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RESUMO

Doencas cardiovaculares programadas intrauterinamente podem esta ligadas ao estresse
oxidativo placentario. Neste trabalho, investigamos se a sobrecarga de NaCl, durante a gravidez,
afeta 0 estresse oxidativo e angiogénese placentaria, bem como se afeta os niveis de estresse
oxidativo no figado do feto. Méaes foram tratadas com NaCl, 1,8%, na agua de beber, 20 dias
antes e ao longo da gravidez. a-Tocoferol, tempol ou ambos foram administrados ao longo da
gravidez. A angiogénese foi avaliada por meio da expressao do flt-1, o receptor tipo 1 para o
VEGF, nos feixes vilosos do labrinto. A suplementacdo com NaCl diminuiu a expresséo de flt-1,
bem como, reduziu os niveis de malonildialdeido e aumentou os niveis de glutationa reduzida na
placenta e no figado fetal. O a-tocoferol levou a uma reducdo adicional nos niveis de MDA
nesses 0rgaos, mas diminuiu os niveis de GSH. De maneira diferente, o tempol aumentou 0s
niveis de MDA e diminuiu os niveis de na placenta e no figado fetal. O tratamento com os
antioxidantes ndo alterou a expressdo do flt-1. Os niveis reduzidos de MDA na placenta e no
figado do feto de maes submetidas a sobrecarga de NaCl podem ser devidos a angiogénese
diminuida, o que reduziu o suprimento de oxigénio, ou aos 0s niveis aumentados de GSH.
Entretanto, a acdo paradoxal, pro-oxidante, do tempol indica que a reserva antioxidante nas
mées submetidas a sobrecarga de sodio € limitada. Além disso, o paralelo entre o padrdo de
estresse oxidativo placentario e do figado fetal sugere que anions superoxidos transferidos a
partir das maes podem ser importantes na programacéo das doencas cardiovaculares.

Palavras chaves: desenvolvimento fetal, estresse oxidativo, placenta, expressdo de fltl,
sobrecarga de sodio
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ABSTRACT

Intrauterine programmed cardiovascular disease may be linked to placental oxidative stress. It
was investigated whether NaCl supplement, during pregnancy, affects placental oxidative stress
and angiogenesis and imprints increased levels of oxidative stress in fetal liver. Dams were
treated with 1.8% NaCl in drinking water from 20 days before and along pregnancy. Along
pregnancy a-tocopherol, tempol or both were administered. Angiogenesis was evaluated
throughout the expression of flt-1, the type 1 receptor for VEGF, in the villous bundles/labirinth.
NaCl diminished flt-1 expression, as well as, reduced malonyldialdehide and augmented reduced
gluthatione in placenta and fetal liver. a-Tocopherol led to an additional reduction in MDA
levels in these organs, but diminished GSH. Otherwise, tempol increased MDA and diminished
GSH in both placenta and fetal liver. No antioxidant changed the expression of flt-1. The
reduced levels of MDA in placenta and fetal liver of dams under NaCl supplement might be due
to reduced angiogenesis, that reduced oxygen supply, and also to the increased GSH levels.
However the paradoxical pro-oxidant action of tempol indicates that the antioxidant reservoir in
dams under sodium overload is limited. Furthermore, the parallel between the pattern of
placental and fetal liver oxidative stress suggests that superoxide anions transferred from
mothers may be important in programming cardiovascular diseases.

Keywords: fetal development, oxidative stress, placenta, flt-1 expression, sodium overload
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INTRODUCAO

Ratos submetidos a uma sobrecarga de sodio no periodo perinatal apresentam na idade
adulta alteragdes no metabolismo lipidico (CARDOSO et al., 2009) e também na funcao renal,
tais como aumento na deposicdo de colageno e alteracdo no sistema renina angiotensina
aldosterona (SRAA) (CABRAL et al., 2012). Além disso, uma sobrecarga de sodio durante o
periodo perinatal suprime os niveis de angiotensina Il na prole afetando a nefrogénese (BALBI
et al., 2004). No que diz respeito a salde materna, a alta ingestdo de sddio durante a gestacao
leva a aumento na presséo arterial (BEAUSEJOUR et al., 2003), e proteindria (CARDOSO et
al.,, 2009), tendo sido proposto como um modelo experimental de pré-eclampsia
(BEAUSEJOUR et. al., 2007). A sobrecarga de sodio pode influenciar o desenvolvimento fetal
por meio do estresse oxidativo placentario aumentado (BEAUSEJOUR et al., 2007) e esta
associado com retardo do crescimento fetal.

O o-tocoferol é um dos isbmeros mais ativos da familia dos tocoferois, os quais tém
atividade antioxidante bem estabelecida e sdo genericamente denominados de vitamina E. Parte
da acéo antioxidante da vitamina E se faz pela eliminacdo dos radicais livres de oxigénio nas
membranas lipidicas celulares. Outra a¢do da vitamina E consite em estimular a angiogénese na
placenta (KASIMANICKAM et al., 2010), além de ser fundamental no processo de placentacéo
(JISHAGE et al., 2005). O tratamento materno com a-tocoferol restaura alteracGes renais
provocadas pela desnutrigéo intrauterina (VIEIRA-FILHO et al., 2011)

Um desenho experimental que pode ser util na investigacdo do papel angiogénico da
vitamina E consiste na avaliacdo de fatores pro-angiogénicos, tais como o vascular endothelial
growth factor (VEGF) e um de seus receptores, o fms-like tyrosine kinase-1 (Flt-1), comparando
os efeitos desta vitamina com os efeitos do tempol, um agente quelante de radicais perdxidos

livres que sabidamente ndo apresenta acdo génica.

