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Implicagdo do sistema renina angiotensina e da inflamacao na hipertensdo de ratos
programados pela exposi¢do a restricdo protéico-caldrica na peripuberdade

RESUMO

Por décadas, as doencgas cardiovasculares tém sido a principal causa de morte no mundo. O
mecanismo para essas disfuncdes pode estar relacionado a disfungdes no sistema renina-
angiotensina e inflamagdo. Estudos no contexto do conceito de Origens Desenvolvimentistas
da Satde e da Doenca (DOHaD) fornecem evidéncias de que a exposi¢ao a insultos no periodo
peripuberal, como a desnutricio, aumenta a suscetibilidade a doengas cronicas nao
transmissiveisnaidade adulta. No entanto, os mecanismos subjacentes que impulsionam essas
disfuncdes de satide a longo prazo ainda precisam ser compreendidos. Portanto, o objetivo deste
trabalho foi avaliar as implicacdes a longo prazo do sistema renina-angiotensina ¢ da
inflamagao na hipertensao induzida por uma restri¢ao proteico-caldricaem animais durante o
periodo peripuberal. Ratos Wistar machos de trinta dias de idade foram alimentados com uma
dieta pobre em proteina (4% de caseina) por 30 dias e, posteriormente, alimentados durante 60
dias com uma dieta controle com 20,5% de proteina para uma recuperagao alimentar (grupo
LP). Os animais do grupo controle (grupo NP) foram alimentados com uma dieta controle com
20,5% de proteina durante todo o periodo. Os parametros cardiovasculares, inflamatorios, € o
sistema renina-angiotensina foram avaliadas no dia 120 apds o nascimento. Os animais LP
apresentam aumento da pressao arterial. A curva dose-resposta da angiotensina 2 dos animais
LP mostrou um aumento na resposta pressorica em uma dose menor (50 ng/kg). No coracao e
na aorta, os niveis de mRNA do receptor AT1 foram aumentados; no entanto, os niveis de
mRNA do receptor AT2 foram reduzidos no coracdo e aumentados na aorta. Em outra coorte
de animais, o ecocardiograma mostrou que o grupo LP apresentou um aumento na espessura
do septo interventricular, diametros internos, espessura do ventriculo esquerdo e fragao de
encurtamento. No eletrocardiograma, os ratos LP também mostraram um aumento tanto da
amplitude da onda T como do indice cardio simpatico aumentado. A expressao de RNAm
mostrou um aumento do TNF-a e IL6 no coragdao. No encéfalo, os animais LP mostraram um
nimero aumentado de células positivas para Iba-1 no nucleo paraventricular do hipotalamo, no
nucleo intermediario do trato solitario (iNTS) e na medula ventrolateral rostral. Sugere-se que
a inflamagdo e a disfun¢ao do sistema renina-angiotensina podem mediar a hipertensdo
neurogénica adulta e a disfuncdo cardiaca induzida pela restri¢cao proteica peripuberal.

Palavras-chave: Desnutri¢do. Disfun¢do cardiovascular. Programagdo cardiometabdlica.

Inflamacdo cardiaca. Angiotensina 2.



Implication of the renin-angiotensin system and inflammation in hypertension of rats
programmed by caloric-protein restriction exposure in peripuberty

ABSTRACT

For decades, cardiovascular disease has been the leading cause of death in the world. The
mechanism for these dysfunctions can be related to dysfunctions in the renin-angiotensin
system and inflammation. Studies in the context of the Developmental Origins of Health and
Disease (DOHaD) concept provide evidence that exposure to early life insults in the
peripubertal period, such as malnutrition increases susceptibility to noncommunicable chronic
diseases in adulthood. However, the underlying mechanisms driving these long-term health
dysfunctions remain to be fully understood. Therefore, the aim of this work was to evaluate the
long-term implications of the renin-angiotensin system and inflammation in hypertension
induced by protein-calorie restriction in animals during the peripubertal period. Thirty-day-old
male Wistar rats were fed a low-protein diet (4 % casein) for 30 days and subsequently fed with
a control diet for 60-days with a normal protein diet with 20.5 % for a dietary recovery (LP
group). Control animals (NP group) were fed with a control diet with 20.5 % protein diet
throughout their lives. Cardiovascular, inflammatory parameters and the renin-angiotensin
system were evaluated on postnatal day 120. LP animals show increase in blood pressure. The
angiotensin 2 dose-response curve of LP animals showed an increase in the pressor response at
a lower dose (50 ng/kg). In the heart and aorta, AT1 receptor mRNA levels were increased;
however, the AT2 receptor mRNA levels were reduced in the heart and increased in the aorta.
In another cohort of animals in the echocardiogram, the LP group showed an increase in the
thickness of the interventricular septum, internal diameters, thickness of the left ventricle, and
the shortening fraction. In the electrocardiogram, LP rats also showed an increase in both T
wave amplitude and increased cardiac sympathetic index. mRNA expression showed an
increase in TNF-o and IL6 in the heart. In the brain, LP animals showed an increased number
of Iba-1 positive cells in the paraventricular nucleus of the hypothalamus, the intermediate
nucleus of the solitary tract (iNTS), and the rostral ventrolateral medulla. It is suggested that
inflammation and renin-angiotensin system dysfunction may mediate adult neurogenic
hypertension and cardiac dysfunction induced by peripubertal protein restriction.

Keywords: Malnutrition. Cardiovascular dysfunction. Cardiometabolic program. Cardiac

inflammation. Angiotensin 2.
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CAPITULO 1

Introducéo

As doencas cardiovasculares sdo a principal causa de morte no mundo, afetando mais
de meio bilhdo de pessoas globalmente. Em 2021, estima-se que 20,5 milhdes de pessoas
morreram em decorréncia dessas doencas, na qual, representa quase um terco de todas as mortes
do mundo. (1). A presencade fatores de risco como a hipertenséo, diabetes, dislipidemia podem
aumentar o risco cardiovascular (2). Outros estudos demonstram que o consumo de dietas
inadequadas (dietas com baixa proteinaou rica em gordura) podem contribuir para 0 aumento
da incidéncia de disfuncBes cardiometabdlicas (3,4). Paradoxalmente a desnutricdo tem se
tornado um problema de salde publica, estimando-se que em 2023, 733 milhdes de pessoas
enfrentam a desnutricdo, sendo a sua maior prevaléncia na Africa, Asia, América Latina e
Caribe com repercuss@es no desenvolvimento econdmico, social e na satde (5).

Sugere-se que a desnutricdo € um dos principais fatores de risco para as doencas
cardiovasculares. Estudos sobre o conceito de Developmental Origins of Health and Disease
(DOHaD) demonstram que insultos como a desnutri¢éo, quando realizados em fases criticas do
desenvolvimento, sdo um dos principais preditores de doencas cardiovasculares na vida adulta
(3,6-8). Dentre os mecanismos para essas disfuncbes, podemos destacar a contribuicao do
sistema nervoso autonémico (3), sistema renina angiotensina (7) e da inflamacao (9,10).

Alguns modelos de hipertensdo apresentam um forte componente autonomico, dessa
forma esse quadro de hipertensdo se enquadra na classificagdo de hipertensdo neurogénica (11).
Nesse modelo de hipertensdo ocorre a elevacdo cronica do sistema nervoso simpatico, que
aumenta o fluxo simpatico para o coracdo e vasos. Associado ao aumento do tonus simpatico,
temos duas caracteristicas que sdo primarias da hipertensao neurogénica, a desregulagao dos

componentes do sistema renina angiotensina (12) e uma neuroinflamacao (13).

Developmental Origins of Health and Disease (DOHaD)

Estudos publicados desde 1930 demonstram relacdo entre as condigdes ambientais
durante a vida fetal e a infancia pareciam estar determinando o estado de salde na vida adulta
(14). Quando esses insultos ocorrem em periodos de grande plasticidade dos érgdos e sistemas

podem desencadear efeitos duradouros no individuo, alterando a fungdo e/ou estrutura de
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orgaos, programando para o surgimento doencas na vida adulta (15). Na década de 1970,
Ravelli e colaboradores realizaram um estudo com 300.000 homens, filhos de mulheres
expostas a um periodo de escassez alimentar (fome holandesa), durante a Segunda Guerra
Mundial (16). Na vida adulta, eles apresentaram padrdes diferenciados de composicao corporal
dependendo da idade em que tinham sido expostos a desnutricdo materna durante a vida
intrauterina. Quando a mae foi exposta a desnutri¢do durante o ultimo trimestre da gestacao,
esse grupo demonstrou uma baixa incidéncia de obesidade. Quando a desnutricdo ocorreu no
primeiro semestre da gestacdo, a incidéncia de obesidade aumentou significativamente na prole
(16).

Dentre os insultos de malnutri¢do abordados na literatura, podemos destacar os insultos
com dieta, tanto hipercalérica como com baixa proteina. As principais fases susceptiveis para
a programacao de doengas na vida adulta sdo o periodo prévio a concepcdo, a gestacdo, a
lactacéo, a infancia e a peripuberdade (17,18).

Diversos estudos na literatura também enfatizam a gestacdo e/ou lactagdo como fases
criticas do desenvolvimento (6,8,19). Alicercados ao modelo de repostas preditivas adaptativas,
estudos que exploram a fase perinatal sugerem que durante o desenvolvimento sinais hormonais
transmitidos pela mae através da placenta e/ou leite materno desencadeiam um ajuste no
funcionamento dos 6rgaos e sistemas do bebé permitindo-lhe “prever” e estar preparado para o
ambiente em que estara inserido futuramente (20). Considerando que a previsao do ambiente
externo esta correta, o risco para doencas é considerado baixo (match). No entanto, se o
ambiente pos lactacional é diferente do previsto no ambiente de alta plasticidade (gestacéo e/ou
lactacdo), ocorre um maior risco para doencas (mismatch) (21), programando para alteracoes
epigenéticas com efeitos transgeracionais (22). Estudos demonstram que insultos como a
abundéancia nutricional (com dieta rica em gordura) ou restricdo proteica na fase perinatal
podem programar para disfuncdes cardiometabdlicas na vida adulta (4,6,23,24); evidenciando
disfungdes no metabolismo da glicose, aumento da pressao arterial, aumento do ténus simpético

vascular e hipertrofia do ventriculo esquerdo na vida adulta (4,6,8,25).

A peripuberdade é considerada uma das ultimas, se ndo a ultima, fase critica do
desenvolvimento susceptivel aos insultos que podem programar para disfuncées
cardiometabolicas na vida adulta (26). Biologicamente, nessa fase ocorrem modificacdes a
nivel neural e enddcrino durante que resulta em alteragcdes morfoldgicas no corpo, finalizacdo
do amadurecimento do cOrtex pré-frontal e outras areas do sistema nervoso cental, maturacao

das caracteristicas sexuais primérias e secundarias e por fim a aquisicdo da maturidade
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reprodutiva e neuronal (27-29). E importante ressaltar que nessa fase, pode ocorrer maior
exposicao a fatores estressores ambientais e sociais devido ao processo de amadurecimento e
demandas sociais (30), com maior exposic¢ao a dietas inadequadas, com pouca quantidade de

proteina e alto valor caldrico (31-33).

Evidenciando que a peripuberdade é uma fase critica do desenvolvimento, estudos do
nosso grupo de pesquisa, demonstraram que a exposic¢ao ao consumo de agua ricaem sal (0.3
M NaCl) na peripuberdade, programa para hipertenséo arterial, diminuicdo da sensibilidade do
barorreflexo, hipertrofia de cardiomidciotos com um aumento da fibrose perivascular e
intersticial no coracdo aos 120 dias (34). Também demonstramos que 0s ratos expostos a dieta
ricaem gordura (35% de gordura) foram programados para uma disfungdo cardiometabdlica na
vida adulta com aumento de adiposidades, disfuncdo no metabolismo da glicose, além de
alteracdes no sistema reprodutor evidenciado pelo aumento anormal dos tubulos seminiferos,
reducdo na altura do epitélio e no didmetro dos tabulos seminiferos (23,35). Mais recentemente,
nosso grupo demonstrou que a restricdo proteica na peripuberdade promove hipertensao com

disfuncdes cardiometabolicas, reprodutivas e endoteliais na vida adulta (3,7,36-38).

Desnutricdo

A desnutri¢ao conforme definida pela Organizacdo Mundial de Saude (OMS), refere-se
a deficiéncias ou excessos na ingestao de nutrientes, desequilibrio de nutrientes essenciais ou
utilizagdo prejudicada de nutrientes(39). AOMS em parceria com outras organizac6es de saude,
publicou o relatério de seguranca alimentar e nutricional, acompanhando o estado de
desnutricdo e a fome no mundo. Na edicédo publicada em 2024, foi reportado um aumento da
desnutricdo no mundo desde 2019, devido a pandemia de COVID-19 (5). Em 2023 0 nimero
de pessoas que enfrentou a fome continuou sendo maior na Asia (384.5 milhdes), estando a
Africa em segundo lugar com (294 milhdes), sequida pela América Latina e o Caribe (41
milhdes). Projecdes atualizadas apontam que 582 milhdes de pessoas estardo cronicamente
subnutridas em 2030, apontando para o imenso desafio de alcangar o ODS 2 (Objetivos do
Desenvolvimento Sustentavel - Fome Zero) tornando-se, portanto, esta, uma questao de salude
publica mundial (5).

A volta do Brasil ao mapa da fome foi uma das consequéncias das reducdes de politicas
publicas promovidas ao longo dos anos (40) e em uma pesquisa realizada em 2021-2022 pela

Rede Brasileira de Pesquisa em Soberania e Seguranca Alimentar e Nutricional (Rede
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PENSSAN), demonstrou um aumento da fome no Brasil nesse periodo, pois 33,1 milhdes de
Brasileiros ndo conseguiam ter as suas necessidades alimentares béasicas atendidas e seis em
cada dez brasileiros (58,7% da populacdo) conviveram com algum grau de insegurancga
alimentar (41).

Um dos principais fatores que podem agravar a inseguranca alimentar, ¢ o alto custo dos
alimentos mais nutritivos, tendo como consequéncia a falta de acessibilidade das dietas
saudaveis para as familias. Estima-se que 3 bilhdes de pessoas no mundo ndo consigam pagar
por uma alimentagdo saudavel, pois os alimentos mais ricos em nutrientes como os laticinios,
frutas, vegetais e alimentos ricos em proteinas sdo o grupo de alimentos mais caros do mundo
(5). Desta forma, ha maior predisposi¢ao para o consumo de café, arroz, margarina, feijao,
farinha e pdo, com uma maior preferéncia por agucares e fast foods. Tendo como consequéncia

o consumo de uma alimentagdo pobre em nutrientes e pro-inflamatoria (42,43).

Desnutri¢cdo na fase da peripuberdade

A peripuberdade ¢ considerada uma fase critica do desenvolvimento ainda pouco
explorada na literatura no contexto da programagao cardiometaboélica induzida por um modelo
de restricao proteica. Nosso grupo de pesquisa tem explorado este modelo nos ultimos 12 anos
resultando na publicagdo de seis artigos que avaliaram parametros cardiometabdlicos,
endoteliais e reprodutivos (3,7,36-38,44).

Nos primeiros dois estudos avaliamos os pardmetros metabodlicos e demonstramos que
esses animais que passaram pela restricdo proteica na peripuberdade foram programados para
disfuncdes do metabolismo na vida adulta (38,44). Mostramos que estes animais apresentam
hiperglicemia, hiperleptinemia, hiperinsulinemia e dislipidemia, aumento dos estoques de
gordura, hipersecre¢do de insulina e disfuncdo autonémica (38,44).

Quando avaliados os parametros reprodutivos desses animais desnutridos, observamos
que apo6s o insulto na peripuberdade esses animais apresentaram testiculos significativamente
menores, com reducao na quantidade de células germinativas e nas células de Sertoli, essenciais
para a produgdo de espermatozoides (36). Eles também apresentam uma diminui¢do na
maturacdo dos espermatozoides no epididimo, com alteragdes morfoldgicas que podem
comprometer a capacidade de armazenamento e maturagdo dos espermatozoides. Na avaliacao
dos espermatozoides, encontramos uma reducdo na motilidade e alteragdes morfologicas, na
qual, sugere um comprometimento na capacidade de fertilizagdo. Mesmo apos a normalizacdo

com a dieta padrao, parte as alteragcdes observadas na peripuberdade persistiram na vida adulta.
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Evidenciado por testiculos menores e alteracdes epididimarias. Nos espermatozoides, ocorreu
uma diminui¢do na motilidade e a presenga de espermatozoides morfologicamente anormais,
indicando comprometimento a longo prazo da capacidade de reproducao (36).

Quando avaliada a fungao endotelial da aorta, demonstramos que os animais LP
apresentam, na vida adulta, um aumento da resposta a fenilefrina em anéis adrticos com
endotélio. Esse aumento da contratilidade da aorta, pode estar relacionado ao aumento da
producdo do anion superoxido pela enzina NADPH oxidase, considerando que quando as aortas
foram incubadas com apocinina observou-se a recuperacao da modulagdo endotelial. Em adi¢ao
a esses resultados também encontramos um aumento da peroxidacdo lipidica e redugdo da
catalase nas aortas dos animais LP, evidenciando que a disfun¢do endotelial pode estar sendo
mediada pelos mecanismos de estresse oxidativo (37).

Concomitante com esses trabalhos, durante o desenvolvimento do mestrado foi
verificado que esses animais apresentam disfun¢do cardiovascular com uma hipertensao
neurogénica. Eles apresentam aumento do tonus simpatico cardiaco ¢ do didmetro dos
cardiomidcitos e uma maior deposicdo de colageno no coragdo. Avaliamos também o tonus
simpatico vascular nesses animais e foi evidenciado um aumento da resposta ao hexametonio,
nos animais desnutridos (3).

