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Resumo

A restricdo proteica materna pode levar a redugdo no numero de
cardiomiocitos da prole, um importante fator de risco para desordens
cardiovasculares na vida adulta. No coracao, todos os componentes do sistema
renina-angiotensina (SRA), incluindo a angiotensina Il (ANG 1) e seus
receptores — AT1R e AT2R - s&o expressos. Este estudo investigou
comparativamente, em modelos idénticos, variando apenas a dieta materna em
restricdo proteica (artigo 1) ou desnutricao (artigo Il), a expresséao e localizagéo
dos receptores AT1 e AT2, e de suas vias de sinalizagcdo, no ventriculo
esquerdo de ratos adultos. Paralelamente, investigamos a possivel hipertrofia
ventricular esquerda em machos adultos, além dos valores presséricos da 62 a

162 semanas de vida.

O presente estudo demonstrou que a desnutricdo materna tem efeitos
mais severos quando comparada a restricdo protéica no que diz respeito a
perda de peso da prole no nascimento e a elevacdo da pressao arterial. Tanto
a restricdo protéica quanto a desnutricdo materna durante o periodo
gestacional leva a elevacado da pressdao arterial, na prole de machos em idade
adulta, e modificagdes significativas na expressdo dos receptores de ANG Il e
nas suas vias de sinalizagcdo. No modelo de restricdo protéica sugerimos a
participacdo da transativacdo de vias de crescimento pelo receptor AT1
culminando em aumento da expressao de ERK, ja que a expressao de AT2 nao
foi alterada. Ja no modelo de desnutricdo, além desta transativacdo sugerida
no outro modelo, hipotetizamos que haja a participacdo do receptor AT2,
altamente expresso, causando hipertrofia constitutiva nos cardiomiécitos por

uma via independente de ERK 1/2.
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ABSTRACT

Maternal protein restriction may lead to reduced cardiomyocyte offspring,
which can be considered an important factor to cardiovascular diseases in
adulthood. In the heart, all the renin-angiotensin system (RAS) compounds,
including angiotensin 1l (ANG 1l) and its receptors — AT1 and AT2 - are
expressed. This study investigated comparatively, varying only maternal diet in
protein restriction (paper 1) or undernutrition (paper Il), expression and
localization of AT1 and AT2 receptors, and their signaling pathways, in heart’s
left ventricle in male adult rats. As additional results, we also investigated
heart’'s left ventricle hypertrophy in male offspring, besides systolic blood

pressure (SBP) values from 6" to 16™ week of age.

The present study demonstrated that maternal undernutrition presents
more severe effects when compared to protein restriction when we associate
offspring birth weight and enhanced SBP in both models. Protein restriction and
undernutrition in utero lead to higher levels of SBP in male offspring, and also to
significant changes in ANG Il receptors and their signaling pathways. In protein-
restricted animals, we suggest the participation of growth pathways
transactivation via AT1R, leading to enhanced ERK expression, since AT2
expression doesn’t seem to be altered. The undernutrition model, for instance,
seem to present the same transactivation pattern suggested by protein-
restriction, associated to enhanced AT2R expression, and our hypothesis is that
AT2 is related to constitutive hypertrophy in cardiomyocytes by an ERK 1/2-

independent pathway.
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Alteracfes na nutricdo do feto e no seu estado enddgeno resultam no
desenvolvimento de adaptagcbes que modificam permanentemente sua
estrutura fisiologica e metabdlica, predispondo-o assim a doengcas metabdlicas,
enddcrinas e cardiovasculares na vida adulta (BARKER, 1998). Animais
submetidos a desnutricdo em periodos criticos do desenvolvimento apresentam
reducdo do crescimento dos o6rgdos e modificacbes permanentes em seu
metabolismo e/ou estrutura (GLUCKMAN e HANSON, 2004; DESAI e HALES,

1997; DESAI et al., 1996).

A plasticidade fetal permite sua adaptacdo a condicdes adversas
nutricionais maternas reduzindo o crescimento e desenvolvimento da prole
(DESAI et al., 1996; WIDDOWSON e MCCANCE, 1975; WINICK e NOBLE,
1966). Essas alteracfes podem ter efeitos benéficos em curto prazo, embora
acarretem prejuizos a saude pos-reprodutiva (BARKER, 1998). Evidéncias
clinicas e experimentais associam o retardo no crescimento intra-uterino a
maior ocorréncia de doencas cardiovasculares, hipertensdo e obesidade na

idade adulta (BARKER et al., 1993; HANSON, 2002; DESAI e HALES, 1997).

O uso de modelos animais aumentou o entendimento das relagdes entre
o0 ambiente materno deficiente e a saude da prole ao longo da vida. A natureza
dos estudos em animais foca tipicamente na alteracdo de aspectos especificos
da nutricdo materna (reducé&o do conteudo proteico, restricdo alimentar global
ou menor consumo de calorias) durante periodos criticos do desenvolvimento

(inicio do desenvolvimento, periodos de organogénese, crescimento fetal) e os
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resultados destas alteragcdes na saude e fisiologia da prole (WATKINS e

FLEMING, 2009).

Em resposta a essas descobertas, tanto em estudos com humanos
guanto com animais, foi criada uma sociedade cientifica, denominada DOHaD
(Developmental Origins of Health and Disease — Origens do Desenvolvimento
da Saude e Doencga) que investiga a hipétese de que o feto pode adaptar seu
préprio desenvolvimento em resposta direta ao ambiente uterino, mediado por
fatores como nutricdo e fisiologia maternas (GLUCKMAN e HANSON, 2004,
McMILEEN e ROBINSON, 2005; HANSON e GLUCKMAN, 2008). A resposta a
dieta materna permite que o feto fagca ajustes em seu crescimento e
metabolismo, de forma que suas propriedades e seu tamanho sejam
compativeis com a disponibilidade pés-natal de nutrientes sugerida pelo
ambiente uterino. No entanto, as adaptacdes desenvolvidas sob condigbes de
desnutricdo materna podem se tornar maléficas caso o ambiente pds-natal seja
provido de abundancia relativa de nutrientes. Nessas condi¢cdes, existe uma
discordancia entre a ingestdo de nutrientes, o processo de homeostase e a
regulagdo do consumo de energia, levando ao risco aumentado de doencas
cardiovasculares e metabdlicas (GLUCKMAN e HANSON, 2004; McMILEEN e

ROBINSON, 2005; HANSON e GLUCKMAN, 2008).

Diversos estudos foram conduzidos no intuito de demonstrar os efeitos
deletérios da falta de nutrientes durante a gestacdo. Estudos epidemiolégicos
em populac¢des distintas demonstram associa¢cado entre baixo peso ao nascer e

desenvolvimento subseqguiente de hipertenséo, resisténcia a insulina, diabetes
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tipo 2 e doencas cardiovasculares (BARKER, 1998). Essa associacdo parece
ser independente de fatores de risco ligados ao estilo de vida, tais como
consumo de cigarros e/ou alcool, peso, classe social e sedentarismo — habitos
de efeito aditivo secundario (BARKER et al.,, 1993). Estudo recente verificou
gque a prole de ratas submetidas a desnutricdo gestacional apresentou
alteracbes permanentes no crescimento relativo dos rins e do coragéo,
podendo aumentar os riscos de desenvolverem doencas na idade adulta
(DESAI et al., 2005). Uma série de resultados em humanos associa o0 baixo
peso ao nascer ao consequente aumento do risco de morte por complicagdes
cardiovasculares (RICH-EDWARDS et al, 1997; BARKER et al, 1989).
Adicionalmente, estudos sugerem que o rapido ganho de peso pds-natal pode
predizer riscos de doencas cardiovasculares na vida adulta (BARKER et al.,
1993; ERIKSSON et al., 1999; LAW et al., 1993). Esses resultados refletem
ndo apenas o0 aumento dos fatores de risco cardiovascular, mas as

consequiéncias da programacdao primaria cardiaca.

Hipertrofia ventricular cardiaca

A hipertrofia ventricular cardiaca € um processo de remodelacéo
primaria que ocorre no miocardio em resposta a sobrecarga pressorica
(WEBER et al., 1987; JANICKI et al., 2004; FUNCK et al., 1997). Alguns
eventos estruturais deste remodelamento envolvem alteracbes na estrutura e
composicao da matriz extracelular (MEC) (WEBER et al., 1987; JANICKI et al.,

2004; FUNCK et al.,, 1997). A MEC é um arcabouc¢o proteico, constituido
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principalmente por colageno, proteoglicanos, glicoproteinas, fatores de
crescimento e enzimas que coletivamente modulam a estrutura, fisiologia e
biomecéanica dos tecidos. Alteragcbes na arquitetura normal do miocéardio,
induzidas pela hipertrofia ventricular cardiaca, principalmente com aumento na
deposicdo de colageno na MEC, podem levar a desorganizacdo dos
cardiomiocitos, dificultando a transmissao das forcas de contragdo ao longo do

miocérdio (de SIMONE e DE DIVITIIS, 2002).

Na doenca cardiaca hipertensiva ocorrem
modificagcbes no ambiente hormonal e celular que
levam a alteracdes no turnover de elementos da MEC
e, consequentemente, a um estado pro-fibrotico. Berk
et al. (2007) propéem um modelo para o
desenvolvimento da doenga cardiaca hipertensiva
cuja génese envolve a transdiferenciacdo de
fibroblastos cardiacos em miofibroblastos (Fig. 1). A
ativacdo de miofibroblastos promove aumento na
sintese dos componentes da MEC e de enzimas que
participam da remodelagdo estromal. Tais alteragdes
acarretam mudanga nos sinais recebidos pelos cardiomiocitos de seu
microambiente, o que induz a expressao de genes associados a hipertrofia e
disfuncéo contratil. Finalmente, a ativacdo do sistema renina-angiotensina-
aldosterona e aumento nos niveis de TGF-1 ativo levam ao recrutamento de

células musculares lisas, monécitos e fibroblastos, estimulando uma
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programacao génica de reparo tecidual com deposicédo e consequente fibrose

perivascular e amplificacao do estado proé-fibrético (Fig. 2).

Apesar da sobrecarga no ventriculo esquerdo ser apontada como o
principal fator responsavel pela remodelacdo tecidual durante a hipertenséo
sistémica (KANNEL et al., 1987), os determinantes moleculares desse
processo sao desconhecidos. Uma via importante de alteragcdes na estrutura e
composi¢cdo da MEC é a ativacdo de uma familia de proteases conhecidas

como metaloproteinases (MMPs) (JANICKI et al., 2004).

As MMPs desempenham importante papel para a manutencdo da
homeostase tecidual. Sdo responsaveis, por exemplo, pela erupgdo dental,
implantacdo do embrido, involucdo da mama e reabsor¢cdo 0ssea. Entretanto,
niveis elevados de expressdo das MMPs estdo correlacionados a diversas

patologias em que a degradacéo ou remodelagdo da MEC sé&o eventos criticos,

22



tais como invasédo tumoral e doenca cardiaca hipertensiva (Murray, 2001; Berk
et al.., 2007).

Todas as MMPs séo sintetizadas na forma de um precursor latente, que
necessita sofrer um processamento proteolitico (remoc¢do do pro-peptideo)
para se tornar ativo. Adicionalmente, a atividade catalitica das MMPs é
regulada por uma familia de quatro glicoproteinas conhecidas como inibidores
teciduais de metaloproteinases (TIMPs - 1 a 4) (CHIRCO et al., 2006). A
ativacdo e a inibicdo das MMPs s&o eventos moleculares complexos e
dependentes da interacdo entre as MMPs e os TIMPs. Estudos in vitro
demonstram que alteracOes nos padrOes de tensdo e pressao podem induzir
modificacdes no padréo de expressao e atividade das MMPs e TIMPs na MEC

(ASANUMA et al., 2003).

Outro fator envolvido na sintese de MEC € a angiotensina Il. Mehta e
Griendling (2007) sugerem a existéncia de trés vias de sinalizagdo rapidas
ativadas pela angiotensina Il. Essas vias levam ao aumento na expressao de

genes que codificam componentes da MEC.

A angiotensina Il exerce seu efeito diretamente via ativagao do receptor
AT1 e/ou indiretamente pela inducdo de TGF-1 (WEBER et al.,, 1999). A
ativacdo do receptor de angiotensina Il ocorre com a hipertenséo arterial e
influencia na sintese de MEC. Além disso, a ativacdo de AT1 regula a sintese e
secrecao de MMPs da MEC. No entanto, sdo necessarios estudos adicionais

em tecidos e Orgdos para avaliar se essa alteracdo esta envolvida na
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remodelacdo cardiaca, génese e manutencdo da hipertensao arterial ou se é

consequéncia da sobrecarga no modelo.

