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RESUMO

O desenvolvimento renal é finamente orquestrado por diversos fatores e
pequenas modificagdes neste mecanismo podem resultar no fenétipo de menor nimero
de glomérulos, até agenesia renal. A programagao fetal por restricao proteica gestacional
esta relacionada com a hipertensao arterial manifestada no individuo adulto submetido a
dieta hipoproteica durante a fase uterina. Estudos descrevem que a “hipertensdo
programada” pode estar relacionada ao menor numero de nefro (30%) encontrado nestes
individuos. Dados obtidos em animais também confirmam a relagéo entre dieta materna e

nimero de nefro em animais adultos.

Esta tese tem por objetivo determinar desde qual ponto do desenvolvimento a
organogénese renal pode ser influenciada pela restricdo proteica gestacional, bem como
determinar quais adaptagdes renais, morfoldgicas e funcionais, o animal sofre em sua

vida adulta, relacionadas ao perfil hipertensivo.

Ratos Wistar fémea foram submetidas a dieta hipoproteica durante a gestacao, e
a prole de machos foi estudada nos experimentos seguintes: A cultura de metanefro
mostrou que na idade gestacional de 14.25 dias, o metanefro do embrido desnutrido

L

proteicamente ja esta “programado” a se ramificar menos do que o controle, gerando
menor nimero de pontos de formacdo de nefros. A quantificacdo de glomérulos em
embrides de 17.5 dias foi compativel com o resultado do estudo “in vitro”. Estudo
utilizando PCR em tempo real para avaliar o sistema renina-angiotensina durante a
nefrogénese revelou que este sistema nao esta alterado enquanto intra-utero, no entanto,
a expressao de mRNA de renina, angiotensinogénio e receptores de angiotensina Il apés
0 nascimento é excessiva quando comparado ao animal controle. Experimentos em
animais adultos que sofreram restricdo proteica intra-utero revelaram que os receptores
de angiotensina Il estdo regulados negativamente nos rins, comparados aos animais
controle. Os animais “programados” nasceram com baixo peso e também apresentaram
pressdo arterial elevada a partir da 122 semana de vida. A andlise da funcao renal
mostrou que a filtragdo glomerular ndo esta alterada, mesmo com menor nimero de
nefros apresentado neste modelo, sugerindo uma hiperfiltragdo decorrente da hipertrofia
glomerular e podocitaria, confirmadas por microscopia eletrdnica. Além disso, a fracao de
excregao de sédio proximal € menor nos animais desnutridos, podendo ser dependente
da acao da angiotensina Il no transportador Na/K ATPase na membrana basal do tdbulo
proximal cuja expressao é elevada.
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RESUMO

O presente estudo demonstrou que a restricdo proteica gestacional durante as
primeiras semanas de gestacao € suficiente para determinar a redugédo na nefrogénese,
levando os rins a adaptagbes envolvidas no estabelecimento e/ou manutengcdo da
hipertensao arterial.
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ABSTRACT

The kidney development is a complex mechanism orchestrated by different
factors and any alterations at this stage can change the phenotype from a low nephron
number to renal agenesis. The maternal protein restriction is related with adult
hypertension after low protein diet in utero. Many studies have been demonstrated that
“programmed hypertension” can be linked with the low nephron number found in these
adults. Animal studies have been found equal relation between maternal diet and nephron
number at adult age.

Our objective is to determine from each point of development the renal
organogenesis can suffer gestational protein restriction influence. Also we look for
understand which morphological and functional renal adaptations rats present on adult
age, and if these alteration are linked with hypertension.

The metanephroi culture shows that at gestational age 14.25, the metanephros
from undernourished embryo is already programmed to branch less than control animal,
leading to low number of nephron formation sites. The stererological study showed the
same result that the “in vitro” study, showing less glomeruli at 17.5 gestational days. RT-
PCR for renin-angiotensin system shows that this system is not altered in kidneys from
programmed group during intra-uterine life, however renin, angiotensinogen and
angiotensin Il receptors mRNA expression are up-regulated after birth when compared
with control animals.

Adult animals from low protein diet in utero showed that angiotensin Il receptors
are down-regulated in kidneys, when compared with animals that received normal food in
utero. These animals also have an up-regulated expression of angiotensin Il receptors in
adrenals. The “programmed” animals had low birth weight and high arterial pressure from
12" week-age. The renal function study showed that glomerular filtration is not altered,
even with low nephron number, what suggests a hyperfiltration, that may be linked with
glomerular and podocitary hypertrophy. Indeed, proximal sodium excretion fraction is lower
in low birth weight animals, suggesting an angiotensin Il action at the basal membrane
Na/K ATPase. By western blot, we found that Na/K ATPase protein is up-regulated on
kidneys from low protein diet animals.

This study demonstrated that early gestational protein restriction is enough to
determine the impaired nephrogenesis, leading to renal adaptations to support the
establishment of arterial hypertension.
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118 HSD1 — 11-beta-hidroxiesterdide-dehidrogenase tipo 1
118 HSD2 — 11-beta-hidroxiesterdide-dehidrogenase tipo 2
ADH — horménio anti-diurético

AT1R —receptor AT1

AT2R - receptor AT2

AT1Ra —receptor AT1 tipo a

AT1Rb — receptor AT1 tipo b

Angio Il — angiotensina Il

Agtr1 — gene do receptor AT1

CS - corticosteroide

CCr — Clearance de creatinina

ECA — enzima conversora da angiotensina

ECAZ2 — enzima conversora da angiotensina tipo Il

FEK — fracao de excre¢ao de potassio

FENa — frag@o de excregéo de sodio

FEPNa — fracao de excrecao proximal de sodio

FEPPNa — fracao de excrec¢ao pos-proximal de sddio

GR — receptor de glicocorticéide

LISTA DE ABRVIATURAS

GDNF — (glial cell derivated nuclear factor) — fator nuclear derivado da célula glial

HPA- eixo hipotadlamo-hipéfise-adrenal

IUGR (intrauterine growth restriction) — restricao de crescimento intra-uterino

JAK2 - janus kinase

MR — receptor de mineralcorticoide

PKC — proteina quinase C

PKA - proteina quinase A

c-Ret — receptor tirosina quinase Ret

SOCS — Suppressor of cytokine signalling

STAT — signal transducer and activator of transcription
SRA - sistema renina-angiotensina

TFG — taxa de filtragdo glomerular
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O conceito de que a saude na idade adulta poderia ser influenciada pelos
processos de desenvolvimento no inicio da vida provém da época de Hipocrates, no
entanto evidéncias epidemiolégicas mundiais tém mostrado que ha uma forte relagéo
entre eventos na fase pré-natal e doengas na vida adulta. Forsdahl (1), em 1977, mostrou
como as condi¢des de pobreza influenciam a populacdo humana na idade adulta.

A desnutricdo é um problema mundial, ndo se restringindo somente aos paises
em desenvolvimento, mas aos paises desenvolvidos, onde é gradativo o aumento no
consumo de alimentos que nao fornecem uma dieta equilibrada, com os niveis protéicos
adequados. Dados da Organizacdo Mundial de Saude indicam que no Brasil 10% das
criangas nascem com baixo peso (< 2500 g), e em outras regides do mundo este nivel
chega a 31%.

Segundo a Organizacao das Nacoes Unidas para a Agricultura e a Alimentagao
(FAO) a barreira de um bilhdo de pessoas que sofrem de desnutricdo sera superada em
breve em consequéncia da crise econdbmica mundial que ocorreu nos anos de 2008 e
2009. O numero de subnutridos no mundo passou de 825 milhdes no biénio 1995-1997 a
873 milhdes de 2004 a 2006. Em 2008, o numero caiu de 963 milhdes a 915 milhdes
devido a uma melhor distribuicao dos alimentos, mas a tendéncia se reverteu com o

agravamento da crise econdmica e financeira do fim do ano.

Lucas (2) foi o primeiro a definir o conceito de programagao fetal como uma
resposta permanente do organismo a um estimulo ou insulto durante o periodo critico de
desenvolvimento. No entanto, ainda no ano de 1964, Rose (3) descreveu que 0 risco de
doenca isquémica do coracao era o dobro em individuos que possuiam irmaos natimortos
ou que haviam morrido na infancia.

Barker (4) foi pioneiro ao mostrar em estudo cientifico, que o baixo peso ao
nascer pode estar ligado ao surgimento de diversas doencas. Ele sugeriu que 1 kg na
reducdo do peso ao nascer representaria um aumento de 6 mmHg na pressao arterial aos
60 anos e descreveu a “hipotese de Barker” que sugere que a desnutricdo materna
promove retardo no crescimento fetal, manifestando baixo peso ao nascimento ou
desproporcao corporal (apresentam menor circunferéncia da cabeca em relacdo ao
corpo). Especificamente esta hipdtese sugere que uma dieta materna, durante a
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gestacao, abaixo do nivel proteico recomendado induz o feto as adaptacdes que incluem
permanentes alteragbes no numero celular e alteracbes nos 6rgdos chaves, com
subsequente modulacdo da expressao genética (5). Este conceito determinou o fenétipo
conhecido como “thrifty”, segundo o qual, sob condigdes de pobreza ou nutricdo
desbalanceada, o feto faz adaptagoes, incluindo redugdo no tamanho somatico, a fim de
sobreviver (6).

Nos ultimos anos, um grande e interessante nimero de dados cientificos tem
revelado que insultos ambientais que ocorrem durante um periodo especifico do
desenvolvimento alteram os caminhos pelos quais o sistema cardiovascular é regulado na
fase pds-natal. Este campo de pesquisa tem se expandido da simples demonstracdo da
existéncia da programacdo fetal até a elaboragdo de mecanismos que levam a esta

programacgao (7).

O baixo peso ao nascimento pode ser atribuido a restricao de crescimento intra-
uterino (intrauterine growth restriction, IUGR) ou nascimento prematuro. Quando
associado a IUGR, a restricdo reflete o estresse intra-uterino no periodo tardio da
gestacao, opondo-se ao baixo peso da prematuridade, no qual o peso é apropriado para a
duragao especifica da gestagcdo, mas menor quando comparado a gestacdo de tempo
normal. E é este baixo peso relacionado a IUGR que esta altamente associado ao
desenvolvimento de doencgas na idade adulta (8).

A influéncia da desnutricdo materna durante a gestacdo tem sido relacionada a
hipertensao arterial (9), diabetes ndo dependente de insulina (10) e doenca coronariana
(11). Estes estudos tém suportado a hipotese de Barker, sobre a programacao fetal.

Além das doencas citadas anteriormente, estudos tém mostrado que a reducao
do peso em criangas estd associada ao aumento de risco de mortalidade entre 39 e 49
anos em homens dinamarqueses (12). Langley-Evans e Sculley confirmaram
recentemente que a restricdo proteica in utero reduz a expectativa de vida em ratos,
quando a restricdo persiste por toda a gestacdo (13). O mecanismo para esta
programagdo continua obscuro, entretanto Jennings e colaboradores sugerem que o
encurtamento dos telébmeros é mais rapido em ratos expostos a dieta hipoproteica in utero

do que em ratos que receberam dieta normoproteica, no entanto ainda ndo ha estudos
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consistentes nesta direcao (14) Muitos pesquisadores tém buscado por diferentes
caminhos, entender a programacao fetal, e com isso tém encontrado um importante papel
dos processos moleculares epigenéticos na producédo destes efeitos, processos que sao
alvos de regides promotoras de genes especificos de tecidos especificos. Isto inclui
alteracoes na metilagdo de DNA, e também na estrutura de histonas associada com a
supressao da transcricao genética (15).

Recentemente, um grupo de pesquisadores determinou em 2003 pacientes de
Helsinki, Finlandia, dois diferentes caminhos que levam a hipertensdao programada. O
primeiro grupo apresentou tamanho corporal reduzido, ao nascimento, e baixo ganho de
peso do nascimento até a idade de 2 anos, mas rapido crescimento apds esta idade. Na
idade de 11 anos, seu tamanho corporal era equivalente a média da populagdo. Quando
adulto, eles tendiam a ser obesos e resistentes a insulina. O segundo grupo de pessoas
estudado apresentou hipertensdo tardia. Eles também eram menores ao nascimento,
tiveram pequeno ganho de peso do nascimento até os 2 anos de idade e continuaram
pequenos apoés esta idade. Aos 11 anos, eles eram pequenos e magros e quando adultos,
apresentaram tendéncia a ter perfil lipidico aterogénico (16).

Assim, uma das principais alteracées decorrentes da desnutricio materna é a
hipertensdo arterial na idade adulta, e a ela sdo sugeridos diversos mecanismos de
regulagdo. Entre estes mecanismos, o que tem despertado muito interesse é a
superexposicao fetal a glicocorticoides (17-19). Em situacao fisiolégica, a concentragao de
glicocorticéides fetais € menor que o nivel materno, mantendo-se o feto protegido da
exposicao a este corticide por uma enzima placentaria, a 11-B hidroxiesteroide
dehidrogenase tipo 2 (11-BHSD-2).

Sabe-se que a enzima 11-BHSD-2 atua como barreira bioguimica evitando que
os corticdides maternos (CS) acessem o compartimento fetal, convertendo o esteroide
bioativo (corticosterona) em seu metabdlito inativo, 11-deidrocorticosterona (20,21). A
atividade da 11-BHSD-2 esta relacionada positivamente com o peso fetal em ratos e
humanos (22,23), sugerindo importante papel desta enzima na regulacdo do crescimento
fetal. Durante o periodo final da gestacao, a atividade da 11-BHSD-2 em ratas submetidas
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a restricdo proteica € significantemente reduzida quando comparada aos animais do
grupo controle (24]) levando ao aumento da transferéncia de CS de méae para feto.

Esta alta exposicdo fetal aos glicocorticbides maternos causa uma
superestimulacdo do eixo hipotalamo-pituitaria-adrenal (HPA), associado com o
desenvolvimento de alteragGes renais e hipertensdo no adulto, em diversas espécies
incluindo 0 homem (25-28).

Edwards e colaboradores [20] demonstraram que em humanos, baixo peso fetal
esta associado com o aumento do risco cardiovascular e alto nivel de CS no final da
gestacdo, mediados pela inatividade da 11-BHSD-2. Corroborando esta hipétese, a
administracdo de baixa dose de dexametasona, um glicocorticoide sintético que atravessa
a barreira placentaria, durante a gestagao promoveu hipertenséo “programada” na prole
adulta em ratos (23,29,30). E interessante notar que a exposicdo a dexametasona durante
apenas dois dias da gestacdo causa efeito semelhante no rim de diferentes espécies
(rato, camundongo e ovelha), quando esta janela do desenvolvimento corresponde ao
periodo em que o broto uretérico invade o mesénquima metanefrico e comeca a ramificar-
se, sugerindo que o periodo inicial do desenvolvimento renal é particularmente suscetivel
a exposicao aos glicocorticéides (31).

A avaliacdo do sistema renina-angiotensina e seus componentes, em ovelhas
expostas a dexametasona ou ao cortisol, produziram efeitos semelhantes, sugerindo que
alteragdes no SRA renal podem ser 0s mecanismso através do quais a exposicao pré-
natal aos glicocorticéides leva a hipertensao programada (32).

Além disso, tratamento de ratas prenhas com carbenoxolona, inibidor da 11-
BHSD-2, induziu hipertensdo na prole adulta, efeito que foi revertido com adrenalectomia
materna (33,34). Outros estudos tém apontado para este achado em humanos (23,35,36),
embora alguns n&o confirmem isto (37,38).

Os receptores glicocorticoides (GR) sdo expressos na maioria dos tecidos fetais
no estagio inicial do desenvolvimento, enquanto os receptores de mineralcorticoides (MR)
tém distribuicdo mais limitada e estao presentes somente no estagio final da gestagao.

Portanto, os glicocorticéides exercem grande influéncia na maturacdo de varios érgaos,

Introdugdo
32



como pulmao (39), coracao (40-42), sendo a superexposi¢ao a estes uma das causas da
rapida e imprecisa maturagao dos 6rgaos dos fetos subnutridos.

Os glicocorticoides tém efeito pré-natal em diferentes 6rgaos, como no cérebro,
por exemplo, onde durante o desenvolvimento fetal, o hipocampo e o HPA séao
particularmente sensiveis aos glicocorticoides endégenos e exbégenos. Alteracdes neste
eixo desencadeiam aumento na pressdo arterial no adulto (25). Estudos feitos em ratos
sugeriram que a exposicdo a glicocorticéides durante a Ultima semana de gestagao foi
suficiente para produzir hipertensdo permanente na idade adulta (43).

Alteracdes renais sdo alvos do maior nimero de estudos da hipertenséao
programada, visto que o rim é o principal 6rgao de controle do metabolismo hidrossalino.

1.1 Programacéo Fetal e o Rim

Como ja citado, uma das principais consequéncias da programacao fetal é a
hipertensao programada. Os rins sao 6rgaos que exercem importante papel no controle
da pressao arterial e alteragdes na estrutura destes podem ser responsaveis pela geracao
da hipertensdo. Devido a isso, dentro do estudo da programacéo fetal pela desnutricdo
materna, grande numero de pesquisadores concentra-se em entender as alteracdes e
adaptagdes que o rim sofre como causa e consequéncia dos elevados niveis pressoricos.

Em 1988, Breener e colaboradores (44) foram os primeiros a sugerir a hipotese
de que baixo peso ao nascimento poderia estar associado a deficiéncia congénita no
namero de nefro, que predisporia a reducdo na excrecdo renal de sédio, e
consequentemente aumentaria a susceptibilidade a hipertensao essencial. Esta hipotese
também foi baseada no conhecimento de que a perda de nefro gera hipertrofia
compensatéria dos glomérulos remanescentes e hiperfitracdo (aumento da taxa de
filtracao glomerular para cada nefro), a fim de sustentar a funcédo renal. Esta adaptagao,
entretanto, é a custa da hipertensao intraglomerular, que causa danos ao funcionamento
do glomérulo e perpetua o ciclo vicioso de perda de nefros (8). A figura abaixo ilustra a

hipétese:
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Eventos intrauterinos
Fatores genéticos Doenga renal progressiva

Prematuridade

Baixo numero de Nefro Perda de Nefro futura

Queda na excregdo de Na

Hipertrofia glomerular Glomerulosclerose

\/ \HIPERTENSAO

Figura 1: Esquema que ilustra a hipdtese de dano renal poés eventos

intrauterinos.

Dentre as consequéncias renais da desnutricdo materna, a redugdo do nimero
de nefro é alvo de diversos estudos e até os dias atuais gera questionamentos (45,46).
Vehaskari e colaboradores demonstraram que ha aproximadamente 30% de redugéo no
ndamero glomerular em ratos submetidos a restricdo protéica no periodo fetal quando

comparados aqueles submetidos a dieta normoproteica (47).

O desenvolvimento de nefro em humanos comega na nona semana de gestagao.
A proliferagdo dos nefros é particularmente rapida no ultimo trimestre, continuando até a
362 semana, quando cessa (48). Assim, no nascimento prematuro, mesmo com peso
apropriado para a idade gestacional, pode haver interrupcdo da nefrogénese levando a
deficiéncia no nimero de nefro (49-51). Através do uso do ultrassom, um estudo recente
mostrou que criangas com IUGR apresentam ndo somente rins menores, mas reduzido

crescimento renal durante os 18 primeiros meses de vida (52).

Keller e colaboradores (53) examinaram rins de adultos caucasianos que
morreram em acidentes revelando que aqueles que possuiam histérico de hipertensao
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essencial tiveram significativo menor numero de nefros por rim e maior volume glomerular
quando comparados com controle normotenso. Em outro estudo, autopsias em criangas
que nasceram com baixo peso revelaram numero glomerular reduzido associado com o

aumento de volume (45).

Os mecanismos moleculares pelos quais o numero de nefro pode ser afetado
e/ou sua funcdo alterada ndo sao completamente conhecidos, entretanto muitos
mecanismos tém sido propostos: modulagdo pelo Sistema Renina-Angiotensina (SRA),
exposicao a glicocorticoides, alteracao na manipulacdo renal de sodio, além de apoptose
e modificagdes na expressao de GDNF (8).

