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RESUMO

PEIXOTO, Thamara Cherem. Avaliacdo da termogénese e inflamacgéo hipotalamica em
modelos de programacao para obesidade. 2020. 119 f. Tese (Doutorado em Biociéncias) —
Instituto de Biologia Roberto Alcantara Gomes, Faculdade de Ciéncias Médicas,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2020.

O tabagismo materno e o desmame precoce, sdo insultos que ocasionam o0
desenvolvimento de obesidade e alteragdes enddcrino-metabdlicos na prole adulta. Na
obesidade ocorrem diversas mudancas no hipotalamo e no tecido adiposo marrom (TAM)
em resposta a alteracGes metabdlicas presentes nessa condi¢do. Dessa forma, investigamos
as repercussdes em longo prazo do tabagismo materno e o desmame precoce sobre a
capacidade termogénica do TAM e funcionamento do hipotalamo. Modelo de exposicdo da
prole a fumaca de cigarro durante a lactacéo: ratas Wistar lactantes foram separadas em
2 grupos: FUMACA (exposicao ao cigarro 3R4F/ 4x / 1h, de PN3-PN21) e CONTROLE
(exposicdo ao ar filtrado). A prole foi eutanasiada em PN180. A exposicdo neonatal a
fumaca do cigarro, em ambos os sexos, reduziu a capacidade termogénica do TAM e alterou
a circuitaria hipotalamica favorecendo a hiperfagia. No entanto, apenas os machos
apresentam inflamacé&o no hipotadlamo. Modelo de exposicéo exclusiva a nicotina durante
a lactacdo: Em PN3, minibombas foram implantadas em ratas lactantes, que foram
divididas em 2 grupos: NICOTINA (6 mg/kg/dia, durante 14 dias) e CONTROLE (solucao
salina). As proles foram eutanasiados em PN120 e PN180. Evidenciamos que a exposicao
neonatal a nicotina comprometeu a funcédo do TAM e do tecido adiposo branco em ambos 0s
sexos, contribuindo para suscetibilidade e/manutencao da obesidade nos machos. Modelo de
desmame precoce (DP): Ratas lactantes foram separadas em 3 grupos: DP NAO
FARMACOLOGICO: mées foram envolvidas com uma bandagem adesiva nos 3 ultimos
dias de lactacdo; DP FARMACOLOGICO: maes foram tratadas com bromocriptina para
bloquear a producéo de leite (1mg/Kg PC/dia) nos 3 ultimos dias da lactagdo; CONTROLE:
filhotes foram livremente amamentados e desmamados no periodo padrdo (21 dias de vida).
Os animais foram eutanasiados em PN180. O desmame precoce alterou a capacidade
termogénica do TAM contribuindo parcialmente para a obesidade na idade adulta, apesar de
ocorrer diferencas relacionadas ao tipo de desmame. O conjunto dos nossos resultados
mostram que o fenotipo de obesidade programada tem relacdo com a disfungdo do TAM e
que existem importantes diferencas relacionadas ao sexo nos modelos estudados.

Palavras-chave: Tabagismo materno. Desmame precoce. Programacdo. Tecido adiposo
marrom. Termogénese. Capacidade termogénica. Inflamacéo hipotalamica



ABSTRACT

PEIXOTO, Thamara Cherem. Evaluation of thermogenesis and hypothalamic inflammation
in programming models for obesity. 2020. 119 f. Tese (Doutorado em Biociéncias) —
Instituto de Biologia Roberto Alcantara Gomes, Faculdade de Ciéncias Médicas,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2020.

Both maternal smoking and early weaning are insults that cause the development of
obesity and endocrine-metabolic changes in adult offspring. Several changes occur in the
hypothalamus and brown adipose tissue (BAT) in response to obesity. Thus, we investigated
the long-term repercussions of maternal smoking and early weaning on the BAT thermogenic
capacity and the hypothalamus funtion. Model of neonatal exposure to cigarette smoke
during lactation: lactating Wistar rats with their pups were separated into 2 groups: SMOKE
(exposure to cigarette 3R4F / 4x / 1 h, from PN3-PN21) and CONTROL (exposure to filtered
air). The offspring were euthanized in PN180. Direct and indirect exposure to cigarette smoke
during lactation reduced the thermogenic capacity of TAM in the offspring from both sexes as
well as altered the hypothalamic circuitry favoring hyperphagia. However, only the males
showed inflammation in the hypothalamus. Model of exclusive maternal exposure to
nicotine during lactation: In PN3, mini-pumps were implanted in lactating rats, which were
divided into 2 groups: NICOTINE (6 mg / kg BW / day, for 14 days) and CONTROL (saline).
The offspring were euthanized in PN120 and PN180. We evidence that postnatal exposure to
nicotine compromised the function of TAM and white adipose tissue in both sexes,
contributing to the susceptibility and / maintenance of obesity in male offspring. Early
weaning (EW) model: lactating rats were randomly separated into 3 groups: NON-
PHARMACOLOGICAL EW: mothers were wrapped with an adhesive bandage in the last 3
days of lactation, PHARMACOLOGICAL EW: mothers were treated with bromocriptine to
block milk production (1mg / kg BW / day) in the last 3 days of lactation; CONTROL.: pups
were freely breastfed and weaned in the standard period (21 days of life). The animals were
euthanized in PN180. Early weaning altered the thermogenic capacity of BAT, partially
contributing to obesity in adulthood, despite differences related to the type of weaning. In
summary, we show that the programmed obesity phenotype is related to BAT dysfunction and
that there are important sex-related differences in the models studied.

Keywords:  Maternal smoking. Early weaning. Programming. Brown adipose tissue.
Thermogenesis. Thermogenic capacity. Hypothalamic inflammation.
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INTRODUCAO

Obesidade

Conceito e epidemiologia

Segundo a Organizagdo Mundial da Saude (OMS, em inglés World Health
Organization - WHO), a obesidade pode ser definida como um agravo de carater multifatorial
decorrente de balanco energético positivo que favorece o acimulo de gordura anormal ou
excessivo que apresenta risco a saude (WHO, 2020a). Acrescentando a definicdo
convencional, a obesidade € uma condicdo complexa, com sérias dimensdes sociais e
psicolégicas, que afeta praticamente todas as faixas etarias e grupos socioecondmicos
(HOFMANN, 2015; RAND et al., 2017).

A obesidade ¢ um dos maiores problemas de salde publica, uma doenca cronica cujo
avanco tem se dado de forma acelerada em todo o0 mundo nos ultimos anos (WHO, 2020a). A
sua prevaléncia aumentou em todo o mundo nos ultimos 40 anos, atingindo niveis de
pandemia. Entre 1975 e 2016, obesidade mundial quase triplicou, em 2016 mais de 1,9
bilhGes (39%) da populacdo adulta estava acima do peso, dentre esses 650 milhdes (13%)
eram obesos. Em relagdo as criancas e adolescentes, 0 sobrepeso e obesidade atingiu cerca de
340 milhdes. A estimativa é que em 2025, cerca de 2,3 bilhGes de adultos estejam com
sobrepeso e mais de 700 milhdes com obesidade (ABARCA-GOMEZ, 2017; WHO, 2020a).
No Brasil, os indices de sobrepeso e obesidade refletem os padr6es mundiais. De acordo com
a pesquisa realizada em 2018 pela Vigilancia de Fatores de Risco e Protecdo para Doencas
Cronicas por Inquérito Telefonico (Vigitel) do Ministério da Saude, no qual foram coletados
dados em 26 capitais brasileiras e no Distrito Federal (total de 52.395 pessoas entrevistadas),
a frequéncia de excesso de peso foi de 55,7%, sendo ligeiramente maior entre homens (57,8%
destes) do que entre mulheres (53,9%) e a frequéncia de adultos obesos foi de 19,8%, sendo
ligeiramente maior entre as mulheres (20,7% destas) do que entre os homens (18,7%)
(BRASIL, 2019).

As mudangas no sistema alimentar global caracterizado pelo aumento do consumo de

alimentos ultraprocessados, energeticamente densos, ricos em acucares, gorduras e sodio,
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juntamente com o aumento do comportamento sedentario, parecem ser as principais causas
impulsionadoras desta doenca (BLUHER et al.,2019). No entanto, existe uma rede complexa
de fatores bioldgicos, ambientais, sociais, genéticos e epigenéticos envolvidos potencialmente

na suscetibilidade, desenvolvimento e manutencdo da obesidade (BLUHER et al.,2019;
LORENZO et al., 2020) (Figura 1).

Figura 1 — Diferentes fatores envolvidos na patogénese da obesidade

MEIO AMBIENTE E / OU SOCIEDADE

Tabagismo
Comer cultural Televisiao Transporte
Comercializac¢do de alimentos
Politicas Jogos de computador Midia social
Local de trabalho
Sistema economico Ambiente alimentar Uso de drogas
Polui¢io : Metabolismo € Trabalho
Ingestao gasto de energia o por turnos
| alimentar
Genitica Tecido Estresse Sono
adiposo
Epigenética
. Neurocircuitos de regulacio
Relogios internos Covanes de apetite e saciedade
Inflamagio Sistema de Microbiota Vicio
recompensa Central
Medicamentos
Dor Sarcopenia
‘(‘Zicli.smo de po Expansio e Resistencia 2 insulina
Sae e distribuicka o Doengas psiquidtricas
tecido adiposo Resistencia a leptina
BIOLOGIA n -

Nota: Fatores biol6gicos, ambientais e sociais que contribuem para obesidade.
Fonte: Figura adaptada de BLUHER et al.,2019.

Caracteristicas da obesidade

A obesidade é uma das doengas cronicas nao transmissiveis (DCNT) que
epidemiologicamente mais crescem mundialmente (CARNEIRO et al., 2016). E uma doenca

que acarreta impacto na saude e qualidade de vida do individuo, pois esta associada a efeitos
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psicologicos negativos (depressdo, baixa autoestima e exclusdo social) (CAREY et al., 2014;
CHU et al., 2019; FLOODY et al., 2018) e a uma variedade de disturbios metabdlicos, tais
como dislipidemia, hipertensdo arterial, coronariopatias, diabetes mellitus do tipo 2 (DM2),
inflamacédo, problemas respiratorios, apneia do sono, osteoartrite e alguns tipos de cancer
(BELYAVSKIY; PIESKE-KRAIGHER; TADIC, 2019; KULKARNI et al., 2016; ENGIN et
al, 2017; PATERNOSTER; FALASCA, 2020).

As alteracdes no estilo de vida representam grande contribuicdo no desenvolvimento
de sobrepeso e obesidade, uma vez que estdo diretamente associados com consumo alimentar
e gasto energético (CARNEIRO et al., 2016). O tecido adiposo (TA) é um importante 6rgao
envolvido no armazenamento e gasto de energia, relacionado a regulacdo da homeostase
energética (COHEN; SPIEGELMAN, 2015; THOMOU et al.,, 2017). O TA pode ser
classificado devido a sua funcdo, localizacdo e estrutura. Assim, encontramos dois tipos
diferentes de tecido adiposo: o tecido adiposo branco (TAB) ou unilocular e o tecido adiposo
marrom (TAM) ou multilocular (DENG et al., 2016).

O TAB é caracterizado por armazenar nutrientes sob a forma de triglicerideos em seu
citoplasma como uma grande goticula de lipidio em seu interior. Ele também é considerado
um importante 6rgdo enddcrino, sendo utilizado como sensor do estado metabdlico, uma vez
que é responsavel por sintetizar e liberar uma grande quantidade de substancias peptidicas e
ndo peptidicas como adipocinas, citocinas e quimiocinas (RONTI et al., 2006). O TAM é um
tecido multilocular e sua principal funcdo € a termogénese, ou seja, regular a producéo de
calor e temperatura corporal. Sua cor é proveniente do grande numero de mitocondrias
presentes em seu citoplasma (DENG et al., 2016). O mecanismo de dissipar energia pelo
TAM envolve a proteina desacopladora 1 (UCP1) presente na membrana interna da
mitocdndria e resulta em aumento da oxidacéo de &cidos graxos e produgéo de calor (JUNG;
SANCHEZ-GURMACHES; GUERTIN, 2018; KALINOVICH et al., 2017).

O TA atualmente é um dos principais focos das pesquisas em obesidade devido sua
importante funcdo bioldgica. Na obesidade ocorrem mudancas funcionais, morfoldgicas e
moleculares nos dois tipos de TA em resposta a alteracBes metabdlicas presentes nessa
condicdo (DENG et al., 2016; TRAYHURN, 2017). O TAB pode sofrer alteracOes
relacionadas ao tamanho do adipdcito (hipertrofia) e quantidade de adipocito (hiperplasia). As
modificacbes no tamanho ou no nimero de adipdcitos ocorrem em resposta a ativacdo de
acOes metabdlicas que promovem adipogénese e lipogénese (QUEIROZ et al., 2009; SMITH,;
KAHN, 2016). Assim como o0 TAB, o TAM é um o6rgao enddcrino ativo em adultos. No geral

individuo obesos apresentam a atividade termogénica reduzida favorecendo a manutencdo da
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obesidade (ORAVA et al., 2013; SOLER-VAZQUEZ et al., 2018; VIJGEN et al., 2011).
Estudos demonstraram que intensificacdo e / ou restauracdo da capacidade termogénica no
TAM representa um mecanismo potencial no tratamento da obesidade (LUIJTEN et al., 2019;
SAITO et al., 2013; SOLER-VAZQUEZ et al., 2018). Portanto, ambos os depdsitos de TA
influenciam o metabolismo, ndo sendo apenas um componente importante na manutencgéo do
peso corporal, mas também regulando a massa e a composicdo corporal, além de estar
envolvido na patogénese de diversas doencas (DENG et al., 2016; TRAYHURN, 2017).

Ja é conhecido que a obesidade esta relacionada ao processo de inflamacao crénica
que compromete o funcionamento normal do organismo. Evidéncias crescentes sugerem que,
assim como nos tecidos periféricos, vias inflamatérias no hipotdlamo também sdo ativadas
(VALDEARCOS; XU; KOLIWAD, 2015). Assim, a inflamacdo hipotalamica esta
intrinsecamente associada a patogénese da obesidade, diabetes e suas consequéncias
disfuncionais (SEONG et al., 2019). Por ser o primeiro local envolvido com a sensibilidade
dos sinais nutricionais circulantes a inflamacéo hipotalamica precede a inflamacéo sistémica,
onde apenas 1 dia de dieta rica em gordura é capaz de induzir a reatividade de células nao
neurais, como astrocitos e microglia, gerando, consequentemente, inflamacéo hipotalamica
(WAISE et al., 2015, SOUZA et al, 2005). E importante ressaltar, que essa inflamag&o do
hipotalamo contribui para resisténcia a leptina e insulina, favorecendo o ganho de peso e
mantendo o peso corporal elevado (SAMODIEN et al.,, 2019). Considerando a alta
prevaléncia de obesidade na populacdo mundial, hd uma necessidade de compreender melhor

como esse processo esta envolvido nos mecanismos fisiopatoldgicos da obesidade.

Programacéao, Obesidade Programada e Modelos Experimentais

Acreditava-se que o material genético era uma espécie de guia definitivo, que
determinava todas as caracteristicas de um individuo, desde a cor de seus olhos até sua
propensdo a doencas (WITTE et al., 1997). No entanto, no inicio da década de 90, O
epidemiologista inglés David Barker ja acreditava na influéncia de condigdes adversas em
periodos de grande plasticidade como, gestacdo e lactagdo, sobre a expressdo geénica,
determinando um padrdo de salde-doenca (BARKER, 1995; HALES; BARKER, 1992). Para
tentar explicar a relagdo entre o ambiente fetal e as doencas na vida adulta, como a obesidade,
Barker prop6s a “hipdtese do fendtipo poupador” (HALES; BARKER, 1992). De acordo com



18

essa teoria, na condicdo de subnutricdo materna, o feto € capaz de se adaptar a um ambiente
intra-uterino adverso otimizando o uso de suprimentos energéticos para garantir sua
sobrevivéncia, priorizando o desenvolvimento de dérgdos criticos, restringindo os nutrientes
para 6rgaos menos criticos. Basicamente, o que Barker postulou foi que o material genético
poderia ser reprogramado, em fases precoces da vida, a fim de adaptar as condigdes
ambientais (HALES; BARKER, 2001).

De acordo com o conceito atual das origens do desenvolvimento da salde e da doenca
(em inglés: Developmental Origins of Health and Disease - DOHaD), estimulos diversos
durante periodos criticos do desenvolvimento podem levar o individuo a doengas metabdlicas
tardias. Se esse individuo permanece na condicéo inicial ele pode se tornar melhor adaptado a
sua nova expressao génica, caso a condicdo inicial se altere, como por exemplo o individuo
que sofreu desnutricdo intrauterina e, posteriormente, cresce em condi¢des nutricionais de
grande oferta energética, esse individuo se torna menos adaptado a sua expressdo génica e
acaba gerando distarbios metabdlicos (GLUCKMAN; HANSON; 2008; GLUCKMAN et al.,
2009; MANDY; NYIRENDA, 2018; SILVEIRA et al., 2007). Assim, o conceito de
programacdo metabdlica pode ser definido como a resposta a qualquer evento (ambiental,
nutricional e hormonal) durante periodos criticos do desenvolvimento, como o0s primeiros
1000 dias de vida: gestacdo (270 dias) + 1° Ano (365 dias) + 2° Ano (365 dias) que podem
induzir mudancas epigenéticas que irdo determinar o padréo de saide ou doenca mais tarde na
vida (LINNER; ALMGREN, 2019; VILLARES et al., 2018).

O termo “epigenética” tem origem do grego, onde “epi” significa “em cima de / além
de”, e estuda alteracdes na expressao génica, sem alterar as sequéncias de bases nitrogenadas
(adenina, guanina, citosina e timina) da molécula de &cido desoxirribonucleico (DNA). A
expressao génica é responsavel por direcionar aos caminhos diferentes daqueles diretamente
atribuivel a sequéncia de DNA, o que resultard em diferentes fendtipos. As alteracGes
epigenéticas podem ser provocadas pela metilacdo na molécula de DNA, modificacbes de
histonas, remodelacdo da cromatina e alteragdes nao-codificantes do RNA. Vale a pena
ressaltar que essas alteragdes podem ser transmitidas & geracio seguinte (CAMPION et al.,
2010, ROHDE et al., 2019; OBRI et al., 2020).

AlteracOes epigenéticas nos primeiros mil dias de vida podem contribuir para o
desenvolvimento de distdrbios metabdlicos na idade adulta, sendo denominada de
programacdo metabolica (WATERLAND; GARZA, 1999; LINNER; ALMGREN, 2019).
Atualmente, diversos estudos apontam 0s potenciais mecanismos envolvidos na programacao,

principalmente associado ao desenvolvimento de obesidade no adulto (GADDE et al., 2018;
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OBRI et al., 2020; OESTREICH et al., 2017; ROHDE et al., 2019). A condicdo de nutricdo
materna em relacdo a qualidade ou quantidade de nutrientes consumidos durante a gravidez
pode exercer efeitos permanentes e poderosos sobre o desenvolvimento da prole, aumentando
a predisposicdo para o desenvolvimento de distirbios metabdlicos (ELSHENAWY et al.,
2016; GODFREY et al., 2017; LANGLEY-EVANS, 2014; NAVARRO, 2017). Por outro
lado, a fase da lactagdo também é considerada um periodo critico que pode programar a prole.
Ha cerca de 20 anos, 0 nosso grupo de pesquisa tem estudado a programacéo neonatal da
obesidade causada por insultos impostos exclusivamente durante o periodo de amamentacéo,
concentrando os estudos na avalicdo de mecanismos fisiopatoldgicos pelos quais fatores
nutricionais, ambientais e hormonais atuam durante a lactacdo determinando alteracOes
futuras quanto a maior adiposidade, alteracGes na ingestdo alimentar e diversos distrbios
enddcrino-metabdlicos (MOURA,; LISBOA; PASSOS, 2008).

A exposicdo ao cigarro durante a lactacdo é um insulto que pode programar a
obesidade tardia e suas complicagdes metabdlicas nos descendentes (LISBOA et al., 2017,
SANTOS-SILVA et al., 2013). A nutricdo da crianca nos primeiros dois anos de vida é
determinante para as origens das doencas no desenvolvimento (VILLARES et al., 2018),
sendo o desmame precoce também um fator de programacdo metabdlica (LIMA et al., 2013;
PIETROBON et al., 2019; SOUZA; MOURA; LISBOA, 2020). Dentre os modelos animais
de programacdo estudados em nosso laboratdrio, destacamos os que serdo abordados neste
trabalho: 1) modelos de tabagismo materno: exposicdo exclusiva a nicotina durante a lactacédo
(OLIVEIRA et al., 2009, 2010a; PINHEIRO et al., 2011) e exposicdo direta e indireta da
prole a fumagca de cigarro durante a lactacdo (LISBOA et al., 2017; SANTOS-SILVA et al.,
2013); 2) modelos de desmame precoce: farmacolégico (BONOMO et al., 2007; MOURA et
al., 2009) e ndo farmacologico (LIMA et al., 2013).

Modelo de programacio pela exposicdo exclusiva a nicotina durante a lactacdo

O tabagismo é considerado uma epidemia e passou a ser classificado como uma
doenca crbnica causada pela dependéncia quimica dos fumantes a nicotina.
Aproximadamente, 5,4 milhdes de pessoas morrem todos os anos de doengas relacionadas ao
tabaco (WHO, 2019). A menos que uma acgao urgente seja tomada, estima-se que em 2030

havera mais de 8 milhdes de mortes relacionadas ao tabaco (WHO, 2019). Segundo dados
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recentes da VIGITEL, no Brasil, a frequéncia de adultos fumantes em 2018 foi de 9,3%,
sendo a prevaléncia de 12,1% em homens e 6,9% em mulheres (BRASIL, 2019).

O baixo custo para o consumidor e a falta de consciéncia sobre os efeitos deletérios
para saude tornam o cigarro um produto acessivel e altamente utilizado em todo o mundo.
Assim, o cigarro € um produto de consumo legal que mata mais da metade dos usuérios e que
tem relacdo com aproximadamente 50 doencas, entre elas varios tipos de cancer (pulméo,
laringe, faringe, es6fago), doencas do aparelho respiratério (enfisema pulmonar, bronquite
crbnica, asma, infeccBes respiratdrias), doencas cardiovasculares (angina, infarto agudo do
miocardio, hipertensdo arterial) e acidente vascular cerebral (INSTITUTO NACIONAL DE
CANCER, 2018a). E importante ressaltar que os fumantes passivos, ou seja, aqueles expostos
a fumaca do cigarro de maneira involuntaria, também apresentam prejuizos a salde, podendo
desenvolver reacdes alérgicas, infarto agudo do miocéardio, cancer e doencas respiratorias
(INSTITUTO NACIONAL DO CANCER, 2018b).

O cigarro contétm mais de 7.000 compostos (WHO, 2019), sendo a nicotina
considerada o principal composto psicoativo capaz de causar dependéncia (RODGMAN;
PERFETTI; 2013). A manutencdo da dependéncia da nicotina esta associada a sensagdo de
prazer causada pelo seu consumo e aos efeitos adversos da abstinéncia que reforga o
comportamento de autoadministracdo (LEWIS; MILLER; LEA, 2007). A nicotina é um
importante poluente ambiental, capaz de se propagar para o solo e atmosfera (SELMAR et al.,
2018). Muitas evidéncias indicam que a nicotina é capaz de atuar como disruptor endocrino
em fases criticas do desenvolvimento, acarretando alteracBes epigenéticas que induzem
disfuncBes metabdlicas (MIRANDA; MOURA; LISBOA, 2020).

Sabe-se que aproximadamente 9% a 20% das mulheres relatam fumar durante a
gestacédo, sendo o cigarro a droga mais utilizada por gestantes (AL-SAHAB et al., 2010;
MEERNIK; GOLDSTEIN, 2015; NAPIERALA et al., 2016). O tabagismo materno esta
associado a desfechos fetais, obstétricos e de desenvolvimento adversos (ABRAHAM et al.,
2017; BERGMANN et al., 2008; JAKAB, 2010). Conhecendo os efeitos nocivos do cigarro
muitas mulheres pararam de fumar durante a gestacdo, mas retornam durante a lactacéo,
acreditando que o uso do cigarro nesse periodo ndo ira interferir na saude do seu filho
(GIBBS; COLLACO; MCGRATH-MORROW, 2016; HANNOVER et al., 2008). No
entanto, a nicotina é transferida pelo leite materno e é capaz de promover varios efeitos
adversos de curto e longo prazos (NAPIERALA et al., 2016; GIBBS; COLLACO;
MCGRATH-MORROW, 2016; OLIVEIRA et al., 2009, 2010a).
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Nesse sentido, para mimetizar o uso de cigarro durante a lactacdo pautando seus
efeitos exclusivamente sobre a nicotina, nosso laboratdrio desenvolveu o modelo animal de
programacdo pela exposicdo exclusiva a nicotina durante a lactacdo, para compreender como
a exposicao desse composto via leite materno, poderia afetar o padrao de “saiude e doenca” na
prole adulta. Neste modelo experimental, a exposi¢do exclusiva a nicotina ocorre através de
minibombas osmaticas do 2° ao 16° dia da lactagdo. As ratas lactantes sdo anestesiadas para
uma pequena incisdo no dorso (3x6 cm) para insercdo das minibombas osméticas que liberam
na corrente sanguinea 6mg/kg de nicotina por dia durante os 14 dias consecutivos. Esta dose
utilizada € equivalente a usada por fumantes pesados. Foi observado a presenca de cotinina, o
principal metabdlito da nicotina, no leite das ratas e no plasma dos filhotes expostos a
nicotina, comprovando a eficacia do modelo (OLIVEIRA et al., 2010a).

Os machos adultos programados pela exposicdo exclusiva da nicotina durante a
lactacdo apresentam aumento de peso e gordura corporal, hiperleptinemia (OLIVEIRA et al.,
2009; SANTOS-SILVA et al.,, 2011), menor sinalizacdo da leptina no hipotalamo
(OLIVEIRA et al., 2010b) hipotireoidismo secundario (OLIVEIRA et al., 2009; YOUNES-
RAPOSO et al., 2013; LISBOA et al., 2015), hipercorticosteronemia (PINHEIRO et al.,
2011), esteatose hepatica (BERTASSO et al., 2020a; CONCEICAO et al., 2015), preferéncia
por dieta rica em aclcar, menor acdo da dopamina, maior ansiedade (PINHEIRO et al.,
2015a) e inflamag&o hipotaldamica (YOUNES-RAPOSO et al., 2015a). O que é conhecido das
fémeas adultas deste modelo, é que sdo eutroficas, ndo apresentam alteracdo de leptina e
corticosterona plasmatica, apresentam menor leptina no tecido adiposo subcutaneo e maior
leptina no masculo (PINHEIRO et al., 2011), apresentam aumento de triglicerideo e colesterol
no plasma (BERTASSO et al., 2020a). A Figura 2 aponta os principais resultados do modelo
de programacédo pela exposi¢cdo exclusiva a nicotina durante a lactacdo na prole adulta de

ambos 0s sexos.



Figura 2 — Principais resultados do modelo de programacao pela
exposicdo exclusiva a nicotina durante a lactacéo
(prole adulta)

Minibomba osmotica:
liberag@o de nicotina

(6mg/kg/dia)

Legenda: Tecido adiposo branco (TAB); * dados ndo publicados.
Fonte: A autora, 2020.
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Modelo de programacao pela exposicdo direta e indireta da prole a fumaca de cigarro durante

a lactacéo

Como ja relatado anteriormente, muitas mulheres fumam durante a gestacdo e
lactacdo. Alguns estudos indicam que o uso de cigarro durante essas fases criticas do
desenvolvimento, pode comprometer o desenvolvimento da crianca a curto e longo prazo,
podendo aumentar o risco desses individuos se tornarem obesos e diabéticos quando adultos
(MONTGOMERY; EKBOM, 2002; OLIVEIRA et al.,2009; OKEN; LEVITAN; GILLMAN,
2008). Nesse sentindo, para melhor compreender os impactos do uso de cigarro apenas
durante o periodo da lactacdo, nosso laboratério desenvolveu o modelo animal de
programacdo pela exposicao direta e indireta da prole a fumaca de cigarro durante a lactacéo.

Neste modelo experimental, as mdes e filhotes sdo expostos a fumaca do cigarro do
dia 3° ao 21° dia da lactagdo. Os animais sdo alojados diariamente numa maquina de fumaca
por 4 periodos (1 h cada exposi¢do). Durante essa 1 h, a maquina queima de 5 a 6 cigarros de
pesquisa 3R4F, contendo 0,73 mg nicotina cada (SANTOS-SILVA et al., 2013). Esta dose
utilizada é equivalente a usada por fumantes moderados a pesados. Neste modelo também foi
observado a presenca de cotinina no leite das ratas e no plasma dos filhotes expostos a fumaca
do cigarro, comprovando a eficacia do modelo (SANTOS-SILVA et al., 2011).

Quando adultos, os animais de ambos os sexos foram programados para aumento de
ingestdo alimentar, peso e gordura corporal, triglicerideos, leptina plasmatica e do contetdo
de receptor de melanocortina do tipo 2 (MC2R) na adrenal (SANTOS-SILVA et al., 2013;
LISBOA et al., 2017; SOARES et al., 2018). Os machos apresentam também aumento de
glicemia, T3, T4 e TSH, redugdo de corticosterona e do conteudo de catecolamina adrenal
(SANTOS-SILVA et al., 2013), preferéncia por dieta rica em gordura, alteragdes no sistema
dopaminérgico (PINHEIRO et al., 2015), aumento do potencial lipogénico e do metabolismo
de vitamina D no figado (SOARES et al., 2018). Enquanto as fémeas apresentam aumento
plasmético de colesterol, T4 e corticosterona (LISBOA et al., 2017) e alteracdo no sistema
endocanabindide (SOARES et al., 2019). A Figura 3 resume 0s principais resultados do
modelo de programacdo pela exposicao direta e indireta da prole a fumaca do cigarro na prole

adulta de ambos os sexos.