Diversos estudos indicam que, quando o coracdo estad sofrendo
hipertrofia, os receptores de angiotensina Il, particularmente AT1, tém sua
expressdo aumentada no tecido cardiaco de ratos durante o periodo neonatal.
Tanto o RNAmM quanto o numero de sitios de ligagcdo para angiotensina Il sdo
elevados de duas a quatro vezes em relacdo ao niumero encontrado em um
adulto normal (MIYATA e HANEDA, 1994; WANG et al. 2004; BAKER et al.

2004).

Programacéo fetal e alteragdes cardiacars

Conforme descrito anteriormente, a hip6tese de “programacgéo fetal” foi
proposta como 0 mecanismo de associagcdo entre o baixo peso ao nascer, 0
crescimento infantil e as doencas subsequlientes. Essa hipdtese descreve o
processo pelo qual um estimulo ou injaria durante periodos criticos do
crescimento e desenvolvimento podem alterar permanentemente estruturas e
funcdes teciduais (LUCAS, 1991). Programacéo fetal, portanto, € o processo
pelo qual o ambiente encontrado antes do nascimento ou na infancia molda o
controle, em longo prazo, da fisiologia dos tecidos e da homeostase corporal
(LANGLEY-EVANS, 2004).

Essa programacéo fetal determina o perfil da saude e as doencas que
irdo acometer um individuo ao longo de sua vida. As primeiras evidéncias de

programacao datam de 1964, quando Rose notou alto risco de isquemia
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cardiaca em individuos cujos irméos foram abortados ou morreram na infancia.
Fordshal, em 1967 percebeu que regides da Noruega com alto nivel de
mortalidade infantil apresentavam também indices elevados de morte por
doencas cardiovasculares. A década de 1980 é rica em estudos associando
mortalidade cardiovascular e eventos ocorridos na primeira fase da infancia. No
entanto, o termo foi usado pela primeira vez em 1991, por Alan Lucas, que
define programacao como “a resposta permanente de um organismo a um
estimulo ou insulto durante um periodo critico do desenvolvimento”.

Em 1973, Anders Forsdahl sugeriu que o ambiente fetal poderia ser
considerado um fator-chave para a etiologia de doencas cardiovasculares na
vida adulta. Seus estudos indicam que condi¢cfes sociais precarias atuam como
um estimulo adverso durante a infancia e a adolescéncia, aumentando o risco
de doencas cardiovasculares (FORSDAHL, 2002). Antes disso, a observacéo
da relag&o inversa entre peso ao nascer e doencas coronarianas levou Barker
a interpretar o ambiente fetal como um novo componente na etiologia das
doencas cardiovasculares (BARKER et al., 1989). De acordo com sua hipétese,
determinadas doencas na idade adulta desenvolvem-se como resposta ao
desequilibrio entre as demandas fetais e a disponibilidade de nutrientes na
gestacdo (BARKER et al., 1988). As alteracbes moleculares e fisiolégicas
resultantes desse desequilibrio nutricional permitem a sobrevivéncia da prole,
embora seus efeitos, em longo prazo, promovam alteragcdes na estrutura
cardiovascular, renal, respiratéria, endocrina e nos componentes do sistema

nervoso central (BARKER et al., 1995; FOWDEN et al., 2006).
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lnjurias e estimulos da programac¢éo fetal

Em 2002, Huxley et al. sugeriram que fatores adversos durante a vida
fetal ou na primeira fase da infancia podem predispor ou programar o individuo
a sofrer algumas doencas especificas na idade adulta (LANGLEY-EVANS,
2004). Evidéncias sugerem que fisiopatologias no adulto podem ser induzidas
pela manipulagc&o do ambiente fetal (BARKER, 1998; NYIRENDA et al., 1998) e
ainda comprovam que, quando um feto ou neonato € exposto a um ambiente
nao usual durante rapida fase de crescimento, os resultados das respostas
adaptativas podem se tornar fixos. Ratas prenhes alimentadas com dieta de
baixa proteina, por exemplo, originam prole com presséo arterial elevada ao
longo da vida (LANGLEY-EVANS et al., 1996a), além de balanco alterado entre
a producéao de glicose hepética e sua utilizacdo (DESAI et al., 1996).

Outros efeitos notaveis em longo prazo, provenientes de alteracbes na
nutricdo materna, incluem mudangcas no metabolismo do colesterol, na
secrecao de insulina e no desenvolvimento renal (BARKER, 1998). Estudos
apontam ainda que as implicagcdes da manipulagcdo do ambiente fetal podem
nao estar limitadas a primeira geragcao, prolongando os efeitos da programacao
pelas geracdes subsequentes (DRAKE e WALKER, 2004).

No entanto, nem todos os 6érgdos apresentam o mesmo periodo critico
em relacéo a fisiologia e risco de doencas. Embora o primordio de todas as
estruturas internas e externas ocorra no periodo embrionario, em alguns
orgaos (coracdo, cérebro e figado, por exemplo), o periodo critico ocorre

durante a fase fetal, etapa na qual serdo diferenciados em sistemas. Além do
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periodo de desenvolvimento, a duracdo da exposicdo a condicdes adversas
também ¢€é importante. Fetos que sofreram desnutricdo durante o
desenvolvimento fetal apresentam tendéncia a doencas cardiacas e retardo
mental, porém rins e pulmdes ndo séo afetados. No entanto, se essa falta de
alimento ocorrer durante a fase final da gestacdo, a prole apresenta
predisposicdo a doencas renais e pode ou nao ter orgdos comprometidos
(LANGLEY-EVANS, 2004). Entretanto, estudos realizados em nosso
laboratério por Mesquita et al. (dados né&o publicados) demonstram que a
restricdo proteica nos primeiros 14 dias de gestacao ja determinam a formacao
de cerca de 30% a menos de néfrons.

A hipétese de que o baixo peso ao nascer e sua associacdo com o
namero reduzido de néfrons poderia aumentar o risco de hipertensédo e
doencas renais crénicas no adulto foi primeiramente proposta por Brenner e
Chertow (1994). Estudos com autOpsias de criangas com crescimento intra-
uterino retardado demonstrou associacdo com o namero reduzido de néfrons
(HINDCHCLIFFE et al., 1991, 1992), embora em varias espécies a desnutricao
materna ou insuficiéncia placentaria ndo puderam ser experimentalmente
relacionadas com esse tipo de alteracao renal (JONES et al., 2001; WOODS et
al.., 2005; BAUER et al., 2002; GILBERT et al., 2005), apesar da ocorréncia de
aumento nos valores pressoricos (WOODS et al.., 2005; GILBERT et al., 2005).
No entanto, muitos estudos demonstram aumento dos valores de pressédo
arterial na auséncia de modificagbes significativas no nimero de glomérulos
(ORTIZ et al., 2003; PLADYS et al., 2005; WOODS et al., 2005). Embora néo

tenham encontrado alteracbes no numero de glomérulos em resposta a
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restricdo proteica durante o periodo pré-implante, Watkins et al. (2008b)
observaram tamanho reduzido dos rins e aumento do nimero de glomérulos
em fémeas submetidas a restricdo proteica durante a fase de maturacdo do
ovécito, além de hipertensdo relativa. Como os rins se desenvolvem mais
tardiamente no periodo gestacional, e o desafio nutricional periconceitual na
verdade precede o inicio do desenvolvimento, o aumento no numero de
glomérulos pode ser considerado uma resposta compensatéria contra as
adversidades da programacao, embora os mecanismos desta resposta ainda

nao sejam conhecidos (WATKINS e FLEMMING, 2009).

Glicocorticéiders e programacgéo fetal

Embora alguns efeitos nutricionais sejam consequéncia direta da
alteracdo na disponibilidade de substrato, parte desses resultados se deve a
mediacdo hormonal, que pode alterar o desenvolvimento de tecidos fetais
especificos em periodos criticos do desenvolvimento, levar a mudancas
permanentes na secre¢do hormonal ou a sensibilidade tecidual a horménios
(BARKER, 1998). Um exemplo é a acao de andrégenos, que no periodo
neonatal programam a expressédo de enzimas esterdides de metabolizagao
hepética, o desenvolvimento de dimorfismo sexual de estruturas cerebrais e o
comportamento sexual (ARAI e GORSKI, 1968; GUSTAFSSON e STENBERG,
1974). Esses efeitos podem ser exercidos apenas durante um periodo perinatal
especifico, mas ainda assim persistirem a vida toda, independente de qualquer

manipulacdo subsequiente de esterdides sexuais.
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Glicocorticoides fisioldgicos (cortisol em humanos, corticosterona em
ratos e camundongos) s&o sintetizados no coértex da adrenal. Muitas
caracteristicas da exposicdo excessiva a glicocorticOides sugerem possivel
papel da programacdao infantil em desordens metabdlicas e cardiovasculares.
Glicocorticéides exégenos retardam o crescimento fetal em humanos e
animais, incluindo primatas (REINISCH et al.,, 1978; NOVY e WALSH, 1983;
MOSIER et al., 1982; BERRY et al., 1997). Em humanos, niveis de cortisol fetal
sdo aumentados no retardo do crescimento intra-uterino, tanto idiopatico

guanto causado por pré-eclampsia (GOLAND et al., 1993; 1995).

Glicocorticoides pré-natais alteram a taxa de maturacdo de varios
orgaos, como coracgdao, rins e intestino (SECKEL et al., 2000). Alguns efeitos
sdo temporarios, enquanto outros persistem ao longo da vida. Glicocorticoides
pré-natais ou estresse programam efeitos especificos no cérebro, notavelmente
no eixo hipotalamo-pituitaria-adrenal (HPA) e no sistema motor dopaminérgico
(MEANEY et al., 1989; HENRY et al., 1994; DIAZ et al., 1997; WEINSTOCK et
al., 1992). Glicocorticéides também programam o sistema imune (REDEI, 1993)
e os rins (CELSI et al., 1998). Os receptores de glicocorticéides sédo altamente
expressos em quase todos — sendo todos — os tecidos fetais a partir do meio da
gestacao ou mais cedo (DIAZ et al., 1998; COLE et al., 1995), assim como na

placenta e nas membranas fetais.

Os glicocorticéides aumentam a pressao arterial e os niveis de glicose
no sangue em adultos (TONOLO et al., 1988). O cortisol ainda eleva a pressao

arterial fetal quando injetado diretamente no Utero de ovelhas (TANGALAKIS et
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al., 1992) e no momento do nascimento em humanos e ovelhas (BERRY et al.,
1997; KARI et al.,, 1994). A exposicdo pré-natal a glicocorticoides eleva
crucialmente a presséao arterial da prole quando adulta. O tratamento de ratas
prenhes com baixas doses de dexametasona, um glicocorticlide sintético
usado na prética da obstetricia, reduz o peso ao nascer e eleva a pressao
arterial sangliinea na prole adulta (BENEDIKTSSON et al., 1993). Mesmo
exposicdes curtas a glicocorticéides no ultimo periodo de gestagcdo aumentam
a pressao arterial em ratos adultos (LEVITT et al., 1996). A administracao de
dexametasona no ultimo periodo da gestacdo também “programa”
permanentemente hiperglicemia e, particularmente, hiperinsulinemia na prole
(NYIRENDA et al., 1998). Em contraste, exposicado pré-natal ou pos-natal
precoce a dexametasona, enquanto reduz o crescimento fetal ou infantil, ndo

promove efeitos persistentes na homeostase da glicose durante a vida adulta.

