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RESUMO

Os horménios esterdides sexuais sdo amplamente conhecidos pelo seu envolvimento
em numerosas respostas fisiologicas. Apos a menopausa, quando diminuem os niveis de
estrogénio circulantes, as mulheres apresentam um risco aumentado de doengas cardfacas.
Evidéncias tém sugerido que no sistema cardiovascular, o estrogénio exerce um papel protetor
reduzindo o risco de desenvolvimento de aterosclerose e complica¢des cardiovasculares,
através da modulac¢io da fungfio vascular e da inibicdo da agregacio plaquetaria. Os processos
de hemostasia e formagfo de trombos também podem ser afetados pelos nucleotideos da
adenina e pelo nucleosideo adenosina. Extracelularmente, o nucleotideo ADP € reconhecido
como maior agonista plaquetdrio, enquanto o nucleosideo adenosina € um potente
vasodilatador e inibidor da agregacdo plaquetiria. Conseqlientemente, a regulagdo das
enzimas que controlam os niveis destes nucleotideos e de adenosina na circulacdo torna-se
essencial na modulagdo dos processos de agregacio plaquetaria, vasodilatagdio e fluxo
coronariano. Resultados recentes demonstram que as atividades de algumas enzimas podem
ser moduladas por variagdes dos niveis de estrogénio, assim, no presente estudo resolvemos
investigar os efeitos da auséncia dos hormOnios ovarianos (ovariectomia) ¢ da terapia de
reposicdo de estradiol sobre a atividade das enzimas que degradam ATP, ADP ¢ AMP em
soro e plaquetas de ratas. A privagdo hormonal inibiu significativamente a hidrélise de ATP,
ADP ¢ AMP em plaquetas; no soro a hidrdlise dos trés nucleotideos foi significativamente
aumentada, enquanto que a hidrélise do substrato artificial marcador da enzima
fosfodiesterase ndo foi alterada neste tratamento. Contrariamente, a reposicdo de estradiol
diminuiu significativamente a hidrélise dos trés nucleotideos e do substrato artificial no soro
em comparagio aos respectivos controles; nas plaquetas, o tratamento nio reverteu a inibi¢o
causada pela auséncia hormonal. Além disso, testamos os hormOnios 17B-estradiol, sulfato de
diidroepiandrosterona e pregnenolona in vifro no soro dos animais para verificar uma possivel
acdo direta destes hormOnios sobre as enzimas testadas, porém nio foram observadas
alteracdes na hidrélise dos nucleotideos. Nossos resultados sugerem um forte envolvimento
do sistema hormonal com as enzimas que controlam os niveis de nucleotideos na circulagio.
Os resultados em plaquetas indicam que a priva¢do hormonal afeta a hidrélise de ATP, ADP e
AMP e conseqiientemente os niveis destes nucleotideos na circulagdo. Sendo o ADP um
potente ativador da agregacdo plaquetdria e a adenosina formada através da sua hidrolise até
AMP, um potente inibidor, o resultado encontrado em plaquetas pode contribuir para uma

melhor compreensdo das complicagdes cardiovasculares descritas na menopausa. Por outro



lado, o aumento da hidrélise dos nucleotideos encontrado no soro pode estar representando
um mecanismo compensatorio para a manutencdo dos nucleotideos extracelulares, na

tentativa de controlar os eventos desencadeados pela privagdo hormonal no sangue total.
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LISTA DE ABREVIATURAS

ADP — adenosina 5’-difosfato
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1. INTRODUCAO

1.1 HORMONIOS ESTEROIDES SEXUAIS E SISTEMA CARDIOVASCULAR

Os hormonios sexuais, responsdveis pelo dimorfismo sexual e reproducéo,
desenvolvem também importantes papéis em tecidos e érgdos que ndo estdo diretamente
envolvidos com a procriagdo. Estudos recentes tém demonstrado que a auséncia de efeitos dos
estrogénios durante a menopausa sobre tecidos ndo-reprodutivos como esqueleto, sistema
cardiovascular € cérebro sdo o maior fator de risco para o desenvolvimento de osteoporose,
doenga coronariana, infarto, e talvez doencas neurodegenerativas como Alzheimer
(MANOLAGAS & KOUSTENI, 2001).

Os efeitos dos hormoénios sexuais sobre os tecidos e drgfos podem ser tanto
gendmicos quanto ndo-gendmicos (WHITING et val, 2000; KELLY & LEVIN, 2001;
VALVERDE & PARKER, 2002). Os efeitos gendmicos sdo os mecanismos classicos de agéo
dos hormdnios esterdides que envolvem a sua ligacdo a receptores intracelulares, iniciando a
transcri¢do génica e a sintese de proteinas (BEATO et al., 1995; PARKER & WHITE, 1996).
Os efeitos ndo-gendmicos correspondem a novos mecanismos de agfo dos esterdides, os quais
levam a alteragGes rdpidas nos sinais intracelulares, diferentemente dos efeitos gendmicos que
levam até algumas horas para se tornarem efetivos na célula. Pesquisas recentes sobre os
mecanismos de ac¢do ndo-gendmicos postulam os efeitos dos esterdides em trés diferentes
niveis celulares: membrana, citosol e nicleo. Os sitios alvos na membrana incluiriam
receptores esterdides similares aos receptores nucleares, receptores esterdides ndo-classicos e
canais ibnicos ativados por voltagem e ligante. Em relacdo aos alvos citosolicos, acredita-se
que sejam os receptores “translocadores” cldssicos, sendo a resposta citosolica associada com
a ativac@io de quinases. A ativagio de ambos os alvos de membrana e citosol poderia levar,

por ultimo, a uma mudanga na expressdo génica. No terceiro nivel de agfo estariam os alvos



nucleares, que afetariam a modula¢do direta da expressdo génica (VALVERDE & PARKER,
2002).

Independente do mecanismo de agfo, os hormdnios sexuais exercem numMErosos
efeitos sobre o sistema cardiovascular, alterando processos como o metabolismo de
lipoproteinas, atividade antioxidante, permeabilidade celular, expressio de citocinas e
moléculas de adesdo, proliferagdo e migragdo de células da musculatura vascular, adesfio ¢
agregacdo plaquetaria (MANOLAGAS & KOUSTENI, 2001). Além disso, evidéncias a partir
de estudos em humanos e animais, tém sugerido fortemente que os estrogénios também
causam vasodilatacio (MENDELSOHN & KARAS, 1999). Atualmente, diversos estudos
clinicos e laboratoriais suportam a idéia de que as mulheres estio mais propensas a
desenvolver complicagdes cardiovasculares quando os niveis de estrogénios diminuem na
menopausa, demonstrando que os efeitos dos estrogénios sobre o sistema cardiovascular sdo
protetores. (COLDITZ et al., 1987; BARRET-CONNOR & BUSH, 1991; BAR et al., 1993;
BARRET-CONNOR & GRADY, 1998; WHITE, 2002; TOSTES et al., 2003).

Numerosos trabalhos tém evidenciado o papel benéfico dos hormOmnios sexuais,
principalmente dos estrogénios, sobre o sistema cardiovascular. Estudos recentes em cobaias
demonstraram que o tratamento com estrogénios acentua a vasodilatacio dependente e
independente do endotélio em artérias femorais, coronarianas e cerebrais, tanto in vivo quanto
in vitro (WHITE, 2002). Outra pesquisa demonstrou que o ciclo menstrual e a terapia de
reposi¢do hormonal podem modular o fluxo coronariano (HIRATA et al., 2001). Além disso,
baseado em estudos demonstrando o importante papel das plaquetas na patogénese da doenca
aterosclerdtica (ROSS & GLOMSET, 1976; FUSTER ET AL., 1992; ROSS, 1999), alguns
autores tém sugerido que o estrogénio pode reduzir o risco de doenca cardiovascular em

mulheres apds a menopausa através da inibicdo da ativagio plaquetaria (BAR et al, 2000).



Evidéncias adicionais mostram que apds a menopausa, mulheres fazendo terapia de reposicéo
hormonal apresentam significante diminui¢8o da agregacéio plaquetaria (BAR et al., 1993).

Apesar dos efeitos presumivelmente protetores dos estrogénios sobre o sistema
circulatério, existem numerosos estudos que falham em demonstrar os efeitos benéficos da
terapia de reposicdo hormonal sobre o risco de complicagdes cardiovasculares, sugerindo
inclusive uma associago entre o aumento de eventos trombéticos e a terapia de reposicio
(HULLEY et al., 1998; THIJS et al., 2002). Além disso, existem fortes evidéncias sugerindo
que o uso prolongado de estrogénios aumenta o risco de cadncer de mama e endometrial
(ZUMOFF, 1993; COLDITZ, 1996; WRITING GROUP FOR THE WOMEN’S HEALTH
INITIATIVE INVESTIGATORS, 2002).

As razdes para esta auséncia de efeitos benéficos ainda nfio sfo claras e diferem nos
estudos com mulheres € nos modelos animais de doencas cardiovasculares. Os tratamentos
escolthidos, as combinagdes de estrogénios com progesteronas ou estrogénios sozinhos, a rota
de administraggio e duragdo do tratamento sdo alguns dos fatores que podem estar envolvidos
nestas discrepancias (TOSTES et al, 2003). A presenca de polimorfismos em genes
relacionados a eventos trombéticos (fator V Leiden, fator VII, fibrinogénio e protrombina)
também tem sido implicados como uma possivel razio para o risco aumentado de doengas
cardiovasculares e complicages trombdticas em algumas mulheres, disfarcando os reais
beneficios da terapia de reposi¢do hormonal (SUBBIAH, 2002; TOSTES et al., 2003). Assim,
investigagGes mais detalhadas sdo necessarias para confirmar os efeitos dos hormdnios
sexuais sobre o sistema cardiovascular.

Grande parte dos estudos relacionados as variagdes do estado hormonal sfo realizados
em cobaias. Devido ao rapido ciclo estral encontrado em ratas, em média quatro dias, estes
animais tornaram-se um modelo ideal para investiga¢cdes das mudangas que ocorrem durante

o ciclo reprodutivo (SPORNITZ et al, 1999; MARCONDES et al, 2001). O ciclo



reprodutivo em ratas ¢ caracterizado por quatro fases que podem ser determinadas através dos
tipos celulares observados no esfregaco vaginal (LONG & EVANS, 1922; HOAR &
HICKMAN, 1975). A caracterizaggo de cada fase € baseada na proporgéo entre trés diferentes
tipos celulares: células epiteliais, células corniformes e leucdcitos. Geralmente, durante um
estudo, uma fase do ciclo é escolhida para a realizacio de toda a investigacdo, isso serve
como uma maneira de minimizar possiveis efeitos relativos as variagdes do ciclo e verificar
somente os efeitos relativos ao tratamento aplicado.

O modelo de privagdo dos hormdnios gonadais, ou seja, a ovariectomia ¢ um modelo
cirirgico muito utilizado para estudo de possiveis efeitos decorrentes da falta de hormonios
esteroides em animais. A cirurgia € feita sob anestesia e sdo retirados ambos os ovarios
através de incisdes dorsais ou abdominais (LUINE et al.; 1998; FUGGER et al., 2000; FRYE
& RHODES, 2002).

