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RESUMO

A hipertensdo arterial é responsavel por mais de 7 milhGes de mortes prematuras em todo o mundo.
Esta patologia € influenciada por diferentes sistemas pressores e depressores e a sua elevacao resulta
da perda do equilibrio entre estes fatores. A sinalizagdo purinérgica tem sido apontada como um
importante regulador da (pato)fisiologia cardiovascular. Na vasculatura, o ATP, o ADP e a adenosina
podem influenciar as respostas vasomotoras, a ativacao plaquetaria e a fungdo cardiaca, entre outros.
No rim, estdo associados a modulagdo da reatividade vascular e ao processo de retroalimentacdo
tubuloglomerular. Os nucleotideos exercem seus efeitos através dos receptores purinérgicos P2,
subdivididos em P2X e P2Y, e a adenosina atua via ativagdo de quatro subtipos de receptores P1. As
ectonucleotidases, atuando sob a forma de uma cascata enzimatica, regulam a degradacdo dos
nucleotideos e a formacdo dos nucleosideos. No presente trabalho, avaliamos a influéncia da
hipertensdo arterial induzida pela inibi¢cdo crénica da produgdo de Oxido nitrico sobre o sistema
purinérgico vascular e renal de ratos. No primeiro capitulo, demonstramos que as hidrélises de ATP,
ADP e AMP foram diminuidas em soro e plaquetas de ratos tratados com L-NAME (30 mg/Kg/dia
por 14 dias). Entretanto, a medida dos niveis de purinas indicou uma diminui¢éo nas concentragdes de
ADP, AMP e hipoxantina circulantes. O segundo capitulo mostrou que as hidrélises de ATP, ADP,
AMP e 5’TMP foram aumentadas em membrana renal de ratos tratados com L-NAME, e estiveram
acompanhadas por uma elevacdo significativa na expressdo génica das enzimas NTPDase2,
NTPDase3 e NPP3. Os dados preliminares do capitulo 111 mostram que a hidrélise dos nucleotideos
em soro e sinaptossoma cardiaco de ratos fémeas permaneceu inalterada nos animais tratados com L-
NAME (30 ou 50 mg/Kg/dia por 14 dias), sinalizando um possivel dimorfismo sexual na resposta a
hipertensdo no que se refere a sinalizacao purinérgica. Os dados descritos em anexo no capitulo 1V, os
quais foram obtidos durante um estdgio no exterior, descrevem a participagdo diferencial da
NTPDasel no controle do vasorelaxamento dependente dos receptores P2Y; e P2Y, em aortas de
camundongos. O receptor P2Y; foi facilmente desensibilizado em camundongos deficientes para a
enzima, enquanto que o receptor P2Y, mostrou-se menos suscetivel a desensibilizacdo. Finalmente,
descrevemos a padronizacdo de uma metodologia para a avaliacdo da participacdo dos purinoceptores
endoteliais na vasodilatacdo dependente do contedo de plaquetas ativadas. Em conjunto, os dados
desta Tese apontam que alguns parametros da sinalizagdo purinérgica sao alterados pelo modelo de
hipertensdo arterial induzida por L-NAME. Portanto, concluimos que esta sinalizacdo pode
representar mais um fator associado a ser considerado em uma terapia anti-hipertensiva e estudos
adicionais sdo necessarios para ratificar a utilizagdo das terapias purinérgicas no contexto da

hipertenséo arterial.



ABSTRACT

Hypertension is responsible for more than 7 million deaths around the world. This pathology is
influenced by different pressor and depressor systems, and its elevation results from the loss of
equilibrium between these factors. The purinergic signaling has been implicated as an important
regulator in the cardiovascular (patho)physiology. In the vasculature, ATP, ADP and adenosine
may influence the vasomotor responses, platelet activation, cardiac function, among others. In the
kidney, they are associated with the modulation of vascular reactivity and the tubuloglomerular
feedback process. The nucleotides exert their effects through purinergic P2 receptors, subdivided
into P2X and P2Y, and adenosine acts via activation of four subtypes of P1 receptors. The
ectonucleotidases, acting as an enzyme cascade, regulate the degradation of nucleotides and the
formation of nucleosides. In this study, we evaluated the influence of hypertension induced by
chronic inhibition of nitric oxide synthesis on the vascular and renal purinergic system of rats. In
the first chapter, we demonstrated that the hydrolysis of ATP, ADP and AMP were decreased in
serum and platelets of rats treated with L-NAME (30 mg /Kg/day for 14 days). However, the
measurement of purine levels indicated a decrease of circulating ADP, AMP and hypoxanthine.
The second chapter has shown that the hydrolysis of ATP, ADP, AMP and 5" TMP were increased
in renal membrane of rats treated with L-NAME, which were accompanied by a significant
increase in gene expression of the enzymes NTPDase2, NTPDase3 and NPP3. Preliminary data
of Chapter Il show that the hydrolysis of nucleotides in serum and heart synaptosomes female
rats remained unchanged in animals treated with L-NAME (30 or 50 mg / kg / day for 14 days),
indicating a possible sexual dimorphism in regard to purinergic signaling in a hypertensive
context. The data described in Annex of Chapter IV were obtained during a pre-doctoral training
period abroad and describe the differential involvement of NTPDasel in the control of
vasorelaxation dependent of P2Y; and P2Y, receptors in mice aortas. The P2Y; receptor was
easily desensitized in mice deficient for the enzyme, whereas the P2Y, was less susceptible to
desensitization. Finally, we describe the standardization of a methodology for assessing the
involvement of endothelial purinoceptors in the vasodilation dependent of activated platelets
content. Together, the data from this thesis point out that some parameters of purinergic signaling
are altered by the model of hypertension induced by L-NAME. Therefore, we conclude that
purinergic signaling may represent another associated factor to be considered in an anti-
hypertensive therapy and further studies are needed to confirm the use of purinergic therapies in

the context of arterial hypertension.



APRESENTACAO

A presente Tese de Doutorado encontra-se organizada em trés partes principais:

A Parte | apresenta a Introducéo, a qual contém o referencial teorico utilizado para a
construcdo das hipoteses investigadas nesta Tese. Em seguida, os Objetivos (Geral e
Especificos) trazem o principal questionamento do trabalho realizado e as questdes de

pesquisa especificas que nortearam a realizacéo desta Tese.

A Parte Il estd subdividida em quatro Capitulos. O Capitulo | traz um Artigo
Cientifico ja publicado; o Capitulo 1l contém um Artigo Cientifico submetido a publicacéo; o
Capitulo 111 apresenta Resultados Preliminares; e o Capitulo 1V, o qual estd intitulado
“Anexos”, representa os resultados obtidos durante o periodo de realizagdo do “Doutorado-
Sanduiche”, os quais incluem um Artigo Cientifico publicado e a Padronizacdo de uma
Metodologia e Resultados Preliminares. Os Materiais e Métodos, Resultados e Referéncias
Bibliogréaficas utilizados em cada Artigo Cientifico estdo apresentados no corpo do texto de

cada um dos trabalhos.

A Parte 11l apresenta a Discussdo, a qual contém uma interpretacdo geral dos dados
obtidos em todos os trabalhos. A Discussdo, seguem-se as Conclusdes contendo um resumo
dos principais resultados desta Tese. Em seguida, estd apresentada a se¢do Perspectivas, a
qual sugere possiveis estudos futuros a partir dos resultados apresentados nesta investigacao.

A secdo Referéncias Bibliograficas lista a bibliografia citada na Introducéo e na Discussao.
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INTRODUCAO

1. Sinalizacéo Purinérgica

Em 1929, Drury e Szent-Gyorgyi publicaram um trabalho pioneiro descrevendo as
potenciais acbes do ATP e da adenosina no coracdo e nos vasos sanguineos, como agentes
bradicardicos e redutores da pressao arterial global (Drury & Szent-Gyorgyi, 1929). No
entanto, o conceito de sinalizacdo purinérgica, ou seja, do papel do ATP como uma molécula
sinalizadora, foi proposto apenas no inicio da década de 1970 por Burnstock, em um estudo
que evidenciou o ATP como o neurotransmissor responsavel pela transmissdo neuromuscular
ndo-adrenérgica e ndo-colinérgica no intestino e na bexiga urinaria (Burnstock, 1972). Este
conceito de transmissdo purinérgica sofreu uma consideravel resisténcia durante muitos anos,
uma vez que o ATP estava bem estabelecido como uma fonte de energia intracelular,
envolvido em diversos ciclos metabdlicos (Cori, 1974). Atualmente, a sinalizacdo purinérgica
é amplamente aceita como um sistema primitivo e altamente conservado, e 0s papéis para 0s
nucleotideos e nucleosideos como moléculas sinalizadoras extracelulares estdo bem descritos,

tanto em tecidos neurais, quanto em tecidos ndo-neurais (Burnstock & Knight, 2004).

1.1.  Os Nucleotideos e Nucleosideos Extracelulares

A partir do surgimento do conceito de sinalizacdo purinérgica, uma multiplicidade de
fungdes para os nucleotideos extracelulares purinicos (ATP, ADP e o nucleosideo adenosina)
e pirimidinicos (UTP e UDP) em diversos 6rgdos e tecidos tém sido apontadas. Neste sentido,
estas moléculas participam da neurotransmissdo no sistema nervoso central, da contracéo
ndo-colinérgica e ndo-adrenérgica em masculo liso e de interacGes neurbnio-glia (Ralevic &

Burnstock, 1998). Além disso, atuam nos efeitos inotrdpicos, cronotrépicos e arritmogénicos
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no miocérdio (Vassort, 2001); na fungdo gastrointestinal e hepatica (Roman & Fitz, 1999) e
na regulacdo das respostas epiteliais (Bucheimer & Linden, 2004, Schwiebert & Zsembery,
2003); na distribuicdo do fluxo sanguineo e do oxigénio (Gonzalez-Alonso et al., 2002,
Sprague et al., 2007); nas respostas imunes e no controle do trafego leucocitario entre o
sangue e os tecidos (Bours et al., 2006, Salmi & Jalkanen, 2005) e na ativacdo e agregacéo
plaquetéaria em locais de injaria vascular (Gachet, 2006, Marcus et al., 2003). Além destes
eventos agudos, acredita-se que as purinas e pirimidinas também exercam papéis troficos na
proliferagcdo e crescimento celular (Burnstock, 2006b); na inducdo de apoptose e atividade
anticancer (Bours et al., 2006, White & Burnstock, 2006); na formacdo da placa
aterosclerdtica (Di Virgilio & Solini, 2002); na cicatrizacdo, na formacdo e na reabsorcao

0ssea (Hoebertz et al., 2003).

1.2. Vias de Liberacéo de Purinas

Evidentemente, para que 0s nucleotideos e nucleosideos exercam suas fun¢Ges como
sinalizadores autdcrinos e/ou paracrinos, eles devem estar presentes no meio extracelular.
Alguns mecanismos de liberacdo destas moléculas sdo conhecidos e estdo descritos a seguir.

Considerando-se que todas as células vivas conttm uma grande quantidade de
nucleotideos no seu citosol (Traut, 1994), pode ocorrer um massivo extravasamento destas
moléculas em consequéncia da lise celular. Entretanto, este mecanismo inespecifico esta
restrito a injuria de Orgdos, assim como ao choque traumatico e a certas condi¢Oes
inflamatorias (Bours et al.,, 2006). Além disso, mecanismos n&o-liticos de efluxo de
nucleotideos representam uma importante fonte de purinas no meio extracelular. Desta
maneira, diversos tecidos excitaveis/secretorios, tais como terminais nervosos e celulas
cromafins (Burnstock, 2007, Zimmermann, 1996b), celulas acinares pancreaticas (Sorensen

& Novak, 2001) e plaquetas circulantes (Gachet, 2006, Marcus et al., 2003) estocam ATP e
10



ADP juntamente com outros neurotransmissores nas vesiculas sinapticas, nos granulos
cromafins e nos granulos densos, regulando sua liberacdo por exocitose de uma maneira
calcio-dependente (Yegutkin, 2008).

A liberacdo de nucleotideos também acontece a partir de tecidos ndo excitaveis,
incluindo as células epiteliais (Schwiebert & Zsembery, 2003) e endoteliais (Bodin &
Burnstock, 2001, Yegutkin et al., 2000), os astrocitos e outras células gliais (Burnstock, 2007,
Lazarowski et al., 2000), os fibroblastos (Gerasimovskaya et al., 2002), os hepatdcitos
(Roman & Fitz, 1999), os queratindcitos (Burrell et al., 2005) e outras células
hematopoiéticas, como os eritrécitos (Sprague et al., 2007) e neutrofilos (Gonzalez-Alonso et
al., 2002). Estas células liberam ATP sob estimulos mecénicos, como estresse de
cisalhamento e hipdxia e sob estimulos por agonistas, como bradicinina e serotonina
(Yegutkin, 2008). Finalmente, sabe-se ainda que as células constitutivamente liberam
concentragdes nanomolares de ATP (Lazarowski et al., 2000).

A diversidade de condigdes nas quais as células liberam purinas, sugere o
envolvimento de diferentes vias de liberacdo para estas moléculas, as quais estdo
representadas na Figura 1. Os mecanimos celulares propostos incluem: 1) movimento
eletrodifusional através de canais ibnicos de membrana; 2) difusdo facilitada pelos
transportadores especificos de ATP do tipo ABC (ATP-binding cassette); e 3) vesiculas de
trafego de carga e granulos de secrecdo exociticos (Lazarowski et al., 2003, Schwiebert &
Zsembery, 2003).

Em suma, os diferentes nucletideos podem ser liberados de distintas maneiras no meio
extracelular, dependendo do tipo celular e do contexto fisiologico considerados. Aqui foram
apresentadas as principais fontes de nucleotideos extracelulares. Contudo, a degradacdo de
moléculas contendo nucleotideos (como por exemplo: NAD, NpnN, UDP-glicose, etc.) pode

também representar uma fonte destas moléculas no meio extracelular.
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Figura 1: Vias de liberacdo de purinas para 0 meio extracelular. Adaptado de (Yegutkin, 2008).

1.3.  Os Receptores Purinérgicos

Como descrito anteriormente, uma série de nucleotideos e nucleosideos pode ser
encontrada extracelularmente. A fim de iniciar uma resposta celular, estas moléculas ligam-se
a diferentes receptores de membrana especificos (Figura 2), 0s purinoceptores, 0s quais Sao
classificados como P1 e P2. Sdo conhecidos quatro subtipos de receptores P1 responsivos a
adenosina, os quais fazem parte da familia de receptores acoplados as proteinas G. Os
agonistas conhecidos dos receptores P2 sdo os nucleotideos puricos (ADP e ATP), os
pirimidicos (UDP e UTP) e o UDP-glicose (Abbracchio et al., 2003, Ralevic & Burnstock,
1998). A familia dos receptores P2 é subdividida em duas classes: os receptores P2X, 0s

quais compreendem canais iGnicos e o0s receptores P2Y, que sdo acoplados a proteinas G.
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P2X4.7 P2Y1,2,4,6,11,12,13,14

Figura 2: Vias de sinalizacdo purinérgica. A sinalizacdo por nucleotideos ocorre através de uma série
de receptores ionotropicos (P2X) e metabotropicos (P2Y). A adenosina gerada a partir dos
nucleotideos atua através de quatro subtipos de receptores seletivos acoplados a proteinas G (P1).
Adaptado de (Yegutkin, 2008).

1.3.1. Os Receptores P1

A nomenclatura “receptores P1” ¢, na verdade, pouco utilizada, uma vez que apenas
receptores responsivos a adenosina, e nao aos demais nucleosideos, foram caracterizados.
Desta maneira, quatro receptores ativados pela adenosina foram clonados e caracterizados: A,
Aoa, Agg e As. Os receptores Axa e Agg, através da proteina G, podem ativar a via do AMPc.
Por sua vez, os receptores A; e Az, acoplados a proteina G;j, podem inibir a mesma via.
Adicionalmente, o receptor Ag também pode associar-se a proteina Gq e transmitir o sinal
através de outras vias relacionadas a fosfolipase C (PLC), a fosfatidilinositol-3-cinase (P13K)

ou as proteinas cinases ativadas por mitégenos (MAPK) (Jacobson & Gao, 2006).

1.3.2. Os Receptores P2X
Os receptores P2X sdo canais ionicos ativados por ATP com permeabilidade ao Ca**,

ao Na* e ao K* (Evans et al., 1996). Sete subtipos de receptores P2X ja foram clonados e
13



identificados: P2X1, P2X,, P2X3, P2X,4, P2Xs5, P2Xg e P2X57. Sua estrutura comum, composta
de pelo menos trés subunidades, compreende dois segmentos transmembrana, uma grande
alca extracelular rica em residuos de cisteina, e os terminais amino e carboxi localizados
intracelularmente (North, 2002). Os receptores P2X sdo amplamente distribuidos,
especialmente entre as células excitaveis. A ativacdo destes receptores leva a uma alteracdo
na condutancia idnica da membrana para o Na*, 0 K" e 0 Ca**, aumentando rapidamente a
concentragdo de Ca”" intracelular, o que esta geralmente associado com a vasoconstricdo da
musculatura lisa, com a contracdo da musculatura lisa visceral e com a rapida transmissao

sinaptica purinérgica (Gitterman & Evans, 2001).

1.3.3. Os Receptores P2Y

Os receptores P2Y fazem parte da familia de receptores acoplados as proteinas G (G,
Gi11, GilGg ou Gg). Contrariamente aos receptores P2X, que respondem unicamente ao ATP,
0s receptores P2Y distinguem-se uns dos outros de acordo com seus ligantes: ATP, ADP,
UTP, UDP ou UDP-glicose (Abbracchio et al., 2003, Boarder et al., 1994, Communi et al.,
2000). Atualmente, oito receptores P2Y ja foram clonados em mamiferos: P2Y,, P2Y,,
P2Y4, P2Ys, P2Y 11, P2Y1,, P2Y 13 € P2Y14. Os nimeros faltantes dizem respeito aos ort6logos
de algum dos receptores mencionados anteriormente (por exemplo, P2Y3; é um ortélogo
aviario do P2Yg e P2Y3 é um ort6logo de sapo do P2Y,) (Bogdanov et al., 1997, Webb et al.,
1996). Os receptores P2Y'5 79 10 apresentam certa homologia de sequéncia aos demais, poréem
ndo respondem aos nucleotideos em ensaios funcionais (Noguchi et al., 2003, Yokomizo et

al., 1997).
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1.4. Finalizacdo da Sinalizacdo por Nucleotideos por Acdo das
Ectonucleotidases

As vias de sinalizacdo intracelulares geralmente requerem mecanismos de inativacéo
do sinal. O grande nimero de receptores purinérgicos, presentes em uma mesma célula ou em
duas células vizinhas, sugere uma fina regulacdo desta sinalizagdo. Portanto, os nucleotideos
sdo hidrolisados por uma cascata enzimatica extracelular, o que resulta na formacgdo do
respectivo nucleosideo e fosfato livre, eliminando ou modificando rapidamente os agonistas
dos receptores P2. As enzimas capazes de hidrolisar os nucleotideos extracelulares sdo
conhecidas como ectonucleotidases e, atualmente, incluem membros das familias E-
NTPDase (ecto-nucleosideo trifosfato difosfoidrolase), E-NPP  (ecto-nucleotideo
pirofosfatase/ fosfodiesterase), fosfatases alcalinas e ecto-5’-nucleotidase, as quais

apresentam uma ampla distribuicdo tecidual (Zimmermann, 2000) (Figura 3).

NTPDases NTPDases NPPs Fosfatases Ecto-5'-
1,2,3,478 5,6 1,2,3 Alcalinas nucleotidase

./
COO0- y
-

x N

-
£,
R I
. blin Ancoramento Glicosil-
CAEapplEEE Fosfatidilinositol (GPI)

Figura 3: As familias de ectonucleotidases. Disponivel em www.crri.ca/sevigny.html (Acessado em
16/01/2010).