Neste trabalho investigamos a hip6tese de que uma sobrecarga de s6dio aumenta o
estresse oxidativo placentario e compromete o fluxo sanglineo placentario, enquanto os agentes

anti-oxidantes melhoram o fluxo sanguineo placentario e o desenvolvimento fetal.



REVISAO DE LITERATURA

Sobrecarga de sédio durante a gestacéo
Os seres humanos s@o geneticamente programados para consumir baixas quantidades de

sodio, cerca de 1g por dia. Nos ultimos anos, devido a industrializagdo, a proporcéo de sal na
dieta aumentou de tal modo que atualmente o consumo chega a cerca de 10g por dia ou mais
(BLACKBURN, 1983). indios Yanomamis que vivem na regido amazénica brasileira ainda
consomem baixas quantidades de s6dio como cerca de 3 g por dia e por isso ndo apresentam
elevacdo da pressdo arterial com a idade, pelo contrario populacdes que ingerem altas
quantidades de sddio por dia, 10 a 20 g, como os pastores ndmades Quash'Qai que vivem no Ira
e alguns habitantes da Caxemira do Norte apresentam aumento dos niveis pressoricos com
avancar da idade (MENETON et al., 2005). Embora o sodio seja essencial para a fisiologia dos
mamiferos, a sua ingestdo em altas quantidades torna-se prejudicial, pois os mamiferos, de uma
forma geral, apresentam mecanismos fisioldgicos que resultam em sua retencdo, uma vez que
foram programados para baixa ingestdo deste eletrolito. O SRAA representa um destes sistemas
de regulacdo do sodio no organismo, o qual se encontra ativo em pessoas que consomem
quantidades minimas de sodio diariamente (TAKAHASHI, et al., 2011).

Durante a gestacdo, em condi¢bes normais, ocorre diminuigdo da pressdo arterial,
aumento do volume plasmatico e mudancas hormonais (GARLAND et al., 1987, DUVEKOT et
al., 1994). A alta ingestdo de sodio durante a gestacdo leva a um aumento da pressdo arterial
(BEAUSEJOUR et al., 2003), elevacio do estresse oxidativo, disfuncdo placentaria
(BEAUSEJOUR et al., 2007) e proteindria (CARDOSO et al., 2009). Portanto a alta ingest&o de
sddio induz um quadro similar & pré-eclampsia (PE) (BEAUSEJOUR et al., 2007), uma doenca
de alta morbidade e mortalidade materna, na America Latina e no Caribe cerca de 26% da
mortalidade materna esta relacionada com disturbios hipertensivos durante a gestacdo, enquanto
que na Asia e na Africa cerca de 9% das mortes estdo relacionadas com o quadro hipertensivo
(STEEGERS et al., 2010). Ela é caracterizada por resisténcia vascular aumentada, e diminuicédo
da complacéncia vascular e do débito cardiaco, o que gera diminuicdo do aporte sanguineo para

o feto e consequentemente comprometimento da nutri¢ao fetal (CARR et al., 2005).

Em condic¢des normais, a angiotensina I (ANG 1) e seus receptores encontram-se ativos
na placenta e sdo responsaveis por promover uma vasodilatacdo e assim aumento de nutrientes
para 0 feto. Na verdade a agdo vasodilatadora é produzida pela enzima conversora de
angiotensina 2 (ECA2), uma monocarboxipeptidase capaz de transformar a (ANG II) em

Angiotensina 1-7, que possui a¢do vasodilatadora. Além disso, a ANG Il estimula a producdo de
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prostaglandinas no tecido placentario que evita a agdo vasoconstrictora da ANG Il (KALLENGA
et al., 1996, ZHONG et. al., 2011). O SRAA é modulado pelo teor de sodio na dieta (HALL,
1991), assim o sodio elevado durante a gravidez pode suprimir a atividade do SRAA e levar a
reducdo nos niveis de ANG Il placentario (LEANDRO et al., 2008) e comprometer a perfuséo
Utero-placentério, comprometendo a nutri¢io e o crescimento fetal (BEAUSEJOUR et al., 2007).
O SRAA desempenha um papel critico no desenvolvimento renal. A ANG I, via receptor AT;R,
exerce acdo direta na morfogénese do broto ureteral (BU), além de regular a expressdo do gene
para o fator neurotréfico derivado das células da glia (GDNF) e c-ret/ Wntll, uma via de
sinalizacdo importante para a proliferacdo do BU no metanefron. Os niveis adequados do GDNF
sdo fundamentais para o desenvolvimento do BU, a ANG Il esta associada com a producdo do
GDNF e assim constitui-se fundamental para a nefrogénese. Qualquer desarranjo na
morfogénese do BU gera anomalias no rim e no trato urinario, sendo a principal causa de
insuficiéncia renal em criangas (IOSIPIV et al., 2003; YOSYPIV et al., 2008; YOSYPIV, 2011)

Programacao intra-uterina
Programacdo intra-uterina constitui-se o processo pelo qual um estimulo no periodo critico

do desenvolvimento pode levar a alteracGes no sistema fisioldgico e afetar irreversivelmente a
estrutura e fungdo de genes, células, tecidos e 6rgdos do feto (FOWDEN et al., 2006). Tendo em
vista que o feto se comunica com a mée através da placenta, esta se torna a principal via de troca
de nutrientes e residuos entre eles, assim a disfuncéo placentaria afeta o crescimento fetal e pode
programar doencas que surgem na idade adulta do concepto. Algumas condicOes que
sabidamente afetam o desenvolvimento fetal e provocam doengas na idade adulta sdo o
tabagismo, a hipoxia e a qualidade da nutricdo materna (MURPHY et al., 2006).