Sabe-se que um importante modulador da atividade simpatica ¢ a angiotensina 2,
promovendo tanto vasoconstri¢ao direta, que ativa o sistema nervoso simpatico e estimula a
liberagao de norepinefrina nas terminagdes nervosas simpdticas; ou aumenta a liberagdo de
adrenalina da medula adrenal, que resulta em aumento da frequéncia cardiaca e da forca de
contragdo do coracdo (45). Concomitante com esse mecanismo, a ativacdo simpatica pode
resultar na ativagdo do SRA resultando na produ¢@o de mais angiotensina 2 (46). Além do mais,
a liberacdo de norepinefrina pelos nervos simpaticos resulta na liberagdo de renina pelos rins,
dando inicio a cascata que resulta na formacao de angiotensina 2 (46).

Neste contexto, durante este doutorado foi investigado como o sistema renina
angiotensina poderia contribuir para a hipertensdo neurogénica encontrada nos animais
desnutridos. Os dados deste estudo resultaram no primeiro artigo publicado desta tese onde
ficou evidenciado que os animais LP apresentam um aumento da angiotensina 2 circulante, com
uma maior resposta pressorica a angiotensina 2 (7). Quando avaliado o SRA no coragao e aorta,
foi verificadoum aumento do RNA mensageiro para o receptor AT1, ECA1 com uma reducao
da ECA2 e MAS no coragao ¢ aorta (7).

Outro mecanismo que poderia estar implicado na hipertensdo dos animais LP seria a

inflamacao tanto periférica quanto central. No segundo artigo da tese (dados ndo publicados)
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foi explorado o papel da inflamag¢do nos animais desnutridos. Observa-se que esses animais
apresentam um aumento do RNA mensageiro paraIL6 e TNF alfano coragdo com um aumento
da neuroinflama¢do no nucleo paraventricular do hipotdlamo (PVN) e o bulbo
rostroventrolateral (RVLM) e nucleo do trato solitario (cNTS e iNTS). Aparentemente tais
alteracdes podem estar mediando a hiperatividade simpatica e disfun¢do cardiaca observadas

neste modelo e que serdo melhor exploradas nos topicos seguintes.

Considerando que no primeiro artigo desta tese ficou evidente um aumento no sistema
renina angiotensina nos animais LP (7). O aumento na angiotensina 2 circulante pode estar
induzindo a ativagdo de areas de controle cardiovascular responsivas ao estimulo do CVOs,
resultando na geracdo e transmissdo de sinais hipertensivos para o PVN (13). A microglia no
PVN ¢ ativada com um aumento nas citocinas pré-inflamatorias, aumentando direta ou
indiretamente a atividade dos neurdnios simpaticos do PVN (13). Essas e outras vias convergem
para o RVLM, levando a aumentos no fluxo simpatico (13,47), aumentando assim a pressao

arterial.

Remodelamento cardiaco

O remodelamento cardiaco ¢ definido como um conjunto de alteragdes moleculares,
celulares e intersticiais que se manifestam clinicamente como alteragdes no tamanho, forma e
fun¢do do coragdo resultantes de lesdo cardiaca (48). Para o diagnodstico da remodelagao
cardiaca patologico € baseado na detecgao de alteragdes morfologicas, como por exemplo as
alteragdes no didmetro da cavidade, massa (hipertrofia e atrofia), geometria (espessura e forma

da parede cardiaca), areas de cicatriz apos infarto, fibrose e infiltrado inflamatoério (48).

A disfungao cardiaca ¢ a principal consequéncia da remodelagdo cardiaca, que contribui
para o surgimento e progressao da disfunc¢ao ventricular. Essa interagdo comega com alteracdes
genéticas a lesdo cardiaca, com re-expressdo de genes fetais. Tendo como consequéncia
alteracoes celulares e moleculares, resultando em perda progressiva da fungdo ventricular, a

qual pode evoluir para insuficiéncia cardiaca(49).

Nos estudos com modelos de programac¢ao com animais LP durante a gestacdo
encontramos um perfil de remodelamento cardiaco com um quadro mais avangado de
desorganizagao morfoldgica cardiacaaos 60 ou 112 dias de vida, pois observa-se uma deposigao

de colageno no coracdo e diminui¢do do nimero de cardiomidcitos (8,50), além de
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modificacdes da expressdo de microRNAs no coracdo relacionados a estrutura e fungdo
cardiaca (8).

Os animais LP que passaram pelo insulto de restrigdo proteica na peripuberdade, logo
apos o insulto, aos 60 dias, eles demonstram um aumento da massa cardiaca com um aumento
da fracdo de encurtamento e da parede posterior do ventriculo esquerdo no ecocardiograma
(51). Quando foi avaliado esses animais na vida adulta, demonstraram um aumento do didmetro
dos cardiomiocitos e da fibrose intersticial (3). Durante o doutorado a continuagao deste estudo
demonstrou que o coragdo dos animais LP apresenta um aumento do didmetro interno e da
parede posterior do ventriculo esquerdo com uma maior fracdo de encurtamento. Quando
avaliada a inflamacgao cardiaca, os animais LP demonstraram um aumento do mRNA de IL6 e
TNF alfa no coragao.

Na literatura, ndo foi encontrado artigos que realizam a desnutri¢do proteica durante
todo o periodo da peripuberdade que realizam a avaliagdao dos parametros inflamatorios apos o
insulto ou na vida adulta. No entanto, um estudo que realizou restri¢do proteica (2% de proteina)
no final da peripuberdade (~56 dias) demonstrou que esses animais apresentaram um aumento
da inflamacao sistémica, com elevagdo dos niveis de TNF-a, IL-6 e IL-1p circulantes aos 70
dias (52). Essa inflamagdo cronica de baixo grau também pode ser observada quando a restrigao
proteica ¢ realizada durante a gestacdo e lactagdo, resultando em aumento do TNF-a e uma
tendénciade elevacao do IL-6 circulante (10), na qual, pode contribuir para o desenvolvimento
de doengas cardiacas. Varios outros estudos também demonstraram que a inflamagdo esta

relacionada a hipertensdo, hipertrofia, fibrose e remodelamento cardiaco (53-55).

Sindrome cardiometabodlica

A sindrome cardiometabolica ¢ caracterizada pelo conjunto de condi¢des clinicas que
aumentam a chance de desenvolver doengas cardiovasculares, acidente vascular cerebral e
diabetes tipo 2 tornando-se uma das principais causas de mortalidade e morbidade no mundo
(56). E caracterizada pela presenga de trés ou mais fatores de risco, como actimulo de gordura
abdominal, dislipidemia (alteracdes no nivel de colesterol ou triglicerideos), hipertensao,
hiperglicemia e resisténcia a insulina resultando na sindrome cardiometabolica (57). A
inflamag¢ao cronica de baixo grau, caracterizada por niveis elevados de marcadores
inflamatorios, desempenha um papel central na patogénese da sindrome cardiometabdlica (57).
No modelo de desnutrigdo na peripuberdade em estudos prévios do nosso laboratorio

demonstramos que esses animais possuem um maior acumulo de gordura visceral, aumento dos
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triglicerideos com um aumento da pressdo arterial na vida adulta. Foi evidenciado também

hiperglicemia e resisténcia a insulina (7,38).

A desorganizacao do tecido adiposo pode contribuir para eventos de apoptose e necrose
(58). Com o aumento progressivo dos adipocitos, ocorre também a infiltragao de macrofagos,
que realizam a produgdo de citocinas pro6 inflamatodrias, como o fator de necrose tumoral-alfa,
producao de espécies reativas de oxigénio, que podem estimular a inflamag¢do e comprometem
a funcdo do tecido adiposo (59). Esses fatores estdo relacionados a inflamacao e a diminuicao

da sinalizac¢ao da insulina contribuindo, assim, para o desenvolvimento daresisténcia a insulina

(60).

A pressdo arterial ¢ a forca que o sangue exerce sobre as paredes das artérias. Na
hipertensdo ocorre a elevagdo persistente da pressdo arterial, caracterizada por valores de
pressao arterial sistolica de >140 mmHg ou mais e/ou pressao arterial diastolica mais de >90
mmHg (61). A hipertensdo ¢ uma doenga multifatorial que pode resultar em alteragdes
neuronais, hormonais, vasculares e renais, além de estar associada a disfungdes metabolicas
(62). A presenca de fatores de risco como dieta desequilibrada, sedentarismo, idade, obesidade,
inflamacao podem desencadear ou agravar a hipertensao (63,64). A origem da hipertensdo pode
estar relacionada a mecanismos de regulagdo rapida da pressdo arterial, como o sistema nervoso
autondmico, bem como a mecanismos de regulacao a longo prazo, mediada pelos rins através

do sistema renina angiotensina aldosterona (65).

A resisténcia ainsulina, ¢ uma das principais condigdes clinicas que podem acompanhar
a instalagdo da sindrome cardiometabdlica. Aresisténcia a insulina é caracterizada pela reducao
da eficicia da insulina em promover a captagdo de glicose pelas células, mesmo em
concentragdes plasmaticas normais. Resultando em uma elevagdo compensatdrianos niveis de
insulina (hiperinsulinemia), na tentativa de manter os niveis de glicose sanguinea dentro dos
limites normais (66). Nesse contexto, a insulina € reconhecida como um hormoénio metabolico,
produzido pelas células B do pancreas, que estimulaa captacao de glicose em diversos 0rgaos,
especialmente nos musculos, tecido adiposo e figado, além disso, a insulina exerce um efeito

inibidor sobre a lip6lise no tecido adiposo (67).

Disturbios na producdo e/ou na sinalizagdo da via da insulina e a resisténcia dos tecidos
frequentemente estdo ligados a estagios iniciais de niveis elevados de glicose no sangue (68).
Na literatura, a RI acompanhada de hiperinsulinemia e hiperglicemia é sugerida como um dos

mecanismos unificadores para doencas relacionadas a sindrome cardiometabdlica (69). O
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actimulo de gordura na regido abdominal ¢ considerado um determinante critico da RI em todo
o corpo, considerando que no tecido adiposo, a insulina estimula processos como o
metabolismo e a captacdo de glicose, o armazenamento de gordura no processo de lipogénese

e o transporte de acidos graxos da corrente sanguinea para as células (68).

A resisténcia a insulina estad fortemente associada a meta-inflamagdo, que ¢
caracterizada por um estado de inflamagao cronica de baixo grau, frequentemente observado
nas doencas cardiometabdlicas e na obesidade (70). Esse perfil de resisténcia a insulina, resulta
na ativacdo do sistema imunologico, principalmente dos macréfagos, que podem infiltrar o
tecido adiposo (71). Como consequéncia, hd a liberagdo de citocinas pro-inflamatdrias, como
TNF-0, 1L-6 e IL-1B, na qual podem exacerbar a resisténcia a insulina interferindo na
sinalizagdao de insulina e promovendo uma inflamacgao sistémica (72). A meta-inflamacao,
portanto, pode resultar em um ciclo patologico, no qual a inflamagao cronica contribui para o

desenvolvimento de disfunc¢des cardiometabdlicas (73).

Hipertensao

A prevaléncia da hipertensdo (valores de presséo arterial superiores 140/90 mmHg)
dobrou entre 1990 e 2019, passando de 650 milhdes para 1,3 bilhdo, sendo a maior incidéncia
observada em paises de baixae médiarenda (74). O estilo de vida possui um profundo impacto
no aumento da incidéncia de pessoas com hipertenséo, considerando que a implementacéo de
habitos saudaveis, como atividade fisica regular, alimentacdo equilibrada, manejo do estresse,
cessacdo do tabagismo e sono adequado, pode reduzir significativamente o risco de doencas
cardiovasculares e promover uma melhora no bem-estar cardiovascular geral (75). Pacientes
hipertensos podem ser assintométicos; no entanto, quando os sintomas se manifestam, incluem
cefaleias matinais, dor toracica e alteracfes na visao (61). Em casos mais graves (valores de
pressao arterial superiores a 180/120 mmHg), podem ocorrer cefaleia intensa, dor toracica,
vertigem, dispneia, nausea, distirbios visuais, ansiedade, confusdo mental, e arritmia cardiaca
(61).

A hipertensdo clinica pode ser classificada em duas categorias amplas. A hipertensao
primaria (ou essencial) na qual ocorre em 85% e 95% e possui uma causa ndo identificada,
podendo a sua origem geralmente estar relacionada a interagdo de varios fatores como a

inflamacao, estresse oxidativo, com alteracdes da fungao renal, neural e vascular (62). Para o
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tratamento, sdo usadas medidas ndo farmacoldgicas, relacionadas a modificacdo do estilo de
vida, como mudancas na dieta, pratica de atividade fisica, reducdo do consumo de cafeina,
alcool e tabaco, associadas ao tratamento farmacologico (76). A hipertensdo secundaria ¢é
causada por condi¢des subjacentes identificaveis, incluindo aldosteronismo primario, doenca
renovascular, doenca renal cronica, apneia obstrutiva do sono, tumores secretores de
catecolaminas (feocromocitoma), coarctagdo da aorta e hipertensdo induzida por drogas ou
alcool (77). A hipertensdo neurogénica também é considerada uma forma de hipertenséo
secundaria resultante do aumento da atividade simpatica para o sistema cardiovascular, que
desencadeia em um aumento de presséo arterial pode estar associado a uma maior sobrecarga

cardiaca estrutural e funcional (78).

Regulacdo central da presséo arterial

A neuroinflamagdo no tronco encefalico nos nucleos de regulagao cardiovascular tem
sido descrita como um dos importantes mediadores da hipertensdo (79). Considera-se que o
nucleo paraventricular do hipotalamo (PVN), bulbo ventrolateral rostral (RVLM) e o nticleo do
trato solitario (NTS) atuam no controle cardiovascular, mediando a atividade do sistema
nervoso autondmico, incluindo o ténus simpatico cardiovascular (80).

O NTS integra sinais aferentes advindos dos barorreceptores cardiopulmonares e
quimiorreceptores, realiza também o envio das projecdoes glutamatérgicas para os
interneurdnios nitrérgicos e gabaérgicos ao redor do PVN, assim como para os neurdnios pré-
sindpticos no PVN (79,81,82). O NTS também possui conexdes excitatorias diretas com a
coluna intermediolateral (IML) e conexdes inibitérias com o RVLM através das projecdes
glutamatergicas para neuronios gabaérgicos da medula ventrolateral caudal (CVLM) (81).

Os neuronios parvocelulares pré-autondmicos do PVN contribuem para o controle do
sistema nervoso simpatico e estdo implicados na simpatoexicatagao relacionada a hipertensao
e disfung¢do cardiaca(83). O PVN possui ramificagdes para o RVLM e para o NTS, enviando
projecdes descendentes para a IML. A atividade desses neuronios ¢ modulada por
interneuronios gabaérgicos e nitrérgicos ao redor do PVN (84).

O RVLM ¢ considerado uma das areas mais importantes para o controle simpatico
cardiovascular, dessa forma quando esses neuronios sao ativados ocorre uma maior estimulagdo
simpatica para os vasos sanguineos e coragdo, promovendo vasoconstri¢gdo, aumento da

frequéncia cardiaca e forga de contragdo do coragao(85). O RVLM possui neurdnios simpaticos
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pré-ganglionares que se projetam para a coluna intermediolateral (IML) naregido toracolombar
da medula espinhal, onde realiza sinapses com neur6nios simpaticos pos-ganglionares em
regides pré e paravertebrais e na medula da adrenal. Os neurdonios do RVLM também recebem

projecoes glutamatergicas do PVN e gabaérgicas do CVLM (79).

Sistema Renina Angiotensina

No contexto experimental, varios modelos animais de hipertensdo, como por exemplo:
o modelo de hipertensdo essencial (ou primaria), o rato espontaneamente hipertenso (SHR), o
modelo de hipertensdo secundaria (hipertensdo renovascular), ou animais obesos com
hipertensdo; apresentam aumento da atividade simpdtica, aumento da atividade do sistema
renina-angiotensina (inclusive no sistema nervoso central (SNC)) e aumento inflamacgao de
baixo grau (metainflammacao) (86—88).

O sistema renina angiotensina (SRA) auxilia no controle da presséo arterial e do
equilibrio eletrolitico. A angiotensina 2 (Ang 2) é o principal efetor do SRA. Ela é produzida
pelareagdo em cascata enziméticaonde arenina é a enzima chave que cliva o angiotensinogénio
produzido no figado gerando angiotensina 1 (85). A enzima conversora de angiotensina (ECA)
clivaa angiotensinal produzindo a angiotensina 2 que se liga ao receptor AT1. A ativagédo do
receptor AT1 promove maior atividade vasoconstritora e aumentao volume sanguineo através
da aldosterona e contribui para 0 aumento da atividade simpatica (85).

No inicio da cascata de ativagdo do SRA, temos a renina. Para a sua formagao, nas
células justaglomerulares que estdo localizadas nas arteriolas aferentes do rim, possuem a
prorenina. A ativacao dessas células, causa a clivagem da prorenina em renina. Pode ser liberada
na circulagdo por alguns estimulos, como por exemplo quando ocorre alteragdes na perfusao
renal; reducao no fluxo sanguineo, quando o tibulo contorcido distal recebe menos sédio e
cloreto. Essas alteragdes sdo percebidas pela macula densa, que entdo ativa um mecanismo de
feedback. A angiotensina 1, ¢ parte desse feedback, ajudando a regular a pressao e o fluxo
sanguineo. Além disso, o potassio e o ANP (peptideo natriurético atrial) também desempenham
papéis importantes nesse processo, ajudando a equilibrar o volume de sédio, 4gua e a pressao
arterial nos rins (89,90). O angiotensinogénio ¢ produzido ¢ secretado principalmente pelo
figado. A renina cliva a por¢do N-terminal do angiotensinogénio resultando na formacao da

angiotensina 1 (89).

