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RESUMO

Doengas cardiovasculares aumentam significativamente em mulheres na pos
menopausa. O estrogénio tem um papel importante na regulagdo da presséao arterial
através de diversos aspectos fisiologicos. O desequilibrio do sistema renina
angiotensina é um fator relevante no desenvolvimento de patologias cardiovasculares.
O objetivo desse estudo foi investigar os mecanismos moleculares e alteragdes
cardiovasculares em um modelo experimental de privacdo de estrogénio enddgeno
associado com hipertensdo. Ratas das linhagens Wistar Kyoto (WKY) e
espontaneamente hipertensas (SHR) com 14 semanas de idade foram submetidas a
ooforectomia bilateral. Andlises de morfologia e numero de cardiomiécitos foram
realizadas, assim como mensuragao de marcadores de lesédo cardiaca. Elementos do
sistema renina-angiotensina e do sistema calicreina-cininas foram observados e
quantificados no coragado e na aorta desses animais. Posteriormente, um estudo in
vitro foi realizado para verificagdo do efeito dos resultados encontrados nos animais
em células naive. Com os resultados desse estudo foi verificado que a privagéao de
estrogénio aumenta o eixo ECA/Ang II/AT1R do sistema renina-angiotensina durante
a hipertensado. Essa supra regulagao foi associada ao aumento de quimase. Esse
cenario vasoconstritor levou a uma hipertrofia de cardiomiécitos sem lesao cardiaca.
O mesmo comportamento do eixo ECA/Ang II/AT1R foi observado na aorta desses
animais. Através de experimento in vitro, observou-se aumento de proliferagcéo e
viabilidade celular. Nossos dados indicam que a ooforectomia aumenta o eixo
vasoconstritor do sistema renina-angiotensina durante a hipertensao, levando a um
quadro patoldégico semelhante a hipertrofia cardiaca e vascular. O mecanismo de
hipertrofia parece nao envolver lesao celular direta, mas aumento da proliferacéo e
viabilidade através de uma via dependente da ativagdo de quimase/AT1R e geragao
intracelular de ERK1/2.

Palavras-chave: estrogénio, hipertensao, 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 naive 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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INTRODUGCAO

As doencgas cardiovasculares sdo as principais causas de morte em paises
desenvolvidos (1,2). Ap6s a menopausa, ha um aumento importante na incidéncia de
diversas patologias, dentre elas a hipertensdo (1-7). Esta, isoladamente, é
considerada um fator de risco primario para eventos cardiovasculares e danos em
orgaos-alvo (8).

A privacao de estrogénio tem papel importante no desenvolvimento das doencas
cardiovasculares apdés a menopausa. O estrogénio promove vasodilatagéo, inibe o
sistema renina-angiotensina, regula citocinas e marcadores inflamatérios especificos,
dentre outros. Por esses efeitos, é considerado ser um fator protetor contra diversas
condigbes. Apds a menopausa, essa protecdo € perdida podendo levar ao
desenvolvimento de patologias (2,7,9-11).

Este trabalho foi realizado com o objetivo de investigar se a privagcao de estrogénio
endogeno altera mecanismos moleculares, levando a alteracdes cardiovasculares em

ratas hipertensas ooforectomizadas.
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REVISAO DA LITERATURA
1 Estratégias para localizar e selecionar as informagoes

Para a elaboragao da revisao de literatura, foi realizada uma busca eletrénica
por artigos em bases de dados no periodo 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. Apoés leitura prévia dos resumos, excluiu-se os que nao
condiziam com o tema desse trabalho e artigos repetidos. Com o intuito de ampliar a
pesquisa, as referéncias bibliograficas de artigos de interesse foram analisadas. Foi,
também, incluido um (1) livro fisico.

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

Tabela 1. Resultados da busca bibliografica 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 21 artigos 51 artigos 0 artigos
and cardiovascular system
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2 Mapa conceitual

modelo animal -
Menopausa > Ratas espontaneamente hipertensas

1 menopausa induzida

caracteriza-se pela ] s
1 P por método cirtrgico

Ooforectomia

J estrogénio

1 consequéncias 1 avaliagbes

Efeitos modulatdrios da
auséncia de estrogénio

Alteragoes sistema
cardiovascular

/ I\ 1

Mecanismos moleculares

Hipertensao Disfungao endotelial

Doengas cardiacas / \

Coragao Sistema vascular

Figura 1. Mapa conceitual

3 Estrogénio

O estrogénio € um hormoénio esteroide lipossoluvel produzido principalmente
pelo colesterol nos ovarios, corpo luteo e placenta em mulheres no menacme (3-5,9).
E considerado o principal horménio feminino e tem papel essencial no
desenvolvimento e fisiologia de muitos 6rgéos e tecidos como mamas, utero, 0Ssos e
sistema cardiovascular (4). Quatro formas sdo observadas: (a) estradiol (E2) também
conhecido como 17f-estradiol ou estrogénio é o mais abundante e potente entre as
formas circulantes; (b) estrona (E1) e (c) estriol (E3) sdo outras duas formas naturais
que sao vistas em menor quantidade; (d) estetrol (E4) que € somente produzido
durante a gravidez (3,5). Outros tecidos (como adiposo, 6sseo e cerebral, endotélio
vascular e musculatura lisa da aorta) produzem E2, porém em quantidade bem menor.
O E2 gonadal atua, principalmente, como um fator enddcrino que afeta os tecidos
distais, enquanto o E2 produzido extra gonadal atua localmente como um fator

paracrino ou autocrino no tecido onde é sintetizado. A produgdo extra gonadal é
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importante pois € a unica fonte de producdo enddégena de E2 em mulheres na pos-
menopausa (3,12).

Em mulheres, os niveis de estrogénio flutuam durante o ciclo menstrual e sua
concentragdo muda em relagao a idade (12). Na mulher ndo gravida, o E2 é produzido
em uma taxa de 100-300ug/dia, mas circula e atua dentro das células em
concentragbes de pg/mL (9). Apdés a sua sintese, o E2 é secretado na corrente
sanguinea onde é encontrado em duas formas, ligado ou livre. A maior parte do
horménio esta ligada a carreadores de proteinas, albumina e globulina de ligagéo a
horménios esteroides sexuais. O E2 que ndo esta ligado a uma proteina flutua
livremente na corrente sanguinea e entra prontamente nas células por difusao rapida.
No entanto, para que o E2 produza seu efeito ele deve ser captado por um receptor
dentro da célula. O trabalho do receptor € auxiliar na transmiss&do da mensagem do
horménio para a transcricdo do gene nuclear. O resultado é a producdo de RNA
mensageiro levando a sintese proteica e uma resposta celular caracteristica do
horménio (9).