A qualidade da nutricdo materna é essencial para o desenvolvimento normal da prole
(BARKER, 1995). Privacdes nutricionais durante a gravidez perturbam o transporte de nutrientes
e o fluxo sanguineo placentario (SAINTONGE, 1981; MYATT, 2006). Em resposta ao ambiente
desfavoravel, o feto adapta-se alterando seu metabolismo, sua producdo de hormdnios e
diminuindo a taxa de crescimento, 0 que acarreta baixo peso ao nascimento (FOWDEN, 1995).

A natureza e a duracdo dessas perturbacOes sobre o feto sdo determinantes para o
desenvolvimento de varias patologias (BERTRAM et al., 2001), como doengas coronarias
(BARKER et al., 1995), intolerancia a glicose, dislipidemia (FOWDEN et al., 2006), hipertensao
(MANNING & VEHASKARI, 2001), diabetes do tipo Il (PHILLIPS, 1996) e dislipidemias
(BARKER et al, 1993).



Sobrecarga de sédio materna e funcéo renal da prole
A nefrogénese em ratos comeca entre o décimo segundo e décimo terceiro dia pos-

concepcao e continua durante a primeira semana de vida pds-natal (NIGAM et al., 1996). O
SRAA é fundamental para o desenvolvimento do tecido renal fetal (TUFRO-MCREDDIE et al.,
1995) e qualquer alteragdo nesse sistema pode afetar o desenvolvimento renal da prole. Em
neonatos, a sobrecarga de sodio durante a gestacdo, diminui a expressao da ANG Il no cértex
renal desses animais (BALBI et al., 2004). Quando essa sobrecarga se estende até a lactacao, a
prole apresenta uma diminuicdo do numero de glomérulos com uma semana de idade
(KOLEGANOVA et al., 2011). Tem sido evidenciado que aos trinta dias de vida pds-natal, a
prole de maes submetidas ao aumento da ingestdo de sddio durante a gestacdo apresenta aumento
dos niveis pressoricos (BALBI et al., 2004). Na idade adulta, as altera¢cdes na funcéo renal se
manifestam como elevacdo do estresse oxidativo renal (CARDOSO et al., 2009), albumindria
(KOLEGANOVA et al., 2011), alteragOes estruturais e aumento na expressédo da subunidade o
da Na *-K *-ATPase em membranas do tibulo proximal (CABRAL et al., 2012). Além disso,
quando a sobrecarga é mantida durante a lactacdo, as alteracdes renais se tornam exacerbadas, o
que deixa evidente que existe uma janela de programacdo que se estende além do periodo
intrauterino (MANNING & VEHASKARI, 2005; CARDOSO et al., 2009).

Efeito da sobrecarga de sodio no peso fetal e placentario
O baixo peso ao nascimento constitui um marcador importante no comprometimento do

desenvolvimento fetal durante a gestacdo, quando ocorre uma oferta inadequada de oxigénio e
nutrientes da mée para o feto (SAINTONGE et al., 1981; BARKER, 1995; MYATT, 2006).
Vaérios fatores estdo relacionados com a reducdo de peso ao nascimento, entre eles a quantidade
de sddio na dieta. Maes submetidas a um baixo teor de sodio apresentam uma ativacdo andmala
do SRAA. O elevado nivel de ANG Il circulante inibe a invasdo trofoblastica (BINDER et al.,
1995, XIA et al, 2002) levando ao comprometimento da fungdo placentaria induzindo dessa
forma baixo peso ao nascer (VIDONHO et al.,, 2004). Em contrapartida a repercussao da
sobrecarga de sddio materna no peso fetal é controversa. Foi observado que uma sobrecarga de
sodio na ultima semana de gestacdo (15° ao 22°) reduz o peso corporeo na prole ao nascimento
(BEAUSEJOUR et al., 2003), entretanto quando a sobrecarga de sodio ¢ iniciada antes da antes
da gestacdo o peso da prole ao nascimento ndo € alterado (CARDOSO et al., 2009).

O peso placentério também constitui um indicador de comprometimento da programacéo
fetal, nesse aspecto os autores também diferem entre si. Roy-Clavel (1999), mostrou que baixas
quantidades de soédio na dieta durante os ultimos sete dias de gestacdo reduzem o peso

placentario, assim como a sobrecarga de sédio do 15% ao 22?2 dia de gestacdo também foi
4



responsavel por diminuir o peso placentario das méaes tratadas com NaCl 1,8%. (BEAUSEJOUR
et al., 2003). Ademais, a sobrecarga de sédio materna induz o estresse oxidativo placentario que
repercute na nutricdo fetal e esta associado com retardo no crescimento fetal (BEAUSEJOUR et
al., 2007).