Quanto as terapias de reposi¢do hormonal, existem numerosos modelos de reposicio
com estrogénio sozinho ou combinado com progesterona. Um dos métodos de reposi¢do com
estrogénio, em ratas foi descrito por GAMARO et al. (2003). Neste modelo, as ratas sdo
anestesiadas e capsulas de silicone de 15 mm contendo horménio ou dleo de milho sdo
implantadas subcutaneamente no dorso do animal. Estudos mostram que estas capsulas
podem gerar concentragdes séricas de estradiol entre 17 e 32 pg/mL e que estas medidas

permanecem constantes entre 10 e 30 dias apds o implante (BROWN et al., 1990).

1.2 SISTEMA CARDIOVASCULAR E SINALIZACAO PURINERGICA

Purinas extracelulares, como adenosina, ADP e¢ ATP, sfo importantes moléculas
sinalizadoras que desempenham diversas fungdes sobre processos bioldgicos (RALEVIC &
BURNSTOCK, 1998). No sistema nervoso central, os nucleotideos purinicos tém sido

envolvidlos em muitos processos fisioldgicos, incluindo transmissdo sindptica,
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neuromodulacdo, neurogénese, apoptose e aprendiza&o (ZIMMERMANN, 1994;
FREDHOLM et al., 1993; WEAVER, 1996; ABBRACCHIO et al,, 1995; BONAN et al,
2000). No sistema cardiovascular as purinas atuam em processos de dilatagdo e contragdo da
musculatura lisa vascular, agregag¢do plaquetaria, proliferagdo celular, resposta imune,
inflamagéo e dor (RALEVIC & BURNSTOCK, 2003).

Os efeitos extracelulares das purinas sfio exercidos através da interagdo com receptores
localizados na superficie da membrana celular. Existem dois grupos de receptores de purinas:
receptores P1, seletivos para adenosina, e P2, seletivos para ATP, UTP, ADP ¢ UDP. Os
receptores P1 sfo ainda divididos em quatro subtipos de acordo com propriedades
moleculares, bioquimicas e farmacoldgicas: Aj, Aza, Asp € A3, tpdos acoplados a proteinas-G.
Baseado em diferencas na estrutura molecular e mecanismos de transduciio de sinal, os
receptores P2 sfo subdivididos em duas familias: a familia P2X ligada a um canal
ionotrépico, envolvida na transmissio excitatoria rapida, e a familia P2Y metabotrépica,
ligada a uma proteina-G (ABBRACCHIO & BURNSTOCK, 1994; FREDHOLM et al,
1994). A familia P2X est4 subdividida em oito membros (P2X;3) ¢ a familia P2Y, em sete
(P2Y3, P2Y>, P2Yy, P2Ys, P2Y11, P2Y 12 € P2Y3) (RALEVIC & BURNSTOCK, 2003).

Todas as células do sistema cardiovascular expressam um ou mais subtipos de
receptores de purinas (RALEVIC & BURNSTOCK, 2003). Dependendo da célula e do
receptor, as purinas podem desempenhar numerosos efeitos extracelulares que estéo
principalmente relacionados a cardioprotecdo. A primeira sugestio de que as purinas teriam
um efeito cardioprotetor surgiu com a demonstragio de que o nucleosideo adenosina seria um
mediador de vasodilatagdo durante hipéxia para aumentar o fluxo sanguineo e, assim, manter
o suprimento de oxigénio ao coragdo (BERNE, 1963). Atualmente, os efeitos da adenosina e,
também, dos nucleotideos da adenina sobre o sistema cardiovascular sio amplamente

reconhecidos.



Extracelularmente, o nucleotideo ATP € uma estrutura capaz de atuar com efeitos
opostos dependendo da concentragéo, da célula e do receptor. O ATP liberado como um co-
neurotransmissor pelos nervos simpaticos, atua sobre os receptores P2X localizado nas células
da musculatura vascular lisa produzindo vasoconstri¢do. Por outro lado, o ATP liberado pelas
células endoteliais devido a hipoxia ou outras injirias, atua nos receptores P2Y das células
endoteliais para liberar 6xido nitrico e produzir vasodilatagdio. O ATP pode ainda ser liberado
para a circulagdo a partir de plaquetas e eritrocitos rompidos. Além disso, o ATP pode regular
a reatividade plaquetaria, inibindo a agregacio em concentragdes micromolares atuando
competitivamente 1nos receptdres P2Y,; plaquetarios com o ADP e estimulando, em
concentragdes mais baixas (SOSLAU & YOUNGPRAPAKORN, 1997; RALEVIC &
BURNSTOCK, 2003). Entre outros efeitos relacionados ao ATP sobre o sistema
cardiovascular estdo: controle da proliferacdo celular em células endoteliais e musculares
lisas, arritmia, hipertrofia cardiaca e apoptose (RALEVIC & BURNSTOCK, 2003).

Na circulagdo, o nucleotideo ADP est4a fortemente relacionado com a regulagido da
ativacdo e recrutamento das plaquetas para a formacdo do “botdo” plaquetario, sendo a
principal molécula promotora da agregacéo plaquetaria através da interacdo com os receptores
P2Y1; (GACHET, 2001). Portanto, o ADP ¢ uma molécula essencial para a manutencio da
hemostasia € o controle dos seus niveis extracelulares através da sua degradagdo por
nucleotidases soliveis ou de membrana plasmética, torna-se importante para a regulacdo de
processos tromboticos. Além disso, antagonistas dos receptores P2Y, plaquetéarios tém sido
indicados como agentes anti-trombéticos em doencas cardiovasculares (STOREY, 2001).
Entre outros mecanismos, 0 ADP também pode atuar nos receptores P2Y; das células
endoteliais € de muisculo liso, causando dilatacdo (RALEVIC & BURNSTOCK, 2003).

No sistema cardiovascular, o nucleosideo adenosina, produzido principalmente pela

degradacdo dos nucleotideos da adenina através das enzimas nucleotidases, desempenha um
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importante papel protetor, particularmente em doengas cardiovasculares. A adenosina inibe
uma variedade de fungGes celulares incluindo agregagéo plaquetaria através da estimulagfo da
adenilato ciclase pelos receptores A,a plaquetarios (CRISTALLI et al., 1994); proliferacéo
celular endotelial mediada pelos receptores Ass € Azg (BURNSTOCK, 2002); aderéncia dos
neutréfilos ao endotélio vascular e injria as células endoteliais (CRONSTEIN, 1996). A
adenosina € ainda um potente vasodilatador através dos receptores A, presentes no endotélio
vascular (RALEVIC & BURNSTOCK, 2003).

Os multiplos efeitos da adenosina sdo importantes protetores em processos como
isquemia, protegendo o tecido durante a reperfusio; hipertenséo, diminuindo a pressgo arterial
através da vasodilatagio; arteriosclerose, através da vasodilatagdo, proliferagdo celular e
aumento na expressdo de fatores de crescimento endoteliais; taquicardia, causando bradicardia
através dos receptores A; sinoatriais; hipéxia, aumentando o suprimento de oxigénio no local
através da vasodilatacdo; e inflamacdo, através da inibicdo dos processos desenvolvidos pelos
neutréfilos. Além disso, a adenosina ainda diminui a dor, o que pode ser mediado por
receptores A; inibitérios expressos em nervos sensoriais (MUBAGWA et al., 1996;
RALEVIC & BURNSTOCK, 2003).

Todas estas evidéncias sugerem a contribuicdo das purinas em processos envolvidos
na func¢do cardiovascular normal. Assim, distirbios na sinaliza¢do purinérgica podem estar
envolvidos em algumas doengas cardiovasculares, sendo objeto de novos estudos como
possiveis alvos de estratégias terapéuticas para estas doengas (RALEVIC & BURNSTOCK,
2003). Além disso, o controle dos niveis das purinas circulantes através da atividade de
enzimas nucleotidases € a principal forma de manutencdo da sinalizagdo purinérgica normal,
tornando-se importante na modulagdo dos processos fisiologicos mediados por estas

“moléculas.



1.3 NUCLEOTIDASES

Os nucleotideos extracelulares podem ser hidrolisados por uma variedade de enzimas
que estdo localizadas na superficie celular ou podem ser soliveis nos meios intra e
extracelular.

Os nucleosideos tri- e difosfatados podem ser hidrolisados por enzimas da familia das
E-NTPDases (ectonucleosideo trifosfato difosfoidrolase), da familia das E-NPPs
(ectonucleotideo pirofosfatase/fosfodiesterase) e, também, por fosfatases alcalinas. Os
nucleosideos monofosfatados estdo sujeitos a hidrdlise pela 5’-nucleotidase, mas também
pelas fosfatases alcalinas e por alguns membros da familia das E-NPPs (ZIMMERMANN,
2001).

Em geral, as NTPDases tem seu sitio ativo voltado para o meio extracelular ou para o
limen de organelas intracelulares como o complexo de Golgi e o reticulo endoplasmatico.
Todavia, existem também formas soliveis. A atividade das NTPDases tem sido especulada
por estarem envolvidas em processos como neurotransmissdo, fungfio cardiaca, agregacdo
plaquetaria, adesdo celular, contragcdo e relaxamento muscular, tnus vascular, secre¢do de
hormonios, resposta imune e crescimento celular (ZIMMERMANN, 1996).

Até o momento, seis membros da familia das NTPDases tém sido identificados (Fig.
1). NTPDasel, NTPDase2 e NTPDase3 sdo proteinas transmembrana, ancoradas a membrana
plasmatica pelos terminais N-terminal ¢ C-terminal € com o sitio ativo voltado para o espago
extracelular. Estas enzimas hidrolisam tanto os nucleotideos das purinas como das
pirimidinas, suas atividades cataliticas maximas estfio adaptadas ao ambiente extracelular e

requerem a presenga de cations divalentes como Ca** ou Mg** e pH préximo da neutralidade.
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FIGURA 1: Desenho esquemitico demonstrando a estrutura espacial e topografia de membrana das E-
NTPDases, E-NPPases, fosfatases alcalinas e E-5'-nucleotidases. As setas indicam o ponto de clivagem
para a formacdo das proteinas soliiveis. Os pontos escuros representam as cinco regides conservadas das
apirases (ACR). Adaptado da "homepage"” do Prof. Dr. Herbert Zimmermann.

www.biozentrum.de/prof/zimmermann,

A especificidade pelo substrato ¢ a principal diferenca entre estas trés enzimas. Assim,
a NTPDasel, também conhecida como CD39, ecto-apirase ou ecto-ATP difosfoidrolase,
hidrolisa ATP ¢ ADP igualmente bem, sendo a propor¢do de hidrolise de 1:1 e sua atividade
resulta na inativagfio de todos os receptores P2X (ativados exclusivamente por ATP) e P2Y
(ativados por ATP, ADP, UTP e UDP), gerando nucleosideos monofosfatados
(KACZMAREK et al., 1996; WANG & GUIDOTTI, 1996; ZIMMERMANN, 2001). A
NTPDase2 (CD39L1, ecto-ATPase) tem uma alta preferéncia pelo ATP, cerca de 30:1, agindo
como um produtor extracelular de ADP. A NTPDase3 (CD39L3) tem propriedades funcionais

intermediarias, hidrolisando o ATP com cerca de trés vezes mais eficiéncia do que o ADP
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(SMITH & KIRLEY, 1998). Até o presente momento, as diferencas funcionais na
especificidade pelo substrato e suas conseqiiéncias especificas nas células ou tecidos ndo
estdo completamente entendidas. Porém, sabe-se que as trés enzimas podem produzir
diferentes impactos na sinalizagio purinérgica (ZIMMERMANN, 2001).

