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RESUMO 
Doenças cardiovasculares aumentam significativamente em mulheres na pós 

menopausa. O estrogênio tem um papel importante na regulação da pressão arterial 

através de diversos aspectos fisiológicos. O desequilíbrio do sistema renina 

angiotensina é um fator relevante no desenvolvimento de patologias cardiovasculares. 

O objetivo desse estudo foi investigar os mecanismos moleculares e alterações 

cardiovasculares em um modelo experimental de privação de estrogênio endógeno 

associado com hipertensão. Ratas das linhagens Wistar Kyoto (WKY) e 

espontaneamente hipertensas (SHR) com 14 semanas de idade foram submetidas a 

ooforectomia bilateral. Análises de morfologia e número de cardiomiócitos foram 

realizadas, assim como mensuração de marcadores de lesão cardíaca. Elementos do 

sistema renina-angiotensina e do sistema calicreína-cininas foram observados e 

quantificados no coração e na aorta desses animais. Posteriormente, um estudo in 

vitro foi realizado para verificação do efeito dos resultados encontrados nos animais 

em células naïve. Com os resultados desse estudo foi verificado que a privação de 

estrogênio aumenta o eixo ECA/Ang II/AT1R do sistema renina-angiotensina durante 

a hipertensão. Essa supra regulação foi associada ao aumento de quimase. Esse 

cenário vasoconstritor levou a uma hipertrofia de cardiomiócitos sem lesão cardíaca. 

O mesmo comportamento do eixo ECA/Ang II/AT1R foi observado na aorta desses 

animais. Através de experimento in vitro, observou-se aumento de proliferação e 

viabilidade celular. Nossos dados indicam que a ooforectomia aumenta o eixo 

vasoconstritor do sistema renina-angiotensina durante a hipertensão, levando a um 

quadro patológico semelhante à hipertrofia cardíaca e vascular. O mecanismo de 

hipertrofia parece não envolver lesão celular direta, mas aumento da proliferação e 

viabilidade através de uma via dependente da ativação de quimase/AT1R e geração 

intracelular de ERK1/2. 

 

Palavras-chave: estrogênio, hipertensão, sistema cardiovascular, sistema renina-

angiotensina 
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ABSTRACT 
Cardiovascular diseases increase significantly in postmenopausal women. 

Estrogen plays an important role in regulating blood pressure through several 

physiological aspects. Deregulation of renin-angiotensin system is a key factor of 

development of cardiovascular pathologies. The aim of this study was to investigate 

molecular mechanisms and cardiovascular alterations in an experimental model of 

endogenous estrogen deprivation associated with hypertension. Wistar Kyoto (WKY) 

and spontaneously hypertensive (SHR) female rats, at 14 weeks of age underwent 

bilateral oophorectomy. Analyzes of morphology and number of cardiomyocytes were 

performed, as well as measurement of cardiac injury markers. Morphology and number 

of cardiomyocytes were evaluated, as well as cardiac lesion markers. Renin-

angiotensin and kinin-kallikrein system elements were analyzed in the heart and aorta 

of these animals. After, an in vitro study was carried out to verify the effect of the results 

found in animals on naïve cells. The results of this study showed estrogen deprivation 

increases the ACE/Ang II/AT1R axis of the renin-angiotensin system during 

hypertension. This upregulation was associated with increased chymase. This 

vasoconstrictor scenario led to hypertrophy of cardiomyocytes without cardiac 

damage. The same behavior of the ACE/Ang II/AT1R axis was observed in the aorta 

of these animals. Through an in vitro experiment, an increase in experience and cell 

viability was observed. Our data indicate that oophorectomy increases the 

vasoconstrictor axis of the renin-angiotensin system during hypertension, leading to a 

pathological condition similar to cardiac and vascular hypertrophy. The mechanism of 

hypertrophy seems not to involve direct cell injury, but increased proliferation and 

viability through a pathway dependent on chymase/AT1R activation and intracellular 

generation of ERK1/2. 

 

Keywords: estrogen, hypertension, cardiovascular system, renin-angiotensin system. 
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INTRODUÇÃO 
As doenças cardiovasculares são as principais causas de morte em países 

desenvolvidos (1,2).  Após a menopausa, há um aumento importante na incidência de 

diversas patologias, dentre elas a hipertensão (1–7). Esta, isoladamente, é 

considerada um fator de risco primário para eventos cardiovasculares e danos em 

órgãos-alvo (8).   

A privação de estrogênio tem papel importante no desenvolvimento das doenças 

cardiovasculares após a menopausa. O estrogênio promove vasodilatação, inibe o 

sistema renina-angiotensina, regula citocinas e marcadores inflamatórios específicos, 

dentre outros. Por esses efeitos, é considerado ser um fator protetor contra diversas 

condições. Após a menopausa, essa proteção é perdida  podendo levar ao 

desenvolvimento de patologias (2,7,9–11). 

Este trabalho foi realizado com o objetivo de investigar se a privação de estrogênio 

endógeno altera mecanismos moleculares, levando a alterações cardiovasculares em 

ratas hipertensas ooforectomizadas. 
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REVISÃO DA LITERATURA 
1 Estratégias para localizar e selecionar as informações  
 Para a elaboração da revisão de literatura, foi realizada uma busca eletrônica 

por artigos em bases de dados no período entre dezembro de 2021 e janeiro de 2023. 

As bases de dados utilizadas foram Pubmed, Scielo e Embase. Os seguintes 

descritores foram cruzados entre si: estrogen; hypertension; renin-angiotensin system; 

cardiovascular system.  Após leitura prévia dos resumos, excluiu-se os que não 

condiziam com o tema desse trabalho e artigos repetidos. Com o intuito de ampliar a 

pesquisa, as referências bibliográficas de artigos de interesse foram analisadas. Foi, 

também, incluído um (1) livro físico. 

O resultado da busca encontra-se descrito na tabela abaixo. 

 
Tabela 1. Resultados da busca bibliográfica nas bases de dados. 

Descritores  PubMed Embase Scielo 

Estrogen 287.824 artigos 42.290 artigos 123 artigos 

Hypertension 613.804 artigos 1.162.773 artigos 4217 artigos 

Renin-angiotensin system 37.805 artigos 29.620 artigos 23 artigos 

Cardiovascular system 1.444.024 artigos 2.322.014 artigos 836 artigos 

Estrogen and hypertension 
and renin-angiotensin system 
and cardiovascular system 

21 artigos 51 artigos 0 artigos 
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2 Mapa conceitual  
 

 
Figura 1. Mapa conceitual 
 
 
3 Estrogênio 
 O estrogênio é um hormônio esteroide lipossolúvel produzido principalmente 

pelo colesterol nos ovários, corpo lúteo e placenta em mulheres no menacme (3–5,9). 

É considerado o principal hormônio feminino e tem papel essencial no 

desenvolvimento e fisiologia de muitos órgãos e tecidos como mamas, útero, ossos e 

sistema cardiovascular (4). Quatro formas são observadas: (a) estradiol (E2) também 

conhecido como 17-estradiol ou estrogênio é o mais abundante  e potente entre as 

formas circulantes;  (b) estrona (E1) e (c) estriol (E3) são outras duas formas naturais 

que são vistas em menor quantidade; (d) estetrol (E4) que é somente produzido 

durante a gravidez (3,5). Outros tecidos (como adiposo, ósseo e cerebral, endotélio 

vascular e musculatura lisa da aorta) produzem E2, porém em quantidade bem menor. 

O E2 gonadal atua, principalmente, como um fator endócrino que afeta os tecidos 

distais, enquanto o E2 produzido extra gonadal atua localmente como um fator 

parácrino ou autócrino no tecido onde é sintetizado. A produção extra gonadal é 
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importante pois é a única fonte de produção endógena de E2 em mulheres na pós-

menopausa (3,12).  

Em mulheres, os níveis de estrogênio flutuam durante o ciclo menstrual e sua 

concentração muda em relação à idade (12). Na mulher não grávida, o E2 é produzido 

em uma taxa de 100-300g/dia, mas circula e atua dentro das células em 

concentrações de pg/mL (9). Após a sua síntese, o E2 é secretado na corrente 

sanguínea onde é encontrado em duas formas, ligado ou livre. A maior parte do 

hormônio está ligada a carreadores de proteínas, albumina e globulina de ligação a 

hormônios esteroides sexuais. O E2 que não está ligado a uma proteína flutua 

livremente na corrente sanguínea e entra prontamente nas células por difusão rápida. 

No entanto, para que o E2 produza seu efeito ele deve ser captado por um receptor 

dentro da célula. O trabalho do receptor é auxiliar na transmissão da mensagem do 

hormônio para a transcrição do gene nuclear. O resultado é a produção de RNA 

mensageiro levando a síntese proteica e uma resposta celular característica do 

hormônio (9).  

Os efeitos induzidos pelo E2 são mediados por três tipos de receptores (ERs): 

ER, ER e receptor transmembrana acoplado à proteína G (GPER) (3–5,9,12). O 

ER é amplamente distribuído e tem alta expressão de mRNA no útero, testículos, 

ovários, próstata, músculo esquelético, rins, pele, etc. O ER possui maior expressão 

de mRNA nos ovários, cólon, tecido cerebral, rins e sistema reprodutor masculino. Já 

o GPER está distribuído em vários órgãos e tecidos como mamas, ovários, útero, 

sistema cardiovascular, pulmão e tecido ósseo, e está amplamente envolvido na 

ocorrência e desenvolvimento de doenças relacionadas ao estrogênio, como tumores 

malignos, reações inflamatórias, doenças cardiovasculares (DCV) e obesidade. O 

receptor 30 acoplado  à proteína G (GPR30) é expresso em muitas regiões do cérebro 

(como hipotálamo, hipocampo e córtex),  medula adrenal, pelve renal e ovários (4). A 

ligação do E2 aos seus receptores pode conferir ação genômica e não genômica 

rápida (3,9,10). O efeito genômico funciona lentamente pois demora várias horas à 

vários dias para ocorrer, enquanto o efeito não genômico normalmente leva apenas 

alguns segundos a alguns minutos (4). ER e ER atuam como fatores de transcrição 

responsáveis por muitos efeitos genômicos, modulando a expressão gênica por 

ligação direta ao DNA em elementos específicos de resposta ao estrogênio. Já o 
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GPER está envolvido principalmente na mediação de respostas intracelulares rápidas 

induzidas pelo E2 (9,10,12). Observa-se que há três vias que medeiam a atividade do 

E2: (a) atividade nuclear dependente de ligante onde tem-se o mecanismo clássico 

envolvendo os receptores de E2 com ligação aos elementos de resposta ao E2 do 

DNA; (b) atividade nuclear independente de ligante onde há ativação da via do 

receptor de E2 por meio de segundos mensageiros, envolvendo fosforilação de ERs 

e proteínas correguladoras e (c) atividade do receptor extra núcleo da membrana 

celular do ligante onde se encontra respostas rápidas mediadas por ERs nas 

membranas celulares (9). 

Uma ação importante do estrogênio é a modificação de suas próprias 

atividades e de outros hormônios esteroides, afetando as concentrações de 

receptores. O E2 aumenta a responsividade do tecido alvo a si mesmo e aos 

progestágenos e andrógenos, aumentando a concentração de seu próprio receptor e 

dos receptores intracelulares desses outros hormônios (9). 

