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RESUMO

O presente estudo avalia se a atividade fisica materna atenua as disfuncdes
cardiorrespiratorias e as alteracbes transcricionais apresentadas pelo corpo
carotideo (CB) de ratos de maes submetidas a restricAo proteica. Avaliar se a
atividade fisica materna é capaz de atenuar os efeitos cardiorrespiratérios
promovidos pela desnutricdo proteica. Ratas Wistar realizaram atividade fisica
voluntaria por um periodo de 30 dias e foram classificadas como inativas (n=12) ou
ativas (n=12) de acordo com a distancia percorrida diariamente no cicloergbmetro.
Logo depois, as ratas foram colocados para acasalar. Durante a gestacédo e
lactacdo, as mées receberam dieta normoproteica (NP: 17% de proteina, n=18) ou
hipoproteica (LP: 8% de proteina, n=18). Na prole, avaliaram-se 0s niveis séricos
bioquimicos (proteinas totais, albumina, colesterol, triglicerideos e glicemia de
jejum), respiratorios (frequéncia respiratoria-FR; volume corrente-VT e ventilacdo-
VE) e parametros cardiovasculares (pressdo arterial média-PAM; frequéncia
cardiaca-FC e variabilidade cardiaca) e expressdao de mRNA do fator 1-alfa indutivel
por hipéxia (HIF-1a), tirosina hidroxilase (TH) e receptores purinérgicos (P2X2, P2X3
e P2Y2) em ratos jovens. Os filhotes LP inativo apresentaram menores valores de
FR do 1° ao 14° dia de idade, e maior FR aos 30 dias de idade do que os filhotes
NP-inativo e NP-ativo. Os filhotes LP e LP-inativo apresentaram proteina sérica
reduzida, albumina, colesterol e triglicérides e glicemia de jejum aumentada quando
comparados aos grupos NP-inativo e NP-ativo. Animais LP e LP-inativo mostraram
um aumento na variabilidade cardiaca nas bandas LF, sugerindo uma grande
influéncia da atividade nervosa simpatica. Nas analises de mRNA, os animais LP e
LP-inativo apresentaram aumento de HIF-1a e expressao similar de TH e receptores
purinérgicos no corpo carotideo (CB) quando comparados aos grupos NP. Todas
essas alteracOes observadas nos filhotes LP-inativos foram atenuadas nos filhotes
de maes ativas (grupo LP-ativo). A atividade fisica materna é capaz de atenuar as
alteragbes metabdlicas, cardiovasculares, respiratorias e de transcricdo do HIF-1a

induzidas pela desnutricdo protéica perinatal.

Palavras-chave:. Frequéncia respiratdria. Pressao sanguinea. Ratos.



ABSTRACT

The present study evaluates whether maternal physical activity attenuates
cardiorespiratory dysfunctions and transcriptional alterations presented by the carotid
body (CB) of rats from mothers subjected to protein restriction. To evaluate whether
maternal physical activity is able to attenuate the cardiorespiratory effects promoted
by protein malnutrition. Female Wistar rats performed voluntary physical activity over
a period of 30 days and were classified as inactive (n=12) or active (n=12) according
to the distance walked daily on the running wheel. Soon after, the rats were placed to
mate. During gestation and lactation, mothers received either normoprotein (NP: 17%
protein, n=18) or low protein diet (LP: 8% protein, n=18). In offspring, it was
evaluated biochemical serum levels (total protein, albumin, cholesterol, triglycerides
and fasting glucose), respiratory (respiratory frequency, FR; tidal volume, VT, and
ventilation, VE) and cardiovascular parameters (mean arterial blood pressure, MAP;
heart rate, HR; and cardiac variabilities) and mMRNA expression of hypoxia-inducible
factor 1-alpha (HIF-1a), tyrosine hydroxylase (TH) and purinergic receptors (P2X2,
P2X3 and P2Y2) in juvenile rats. LP-inactive pups presented lower RF from 1st to
14th days old, and higher RF at 30 days old than NP-inactive and NP-active pups.
LP-inactive pups presented a reduced serum protein, albumin, cholesterol and
triglycerides and increased fasting glucose when compared to the NP-inactive and
NP-active groups. LP and LP-inactive animals showed an increase in the cardiac
variability at the LF bands, suggesting a major influence of sympathetic nervous
activity. In mRNA analyzes, LP-inactive animals showed increased HIF-1a and
similar expression of TH and purinergic receptors in carotid body (CB) when
compared to the NP groups. All these changes observed in LP-inactive pups were
rescued in the pups of active mothers (LP-active group). The maternal physical
activity is able to attenuate the metabolic, cardiovascular, respiratory and HIF-1a

transcription changes induced by the perinatal protein malnutrition.

Keywords:. Respiratory frequency. Blood pressure. Rats.
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1 INTRODUCAO

Evidéncias epidemioldgicas e dados experimentais tém observado a
importancia da nutricdo materna durante a gestacédo e a lactacdo no aparecimento
da hipertensdo arterial (DE BRITO ALVES, DE OLIVEIRA et al., 2016;
HROLFSDOTTIR, HALLDORSSON et al., 2017; LORITE MINGOT, GESTEIRO et
al., 2017). Em humanos, a desnutricAio materna em periodos criticos do
desenvolvimento — 0 que corresponde a gestacao e lactacdo — € capaz de promover
alteracdes cardiacas, como a hipertensdo arterial (ZHENG, WANG et al., 2012,
BARKER and THORNBURG 2013; LIU, XU et al., 2017). Em ratos, tem sido
proposto que a prole adulta proveniente de maes submetidas a reducdo no teor
proteico da dieta (8% de proteina), durante a gestacdo e lactacdo, desenvolve
hipertensdo arterial e desequilibrio simpato-vagal para o coracdo (DE BRITO
ALVES, NOGUEIRA et al., 2014; BARROS, DE BRITO ALVES et al., 2015). Além
dessas alteracdes, a prole desnutrida apresenta aumento de frequéncia respiratoria
e maior resposta ventilatéria quando submetido a hipoxia (reducdo nos niveis de O5)
e a hipercapnia (aumento nos niveis de CO,;) antes do desenvolvimento da
hipertenséo arterial (DE BRITO ALVES, NOGUEIRA et al., 2014).

Em animais, uma revisdo recente mostrou evidéncias de que a hipertenséo
arterial pode ter uma origem desenvolvimental e as disfuncbes simpatico-
respiratorias desempenham um papel importante no desenvolvimento da
hipertensédo induzida pela dieta materna (COSTA-SILVA, DE BRITO-ALVES et al.,
2015; DE BRITO ALVES and COSTA-SILVA 2018). Estudo in situ com ratos jovens
(30 dias de vida) submetidos a restricAo proteica materna (8% de proteina)
evidenciou hiperatividade simpatico-respiratoria quando avaliado a atividade do
nervo frénico e a atividade nervosa simpatica (DE BRITO ALVES, NOGUEIRA et al.,
2015). Seguindo a observacdo de que a hiperatividade simpatica esta relacionada
ao desenvolvimento de hipertensdo em organismos que sofreram desnutricdo
proteica durante a gestacdo e lactacdo. Mudancgas funcionais nas células do corpo
carotideo (CB) induzidas pela disponibilidade de nutrientes/oxigénio foram descritas
nos ultimos anos e podem desempenhar um papel fundamental no desenvolvimento
da hipertenséo arterial (PRABHAKAR, PENG et al., 2015).

Alteracéo proteica foi encontrada no CB de ratos jovens (30 dias de vida),

provenientes de maes submetidas a desnutricdo proteica (DE BRITO ALVES,
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NOGUEIRA et al., 2015). Ao ser avaliado o CB dos ratos jovens desnutridos, foi
possivel observar aumento da expressao do fator 1-alfa indutivel por hipoxia,
também conhecido como HIF-1a (DE BRITO ALVES, NOGUEIRA et al., 2015). O
aumento da expressdo de HIF-1a foi observado anteriormente no coragcdo e no
cérebro de animais com restricAo proteica, 0s quais também apresentaram
hipertensao arterial (ITO, TANABE et al., 2011; ITO, FUNAMOTO et al., 2012). Além
disso, a remocdo do CB atenuou as disfuncdes cardiorrespiratorias encontradas em
ratos desnutridos, normalizando a frequéncia respiratéria e a quimiossensibilidade
ao O, e ao CO; e impediu o desenvolvimento da hipertenséo arterial (NOGUEIRA,
BRITO-ALVES et al., 2018). Sugerindo que o CB de ratos desnutridos apresentam
uma maior excitabilidade, a qual pode contribuir para 0 aumento da frequéncia
respiratoria e da quimiossensibilidade ao O; e COx.

Na tentativa de desvendar a causa dessa maior excitabilidade é reconhecido
gue uma multiplicidade de mecanismos rege a sinalizacédo do CB (PRABHAKAR and
PEERS 2014; SCHULTZ, MARCUS et al., 2015; YUAN, VASAVDA et al., 2015).
Dentre elas destacam-se 0s canais i6nicos para a adenosina trifosfato (ATP)
(chamados de receptores purinérgicos — P2X), especificamente os subtipos de
receptores P2X2, P2X3 e P2Y localizados no CB (FORD and UNDEM 2013;
ABDULQAWI, DOCKRY et al., 2015; FORD, UNDEM et al., 2015) e a expressao da
tirosina hidroxilase (TH). Os receptores purinérgicos contribuem para o aumento da
atividade do CB e seu blogueio pode induzir um efeito anti-hipertensivo (PIJACKA,
MORAES et al.,, 2016). O CB e as fibras nervosas sensitivas e autondmicas
expressam TH, a enzima limitadora da velocidade da sintese de dopamina (WANG,
STENSAAS et al.,, 1992; LAHIRI, ROY et al., 2006). A liberacdo da dopamina é
frequentemente usada como indicador da neurosecrecao promovendo um aumento
da atividade do CB (GONZALEZ, ALMARAZ et al., 1994; URENA, FERNANDEZ-
CHACON et al., 1994).

IntervencgBes especificas de "reprogramacao”, como atividade fisica, podem
diminuir ou até mesmo prevenir o desenvolvimento de doencas metabdlicas
induzidas pela desnutricdo proteica materna (LEANDRO, FIDALGO et al.,, 2012;
FIDALGO, FALCAO-TEBAS et al., 2013). A pratica da atividade fisica € uma das
recomendac¢fes da Organizacdo Mundial de Saude (OMS) e é considerado uma
intervencdo amplamente acessivel, barata e eficaz (LOPEZ-OLMEDO,
HERNANDEZ-CORDERO et al., 2016). Uma meta-analise incluiu 13 estudos
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prospectivos e mostrou uma associacdo dose-resposta inversa entre os niveis de
atividade fisica e o risco de hipertensdo (HUAI, XUN et al., 2013). Modelo
experimental de atividade fisica materna foi desenvolvido com o intuito de descrever
as adaptacoOes fisiologicas para a mae e a prole (SANTANA MUNIZ, BESERRA et
al., 2014; FRAGOSO, LIRA et al., 2017). A atividade fisica voluntaria da mae (na
roda de corrida, 30 dias antes do acasalamento e durante a gestacéo/lactacao) tem
sido relacionada ao aumento do crescimento somatico e a ontogénese reflexa da
prole de ratos durante o desenvolvimento (SANTANA MUNIZ, BESERRA et al.,
2014). Além disso, a atividade fisica voluntaria antes e durante a gestacao/lactacéo
na roda de corrida atenuou os efeitos da dieta materna pobre em proteinas (8% de
proteina) nos padrdes de atividade locomotora dos ratos aos 60 dias de idade
(FRAGOSO, LIRA et al.,, 2017). No entanto, pouco se sabe sobre os efeitos da
atividade fisica materna sobre os parametros cardiorrespiratorios e os efeitos
adaptativos para atenuar a hipertenséo induzida pela desnutricdo nos filhos.

No presente estudo, testamos a hipétese de que a atividade fisica voluntaria
materna antes e durante a gestacdo € capaz de atenuar as alteracdes simpato-
respiratérias induzidas pela desnutricdo proteica materna. Assim, o objetivo principal
deste estudo foi avaliar os efeitos da atividade fisica voluntaria da mée sobre alguns
parametros dos sistemas cardiorrespiratorio e simpético. Além disso, descreveram-
se as alteracbes transcricionais de HIF-1a, TH e P2X no CB como possiveis

mecanismos moleculares.
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2 REVISAO DE LITERATURA

2.1 MODELOS NUTRICIONAIS E O ESTUDO DA DESNUTRICAO

Evidéncias epidemioldgicas sugerem uma forte associacdo entre a
desnutricdo em periodos criticos de desenvolvimento fetal, como a gestacdo e
lactacdo, o baixo peso ao nascer e 0 subsequente risco de desenvolvimento de
doencas na vida adulta, como diabetes mellitus, doencas cardiovasculares e
doencas metabdlicas (DAUNCEY and BICKNELL 1999; TARRY-ADKINS and
OZANNE 2011; VAAG, GRUNNET et al.,, 2012). Modelos animais, com roedores,
suinos, ovinos e primatas (VAN ABEELEN, VEENENDAAL et al., 2012), séo
amplamente utilizados para investigar os efeitos da nutricho materna e o
desenvolvimento de doengas na prole. Esses modelos tém promovido um avango
importante no estudo da desnutricdo. A utilizacdo desses modelos torna possivel
realizar manipulacdes dietéticas controladas in utero e durante o periodo pos-natal,
0 que seria praticamente invidvel em humanos. Além de permitir a utilizacdo de
diferentes protocolos de desnutri¢cdo, possuir facil manejo e baixo custo.

Varios modelos de desnutricdo sédo utilizados com o intuito de investigar o
papel nutricional sobre a fisiologia de 6rgédos e sistemas. Alguns autores adotam
como modelo o aumento no nimero de filhotes da ninhada durante o periodo de
aleitamento, levando a competicdo pelo leite materno e, consequentemente
diminuicdo da disponibilidade de nutrientes para cada animal individualmente
(CHASE, DORSEY et al., 1967; BELL and SLOTKIN 1988). Outro modelo utilizado
constitui na deficiéncia de vitaminas sobre parametros fisiol6gicos, como por
exemplo, a deficiéncia da vitamina A (MCGOWAN, TAKLE et al., 2005; BAYBUTT
and MOLTENI 2007; MCGOWAN 2007) e da vitamina E (TOLLE, SCHLAME et al.,
2005; YAMAOKA, KIM et al., 2008) sobre o sistema respiratério, ou até mesmo a
reducdo da quantidade de calorias ingeridas levando os animais a um quadro de
desnutricdo (REHAN, SAKURAI et al., 2012). Também tem sido utilizado um modelo
de desnutricdo que se refere a diminuicdo do contetdo proteico oferecido a fémea
no periodo de gestacdo (TONKISS, TRZCINSKA et al., 1998), lactacdo (PEDROSA
and MORAES-SANTOS 1987) ou pos lactagdo (AGARWAL, PRASAD et al., 1981,
BENABE, WANG et al.,, 1993). Ou ainda, a indugdo de uma desnutricdo proteica
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durante a gestacdo e a lactacdo, denominado como periodo perinatal (SNOECK,
REMACLE et al., 1990).

Este ultimo modelo consiste em alimentar um grupo de fémeas, durante toda
a gestacéao e lactacdo, com uma dieta contendo um reduzido teor de proteina (grupo
denominado de hipoproteico - 8% de proteina) e uma dieta com quantidades
adequadas de proteinas (grupo denominado de normoproteico — 17 a 21% de
proteina). Permitindo investigar as repercussdes da caréncia de proteinas durante o
periodo de desenvolvimento e o0 estado de saude ou doenca da prole (MARTIN-
GRONERT and OZANNE 2007; DE MELO MONTENEGRO, MOITA et al., 2012;
FALCAO-TEBAS, BENTO-SANTOS et al., 2012). Todos estes modelos permitem o

estudo dos efeitos da desnutricao.

2.2 EFEITOS DA DESNUTRICAO PROTEICA SOBRE O SISTEMA
CARDIOVASCULAR

A hipertensédo arterial é caracterizada por niveis elevados e sustentados de
pressao arterial (PAULINO-SILVA and COSTA-SILVA 2016). Consiste um fator de
risco prevalente e significativo para o desenvolvimento de doengas cardiovasculares,
como doenca arterial coronariana, insuficiéncia cardiaca, acidente vascular cerebral
e doenca arterial periférica (LANDSBERG, ARONNE et al., 2013; COSTA-SILVA, DE
BRITO-ALVES et al., 2015; WILLIAMS 2016). A causa subjacente da hipertensao
tem sido dificil de identificar devido a natureza multifatorial, destacando-se como
principais causas a deterioracdo progressiva dos néfrons (NWAGWU, COOK et al.,
2000), aumento da resisténcia vascular periférica (SZOSTAK-WEGIEREK 2014),
aumento da frequéncia respiratéria (DE BRITO ALVES, NOGUEIRA et al., 2014),
maior excitabilidade das células do CB (NOGUEIRA, BRITO-ALVES et al., 2018) e
hiperatividade do sistema nervosos simpatico (BARROS, DE BRITO ALVES et al.,
2015), dentre outras causas.

A hipertensdo pode surgir de uma combinacdo de fatores genéticos e
comportamentais relacionados ao estilo de vida (BARKER, WINTER et al., 1989;
BARKER 2007). Além disso, parece haver uma forte relagéo entre as condi¢gbes do
ambiente fetal e o pds-natal precoce com predisposicdo ao desenvolvimento da
hipertensédo arterial (BARKER, WINTER et al., 1989; BARKER 2007). Quando o

ambiente fetal € carente de nutrientes, o feto passa por um processo no qual ha um
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efeito protetor contra o desenvolvimento de alguns 6rgéos (por exemplo: cérebro,
coracdo), mas em contraste ocorrem mudancas metabodlicas que podem refletir em
estagios mais avancados da vida (BARKER, WINTER et al., 1989; BARKER 2007).
Estudos em humanos demonstraram que individuos com baixo peso ao nascer
apresentam uma forte tendéncia a hipertensdo na idade adulta (FRANCO,
CASARINI et al., 2008; JONES, JURGENS et al., 2012). Isso pode ser explicado
pelo aumento consideravel das catecolaminas plasmaticas e pela insuficiéncia
uteroplacentaria resultante da desnutricdo perinatal, possiveis mecanismos
subjacentes ao inicio da hipertensdo arterial (FRANCO, CASARINI et al., 2008;
JONES, JURGENS et al., 2012).

Bogdarina e cols (2007) observaram uma diminuicdo da metilacdo na regido
promotora proximal do receptor de angiotensina e, inversamente, um aumento na
expressdo do receptor angiotensinérgico na glandula adrenal de mées de
camundongos que sofreram desnutricdo protéica durante a gravidez (BOGDARINA,
WELHAM et al., 2007). Outro estudo encontrou um aumento na expressao do RNAm
do angiotensinogénio, bem como na enzima conversora da angiotensina, € uma
diminuicdo na expressdo do RNAmM do receptor da angiotensina Il na restricdo da
proteina perinatal exposta a prole de ratos (GOYAL, GOYAL et al.,, 2010). Tais
alteracbes epigenéticas sao importantes na compreensdo dos mecanismos
subjacentes ao surgimento da hipertensdo em modelos experimentais de
desnutricdo protéica no contexto da plasticidade fenotipica (BARKER, OSMOND et
al., 2005; WEST-EBERHARD 2005; LABAYEN, MORENO et al., 2006; ANDERSEN,
ANGQUIST et al., 2009; BIOSCA, RODRIGUEZ et al., 2011; DE BRITO ALVES,
NOGUEIRA et al.,, 2014). Os mecanismos presentes no surgimento de tais
alteracdes funcionais de insultos nutricionais durante a gestacdo e lactacdo ainda
ndo sao totalmente compreendidos, mas podem estar associados a uma
"programacao” dada pela plasticidade fenotipica (WEST-EBERHARD 2005;
WILLIAMS 2016).

O modelo de restricdo proteica na dieta materna durante a gestacédo e/ou
lactacdo € um dos modelos animais mais estudados para investigar os efeitos da
plasticidade fenotipica (WEST-EBERHARD 2005; COSTA-SILVA, SILVA et al.,,
2009; FALCAO-TEBAS, BENTO-SANTOS et al., 2012; FIDALGO, FALCAO-TEBAS
et al.,, 2013; DE BRITO ALVES, NOGUEIRA et al., 2014). Estudos demonstraram
que o consumo de uma dieta pobre em proteinas (8% de proteina) durante a
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gestacao e a lactagcao, seguido de um consumo alimentar balanceado pode levar a
restricdo do crescimento somatico, reducdo de peso e maturacdo dos 6rgaos,
aumento da pressao arterial sistolica e da concentracdo de insulina plasméatica em
jejum (BERARDI, PIZZORUSSO et al., 2003; ANDERSEN, ANGQUIST et al., 2009;
LUZARDO, SILVA et al., 2011).