As ectonucleotidases estdo ancoradas a membrana plasmatica das células, porém

podem existir também sob as formas clivada e soltvel. O seu sitio ativo esta voltado para o
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meio extracelular, estando sua atividade catalitica adaptada a este ambiente. Sua atividade
requer a presenca de cations divalentes, como o célcio ou 0 magnésio, e um pH alcalino. Na
maioria dos casos, os valores de Ky estdo na faixa micromolar inferior. O seu principal papel
funcional é a terminacdo da sinalizacdo por nucleotideos, a qual é acompanhada pelas rotas

de salvacgéo de purinas (Zimmermann, 2000).

Devido a sua importancia como objeto de estudo da presente Tese, as familias de
enzimas E-NTPDase, E-NPP e ecto-5’-nucleotidase serdo descritas em maiores detalhes nas

subsecdes ulteriores.

1.4.1. As Ecto-nucleosideo trifosfato difosfoidrolases (E-NTPDases)

A familia das E-NTPDases (EC 3.6.1.5) é composta por enzimas ancoradas a
membrana, as quais sdo capazes de hidrolisar os fosfatos y ¢ B dos nucleosideos di e tri-
fosfatos (Laliberte & Beaudoin, 1983, Zimmermann, 2000). Informacdes sobre estas enzimas
podem ser encontradas na literatura sob diferentes nomenclaturas, tais como ecto-ATPase,
ATP-difosfoidrolase, apirase, ATPDase, entre outras (Yegutkin, 2008). Todos os membros
desta familia compartilham cinco dominios de sequéncia altamente conservados conhecidos
como “regides conservadas da apirase” (ACRs) (Handa & Guidotti, 1996, Schulte am Esch et
al., 1999), que presumivelmente séo de grande importancia para sua atividade catalitica.

Atualmente, sabe-se que oito diferentes genes Entpd codificam os membros desta
familia de proteinas. As NTPDases 1, 2, 3 e 8 sdo enzimas tipicamente localizadas na
superficie celular com o sitio catalitico voltado para o meio extracelular. Por outro lado, as
NTPDases 5 e 6 exibem uma localizagéo intracelular e podem ser secretadas. Finalmente, as
NTPDases 4 e 7 estdo localizadas intracelularmente, tendo o seu sitio catalitico voltado para

o limen das organelas citoplasmaticas (Robson et al., 2006) (Figura 4).
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Figura 4: Topografia de membrana predita para os membros da familia E-NTPDase. Adaptado de
(Lévesque, 2010).

As NTPDases distinguem-se umas das outras por sua localizacdo celular e por suas
propriedades funcionais. Desta maneira, as isoformas localizadas na superficie celular
(NTPDasel,2,3,8) requerem concentracdes milimolares dos fons Ca** ou Mg?* para sua
atividade méaxima (Kukulski et al., 2005) e todas hidrolisam os nucleosideos trifosfatos,
incluindo o ATP e o UTP. Entretanto, as razfes de hidrdlise entre os nucleosideos tri e di-
fosfatos varia consideravelmente entre os subtipos: a NTPDasel hidrolisa o ATP e o ADP
igualmente bem (razdo de hidrélise ATP:ADP=1:1); as NTPDases 3 e 8 revelam uma
preferéncia pelo ATP sobre o ADP como substrato (razdo de hidrélise ATP:ADP=3:1 e 2:1,
respectivamente); e a NTPDase2 apresenta uma alta preferéncia pelos nucleosideos
trifosfatos (razdo de hidrolise ATP:ADP=30:1), tendo sido previalmente classificada como
uma ecto-ATPase (Kukulski et al., 2005, Zimmermann, 2001).

A NTPDase5, localizada no reticulo endoplasmatico, hidrolisa preferencialmente os

nucleotideos GDP e UDP, enquanto que a NTPDase6, localizada no complexo de Golgi,
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revela uma maior preferéncia pelos nucleotideos GDP e IDP. Acredita-se que estas enzimas
sejam clivadas da membrana plasmatica e secretadas para o meio extracelular, podendo
encontrar-se sob a forma soltvel (Zimmermann, 2001).

A NTPDase4 prefere o UDP como substrato. Além disso, as isoformas de humanos
estdo localizadas no complexo de Golgi (NTPDase4f) ou nos vacuolos lisossomais
(NTPDase40). Ambas as isoformas hidrolisam nucleosideos di e trifosfatos, mas possuem
uma baixa preferéncia por ATP e ADP. A NTPDase4a. tem alta preferéncia por UTP e TTP,
enquanto o CTP e o UDP sdo os melhores substratos para a NTPDase4 (Wang & Guidotti,
1998). A NTPDase7 estd localizada em vesiculas intracelulares e tem como substratos
preferenciais os nucleosideos trifosfatos (Zimmermann, 2001).

A presenca das NTPDases na superficie celular é considerada de grande importancia
na modulacdo da sinalizacdo por nucleotideos, uma vez que elas controlam a disponibilidade
dos agonistas dos receptores P2. No entanto, a falta de ferramentas adequadas ndo tem
permitido evidenciar a contribuicdo exata destas enzimas na sinalizacdo purinérgica (a
excecdo da NTPDasel, que sera discutida no topico relativo a sinalizagcdo purinérgica no
sistema vascular). Na verdade, a inibicdo das NTPDases tem sido descrita; porém, a maioria
das moléculas capazes de reduzir a atividade destas enzimas afetam também os receptores P2
(Munkonda et al., 2007, Robson et al., 2006), o que impede de maneira importante o0 avanco

das descobertas em curso.

1.4.2. As Ecto-nucleotideo pirofosfatase/ fosfodiesterases (E-NPPs)
A familia das nucleotideo pirofosfatase/ fosfodiesterases (EC 3.1.4.1; EC 3.6.1.9; EC
3.6.1.8) consiste de sete ecto-enzimas estruturalmente relacionadas que s&o numeradas de
acordo com sua ordem de descoberta NPP1-7 (Stefan et al., 2005). No entanto, apenas a

NPP1 (tambem conhecida como antigeno de diferenciacdo celular plasmatico PC-1), a NPP2
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(autotaxina, fosfodiesterase 1a) ¢ a NPP3 (gp1307F**® B10, fosfodiesterase 1p), as quais
apresentam um ancestral comum (Bollen et al., 2000, Vollmayer et al., 2003, Zimmermann,
2000), tém sido implicadas na hidrdlise de nucleotideos, sendo, portanto, relevantes no
contexto da cascata de sinalizacdo purinérgica (Goding et al., 2003). Os substratos para as
NPPs 4 e 5 permanecem desconhecidos (Yegutkin, 2008). As NPPs 6 e 7, por sua vez, sdo
conhecidas por hidrolisar somente ligacdes fosfodiéster presentes nos lisofosfolipides ou em
outros fosfodiésteres de colina (Duan et al., 2003, Sakagami et al., 2005, Wu et al., 2005).

A excecdo da NPP2, todas as NPPs sdo proteinas com um Unico dominio
transmembrana. A NPP1 e a NPP3 apresentam uma orientagdo tipo-11 com o seu terminal
amino voltado para o citosol, enquanto que as NPPs 4 a 7 tém sido preditas por adotar uma
orientacdo tipo-1 com o seu terminal amino voltado para o meio extracelular (Bollen et al.,
2000, Duan et al., 2003, Sakagami et al., 2005, Wu et al., 2005) (Figura 5). Em adicéo,
formas sollveis para as NPPs 1, 3, 6 e 7 ja foram identificadas, mas os mecanismos de sua
geracdo permanecem pouco compreendidos (Belli et al., 1993, Hosoda et al., 1999, Meerson
et al., 1998, Sakagami et al., 2005, Yegutkin et al., 2003). A NPP2 ¢é sintetizada como uma

pré-pro-enzima e existe apenas sob a forma secretada (Jansen et al., 2005).

NPP1& 3 NPP2 NPP4-7
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- COO0-

Dominio tipo-
nuclease
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NH,
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catalitico
1

jor SwmBz—> T
exterior 2MBT NH,

membrana

citoplasma o, T

Figura 5: Estrutura dos dominios e orientacdo das NPPs na membrana. Adaptado de (Lévesque,
2010).
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Os nucleotideos ou derivados de nucleotideos que servem como substratos para as
NPPs 1, 2 e 3 incluem o ATP, os polifosfatos diadenosina (Ap,A), 0 UDP-glicose, 0 NAD", e
a 3’-fosfoadenosina-5’-fosfosulfato (Stefan et al., 2006). Estas enzimas participam de uma
gama de fungles fisiologicas, incluindo a reciclagem de nucleotideos, a modula¢do da
sinalizacdo pelos receptores P2, a regulacdo dos niveis extracelulares de pirofosfato (que é de
grande importancia na mineralizagdo 6ssea) e a motilidade celular (Goding et al., 2003). E
importante salientar que uma distin¢do clara entre os membros das familias E- NPP e E-
NTPDase é bastante complicada, uma vez que estas enzimas Sd0 CO-expressas em uma
variavel extensdo entre os tecidos de mamiferos, além de compartilharem similaridades com

relacdo a especificidade por substratos (Zimmermann, 2000).

1.4.3. A Ecto-5’-nucleotidase (CD73)

Sete membros da familia das 5’-nucleotidases ja foram isolados e caracterizados em
humanos, estando cinco destes membros localizados no citosol, um na matriz mitocondrial e
um ancorado & membrana plasmatica externa por um residuo glicosil-fosfatidilinositol (GPI)
(Yegutkin, 2008). Esta tltima enzima, ancorada @ membrana plasmaética, é conhecida sob o
nome de ecto-5’-nucleotidase (EC 3.1.3.5) ou CD73 e hidrolisa de maneira eficiente 0 AMP
(Km=3 a 50 uM) em adenosina, mostrando-se incapaz de metabolizar os nucleosideos di e tri-
fosfatos (Hunsucker et al., 2005, Zimmermann, 1992). Além disso, a ecto-5’-nucleotidase é
uma metaloenzima que se liga ao zinco e apresenta-se principalmente como um dimero, em
que cada monémero alcanca um peso molecular aparente em torno de 62 a 74 kDa

(Zimmermann, 2000) (Figura 6).
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Apesar do principal papel fisiologico para a ecto-5’-nucleotidase estar relacionado a
regulacdo da cascata purinérgica (Hunsucker et al., 2005), outras fun¢bes ndo enzimaticas
para a molécula CD73 tém sido propostas, tais como a indu¢do da sinalizagdo intracelular e a
mediacdo das adesdes célula-célula e célula-matriz (Resta et al., 1998, Spychala et al., 1999).
A ecto-5’-nucleotidase é expressa em diferentes tecidos, sendo abundante em colon, rim,
cérebro, figado, coracdo e pulmdo (Moriwaki et al., 1999, Thompson et al., 2004,

Zimmermann, 1992, Zimmermann, 1996b).

1.5.  Sinalizacdo Purinérgica no Sistema Vascular

A importancia do sistema purinérgico na regulacdo cardiovascular tem se tornado
cada vez mais evidente. Neste sentido, sabe-se que a sinalizacdo pelos nucleotideos estimula
a vasoconstricdo e o vasorelaxamento, o crescimento das células musculares lisas vasculares
(VSMC) e das células endoteliais (EC) e a angiogénese; esta envolvida no remodelamento
vascular; estimula a agregacdo plaquetaria; regula a coagulacdo, a inflamacéo e Vvarios
aspectos da fungdo cardiaca (Burnstock, 2002a, Burnstock & Kennedy, 1986, Di Virgilio &
Solini, 2002, Erlinge, 1998, Gachet, 2006, Olsson & Pearson, 1990, Ralevic & Burnstock,

1991). Além disso, o sistema purinérgico esta envolvido na regulacdo da pressdo sanguinea,
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no desenvolvimento do infarto do miocérdio, na faléncia cardiaca e na rejeicdo ao
xenotransplante (Erlinge & Burnstock, 2008).

Na circulagdo, os nucleotideos ATP, ADP, UTP e UDP s&o liberados pelas células
vermelhas do sangue, pelas EC e por plaquetas e neutrofilos ativados, em resposta a
diferentes estimulos, tais como estresse de cisalhamento (Bodin & Burnstock, 2001),
hiperéxia (Ahmad et al., 2004), hipoxia (Gordon, 1986), ou em resposta a estimulacdo por
agonistas (Yang et al., 1994). Apos liberados, os nucleotideos participam do controle local e
sistémico do fluxo sanguineo em diferentes niveis (Erlinge & Burnstock, 2008).

A ativacdo dos receptores P2 endoteliais pelos nucleotideos liberados das EC induz a
um vasorelaxamento local, o qual envolve os trés principais fatores dilatadores: 6xido nitrico
(NO), prostaciclina (PGIl,) e fator hiperpolarizante derivado do endotélio (EDHF),
dependendo da espécie e do territorio vascular considerados (Bodin & Burnstock, 2001).
Diversos receptores tém sido implicados nestes processos. Os receptores P2X; e P2X, foram
recentemente apontados como mediadores do vasorelaxamento induzido por ATP em artérias
de resisténcia (Harrington et al., 2007, Yamamoto et al., 2006). Os receptores P2Y, ativados
seletivamente por ADP, sdo dominantes em alguns vasos (Ralevic & Burnstock, 1998),
enquanto que outros vasos apresentam os receptores P2Y5, 0s quais sdo igualmente ativados
por ATP e UTP para produzir relaxamento (Motte et al., 1995). As EC em alguns vasos
também expressam outros tipos de receptores purinérgicos (P2Y4e P2Ys) (Ralevic, 2001); e
ha ainda um outro receptor P2Y (P2Y1;) no endotélio de artéria e veia umbilical de humanos
(Wang et al., 2002). Em contraste, a ativacdo de receptores P2 das VSMC promove
vasoconstricao via P2X (Gitterman & Evans, 2001) ou P2Y sensiveis a pirimidinas (Malmsjo
et al., 2000, von Kugelgen et al., 1987). O ATP co-liberado com a noradrenalina dos nervos
simpaticos perivasculares atua principalmente sobre os receptores P2X; nas VSMC da

camada media para produzir constricdo, enquanto que o ATP liberado com um co-
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transmissor a partir dos nervos sensorio-motores durante a atividade do arco-reflexo é capaz
de dilatar alguns vasos (Burnstock, 2006¢) (Figura 7). A adenosina produzida apds a quebra
do ATP liberado dos nervos e das EC causa vasodilatacdo via receptores P1 (geralmente do

subtipo A;) na musculatura lisa (Burnstock, 2009).

Sympathetic nerve

Connective tissue
Adenosine

Vasodilation

Vasoconstriction Nitric oxide oY TS

Endothelial cells
o

Figura 7: Controle purinérgico e pirimidinérgico do tdnus vascular através dos receptores P2.
Tradugdo: Sympathetic nerve = nervo simpatico; Conective tissue = tecido conectivo; Smooth muscle
= musculo liso; Endothelial cells = células endoteliais; Shear stress = estresse de cisalhamento;
Hypoxia = hipdxia; Blood vessel lumen = limen do vaso sanguineo; Aggregated platelets = plaquetas
agregadas; Nitric oxide = Oxido nitrico; Vasodilation = vasodilatacdo; Vasoconstriction =
vasoconstri¢cdo; Adenosine = adenosina. Adaptado de (Burnstock, 2006c¢).

Como consequéncia dos efeitos vasculares apresentados, a modulacdo da relacéo
nucleotideos/ nucleosideos na circulagcdo tem um imporante impacto no controle do ténus
vascular e da pressao arterial. A concentracdo destas moléculas é finamente regulada pelas
ectonucleotidases (Plesner, 1995). Entre estas enzimas, a familia das E-NTPDases parece ser

a mais importante na vasculatura, sendo a NTPDasel dominantemente expressa em EC e
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VSMC (Sevigny et al., 2002) e responsavel por grande parte da hidrolise dos nucleotideos na
superficie dos vasos sanguineos (Kaczmarek et al., 1996, Sevigny et al., 1997). A NTPDasel
tem um importante papel nas propriedades anti-trombéticas das EC, uma vez que hidrolisa o
ADP, que promove a agregacao plaquetaria através dos receptores P2X;, P2Y; e P2Y, (este
ualtimo é o alvo das drogas anti-plaquetarias seletivas para o ADP, ticlopidina e clopidogrel)
(Andre et al., 2003, Marcus et al., 1991). O relevante papel desta enzima na prevencdo da
trombose foi confirmado em animais deficientes em NTPDasel (Entpd1™ null mice), os quais
apresentavam disturbios na hemostasia e trombogénese (Enjyoji et al., 1999, Pinsky et al.,
2002). Recentemente, a NTPDasel foi apontada como a principal enzima envolvida na
hidrélise dos nucleotideos na superficie das VSMC, contribuindo para a regulacéo local do
tonus vascular por estas moléculas (Kauffenstein et al., 2010). A NTPDase2 é expressa na
camada adventicia que circunda os vasos sanguineos, provavelmente na superficie dos
fibroblastos. Sua preferéncia em hidrolisar o nucleotideo ATP favorece o acimulo de ADP, o
qual €é essencial para a agregacdo plaquetaria (Maffrand et al., 1988). A NTPDase2 foi
proposta como um promotor da hemostasia em sitios de extravasamento que ocorrem apos
uma injaria vascular (Sevigny et al., 2002). A acdo da cadeia das ectonucleotidases é
concluida pela enzima ecto-5'-nucleotidase que catalisa a hidrolise do monofosfonucleosideo,
gerando o respectivo nucleosideo (Zimmermann, 1996a). Na vasculatura, a ecto-5’-

nucleotidase estd predominantemente associada ao endotélio vascular (Koszalka et al., 2004).

Nosso grupo de pesquisa tem contribuido para o entendimento da influéncia da
sinalizacdo purinérgica na regulacdo cardiovascular, especialmente no que se refere ao papel
das ectonucleotidases em diferentes contextos fisiologicos e patoldgicos. Desta maneira, em
2006 descrevemos a presenca da enzima E-NPP em plaquetas de ratos como parte de um

complexo multi-enzimatico para a hidrolise de nucleotideos por estes fragmentos celulares
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(Furstenau et al., 2006). No ano seguinte, demonstramos 0 aumento nas hidrolises de ATP,
ADP e AMP em plaquetas de ratos que receberam injecGes agudas de angiotensina Il, além
de alteracBes nas atividades enziméticas plaquetarias de animais SHR (Furstenau et al.,
2007). Em outros estudos, descrevemos que o hormonio tiroideano modula a atividade e
expressao da ecto-5’-nucleotidase em VSMC (Tamajusuku et al., 2006) e da E-NTPDase em
cardiomidcitos (Barreto-Chaves et al., 2006). Além disso, observamos que a submissdo de
ratos ao estresse cronico e agudo pode alterar a hidrolise dos nucleotideos na fragdo sérica,
sugerindo que esta sinalizacdo possa servir como um marcador bioquimico para situacfes de

estresse (Bohmer et al., 2003, Torres et al., 2002).

1.6.  Sinalizagdo Purinérgica no Rim

Os rins sdo responsaveis pelo controle da excrecdo de sal e &gua do organismo. Eles
desempenham diversas funcdes essenciais, tais como: regulacdo da osmolaridade e do
volume dos fluidos corporais, regulacdo do balanco eletrolitico, regulacdo do balanco &cido-
base, excrecdo de produtos do metabolismo e substancias exdgenas e producado e secrecdo de
hormonios. Portanto, trabalhando de forma integrada com os componentes do sistema
cardiovascular, endécrino e sistema nervoso central, os rins controlam o volume dos fluidos
corporais regulando a excre¢do de agua e NaCl (Berne et al., 2004).