Figura 3 — Principais resultados do modelo de programagéo pela exposicao direta e indireta da prole
a fumaca de cigarro (prole adulta)
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Fonte: A autora, 2020.
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Modelo de programacdo pelo desmame precoce (farmacolégico e ndo farmacolégico)

O aleitamento materno é a primeira pratica alimentar recomendada para a promocao
da saude e adequado desenvolvimento infantil, devendo ser complementado a partir dos 6
meses de vida até os 2 anos. A OMS, endossada pelo Ministério da Salde do Brasil,
recomenda o aleitamento materno exclusivo por seis meses e ressalta os beneficios para mée e
bebé (BRASIL, 2015; WHO 2020b). Para mées, os beneficios estdo relacionados ao menor
sangramento pos-parto, recuperacdo mais rapida, protecdo contra cancer de mama, além da
promocdo do vinculo afetivo entre mée e filho. Para o bebé, os beneficios apontados séo:
protecao contra infeccBes gastrointestinais e respiratorias, reducdo da mortalidade na infancia,
reducdo do risco de alergias e menor chances de desenvolver obesidade, além do leite ser um
alimento completo que apresenta todos nutrientes essenciais para 0 crescimento e 0
desenvolvimento saudavel (BRASIL, 2015; HORTA; VICTORA, 2013). Ainda nessa
perspectiva, o leite materno garante muito mais do que a nutri¢do da crianca, € um alimento
natural que gera vinculo, afeto, protecdo e nutricdo e constitui a mais sensivel, econémica e
eficaz ferramenta para redugéo da morbimortalidade infantil (BRASIL, 2015; WHO 2020b).

Apesar de grandes avancos nos indices de aleitamento materno exclusivo desde a
década de 80 (BOCCOLINI et al., 2017) e dos inimeros beneficios apontados, apenas cerca
de 36% das criancas sdo amamentadas dentro dessas recomendac¢des (WHO 2020b). Esses
dados mundiais sdo alarmantes e comprovam que a pratica da amamentacao exclusiva ainda é
muito pequena. No Brasil, a “epidemia do desmame” iniciou na década de 1970, devido ao
intenso processo de urbanizacdo, o aumento do nimero de mulheres que ingressavam no
mercado de trabalho e as incansaveis propagandas e publicidades para comercializacdo do
leite industrializado em todo o mundo (VENANCIO; SALDIVA; MONTEIRO, 2013). A Il
Pesquisa de Prevaléncia de Aleitamento Materno nas capitais brasileiras e no Distrito Federal,
que teve como objetivo verificar a situacdo da amamentacgéo e da alimentagdo complementar
no Brasil, no periodo de 1999 a 2008, revelou que apenas 41% das criangcas menores de 6
meses estavam em aleitamento materno exclusivo (BRASIL, 2009).

O desmame precoce, ou seja, a privacdo total ou parcial do leite materno antes que o
bebé complete seis meses de vida, ocasiona impactos negativos a curto e longo prazo, tais
como sobrepeso e obesidade, além de alteracGes no perfil lipidico, pressdo arterial, e DM2
(BRASIL, 2015, ODDY, 2012; ONIS et al., 2013). Levando em consideracéo estes fatos, sdo



26

necessarias mais a¢fes que promovam, incentivem e apoiem o aleitamento materno exclusivo
por seis meses (TAMASIA; SANCHES, 2016).

Estudos experimentais que utilizam o desmame precoce por privacdo materna
demonstram efeitos negativos sobre o metabolismo (aumento da lipogénese hepatica e menor
sensibilidade a insulina) (MELA et al., 2012; NAKAGAKI et al., 2018) e também sobre o
comportamento (aumento de corticosterona, ansiedade e agressividade) (KIKUSUI, 2005,
2006; KIKUSUI; TAKEUCHI; MORI, 2004). Nesse modelo experimental existe dois fatores
atuando: a restricdo de leite materno e restricdo do cuidado materno. Assim, os resultados
apresentados podem ser devido a respostas adaptativas as mudancgas nutricionais ou ao
estresse emocional da separacdo materna, bem como a associacdo desses dois fatores. Nesse
sentindo, o desenvolvimento de um modelo de desmame precoce sem a separacdo materna
ndo apresentara fator de confundimento, isolando apenas o efeito da interrup¢do do
aleitamento materno, se aproximando mais das condi¢cbes humanas que acarretam o desmame
precoce.

Considerando o cendrio de baixa adesdo de aleitamento materno exclusivo por seis
meses (cerca de 40%), 0 nosso laboratdrio desenvolveu dois modelos animais de programacao
pelo desmame precoce: farmacolégico e ndo farmacoldgico com o intuito de melhor
compreender 0s impactos negativos da interrupcdo do aleitamento materno exclusivo antes
dos seis meses sobre o desenvolvimento de distdrbios enddcrino-metabdlicos.

O modelo de desmame precoce farmacoldgico, o qual é realizado através do
tratamento materno com bromocriptina (BRO), um farmaco pertencente a classe dos agonistas
dos receptores dopaminérgicos do tipo 2, capaz de atravessar a barreira hematoencefalica e
agir nas células lactotroficas da adeno-hipofise inibindo a secrecdo de prolactina, bloqueando
a producdo de leite materno (LANDGRAF et al., 1977; FRIIS; PAULSON; HERTZ, 1979). O
tratamento com BRO foi realizado nas ratas lactantes nos 3 Gltimos dias que antecedem o
desmame habitual (21 dias) por injecOes intraperitoneais de 0.5 mg administradas 2 vezes ao
dia (BONOMO et al., 2005). E importante ressaltar que um dia de lactacdo para um rato é
equivalente a 8,6 dias em humanos, entdo o periodo de 21 dias de lactacdo nos ratos
corresponde os 6 meses de aleitamento exclusivo em humanos (QUINN, 2005). Assim,
comparativamente, o desmame em nosso modelo experimental ocorre cerca de 5 meses. Os
resultados anteriores demonstram que 0s animais desmamados precocemente, de ambos 0S
sexos quando adultos, apresentam aumento de gordura visceral (BONOMO et al., 2007, 2008;
PIETROBON; BERTASSO et al., 2019), hipertrofia dos adipécitos (PEIXOTO-SILVA et al.,
2014; PIETROBON; BERTASSO et al., 2019) e aumento de corticosterona sérica
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(MIRANDA et al, 2019; MOURA et al, 2009). Os machos apresentam ainda
hiperleptinemia, resisténcia a leptina, hipotireoidismo central, dislipidemia (BONOMO et al.,
2007; BONOMO et al., 2008; MOURA et al., 2009) e inflamacédo hipotalamica (YOUNES-
RAPOZO et al., 2015b).

O modelo experimental desmame precoce ndo farmacolégico (DP) consiste na criagdo
de uma barreira fisica para interromper a amamentacdo. Para esse procedimento as ratas
lactantes sdo levemente anestesiadas e cuidadosamente enfaixadas com bandagens adesivas,
de maneira que todas as tetas fiquem cobertas, privando os filhotes ao leite materno nos 3
ultimos dias da lactacdo. A partir desse periodo (18° dia de vida pds-natal), os filhotes passam
a comer racdo padrdo (LIMA et al., 2011). Os animais adultos de ambos 0s sexos
apresentaram aumento de gordura corporal, hipertrofia dos adipdcitos, hiperfagia e
hiperleptinemia (LIMA et al.; 2011; PIETROBON; BERTASSO et al., 2019). Os machos
apresentam ainda resisténcia central a leptina, disfuncéo da adrenal (LIMA et al., 2011; LIMA
et al., 2013), inflamac&o hipotalamica (YOUNES-RAPOZO et al., 2015b) e esteatose hepatica
(BERTASSO et al., 2020b; FRANCO et al., 2013). As Figuras 4 e 5 apontam 0s principais
resultados da programacdo pelo desmame precoce farmacoldgico e ndo farmacoldgico na

prole adulta de ambos 0s sexos.



Figura 4 — Principais resultados do modelo de programacao pelo
desmame precoce (farmacoldgico e ndo farmacoldgico)
nos animais adultos do sexo masculino
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Legenda: Neuropeptideo Y (NPY); Modelo de desmame precoce farmacolédgico
utilizando bromocriptina (BRO); Modelo de desmame precoce néo
farmacologico (DP).

Fonte:  Adaptada de SOUZA et al.,2020.
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Figura 5 — Principais resultados do modelo de programacdo pelo desmame precoce
(farmacoldgico e ndo farmacoldgico) nos animais adultos do sexo feminino

BRO Normofagia

Sobrepeso Normoleptinemia

3
f Bromocriptina T Cord s 1 . .
< ordura viscera T Corticosterona sérica

Hipertrofiado TAB 1 118HSD1 no TAB subcutaneo

1 FAS e PPARy no TAB l Estradiol

DE Hiperfagia

Sobrepeso Hiperleptinemia

T Gordura visceral . g
Normocorticosteronemia

Hipertrofia do TAB
{11BHSD1 no TAB subcutaneo

Legenda: Modelo de desmame precoce farmacoldgico utilizando bromocriptina (BRO); Modelo de
desmame precoce ndo farmacoldgico (DP); Tecido adiposo branco (TAB); Acido graxo sintase
(FAS); Receptores ativados por proliferador de peroxissoma gama (PPARy); 11B-
hidroxiesterdide desidrogenase tipo 1 (11pHSD1).

Nota: Esses resultados podem ser encontrados na lista de referéncias: BERTASSO et al., 2020b;
Miranda et al., 2019; PIETROBON; BERTASSO et al., 2019.

Fonte: A autora, 2020.

Termogénese

A termogénese € o processo de producdo de energia sobre forma de calor e é um
importante mediador do mecanismo de termorregulacdo da temperatura corporal em
mamiferos. Do ponto de vista fisioldgico, a termogénese pode ser dividida em duas
categorias: termogénese obrigatoria e termogénese facultativa ou adaptativa (BIANCO, 2009;
CANNON; NEDERGAARD, 2004; CHOUCHANI; KAZAK; SPIEGELMAN, 2019). A
termogénese obrigatoria € aquela associada a manutencao da taxa metabdlica basal, ou seja, €
a somatdria de todo o calor produzido no organismo em seu estado de vigilia e repouso, em
temperatura ambiente, em jejum (minimo 12 horas), capaz de manter funcGes como,
batimentos cardiacos, pressdo arterial e respiragdo (BIANCO, 2009; CANNON;
NEDERGAARD, 2004). A termogénese facultativa ou adaptativa, é todo calor produzido
além da taxa metabodlica basal resultante de estimulos diversos, tais como mudangas de
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temperatura, ingestdo alimentar e atividade fisica. Esse tipo de termogénese € subdivida em:
com tremor e sem tremor. A termogénese adaptativa com tremor é realizada pelos musculos,
onde a contracdo involuntaria das miofibrilas produz calor. J& a termogénese adaptativa sem
tremor, também conhecida como classica, refere-se a producdo de energia sobre forma de
calor que ocorre atraves do tecido adiposo marrom (TAM), um oOrgdo especializado e
essencial para esse tipo de termogénese (BIANCO, 2009; CANNON; NEDERGAARD, 2004;
CHOUCHANI; KAZAK; SPIEGELMAN, 2019).

O TAM, cuja principal funcdo é a termogénese, expressa altos niveis de UCP1, uma
proteina chave neste processo que aumenta a permeabilidade da membrana mitocondrial
interna, desviando prétons do ciclo oxidativo, levando a dissipacdo de energia por meio da
producdo de calor. A funcdo termogénica do TAM depende de muitos fatores diferentes,
como temperatura, ingestdo de alimentos, atividade fisica, status metabolico e acdo hormonal,
sendo sua capacidade termogénica é proporcional a quantidade de UCP1 (JUNG; SANCHEZ-
GURMACHES; GUERTIN, 2018; KALINOVICH et al., 2017). O TAM ¢ totalmente
inervado por fibras eferentes simpéticas que garantem o controle central da termogénese
principalmente via receptores B3-adrenérgicos (CONTRERAS et al., 2014; MORRISON;
MADDEN; TUPONE, 2014). Outros mecanismos estdo envolvidos nesse controle fino da
termogénese sem tremores e algumas moléculas sdo considerados importantes biomarcadores
da capacidade termogénica do TAM, tais como os hormdnios tiroidianos que sdo capazes de
aumentar atividade UCP1 e a resposta simpatica adrenérgica (MARTINEZ-SANCHEZ et al.,
2014), o receptor y ativado por proliferador coativador 1a (PGC-1a), que regula a biogénese
mitocondrial, o ciclo de Krebs e a beta-oxidacdo (FERNANDEZ-MARCOS; AUWERX,
2011), a carnitina palmitoil transferase 1 (CPT1a), que catalisa a transformacdo de acidos
graxos de cadeia longa em acilcarnitinas, etapa essencial para a captacdo mitocondrial de
acidos graxos de cadeia longa e sua subsequente beta-oxidacdo (BONNEFONT, 2004) e a
proteina quinase ativada por AMP (AMPK), que esta relacionada a integridade mitocondrial
e regulacédo da atividade UCP1 (DESJARDINS; STEINBERG, 2018).

Acreditava-se que o0 TAM era presente e ativo apenas em recém-nascidos, contudo
varios estudos vém demonstrando que humanos adultos apresentam TAM funcional
(CYPESS et al., 2009; LICHTENBELT et al., 2009; VIRTANEN et al., 2009). Essa
descoberta vem impulsionando pesquisas que buscam compreender o papel do TAM no
metabolismo. Estudos demonstraram que intensificacdo e / ou restauracdo da termogénese no
TAM representa um potencial mecanismo contra a obesidade e distrbios metabolicos

associados, podendo contribuir para o aumento do gasto energético, reducdo da massa
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corporal e melhora do status metabdlico (LUIJTEN et al., 2019; SAITO, 2013; SOLER-
VAZQUEZ et al., 2018).

Devido a sua importante funcdo termogénica, 0 TAM pode ser considerado um alvo
terapéutico potencial para melhorar as comorbidades associadas a obesidade. Na obesidade
ocorrem mudangas morfofuncionais no TAM (DENG et al.,, 2016; TRAYHURN, 2017).
Geralmente obesos apresentam a atividade reduzida da termogénese, prejudicando o gasto
energético e favorecendo a manutencdo da obesidade (ORAVA et al.,, 2013; SOLER-
VAZQUEZ et al., 2018; VIJGEN et al., 2012). Estudos em animais, relataram alteracio no
funcionamento e estrutura do TAM durante a progressao da obesidade, demonstrando que a
administragdo de uma dieta hiperlipidica é responsavel por alterar pardmetros moleculares do
TAM de maneira dependente do tempo (MCGREGOR et al., 2013), além de aumentar
também o processo inflamatorio e estresse oxidativo do tecido (ALCALA et al., 2017). Nessa
perspectiva, alguns estudos apontam que o transplante de TAM saudavel é capaz de melhorar
o funcionamento metabdlico de animais obesos (WHITE; DEWAL; STANFORD, 2019). No
modelo animal de obesidade induzida por dieta rica em gordura, o transplante de TAM foi
capaz de melhor tolerdncia a glicose, aumentar a sensibilidade a insulina, reduzir peso e
gordura corporal (SOLER-VAZQUEZ et al., 2018; STANFORD et al., 2013). Portanto, 0
TAM influencia no metabolismo, ndo apenas por sua capacidade termogénica inerente, mas
também pela sua capacidade de melhorar o metabolismo da glicose (WHITE; DEWAL,;
STANFORD, 2019). A medida que as taxas de obesidade crescem em toda populacio
mundial, o desenvolvimento de novas terapias e tratamentos para o combate e prevencdo da

obesidade tornam-se cada vez mais importantes.

Inflamagéo hipotalamica

Muitos anos de pesquisas revelaram que hipotadlamo é a principal regido do cérebro
envolvida na regulacdo da homeostase energética, em particular, o nicleo arqueado (ARC) do
hipotalamo medio basal (DATE et al., 1999; OBICI et al. 2002; SEONG et al., 2019). O
hipotalamo esta posicionado na base do cérebro, proximo a barreira hematoencefélica, local
perfeito para monitorar, processar e transmitir informacdes para os 6rgdos periféricos (KIM;
CHOE, 2019). A regulagdo do comportamento alimentar e gasto de energético ocorre por

meio de neurbnios presentes no ARC, chamados anorexigenos, que liberam neuropeptidios
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como pré-6piomelanocortina (POMC), horménio estimulador de melandcitos o (aMSH) e o
transcrito relacionado a cocaina e a anfetamina (CART), que reduzem a ingestdo alimentar e
aumentam o gasto de energético, sendo regulados positivamente pela leptina, e por meio de
neurdnios orexigenos que secretam neuropeptideos, tais como neuropeptideo Y (NPY) e
proteina relacionada a agouti (AgRP), que aumentam a ingestdo alimentar e reduzem o gasto
de energético, sendo regulados negativamente pela leptina (VALDEARCOS; XU;
KOLIWAD, 2015).

E conhecido que obesidade induz inflamacdo sisttmica de baixo grau
(HOTAMISLIGIL, 2006) e evidéncias emergentes mostram que 0 consumo exagerado de
gordura induz ativacdo de células ndo neuronais como astrdcitos e microglia para produzir
inflamacdo hipotalamica (FRITSCHE, 2015; GUPTA et al. 2012; VALDEARCOS et al.
2017). Thaler et al. 2012, utilizando um modelo animal, demonstraram que o consumo de
dieta rica em gordura por 1 a 3 dias é suficiente para induzir a inflamacéo hipotalamica sem
qualquer ganho de peso visivel (THALER et al., 2012). Assim, o comprometimento da
atividade hipotalamica é capaz de alterar circuitos hormonais e neuronais que regulam a
homeostase energética, causando obesidade e comorbidades subsequentes (VALDEARCOS;
XU; KOLIWAD, 2015).

O processo de inflamacdo no hipotalamo ocorre em duas fases. Uma fase inicial
momentanea, em resposta ao insulto de uma refeicdo hiperlipidica com intuito de limitar ou
reparar a lesdo neuronal, e uma fase secundaria, devido a exposicdo cronica a dieta
hiperlipidica, onde cascatas inflamatdrias levam & ativacdo de mecanismos de estresse celular,
que comprometem a sinalizacdo local da insulina e leptina prejudicado a homeostase
energética (JAIS; BRUNING, 2017). Portanto, a inflamagéo hipotalamica induzida por dieta
hiperlipidica precede o inicio da manifestacdo obesidade e ocorre muito antes da inflamacéo
ou disturbios metabolicos nos tecidos periféricos (VALDEARCOS; XU; KOLIWAD, 2015;
VELLOSO; ARAUJO; SOUZA, 2008).

Como ja relatado, a inflamacdo hipotalamica ocorre rapidamente (dentro de 24h) em
resposta a uma refeicdo hiperlipidica (WAISE et al., 2015), no entanto a recuperacdo da
fungéo do hipotalamo é lenta. Um estudo demostrou que, mesmo apds 8 semanas de consumo
de racdo padrdo e perda de peso, a inflamacéo hipotalamica em resposta a dieta hiperlipidica
ainda era evidente (WANG et al., 2012). Evidéncias recentes deixam claro que o consumo
agudo a cronico de dieta rica em gordura causam inflamagao hipotalamica via producéo de
citocinas proé-inflamatorias em astrocitos e microglia contribuindo para a patogénese da
obesidade (SAMODIEN et al., 2019; SEONG et al., 2019). Dessa forma, impedir ou restaurar
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0 processo de inflamacdo no hipotadlamo pode ser alvo para o desenvolvimento de novas
terapias de tratamento para obesidade.
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1 JUSTIFICATIVA

A obesidade é um dos maiores problemas de salde publica, cujo avango tem se dado
de forma acelerada em todo o mundo nos dltimos anos (CARNEIRO et al., 2016; WHO,
2020a). Diversos estudos apontam o0s potenciais mecanismos envolvidos para explicar a
patogénese da obesidade. Um dos mecanismos moleculares propostos é o papel da epigenética
sobre o desenvolvimento da obesidade e suas complicaces metabdlicas (GADDE et al.,
2018; ROHDE et al., 2019). Nesse sentindo, o padrao de satde ou doenca na vida adulta esta
relacionado a alteracdes (ambiental e nutricional) que ocorrem durante periodos de grande
plasticidade, como gestacdo e lactacdo, podendo induzir mudancas epigenéticas permanentes.
Diferentes insultos estdo envolvidos na programacao, aqui destacamos o tabagismo materno
(MIRANDA; MOURA,; LISBOA, 2020) e o desmame precoce (SOUZA; MOURA; LISBOA,
2020) gue ocasionam o desenvolvimento de obesidade e alteracdes endocrino-metabdlicos na
prole adulta.

Na obesidade ocorrem diversas mudancas no TAM em resposta altera¢cdes metaboélicas
presentes nessa condicdo (DENG et al.,, 2016; TRAYHURN, 2017). Individuos obesos
apresentam menor atividade termogénica, prejudicando o gasto energético e favorecendo a
manutencio da obesidade (ORAVA et al., 2013; SOLER-VAZQUEZ et al., 2018; VIJGEN et
al., 2012). Nesse sentido, estudos demonstraram que intensificacdo e / ou restauracdo da
termogénese no TAM representa um potencial mecanismo contra a obesidade e distdrbios
metabdlicos associados, podendo contribuir para 0 aumento do gasto energético, reducdo da
massa corporal e melhora do status metabo6lico (LUNTEN et al., 2019; SAITO, 2013;
SOLER-VAZQUEZ et al., 2018). Somado a isto, evidéncias mostram também que 0 consumo
exagerado de gordura induz a ativacdo de células ndo neuronais como astrdcitos e microglia
para produzir inflamacdo hipotaldamica (FRITSCHE, 2015; GUPTA et al. 2012,
VALDEARCOS et al. 2017) e que o comprometimento da atividade hipotalamica é capaz de
alterar circuitos hormonais e neuronais que regulam a homeostase energética, causando
obesidade e suas comorbidades (VALDEARCOS; XU; KOLIWAD, 2015).

Tendo em vista 0 alto nimero de individuos com sobrepeso e obesidade, ha uma
necessidade clara de compreender melhor 0s mecanismos envolvidos na génese e
fisiopatologia da obesidade. Considerando que 0s modelos de programacéo escolhidos para o
presente estudo apresentam um fenotipo de obesidade, alteragcbes hormonais, alteracdo no

padrdo alimentar e afetam funcionamento de oOrgdos importantes, como figado (SOUZA,
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MOURA,; LISBOA, 2020; MIRANDA; MOURA; LISBOA, 2020), existe uma lacuna no que
diz respeito ao TAM e inflamacdo hipotalamica nesses modelos experimentais, Orgaos
importantes para regulacdo da homeostase energética, com potencial terapéutico para a
prevencdo da obesidade. Portanto consideramos relevante investigar o TAM, érgdo endocrino
ativo em adultos capaz de modular o gasto energético através da termogénese, e o hipotdlamo
por ser um local de regulagdo de gasto energético e ingestdo alimentar, onde alteracfes nessa
circuitaria se associam a distarbios metabdlicos, como resisténcia a leptina e insulina.

Para isso, levantamos as seguintes perguntas experimentais:

a) a exemplo do observado com a nicotina isolada, a exposicdo a fumaca de
cigarro durante o periodo de amamentacdo € capaz de comprometer a
funcéo do hipotalamo na vida adulta, nos animais machos e fémeas;

b) a exposi¢do neonatal a fumaca de cigarro é capaz de influenciar a funcdo do
TAM, justificando a maior adiposidade, nos animais machos e fémeas;

C) a exposicao precoce a nicotina isolada é capaz de influenciar a funcéo do
TAM e do TAB nas proles de ambos 0s sexos;

d) o desmame precoce € capaz de influenciar a fungdo do TAM, justificando a

maior adiposidade nos animais machos e fémeas quando adultos.
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2 OBJETIVO

2.1 Objetivo geral

Investigar a capacidade termogénica do TAM, inflamacao hipotalamica e expressao de
neuropeptidios reguladores do apetite em modelos de programacao para obesidade, a saber:

tabagismo materno durante a amamentacao e do desmame precoce.

2.1 Objetivos especificos

Avaliar os efeitos da exposicdo exclusiva a nicotina durante a lactacdo sobre os

descendentes machos e fémeas aos 120 e 180 dias de vida sobre:

a) peso corporal, peso do TAM e do TAB, e leptina plasmatica;

b) atividade do sistema nervoso simpéatico em TAM e TAB;

c) citoarquitetura do TAM e TAB, caracterizando o contetdo de goticulas
lipidicas no TAM e &rea de adipdcitos;

d) contetdo proteico de biomarcadores do TAM relacionados a capacidade
termogénica (UCPI1, receptor B3-adrenérgico, receptores de hormonios
tireoidianos, PGCla, CPT1a, AMPK e pAMPK);

e) conteddo proteico de biomarcadores do TAB relacionados a lipogénese
(ACC e FAS) e adipogénese (PPARy, CEBPp).

Avaliar os efeitos da exposicao direta e indireta da prole a fumaca de cigarro durante a

lactacdo sobre os descendentes machos e fémeas aos 180 dias de vida sobre:

a) peso e gordura corporal, peso do TAM, ingestdo alimentar e hormdnios
sexuais;
b) atividade do sistema nervoso simpatico no TAM,;

c) citoarquitetura do TAM, caracterizando o contetdo de goticulas lipidicas;
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9)

h)

37

contetdo proteico de biomarcadores do TAM relacionados a capacidade
termogénica (UCP1, receptor B3-adrenérgico, receptores de hormoénios
tireoidianos, PGCla e CPT1a).

expressao de reguladores hipotalamicos da termogénese no TAM (AMPK,
pAMPK, POMC e MC4R);

via da leptina no hipotalamo total;

expressao de neuropeptidios hipotalamicos reguladores da homeostase
energética;

inflamac&o hipotalamica, através de marcadores de astrocitos e microglia.

Avaliar os efeitos do desmame precoce farmacoldgico e ndo farmacologico sobre 0s

descendentes machos e fémeas aos 180 dias de vida sobre:

a)
b)
c)
d)

peso e gordura corporal e peso do TAM.

atividade do sistema nervoso simpatico no TAM.

citoarquitetura do TAM, caracterizando o contetdo de goticulas lipidicas.
conteido proteico de biomarcadores do TAM relacionados a capacidade
termogénica (UCP1, receptor B3-adrenérgico, receptores de hormoénios
tireoidianos, PGCla, CPT1a, AMPK e pAMPK).

expressao de reguladores hipotalamicos da termogénese no TAM (AMPK,
pAMPK e MC4R).
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3 MATERIAIS E METODOS, RESULTADOS E DISCUSSAO

2 (13

Os subitens “materiais e métodos”, “resultados” e “discussdao” serdo apresentados sob a

forma de quatro (4) artigos originais ja publicados, conforme informados a seguir:

3.1 Artigo 1: Neonatal Tobacco Smoke Reduces Thermogenesis Capacity in Brown

Adipose Tissue in Adult Rats (artigo publicado)

T C Peixoto, E G Moura, E Oliveira, V Younes-Rapozo, P N Soares,V S T Rodrigues, T R
Santos, N Peixoto-Silva, J C Carvalho, C Calvino, E P S Concei¢do, D S Guarda, S Claudio-
Neto, A C Manhaes, P C Lisboa
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Neonatal tobacco smoke reduces thermogenesis
capacity in brown adipose tissue in adult rats

T.C. Peixoto’, E.G. Moura’, E. Oliveira’, V. Younes-Rapozo', PN. Soares’, V.S.T. Rodrigues’,
T.R. Santos’, N. Peixoto-Silva’, J.C. Carvalho', C. Calvino', E.P.S. Conceicao’, D.S. Guarda’,
S. Claudio-Neto?, A.C. Manh&es? and P.C. Lisboa'

"Laboratério de Fisiologia Endécrina, Instituto de Biologia, Universidade do Estado do Rio de Janeiro, Rio de Janeiro, RJ, Brasil
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Abstract

Maternal smoking is a risk factor for progeny obesity. We have previously shown, in a rat model of neonatal tobacco smoke
exposure, a mild increase in food intake and a considerable increase in visceral adiposity in the adult offspring. Males also had
secondary hyperthyroidism, while females had only higher T4. Since brown adipose tissue (BAT) hypofunction is related to
obesity, here we tested the hypothesis that higher levels of thyroid hormones are not functional in BAT, suggesting a lower
metabolic rate. We evaluated autonomic nerve activity in BAT and its function in adult rats that were exposed to tobacco smoke
during lactation. At birth, litters were adjusted to 3 male and 3 female pups/litter. From postnatal day (PND) 3 to 21, Wistar
lactating rats and their pups were divided into SE group, smoke-exposed in a cigarette smoking machine (4 times/day) and
C group, exposed to filtered air. Offspring were sacrificed at PND180. Adult SE rats of both genders had lower interscapular BAT
autonomic nervous system activity, with higher BAT mass but no change in morphology. BAT UCP1 and CPT1a protein levels
were decreased in the SE groups of both genders. Male SE rats had lower B3-AR, TRx1, and TRB1 expression while females
showed lower PGC1x expression. BAT Dio2 mRNA and hypothalamic POMC and MC4R levels were similar between groups.
Hypothalamic pAMPK level was higher in SE males and lower in SE females. Thus, neonatal cigarette smoke exposure induces

lower BAT thermogenic capacity, which can be obesogenic at adulthood.

Key words: Tobacco smoke; Suckling period; Developmental plasticity, Obesity; Autonomic function

Introduction

The “developmental origins of health and disease”
(DOHaD) concept relates the influence of disturbances
during a critical window of development on the induction of
permanent changes that determine a pattem of health or
disease later in life (1). Evidence indicates that environ-
mental and nufritional changes during periods of great
plasticity (intrauterine life and/or lactation) induce meta-
bolic disorders, for instance obesity, in the offspring. This
phenomenon is known as metabolic programming or devel-
opmental plasticity (2,3).

