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RESUMO

Durante a vida intrauterina, o feto é suscetivel a mudancas do ambiente uterino
que podem acarretar alteracdes fenotipicas na vida adulta. Se essas alteracfes
advirem durante o periodo critico de desenvolvimento fetal podem alterar a
estrutura e funcdo de 6rgaos e tecidos com consequéncias precoces e tardias.
Sabe-se que o diabetes materno produz importantes alteracdes metabdlicas na
prole, tornando-os propensos ao surgimento de doencas cardiovasculares e
metabdlicas na vida adulta. Entretanto, quando se trata de individuos do sexo
feminino, os efeitos da programacéao fetal sobre o sistema cardiovascular ndo
sdo uniformes e tal fato pode ser atribuido a interferéncias hormonais. No
presente estudo foram avaliadas possiveis diferencas relacionadas ao sexo
sobre a funcao vascular de ratos submetidos ao diabetes materno e o efeito do
estrogénio nestas possiveis diferencas. O diabetes materno foi induzido por
estreptozotocina no 7° dia de gestacdo. Os animais foram divididos em prole
controle (O-CR) e prole de ratas diabéticas (O-DR). Um grupo de animais do
sexo feminino foi submetido a ovariectomia (OVX) e subdividido em tratado e
nao tratado com 17@-estradiol (OVX-E2). Ratos O-DR machos com 6 e 12
meses de idade apresentaram hipertensdo em comparacdo ao grupo O-CR.
Nenhum dos grupos O-DR fémeas (3, 6 e 12 meses de idade) apresentaram
mudancas da presséo arterial comparada ao grupo O-CR. Nem ovariectomia,
nem o tratamento com 17B-estradiol induziram modificacfes na pressao arterial
de ratas O-DR ou O-CR. Apenas a aorta de ratos machos O-DR com 12 meses
de idade apresentou reducdo do relaxamento a acetilcolina e aumento da
contracao a fenilefrina comparados ao O-CR de mesma idade. Em nenhuma
das idades estudadas foram observadas mudancas da resposta vasodilatadora
ou contratil em aorta e artérias mesentéricas de resisténcia (AMR) de fémeas
O-DR comparadas ao grupo O-CR. As alteracGes observadas nas aortas do
grupo O-DR machos foram revertidas na presenca da superéxido dismutase
(SOD) ou tempol. Efeito semelhante foi observado na presenca de
indometacina, NS-398, furegrelato ou SQ29548. A liberagdo de tromboxano A,
e a geracdo de anions superoxido estavam aumentadas na aorta do grupo O-
DR machos com 12 meses de idade. Diante da auséncia de disfuncdo
endotelial no grupo O-DR fémea, este foi submetido a ovariectomia. Ratas O-
DR-OVX apresentam reducgdo no relaxamento a acetilcolina e hiperreatividade
a noradrenalina/ fenilefrina na aorta e em AMR comparadas ao grupo O-CR-
OVX. Estas modificacbes foram revertidas na presenca de tempol ou
apocinina. O tratamento com estrogénio nesses animais corrigiu o aumento da
contracdo a noradrenalina (AMR) e fenilefrina (aorta), além da diminuigdo no
vasorelaxamento a acetilcolina no grupo O-DR-OVX. No grupo O-DR-OVX-E,,
nem o tempol, nem a apocinina induziram modificagbes no relaxamento a
acetilcolina ou na contracdo a fenilefrina. Em conjunto, esses resultados
demonstram que a exposi¢do a hiperglicemia materna in utero afeta machos e
fémeas através de mecanismos distintos. Os animais do sexo feminino
parecem ser protegidos dos efeitos vasculares da programacéao fetal induzida
pela hiperglicemia materna. Esse efeito protetor parece ser devido a ag¢do dos
horménios femininos, em especial o estrogénio, atuando como redutor do
estresse oxidativo e melhorando a biodisponibilidade do 6xido nitrico.

Palavras-chave: diabetes na gravidez. Metabolismo. Hipertensdo. Feto.



ABSTRACT

Exposure to maternal hyperglycemia induces hypertension and vascular
dysfunction in adult male offspring. Because female offspring from several fetal
programming are protected from the effects of fetal insult, in this study we
analyzed possible differences relative to sex in blood pressure and vascular
function in hyperglycemia-programmed offspring and the role of estrogen.
Diabetes was induced on gestation day 7 (streptozotocin, 50mg.kg™?). Rats
were divided into control offspring (O-CR) and offspring of diabetic rats (O-DR).
A female group was subjected to ovariectomy (OVX) and divided into 17(3-
estradiol-treated (OVX-E;) and untreated group. Blood pressure, acetylcholine
and phenylephrine/noradrenaline responses were analyzed in aorta and
mesenteric resistance arteries (MRA) from 3-, 6- and 12-month-old male and
female offspring. TxA; release was analyzed by commercial kits and superoxide
anion (O,") production by dihydroethidium-emitted fluorescence. Male but not
female offspring of diabetic dams (O-DR) had increased blood pressure than
controls (O-CR). Contraction to phenylephrine increased and relaxation to
acetylcholine was decreased only in aorta from 12-month-old male O-DR than
age-matched O-CR. Contractile and vasodilator responses were preserved in
both aorta and MRA from female O-DR in all ages. Preincubation with tempol,
superoxide dismutase, indomethacin, NS-398, furegrelate or SQ29548
decreased contraction to phenylephrine and potentiated relaxation to
acetylcholine in 12-month-old male O-DR aorta. In this artery, TxA, release and
O, generation were greater in O-DR than O-CR. Neither ovariectomy nor 17§3-
estradiol produced changes on blood pressure in female O-CR or O-DR.
However, the ovariectomy reduced the relaxation to acetylcholine and
increased phenylephrine/ noradrenaline vasoconstriction in aorta and MRA,
respectively, from O-DR. These changes were reversed by pretreatment of
arteries with tempol or apocynin. Estrogen replacement in O-DR group reversed
the hyperrreactivity to norepinephrine (MRA) or phenylephrine (aorta) and the
impaired relaxation to acetylcholine. In 17(3-estradiol-treated ovariectomized O-
DR nor tempol neither apocynin induced changes on acetylcholine,
norepinephrine (MRA) and phenylephrine (aorta) responses. Taken together,
these results demonstrate that exposure to maternal hyperglycemia in utero
affects males and females differently. Female offspring seem to be protected
from the programmed hypertension and the vascular dysfunction. This
protective effect appears to be due to the action of the female hormones,
especially estrogen, acting as an stress oxidative inhibitor and by enhancing the
nitric oxide bioavailability.

Key-words: hyperglycaemia in pregnat. Metabolism. Hypertension. Offspring.
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1. INTRODUCAO

O ambiente intrauterino e o feto estdo sujeitos a influéncia de varios
insultos que atingem a mae durante a gravidez. Assim, o feto enquanto se
desenvolve se torna completamente dependente dos nutrientes fornecidos pela
mae. Qualquer distirbio no metabolismo materno pode alterar o fornecimento
de nutrientes ao feto, o que pode desencadear adaptacbes estruturais e
funcionais durante a gestacdo, com consequéncias duradouras para O
crescimento e o metabolismo da prole na vida adulta. Este efeito, e suas
consequéncias na prole, foram estudados por varios grupos de pesquisa,
utilizando distintos modelos em que o metabolismo materno na gravidez foi
experimentalmente manipulado. Um desses modelos é a exposicdo fetal a
hiperglicemia durante a gestacdo, que pode ser correlacionada em alguns
aspectos com o diabetes mellitus gestacional em humanos (Cottrell et al., 2009;
Catalano & Hauguel-De Mouzon, 2011).

Em nosso laboratério foram realizados estudos que demonstram que a
prole de ratas diabéticas apresenta alteracbes da funcdo vascular e
hipertenséo arterial na vida adulta, associadas a alteracdes metabdlicas como,
intolerancia a glicose e resisténcia a insulina, as quais evoluem com o avanco
da idade (Ramos-Alves et al., 2012a). Estudos realizados por outros grupos
tém obtido resultados semelhantes, demonstrando que filhos de mées
diabéticas apresentam elevada incidéncia de resisténcia a insulina e obesidade
na vida adulta (Blondeau et al., 2011), fatores de risco para o desenvolvimento
de diabetes e de alteracdes sobre o sistema cardiovascular (West et al., 2011,
Mitanchez et al., 2015). Entretanto, a maioria dos estudos utilizou animais do
sexo masculino, fato que desperta o interesse por uma analise sobre o sexo
feminino, uma vez que as diferencas hormonais entre sexos podem ser
consideradas de grande relevancia clinica, especialmente em relagéo a funcéo
cardiovascular.

No Brasil, a Pesquisa Nacional de Saude divulgada em 2013 pelo
Instituto Brasileiro de Geografia e Estatistica (IBGE), estimou que 6,2% da
populacao brasileira tém diagnostico clinico de diabetes; na regido Nordeste
esse percentual é de 5,4%. Considerando apenas a populacdo feminina, este
indice é de 7,0% em comparacéo aos 5,4% quando considerada a populacdo

do sexo masculino (IBGE, 2014). No tocante a idade, a mesma Pesquisa
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Nacional de Saude relatou que quanto maior a faixa etaria, maior o percentual,
que variou de 0,6% entre os individuos com idade entre 18 e 29 anos a 19,9%
entre os individuos com idade entre 65 e 74 anos. Para aqueles que tinham 75
anos ou mais, o indice foi de 19,6% (IBGE, 2014). Corroborando com esses
achados, as alteracbes hormonais decorrentes do declinio da funcéo ovariana
parecem influenciar de forma importante a patogénese e a manifestacao clinica
da diabetes, assim como as alteracdes a ela associadas (Tawfik et al., 2015).

Ao estrogeno tém sido atribuidas véarias propriedades cardioprotetoras
resultantes de uma variedade de acfes entre as quais incluem a modulacao do
metabolismo lipidico, a expressdo de moléculas de adesdo e o controle da
migracdo de midcitos na parede vascular (Bush et al., 1987). Em paralelo, o
estrogénio também tem efeitos fisioldgicos "ndo gendmicos" que produzem
vasodilatacao pela ativacdo da sintase endotelial de 6xido nitrico (eNOS) e da
sintase de prostaciclina (PGl,), assim como participa da regulacdo do tbnus
vascular (Hermenegildo et al., 2006). Estudos in vitro revelam que o 17fB-
estradiol também apresenta efeito vasodilatador direto através da inibicdo dos
canais para Ca?* dependentes de voltagem nas células musculares lisas e
diminui a contracdo induzida por varios agentes contrateis como, a
vasopressina e a angiotensina Il (Proudler et al.,, 1995). Além disso, o
estrogeno também apresenta efeito inibidor de precessos oxidativos (Vina et
al., 2011). Alguns estudos tém demonstrado que a ovariectomia aumenta a
liberacdo de prostandides derivados da ciclooxigenase-2 (COX-2), e isto
sugere que o efeito cardioprotetor deste hormoénio também resulte em uma
menor liberacdo destas substancias, principalmente no sistema vascular
(Martorell et al., 2009). Uma maior expressao da COX-2 tem sido relacionada a
diversos processos inflamatorios da parede vascular que resulta em disfuncéo
endotelial e aumento do tbnus arterial, o que podem contribuir para a
patogénese de varias doencas cardiovasculares (Wong et al., 2010; Wong et
al., 2013).

Em estudos prévios no nosso laboratorio, foi evidenciado o envolvimento
da via acido araquidonico-ciclooxigenase-2 no aumento da resposta contratil a
estimulacdo alfa-adrenérgica em aorta, artéria mesentérica superior e em
artérias mesentéricas de resisténcia estudadas em prole do sexo masculino de

ratas diabéticas, bem como foi possivel detectar que o prejuizo no relaxamento
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dependente do endotélio induzido pela acetilcolina era devido a participacao
desses metabdlitos originados da COX-2 (Ramos-Alves et al., 2012c, a).

Os avangos experimentais em modelos animais e populacionais
permitiram maior conhecimento sobre o efeito dos horménios ovarianos na
fisiopatogenia do diabetes. Todavia, estudos a cerca do desenvolvimento de
disfuncéo endotelial, em funcdo do sexo, relacionadas aos efeitos do diabetes
materno na prole sado controversos (Segar et al., 2009). Uma vez que as
fémeas possuem um possivel fator cardioprotetor através da atuacdo dos
estrogenos, surge entdo a necessidade de investigar o efeito da exposicdo a
hiperglicemia materna sobre a funcédo vascular e metabdlica da prole do sexo
feminino, os possiveis mecanismos envolvidos bem como sua repercussédo

sobre a presséo arterial.
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2. FUNDAMENTACAO TEORICA

2.1. Programacaéo fetal

Estudos epidemiologicos tém revelado a existéncia de uma forte
associacdo entre as alteracdes do ambiente intrauterino e o desenvolvimento
de doencas crbnicas na vida adulta (Hales et al., 1991; Barker, 1995; 1998).
Mesmo quando estas alteracbes ocorrem em um periodo de tempo
relativamente curto, suas consequéncias podem se estabelecer por toda vida,
causando na prole alteracbes na distribuicdo de alguns tipos celulares, no
feedback hormonal, na atividade metabdlica e em varias estruturas organicas.
Estas alteracBes foram atribuidas as adaptacdes fetais que visam garantir o
seu desenvolvimento. Porém, estas alteracbes podem alterar de forma
permanente a estrutura e funcdo de 6rgdos, tecidos e sistemas e assim
predispor o individuo ao desenvolvimento de algumas doencas apdés o
nascimento (Godfrey e Barker, 2001; Barker, 2004; Bateson et al., 2004).

Na década de 1980, o médico e epidemiologista britanico David Barker e
seus colaboradores propuseram que as doencas cardiovasculares e as
desordens metabdlicas poderiam ter origem nos primoérdios do
desenvolvimento fetal (Barker e Osmond, 1988; Barker et al., 1989). Estes
autores associaram 0 baixo peso ao nascimento com o desenvolvimento de
varias doencas na vida adulta, tais como hipertensdo arterial, doencas
coronarianas, alteracbes no metabolismo do colesterol, aumento da resisténcia
a insulina, além de desordens na fungdo enddcrina e imune (Osmond e Barker,
2000; Barker, 2002, 2004). Estas observagdes conduziram a “Hipdtese de
Barker” ou “Teoria da origem fetal das doencas do adulto” segundo a qual a
nutricdo deficiente durante a vida intrauterina e infancia precoce origina uma
adaptacdo metabolica e/ ou estrutural permanente que aumenta o risco de
desenvolvimento de doenga coronariana e outras doengas associadas, como a
hipertenséo arterial, o diabetes e o acidente vascular cerebral, na vida adulta —
Programacao Fetal (Barker, 1998). A Hipotese de Barker se baseia no conceito
de plasticidade do desenvolvimento, que é a capacidade de um gendtipo poder
originar diferentes estados morfolégicos ou fisiolégicos em resposta a
exposicao a diferentes insultos durante o desenvolvimento (Pettitt et al., 2010;

Lawlor et al., 2011). Essas adaptacdes se dariam na vida uterina, durante um
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periodo de desenvolvimento conhecido como “periodo critico”.

Embora inicialmente grande parte dos estudos tenha enfatizado o efeito
da desnutricdo materna sobre a “programacéo fetal” de algumas doengas na
vida adulta (Godfrey e Barker, 2000), existem dados epidemiolégicos e
experimentais demonstrando que a exposicdo fetal a outras condicdes
adversas, como a hiperglicemia materna (diabetes gestacional) tem
contribuicdo importante para o aparecimento de doengas desde a vida
intrauterina até a vida adulta (Mitanchez et al., 2014), tais como
cardiomiopatias, diabetes tipo-2, dislipidemias, obesidade (Dabelea, 2007) e
resisténcia a insulina (Kelstrup et al., 2013), dentre outras doencas cronicas.

Com o passar dos anos, o conceito de diabetes gestacional foi
modificado. Incialmente era descrito como qualquer grau de intolerancia a
glicose reconhecida durante a gestacdo, que pode ou nao vir a dissipar-se
apos o parto (Metzger , Coustan, 1998). Em 2010, esta definicao foi revista e a
Associagdo Internacional de Diabetes e o Grupo de Estudos Gestacionais
definiram como qualquer grau de intolerdncia a glicose com o comeco, ou
inicialmente diagnosticada, durante a gestacdo, independente do uso de
insulina ou da persisténcia ap6s o parto (Metzger et al., 2010). Para a
Organizacdo Mundial de Saude (OMS) (World Health Organization - WHO), o
diabetes gestacional inclui mulheres com diabetes e também aquelas que
possuem hiperglicemia intermediaria, com a presenca de intolerancia a glicose
(IGT) e irregularidade da glicemia em jejum (IFG), conforme valores de
referéncia para adultos e, recomenda-se que mulheres com a glicemia
considerada severa sejam acompanhadas de forma diferenciada, com provavel
intervencao farmacologica (WHO, 2013).

O diagnostico do diabetes na gravidez leva em consideracdo as
diretrizes da OMS (2006) e € avaliado através de um ou mais dos seguintes
parametros: glicose plasmética em jejum de 7,0 mmol/ L (126 mg/ dL), glicose
no plasma de 11,1 mmol/ L (200 mg/ dL) apds 2 horas de uma carga de glicose
oral de 75g ou concentracdo plasmatica aleatoria de glicose maior ou igual a
11,1 mmol/ L (200 mg/dL), associado aos sintomas de diabetes (WHO, 2013).
Ja o diabetes mellitus gestacional é observado em qualquer momento da
gravidez através de um ou mais dos seguintes critérios: glicose no plasma em

jejum de 5,1-6,9 mmol/ L (92 -125 mg/ dL); glicose no plasma maior ou igual a
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10,0 mmol/ L (180 mg/ dL) ap6s 1h de glicose oral de 75g; glicose no plasma
de 8,5-11,0 mmol/ L (153 -199 mg/ dL) apés 2 horas na sequéncia da carga de
glicose oral de 75g (WHO, 2013).

Apesar destes valores padronizados pela OMS, varios ensaios sao
encontrados na literatura e, para cada um deles, limiares distintos sé&o
recomendados por diferentes organizacdes profissionais. Atualmente ndo ha
consenso sobre a estratégia de diagnéstico ideal para o diabetes gestacional
(Thompson et al., 2013). Em 2010, a Associacao Internacional de Grupos de
Diabetes e Gestacéo - IADPSG decidiu criar novos limiares de analise para o
diabetes gestacional. Os limiares de 75g para o teste de tolerancia oral a
glicose - OGTT usados para diagnostico do diabetes gestacional foram
glicemia de jejum entre 5,1 mmol/ L (92 mg/ dL) e 7,0 mmol/ L (126 mg/ dL)
(Metzger et al., 2010), enquanto que, mulheres que n&o exibiram complica¢des
apresentaram niveis de glicemia entre 80-90 mg/ dL (Seabra et al., 2015).

Outro fator que deve ser levado em consideracdo € o momento inicial da
exposicdo a hiperglicemia. O controle glicémico rigido desde o inicio da
gravidez reduz a prevaléncia de complicacbes, embora 0s mecanismos
subjacentes a estas associacdes ndo estejam completamente compreendidos
(Kitzmiller et al., 2008). A existéncia prévia de diabetes ou 0 seu surgimento
durante a gestacdo ndo possuem os mesmos efeitos sobre o desenvolvimento
fetal e 0 mesmo resultado na prole em longo prazo. As complicacdes
associadas com diabetes gestacional podem ser mais brandas se a
hiperglicemia ocorreu no segundo ou terceiro trimestre de gravidez, entretanto
mais graves se fetos foram expostos a elevados niveis glicémicos durante toda
a gestacéo (Casey et al., 1997; Xiong et al., 2001).

Assim, quando a mulher desenvolve o diabetes gestacional no primeiro
semestre da gravidez, ocorre maior probabilidade de mé& formacao fetal e,
quando observada tardiamente na gestacdo eleva o risco de complicacdes
metabdlicas ao nascimento e macrosomia (Thompson et al.,, 2013). Ja
mulheres que apresentam o diabetes tipo-1 trazem no inicio da gestacao risco
acentuado para problemas no embrido, tais como defeitos no tubo neural e no
coracdo, enquanto que a exposicdo a hiperglicemia no terceiro semestre de
gestacdo desencadeia a possibilidade de restricdo no crescimento uterino,

asfixia e morte fetal (Hay, 2012). Também foi relacionada com os niveis de
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glicose elevados a ocorréncia de parto Cesario e macrossomia, além de
maiores riscos de lesdo durante o parto, tais como distorcia no ombro, fraturas
0sseas, asfixia e paralisia do nervo braquial (Bertino et al., 2013).

Em nivel mundial, a prevaléncia do diabetes gestacional é de cerca de 2
a 6 % e a estimativa € que em 2030 atinja os 10%. Destes nascidos, 40%
serdo obesos e mais de 90% terdo diabetes do tipo 2. No entanto, estes dados
podem modificar-se dependendo da populagéo estudada. Além da etnia, outros
fatores como idade, peso corporal, estilo de vida, dentre outros, podem
influenciar os resultados obtidos (Catalano e Hauguel-De Mouzon, 2011). Em
um estudo publicado em 2009, cerca de 4% da popula¢do caucasiana possuia
diabetes gestacional. Valores bastante préximos foram encontrados em
mulheres afro-americanas e hispanicas (3,5% e 3,6%, respectivamente),
enquanto que mulheres asiaticas apresentaram valores mais elevados, cerca
de 6% (Chu et al., 2007). Em relacao aos fatores de risco para o surgimento do
diabetes gestacional observa-se que mulheres acima dos 35 anos, com
sobrepeso ou obesidade, historico de aborto e multiplos partos cesareo (Xiong
et al., 2001), assim como tabagistas (Anna et al., 2008) e gemelaridade sao
mais susceptiveis. Ainda, nota-se uma relacdo inversa com a condicdo
socioeconémica (Nerenberg et al., 2014).