Embora glicocorticdides sejam em sua maioria lipofilicos e rapidamente
atravessem a placenta, normalmente o feto tem niveis muito menores de
glicocorticéides fisiolégicos do que sua progenitora (BEITENS et al.,, 1973;
CAMPBELL e MURPHY, 1977). Essa diferenca é garantida pela enzima 11-p-
hidroxiesteroide desidrogenase tipo 2 (11B-HSD2), que catalisa o rapido
metabolismo do cortisol e da corticosterona para inativa-las nas formas 11-keto
(cortisona e 11-desidroxicorticosterona, respectivamente) (MURPHY et al.,
1974; LOPEZ-BERNAL et al.,, 1980). Essa barreira enzimatica placentéaria
garante que a maioria, mas nem todos (BENEDIKTSSON et al., 1997) os

glicocorticéides maternos sejam inativados, de forma que o cortisol fetal
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circulante seja, em teoria, apenas aquele derivado das adrenais do feto. No
entanto, a eficiéncia da 11B-HSD2 placentaria varia consideravelmente tanto
em humanos quanto em ratos (BENEDIKTSSON et al.., 1993; STEWART et al.,
1995). Sugere-se que a deficiéncia relativa de 11B-HSD2 placentéria,
permitindo o acesso do feto aos glicocorticides maternos, promove retardo no
crescimento da prole, uma possivel resposta de programacéo relacionada a
doencas posteriores (EDWARDS et al.,, 2005). De fato, em ratos, menor
atividade da 11B-HSD2 placentaria e presumivelmente maior exposicao fetal a
glicocorticéides resultam em fetos menores com placentas maiores.
Associacao similar entre peso ao nascer e 113-HSD2 placentéria foi realizada
em humanos (STEWART et al., 1995), embora nem todos os estudos tenham
confirmado essa observacdo (ROGERSON et al., 1997). No entanto, mutacdes
deletérias do gene da 11B-HSD2 em humanos estdo associadas com baixo
peso ao nascer (DAVE-SHARMA et al., 1998). Além disso, marcadores
bioguimicos de exposicdo fetal a glicocorticoides estdo relacionados com a
fungéo da 11B-HSD2 placentaria proximo ao nascimento (BENEDIKTSSON et
al., 1995). Estudos com a 11B3-HSD carboxolona em ratas prenhes mostrou
efeitos similares aos da dexametasona, com reduzido peso ao nascer,
hipertenséo e hiperglicemia na prole adulta (LINDSAY et al., 1996a; 1996b).
Esses efeitos da carboxolona séo aparentemente independentes de mudancgas
na pressao arterial ou eletrolitos maternos, mas requisitam glicocorticoides
maternos (os efeitos ndo foram vistos na prole de fémeas adrenalectomizadas

submetidas ao tratamento com carboxolona). De forma intrigante, a restricdo
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proteica durante a gestacao atenua seletivamente a 113-HSD2, mas néo outras
enzimas da placenta (LANGLEY-EVANS et al., 1996b), e promove hipertens&o
e hiperglicemia, entre outros efeitos. Assim, exposicdo a glicocorticoides
parece ser parte integrante de uma série de mecanismos comuns ligando os

fatores ambientais maternos ao crescimento e programagao.

Manipulagcdo da dieta materna

Andlises historicas de dados obtidos de mulheres que ficaram gravidas
durante a Fome Holandesa, periodo de cinco meses durante o inverno de
1944-45 em Amsterdd, demonstram que filhos de mulheres submetidas a
escassez de alimentos durante o periodo embrionario e/ou inicio do
desenvolvimento fetal mostravam niveis aumentados de doencas coronarianas,
maior indice de massa corporea e intolerancia a glicose (RAVELLI et al., 1999;
PAINTER et al., 2006; DE ROOIJ et al., 2006). Interessante notar que filhos de
mulheres que ficaram gravidas antes do periodo de escassez e foram
submetidas a desnutricdo apenas nos estagios finais da gestacdo
apresentaram baixo peso ao nascer, porém se tornaram obesos quando
adultos (RAVELLI et al., 1999; McMILLEN e ROBINSON, 2005). Esses dados
sugerem que periodos diferentes da gestacdo parecem ter sensibilidade
diferenciada aos efeitos da desnutricdo materna, considerando a natureza das
modificacdes na saude e fenétipo induzidos na prole (WATKINS e FLEMING,

2009).
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O emprego de modelos animais permitiu o estudo do desenvolvimento
fetal e pbs-natal em resposta a manipulacdo precisa e controlada da dieta
materna. Além dos constituintes da dieta, o uso de modelos de roedores e
ovelhas permitiu restringir a desnutricdo materna a periodos especificos do
desenvolvimento embrionério e/ou fetal. Langley-Evans et al. (1996a)
demonstraram que periodos diferentes da gestacdo originam diferentes
severidades no estabelecimento da hipertensdo em ratos submetidos a
restricdo proteica gestacional. A dieta de reduzida porcentagem proteica,
guando administrada em discretos periodos de sete dias, ou ao longo de toda a
gestacao, resultou em hipertens&o arterial na prole. No entanto, a magnitude
da hipertensdo foi maior nos animas em que a dieta de baixa proteina foi
oferecida durante os Ultimos sete dias de gestacdo ou durante a gestacédo

inteira (LANGLEY-EVANS et al., 1996a).

Em diversos estudos, a restricdo proteica gestacional, quando ocorre
exclusivamente durante o estagio de pré-implantacdo, demonstra alteracao no
nimero de células do blastocisto, aumento da expressao de 11p3-HSD tipo 1 e
do fosfoenolpiruvato carboxiquinase (Pepck, Pckl) — genes envolvidos na
ativacdo de glicocorticoides no figado do feto e na gliconeogénese,
respectivamente, e que afetam o crescimento fetal e pds-natal, induzem
hipertensdo na prole quando adulta, além de aumentar os padrdoes de
comportamento de ansiedade nos testes de campo aberto e o tamanho relativo
dos 6rgaos (KWONG et al., 2000, 2006, 2007; WATKINS et al., 2008a). Em

ovelhas, a desnutricdo materna do primeiro ao 30/31° dia de gestacdo aumenta
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os niveis de cortisol circulante no plasma na prole do sexo feminino e altera a
funcao cardiovascular dos filhotes ao atingirem um ano de idade (GARDNER et
al., 2004, 2006), enquanto na prole adulta, h4 aumento da parede do septo
interventricular e aumento meédio da parede ventricular esquerda (CLEAL et al.,
2007). Deficiéncia materna de vitamina B e metionina durante o periodo
periconceitual em ovelhas também induz uma prole com valores aumentados
de peso e gordura corpéreos associados a hipertensdo, com evidéncias de
mudancas epigenéticas associadas ao perfil de metilacdo do DNA de muitos

genes (SINCLAIR e SINGH, 2007).

Dados de estudos com animais e humanos também relevaram a
significancia da dinadmica de crescimento do inicio do periodo pés-natal na
saude e fisiologia do adulto. Em humanos, criancas que nasceram e
permaneceram menores até o primeiro ano de idade e, a partir de entdo,
apresentaram rapido ganho de peso e indice de massa corporea (IMC), mas
ndo aumentaram a estatura, apresentaram maior prevaléncia de doencas
coronarianas quando adultos, se comparados a adultos com valores médios de
peso ao nascer (ERIKSSON et al., 1999, 2001). Em camundongos, a prole de
maes alimentadas exclusivamente com dieta de baixa taxa proteica durante o
periodo pré-implantacional difere significativamente nas associacfes entre
peso ao nascer e pressao arterial em relacdo ao grupo controle (WATKINS et
al., 2008a). Animais que eram menores até a terceira semana de vida
desenvolveram pressdo arterial elevada quando adultos, sendo que valores
semelhantes foram encontrados também nos animais do grupo controle que

apresentaram menor peso ao nascer. No entanto, o grupo submetido a
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restricdo proteica pré-implantacional apresentou associacdes positivas, como
aumento do crescimento perinatal associado a maiores indices de pressao
arterial na vida adulta, destacando-se o risco cardiovascular derivado do

crescimento e ganho de peso excessivo nos periodos peri e pos-natal.

N&o apenas o0s primeiros estagios de desenvolvimento parecem ser
sensiveis aos efeitos da programacdo promovida pela desnutricdo materna,
mas também os desafios alimentares durante o periodo de maturacdo do
ovécito podem resultar em modificagcées na saude cardiovascular da prole. Em
camundongos, dieta de baixa taxa proteica administrada apenas durante o
periodo de maturacdo do ovaQcito resulta no desenvolvimento de prole adulta
hipertensa (WATKINS et al.,, 2008b). Em ovelhas, a desnutricdo materna
durante o periodo pré-concepcao (entre 45 dias antes do nascimento até sete
dias apds) altera a dindmica de crescimento materna, placentaria e fetal,
aumenta a pressédo arterial fetal e potencializa a ativagdo do eixo hipotalamo-
pituitaria-adrenal (EDWARDS e McMILLEN, 2002a, 2002b; EDWARDS et al.,

2005; McMILLEN et al., 2008).

Principaisr mecanisrmors do estado hipertenrsivo

As vias e mecanismos causais subjacentes ao estado hipertensivo e
associados a doencas cardiovasculares em resposta ao desenvolvimento da
programacdo parecem ser complexos e numerosos, sendo descritos por

Langley-Evans (2001), Brawley et al. (2003a) e McMillen e Robinson (2005).
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A disfuncéo periférica vascular € um dos mecanismos envolvidos. Por
estar associada com, e geralmente anteceder, o0 desenvolvimento da
hipertensdo (BRAWLEY et al., 2003a), € essencial que se compreenda o papel
das respostas vasculares e endoteliais e a fungcdo do musculo liso na regulacéo
homeostéatica da pressado arterial. A prole de méaes submetidas a restricdo
alimentar mostrou aumento significativo nos valores de presséo arterial
(LANGLEY-EVANS et al., 1996a; KWONG et al., 2000; TORRENS et al., 2003,
2006; WATKINS et al., 2008b) e, como resultado, numerosos estudos tém
examinado a producdo e a resposta de diversos componentes vasoativos.
Artérias mesentéricas isoladas de camundongos machos expostos a restricao
proteica intra-uterina exclusivamente durante o periodo de pré-implantacéo, ou
durante toda a gestacdo, apresentam respostas atenuadas do agonista f-
adrenorreceptor — isoprenalina — e do doador de 6xido nitrico — nitroprussiato
de sédio (WATKINS e FLEMING, 2009), sugerindo um defeito vascular na via
de AMPc no musculo liso. Restricdo proteica gestacional administrada
exclusivamente durante a fase de maturacéo dos ovdcitos resulta em resposta
comprometida do vasodilatador endotelial acetilcolina e isoprenalina-
dependentes, em artérias mesentéricas isoladas de machos (WATKINS et al.,
2008b). E importante notar que n&o foi observada diferenca na vasoconstricdo
mediada pelo vasoagonista o-adrenérgico. Esses resultados corroboram os
dados de estudos prévios com maes que receberam dieta reduzida em 50%
durante a segunda metade da gravidez (HOLEMANS et al., 1999) ou foram

submetidas a restricdo proteica ao longo de toda a gestacdo (BRAWLEY et al.,
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2003b), e que ndo apresentaram diferenca no vasoconstritor mediado pelo

adrenorreceptor o1.

O sistema renina-angioteasina

O sistema renina-angiotensina (SRA) desempenha um importante papel
na regulacdo de processos fisiologicos do sistema cardiovascular, funcionando
nao apenas como um sistema enddécrino, mas servindo localmente funcdes
autocrinas e paracrinas em tecidos e 6rgdos. A primeira molécula efetora deste
sistema, angiotensina Il (ANG Il), emergiu como um hormdonio critico, que afeta
as funcdes de virtualmente todos os oOrgdos, incluindo coracéo, rins, sistema
vascular e sistema nervoso, promovendo tanto efeitos benéficos quanto
patoldgicos. A estimulacdo aguda da ANG Il regula a homeostase dos liquidos
corporais e a vasoconstricdo, modulando a pressdo arterial, enquanto a
estimulagdo cronica promove hiperplasia e hipertrofia no muasculo liso de
células vasculares (GEISTEFER et al., 1988; Xl et al., 1999). Exposi¢cdo em
longo prazo a angiotensina Il também desempenha um papel essencial na

hipertrofia e remodelacdo cardiacas, além de fibrose renal (MEHTA e

GRIENDLING, 2007).

Os mecanismos que controlam a formacdo e degradacdo de
angiotensina Il sdo importantes na determinacdo de seu efeito fisiologico final.
A ANG Il é um octapeptideo formado pela clivagem enzimética do
angiotensinogénio em angiotensina | (ANG |) pela enzima renina, e

subsequiente conversdo de ANG | em ANG Il pela enzima conversora de
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angiotensina (ECA), uma metalopeptidase identificada como principal
componente do SRA (CORVOL et al.,, 1995; COATES, 2003). Nguyen et al.
(2002) mostraram recentemente que a ativacdo do receptor renina também
aumenta a conversdo de angiotensinogénio em ANG |, e apresenta como
resultado a ativacdo das proteinas quinases mitdégeno-ativadas (MAPKS); o
subendotélio de artérias coronarias e renais apresentam altos niveis de RNAm
de receptores de renina. O efeito especifico dos niveis aumentados de ANG I
e aumento da atividade do SRA em cada tecido dependem da expresséo
celular e ativacdo de AT1l, um receptor critico em fisiopatologias

cardiovasculares e renais.