Exposure to cigarette smoke during gestation and
lactation can lead to developmental plasticity (4). Epide-
miological data showed that matemal smoking is a risk
factor for obesity in the progeny (5). Nicotine, the main
psychoactive compound of the cigarette smoke, acts as
an “endocrine disruptor” during suckling, promoting epige-
netic changes that result in altered metabolic pattems at
adulthood (6). Our research group has been studying the
effect of tobacco smoke exposure exclusively during
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lactation and we have demonstrated that this insult can
cause obesity development and endocrine disorders in
the adult offspring (7,8). In this model, adult offspring
have higher total body fat and visceral fat despite a mild
hyperphagia, suggesting that they are hypometabolic.
Surprisingly, males show secondary hyperthyroidism
(higher TSH, T4, and T3) and increased adrenal catechol-
amines content (7), which apparently suggest a hypemeta-
bolic status, whereas females show only higher serum T4
without presenting changes regarding catecholamines (9).
All these changes are capable of altering the brown adipose
tissue (BAT) thermogenesis (10).

BAT hypofunction is related to obesity since it regulates
body temperature and energy expenditure. This type of
adipocyte has a large number of mitochondria rich in
uncoupling protein 1 (UCP1) (11). UCP1 is capable of
decoupling the mechanism of oxidative phosphorylation
from the respiratory chain, producing heat and thereby
increasing thermogenesis (12). Non-shivering thermogenesis
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Postnatal smoke exposure affects BAT at adulthood

is regulated mainly by sympathetic nervous system and
thyroid hormones (TH). Thus, beta 3-adrenergic receptor (j3-
AR) (13) and the TH receptors TRp1 and TRx1 (14) are
considered BAT biomarkers. Type 2 iodothyronine deiodinase
(Dio2) is responsible for local T4 to T3 conversion and is
regulated by adrenergic stimulation (15). Other mediators act
increasing or decreasing thermogenesis, such as the peroxi-
some proliferator-activated receptor-coactivator (PGC1x) that
regulates the mitochondrial biogenesis and respiratory func-
tion (16), and the camitine palmitoyliransferase 1A (CPT1a),
which controls the fatty acid oxidation (17). Recently, Fan
et al. showed, in a model of matemal prenatal and lactation
nicotine exposure, morphological changes in the BAT, such
as lower number of mitochondria and a whitening phenotype
associated with lower expression of PGC-1a and UCP1, char
acterizing BAT hypofunction in the adult male rat offspring (18).

Energy balance also involves a complex network of
central nervous system communication with peripheral
tissues. The hypothalamus participates in the control of
food intake and energy expenditure, regulating BAT
thermogenesis (19). An important region in this control
is the ventromedial nucleus of the hypothalamus (VMH),
whose actions are mediated via the AMP-activated protein
kinase (AMPK), which decreases the thermogenesis (20).
The AMPK-mediated thermogenesis is mainly inhibited by
thyroid hormones of the VMH (21). Another central regulator
of BAT themrmogenesis is the melanocortin system, which
has neural projections stimulating the sympathetic nervous
activity of BAT, improving thermogenesis (22). The alpha-
melanocyte-stimulating hormone (2-MSH) produced in the
arcuate nucleus (ARC) is derived from the reparaventricular
nucleus (PVN).

As mentioned, we have characterized a gender dimor-
phism in thyroid and adrenal function of rats programmed by
neonatal tobacco smoke exposure (7-9). Although males
have higher TH and females have higher T4, they may
have TH resistance in BAT. We hypothesized that the
exposure to cigarette smoke during lactation can induce
BAT hypofunction at adulthood, promoting fat accumula-
tion in both genders. Thus, we investigated the long-term
repercussions of tobacco smoke exposure during lactation
on: 1) BAT sympathetic nerve activity, 2) BAT morphology,
3) BAT biomarkers of catecholamine and TH sensitivity
(UCP1, B3-AR, TRa1, TRp1, and Dio2), mitochondrial
biogenesis (PGC1x) and fatty acid oxidation (CPT1a),
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and 4) hypothalamic regulators of BAT thermogenesis
(AMPK, POMC, and MC4R).

Material and Methods

The Animal Care and Use Committee of the Biology
Institute of the Universidade Estadual do Rio de Janeiro
approved our experimental design (CEUA/019/2014).
In accordance with the Brazilian Law No. 11.794/2008,
experiments were done to minimize the number of rats
and the suffering caused by the experimental procedures,
following the ethical guideline of the three “Rs™ - reduction,
refinement, and replacement.

Model of direct tobacco smoke exposure during
lactation

Wistar rats were housed under controlled temperature
(23 £ 1°C), photoperiod of 12 h (light/dark cycle), and free
access to water and food. For mating, twenty adult female
rats (200-225 g) were placed with ten adult male rats
(300-325 g) for 5 days. After this, sixteen pregnant rats
were housed in individual cages until delivery. After birth,
which was considered as the first postnatal day (PND1),
all litters were adjusted to 6 pups for each dam (3 females
and 3 males). As depicted in Figure 1, three days after
birth, lactating dams and their offspring were randomly
divided into two groups: smoke-exposed (SE, n=8) and
control (C, n=8).

The SE group was directly exposed throughout lacta-
tion (until PND21) to tobacco smoke in a cigarette-smoking
machine (TE-10, Teague Enterprises, USA), 4 times per
day (1 h each exposure), as previously reported (7,8).
This machine generated tobacco smoke from type 3R4F
research cigarettes (nicotine=0.73 mg/cigarette; Refer-
ence Cigarette Program, University of Kentucky, USA).
The levels of the main nicotine metabolite, cotinine, have
previously been measured in the dams’ serum and milk
as well as in the offsprings’ serum in our model (7,8) and
represent the cotinine levels detected in heavy smokers
(23). The C group was exposed for the same period to
ambient air in a chamber similar to the one used for the
SE-group exposure.

Weaning occurred at PND21 and then male and
female pups were kept in different boxes (3 males and
3 females) until PND180. From PND21 to PND180

Figure 1. Experimental timeline. PND: postnatal

Lact‘sriun ! i
! Euthanasia. day; BAT: brown adipose tissue.
Birth Weaning adult offspring
tissue removal
\J Y A \
PNDI PND3 PND21 PNDISS

Litter size adjustment:
6 rat pups per rat dam
3 males

2 females | R e P

Exposure 1o cigarette smoke in
a “Smoking Machine™:
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(euthanasia day), food intake and body mass were eval-
uated every 4 days. The estrous cycle was analyzed after
PND150. Females were euthanized durng diestrous.
SE and C females had regular 4- to 5-day estrous cycles,
indicating that the programming by tobacco smoke expo-
sure does not affect the reproductive cycle (9).

Autonomic nervous system (ANS) activity on
interscapular brown adipose tissue (iBAT)

At PND180, one animal from each litter per group
(C and SE) was fasted for 12 h and then anesthetized
(ketamine 70 mg/kg and xylazine 7 mg/kg) for in vivo
autonomic nerve electrical activity assessment as pre-
viously described (24). Interscapular BAT sympathetic
nerve aclivity (SMNA) from the left interscapular nerve was
exposed under a dissection microscope. The branches
were placed on a pair of hook platinum electrodes con-
nected to an electronic device (Bio-Amplificator, Insight™,
Brazil) to record the electrical signals. In order to avoid
dehydration, the nerve was covered with mineral oil. Nerve
activity was amplified (10,000x) and filtered (cut-off:
60 kHz). Results were analyzed using the PowerlLab
data acquisition system (8SP; AD Instruments, Australia).
All nerve activity recordings were carried out inside
a Faraday cage to avoid electromagnetic interference.
Animals were kept under a warming light. After 10 min
of stabilization, the average number of spikes per 10 s
intervals during a 10-min period was calculated (24).
The background noise level was determined in a nerve
segment.

Euthanasia and tissue collection

After the measurement of iIBAT ANS activity, rats were
euthanized by cardiac puncture. The gonadal fat mass
was collected and weighed, representing the visceral fat
deposit BAT was dissected, weighed, and prepared for
morphological studies or molecular measurement (kept
at —80°C). The whole brain was removed and stored
at —80°C until dissection of the nuclei of interest.

BAT morphological analysis

BAT samples were fixed in formalin (freshly prepared
in 1.27 M formaldehyde, 0.1 M phos phate-buffered saline,
pH 7.2) and embedded in Paraplast Plus (Sigma-Aldrich,
USA) for non-serial 5-um thick sections. These sections
were placed onto glass slides for hematoxylin/eosin stain-
ing and digital images were acquired randomly (TIFF
format, 36-bit color, 1,360 1,024 pixels) using an
Olympus DP71 camera and an Olympus BX40 epi-
fluorescence microscope (Olympus, Japan). At least
10 photomicrographs per animal were randomly meas-
ured with the software Image-Pro Plus 5.0 (Media
Cybemetics, USA). Pholomicrographs were used for selec-
tion of fat droplets. The digital images of the droplets were
analyzed and their areas calculated; the resulting data are
shown in a histogram.

Braz J Med Biol Res | doi: 10.1580/1414-4 3120186982
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Isolation of the hypothalamic nuclei

We used a cryostat (Hyrax C52, Zeiss, Germany) to
obtain the coronal sedions of the brain. The ARC (Bregma
—1.6 to —2.6 mm), P¥N (Bregma —-1.8 to —2.1 mm), and VMH
(Bregma —1.8 to 3.2 mm) were isolated in accordance
with the coordinates described in the Paxinos and Watson
stereotaxic atlas (25). The samples were frozen (at —80°C)
for westem blotting.

Western blotting analysis

Protein content in the iBAT, PVN, and VMH was
evaluated by western blotting. Briefly, BAT, PVN, and VMH
were homogenized in RIPA buffer [50 mM Tris-HCI; pH
7.4, 1% NP-40, 150 mM NacCl, 1 mM EDTA, 1 mM PMSF,
1 mM NasVO,4, 1 mM NaF] and protease inhibitor cocktail
(F. Hoffmann, La Roche Ltd., Switzerland). BAT was
sonicated (three pulses of 5 s with 40% amplitude,
intercalated by 15 s off). The homogenates were cenfri-
fuged three times (18,506 g, 4°C, 5 min) and the
intermediate phase of the supernatant was collected
after each centrifugation. At the end of the third centrifuga-
tion, the supematant collected was adjusted to the final
volume of 700 pl with RIPA buffer. The PVYN and VMH
were sonicated (two pulses of 10 s with 40% amplitude,
intercalated by 15 s off). Protein concentration in the
supernatants was detemmined using the Pierce BCA Protein
Assay Kit (Thermo Scientific, USA). Then, homogenates
were analyzed by SDS-PAGE using 30 mg total protein for
BAT and 10 mg total protein for PVN. Both samples were
transferred onto PVDF membranes (Hybond ECL; Amer-
sham Phamacia Biotech, UK). Membranes were incubated
with Tris-buffered saline (TBS) containing 5% albumin for
45 min. Subsequently, the membranes were washed with
TBS then incubated with specific primary antibodies:
anti-UCP1 (1:500, Sigma-Aldrich, USA), anti-TR[1, anti-
TRx1 (1:500, Abcam, UK), anti-p3-AR (1:500, Santa
Cruz Biotechnology, Inc., USA), anti-PGC1a, and CPT1a
(1:1000, Santa Cruz Biotechnology, Inc.) overnight at
4°C. The same procedure was performed with the PVN
and VMH membranes, which where incubated with anti-
MC4R (1:500, Abcam) and anti-AMPK = or anti-phospho-
AMPKax (1:500, Cell Signaling Technology, Inc., USA),
respectively. The primary antibody anti-p —actin was
used as internal control for each membrane (1:500,
Sigma-Aldrich). Membranes were washed three times
with Tween-TBS (0.1%) and then incubated for 1 h with
the appropriate concentration of the secondary antibody
(1:1000, 1:7000 or 1:1000) conjugated with biotin (anti-
rabbit, anti-mouse or anti-goat Sigma-Aldrich) at room
temperature. Then, the membranes were washed again
three times with Tween-TBS (0.1%), which was followed
by the incubation with streptavidin-conjugated horse-
radish peroxidase (Caltag Laboratories, USA). Protein
bands were visualized by chemiluminescence (Kit ECL
plus, Amersham Biosciences, UK) followed by exposure
to ImageQuant LAS (GE Healthcare, UK). The area and
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density of the bands were quantified by Image J software
(Wayne Rasband National Institute of Health, USA) and
nommalized against the bands obtained for B-actin. Results
are reported as the relative percentage (%) of the control
group (C).

Reverse transcription polymerase chain reaction
(RT-PCR) analysis

Tissues were previously stored in RNAlater (Qiagen,
USA) at —80°C to avoid RNA degradation. Total RNA was
extracted from the iBAT, under RNAse-free conditions,
using the RNeasy®™ Lipid Tissue Mini Kit (Qiagen) in
accordance with manufacturer’'s recommendations. The
quantity and the quality of the RNA samples were evaluated
using the NanoVue TMPlus Spectrophotometer (GE Health-
care, England). Then, each RNA sample was diluted to
obtain the final concentration of 1 ug/uL. Before the cDNA
construction, RNA samples were treated with DNAse
(RQ1 RNase-Free DNase- Promega, USA). The cDNA
was constructed from the total RNA using the Moloney
Murine Leukemia Virus Reverse Transcriptase (M-MLV RT)
for RT-PCR and Oligo (dT) 15 Primer (Promega). The
mRNA expression was analyzed by real-time RT-PCR
camied out in friplicate for each sample using an Applied
Biosystems 7500 Real-Time PCR System (Applied Bio-
Systems, USA). In order to ensure no amplification of
genomic DNA, we performed a minus RT reaction (RT-) in
all real-time PCR assays and no amplification product (Cq
value) was detected in any of the RT-control reactions. The
mRNA level of Dio2 (Assay ID: Rn00581867_m1) expres-
sion was evaluated using TagMan™ Fast Universal PCR 11
Master Mix (2X) AmpErase™ UNG (Catalog #4324018;
Applied Biosystems™, USA) according to the recommen-
dations of the manufacturer. The co-amplification of B-actin
gene (Assay ID: Rn00667869 m1) was performed as an
intemal control in all samples. This gene has been chosen
as the reference gene since there were no statistical dif-
ference between the Cq mean of the control group and the
smoke group. Assays were performed in triplicate and the
results were analyzed using the AACT method.

Immunohistochemistry

We used one male and one female per litter of both
groups, (n=7/group) for immunohistochemistry analysis.
They were anesthetized with 70 mg/kg body weight
ketamine and 7 mg/kg body weight xylazine and intracar-
dially perfused with 0.9% saline, followed by 4% parafor-
maldehyde (in phosphate buffer, pH 7.4), and then by the
same fixative plus 10% sucrose. After dissection, brains
were immersed in phosphate buffer containing 20%
sucrose overnight at 4°C for cryoprotection. Specimens
were then frozen and coronally sectioned in 20 pm
sections in a cryotome at —20°C (Hyrax C52, Zeiss) in
Tissue-Tek O.C.T. compound (Sakura). Sections con-
taining the hypothalamus, specifically the ARC region
(Bregma —1.6 to —2.6 mm), according to Paxinos and
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In the present study, we have demonstrated that
exposure to cigarette smoke exclusively during lactation
was capable of causing BAT hypofunction in the adult off-
spring of both genders, reducing autonomic nerve activity
and important markers related to thermogenesis. Since
SE males had higher serum thyroid hormones (TH) (7-9),
they are probably not functional in BAT. Thus, we suggest
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Watson (25), were collected in gelatinized slides and
stored at —20°C. To perform the immunohistochemistry,
slides were treated with 0.3% PBS-Triton X-100 followed by
a blocking solution (5% bovine serum albumin from Sigma)
for 1 h at room temperature. We proceeded with incubation
with anti-POMC antibody (from Santa Cruz, produced in
rabbit, diluted in 1% bovine serum albumin, 1:100) over-
night at 4°C. Immunoreaction was visualized by the second-
ary antibody anti-rabbit conjugated with ALEXA FLUOR
488 (produced in donkey, diluted 1:400; Invitrogen, USA)
for 1 h at room temperature. After rinses with PBS, slides
were mounted in ProLong Gold antifading reagent with
40,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Molecu-
lar Probes, USA). Omission of the primary antibodies with
inclusion of the secondary antibody was also performed
for the negative control procedure. Images were captured
using an epifluorescence microscope (BX-40; Olympus,
Japan). For the quantification of POMC, positive cells were
counted in the captured images for both male and female
analysis (four slices counterstained with DAPI per nucleus
per animal).

Statistical analysis

Data were analyzed with the statistical program
GraphPad Prism 5.0 for Windows (GraphPad Software,
USA) and reported as means £ SE. First, each variable
was analyzed by two-way ANOVA, with group (C vs SE)
and gender (males vs females) as between-subject factors.
If the initial analysis indicated both group and gender effects
or interaction between these factors, then data were
re-examined by one-way ANOVA followed by Newman-
Keuls post-hoc test. On the other hand, if the initial anal-
ysis indicated only a group effect, data were analyzed
using Student’s unpaired ttests, evaluating separately
the developmental plasticity effects in males and females.
Differences were considered significant at P < 0.05 (Table 1).

Results

Biometric parameters

As shown in Table 2, both genders of the SE group
presented higher food intake during development com-
pared to the respective controls (males: +7%; females:
+ 6%, P<0.05), but only SE females had increased
body mass at PND180 (+9% vs C, P<0.05). Regarding
fat deposit, a group effect was observed (F; 35=8.76). The
SE group showed higher gonadal fat mass (+41% vs
C males; +55% vs C females, P<0.05). The iBAT mass
also showed group (F; 34=12.18) and gender (F; 3,=13.33)
effects. The SE group had higher iBAT mass (+51% vs
C males, +31% vs C females, P<0.05; +53% vs SE
females, P <0.05).

BAT SNA
An interaction was observed between group and
gender (F, 20=4.46). Both genders showed group effects

iBAT function, causing whitening, reduction of functional
mitochondria, and reduction in UCP1, PGC1a, CPT1a, and
in other thermogenic-related markers. Here, male and
female SE animals also showed reduced thermogenic
biomarkers levels. Thus, although tobacco smoke contains
thousands of substances, it is possible that nicotine
plays the most important role in this programming effect.
Fan et al. (18) found marked morphological changes that
are possibly explained by the wider window of exposure,
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Table 1. Long-term effects of neonatal cigarette smoke exposure on all analyzed parameters in 180 postnatal day offspring.

Parameters

Group effect

Gender effect

Interaction

Gonadal fat mass (g)
iBAT SNA

Lipid droplets (% area)
UCP1 content

B3-AR content

TRx1 content

TRB1 content

PGC1a content
CPT1a content

Dio2 mRNA expression
POMC (cell count)
MC4R level

AMPK content

Yes (F = 8.76, P = 0.005)
Yes (F = 10.14, P = 0.004)
No (F = 0, P = 0.987)
Yes (F = 12.47, P = 0.001)
Yes (F = 5.99, P = 0.022)
Yes (F = 4.91, P = 0.039)
Yes (F = 5.19, P = 0.034)
Yes (F = 7.1, P = 0.013)
Yes (F = 15.49, P = 0.0006)
No (F = 0, P = 0.980)
Yes (F = 0, P = 0.984)

No (F = 0,61, P = 0.442)
No (F = 0.03, P = 0.863)

No (F = 2.61, P = 0.114)
Yes (F = 11.91, P = 0.002)
Yes (F = 9.9, P = 0.005)
No (F = 0.52, P = 0.478)
No (F = 0.75, P = 0.397)
No (F = 0.80, P = 0.381)
No (F = 1.36, P = 0.258)
No (F = 0.35, P = 0.558)
No (F = 1.78, P = 0.194)
No (F = 0, P = 0.961)

Yes (F = 37.12, P <0.0001)
No (F = 1.05, P = 0.316)
Yes (F = 8.22, P = 0.007)

No (F = 0.57, P = 0.454)
Yes (F = 4.46, P = 0.047)
No (F = 0.14, P = 0.716)
No (F = 0.14, P = 0.478)
No (F = 0.75, P = 0.397)
No (F = 0.54, P = 0.470)
No (F = 0.06, P = 0.816)
No (F = 0.35, P = 0.558)
No (F = 1.78, P = 0.194)
No (F = 0.26, P = 0.615)
No (F = 1.15, P = 0.317)
No (F = 1.05, P = 0.316)
Yes (F = 8.22, P = 0.007)

pAMPK content Yes (F = 463, P = 0.041)

Yes (F = 14.97, P = 0.0007) Yes (F = 14.97, P = 0.0007)

Total food intake represents the sum of the total food intake between postnatal day 21 and 180. Data are reported as means + SE, n=8/
group. Comparisons were done with the confrol group using ANOVA. iBAT: interscapular brown adipose tissue; SNA: sympathetic
nerve activity; UCP1: uncoupling protein 1; f3-AR: beta 3-adrenergic receptor; TRx1 and TRB1: TH receptors; PGC1x: peroxisome
proliferator-activated receptor-coactivator; CPT1a: carnitine palmitoyltransferase; Dio2: type 2 iodothyronine deiodinase; POMC:
proopiomelanocortin; MC4R: melanocortin 4 receptor; AMPK: AMP-activated protein kinase; pAMPK: phosphorylated AMPK.

Table 2. Long-term effects of neonatal cigarette smoke exposure on body mass, food intake, visceral fat

mass, and iBAT mass in 180 postnatal day-offspring.

Males Females
C SE C SE
Body mass (g) 451 +14 462+13 249+7 272+8*
Total food intake (kg) 3.37+0.08 3.60 + 0.05" 234+0.03 248+0.20"
Gonadal fat mass (g) 47+04 6.7+0.7* 55+04 8.5+0.9
iBAT mass (g) 0.24 +0.03 0.36 + 0.03* 0.18+0.01 0.23+0.01"

C: control; SE: smoke-exposed; iBAT: interscapular brown adipose tissue. P <0.05, t-test.

(F120=10.14, Figure 2), as the SE group showed lower
SNA at the basal condition in BAT compared to its respective
controls (-58% vs C males; -30% vs C females, P <0.05).
The gender effect (F; 25=11.91, Figure 2) is explained by
the lower BAT SNA in the controls (-61% in C females vs
C males, P <0.05).

BAT morphology and function

As depicted in Figure 3, there was a gender effect
regarding lipid droplet sectional area variable (F; »1=9.90):
SE females had smaller areas compared with SE males
(—23%, P<0.05). No group effect was observed.

Thermogenesis biomarkers showed neither interaction
nor gender effects. Thus, only the group effect was consid-
ered for the variables shown below.

Braz J Med Biol Res | doi: 10.1590/1414-431X20186982

At PND180, both genders of the SE group showed
lower UCP1 protein content (—49% vs C males; —74% vs
C females, P <0.05) and CPT1a (—45% vs C males; -92%
vs C females, P<0.05). Besides, male SE rats displayed
lower protein content of B3-AR (-60% vs C), TRa1 (—42%
vs C), and TRpB1 (-50% vs C) (P<0.05) while female SE
rats showed lower protein PGC10o expression (—67% vs
C females, P<0.05). The protein content of PGC1x was
not altered in SE males, whereas in the SE females, [33-
AR, TRa1, and TRp1 protein contents were unchanged
(Figure 4).

As shown in Figure 5, both genders in the SE group
had no change of Dio2 mRNA levels at adulthood. No
effects or interaction were observed regarding Dio2 gene
expression.
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Figure 2. Long-term effects of neonatal cigarette smoke exposure on brown adipose tissue (BAT) sympathetic nerve activity (SNA).
Number of spikes in 10 5 at 180 postnatal days in males (A) and females (B). Representative recordings are shown at the bottom of the
figures. C: control group; SE: smoke-exposed group. Data are reported as means £ 3SE for n=6. *P = 0.05 (two-way ANOVA re-examined

by one-way ANOVA followed by Newman-Keuls post-hoc test).

Hypothalamic POMC, MC4R, and AMPK

At PND180, the POMC immunostaining in the ARC
(Figure 6A—C) showed a gender effect (F, 2,=37.12) in
the controls (+100% in C females vs C males, P <0.05)
as well as in the SE animals (+103% in SE females vs
SE males, P =0.05).

The MCA4R protein content in the PVN (Figure 6D and E)
was similar between groups and genders. There was no
effect or interaction regarding this varable.

As for AMPK and pAMPK (depicted in Figure 7),
interactions between factors (AMPK: F;;5,=8.22 and
pAMPK: F1 24=14.97) and gender effect (AMPK: F 4 2=8.22
and pAMPK: F,.,=14.97) were observed. A group effect
(pPAMPK: F 4 24=4.63) in protein content in the VMH was
also identified. SE males showed increased pAMPK
content (+104%, Figure 7C, P<0.05), whereas the SE
females had decreased AMPK and pAMPK protein
content in the VMH (-36 and -32%, Figure 7B and D,
P =0.05).

Discussion

In the present study, we have demonstrated that
exposure to cigarette smoke exclusively during lactation
was capable of causing BAT hypofunction in the adult off-
spring of both genders, reducing autonomic nerve activity
and important markers related to thermogenesis. Since
SE males had higher serum thyroid hormones (TH) (7—9),
they are probably not functional in BAT. Thus, we suggest
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that neonatal tobacco smoke exposure programs males
for TH resistance in BAT.

Although gender-related differences were not the
primary focus of our evaluation, we found gender effects
regarding BAT ANS only in confrol animals; however, no
gender effect was observed on BAT biomarkers analyzed
in both C and SE groups. In the literature, studies on
thermogenesis and gender differences are scarce and
still controversial (26-28). It has already been reported
that estrogen can reduce BAT thermogenesis (26), which
can explain the decrease in BAT ANS in control females
compared to males.

Besides the obesity in both genders, which is in
agreement with previous data (7-9), and the lower ANS in
the basal condition demonstrated in the current study,
postnatal cigarette smoke exposure led to an increase in
iBAT weight in adult life without changing the percentage
lipid droplet area in the brown adipocytes. Recently, Fan
et al. (18) have demonstrated that nicotine exposure
during gestation and lactation is also capable of altering
iBAT function, causing whitening, reduction of functional
mitochondria, and reduction in UCP1, PGC1x«, CPT1a, and
in other thermogenic-related markers. Here, male and
female SE animals also showed reduced thermogenic
biomarkers levels. Thus, although tobacco smoke contains
thousands of substances, it is possible that nicotine
plays the most important role in this programming effect.
Fan et al. (18) found marked momhological changes that
are possibly explained by the wider window of exposure,
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Figure 3. Long-temn effects of neonatal cigarette smoke exposure on brown adipose tissue (BAT) morphology. Representative
hematoxylin and eosin staining of BAT at 180 postnatal days in males (A) and females (B) (Scale bar. 50 um). Quantitative analysis of
the sectional areas of BAT lipid vacuoles is shown in males (C) and females (D). C: control group; SE: smoke-exposed group. Data are
reported as means + SE for n=6. There was gender effect, but there was no group effect for the lipid droplet sectional area (two-way

ANOVA).

which encompassed both gestation and lactation. In the
present study, most of the BAT adipogenesis was not
influenced by smoke exposure, which might be explained
by the fact that exposure in our study occurred only during
lactation. It is possible that hypofunction precedes BAT
whitening since another study has reported alterations in
BAT function without morphological changes (29). The
long-term effect of neonatal exposure to cigarette smoke on
UCP1 is closely related to the reduction in thermogenic

Braz J Med Biol Res | doi: 10.1590/1414-431X20186982

capacity and body fat gain in the SE group because UCP1
is a key molecule for the facultative thermogenesis (11,12).

The B3-AR in rodents is important for regulating BAT
thermogenesis (30); therefore, the lower B3-AR content
in the SE males contributes to reduce the sympathetic
activity in these animals. However, no difference was
observed in B3-AR content in the SE females. Despite this,
the catecholamine signaling pathway can be disrupted in
females.
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Figure 4. Long-term effects of neonatal cigarette smoke exposure on brown adipose tissue (BAT) functional parameters in male and

female offspring. UCP1, B3-AR, TR«1, TRB1, PGC1a, and CPT1a protein contents in BAT at 180 postnatal days. Representative blots of

the proteins are shown beside the graphs. p-Actin content was used as control loading. C: control group; SE: smoke-exposed group.

Data are reported as means + SE for n=7-8. *P<0.05 (ttest).
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Another mediator of BAT thermogenesis is CPT1,
a limiting enzyme in the transport of free fatty acids into
the mitochondria for the oxidation and heat generation
processes (31). The lower content of this enzyme in the
SE groups of both genders contributes to BAT malfunc-
tioning and increased body fat in these animals since
it is known that higher CPT1a activity is related to the
increase in BAT thermogenesis, increasing its oxidation
rate of fatty acids (31).

Other regulators of adrenergic signaling in BAT are the
thyroid hormones (TH) (32). As previously reported, male
SE animals show an increase in TSH and TH levels
indicating central hyperthyroidism (7). Female SE had

Braz J Med Biol Res | doi: 10.1590/1414-431X20186982

SE

only increased serum T4 (9). Here, we demonstrated
that SE males had lower TRp1 and TR«1, indicating TH
resistance in BAT, thus contributing to a lower thermogenic
action and UCP1 expression. TRB1 isofom stimulates
the expression of UCP1 and TRx1 isoform increases
the adrenergic activity in BAT (14). Thus, it seems that,
at least in males, TH resistance compromises auto-
nomic nerve activity in BAT.