De fato, um dos fatores de risco que se destaca € a obesidade materna.
Mulheres obesas tém até oito vezes mais riscos de desenvolver o diabetes
gestacional quando comparadas as mulheres com peso normal (Chu et al.,
2007). Esta alteracao repercute no feto e pode vir a contribuir para o sobrepeso
e a obesidade ja nos primeiros anos de vida (Simmons, 2011). Corroborando
com estes dados, alguns estudos avaliaram a circunferéncia abdominal de
criancas da idade pré-escolar a adolescéncia e identificaram uma correlagcéo
direta entre a maior circunferéncia abdominal e a exposicéo intrauterina ao
diabetes gestacional. Como possivel explicagdo, este resultado pode refletir
uma forte influéncia do diabetes gestacional materno sobre o desenvolvimento
de gordura corporal, demonstrando uma associacao direta das concentracdes
de glicose materna durante a gestacdo com 0 excesso de massa adiposa na
infancia, possivelmente estimulada pelo aumento da exposicdo a insulina
durante a vida intrauterina (Crume et al., 2011; Gopinath et al., 2011; Egeland
et al., 2015).
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O desenvolvimento de obesidade na vida futura da prole esta
relacionado com processos inflamatorios e resisténcia a insulina, uma vez que
no diabetes mellitus gestacional, o tecido adiposo materno secreta agentes pro-
inflamatorios, como a IL-6 e o TNF-a (Ategbo et al., 2006), o que ira diminuir a
sensibilidade a insulina e favorecer o estado inflamatério (Cartier et al., 2008).
A leptina, outro agente pré-inflamatério, esta relacionada com a patogénese do
ganho de peso fetal e o desenvolvimento de bebés macrossémicos e seu efeito
no cérebro, cria uma espécie de “memadria metabdlica” que ira programar tanto
a obesidade como favorecer a sindrome metabdlica na prole em idade adulta
(Yessoufou e Moutairou, 2011).

A exposicao a hiperglicemia materna ndo causa somente alteragcdes no
metabolismo da insulina, sua acdo também foi avaliada sobre o IGF-1 (fator de
crescimento semelhante a insulina tipo 1) e observou-se que filhos de méaes
diabéticas possuiam concentracdes plasmaticas elevadas deste fator, o que
sugere que 0 excesso de nutrientes no momento da gestacdo pode ter
implicacbes em longo prazo e que essas criancas podem desenvolver
hipertensdo quando adultos (Manderson et al., 2002), uma vez que tanto a
insulina quanto IGF-1 tém sido relacionados com o inicio da hipertenséo
essencial (Lever e Harrap, 1992).

Apesar dos avancos, filhos de maes diabéticas permanecem em risco
para uma infinidade de complicac¢des fisiol6gicas e congénitas no inicio da vida,
tais como prematuridade, macrossomia, desconforto respiratério, hipoglicemia,
hipocalcemia, hiperbilirrubinemia, policitemia, cardiomiopatia e algumas
anomalias, particularmente do sistema nervoso central. Ademais, s&o
predispostos a desenvolverem obesidade, diabetes e doencas
cardiovasculares na vida adulta. Os cuidados com esta populacdo precisam se
concentrar em garantir uma adaptacdo cardiorrespiratoria adequada ao nascer,
prevencdo das possiveis lesbes de nascimento e a manutencdo do
metabolismo da glicose em valores basais (Hay, 2012).

De acordo com o exposto anteriormente, segundo a literatura, filhos de
maes diabéticas sdo mais susceptiveis a alteracdes cardiovasculares, com
alteracdes a nivel vascular, caracterizadas por um desbalanco entre os agentes
reguladores do tbnus vascular (vasoconstritores e vasodilatadores). Portanto,

para o melhor entendimento dos efeitos e riscos da exposicao fetal a

20



hiperglicemia materna sobre o sistema cardiovascular € essencial o
conhecimento do endotélio vascular e das vias que participam do controle do

tdnus vascular.

2.2. O Sistema Vascular

2.2.1 Organizacao da parede vascular

Cada célula da parede vascular € capaz de responder a uma variedade
de estimulos ambientais no espaco dinamico desta parede. Estes estimulos
podem ser de natureza fisica ou bioquimica e podem conduzir diversas
alteracdes na funcdo e no fenoétipo destas células, tanto em condi¢cbes
fisiologicas quanto em estados patologicos. Nos vasos, as células estdo
rodeadas por uma complexa matriz extracelular altamente estruturada que
consiste em grande parte de colagenos do tipo | e I, elastina e proteoglicanos
(Stegemann et al., 2005), os quais determinam as caracteristicas mecanicas e
estruturais da parede de veias e artérias (Pugsley e Tabrizchi, 2000).

Todas as células da parede vascular possuem funcdes que séao
reguladas por um conjunto de mecanismos existentes na propria parede, assim
como entre a parede e o intersticio ou entre a parede e o0 sangue. Estes
mecanismos incluem: as interacdes célula-célula, as interacbes das células
com os componentes da matriz extracelular, os fatores humorais, as condicdes
quimicas locais e as forcas mecéanicas. Os componentes da parede vascular
estdo dispostos em trés camadas distintas, a saber: a tunica intima, a tunica
média e a tanica adventicia (Shadwick, 1999).

A tdnica intima é composta por uma camada de células endoteliais
longitudinalmente arranjadas ao longo do eixo axial do vaso e na direcdo do
fluxo sanguineo, uma camada subendotelial e uma membrana basal
(FIGURAL). Esta ultima é composta de colageno, elastina, fibronectina,
laminina e proteoglicanos. A membrana basal esta em intimo contato com a
lamina elastica interna que é formada por uma malha compacta de elastina
(Wagenseil e Mecham, 2009).

A tanica ou camada média é constituida de células musculares lisas, as
guais se encontram circunferencialmente arranjadas ao longo do eixo do vaso,

e de uma matriz extracelular que inclui laminas de fibras elasticas, fibras



colagenas e proteoglicanos. Esta camada esta limitada exteriormente pela
lamina elastica externa e internamente pela lamina elastica interna. A camada
situada externamente a lamina elastica externa, a tunica adventicia, €
constituida de tecido conjuntivo, contendo fibras de colageno, fibras elasticas e
componentes celulares como fibroblastos e mastocitos. Esta camada se
prolonga gradualmente relacionando-se com estruturas vizinhas. Nesta
camada perivascular encontra-se uma rede de vasos de calibre muito pequeno
conhecido como vasa vasorum, cuja funcdo estd relacionada com o
metabolismo da parede vascular. Na camada adventicia também pode ser
encontrada uma rede de fibras nervosas relacionadas com a inervacéo

simpatica (Pugsley e Tabrizchi, 2000; Hillebrands et al., 2001).

Mondcitos Neutrofilos Células

<«— Sangue

Células
endoteliais

<— Intima

[}
Células
\do musculo liso

. <— Adventicia

Figura 1: Estrutura de uma grande artéria apresentada com as trés camadas morfologicamente distintas:

a camada intima, média e adventicia. (Adaptado de Lusis, 2000)

2.2.2 Tonus vascular e sua regulacdo através de fatores derivados

do endotélio
O controle do tdnus vascular € um evento importante na regulacdo do
fluxo sanguineo tecidual e da pressédo arterial. Seu mecanismo é complexo e
envolve a participacdo de agentes vasoativos de origem sistémica (sistema
renina-angiotensina-aldosterona, vasopressina, etc), nervosa (sistema nervoso

simpatico e inervacao perivascular) e local (endotélio e células musculares
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lisas) (Burnstock e Ralevic, 1994; Vanhoutte, 2000).

O endotélio representa uma Unica camada de células que reveste todos
0s vasos do corpo, incluindo as artérias, veias, arteriolas, vénulas e capilares
(Vane et al., 1990). Em virtude de seu contato direto com o sangue circulante, o
endotélio representa uma interface importante entre o sangue e o tecido
subjacente. A funcdo destas células é ampla e pode variar de acordo com a
sua localizacdo (Hahn e Schwartz, 2009). Nos vasos de condutancia, que
incluem as artérias de maior calibre, como a aorta, as artérias caroétidas, as
artérias coronarias, braquiais e femorais, o endotélio saudavel proporciona uma
superficie uniforme, que limita a ativacdo dos fatores de coagulacdo e de
inflamacédo (Berk et al., 2001), bloqueia a transferéncia de particulas lipidicas
aterogénicas para dentro da parede arterial (Gimbrone, 1999), inibe a
expressdo de fatores quimiotaticos e a liberagcdo de citocinas, controla o
crescimento da parede vascular e impede a agregacdo e a adesdo de
plaguetas (Caballero et al., 1999; De Vriese et al., 2000; Cersosimo e
DeFronzo, 2006). Nos vasos de resisténcia, as células endoteliais ajudam a
regular o fluxo sanguineo, a resisténcia periférica total e a presséo arterial
sistémica, enquanto que nas arteriolas pré-capilares desempenham um papel
no transporte e distribuicdo de nutrientes e hormonios, incluindo glicose,
gordura e insulina e a destinagcdo adequada de residuos do metabolismo
(Caballero et al.,, 1999; Balletshofer et al., 2000; Makimattila , Yki-Jarvinen,
2002; Chobanian et al., 2003; Cersosimo e DeFronzo, 2006).

A funcdo primordial do endotélio vascular é, portanto, a formacgéo de
uma barreira eficaz para fluidos, proteinas e células, enquanto permite/ regula
a difusdo eficaz de gases, o transporte de solutos e o trafego de células
inflamatorias (Hewett e Murray, 1993). O endotélio permite a difusdo passiva de
substancias de baixo peso molecular (raio <3 nm), tais como gases e ions,
enguanto controla de forma dindmica o transporte transendotelial de proteinas
plasmaticas, como a albumina ou imunoglobulinas (variacdo de raio: 7-11,5
nm). Qualquer falha nesta barreira resulta em extravasamento de solutos,
proteinas e agua para o intersticio (Nickles e Kuebler, 2010). Além da sua
atuacdo na homeostase sistémica, as células endoteliais possuem importante
papel na regulacdo do tébnus do musculo liso vascular através do balanco na

producao e liberacédo de substancias vasoativas (vasoconstritoras e
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vasodilatadoras), que irdo modular o estado contratil das células do musculo
liso vascular (Vita, 2011).

Entre os fatores vasodilatadores produzidos pelo endotélio pode-se citar:
o oxido nitrico (Furchgott e Zawadzki, 1980; Palmer et al., 1987), a prostaciclina
(PGIy) (Moncada et al., 1977; Vanhoutte, 1993) e os fatores hiperpolarizantes
derivados do endotélio (EDHF) (Feletou e Vanhoutte, 1988; Taylor , Weston,
1988). O endotélio produz ainda substancias vasoconstritoras como, a
endotelina-1 (Yanagisawa et al., 1988), a angiotensina Il (Kifor e Dzau, 1987),
0s anions superoxido (Majzunova et al., 2013) e os produtos do metabolismo
do acido araquidénico como o tromboxano A, (TxA;), as prostaglandinas (Ex,
H, e F2., PGE;, PGH, e PGF,,), respectivamente (Frolich e Forstermann, 1989;
Vanhoutte, 1993).

O endotélio produz alteracbes no lumen arterial, sobretudo através de
modificagdes estruturais ou no equilibrio entre os fatores vasoconstrictores e
vasodilatadores por ele liberados. Essas alteragcdes repercutem no ténus do
musculo liso vascular e, como consequéncia, na regulacdo do fluxo sanguineo
e da resisténcia vascular (Avogaro et al., 2011). O tdnus do musculo liso
vascular é ainda influenciado por estimulos mecanicos da parede vascular
(p.ex. pressao transmural) e por estimulos nervosos e hormonais (Deussen et
al., 2006). Estes estimulos induzem mudancas no potencial de repouso da
membrana, provocados por disparos de potenciais de acdo ou por ativacdo de
canais i6nicos (Horowitz et al., 1996).

A contracdo das ceélulas musculares lisas da parede vascular é ativada
pelo complexo calcio-calmodulina, formado a partr do aumento na
concentracdo de célcio citoplasmético, resultante do influxo a partir do meio
extracelular ou de sua liberag&o do reticulo sarcoplasmatico (Kim et al., 2008).
O influxo de calcio do meio extracelular ocorre através da abertura de canais
especificos da membrana citoplasmatica, (Lincoln et al., 2001), tais como o0s
canais para calcio operados por receptores (ROCs), os canais para calcio
operados por voltagem (VOCSs), 0s canais para calcio operados por estogues
(SOCs) e canais para célcio ativados por estiramento (SACs) ou através do
modo reverso do trocador Na*/ Ca?’. (Kim et al., 2008; Blaustein e Hamlyn,
2010). O complexo Ca?*-Calmodulina entéo formado induz ativacdo da quinase
da cadeia leve da miosina (MLCK), resultando em fosforilagéo da cadeia leve
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da miosina (MLC20), aumento da atividade ATPase da miosina e em contracéo
muscular (Gao et al., 2001). Substancias como a noradrenalina, a endotelina-1,
a angiotensina Il e a fenilefrina atuam sobre a musculatura lisa através de
receptores especificos na membrana plasmatica. A ligagdo destas substancias
ao seu receptor ativa a proteina G, que corresponde a um complexo proteico
composto por trés subunidades a (subunidade catalitica) B e y, levando a
estimulacdo da fosfolipase C, a qual € responsavel pela hidrolise do
fosfatidilinositol 4,5-bifosfato  (PIP;) em inositol 1,4,5-trifosfato (IP3) e
diacilglicerol (DAG) (Siegel, 1996). O IP; liga-se a um receptor especifico na
membrana do reticulo sarcoplasmatico e estimula a liberacdo do calcio ali
armazenado, ja o DAG ativa a PKC, que é uma enzima com efeitos importantes
na célula muscular lisa, como fosforilagdo da cadeia leve da miosina e aumento
da mobilizacdo do célcio através do sarcolema (Siegel, 1996). A ligacao destas
substancias ao seu receptor resulta ainda em abertura de VOCs e ROCs,

produzindo influxo de célcio do meio extracelular (Horowitz et al., 1996).

2.3 Fatores vasoativos derivados do endotélio

2.3.1 Oxido Nitrico

O oxido nitrico (NO) é o mais importante vasodilatador de origem
endotelial. Ele desempenha importantes fungbes em praticamente todos os
orgdos e tecidos no organismo. Ele atua como mediador da resposta imune,
como neurotransmissor, como molécula citotéxica, como anti-agregante
plaquetario, como regulador do crescimento da parede vascular, etc. A
descoberta do NO proporcionou um grande avanco em diversas areas de
pesquisa no ambito da fisiologia, farmacologia, imunologia, patologia e
neurociéncias (Alderton et al., 2001).

O NO é sintetizado a partir do aminoé&cido L-arginina através da reacéo
catalisada pela enzima sintase de NO (NOS) (FIGURA 2). Esta enzima esta
expressa em varios tecidos do organismo em trés isoformas distintas: a
isoforma neuronal ou nNOS (Tipo ) encontrada principalmente tecidos
nervosos, a isoforma endotelial ou eNOS (tipo 1ll), encontrada principalmente
no endotélio vascular e a isoforma induzivel ou INOS (tipo II), a qual foi

originalmente identificada como sendo induzida por citocinas inflamatérias, a
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qual pode ser expressa em macréfagos e outros tipos celulares de varios
tecidos do organismo. As isoformas nNOS e eNOS, ambas constitutivas, sao
dependentes do complexo célcio-calmodulina para sua ativagdo, enquanto que
a INOS produz NO de forma independente deste complexo, e é induzida
apenas quando estimulado por endotoxinas bacterianas ou certas citocinas
pro-inflamatérias (Tsutsui et al., 2015). Cada isoforma € codificada por
diferentes genes e possuem propriedades moleculares, cataliticas e
imunologicas diferentes (Marletta, 1993; Wu et al., 2002). A reacéo de sintese
do NO depende ainda de alguns co-fatores, como: a nicotinamida adenina
dinucleotideo fosfato (forma reduzida — NADPH), a tetrahidrobiopterina (BH,), a
flavina adenina dinucleotidio (FAD) e flavina mononucleotidio (FMN) (Li e
Poulos, 2005).

Uma variedade de estimulos (fisicos ou quimicos), tais como, a
acetilcolina, a bradicinina, o iond6foro de calcio (A23187), a trombina, a
substancia P, a adenina difosfato (ADP), o estresse de cisalhamento (shear
stress) e a agregacao plaquetéaria sdo capazes de induzir a sintese e liberacéo
de NO pelas células endoteliais (Palmer et al., 1987; Palmer et al., 1988;
Moncada et al., 1991). Estes estimulos promovem aumento dos niveis de
calcio nas células endoteliais, levando a formagdo do complexo calcio-
calmodulina (Rapoport e Murad, 1983). Isto induz a atividade da eNOS com
consequente formacdo de NO. O NO é liberado e se difunde para a camada
meédia da parede arterial, onde induz ativacdo da guanilato ciclase soltvel das
células musculares lisas. Isto resulta na conversdo do 3'5’-trifosfato de
guanosina (GTP) em 3’5’-monofosfato ciclico de guanosina (GMPc) (Bolotina et
al., 1994). No musculo liso vascular o GMPc atua através da ativagcdo de uma
proteina cinase dependente de GMPc (PKG) que leva a fosforilacdo de varias
proteinas, resultando na reducdo da concentracdo intracelular de calcio e da
sensibilidade das proteinas contrateis a esse ion, induzindo vasorrelaxamento
(Hisamoto et al., 2001).
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Figura 2: Sintese de NO a partir da |-arginina. Fonte: Daff, 2010

A PKG promove hiperpolarizacdo e relaxamento das células musculares
lisas através da ativacdo de canais para potassio dependentes de calcio, que
resulta em inibicdo da entrada de calcio do meio extracelular através de canais
dependentes de voltagem (White et al., 1995). Estes ultimos se fosforilados
pela PKG acarretard diminui¢cdo do influxo extracelular de calcio. A PKG ativa
ainda as Ca**-ATPases da membrana plasmaética e do reticulo sarcoplasmatico
(SERCA) o que gue leva a reducdo da concentracdo intracelular de calcio
(Carvajal et al., 2000). Portanto, o NO esta envolvido na regulacdo do ténus
vascular e da resisténcia periférica, contribuindo assim, para o controle da
pressdo arterial. Ainda, atua na modulacdo da contratilidade cardiaca, em
mecanismos anti-ateroscleroticos, inibe a agregacao plaquetéaria, a adesao de
células sanguineas na parede vascular e previne a liberacdo do fator de
crescimento derivado de plaquetas, o qual estimula a proliferacdo de células
musculares lisas. Estas ag¢Oes contribuem para reducdo da trombose e do
recrutamento de leucdcitos, além de outras acdes vasoprotetoras (Naseem,

2005).

2.3.2 Prostaglandinas

As prostaglandinas sdo sintetizadas a partir do acido araquidénico (AA),
sendo este um derivado dos fosfolipidios de membrana, liberado por acdo da
fosfolipase A, (PLA;). Uma vez liberado, o AA é oxidado pela ciclooxigenase
(COX), enzima chave na sintese de prostaglandinas, e convertido a
prostaglandina H, (PGH,), precursora das demais prostaglandinas (Bos et al.,
2004). A formacdo do AA se da em resposta a multiplos estimulos em varios

tipos de células. Em decorréncia da curta meia-vida que possuem, quando
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sintetizadas as prostaglandinas séo liberadas imediatamente e exercem sua
acao sobre as células adjacentes na qualidade de autacdides e mediadores
lipidicos paracrinos (Bos et al., 2004).

Existem algumas prostaglandinas funcionalmente importantes, como: a
prostaglandina I, (PGl,), também chamada de prostaciclina, a prostaglandina
E, (PGE,), a prostaglandina D, (PGD,), a prostaglandina F,q (PGF2) e o
tromboxano A, (TxA,), agindo através de subtipos de receptores especificos na
membrana, como: os receptores para PGE, (receptores EP), expressos na
forma de subtipos 1 (EP31), 2 (EP,), 3 (EP3) e 4 (EP,4); o receptor para PGl,
(receptor IP); os receptores para PGD, (receptores DP), subtipos 1 (DP;) e 2
(DP,); receptores para TxA, (receptores TP) e receptores PGF,, (receptor FP)
(Narumiya et al., 1999).

Quando os receptores IP, DP1, EP; e EP4 sdo ativados, ocorre aumento
da concentracdo intracelular de monofosfato ciclico de adenosina (AMPCc),
ativacdo da proteina cinase dependente de AMPc (PKA) e relaxamento da
musculatura lisa (Negishi et al., 1995; Narumiya et al., 1999). Enquanto que a
ativacdo dos receptores EP1, FP e TP induz ativacdo da fosfolipase C, levando
a formacdo de IP; e DAG, aumento da concentracdo intracelular de calcio e
contracdo do musculo liso. J4 a ativacao dos receptores EP3 induz contracao
através da diminuicdo da formacdo de AMPc (Negishi et al., 1995; Narumiya et
al., 1999; Jadhav et al., 2004).

A PGI, € a principal prostaglandina endotelial e age principalmente na
agregacao plaquetaria e na musculatura lisa vascular, induzindo relaxamento.
Entretanto, tem sido demonstrado que a PGIl, é capaz também de induzir
vasoconstricao, a qual é mediada atraves da ativacao de receptores TP (Gluais
et al., 2005; Xavier et al., 2010)

Foram identificadas duas isoformas da COX: a COX-1 e a COX-2. A
primeira é expressa constitutivamente em uma variedade de células e tecidos
(vasos sanguineos, plaquetas, estbmago, intestino, rins) e esta relacionada a
diversos efeitos fisiolégicos, como protecao gastrica, regulacdo da agregacéo
plaguetaria e regulacdo do fluxo sanguineo renal (Smith et al., 1996). A outra
isoforma, a COX-2, é produto de um gene de resposta precoce em células
inflamatorias, por isso denominada de enzima induzivel (FIGURA 3). A

expressdo da COX-2 é induzida por endotoxinas bacterianas ou citocinas,
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como a IL-1 e 2 e o TNFa (Antman et al., 2005; Wu et al., 2005). No cérebro, a
COX-2 pode ser expressa constitutivamente; sua expressao basal parece ser
regulada pela atividade singptica durante o desenvolvimento. Atua na
mediacdo central da dor e da febre e pode ter sua expressao inibida por
glicocorticéides, IL-4, IL-10 e IL-14 (Dubois et al., 1998; Morita, 2002).

Além da participacdo das prostaglandinas na manutencdo de varias
funcbes fisiologicas, atualmente é bem conhecida a implicacdo destes
mediadores em varios processos patolégicos que cursam com ativagdo de
processos inflamatorios, como nas enfermidades cardiovasculares e renais
(Vane et al., 1994; Schonbeck et al., 1999; Wu et al., 2005). Em modelos
experimentais de hipertensédo foi demonstrada maior expressédo da COX-2 e
maior participacdo dos prostandides contrateis derivados desta via na resposta
vascular a fenilefrina (Alvarez et al., 2005). Corroborando esses achados,
individuos hipertensos apresentaram melhora na dilatacdo dos vasos de
resisténcia do antebrago quando utilizado um inibidor n&o seletivo da COX, a
indometacina (Taddei et al., 1997), bem como quando foi utilizado o acido
acetilsalicilico (AAS) (Campia et al., 2002) ou o inibidor seletivo da COX-2, o
farmaco Celecoxibe (Widlansky et al., 2003). Também em modelos animais,
como em ratos SHR, é observado aumento da producédo de prostaglandinas e
maior contracdo mediada por estimulacdo dos receptores TP. Estas alteracdes
podem ser revertidas quando utilizados antagonistas dos receptores TP e
inibidores da COX (Luscher et al., 1990; Vanhoutte et al., 2009).