Sabe-se que o ATP pode ser liberado por praticamente todas as células renais e é
encontrado no fluido tubular e na urina final (Schwiebert, 2001, Vekaria et al., 2006b). Além
disso, os receptores purinérgicos P1 e P2 sdo expressos em todo o rim, sendo particularmente
encontrados nos glomerulos e nos tubulos (Bailey et al., 2004, Chan et al., 1998, Turner et al.,

2003, Unwin et al., 2003, Vitzthum et al., 2004).
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O papel funcional para os nucleosideos no rim estd associado & modulacdo da
reatividade vascular renal, em que a adenosina evoca uma resposta bifasica, causando
vasoconstri¢ao e vasodilatacdo através dos receptores A; e Aza, respectivamente (Osswald et
al., 1978). A ativacdo dos receptores P2 e as funcbes do ATP no rim tém sido foco de
inimeros estudos. As evidéncias funcionais encontradas suportam o ATP extracelular como o
principal regulador autocrino e paracrino local da reatividade vascular da microvasculatura
pré-glomerular, especialmente através da contracdo das células musculares lisas das arteriolas
aferentes, envolvendo a ativagdo dos P2X e P2Y (Inscho, 2001b, Inscho et al., 1992). Além
disso, um estudo demonstrou que a inibicdo da producdo de NO pelo L-NAME diminuiu
significativamente a vasodilagdo pelo ATP, sugerindo um envolvimento do NO na
vasodilatacdo mediada pelos receptores P2 (Wangensteen et al., 2000). Desta forma, a
regulagéo do tonus vascular renal pelo ATP reflete o balanco de sinais celulares oriundos da
ativacao dos receptores P2 de EC e VSMC (Burnstock, 2006a).

Com a finalidade de manter constantes o fluxo sanguineo, a taxa de filtracdo
glomerular (GFR) e a entrega de oxigénio para os rins, estes 6rgdos desempenham o
fendmeno conhecido como auto-regulagdo renal (Guyton et al., 1976). Este fendmeno
consiste em alterar a resisténcia vascular em resposta a alteracfes na pressdo transmural e
inclui a manifestacdo de dois sistemas regulatérios, 0 mecanismo miogénico ao longo da
arvore vascular pré-glomerular e 0 mecanismo de retroalimentacao tubuloglomerular (TGF)
(Navar et al., 1996, Vallon, 2003). Estes dois mecanismos fazem com que o rim mantenha
um fluxo sanguineo adequado mesmo durante as flutuacdes da pressdo arterial sistémica,
facilitando sua habilidade em manter a homeostasia dos fluidos e eletrolitos (Guan et al.,
2007).

O papel da retroalimentacdo tubuloglomerular tem despertado o interesse em

identificar os fatores que medeiam a constri¢do das arteriolas aferentes. O ATP e a adenosina
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tém sido apontados como mediadores da TGF (Castrop, 2007). Durante muito tempo,
houveram controvérsias sobre qual das duas moléculas, ATP ou adenosina, de fato serviam
como mediadores da TGF. Estudos recentes tém oferecido uma solugdo para este impasse,
sugerindo que ambos possam estar envolvidos neste processo. Neste sentido, uma Unica via
de sinalizacdo assumiria que o ATP, liberado pelas células da mécula densa (células tubulares
especializadas no ramo ascendente fino da alca de Henle), seria 0 mediador priméario da TGF,
sendo subsequentemente desfosforilado até adenosina, a qual causaria a constricdo da
arteriola aferente (Castrop, 2007). Cabe salientar que as ectonucleotidases séao
diferencialmente expressas ao longo do néfron (Figura 10) e podem influenciar a ativacdo dos

purinoceptores renais pelos nucleotideos e nucleosideos (Vekaria et al., 2006a).

Glomérulo Tubulo Distal
NTo st Ect l\g:DaT::;?dase
NPP3 o uc

Ramo ascendente fino

Tabulo convoluto proximal MUAEEE S

Ecto-5’-nucleotidase —

Fosfatase alcalina
Ducto coletor

e NTPDase3
Ecto-5’-nucleotidase

Pars recta
NPP3
Ecto-5’-nucleotidase

Ducto coletor medular interno
Fosfatase alcalina

NTPDasel,2,3
Ecto-5’-nucleotidase

Figura 10: Resumo da distribuicéo das ectonucleotidases em néfron de ratos. Extraido de (Vekaria et
al., 2006a).

2. Hipertensao Arterial

A hipertensdo arterial sistémica (HAS) € uma doenca multifatorial e poligénica que

envolve complexas interagbes entre mecanismos de controle homeostatico determinados
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geneticamente e por fatores ambientais (Takahashi & Smithies, 2004). Esta patologia
caracteriza-se pela elevagédo sustentada da presséo arterial sisttmica (Ganong, 1995), com
valores iguais ou acima de 140 mmHg para a pressdo sanguinea sistélica (pressdo méaxima
atingida durante a sistole — esvaziamento — ventricular) e/ou iguais ou mais altos que 90
mmHg para a pressdo sanguinea diastdlica (pressdo minima atingida durante a diastole —
enchimento — ventricular) (Chobanian et al., 2003, Krieger et al., 1996). Estima-se que a
hipertensdo arterial seja responsavel por 7.1 milhGes de mortes prematuras em todo o0 mundo
(Whitworth, 2003). No Brasil, as doencas cardiovasculares séo o principal grupo de causas de
morte e representavam cerca de 32% do total de mortes no pais em 1998. Além disso, dados
do Estado do Rio Grande do Sul, apontam para uma prevaléncia de HAS (niveis > 140/90
mmHg) em torno de 34% na populacdo adulta (Gus et al., 2004).

A pressao arterial é determinada pelo volume de sangue bombeado pelo coragdo em
um minuto (débito cardiaco) e pela resisténcia dos vasos sanguineos, principalmente das
arteriolas, ao fluxo sanguineo (resisténcia vascular sistémica ou periférica) (Krieger et al.,
1996). Ela é continuamente influenciada por complexos sistemas pressores (COMo 0S Nervos
simpaticos e as catecolaminas, a angiotensiona, a endotelina, etc) e depressores (como o NO,
a bradicinina, etc) (Krieger et al., 1996), sendo que a HAS resulta da perda do balango entre
estes fatores e, portanto, da perda da habilidade do endotélio em vasodilatar normalmente
(Cohen, 2007) (Figura 8). Em principio, a hipertensdo pode ser causada por um aumento no
volume extracelular ou por um acréscimo na resisténcia periférica, a qual é determinada pela
viscosidade do sangue e, de maneira mais importante, pelo calibre de resisténcia dos vasos
(Ganong, 1995). Entretanto, 90% dos individuos hipertensos s&o considerados como
portadores de hipertensdo arterial essencial ou primaria, ou seja, portadores de HAS cuja

causa da patologia ndo € completamente conhecida (Silbernagl & Despopoulos, 2003).
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Figura 8: Hipertensdo associada ao desbalango na producdo e/ou atividade das moléculas
vasoconstritoras e vasodilatadoras (ROS: espécies reativas de oxigénio; EDCF: fatores constritores
derivados do endotélio; EDHF: fator hiperpolarizante derivado do endotélio). Inspirado em imagem

do sitio na internet www.hypertensiononline.org (Acessado em 21/01/2010).

Diversos fatores genéticos e ambientais sdo conhecidos por contribuir para o
desenvolvimento da HAS. Assim, a pressao arterial aumenta linearmente com a idade (Vasan
et al., 2001), a qual é acompanhada pelo aumento no risco absoluto de desenvolvimento de
doenca cardiovascular (Lewington et al., 2002). Estimativas globais ddo conta de que as taxas
de hipertensdo entre os homens sdo mais elevadas até os 50 anos e, entre as mulheres, a
partir da sexta década (Kearney et al., 2005). O elevado consumo de sédio e um nivel sécio-
econémico mais baixo também contribuem para o desenvolvimento da HAS (Drummond &
Barros, 1999, Lessa, 2001). Em adicdo, o excesso de massa corporal € um fator predisponente
para a hipertensdo e, coerentemente, a perda de peso acarreta em reducdo da pressdo arterial
(Neter et al., 2003). O consumo de bebidas alcoolicas (Stranges et al., 2004) e o sedentarismo
aumentam a incidéncia de hipertensao (Paffenbarger et al., 1991) e estudos recentes apontam
para o fato de que o estresse psicoemocional também pode contribuir para a elevacéo
sustentada da presséo arterial (Thomas & Parati, 2005).

A hipertensdo, todavia, ndo consiste somente em um fendmeno de elevacao da presséo
sanguinea sistémica; ela frequentemente co-existe com outras anormalidades associadas que
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podem direta ou indiretamente perpetuar o inicio e o progresso da sua complicacdo mais
comum - a arteriosclerose — (Ding, 1996), e de suas consequéncias — infarto do miocérdio,
acidente vascular cerebral, lesbes renais, entre outras (Silbernagl & Despopoulos, 2003).
Desta forma, a HAS pode ser referida como uma sindrome que, até hoje, pode ser tratada,
porém ndo apresenta cura. O objetivo, portanto, de uma terapia anti-hipertensiva adequada
ndo reside somente em diminuir 0s niveis da pressdo sanguinea, mas também em tratar seus

fatores de risco associados (Ding, 1996).

2.1.  Hipertensdo Arterial Induzida por L-NAME

Em 1978, Furchgott e colegas demonstraram a existéncia de uma substancia
produzida pelas EC que era capaz de relaxar 0s vasos sanguineos e denominaram-na como
fator relaxante derivado do endotélio (EDRF) (Furchgott, 1983). Em 1986, o NO foi
identificado como sendo este fator e, desde entdo, esta molécula tem sido apontada por
influenciar diversos aspectos da fisiologia cardiovascular (Strijdom et al., 2009). O NO é
sintetizado a partir da L-arginina por acdo da 6xido nitrico sintase (NOS) (Moncada et al.,
1991), que atualmente é reconhecida em trés isoformas: NNOS — neuronal; iINOS — induzivel
ou relacionada a inflamacéo; e eNOS — endotelial (Lowenstein & Michel, 2006).

Na vasculatura, o efeito global do NO é o de promover a vasodilatacdo e um estado
anti-inflamatorio e anti-trombotico (Strijdom et al., 2009). Esta molécula exerce seus efeitos
sobre as células musculares da camada média dos vasos sanguineos. De fato, o NO atua
atraves da ativacdo da guanilato ciclase heterodimérica soltvel, estimulando-a a produzir o
mensageiro intracelular GMP ciclico (GMPc). O GMPc ativa a proteina cinase G (PKG), a
qual ativa a fosfatase que, por sua vez, desfosforila a cadeia leve da miosina (MLC),

causando o relaxamento da musculatura lisa (Ogut & Brozovich, 2008, Surks, 2007).
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A inibicdo cronica da producdo de NO pela administracdo de analogos da L-arginina,
como 0 N,-Nitro-L-arginina metil éster (L-NAME) (Figura 9), produz uma elevacdo da
pressdao sanguinea dependente de volume, a qual estd positivamente co-relacionada a dose e
ao tempo de administracdo do L-NAME em diferentes espécies animais (Zatz & Baylis,
1998). As caracteristicas fisioldgicas e patoldgicas da HAS causada pela inibicdo da
producdo de NO assemelha-se a hipertensdo essencial (Romero & Strick, 1993) e alteracoes
nesta via de sinalizacdo tém sido apontadas por influenciar o desenvolvimento de muitas

formas de hipertenséo (Lerman et al., 2005).
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2.2.  Hipertensdo Arterial e Sinalizacdo Purinérgica

A regulacdo da pressdo arterial pela sinalizacdo purinérgica é o resultado liquido do
balango entre os fatores contrateis e dilatadores (Erlinge & Burnstock, 2008). O ATP e o
UTP liberados pelas células endoteliais e pelos eritrocitos no limen dos vasos estimulam a
vasodilatacdo, em contraste a sua liberagéo pelos nervos no lado da camada adventicia, o que

resulta em vasoconstricdo (Erlinge & Burnstock, 2008). O ATP também pode participar da
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regulacdo da pressdo sanguinea através de mecanismos renais ou atuando em regides do
tronco cerebral relacionadas ao controle neural da pressao arterial (Inscho et al., 2004).

Diversos modelos animais de hipertenséo arterial tém revelado a participacdo da
sinalizagdo purinérgica no contexto desta patologia. Recentemente, um estudo demonstrou
uma reducdo na transmissdo purinérgica em artérias mesentericas de ratos hipertensos por
acetato de desoxicorticosterona (DOCA-sal), provavelmente por uma diminui¢gdo na
biodisponibilidade de ATP nos nervos simpaticos destes animais (Demel & Galligan, 2008).
O ATP desempenha um papel muito importante como um co-transmissor simpatico em ratos
espontaneamente hipertensos (SHR) (Brock & Van Helden, 1995), em cujas aortas ha um
prejuizo no relaxamento ao ATP dependente do endotélio devido a concomitante producéo de
um fator constritor derivado do endotélio (Yang et al., 2004). Ainda com relacdo aos SHR,
resultados do nosso grupo de pesquisa mostraram um aumento na atividade da ecto-5'-
nucleotidase e um decréscimo na atividade da NPP em plaquetas destes animais (Furstenau et
al., 2007). Além disso, sabe-se que o receptor P2X, € 0 receptor P2 mais expresso no
endotélio e camundongos deficientes neste receptor apresentam niveis mais altos de presséo
sanguinea e excretam quantidades menores dos produtos do NO na sua urina em comparagao
com camundongos selvagens (Yamamoto et al., 2006). Em 2005, um estudo relatou a
diminuicdo na fluidez da membrana plasmatica das EC de ratos velhos, o decréscimo na
atividade da ecto-5'-nucleotidase e a diminuicdo nos niveis de adenosina extracelular,
sugerindo que este contexto possa estar relacionado a hipertensdo nestes animais (Hashimoto
et al., 2005).

O envolvimento da sinalizacdo por nucleotideos no desenvolvimento da HAS também
tem sido evidenciado em humanos. Em 2003, um estudo demonstrou que pacientes
hipertensos e diabéticos/ hipertensos apresentavam diminui¢cdo na agregacdo plaquetaria e

nos tempos de sangramento e coagulagéo, os quais foram acompanhados por um aumento nas
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hidrolises de ATP e ADP (Lunkes et al., 2003). Além disso, a uridina tetrafosfato adenosina
(Up4A) tem sido apontada como um novo fator vasoconstritor mais potente do que a
endotelina na vasoconstri¢ao renal, podendo ser clivada em ATP e UTP e estimular ambos 0s
receptores P2X; e P2Y; nas VSMC, resultando no aumento da pressao arterial (Jankowski et
al., 2005). Finalmente, a expressdo proteica do receptor P2X, é regulada positivamente na
placenta em casos de pré-eclampsia (Roberts et al., 2007). Desta maneira, a liberagdo de ATP
estimulada por estresse de cisalnamento e sua acdo através dos receptores P2X, pode
representar um importante fator na regulacao da presséo arterial.

Apesar da grande quantidade de estudos disponiveis na literatura mostrando as
interacBes entre a sinalizacdo purinérgica e o contexto da HAS, pouco se conhece sobre a
relacdo entre a sinalizacdo por nucleotideos e a hipertenséo induzida pelo bloqueio da sintese

do NO por anélogos da L-arginina, como o L-NAME, por exemplo.
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OBJETIVOS

1. Objetivo Geral

Verificar a participacdo da sinalizacdo purinérgica na hipertensdo arterial induzida

por L-NAME.

2. Objetivos Especificos

2.1.  Auvaliar o perfil das atividades de ectonucleotidases em soro e plaquetas de

ratos submetidos a hipertensdo arterial pela administracdo de L-NAME.

2.2.  Avaliar o perfil das atividades de ectonucleotidases em membranas renais e o
padrdo de expressdo destas enzimas em rins de ratos submetidos a hipertensdo

arterial pela administracdo de L-NAME.

2.3.  Avaliar o efeito da hipertenséo induzida por L-NAME sobre as atividades de

hidrélise de nucleotideos em soro e em sinaptossoma cardiaco de ratos fémeas.
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Ectonucleotidase activities are altered in serum and platelets of L-NAME-treated rats
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Freitas Sarkis
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It is well known that hypertension is closely associated to the development of vascular diseases and that
the inhibition of nitric oxide biosynthesis by administration of Nw-Nitro-L-arginine methyl ester hydrochloride
(.-NAME) leads to arterial hypertension. In the vascular system, extracellular purines mediate several effects;
thus, ADP is the most important platelet agonist and recruiting agent, while adenosine, an end product of
nucleotide metabolism, is a vasodilator and inhibitor of platelet activation and recruitment. Members of several
families of enzymes, known as ectonucleotidases, including E-NTPDases (ecto-nucleoside triphosphate

diphosphohydrolase), E-NPP (ecto-nucleotide pyrophosphatase/phosphodiesterase) and 5’-nucleotidase

Keywords:

Ectonucleotidases are able to hydrolyze extracellular nucleotides until their respective nucleosides. We investigated the
Serum ectonucleotidase activities of serum and platelets from rats made hypertensive by oral administration of
Platelets L-NAME (30 mg/kg/day for 14 days or 30 mg/kg/day for 14 days plus 7 days of .L-NAME washout, in the drinking

L.-NAME-induced hypertension

water) in comparison to normotensive control rats. .-NAME promoted a significant rise in systolic blood
pressure from 112+9.8 to 158 £23 mmHg. The left ventricle weight index (LVWI) was increased in rats treated
with L-NAME for 14 days when compared to control animals. In serum samples, ATP, ADP and AMP hydrolysis
were reduced by about 27%, 36% and 27%, respectively. In platelets, the decrease in ATP, ADP and AMP
hydrolysis was approximately 27%, 24% and 32%, respectively. All parameters recovered after 7 days of .L-NAME
washout. HPLC demonstrated a reduction in ADP, AMP and hypoxanthine levels by about 64%, 69% and 87%,
respectively. In this study, we showed that ectonucleotidase activities are decreased in serum and platelets
from L-NAME-treated rats, which should represent an additional risk for the development of hypertension. The
modulation of ectonucleotidase activities may represent an approach to antihypertensive therapy via

inhibition of spontaneous platelet activation and recruitment, as well as thrombus formation.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Hypertension has been considered as one of the most important
factors associated with the development of vascular diseases. World-
wide hypertension is estimated to cause 7.1 million premature deaths
and its prevalence in developing countries is already as high as those
in developed countries [1]. This pathology can be caused by an in-
crease in the cardiac output volume or by an increase in peripheral
resistance [2], however, in 90% of patients with high blood pressure,
the cause of hypertension is unknown and these individuals are
termed carriers of essential hypertension.

Nitric oxide (NO) synthesis and release by endothelial cells play an
important vascular relaxation effect [3], contributing to the modula-
tion of vascular tone. In addition, NO has been identified as important

* Corresponding author. Universidade Federal do Rio Grande do Sul, Instituto de
Ciéncias Basicas da Satide, Departamento de Bioquimica, Rua Ramiro Barcelos, 2600 -
ANEXO, CEP 90035-003, Porto Alegre, RS, Brazil. Fax: + 55 51 3308 5540.

E-mail address: cristinafurstenau@terra.com.br (C.R. Fiirstenau).

1079-9796/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcmd.2008.04.009

in other cellular events, such as vascular smooth muscle cell prolifera-
tion [4] and neural transmission [5]. Chronic inhibition of NO produces
volume-dependent elevation of blood pressure and its physiological
and pathological characteristics resemble essential hypertension [6].
Besides, it is well established that acute inhibition of nitric oxide
biosynthesis by in vivo administration of Nw-Nitro-L-arginine methyl
ester hydrochloride (.-NAME), a L-arginine analogue, leads to arterial
hypertension and renal vasoconstriction [6].