A NTPDase4 compartitha sua estrutura geral com as NTPDases1-3. Todavia as duas
formas relatadas de humanos revelam uma localizagéo celular completamente diferente. Elas

tém sido localizadas no complexo de Golgi (UDPase, NTPDase4f) e em vactolos

lisossémicos e autofagicos (NTPDase4a).

A NTPDase5 e a NTPDase6 apresentam propriedades diferentes das outras
NTPDases. Elas estfo ancoradas na membrana celular somente pela por¢do N-terminal, no
havendo ancoragem no dominio C-terminal (Fig.1). A NTPDase5 de humanos apresenta alta
preferéncia por nucleosideos difosfatados, principalmente GDP e UDP. Estudos com murinos
sugerem que esta enzima estd localizada no reticulo endoplasmaético, e estudos com células
COS-7 humanas sugerem que esta seria uma forma secretada e, portanto solivel. A
NTPDase6 também seria uma enzima secretada solivel, porém a origem desta enzima seria
no complexo de Golgi. Acredita-se que estas enzimas, por possuirem apenas um terminal
ligado a membrana, seriam facilmente liberadas para o meio extracelular. Ambas enzimas s3o
fortemente ativadas por Ca®* ou Mg e hidrolisam nucleosideos difosfatados com uma alta
preferéncia. Além disso, sugere-se que as NTPDasesS e 6 participem das reagdes de
reglicosilagdo envolvidas nos processos de dobramento de glicoproteinas e em processos de
glicosilacdo no complexo de Golgi (ZIMMERMANN, 2001).

Apesar das diferengas cataliticas e de distribui¢do destas enzimas, todas as NTPDases
apresentam cinco dominios com seqiiéncias altamente conservadas, denominados “regibes
conservadas da apirase” (Fig.1), que possivelmente participam da formacdo do sitio catalitico

destas enzimas (HANDA & GUIDOTTI, 1996).
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Os membros da familia E-NPP (Fig. 1) tém uma ampla distribuicio nos tecidos. As
enzimas fosfodiesterases (PDEases) fazem parte desta familia que € capaz de hidrolisar
AMPc, ATP (produzindo AMP e PPi), ADP, NAD®, UDP-galactose, DNA e RNA. Além
disso, a enzima 5’-nucleotideo fosfodiesterase (EC 3.1.4.1) é capaz de hidrolisar o substrato
artificial p-nitrofenil-5’-timidina-monofosfato (p-Nph-5°-TMP), gerando p-nitrofenol; assim
este substrato serve como um marcador para a atividade desta enzima. As E-NPPs
apresentam um tunico dominio transmembrana na por¢do N-terminal. A relevancia fisiologica
das varias enzimas desta familia e dos seus substratos nos varios tecidos e c€lulas necessita
ser melhor definida. Todavia, evidéncias t€m sugerido que estas enzimas podem modular a
sinalizacdo mediada pelos receptores P2 (ZIMMERMANN, 2001). A enzima 5’-nucleotideo
fosfodiesterase foi caracterizada em soro fetal humano e tem sido utilizada como um
marcador para doengas do figado (SAKURA et al., 1998).

Amplamente distribuida em bactérias, células de plantas e tecidos vertebrados, a
enzima 5’-nucleotidase ou CD73 (Fig. 1) esta classificada em quatro grupos de acordo com a
localizacdo celular e as propriedades bioquimicas: uma ecto-5’-nucleotidase ancorada a
membrana plasmética, uma forma solivel derivada da ecto-5’-nucleotidase, e duas formas
citoplasmaticas. A atividade catalitica da 5 -nucleotidase controla os niveis intracelulares e
extracelulares de AMP e outros nucleosideos monofosfatados (KAWASHIMA, 2000).

O papel das nucleotidases na fisiologia celular estd se expandindo. Uma vez que estas
enzimas modulam os efeitos Biolégicos dos nucleotideos liberados, elas sdo importantes para
a hemostasia, trombo-regulagdio e também sfo elementos-chave em outros aspectos da
sinalizagdo purinérgica.

Numerosos estudos tém evidenciado a importidncia das nucleotidases no sistema
circulatorio. Além de limitar a agdo dos nucleotideos nos seus receptores, estas enzimas

podem evocar efeitos opostos através da acdo dos produtos formados. A NTPDasel,
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conforme tem sido demonstrado € a ecto-nucleotidase mais abundante na superficie luminal
dos vasos sanguineos (KACZMAREK et al., 1996; ENJYOII et al., 1999). Por converter o
ADP liberado de plaquetas ativadas, alguns estudos propSem que a NTPDasel seja a principal
molécula responsavel pela inibigdo da agregacdo plaquetdria no sistema circulatério,
apresentando um papel chave na regulag@o da formagdo de trombos e na manutenggo do fluxo
sanguineo (KACZMAREK et al, 1996; MARCUS et al., 1997; PINSKY et al; 2002;
MARCUS et al, 2002). Recentemente, um estudo demonstrou os efeitos opostos e as
implicagbes na regulagdo da formacdo de trombos de duas NTPDases, uma € a NTPDasel
localizada na superficie das células endoteliais, com a habilidade de mibir a agregacéo
plaquetdria, e a outra € a NTPDase2, expressa nas células de suporte da vasculatura e que, por
‘hidrolisar preferencialmente ATP, liberando ADP, facilita a agregacdo plaquetdria
(SEVIGNY et al., 2002). Este estudo demonstra um duplo papel das NTPDases na circulagio
sugerindo regulagdo espacial da sinalizagdo mediada pelos nucleotideos.

As NTPDases podem ainda produzir outros efeitos através da atividade conjunta com
5’-nucleotidases, hidrolisando os nucleosideos fosfatados até os respectivos nucleosideos. A
associagdo destas enzimas se constitui em uma via altamente sofisticada, com o objetivo de
controlar os niveis extracelulares de nucleotideos e nucleosideos, capazes de modular uma
série de processos fundamentais a nivel celular em muitos tecidos e 6rgdos, pﬁncipahnente no
sistema circulatorio. Assim, estas enzimas tém se tornado alvo de numerosas estratégias
terapéuticas para doengas cardiovasculares.

Diversos trabalhos desenvolvidos no nosso laboratério tém mostrado a importéncia da
atividade da 5’-nucleotidase e das enzimas da familia das NTPDases, caracterizando estas
enzimas de diferentes origens biologicas (BATTASTINI et al., 1991; SARKIS & SALTO,
1991; FRASSETTO et al,, 1993; PILLA et al., 1996; BATTASTINI et al., 1995; OSES &

CARDOSO et al.,, 2004) além de demonstrar alteracées nas atividades enzimaticas em
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diversas situagdes fisiologicas e patologicas (BONAN et al., 1998; BONAN et al., 2000a;

BONAN et al., 2000b; BONAN et al., 2001c; BRUNO et al., 2002; BRUNO et al., 2003).

1.4 NUCLEOTIDASES E HORMONIOS SEXUAIS

Diversos estudos t€ém demonstrado o efeito dos hormdnios esterdides sexuais sobre a
atividade de enzimas e sobre receptores de nucleotideos. Em 1995, ZYLINSKA e
colaboradores demonstraram que esterdides neuroativos (17B-estradiol, sulfato de
pregnenolona e sulfato de diidroepiandrosterona — DHEAS) sfio capazes de modular a
atividade in vivo de uma Ca®*/Mg”*- ATPase de membranas sinaptossomais de cortex e
cerebelo de ratas. Um outro trabalho de ZYLINSKA & LEGUTKO (1998) demonstrou que
esteroides neuroativos podem modular in vitro a atividade da mesma Ca®>*/Mg?*- ATPase em
cultura de neurénios de ratos. O mesmo grupo demonstrou que 17B-estradiol, sulfato de
pregnenolona, DHEAS e testosterona podem modificar diretamente a atividade de uma Ca®*-
ATPase purificada de membrana sinaptossomal de cortex de ratos (ZILINSKA et al., 1999).
NEDELJKOVIC e colaboradores (2000) mostraram o efeito da privagdo hormonal sobre a
atividade e expressdo de uma ecto-ATPase em distintas regiGes cerebrais de ratas adultas.
Além disso, 17B-estradiol inibe nfio-genomicamente receptores P2X; de humanos expressos
em células renais de macacos (CARIO-TOUMANIANTZ et al., 1998) ¢ DHEAS age como
um bloqueador de canal, suprimindo a atividade funcional de receptores P2 (LIU et al., 2001).
SELLES e colaboradores (2001) demonstraram que os hormoénios 17B-estradiol e
progesterona estimulam a atividade da enzima 6xido-nitrico sintase em aorta de ratas adultas,
inibindo a agregacéo plaquetaria.

Estes resultados mostram evidéncias de que os hormoénios sexuais podem afetar a
atividade de algumas enzimas envolvidas com a hidrélise de nucleotideos e receptores,

representando novos mecanismos de regulacio para estas estruturas.
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2. OBJETIVOS

Considerando que um grande mimero de situagbes patologicas podem modular a
atividade das enzimas que controlam os niveis de nucleotideos da adenina na circulag3o,
alterando diferentes sistemas bioldgicos e também que estudos tém demonstrado agido dos
horménios sexuais sobre a atividade de algumas enzimas de membrana, nossos objetivos
foram verificar o efeito da privagio dos hormémnios gonadais induzida cirurgicamente, através
da remoc¢do dos ovérios (ovariectomia) e¢ da terapia de reposicdo hormonal com estradiol
sobre a atividade das nucleotidases de soro e ectonucleotidases de plaquetas de ratas adultas.
Além disso, ndés examinamos os efeitos in vitro da administragdo de 17f-estradiol, DHEAS e
pregnenolona sobre a atividade das nucleotidases de soro das ratas como uma maneira de

avaliar uma possivel agdo direta destes hormonios sobre as enzimas testadas.
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Abstract

The low prevalence of coronary heart disease in premenopausal women and its
increase after menopause are well established. Many studies have suggested that steroid
hormones can inhibit platelet aggregation, reducing the cardiovascular risk. In addition a
number of studies have shown an effect of estrogen on vascular function. The process of
haemostasis and thrombus formation can be also affected by adenine nucleotides and
adenosine. Consequently, the regulation of enzymes that hydrolyze these nucleotideé in the
bloodstream is essential in the modulation of the processes of platelet aggregation,
vasodilatation and coronary flow. Thus, in the present study, we examined the effect of
ovariectomy (OVX), estradiol replacement therapy and the in vifro administration of 17f-
estradiol, DHEAS and pregnenolone on the activity of the enzymes that degrade ATP, ADP
and AMP in the blood serum of female rats. OVX significantly increased the hydrolysis of
ATP, ADP and AMP, whilst phosphodiesterase activity was unchanged. Estradiol
replacement therapy significantly decreased the hydrolysis of the adenine nucleotides and of
the substrate marker of phosphodiesterase. In vitro, the addition of steroid hormones did not
have any effect on the nucleotide hydrolysis by rat serum. These results suggest the presence
of a strong relation between these enzymes and the hormonal system. In addition, the
alterations observed are important, since these enzymes control the nucleotides/nucleosides

ratio in the circulation and, thus, the events related to haemostasis.