In our study, BAT Dio2 mRNA expression was not
altered in the SE group of both genders, despite the
reduction of TH receptors in the SE males. Dio2 activity/
expression is responsible for T4 to T3 conversion, ensuring
the cytoplasmic T3 pool (15). It is well known that plasma
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Figure 6. Long-term effects of neonatal cigarette smoke exposure on POMC and MC4R in the hypothalamus. Qualitative data of POMC
(in green), counterstained for DAPI (in blue) in arcuate nucleus by immunohistochemistry (A) (Scale bar: 50 um) and quantitative data
concerning the number of POMC-positive cells in males (B) and females (C). Protein content of MC4R in the paraventricular nucleus
(PVN) at 180 postnatal days in males (D) and females (E) with representative blots of proteins. B-Actin content was used as loading
control. Data are reported as relative % to the control group. C: control group; SE: smoke-exposed group. Data are reported as means + SE
for n=7 (two-way ANOVA re-examined by one-way ANOVA followed by Newman-Keuls post-hoc test).
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Figure 7. Long-term effects of neonatal cigarette smoke exposure on AMPK and pAMPK in the hypothalamus. AMPK (A and B)
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TH negatively regulate this enzyme (15). As the SE group
had increased serum TH, a lower BAT Dio2 expression was
expected. Thus, the unchanged Dio2 found in our model
also suggests TH resistance at BAT level.

BAT PGC1x is stimulated by both adrenergic tonus
and TH levels (32). In SE females, the reduction of BAT
PGC1a can contribute to the reduction in thermogenic
activity, since PGC1x is a transcriptional co-activator that
mediates events related to energy metabolism, capable
of interfering in the expression UCP1 in the BAT (33),
besides acting in the control of mitochondrial biogenesis
(34). Since SE females had hyperthyroxinemia, we
expected to find increased BAT PGC1a. Thus, again,
this is suggestive of TH resistance at least in females.

The melanocortin system activation in the PVN con-
trols BAT ANS activity (35,36). Despite the reduction of
ANS activity in SE animals, the MC4R content in the
PVN as well as in the number of POMC positive cells
were unaltered in our model, suggesting that the BAT
ANS dysfunction was not related to melanocortin system
programming.

As previously published, SE males have higher TSH
and TH with increased body fat (7). Thus, the hyperthyroid

Braz J Med Biol Res | doi: 10.1590/1414-431X20186982

status of this group was not enough to cause body mass
loss. It is known that T3 inhibits AMPK in the VMH and
increases sympathetic nervous system activity (21).
Thus, the increase in AMPK in the VMH of SE males is
suggestive of TH resistance. Also, higher AMPK content
explains hyperphagia, lower SNA, and lower thermo-
genic markers, since AMPK enhances food intake and
decreases thermogenesis (20). SE males had lower SNA
associated with decreased adrenergic and TH receptors
in BAT, indicating that higher TH is also not functional in
this tissue. Conversely, it seems that SE females have a
nommal response to T4 in the hypothalamus since AMPK
content was reduced. Thus, SE females have a less
intense reduction of BAT SNA compared with SE males
(30 vs 58%). Other factors may be acting on SE females
that may help explain the persistent lower BAT SNA,
such as leptin resistance, as suggested in a previous
study (9).

Figure 8 summarizes the main findings of the curent
study. Here we showed that tobacco smoke exposure
during the suckling period reduced the thermogenic
capacity of BAT in both genders, possibly explaining the
increase in body adiposity in adulthood, independently
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Figure 8. Smoking in critical windows of development causes epigenetic alterations and is a risk factor for adulthood obesity. BAT: brown
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of BAT melanocortin system regulation. Apparently, the
reduction in BAT SNA stimulation was almost twice as
intense in males. In males, the main mechanism for the
observed alterations can be attributed to adrenergic

Braz J Med Biol Res | doi: 10.1590/1414-431X20186982

and TH resistance in both BAT and VMH. In females,
however, this resistance is not completely clear since it
seems to be present only in BAT and it is not dependent
on B3-AR and TRp1 function.
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(Montgomeny and Ekbam, 2002 Oken et al., 2008). Theane-
fora, sary axposur lo cigarete smoke has greal potential
to cause apigenetic changes that lead to metabolic pro-
gramming (Lisboa el al., 2012; Mapierala el al,, 2016).

Micoline is the main substance responsible for maintain-
ing cigaratte addiction. Despite this, cigarelle also conlains
thousands of differant taxic substances, such as free radi-
cals, polycyclic aromatic hydrocarbons, aromatic amines
and bhacco-specific nirocsamines (Hacht, 2002). However,
nicoling axposure dunng pragnancy and'ar lactation doas
ot always mimic all the effects of tobaceo smoke program-
ming (Olivaira et al., 2009: Oliveira et al, 2010; Chen et al.,
2011; Mantz and Harding, 2011; Santos-Silva at al., 2013;
Lisboa etal., 2017).

Previously, our research group demonstrated that mater-
nal exposure to nicoling alone during lactation programs
the adult offspring for obesily and hormone dysfunclions
such as lower thymid hormaone and higher glucocorticoid
(Oliveira et al_, 2010; Pinhairo et al., 2011). Matamal nico-
tine also alters the hypathalamic circuitry, leading o central
resistance to leptin (Oliveira et al., 2010) with increased
neurcpaptide Y (NPY) and corticotropin-releasing homone
(CRH) in the paraventricular nuckeus (PVN), increased
pro-opiomelanocortin (POMC) in the arcuate nucleus
(ARC), and raduced cocaine- and amphatamine-regulated
transcript (CART) and thyrmotropinseleasing homone
(TRH) in the PYN | Younes-Rapozo et al., 2013). In addition,
nicotine was also able to alier glial cells by causing micro-
gliosis, as indicated by higher CX3C chemokine receptor 1
(CX3CR1), and astrogliosis in the hypothalamic nuckei of
the programmed adult offspring, which was charactenzed
by higher astrocy s numberand glial fibrillary acidic protein
(GFAP) density (Younes-Rapozo et al, 2015a). These
aforemantioned findings werne found in the male progeny,
since females wara not studied.

The hypothalamus regulates enengy expenditure and
food intake, so it has been a target of many studies. In
hy pothalamic circuitry, there are groups of neurons presaent
in the ARC, called anoraxigens, that release neuropeplides
such as POMC, a-melanocyte stimulating homone (aMSH)
and CART, which are positively regulated by leptin,
reducing food intake and increasing energy expanditure,
and orexigenic neurans that secrete neuropeplides such
as NPY and agoutivelated protein (AgRP), which are
negatively regulated by leptin, increasing food intake and
reducing enemy expanditure (Valdearcos et al., 2015).
These neurons project their axons inko other by pothalamic
nuckei: ventromedial nucleus (VMH), paraventricular
nucleus (PYN), and lateral hy pothalamus (LH) (Sanchez-
Lashermas et al, 2010). ARC neurons are also the main reg-
ulators of the secretion of TRH and CRH in the PVN, both
anorexigenic neuropepltides, but with different action on
metabolism. TRH, through thyroid hommones, is responsible
for increasing thermogenesis, whereas CRH, through
glucocarticoids, enhances adipogenesis (Marinez-
Sanchez el al., 2014).

It has previously basen shown that in the model of bbacco
smaoke exposure during lactation, wa milk (indirect) and
inhalation (direct), the animals of both sexes present

increased body fat, hypamhagia and hyperleptinamia at
adulthood (Sarntos-Silva et al., 2013; Lisboa et al., 2017).
These threa alterations are supposadly related to changes
in the expression patiems of neuropaplides and hypothala-
mic inflammation since leptin interfares with central neuro-
peplides producton/secration as well as the aclivation of
glial calls, such as astrocyte and micraglia (De Souza at
al., 2005, Gao et al., 2014; Valdearcos at al., 2015).

Hypothalamic astrocyias and microglia are responsible
for the immune response 1o pariphenal stimuli (Valdearcos
atal, 2015). Astrocytes have animportant role in maintain
ing the parenchymal environment in the brain and are a o
tical componant in the regulation of the influx and efflux of
several substances that ame presant in the brain (De Git
and Adan, 2015). The constant activation of these cells
invohlses proinflammalory signaling cascades thal can alter
local neural circuits and metabolic contral, compramising
the acton of laptin and insulin, thereby impairing enargy
regulation (Gao et al., 2014). Astrogliosis is the inflamma-
tory process of astrocytes and ocours in response to acute
or chronic insults in the brain, such as the consumption of
hypedipidic diet and obesity, which lead to the process of
hypothalamic inflammation (Abbott et al., 2006; Waise at
al, 2013). Astrogliosis is a feature of numearous neuro-
pathologies, including strokes, Alzheimer's disease, spinal
cord and traumatic brain injunes (Zhang et al., 2010). itis
proposed that the initial event that tiggers hy pothalamic
leptin resistance is hypothalamic inflammation, which even-
tually leads to the development of obesity (Dragano et al.,
20M7).

Thus, considering: the amount of substances present in
the cigarette smoke (1), the delsterious effects caused by
the model of nicotine programming in the neursendocrine
system of adult make rats (2), the body fat accumulation
associaked with hyperphagia and hypedeptinemia in make
and female rats in the model of tobacco smoke program-
ming (3), that smoking affects sex hormone production
and action (Kim et al, 2019), which may affect by pothalamic
function and immunomodulation (4), here we decided to
investigate whether early postnatal exposure to ciganette
smoke is also delelenous to the neurcendocrine system of
the progeny of both sexes at adulthood. The presant study
was designed to evaluate leptin signaling and neuropep-
tides expression in the hy pothalamus, as well as inflamma-
tion, astrocyte and microglia markers in adult animals that
ware exposed o cigaratte smaoke only during the breast-
feading perod. Also, for the first time, the circulating levels
of sex homones were determined in this experimental
model.

EXPERIMENTAL PROCEDURES
Ethical approval

The Animal Care and Use Committes of the Biology Insti-
tute of the Stak University of Rio de Janein approved our
aexparimental design (CEUAD192014). In accordance with
the Brazilian Law no. 11.794/2008, expedments wene done
to minimize the number of rats and the suffering caused by
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the experimantal procadures, following the ethical doctrine
of the three “Rs” — reduction, refinement and replacemant.

Experimental model of tobacco smoke exposune
during the breastfeeding period

Adult Wistar femnale rats were placed with male rats in a2 to
1 ratio for 5 days. Animals weare housed under controlled
temparature (23 £ 1 *C), with a pholbpenod of 12 h (hght /
dark cycle) and free access to water and food. After this per-
iod, pregnant rats were housed in individual cages until
dalivery. Al birth, which was considerad as the first postna-
tal day (PHD1), all litters wene adjusted to six pups per dam,
three femalkes and three males.

Thres days ater birth, lactating dams and their offspring
ware randomly divided into two groups: smoke-exposed
(SE, n = 8) and contral (Crl, i = 8). Animals assigned to
the SE group were passively exposed (dams and offspring
topather), durng the lactation period (until PND21), to
tobaceo smoke in a cigaretle-smoking machine (TE-10,
Teague Entemrises, Davis, CA, USA), four times per day
(1 h each exposura), as previously reported (Sanos-Silva
al al, 2013; Paixoto el al., 2018). This machine ganerales
obacco smoke from ona research cigarette (3R4F) bumed
at a tirme (nicotine = 0.73 mg/cigt; Total Particulate Matter =

11.0 mgicigt; Tar = 9.4 mg/cigt; Carbon Monoxide =
120 mg/cigt; Reference Cigarette Program, University of
Kentucky, Lexington, KY, USA). In 1 h of smoke exposure,
the machine bums five 1o six research cigarettes. As four
1-h perods of exposure (9:00 am, 12:00 pm, 3200 pm and
600 pm) were camied out each day, we had a total of 20
to 24 cigaretes per day. Eight cages were put bgether at
the same time in the chamber. A mixture containing 11%
mainstream smoke (smoke from the puff stream) and B9%
side-stream smoke (smoke released from the buming and
of a cigarette) as a sumogate for active smoking was
genaraled by the smoking machine in a staggered manner
at the rate of a single 35-ml puff of 2-s duration each
minute. During exposune, the total suspended particulate
was measured by weighing Teflon-coated fibar fillers
(TX40H120-WW, Palflex Products Co., Putnam, CT, USA)
before and after a 5-min period, when air was collecked from
the chamber. There wem 12 pardods of collection, which
generated levels of 24.0+ 2.4 mg/m® (mean + SEM).
Dams and offspring from the Cnl group were exposed to
ambisnt air in a similar chamber for the sama panod.

As aforamantionad, the smoke-axposure pariod lasted for
18 days (from PND3-21). According to Guinn (2005), 1 day
in tha life of a rat is equivalent lo about 9 days in human life.
Thus, the period of exposure to smoke for the rat here
largely covers the perod of lactation in this species, and is
equivalent to the exclusive breastfeading period recom-
mended for a child (6 months), according to Word Health
Onganization.

Detection of cotinine {main nicotine metabolite)

The levals of serum cotinine wene detemined in the dams'
sarum and milk, as well as in the necnate offspring's serum
using an ELISA kit from OraSure Technalogies (Bethlebam,

PA, USA) and following the manufacturers recommenda-
tions. This measurament was pedfommed in dams and one
pupisex/group al PND21, when the pup was killed aftar
the first exposure in the moring on the last day in the
smoke chamber.

Postaweaning development

The animals wem weanad at PND21 (after the last expo-
sume in the chamber) and female pups were sepamed from
make ones and kept in different cages until euthanasia at
PND180.The estmus cycle was analyzed after PND150.
SE and Crl females had regular 4-5-day estrous cycles.
Females were killed during diestrous. Chow consumplion
and body mass of the offspring wene ecordad weakly from
waaning o the day of euthanasia, at which time the amount
of visceral fat was weighed to estimate central adiposity.

Immunohistochemistry analysis

The animals (n= 8 per group, one per litlersex) wean
anesthetized with ketamin 70 mg'kg baw. and xilasin 7 ma/
kg b.w. and then intracardially perfused with 0.9% saline,
followad by 4% paraformaldehyde (in phosphate buffer,
pHT.4) and 4% paraformaldehyde plus 10% sucrose. After
dissection, brains were kepl immersed ovemight in phos-
phate buffer containing 20% sucrosa, at4 “C for cryoprotec-
tion. Then, they were frozen and coronally sectioned at
20 pm with a eyolbme (Hyrax C52, Zaeiss, Garmany) al
—20 *Cin Tissuve-Tek O.C.T. compound (Sakura). Sections
containing the hypothalamic regions ARC, PVN and LH,
according to Paxinos and Watson (1998), wera collectad
in gelatinized slides and stored at —20 *C. To periorm the
immunohistochemistry, slides wem imated with 0.3%
PBS-Trtoan X-100 followed by a blocking solution (5%
bovine serum albumin from Sigma) for 1 h at rom tempera-
ture. Primary antibodies wene incubated owemight at 4 *C.
The immunamnaction was visualized by the use of a second-
ary antibody for 1 h at moom tempematue. Ater Anses with
PBS, slides were mounted in ProLong Gold antifading
reagant with 40 6-diamidino-2- phanylindoke (DAPI) (Invitro-
gen, Molecular Probes, Cadsbad, CA, USA). Omission of
the primary antibodies with inclusion of the secondary anti-
body was also performed for the negative contral
procaduna.

The spaeciic primary anibodies that wane used wen: anli-
MPY (1:1000 rabbit polyclonal antibody , Sigma Aldrch, Invi-
trogen Comporation CA, USA), ant-alpha-MSH (1:10000
sheap palyclonal antibody, EMD Millipare Corporation | Bill-
enca, MA, USA), anti-TRH (1:400 rabbit polyclonal anti-
boady, LifeSpan Bicsciences (Seattle, Washington, USA),
anti-CRH (1:100 rabbit polyclonal antibody, Abcam Inc.
(Cambridge, MA, USA), ant-CART (1:100 goat polyclonal
antibody, Santa Cruz, CA, USA) and ant-GFAP (1:100
mouse monoclonal antibody, Sigma Aldrich, Invitrogen
Caorporation CA, LISA).

The primary antibodies were revealed by the appropriate
sacondary antibodies: donkey anti-rabbit conjugated with
Algxa Fluor 488 or donkey anti-goat conjugated with Alaxa
Fluar 555, donkey anti-sheep conjugated with Alexa Fluor
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488, all from Malecular Probes (Invitrogen, Oregon, USA),
dilutad 1:400.

The hypothalamic nuclal that were analyzed were: PVN,
ARC and LH. Tha bregma levals that wem used as mfer-
ances for the aforementionad nucleus were: PVN from
-0.6 to —2.10 mm, ARC and LH from —2.10 to —3.6 mm.
Images were caplured using an epifluorescence micm-
scope (BX-0; Olympus, Tokyo, Japan).

Western blotting analysis

In samples of total offs pring hypothalamus, we measured
the contents of proteins associated with the leptin signaling
pathway (leptin eceptor, OBR-b,; phosphorylated Janus
Kinase 2, pJAK2: phosphorylaed signal transducer and
activator of transcription 3, pSTAT3; suppressor of cytokine
signaling 3, S0CS3), activated micraglia marker (CX3C
chemoking recaplor 1, CX3CR1), pro-inflammatorny cytokine
(interkeukin 6, ILE) and anti-inflammatory and antioxidant
marker (a7 subunil nicotinic acetylchdine receptors,
arnAChRs). The total hypothalamus was homogenized in
using RIPA buffer (50 mM Tris—HCI (pH 7.4), 1% NP-40,
150 mM MaCl, 1 mM EDTA, 1 mM PMSF, 1 mM NaVO,,
and 1 mM NaF), which included a proteass inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN, USA), and 500 plL of
the buffer was used to homogenize the tissue. The protein
concentration was determined using the Pierce BCA Protain
Assay Kit (Thermo Scientific, CA, USA). Homogenates
ware analyzed by the SDS PAGE method. Samples con-
taining 10 pg (leptn signaling and afnAChR) or 30 pg
(CX3CR1 and ILE), using a 12% polyacrylamide gels were
submitiad o elactrophorasis and elacroblotled onto a nitra-
cellulose membrane (Hybond P ECL mambrane, Amer-
sham Biosciences, London, UK). Membranes were
incubated with Twean-TBS (0.1%) containing 5% albumin
for 45 min. Subsequently, the membranes were washed
with TBS and then incubated with specific primary antibo-
dies: anti-f-actin (1:500, Sigma-Aldrich, Invitrogen, CA,
USA), anti-OBR-b, anti-pJAKZ, ant-pSTAT3, and ant-
SOCS3 (1:500, Santa Cruz Biotechnology, Santa Criz,
CA, USA), anti-CX3CR1 (1:500, abcam plc, abcam, Came-
bridge, UK), anti-ILE6 {1:500, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and aTrACHR (1:1000, Bioss Inc.,
Massachusetts, USA) were incubated overnight at 4 *C.
Meambranes were washed three times with Tween-TBS
(0.1%) and then incubated for 1 h with the appropriate con-
cantration of the secondary antibody conjugated to biotin:
1:10,000, anti-mouse (B-actin and OBR-b), anti-goat
(pJAKZ, pSTAT3), anti-abbit (SOCS3) and 1:5000, anti-
goat (CX3ICR1) from Sigma Aldnch, anti-rabbit (afnAChR
and ILG) from Invilrogen Corporation CA, USA), al mom
temperature. Then, the membranes weme washed again
three limes with Tween-TBS (0.19%), followed by incubation
with straplavidin-conjugated horseradish pemxidase
(Caltag Laboratones, Budingame, CA, USA) in the same
diluion as the secondary antibody. The protein bands were
visualized by chamiluminescence (Kit ECL plus, Amersham
Biosciences, London, UK) using the ImageCuant LAS
equipment (GE Healthcare, Buckinghamshire, UK). The

amea and density of the bands were quantified by Image J
software (Wayne Rasband National Institue of Health,
MA, USA) and normalized against the bands obtained for
B-actin. Results wan exprassad as ralalive (9% ) to the con-
treel growup (Ctrd).

Radisimmunoassay (RIA) analysis

Serum sex homones wene determined by R commercial
test kits in accordance with the manufachireds instructions
(MP Biomedicals, LLC, NY, ELA). Samples were analyzed
in a single assay. The sensitivities of the assays werm
0.1 mg/mL for teshaterna and 10 paimlL for estradial. The
intra-assay coeffickents of varation wera: 1.50 for testos tr-
one and 1.60 for estradiol.

Statistical analysis

The data weane analyzed with the stalistcal program Graph-
Pad Prism 5.0 for Windows [ GraphPad Software, La Jolla,
CA, USA) and expressed as means + standard emor of
the mean (SEM). Compansons batwaan the groups weam
padformed using Student's unpaired t-test, bacause sex
(males and females) was not considered as factor. Thus,
anly the programming effect (SE and Cid) was considenad
in the analyses. Diferences wenmne considerad significant at
p =< 0.05.

RESULTS
Cotinine levels

As shown in Table 1, cotinine was detectad in both milk and
sarum of SE dame at the and of the lactation period, as well
as in the serum of SE pups of both sexes at weaning,
suggesting that the regimen of smoke exposure used in
our rat model approximates that of typical (moderate 1o
heavy) human smokers (Benowitz et al., 1982, Eskenazi
and Bergmann, 1995). The curment cigamtle axposiims
procadune results in cotinine concantrations in dams’ serum
and milk of 35 ng/ml, as wall as of 41 ng/ml in the male of-
sprng serum and of 29 ng/ml in female offspring serum”s.
As expacted, Crildams and Crll pups groups showed levels
below the detection limit of the technique (<8 ng/ml).

Table 1. Conine kves in dams and pups al e end of beasfeading
DAME

[ ] SE
W cobnine fngdmiL) o] 3T+ 64
Serum eolinine (ngkril) D 3504+ 3.1
MALE PUPS

crt SE
Serum eolinine (nghmil ) D 413478
FEMALE PLIPS

crt SE
Serum eolinine (nghmil ) D 288+ 04

Crig Confrob S5 Smoke-eeposad. MEE Mon-defsdablin. Cofinne vals bolow o
detecion imit of S techrique (<8 ngimil. Values regpmsent mears. £ SEM, 0 =
Algroun.
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Table 2. Effect of tobacco smoke exposure during the breastfeeding
pericd on biometric parameters and serum sex hormones at PND180.

MALES

Crtl SE
Total chow intake (kg) 3.11 £ 0.05 3.40 £+ 0.03
Body mass (g) 4308+ 109 44444101
Visceral fat mass (g) 175214 239+26
Estradiol (pg/mL) 51943 491 245
Testosterone (ng/mL) 88x12 T4%15
FEMALES

Crtl SE
Total chow intake (kg) 2.15 % 0.02 2.38 £ 0.02
Body mass (g) 2401244 2862657
Visceral fat mass (g) 109207 147+ 08
Estradiol (pg/mL) 1174+99 9189+65
Testosterone (ng/mL) 0.67 0.1 0.55 + 0.1

Crtl: Contral; SE: Smoka-exposad. The total chow intaks reprasents the sum of the
otal food intake betwaan PND21 and PND180. Valuas raprasent maans + SEM,
n= Bigroup.

p <= 005vs Crll.

Biometric parameters and serum sex steroids

Table 2 depicts chow intake, body mass and adiposity, as
well as circulating levels of gonadal hormones in SE off-
spring at PND180. As expected, SE animals from both
sexes had hyperphagia (males: +9% vs Crtl; females:
+11% vs Crtl, p < 0.05). SE females exhibited higher body
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Fig. 1. Leptin signaling pathway in the hypothalamus of PND 180 animals that were directly and indirectly
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mass (+9% vs Crtl, p < 0.05), while SE animals from both
sexes had increased visceral fat mass (males: +36% vs
Crtl; females: +35% vs Crtl, p < 0.05). These data are in
accordance with the literature (Peixoto et al., 2018). SE
males had no alteration in serum estradiol and testosterone
concentrations at adulthood, while SE females had a reduc-
fion in estradiol levels (-21% vs Crtl, p < 0.05), without
alteration in testosterone levels.

Leptin signaling pathway in the hypothalamus

At PND180, no significant changes were observed in the
hypothalamic OBRb, pJAK, pSTAT3 and SOCS3 in the
SE group of both sexes (Fig. 1A and Fig. 1B).

Hypothalamic neuropeptides

Atadulthood, NPY immunochistochemistry indicated a signif-
icant increase in fiber density in the ARC of SE males
(#79% wvs Crtl, Fig. 2A and Fig. 2B, p < 0.05), with no
change observed in either the PVN or the LH (Fig. 2C and
Fig. 2D). Concerning SE females, no difference was
observed in NPY immunostaining intensity (Fig. 2E,
Fig. 2F and Fig. 2G).

As depicted in Fig. 3, no difference was observed in
CART immunostaining intensity in the ARC, PWYN and LH
of SE males. SE females showed reduced number of
CART-positive cells only in the
ARC (-25% wvs Crtl, Fig. 3A and
Fig. 3B, p = 0.05), with no changes
observed in the other nuclei.

SE males did not show any differ-
ence in aMSH immunostaining
intensity in the hypothalamic nuclei,
while SE females showed reduced
immunostaining intensity for this
neuropeptide in the PVN and LH
(PWN: -36% ws Crtl and LH:
-41.89% vs Crtl, Fig. 4A, Fig. 4B,
Fig. 4 C and Fig. 4D, p < 0.05).

TRH immunohistochemistry indi-
cated a reduction in fiber density
in SE males in the PVN (-55% vs
Crtl, Fig. 5A and Fig. 5B, p =<
0.05), whereas SE females had
no alteration (Fig. 5C). CRH immu-
nohistochemistry  indicated an
increase in fiber density in SE
males (+92% vs Crtl, Fig. 6A and
Fig. 6B, p =< 0.05), while SE
females had no change in CRH
immunostaining intensity in the
PVN (Fig. 6C).

B 1001125KDa
e 128KDa

— e 30KDa
s = 42KDa

Hypothalamic inflammation

exposed to cigarette smoke during the breastfeeding period. OBRb, pJAK, pSTAT3 and SOCS3 protein

contents in the hypothalamus at PN180 in males (A) and females (B). Representative blots of the proteins
are shown beside the graphs. B-Actin content was used as control loading. Values are expressed as rela-
tive (%) to the control group. Cirl: control group; SE: smoke-exposed group. Results are expressed as

mean = SEM, five to eight/group. *p < 0.05 vs Cril.

At PND180, immunohistochemistry
data showed that SE males had a
higher GFAP fiber density in both
the ARC and PVN (ARC: +2.3 fold
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Fig. 2. Immunchistochemistry of neuropeptide ¥ (NPY) in the arcuate nucleus (ARC), paraventricular nucleus (PVN) and lateral hypothalamus (LH) at
PND180. Immunoreaction of NPY (green ) in the ARC of males (A). Fiber density quantification in the ARC (B), PYN (C)and LH (D) of males. Fiber density
guantification in the ARC (e), PVN (F) and LH (G) of females. Calibration bar: 50 pm. Cin: control group; SE: smoke-exposed group. Results are
expressed as mean + SEM, five to eight/group. *p < 0.05 vs Cril. (For interpretation of the references to color in this figure legend, the readeris referred

to the web version of this article.)

vs Cril and PVN: + 1.5 fold vs Crtl, Fig. 7A, Fig. 7B and Fig.
7C, p < 0.05), without change in the LH. No difference was
observed in SE females regarding this parameter (Fig. 7D,
Fig. 7F and Fig. TE).

As depicted in Fig. 8C and Fig. 8D, SE males had a
higher ILE protein content in the total hypothalamus,
whereas SE females showed no alteration of this pro-
inflammatory cytokine. Regarding the protein content of
CX3R1 (marker of activated microglia) and a7nAChR
(anti-inflammatory marker), no change was observed in
the SE animals of both sexes (Fig. 8A, Fig. 8B, Fig. 8E
and Fig. 8F).

DISCUSSION

In previous studies, we demonstrated that adult animals of
both sexes that were directly and indirectly exposed fo
cigarette smoke during breastfeeding showed visceral fat
accumulation, hyperphagia and increased circulating leptin
concentration (Peixoto et al., 2018). As an exclusive charac-
teristic of male offspring, we detected hyperthyroidism and
hypocorticosteronemia, while increased plasma T4 and cor-
ficosterone levels were found in females (Santos-Silva et
al., 2013; Lisboa etal., 2017). Currently, in this same model,
we observed that the neonatal exposure to cigarette smoke
is capable of altering the hypothalamic circuitry with respect
to the neuropeptides regulating food intake and
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Fig. 3. Immunohistochemistry of cocaine and amphetamine-regulated transcript (CART) in the arcuate nudeus (ARC), paraventricular nudeus (PVN) and
lateral hypothalamus (LH ) at PND180. Immunoreaction of CART (red) in the ARC of females (A). Fiber density quantification in the ARC (B), PVN (C)and
LH (D) of females. Fiber density quantification in the ARC (E), PVN (F) and LH (G) of males. Calibration bar. 50 pm. Cirl: control group; SE: smoke-
exposed group. Results are expressed as mean + SEM, five to eight/group. *p < 0.05 vs Cril. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this artide.)

inflammation, which can be involved with the obese pheno-
type and homone disorders previously reported. However,
most changes differ between males and females, differ-
ences that, apparently, cannot be attributed to sex steroid
levels. Tobacco programming did not affect serum sex hor-
mones in males, although it caused hypoestrogenism in
females, which suggests a reproductive dysfunction in spite
of the fact that they presented nommal esfrous cycle.