 Além do papel importante no desenvolvimento sexual e na reprodução em 

mulheres, o E2 está envolvido em diversos processos fisiológicos em diferentes 

tecidos como o crescimento e maturação dos sistemas endócrino, cardiovascular, 

esquelético e metabólico (4,12). Os hormônios esteroides tem função marcante na 

regulação da resposta imune a infecções ou danos teciduais e modulam todos os 

níveis do sistema imune inato (neutrófilos, macrófagos/ monócitos, células natural 

killers, células dendríticas) e do sistema adaptativo (células T e B). Foi demonstrado 

que o E2 regula o número e função de neutrófilos, a produção de quimiocinas, como 

proteína quimioatraente de monócitos (MCP)-1 e citocinas, incluindo fator de necrose 

tumoral (TNF)-, interleucina (IL)-6 e IL-1. Estudos mostram que, no sistema 

cardiovascular, o E2 tem um efeito protetor, principalmente relacionado com a 

interação de múltiplos tipos celulares incluindo células imunes, como linfócitos B e 

macrófagos, e células da parede vascular, incluindo células da musculatura lisa e 

endoteliais (12).  

 

4 Menopausa 
 A transição menopausal é um período finito de mudanças fisiológicas da vida 

da mulher que se aproxima da senescência reprodutiva (9,11). Este período se 
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caracteriza por uma mudança no estado hormonal predominantemente estrogênico 

para um estado androgênico, devido a um aumento nos níveis de testosterona 

biodisponível. Observa-se o declínio nos níveis de inibina B, resultando em um 

declínio na sua ação de feedback negativo na liberação do hormônio folículo 

estimulante (FSH) pela hipófise. O aumento dos níveis de FSH promove oscilações 

na secreção de estradiol (13). Na figura 1, observa-se o comportamento hormonal 

durante transição menopausal proposto por Taylor et al (9). 

 

 
Figura 2. Perfil dos hormônios sexuais na transição menopausal (9). 

 

A menopausa natural ocorre, em média, em mulheres com idade de 49 anos 

(13,14). Nesta fase observa-se a cessação da função endócrina ovariana com declínio 

drástico na secreção de estrogênio e perda definitiva do ciclo endometrial (9,11). A 

mulher atinge a menopausa quando ela permanece amenorreica por um intervalo 

consecutivo de 12 meses e demonstra evidência bioquímica de hipergonadotrofismo 

(níveis elevados de hormônio folículo-estimulante e hormônio luteinizante) e 

hipogonadismo (baixos níveis de estradiol). O nível de E2 circulante nessa fase é de 

aproximadamente 10-20pg/mL (9).  
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Com o declínio da função ovariana e a redução do estrogênio, alterações físicas 

e psicológicas ocorrem nas mulheres e levam a uma série de sintomas de disfunção 

autonômica (sudorese, irritabilidade, insônia, ondas de calor, etc) (4,9,13,14). Diversas 

condições e doenças caracterizadas por um forte componente inflamatório podem se 

manifestar (12). Doenças vasculares cardíacas e cerebrais, osteoporose, baixa 

imunidade e envelhecimento da pele, relacionadas à menopausa, tornaram-se os 

principais fatores de risco que afetam a qualidade de vida e a expectativa de vida das 

mulheres (4,9,13,15). Uma mudança da distribuição de gordura corporal para a região 

central e as consequentes alterações metabólicas podem ocorrer pelo aumento da 

relação androgênio : estrogênio, que também é estimulada pelo aumento da 

resistência à insulina (7,13). O peso dos sintomas da menopausa pode afetar 

consideravelmente a vida pessoal, social e de trabalho das mulheres (14).  

 

4.1 Menopausa x Doenças cardiovasculares (DCV) 

As DCV são as principais causas de morte entre homens e mulheres nos países 

desenvolvidos (1,2).  Mulheres na pré-menopausa têm menor incidência de 

hipertensão, aterosclerose, disfunção miocárdica, hipertrofia ventricular, insuficiência 

cardíaca e isquemia miocárdica que os homens da mesma idade (1–3,11–14). 

Estudos mostram que, em média, as mulheres desenvolvem DCV 10 anos mais tarde 

que os homens. Essa vantagem desaparece gradualmente após a menopausa (2,4–

7,9).  Com o aumento da idade, as DCV tornam-se a principal causa de morte entre 

as mulheres (3,9).  

Durante o envelhecimento se observa, no sistema cardiovascular, aumento da 

rigidez e da fibrose, perda da reserva contrátil, aumento das espécies reativas de 

oxigênio e disfunção endotelial, levando a disfunção cardiovascular. Associado a isso, 

na menopausa, há perda do efeito antioxidante do estrogênio, que se dá por meio da 

regulação indireta da expressão do gene antioxidante e do aumento da atividade do 

óxido nítrico sintase endotelial (eNOS) enquanto diminui a produção de superóxido.  

(4,16). Com isso, se observa, nas mulheres, envelhecimento dos vasos sanguíneos, 

diminuição da capacidade diastólica, sensibilidade e resistência à insulina e aumento 

da pressão arterial (PA) (4,7,15). 
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O E2 promove vasodilatação através do aumento das concentrações 

plasmáticas do óxido nítrico do fator relaxante derivado do endotélio, inibe o sistema 

renina-angiotensina, reduzindo a transcrição da enzima conversora de angiotensina e 

regula marcadores inflamatórios específicos e citocinas. Por esses motivos, exerce 

efeitos protetivos no sistema cardiovascular de ambos os sexos, como redução da PA 

e redução do desenvolvimento da inflamação vascular e aterosclerose. No entanto 

essa proteção específica do sexo diminui durante a menopausa e envelhecimento 

(2,7,9–11). 

 Diversas alterações metabólicas e cardiovasculares são observadas em 

mulheres na pós-menopausa relacionadas à perda do E2. A interação entre elas leva 

às DCV. É importante salientar que as mesmas alterações são observadas em 

mulheres com menos de 45 anos que experienciaram menopausa prematura ou de 

início precoce (13,15,17). Ocorre um estímulo ao acúmulo de gordura nos pré-

adipócitos da gordura visceral pois o E2 regulam negativamente a ingestão alimentar 

e positivamente o gasto energético inibindo o depósito específico do tecido adiposo 

processos fisiopatológicos que levam à morbidade (8,13,15). Há produção de 

citocinas pró inflamatórias e adipocinas, ativando vias de estresse celular, 

aumentando o risco de aterosclerose e de eventos adversos cardiovasculares (8,13). 

Volumes consideravelmente maiores de gordura cardíaca são observados em 

mulheres na pós menopausa, independentemente de idade, raça, obesidade ou 

outras covariáveis (13).  

Há alterações prejudiciais no perfil lipídico-lipoprotéico circulante; a oxidação 

da lipoproteína de baixa densidade (LDL), produzindo uma LDL modificada que é 

quimiotática para os monócitos circulantes, inibe a motilidade dos macrófagos 

(aprisionando assim os macrófagos na túnica íntima) e que causa lesão e morte 

celular no endotélio. Ocorre remodelação das artérias coronárias através de resposta 

a placas ateroscleróticas em desenvolvimento com aumento de diâmetro total, na 

tentativa de manter fluxo (9). A redução de E2 ativa o sistema renina-angiotensina, 

assim como a supra regulação da endotelina (potente vasoconstritor), liberação 

reduzida de oxido nítrico cardioprotetor e prostaciclinas, levando a vasoconstrição e 

eventos trombogênicos.  Observa-se, também, efeito negativo no crescimento de 

células endoteliais e redução no efeito inibitório dos hormônios sexuais femininos no 
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crescimento, proliferação e migração de células da musculatura vascular lisa. Essas 

células tornam-se dominantes e fontes da matriz do tecido conjuntivo na lesão 

aterosclerótica que, influenciadas também por fatores de crescimento e citocinas, 

levam a placas fibrosas (9,13).  

Ao analisarmos as ações do E2 especificamente nas células cardiovasculares 

observamos que há inibição da hipertrofia celular e apoptose em cardiomiócitos 

(1,4,7). O E2 atua regulando a expressão de genes cardíacos, como conexina 43, 

cadeia pesada de β-miosina e canais iônicos. O excesso de calcineurina, ativação de 

(guanosina cíclica 3', 5'-monofosfato) - proteína quinase dependente (cGMP-PKG), 

ativação de proteína quinase B (Akt) e miRNAs também são regulados nos 

cardiomiócitos (1,7,17).  proliferação e ativação da sinalização eNOS no endotélio 

vascular e efeito antiproliferativo nas células musculares lisas vasculares (VSCM) 

(1,4,7). Em fibroblastos cardíacos o E2 aumenta a sua proliferação através de 

mecanismos dependentes de proteína quinase ativados por mitógenos. Essas células 

são a fonte primária de proteínas da matriz extracelular do miocárdio, 

metaloproteinases de matriz (MMPs) e fatores de crescimento e citocinas. Ambos têm 

contribuição importante para a remodelação cardíaca em níveis fisiológicos e 

patológicos. Nas VSCM o estrogênio exerce efeitos antiproliferativos e e ativação da 

sinalização eNOS no endotélio vascular. A proliferação celular é consideravelmente 

regulada pela transdução de sinal mediada por quinase. O estrogênio controla a 

expressão e a atividade de várias fosfatases em VSMC, incluindo proteína quinase 

ativada por mitógeno (MKP-1) , proteína tirosina fosfatase (SHP-1), homólogo de 

fosfatase e tensina (PTEN) e proteína fosfatase 2 (PP2A), equilibrando as quinases 

(1,4,7,17).  

  

5 Hipertensão 
A hipertensão é um fator de risco primário para eventos cardiovasculares, 

danos em órgãos-alvo e morte prematura e incapacidade em todo o mundo (8). 

Mesmo sendo um fator de risco modificável, cerca de metade dos eventos de DCV 

são atribuídos a ela (2). Os níveis de PA são menores, em média, em mulheres pré 

menopausa que nos seus homólogos masculinos, porém, essa vantagem é perdida 

após a menopausa, e os níveis de PA começam a aumentar nas mulheres, chegando 
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a níveis similares aos dos homens no mesmo grupo etário (2,13). É mais difícil de 

atingir o controle da PA em mulheres idosas e há um maior risco de desenvolver 

resistência ao tratamento anti-hipertensivo que homens, além de terem mais risco de 

morrer por doenças cardiovasculares relacionadas à hipertensão (8,18).  

Os esteroides sexuais são os peças-chave por trás das diferenças relacionadas 

ao gênero na hipertensão. A influência do E2 leva a alterações nos mecanismos 

regulatórios da PA, no sistema nervoso simpático (SNS), sistema renina-angiotensina 

(RAS), massa corporal, estresse oxidativo, função endotelial, entre outros. Todos 

associados ao estado inflamatório importante e influenciados por fatores genéticos, 

levam a danos cardíacos, vasculares e renais na hipertensão (2,8).  

Receptores de estrogênio foram identificados em centros cerebrais envolvidos 

na regulação da função cardiovascular. É descrito que mulheres na pós menopausa 

apresentam menor sensibilidade ao barorreflexo sendo sugerido que o E2 exerce 

efeitos diretos nos centros autonômicos nervosos centrais, levando a efeitos 

simpatoinibitórios, que podem ser importantes para conferir proteção cardiovascular 

(8). 