Key Words: ATP diphosphohydrolase; 5’-nucleotidase; steroid hormones; cardiovascular
disease; adenine nucleotides

Abbreviations: OVX, ovarian steroid hormone deprivation; ATP, adenosine triphosphate;
ADP,  adenosine  diphosphate; = AMP, adenosine  monophosphate;  DHEAS,

dehydroisoandrosterone 3-sulfate; PREG, pregnenolone.
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The importance of adenine nucleotides ATP, ADP and AMP, and their nucleoside
derivative, adenosine, as structures with opposite effects is well established. Extracellular
ATP is a structure capable of acting as a vasodilator or vasoconstrictor depending on its
concentration and the receptor. It has been observed that micromolar concentrations of ATP
inhibit platelet aggregation by both competitive and non-competitive mechanisms; however,
low concentrations are stimulatory [1]. ADP is a nucleotide known to induce changes in
platelet shape and aggregation via interaction of P2Y;, receptors. Several authors have
described the important role of these nucleotides in the process of haemostasis and thrombus
formation [2-5]. The nucleoside, adenosine, produced by nucleotide degradation inhibits
platelet aggregation and is also capable of acting as vasodilator in general and neuromodulator
in the central nervous system.

Under normal physiological conditions, the concentration of adenine nucleotides in the
blood is maintained at very low values [3]. However, the levels of extracellular ATP and ADP
in the body may be increased in various inflammatory and shock conditions, primarily as a
consequence of nucleotide release from disrupted platelets and also by endothelial and blood
vessel cells [6-8]. Once released, these nucleotides could be metabolized rapidly to adenosine,
in order to maintain homeostasis. Ecto-nucleotidases located on the plasma membranes of
platelets [9, 10] and endothelial cells, together with soluble nucleotidases in the circulation,
are the major effector system for rapid inactivation of circulating adenine nucleotides [3, 11].

ATP diphosphohydrolase (apyrase, EC 3.6.1.5) is the general designation for enzymes
that hydrolyze ATP, ADP and other triphospho- and diphosphonucleosides to their equivalent
monophosphonucleosides and inorganic phosphate [12]. The physiological role proposed for
this enzyme, together with 5’-nucleotidase (EC 3.1.3.5), in the circulation is the modulation of
the nucleotides/nucleosides ratio. Furthermore, apyrase may inhibit platelet aggregation,

promoting the ADP hydrolysis, and also control the vascular tone in combination with 5'-
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nucleotidase that hydrolyzes AMP to adenosine, which is a vasodilator in the circulation. The
soluble form of ATP diphosphohydrolase was recently described by our group in the serum of
adult rats [13].

5’-nucleotide phosphodiesterase (EC 3.1.4.1, PDEase, NPPase) is a microsomal
enzyme that releases mononucleoside-5’-phosphate from the 3°-OH terminal of the
nucleotides. p-Nitrophenyl-5°-thymidine-monophosphate (p-Nph-5’-TMP) has been used as
an artificial substrate marker to 5’-nucleotide phosphodiesterase, generating p-nitrophenol.
This enzyme is known to hydrolyze not only ATP (producing AMP and PPi) and ADP but
also UDP-galactose, NAD, DNA and RNA. Thus this enzyme is, in some respects, different
to the apyrase.

The regulation of these enzymes is important for the control of coronary vascular tone,
microthrombus formation and coronary flow and, therefore, essential mn ischaemia,
cardiovascular disease and hypoxic episodes. A previous study suggested that steroid
hormones can modulate the expression and activity of an ecto-ATPase in distinct brain
regions of rats [14]. Furthermore, theses hormones also appear to exert in vivo and in vitro
effects in platelet aggregation and ATP release from platelets activated in postmenopausal
women [15, 16]. Estrogen treatment enhances endothelium-dependent relaxation in femoral,
coronary and cerebral arteries, but other studies have also demonstrated endothelium-
independent vasodilatory responses to estrogen both in vivo and in vitro [17]. Recent research
has demonstrated that menstrual cycle and estrogen replacement therapy can modulate the
coronary flow [18]. It is clear that postmenopausal women demonstrate an increased risk of
coronary heart disease. Therefore, the ovary hormones may participate in the control of
cardiovascular and atherosclerotic disease. At present, only limited data exist regarding the
effect of ovary hormones on haemostasis. Thus, the main objective of the present study was to

evaluate the effects of variations in female endocrine status on the enzymes that control the
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adenine nucleotides/adenosine levels in the bloodstream. For this reason, we examined the
effects of gonadal steroid hormone deprivation, induced by removal of ovaries (ovariectomy),
the estradiol replacement therapy and the in vifro administration of 17B-estradiol,
dehydroisoandrosterone 3-sulfate and pregnenolone on the activity of enzymes that degrade

the nucleotides ATP, ADP and AMP in the blood serum of female rats.

2. Materials and Methods

2.1. Chemicals

Nucleotides, p-nitrophenyl-5°-thymidine-monophosphate, 178-estradiol, B-estradiol 3-
benzoate, dehydroisoandrosterone 3-sulfate, pregnenolone and Trizma Base chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). Xylazine was obtained from
Coopers Brasil Ltda. and Ketamine was obtained from Agribands do Brasil Ltda. Medical
grade tubing was obtaining from Medicone, Multiplast, Porto Alegre, RS, Brazil. All other

reagents were of analytical grade.

2.2. Animals

Adult female Wistar rats, weighing 180-250 g (approximately 70 days old), were used.
Animals were housed in cages with food and water available ad libitum and were maintained
under a 12-h light/dark cycle (light on at 07:00 h a.m.) at a room temperature of 22 + 1°C.
The estrous cycle was evaluated by optical microscope examination of vaginal smears, and
the animals in the diestrus state were chosen for all experiments.

Procedures for the care and use of animals were adopted according to the regulations

published by the Brazilian Society for Neuroscience and Behavior (SBNeC).
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2.3. Animal surgical procedures

For all surgical procedures, animals were anesthetized with ketamine and xylazine.
2.3.1. Hormone deprivation studies

Animals were randomly divided into three groups: a control group, a group submitted
to ovariectomy (OVX) by the removal of the glands through one abdominal incision under
anesthesia and a third group including sham-operated animals. Three weeks after the surgery,
the animals were killed by decapitation.
2.3.2. Hormonal replacement studies

The animals were divided into a control group and a group submitted to ovariectomy.
Two weeks after the surgery, a subset of the OVX animals (the OVX-ER group) were
submitted to estradiol replacement. Briefly, 15 mm medical grade tubing (1.02 mm i.d. x 2.16
mm o.d.) was filled with 10 pl of 5% (w/v) B-estradiol 3-benzoate in corn oil and sealed with
silicone. Capsules were soaked in sterile saline overnight and implanted subcutaneously
between the scapulae under anesthesia. The rest of OVX group (OVX-oil) received sham
capsules containing just oil. Three weeks after the implantation of capsules, the animals were

decapitated.

2.4. Isolation of blood serum fraction
Blood samples were drawn after the decapitation, as described by Yegutkin [19], and
were soon centrifuged in plastic tubes for 5 minutes at 5000 g at 20°C. Samples of serum were

stored at 4°C throughout the experiments.

2.5. Measurement of ATP, ADP and AMP hydrolysis
ATP, ADP and AMP hydrolysis were determined using a modification of the method

described by Yegutkin [19]. The reaction mixture containing ATP or ADP as substrate at a
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final concentration of 3.0 mM, 112.5 mM TRIS-HCl, pH 8.0, was incubated with

approximately 1.0 mg of serum protein at 37°C for 40 min in a final volume of 0.2 mL. The
reaction was stopped by the addition of 0.2 mL 10% trichloroacetic acid (TCA). The samples
were chilled on ice and the amount of inorganic phosphate (Pi) liberated was measured by the
method of Chan et al. [20]. Incubation times and protein concentration were chosen to ensure
the linearity of the reaction (results not shown). Controls to correct for non-enzymatic
hydrolysis were performed by adding the serum after the reaction was stopped with TCA. All
samples were centrifuged at 5000 g for 5 minutes to eliminate precipitated protein and the
supernatant was used for the colorimetric assay. All samples were assayed in duplicate.
Enzyme activities were generally expressed as nanomoles of P; released per minute per
milligram of protein. For AMP hydrolysis, the reaction mixture containing 100 mM Tris-HCI,

pH 7.5. All other procedures were the same as those for the ATP and ADP hydrolysis.

2.6. Measurement of p-Nph-5"-TMP hydrolysis

p-nitrophenyl-5’-thymidine-monophosphate ~ (p-Nph-5’-TMP)  hydrolysis  was
determined essentially as described by Sakura et al. [21]. The reaction mixture containing p-
Nph-5°-TMP, as a substrate at a final concentration of 0.5 mM in 100 mM TRIS-HCL, pH
8.9, was incubated with approximately 1.0 mg of serum protein at 37°C for 5 minutes in a
final volume of 0.2 mL. The reaction was stopped by the addition of 0.2 mL 0.2 N NaOH.
Incubation times and protein concentrations were chosen to ensure the linearity of the reaction
(results not shown). The amount of p-nitrophenol was measured at 400 nm using an extinction
coefficient of 18.8 x 10%/M/cm. Controls to correct for non-enzymatic hydrolysis were
performed by adding the serum after the reaction was stopped with NaOH. All samples were
assayed in duplicate. Enzyme activities were expressed as nanomoles (nmol) of p-nitrophenol

released per minute per milligram of protein.
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2.7. In vitro assays

For in vitro assays, 17B-estradiol, dehydroisoandrosterone 3-sulfate (DHEAS) and
pregnenolone (PREG), at the concentrations of 1.0, 2.5, 5.0, 50, 100 and 250 uM, were added
to the reaction mixture. The 17B-estradiol was prepared in water and stored at -20°C for less
than one month. DHEAS was prepared in water before each experiment. The pregnenolone

was prepared in 80% ethanol and control samples received an equivalent amount of ethanol

alone.

2.8. Protein determination
Protein was measured by the Coomassie Blue method according to Bradford [22],

using bovine serum albumin as standard.