Estresse Oxidativo e Antioxidantes
Nos sistemas bioldgicos, o estresse oxidativo € ocasionado pelo aumento de espécies

reativas de oxigénio (ROS) em relacdo as defesas antioxidantes celulares. Muitas situacdes
podem gerar estresse oxidativo como a exposi¢do prolongada a luz solar, fumo, alcoolismo e
consumo de alguns psicoativos. O estresse oxidativo pode modificar a estrutura e a funcao das
proteinas celulares responsaveis pela sinalizacdo celular e expressao génica (BARFORD et al.,
2004). Assim, o estresse oxidativo desempenha papel critico na patogénese de varias doencas,
incluindo a obesidade e resistensia a insulina (URAKAWA et al., 2003). Os agentes anti-
oxidantes pode ser enzimaticos e ndo enzimaticos. A superoxido dismutase (SOD), catalase e
glutationa peroxidase sdo as principais defesas anti-oxidantes de natureza enzimatica, ja a

vitamina C e vitamina E constituem-se como defesas antioxiantes ndo enzimaticas.

A SOD é essencial contra os produtos toxicos oriundos do metabolismo celular, sua
funcdo consiste em degradar superoxidos em peroxido de hidrogénio. O tempol, (4-hidroxi-2
,2,6,6-tetrametil-piperidina-N-oxilo), um mimético da SOD, tem sido relatado em vérios estudos
por melhorar lesGes renais (NISHIYAMA et al., 2004; GURON et al., 2006). Ademais, o
tratamento crénico com tempol constitui-se uma grande manobra terapéutica no tratamento de
sintomas clinicos caracteristicos da PE (HOFFMANN et al., 2008), bem como, também recupera
a hipoperfusdo pés-isquemia cerebral induzida por oclusdo bilateral da artéria carétida (OKADA
etal., 2011).

A vitamina E € o nome comumente usado para as moléculas que constituem a familia dos
tocoferdis (a, B, y). O a- tocoferol é a forma mais ativa, apresenta duas funcBes bastante
estabelecida: i) Sua atividade antioxidante (WOLF et al., 1998), ii) E sua acdo génica, com efeito
na cascata de sinalizacdo celular atravéz da inibicdo da Proteina Kinase C e ativacdo do fator de
transcricao proteina-ativadora 1 (AP-1) (STAUBLE et al., 1994).



Estresse oxidativo: Repercurssao na placenta e feto
A placenta produz ROS, como perdxido nitritico e monodxido de carbono, onde estes

exercem um efeito direto na proliferacéo e diferenciacdo trofoblastica. Tem sido reportado que
ROS séo os principais mediadores da angiogénese (LELKES et al., 1998), uma vez que o fator
de crescimento do endotélio vascular (VEGF) e a angiopoientina, fundamentais para
angiogénese, sdao regulados pelo estado REDOX celular (LASSEGUE & CLEMPUS, 2003).
Além disso, a NADPH-oxidase desempenha um importante papel na sinalizacdo do VEGF
(USHIO-FUKAI et al., 2002). Entretanto, a producdo excessiva de ROS, comumente encontrada
em gestacdes patoldgicas, afetam o crescimento e o desenvolvimento fetal (MYATT & CIU.,
2004; PHYLLIS, 2010), repercutindo no peso ao nascer e em alteracdoes renais irreversiveis
(BEAUSEJOUR et al., 2003; MAGALHAES et al., 2006)

Angiogénese placentaria
No desenvolvimento normal da placenta, os sicinciototrofoblastos invadem as artérias

espiraladas maternas transformando os vasos de pequeno calibre em vasos de grande
capacitancia, 0s quais sdo necessarios para garantir o fluxo sanguineo e fornecer substratos para
o desenvolvimento fetal. Dentre os fatores fundamentais para manter a saude do endotélio
placentario estio o VEGF, o fator de crescimeto transformante tipo B (TGF-f) e o fator de
crescimento placentario (PIGF) com os seus respectivos receptores. O VEGF € o principal
responsavel pelo remodelamento dos vasos pré-existentes e atua através de dois receptores, 0
VEGFR1 ou FItl1 e 0 VEGFR2 ou FlIk. O VEGF e seus receptores encontram-se expressos em
altas quantidades no inicio da gestacdo. O PIGF, um fator de crescimento da familia do VEGF,
também encontra-se elevado nos trofoblastos e age no receptor Fltl. JA o TGF-f se liga a um
complexo formado por trés subunidades para desempenhar sua funcdo na migracdo e
proliferacdo de células endoteliais, o AIk5-TBRII-endoglina. Altera¢cdes em qualquer uma dessas
vias levam a uma disfuncdo placentaria. O estresse oxidativo placentario e a hipdxia sdo
responsaveis por causar um desequilibrio entre fatores angiogénicos e anti-angiogénicos como o
sFIt1 e a sEndoglina, fatores solGveis presentes na circulacdo que impedem a atuacédo
adequadados fatores angiogénicos no tecido placentario (GOUMANS et al., 2002; WANG et al.,
2009; LARESGOITI-SERVITJE et al., 2012). Esse desequilibrio contribui para invaséo
inadequada dos citotrofoblastos nas artérias maternas e estd envolvido na génese da PE
(NAGAMATSU et al, 2004; ROMERO et al., 2008).