Leptin positively regulates the expression of POMC,
aMSH and CART (anorexigenic) and negatively the expres-
sion of AgRP and NPY (orexigenic), reducing food intake
and increasing energy expenditure, consequently decreas-
ing body mass. In a state of resistance to leptin, the ener-
getic balance is deregulated, as indicated by hyperphagia,
increased body fat and hyperleptinemia (Crujeiras et al.,

2015). Although the animals of both sexes that were
exposed to cigarette smoke during lactation presented a
cear phenotype of central resistance to leptin at adulthood
(Santos-Silva et al., 2013; Lisboa et al., 2017) we found no
changes in the canonical leptin pathway (OBR, pJAK2,
pSTAT3 and SOCS3) in the hypothalamus of animals
exposed fo cigarette smoke during lactation. The leptin reg-
ulation of hypothalamic neuropeptides is probably affected
because we showed that SE males had increased NPY
and reduced TRH, while SE females had reduced CART
and a-MSH. Therefore, there are at least three possibiliies
to explain the absence of alteration in proteins expression
of the leptin signaling pathway: 1) an impairment of leptin
fransport through the blood-brain barrier (BBB), via the
short isoforms of the leptin receptor OBRa and OBRc
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in the total hypothalamus. There-
fore, the possibility that leptin resis-
tance is present in specific
hypothalamic nuclei must be con-
sidered. In fact, studies have shown
that resistance to leptin in one
region of the brain can be offset by
another region (Munzberg et al.,
2004; Matheny et al., 2011; Rizwan
et al., 2017). However, in the model
of nicotine programming during lac-
tation, protein contents of OBR,
JAK2, pSTAT3 were impaired in
the total hypothalamus of adult ani-
mals, findings that were associated
with greater SOCS3, characterizing
a condition of leptin resistance
(Oliveira et al., 2010). In this study,
exposure to nicotine (84 mg/kg
body mass/14 days per dam) was
exclusively via milk. Thus it is possi-
ble that the difference in leptin sig-
naling between the study of
Oliveira et al. (indirect nicotine)

and the current study (direct and
indirect nicotine) is most likely
related to dose or route of expo-
sure. Theoretically, in our study,
the total exposure to nicotine is

around 277.4 to 3329 mg in
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19 days. Comparatively, in the
study of Oliveira et al., nicofine
exposure resulted in a cotinine
serum concentration of 20 ng/ml in
the male pup at weaning, while, in
the current study, the cigarette
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exposure results in cotinine serum
concentration of 41 ng/ml in the
male pups and 29 ng/ml in female
pups. It is also conceivable that
other components of smoke are

«-MSH (% Pixel density) m
«-MSH (% Pixel density)
o N &> o «©

o

Ctrl SE

Fig. 4. Immunohistochemistry of alpha-melanocyte-stimulating hormone (a-MSH) in the paraventricular
nucleus (PVN) and lateral hypothalamus (LH) at PND180. Immunoreaction of a-MSH (green) in the PVN
(A) and LH (B) of females. Fiber density quantification in the PVN (C)and LH (D) of females. Fiber density
quantification in the PVN (E) and LH (F) of males. Calibration bar: 50 pm. Ctrl: control group; SE: smoke-
exposed group. Results are expressed as mean + SEM, five to eight/group. *p < 0.05 vs Crtl. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

(Kastin et al., 1999); besides, an increase of occludin, a
membrane protein that impair the passage of leptin by the
BBB, can occur (Aragones et al., 2016); 2) a change in the
altemative leptin pathway, involving the activation of phos-
phodiesterase 3B (PDE3B) Pi3-kinase-dependent and a
reduction of cAMP (Carvalheira et al., 2005); 3) one of the
limitations of our study is that the current analysis was done

Ctrl

- altering the nicotine effect

SE SE males showed increased NPY
neuropeptide in the ARC and
reduced TRH in the PVN at adult-
hood, which is in line with the
observed hyperphagia, since NPY
is orexigenic and TRH is anorexi-
genic (Martinez-Sanchez et al,
2014; Valdearcos et al., 2015).
TRH plays an important role in the
regulation of energy homeostasis,
not only through an increase of thyroid hormones, which
increases thermogenesis, but also through central effects
on dietary behavior, reducing food intake (Lechan and
Fekete, 2006). Exposure to nicofine alone during lactation
is also able to increase NPY and reduce TRH in the PVN
of adult offspring (Younes-Rapozo et al., 2013). Thus, the
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SE smoke is possibly responsible for
these same effects on male SE
animals.

As previously published, SE males
showed lower plasma corticosterone,
while SE females had higher plasma
corticosterone (Santos-Silva et al.
2013; Lisboa et al., 2017). In the
present study, SE males showed an
increase of CRH in the PVN,
suggesting that this tissue is respon-

B MALES C FEMALES sive to the reduction of circulating
5 PVN 5 AVN corticosterone. Thus, in males,
= = the hypocorticosteronemia may be
§4 —I_ g‘ —I— caused by a primary adrenal defi-
23 23 ciency. Concerning females, here
£ 2 * & 2 we did not detect any alteration in
§ ) i “'If— ’ CRH immunohistochemistry. As SE
3 3 females had hypercorticosterone-
(] mia, this finding suggests a relative

T T

ot SE ctrl SE glucocorticoid resistance, since if

negative feedback was nomal,

Fig. 5. Immunohistochemistry of thyrotropin-releasing hormone (TRH) in the paraventricular nucleus CRH should be reduced by the

(PVN) at PND180. Immunoreaction of TRH (green) in the PVN of males (A). Fiber density quantification  jhcreased corticorterone. The

in the PVN (B) of males. Fiber density quantification in the PVN (C) of females. Calibmtior\_bar: SO‘um.‘ measurement of adrenocorticotro-
Ctrl: control group; SE: smoke-exposed group. Results are expressed as mean + SEM, five to eight/ .

group. *p < 0.05 vs Cril. (For interpretation of the references to color in this figure legend, the reader is pic hormone (ACTH) levels

referred to the web version of this article.) would help to understand if early

smoking exposure programs the

malfunction of the hypothalamic—

A PVN - MALES pituitary—adrenal (HPA) axis.

The adult SE females showed a
reduction of o-MSH, a post-
translational derivative of POMC,
in the PVN and LH as well as in
CART in the ARC, which may con-
tribute to the body mass gain and
hyperphagia present in these ani-
mals, since these neuropeptides
inhibit food intake and increase
energy expenditure (Kristensen et
al., 1998; Lau and Herzog, 2014).
In fact, studies have reported that

o FEMALES nicotine withdrawal may be related
4 8 PVN to the reduction of CART and con-
'53 £, - sequent increase in food intake
8 s 3 and body mass (Levin et al.
g, 2 1987; Bishop et al., 2002; Nakhate
’;, ;;2 and Dandekar, 2009; Dandekar et
gi 51 al., 2011). Thus, the lower CART
o . ] R found in adult SE females in the

. . ; . current study, which were also
Ctrl SE Ctrl SE observed after nicotine withdraw,
may be due to smoke program-
ming, especially due to the pre-

Fig. 6. Immunohistochemistry of corticotropin-releasing hormone (CRH) in the paraventricular nucleus
(PVN) at PND180. Immunoreaction of CRH (red) in the PVN of males (A). Fiber density guantification - Z
in the PVN (B) of males. Fiber density quantification in the PVN (C) of females. Calibration bar: 50 pm. sence of nicotine.

Ctrl: control group; SE: smoke-exposed group. Results are expressed as mean + SEM, five to eight/ Estradiol has been widely impli-
group. *p < 0.05 vs Cril. (For interpretation of the references to color in this figure legend, the readeris  cated in the physiological control of
referred to the web version of this article.) food intake: its decline during
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Fig. 7. Astrogliosis in animals that were directly and indirectly exposed to cigarette smoke during the
breastfeeding period, revealed by glial fibrillary acidic protein (GFAP) immunohistochemistry in the arcu-
ate nucleus (AR C), paraventricular nudeus (PVN) and lateral hypothalamus at PND180. Immunoreaction
of GFAP (red) in the ARC (A) and PVWN (B) of males. Fiber density quantification in the ARC (C), PVN (D)
and LH (E) of males. Fiber density quantification in the ARC (F), PVN () and LH (H) of females. Calibra-
tion bar: 50 pm. Cirl: control group; SE: smoke-exposed group. Results are expressed as mean + SEM,
five to eight/group. *p < 0.05 vs Crl. (For interpretation of the references to color in this figure legend, the

reader is refemed to the web version of this article.)

menopause is related to obesity (Pfaff and Keiner, 1973)
and ovariectomy is associated with hyperphagia (Butera,
2010; Dandekar et al., 2012). In addition, estradiol treatment
of ovariectomized rats increased CART expression and,
consequently, contributed to the anorectic effect
(McElroy and Wade, 1987). Thus, the reduction of
serum estradiol levels in SE females can contribute to

PVN - MALES

the lowering of CART expression
as well as to the hyperphagic
state.

Many studies have already
reported the occurrence of hypotha-
lamic inflammation in diet-induced
obesity models, in which the pro-
cess of central inflammation pre-
cedes  systemic  inflammation
(Waise et al., 2015). Hypothalamic
inflammation favors leptin resistance
and causes structural changes in
the hypothalamic circuits, compro-
mising the energy balance (De Git
and Adan, 2015, Younes-Rapozo
et al., 2015a). In addition, our group
has already demonstrated the pre-
sence of hypothalamic inflammation
in adult animals of different program-
ming models of obesity associated
with leptin resistance (Younes-
Rapozo et al., 2015a; Younes-
Rapozo et al,, 2015b).

LH Chan, et al. demonstrated that
gestational smoke exposure is cap-
able of increasing IL6 and toll like
receptor (TLR) 4 expressions in the

-— pups' brains at PND90 (Chan et al.,

2016). In another study, where dams
were exposed fo cigarette smoke

during mating, gestation and lacta-
fion, the pups had, at weaning,
increased nitdic oxide synthase
(INOS) in the brain, indicating the
presence of inflammation and/or oxi-
LH dative stress (Chen et al., 2018).
Also, in the present work, in which

N the exposure to tobacco smoke

Ctrl SE

occurred  only during lactation,
through the milk (indirect exposure)
plus inhalation (direct exposure),

. . i we evidenced gliosis in the hypotha-
cul 8E lamus. In our expermental model,
this inflammation is possibly asso-
ciated with hypereptinemia. Pre-
viously, it was shown that exposure
to nicotine alone during lactation is
able to program male rat offspring
to hypothalamic gliosis (Younes-
Rapozo et al., 2015a). Here, we
demonstrated that, like nicotine
alone, the neonatal exposure to
cigarette smoke promotes the increase in GFAP and IL6G in
the male rat offspring. Therefore, the hypothalamic gliosis
found in SE males can be mainly caused by nicotine. Inter-
estingly, this alteration was not observed in SE females.
Sexual dimorphism in the inflammatory response occurs
because astrocytes express estrogen receptors (Garcia-
Segura et al., 1996; Melcangi et al., 2001) and
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the present experimental design
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15 J-actin 42KDa 15 i used during pregnancy, causing
. - practin - 42H0a several deleterious effects to the
EE 0 1 §§1° fetus and to the newbom. Many
=2 =g women who quit smoking during
5% os E% pregnancy relapse during breast-
gg 5% 13 feeding. Matemal active smoking
- = during this period is harmful for the
0.0 0.0 lactating mothers, but it is also for
P SE o the infants who are involuntarily
exposed to cigarette components
through second-hand smoking and
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- GaPpH [ 37KDa 15 GAPDH [ 7y0a this context, the current animal
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25 3% 0.5 effects of exposure to components
ge = of tobacco smoke.
0. o In summary, taken together, our
. . . present findings evidence that eary
Gt SE SE exposure to tobacco smoke is dele-
terious to the hypothalamic drcuitry
E atnachi [ s2-sexoa E atnachr [ 52sexoa later in the life of the progeny, indu-
dng changes in energy homeostasis
15 GAPDH | 37KDa 15 GAPDH [ | 37KDa that favor both hyperphagia and
§ - Ez obesity development. Based on pre-
ZZ 10 —— S5 10 viously published data, at least in
%E E-E adult males, the observed altera-
= 6% fions can be attributed to a nicotine
% E 05 <E 05 .
£E cE programming effect
0.0 0.0
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ARTICLEINFO ABSTRACT

Keywonds: Nicotine transfer via breast milk induces obesity in the adult offspring. We hypothesize that sympathetic nervous
Nicotine system (SNS) activity, brown adipose tissue (BAT) thermogenesis and white adipose tissue (WAT) lipogenesis/
Lactation adipogenesis are altered in adult rats that were exposed to nicotine exclusively during the breastfeeding period.
Sympathetic nervous ystem Lactating Wistar rats were separated into two groups: nicotine (NIC), dams implanted with osmotic minipumps
y;z::ﬁm containing & mg/kg of nicotine at postnatal day (PN) 2; control, dams were implanted with saline-containing

minipumps. Euthanasia occurred at PN120 or PN180. NIC offspring had lower BAT SNS activity and higher BAT
lipid content. NIC males showed lower UCPL, 3-AR and CPT1a, while NIC females showed lower UCP1, TRal,
CPTla, suggesting lower thermogenesis. NIC males showed higher WAT SNS activity, WAT B3-AR, adrenal
catecholamine, FAS, PPARy and adipocytes area, while NIC females showed higher ACC, FAS, CEBPP and
PPARy. These findings indicate increased lipogenesis/adipogenesis in both sexes, with a possible compensatory
sympathetic activated-lipolysis in males. NIC males had higher hypothalamic pAMPE/AMPEK, explaining the
lower BAT sympathetic activity. Neonatal nicotine exposure reduces BAT SNS activity and thermogenesis, and,
only in males, increases WAT adipogenesis/lipogenesis, despite higher WAT SNS activity. These alterations can
be associated with obesogenssis in this programming model.

1. Introduction

Obesity prevalence is increasing worldwide (Engin, 2017). Different
conditions may lead to obesity and other related chronic diseases, such
as high calorie intake, physical inactivity and genetic conditions (Rao
et al., 2019; Penninx and Lange, 2018). According to clinical and pre-
clinical data, environmental and nutritional insults during fetal or
perinatal life can program epigenetic changes that contribute to the
onset of different metabolic disorders later in life, such as obesity,
dyslipidemias, type 2 diabetes mellitus, hypertension, hormonal and
behavioral changes (Fraga-Marques et al., 2010; Hanley et al., 2010;
Lishoa et al., 2017; Almeida et al., 2019; Krzeczkowski et al., 2019). In
this sense, both experimental and epidemiological studies have shown
that smoking during breastfeeding may increase the likelihood of the
offspring developing obesity as adults (Lisboa et al, 2017; Mizutani
et al.,, 2007; Oken et al., 2008; Santos-Silva et al., 2013). Some women

stop smoking during gestation but resume it during breastfeeding, be-
lieving it does not affect their babies (Hannéver et al., 2008; McBride
and Pirie, 1990). However, nicotine, the main additive molecule of the
cigarette, is transferred by breast milk and is capable of promoting
several short- and long-term adverse effects. In rodents, maternal ni-
cotine exposure exclusively during the lactation period programs for
higher body and visceral fat mass, hyperleptinemia, hyperinsulinemia,
hypercorticosteronemia and hypothyroidism in the male offspring
(Oliveira et al., 2009; de Oliveira et al., 2010). The female offspring in
this programming model show no changes in body mass or plasma
hormones (Pinheiro et al., 2011). Our group has previously shown that
exposure to cigarette smoke exclusively during lactation increased
visceral fat mass, food intake and circulating leptin in the progeny of
both sexes, while hyperthyroidism was observed only in males (higher
TSH, T4 and T3) and increased serum T4 was observed only in females
(Santos-Silva et al., 201 3; Lisboa et al., 2017).
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A study in rats, in which nicotine was administered subcutaneously
(1.0 mg/kg body mass, twice daily) during both pregnaney and lacta-
tion reasserted the relationship between early exposure to nicotine and
the onset of late-occurring metabolic disorders (Fan et al, 2016).
Perinatal exposure to nicotine induced an increase of body mass and
changes in BAT morphology and function in the adult progeny: six-
month-old male offspring exhibited reduced mRNA expression of some
thermogenesis-related genes (PRDML6, CIDEA, PGCla, UCP1 and
CPT2), BAT whitening and alterations of mitochondrial structure. The
adult female progeny was not evaluated in the aforementioned study.
Recently, in the programming model of smoke exposure restricted to
the breastfeeding period, we demonstrated an inerease in BAT mass and
a decrease in BAT SNS and thermogenesis biomarkers in both adult
males and females (Peixoto et al.,, 2018). Since cigarettes have more
than 7,000 compounds (WHO, 2019; Rodgman and Perfett, 2013) and
since some of the observed alterations seem to differ between nicotine-
only exposure and tobacco-smoke exposure, it is relevant to evaluate
whether nicotine-only exposure also has effects on BAT SNS activity
and thermogenesis.

Both BAT and white adipose tissue (WAT) are innervated by the SNS
(Contreras et al., 2015). In general, SNS responses are regionalized and
do not follow a simple pattern in obese individuals (Lambert et al.,
2019). In obesity, the SNS increases lipolysis in the WAT in response to
adipocyte hypertrophy, providing more free fatty acids (FFA), which
contributes to fat accumulation in other tissues, lipotoxicity and insulin
resistance (Li et al, 2018). Lipolysis wriggered by SNS depends on
adrenergic receptors in adipocytes (Langin, 2006). Concerning BAT,
obesity contributes to reduction of SNS activity, compromising its
thermogenic activity, thereby favoring even more the accumulation of
fat and body mass increase (Trayhurn, 2017; Waldén et al, 2012).
Given these observations, the development of new strategies for the
treatment of obesity and metabolic disorders in adult humans is being
based on the intensification and/or restoration of BAT thermogenesis,
contributing to increased energy expenditure, reduction of body mass
and improvement of metabolic status (Feldmann et al., 2009; Luijten
et al., 2019b; Saito, 2013; Soler-Vazquez et al., 2018).

BAT is responsible for the dissipation of energy via the uncoupling
protein 1 (UCP1), resulting in increased fatty acid oxidation and heat
production (Cannon, 2004; Fenzl and Kiefer, 2014). BAT thermogenesis
is controlled by: 1) activation of the beta 3-adrenergic receptor (f3-AR)
(Contreras et al., 2015; Morrison et al., 2014); 2) thyroid hormones,
which increase both UCP1 levels and the adrenergic sympathetic re-
sponse (Martinez-Sénchez et al, 2014); 3) proliferator-activated vy re-
ceptor coactivator la (PGC-1a), which regulates mitochondrial bio-
genesis, the Krebs cycle and the beta-oxidaton of fatty acids
(Fernandez-Marcos and Auwerx, 2011); 4) carnitine palmitoyl-
transferase 1 (CPT1A), which increases mitochondrial uptake and ox-
dation of long chain fatty acids (Bonnefont et al., 2004); 5) AMP-acti-
vated protein kinase (AMPK), which is positively associated with UCP1
activity as well as is involved in the maintenance of thermogenesis
(Desjardins and Steinberg, 2018). The central innervation of BAT comes
from brain autonomic centers, including the ventromedial (VMH) and
paraventricular (PVN) nuclei of the hypothalamus (White et al., 2016).
In the PVN, the melanocortin 4 receptor (MC4R) stimulates SNS activity
(Berglund et al., 2014), while the activation of AMPK in the VMH re-
duces sympathetic activity and, consequently, thermogenesis (Lopez
et al., 2016).

As previously described in the literature, nicotine exposure
throughout gestation and lactation has a negative impact on BAT
thermogenesis in the adult male offspring (Fan et al., 2016) but not in
females. Concerning nicotine-only exposure, some aspects of its effects
remain unclear, especially those regarding the window of exposure and
the fact that the outcomes are reported only in male offspring. Fur-
thermore, other aspects of BAT thermogenesis have not been not stu-
died thus far. Our hypothesis is that nicotine exposure through milk is
as harmful as nicotine exposure via placenta + milk, possibly more so.
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Therefore, the current study was designed to evaluate the long-term
effects of nicotine-only exposure during the breastfeeding period on the
BAT and WAT function in both male and female offspring at distinct
ages (PN120 and PN180). In this programming model, we investigated
the sympathetic nerve activity (BAT and WAT), morphological strue-
ture of BAT and WAT, protein content of different thermogenic bio-
markers (thyroid hormone and adrenergic receptors, mitochondrial
biogenesis and fatty acid oxidation), WAT biomarkers linked to ca-
techolamine sensitivity (lipolysis), adipogenesis (PPARy, CEBPR) and
lipogenesis (ACC and FAS), total catecholamine in the adrenal gland as
well as hypothalamic control of the SNS for BAT.

2. Materials and methods
2.1. Ethics, animals and experimental groups

The Institutional Ethical Committee for the use of laboratory ani-
mals of the Biology Institute of the State University of Rio de Janeiro
approved  all  experimental procedures (CEUA/007/2017).
Experimental procedures were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Wistar rats were housed under controlled temperature (23/24 “C),
photoperiod of 12 h (light/dark cyele), with water and food ad libitum.
For mating, virgin adult female rats were placed with malesina 2to 1
ratio for one week. Each pregnant rat was housed in individual cages
until delivery. At birth, which was considered as the first postmatal day
(PN1), litters were adjusted to 6 pups for each dam (3 females and 3
males). At PN2, dams were randomly separated into two groups: 1)
Nicotine-exposed group (NIC) - 7 lactating rats were implanted with
osmotic minipumps (Alzet, 2ML2, CA, USA) that released 6 mg/kg of
nicotine per day for 14 days (Oliveira et al., 2009; Pinheiro et al,
2011). Our model produces plasma cotinine (main nicotine metabolite)
concentrations of approximately 25 ng/mL similar to those found in
typical smokers (Lichtensteiger et al., 1988); 2) Control group (C)- 7
lactating rats were implanted with osmotic minipumps containing only
saline solution, which was released for the same period indicated
above. To allow for the subeutaneous insertion of the pumps, dams
were lightly anesthetized with thiopental, and a 3 » 6 em area on the
back was shaved. This surgery is extremely fast, taking about 2-3 min.
There was no need for specific medical care after the implantation since
there was no infection. Pump implantation occurred at PN2 because it
must be filled with the solution of interest and immersed in saline for
24 h prior to implantation so as to release substances continuously and
homogeneously (manufacturer's recommendation). The incision was
closed and dams were permitted to recover in their home cages.

From weaning (PN21) to euthanasia (at PN120 or PN180), male and
female pups were kept separately in different cages (3 per sex/cage).
From PN90 to PN180, the estrous cycle was analyzed. Both female
groups (C and NIC) had regular 4-5-day estrous cycles and were eu-
thanatized during diestrous.

2.2. BAT and WAT sympathetic nervous system (SNS) activity

One rat of each sex per litter per group was anesthetized with a 2:1
solution of xylazine (Xilazin®, 100 mg/kg BM) and ketamine (Cetamin®,
50 mg/kg BM) after 12 h of fasting. Then, animals were evaluated for in
vive analysis of the sympathetic nerve of the interscapular BAT (iBAT;
PN120 and PN180) and for in vivo analysis of the sympathetic nerve of
the WAT (PN180), located in the lumbar plexus, near the retro-
peritoneal fat. Animals were placed inside a faraday cage to avoid
electromagnetic interference; the nerves were placed on a pair of pla-
tinum hook electrodes connected to an electronic device (Bio-Amplifier,
Insight®, Ribeirdo Preto, SP, Brazil) to record the electrical signals. To
avoid dehydration, the nerve was covered with mineral oil. Nerve ac-
tvity was amplified (10,000 x ) and filtered (cut-off: 60 kHz). A 5-min
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period of stabilization and a 10-min reading period were used. The
average number of spikes per 10-s time window was noted. The back-
ground noise level was determined in a nerve segment. Results were
analyzed using the PowerLab data acquisition system (8SP; AD
Instruments, New South Wales, Australia) (Peixoto et al., 2018; Venci
et al., 2018).

2.3. Euthanasia and tissue collection

After the in vivo measurement of BAT SNS activity (PN120 and
PN180) and WAT SNS activity (PN180), animals were euthanized by
cardiac puncture and the tissues of interest were collected. The iBAT
was dissected, weighed and prepared for morphological (kept in par-
aformaldehyde) and molecular studies (kept at =80 “C). The visceral
fat compartments (mesenteric, gonadal and retroperitoneal deposits)
were collected to obtain total visceral fat mass (VFM). The retro-
peritoneal deposit was prepared for morphological (kept in paraf-
ormaldehyde) and molecular studies (kept at — 80 “C). The whole brain
was removed and stored at =80 °C until dissection of the nuclei of
interest. Blood samples were centrifuged (1,500 x g for 20 min at 4 "C)
to obtain plasma and kept at — 20 “C. Leptin levels were determined by
a rat ELISA kit (Millipore, MO, USA).

2.4. BAT and WAT morphological analysis

Samples of both adipose tissues were fixed in paraformaldehyde
(4%) and embedded in Paraplast Plus (Sigma-Aldrich, 5t. Louis, MO,
USA) and sectioned at 5 pm thickness. Sections were fixed onto glass
slides (3/slide) for hematoxylin/eosin staining. Digital images were
randomly aequired (TIFF format, 36-bit color, 1,360 x 1,024 pixels)
from the sections using an Olympus DP71 camera and an Olympus
BX40 epifluorescence microscope (Olympus, Tokyo, Japan). At least 10
randomly-selected photomicrographs per animal were analyzed with
the software Image-Pro plus 5.0 (Media Cybernetics, Silver Spring, MD,
USA).

In the BAT, the digital images of the droplets were analyzed and the
areas of the droplets were used for the measurement of the percentage
of vesicles per tissue area. Images were classified according to the size
and number of vesicles that were present. In the WAT, a total of 100
adipoeytes per animal (n = 10 per photomierographs) were used for
the determination of adipoeyte area (pm). The digital images were used
to assess the area of the droplets.

2.5. Isolation of the hypothalomic nuclei

To obtain the coronal sections of the brain, a eryostat (Hyrax C52,
Zeiss, Germany) was used. For the isolation of the paraventricular
(PVN, Bregma =0.6 to =2.1 mm) and ventromedial (VMH, Bregma
=21 to —3.6 mm) nuelei of the hypothalamus, the coordinates de-
seribed in Paxinos and Watson stereotaxic atlas were used (Paxinos and
Watson, 1998). The samples were then frozen at —80 *C for use in the
western blotting.

2.6. Western blotting analysis

Protein expression in the BAT, WAT, PVN and VMH were evaluated
by Western blot. For protein extraction, 7 samples of each tissue were
homogenized. BAT and WAT, which were frozen in liquid nitrogen,
were subjected to maceration in specifie protein extracton buffer
(TPER Tissue Protein Extraction). For the PVN and VMH the RIPA
buffer [50 mM Tris-HCl (pH 7.4), 1% NP-40, 150 mM NacCl, 1 mM
EDTA, 1 mM PMSF, 1 mM Na3V04, 1 mM NaF] was used. These buffers
contained a protease inhibitor cocktail (F. Hoffmann-La Roche Ltd.,
Basel, CH). BAT and WAT homogenates were centrifuged (12,851 =g,
4 "C, 30 min) and then the intermediate phases were collected. The PVN
and VMH were sonicated (two pulses of 10 s with 40% amplitude,
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intercalated by 15 s off). Protein concentration in the supernatants was
determined by Pierce BCA Protein Assay Kit (Thermo Scientific, CA,
USA). Homogenates were analyzed by SDS-PAGE using 20 pg (BAT and
WAT) or 10 pg (PVN and VMH) total protein. Samples were transferred
onto PVDF membranes (Hybond ECL; Amersham Pharmacia Biotech,
London, UK). All membranes (BAT, WAT, PVN, ARC and VMH were
incubated with Tris-buffered saline (TBS) containing 5% albumin for
45 min. Subsequently, BAT membranes were incubated with specific
primary antibodies: ant-UCP1 (1:500, Sigma-Aldrich, Invitrogen
Corporation CA, USA), ant-B3-AR (1:500, Santa Cruz Biotechnology.
Inc., Santa Cruz, CA, USA), anti-TRP1 and anti-TRal (1:500, Abcam,
MA, UK), anti-PGCla and CPTla (1:1000, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), anti-AMPKa and anti-phospho-AMPEKa
(1:500, Cell Signaling Technology, Inc., MA, USA) overnight at 4 ‘C.
WAT membranes were incubated with specific primary antibodies: anti-
ACC and anti-FAS (1:500, Cell Signaling Technology, Inc., MA, USA),
anti-CEBPP, anti-PAPRy and antif3-AR (1:500, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4 "C. PVN
membranes were incubated with anti-AMPKa, anti-phospho-AMPKa
(1:500, Cell Signaling Technology, Inc., MA, USA) overnight at 4 “C.
VMH membranes were incubated with anti-MC4R (1:500, Abcam, MA,
UK) overnight at 4 °C.

Either anti-B—actin (1:500) or GAPDH (1:1000) primary antibodies
(depending on protocol) were used as internal control for each mem-
brane (Sigma-Aldrich, Invitrogen Corporation CA, USA). Membranes
were washed 3 times with Tween-TBS (0.1%) and then incubated for
1 h with the appropriate concentration of the secondary antbody
(1:5000, 1:7000 or 1:10000) conjugated with biotin (anti-rabbit, anti-
mouse or anti-goat Sigma-Aldrich, Invitrogen Corporation CA, USA) at
room temperature. Membranes were then washed 3 times with Tween-
TBS (0.1%), which was followed by the incubation with streptavidin-
conjugated horseradish peroxidase (Caltag Laboratories, Burlingame,
CA, USA). Protein bands were visualized by chemiluminescence (Kit
ECL plus, Amersham Biosciences, London, UK) followed by exposure to
Image Quant LAS (GE Healthcare, Buckinghamshire, UK). The bands
area and density were quantified by Image J software (Wayne Rasband
Natonal Institute of Health, MA, USA) and normalized for f-actin or
GAPDH. Results were expressed as relative (%) to the control group (C).

2.7. Determination of the total catecholamine

The right adrenal gland was used for the measurements of total
catecholamine levels through the trihydroxyindole method, using epi-
nephrine as a standard (Conceicio et al., 201 3). Briefly, adrenal glands
were homogenized with 10% acetic acid; homogenate was centrifuged
(1,120 % g, 5 min, 4 “C). Then, 50 pL of epinephrine or the supernatant
was mixed with 250 pL of 0.5 M phosphate buffer, pH 7.0, and 25 pL of
0.5% potassium ferricyanate and incubated (20 min, ice bath). The
reaction was stopped with 500 pL of 60 mg/mL ascorbic acid and 5N
NaOH (1:19 ratio), and the samples were diluted with 2 mL of distilled
water. The fluorescence was determined at 420 nm for excitation and
510 nm for emission (Hidex, Turku, FI).