2.3.3 Fator hiperpolarizante derivado do endotélio (EDHF)

O EDHF foi descrito pela primeira vez ha cerca de 20 anos (Bolton et
al.,1984). Estudos posteriores apontaram que este fator foi responsavel pela
resposta vasodilatadora quando as a¢des do NO e da PGl, foram bloqueados
(Chen et al., 1988; Taylor , Weston, 1988). O EDHF é descrito como um
vasodilatador em artérias e veias, produzido e liberado pelo endotélio frente a
diversos estimulos e é indutor de hiperpolarizacdo de grande amplitude. A
contribuichio do EDHF para o relaxamento dependente do endotélio €&
significativamente maior em vasos de pequeno calibre em comparacéo aos de

maior calibre (Kang, 2014).
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Figura 3: Representagdo esquematica dos efeitos relacionados a ativacdo da COX-1 e COX-2. COX -
ciclooxigenase; PG - prostaglandina; TX - tromboxano; IAM - infarto agudo do miocérdio. Fonte: Batlouni,
2010.

Apesar dos numerosos estudos existentes sobre o tema, a identificacao
quimica do EDHF ainda € desconhecida. Diferentes fatores tém sido apontados
como EDHF, tais como: o jon potassio (K'), os derivados do A&cido
epoxieicosatriendico (EETs), o peroxido de hidrogénio (H20,), o peptideo
natriurético C (CNP), assim como mecanismos nao difusiveis mediado pelo
acoplamento elétrico via juncdes comunicantes mioendoteliais (Fitzgerald et al.,
2005).

Em situacbes patoldgicas, tais como diabetes, a atividade do EDHF
encontra-se alterada, principalmente em artérias de pequeno calibre. Estudos
realizados em camundongos diabéticos sugerem uma diminuicdo na resposta
mediada por EDHF, o que demonstra seu papel em contribuir para
complicagbes microvasculares observadas nestas condigdes (Pannirselvam et
al., 2002; Fitzgerald et al., 2005). Diferentes modelos de diabetes (tipo I e II)
apresentam atividade vasorrelaxante reduzida do EDHF (De Vriese et al., 2000;
Oniki et al., 2006), tanto em artérias de resisténcia, como as artérias do leito
mesentérico, como em artérias de condutancia, como as cargtidas e a artéria
renal (Fukao et al., 1997; De Vriese et al., 2000; Nakazawa et al., 2007).
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2.3.4 Endotelina

A endotelina corresponde a uma familia de peptideos que compreende a
endotelina-1 (ET-1), a endotelina-2 (ET-2) e a endotelina-3 (ET-3), cada uma
contendo 21 aminoécidos (Inoue et al., 1989). ET-1 é um peptideo secretado
principalmente pelo endotélio vascular (Yanagisawa et al., 1988), € o agente
vasoconstritor mais potente conhecido. As respostas vasculares a ET-1 séo
mediadas através dos dois subtipos de receptores, ETa e ETg (Arai et al., 1990;
Sakurai et al., 1990), ambos localizados nas células do musculo liso vascular e
associados com a vasoconstricdo. O receptor ETg também esta localizado nas
células endoteliais e relacionam-se com a vasodilatacdo, estimulando a
liberacdo de NO e prostaciclina (Miyagawa e Emoto, 2014).

A ET-1 ndo € apenas um peptideo vasoconstrictor; ela € uma citocina
multifuncional com numerosas atividades que afetam todos os niveis da funcao
celular (Kramer et al., 1992; Barton e Kiowski, 2001), com propriedades
inotropicas, quimiotaticas e mitogénicas. Estas fungbes incluem o
desenvolvimento embrionario, o equilibrio hidroeletrolitico (através dos seus
efeitos sobre o sistema renina-angiotensina-aldosterona, vasopressina e
peptideo natriurético atrial), nocicepcdo e funcbes neuronais, entre outros.
Ademais, as propriedades celulares da ET-1 estdo também associadas com
inflamacéo e proliferacdo celular e com o aparecimento e perpetuacdo de
doencas cronicas. (Shemyakin et al., 2011; Li et al.,, 2013), tais como
hipertensédo arterial, doenca renal crénica e diabetes (Barton et al., 2012;
Kohan e Barton, 2014).

2.3.5 Angiotensina ll

O sistema renina-angiotensina-aldosterona (RAAS) € um dos mais
importantes sistemas hormonais; regula a funcdo do sistema cardiovascular,
renal e das glandulas supra-renais e assim atua na regulacdo da pressao
sanguinea, do volume dos fluidos corporais e no equilibrio sodio-potassio
(Ferrario e Strawn, 2006). O RAAS foi descoberto ha mais de um século, e na
década de 1930, Goldblatt e seus colaboradores demonstraram uma relacéo
da renina com a funcao renal e a presséao arterial (Goldblatt et al., 1934). Desde
entdo, muitos estudos tém sido realizados com o intuito de identificar os

componentes do RAAS e o seu papel na regulacdo do tbnus vascular, na
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regulacdo do volume corporal e na manutencdo da pressado arterial. A
hiperatividade do RAAS desencadeia uma variedade de doencas
principalmente ligadas ao sistema cardiovascular, como hipertenséo,
aterosclerose, hipertrofia do ventriculo esquerdo, infarto do miocérdio, acidente
vascular cerebral, e insuficiéncia cardiaca congestiva (Ferrario e Strawn, 2006).

A renina € uma enzima proteolitica sintetizada na forma de pré-pro- renina
nas células justaglomerulares do rim; apés clivagem se transforma em pré-
renina, e posteriormente em renina. Na presenca de determinados estimulos é
liberada na corrente sanguinea (Pimenta e Oparil, 2009). A renina age no seu
substrato especifico, 0 angiotensinogénio, formando a angiotensina | (Ang 1),
que por sua vez é clivada pela enzima conversora de angiotensina (ECA),
resultando em uma angiotensina biologicamente ativa, a angiotensina Il (Ang

I1). A Ang Il, o principal metabdlito do RAAS medeia os seus efeitos

classicos deste sistema por meio do receptor AT; e através deste receptor, a
Ang Il exerce sua modulacéo na presséao arterial, pela qual cinco vias de
ativacdo podem ser utilizadas: a via de inibicdo da adenilato ciclase e a via
ativacdo da fosfolipase A;, C, D e dos canais para calcio (Dinh et al., 2001). O
receptor AT, pode ser expresso como dois subtipos, ATia € AT (Sasamura et
al., 1992; Moon, 2013).

Através dos receptores AT;, a Ang Il age, principalmente, na ativacao do
sistema nervoso simpatico (SNS), na hipertrofia dos cardiomiécitos e do
musculo liso vascular, na vasoconstriccdo renal, cerebral e coronariana, na
retencdo de sodio nos rins de forma direta ou por intermédio da liberacédo de
aldosterona e na inibicdo da renina por feedback negativo (Cheng et al., 2005).

A Ang Il também atua nos receptores AT,, cujos efeitos se opdem as
acdes da Ang Il nos receptores AT; (Navar et al., 2002) e, quando ativada,
seus efeitos incluem a diferenciacéo celular, a reparacéo tecidual e a apoptose,
vasodilatacdo, desenvolvimento dos rins e do trato urinario e protecdo contra
isquemia cardiaca (Batenburg et al., 2004).

Sabe-se ainda que o RAAS tem duas vias contra-regulatorias, sendo a
angiotensina-(1-7) (Ang-(1-7)) seu principal representante. Este heptapeptideo
é formado através da degradacdo da Ang Il pela enzima conversora de
angiotensina 2 (ECA-2), pela degradacdo da Ang | por endopeptidases, ou de

forma indireta pela hidrolise da angiotensina-(1-9), formada através da acdo da
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ECA-2 sob a angiotensina | (Ribeiro-Oliveira et al., 2008). A Ang-(1-7) age por
meio da ligacédo ao receptor Mas, acoplado a proteina G (Santos et al., 2003) e
atua de forma contraria a Ang Il, agindo como anti-hipertensiva, anti-
hipertrofica, anti-fibrética e anti-trombética (Santos et al., 2004; Ferrario et al.,
2005; lusuf et al., 2008; Santos et al., 2008)
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Figura 4: Componentes do sistema renina-angiotensina e suas interacdes. Abreviacdes: MAPK -
proteina quinase ativada por mitégeno; MAPK, mitogen-activated protein kinase; PI3-K - Fosfatidilinositol
3-quinase; Ang, Angiotensina; ACE, enzima conversora de angiotensina; ACE2, enzima 2 conversora de
angiotensina; AT1, AT2 —tipo 1 e tipo 2 de receptores angiotensinérgicos; Mas - Receptor especifico da
Angiotensina-(1-7); NO, éxido nitrico; eNOS, Isoforma endotelial da enzima éxido nitrico sintase; ROS,
espécies reativas de oxigénios; ET1, endotelina 1; TXA,, tromboxano A,; PAI 1, inibidor do ativador do
plasminogénio tipo 1; VCMS, células do musculo liso vascular; ICAM , Molécula de adesé&o intercelular.

Fonte: Ribeiro-Oliveira et al., 2008.

Além desses efeitos cardiovasculares, a Ang Il interage no processo de
homeostase da glicose e atua na patogénese do diabetes mellitus (FIGURA 4)
através da inibicdo da transducdo de sinal da insulina, redugéo da captagédo de
glicose, resisténcia a insulina (Rahimi et al., 2014) e destruicdo das células
pancreaticas devido ao estresse oxidativo (Sowers, 2004; Zhou , Schulman,
2009). Alguns estudos mostram que a inibicdo do RAAS reduziu a incidéncia
do diabetes mellitus e suas complicacdes (Alberti et al., 2005; Cutler et al.,
2008).
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2.3.6 Espécies Reativas de Oxigénio (ROS)

Espécies reativas de oxigénio (ROS) é uma definicAo que compreende
uma série de moléculas derivadas do metabolismo do oxigénio (O,), altamente
reativas e parcialmente reduzidas, algumas delas sendo radicais livres, como o
anion superoxido (*O;’), o radical hidroxila (*OH) e o peroxinitrito (OONQO)
(Munzel et al.,, 2002), espécies moleculares extremamente reativas que
possuem um elétron ndo emparelhado em sua orbita mais externa (Halliwell,
1989; Munzel et al., 2002; Halliwell, 2006).

A formacdo de ROS é uma consequéncia inevitavel do metabolismo
aerobico. Elas sdo geradas dentro das células através de varias vias
metabolicas: mitocdndrias, NADPH-oxidase da membrana plasmatica (NOX) e
de diferentes vias enzimaticas envolvidas em reag¢des do tipo redox, tais como
varias oxidases, peroxidase, citocromos, mono e di oxigenases e pelo
desacoplamento da enzima sintase de oxido nitrico (Finkel, 2003).

A fim de evitar os prejuizos provocados pelas ROS, uma série de
defesas antioxidantes enzimaticas e ndo enzimaticas estdo presentes no
organismo (Finkel, 2003). Os anions superoéxido (¢O,), a mais importante das
ROS, podem ser dismutados por uma familia de enzimas chamada superéxido
dismutase (SOD). Trés isoformas de SOD foram identificados: a SOD
manganés (MnSOD, SOD2), localizada nas mitocondrias e duas isoformas de
SOD cobre zinco (Cu/ZnSOD, SOD1, expressa no meio intracelular, e SOD3,
encontrada no liquido extracelular) (Peixoto et al.,, 2009). O produto da
dismutacdo do <O, pela SOD gera peroxido de hidrogénio (H.O,), o qual &
convertido em agua e O, pela catalase (CAT) ou glutationa peroxidase (GPXx)
(Di Filippo et al., 2006). Essas duas enzimas atuam atraves de mecanismos de
prevencéao, evitando e/ou controlando a formacgao de radicais livres e de outras
espécies reativas, relacionadas com o inicio das reacbfes em cadeia que
resultam na propagacdo e amplificacdo do processo e, consequentemente,
com a ocorréncia de danos celulares oxidativos (Marchi et al., 2012).

Por serem moléculas bastante reativas, as ROS podem infligir danos ao
DNA da célula, assim como as proteinas e aos lipideos (Halliwell e Whiteman,
2004). Acredita-se que o desequilibrio redox causado por producdo excessiva
de ROS ou por reducdo das defesas antioxidantes desempenha um papel
importante na patogénese das doencas cardiovasculares, incluindo a
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hipertensdo arterial sistémica e pulmonar, a vasculopatia no diabetes,
hipercolesterolemia, aterosclerose, acidente vascular cerebral, infarto do
miocardio e insuficiéncia cardiaca (Irani, 2000; Napoli et al., 2001). Além disso,
0 stress oxidativo esta envolvido na patogénese de outras doencas crénicas,
como a fibrose pulmonar e o cancer, bem como em doencas associadas ao
envelhecimento (Giorgio et al., 2007).

Outro papel importante das ROS é na sinalizacao celular, através da sua
atuacdo como segundo mensageiro. No entanto, quando a producéo de ROS é
excessiva ou acontece uma reducdo nas defesas antioxidantes, ocorre a
desregulacdo de muitos processos fisioldgicos por elas mediado. Um dos
efeitos mais conhecidos do aumento das ROS sobre sistema cardiovascular é
a disfuncéo endotelial em humanos e modelos animais (Higashi et al., 2009).

Varias evidéncias sugerem que a principal fonte de ROS ao nivel
vascular € o complexo enzimatico associada a membrana e componente
citosélico, NADPH-oxidase (NADPH - nicotinamida adenina dinucleotideo
fosfato). Na parede arterial, a NADPH oxidase € expressa no endotélio
vascular, no musculo liso e nas células adventicias, cuja hiperatividade tem
sido associada a varias modificacbes da funcdo vascular em condicfes
patolégicas (Guzik et al., 2002). Esta enzima foi descrita pela primeira vez em
fagdcitos no sistema imunoldgico, onde € gerada uma producdo de ROS
intracelulares que estdo envolvidas nos mecanismos de defesa do organismo
contra possiveis patdgenos (Ago et al., 2004). Estruturalmente, a NADPH-
oxidase dos fagécitos € composta por dois componentes essenciais ligados a
membrana, o gp91phox/Nox2 e a p22phox e quatro componentes citosolicos, a
p47phox, p67phox, p40phox e a rac2 (proteina G de baixo peso molecular)
(Fearon e Faux, 2009). Existem hipoteses que mostram que a NADPH oxidase
pode ser a principal fonte de O, na hipertensao arterial, assim como em outras
doencas cardiovasculares, uma vez que sua atividade pode ser regulada
através de citocinas, horménios e forcas mecéanicas intimamente relacionadas
com a origem dessas doencas (Cai e Harrison, 2000).

Nas células ndo fagocitarias encontramos quatro homaélogos: gp91phox
(mais conhecida como NOX, subunidade catalitica) e estas fazem parte da
familia da NOX ("Nonphagocytic NADPH oxidase"), composta pela NOX1,
NOX2, NOX3, NOX4, NOX5, DUOX1 e DUOX2 e sdo expressas em Varios
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tecidos com funcdes bioldgicas relacionadas a defesa e ao crescimento celular
(Drummond et al., 2011; Konior et al.,, 2014). No entanto, cada homodlogo
possui uma variabilidade especifica tanto a nivel celular quanto tecidual. Dentro
da parede vascular, a localizacao das isoformas da NOX varia dependendo do
tipo de célula e dos compartimentos celulares. Assim, as células endoteliais
expressam NOX1, NOX2, NOX4 e NOX5; as células musculares lisas
expressam NOX1, NOX4 e NOX5; e os fibroblastos expressam principalmente
a NOX2 e NOX4, cuja variabilidade pode ter implicacdes para a acdo da
NADPH oxidase. Nox4 foi altamente expressa em lesGes ateroscleréticas,
sugerindo um papel importante desta na regulacdo e proliferacdo das células
endoteliais (Ago et al., 2004).

Outro mecanismo através do qual a funcdo endotelial € prejudicada é
pela reducdo da biodisponibilidade do NO através do desacoplamento da
eNOS ou nNOS que faz com que essas enzimas produzam <O, ao invés de
NO. Véarios mecanismos moleculares foram descritos a esse respeito.
Curiosamente, o principal determinante do desacoplamento da NOS parece ser
a disponibilidade do cofator tetahidrobiopterina (BH4) (Channon, 2004;
Clempus & Griendling, 2006). Algumas espécies reativas, como H,O, e o
ONOO’ induzem degradacdo da BH,4 que esta associada com regulacao
negativa da eNOS. Este, por sua vez, leva a uma reducdo da quantidade de
NO derivado do endotélio, o que prejudica o relaxamento vascular e
proliferacéo de células endoteliais (Giacco & Brownlee, 2010). Por conseguinte,
foi demonstrado que a suplementacdo com BH,; melhora a fungcéo endotelial
em pacientes com hipertensdo, hipercolesterolemia e insuficiéncia cardiaca
(Fukuda et al., 2002; Setoguchi et al., 2002; Masano et al.,, 2008) e que o
aumento do estresse oxidativo nessas patologias correlaciona-se com uma
insuficiéncia de BH,4 (Higashi et al., 2009). Assim, a deficiéncia de BH,4 diminui
a atividade da eNOS causando disfuncao endotelial por meio de um aumento
do estresse oxidativo. Este quadro acarreta a diminuicdo da produgéo de NO e
aumento da producdo de ROS. Logo, o dano endotelial aumenta o fator de
risco para doencas cardiovasculares, uma vez que expde estas células e as
camadas celulares subjacentes a um processo inflamatério deletério, que em
dltima anélise conduz ao desenvolvimento de lesbes vasculares, como

processos ateroscleréticos (Irani, 2000; Napoli et al., 2001)
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2.4 Disfuncao Endotelial e sua relagdo com o diabetes

A disfuncdo endotelial em alguns casos possui um papel chave na
patogénese da doenca vascular no diabetes. InUmeros estudos tém revelado
alteracdes da funcdo endotelial em vasos de condutancia e de resisténcia
isolados, de ratos espontaneamente diabéticos (Meininger et al., 2000), como
também em ratos diabéticos induzidos quimicamente por aloxana (Lai et al.,
2007) ou estreptozotocina (Aloysius et al., 2012). Resultados similares tém sido
demonstrados em humanos portadores de diabetes insulino-dependente
(McNally et al., 1994; Arcaro et al., 2002) e n&o insulino-dependente (Watts ,
Playford, 1998b), bem como em leitos vasculares isolados de outras espécies
de animais diabéticos como coelhos e cées, em diferentes estagios da doenca
(Abiru et al., 1990). Sua causa é multifatorial e acontece principalmente em
decorréncia da hiperglicemia (Brownlee, 2001), estresse oxidativo e
dislipidemia (FIGURA 5) (Watts & Playford, 1998a).

A disfuncdo endotelial no diabetes mellitus tem como caracteristica a
reducdo dos niveis de fatores relaxantes derivados do endotélio (EDRFs) e
aumento da geracdo de fatores constritores derivados do endotélio (EDCFs)
(De Vriese et al., 2000). Isto acontece em decorréncia da glicotoxicidade direta,
do aumento da atividade da PKC, das alteracdes na via dos polidis, do
aumento da producao de radicais livres e da formacao de produtos de glicacéo
avancada (AGEs) (Brownlee, 2001).

De fato, tanto em aorta (Nassar et al., 2002; Schafer et al., 2008) quanto
no leito vascular mesentérico (Keegan et al., 2000; Pannirselvam et al., 2002)
de animais diabéticos foi observado reducéo da vasodilatacdo dependente do
endotélio, bem como o aumento da resposta contratil em aorta e artérias de
resisténcia (Chang et al., 1993; Okon et al., 2003; Xavier et al., 2003)

A fonte de ROS em vasos de animais diabéticos ndo € completamente
conhecida. Tesfamariam et al. (1994) sugere que o metabolismo do &acido
araquidénico, através da ciclooxigenase é uma importante fonte geradora
dessas espécies reativas de oxigénio. Sugere-se ainda a existéncia de outras
fontes geradoras de ROS, as quais incluem: glicacdo ndo enzimatica de
proteinas (Mullarkey et al., 1990; Kashiwagi et al., 1996; Taniguchi et al., 1996),
auto-oxidacdo da glicose (Wolff e Dean, 1987) e aumento da atividade da
NADPH oxidase (Ellis et al., 1998). Somada a exacerbacéo de vias metabdlicas
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geradoras de radicais livres, foi observado também que animais diabéticos
possuem uma diminuicdo de defesas antioxidantes enddgenas como, por
exemplo, a superéxido dismutase e a glutationa (Som et al., 1981; Giugliano et
al., 1996; Kamata e Kobayashi, 1996).

Além do estresse oxidativo, ja se demonstrou que no diabetes ha uma
producdo aumentada de substancias vasoconstritoras derivadas do endotélio,
as quais podem contribuir para o desenvolvimento e/ou agravamento do
processo de disfuncdo endotelial. Varios estudos tém mostrado que, no
diabetes, bem com em preparacbes vasculares incubadas com elevada
concentracdo de glicose, h4 uma producdo aumentada de prostandides
vasoconstritores, tal como TxA; e PGH; (Tesfamariam et al., 1989). Ademais,
outros potentes vasoconstritores, também liberados pelo endotélio, foram
encontrados em niveis elevados em pacientes e animais diabéticos, como a
endotelina-1 (Takahashi et al., 1990; Hopfner et al., 1999) e a angiotensina Il
(Goyal et al., 1998).
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Figura 5: Mecanismo de vasoconstricdo e vasodilatagdo na célula saudavel (esquerda) e no diabetes
mellitus (direita). Abreviagbes: BH2, dihidrobiopterina; MAPK - proteina quinase ativada por mitégeno;
PI3-K - Fosfatidilinositol 3-cinase; NO, 6xido nitrico; ET-1, endothelina 1; NOX, NADPH oxidase; PKC,
proteina cinase C. Fonte: Singh et al., 2010.

Ainda, no diabetes observam-se alteracfes no metabolismo lipidico. A
dislipidemia no diabetes € caracterizada pelo acumulo de triglicerideos,

particulas de LDL, reducéo de HDL e aumento no fluxo de &cidos graxos livres
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para o figado (Erkelens, 1998). Essas alteracdes contribuem para o aumento
do estresse oxidativo e podem atuar inibindo a atividade da eNOS (Woodman
et al., 2005).