O estrogênio é conhecido por ter uma poderosa atividade vasodilatadora aguda 

e crônica, levando à redução da PA. A maioria dos estudos em animais sugere que o 

E2 se engaja em vários mecanismos que protegem contra a hipertensão, como a 

estimulação da via vasodilatadora mediada pelo óxido nítrico (NO) modulando 

enzimas pró e antioxidantes, deste modo atenuando a produção de espécies reativas 

de oxigênio (ROS). A ativação do ERα demonstrou reduzir a disfunção endotelial, 

principalmente através da redução dos níveis de expressão da síntese de eNOS 

aórtico na hipertensão induzida por angiotensina II (Ang II). A ativação do ERβ diminui 

a PA, a vasoconstrição, a resistência vascular e atenua a hipertrofia cardíaca. 

Finalmente, o GPR30 reduz a PA através da rápida vasodilatação e protege o coração 

da lesão hipertensiva, estimula a vasodilatação mediada por NO e diminui a 

proliferação e migração de VSMC (2,3,8,16). As ações no E2 nas diversas células 

cardiovasculares estão demonstradas na figura 2 (1). 
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Figura 3. Ações do estrogênio através de seus receptores nas células cardiovasculares (1). 

 

Pacientes com hipertensão e falta de controle da PA têm maior probabilidade 

de desenvolver danos em órgãos alvo, como hipertrofia cardíaca, alterações 

vasculares – incluindo rigidez arterial – e danos renais (8,18). O coração responde a 

estímulos patológicos, como hipertensão, estenose aórtica ou lesão cardíaca, com 

hipertrofia do músculo cardíaco, acompanhada de diversas alterações teciduais e 

celulares, incluindo aumento do tamanho dos cardiomiócitos e alterações na matriz 

extracelular. Embora inicialmente se trate de uma resposta adaptativa e 

compensatória, com a persistência do fator de estresse ocorre um remodelamento mal 

adaptativo levando à hipertrofia patológica (8). Consequentemente, a hipertrofia do 

ventrículo esquerdo (HVE) induzida por hipertensão é um importante fator de risco 

para insuficiência cardíaca e morte súbita (8,18,19). Ao relacionarmos esses estímulos 

patológicos ao E2 observamos que mulheres hipertensas apresentam maior índice de 

massa ventricular esquerda e espessamento relativo da parede além de uma maior 

sensibilidade cardíaca à sobrecarga de pressão. Esse aumento na massa do 

ventrículo esquerdo (VE) em resposta à sobrecarga crônica de pressão também está 

associado a maior fração de ejeção do VE e encurtamento fracionado da parede 

média. A ausência do descenso pressórico noturno, observada em mulheres, pode ter 

grande influência nesse aumento índice de massa ventricular esquerda. A HVE é, 



 22 

portanto, um dos sinais mais importantes de dano inicial em órgãos alvo em pacientes 

com hipertensão e sua prevalência aumenta significativamente em mulheres na pós-

menopausa (18–20). Ainda, apesar do tratamento, mulheres apresentam menor 

regressão da HVE hipertensiva e a hipertrofia residual é mais comum apesar do 

tratamento anti-hipertensivo eficaz e controle de PA (8,18). 

 

6 Sistema renina-angiotensina 
O sistema renina angiotensina (RAS) é um complexo sistema misto enzimático-

hormonal. É considerado um dos sistemas mais importantes na regulação fisiológica 

da pressão arterial através de mecanismos renais e não renais (21–24). 

O RAS clássico pode ser definido como o eixo ECA/Ang II/AT1R que promove 

vasoconstrição, ingestão de água, retenção de sódio e outros mecanismos para 

manter a pressão arterial, assim como aumento do estresse oxidativo, fibrose, 

crescimento celular e inflamação em condições patológicas (21). Resumidamente, a 

renina (enzima produzida pela célula justaglomerular e liberada do rim para a corrente 

sanguínea) cliva o angiotensinogênio (AGT) (proteína globular produzida e secretada 

pelo fígado) para produzir Angiotensina I (Ang I) (decapeptídeo). A Ang I é hidrolisada 

pela enzima conversora da angiotensina (ECA) para formar Ang II (dipeptidil 

carboxipeptidase), o principal efetor da via canônica. A Ang II é a principal substância 

vasoativa do sistema e interage com receptores específicos em múltiplos órgãos-alvo. 

Em receptores acoplados à proteína G tipo I da superfície celular (AT1R) atuando na  

elevação a pressão arterial via múltiplos mecanismos incluindo vasoconstrição, 

reabsorção de sódio, ativação simpática e imune, comprometimento da sensibilidade 

do reflexo barorreceptor arterial e aumento da aldosterona, estresse oxidativo, fibrose 

e inflamação (21–26).  

Já o RAS não clássico é composto, primariamente, da via Ang II/Ang III/AT2R 

e do eixo ECA2/Ang (1-7)/AT7R (21). Para neutralizar as ações do AT1R, a Ang II se 

liga aos receptores tipo II da superfície celular (AT2R) para aumentar a sensibilidade 

do barorreflexo arterial. (22,23,27) Somado a isso, a Ang (1-7) resulta da degradação 

de Ang I por endopeptidases ou degradação de Ang II por carboxipeptidases como 

ECA2. Angiotensina I também pode ser convertida em Ang-(1–9) por ECA2, que é 

posteriormente clivada por ECA ou neprilisina para formar Ang-(1–7); no entanto, esta 
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via de formação tem menor eficiência catalítica. Ang-(1-7) provoca efeitos fisiológicos 

ligando-se aos receptores acoplados à proteína Mas G (MasR), que são encontrados 

em tecidos fundamentais para o controle cardiovascular, incluindo coração, 

vasculatura, rins e cérebro. O RAS não clássico, geralmente se opõe as ações do eixo 

ECA/Ang II/AT1R estimulado através do aumento do oxido nítrico e prostaglandinas e 

mediam vasodilatação, natriurese, diurese e redução do stress oxidativo 

(21,22,24,25,27,28). A angiotensina (1-7) também tem propriedades anti-

hipertensivas, simpatoinibitórias, anti-hipertróficas, antifibróticas, antiarritmogênicas e 

antitrombóticas em modelos animais de DCV (27) 

Recentemente, uma via não canônica que leva à formação de Ang II, por meio 

da conversão de Ang I ou Ang-(1-12) pela quimase, foi considerada a  principal 

contribuinte em humanos à sequela tecidual de DCV induzida por Ang II (28).  A 

conversão de Ang-(1-12) em Ang II pela ECA na circulação é compatível com o 

aumento agudo da pressão arterial, bem como o bloqueio da resposta por um inibidor 

da ECA ou um antagonista do AT1R. Portanto, Ang-(1-12) provavelmente não é 

biologicamente ativo, mas pode servir como um precursor intermediário para Ang II ou 

Ang-(1-7) por meio de um mecanismo independente de renina (21). Um esquema do 

RAS está demonstrado na figura 3. 
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Figura 4. Sistema renina-angiotensina. AGT: angiotensinogênio; REN: renina; CATG: catepsina G; 
CATD: catepsina D; KLK: calicreína, ANG: angiotensina; ACE: enzima conversora da angiotensina, 
CHY: quimase; APA: aminopeptidase A; GLUAP: glutamyl aminopeptidase; DPP: dipeptidyl peptidase 
IV; APN: aminopeptidase N; APB: aminopeptidase B; AT1R: receptores acoplados à proteína G tipo I 
da superfície celular; AT2R: receptores tipo II da superfície celular; MasR: receptores acoplados à 
proteína Mas G. 
 

O RAS é visto como, além de um sistema circulante, um sistema tecidual cujos 

componentes proteicos e peptídicos são expressos em cada órgão essencial, 

desempenhando funções específicas do tecido e agindo independentemente do RAS 

plasmático. Suas ações implicam em diversos eventos fisiológicos que influenciam 

funções renais, neuronal, cardíaca, pancreática, vascular, adrenal, pituitária, cognitiva, 

de envelhecimento, inflamatórias e reprodutivas (21,22). Os mecanismos 

contrarreguladores intrínsecos do RAS tecidual local são posteriormente modulados 

por um conjunto diverso de fatores autócrinos e parácrinos, incluindo hormônios como 

o estrogênio (28).  
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Evidências mostram que o RAS circulante possa ser responsável por mediar 

efeitos agudos enquanto o RAS tecidual esteja envolvido em situações mais crônicas 

levando a alterações estruturais secundárias (22). O desequilíbrio do RAS é 

considerado o fator mais importante no desenvolvimento de patologias 

cardiovasculares, contribuindo para a patogênese da hipertensão, hipertrofia 

cardíaca, insuficiência cardíaca crônica, doença coronariana e aterosclerose (21–

23,25,27,29). 

 

6.1 Sistema renina-angiotensina na menopausa x doenças cardiovasculares 

Diversas evidências mostram que a perda de estrogênio endógeno leva a uma 

ativação crônica do RAS (tanto no sistema circulante quanto no tecidual), aumentando 

o estresse oxidativo e reduzindo a biodisponibilidade de NO em tecidos sensíveis ao 

estrogênio, levando a disfunção endotelial, inflamação e disfunção imune. Acredita-se 

que essa superativação promova o início e a progressão da hipertensão (6,29–31). 

Em linhas gerais os homens têm a via pressora clássica (ECA/Ang II/AT1R) 

potencializada, enquanto as mulheres na pré menopausa têm principalmente a via 

depressora (ECA2/Ang (1-7)/MasR) ativada. Após a menopausa, essa vantagem 

feminina diminui, fazendo com que as mulheres apresentem um RAS similar ao 

masculino (8,27).  

 Em mulheres na pós-menopausa e em modelos animais ooforectomizados, 

após a perda de estrogênio, se observa redução nos níveis de AGT, aumento da 

atividade da ECA plasmática e tecidual, aumento da atividade da Ang II e aumento da 

expressão  e sinalização tecidual de AT1R (6,8,16,22,23,25,27,29,31). Os altos níveis 

de Ang II, tanto circulantes quanto os teciduais, estão correlacionados com a lesão 

tecidual (23). No coração, essa exposição crônica à Ang II promove hipertrofia 

cardíaca por meio da ativação de fatores de crescimento e aumento do estresse 

oxidativo mitocondrial. Além disso, a ativação de AT1R mediada por Ang II induz a 

remodelação estrutural da parede ventricular, incluindo proliferação de fibroblastos 

cardíacos, deposição de proteínas da matriz extracelular, como colágeno, e 

crescimento hipertrófico de cardiomiócitos (23,27). Em contrapartida, há uma 

diminuição dos níveis circulantes de Ang-(1-7), redução da expressão de AT2R e da 

ECA2, ocasionando uma resposta reduzida aos efeitos vasodilatadores do eixo 



 26 

ECA2/Ang (1-7)/MasR (8,23,25,27,32). 
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JUSTIFICATIVA 
 

 A queda nos níveis circulantes de estrogênio está bem relacionada ao aumento 

da prevalência de hipertensão e outras patologias cardiovasculares em mulheres na 

pós-menopausa. Somado a isso, mulheres apresentam maior dificuldade de controlar 

a hipertensão nesse período da vida, mesmo com uma variedade terapêutica estando 

disponível. Mesmo que haja tratamento anti-hipertensivo eficaz e adequado controle 

de PA, na presença de danos em órgãos- alvo, as mulheres apresentam uma menor 

efetividade no tratamento. Importante lembrar que a população de interesse engloba 

mulheres com menos de 45 anos que experienciam menopausa prematura ou de 

início precoce, já que essa população apresenta as mesmas características 

cardiovasculares causadas pela deficiência de estrogênio. 