2.8. Statistical analysis

Data were analyzed with the statistical program GraphPad Prism 5.0
for Windows (GraphPad Software, La Jolla, CA, USA) and are expressed
asmeans * standard error of the mean (SEM). Comparisons between C
and NIC groups were performed using Student's unpaired t-test since the
programming effects in male and female rats were separately evaluated.
Differences were considered significant when p < 0.05.
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Table 1
Long-term effects of nicotine-only exposure during breastfeeding on biometric parameters and leptinemia of offspring at different ages.
PN120
MALE FEMALE
Cc NIC Cc NIC
Body mass (g) 486 *+ 14 473 = 7 257 + 6 251 + 4
VFM (g)/100 g BM 46 = 03 53 = 0.3 43 = 03 41 * 03
iBAT mass (g)/100 g BM 0.060 + 0.004 0.080 = 0.004* 0.090 = 0.005 0.090 + 0.001
Leptin (ng/mL) 104 + 16 94 = 1.2 3.7 + 04 29 = 02
PN180
MALE FEMALE
C NIC c NIC
Body mass (g) 542 = 7 574 + 8* 294 + 4 299 + 4
VEM (g)/100 g BM 59 + 0.2 6.7 + 0.3* 56 + 0.3 6.2 + 03
iBAT mass ()/100 g BM 0.080 + 0004 0.100 = 0.004* 0.090 + 0.004 0.100 = 0.010
Leptin (ng/mL) 7.0 * 09 105 = 1.3* 50 = 12 78 =+ 13

C: control group; NIC: nicotine group. VFM: Visceral fat mass; BM: Body mass; iBAT: Interscapular brown adipose tissue. Values represent means = SEM, n = 7/
group. *p < 0.05w C.
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Fig. 1. Effect of nicotine-only exposure during breastfeeding on BAT in male offspring. BAT SNS at PN120 (A) and PN180 (B) rat offspring. BAT morphology
(lipid droples: % area, units per area and size) at PN120 (C, D, E, F and G) and PN180 (H, 1, J, L and M). BAT biomarkers (UCP1, f3-AR, TRal, TRf1, PGCla,
CPTla, AMPK and pAMPK) at PN120 (N) and PN180 (0). C: control group; NIC: nicotine group. Results are expressed as mean = SEM; *p < 0.05; **p < 0.01,
n=7
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Fig. 2. Effect of nicotine-only exposure during breastfeeding on BAT in female offspring. BAT SNS at PN120 (A) and PN180 (B) rat offspring. BAT morphology
(lipid droples: % area, units per area and size) at PN120 (C, D, E, F and G) and PN180 (H, I, J, L and M). BAT biomarkers (UCP1, B3-AR, TRal, TRB1, PGCla,
CPTla, AMPK and pAMPK) at PN120 (N) and PN180 (0). C: control group; NIC: nicotine group. Results are expressed as mean = SEM: *p < 0.05;: **p < 0.01,

n=7
3. Results
3.1. Body mass, fat deposit and plasma leptin

As shown in Table 1, at PN120, NIC animals of both sexes had no
change in body mass and VFM. Only NIC males had higher iBAT mass at
PN120 (+33% vs C,p < 0.05). Nochange in plasma leptin levels was
detected. At PN180, NIC males had higher body mass (+6% vs C,
p < 0.05), VFM (+14% vs C, p < 0.05), iBAT mass (+17% vs C,
p < 0.05) and plasma leptin (+49% vs C, p < 0.05), while NIC fe-
males showed no change of these parameters (Table 1).

3.2. In vivo BAT SNS, morphology and function

NIC animals had lower SNS activity at the basal condition in the
BAT at PN120 (~51% vs C males; —56% vs C females, p < 0.05,
Figs. 1A and 2A) and at PN180 (—69% vs C males; —80% vs C females,
p < 0.05, Figs. 1B and 2B). As depicted in Figs. 1E and 2E, at PN120,
NIC animals had no change in the percentage of lipid droplet in BAT
total area. Only NIC females showed an increase of 60% in the lipid unit
per area, suggesting more lipid droplets in BAT (p = 0.05, Fig. 2F and
D). Fig. 2G shows that NIC females have a smaller lipid sizes profile in
BAT.

AtPN180, NIC animals showed higher percentage of lipid droplet in
BAT total area (+8.5% vs C males; +9.5% vs C females, p < 0.05,

Figs. 1J and 2J). NIC groups had lower lipid unit per area (—53% vs C
males; —36% vs C females, p < 0.05, Fig. 1L and 2L) and larger lipid
sizes profile (p < 0.05, Fig 1M and 2M), suggesting that the increase in
the percentage of lipid is due to hypertrophied adipocytes.

Regarding BAT biomarkers of thermogenesis at PN120, NIC animals
showed lower protein content of UCP1 (—33% vs C males; —25% vs C
females, p < 0.05, Fig. IN and 2N) and CPT1a (—39% vs C males;
~28% vs C females,p < 0.05, Fig.IN and 2N). Besides, NIC males also
showed lower protein content of B3-AR (=41% vs C, p < 0.05) and
PGCla (—=30% vs C, p < 0.05), while NIC females showed lower
protein content of TRal (—=55% vs C, p < 0.05), TRB1 (—36% vs C,
p < 0.05), AMPK (-28% vs C,p < 0.05) and pAMPK (~36% vs C,
p < 0.05), as shown in Fig.IN and 2N).

At PN180, NIC animals had lower protein content of UCP1 (—43%
vs C males; —26% vs C females, p =< 0.05, Fig. 10 and 20), f3-AR
(—35% vs Cmales; —48% vs C females, p < 0.05, Figures 10 and 20)
and CPTla (—28% vs C males; —42% vs C females, p < 0.05, Fig. 10
and 20). In addition, NIC females exhibited lower TRal protein content
(—34% vs C, Fig. 20).

3.3. In vivo WAT SNS, morphology and function

At PN120, NIC animals had no change in the adipocytes area in the
WAT (Figs. 3C and 4C), while, at PN180, these animals showed higher
WAT adipocytes area (+27% vs C males; +30% vws C females,
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p < 0.05, Figs. 3F and 4F).

At PN180, only NIC males showed an increase of SNS activity at the
basal condition in the WAT (+2-fold, p < 0.05, Fig. 3G). Regarding
WAT lipogenic and adipogenic biomarkers, at PN120, NIC animals
showed higher protein content of FAS (+ 43% vs C males; +47% vs C
females, p < 0.05, Figs. 3H and 4H) and PPARy (+ 1.2-fold vs C males;
+95% vs C females, p < 0.05, Figs. 3H and 4H). No change was found
in ACC, CEBPf (Figs. 3H and 4H), B3-AR or total catecholamine
(Fig. 3J, L, 4J and 4L).

At PN180, NIC males showed higher protein content of FAS (+1.7-
foldvs C, p < 0.05, Fig. 3I), PPARy (+36% vs C, p < 0.05, Fig. 3)
and B3-AR (+40% vs C, p < 0.05, Figure 3M), total catecholamine
(+40% vs C,p < 0.05, Figure 3N). NIC females showed higher protein
content of ACC (+43% vs C,p < 0.05, Fig. 41), CEBP (+41% vs C,
p < 0.05, Fig. 4I), while no change was observed in $3-AR or total
catecholamine (Figures 4M and N).

3.4. Hypothalamic MC4R and AMPK expressions

At PN120, NIC animals of both sexes showed no alteration in pro-
tein content of MC4R in the PVN and pAMPK/AMPK ratio in the VMH
(Fig. 5A, B, E and F). At PN180, NIC males showed higher pAMPK/
AMPK ratio in the VMH (+60% vs C, p < 0.05, Fig. 5D), while NIC
females had no alteration in this parameter (Fig. 5H). No change of
MCA4R protein expression was detected in NIC animals (Fig. 5C and G).

4. Discussion

The reduction of the thermogenic capacity of the BAT is being
discussed currently as a possible determinant for the development of
obesity (Soler-Vizquez et al., 2018; Luijten et al., 2019a,b). We have
previously reported that smoke exposure during lactation reduces, in
the long-term, BAT SNS activity as well as thermogenesis (Peixoto et al.,
2018). However, although a cigarette has more than 7,000 different
substances (WHO, 2019; Rodgman and Perfetti, 2013), here we de-
monstrated that nicotine-only exposure during the breastfeeding period
impairs thermogenesis, reducing sympathetic activity in the BAT in the
adult offspring of both sexes, possibly inducing lower energy ex-
penditure and constituting the main cigarette compound that induces
those changes.

NIC males exhibited overweight, visceral fat accumulation and in-
creased epididymal adipocyte area (de Oliveiraetal., 2010), whichis in
agreement with present findings. NIC females had normal body mass
and body fat, which are in accordance with a previous report (Pinheiro
et al,, 2011). Here, we further showed a higher WAT adipocyte area
that, at least in part, could be associated with BAT hypofunction (lower
SNS and thermogenesis markers). It is relevant to stress that the study
of nicotine-programmed offspring at two different ages is important to
show that the some disturbances at the molecular level are already
present at PN120, such as reduced BAT thermogenic function and
changes in adipogenesis and lipogenesis markers in the WAT,
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observations that precede the morphological changes. These alterations
intensify with aging and culminate in the morphologieal changes ob-
served in the BAT and WAT at PN180.

In obesity, there is a continuous state of positive energy balance,
hypertrophy and hyperplasia, increasing lipid storage (Rutkowski et al.,
2015; Sun et al.,, 2011). Here, we demonstrated that despite the in-
creased adipocyte area in the WAT, NIC males at PN180 showed in-
creased WAT SNS, potentiating lipolysis. Besides, adipocyte hyper-
trophy results in increased basal lipolysis, favoring the release of FFA
and lipid accumulation at ectopic sites (Lambert et al., 2019). Ad-
ditionally, the increase, in NIC offspring, of adipogenic and lipogenic
markers at PN120 (PPARy and FAS in both males and females) and at
PN180 (PPARy and FAS in males; CEBPj and ACC in females) also help
to explain the morphological alteration in the WAT (Hammarstedt
et al., 2018; Song et al., 2018). Studies show that SNS-BAT connection
is indispensable for thermogenesis (Labbe et al., 2015; Morrison et al.,
2014). Our findings demonstrate that BAT hypofunction is related to
impaired SNS activity in NIC animals, irrespective of sex, at PN120 and
PN180.

At PN180, NIC offspring of both sexes showed increased percentage
of BAT lipid droplet area. Thus, NIC males developed BAT hypertrophy
and hyperplasia, while females only had hypertrophy. Accordingly, as
already reported, BAT whitening leads to cell death and tissue in-
flammation, impairing its function (Kotzbeck et al., 2018). Indeed, Fan
and collaborators (2018) have reported that nicotine exposure during

gestation and lactation alters BAT morphology and function in the adult
male progeny.

In the present study, at both ages, NIC animals showed decreased
UCP1 and CPT1a protein expressions, while other thermogenic markers
showed sex-dependent alterations at PN120 and/or PN180. Fan et al.
demonstrated that nicotine exposure during gestation and lactation
reduces the expression of UCP1 and PGCla mRNA as well as of other
thermogenesis-related biomarkers (PRDM16, CIDEA, and CPT2). We
evidenced, in the present study, that nicotine-only exposure exclusively
during the breastfeeding period can also impair BAT thermogenesis
biomarkers at adulthood in both sexes. Although BAT function depends
on many different factors, such as temperature, food intake, physical
activity, metabolic status and hormone action, its thermogenic capacity
is proportional to the amount of UCP1, considered a key molecule re-
garding facultative thermogenesis (Jung et al., 2019; Kalinovich et al.,
2017; Oelkrug et al., 2015). Thus, the reduction in the protein content
of UCP1 in NIC animals at both ages is closely related to the reduction
of thermogenic capacity observed in these animals. Furthermore, the
observed reductions in other BAT biomarkers, such as f3-AR, CPTla
and PGCla, could be due to the decreased SNS activity.

Thyroid status is related to the regulation of thermogenesis since the
thyroid hormone exhibit a crosstalk with f3-AR (primarily responsible
for UCP1 activation) (Phillips, 2019). Thyroid hormone receptors (TR)
have specific actions in the regulation of thermogenesis; TR stimulates
UCP1, while TRa enhances B-adrenergic signaling (Ribeiro etal., 2001;
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Martinez-Sanchez et al,, 2014). Oliveira and collaborators (2009) de-
monstrated that NIC males show secondary hypothyroidism (lower
circulating TSH, T3 and T4 concentrations) at PN180. Thus, the lower
thermogenesis observed in this group may be related to its hypothyroid
status. We did not measure thyroid hormones in the female offspring,
which can be considered a limitation of the current study. However,
NIC females had a reduction of TRa (both ages) and TR (only at
PN120), which suggests a lower action of thyroid hormones in the BAT.

Central regulation of SNS-BAT involves the melanocortin system
through the activation of MC4R in the PVN (Kooijmanetal., 2014). The
reduction of in vivo BAT SNS is not apparently dependent on this system
in NIC animals. Another crucial hypothalamic marker for BAT ther-
mogenesis is the AMPK located in the VMH (Wang and Cheng, 2018).
AMPK content has an inverse relationship to thermogenesis in the BAT
(Lopez et al., 2016; Wang and Cheng, 2018). Thus, the increased
PAMPK-AMPK ratio observed in the VMH of NIC males at PN180 seem
to contribute to the lower in vivo SNS activity.

Here we evidence that there are sex-related differences in response
to neonatal exposure to nicotine (Fig. 6). Some data show that women
are more vulnerable to the effects of nicotine than men (Pogun and
Yaratbas, 2009). Sex steroid hormones play an important role con-
cerning the effects of nicotine in women: While estrogen increases the
desire to smoke, progesterone decreases it (Lynch and Sofuoglu, 2010).
It is important to note that the effects of nicotine vary according to
developmental stage (prenatal, neonatal, adolescence and adults), ex-
isting strong evidence that male and female animals are differently
programmed by nicotine (Cross et al., 2017). Previous and current data
in this model indicate that male offspring is more susceptible to neo-
natal nicotine exposure. NIC male offspring developed overweight, in-
creased visceral fat mass, adipocyte hypertrophy and higher leptin
concentrations. In addition, specifically in the present work, we report
greater BAT mass, greater WAT sympathetic activity and greater ca-
techolamine. NIC female offspring were also programmed for an un-
favorable phenotype, but changes were mild when compared to males.

5. Conclusions

BAT hypofunction has been associated with obesogenesis while
thermogenesis activation by brown adipocytes has been associated with
body mass and fat reductions, better glucose and insulin sensitivity and
better lipid profile. This is the main reason why the control of ther-
mogenesis has been viewed as an anti-obesity therapeutic strategy
(Phillips, 2019; Soler-Vazquez et al., 2018; Stanford et al, 2013).
Considering that obesity is a public health problem and is a potential
condition for the development of other diseases, our current findings
provide evidence of how neonatal nicotine exposure affects the SNS,
metabolic biomarkers and morphology in the WAT and BAT in the long-
term, considerably after the exposure to nicotine was interrupted. This
knowledge contributes to the understanding that nicotine is the main
substance underlying the mechanisms by which maternal smoking af-
fects thermogenesis, resulting in obesity later in life.
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Abstract

Purpose Early weaning (EW) is a risk factor for obesity development. Brown adipose tissue (BAT) hypofunction is related
to obesity onset. Here, we evaluated whether sympathetic nervous system (SNS) activity in BAT and the thermogenic func-
tion of BAT are decreased in adulthood in obese rats from two EW models.

Methods At the time of birth. lactating Wistar rats and their pups (three males and three females) were separated into three
groups: the control group, in which pups consumed milk throughout lactation; the non-pharmacological EW (NPEW) group.
in which suckling was interrupted with a bandage during the last 3 days of lactation; and the pharmacological EW (PEW)
group, in which dams were treated with bromocriptine (0.5 mg/twice a day) 3 days before weaning. The offspring were
sacrificed on PN180.

Results Adult male rats from both EW models exhibited lower BAT SNS activity. Female rats from the PEW group showed
a decrease in BAT SNS activity. The protein levels of UCP1 were lower in the NPEW males, while PGC la levels were lower
in both PEW and NPEW males. Both groups of EW females showed reductions in the levels of p3-AR, TRp1, and PGCla.
The UCP1 protein level was reduced only in the NPEW females. The EW groups of both sexes had lower AMPK protein
levels in BAT. In the hypothalamus, only the PEW females showed an increase in AMPK protein levels. In both groups of
EW males, adrenal catecholamine was increased and tyrosine hydroxylase was decreased, while in EW females, adrenal
catecholamine was decreased.

Conclusions Early weaning alters the thermogenic capacity of BAT, which partially contributes to obesity in adulthood, and
there are sex-related differences in these alterations.

Keywords Breastfeeding - Early weaning - Bromocriptine - Developmental plasticity - Metabolic syndrome - Autonomic
function

Introduction

Environmental and nutritional changes during periods of
great plasticity, such as intrauterine life and/or lactation, can
cause metabolic disorders in offspring. This phenomenon is
known as metabolic programming [1-4]. Early weaning can
lead to metabolic programming. Epidemiological data have
shown that exclusive breastfeeding up to 6 months of age is
protective against the development of obesity in adulthood
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[5-8]. In rats, we have shown the long-term adverse effects
of breast milk deprivation, which include programming for
metabolic syndrome [9-12]. In a pharmacological early
weaning (PEW) model, bromocriptine, a type 2 dopamine
agonist that inhibits prolactin production/secretion., is admin-
istered to mothers during the last 3 days of lactation, and this
programs adult male offspring for obesity, hyperleptinemia,
insulin resistance, dyslipidaemia, central hypothyroidism,
and high concentrations of adrenal hormones [9, 10]. Lima
etal. [11, 12] developed a non-pharmacological early wean-
ing (NPEW) model in which a bandage is applied to mothers
during the last 3 days of lactation. They found that adult
males are programmed for obesity, higher body fat, insulin
resistance, hyperleptinemia, and hy pertriglyceridemia [11.
12]. The aforementioned metabolic and hormonal alterations
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can be associated with changes in the function of brown
adipose tissue (BAT), impairing its thermogenic capacity
and favoring the development and maintenance of obesity
[13]. Until now, female progeny have not been evaluated in
these two EW models.

Brown adipocytes have a large number of mitochondria
rich in uncoupling protein 1 (UCF1) [14]. UCP1 is a protein
capable of decoupling the mechanism of oxidative phos-
phorylation from the respiratory chain, producing heat, and
thereby increasing thermogenesis [15, 16]. The sympathetic
nervous system (SNS) and thyroid hormones are responsible
for regulating thermogenesis: therefore, beta 3-adrenergic
receptor (f3-AR) and thyroid hormone receptors (TRf1 and
TRal) [17] are considered important biomarkers of BAT
function. There are other molecules involved in the control
of thermogenesis, such as peroxisome proliferator-activated
receptor coactivator (PGCla), which regulates mitochon-
drial biogenesis and respiratory function, and carnitine pal-
mitoyltransferase 1A (CPT1a) [18], which is involved in the
control of mitochondrial fatty acid oxidation [19].

The hypothalamus has an important role in the regula-
tion of BAT thermogenesis. The ventromedial nucleus of
the hypothalamus (VMH). through AMP-activated protein
kinase (AMPK), inhibits SNS activity [20. 21]. Another
central regulator of BAT thermogenesis is the melanocortin
system [22-24]. Alpha-melanocyte-stimulating hormone
(a-MSH) binds to melanocortin 4 receptor (MC4R) in the
paraventricular nucleus (PVN), thereby increasing BAT
sympathetic outflow, stimulating mitochondrial biogenesis,
and UCP1 production, and consequently increasing thermo-
genesis [22-24].

Studies have shown that increased BAT thermogenesis
represents a potential mechanism against obesity [16, 25].
Thus, our hypothesis is that early weaning can act as an
imprinting factor that results in the failure of BAT thermo-
genic function, contributing to obesogenesis. Here, we stud-
ied the long-term effects of early weaning in two models on:
(1) BAT sympathetic nerve activity; (2) BAT morphology:
(3) biomarkers of catecholamine and thyroid hormone sen-
sitivity, mitochondrial biogenesis, and fatty acid oxidation in
BAT; (4) total catecholamine levels in the adrenal gland: and
(5) AMPK levels in BAT and the VMH as well as MC4R
levels in the PVN. In addition, the sexual dimorphism of
outcomes in adult progeny was also investigated.

Materials and methods

The Animal Care and Use Committee of the Biology Insti-
tute of the State University of Rio de Janeiro. which based
its analysis on the principles adopted and promulgated by
Brazilian Law (No. 11.794/2008), approved our experimen-
tal design (CEUA/035/2017).

@ Springer

Wistar rats were housed under controlled temperature
(23/24 °C) and a photoperiod of 12 h (light/dark cycle) with
water and food ad libitum. Virgin adult female rats were
placed with male rats at a 2 to 1 ratio for 1 week. After mat-
ing. each pregnant rat was housed in an individual cage until
delivery. At the time of birth, which was considered the first
post-natal day (PN1), the litter of each dam was adjusted to
six pups (three females and three males).

Experimental models of early weaning (EW)

After birth, 21 lactating rats were randomly separated into 3
groups: the control (C, n=7) group, in which the pups expe-
rienced standard lactation (21 days): the non-pharmacologi-
cal early weaning (NPEW, n=7) group. in which dams were
wrapped with a bandage to interrupt lactation in the last
3 days of lactation; and the pharmacological early weaning
(PEW, n=T7) group. in which dams were treated with 0.5 mg
bromocriptine i.p. (BRO; Novartis, Sdo Paulo, Brazil) twice
a day for 3 days at the end of lactation. According to Quinn
(2005), one rat day is equivalent to 8.6 human days [26].
Thus, the standard breastfeeding period of a rat (21 days)
corresponds to the recommended 6 months of exclusive
breast feeding in humans. In this sense, 3 days of EW in rats
are equivalent to almost 1 month of EW in humans.

For all groups. food was administered directly into the
cages, and the pups had easy access to a water bottle. We
used two randomly chosen pups (one male and one female)
from each dam. The remaining pups were used for another
study.

Between weaning (PN21) to euthanasia (PN180), the
male and female pups were kept in different cages (three
males and three females per cage). The estrous cycle was
analyzed after PN150. The females were sacrificed during
diestrous. All females had regular 4-5-day estrous cycles,
indicating that programming induced by early weaning did
not affect the reproductive cycle.

Sympathetic nervous system (SNS) activity in brown
adipose tissue (BAT)

On PN180, one rat of each sex from each litter of all groups
(C. NPEW and PEW) was fasted for 12 h and then anes-
thetized (70 mg/kg b.w. and 7 mg/kg b.w. xylazine) for
in vivo autonomic nerve electrical activity assessment, as
previously described [27]. BAT sympathetic nerve activity
was measured from the left interscapular nerve, which was
exposed under a dissection microscope. The branches were
placed on a pair of hook platinum electrodes connected to
an electronic device (Bio-Amplificator. Insighl®, Ribeirdo
Preto, SP, Brazil) to record the electrical signals. To pre-
vent dehydration, the nerve was covered with mineral oil.
Nerve activity was amplified (10.000x) and filtered (cutoff:
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60 kHz). The results were analyzed using the PowerLab data
acquisition system (8SP; AD Instruments, New South Wales,
Australia). All nerve activity recordings were carried out
inside a Faraday cage to prevent electromagnetic interfer-
ence. The animals were kept under a warming light. After
10 min of stabilization, the average number of spikes per
10-s interval during a 10-min period was calculated. The
background noise level was determined in a nerve segment.

Euthanasia and tissue collection

After the measurement of BAT SNS activity, the rats were
euthanized by cardiac puncture. The interscapular brown
adipose tissue (iBAT) was dissected, weighed. and pre-
pared for morphological studies or molecular measure-
ments (stored at — 80 °C). The visceral fat compartments
(mesenteric, gonadal, and retroperitoneal) were collected to
obtain the total visceral fat mass (VFM). The whole brain
was removed and stored at — 80 °C until the nuclei of inter-
est were dissected.

BAT morphological analysis

Samples were fixed in paraformaldehyde (4%) and embed-
ded in Paraplast Plus (Sigma-Aldrich, St. Louis, MO, USA)
to produce 5-pm thick non-serial sections. These sections
were fixed onto glass slides (three per slide) for hematoxylin/
eosin staining. and digital images were acquired randomly
(TIFF format, 36-bit colour, 1360 1024 pixels) using an
Olympus DP71 camera and an Olympus BX40 epifluores-
cence microscope (Olympus, Tokyo, Japan). At least ten
photomicrographs per animal were randomly measured
with Image-Pro Plus 5.0 software (Media Cybernetics, Silver
Spring, MD, USA). The photomicrographs were used for the
selection of fat droplets. Digital images of the droplets were
analyzed. the area of the droplets were determined, and the
resulting data were transformed into a histogram.

Isolation of the hypothalamic nuclei

We used a cryostat (Hyrax C52, Zeiss, Germany) to obtain
coronal sections of the brain. The paraventricular nucleus
(PVN, —0.6 to —2.1 mm from bregma) and ventromedial
nucleus of the hypothalamus (VMH, — 2.1 to — 3.6 mm from
bregma) were isolated in accordance with the coordinates
described in the Paxinos and Watson stereotaxic atlas [28].
The samples were frozen at — 80 °C for Western blotting.

Western blotting analysis
Waestern blotting was used to evaluate protein levels in BAT,

the adrenal gland, the PVN, and the VMH. To homogenize
the samples, we used RIPA buffer [50 mM Tris—HCI1 (pH

7.4). 1% NP-40, 150 mM NaCl, | mM EDTA, 1 mM PMSF,
1 mM Na;VO,. and 1 mM NaF] with protease inhibitor
cocktail (F. Hoffmann-La Roche Ltd., Basel, CH). A total
of 700 pL of the buffer was used for BAT. 500 pL was used
for the adrenal gland, 70 pL for PVN, and 70 pL. VMH. The
BAT was sonicated (three pulses of 5 s with 40% amplitude
separated by 15 s); the adrenal gland was manually mac-
erated using a laboratory pestle; and the PVN and VMH
were sonicated (two pulses of 10 s with 40% amplitude
separated by 15 s). The BAT homogenates were centrifuged
three times {18.506xg. 5 min, 4 °C), and the intermediate
phase was collected after each centrifugation. The protein
concentration in the supernatants was determined using
the Pierce BCA Protein Assay Kit (Thermo Scientific, CA,
USA). Then the homogenates were analyzed by SDS-PAGE
using 30 mg total protein for BAT and 10 mg total protein
for the adrenal gland, PVN, and VMH. The samples were
transferred onto PVDF membranes (Hybond ECL; Amer-
sham Pharmacia Biotech, London, UK). The membranes
were incubated with Tris-buffered saline (TBS) containing
5% albumin for 45 min. Subsequently, the membranes were
washed with TBS and then incubated overnight at 4 °C with
the following specific primary antibodies: anti-UCP1 (1:500;
Sigma-Aldrich, Invitrogen Corporation CA, USA), anti-
P3-AR (1:500: Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA), anti-TRp1. anti-TRal (1:500; Abcam, MA. UK),
anti-PGC la and CPT la (1:1000; Santa Cruz Biotechnology.
Inc., Santa Cruz, CA, USA). The same procedure was per-
formed for the adrenal gland, VMH, and PVN membranes,
which were incubated with anti-TH (tyrosine hydroxylase)
(mouse; 1:1000; Sigma-Aldrich, Saint Louis MO, USA),
anti-AMPKa, anti-phospho-AMPKa (1:500; Cell Signal-
ing Technology. Inc., MA, USA), and anti-MC4R (1:500:
Abcam, MA, UK) antibodies. An anti--actin primary anti-
body was used as an internal control for each membrane
(1:500; Sigma-Aldrich, Invitrogen Corporation, CA, USA).
The membranes were washed three times with Tween-TBS
(0.1%) and then incubated for 1 h at room temperature with
the appropriate concentration (1:1000., 1:5000, 1:7000 or
1:10000) of a secondary antibody conjugated to biotin (anti-
rabbit, anti-mouse or anti-goat; Sigma-Aldrich, Invitrogen
Corporation CA, USA). Then the membranes were washed
three more times with Tween-TBS (0.1%) and then incu-
bated with streptavidin-conjugated horseradish peroxidase
(Caltag Laboratories, Burlingame, CA, USA). The protein
bands were visualized with chemiluminescence (ECL Plus
kit; Amersham Biosciences, London, UK) and exposed to
ImageQuant LAS (GE Healthcare, Buckinghamshire, UK).
The area and density of the bands were quantified by ImageJ
software (Wayne Rasband National Institute of Health, MA.,
USA) and normalized against the bands obtained for p-actin.
The results are expressed as the percent change relative to
the control group (C).
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Determination of the total catecholamine level
in the adrenal gland

The total catecholamine level was measured using the trihy-
droxyindole method [29]. The right adrenal gland was used.
The adrenal glands were mashed in 10% acetic acid until
a homogenate was obtained and the homogenate was then
centrifuged (1120xg, 5 min, 4 °C). The supernatants were
frozen for analysis. Epinephrine was used as a standard.
Briefly. 50 pl of epinephrine or the supernatant was mixed
with 250 pL of 0.5 M phosphate buffer, pH 7.0, and 25 pL
of 0.5% potassium ferricyanate and incubated (20 min, ice
bath). The reaction was stopped with 500 pL of 60 mg/mL
ascorbic acid and 5 N NaOH (1:19 ratio), and the samples
were diluted with 2 mL of distilled water. The fluorescence
was determined at 420 nm for excitation and 510 nm for
emission (Hidex, Turku, FI).

Statistical analysis

The data were analyzed with the statistical program
GraphPad Prism 5.0 for Windows (GraphPad Software, La
Jolla, CA, USA) and are expressed as the means + standard
error of the mean (SEM). Each variable was analyzed by
two-way ANOVA with programming and sex as between-
subjects factors, as depicted in Table 1. If the initial analy-
sis indicated effects of both programming and sex or an

interaction between these factors, the data were re-exam-
ined by one-way ANOVA followed by the Newman—Keuls
post hoc test. Differences were considered significant at
p<0.05.