2.4.1 Hiperglicemia materna e a disfuncdo endotelial na prole

A respeito dos danos causados pela hiperglicemia materna sobre a
funcdo vascular da prole, Holemans et al. (1999) foram um dos primeiros a
demonstrar que ratos adultos oriundos de maes diabéticas apresentavam
reducado do relaxamento dependente do endotélio em artérias mesentéricas. Da
mesma forma, Rocha et al. (2005) demonstraram um prejuizo da funcao
endotelial em artérias mesentéricas de ratos adultos provenientes de ratas com
diabetes e sugeriram que este efeito poderia estar relacionado ao o
desenvolvimento de hipertensao arterial.

Mais recentemente, nosso grupo, ao estudar ratos machos adultos
oriundos de mées diabéticas, verificou a existéncia de intoleréncia a glicose,
resisténcia a insulina e hipertensdo arterial em animais com 6 e 12 meses de
idade. Além disso, quando analisada as artérias mesentéricas de resisténcia
desses animais, também se observou alteracbes na fungdo vascular
decorrentes principalmente do aumento na produgdo de prostandides
vasoconstritores derivados da COX-2, como o TxA,, a PGE; e a PGFy,
reduzindo o relaxamento dependente do endotélio e alterando a regulacdo da
responsividade noradrenérgica no leito mesentérico (Ramos-Alves et al.,
2012a, b)

Corroborando estes resultados, filhos de maes diabéticas com idade
entre 6 e 13 anos apresentam elevacdo de alguns marcadores plasmaticos de
disfuncdo endotelial, como a e-selectina e o0 VCAM-1, além de elevacdo da
circunferéncia abdominal (West et al., 2011) e da pressdo arterial sistolica,
conhecido preditivo de risco para doencas cardiovasculares (Wright et al.,
2009; Halfon et al., 2012). Estes estudos apoiam 0 conceito recente de
memoria glicémica, visto que mesmo com 0 regresso a normoglicemia apos a
exposicao a hiperglicemia temporaria, ainda ocorre 0 aumento dos marcadores
de danos vasculares em comparacdo com a normoglicemia in vivo e in vitro (El-
Osta et al., 2008; Nathan et al., 2009). De fato, a exposicdo a um ambiente

intrauterino hiperglicémico esta associada com a dislipidemia, principalmente
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pelo aumento do colesterol total e LDL, inflamacdo vascular subclinica e
processos de disfuncdo endotelial na prole, todos os quais estdo ligados ao
desenvolvimento de doencas cardiovasculares na vida adulta (Kvietys &
Granger, 2012).

Ha muitos mecanismos propostos pelos quais a hiperglicemia materna
induz disfuncdo endotelial na prole, incluindo a auto-oxidacdo da glicose, a
producdo de produtos de glicacdo avancada e a ativacdo da PKC (Bertuluci et
al.,, 2008). Além disso, o corddo umbilical de mulheres com diabetes
gestacional apresenta elevados niveis de moléculas de adesédo e marcadores
para estresse oxidativo, incluindo aumento da xantina oxidase e reducéo de
enzimas antioxidantes, o que também poderia afetar a funcao vascular do feto
(FIGURA 6) (Brownlee, 2001).

No entanto, apesar da evidente ligacdo patogénica entre 0 aumento da
concentracdo sanguinea de glicose e o surgimento das complicacdes
vasculares no diabetes, os mecanismos que envolvem as manifestacdes
clinicas do diabetes, a hiperglicemia e a disfuncéo vascular ainda continuam
sendo matéria de grande discussdo, uma vez que alguns modelos de diabetes
ndo apresentam alteragcbes do funcionamento endotelial. Uma possivel
explicacdo para esses achados pode ser em decorréncia das diferencas
atribuidas aos géneros, uma vez que machos e fémeas possuem
caracteristicas fisioldégicas sexuais e hormonais particulares. Portanto, essas
alteracdes serdo abordadas a seguir, visto que sdo determinantes para a

patogénese das alteracdes vasculares no diabetes.
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2.5 Hormadnios sexuais

Todos os horménios sdo caracterizados como hidrossoliveis ou
lipossolaveis. Os hormdnios hidrossoliveis usam receptores localizados na
superficie da membrana da célula do tecido-alvo e representam a grande
maioria dos horménios conhecidos. Ja os hormonios lipossollveis, dentre eles
0s esteroides, atravessam a membrana plasmatica, e vdo de encontro aos
receptores no citoplasma e/ou no nucleo da célula alvo. Através desta ligacéo
hormonio-receptor ocorre o inicio da transcricdo do DNA. Como receptores
desses hormdnios esteroides tém-se o receptor de estrogénio (RE), o receptor
de progesterona (RP), o receptor dos hormonios tireoidianos, os receptores de
vitamina D e de retindide, todos pertencentes a superfamilia dos receptores
nucleares. (Mangelsdorf & Evans, 1995; Mangelsdorf et al., 1995).

Os hormbnios androgénicos sao utilizados para designar as
caracteristicas primarias do embrido, as caracteristicas sexuais secundarias na
puberdade e a expresséo do fen6tipo masculino, além de serem importantes na
iniciacdo e manutencdo da espermatogénese. E encontrado em pequena
guantidade nas mulheres. Sua acdo é mediada através do receptor de
androgénio (RA) que é parte da superfamilia dos receptores nucleares e,
atualmente apenas um tipo de receptor para androgénio, de cDNA foi
identificado. O gene do seu receptor € localizado na posi¢do Xql1-12, no
cromossomo X com peso molecular de aproximadamente 110 kDa e sua
estrutura é semelhante aos outros genes que codificam os horménios
esteroidais. E em relacdo aos principais tipos de androgénios, temos a
testosterona e androsterona. (Mangelsdorf & Evans, 1995; Mangelsdorf et al.,
1995; Brinkmann, 2001).

O mecanismo fisiologico que ira resultar na sintese de estrogénio é a
transformacdo do androgénio através da agdo de um complexo enzimatico de
aromatases (Aro), também conhecido como citocromo P450arom ou CYP19,
uma das diversas enzimas da familia do citocromo P450 (Ackerman e Carr,
2002). A aromatase catalisa a conversao de A4-androstenediona em estrona e
testosterona em estradiol e, € largamente expressa em varios tipos de tecidos,
tais como nos testiculos (células de Leydig e Sertoli), nos ovarios (corpo lateo e
nas células granulosas), no cérebro (incluindo o hipotalamo), nos foliculos

capilares e nos fibroblastos (Simpson & Davis, 2001). Também podemos
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encontra-los em homens para regulacdo do comportamento sexual masculino,
manutencdo do esqueleto, do sistema cardiovascular, para a fungcdo normal
dos testiculos e da préstata e ainda expressa no tecido adiposo o que
caracteriza uma importante fonte de estrogénio para o sexo masculino
(Pettersson e Gustafsson, 2001). Além disso, ¢é responsavel pela
biodisponibilidade e degradacdo do estrogénio. Sua estrutura € formada por um
sitio de ligagdo com a presenca de uma molécula de ferro e outro com uma
ligacdo esteroidal, (FIGURA 7), a qual servira como ligante para o androgénio
durante a sua producédo de estrogénio (Simpson et al., 1994; Murphy, 1998;
Simpson & Davis, 2001; Simpson, 2003; Stocco, 2012).

Em geral, o estrogénio possui uma variedade de respostas fisioldégicas
que ocorrem através da interacao especifica entre o horménio e a proteina
receptora nos tecidos-alvos através da ligagdo com o receptor nuclear no
interior da célula-alvo que abrange tecidos em diferenciacédo, em crescimento e
sintese proteica. O estrogénio promove o crescimento e a diferenciacdo de
outros tecidos, tais como o nervoso, adiposo, musculoesquelético e do sistema
cardiovascular. E o horménio sexual predominante nas mulheres, e sua
principal funcdo estd vinculada com o crescimento dos tecidos, dos Orgaos
sexuais da mulher e também relacionados com a reproducédo, incluindo o
endométrio, utero e as glandulas mamarias. Entretanto, possui profundos
efeitos no sistema reprodutivos de ambos os sexos (Korach, 1994; Enmark et
al.,1997; Ackerman e Carr ,2002)

CH,
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Figura 7: Estrutura molecular dos horménios estradiol, testosterona e progesterona. Fonte:

http://www.chemspider.com

Para ativar todos esses efeitos fisiologicos, o estrogénio deve interagir e

ativar o receptor de estrogénio (RE), assim ocorrera a correta ativacao
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hormonal. Incialmente, apenas uma isoforma da proteina receptora para o
estrogénio foi encontrada, denominado receptor de estrogénico a (REa-
NR3A1l) (Anbalagan & Rowan, 2015). Entretanto, na década de 1980, foi
clonado e caracterizado um novo receptor, o receptor estrogénico B (REB -
NR3A2). Ambos fazem parte da superfamilia dos genes que formam os
receptores nucleares (RN) de varios ligantes hidrofébicos, como por exemplo, o
estrogeno (RE), a progesterona (RP), androgénios (RA), os glucocorticéides
(RG) e os mineralocorticoides (RM), todos caracterizados como hormoénios
esteroides (receptores do tipo 1) (Korach, 1994; Enmark et al., 1997; Ackerman
e Carr, 2002)

O receptor de estrogénio a € expresso abundantemente no tero,
vagina, ovarios, glandula mamaria, e hipotalamo (Ascenzi et al., 2006),
enquanto o receptor estrogénico B é principalmente expresso no homem na
préstata e na mulher nos ovarios, com menor quantidade no pulmé&o, cérebro e
0ssos em ambos os sexos (Miller & Duckles, 2008). Além disso, cada receptor
possui seu respectivo papel fisioldégico no sistema imunolégico, esquelético,
nervoso e cardiovascular (Harris, 2007; Heldring et al., 2007) e podem ser
encontrados no muasculo liso vascular e em células endoteliais (Mendelsohn,
2002). No entanto, estas duas isoformas sinalizam de forma diferente,
dependendo do género, da localizacdo do vaso e da espécie estudada, uma
vez que em mulheres a expressao de REB é mais significante, bem como na
artéria coronaria, artéria iliaca, aorta e veia safena (Hodges et al., 2000). Ja em
ratas, o REa é expresso no uUtero e o Ref3 é mais encontrado na aorta, cauda e
no Utero desses animais (Hodges et al., 2000; Andersson et al., 2001)

O REa e o REPB séo sintetizados em cromossomos diferentes. O REaq,
codificado pelo gene ESR1, é localizado no bragco longo do cromossomo 6 e
codifica 595 aminoacidos, com peso molecular de cerca de 40 KDa, enquanto
gue o RER, codificado pelo gene ESR2, localiza-se no cromossomo 14 e tem
peso de aproximadamente 140 KDa e codifica 530 aminoacidos (Kuiper et al.,
1997; Hodis et al., 2001; Ascenzi et al., 2006). O REa e o Re[3 possuem 44%
dos genes homologos na sua sequencia de aminoacidos totais, sendo parte da
estrutura de dominio comum aos membros da superfamilia nuclear: A/B, C, D,
E e F (Zhao et al., 2008). Apesar desse elevado grau de homologia no dominio

da ligacdo de DNA, apresentam diferencas consideraveis no dominio N
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terminal e no dominio E (Bardin et al., 2004).

Séo atribuidos ao estrogénio multiplos efeitos vasculares, incluindo as
alteracbes das concentracdes de lipidios séricos, coagulagdo, fibrindlise,
producdo de moléculas vasoativas, tais como o Oxido nitrico e as
prostaglandinas e propriedades antioxidantes e anti-inflamatorias (Miller e
Mulvagh, 2007). E este ultimo pode ser visto pela participacdo do estrogénio na
inibicdo da NADPH oxidase, a qual atua na reducdo na formacdo de ROS tais
como o0s anions superéxidos (Miller & Mulvagh, 2007; Miller & Duckles, 2008).

O estrogénio também possui efeito bioldgico no vasorrelaxamento e atua
na inibicdo da resposta dos vasos sanguineos a lesdes e ao desenvolvimento
de aterosclerose (Mendelsohn, 2002). Estes processos biologicos sao
regulados através de ambas as vias gendmicas e ndo gendmicas (Miller e
Duckles, 2008). Dentre as suas acfes ndo gendmicas, 0 estrogénio pode
influenciar a producdo de NO, mediado pelo receptor ERa e pela cascata de
sinalizacdo IP3/AKT, que depois de fosforilada desencadeia a fosforilacdo da
eNOS, o que aumenta a capacidade de producédo de NO (Haynes et al., 2000).
Entre os efeitos genémicos, observa-se a reducdo do tbnus vascular também
via NO, através da estimulacdo da expressdo da eNOS, sugerindo que 0s
efeitos do 6xido nitrico no endotélio podem ser devido a atuacdo de varias vias

de sinalizacdo e multiplas enzimas (Tan et al., 1999).

2.6 O estrogénio e a funcao cardiovascular

A principal fungéo do estrogénio é o crescimento dos tecidos, dos 0rgéos
sexuais femininos e de outros tecidos relacionados com a reproducao
(Ackerman & Carr, 2002). No entanto, o estrogénio esta envolvido na regulacéo
de diversos processos, incluindo o ténus vascular e a angiogénese (Miller &
Mulvagh, 2007). Ao estrogénio atribui-se varios efeitos diretos sobre a fungéo
vascular (Miller & Mulvagh, 2007) e, como as doencas cardiovasculares
(DCV’s) afetam homens e mulheres de forma diferente, sendo o sexo feminino
relativamente protegido quando comparado com homens jovens nha mesma
idade e mulheres pds-menopausadas (Knepper & Giuliani, 1995; Sowers,
1998), atribui-se esta vasoprotecdo possivelmente aos altos niveis de
estrogénio, especialmente do 17-B3-estradiol (E,) (Regitz-Zagrosek, 2006).

No que se refere aos dados de hipertensao, sabe-se que em ratos
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espontaneamente hipertensos, o relaxamento dependente do endotélio € maior
em vasos arteriais de fémeas do que de machos (Kauser & Rubanyi, 1995).
Além disso, observa-se melhora da funcdo endotelial em fémeas
ovariectomizadas dessa linhagem quando utilizados agonistas especificos para
0s receptores REa, (Widder et al., 2003). Isso porque em animais
ovariectomizadas, a exposicao imediata ao E, produz melhora no ténus de
suas artérias como resultado do aumento da producdo de NO mediado pelos
receptores de estrogénio (Nilsson et al., 2000; Darblade et al., 2002). A
exposicdo a esse hormdnio desencadeia a fosforilacdo e ativacdo da
MAPK/ERK e IP3, relacionadas com o efeito vasorrelaxante do estrogénio
(Geraldes et al., 2002).

Essas evidentes relagcdes entre hormbénios femininos e sistema
cardiovascular, sdo apontadas em humanos, e os dados comprovam que
mulheres pds-menopausadas, sem uso da terapia hormonal, apresentaram
prejuizo da funcdo endotelial em artérias de resisténcia, e apds a exposicao
desses vasos ao estrogénio, h4 melhora dessa fungéo (Kublickiene et al.,
2005).

Os mecanismos de vasodilatacdo dependente do endotélio induzido por
estrogénio incluem modificacbes na sintese, liberacdo e atividade dos fatores
relaxantes, tais como o NO, a PGI, e o EDHF, bem como por reduzir fatores
contrateis, tais como a endotelina-1 e o TxA, (Koledova & Khalil, 2007).
Durante a gestacdo, ocorre aumento da eNOS nas artérias uterinas o que
sugere que o NO derivado do endotélio estd envolvido nas acgles
vasorrelaxantes do E2 (Nelson et al., 2000). Além disso, a liberacdo de NO
endotelial € maior nas artérias de fémeas em comparacdo com machos,
indicando que o estrogénio pode mediar as diferencas decorrente do género na
producdo de NO (Knot et al., 1999). Adicionalmente, nos vasos sanguineos de
animais machos o superOxido vascular apresenta maiores niveis em
comparacao com os encontrados em fémeas (Koledova & Khalil, 2007).

O estrogénio possui propriedades antioxidantes: diminui a expressao de
NADPH-oxidase, a geragao de *O,, H,O, e aumenta a biodisponibilidade de
NO (Vina et al., 2011). Em ratas ovariectomizadas, o aumento da pressao
sanguinea esta associado a menores niveis de antioxidantes, aumento de

lipoperéxidos no plasma e de radicais livres em nivel vascular, que podem ser
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prevenidos através da administracdo de E, (Hernandez et al., 2000). Do
mesmo modo, o E, afeta a funcdo mitocondrial através do aumento da
fosforilagdo oxidativa enquanto reduz a producao de O, mitocondrial (Miller &
Duckles, 2008).

No que tange as correlagdes entre os efeitos cardiometabodlicos dos
estrogenos, um estudo demonstra que apOs a ovariectomia 0s animais
apresentam aumento de peso associado a resisténcia a insulina (Lemieux et
al.,, 2003), sugerindo, portanto, acdo protetora desses hormdnios. Esse
resultado pode ser relacionado ao fato de que, em mulheres menopausadas, a
incidéncia de diabetes mellitus tipo 2 € maior entre as que nao fazem uso da
terapia de reposicdo hormonal (Margolis et al., 2004). Portanto, observa-se que
além dos efeitos sobre o sistema cardiovascular, o estrogénio atua modulando
a atividade metabdlica, sendo capaz de interferir no surgimento e
estabelecimento da obesidade e de resisténcia a insulina.

Os efeitos do estrogénio sobre a funcdo endotelial também resulta de
suas acdes sobre a via da COX e a liberagdo de fatores vasoativos desta via
(Barber & Miller, 1997; Orshal & Khalil, 2004). O estrogénio pode modular a
ativacdo cruzada entre as vias da NOS e da COX, onde a vasodilatacdo
dependente de NO, induzida pelo estrogénio pode estar acompanhada de
diminuicdo na via da COX (Case & Davison, 1999). O estrogénio também atua
na producdo da PGI, (Geary et al.,, 2000) através do REa, por ativacdo da
COX-2 e esse mecanismo impede tanto a ativacdo plaquetaria quanto a
inducdo de estresse oxidativo. Ao suprimir o receptor para PGl, em ratas
ovarectomizadas o efeito protetor do estrogénio contra a formacdo de
aterosclerose foi abolido, sugerindo que o uso de inibidores seletivos da COX-2
pode desempenhar efeitos cardioprotetores em mulheres menopausadas
(Egan et al., 2004). O estrogénio modula ainda a liberagdo de prostanoides
contrateis derivados do metabolismo da COX-2. Neste sentido, Martorell et al.
(2009) demonstraram que a ovariectomia promoveu aumento na liberagéo de
prostandides derivados da COX-2 na aorta de ratas, o qual foi revertido pela
administragao de E, (Martorell et al., 2009).

Barber & Miller, (1997) utilizando um inibidor inespecifico da COX, a
indometacina, verificaram que ocorreu um aumento no relaxamento vascular

dependente do endotélio em artérias de animais machos, entretanto, esse
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efeito ndo foi observado em animais do sexo feminino. Relacionando outros
estudos ao cross-talk existente entre acao vasorrelaxante do E2 e participagéo
da COX, estudos demonstram que a indometacina ndo altera o relaxamento
induzido por E2 na artéria coronaria quando ha integridade endotelial, porém, o
mesmo ndo acontece em artérias sem endotélio (Jiang et al., 1991). Somado a
isso, apesar de o estrogénio ter aumentado a expressao de COX-1, bem como
a sintese de PGI, em cultura de células endoteliais, 0 hormdnio induziu o
relaxamento em artérias sem endotélio (Orshal & Khalil, 2004; Oviedo et al.,
2005). Tais dados sugerem um efeito direto do horménio sobre o muasculo liso
vascular.

De acordo com o exposto até o presente momento, fica evidente que a
hiperglicemia materna durante o desenvolvimento fetal se torna fator preditivo
para o desenvolvimento de doencas na vida adulta. Um dos fatores que
contribuem para essa condi¢do patologica sdo as disfuncdes vasculares, que
podem acontecer em decorréncia do desbalanco por redugcéo do relaxamento
dependente do endotélio pela menor liberacdo e/ou biodisponibilidade de
substancias vasodilatadoras, como o NO, ou por um aumento de substancias
vasoconstritoras, como a angiotensina I, os anions superéxido e alguns
metabdlitos do acido araquidénico. Entretanto, individuos do sexo feminino
possuem um efeito cardioprotetor que esta relacionado ao efeito
benéfico/protetor do estrogénio, visto sua atuacdo no tbnus vascular por de
meio de suas a¢Bes de modulacdo sobre a sintese/ liberacéo/ bioatividade dos
fatores de relaxamento derivados do endotélio, como o NO.

Diversos aspectos das alteragbes vasculares dos animais expostos a
hiperglicemia materna ja foram estudados por nosso grupo e por outros
autores. Entretanto, estes estudos se propuseram a avaliar 0S mecanismos
pelos quais essa exposicao prejudica a funcédo endotelial apenas em animais
do sexo masculino, sem explorar de que forma as diferencas de género
influencia o desenvolvimento destes disturbios vasculares em animais do sexo
feminino. No que se refere a estudos em fémeas, a literatura é bastante
escassa sobre desenvolvimento de disfuncédo vascular em consequéncia da
exposicdo a hiperglicemia materna, dessa forma, surgiu entdo o interesse pela
investigacdo dessa situagdo sobre parametros cardiovasculares bem como

sobre como 0os mecanismos envolvidos.
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3 OBJETIVOS

Gerais

Comparar os efeitos da hiperglicemia materna presente durante o

periodo intrauterino e perinatal em ratos sobre parametros hemodinamicos e

sobre a funcéo vascular, das proles macho e fémea quando adultas.

Especificos

Identificar nas proles alteracdes sobre a pressao arterial e frequéncia
cardiaca provocadas pelo diabetes gestacional relacionando com a
idade;

Avaliar diferencas dependentes do sexo sobre a reatividade vascular
através da resposta vasodilatadora dependente do endotélio e da
resposta vasoconstritora a estimulacao alfa-adrenérgica, em artérias
de condutancia e de resisténcia das proles; identificar  o0s
mecanismos endoteliais da programacao fetal induzida pela
hiperglicemia materna envolvidos nos diferentes efeitos entre o0s
Sexos.