GDNF é o fator chave na iniciagdo do brotamento uretérico, sinalizando através
do receptor tirosina quinase Ret (c-RET). Camundongos com deficiéncia homozigota para
GDNF apresentam disgénese renal severa e morrem logo apds o nascimento, enquanto
camundongos heterozigotos tém rins menores com 30% menos nefros, desenvolvendo
hipertensao espontanea e glomerulomegalia com o tempo (54).

A redugcdo do numero de nefro também € atribuida ao aumento na taxa de
apoptose. Diversos estudos mostram a relagdo entre a desnutricdo gestacional materna e
0 aumento de apoptose no rim em desenvolvimento. A ingestdo de baixa quantidade de
proteina durante a gestacdo em ratos foi associada com aumento de apoptose no
metanefro e redugao no nimero de células progenitoras durante a vida embrionéria. Tem
sido sugerido que o aumento de apoptose pode ser devido a regulagdo negativa dos
fatores antiapoptoticos (Pax-2 ou Bcl-2) e/ou a super-regulacdo dos fatores pré-
apoptéticos (Bax e p53) (55).

Além disso, muitos experimentos tém revelado que manipulagao na atividade do
SRA durante a nefrogénese leva a alteragdes renais que podem gerar futura elevacao da
pressao sanguinea. A administracao de antagonista do receptor de angiotensina Il, AT1g
durante periodos criticos do desenvolvimento renal levam a diminuicdo do ndimero de
glomérulos e desenvolvimento da hipertensao (56,57).

E importante notar que a programacao renal fetal é mais severa em machos do
que em fémeas. Saez e colaboradores (58) mostraram que o bloqueio de AT1g durante a
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nefrogénese induz aumento na pressao sanguinea e diminui¢do no nimero de glomérulos
em ambos 0s sexos, no entanto, somente machos apresentaram queda na taxa de
filtracdo glomerular, elevacado da albuminuria e significante atrofia da papila renal. As
causas desta diferenca permanecem desconhecidas, porém o autor sugere que a atrofia
papilar pode ser atribuida a presencga de receptores AT2z somente na porcao papilar em
fémeas, estando os mesmos ausentes nos machos, visto que AT2r sao ativados por
estrogenos (59).

1.2 Desenvolvimento Renal

A nefrogénese em mamiferos envolve o desenvolvimento de trés estagios de
orgaos excretores, o pronefro, mesonefro (6rgaos transitérios) e metanefro (Figura 2). O
metanefro desenvolve subsequentemente em rins permanentes. Todas as estruturas dos
orgaos excretores sdo derivados do mesoderma intermediario, que corre através da
parede dorsal do corpo do embrido. Como resultado do dobramento horizontal do
embrido, o mesoderma intermediario se move ventralmente perdendo contato com os
somitos. O mesoderma forma agora uma ponte, correndo longitudinalmente de cada lado
da aorta primitiva, e passa a ser conhecido como cordao urogenital. Como sugere o
nome, este cordao dara origem as porgdes tanto do sistema urinario, quanto genital. O
cordao urogenital sera dividido futuramente em cordao nefrogénico (originara o sistema

urinario) e estria gonadal (originara o sistema genital).
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Pronephros - Mesonephros & Metunephros
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Figura 2: Desenvolvimento renal nos trés estagios: Pronefro,
Mesonefro e Metanefro. De: Yosypiv e El-Dahr (2005) [60]
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1.2.1 Pronefro

Os pronefros desenvolvem-se no nono dia da embriogénese em camundongos, e
aproximadamente entre os dias 20-22 em embrides humanos. Consistem em um grupo de
vesiculas epiteliais conhecidas como nefrétomos. Estes nefrétomos contém tabulos
pronéfricos, mas nao glomérulos e sdo considerados ndo-funcionais (61). Estas vesiculas
sao induzidas a alongar-se em ducto néfrico, e desenvolvem-se correndo caudamente a
regiao cervical ao longo do ducto pronéfrico. Os pronefros sao 6érgaos transitorios,
ocorrendo degeneracao das partes anteriores e desenvolvimento das partes posteriores.
Os ductos néfricos remanescentes crescem caudamente e se abrem na cloaca. O ducto
néfrico induz a formacdo dos tubulos no mesénquima mesonéfrico adjacente, e
futuramente dara origem a elementos do sistema genital masculino e ao botéo uretérico

do metanefro.
1.2.2 Mesonefro

Assim que as estruturas pronéfricas regridem (durante a quarta semana
gestacional em humanos) elas dao lugar aos mesonefros, que desenvolvem-se entre as
regides toracica e lombar. O ducto néfrico permite a diferenciagcdo do cordao nefrogénico
dentro dos tdbulos mesonéfricos. Estes tlubulos entdo conectam-se ao ducto néfrico. O
mesonefro, com nefro simples, porém completo, € a primeira unidade excretoria
funcionante. O mesonefro escoa dentro do ducto néfrico (Ducto de Wolffian), que cresce
caudamente na parede posterior do sinu urogenital primitivo. As unidades excretérias
mesonéfricas sdo funcionais (a extensao da funcionalidade varia entre espécies) entre 6 e
10 semanas em embrides humanos, produzindo uma pequena quantidade de urina.
Conforme os tubulos mais caudais vao desenvolvendo-se, 0S mais craniais vao
degenerando e este processo continua com o futuro desenvolvimento embrionario até
restar somente uma parte do ducto néfrico nos embrides do sexo masculino, com
completa degeneragdo nos embrides de fémeas. Nos machos, os tubulos craniais
desenvolvem-se em ductos eferentes, a porcao cranial do ducto mesonéfrico torna-se o
epididimo, e o ducto remanescente forma o ducto deferente do sistema genital masculino.
Em humanos, o desenvolvimento do mesonefro inicia-se em torno da quarta semana,
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estando completo na nona semana e degenerando entre 12-14 semanas. Em

camundongos, o0 mesonefro desenvolve-se entre E9.5-10 e degenera em E11.5-12.5.

1.2.3 Metanefro

O desenvolvimento metanéfrico comega na quarta ou quinta semana em
humanos, e em camundongos, préximo ao 11% dia, no momento em que mesonefros
funcionais ainda estdo presentes. No camundongo, o desenvolvimento metanéfrico
continua por alguns dias apés o nascimento até estar completa a formacao dos nefros. O
crescimento e elongagdo dos tubulos continuam por algumas semanas apés o
nascimento até o rim funcional estar formado. Nos humanos, a nefrogénese é completada
ao redor da 362 semana de gestacdo e ndo sdo formados novos nefros ap6s o
nascimento (62).

As secOes seguintes descrevem em detalhes separadamente os eventos
coordenados envolvidos no desenvolvimento metanéfrico.

1.2.4 Linhagem Celular e indu¢do metanefrica

O metanefro desenvolve-se de duas populagdes celulares, que séo o epitélio do
ducto uretérico e o blastema metanéfrico (Figura 2). Este desenvolvimento comecga
quando o broto uretérico do ducto néfrico chega ao final da porgdo caudal. Um
brotamento simples do epitélio cresce e penetra 0 mesénquima indiferenciado do
blastema metanéfrico. Ocorre entdo uma inducao reciproca entre estes dois tecidos, que
geram nefros, sistema de ducto coletor e finalmente o rim permanente.

O blastema metanéfrico consiste de células mesenquimais indiferenciadas, que
se agregam ao redor da porcao terminal do broto uretérico. Células em contato direto
com o broto estimulam o epitélio uretérico a proliferar e dicotomizar através de
brotamento. Ao final, o ducto uretérico dara origem ao sistema de ductos coletores,

incluindo o ureter, pelve renal calices, e tubulos coletores.
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Figura 3: Desenvolvimento do nefro a partir do broto uretérico e células
mesenquimais. Boer e Gontijo 2005. [63]
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O broto uretérico induz células mesenquimais. O blastema metanéfrico consiste
de algumas linhagens celulares embrionarias, que seguem diferentes vias de
diferenciacdo. A inducdo do mesénquima é agora considerada um processo de dois
passos. O primeiro é a inducao do mesénquima metanéfrico indiferenciado pela invasao
do botdo uretérico. Todas as células do mesénquima metanéfrico sdo induzidas a
diferenciarem-se no que é agora conhecido por “células tronco”, que correspondem ao
aumento da sintese de DNA, diminuicdo da apoptose e leve condensagéo (64,65). As
células tronco sao entao induzidas pela invaginacao do broto uretérico a diferenciarem-
se em nefros, células estromais (presentes no tecido conjuntivo renal) ou células da
vasculatura renal.

Células tronco nao induzidas, na periferia do rim, induzem o ducto uretérico a
um novo brotamento. Esta inducéo reciproca continua na periferia do rim na chamada
zona nefrogénica, até a formagdo completa dos nefros. Células tronco néo

diferenciadas sofrem apoptose e sao fagocitadas por células ao redor (65,66)

Muitos outros tecidos como cordao espinhal embridnico, cérebro e epitélio
submandibular sdo também capazes de induzir o desenvolvimento de nefros em estudos
experimentais. Entretanto, ndo importa qual é o indutor, o cordao néfrico sempre formara
nefros, mas o sinal de inducao ainda nio foi determinado, porém ha um grande nimero
de moléculas candidatas presentes neste estagio critico.

1.2.5 Brotamento do botao uretérico

A morfogénese do brotamento € o mecanismo chave no desenvolvimento de
varios érgaos (rim, pulmao, figado), e nesta fase hd um Unico e bem estruturado padr&o.
Clinicamente, este padrao de brotamento no rim é considerado o maior determinante do

ndimero total de nefro na idade adulta.

A arvore uretérica pode ser considerada consistente de dois segmentos. O
primeiro é a extremidade terminal, ou pontas do brotamento, chamada “ampola”, que
aparece como bulbos terminais. O segundo segmento é o “caule” do brotamento,
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conhecido como tubulo. Esta parte permanece apdés o crescimento da ampola,
avancando para a periferia do metanefro.

As ampolas tém duas opcgdes: 1) pode permanecer Unica e avancar para a
periferia, ou 2) dividir-se produzindo duas novas ampolas, cada uma formando um novo
tbulo.

1.2.6 Nefrogénese

Como o ducto uretérico continua a crescer e se ramificar, a ampola de cada ramo
induz o mesénquima metanéfrico a iniciar a nefrogénese. O primeiro evento morfolégico
identificado na nefrogénese envolve a proliferacdo do mesénquima e a condensacgao nas
pontas da ramificacdo do ducto uretérico. Durante a agregagao celular, células
mesenquimais adquirem uma forma epitelial alongada e passam a ter polarizacao
basoapical. O condensado rapidamente prolifera por mitose para formar vesiculas
epiteliais, que irdo diferenciar-se no epitélio do nefro. As células remanescentes sofrem

apoptose.

A vesicula epitelial alonga-se e encurva-se gerando a forma conhecida como
“virgula”. Um segundo encurvamento gera a forma em “S”. Nesta fase, a por¢éo superior
desenvolvera em tubulo contorcido distal, a porcdo central desenvolvera em tubulo
proximal, alga de Henle e tubulo distal, e a cauda final desenvolve o corpusculo renal. O
epitélio simples cubdide da porg¢ao interna da curva inferior ird se diferenciar em poddcitos
(epitélio visceral), enquanto a porgao externa formara o epitélio parietal da capsula de
Bowman (63).

Glomérulos juxtamedulares sdo os primeiros a se desenvolver e formam a
camada interna do cértex. Em humanos, a nefrogénese estd completa na 362 semana
gestacional (62), entretanto em ratos, a nefrogénese continua até 10-12 dias apés o

nascimento.
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1.3 Controle Renal da Pressao Arterial

Simplificadamente, poderiamos dizer que quando o organismo contém liquido
extracelular em quantidade excessiva, ocorrem aumento do volume sanguineo e elevagao
da pressao arterial, a qual exerce efeito direto sobre os rins, que passam a excretar o
excesso de liquido extracelular, com a consequente normalizagéo da presséo (67).

Embora apenas o aumento de alguns milimetros de mercurio na pressao arterial
do ser humano possa duplicar a diurese e a natriurese, o controle da pressao arterial é
influenciado por diversos mecanismos, nao podendo ser atribuido totalmente a excrecao
do excesso de liquido pelos rins.

Estudos recentes mostram que mutagdes genéticas associadas com a
hipertensdo envolvem proteinas expressas no rim (68). Atribui-se aos rins fatores
intrinsecos que afetam a pressao sanguinea, visto que em transplante renal, a pressao
sanguinea do receptor é relacionada a pressdo sanguinea ou risco de hipertensdo do
doador, tanto em animais (69) quanto em humanos (70).

Diversos sistemas inter-relacionados regulam o controle da pressdo arterial,
podendo agir rapidamente (segundos ou minutos), levar minutos ou horas, ou até a longo
prazo, levando meses e anos. Como mecanismos de acdo rapida, temos o feedback dos
barorreceptores, mecanismo isquémico do sistema nervoso central e mecanismo
quimiorreceptor. Dentre os mecanismos que atuam depois de varios minutos, temos o
mecanismo vasoconstrictor da Renina-Angiotensina (que sera amplamente abordado), o
relaxamento por estresse da vasculatura e o deslocamento de liquido através das
paredes capilares. Os mecanismos de acdo a longo prazo sao aqueles controlados pelos
rins, pela modulacao da excrecao de sal e agua (67).

No ser humano, cada rim é constituido por cerca de 1 milhdo de nefros, cada um
com capacidade de formar urina, sendo o rim incapaz de gerar novos nefros. Os nefros
sdo responsaveis pela formagdo da urina que comega com a filtracdo de grande
quantidade de liquido dos capilares glomerulares para a capsula de Bowman. A medida
que deixa a capsula de Bowman e passa pelos tubulos, o liquido filtrado é modificado pela
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reabsorcdo de agua e solutos especificos para 0 sangue, ou pela secre¢do de outras
substéncias dos capilares tubulares para os tubulos (67).

A primeira etapa da formacgao da urina, a filtracdo glomerular é influenciada entre
outros, pela agao da angiotensina Il na constricao das arteriolas eferentes. O aumento na
concentragdo deste hormdnio eleva a pressao hidrostatica glomerular, ao mesmo tempo
em que reduz o fluxo sanguineo renal. Por conseguinte, 0 aumento na concentragdo de
angiotensina Il que ocorre durante dieta pobre em sédio ou em caso de deplegao do
volume ajuda a preservar a filtracdo glomerular € a manter a excrecdo normal dos
produtos de degradacdo do metabolismo, a0 mesmo tempo em que aumenta a
reabsorcdo de sodio e agua, 0 que ajuda a restaurar o volume sanguineo e a pressao

arterial.

Apos a filtragdo glomerular, a urina em formagao ira percorrer os tubulos renais,
onde ocorrem importantissimos mecanismos de reabsorgao e secregdo que auxiliam no

controle do volume extracelular.

A reabsorc¢ao tubular inclui varios tipos de transporte, visto que pode ocorrer por
via paracelular ou via transcelular. No transporte transcelular ha a presengca de
transportadores ativos que serdo abordados posteriormente.

Em condi¢cdes normais, cerca de 65% da carga filtrada de sédio e 4gua e uma
porcentagem menor de cloreto filtrado sdo reabsorvidos pelo tubulo proximal, antes de o
filtrado alcangar a alga de Henle. O aumento ou diminuicao desta carga reabsorvida sera
essencial no controle do volume extracelular e assim da pressao arterial. Na borda em
escova encontram-se muitas moléculas transportadoras responsaveis pela reabsorcao de
Na pelo mecanismo de co-transporte com nutrientes organicos (glicose, aminoacidos).

O préximo segmento, alca de Henle, possui o ramo descendente delgado, o
ramo ascendente delgado e o ramo ascendente espesso. O ramo descendente é muito
permeavel a 4gua e quase 20% da 4gua filtrada é reabsorvida nesta porcao, visto que as
porcdes ascendentes sdo praticamente impermeaveis a agua. E na porcdo ascendente
espessa que se localiza um importante transportador, o cotransportador 7 sédio, 2
cloretos e 1 potassio que transporta estes 3 ions do lumem tubular para o interior das
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células. Este ramo ascendente também tem em sua membrana luminal um mecanismo de
contra-transporte de sédio-hidrogénio que medeia a reabsor¢do de sodio e a secregéo de
hidrogénio nesse segmento.

O segmento espesso do ramo ascendente da alca de Henle desagua no tdbulo
distal. A porgao inicial deste tubulo faz parte do complexo justaglomerular, que fornece o
controle por feedback da filtragao glomerular e do fluxo sanguineo nesse mesmo nefro. A
segunda metade do tdbulo distal tem caracteristicas semelhantes ao tubulo coletor
cortical, e € composta por dois tipos celulares, as células principais e intercaladas. As
células principais absorvem sodio e agua do limen e secretam ions potassio. As células

intercaladas reabsorvem potassio e secretam ions hidrogénio para o lumen tubular.

O local final de processamento da urina, o ducto coletor medular reabsorve
menos de 10% da agua e do sodio filtrados. A permeabilidade deste a agua é controlada
pelos niveis de ADH.

A manipulacao do sédio na patogénese da hipertensdo programada € essencial
devido a estes fatores que determinam a regulagéo fisiolégica no balangco de sédio. A
importancia do tubulo distal na regulacdo da pressdo sanguinea é destacada pela
demonstracdo que a maioria dos exemplos de hipertensdo humana resultam de uma
simples mutagdo no gene que envolve o transporte de sédio em um dos segmentos
distais do nefro (68).

Nao ha dados sobre a quantificacao dos transportadores de sédio na hipertensao
programada por IUGR.

Nos tubulos proximais, tem sido observado que Angio Il modula a reabsorgéo de
s6dio de maneira dose-dependente e bifasica. Doses fisiolégicas de Angio Il, entre 102 e
107° M, s&o estimulatérias, enquanto altas concentragées de Angio Il, entre 107 e 10° M,
sdo inibitérias (71). Entretanto esta atuacao bifasica no tabulo proximal ndo é observada
na atividade Na*ATPase, podendo indicar que a Na*ATPase é alvo da Angio Il somente
na fase estimulatéria (72).

Mecanismos moleculares da Angio Il envolvidos na estimulacdo da reabsorcao
de sais pelos tubulos proximais estdo relacionados com o aumento transcelular da
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reabsor¢ao de sodio e bicarbonato via ativagdo do trocador apical Na*/H*, cotransportador
basolateral Na*™-HCO3™ e basolateral Na*/K*-ATPase e via insercdo de H*-ATPase na

membrana apical (73-75).

Diferentes mecanismos tém sido descritos como mediadores dos efeitos da
Angio Il na reabsorcdo de sédio pelo tubulo proximal. Houillier e colaboradores
propuseram que a estimulagdo da reabsorcdo de sédio pela Angio Il seja dependente de
proteina quinase C (PKC) (76). Recentemente, Rangel e colaboradores mostraram que
tanto PKC quanto PKA estdo presentes na membrana basolateral e sua ativacao estimula
a atividade da Na*ATPase (77).

Além disso, a infusdo de Angio Il aumenta a reabsor¢ao de sédio na porgao distal
do nefro (78). Angio Il atua estimulando o trocador Na*/H* na porgéo inicial e final do
segmento distal via ativagcdo de AT1g, H*-ATPase e canais de Na* sensitivos a amilorida
nos segmentos distais finais (75,79).

Em 2005 Crowley e colaboradores (80), em um elegante estudo com
camundongo, mostraram que a regulacao da manipulacdo de sodio pelo rim, modulada
pelo Sistema Renina-Angiotensina, € o maior determinante do nivel crénico da pressao
sanguinea. Neste estudo, animais foram submetidos a verificacdo de pressao arterial
apés transplante cruzado de rins. Camundongos nocaute para o gene do receptor AT1,
Agtr1 nulos, tiveram os rins transplantados em camundongo normal, obtendo 4 grupos:
controle (transporte cruzado com gene normal), rim nocaute (recebeu o rim do Agtri
nulo), sistémico nocaute (animal Agtr1 que recebeu rim normal), e total nocaute. Depois
de 1 semana a presséo intra-arterial foi mensurada e detectou-se que os animais do
grupo “rim nocaute” apresentaram significante diminuicdo da pressao arterial quando
comparados ao grupo controle, o que prova que a auséncia dos receptores AT1 somente
nos rins foram suficientes para a reduc¢ao dos niveis da pressdo sanguinea.