In recent years, the participation of extracellular nucleotides in the
regulation of blood flow has become more evident. In the vascular
system, these molecules can recruit and activate platelets, activate
endothelial cells and induce vasoconstriction [7]. As such, ADP acts
upon platelets, regulating their aggregation and modifying their shape
[8], while ATP has been postulated to be a competitive inhibitor of ADP-
induced platelet aggregation [9]. Furthermore, adenosine, produced by
nucleotide catabolism, is recognized as a vasodilator and inhibitor of
platelet aggregation that can decrease arterial blood pressure [10].

The modulation of the nucleotide/nucleoside ratio in the circula-
tion can affect thrombosis and inflammation [11]. Members of several
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families of enzymes, known as ectonucleotidases, are able to hydrolyse
extracellular ATP and ADP [12], including E-NTPDase (ecto-nucleoside
triphosphate diphosphohydrolase) and E-NPP (ecto-nucleotide pyr-
ophosphatase/phosphodiesterase) families. The nucleotide hydrolysis
leads to AMP formation that, by the action of an ecto-5’-nucleotidase,
is converted to adenosine [13]. ATP and other nucleotides can be
broken down by ectonucleotidases both in the soluble form, located in
the interstitial medium or within body fluids, and in the membrane-
bound form [14]. The action of these enzymes is important for the
efficient regulation of extracellular nucleotide and adenosine levels
under physiological conditions [15,16].

Platelets maintain vascular integrity, promoting the primary and
secondary hemostasis that occurs after blood vessel damage [16].
Spontaneous platelet aggregation is largely reported in hypertension
cases [17] and its specific role in the pathophysiology of this disease
must be considered since platelets can promote thrombotic complica-
tions, serve as control systems for vascular tone and, in the active
state, promote atherosclerosis [18].

It is well established that a multienzymatic system for nucleotide
hydrolysis, constituted at least by the enzymes E-NTPDase, E-NPP and
ecto-5’-nucleotidase, is present both in serum [19,20] and on the
surface of intact platelets [21-23]. In this study we investigated the
ectonucleotidase activities in the serum and platelets of rats that
developed hypertension in response to oral administration of L-NAME
in comparison to normotensive control animals.

Materials
Chemicals

No-Nitro-L-arginine methyl ester hydrochloride (.-NAME) as well
as p-Nitrophenyl thymidine 5’-monophosphate (p-Nph-5’-TMP),
nucleotides and Trizma Base were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Tetrabutylammonium chloride was purchased from
Fluka (St. Louis, MO, USA) and anesthetic sodium thiopental from
Cristalia (S3o Paulo, SP, Brazil). Sepharose 2B gel was purchased from
Pharmacia (Uppsala, Sweden) and was de-aerated in a vacuum flask
before packing in a polyethylene column. The creatinine dosage kit
was obtained from Doles (Goidnia, GO, Brazil). Collagen was obtained
from Chrono-Log Co. (Havertown, PA). All other reagents were also of
analytical grade.

Animals

Male Wistar rats, weighing about 250 g, from our breeding stock
were maintained on a 12 h light/12 h dark cycle (lights on 7:00 a.m.) at
constant room temperature. Unless otherwise mentioned, they
received water and rat chow ad libitum. All protocols were in
accordance with the guidelines of the Colégio Brasileiro de Experi-
mentacdo Animal (COBEA), based on the Guide for the Care and Use of
Laboratory Animals (National Research Council) and all efforts were
made to minimize the number of animals used in this study and their
suffering.

Experimental protocols

Protocol 1 - The rats were randomly divided in two groups, normo-
tensive and hypertensive. In the hypertensive group, hypertension was
induced by the oral administration of the NOS (nitric oxide synthase)
inhibitor L-NAME (30 mg/kg body weight/day) in the drinking water for
14 days (L-NAME-treated group). In the normotensive group, the
animals received normal tap water throughout the entire experiment
(control group). These rats were euthanized on day 15.

Protocol 2 - For this protocol, both groups of animals (.-NAME-
treated and control groups) were treated exactly as described previously
in protocol 1, except for the washout (in the absence of L-NAME) per-

formed for a week between the end of the treatment and the day of the
experiment. Thus, in this protocol, the animals were euthanized on day
22 and used for further experiments.

Hemodynamic parameter determination

In all rats, systolic blood pressure (SBP) and heart rate (HR) were
measured in awake animals, three times during the treatments, at
approximately the same time of day by tail-cuff plethysmography
(Kent Scientific; RTBP1001 Rat Tail Blood Pressure System for rats and
mice, Litchfield, USA). Rats were conditioned with the apparatus
before measurements were taken. In protocol 1, SBP was recorded at
day 0 (before the beginning of the treatment), at day 7 (7 days after the
treatment with .-NAME began) and at day 14 (the last day of the
treatment). In protocol 2, SBP was measured at day O (before the
beginning of the treatment), at day 14 (the day .-NAME administration
was ceased) and at day 21 (7 days after washout and one day before
the animals were euthanized). The heart rate values were derived
from the pulsations detected by SBP.

Cardiac weight index

The cardiac weight index was determined as previously outlined
by Zanfolin [24], except the hearts were analyzed just after they were
removed (without fixation). Briefly, total ventricular weight was
obtained by removing both atria and left ventricle weight was deter-
mined after the removal of the right ventricle. Thus, both ven-
tricle VWI (Ventricle Weight Index) and LVWI (Left Ventricle Weight
Index) were obtained by the ratio of VW (in milligrams) or LVW
(in milligrams) to animal body weight (BW, in grams). The relation-
ship between cardiac weight and body weight was considered as an
index of cardiac hypertrophy [25]. In addition, cardiac hypertrophy
was also assessed and confirmed by analyzing LVWI as dry weight
(Dry-LVWI).

Platelet isolation

For platelet isolation, about 5.0 mL of blood was collected in plastic
tubes containing sodium citrate (3.8%, w/v). The blood was centri-
fuged at 200 xg for 5 min. The supernatant containing white blood
cells was then centrifuged at 200 xg for 30 min to generate platelet-
rich plasma (PRP). Resting platelets were then isolated exactly as
previously described by Hantgan [26]. Briefly, platelets were sepa-
rated from plasma by gel filtration on a 1.5x7.0 cm Sepharose 2B
column [21]. 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 0.05% (w/v) sodium azide, pH 6.8 (Ca®*-free Tyrode's buffer).
Platelets were eluted with the same buffer at room temperature.
Fractions containing about 0.5 mL of platelets were collected and the
tubes containing the maximum platelet content (visually determined)
were used for subsequent experiments. Polyethylene or siliconized
labware was used for all platelet isolation and incubation procedures.
The original platelet count in the animals was 503+83.35x10°/uL
(control group) and 498+41.88x10°/uL (L-NAME-treated group)
and the platelet count of the platelet-rich plasma (after the
plasma had been eluted from the Sepharose 2B column) used for
further experiments was 403+23.43x10%/uL (control group) and
427.67+92.73x10%/uL (.-NAME-treated group) (means+S.D., n=at
least 3 per group).

Isolation of serum

For enzymatic assays, blood samples were prepared as previously
described by Yegutkin (1997) [27], with minor modifications. Blood
was drawn after decapitation of male Wistar rats weighing about
250 g and was allowed to clot at room temperature for 30 min. Blood
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was centrifuged in glass tubes at 5000 xg for 5 min at room
temperature. The resultant serum samples were kept on ice and
immediately used for enzymatic assays.

The serum samples for HPLC assays were obtained by cardiac
puncture from anesthetized (sodium thiopental 40 mg kg™ ') adult
male rats. The blood was allowed to clot at room temperature for
30 min. Blood was then centrifuged at 5000 xg for 5 min at room
temperature and the serum was obtained [28].

Protein determination

Protein was measured by the Coomassie Blue method using bovine
serum albumin as standard [29].

Assays of Ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase)
and Ecto-5"-nucleotidase activities

For the assay of E-NTPDase and Ecto-5'-nucleotidase activities
from platelets, the reaction mixture employed contained 50 mM Tris-
HCl, 120 mM Nacl, 5.0 mM KCl, 60 mM glucose, 5.0 mM CaCl, or
5.0 mM MgCl,, pH 7.5, in a final volume of 200 pL. About 20 pg of
platelet protein were added per tube and protein was preincubated for
10 min at 37 °C. The enzyme reactions were started by the addition of
nucleotide (ATP/ADP for E-NTPDase and AMP for Ecto-5’-nucleoti-
dase) to a final concentration of 0.5 mM. After 60 min, trichloroacetic
acid (TCA) (5%, final concentration) was added to stop the reactions.
For the incubation of E-NTPDase and Ecto-5'-nucleotidase from serum
samples, the reaction mixtures contained 112.5 mM Tris-HCl, pH 8.0.
The content of protein was 1.0 mg per tube. To start the reactions,
substrates were added to the medium in a final concentration of
3.0 mM. TCA (5%, final concentration) was used to stop the enzymatic
reactions after 40 min of incubation. Incubation times and protein
concentrations were chosen to ensure the linearity of the enzymatic
reactions. The amount of inorganic phosphate (Pi) released was
carried out using a colorimetric method as previously outlined [30].
Controls to correct for non-enzymatic substrate hydrolysis were
performed by adding platelet preparations after the reactions had
been stopped with TCA. All samples were performed in triplicate.
Enzyme activities were generally expressed as nmol Pi released per
minute per milligram of protein.

Assay of ecto-nucleotide pyrophosphatase/phosphodiesterase (E-NPP)
activity

The phosphodiesterase activity was assessed using p-Nph-5’-TMP
(an artificial substrate), as previously outlined [20]. Briefly, for assay
of platelet E-NPP activity, the reaction medium containing 50 mM
Tris—HCI buffer, 120 mM NaCl, 5.0 mM KCl, 60 mM glucose, 5.0 mM
CaCl,, pH 8.9 was preincubated with approximately 20 pg per tube
of platelet protein for 10 min at 37 °C in a final volume of 200 pL.
Additionally, for assay of E-NPP activity in serum samples, the reac-
tion medium containing 100 mM Tris-HCl, pH 8.9, was preincu-
bated with approximately 1.0 mg of serum protein for 10 min at 37 °C.
The enzyme reactions were started by the addition of p-Nph-5’-TMP
to a final concentration of 0.5 mM. After the incubation time
(80 min for platelet protein and 8 min for serum), 200 pL NaOH
0.2 N was added to the medium to stop the reactions. Incubation
times and protein concentrations were chosen in order to ensure
the linearity of the reaction. The amount of p-nitrophenol released
from the substrate was measured at 400 nm using a molar extinc-
tion coefficient of 18.8x1073/M/cm. Controls to correct for non-
enzymatic substrate hydrolysis were performed by adding platelet
preparations after the reaction had been stopped with NaOH. All
samples were performed in triplicate. Enzyme activities were gener-
ally expressed as nmol p-nitrophenol released per minute per milli-
gram of protein.

Analysis of purine levels in serum by high pressure liquid chromatography
(HPLC)

The denaturation of sample proteins was performed using 0.6 mol/L
perchloric acid. All samples were then centrifuged (14000 xg for 10 min)
and the supernatants were neutralized with 4.0 N KOH and clarified
with a second centrifugation (14000 xg for 15 min). Aliquots of 50 pL
were applied to a reverse-phase HPLC system using a 25 cm Cgg
Shimadzu column (Shimadzuy, Japan) at 260 nm with a mobile phase
containing 60 mM KH,PO,4, 5.0 mM tetrabutylammonium chloride, pH
6.0, in 30% methanol according to a method previously described [31].
The peaks of purines (ATP, ADP, AMP, adenosine, inosine, allantoin,
hypoxanthine and uric acid) were identified by their retention times and
quantified by comparison with standards. The results are expressed by
the amount of the different compounds per mL of serum.

Platelet aggregation assays

The blood for platelet aggregation assays was collected by cardiac
puncture from anesthetized (sodium thiopental 40 mg kg™ !) adult male
rats into plastic tubes containing sodium citrate (3.8%, wj/v). Blood
samples were centrifuged at 200 xg for 15 min at room temperature to
achieve a platelet-rich plasma (PRP) suspension. Platelet aggregation
assays were performed on a SpectraMax microplate reader (Molecular
Devices, USA), as previously described [32], with further modifications.
Briefly, platelet agonists (10 M ADP or 2.0 ug/mL collagen), 2.0 mM CaCl,
and Tyrode/BSA were mixed in 96-well-flat-bottom plates. Aggregation
was triggered by the addition of 100 LL of platelet suspension in a final
reaction volume of 150 plL. The plate was incubated for 2 min at 37 °C
before the beginning of stirring and readings were followed at 650 nm
every 11 s for 20 min. Changes in turbidity were measured in absorbance
units and the results were obtained as area under the aggregation curves.
Platelet aggregation and shape change were also monitored using an
aggregometer (Chrono-Log Co., Havertown, PA).

Data analysis

Results are expressed as means +standard deviation (S.D.). The com-
parison among groups was made by Student's t test for independent
samples. Statistically significant differences between groups were
considered for a P<0.05.
Results

Hypertension model validation

It is well known that the inhibition of nitric oxide biosynthesis
causes hypertension [3]. In the present study, the oral administration
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Fig. 1. Systolic blood pressure (SBP) measurements. SBP was followed as described in
Materials. Results are presented as means*S.D. for at least 12 (Protocol 1) and 9
(Protocol 2) animals per group. The comparison among groups was made by Student’s t
test for independent samples. * Represents significant statistical difference compared to
the respective control group, considering P<0.05.
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Table 1
Heart rate and cardiac index

After 14 days of treatment After 14 days of treatment

plus 7 days of .-NAME

washout
Control L-NAME Control L-NAME
Heart rate (cpm) 369+14.5 349+16 368+23 369+1.27
BW (g) 270+28 255+29 256+21 249+27
VWI (mg/g) 2.9+0.21 3.0+£0.32 2.8+0.2 2.81+0.21
LVWI (mg/g) 1.45+0.32 1.71£0.31* 1.51+0.21 1.51+0.2
Dry-LVWI (mg/g) 0.33+0.04 0.40+0.05* - -

Results are presented as means+S.D. of at least 12 (Protocol 1) and 9 (Protocol 2)
animals per group. The comparison among groups was made by Student’s t test for
independent samples. * Represents significant statistical difference compared to the
respective control group, considering P<0.05.

of L-NAME (an inhibitor of nitric oxide synthase) in the tap water for
14 days, was associated with a progressive and significant rise in SBP
from 112.52+9.87 mmHg in the control group to 157.93+23.17 mmHg
in the .-NAME-treated group. After 7 days of .-NAME washout, blood
pressure returned to control levels (Fig. 1).

No difference was observed in the water consumption after
administration of .-NAME among the experimental groups. Moreover,
the heart rate, expressed as cycles per minute (cpm), remained un-
changed in the .-NAME-treated group in both protocols compared to
the respective control group. With regard to the left ventricle weight
index (LVWI), animals treated for 14 days with .-NAME had a sig-
nificant increase in this index when compared to control animals. This
index returned to normal after 7 days of L-NAME washout (Table 1).
Wet-to-dry weight ratios did not differ significantly among the groups.
This indicates that the .-NAME-induced changes were due to changes
in cardiac muscle mass and not in myocardial water content.
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Fig. 2. Effect of .-NAME on ectonucleotidase activities. ATP, ADP and AMP hydrolysis were
reduced in both serum (A) and platelets (B) from animals orally treated with .-NAME
during 14 days. Results are expressed as means+S.D. (n=6 for each substrate tested in
serum and n=6, 9, 9, 6 for ATP, ADP, AMP and p-Nph-5'TMP, respectively, in platelets). The
comparison among groups was analyzed by Student’s ¢t test for independent samples.
* Represents significant statistical compared to the respective control group, considering
P<0.05.

Effect of L-NAME on ectonucleotidase activities in serum and platelets

The oral administration of L-NAME in the tap water for 14 days was
associated with a reduction in ATP, ADP and AMP hydrolysis by serum
and platelets. In serum samples, ATP, ADP and AMP hydrolysis were
reduced by about 27%, 36% and 27%, respectively (Fig. 2A). In platelets,
the hydrolysis of ATP was diminished by about 27%, while ADP
hydrolysis was decreased by 24%, and AMP hydrolysis was reduced
by approximately 32% (Fig. 2B). No changes were observed in the
hydrolysis of the E-NPP substrate, p-Nph-5’-TMP, either in serum or
platelets (Fig. 2A and B).

To determine if the effects in both serum and platelets fractions on
the ectonucleotidase activities were caused by the L-NAME per se or by
the hypertension, a second protocol was developed as described in the
Materials section. After 14 days of treatment with L-NAME plus 7 days
of L-NAME washout, the reduction in ectonucleotidase activities was
reversed in the serum (Fig. 3A) as well as in the platelets (Fig. 3B).
Systolic blood pressure levels after 14 days of L-NAME treatment plus
7 days of drug washout were also reduced to the control levels as
indicated in Fig. 1.

In vitro effect of L-NAME on ectonucleotidase activities in serum and
platelets

The direct effect of L-NAME upon ectonucleotidase activities was
tested by incubating serum and platelet samples obtained from
untreated animals with different .-NAME concentrations (from 0.1 to
1.0 mM). .-NAME administered in vitro was not able to alter the
ectonucleotidase activities of either serum or platelets from untreated
rats of all concentrations tested (Table 2).
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Fig. 3. Effect of .L-NAME washout on ectonucleotidase activities. The decrease in
ectonucleotidase activities was recovered both in serum (A) and in platelets (B) after
7 days of L-NAME washout following L-NAME treatment for 14 days. Results are
presented as means+S.D. of n=4, 5, 5, 7 (serum) and n=5, 5, 8, 11 (platelets) for ATP,
ADP, AMP and p-Nph-5'TMP as substrates, respectively. The comparison among groups
was made by Student's ¢ test for independent samples. * Represents significant
statistical difference compared to the respective control group, considering P<0.05.
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Table 2
In vitro effect of L-NAME on ectonucleotidase activities from serum and platelets
L-NAME (mM) Blood serum Platelets

ATP ADP AMP 5'TMP ATP ADP AMP 5'TMP
0.00 1.86+0.28 1.65+£0.29 1.48+0.24 3.04+0.49 7.62+1.26 455+2.02 1.78+0.72 2.57+0.75
0.10 1.70£0.37 1.72+£0.20 1.40+0.38 3.24+0.54 716+2.20 3.94+2.15 1.58+0.33 2.09+0.09
0.30 1.87£0.37 1.69+0.39 1.42+0.35 3.03+0.34 7.54%2.16 4.53+2.20 1.47+0.30 2.25+0.29
0.50 1.64+0.10 1.51£0.21 1.29+0.31 3.20+0.26 6.78£1.65 3.79+£1.93 1.29+0.44 2.35+0.46
0.75 1.83+£0.58 1.51£0.14 1.40£0.09 3.04+0.17 6.14+0.86 3.45+141 1.45+0.49 2.32+0.40
1.00 1.58+0.34 1.57+0.36 1.52+£0.35 3.36x0.17 6.64+1.27 4.25+1.60 1.21+£0.29 2.51£0.25

Results are presented as means+S.D. of at least 5 (serum) and 6 (platelets) independent experiments for each substrate tested.

Purine level measurement

The purine levels in the serum of control animals and animals
treated with .-NAME for 14 days was measured by HPLC. The levels
of ADP, AMP and hypoxanthine were significantly diminished in
L-NAME-treated rats when compared to the control group. The reduc-
tions in ADP, AMP and hypoxanthine levels were of around 64%, 69%
and 87%, respectively (Table 3).

Effect of L-NAME on platelet function

Fig. 4 shows the effect of .-NAME treatment on ADP and collagen-
induced platelet aggregation. Results (means+S.D.) are expressed as
percentage of maximal aggregation of four replicates for each group.
The control group was considered as 100% of platelet aggregation.
Despite the fact that no statistical differences were observed in
platelet aggregation between the control and L.-NAME-treated groups
(Fig. 4A), it was visually noted that the size of the platelet aggregates
formed when collagen was used as agonist was bigger in the .-NAME-
treated group than those formed in the control group. This difference
was also observed when using aggregometer to assess the platelet
function (Fig. 4B).