Analisar o efeito da excisdo ovariana sobre a pressdo arterial e
reatividade vascular da prole fémea;

Estimar o efeito do tratamento de reposicédo estrogénica sobre esses
parametros cardiovasculares em ratas ovariectomizadas da prole;
Verificar o papel das diferencas de sexo sobre o estresse oxidativo e
atividade de derivados vasoconstritores e vasorrelaxantes em ambos

leitos vasculares da prole de ratas diabéticas.
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New Findings

o What is the central question of this study?
Hyperglycaemia during pregnancy induces vascular dysfunction and hypertension in male
offspring. Given that female offspring from other fetal programming models are protected
from the effects of fetal insult, the present study investigated whether there are sex differences
in blood pressure and vascular function in hyperglycaemia-programmed offspring.

o What is the main finding and its importance?
We demonstrated that hyperglycaemia in pregnant rats induced vascular dysfunction
and hypertension only in male offspring. We found sex differences in oxidative stress
and cyclooxygenase-2-derived prostanoid production that might underlie the vascular
dysfunction. These differences, particularly in resistance arteries, may in part explain the
absence of hypertension in female offspring born to hyperglycaemic dams.

Exposure to maternal hyperglycaemia induces hypertension and vascular dysfunction in adult
male offspring. Given that female offspring from several fetal programming models are protected
from the effects of fetal insult, in this study we analysed possible differences relative to sexin blood
pressure and vascular function in hyperglycaemia-programmed offspring. Hyperglycaemia was
induced on day 7 of gestation (streptozotocin, 50 mg kg~'). Blood pressure, acetylcholine
and phenylephrine or noradrenaline responses were analysed in the aorta and mesenteric
resistance arteries of 3-, 6- and 12-month-old male and female offspring. Thromboxane A,
release was analysed with commercial kits and superoxide anion (O,~) production by
dihydroethidium-emitted fluorescence. Male but not female offspring of hyperglycaemic dams
(O-DR) had higher blood pressure than control animals (O-CR). Contraction in response to
phenylephrine increased and relaxation in response to acetylcholine decreased only in the aorta
from 12-month-old male O-DR and not in age-matched O-CR. Contractile and vasodilator
responses were preserved in both the aorta and mesenteric resistance arteries from female
O-DR of all ages. Pre-incubation with tempol, superoxide dismutase, indomethacin, NS-398,
furegrelate or SQ29548 decreased contraction in response to phenylephrine and potentiated
relaxation in response to acetylcholine in 12-month-old male O-DR aorta. In this artery,
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thromboxane A, release and O, generation were greater in O-DR than O-CR groups. In
conclusion, exposure to hyperglycaemia in utero results in sex-specific and age-dependent
hypertension. The fact that vascular function is preserved in female O-DR may in part explain
the absence of hypertension in this group. In contrast, the peripheral artery dysfunction
associated with increased cyclooxygenase-2-derived production of vasoconstrictor prostanoids
could underlie the increased blood pressure in male O-DR.
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Introduction

Epidemiological observations and experimental studies
support the concept of fetal programming as the origin
of several chronic diseases, including obesity, type 2
diabetes and hypertension. Originally, the concept of
fetal programming postulated by Barker and colleagues
focused on maternal undernutrition (Barker, 1995, 1998).
These authors proposed that cardiovascular and metabolic
diseases originate through adaptations made by the fetus
when it is undernourished (Barker, 2004; Godfrey &
Barker, 2001). However, other developmental insults,
including maternal hyperglycaemia, also increase the risk
of metabolic and cardiovascular diseases in adulthood
(Simeoni & Barker, 2009). Offspring of the hyperglycaemic
mothers show glucose intolerance, degraded antioxidant
status (Dong et al. 2013), macrosomia (Yessoufou
& Moutairou, 2011), dyslipidaemia (Holemans et al.
2000), insulin resistance, obesity (Lawlor et al. 2011),
hypertension (Nerenberg et al. 2014) and vascular
disorders (Holemans et al. 2000; Ramos-Alves et al.
2012a, b).

Vascular endothelial dysfunction is thought to play
an important role in the development of hypertension
and other cardiovascular diseases (Davel et al. 2011).
In this sense, hyperglycaemia-programmed hypertensive
rats exhibit endothelial dysfunction in both conductance
and resistance vessels. Impaired endothelium-dependent
vasodilatation accompanied by increased vasoconstriction
were reported in the aorta, renal artery and mesenteric
resistance arteries from offspring of hyperglycaemic dams
(Holemans et al. 2000; Rocha et al. 2005; Porto et al. 2010;
Ramos-Alves et al. 2012a, b), which have been associated
with development and/or maintenance of hypertension in
this model.

It has been reported that female offspring of some fetal
programming models are protected from the insult during
development (Kwong ef al. 2000; Ozaki et al. 2001; Woods
et al. 2005). Woods et al. (2005) have demonstrated that
maternal undernutrition during pregnancy in rats led
to sex-related hypertension, with young male offspring
developing increased blood pressure earlier and to a

greater degree than did female offspring. In this model,
male offspring also exhibited vascular dysfunction, unlike
female offspring (Woods et al. 2005). These sex differences
have also been observed in offspring that were exposed
to hypoxia (Hemmings ef al. 2005), glucocorticoids
(Dodic et al. 2002) or a high-sodium diet (Vehaskari &
Woods, 2005) during intrauterine life. Oestrogen seems to
contribute to sex differences in these fetal programming
animal models. A study by Alexander (2003) revealed
that female growth-restricted offspring had normalized
their blood pressure when reached the puberty. In
contrast, the blood pressure in this model increased after
ovariectomy, with no effect in female control offspring.
Likewise, in a model of hyperglycaemia-induced fetal
programming, Katkhuda et al. (2012) reported that
exposure to short-term (7 day) maternal hyperglycaemia
results in hypertension in male but not in female offspring.

Our group and others have studied various aspects
of the vascular function of offspring of hyperglycaemic
rats. We have demonstrated that exposure to maternal
hyperglycaemia during the fetal and perinatal period
produced an age-related hypertension, accompanied
by endothelial dysfunction and increased contractility
of mesenteric resistance arteries (Ramos-Alves et al
2012a, b). These vascular changes are associated with
cyclooxygenase-2 (COX2) overexpression and an increase
in the release of vasoconstrictor prostanoids (Ramos-Alves
et al. 2012a, b) that was abolished by angiotensin II
type 1 receptor antagonism, indicating a role of
angiotensin II (DB de Queiroz, FE Ramos-Alves, ]
Santos-Rocha, GP Duarte & FE Xavier; unpublished
results). However, these studies were performed only
in male offspring, without exploring how maternal
hyperglycaemia influences vascular function in female
offspring. Thus, we sought to extend our studies in
this model to determine whether offspring exposed
to maternal hyperglycaemia would display sex-specific
changes in vascular function. For this purpose, we studied
the endothelium-dependent relaxation and the vascular
responses induced by w-adrenergic receptor activation
in the thoracic aorta and mesenteric resistance arteries
(MRA) from male and female offspring of hyperglycaemic
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dams. The potential mechanism of possible vascular
changes was also investigated.

Methods

Ethical approval

All experimental protocols were approved by the
Committee for Ethics in Animal Experimentation of the
Universidade Federal de Pernambuco (approval reference
number: 23076.040928/2011-18). The study complied
with the ethical principles under which Experimental
Physiology operates, and the experiments complied with
the journal’s animal ethics principles and regulation
checklist (Grundy, 2015).

Animals

Male and female Wistar rats (250-300 g) were obtained
from colonies maintained in the animal quarters of
the Departamento de Fisiologia e Farmacologia of
Universidade Federal de Pernambuco, campus of Recife,
Brazil. Rats were housed in individually ventilated cages
(425 mm x 266 mm x 185 mm; Tecniplast, Buguggiate,
Italy), with three animals in each cage. The room where
they were kept had a 12 h—12 h light—dark cycle, and the
temperature was regulated within the range of 22-24°C.
Rats had free access to tap water and standard rat chow
ad libitum.

Three female rats (during oestrous stage of the oestrous
cycle) were placed in cages with one male rat during the
dark period of the cycle to mate overnight. In the morning,
males and females were separated, and vaginal smears of
each female were examined for the presence of sperm.
The day when sperm was found in the vaginal smear was
considered day 1 of gestation. Each pregnant female was
transferred into a separate cage, and the weight gain was
monitored throughout the pregnancy.

Pregnant rats (n = 16) were rendered diabetic by
an LP. injection of streptozotocin [STZ; 50 mg (kg
body weight)™! in 10 mmol 17! citrate buffer, pH 4.5;
Sigma-Aldrich, St Louis, MO, USA] on the 7th day
of pregnancy. Pregnant rats (n = 14) were injected
with vehicle only, as a control group. To confirm the
hyperglycaemia during gestation (ACCU-CHEK®; Roche
Diagnostics, Mannheim, Germany), maternal blood was
collected on day 14 of gestation from a blood sample from
the tail vein. All diabetic dams included in the study had
the fasting blood glucose concentrations between 250 and
500 mg dI .

Dams were allowed to delivery spontaneously. Rats
that did not deliver were anaesthetized with ketamine
80 mg kg~! and xylazine 5 mg kg~!, 1.p. and killed by
decapitation. After birth, each rat litter was reduced to
six pups (3 males and 3 females) to ensure equal nutrient

© 2017 The Authors. Experimental Physiology © 2017 The Physiological Society

access for all offspring and to reduce mortality. The
unwanted pups were killed by CO, inhalation followed
by cervical dislocation. Male and female offspring of
control (O-CR) and hyperglycaemic dams (O-DR) were
studied at 3, 6 and 12 months of age. Pups of both sexes
were weaned on to standard rat chow on postnatal day
21. Experiments with female offspring were performed
during the oestrous stage of the oestrous cycle.

Glucose tolerance and insulin sensitivity

The oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT) were performed in 3- and 12-month-
old male and female offspring according to a standard
protocol. After a 10 h fast, a single oral dose [2 g (kg body
weight) '] of glucose was delivered. Blood glucose was
measured from the tail vein immediately before and 30,
60, 90 and 120 min after glucose administration, using test
strips and a reader (ACCU-CHEK®).

After 48 h, the animals were subjected to another 10 h
fast for assessment of insulin sensitivity by ITT. For this,
regular insulin was administered 1.p. at the dose of 1.5 U (kg
body weight) ~!. Blood glucose was determined before and
after 15, 30, 45 and 60 min of insulin administration from
a blood sample from the tail vein.

Arterial blood pressure measurement

The arterial blood pressure was measured in the same
groupa of animals at 3, 6 and 12 months of age (female
n =41, male n = 44), 1 week apart from ITT. For arterial
pressure measurements, male and female offspring were
anaesthetized with a mixture of ketamine (80 mgkg ', 1.p.)
and xylazine (5 mgkg ™!, 1.p.). The adequacy of anaesthesia
was assessed by monitoring withdrawal reflexes, and a
supplementary dose of anaesthetic was administered when
required. A polyethylene catheter (PE-50; Clay Adams,
Parsippany, NJ, USA) was inserted into the right carotid
artery for direct arterial pressure measurement. The
distal end of the catheter was tunnelled subcutaneously,
exteriorized in the mid-scapular region and sutured to
the skin, which allows the rat freedom of movement. At
the end of the surgery, an .M. injection of the analgesic
and anti-inflammatory ketoprofen (5 mg kg~'; Venco
Laboratory, Londrina, Brazil) was administered. Animals
were allowed free access to food and water.

After a recovery period of 24 h, the pulsatile blood
pressure and heart rate were recorded in conscious, freely
moving rats. To perform the blood pressure recording, we
used a pressure transducer (MLT0380; ADInstruments
Pty Ltd, Castle Hill, NSW, Australia) connected to
an amplifier (Bridge Amp, ML224; ADInstruments)
and an acquisition system (PowerLab 4/30, ML866;
ADInstruments), and the signals were digitized with
appropriate software (Chart Pro; ADInstruments). Heart
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rate was derived from the pulsatile blood pressure signal.
The cardiovascular parameters were recorded once for
60 min, but only the last 30 min were considered for data
analysis. The measurements were performed between
14.00 and 17.00 h. To avoid possible influence of the
surgical process on the vascular reactivity, these animals
were not used for additional experiments. After blood
pressure measurement, all animals were anaesthetized
[ketamine (80 mg kg!, 1.p.) and xylazine (5 mg kg™',
1.p.)] and killed by decapitation.

Vascular reactivity measurements

In a separate group of animals (female n = 42, male
n = 45), aortic and mesenteric resistance artery reactivity
were assessed using methods previously described
(Mulvany & Halpern, 1977). Rats were anaesthetized with
ketamine (80 mg kg™', 1.p.) and xylazine (5 mg kg™ !, 1.p.)
and killed by exsanguination. The mesenteric vascular bed
and thoracic aorta were removed and placed in cold (4°C)
Krebs Henseleit solution (KHS; mM: 115 NaCl, 2.5 CaCl,,
4.6 KCl, 1.2KH,PO4, 1.2, MgS0,.7H, 0, 25 NaHCOs3, 11.1
glucose and 0.03 EDTA).

Mesenteric resistance arteries. The third-order branch
of the mesenteric arcade was dissected and cut into
segments ~ 2 mm in length. To measure isometric
tension, segments of MRA were mounted between two
tungsten wires (40 pum diameter) in a small vessel
chamber myograph (Danish Myo Technology A/S, Aarhus,
Denmark) connected to an acquisition system (PowerLab
8/35; ADInstruments), as previously described (Mulvany
& Halpern, 1977). After a 15 min equilibration period
in oxygenated KHS (95% O, and 5% CO,) at 37°C
and pH 7.4, segments were stretched to their optimal
lumen diameter for active tension development. This
was determined based on the internal circumference/wall
tension ratio of the segments by setting their internal
circumference, Ly, to 90% of what the vessels would
have been if they were exposed to a passive tension that
was equivalent to the tension produced by a transmural
pressure of 100 mmHg. The internal diameter (I;)
was determined according to the equation I, = L;/m,
using specific software for normalization of resistance
arteries (DMT Normalization Module; ADInstruments).
L1 represents the passive tension equivalent of 100 mmHg
transmural pressure.

Thoracic aorta. Segments of thoracic aorta, free of fat
and connective tissue, were mounted between two steel
hooks in isolated tissue chambers containing gassed (95%
0O, and 5% CO,) KHS, at 37°C and pH 7.4. Segments
were subjected to a tension of 1.0 g (optimal resting
tension), which was re-adjusted every 15 min during a
45 min equilibration period before drug administration.

F. G. de S& and others
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Isometric tension was recorded by using an isometric force
displacement transducer (Letica TRI 201; Panlab, S.L.,
Barcelona, Spain) connected to an amplifier (Bridge Amp,
ML119; ADInstruments) and to an acquisition system
(PowerLab 8/35, ML870/P ADinstruments).

Experimental protocols

After a 45 min equilibration period, the aorta and MRA
were exposed to 75 and 120 mmol 17! KCI, respec-
tively, to check their functional integrity. Then,
concentration-response  curves for  acetylcholine
(0.1 nmol 17! to 30 umol 1"!) or sodium nitroprusside
(0.1 nmol 1! to 100 umol 17') were performed
in MRA and aorta previously contracted with
noradrenaline or phenylephrine, respectively, at a
concentration that produced approximately 50-70%
of the contraction induced by KCl in each case. After
60 min, concentration—response curves for phenylephrine
(1 nmol 17! to 10 pumol 17!) were constructed in the
thoracic aorta. In MRA, noradrenaline (10 nmol 17! to
30 umol 17!) was used to study the vasoconstriction
induced by w«-adrenergic receptor activation because it
produced responses that were more stable than those
produced by phenylephrine. In certain experiments, the
endothelium was removed by gently rubbing the intimal
surface with a stainless-steel rod. The effectiveness of
removal of the endothelium was confirmed by the absence
of relaxation in response to acetylcholine (1 umol 17!) in
precontracted rings.

Additionally, the effects of the non-selective NO
synthase inhibitor N”-nitro-L-arginine methyl ester
(L-NAME; 100 pmol 171), superoxide dismutase (SOD;
150 U ml!), superoxide dismutase plus catalase
(1000 U ml 1), the superoxide dismutase mimetic tempol
(10 pmol 17), the cyclooxygenase (COX) inhibitor
indomethacin (10 pumol 17!), the COX2 inhibitor
NS-398 (10 pmol 17'), the thromboxane A, (TxA,)
receptor (TP) antagonist SQ29548 (1 wmol 17!) or
the TxA, synthase inhibitor (furegrelate; 10 wmol 171)
on concentration—response curves for acetylcholine
and phenylephrine or noradrenaline were investigated.
All drugs were added 30 min before generating the
concentration—response curve.

Thromboxane A; production

The production of TxA, was monitored by measuring
its stable metabolite TxB,, using a specific enzyme
immunoassay kit (Cayman Chemical Company, Ann
Arbor, MI, USA). Aortic rings (3—4 mm in length) were
placed for 45 min (stabilization period) in 200 ul of
gassed (95% O, and 5% CO,) KHS at 37°C. Afterwards,
three 10 min washout periods were run, and the medium
(200 ul) was collected to measure basal TxA, release.

© 2017 The Authors. Experimental Physiology © 2017 The Physiological Society
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Once the chamber was refilled, acetylcholine (0.1 nm to
3 uM) or phenylephrine (0.1 nM to 3 puM) was applied at
2 min intervals. At the end of each curve, the medium
(200 ul) was collected to measure the stimulated TxA,
release. The different assays were performed following
the manufacturer’s instructions. Results were expressed
as picograms per millilitre per milligram of wet tissue.

In situ generation of superoxide anions (0;™)

The oxidative fluorescent dye dihydroethidium (DHE)
was used to evaluate in sifu production of O,~. Frozen
tissue segments were cut into 10 wm-thick sections and
placed on a glass slide. Serial sections were equilibrated in
identical conditions for 30 min at 37°C in Krebs—Hepes
buffer (in mmol 17': 130 NaCl, 5.6 KCl, 2CaCl,, 0.24
MgCl,, 8.3 Hepes and 11 glucose, pH 7.4). Fresh buffer
containing DHE (5 pmol 17!) was applied topically to
each tissue section, covered with a coverslip, incubated
for 30 min in a light-protected humidified chamber at
37°C, and then viewed with an optical microscope (Eclipse
80i; Nikon, Japan) equipped with a rhodamine filter and
camera (DS-U3; Nikon, Japan) using a x20 objective and
the same imaging settings in each case. As a negative
control, parallel sections were pre-incubated with the
superoxide dismutase mimetic manganese (III) tetrakis
(1-methyl-4-pyridyl) porphyrin (MnTMPyP; 1 wmoll™1).
Superoxide production was quantitatively analysed with
Image] software (US National Institutes of Health,
Bethesda, MD, USA) and expressed as total fluorescence
(in arbitrary units).

Drugs

Drugs used were noradrenaline hydrochloride, acetyl-
choline chloride, sodium nitroprusside, indomethacin,
superoxide dismutase, catalase, DHE, L-NAME (all
from Sigma, St Louis, MO, USA), SQ29548 and
NS-398 (Cayman Chemical Company). Stock solutions of
acetylcholine chloride, tempol, SOD, catalase and sodium
nitroprusside were made in distilled water. Noradrenaline
was dissolved in an NaCl (0.9%)—ascorbic acid (0.01% w
v~ 1) solution. Indomethacin and SQ29548 were dissolved
in ethanol. NS-398 and furegrelate were dissolved in
DMSO. These solutions were kept at —20°C and
appropriate dilutions made on the day of the experiment.

Data management and statistical analysis

The relaxation responses to acetylcholine and sodium
nitroprusside were expressed as the percentage of
relaxation of the maximal contractile response induced
by phenylephrine. Contractile responses to phenylephrine
or noradrenaline were expressed as a percentage of the
maximal response produced by KCl. To compare the
effects of the different drugs or endothelium denudation

© 2017 The Authors. Experimental Physiology © 2017 The Physiological Society
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on the contractile responses to phenylephrine, some
results were expressed as differences in the areas under
the concentration-response curves (dAUC) in both
the control and experimental groups. The AUCs were
calculated from individual concentration-response curve
plots, and the differences are expressed as the percentage of
the control AUC from the corresponding control situation
(GraphPad Prism Software).

All values are expressed as means = SD of the number
of animals used in each experiment. Results were analysed
using Student’s unpaired ¢ test or by one-way or two-way
ANOVA for comparison between groups. When ANOVA
showed a significant treatment effect, Bonferroni’s post hoc
test was used to compare individual means. A difference
with P < 0.05 was considered significant.

Results

Body weight, fasting blood glucose, OGTT, ITT and
arterial blood pressure

Streptozotocin-injected dams had severe hyperglycaemia
on gestational day 14 compared with control dams
(control 87.2 4 17.3 mg dI™! versus hyperglycaemic
411 £ 75.2 mg dl~!; Student’s unpaired t test, P < 0.05).

Table 1 shows that birth weight was significantly
(P < 0.05) lower in O-DR than in O-CR rats, and this
parameter remained lower for all ages studied.

Male and female O-DR and O-CR were
normoglycaemic at all ages (Table 1). The OGTT was
performed in male and female offspring at 3 and
12 months of age. Blood glucose concentrations were
higher in both 3- (data not shown) and 12-month-old
O-DR compared with O-CR at 30 min and remained
increased at all the time points (Fig. 1A). Results from the
ITT demonstrated significant insulin resistance among
male and female O-DR, as they presented high blood
glucose at 30, 45 and 60 min after insulin injection
(Fig. 1B).

As previously demonstrated (Ramos-Alves et al. 20124,
b), 6- and 12-month-old male O-DR presented higher
blood pressure compared with age-matched O-CR
(Fig. 1C). However, arterial pressure of female O-DR
was similar to that of their respective age-matched O-CR
(Fig. 1C). The heart rate was similar in all tested groups
(data not shown).

Vascular reactivity study

Mesenteric resistance arteries. Potassium chloride
(75 mmol 17!) evoked similar contractions in vessels
from both female O-DR and O-CR in all age groups (data
not shown). In female offspring, acetylcholine-induced
relaxation was similar in 3-, 6- and 12-month-old
O-DR compared with age-matched O-CR (Fig. 24, B
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Table 1. Mean values for body weight and fasting glucose of 3-, 6- and 12-month-old male and female offspring of control (O-CR)

and hyperglycaemic (O-DR) rats

Female Male
Parameter O-CR O-DR O-CR O-DR
Body weight (g)
At birth 6.14 + 0.94 493 £+ 0.74* 7.65 + 0.87 5.91 + 0.91*
3 months 216 + 4.20 187 £ 5.54* 302 + 38.5 284 + 41.2*
6 months 245 + 141 219 + 5.44* 418 + 29.7 371 + 27.8*
12 months 281 + 13.3 261 + 8.05* 465 + 42.4 441 + 21.4*
Blood glucose (mg dI=")
3 months 96.2 + 13.4 96.1 + 10.3 98.5 + 14.3 97.1 £ 11.9
6 months 85.5 £ 21.0 93.5 + 4.61 92.8 + 9.13 945 + 7.43
12 months 79.5 + 24.9 84.5 £ 19.3 95.1 £ 8.11 945 + 21.8

Results are expressed as means + SD. ANOVA (one-way): P < 0.05 versus age-matched O-CR.

and C, respectively). Vasoconstriction in response to
noradrenaline in MRA from female O-DR also remained
unmodified compared with O-CR, in all age groups
(Fig. 2D, E and F, respectively). The response to sodium
nitroprusside was similar in MRA from all groups (data
not shown).