Sabe-se que a ritmicidade do sistema nervoso simpético pode modular a
pressdo arterial e a frequéncia cardiaca em frequéncias regulares (BARROS, DE
BRITO ALVES et al., 2015). A hiperativacédo simpatica € caracterizada pelo aumento
da intensidade e frequéncia da despolarizacéo elétrica do nervo simpatico e também
pelo aumento dos niveis plasmaticos de catecolaminas (MALPAS 1998; ZOCCAL,
SIMMS et al., 2008) promovendo constricdo dos vasos sanguineos periféricos,
aumento da resisténcia vascular periférica e, consequentemente, aumento em niveis
pressoricos basais arteriais. Recentemente, foi demonstrado que ratos adultos que
sofreram desnutricdo proteica tém, principalmente, um desequilibrio simpatico-vagal
ao coracao e aumento da variabilidade da pressao arterial com o aumento da banda
de baixa frequéncia (LF), sugerindo desequilibrio autonémico e predominancia
simpatica no sistema cardiovascular desses animais (BARROS, DE BRITO ALVES
et al., 2015).

2.3 ATIVIDADE RESPIRATORIA E QUIMIORREFLEXO

Outros estudos também propuseram a contribuicdo da disfuncéo
simpatoexcitatoria respiratoria no desenvolvimento da hipertensdo induzida pela
dieta materna (PAIXAO, MACIEL et al.,, 2001; CARROLL 2003; BOGDARINA,
WELHAM et al., 2007; BARROS, DE BRITO ALVES et al., 2015; DE BRITO ALVES,
NOGUEIRA et al., 2015). Além disso, sugere-se que mudancas na geracao ou
modulacdo da funcdo respiratoria possam contribuir para o estabelecimento da
pressao arterial elevada (PAIXAO, MACIEL et al., 2001; BOGDARINA, WELHAM et
al., 2007). Ratos submetidos a restricdo proteica na dieta durante a gestagédo e
lactacéo apresentaram disfuncao respiratoria associada a hiperatividade simpatica e
aumento da sensibilidade do corpo carotideo a hipoxia (HANSON and GLUCKMAN
2011; PRABHAKAR and SEMENZA 2015). O mecanismo por trds dessas mudancgas

pode estar relacionado a altos niveis do fator 1-alfa indutivel por hipéxia (HIF-1a) em
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quimiorreceptores periféricos de ratos desnutridos (ITO, AHMAD et al.,, 2011; DE
BRITO ALVES, NOGUEIRA et al., 2015).

Estudos realizados em nosso laboratorio mostraram que animais jovens (30
dias de idade), de maes submetidas a desnutricdo proteica perinatal, apresentam
alteragbes no padrdo respiratério basal e seu controle reflexo, mesmo antes de
desenvolverem hipertenséo arterial (DE BRITO ALVES, NOGUEIRA et al., 2014; DE
BRITO ALVES, NOGUEIRA et al., 2015). Além disso, sugere-se que tais alteracdes
ventilatorias em animais levem ao quadro de hiperatividade simpatica desde os 30
dias de idade que persiste na idade adulta da prole (HANSON and GLUCKMAN
2011; LUZARDO, SILVA et al., 2011; DE BRITO ALVES, NOGUEIRA et al., 2015).
Assim, acredita-se que a plasticidade atue promovendo as altera¢Bes ventilatérias e
induzindo uma hiperatividade do sistema nervoso simpatico, o que deve contribuir
para o desenvolvimento da hipertensdo neste modelo experimental (BARROS, DE
BRITO ALVES et al., 2015).

Simms e cols. (2009) demonstraram que modificacbes respiratorias,
especialmente, aumento na quimiossensibilidade ao CO,, estdo envolvidos com a
hiperatividade do sistema nervoso simpatico e o aparecimento da hipertensédo
arterial em ratos espontaneamente hipertensos (SIMMS, PATON et al., 2009). Além
disso, a prole adulta de ratos submetidos a desnutricdo proteica apresenta
hipertensédo arterial (DE BRITO ALVES, NOGUEIRA et al., 2014) e desequilibrio
simpato-vagal para o coracdo (BARROS, DE BRITO ALVES et al., 2015),
demonstrando aumento da atividade nervosa simpatica. Quando jovens (30 dias de
vida) esses animais apresentam aumento de frequéncia respiratéria (DE BRITO
ALVES, NOGUEIRA et al.,, 2014), maior quimiossensibilidade ao O, e CO, (DE
BRITO ALVES, NOGUEIRA et al., 2014), aumento na atividade do nervo frénico e
simpatico torcico (DE BRITO ALVES, NOGUEIRA et al., 2015) e maior
excitabilidade nas células do CB (NOGUEIRA, BRITO-ALVES et al., 2018). Sugere-
se que essas alteragbes contribuem para o desenvolvimento da hipertensao arterial
neste modelo experimental.

Em ratos desnutridos (30 dias de vida), a remoc¢cao dos quimiorreceptores
periféricos (CB) é capaz de normalizar a frequéncia respiratéria e prevenir o
desenvolvimento de hipertenséo arterial na vida adulta dos animais, aos 90 dias de
vida (NOGUEIRA, BRITO-ALVES et al., 2018). Demonstrando que as células do CB

geram sinalizagbes que contribuem para o aumento do tonus simpatico e da
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frequéncia respiratoria, e que estdo anormalmente ativadas em individuos
hipertensos (MORAES, MACHADO et al., 2015). Podendo a remocdo do CB ser
considerada como alvo terapéutico para hipertensdo e doencas associadas.

Os CB estao localizados bilateralmente na bifurcacdo da artéria caroétida.
Funcionam como sensores que alertam o sistema nervoso central, quando, por
algum motivo, o nivel de O, no sangue diminui (HEYMANS 1927). Quando esse
sinal de alerta chega ao cérebro, é desencadeada uma resposta de aumento da
atividade simpatica, que faz aumentar a frequéncia cardiaca e a resisténcia vascular
a passagem do fluxo sanguineo, causando aumento da pressao arterial. Ocorre
também o aumento da respiragcdo para aumentar o aporte de oxigénio para o
cérebro (BARROS, BONAGAMBA et al., 2002; MORAES, MACHADO et al., 2015).

Heymans e cols. (1965) evidenciaram o papel fisiologico do CB no controle
circulatério e respiratorio, evidenciando o papel dessa estrutura em diversas
condi¢des, como a hipoxia e hipercapnia, por exemplo. Esses autores mostraram
qgue a perfusdo da regido do seio carotideo com sangue hipercapnéico, hipéxico ou
com alta concentragio de ions H* induzia variacdes sobre o sistema cardiovascular
e respiratério por um mecanismo reflexo envolvendo receptores do CB (HEYMANS
1965; PRABHAKAR 2013). Estudos morfolégicos de Pallot (1987) sugeriram que 0s
CB séo estruturas especializadas formadas por dois tipos celulares distintos: células
do tipo | (as chamadas células glomus) que encontram-se envolvidas pelas células
do tipo Il ou de sustentacéo (semelhante a astrécito) (HOWE, MORGAN et al., 1978;
PALLOT 1987). Quando a disponibilidade de O, encontra-se diminuida ou ha um
acumulo de CO; e de ions H*, os CB séo estimulados. As quedas na press&o parcial
de oxigénio (PaO;) e pH e/ou elevacdo na pressdo parcial de diéxido de carbono
(PaCO,) séo transformados pelos CB, nas células glomais, em sinais elétricos. Os
CB estimulam primeiramente os centros respiratérios, determinando alteracfes
apropriadas da ventilacdo (frequéncia respiratoria e volume corrente), mas também
estimulam centros cardiovasculares, determinando altera¢cdes na pressao arterial
(DALYMDE, HAZZLEDINE et al., 1965; DALY and UNGAR 1966; DALY, ANGELL-
JAMES et al., 1979; GUYTON 1992)).

Estudos prévios demonstram que a infuséo intravenosa de cianeto de sédio
(NaCN) ou cianeto de potassio (KCN) estimulam os quimiorreceptores periféricos e
promovem reflexamente ajustes respiratérios, como aumento de frequéncia

respiratoria e ajustes cardiovasculares como vasoconstricdo periférica e aumento de
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pressédo arterial (FRANCHINI and KRIEGER 1993). Estas respostas ocorrem para
tentar manter a homeostase do organismo. Esse é um sistema de defesa
necessario, por exemplo, durante um episédio de apneia obstrutiva do sono. A
gueda na oxigenacao causa a ativacao das células do CB, que enviam o sinal de
alerta para o cérebro. Em condic¢es fisiolégicas, apds a normalizacdo do nivel de
oxigénio do sangue, a atividade simpética volta ao normal, bem como a presséo
arterial. Mas em experimentos com ratos hipertensos essas células ficam
constantemente mandando sinais para o cérebro aumentar a atividade simpatica.
Além disso, a desnervacdo carotidea, na maioria das vezes, € uma maneira eficaz
de controlar tanto o desenvolvimento quanto a manutencdo da pressdo sanguinea
em modelos de ratos espontaneamente hipertensos (ABDALA, MCBRYDE et al.,
2012; MCBRYDE, ABDALA et al., 2013) e em modelos de hipertensdo induzida por
desnutricdo proteica materna (NOGUEIRA, BRITO-ALVES et al, 2018).
Demonstrando que o CB gera uma atividade excitatéria e € uma das causas para a
hipertenséo arterial (TAN, LU et al., 2010; PATON, SOBOTKA et al., 2013).

Estudos relatam que ao inibir a atividade o CB usando hiperdxia ou realizando
seccdo do nervo carotideo com o sistema nervoso central a pressdo arterial e a
atividade simpatica é reduzida em ratos espontaneamente hipertensos (TAN, LU et
al., 2010). Em hipertensos humanos, a hiperoxia diminui a atividade simpética e a
seccdo do corpo carotideo pode reduzir a pressao arterial (NAKAYAMA 1961).
Esses estudos demonstram que a atividade do CB contribui para a hipertenséo
arterial. Por meio de um registro da atividade neural, as células do CB dos animais
hipertensos estdo continuamente mais ativadas que as dos animais controle. Além
disso, quando os animais sao submetidos a uma situacdo de reducdo de oxigénio,
as células dos hipertensos respondem de forma mais exacerbada (MORAES,
MACHADO et al., 2015). Embora a base mecanicista do aumento da atividade do
CB seja pouco conhecido. A qual pode ser fundamental para refinar novas
abordagens farmacoldgicas anti-hipertensivas.

Estudos que utilizaram a técnica de imunohistoquimica para a marcagdo da
expressao da proteina c-Fos, um indicativo do nivel de atividade neuronal, sugeriram
gue a primeira sinapse das aferéncias dos quimiorreceptores carotideos ocorrem no
Nucleo do Trato Solitario (NTS) e que apds essa sinapse as informagfes sdo
processadas e distribuidas para outros nudcleos bulbares e pontinhos. O NTS é

subdividido didaticamente em subnucleos responsaveis pelo controle
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cardiopulmonar, controle barorreflexo e controle gastrointestinal e é também
responsavel pelas aferéncias respiratérias (JORDAN and SPYER 1977; PALKOVITS
and ZABORSZKY 1977; LOEWY and BURTON 1978; ERICKSON and MILLHORN
1991; MCKITRICK, KRUKOFF et al., 1992).

Estudos prévios de Franchini e Krieger (1993) mostraram em ratos que apoés
a remocdo do corpusculo carotideo as respostas cardiovasculares, respiratérias e
comportamentais, induzidas por injecdo intravenosa de KCN sdo abolidas.
Interessantemente, outros estudos prévios relatam que apés a remocdo dos
quimiorreceptores carotideos, observa-se que 0s animais apresentam uma
diminuicdo dos niveis pressoérios (~10 mmHg), porém, essa queda ndo é
significativa, mesmo assim, 0s autores sugeriram que O0S quimiorreceptores
carotideos tém um papel tonico excitatorio sobre o controle da PA (FRANCHINI and
KRIEGER 1993). Entretanto, alguns estudos tém sugerido que a funcéo
cardiorrespiratéria dos quimiorreceptores carotideos e aorticos diferem de acordo
com a espécie analisada. Estudos com ratos tém evidenciado que o0s
guimiorreceptores aorticos sdo ausentes (EASTON and HOWE 1983). Por outro
lado, estudos com cées e gatos tém sugerido que 0s quimiorreceptores, tanto
carotideos quanto adrticos, desempenham um importante papel no controle da
funcdo cardiorrespiratoria (COMROE 1939; DALY and UNGAR 1966; MARSHALL
1994). Para evidenciar ainda mais o papel dos quimiorreceptores periféricos,
Lugliani (1973) observaram que em individuos apresentando comprometimento dos
corpusculos carotideos, as respostas cardiovasculares induzidas por hipoxia
estavam prejudicadas, sugerindo que na espécie humana 0s quimiorreceptores
carotideos sdo essenciais para expressao do quimiorreflexo (LUGLIANI, WHIPP et
al.,, 1973). Estudos em varias espécies animais tém demonstrado que na
hipertensdo arterial crénica os quimiorreceptores periféricos, especialmente os
carotideos, apresentam alteracées morfologicas, bioquimicas e funcionais, as quais
poderiam estar correlacionadas com a génese da hipertensao arterial (FRANCHINI
and KRIEGER 1993).

2.4 NEUROTRANSMISSAO NO CORPO CAROTIDEO E EXPRESSAO GENICA

Na tentativa de desvendar a causa dessa maior excitabilidade é reconhecido

que uma multiplicidade de mecanismos rege a sinalizacdo do corpo carotideo
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(PRABHAKAR and PEERS 2014; SCHULTZ, MARCUS et al.,, 2015; YUAN,
VASAVDA et al.,, 2015). Dentre elas destacam-se o0s canais ionicos para o ATP
(chamados de receptores purinérgicos — P2X), especificamente os subtipos de
receptores P2X3 localizados no CB (FORD and UNDEM 2013; ABDULQAWI,
DOCKRY et al., 2015; FORD, UNDEM et al.,, 2015). O ATP é um dos varios
transmissores envolvidos no processo de transducao de hipdxia no corpo carotideo
(ZAPATA 2007). A expressao de receptores esta presente no CB e em neurbnios
dos ganglios petrosais de ratos normotensos (PRASAD, FEARON et al., 2001). Em
animais hipertensos além dos receptores para ATP estarem mais expressos,
também respondem exageradamente quando o ATP é aplicado no local. Além disso,
a delecdo da subunidade P2X2 e P2X3 combinada reduziu a resposta ventilatoria a
hipéxia em camundongos (RONG, GOURINE et al.,, 2003). Sugerindo que o0s
receptores P2X3 contribuem para o aumento da atividade do CB e o seu bloqueio
pode prever um efeito anti-hipertensivo.

O ATP também pode ativar os receptores P2Y?2 nas células vizinhas do tipo II,
levando a um aumento do Ca®" intracelular e & abertura dos canais da panexina-1.
Quando abertos, os canais de panexina-1 causam liberagdo adicional de ATP,
aumentando assim o sinal excitatério. A via eferente inibitéria também pode ser
ativada pelo ATP atuando em uma variedade de receptores P2X. A estimulacéo
desses receptores P2X leva a sintese e liberacdo de 6xido nitrico (NO), que por sua
vez hiperpolariza as células do tipo I. A decomposicdo do ATP extracelular pela
ecto-5'-nucleotidase gera adenosina, que também pode ser transportada
diretamente das células do tipo I. A adenosina pode aumentar ainda mais as vias
excitatérias no CB por meio de receptores A2a e A2b pré-sinapticos em células do
tipo | e receptores A2a pds-sinapticos em terminais aferentes (ZHANG, PISKURIC et
al., 2012; NURSE 2014; PISKURIC, ZHANG et al., 2014)

Além dos receptores purinérgicos a neurotransmissao adrenérgica possui um
papel importante na modulagdo da atividade do CB. A dopamina € o
neurotransmissor mais abundante nas células tipo I, e a sua libertacdo é
frequentemente usada como indicador da neurosecrecdo promovendo um aumento
da atividade do CB (GONZALEZ, ALMARAZ et al., 1994; URENA, FERNANDEZ-
CHACON et al.,, 1994). O corpo carotideo e as fibras nervosas sensitivas e
autonémicas expressam tirosina hidroxilase (TH), a enzima limitadora da velocidade
da sintese de dopamina (WANG, STENSAAS et al., 1992; LAHIRI, ROY et al.,
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2006). Alguns autores consideraram a dopamina como tendo um efeito inibitorio,
dado que estimulos naturais como a hipdxia ou a acidose estdo associados a um
aumento da secrecdo de dopamina. A dopamina é um neurotransmissor capaz de
inibir a atividade do corpusculo carotideo (FIDONE and GONZALEZ 1982; SHAW,
MONTAGUE et al., 1989; RIGUAL, LOPEZ-LOPEZ et al., 1991).

Recentemente, alguns estudos tém indicado uma relacdo entre as alteracdes
na prole induzidas pela desnutricdo materna e mudancas na expressao de fatores
de transcricdo, como HIF-1a (HUANG, HICKEY et al., 2004; MALOYAN, ELI-
BERCHOER et al.,, 2005; ITO, FUNAMOTO et al., 2012; LIM, KIRIAKIDIS et al.,
2013; DE BRITO ALVES 2014). Brito Alves, 2015 evidenciou que a prole de ratos
provenientes de maes submetidas a desnutricdo proteica apresenta um aumento da
expressao proteica de HIF-1a no corpusculo carotideo.

O HIF-1a, possui um papel essencial na resposta celular a hipdxia, porém em
normoéxia o aumento da expressao dos niveis de HIF-1a durante o inicio da vida esta
associado com o risco exacerbado de desenvolvimento de hipertensédo (LEE, WOLF
et al., 2000; ITO, FUNAMOTO et al.,, 2012). Neste sentido, tem sido relatado que
fetos provenientes de maes que receberam durante a gestacdo uma dieta carente
em proteinas, apresentam elevados indices nos niveis de HIF-1a no cérebro e
coragcdo e sugere-se que estas alteracbes estejam relacionadas com o
desenvolvimento de doencas cardiovasculares na vida adulta, como a hipertenséo
arterial (LEE, WOLF et al., 2000; ITO, TANABE et al., 2011; ITO, FUNAMOTO et al.,
2012; LIM, KIRIAKIDIS et al., 2013). Além disso, tem sido relatado que o aumento
na expressao de HIF-1a promove uma diminuicdo de alvo da rapamicina em
mamiferos (MTOR) (MAJUMDER, FEBBO et al., 2004).

O mTOR é uma proteina envolvida na sinalizacao celular e possui um papel
importante na regulacdo de crescimento, proliferacdo, motilidade e sobrevivéncia
celular, bem como na sintese de proteinas, transcricdo e sensibilidade ao nivel
energético celular. E um indicativo de que ha energia disponivel no corpo, funciona
como um detector de sinais nutricionais/energéticos e age como um importante
integrador de sinais indutores de fator de crescimento, agindo como sinalizador do
metabolismo e destino celular (HAY and SONENBERG 2004; BEEVERS, LI et al.,
2006; WULLSCHLEGER, LOEWITH et al., 2006). Niveis reduzidos de mTOR pode
indicar que a célula estd com um déficit nutricional, o que pode levar a um aumento

na expressao de HIF-1a.
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2.5 ATIVIDADE FiSICA MATERNA

E evidente que os fatores nutricionais e os héabitos de vida tém um papel
importante sobre o estabelecimento do fendtipo dos individuos e, certamente,
através de mecanismos epigenéticos, contribuem para a formacdo de 6rgdos e
sistemas, bem como para o estabelecimento da saude e da doenca (WELLS 2010).
Recentemente, muitos estudos tém relatado os beneficios da pratica de atividade
fisica durante a gestacdo sobre a formacdo e maturacdo dos O6rgdos e sistemas,
atuando como fator promotor de saude e diminuindo o aparecimento de doencas nos
fetos (WOLFE and WEISSGERBER 2003; CLAPP 2008). Alguns modelos
experimentais de atividade fisica materna tém sido utilizados para compreensao de
como o organismo materno se adapta e como o feto estabelece estratégias de
crescimento e desenvolvimento (FALCAO-TEBAS, BENTO-SANTOS et al., 2012).

A prética de exercicio fisico materno durante a gravidez é caracterizada por
causar uma reducao aguda nos niveis de oxigénio, ocasionada devido uma ligeira
diminuicdo do fluxo sanguineo para a placenta e uma subsequente reducdo da
liberacdo de nutrientes para a placenta (CLAPP 2003). Por outro lado, nas horas
subsequentes a pratica do exercicio ha um aumento do volume plasmatico e do
débito cardiaco e essas mudancas ocorrem com o intuito de tamponar as reducdes
agudas de oxigénio e nutriente para a placenta.