Results
In vivo BAT SNS activity

For BAT SNS activity, we observed an effect of program-
ming (F, 5, =9.17) and an interaction between the factors
(programming and sex. F, 5;=3.71) but no effect of sex. In
both EW models (Fig. 1a), males showed lower BAT SNS
activity under basal conditions compared to that of the C
group (NPEW, —68% and PEW, —37% vs C: p<0.05).
The NPEW males also exhibited lower BAT SNS activity
compared to that of the PEW group (NPEW, —51% vs
PEW: p<0.05; Fig. 1a). Only the PEW females showed
lower BAT SNS activity (—57%: p<0.05; Fig. 1b) com-
pared to that of the C group. We observed an interaction
between the factors (programming and sex: F 5, =3.71),
with the NPEW females exhibiting an increase in BAT
SNS activity compared to that of NPEW males (+ 2.2-fold
vs NPEW males: p<0.05; Fig. 1).

Table 1 Effect of non-pharmacological and pharmacological early weaning on analyzed parameters in animals at PN 180

80

Programming effect

Sex effect

Interaction

Body weight (g)

VFM (g)

VFM (gV/ 100 ¢ BW

iBAT mass (g)

iBAT mass (g)/100 g BW
BAT SNS

Lipid droplets (% area)
UCPI content

B3-AR content

TRl content

TRp1 content

PGClux content

CPT la content

BAT- ratio AMPKp/AMPK
g catecholamine/mg tissue
TH content

VMH-ratio AMPKp/AMPK
MC4R content

Yes (F=7.94, p=0.0012)
Yes (F=16.85, p< 0.0001)
Yes (F=17.93, p<0.0001)
No (F=0.17, p=0.845)
No (F=0.7. p=0.506)
Yes (F=0.17, p=0.0007)
No (F=1.68, p=0.2034)
Yes (F=8.10, p=0.0016)
No (F=0.86, p=0.4309)
No (F=2.44, p=0.1019)
No (F=1.25, p=0.2986)
Yes (F=15.71. p<0.0001)
No (F=1.21. p=03138)
Yes (F=17.23. p<0.0001)
No (F=0.83, p=0.4407)
Yes (F=3.82. p=0.029)
No (F=2.5, p=0.0934)
No (F=111, p=0.34)

Yes (F=660, p<0.0001)
Yes (F=70.23, p<0.0001)
NNo (F=042, p=0.52)
Yes (F=15.5, P=0.0004)
Yes (F=12.67, p=0.0012)
No (F=0.04, p=0.841)
No(F=2.56, p=0.091)
No (F=0.29, p=0.5971)
Yes (F=12.8, p=00010)
Yes (F=11.09, p=0.002)
Yes (F=14.35, p=0.0005)
No (F=0.01, p=0.9788)
No (F=0.03, p=0.194)
No(F=28, p=0.1030)
Yes (F=29.9.12, p<0.0001)
Yes (F=13.44, p=00007)
Yes (F=9.82, p=0.003)
No(F= 148, p=0.232)

No (F=3.1, p=0.055)
Yes (F=5.84, p=0.006)
No (F=1.03, p=10.368)
No (F= 166, p=10.205)
No (F=2, p=0.152)

Yes (F=3.71, p=00358)
No (F=1.89, p=0.1662)
No (F=1.25, p=0.3018)
Yes (F=3.34, p=00463)
No (F=3.10, p=0.0580)
Yes (F=3.82, p=0.0306)
No (F=0.02, p=0.9419)
No (F=0.05, p=0.8231)
No (F=0.78, p=0.4662)
Yes (F=13.96, p<0.0001)
Yes (F=3.58, p=00367)
Yes (F=3.4, p=0042)
No (F=0.37, p=0.69)

VFM visceral fat mass, BW body weight, iBAT interscapular brown adipose tissue, /CPJ uncoupling protein 1, #3-AR beta 3-adrenergic recep-
tor, TRal thyroid hormones receptor alpha 1, TRg#! thyroid hormones receptor beta 1, PGCla peroxisome proliferator-activated receptor coac-
tivator, CPT/a carnitine palmitoyltransferase 1A, AMPKp AMP-activated protein kinase phosphorylated, AMPK AMP-activated protein kinase,
TH tyrosine hydroxylase, MC4R melanocortin 4 receptor
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Fig.1 Long-term effects of
early weaning on in vivo BAT
SNS. Number of spikes in

10 5 at PN180 in males (a)
and females (b). Representa-
tive recordings are shown at
the bottom of the figures. C
control group, NPEW non-
pharmacological early weaning
group, PEW pharmacological
early weaning group. Results
are expressed as mean+ SEM.
"p<0.05vs. C, Fp<0.05 vs.

>

BAT SNS (Spikes/10sec)
Males
&

20
PEW (same-sex comparisons ). o i

Males

ANOVA
Programming effect (p=0.0007)
Sex effect(p=0.0358)

&p<0.05 vs. NPEW male,
*p< 0.05 vs. PEW male, n=7

Fat deposits

As shown in Table 2, there was an effect of programming
(F543=7.94) on body weight, with the EW groups hav-
ing higher body weights than those of the respective C
groups (males: NPEW. +9.4% and PEW, + 13.4%: females:
NPEW. +8.7% and PEW +8%: p<0.03). An effect of sex
(F| 4, =0660) on body weight was observed, with a clear dif-
ference between males and females.

For visceral fat mass, we observed effects of program-
ming (F, 4, = 16.85) and sex (¥, 4,=70.23) and an interac-
tion between the factors (F, ,, =5.84). The males from the
NPEW and PEW groups had higher visceral fat mass com-
pared to that of the C group (NPEW, +60% and PEW +90%:
p<0.05; Table 2). To a lesser degree, the females from both
EW groups exhibited more visceral fat deposits than the C
group (NPEW, +21% and PEW, + 34%: p <0.05: Table 2).

B Females
80
8
H
£ &0
g I &
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=
@ 20
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[
T T ' v
PEW [ NPEW PEW

There was an effect of programming only (F, ;,=17.93) on
the fat and body weight ratio, with the EW groups having
a higher VFM than that of the respective C groups (males:
NPEW, +39.4% and PEW + 54.4%: females: NPEW, + 15%
and PEW, +42.6%: p<0.05; Table 2).

For iBAT mass and iBAT mass/BW. we observed an
effect of sex (iBAT, F|;;=15.584 and iBAT mass/BW,
F|5,=12.67). The PEW females had a lower iBAT mass
compared to that of PEW males (— 68.7%). and the NPEW
group showed an increase in iBAT mass/BW compared to
that of NPEW males (+ 59%: p <0.05; Table 2).

BAT morphology and thermogenic biomarkers
As depicted in Fig. 2. there was no significant difference

between the lipid droplet section area among the groups in
both male and female offspring.

Table 2 Long-term effect of early weaning on body weight, fat mass, and iBAT mass of the oftspring

MALES FEMALES

C NPEW PEW C NPEW PEW
Body weight (g)™* 4254603 465+6.64" 4828+ 146" 25234143 2742+354°% 27264245
VEM (g)P/SIE+S) 13.86.+0.28 2225415 263444 0.60-£0.39 11.72£047°%  1296+0.71"¢
VEM (/100 g BW™ 34420077 479620.19° 5312+036" 3.66£0.10 421£007" 5.2240.12"
iBAT mass (g)'¥ 034002 0.30£0.05 0.32+£0.04 0.20 +0.01 0.26£0.2 0.22+0.01%
iBAT mass (gV/100 g BW®  0.0708+00075 00660011  0075+0.0087 008300045  0.1052=0006%  0.088+0.0053

Values represent means+SEM, n=7/group.

comparisons). “p< 0,05 vs. NPEW male, ¥p <005 vs. PEW male

programming effect, ' sex effec

t, P+ interaction.” p<0.05 vs. C, #p<0.05 vs. PEW (same-sex

C control, NPEW non-pharmacological early weaning, PEW pharmacological early weaning, VFM visceral fat mass, BW body weight, iBAT

interscapular brown adipose tissue
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Fig.2 Long-term effects of
early weaning on BAT morphol-
ogy. Representative hematoxy-
lin and eosin staining of BAT at
PNI180 in males (a) and females
(b). Percentage of brown
adipocyte area in males (¢) and
females (d). C control group,
NPEW non-pharmacological
early weaning group, PEW
pharmacological early weaning
group. Results are expressed as
mean+SEM. "p<0.05vs.C,
#p<0.05 vs. PEW (same-sex
comparisons). £p<0.05 vs.
NPEW male, ¥p<0.05 vs. PEW
male, n=7
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Concerning the protein content of thermogenesis
biomarkers, there was a programming effect on UCP1
and PGCla levels (UCPI, F,,3=8.10 and PGCla,
F,3=15.71), a sex effect (B3-AR. F| ;;=12.8 and TRpI.
F39=14.35) and an interaction between programming
and sex (P3-AR. F;3;=3.34 and TRp1, F,,=3.82) on
p3-AR and TRP1 levels, an effect of sex on TRal levels
(F,54=11.09), and no effect on CPT1a levels.

On PND 180, the males from the NPEW group presented
areduction in the protein content of UCP1 (- 64% vs. C and

@ Springer

—64% vs. PEW) and PGCla (—49% vs. C) but no altera-
tions in other BAT biomarkers (Fig. 3). The PEW males
exhibited a reduction in the protein content of PGC la com-
pared to that in the C group (—34%) but no change in other
BAT biomarkers.

On PND180. NPEW females showed lower UCP1 protein
levels (—35% vs. C females: Fig. 3). Both female EW groups
showed lower protein levels of p3-AR (NPEW, —48% and
PEW, —36% vs. C females; — 58% vs. NPEW males and
—56% vs. NPEW males: p<0.05), TRp1 (NPEW, —40%
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Fig.3 Long-term effects of early weaning on BAT functional param-
eters in male and female offspring. UCP1, p3-AR, TRal, TRpI,
PGCla, and CPTla protein contents in BAT at PN180 in males and
females. Representative blots of the proteins are shown beside of the
graphs. FActin content was used as control loading. C control group,

and PEW, — 51% vs. C females; p < 0.05: — 57% vs. NPEW
males and — 69% vs. NPEW males; p<0.05), and PGCla
(NPEW. — 46% and PEW, —35% vs. C females; p<0.05)
but no change in CPT1 levels (Fig. 3). The level of TRal
was only lower when compared to that of males (—42.7%
vs. NPEW males: — 56% vs. PEW: p <0.05).

As depicted in Fig. 4, there was an effect of program-
ming on the pAMPK/AMPK ratio (F, ;5= 17.23). with the
EW groups of both sexes exhibiting lower protein levels in
BAT (males: NPEW, —73% and PEW, — 69% vs. C; females:
NPEW. — 44% and PEW. — 45% vs. C: p< 0.05).

Adrenal medulla evaluation

There was an effect of sex (F| 4o=29.9) and an interaction
between programming and sex (F, 4=13.96) on catecho-
lamine levels, whereas there were effects of programming
(F;4,=3.82) and sex (F| 4, =13.44) and an interaction
between the factors (F, 4, =3.58) on TH levels. In both
EW models, males showed higher total catecholamine

NPEW non-pharmacological early weaning group; PEW: pharmaco-
logical early weaning group. Results are expressed as mean+ SEM.
Pprogramming effect, ® sex effect, ™% interaction. "p<0.05 vs.
C, #p<005 vs. PEW (same-sex comparisons). ¥p <005 vs. NPEW
male, ¢p{0.05 vs. PEW male, n=6-7

levels (NPEW, +2.3-fold and PEW, +71% vs. C: p<0.05;
Fig. 5a). On the other hand, EW females showed lower adre-
nal catecholamine levels (NPEW, —33% and PEW, — 25%
vs. C; p<0.05; Fig. 5c).

As depicted in Fig. 5b, both EW male groups presented
lower TH protein levels (NPEW, — 56% and PEW, — 337 vs.
C; p<0.05), whereas the females showed higher levels only
when compared to those of males (+ 1.23-fold vs. NPEW
males; 4+ 66% vs. PEW males; Fig. 5d).

Hypothalamic modulation of BAT thermogenesis

There was an effect of sex (F) ;5="9.82) and an interaction
between programming and sex (F, ;5=3.4) on the pAMPK/
AMPK ratio in the VMH. As shown in Fig. 6a and b, there
was no difference in the protein levels of MC4R in the PVN
or the pAMPK/AMPK ratio in the VMH among the male
groups. The PEW females showed an increased pAMPK/
AMPK ratio in the VMH compared to that of the C group

@ Springer

83



European Journal of Nutrition

ANOVA
Programming effect (p<0.0001)

Males

Ampkp I 5202

1.5- AMPK S 62kDa
! —
232 -
g-_ 5 1.0-
! U
oo
2 £ o5 . N
=
‘r‘: —
gt sl
0.0-
c NPEW PEW
Females
AMPKp IS 2kDa
15 AVPK R 62402
< =
oS
=9 -
= o 1.0'
2o
x
= * *
% 2 05
R
=&
5t
0.0
L] L] Ll
C NPEW PEW

Fig.4 Long-term effects of early weaning on the ratio of AMPKp/
AMPK in the BAT. Ratio of AMPKp/AMPK in males (a) and
females (b). Representative blots of proteins are shown above the
graphs. Values are expressed as ratio of AMPKp and AMPK relative
to the control group. C control group. NPEW non-pharmacological
early weaning group, PEW pharmacological early weaning group.
Results are expressed as mean+SEM. ‘p<0.035 vs. C, *p<0.05 vs.
PEW (same-sex comparisons). &p <0.05 vs. NPEW male, ¥p< 0.035
vs. PEW male, n=6-7

(+62.7%) and the NPEW group (+49.4%) but no change in
the MC4R level in the PVN (Fig. 6c and d: p <0.05).

Discussion

BAT is an active endocrine organ in adults [30] and can be
a target for the management of metabolic disorders such as
obesity [31]. We found that early weaning programs the ther-
mogenic capacity of BAT, either by reducing SNS activity or

@ Springer

by altering important markers related to thermogenesis. Our
findings are relevant to understanding the pathogenesis of
obesity in EW models. BAT hypofunction may be partially
dependent on decreased SNS activity in this tissue. Qur data
demonstrate that the reduction of in vivo BAT SNS activity
in adulthood is not related to the melanocortin system in
either EW males or females.

We showed that adult EW animals of both sexes have
increased visceral adiposity, and the data from EW males
corroborate that of former studies from Bonomo et al. [9]
and Lima et al. [11, 12]. Although animals programmed by
EW have higher visceral fat, the mechanisms by which SNS
activity is reduced are different between the sexes and the
two EW models. Despite the substantial changes in visceral
adiposity. there was no change in BAT morphology in males
or females from both EW models.

The males from both EW models presented lower in vivo
BAT SNS activity compared to that of the C group, and the
NPEW group exhibited BAT SNS activity that was even
lower than that of the PEW group. Consequently, NPEW
males have lower protein levels of UCP1 and PGCla, while
PEW males have only lower levels of PGC la. Both UCP1
and PGClu are quite important for normal BAT function
and contribute to lower thermogenesis in these animals.
However, in addition to the reduction in in vivo BAT SNS
activity, we expected that the other markers would also be
reduced. We did not find any change in the protein levels of
P3-AR, TRal. TRp1, or CPT la. One limitation of our study
is that we did not evaluate the activity of these potentially
reduced biomarkers in EW males because this tissue is less
stimulated by SNS during EW and because these proteins
are SNS dependent. Thus, we hypothesize that BAT hypo-
function precedes tissue whitening. In fact, alterations in
BAT function have already been reported without morpho-
logical changes [32].

Thyroid hormones are important regulators of BAT ther-
mogenesis because TRPI increases the expression of UCP1
and TRal increases adrenergic activity [17]. Bonomo et al.
[33] showed that adult PEW males present central hypo-
thyroidism. which is characterized by a reduction in TRH,
TSH, T4. and T3. Thus, at least in the PEW maodel, lower
thermogenesis may be related to hypothyroidism. Addition-
ally, the reduction in PGCla in PEW males may be due
to both hypothyroidism and lower adrenergic tonus in BAT
[34]. Interestingly, NPEW males, despite their euthyroid sta-
tus [12]. exhibit decreased levels of both UCP1 and PGCla
exclusively due to the decrease in BAT SNS activity.

In males, other changes programmed by EW may be
responsible for lower thermogenesis. Both NPEW and PEW
males exhibit higher catecholamine levels and lower TH pro-
tein levels, possibly due to decreased epinephrine production
associated with lower secretion or the inhibition of TH, the
limiting enzyme for the production of catecholamines, by
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Fig.5 Long-term effects of Males
early weaning in the adrenal
medulla. Total catecholamine ANOVA ANOVA
content in males (a) and females Programming effect (p<0.0001) Programming Eﬁ'im (p=0.029)
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the end product of biosynthesis (epinephrine). Therefore,
it is possible that EW males have a lower adrenergic effect.
even though P3-AR protein levels in BAT are not altered.

In females, the PEW group showed lower in vivo BAT
SNS activity with a tendency for decreased UCP1 levels,
while the NPEW group exhibited no change in in vivo BAT
SNS activity and lower UCP1 levels. Thus, it is possible
that the PEW females had lower UCP1 activity. Other fac-
tors, such as thyroid hormones and leptin [35]. can regulate
UCP1 independently of SNS activity. Another limitation of
the current study is that we did not evaluate thyroid function
or leptin in EW females.

Other BAT biomarkers, such as p3-AR, TRp1, and
PGC la. which may contribute to reducing thermogen-
esis, are reduced in females from both EW models. The
positive relationship between p3-AR and thermogenesis is
well described in the literature, as UCP1 and PGCla do

not increase in mice without p-ARs in cold temperatures
or at room temperature [36]. Despite no alteration in TH
content, EW females from both models exhibited lower
adrenal catecholamine levels, suggesting a reduction in the
adrenergic load in BAT and a reduction in the thermogenic
capacity of these animals. The TR1 reduction in EW
females is another indicator of BAT hypofunction, which
results in decreased thermogenesis. In the PEW females,
the higher pAMPK/AMPK ratio in the VMH reinforces the
reduction in in vivo BAT SNS activity since the activation
of AMPK in the hypothalamus reduces energy expenditure
and, consequently, thermogenesis in BAT [20].

We hypothesize that the reduction in the pAMPK/
AMPK ratio in males and females from both EW models
compromises the function of BAT and contributes to fibro-
genesis and the dysfunction of adipocytes [37].
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Fig.6 Long-term effects of
early weaning on ratio of
AMPKp/AMPK in VMH and
protein content MC4R in PVN.
Ratio of AMPKp/AMPK in
males (a) and females (c).
Protein content of MC4R in

ANOVA
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Sex effect (p=0.003)
Interaction (p=0.042)
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It is known that estrogen can reduce BAT thermogen-
esis [38—40], which may explain the different responses
between the sexes found in the present study regarding
thermogenic capacity. Studies have identified the proper
functioning of BAT as a target of anti-obesity therapy
and have indicated that BAT transplantation is capable of
improving metabolic syndrome components and promot-
ing improved glucose tolerance, increased insulin sensitiv-
ity. lower body weight, and decreased fat mass [41, 42].
In the literature, studies on thermogenesis and sex-related
differences are scarce and still controversial [38—40].
Additionally, there is a scarcity of experimental studies
on early weaning programming. To the best of our knowl-
edge, our group is the first to study how experimental early

@ Springer

weaning programs obesity and unravels the different mech-
anisms that lead to the development and maintenance of
programmed obesity in both the sexes.
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4 CONSIDERACOES FINAIS

Considerando o carater pandémico da obesidade e sua associacdo com diversas
comorbidades, é importante identificar os distarbios endocrino-metabolicos envolvidos na
génese da obesidade, fundamentando-se principalmente nos insultos que ocorrem em periodos
de grande plasticidade. Dentre estes periodos, a maioria dos estudos concentra-se na gestacao;
no entanto, sabendo que o leite materno é a fonte primaria de nutricdo para o bebé e diversas
substancias podem ser transmitidas atravées do leite materno, nosso laboratério tem explorado
0 periodo de amamentagdo como uma importante janela critica de programacdo, na qual
exposi¢des nutricionais (desmame precoce) e ambientais (componentes do cigarro),
desencadeiam alteracdes metabdlicas importantes.

No modelo de programacdo pelo tabagismo materno demonstramos 0s impactos
negativos sobre a salde em longo prazo, ressaltando a importancia da interrupcdo do uso de
cigarros ou produtos de nicotina por gestantes e lactantes. Desencorajamos ainda, o uso de
adesivos de nicotina ou cigarros eletrénicos, que muitas vezes sdo utilizados como terapia
para substituir o cigarro. A partir dos nossos resultados, observamos que a exposi¢do precoce
a fumaca do cigarro e/ou nicotina isolada, impacta diretamente no funcionamento do TAM e
do hipotalamo da prole de ambos o0s sexos quando adultos.

Especificamente quanto ao modelo de programacdo pela exposicao direta e indireta da
prole a fumaca de cigarro durante a lactacdo sobre a funcdo do TAM, os animais de ambos 0s
sexos apresentam reducdo da atividade simpéatica do TAM e menor capacidade termogénica
com alteracdo de importantes marcadores. No entanto, acreditamos que machos sé&o mais
afetados, uma vez que apresentam maior reducao da atividade simpatica e alteracGes de maior
namero de biomarcadores relacionados a termogénese. Nesse mesmo modelo, evidenciamos
alteracOes hipotalamicas que favorecem a hiperfagia e desenvolvimento de obesidade. As
expressoes de neuropeptidios hipotaldamicos sdo diferentes entre machos e fémeas; enquanto
machos apresentam aumento de NPY, CRH e reducdo de TRH, fémeas apresentam redugéo
de CART ¢ a-MSH, embora tudo isto explique o fen6tipo hiperfagico dos animas. Apenas 0s
machos apresentam inflamagdo hipotalamica; dados anteriores indicam que o principal
componente do cigarro responsavel pela inflamagéo central é a nicotina. Interessantemente,
dados da literatura sugerem que, devido a presenca de receptores de estrogénio e progesterona

nos astrocitos, as mulheres apresentam uma maior prote¢do em relagdo ao desenvolvimento
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de gliose hipotalamica. Esta pode ser a base para as fémeas do nosso modelo nédo terem
apresentado alteracdo dos marcadores de inflamacgéo no hipotdlamo (GFAP, I1L6, CX3CR1).

A nicotina € o principal composto bioativo do cigarro capaz de ser transferida pelo
leite materno e, portanto, o modelo de exposi¢édo exclusiva a nicotina durante a amamentacgédo
traz importantes licdes. Nossos achados demonstram os efeitos deletérios da exposi¢do
precoce a nicotina sobre o funcionamento do TAM e do TAB. Os animais expostos a nicotina
de ambos os sexos, apresentam comprometimento da termogénese, com reducédo da atividade
simpatica e de marcadores, como UCP1. No TAB, apesar de apenas 0s machos apresentarem
aumento de gordura visceral, a prole de ambos os sexos apresenta aumento da area dos
adipdcitos. Os machos apresentam ainda, aumento da atividade simpética no TAB, indicando
maior lipélise. E possivel que os &cidos graxos liberados nesse processo estejam sendo
acumulados em outros tecidos (gordura ectopica). O conjunto dos dados anteriores e atuais
neste modelo experimental indicam que a prole masculina € mais suscetivel aos desfechos
deletérios da exposicdo precoce a nicotina, apresentando um fen6tipo mais desfavoravel.

No modelo de programacdo pelo desmame precoce, abordamos a importancia do
aleitamento materno exclusivo, o qual é considerado uma estratégia eficaz e natural de
vinculo, afeto, protecdo e nutricdo da mée para o bebé. Resultados anteriores e atuais,
sugerem que a interrupcdo precoce do aleitamento materno tem repercussdes ao longo de toda
a vida do individuo, impactando diretamente no desenvolvimento de obesidade e alteracfes
metabolicas. Aqui demonstramos que o desmame precoce programa os filhotes para disfuncédo
do TAM reduzindo atividade simpatica em ambos 0S sexos.

Destacamos que estudos sobre termogénese e diferencgas relacionadas ao sexo ainda
sdo escassos e controversos. Os modelos de programacdo para obesidade abordados nesta
Tese indicam que a reducgéo da capacidade termogénica do TAM é um mecanismo importante
para o desenvolvimento e manutencdo da obesidade. Com 0s nossos resultados, esperamos
contribuir e despertar novos interesses para o desenvolvimento de outras pesquisas, no que diz
respeito a termogénese e inflamacdo hipotalamica. Destacamos ainda, a necessidade de
reforgar as acGes ja implementadas e desenvolver novas politicas de protecdo, incentivo e
apoio ao aleitamento materno, assim como de interrupgdo ao tabagismo ndo apenas no
periodo gestacional, mas também durante a lactagdo, no intuito de minimizarmos a exposi¢éo
a fatores de impressdo, a fim de prevenir o surgimento de doencas cronicas na vida adulta

como obesidade.
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ANEXO A - Aprovacio do Comité de Etica Modelo experimental fumaca
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ANEXO B - Aprovacéo do Comité de Etica Modelo experimental nicotina
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31/01/2017.
Finalidade () Ensino ( X ) Pesquisa Cientifica
Vigencia da autorizacao 31/01/2021
Espécie/linhagem/raca Rato Wistar
N? de animais 140

Peso/ldade

200-500 g / 90 — 180 dias

Sexo

Macho e femea

Origem

Biotério setorial

Rio de Janeiro, 31 de Janeiro de 2017.

(. €

Prof. Dr. Alex C. Manhdes
Coordenador
CEUA/IBRAG/UERY

Profa. Dra. Patricia C. Lisboa
Vice-Coordenadora
CEUA/IBRAG/UERY

http://www_biologiauer].com_ bricomite-de-etica
ceua.ibrag@yahoo.com.br
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ANEXO C - Aprovagio do Comité de Etica Modelo experimental desmame precoce

¢
§:2

%,"E“é’ DE ANIMAIS EXPERIMENTAIS (CEUA) G
sty ¥

. 2 Imli_uln_
COMISSAO DE ETICA PARA O CUIDADO E USO I brug -

CERTIFICADO

Certificamos que a proposta intitulada "INTERACAO DO SISTEMA NERVOSO
AUTONOMO E SISTEMA ENDOCANABINOIDE EM RATOS PRECOCEMENTE
DESMAMADOS", registrada com o n® 035/2017, sob a responsabilidade de Rosiane
Aparecida Miranda - que envolve a produgdo, manutencéo ou utilizagdo de animais
pertencentes ao filo Chordata, subfilo Vertebrata (exceto humanos), para fins de
pesquisa cientifica (ou ensino) - encontra-se de acordo com os preceitos da Lei n°
11.794, de 8 de outubro de 2008, do Decreto n® 6.899, de 15 de julho de 2009 e com as
normas editadas pelc Conselho Nacional de Controle da Experimentacdc Animal
(CONCEA), e foi aprovada pela COMISSAO DE ETICA PARA O CUIDADO E USO DE
ANIMAIS EXPERIMENTAIS (CEUA)

do Instituto de Biologia Roberto Alcantara Gomes da UERJ, em reuniéo de 25/07/2017.

Finalidade () Ensino ( X ) Pesquisa Cientifica
Vigencia da autorizacao 25/07/2021

Espécie/linhagem/raca Rato Wistar

N de animais 220

Peso/ldade 200-600 g / 60 - 180 dias

Sexo Macho e femea

Origem Biotério setonal

Rio de Janeiro, 25 de Julho de 2017.

Prof. Dr. Alex C. Manhé&es Profa. Dra. Patricia C. Lisboa
Coordenador Vice-Coordenadora
CEUA/IBRAG/UERY CEUA/IBRAG/UERY
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Programming of hepatic lipid metabolism in a rat model of postnatal nicotine exposure,
— Sex-related differences

lala Milene Bertasso, Carla Bruna Pietrobon, Bruna Pereira Lopes, Thamara Cherem
Peixoto, Patricia Novaes Soares, Elaine Oliveira, Alex Christian Manhaes, Maria
Lucia Bonfleur, Sandra Lucinei Balbo, Suellen Silva Cabral, George Eduardo Gabriel
Kluck, Georgia Correa Atella, Egberto Gaspar de Moura, Patricia Cristina Lisboa

PIl: S0269-7491(19)36505-4
DOI: https://doi.org/10.1016/j.envpol.2019.113781
Reference: ENPO 113781

To appearin:  Environmental Pollution

Received Date: 3 November 2019
Revised Date: 4 December 2019
Accepted Date: 8 December 2019

Please cite this article as: Bertasso, |.M., Pietrobon, C.B., Lopes, B.P., Peixoto, T.C., Soares,
Patri.Novaes., Oliveira, E., Manhaes, A.C., Bonfleur, M.L., Balbo, S.L., Cabral, S.5., Gabriel Kluck, G.E.,
Atella, G.C., Gaspar de Moura, E., Lisboa, Patri.Cristina., Programming of hepatic lipid metabolism in a
rat model of postnatal nicotine exposure — Sex-related differences, Environmental Pollution (2020), doi:
https://doi.org/10.1016/j.envpol.2019.113781.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
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disclaimers that apply to the journal pertain.
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Cigarette smoke during lactation in rat female progeny: Late effects on )}
endocannabinoid and dopaminergic systems =

P.N. Soares™’, R.A. Miranda™', T.C. Peixoto®, F.A.H. Caramez®, D.S. Guarda®, A.C. Manhées",
E. de Oliveira®, E.G. de Moura®, P.C. Lishoa™*

“ Endocrine Physiology Loboratory, Department of Physiological Sciences, State University of Rio de Janeiro, 20550-030 Rio de Janeiro, RJ, Brazil
" Neuraphysiology laboratory, Department of Physiological Sciences, State University of Rio de Janeiro, 20550-030 Rio de Janeiro, RJ, Brazil

ARTICLE INFO ABSTRACT

Aims: Maternal smoking is considered a risk factor for childhood obesity. In a rat model of tobacco exposure
during breastfeeding, we previously reported hyperphagia, overweight, increased visceral fat and hyperlepti-
nemia in adult female offspring. Obesity and eating disorders are associated with impairment in the en-
docannabinoid (EC) and dopaminergic (DA) systems. Considering that women are prone to eating disorders, we
hypothesize that adult female Wistar rats that were exposed to cigarette smoke (CS) during the suckling period
would develop EC and DA systems deregulation, possibly explaining the eating disorder in this model.
Muaterial and methods: To mimic maternal smoking, from postnatal day 3 w 21, dams and offspring were exposed
to a smoking machine, 4 /day/1 h (CS group). Control animals were exposed to ambient air. Offspring were
evaluated at 26 weeks of age.