JUSTIFICATIVA

E sabido que a alta ingestdo materna de sodio pode afetar o estresse oxidativo placentario
que é um dos fatores que estdo correlacionados com o desenvolvimento fetal e hipertensdo
programada durante a vida intrauterina. Tendo em vista que a incidéncia de hipertensdo e suas
complicacdes tém aumentado nos paises em desenvolvimento, se faz necessario a compreensao
da fisiopatologia destas doencas visando medidas de tratamento e também de manobras que
resultem em reducdo dos custos para os servi¢os publicos de salde.



OBJETIVOS

Geral
Investigar o papel do estresse oxidativo e angiogénese placentaria no desenvolvimento fetal em

ratas submetidas a sobrecarga de sédio

Especificos
Investigar, em ratas submetidas a sobrecarga de sédio e vitamina E ou tempol, os seguintes

parametros:
- niveis de estresse oxidativo placentario
- Expresséo do receptor FItl na placenta
- peso fetal e placentario

- estresse oxidativo hepatico fetal.
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Abstract

The hypothesis that the levels of oxidative stress in the placenta and the fetal liver are
correlated was investigated by maternal NaCl supplementation and/or treatment with
antioxidants. To clarify in part how these treatments affect oxidative stress in the fetal liver, a
marker of placental angiogenesis was measured: the expression of flt-1, the type 1 receptor for
VEGF. Dams were treated with 1.8% NaCl in the drinking water from 20 days before and
throughout pregnancy. a-Tocopherol, tempol or both were administered during pregnancy. The
NaCl supplement diminished flt-1 expression and the level of malonyldialdehyde (MDA) and
increased the level of reduced gluthatione (GSH) in placenta and fetal liver. a-Tocopherol and
tempol also diminished flt-1 expression in the placentas of control rats; a-tocopherol also
increased it in saline-treated dams but tempol did not. a-Tocopherol led to an additional
reduction in MDA levels in the placentas and fetal livers of saline treated rats, but diminished
the GSH levels in these organs. Tempol increased MDA in both the placentas and fetal livers of
the saline treated rats and reduced the GSH level in fetal liver. On the basis of these results, it
is concluded that: (i) reduction in flt-1 was linked to lowered MDA, except in rats treated with
tempol; (ii) the paradoxical pro-oxidant action of tempol in NaCl-supplemented rats indicates
that antioxidant capacity is limited under this treatment; (iii) there was a parallel between the
pattern of oxidative stress in placenta and fetal liver, indicating that the placenta could have a

role in the genesis of intrauterine-programmed diseases.

Keywords: fetal development, oxidative stress, placenta, flt-1 expression, sodium overload

17



1. Introduction

The fetal origin of subsequent metabolic and cardiovascular diseases has been evidenced in
clinical studies [1-4] and by experimental findings [5-7]. Maternal high salt intake during the
perinatal period changes renal function in rats during adult life [8-11] and has been shown to
increase blood pressure in the offspring [12,13]. One common factor between NacCl
supplementation [14] and other causes of intrauterine-programmed disease, such as maternal
undernutrition [15], seems to be increased oxidative stress in the placenta. Increased oxidative
stress in the kidneys [10,15] or vessels [13,16] is also common to adult offspring born from
these mothers.

It is known that NaCl supplementation changes the hormonal status of the amniotic fluid
and this influences fetal development [17]. However, placental oxidative stress could be one
way in which utero-placental vessel resistance is decreased, reducing blood flow and nutrient
supply to the fetus. Placental oxidative stress can also influence fetal development through
epigenetic mechanisms [18]. On the other hand, in addition to its antioxidant effect, a-tocopherol
has angiogenic effects in the placenta and enhances fetal nutrition [19,20]. Tempol is not
angiogenic but acts as an antioxidant since it is a superoxide dismutase mimetic [21]. We have
shown that a-tocopherol administered to undernourished mothers prevents the increment of
hepatic oxidative stress in the fetuses and leads to a recovery of renal development [22].

Since intrauterine-programmed diseases could be attributable to placental oxidative
stress, this work was undertaken to investigate the hypothesis of a direct correlation between
the patterns of oxidative stress in the placenta and in the fetal liver. Maternal NaCl
supplementation and treatment with a-tocopherol and tempol were used to change placental
oxidative stress. To clarify in part how these treatments affect fetal liver oxidative stress, a
marker of placental angiogenesis was measured: expression of flt-1, the type 1 receptor for
VEGF.

2. Materials and Methods

2.1. Materials. (+)-a-Tocopherol acetate, 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl
(tempol), thiobarbituric acid, L-cysteine, 1,1,3,3-tetraethoxy-propane (malonyldialdehyde),
phenylmethanesulfonyl fluoride (PMSF) and trypsin inhibitor (type 11-S) were purchased from
Sigma-Aldrich. Rabbit anti-flt-1 antibody was obtained from Santa Cruz Biotechnology.
Nitrocellulose membranes and horseradish peroxidase-conjugated antibody were obtained from

GE Healthcare. All other reagents were of the highest purity available.