A maioria dos efeitos fisioldgicos conhecidos da ANG Il é mediada pelos
receptores AT1, que estao largamente distribuidos em todos os 6rgdos. Uma
vez que a ANG Il se liga ao AT1R, ativa uma série de cascatas, que por sua
vez regulam os varios efeitos fisiolégicos da ANG II. Além de ativar vias
classicas mediadas pela proteina G, a ANG Il também esta envolvida com uma
série de tirosina-quinases, via AT1R, incluindo receptores tirosina-quinase
(EGFR, receptores de insulina e JAK, por exemplo). A via AT1 também ativa
serinas/treoninas quinases como PKC e MAPK (incluindo ERK 1/2, p38MAPK e
JNK), envolvidas no crescimento e hipertrofia celular (HUNYADY e CATT,

2006; SUZUKI et al., 2005).

No entanto, embora a maioria dos efeitos vasoativos da ANG Il ocorra
via AT1R, os receptores AT2 parecem exercer efeito anti-proliferativo e anti-

apoptotico nos vasos, e acredita-se que sua principal funcdo seja de

38



antagonista de AT1. Tanto AT1 quanto AT2 se classificam como receptores de
membrana sete passos, e apresentam 34% de similaridade. AT2R ¢é altamente
expresso nos tecidos fetais, e a queda na expressédo pos-nascimento sugere
gue sejam receptores importantes no desenvolvimento fetal (SHANMUGAM et

al., 1996).

Fig. 3 — Representacdo esquematicas das vias de sinalizagao relacionadas a ANG II. Retirado de Mehta e
Griendling, 2007.

Juntamente com a resposta cardiovascular, o SRA é sensivel aos efeitos
da programacéo no ambiente embrionario alterado.. Ao ligar-se com o receptor
AT1, localizado nas células do musculo liso, rins, glandulas adrenais e
encéfalo, a angiotensina Il induz vasoconstricdo, reabsorcdo de sodio e
secrecdo de aldosterona e vasopressina (UNGER, 2002). A angiotensina Il

também esta envolvida na disfuncdo endotelial por meio de sua habilidade de
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aumentar o estresse oxidativo (MEHTA e GRIENDLING, 2007), embora a
clivagem do vasodilatador bradicinina também contribua para o
estabelecimento do estado hipertensivo (CORVOL et al.,, 1995; COATES,

2003).

Camundongos desprovidos de ECA s&o hipotensos, com valores
aproximadamente 30 mmHg menores em relacdo aos animais do grupo
controle (ESTHER et al., 1997; COLE et al., 2000) enquanto, em humanos, os
niveis séricos de ECA séo significativamente maiores em sujeitos hipertensos
(FORRESTER et al., 1997). A atividade aumentada da ECA sérica e pulmonar
foi observada em camundongos submetidos a restricdo proteica gestacional
exclusivamente durante o periodo de desenvolvimento pré-implantacdo ou
durante toda a gestacdo (WATKINS e FLEMING, 2009). Atividade elevada da
ECA também ocorre em camundongos e em culturas in vitro, em resposta a
procedimentos de transferéncia de embrides (WATKINS et al., 2007) e
resposta in vivo a expressao de genes que contribuem para a sobrevivéncia do
embrido (WATKINS et al., 2006). O bloqueio do receptor AT1 com o agonista
losartan (SHERMAN e LANGLEY-EVANS, 2000) ou o uso do inibidor da ECA
captopril (LANGLEY-EVANS e JACKSON, 1995) reduzem significativamente a
pressao arterial na prole de mées submetidas a restricao proteica gestacional.
Em ovelhas, o aumento dos valores de pressdo arterial em resposta ao
estimulo do SRA por furosemida é observado na prole de maes submetidas a
restricdo nutricional no inicio da gestacéo (CLEAL et al., 2007). Essa elevacédo
na presséao arterial pode ser bloquedada pela administragdo prévia de captopril,

indicando o papel do SRA no estado hipertensivo.
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Justificativa

Evidéncias laboratoriais demonstram o periodo periconceitual como uma
janela de sensibilidade aumentada para condicdes ambientais tanto in vivo
guanto in vitro. Essa sensibilidade torna emergente o conceito de que o0
embrido, mesmo antes da fase de implantacdo, responde a pistas maternas
importantes na manutencdo da regulacdo homeostatica e fisioloégica do
metabolismo e a critérios de crescimento para a gestacdo. Watkins e Fleming
(2009) sugerem que o sistema cardiovascular € particularmente vulneravel a
adversidades da programacao durante o periodo periconceitual. As respostas
compensatorias de embrides identificadas em modelos animais também podem
ocorrer em humanos, e podem ser a base de estudos epidemioldgicos cujo
foco seja tanto a origem quanto o desenvolvimento de doencas crbénicas em
adultos. Pesquisas posteriores sdo claramente necesséarias, no sentido de
identificar e compreender a extensdo dos mecanismos que contribuem para a

conexdo entre o ambiente embrionario e a salide do individuo adulto.

Modelos animais que mimetizam uma forte exposicdao do feto a
glicocorticéides, como estresse maternal ou injecdo de dexametasona durante
a gestacdo, sugerem que a elevada concentracdo de esterdides pode ser a
chave na programacao fetal (SECKL e MEANEY, 2004). A producéo excessiva
de glicocorticdides é observada em grande numero de patologias, como
doencas metabdlicas, cognitivas, imunolégicas e inflamatérias, sugerindo que
elas podem, pelo menos em parte, resultar da desnutricdo materna e ter origem

no desenvolvimento neuroldgico.
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A exposicdo pré-natal a glicocorticéides altera o desenvolvimento de
processos simpaticos e noradrenérgicos cardiacos (BIAN et al, 1993),
aumenta a reatividade da adenilato ciclase cardiaca (BIAN et al., 1992) e altera
alguns processos metabdlicos cardiacos mediados pelo transportador 1 de
glicose, AKT\PKB e receptores nucleares para acidos graxos (LANGDOWN et
al., 200l1a; 2001b). A exposicdo pré-natal a glicocorticbides aumenta a
expressdo da calreticulina no coracdo de adultos, proteina fortemente

associada a disfungdes cardiacas e morte (LANGDOWN et al., 2003).

Experimentos realizados recentemente em nosso laboratério revelaram
qgue ratos adultos cujas mées foram alimentadas com baixa concentragcdo de
proteina durante a gestacdo apresentam, na idade adulta, hipertenséo arterial,
reducdo do numero de néfrons e alteracdo na expressao dos receptores AT1 e

AT?2 renais e adrenais.

Embora exista uma série de estudos experimentais relacionando a dieta
gestacional alterada aos efeitos encontrados na prole durante a vida adulta, a
comparacdo entre eles torna-se complicada devido a grande diferenca
metodolégica entre os modelos, ou seja, diferentes periodos gestacionais,

diferentes animais e diferenca no tipo de dieta utilizada.

Além disso, sabendo-se que nestes modelos existe maior ativacdo do SRA,
torna-se importante o estudo da expresséao dos receptores de ANG Il em

orgaos-chave relacionados a génese e/ou manutencéo do estado hipertensivo.

42



OBJETIVOS
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Objetivos Gerais

Neste trabalho, buscamos fazer uma analise comparativa entre modelos
idénticos, variando apenas a dieta (restricdo protéica e desnutricdo
gestacionais), na tentativa de elucidar seus efeitos no ventriculo esquerdo de

ratos adultos.

Objetivos Especificos

Estudar comparativamente (anexo )

- expressdo e localizacdo de receptores de angiotensina Il e

proteinas associadas com suas vias de sinalizacao;

- distribuicdo de coldgeno na matriz extracelular;

- desenvolvimento da hipertenséo arterial.
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ABSTRACT

Maternal protein restriction may lead to a reduction in the number of
cardiomyocytes of the offspring and may be a risk factor for cardiovascular
disorders in adulthood. In the heart all compounds of renin-angiotensin system
(RAS), including angiotensin Il and its receptors — AT1R and AT2R — are
expressed. This study investigated if gestational protein restriction alters the
expression and localization of AT1IR and AT2R and its signaling pathway
proteins (ERK1/2, PI3K, JAK2 and STAT3) in parallel with left ventricle
hypertrophy and collagen distribution and systemic hypertension in male
offspring. Dams were kept on normal (NP), or low (LP) protein diet over all
pregnancy phase. Systolic blood pressure (SBP) of adults was measured from
6™ to 16" week and then 16-wk-old rats had their left ventricle analyzed by
immunoblotting and immunohistochemistry. LP offspring showed significant
reduction in body weight and SBP increased significantly in LP since 6™ week.
Left ventricle mass and volume were also significantly higher in LP animals.
Perivascular fibrosis widespread was not detected throughout the heart tissue.
Analysis by immunoblotting confirmed by immunohistochemistry demonstrated
a significantly enhance in cardiomyocyte expression of AT1R and ERK1 in LP
offspring. Expression of PI3K in LP was significantly reduced in cardiomyocytes
and intramural coronaries wall, instead of unchanged AT2R expression in LP
group. Immunohistochemical analysis verified reduced LP expression of JAK2
and STAT3. Cardiomyocyte hypertrophy seems to happen early, and we may
hypothesize a presumable AT1R transactivation as consequence of crosstalk
between RAS and another growth factor pathway. These findings may
contribute to elucidation of basic mechanisms of epidemiological studies and
could indicate that maternal underfeeding associated with low birth weight
offspring may result in increased risk of morbidity of cardiovascular diseases in
adulthood.

Key words: Low weight; Arterial Hypertension; Protein Restriction; Angiotensin

II; Hypertrophy Left Ventricle.
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INTRODUCTION

Nutritional alterations and fetal endogen patterns lead to the
development of physiological and metabolical changes, predisposing the
individual to metabolic, endocrine and cardiovascular diseases in adult life [1].
Nutritional insults during embryonic and fetal periods can be associated to
impaired maturation of physiological functions and cardiovascular diseases in
adulthood. Alterations in nutrition and endocrine status during the embryonic,
fetal and neonatal periods can trigger developmental predictive adaptive
responses, causing permanent structural, physiological and metabolic changes,
thereby predisposing and individual to cardiovascular, metabolic and endocrine
diseases in adult life [2]. The rennin-angiotensin system (RAS) plays an
important role in primary and secondary forms of hypertension. Components of
the RAS, such as angiotensin-converting enzyme (ACE) and angiotensin Il
(termed the local cardiac RAS) are locally produced in the cardiac tissues [3],
and are primary candidates for the factors promoting remodeling, mainly cardiac
myocyte hypertrophy and increased extracellular fibrosis, thereby deteriorating
cardiac functions [4]. Various experimental animal models have been developed
to investigate the associations between fetal undernutrition and cardiovascular
disease later in life [5, 6], and a possible commitment of a systemic RAS in the
developmental origins of hypertension was reported [7]. The aim of this study
was to investigate whether gestational protein restriction alters the expression
and localization of AT1R and AT2R and RAS signaling pathway proteins
(ERK1/2, PI3K, JAK2 and STAT3) in parallel with left ventricle hypertrophy and

collagen distribution and systemic hypertension in 16- wk old male offspring.
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MATERIALS AND METHODS

Animals - The experiments were conducted on age-matched, female
offspring of sibling-mated Wistar Hannover rats (0,250-0,300 kg) allowed free
access to water and normal rat chow. The general guidelines established by the
Brazilian College of Animal Experimentation (COBEA) were followed throughout
the investigation. Our local colonies originated from a breeding stock supplied
by CEMIB/Unicamp, Campinas, SP, Brazil. Immediately after weaning, at 3
weeks of age, animals were maintained under controlled temperature (25°C)
and lighting conditions (0700h-1900h), with free access to tap water and
standard rodent laboratory chow (Nuvital, Curitiba, PR, Brazil) and followed up
to 12 weeks of age. After mating, the dams were maintained on isocaloric
standard rodent laboratory (with normal protein content [NP] (17% protein) or
low protein content [LP] (6% protein) chow ad libitum intake throughout the
entire pregnancy. The day that sperm were detected in the vaginal smear was
designated as day 1 of pregnancy. All groups returned to isocaloric standard
chow intake after delivery. Food consumption was determined every day
(subsequently normalized for body weight), and body weight was recorded once
a week. The male pups were weighted, followed and maintained with normal

chow until adulthood.

Blood Pressure Measurement - The systemic arterial pressure was
measured in conscious 6, 8, 10, 12, 14 and 16-week-old rats (LP n=12 and NP
n=12) by an indirect tail-cuff method using an electrosphygmomanometer

(Narco Bio-Systems, Austin, TX) combined with a pneumatic pulse
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transducer/amplifier. This indirect approach allowed repeated measurements
with a close correlation (correlation coefficient = 0.975) compared to direct intra-
arterial recording. The mean of three consecutive readings represented the

blood pressure.