Discussion

Arterial hypertension involves complex interactions between
homeostatic control and environmental factors [6] and can frequently
coexist with other abnormalities, such as aberrations in platelet
function, that play an important role in the development of athero-
sclerosis [33]. Therefore, the goal of antihypertensive therapy is not only
to reduce blood pressure, but also to treat its associated risk factors.

Many authors have reported the ability of the arginine analogue,
L.-NAME, to induce systemic arterial hypertension [24,34,35], which
probably occurs due to the capacity of .-NAME to inhibit the pro-
duction of nitric oxide, a well known vasodilator molecule, by blocking
nitric oxide synthase (NOS) activity [36]. In the present study, we

Table 3
Purine level measurement

Control (nmol/mL) L-NAME-treated (nmol/mL)

ATP 0.600+0.194 0.469+0.180
ADP 0.249+0.061 0.090+0.040**
AMP 0.419+0.149 0.129+0.096*
Adenosine 13.515+4.239 19.519+6.168
Inosine 0.413+0.097 0.385+0.100
Allantoin 1.303+0.35 1.275+0.318
Hypoxanthine 70.670+12.41 8.810+3.273*
Uric Acid 234.481+52.52 239.263+35.972

The measurement of purine levels from serum of control and L.-NAME-treated animals
during 14 days was addressed using HPLC methodology, as described in the Materials
section. Results are presented as means+S.D. (n=5 for control group and n=9 for .L-NAME-
treated group). The comparison among groups was made by Student’s t test for
independent samples. Statistical significant differences were considered for a P<0.05(*)
and for a P<0.01 (**).

verified a significant rise in systolic blood pressure after 14 days of
treatment with L-NAME (30 mg/kg/day), exactly as previously
described by Balbinott and colleagues [37] (Fig. 1). It is well established
that prolonged times of treatment, as well as higher doses of L-NAME,
can lead to renal complications [24]. However, the specific protocol
performed here to induce hypertension did not cause renal dysfunc-
tion since we could not observe differences between serum creatinine
levels in control and .-NAME-treated animals (data not shown).

An increased left ventricle weight index (LVWI) value represents
a cardiac alteration that is closely associated with hypertension. In
Table 1, a significant increase in LVWI is shown in animals treated with
L-NAME for 14 days, which reverses after 7 days of .-NAME washout.
The increase in LVWI during L.-NAME treatment is consistent with
the cardiac hypertrophy associated with increased blood pressure
[38], since the weight of the left ventricle is augmented in relation to
the body weight, even considering the left ventricle dry weight. As
previously indicated by Shapiro and colleagues [39], in its initial
stages, the hypertrophied ventricle compensates for the increased
workload, but in later stages this condition can lead to heart failure.
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Fig. 4. Effect of .L-NAME treatment on ADP- or collagen-induced platelet aggregation. (A) PRP
from control animals in 96-microwell plates were exposed to 10 pM ADP or 2.0 pug/mL
collagen (100% platelet aggregation). Aggregation plates were monitored every 11 s during
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Aggregometer. Each tracing is representative of at least four similar experiments.
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ATP, ADP and AMP hydrolysis were diminished in both serum and
platelets of rats treated for 14 days with .-NAME in comparison to
their respective control groups (Fig. 2). Taken together, these results
could result in augmentation in platelet activation and aggregation,
since ADP could accumulate in the extracellular milieu, and AMP
hydrolysis is decreased, leading to decreased adenosine production.
Thus, these data appear to agree with the finding that spontaneous
platelet aggregation has been reported in cases of hypertension [17].

After treatment with -NAME and subsequent 7 days of drug
washout, no differences were observed in the hydrolysis of all substrates
tested relative to their respective controls, both in serum and platelets
(Fig. 3). Moreover, the levels of arterial systolic blood pressure returned
to control levels (Fig. 1). Additionally, in vitro .-NAME did not alter
ectonucleotidase activities in serum and platelets (Table 2), indicating
that the drug was not able to induce any direct effect upon these
enzymes. Thus, we cannot be certain whether the effects found in this
study were due to .-NAME treatment, hypertension, or the combination
of both conditions. The use of an anti-hypertensive drug that does not
interact with the NO pathway together with L-NAME treatment might be
able to differentiate between these effects.

Since ectonucleotidase activities are diminished in serum and
platelets from L.-NAME-treated animals, one would expect that serum
purine levels would be increased. Surprisingly, ADP, AMP and
hypoxanthine serum levels were decreased in L-NAME-treated animals
(Table 3). We speculate that a compensatory mechanism occurs in
order to avoid platelet aggregation and atherosclerosis development.
We measured ectonucleotidase activities from serum and platelets, but
we did not measure the action of NTPDase1 (endothelial CD39), the
major ectonucleotidase in the vasculature [40]. This activity could be
increased to compensate for the reduced ectonucleotidase activities
observed in serum and platelets. Some reports describe the therapeu-
tic potential of NTPDasel for regulating nucleotide receptor (P2)
function in the vasculature against, among other effects, thrombotic/
inflammatory stress [41]. Also, Sévigny et al. [42] demonstrated that
NTPDase1 interacts with the blood circulation and abrogates platelet
aggregation. Thus, the participation of serum and platelets in the
hydrolysis of circulating nucleotides could be different, but no less
important, in comparison to the participation of NTPDasel. As such,
further studies are necessary in order to answer the questions raised
here.

Another consideration with regard to the discrepancy observed
between the reduction in substrate hydrolysis and the results found
using HPLC concerns the fact that purine catabolism is altered in
essential hypertension, compared to normotensive individuals.
Although Kinugawa and colleagues [43] did not address ADP and AMP
levels, they reported that hypoxanthine levels were decreased in plasma
from patients with hypertension submitted to exercise (to induce purine
degradation).

We also performed some studies to assess the effect of .L-NAME on
platelet function. Fig. 4 shows that no differences in platelet aggre-
gation were found between the control and L-NAME-treated groups.
However, we observed a tendency to increased platelet aggregation in
the L.-NAME-treated group when either ADP or collagen was used as
the platelet agonist. We speculate that this tendency could be
confirmed with increases in the duration of .-NAME treatment, since
the nitric oxide insufficiency is largely related to platelet activation and
hyperaggregability [44-46].

In summary, we have shown that ectonucleotidase activities are
altered in the serum and platelets from L-NAME-treated rats. The
decrease in circulating nucleotide hydrolysis in L-NAME-treated
animals may represent an additional risk factor for the initiation,
the development, and the progress of arterial systemic hypertension.
The modulation of ectonucleotidase activities both in serum and
platelets could be valuable in antihypertensive therapy by regulating
spontaneous platelet aggregation, as well as thrombus formation,
which are important in the pathology of hypertension.
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Abstract

The kidneys serve to maintain fluid and electrolyte homeostasis by adapting renal excretion
to bodily needs. Extracellular nucleotides (ATP, ADP, UTP and UDP) as well as the
nucleoside adenosine are widely accepted as autocrine or paracrine signaling agents in
different tissues, including the kidneys. The breakdown of these molecules involves several
ectoenzymes called ectonucleotidases, which influence the extent of purinergic receptors
activation. In the kidney, ATP and adenosine are known to participate in the regulation of
renal microcirculation, renin secretion, and tubular function. Aims: To investigate the effect
of Nw-Nitro-L-arginine methyl ester (L-NAME) treatment, known to induce a sustained
elevation of blood pressure, on ectonucleotidase activities in kidney membranes of rats. Main
methods: L-NAME (30 mg/Kg/day) was administered to Wistar rats for 14 days in the
drinking water. Enzyme activities were evaluated colorimetrically and their gene expression
patterns were analyzed by semi-quantitative RT-PCR. Key findings: We observed an increase
in systolic blood pressure from 115 + 12 mmHg (control group) to 152 + 18 mmHg (L-
NAME-treated group). Besides, the hydrolysis of ATP, ADP, AMP, and p-Nph-5TMP were
also increased (17%, 35%, 27%, 20%, respectively) as well as the gene expression of
NTPDase2, NTPDase 3 and NPP3 in kidneys of hypertensive animals. Significance: The
general augmentation in ATP hydrolysis and in ecto-5’-nucleotidase activity indirectly
suggests an increment in renal adenosine levels and in renal autoregulatory responses in order
to protect the kidney from the threat offered by hypertension.

Keywords: ectonucleotidases, L-NAME-treatment, hypertension, ATP, adenosine, kidney,

rat
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Introduction

Extracellular nucleotides and nucleosides exert a wide range of responses in several organs
and tissues. ATP and ADP act throughout the activation of two major subfamilies of
nucleotide-selective receptors, P2X and P2Y (Yegutkin 2008). Currently, seven subtypes of
P2X ionotropic ligand-gated ion channel receptors (P2X;7) and eight subtypes of P2Y
metabotropic G-protein coupled receptors (P2Y124611121314) are clearly established and
broadly distributed in different cell types (Burnstock 2006, Burnstock and Knight 2004).
Moreover, there are four subtypes of P1 receptors (Zimmermann 2001), namely Ai, Aza, Azg,

and Ags that respond to the nucleoside adenosine (Burnstock 2006).

The breakdown of extracellular nucleotides involves several ectoenzymes, called
ectonucleotidases (Lemmens et al. 2000). These enzymes can be located on the cell surface or
may also be in the interstitial medium or within body fluids (Zimmermann 2001) and exhibit
a broad substrate specificity and tissue distribution. The hydrolysis of nucleotides have
included a role for ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases), ecto-
nucleotide pyrophosphatase/phosphodiesterases (E-NPPs), ecto-5'-nucleotidases, and alkaline
phosphatases (Yegutkin 2008). In mammals, eight different genes encode members of the
NTPDase protein family (NTPDasel-8), which present different preference for substrates as
well as different tissue distribution (Robson et al. 2006). NTPDasel, 2, 3 and 8 are expressed
as cell surface-located enzymes; NTPDase5 and 6 exhibit intracellular localization and can be
secreted; and NTPDase4 and 7 have an intracellular localization (Yegutkin 2008). The E-
NPP family consists of seven members (NPP1 — NPP7), but only the first three members
(NPP1 — NPP3) are able to hydrolyze extracellular nucleotides (Goding et al. 2003). Surface-
associated ecto-5'-nucleotidase (CD73) efficiently hydrolyzes AMP leading to the production
of adenosine (Zimmermann 1992). The coordinated action of these enzymes is important for
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the efficient regulation of extracellular nucleotide and adenosine levels under

physio(patho)logical conditions (Agteresch et al. 1999).

Kidneys are important excretory and regulatory organs since they serve to maintain fluid and
electrolyte homeostasis by adapting renal excretion to bodily needs (Vallon 2008). It is
known that ATP can be released by virtually all renal cells and it has been found in the
tubular fluid and final urine (Vekaria et al. 2006, Schwiebert 2001). The kidney is composed
of several different cell types and reveals a complex pattern of expression for P1 and P2
receptors, which are particularly found in glomeruli and tubules (Guan et al. 2007, Vitzthum
et al. 2004, Turner et al. 2003). Accordingly, ectonucleotidases are also differentially
expressed along the rat nephron and they can influence the activation of kidney purinoceptors
by nucleotides and nucleosides (Vekaria et al. 2006). The purinergic signaling has been
shown to participate in the regulation of renal function in a wide range of processes,
including glomerular hemodynamics, microvascular function, tubuloglomerular feedback

(TGF) and tubular transport (Kishore et al. 2005).

Arterial hypertension has been considered as one of the main factors associated to the
development of vascular diseases (Whitworth 2003). Kidneys are important regulators of
blood pressure since they are directly committed with the control of sodium and water
balance and, consequently, with the control of extracellular volume (Rodrigues et al. 2006).
Experimental evidence shows that in some hypertensive animal models renal autoregulation
is impaired or renal autoregulatory response is reduced (Imig and Inscho 2002, Persson
2002). Chronic inhibition of NO synthesis, by the administration of L-arginine analogues like
No-Nitro-L-arginine methyl ester (L-NAME), produces volume-dependent elevation of

blood pressure and renal vasoconstriction (Lerman et al. 2005).
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Considering the wide range of effects of purines in the kidney and the broad distribution of
purinoceptors and ectonucleotidases along this organ, it is reasonable to question the general
balance of ectonucleotidases activities in the pathophysiology of hypertension. In the present
study we investigated the effect of L-NAME treatment on ectonucleotidase activities in

kidney membranes of rats.

Materials and Methods

Chemicals

No-Nitro-L-arginine methyl ester hydrochloride (L-NAME), p-Nitrophenyl thymidine 5'-
monophosphate (p-Nph-5'-TMP), nucleotides, and Trizma Base were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Percoll was purchased from Pharmacia (Uppsala, Sweden)
and was routinely filtered through Millipore AP15 prefilters to remove aggregated and
incompletely coated particles. Creatinine dosage kit was obtained from Doles (Goiénia, GO,
Brazil). TRIzol® Reagent, dNTPs, oligonucleotides, Taq polymerase, Low DNA Mass
Ladder and SuperScript™ III First-Strand Synthesis SuperMix were purchased from
Invitrogen (Carlsbad, CA, USA). Primers were obtained from Integrated DNA Technologies

(Coralville, 1A, USA) and GelRed ™ was obtained from Biotium (Hayward, CA).

Animals

Male Wistar rats (~ 250 g) from our breeding stock were maintained on a 12 h light/ 12 h
dark cycle (lights on 7:00 a.m.) at a constant room temperature of 23 + 1°C. Unless otherwise
mentioned, they received water and rat chow ad libitum. All protocols were performed in

accordance with the guidelines of the Colégio Brasileiro de Experimentacdo Animal
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(COBEA), based on the Guide for the Care and Use of Laboratory Animals (National
Research Council) and all efforts were made to minimize the number of animals used as well

as their suffering.

Experimental Protocols

In the first set of experiments, the animals were randomly divided in two groups,
normotensive and hypertensive. Hypertension was induced as previously outlined (Balbinott
et al. 2005). Briefly, the inhibitor of nitric oxide synthase (NOS), L-NAME (30 mg/Kg body
weight/day), was administered in the drinking water for 14 days (L-NAME-treated group).
The normotensive group received normal tap water throughout the entire experiment (control
group). The animals were euthanized on day 15.

In the second set of experiments, both groups (L-NAME-treated and control) received the
treatments exactly as described above, except for the washout period (in the absence of L-
NAME), performed for a week between the end of the treatment and the day of the

experiment. Therefore, in this set of experiments, the animals were euthanized on day 22.

Systolic Blood Pressure Determination

Systolic blood pressure (SBP) and heart rate (HR) were assessed in awake animals for three
times during the treatments, at approximately the same time of day by tail-cuff
plethysmography (Kent Scientific; RTBP1001 Rat Tail Blood Pressure System for rats and
mice, Litchfield, USA). The rats were accommodated to the apparatus before taking the
measurements. In the first set of experiments, SBP was recorded at day O (before the
beginning of the treatment), at day 7 (7 days after starting L-NAME treatment) and at day 14

(the last day of the treatment). In the second set of experiments, SBP was measured at day 0
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(before the beginning of the treatment), at day 14 (the day in which the L-NAME
administration was ceased) and at day 21 (7 days after L-NAME washout and one day before
animals were euthanized). The heart rate values were derived from the pulsations detected by

SBP.

Creatinine Levels Measurements
Increased levels of creatinine in the serum can indicate loss of renal function. We assessed
the levels of serum creatinine in both control and L-NAME-treated animals, using a

colorimetric kit according to the manufacturer's instructions.

Kidney Membranes Preparation

Kidney membranes were prepared essentially as previously outlined by Nagy and Delgado-
Escueta (Nagy and Delgado-Escueta 1984) with minor modifications. Briefly, about 1.0 g of
both right and left kidneys were dissected on ice, washed and homogenized (20 strokes at
1500 rpm) in 10 volumes of a medium containing 0.32 M sucrose, 0.1 mM EDTA and 5.0
mM HEPES, pH 7.5 (Medium I), and then centrifuged at 1000 x g during 10 minutes. The
supernatant was collected and centrifuged again at 12000 x g for 20 minutes. The supernatant
was discarded and the pellet was resuspended in 1.2 mL of Medium I, and an aliquot of 1.0
mL was mixed with 4.0 mL of 8.5% Percoll solution and layered onto an isoosmotic
discontinuous Percoll/sucrose gradient (10%/16%). After another centrifugation at 15000 x g
for 20 minutes, the fractions that banded at the 10%/16% Percoll interface were collected
with a wide-tip disposable plastic transfer pipette. The kidney membrane fraction was washed
twice with Medium | at 15000 x g for 20 minutes to remove the contaminating Percoll. The

pellet from the second centrifugation was resuspended in order to reach a final concentration
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of 0.5 — 0.8 mg/mL. The membranes were prepared fresh daily and maintained at 0 — 4°C

throughout the experimental procedure.

Protein Determination
Protein was measured by the Coomassie Blue method using bovine serum albumin as

standard (Bradford 1976).

Assays of Ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase) and Ecto-5'-
nucleotidase Activities

For the measurement of ATP hydrolysis in membrane fractions, the reaction mixture
employed contained 45 mM Tris-HCI, 5.0 mM KCI, 0.1 mM EDTA, 10 mM glucose, 225
mM sucrose, 1.5 mM CaCl,, 0.1 mM sodium azide, 2.0 pg/mL oligomycin, pH 7.5, in a final
volume of 200 pL. ADP hydrolysis was assessed using the same reaction mixture described
above, except by the fact that 1.0 mM CaCl, was used and neither sodium azide nor
oligomycin were employed in these assays. The activity of ecto-5'-nucleotidase was
determined in a reaction medium containing 100 mM Tris-HCI, 1.0 mM MgSOy, pH 7.5, in a
final volume of 200 uL. About 13 pg of kidney membrane protein were added per tube and
were preincubated for 10 minutes at 37 °C. The enzyme reactions were started by the addition
of nucleotide as substrates in a final concentration of 1.0 mM (ATP/ADP) or 2.0 mM (AMP).
After 10 minutes of incubation, trichloroacetic acid (TCA) (5%, v/v, final concentration) was
added to stop the reactions. Incubation times, protein concentrations, reaction mixtures, and
substrate concentration were used according to a study previously published (Vieira et al.
2001). The amount of inorganic phosphate (Pi) released was carried out using a colorimetric
method as previously outlined by Chan and colleagues (Chan et al. 1986). Controls to correct

for the non-enzymatic hydrolysis of the substrate were performed by adding membrane
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proteins after stopping the reactions with TCA. All samples were performed in triplicate.
Enzyme activities were generally expressed as nmol Pi released per minute per milligram of

protein.

Assay of Ecto-nucleotide pyrophosphatase/phosphodiesterase (E-NPP) Activity

The phosphodiesterase activity was assessed using p-Nph-5-TMP as an artificial substrate.
Briefly, the reaction medium contained 50 mM Tris-HCI buffer, 5.0 mM KCI, 0.1 mM
EDTA, 10 mM glucose, 225 mM sucrose, 1.5 mM CaCl,, pH 8.9 and was preincubated with
approximately 13 ug per tube of kidney membrane protein for 10 minutes at 37 °C in a final
volume of 200 uL. The enzyme reaction was started by the addition of p-Nph-5-TMP to a
final concentration of 0.5 mM. After 10 minutes of incubation, 200 uL of 0.2 N NaOH was
used to stop the reaction. Incubation time and protein concentration were chosen in order to
ensure the linearity of the reaction. The amount of p-nitrophenol released from the substrate
was measured at 400 nm using a molar extinction coefficient of 18.8 X 10°*/M/cm. Controls
to correct for the non-enzymatic substrate hydrolysis were performed by adding kidney
membrane protein after stopping the reaction NaOH. All samples were performed in
triplicate. Enzyme activity was generally expressed as nmol p-nitrophenol released per

minute per milligram of protein.