Os efeitos induzidos pelo E2 sdo mediados por trés tipos de receptores (ERs):
ERa, ERB e receptor transmembrana acoplado a proteina G (GPER) (3-5,9,12). O
ERo € amplamente distribuido e tem alta expressdo de mRNA no utero, testiculos,
ovarios, prostata, musculo esquelético, rins, pele, etc. O ER possui maior expressao
de mRNA nos ovarios, célon, tecido cerebral, rins e sistema reprodutor masculino. Ja
o GPER esta distribuido em varios érgéaos e tecidos como mamas, ovarios, utero,
sistema cardiovascular, pulmao e tecido 0sseo, e esta amplamente envolvido na
ocorréncia e desenvolvimento de doengas relacionadas ao estrogénio, como tumores
malignos, reagdes inflamatérias, doencas cardiovasculares (DCV) e obesidade. O
receptor 30 acoplado a proteina G (GPR30) € expresso em muitas regides do cérebro
(como hipotalamo, hipocampo e cortex), medula adrenal, pelve renal e ovarios (4). A
ligacdo do E2 aos seus receptores pode conferir agcdo genémica e ndo gendmica
rapida (3,9,10). O efeito genémico funciona lentamente pois demora varias horas a
varios dias para ocorrer, enquanto o efeito ndo gendmico normalmente leva apenas
alguns segundos a alguns minutos (4). ERa e ERB atuam como fatores de transcricao
responsaveis por muitos efeitos genémicos, modulando a expressédo génica por

ligacdo direta ao DNA em elementos especificos de resposta ao estrogénio. Ja o



15

GPER esta envolvido principalmente na mediacao de respostas intracelulares rapidas
induzidas pelo E2 (9,10,12). Observa-se que ha trés vias que medeiam a atividade do
E2: (a) atividade nuclear dependente de ligante onde tem-se o mecanismo classico
envolvendo os receptores de E2 com ligagcdo aos elementos de resposta ao E2 do
DNA; (b) atividade nuclear independente de ligante onde ha ativacdo da via do
receptor de E2 por meio de segundos mensageiros, envolvendo fosforilagdo de ERs
e proteinas correguladoras e (c) atividade do receptor extra nicleo da membrana
celular do ligante onde se encontra respostas rapidas mediadas por ERs nas
membranas celulares (9).

Uma acgao importante do estrogénio € a modificacdo de suas proprias
atividades e de outros hormoénios esteroides, afetando as concentragbes de
receptores. O E2 aumenta a responsividade do tecido alvo a si mesmo e aos
progestagenos e androgenos, aumentando a concentragdo de seu proprio receptor e
dos receptores intracelulares desses outros horménios (9).

Além do papel importante no desenvolvimento sexual e na reproducédo em
mulheres, o E2 estd envolvido em diversos processos fisiolégicos em diferentes
tecidos como o crescimento e maturacao dos sistemas enddcrino, cardiovascular,
esquelético e metabdlico (4,12). Os hormdnios esteroides tem fungdo marcante na
regulagao da resposta imune a infecgdes ou danos teciduais € modulam todos os
niveis do sistema imune inato (neutréfilos, macrofagos/ mondcitos, células natural
killers, células dendriticas) e do sistema adaptativo (células T e B). Foi demonstrado
que o E2 regula o numero e fungao de neutrdfilos, a produgao de quimiocinas, como
proteina quimioatraente de mondcitos (MCP)-1 e citocinas, incluindo fator de necrose
tumoral (TNF)-a, interleucina (IL)-6 e IL-1B. Estudos mostram que, no sistema
cardiovascular, o E2 tem um efeito protetor, principalmente relacionado com a
interacdo de multiplos tipos celulares incluindo células imunes, como linfocitos B e
macrofagos, e células da parede vascular, incluindo células da musculatura lisa e

endoteliais (12).

4 Menopausa
A transigdo menopausal € um periodo finito de mudancas fisiolégicas da vida

da mulher que se aproxima da senescéncia reprodutiva (9,11). Este periodo se
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caracteriza por uma mudanca no estado hormonal predominantemente estrogénico
para um estado androgénico, devido a um aumento nos niveis de testosterona
biodisponivel. Observa-se o declinio nos niveis de inibina B, resultando em um
declinio na sua agdo de feedback negativo na liberagdo do hormoénio foliculo
estimulante (FSH) pela hipéfise. O aumento dos niveis de FSH promove oscilagdes
na secregao de estradiol (13). Na figura 1, observa-se o comportamento hormonal

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

FSH & Estradiol &
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Figura 2. Perfil dos hormonios sexuais na transicao menopausal (9).

A menopausa natural ocorre, em média, em mulheres com idade de 49 anos
(13,14). Nesta fase observa-se a cessagao da fungédo enddcrina ovariana com declinio
drastico na secrecéo de estrogénio 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 evidéncia bioquimica de hipergonadotrofismo
(niveis elevados de hormdnio foliculo-estimulante e hormonio luteinizante) e
hipogonadismo (baixos niveis de estradiol). O nivel de E2 circulante nessa fase € de

aproximadamente 10-20pg/mL (9).
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Com o declinio da fungao ovariana e a reducao do estrogénio, alteragdes fisicas
e psicoldgicas ocorrem nas mulheres e levam a uma série de sintomas de disfungao
autondmica (sudorese, irritabilidade, insOnia, ondas de calor, etc) (4,9,13,14). Diversas
condicdes e doencas caracterizadas por um forte componente inflamatério podem se
manifestar (12). Doengas vasculares cardiacas e cerebrais, osteoporose, baixa
imunidade e envelhecimento da pele, relacionadas a 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 mudanca da distribuigcdo de gordura corporal para a regiao
central e as consequentes alteracbes metabdlicas podem ocorrer pelo aumento da
relagdo androgénio : estrogénio, que também é estimulada pelo aumento da
resisténcia a 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 Doengas cardiovasculares (DCV)

As DCV séo as principais causas de morte entre homens e mulheres nos paises
desenvolvidos (1,2). Mulheres na pré-menopausa tém menor incidéncia de
hipertensao, aterosclerose, disfungdo miocardica, hipertrofia ventricular, insuficiéncia
cardiaca e isquemia miocardica que os homens da mesma idade (1-3,11-14).
Estudos mostram que, em média, as mulheres desenvolvem DCV 10 anos mais tarde
gue os homens. Essa vantagem desaparece gradualmente apos 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 contratil, aumento das espécies reativas de
oxigénio e disfungao endotelial, levando a disfuncéo cardiovascular. Associado a isso,
na menopausa, ha perda do efeito antioxidante do estrogénio, que se da por meio da
regulacdo indireta da expressao do gene antioxidante e do aumento da atividade do
oxido nitrico sintase endotelial (eNOS) enquanto diminui a produgéo de superdéxido.
(4,16). Com isso, se observa, nas mulheres, envelhecimento dos vasos sanguineos,
diminui¢cdo da capacidade diastdlica, sensibilidade e resisténcia a insulina e aumento
da pressao arterial (PA) (4,7,15).
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O E2 promove vasodilatacdo através do aumento das concentracdes
plasmaticas do 6xido nitrico do fator relaxante derivado do endotélio, inibe o sistema
renina-angiotensina, reduzindo a transcricdo da enzima conversora de angiotensina e
regula marcadores inflamatoérios especificos e citocinas. Por esses motivos, exerce
efeitos protetivos no sistema cardiovascular de ambos os sexos, como reducéo da PA
e reducdo do desenvolvimento da inflamacéo vascular e aterosclerose. No entanto
essa protecao especifica do sexo diminui durante a menopausa e envelhecimento
(2,7,9-11).

Diversas alteragdes metabdlicas e cardiovasculares sdo observadas em
mulheres na pos-menopausa relacionadas a perda do E2. A interagao entre elas leva
as DCV. E importante salientar que as mesmas alteracdes sdo observadas em
mulheres com menos de 45 anos que experienciaram menopausa prematura ou de
inicio precoce (13,15,17). Ocorre um estimulo ao acumulo de gordura nos pré-
adipdcitos da gordura visceral pois o E2 regulam negativamente a ingestéo alimentar
e positivamente o gasto energético inibindo o depdsito especifico do tecido adiposo
processos fisiopatologicos que levam a morbidade (8,13,15). Ha produgédo de
citocinas pré inflamatérias e adipocinas, ativando vias de estresse celular,
aumentando o risco de aterosclerose e de eventos adversos cardiovasculares (8,13).
Volumes consideravelmente maiores de gordura cardiaca sao observados em
mulheres na pds menopausa, independentemente de idade, raca, obesidade ou
outras covariaveis (13).