2.9. Statistical analysis
The data obtained are expressed as means = S.D. of at least three experiments.
Statistical analysis was performed by one-way analysis of variance (ANOVA). A p value of

less than 0.05 was considered to represent a significant difference.

3. Results

3.1. Effect of hormone deprivation on nucleotidase activities
The sham-operated group was only submitted to abdominal incision but not to removal
of the ovaries. These animals were compared to the control in order to verify the effects of the
surgery on the nucleotide hydrolysis.
| The effects of ovarian hormone deprivation on ATP and ADP hydrolysis by serum of

rats are shown in Fig. 1. When compared to controls, the sham-operated did not show
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significant difference in ATP and ADP hydrolysis. On other hand, the animals submitted to
OVX treatment presented significantly increased ATPase activity of the nucleotidase in 100%
and 85%, when compared to control (0.907 + 0.2 nmol P/ min/ mg; n=14) and sham-operated
animals (0.983 + 0.24 nmol Py min/ mg; n=14), respectively (Fig. 1). The ADPase activity of
the nucleotidase was significantly increased in OVX treatment in relation to control animals
(0.884 £ 0.149 nmol P/ min/ mg; n=14) in 86.6% and in relation to sham-operated (0.89 =
0.21 nmol Py/min/mg; n=14) in 85.2% (Fig. 1).

The results regarding 5’-nucleotidase, the other enzyme in the complete nucleotide
hydrolysis chain, showed a similar profile of activation when compared to ATP and ADP
hydrolysis. A significant increase in the 5’-nucleotidase activity was observed in the OVX of
53.87% compared to the control group (1.16 £ 0.18 nmol P/ min/ mg; n=14) and of 44.12%
in relation to the sham-operated (1.24 + 0.19 nmol Py min/ mg; n=14) group. These results
can be observed in Fig. 1.

Considering that a phosphodiesterase enzyme is also expressed in the blood serum
Sakura et al. [21] and can also act in nucleotide hydrolysis, we evaluated the activity of this
enzyme in the serum of rats using p-Nph-5’-TMP, an artificial substrate (marker for the
phosphodiesterase activity). Fig. 2 demonstrates that there is a phosphodiesterase activity in
the rat blood serum (mean * S.D., n=4), but that this activity is not significantly changed
when compared between groups.

The importance of the difference between ATP, ADP and AMP hydrolysis, when
compared with the hydrolysis of the substrate marker for the enzyme phosphodiesterase, will

be addressed in the discussion.
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3.2. Effect of estradiol replacement therapy on nucleotidase activities

The activities of ATP diphosphohydrolase, 5’-nucleotidase and phosphodiesterase, in
serum from rats, were examined after in vivo treatment with estradiol.

Enzyme assays demonstrated a significant decrease of approximately 33.4% in ATP
hydrolysis in OVX-ER rats when compared to control rats (1.21 £ 0.33 nmol Py/ min/ mg;
n=8) and of 52% when compared to OVX-oil rats (1.68 + 0.37 nmol Py min/ mg; n=8), Fig. 3.
The results obtained for ADP hydrolysis showed a similar profile, with a decrease in OVX-
ER rats of 40% and 57%, when compared to control animals (1.22 = 0.37 nmol Py/ min/ mg;
n=7) and OVX-oil (1.72 + 0.31 nmol P/ min/ mg; n=7), respectively (Fig. 3). We also
observed a significant decrease in AMP hydrolysis in OVX-ER rats of 36%, compared to the
control (1.54 + 0.27 nmol P/ min/ mg; n=8) and 51% when compared to the OVX-oil rats
(2.00 = 0.28 nmol Py/ min/ mg; n=8), Fig. 3.

The phosphodiesterase activity of OVX-ER group demonstrated a significant decrease
in p-Nph-5°-TMP hydrolysis of 18% when compared to control group (2.796 + 0.31 nmo! p-
nitrophenol/ min/ mg; n=7) and 22.6% when compared to the OVX-oil group (2.97 + 0.1
nmol p-nitrophenol/ min/ mg; n=7), Fig. 4.

The OVX-oil rats, when compared to the control rats, showed a similar profile of
activities of control and OVX groups in experiments of hormone deprivation for all three

nucleotides and for artificial substrate marker for the phosphodiesterase activity (above).

3.3. In vitro effect of 17-estradiol, dehydroisoandrosterone 3-sulfate and pregnenolone on
nucleotide hydrolysis

The activity of ATP diphosphohydrolase, 5’-nucleotidase and phosphodiesterase were
assayed with different concentrations of the hormones (1.0, 2.5, 5.0, 50, 100 and 250 uM).

17B-estradiol and dehydroisoandrosterone 3-sulfate did not have any significant effect on the
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enzyme activities (results not shown). The hormone, pregnenolone, was prepared in 80%
ethanol and compared with samples that received an equivalent amount of ethanol only. This
result showed that the changes found in the nucleotide hydrolysis, with regard to
pregnenolone, are related to the presence of alcohol (results not shown). Thus, the hormones

studied in vitro did not have any effect on the nucleotide hydrolysis.

4. Discussion

In the present study, we investigate possible changes in ATPase-ADPase, 5’-
nucleotidase and phosphodiesterase activities in rat blood serum following chronic steroid
hormone deprivation, induced by the removal of ovaries and also estradiol replacement
therapy. At the same time, we evaluate the effect in vitro of some hormones on nucleotide
hydrolysis by rat blood serum.

We found a significant increase in ATP, ADP and AMP hydrolysis (Fig. 1) in the
serum of rats submitted to ovariectomy treatment. However, the treated animals (OVX) did
not present changes in the hydrolysis of the substrate marker for the phosphodiesterase when
compared with control and sham-operated animals (Fig. 2). On the other hand, estradiol
replacement therapy (ERT) demonstrated a significant decrease in the hydrolysis of ali
nucleotides tested and of the substrate marker (Fig. 3 and 4).

The mmportance of ATP and ADP hydrolysis in the regulation of bloodstream
homeostasis has been proposed by several authors [2, 3, 23-25]. In situations, such as cardiac
ischaemia and hypoxia, the breakdown of circulating ATP and ADP to adenosine exerts a
protective action to assure a sufficient supply of blood to vital regions of the body such as
cardiac and cerebral tissues, producing prolonged vasodilatation [24]. The ADP released from

aggregated or spontaneously disrupted platelets and/or hemolysed red blood cells when
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hydrolyzed to AMP and adenosine may play an important role in the prevention of
microthrombus formation.

The parallel increase in ATP-ADP hydrolysis and an increase in AMP hydrolysis, but
not in phosphodiesterase activity, in ovariectomy treatment provide strong evidence for the
possible involvement of an ATP diphosphohydrolase (for ATP and ADP hydrolysis) and a 5°-
nucleotidase in the balance of nucleotides concentration in the bloodstream after removal of
ovaries. Consequently, these blood serum enzymes may contribute to a decrease in platelet
aggregation and increase adenosine levels, since this structure is a potent vasodilator.

In a recent paper from our group [13] we described the co-existence of a
phosphodiesterase and an ATP diphosphohydrolase in rat blood serum. The presence of two
enzymes (ATP diphosphohydrolase and phosphodiesterase) with the same activity in the
organism may represent a double system for the maintenance of homeostasis. However, in the
present study, we observed changes only in the ATP-ADP hydrolysis activities and no
changes in the phosphodiesterase activity. Thus, it is possible that only one of these
nucleotide-hydrolyzing activities is involved in the maintenance of the nucleotide levels in the
circulation with respect to hormonal deprivation.

The effect of steroid hormone deprivation has been previously described. The
expression of ecto-ATPase has been shown to be increased in the distinct brain regions of
female rats submitted to ovariectomy treatment [14]. However, the effects of deprivation of
ovary hormone on the ATP, ADP and AMP hydrolysis in female rats blood serum has never
been demonstrated.

Additionally, we found a significant effect of estradiol replacement therapy upon the
activities of the enzymes tested. In this model, the OVX-oil group showed a significant
increase in ATP, ADP and AMP hydrolysis and no difference in phosphodiesterase activity

when compared to the control. This result was similar to that found for the OVX group in the
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hormonal deprivation model. On the other hand, the OVX-ER group (which received a
capsule with B-estradiol) showed a significant decrease in enzymatic activities when
compared to the control and OVX-oil groups, further suggesting a relation between the
hormonal system and the enzymes which hydrolyze adenine nucleotides in rat blood serum. It
is interesting to note that the phosphodiesterase enzyme was also altered in this situation,
showing that ERT may be affecting two systems in the maintenance of nucleotide levels. To
our knowledge, no data exist in the literature regarding alterations in the activities of soluble
nucleotidase enzymes in hormonal replacement models.

Steroid hormones have been known to be involved in various physiological responses.
Recent research has demonstrated that estrogen exerts effects on the cardiovascular system. It
has been reported that estrogen may have a cardioprotective effect on women [27-29]. Based
on studies demonstrating the important role of platelets in the pathogenesis of atherosclerotic
disease [30-32], some authors have suggested that estrogen may reduce the cardiovascular
risk in postmenopausal women through inhibition of illicit platelet activation [33]. Additional
evidence was found that postmenopausal women taking estrogen replacement therapy showed
significantly lower platelet aggregation and adenosine triphosphate (ATP) release in response
to ADP [15]. Taking the results obtained in this work, the alterations observed on the
activities of enzymes tested in serum could be related to a compensation of the extracellular
nucleotides levels in situations of increased platelet activity and cardiovascular risk, such as
postmenopausal, plays an important role in the control of adequate haemostasis.

The prevailing classical hypotheses for the mechanism of steroid hormone regulation
postulate their genomic actions. Recent experimental evidence indicates that some steroid
hormones, apart from well-documented genomic actions, could produce non-genomic effects,
and are potent modulators of the plasma membrane proteins [26]. Thus, we propose to

investigate if the alterations found herein could be due to direct actions of steroid hormones
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on the enzymes tested. This work showed that, when tested in vifro, the hormones 178-
estradiol, DHEAS and pregnenolone do not have any effect on the ATP, ADP and AMP
hydrolysis and on the phosphodiesterase activity in the concentrations tested. Therefore, the
precise mechanisms, by which steroid hormones can be affecting the enzymes tested in the
serum, still will need be elucidated.

In conclusion, our results show changes in the enzymatic activities measured in the
serum of rats submitted to ovariectomy or ERT. These results suggest an important
relationship between ATP diphosphohydrolase, 5’-nucleotidase and phosphodiesterase
enzymes and the hormonal system. Moreover, the effects observed on enzymes tested can
represent a compensatory mechanism in order to keep a balance in extracellular nucleotides
related to events such as vasodilatation, platelet aggregation and blood flow in situations of

variation in hormonal status.
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LEGENDS TO FIGURES

Fig. 1: Effects of ovariectomy on ATP, ADP and AMP hydrolysis in female rat blood serum.
Bars represent means = S.D. of fourteen animals. OVX treatment group significantly
increased the ATP, ADP and AMP hydrolysis when compared to control and sham-operated

animals. Significance level determined by one-way ANOVA (*p<0.02).