Analysis of Gene Expression by Semi-quantitative RT-PCR

Analysis of the expression of NTPDases 1, 2, 3 and 8, 5'-nucleotidase, and NPPs 1, 2 and 3
were carried out by a semi-quantitative reverse transcriptase-polymerase chain reaction (RT-
PCR) assay. After 14 days of the treatment with L-NAME, about 1.0 g of both right and left
kidneys of rats was isolated for total RNA extraction using TRIzol® Reagent. RNA purity was

quantified spectrophotometrically and assessed by electrophoresis in a 1.0% agarose gel
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containing ethidium bromide. The cDNA species were synthesized using SuperScript™ 11
First-Strand Synthesis SuperMix from 3 pg of total RNA following suppliers. For PCR
assays, 1 uL cDNA was used as a template. CDNA was screened with specific primers for
NTPDasel-3 and 8, 5'-nucleotidase, and NPP1-3. The p-actin gene was used for
normalization as a constitutive gene. PCR reactions had a volume of 25 pL using a
concentration of 0.2 uM of each primer, 200 uM MgCl, and 1 U Taq polymerase. The
cycling conditions for all PCR were as follows: Initial 1 minute of denaturation at 94°C, 1
min at 94°C, 1 minute of annealing (NTPDasel, 3, 8, NPP2, 3 and 5'-nucleotidase: 65°C;
NTPDase2: 66°C; NPP1: 60°C; B-actin: 58.5°C), and 1 minute of extension at 72°C. These
steps were repeated for 35 cycles. Finally, a 10 minutes final extension step at 72°C was
performed. Primers sequences as well as the amplification products are listed in Table 1. Ten
microliters of the PCR reaction were analyzed on 1% agarose gel using GelRed™ and
photographed under UV light. The Low DNA Mass Ladder was used as a molecular marker.
The images of stained PCR products were analyzed by optical densitometry and semi-

quantified (enzyme/ B-actin mRNA ratio) using the computer software Image J.

Data Analysis

Results are expressed as means + standard deviation (S.D.). The comparison among groups
was made by Student's t test for independent samples. Statistically significant differences

between groups were considered for a P<0.05.
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Results

Blood Pressure and Levels of Serum Creatinine

The hypertension caused by the inhibition of nitric oxide biosynthesis is well established
(Katsumi et al. 2007). In the present study, we reported that oral administration of L-NAME
(30 mg/Kg/day for 14 days) lead to a remarkable increase in SBP from 114.63 + 12.38
mmHg (control group, n=10) to 152.43 + 18.38 mmHg (L-NAME-treated group, n=13).
After 7 days of L-NAME washout, blood pressure values returned to control levels (115.78 +
14.93 mmHg, n=5 and 116.47 + 13.60 mmHg, n=5, in the control and L-NAME-treated
groups, respectively). Additionally, no differences were observed in the HR between the
experimental groups (data not shown). Moreover, the arterial hypertension induced by L-
NAME treatment was not able to modify serum creatinine levels (0.706 £ 0.010 mg/dL, n=10

in control group versus 0.682 + 0.09 mg/dL, n=13 in L-NAME-treated group).

Effect of L-NAME on ectonucleotidase activities in kidney membranes

Figure 1 shows that oral administration of L-NAME for 14 days was associated to an increase
in ATP, ADP, AMP and p-Nph-5TMP hydrolysis in kidney membranes. The pattern of
substrate hydrolysis reveals a ratio of ATP/ADP/AMP/p-Nph-5TMP hydrolysis of
approximately 2.3:1:1:1. Furthermore, ATP hydrolysis (A) was augmented by about 17%;
ADP hydrolysis (B) was increased in 35%; the hydrolysis of AMP (C) was augmented in
27%; and the hydrolysis of the E-NPP substrate (D) was increased in 20%. In order to
determine if the effects on ectonucleotidase activities could be reversed by stopping the
treatment, a 7 days period of L-NAME washout was performed and enzymatic activities were

evaluated again. Figure 2 shows that after 14 days of treatment with L-NAME plus 7 days of
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L-NAME washout, both the hypertension and the increase in ectonucleotidase activities were

reversed to control levels.

In addition to the results presented above, it was performed an in vitro protocol in order to
assess the direct effect of L-NAME upon ectonucleotidase activities by incubating kidney
membranes obtained from untreated animals with five different concentrations of L-NAME
ranging from 0.1 to 1.0 mM. We found that L-NAME in vitro was not able to alter

ectonucleotidase activities in kidney membranes in all concentrations tested (data not shown).

Effect of L-NAME treatment on ectonucleotidases mMRNA expression

Since we found alterations on nucleotide hydrolysis after L-NAME treatment, we further
evaluated the ectonucleotidases mRNA expression patterns after such treatment. Using
specific primers (listed in Table 1), mMRNAs for NTPDasel,2,3 and 8, ecto-5-nucleotidase,
NPP1,2 and NPP3 (Figure 3 and data not shown) were detected. The increases observed in
ectonucleotidase activities can be a consequence of transcriptional control and/or post-
translational regulation. Then, semi-quantitative RT-PCR analyses were made when Kinetic
alterations were observed. Results showed that the relative amount of E-NTPDase2, 3 and E-
NPP3 transcripts were significantly increased (26.4%, 16% and 11%, respectively) in L-
NAME-treated animals when compared to control animals (Figure 3A, 3B and 3C,

respectively).
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Discussion

The hydrolysis of ATP, ADP, AMP, and p-Nph-5-TMP were increased in animals treated
with L-NAME when compared to their respective untreated controls (Figure 1A — D,
respectively). In addition, we found that ATP is hydrolyzed approximately 2.30 times better
than other substrates, which is consistent with data previously reported in the literature for
kidney membranes (Vieira et al. 2001). Different mechanisms can regulate ectonucleotidase
activities, including transcriptional and/ or post-translational modifications. A semi-
quantitative RT-PCR analysis of the patterns of ectonucleotidase gene expression after L-
NAME treatment showed a significant increase in mRNA transcript levels of NTPDase2 and
3, and NPP3 (Figure 3A, 3B and 3C, respectively). Previous studies have already
demonstrated that the enzymes able to hydrolyze extracellular nucleotides can be regulated at
the transcriptional level following a drug treatment (Vuaden et al. 2007, Pedrazza et al. 2008,
Rico et al. 2008). Therefore, we believe that augmented expression of NTPDase2,
NTPDase3, and NPP3 could contribute for the enhancement observed in ATP, ADP and p-

Nph-5-TMP hydrolysis in kidney membranes of L-NAME-treated animals.

Conversely, the increase observed in AMP hydrolysis in hypertensive group was not
followed by an increase in ecto-5'-nucleotidase mRNA transcript levels (data not shown).
However, this activity could be regulated by post-translational events, which could explain
the increment verified in AMP hydrolysis. Using NetPhosK, a kinase-specific prediction of

protein phosphorylation sites tool at http://www.cbs.dtu.dk, we verified that ecto-5'-

nucleotidase sequence presents at least two sites with high possibility of phosphorylation by
PKC located at threonine-432 and 479 residues. Our hypothesis is supported by other studies
that have already demonstrated the modulatory effect of PKC on ecto-5'-nucleotidase (Sato et
al. 1998, Node et al. 1997, Siegfried et al. 1995). Based on the different expression profiles of
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NTPDases, NPPs and ecto-5'-nucleotidase found in kidney, it is possible to suggest that
transcriptional and post-translational events, such as phosphorylation, are acting in a

coordinated manner to up-regulate these enzyme activities.

After the 7 days of L-NAME washout period, both blood pressure and substrate hydrolysis
(Figure 2) returned to control levels. In this sense, we can hypothesize that the results found
in this study were probably due to the hypertensive condition since L-NAME in vitro had no
direct effect upon nucleotide hydrolysis and the reversion in blood pressure levels led to the

disappearance of the effect on ectonucleotidase activities.

Systemic hypertension is the main risk factor for the progressive loss of renal function. It is
well known that in vivo administration L-NAME leads to arterial hypertension (Lerman et al.
2005) and that prolonged times of treatment as well as higher doses of L-NAME can cause
renal complications (Zanfolin et al. 2006). However, the arterial hypertension induced by the
treatment performed in this study was not able to cause renal damage since no significant
differences in serum creatinine levels were detected among experimental groups. It was not
surprisingly since the progression to kidney failure in primary hypertensive patients is a rare

event as previously outlined (Tomson et al. 1991).

Extracellular purines are widespread molecules involved in a great number of patho-
physiological processes. Despite the fact that only NTPDase2, NTPDase3, and NPP3 had
their mMRNA levels altered in this study, we also detected the presence of NTPDasel and 8,
NPP1 and 2 (the low mass splice variant), and ecto-5'-nucleotidase in kidney of rats (data not
shown). In fact, this is in accordance to recent studies that have described the presence of
several ectonucleotidases and purinoceptors along the nephron, the glomerulus, and the renal

vascular system in the kidney (Vekaria et al. 2006, Kishore et al. 2005, Vitzthum et al. 2004,
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Bailey et al. 2004, Turner et al. 2003, Unwin et al. 2003, Chan et al. 1998, Harahap and

Goding 1988).

It is well known that afferent arteriolar resistance usually determines the degree of
transmission of systemic pressure to glomerular capillary network. The normal kidney
develops an autoregulatory mechanism in order to alter renal vascular resistance in response
to alterations in transmural pressure (Guan et al. 2007). Despite the fact that kidney
autoregulation process is not completely understood, it is generally recognized that this
response involves a myogenic mechanism operating along the preglomerular vascular tree
and the tubuloglomerular feedback (TGF), which enable the kidney to maintain blood flow
and glomerular filtration rate (GFR) during fluctuations of systemic arterial pressure (Guan et
al. 2007). Adenosine is able to cause a biphasic response in the kidney causing both
vasoconstriction and vasodilatation through the activation of A; and A,a receptors,
respectively (Osswald et al. 1982). Extracellular ATP has been supported as the major local
autocrine and paracrine regulator of pre-glomerular microvasculature reactivity, specially
through the constriction of smooth muscle cells of afferent arterioles, involving both P2Y and

P2X receptors (Inscho 2001, Inscho et al. 1992).

In the present study, we verified a general increase in ectonucleotidase activities in kidney
membranes of L-NAME-treated rats. Several controversies have been raised about the role of
ATP and/ or adenosine as mediators of TGF. Recent studies have offered a solution for this
question suggesting that both molecules are involved in this process. The hypothesis accounts
that ATP released by macula densa cells would be the primary mediator of TGF, being
further converted to adenosine that would cause the constriction of afferent arterioles

(Castrop 2007).
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Conclusion

The results obtained in this study fit with the proposition stated above since they show an
augmentation in ATP hydrolysis and indirectly suggest an increment in renal adenosine levels
in hypertensive animals. Moreover, despite the fact that impairment in renal autoregulatory
responses are reported in some animal models of hypertension (Imig and Inscho 2002,
Persson 2002), in this case our data may reflect a significant increment in renal
autoregulatory responses as an adaptative mechanism developed in order to protect the
kidney from the threat offered by an increase of blood pressure. It is relevant to consider that
increased concentrations of L-NAME as well as prolonged times of treatment could not have
evoke the same responses. In this way, further studies are necessary to determine the degree
of participation of these enzymes in the renal context of arterial hypertension as well as their

consideration as potential targets for the adjuvant treatment of this pathology.

Acknowledgements

This work was supported by grants of CNPg-Brazil, FINEP research grant (IBN-Net) #
01.06.0842-00 and INCTen (National Institute of Science and Technology for Excitotoxicity

and Neuroprotection (CNPg-FINEP).

Confict of Interest Statement

The authors declare that there are no conflicts of interest.

61



References

Agteresch HJ, Dagnelie PC, van den Berg JW, Wilson JH. Adenosine triphosphate:

established and potential clinical applications. Drugs 58(2), 211-232, 1999.

Bailey MA, Turner CM, Hus-Citharel A, Marchetti J, Imbert-Teboul M, Milner P, Burnstock
G, Unwin RJ. P2Y receptors present in the native and isolated rat glomerulus. Nephron

Physiology 96(3), 79-90, 2004.

Balbinott AW, Irigoyen MC, Brasileiro-Santos MS, Zottis B, de Lima NG, Passaglia J,
Schaan BD. Dose-dependent autonomic dysfunction in chronic L-NAME-hypertensive

diabetic rats. Journal of Cardiovascular Pharmacology 46(5), 563-569, 2005.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72, 248-254,

1976.

Burnstock G, Knight GE. Cellular distribution and functions of P2 receptor subtypes in

different systems. International Review of Cytology 240, 31-304, 2004.

Burnstock G. Pathophysiology and therapeutic potential of purinergic signaling.

Pharmacological Reviews 58(1), 58-86, 2006.

Castrop H. Mediators of tubuloglomerular feedback regulation of glomerular filtration: ATP

and adenosine. Acta Physiologica (Oxford) 189(1), 3-14, 2007.

Chan CM, Unwin RJ, Bardini M, Oglesby IB, Ford AP, Townsend-Nicholson A, Burnstock
G. Localization of P2X1 purinoceptors by autoradiography and immunohistochemistry in rat

kidneys. American Journal of Physiology 274 (4 Pt 2), F799-804, 1998.
62



Chan KM, Delfert D, Junger KD. A direct colorimetric assay for Ca®*-stimulated ATPase

activity. Analytical Biochemistry 157(2), 375-380, 1986.

Goding JW, Grobben B, Slegers H. Physiological and pathophysiological functions of the
ecto-nucleotide pyrophosphatase/phosphodiesterase family. Biochimica Biophysica Acta

1638(1), 1-19, 2003.

Guan Z, Osmond DA, Inscho EW. Purinoceptors in the kidney. Experimental Biology and

Medicine (Maywood) 232(6), 715-726, 2007.

Harahap AR, Goding JW. Distribution of the murine plasma cell antigen PC-1 in non-

lymphoid tissues. Journal of Immunology 141(7), 2317-2320, 1988.

Imig JD, Inscho EW. Adaptations of the renal microcirculation to hypertension.

Microcirculation 9(4), 315-328, 2002.

Inscho EW, Ohishi K, Navar LG. Effects of ATP on pre- and postglomerular juxtamedullary

microvasculature. American Journal of Physiology 263(5 Pt 2), F886-893, 1992.

Inscho EW. P2 receptors in regulation of renal microvascular function. American Journal of

Physiology - Renal Physiology 280(6), F927-944, 2001.

Katsumi H, Nishikawa M, Hashida M. Development of nitric oxide donors for the treatment
of cardiovascular diseases. Cardiovascular & Hematological Agents in Medicinal Chemistry

5(3), 204-208, 2007.

Kishore BK, Isaac J, Fausther M, Tripp SR, Shi H, Gill PS, Braun N, Zimmermann H,

Sévigny J, Robson SC. Expression of NTPDasel and NTPDase2 in murine kidney: relevance

63



to regulation of P2 receptor signaling. American Journal of Physiology - Renal Physiology

288(5), F1032-1043, 2005.

Lemmens R, Kupers L, Sévigny J, Beaudoin AR, Grondin G, Kittel A, Waelkens E,
Vanduffel L. Purification, characterization, and localization of an ATP diphosphohydrolase

in porcine kidney. American Journal Physiology - Renal Physiology 278(6), F978-988, 2000.

Lerman LO, Chade AR, Sica V, Napoli C. Animal models of hypertension: an overview.

Journal of Laboratory and Clinical Medicine 146(3), 160-173, 2005.

Nagy A, Delgado-Escueta AV. Rapid preparation of synaptosomes from mammalian brain
using nontoxic isoosmotic gradient material (Percoll). Journal of Neurochemistry 43(4),

1114-1123, 1984.

Node K, Kitakaze M, Minamino T, Tada M, Inoue M, Hori M, Kamada T. Activation of
ecto-5'-nucleotidase by protein kinase C and its role in ischaemic tolerance in the canine

heart. British Journal of Pharmacology 120(2), 273-281, 1997.

Osswald H, Hermes HH, Nabakowski G. Role of adenosine in signal transmission of

tubuloglomerular feedback. Kidney International Supplement 12, S136-142, 1982.

Pedrazza EL, Rico EP, Senger MR, Pedrazza L, Zimmermann FF, Sarkis JJ, Bogo MR,
Bonan CD. Ecto-nucleotidase pathway is altered by different treatments with fluoxetine and

nortriptyline. European Journal of Pharmacology 583(1), 18-25, 2008.

Persson PB. Renal blood flow autoregulation in blood pressure control. Current Opinion in

Nephrology and Hypertension 11(1), 67-72, 2002.

64



Rico EP, Rosemberg DB, Senger MR, de Bem Arizi M, Dias RD, Souto AA, Bogo MR,
Bonan CD. Ethanol and acetaldehyde alter NTPDase and 5'-nucleotidase from zebrafish brain

membranes. Neurochemistry International 52(1-2), 290-296, 2008.

Robson SC, Sévigny J, Zimmermann H. The E-NTPDase family of ectonucleotidases:
Structure function relationships and pathophysiological significance. Purinergic Signalling

2(2), 409-430, 2006,

Rodrigues CIS, D'Avila R, Fernandes FA, Almeida FA. Rim e hipertensdo arterial (Chapter
3.8). In: Branddo AA, Amodeo C, Nobre F, Fuchs FD (Eds) Hipertensdo. Elsevier, Rio de

Janeiro, pp 86-93, 2006.

Sato T, Obata T, Yamanaka Y, Arita M. Effects of lysophosphatidylcholine on the production
of interstitial adenosine via protein kinase C-mediated activation of ecto-5'-nucleotidase.

British Journal of Pharmacology 125(3), 493-498, 1998.

Schwiebert EM. ATP release mechanisms, ATP receptors and purinergic signalling along the

nephron. Clinical and Experimental Pharmacology and Physiology 28(4), 340-350, 2001.

Siegfried G, Vrtovsnik F, Prie D, Amiel C, Friedlander G. Parathyroid hormone stimulates
ecto-5'-nucleotidase activity in renal epithelial cells: role of protein kinase-C. Endocrinology

136(3), 1267-1275, 1995.

Tomson CR, Petersen K, Heagerty AM. Does treated essential hypertension result in renal

impairment? A cohort study. Journal of Human Hypertension 5(3), 189-192, 1991.

65



Turner CM, Vonend O, Chan C, Burnstock G, Unwin RJ. The pattern of distribution of
selected ATP-sensitive P2 receptor subtypes in normal rat kidney: an immunohistological

study. Cells Tissues Organs 175(2), 105-117, 2003.

Unwin RJ, Bailey MA, Burnstock G. Purinergic signaling along the renal tubule: the current

state of play. News in Physiological Sciences 18, 237-241, 2003.

Vallon V. P2 receptors in the regulation of renal transport mechanisms. American Journal of

Physiology - Renal Physiology 294(1), F10-27, 2008.

Vekaria RM, Shirley DG, Sévigny J, Unwin RJ. Immunolocalization of ectonucleotidases
along the rat nephron. American Journal of Physiology - Renal Physiology 290(2), F550-560,

2006.

Vekaria RM, Unwin RJ, Shirley DG. Intraluminal ATP concentrations in rat renal tubules.

Journal of the American Society of Nephrology 17(7), 1841-1847, 2006.

Vieira VP, Rocha JB, Stefanello FM, Balz D, Morsch VM, Schetinger MR. Heparin and
chondroitin sulfate inhibit adenine nucleotide hydrolysis in liver and kidney membrane
enriched fractions. The International Journal of Biochemistry & Cell Biology 33(12), 1193-

1201, 2001.

Vitzthum H, Weiss B, Bachleitner W, Kramer BK, Kurtz A. Gene expression of adenosine

receptors along the nephron. Kidney International 65(4), 1180-1190, 2004.