Ha alteracbes prejudiciais no perfil lipidico-lipoprotéico circulante; a oxidagao
da lipoproteina de baixa densidade (LDL), produzindo uma LDL modificada que é
quimiotatica para os mondcitos circulantes, inibe a motilidade dos macréfagos
(aprisionando assim os macréfagos na tunica intima) e que causa lesdo e morte
celular no endotélio. Ocorre remodelagao das artérias coronarias através de resposta
a placas aterosclerdticas em desenvolvimento com aumento de didametro total, na
tentativa de manter fluxo (9). A reducao de E2 ativa o sistema renina-angiotensina,
assim como a supra regulagdo da endotelina (potente vasoconstritor), liberagao
reduzida de oxido nitrico cardioprotetor e prostaciclinas, levando a vasoconstricao e
eventos trombogénicos. Observa-se, também, efeito negativo no crescimento de

células endoteliais e reducao no efeito inibitério dos hormbnios sexuais femininos no
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crescimento, proliferacdo e migracao de células da musculatura vascular lisa. Essas
células tornam-se dominantes e fontes da matriz do tecido conjuntivo na leséo
aterosclerdtica que, influenciadas também por fatores de crescimento e citocinas,
levam a placas fibrosas (9,13).

Ao analisarmos as acdes do E2 especificamente nas células cardiovasculares
observamos que ha inibicdo da hipertrofia celular e apoptose em cardiomidcitos
(1,4,7). O E2 atua regulando a expressao de genes cardiacos, como conexina 43,
cadeia pesada de B-miosina e canais idnicos. O excesso de calcineurina, ativacdo de
(guanosina ciclica 3', 5'-monofosfato) - proteina quinase dependente (cGMP-PKG),
ativagdo de proteina quinase B (Akt) e miRNAs também sdo regulados nos
cardiomiécitos (1,7,17). proliferacdo e ativacao da sinalizagdo eNOS no endotélio
vascular e efeito antiproliferativo nas células musculares lisas vasculares (VSCM)
(1,4,7). Em fibroblastos cardiacos o E2 aumenta a sua proliferacdo através de
mecanismos dependentes de proteina quinase ativados por mitdgenos. Essas células
sdo a fonte primaria de proteinas da matriz extracelular do miocardio,
metaloproteinases de matriz (MMPs) e fatores de crescimento e citocinas. Ambos tém
contribuicdo importante para a remodelagdo cardiaca em niveis fisiolégicos e
patologicos. Nas VSCM o estrogénio exerce efeitos antiproliferativos e e ativagdo da
sinalizagcdo eNOS no endotélio vascular. A proliferacdo celular € consideravelmente
regulada pela transducédo de sinal mediada por quinase. O estrogénio controla a
expressao e a atividade de varias fosfatases em VSMC, incluindo proteina quinase
ativada por mitégeno (MKP-1) , proteina tirosina fosfatase (SHP-1), homdlogo de
fosfatase e tensina (PTEN) e proteina fosfatase 2 (PP2A), equilibrando as quinases
(1,4,7,17).

5 Hipertensao

A hipertensdo é um fator de risco primario para eventos cardiovasculares,
danos em o6rgaos-alvo e morte prematura e incapacidade em todo o mundo (8).
Mesmo sendo um fator de risco modificavel, cerca de metade dos eventos de DCV
sao atribuidos a ela (2). Os niveis de PA sdo menores, em média, em mulheres pré
menopausa que nos seus homologos masculinos, porém, essa vantagem é perdida

apds a menopausa, e os niveis de PA comegam a aumentar nas mulheres, chegando
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a niveis similares aos dos homens no mesmo grupo etario (2,13). E mais dificil de
atingir o controle da PA em mulheres idosas e ha um maior risco de desenvolver
resisténcia ao tratamento anti-hipertensivo que homens, além de terem mais risco de
morrer por doengas cardiovasculares relacionadas a hipertensao (8,18).

Os esteroides sexuais sao os pegas-chave por tras das diferencas relacionadas
ao género na hipertensdo. A influéncia do E2 leva a alteragdes nos mecanismos
regulatérios da PA, no sistema nervoso simpatico (SNS), sistema renina-angiotensina
(RAS), massa corporal, estresse oxidativo, funcdo endotelial, entre outros. Todos
associados ao estado inflamatério importante e influenciados por fatores genéticos,
levam a danos cardiacos, vasculares e renais na hipertenséao (2,8).

Receptores de estrogénio foram identificados em centros cerebrais envolvidos
na regulacéo da fungdo cardiovascular. E descrito que mulheres na pds menopausa
apresentam menor sensibilidade ao barorreflexo sendo sugerido que o E2 exerce
efeitos diretos nos centros autonémicos nervosos centrais, levando a efeitos
simpatoinibitérios, que podem ser importantes para conferir prote¢gao cardiovascular
(8).

O estrogénio é conhecido por ter uma poderosa atividade vasodilatadora aguda
e crbnica, levando a redugao da PA. A maioria dos estudos em animais sugere que 0
E2 se engaja em varios mecanismos que protegem contra a hipertensdo, como a
estimulagédo da via vasodilatadora mediada pelo 6xido nitrico (NO) modulando
enzimas proé e antioxidantes, deste modo atenuando a produgao de espécies reativas
de oxigénio (ROS). A ativagdo do ERa demonstrou reduzir a disfungdo endotelial,
principalmente através da reducdo dos niveis de expressao da sintese de eNOS
aortico na hipertensao induzida por angiotensina Il (Ang Il). A ativagao do ER diminui
a PA, a vasoconstricdo, a resisténcia vascular e atenua a hipertrofia cardiaca.
Finalmente, o GPR30 reduz a PA através da rapida vasodilatagao e protege o coragao
da lesdo hipertensiva, estimula a vasodilatagdo mediada por NO e diminui a
proliferacdo e migracdo de VSMC (2,3,8,16). As ac¢des no E2 nas diversas células

cardiovasculares estdo demonstradas na figura 2 (1).
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Figura 3. A¢des do estrogénio através de seus receptores nas células cardiovasculares (1).

Pacientes com hipertensao e falta de controle da PA tém maior probabilidade
de desenvolver danos em o6rgaos alvo, como hipertrofia cardiaca, alteragdes
vasculares — incluindo rigidez arterial — e danos renais (8,18). O coragao responde a
estimulos patoldégicos, como hipertensao, estenose adrtica ou lesao cardiaca, com
hipertrofia do musculo cardiaco, acompanhada de diversas alteracbes teciduais e
celulares, incluindo aumento do tamanho dos cardiomidcitos e alteracbes na matriz
extracelular. Embora inicialmente se trate de uma resposta adaptativa e
compensatoéria, com a persisténcia do fator de estresse ocorre um remodelamento mal
adaptativo levando a hipertrofia patolégica (8). Consequentemente, a hipertrofia do
ventriculo esquerdo (HVE) induzida por hipertensdo é um importante fator de risco
para insuficiéncia cardiaca e morte subita (8,18,19). Ao relacionarmos esses estimulos
patolégicos ao E2 observamos que mulheres hipertensas apresentam maior indice de
massa ventricular esquerda e espessamento relativo da parede além de uma maior
sensibilidade cardiaca a sobrecarga de pressdo. Esse aumento na massa do
ventriculo esquerdo (VE) em resposta a sobrecarga cronica de pressao também esta
associado a maior fragdo de ejecdo do VE e encurtamento fracionado da parede
meédia. A auséncia do descenso pressorico noturno, observada em mulheres, pode ter

grande influéncia nesse aumento indice de massa ventricular esquerda. A HVE é,
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portanto, um dos sinais mais importantes de dano inicial em érg&os alvo em pacientes
com hipertensao e sua prevaléncia aumenta significativamente em mulheres na pos-
menopausa (18-20). Ainda, apesar do tratamento, mulheres apresentam menor
regressdo da HVE hipertensiva e a hipertrofia residual € mais comum apesar do

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

6 Sistema renina-angiotensina

O sistema renina angiotensina (RAS) € um complexo sistema misto enzimatico-
hormonal. E considerado um dos sistemas mais importantes na regulacio fisioldgica
da presséo arterial através de mecanismos renais e ndo renais (21-24).