A enzima conversora de angiotensina (ECA) € expressa na membrana plasmatica das

células endoteliais vasculares principalmente na circulagdo pulmonar, realizando a clivagem de
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2 aminodacidos da por¢do C-terminal da angiotensina 1 para formar a angiotensina 2 (91). A
ECA também age na via das bradicininas, que possuem efeitos de reducao da pressdo arterial,
e realiza a hidrélise da bradicinina, inativando-a (91). Dessa forma a ECA pode aumentar a
producdo de um vasoconstritor (angiotensina 2) e diminui a disponibilidade de um
vasodilatador (bradicinina). Os farmacos que realizam a inibicdo da ECA, reduzem tanto a
vasoconstri¢ao induzida pela angiotensina 2 como o bloqueio da degradagdo da bradicinina

(92). Esses farmacos podem prevenir a hipertrofia cardiaca e facilitam a excrecao de sal e agua

91).

A angiotensina 2 ¢ o principal mediador dos efeitos do SRA, com efeitos na regulagao
da pressdo arterial, regulacdo do volume e secrecao de aldosterona (93). Os efeitos da
angiotensina 2 para regulacdo da pressao arterial e do volume podem ser mediados pela
vasoconstri¢ao através da contracdo do musculo liso vascular nas arteriolas (94); secrecao de
aldosterona do cortex adrenal (94); aumento da atividade simpética do sistema nervoso central
(95) e aumento da liberacao de vasopressina pelo hipotalamo (96).

A angiotensina 2 também esta implicada em alteracdes fisiopatoldgica, relacionadas ao
aumento do estresse oxidativo, vasoconstri¢dao, disfuncdo endotelial, fibrose e¢ hipertrofia
cardiaca (97). Considerando esses efeitos a angiotensina 2 estd implicada na hipertensao,
aterosclerose, insuficiéncia cardiaca e doenga renal (98). Os efeitos da angiotensina 2 podem
ser mediados por dois tipos de receptores, os do tipo 1 e do tipo 2.

O receptor do tipo 1 (AT1) € um receptor acoplado a proteina G, que pode ser encontrado
no corag¢ao, vaso, rim, glandulas suprarrenais, hipofise e sistemanervoso central. Apds a ligacao
da angiotensina 2 com receptor AT1, foi demonstrado que esse receptor expresso no sistema
cardiovascular ativa varias proteinas cinase intracelulares(99). Estudos demonstram que essas
cinases estimulem a NADPH oxidase, a produ¢do de espécies reativas de oxigénio e a sintese
de proteinas, resultando na hipertrofia, hiperplasia e hipertrofia cardiaca (99).

O receptor do tipo 2 (AT2) também ¢ acoplado a proteina G expresso principalmente no
coracdo, cérebro, rins e glandulas adrenais (100). O receptor AT2 realiza efeitos opostos e
protetores da angiotensina 2 via receptor AT1. Inibindo a inflamacao, a fibrose e o fluxo
simpatico central e causando vasodilatagdo (101).

A angiotensina 2 também pode exercer seus efeitos inflamatorios principalmente pela
ativacao de receptores especificos,como o AT1, presentes em varias células do sistema imune,
como macrofagos e linfocitos (102). Quando a angiotensina 2 se liga a esses receptores, resulta

na liberacao de citocinas pro-inflamatoérias, que promovem uma resposta inflamatoria local e
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sistémica (103). Além disso, a angiotensina 2 pode aumentar a expressdo de moléculas de
adesdo nas células endoteliais, facilitando a migracdo de leucocitos para os tecidos
inflamatorios (102). Outro mecanismo importante ¢ a indugdo de estresse oxidativo, que gera
espécies reativas de oxigénio, contribuindo para a ativacao de vias de sinalizagdo inflamatorias.
Dessa forma, a angiotensina 2 estd envolvida tanto na regulacdo da pressao arterial, como no

aumento da inflamacao, exacerbando disfung¢des cardiacas (104).

Neuroinflamacéo

Na literatura estudos demonstram que as micrdglias podem ser ativadas na hipertensao,
especialmente se essas células forem encontradas nos ntcleos cardiovascular de controle da
pressao arterial (PVN, NTS e RVLM), resultando em hiperatividade simpatica periférica (105)
e remodelacdo miocardica patologica (106). As microglias sdo as principais células
neuroinflamatorias do SNC, na qual detectam padrdes moleculares associados a danos
(DAMPs) ou padroes moleculares associados a patogenos (PAMPs) que também podem ser
detectados pelos astrocitos residentes(107). As consequéncias da liberagao das citocinas podem
variar de acordo com o tipo celular, incluindo a liberagao de forma prolongada de mediadores
inflamatorios, alteragao da fungao da célula-alvo ou indugdo da morte celular (107). A maior
ativacdo microglial e/ou astrogliose com um aumento da liberagdo de citocinas pro
inflamatorias (TNF-a, IL6 ou NF-KB) foram encontradas em modelos de hipertensao que
podem estar envolvidas nos mecanismos de regulacao da hipertensao (88,108,109).

O fenotipo de ativagdo da microglia em resposta a hipertensdo, danos ou inflamacao
tecidual permite que elas se adaptem, o qual ¢ classicamente identificado pelo aumento da
produgdo de citocinas, a adocdo de uma morfologia ameboide ¢ mudancas em marcadores
proteicos relevante (110). No processo de ativacdo da micréglia, ela adapta seu formato
ramificado para um formato mais espesso com um corpo celular mais arredondando conhecido
como formato ameboide (111). Nesse fendtipo, a micrdglia se torna mais ativa no processo de
fagocitose de fragmentos de neurdnios ou patdgenos, secreta citocinas inflamatdrias e
quimiocinas e outras moléculas que realizam o recrutamento de outras células imunes para o
local da lesao, amplificando a resposta inflamatoéria(112).

Os astrocitos desempenham fungdes cruciais tanto na neuroinflamacdo quanto na
neuroprotecdo no sistema nervoso central (113). Eles secretam citocinas prd e anti-
inflamatorias, além de substancias que promovem ou inibem o crescimento neuronal. Essas

células também ajudam a manter a homeostase sinaptica, garantem a integridade da barreira



23

hematoencefalica e fornecem suporte metabolico aos neurdonios. Além disso, os astrocitos
protegem os neurdnios contra o estresse oxidativo (114).

O mecanismo de astrogliose reativa ocorre em resposta a lesdo no sistema nervoso
central, na qual ocorre a movimentagao dos astrocitos para o local da lesdo, resultando tanto na
protecdo do tecido lesionado como do ndo lesionado (115). Dessa forma o processo de
astrogliose reativa regulada ¢ de suma importancia para o cérebro, devido os seus efeitos
neuroprotetores. A astrogliose reativa desregulada € um processo prejudicial que contribui para
as doencas cardiovasculares (113). Dessa forma a ativagdo da microglia e a astrogliose sdo
componentes centrais da neuroinflamagdao contribuindo para hipertensdo neurogénica,
considerando que o aumento das citocinas pro-inflamatdrias nos nucleos centrais de regulacao
da pressao arterial promove tanto o aumento do sistema nervoso simpatico como da inflamacao.

Dessa forma, o reconhecimento da hipertensdo como um processo inflamatorio
sistémico ¢ fundamental, pois pode auxiliar tanto na compreensao da origem da doenga quanto
no desenvolvimento das complicacdes associadas a ela, considerando que sua gravidade

contribui para o surgimento de disfunc¢des cardiovasculares (70).

Justificativa

Este estudo possibilitou a identificacdo de mecanismos fisiopatoldgicos implicados na
hipertensao, relacionadaa insultos na vida precoce. O presente trabalho contribuiu para explorar
a fase da peripuberdade, como uma fase critica do desenvolvimento e esse conhecimento podera
fundamentar pesquisas focadas em intervengdes precoces e tratamentos na peripuberdade que
possam identificar fatores de risco bem como biomarcadores para a prevencdo das doencas
cardiovasculares. O conhecimento cientifico advindo dessa pesquisa podera contribuir para a
conscientizacao da populacao sobre a relevancia da exposicdo a uma dieta balanceada nas fases
sensiveis do desenvolvimento para prevencao de doencas cardiovasculares e importanciade se

fazer um acompanhamento cuidadoso da inflamacdo, funcéo e estrutura cardiaca.

Objetivo geral

Avaliar a implicagdo da inflamacdo e do sistema renina angiotensina na hipertensdo e
alteragBes estruturais cardiovasculares a longo prazo induzida por restricdo proteica na

peripuberdade.
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Objetivos especificos
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Avaliar os pardmetros murinometricos: ingesta alimentar, peso corporal, comprimento
naso-anal e peso dos tecidos (coracdo, aorta e gorduras);

Avaliar os pardmetros bioquimicos (glicemia, perfil lipidico e marcadores de leséo);
Analisar a variabilidade da PA e do intervalo de pulso, no dominio da frequéncia
(analise espectral) em animais acordados;

Avaliar a sensibilidade espontanea do barorreflexo;

Estudar a pressdo arterial e frequéncia cardiaca em condicfes basais e em reposta a
administracdo de drogas para avaliar 0 SRA,

Avaliar os niveis circulantes de angiotensina 2 e angiotensina 1-7;

Avaliar a expressdo do mRNA no coragéo e aorta para os genes do SRA;

Avaliar os parametros eletrocardiograficos em animais anestesiados;

Avaliar os parametros ecocardiograficos em animais anestesiados;

Analisar os pardmetros inflamatorios no coracédo e encefalo.
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Handling editor: G Desideri Background and aims: Hypertension depends on renin-angiotensin system dysfunction; however, little is known
about its implications in the outcomes of neurogenic hypertension induced by peri-pubertal insults. This study
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Hypertension

Methods and results: Thirty-day-old male Wistar rats were fed a low-protein diet (4 % casein) for 30 days and
Peri-pubertal subsequently fed a 20.5 % normal protein diet for a 60-day dietary recovery (LP group). Control animals (NP
Developmental origins of health and disease group) were fed a 20.5 % protein diet throughout their lives. Cardiovascular and renin-angiotensin system
(DOHaD) functions were evaluated on postnatal day 120 (6-24 animals per group). Statistical analyses were performed
using the Student’s t-test. Animals with LP show increased arterial blood pressure. The angiotensin 2 dose-
response curve of LP animals showed an increase in the pressor response at a lower dose (50 ng/kg) and a
reduction in the pressor response at a higher dose (400 ng/kg) compared with NP animals. Angiotensin 2 type 1
receptor mRNA levels were increased in the hearts of LP animals; however, angiotensin 2 type 2 receptor and
MAS receptor mRNA levels were reduced. In the aorta, AT1 and AT2 mRNA levels were increased in LP animals,
whereas MAS receptor mRNA levels were decreased in comparison to NP animals.

Conclusion: The renin-angiotensin system is disrupted in hypertension induced by protein restriction exposure
during peri-pubertal life.

Angiotensin 2

Studies founded on the Developmental Origins of Health and Disease
(DOHaD) concept provide evidence that exposure to environmental

1. Introduction stresses, such as malnutrition, occurring during sensitive windows of
development, increases susceptibility to noncommunicable chronic

The World Health Organization estimates that 1.28 billion in- diseases in adulthood, including hypertension [3,4]. The peri-pubertal
dividuals worldwide are hypertensive, two-thirds of whom live in low- life phase is also a sensitive developmental window [5,6]. Previously,
and middle-income countries [1]. Malnutrition is a risk factor for hy- our group reported that adult Wistar male rats exposed to caloric protein
pertension. A country’s economic status is related to inequality in food restriction during peri-pubertal life have a metabolic syndrome char-
access, which aggravates malnutrition and public health problems. By acterized by increased visceral fat accumulation, hyperleptinemia, hy-
2023, it is estimated that between 713 and 757 million people world- perphagia, dyslipidemia, glucose-insulin homeostasis ~disruption
‘[";i]de may have faced hunger, mostly in Asia, Africa, and Latin America (characterized by hyperglycemia and hyperinsulinemia), hypertension,

* Corresponding author. Avenida colombo 5790 - Zona 7, 87020-900, State University of Maringa, Maringa, Parana, Brazil.
E-mail address: kesiapalmarigo@hotmail.fr (K. Palma-Rigo).
! These authors have contributed equally to this work.

https://doi.org/10.1016/j.numecd.2024.09.003
Received 15 October 2023; Received in revised form 18 August 2024; Accepted 4 September 2024

Available online 19 September 2024

0939-4753/© 2024 The Italian Diabetes Society, the Italian Society for the Study of Atherosclerosis, the Italian Society of Human Nutrition and the Department of Clinical Medicine and Surgery, Federico II University. Published by
Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:kesiapalmarigo@hotmail.fr
www.sciencedirect.com/science/journal/09394753
https://www.elsevier.com/locate/nmcd
https://doi.org/10.1016/j.numecd.2024.09.003
https://doi.org/10.1016/j.numecd.2024.09.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.numecd.2024.09.003&domain=pdf

A.R.O. Ferreira et al.

Nutrition, Metabolism and Cardiovascular Diseases 35 (2025) 103733

Abbreviations

LP low protein

NP animals fed a normal protein diet
Ang 2 angiotensin 2

AT1R angiotensin 2 type 1 receptor
AT2R angiotensin 2 type 2 receptor

MAS MAS receptor

ACE1l angiotensin-converting enzyme 1

ACE2 angiotensin-converting enzyme 2

DOHaD Developmental Origins of Health and Disease
RAS renin-angiotensin system

PN post-natal day

SAP systolic arterial pressures
DAP diastolic arterial pressures
MAP mean arterial pressures

PI pulse interval

HR heart rate

SEM standard error of the mean
SHR spontaneously hypertensive rat
mRNA  messenger RNA

cDNA complementary DNA

AU arbitrary units

cardiac remodeling, cardiovascular autonomic dysfunction (character-
ized by sympathetic hyperactivity), and endothelial dysfunction [7-9].

Components of the circulating and local renin-angiotensin system
(RAS) are involved in cardiovascular diseases, notably in the develop-
ment and progression of hypertension and its comorbidities, such as
cardiac remodeling [10,11]. Ang 2 is the main endogenous agonist of the
Ang 2 type 1 receptor (AT1R), which mediates vasoconstriction, cell
proliferation, oxidative stress, and hypertension [10,11]. Furthermore,
evidence points to RAS dysfunction in hypertension following malnu-
trition in the post-weaning/peri-pubertal phase [12]. However, the
long-term implications of the RAS in neurogenic hypertension induced
by peri-pubertal caloric protein restriction have not been evaluated. This
study hypothesized that adult hypertension induced by low-protein diet
exposure in peri-pubertal life may be associated with RAS dysfunction.

2. Methods

The experimental protocol was approved by the Research Ethics
Committee for Animal Use and Experimentation at the State University
of Maringa (approval number 3353060421). Animals were housed in
four rats per cage (polypropylene cages with 40 x 34 x 17 cm) under
controlled temperature (22 + 2 °C) and photoperiod (07:00-19:00, light
cycle) conditions, with ad libitum access to water and food.

Twenty-five-day-old male Wistar rats obtained from the Central
Animal Facility of the State University of Maringa were exposed to the
same perinatal environment and maintained in the sectoral vivarium of
the Department of Biotechnology, Genetics, and Cell Biology. As soon as
they arrived at the sectorial facility, the animals were randomized
considering their balanced body weight in all boxes and expended five
days of adaptation before starting the dietary treatment at PN 30. During
all the experimental protocols, only two experienced researchers
manipulated the animals to minimize environmental stress.

At post-natal day (PN) 30, the animals were randomly assigned into
two groups: those fed a palletized isocaloric low-protein diet (4 % pro-
tein; LP group; Table 1) or a balanced commercial control diet (20.5 %
protein; Nuvital®, Curitiba/PR, Brazil; NP; Supplementary Table 1)
until PN60. After the dietary manipulation period, all animals were fed
the same commercial control diet (20.5 % protein; Nuvital®, Curitiba/
PR, Brazil; NP; Table 1) for the remaining 60 days.

Table 1
Effects of dietary protein restriction in the peri-pubertal period on peptides
circulating levels.

Biochemical parameters NP LP P value
Endogenous Angiotensin 2 (pg/ml) 38 +1.91 52 4+ 2.26 0.0001 ***
Endogenous Angiotensin 1-7 (pg/ml) 377 + 4.07 375 + 8.09 0.874

NP: Normal protein diet; LP: LP diet; n = 10 to 12 animals per group. Values
expressed as mean + SEM. **p < 0.01 and * p < 0.05, indicate statistical sig-
nificance (Student’s T test).

At PN120, both groups were evaluated for RAS function, biochemical
(Supplementary Table 2) and biometric parameters (Supplementary
Table 3), food intake (Supplementary Fig. 1), body weight
(Supplementary Fig. 2), and mRNA expression of RAS components.

2.1. Biochemical parameters

Total blood was collected and serum was separated for biochemical
analysis. Glycemia was quantified by the glucose oxidase method by
spectrophotometry in microplates (SpectraMax® Plus 384 Microplate
Reader from Molecular), using a commercial kit (Gold Analisa®, Belo
Horizonte/MG, Brazil). The details are provided in the Supplementary
Methodology. The results were expressed in mg/dL.

Plasma quantification of endogenous circulating Ang 2 and Ang 1-7
was performed using a rat ELISA kit (Elabscience/Wuhan Fine Biotech
Co., Ltd/Catalogue No.: E-EL-R1430 and FineTest/Wuhan Fine Biotech
Co., Ltd/Catalogue No.: ER1616).