Intervencgbes especificas de “reprogramacao” como atividade fisica, podem
mitigar ou até mesmo prevenir doencas metabodlicas programadas por restricdo
proteica materna (LEANDRO, FIDALGO et al., 2012; FIDALGO, FALCAO-TEBAS et
al., 2013). O aumento da atividade fisica € uma das recomendacdes da Organizagao
Mundial de Saude (OMS) e é considerado uma intervencdo amplamente acessivel,
barata e eficaz (LOPEZ-OLMEDO, HERNANDEZ-CORDERO et al., 2016). Uma
metandlise incluiu 13 estudos prospectivos e mostrou uma associacdo dose-
resposta inversa entre os niveis de atividade fisica e o risco de hipertensdo. (HUAI,
XUN et al., 2013). O exercicio materno reduz a pressado arterial, a resisténcia
vascular sistémica, a atividade simpatica, a atividade da renina plasmatica, o indice
de resisténcia a insulina, o ganho excessivo de peso corporal e a circunferéncia
abdominal e os lipidios sanguineos (CORNELISSEN and FAGARD 2005; FERRARI
and GRAF 2017; MAGRO-MALOSSO, SACCONE et al., 2017; WANG, WEI et al.,
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2017). Mulheres gravidas saudaveis, sem contraindicagcbes médicas, devem ser
encorajadas a participar de atividades fisicas regulares pelo menos 150 minutos por
semana (de forma analdgica, 20 a 30 minutos por dia, na maioria ou todos os dias
da semana) em intensidade aerébica moderada (FERRARI and GRAF 2017).
Modelo experimental de atividade fisica materna foi desenvolvido com o
objetivo de descrever adaptacdes fisiolégicas para a mae e a prole (SANTANA
MUNIZ, BESERRA et al., 2014; FRAGOSO, LIRA et al.,, 2017). Filhotes de ratos
ativos antes e durante a gestacdo (30min/dia, 5 dias/semana, 4 semanas)
mostraram melhora na memoria de longo prazo na tarefa de reconhecimento de
objetos (MARCELINO, DE LEMOS RODRIGUES et al., 2016). A atividade fisica
voluntaria da méae (roda de corrida, 30 dias antes da criacdo e durante a
gestacao/lactacao) tem sido relacionada ao aumento do crescimento somatico e a
ontogénese reflexa da prole de ratos durante o desenvolvimento (SANTANA MUNIZ,
BESERRA et al, 2014). Atividade fisica voluntaria antes e durante a
gestacao/lactacdo em roda de corrida atenuou os efeitos da dieta materna pobre em
proteinas (8% de proteina) sobre os padrdes de atividade locomotora de ratas aos
60 dias de idade (FRAGOSO, LIRA et al., 2017). No entanto, menos se sabe sobre
os efeitos da atividade fisica materna sobre os parametros cardiorrespiratérios e os
efeitos adaptativos para atenuar a hipertensao induzida pela desnutricdo nos filhos.
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3 HIPOTESE

HIPOTESE I: A atividade fisica voluntaria materna atua como um fator preventivo
para alteracdes pressoricas e simpato-respiratérias induzidas pela desnutricdo

proteica materna.

HIPOTESE 1l: O aumento da atividade nervosa simpéatica e as alteracbes
cardiorrespiratorias encontradas na prole de maes submetidas a desnutricdo
proteica estdo associadas a modificagbes na expressdo de fatores de transcricao

celular tais como o HIF-1a, TH e P2X.
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4 OBJETIVO

4.1 OBJETIVO GERAL

Avaliar os efeitos da atividade fisica voluntaria materna sobre os parametros
cardiorrespiratérios, bioquimicos e a modulacdo do balangco autonémico cardiaco na
prole de ratos submetidos a desnutricdo proteica durante a gestacdo e lactacao.
Assim como, nestes animais, avaliar a expressao de genes chaves no controle da

excitabilidade de células nervosas no corpo carotideo.

4.2 OBJETIVOS ESPECIFICOS

Nas ratas submetidas a gaiola de atividade fisica voluntaria:

a) Acompanhar a ingestdo alimentar de acordo com os niveis de classificacdo de

atividade fisica.

Na prole de ratos provenientes de maes que sofreram desnutricdo proteica
durante a gestacao e lactacdo e que praticaram atividade fisica voluntaria:

a) Acompanhar o ganho de massa corporal;
b) Investigar os parametros bioquimicos;

c) Avaliar os parametros cardiovasculares;
d) Mensurar a variabilidade cardiovascular;
e) Analisar os parametros respiratorios;

f) Averiguar a expressao génica de HIF-1a, receptores P2X e TH no CB.
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5 METODOS

5.1 ANIMAIS E DIETAS EXPERIMENTAIS

Foram utilizadas 30 ratas albinas nuliparas da linhagem Wistar, 85 a 90 dias
de vida, com peso corporal compreendido entre 220 e 260 g e seus filhotes machos
(n=78). Os animais foram provenientes do biotério do Centro Académico de Vitoria
(CAV) da Universidade Federal de Pernambuco (UFPE), procedentes de mées que
passaram ou nao por desnutricdo proteica durante a gestacdo e lactagdo. Os
mesmos foram mantidos em gaiolas de polipropileno (aproximadamente 4
animais/gaiola), com agua filtrada e ragdo ad libitum, num ciclo claro e escuro de
12/12h [ciclo claro (06:00 as 18:00 horas) e ciclo escuro (18:00 as 06:00 horas)], e
com temperatura (22 a 25 °C) e umidade (55 a 65%) controladas. Todos os
protocolos e procedimentos experimentais foram aprovados pelo Comité de Etica em
Experimentacdo Animal (CEEA) da UFPE (ndmero do protocolo
23076.062778/2014-38 — ANEXO A) e seguiram as recomendacfes do Colégio
Brasileiro de Experimentagéo Animal (COBEA).

As ratas nuliparas (n=20) foram alojadas individualmente em gaiolas de
atividade fisica voluntaria (GAFV) por um periodo de adaptacédo de 30 dias. Durante
esse periodo os animais receberam dieta de manutencdo para roedores, a AIN-93M
(tabela 1) (REEVES, NIELSEN et al., 1993). As outras ratas (n=10) permaneceram
durante todo o experimento em gaiola padrdo de biotério, sem acesso a roda de
corrida (cicloergdmetro), sendo consideras como grupo controle.

Apos o periodo de adaptacdo, as ratas foram colocadas em gaiola padrao
para animais de biotério feita de polipropileno (33x40x17cm) para 0 acasalamento
na proporcdo de 1 macho para 1 fémea. A observacdo da presenca de
espermatozoides no esfregaco vaginal foi usada para definir o 1° dia de prenhez
(MARCONDES, BIANCHI et al., 2002). Logo ap0és, as ratas foram recolocadas nas
suas respectivas gaiolas de atividade fisica e divididas aleatoriamente em dois
grupos. Um grupo que recebeu dieta normoproteica (grupo NP: 17% de proteina,
tabela 1) (REEVES, NIELSEN et al., 1993), e um outro grupo que recebeu a dieta
hipoproteica (grupo LP: 8% de proteina, tabela 1). Ambos o0s grupos receberam
suas respectivas dietas durante todo o periodo de gestacdo (aproximadamente 21

dias) e lactacéo (21 dias).
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Tabela 1. Composi¢éo das dietas.

. AIN-93M*  AIN-93G*
Ingredientes

g/100g g/100g
NP LP

Amido de milho (87% carboidratos), g 46.47 39.74 50.34
Caseina (proteina 280%), g 14.10 20.00 941
Amido dextrinizado, g 15.50 13.20 13.20
Sacarose, g 10.00 10.00 10.00
Oléo de soja, g 4.00 7.00 7.00
Celulose, g 5.00 5.00 5.00
Mix Mimeral (AIN-93M-MX)*, g 3.50 - -
Mix Mimeral (AIN-93G-MX)*, g - 3.50 3.50
Mix Vitaminico (AIN-93-VX)*, g 1.00 1.00 1.00
L-Metionina, g 0.18 0.30 0.30
Bitartarato de colina (41,1% choline), g 0.25 0.25 0.25
Tert-butylhydroquinone (TBHQ), g 0.008 0.014 0.014
Macronutrientes
Energia total (cal/g) 3.44 3.56 3.56
Proteinas 14% 18% 8%
Lipidios 11% 18% 18%
Carboidratos 75% 64% 74%

*(REEVES, NIELSEN et al., 1993)

O grupo controle também foi colocado para acasalar e apds a confirmacédo da
preenhez receberam dieta NP e LP durante todo o periodo de gestacéo e lactagéo.
Apos o parto (24h de vida), cada ninhada foi ajustada para oito filhotes (com o
maximo de filhotes machos, sendo utilizadas as fémeas apenas para completar a
ninhada). A partir do desmame (22° dia de vida) os filhotes passaram a receber dieta
padrédo de biotério (PRESENCE®, Brasil) até o fim do experimento. Apds o desmame
as ratas e ratos utilizados para obtencédo da prole e a prole de fémeas sofreram
eutanasia com uma overdose de anestésico (pentobarbital sodico, 50 mg/mL,

40mg/Kg, i.p.) e armazenados no freezer a -20°C para posterior incineragdo. Quando
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a ninhada apresentava menos de oito ratos, filhotes fémeas foram utilizadas para
padronizacdo do tamanho da ninhada. Trés animais de cada ninhada foram

selecionados para estudos funcionais e dois animais para os estudos moleculares.
5.2 GAIOLA DE ATIVIDADE FiSICA VOLUNTARIA

Foram utilizadas GAFV de acrilico com as seguintes dimensdes: 27 cm de
largura, 34 cm de altura e 61 cm de comprimento (Figura 1 A e B). Em uma das
extremidades foi posicionado um cicloergbmetro (roda de corrida) com 27 cm de
didmetro, composto por acrilico e raios em aco inoxidavel (Figura 2 A e B).
Acoplado a gaiola e ao cicloergbmetro havia um sistema de monitoramento por
sensor (ciclocomputador Cataye, model CC-VL810, Osaka, Japan) que permitiu o
registro de algumas grandezas fisicas relacionadas a préatica de atividade fisica,
como: distancia percorrida (Km), estimativa do gasto calérico (Km.s™.dia™) e tempo

de atividade fisica (minutos) (Figura 3 A-D).

Fonte: Jéssica Fragoso.

Figura 1: Visao lateral da gaiola de atividade fisica voluntaria (A) e suas dimensfes

(B).
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Fonte: Jéssica Fragoso.
Figura 2. Gaiola de atividade fisica voluntaria com cicloergbmetro e comedouro (A) e

cicloergbmetro fora da Gaiola de atividade fisica voluntéaria (B).

Fonte: Jéssica Fragoso.
Figura 3. Esquema do funcionamento do ciclocomputador com os sensores [Cataye,
model CC-VL810, Osaka, Japan]. Componentes do ciclocomputador (A).
Posicionamento de um sensor na porcdo externa da GAFV, acoplado ao
ciclocomputador (B). Visdo interna dos sensores, um aclopado ao cicloergbmetro e

outro na GAFV (C). Rata realizando atividade fisica (D).
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5.3PROTOCOLO DE ATIVIDADE FiSICA VOLUNTARIA

As ratas nuliparas (n=20) aos 85-95 dias de vida foram colocadas
individualmente nas GAFV para um periodo de adaptacdo. A atividade fisica das
ratas foi avaliada pela movimentacdo do cicloergbmetro e quantificada através dos
sensores acoplados na gaiola. Foram registrados diariamente: Distancia percorrida
(km), estimativa do gasto calérico (km.s™.dia™) e o tempo de atividade (mim), para
classificar as ratas de acordo com o nivel diario de atividade fisica em: Inativas ou
Ativas, seguindo uma adaptacdo do protocolo padronizado por Santana Muniz em
seu estudo anterior (SANTANA MUNIZ, BESERRA et al., 2014) (Tabela 2). O grupo
controle nao realizou atividade fisica e foi mantido em gaiola padréo para animais de
biotério, sem o cicloergbmetro. No 14° dia de lactacdo o cicloergbmetro era
blogueado impossibilitanto a pratica de atividade fisica pela mae e pelos filhotes, no
intuito de ndo promover um ambiente que permitisse a pratica de atividade pela
prole e evitanto também que alguns filhotes sofressem acidentes com o

cicloergbmetro.

Tabela 2: Classificagdo dos grupos experimentais de acordo com a atividade fisica
diaria (distancia percorrida, gasto calorico e tempo de atividade) no cicloergbmetro.

Distancia . Tempo de
Grupos ) Gasto Calorico o
_ _ n percorrida 4 atividade
experimentais 4 (Kcal.dia™) g
(Km.dia™) (min.dia™)
Controle 10 0 0 0
Inativo 10 <1.0 <10.0 <20.0
Ativo 10 >1.0 >10.0 >20.0

(SANTANA MUNIZ, BESERRA et al., 2014)

5.4DESENHO EXPERIMENTAL

Apos o periodo de adaptacdo (30 dias), foram formados 0s seguintes grupos
experimentais: Controle (sem GAFV, n=10), Inativo (n=10) e Ativo (n=10). Ap6s o
periodo de adaptagdo, os animais foram colocados para acasalamento, apos
confirmacgéo de prenhez os animais receberam dieta NP ou LP, formando assim os

seguintes grupos: Controle Normoproteico (NP, n=5), Controle Hipoproteico (LP,
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n=5), Inativo Normoproteico (NP-inativo, n=5), Inativo Hipoproteico (LP-inativo, n=5),
Ativo Normoproteico (NP-ativo, n=5) e Ativo Hipoproteico (LP-ativo, n=5). Os grupos
receberam suas respectivas dietas durante todo o periodo de gestacéo e lactacao.
No desmame (21 dias de vida), cada ninhada (composta por 3 filhotes machos) foi
utilizada para as andlises funcionais (Figura 4) e outra parte da ninhada (composta
por 2 animais) foi utilizada para as andlises de biologia molecular (Figura 5).

Classificagéo Gestacgéo e Ninhada
Lactacao
NP NP
=5 =8
Controle //A (n=5) ) L (n=8)
Sem GAFV n=10 ( ) (
( ) 10 N - -
(n=5) (n=8)
NP NP-inativo
S e = =
D
(n=10) N [ 3 r
A \ LP LP-inativo
P (n=5) (n=8)
T ) § )
A NP NP-ativo
G Ativo L+ (n=5) (n=8)
A (n=10) N . )
— O N LP LP-ativo
(n=5) (n=8)

Figura 4. Esquema de formacéo dos grupos experimentais para as analises

funcionais.
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Classificagéo Gestacgéo e Ninhada
Lactacao
NP NP
o =5 =5
Sem GAFV (n=10) ( ) (
( ) N LP LP
(n=5) (n=5)
NP NP-inativo
Y 1 = =
A / ‘ (n 5) ‘ ( (n 5)
D
(n=10) f ~ f
A \\ LP LP-inativo
P (n=5) (n=5)
T : NP
A NP NP-ativo
c Ativo L1 (n=5) (n=5)
A (n=10) b > >
o \ - S - :
~— N LP LP-ativo
(n=5) (n=5)

Figura 5. Esquema de formacao dos grupos experimentais para as analises de

biologia molecular.
5.5 ACOMPANHAMENTOS DE INGESTAO ALIMENTAR DAS MAES

A ingestdo de alimentos foi monitorada diariamente durante a adaptacao,
gravidez e aleitamento. Para calculo da ingesta alimentar foi levado em
consideracdo a quantidade de dieta ofertada e a quantidade de dieta rejeitada apos
24h [Cosumo alimentar = dieta ofertada (g) — dieta ndo consumida (g)], como
previamente descrito por Brito-Alves et al., (2014). Esse acompanhamento foi
realizado com o auxilio de uma balanca semianalitica com capacidade maxima de
5.000g e sensibilidade de 0,1g (GEHAKA®, S&o Paulo, Brasil).

5.6 ACOMPANHAMENTOS DO GANHO DE MASSA CORPORAL DA PROLE

A massa corporal, expressa em gramas (g), foi avaliada semanalmente nas
maes durante a gestacéo e lactacdo, e nos filhotes no 1°, 7°, 14°, 21° e 30° dia de
vida, através de uma balanca semianalitica com capacidade maxima de 5.000g e
sensibilidade de 0,1g (GEHAKA®, Sao Paulo, Brasil).
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5.7 ANALISES BIOQUIMICAS DO SORO DA PROLE

As coletas de sangue foram realizadas via plexo orbital, no 22° dia de vida da
prole. As amostras foram condicionadas em tubos sem anti-coagulante e submetidas
a centrifugacdo a 3500 RPM por 10 minutos a 4°C para obtencdo do soro. O
sobrenadante foi retirado com auxilio de uma pipeta e transferido para um tubo do
tipo Eppendorf de 1,5 mL, o qual foi encaminhado para realizacdo das analises
bioquimicas de albumina, proteinas totais, colesterol total, glicose de jejum e
triglicerideos, utilizando-se seus respectivos kits comerciais e analisados em

analisador bioquimico.

5.8 PROCEDIMENTOS CIRURGICOS PARA REGISTRO DA PRESSAO ARTERIAL
E DA FREQUENCIA CARDIACA

Um dia antes do estudo, os animais foram anestesiados com ketamina (80
mg/kg, i.p. - CEVA, Paulinia/SP, Brasil) e xilazina (10 mg/kg, i.p. - CEVA,
Paulinia/SP, Brasil). Para a confirmacdo da anestesia alguns cuidados foram
tomados como a perda da sensibilidade da preensdo da cauda, das pernas
anteriores e posteriores e do reflexo ocular. Apds a confirmacgéo foi inserido um
cateter de polietileno na artéria femoral esquerda do animal (PE-50 conectado ao
PE-10; Clay Adams, Parsippany, NJ, USA), para posterior registro da pressao
arterial. O cateter foi preenchido com salina heparinizada (NaCl 0.9% + heparine
0.05%) e na sua extremidade era colocado uma agulha preenchida de parafina para
gue nao acontecesse 0 retorno sanguineo. Logo em seguida exteriorizado
subcultaneamente até a altura das escapulas. Logo apos a finalizacdo do
procedimento cirlrgico, 0s animais receberam anti-inflamatério e analgésico
(ketoprofen 5 mg.kg™, s.c. - Medley, Brasilia/DF, Brasil).

Apés o periodo de recuperagdo de 24 horas, com o intuito de avaliar se o
animal havia se recuperado bem do procedimento cirlrgico e estava livre de dor,
stress e sofrimento foi observado a pressao arterial e a frequéncia cardiaca (levando
em consideracédo os limites dessas variaveis para ratos Wistar com 30 dias de vida).
Além disso, observamos se houve perda de peso apdés o procedimento cirdrgico.
Todos esses sinais foram utilizados para indicagdo de que 0s animais se

recuperaram da anestesia.
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Apés essa confirmacao de recuperacdo o animal era colocado dentro de uma
caixa pletismografica de corpo inteiro (para possibilitar a analise simultdnea dos
parametros respiratorios) a pressao arterial pulsatil (PAP), a presséo arterial média
(PAM- obtida através da pressao arterial pulsatil), a pressdo arterial sistdlica e
diastélica (PS e PD, respectivamente - obtida através da pressao arterial pulsatil) e a
frequéncia cardiaca (FC - obtida através da pressdo arterial pulsétil) foram
registrados em animais ndo anestesiados e com livre movimentacdo dentro da caixa,
durante o ciclo claro das 9h am as 15h pm.

Para obtencéo do registro a agulha com parafina era removida e o cateter
arterial era conectando a um transdutor mecanoelétrico de presséo. Os sinais foram
amplificados (ML866/P, ADInstruments, Power Lab, Bella Vista, NSW, Austrélia),
digitalizado por meio de uma interface analdgico/digital e amostrado em 1000 Hz em
um microcomputador equipado com um software apropriado (ChartTM Pro,
ADlInstruments, Bella Vista, NSW, Austrdalia), para posterior andlise (offline).

5.9 ANALISE DA VARIABILIDADE

Com posse dos componentes oscilatérios obtidos de ratos dos grupos NP e
LP foi quantificado a variabilidade cardiaca em duas bandas de frequéncia: baixa
frequéncia (LF: 0,20-0,75 Hz), representativa dos efeitos moduladores da atividade
simpatica que controla o tdnus vascular e a atividade cardiaca; e Alta Frequéncia
(HF: 0,75-3,0 Hz), associada a uma modulacdo respiratéria ou parassimpatica do
coracdao (MALLIANI, PAGANI et al.,, 1991; BERNARDI, PORTA et al., 2001,
ZOCCAL, BONAGAMBA et al., 2009). Para avaliar o indice simpatovagal, calculou-
se a relagcdo LF/HF da variabilidade. Além disso, o componente cardiaco da
sensibilidade barorreflexa espontdnea foi calculado através de um método de
sequéncia usando o software CardioSeries (versdo 2.4, disponivel em
https://www.sites.google.com/site/cardioseries/home) (TEZINI, DIAS et al., 2013;
BARROS, DE BRITO ALVES et al., 2015).

5.10 MEDIDAS DA VENTILACAO PULMONAR

As medidas de ventilagdo foram obtidas no 1°, 7°, 14°, 21° e 30° dia de vida.

Para aquisicdo dos sinais de ventilagdo os animais foram mantidos dentro de uma


https://www.sites.google.com/site/cardioseries/home
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caixa pletismogréafica de corpo inteiro por um periodo de adaptacdo de 30-40 min
(MALAN 1973). O volume dessa caixa foi padronizado pelo nosso grupo de pesquisa
de acordo com a idade do animal. Para as idades de 1° e 7° dia de vida era utilizado
uma caixa pletismografica de 1 L e para as idades de 14°, 21° e 30° dia de vida foi
utilizado uma caixa de 5 L.

Durante a realizacdo de cada medida de ventilacdo, o fluxo de ar é
interrompido e a camara do animal permanece totalmente vedada por curtos
periodos de tempo (~2 min). As oscilacdes causadas pela movimentacdo da caixa
tordcica sdo captadas por um dispositivo conectado a camara que contém o
transdutor diferencial de pressdo e o amplificador de sinais (ML141 spirometer,
PowerLab, ADInstruments). O sinal é entdo enviado para o sistema de aquisicdo e
analise dos dados (LabChartTM Pro, PowerLab, ADInstruments). A calibracdo do
volume de ar foi obtida durante cada experimento, injetando-se um volume
conhecido de ar de 0.1 mL para a caixa de 1 L e 1 mL para a caixa de 5 L dentro da
camara do animal com o uso de uma seringa graduada. Trés variaveis respiratorias
foram medidas, a frequéncia respiratoria (FR), o volume corrente (VT) e a ventilagdo
(VE).