O RAS classico pode ser definido como o eixo ECA/Ang II/AT1R que promove
vasoconstricdo, ingestdo de agua, retengdo de sodio e outros mecanismos para
manter a pressao arterial, assim como aumento do estresse oxidativo, fibrose,
crescimento celular e inflamag&o em condigbes patoldgicas (21). Resumidamente, a
renina (enzima produzida pela célula justaglomerular e liberada do rim para a corrente
sanguinea) cliva o angiotensinogénio (AGT) (proteina globular produzida e secretada
pelo figado) para produzir Angiotensina | (Ang I) (decapeptideo). AAng | é hidrolisada
pela enzima conversora da angiotensina (ECA) para formar Ang Il (dipeptidil
carboxipeptidase), o principal efetor da via candénica. A Ang Il é a principal substancia
vasoativa do sistema e interage com receptores especificos em multiplos érgaos-alvo.
Em receptores acoplados a proteina G tipo | da superficie celular (AT1R) atuando na
elevagdo a pressao arterial via multiplos mecanismos incluindo vasoconstri¢ao,
reabsorcao de sddio, ativacao simpatica e imune, comprometimento da sensibilidade
do reflexo barorreceptor arterial e aumento da aldosterona, estresse oxidativo, fibrose
e inflamacao (21-26).

Ja o RAS néo classico é composto, primariamente, da via Ang II/Ang llIlI/AT2R
e do eixo ECA2/Ang (1-7)/AT7R (21). Para neutralizar as a¢gdes do AT1R, a Ang Il se
liga aos receptores tipo Il da superficie celular (AT2R) para aumentar a sensibilidade
do barorreflexo arterial. (22,23,27) Somado a isso, a Ang (1-7) resulta da degradacéo
de Ang | por endopeptidases ou degradacao de Ang Il por carboxipeptidases como
ECAZ2. Angiotensina | 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 formagao tem menor eficiéncia catalitica. Ang-(1-7) provoca efeitos fisiolégicos
ligando-se aos receptores acoplados a proteina Mas G (MasR), que sao encontrados
em tecidos fundamentais para o controle cardiovascular, incluindo coragao,
vasculatura, rins e cérebro. O RAS nao classico, geralmente se opde as a¢des do eixo
ECA/ANg llI/AT1R estimulado através do aumento do oxido nitrico e prostaglandinas e
mediam vasodilatagcdo, natriurese, diurese e reducdo do stress oxidativo
(21,22,24,25,27,28). A angiotensina (1-7) também tem propriedades anti-
hipertensivas, simpatoinibitérias, anti-hipertréficas, antifibréticas, antiarritmogénicas e
antitromboticas em modelos animais de DCV (27)

Recentemente, uma via ndo candnica que leva a formagao de Ang Il, por meio
da conversao de Ang | ou Ang-(1-12) pela quimase, foi considerada a principal
contribuinte em humanos a sequela tecidual de DCV induzida por Ang Il (28). A
conversdao de Ang-(1-12) em Ang Il pela ECA na circulagdo € compativel com o
aumento agudo da presséo arterial, bem como o bloqueio da resposta por um inibidor
da ECA ou um antagonista do AT1R. Portanto, Ang-(1-12) provavelmente nao é
biologicamente ativo, mas pode servir como um precursor intermediario para Ang Il ou
Ang-(1-7) por meio de um mecanismo independente de renina (21). Um esquema do

RAS esta demonstrado na figura 3.
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Figura 4. Sistema renina-angiotensina. AGT: angiotensinogénio; REN: renina; CATG: catepsina G;
CATD: catepsina D; KLK: calicreina, 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 a proteina G tipo |
da superficie celular; AT2R: receptores tipo Il da superficie celular; MasR: receptores acoplados a
proteina Mas G.

O RAS é visto como, além de um sistema circulante, um sistema tecidual cujos
componentes proteicos e peptidicos sdo expressos em cada orgao essencial,
desempenhando fung¢des especificas do tecido e agindo independentemente do RAS
plasmatico. Suas acgdes implicam em diversos eventos fisiolégicos que influenciam
fungdes renais, neuronal, cardiaca, pancreatica, vascular, adrenal, pituitaria, cognitiva,
de envelhecimento, inflamatérias e reprodutivas (21,22). Os mecanismos
contrarreguladores intrinsecos do RAS tecidual local sdo posteriormente modulados
por um conjunto diverso de fatores autécrinos e paracrinos, incluindo horménios como

o estrogénio (28).
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Evidéncias mostram que o RAS circulante possa ser responsavel por mediar
efeitos agudos enquanto o RAS tecidual esteja envolvido em situagdes mais cronicas
levando a alteragbes estruturais secundarias (22). O desequilibrio do RAS é
considerado o fator mais importante no desenvolvimento de patologias
cardiovasculares, contribuindo para a patogénese da hipertensdo, hipertrofia
cardiaca, insuficiéncia cardiaca crénica, doenga coronariana e aterosclerose (21—
23,25,27,29).

6.1 Sistema renina-angiotensina na menopausa x doengas cardiovasculares

Diversas evidéncias mostram que a perda de estrogénio enddgeno leva a uma
ativagao crbénica do RAS (tanto no sistema circulante quanto no tecidual), aumentando
o estresse oxidativo e reduzindo a biodisponibilidade de NO em tecidos sensiveis ao
estrogénio, levando a disfungao endotelial, inflamacao e disfungédo imune. Acredita-se
gue essa superativacdo promova o inicio e a progressao da hipertensao (6,29-31).
Em linhas gerais os homens tém a via pressora classica (ECA/Ang II/AT1R)
potencializada, enquanto as mulheres na pré menopausa tém principalmente a via
depressora (ECA2/Ang (1-7)/MasR) ativada. Apdés a menopausa, essa vantagem
feminina diminui, fazendo com que as mulheres apresentem um RAS similar ao
masculino (8,27).

Em mulheres na pds-menopausa € em modelos animais ooforectomizados,
ap6s a perda de estrogénio, se observa redugao nos niveis de AGT, aumento da
atividade da ECA plasmatica e tecidual, aumento da atividade da Ang Il e aumento da
expressao e sinalizagao tecidual de AT1R (6,8,16,22,23,25,27,29,31). Os altos niveis
de Ang I, tanto circulantes quanto os teciduais, estdo correlacionados com a lesao
tecidual (23). No coracdo, essa exposi¢cao cronica a Ang |l promove hipertrofia
cardiaca por meio da ativacdo de fatores de crescimento e aumento do estresse
oxidativo mitocondrial. Além disso, a ativacdo de AT1R mediada por Ang Il induz a
remodelagcao estrutural da parede ventricular, incluindo proliferagcdo de fibroblastos
cardiacos, deposicdo de proteinas da matriz extracelular, como colageno, e
crescimento hipertrofico de cardiomiocitos (23,27). Em contrapartida, ha uma
diminuicdo dos niveis circulantes de Ang-(1-7), reducao da expressao de AT2R e da

ECA2, ocasionando uma resposta reduzida aos efeitos vasodilatadores do eixo



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

A queda nos niveis circulantes de estrogénio esta bem relacionada ao aumento
da prevaléncia de hipertensao e outras patologias cardiovasculares em mulheres na
pos-menopausa. Somado a isso, mulheres apresentam maior dificuldade de controlar
a hipertensao nesse periodo da vida, mesmo com uma variedade terapéutica estando
disponivel. Mesmo que haja tratamento anti-hipertensivo eficaz e adequado controle
de PA, na presencga de danos em 6rgaos- alvo, as mulheres apresentam uma menor
efetividade no tratamento. Importante lembrar que a populacao de interesse engloba
mulheres com menos de 45 anos que experienciam menopausa prematura ou de
inicio precoce, ja que essa populacdo apresenta as mesmas caracteristicas
cardiovasculares causadas pela deficiéncia de estrogénio.