 Este trabalho se torna relevante por agregar conhecimento acerca dos 

mecanismos cardiovasculares envolvidos na menopausa associada a hipertensão, 

tendo um foco principal no sistema renina-angiotensina. A melhor compreensão 

desses mecanismos torna possível identificar novos potenciais alvos terapêuticos que 

auxiliem o controle da PA e de suas consequências no sistema cardiovascular. 
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HIPÓTESES 
Hipótese alternativa 

A privação de estrogênio endógeno altera a mecanismos moleculares, levando 

a alterações cardiovasculares em ratas hipertensas ooforectomizadas. 

 

Hipótese nula 

A privação de estrogênio endógeno não altera a mecanismos moleculares, não 

ocorrendo alterações cardiovasculares em ratas hipertensas ooforectomizadas. 
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OBJETIVOS 
Principal 

Investigar os mecanismos moleculares e alterações cardiovasculares em um 

modelo experimental de privação de estrogênio endógeno associada à hipertensão 

 

Secundários 

• Estabelecer um modelo experimental de privação de estrogênio endógeno, 

através do procedimento de ooforectomia, e hipertensão em ratas 

espontaneamente hipertensas da linhagem SHR; 

• Investigar a morfologia dos cardiomiócitos de ratas ooforectomizadas e 

hipertensas; 

• Avaliar a presença de lesão cardíaca em ratas ooforectomizadas e 

hipertensas; 

• Investigar mecanismos moleculares relacionados ao sistema renina-

angiotensina no coração e aorta abdominal de ratas hipertensas e 

ooforectomizadas; 

• Investigar mecanismos moleculares relacionados ao sistema calicreína-

cininas no coração e aorta abdominal de ratas hipertensas e 

ooforectomizadas; 

• Avaliar efeito do plasma de ratas hipertensas ooforectomizadas em células 

vasculares. 
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CONSIDERAÇÕES FINAIS 
 

 Os achados neste trabalho auxiliam no entendimento dos mecanismos 

moleculares do sistema renina-angiotensina envolvidos na privação de estrogênio 

associada à hipertensão. Um resumo dos principais resultados está ilustrado na 

figura 4.  

 
Figura 5.   Sistema renina-angiotensina no coração de ratas ooforectomizadas e hipertensas. A 
ooforectomia leva a um aumento da pressão arterial e alterações no sistema renina-angiotensina 
cardíaco, levando a uma supra regulação do eixo vasoconstritor. 
 

 Após a ooforectomia, os animais apresentaram um aumento de pressão 

arterial, confirmando que o modelo é adequado para mimetizar os acontecimentos na 

pós-menopausa em mulheres. O sistema renina-angiotensina se mostra supra 

regulado no coração de ratas ooforectomizadas e hipertensas.  Associada ao aumento 

da atividade dos elementos vasoconstritores do sistema renina-angiotensina, se 

observou hipertrofia nos cardiomiócitos dos animais hipertensos, sem aumento no 
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número de células e sem lesão cardíaca.  Além disso, nas aortas desses animais, os 

mesmos achados de desequilíbrio no sistema renina-angiotensina foram encontrados. 

Através de experimento in vitro foi possível avaliar que o plasma alterado desses 

animais interfere nas células naïve. Este achado, associado aos achados previamente 

publicados (Anexo 2) sugere que o eixo vasoconstritor do RAS pode influenciar nos 

efeitos pró-trombóticos vistos nas aortas e plaquetas.  Nossos dados indicam o 

mecanismo de hipertrofia parece não envolver lesão celular direta, mas sim esteja 

relacionado ao aumento de proliferação e viabilidade por uma via dependente da 

ativação de uma via dependente da ativação de quimase/AT1R e geração intracelular 

de ERK1/2. 
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PERSPECTIVAS 
 

Para dar seguimento ao projeto faremos análises por multiplex (luminex) para avaliar 

a expressão de múltiplas citocinas e proteínas envolvidas com inflamação e angiogênese no 

coração e células de aorta. Após um modelo bem estabelecido das alterações no sistema 

cardiovascular, será proposto tratamento com estrogênio, a fim de avaliar os efeitos 

da reposição desse hormônio na reversão das alterações observadas. 
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Abstract 32 

Aim: In this study, we investigated how platelets and aorta contribute to the creation and maintenance of a 33 
prothrombotic state in an experimental model of postmenopausal hypertension in ovariectomized rats. Methods: 34 
Bilateral ovariectomy was performed in both 14-week-old female spontaneously hypertensive (SHR) and 35 
normotensive Wistar Kyoto (WKY) rats. The animals were kept in phytoestrogen free diet. Vascular parameters, 36 
platelet, coagulation and aortic prothrombotic functions and mechanisms were assessed. Results: Exacerbated 37 
platelet aggregation was observed in both SHR and WKY animals after ovariectomy. The mechanism was related 38 
to aortic COX2 downregulation and reduction in AMP, ADP, and ATP hydrolysis in serum and platelets. A 39 
procoagulant potential was observed in plasma from ovariectomized rats and this was confirmed by kallikrein and 40 
factor Xa generation in aortic rings. Aortic rings derived from ovariectomized SHR presented a greater thrombin 41 
generation capacity compared to equivalent rings from WKY animals. The mechanism involved tissue factor and 42 
PAR-1 upregulation as well as an increase in extrinsic coagulation and fibrinolysis markers in aorta and platelets. 43 
Aortic smooth muscle cells pre-treated with a plasma pool derived from estrogen-depleted animals developed a 44 
procoagulant profile with tissue factor upregulation. This procoagulant profile was dependent on inflammatory 45 
signalling, since NFκB inhibition attenuated the procoagulant activity and tissue factor expression. Conclusions: 46 
A prothrombotic phenotype was observed in both WKY and SHR ovariectomized rats being associated with 47 
platelet hyperreactivity and tissue factor upregulation in aorta and platelets. The mechanism involves 48 
proinflammatory signalling that supports greater thrombin generation in aorta and vascular smooth muscle cells. 49 

 50 

Keywords: Estrogen, hypertension, menopause, platelet, tissue factor, thrombosis.  51 
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1. Introduction 65 

The arterial vascular wall contributes to thrombotic complications in a variety of disease states, including but not 66 
limited to hypertension, atherosclerosis, diabetes, stroke, and sepsis (Esmon and Esmon, 2011; Lacolley et al., 67 
2012). Vascular wall cells (mainly endothelial and vascular smooth muscle cells) can generate a hypercoagulable 68 
state by supporting procoagulant enzyme formation (Pawlinski et al., 2004). The vascular wall also functionally 69 
modulates and interacts with tissue factor expressing cells that participate in thrombus growth such as platelets, 70 
neutrophils, and monocytes (Grover and Mackman, 2018). In hypertension, experimental evidence suggests a 71 
hemostatic balance impairment in vasculature. Spontaneously hypertensive rats (SHR) exhibited accelerated 72 
FeCl3-induced thrombus formation in carotid arteries (Ait Aissa et al., 2015). Accordingly, vascular smooth 73 
muscle cells (VSMCs) supported a greater thrombin generation capacity when compared to VSMCs from 74 
normotensive control rats (Ait Aissa et al., 2015). Clinical studies also have reported higher plasma levels of D-75 
dimers, fibrinogen, thrombin-antithrombin complex (TAT), and FVII in hypertensive patients compared to 76 
normotensive individuals (Arikan and Sen, 2005; Junker et al., 1998). Moreover, plasma from hypertensive 77 
patients has enhanced thrombin generation capacity compared to healthy controls (Elias et al., 2019). 78 

Regarding the prothrombotic events in postmenopausal women, the contribution of cellular and molecular 79 
mechanisms involving the vascular wall is still unclear. Gender differences in the risk of cardiovascular diseases 80 
are well known (Knowlton and Lee, 2012). Premenopausal women have lower risk than men of the same age, 81 
however, this apparent cardio protection disappears with the onset of menopause (Knowlton and Lee, 2012). 82 
Indeed, thromboembolic and coronary heart diseases are the leading cause of death in women after loss of ovarian 83 
function and the risk is even higher when associated with hypertension, obesity, diabetes, or coagulation disorders 84 
during menopause (Anagnostis et al., 2018).    85 

Since menopause is characterized by a natural decline in estrogen production, this hormone has been implicated 86 
in several pathophysiological aspects of the vascular wall. Estrogen depletion is associated with changes in lipid 87 
metabolism, increased vascular and cardiac oxidative stress, reduced nitric oxide (NO) availability, and reduced 88 
vascular reactivity response to vasodilators (Barp et al., 2012; Knowlton and Lee, 2012; Wassmann et al., 2001). 89 
In fact, both estrogen receptor (ER) subtypes (ERα and Erβ) are expressed in endothelial and VSMCs. The 90 
activation of both receptors mediates NO production (Knowlton and Lee, 2012). Systemically, the decrease in 91 
estrogen production is associated with a rise in arterial blood pressure in rat models of ovariectomy (Fang et al., 92 
2001; Harrison-Bernard et al., 2003; Ito et al., 2006; Peng et al., 2003). The angiotensin system seems to be an 93 
important mechanism, since estrogens can regulate angiotensinogen, renin, angiotensin II (Ang II) receptors AT1 94 
and AT2 expression, and aldosterone production (Ahmad et al., 2018; Hoshi-Fukushima et al., 2008). AT1 95 
expression increases in blood vessels, kidney, and brain stem in estrogen-depleted SHR (Ito et al., 2006) and, in 96 
the heart, estrogen loss causes diastolic dysfunction by altering cardiomyocytes relaxation properties (Zhao et al., 97 
2014). Interestingly, Ahmad et al., 2018 also found that chymase is the main Ang II generating enzyme in 98 
cardiomyocytes isolated from ovariectomized SHR and cardiovascular dysfunction positively correlates with an 99 
increased chymase activity in this model.  100 

Together with systemic blood pressure changes and Ang II involvement, platelet hyperreactivity has also been 101 
described in experimental models of menopausal hypertension (Otsuka et al., 1997; Sasaki et al., 2000). Platelets 102 
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derived from salt sensitive SHR ovariectomized rats show an increased aggregatory response to classical agonists, 103 
which correlates with the rise in blood pressure levels (Otsuka et al., 1997; Sasaki et al., 2000). Once Ang II has 104 
prothrombotic effects, this may be one of the mechanisms involved (Celi et al., 2010; Mogielnicki et al., 2005). 105 
However, it is not well-understood how platelets, aorta, and VSMCs interact to create and maintain a 106 
prothrombotic state after estrogen level drops down. For this purpose, we designed a menopausal hypertension 107 
model in which bilateral ovariectomy surgery was performed in 14-week-old female SHR and normotensive 108 
Wistar Kyoto (WKY) rats fed with a phytoestrogen free diet. After 50 days of ovariectomy surgery, both WKY 109 
and SHR animals evolved to a vascular prothrombotic state associated with nucleotide metabolizing system down-110 
regulation, platelet hyperreactivity, and tissue factor expression up-regulation in both aorta and platelets. We 111 
found that aorta and vascular cells are important in supporting procoagulant enzyme assembly and generation by 112 
a mechanism that was significantly exacerbated in hypertensive aorta and was dependent of tissue factor and NF-113 
κB-mediated proinflammatory signalling. 114 