Fig. 2: Effect of ovariectomy on p-Nph-5’-TMP hydrolysis by the phosphodiesterase in blood
serum of rats. Bars represent mean + S.D. of four animals. There were no significant

differences between the groups (p<0.05).

Fig. 3: Effects of estradiol replacement therapy (ERT) on ATP, ADP and AMP hydrolysis in
female rat blood serum. OVX-ER treatment group significantly decreased the ATP, ADP and
AMP hydrolysis when compared to control (*) and OVX-oil animals (#). OVX-oil rats
showed significant increases in the hydrolysis of the three nucleotide, when compared to
control animals (*). Bars represent means + S.D. of at least seven animals. Significance level

determined by one-way ANOVA (* p<0.03 and # p<0.001).

Fig. 4: Effect of ERT on p-Nph-5’-TMP hydrolysis by the phosphodiesterase in blood serum
of rats. Bars represent mean + S.D. of at least five animals. Significance level determined by

one-way ANOVA (*p<0.02).
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Abstract

Evidences suggested that estrogen is associated with reducing of cardiovascular
disease risk throughout inhibition of platelet aggregation and action on vascular function. The
process of haemostasis can be also affected by adenine nucleotides and adenosine.
Consequently, the regulation of enzymes that hydrolyze these nucleotides in the bloodstream
is essential in the modulation of the processes of platelet aggregation, vasodilatation and
coronary flow. Ecto-ATP diphosphohydrolase and ecto-5’-nucleotidase from platelets are
enzymes related to the nucleotide hydrolysis. In the present study, we examined the effect of
ovariectomy (OVX) and estradiol replacement therapy (ERT) on the activity of the enzymes
that degrade adenine nucleotides in platelets of female rats. OVX group significantly decrease
the hydrolysis of ATP, ADP and AMP of 42%, 52% and 29.3%, respectively when compared
to control group. Besides, ERT did not revert the inhibition of the nucleotide hydrolysis
observed in OVX rats. Our findings indicate that the hormonal deprivation affects the ATP,
ADP and AMP hydrolysis by platelets and consequently the level of these nucleotides and
adenosine in the circulation. Since, ADP is the most important platelet agonist and recruiting
agent present in the microenvironment of the thrombus, the inhibition founded can contributes
to a better comprehension of the cardiovascular complications described in alterations of

sexual hormonal status.

Key Words: ecto-ATP diphosphohydrolase; ecto-5’-nucleotidase; steroid hormones;

cardiovascular disease; adenine nucleotides
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Introduction

Sexual hormones have been known to be involved in various physiological responses.
The effects of estrogen on the female reproductive system are well known but other important
actions, such as on haemostasis, needs to be clarified. Recent studies are concerned in
estrogen actions on the circulatory system, particularly on the vasculature and platelet
activity. This interest is related mainly to evidences that the estrogen reduces the risk of
development of cardiovascular complications, playing a protective role on cardiovascular
system (/-7). Estrogen treatment enhances endothelium-dependent relaxation in femoral,
coronary and cerebral arteries, but other studies have also demonstrated endothelium-
independent vasodilatory responses to estrogen both in vivo and in vitro (3). Recent research
has demonstrated that menstrual cycle and estrogen replacement therapy can modulate the
coronary flow (&8). Based on studies demonstrating the important role of platelets in the
pathogenesis of atherosclerotic disease (9-117), some authors have suggested that estrogen may
reduce the cardiovascular risk in postmenopausal women through inhibition of illicit platelet
activation (/2). Additional evidence was found that postmenopausal women taking estrogen
replacement therapy showed significantly lower platelet aggregation and adenosine
triphosphate (ATP) release in response to stimulation by ADP (4). It is clear that
postmenopausal women demonstrate an increased risk of coronary heart disease. Therefore,
the ovary hormones may participate in the control of cardiovascular and atherosclerotic
disease.

The maintenance of the normal vascular function also has been related with the
purinergic system (/3). The adenine nucleotides ATP, ADP and AMP, and their common
nucleoside derivative adenosine are involved in many of the haemostatic mechanisms that
became prominent at sites of vascular injury (/4). ATP is a structure capable of acting as a

vasodilator or vasoconstrictor depending on its concentration and the binding receptor. On the
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other hand, ADP is a potent platelet-recruiting factor inducing platelet aggregation via
interaction of platelet P2Y;, receptors (15). Accordingly, antagonists of P2Y, receptor have
been indicated as an antithrombotic agent (/6). The nucleoside, adenosine, produced by
adenine nucleotides degradation inhibits platelet aggregation and is also capable of acting as
vasodilator in general and neuromodulator in the central nervous system.

Control of circulating nucleotide and nucleoside levels is important in the maintenance
of physiological nucleotide-mediated signaling processes (/7-19). Extracellular nucleotides
can be regulated by the action of the ecto- and soluble nucleotidases, including the enzymes
of E-NTPDase family (/9). Ecto-ATP diphosphohydrolase (ecto-apyrase, EC 3.6.1.5) is a
member of NTPDase family that hydrolyzes ATP, ADP and other triphospho- and
diphosphonucleosides to their equivalent monophosphonucleosides and inorganic phosphate
(19, 20). Over the last few years our group has been demonstrate apyrase activities in
synaptosomes from the central (27) and peripheral nervous system (22), rat (23) and human
platelets (24), rat brain synaptic plasma membranes (25) and rat blood serum (26). In
vertebrates, the physiological role proposed for this enzyme is regulation of the relative
concentration of extracellular nucleotides. Furthermore, apyrase may inhibit platelet
aggregation when proaggregatory ADP is hydrolyzed, playing a role in thromboregulatory
and haemostatic processes (27, 28).

Ecto-5’-nucleotidase (CD 73; EC 3.1.3.5) also participates in adenine nucleotides
metabolism. The AMP, produced by ATP and/or ADP degradation, to adenosine also
contributes to the maintenance of the vascular system homeostasis, once that adenosine is a
structure able to promote a potent vasodilatation (29) and inhibition of platelet aggregation
(30).

Considering that a number of pathological situations may modulate the activities of

these enzymes (31,32), alter different biological systems and processes, and also that studies
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have demonstrate the modulation iz vivo and in vitro of some enzymes by sexual hormones
(33,34), the present study intends investigate the influence of variations in female endocrine
status on the adenine nucleotide hydrolysis by rat platelets. For this reason, we examined the
effects of gonadal steroid hormone deprivation, induced by removal of ovaries (ovariectomy)
and the estradiol replacement therapy on the activity of enzymes that degrade the nucleotides

ATP, ADP and AMP on the surface of platelets of female rats,

Results

The sham-operated group was only submitted to abdominal incision but not to removal
of the ovaries. These animals were compared to the control in order to verify the effects of the
surgery on the nucleotide hydrolysis.

The effects of ovarian hormone deprivation on ATP and ADP hydrolysis in platelets
are shown in Fig. 1. When compared to controls, the sham-operated did not show significant
difference in ATP and ADP hydrolysis. On other hand, the animals submitted to OVX
treatment presented significantly decreased ATPase activity of the nucleotidase in 47.2% and
47%, when compared to control (8.488 + 0.705 nmol P/ min/ mg; mean + S.D., n=8) and
sham-operated animals (8.465 + 1.318 nmol Py min/ mg; mean = S.D., n=7), respectively
(Fig. 1). Similarly to results obtained to ATP, the ADPase activity of the nucleotidase was
significantly decreased in OVX treatment in relation to control animals (3.827 + 0.261 nmol
Pi/ min/ mg; mean + S.D., n=8) in 52.1% and in relation to sham-operated (3.798+ 0.555 nmol
Pi/min/mg; mean + S.D., n=8) in 51.7% (Fig. 1). Then, these results show a marked inhibition
of the ecto-ATP diphosphohydrolase from rat platelets (23).

The results regarding ecto-5’-nucleotidase, the other enzyme of platelets involved in
the complete nucleotide hydrolysis chain able to hydrolyze ATP to adenosine in the

circulation, showed a similar profile of inhibition when compared to ATP and ADP
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hydrolysis. A significant decrease in the ecto-5’-nucleotidase activity 29.8% was observed in
the OVX group when compared to the control group (2.188 + 0.3 nmol Py/ min/ mg; mean =+
S.D., n=9) and of 29.7% in relation to the sham-operated group (2.184 = 0.316 nmol Py min/
mg; mean + S.D., n=7). These results can be observed in Fig. 2.

The activities of ecto-ATP diphosphohydrolase and ecto-5’-nucleotidase, in platelets
from rats, were also examined after in vivo treatment with estradiol.

The ATP, ADP and AMP hydrolysis in OVX-ER group was not altered in comparison
to OVX-oil group, Fig. 1 and 2. When compared to control group, the ATP, ADP and AMP
hydrolysis founded in OVX-ER group was decreased in 49.3%, 47.2% and 29.8%,
respectively. These results demonstrate that hormonal replacement therapy with estradiol
don’t revert the inhibition in the nucleotides hydrolysis caused by ovariectomy. OVX-oil and
OVX-ER groups, when compared to the control rats, showed a similar profile of activities of

OVX group.

Discussion

A great number of epidemiological data support the idea of an antiatherogenic effect
of estrogen, prompting recommendations for their widespread use in postmenopausal
replacement therapy (/-7). However, the mechanism of action of female gonadal steroids on
the endothelium and platelets remains to be clearly elucidated. Vascular disorders can also be
associated to an unbalance in the adenine nucleotides levels (/4); however, the sexual
hormones effects on the adenine nucleotides metabolism in platelets, still not had been
studied.

The enzymes ecto-ATP diphosphohydrolase and ecto-5’-nucleotidase are located in
the external face of membrane of a number of cells from vascular system and represent one of

the most important mechanisms for control of extracellular ATP, ADP and AMP levels in the
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bloodstream (19). Thus, in the present study, we investigated possible changes in ATP, ADP
and AMP ecto-hydrolysis by rat platelets following chronic steroid hormone deprivation,
induced by the removal of ovaries and also in estradiol replacement therapy.

We have demonstrated a significant decrease in ATP, ADP and AMP hydrolysis (Fig.
1) in the platelets of rats submitted to ovariectomy treatment. Many studies have established
the role of platelets in atherosclerosis and cardiovascular disease (9-11); moreover, researches
have demonstrated association between increase of platelet activation and the lack of estrogen
after menopause (4-6, 12). It is clear that estrogen reduces atherosclerosis by reducing low-
density lipoproteins and inflammatory processes in the vasculature, and may also act as an
antioxidant and vasodilator (3); however, our results seems to be revealing another important
mechanism which the hormone can act in the bloodstream.