Tissue  processing, histology and immunohistochemical
procedures- Sixteen-week-old male rats from NP (n=5) and LP (n=5) groups
were anesthetized with a mixture of ketamine (75 mg .kg-1body weight, i.p.) and
xylasine (10mg.kg-1body weight, i.p.) and the level of anesthesia was controlled
by monitoring the corneal reflex. The animals were perfused by the left carotid
artery with saline containing heparin (5%) for 15 min under constant pressure.
This procedure was followed by perfusion with 0.1M phosphate buffer (pH 7.4)
containing 4% (w/v) paraformaldehyde and 0.1 mol/L (M) sucrose for 25 min.
After perfusion, the cardiac left ventricles were removed and weighted, and
representative samples were fixed in 4% phosphate-buffered formalin during
24 h for paraffin embedding. The paraffin blocks were cut into 5-um-thick
sections and stained with Sirius Red to evaluate interstitial and perivascular
fibrosis. For immunohistochemical analysis, anti-AT1, AT2, ERK1/2, PI3K, JAK2
and STAT3 antibodies were used. The expression of these proteins was
immunohistochemically detected using the avidin—biotin—peroxidase method.
Briefly, deparaffinized 5-uym-thick heart sections on poly-I-lysine coated slides
were treated with 3% H202 in phosphate-buffered saline for 15 min, nonfat milk
for 60 min, primary antibodies for 60 min, and avidin—biotin—peroxidase solution
(Vector Laboratories Inc, CA, USA, 1:1:50 dilution). Antigen retrieval was

performed using 0.01 M citrate buffer (pH 6.0) boiling in microwave oven
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(1,300 W) twice for 5 min each. Chromogen color was accomplished with 3,3'-
diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich Co., St. Louis MO,
USA) as the substrate to demonstrate the sites of peroxidase binding. The
slides were counterstained with Harris’s hematoxylin. No immunoreactivity was

seen in control experiments in which one of the primary antibodies was omitted.

Tissue extracts — Sixteen-week-old male rats from the NP (n=5) and LP
(n=5) groups had their neck dislocated, and the abdominal cavity was opened
to cardiac left ventricles removal. The tissue was minced coarsely and
homogenized immediately in 10 volumes of solubilization buffer (10 ml/L Triton-
X 100, 100 mmol/L Tris[hydroxymethyllamino-methane (Tris) pH 7.4, 10 mmol/L
sodium  pyrophosphate, 100 mmol/L sodium fluoride, 10 mmol/L
ethylendiaminetetracetic acid (EDTA), 10 mmol/L sodium vanadate, 2 mmol
phenylmethylsulfonyl fluoride (PSMF) and 0.1 mg/ml aprotinin at 4°C, using a
polytron PTA 20S generator (model PT 10/35, Brinkmann Instruments,
Westbury, N.Y., USA) operated at maximum speed for 20s. The tissue extracts
were centrifuged at 11.000 rpm at 4°C for 40 min, and the supernatants used as

sample.

Antibodies and chemicals- Protein quantification was performed using
the Bradford method. For quantification, both tissue and total extract samples
(250ug protein) were subjected to SDS-PAGE. After electrophoretic separation,
proteins were transferred to nitrocellulose membranes and then blotted with
specific antibody. The samples were treated with Laemmli buffer containing 100

mmol/l dithiothreitol (DTT), heated in a boiling water bath for 4 min and
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subjected to 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in a Bio-Rad minigel apparatus (Mini-Protean, Bio-Rad).
Electrotransfer of proteins from the gel to the nitrocellulose membranes was
performed for 90 min at 120 V (constant) in a Bio-Rad miniature transfer
apparatus (Mini-Protean), as described by Towbin et al., 1979. The non-specific
protein binding to the nitrocellulose was reduced by preincubating the filter for 2
h at 22°C in blocking buffer (5% non-fat dry milk, 10 mmol/l Tris, 150 mmol/|
NaCl, and 0.02% Tween 20). The nitrocellulose blots were incubated at 4°C
overnight with primary antibodies diluted in blocking buffer (3% non-fat dry milk,
10 mmol/l Tris, 150 mmol/l NaCl, and 0.02% Tween 20). Immunoreactive bands
were detected using the enhanced chemiluminescence method (RPN 2108 ECL
Western blotting analysis system; Amersham Biosciences) and were detected
by autoradiography using preflashed Kodak XAR film (Eastman Kodak,
Rochester, NY) with Cronex Lightning Plus intensifying screen (DuPont,
Wilmington, DE) for 10 min. Images of the developed autoradiographs were
scanned (Epson Stylus 3500) and band intensities were quantitated by optical
densitometry (Scion Image Corporation) of the developed autoradiographs that

were used at exposures in the linear range.

Statistical analysis - All data are reported as means = SEM. Data
obtained over time were analyzed using appropriate ANOVA. Post hoc
comparisons between selected means were done by Bonferroni’s contrast test
when initial ANOVA indicated statistical differences between experimental

groups. Comparisons involving only two means within or between groups were
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done using a Student’s t test. A P value < 0.05 was considered to indicate

significance.

RESULTS

The LP male pups birth weight was significantly reduced when compared
to NP male pups (6.15 + 0.16 g vs 6.72 + 0.41 g - Figure 1). Systolic blood
pressure (SBP) enhanced significantly more in LP than in NP rats from 6 to 16
weeks of age. Thus, LP pressure increased from 116.2 + 6.5 mmHg to 137.9 +
6.9 mmHg (P< 0.05) as compared with a slower and no significant rise from 114
+ 7.4 mmHg to 128.8 +£ 8.7 mmHg in NP. LP group presented a significant rise
in systolic blood pressure after 12 weeks of age (Figure 2).

Both weight and volume of left ventricle enhanced significantly in 16-wk
old LP rats, an indicative of hypertrophy (Figure 3).

Sirius Red techniques have not revealed interstitial or perivascular
fibrosis in the cardiac left ventricle of LP group at 16-wk old; conversely, there is
a reduction in collagen content in both interstitium (Figure 4) and intramural

coronary (Figure 5).

Western blot and immunohistochemical analysis of RAS signaling
protein - Western blot analysis in male offspring of NP and LP cardiac left
ventricle yielded a single band at the expected weight of corresponding
proteins. Heart AT2R expression was unchanged when compared to NP group

(NP 121.40 £ 0.974 vs. LP 120.2+ 7.23, P=0.8).
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The analysis by immunoblotting confirmed by immunohistochemistry
demonstrated significantly enhance in cardiomyocyte expression of AT1R in LP
offspring (NP, 1227 + 138.2 vs LP, 1998 + 165.9, P=0.01, Figure 6) and ERK1
(NP, 1403 £ 6.46 vs LP, 1623 + 6.355, P=0.001, Figure 7). On the other hand,
the expression of PI3K in LP was significantly reduced in cardiomyocytes and
intramural coronaries wall (NP, 20.52 + 0.795 vs LP, 11.21 £+ 0.34, P=0.008,
Figure 9). Immunohistochemical analysis verified that LP expression of JAK2
and STAT3 (STAT3 174.10 £ 2,56 v 315.60 + 7.45 in NP) are reduced in both

cardiomyocytes and coronary endothelium (Figures 10 and 11).

DISCUSSION

Extensive experimentation on animals has demonstrated that alteration
of the intrauterine environment can result in offspring that develop
cardiovascular and/or metabolic disease later in life. The main animal model
used has been the rat [9, 10, 11, 12], which is particularly susceptible to
maternal protein or calorie deprivation, because the fetal rat grows and
accretes protein at a rate that is close to 23 times that of the human fetus.
This organizational phenomenon is termed ‘early-life programming’. Here, in
maternal protein-deprived offspring model, we focus on adult hypertension
development associated with left ventricle impairment as an outcome and
suggest that the heart is an organ in which there are permanent changes that
underlie the developing hypertension. The present study confirms that the
offspring birth weight in male rats was significantly reduced when compared

to NP offspring. This effect was associated with a significant and progressive
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enhance in arterial blood pressure in the LP group in parallel with the

increase in left ventricular mass and volume.

Cardiac hypertrophy may increase the risk of cardiovascular events since
there is an increased oxygen demand in the hypertrophic myocardial tissue,
with reduction in coronary reserve, alterations in myocardial contractility and
impairment of diastolic function (SILVA e KRIEGER, 2000). Our observation
regarding the relative expression of AT1AT2 receptors in the left ventricular
maternal LP 16-wk-old offspring suggests that the rennin angiotensin system
(RAS) could play a role in maternal underfeeding-induced fetal heart
enlargement. In adult hearts, angiotensin appears to cause fibrosis and
hypertrophy [13]; whereas infusion of angiotensin Il (ANG II) in fetal sheep
stimulates left ventricular growth [14], in cultures of ovine fetal cardiomyocytes,
angiotensin Il stimulates hyperplasic growth [15]. In the present study, however,
the AT1/AT2 receptor expression ratio increases differs from that of Lumbers et
al.. [16] who found no significant change in expression in either of the receptors.
Our data in adult hearts (at 16-wk-old rats) suggest that myocardial hypertrophy
caused by ANG Il was thought to be mediated by AT1 receptors. The AT2
receptor is traditionally believed to have anti-AT1 receptor-mediated effects,
whereas the AT1 receptor is known to be pro-growth [17]. The striking findings
of the present study show that myocardial hypertrophy is associated with
increased AT1/AT2 ratio growth effect in response, at least in part, to maternal
LP intake. It is also possible hypothesize that the rise in the AT1/AT2 ratio is
related with progressive compensatory response to adult increased blood

pressure. The role of AT2 receptors in fetal myocytes studies in rats is unclear;
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in mice, disruption of AT2 receptors does not result in histological changes in
the heart [18] and more studies are needed regarding the balance between
actions mediated by AT1 and AT2 receptors on the late gestation myocyte and

their role in LP-mediated heart growth.

There is some evidence that, during maternal undernutrition, maternal
glucocorticoids (GC) increase as does the GC access to the fetus because of
reduced placental inactivation by the enzyme 11[B-hydroxysteroid-
dehydrogenase type 2 (11B-HSD2); excess exposure of the fetus to such
maternal GC constitutes at least part of the ‘programming’ stimulus [6, 9, 17].
Using immunohistochemistry, study has been demonstrated that mineralo
(MCR) and glucocorticoid (GR) receptors, and 11B3-HSD1 are abundantly
expressed in both myocytes and blood vessels within the fetal heart [18]. This
suggested that glucocorticoid has access to both MR and GR within the fetal
heart, and that when plasma GC levels in LP are increased, as supposal in the

present study the action of GC at MR and GR in the heart would also increase.

Due to the unique ability of the fetal heart to grow through both
hyperplasia and hypertrophy, either mechanism could account for the maternal
LP-induced increases in fetal heart weight and wall thickness in our model. In
early gestation, cardiac growth is mostly a result of the production of new
myocytes originating through cell division and proliferation. Myocytes lose their
ability to divide and proliferate shortly after birth in an event in which there is
nuclear division without subsequent cell division [19]. Theoretically, GC could be

stimulating growth through either hypertrophy or hyperplasia, or possibly even
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both. However, the present study may not rule out also that the cardiac
hypertrophy may have resulted from elevated blood pressure. Furthermore, in
this study we observed no evidence within the fetal heart in support of interstitial
collagen deposition, a symptom of cardiac hypertrophy in response to

hypertension within the adult human heart [20].

Cellular protein synthesis and metabolism, transport, volume regulation,
gene expression, and growth all depend on MAPKs. ANG Il has been shown to
activate signaling cascades that activate MAPKSs, including extracellular signal
regulated kinase (ERK1/2), JNK, and p38MAPK, which are implicated in
myocytes differentiation, proliferation, migration, and fibrosis [21, 22]. The ERK
pathway is the best characterized of the MAPK pathways. Binding of ANG Il to
AT1Rs activates ERK1/2, and that ERK 1/2 activity is blocked by inhibition of
PLC, suggesting its dependency on calcium [23]. On the other hand, the
phosphatases MAP kinase phosphatase-1 (MKP-1) serves as a negative
feedback control, inactivating ERK 1/2 [24]. Interestingly, stimulation of AT2Rs
activates phosphatases that also block ERK-mediated activity [25, 26]. ERK has
also been implicated in anti-apoptotic and pro-mitogenic effects, and activation
of ERK1/2 has been shown to inhibit apoptosis [27, 28, 29]. Furthermore, ERK
1/2 has been implicated in ANG ll-induced cellular growth and protein synthesis

via regulation of PHAS-1 (inhibitor of eukaryotic initiation factor 4E).