 115 

2. Materials and methods 116 

2.1 Animals 117 

Twenty Wistar Kyoto (WKY) and 20 spontaneously hypertensive (SHR) female rats were used in this study. The 118 
animals (60-days old, weighting 170-200 g) were acquired from the Federal University of Rio Grande do Sul 119 
Animal House (Porto Alegre, RS, Brazil) and maintained throughout the experiment (90 days total period) in the 120 
animal facility of our institution at the Hospital de Clínicas de Porto Alegre (Porto Alegre, RS, Brazil), following 121 
the Brazilian Law number 11.794/2008, which provides guidance and regulation for scientific research involving 122 
animals. Animals were kept at 20–24 oC in a 40-60 % relative air humidity environment with 12 h dark/light cycle 123 
and free access to water and food. During their first 60 days, animals received regular standard rodent chow and 124 
in the next 90 days, they received a soy-free based diet (PRAGSOLUÇÕES, SP, Brazil) to avoid phytoestrogens 125 
interference. All the procedures involving animals were carried out according to the Brazilian Guideline for the 126 
Care and Use of Animals for Scientific and Educational Purposes (DBCA, RN 30/2016) as stated by the CONCEA 127 
(National Council for Control of Animal Experimentation). Our experimental protocol was approved by the 128 
Institute's Animal Ethics Committee of the Experimental Research Center at Hospital de Clínicas de Porto Alegre, 129 
Porto Alegre, RS, Brazil (protocol number 19001/2019). 130 

2.2 Experimental design 131 

An experimental model of postmenopausal hypertension in ovariectomized rats was developed (Fig. 1A). The 132 
animals arrived at our institution 60 days after birth and this date was considered as day zero of our protocol. At 133 
day 40 (with approximately 14 weeks of age), the animals were randomly assigned to undergo either bilateral 134 
ovariectomy (OVX) or SHAM surgery (referred here as gonadal-intact animals). The experimental groups (n = 135 
10/group) were as follows: (i) Wistar Kyoto rats – SHAM operated (WKY-SHAM); (ii) Wistar Kyoto rats – 136 
ovariectomized (WKY-OVX); (iii) Spontaneously Hypertensive Rats – SHAM operated (SHR-SHAM); and (iv) 137 
Spontaneously Hypertensive Rats – ovariectomized (SHR-OVX). At day 90 (50 days after surgery), the protocol 138 
was completed and the animals were euthanised for sample collection. Five days before either surgery (at day 35) 139 
or euthanasia (at day 85), blood pressure and 17-β estradiol levels were measured. 17-β estradiol was measured 140 
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by a competitive ELISA-like immunoassay following the manufacturer instructions (E2 ELISA kit, CEA461Ge, 141 
Cloud-Clone Corp., Houston, TX, USA).  On the same days of blood pressure measurements, a vaginal smear 142 
was also collected for estrous cycle phase evaluations. All animals submitted to OVX surgery were in the diestrous 143 
phase to avoid metabolic variations. During the entire protocol rats were weighed once a week.   144 

2.3 Surgical procedure  145 

Surgery was conducted under inhaled general anaesthesia with isoflurane vaporized in oxygen (5 % for induction, 146 
2 % for maintenance) and the animal’s body temperature was maintained at 37 oC throughout the procedures. The 147 
ovariectomized group of rats had both ovaries removed, while SHAM operated group were submitted to the 148 
identical surgical protocol but does not have their ovaries removed. After anesthetic induction, animals were 149 
positioned in lateral decubitus, were trichotomized in both the right and left flanks and an incision of 150 
approximately 0.5 cm caudally to the last rib was carried out to reach the abdominal cavity. After the muscle and 151 
subcutaneous tissue dissection, the ovary was exposed and two ligation sutures were positioned between the 152 
Fallopian tube (close to the uterine horn), vessels, and periovarian adipose tissue. The organ was then removed 153 
after a single incision between the two suture ligations. The same procedure was repeated contralaterally and 154 
muscle and skin layers were then sutured using polyglactin 910 (Vicryl®) 4-0 and mononaylon 5-0, respectively. 155 
Analgesic support was provided after the surgery by a single dipyrone dose (500 mg/kg, via i.m.) and over the 156 
first three days post-surgery with tramadol (5 mg/kg, via i.p.) twice a day, every 12 h. After 50 days (at day 90, 157 
Fig. 1A) of ovariectomy, animals were deeply anesthetized with isoflurane for blood and organ collection. 158 
Euthanasia occurred by exsanguination until cardiorespiratory arrest.  159 

2.4 Biological sample preparation 160 

Blood (approximately 10 mL) was obtained by cardiac puncture in 1:10 (v/v) 3.8 % trisodium citrate. Then 161 
platelet-rich plasma (PRP) was prepared immediately by centrifugation at 200 x g in three cycles of 5 min each. 162 
The PRP was used for all platelet aggregation experiments at the same day of its collection. Platelet-poor plasma 163 
(PPP) was obtained by blood centrifugation at 1,500 × g for 10 min. PPP was aliquoted and stored at -20 oC until 164 
use in the coagulation assays, cell treatments, and nucleotidase activity determinations. Abdominal and the 165 
descending thoracic aorta and uterus were also collected. Abdominal and thoracic aorta were washed in cold 166 
phosphate-buffered saline and kept on ice until use. The thoracic aorta was immediately sectioned in two-167 
millimetre rings and processed as previously described (Ait Aissa et al., 2015) for the aortic ring procoagulant 168 
profile assays (see details below). The abdominal aorta was immediately frozen in liquid nitrogen and stored at -169 
80 ºC for tissue extract processing and western-blot experiments. The fresh (wet) uterus was weighed in an 170 
analytical scale, frozen and kept at -80 ºC. 171 

2.5 Cardiovascular parameters 172 

On the 35th and 85th day of the protocol (Fig. 1A), heart rate, systolic and diastolic blood pressure were measured 173 
in conscious rats by the tail-cuff method (Insight, Ribeirao Preto, SP, Brazil). The animals were properly adapted 174 
to the equipment and the measurement procedure before the protocol started. Three consecutive readings of blood 175 
pressure and heart rate were recorded per animal. 176 

2.6 Platelet aggregation  177 
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Platelet aggregation agonists ADP (10 µM) or collagen (2.5 µg/mL) were incubated for 5 min at 37 oC in 96-well 178 
flat-bottomed plates containing Tyrode-albumin buffer, pH 7.4. Aggregation response was then triggered by the 179 
addition of PRP suspension (3-4 x 105 cells/µL) and changes in turbidity were monitored at 650 nm in intervals 180 
of 11 s for 30 min using a microplate reader (SpectraMAX 190, Molecular Devices, Sunnyvale, CA, USA). The 181 
decrease in turbidity over time was measured in absorbance units and results expressed as area under the 182 
aggregation curves, as previously described (Berger et al., 2010).  183 

2.7 Nucleotide hydrolysis 184 

The hydrolysis of extracellular nucleotides was determined in serum and platelets by an enzymatic assay as 185 
already described (Naasani et al., 2017). E-NTPDase (ectonucleoside triphosphate diphosphohydrolase) and ecto-186 
5’-nucleotidase activities were measured through the malachite green method using ATP, ADP, and AMP as 187 
substrates and KH2PO4 as Pi standard. Nucleotide spontaneous hydrolysis was monitored during incubation in 188 
absence of serum or platelet extracts. All samples were run in triplicate and enzyme specific activity was expressed 189 
as nmol Pi released per min per mg of protein. Phosphodiesterase activity (E-NPP, nucleotide 190 
pyrophosphatase/phosphodiesterase) was assessed by using the synthetic chromogenic substrate thymidine 5’-191 
monophosphate p-nitrophenyl ester, p-Nph-5’-TMP (Sigma-Aldrich, Saint Louis, MO, USA) at a final 192 
concentration of 0.5 mM. The kinetics of p-nitrophenol release was monitored at 405 nm during a total time of 30 193 
min with 14 s intervals between reads. Enzyme activity was expressed as mOD of p-nitrophenol released per min 194 
per mg of protein.   195 

2.8 Blood coagulation 196 

The following coagulation parameters were measured in citrated plasma: activated partial thromboplastin time 197 
(aPTT), prothrombin time (PT), thrombin time (TT), and fibrinogen levels (FBG). These parameters were 198 
determined using commercially available kits following the general manufacturer’s instructions (Sullab 199 
Diagnosticos, Porto Alegre, RS, Brazil).  200 

2.9 Aortic ring assays 201 

To measure the procoagulant profile acquired by normotensive and hypertensive ovariectomized rat aorta, we 202 
design an aortic ring assay based on the procedure previously described by Ait Aissa et al., 2015, with some 203 
modifications. Thoracic aortic rings (approximately 2 mm) were resuspended in Krebs-Ringer bicarbonate buffer 204 
containing 2 g/L bovine serum albumin and incubated at 37 oC for 5 min. Then, a mixture of activated factor VII 205 
(FVIIa) (2 nM), factor X (FX) (1.2 nM), activated factor V (FVa) (2.5 nM), and prothrombin (10 nM) was added 206 
and thrombin generation monitored by changes in absorbance at 405 nm after the addition of 0.2 mM S2238 207 
substrate (H-D-Phe-Pip-Arg-p-nitroanilide). Similarly, activated factor X (FXa) generation was also measured in 208 
the presence of aortic rings by adding a mixture containing FVIIa (2 nM), FX (8 nM) and 0.2 mM S2222 substrate 209 
(Bz-Ile-Glu-Gly-Arg-p-nitroanilide). For the plasma kallikrein generation assay, the aortic rings were incubated 210 
in Krebs-Ringer with human plasma deficient in prothrombin (diluted 1:5) containing 100 nM corn trypsin 211 
inhibitor. Kallikrein formation was then followed at 405 nm by adding S2302 substrate (H-D-Pro-Phe-Arg-p-212 
nitroanilide). In this case, both prothrombin deficient plasma and corn trypsin inhibitor were used to avoid 213 
thrombin and activated factor XII (FXIIa) interference, respectively. Kinetic readings were taken over 40 min (14 214 
s intervals) for all the aortic ring assays using 96-well plates in a final volume of 150 µL. 215 
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2.10 Nitrite/nitrate measurements 216 

Total nitrate and nitrite levels (NOx
-) were determined as an indication of NO production. The measurements were 217 

performed in total plasma and aorta extracts according to the Griess method (Miranda et al., 2001).  218 

2.11 Cell culture experiments 219 

Vascular smooth muscle cells (VMSC) (A7r5 cell line, ATCC® CRL-1444), derived from rat thoracic aorta, were 220 
cultured in DMEM (high glucose) containing 10 % fetal bovine serum (FBS), 50 U/mL penicillin and 100 µg/mL 221 
streptomycin following the standards for cell culture maintenance. VMSCs were used to investigate if the plasma-222 
derived from normotensive and hypertensive OVX rats could induce a procoagulant profile on cell surface. For 223 
this purpose, a similar experimental design as described by Berger et al., 2019 was followed. Confluent VSMC 224 
monolayers seeded in 96-well plates were treated for 1 h with 5, 10 or 30 % of plasma obtained from OVX and 225 
SHAM-operated animals diluted in DMEM without FBS. Then, the medium was removed and cells were washed 226 
twice in PBS. The procoagulant profile triggered on VSMC surface was determined by the aPTT assay after 227 
addition (50 µL) of a normal rat plasma pool collected from healthy animals. To verify if the procoagulant profile 228 
induced on VSMCs was time-dependent, VSMC monolayers were treated with 10 % diluted plasma and cells 229 
were washed and processed for aPTT assay after different time-points of incubation (30 min, 1, 2, 4, and 24 h), 230 
using the same procedure described before. In another set of experiments, VSMCs were pre-treated overnight (in 231 
the presence of 1 % FBS) with PBS or 0.1 µM PDTC to block the NF-κB pathway. Then, it was added 10 % 232 
diluted plasma from OVX and SHAM animals in absence of FBS. Incubation was maintained for an additional 2 233 
h and after a washing step, aPTT was measured as above using normal plasma pool. In all experimental settings, 234 
clot formation kinetics was monitored (650 nm) at a time interval of 10 s for a total time of 20 min on a 235 
SpectraMAX 190 microplate reader (Molecular Devices, Sunnyvale, CA, USA). 236 