The nucleotides ATP, ADP, AMP and the nucleoside adenosine are also involved in
modulation of platelet reactivity and coronary vascular tone (15,16). Therefore, the regulation
of the enzymes that control the levels of these adenine nucleotides and adenosine is important
for the control of the haemostatic processes (I3, 36-40). Thus, the inhibition found for ATP
and ADP hydrolysis in platelets after hormonal deprivation could enhance the ATP-induced
vasoconstriction (47) and platelet the aggregation mediated by ADP, the most potent platelet
agonist (42). In addition, the inhibition of AMP hydrolysis may contribute to a decrease in
adenosine levels, a structure that have a number of cardiovascular protective effects such as
vasodilatation and inhibition of platelet aggregation (/4). Then, the effects of hormonal
deprivation on the platelet ecto-ATP diphosphohydrolase and ecto-5’-nucleotidase activities
could contribute to the comprehension of some menopause adverse events.

The effect of sexual hormone deprivation on enzyme activities has been previously
described. In a recent study, the expression of ecto-ATPase has been show to be increased in
distinct brain regions of female rats submitted to ovariectomy treatment (39). However, the
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effect of ovary hormone deprivation on the ATP, ADP and AMP hydrolysis has never been
demonstrated in platelets of female rats.

Additionally, the estradiol replacement therapy (ERT) adopted did not revert the
inhibition demonstrate for hormonal deprivation in the hydrolysis of all nucleotides tested
(Fig. 2). In this model, the OVX-oil group (which received sham capsules) and the OVX-ER
group (which received a capsule with B-estradiol) showed a significant decrease in ATP, ADP
and AMP hydrolysis when compared to control. This result was similar to that found for the
OVX group in the hormonal deprivation model (Fig. 1).

Although many studies indicate that estrogen exerts beneficial effects on the
circulatory system (I-7), the hormonal replacement therapy needs to be more studied in the
sense to clarify their effects. There are several studies suggesting a reduced risk of
cardiovascular events in women taking hormonal replacement therapy (3, 7); in contrast others
published results reveal an increase of the thrombosis risk (43). In the present study, the
treatment chosen did not shown any effect on the adenine nucleotides hydrolysis in platelets
from rats; however other treatments with hormonal combinations, needs to be tested in order
to verify your effects on the enzymes that control the adenine nucleotides ratio in the
extracellular medium, since that menopause women take different proportions of estrogens
and combinations of estrogen and progesterone.

In conclusion, our findings suggest an important relationship between ecto-ATP
diphosphohydrolase and ecto-5’-nucleotidase enzymes and the hormonal system. Moreover,
only the deficit of gonadal steroid hormones affects the enzymes that hydrolyze the adenine
nucleotides. In addition, these results can indicate a novel mechanism for sexual hormones
action, establish a relation between the purinergic system and disturbs of hormonal status;

which could be important for a better understanding of the thrombotic effects of sexual
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hormones and the increase of the risk of cardiovascular diseases during the postmenopausal

period.

Materials and Methods
Chemicals

Nucleotides, B-estradiol 3-benzoate and Trizma Base chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Xylazine was obtained from Coopers Brasil
Ltda. and Ketamine was obtained from Agribands do Brasil Ltda. Medical grade tubing was
obtaining from Medicone, Multiplast, Porto Alegre, RS, Brazil. All other reagents were of
analytical grade.
Animals

Adult female Wistar rats, weighing 180-250 g (approximately 70 days old), were used.
Animals were housed in cages with food and water available ad libitum and were maintained
under a 12-h light/dark cycle (light on at 07:00 h a.m.) at a room temperature of 22 + 1°C.
The estrous cycle was evaluated by optical microscope examination of vaginal smears, and
the animals in the diestrus state were chosen for all experiments.

Procedures for the care and use of animals were adopted according to the regulations
published by the Brazilian Society for Neuroscience and Behavior (SBNeC).
Animal surgical procedures

For all surgical procedures, animals were anesthetized with ketamine and xylazine.
Hormone deprivation studies

Animals were randomly divided into three groups: a control group, a group submitted
to ovariectomy (OVX) by the removal of the glands through one abdominal incision under
anesthesia and a third group including sham-operated animals. Three weeks after the surgery,

the animals were killed by decapitation.
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Hormonal replacement studies

The animals were divided into a control group and a group submitted to ovariectomy.
Two weeks after the surgery, a subset of the OVX animals (the OVX-ER group) were
submitted to estradiol replacement. Briefly, 15 mm medical grade tubing (1.02 mm i.d. x 2.16
mm o.d.) was filled with 10 pl of 5% (w/v) B-estradiol 3-benzoate in corn oil and sealed with
silicone. Capsules were soaked in sterile saline overnight and implanted subcutaneously
between the scapulae under anesthesia (43). Previous studies show that these capsules
generate serum levels of estradiol between 17 and 32 pg/mL, and measurements at 10 and 30
days post-implantation have shbwn no significant change in circulating levels over these
times (44, 45). The rest of ovariectomized rats received sham capsules containing just oil and
was called OVX-oil. Three weeks after the implantation, the animals of the three groups were
decapitated.
Platelet isolation

Platelets were isolated exactly as described previously by Hantgan, 1984 (46). Intact
platelets were separated from plasma by means of gel filtration on a 1.5 X 7.0 cm Sepharose
2B column (Tangen et al., 1971). The column was equilibrated with a buffer consisting of 140
mM NaCl, 2.5 mM KCl, 10 mM HEPES, 5.5 mM dextrose, 0.2 mM EGTA and 0.05g%
azide, pH 6.8 (Ca**-free Tyrode’s Buffer). Platelets were eluted with the same buffer at room
temperature; 0.5 mL fractions were collected and the tubes containing the maximum platelet
count (determined visually) were used for subsequent experiments.
Enzyme assays

The reaction medium used to assay ATP and ADP hydrolysis in platelet preparation
contained 120 mM NaCl, 5.0 mM KCl, 60 mM glucose, 5.0 mM CaCl, and 50 mM Tris-HCl

buffer, pH 7.5, in a final volume of 200 pL. For the AMP hydrolysis measurement, the



50

reaction medium used was the same that the described above, except that 5.0 mM CaCl, was
replaced by 5.0 mM MgCl,.

About 20 pg of platelet preparation was added to the reaction medium and
preincubated for 10 minutes at 37°C. Enzyme reaction was started by the addition of ATP,
ADP or AMP to a final concentration of 0.5 mM and incubated for 60 minutes. Incubation
times and protein concentrations were chosen to ensure the linearity of the reaction. The
reaction was stopped by the addition of 10% trichloroacetic acid (TCA) and the amount of Pi
liberated was measured by the method of Chan ef al., 1986 (47). Controls with the addition of
the enzyme preparation after addition of trichloroacetic acid were used to correct the
nonenzymatic hydrolysis. All samples were assayed in triplicate. Enzyme activities were
expressed as nanomoles of P; released per minute per milligram of protein.

Protein determination

Protein was measured by the Coomassie Blue method according to Bradford (48),

using bovine serum albumin as standard.

Statistical analysis

The data obtained are expressed as means + S.D of at least six experiments. Statistical
analysis was performed by one-way analysis of variance (ANOVA) with Duncan’s post-hoc.

A p value of less than 0.05 was considered to represent a significant difference.
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LEGENDS TO FIGURES

Fig. 1: Effects of ovariectomy and estradiol replacement therapy (ERT) on ATP and ADP
hydrolysis in platelets of female rats. OVX treatment group significantly decreased the ATP
and ADP hydrolysis when compared to control and sham-operated animals. OVX-ER
treatment -did not revert the inhibition of adenine nuéleotides hydrolysis found after the
ovariectomy. In comparison to respectively control the OVX-ER rats showed a similar profile
of inhibition of OVX-oil animals. Bars represent means = S.D. of at least five animals.

Significance level determined by one-way ANOVA (*p<0.002).

Fig. 2: Effects of ovariectomy and estradiol replacement therapy on ecto-5’-nucleotidase
activity from rat platelets. The results regarding ecto-5’-nucleotidase showed a similar profile
of inhibition when compared to ATP and ADP hydrolysis. Bars represent means + S.D. of at

least five animals. Significance level determined by one-way ANOVA (*p<0.002).
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4. DISCUSSAO

Numerosos estudos postulam a idéia do papel protetor dos estrogénios sobre o sistema
cardiovascular (COLDITZ et al., 1987; BARRET-CONNOR & BUSH, 1991; STAMPFER et
al., 1991; BAR et al., 1998; BARRET-CONNOR & GRADY, 1998; WHITE, 2002; TOSTES
et al., 2003). Todavia, os mecanismos precisos de acdo dos horménios esterdides sexuais
sobre o sistema cardiovascular, particularmente sobre o endotélio vascular e plaquetas ainda
necessita ser mais claramente elucidado. Desordens vasculares também podem estar
associadas a niveis alterados dos nucleotideos da adenina no sistema cardiovascular
(RALEVIC & BURNSTOCK, 2003); contudo, os possiveis efeitos dos hormonios sexuais
sobre o metabolismo dos nucleotideos da adenina em soro e plaquetas de ratas ainda néo
foram demonstrados. As enzimas nucleotidases localizadas nas membranas plasmaticas de
numerosas células ou soliveis no meio intersticial representam o mais importante mecanismo
de controle dos niveis de ATP, ADP e AMP na circulagfo, sendo a sua regulagfio importante
para a hemostasia, trombo-regulacdo € outros aspectos da sinalizacdo purinérgica
(ZIMMERMANN, 2001).

No presente estudo, investigamos os efeitos da privagdo dos hormdnios gonadais
{ovariectomia) ¢ da terapia de reposicdo hormonal com estradiol sobre as enzimas que
degradam ATP, ADP ¢ AMP em soro ¢ plaquetas de ratas. Além disso, avaliamos os efeitos
in vitro de alguns hormdnios sexuais sobre a hidrélise de nucleotideos no soro das ratas.

Nossos resultados demonstraram alteragdes na hidrolise de ATP, ADP ¢ AMP em
plaquetas de ratas submetidas a remog¢do dos ovarios e com terapia de reposicio de estradiol.
A auséncia dos hormdnios gonadais diminuiu significativamente a hidrolise dos trés
nucleotideos testados quando comparado aos grupos controle (fase de diestro) e sham-
operados, mostrando que estes efeitos se devem a privacdo hormonal € que ndo ha nenhum

efeito proveniente do estresse da cirurgia.
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Numerosos estudos tém estabelecido o papel das plaquetas na patologia da
aterosclerose e doengas cardiovasculares (ROSS & GLOMSET, 1976; FUSTER et al., 1992;
ROSS, 1999); além disso, outras pesquisas tém demonstrado associacdo entre o aumento da
ativacdo plaquetdria e a auséncia de estrogénios ap6s a menopausa (BARRET-CONNOR &
GRADY, 1998; BAR et al, 2000). Evidentemente, os estrogénios podem reduzir a
aterosclerose através da diminuicdo das lipoproteinas de baixa densidade (LDL) e de.
processos inflamatérios no sistema vascular, além da modulacgio das atividades antioxidantes
e de vasodilatagio (WHITE, 2002); contudo, nossos resultados parecem revelar outro
importante mecanismo pelo qual os hormdnios sexuais atuam na circulaggo.