2.2. Animals. Female Wistar rats were used throughout the study. The experimental procedures
were approved by the Committee for Ethics in Animal Experimentation of the Federal University

of Pernambuco. Rats were maintained in a 12:12 h light/dark cycle at 23 + 2°C and 55 + 5%
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humidity. Female rats, 70 days old, weighing 210 to 250 g, were randomly allocated to receive
tap water ad libitum - the control dams (C) - or 1.8% saline - the saline group (S) — until the 20™
day of pregnancy. All rats were maintained on a standard diet (Purina Agribands, Paulinia, SP,
Brazil) ad libitum. They were mated at 90 days and the first preghancy day was detected by the
presence of a vaginal plug. Corn oil, the a-tocopherol vehicle (V, 1 mi/kg body weight daily by
gavage), a-tocopherol (Toc, 350 mg/kg body weight daily by gavage, [23]), tempol (T, 30 mg/kg
body weight daily dissolved in drinking water [24]), or both antioxidants (Toc and T) were
administered throughout pregnancy until the 20" day. Depending on the parallel treatment with
antioxidant, C and S dams were designated CV (n = 5), SV (n = 6), CToc (n =7), SToc (nh = 6),
CT(n=7),ST(n=7),CTocT (n =6) and STocT (n = 6). Dams were weighed every three days,
while diet and water intake were measured daily. The prescribed tempol concentration was
adjusted on the basis of daily fluid intake. Pregnancy was interrupted on the 20" day under
pentobarbital anesthesia (50 mg/kg body weight i.p.) to obtain the maternal livers, the placentas
of the fetal males and their respective fetuses. The tissues were immediately weighed and
transferred to 1.15% KCI in an ice bath. Some of placental tissues were treated differently: the
decidua were removed and the villous bundles together with the labyrinth were used. The tissue
was immediately placed in a cold isotonic solution (described below) to be subjected to western
blotting for flt-1 evaluation. The fetuses were weighed and their livers were promptly harvested

and also transferred to 1.15% KCI in an ice bath.

2.3. Measurement of flt-1 expression. The villous bundles/labyrinths were homogenized in a
cold isotonic solution (0.25 M sucrose; 0.01 M HEPES; 0.002 M EDTA; 0.15 mg/L trypsin
inhibitor; 0.001M PMSF, pH 7.6) in an IKA RW20 tissue grinder at 1,200 rpm for 2 min in an ice
bath. Protein, 80 ug, solubilized in a loading buffer containing SDS 2.5% (w/v), was subjected to
SDS-PAGE (10%). The separated proteins were transferred to nitrocellulose membranes. Non-
specific binding was prevented by incubating the membranes with 5% non-fat milk diluted in
phosphate buffered saline containing 0.1% Tween 20 (PBS-T, pH 7.6) for 1 h. The membranes
were probed with rabbit anti-flt-1 antibody (1:200 dilution) overnight at 4°C with gentle stirring,
washed three times with PBS-T, exposed for 1h to peroxidase-conjugated secondary antibody
against rabbit (1:1000 dilution) at room temperature, washed and visualized using ECL. Scion

Image for Windows Alpha 4.0.3.2 (Scion Corporation), available at www.scioncorp.com, was

used for densitometry. Protein expression was normalized for protein load using Ponceau Red

staining.

2.4. Measurement of oxidative stress markers. The tissues were homogenized in 1.15% KCI (19
tissue/5 ml) using an IKA RW20 tissue grinder at 1,200 rpm for 2 min in an ice bath. The levels
of MDA were measured according to [25] with some modifications. Briefly, the homogenate was

incubated with thiobarbituric acid in the presence of acetic acid and SDS for 60 min at 100 °C.
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After chilling, butanol was added to the mixture, the tubes were centrifuged and the absorbance
of the supernatant was measured at 535 nm. For the standard curve, 1,1,3,3-tetraethoxy-
propane was used. Levels of reduced glutathione (GSH) were assessed as non-protein
sulfhydryl groups [26]. TCA (5%) was used to precipitate protein from the tissue homogenates
(1g tissue/5 ml 1.1% KCI). The protein-free supernatant was incubated with 5,5’-dithio-bis(2-
nitrobenzoic acid) in Tris-EDTA buffer solution, pH 8.9, for 5 min at room temperature. L-
cysteine was used for the standard curve and the absorbance was read at 412 nm. Both the
MDA and GSH results were corrected for protein concentration measured by the Folin phenol
method [27].

2.5. Statistical analysis. The results are presented as mean + SEM. Differences between groups
were analyzed using one-way ANOVA followed by a Newman—Keuls test. Kruskal-Wallis
followed by Dunn's test was used to analyze the western blots. GraphPad Prism 5 software
(Version 5.01, GraphPad Software) was used for all statistical analyses. Differences were

considered significant at p < 0.05.

3. Results

Maternal NaCl supplementation and antioxidants changed flt-1 expression in the placenta (Fig.
1). The maternal NaCl supplement reduced flt-1 expression (compare SV vs. CV). a-
Tocopherol, tempol and both antioxidants administered simultaneously also reduced flt-1
expression in the placentas of control rats (Compare CToc, CT and CTocT, respectively, vs.
CV). In contrast, in the placentas of saline-fed rats, a-tocopherol increased flt-1 expression
(compare SToc vs SV and CV), while neither tempol nor both antioxidants administered
simultaneously changed this parameter (compare ST and STocT, respectively, vs SV and CV).

Neither the NaCl supplement nor the antioxidants changed the maternal body weight
gain during pregnancy (Table 1), nor did they change the dietary intake (data not shown), which
was around 19 £1 g per day. Water intake (data not shown) by control dams was around 79 + 4
ml per day and saline intake was around 113 + 7 ml. The antioxidant treatments did not change
the fluid intake. Fetal and placental weights were not affected by NaCl supplementation or by
the antioxidants (Table 1).