1.3.1 Sistema renina-angiotensina

Dentre os mecanismos renais responsaveis pelo controle do volume extracelular,
o Sistema Renina-Angiotensina (SRA) é um efetivo controlador. Estimulagdo aguda com

Angio Il regula a homeostase hidro-salina e vasoconstricgdo, modulando a presséo
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sanguinea, enquanto a estimulagao cronica promove hiperplasia e hipertrofia das células
da musculatura vascular (67).

Os mecanismos que controlam a formacao e a degradacdo da Angio Il sao
importantes na determinagdo dos efeitos fisioldégicos finais. Renina, uma enzima
produzida pelas células justaglomerulares quando a pressdo arterial cai para niveis
excessivamente baixos, atua sobre o angiotensinogénio, clivando-o em um peptideo de
10 aminoacidos, a angiotensina tipo |. A angiotensina tipo | circulante, é atingida entao
pela enzima conversora da angiotensina (ECA), sendo clivada em um peptideo de 8
aminoacidos, a Angio Il. Este peptideo é um vasoconstrictor extremamente poderoso,
além de exercer outros efeitos que afetam a circulagao (67)

Recentemente identificou-se a carboxipeptidase ECA2, que cliva 1 aminoéacido
tanto da Angio | quanto da Angio Il (81), diminuindo os niveis de Angio Il e aumentando o
metabolito Angio 1-7, que tem importantes propriedades vasodilatadoras. Desta forma, o
balango entre ECA e ECA2 é importante fator controlador dos niveis de Angio Il (82).

1.3.1.1 Receptores de Angiotensina Il

A Angio Il atua com grande afinidade via 2 tipos de receptores, o tipo 1 (AT1R) e
o tipo 2 (AT2g) em humanos e AT1ga, AT1gb e AT2g em roedores. A maioria dos efeitos
fisioldgicos ocorre via AT1g, que sao altamente distribuidos em todos os 6rgaos, incluindo
figado, adrenal, cérebro, pulmdes, rins, coracdo e vasculatura. Composto de 359
aminoacidos, AT1g é um receptor transmembrana de 7 passos, pertencente a familia dos
receptores acoplados a proteina G. Em humanos o gene deste receptor foi mapeado no
cromossomo 3, enquanto em ratos, AT1ga no cromossomo 17 e AT1gb no cromossomo 2.
Estudos em roedores mostram que funcionalmente e farmacologicamente estes dois
receptores sdo indistinguiveis, no entanto, experimentos em animais mostram que a
isoforma AT1ga parece ser mais importante que AT1gb na regulacdo da pressao arterial
(83,84).

Apesar da maioria dos efeitos vasoativos ocorrer via AT1g, AT2g tem sido
reconhecido por exercer agao anti-proliferativa e antiapoptética. Assim como AT1g, AT2g
€ um receptor transmembrana sete passos, idéntico 34% ao AT1g. Consistindo em 363

Introdugdo
49



amino4cidos, AT2r é altamente expresso em tecido fetal, incluindo aorta fetal,
mesénquima gastrointestinal, tecido conjuntivo, sistema esquelético, cérebro e medula da
adrenal. A expressdao de AT2g diminui apds o nascimento e pode ser induzida
posteriormente por uma situagao patoldgica (85). Em adultos, este receptor também é
expresso no pancreas, coragao, rim, adrenal, miométrio, ovario, cérebro e vasculatura.

1.3.1.2 Vias de sinalizagéao

Uma vez que a Angio Il liga-se ao receptor AT 1y, ativa uma série de cascatas de
sinalizagdo. A interagdo com a proteina G ocorre no dominio trasmembrana no NH2
terminal da primeira e terceira volta. Para ativar a via proteina-G dependente, a Angio |l
tem que fazer “ligagdes” com uma das diversas tirosinas quinases via AT 1g, incluindo os
receptores tirosina quinase: EGFR (epidermal growth factor receptor), PDGF (platelet-
derived growth factor), receptor de insulina, c-Src, Pyk2 (proline-rich tyrosine kinase 2),
FAK (focal adhesion kinase) e JAK (janus kinase).

Os padrdes temporais e espaciais das vias de sinalizacdo sdo na maioria das
vezes determinantes da resposta funcional. Estudos mostram que a ativacdo de
diferentes vias pela Angio Il é tempo-dependente, por exemplo, ativagdo da via
dependente de proteina G e geracao de IP3 ocorre em segundos, enquanto ativacao da
MAP quinase (mitogen-activated protein kinase) e JAK/STAT (signal -transducer-and-
activator of transcription) ocorre em minutos a horas depois do sinal inicial de ativagdo do
AT1R (85).

Sinalizag&o Jak/Stat

Uma das vias de sinalizacdo da Angio Il é a conhecida via JAK/STAT. Nesta, a
Angio Il, ao ligar-se ao AT1g ativa a JAK-2, uma quinase intracelular comumente ligada a
receptores pertencentes a classe | e Il da familia das citoquinas.

Assim que a Angio Il ativa o receptor AT1, induz ativagdo da JAK2, levando a
fosforilagdo de STAT (86-88). As proteinas JAK sdo mediadores chave da expresséo de
mRNA e cujos genes sdo caracterizados como responsaveis pelo crescimento inicial. JAK
fosforila STAT que sao translocadas para o nlcleo, onde ativam a transcricio destes
genes (89). Estudos tém demonstrado a existéncia de grupo de proteinas conhecidas
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como suppressor of cytokine signaling (SOCS) caracterizadas por sua capacidade de
controlar a ativagdo de receptores por agonistas especificos (90-91). A transcricao das
proteinas SOCS esté sob controle de proteinas membros da familia STAT (92). Uma vez
induzida a transcricdo da SOCS, esta se liga com receptores do complexo receptor/JAK
utilizando dominios SH2 e C-terminal (93-94).

Esta via de sinalizagdo é reconhecida como a via pela qual a Angio Il modula o
crescimento cardiaco e vascular, remodelando-o e reparando-o (95).

1.3.1.3 SRA na embriogénese

Além do controle da pressao arterial, o SRA tem outras fungdes durante o
desenvolvimento fetal. Sahajpal e Ashton [96] relatam que um sistema renina-
angiotensina intacto é essencial para o desenvolvimento renal perfeito, visto que a
inibicdo da enzima conversora de angiotensina (ECA) ou administracao do antagonista do
receptor AT1 (mas ndo AT2g) durante o desenvolvimento embrionario resulta em

persistente e irreversivel anomalia histopatoldgica em rim neonato (97).

O metanefro em desenvolvimento expressa todos os componentes do SRA. A
atividade do SRA renal é elevada durante o periodo fetal e a vida neonatal e diminui
durante a maturagéao pés-natal. A expressao dos receptores AT1 e AT2 aumenta durante
a metanefrogénese. Em estagios iniciais do desenvolvimento renal, células expressando
renina distribuem-se pelo mesénquima nas regides de desenvolvimento dos vasos, nos
glomérulos em formagdo, ao redor dos tubulos em desenvolvimento e nas células
mesenquimais indiferenciadas (98). Durante a vasculogénese renal, em roedores, células
contendo renina localizam-se nas principais ramificagdes da artéria renal (99). A partir dai
estas células distribuem-se progressivamente na maioria dos vasos renais, desde as
grandes até as pequenas artérias, até adquirir a localizagdo caracteristica na regiao
justaglomerular na 32 semana de vida (99). Existe associacdo direta entre as células
contendo renina e a ramificagdo das arteriolas renais, sugerindo a participagdo destas
células no desenvolvimento vascular (100)

Quanto a expressdo de angiotensinogénio as maiores concentragcoes foram

verificadas em camundongos logo no nascimento nos tdbulos proximais e nas células
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mesangiais e vasculares. A ECA foi localizada nos precursores endoteliais que invadem a
fenda inferior do tubulo em forma de “S”, nos capilares glomerulares e peritubulares, nos
tubulos proximais e nas artérias corticomedulares (99). Tanto os AT1g quanto os AT2g
sdo0 expressos durante a ontogénese renal com padroes espaciais e temporais distintos.
Quando o broto uretérico comecga a ramificar e o rim embrionario avascular ainda nao
originou nefros, a expressao de AT2g é predominantemente localizada no mesénquima,
enquanto os AT1g sdo expressos, em menor nimero, tanto no broto uretérico quanto no
mesénquima (101). Quando se inicia a nefrogénese e a vasculogénese o0s rins
apresentam expanséo centrifuga de maturacao glomerular e arteriolar, de tal forma que os
glomérulos e vasos de localizagdes justamedulares tornam-se maduros antes daqueles
do cortex renal externo. Neste momento, os receptores AT1 localizam-se nos glomérulos
mais maduros enquanto AT2r no condensado mesenquimal e nos nefros em inicio de
formacéo (99). Apds o nascimento, os receptores AT2 continuam presentes nas areas de
diferenciacao, porém, quando ocorre completa maturacdo, a expressao destes receptores
€ atenuada até desaparecer na segunda semana (99). Por outro lado, a expressao de
AT1r aumenta nas areas mais maduras sendo maior na primeira semana de vida. No final
do primeiro més pés-natal a expressao de AT1r é a mesma da fase adulta (99).

O quadro abaixo resume a localizagdo temporal dos componentes do SRA em

camundongos.
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E14 E15 E16 Referéncia
Angiotensinogénio Broto Prieto et al. 2001
uretérico e (102)
Estroma
Renina Vasculatura Gomez et al.
renal 1989 (103)
ECA Tdbulo Jung et al. 1993
proximal, (104)
Glomérulo
e Ducto
coletor
AT1R Broto Norwood et al.
uretérico, 1997 (105)]
Estroma
AT2R Mesénquima Norwood et al.
metanefrico 1997 (105)

Quadro 1: adaptado de Yosypiv e El-Dahr 2005 (60)

Até o presente momento ndo estd claro quais alteracdes
determinantes na génese da hipertensdo apdés a programacao fetal e como estas

alteragdes ocorrem. Devido ao SRA ser

desenvolvimento renal correto e controle da presséao arterial, ele tem sido alvo de diversos

um dos fatores

estudos que buscam ai uma resposta para a “hipertensao programada”.
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Estudar comparativamente ratos cujas maes foram desnutridas proteicamente
durante a gestacao a ratos cujas maes receberam dieta normal durante 0 mesmo periodo,
avaliando a possivel interferéncia do sistema renina-angiotensina durante a nefrogénese,
bem como durante a vida pés natal, na programacado e manutencdo da hipertensao
arterial.

OBJETIVOS ESPECIFICOS:

» Verificar a expressao génica renal, durante a fase fetal, de componentes do SRA,
relacionada ao numero de nefro e a influéncia no brotamento uretérico em um
modelo de restricao proteica materna.

» Investigar se a desnutricao protéica materna durante a gestacao altera a
expressao dos receptores AT1 e AT2 e da via JAK-2 e SOCS-3 no rim e adrenal
em ratos machos adultos e localizar esta possivel alteracao.

* Relacionar alteragdes nos componentes do SRA associadas com a hipertenséao
arterial e reducao da excrecao renal de sédio.

» Analisar morfologicamente possiveis alteracdes adaptativas no nefro dos animais
“programados”.
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Animais:

Devido aos protocolos seguidos pelos laboratérios onde foram realizados os
estudos, houve diferencas em alguns pontos da pesquisa, como linhagem dos ratos,
periodo de alimentacdo com dieta hipoproteica e percentual de proteina na dieta.
Entretanto para uma maior homogeneidade no estudo tentou-se aproximar 0 maximo
possivel esta diferenca, no entanto algumas delas persistiram, pois tivemos que adaptar o
estudo ao lugar onde foi realizada a segunda parte do mesmo (Monash University)

. Estudo no periodo embrionério/fetal: RT-PCR, Cultura De Metanefro e

Estereologia Renal.

Os experimentos foram realizados no laboratério de Desenvolvimento e
Regeneracdo Renal do Departamento de Biologia do Desenvolvimento da Universidade
Monash, Melbourne, Australia. Todo o estudo foi aprovado pelo comité de Etica Animal da
Escola de Ciéncias Biomédicas desta Universidade (SOBS- 2007/81).

Ratos machos e fémeas Sprague-Dawley foram obtidos do Australia Animal
Research Centre, com idade de 9 semanas e foram realocados no Biotério da Faculdade
de Psicologia, da mesma universidade. Por 1 semana os animais receberam racao
padrao comercial. Ao atingirem 10 semanas, as ratas passaram a receber racdes
especiais, conforme cada grupo: NP (normal protein) 18% de caseina, ou LP (low protein)
contendo 9% caseina. Os ratos machos receberam apdés 10 semanas a mesma dieta
normoproteica oferecida as fémeas. Tanto a dieta quanto a agua foram fornecidas ad

libitum.

Durante todo o experimento os animais foram mantidos em sala com temperatura

e umidade controladas, com sistema de luz 12 h/12 h.

Ao atingirem 12 semanas os animais foram acasalados em sistema de harem,
por 2 horas, em ambiente escuro, e depois de separados, a presenca de espermatozoide
no lavado vaginal foi utilizada como indicativo de prenhez.
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Os animas foram sacrificados na idade gestacional necessaria para o estudo, e
os embrides foram dissecados, os rins coletados e posteriormente processados para o0s

diferentes tipos de estudo.
Os membros e a cauda foram coletados para identificagdo sexual por genotipo.

o Estudo em animais adultos: Pressdo Arterial, Clearance de Creatinina e
Litio, Western Blot, Imunoistoquimica e Micorscopia Eletronica de Varredura.

Todos os experimentos seguiram as normas do Comité de Etica da Universidade
Estadual de Campinas. Os experimentos foram realizados no Laboratério de Metabolismo
Hidrosalino do Nucleo de Medicina e Cirurgia Experimental da Universidade de Campinas.
Foram utilizados ratos machos e fémeas Wistar-Hannover, com idade de 12 semanas,
fornecidos pelo Biotério Central da UNICAMP (CEMIB) na idade de 4 semanas. Os
animais foram mantidos no biotério do Nucleo de Medicina e Cirurgia Experimental até
atingirem a idade de 12 semanas. Durante este periodo foram alimentados com ragéo
comercial (Nuvilab CR-1, Nuvital) ad libitum e agua ad libitum.

Durante todo o experimento os animais foram mantidos em sala com temperatura

e umidade controladas, com sistema de luz 12 h/12 h.

Ao atingir 12 semanas de idade os animais machos e fémeas foram colocados
juntos em gaiolas, em sistema de harem (2 ou 3 fémeas para cada macho), durante toda
a noite, e as 8h da manha seguinte, foram separados e verificado por lavado vaginal a
presenga de espermatozoides. Quando houve a detec¢do da presenca destes, as ratas
foram consideradas prenhas e passaram a receber dieta conforme 0s respectivos grupos:
NP (normal protein) receberam dieta normoproteica (17% de caseina) durante toda a
gestacao e LP (low protein) receberam dieta hipoproteica (6% de caseina) durante toda a

gestacao. Ambos os grupos receberam dieta e agua ad libitum.

No dia do nascimento, as dietas foram retiradas e retornou-se a dieta comercial
inicial. Os filhotes foram amamentados até o fim da terceira semana de idade, quando
foram retirados da mesma gaiola da méae e realocados em novas gaiolas, recebendo
todos dieta comercial, normosédica e normoproteica, ad libitum e dgua ad libitum.
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As dietas normo e hipoproteica foram obtidas no laboratério do Prof Dr. Carlos
Boschero, no departamento de Fisiologia do Instituto de Biologia da Unicamp e possuem

0S seguintes itens:

Ingredientes NP-17% LP — 6%
Amido de milho 397 g 480 g
Caseina 202 g 71,59
Dextrina 130,5¢ 159 ¢
Sacarose 100 g 121 ¢
Oleo de soja 709 709
Fibra 50 ¢ 50 ¢
Mineral mix (AIN 93) 359 35¢
Vitamina mix (AIN 93) 109 109
L-Cystina 19 3¢
Colina 259 259

Quadro 2: ltens correspondentes para 1 kg de dieta.

Os ratos machos e fémeas usados para acasalar foram posteriormente

sacrificados em camera de CO..
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Técnicas:
1)  Cultura de metanefro:
Coleta de metanefro:

No 14°dia de gestacao, embrides foram descolados d a placenta e o0 excesso de
fluido removido antes da verificacdo do peso corporal. Embrides foram decapitados e
posicionados de forma que as costas ficaram em contato com a placa de agarose, €
alfinetes foram presos através do pescogo e base da cauda. Metanefros intactos foram
assepticamente removidos com auxilio de lupa e imediatamente colocados em pogos em
uma placa esterilizada de 24 pocos contendo soro puro DMEM: meio liquido Ham’s F12
(Trace Biosciences, Castle Hill, NSW, Austrdlia), adicionado com 5ug/mL transferina
(Sigma-Aldrich Pty. Ltda, Castle Hill, Australia) e 12,9 pbL/mL L-glutamina (Trace
Biosciences, Castle Hill, NSW, Australia) e penicilina (100 pg/mL), aquecido a 37<C.

Para diminuir a variabilidade de estagio de desenvolvimento do metanefro, os
pesos de embrido foram limitante, e somente aqueles entre 0,120 a 0,140 g foram
utilizados.

Cultura de orgéo:

Metanefros de cada embrido foram colocados separadamente nos pocos,
entretanto, ambos os grupos na mesma placa. Manteve-se em meio de cultua por 48 h, a
37T em incubadora umidificada com 5% de CO ,, e ao final deste periodo, os metanefros

foram fixados com metanol a -20C por no minimo 15 minutos.
Imunofluorescéncia para cultura de érgdos

Depois de fixados, os metanefros foram lavados brevemente com PBS contendo
1% Tween 20 (PBST) e incubados com o anticorpo primario monoclonal mouse anti-pan
citoqueratina (Sigma-Aldrich) na diluicao 1:100 a 27<C por 2 horas. Metanefros foram
entdo lavados em PBST por 30 minutos e posteriormente adicionado o anticorpo
secundario, Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes, Eugene, OR) na
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diluicdo de 1:100 a 37T por 90 minutos. Metanefros foram entdo lavados brevemente em
PBST antes de serem colocados em |amina para visualizagdo ao microscopio.

Quantificagdo do brotamento ureterico

Ap6s a reacdo de imunofluorescéncia, metanefros foram visualizados em
microscopio de fluorescéncia (Olympus). O nimero de pontos de brotamento e os pontos
finais da arvore foram determinados. Ponto de brotamento foi definido como intersecgéo

de trés ou mais brotamentos.

A analise estatistica foi feita utilizando-se teste T de Student. A diferencga entre os
grupos foi considerada significativa quando p < 0,05.

2)  Estereologia Renal

Ao 17.5¢%- dia gestacional os rins foram extraidos cuidadosamente, fixados
em paraformol 4% por 10 minutos, lavados com PBS e conservados em alcool
70% até o dia da inclusdao em parafina. Somente foram utilizados rins de fetos
machos.

Os rins foram incluidos em blocos de parafina, de modo que cada bloco
continha os dois rins do mesmo animal. Os blocos foram seccionados
exaustivamente até o final, em cortes de 20 um, ordenados na lamina
sequencialmente.

Para visualizacdo dos glomérulos formados e em formacéo, utilizou-se
reacdo histoquimica para PNA (peanut agglutinin), o qual é marcador de
poddcitos.

Os cortes foram desparafinizados, lavados em PBS por 5 minutos e
incubados em solugdo 2% H.0, em metanol, por 30 minutos. Posteriormente os
cortes foram lavados com PBS 5 minutos. Para digerir foi utilizado neuraminidase
de Vibrio cholerae por 30 minutos a 37<T.