2.2. Arterial and venous catheterization

After anesthesia (ketamine-xylazine; 75 mg + 15 mg/kg, i.p.), two
cannulae (P10 -Micro-Renathane connected to P50 cannulae (ClearTy-
gon)) were inserted, one into the femoral artery for monitoring arterial
pressure, and one in the femoral vein for drug administration. At the end
of the surgery, the animals received anti-inflammatory analgesics
(Meloxican, 0.4 mg/kg, i.v.) and antibiotics (enrofloxacin 5 mg/kg, i.v.).
The lines were heparinized (250 U/mL) after surgery, and the animals
were kept in individual boxes for recovery. After 48 h of recovery
[13-16], the assessment of RAS modulation was performed over three
days.

2.3. Arterial pressure recording

After 1 h of room adaptation, baseline arterial pressure was recorded
for 30 min on each of the three days of the experimental protocol.
Following baseline recordings, intravenous injections were adminis-
tered according to the protocol described below. Experiments were
performed on conscious, free-moving animals between 10 a.m. and 3 p.
m. Recordings were sampled at 1000 Hz. The details are provided in the
Supplementary Methodology.

Data were pre-analyzed using Advanced CODAS software (Data Q
instruments, United States, https://www.dataq.com/products/w
indagq/, paid software) to objectively identify stable periods of
recording and to exclude erratic signals. Baseline systolic (SAP), dia-
stolic (DAP), mean arterial pressure (MAP), and pulse interval (PI)
values were transferred to a spreadsheet for analysis (Microsoft Excel,
Redmond, WA, EUA) over 10 min of recording under stable conditions.
The heart rate (HR) was calculated from the pulse interval (ms) using
formula (60000/PI in ms).
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2.4. Effect of angiotensin-converting enzyme inhibitor

On the first day of the blood pressure evaluation, baseline recordings
of the arterial pressure were performed over 30 min. Enalapril (5 mg/kg;
intravenous; Sigma-Aldrich, San Luis, MO, EUA), an angiotensin-
converting enzyme (ACE) inhibitor, was used to estimate the effect of
ACE on arterial pressure [12,17-19]. The arterial pressure and heart rate
were recorded for 30 min after injection, and the response was calcu-
lated from the MAP and HR baseline.

2.5. Effect of angiotensin 2

On the second and third days of the protocol, following baseline
recordings, a range of doses of Ang 2 (50, 200, and 400 ng/kg; i.v.;
Sigma-Aldrich, San Luis, MO, EUA) was injected into different NP and LP
animals according to the rat body weight [12,20]. To avoid receptor
desensitization, only one dose of Ang 2 was performed to each animal on
each experimental day and only two doses were injected in each animal,
with 24 h of interval. MAP and HR responses were calculated from the
baseline.
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2.6. mRNA expression of RAS components in the heart and thoracic aorta

In a separate cohort of animals, samples of the left ventricle and
thoracic aorta were collected after euthanasia using guillotine. Tissues
were frozen in nitrogen and subsequently stored at —80 °C for molecular
analyses. Total RNA was extracted using TRIzol™ (Invitrogen®)
following the manufacturer’s instructions. Total RNA concentration was
measured spectrophotometrically at 260 nm (NanoDrop ND 1000
NanoDrop Technologies; Wilmington, DE, USA). For cDNA synthesis 2
pg of RNA was converted into cDNA using a high-capacity cDNA reverse
transcription kit (Promega US, Madison, WI, USA), and samples were
run using an AcessQuick™ Master Mix (Promega US, Madison, WI,
USA). RT-PCR was performed using the Promega Access RT-PCR System
(Promega US, Madison, WI, USA). The first strand of cDNA synthesis was
obtained by one cycle of 5 min at 25°C, followed by one cycle of 1 min at
42 °C and one cycle of 15 min at 70 °C. The sample was then sequentially
thermocycler at 95°C for 2 min, followed by 40 cycles of 15 s at 95 °C
and 40 cycles of 1 min at 60 °C. The expression patterns of genes of
interest were normalized to constitutively expressed beta-actin and the
primers used were described (Supplementary Table 4). The 274€T
method was used for the relative quantification analysis and data were
expressed in arbitrary units (AU) [21,22].
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Fig. 1. Basal arterial pressure. Representative arterial pressure traces of NP and LP animals in basal conditions (A), systolic arterial pressure (B), diastolic arterial
pressure (C), mean arterial pressure (D), and heart rate (E). n = 9-13 animals per group. NP, normal protein diet; LP, low protein diet. Values presented as mean +
SEM. ***p < 0.001 and * p < 0.05, indicate statistical significance (Student’s T test).
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2.7. Statistical analysis

Data are presented as mean =+ standard error of the mean (SEM).
Statistical analysis was performed after analysis of data distribution
(Shapiro-Wilk test). Results were considered significant at P < 0.05.
GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA (htt
ps://www.graphpad.com/scientific-software/prism/); was used for
graphical representations and statistical analyses. Comparison between
the groups was performed using Student’s T-test, Mann-Whitney test, or
two-way ANOVA with time, dose, and diet as independent factors.

3. Results
3.1. Biochemical parameters

The endogenous circulating Ang 2 was increased in LP animals (LP:
52 4+ 2.26 vs. NP: 38 + 1.91 pg/ml, p = 0.0001) compared with NP
animals, but endogenous Ang 1-7 was similar between groups (Table 1).

3.2. Arterial pressure, pulse pressure, and heart rate

Representative arterial blood pressure traces are shown in Fig. 1A. LP
animals showed increased SAP (LP: 144 + 1.91 vs. NP: 129 + 2.21
mmHg, p = 0.0002; Fig. 1B), DAP (LP: 90 + 1.04 vs. NP: 86 + 1.11
mmHg, p = 0.010; Fig. 1C) and MAP (LP: 113 4+ 0.97 vs. NP: 104 + 1.10
mmHg, p=0.001; Fig. 1D) compared with NP animals. A similar HR was
observed between groups (Fig. 1E).

3.3. Effects of enalapril on MAP and HR

LP animals showed a reduced MAP response to the ACE inhibitor,
enalapril (LP: 7.25 + 1.14 vs. NP: 12.49 + 1.21 mmHg, p = 0.007;
Fig. 2A) compared with the NP group. The HR response was similar
between groups (Fig. 2B).

3.4. Effects of angiotensin 2 in MAP and HR

Fig. 3 shows the dose-response curves of MAP and HR for Ang 2. In
the lower dose (50 ng/kg), the LP animals had a greater MAP response
(LP: 57 £+ 6.28 vs. NP: 30 + 5.39 mmHg, p = 0.009; Fig. 3A) compared
with the NP group; while the delta of HR was reduced in LP compared
with NP animals (LP: 42 + 27.68 vs. NP: 35 + 18.97 bpm; p = 0.049,
Fig. 3B). In the two highest doses of Ang 2 (200 and 400 ng) the LP
animals showed attenuated increase of the MAP (LP: 41 + 3.67 vs. NP:
64 + 4.47 mmHg, p = 0.039, and LP: 49 + 6.66 vs. NP: 74 + 4.16
mmHg, p = 0.011, respectively; Fig. 3A) compared with the NP group;
while the HR response in these doses was similar between the groups
(Fig. 3B).
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3.5. mRNA expression of RAS components in the heart and thoracic aorta

Fig. 4 shows the mRNA expression of the RAS markers in the heart
and thoracic aorta. LP animals had increased levels of angiotensin-
converting enzyme 1 (ACE1) and AT1 mRNA in the heart (LP: 3.40 +
0.99 vs. NP: 0.85 + 0.25 AU, p = 0.020; and LP: 4.66 + 1.70 vs. NP: 0.97
+ 0.21 AU, p = 0.019, respectively; Fig. 4A) compared with NP group.
The mRNA levels of angiotensin-converting enzyme 2 (ACE2), AT2, and
MAS in the heart were lower in LP compared with NP animals (LP: 0.70
4+ 0.17 vs. NP: 1.36 & 0.23 AU, p = 0.040; LP: 0.68 £ 0.17 vs. NP: 2.42
+ 0.78 AU, p = 0.029; and LP: 1.11 + 0.29 vs. NP: 2.58 + 0.53 AU, p =
0.027, respectively; Fig. 4A).

In the aorta, the ACE1 and AT1 mRNA levels were increased in LP
compared with NP animals (LP: 1.51 + 0.43 vs. NP: 0.43 + 0.12 AU, p =
0.005; and LP: 2.69 + 0.56 vs. NP: 1.14 + 0.36 AU p = 0.036, respec-
tively; Fig. 4B). In the contra regulatory via, the LP animals showed a
decrease in mRNA levels of ACE2 and MAS respectively (LP: 0.76 + 0.29
vs. NP: 2.38 + 0.68 AU, p = 0.045; and LP: 0.48 + 0.14 vs. NP: 1.34 +
0.33 AU, p = 0.013, respectively; Fig. 4B) but mRNA levels of AT2 in LP
animals were increased (LP: 4.23 + 1.17 vs. NP: 1.71 + 0.33 AU, p =
0.023; Fig. 4B) compared with the NP group.

4. Discussion

This work demonstrates, for the first time, that caloric protein re-
striction in the peri-pubertal period followed by 60 days of nutritional
recovery induces RAS dysfunction in adulthood. The present findings
appear to be underpinned by the hyperactivation of Ang 2 and attenu-
ation of its contra-regulatory via. Other studies in the DOHaD context
have pointed to RAS dysfunction in adult hypertensive rats programmed
by the LP diet in perinatal life [17,23,24]. The main finding of the
present study is that hypertension, observed in LP adult animals pro-
grammed during peri-pubertal life, depends on RAS hyperfunction, as
evidenced by: 1) increased endogenous circulating Ang 2; 2) over-
expression of ACE1 and AT1 mRNA and decreased expression of ACE2
and MAS mRNA in the heart and aorta; and 3) increased pressor
response to the lower dose of Ang 2 (50 ng/kg).

During basal conditions, LP animals showed increased blood pres-
sure and greater levels of endogenous circulating Ang 2, produced by the
cleavage of angiotensinogen by the ACE1. The present animals showed
increased expression of ACE1 mRNA, which may suggest that ACE1
protein is overexpressed in LP animals, driving the increased levels of
Ang 2. It is well known that the main effects of Ang 2 on blood pressure
are mediated by the AT1R, including, among other mechanisms, vaso-
constriction and water retention in the kidney, leading to hypertension
[11,25]. The LP animals also showed increased expression of AT1
mRNA, suggesting that these animals express more AT1R. However, it is
important to consider that mRNA is not a determinant of protein

-
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Fig. 2. Pressure response to enalapril. Change in mean arterial pressure (A) and change in heart rate in response to enalapril (B). n = 7 to 8 animals per group. NP,
normal protein diet; LP, low protein diet. Values presented as mean + SEM. **p < 0.01 indicate statistical significance (Student’s T test).
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Fig. 3. Blood pressure response to angiotensin 2. Change in mean arterial pressure (A) and change in heart rate in response to angiotensin 2 (B). n = 5 to 9
animals per group. NP, normal protein diet; LP, low protein diet; I, interaction between diet and dose. Values presented as mean + SEM. **p < 0.01 and * p < 0.05,

indicate statistical significance (Two-way ANOVA).
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Fig. 4. RAS mRNA expression in the heart and thoracic aorta. mRNA
expression of RAS components in the heart (A), mRNA expression of RAS
components in the thoracic aorta (B), n = 6 to 10 animals per group. NP,
normal protein diet; LP, low protein diet; ACE 1: Angiotensin-converting
enzyme 1; ACE 2: Angiotensin-converting enzyme 2; AT1: Angiotensin 2 type
1 receptor; AT2: Angiotensin 2 type 2 receptor; MAS: MAS receptor. Values
presented as mean + SEM. *p < 0.05, indicate statistical significance (Student’s
T test or Mann-Whitney test).

expression, and the extrapolation of the data from mRNA to protein
expression needs to be considered with caution. Unfortunately, AT1IR
expression was not explored in the present study due to methodological
issues[26-30]. It has been pointed out that commercial antibodies also
target other receptors coupled to the G protein and cross-react with
muscarinic, adrenergic, and dopamine receptors[31-35]. The produc-
tion of antibodies with high specificity for G protein-coupled receptors is
difficult; therefore, we used one of the methods described in the litera-
ture to study the biology of AT1R [29]. AT1R activation also induces
dysregulation of oxidative stress [23,36] and cardiac hypertrophy [37].
We have previously shown that the present model of peri-pubertal LP
diet exposure induced cardiac hypertrophy, associated with interstitial
fibrosis and disorganization of the cardiac redox state in adulthood [7].
Collectively, these findings indicate that neurogenic hypertension may
be related to unbalanced AT1R function and its contra regulatory via.
When LP animals were challenged by increasing doses of Ang 2, a
greater blood pressure response was observed to a low dose of Ang 2 (50

ng/kg/iv), which was attenuated at higher doses (200 ng e 400 ng/kg/
iv). This pattern of blood pressure response to exogenous Ang 2 cor-
roborates previous data from the literature. Gomide et al. (2013)
showed that exposure to the LP diet after weaning (PN28 until PN63)
induced an increased pressor response to a lower dose of exogenous Ang
2 (doses: 100 ng/kg, i.v.) and an attenuation in the blood pressure
response to the higher doses of exogenous Ang 2 (doses: 200, 300, and
400 ng/kg, i.v.), just after the end of the special diet exposure, at PN64
[12]. Although the pattern of response was similar in the two studies,
our study evaluated blood pressure after 60 days of dietary recovery. We
may suggest that this outcome may be a consequence of AT1R desen-
sitization. It has been shown a rapid desensitization and internalization
of AT1R upon agonist stimulation, which is more evident in hyperten-
sion [38,39]. Several mechanisms mediate the desensitization to the Ang
2 signal, such as the recycling of the receptor, Ang 2-induced internal-
ization of receptors [40], PKC-induced serine phosphorylation of AT1IR
and AT2 receptor (AT2R) [41] and the induction of the early inducible
genes, c-fos and c-jun [42]. Furthermore, in spontaneously hypertensive
rats (SHR) or hypertensive rats programmed in perinatal life [43,44],
the intracellular machinery for AT1R function may be disrupted, which
may be involved in AT1 desensitization [43,44]. Mesquita and collab-
orators (2010) showed that the intracellular signaling of the ATIR is
disrupted in the kidneys of adult rats exposed to a perinatal LP diet [44].
This is a pathway that also needs to be explored in the present model.
The LP animals showed an attenuated blood pressure decrease in
response to enalapril; however, the mechanism mediating this pattern is
unclear. It appears that ACE1 is overexpressed/overactivated in the LP
animals, as they show elevated levels of circulating endogenous Ang 2
and increased expression of ACE1 mRNA. We may suggest that the dose
of enalapril used to inhibit ACE1 was insufficient to induce a similar
ACEL1 inhibition in the LP and control animals. An attenuated depressor
response to enalapril was also observed in an animal model of
streptozotocin-induced diabetes, which also showed increased endoge-
nous circulating ACE1 [45]. Some studies suggest that the attenuated
depressor response to the Enalapril observed in the animal model of
streptozotocin-induced diabetes, may depend on the elevated concen-
tration of circulating ACE, thus the same dose of enalapril may be less
effective in inhibiting the transformation of Ang 1 to Ang 2 [46,47]. In
both models, it may be suggested that a greater expression of ACE1 may
be driving the observed increased production of Ang 2 and its effect;
however, more studies using higher doses of enalapril are needed to
better explore the implications of ACE1 in the present hypertension.
Although the depressor response to enalapril was attenuated in the
LP animals, the HR was not significantly different between the groups.
The absence of a difference may or may not be dependent on the vari-
ance between animals, as the variance in HR was greater than that in BP.
It is important to consider that tachycardiac and depressor responses to
enalapril were 33 % and 42 % lower, respectively, in LP animals and
control animals. The present data do not support an attenuated
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tachycardic response to enalapril in LP animals; however, LP animals
could have an attenuated tachycardiac reflex because of attenuated
hypotension, and more studies need to be performed to better explore
this issue. Other peptides regulated by ACE1 that affect the heart rate
and sympathetic nervous system independent of Ang 2, such as brady-
kinin, could be enrolled in the present findings [48]. Therefore, further
studies are necessary to better understand the tachycardic response to
enalapril.

The mRNA levels of ACE2, AT2, and MAS, which are collectively
termed as “protective arm” of the RAS, were reduced in the heart of the
present neurogenic hypertensive animals. It is well known that AT2R
and MAS activation promote vasodilatation and diuresis/natriuresis,
counterbalancing AT1R-mediated effects [49]. SHR is a genetic model of
neurogenic hypertension with reduced cardiac ACE2 and MAS expres-
sion in the heart [50]. Another model of programmed hypertension,
induced by perinatal exposure to an LP diet, also showed reduced AT2R
expression in the left ventricle [51]. It has been suggested that the
expression of AT2R can be tissue-dependent and/or dependent on the
pathophysiological state of hypertension, showing increased, decreased,
or unchanged expression[52-54]. In our study, we observed that the LP
animals had increased AT2 mRNA levels in the aorta. The SHR also
shows increased aortic AT2 mRNA levels, which appears to be associ-
ated with hypertrophy of the smooth muscle cells [52,54]. Furthermore,
the aortic overexpression of the AT2R acts as a compensatory mecha-
nism to vasoconstrictor agents, such as Ang 2, or overexpression of the
AT1R. Additional studies need to be performed to better explore the role
of the AT2R in this model.