In addition to activating ERK1/2, ANG Il also stimulates MAP kinase that
are associated with environmental stress, such as apoptosis signal regulating

kinase 1 (ASK1), which subsequently induces JNK and p38MAPK related
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signaling [30, 31]. In addition, p38MAPK also plays a role in ANG Il-induced
activation of Akt, a kinase with multiple downstream effects, including glucose
metabolism and protein synthesis. These varied effects of ANG Il-mediated
MAPKs may provide more links between oxidant stress, hypertension,
hyperlipidemia, and diabetes in the development of inflammation and

atherosclerosis.

On the other hand, Folli et al.. [32] showed that in rat aortic smooth
muscle cells, AT1R stimuli impair insulin-mediated IRS-1 tyrosine
phosphorylation and coupling of the insulin receptor to PI3K. ANG Il has also
been shown to increase serine phosphorylation of the insulin receptor subunit,
and has a direct downregulation effect on PI3K activity by increasing serine
phosphorylation of p85 [32]. Hypertension and diabetes often present together,
indicating that interaction between ANG Il and insulin signaling plays an
important role in cardiovascular pathology. Interruption of IRS-1 signaling as
response of maternal undernutrition by ANG Il at multiple levels may explain the

severity of vascular disease seen in diabetic patients.

Considering the fact that left ventricular hypertrophy involves increase in
cardiomyocytes and interstitial fibrosis, we investigated the collagen distribution
into the extracellular matrix (ECM). Surprisingly, our results demonstrate lower
interstitial and perivascular concentration involving intramural coronary
vasculature in adult offspring rats in the LP group when compared with NP age-
matched group. This suggests that the mechanism of the enlargement of the

fetal heart in the present study may be fundamentally different from what is

58



observed in adult rat pathologies. Kumar et al.. [33] observed that isolated
working rat hearts subjected to ischemia—reperfusion presented left ventricular
hypertrophy and increase in p38, p-JNK-1, and p-JNK-2 expression. The
authors also found that the improvement in left ventricle function is induced by
AT2 blockade associated with a normalized expression of p-JNK-1 and a slight
increase in p-38 expression. Beside this, angiotensin converting enzyme (ACE)
inhibitors not only decrease the production of ANG Il but also decrease
bradykinin degradation [34]. Bradykinin level increase can lead to fibrogenic
expression and inflammatory factors such as connective tissue growth factor,
collagen |, and TGF-B type Il receptor [35]. We observed that experimental-
group rats presented unchanged AT2R expression accompanied by greater
ERK1/2 expression in the left ventricle of LP offspring compared with control-
group rats. The roles that JNK and p38 MAPKSs play in embryogenesis have
been investigated, and inhibition of stress-activated ERK-1 has been shown to
result in embryonic death by day 14 of gestation [36]. It has previously been
shown that p-ERK is related to cell proliferation and differentiation whereas
increased JNK-2 and p38MAPK expression and that these increases were
associated with a higher number of apoptotic and inflammatory cells [33, 37,
38]. It is possible that enhanced AT2 receptor expression associated with higher
ANG Il production plays a role in this process during heart development. There
is evidence that superior AT2R expression can also result in MAPK activation
[33]. The absence of interstitial fibrosis and excessive collagen deposition in the
current study might be at least partially attributable to the imbalance between

ANG Il receptor expressions, such as the increased in AT1R/AT2R ratio
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expression and, consequently relative decrease of the AT2R effects. In
conclusion, our data show that gestational LP unchanged ECM content
associated to increasing cellular proliferation and hypertrophy. These alterations
were accompanied by lower AT2R and ERK 1/2 expression and, at least in part,
by lack of AT2R stimulation on MAPK family, attenuating the heart interstitial

structure.

In conclusion, using a rat model of fetal protein restriction, we
demonstrated that cardiomyocytes hypertrophy occurs early, at approximately
four weeks of arterial hypertension development, despite an unaltered collagen
deposition in the heart. In the current study, we may hypothesize a presumable
ATI1R transactivation as consequence of crosstalk between RAS and growth
factor pathway. This finding confirm experimental and epidemiological studies
and indicate that maternal underfeeding is associated with low birth weight
offspring and may result in increased risk of cardiovascular morbidity in
adulthood. Our data also suggest that changes in the RAS may play a role in
the ventricular growth through changes in relative expression of AT1 to AT2

receptors. Further studies will be required to test these hypotheses.
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Figure. 1. Weight of male pups. The data are reported as the means + SEM. *P < 0.05 versus
control (Student’s t test).
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Figure. 2. Effects of age on arterial pressure in male offspring of protein restricted and basal
diet mothers during gestation. The data are reported as the means + SEM. *P < 0.05 versus
control (Student’s t-test).
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Figure 3. Weight and volume of left ventricle of 16 weeks male pups. The data are reported as
the means + SEM. *P < 0.03 versus control (Student’s t-test).

Figure 4. Cardiac left ventricle after Sirius Red. Collagen fibril was stained red and in NP we
can see the normal distribution of collagen in longitudinal (A and B) and transversal sections (C
and D).In LP is patent the reduction of these fibrils (E, F, G and H).
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Figure 5. Representative cross-sections of intramural coronary perivascular fibres at 16 wk of
age in a normal pattern (LP, A and B). The LP group presented diminution in perivascular
colagenic content (C and D).
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Figure 6. AT1 expression pattern in cardiac left ventricle. Western blot bands and densitometry
guantification graphics in NP group were assumed as 100%. Columns and bars indicate
Average + SEM *P<0.05, NP vs. LP. A and B represent left ventricular tissue submitted to
imunohistochemistry to AT1R. LP shows superior AT1R expression in cardiomyocytes (B) when
compared to NP group (A).
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Figure 7. Cardiac left ventricle tissue submitted to immunohistochemistry to ERK1. A and C
indicates protein distribution in NP cardiomyocytes (transversal and longitudinal sections,
respectively). Blood vessels among cardiomyocytes presented an important ERK1 expression
and are better viewed in C. LP group has shown enhanced ERK1 expression in
cardiomyocytes, and transversal sections turns difficult to visualize blood vessels marks. NP (E)
and LP (F) coronaries have not presented ERK1 expression alterations. Endothelium (e),
Tunica media (m) and Tunica adventitia (ad).
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Figure 9. Cardiac left ventricle tissue submitted to immunohistochemistry to PI3K. A (NP) and B
(LP) show cytosolic distribution of this protein in cardiomyocytes and apparent reduction in LP
expression. Intramural coronary arteries in NP (C) express PI3K in endothelium (e), tunica
media (m) and tunica adventitia (ad) and this expression becomes higher in vasa vasorum (wv).
PI3K expression in coronary tunics are drastically reduced in LP animals (D) and becomes
restricted to endothelium (e) and vasa vasorum (wv).
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Figure 10. Cardiac left ventricle tissue submitted to immunohistochemistry to JAK2. A (NP) and
B (LP) show cytosolic distribution of this protein in cardiomyocytes and apparent reduction in LP
expression. In A it is possible to visualize intercalated disks intensively marked. NP group
expression of JAK2 occurs in intramurals coronary arteries (C), specifically in endothelium (e).
LP animals (D) present a significant reduction of endothelium JAK2 expression. Tunica media
(m) and Tunica adventitia (ad).

Figure 11. Cardiac left ventricle tissue submitted to immunohistochemistry to STAT3. A (NP)
and B (LP) show distribution of this protein in cardiomyocytes and apparent reduction in LP
expression. A indicates strong nuclear localization (arrows) of this protein in NP group, while in
LP animals the nuclear expression was reduced. NP group expression of STAT3 occurs in
intramurals coronary arteries (C), strongly in endothelium (e). LP animals (D) present a
significant reduction of endothelium STAT3 expression. Endothelium (e), Tunica media (m) and
Tunica adventitia (ad).
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Abstract

Alterations in nutrition and endocrine status during the embryonic, foetal and
neonatal periods can trigger developmental predictive adaptive responses,
causing permanent structural, physiological and metabolic changes, thereby
predisposing and individual to cardiovascular, metabolic and endocrine
diseases in adult life. The rennin-angiotensin system (RAS) plays an important
role in primary and secondary forms of hypertension. Components of the RAS,
such as angiotensin converting enzyme (ACE) and angiotensin Il (ANG 1I), are
locally produced in the cardiac tissues, and are primary candidates for cardiac
myocite hypertrophy and increased extracellular fibrosis. The present
investigated the effects in systolic blood pressure (SBP) and expression of
different RAS compounds in adult rats submitted to undernutrition in uteri by
maternal food restriction. Daily food supply of one group of dams was restricted
to 50% (FR50)$ of the food consumed by the other (NF, normal food). AGD was
measured in the day of birth and body weight of the pups was measured
weekly. SBP was measured weekly, since 6" week of age. In the age of 12™
weeks, their hearts were sampled to western Dblotting and
immunohistochemistry analysis. Both techniques analyzed the expression of
AT1, AT2 receptors, JAK2, STAT3, ERK1 and PI3K receptors. FR50 male
offspring presented significant reduction in body weight. SBP also increased
from 6" to 12" week. Expression of AT1R, AT2R and ERK1 were increased in
FR50, while JAK2 and STAT3 presented lower levels. PI3K hasn't shown
significant difference. SBP values confirm that RAS modifications in embryonic
and early life may modulate adulthood blood pressure. Besides, such a high
increase in AT2 expression may suggest RAS adaptive response, since AT1

and AT2 receptors plays antagonistic roles on hypertensive responses.

Key words: Low weight; Arterial Hypertension; Undernutrition; Angiotensin II;

Hypertrophy Left Ventricle.
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INTRODUCTION

Studies focused on the causes of coronary heart disease used to search
for the acceleration process of destructive causes in adult life (such as
atheroma, raised blood pressure, glucose intolerance). Barker [1, 2] and
Eriksson et al. [3] turned to light the importance of fetal, infancy and childhood
growth patterns to coronary heart diseases. The relation between fetal growth
and future heart injuries has led to a new developmental model for the disease
[1-3]. In 1998, Barker et al. [2] pointed to substantial body evidences showing
that people who were small at birth remain biologically different to people who
was born with higher weight values. The differences include an increased
susceptibility to hypertension and type 2 diabetes mellitus, disorders closely
linked to coronary heart disease [4-8]. Nutritional insults during embryonic and
foetal periods can be associated to impaired maturation of physiological
functions and cardiovascular diseases in adulthood [9]. Alterations in nutrition
and endocrine status during the embryonic, foetal and neonatal periods can
trigger developmental predictive adaptive responses [10], causing permanent
structural, physiological and metabolic changes, thereby predisposing and
individual to cardiovascular, metabolic and endocrine diseases in adult life. The
rennin-angiotensin system (RAS) plays an important role in primary and
secondary forms of hypertension [11]. Components of the RAS, such as
angiotensin-converting enzyme (ACE) and angiotensin Il are locally produced in
the cardiac tissues [12], and are primary candidates for the factors promoting
remodelling, mainly cardiac myocyte hypertrophy and increased extracellular

fibrosis, thereby deteriorating cardiac functions [13]. The present study aims to
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investigate the effects in arterial blood pressure (AP) and expression of different

RAS compounds in adult rats submitted to undernutrition in uteri by maternal

food restriction.

MATERIAL AND METHODS

Animals - The experiments were conducted on age-matched, female
offspring of sibling-mated Wistar Hannover rats (0,250-0,300 kg) allowed free
access to water and normal rat chow. The general guidelines established by the
Brazilian College of Animal Experimentation (COBEA) were followed throughout
the investigation. Our local colonies originated from a breeding stock supplied
by CEMIB/Unicamp, Campinas, SP, Brazil. Immediately after weaning at 3
weeks of age, animals were maintained under controlled temperature (25°C)
and lighting conditions (7:00 a.m. — 7:00 p.m.), with free access to tap water
and standard rodent laboratory chow (Nuvital, Curitiba, PR, Brazil) and followed
up to 12 weeks of age. Animals were then matted and the day that sperm were
seen in the vaginal smear was designated as day 1 of pregnancy. The dams
were were divided into two groups: throughout entire pregnancy, the daily food
supply of one group (FR50) was restricted to 50% of the food consumed by the
other group (NF), fed ad libitum. All groups returned to the ad libitum chow
intake after delivery. Body weight and food consumption was determined every
day (subsequently normalized for body weight). The male pups were weighted,

followed and maintained with normal chow ad libitum until adulthood.