2.12 Western blotting 237 

Protein expression of different biomarkers related to thrombosis was evaluated in tissue (aorta) and cell (platelets 238 
and VSMCs) extracts by immunoblot. Following standard procedures, proteins (30-50 µg) were separated by 239 
SDS-PAGE under reducing conditions, transferred onto nitrocellulose membranes, incubated with primary and 240 
secondary-horseradish peroxidase conjugated antibodies, and revealed using the colorimetric kit Opti-4CN (Bio-241 
Rad, Hercules, CA, USA). Protein expression levels were normalized against β-actin and quantified using Image 242 
J software (available at https://imagej.nih.gov/ij/). The following antibodies and dilutions were used: 243 
Cyclooxygenase 2 (COX-2) – 1:500 (D5H5 #12282 – Cell Signaling Technology, Danvers, MA, USA); inducible 244 
nitric oxide synthase (iNOS) – 1:200 (M-19 #sc-650 Santa Cruz Biotechnology, Dallas, TX, USA); tissue factor 245 
(TF) – 1:500 (I-20 #sc-23596 – Santa Cruz Biotechnology, Dallas, TX, USA); kallikrein-1 (KLK1) – 1:500 246 
(13G11 #19901 – QED Bioscience, San Diego, CA, USA); factor X (FX) – 1:500 (C-20 #sc-16341 – Santa Cruz 247 
Biotechnology, Dallas, TX, USA); factor II (FII) – 1:500 (D-15 #sc-23355 – Santa Cruz Biotechnology, Dallas, 248 
TX, USA); protease activated receptor – 1 (PAR1) – 1:500 (ATAP2 #sc-13503 – Santa Cruz Biotechnology, 249 
Dallas, TX, USA); plasminogen activator inhibitor – 1 (PAI-1) – 1:1000 (M-20 #sc-6644 – Santa Cruz 250 
Biotechnology, Dallas, TX, USA); urokinase plasminogen activator (uPA) – 1:500 (#CSB-PA14319A0Rb, 251 
Cusabio Biotech Co., Wuhan, China); and β-actin – 1:1000 (#A-1978, Sigma-Aldrich, Saint Loius, MO, USA).          252 

2.13 Data analysis 253 
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The data are presented as means ± SE, and significant differences were analysed by one-way ANOVA followed 254 
by an unpaired t-test with Bonferroni correction for multiple comparisons. Cardiovascular parameters were 255 
analysed by the method of Generalized Estimating Equations (GEE) followed by Bonferroni’s test. Data from 256 
body and uterus weight were analysed using Kruskal-Wallis followed by Dunn’s test. P-values of 0.05 were 257 
significant considered to be significant. Statistical analyses were performed using GraphPad Prism (GraphPad 258 
Software Inc., San Diego, CA, USA) or SPSS 20.0 software. 259 

3. Results 260 

In this work we designed an experimental model of post-menopausal hypertension in ovariectomized rats to better 261 
understand how thrombotic mechanisms in the aorta are impacted by estrogen reduction. For this purpose, we 262 
subjected both WKY and SHR female rats feeding on phytoestrogen free diet to a bilateral ovariectomy (OVX) 263 
surgery (Fig.1A). Rat body weight increased in groups that had their ovaries removed (Fig. 1B). The OVX surgery 264 
efficiency was confirmed by uterine atrophy, as demonstrated by a significant reduction in the uterus weight in 265 
ovariectomized animals (Fig 1C). The 17-β estradiol levels also reduced in post-OVX rats compared to its baseline 266 
values pre-surgery (Table S1). Normotensive WKY animals had lower systolic (SBP) and diastolic (DBP) blood 267 
pressure levels compared to SHR at the baseline pre-OVX measurements (Table 1). The difference between these 268 
parameters increased significantly 50 days post-OVX surgery. Estrogen depletion led to hypertension in WKY 269 
animals, since SBP increased from 132 ± 4.7 to 169 ± 3 mmHg, while in SHR it led to an exacerbated hypertensive 270 
response with SBP increasing from 159 ± 3.5 to 176 ± 2.5 mmHg (Table 1).  271 

The first evidence that ovariectomized animals evolved to a prothrombotic state was obtained from ex-vivo platelet 272 
aggregation assays (Fig. 2). Platelets from both WKY and SHR rats showed an exacerbated aggregatory response 273 
to ADP (Fig. 2A-C) and collagen (Fig. 2D-F) after OVX. Hypertensive animals from SHR group did not have a 274 
higher aggregatory response compared to WKY-SHAM group, but this effect slightly increased after OVX 275 
surgery compared to WKY-OVX group (Fig. 2B-C and E-F). To investigate the mechanisms behind the platelet 276 
pro-aggregatory response, our primary hypothesis was the nitric oxide system. Interestingly, nitrate/nitrite levels 277 
in plasma and aorta and inducible nitric oxide synthase (iNOS) expression in aorta did not change significantly 278 
between groups, despite a little increase observed in nitrite/nitrate levels in plasma of spontaneously hypertensive 279 
ovariectomized rats (SHR-OVX) (Fig. 3A-C). Alternatively, when the aorta cyclooxygenase-2 expression was 280 
analysed, a reduction around of 50 % was observed both in WKY and SHR groups after OVX surgery (Fig. 3C). 281 
The second hypothesis was to investigate nucleotide metabolism involved in platelet aggregation, since ADP is 282 
one of the most important aggregation agonist and adenosine is a physiological inhibitor that controls this process. 283 
As shown in Figure 4, E-NTPDase (ectonucleoside triphosphate diphosphohydrolase) and ecto-5’- nucleotidase 284 
activities reduced almost at the same extent in serum and platelets of normotensive (WKY) or hypertensive (SHR) 285 
animals after ovarian removal. The presence of basal hypertension increased ADP hydrolysis on platelets, but 286 
estrogen depletion downregulated this parameter (Fig. 4F). Looking to phosphodiesterase activity (E-NPP), SHR 287 
had the highest activity levels compared to normotensive rats in both serum and platelets. After OVX, an opposite 288 
effect was observed, E-NPP increased in serum from WKY group and decreased in platelets from spontaneously 289 
hypertensive animals (Fig. 4D and H).   290 
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Like platelet aggregation, plasma coagulation parameters also changed significantly after ovariectomy (Fig. 5). 291 
Extrinsic, intrinsic, and common pathways of blood coagulation were evaluated in citrated plasma by the classical 292 
tests such as aPTT, PT, TT, and fibrinogen levels measurements. In general, plasma from OVX animals coagulated 293 
faster than those from SHAM-operated animals independent of the basal hypertension levels pre-surgery. This 294 
event was particularly evident in intrinsic pathway measurements (aPTT was around of 25 s in the SHAM group, 295 
while the coagulation time was 15 s in OVX) but was also observed in extrinsic and common pathway 296 
measurements, such as in PT and TT, respectively (Fig. 5A-C and E). In agreement with these alterations, 297 
fibrinogen levels drop down in estrogen depleted groups, being more evident in WKY-OVX group (Fig. 5F). 298 

Aiming to understand how the aorta can contribute to the generation and maintenance of prothrombotic state, we 299 
designed some experiments to measure the complex assembly and activity of the main procoagulant enzymes on 300 
the aortic ring surface. As shown in Figure 6, the aortic rings can support the complex assembly responsible for 301 
kallikrein, FXa and thrombin generation. However, the procoagulant enzyme generation was higher in aortic rings 302 
from estrogen deficient rats (Fig. 6A-C). Interestingly, hypertension exacerbated thrombin generation in aortic 303 
rings from SHR-OVX group compared to those from WKY-OVX group, which were originally normotensive 304 
pre-ovarian removal surgery (Fig. 6C). Corroborating these findings, tissue factor expression (the main molecule 305 
known as an initiator of extrinsic coagulation pathway), increased in both the aorta (Fig. 7A) and the platelet (Fig. 306 
7B) surface from ovariectomized animals. In a similar way, OVX increased the aortic expression of other 307 
prothrombotic (FII and FX) (Fig. 8A and C) and fibrinolytic (PAI-1 and uPA) (Fig. 8 B and D) proteins, being 308 
uPA markedly up-regulated by the presence of basal hypertension, such as in SHR-OVX animals (Fig. 8D). As a 309 
consequence of procoagulant enzyme activation, the protease activated receptor 1 (PAR-1), the main receptor 310 
cleaved by thrombin and FXa-induced intracellular signalling, also appeared upregulated in WKY-OVX and 311 
SHR-OVX aorta (Fig. 8C). 312 

Next, we investigated if the plasma-derived from estrogen deficient animals could also activate and induce a 313 
prothrombotic profile in naive VSMCs in vitro. For this purpose, we chose a VSMC cell line (A7r5) derived from 314 
rat thoracic aorta, which was treated with increasing concentrations of plasma from normotensive and 315 
hypertensive OVX rats. As shown in Figure 9, normal healthy plasma coagulated faster on VSMC surface pre-316 
treated with OVX-derived plasma from both normotensive (WKY-OVX) and hypertensive (SHR-OVX) animals. 317 
The procoagulant profile triggered by OVX plasma was dose-dependent (Fig. 9A) and more pronounced in VSMC 318 
treated up to 2 h, being similar to the control levels in cells treated by 24 h (Fig. 9B). We also observed that OVX-319 
derived plasma significantly increased the tissue factor expression on VSMC mainly between 30 min and 2 h post-320 
treatment (Fig. 9C and D). In the last experiment (Fig. 10), we hypothesized that the upregulation of the tissue 321 
factor and the consequent procoagulant profile triggered on VSMC could be linked to an inflammatory 322 
intracellular signalling. To properly test this hypothesis, prior to the addition of OVX-derived plasma, cells were 323 
treated with PDTC, a NF-κB pathway inhibitor. As shown in Figure 10A, blocking the NF-κB mediated pathway 324 
reduced significantly the procoagulant effect triggered by WKY-OVX and SHR-OVX plasma on VSMC surface. 325 
The reduction in VSMC-induced procoagulant activity was accompanied by a down-regulation in tissue factor 326 
expression on cells previously treated with PDTC (Fig. 10B).            327 

4. Discussion 328 
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In this study, we developed an experimental model of postmenopausal hypertension induced by bilateral 329 
ovariectomy in 14-week-old WKY and SHR female rats. We found that acute endogenous estrogen deprivation 330 
after ovariectomy promptly increases the blood pressure independent of a previous basal hypertensive condition, 331 
leading to a systemic vascular prothrombotic state. The mechanism behind this finding involved a platelet 332 
hyperreactivity, which was directly related to the downregulation of the nucleotide degradation system and the 333 
upregulation of tissue factor in both platelets and aorta. The aorta participates in the mechanism by supporting 334 
procoagulant enzyme generation, including thrombin, and this event is significantly exacerbated in hypertensive 335 
aorta. Interestingly, we found that plasma derived from ovariectomized animals can trigger a prothrombotic profile 336 
in cultured vascular cells by increasing tissue factor expression through NF-κB-dependent pathway. 337 