Lavou-se as laminas por 5 minutos com PBS e para bloqueio de sitios
inespecificos foi utilizado solugao de 2% BSA em PBStriton por 30 minutos.

A incubagdo com PNA foi feita em solugao de ions + PBStriton, por 3

horas em temperatura ambiente. Posteriormente lavou-se as laminas e aplicou-se
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o kit ABC por 1 hora em temperatura ambiente. Entdo as laminas foram lavadas
novamente com PBS e utilizou-se DAB + aménia sulfato de niquel por 20 a 30
segundos, observando a coloragdo ao microscépio e parando a reagao ao colocar
as laminas em agua destilada.

Para efeito de contra coloracdo, as laminas foram colocadas em
hematoxilina por 30 segundo e posteriormente montadas com laminula.

Quantificagao:

Para quantificar o niumero de glomérulos, foram selecionados a cada 5
cortes, pares de cortes, com 1 corte intermediario desprezado. Por exemplo,
foram contados os cortes 1 e 3, 5e 7, 10 e 12, 15 e 17 e assim sucessivamente
até o final.

As laminas foram analisadas em microscépio Olympus adaptado para
projecdo da imagem em uma mesa.

A imagem 1 foi desenhada em sulfite, de modo a marcar todos os
glomérulos formados e em formacao. Mudou-se a localizagcdo da lamina até o
corte 3 e ajustou-se para que ele correspondesse exatamente a mesma
localizagdo do corte numero 1. Nesta imagem de corte posterior, foram anotados
todos os glomérulos que apareceram ou desapareceram entre os pares.

O mesmo procedimento foi feito para todos os pares, e a quantidade de
glomérulos que apareceram ou desapareceram gerou o Q.

Devido as dificuldades de conseguir todos os cortes de maneira
sequencial, em perfeito estado para g quantificacédo, optou-se por utilizar os cortes
imediatamente anterior ou posterior aquele de inicio do par, por exemplo, ao invés
de utilizar o corte niumero 5, podia-se utilizar 0 nimero 6 (pareado com o0 nimero
8) ou 0 numero 4 (pareado com o nimero 6).

Para que a quantificagcao fosse mais precisa, a area renal foi determinada
por contagem de pontos em um grid sobre a primeira imagem do par. Este valor foi
chamado de “ps”. Para aqueles pares onde ndo utilizou-se exatamente o corte
multiplo de 5, foi obtido 0 “ps” no corte 5 além do valor da area do primeiro corte
do par, chamado por “pf”.
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Com estes valores anotados, utilizou-se a seguinte férmula
Ng|0m =5x1x Ps/Pf xQ

A analise estatistica foi feita utilizando-se teste T de Student. A diferencga entre os
grupos foi considerada significativa quando p < 0,05.

3) RT-PCR

Rins inteiros foram coletados em embrides machos nas idades
gestacionais E15.5, E17.5, E20.5 e da prole24 horas apds nascimento. Apo6s
coleta foram congelados e mantidos a -80T até a ex tragdo de RNA. RNA total foi
extraido usando kit RNeasy (Qiagen). Para as idades de E15.5 e E17.5 utilizou-se
o mini kit e posteriormente a quantidade de RNA foi verificada através de
Bioanalyzer. Para as demais idades utilizou-se midi kit e a quantidade de RNA foi
determinada por espectofotometria.

1 pug de cada amostra de RNA foi transcrita reversamente em 30.75 uL de
uma reacao contendo 5 pL de 10x buffer Tagman reverse transcriptase, 11 uL def
25 mM MgCl,, 10 pL de 100 puM 2’-deoxynucleoside 5'-triphosphate, 2.5 plL de 50
mM random hexamers, 1 pL de RNase inhibitor, e 1.25 pL de Multiscribe reverse
transcriptae.

A fim de controlar a contaminacao do DNA genémico, reagcbes negativas
foram preparadas, onde 1.25 pl de Multiscribe foram substituidos por agua estéril.
Reacbes de transcriptase reversa foram corridas em Bio-Rad i-cycler a 25T por
10 min, 48C por 30 min, 95T por 5 min, e entdo ma ntida em 4T. As amostras
foram entdo estocadas a -20C.

Os niveis da expressao dos diferentes genes foram determinados via
PCR em tempo real, usando o aparelho ABI-PRISM 7700. Renina,
angiotensinogenio, AT1Ra, AT1Rb e AT2 foram analisados utilizando kit da
Applied Biosystems.

O método de ciclo de fluorescéncia limiar (CL) foi utilizado, tendo como
controle interno 18S. AT1Ra, AT1Rb, Renina e Angiotensinogenio primer/probe
foram preparados com 18S. AT2R foi preparado em tubo separado de 18S, depois
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que experimentos mostraram que a fluorescéncia (CL) era alterada quando

preparados na mesma reagao.

Calculos da expressao relativa do Gene.

O valor de FL para 18S foi subtraido do valor de FL para o gene de interesse, a
fim de determinar um ACL para cada amostra. O ACL da calibragéo (neste caso a media
de ACL do grupo controle) foi entdo subtraida de cada amostra, gerando um valor AACL.
Este valor foi entdo inserido na equagcao 2 - AACL gerando o valor final da expressao
relativa ao calibrador (grupo controle).

A analise estatistica foi feita utilizando-se teste T de Student. A diferencga entre os
grupos foi considerada significativa quando p < 0,05.

4)  Presséao arterial

Ao completarem 6 semanas de vida os ratos machos foram submetidos a
afericdo de pressdo arterial caudal (PAC), pelo método de plestimografia de cauda
(Programmed Electr-Sphygmomanometer Pe-300, Narco Bio-Systems USA), descrita
previamente por Lovemberg (106).

Cada animal foi colocado em uma caixa, que possui dois compartimentos, um no
qual fica uma lampada incandescente e outro, onde é colocado o animal para
aquecimento por 10 minutos, com o fim de causar uma vasodilatacido, possibilitando a
verificacdo da presséo arterial.

Apoés o tempo de aquecimento, o animal foi colocado em um contentor e em sua

cauda, colocou-se um manguito inflavel e ao lado um transdutor ligado ao aparelho.

Ao inflar o manguito, havia uma vasoconstriccdo, e os pulsos ouvidos cessavam,
entdo, lentamente abria-se a valvula para liberacdo do ar, e ao voltar a escutar o
bombeamento, o valor indicado na coluna de mercurio foi anotado como valor da presséao
arterial. Para cada animal, fez-se 3 medidas consecutivas, e caso houvesse diferenca,
uma média das trés foi adotada.
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Estas medidas foram repetidas quinzenalmente, até a 162 semana de vida,
sempre no periodo da manha.

A analise estatistica foi feita utilizando-se teste T de Student. A diferencga entre os
grupos foi considerada significativa quando p < 0,05.

5)  Western Blot

Ao completar 16 semanas os animais foram sacrificados por destroncamento
cervical e os rins removidos imediatamente. Apds desencapsulamento, os rins foram
homogenizados em “tampdo de extracdo”, a solucao obtida foi adicionado “tampao de
Laemmli” e posteriormente conservado em freezer a -80<T.

Os reagentes e aparelhos para eletroforese em gel de poliacrilamida com dodecil
sulfato de sddio (SDS-PAGE) foram adquiridos da Bio-Rad (Richmond, CA).

Solugbes

- Solucao tampao de extracdo: trisma base 100 mM, EDTA 10 mM, pirofosfato de
sodio 10 mM, fluoreto de sédio 100 mM, ortovanadato de sédio 10 mM, PMSF 2 mM
(diluido em alcool etilico), triton X-100 1% e 0,1 mg/mL de aprotinina. A solucao foi
mantida a 4.

- Solucao tampao de Laemmli: azul de bromofenol 0,1%, fosfato de sédio 1M pH
7,0, glicerol 50% e SDS 10%.

-Solucao tampao utilizada na eletroforese em gel de poliacrilamida (SDS-PAGE):
contem: trisma base 200 mM, glicina 1,52 M, EDTA 7,18 mM e SDS 0,4%. Diluida para
uso 1:4.

- Solugdo tampao para transferéncia: empregada para a transferéncia das
proteinas separadas no SDS-PAGE para a membrana de nitrocelulose. Contém: trisma
base 25 mM, glicina 192 mM Metanol 20% e SDS 0,02% para facilitar a eluicao de
proteinas de alto peso molecular. Foi estocada a 4°C.
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- Solugéo tampado para SDS-PAGE - gel de resolugédo (resolving): tampéao
composto por EDTA 4 mM, SDS 2%, trisma base 750 mM, com pH ajustado para 8,9 com

acido cloridrico.

- Solugado tampao para SDS-PAGE - gel de fase de empilhamento (stacking) das
proteinas. Contem EDTA 4 mM, SDS 2%, trisma base 50 mM, com pH ajustado para 6,7

com acido fosférico.

- Solugao basal: utilizada para 0 manuseio da membrana de nitrocelulose apds
transferéncia das proteinas. Contem: cloreto de sdédio 150 mM, trisma base 10 mM,
Tween 20 0,02%.

- Solucéao bloqueadora: utilizada para incubar a membrana de nitrocelulose apo6s
a transferéncia. Contém: 5% de leite em pd desnatado e azida sédica 0,02% dissolvido
em solucao basal.

- Solugéo para anticorpos: solugao contendo anticorpos especificos que ligaram-
se as proteinas transferidas para a membrana de nitrocelulose. Contem 0,3% de leite em
p6 desnatado e azida sédica 0,02% diluidos em solucao basal. Os anticorpos utilizados
foram anti-AT1 (1:1000); anti-AT2 (1:1000); anti-JAK-2 (1:1000) e anti-SOCS3 (1:1000)

- Solugao reveladora: Kit Pierce
Quantificacao de proteinas:

As proteinas totais foram quantificadas utilizando-se o método de Bradford. O
material homogenizado foi tratado com buffer Laemmli contendo 100 mmol/L de
dithiothreitol (DTT), aquecido em banho a 100C por 5 minutos e a quantidade
correspondente a 250ug de proteina foram aplicados em gel SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) o qual foi colocado em aparelho de
eletroforese Bio-Rad (Mini-Protean, Bio-Rad). A eletrotransferencia das proteinas no gel
de nitrocelulose foi feita a 120 V. Depois da separacao eletroforética as proteinas foram
transferidas para membrana de nitrocelulose e encubadas com anticorpo especifico a
4<C durante a noite.
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Os anticorpos utilizados foram: anti-AT1, anti-AT2, anti-JAK2 e anti-SOCS3
(Santa Cruz, CA), diluidos em solugéo de anticorpo conforme citado.

As bandas imunoreativas foram detectadas utilizando-se solucdo reveladora. As
imagens obtidas foram escaneadas e a intensidade das bandas foram quantificadas por
densidade 6tica (Scion Image Corporation).

Os valores da densidade obtidos foram utilizados para andlise estatistica. Foi
feito teste T de Student, e considrado significativo quando p < 0,05.

6) Imunoistoquimica:

Ao completarem 16 semanas os ratos machos anestesiados foram perfundidos
através da cardtida com solucdo salina heparinizada 5% por 20 minutos para total
remocao de sangue. Apos a perfusdao com solugao salina, os animais foram perfundidos
com solugao fixadora de paraformaldeido a 4% por 15 minutos. Os rins fixados foram
extraidos e colocados em solugcdo de paraformaldeido a 4% por 1 hora. Ao retirar da
solugao fixadora o material foi lavado com solugdo PBS salina e incubado com PBS
glicina por 2 horas. Apos este processo os rins foram colocados em solugdo PBS
sacarose overnight e na manha seguinte, congelados com Tissuetek em nitrogénio
liquido, e mantidos em freezer -80<C até o confecc¢a o das Iaminas.

Os rins foram cortados a 5 um em criostato Leica, e colocados em |aminas
silanizadas.

Para a imunomarcacdo com anticorpos utilizou-se o seguinte processo: As
lAminas foram lavadas com PBS por 10 minutos. O material foi bloqueado com solugao
blogueadora (PBS + leite molico 5%) por 45 minutos. Ap6s bloqueio as laminas foram
lavadas com PBS por 10 minutos e encubadas com o respectivo anticorpo durante toda a
noite (ver solucdo de anticorpo). Na manha seguinte, os cortes foram lavados 3x por 10
minutos e posteriormente incubados com anticorpo secundario (ver solugao de anticorpo)
por 2 horas. Apos 2 horas, as laminas foram lavadas 3x por 10 minutos e montadas com
Vectashield + DAPI.
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Os cortes foram analisados em Microscopio Confocal a Laser, LSM510 Zeiss e
as imagens obtidas por software do mesmo.

- solugao de anticorpo primario: Anticorpo diluido em solucao de 1% leite em pé
em PBS conforme concentragdes: rabbit anti-AT1 1:500, goat anti-AT2 1:300, rabbit anti-
JAK2 1:300, goat anti-SOCS-3 1:200 (Santa Cruz CA).

- solucdo de anticorpo secundario: Anticorpo diluido em solugdo de 1% leite em
p6 em PBS conforme concentragbes: goat anti-rabbit CY2-labeled antibody (1:600
Jackson ImmunoResearch) ou rabbit anti-goat CY3-labeled antibody (1:1000 Jackson

ImmunoResearch).

7)  Estudo da Funcao Renal:

Para avaliagdo da funcao renal fez-se os clearances de creatinina e de litio, em

animais acordados, quinzenalmente, sempre no dia apos a verificacdo da pressao arterial.

Quatorze horas antes do inicio da coleta de urina, os animais receberam uma
dose de cloreto litio (Synth) por gavagem (introducdo de uma sonda gastrica através da
cavidade oral), na concentracdo de 5% do peso corporal. A racao foi retirada e os animais
ficaram overnight em jejum soélido. Com uma hora e vinte minutos antes do inicio da
coleta, foi administrada por gavagem uma sobrecarga hidrica de volume igual a 10% peso
corporal. Aos vinte minutos antecedentes do inicio da coleta, a mesma dose de
sobrecarga foi novamente administrada por gavagem e os animais foram entao colocados

em gaiolas metabdlicas individuais.

Apés um intervalo de 20 minutos, iniciou-se a coleta de urina em tubos
graduados de vidro, por um periodo de 2 horas exatas.

Com o término das horas de coleta, o volume urinario foi anotado, a urina foi

homogeneizada, centrifugada, e o sobrenadante foi congelado para posterior dosagem.

Cada animal foi anestesiado por inalacdo de éter, e colocado em uma cama
contentora, onde cortamos a ponta da cauda com bisturi e coletamos sangue em
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ependorfes heparinizados (0,02 mL). Os ependorfes com sangue foram identificados,
centrifugados e os sobrenadantes congelados para posterior dosagem.

A cauda do animal foi suturada com fio cirdrgico e este foi levado novamente ao
biotério.

Dosagem Bioquimica

As concentracdes de sédio, potassio e litio, no plasma e na urina, foram feitas
pelo método de fotometria de chama (B262; Micronal, Sao Paulo, Brazil), enquanto a
concentragao de creatinina urinaria e plasmatica foi mensurada pelo método de picrato
alcalino, por espectrofotometria.

8) Microscopia Eletronica de Varredura

Animais com 16 semanas de idade foram anestesiados e posteriormente
perfundidos com solugcdo salina 5% heparinizada via artéria renal por 5 minutos. Em
seguida, a perfusdo foi feita com formalina tamponada por 10 minutos. Os rins foram
coletados, extraiu-se uma fatia de 2 mm do cortex e desprezou-se. Da por¢ao restante foi
retirado uma fatia de 3 mm de espessura, a qual foi picada em cubos de
aproximadamente 1 x 1 mm e conservado em solucao de glutaraldeido 10% em formol.

O processamento do material bem como a captacdo de imagem deu-se no
Centro de Microscopia Eletronica do Instituto de Biociéncias de Botucatu, Unesp.
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ABSTRACT

Background: Intrauterine growth restriction due to low maternal dietary protein during
pregnancy is associated with retardation of fetal growth, renal alterations and adult
hypertension. The renin-angiotensin system (RAS) is a coordinated hormonal cascade in
the control of cardiovascular, renal, and adrenal function that governs body fluid and
electrolyte balance, as well as arterial pressure. In the kidney, all the components of the
rennin-angiotensin system including angiotensin II type 1 (AT1) and type 2 (AT2)
receptors are expressed locally during nephrogenesis. Hence, we investigated whether
low protein diet intake during pregnancy altered kidney and adrenal expression of AT1r
and AT2r receptors, their pathways and if the modified expression of the RAS
compounds occurs associated with changes in urinary sodium and in arterial blood
pressure in 16 week-old males offspring of the underfed group.

Methods: The pregnancy dams were divided in two groups: with normal protein diet
[pups named NP] (17% protein) or low protein diet [pups LP] (6% protein) during all
pregnancy.

Results: The present data confirm a significant enhance in arterial pressure in the LP
group. Furthermore, the study showed a significantly decreased expression of RAS
pathway protein and Ang II receptors in the kidney and an increased expression in the
adrenal of LP rats. The detailed immunohistochemical analysis of RAS signaling proteins
in the kidney confirm the immunoblotting results for both groups. The present
investigation also showed a pronounced decrease in fractional urinary sodium excretion
in maternal protein-restricted offspring, compared with the NP age-matched group. This
occurred despite unchanged Creatinine clearance.

Conclusions: The current data led us to hypothesize that fetal undernutrition could be
associated with decreased kidney expression of ATg resulting in the inability of renal
tubules to handle the hydro-electrolyte balance, consequently causing arterial
hypertension.

Key Words: angiotensin receptors, blood pressure, hypertension, low protein diet, renal
function, renin-angiotensin system

Short summary: The low protein diet “in utero” is responsible for alterations on rennin-
angiotensin system in kidney and adrenal and can result in the inability of renal tubules to
handle the hydro-electrolyte balance. The present study support the association between
of decreasing natriuresis, reciprocal changes in renal and adrenal Angll receptors and
intracellular pathways protein with the higher blood pressure levels found in LP
compared with age-match NP rats
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INTRODUCTION

The implications of early life events programming disease is of great interest for
public health, in both, developed and the underdeveloped countries, and have resulted in
a number of experimental studies to elucidate underlying biological mechanisms of
programming. The concept of fetal programming suggests that the fetus is programmed
in uteri to develop a number of adult diseases, including cardiovascular and metabolic
diseases [1]. Intrauterine growth restriction (JIUGR) has been associated with maternal
low protein intake and, although the specific nature of this insult is unclear, a number of
mechanisms have been proposed. The initial point seems to be related with a decreased
placental 11-f hydroxysteroid dehydrogenase (11-BHSD) activity, causing overstimuli of
the hypothalamus-pituitary-adrenal (HPA) axis, associated with altered renal
development and adult hypertension in different species including man [2-5]. The role of
the renin-angiotensin system (RAS) in the control of blood pressure and hydroelectrolyte
homeostasis has been remarkably demonstrated by several studies [6]. Also, all
components of the RAS is involved and expressed locally during nephrogenesis [7].
Recently, it has been demonstrated that experimentally induced maternal protein
restriction, reduces renal tissue renin and Ang II levels and, AT1r and AT2g expression
in newborn rats [5,8]. Most of the known actions of AnglI are exerted through the ATy,
a G-protein coupled receptor that induces activation of tyrosine kinases [9,10]. Both non-
receptor-type tyrosine kinases (Src, Fyn, Yes, Pyk2, focal adhesion kinase (FAK), and
Janus kinase 2 (JAK2) and receptor-type tyrosine kinases are activated by the ATI
receptor [11,12]. These tyrosine kinases regulate signal transducers and activator of
transcription (STATs) [13]. This signaling induces SOCS-3, which interacts and inhibits
further activation of the Angll signaling by inhibition of signal transduction through
JAK/STAT [14].

Furthermore, the circulating aldosterone is principally secreted in adrenal
glomerulosa zone cortex by activation of a series of enzyme steps leading to the
conversion of cholesterol to aldosterone. Among the variety of factors that modify
aldosterone secretion, the most important is Ang II. The angiotensin and aldosterone
classical epithelial effects are, respectively, proximal and post-proximal increased actions
on the transport of sodium across the renal tubule cells in exchange for potassium and/or
hydrogen ions. Thus, the net effect of these hormones, renal vascular and tubular actions
is decreased urinary sodium excretion.