Blood Pressure Measurement - The systemic arterial pressure was

measured in conscious 6, 8, 9, 10, 11 and 12-week-old rats by an indirect tail-
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cuff method using an electrosphygmomanometer (Narco Bio-Systems, Austin,
TX) combined with a pneumatic pulse transducer/amplifier. This indirect
approach allowed repeated measurements with a close correlation (correlation
coefficient = 0.975) compared to direct intra-arterial recording. The mean of

three consecutive readings represented the blood pressure.

Tissue  processing, histology and immunohistochemical
procedures- Twelve-week-old male rats from the NP (n=5) and LP (n=5)
groups were anesthetized with a mixture of ketamine (75 mg .kg-1body weight,
i.p.) and xylasine (10mg.kg-1body weight, i.p.) and the level of anesthesia was
controlled by monitoring the corneal reflex. The animals were then perfused by
the left carotid artery with saline containing heparin (5%) for 15 min under
constant pressure, followed by perfusion with 0.1M phosphate buffer (pH 7.4)
containing 4% (w/v) paraformaldehyde and 0.1 mol/L (M) sucrose for 25 min.
After perfusion, cardiac left ventricles were removed, weighted, and
representative samples were fixed in 4% phosphate-buffered formalin during
24 h for paraffin embedding. For immunohistochemical analysis we use anti-
AT1, AT2, JAK2 and STAT3 antibodies. Proteins expression was
immunohistochemically detected using the avidin—biotin—peroxidase method.
Briefly, deparaffinized 5-pm-thick heart sections on poly-I-lysine coated slides
were treated with 3% H202 in phosphate-buffered saline for 15 min, nonfat milk
for 60 min, primary antibodies for 60 min, and avidin—biotin—peroxidase solution
(Vector Laboratories Inc, CA, USA, 1:1:50 dilution). Antigen retrieval was
performed using 0.01 M citrate buffer (pH 6.0) boiling in microwave oven

(1,300 W) twice for 5 min each. Chromogen color was accomplished with 3,3'-
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diaminobenzidine tetrahydrochroride (DAB, Sigma-Aldrich Co., St. Louis MO,
USA) as the substrate to demonstrate the sites of peroxidase binding. The

slides were counterstained with Harris’s hematoxylin.

Tissue extracts — Twelve-week-old male rats from the NF (n=5) and FR50
(n=5) groups were used. The animal’'s abdominal cavity was opened to cardiac
left ventricles removal. The tissue was minced coarsely and homogenized
immediately in 10 volumes of solubilization buffer (10 ml/L Triton-X 100, 100
mmol/L Tris[hydroxymethyll]amino-methane (Tris) pH 7.4, 10 mmol/L sodium
pyrophosphate, 100 mmol/L sodium fluoride, 10 mmol/L
ethylendiaminetetracetic acid (EDTA), 10 mmol/L sodium vanadate, 2 mmol
phenylmethylsulfonyl fluoride (PSMF) and 0.1 mg/ml aprotinin at 4°C, using a
polytron PTA 20S generator (model PT 10/35, Brinkmann Instruments,
Westbury, N.Y., USA) operated at maximum speed for 20 s. The tissue extracts
were centrifuged at 11.000 rpm at 4°C for 40 min, and the supernatants used as

sample.

Antibodies and chemicals- Protein quantification was performed using the
Bradford method. For quantification, both tissue and total extract samples
(250ug protein) were subjected to SDS-PAGE. After electrophoretic separation,
proteins were transferred to nitrocellulose membranes and then blotted with
specific antibody. The samples were treated with Laemmli buffer containing 100
mmol/l dithiothreitol (DTT), heated in a boiling water bath for 4 min and
subjected to 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) in a Bio-Rad minigel apparatus (Mini-Protean, Bio-Rad).
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Electrotransfer of proteins from the gel to the nitrocellulose membranes was
performed for 90 min at 120 V (constant) in a Bio-Rad miniature transfer
apparatus (Mini-Protean), as described by Towbin et al., (1979) [21]. The non-
specific protein binding to the nitrocellulose was reduced by preincubating the
filter for 2 h at 22°C in blocking buffer (5% non-fat dry milk, 10 mmol/l Tris, 150
mmol/l NaCl, and 0.02% Tween 20). The nitrocellulose blots were incubated at
4°C overnight with primary antibodies diluted in blocking buffer (3% non-fat dry
milk, 10 mmol/l Tris, 150 mmol/l NaCl, and 0.02% Tween 20). Immunoreactive
bands were detected using the enhanced chemiluminescence method (RPN
2108 ECL Western blotting analysis system; Amersham Biosciences) and were
detected by autoradiography using preflashed Kodak XAR film (Eastman
Kodak, Rochester, NY) with Cronex Lightning Plus intensifying screen (DuPont,
Wilmington, DE) for 10 min. Images of the developed radiographs were
scanned (Epson Stylus 3500) and band intensities were quantified by optical

densitometry (Scion Image Corporation).

Statistical analysis - All data are reported as means + SEM. Data obtained
over time were analyzed using appropriate ANOVA. Post hoc comparisons
between selected means were done by Bonferroni’'s contrast test when initial
ANOVA indicated statistical differences between experimental groups.
Comparisons involving only two means within or between groups were done
using a Student's t test. A P value < 0.05 was considered to indicate

significance.
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RESULTS

FR50 offspring presented significant reduction in body weight (5.67 =+
0.16 v 6.84 + 0.13 in NF, p<0.001) (Figure 1). Systolic blood pressure also
increased (Figure 2) from 6" to 12" week (6", 149.1 + 3.4 v 125.1 + 3.2 in NF,

p<0,001; 12" 164.4 + 4.9 v 144.0 + 3.3 in NF, p=0,02).

Both weight and volume of left ventricle enhances significantly in FR50
rats with 12 weeks (weight, 0.985 + 0.1367 v 1.599 £ 0.3362 in NF, p= 0.0025;
volume, 0.763 + 0.3765 v 1.547 + 0.2081 in NF, p= 0.0002), possibly indicating

hypertrophy (Figure 3).

Western blot and immunohistochemical analysis of RAS signaling
protein - Western blot analysis in male offspring of NP and LP rat cardiac left
ventricle yielded a single band at the expected weight of corresponding
proteins. Expression of AT1, AT2 were increased in FR50 (AT1, 136.43 + 8.66 v
89.32 + 7.35 in NF; AT2, 79.26 + 7.64 v 10.44 + 4.35 in NF) (Figures 4 and 5).
On the other hand, JAK2 and STAT3 reduced significantly in FR50
cardiomyocytes (JAK2, 116.40 + 8.97 v 160.60 + 7.35 in NF; STAT3, 25.980 +
6.62 v. 43.510 + 3.149 in NF) (Figures 6 and 7). ERK 1 was increased in FR50
(200.80 + 7.935 v 155.10 + 9.820 in NF) (Figure 8). PI3K, however, hasn’t show
any significant difference (NF 121,50 + 7,098 v FR50 120.80 + 12,720) (Figure

9).
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DISCUSSION

An epidemiological approach to the study of cardiovascular programming
has suggested that factors operating before birth are responsible for the
establishment of a predisposition to hypertension and coronary heart disease in
adult life. The hypothesis that a fetus can control his own development
according to intrauterine environment suggests that the offspring adjust his
growth and metabolism so their body size and properties are equivalent to post
natal predicted nutritional offering. However, the adaptations to undernutrition in
utero may become deleterious whether there is abundance of nutrients after
birth. The unbalance between food intake, homeostasis process and energy
consumption leads to increased risk of cardiovascular and metabolic diseases
[14-16].

There are several possible mechanisms linking an adverse intrauterine
environment with higher blood pressure through an effect on fetal growth.
Pressure in the fetal circulation might be raised as a method of maintaining
placental perfusion, and the raised pressures may persist after birth [17].
Retardation of intrauterine growth may lead to accelerated postnatal growth that

is accompanied by an accelerated increase in blood pressure [18].

The role of placental 11beta-HSD as a gatekeeper for glucocorticoid
access to the fetal tissues is pivotal in the fetal programming of hypertension.
Maternal nutritional status and synthetic glucocorticoid administration appear to
determine long-term cardiovascular function through a common mechanism.
Undernutrition perturbs the balance of glucocorticoids between the maternal

and fetal compartments by down-regulating 11B-HSD in placenta. The precise
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regulation of this placental enzyme is not fully understood, but it certainly
appears to be sensitive to nutritional status in sheep, as well as in rodents [19].
Glucocorticoids may also continue to act during postnatal life to mediate some
of the programmed effects of fetal undernutrition. In this context, the
observation of high circulating cortisol concentrations in humans with low weight
at birth become of greater interest [20]. Increased glucocorticoid activity will
promote an increase in blood pressure through a range of mechanisms. The
one of most interest is the RAS, since glucocorticoids up-regulate this system
and thus promote vasoconstriction and increased peripheral resistance. ANG Il
receptors have been shown to be subject to programming by undernutrition in

kidneys of both sheep and rats [19].

Animal models of fetal programming induced by gestational protein
undernutrition and placental insufficiency report common temporal alterations in
the RAS [21-23]. Suppression of the intrarenal RAS at birth [21-23] is followed
by later activation of the RAS including increased expression of renal AT1
receptors [24, 25] and renal ACE [26, 23]. Most of the known physiological
effects of ANG Il are mediated by AT1 receptors, which serve as a control point
for regulating the ultimate effects of ANG Il on its target tissue. Acutely,
increase levels of ANG Il lead to an increased level of AT1R; however, chronic
exposure to ANG Il down-regulates its own receptors [27-29]. Our findings
support this hypothesis, since we found an inverse correlation between birth
weight and blood pressure, heart mass and volume, which may indicate

hypertrophy.
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Left ventricular hypertrophy (LVH) is the major independent risk factor for
premature death [30]. Extensive experimental and clinical evidence supports a
role for the vasoactive hormone ANG Il in the development of hypertension and
the associated cardiomyocyte enlargement, which is hallmark of LVH. In
parallel, we found up-regulation of ANG Il receptors that has been shown to
increase in cardiac hypertrophy [31] and may, then, enhance the cardiac
actions of the angiotensin peptides. AT1 receptors are well characterized and
mediate the established actions of ANG Il. Once ANG Il binds to AT1R, it
activates a series of signaling cascades, which in turn regulate the various
physiological effects of ANG Il. The activated AT1 induces the JAK/STAT
mitogenic pathway, although in this work we found a reduction of 72% in JAK2
and 59.7% in STAT3 expression. The other mechanism is the activation of
serine/threonine kinases such as PKC and MAPKs (including ERK 1/2) that are
implicated in cell growth and hypertrophy. The ERK pathway is better
characterized by MAPK pathways. Binding of ANG Il to AT1 activates ERK 1/2
within 5 minutes [32]. Activation of ERK1/2 MAPKs has been strongly
associated with hypertrophy of cardiomyocytes [33]. Our results demonstrate
that AT1 expression is enhanced in 52%, and ERK1 in 30.46%. ANG ll-induced
enhanced activation of vascular MAPKs such as ERK 1/2 has been implicated
in hypertension and in micro- and macrovascular target-organ damage [33].
Curiously the most intensive enhanced expression found for us is in AT2
receptor (659% enhanced), since current theories favor a role of this receptor in

opposing the actions of the AT1 receptor [34-38].

82



FIGURES

Figure 1. Birth weight in NF and FR50 groups.

Figure 2. Systolic blood pressure in NF and FR50 animals from 6" to 12" week of age.
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Figure 3. Heart weight and volume in NF and FR50 groups.

Figure 4. AT1 left ventricular expression by western blot in Normal Food (NF) and Food Restricted (FR50)
and immunohistochemistry of the same protein receptor in left ventricle of NF (a) and FR50 (b) groups.
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Figure 5. AT2 left ventricular expression by western blot in Normal Food (NF) and Food Restricted (FR50)
and immunohistochemistry of the same protein receptor in left ventricle of NF (a) and FR50 (b) groups.

Figure 6. JAK2 left ventricular expression by western blot in Normal Food (NF) and Food Restricted
(FR50) and immunohistochemistry of the same protein receptor in left ventricle of NF (a) and FR50 (b)
groups.
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Figure 7. STAT3 left ventricular expression by western blot in Normal Food (NF) and Food Restricted
(FR50) and immunohistochemistry of the same protein receptor in left ventricle of NF (a) and FR50 (b)

groups.