Vasoconstriction in response to noradrenaline was
increased to a similar extent by removal of the endothelium
or incubation with L-NAME in MRA from female O-DR
and O-CR (data not show). In arteries from both
female O-DR and O-CR, responses to acetylcholine and
noradrenaline remained unmodified in the presence of
indomethacin (Table 2).

Aorta. Potassium chloride (75 mmol 1=!) evoked similar
contractions in vessels from all evaluated groups studied
(data not shown). Endothelium-dependent vasodilatation
in response to acetylcholine was assessed in the isolated
aorta from male and female O-CR and O-DR, at 3, 6
and 12 months of age. In the aorta from 3-, 6- and
12-month-old female O-DR, relaxation in response to
acetylcholine was similar compared with age-matched
female O-CR (Fig. 3). In male offspring, the response to
acetylcholine was impaired only in 12-month-old OD-R
compared age-matched O-CR (Fig. 4). There were no
differences in the relaxation response induced by sodium
nitroprusside in aortic rings from both male and female
O-DR and O-CR (data not shown).

Phenylephrine-induced vasoconstriction was similar
in female O-DR aorta compared with O-CR aorta,
in all ages studied (Fig. 3). In male offspring,
while phenylephrine-induced contraction remained
unmodified in the aorta from 3- and 6-month-old O-DR
(Fig. 4Dand E), in 12 month-old O-DR aorta this response
was increased when compared with age-matched O-CR
(Fig. 4F).

As the changes in vascular reactivity were detected
only in the aorta from male 12-month-old O-DR, the

mechanisms of these changes were investigated at this age
and were compared with female age-matched offspring.

In the aorta from both 12-month-old male and female
offspring, removal of the endothelium or pre-incubation
with L-NAME increased vasoconstriction in response to
phenylephrine to a similar extent. The comparisons are
depicted in Fig. 5. The vasoconstrictor buffering capacity
of endothelium/nitric oxide was significantly less in male
O-DR than in all other groups (see dAUC graphs in Fig. 5).

The involvement of O,~ and hydrogen peroxide on
changes observed in acetylcholine-induced relaxation was
investigated. Superoxide dismutase or the permeable
SOD mimetic tempol increased acetylcholine responses
in aortic rings from male O-DR (Fig. 6A), but not in
O-CR [maximum response attributed to the drug (Enax),
64.6 £11.5% (before tempol) versus 65.7 = 10.8% (after
tempol), P> 0.05; potency of the drug (pD2,),7.18 +0.14
(before tempol) wversus 7.19 £ 0.15 (after tempol),
P > 0.05]. The co-incubation of catalase plus SOD
produced no additional effect on relaxation in response
to acetylcholine in the aorta from male O-DR (Fig. 6A).
In the aorta from female O-DR (Fig. 6C) and O-CR [Eyax,
79.9 &£ 13.5% (before tempol) versus 82.7 & 15.9% (after
tempol), P > 0.05; pD,, 7.44 £+ 0.27 (before tempol)
versus 7.37 £ 0.19 (after tempol), P > 0.05], relaxation
in response to acetylcholine remained unmodified in the
presence of tempol. The effect of SOD, tempol and SOD
plus catalase on phenylephrine-induced vasoconstriction
was also analysed. In female O-DR (Fig. 6D) and
O-CR [Enax» 78.5 £ 14.6% (before tempol) versus
80.7 £ 15.1% (after tempol), P > 0.05; pD,, 6.58 £ 0.19
(before tempol) wversus 6.51 £ 0.21 (after tempol),
P > 0.05], phenylephrine-induced vasoconstriction was
not modified by tempol. In contrast, the altered response
to phenylephrine was normalized by SOD or tempol in the
aorta from male O-DR (Fig. 6B). In this group, catalase
produced no additional effect on relaxation in response to
acetylcholine in the presence of SOD.
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Incubation with the COX inhibitor indomethacin or
the selective COX2 inhibitor NS-398 increased relaxation
in response to acetylcholine in aortic rings from male
O-DR (Fig. 7A), but not in O-CR (data not shown). In
female O-DR aorta, this response remained unaltered in
the presence of indomethacin (Fig. 7C). Likewise, COX1
and COX2 inhibition decreased phenylephrine-induced
vasoconstriction in male O-DR aorta (Fig. 7B), but not

-O- O-CR, female
@ O-DR, female
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in male O-CR (data not shown) or female O-DR aorta
(Fig. 7D).

To analyse the contribution of TxA, to the acetylcholine
and phenylephrine responses, the aorta from male O-DR
was incubated with the TP receptor antagonist Q29548 or
the TxA, synthase inhibitor, furegrelate. In these arteries,
S$Q29548 or furegrelate increased relaxation in response to
acetylcholine (Fig. 8A) and decreased the vasoconstrictor

A 1T O-CR, male B
i O-DR, male
400 100
— . 80
5 5
()] ()]
E E 601
[0} [0}
[%2] (%]
Q Q
[&] [&]
b= 3 40 A
[e)] ()]
e e
o o
ie] ke]
m m 20 A
0 ) T 1 ) T 0 T T ) T
0 30 60 20 120 0 15 30 45 60
Time (min) Time (min)
¢ 200 ~
1 O-CR
@ O-DR
*+
150 .
=)
=
£ 1004z x B T =
o
<
=
50
0 -
F M F M F M
3 months old 6 months old 12 months old

Figure 1. Glucose (A) and insulin tolerance tests (B) in 12-month-old male and female offspring of control
(O-CR) and hyperglycaemic (O-DR) rats. C, Mean arterial pressure (MAP) from 3-, 6- and 12-month-old

male (M) and female (F) O-CR and O-DR

Oral glucose tolerance test (A) and insulin tolerance test (B) performed at 12 months of age in male
and female offspring of control (O-CR) and hyperglycaemic (O-DR) rats. C, resting mean arterial pressure
(MAP) from 3-, 6- and 12-month-old male (M) and female (F) O-CR and O-DR. Results are expressed as
means + SD, n = 7 or 8 rats. One-way ANOVA: *P < 0.05 compared with age-matched O-CR; TP < 0.05

compared with 3- and 6-month-old male O-DR.
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Table 2. Effect ofindomethacin on Epax (expressed as a percentage of the response to 75 mmol I=! KCI) and pD; to noradrenaline and

acetylcholine of mesenteric resistance arteries from 3-, 6- and 12-month-old female offspring of control (O-CR) and hyperglycaemic
(O-DR) rats

Control Indomethacin

Acetylcholine Noradrenaline Acetylcholine Noradrenaline

Group Emax (%) pD> Emax (%) pD> Emax (%) pD2 Emax (%) pD>

O-CR 3 monthsold  82.1 + 125 7.12 + 0.43 107 £+ 6.21 5.64 + 0.06 83.3 + 13.1 7.15 + 0.14 102 + 16.8 5.57 + 0.24
O-DR 3 monthsold 725 + 15.2 7.46 £+ 0.62 109 £+ 10.4 5.73 £ 0.09 755 + 10.6 7.37 = 0.14 100 + 11.9 5.69 + 0.30
O-CR 6 monthsold 76.8 + 10.8 7.36 + 0.38 106 £+ 10.5 5.62 &+ 0.09 79.4 + 158 7.56 + 0.24 108 + 15.0 5.71 £ 0.21
O-DR 6 monthsold 789 + 10.7 7.46 + 0.38 110 + 14.0 5.79 £ 0.06 75.5 + 153 7.51 &+ 0.57 102 + 21.5 5.72 + 0.24
O-CR 12 monthsold 769 + 11.7 7.13 £ 0.48 100 £+ 14.2 5.77 £ 0.12 79.0 + 15.6 7.23 + 0.43 109 + 19.8 5.69 + 0.27
O-DR 12 monthsold 70.9 £+ 10.2 7.22 + 0.43 103 £ 12.3 5.75 &+ 0.09 75.7 + 8.13 7.28 £ 0.24 105 + 17.3 5.69 + 0.30

Results are expressed as means + SD (n = 7 or 8 in each group). Emax, maximum response attributed to the drug; pD;, potency of the
drug. It is equivalent to the —log EC50 (the drug concentration producing 50% of the maximum response).

response to phenylephrine. This effect was similar to that ~ Thromboxane A; release
produced byNS-398 (compare Fig. 7A and 7B with Fig, 8.A In the aorta from male O-DR and O-CR, acetylcholine
and 8B). Pre-incubation with SQ29548 or furegrelate did . .

. . or phenylephrine increased TxA, release (Fig. 8C and D).
not affect the response to acetylcholine or phenylephrine For both stimuli. TxB trati hicher in th
in the aorta from male O-CR or female O-CR and O-DR Of DOth stumttl, 2xBb; coicentiations were gher in tace

(data not shown) aorta from O-DR compared with O-CR (Fig. 8Cand D).
@ O-CR, female 3 months ol ] @ O-CR, female 12 months o
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Figure 2. Concentration-response curves for acetylcholine (A-C) and noradrenaline (D-F) in mesenteric
resistance arteries from 3-, 6- and 12-month-old female O-CR and O-DR
Results are expressed as means + SD, n = 7 or 8 rats. Results were analysed by two-way ANOVA.
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Superoxide production

As seen in Fig. 9, the intensity of fluorescence emitted
by DHE was increased in the aorta from male O-DR
when compared with O-CR, indicating an increased O,
generation.

Discussion

The results presented here demonstrate that, in rats,
maternal exposure to hyperglycaemia leads to high blood
pressure and vascular dysfunction in male but not in
female offspring. Male O-DR showed an age-dependent
decline of aortic endothelial function, which was
characterized by impaired relaxation in response to
acetylcholine and increased vasoconstriction in response
to phenylephrine at 12 months of age. These changes were
associated with enhanced COX2-derived TxA, release and
decreased NO bioavailability attributable to increased O, ~
generation. Preservation of vascular function of female
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O-DR, particularly in resistance arteries, may in part
explain the lack of hypertension in this group.

It was observed in previous studies from our group
(Ramos-Alves et al. 2012a, b), in agreement with other
studies (Nehiri et al. 2008), that male O-DR were
hypertensive from 6 months of age, which became
progressively worse with the age. However, in the present
study, using the same fetal programming model, we
observed that 3-, 6- and 12-month-old female O-DR
were normotensive compared with age-matched O-CR,
suggesting a sex-specific increase of blood pressure in
offspring of diabetic dams. Sex-specific hypertension has
also been reported in other fetal programming models.
Maternal undernutrition (Ozaki et al. 2001; Woods
et al. 2005), uteroplacental insufficiency (Hemmings
et al. 2005), exposure to glucocorticoids (Dodic et al.
2002) or a high-sodium diet (Vehaskari & Woods, 2005)
results into hypertension among male offspring but
not among the female group. The aetiology of these
sex differences is unclear, but could involve differences
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Figure 3. Concentration-response curves for acetylcholine (A-C) and phenylephrine (D-F) in the aorta
from 3-, 6- and 12-month-old female O-CR and O-DR
Results are expressed as means + SD, n = 7 or 8 rats. Results were analysed by two-way ANOVA.
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in the amount of sex hormones. As demonstrated by
Alexander (2003), female growth-restricted offspring had
normalized blood pressure when they reached the puberty.
In addition, when these offspring were ovariectomized,
the blood pressure increased, an effect that was absent
in female offspring of control dams (Alexander, 2003).
Additionally, Intapad et al. (2013) demonstrated that aged
female growth-restricted offspring exhibit increased blood
pressure associated with cessation of oestrous cycles and
increased testosterone concentrations.

We have previously reported (Ramos-Alves et al.
2012a, b) that resistance arteries from male O-DR
presented endothelial dysfunction signals that were
already evident at 3 months of age and progressed up to
12 months of age. This was characterized by decreased
vasodilatation in response to acetylcholine and by an
endothelium-dependent hyperactivity to noradrenaline
in MRA. Insulin resistance commonly coexists with

A -@ O-CR, male 3 months old B
- O-DR, male 3 months old

-25 4
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@ O-CR, male 6 months old C
- O-DR, male 6 months old
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endothelial dysfunction in some cardiovascular diseases
(Prieto et al. 2014). Blunted endothelium-derived NO is
believed to be the primary defect that links these two
processes. Nitric oxide deficiency results from decreased
synthesis and/or release in combination with decreased
bioavailability attributable to increased generation of
reactive oxygen species (ROS). Insulin resistance also
leads to vasoconstriction and inflammation, which
occasionally produce hypertension (Chahwala & Arora,
2009). According to our previous reports (Ramos-Alves
et al. 2012a, b), male offspring of hyperglycaemic rats
were insulin resistant and showed impaired endothelial
function, which may be associated with the genesis and/or
maintenance of hypertension in these animals. Here,
despite marked differences in insulin resistance relative
to those in O-CR, no feasible evidence of impaired
endothelial function or increased vasoconstriction in
female O-DR MRA could be find. Considering that
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Figure 4. Concentration-response curves for acetylcholine (A-C) or phenylephrine (D-F) in the aorta

from 3-, 6- and 12-month-old male O-CR and O-DR

Results are expressed as means + SD, n = 7 or 8 rats. Results were analysed by two-way ANOVA, *P < 0.05

compared with O-CR.
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mesenteric resistance vessels play a pivotal role in the
regulation of vascular resistance (Christensen & Mulvany,
1993), the absence of vascular changes in MRA from
female O-DR may explain, at least in part, the lack of
hypertension in this group. It is unclear what accounts for
this protection. However, an influence of sex hormones
on insulin sensitivity, endothelial function and blood
pressure control has been suggested. In this sense,
Vasudevan et al. (2005) have shown that the endothelial
dysfunction and hypertension following insulin resistance
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develop only in the presence of testosterone. Additionally,
testosterone is indicated to provide a pro-hypertensive
effect by various fetal programming models, whereas
oestrogen is suggested to act as an anti-hypertensive
agent. Another mechanism that may explain the absence
of hypertension in female O-DR is the intact baroreflex
function (Katkhuda et al. 2012). In male offspring of
hyperglycaemic dams, impaired baroreflex function has
been suggested as a potential mechanism to increased
blood pressure in these animals (Wichi et al. 2005).
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Figure 5. Effects of removal of the endothelium or pre-incubation with I-NAME on phenylephrine-
induced contraction in the aorta from 12-month-old male (A,B) and female (C,D) O-CR and O-DR

The inset graph shows differences in the area under the curve (dAUC) in the absence (E—) or presence
of endothelium (E+) or L-NAME; dAUC values are expressed as arbitrary units. Results are expressed as
means + SD, n = 6-8 rats. Results were analysed by two-way ANOVA, *P < 0.05 male/female E—/.-NAME

versus male/female E+.
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Our data also reveal differences in the vascular reactivity
of conductance arteries between male and female O-DR.
In female O-DR aorta, the responses to acetylcholine and
phenylephrine remained unmodified at 3,6 and 12 months
compared with age-matched O-CR. In contrast, in
male O-DR, although no differences were detected at 3
and 6 months, evidence of endothelial dysfunction was
found in 12-month-old O-DR aorta. In this group,
decreased relaxation in response to acetylcholine and
increased vasoconstriction in response to phenylephrine
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were observed. Comparing these results with those
observed by Ramos-Alves et al. (20124, b) in MRA,
it is possible to suggest that thoracic aorta is ‘more
resistant’ to the effects of fetal programming induced by
hyperglycaemia. On the contrary, resistance vessels are
more susceptible to this developmental insult, which in
turn might contribute to increase in peripheral vascular
resistance and blood pressure in male O-DR. In both
arteries from male and female O-DR, the vasodilator
response to the NO donor sodium nitroprusside was
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Figure 6. Effects of superoxide dismutase (SOD), SOD plus catalase (CAT) or tempol on acetylcholine-
induced relaxation (A and C) or phenylephrine-induced contraction (B and D) in the aorta from
12-month-old male (A and B) and female (C and D) O-DR

Results are expressed as means =+ SD, n = 6-8 rats. Results were analysed by two-way ANOVA, *P < 0.05

SOD or SOD + CAT or tempol versus control.
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similar, indicating that altered acetylcholine-induced
vasodilatation is not attributable to a decreased NO
vasodilator response.

Given that modifications in vascular reactivity were
detected only in 12-month-old male O-DR aorta,
our further objective was to elucidate the potential
mechanisms of altered acetylcholine and phenylephrine
responses in this group. First, we evaluated possible
quantitative or qualitative differences in the participation
of endothelial factors in the contractile responses to
phenylephrine in both O-CR and O-DR. Both removal of
the endothelium and NO synthase inhibition (L-NAME)
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produced smaller increases in vasoconstriction in response
to phenylephrine in male O-DR than O-CR. This
suggests a decrease in NO release or bioavailability in
male O-DR aorta, which in turn could contribute to
the augmented phenylephrine-induced vasoconstriction
in these rats. Increased O, generation, leading to a
decrease in NO bioavailability, has been reported in several
cardiovascular diseases, including hypertension, diabetes
and obesity (Davel et al. 2011). Bearing this in mind,
we analysed the functional participation of O, in the
vasoconstrictor response to phenylephrine in O-CR and
O-DR aorta. Pre-incubation with SOD or the permeable
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Figure 7. Effects of indomethacin (a COX inhibitor) or NS-398 (a COX2 inhibitor) on acetylcholine-induced
relaxation (A and C) or phenylephrine-induced contraction (B and D) in the aorta from 12-month-old

male (A and B) and female (C and D) O-DR

Results are expressed as means + SD, n = 6-8 rats. Results were analysed by two-way ANOVA, *P < 0.05

indomethacin or NS-398 versus control.
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SOD mimetic tempol decreased the contractile response
to phenylephrine in aorta from O-DR. Furthermore, in
O-DR aorta the relaxation in response to acetylcholine
was potentiated in the presence of SOD or tempol.
Taken together, these results indicate that oxidative
stress in male O-DR aorta redirected NO-dependent
relaxation to O, -dependent vasoconstriction. In line
with these functional results, the in situ detection of
0O,~ was significantly higher in O-DR aorta, reinforcing
the hypothesis of endothelial dysfunction by increased
local oxidative stress. As previously reported (Arun ef al.
2004; Leo et al. 2011), tempol did not affect relaxation
or contractile responses of O-CR aorta, implying that
O,~ has an undetectable effect on vascular reactivity
in control offspring aorta. Additionally, catalase did not
induce any additional effect on SOD-treated aorta, ruling
out a functional role of H,O, in the observed vascular
alterations in O-DR. Reactive oxygen species are also
implicated in several physiological and pathophysiological
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processes in vascular smooth muscle, such as
contraction, growth, differentiation, migration, release of
pro-inflammatory cytokines and apoptosis (Touyz, 2004).
Therefore, although not analysed in the present study, a
potential deleterious effect of O, on vascular smooth
muscle cells from male O-DR cannot be discounted.

In female O-DR aorta, the potentiation of
phenylephrine-induced vasoconstriction by removal of
the endothelium or L-NAME was comparable to that
obtained in female O-CR. In these groups, pre-incubation
with tempol did not affect responses to acetylcholine
or phenylephrine, indicating that the vascular function
of female offspring is protected from oxidative damage
induced by exposure to maternal hyperglycaemia. This
effect is not completely understood; however, some
evidence indicates that modulation of oxidant status by sex
hormones may contribute to the differential programming
of cardiovascular risk in male and female offspring (Ojeda
et al. 2012; Xiao et al. 2013).
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Figure 8. Effects of furegrelate or SQ29548 on acetylcholine (A) and phenylephrine responses (B) in
aorta from 12-month-old male O-DR. Basal and acetylcholine- (C) or phenylephrine-stimulated (D)
thromboxane B2 (TxB2) release in aorta from 12-month-old male O-CR and O-DR

Results are expressed as means + SD, n = 6-8 rats. Acetylcholine and phenylephrine curves were analyzed
by two-way ANOVA, *P < 0.05 SQ29548/furegrelate versus control. Results of TxA2 release were analyzed
by one way ANOVA, *P < 0.05 versus basal; TP < 0.05 versus O-CR.
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In addition to NO, endothelial cells can release
several contraction-inducing prostanoids that modulate
endothelium-dependent relaxation and contraction in
response to «-adrenergic receptor activation, at least
in certain conditions (Tesfamariam et al. 1989; Xavier
et al. 2008; Ramos-Alves et al. 2012a, b). Thus, the
effect of indomethacin (a COX1/2 inhibitor) or NS-398
(a selective COX2 inhibitor) on acetylcholine and
phenylephrine responses was analysed in the aorta from
male O-CR and O-DR. Indomethacin or NS-398 increased
the acetylcholine-induced relaxation and decreased
the vasoconstriction in response to phenylephrine
only in male O-DR aorta with similar potencies,
apparently indicating the participation of vasoconstrictor
COX2-derived prostanoids in these responses.

Activation of the TP receptor is one of the most
important pathways that contributes to COX-mediated
endothelial dysfunction in different cardiovascular risk
factors (Xavier et al. 2008; Félétou et al 2011;
Ramos-Alves et al. 20124, b). In the present study,
incubation with SQ29548 (a TP receptor antagonist)
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Figure 9. Increased superoxide anions generation in aorta
from O-DR

Top panels, representative fluorescence microphotographs of
aortic sections labelled with the O, reactive agent
dihydroethidine (DHE; original magnification x20) in the male
O-CR and O-DR. Bottom panel, densitometric analysis of
fluorescence intensity of arteries from O-CR and O-DR. The
DHE fluorescence signal was evaluated in basal conditions or
after incubation with MnTMPyP. Data represent means =+ SD
from five animals in each group. Student’s unpaired t test,

*P < 0.05 versus O-CR.
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increased acetylcholine-induced relaxation and reduced
the contraction in response to phenylephrine in male
O-DR aorta. This effect was similar to that produced
by indomethacin or NS-398, suggesting a role for TP
receptor activation as the main mechanism of the
COX2-mediated endothelial dysfunction in the aorta of
male O-DR. Various prostanoids may contract vascular
smooth muscle by activating TP receptors (Félétou et al.
2011). To identify the role of TxA,, aortic segments were
incubated with the TxA, synthase inhibitor furegrelate.
The fact that furegrelate induced a similar effect on the
responses to acetylcholine and phenylephrine in male
O-DR aorta suggests that TxA, is the major COX2-derived
vasoconstrictor prostanoid released in these vessels.
In line with these functional findings, acetylcholine-
and phenylephrine-stimulated TxA, concentrations were
increased in the aorta from O-DR.