The purpose of the present study was to determine whether maternal protein
intake restriction during whole pregnancy alters kidney and adrenal expression of RAS
pathway compounds and AT1g and AT2g in 16 week-old male rat. Since the long-term
changes in renal sodium tubule handling may be associated with arterial hypertension
development, we also hypothesized that [UGR hypertension may result, at least in part,
from decreased urinary sodium excretion in the offspring. To test this hypothesis, we
studied the tubular sodium handling, evaluated by lithium clearance, in conscious
maternal low protein intake rats compared with and their appropriate normal maternal
protein intake controls.
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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. 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 seen in the vaginal smear was designated as day 1 of pregnancy. All groups
returned to the NP 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 transducer/amplifier. This indirect approach allowed
repeated measurements with a close correlation (correlation coefficient = 0.975)
compared to direct intra-arterial recording [15]. The mean of three consecutive readings
represented the blood pressure.

Renal Function Tests - The renal function tests were performed on the last day at 16
weeks of age in unanesthetized, unrestrained NP (n=12) and LP (n=12) male rats.
Creatinine and Lithium Clearance were did like stand methodology [16].

Calculations and biochemical determinations - Plasma and urinary sodium, potassium
and lithium concentrations were measured by flame photometry (B262; Micronal, Sdo
Paulo, Brazil). Creatinine was determined spectrophotometrically (362; Micronal, Sao
Paulo, Brazil) by the alkaline picrate method. The results are reported as means + SD per
100g body weight. Renal clearance was calculated by a standard formula (C= UV/P)
using the plasma creatinine and lithium levels for each period. Cc; was used to estimate
the glomerular filtration rate and Cyi; was used to assess proximal tubule output. FEx,+
and FEk, were calculated as Cnu/Ccr and Cgi/Ccy, respectively. FEPn,+ (fractional
proximal sodium excretion) and FEPPy,. (fractional post-proximal sodium excretion)
was calculated as CLi*/C¢,x 100 and Cy,,/Cri; x 100, respectively [16-18].
Immunofluorescence for ATI g, AT2 g, JAK-2 and SOCS-3 — Sixteen-week-old male
rats from the NP (n=5) and LP (n=5) groups were used. The rats were anesthetized with a

mixture of ketamine (75 mg .kg_lbody weight, i.p.) and xylasine (lOmg.kg_lbody
weight, 1.p.) and the level of anesthesia was controlled by monitoring the corneal reflex
and perfused by the left carotid artery with saline containing heparin (5%) for 15 min
under constant pressure. This was followed by perfusion with 0.1M phosphate buffer
(PB; pH 7.4) containing 4% (w/v) paraformaldehyde and 0.1 mol/L (M) sucrose for 25
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min. After the perfusion, left kidneys were immediately removed and placed in the same
fixative for 2h, followed by PBS containing 0.1% glycine for 30 min and PBS containing
15% (w/v) sucrose overnight at 4°C. The following day, the tissues were placed in an
OCT compound cryoprotector (Tissue-tech), cut on a Leica cryostat and mounted on
silane-coated slides. For immunohistochemistry, the sections were incubated sequentially
with: (1) phosphate-buffered saline (PBS) containing 2% milk for 45 min to minimize
non-specific reactions, (2) rabbit anti-AT1 antiserum (1:500 dilution; Santa Cruz), rabbit
anti-AT2 antiserum (1:300 dilution; Santa Cruz), rabbit anti-JAK2 antiserum (1:300
dilution; Santa Cruz) or goat anti-SOCS-3 antiserum (1:200; Santa Cruz), at 4°C
overnight; and (3) goat anti-rabbit CY2-labeled antibody (1:600 dilution; Jackson
ImmunoResearch) or rabbit anti-goat CY3-labeled antibody (1:1000 dilution; Jackson
ImmunoResearch) for 2 h at room temperature. After incubation, the sections were rinsed
in 0.1 M PBS and cover-slipped with Vectashield anti-fading medium containing DAPI
(Vector). The sections were examined with a confocal laser scanning microscope
(CLSM, LSM510 ZEISS) . 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
were used. After killed by dislocation of the neck, the abdominal cavity was opened and
kidneys and adrenals were removed, minced coarsely and homogenized immediately in
10 volumes of solubilization buffer (10 ml/LL Triton-X 100, 100 mmol/L
Tris[hydroxymethyl]Jamino-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 [19].

Antibodies and chemicals

Protein quantification was performed using the Bradford method [20]. For quantitation,
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/1 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). 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 antibodies
against AT1, AT2, JAK2 or SOCS-3, all from Santa Cruz Biotechnology (Santa Cruz, CA)
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
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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 = SD. 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 test. A P value < 0.05 was considered to
indicate significance.

RESULTS
Table 1 shows the serum sodium, potassium, lithium and creatinine levels, arterial blood
pressure, and pups weight to offspring of NP and LP groups. There were no significant
differences between serum sodium, potassium, lithium and creatinine levels (Table 1) in
NP rats, compared with the LP group. In general, food intake and, therefore, sodium
intake were similar, when normalized by body weight, in male offspring of NP and LP
groups, during the investigation (Table 1). The LP male pups weight was significantly
reduced when compared to NP pups (6.15 £ 0.16 vs 6.72 + 0.41g, respectively.
P<0.05).The arterial blood pressure enhances significantly more in LP than in NP rats
from 6 to 16 weeks of age. Thus, LP pressure increased from 116.216.5 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. In LP, the significant rise in the arterial
pressure appeared after 12 weeks of age (Figure 1).
Western blot analysis of RAS signaling protein expression - Western blot analysis in
male offspring of NP and LP rat kidneys and adrenals yielded a single band at the
expected weight of corresponding proteins. The expression of all protein studied in the
kidney of 16-week-old LP rats was significantly lower when compared to NP rats (Figure
2). For AT1g, the reduction was 50.47%; for AT2g, 75.75%; for JAK-2, 84.04% and for
SOCS-3, 16.4% (P< 0.05). Conversely, the expression of same RAS signaling proteins in
adrenals of 16-wk-old LP animals enhances significantly when compared with NP group
(Figure 2).
Immunohistochemical analysis of RAS signaling proteins localization -
Immunoreactivity assays of AT1g in NP rat kidneys showed that they were located in the
cortex and present in all segments and cells of tubule profiles. The intercalated cells of
cortical collecting ducts presented intense immunoreactivity for ATIgr. In the LP rat
kidneys, the localization of these receptors was preferentially in the intercalated cells
with a marked reduction of this receptor in the other cells (Figure 3). The alterations in
glomerular localization of AT 1 was not observed.

The pattern of AT2g and SOCS-3 distribution comprises the capillary loops of
glomeruli, proximal and distal tubules and cortical collecting duct. In contrast to NP, the
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LP glomeruli did not present AT2g and SOCS-3 localization. Additionally, in the NP
collecting ducts both principal and intercalated cells are positive for localization of AT2r
and SOCS-3 and in the LP, furthermore ATIg, the AT2g, and SOCS-3 expression
appears more intense in the intercalated cells (Figure 4 and Figure 5).

The NP rat renal distribution of JAK-2 immunoreactivity was localized in

cytosolic and nuclear sites of all tubule and glomeruli cells. On the other hand, the LP rat
kidneys present significantly reduced immunoreactivity and this protein was
preferentially located in the nuclei of cells. The intercalated cells also present more of
this protein when compared with other cell types (Figure 6).
Renal Function Data - The data for renal function in the 16-wk-old offspring of both
(NP and LP) groups are summarized in Figure. The urinary flow rates (data not included)
and the glomerular filtration rate, estimated by Cc, did not significantly differ among the
groups during the renal tubule sodium handling studies (Figure 7). Fractional urinary
sodium excretion (FEy,) was significantly lower in low maternal protein intake rats when
compared with the normal maternal protein intake age-matched group, as follows: LP:
0.96 = 0.036 % versus NP: 1.44 £ 0.26 % (P<0.05). The decreased FEx, in low maternal
protein intake rats was accompanied by a significant decrease in proximal sodium
excretion (FEPx,) and fractional potassium excretion (FEx) compared with the normal
maternal protein intake age-paired control group (P<0.05). This decreased FEx, and FEx
occurred despite unchanged Cc; and a significant enhance in FEPPy, in the control group
LP: 1.32 £ 0.15 % vs NP: 0.63 £ 0.09 %, P < 0.05) (Figure 7). This consistent fall in
FEn,, FEPn, and enhance in FEPPy,, produced by protein intake restriction during
pregnancy, was followed by unaffected kaliuresis at the entire experimental group of the
present investigation.

DISCUSSION

Recent studies have shown that the kidney, during period of development, can be
influenced by alterations in the intrauterine environment [22,23]. This organizational
phenomenon is termed ‘early-life programming’. Here, in maternal protein-deprived
offspring model, we focus on adult hypertension, kidney and RAS dysfunctions as an
outcome and suggest that kidney is an organ in which there are permanent changes that
underlie the developing hypertension. The present study confirms that 16-wk-old LP
male rats’ weight was significantly reduced when compared to NP offspring. This effect
was associated with a significant enhance in arterial blood pressure in the LP group.
Furthermore, the immunoblotting and immunohistochemical analysis in current study
showed a significantly decreased expression of Angll receptors and signaling protein
expression in the whole kidney of LP rats than observed in NP offspring. Conversely, the
expression of same Angll receptors and signaling proteins in of 16-wk-old LP adrenals
enhances significantly when compared with NP age-matched group (Figure 2). The
present investigation also confirmed a pronounced decrease in fractional urinary sodium
excretion in maternal protein-restricted offspring. The decreased FEn, and FEx was
accompanied by a fall in FEPn, and occurred despite unchanged Cc¢; and an enhanced
FEPPy,. The precise mechanism of these phenomenons remains unknown.
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Two remarkable questions emerged from the present investigation: 1) why does
maternal low protein diet treatment promote a decreased natriuresis and arterial
hypertension in adult normotensive lineage rats? And 2) simultaneously, why do the
kidneys of LP progeny showed a lower expression of AT1, AT2 receptors and SOCS-3
protein and, JAK-2/STAT pathway activity? The adult kidney comprises several filtering
units; in some species, total numbers of nephron are determined before birth [22,23]. In
rodents, the permanent metanephric kidney is very immature at birth and, in the rat, about
20% of the total nephron number is present at birth [23]. There is evidence that any insult
(including maternal undernutrion) that alters the total number of nephron also causes
late-onset hypertension [24-26]. It is well established that the RAS plays an important
role in the normal morphological development of the kidney [27]. When pre- or neonatal
rats were given high doses of the ATI1r antagonist, and studied at 22 weeks, they were
hypertensive, and showed an expressive reduction in the nephron number [28]. Previous
immunoblotting studies have shown a decrease in AT1g at LP one-day-old rats [29], but
an increase of that at 4 weeks of age, when they are normotensive yet [30]. However, the
current studies, at 16-wk-old rats, demonstrate a decreased AT1r expression in all
nephron segments, by Western blotting and immunohistochemical (minus 50.47%),
except in the intercalated cell (Fig. 3) in LP offspring group. The second major isoform
of the angiotensin receptor, AT2g, is normally expressed at high levels in fetal tissues,
and decreases rapidly after birth [7]. These receptors may antagonize, under
physiological conditions, ATI1-mediated effects by inhibiting cell growth, and by
inducing apoptosis and vasodilatation [8,31]. In current study the renal expression of
AT2gr had a striking decrease (about 77%), which is consistent with previous report
showing reduced renal AT2 mRNA in LP rats [30] and a reduced protein AT2g in LP,
both in rats beyond 4 weeks of age. At least two different intracellular pathways
participate in the transduction of the Angll signal in target cells. First, by the activation
of Gq protein [9,32,33] and, secondly, activation of JAK-2 [34] which rapidly direct the
signal towards the nucleus through the STAT proteins [35,36]. Additionally, SOCS
proteins are under the transcriptional control of members of the STAT family [37]. The
translated SOCS-3 then migrates to the cytoplasm, where it interacts with Tyr759,
therefore participating in the inhibition of further activation of the JAK-2/STAT
signaling pathway in different tissues [38,39]. Since, as shown in the previous studies,
that protein restriction during pregnancy can lead to premature maturation of the kidney
and reduced number of nephron due to overactivity of Angll activity in fetal life, we
decided to investigate the participation of renal SOCS-3 in the control of kidney and
adrenal Angll pathway activity in both groups. It is, therefore, possible that observed
decrease in the renal Angll receptors transduction in the LP progeny may be simply an
adaptive downregulation response that limits the fetal renal growth and post-natal sodium
transport. In spite of the efforts to characterize a link between desensitization of Angll
signaling in the kidney, we could not clearly demonstrate the mechanisms that seem to
cause changes in renal tubule sodium handling and hypertension development in progeny
of maternal protein-restricted rats. Thus, the kidney functional change seems to be the
result of different mechanisms that participate in the modulation of the response to
Angll, beyond the participation of intracellular Angll pathways. We cannot rule out other
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mechanisms that could participate in Angll signaling pathway desensitization, associated
with Angll receptor downregulation. Thus, recycling of the receptor [50], Angll-induced
internalization of receptors [51], PKC-induced serine phosphorylation of ATIR and
AT2R [53] and, finally, the induction of the early inducible genes, c-fos and c-jun
ultimately mediate the desensitization to the Angll signal [54].

In the present study, however, do not seems merely that a reduced nephron
number and, consequently decreased glomerular filtration rate is responsible for the
increasing blood pressure, since we did not observe any significant difference between
LP and NP glomerular filtration rate, estimated by Cc. We may suppose that
compensatory maladaptive nephron functional changes may occur intrarenally when
nephrogenesis is compromised. This is consistent with the fact that uninephrectomy in
the adult rats does not necessarily cause hypertension, and no compensatory
nephrogenesis can occur [45]. Studies have shown that, exogenous administration of
Angll elicits decreases in renal blood flow and glomerular filtration rate [46] and
increases the filtration fraction support the notion that Angll predominantly constricts the
postglomerular arterioles [47,48]. But, how do we could explain our data? Because both
AT1 and AT?2 receptors are expressed in arteriolar and glomerular cells [47], these may
influence the glomerular filtration rate. The exact mechanism by which Angll regulates
the glomerular filtration coefficient remains to be clarified. Modulation is an important
capability of cells for the “fine-tuning” of a broad spectrum of actions, which — in case of
the AT2r — seems to span the regulation of natriuresis, blood-pressure, embryonic
development, cell differentiation and antiproliferative, tissue repair and programmed cell
death. Munzenmaier and Greene [48] reported opposing effects of AT1g and AT2g on
vascular growth in the rat muscle. In the present study, the higher ratio of ATI/AT2
receptors of Angll expression was found in LP offspring compared with NP kidneys.
This finding suggest that major downregulation of AT2r associated with higher
ATI1/AT2g ratio may be involved in the unchanged Cc; in LP offspring by presumable
decreased vasodilatation response of the AT2g, including in postglomerular kidney
vessels. Taking in account the current and previous studies, we suggest that the most
direct way to explain the decreased FEn,+ and unchanged C¢; may be by combined
increases in postglomerular arteriolar resistance associated with decreased renal blood
flow.

The novelty of the present study shows that decreased natriuresis is, at least
transiently, associated with an unchanged glomerular filtration rate and incompletely
compensated by more distal nephron segments. These findings are accompanied by
decreased renal expression of Angll receptors and consequently fall in the intracellular
pathways proteins expression in maternal LP diet group; and, conversely by striking
enhanced of Angll receptors and intracellular pathways protein in adrenal. The direct
intrarenally actions of Angll contribute to increased tubular reabsorption including
constriction of glomerular arterioles, which alter peritubular capillary dynamics and renal
medularly blood flow, and direct actions on tubular epithelial cell transport [49]. Angll
molecular mechanisms involved in the stimulation of salt reabsorption within the
proximal tubule is related with activation of apical Na'/H" exchange, basolateral Na*-
HCO3" cotransport, and basolateral Na*/K*-ATPase and via insertion of H*-ATPase into
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the apical membrane [50-52]. Also, the Angll infusion increased distal fractional sodium
reabsorption. Angll acts to stimulate Na'/H" exchange in both early and late distal
segments via activation of the vacuolar H*-ATPase and amiloride-sensitive channels in
late distal segments [53,54]. Surprisingly, in the current study the expression of Angll
receptors and signaling compounds in maternal protein-restricted rats was dramatically
down-regulated suggesting other mechanisms to antinatriuresis in these animals. In fact,
we did not rule out a possible indirect mechanism underlying the decrease renal sodium
excretion includes physical. Selkurt et al. (1965) and other researchers [55] proposed that
decreased peritubular pressure might stimulates sodium reabsorption by decreased
modularly blood flow. Additionally, Cowley (1997) has confirmed that a decrease in
interstitial volume and/or pressure across the peritubular capillaries could enhance
tubular sodium reabsorption [56]. Speculatively, in the present study, hemodynamic
glomerular changes causing an increased fractional filtration rate and/or decreased renal
blood flow may be responsible by enhanced sodium reabsorption in proximal segments
of the nephron in LP rats. The FENa" responses observed in the present study may result
from the interactions of a variety of mechanisms, such as angiotensin-induced renal
arteriolar postglomerular vasoconstriction, overexcitability of the sympathetic nervous
system and by direct tubule effects in LP offspring and, consequently associated with
arterial hypertension. As analyzed above, we may also suppose that antinatriuretic and
hypertensive effects observed in the present study in LP group may also result from
either a significant downregulation of renal AT2r (and relative higher expression of
ATIg) and/or from the higher ratio of ATI1/AT2 receptors of angiotensin expression
found in maternal protein restriction offspring compared with NP group.

Hjaiej et al., (1998) show that corticoadrenal activation characterized by an
increase in blood and adrenal aldosterone levels and adrenal hypertrophy was observed in
maternal undernourished offspring [57]. Study has demonstrated that the serum-
glucocorticoid-regulated kinase 1 (Sgkl) is induced by aldosterone in the aldosterone-
sensitive distal nephron and that polymorphisms of the kinase is associate with
hypertension developing [58]. Recently, study has shown that maternal signals mediated
by Sgkl may play a decisive role in fetal programming of hypertension induced by
prenatal protein restriction [59]. In the current study, the huge enhance of adrenal Angll
receptors and intracellular pathways protein permit us to hypothesized the possibility that
adrenal overestimuli with increased secretion of aldosterone, primarily through the
mineralocorticoid receptors in the cortical segments of the collecting tubule contributing
to decreased FENa" in LP rats. Aldosterone stimulates ionic transport in the principal
cells by increasing the number of open sodium and potassium channels in the luminal
membrane and the activity of Na"/K*-ATPase pump in the basolateral membrane. It
further stimulates H" secretion in the intercalated cells of the cortex and tubular cells in
the outer medulla [60]. That possibility could also explain the intense ATlg, the AT2g,
and SOCS-3 immunoreactivity in the intercalated cells observed in the present data .
Although the reason for some discrepancy between our study and those previous remains
unknown, taking into account the present data, we may suppose that ‘early-life
programming’ effects on blood pressure are also sensitive to animal species, prenatal
protein restriction duration or intensity.
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In summary, we may hypothesized that under protein restriction
conditions, the fetus responds, in the short-term, by making suitable adaptations to
accommodate the disturbance in intrauterine substrate supply. After birth, under normal
protein diet intake, the long-term outcome of these adaptations is represented as an
absolute and relative small urinary sodium excretion capacity associated with increased
blood pressure and a relative propensity toward a diseased state in adult life. The present
study might indicate that, also in kidney and adrenal, protein underfeeding exerts a
modulator effect on Angll receptor expression. Although, the precise mechanism
responsible for the subsequent enhanced sodium retention response in LP offspring rats is
still unclear, the current data suggest that changes in renal and/or adrenal functions are
conducive to excess hydroelectrolyte tubule reabsorption, and this way might play a role
which potentiates the appearing of programming of adult hypertension. In fact, it is
plausible to suppose that the present study support the association between of decreasing
natriuresis, reciprocal changes in renal and adrenal Angll receptors and intracellular
pathways protein with the higher blood pressure levels found in LP compared with age-
match NP rats.
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Table 1 —Serum sodium, potassium, lithium and creatinine levels, body weight at birth, and
arterial blood pressure in NP and LP rats fed respectively with a normal diet and a low

protein diet. The data are reported as the means + SD. * P< 0.05 vs LP (Student’s ¢ test).