Este trabalho se torna relevante por agregar conhecimento acerca dos
mecanismos cardiovasculares envolvidos na menopausa associada a hipertenséo,
tendo um foco principal no sistema renina-angiotensina. A melhor compreensao
desses mecanismos torna possivel identificar novos potenciais alvos terapéuticos que

auxiliem o controle da PA e de suas consequéncias no sistema cardiovascular.
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HIPOTESES
Hipotese alternativa
A privagao de estrogénio enddgeno altera a mecanismos moleculares, levando

a alteragdes cardiovasculares em ratas hipertensas ooforectomizadas.

Hipotese nula
A privagao de estrogénio enddégeno nao altera a mecanismos moleculares, néo

ocorrendo alteragdes cardiovasculares em ratas hipertensas ooforectomizadas.
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OBJETIVOS

Principal

Investigar os mecanismos moleculares e alteragdes cardiovasculares em um

modelo experimental de privagdo de estrogénio enddgeno associada a hipertenséo

Secundarios

Estabelecer um modelo experimental de privagao de estrogénio enddgeno,
através do procedimento de ooforectomia, e hipertensdo em ratas
espontaneamente hipertensas da linhagem SHR;

Investigar a morfologia dos cardiomiécitos de ratas ooforectomizadas e
hipertensas;

Avaliar a presenga de lesdo cardiaca em ratas ooforectomizadas e
hipertensas;

Investigar mecanismos moleculares relacionados ao sistema renina-
angiotensina no coragdo e aorta abdominal de ratas hipertensas e
ooforectomizadas;

Investigar mecanismos moleculares relacionados ao sistema calicreina-
cininas no coragdo e aorta abdominal de ratas hipertensas e
ooforectomizadas;

Avaliar efeito do plasma de ratas hipertensas ooforectomizadas em células

vasculares.
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CONSIDERAGOES FINAIS

Os achados neste trabalho auxiliam no entendimento dos mecanismos
moleculares do sistema renina-angiotensina envolvidos na privacao de estrogénio
associada a hipertensdo. Um resumo dos principais resultados esta ilustrado na

figura 4.
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Figura 5. Sistema renina-angiotensina no coragdo de ratas ooforectomizadas e hipertensas. A
ooforectomia leva a um aumento da pressao arterial e alteragdes no sistema renina-angiotensina
cardiaco, levando a uma supra regulagdo do eixo vasoconstritor.

Ap6s a ooforectomia, os animais apresentaram um aumento de presséo
arterial, confirmando que o modelo é adequado para mimetizar os acontecimentos na
pos-menopausa em mulheres. O sistema renina-angiotensina se mostra supra
regulado no coracao de ratas ooforectomizadas e hipertensas. Associada ao aumento
da atividade dos elementos vasoconstritores do sistema renina-angiotensina, se

observou hipertrofia nos cardiomiécitos dos animais hipertensos, sem aumento no
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numero de células e sem leséo cardiaca. Além disso, nas aortas desses animais, 0s
mesmos achados de desequilibrio no sistema renina-angiotensina foram encontrados.
Através de experimento in vitro foi possivel avaliar que o plasma alterado desses
animais interfere nas células naive. Este achado, associado aos achados previamente
publicados (Anexo 2) sugere que o eixo vasoconstritor do RAS pode influenciar nos
efeitos pro-trombdticos vistos nas aortas e plaquetas. Nossos dados indicam o
mecanismo de hipertrofia parece nao envolver lesao celular direta, mas sim esteja
relacionado ao aumento de proliferagcao e viabilidade por uma via dependente da
ativagao de uma via dependente da ativagao de quimase/AT1R e geracgao intracelular
de ERK1/2.
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PERSPECTIVAS

Para dar seguimento ao projeto faremos analises por multiplex (luminex) para avaliar
a expressao de multiplas citocinas e proteinas envolvidas com inflamagao e angiogénese no
coracao e células de aorta. Apds um modelo bem estabelecido das alteragdes no sistema
cardiovascular, sera proposto tratamento com estrogénio, a fim de avaliar os efeitos

da reposicao desse hormdnio na reversao das alteragdes observadas.
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Abstract

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

proinflammatory signalling that supports greater thrombin generation in aorta and vascular smooth muscle cells.

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

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

patients has enhanced thrombin generation capacity compared to healthy controls (Elias et al., 2019).

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

during menopause (Anagnostis et al., 2018).

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

increased chymase activity in this model.

Together with systemic blood pressure changes and Ang II involvement, platelet hyperreactivity has also been

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

kB-mediated proinflammatory signalling.

2. Materials and methods
2.1 Animals

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

Porto Alegre, RS, Brazil (protocol number 19001/2019).
2.2 Experimental design

An experimental model of postmenopausal hypertension in ovariectomized rats was developed (Fig. 1A). The
animals arrived at our institution 60 days after birth and this date was considered as day zero of our protocol. At
day 40 (with approximately 14 weeks of age), the animals were randomly assigned to undergo either bilateral
ovariectomy (OVX) or SHAM surgery (referred here as gonadal-intact animals). The experimental groups (n =
10/group) were as follows: (i) Wistar Kyoto rats — SHAM operated (WKY-SHAM); (i7) Wistar Kyoto rats —
ovariectomized (WKY-OVX); (iii) Spontaneously Hypertensive Rats — SHAM operated (SHR-SHAM); and (iv)
Spontaneously Hypertensive Rats — ovariectomized (SHR-OVX). At day 90 (50 days after surgery), the protocol
was completed and the animals were euthanised for sample collection. Five days before either surgery (at day 35)

or euthanasia (at day 85), blood pressure and 17-f estradiol levels were measured. 17-f estradiol was measured
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by a competitive ELISA-like immunoassay following the manufacturer instructions (E2 ELISA kit, CEA461Ge,
Cloud-Clone Corp., Houston, TX, USA). On the same days of blood pressure measurements, a vaginal smear
was also collected for estrous cycle phase evaluations. All animals submitted to OVX surgery were in the diestrous

phase to avoid metabolic variations. During the entire protocol rats were weighed once a week.
2.3 Surgical procedure

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

Euthanasia occurred by exsanguination until cardiorespiratory arrest.
2.4 Biological sample preparation

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

analytical scale, frozen and kept at -80 °C.
2.5 Cardiovascular parameters

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

pressure and heart rate were recorded per animal.

2.6 Platelet aggregation
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Platelet aggregation agonists ADP (10 pM) or collagen (2.5 ng/mL) were incubated for 5 min at 37 °C in 96-well
flat-bottomed plates containing Tyrode-albumin buffer, pH 7.4. Aggregation response was then triggered by the
addition of PRP suspension (3-4 x 10° cells/uL) and changes in turbidity were monitored at 650 nm in intervals
of 11 s for 30 min using a microplate reader (SpectraMAX 190, Molecular Devices, Sunnyvale, CA, USA). The
decrease in turbidity over time was measured in absorbance units and results expressed as area under the

aggregation curves, as previously described (Berger et al., 2010).
2.7 Nucleotide hydrolysis

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

per mg of protein.
2.8 Blood coagulation

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

Diagnosticos, Porto Alegre, RS, Brazil).
2.9 Aortic ring assays

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

s intervals) for all the aortic ring assays using 96-well plates in a final volume of 150 pL.
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2.10 Nitrite/nitrate measurements

Total nitrate and nitrite levels (NOy’) were determined as an indication of NO production. The measurements were

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

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

SpectraMAX 190 microplate reader (Molecular Devices, Sunnyvale, CA, USA).
2.12 Western blotting