Since hypertension is an important risk factor for vascular thromboembolic events in the postmenopausal 338 
period, we decided to use SHR animals, which are a known model of preestablished and sustained hypertension. 339 
Previous studies have reported that feeding ovariectomized SHR a high-salt diet will further exacerbate the level 340 
of hypertension, which was not observed in normotensive animals (Fang et al., 2001; Harrison-Bernard et al., 341 
2003; Peng et al., 2003). In contrast, Ito et al., 2006 measured blood pressure by radiotelemetry and detected a 342 
significant SBP increase in both ovariectomized normotensive (WKY) and SHR feeding a phytoestrogen free diet 343 
with standard levels of NaCl. Another important point to be considered in this case is the animal age at the moment 344 
of ovary removal surgery. Rats ovariectomized at a young age only develop hypertension when fed a high-salt 345 
diet (Fang et al., 2001; Harrison-Bernard et al., 2003), whereas rats ovariectomized at ages from 12-14 weeks-old 346 
have increased arterial pressure feeding a phytoestrogen-devoid diet containing both standard or high-NaCl 347 
amounts (Ito et al., 2006; Peng et al., 2003). In this study, we ovariectomized 14-week-old animals previously 348 
feeding a phytoestrogen free diet with standard NaCl and we followed them for a longer period (50 days). In a 349 
similar way to that observed by Ito et al., 2006, we found that both normotensive WKY and SHR animals had 350 
increased SBP, DBP, and HR compared to the basal measurements before bilateral ovariectomy surgery. This 351 
indicates that it would be a good model to study thromboembolic alteration during postmenopausal hypertension. 352 
Of course, following the animals for longer periods of time after ovariectomy would be ideal mainly to mimic the 353 
vascular dysfunction caused by senescence in elder menopausal women. Therefore, the endpoint of the protocol 354 
may be a limitation to be considered in our study. Regarding the mechanism involved in estrogen depletion-355 
induced hypertension, Ahmad et al., 2018 found an up-regulation of chymase-derived angiotensin II (Ang II) in 356 
cardiomyocytes isolated from ovariectomized SHR. Once Ang II has a prothrombotic effect causing platelet 357 
hyperreactivity (Fang et al., 2013; Mogielnicki et al., 2005), it is possible that chymase-derived Ang II has also a 358 
role in the prothrombotic events observed here. However, this deserves further exploration.  359 

The first evidence of a systemic prothrombotic state was the procoagulant activity observed in plasma 360 
coagulation tests and platelet hyperreactivity. Platelets from ovariectomized animals had an enhanced response 361 
when stimulated with ADP and collagen. Accordingly, platelets from ovariectomized Dahl-salt-sensitive rats also 362 
showed an exacerbated aggregatory response to thrombin by a mechanism dependent of intracellular calcium and 363 
PKC activation (Sasaki et al., 2000). Here, we found that other mechanisms may be involved. Nitrite/nitrate levels 364 
in plasma and iNOS expression in aorta remained unchanged, while COX-2 decreased in aorta. Both nitric oxide 365 
and COX-2 are important platelet regulators since they cause vasodilation and reduce the aggregatory response 366 
through cGMP and PGI2 generation, respectively (Shah, 2005). Thus, COX-2 downregulation can contribute to a 367 
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prothrombotic state by maintaining a vasoconstrictive response and platelet hyperreactivity. Another mechanism 368 
we found was related to the inhibition of nucleotide degradation system in estrogen depleted groups. The same 369 
nucleotides used in energy metabolism also participate as platelet aggregation regulators. ATP and ADP are stored 370 
in platelet dense granules and are secreted during platelet activation. Extracellular ATP is rapidly metabolized in 371 
a cascade hydrolysis into ADP, AMP and finally adenosine by the ecto-enzymes E-NTPDase (CD39), ecto-5’- 372 
nucleotidase (CD73) and E-NPP (Koupenova and Ravid, 2018). Secreted ATP and ADP, as well as ADP deriving 373 
from ATP degradation, activate P2Y1, P2Y12, and P2X1 receptors. Through the P2Y12 receptor, ADP strongly 374 
modulates the growth and stability of thrombus by potentiating platelet dense granule release, platelet aggregation 375 
and procoagulant activity (Ballerini et al., 2018). On the other hand, adenosine through the P1 receptors acts as a 376 
counterregulatory molecule increasing cAMP intracellular levels and inhibiting platelet aggregation (Koupenova 377 
and Ravid, 2018). Thus, nucleotide hydrolysis can control the balance between pro and anti-aggregatory profiles. 378 
Interestingly, ATP, ADP, and AMP hydrolysis decrease at similar rates in serum and platelets of normotensive 379 
and hypertensive ovariectomized animals. This suggests that estrogen deprivation changes nucleotide metabolism 380 
shifting the balance, favouring ADP/ATP accumulation and, thus, contributing to platelet hyperreactivity. 381 

Platelets, endothelial cells and VSMC participate in the initial and amplification phases of clot formation. 382 
They offer a proper surface of negatively charged phospholipids for coagulation factor complex assembly (Esmon 383 
and Esmon, 2011). Exposure of phosphatidylserine on the outer membrane of platelets and vascular cells regulated 384 
by flip-flop mechanism is thought to account for the procoagulant profile of these cells. A previous report showed 385 
that aortic rings and VSMC from SHR animals had increased amounts of negatively charged phospholipid 386 
procoagulant activity, which was correlated to a greater thrombin generation at the surface of SHR-derived aortic 387 
rings compared to WKY control rings (Ait Aissa et al., 2015). The authors found that hypertension-induced 388 
intracellular calcium elevation in SHR cells promoted the flip-flop process causing exposure of negatively charged 389 
phospholipids (Ait Aissa et al., 2015). While changes in membrane phospholipid rearrangement allow coagulation 390 
factor binding, the protein effectively responsible for triggering FXa and thrombin generation on vascular cell 391 
surface is the tissue factor (TF) (Grover and Mackman, 2018). In fact, it has been shown that SHR has higher 392 
levels of TF associated with VSMC, but the present work is the first to demonstrate that estrogen depletion 393 
exacerbates TF expression in platelets and aorta. TF was upregulated to a similar extent in both normotensive and 394 
hypertensive ovariectomized animals. TF is the major cellular initiator of blood coagulation (Pawlinski et al., 395 
2004). It is a type I transmembrane glycoprotein that orchestrates the initiating cascade by binding to FVII and 396 
facilitating its activation to VIIa. FVIIa that is not bound to TF has little activity (Riewald and Ruf, 2002). Once 397 
activated, the complex TF-VIIa binds to its substrate FX, generating FXa. The TF-VIIa-Xa complex efficiently 398 
cleaves prothrombin (FII) producing the main procoagulant enzyme, thrombin. TF-VIIa-Xa and thrombin also 399 
intimately links coagulation to inflammation, since these proteases are PAR-1 and PAR-2 activators triggering 400 
proinflammatory cytokines through NF-κB pathway (Riewald and Ruf, 2002). Consistent with TF up-regulation 401 
in the aorta, we observed that aortic rings derived from ovariectomized rats supported an increased generation 402 
activity of kallikrein, FXa and thrombin on their surface. In this case, ovariectomized SHR presented a greater 403 
thrombin generation capacity compared to equivalent rings from normotensive rats, suggesting that estrogen 404 
depletion shifted vascular hemostatic balance toward a prothrombotic phenotype.  405 
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It is known that high blood pressure can induce microlesions on the vascular wall (Mogielnicki et al., 406 
2005; Wassmann et al., 2001). This fact associated with higher radial hydraulic conductance in hypertensive 407 
vessels can facilitate blood clotting factors not only to bind directly to exposed endothelial cells, but also 408 
effectively crossing through the lumen reaching medial VSMCs (Lacolley et al., 2012). Thus, we hypothesized 409 
that procoagulant markers could be detected directly on vascular tissue extracts. In fact, aorta derived from 410 
estrogen depleted rats had increased levels of procoagulant (FX and FII) and fibrinolytic (PAI-1 and uPA) protein 411 
biomarkers, which corroborates with higher TF expression and procoagulant enzyme generation on aortic rings. 412 
To further explore VSMCs contribution to the hypercoagulable state, we designed some additional experiments 413 
in which the A7r5 VSMC cell line was treated with plasma-derived from ovariectomized animals. The rationale 414 
behind these experiments was based on previous observations showing that the capacity of activated platelets and 415 
even VSMCs to secrete soluble TF-enriched microparticles that circulates free in the blood stream (Pawlinski et 416 
al., 2004). Then we further wondering if the plasma derived from hypercoagulable estrogen-depleted animals 417 
could also induce a procoagulant activity on naïve VSMCs. Interestingly, VSMCs treated with estrogen deficient 418 
plasma had TF expression induced in the first 2 h. In accordance, when normal plasma was added to these cells 419 
previously treated with estrogen deficient plasma, it coagulated faster compared to untreated cells. This suggests 420 
that estrogen deficient plasma from WKY and SHR activates and triggers a procoagulant profile on VSMC, 421 
independent of basal hypertension levels before ovariectomy. Additionally, we also observed that the mechanism 422 
behind these effects in VSMCs involves an inflammatory pathway mediated by NF-κB, since PDTC (a NF-κB 423 
blocker) significantly reduced TF expression and procoagulant activity on VSMC surface. As previously 424 
mentioned, thrombin and TF complex (TF-VIIa-Xa) generated during hypercoagulable states are linked to 425 
proinflammatory signalling through the activation of PAR-1 and PAR-2 receptors (Riewald and Ruf, 2002). For 426 
example, in endothelial cells thrombin participates in a positive feedback loop, activating PAR-1 and inducing TF 427 
expression up-regulation which in turn contributes to increases in FXa and thrombin formation (Minami et al., 428 
2004). Once activated, PAR-1 regulates TF expression triggering IκBα proteolytic degradation and inducing 429 
nuclear translocation of NF-κB and c-Rel/p65 complexes (Pendurthi et al., 1997). Similarly, PAR-1 also regulates 430 
the expression of other proinflammatory molecules such as ICAM, VCAM and IL-6 (Grover and Mackman, 2018; 431 
Minami et al., 2004).  Since PAR-1 is up-regulated in aorta from ovariectomized animals, it is reasonable to 432 
suppose that such mechanism strongly contributes to the prothrombotic profile described here in our model (an 433 
overview for the mechanism is presented in Fig. 11).            434 

 435 

5. Conclusions 436 

The results of this study aid our understanding of the cellular and molecular mechanisms underlying the highest 437 
risk of prothrombotic events and its association with hypertension in postmenopausal women. We found that 438 
surgically induced estrogen deprivation in rats leads to a vascular prothrombotic state associated with a decrease 439 
in the nucleotide metabolizing system, platelet hyperreactivity and tissue factor expression up-regulation in both 440 
aorta and platelets. Aorta and vascular cells are important players being able to support procoagulant enzyme 441 
generation by a mechanism that was significantly exacerbated in hypertensive aorta. Interestingly, plasma derived 442 
from hypercoagulable estrogen-depleted rats can also trigger a prothrombotic profile in cultured naive vascular 443 
cells by increasing tissue factor expression through NF-κB-dependent pathway (Fig. 11). Thus, our data suggest 444 
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that targeting tissue factor mediated events could be a therapeutic option for vascular thromboembolic 445 
complications in the postmenopausal period.     446 
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 555 