Key findings: Concerning the EC system, the CS group had increased expression of diacylglycerol lipase (DAGL)
in the lateral hypothalamus (LH) and decreased in the liver. In the visceral adipose tissue, the EC receptor (CB1r)
was decreased. Regarding the DA system, the CS group showed higher dopamine transporter (DAT) protein
expression in the prefrontal cortex (PFC) and lower DA receptor (D2r) in the arcuate nucleus (ARC), We also
assessed the hypothalamic leptin signaling, which was shown to be unchanged. CS offspring showed decreased
plasma 17f-estradiol.

Significance: Neonatal CS exposure induces changes in some biomarkers of the EC and DA systems, which can
partially explain the hyperphagia observed in female rats.

Keywords:

Cigarette smoke
Endocannabinoids
TDopaminergic pathway
Metaholic programming
Breastfesding

1. Introduction that were exposed to cigarette smoke exclusively during lactation were

programmed for hyperphagia, overweight, increased visceral fat, hy-

Smoking is a risk factor for the onset of several diseases and is re-
sponsible for approximately & million annual deaths worldwide [1].
Tobacco is still the drug most commonly used by women during ge-
station and lactation, which are critical periods for fetus development,
and it is known that cigarette components are transferred through
placenta and breast milk, leading to negative consequences for the
mother and possibly programming the baby's metabolism [2—4]. Me-
tabolic programming can be caused by nutritional and/or environ-
mental alterations during plasticity periods (pregnancy and breast-
feeding} that cause epigenetic changes, increasing the risk of
occurrence of diseases at adulthood, such as obesity [5,6]. In rodents,
studies have already demonstrated that adult offspring from both sexes

perleptinemia and dyslipidemia [7,8]. In this experimental model,
Pinheire et al. {2015) observed an increase in the preference for a fat-
rich palatable diet in males, which was attributed to changes in the
dopaminergic system, such as lower dopamine production, conse-
quently decreasing the effects of reward mechanisms [9].
Hyperphagia, obesity and metabolic programming have been asso-
ciated with changes in the endocannabinoid (EC) system [10-12]. The
EC system directly controls the central and peripheral mechanisms in-
volved in energy homeostasis and food intake. EC action is mediated by
the specific receptors, CB1r and CB2r, and their endogenous ligands,
anandamide (AEA) and 2-aracdonoylglycerol (2-AG) [13-16]. The AEA
is synthesized by N-acylphosphatidylethanolamide-phospholipase D

* Corresponding author at: Universidade do Estado do Rio de Janeiro, Insttuto de Biologia, Departamento de Ciéncias Fisiolégicas, 5° andar, Av. 28 de setembro,

87, Rio de Janeiro, RJ 20551-031, Brazil.
E-mail address: pelishoa@uerj br (P.C. Lishoa).
! Equally contributed to this work.

hups://doi.org/10.1016/].1{5.2019.116575
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Alterations of the expression levels of CPT-1, SCD1, TRB-1 and related )
microRNAs are involved in lipid metabolism impairment in adult rats caused |%==
by maternal coconut oil intake during breastfeeding

Fernanda Torres Quitete”, Egberto Gaspar de Moura®, Thamara Cherem Peixoto®,
Adriana Souza Torsoni”, Marcio Alberto Torsoni”, Marciane Milanski”, Leticia M. Ignacio-Souza",
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ARTICLE INFO ABSTRACT
Keywords:

Coconut ofl

Metabelic programming
Obesity

Thyroid function

Lipid metabolism
MicroRNA

We studied the molecular and epigenetic mechanisms associated with dysfunctions caused by postnatal coconut
oil exposure. Lactating dams were divided into soybean oil (50Q) and coconut oil (CO) groups (0.5 g/kg/gavage).
Half of the CO offspring received CO in their chow throughout their lifetime (CO + C). Adult GO offspring had
higher liver TR=1 mRNA, which is consistent with lower miR=181a and lower DIO2Z mRNA in brown adipose
tiszue (BAT) and higher CPT=-1 mRNA in white adipose tissue (WAT). CO + C offspring exhibited higher BAT
miR=382%, but DIOZ was unaltered. This group alse had higher liver SCD1, miR=122 expression, and WAT SCD1

mRNA. CO and CO + C offspring had lower hepatic CPT-1 mRNA. The disturbances in CO offspring may be
partially attributed to alterations in the enzymes involved in lipid metabolism, which may be mediated via
mechanisms associated with miR-122. Continuous exposure to CO prohibits some of these changes.

1. Introduction

Data demonsirate a strong association between exposure o nutri-
tional and environmental factors in critical periods of life, such as
pregnancy and breastfeeding, with the emergence of metabolic diseases
in adult life due to adaptive physiological changes in the organism. This
phenomenon is called metabolic programming, but the mechanisms by
which it occurs are not fully elucidated (Barker, 2003; Breier, Vickers,
Ikenasio, Chan, & Wong, 2001; De Moura, Lisboa, & Passos, 2008).
Programming is an epigenetic phenomenon that does not involve mu-
tations or alterations of the DNA nucleotide sequence. Therefore, epi-
genetic alterations that occur early in life act as imprinting factors that
may lead to structural and functional changes that may become per-
manent later in life (De Moura et al., 2008; Moura & Passos, 2005).
Epigenetic alterations, such as DNA methylation, acetylation and me-
thylation of histones and microRNAs (miRNAs)-mediated gene silen-
cing, make an individual more adapted to his/her environment (Hirst &

Marra, 2009), However, if the environmental conditions change during
development, then the process may not be adaptive but increase the risk
of metabolic disorders in adult life (De Moura et al., 2008).

Previous experimental studies showed that alterations in the dietary
lipid profile early in life programmed adult offspring for obesity and the
development of metabolic dysfunctions (Fernandes et al., 2012; Guarda
et al., 2014, 2016; Magri et al., 2015; Quitete, Lisboa, Moura, & de
Oliveira, 2018). An experimental model of metabolic programming in
which lactating rats were supplemented with coconut oil during
breastfeeding showed that the adult offspring exhibited overweight,
high adiposity, hyperphagia, hyperleptinemia and thyroid dysfunctions.
‘When these animals were subjected to coconut oil diet supplementation
throughout life, most of these disorders were prevented, which suggests
that this oil caused the disorders only when consumed in critical per-
iods (Quitete, de Moura, Atella, Lisboa, & de Oliveira, 2019). However,
the molecular and epigenetic mechanisms associated with the observed
alterations were not elucidated. An increasing number of studies

Abbreviarons: BAT, brown adipose tissue; CO, coconut oil group; CO+ C, coconut oil + chow supplemented with coconut oil group; CPT=1, camnitine palmi=
toyltransferase=1; DIO, deiodinase; microRNA, miRNA; SCDI1, stearovl=CoA desaturase=1; S0, soybean oil group; T3, trilodothyronine; TSH, thyroid stimulating

hormone; TRE-1, thyroid hormone receptor beta-1; WAT, white adipose tissue

* Corresponding author at: Department of Physiological Sciences — 5° floor, Biology Institute — State University of Rio de Janeiro, Av. 28 de setembro, 87 — Vila

Isabel, Rio de Janeiro, RJ 20551-031, Brazil.
E-mail addresses: pclishoa uerj@gmail.com, pelishoa@uerj.br (P.C. Lishoa).
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ABSTRACT
Keywords:
Coconut oil
Metabolic programming
Dopamine
Endecannabineid system
Glucagon like peptides1

Maternal exposure to coconut oil metabolically programs adult offspring for overweight, hyperphagia and hy-
perleptinemia. We studied the neurcendocrine mechanisms by which coconut oil supplementation during
breastfeeding as well as continued exposure of this oil throughout life affect the feeding behavior of the progeny.
At birth, pups were divided into two groups: Soybean oil (50) and Coconut il (CO). Dams received these oils by
gavage (0.5 g/kg body mass/day) during lactation. Half of the CO group continued to receive CO in chow
throughout life (CO + C). Adult CO and CO + C groups had overweight; the CO group had hyperphagia, higher
visceral adiposity, and hyperleptinemia, while the CO + € group had hypophagia only. The CO group showed
higher DAGLa (endocannabinoid synthesis) but no alteration of FAAH (endocannabinoid degradation) or CE1R.
Leptin signaling and GLP1R were unchanged in the CO group, which did not explain its phenotype. Hyperphagia
in these animals can be due to higher DAGLa, increasing the production of 2-AG, an orexigenic mediator. The
CO + C group had higher preference for fat and lower hypothalamic GLF1R content. Continuous exposure to
coconut il prevented an increase in DAGLa. The CO + C group, although hypophagic, showed greater voracity
when exposed to a hyperlipidemic diet, maybe due to lower GLP1R, since GLP] inhibits short-term food intake.

1. Introduction and lower body mass (Bach, Babayan, 1982; Ferreira et al., 2014; St-

Onge, Jones, 2002). As coconut oil is rich in MCSFAs, it has been used

Coconut oil is considered an edible il with numerous therapeutic
benefits. It is obtained from the pulp of the ripe and dried fruit, or
coconut milk, resulting in the virgin form of the product (Kumar, 2011;
Marina et al,, 2009). This oil is mainly composed of medium-chain
saturated fatty acids (MCSFAs), with lauric acid being the most pre-
dominant, approximately 48% (Lockyer, Stanner, 2016). The intake of
medium-chain triglycerides (MCTs) is associated with lower food intake

indiscriminately as a substitute for traditional sources of fat in the
Western diet, including for women during pregnancy and breastfeeding.
However, it is known that transient changes in maternal nutrition
during these critical periods may predispose to obesity and other dis-
eases in the adult progeny (Bispo et al, 2015; Guarda et al, 2016;
Moura, Passos, 2005; Oben et al., 2010; Qasem et al., 2016), a phe-
nomenon known as metabolic programming.

Abbreviations: 2-AG, 2-arachidonoylglycerol; ARC, Arcuate nucleus; CB1R, Cannabinoid receptor type 1; CNS, Central nervous system; CO, Coconut Oil group;
CO + C, Coconut oil + chow supplemented with coconut oil; D1-R, Dopaminergic receptor 1; D2=R, Dopaminergic receptor 2; DAGLa, Diacylglycerol lipase a; DAT,
Dopamine transporter; DDe, DOPA decaborxylase; DS, Dorsal striatum; EC, Endocannabinoids; ECS, Endocannabinoid system; FAAH, Fatty acid amide hydrolase;
GHSR-1a, ghrelin receptor; GI, gastrointestinal; GLP-1, Glucagon like peptide —1; GLPIR, Glucagon like peptide —1 receptor; HFD, High-fat diet; HSD, High-sugar
diet; JAKZ, Janus Kinase 2; LH, Lateral hypothalamus; MAGL, Monoacylglycerol lipase; MCH, Melanin=concentrating hormone; MCT, Medium chain triglycerides;
NAg, Nucleus accumbens; Ob-R, Leptin receptor; PEC, Prefrontal cértex; PN, Post natal; SN, Substantia nigra; 50, Soybean 0il group; SOCS3, Supressor of cytokine
signaling 3; STAT3, Signal transducer and activator of transcription 3; TH, Tyrosine hydroxylase; VFM, Visceral fat mass; VTA, Ventral tegmental drea

* Corresponding author. Department of Physiological Sciences, 5° floor, Biology Institute, State University of Rio de Janeiro, Av. 28 de setembro, 87 — Vila Isabel,

Rio de Janeiro, RJ, 20551-031, Brazil.
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Abstract: Maternal smoking increases obesogenesis in the progeny. Obesity is associated with
several hormonal dysfunctions. In a rat model of postnatal tobacco smoke exposure, we previously
reported increased central fat depot and disruption of some hormonal systems in the adult oftspring.
As both glucocorticoids and vitamin D alter lipogenesis and adipogenesis, here we evaluated the
metabolism of these two hormones in visceral adipose tissue (VAT) and liver by Western blotting,
and possible associations with lipogenesis biomarkers in adult rats that were exposed to tobacco
smoke during their suckling period. At postnatal day (PN) 3, dams and offspring of both sexes were
exposed (5 group) or not (C group) to tobacco smoke, 4 x 1 h/day. At PN180, corticosteronemia was
lower in S male and higher in S female offspring, without alterations in peripheral glucocorticoid
metabolism and receptor. Adrenal ACTH receptor (MC2R) was higher in both sexes of 5 group.
Despite unchanged serum vitamin D, liver 25-hydroxylase was higher in both sexes of S group.
Male S offspring had higher 1x-hydroxylase, acetyl-CoA carboxylase (ACC), and fatty acid synthase
(FAS) in VAT. Both sexes showed increased ACC protein content and reduced sirtuin mRNA in liver.
Male S offspring had lower liver peroxisome proliferator-activated receptor-a. Tobacco exposure
during lactation induced abdominal obesity in both sexes via distinct mechanisms. Males and females
seem to develop HPPA-axis dysfunction instead of changes in glucocorticoid metabolism and action.
Lipogenesis in VAT and liver, as well as vitamin D status, are more influenced by postnatal smoke
exposure in male than in female adult rat offspring.

Keywords: cigarette smoke; lactation; programming; adipose tissue; liver

1. Introduction

It is well established that smoking is a risk factor for the development of some chronic
non-communicable diseases, such as respiratory diseases, some types of cancers, cardiovascular
diseases, and glucose intolerance, in addition to being one of the major causes of early death

Int. | Mol. Sci. 2018, 19, 3084; doi:10.3390/ 1jms 19103084 www.mdpi.com/journal / ijms
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Abstract

Purpose Children from smoking mothers have a higher risk
of developing obesity and associated comorbidities later in
life. Different experimental models have been used to assess
the mechanisms involved with this increased nisk. Using a
rat model of neonatal nicotine exposure via implantation of
osmofic minipumps in lactating dams, we have previously
shown marked sexual dimorphisms regarding metabolic and
endocrine outcomes in the adult progeny. Considering that
more than four thousand substances are found in tobacco
smoke besides nicotine, we then studied a rat model of
neonatal tobacco smoke exposure: adult male offspring had
hyperphagia, obesity, hyperglycemia, hypertriglyceridemia,
secondary hyperthyroidism and lower adrenal hormones.
Since litters were culled to include only males and since
sexual dimorphisms had already been identified in the
nicotine exposure model, here we also evaluated the effects
of tobacco smoke exposure during lactation on females.
Methods Wistar rat dams and their pups were separated into
two groups of 8 litters each: SMOKE (4 cigarettes per day,
from postnatal day 3 to 21) and CONTROL (filtered air).
Offspring of both sexes were euthanized at PN21 and PN180.

Electronic supplementary material The online version of this article
(dou: 10.1007/512020-017-1320-7) containg supplementary maternal,
which is available to authorized users

] Pairicia Cristina Lisboa
peclishoa@uerj.br
pelishoa nerj @yahoo.com.br

Laboratory of Endocrine Physiology, Biology Institute, State
University of Rio de Janeiro, Rio de Janeiro, RT, Brazil

Laboratory of Neurophysiology, Biology Institute, State
University of Rio de Janeiro, Rio de Janero, RJ, Brawal

Published online: 14 May 2017

Results Changes in male offspring corroborated previous
data, At weaning, females showed lower body mass gain
and serum triglycendes, but no alterations in visceral fat and
hormones. At adulthood, females had higher body mass,
hyperphagia, central obesity, hyperleptinemnia, hypercho-
lesterolemia, hypercorticosteronemia, but no change in
serum TSH and T3, and adrenal catecholamine
Conclusions Sexual dimorphisims were observed in several
parameters, thus indicating that metabolic and hormonal
changes due to smoke exposure during development are
sex-dependent.

Keywords Cigarette smoke - Lactation - Adipose tissue -
Hormones, Female rats

Introduction

Worldwide, the prevalence of obesity is increasing mark-
edly [1, 2]. Besides genetic factors, diet, and hormone
alterations in critical windows of development permanently
change some physiological parameters, contributing to
increase the risk of emergence of diseases such as obesity,
dyslipidemia, diabetes, and hypertension later in life. Cur-
rently this phenomenon is known as metabolic program-
ming or developmental plasticity, and epigenetic changes
have been implicated in its occurrence [3—5]. In addition, it
1s known that environmental alterations, such as exposure to
cigarette smoke, act as programming factors, leading, for
instance, to the development of obesity. Accordingly, epi-
demiological and clinical studies report that prenatal
maternal smoking 18 a risk factor for child and adolescence
obesity and hypertension [6-9].

Postpartum relapse has been consistently observed in
lactating women who quit smoking cigarettes during

E Springer
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Estudo em animais mostra que tabagismo durante o
periodo da amamentagao aumenta a probabilidade de
bebés apresentarem sobrepeso na vida adulta, mesmo
quando as maes pararam de fumar na gestacao.

A obesidade & uma epidemia que atinge o mundo todo. De acordo com a Organizagdo Mundial da
Saude (OMS), os casos de obesidade mais do que dobraram nos tltimos 30 anos. Em 2016, 41 milhdes
das criangas menores de 5 anos estavam acima do peso ou eram obesas no mundo, aumentando o
risco de se tornarem adultos obesos e de desenvolverem desordens associadas ao sobrepeso, como
dislipidemia - a popular ‘gordura no sangue’ - e diabetes. Pesquisa feita pelo Ministério da Satide em
2018 indica que 12,9% das criancas brasileiras de 5 a 9 anos sdo obesas. Estudo recente realizado na
Universidade do Estado do Rio de Janeiro (Uerj) revelou que maes que fumam durante o periodo de
amamentagdo aumentam o risco de seus filhos se tornarem obesos na vida adulta.

Em uma pesquisa experimental com um modelo animal, investigamos os fatores que, durante a
amamentag&do, podem aumentar o risco de desenvolver obesidade e suas doengas associadas, como
diabetes, dislipidemias, hipertensao e doencas cardiovasculares. A surpresa veio na analise do fator
tabagismo.

Sabe-se que mudangas ambientais, nutricionais e hormonais
em fases criticas do desenvolvimento, como a lactagao,

Constatamos, a partir o :
podem acarretar alteragdes epigenéticas (no funcionamento
d esse ex p g ri mento em de genes) permanentes, deixando o individuo mais suscetivel

ra t 0S d eam b 0S 0S SeX0S a manifestar sobrepeso e as complicagdes que dele

decorrem. Esse fendmeno é definido como programacao

q ueo ta ba g | SMO Mma t erno metabdlica. Ja foi demonstrado em animais que o desmame
precoce & um fator de programacao metabodlica, uma vez que

aume nta ascC h ances d e favorece, na idade adulta, o aumento de peso, a gordura

corporal, alteragdes hormonais, resisténcia a leptina

ae.org. 3 filhos-obesos/ 114
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seus ]t || h OJ[ es e t arnarem (horménio produzido por células de gordura) e a redugaoc da

termogénese (processo metabdlico durante o qual o corpo

0 b esS0Ss Na | d a d ea d u | ta queima calorias para produzir calor).

"7

Experimento em animais

Nosso grupo, sob orientagdo de Patricia Cristina Lisboa e Egberto Gaspar de Moura, ambos Cientistas
do Nosso Estado (CME/Faperj). decidiu avaliar o que ocorre com maes que param de fumar na
gestacdo, mas retomam o habito durante a fase do aleitamento. Para isso, usamos dois modelos
animais (ratos Wistar, incluindo maes e filhotes) de tabagismo materno na lactagdo. O primeiro, de
exposicdo indireta e direta da prole & fumaca do cigarro: maes e filhos vdo para a maquina de
exposicao ao cigarro; assim, o filhote & exposto por meio do leite materno (via indireta) e diretamente
na maguina que simula um ambiente tabagista. 0 sequndo, de exposicéo a nicotina, em que se
implanta uma minibomba osmética de nicotina nas maes lactantes e os filhotes s&o expostos
exclusivamente atraves do leite materno,

Constatamos. a partir desse experimento em ratos de ambos os sexos, que o tabagismo materno
aumenta as chances de seus filhotes se tornarem obesos na idade adulta, e que um dos mecanismos
envolvidos nesse processo é a redugdo da capacidade termogénica (de aceleragdo do metabolismo)
do tecido adiposo marrom (TAM). Os resultados foram publicados em 2018 no Brazilion Jourmal of
Medical and Biological Research

No modelo de exposicdo materna exclusiva & nicotina,
também observamos uma redugo da atividade do TAM. Em

principio, esse achado sugere que a nicotina seja o A expos | Ca 0 a fu Ma @a dO
componente do cigarro que modula o processo de Clga o NO | ﬂlCl 0 d a V| d a
termogénese em nosso estudo, \ . -
pode levar a disfuncao do
0 TAM & um tipo de tecido adiposo presente em mamiferos . . N
relacionado a requlacéo do calor (termogénese) e do gasto tec | d 0 ad | pO SO0 marrom,
energetico. A termogénese, por sua vez, € 0 mecanismo que com p rom et en d 0a
permite dispersar energia sob forma de calor, processo que

ocorre de acordo com as mudangas no meio externo ou com Cca pa Cidad e te HT]OQ éﬂ | ca
as necessidades metabolicas internas da célula. dOS ﬂ | hUt es q uan d 0

exercicios fisicos, dieta e temperatura ambiente. Até ad u |tO S €, dSsl n"’
recentemente, acreditava-se que o TAM tinha relevancia favo recer o

Varios fatores podem interferir na termogénese, como

apenas para o recém-nascido, mas hoje ja se sabe que esse .

tecido esta presente em humanos adultos e que sua ativacao d esenvo |V Ime nto da
e/ou restauracdo esta relacionada a uma nova estratégia 0 be S | d 3 d e

contra a obesidade,

Exposicao a fumacga do cigarro

Outro achado do nosso estudo sobre o modelo de exposicdo & fumaca do cigarro estéa relacionado a
inflamacéo do hipotalamo e & alteracdo de neuropeptidios importantes na regulacao do balango
energético, Artigo sobre essa pesquisa foi publicado em setembro na revista Neuroscience,

0 hipotalamo & uma regido do cérebro que coordena grande parte das funcdes endocrinas, sendo
importante na regulacéo da ingestdo alimentar e do gasto energético, O processo de inflamagao
dessa regido prejudica o seu funcionamento; portanto, a comunicagao entre o hipotalamo e os
tecidos periféricos (tecido adiposo branco, do pancreas, da tireoide, entre outros) fica comprometida,
favorecendo o desenvolvimento da obesidade.

Durante o doutorado, me interessei em estudar mais detalhadamente a funcéo do tecido adiposo
marrom, para compreender como este poderia impactar nas desordens metabélicas descritas pelo
nosso grupo de pesquisa. Para isso, estudei, em animais, a atividade nervosa (simpéatica) associada ao
TAM, analisando proteinas relacionadas a termogénese e identificando a forma dessas celulas de
gordura em machos e fémeas,

ie. o, briartioofi £ tes-filhos-obi ] 24
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A grande novidade da pesquisa foi descrever que a exposicao a fumaga do cigarro no inicio da vida
pode levar a disfungao do tecido adiposo marrom, comprometendo a capacidade termogénica dos
filhotes quando adultos e, assim, favorecer o desenvolvimento da obesidade. Essa descoberta tem
grande relevancia, uma vez que estudos com animais vém apontando que o comprometimento da

118

funcao do TAM esta associado ao aumento de peso e gordura corporal, e que sua restauracao e/ou
ativacao pode ser utilizada para terapias para combater a obesidade. Outro ponto importante séo as
diferencas entre sexos observadas, o que leva a uma melhor compreensao de como esses
mecanismos ocorrem em homens e mulheres,

Acreditamos que esses conhecimentos no campo da pesquisa basica em animais permitam um
melhor entendimento das doencgas prevalentes em seres humanos. E esperamos que eles possam
quiar as autoridades publicas a criarem novas politicas para alertar as mulheres fumantes sobre os
riscos para seus bebés durante a amamentagdo, mesmo que fumem longe de seus filhos; ajudar a
entender melhor quais mecanismos estao envolvidos na obesidade e prevenir ou tratar
adequadamente os disturbios tardios.

Thamara Cherem Peixoto

Programa de Pas-graduacdo em Biociéncias,
Universidade do Estado do Rio de Janeiro

Matéria publicada em 18.11.2019
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Estudo desenvolvido na Uerj
mostra que o tabagismo
materno no periodo de
amamentacdo aumenta as
chances do bebé se tornar
um adulto obeso

o: LMoonlight/Pixabay
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Débora Motta

s maleficios do cigarro e

da obesidade ja sdo ampla-

mente conhecidos. Mas o
que poucos sabem € que o tabagis-
mo das mies durante o periodo da
amamentagdo, ap6s o término da
gravidez, aumenta a probabilidade
da criancga apresentar obesidade na
vida adulta. E o que demonstrou um
estudo desenvolvido na Universida-
de do Estado do Rio Janeiro (Uerj),
pela nutricionista Thamara Cherem
Peixoto, que cursa o doutorado no
Programa de Pés-Graduagido em
Biociéncias com apoio da FAPERT,
por meio do programa Bolsa Nota
10. Ela é orientada na pesquisa pela
bidloga Patricia Cristina Lisboa,
contemplada, por sua vez, pelo pro-
grama Cientista do Nosso Estado,
também da Fundago, e conta com
co-orientagdo do professor Egberto
Gaspar de Moura, que foi sub-reitor
de Po6s-Graduacido e Pesquisa da
Uerj entre 2016 e 2019.

O estudo foi realizado em um
modelo animal, de ratos Wistar
— incluindo mies e filhotes —, no
Laboratério de Fisiologia Endo6-
crina da Uerj. De acordo com os
resultados obtidos com a pesquisa,

Um dos fatores que explicariom essa relagao
€ a redugao da capacidade termogénica do
tecido adiposo marrom dos filhos

um dos fatores que explicam essa
obesidade ¢ a redugdo da capacida-
de termogénica do tecido adiposo
marrom dos filhotes. “Vimos que
uma disfun¢do no tecido adiposo
marrom dos filhotes, relacionada a
redugdo da atividade simpatica do
nervo que vai para esse tecido, com-
promete a atividade termogénica,
favorecendo o aciimulo de gordura
corporal”, explicou Thamara.

Ela lembrou que o tecido adiposo,
além de ser o principal reservaté-
rio energético do organismo, é um
centro regulador do metabolismo.
“Uma das fungdes do tecido adipo-
so marrom ¢ a termogénese, que € a
regulacdo da temperatura corporal,
relacionada ao gasto diario de ener-
gia do individuo. Quando reduzida,
o metabolismo basal fica mais lento
e a tendéncia é engordar”, detalhou.
“Outra alteragdo que explica a
obesidade € a inflamac@o hipotala-
mica e alteragdo de neuropeptidios
importantes na regulagdo da fome
e do gasto de energia”, completou.

Foram realizados, simultaneamen-
te, experimentos para observar
os efeitos da exposicdo direta e
indireta a fumaca do cigarro (maes
e filhos). A exposic¢do direta simu-
lou a crianga lactente no ambiente
tabagista, exposta a fumaca. Ja a
exposi¢do indireta, a crian¢a que
mama em uma mée fumante, absor-
vendo a nicotina pelo leite materno.
“Cada experimento durou cerca de
oito meses dentro do biotério ¢ en-
volveu etapas de acasalamento, ges-
tacdo (trés semanas), lactagdo (trés
semanas), programacio, que foi o
periodo de submissdo dos filhotes
a fumaca (26 semanas), além do
periodo dedicado as analises (seis
meses)”, contou. No trabalho, a
exposi¢do a fumaca correspondeu
aquela gerada por fumantes huma-
nos moderados, que consomem em
torno de 20 cigarros por dia, sendo
que cada cigarro contém 0.73 mg
de nicotina.

Foto: Reproducao
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Foto: Divulgagao

capacity in brown adipose tissue in
adult rats, saiu em janeiro de 2018
no Brazilian Journal of Medical and
Biological Research. E o segundo,
intitulado Hypothalamic neuropep-
tides expression and hypothalamic
inflammation in adult rats that were
exposed to tobacco smoke during
breastfeeding: sex-related differ-
ences. foi publicado em setembro
de 2019 na revista Neuroscience,
da International Brain Research
Organization (IBRO).

Pesquisadora: Thamara Cherem
Peixoto
Instituigdo: Universidade do Estado

Os cigarros usados na pesquisa tém uma concentragdo de nicotina de 0.73 mg cada. Nos do Rio de Janeiro (Uerj)
testes, a exposigdo a fumaga correspondeu aquela gerada por fumantes moderados Fomento: Progmma Bolsa Nota 10

Foto: Divulgacao/Uerj

Diante da atual epidemia de obesi-
dade. que atinge tanto a populacio
de paises desenvolvidos como de
paises em desenvolvimento. e dos
prejuizos globais causados pelo
tabagismo, a pesquisa pode ser um
ponto de apoio para a formulacdo
de politicas publicas para conscien-
tizar a populagdo. “Muitas maes
param de fumar durante a gestagdo,
mas voltam durante a lactagdo. sem
saber dos riscos que podem causar.
Esse ¢ o ponto que queremos mos-
trar. A exposi¢do ao metabdlito da
nicotina via leite materno acarreta
problemas futuros para os filhos™,
alertou.

Tema da tese de doutorado de Tha-
mara a ser defendida em agosto
de 2020, o estudo ja resultou na
publicagdo de dois artigos em pe-
riédicos cientificos internacionais.
O primeiro artigo. Neonatal tobac-
co smoke reduces thermogenesis

Thamara, no Laboratério de Fisiologia
Endécrina da Uerij, junto ao bioamplificador
que faz a leitura do tecido adiposo marrom 1 - ‘
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