5.11 PREPARACAO DO TECIDO PARA AVALIACAO DA EXPRESSAO GENICA

Um grupo de animais, aos 30 dias de vida, livre de qualquer procedimento
experimental, foram separados para analise da expressédo génica de HIF-1a, P2X e
TH. Os animais passaram por um periodo de jejum de 6h e logo em seguida foram
eutanaziados através do uso de uma guilhotina. Imediatamente os CB foram

removidos, congelados e armazenados a -80° C.
5.12 EXTRAC}AO DE MRNA

O RNA total de cada amostra foi extraido utilizando o reagente TRIzol™
Reagent (Ambion® Ambion Europe) e cloroférmio hidratado com 4gua DEPC (dietil
pirocarbonato), seguido de precipitacdo com isopropanol, lavagem com etanol a
70%, centrifugacéo e ressuspensdo com H,O DEPC, e posteriormente tratado com
TURBODNAase (Ambion® Ambion Europe), com o objetivo de eliminar

contaminantes de DNA gendmico. A concentracdo e qualidade do RNA total foram
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determinadas por espectrofotometria usando o espectrofotémetro NanoDrop® 2000.
As amostras de RNA foram quantificadas através de espectrofotometria (A= 260 nm)
e analise em gel de agarose 1% em comparagcdo com o marcador de peso molecular
1 Kb Plus DNA Ladder (Invitrogen®, Califérnia, EUA).

5.13 AVALIACAO DA EXPRESSAO GENICA POR RT-PCR QUANTITATIVO EM
TEMPO REAL (QRT-PCR)

A RT-PCR quantitativa foi realizada com o kit Quantitect SYBR™ Green RT-
PCR (QIAGEN) e 100ng de RNA. Todas as reacfes de RT-PCR quantitativa foram
realizadas em duplicata, no sistema de PCR em tempo real da Applied Biosystems
(ABI 7500). Cada amostra foi amplificada em um termociclador Applied Biosystems®
7500, software v.2.0.6. O programa de RT-PCR quantitativa se deu nas seguintes
etapas: uma etapa inicial a 50°C por 30 minutos que permitiu a transcricao reversa;
outra etapa de 15 minutos a 95°C para ativar a Taq polimerase seguida por 40 ciclos
de 94°C por 15 segundos, 54°C por 30 segundos e 72°C por 30 segundos. Controles
negativos foram incluidos para detectar contaminacdo dos reagentes (mix sem
molde de RNA). A expressdo relativa do RNAm foi calculada pelo método 2°
AACT (LIVAK; SCHMITTGEN, 2001). O gene beta-actina foi usado como controle
enddgeno, usando primers especificos (tabela 3). A reacdo de RT-PCR quantitativa
foi realizada medindo-se a intensidade de fluorescéncia do Sybr-Green |, na qual
todas as amostras puderam ser comparadas. A fluorescéncia emitida foi captada
pelo sistema Optico do termociclador e transmitida para um computador onde

o software fez a andlise final dos dados.

Tabela 3. Sequéncias de primeis utilizados para analise de RT-PCR.
Gene F/IR Sequéncia 5’-3’ Tm (°C)

B-actin  F CCTGACCCTGAAGTACCCCATTG 60

R CATGGCTGGGGTGTTGAAGGTC

HIF-1la F GCGAGAACGAGAAGAAAAATAGG 60
R GCACCTAGAAGTTTCCTCACACG

P2X2 F  TGGGACTACGAGACGCCTAA 60
R

CAGGATGAGAAGCTGCACCA



https://www.google.com.br/search?sa=X&biw=1366&bih=657&q=invitrogen+&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDNLKUxS4gAxi0zK87S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDermitQwAAAA&ved=2ahUKEwiOs9K6wO_dAhUIk5AKHQQOBjcQmxMoATAOegQICxAf
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P2X3 F TAAAGGGACAGGCTCCCCAT 60
R CCTACAGGACAGGGAGACGA

P2Y2 F  AAAGAGGAACGAACACCGGG 60
R GTCACGTAATGGGCTCTCCC

TH F  AAAGAGGAACGAACACCGGG 60

R GTCACGTAATGGGCTCTCCC

F: sequéncia forward,;

R: sequéncia reverse;

HIF-1a: Sequéncia de Fator-1a indutivel por hipodxia;
P2X2: Receptor Purinérgico Receptor P2X 2;

P2X3: Receptor Purinérgico P2X 3;

P2Y2: Receptor Purinérgico P2Y2;

TH: Tirosina Hidroxilase.

5.15 ANALISES DOS DADOS

Os resultados estdo expressos como média + epm (erro padrdo da média). As
anélises estatisticas foram realizadas no software GraphPad Prism 7® (GraphPad
Software, Inc., La Jolla, CA, USA). Inicialmente foi realizado o teste de normalidade
Kolmogorov-Smirnov. Para comparacdo entre os grupos foi utilizado o teste de
ANOVA two-way (tendo como fatores a dieta e a atividade fisica). Quando
necessario, foi utilizado o pos-teste de Bonferroni. O nivel de significancia

considerado foi de p<0,05.
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6 RESULTADOS

6.1 INGESTAO DE ALIMENTO DAS MAES DURANTE O PERIODO DE
ADAPTACAO, GESTACAO E LACTACAO

Dados descritivos da ingestdo alimentar durante o periodo de adaptacéo,
gestacdo e lactacdo sdo mostrados na Figura 6. Durante esses trés periodos, 0s
grupos NP-ativo e LP-ativo apresentaram aumento da ingestdo alimentar quando

comparados aos respectivos pares (NP, LP, NP-inativo e LP- inativo).

Ingestdo de Alimentos NP
150 - LP
NP-inativo
120 A N P-ativo
Gestagdo Nascimento - LP-inativo
901 LP-ativo

o
o
1

gramas por dia

w
o
1

0 1 1 1 L] L] 1 1 L] 1 L] 1 1 L] 1 L] T T T T T T

3 6 812151821242720 3 6 9121518 3 6 91215
Dias de Adaptacao Dias de Gestacgédo Dias de Lactacgédo

Grafico 1. Consumo alimentar durante os periodos de adaptacédo, de gestacao e de
lactacdo. Durante os periodos de adaptacdo e gestacdo, os grupos foram
constituidos por NP (n =5), LP (n =5), NP inativo (n = 5), NP-ativo (n = 5), LP inativo
(n = 5). e LP-ativo (n = 5). Os valores sdo apresentados como médias + S.E.M. * p

<0,05 usando ANOVA two-way, seguido de pés-teste de Bonferroni.

6.2 GANHO DE MASSA CORPORAL DA PROLE

O acompanhamento de ganho de massa corporal da prole foi realizado no 1°. 7°,
1490, 21° e 30° dia de vida conforme Figura 7 A e B. Durante essas idades de vida a
prole LP-inativo apresentou menor massa corporal quando comparado com o0s

grupos LP, NP-inativo, LP-ativo.
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|A Ganho de Massa Corporal |B Ganho de Massa Corporal

1001 1001 .
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' ' Dias ;: Vidz:\21 * ' ' Dias :: Vidal21 *
Gréfico 2. Ganho de massa corporal da prole no 1°, 7°, 14°, 21° e 30° dia de vida do
grupo NP (n = 6), LP (n = 6), NP inativo (n = 6), NP-ativo (n = 6), LP inativo (n = 6). e
LP-ativo (n = 6). Os valores sdo apresentados como meédias = S.E.M. * p <0,05

usando ANOVA two-way seguido do pos-teste de Bonferroni.

6.3 ANALISES BIOQUIMICAS DO SORO DA PROLE

O grupo LP apresentou redugdo na concentracdo sérica de proteinas totais,
albumina, triglicérides e colesterol e aumento na concentracdo sérica de glicose de
jejum quando comparado ao grupo NP (Tabela 4). A atividade fisica materna nao
altera os parametros bioguimicos, pois o grupo NP-ativo foi semelhante ao NP e NP-
inativo. No entanto, nos grupos LP e LP-inativos, a atividade fisica materna, quando
categorizada como ativa, foi capaz de normalizar os parametros bioquimicos, e 0s
filhotes LP-ativos apresentaram os mesmos parametros bioquimicos dos filhotes NP-
ativos. Filhotes LP-inativo mostraram néo haver diferencas em termos de parametros

bioguimicos quando comparados aos filhotes de LP.



51

Tabela 4. Pardmetros bioquimicos séricos (proteina total, albumina, triglicerideo,
colesterol total e glicose) da prole de ratos com 22 dias de idade, de mé&es controles,
inativas e ativas submetidas a uma dieta normo-proteica (NP, 17% de proteina, n =

8) ou baixa dieta protéica (LP, 8% de proteina, n = 8) durante a gravidez e lactacao.

22 dias de vida

NP LP NP-inativo NP-ativo LP-inativo LP-ativo
Proteina

6.1+0.1 5.3+0.1* 6.1+0.1 5.2+0.7 4.88+0.01* 5.4+0.1"

Total
Albumina 2.6x0.1 2.1+0.1* 3.1+0.1 3.2+0.2 2.1+0.1%* 2.6+0.3"
Triglicerideos 13048 77+6* 132+7 131+4 85+5* 131+4*
Colesterol )
Total 122+11 89+6* 102+4 11043 54+4* 117+12

ota

Glicose 107.943.7 134.1+5.3* 123.6+7.1 120+10.1 187.245.1* 110.1+5.2°

* diferencas entre LP e LP-inativo vs. NP e NP-inativo, respectivamente (p <0,05;
two-way ANOVA). # diferencas entre LP e LP-inativo vs. LP-ativo (p <0,05; two-way
ANOVA). Grupos: NP-inativo (descendentes de maes que receberam dieta NP e que
apresentaram um fendtipo inativo), NP-ativo (filhos de maes que receberam dieta NP
e que apresentaram um fenétipo ativo), LP-inativo (descendentes de maes que
receberam LP dieta e que apresentavam um fendtipo inativo) e LP-ativo (prole de
dasm que receberam dieta LP e que apresentaram um fenoétipo ativo). Os valores

sdo apresentados como média + S.E.M.

6.4 PARAMETROS CARDIOVASCULARES

N&o houve efeitos da restricdo proteica materna e da atividade fisica sobre os
parametros hemodinamicos na prole aos 30 dias de idade (Figura 8). No entanto, a
andlise espectral da PS em filhotes LP e LP-inativo mostrou um aumento nas
oscilagbes de baixa frequéncia - oscilagbes LF (Figura 9A) quando comparados
com os grupos NP e NP-inativo, respectivamente. As analises espectrais dos filhotes
NP-ativo foram semelhantes aos filhotes NP e NP-inativo. No entanto, os filhotes LP-
ativo mostraram uma reducao desses parametros quando comparados ao LP e LP-
inativo. Os componentes HF da pressao arterial ndo apresentaram diferengas entre
os grupos (Figura 9B). Os grupos LP e LP-inativo mostraram um aumento na

relacdo LF/HF (pulso de intervalo), mas o LP-ativo mostrou resultados semelhantes
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qgquando comparado com o NP-ativo (Figura 9C). Na variabilidade da FC avaliada
pela analise simbdlica, a porcentagem de ocorréncias dos padrdes das sequéncias

de OV e 2V nao se alterou entre os grupos (Figura 9D).

Pressé&do Arterial Média (PAM) Pressdo Sistélica (PS)

1507 150 7
2 100 > 1001
c T
£ €
= E
=
%)
< 501 50
a a
0= T T T 0- T T T
Controle Inativo Ativo Controle Inativo Ativo
Pressédo Diastolica (PD) Frequéncia Cardiaca (FC)
150 7 600
et =
> 1004 ~ 4004
T =
= o
E Q
[§)
2 50 ‘ \ L 200
0- T T T 0- T T T
Controle Inativo Ativo Controle Inativo Ativo

Gréafico 3. Parametros cardiacos (A, pressdo arterial média - PAM, B, pressédo
sistélica - PS, C, pressao diastolica - DP e D, frequéncia cardiaca - FC) de filhos de
ratos, aos 30 dias de vida. Os grupos foram constituidos por NP (n = 8), LP (n = 8),
NP-inativo (n = 8), NP-ativo (n = 8), LP-inativo (n = 8) e LP-ativo (n = 8). Os valores
sdo apresentados como médias + S.E.M. * p <0,05 usando ANOVA two-way.
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Grafico 4. Variabilidade cardiovascular da pressdo arterial sistolica (PAS). As
bandas de baixa frequéncia - LF (A), bandas de alta frequéncia - HF (B), relacao
LF/HF (C), variabilidade ndo-linear da frequéncia cardiaca das sequéncias de 0V (D)
e variabilidade nédo-linear da frequéncia cardiaca das sequéncias de 2V (E) de
filhotes de ratos, com 30 dias de vida provenientes de maes submetidas a uma dieta
de normoproteica (NP, 17% de proteina, n=8) ou hipoproteica (LP, 8% de proteina,
n=8) durante a gestacdo e lactagdo. E de maes que realizavam atividade fisica

voluntaria (NP-inativo, n = 8, NP-ativo, n = 8, LP-inativo, n = 8 e LP-ativo, n = 8). Os
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valores sdo apresentados como média + S.E.M, p <0,05. * e * Os valores séo
apresentados como médias + S.E.M. * p <0,05 usando ANOVA two-way e poOs-teste

de Bonferroni.
6.5 MEDIDAS DA VENTILAQAO PULMONAR

Os filhotes de LP apresentaram uma reducdo na FR do 1° ao 14° dia de vida
(Figura 10A) quando comparados aos filhotes NP. N&ao houve diferencas quando os
filhotes NP-ativo foram comparados aos filhotes NP e NP-inativo. No entanto, os
filhos de mées ativas, independentemente do estado nutricional, ndo apresentaram
alteracdes respiratérias, uma vez que os filhotes LP-ativo apresentaram niveis
ventilatorios semelhantes aos do NP-ativo. Além disso, filhotes de LP mostraram FR
semelhante aos filhotes LP-inativo (Figura 10B). Em relacdo a VT (Figura 10C e D)
e VE (Figura 10E e F), todos 0s grupos apresentaram 0S mesmos valores

aumentados aos 21 dias de idade.
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Gréfico 5. Parametros ventilatérios (frequéncia respiratoria - FR, volume corrente -

VT e ventilacdo pulmonar - VE) de descendentes de ratos, aos 1, 7, 14, 21 e 30 dias
de idade. Os grupos foram constituidos por NP (n = 8), LP (n = 8), NP-inativo (n = 8),
NP-ativo (n = 8), LP-inativo (n = 8) e LP-ativo (n = 8). A, C e E mostram os

parametros ventilatorios de ratos que nao tiveram atividade fisica (grupos NP e LP),

B, D e F mostram o0s parametros inativo e ativo dos grupos. Os valores sao

apresentados como media = S.E.M. * Os valores médios foram significativamente
diferentes daqueles do grupo NP (p <0,05; teste de Student ndo pareado). * Os

valores médios foram significativamente diferentes apdés a analise intragrupo

(ANOVA two-way e pos-teste de Bonferroni).
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6.6 AVALIACAO DA EXPRESSAO GENICA POR RT-PCR QUANTITATIVO EM
TEMPO REAL (QRT-PCR)

Os animais LP e LP inativo mostraram uma regulacéo positiva do RNAmM de HIF-
1a (Figura 11A) quando comparados com os filhotes de NP e NP-inativo. Os filhotes
NP-ativo apresentaram resultados semelhantes quando comparados com os filhotes
NP e NP-inativo. Os filhotes LP-ativo mostraram niveis semelhantes aos dos filhotes
NP-ativo. Em relacédo a expressao dos receptores purinérgicos P2X2 (Figura 11B),
P2X3 (Figura 11C), P2Y2 (Figura 11D) e expressdes TH (Figura 11E), ndo houve
diferengas entre os grupos, nem a dieta nem o nivel de atividade fisica materna

foram capaz de alterar a expressao génica.
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Gréfico 6. Expressdo de HIF-1a (A), P2X2 (B), P2X3 (C), P2Y2 (D) e TH (E) em CB
de descendentes de ratos, com 30 dias de idade, de maes submetidas a dieta
normoproteica (NP, 17% de proteina, n=5) ou hipoproteica (LP, 8% de proteina, n=5)
durante a gravidez e lactacdo. E de mées que realizavam atividade fisica voluntaria
(NP-inativo, n=5, NP-ativo, n=5, LP-inativo, n=5 e LP-ativo, n= 5). Os valores séo
apresentados como média + S.E.M, p<0,05. * Os valores médios foram
significativamente diferentes apds analise intragrupo (ANOVA two-way e poés-teste

de Bonferroni).
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7 DISCUSSAO

A gravidez requer um aumento significativo da secrecdo de insulina estimulada
pela glicose em condicbes de normoglicemia. No entanto, a desnutricdo materna
esta relacionada a perda da sensibilidade a glicose e a capacidade secretora nas
ilhotas pancreéticas, reducdo das proteinas séricas, como albumina e pré-albumina,
colesterol total e indicadores do metabolismo lipidico (BHARADWAJ, GINOYA et al.,
2016; BLESSON, CHINNATHAMBI et al., 2017). No presente estudo, a dieta
materna pobre em proteinas (8% de proteina) causou uma reducdo na concentracdo
sérica de proteinas totais, albumina, triglicérideos e colesterol e um aumento na
glicemia de jejum. O comprometimento dos marcadores bioquimicos do estado
nutricional e da homeostase da glicose pode levar ao diabetes mellitus gestacional e
ao aumento do risco de doengas cronicas mais tarde na vida (LEANDRO, FIDALGO
et al., 2012). Por outro lado, a atividade fisica materna preveniu o desenvolvimento
de alteracBes nos niveis de glicose, proteinas totais, albumina, triglicérideos e
colesterol. Nossos dados estdo alinhados com estudos anteriores sobre os efeitos
da reprogramacao da atividade fisica materna em ratos desnutridos (LEANDRO,
FIDALGO et al., 2012; FIDALGO, FALCAO-TEBAS et al., 2013).

Da mesma forma, observou-se aumento da ingestédo de alimentos induzida pela
atividade fisica materna, independente do estado nutricional. Esses efeitos séo
particularmente importantes devido a recuperacdo da perda de flexibilidade
metabdlica induzida pela restricdo proteica no musculo esquelético, uma vez que a
disfuncdo metabdlica materna e o crescimento deficiente do feto tém sido
associados ao desenvolvimento de varias doencas cronicas na vida adulta (Costa-
Silva, de Brito-Alves et al. 2015; de Brito Alves, Toscano et al. 2017).

A disfuncdo respiratéria durante o desenvolvimento € um importante fator
prognadstico para o curso da hipertensao arterial neurogénica e a expectativa de vida
de individuos que sofreram desnutricdo perinatal (NUYT and ALEXANDER 2009;
TAYLOR, SAMUELSSON et al.,, 2014; COSTA-SILVA, DE BRITO-ALVES et al.,
2015). O tbnus nervoso simpatica para o sistema cardiovascular exibe alteracdes
notaveis relacionadas a funcéo respiratoria que levam a oscilagbes ritmicas na
presséo arterial em ratos jovens e adultos submetidos a uma restricdo materna de
baixa proteina (BARROS, DE BRITO ALVES et al.,, 2015). No presente estudo,

nossos dados mostraram uma reducédo da FR em filhotes de 1 a 14 dias de idade
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que foram submetidos a restricdo de proteina, além desses animais apresentarem
aumento de VT e VE aos 21 dias de idade. Tem sido relatado que a prole de ratos
(35 dias de vida) provenientes de maes com insuficiéncia uteroplacentaria, induzida
por ligadura bilateral dos vasos uterinos aos 18 dias de gestacdo, também é
hipertensa mais tarde na vida (MENUET, WLODEK et al., 2016). De fato, ratos
desnutridos durante o periodo perinatal apresentam uma resposta simpética e
bradicardica aumentada a ativacdo de quimiorreceptores periféricos (DE BRITO
ALVES, NOGUEIRA et al., 2014). Embora todos os parametros respiratérios néo
tenham sido diferentes entre os grupos, observamos uma funcdo respiratOria
aumentada em ratos de mées ativas, mesmo no grupo com restricdo proteica. O
mecanismo subjacente pode estar relacionado ao aumento do fator de crescimento
insulinico (IGF-1) e seu receptor (IGF-1R) (MANGWIRO, CUFFE et al., 2018), ja que
0 exercicio pode induzir uma remodelagéo vascular na placenta (KRAMER, BEATTY
et al., 2002). Essas observacdes reforcam a visdo de que o exercicio fisico materno
atua positivamente na funcao respiratéria de filhotes desnutridos, o que representa
importante indicacdo precoce de protecdo ao desenvolvimento de sinais de
hipertensao.