Protein expression of different biomarkers related to thrombosis was evaluated in tissue (aorta) and cell (platelets
and VSMCs) extracts by immunoblot. Following standard procedures, proteins (30-50 pg) were separated by
SDS-PAGE under reducing conditions, transferred onto nitrocellulose membranes, incubated with primary and
secondary-horseradish peroxidase conjugated antibodies, and revealed using the colorimetric kit Opti-4CN (Bio-

Rad, Hercules, CA, USA). Protein expression levels were normalized against B-actin and quantified using Image

J software (available at https://imagej.nih.gov/ij/). The following antibodies and dilutions were used:
Cyclooxygenase 2 (COX-2) — 1:500 (D5HS #12282 — Cell Signaling Technology, Danvers, MA, USA); inducible
nitric oxide synthase (iNOS) — 1:200 (M-19 #sc-650 Santa Cruz Biotechnology, Dallas, TX, USA); tissue factor
(TF) — 1:500 (I-20 #sc-23596 — Santa Cruz Biotechnology, Dallas, TX, USA); kallikrein-1 (KLK1) — 1:500
(13G11 #19901 — QED Bioscience, San Diego, CA, USA); factor X (FX) — 1:500 (C-20 #sc-16341 — Santa Cruz
Biotechnology, Dallas, TX, USA); factor II (FII) — 1:500 (D-15 #sc-23355 — Santa Cruz Biotechnology, Dallas,
TX, USA); protease activated receptor — 1 (PAR1) — 1:500 (ATAP2 #sc-13503 — Santa Cruz Biotechnology,
Dallas, TX, USA); plasminogen activator inhibitor — 1 (PAI-1) — 1:1000 (M-20 #sc-6644 — Santa Cruz
Biotechnology, Dallas, TX, USA); urokinase plasminogen activator (uPA) — 1:500 (#CSB-PA14319A0RbD,
Cusabio Biotech Co., Wuhan, China); and B-actin — 1:1000 (#A-1978, Sigma-Aldrich, Saint Loius, MO, USA).

2.13 Data analysis
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The data are presented as means + SE, and significant differences were analysed by one-way ANOVA followed
by an unpaired t-test with Bonferroni correction for multiple comparisons. Cardiovascular parameters were
analysed by the method of Generalized Estimating Equations (GEE) followed by Bonferroni’s test. Data from
body and uterus weight were analysed using Kruskal-Wallis followed by Dunn’s test. P-values of 0.05 were
significant considered to be significant. Statistical analyses were performed using GraphPad Prism (GraphPad

Software Inc., San Diego, CA, USA) or SPSS 20.0 software.
3. Results

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

response with SBP increasing from 159 + 3.5 to 176 + 2.5 mmHg (Table 1).

The first evidence that ovariectomized animals evolved to a prothrombotic state was obtained from ex-vivo platelet
aggregation assays (Fig. 2). Platelets from both WKY and SHR rats showed an exacerbated aggregatory response
to ADP (Fig. 2A-C) and collagen (Fig. 2D-F) after OVX. Hypertensive animals from SHR group did not have a
higher aggregatory response compared to WKY-SHAM group, but this effect slightly increased after OVX
surgery compared to WKY-OVX group (Fig. 2B-C and E-F). To investigate the mechanisms behind the platelet
pro-aggregatory response, our primary hypothesis was the nitric oxide system. Interestingly, nitrate/nitrite levels
in plasma and aorta and inducible nitric oxide synthase (iNOS) expression in aorta did not change significantly
between groups, despite a little increase observed in nitrite/nitrate levels in plasma of spontaneously hypertensive
ovariectomized rats (SHR-OVX) (Fig. 3A-C). Alternatively, when the aorta cyclooxygenase-2 expression was
analysed, a reduction around of 50 % was observed both in WKY and SHR groups after OVX surgery (Fig. 3C).
The second hypothesis was to investigate nucleotide metabolism involved in platelet aggregation, since ADP is
one of the most important aggregation agonist and adenosine is a physiological inhibitor that controls this process.
As shown in Figure 4, E-NTPDase (ectonucleoside triphosphate diphosphohydrolase) and ecto-5’- nucleotidase
activities reduced almost at the same extent in serum and platelets of normotensive (WKY) or hypertensive (SHR)
animals after ovarian removal. The presence of basal hypertension increased ADP hydrolysis on platelets, but
estrogen depletion downregulated this parameter (Fig. 4F). Looking to phosphodiesterase activity (E-NPP), SHR
had the highest activity levels compared to normotensive rats in both serum and platelets. After OVX, an opposite
effect was observed, E-NPP increased in serum from WKY group and decreased in platelets from spontaneously

hypertensive animals (Fig. 4D and H).
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Like platelet aggregation, plasma coagulation parameters also changed significantly after ovariectomy (Fig. 5).
Extrinsic, intrinsic, and common pathways of blood coagulation were evaluated in citrated plasma by the classical
tests such as aPTT, PT, TT, and fibrinogen levels measurements. In general, plasma from OVX animals coagulated
faster than those from SHAM-operated animals independent of the basal hypertension levels pre-surgery. This
event was particularly evident in intrinsic pathway measurements (aPTT was around of 25 s in the SHAM group,
while the coagulation time was 15 s in OVX) but was also observed in extrinsic and common pathway
measurements, such as in PT and TT, respectively (Fig. SA-C and E). In agreement with these alterations,

fibrinogen levels drop down in estrogen depleted groups, being more evident in WKY-OVX group (Fig. 5F).

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

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

expression on cells previously treated with PDTC (Fig. 10B).

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

in cultured vascular cells by increasing tissue factor expression through NF-kB-dependent pathway.

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

role in the prothrombotic events observed here. However, this deserves further exploration.

The first evidence of a systemic prothrombotic state was the procoagulant activity observed in plasma
coagulation tests and platelet hyperreactivity. Platelets from ovariectomized animals had an enhanced response
when stimulated with ADP and collagen. Accordingly, platelets from ovariectomized Dahl-salt-sensitive rats also
showed an exacerbated aggregatory response to thrombin by a mechanism dependent of intracellular calcium and
PKC activation (Sasaki et al., 2000). Here, we found that other mechanisms may be involved. Nitrite/nitrate levels
in plasma and iNOS expression in aorta remained unchanged, while COX-2 decreased in aorta. Both nitric oxide
and COX-2 are important platelet regulators since they cause vasodilation and reduce the aggregatory response

through cGMP and PGI, generation, respectively (Shah, 2005). Thus, COX-2 downregulation can contribute to a
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prothrombotic state by maintaining a vasoconstrictive response and platelet hyperreactivity. Another mechanism
we found was related to the inhibition of nucleotide degradation system in estrogen depleted groups. The same
nucleotides used in energy metabolism also participate as platelet aggregation regulators. ATP and ADP are stored
in platelet dense granules and are secreted during platelet activation. Extracellular ATP is rapidly metabolized in
a cascade hydrolysis into ADP, AMP and finally adenosine by the ecto-enzymes E-NTPDase (CD39), ecto-5’-
nucleotidase (CD73) and E-NPP (Koupenova and Ravid, 2018). Secreted ATP and ADP, as well as ADP deriving
from ATP degradation, activate P2Y1, P2Y12, and P2X1 receptors. Through the P2Y12 receptor, ADP strongly
modulates the growth and stability of thrombus by potentiating platelet dense granule release, platelet aggregation
and procoagulant activity (Ballerini et al., 2018). On the other hand, adenosine through the P1 receptors acts as a
counterregulatory molecule increasing cAMP intracellular levels and inhibiting platelet aggregation (Koupenova
and Ravid, 2018). Thus, nucleotide hydrolysis can control the balance between pro and anti-aggregatory profiles.
Interestingly, ATP, ADP, and AMP hydrolysis decrease at similar rates in serum and platelets of normotensive
and hypertensive ovariectomized animals. This suggests that estrogen deprivation changes nucleotide metabolism

shifting the balance, favouring ADP/ATP accumulation and, thus, contributing to platelet hyperreactivity.