Hypertension may be driven by several simultaneous mechanisms
[55]. Previously, we have shown that peripubertal exposure to low
protein diet programs long-term hypersympathetic activity, which may
drive hypertension in adulthood [7]. In the present study, we showed
that the disruption of RAS is also enrolled in the physiopathology of the
present model of programmed hypertension [7]. It is well known that
Angiotensin 2 can increase blood pressure via vasoconstriction, baror-
eflex dysfunction, and sympathetic activation [56]. Studies from the 60s
already showed that the increase in circulating angiotensin 2 promotes
an increase in the sympathetic nervous system [57]. Furthermore, the
renal sympathetic activity facilitates the renin release in the juxtaglo-
merular apparatus [58,59]. The RAS system and sympathetic nervous
system, booths can activate common pro-hypertensive mechanisms, as
the increase in vascular resistance and endothelial dysfunction [59,60].
The connecting link between the RAS and the sympathetic nervous
system was not explored in the present study, however, it is important to
examine this issue in future studies.

The present findings point to the dysregulation of the RAS in adult
rats, which express neurogenic hypertension induced by peri-pubertal
exposure to caloric protein restriction. Elevated endogenous circu-
lating Ang 2 levels may mediate the hypersympathetic activity observed
in animals with LP [7]. However, RAS has efficient mechanisms of
counterbalancing Ang 2 effects, such as AT1R desensitization, which
may have occurred in the present LP rats and attenuated the pressure
response to higher doses of Ang 2. Furthermore, the “protective arm” of
the RAS was attenuated in the LP animals, which may be contributing to
the increased blood pressure levels observed in these animals. In sum-
mary, this conclusion is underpinned by the greater effects of Ang 2 and
a decrease in contra-regulatory activity, as indicated by the reduced
mRNA expression of ACE2, AT2, and MAS. This study provides a better
understanding of the mechanisms involved in peri-pubertal insult-in-
duced neurogenic hypertension. Additionally, these findings point to
potential pharmacological interventions, such as the regulation of RAS
function, to control the increase in blood pressure in hypertensive adults
exposed to developmental insults such as peri-pubertal caloric protein
restriction. Furthermore, it is important to consider the relevance of
adequate public health interventions in the peri-pubertal life period to
prevent the long-term development of chronic cardiometabolic
dysfunction, as observed in the present animal model.
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Supplementary materials

Supplementary Table 1 - Composition of the isocaloric low-protein and normal-protein diets.

Diet components Nor(r;gllsp(;:)tein LO(VA‘f’B"(;:)ein
Sucrose 12.72 20.00
Corn starch 52.75 64.25
Casein (88% protein) 23.33 4,55
Mix of mineral salts 3.20 3.20
Mix of vitamins 1.60 1.60
Soybean oil 4.80 4.80
Fish oil 1.60 1.60
Total (g) 100.0 100.0

Supplementary Table 2 — Effects of dietary protein restriction in peri-pubertal period on biochemical
parameters.

Biochemical parameters NP LP P value
Blood glucose (mg/dL) 105+4.28 115+1.99 0.045*
Triglycerides (mg/dL) 97 £8.01 127 +10.11 0.044*
Total cholesterol (mg/dL) 92 +£5.54 88 +4.34 0.560
HDL - cholesterol (mg/dL) 37+£3.25 39+3.81 0.728
Triglyceride-Glucose Index (TyG) 5.09£0.47 7.52 £0.55 0.004**

NP: Normal protein diet; LP: Low protein diet; n =10 to 12 animals per group. Values expressed as mean + SEM.
** p <0.01 and * p <0.05, indicate statistical significance (Student’s T test).

Supplementary Table 3 — Effects of dietary protein restriction in peri-pubertal period on biometric

parameters
Biometric parameters NP LP P value
Body weight (g) 411 +£6.45 372+£2.73 0.0001***
Naso-anal length (cm) 23.64 £0.20 22.71+£0.20 0.010*

Retroperitoneal fat pad (g/100g bw) 1.28+£0.08 152 £0.05 0.028*



Mesenteric fat pad (g/100g bw) 0.77£0.04 0.80 +£0.02 0.403
Heart (g/100g bw) 0.51+0.010 0.54 +0.006 0.001**
Thoracic aorta (g/100g bw) 0.050 £0.002 0.055 £ 0.0009 0.012*

NP: Normal protein diet; LP: Low protein diet; n =9 to 17 animals per group.

Supplementary Table 4 — List of primers used for RT-PCR.

Primers Sequence (5°-3’) Forward Sequence (5°-3’) Reverse
Beta actin 5 GTCGTACCACTGGCATTGTG 3° 5" CTCTCAGCTGTGGTGGTGAA 3’
ACE1 5" GCTTGACCCTGGATTGCAGC 3’ 5’ CTCCGTGATGTTGGTGTCGT 3’
ACE2 5> GCCCAAAAGATGAACGAGGC 3’ 5" GACGCTTGATGGTCGCATTC 3’
AT1 5" CTCTGCCACATTCCCTGAGTTA 3°  5’CACTTTCTGGGAGGGTTGTGT 3°
AT2 5" GGTCTGCTGGGATTGCCTTA 3’ 5" GGAAGGGAAGCCAGCAAATG 3’
MAS 5" CAATCGTGACGTTATCGGTG 3’ 5" TCTCTCCACACTGAT GGCTG 3’
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ACE 1: Angiotensin-converting enzyme 1; ACE 2: Angiotensin-converting enzyme 2; AT1: angiotensin 2 type 1

receptor; AT2: angiotensin 2 type 2 receptor; MAS: MAS receptor.
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Supplementary Figure 1 - Food intake. Food consumption (A), AUC food consumption
during the peri-pubertal period (B), AUC food intake during the dietary recovery period (C), n
= 20 to 24 animals per group. NP, normal protein diet; LP, low protein diet; I, interaction

between diet (D) and time (T).
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Supplementary Figure 2 - Body weight. Body weight through the experimental protocol. (A),
AUC of body weight during the peri-pubertal period (B), AUC of body weight during the
dietary recovery period (C). n = 20 to 24 animals per group. NP, normal protein diet; LP, low
protein diet; I, interaction between diet (D) and time (T).
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Supplementary methodology

2.1 Body composition and food intake

Food consumption was assessed three times per week. Weekly food intake was calculated
according to the following formula: [absolute consumption of the week x 100/average weekly
weight of the box] (Supplementary Fig. 1). Body weights were recorded weekly
(Supplementary Fig. 2).

At PN120, a cohort of animals were fasted overnight and euthanized using guillotine. The body

weight and nasoanal length were also measured. Tissues (fat deposits, heart, and thoracic aorta)
(Supplementary Table 2) and blood samples were collected).

2.2 Biochemical parameters

Total cholesterol was measured using the colorimetric method of cholesterol oxidase and
triglycerides using the colorimetric method of glycerol-3-phosphate oxidase using commercial
kits (Gold Analisa®, Belo Horizonte / MG, Brazil). Both readings were performed in
spectrophotometry equipment for microplate (SpectraMax® Plus 384 Microplate Reader by
Molecular).

HDL-cholesterol was determined after the precipitation of chylomicrons and low-density
lipoproteins with a commercial kit (Gold Analisa®, Belo Horizonte / MG, Brazil) and
subsequent determination of HDL-cholesterol using the method described above for the
measurement of total cholesterol.

2.3 Arterial pressure recording

The arterial cannula was connected to a pressure transducer (MLT0670, ADInstruments,
Dunedin, New Zealand) connected to a recording system (Insight, Ribeirdo Preto, Brazil) that
used the DI 158 System for signal acquisition and analog-to-digital signal conversion (WinDaq
lite, DataQ instruments, United States of America).

To minimize manipulation stress, the animal boxes were not changed on the day of blood
pressure recordings, and the animals expended one hour in an isolated recording room for
adaptation before blood pressure recordings. The animals were kept free-moving and exposed
to minimal handle manipulation, and external noise and odors were avoided during the blood
pressure measurement protocol.
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Abstract

Background. Hypertension is related to meta-inflammation and cardiac dysfunction. Furthermore,
peripubertal caloric-protein restriction induces neurogenic hypertension and cardiac dysfunction in
adulthood; however, little is known about the physiopathology of this health condition.

Objective. Evaluate whether metabolic inflammation is enrolled in hypertension and cardiac dysfunction
in adult rats, induced by a peri-pubertal low-protein diet exposure.

Methods. Male Wistar rats were initially fed a low-protein diet (4% casein) from post-natal day (PND)
30 to 60, followed by 60 days of recovery with a normal protein diet (20.5%) (LP group). Control
animals (NP group) were continuously fed the 20.5% protein diet throughout their life. Cardiovascular
function and inflammatory biomarkers were evaluated on PND 120 (5-28 /group). Statistical analyses
were performed using the Student’s t-test.

Results. Blood pressure was increased in the LP animals with an increase in heart damage markers,
creatine kinase, and lactate dehydrogenase. In the heart, the LP group showed an increase in the
thickness of the interventricular septum, internal diameters, thickness of the left ventricle, and the
shortening fraction. In the electrocardiogram, LP rats also showed increased cardiac sympathetic
activity, TNF-a, and IL6 mRNA were also increased in the heart. In the brain, LP animals showed an
increased number of Iba-1 positive cells in the paraventricular nucleus of the hypothalamus, the
intermediate nucleus of the solitary tract (iNTS), and the rostral ventrolateral medulla, along with
increased GFAP immunoreactivity in the commissural NTS and iNTS.

Conclusions. The meta-inflammation may mediate adult neurogenic hypertension and cardiac
dysfunction induced by peripubertal protein restriction.

Keywords: inflammation, protein restriction, heart, neuroinflammation, cardiometabolic programming.
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1 Introduction

According to the first WHO Global Report (1), hypertension and its associated complications,
affect more than 1 billion people worldwide, and become an urgent public health concern,
contributing to premature death (1,2). For decades, cardiovascular disease has been the leading
cause of death in the world (3). In 2022, recent dates from the Center for Disease Control (CDC)
database show more than 7 thousand people died from a cardiovascular condition (4).
Malnutrition is a risk factor for cardiovascular disease. It is estimated that, in 2023, between
713 and 757 million people worldwide may have faced hunger, mostly in Africa, Latin America,
and the Caribbean (5).

Studies in the context of the Developmental Origins of Health and Disease (DOHaD) concept
provide evidence that exposure to early life insults, such as malnutrition, increases susceptibility
to noncommunicable chronic diseases in adulthood, including hypertension and other
associated cardiovascular and metabolic diseases (6—10). The peri-pubertal life phase is one of
the sensitive phases of development (6,7,11-14). Previously, our group reported that rats
exposed to peri-pubertal caloric-protein restriction showed cardiometabolic syndrome,
characterized by increased visceral fat accumulation, hyperleptinemia, hyperphagia,
dyslipidemia, hyperglycemia, hyperinsulinemia, and hypertension, as well as reproductive
dysfunction in adult life (6,7,10,15). Present cardiovascular dysfunction also appears to
implicate endothelial dysfunction and cardiac remodeling, which may be mediated by
cardiovascular sympathetic hyperactivity and renin-angiotensin system dysfunction (6,7). In
addition to these results, we also observed oxidative stress associated with some of these
dysfunctions (6,7,13) , which may be related to a systemic sterile chronic low-grade
inflammation, or the meta-inflammation(16).

Meta-inflammation refers to persistent inflammation in the absence of infection, sustained by
bilateral crosstalk between immune regulation and aberrant metabolism (17). The hypertension
and cardiac remodeling present in the metabolic syndrome appear to be mediated by meta-
inflammation (18). Studies have shown the implication of neuroinflammation in neurogenic
hypertension and cardiovascular dysfunctions (19-21). Also, the increase in circulating pro-
inflammatory cytokines and heart and brain inflammation is associated with a blood pressure
increase (19,22,23). Furthermore, the chronic low-grade inflammation observed in non-
communicable diseases may be mediated by early-life insults (24). This may point to a meta-
inflammation composing the physio-pathological mechanism of hypertension associated with
metabolic syndrome induced by early-life insults (25). However, little is known about the
implication of meta-inflammation and neuroinflammation in hypertension programmed by peri-
pubertal malnutrition. We hypothesize that the cardiovascular dysfunction and neurogenic
hypertension induced by peri-pubertal caloric-protein restriction implicates meta-inflammation,
characterized by neuro and cardiac inflammation.

2 Methodology

The study was approved by the Research Ethics Committee for Animal Use and
Experimentation at the State University of Maringa (number 3353060421). Male Wistar rats
obtained from the Central Animal Vivarium of the State University of Maringa were kept in the
Sectorial Vivarium of the Department of Biotechnology, Genetics, and Cell Biology for five
days of adaptation. The rats were housed in four per cage (polypropylene cages with 40 x 34 x
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17 cm) under controlled temperature (22+ 2 °C) and photoperiod (07:00 - 19:00, light cycle)
conditions, with ad libitum access to food and water.

At post-natal day (PN) 30, the animals were randomly assigned into two groups: those fed a
palletized isocaloric low-protein diet (4% protein; LP group; Supplementary Table 1) or a
balanced commercial control diet (20.5% protein; Nuvital®, Curitiba / PR, Brazil; NP;
Supplementary Table 1) until PN60. After the dietary manipulation period, all animals were fed
the same commercial control diet (20.5% protein; Nuvital®, Curitiba/ PR, Brazil; NP; Table
1) for the remaining 60 days.

At PN120 both groups underwent evaluation of the biochemical and biometrical parameters,
stress response, cardiovascular function, and inflammation in the heart and brain.

2.1 Body composition and food intake

Food consumption was assessed three times a week. Weekly food intake was calculated
according to the formula: [absolute consumption of the week x 100/average weekly weight of
the box] (Supplementary Fig. 1). Bodyweight was recorded every week (Supplementary Fig.
2).

At PN120, a cohort of animals was fasted overnight and then euthanized with a guillotine.
Bodyweight and naso-anal length were evaluated. Tissues (fat depots and heart)
(Supplementary Table 2) and blood samples were collected.

2.2 Biochemical and electrolyte analyses

Total blood was collected, and the serum was used for biochemical dosages. Glycemia was
quantified by the glucose oxidase method by spectrophotometry in microplates (SpectraMax®
Plus 384 Microplate Reader from Molecular), using a commercial kit (Gold Analisa®, Belo
Horizonte / MG, Brazil). Total cholesterol was measured by the colorimetric method of
cholesterol oxidase and triglycerides were measured using the colorimetric method of glycerol-
3-phosphate oxidase using commercial kits (Gold Analisa®, Belo Horizonte / MG, Brazil). The
readings were taken using a microplate spectrophotometer (SpectraMax® Plus 384 Microplate
Reader by Molecular).

The other enzymatic markers were performed via automated clinical biochemistry (Urit 8021 A
MHLab) by absorbance photometry and Ionogram by indirect potentiometry (WAMA WE300)
using commercial kits (BioTecnica®, Varginha/MG, Brazil).

We quantify the following enzymatic markers: total creatine kinase (CK-NAC), creatine kinase-
MB (CK-MB), and lactate dehydrogenase (LDH).

2.3 Arterial and venous catheterization

After anesthesia (ketamine-xylazine; 75mg + 15 mg/kg, i.p.) two cannulae (P10 -Micro-
Renathane connected to P50 cannulae (ClearTygon)) were inserted; one into the femoral vein
for drug application, and one in the femoral artery for blood pressure register. At the end of the
surgery, it was administered anti-inflammatory analgesic (Meloxican, 0.4 mg/kg, i.v.) and
antibiotic (Enrofloxacin 5 mg/kg, 1.v.) for recovery. The cannulas were heparinized (250
units/mL) after the surgery and the animals were kept in individual boxes for recovery. After
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48 hours of recovery (26—29), the protocol for assessment of response to stress and sympathetic
vascular tone modulation was carried.

2.4 Arterial pressure recording

The experiments were performed after one hour of room adaptation, baseline arterial pressure
records were performed for 30 minutes before the protocol. After the baseline recording,
intravenous injection of the hexamethonium or stress evaluation was performed according to
the protocol described below. Experiments were carried out between 10:00 and 15:00 in
conscious free-moving animals.

The arterial cannula was connected to a pressure transducer (MLT0670, ADInstruments,
Dunedin, New Zealand) which was connected to a recording system (Insight, Ribeirao Preto,
Brazil) that uses the DI 158 System for signal acquisition and analog-to-digital signal
conversion (WinDagq lite, DataQinstruments, USA). Recordings were sampled at 1000Hz.

Data were pre-analyzed using specific Advanced CODAS software (Data Q instruments, United
States of America, https://www.dataq.com/products/windag/, paid software) to objectively
identify stable periods of recording and exclusion of erratic signals. The baseline values of
systolic arterial pressure (SAP), diastolic (DAP), mean (MAP) and pulse interval (PI) were
transferred to a spreadsheet for analysis (Microsoft Excel, Redmond, WA, EUA) over 10
minutes of recording under stable conditions. Heart rate (HR) was calculated from the pulse
interval (ms), considering the formula (60000 / PI in ms).

2.5 Cardiovascular variability and baroreflex sensitivity

In the basal blood pressure recording it was estimated the autonomic impact on baseline MAP
was evaluated in the frequency domain through the analysis of MAP variability, using
CardioSeries 2.4 Software (USP - Ribeirdo Preto, http://www.danielpenteado.com/, freely
available). The power spectra were calculated using a fast Fourier transform (FFT) as
previously described (7,30-32). Briefly, the Beat-by-beat series obtained from pulsatile arterial
pressure recordings were converted to data points every 100 ms using cubic spline interpolation
(10 Hz). The interpolated series were divided into half-overlapping sequential sets of 512 data
points (51.2 s). The low-frequency band of the MAP (LF-MAP: 0.2 - 0.75 Hz of the spectrum)
was used as an estimate of vascular sympathetic activity (7,33,34), the low-frequency band of
PI (LF-PI: 0.2-0.75 Hz of the spectrum) estimates the cardiac sympatheticactivity. The estimate
of cardiac parasympathetic activity with the high-frequency band of the PI (HF-PI: 0.75-3 Hz
of the spectrum) and the sympathovagal balance was estimated by the LF/HF ratio in the PI
spectrum (7,34,35).