9. Figure legends 556 

Figure 1. Experimental model of menopausal hypertension. (A) Twenty female spontaneously hypertensive 557 
(SHR) and 20 normotensive Wistar Kyoto (WKY) rats arrived at our institution 60 days after birth. This date was 558 
considered as the day zero of our protocol. Before day zero, the animals received a standard diet. During the entire 559 
protocol after day zero, they received a phytoestrogen free diet. At day 40 (at approximately 14 weeks of age), 560 
the animals were submitted to a bilateral ovariectomy (OVX) or SHAM surgery (referred here as gonadal-intact 561 
animals). The experimental groups (n = 10/group) were WKY-SHAM, WKY-OVX, SHR-SHAM and SHR-OVX. 562 
Five days before either surgery (at day 35) or euthanasia (at day 85), blood pressure, body weight and estrous 563 
cycle phase were evaluated. At day 90 (50 days after surgery), all animals were euthanised for sample collection. 564 
(B) Rat body weight variation between animals post-OVX surgery (at day 85) and pre-OVX (at day 35). (C) Ratio 565 
between uterus weight and body weight was determined as an index of OVX surgery efficiency.   566 

Figure 2. Platelet aggregation function in estrogen-depleted normo and hypertensive rats. A bilateral 567 
ovariectomy (OVX) or SHAM surgical procedure was performed in 14-week-old female spontaneously 568 
hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. After 50 days, animals were euthanized and 569 
blood was collected for ex-vivo platelet aggregation functional tests. (A) ADP (10 µM)-induced platelet 570 
aggregation in platelet rich plasma (PRP). (B) Representative profile of ADP-induced aggregation curves for 571 
normotensive WKY rats. (C) Representative profile of ADP-induced aggregation curves for SHR rats. (D) 572 
Collagen (3 µg/mL)-induced platelet aggregation in PRP. (E) Representative profile of collagen-induced 573 
aggregation curves for normotensive WKY rats. (F) Representative profile of collagen-induced aggregation 574 
curves for SHR rats. Data are presented as mean ± SE and (*) represents a statistically significant difference 575 
between indicated groups (one-way ANOVA followed by Bonferroni’s-post hoc test). 576 
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Figure 3. Nitrate/nitrite, nitric oxide synthase and cyclooxygenase 2 levels in normo and hypertensive 577 
ovariectomized rats. A bilateral ovariectomy (OVX) or SHAM surgical procedure was performed in 14-week-578 
old female spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. After 50 days, 579 
animals were euthanized for plasma and aorta collection. (A) Plasma and (B) Aorta nitrite/nitrate (NO-

x) levels as 580 
determined by the Griess method. (C) Aorta protein expression levels of inducible nitric oxide synthase (iNOS) 581 
and cyclooxygenase 2 (COX2) as determined by western-blot (upper panel showing the representative blots from 582 
three independent experiments and lower panel showing its respective quantitative analysis normalized by the β-583 
actin expression). Data are presented as mean ± SE and (*) represents statistically significant difference between 584 
indicated groups (one-way ANOVA followed by Bonferroni’s-post hoc test). 585 

Figure 4. Hydrolysis of the main nucleotides involved in platelet aggregation in estrogen-depleted normo 586 
and hypertensive rats. A bilateral ovariectomy (OVX) or SHAM surgical procedure was performed in 14-week-587 
old female spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. After 50 days, 588 
animals were euthanized and serum and platelets were collected to determine the enzymatic activity of ecto-589 
nucleotidases involved in nucleotide metabolism that are relevant for platelet aggregation function. The activities 590 
of E-NTPDases (ectonucleoside triphosphate diphosphohydrolase), ecto-5’- nucleotidase and E-NPP (nucleotide 591 
pyrophosphatase/phosphodiesterase) were estimated in serum and platelets by the hydrolysis rate of AMP (A and 592 
E), ADP (B and F), ATP (C and G) and 5’-TMP (D and H). Data are presented as mean ± SE and (*) represents 593 
statistically significant difference between indicated groups (one-way ANOVA followed by Bonferroni’s-post 594 
hoc test). 595 

Figure 5. Blood coagulation parameters in estrogen-depleted normo and hypertensive rats. Citrated blood 596 
was collected through intracardiac puncture from ovariectomized (OVX) and SHAM-operated spontaneously 597 
hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. The following coagulation parameters were 598 
determined in plasma: (A) activated partial thromboplastin time (aPTT); (B) kinetics of WKY rats aPTT; (C) 599 
kinetics of SHR rats aPTT; (D) prothrombin time (PT); (E) thrombin time (TT) and (F) fibrinogen levels. Data 600 
are presented as mean ± SE and (*) represents statistically significant difference between indicated groups (one-601 
way ANOVA followed by Bonferroni’s-post hoc test). 602 

Figure 6. Procoagulant phenotype of aortic rings derived from normo and hypertensive ovariectomized 603 
rats. The descending thoracic aorta was collected from ovariectomized (OVX) and SHAM-operated 604 
spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. Then, two mm ring segments 605 
were prepared to measure its potential increasing rate of kallikrein, factor Xa (FXa) and thrombin generation. (A) 606 
Kallikrein generation was determined by incubating the aortic rings with diluted prothrombin-deficient human 607 
plasma and adding the specific synthetic substrate S2302 to measured formed kallikrein. (B) FXa generation was 608 
determined by incubating the aortic rings with purified human FX, FVIIa and calcium ions and adding the specific 609 
synthetic substrate S2222 to measured formed FXa activity. (C) Thrombin generation was determined by 610 
incubating the aortic rings in the presence of purified human prothrombin, FVa, FVIIa, FX and calcium ions and 611 
adding the specific synthetic substrate S2238 to measured formed thrombin. Data are presented as mean ± SE and 612 
(*) represents statistically significant difference between indicated groups (one-way ANOVA followed by 613 
Bonferroni’s-post hoc test). 614 
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Figure 7. Tissue factor (TF) protein expression in aorta and platelets from normo and hypertensive 615 
ovariectomized rats. Abdominal aorta and platelets were collected from ovariectomized (OVX) and SHAM-616 
operated spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. Aorta (A) and platelet 617 
(B) extracts were prepared, and TF protein expression were analysed by western blot. The upper panel shows 618 
representative images from three independent analyses, while the lower panel presents the quantitative data 619 
normalized by the β-actin expression. Data are presented as mean ± SE and (*) represents statistically significant 620 
difference between indicated groups (one-way ANOVA followed by Bonferroni’s-post hoc test).       621 

Figure 8. Prothrombotic and fibrinolytic molecular markers in aorta from estrogen-depleted normo and 622 
hypertensive rats. Abdominal aorta was collected from ovariectomized (OVX) and SHAM-operated 623 
spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. The tissue extracts were prepared 624 
and protein expression of prothrombotic markers – kallikrein (KLK1), factor X (FX), factor II (FII) and protease 625 
activated receptor – 1 (PAR-1) - (A and C) and fibrinolytic markers – plasminogen activator inhibitor – 1 (PAI-626 
1) and urokinase plasminogen activator (uPA) - (B and D) were determined by western blot. The left panel shows 627 
representative images from three independent analyses, while the right panel presents the quantitative data 628 
normalized by the β-actin expression. Data are presented as mean ± SE and the symbols (* and #) represents 629 
statistically significant difference between indicated groups (one-way ANOVA followed by Bonferroni’s-post 630 
hoc test). 631 

Figure 9. Plasma-derived from normo and hypertensive ovariectomized rats induced a procoagulant 632 
phenotype in vascular smooth muscle cells in culture. Plasma obtained from ovariectomized (OVX) and 633 
SHAM-operated spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats was used to 634 
treat a cell line (A7r5) of vascular smooth muscle cells derived from rat thoracic aorta. (A) A7r5 cells were treated 635 
with different concentrations of SHR or WKY-derived plasma for 1 h, then cells were washed, and coagulation 636 
time was determined through the aPTT assay by the addition of a rat plasma pool collected from healthy animals. 637 
(B) A7r5 cells were treated with diluted plasma (10 %) from SHR or WKY animals, at different time-points cells 638 
were washed and aPTT was determined as described above. (C) A7r5 cells treated with 10 % plasma from SHR 639 
or WKY animals were collected in each time-point, and tissue factor (TF) protein expression was determined by 640 
western blot. The panel shows representative images from three independent analyses. (D) Data from TF blots in 641 
each time-point were quantified and normalized by the β-actin expression. All data showed on graphs are mean ± 642 
SE analysed by one-way ANOVA followed by Bonferroni’s-post hoc test. Coagulation data are presented as a 643 
ratio between coagulation time from ovariectomized versus SHAM-operated animals. The dotted line on graphs 644 
A and B indicates the normal coagulation pattern of A7r5 cells incubated with rat plasma pool collected from 645 
healthy animals. The symbols (*) and (#) in panels A and B indicate respectively the statistical difference of WKY 646 
and SHR versus the normal coagulation time from cells treated with plasma pool of healthy animals. The same 647 
symbols (* and #) in panel D indicate respectively the statistical difference between KY SHAM versus KY OVX 648 
and SHR SHAM versus SHR OVX groups. 649 

Figure 10. The procoagulant phenotype induced by plasma derived from normo and hypertensive 650 
ovariectomized rats requires NF-κB pathway. Vascular smooth muscle cells (A7r5) were pre-treated overnight 651 
with PBS or 0.1 µM PDTC to block the NF-κB pathway. Then, the cells were incubated for 2 h with 10 % plasma 652 
obtained from ovariectomized (OVX) and SHAM-operated spontaneously hypertensive (SHR) and normotensive 653 
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Wistar Kyoto (WKY) rats. After a washing step, coagulation time was determined through the aPTT assay by the 654 
addition of a rat plasma pool obtained from healthy animals (A). Similarly, in another set of experiments vascular 655 
cells were treated as above and collected for tissue factor (TF) protein expression analysis by western blot (B). 656 
The upper panel in B shows representative images from three independent experiments, while the lower panel 657 
presents the quantitative data normalized by the β-actin expression. All data are presented as mean ± SE and 658 
symbols (* and #) represents statistically significant difference between indicated groups (one-way ANOVA 659 
followed by Bonferroni’s-post hoc test). 660 

Figure 11. Overview of the prothrombotic mechanisms in an experimental model of menopausal 661 
hypertension. Bilateral ovariectomy leads to an increase in blood pressure. This event is associated with platelet 662 
hyperreactivity and increased tissue factor expression in platelets, aorta and vascular cells. The aorta and vascular 663 
cells of hypertensive ovariectomized animals have a greater capacity to generate procoagulant enzymes such as 664 
thrombin and factor Xa, which are formed on the cell surface by binding to tissue factor. Thrombin and factor Xa 665 
are the main activators of PAR-type receptors. These receptors regulate, through NF-kB, the expression of the 666 
tissue factor itself, which is found in endothelial cells, smooth muscle cells and platelets. The entire process 667 
appears to be part of a positive feedback mechanism that maintain a prothrombotic baseline state. Abbreviations: 668 
TF - tissue factor; FVIIa - factor VIIa, FXa - factor Xa, THR - thrombin, PLT - platelets; EC - endothelial cell; 669 
VSMC - vascular smooth muscle cell; PAR - protease-activated receptor; NF-kB - nuclear factor kappa B. 670 
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10. Tables 672 

Table 1. Cardiovascular parameters in WKY and SHR ovariectomized rats. 673 
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11. Supplementary material 675 

Table S1. 17-β Estradiol levels in WKY and SHR ovariectomized rats. 676 
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