Platelets, endothelial cells and VSMC participate in the initial and amplification phases of clot formation.
They offer a proper surface of negatively charged phospholipids for coagulation factor complex assembly (Esmon
and Esmon, 2011). Exposure of phosphatidylserine on the outer membrane of platelets and vascular cells regulated
by flip-flop mechanism is thought to account for the procoagulant profile of these cells. A previous report showed
that aortic rings and VSMC from SHR animals had increased amounts of negatively charged phospholipid
procoagulant activity, which was correlated to a greater thrombin generation at the surface of SHR-derived aortic
rings compared to WKY control rings (Ait Aissa et al., 2015). The authors found that hypertension-induced
intracellular calcium elevation in SHR cells promoted the flip-flop process causing exposure of negatively charged
phospholipids (Ait Aissa et al., 2015). While changes in membrane phospholipid rearrangement allow coagulation
factor binding, the protein effectively responsible for triggering FXa and thrombin generation on vascular cell
surface is the tissue factor (TF) (Grover and Mackman, 2018). In fact, it has been shown that SHR has higher
levels of TF associated with VSMC, but the present work is the first to demonstrate that estrogen depletion
exacerbates TF expression in platelets and aorta. TF was upregulated to a similar extent in both normotensive and
hypertensive ovariectomized animals. TF is the major cellular initiator of blood coagulation (Pawlinski et al.,
2004). It is a type I transmembrane glycoprotein that orchestrates the initiating cascade by binding to FVII and
facilitating its activation to VIIa. FVIIa that is not bound to TF has little activity (Riewald and Ruf, 2002). Once
activated, the complex TF-VIIa binds to its substrate FX, generating FXa. The TF-VIIa-Xa complex efficiently
cleaves prothrombin (FII) producing the main procoagulant enzyme, thrombin. TF-VIIa-Xa and thrombin also
intimately links coagulation to inflammation, since these proteases are PAR-1 and PAR-2 activators triggering
proinflammatory cytokines through NF-kB pathway (Riewald and Ruf, 2002). Consistent with TF up-regulation
in the aorta, we observed that aortic rings derived from ovariectomized rats supported an increased generation
activity of kallikrein, FXa and thrombin on their surface. In this case, ovariectomized SHR presented a greater
thrombin generation capacity compared to equivalent rings from normotensive rats, suggesting that estrogen

depletion shifted vascular hemostatic balance toward a prothrombotic phenotype.
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It is known that high blood pressure can induce microlesions on the vascular wall (Mogielnicki et al.,
2005; Wassmann et al., 2001). This fact associated with higher radial hydraulic conductance in hypertensive
vessels can facilitate blood clotting factors not only to bind directly to exposed endothelial cells, but also
effectively crossing through the lumen reaching medial VSMCs (Lacolley et al., 2012). Thus, we hypothesized
that procoagulant markers could be detected directly on vascular tissue extracts. In fact, aorta derived from
estrogen depleted rats had increased levels of procoagulant (FX and FII) and fibrinolytic (PAI-1 and uPA) protein
biomarkers, which corroborates with higher TF expression and procoagulant enzyme generation on aortic rings.
To further explore VSMCs contribution to the hypercoagulable state, we designed some additional experiments
in which the A7r5 VSMC cell line was treated with plasma-derived from ovariectomized animals. The rationale
behind these experiments was based on previous observations showing that the capacity of activated platelets and
even VSMCs to secrete soluble TF-enriched microparticles that circulates free in the blood stream (Pawlinski et
al., 2004). Then we further wondering if the plasma derived from hypercoagulable estrogen-depleted animals
could also induce a procoagulant activity on naive VSMCs. Interestingly, VSMCs treated with estrogen deficient
plasma had TF expression induced in the first 2 h. In accordance, when normal plasma was added to these cells
previously treated with estrogen deficient plasma, it coagulated faster compared to untreated cells. This suggests
that estrogen deficient plasma from WKY and SHR activates and triggers a procoagulant profile on VSMC,
independent of basal hypertension levels before ovariectomy. Additionally, we also observed that the mechanism
behind these effects in VSMCs involves an inflammatory pathway mediated by NF-«B, since PDTC (a NF-«xB
blocker) significantly reduced TF expression and procoagulant activity on VSMC surface. As previously
mentioned, thrombin and TF complex (TF-VIIa-Xa) generated during hypercoagulable states are linked to
proinflammatory signalling through the activation of PAR-1 and PAR-2 receptors (Riewald and Ruf, 2002). For
example, in endothelial cells thrombin participates in a positive feedback loop, activating PAR-1 and inducing TF
expression up-regulation which in turn contributes to increases in FXa and thrombin formation (Minami et al.,
2004). Once activated, PAR-1 regulates TF expression triggering IkBa proteolytic degradation and inducing
nuclear translocation of NF-kB and c-Rel/p65 complexes (Pendurthi et al., 1997). Similarly, PAR-1 also regulates
the expression of other proinflammatory molecules such as ICAM, VCAM and IL-6 (Grover and Mackman, 2018;
Minami et al., 2004). Since PAR-1 is up-regulated in aorta from ovariectomized animals, it is reasonable to
suppose that such mechanism strongly contributes to the prothrombotic profile described here in our model (an

overview for the mechanism is presented in Fig. 11).

5. Conclusions

The results of this study aid our understanding of the cellular and molecular mechanisms underlying the highest
risk of prothrombotic events and its association with hypertension in postmenopausal women. We found that
surgically induced estrogen deprivation in rats leads to a vascular prothrombotic state associated with a decrease
in the nucleotide metabolizing system, platelet hyperreactivity and tissue factor expression up-regulation in both
aorta and platelets. Aorta and vascular cells are important players being able to support procoagulant enzyme
generation by a mechanism that was significantly exacerbated in hypertensive aorta. Interestingly, plasma derived
from hypercoagulable estrogen-depleted rats can also trigger a prothrombotic profile in cultured naive vascular

cells by increasing tissue factor expression through NF-kB-dependent pathway (Fig. 11). Thus, our data suggest
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that targeting tissue factor mediated events could be a therapeutic option for vascular thromboembolic

complications in the postmenopausal period.
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9. Figure legends

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

between uterus weight and body weight was determined as an index of OVX surgery efficiency.

Figure 2. Platelet aggregation function in estrogen-depleted normo and hypertensive rats. A bilateral
ovariectomy (OVX) or SHAM surgical procedure was performed in 14-week-old female spontaneously
hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. After 50 days, animals were euthanized and
blood was collected for ex-vivo platelet aggregation functional tests. (A) ADP (10 pM)-induced platelet
aggregation in platelet rich plasma (PRP). (B) Representative profile of ADP-induced aggregation curves for
normotensive WKY rats. (C) Representative profile of ADP-induced aggregation curves for SHR rats. (D)
Collagen (3 pg/mL)-induced platelet aggregation in PRP. (E) Representative profile of collagen-induced
aggregation curves for normotensive WKY rats. (F) Representative profile of collagen-induced aggregation
curves for SHR rats. Data are presented as mean + SE and (*) represents a statistically significant difference

between indicated groups (one-way ANOVA followed by Bonferroni’s-post hoc test).
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Figure 3. Nitrate/nitrite, nitric oxide synthase and cyclooxygenase 2 levels in normo and hypertensive
ovariectomized rats. A bilateral ovariectomy (OVX) or SHAM surgical procedure was performed in 14-week-
old female spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. After 50 days,
animals were euthanized for plasma and aorta collection. (A) Plasma and (B) Aorta nitrite/nitrate (NO™) levels as
determined by the Griess method. (C) Aorta protein expression levels of inducible nitric oxide synthase (iNOS)
and cyclooxygenase 2 (COX2) as determined by western-blot (upper panel showing the representative blots from
three independent experiments and lower panel showing its respective quantitative analysis normalized by the -
actin expression). Data are presented as mean + SE and (*) represents statistically significant difference between

indicated groups (one-way ANOVA followed by Bonferroni’s-post hoc test).