The spontancous cardiac baroreflex sensitivity was evaluated through the sequence method
using CardioSeries 2.4 Software (http://www.danielpenteado.com/, freely available), which
calculates the spontaneous baroreflex through the angle of the linear regression between MAP
and PI, with a delay of 3 heartbeats. Sequences with at least 3 intervals were considered only if
the correlation of the coefficients was very high (>0.85). The spontancous cardiac baroreflex
sensitivity was estimated by the average of significant angles (31). The baroreflex effectiveness
index (BEI) was calculated by the ratio between the total number of PI/MAP sequences and the
total number of MAP ramps (36).

2.6 Vascular sympathetic tone
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After baseline blood pressure recordings, it was administered the ganglion blocker,
hexamethonium (10 mg/kg; i.v.; Sigma-Aldrich, San Luis, MO, USA) (28,37). The delta of
MAP was calculated to assess the sympathetic contribution to blood pressure.

2.7 Cardiovascular response to behavioral stress test

In a separate cohort of animals, after the baseline blood pressure recordings, the animals were
placed in a cylindrical plexiglass restrainer (Insight, Ribeirao Preto, Brazil) for five minutes.
The rat was returned to their boxes after the test (38,39). The delta of MAP and PI was
calculated by subtracting the values obtained during the stress test and recovery from the basal
blood pressure to assess the response.

2.8 Neuroinflammation in the medulla and forebrain

The animals were anesthetized with sodium thiopental (40mg/kg; ip) and perfused
transcardially with 300 ml of 0.1M phosphate-buftered saline (PBS, pH 7.4) followed by 300
ml of 4% paraformaldehyde (PFA; Labsynth, Sdo Paulo, Brazil) in PBS. Brains were collected,
fixed for 4h in 4% PFA solution, and stored in PBS with 20% sucrose (Labsynth, Sao Paulo,
Brazil) at 4°C for at least seven days (40,41). Four serial sets (30 um) of the paraventricular
nucleus of hypothalamus (PVN), commissural nucleus of the solitary tract (cNTS), intermediate
nucleus of the solitary tract (iNTS) and rostral ventrolateral medulla (RVLM) were sectioned
in cryostat (Leica, CM1800) and the sections were stored in cryoprotectant at -20°C until the
immunohistochemistry.

The sections were rinsed in 0.1 M PBS (3 x 5 min) and following incubated at 15 min with a
blocking solution of 10% normal goat serum (NGS, Vector Laboratories, California, USA) and
0.3% Trition X-100 (Sigma-Aldrich, San Luis, MO, USA) in 0.1 M PBS (40). After rinse in
PBS (3 x 10 min), the sections were incubated in a rabbit anti-Iba-1 primary antibody (1:3.000;
Wako Chemicals, Richmond, VA, USA) and mouse anti-GFAP (1:400, Chemicon International,
Temecula, CA, USA) in PBS with 1% NGS and 0.3% Trition X-100 for 48 hours at 4°C. After
the incubation, the sections were rinsed in PBS (3 x 10 min) and incubated with Alexa Fluor
488 goat anti-rabbit and Alexa Fluor 594 goat anti-mouse (both 1:500; Life Technologies and
Invitrogen, California, USA) for 1 hour (42). Following, sections were rinsed in PBS (3 x 10
min), were mounted on gelatin slides, which were air-dry and after coverslipped with
fluorescent mountant (Abcam, Cambridge, UK) (41).

For the RVLM, the sections went through two protocols. Sections were incubated in a rabbit
anti-Iba-1 primary antibody (1:3.000; Wako Chemicals, Richmond, VA, USA) and mouse
monoclonal tyrosine hydroxylase (TH) primary antibody (1:200, ImmunoStar Inc., Hudson,
USA) in PBS with 1% normal horse serum (NHS, Sigma-Aldrich, San Luis, MO, USA) and
0.3% Trition X-100 for 48 hours at 4°C. After the incubation, the sections were rinsed in PBS
and incubated with biotinylated horse anti-mouse IgG (1:500; Vector Laboratories, California,
USA) for 1 hour. The sections were rinsed in PBS, then incubated with Alexa Fluor 594
Streptavidin conjugated and Alexa Fluor 488 donkey anti-rabbit (both 1:500; Life Technologies,
California, USA) for 1 h. After the incubation, the sections were rinsed with PBS and mounted
as described above.

Other sections of the RVLM were incubated with mouse anti-GFAP (1:400, Chemicon
International, Temecula, CA, USA) and goat anti-choline acetyltransferase (ChAT) in PBS with
1% NGS and 0.3% Trition X-100 for 48 hours at 4°C. After the incubation, the sections were
rinsed in PBS, and following they were incubated with biotinylated horse anti-mouse IgG
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(1:500; Vector Laboratories, California, USA) for 1 hour. The sections were rinsed in PBS and
incubated with Alexa Fluor 594 Streptavidin conjugated and Alexa Fluor 488 donkey anti-goat
(both 1:500; Life Technologies, California, USA) for 1 h. After the incubation, the sections
were rinsed with PBS and mounted as described above. The sections were captured at 10x
magnification with a fluorescence microscope (Leica DM5500 B, Wetzlar, Hessen, Germany).

2.9 Echocardiogram, and electrocardiogram

One cohort of animals was anesthetized with thiopental (40mg/kg; ip) and submitted to
transthoracic echocardiography using the ultrasound equipment model MYLAB 25 Gold
(Esaote S.pA., Genova, Italy), equipped with a Neonatal Transducer Model PA023 (4- 11MHZ).

The animals were positioned in an adapted stretcher in the supine position. The first image in
two-dimensional mode was obtained in the right parasternal longitudinal section (long axis) to
visualize chambers 4C and 5C. In M mode, it was positioned perpendicular to the
interventricular septum and posterior wall of the left ventricle at the level of the papillary
muscle and in M mode images were obtained for wall thickness and chamber dimensions.

The internal diameters of the left ventricle in systole (LVDs) and diastole (LVDd), the thickness
of the interventricular septum in systole (IVSs) and diastole (IVSd), and the thickness of the
LV posterior wall in systole (PWs) and diastole (PWd) were analyzed in diastole and systole.
The ejection fraction (EF) and shortening fraction (SF) were calculated using the TEICHHOLZ
method using automated algorithms in the equipment software. All parameters were measured
at least three times per animal. All parameters were regulated by cardiac mass, except the FS
and EF (43), the other results that were not regulated by cardiac mass are available in
Supplementary Table 3.

After the echocardiogram, the electrocardiogram (ECG) signal was captured. The electrodes
were inserted transcutaneously in four limbs and the signals from the six leads were recorded
continuously for at least 10 minutes. It was recorded bipolar peripheral leads (D1, D2 and D3)
or unipolar peripheral leads (aVR, aVL and aVF). Data were analyzed in derivation D2. For
signal acquisition, we used the equipment INcardio Agile Duo Acquisition System Version 2.9
(Florianopolis, Brazil) and for analysis, we used the INpulse software (Florianopolis, Brazil).

The parameters were determined for each ECG waveform analysis: RR interval, P duration and
amplitude, PR interval and segment, QRS interval and amplitude, QT interval, QTc interval, ST
segment and T duration and amplitude. The intervals were calculated using algorithms in the
equipment's software.

2.10 mRNA expression of IL6 and TNF-a. in the heart

Samples of the left ventricle were collected. Tissues were frozen in nitrogen and subsequently
stored at -80°C. Total RNA was extracted using TRIzol™ (Invitrogen®) following the
manufacturer’s instructions. Total RNA concentration was measured spectrophotometrically at
260 nm (NanoDrop ND 1000 NanoDrop Technologies, Wilmington, DE). For cDNA synthesis
2 ug of RNA was converted into cDNA using a high-capacity cDNA reverse transcription kit
(Promega US, Madison, WI, USA), and samples were run using an AcessQuick ™ Master Mix
(Promega US, Madison, WI, USA).

RT-PCR was performed using the Promega Access RT-PCR System (Promega US, Madison,
WI, USA). The first strand of cDNA synthesis was obtained by one cycle of 5 min at 25°C,
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followed by one cycle of 1 minat 42 °Cand one cycle of 15 minat 70 °C. The sample was then
sequentially thermocycled at 95°C for 2 min, then 40 cycles for 15 sec at 95°C, and 40 cycles
for 1 minat 60 °C. The expression patterns of genes of interest were normalized to constitutively
expressed beta-actin and the primers used were described (Supplementary Table 4). The 2:4¢T
method was used for the relative quantification analysis and data were expressed in arbitrary
units (AU) (44,45).

2.11 Statistical analysis

The results are presented as mean + standard error of the mean (SEM). The data distribution
was performed before the statistical analysis (Shapiro-Wilk test). Results are considered
significant when P < 0.05. GraphPad Prism 8.4.3 (GraphPad software, La Jolla, CA, USA,
(https://www.graphpad.com/scientific-software/prism/) was used for statistical analysis. The
comparison between the groups was performed using the Student’s T test using diet as a factor.
The two-way ANOVA was used considering time and diet as independent factors.

3 Results
3.1 Biochemical and electrolyte analyses

LP animals showed a statistically significant increase in glycemia (LP: 111 + 2.92 vs. NP: 102
+ 1.28 mg/dl, p=0.019) and triglyceridemia (LP: 130 + 14.67 vs. NP: 91 + 10.55 mg/dl,
p=0.041), compared with NP animals. The total cholesterol was similar between the groups
(Table 1).

The markers of the tissue damage, the LP animals showed an increase in CK-NAC (LP: 6837
+ 366 vs. NP: 5896 + 250 UI/L, p=0.039), CK-MB (LP: 1229 £ 84 vs. NP: 1019 + 53 UI/L,
p=0.039) and LDH (LP: 1795 + 123 vs. NP: 1454 + 76 UI/L, p=0.022) compared to controls
animals (Table 2).

3.2 Basal arterial pressure

The LP animals showed an increase in SAP (LP: 143 £ 2.56 vs. NP: 127 £ 2.65 mmHg, p =
0.001; Fig. 1A), DAP (LP: 92 + 0.73 vs. NP: 87 = 1.69 mmHg, p = 0.048; Fig. 1B) and MAP
(LP: 111 + 1.27 vs. NP: 102 + 0.91 mmHg, p = 0.0003; Fig. 1C) compared with NP animals.
The HR was similar between the groups.

3.3 Cardiovascular variability and baroreflex sensitivity

Table 3 shows the results of short-term arterial pressure variability evaluation during baseline.
LP animals had an increase in the LF-MAP (LP: 4.46 £+ 0.20 vs. NP: 3.33 £+ 0.24 mmHg?; p =
0.002; Table 3) and LF-PI bands (LP: 3.04 + 0.31 vs. NP: 2.01 + 0.28 ms?; p = 0.029; Table 3),
estimating 3an increase in vascular and cardiac sympathetic activity. The LP animals showed
an increased LF / HF ratio (LP: 0.25 + 0.030 vs. NP: 0.15 + 0.016 ms?; p = 0.007; Table 3)
estimating a contribution of the sympathetic activity and showed a decrease in HF-PI band (LP:
10 £0.85 vs. NP: 16 + 1.65 ms?; p = 0.005; Table 3), estimating a reduction in parasympathetic
activity. The LP animals also showed an increase in Gain (LP: 5.92 + 0.25 vs. NP: 8.22 £ 0.67;
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p = 0.005; Table 3), pointing to an increased baroreflex sensitivity, without difference in BEI
compared to NP animals.

3.4 Vascular sympathetic tone

After blocking the autonomic nervous system with hexamethonium, the LP group showed a
greater depressor response in MAP (LP: -36 + 4.27 vs. NP: -20 £ 5.06 mmHg; p = 0.029; Fig.
2A) compared with NP animals.

3.5 Cardiovascular response to behavioral stress test

During the five minutes of the stress test, the LP animals showed a greater increase in MAP
(LP: 14 £ 1.06 vs. NP: 10 £ 0.96 mmHg; p = 0.012; Fig. 3A) and PI response (LP: -16 + 3.49
vs. NP: -5 + 3.60 ms; p = 0.041; Fig. 3B) compared with control animals. During the 5 min
recovery of the stress test, LP animals showed a greater reduction in PI (LP: -17 = 3.96 vs. NP:
-6 £ 2.94 ms; p = 0.036; Fig. 3D), with no difference in MAP response between the groups.

3.6 Neuroinflammation in the medulla and forebrain

In LP group, the number of Iba-1 positive cells was increased in PVN (LP: 42 + 2.45 vs. NP:
33 £ 2.17 cell number/section; p = 0.029; Fig. 4A), RVLM (LP: 84 + 3.74 vs. NP: 56 = 2.14
cell number/section; p = 0.0002; Fig. 4B) and iNTS (LP: 33 + 2.31 vs. NP: 23 + 1.69 cell
number/section; p = 0.009; Fig. 4D) with no difference in ctNTS compared to NP animals.
The immunoreactivity for GFAP in LP group was increased in cNTS (LP: 22 £ 1.57 vs. NP: 18
+ 1.02 gray values/section; p= 0.046; Fig. 5B) ¢ iNTS (LP: 15 +£0.94 vs. NP: 11 + 0.19 gray
values/section; p = 0.004; Fig. 5C) without difference in PVN between the groups.

3.7 Echocardiogram, and electrocardiogram

In the echocardiogram, the LP animals showed an increase in IVSd thickness (LP: 1.06 + 0.024
vs. NP: 0.98 £ 0.025 mm; p = 0.040; Fig. 6A), LVDd (LP: 3.44 + 0.066 vs. NP: 3.16 + 0.086
mm; p =0.012; Fig. 6B), and PWd (LP: 1.16 = 0.027 vs. NP: 1.06 + 0.021 mm; p = 0.008; Fig.
6C) in diastole compared with NP animals. In the systole, the LP animals showed an increase
in IVSs thickness (LP: 1.58 + 0.041 vs. NP: 1.34 + 0.052 mm; p = 0.001; Fig. 6D), LVDs (LP:
1.97 £ 0.060 vs. NP: 1.76 = 0.064 mm; p = 0.023; Fig. 6E), and PWs (LP: 1.49 + 0.032 vs. NP:
1.33 £ 0.025 mm; p = 0.0009; Fig. 6F) compared with control animals. The SF was decreased
in LP animals (LP: 41 + 0.81 vs. NP: 45 £ 1.74; p = 0.042; Fig. 6G) with no difference in EF
between the groups.

In the electrocardiogram, the LP animals had an increase in R-R interval (LP: 185 + 3.13 vs.
NP: 174 + 3.70 s; p = 0.035; Table 4) compared with NP rats. No significant changes were
observed in P duration, PR interval, PR segment, QRS interval, QT interval, QTc interval, ST
segment and T duration between the groups.

The analyses of wave amplitude showed that the LP animals have an increase in T-wave (LP:
0.106 + 0.008 vs. NP: 0.078 £ 0.007 mV; p = 0.030; Table 4) with no difference in P-wave, Q-
wave, R-wave, and S-wave between the groups.

3.8 mRNA expression of IL6 and TNF-o. in the heart
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The IL6 and TNF-a levels were increased in LP compared with NP animals (LP: 3.13 + 0.81
vs. NP: 0.98 + 0.41 AU; p = 0.043; and LP: 5.13 £ 1.46 vs. NP: 0.94 + 0.23 AU; p = 0.047;
respectively; Fig. 7A).

4 Discussion

This work demonstrates that the hypertensive adult rats programmed by a caloric-protein
restriction in the peripubertal phase show neuroinflammation and cardiac inflammation, which
may mediate the hypersympathetic activity and cardiac dysfunction. The present meta-
inflammation may mediate the autonomic dysfunction, leading to increased blood pressure and
increased pressure response to stress, as well as cardiac remodeling and dysfunction (46—48),
as evidenced by: 1) neuroinflammation in areas of blood pressure regulation; 2) increase in
cardiac and vascular sympathetic activity in basal blood pressure recording; 3) increased
pressure response to restraint test; 4) increased cardiac inflammation; 5) increased circulatory
marker of the cardiac lesion; 6) increase in T-wave amplitude; and 7) greater diameter and wall
thickness of the left ventricle. This is the first study that points to meta-inflammation as a
potential mediator of adult neurogenic hypertension and cardiac remodeling programmed by a
caloric-protein peri-pubertal insult.