It has been reported that metabolism of COX2 may
generate ROS (Cosentino et al. 2003) and thus ROS can
induce COX2 expression (Martinez-Revelles et al. 2013).
As pointed out, the oxidative stress and COX2 pathways
are involved in the vascular abnormalities in male O-DR,
which may suggest a reciprocal involvement of COX2 and
ROS. Furthermore, TP receptor activation has also been
associated with ROS generation in the whole animal or at
the cellular level (Kawada et al. 2004; Wilson et al. 2009).
Thus, increased TxA, release associated with increased TP
receptor activation may also be involved in ROS generation
in male O-DR aorta.

Inhibition of COX with indomethacin or NS-398 did
not alter the relaxation in response to acetylcholine or
the vasoconstriction by activation of «-adrenoceptors
in either the aorta or MRA from female O-DR. Taken
together, these results with those previously published by
Ramos-Alves et al. (20124, b) indicate that differences of
production of COX2-derived vasoconstrictor prostanoids
could underlie differences in vascular function between
male and female O-DR. Differences in the contribution of
COX-derived prostanoids to vascular reactivity between
males and females have been reported (Kihonen et al.
1998). The exact mechanism underlying these differences
is not understood, but may be related to a beneficial
effect of oestrogen. This hormone suppresses cox2 gene
expression (Morisset et al. 1998; Stacey et al. 2016),
inhibits oxidative stress (Hernandez et al. 2000) and
increases NO release (Skarsgard et al. 1997), altering
the relative contributions of NO and prostanoids to
endothelium-mediated vascular responses. Moreover, it
has been reported that ovariectomy increases COX2
expression (Martorell et al 2009) and release of
vasoconstrictor prostanoids (Tada et al. 2004), which
impair vasodilator responses and increase arterial blood
pressure (Hernandez et al. 2000).

There are some limitations of this study. First, offspring
were studied over a range of ages (3—12 months), and
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it is possible that age-related effects in female offspring
exist, but were not identified. Second, given that we used
STZ to induce maternal hyperglycaemia, our model is
one of gestational insulinopenia and hyperglycaemia and
not gestational diabetes, a condition of insulin resistance.
In addition, it is possible that STZ crossed the placenta
and had a toxic effect on the fetal endocrine pancreas.
However, we believe this to be unlikely for the following
reasons: (i) STZ has a very short (30 min) half-life (Schein
& Loftus, 1968); (ii) S-cell development in the rat occurs
mainly during the last week of fetal growth (Blondeau
& Breant, 2005); and (iii) insulin concentrations were
similar in O-DR regardless of exposure to STZ (de Queiroz
et al. 2015). Finally, the arterial blood pressure was
measured justonly once and, therefore, the influence of
the diurnal-nocturnal rhythm on blood pressure was not
analysed.

In summary, the results presented here, and
previously (Ramos-Alves et al. 20124, b), confirm that
hyperglycaemia in pregnant rats induces hypertension
in male but not in female offspring. The fact that
vascular function, particularly in resistance arteries, is
preserved in female O-DR may in part explain the
absence of hypertension in animals of this group. In
contrast, the peripheral artery dysfunction associated with
increased production of COX2-derived vasoconstrictor
prostanoids could underlie the increased blood pressure in
male O-DR. Accumulating evidence supports the notion
that oestrogen prevents hypertension and COX-mediated
vascular dysfunction in some circumstances. Therefore,
it seems reasonable to assume that this hormone
could be responsible for the sex-specific vascular
differences observed in male and female offspring from
hyperglycaemic dams. However, this possibility requires
further detailed investigation.

References

Alexander BT (2003). Placental insufficiency leads to
development of hypertension in growth-restricted offspring.
Hypertension 41, 457—462.

Arun KH, Kaul CL & Poduri R (2004). Tempol augments
angiotensin II-induced AT2 receptor-mediated relaxation in
diabetic rat thoracic aorta. ] Hypertens 22, 2143-2152.

Barker DJ (1995). Fetal origins of coronary heart disease. BM]
311, 171-174.

Barker DJ (1998). In utero programming of chronic disease.
Clin Sci (Lond) 95, 115-128.

Barker DJ (2004). The developmental origins of chronic adult
disease. Acta Pediatr Suppl 93, 26-33.

Blondeau B & Breant B (2005). Effect of nutrition on fetal
development: a view on the pancreatic beta-cells. In
Diabetology of Pregnancy. Front Diabetes, ed. Djelmis J,
Desoye G & Ivanisevic M, vol. 17, pp. 83-93. Karger, Basel.

Chahwala V & Arora R (2009). Cardiovascular manifestations
of insulin resistance. Am | Ther 16, e14—e28.

F. G. de S& and others

Exp Physiol 102.8 (2017) pp 10191036

Christensen KL & Mulvany MJ (1993). Mesenteric arcade
arteries contribute substantially to vascular resistance in
conscious rats. J Vasc Res 30, 73-79.

Cosentino F, Eto M, De Paolis P, van der Loo B, Bachschmid
M, Ullrich V, Kouroedov A, Delli Gatti C, Joch H, Volpe M
& Liischer TF (2003). High glucose causes upregulation of
cyclooxygenase-2 and alters prostanoid profile in human
endothelial cells: role of protein kinase C and reactive oxygen
species. Circulation 107, 1017-1023.

Davel AP, Wenceslau CF, Akamine EH, Xavier FE, Couto GK,
Oliveira HT & Rossoni LV (2011). Endothelial dysfunction
in cardiovascular and endocrine-metabolic diseases: an
update. Braz ] Med Biol Res 44, 920-932.

de Queiroz DB, Sastre E, Caracuel L, Callejo M, Xavier FE,
Blanco-Rivero ] & Balfagoén G (2015). Alterations in
perivascular innervation function in mesenteric arteries
from offspring of diabetic rats. Br ] Pharmacol 172,
4699-4713.

Dodic M, Abouantoun T, O’Connor A, Wintour EM &

Moritz KM (2002). Programming effects of short prenatal
exposure to dexamethasone in sheep. Hypertension 40,
729-734.

Dong M, Zheng Q, Ford SP, Nathanielsz PW & Ren J (2013).
Maternal obesity, lipotoxicity and cardiovascular diseases in
offspring. ] Mol Cell Cardiol 55, 111-116.

Félétou M, Huang Y & Vanhoutte PM (2011).
Endothelium-mediated control of vascular tone: COX-1 and
COX-2 products. Br J Pharmacol 164, 894-912.

Godfrey KM & Barker DJ (2001). Fetal programming and adult
health. Public Health Nut 4, 611-624.

Grundy D (2015). Principles and standards for reporting
animal experiments in The Journal of Physiology and
Experimental Physiology. Exp Physiol 100, 755-758.

Hemmings DG, Williams SJ & Davidge ST (2005). Increased
myogenic tone in 7-month-old adult male but not female
offspring from rat dams exposed to hypoxia during
pregnancy. Am J Physiol Heart Circ Physiol 289,
H674-H682.

Hernandez I, Delgado JL, Diaz J, Quesada T, Teruel MJ,
Llanos MC & Carbonell LF (2000). 178-Estradiol prevents
oxidative stress and decreases blood pressure in
ovariectomized rats. Am J Physiol Reg Integr Comp Physiol
279, R1599-R1605.

Holemans K, Gerber R, O’Brien-Coker I, Mallet A, van Bree R,
van Assche FA & Poston L (2000). Raised saturated-fat intake
worsens vascular function in virgin and pregnant offspring
of streptozotocin-diabetic rats. Br ] Nutr 84, 285-296.

Intapad S, Tull FL, Brown AD, Dasinger JH, Ojeda NB, Fahling
JM & Alexander BT (2013). Renal denervation abolishes the
age-dependent increase in blood pressure in female
intrauterine growth-restricted rats at 12 months of age.
Hypertension 61, 828—834.

Kihonen M, Tolvanen JP, Sallinen K, Wu X & Porsti I (1998).
Influence of gender on control of arterial tone in
experimental hypertension. Am J Physiol Heart Circ Physiol
275, H15-H22.

Katkhuda R, Peterson ES, Roghair RD, Norris AW, Scholz TD
& Segar JL (2012). Sex-specific programming of
hypertension in offspring of late-gestation diabetic rats.
Pediatr Res 72, 352-361.

© 2017 The Authors. Experimental Physiology © 2017 The Physiological Society



Exp Physiol 102.8 (2017) pp 1019-1036 ~ Sex-related vascular changes in offspring of hyperglycaemic dams

Kawada N, Dennehy K, Solis G, Modlinger P, Hamel R, Kawada
JT, Aslam S, Moriyama T, Imai E, Welch W] & Wilcox CS
(2004). TP receptors regulate renal hemodynamics during
angiotensin II slow pressor response. Am ] Physiol Renal
Physiol 287, F753-F759.

Kwong WY, Wild AE, Roberts P, Willis AC & Fleming TP
(2000). Maternal undernutrition during the preimplantation
period of rat development causes blastocyst abnormalities
and programming of postnatal hypertension. Development
127, 4195-4202.

Lawlor DA, Lichtenstein P & Langstrom N (2011). Association
of maternal diabetes mellitus in pregnancy with offspring
adiposity into early adulthood: sibling study in a prospective
cohort of 280,866 men from 248,293 families. Circulation
123, 258-265.

Leo C, Hart ] & Woodman O (2011). Impairment of both nitric
oxide-mediated and EDHF-type relaxation in small
mesenteric arteries from rats with streptozotocin-induced
diabetes. Br ] Pharmacol 162, 365-377.

Martinez-Revelles S, Avendano MS, Garcia-Redondo AB,
Alvarez Y, Aguado A, Pérez-Girén JV, Garcia-Redondo L,
Esteban V, Redondo JM, Alonso MJ, Briones AM & Salaices
M (2013). Reciprocal relationship between reactive oxygen
species and cyclooxygenase-2 and vascular dysfunction in
hypertension. Antioxid Redox Signal 18, 51-65.

Martorell A, Sagredo A, Aras-Lopez R, Balfagén G & Ferrer M
(2009). Ovariectomy increases the formation of prostanoids
and modulates their role in acetylcholine-induced relaxation
and nitric oxide release in the rat aorta. Cardiovasc Res 84,
300-308.

Morisset S, Party C, Lora M & de Brum-Fernandes AJ (1998).
Regulation of cyclooxygenase-2 expression in bovine
chondrocytes in culture by interleukin-1le, tumor necrosis
factor-a, glucocorticoids, and 17 8-estradiol. ] Rheumatol 25,
1146-1153.

Mulvany MJ & Halpern W (1977). Contractile properties of
small arterial resistance vessels in spontaneously
hypertensive and normotensive rats. Circ Res 41,

19-26.

Nehiri T, Duong Van Huyen JP, Viltard M, Fassot C, Heudes D,
Freund N, Deschénes G, Houillier P, Bruneval P &
Lelievre-Pégorier M (2008). Exposure to maternal diabetes
induces salt-sensitive hypertension and impairs renal
function in adult rat offspring. Diabetes 57,

2167-2175.

Nerenberg K, Daskalopoulou SS & Dasgupta K (2014).
Gestational diabetes and hypertensive disorders of
pregnancy as vascular risk signals: an overview and grading
of the evidence. Can J Cardiol 30, 765-773.

Ojeda NB, Hennington BS, Williamson DT, Hill ML, Betson
NE, Sartori-Valinotti JC, Reckelhoff JF, Royals TP &
Alexander BT (2012). Oxidative stress contributes to sex
differences in blood pressure in adult growth-restricted
offspring. Hypertension 60, 114-122.

Ozaki T, Nishina H, Hanson MA & Poston L (2001). Dietary
restriction in pregnant rats causes gender-related
hypertension and vascular dysfunction in offspring. J Physiol
530, 141-152.

© 2017 The Authors. Experimental Physiology © 2017 The Physiological Society

1035

Porto NP, Juca DM, Lahlou S, Coelho-de-Souza AN, Duarte
GP & Magalhdes PJ (2010). Effects of K* channels inhibitors
on the cholinergic relaxation of the isolated aorta of adult
offspring rats exposed to maternal diabetes. Exp Clin
Endocrinol Diabetes 118, 360-363.

Prieto D, Contreras C & Sanchez A (2014). Endothelial
dysfunction, obesity and insulin resistance. Curr Vasc
Pharmacol 12, 412-426.

Ramos-Alves FE, de Queiroz DB, Santos-Rocha J, Duarte GP &
Xavier FE (2012a). Effect of age and COX-2-derived
prostanoids on the progression of adult vascular dysfunction
in the offspring of diabetic rats. Br ] Pharmacol 166,
2198-2208.

Ramos-Alves FE, de Queiroz DB, Santos-Rocha J, Duarte GP &
Xavier FE (2012b). Increased cyclooxygenase-2-derived
prostanoids contributes to the hyperreactivity to
noradrenaline in mesenteric resistance arteries from
offspring of diabetic rats. PLoS One 7, €50593.

Rocha SO, Gomes GN, Forti ALL, do Carmo Pinho Franco M,
Fortes ZB, de Fatima Cavanal M & Gil FZ (2005). Long-term
effects of maternal diabetes on vascular reactivity and renal
function in rat male offspring. Pediatr Res 58, 1274—1279.

Schein PS & Loftus S (1968). Streptozotocin: depression of
mouse liver pyridine nucleotides. Cancer Res 28, 1501-1506.

Simeoni U & Barker DJ (2009). Offspring of diabetic
pregnancy: long-term outcomes. Semin Fetal Neonatal Med
14, 119-124.

Skarsgard P, van Breemen C & Laher I (1997). Estrogen
regulates myogenic tone in pressurized cerebral arteries by
enhanced basal release of nitric oxide. Am J Physiol Heart
Circ Physiol 273, H2248-H2256.

Stacey W, Bhave S & Uht RM (2016). Mechanisms by which
17 B-estradiol (E2) suppress neuronal cox-2 gene expression.
PLoS One 11, e0161430.

Tada Y, Ichihara A, Koura Y, Okada H, Kaneshiro Y, Hayashi M
& Saruta T (2004). Ovariectomy enhances renal cortical
expression and function of cyclooxygenase-2. Kidney Int 66,
1966-1976.

Tesfamariam B, Jakubowski JA & Cohen RA (1989).
Contraction of diabetic rabbit aorta caused by endothelium-
derived PGH,-TxA,. Am ] Physiol 257, 1327-1333.

Touyz RM (2004). Reactive oxygen species and angiotensin II
signaling in vascular cells - implications in cardiovascular
disease. Braz ] Med Biol Res 37, 1263-1273.

Vasudevan H, Xiang H & McNeill JH (2005). Differential
regulation of insulin resistance and hypertension by sex
hormones in fructose-fed male rats. Am J Physiol Heart Circ
Physiol 289, 1335-1342.

Vehaskari VM & Woods LL (2005). Prenatal programming of
hypertension: lessons from experimental models. ] Am Soc
Nephrol 16, 2545-2556.

Wichi RB, Souza SB, Casarini DE, Morris M, Barreto-Chaves
ML & Irigoyen MC (2005). Am J Physiol Regul Integr Comp
Physiol 288, 1129-1133.

Wilson SJ, Cavanagh CC, Lesher AM, Frey AJ, Russell SE &
Smyth EM (2009). Activation-dependent stabilization of the
human thromboxane receptor: role of reactive oxygen
species. J Lipid Res 50, 1047—-1056.



1036

Woods LL, Ingelfinger JR & Rasch R (2005). Modest maternal
protein restriction fails to program adult hypertension in
female rats. Am J Physiol Regul Integr Comp Physiol 289,
1131-1136.

Xavier FE, Aras-Lopez R, Arroyo-Villa I, del Campo L, Salaices
M, Rossoni LV, Ferrer M & Balfagon G (2008). Aldosterone
induces endothelial dysfunction in resistance arteries from
normotensive and hypertensive rats by increasing
thromboxane A, and prostacyclin. Br ] Pharmacol 154,
1225-1235.

Xiao D, Huang X, Yang S & Zhang L (2013). Estrogen
normalizes perinatal nicotine-induced hypertensive
responses in adult female rat offspring. Hypertension 61,
1246-1254.

Yessoufou A & Moutairou K (2011). Maternal diabetes in
pregnancy: early and long-term outcomes on the offspring
and the concept of “metabolic memory”. Exp Diabetes Res
2011, 218598.

Additional information

Competing interests

None declared.

Author contributions

This study was performed in the Laboratory of Vascular
Reactivity of the Federal University of Pernambuco, Brazil
Conception or design of the work: G.P.D. and F.E.X. Acquisition,

F. G. de S& and others

Exp Physiol 102.8 (2017) pp 1019-1036

analysis or interpretation of data for the work: EG.S., D.B.Q.,
EE.R.-A,, J.S.-R,, O.AS., H.SM., G.A.L, M.AR. and EEX.
Drafting the work or revising it critically for important
intellectual content: G.P.D. and EE.X. All authors approved the
final version of the manuscript and agree to be accountable for
all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately
investigated and resolved. All persons designated as authors
qualify for authorship, and all those who qualify for authorship
are listed.

Funding

This work was supported by grants from Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq) and
from Fundag¢do de Amparo a Ciéncia e Tecnologia do Estado
de Pernambuco (FACEPE). FG.S., O.A.S. and M.A.R. were
supported by doctoral degree fellowships from FACEPE. D.B.Q.,
EE.R.-A., G.A.L., H.S.M. and J.S.-R. were supported by doctoral
degree fellowships from Coordenac¢do de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES). G.P.D. and EEX. are
recipients of research fellowships from CNPq. The funder had no
role in the study design, data collection or analysis, manuscript
preparation or the decision to publish it.

Acknowledgements

We are grateful to José Antonio de Albuquerque for his technical
assistance.

© 2017 The Authors. Experimental Physiology © 2017 The Physiological Society



APENDICE B - Female hormones protects against oxidative stress-induced
endothelial dysfunction in offspring of diabetic rats

99



Artigo a ser submetido ao periédico: Experimental Physiology

Female hormones protects against oxidative stress-induced endothelial

dysfunction in offspring of diabetic rats.

Francine |. Gomes-de-Sa, Thayane Rebeca A. Santos, Gloria P. Duarte,

Fabiano E. Xavier.

Departamento de Fisiologia e Farmacologia, Universidade Federal de

Pernambuco, Recife, Brazil.

Corresponding author: Fabiano E. Xavier, Departamento de Fisiologia e
Farmacologia, Centro de Ciéncias Biologicas, Universidade Federal de
Pernambuco, Avenida Prof. Moraes Régo, Cidade Universitaria, 50670-901,

Recife Brazil. E-mail: fabianoxavier@ufpe.br, fabiano.exavier@gmail.com

Keywords: fetal programming, diabetes, hypertension, vascular dysfunction,

estrogen, sexual dimorphism.

100


mailto:fabianoxavier@ufpe.br
mailto:fabiano.exavier@gmail.com

101

Abstract

We previously reported that female offspring are resistant to prenatal
hyperglycemia-induced programming of hypertension and vascular dysfunction.
The present study tested the hypothesis that estrogen plays a role in protecting
females in fetal programming of hypertension and vascular dysfunction.
Pregnant rats were divided into control and diabetic (induced on 7" day of
gestation) groups. Ovariectomy (OVX) and estrogen (E2, 50 pg kg™, s.c.,
alternate days) replacement were performed in 8-week-old female offspring of
control (O-CR) and diabetic (O-DR) dams. Aorta and mesenteric resistance
arteries (MRA) were used to evaluate the phenylephrine- and noradrenaline-
induced contraction, respectively, and relaxation to acetylcholine (ACh) and
sodium nitroprusside (SNP). Mean arterial pressure was similar in all groups (O-
CR-Sham: 99.6+1.95; O-CR-OVX: 103+2.47; O-DR-Sham: 99.6+3.71; O-DR-
OVX: 100+2.14 and O-DR-OVX-E2: 95.7£1.46 mmHg, P>0.05). Ovariectomy in
O-C R reduced ACh-induced relaxation and increased contractile reposes in
both aorta and MRA. These changes were abolished by preincubation of
arteries with tempol or apocynin. E2 replacement prevented the vascular
changes induced by ovariectomized in arteries from O-DR group. In O-DR-
OVX-E2 apocynin or tempol failed to produce alterations on relaxation to
acetylcholine and contraction to noradrenaline or phenylephrine. Relaxation to
SNP was similar in all groups. The results indicate that estrogen is not directly
responsible for the sex dimorphism in fetal programming of hypertension in
female offspring of diabetic rats. Results from this study also indicate that
estrogen may function as an antioxidant, resulting in protection of females from

development endothelial dysfunction in adulthood.



1. Introduction

The fetal origin hypothesis proposes that adverse insults during
intrauterine life result in developmental adaptations which can lead to long-term
health risk and iliness, such as metabolic and cardiovascular diseases (Barker
et al., 1995). Several studies with animal models have provided evidences of
fetal programming events, showing that changes in maternal nutrition (protein
restriction, high-sodium diet, etc) (Woods et al., 2005; Vehaskari & Woods,
2005), uteroplacental insufficiency (Ojeda et al., 2007), and exposure to
maternal glucocorticoids (Dosic et al., 2002) or hyperglycemia (Ramos-Alves et
al., 2012a,b) can have long-term effects on the offspring that are relevant to

human cardiovascular diseases.