A analise espectral da pressédo arterial e a variabilidade da frequéncia cardiaca
sdo usadas para descrever flutuacdes ritmicas e nao-ritmicas da pressao arterial,
fornecendo indices de modulagéo autonédmica cardiovascular (PARATI, SAUL et al.,
1995). No presente estudo, filhotes de ratas apresentaram aumento na oscilacao
das bandas LF e na relagdo LF/HF, mas houve alteragdes na oscilagio do IC (pulso
intervalado). O aumento da oscilagdo de LF esta associado ao aumento do risco de
doencas cardiovasculares, principalmente hipertensdo e acidente vascular cerebral
(HORSMAN, PEEBLES et al., 2015). Em vez disso, descobrimos que os filhotes de
maes ativas, independentemente da dieta, mostraram uma melhoria aparente na
analise espectral que pode simplesmente refletir a natureza dependente da
frequéncia do barorreflexo (KRAMER, BEATTY et al., 2002). Embora esses
resultados ndo levem aos possiveis beneficios do exercicio fisico materno que
mitiga a restricdo protéica durante o periodo critico do desenvolvimento feto-
placentario, a normalizacdo da influéncia simpatica no sistema cardiovascular e na
PA aumenta a nocdo de que a atividade fisica per se refor¢a o controle autonémico

cardiovascular .
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O fator de transcricdo heterodimérico HIF-1a desempenha um papel essencial
para a manutencdo da homeostase celular do oxigénio (SEMENZA 2007). Em
resposta a hipodxia, proteinas HIF-1a estabilizadas iniciam a expresséo de genes que
induzem a autorregulacdo do fluxo vascular em tecidos periféricos, perfusao tecidual
local, presséo arterial sistémica, taxas ventilatorias e varias respostas a oxigenacao
controlada pelo corpo carotideo (SEMENZA 2007). No presente estudo, em resposta
aos niveis fisioldgicos de nutrientes, animais LP-inativo apresentaram aumento da
expressdo de RNAmM de HIF-1a no CB. O aumento da expressao dos niveis de HIF-
la esta associado a resposta precoce a isquemia miocardica ou ao infarto e ao risco
de hipertensdo arterial (LEE, WOLF et al., 2000; ITO, FUNAMOTO et al., 2012).
Consequentemente, o RNAmM de HIF-1a aumentou cerca de 1,3 vezes no coracao
fetal masculino sob desnutricdo materna (baixo teor de proteina: 8,67% e na
alimentagao normal: 17,9%) (ITO, TANABE et al., 2011). Um estudo recente mostrou
a superexpresséo de HIF-1a no CB de ratos desnutridos com 30 dias de idade (DE
BRITO ALVES, NOGUEIRA et al., 2015).

Por outro lado, a expressdo dos receptores purinérgicos P2X2, P2X3, P2Y2 e
expressbes TH ndo foram afetadas pela atividade fisica materna ou dieta. Em
contraste, a expressao do receptor P2X2 foi aumentada pela desnutricdo materna
(ratos privados de proteina durante a gravidez e 42 dias pos-parto) (MISAWA,
GIROTTI et al., 2010). Embora a sinalizacdo purinérgica no CB tenha sido implicada
na disfuncdo cardiorrespiratéria em alguns modelos hipertensivos (PIJACKA,
MORAES et al., 2016), ndo foram observadas alteragcdes na expressdo de seus
principais receptores no CB da prole desnutrida. Os receptores de ATP s&o mais
expressos no CB, eles também respondem exageradamente quando o ATP é
aplicado no local. Além disso, a delecdo dos receptores ATP reduziu a resposta
ventilatéria a hipoxia em camundongos (RONG, GOURINE et al., 2003; LEONARD,
SALMAN et al., 2018). Sugere que estes contribuem para o aumento da atividade do
CB e seu blogueio pode proporcionar um efeito anti-hipertensivo. No entanto, no
presente estudo sugere-se que ndo ha envolvimento da sinalizagdo purinérgica em
nosso modelo de programacao materna.

Além das vias purinérgicas, a neurotransmissao adrenérgica desempenha um
papel importante na modulacdo da atividade do CB. A dopamina € o
neurotransmissor mais abundante nas células do tipo |, e sua liberacdo €

frequentemente usada como um indicador de neurossecrecdo, promovendo um
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aumento na atividade do CB (ZHANG, VOLLMER et al., 2017). O corpo carotideo e
as fibras nervosas sensoriais e autondmicas expressam a tirosina hidroxilase (TH), a
enzima limitante da sintese de dopamina (ZHAO, ZHUANG et al., 2016). Alguns
autores consideraram a dopamina como tendo efeito inibitério, uma vez que
estimulos naturais, como hipdxia ou acidose, estdo associados ao aumento da
secrecdo de dopamina. A dopamina é um neurotransmissor capaz de inibir a
atividade do corpusculo carotideo (NURSE 2014; BIALKOWSKA, ZAJAC et al.,
2015). A infusdo de dopamina é capaz de diminuir a FR. Assim, hipotetizamos que a
descendéncia desnutrida teria uma expressédo diminuida de TH no CB. No entanto,
essas hipoteses ndo foram confirmadas pelos nossos dados. De fato, podemos
sugerir que mudancas nas vias purinérgicas e dopaminérgica no CB ndo séo
modificadas pela atividade fisica materna e pela restricdo proteica. No entanto,
podemos estabelecer que todas essas alteragcbes séricas metabdlicas e
cardiorrespiratdrias e a superexpressao de HIF-1a em filhotes de mées desnutridas

foram resgatadas nos filhotes de maes ativas.
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8 CONCLUSAO

Assim, concluimos que a atividade fisica materna desempenha um papel
importante na prevencao do aparecimento precoce de disfuncédo cardiorrespiratéria
induzida pela dieta hipoproteica durante o desenvolvimento. Os efeitos incluiram a
recuperacdo da perda de flexibilidade metabdlica, funcdo ventilatoria, redugédo do
fluxo simpatico para o sistema cardiovascular e normalizagdo do fator 1a induzido

por hipoxia no CB.
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Abstract

Maternal physical activity attenuates cardiorespiratory dysfunctions and
transcriptional alterations presented by the carotid body (CB) of rats. Rats performed
physical activity and were classified as inactive/active. During gestation and lactation,
mothers received either normoprotein (NP-17% protein) or low protein diet (LP-8%
protein). In offspring, biochemical serum levels, respiratory parameters,
cardiovascular parameters and the mRNA expression of hypoxia-inducible factor 1-
alpha (HIF-1a), tyrosine hydroxylase (TH) and purinergic receptors were evaluate.
LP-inactive pups presented lower RF from 1% to 14™ days old, and higher RF at 30
days than did NP-inactive and NP-active pups. LP-inactive pups presented with
reduced serum protein, albumin, cholesterol and triglycerides levels and an

increased fasting glucose level compared to those of NP-inactive and NP-active
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groups. LP and LP-inactive animals showed an increase in the cardiac variability at
the Low-Frequency bands, suggesting a major influence of sympathetic nervous
activity. In mRNA analyses, LP-inactive animals showed increased HIF-1a
expression and similar expression of TH and purinergic receptors in the CB
compared to those of NP groups. All these changes observed in LP-inactive pups
were reversed in the pups of active mothers (LP-active). Maternal physical activity is
able to attenuate the metabolic, cardiorespiratory and HIF-1a transcription changes
induced by protein malnutrition.

Keywords: developmental plasticity; maternal active phenotype; respiratory
frequency; blood pressure; HIF-1, rats.

1. Introduction

In recent years, epidemiological data from human studies and experimental
evidence have verified the importance of maternal nutrition during gestation and
lactation in the genesis of hypertension in adult offspring (VICTORA, ADAIR et al.,
2008; NUYT and ALEXANDER 2009; DE BRITO ALVES, DE OLIVEIRA et al., 2016;
HROLFSDOTTIR, HALLDORSSON et al., 2017; LORITE MINGOT, GESTEIRO et
al., 2017). The potential long-term implications of undernutrition on the clinical
manifestation of programmed hypertension are particularly critical because a high
percentage of adults living in low-income and middle-income countries were born
undernourished and have to adapt to prompt changes in postnatal diet and
environment (HUXLEY, SHIELL et al., 2000; VICTORA, ADAIR et al., 2008). In
addition, the association of maternal nutrition with later blood pressure is
strengthened when adjusted for postnatal growth, weight, height, and body-mass-
index-for-age at 2 years (VICTORA, ADAIR et al., 2008).

In animals, a recent review showed accumulating evidence that, to a
significant degree, the programmed hypertension may have a developmental origin,
and the sympathetic-respiratory dysfunctions play an important role on the
development of the maternal diet induced-hypertension (COSTA-SILVA, DE BRITO-
ALVES et al., 2015; DE BRITO ALVES and COSTA-SILVA 2018). Maternal protein
restriction (8% casein) during gestation and lactation induced high respiratory
frequency (RF) and respiratory chemosensitivity to O,/CO, (DE BRITO ALVES,
NOGUEIRA et al., 2014). The sympathetic-respiratory overactivity and amplified

peripheral chemoreceptor responses were seen in juvenile rats (30 days) submitted
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to perinatal protein restriction (BARROS, DE BRITO ALVES et al., 2015; DE BRITO
ALVES, NOGUEIRA et al., 2015). Following the observation that sympathetic
overactivity is related to the development of hypertension in organisms that suffered
perinatal protein malnutrition, the molecular mechanism may include the expression
of the inducible hypoxia factor (HIF-1a) in the carotid body (CB) cells (DE BRITO
ALVES, NOGUEIRA et al., 2015; PRABHAKAR, PENG et al., 2015) and the
expression of purinergic receptors (P2X) (RONG, GOURINE et al., 2003;
BURNSTOCK 2017). Indeed, increased HIF-1a expression was previously observed
in the heart and brain of protein-restricted animals (ITO, TANABE et al., 2011; ITO,
FUNAMOTO et al., 2012). P2X receptors contribute to increased CB activity and its
blockade may induce an antihypertensive effect (PIJACKA, MORAES et al., 2016).
Our previous study showed that early CB removal normalized RF and sympathetic
nervous activity (NOGUEIRA 2018). In addition, the development of the hypertension
in offspring was prevented at 30 days of age in those animals submitted to perinatal
protein restriction (8% casein) (NOGUEIRA 2018).

Specific “re-programming” interventions, such as physical activity, may
mitigate or even prevent maternal protein restriction-programmed metabolic disease
(LEANDRO, FIDALGO et al., 2012; FIDALGO, FALCAO-TEBAS et al., 2013).
Increasing physical activity is one of the recommendations of the World Health
Organization and it is considered a broadly reachable, inexpensive, and effective
intervention (LOPEZ-OLMEDO, HERNANDEZ-CORDERO et al., 2016). A meta-
analysis included 13 prospective studies and showed an inverse dose-response
association between levels of physical activity and risk of hypertension (HUAI, XUN
et al., 2013). Maternal exercise reduces blood pressure, systemic vascular
resistance, sympathetic activity, plasma renin activity, insulin resistance index,
excessive body weight gain and abdominal circumference, and blood lipids
(CORNELISSEN and FAGARD 2005; FERRARI and GRAF 2017; MAGRO-
MALOSSO, SACCONE et al., 2017; WANG, WEI et al., 2017). Healthy pregnant
women without medical contraindications should be encouraged to participate in
regular physical activity at least 150 min per week (analogously 20-30 min per day on
most or all days of the week) in moderate aerobic intensity (FERRARI and GRAF
2017).

An experimental model of maternal physical activity has been developed to

describe physiological adaptations for mother and offspring (SANTANA MUNIZ,
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BESERRA et al., 2014; FRAGOSO, LIRA et al., 2017). Pups from rats that were
active before and during pregnancy (30min/day, 5 days/week, 4 weeks) showed
improved long-term memory in the object recognition task (MARCELINO, DE LEMOS
RODRIGUES et al., 2016). Voluntary maternal physical activity (running wheel, 30
days before breeding and during gestation/lactation) has been related to the
increased somatic growth and reflex ontogeny of rat offspring during development
(SANTANA MUNIZ, BESERRA et al., 2014). Voluntary physical activity on the
running wheel before and during gestation/lactation attenuated the effects of a
maternal low-protein diet (8% protein) on the patterns of the locomotor activity of
offspring rats at 60 days old (FRAGOSO, LIRA et al., 2017). However, less is known
about the effects of maternal physical activity on cardiorespiratory parameters and
the adaptive effects to attenuate malnutrition-induced long-term hypertension in
offspring.

In the present study, we tested the hypothesis that maternal voluntary physical
activity before and during gestation prevents respiratory frequency and sympathetic-
respiratory overactivities and blocks the afferent inputs from the CB to brainstem
acting as new insights on the re-programming of maternal diet induced-hypertension.
Thus, the main goal of this study was to evaluate the effects of voluntary maternal
physical activity on some parameters of cardiorespiratory and sympathetic systems.
In addition, the transcriptional changes of HIF-1a, TH and P2X receptors in CB

peripheral chemoreceptor were analyzed as possible molecular mechanisms.

2. Results
a. Maternal food intake during adaptation, pregnancy and lactation
Descriptive data of food intake during adaptation, pregnancy and lactation are
shown in Figure 1. During these three periods, the NP-active and LP-active groups
showed increased food intake compared to their respective pairs (NP, LP, NP-

inactive and LP-inactive).

2.2, Offspring’s serum biochemical parameters

The LP group showed a reduction in the serum concentration of total proteins,
albumin, triglycerides and cholesterol and an increase in glucose serum
concentration compared with the NP group (Table 3). Maternal physical activity did

not change the biochemical parameters because the NP-active parameters were
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similar to those of the NP and NP-inactive groups. However, in the LP and LP-
inactive groups, maternal physical activity when categorized as active was able to
normalize biochemical parameters, and LP-active pups presented with the same
biochemical parameters as the NP-active pups. LP-inactive pups showed no

differences in terms of biochemical parameters compared to LP pups.

2.3. Ventilatory parameters

LP pups showed a reduction in the FR from the 1% to 14" day of life (Figure
2A) compared with the NP pups. There were no differences when NP-active pups
were compared to NP and NP-inactive pups. However, the offspring from active
mothers, regardless of nutritional condition, did not present respiratory changes, as
the LP-active pups showed ventilatory levels similar to those of the NP-active pups.
However, LP pups showed an RF similar to those of the LP-inactive pups (Figure
2B). Regarding VT (Figure 2C and D) and VE (Figure 2E and F), all groups

presented the same increased values at 21 days old.

2.4. Cardiovascular parameter

There were no effects of maternal protein restriction and physical activity on
hemodynamic parameters in offspring at 30 days old. However, the spectral analysis
of the SP in LP and LP-inactive pups showed an increase in the low-frequency
oscillation - LF oscillations (Figure 4A) when compared with the NP and NP-inactive
groups, respectively. The spectral analyses of the NP-active pups were similar to
those of NP and NP-inactive pups. However, the LP-active pups showed a reduction
of those parameters when compared to NP-active pups. The HF components of
arterial pressure showed no differences among groups (Figure 4B). The LP and LP-
inactive groups showed an increase in the LF/HF ratio (interval pulse), but LP-active
pups showed similar results compared with NP-active (Figure 4C). In the HR
variability evaluated by the symbolic anlysis, the percentage of occurrences of the

patterns of 0 V and 2 V sequences did not change among groups (Figure 4D).

2.5. gRT-PCR
LP and LP-inactive animals showed upregulation of HIF-1a mRNA (Figure
4A) compared with the NP and NP-inactive pups, respectively. The NP-active pups

showed similar results to the NP and NP-inactive pups. The LP-active pups showed
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similar levels to those of the NP-active pups. Regarding the expression of purinergic
receptors P2X2 (Figure 4B), P2X3 (Figure 4C), P2Y2 (Figure 4D) and TH
expressions (Figure 4E), there were no differences among groups. Neither the diet

nor the level of maternal physical activity were able to alter the gene expression.

3. Discussion

Pregnancy requires a significant increase in glucose-stimulated insulin
secretion under conditions of normoglycaemia. However, maternal malnutrition is
related to the loss of glucose sensitivity and secretory capacity in pancreatic islets,
reduced serum proteins such as albumin and prealbumin, total cholesterol and
indicators of lipid metabolism (BHARADWAJ, GINOYA et al., 2016; BLESSON,
CHINNATHAMBI et al., 2017). In the present study, maternal low-protein diet (8%
casein) caused a reduction in the serum concentration of total proteins, albumin,
triglycerides and cholesterol and an increase in glycemia. The impairment of
biochemical markers of nutritional status and glucose homeostasis may lead to
gestational diabetes mellitus and increased risk of chronic diseases later in life
(LEANDRO, FIDALGO et al., 2012). However, maternal physical activity induced a
return to normal values of glucose, total proteins, albumin, triglycerides and
cholesterol. Our data are aligned with previous studies on the reprograming effects of
maternal physical activity in malnourished rats (LEANDRO, FIDALGO et al., 2012;
FIDALGO, FALCAO-TEBAS et al., 2013). Likewise, it was observed an increased
food intake-induced maternal physical activity regardless of nutritional condition.
These effects are particularly important due to recovery of the loss of metabolic
flexibility induced by protein restriction in skeletal muscle because, maternal
metabolic dysfunction and impaired fetus growth have been associated with the
development of several chronic diseases in adult life (Costa-Silva, de Brito-Alves et
al. 2015; de Brito Alves, Toscano et al. 2017).

Respiratory function during development is an important prognostic factor for
the course of neurogenic arterial hypertension and the expected lifespan of
individuals who suffered perinatal undernutrition (NUYT and ALEXANDER 2009;
TAYLOR, SAMUELSSON et al., 2014; COSTA-SILVA, DE BRITO-ALVES et al.,
2015). Sympathetic nerve overactivity to the cardiovascular system exhibits
noticeable respiratory function-related changes which lead to rhythmic oscillations in

arterial blood pressure in young and adult rats submitted to a maternal low-protein
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restriction (BARROS, DE BRITO ALVES et al., 2015). In the present study, our data
showed a reduction in the FR in low-protein restricted pups from the 1% to 14™ days
of age, and increased VT and VE at 21days old. Amplified respiratory modulation has
been observed in multiple experimental studies of perinatal malnutrition-induced
hypertension (DE BRITO ALVES, NOGUEIRA et al., 2014; BARROS, DE BRITO
ALVES et al., 2015; DE BRITO ALVES, DE OLIVEIRA et al., 2016). Male offspring
(35 days old) of mothers with uteroplacental insufficiency, induced by bilateral uterine
vessel ligation at 18 days of gestation, are also hypertensive later in life (MENUET,
WLODEK et al., 2016). Indeed, perinatal malnourished rats display an increased
sympathetic and bradycardic response to activation of peripheral chemoreceptors
0,/CO, and carotid bodies (DE BRITO ALVES, NOGUEIRA et al., 2014). Although
all respiratory parameters were not different among the groups, we observed an
enhanced respiratory function in the rats of active mothers even in the protein-
restricted group. The underlying mechanism can be related to increased placental
insulin growth factor (IGF-1) and its receptor (IGF-1R) (MANGWIRO, CUFFE et al.,
2018) and vascular remodeling-induced exercise in the placenta (KRAMER, BEATTY
et al., 2002).These observations add support to the view that maternal physical
exercise act positively on the respiratory function of malnourished pups, which
represents an important early indication of protection to the development of
hypertension.

The spectral analysis of blood pressure and heart rate variability are used to
describe rhythmic and nonrhythmic fluctuations of arterial blood pressure providing
indexes of autonomic cardiovascular modulation (PARATI, SAUL et al., 1995). In the
present study, pups of LP mothers showed an increase in the LF oscillation and
LF/HF ratio, but there were no changes in HF oscilation (interval pulse). Increased LF
oscilation and reduced cardiovagal influence to the heart are associated with
increased risk of cardiovascular diseases, especialy hypertension and stroke
(HORSMAN, PEEBLES et al., 2015). Rather, we found that pups of active mothers,
regardless of diet, showed apparent improvements in spectral analysis that may
simply reflect the frequency-dependent nature of the baroreflex (KRAMER, BEATTY
et al., 2002). Although these results do not lead to the possible benefits of maternal
physical exercise mitigating protein-restriction during the critical period of fetus-

placental development, the normalization of sympathetic influence to the
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cardiovascular system and BP enhances the notion that physical activity per se
enhances autonomic cardiovascular control.