Previously we have shown that LP animals have sympathetic hyperactivity (7). The present
study explores dipper this issue showing an increased blood pressure response to stress test and
an increase in neuroinflammation in the RVLM, pointed by the increase in the number of Iba-
1 positive cells in LP animals. The RVLM neurons modulate the peripheral blood pressure, as
its activation results in an increase in sympathetic efferent activity to the heart, arteries, and
kidneys elevating the blood pressure (49). The microglia, as in situ macrophages in the brain,
can regulate neuroimmune responses in several situations (50). It has been shown that
microglial cells can be activated in hypertension, especially these cells were found in the
cardiovascular nucleus of blood pressure control (PVN and RVLM), resulting in peripheral
sympathetic hyperactivity (20) and pathological myocardial remodeling (51). The present data
demonstrate an increase in microglia activation in RVLM, which may modulate sympathetic
hyperactivity resulting in an increased pressure response to stress testand to the ganglia blocker,
the hexamethonium, as well as an increase in cardiac sympathetic activity in basal blood
pressure. Considering these results, we hypothesize that accentuated activity of RVLM neurons
is the primary cause of essential hypertension and may contribute to cardiovascular remodeling.
Present LP animals exhibit baroreflex dysfunction accompanied by neuroinflammation in the
NTS, as evidenced by a reduction in spontaneous baroreflex sensitivity, increased GFAP
immunoreactivity in the ctNTS and iNTS, and a higher number of Iba-1 positive cells in the
iNTS. The baroreceptor sensory inputs send bursts to sensory neurons in the NTS, which results
in the inhibition of sympathetic activity and excitation of vagal tone to reverse the increase in
blood pressure (52). Baroreflex sensitivity is important to evaluating the NTS function in blood
pressure regulation (53). It has been shown that systemic inflammation induces an increase in
the level of proinflammatory cytokines in the NTS (54), which can promote damage in the NTS
neuron's activity and lead to baroreflex desensitization (55). The present data points to long-
term baroreflex desensitization mediated by NTS neuroinflammation induced by peripubertal
caloric-protein restriction.
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In the LP animals, we also show an increased microglia number in PVN and RVLM, which
points to neuroinflammation in these areas related to cardiovascular control mediated by the
autonomic nervous system. It has been shown that the activated microglia in the PVN can
increase the pro-inflammatory cytokines, directly increasing the activity of sympathetic neurons
(19); into the RVLM, leading to increases in sympathetic outflow (56) and increasing blood
pressure. In addition to this, the increase in circulating angiotensin 2 can activate the
cardiovascular-responsive areas in the CVOs resulting in the generation and transmission of
hypertensive signals to the PVN (57). It has been shown that the brain renin angiotensin system
activation, via peripheral angiotensin signaling to CVOs, may induce a neuroinflammation (58).
Previously, we have shown an increase in the renin-angiotensin system activity with
sympathoexcitation in adult hypertensive LP animals programmed by peripubertal caloric-
protein restriction (6,7). In other models with severe hypertension with sympathoexcitation,
the microglia in PVN are more activated and the administration of anti-inflammatory agents,
such as IL-10 or minocycline, into the brain can suppress autonomic nervous system activity
and reduce elevated blood pressure (19). In this context, we may suggest that hyperactivation
of the renin angiotensin system may mediate the present neuroinflammation, which could be a
key mechanism contributing to the development of hypertension in LP animals. Further studies
need to be performed to explore dipper this issue.

The increase in heart inflammation may lead to cardiac abnormalities in the electrical
conduction system (59). Previously, we have shown that the animals programmed by caloric-
protein restriction in peripubertal life have an increase in blood pressure (6,7) with
cardiovascular hypertrophy and an increase in collagen deposition in the heart (7). The present
study explores further cardiac function and remodeling. The echocardiogram shows
compromised cardiac function and remodeling. The echocardiogram points to an increased
diameter of the left ventricle, with alow capacity to reduce the size between diastole and systole
in LP animals. This architecture and pattern of function may mediate a future cardiac failure.
Previous studies showed an overworking heart just after peripubertal exposure to protein
restriction (43) and a cardiovascular dysfunction in adulthood, characterized by previously
reported hypertrophy and collagen deposition (7) and the present cardiac remodeling. This
pattern may result in a severe increase in the risk of heart failure during aging (60). Furthermore,
the electrocardiogram showed that LP animals have a lower heart rate and an increased
amplitude of T wave, which estimates ventricular repolarization (43). Increased T-wave
amplitude may point to ventricular hypertrophy (61,62), which accords with the findings in the
echocardiogram. In line with these findings, LP animals showed elevated levels of a cardiac
marker of lesion, as the serum enzymes LDH, CK, and CK-MB, reflect injury and impairment
of cardiac function (63).

The mechanism leading to cardiac dysfunction and remodeling may depend on the increase in
heart inflammation. The present LP animals show an increase in TNF-a and IL6 mRNA
expression in the left ventricle. It has been shown that early life exposure during pregnancy and
lactation to protein restriction induces a low-grade systemic inflammation characterized by
elevated levels of pro-inflammatory cytokines such as TNF-o0, with a tendency for increased
IL-6 levels observed just after the insult (64). This pattern would contribute to the development
of cardiovascular diseases, however, from our knowledge, this issue was not explored before in
the DOHaD context of protein restriction. In this context, the present findings are the first to
show long-term heart inflammation associated with cardiac abnormalities induced by early life
exposure to a caloric-protein restriction. Studies with spontaneously hypertensive rats showed
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an increase in IL-1pB, IL-6, and TNF-a in the serum and left ventricle in adult life (22,23).
Furthermore, the proinflammatory cytokines have been linked to pathological cardiac
hypertrophy (65), which is observed in the present LP animals. Many studies over the last two
decades have shown that IL-1/, IL-6, and TNF-« are intimately linked to hypertension, cardiac
fibrosis, pathological cardiac remodeling, and cardiac hypertrophy (66—68). Furthermore, the
present RVLM neuroinflammation may also be contributing to cardiac remodeling. It has been
shown that the PLX3397 (pexidartinib), used to deplete central microglia, administrated via
intragastric or intracerebroventricular protected cardiac function and inhibited cardiac
remodeling after myocardial infarction, with attenuation of cardiac inflammation,
cardiomyocyte apoptosis, cardiac fibrosis, and electrical remodeling, possibly through the
modulation of cardiac sympathetic remodeling that was regulated by the neuroimmune response

(51).

Previous studies in the peripubertal protein restriction model have shown that these animals
develop metabolic syndrome in adulthood, characterized by increased adipose tissue,
hypertriglyceridemia, hyperglycemia, and insulin resistance(6,10). Concomitant with the
metabolic syndrome in this study we demonstrated an increased neuroinflammation and cardiac
inflammation. This inflammation is strongly associated with the onset of metabolic syndrome
(25) in adulthood, thereby providing evidence of the meta-inflammation in this model. Other
studies have shown a low-grade inflammation just after exposure to protein restriction in other
critical phases of development (64,69). In this context, we may suggest that meta-inflammation
can establish the connection between neurogenic hypertension and cardiovascular dysfunction
in the models programmed to nutrition insults in the peripubertal period. Furthermore, the
present model of metabolic syndrome shows insulin resistance, which has been considered a
key element mediating the cluster of risk factors enrolled in this syndrome (70). It has been
pointed that inflammation plays a causal role in the development of insulin resistance, which
emphasizes the central role of meta-inflammation in the physiopathology of metabolic
syndrome and its risk factors, as hypertension, type 2 diabetes, increased visceral adiposity and
dyslipidemia (71).

5 Conclusion

In summary, the present study shows that peripubertal caloric-protein restriction induces meta-
inflammation which may be mediating the hypersympathetic activity, neurogenic hypertension,
and cardiac remodeling and dysfunction observed in adulthood. Furthermore, the increased
activity of the renin-angiotensin system, previously reported in the present model, may be
enrolled in the present meta-inflammation contributing to the hypersympathetic activity,
hypertension and heart dysfunction, however more studies need to be performed to better
explore the correlation between these mechanisms in the present model. This study provides a
better understanding of the mechanisms involved in the long-lasting health condition induced
by peri-pubertal caloric-protein restriction and open new insights about other systems enrolled
in the physiopathology of hypertension observed in the present metabolic syndrome
programmed in prepuberty. Additionally, these findings point to potential pharmacological
interventions, such as the regulation of meta-inflammation, to control the hypertension induced
by peripubertal insult. Furthermore, it is important to consider new public health interventions
in peri-pubertal life to prevent or decrease long-term hypertension and cardiovascular
dysfunction potentially induced by malnutrition.



59

6 Funding sources

This work was supported by CAPES (Coordination for the Improvement of Higher Education
Personnel), CNPq (National Council for Scientific and Technological Development) (grant
number 423119/2018-4, 403757/2021-5), and JBS S.A.

7 Acknowledgments

Not applicable.

8 References

10.

World Health Organization. Global report on hypertension: the race against a silent killer.
Vol. 978, Global Report on Psoriasis. 2023.

Kario K, Okura A, Hoshide S, et al. The WHO Global report 2023 on hypertension
warning the emerging hypertension burden in globe and its treatment strategy. Vol. 47,
Hypertension Research. 2024.

Mariachiara Di Cesare, Honor Bixby, Thomas Gaziano, et al. World Heart Report 2023:
Confronting the World’s Number One Killer. Geneva; 2023.

National Center for Health Statistics. Multiple Cause of Death 2018-2022 on CDC
WONDER Database. https://wonder.cdc.gov/med.html. 2024.

FAO, IFAD, UNICEF, et al. The State of Food Security and Nutrition in the World 2024
-Financing to end hunger, food insecurity and malnutrition in all its forms [Internet].
FAO; IFAD; UNICEF; WFP; WHO; 2024. Available from:
https://openknowledge.fao.org/handle/20.500.14283/cd1254en

Ferreira ARO, Ribeiro MVG, Peres MNC, et al. Hypertension induced by peri-pubertal
protein restriction depends on renin-angiotensin system dysfunction in adult male rats.
Nutrition, Metabolism and Cardiovascular Diseases. 2024 Sep;

Ferreira ARO, Ribeiro MVG, Peres MNC, et al. Protein Restriction in the Peri-Pubertal
Period Induces Autonomic Dysfunction and Cardiac and Vascular Structural Changes in
Adult Rats. Front Physiol [Internet]. 2022/05/17. 2022;13:840179. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/35574445

Assalin HB, Gontijo JAR, Boer PA. MiRNAs, target genes expression and
morphological analysis on the heart in gestational protein-restricted offspring. PLoS
One. 2019;14(4).

Rossini KF, Oliveira CA de, Rebelato HJ, et al. Gestational Protein Restriction Increases
Cardiac Connexin 43 mRNA levels in male adult rat offspring. Arq Bras Cardiol. 2017;

de Oliveira JC, de Moura EG, Miranda RA, et al. Low-protein diet in puberty impairs
testosterone output and energy metabolism in male rats. J Endocrinol [Internet].



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

60

2018/03/31. 2018;237(3):243-54. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/29599416

Souza AC, Silva DGD, Jezuino JDS, et al. Protein restriction during peripubertal period
impairs endothelial aortic function in adult male Wistar rats. J Dev Orig Health Dis
[Internet]. 2023/05/18. 2023;1-8. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/37198976

dos Santos AAA, Torrezan R, Rodrigues W do N de S, et al. High-fat diet during
lactation, as opposed to during adolescence or gestation, programs cardiometabolic and
autonomic dysfunctions in adult offspring. Brain Res. 2025 Feb;1849:149354.

Frigoli GF, Quadreli DH, Santos DP dos, et al. Low protein uptake during peripuberty
impairs the testis, epididymis, and spermatozoa in pubertal and adult Wistar rats. J Dev
Orig Health Dis. 2024 Oct 24;15:e23.

Dos Santos BG, Miranda RA, Saavedra LPJ, et al. Puberty as a DOHaD programming
window: High-fat diet induces long-term hepatic dysfunction in male rats. J Dev Orig
Health Dis. 2023;14(5).

de Oliveira JC, Lisboa PC, de Moura EG, et al. Poor pubertal protein nutrition disturbs
glucose-induced insulin secretion process in pancreatic islets and programs rats in
adulthood to increase fat accumulation. J Endocrinol [Internet]. 2012/11/16.
2013;216(2):195-206. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/23151360

Sharma P. Inflammation and the metabolic syndrome. Vol. 26, Indian Journal of Clinical
Biochemistry. 2011.

van de Vyver M. Immunology of chronic low-grade inflammation: relationship with
metabolic function. Vol. 257, Journal of Endocrinology. 2023.

Mouton AJ, Li X, Hall ME, et al. Obesity, Hypertension, and Cardiac Dysfunction Novel
Roles of Immunometabolism in Macrophage Activation and Inflammation. Vol. 126,
Circulation Research. 2020.

Shi P, Diez-Freire C, Jun JY, et al. Brain microglial cytokines in neurogenic hypertension.
Hypertension. 2010;56(2).

Li Y, Wei B, Liu X, et al. Microglia, autonomic nervous system, immunity and
hypertension: Is there a link? Vol. 155, Pharmacological Research. 2020.

Mowry FE, Biancardi VC. Neuroinflammation in hypertension: the renin-angiotensin
system versus pro-resolution pathways. Vol. 144, Pharmacological Research. 2019.

Lin YM, Badrealam KF, Kuo WW, et al. Nerolidol improves cardiac function in
spontaneously hypertensive rats by inhibiting cardiac inflammation and remodelling
associated TLR4/ NF-«B signalling cascade. Food and Chemical Toxicology. 2021;147.

Wu X, Shen A, Bao L, et al. Qingda granules attenuate hypertensive cardiac remodeling
and inflammation in spontaneously hypertensive rats. Biomedicine and
Pharmacotherapy. 2020;129.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

61

Parisi F, Milazzo R, Savasi VM, et al. Maternal low-grade chronic inflammation and
intrauterine programming of health and disease. Vol. 22, International Journal of
Molecular Sciences. 2021.

Itoh H, Ueda M, Suzuki M, et al. Developmental Origins of Metaflammation; A Bridge
to the Future Between the DOHaD Theory and Evolutionary Biology. Vol. 13, Frontiers
in Endocrinology. 2022.

Barbosa CM, Figueiredo VP, Barbosa MA, et al. Maternal high-fat diet triggers
metabolic syndrome disorders that are transferred to first and second offspring
generations. Br J Nutr [Internet]. 2019/11/02. 2020;123(1):59-71. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/31666143

de Souza JA, Becker LK, Batista MAC, et al. Swimming training improves
cardiovascular autonomic dysfunctions and prevents renal damage in rats fed a high-
sodium diet from weaning. Exp Physiol [Internet]. 2020/12/22. 2021;106(2):412-26.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/33347659

Lima TC, Barbosa MA, Costa DC, et al. Fitness is improved by adjustments in muscle
intracellular signaling in rats with renovascular hypertension 2K1C undergoing
voluntary physical exercise. Life Sci [Internet]. 2020/03/18.2020;250:117549. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/32179073

Gomes PM, Sa RWM, Aguiar GL, et al. Chronic high-sodium diet intake after weaning
lead to neurogenic hypertension in adult Wistar rats. Sci Rep [Internet]. 2017/07/20.
2017;7(1):5655. Available from: https://www.ncbi.nlm.nih.gov/pubmed/28720883

Santos SO, Loureiro SMA, Alves IGN, et al. Experimental gestational hypothyroidism
evokes hypertension in adult offspring rats. Auton Neurosci. 2012;170(1-2).

Silva AS, Ariza D, Dias DPM, et al. Cardiovascular and autonomic alterations in rats
with Parkinsonism induced by 6-OHDA and treated with L-DOPA. Life Sci. 2015;127.

Speretta GF, Silva AA, Vendramini RC, et al. Resistance training prevents the
cardiovascular changes caused by high-fat diet. Life Sci. 2016;146.

Barros MA V, de Brito Alves JL, Barros RGN, et al. Effects of maternal protein
restriction on central and peripheral renin-angiotensin systems in male rat offspring. Life
Sci [Internet]. 2020/10/14. 2020;263:118574. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/33049280

Barros MA, De Brito Alves JL, Nogueira VO, et al. Maternal low-protein diet induces
changes in the cardiovascular autonomic modulation in male rat offspring. Nutr Metab
Cardiovasc Dis [Internet]. 2014/10/08. 2015;25(1):123-30. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/25287449

Paulino-Silva KM, Costa-Silva JH. Hypertension in rat offspring subjected to perinatal
protein malnutrition is not related to the baroreflex dysfunction. Clin Exp Pharmacol
Physiol. 2016;43(11).



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

62

Di Rienzo M, Parati G, Castiglioni P, et al. Baroreflex effectiveness index: An additional
measure of baroreflex control of heart rate in daily life. Am J Physiol Regul Integr Comp
Physiol. 2001;280(3 49-3).

Abdala AP, McBryde FD, Marina N, et al. Hypertension is critically dependent on the
carotid body input in the spontaneously hypertensive rat. Journal of Physiology.
2012;590(17).

Palma-Rigo K, Bassi JK, Nguyen-Huu TP, et al. Angiotensin 1A receptors transfected
into caudal ventrolateral medulla inhibit baroreflex gain and stress responses. Cardiovasc
Res. 2012;96(2).

Palma-Rigo K, Jackson KL, Davern PJ, et al. Renin-angiotensin and sympathetic
nervous system contribution to high blood pressure in Schlager mice. J Hypertens.
2011;29(11).

Melo MR, Menani J V., Colombari E, et al. Hydrogen peroxide attenuates the dipsogenic,
renal and pressor responses induced by cholinergic activation of the medial septal area.
Neuroscience. 2015;284.

Blanch GT, Freiria-Oliveira AH, Murphy D, et al. Inhibitory mechanism of the nucleus
of the solitary tract involved in the control of cardiovascular, dipsogenic, hormonal, and
renal responses to hyperosmolality. Am J Physiol Regul Integr Comp Physiol.
2013;304(7).

Melo MR, Gasparini S, Speretta GF, et al. Importance of the commissural nucleus of the
solitary tract in renovascular hypertension. Hypertension Research. 2019;42(5).

Murga TM, Magno TS dos R, de Maria ML de A, et al. Cardiac responses of rats
submitted to postnatal protein restriction. Applied Physiology, Nutrition and
Metabolism. 2012;37(3).

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real -time
quantitative PCR and the 2— AACT method. J Methods. 2001;25(4):402-8.

Moreira LS, Chagas AC, Ames-Sibin AP, et al. Alpha-tocopherol-loaded
polycaprolactone nanoparticles improve the inflammation and systemic oxidative stress
of arthritic rats. J Tradit Complement Med. 2022;12(4):414-25.

LilloR, Graziani F, Franceschi F, et al. Inflammation across the spectrum of hypertrophic
cardiac phenotypes. Vol. 28, Heart Failure Reviews. 2023.