As inibigdes encontradas para a hidrolise de ATP e ADP nas plaquetas ap6s a remocio
dos ovarios poderiam acentuar a vasoconstri¢io induzida pelo ATP (KONISHI et al., 1999) e
a agregacgdo plaquetaria mediada pelo ADP, que € o mais potente agonista plaquetario (PURI
& COLMAN, 1997; GACHET, 2001), uma vez que, estariam disponibilizados niveis mais
altos destes nucleotideos na circulagdo. Em adigdo, a inibicdo da hidrdlise do AMP poderia
contribuir para uma diminuicdo dos niveis de adenosina, uma estrutura que exerce numerosos
efeitos protetores sobre o sistema cardiovascular, como vasodilatagéo e inibicdo da agregacéo
plaquetaria (RALEVIC & BURNSTOCK, 2003). Este resultado pode contribuir para um
melhor entendimento do aumento da ativagdo plaquetaria e de outros processos descritos
como fatores de risco para o sistema cardiovascular durante e apds a menopausa.

Os perfis paralelos de inibicdo da hidrdlise do ATP e do ADP durante a privagdo
hormonal sugerem o envolvimento de uma enzima ATP-difosfoidrolase neste processo, assim
como a inibigdo da hidrélise do nucleotideo AMP estaria sendo catalisada pela enzima 5°-
nucleotidase. A enzima ATP-difosfoidrolase ja foi descrita em plaquetas pelo nosso grupo
(FRASSETTO et al., 1993), além disso, a a¢do conjunta com a 5’-nucleotidase tem sido

sugerida como um mecanismo importante para o metabolismo completo dos nucleotideos,
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(FRASSETTO et al., 1993), além disso, a agdio conjunta com a 5’-nucleotidase tem sido
sugerida como um mecanismo importante para o metabolismo completo dos nucleotideos,
limitando seus efeitos e até mesmo evocando efeitos opostos através da acdo dos nucleosideos
formados sobre alguns receptores.

Adicionalmente, testamos o efeito da terapia de reposi¢cdo hormonal com estradiol
sobre a atividade das nucleotidases de plaquetas de ratas ovariectomizadas. Os resultados
obtidos demonstraram que a terapia escolhida ndo reverteu a inibicdo da hidrélise dos
nucleotideos causada pela auséncia dos horménios gonadais, mantendo o mesmo padrio de
diminuicdo da atividade enzimética do grupo ovariectomizado quando comparado ao grupo
controle.

Embora muitos estudos indiquem os efeitos benéficos dos estrogénios sobre o sistema
circulatério, a terapia de reposicdo hormonal precisa ser melhor estudada. Numerosos
trabalhos sugerem a redugdo do risco de doengas cardiovasculares em mulheres fazendo a
terapia de reposicdo (STAMPFER et al., 1991; BARRET-CONNOR & GRADY, 1998); em
contraste, outros resultados publicados revelam um aumento do risco de trombose (THIJS et
al., 2002). Nossos resultados demonstram que o tratamento escolhido ndo afetou a hidrolise
dos nucleotideos nas plaquetas das ratas; contudo, outros tratamentos com combinag¢des
hormonais poderiam ser testados para verificar seus efeitos sobre a atividade das enzimas que
controlam os niveis de nucleotideos no meio extracelular. Isso se torna necessario uma vez
que existem numerosos tratamentos de reposicdo hormonal, com diferentes tipos de
estrogénios sozinhos e diferentes combinagSes de estrogénios com progesteronas.

Os efeitos observados na auséncia dos horménios sexuais sobre o metabolismo de
ATP, ADP ¢ AMP em plaquetas poderiam contribuir para uma melhor compreensio das
modificagdes da menopausa. Uma vez que as enzimas testadas sio descritas como

importantes no controle de processos trombdticos e isquémicos, além de algumas outras
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patologias através da modulagdo da atividade dos nucleotideos, as alteragdes encontradas
poderiam estar favorecendo estes processos no sistema cardiovascular em situagSes de
privagdo dos hormdnios ovarianos. Além disso, o tratamento de reposi¢éo hormonal utilizado
neste trabalho nfo estaria exercendo um efeito protetor sobre o sistema circulatorio, uma vez
que ndo restaurou as atividades enziméticas inibidas pela ovariectomia.

Em relag¢do aos efeitos dos horménios sexuais sobre as enzimas de soro, os resultados
obtidos demonstraram um padrdo diferente daquele das plaquetas. A hidrdlise de ATP, ADP e
AMP foi significativamente aumentada no soro das ratas submetidas a remogéo dos ovarios.
Além destes nucleotideos, testamos ainda a hidrélise do substrato artificial p-nitrofenil-5°-
timidina-monofosfato (p-Nph-5’-TMP), marcador da enzima 5’-nucleotideo fosfodiesterase,
que também hidrolisa ATP e ADP. Os resultados confirmam a atividade desta enzima no
soro, porém ela ndo foi influenciada pela privagéio hormonal.

O aumento paralelo na hidréolise de ATP e ADP e a auséncia de alteragio na atividade
da enzima 5’-nucleotideo fosfodiesterase sugerem o envolvimento de uma ATP-
difosfoidrolase na regulagdo da concentragdo destes nucleotideos na circulagdo apds a
remo¢do dos ovarios. Recentemente, nosso grupo descreveu a co-existéncia de uma 5°-
nucleotideo fosfodiesterase ¢ uma ATP-difosfoidrolase em soro de ratos (OSES &
CARDOSO et al.,, 2004). A presenca de duas enzimas com a mesma atividade no organismo
pode representar um duplo sistema na manutenc¢io da homeostasia dos nucleotideos. Todavia,
no presente estudo, observamos apenas alteracdes na atividade de hidrélise do ATP ¢ ADP ¢
ndo na atividade da 5’-nucleotideo fosfodiesterase. Assim, € possivel pensar que somente uma
destas atividades estd envolvida na manutencdo dos niveis de nucleotideos na circulagdo com
respeito a privagdo dos hormdnios gonadais.

As alteracGes observadas na atividade das enzimas ATP-difosfoidrolase e 5°-

nucleotidase no soro das ratas ovariectomizadas poderiam ser relacionadas a um mecanismo
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compensatério para a manutencdo dos niveis circulantes de nucleotideos em situagbes de
atividade plaquetdria aumentada e risco cardiovascular, o que acontece apds a menopausa,
desenvolvendo um importante papel na tentativa de manter uma adequada hemostasia.

Adicionalmente, encontramos um efeito significante da terapia de reposicdo hormonal
com estradiol sobre a atividade das enzimas testadas no soro. O tratamento reverteu o
aumento causado pela privagdo hormonal a niveis inferiores ao do controle, sugerindo ainda
mais uma relagdo entre o sistema hormonal e a hidrélise de nucleotideos neste sistema. E
interessante notar que a atividade da enzima 5’-nucleotideo fosfodiesterase sobre a hidrdlise
do substrato marcador também foi diminuida nesta situagZo, sugerindo que o tratamento
escolhido possa afetar dois sistemas na manutengdio dos niveis de nucleotideos. Até o
momento nfo existe nenhum dado na literatura com respeito a alteragdes na atividade de
nucleotidases soliveis em modelos de reposi¢do hormonal.

Com base em evidéncias recentes que indicam que alguns hormdnios sexuais
poderiam produzir efeitos n3o-gendmicos, sendo potentes moduladores de proteinas de
membrana plasmatica (ZYLINSKA & LEGUTKO, 1998; ZYLINSKA et al, 1999;
MASSHEIMER et al., 2001), n6s investigamos se as alteracGes encontradas sobre as enzimas
de soro poderiam ser devido a agdes diretas dos horménios sexuais. Nossos resultados
mostraram que, quando testados in vitro, os horménios 17p-estradiol, DHEAS e pregnenolona
ndo afetaram a hidrolise de ATP, ADP ¢ AMP e nem do substrato marcador da enzima 5°-
nucleotideo fosfodiesterase, nas concentracdes testadas. Portanto, os mecanismos precisos,
pelos quais os hormonios sexuais podem estar afetando as enzimas testadas no soro nfo foram
totalmente esclarecidos, necessitando estudos mais detalhados para avaliar este envolvimento.

Assim, nossos resultados sugerem uma importante relacdo entre o sistema hormonal e
as enzimas que controlam os niveis de nucleotideos em plaquetas e soro de ratas. Além disso,

estes resultados podem indicar um novo mecanismo de agdo dos hormdnios sexuais sobre o
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sistema circulatério. Os resultados obtidos em plaquetas podem ser importantes para um
melhor entendimento dos efeitos anti-trombdticos dos hormdnios sexuais e do aumento dos
riscos de problemas cardiovasculares durante e apés a menopausa. Da mesma maneira, os
resultados obtidos em soro podem estar indicando um mecanismo compensatério do

organismo na tentativa de controlar os eventos desencadeados pela privagdo hormonal no

sangue total.
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5. CONCLUSAO

Nossos resultados demonstram uma importante interagdo entre os hormonios sexuais e
as enzimas que degradam os nucleotideos da adenina em soro e plaquetas de ratas. Essa
interacdo demonstrou-se importante em diversos processos da regulacdo da funcdo
cardiovascular, uma vez que esta relacionada com a modulagio do sistema purinérgico.
Assim, podemos apresentar as seguintes conclusges:

1. A privagdo hormonal, induzida pela remo¢ao cirurgica dos ovarios, causou uma diminuicio
na hidrolise de ATP, ADP e AMP nas plaquetas das ratas, elevando os niveis destes
nucleotideos na circulagdo e possivelmente favorecendo os processos de agregacdo
plaquetaria e vasoconstricdo. Este resultado auxiliaria no entendimento de alguns processos
descritos como fatores de risco para doengas cardiovasculares apds a menopausa.

2. No soro, a hidrélise de ATP, ADP e AMP foi aumentada apés a ovariectomia. Sugerindo
um mecanismo compensatorio para a manutencdo dos niveis de nucleotideos no sangue total
nesta situagfio. Além disso, a auséncia de alteracfio na hidrélise do substrato artificial p-
nitrofenil-5’-timidina-monofosfato sugere o envolvimento da enzima ATP-difosfoidrolase na
modula¢io dos niveis circulantes dos nucleotideos da adenina durante o processo de privagdo
hormonal.

3. A reposi¢cdo hormonal com estradiol ndo reverteu a mibi¢do causada pela auséncia dos
horménios sobre a hidrélise dos nucleotideos em plaquetas; todavia, no soro, o tratamento
mostrou-se eficiente em reverter o efeito causado pela remog¢do dos ovarios. Estes resultados
refor¢cam o envolvimento do sistema hormonal com as nucleotidases estudadas e sugerem que,

dependendo do meio, estas enzimas sdo diferentemente afetadas pelos hormdnios sexuais.
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4. Os horménios 17B-estradiol, DHEAS e pregnenolona, quando testados in vitro, ndo
alteraram a hidrolise dos nucleotideos testados, sugerindo que, nestas preparagdes, 0S
horménios sexuais ndo sdo capazes de atuar via mecanismos ndo-gendmicos.
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