retroperitoneal fat and BAT in adult offspring, at 100d of
age, suggesting that maternal CAF diet, alone, does not alter the programming in
these tissues. Secondly, while the exposure to maternal CAF diet, associated with
post-weaning CAF exposure, protects WAT in adult F1 offspring, CAF diet exposure
during the post-weaning period has a deleterious effect on the BAT, independently
of the maternal diet. Considering that, at 100d of age, the rats are young adults, it
is possible that the deleterious effects of programming in these tissues may occur
at a more advanced age. This hypothesis is supported reports that the effects of
maternal programs are found in adult offspring at 140-155d of age [9,38]. In addition,
the impact of maternal diet on adult offspring is sex dependent, as females appear
to be more sensitive to the effect of maternal diet programming, when compared
with males [39].

In contrast to the observations in WAT and BAT, maternal exposure to a CAF diet
exerts programming effects on the liver in adult F1 offspring, at 100d of age. Glucose
and lipid homeostasis are dependent on liver metabolism and these events are
intimately coupled to hepatic tissue function [40]. As such, abnormal lipid deposition
in hepatocytes results in hepatic steatosis, a pathological state related to liver
abnormalities, such as the nonalcoholic fatty liver disease (NAFLD). NAFLD is the
most common chronic liver disease present in obese subjects, and is closely
associated with manifestations of MS [41,42]. Although hepatic steatosis is a key
histological feature in this process, variations in morphological aspects have been
observed; thus hepatocellular steatosis is usually classified as either macrovesicular
or microvesicular [43]. Our data confirm the impact of the maternal CAF diet on the
liver programming effect in adult F1 offspring, as previously demonstrated by others
[44,45]. For example, it has been demonstrated that the administration of a
hypercaloric diet to dams, during pregnancy and lactation, induces hyperlipidemia,
increasing hepatic triglycerides and resulting in fat liver accumulation and,
consequently, hepatic steatosis in offspring [19,43]. The maternal obesogenic diet
can induce lipid deposition in the fetal liver before birth, a crucial event in metabolic
disease during adult life [46]. Recently, using an identical experimental design to
that of our study, a programming effect of maternal high fat diet was demonstrated
on the liver of adult offspring [47]. Interestingly, in this study, the plasma metabolic

parameters, body weight, and adipose tissue content were not programmed by



maternal obesogenic diet, corroborating our findings. Finally, in our study, we used
a method denominated Principal Component Analysis (PCA), a classical
multivariate exploratory tool that highlights common variation between variables,
allowing conclusions to be made about the possible biological meaning of
associations between them, without pre-establishing cause-effect relationships
(Figure 5).

Figure 5. Principal Components Analysis (PCA) Diagram.
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Based on PCA, we conclude that post-weaning exposure to the CAF diet induces
evident characteristics of MS in adult F1 offspring, such as an increase in body
weight, and higher fat deposition in the WAT, BAT and liver. This culminates in
adipocyte hypertrophy and deposition of fat in the liver, which probably contributes
to hyperglycemia and dyslipidemia, present in these groups. Moreover, the PCA also
indicates that life-long maternal CAF diet protects offspring from the deleterious
effects provoked by exposure to life-long CAF diet. Thus, adult F1 offspring, in the
CAF-CAFr1 group (representing the combined effect of maternal obesogenic CAF
and post weaning CAF diet) are less predisposed to body weight gain and to
retroperitoneal fat accumulation, resulting in better glycemia and plasma triglyceride
levels, in relation to exposure only to the CAF diet during the post-weaning phase.
However, the maternal CAF diet fails to protect BAT and liver, suggesting that the

impact of the maternal obesogenic diet on adult F1 offspring is tissue-specific. This



study emphasizes the importance of the maternal diet during animals’ entire life for
establishing tissue-specific effects in the offspring in response to an obesogenic diet

during adulthood.
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