Gender influences on incidence and severity of cardiovascular diseases
have been reported in various fetal programming models. Previous studies
showed higher hypertension incidence in male offspring whose mothers had
been treated with nutrient restriction (Kwong et al., 2000), high-saturated fat diet
(Langley-Evans, 1996), utero-placental insufficiency (Alexander, 2003),
moderate sodium intake (Woods & Rasch, 2011) or exposure to glucocorticoids
(Dodic et al., 2002) that is not present in female offspring. Moreover, some
prenatal manipulations have resulted in the vascular response to fetal insult
according to gender differences (Ozaki et al., 2001). Other studies have
revealed that ovariectomy can increase the blood pressure in growth-restricted
female offspring, which was reversed by estrogen replacement (Ojeda et al.,
2007; Xiao et al.,, 2013), indicating a role for sex hormones on modulating

cardiovascular responses to an adverse fetal environment.
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In our previous studies by maternal hyperglycemia fetal programming
animal model, hypertension development was only observed in male offspring
(Ramos-Alves et al., 2012a,b; Gomes-de-Sa et al., 2015), as also showed by
Katkhuda et al., (2012). Among the male offspring animals, the hyperglycemia-
programmed hypertension was age-dependent (Nehiri et al., 2005; Ramos-
Alves et al.,, 2012a,b; Gomes-de-Sa et al., 2015) and has been partially
attributed to baroreflex dysfunction (Wichi et al., 2015) and nephron deficiency
(Chen et al., 2010). In addition, we have reported that functional changes in
vasculature may also contribute to increased blood pressure in male offspring of
diabetic dams. These vascular abnormalities are characterized by impaired
endothelium-dependent relaxation to acetylcholine and increased contractile
responses to vasoconstrictor agents to noradrenaline, which are associated to
cyclooxygenase (COX)-2 up-regulation and enhanced reactive oxygen species
generation (Ramos-Alves et al., 2012a,b; Gomes-de-Sa et al., 2015).
Interestingly, female offspring of diabetic dams have preserved the relaxation to
acetylcholine and contractile responses to alpha-adrenergic activation in both
conductance and resistance arteries (Gomes-de-Sa et al., 2015). Therefore,
these results indicate that male offspring are more sensitive to exposure of
hyperglycemia during development and that female offspring are less sensitive
or protected against development of vascular dysfunction in response to fetal

insult.

Based on the presented evidences, we hypothesize that estrogen may
protect against increases in blood pressure and vascular dysfunction in
hyperglycemia-programmed female offspring. Thus, our aim was to study the

effect of ovariectomy and estrogen replacement on vascular reactivity of aorta

103



104

and mesenteric resistance arteries in adult hyperglycemia-programmed female

offspring.



Methods
Animals housing and experimental procedures

Female offspring rats from diabetic (O-DR) and control rats (O-CR) were
divided into four groups: control (SHAM) and ovariectomized (OVX) rats, treated
or untreated with 17B-estradiol. Bilateral ovariectomy was induced at 4 weeks of
age, and 3 months later the animals were sacrificed. In the 17p3-estradiol-treated
groups, this hormone was administered from the 2™ month of age. All animals
were housed in the Animal Facility of the Departamento de Fisiologia e
Farmacologia of the Universidade Federal de Pernambuco. Diabetes in
pregnancies Wistar rats (250-300 g) was induced by a single injection of
streptozotocin (50 mg/kg body weight; i.p.) on the 7th day of gestation, as
previously reported (Ramos-Alves et al., 2012a,b). Only pregnant females
whose plasma glucose ranged between 250 and 500 mg/dL were included in
the study. After birth, each litter was reduced to six pups. The investigation
conforms to the Guide for the Care and Use of Laboratory Animals published by
the US National Institute of Health (NIH Publication No. 85-23, revised 1996)
and was approved by the Animal Care and Use Committee of the Universidade

Federal de Pernambuco (approval reference number: 23076.040928/2011-18).

Arterial blood pressure measurement

Rats were anesthetized with ketamine, xylazine and acetopromazin
mixture (64.9; 3.2 and 0.78 mg.Kg™*, respectively, i.p.). The right carotid artery
was cannulated with a polyethylene catheter (PE-50) that was exteriorized in

the mid scapular region. Adequacy of anaesthesia was assessed by monitoring
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withdrawal reflexes. After 24 hours, arterial pressure was measured in
conscious, freely moving rats. The arterial cannula was connected to a
transducer and pressure signals were recorded for a 60-min period using an
interface and software for computer data acquisition (ADInstruments Pty Ltd,

Castle Hill, Australia).

Vascular reactivity study

Rats were anesthetized with ketamine, xylazine and acetopromazin
mixture (64.9; 3.2 and 0.78 mg.Kg®, respectively, i.p.), sacrificed by
exsanguination and the thoracic aorta and the mesenteric arcade was carefully
removed and placed in cold (4°C) Krebs Henseleit solution (KHS; in mM: 115
NaCl, 2.5 CaCly, 4.6 KCI, 1.2 KH2POy4, 1.2, MgS0O4.7H,0, 25 NaHCO3, 11.1
glucose, and 0.03 EDTA). The aorta was carefully dissected out, cleaned of
connective tissue and divided into segments of 3 mm in length. Each arterial
segment was mounted between two parallel wires in tissue baths at 37°C
containing KHS gassed with 95% O, and 5% CO, to maintain the pH at 7.4. The
arterial segments were stretched to an optimal resting tension of 1.0 g.
Isometric tension was recorded using an isometric force displacement
transducer (Letica TRI 201, Panlab, S.L., Barcelona, Spain) connected to an

acquisition system (ML870/P ADinstruments Pty Ltd, Castle Hill, Australia).

With the use of a dissecting microscope, third-order small mesenteric
arteries were isolated, divided into segments of approximately 2 mm in length
and mounted in a small vessel dual chamber myograph (Danish Myo
Technology A/S, Aarhus, Denmark) for measurement of isometric tension

according to the method described by Mulvany & Halpern (1977).
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Experimental protocols

After a 45 min equilibration period, aorta and mesenteric resistance
arteries were exposed to 75 and 120 mmol/L KCI, respectively, to check their
functional integrity. Then, concentration—response curves to acetylcholine (0.1
nmol/L-30 pmol/L) and sodium nitroprusside (0.1 nmol/L-30 pmol/L) were
performed in mesenteric resistance arteries and aorta previously contracted
with noradrenaline or phenylephrine, respectively, at a concentration that
produced approximately 50-70% of the contraction induced by KCI in each
case. After 60 min, concentration—response curves to phenylephrine (1 nmol/L—
10 pmol/L) were performed in thoracic aorta. In resistance arteries,
noradrenaline (10 nmol/L—30 pumol/L) was used to study the vasoconstriction
induced by a-adrenoceptor activation because noradrenaline produced
responses that were more stable than those produced by phenylephrine.
Additionally, the effects of the nonselective NO synthase inhibitor N-nitro-L-
arginine methyl ester (L-NAME, 100 umol/L), the superoxide dismutase mimetic
Tempol (10 pmol/L) or apocynin (NADPH oxidase inhibitor, 100 pmol/L) on
concentration—response curves for acetylcholine and phenylephrine or

noradrenaline were analyzed.

Drugs

Drugs used were noradrenaline hydrochloride, soudium nitroprusside,
acetylcholine  chloride, N®-nitro-L-arginine  methyl ester (L-NAME),
phenylephrine hydrochloride, apocynin and tempol (Sigma, St. Louis, MO,
USA). Stock solutions of acetylcholine chloride, phenylephrine, sodium

nitroprusside, apocynin and tempol were made in distilled water; noradrenaline
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was dissolved in a NaCl (0.9%)-ascorbic acid (0.01% w v™') solution. These
solutions were kept at -20°C and appropriate dilutions were made on the day of

the experiment.

Data Management and Statistical Analysis

Relaxation response to acetylcholine and sodium nitroprusside was
expressed as the percentage of relaxation of the maximum contractile response
induced by phenylephrine or noradrenaline. Contractile responses to
phenylephrine and noradrenaline were expressed as a percentage of the

maximum response produced by KCI.

All values are expressed as means SEM of the number of animals used
in each experiment. Results were analyzed using two-way ANOVA for
comparison between groups. When ANOVA showed a significant treatment
effect, Bonferroni’s post hoc test was used to compare individual means. A

difference with P<0.05 was considered significant.

Results

Body and Uterus Weight

The body weights (BW) of ovariectomized rats were significantly greater
than those of Sham rats (O-CR-Sham: 226+11.4 vs. O-CR-OVX: 304+£11.0 g,
P<0.05; O-DR-Sham: 186+4.09 vs. O-DR-OVX: 224+12.7 g, P<0.05). The
deficiency of estrogen in OVX group decreased uterine weight compared to
Sham controls (Uterus/BW, O-CR-Sham: 3.03£0.52 vs. O-CR-OVX: 0.24+0.04
mg/g, P<0.05; O-DR-Sham: 2.97+0.62 vs. O-DR-OVX: 0.27+0.06 mg/g,

P<0.05).
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Blood pressure

Mean arterial pressure was similar in all experimental groups (O-CR-
Sham: 99.6+1.95; O-CR-OVX: 103+2.47; O-DR-Sham: 99.6+3.71; O-DR-OVX:

100£2.14 and O-DR-OVX-E2: 95.7+1.46 mmHg, ANOVA: P>0.05).

Vascular reactivity

KCI (120 mM in mesenteric resistance arteries and 75 mM in aorta)
evoked contractions in vessels from O-DR-Sham that were similar to those
obtained in vessels from O-CR-Sham for both the mesenteric resistance
arteries (O-CR-Sham: 6.05+0.53 vs. O-DR-Sham: 6.33+0.17 mN/mm, P>0.05)
and aorta (O-CR-Sham: 10.1 + 0.80 vs. O-DR-Sham: 9.98+0.83 mN, P>0.05)
arteries. Ovariectomy or replacement with 17f3-estradiol did not change KCI

response (results not shown) in either type of arteries from O-DR and O-CR.

In  mesenteric resistance arteries and aorta precontracted with
noradrenaline or phenylephrine, respectively, acetylcholine or sodium
nitroprusside induced a concentration-dependent relaxation that was similar in
arteries from O-DR-Sham or O-DR-Sham, as previously reported (Gomes-de-
Sa et al., 2015) (Figure 1A and B). Ovariectomy did not change acetylcholine-
induced relaxation in arteries from O-CR, but impaired it in both mesenteric
resistance arteries and aorta from O-DR (Figure 1A and B). Likewise,
contractile response induced by alpha-1-adrenergic receptor activation
(noradrenaline or phenylephrine) was not different in arteries from O-DR than
O-CR (FigurelC and D). In mesenteric resistance arteries, ovariectomy

increased this response only in O-DR group (Figure 1C). In aorta, ovariectomy



increased this response in both O-DR and O-CR aorta, but this increment was

greater in the O-DR group (Figure 1D).

Inhibition of NO synthesis (L-NAME) increased similarly the
vasoconstriction to phenylephrine in aorta from both O-DR-Sham and O-DR-
Sham (compare Figure 2A with 2B). This increase produced by L-NAME was
lesser in aorta from O-CR-OVX (Figure 2A) and it was abolished in aorta from
O-DR-OVX. In mesenteric resistance arteries, L-NAME increased the
contractile response to noradrenaline similarly in all groups, except in O-DR-
OVX (Figure 2C and D), where L-NAME failed to increase noradrenaline-

induced vasoconstriction (Figure 2D).

Incubation with the membrane permeable superoxide mimetic tempol or
the NAD(P)H oxidase inhibitor apocynin increased the acetylcholine-induced
response in mesenteric resistance arteries and aortas from O-DR-OVX (Figure
3A and B), but not in O-CR-OVX (results not shown). In arteries from O-CR-
OVX, pre-incubation with the tempol or apocynin did not modify the
vasoconstrictor responses to noradrenaline or phenylephrine (results not

shown), but decreased it in arteries from O-DR-OVX group (Figure 3C and D).

Replacement of 17B-estradiol in the O-DR-OVX group restored the
altered acetylcholine and phenylephrine/noradrenaline responses in both aorta
and mesenteric resistance arteries (Figure 4). In this group, the effect of L-
NAME on phenylephrine- and noradrenaline-induced contraction was restored
by estrogen replacement (compare Figure 6 with Figure 2B and 2D). In addition,
in 17B3-estradiol-treated O-DR-OVX group neither tempol nor apocynin changed

the acetylcholine-induced relaxation (Figure 5) or the
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phenylephrine/noradrenaline-induced vasoconstriction (Figure 6). 17p-estradiol
replacement have no effect on arteries from O-CR-OVX group (results not

shown).



Discussion

Our previous studies have demonstrated that exposure to maternal
hyperglycemia causes a gender-dependent increase in blood pressure and
vascular dysfunction in adult male but not in female offspring (Ramos-Alves et
al.,, 2012a,b; Gomes-de-Sa et al., 2015). The present study provides new
evidence that estrogen plays a key role in protecting females against prenatal
hyperglycemia-programmed vascular dysfunction in adult offspring. The major
findings of the present study show that, a). ovariectomy uncovered
hyperglycemia-induced programming of increase vasoconstriction and impaired
endothelium-dependent relaxation in offspring, b) estrogen replacement
reversed the ovariectomy-induced vascular changes, c) ovariectomy increased
the participation of NAD(P)H oxidase-derived ROS on contractile responses
and endothelium-dependent relaxation, which was reversed by estrogen
replacement, and d) inhibition of ROS production by apocynin and tempol
abolished the vascular abnormalities resulted from prenatal exposure to

hyperglycemia in ovariectomized females.

Gender-related differences are observed in the blood pressure response
to several fetal programming models (Dodic et al., 2005; Ojeda et al., 2007;
Woods et al., 2005; Xiao et al., 2013). Most of the studies indicate that male
offspring develop hypertension, whereas female offspring seem to be protected
(Ojeda et al., 2007; Xiao et al., 2013). These differences have been attributed to
the protective effect of estrogen, as suggested by Ojeda et al. (2007). These
authors demonstrated that ovariectomy induces hypertension in female
intrauterine growth-restricted offspring, which was reversed by estrogen

replacement (Ojeda et al., 2007). Results of the current study revealed that
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ovariectomy or estrogen replacement did not alter the blood pressure in O-DR
and O-CR. These findings suggest that, unlike other fetal programming models,
estrogen is not directly responsible for the protection against the hyperglycemia-
programmed hypertension in female offspring. However, another fact should be
considered: the age of animals. In male hyperglycemia-programmed offspring,
we (Ramos-Alves et al., 2012a,b) and others (Nehiri et al., 2008) have reported
that the increase in blood pressure is age-dependent. In these rats,
hypertension was evident only from 6 months old (Nehiri et al., 2008; Ramos-
Alves et al., 2012a,b). In the current work, we used 4-month-old female
offspring. Therefore, it is possible that changes in blood pressure due to
ovariectomy may be observed in older offspring. This hypothesis needs to be
considered in future studies. On the other hand, although it is widely recognized
that differences in sex hormones contribute to sexual dimorphism in several
fetal programming models, recent efforts have raised many more questions and
much remains unclear about the sex role in programmed hypertension (Gilbert

& Nijland, 2008).

Endothelial dysfunction is considered a premature sign of increased
cardiovascular risk and vessel damage and is present in the postmenopausal
period (Mendelsohn & Karas, 1999). We have demonstrated that female
offspring are also protected from hyperglycemia-programmed endothelial
dysfunction in conductance and resistance arteries (Gomes-de-Sa et al., 2015).
Thus, experiments were designed to test the hypothesis that estrogen would be
involved on this vascular protection in female O-DR. As previously reported
(Martorell et al., 2009, Xiao et al., 2013), ovariectomy did not alter acetylcholine-

induced relaxation in both aorta and mesenteric resistance arteries from female
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O-CR. On the other hand, ovariectomized O-DR showed impaired relaxation to
acetylcholine in both aorta and mesenteric resistance arteries. Ovariectomy
also enhanced the contractile response of the O-CR and O-DR aorta to the
alpha-1-adrenoceptor agonist phenylephrine; however, this effect was greater in
arteries from O-DR. In mesenteric resistance arteries, an increase in
noradrenaline-induced vasoconstriction was observed only in ovariectomized O-
DR. Estrogen replacement abolished all vascular changes induced by
ovariectomy in female O-DR, indicating that this hormone does provide a

protective status in the vasculature of female O-DR.

The mechanisms involved in the vascular changes in arteries from
ovariectomized O-DR were investigated in the present work. First, we analyzed
the mechanism in the enhanced contractility to phenylephrine and
noradrenaline in arteries from ovariectomized O-DR. We found reduced
endothelium-derived NO, as evidenced by the minor effect of L-NAME
enhancing the vasoconstriction to these alpha-adrenergic agonists in arteries
from ovariectomized O-DR. Thus, the enhanced contractile response to
phenylephrine and noradrenaline observed in ovariectomized O-DR may be

related to an impairment of the endothelium-derived NO.

Under certain circumstances such as ovarian hormone loss in women,
degradation of NO is increased by enhanced vascular reactive oxygen species
(ROS), which can lead to impaired endothelium-dependent relaxation an
increased vasoconstrictor response (Mendelsohn & Karas, 1999). In this sense,
Zhang et al. (2007) have demonstrated that ovariectomy increased superoxide
production in aorta from Dahl salt-sensitive rats. In the present study, incubation

with the superoxide dismutase mimetic tempol increased relaxation to
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acetylcholine and decreased phenylephrine- and noradrenaline-induced
contraction in aorta and resistance arteries, respectively, from ovariectomized
O-DR, indicating a role for ROS:-in the vascular changes observed in these
vessels. Tempol did not affect relaxation or contraction responses of Sham or
ovariectomized O-CR vessels, implying that ROS has undetectable effect on
vascular reactivity in these groups. Previous studies have revealed that
ovariectomy increases NAD(P)H oxidase expression and/ activity in several
tissues (Ribeiro et al., 2013; Campos et al., 2014;). At the vascular level it has
been associated with increased ROS generation and contractions and impaired
acetylcholine-induced relaxation in diabetic (Ceylan-Isik et al.,, 2009) and
spontaneously hypertensive rats (Dantas et al., 1999; Ceravolo et al., 2013).
Apocynin is commonly used as an inhibitor of NADPH oxidase. The present
finding that apocynin was able to normalize both endothelium-dependent
relaxation and contraction of arteries from ovariectomized O-DR suggests that
NADPH oxidase-derived ROS plays a role in endothelial dysfunction induced by

ovariectomy in these rats.

Estrogen replacement in ovariectomized O-DR increased relaxation to
acetylcholine and decreased phenylephrine- and noradrenaline-induced
contractions, which were not further altered by preincubation with apocynin or
tempol. In addition, in arteries from ovariectomized O-DR the effect of L-NAME
on phenylephrine- and noradrenaline-induced vasoconstriction was restored by
estrogen replacement. These findings suggest that estrogen regulates NO-
mediated vascular responses through ROS signaling pathway. Indeed, several
studies have reported that estrogen can act as an antioxidant to regulate

cardiovascular function (Mendelsohn & Karas, 1999). Ovariectomy has been
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associated to increased ROS production in several tissues (Camporez et al.,
2011; Ribeiro et al., 2012) and decreased NO bioavailability. In addition,
previous studies have demonstrated that estrogen also inhibits NADPH oxidase
activity via the estrogen receptor (Zhang et al., 2009). Taken all together, it is
reasonable to hypothesize that estrogen, serving as an antioxidant and/ or by
inhibiting NAD(P)H oxidase inhibit ROS generation and contribute to the sex
differences in the effects of prenatal hyperglycemia exposure on vascular
function in adult offspring. The fact that offspring did not become hypertensive
after ovariectomy, despite vascular changes, may be related to age. As we
have reported previously, the hyperglycemia-programmed vascular changes in
male offspring are age-dependent and precede the increase in blood pressure
(Ramos-Alves et al., 2012a,b). However, other characteristics related to gender

must be taken into consideration.

In summary, our results demonstrate for the first time that estrogen plays
a key role in the sex differences of the hyperglycemia-programmed endothelial
dysfunction in adult offspring. Results from this study also indicate that estrogen
may function as an antioxidant, resulting in protection of females from
development endothelial dysfunction in adulthood. Future studies are needed to
clarify why ovariectomized offspring did not develop hypertension, as well as
the signaling interactions with sex hormones secondary to the development of

endothelial dysfunction.
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Legends for figures

Figure 1. Concentration-responses curves to acetylcholine (A,B), noradrenaline
(C), and phenylephrine (D) in mesenteric resistance arteries (MRA) and aorta
from sham-operated (Sham) and ovariectomized (OVX) offspring of control (O-
CR) and diabetic (O-DR) rats. Results are expressed as mean + S.E.M, N=6-7

rats. Results were analyzed by two-way ANOVA.

Figure 2. Effects of the inhibition of nitric oxide synthesis (L-NAME, 100pumol/L)
on phenylephrine- (A, B) and noradrenaline-induced contraction in aortic rings
and mesenteric resistance arteries (MRA) from sham-operated (Sham) and
ovariectomized (OVX) offspring of control (O-CR) and diabetic (O-DR) rats.
Results are expressed as mean + S.E.M, N=6-7 rats. Results were analyzed by

two-way ANOVA.

Figure 3. Effects of preincubation with tempol or apocynin on acetylcholine
(A,B), noradrenaline (C) and phenylephrine (D) responses in aorta and
mesenteric resistance arteries (MRA) from sham-operated (Sham) and
ovariectomized (OVX) offspring of control (O-CR) and diabetic (O-DR) rats.
Results are expresses as mean = S.E.M, N=6-7 rats. Results were analyzed by

two-way ANOVA.
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Figure 4. Concentration-responses curves to acetylcholine (A,B), noradrenaline
(C), and phenylephrine (D) in mesenteric resistance arteries (MRA) and aorta
from estrogen (E2)-treated and untreated ovariectomized (OVX) offspring of
diabetic dams (O-DR). Results are expresses as mean = S.E.M, N=6-8 rats.

Results were analyzed by two-way ANOVA.

Figure 6. Effects of preincubation with tempol or apocynin on acetylcholine-
induced relaxation in aorta and mesenteric resistance arteries (MRA) from
estrogen (E2)-treated ovariectomized (OVX) offspring of diabetic (O-DR) rats.
Results are expressed as mean + S.E.M, N=6-7 rats. Results were analyzed by

two-way ANOVA.

Figure 6. Effects of preincubation with L-NAME, tempol or apocynin on
noradrenaline- (A) and phenylephrine (B)-induced contraction in aorta and
mesenteric  resistance arteries (MRA) from estrogen (E2)-treated
ovariectomized (OVX) offspring of diabetic (O-DR) rats. Results are expressed

as mean = S.E.M, N=6-7 rats. Results were analyzed by two-way ANOVA.
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CONCLUSOES

Os resultados obtidos no presente estudo indicam que a exposi¢cado ao
diabetes materno durante a gestagcédo em ratos resulta em disfuncdo endotelial
e hipertenséo arterial tempo-dependentes na prole adulta. Estas alteracfes séo
dependentes do sexo, onde o estrogénio, embora ndo pareca estar envolvido
na protecdo contra o desenvolvimento de hipertensédo na prole fémea, protege
esta das alteracdes vasculares decorrentes do aumento do estresse oxidativo e
da via da COX-2.
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