The heterodimeric transcription factor HIF-1a plays an essential role in the
maintenance of cellular oxygen homeostasis (SEMENZA 2007). In response to
hypoxia, stabilized HIF-1a proteins initiate the expression of genes that induce
autoregulation of vascular flow in peripheral tissues, local tissue perfusion, systemic
blood pressure, ventilatory rates and various responses to oxygenation controlled by
the carotid body (SEMENZA 2007). In the present study, in response to physiological
levels of nutrients, LP-inactive animals showed upregulation of HIF-1a mRNA at CB.
Increased expression of HIF-1a levels is associated with early response to
myocardial ischemia or infarction, and the risk of arterial hypertension (LEE, WOLF et
al., 2000; ITO, FUNAMOTO et al., 2012). Accordingly, HIF1a mRNA increased
approximately 1.3-fold in male fetal heart under maternal undernutrition (protein
content in low protein food: 8.67% and in normal food: 17.9%) (ITO, TANABE et al.,
2011). A recent study showed overexpression of HIF-1a in the CB of malnourished
rats that were 30 days old (DE BRITO ALVES, NOGUEIRA et al., 2015). In the study,
the expression of purinergic receptors P2X2, P2X3, P2Y2 and TH expressions were
not affected by maternal physical activity or diet. In contrast, the expression of the
P2X2 receptor was increased by maternal undernutrition (rats deprived of protein
throughout pregnancy and 42 d post-parturition) in the submucosal plexus (MISAWA,
GIROTTI et al., 2010). Although the purinergic signaling at CB has been implicated in
the cardiorespiratory dysfunction in some hypertensive models (PIJACKA, MORAES
et al., 2016), no changes were observed in the expression of their main receptors at
CB o protein malnourished offspring. The ATP receptors are highly expressed in CB,
and they also respond in an exaggerated way when ATP is applied at the site. In
addition, the deletion of the ATP receptors reduced the ventilatory response to
hypoxia in mice (RONG, GOURINE et al., 2003; LEONARD, SALMAN et al., 2018).
This finding suggests that these factors contribute to the increase in CB activity, and
its blockade may provide an antihypertensive effect. However, our present study
suggests no involvement of purinergic signaling in our model of maternal
programming.

In addition to purinergic pathways, adrenergic neurotransmission plays an
important role in the modulation of CB activity. Dopamine is the most abundant

neurotransmitter in type | cells, and its release is often used as an indicator of
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neurosecretion, thereby promoting an increase in CB activity (ZHANG, VOLLMER et
al., 2017). The carotid body and sensory and autonomic nerve fibers express
tyrosine hydroxylase (TH), the rate-limiting enzyme of dopamine synthesis (ZHAO,
ZHUANG et al., 2016). Some authors have considered that dopamine has an
inhibitory effect, as natural stimuli such as hypoxia or acidosis are associated with
increased dopamine secretion. Dopamine is a neurotransmitter capable of inhibiting
carotid corpuscle activity (NURSE 2014; BIALKOWSKA, ZAJAC et al., 2015).
Dopamine infusion is able to decrease RF. Thus, we hypothesized that the
malnourished offspring would have a decreased TH expression in CB. However, this
hypothesis was not confirmed by our data. In fact, we can suggest that changes in
both purinergic and dopaminergic pathways at the CB are not modified by maternal
physical activity and protein restriction. Nonetheless, we may establish that all these
serum metabolic and cardiorespiratory changes and overexpression of HIF1a in pups
from undernourished mothers were resversed in the pups of active mothers.

Thus, we conclude that maternal physical exercise plays an important role in
the prevention of the early appearance of cardiorespiratory dysfunction induced by a
low-protein diet during development. The effects included the recovery of the loss of
metabolic flexibility, ventilatory function, and the reduction of sympathetic outflow to
the cardiovascular system, as well as the normalization of hypoxia inducible factor-1a
at the CB.

4. Material and methods
The experimental protocol was approved by the Ethical Commmittee of
Biological Sciences Center (protocol n°® 23076.062778/2014-38), Federal University
of Pernambuco, Brazil, and followed the Guidelines for the Care and Use of

Laboratory Animals.

4.1. Animals

Thirty-six 12-week-old virgin female albino Wistar rats (Rattus norvegicus)
were obtained from the Academic Center of Vitoria - CAV, Federal University of
Pernambuco, Brazil, and were maintained at a room temperature of 22 £ 1 °C with a
controlled light-dark cycle (dark 18.00 pm - 6.00 am). Standard laboratory chow and
water were given ad libitum during the period of adaptation (AIN-93M) and

pregnancy/lactation (AIN-93G), according to the AIN-93 recommendations for
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periods of maintenance of laboratory rats. The AIN-93M diet was used, and during
for the gestation/lactation period the AIN-93G diet was used(REEVES, NIELSEN et
al., 1993). During pregnancy/lactation, dams were fed either a diet 17% casein
(normal protein — NP, n=18) or 8% casein (low protein — LP, n=18) ad libitum. The
nutritional composition of each experimental diet is shown in Table 1.

Food intake was monitored daily (24 hours) during adaptation, pregnancy and
lactation. Special cages were built with a stainless steel running wheel and dams
were allowed to run for a period of four weeks, as previously described (SANTANA
MUNIZ, BESERRA et al., 2014). After the period of adaptation (30 days), females
were placed into a standard cage and mated (1 female for 1 male) for a period of 2-4
days. Females had no access to the running wheel during mating. The day in which
spermatozoa were present in a vaginal smear was designated as the day of
conception and day O of pregnancy. Pregnant rats were transferred to their original
cages with free access to the running wheel throughout pregnancy, and up to
postnatal day 15 to prevent the pups from running and/or being injured. On postnatal
day 1, litters were reduced to 8 pups per dams, ensuring the largest possible number
of males. Eventually, litters were completed to 8 pups with 2-3 females if necessary.
At weaning on postnatal day 22 to avoid the influence of the estrous cycle of the
females, only male pups were used. After weaning, all pups received a standard diet
for rodents (52% carbohydrate, 21% protein and 4% lipids, Purina Agriband, Sao
Paulo, Brazil) and water ad libitum. The control group, NP and LP rats with similar
age and body weight were incorporated in the main study and were individually
housed in a standard dimension cage without a running wheel apparatus. The litters
of eight pups from each dam represent the sample and six groups were formed: NP,
LP, NP — inactive (1), LP — I, NP — active (A), LP — A [Table 2]. The evaluation of
biochemical parameters was performed at 22 days old, ventilatory parameters were
evaluated at 1, 7, 14, 21 and 30 days old; and cardiac parameters and gene

expression were evaluated at 30 days old.

4.2. Measurements of voluntary physical activity

Female Wistar rats (initial body weight 220 g) were singly housed into an
acrilic cage (cage size: 34 cm height, 27 cm width and 61 cm length) (SANTANA
MUNIZ, BESERRA et al., 2014). A stainess steel wheel (27 cm diameter) was placed

into the cage for running physical activity with food and water ad libitum. A wireless
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ciclocomputer (Cataye, model CC-AT200W, Colorado, USA) was attached in the
wheel to calculate and display running information, such trip distance (km), trip time
(minutes) and estimated calorie burned (km.s.dia™). Distance and time was
determined by counting the number of rotations, which was translated into the
number of wheel circumferences passed. Wheel circumference and diameter
(measured in millimeters) were used to calibrate the cyclocomputer and then to
calculate distance traveled. Calorie burned was estimated by integrating the value
calculated from the speed in each second. Measurements of distance traveled, time
and calories consumption were daily recorded throughout the experiment. Daily
distance traveled, time and estimated calorie burned were used to classify rats in
different groups according to voluntary physical activty (inactive and active)
according to previous studies (SANTANA MUNIZ, BESERRA et al., 2014;
FRAGOSO, LIRA et al., 2017).

4.3. Serum biochemical analyses

Biochemical analyzes were performed at 22 days old. The animals were
fasted for 12 hours (7:00 p.m. to 7:00 p.m.), kept in their respective cages, containing
water ad libitum and, after this period of food deprivation, offspring were anesthetised
with xylazine (10 mg/kg, ip.) and ketamine (80 mg/kg, ip.), and blood samples (~1
mL) were colleccted by plexus retro-orbital disruption. After blood collection, the
samples were placed in tubes without anticoagulants and then centrifugation was
performed at 3500 g for 10 minutes to obtain the serum. The supernatant was
removed, transferred to an Eppendorf tube and stored at -20 °C, which was then sent
to perform the biochemical analyzes of total protein, albumin, triglyceride, total
cholesterol and fasting glucose using respective commercial kits and following
recommendations and procedures determined by the manufacturer company

(Labtest Diagnostica, MG, Brazil).

4.4. Respiratory recordings and analyzes

Respiratory frequency (RF), tidal volume (VT) and ventilation (VE) were
performed using the whole body plethysmography method (MALAN 1973). According
the rats’ age were placed into a plexiglas chamber of 212 mL (1 and 7 postnatal day),
700 mL (14 postnatal day) or 5 L (21 and 30 postnatal day). The animals were
maintened for a period of acclimatization (~10 a 60 min) and the chamber was
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flushed with humidified air and maintained at 25°C. After the rats had been
acclimatized, their ventilatory parameters were recorded as the airflow to the
chamber was suspended for short periods (~2 min), and the pressure oscillations
caused by breathing were captured by a pressure differential transducer connected
to a signal amplifier (ML141 Spirometer, PowerLab; ADInstruments®). The signals
were then captured by an acquisition system and data analysis was performed
(PowerLab; ADInstruments®). All of the data were analyzed off-line with the use of
appropriate software (LabChart 7 Pro; ADInstruments®). Tidal volume (VT) and
respiratory frequency (RF) were calculated as described by Malan (1973) (MALAN
1973), and ventilation (VE) was obtained as the product of VT and RF. These
parameters were calculated using a period of 10s of respiratory recordings in
conscious rats when they were quiet and presenting no body movements. The data
recorded when the rats were moving inside the chamber were excluded from
analysis because the respiratory activity was contamin ated by larger oscillations in
the pressure inside the chamber. The rats were weighed on the day of recordings to
determine the body weight, which was used to correct the ventilation index for each

animal.

4.5. Cardiovascular recordings

Thirty postnatal day, the animals were anesthetized with ketamine (80 mg.kg™)
and xylazine (10 mg.kg™), and the femoral artery PE-50 was connected to PE-10
(Clay Adams, Parsippany, NJ, USA). The catheter were filled with heparinized saline
(NaCl 0.9% + heparine 0.05%), tunnelled subcutaneously and exteriorized through
the back of the neck. After surgery, the animals received injection of ketoprofen (5
mg.kg™ i.p.) and a period of 18-24 hours (sufficient recovery time for this surgical
procedure, as previously described by Nogueira (2018). Mean arterial pressure
(MAP), systolic blood pressure (SBP), dyastolic blood pressure (DBP) and heart rate
(HR) were recorded in unanesthetized freely-moving animals by connecting the
arterial catheter to a pressure transducer. The signals were amplified (ML866/P,
ADInstruments®, Power Lab, Bella Vista, NSW, Australia), sampled at 2 kHz,
digitalized (Power Lab, model 4/30, ADInstruments®) and recorded using appropriate
software (LabChart7 Pro, ADInstruments®). Recordings of baseline pulsatile arterial
pressure (PAP), MAP and HR were performed for 60 min. The cardiovascular

autonomic evaluation was perfomed using the frequency domain analysis of the
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systolic arterial pressure (SAP) by an appropriate software program (version 2.4,
available at https://www.sites.google.com/site/cardioseries/home) (BARROS, DE

BRITO ALVES et al., 2015). The power of the oscillatory components obtained from
rats of the NP and LP groups was quantified into two frequency bands: low-frequency
(LF: 0.20-0.75 Hz), representative of the modulatory effects of sympathetic activity
controlling vascular tonus and heart activity; and high frequency (HF: 0.75-3.0 Hz),
associated to a respiratory or parasympathetic modulation of heart rate and arterial
pressure (MALLIANI, PAGANI et al., 1991; BERNARDI, PORTA et al., 2001). To
assess the sympathovagal index to the heart, the LF/HF ratio of the IP variability was
calculed. Moreover, the symbolic analysis was used, a non-linear method based on
the conversion of the series into a sequence of symbols (PORTA, TOBALDINI et al.,
2007; TEZINI, DIAS et al., 2013).

4.6. Sample for gRT-PCR

A group of offspring (n=30) at 30 days old, free of any experimental procedure,
was separated for analysis of gene expression. The animals fasted for 6 hours and
were then euthanized. Immediately after an incision was made at the height of the
trachea, in the isolate carotid artery and sectioned at its bifurcation, with the intention
of collecting the CB. The sample was frozen rapidly and stored at -80 °C.

4.7. Quantitation of genes transcribed by gRT-PCR

The expression levels of HIF-1a, P2X2, P2X3, P2Y2 and TH were evaluated
by real-time quantitative Reverse Transcription PCR (qRT-PCR). Total RNA was
extracted from CB tissues with a miRNeasy Mini kit (Qiagen®, Hilden, Germany)
according to the manufacturer's instructions. We used RNA extraction with TRIzol™
(Invitrogen, Van Allen Way Carlsbad, CA 92008, EUA), according to the
manufacturer’s instructions. Samples were treated with DNase™ (USB) and
guantified in a NanoDrop 2000c spectrophotometer (Thermo Scientific, Wilmington,
Delaware, EUA). The primer sequences used in this study are reported in Table 4.
Reactions were performed in a 96-well plate (20 pL reaction per well) using a
QuantiTect SYBR Green RT-PCR kit (Qiagen®, Hilden, Germany) for one-step
quantitative RT-PCR, according to the manufacturer’s instructions. Each RNA sample
was normalized to 100ng, and reactions were prepared containing SYBR green

master mix, reverse transcriptase, forward/reverse primers (0.2 uM each) for the
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target and the endogenous control genes (0.1 uM each). gRT-PCR for each sample
was performed in duplicate. Reactions were incubated at 50°C for 30 min to allow
reverse transcription; 95°C for 15 min, to activate Taq; and 40 cycles of denaturation
(94°C for 15 s), annealing (60°C for 30 s) and elongation (72°C for 30 s). qPCR
results from each gene (including the housekeeping gene) were performed using an
ABI 7500 real-time PCR system (Applied Biosystems®, Foster City, California, EUA).

22T method and derived

Relative quantification analyses were performed by the
from a reference sample (LIVAK; SCHMITTGEN, 2001). Gene expression data were
normalized using B-actin as the housekeeping gene, using the 7500 software version

2.0.4 (Applied Biosystems®).

4.8. Statistical analyses

Measurements of biochemical, ventilation, blood pressure and gene
expression are presented as means = S.E.M. The NP and LP group were compared
using the unpaired Student t-test, the effects of physical activity were compared
using the ANOVA two-way test, followed by the Bonferroni post hoc. Differences
between groups with p values of <0.05 were considered significant. GraphPad Prism
5.0® software was used to perform the analysis.
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Figures and Legend
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Figure 1. Food Intake during 30 days of adaptation, pregnancy and lactation. During
adaptation and pregnancy periods, groups were constituted by NP (n=6), LP (n=6),
NP-inactive (n=6), NP-active (n=6), LP-inactive (n=6) and LP-active (n=6). The
values are presented as the mean = S.E.M. *p<0.05 using two-way ANOVA and

Bonferroni’s post hoc test.
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Figure 2. Ventilatory parameters (respiratory frequency - FR, tidal volume - VT and

ventilation - VE) of offspring of rats at 1, 7, 14, 21 and 30 days old. The groups
included NP (n=8), LP (n=8), NP-inactive (n=8), NP-active (n=8), LP-inactive (n=8)

and LP-active (n=8). A, C and E show the ventilatory parameters of rats that did not

have physical activity (NP and LP groups); B, D and F show the parameters in the
inactive and active groups. Values are presented as the mean = S.E.M. *Mean
values were significantly different from those of the NP group (p<0.05; unpaired

Student’s test). "Mean values were significantly different after intragroup analysis

(two-way ANOVA and Bonferroni’'s post hoc test).
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Figure 3. Cardiac parameters (A, mean arterial pressure — PAM, B, systolic blood
pressure — SBP, C, diastolic blood pressure — DBP and D, heart rate - HR) of
offspring of rats, at 30 days old. The groups were constituted by NP (n=8), LP (n=8),
NP-inactive (n=8), NP-active (n=8), LP-inactive (n=8) and LP-active (n=8). Values are
presented as the mean + S.E.M. Was used the unpaired Student’s test and for

intragroup analysis used one-way ANOVA.
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Figure 4. Cardiovascular variability of the systolic pressure (PS). The low-frequency
bands — LF (A), high-frequency bands — HF (B), ratio LF/HF (C), nonlinear heart rate

variability of the OV sequences (D) and nonlinear heart rate variability of the 2V

sequences (E) of offspring of rats, at 30 days old, from mothers submitted to a
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normoprotein diet (NP, 17% protein, n=8) or low-proten diet (LP, 8% protein, n=38)
during pregnancy and lactation. And from mothers that performed voluntary physical
activity (NP-inativo, n=8, NP-active, n=8, LP-inativo, n=8 and LP-active, n=8). Values
are presented as the mean = S.E.M, p<0.05. ~ Mean values were significantly
different (two-way ANOVA and Bonferroni’s post hoc test). ¥ Mean values were
significantly different after intragroup analysis (two-way ANOVA and Bonferroni’s post

hoc test).
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Figure 5. Expression of HIF-1a (A), P2X2 (B), P2X3 (C), P2Y2 (D) and TH (E) in CB

of offspring of rats, at 30 days old, from mothers submitted to a normoprotein diet
(NP, 17% protein, n=5) or low-proten diet (LP, 8% protein, n=5) during pregnancy

and lactation. And from mothers that performed voluntary physical activity (NP-

inativo, n=5, NP-active, n=5, LP-inativo, n=5 and LP-active, n=5). Values are

presented as the mean + S.E.M, p<0.05. * Mean values were significantly different

after intragroup analysis (two-way ANOVA and Bonferroni’s post hoc test).
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Table 1. Composition of the diets.
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Ingredients AIN-93M*  AIN-93G*

g/100g g/100g

NP LP

Corn Starch (87% carbohydrates), g 46.47 39.74 50.34
Casein, g 14.10 20.00 9.41
Dextrinized starch (92% tetrasaccharides), g 15.50 13.20 13.20
Sucrose, g 10.00 10.00 10.00
Soyaoil, g 4.00 7.00 7.00
Cellulose, g 5.00 5.00 5.00
Mineral mixture (AIN-93-MX), g 3.50 350 -
Mineral mixture (AIN-93-GX), g - - 3.50
Vitammin mix (AIN-93-VX)*, g 1.00 1.00 1.00
L-Methionine, g 0.18 0.30 0.30
Choline bitartrate (41,1% choline), g 0.25 0.25 0.25
Tert-butylhydroquinone (TBHQ), g 0.008 0.014 0.014
Macronutrients
Total energy 3.44 3.56 3.56
Proteins 14% 18% 8%
Lipids 11% 18% 18%
Carbohydrates 75% 64% 74%

*(REEVES, NIELSEN et al., 1993)
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Table 2. Experimental groups classified according to daily physical activity (distance

traveled, estimated calorie burned and time) in the running wheel.

Experimental n Distance Estimated Time (min/day)
groups traveled calorie burned
(km/day) (km/s/day)
Control 10 0 0 0
Inactive 10 <1 <10.0 <20.0
Active 10 >1.0=<5.00 >10.0=<40.0 >20.0<120.0

Adapted Santana Muniz et al. 2014
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Table 3. Serum biochemical parameters (total protein, albumin, trygliceride, total
cholesterol and glucose) of offspring of rats at 22 days old, from control, inactive and
active dams subjected to a normo-protein diet (NP, 17% protein, n=8) or low-proten

diet (LP, 8% protein, n=8) during pregnancy and lactation.

22 days old
NP- NP- LP- )
NP LP . . . . ] LP-active

inactive active inactive
Total #
. 6.1+0.1 5.3+0.1* 6.1+0.1 5.2+0.7  4.88+0.01* 5.4+0.1
ptn
Albumin 2.6+0.1 2.1+0.1* 3.1+0.1 3.2+0.2  2.1+£0.1* 2.6+0.3"
Triglyc 13048 77+6* 1327 13114 85+5* 131+4"
Total #
ol 122411 89+6* 102+4 110+3 54+4* 11712
cho

Glucose 107.9£3.7 134.1+5.3* 123.6£7.1 120+10.1 187.2+5.1* 110.1#5.2"

* differences between LP and LP-inactive vs. NP and NP-inactive respectively
(p<0.05; two-way ANOVA). * differences between LP and LP-inactive vs. LP-active
(p<0.05; two-way ANOVA). Groups: NP-inactive (offspring of dams who received
NP diet and who presented an inactive phenotype), NP-active (offspring of dams
who received NP diet and who presented an active phenotype), LP-inactive
(offspring of dams who received LP diet and who presented an inactive
phenotype) and LP-active (offspring of dasm who received LP diet and who

presented an active phenotype). Values are presented as mean + S.E.M.



Table 4. Sequences of primers used for the real-time RT-PCR analysis

Gene F/R Sequencia5’-3’

Tm (°C)

B-actin F
R
HIF-1a F
R
P2X2 F
R
P2X3 F
R
P2Y2 F
R
TH F
R

CCTGACCCTGAAGTACCCCATTG 60

CATGGCTGGGGTGTTGAAGGTC

GCGAGAACGAGAAGAAAAATAGG 60

GCACCTAGAAGTTTCCTCACACG
TGGGACTACGAGACGCCTAA
CAGGATGAGAAGCTGCACCA
TAAAGGGACAGGCTCCCCAT
CCTACAGGACAGGGAGACGA
AAAGAGGAACGAACACCGGG
GTCACGTAATGGGCTCTCCC
AAAGAGGAACGAACACCGGG
GTCACGTAATGGGCTCTCCC

60

60

60

60

F: forward sequence; R: reverse sequence.