Vuaden FC, Cognato GP, Bonorino C, Bogo MR, de Freitas Sarkis JJ, Bonan CD.
Lipopolysaccharide alters nucleotidase activities from lymphocytes and serum of rats. Life

Sciences 80(19), 1784-1791, 2007.

66



Whitworth JA. 2003 World Health Organization (WHO)/International Society of
Hypertension (ISH) statement on management of hypertension. Journal of Hypertension

21(11), 1983-1992, 2003.

Yegutkin GG. Nucleotide- and nucleoside-converting ectoenzymes: Important modulators of

purinergic signaling cascade. Biochimica Biophysica Acta 1783(5), 673-694, 2008.

Zanfolin M, Faro R, Araujo EG, Guaraldo AM, Antunes E, De Nucci G. Protective effects of
BAY 41-2272 (sGC stimulator) on hypertension, heart, and cardiomyocyte hypertrophy
induced by chronic L-NAME treatment in rats. Journal of Cardiovascular Pharmacology

47(3), 391-395, 2006.

Zimmermann H. 5'-Nucleotidase: molecular structure and functional aspects. Biochemical

Journal 285(Pt 2), 345-365, 1992.

Zimmermann H. Ectonucleotidases: Some recent developments and a note on nomenclature.

Drug Development Research 52, 44-56, 2001.

67



Table 1

Table 1: Primers sequences and PCR amplification products.

Enzyme Primers Sequences Amplification
Product (bp)
B-actin Rnf-actinF 5-TAT GCC AAC ACA GTG CTG TCT GG-3 210
Rnp-actinR 5'-TAC TCC TGC TTC CTG ATC CAC AT-3'
NTPDasel | RnNTPDaselF 5-GAT CAT CAC TGG GCA GGA GGA AGG-3' 543
RnNNTPDaselR 5'-AAG ACA CCG TTG AAG GCA CAC TGG-3'
NTPDase2 | RnNTPDase2F 5-GCT GGG TGG GCC GGT GGA TAC G-3' 331
RNNTPDase2R 5'-ATT GAA GGC CCG GGG ACG CTG AC-3'
NTPDase3 | RnNTPDase3F 5'-CGG GAT CCT TGC TGT GCG TGG CAT TTC TT-3' 267
RNNTPDase3R 5'-TCT AGA GGT GCT CTG GCA GGA ATC AGT-3'
NTPDase8 | RnNTPDase8F 5'-CCA CAC TGT CAC TGG CTT CCT TG-3' 394
RNNTPDase8R 5'-ACG AGG ATG TAT AGG CCT GAG G-3'
5-nucleotidase | RnNCD73F 5-CCC GGG GGC CAC TAG CAC CTC A-3 405
RnCD73R 5'-GCC TGG ACC ACG GGA ACC TT-3'
NPP1 RNNPP1F 5'- GAA TTC TTG AGT GGC TAC AGC TTC CTQ-3' 410
RNNPP1R 5'-CTC TAG AAA TGC TGG GTT TTG CTC CCG GCA-3'
NPP2 (2) RNNPP2F 5'-CCA TGC CAG ACG AAG TCA GCC GAC C-3' 512
RNNPP2R 5'-CCA AAC ACG TTT GAA GGC GGG GTA C-3'
NPP3 RNNPP3F 5-GAG AAG ACA AAT TTG CCA TTT GGG AGG-3' 301
RNNPP3R 5'-TCT CAT TAT TTC CTT TGA TTG CGG GAG-3'

(2) Represents that the low mass (512 bp) splice isoform of NPP2 was found in kidney

membranes.

68



Legends to Figures

Figure 1: Effect of L-NAME treatment on ectonucleotidase activities. ATP (A), ADP (B),
AMP (C), and p-Nph-5’TMP (D) hydrolysis were increased in kidney membranes from
animals orally treated with L-NAME for 14 days. Results are expressed as means + S.D.
(n=9, 10, 13, and 6 for ATP, ADP, AMP, and p-Nph-5TMP hydrolysis, respectively). The
comparison among groups was analyzed by Student's t test for independent samples. *
Represents the significant statistical difference in comparison to the respective control group,

considering P<0.05.

Figure 2: Effect of L-NAME washout on ectonucleotidase activities. The increase observed
on ectonucleotidase activities was recovered in kidney membranes after 7 days of L-NAME
washout following the L-NAME treatment during 14 days. Results are presented as means +
S.D. of n=6, 8, 9, 5 for ATP, ADP, AMP, and p-Nph-5"TMP as substrates, respectively. The
comparison among groups was analyzed by Student's t test for independent samples. *
Represents the significant statistical difference in comparison to the respective control group,

considering P<0.05.

Figure 3: Semi-quantitative RT-PCR analysis of patterns of ectonucleotidase genes
expression after L-NAME treatment (30 mg/Kg/day for 14 days). Kidneys were excised and
total RNA was isolated. An increase in the number of transcripts of NTPDase2 (A),
NTPDase3 (B) and NPP3 (C) were found in kidneys from hypertensive animals. The
enzyme/f-actin mRNA ratios were obtained by optical densitometry analysis. Data are
expressed as means = S.D. of at least 5 experiments, with entirely consistent results.
*Represents the significant statistical difference in comparison to the respective control

group, considering P<0.05.
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Figure 2
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Figure 3
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1. Introducéo:

A sinalizacdo purinérgica tem um importante papel na vasculatura, podendo influenciar
as respostas vasomotoras, a agregacao plaquetaria, os processos inflamatérios e a fungéo
cardiaca (Erlinge & Burnstock, 2008). De maneira geral, a ativacdo dos receptores purinérgicos
(P2) endoteliais induz uma vasodilatacdo local. Em artérias de resisténcia, o ATP pode ligar-se
aos receptores P2X; e P2X, promovendo a vasodilatacdo (Harrington et al., 2007, Yamamoto et
al., 2006); e, na maioria dos vasos, 0 ADP, o ATP e o UTP podem ativar os receptores P2Y e
P2Y, causando vasorelaxamento (Burnstock, 2006b). Por outro lado, a ativagdo dos receptores
P2 em células musculares lisas vasculares promove uma vasoconstricdo através dos receptores
P2X (Gitterman & Evans, 2001, Malmsjo et al., 2000) ou dos receptores P2Y sensiveis as
pirimidinas (von Kugelgen et al., 1987). Além das acdes sobre a vasculatura, 0 ATP apresenta
efeitos cronotropicos, dromotrépicos e inotrépicos em preparaces de coracdo isolado (Rongen
et al., 1997). O ATP, geralmente, é responsavel por efeitos inotrépicos positivos e sua rapida
aplicacdo em células induz varias formas de arritmia. Outros possiveis papéis para o0 ATP no
coracdo incluem a hipertrofia, o precondicionamento e a apoptose (Vassort, 2001).

Como consequéncia dos efeitos vasculares, a modulacdo da razdo nucleotideos/
nucleosideos na circulacdo tem um importante impacto na regulacdo da pressdo arterial. Esta
razdo é finamente regulada pelas ectonucleotidases, um sub-conjunto de enzimas ligadas a
membrana plasmatica que sdo capazes de hidrolisar os nucleotideos extracelulares (Plesner,
1995). Membros das familias ecto-nucleosideo trifosfato difosfoidrolases (E-NTPDases), ecto-
nucleotideo pirofosfatase/ fosfodiesterases (E-NPPs) e ecto-5’-nucleotidases sdo capazes de
metabolisar os nucleotideos extracelulares e sua presenca ja foi descrita e caracterizada tanto
em soro sanguineo (Oses et al., 2004, Sakura et al., 1998) quanto em sinaptossoma cardiaco

(Rucker et al., 2007, Rucker et al., 2008).
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Estudos epidemioldgicos tém demonstrado que a incidéncia e a severidade da
hipertensdo arterial, um dos principais riscos para as doengas cardiovasculares, s&0 menores
em mulheres do que em homens (Schenck-Gustafsson, 1996). Uma vez que estas diferencas
ndo sdo observadas ap0s a menopausa, 0s hormonios sexuais femininos tém sido postulados
como agentes cardioprotetores em mulheres (Hinojosa-Laborde et al., 1999). Desta maneira,
mulheres em idade reprodutiva (pré-menoupausa) estdo protegidas contra doencas
cardiovasculares quando comparadas aos homens (Lerner & Kannel, 1986). Esta reducao no
risco diminui com o inicio da menopausa (Eaker et al., 1993) e a terapia de reposi¢do de
estrogeno parece diminuir significativamente o risco de doenca cardiovascular em mulheres

pos-menopausa (Stampfer et al., 1991).

As diferencas sexuais na regulacdo da pressdo arterial também tém sido
documentadas em diversos modelos animais (Chen, 1996, Reckelhoff, 2001), incluindo os
ratos espontaneamente hipertensos (SHR) e os ratos Dahl sensiveis ao sal, cujos machos
apresentam pressdo arterial mais elevada do que as fémeas da mesma idade (Ganten et al.,
1989, Kahonen et al., 1998, Mcintyre et al., 1997, Reckelhoff et al., 1998). Sabe-se que o
estrégeno pode exercer efeitos rapidos sobre as células da vasculatura, ativando a Oxido
nitrico sintase (NOS) de uma maneira ndo gendmica (Chen et al., 1999). Além disso, este
horménio pode atuar a longo-prazo devido, pelo menos em parte, a aumentos na expressao
génica da NOS (Weiner et al., 1994). Portanto, estes estudos parecem indicar que o estrégeno

protege contra a hipertensao via éxido nitrico (Sainz et al., 2004).

A inibicéo cronica da sintese de 0xido nitrico pela administracdo oral de analogos da
L-arginina, como 0 Nw-Nitro-L-arginina metil éster (L-NAME), produz uma elevacéo
volume-dependente da pressdo arterial (Lerman et al., 2005). Considerando a participagao da

sinalizacdo pelos nucleotideos na regulagdo do ténus vascular e nas fungdes cardiacas, o
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dimorfismo sexual na modulacdo das atividades ectonucleotidases (Fontella et al., 2005,
Rucker et al., 2004) e no desenvolvimento da hipertensdo arterial (Chen, 1996), o objetivo
deste estudo consiste em avaliar o efeito da hipertensdo induzida por L-NAME sobre as

atividades de hidrolise de nucleotideos em soro e em sinaptossoma cardiaco de ratos fémeas.

2. Materiais e Métodos:

Reagentes

No-Nitro-L-arginina metil éster (L-NAME), p-Nitrofenil timidina 5'-monofosfato (5'-
TMP), nucleotideos, oligomicina, azida de sodio, HEPES, EGTA e Trizma Base foram
obtidos da Sigma-Aldrich (St. Louis, MO, USA). Colagenase tipo Il foi comprada da
Worthington Biochemical Co. (Lakewood, NJ, USA). A solucdo de Ringer foi comprada da
Basa (Caxias do Sul, RS, Brasil). O kit para dosagem de creatinina foi obtido da Biotécnica
Industria e Comércio Ltda. (Varginha, MG, Brasil). Todos os outros reagentes utilizados

apresentavam alto grau de pureza.

Animais

Ratos Wistar fémeas com 60 a 90 dias de idade foram utilizados neste estudo. Os
animais foram mantidos em ciclo 12 horas claro/ 12 horas escuro (luzes acesas as 7:00 h) em
uma sala com temperatura controlada (23 £ 1°C). A menos que mencionado de outra maneira,
0s ratos receberam agua e racdo ad libitum. Todos os protocolos foram realizados de acordo
com as instrugdes do Colégio Brasileiro de Experimentacdo Animal (COBEA), baseado no

Guide for the Care and Use of Laboratory Animals (National Research Council) e todos os
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esforcos foram feitos no sentido de minimizar o nimero de animais utilizados bem como seu

sofrimento.

Protocolos Experimentais

Os animais foram divididos em trés grupos: 1) controle, 2) L-NAME 30 mg/Kg/dia e
3) L-NAME 50 mg/Kg/dia. A hipertensdo foi induzida pela administracdo do inibidor da
oxido nitrico sintase (L-NAME) nas doses de 30 ou 50 mg/Kg de peso corporal/dia na agua
de beber por 14 dias conforme previamente descrito (Balbinott et al., 2005). O grupo controle
recebeu agua da torneira regular durante todo o curso do experimento. Os animais foram

eutanizados no 15° dia ap0s o inicio do tratamento.

Determinacéo da Pressdo Arterial Sistolica

A pressdo arterial sistolica (PAS) foi determinada em animais conscientes trés vezes
durante o tratamento, aproximadamente no mesmo horéario do dia, através de pletismografia
caudal (Kent Scientific; RTBP1001 Rat Tail Blood Pressure System for rats and mice,
Litchfield, USA). Os ratos foram habituados ao aparelho antes de serem tomadas as medidas
de presséo arterial. A PAS foi aferida no dia 0 (antes do inicio do tratamento), no dia 7 (7
dias apds o inicio do tratamento com L-NAME) e no dia 14 (Gltimo dia de tratamento com L-

NAME).

Indices Cardiacos
Os indices de peso cardiaco foram determinados conforme descrito previamente
(Zanfolin et al., 2006), exceto pelo fato de que os cora¢Ges foram analisados logo apds sua

remocao (sem fixacdo). O peso ventricular total foi obtido ap6s a remocao dos atrios e 0 peso
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do ventriculo esquerdo foi determinado apds a excisdo do ventriculo direito. O indice de peso
ventricular (VWI) e o indice de peso do ventriculo esquerdo (LVWI) foram obtidos obtidos
pela razdo do peso dos ventriculos (VW, em miligramas) ou do peso do ventriculo esquerdo
(LVW, em miligramas) pelo peso corporal do animal (BW, em gramas).
Isolamento do soro sangiiineo

O soro sanguineo utilizado para os ensaios enzimaticos foi obtido conforme descrito
por Yegutkin (Yegutkin, 1997), com pequenas modificagdes. Os animais foram mortos por
decapitacdo e o sangue coletado foi deixado a temperatura ambiente por cerca de 30 minutos
para coagulacdo. Em seguida, o sangue foi centrifugado em tubos de vidro a 5000 x g por 5
minutos & temperatura ambiente. O soro resultante foi mantido em gelo e imediatamente

utilizado para os ensaios enzimaticos.

Preparacdo da fracéo sinaptossomal cardiaca

A fracdo sinaptossomal foi preparada conforme descrito previamente (Aloyo et al.,
1991). Os animais foram eutanizados por decapitacdo e o0s coracbes imediatamente
removidos e perfundidos com uma solucdo de Ringer-lactato por 10 minutos para garantir a
remocado de todo o sangue da circulacdo coronariana. Em seguida, o ventriculo esquerdo foi
separado e cortado em pequenos pedacos em uma solugdo de sacarose 0.32 M contendo 1
mM de EGTA, pH 7.5. O tecido foi transferido para uma solucdo de Krebs-Ringer Hepes
(KRH) (em mM: 50 de HEPES, 144 de NaCl, 1.2 de MgCl,, 1.2 de CaCl,, 5 de KCI , 10 de
glicose, 1 de acido ascorbico, pH 7.4) contendo 12 U de colagenase tipo Il por miligrama de
tecido. Esta suspenséo foi entéo incubada a 37°C por 40 minutos e continuamente aerada com
oxigénio. Apo6s uma centrifugacdo de baixa velocidade (10 minutos, 120 x g, 4°C), o
precipitado resultante foi suspenso em 10 volumes de sacarose 0.32 M e homogeneizado com

um hemogeneizador Teflon/vidro. Os debris celulares, os ntcleos e os restos de tecidos foram
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removidos por uma centrifugacdo de 10 minutos a 650 x g, 4°C. O sobrenadante resultante foi
centrifugado por 20 minutos a 21000 x g a 4°C e o precipitado foi resuspenso em KRH
gelado e oxigenado. Duas novas centrifugacdes (20 minutos, 21000 x g, 4°C) foram
executadas e o precipitado final contendo os sinaptossomas cardiacos foi resuspenso em KHR

a fim de atingir um concentragao proteica final entre 0.5-0.7 mg/mL.

Determinacdo da Proteina
A proteina foi determinada pelo método do Coomassie Blue utilizando albumina

bovina sérica como padrdo (Bradford, 1976).

Ensaios enziméticos para as E-NTPDases e para a Ecto-5 -nucleotidase

Para a andlise das atividades E-NTPDases e ecto-5’-nucleotidase em soro, a mistura
de reacdo utilizada continha 112.5 mM de tampdo Tris-HCI, pH 8.0. A quantidade de
proteina adicionada foi de 1 mg por tubo e as reacbes foram iniciadas pela adicdo dos
nucleotideos (ATP, ADP ou AMP) na concentragdo final de 3 mM. Os ensaios enzimaticos
foram terminados ap6s 40 minutos de incubagdo. Nos sinaptossomas cardiacos, a hidrélise de
ATP e ADP foram medidas em um meio de reacdo contendo 2 mM de CaCl,, 5 mM de KClI,
10 mM de glicose, 225 mM de sacarose, 50 mM de tampéo Tris-HCI, pH 8.0, e 6 ug de
proteina. Para a hidrolise de ATP, foram adicionadas ao meio 2 ug/mL de oligomicina e 0.1
mM de azida de sddio. A oligomicina foi adicionada a partir de uma solugdo concentrada de
etanol (1% final no meio de incubacdo do ATP), a qual ndo foi capaz de interferir na
atividade enzimatica. A mistura de reacao para acessar a hidrolise de AMP continha 2 mM de
MgCl,, 150 mM de sacarose e 50 mM de glicina, pH 9.5, e 10 ug de proteina. As fracGes
sinaptossomais foram incubadas por 6 minutos (ATP e ADP) ou 10 minutos (AMP) a 37°C.

As reacOes enzimaticas foram iniciadas pela adi¢do dos nucleotideos em uma concentracdo
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final de 1 mM. Todas as reacBes enziméticas foram realizadas em um volume final de 200 puL
e terminadas pela adicdo de 5% (v/v) de &cido tricloroacético (TCA). O fosfato inorganico
liberado foi determinado colorimetricamente (Chan et al., 1986). Os tempos de incubacéo e
as concentracOes de proteina utilizados foram determinados a fim de assegurar a linearidade
das reacdes enzimaticas. A hidrdlise ndo enzimatica dos substratos foi corrigida com a
realizacdo de controles nos quais a fracdo proteica foi adicionada apds a reacdo ter sido
parada com TCA. As atividades enzimaticas estdo expressas como nmol Pi liberado por

minuto por miligrama de proteina.

Ensaio enzimético para as E-NPPs

A atividade fosfodiesterase foi acessada a partir da utilizacdo de um substrato artificial
(p-Nph-5"TMP ou 5’TMP) como reportado previamente (Sakura et al., 1998). Para o ensaio
da atividade E-NPP em soro sangliineo, 0 meio de reacdo continha 100 mM de Tris-HCI, pH
8.9 e amostra contendo 1 mg de proteina por tubo. A reacdo foi iniciada pela adicdo de 0.5
mM de 5’TMP (concentragao final), o qual foi incubado por 8 minutos a 37°C. A mistura de
reacdo para medir a atividade E-NPP em sinaptossomas cardiacos continha 50 mM de tampao
Tris-HCI, 5 mM de KCI, 10 mM de glicose, 225 mM de sacarose, pH 8.9, e
aproximadamente 10 ug de proteina por tubo. A reacéo foi iniciada pela adi¢do de 0.5 mM de
5°TMP, o qual foi incubado por 30 minutos a 37°C. O volume final das reacdes foi de de 200
uL. As reagdes foram terminadas pela adi¢do de 0.1 N de NaOH (v/v) (concentragéo final). A
qguantidade de p-nitrofenol liberado do substrato foi medida a 400 nm utilizando-se um
coeficiente de extingdo molar de 18.8 x 10°/M/cm. Controles para corrigir a hidrélise néo
enzimatica do substrato foram realizados pela adi¢do das fracGes proteicas ap6s o término das
reacbes com NaOH. As atividades enziméticas estdo expressas como nmol p-nitrofenol

liberado por minuto por miligrama de proteina.
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Medida dos Niveis de Creatinina
Os niveis de creatinina no soro dos animais controle, L-NAME 30 mg/Kg/dia e L-
NAME 50 mg/Kg/dia foram avaliados utilizando-se um kit colorimétrico, conforme as

instrucdes do fabricante.