Groups Na® K* Li* Cr Body weight Blood Pressure
(mM) (mM) (UM) (mg/dL) (&) 16wks
Birth weight
NP (n=10) 140+49 3.60x04 1.38 0.47 £0.02 6.72+0.16 128.8 + 8.7
0.04
LP (n=11) 138+29 336%0.2 1.33 % 0.50+0.02 6.15+0.41* 1379+£69*
0.05

Figure 1 - 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

vs Control (Student’s test). See Results for statistical analysis details.

Figure 2 - Effects of maternal protein restriction on expression of kidney and adrenal
RAS associated proteins. This figure shows the results obtained in whole-tissue extracts
that were immunoblotted for AT1gr, AT2g, JAK-2 and SOCS-3, for these proteins content
verification in the NP and LP kidneys and adrenals. The results of scanning densitometry
were expressed as relative to NP, assigning a value of 100% to the control rats. Columns

and bars represent the mean + SEM *P<0.05, NP vs. LP.

Figure 3 - CLSM showing the immunolocalization of AT1 g (in red) in the kidney of NP
(A, B and C) and LP (D, E, and F) rats. In NP rats kidneys ATl may be located in all
tubular cortical segments but was observed strongly associated with intercalated cells
(arrows) of distal end collecting segments. We not verified alteration in glomerular (g)
localization of this receptor. In distal and collecting segments of LP kidney ATly is

preferentially associated with intercalated cells and not with principal cells.
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Figure 4 - CLSM showing the immunolocalization of AT2R (in green) in the kidney of
NP (A and B) and LP (C and D) rats. In NP rats kidneys AT2r may be located in all
tubular cortical segments and also associated with intercalated cells (arrows) of distal end
collecting segments. The linear immunolocalization pattern of glomerular (g) capillaries
may be observed in NP rat kidneys (B). In LP rats kidneys there was reduction in general
reactivity and total absence of this receptor (D) in glomeruli (g). In this group, AT2g also
were localized preferentially associated with intercalated cells and not with principal

cells.

Figure 5 - CLSM showing the immunolocalization of SOCS-3 (in green) in the kidney of
NP (A and C) and LP (B and D) rats. The linear immunolocalization pattern may be
observed in glomerular (g) capillaries in NP rat kidneys (A) and is not present in LP rats
kidneys (C). In LP group this protein was localized preferentially associated with

intercalated cells (arrows) and not with principal cells (D).

Figure 6 - CLSM showing the immunolocalization of JAK-2 (in red) in the kidney of NP
(A and B) and LP (C, D and E) rats. Poor immunorectivity was observed in LP group
when compared to that localized in NP both in tubules and glomeruli. We also may repair
that this downstream protein of the angiotensin II signaling cascade was localized
preferentially in the nuclei in the LP rat kidneys. The intercalated cells immunoreactivity

was also found here (arrows).

Figure 7 - Creatinine clearance (Cc¢;), fractional sodium excretion (FEy,), proximal
(FEPNn.) and post-proximal (FEPPy,) fractional sodium excretion and fractional
potassium excretion (FEk) in control (NP) and maternal protein-restricted in 16-wk-old
offspring. The data are reported as the means + SEM. * P< 0.05 vs Control (Student’t

test). See Results for statistical analysis details.
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Introduction

Epidemiological studies indicate that risk of disease in later life is related to
factors that impair fetal growth. A body of evidences shows that environmental factors in
perinatal period can cause permanent changes in the physiology and structure of the
body, indicated for “programming” the individual predisposition to disease in later life (1-5).
This hypothesis is strongly supported by many studies whose have shown that embryos
exposed to low protein diet during gestation have consequently a decrease in nephron
number (3, 6-8), altered adult renin-angiotensin system (RAS) and elevated arterial
pressure at adult age (9,10).

Nephrogenesis begins when nephric duct gives rise to ureteric bud (UB) and
these events are regulated by numerous transcription factors and signaling molecules.
Signals induce UB to branch in a process called branching morphogenesis generating
ureter and collecting system initially and subsequent generations of UB branches will
differentiate into collecting ducts (11). Each UB tips is capable to form nephrons (12) and
we believe that the low nephron number characterized by in uteru undernutrition rats

begin to be determined by the disrupted branching morphogenesis.

The renin-angiotensin system is extremely important in vasculogenesis,
branching morphogenesis and development of hypertension in adult as a result of a
reduction in nephron number during nephrogenesis (13-15). RAS is also important for
regulation of arterial pressure in adult life. All the components of the RAS are highly
expressed in the developing kidney (16). The kidney exhibits both spatial and temporal
development regulation of angiotensin receptors (17). Angiotensin Il (Ang Il) is a peptide
extensive known for action via its two major receptors, angiotensin type 1 receptor (AT1g)
and angiotensin type 2 receptor (AT2g). These receptors belong to the large family of G
protein-coupled receptors with seven transmembrane domains and work differently during
kidney development (18,19). Signaling of Ang Il via AT1g has an effect proliferative,
controlling cell proliferation, extracellular matrix production, morphogenesis,
nephrovascular development and induction of other growth factors. During prenatal
nephrogenesis, signaling of Ang Il via AT2g up-regulates the paired homeobox 2 gene
(Pax-2), mediating mesenchymal to epithelial transformation as well as apoptosis to
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eliminate unwanted cells. (20) A lack of AT1g or AT2g stimulation could interfere with the
proliferation/apoptosis balance through different pathways.

The strongest evidence for the involvement of the RAS in hypertension
programmed by maternal protein restriction is the normalization of blood pressure in the
hypertensive offspring by angiotensin-converting enzyme (ACE) inhibition (21) and
angiotensin type 1 (AT1g) receptor antagonism (22). McMullen and Langley-Evans show
that at 4 weeks of life, rats exposed to maternal proteic undernutrition present altered
AT2r mRNA expression, and at birth, although not reaching statistical significance, they
noted the same pattern of AT2z mRNA expression. Also, this study shows that the
regulation o RAS is sex-specific (23). However, how this system is modulated during
embryonic life is unclear.

Our hypothesis is that a suboptimal maternal environment, induced by maternal
low protein diet, can modify RAS yet in utero, and this up or down-regulation, at this
critical time, may account for impaired renal development, reducing ureteric branching in
the first stages of nephrogenesis, leading to reduced nephron number consequently,
misleading renal water and salt handling and increasing arterial pressure.

Methods and Materials

Animals and diets

Experiments were approved by the Animal Ethics Committee of School of
Biomedical Science from Monash University, Australia (SOBS-2007/81). Female Sprague-
Dawley rats were fed a normal-protein (NP- 20% casein) or an isocaloric low-protein (LP-
8% casein) diet from 2 weeks before mating and during all the gestation. Males Sprague-
Dawley rats were fed a normal-protein diet during all experiment.

On the time-mated, 1 male rat was put in a cage with 2 female rats for a period of
2h. In the end of 2 hours, when a vaginal smear with sperm was visualized, was designed
EOQ. Embryos were removed from uterus, cleaned and weighted prior to decapitation.
Kidney or metanephroi were isolated in accordance with different experiments.
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Sex determination

In the collection day, embryos limbs and tail were collected and DNA extracted
using Promega Kit. Genotyping for SRY gene determined embryo sex. In these
experiments we only studied male embryos.

Whole metanephric organ culture

Sprague-Dawley female rats were time-mated from 8am to 10am where
presence of sperm in vaginal smear indicated time of mating. This time of mating was
designed as EO. Whole metanephroi were isolated from E14.25 Sprague —Dawley males
embryos within a weight range of 0.120-0.140 g and placed on 3.0 um pore polycarbonate
transfilter membranes (Transwell, Corning Star, MA) in 24-well tissue culture plates with
wells containing 350 pl of serum-free culture medium at 37C and 5% CO ,. The culture
medium consisted of Dullbecco’s modified Eagle’s medium (DNEM):Ham's F12 liquid
medium (Trace Bioscience, Castle Hill, New South Wales, Australia) supplemented with 5
ug/ml transferin (Sigma, Castle Hill, Australia), 12.9 pl/ml L-glutamine (Trace Biosciences)
and penicillin (100 pg/ml). Metanephroi of both groups were cultured in the same plate for
48h. At the conclusion of the culture period, metanephroi were fixed with cold methanol for
examination with whole mount immunofluorescence microscopy.

Immunofluorescence Staining

To visualize ureteric branching morphogenesis, metanephroi were whole mount
immunostained with a monoclonal anti-pan cytokeratin mixture (Sigma-Aldrich). At the
conclusion of the culture period, metanephoi were fixed whole in methanol as -20C for a
minimum of 24h. After fixation, metanephroi were washed briefly in PBS containing 1%
Tween 20 (PBST) and incubated with the primary antibody; monoclonal mouse anti-pan
cytokeratin (Sigma-Aldrich) at a dilution of 1:100 at 27C for 2h. Metanephroi were then
washed in PBST before addition of the secondary antibody, Alexa 488 goat antimouse
IgG (Molecular Probes, Eugene, OR) at a dilution of 1:100 at 37C for 1h30min.
Metanephroi were then washed briefly in PBST before mounting in PBS/glycerol mounting
media (Sigma-Aldrich).
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Quantification of Ureteric Branching Morphogenesis

Following immunostaining, metanephroi were visualized under an epifluorescent
microscope (Olympus). The whole metanephros was visualized and the ureteric “tree”
was attached as a skeletonized image. The number of branch points and terminal tips was
determined. Branch points were defined as the intersection of the three branches.

Estimating Nephron number

Whole kidneys were dissected from E17.5 males embryos and embedded in
paraffin. Then they were exhaustively sectioned at 20um, and every 5" and the second
follower section was collected and stained with anti-peanut agglutinin and hematoxilin.
The sections pairs were projected with a microscope modified for projection. The first
kidney of the pair was draw and glomeruli were detected and the second section of the
pair was compared with the first one. Glomeruli that were not present in the second
section of the pair but was present in the first section, or that appeared in the second
section was counted. This process was repeated for each complete pair of sections. Total
nephron number (Ngom) Was then estimated using the following equation:

Ngiom = 5 X V2 X P¢/Py x Q°

Where 5 was the reciprocal of the section sampling fraction, Ps the number of
points overlying all kidneys sections, P the number of points overlying counted kidneys
sections, Y2 indicates paired counting and Q" the actual number of glomeruli counted.

Gene expression

Whole kidneys were dissected from E15.5, E17.5, E20.5 males embryos and
from 24hours after birth of males pups (P1) and frozen for later extraction of RNA. Total
RNA was extracted using RNeasy extraction kits (Qiagen). One microgram of each RNA
sample was reverse transcribed in a 30.75 pl reaction containing 5 pl of 10x Tagman
reverse transcriptase buffer, 11 ul of 25 mM MgCl,, 10 ul of 100 uM 2’-deoxynucleoside
5’-triphosphate, 2.5 ul of 50 mM random hexamers, 1 pl of RNase inhibitor, and 1.25 pl of
Multiscribe reverse transcriptae. To control for genomic DNA contamination, negative
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reactions were prepared, where the 1.25 pul of Multiscribe was replaced with sterile water.
Reverse transcription reaction were run in a Bio-Rad i-cycler at 25T for 10 min, 48<T for
30 min, 95 for 5 min, and then held at 4C. These samples were stored at -20C.

Gene expression levels were determined via real-time PCR using an ABI-PRISM
7700 real-time machine. Renin, Angiotensinogen, AT1ra, AT1gb and AT2cwere analyzed
using an Assay-on-Demand from Applied Biosystems.

A comparative cycle of threshold fluorescence (Cr) method was used with 18S as
an endogenous control. AT1ga, AT1gb, Renin and Angiotensinogen primer/probe sets
were multiplexed with 18S. AT2r was run in a separate tube to 18S after optimization

experiments revealed the Cr was altered if run in a multiplex reaction.

Calculation of Relative Gene Expression

The Cr value for 18S was subtracted from the Cr value for the gene of interest to
give a AGCr for each sample. The ACr of the calibrator (in this case the mean ACy of NP
group) was then subtracted from each sample to give a AACr value. This was then
inserted into the equation 2-AACr to give a final relative expression relative to the

calibrator.

Statistics

Values represent means + SEM. Branching morphogenesis and gene expression
data were analyzed using unpaired two-tailed Student’s t-tests. Significance was accepted
at p <0.05.

Results
Effect of maternal low protein diet on embryo and fetal weight

Male embryos weight was not different in the early stages (E14.25, E15.5, F17.5
and F20.5), but at post-natal age, NP male pups weight were higher than LP pups.
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Although we cannot see significant difference during embryo period, we can observe a
gradual increase in the difference of weights between groups (Figure 1).

Effect of maternal low protein diet on Ureteric Branching Morphogenesis

Using a number of 3 litters per group, metanephroi cultured for 48h appeared
smaller in LP group than in NP group. As showed at Figure 2, this observation was
confirmed in the quantitative analysis which showed that metanephroi from LP embryos
had significantly less ureteric branch points (23% less) and terminal tips (25% less) when
compared with metanephroi from NP rats.

Nephron number estimation

Male embryos form LP group presented less glomeruli than NP group at age of
17.5 (LP 178.2 +/- 5.83 vs NP 232.58 +/- 10.94 p<0.0026) (Figure 3).

Expression of Angiotesinogen, Renin, AT1ga, AT1gb and AT2g

Expression of renin, angiotensinogen, and AT1ga mRNA was similar in control
and LP offspring at E15.5 and E17.5. At F20.5 renin expression was augmented in LP
offspring (2.38 + 0.42 vs. control 1.06 £ 0.16 p<0.01) and is returns to be similar at PN1.
Angiotensinogen expression was augmented in LP offspring (3.43 £ 0.64 vs. control 1.20
* 0.54, p <0.05) at PN1. AT1ra was similar during embryo stage but was up-regulated at
PN1 (3.06 £ 0.79 vs. control 1.04 + 0.14, p< 0.05). In LP rats AT1gb mRNA was down-
regulated at F17.5 (0.63 £ 0.1 vs. control 1.08 £0.15, p<0.05) but augmented after birth.
AT2g expression was similar between groups, although the LP expression at PN1 is
higher, but not significantly. (Figure 4)

Discussion

The first interesting finding of the current work is that the embryo weight is similar
in the first half of gestation (Figure 1); however the pattern of weight increase is different
between groups. Although the weights are not statistically different during this gestation
period, the LP male pups weight increases slowly than NP pups. By this time, the altered
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body development pattern observed may explain a disturbed maturation of the organs in

this experimental model.

Kidney development is orchestrated by different genes that are important to
determine the ureteric bud (UB) invasion of metanephric mesenchyme, the bud branch,
the condensation of the mesenchyme cells and many others events that origin this organ.
The pattern and the extent of UB branching and elongation are essential for development
of a normal kidney and alterations can result in different phenotypes, from renal agenesis
to reduced nephron number (24,25). Numerous growth factors have been implicated in
the control of this process (26,27,28) as well as several transcription factors and signalling
molecules are expressed in specific spatial and temporal patterns (29). RAS plays a
critical role in kidney development. The activity of the RAS is high during fetal and
neonatal life and declines during postnatal maturation AT1g and AT2r are abundantly
expressed in the nephrogenic area, however their expression in the metanephros differs.
While AT2g is expressed earlier than AT1g, the first one rapidly declines after birth (30,31)
and AT1g increases during fetal life and declines slowly postnatal (31). AT1g can be found
in glomeruli, distal and proximal tubules. Angll acting via AT1g inhibits Sry1 expression
and thereby relieves inhibition if signalling via the GDNF/c-Ret/Wnt11 pathway. AT2R is
expressed in mesenchymal cells adjacent to the ureteric bud. AT2g acts to restrict GDNF
expression interiorly and specify correct site of UB outgrowth from the nephric duct.
Angiotensinogen and Angll regulate UB morphogenesis acting via the AT2gz, Angll
upregulates Pax2 that stimulates UB branching (11).

Yosipiv (2008) demonstrated that Angll stimulates cell process formation and
branching cord extension in UB cells in vitro via activation of the AT1g. He also showed
that exogenous Angll increased the number of UB tips and branch points (11). One
mechanism whereby Angll may activate UB branching is the balance between AT1g and
AT2g and with the formation of AT1g/AT2g heterodimers, AT2y directly inhibits AT1g (32).

The current study shows clearly that maternal low protein diet during gestational
age is enough to reduce de branching points of the “ureteric tree” as to reduce the “tree
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end points” (Figure 2). Also our results confirm that nephron number is lower in kidneys
from embryos from LP group than control group (Figure 3), what is similar to known low
nephron number in this model. As showed at Figure 4, the real-time-PCR results could
indicate that RAS do not have any contribution on this way, however we believe that intra-
uteri factors may act inhibiting RAS compounds mRNA expression during embryo period.
The suppressive expression of these supposes factors might be responsible for the up
regulation of AT1ga, AT1gb, Renin and Angiotensinogen mRNA on the first day post-natal.
The precise mechanism to explain these phenomenons remains unknown.

Renal cell line had been shown previously to respond to glucocorticoids both
morphologically and functionally (33) but in which the metabolic response to these
hormones had not yet been investigated. The tissue-specific RAS receptors expression is
highly regulated by hormonal mediators. Glucocorticoids (GC) may be responsible for
RAS receptors up-regulation. GC plays an important role during intrauterine life and is
most likely responsible for intrauterine programming (34). Moritz show that a short period
of intrauterine GC increase during early gestation led to increased mRNA levels of
angiotensinogen, AT1 and AT2 receptors in the kidneys of near-term fetal sheep (35).

Many remarkable speculations emerged from the present investigation. Firstly we
may hypothesize that decreased AT1g/AT25 rate as an early compensatory mechanism to
fetal GC high levels down-regulating the Angll Pax2 stimulated response of UB branching.
The present study may not rule out the AT2gr pro-apoptotic action on metanephric
mesenchyme causing a low branching points pattern in LP embryos. Previously, Welham
et al. (2002) (36) have been showed that low protein embryos were associated with
increased apoptosis in E13.0 metanephric mesenchyme. Later, these authors showed
that genes associated with apoptosis (pro and anti-apoptotic) are up-regulated at E13.0,
however the proportional increase was greater for pro-apoptotic gene Bax versus the anti-
apoptotic gene Bcl-2, suggesting that low protein diet shifts the balance of expression to
the death of metanephric precursor cells (37).

Welham (2005), in stereological study, found similar kidney morphological
repercussion in maternal protein undernutrition offspring from day 0 to day 13 of gestation
and those submitted to low protein diet during all gestation.
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Studies have been shown (38) that offspring of dexamethasone-treated mothers,
similarly with fetal GC high levels environment observed in maternal undernutrion model,
raised proinflammatory cytokines such as tumor-necrosis factor and interleukin (IL)-13
and these increasing are consistently associated with suppression of 11B-HSD2
expression by these proinflammatory cytokines expression in several sites, including
kidney epithelial cells and placenta (39,40). Postnatal pups have presented the
programmed increases in renal Na/KATPase-al and ACE mRNA expression, likely to be
downstream effects of the restored 11B-HSD2 and an associated fall in local
corticosterone. Also, increased cytokines each result in feedback inhibition of renin gene
expression by increased cellular reactive oxygen species productions which in turn, act
negatively regulating renin gene expression via an NFxB-independent mechanism
involving the renin enhancer and inhibiting cAMP response element—-mediated
transcription (38).