Liu YZ, Wang YX, Jiang CL. Inflammation: The common pathway of stress-related
diseases. Vol. 11, Frontiers in Human Neuroscience. 2017.

Wang A, Guan B, Zhang H, et al. Danger-associated metabolites trigger metaflammation:
A crowbar in cardiometabolic diseases. Vol. 198, Pharmacological Research. 2023.

Kumagai H, Oshima N, Matsuura T, et al. Importance of rostral ventrolateral medulla
neurons in determining efferent sympathetic nerve activity and blood pressure. Vol. 35,
Hypertension Research. 2012.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

63

Butovsky O, Weiner HL. Microglial signatures and their role in health and disease. Vol.
19, Nature Reviews Neuroscience. 2018.

Wang M, Zhang J, Yin Z, et al. Microglia-Mediated Neuroimmune Response Regulates
Cardiac Remodeling After Myocardial Infarction. ] Am Heart Assoc. 2023;12(12).

Lohmeier TE, Iliescu R. The baroreflex as a long-term controller of arterial pressure.
Vol. 30, Physiology. 2015.

Kezdi P. Baroreceptors in Normotension. Prog Brain Res. 1977;47(C).

Churchill L, Taishi P, Wang M, et al. Brain distribution of cytokine mRNA induced by
systemic administration of interleukin-1f or tumor necrosis factor a. Brain Res.
2006;1120(1).

Fu MH, Chen IC, Lee CH, et al. Anti-neuroinflammation ameliorates systemic
inflammation-induced mitochondrial DNA impairment in the nucleus of the solitary tract
and cardiovascular reflex dysfunction. J Neuroinflammation. 2019;16(1).

Guyenet PG. The sympathetic control of blood pressure. Vol. 7, Nature Reviews
Neuroscience. 2006.

Mohammed M, Berdasco C, Lazartigues E. Brain angiotensin converting enzyme-2 in
central cardiovascular regulation. Clin Sci. 2020 Oct 16;134(19):2535-47.

Marvar PJ, Lob H, Vinh A, et al. The central nervous system and inflammation in
hypertension. Vol. 11, Current Opinion in Pharmacology. 2011.

Taghdiri A. Inflammation and arrhythmogenesis: a narrative review of the complex
relationship. International Journal of Arrhythmia. 2024;25(1).

Triposkiadis F, Xanthopoulos A, Butler J. Cardiovascular Aging and Heart Failure.J Am
Coll Cardiol. 2019;74(6).

Hancock EW, Deal BJ, Mirvis DM, et al. AHA/ACCF/HRS Recommendations for the
Standardization and Interpretation of the Electrocardiogram. J Am Coll Cardiol.
2009;53(11).

Bacharova L, Ugander M. Left Ventricular Hypertrophy: The Relationship between the
Electrocardiogram and Cardiovascular Magnetic Resonance Imaging. Vol. 19, Annals of
Noninvasive Electrocardiology. 2014.

Aydin S, Ugur K, Aydin S, et al. Biomarkers in acute myocardial infarction: Current
perspectives. Vol. 15, Vascular Health and Risk Management. 2019.

Zheng J, Xiao X, Zhang Q, et al. Maternal low-protein diet modulates glucose
metabolism and hepatic microRNAs expression in the early life of offspring. Nutrients.
2017;9(3).

Oldfield CJ, Duhamel TA, Dhalla NS. Mechanisms for the transition from physiological
to pathological cardiac hypertrophy. Vol. 98, Canadian Journal of Physiology and
Pharmacology. 2020.



66.

67.

68.

69.

70.

71.

64

Sun M, Chen M, Dawood F, et al. Tumor necrosis factor-a mediates cardiac remodeling
and ventricular dysfunction after pressure overload state. Circulation. 2007;115(11).

Cannon JG. Inflammatory cytokines in nonpathological states. News in Physiological
Sciences. 2000;15(6).

Meléndez GC, McLarty JL, Levick SP, et al. Interleukin 6 mediates myocardial fibrosis,
concentric hypertrophy, and diastolic dysfunction in rats. Hypertension. 2010;56(2).

Ling PR, Smith RJ, Kie S, et al. Effects of protein malnutrition on IL-6-mediated
signaling in the liver and the systemic acute-phase response in rats. Am J Physiol Regul
Integr Comp Physiol. 2004;287(4 56-4).

Zhao X, An X, Yang C, et al. The crucial role and mechanism of insulin resistance in
metabolic disease. Vol. 14, Frontiers in Endocrinology. 2023.

Wu H, Ballantyne CM. Metabolic Inflammation and Insulin Resistance in Obesity. Vol.
126, Circulation Research. 2020.



Tables

65

Table 1. Effects of dietary protein restriction in the peri-pubertal period on biochemical parameters.

Biochemical parameters NP LP P value
Blood glucose (mg/dL) 102 +£1.28 111+£2.92 0.019*
Triglycerides (mg/dL) 91 +£10.55 130 + 14.67 0.041*
Total cholesterol (mg/dL) 96 £7.36 91 +£6.06 0.624

NP: Normal protein diet; LP: Low proteindiet; n = 7 to 14 animals per group. Values expressed as mean + SEM.

*p <0.05, indicates statistical significance (Student’s T test).

Table 2. Effects of dietary protein restriction in the peri-pubertal period on electrolytes and tissue damage markers.

Parameters NP LP P value
Tissue damage
CK-NAC (UI/L) 5896 + 250 6837 + 366 0.039*
CK-MB (UI/L) 1019 +£53 1229 + 84 0.039*
LDH (UI/L) 1454 +76 1795 +123 0.022*

CK-NAC: Total Creatine Phosphokinase-NAC; CK-MB: Creatine phosphokinase-MB; LDH: and lactate
dehydrogenase; NP: Normal protein diet; LP: Low protein diet; n = 8 to 14 animals per group. Values expressed
as mean = SEM. * p <0.05, indicates statistical significance (Student’s T test).

Table 3. Cardiovascular variability and baroreflex sensitivity.

Parameters NP LP P value
Cardiovascular variability
LF MAP (mmHg?) 3.33+0.24 4.46 +0.20 0.002**
LF Pl (ms?) 2.01+0.28 3.04+0.31 0.029*
HF PI (ms?) 16 +1.65 10 +0.85 0.005**
LF/HFPI 0.15+0.016 0.25+0.030 0.007**
Baroreflex sensitivity
BEI 0.07 £0.012 0.06 +0.017 0.662
Gain (spontaneous baroreflex) 8.22 £0.67 5.92£0.25 0.005**
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LF-MAP: low-frequency band of the mean blood pressure; LF-PI: low-frequency band of pulse interval; HF-PI:
high-frequency band of the pulse interval; LF/HF: sympathovagal balance in the pulse interval; BEI: baroreflex
effectiveness index; NP: Normal protein diet; LP: Low proteindiet; n = 8 to 10 animals per group. Values
expressed as mean £ SEM. ** p <0.01 and * p <0.05, indicate statistical significance (Student’s T test).

Table 4. Effects of dietary protein restriction in peri-pubertal period in electrocardiogram in anesthetized animals.

Parameters NP LP P value

Wave-length

P Duration (ms) 34 +£0.617 35+0.482 0.069
R-R Interval (s) 174 £3.70 185+3.13 0.035*
PR Interval (ms) 44 +0.666 44 +£0.954 0.842
PR Segment (ms) 9.55 +£0.555 90.71£0.624 0.992
QRS Interval (ms) 37 £0.534 37 £0.450 0.948
QT Interval (ms) 62+1.176 61 +0.443 0.859
QTc Interval (ms) 77 £1.359 75+0.677 0.233
ST segment (ms) 2 +£0.000 2.14+£0.142 0.999
T Duration (ms) 22 +£1.296 22 +£0.521 0.821
Wave amplitude

P wave amplitude (mV) 0.076 £0.002 0.091 £0.005 0.071
Q wave amplitude (mV) -0.030 £0.002 -0.027 £0.003 0.577
R wave amplitude (mV) 0.345 +0.019 0.349 +0.023 0.899
S wave amplitude (mV) 0.017 £0.011 0.038 £0.012 0.259
T wave amplitude (mV) 0.078 £ 0.007 0.106 +0.008 0.030*

NP: Normal protein diet; LP: Low proteindiet; n = 7 to 14 animals per group. Values expressed as mean £ SEM.
*p <0.05, indicates statistical significance (Student’s T test).
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Fig. 1. Basal arterial pressure. systolic arterial pressure (A), diastolic arterial pressure (B), mean arterial pressure
(C), and heart rate (D). N = 5 - 10 animals per group. NP, normal protein diet; LP, low protein diet. Values
expressed as mean £ SEM. *** p <0.001, **p <0.01, and * p <0.05, indicate statistical significance (Student’s T

test).
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Fig. 2. Blood pressure response after hexamethonium. change in mean arterial pressure in response to
hexamethonium (A).N =7 - 10animals per group. NP, normal protein diet; LP, low protein diet. Values expressed
as mean = SEM. * p <0.05, indicates statistical significance (Student’s T test).
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Fig. 3. Response during and before the restraint test. change in mean arterial pressure in response to restraint test
(A), changein pulse interval in response to restraint test (B), change in mean arterial pressure in response after the
restraint test (C), change in pulse interval in response after the restrainttest (D). N =9 - 12 animals per group. NP,
normal protein diet; LP, low protein diet. Values expressed as mean + SEM. * p <0.05, indicates statistical
significance (Student’s T test).
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Fig. 4. Iba-1 immunoreactivity. Iba-1 immunoreactivity in the paraventricular nucleus of hypothalamus (PVN)
(A), Iba-1 immunoreactivity in the rostral ventrolateral medulla (RVLM) (B), Iba-1 immunoreactivity in the
commissural nucleus of the solitary tract (¢cNTS) (C), Iba-1 immunoreactivity in the intermediate nucleus of the
solitarytract (iNTS) (D). N =5 - 7 animals per group. Scale bar=100 um. NP, normal protein diet; LP, low protein
diet. Values expressed as mean £ SEM. *** p <0.001, ** p <0.01, and * p <0.05, indicate statistical significance
(Student’s T test).
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Fig.5. GFAP immunoreactivity. GFAP immunoreactivity in the commissural nucleus of the solitary tract (¢NTS)
(A), GFAP immunoreactivity in the intermediate nucleus of the solitary tract (iNTS) (B), and GFAP
immunoreactivity in the paraventricular nucleus of the hypothalamus (PVN) (C). N = 5 - 7 animals per group.
Scale bar =100 um. NP, normal protein diet; LP, low proteindiet. Values expressed as mean £ SEM. ** p <0.01,
and * p <0.05, indicate statistical significance (Student’s T test).
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Fig. 6. Echocardiogram normalized by heart weight. diastolic thickness of interventricular septum (IVSd) (A),
estimation of left ventricle internal diameter in diastole (LVDd) (B), left ventricular posterior wall during diastole
(PWa) (C), systole thickness of interventricular septum (IVSs) (D), estimation of left ventricle internal diameter
in systole (LVDs) (E), left ventricular posterior wall during systole (PWs) (F), shortening fraction (G), ejection
fraction (H). N =11 - 20 animals per group. NP, normal proteindiet; LP, low protein diet. Values expressed as
mean £ SEM. *** p <0.001, ** p <0.01, and * p <0.05, indicate statistical significance (Student’s T test).
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Fig. 7. Inflammation mRNA expression in the heart. mRNA expression of IL6 e TNF-a in the heart (A),n= 6 to
10 animals per group. NP, normal protein diet; LP, low protein diet. Valuesexpressed as mean + SEM. * p <0.05,
indicates statistical significance (Student’s T test).
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Supplementary material

Supplementary Table 1. Composition of the isocaloric low-protein and normal-protein diets.

Diet components Nor(r;gllsp(;:)tein LO(VA‘f’B"(;:)ein
Sucrose 12.72 20.00
Corn starch 52.75 64.25
Casein (88% protein) 23.33 4,55
Mix of mineral salts 3.20 3.20
Mix of vitamins 1.60 1.60
Soybean oil 4.80 4.80
Fish oil 1.60 1.60
Total (g) 100.0 100.0

Supplementary Table 2. Effects of dietary protein restriction in peri-pubertal period on biometric parameters

Biometric parameters NP LP P value
Body weight (g) 421 +4.80 379 +3.96 0.0001***
Naso-anal length (cm) 23.75£0.23 22.78 £0.25 0.022*
Retroperitoneal fat pad (g/100g bw) 1.71+£0.10 2.02 £0.09 0.042*
Mesenteric fat pad (g/100g bw) 0.85+0.04 0.74 £0.03 0.072
Heart (g) 1.38 £0.031 1.28 £0.030 0.039*
Heart (g/100g bw) 0.32+0.0072 0.35+0.0076 0.012*

NP: Normal protein diet; LP: Low protein diet; n = 6 to 28 animals per group. Values expressed as mean + SEM.
***p <0.001, and * p <0.05, indicate statistical significance (Student’s T test).

Supplementary Table 3. Effects of dietary protein restriction in the peri-pubertal period on echocardiogram
parameters

Echocardiogram parameters NP LP P value

Systole

Interventricular septum (mm) 293+£0.11 2.94 £0.09 0.948
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LV diameter (mm) 3.84 £0.112 3.83+0.117 0.970
LV posterior wall(mm) 299+0.11 2.89+0.04 0.347
Diastole

Interventricular septum (mm) 2.17 £0.06 2.06 £0.03 0.131
LV diameter (mm) 6.88 £0.15 6.67 £0.12 0.288
LV posterior wall(mm) 2.31 £0.053 2.25 £0.050 0.428

LV: Left ventricle; NP: Normal protein diet; LP: Low protein diet; n = 15 to 20 animals per group. Values
expressed as mean + SEM.

Supplementary Table 4. List of primers used for RT-PCR.

Primers Sequence (5°-3) Forward Sequence (5°-3’) Reverse
Beta actin 5> GTCGTACCACTGGCATTGTG 3’ 5 CTCTCAGCTGTGGTGGTGAA 3’
Tnfa 5> ATGGGCTCCCTCTCATCAG 3’ 5> GCTTGGTGGTTTGCTACGA3’

IL-6 5’ CATTCTGTCTCGAGCCCAC3’ 5’ GCTGGAAGTCTCTTGCGGA 3’
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Supplementary Fig. 1. Food intake. Food consumption (A), AUC food consumption during the peri-pubertal
period (B), AUC food intake during the dietary recovery period (C),n= 26 to 28 animals per group. NP, normal
protein diet; LP, low protein diet. Values are presented as mean+ SEM. *** p <0.001, ** p<0.01, and * p <0.05,
indicate statistical significance (Student’s T test or Two-way ANOVA).
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Supplementary Fig.2. Body weight. Body weight through the experimental protocol. (A), AUC of body weight
during the peri-pubertal period (B), AUC of body weight during the dietary recovery period (C). n = 26 to 28
animals per group. NP, normal protein diet; LP, low protein diet. Values are presented as mean = SEM. *** p
<0.001, indicates statistical significance (Student’s T test or Two-way ANOVA).
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CAPITULO 11

Conclusodes

No presente estudo a exposic¢ao na peripuberdade arestri¢do proteica induziu disfungdes
tanto no coragdo como no sistema renina angiotensinacom uma maior inflamagéo na periferia

e no encéfalo na vida adulta da ratos Wistar, mostrando que:

1. A puberdade € uma fase critica do desenvolvimento, suscetivel a programacéao por
meio de insultos dietéticos, o que pode levar a alteracBes no funcionamento do sistema

cardiovascular e do sistema renina-angiotensina na vida adulta.

2. O aumento da atividade do sistema renina-angiotensina pode estar mediando a

hipertensdo nesse modelo de restri¢do proteica na peripuberdade

3. A restricdo caldrica-proteica na peripuberdade induz meta-inflamacéo que pode estar
mediando o aumento da atividade simpatica, hipertensdo neurogénica e remodelacdo e

disfuncdo cardiaca.

O aumento da atividade do sistema renina-angiotensina, pode estar implicado na
hiperatividade simpatica e meta-inflamacao observada. Por sua vez, a meta-inflamacao pode
estar implicada na hiperatividade simpatica e aumento da atividade do sistema renina
angiotensina. Este ciclo pode estar contribuindo para a hipertensdo e disfungéo cardiaca. Com
base nesses resultados, potenciais intervencdes farmacologicas podem ser exploradas neste

modelo, embora ainda necessitem de uma investigacdo mais detalhada.



75

Perspectivas futuras

Considerando os resultados advindos desse estudo, estudar aimplicacao de intervengdes
farmacologicos na peripuberdade, visando a reducdo da inflamacdo sistémica e da
neuroinflamacao podem contribuir para confirmar o mecanismo fisiopatoldgico da hipertenséo

neurogénica e da hiperatividade simpaética.

A realizacdo da analise morfoldgica da microgliapode contribuir para reconhecer qual
0 estado de ativacdo da microglia, essenciais para o desenvolvimento de novas intervencdes

contribuindo para o potencial translacional dos achados experimentais do presente estudo.

A realizacdo da dosagem das citocinas inflamatorias no sangue durante a peripuberdade
e na vida adulta pode auxiliar a confirmar a inflamacdo sistémica de baixo grau nesse modelo,
contribuindo para identificacdo do mecanismo fisiopatoldgicase a descoberta de estratégias de

intervencao na peripuberdade.

A exploracdo dos mecanismos de regulacao epigenética desde a peripuberdade pode
contribuir para descobrir quais mudancas epigenéticas podem estar influenciando na expressao
de genes relacionados a processos metabélicos, inflamatérios e cardiovasculares. Auxiliando

na identificagdo dos biomarcadores precoces para doencas associadas a insultos nutricionais.
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