Figure 8. ERK1 left ventricular expression by western blot in Normal Food (NF) and Food Restricted
(FR50) and immunohistochemistry of the same protein receptor in left ventricle of NF (a) and FR50 (b)

groups.
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Figure 9. PI3K left ventricular expression by western blot in Normal Food (NF) and Food Restricted
(FR50).
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Na tabela 1 temos resultados comparativos quanto aos achados obtidos
nos dois modelos de restricdo alimentar gestacional (restricdo proteica e
desnutricdo). A desnutricdo resultou em proles bem menores quando
comparadas aquelas provenientes de maes que receberam dieta hipoproteica.
A elevacdo da presséo arterial na vida adulta foi muito maior nos animais
provenientes de maes desnutridas quando comparados aos provenientes de

maes gestacionalmente restritas a aporte protéico.

Nossos resultados demonstram que ratos machos adultos cujas méaes
foram alimentadas com baixa concentracdo de proteina, ou sofreram
desnutricdo durante a gestacao, apresentam hipertensao arterial paralelamente
a aumento da massa e volume ventricular esquerdo. O aumento da massa
ventricular esquerda representa um marcador de faléncia do 6rgdo em
decorréncia do longo efeito deletério da hipertensdo arterial. A hipertrofia
cardiaca pode aumentar muitas vezes os riscos de eventos cardiovasculares
em funcdo do aumento na demanda de oxigénio do tecido miocardico
hipertréfico, com diminuicdo na reserva coronaria, do aumento e na prevaléncia
e severidade das arritmias ventriculares, das alteragcdes na contratilidade do
miocéardio e finalmente ao prejuizo na funcdo diastdlica (SILVA e KRIEGER,

2000).

Atualmente as estratégias utilizadas para investigacdo do problema tém
por objetivo identificar os fatores que desencadeiam esta resposta (fatores
hemodinamicos, neuro-humorais e primarios ou genéticos), e as vias de

transducdo de sinais que estdo sendo ativadas em face de um determinado
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estimulo bem como os componentes da reprogramacdo génica que levaria as
transformacdes do coracdo (hipertrofia cardiaca) que resultardo em alteracfes
estruturais e/ou funcionais. Como sabidamente a hipertrofia ventricular
esquerda envolve aumento dos cardiomidcitos e fibrose intersticial, nés
investigamos (Artigo 1), pela técnica de picrossirius, a distribuicdo de colageno
na matriz extracelular. Nossos resultados demonstram que em ratos adultos
submetidos a restricdo proteica gestacional ocorre menor concentracdo
colagénica intersticial e perivascular envolvendo a vasculatura arterial coronaria

intramural.

Em modelos animais de doenca cardiaca hipertensiva, o aumento do
colageno intersticial esta associado com a faléncia cardiaca diastdlica,
enquanto que a degradacdo de componentes do perimisio e endomisio é
acompanhada pela dilatacdo ventricular e faléncia cardiaca sistélica
(IWANAGA et al., 2002). Estes dados sugerem que a transicdo, a partir da
hipertrofia ventricular esquerda compensatéria, para a faléncia cardiaca, esta
associada com a degradacdo da MEC (BERK et al., 2007). Nas fases iniciais
da doenca cardiaca hipertrofica, o processo predominante € o aumento na
sintese de proteinas dos cardiomiécitos e da matriz. A resposta natural do
organismo ao aumento na sintese de elementos da MEC é aumentar a
atividade e quantidade de enzimas que degradam estes elementos. Entretanto,
no coracao a degradacédo da MEC pode néo ser benigna. Diez et al., em 2001,
verificaram degradacdo de colageno em pacientes com doenca cardiaca
hipertréfica durante o processo de deterioracdo da funcéo sistélica. No Artigo |,

observamos que a elevacdo da pressao arterial teve inicio na 82 semana de
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vida e permaneceu até a 162 semana. Desta forma, conseguimos avaliar um

periodo no qual ja houve degradacao de colageno.

Varios sinais interdependentes tém sido implicados na ativacdo da
resposta hipertréfica, e tanto o crescimento cardiaco quanto a severidade da
hipertrofia sdo totalmente dependentes da interacdo de forcas mecanicas com
uma variedade de fatores autécrinos e/ou paracrinos e/ou endocrinos (DOSTAL
e BAKER, 1998). A habilidade de antagonistas de receptores AT1 em bloquear
a resposta hipertréfica induzida por estiramento sugere fortemente que a angio
Il tem papel central na hipertrofia por sobrecarga mecanica (DOSTAL e

BAKER, 1998).

Diversos estudos indicam que, quando o coragcao esta sofrendo
hipertrofia, os receptores de ANG II, particularmente AT1, sdo altamente
expressos. Assim, no tecido cardiaco de ratos, durante o periodo neonatal,
tanto o RNAmM quanto o numero de sitios de ligacdo para a ANG Il séo
elevados de 2 a 4 vezes em relacdo aos valores encontrados no individuo
adulto (SUZUKI et al., 2005). Em ratos espontaneamente hipertensos verificou-
se aumento de RNAm de AT1b no ventriculo cardiaco (IWAI et al., 1992). ApGs
infarto do miocardio, Li et al. (1993) encontraram hipertrofia celular no
miocéardio ndo infartado, paralelamente a uma quantidade duas vezes maior de

ANG Il nestas células.

A ANG Il exerce seu efeito diretamente via ativagao do receptor AT1. No
Artigo | demonstramos aumento na expressao de AT1 paralelamente aos niveis

ndo alterados de AT2, antagonista funcional da resposta a ativagdo de ATL.
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Este desequilibrio na relacdo AT1:AT2 pode estar envolvido na hipertrofia
miocardica observada neste modelo. Entretanto, s8o necesséarios estudos
adicionais em tecidos e oOrgaos, para avaliar se essa alteracdo esta envolvida
na remodelacdo cardiaca, génese e manutencao da hipertensao arterial ou se
€ conseqliéncia da sobrecarga sofrida pela prole submetida a restricdo proteica
gestacional. De forma semelhante, no Artigo Il verificamos aumento na
expressao de AT1, entretanto a expressao de AT2 foi extremamente maior, 0
gue hipoteticamente inativaria a resposta de AT1, se considerarmos a acao
antagonica dos receptores. Embora se saiba que ativacdo de AT1 induz a via
mitogénica JAK/STAT, em ambos os modelos houve reducdo de proteinas
desta via, sugerindo que esta ndo seja a principal via envolvida na hipertrofia e
hipertens@o observadas nestes animais. Um outro mecanismo desencadeado
pela ativacdo de AT1 envolve a ativacdo de MAPKs — como ERK1/2, que esta
fortemente associada a hipertrofia de cardiomidcitos (ISHIDA et al., 1998).

Nossos dados corroboram esta hipotese, visto que nos dois modelos

verificamos aumento significativo na expressdo de ERK1.

Um resultado bastante destoante e surpreendente foi 0 aumento na
expressdo de AT2 verificado no Artigo Il. D’Amore et al. (2005) documentaram
claramente que a hipertrofia de cardiomidécitos isolados dependente de AT1
nao é afetada pela expressdo de AT2. Usando um adenovirus expressando
AT2, estes autores demonstraram que este receptor causa hipertrofia
constitutiva nos cardiomidcitos por uma via independente de ERK 1/2. Tem
sido descrita uma nova via pro-hipertréfica ativada pelo AT2 envolvendo a

ligagdo deste receptor a uma proteina zinc finger promielocitica, que apos

97



translocacdo para o nucleo ativa a sintese protéica (SENBONMATSU et al,,

2003).

Tabela 1 - Comparacgao entre os resultados obtidos nos dois modelos: restricéo

proteica (LP) e desnutricao (FR50).

LP FR50

Peso ao nascer 18,48% 117%
Presséao arterial 12 sem 12,79% 114,16%

Expresséao de AT1 162,83% 152%
Expresséo de AT2 = 1659%
Expressao de ERK1 115,68% 130,46%

Expresséao de PI3K 154,62% =

Expresséo de JAK2 lsomente imuno 172%

Expressao de STAT3 144,83% 159,7%

Quanto a génese destes achados, existem muitos estudos com ratos
demonstrando que a exposicao fetal a dieta hipoproteica ou desnutricdo esta
associada a anormalidade no crescimento do feto e no desenvolvimento dos
orgaos. Entretanto existem controvérsias quanto aos mecanismos pelos quais
a restricdo protéica materna afeta o desenvolvimento cardiaco. Alteragcdes
enddécrinas em virtude da baixa disponibilidade de nutrientes (ROSEBOOM et.
al., 2000) e programacédo do eixo HPA devido ao estresse materno (SECKL,

2000) podem estar envolvidas. Alternativamente, tem sido proposto que a
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exposicao fetal a glicocorticéides de origem materna origina esta associacao
(LANGLEY-EVANS e NWAGWU, 1998). Corroborando esta hipétese, o
tratamento neonatal com dexametasona em prole de ratos do 1° ao 3° dia de
vida causa decréscimo permanente no peso do coracdo, bem como hipertrofia
e degeneracédo precoce dos cardiomiécitos na vida adulta (DE VRIES et al.,
2002). Os glicocorticéides podem continuar atuando no periodo poés-natal,
mediando efeitos adicionais de programacdo. Embora o aumento na atividade
de glicocorticoide possa interferir no aumento pressoérico por diversos fatores,
nosso foco € o aumento na atividade do SRA causado pelos glicocorticoides,
podendo promover vasoconstricdo e aumento na resisténcia vascular

periférica.

O presente estudo demonstrou que a desnutricdo materna tem efeitos
mais severos quando comparada a restricdo protéica no que diz respeito ao
peso da prole no nascimento e a elevacdo da pressao arterial ao longo da vida
do animal. Tanto a restricdo protéica quanto a desnutricdo materna
gestacionais levam a elevacdo da pressao arterial, em machos adultos da
prole, e modificagdes significativas na expressédo dos receptores de ANG Il e
nas suas vias de sinalizacdo. No modelo de restricdo protéica, sugerimos a
participacdo da transativacdo de vias de crescimento pelo receptor AT1,
culminando em aumento da expressao de ERK, ja que a expresséao de AT2 néo
foi alterada. Ja no modelo de desnutricdo, além da transativacdo sugerida no
outro modelo, hipotetizamos que haja a participacdo do receptor AT2,

altamente expresso, causando hipertrofia constitutiva nos cardiomiécitos por

uma via independente de ERK 1/2.
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Concwsoes
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Experimentos em animais relacionados a programacao nutricional sao
importantes no sentido de corroborar a hipotese proposta por Barker et al.
(1994), e permitem os primeiros passos em busca da identificagdo dos
mecanismos da programacdo metabdlica. Diversos estudos nesse sentido
sugerem que a deficiéncia ou a total auséncia de um Unico grupo de nutrientes
e responsavel pelos efeitos da programacéo pré-natal. Além disso, parece claro
gue qualquer desequilibrio proveniente da dieta materna pode promover
adaptacdes fetais importantes, e a ocorréncia dessas alteragcdes durante um
periodo critico do desenvolvimento de modo geral resultam em modificagoes

permanentes na fisiologia e no metabolismo da prole.

Neste trabalho, verificamos que os receptores AT1 estao mais expressos
em animais submetidos tanto a restricdo proteica quanto a desnutricdo durante
o periodo gestacional. Entretanto, no caso de uma restricdo mais severa
(modelo de desnutricdo in utero), o0s receptores AT2 encontram-se
surpreendentemente alterados, sugerindo uma via alternativa a ANG |l como
causa da hipertrofia ventricular esquerda. O aumento de deposicdo de
colageno na MEC também foi observado, bem como os valores pressoricos de
animais de ambos os modelos de subnutricdo gestacional, corroborando nossa

hipotese.

Adicionalmente, verificamos aumento na distancia ano-genital de
machos submetidos a desnutricdo intra-uterina (Anexo Il), o que sugere uma
possivel passagem de horménios esterdides androgenos pela placenta, pela

desativagao da enzima 113-HSD2.
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| - FLUXOGRAMA EXPERIMENTAL

Modelo Desnutricéo:

E CONFIRMACAO DA PRENHEZ

RACAO NORMAL NA 50% DE RAGAO NORMAL
GESTACAO (NF) NA GESTACAO (FR50)

v v

162 semana: coleta imunohistoquimica e western

Modelo Restricao Proteica:

E CONFIRMAGAO DA PRENHEZ

RACAO NORMOPROTEICA RACAO HIPOPROTEICA
NA GESTACAO (NP) NA GESTACAO (LP)

v v

122 semana: coleta imunohistoquimica e western
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Il — DISTANCIA ANO-GENITAL — MODELO DESNUTRICAO INTRA-UTERINA

Gréfico representando a diferenca entre os valores de distancia ano-genital em ratos recém-
nascidos submetidos a desnutricdo intra-uterina (FR50, 2,56 = 0,11 v 1,81 £ 0,05 in NF,
p<0,001)
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