The results of the present study may be also related with reduced RAS
expression via activation of the peroxisome proliferator activated receptors (PPARS),
transcription factors known to influence renal regulation of blood pressure (41). Indeed,
isome-proliferator activated receptors a and g agonists were shown recently to suppress
vascular mRNA and protein expression in stretozotocin-induced diabetic rats (42).
Additionally, study has been demonstrated that cellular PPARa gene expression was
stimulated rapidly and strongly by dexamethasone. This is consistent with a direct effect of
glucocorticoids on PPARa gene expression, as previously demonstrated in hepatocytes in
which these hormones were shown to act on the PPARa gene at the transcriptional level
(43). This suggests strongly that maternal undernutrition or dexamethasone models are
able to induce PPARa mRNA receptor expression in the developing kidney during
embryo/fetal period.

Our data support the hypothesis that programmed hypertension is mediated, in
part, by significant changes in intrarenal renin-angiotensin system components.
Disturbances in the renin-angiotensin system (RAS) may also underlie hypertension
programmed during fetal life by both nutritional insult and glucocorticoid excess. The
current study demonstrated an earlier embryo/fetal renin, angiotensinogen and renal
expression of angiotensin Il receptors mMmRNA downregulation, speculatively, as
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compensatory mechanism to fetal GC high levels observed in maternal undernutrition
model. The novelty of current study corroborates with this findings, once factors that lead
to low nephron number, are determined in the early organogenesis, causing the low
nephron number before nephrogenesis finishes. The human implication is that the
variation in glomerular number that occur between and in healthy and hypertensive
populations can be consequence of maternal diet ingested between conceptions at 5-t0-6-
wk gestation. Further studies are necessary to establish the precise mechanism
associated with these biological phenomena.
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ABSTRACT

Maternal dietary protein restriction during pregnancy is associated with fetal low birth
weight and is recognized to lead to renal morphological and physiological alterations.
Several studies have suggested different mechanisms that can contribute to this
phenotype: Fetal glucocorticoids exposure, alterations on renin angiotensin system (RAS)
compounds, apoptosis and DNA methylation. Low protein diet during gestation decreases
the activity of placental 113-HSD (11B-hydroxysteroid dehydrogenase), exposing the fetus
to glucocorticoids, resetting the hypothalamic-pituitary-adrenal axis function in the
offspring. Angiotensin 1l (Angll) participates in renal development and the abnormal
function/expression of type 1(AT1g) or type 2 (AT2g) Angll receptors and their pathway in
any period of life may be consequence or cause of renal adaptation. AT1g is up-regulated,
when compared with control, in the first day after birth of offspring born from maternal low
protein diet, but this protein appeared down-regulated at 12 day-old and after. In this
offspring, the AT2gr expression is different from control at 1-day-old, but is also down-
regulated after this age. This offspring presents low nephron number in all ages, since the
fetal period, in the end of nephron formation and in the adult age, however in the adult
age, glomerular filtration rate is not altered due to glomeruli and podocyte hypertrophy.
Kidney tubules transporters are regulated by physiological mechanisms. Na*/K* ATPase is
inhibited by Angll Il and in this model, the down-regulated Angll Il receptors fail to inhibit
Na’/K* ATPase leading to an increased Na* reabsorption, contributing to hypertensive
status. We also considered the modulation of pro-apoptotic and anti-apoptotic factors
during nephrogenesis in this model, once the organogenesis depends of a tiny balance of
proliferation, differentiation and cell death.
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INTRODUCTION

The role of the kidney in the pathogenesis of hypertension has long been established,
although recent studies challenge renal hegemony and suggest an important role for
vascular cells as well (1,2). In recent years, the formulation has expanded and now
includes the concept that chronic hypertension and kidney dysfunction are also related to
events that occur during the prenatal period. This relation between fetal programming of
disease and kidney shows several mechanisms through an impaired nephrogenesis can
predispose to hypertension on adulthood. A recent overview considered the role of fetal
programming in the development of adult kidney disease and hypertension (3). The
purpose of this review is to describe some of these mechanisms that can affect the kidney
with a special focus on renin-angiotensin system. The kidney is an organ centrally related
to the development of hypertension, through its function of renal sodium handling and
intravascular fluid volume homeostasis. The fact is that in cross transplants, if the donor is
hypertensive, the recipient becomes hypertensive too, once factors intrinsic to the kidney
itself affect blood pressure (4, 5). In 1968, Zeman first reported that rat offspring of
mothers that were severely protein-restricted (6% casein-diet) throughout pregnancy had
kidneys that contained fewer glomeruli than offspring of mothers on a normal diet (24%
casein) (6). Nephrogenesis requires a fine balance of many factors that can be disturbed
by intrauterine growth restriction, leading to a low nephron endowment (7).

The aim of this review is also to present further evidence to support an association
between maternal low-protein ingestion and the increased prevalence of hypertension as
well as progression toward kidney dysfunction in adult life. Various potential mechanisms
for this association are discussed, specifically the low nephron number hypothesis and
related cellular and molecular mechanisms that have been proposed. Some factors
involved in nephrogenesis like glucocorticoids exposure, regulation of renin angiotensin
system (RAS) compounds, apoptosis and, p53 gene methylation have been investigated
in different low birth weight models, and they will be explain in this review.
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MATERNAL-FETAL ENVIRONMENT AND ADULT DISEASE

The size that the fetus can attain depends on the maternal—fetal nutrient supply and the
space that the maternal environment can provide (8). Low maternal socioeconomic and
poor maternal nutritional status will reduce nutrient supply to the developing fetus.
Similarly, factors that frustrate the passage of nutrients through the placenta, such as
smoking and hypertension, are associated with increased risk for development of the fetal
origins of adult diseases. Nearly two decades ago, Barker (1990) presented a theory of the
maternal environment inducing adult diseases based on observed epidemiologic
associations between low birth weight (LBW) and increased risk for ischemic heart disease
(9), type 2 diabetes, and hypertension (10,11). The first associations found were between
LBW and later life hypertension and cardiovascular disease (10, 12, 13). High blood
pressure (BP) was found to occur at a higher incidence in children and adults who were of
LBW (13). A systematic review of 80 studies that described the relationship of BP with
birth weight reported that systolic BP was lower by approximately 2 mmHg for every 1-kg
increase in birth weight (14). Among Pima Indians, patients who had diabetes and a
history of maternal undernutrition also displayed an increased risk for developing diabetic
nephropathy (15). Moreover, poor maternal nutrition was associated with more rapid
progression of other kidney diseases, such as IgA nephropathy, membranous
nephropathy, and minimal-change disease, suggesting that the kidneys of these infants
are more vulnerable to future insults (16,17). Nevertheless, the strength of association
between maternal-fetal environment and subsequent hypertension remains widely
debated. Moreover, others claim that the suggested association is the result of
inappropriate adjustments for confounding factors (18,19). For example, Huxley et al.
(2002) found a trend toward a weaker association between low birth weight and
hypertension in larger compared with smaller studies (18). However, it seems that
although the relation is not invariant, the totality of evidence does suggest an important
direct or indirect interaction between birth weight and subsequent hypertension (20).
These observations have led to the formulation of an important conceptual construct that
pertains to the fetal origins of adult disease. This theory states that during development,
body organs pass through a period of plasticity and sensitivity to the environment, which
leaves a durable imprint that, affects sub sequent health. Suboptimal intrauterine

conditions may result in impaired fetal growth and the production of phenotypes that are
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better matched to the inadequate intrauterine environment. These adaptive processes are
aimed to increase the likelihood of survival in ufero and after birth, with expected
continuation of borderline or inadequate environmental conditions. However, this response
may result in adverse long-term consequences later in life, especially when the postnatal
environment affords more favorable growth conditions to those that were experienced in
utero. One of the most studied aspects with regard to Barker’s theory has been the fetal
origins of adult diabetes. Numerous reports have demonstrated an association between
poor maternal nutritional status and subsequent development of pancreatic endocrine
insufficiency and diabetes in experimental animals and humans (21-24). However, a
detailed consideration of the relationship between maternal low protein ingestion and
diabetes is beyond the scope of this review.

GLUCOCORTICOIDS EXPOSURE IN UTERU

In 1993, Benedikisson showed that rats exposed to excess glucocorticoid in utero
developed adult hypertension (25). Since that, the early exposure of the fetus to
glucocorticoid has been used like a model of fetal programming in different species (26-
28). Fetal protection of maternal glucocorticoid is normally effected by placental 11B3-
hydroxysteroid dehydrogenates type 2 (11B3-HSD2), which converts cortisol and
corticosterone to inactive products (cortisone, 11-dehydrocorticosterone). The activity of
11B3-HSD2 correlates positively with birth weight and negatively with placental weight in
rats (25), suggesting an important role for this enzyme in regulating fetal growth and
development.

Glucocorticoids are widely used in the management of women at risk of preterm delivery to
accelerate pulmonary maturation. Antenatal glucocorticoids are associated with a
reduction in birth weight in human studies (29). Preterm children treated postnatally with
glucocorticoid display elevated blood pressure at an early age (30).

Dexamethasone (DEX) is a synthetic glucocorticoid non-metabolized by 113-HSD2 that
readily crosses the placental barrier and has been used to study the effects of the fetal
glucocorticoid exposure. Other model that mimics the effects of maternal low protein diet is
the treatment during the pregnancy with carbenoxolone, an 11B8-HSD2 inhibitor (31).
Feeding a maternal low protein diet to pregnant rat dams reduces the activity of placental
11B3-HSD2 by 33%, programming hypertension in the adult offspring (32). A major
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consequence of maternal protein restriction appears to be a resetting of hypothalamic-
pituitary-adrenal axis function in the offspring (27). Gestational low-protein exposed rats
exhibit increased sensitivity to low-normal concentrations of corticosterone and have
increased numbers of glucocorticoids receptors in adrenals. In an elegant study with
adrenalectomized rats, Gardner demonstrated that in a model of maternal low protein diet,
the adrenalectomy reduces the high blood pressure when compared with control animals.
Corticosterone replacement restores the high blood pressure of these rats, an indicative of
a glucocorticoid dependent phenomenon (33). When cortisol was administrated in
pregnant sheep, the offspring show similar changes in expression of the AT1R from
controls, what suggested that alterations in the renal RAS may be a mechanism by which
early prenatal glucocorticoid exposure causes fetal programming (34).

The hypertension programmed by glucocorticoid is linked with pathological changes in
kidneys such as increased sodium transport, alterations in renin-angiotensin system and
low nephron number.

Studies with DEX revealed that the severity of these phenotypes is dependent on the
timing and duration of glucocorticoid exposure (35). The critical “window” of development
that kidneys are more susceptible to DEX exposure is the very early stage of renal
development, when the ureteric bud invade the metanephric mesenchyme and begin to
branch (36). Singh et al. demonstrated that rat metanephric DEX exposure in vitro for 2
days, in the early nephrogenesis, inhibits ureteric branching morphogenesis and
nephrogenesis, suggesting that a reduction in ureteric branching morphogenesis may be a
key mechanism through which DEX reduces nephron endowment (35).

Another study shows that prenatal DEX is associated with an increase in Na+/H+
exchanger activity in proximal tubules as well as brush-border membrane NHE3 protein
(37). Furthermore, a recent study demonstrated that in offspring exposed in uteri to DEX,
renal denervation at 6 wks of age resulted in a decrease in NHE3, NKCC2 and NCC
protein abundance to the level in vehicle-treated sham rats (38).

RENIN-ANGIOTENSIN SYSTEM

The role of the renin-angiotensin system in the control of blood pressure and homeostasis
balance is well recognized. Few years ago it was accepted its role in kidney development,
it is, its role in vasculogenesis, branching morphogenesis and development of
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hypertension in the adult as a result of a reduction in nephron number during
nephrogenesis (7,39,40). The kidney exhibits both spatial and temporal developmental
regulation of angiotensin receptors (41).

All the components of the RAS are expressed in the embryonic kidney and in rats the
expression can be detected from 12 to 17 days of gestation, being higher in fetuses and
newborn rats than in adult rats (39,42).

Findings have shown that pharmacological or genetic alterations in the RAS on kidney
development induce gross abnormalities such as hypoplastic papilla. Treatment of rats
during active nephrogenesis with AT1 antagonist or angiotensin converting enzyme (ACE)
inhibitor leads to decreased nephron number (43), delayed nephron maturation and an
altered renal water handling (44,45). Findings in human fetal kidneys from mothers that
received AT1 antagonist during gestation show poorly developed tubules, reduced number
of proximal tubules, poorly developed vasa recta and hyperplasic juxtaglomerular
apparatus (46).

Many studies have shown that perturbed maternal nutritional status alters renal renin
protein and mRNA levels, as well as the renal angiotensin Il concentration (47) and
changes renal expression of Angll receptors and MAPK in the pups (48) that result in
higher blood pressure and structural changes in the kidney of adult offspring. RAS
conflicting results among the groups are explained by different levels of protein in the diet,
different period of treatment during the gestation, different rat strain and mainly by the
different methods adopted, like, whole kidney western blot, cortex western blot, whole
kidney RT-PCR.

Specific studies with maternal protein restriction during gestation have shown different
modulations of RAS components. Sahajpal & Ashton, 2003, showed that offspring of
mothers that received low protein diet during all gestational period presented at 4 weeks of
age, fewer glomeruli per g kidney weight and the AT1g protein level was 24% greater in
low protein pups when compared with normal protein (49). In another study, the same
group showed that AT1g and AT2g was greater in cortex (62% and 35% respectively) in
low protein pups at 4 weeks of age and renal renin activity and tissue Angll Il
concentrations were not lower in these animals (50). Vehaskari et al. 2004 compared the
levels of RAS protein and mRNA at 1 day and 28 days of age and found that at 1 day,
AT1gr and AT2R proteins are decreased, but AT2g mRNA is increased. The same variation
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found by Sahajpal & Ashton was verified at 28 days, when AT1r and AT2g proteins are
increased, but AT1gb and AT2z mRNA are not different suggesting that the ontogeny of
the intrarenal RAS is altered throughout the perinatal and early postnatal period (51).

Our group found recently that AT2g protein is down regulated in kidneys of 16 wks old rats
born from female that received low protein diet (9%) during all gestation. These animals
have total absence of AT2g in glomeruli and this receptor was localized preferentially
associated with intercalated cells of distal and collecting segments. AT1g and its JAK-2/
SOCSS3 pathway proteins are also down regulated in these experimental animals at
western blot and immunohistochemistry. (52). We also found that podocytes appear bigger
and crushed in LP rats (Figure 1) suggesting that changes in renal functions are conducive
to excess hydro electrolyte kidney re-absorption, and this way might play a role which
potentiates the appearing of programming of adult hypertension. These morphological
changes could be attributed to an adaptation for reduced nephron number and,
consequently glomerular hyper filtration and overflow in LP offspring, and could account
for the breakdown of optimal glomerular filtration barrier functioning.

In another study, we found that 12 days-old animals whole kidneys were prepared for
western blot and revealed that AT1g and AT2r are down regulated in gestational low
protein exposure animals (Figure 2) and the same offspring presents a low nephron
number when compared with offspring of mums that received normal diet during gestation
(Table 1). The findings of fewer glomeruli are a confirmation of other groups that have
been noted this in different ages and models (53-56).

In figure 3 we can have an overview of our results about kidney offspring status during
fetal period, post-natal and adult life after a maternal protein restriction during gestation,
taking in account the RAS, nephron number and renal function. The draft shows results
from different experiments where dams were fed with 6% casein diet and compared with
dams fed with 17% casein diet (normoproteic). We can see that in spite a reduced
nephron number since the fetal period, the LP offspring in adult age has a glomerular
filtration rate (GFR) similar to that observed in NP, what can be explained by the bigger
filtration area and bigger glomerular tuft volume in parallel to a podocyte hypertrophy.
Another factor that can contribute to the similar GFR is that AT2g is down regulated in
efferent arteriole what leads to a vasoconstriction, making higher the interglomerular
pressure.
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The hypothesis that fetal kidney is programmed to inappropriately retain Na in later life has
been corroborated by different studies (57,58). Alwasel et al, 2009 studied renal function
and Na transporters in 4-weeks-old males rats born from maternal low protein diet and
found, confirming our study that GFR is unaltered, suggesting that SNGFR (single nephron
GFR) should be increased. Also they show that Na transporters protein is unaltered,
however Na*/K* ATPase a1 subunit is absent in kidney of LP rats (59). Interestingly, in a
Western blot study we found that at the end of nephrogenesis, the subunit B1 of Na*/K*
ATPase protein is also down-regulated in males LP rats, but at 16 weeks-old the protein is
increased in these animals when compared with normal group (Figure 4). Angll AT2g is an
effective inhibitor of Na*/K* ATPase (60) and a down-regulated RAS found in LP 16-
weeks-old males (52) might lead to a lack of inhibition of Na*/K* ATPase, explain results
found by Western Blot, and the low sodium excretion rate once Na'/K* ATPase
participates on Na reabsorption in basolateral membrane (Figure 4). The RAS balance is
disrupted in LP kidneys during different ages, and angiotensin Il receptors are expressed
in all segments of nephron, contributing to the higher sodium re-absorption on proximal

tubules that is mainly in the final sodium excretion rate.

Our low urinary sodium excretion data also may be explained by previous findings showing
that fetal glucocorticoid excess such as observed in maternal undernutrion status
programs reduced expression of placental, central nervous system and renal 113-HSD2
(see section above). As discussed above, the renal 113-HSD2 normally serves to prevent
illicit access of glucocorticoids to the renal mineralocorticoid receptors (MR), thereby
maintaining MR specificity for aldosterone, and, accordingly, humans with a deficiency in
11B3-HSD2 exhibit hypertension (61). A programmed reduction in renal 113-HSD2 would
be expected to increase the ability of glucocorticoids to activate, in wide spread tissues,
both glucocorticoid receptors (GR) and MR, resulting in increased transcription of both and
a consequent increase in blood pressure. This increase in glucocorticoid sensitivity may be
exacerbated by overactivation of the hypothalamic-pituitary-adrenal axis, because several
previous studies show that prenatal glucocorticoids elevate adult plasma corticosterone
(63), apparently driven by increased hypothalamic corticotrophin releasing hormone
expression (64). Consistent with the proposal that increased renal glucocorticoid sensitivity
underlies programmed hypertension, expression of the renal glucocorticoid-responsive
genes Na/K ATPase-al, or as showed in the present and others studies Na/K ATPase-31
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subunit, ACE, and renin were all elevated in 16-wk-old offspring of low-protein-treated
mothers. These programmed changes would be expected to increase renal sodium
retention and thereby elevate plasma volume and, thus, blood pressure. A similar
mechanism seems to underlie hypertension in a rat maternal low-protein programming
model in which adult offspring have higher renal expression of both Na/K ATPase- 3 1
and/or also -a1 (58), results did not confirmed by our present data at 16-wk-old offspring.

We may not rule out other possible mechanisms involve the inappropriate retention of
sodium. The maternal protein restriction model for IUGR in rats resulted in upregulation of
two critical Na transporters. The Na-K-2Cl and the Na-Cl co-transporters but neither the
Na/H nor the Na channel was significantly increased in the rats with IUGR (57). These
alterations lead to a lower rate of urinary sodium excretion with attendant sodium retention

and hypertension.

APOPTOSIS

Nephrogenesis is a complex process that integrates cell integration, cell growth and
apoptosis. The rapid remodeling of structures requires massive apoptosis. Bcl-2 is an anti-
apoptosis protein that attenuates the effect of cytochrome c release from the mitochondria
and counters the effects of the pro-apoptosis protein Bax. Bcl-2 and Bax contribute to the
signaling pathways that activate caspase-3 (casp-3), which is necessary for the chromatin
condensation and DNA fragmentation that characterize apoptosis. (65)

Bax and Bcl-2 are known to be expressed in normal kidney development, and their
expression is known to be deregulated in certain conditions associated with perturbed
nephrogenesis and apoptosis. (66,67).