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

hoc test).

Figure 5. Blood coagulation parameters in estrogen-depleted normo and hypertensive rats. Citrated blood
was collected through intracardiac puncture from ovariectomized (OVX) and SHAM-operated spontaneously
hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. The following coagulation parameters were
determined in plasma: (A) activated partial thromboplastin time (aPTT); (B) kinetics of WKY rats aPTT; (C)
kinetics of SHR rats aPTT; (D) prothrombin time (PT); (E) thrombin time (TT) and (F) fibrinogen levels. Data
are presented as mean + SE and (*) represents statistically significant difference between indicated groups (one-

way ANOVA followed by Bonferroni’s-post hoc test).

Figure 6. Procoagulant phenotype of aortic rings derived from normo and hypertensive ovariectomized
rats. The descending thoracic aorta was collected from ovariectomized (OVX) and SHAM-operated
spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. Then, two mm ring segments
were prepared to measure its potential increasing rate of kallikrein, factor Xa (FXa) and thrombin generation. (A)
Kallikrein generation was determined by incubating the aortic rings with diluted prothrombin-deficient human
plasma and adding the specific synthetic substrate S2302 to measured formed kallikrein. (B) FXa generation was
determined by incubating the aortic rings with purified human FX, FVIla and calcium ions and adding the specific
synthetic substrate S2222 to measured formed FXa activity. (C) Thrombin generation was determined by
incubating the aortic rings in the presence of purified human prothrombin, FVa, FVIIa, FX and calcium ions and
adding the specific synthetic substrate S2238 to measured formed thrombin. Data are presented as mean + SE and
(*) represents statistically significant difference between indicated groups (one-way ANOVA followed by

Bonferroni’s-post hoc test).
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Figure 7. Tissue factor (TF) protein expression in aorta and platelets from normo and hypertensive
ovariectomized rats. Abdominal aorta and platelets were collected from ovariectomized (OVX) and SHAM-
operated spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats. Aorta (A) and platelet
(B) extracts were prepared, and TF protein expression were analysed by western blot. The upper panel shows
representative images from three independent analyses, while the lower panel presents the quantitative data
normalized by the B-actin expression. Data are presented as mean + SE and (*) represents statistically significant

difference between indicated groups (one-way ANOVA followed by Bonferroni’s-post hoc test).

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

hoc test).

Figure 9. Plasma-derived from normo and hypertensive ovariectomized rats induced a procoagulant
phenotype in vascular smooth muscle cells in culture. Plasma obtained from ovariectomized (OVX) and
SHAM-operated spontaneously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats was used to
treat a cell line (A7r5) of vascular smooth muscle cells derived from rat thoracic aorta. (A) A7r5 cells were treated
with different concentrations of SHR or WKY -derived plasma for 1 h, then cells were washed, and coagulation
time was determined through the aPTT assay by the addition of a rat plasma pool collected from healthy animals.
(B) AT7r5 cells were treated with diluted plasma (10 %) from SHR or WKY animals, at different time-points cells
were washed and aPTT was determined as described above. (C) A7r5 cells treated with 10 % plasma from SHR
or WKY animals were collected in each time-point, and tissue factor (TF) protein expression was determined by
western blot. The panel shows representative images from three independent analyses. (D) Data from TF blots in
each time-point were quantified and normalized by the B-actin expression. All data showed on graphs are mean +
SE analysed by one-way ANOVA followed by Bonferroni’s-post hoc test. Coagulation data are presented as a
ratio between coagulation time from ovariectomized versus SHAM-operated animals. The dotted line on graphs
A and B indicates the normal coagulation pattern of A7r5 cells incubated with rat plasma pool collected from
healthy animals. The symbols (*) and (#) in panels A and B indicate respectively the statistical difference of WKYY
and SHR versus the normal coagulation time from cells treated with plasma pool of healthy animals. The same
symbols (* and #) in panel D indicate respectively the statistical difference between KY SHAM versus KY OVX
and SHR SHAM versus SHR OVX groups.

Figure 10. The procoagulant phenotype induced by plasma derived from normo and hypertensive
ovariectomized rats requires NF-kB pathway. Vascular smooth muscle cells (A7r5) were pre-treated overnight
with PBS or 0.1 uM PDTC to block the NF-kB pathway. Then, the cells were incubated for 2 h with 10 % plasma

obtained from ovariectomized (OVX) and SHAM-operated spontaneously hypertensive (SHR) and normotensive
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Wistar Kyoto (WKY) rats. After a washing step, coagulation time was determined through the aPTT assay by the
addition of a rat plasma pool obtained from healthy animals (A). Similarly, in another set of experiments vascular
cells were treated as above and collected for tissue factor (TF) protein expression analysis by western blot (B).
The upper panel in B shows representative images from three independent experiments, while the lower panel
presents the quantitative data normalized by the B-actin expression. All data are presented as mean + SE and
symbols (* and #) represents statistically significant difference between indicated groups (one-way ANOVA

followed by Bonferroni’s-post hoc test).

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

VSMC - vascular smooth muscle cell; PAR - protease-activated receptor; NF-kB - nuclear factor kappa B.

10. Tables

Table 1. Cardiovascular parameters in WKY and SHR ovariectomized rats.

11. Supplementary material

Table S1. 17-p Estradiol levels in WKY and SHR ovariectomized rats.
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Table 1

Table 1. Cardiovascular parameters in WKY and SHR ovariectomized rats.

Pre-OVX Post-OVX p-value
Parameter Groups Baseline (Day 35) Day 85

HR (beats/min) WKY-SHAM 331+15 (a) 346+ 8.6 (a) 1.000
WKY-OVX 332+86 (a) 363+7.8 (ab) 1.000
SHR-SHAM 376+14  (a) 331+8 (a) 0.001
SHR-OVX 358+7 (a) 385+8 () 0.091

SBP (mmHg) WKY-SHAM 12943 (a) 126 + 0.8 (a) 1.000
WKY-OVX 132+47 (a) 169+3 (b) <0.001
SHR-SHAM 152+4 (b) 143 +2.8 (©) 0.259
SHR-OVX 159+35 (b) 176+ 2.5 (b) <0.001

DBP (mmHg) WKY-SHAM 82427 (a) 80+24 (a) 1.000
WKY-OVX 81+2 (a) 102+1.7 (b) <0.001
SHR-SHAM 95+3 (b) 90+3.2 (ac) 1.000
SHR-OVX 100+37 (b) 107+3 (b) 0.737

Spontaeously hypertensive (SHR) and Wistar Kyoto rats (WKY) were ovariectomized (OVX)- or SHAM-
operated (n = 10/group). Cardiovascular parameters such as, heart rate (HR), systolic blood pressure (SBP) and
diastolic blood pressure (DEP) were measured before (at the baselme, pre-OVX) and after surgery (post-OVX).
Details about the experimental design can be found i Fig. 1A. The resulis are presented as mean + SE. For data
analysis the method of Generalized Estimating Equations (GEE) followed by Bonferroni’s test was nsed. The p-
value column indicates statistical differences between time (pre-OVX versus post-OVX). The letters indicate
statistical differences between experimental gronps. Same letter means no difference (p>0.05), while different
letters means that there is statistical difference between gronps (p<0.05). In all cases, p<0.05 were considered
statistically significant.
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