On the other hand, maternal NaCl supplementation reduced MDA levels in the placenta
and the fetal liver while it increased the levels of GSH in the same organs (Table 2, compare SV
vs. CV). a-Tocopherol reduced the levels of MDA in the placenta and in the fetal liver in both the
control (Table 2, compare CToc vs. CV) and saline-fed (Table 2, compare SToc vs. SV) groups.
However, in control rats, a-tocopherol augmented GSH levels in both organs (Table 2, compare
CToc vs. CV), while in saline-fed rats it diminished this antioxidant defense (Table 2, compare

SToc vs. SV). The only effect of tempol on the control group was to augment GSH levels in the

20



maternal placenta (Table 2, compare CToc vs. CV). In the saline-fed group it increased MDA in
the placenta and fetal liver and diminished GSH in the fetal liver. When both antioxidants were
administered simultaneously, GSH was increased in the placentas of control dams (Table 2,
compare CTocT vs. CV) but MDA was increased in the placentas of saline dams (Table 2,
compare STocT vs. SV).

Markers of oxidative stress were measured in maternal liver for comparison with the
placenta. a-Tocopherol diminished MDA and increased GSH in control dams (Table 3, compare
CToc vs. CV) and decreased MDA in dams supplemented with NaCl (Table 3, compare SToc
vs. SV). Tempol increased GSH in control dams (Table 3, compare CT vs. CV), while both
antioxidants were diminished MDA in the livers of dams supplemented with NaCl (Table 3,

compare STocT vs. SV).

4. Discussion

The present results show that while one week on a 1.8% NaCl supplement in the
drinking water leads to increased levels of oxidative stress markers [15, 28], a longer period,
from 20 days before and throughout pregnancy, leads to increased levels of GSH and reduced
levels of MDA in the placenta and fetal liver. Furthermore, contrary to previous evidence
showing a reduction in dietary intake that leads to lowered fetal weight [28], the tendency to
reduced dietary intake that would lead to fetal undernutrition was not seen, perhaps owing to
the longer exposure to the NaCl supplement. Besides the increased GSH, the reduced levels of
MDA in the placenta and fetal liver of dams under sodium overload might be attributable to the
reduced supply of oxygen consequent on compromised angiogenesis, as demonstrated by the
reduced flt-1 expression in the placenta (Fig. 1).

The reduction of flt-1 in the placentas of control rats treated with a-tocopherol, tempol, or
both antioxidants simultaneously (Fig. 1) is consistent with findings that superoxide anions
promote angiogenesis [29]; antioxidants have antiangiogenic effects [30], though there are
contrasting with reports showing that a-tocopherol increases VEGF and placental angiogenesis
when administered to ewes during late gestation [31]. It is not clear yet whether these
discrepancies are due to differences in species or the length of treatment. In contrast, in saline-
treated rats, a-tocopherol, which is known to have antioxidant and genic effects, did not add to
the reduction of flt-1 expression by saline treatment but had a contrary effect. Nor did tempol
contribute to reducing flt-1 expression in the saline-treated rats; it did not change fit-1
expression in these animals. It could be assumed that the extremely low levels of MDA in the
placentas and fetal livers of the SToc group (Table 2) contributed to increased angiogenesis.
This assumption is based on the fact that tempol, which did not increase flt-1, increased MDA in
the placentas and fetal livers of the ST group (Table 2). This paradoxical effect of tempol

indicates that the antioxidant profile presented by saline-fed rats might be limited. Tempol has a
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pro-oxidant effect when it is administered in high dosage, as reviewed in [32]; or, in vitro, when
there is a lack of vitamin C [33]. However, this was not the case in the present study, where the
one dosage used (30 mk/kg/day) has been reported to reduce superoxide production in the
placentas of pregnant rats treated with an antiangiogenic factor [24]. Furthermore, there is a
report that tempol dosage from 20 to 60 mg/kg/day, in a rat pre-eclamptic model, increases the
vasodilator effect of acetylcholine [34].

The vulnerability to increased oxidative stress in dams supplemented with NaCl was also
evident in the liver, where a-tocopherol and tempol had characteristic antioxidant effects in
control dams but not in saline-fed dams (Table 3). This finding is consistent with reports
showing that a high salt diet for four or two weeks increases NADPH oxidase activity in the
skeletal muscle microcirculation [35] and the renal cortex [36, 37]; it is also consistent with a
finding that a 1% NaCl supplement for 45 days increases MDA in the kidneys of male rats [38].
It seems possible that high salt intake increases an endogenous digitalis, marinobufagenin,
which is responsible for sodium-induced natriuresis [39] but increases oxidative stress [40, 41].
As in the placenta and maternal liver, the vulnerability of NaCl-supplemented fetuses to tempol
indicates an exhausted antioxidant reservoir that will be manifested during adulthood [10]. We
have also observed that maternal NaCl supplementation imprints in the offspring an increment
of the a-subunit of (Na'+K")ATPase in the basolateral membranes of proximal tubules [10].