Using real-time PCR of E13.0 metanephroi, Welham et al, 2005 observed a step-wise
increase in the expression of both genes in low protein group. The proportional increase
was greater for the pro-apoptotic gene Bax versus the anti-apoptotic gene Bcl-2, perhaps
suggesting that low protein diet shifts the balance of expression to up regulate the death of
metanephric precursor cells (68). In a prior study, the same group showed that low protein

diets reduce final numbers of glomeruli in association with increased deletion of precursors
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at the start of metanephric development and presented a significant increase in the
numbers of apoptotic nuclei per unit area at E13, almost totally restricted to renal
mesenchyme (66).

In a model of uteroplacental insufficiency and the subsequent intrauterine growth
retardation (IUGR), a study observed renal p53 hypomethylation in association with
increased p53 and Bax mRNA, as well as decreased Bcl-2 mRNA, which leads to
increased casp-3 activity (65).

Alterations in DNA methylation and histone acetylation in IUGR rats (69) suggest a
molecular mechanism through which low protein diet and IUGR induces fetal renal
apoptosis and a resultant permanent loss in glomeruli. It would be interesting to know how
maternal environment alters methylation status and transcriptional rate of genes such Bcl-
2 and Bax.

Our group recent findings showed that metanephoi extracted from undernourished rats
and grown in culture for 48h has fewer ureteric branches when compared with normal
metanephric development in culture (data not published).

PERSPECTIVES AND CONCLUSION

In conclusion, there is an increasing amount of evidence from human and experimental
animal models that demonstrates that perturbations of the intrauterine environment is one
of the main causes of the morphological and physiological changes that occur in the
different organs, after under nutrition in uteru. In this brief review we have concentrated on
one organ, the kidney, and shown that adult hypertension programmed by maternal low-
protein diet treatment is linked to marked changes in renal expression of the GR, 11B3-
HSD2, and components of the RAS. The kidney function depends of hormonal cascade,
physiological mechanisms and morphological patterns working synchronized and any
attempt of adaptations can cost a disease developing in the adult life. We also describe
that renal development, particularly nephron number, can be influenced by a number of
environmental factors, and especially by an exposure to low diet protein during critical
periods, which are shown to be surprisingly early. It is suggested, but remains to be
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proven, that whenever nephron number is suboptimal, there are maladaptive adjustments

to gene expression and kidney function long-term that may lead to the development of

cardiovascular disease. It is unlikely that renal malfunction alone is responsible for the

development of hypertension. We suggest that central (brain) regulation of blood pressure

may also be altered. This is an important area for future investigation.
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Fig 1: A: Glomeruli from NP rat. B: glomeruli from LP rat. Arrowhead shows podocyte. See
the size
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Figure 2 . Effects of maternal protein restriction on expression of kidney RAS associated
proteins at 12 days old age. This figure shows the results obtained in whole-tissue extracts
that were immunoblotted for AT1g and AT2g, for these proteins content verification in the
NP and LP kidneys. The results of scanning densitometry were expressed as relative to
NP, assigning a value of 100% to the control rats. Columns and bars represent the mean =
SEM *P<0.05, NP vs. LP.
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Table 1: Rat weight, number of glomeruli, cortical volume and mean glomerular volume in
NP and LP offspring at 12 days of age which mums were fed respectively with a normal
diet and a low protein diet. The data are reported as the means. * P< 0.05 vs. LP
(Student’s ttest).

Cortical Volume Mean Glomerular

Rat weight (g) No. of Glomeruli

(um®) Volume (um?®)
NP
26.96 9382 160.68
mean 25.628.656
SEM (0.7824176) (1171.674) (637857.9) (16.66182)
LP
25.80 4980 414.71
mean 31.456.523
(SEM) (0.8752729) (880.1385) (2606606) (34.91641)
P (Student t
NS 0.03 NS 0.004
test)
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Figure 3: Schematic figure shows an overview of the interaction of RAS and kidney from

fetal period until adult life. Ages are specified over the line.
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Figure 4: Effects of maternal protein restriction on expression of kidney at 12 days old age
(a) and 16-weeks-age (b). This figure shows the results obtained in whole-tissue extracts
that were immunoblotted for Na*/K* ATPase, for this protein content verification in the NP
and LP kidneys. The results of scanning densitometry were expressed as arbitarrian units.
Columns and bars represent the mean + SEM *P<0.05, NP vs. LP.
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CONTRIBUICOES DOS RESULTADOS DO PRESENTE ESTUDO PARA O
ENTENDIMENTO DO DESENVOLVIMENTO HIPERTENSIVO E DO ENVOLVIMENTO
RENAL EM UM MODELO DE RESTRIGCAO PROTEICA MATERNA

Embora as caracteristicas fenotipicas sejam determinadas pela heranga
genética e estabelecidas pela combinacao génica paterna e materna, tem sido cada vez
mais reconhecida a implicacdo de componentes externos na expressao, ativacao, delecao
e combinacao genotipica da prole. Este estudo procura entender, pelo menos em parte, a
contribuicdo de modificacdes dietéticas sobre a ontogénese e repercussao futura destas
modificacdes sobre a funcéo e a morfologia renal no adulto.

A organogénese em diferentes espécies é controlada por diversos fatores que
podem alterar o processo de desenvolvimento dos 6rgdos e sistemas gerando
consequéncias sobre a saude do individuo adulto. A hipétese original concebendo esta
idéia é conhecida como “hip6tese de Barker”, e mais recentemente tem ganhado maior
visibilidade pela expressao inglesa DOHaD (Developmental Origins of Health and Adult
Disease). Esta pressupde que alteracoes impostas pelo ambiente durante a ontogénese
de o6rgados ou sistemas biolégicos, podem ter efeitos deletérios ou adaptativos
permanentes, que em situacdes especificas aumentam o risco etiolégico de doengas
cardiovasculares e metabdlicas (107,108).

Nesta tese, buscou-se avaliar algumas repercussdes morfofuncionais dos rins de
ratos machos supostamente causadas pela restricdo a ingestdo proteica materna tanto
durante o desenvolvimento fetal quanto em diferentes periodos pés-natal, em fases
correspondentes ao inicio da nefrogénese a idade adulta. Os resultados do presente
estudo inicialmente confirmaram que no animal adulto “programado” ocorre elevacédo da
pressdo arterial a partir da décima semana de vida. Esta elevagdo pressoérica foi
associada a significativa reducédo da excre¢ao urinaria de so6dio nestes animais. De forma
inédita o presente trabalho foi o primeiro a demonstrar que na prole de animais tratados
com ragao hipoproteica (LP) a redugdo da natriurese ocorre por um aumento da
reabsorcdo de sddio nos segmentos tubulares contorcidos proximais. Esta reducédo da
excrecao de sddio ocorre a despeito de uma elevada rejeicao a reabsor¢ao deste ion nos
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segmentos pds-proximais do nefro, como demonstrado pela elevacdo da fracdo de
excregao pds-proximal de sédio. Este aumento da excregao pds-proximal, entretanto, ndo
foi capaz de reverter a significativa retencdo deste cation ocorrida nos segmentos
proximais, tendo como resultado efetivo final uma queda da fracao de excregao de sodio.

Os experimentos também demonstraram, na prole de animais submetidos a LP,
uma pronunciada reducao do numero de glomérulos mensurados o que presumivelmente
poderia sugerir a ocorréncia de reducdo da taxa de filtragdo glomerular, em parte
responsavel pela retengao hidroeletrolitica e consequentemente pela elevacdo da pressao
arterial. Entretanto, o estudo ndo demonstrou qualquer diferenga significativa na filtragao
glomerular estimada pelo clearance de creatinina quando comparada ao grupo controle
(ingerindo ragao normoproteica, NP). Estudos tém mostrado uma diminuigao pés-natal do
numero de nefro em aproximadamente 30% nos animais LP, o que, em nosso estudo, nao
modificou expressivamente a taxa de filtracdo glomerular global. Estas observagdes
sugerem gque modificacées hemodindmicas e do coeficiente de ultra-filtracdo, promovendo
uma elevacao compensatéria da taxa de filtracao glomerular por nefro tenha ocorrido nos
animais adultos até a 162 semana de idade.

Estudos morfolégicos destes glomérulos em particular dos podécitos,
apresentado no Apéndice 1, indicam a possibilidade de hiperfluxo e/ou hiperfiltragcéo
glomerular nos animais adultos LP comparados a NP. A figura 4 mostra através de
microscopia eletrénica, um aumento de volume acompanhado de hipertrofia glomerular,
associado a um alargamento dos pedicelos e de simplificacdo dos processos primarios e
secundarios. Estes achados denotam uma reducdo da barreira efetiva de filtracao
acompanhada de uma ampliagao da area de filtracdo, o que possibilitaria a reducao da
reserva nao-filtrante e elevagédo da filtragao glomerular por nefro. Estes resultados sao
confirmados no artigo de revisdo (Capitulo 3), onde estudo por microscopia de luz
demonstra uma hipertrofia dos poddcitos associada a simplificacao de pedicelos.

Conhecendo a priori a participagdo do sistema renina-angiotensina na
diferenciagao/desenvolvimento embriolégico renal e sobre o controle hemodinamico
glomerular renal, o presente estudo investigou em glomérulos de animais adultos (16
semanas de idade) cujas maes foram submetidas a restricdo proteica, a expressao de
receptores AT1g e AT2r. Estas observagbes mostraram uma elevacdo da razao
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AT1g/AT2g (embora haja diminuicdo nos dois receptores) em animais LP associado
principalmente a diminuicdo de AT2g. Esta elevacdo da razédo AT1g/AT2g, em particular a
reducao da expressdo de AT2g pode estar também envolvida na manutengdo da TFG
como consequéncia de uma menor dilacao da arteriola eferente e elevagao da pressao de
ultrafiltragéo.

Tendo em conta as modificagdes acima observadas nos animais adultos e o
conhecimento prévio sobre as implicagées da manipulacédo dietética sobre a programagéo
fetal, o presente estudo procurou estudar se tais alteracbes poderiam ser definidas
precocemente, ja durante a ontogénese. Assim, o capitulo 2 apresenta os resultados
obtidos sobre a prole durante o periodo pré-natal (embriolégico/fetal) em um modelo de
restricao dietética proteica materna comparada a um grupo controle. Este estudo inédito
mostra pela primeira vez as implicagdes desta manipulagcdo da dieta, passo a passo,
sobre a ontogénese renal desde os seus primordios. Os resultados mostram
conclusivamente que a exposicdo materna a dieta hipoproteica, desde o inicio da
gestacao, foi capaz de modificar a nefrogénese reduzindo de maneira expressiva o
numero de ramificagbes do broto ureteral e consequentemente, o nimero de nefros em
aproximadamente 30%. Estas observagdes, pela primeira vez, estabelecem que um
namero menor de nefros j4 é determinado neste modelo, nos primeiros estagios da
ontogénese renal..

O sistema renina-angiotensina exerce papel chave no processo de diferenciagao
mesonéfrica e no desenvolvimento renal. Nesta funcdo, tem sido observado que
receptores AT1gr e AT2r sdo detectados precocemente no mesénquima e em estruturas
vasculares primordiais que dardo origem ao rim. Tem sido também definida uma
expressao quantitativa diferenciada e uma acdo antagénica entre estes receptores, uma
vez que enquanto AT1g favorece a proliferacdo celular e a tubulogénese durante o
processo de brotamento uretérico, em contrapartida os receptores AT2r atuam de
maneira anti-proliferativa nas células intersticiais reno-medulares. Os receptores da
angiotensina sdo sensivelmente modulados por diferentes peptideos e horménios. E
possivel que os elevados niveis de glicocorticoides fetais observados em decorréncia de
uma expressiva redugao placentaria de 1101-HSD ja demonstrada no presente modelo
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experimental, sejam responsaveis pela elevada expressao de receptores da Angioll e
pelos componentes da via pos-receptora da Angioll logo apés o0 nascimento.

Embora os resultados de RT-PCR durante o desenvolvimento embrionario nao
estejam alterados significativamente, a diminuicdo na razdo AT1g/AT2g devido a
mecanismo compensatério por acdo dos GC, pode diminuir a estimulacdo de Pax2 por
acao da Angioll e também diminuir o brotamento uretérico e consequentemente o numero
de nefros. Os resultados observados, tendo em conta uma presumivel elevacdo dos
niveis séricos de GS, podem estar relacionados a expressdo dos componentes do SRA
via ativacdo de PPAR, fator de transcricdo conhecido por estar também associado a
regulacao da funcgéo renal e sua implicagao sobre 0s niveis da pressao arterial sistémica.

O capitulo 3 traz uma visdo geral da influéncia da programacdo fetal no
desenvolvimento renal e suas adaptacdes. Os resultados apresentados nesta reviséo
salientam a importdncia do SRA no estabelecimento da hipertensdo arterial e o
envolvimento renal no processo etiopatoldégico desta elevagao pressérica. Esta revisao
apresenta também alguns resultados originais como a demonstracdo de que a expressao
da subunidade B1 da Na/K ATPase renal estd diminuida ao fim da nefrogénese e
entretanto apresenta-se elevada durante toda a fase adulta nos animais cujas maes
ingeriram dieta hipoproteica. Esta elevagdo na expressao renal desta proteina pode
também contribuir durante o processo adaptativo intra-renal influenciado pela Angioll,
para a hipertenséo arterial observada neste modelo experimental.

E importante entender a programacéo fetal como algo dinamico, que ocorre
progressivamente durante a organogénese, mas que estende suas consequéncias ao
longo de toda vida. Deve se enfatizar no entanto que a programacao fetal permite também
que os individuos adaptem-se morfologica e funcionalmente a situagcdes adversas
imposta durante a organogénese. Embora parte destas adaptagbes permita a
preservagdo do individuo/espécie infortunadamente, algumas sdo deletérias e se
manifestam durante a fase adulta como disfungbes metabdlicas, comportamentais e

cardiovasculares.

O estudo em tela confirma e detalha a participacdo do sistema renina-
angiotensina desde o principio do desenvolvimento renal, possivelmente de modo
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compensatério, na tentativa de contrabalancar através da elevacdo pressorica e de
mecanismos hemodindmicos que favorecam a manutengdo da filtragdo glomerular a
despeito de uma redugao significativa do numero de unidades filtrantes. Estes
mecanismos, entretanto, embora se mostrem parcialmente eficientes, determinam a
progressiva elevacdo da pressdo arterial e de todas as complicagdes inerentes ao
desenvolvimento hipertensivo neste modelo experimental.

O presente estudo enfocando diretamente os efeitos da programagao sobre o0 rim
demonstra que esta se inicia precocemente, ainda na nefrogénese, e de maneira perene
estende suas consequéncias no animal adulto manifestando-se com uma reducao
expressiva do numero de nefros e como disfun¢do tubular renal no manuseio de sédio, o
que poderia contribuir para a elevagcado da pressao arterial observada neste modelo de
programacao induzido pela restricao protéica materna.
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Os principais resultados do presente estudo mostram:

e Redugédo no numero de brotamentos uretéricos em cultura de metanefro de
embrides cujas maes foram submetidas a restricao proteica;

e Reducgédo no numero de glomérulos de fetos machos, submetidos a restricéao
proteica in utero, ainda no periodo fetal;

e Sutil reducdo na expressdao de mRNA dos componentes do SRA durante a
embriogénese, e elevada expressdao destes imediatamente apdés o
nascimento em prole de ratos machos do grupo LP;

e Reducgéo expressiva na massa ponderal da prole de ratos machos de maes
submetidas a restricao dietética proteica;

¢ Reducdo na expressao proteica da subunidade 1 da Na/K ATPase ao final
da nefrogénese em ratos machos “programados” intra-utero;

e Diminuida expressao proteica dos receptores da Angioll ao término da
nefrogénese em prole de ratos machos de maes desnutridas proteicamente;

e Redugdo no numero glomerular ao término da nefrogénese, seguido do
aumento do volume glomerular nos ratos machos da prole LP;

e FElevacdo da presséo arterial sistémica em animais machos originarios de

maes submetidas a LP;

e Reducgdo da natriurese na 162 semana de vida de ratos machos provenientes
de mées do grupo LP, com diminuicdo da FEPNa seguida de sutil aumento
da FEPPNa;

e Manutencdo da TFG em ratos machos adultos de maes desnutridas

proteicamente;
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e Hipertrofia glomerular, alargamento dos pedicelos e simplificacdo dos
processos primarios e secundarios em rins de ratos machos submetidos a

restricao proteica in utero;

e Aumento na expressdo proteica da subunidade B1 da Na/K ATPase em

machos adultos da prole LP;

e Reduzida expressao dos receptores de Angio Il e sua via de sinalizacao
JAK2/STAT3 em todas as regides tubulares e no glomérulo de ratos machos

da prole LP;

e FElevada expressdo proteica dos receptores de Angio Il e sua via de
sinalizagdo JAK2/STAT3 na adrenal de ratos machos adultos de mées

submetidas a dieta hipoproteica.

Os resultados aqui apresentados, quando analisados em conjunto permitem
sugerir que a programacao fetal por restricao proteica gestacional € um bom modelo para
estudo das repercussbes deste fator sobre a nefrogénese, permitindo avaliar as
alteragdes renais precoces, suas implicacdes com sistemas humorais e sua progressao

durante a vida adulta.

Os resultados acima contribuem para confirmar observacoées de muitos autores
que tém mostrado as consequéncias de uma dieta pobre em proteinas durante a fase de
desenvolvimento embrionario sobre diversos 6rgaos e sistemas, parecendo haver uma
estreita relacdo entre a desregulagao do eixo hipotalamo-hipéfise-adrenal e a maturagao
de diferentes érgaos. A elevada exposicao fetal a glicocorticéides maternos parece estar
associada as alteracdes encontradas na idade adulta. Adicionalmente, o estudo sugere
que o sistema renina-angiotensina atua desde o principio de modo compensatério, na
tentativa de recuperar 0 mecanismo preciso de regulagdo da pressao arterial, que nao
esta eficiente neste modelo.

A angiotensina Il tem papel importante na homeostase hidroeletrolitica e é
fundamental no desenvolvimento e na manutengado da pressao arterial. As alteragdes em
receptores da Angioll e nas proteinas da via intracelular de sinalizacdo deste horménio
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aqui encontradas, tém estendida importincia nas alteracbes encontradas sobre a

morfogénese renal.

PERSPECTIVAS

As observacbes do presente estudo sobre a repercussao renal da programacao
fetal, bem como aquelas advindas da extensa literatura recente sobre as implica¢cées em
diferentes tecidos e 6érgaos, sustentam a necessidade de se entender melhor as
implicacbes ambientais relativas a diversos modos de agressédo externa que afetam o
desenvolvimento feto-embrionario. Embora desenvolvida na sua grande parte em
modelos experimentais, estudos epidemioldégicos em populagbes restritas, ja4 tém
identificado repercussdes graves manifestadas pela elevada incidéncia de doencas
cronico-degenerativas, que repercutem em longo prazo sobre a sobrevida do individuo e
sua qualidade de vida. Assim, por analogia, as preocupag¢des com a etiopatogenia de
doencas e o estudo destas devem retroagir, em muitas situacdes, ao periodo pré-natal e
politicas publicas direcionadas ao atendimento e entendimento destas patologias devem
também acompanhar todas as fases precoces destas afeccbes para que sejam

efetivamente relevantes.

Os estudos empreendidos até o momento sdo apenas grdos de areia num
imenso deserto de desconhecimento, que tera que ser progressivamente desbravado,
tendo em conta a importancia deste entendimento para o conhecimento epigenético,
epidemiologico, fisiopatolégico e clinico em beneficio de populagdes futuras.
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APENDICE 1

NP LP

Figura 1: Microscopia Eletronica de Varredura: A: Organizacao tridimensional da
superficie externa dos podécitos (p) ao redor dos capilares no rato NP. a: Detalhe de um
podécito mostrando processo primario (1) e secundario (2) e pedicelos (seta) entre os
quais podemos ver as fendas de filtragao. B: glomérulo de rato HP mostrando arranjo
alterado devido ao achatamento dos poddcitos indicativo de simplifica¢cdo podocitaria. b:
note a superficie irregular do corpo celular com processos alargados, e formacao de
pseudocistos (*) € numero reduzido de fendas de filtragao.
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