Sequences of Inducible Hypoxia Factor 1a (HIF-

1a), Purinergic Receptor P2X 2 (P2X2), Purinergic

Receptor P2X 3 (P2X3), Purinergic Receptor
P2Y2 (P2Y?2), Tyrosine Hydroxylase (TH).
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Abstract

The aim of this study is to evaluate fe shon-term and long-term effects elicited by camtid body removal (CER) on
ventilatory function and the development of hypenension in dw offspring of malnourished rats. Wistar rats were fod a
nomo-protein (NF, 179% casein) or low-protein (LP, 8% casein) diet during pregnancy and lactation. At 29 days of age, the
animals wene submited o CBR or a sham surgery, according o fwe following groups: MP-cbr, LP-chr, NP-sham, or LP-
sham. Inthe svort-tem, at 30 days of age, the respiratory frequency (RF) and immunoreactivity for Fos on the netrotrape zoid
nuclens (BTN, brainsiem site containing OO0, sensitive newrons) afier exposure to C0y were evalusted. In the long term, at
90 days of age, arberial pressure (AF), heart rae (HR), and cardiovascular variabiity wene evaloaied. In the shont term, an
increase in fhe baseline RF (6% ), response to OO0, (-8%), and Fos in the RTN (-27%) oocurmed in the LP-sham group
compared with the NP-sham group. Interesingly, dwe CBR in the LP group normalized the RF in regponse to OO, as well a
BTN cell activation. In the long term, CBR reduced te mean AF by ~20 mmHg in malnoorished rats. The nommalizaton of
the arterial pressune was sssociated with a decrease in the low-frequency (LF) oscillainry component of AP (-58% ) and in
the sympathetic tonus to te cardiovascular sysiem (-29%). In conclusion, camtid body inputs in malnourished offspring
may be responsible for the following: (i) enhanced respiraory frequency and COp chemose nsitivity in early life and (ii) the
production of avtonomic imbalance and the development of hypenension.

Keywords Anerial pressure - Chemosensitivity - Malnutrition - Protein resricton - Ventilation

Introduction

Protein resriction experienced in wieroy or during perinatal
life {pregnancy, lactation, and first infancy) has boen pro-
posad as & predisposing factor to tee development of arterial
hypenension and me@hbolic diseases in later life [1-6]).
Although the relationship between a matemal low-protein
diet during pregnancy and lac@mton and the development of
anterial hypenension in offspring in adult life has been
previously deseribed, the underbying mechanizsme are poody
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umsderstiond.

Recent work has found dhat rats subjected @ a matemal
low-protein diet during pregnancy and lactation exhibied
enhanced respirabory and sympatho-excitalory responses to
peripheral chemoreflex activation at an eardy age [2, 7] and
autonomic dysfuncton and hypentension during adulthood
[1, 2]. These respiraiory changes appear to be linked to
alterations in both peripheral and central chemonee eptor
functions, bt without an influence on haroreflex control [8,
9). In a previous smdy, Elon et al [10] related that an
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imbalance in acid—bate control in the blood can cawme
changes in chemarensiivity. They suggesied thai 2 maod-
ification in ihe respiraiory chemoreflex can be eliciiad by
acuie or chronde deviations in D00k, panital jpresaune (PO
PO0s) in the arerial blood or beain, mainly through the
detection of changes in pH [10]. However, this hypothesis
fior the respiratory changes observed in maemal protein
redriction-induced hyperiension has nol yei been iested.

Higher COy, levels in the bady can be elichied by apnea or
patholegic condiions. MNommally, tese high levels are
detecied by sensor newons locaied within the bransiem
These newrons are mainly locaied in the medulls and
include the newrons in the retrodapesodd nuelens {RTN),
which are actvaled 1o regore nomal blood gas levels
[11, 12]. A receni audy demonsirated that low-protein rais
exhibited higher respiraiony mesp s when exposed 1o
high O levels (7% COq), sugpesing thai dwe newnoasl
network of e OOy chemoreception may be enhanced in
low-prodein ras [2].

The RTH iz an imponant region of e braingem
invodwed in the inegration of ceniral and peripheral che-
mosensory information [11, 13, 14). The RTH comprises a
heterogeneous groap of newrns at conlrbues B e
contral of COSHT levels in the body and central chemor-
ecepion [11, 15). This conirel is srongly modulsied by
peripheral inpuis from the canotid bodies (CBs) located a0
thee I for caiion of the commaon caraiid arery on both sides of
the neck, and the CHs are comidered dwe main peripheral
chemorecepion sl [16, 17). These OB chemorecspions play
an imporiant fonction in respirsiory and cardiovascular
homeoststic conrol. Their activation by hypoxia or hyper-
capiafacidoats indooes sympathetic-respdraiony overactivity
and enhancement of bleod presane [ 10].

Recenily, it has been shown thai OB dysfmciion oould
e mssoctsied with hypenensive pathological conditions
[18-21). One hypothesis mgeesed that OB dysfonmeton
may lead io changes in breathing control, O and Ok
chemosenstivity [23] and the development of sympathetic
overac ivily and anerial ypenension [ 18—21]. Inerestingly,
recent repons have shown that the removal of the CBs can
e wmad @3 a terapentic ool o reduce aneral blood pres-
aure  in  hyperensive clnicalexpermental  sinations
[23-25). These recent findings smggest that CB removal
{CBR) could provide an effeciive aniihypenensive ineai-
ment However, the role of e CBs on the omei of the
ventilalory and suionomic dysfonctions induced by mater-
nal prodein resiriciion, 25 well a3 thelr ceniral implications in
ithe newronal network in e BTN and on the deve lopmen of
ariertal hyperension in this condition, have nal yel been
tesied

In ithe present wirk, we tesiad the hypothesis that CBs
play a key mle early in life, inducing the genesiz of venti-
laipry and swionomic dydunctions, which lead o the
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establishment of sympatetic overactivity and lypenension
in the low-prodein rais during adulihood. These awionomic
and respiraiory effecis are eliciiad by changes in the blood
levek of Pala, Pa00s, and pH, which inorease the activa-
tion of both CHBs and RTM cells leading io incressed
activity of the sympathetic nervoos sysiem and the devel-
opment of hypenension during adulthood.

Materials and methods

Animals and experimental groups

Twenty female Wistar rais were used. The experimental
proiocols wene approved by ihe Ethical Commiiee of the
UFPE, Brazdl (2307600 1000201 3-T9, Two groaps wene
formed based on distary manipulations: mothers fed a diet
with 17% protein (normal proein—MNF, a=10) and
mathers fed a diet with 8% protein (ow protein—LP, n =
10) ad Hbiom Both diets were Soenergetic (Table 1) and
prepared according to the American Instimie of Nuirition
[26]. The diets were off ered during pregnancy and betafion.
After binh (24h), the offspring were grouped ink lders
with eight pups. Al weaning (posmaial day 22, in onder o
avipdd ithe influence of ihe edrous cycle of te females, only
makes were used Two o three male offspring from each
lier were randomly collecied and housed iopeder in
cages. These meceived a stndand det (32% carbohydrate,
2% protein, and 4% lipids, Porna Agriband  Saso
Paulo, Brawl) and waker ad Bbitum The NP oand LP
experimenal goups were formed with two or three ras
from each hver. To evalue the weighi gain of e off-
apring, they wene wedghed at 1, 7, 14, 21, 30, and 90 days of

Table 1 Nortional composition of the experiment] diess (g100 g
chiet)

Warriend Wormal prodein (17%  Low pootein (8%

pmden) prodein)
Casein (25%F 0 941
Diexsin commstarch 132 132
ClTho dosse 1 £
Scroes 10 10
Comstach 30T LR
Savbean il 7 7
Choline {125 {25
Mathionine 0% (]
Witamin mix 1 1
Mineral mix 35 35
Eremgy dessity 16:3 16:26
&gy

Mased om ATHOY stondard e
The consin med in preparation of die was &5% pue
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Camid body removal nosmaizes artesal blood presure and respiratory Sequency n offspring of

Fig. 1 Matemal prodein = Il r-sium
b i o oot e med motiom et [ == PESEEC
of body mass. Evalumtion of ekt B
body mass (g of 1-, T, 14-, MmO L

21, M, and Wdayenld mis of
moften fad NP or LF dix
darmg pregnancy and lctason.
Trata are shown nomearns + SEM
{m = 14) and malyzed by twn:
way re measare ANV A
with ibe mother's died (NP, L)
and mnotd body procedoe
{Sham or mrotd body
removal—Chrl & fadors.
Bonfarmm’s post hoo fest was

By wight g

FLL

med. "p <005 NP va LP
1

life (Fig. 1. Experiments wene performed in 30-day-old or
-day-old rais for ventilatory and candiovasoular studes,

e g tivel y.
Cardiovascular recordings

Ome day before the experments, the offspring wene anes-
thetized with ketamine (80 mg kg™, Lp—CEVA, Paulinia’
5P, Brazily and sylazine (10mg ke ™', ip.—CEVA, Pauli-
nialSP, Brazil) Supplemental doses of anesthetic wean
given a5 required to maintin the rais st a depth of anes-
thesta st which a hind paw pinch evoked no motor meflex.
Adfver confirmation of anesthesis, the femoral ariery and vein
were cannulated (PE-50 connecied i PE-10 Clay Adams,
Parsippany, ML USA)L The catheers were fillad with
heparinized saline (MaCl (009% + heparin 0L05%), tunneled
subcumneowly and esterorized through the back of e
neck  After srpery, the animak meceived an anti-
inflammeiory dmg (ketoprofen 5 mg kg™, sc.—Meadley,
BrasiliaTF, Brail ).

After a perod of 18-24h, animak wene healthy with
standard values of blood presaune and hean rate, without
showing clinieal signs of pain or sufferng. Momeover, na
weight loss was observed. Although long-lasting mecord-
ings of HRE and MAP wene nod performed, the rats showed
sigm of anesthesia recovery, The MAP and HE {ob@ined
theough pulsatile aneral resare) wee recorded in una-
nesthetized and freely moving andmals, in de Hght phase,
by connecting the amerial catheter o a presswre ransducer.
The signak were amplified (MLEGST, ADInstmments,
Powerlab, Bella YWista, NSW, Ausiralia), sampled at
2 kHz, digitalized (Powerlab, model 450, ADInstmmenis,
Bells Vistn NSW, Aungralia) and recorded using appro-
priate sofbwane (LabChan? Pro, ADInstument, Bella
ista, MSW, Auswalia) Recordings of haseline pukatile
anerial presane (PAP)YL MAF, and HE wene performed for
i) min.

acca BN |[I_[II I[| I

A

T L] . | =
e iyl

Ventilatory recordings

Respiratory frequency (RF), tdal volume (W), and vent-
latiom (VE) wene performed simulanssusly with the card-
ovamoular recarding in ueneghetized conditions and n
freely moving animals using the whole-body pletyamo-
praphy methad [27). Before recording the baseline daia the
rals wene placed into a Plexiglas chamber (5 L) for a pariod
of acclimatization {—60 min). The chamber was flushed with
humddified iy and mainaned &t 259, After the rats had
been acclimatized, teir ventibtory parameten wene reood-
ded & the arflow 1o the chamber was suspended for shon
periods (-3 min), and dee presaure oscillations caused by
breathing wene captured by a presaure differential iransdu-
cor comecied o a signal amplifier (ML141 Spimomeier,
PowerLaly ADInsmuments, Bella Vida, NSW, Australia),
The signals wene then caplurad by an acquisiiion syskem
and data analysis was performed (Powerlal, ADInsm-
menis, Bella Yism, NSW, Amiralia) All data were ana-
Iyzed off-line with the uwse of approgriate sofiwan:
{LabChan 7 Poo; ADImtruments, Belln Wieta NSW,
Ansdralia),

Respiratory chemoreceptor activation

To povide activation of mespiratory chemonacepiors, the
pledysmographic chamber was fludhved with a lumidified
g mixmee contadnng 7% Oy, 21% Oy, and 72% N,
(Linde®, lundisi-SF, Brazi) for &0 min, and respiraiory
reApOnEE s wene conbimously neoondad.

Measurements of the blood gas levels
Ty assesa the acid—base stams (a0 29 days old) a blood gas
mnalyss wao paformed. Blood samples (200pl) wene

quickly collecied (kss than 1min for each collection)
theaugh the anerial catheter, The pH, PaOOy, Palh, and

SPRINGERNATURE
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HCOy™ levek wene determined by a muoltifunctional gas
analyzer (Gem® Premier 3000 Germany) The anerial
blood gases wene atsesad in the mane ghetized offspring
during the resting period {(normoxia) and after 5, 30, and
& min of exposune to hypercapnia (7% COa)

Carotid body removal

To evaluate e mole played by CB (perpheral chemor-
ecepinra) on the ventibiory (shor-lerm effests) and candi-
ovaoular changes (lmg-term effecis), a carotid body
removal (CBR) wa performed on 2% day-old rat offspring
from mothers subjecied i pernaial NF or LP diei. CBE and
sham surgery wene performed under aseptic conditions with
the body e peratune medntained clode o 37 “C. Anesthesia
was induced by ketamine (80 mg kg~ ", ip.—CEVA, Pau-
linia/SP, Brazil) and xylazine (10mg kg™, Lp—CEVA,
Paulinia/SP, Brarl). The CBa were isolued following a
mid-line incisdon in the veniral swface of the neck and
phyacally removed with forceps In addition, the camdid
simus nerves wene nod removed, and this swrgcal procedun:
did ot damage te carotid areries. The incisdons wene den
cloded n two byers (moscle and ddn) with shaorbalble
sumres and vel bond adhesive. After surgery, rak wen
maonbored and meceived an ant-inflammairy dug (keto-
profen Smg ke~ ", se.—Medley, Brasila/DF, Brazil). Sham
surgery cmsided of exposing the carotid bifue ation bilai-
erally without damaging fe camtid bodies or the sur-
munding nerves. Four expermental groups were designed
acepnding 1o the diet manipulation and CHBRE: MP-sham
{n=14), LPsham {n=14), NF-cbr {n=14), and LP-chr
{n=14)

After 24 h of the surgical procedure and before ¢ andio-
vascular and respiratory protocol, the efficacy of the CB
removal was tesied in unaneghetized freely moving rats by
inge ctioa of podassi wm cyandde (RN 0L04%, 1060 pl. per e,
iv. Sigma-Aldrch®, Ss0 Paulo, Brazil). KCN injecton
activates the camtd body, reslting in bradycandia and
increased pressune [28]. The absence of typical candiovas
cular responses | lradyeandia and pressor response ) i KON
ingection was mad & functional evidence of the CB
removal in oour anmak, as shown in the supplemsniry
figure 1. Thus, the CBR groum only contained animals that
did not respond 1o KCN.

Experimental protocoks

Evaluation of the shori-term effects elidted by CER on the
ventilation, respiratory responses to C0: and BTN cell
activation (fos)

Some rat offspring wene subjecied o CBR o Sham a
29 days of age, and at 30 days of age, they were evaluaied

SPRIRCERMATRE

for wentilation, respiraiory mesponses o chemomecepior
activation and blood gas kewelk following &) min of expo-
aufe i 00y, 25 deserbed in the Ventilalory recordings,
R spiratory chemorecaptor activation, and Messuremenis of
ithe blood gas levels sections, respactively. To evaluie RTN
cell activation, afier hypercapnia exposune for Slmin, the
animals were perfused and the brains were collected and
cryoproectad for immunofluorecenc: processing for Fos
prokein. Frozen seral wansverse sections (20 pm) of the
brains wene colleced on gelatinized glass slides. All sec-
tons wene processed &l room emperature (22°C) and
washed with a phosphate boffer (0001 M) and a saline &o-
tonde (PBS, pH 7.4) five times for Smin and then ncubated
with 0.1 mM glycine in FBS for 10 min. Non-specific po-
tein Wnding was blocked by mcubation of tee sections for
30 min in a soeldion conining 2% bovine semm albomin
(BSAL After that, the sactions wene incubated overnight
with rabbit anti-Fos &8 primary antibodies (12000, Santa
Criz Bistechnology, USA). Aflerwands, the sections wene
incubated for two hours with donkey antirabibit Alexa
Fluor 488 secondary antibsodies (1:2000, Life Technokgies,
USA) After each stage, the shos wene washed with FBES
five dmes for 5 min [29).

Fos-positive images of brain aness wene acquined for eadh
andival with an AsioVision (Carl Zens® S A S, France).
The brain sections with clea making of e RTN wene
soquired and clasified ind megiom acconding o the Pax-
ims and Watson atlss [300]. The images were collected on
a x10 obective, and counting was performed in senes of
theee {eoun one slice and dismissad theee) [11, 31). Neu-
mons wene counied using the free softwane Image I (National
Instimte of Health, Bethesda MDD, USA) with a cmsiom-
bailt plug-in (writien by the authors) that ues flooreseencs
inensity 1o select and count the Fos- positive cells.

Evaluation of the long-term effeds elicited by CBR on the
autonomic dysfunction and hypertension induced by the
matermnal low-protein

Some ral offspring who were subjectad o CBR or Sham at
20 days of ape, wene evaluated for ameral pressune, hean
rate and cardiovascular vansbiliy st 90 days of age. At
89 days of age, the groups wene subjecied to the awgeal
procedure and cardiovasoular meoordings (a5 deseribad in
the Cardiovascular recordings section). To evaluate the
contribution of the sympathetic vasoular one i e card-
ovaicular syaem, an intravenows njection of the ganglionic
blocker (hexamethoniom: 25 mgke™, Sipme- Aldrich®,
USA) was given [32). The sympathetic tonus was caleubsted
Iy the dif ference between the MATF afier the blocker and the
mesting MAF [1].

Cardiovascnlar variability and sutonomic modulation of
ithe vacular resigance and cardiac function measurements



115

Camtd body removd nommalizes artemal bicod presume and regpratory fequency n ofispring of ...

Tahle ? Vales of amerial pH @pHa), sena] carbon dioxide portia] pressme (PaC0,), amerial oxygen pastial pessore (Pals), and plasma
bicasho nate (HCOw ™) of Wistar rats nonmo-pmiac (NP or low-protemn (LF) sabjeced fo hypercpods (7% O0:)

NP (1T n=T) LPF &% = =11)
T (0= T OO

R air 5 min ) mran &) mran Rowom air 5 min ) oran &) mran

Man FEPM Me2an EPM Mean EPM Man EPM Men EPM Mean EP Measm  FEPM Man  EPM
pHa T4r iz TEF O TX O T 0 008 T44 Q01 TAZ 001 TE 2 T Qa2
Pal (0 (mmHg)y 900 12 MW\E LTI 4971 155 4R66 27T ZR4S 149 4209 IED 4745 3 4790 173
Paly, {mmHg) 11128 581 14386 473 14971 709 150006 &T0 10509 TEEX 19936 TA2 14872 491 14954 759
HOOw (memolL7') 1887 100 1835 120 2140 169 21356 239 1942 097 2167 142 ZXOR 15T 2135 168

Vahses am expressed as mean and SEM. Smdent’s rtest mnpaired (poc (L05) for compasson berween ghe NP and LP gromps. All parametears were

evaluxted mung s

were performed theough te analysi of variabiliy of sys
toke aneral pressune (SAF) [1]. The power of the oscills-
lory componenis obiained from rais of e NP and LP
groups was quantified inn two frequency bands: low fre-
quency (LF: 020-075Hz), repesentiive of the mod-
ulatory effects of sympathetic activity conirolling vascular
tons and  heant activity, and high frequency (HF:
0.75-30Hz), maociied wiith a respiEiony of pars
sympathetic modulation of the hean [33-35]. The cardisc
compmen  of ihe spontneos beroefex  sensiivty
was also calculsied theough a sequence method using the
compier software CandioSeries (version 24, avalable
al  hiips:fwww slies googlecom  Ssisfcanddoseriesfhome)
[1, 38).

Statistical analysis

Values are presenied as the mean and standand errar of the
mean (SEM.). Daa weme compared using Swmdent's
unpainad r-test {meaamemenis of e blood gases), or ome-
way (meauremens of BTN cell activation by Fos immu-
nofesctivity) of wo-way (ventilation and candiovascular
parameters) ANOWVA followad by Bonferromi's post hoc
test These iesis were performed afier analysis of dais dis
trbution (Eolmogorov—Smimov and Shapino—Wilk teas)
[y ffere nces. between groups with @< (L0S wene considened
significant GraphPad Prism 50® software was wed 1o
parform the analysis.

Results
Effects of malnutrition on weight
As an indication of weight gain, it was observed tha off-

apring from mothers subjecied to prodein malnwiriton dur-
ing pregnancy and laciation (LP-sham and LP-chr)

presented lower weight from 1 day of age up o 9 days of
ape compared iy the control groap (NF) (Fig. 1L

Measurements of the blood gases

In Table 2, bood varables meatmed under foom air and
hypercapnia in the NP and LFP goups of rai offspring ane
summarized. A 30 days of age, the offspring from modeens
undergoing perinatal low-proiein dieis had similar pH,
Pal(y, Pall,, and HOOZ™ values in bodh moom air and
during hypercapnia (7% O0s). As expecied, Pab and
Pai0(y increased and ameral pH decressed during hyjper-
capnia in all animal groups, bl no differences wene found
between the NP and LF groups

Short-term effects of CBR on the respiratory
parameters

Ar 30 days of age, te ral offspring classified in the LP-
sham group exhibiied an incresse in BF (Fig. 2a) during
mospt i anad hypercamic conditions oompaned Lo NP-sham.
Interestingly, the BF of LP-chr was similar to that of NP-
sham. However, VT (Fig. 2b) and VE (Fig. 2c) were dmilar
fior all groups under room ar and hypercapnia cond tions,
and CBR did nod modify these parameens.