Overall, it may be concluded that: (i) NaCl supplementation reduced flt-1 in the placenta
and MDA in both placenta and fetal liver; (ii) the reduction in flt-1 was linked to lowered MDA,
except in rats treated with tempol; (iii) although a-tocopherol diminished flt-1 in the control rat
placentas, it increased flt-1 in NaCl-supplemented rats; (iv) the paradoxical pro-oxidant action of
tempol in NaCl-supplemented rats could indicate that although MDA was decreased and GSH
increased, antioxidant capacity is limited under sodium overload; (v) there was a parallel
between the patterns of placental and fetal liver oxidative stress, indicating that the placenta

could have a role in the genesis of intrauterine-programmed diseases.
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Table 1

Maternal and fetal weight data

Maternal weight n Fetal body n Placental n
gain, (9) weight, (g) weight, (9)

CVv 91.80+4.7 5 3.88+0.14 10 0.62 +£0.03 10
SV 81.17+4.9 6 3.68+0.12 14 0.61+£0.01 14
CToc 85.57+7.1 7 4.20+0.11 11 0.60 +0.02 11
SToc 76.33+£4.0 6 3.82+0.21 12 0.61+0.03 12
CT 92.29+6.6 7 3.90 £ 0.06 14 0.58 +0.01 14
ST 75.57+7.8 7 3.90+0.14 15 0.60 £ 0.02 15
CTocT 96.20 + 8.9 5 4.05 +0.07 11 0.54 £0.01 11
STocT 62.00+ 7.4 6 4.05 +0.09 9 0.54+0.01 9

CV, CToc, CT and CTocT are control dams, treated during pregnancy, respectively, with a-

tocopherol vehicle (V), a-tocopherol (Toc), tempol (T) or a-tocopherol + tempol (TocT); SV,

SToc, ST and STocT are dams maintained from 20 days before and throughout pregnancy with

1.8% NaCl supplement and treated, during pregnancy, with the same antioxidants as the control

group. Each dam is represented with at least one placenta/fetus. From some of them, two

placentas/fetuses were used.

Results are mean + SEM.
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Table 2

Markers of oxidative stress in the placenta and in the fetal liver

MDA?, nmol/mg protein

GSH®, nmol/mg protein

Placenta n Fetal liver n Placenta n Fetal liver n

Cv 0.71 + 8 0.68 +£0.07 8 11.36 £ 10 18.47 + 1
0.07 0.55 1.32 0

S\ 0.54 + 12 045+0.03* 11 17.27 + 13 23.43 + 1
0.03* 1.11* 0.99* 2

CToc 0.35+ 10 0.41+0.05* 10 19.24 + 12 27.41 + 1
0.04* 0.65* 0.99* 2

SToc 0.29 + 10 0.26 + 10 10.13 + 12 16.91 + 1
0.02t 0.02% 0.33t 1.52t 1

CT 0.70 £ 12 0.66 +£0.06 12 15.85 + 13 17.81 + 1
0.05 0,62* 0.97 4

ST 1.10 + 8 0.76 £ 8 15.17 + 16 19.74 + 1
0.161 0.021 0.93* 1.09t 4

CToc 0.63 + 12 0.58 £ 0.06 12 18.56 + 12 19.90 + 1
T 0.04 1.19* 1.23 2
SToc 0.73 10 0.51 +0.06 10 17.22 + 11 18.14 + 1
T 0.04%t 1.42 1.42 1

See description of groups in Table 1. Each dam is represented with at least one placenta/fetus.

From some of them, two placentas/fetuses were used.

% MDA- malonyldialdehyde
PGSH- reduced glutathione

p<0.05: * vs. CV, T vs. SV.
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Table 3

Markers of oxidative stress in maternal liver

MDA, nmol/mg protein GSH, nmol/mg protein

cVv 0.32 +0.08 10.99 + 0.84
SV 0.31 +£0.02 14.81 +1.55
CToc 0.15 +0.01* 17.74 + 1.75*
SToc 0.15+0.01%1 11.50 + 08

CT 0.30£0.04 18.26 + 1.88*
ST 0.35+0.01 1452 + 0.84
CTocT 0.26 £+ 0.01 14.26 + 0.77
STocT 0.28 £ 0.02% 13.35+1.28

See description of groups in Table 1

p<0.05: *vs. CV, t vs. SV.
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Fig. 1. Effect of NaCl supplement and antioxidants on flt-1 expression in the placenta. The upper
part shows a representative immunodetection in a single gel. CV (n=6), CToc (n=6), CT (n=6)
and CTocT (n=5) are placentas of control dams, treated during pregnancy, respectively, with a-
tocopherol vehicle (V), a-tocopherol (Toc), tempol (T) or a-tocopherol + tempol (TocT); SV
(n=7), SToc (n=7), ST (n=7) and STocT (n=6) are placentas of dams maintained from 20 days
before and throughout pregnancy with 1.8% NaCl supplement and treated, during pregnancy,
with the same antioxidants as the control group. Only one placenta was obtained from each
dam, except in there CV and CT groups, where there was one additional placenta per mother.

Results are mean = SEM. * p < 0.05 vs. CV.
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CONCLUSAO

A suplementacdo materna com NaCl levou a niveis reduzidos de peroxidacdo lipidica na
placenta, provavelmente porque a angiogénese apresentou-se diminuida e também porque os
niveis de glutationa reduzida apresentaram-se elevados. No entanto, o conjunto de dados
indica que a reserva antioxidante materna se apresenta diminuida diante de uma sobrecarga
de sodio. Ainda se conclui com os presentes dados que ocorre uma direta correlagdo entre os
niveis de estresse oxidativo na placenta e 0s niveis de estresse oxidativo no figado fetal, o
que indica que a placenta é uma fonte importante de anions superdxidos, 0s quais, ja se sabe

desempenham papel fundamental na programacéo de doengas cardiovasculares.
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