Fos immunoresctivity revealed the level of cell activing
in the RTH following OOy expoaune. Figuore 3 (panel A)
depics a drawing of e ocomonal lranstem section {oeor-
dinates: nterural —1.52 mm and Bregma: —10.52 mm)
highlighting te RTN area considered in the quantifi cations,
a3 well 2 represeniative pholomicrographs of each experi-
menial group. Alihough BTN newnons wene nod siained with
a specific marker for OO2-sensitive newroms, our mesls
ahiomen in Fig. 3b reveal that rat offpring clasified in the
LP-sham group had increased ozl activity in the BTN when
companed with the control group (MP-sham ). Howewver, this
dif ference was abolished afier CBR (LP-chbr group), and the

SPRIMGERNATURE
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Fig. 2 Bilatewal carotd body mmoval (Chr) mmproves mapimiory fe-
guency in prtan restnaed ras. Evalaton of mspimasry feqeency
(PR} @), Bdal woleme (VT )i} and ventilaiion {VE}){c) i noom air (0}
and afier exposae fo hyperapnia (79 O0y) of Wdneold reis of
mothes fad NP or LP diet doring pregrancy and hewtion. Data are
shoom s the mean + SEM (= 14) and anal yeed by tenoay repeated
measare ANOWVA, with the mother's diet (WP, LF}) and camaid bady
procedare (Sham or Chr as fadtom. Bondermo s post hoo fest was
wed *p <005 NP va Lpsham *Chr va Sham

T
oo i

czll actvity in the RTN was similar to those of the comninol
groups (NP-sham and NP-chrl. On the other hand, CBR
wai nod able i modify the Fos immunomesctivity in e
BTN within NP groups (MPsham va. NPchr), altwough
there was a tendency o ncresse this activity.

Long-term effect of (BR on the cardiovascular
paramete rs

Represeniative haseline recordings of PAF, MAP, and HR
al 9 days of age in NP-sham, NP-che, LP-sham, and

FPRIRCERNATVRE

LP-chs rais are shown in Fig. 4a LP-sham rats exhibited
increases in ameral bood pressure companed o e NP-
sham group {(p < L0S5; Fig. 4b). CBR was able io preven ihe
development of hypenension in LP rais (p<0005; Fig. 4b)
It did mod induee any change in ithe anerial blood pressune
af NF group. Mo differences among groupe were noted in
the HRE {p=0.05: Fg dc).

Regarding cardiovascular varabiity in te frequency
domain and awonomic modalation on the vascular resis-
tance and cardise function, Fig. 5 shows the power of the
oacllatory components oliained from ras of te NP and LP
grougs. LP-sham exhibied an incresse in the oscillamry
componenis in the LF range of sysiolic amerial pressune
{SAP) when compared i the NP-sham (Fig. 5a). Afier
CBE, LP-chr rais exhibiied afienustion in magnimde of
oacllaiory components ai LF when compared o ihe LP-
sham rais, showing valees amilar i conirol animal (MP-
sham and NPclr). HF components of the SAP (p= 0L05;
Fig. 5b) and LFHF ratio werne similar betwesn groups (@
005, Fig. S5c). In reliion of the cardiac component i
apmiznesns baroreflex sendiivity, LP-sham and NF-sham
rais exhibited similer spontanecus candisc bandecspios
meflex gain, bui the LP-chs rais exhibiied a tendency i
increase in this parameter (p=0.08; Fig. 5d) when com-
pared with NP-clr rats. Howewver, no sigmificant dfference
was noded, and specific smdies should be provided i
determine the rale of e CBR on the baroreflex coninol in
ithis experimenal model

Representative PAF and MAFP mecordings before and
following ganghondc blocker with hexamethonium ane
shiwn in Fig fa After admindstration of a ganglionic
blocker, de delia MAP was grester in the LFP group when
compared to te NP group (@< 0L05; Fig ob). Intereaingly,
LP-CEE rak showed delia MAP sdmilar o NP ras
(<005 Fig. b

Discussion

In the preseni sudy, offspring rais subjeced v a low-
proiein diet during pregnancy and leisiion exhibdied
d respiratory frequency, higher activaiion in BTN
cells and response to OOy a1 30 days of age. Moseover, tey
showed higher levels of sympathetic onus in the candio-
vascular sysiem, which coniribuied o the development of
hyperensdon at W days of age. Funhemose, aur findings
denoie a pivodal mle of the CBs in both the veni laiory and
cardiovascular changes observed in prolein-resricied s,
s well as on the development of arierial hyperensdon in
these animals We demonsiraied thai offspring rais sub-
jected to a lw-prodein diet showed an incressed Fos
immunoreactivity in e RTN cells which sippess
increased BTN newronal actvity in the juvenile male

e
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Fig. 3 Potan-resmiced ras

have inoeased newonal ach vy
levels in e RTN daring i w
hyperapnis. & One schematic |
coromal secoon of the bramsem E

shovwing e RTN are g
cormiderad for aralyses ired L e
cycle) and four mpresentative

photomcrographs of e comnal
section of RTN showing e
cFos mmanoreacovy dhlack
poinis) m ghe differnt groups
{WPsham, L sham, WPchr,
and LP-chri. White scale bar:
500 pm. b Evalmastion of
rewaroral acevty i KT of
Hday-old mis of mothers fed
NF or LF diet duning peegrancy
and lactation. Dhata are shown
the mean + 5EM (m= ) and
amalyred by fwo-way repeated
mepsare ANOWVA wih e
mother's dist (NP, LFy and
carotid body procedare Sham or
caratid body mmoval—Chr) as
facanrs. Bondermn s post hoo
fest was meed. e (L0S Np wa.
Lp

offspring. In addition, CBR proved effective in the shont
e, with e normalization of BF at baseline and after OO,
exposure, ai least in pan by reducing e activaion of the
RTN cells. In the long erm, CBR prevented sitonodmic
dysfunction and the development of hypemension in rais
subjeced o matemal low-protein dies. These nesulis ae
ithe firsi to suppaont the motion that CBs contribwe o both
the respirsiory and cardiovascnlar changes eliciied by a
matemnal kow-protein dis

The CBs are the main peripheral chemoreceptors that
sense arteral PO,, PCOy, and pH In response i hypas-
emia, Iypercapnts, and acidmis, carodid chemosensory
discharge eliciis reflex respiratory, sutonomic, and candio-
vascular adjuwimenis [37, 38). One of o working
hypotheses was that the blomd kevel of Pela, Pal0:, and
pH wold be aliered in e maemal lowproiein animal
model This change would lead o ventlaiory and suwio-
nomde dysfimction observed in this experimental model.
However, our daia indicated ithai ihe eshanced BF olsarved

i )
N 'i o
& &

early in life in the ow-proiein animals did not appear i be
manciaed with an imbalance in the blood acid-base con-
irol One reason may be that during resiing, nomoxia was
presend, and afer exposure to hypercapnda, the NF and LF
andmals showed similer gauometric valies, sugpeding tat
maiernal protein mahuirtion did not promok an acid-—base
imbalance, Thus, our indial lypothesds was not confimmad,
bat ratver our data highlighted the possible mle of te CHs
and central neuronal nemwork responsible for respiraioey
coniral in the observed cardio-respiratory dampdion.
Recently, in situ audies obsarved that the offspring of
rais from mothers submited to prodein malminion during
pregnaney and betstion showed increases in both frequency
and amphiude of phrenie nerve fiding, which may ncresse
the activity of the daphragm (inspiraiory muscle) and
enhance BF in these animals early in life [39). In the present
smdy in freely moving animals, it was possible 1o repaoduce
thiz increase in B, Similsr to that olserved in the in sito st
miodel [39), ventilatory changes wene independent of Pall,,
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Fig. 4 Bilen] camdid body mmoval (Chr) resiores anierial bilood
[ressare W profein-resincied rais. Kepesentiiive racing of pakiatile
ameria] pressme (PAP) meaan onenal pessare (MAP), ond heas rae
(HE) at rest jrocm @ (ah Mean valoes of the MAF (b) and HE i) of
Akday-old ras of dams fed NP or LP dia dunng peegrancy and

Pk, and pH levels of the blood, sugpesting that
increased BF may arise from changes in CB physiology and
ceniral respiratony rlsthm modolation. Additonal evidence
concaming e mle of the CBs was shown in the same
study, where the authors found high kewk of ndocible
hypoxia facior one alpha (HIF-1a) in the CBs of protein-
redricied rais at an early age. The increased expression of
this transcription facior may be implicaed in CB dysfunc-
tion in this experimental model of maemal proein under-
nuirtio. In addtion, the functional aspecs of incresed RF
withouw! VE changes nesd 1o be forteer exploned.

Previous audies have demondrated that CB dysfmnciion
can lead o incrested mespirairy drive, aotonomic dys-
function, and hypetension [40—44]. These gudies described
new evidence concerning e heightened CB activity as a
major driver of sympathetic adivation and hypenendon in
different models. The CB chemomecepiors appear i gen-
erale an aberrant exciiatory ione that deves up the sympa-
thetic activity and canses high blood presone [43, 45, 46).
Indead, when iz caotid body one i3 swikched off, the
arierial presawe and sympathetic aciivity are meducad in
spomanecusly hypenensive rais [47]. In humans with
hypenension, caotid body resection can sulstandally
reduce areral pressue [15, 48], The remowval of the CB can

TPRINGER NATRE

& &
hamon Dat are shown 5 means +5EM (2= 14) and salyzed by
two-way Tepeaied measare ANOWA, with the mother's diet (NF, LF)

and camtid body percedore Sham or (b & factors. Bondemoni's
post hoc fest was msed. *p < (LIS NP va LF, "Chr va. Sham

ber nsed &5 8 terapy to redoce MAF. This procedure is ahle
i decrease sympaihetic activity [23, 24) and improve sur-
vival in patiens with sysiolic hean failone [49).

Thas, ihese animal and homan dais supporn the presance
of aberani carotid body dscharge as a contrbutor i
hypenendon. One of our hypotheses was that de increasad
respiraiory drive observed in malnourshed animak was
cansed by incresad CB chemoreflex activity. If this was
e, CHBRE &l an early age would be able io nosmalize
respiraiory  frequency. Our experimenis nvolving CBR
imroduced new information conceming the rle of CB in
the developmen of ventlasinry dysfuncions observed n
ithis experimenial mode L The integrity of the CBs appears io
b critical for the ventliory changes induced by matemnal
loww proiein. Afier CBE, both baseline nespiratory fraquency
and Oy chemosensd tivity retumead o siandand values, This
sugpesis tha something is cccurring in the CBs and their
newral metwork o provide the entibiory dysfunciion
observed inotds model. This Bkely includes incressed tondc
activity of the CBs, more discharges trough the nerves and
conseguent stimulation of the neural network. Studies have
reviealed thai this enhancement of CB ionie activity may be
relatad i adenosdne and ATF release by glomus cells in the
CHa [1&, 50-53).
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Fig. 5 Hilseral camdid body mmoval (Chr) resiores the mag nimde of
the LF comporent i pooden resmced rasse Fvalmson of average
magmitades of e bw-feguency (LF) (a) and high-faguency (HF)
(b osgllatory components of sysiohic ameria]l pessare, LFHF ata
(cy and spomimecms haroreflex (SER) (d) of 90dayold res of

The CHa are linkad 1o the brainsiem via the candid dnos
nerve, The information arsing from te CB by ithe afferent
pathway is seni o the brainsiem through the carotid dnus
nerve afferen fibers o the nocleus of the soliary ract
{NTS) [34-56). The NTS receives infomation from e
periphery of the body [38], processes the information and
distribaies it b0 various aress of e bradngem involvad with
anbonaomic and respiraiory nerve ouipa, among them the
RTH [57). The RTN comprises one of the main ameas of
che marece pior information inkegration with OO0 sensitive
nenrons [13, 58], Therefore, incressed activity of the CBs
leads o greaier activation of e respiraiory nebwork,
including the RTH newans [57). Thus, another hypothesis
tesied in the present simdy was thal ventilaiory changes
observed in the juvendle affspring of mothers sulbjecied o a
low-proein diet would be linked o noressed cellular
activity of the RTH. To tesi this hypothesis, a praiocel was
performad for immunoreactivity of te FOS proden. At
RETN regions of proein-redrcdsd anmak, an evident
increase was observed in the cellular activity in relation o
ocontrol However, this difference in low-protein animals did
noi gocur in andmals hai onderwent the CBR procedone.
These dats swongly sugees that the gresest BTN activity
exhibited by malnowrished animak was linked o e

-
T
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g
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B
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& ¥

mothers fad NF or LF dist doring pregnancy and bhastion. [aia are
shovam as the mean + 5FM j= = 14) and snalyred by two-way mpeated
meamme ANOVA, with the mother's diat (NF, LF) and carotid body
procedare (Sam or (hr) as factors. Bonfemond’s post hoc st was
mwed Tp oS NP ve LP; "Chr va. Sham

imegrity of the CBs and seems to be imponant for the
changes in 00, chemosensiivity and RF observed in this
experimena model.

In the present siudy, the specific type and phenotype of
the cells activaied in e BTN was not able o be determ ined
apecifically. Themefore, sindes need i be performed o
aigens newronal populaiions and iransmdiber phe notypes.
Furthermare, ofher experiments need o be conducted i
aiaess whether a low-prodein diet alters the siruciure of the
caratid bady, including the number and size of the glomus
cella  In addiion genome-wide asmociation audes
{GWAS) represeni advances in ihe wnderstanding of the
genetie basis of disestes indicating the genes stsocisted
with an increase in type 2 dishetes, coronary anery disease,
dyslipidemia, breast cancer, obesity, and respirainry chan-
ges ach a8 asihma, chrmic lung disease, and changes n
respirsinry patiems [59]. Some examples of these genes
include the following: HHIP—hedgehog-inemcting pao-
tein, which i3 significanly asociated with the sk of
chronde  dbstmictive pulmonary disesse, and HTRA-5-
hydryiryplamine moepor 4, which i3 a glyoosylated
iranamembrane prodein tai functions in ot e peripheral
and central nervous systems o modulae e releste of
various newrmdiransmiiers. These genes are ofien asaoc taied

SPRIMGERNATURE
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Fig. & Hilmeral ;rotd body removal (Chr improves sym pathetic
o I prdanresmids] os Repesentaive moeomdings of the pal
safile aneria] pressme (PAF) and mean arieral pesaare (MAF) afier
hexameshordam (25 mg kg~ (). Evalusion of dela change of the
MAP b} of 9l-dayald mts of mothers f2d NP ar LP diet daring

with a resiriction in imramerine growith [60, 61] and an
increase in the msceptibibity of developing diseses in adolt
life [62). Regarding swmisined anerdal hyperiension twao
recent sidies, linking incresied bleod pressune with
GWAS, podnt io the genes serina/thmonine kinase 39 {ak39
kinase, which may serve a8 an inermediate in the respomse
1o cellular siress) and cadherin 13 (CDH13, which prodecis
vascular endothelial cell from apoplosis doe to oxddative
stress and 15 maociated with resigance o atherosckmoas) as
i blond pressune regulating genes [63-65]. Howewver, few
varianis were relaied i maemal protein malmidtion and
their consequences on the nespiratory chemoneflex and e
development of hyperiension.

Regarding the long-erm effecs elicitad by maemal
prodein malutrtion on ral offspring sympatetic over-
activity, and arierisl hypenenson have been swongly
reporied in adulihood [1]. K is known that the etolegy of
arierial hypenension is molifacional [B). Among the main
canses ane changes in the renal sysiem [66), ach as
alieraiions in e mmber and momphology of nephrons,
alierations in the baroreflex comrol mechaniam [67],
increased production and feactive oygen species in e
brainsiem [6R), and hyperactivity of the sympatetic ner-
vipus sydem |1, 69). However, in the present siudy, we
showed that respiratory changes and changes in the camtid
corpuscle coniribuied o the inceas n blood presaine as

FPRINGERMATRE
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pregniancy and haaton Dats s shoomn as the mean+ SEM (m=14)
and aralyeed by mooway rpeated mesmme ANOVA, wit e
mother's diet (NP, LF) and arotd body procedare (Sham or Chr) as
factors. Bonfemom's post hoo test was msed. “jp« (U015 Chr va. Sham

well & increased sympathetic nerve activity in animak from
ma Inourished modhers.

Previous studies in sim have shown that the offspring of
young {30-day-old) malnourshed rais (7% proiein durng
gestation and lcmtion) showed an increase in the phrendc
nerve firing ampliinde and an increase in te fidng fre-
quency and ampliode of e sympahetic tharacic nerves
[3%]. These resuls demonsiraed that from early in life,
i Inourished animals present increased sympathetic nerve
activity associsted with incresed mespiraiory frequency at
baseline [2, 39]. I & suggesied that these changes early in
life contribwie 1o due development of hyperension [39).

Herein, the hypotesiz that te inbegrity of the CHs
wionkd be imponant for the development and & 2ab]shme nt
of these ¢andiovascnlar dysfunctions in adultuood was tes-
tad. We observed thal e animals did not develop high
blored presiaune in adoltood (9 days of age) when ab-
jected o CB removal early in bfe {30 days of age), sug-
gesting thai CBE was effective in e meduction of
sympathetic tone and in the mprovement of MAP in rais
suljecied @ a maemal low-protein diet Taken iogether,
these resmliE suppon the notion that CBs male an imponznt
contribution i te mgmensiion of the MAP in the
makerml ow-protein i model. Forthermon:, the present
sidy found that the varability in te LF component of
SAP, which exhilis a comelaiion with the sympaihetic
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drive i blood vessek, was lower in LP-chr ras. Moreover,
the aympathetic one 1o the cadiovasculs oyatem, which
widk maeiaed phamacologically, was nommalized in LP rats
aubjecied o CBR. Topether, thes das suppest that te
integrity of the CHs & essential for developing candiovas-
cular dysfunctions in fhis experimental model This sug-
geats that sympathetic vasoular activity in these animak was
lower than LP withow CBE, which may have coniributed 1o
a reduction in anerdal pressure.

In addition, the animals presented similer levek when
analyzed for the candiac component of the spontanecus
barodeflen sensitivity. Previous audes have shown that
CBR provides an enhancement of baroreflex  function
[23, 47). Tt iz well establighed at the bamaellex i3 cmeial in
ithe shoni-term conirel of MAP, and a reduction in bamreflex
sensdtivity 15 associated with an ince e n aneral presaune
and e development of hypenension [70, 71). However, a
change in baoreflex function was nol abaerved n dee s
from mothers suljected to perinatsl proten malninion
[1, % 35, Alhough these studes showad that hypenens on
im s e e mental model was notrelaed o dyfonctions in
the baroneflex comirol mechansm |9, mone studies will e
neoxssary i nvest gate the barore flex. sensitivity after CHR.

Algether, our dats bring new nsights ino the atiolo-
gleal mechanians underlying te development of aterial
hypemenson in &t offspring subjeced 1o a maemal low-
ki diet, suggesting & oritical mle for the camitid bodies
{respiraiory peripheral chemomecepiors). In concluson, te
carptid body mputs of mahourshed offspring may be
responddble for the following: (1) enhanced e spratory fre-
quency and COy chemosensitivity in early life and (i) pro-
duction of avionomic imbalance and developmeni of
hypemenson Thewe findings ane cucial note understanding
of why blood presone incemes n indvidoals submited o
low-protein intake durng a ertical period of life.
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Recife, 25 de fevereiro de 2015.
Oficio n°® 14/15

Da Comisséo de Etica no Uso de Animais (CEUA) da UFPE
Para: Prof. Jodao Henrique da Costa Silva

Centro Académico de Vitoria

Universidade Federal de Pernambuco

Processo n°® 23076.062778/2014-38

Os membros da Comisséo de Etica no Uso de Animais do Centro de Ciéncias
Biolégicas da Universidade Federal de Pernambuco (CEUA-UFPE) avaliaram seu
projeto de pesquisa intitulado, “Avaliagdo dos efeitos funcionais e moleculares
induzidos pela desnutrigdo protéica e atividade fisica materna sobre o controle
da atividade nervosa simpatica e ventilagio de ratos jovens”.

Concluimos que os procedimentos descritos para a utilizagéo experimental dos
animais encontram-se de acordo com as normas sugeridas pelo Colégio Brasileiro
para Experimentagdo Animal e com as normas internacionais estabelecidas pelo
National Institute of Health Guide for Care and Use of Laboratory Animals as quais sao
adotadas como critérios de avaliagao e julgamento pela CEUA-UFPE.

Encontra-se de acordo com as normas vigentes no Brasil, especialmente a Lei
11.794 de 08 de outubro de 2008, que trata da questdo do uso de animais para fins

cientificos e didaticos.
Diante do exposto, emitimos parecer favoravel aos protocolos experimentais a

CCS/UFPE; Animais: ratos isogénicos; Linh_agem: V\oﬁstar; s,
|dade: 30 dias; Peso: 100g; Sexo: machos e fémeas; N° total DA

de animais: 90. GAPE 1801584

serem realizados. ;
. 4 s /Z/w
Origem dos animais: Biotério do Departamento de Nutrigado - | / {& W (}1 / /,
/ e . \ ﬁ; /
it

CCB: Integrar para desenvolver
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