Analise dos Dados
Os resultados estdo expressos como médias + desvio padrdo. A comparagao entre 0s
grupos foi realizada pelo test t de Student para amostras independentes. As diferencas foram

consideradas estatisticamente significativas para um p<0.05.

3. Resultados Preliminares e Discussao:

Como descrito anteriormente, a incidéncia e severidade da hipertensdo arterial
parecem ser menores em mulheres quando comparadas aos homens em idade semelhante
(Schenck-Gustafsson, 1996). Neste estudo, observamos que o tratamento com L-NAME na
dose de 30 mg/Kg/dia por 14 dias ndo foi capaz de induzir o aumento da pressao arterial em
todas as fémeas como havia ocorrido com machos em um trabalho previamente publicado
pelo nosso grupo de pesquisa (Furstenau et al., 2008). Portanto, decidimos aumentar a dose
de tratamento para 50 mg/Kg/dia por 14 dias, na qual todos os animais encontravam-se
hipertensos ao final das duas semanas de administracdo do L-NAME. E imprescindivel
ressaltar que todos os dados considerados neste estudo relativos a dose de 30 mg/kg/dia séo
oriundos dos animais que tornaram-se hipertensos, sendo que os ndo hipertensos foram
descartados. A figura 1 mostra que ambas as doses de L-NAME administradas causaram um

aumento de cerca de 30% na PAS ao final dos 14 dias de tratamento quando comparadas ao

82



grupo controle. Em machos da mesma idade, demonstramos um aumento em torno de 40%

com a dose de L-NAME 30 mg/Kg/dia administrada por 14 dias (Furstenau et al., 2008).

Um acréscimo no valor do indice de peso do ventriculo esquerdo representa uma
alteracdo cardiaca que estd intimamente relacionada a hipertensdo (Kawagushi et al., 1997),
uma vez que a hipertrofia do ventriculo compensa o aumento na carga de trabalho, podendo
levar a faléncia cardiaca em estagios avancados (Shapiro & Sugden, 1996). A tabela 1 mostra
que em ratos fémeas nenhum dos parédmetros avaliados (peso corporal, indice de peso
ventricular e indice de peso do ventriculo esquerdo) foram alterados em resposta ao
tratamento com L-NAME nas doses administradas. Contrariamente, em machos submetidos
ao tratamento com L-NAME 30 mg/Kg/dia por 14 dias, encontramos um aumento
significativo no indice de peso do ventriculo esquerdo, o qual estava associado a alteracdes

na massa muscular cardiaca e ndo ao contetido de agua no miocérdio (Furstenau et al., 2008).

O tratamento com L-NAME nas doses de 30 e 50 mg/Kg/dia por 14 dias nao foi capaz
de alterar as hidrolises dos nucleotideos (ATP, ADP e AMP), tampouco a hidrdlise do
substrato marcador para a atividade E-NPP (5’TMP), em soro sanguineo (Figura 2) e em
sinaptossoma cardiaco (Figura 3A-D) de ratos fémeas. Em ratos machos, o tratamento com
L-NAME 30 mg/Kg/dia por 14 dias diminuiu as hidrélises de ATP, ADP e AMP em soro
sanguineo e em plaquetas, o que poderia contribuir para um aumento na agregacao

plaquetaria observado em casos de hipertensdo (Pravenec et al., 1992).

A hipertenséo arterial é o principal fator de risco para a perda da funcdo renal. A
administracdo de altas doses bem como tempos prolongados de tratamento com L-NAME
causam hipertensdo arterial (Furstenau et al., 2008, Lerman et al., 2005) e complicacOes

renais (Zanfolin et al., 2006). Neste estudo, verificamos que 0s niveis de creatinina sérica, um
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indicador do funcionamento dos rins, permaneceram dentro dos valores normais

estabelecidos para este parametro em ambas as doses de L-NAME administradas (Figura 4).

De maneira geral, os resultados obtidos com ratos fémeas neste estudo até o presente
momento mostram que, apesar da elevacdo significativa nos niveis de pressdo arterial
sistdlica, a sinalizacdo purinégica em soro sanguineo e em sinaptossoma cardiaco parece ndo
ser alterada. Desta maneira, estes resultados preliminares parecem corroborar as evidéncias
de que as fémeas em idade reprodutiva estdo protegidas contra a severidade da hipertensao
quando comparadas aos machos de idade equivalente, pelo menos no que tange aos aspectos
relacionados a sinalizaco purinérgica. E importante enfatizar que a sinalizacdo por
nucleotideos pode ter uma importancia similar a dos sistemas simpatico e renina-
angiotensina-aldosterona na regulacéo e patofisiologia cardiovascular (Erlinge & Burnstock,
2008). Portanto, o sistema purinérgico parece estar também mais protegido contra 0s

distarbios causados pela HAS em fémeas do que em machos.

Este estudo tem como perspectivas a analise da hidrélise dos nucleotideos em
membranas renais e em plaquetas de ratos fémeas com as duas doses de tratamento com L-
NAME e em compara¢do com ratos machos. Neste estudo, acompanhamos a fase do ciclo
estral em que se encontravam as fémeas utilizadas. Entretanto, o desenvolvimento da HAS
ndo parece estar relacionado a fase do ciclo estral, embora os dados obtidos até 0 momento
ndo sejam conclusivos e necessitem uma maior exploracdo. Além disso, pretendemos avaliar
0s mesmos parametros em fémeas ovariectomizadas (submetidas a cirurgia para remocao dos
ovarios), no intuito de melhor estabelecer o papel do estrégeno em uma possivel
cardioprotecdo oferecida as fémeas hipertensas também no aspecto relativo ao sistema

purinérgico.
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Figural
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Figural: Medidas de pressdo arterial sistolica (PAS, em mmHg). Os resultados representam
média + desvio padrdo de 6 a 9 fémeas por grupo. *Representa uma diferenca
estatisticamente significativa em relacdo ao grupo controle para o0 mesmo tempo de

tratamento, considerando um p=<0.05.
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Figura 2
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Figura 2: Efeito do tratamento com L-NAME por 14 dias sobre a hidrélise de nucleotideos
em soro sanguineo de ratos fémeas. Os resultados estdo apresentados com média + desvio
padrdo de pelo menos 6 experimentos independentes para cada substrato em cada grupo

avaliado.
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Figura 3
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Figura 3: Efeito do tratamento com L-NAME por 14 dias sobre as hidrélises de ATP (A),
ADP (B), AMP (C) e 5’TMP (D) em sinaptossoma cardiaco de ratos fémeas. Os resultados
estdo apresentados com média + desvio padrdo de pelo menos 6 experimentos independentes

para cada substrato em cada grupo avaliado.
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Figura 4
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Figura 4: Determinacdo dos niveis de creatinina sérica. Os resultados representam média +

desvio padrdo de cinco experimentos independentes para cada grupo avaliado.
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Tabela 1

Controle L-NAME (30 mg/Kg/dia) L-NAME (50 mg/Kg/dia)
Peso Corporal (g) 180.5 + 19.95 181.46 + 16.05 163.17 £+ 20.68
VWI(mg/g) 319.36 + 65.84 340.79 £ 76.72 308.03 + 49.34
LVWI (mg/g) 2.98+ 0.45 2.98+ 0.40 3.06+0.25

(VWI: ventricle weightindex; LVWI: left ventricle weightindex)

Tabela 1: Peso corporal e indices cardiacos. Os indices cardiacos foram determinados

conforme descrito na secdo Materiais e Métodos. Os resultados representam média + desvio

padrdo de 6 a 9 animais por grupo.
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CAPITULO IV

ANEXOS

Resultados obtidos durante o periodo do Doutorado-Sanduiche (Setembro 2008 a

Setembro 2009) junto ao Centre de Recherche en Rhumatologie et Immunologie, Centre

Hospitalier Universitaire de Québec, Université Laval, Québec, QC, Canada.

The ecto-nucleotidase NTPDasel differentially regulates P2Y; and P2Y, receptor-
dependent vasorelaxation. Gilles Kauffenstein, Cristina Ribas Firstenau, Pedro
D’Orléans-Juste, Jean Sévigny. Artigo publicado no periddico British Journal of
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The ecto-nucleotidase NTPDase1 differentially
regulates P2Y1 and P2Y2 receptor-dependent
vasorelaxation

Gilles Kauffenstein', Cristina Ribas Firstenau'?, Pedro D’Orléans-Juste® and Jean Sévigny'

'Centre de Recherche en Rhumatologie et Immunologie, Centre Hospitalier Universitaire de Québec, Université Laval, Québec,
QC, Canada, *Departamento de Bioquimica, Instituto de Ciéncias Bdsicas da Saiide, Universidade Federal do Rio Grande do
Sul, Porto Alegre, RS, Brazil, and 3Département de Pharmacologie, Faculté de Médecine, Université de Sherbrooke, Sherbrooke,
QC, Canada

Background and purpose: Extracellular nucleotides produce vasodilatation through endothelial P2 receptor activation. As
these autacoids are actively metabolized by the ecto-nucleotidase nucleoside triphosphate diphosphohydrolase-1 (NTPDase1),
we studied the effects of this cell surface enzyme on nucleotide-dependent vasodilatation.

Experimental approach: Vascular NTPDase expression and activity were evaluated by immunohistochemistry and histochem-
istry. The vascular effects of nucleotides were tested in vivo by monitoring mean arterial pressure, and in vitro comparing
reactivity of aortic rings using wild-type and Entpd1~~ (lacking NTPDase1) mice.

Key results: The absence of NTPDase1 in Entpd1~~ mice led to a dramatic drop in endothelial nucleotidase activity. This deficit
was associated with an exacerbated decrease in blood pressure after nucleotide injection. Following ATP injection, mean arterial
pressure was decreased in Entpd1*/* and Entpd1~~ mice by 5.0 and 17%, respectively, and by 0.1 and 19% after UTP injection
(10 nmole-kg™ both). In vitro, the concentration-response curves of relaxation to ADP and ATP were shifted to the left,
revealing a facilitation of endothelial P2Y1 and P2Y2 receptor activation in Entpd1~~ mice. ECso values in EntpdT** versus
Entpd1-- aortic rings were 14 uM versus 0.35 uM for ADP, and 29 uM versus 1 uM for ATP. In Entpd1~'~ aortas, P2Y1 receptors
were more extensively desensitized than P2Y2 receptors. Relaxations to the non-hydrolysable analogues ADPBS (P2Y1) and
ATPYS (P2Y2) were equivalent in both genotypes confirming the normal functionality of these P2Y receptors in mutant mice.
Conclusions and implications: NTPDase1 controls endothelial P2Y receptor-dependent relaxation, regulating both agonist
level and P2 receptor reactivity.
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ADPBS, adenosine 5’-O-(2-thiodiphosphate); ARL67156, 6-N, N-diethyl-D-B,y-dibromomethyleneATP triso-
dium salt; ATPyS, adenosine 5’-O-(3-thio) triphosphate; Entpd1~-, E-NTPDasel knock-out mice; MRS2500,
2-iodo-Né-methyl-(N)-methanocarba-2’-deoxyadenosine 3’,5’-bisphosphate; NTPDase1, nucleoside triphos-
phate diphosphohydrolase-1; P2ry2--, P2Y2 receptor knock-out mice; PGF,,, prostaglandin F,,; U46619, 9,
11-dideoxy-90, 11a-methanoepoxy PGF,,; VSMC, vascular smooth muscle cell

Abbreviations:

(Burnstock, 2006). In the circulation, red blood cells, endot-
helial cells, activated platelets and neutrophils release ATP
and ADP in the lumen of the vessel in response to shear
stress (Bodin et al., 1991), hyperoxia (Ahmad et al., 2004),
hypoxia (Gordon, 1986) or agonist stimulation (Yang et al.,
1994; Ostrom et al., 2000; Joseph et al., 2003). Nucleotides

Introduction

Extracellular nucleotides take part to a wide range of physi-
ological and pathological processes in virtually every tissue
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and nucleosides (adenosine) regulate cell function following
autocrine and paracrine activation of purinergic (P2) recep-
tors (nomenclature follows Alexander et al., 2008). To date,
seven ligand-gated P2X (P2X1-7) (North, 2002) and eight G



protein-coupled P2Y receptors (P2Y1, 2, 4, 6, 11-14)
(Abbracchio et al., 2006) have been cloned in human. P2X
receptors are activated by ATP, while P2Y receptors differ
from each other according to the nucleotide(s) they respond
to (ATP, ADP, UTP, UDP or UDP-glucose).

Nucleotides participate in local and systemic control of
blood flow (Burnstock, 2002). The activation of P2 receptors
on vascular smooth muscle cells (VSMCs) promotes vasocon-
striction via either P2X (Gitterman and Evans, 2001) or
pyrimidine-sensitive P2Y receptors. These processes take part
in the neurogenic response of resistance arteries (von Kugel-
gen et al., 1987). In contrast, the activation of endothelial P2
receptors induces a local vasodilatation. This effect involves
three major vasodilator factors depending on the species and
the vascular territories considered: nitric oxide (NO), prosta-
cyclin and endothelium-derived hyperpolarizing factor
(EDHF) (Erlinge and Burnstock, 2008). P2Y1 and P2Y2 recep-
tors are thought to be responsible for ADP and UTP/ATP-
induced vasodilator responses in most tissues (Boarder and
Hourani, 1998). More recently, P2X1 and P2X4 receptors were
proposed to contribute to ATP-induced vasodilatation in
mouse resistance arteries (Yamamoto ef al., 2006; Harrington
et al., 2007).

Once released, the biological effect of extracellular
nucleotides is tightly regulated by ecto-nucleotidases
(Zimmermann, 2000). Among these enzymes, members
of the ecto-nucleoside triphosphate diphosphohydrolase
(E-NTPDase) family are dominant (Robson et al., 2006). Two
NTPDases are expressed in the vasculature: NTPDasel is
expressed on endothelial cells and VSMCs, while
NTPDase2 is expressed in the adventitia of blood vessels,
probably at the surface of fibroblasts (Sévigny et al., 2002).
NTPDasel regulates local concentration of nucleotides in
the blood stream, and, as a consequence, affects the
activation of P2 receptors expressed in blood cells and
endothelial cells (Enjyoji et al., 1999). NTPDasel contributes
to the anti-thrombotic property of endothelial cells by
actively hydrolysing ADP, which promotes platelet
aggregation (Marcus et al., 1991; Cote et al., 1992). The key
role of this enzyme in the prevention of thrombosis was
confirmed in knockout mice (Entpd1™") (Enjyoji et al., 1999;
Pinsky etal., 2002). Further work with Entpdl™~ mice
highlighted a role of NTPDasel in regulating other
endothelium-related functions, such as angiogenesis
(Goepfert etal., 2001) and vascular permeability (Guckel-
berger et al., 2004).

We recently observed that the absence of NTPDasel was
associated with an enhanced vasoconstrictor effect of nucle-
otides through the activation of P2 receptors on VSMCs
(Kauffenstein et al., 2009). Considering the importance of
NTPDasel as the major ecto-nucleotidase in the vasculature,
as well as the central role of nucleotides in vasomotor
responses, in the present study, we explored the role of NTP-
Dasel on endothelial P2 receptor-dependent relaxation. Our
results show that NTPDasel tightly regulated nucleotide-
dependent vascular relaxation in vivo and in vitro. Moreover,
our in vitro experiments revealed that NTPDasel exerted a
complex role, limiting endothelial P2 receptor activa-
tion, but also protecting P2Y1 receptors from homologous
desensitization.
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Methods

Animals

All animal care and experimental procedures were carried out
in accordance with the guidelines of the Institutional Ethical
Committee for Experimental Animals. NTPDasel-deficient
(Entpd1™") mice were provided by Dr SC Robson (BIDMC,
HMS, Boston, MA, USA). Entpd1”~ mice, originally from the
background 129 SVJ x C57 BL/6, were backcrossed for seven
generations onto a C57 BL/6 background. Male mice aged of
16-25 weeks were used in all experiments. A confirmatory
experiment was also performed with P2ry27- mice, back-
crossed seven generations onto a C57 BL/6 background,
provided by Dr. B. Robaye (ULB, Belgium).

Enzyme histochemistry and immunolocalization

Nucleotide hydrolysis in situ was evaluated as previously
described (Braun et al., 2000). Briefly, 6 um cryosections of
mouse aorta and liver were fixed in cold acetone mixed with
10% phosphate-buffered formalin and then preincubated for
45 min at room temperature in 0.25 mM sucrose, 2 mM CacCl,
and 50 mM Tris-maleate, pH 7.4. Enzymatic assays were
carried out at 37°C for 60 min in the same buffer, comple-
mented with 2 mM Pb(NOs),, 5 mM MnCl,, 3% dextran T-250
and 200 uM nucleotides (ATP, ADP) as substrate. In control
experiments, divalent cations were replaced by 10 mM EDTA.
The lead orthophosphate precipitate (brown deposit) result-
ing from nucleotide hydrolysis was visualized by incubating
the sections in an aqueous solution of 1% v/v (NH,),S. Sec-
tions were counterstained with haematoxylin, mounted with
20% mowiol 4-88 in 50% glycerol, 0.2 M Tris HCI, pH 8.5. For
immunohistochemistry, the endothelial cell marker anti-
mouse CD31/PECAM (clone MEC13.3, BD Pharmingen, San
Diego, CA, USA) and the guinea pig anti-mouse NTPDasel
anti-sera (mN1-2.) were used (Martin-Satué et al., 2009). Stain-
ing was performed with Vectastain ABC elite kit (Vector Labo-
ratories, Burlingame, CA, USA), with 3,30-diaminobenzidine
as chromogen.

In vivo blood pressure measurement

The carotid artery of anaesthetized mice was cannulated with
PE-10 polyethylene tubing (Becton Dickinson, Oakville, ON,
Canada) containing 50 U-mL™" heparin in saline. A second
cannula, inserted in the contralateral jugular vein, was used
for intravenous infusions of agonists. Changes in mean arte-
rial pressure (AMAP) were detected through the carotid with a
pressure transducer connected to a Blood Pressure Analyzer-
200A (Micro-Med, Tustin, CA, USA).

Isometric contraction of aortic rings

Mice were anaesthetized by intraperitoneal injection of a
mixture of ketamine hydrochloride (100 mg-kg™") and xyla-
zine (20 mg-kg"). Thoracic aortas were carefully removed and
washed in saline/heparin (20 U-mL™) at room temperature.
Extra adventitial fat was removed with microscissors,
and vessels were kept on ice until used in Krebs solution
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[composition (in mM): 118 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2
KH,PO,, 1.2 MgSOs4, 25 NaHCOs3, and 5.5 glucose]. Aortas were
divided into 2 mm segments and mounted between two tung-
sten triangles in 5 mL organ baths containing Krebs solution
(37°C, aerated with 95% 0,/5% CO,, pH 7.4). Aortic rings
were gradually stretched during 1 h to reach a stable loading
tension of 0.75 g. Overall, the procedure from death until
the first measurement took approximately 2.5 h. Isometric
changes in vascular tone were measured by force transducers
(model 52-9545, Harvard Apparatus, South Natick, MA, USA),
coupled to LKB chart recorders (model 2210 or REC 102, LKB,
Rockville, MD, USA). After two equilibrating contractions
with depolarizing KCI (50 mM), the relaxing effect of nucle-
otides was measured on U46619- (a thromboxane mimetic,
30 nM) precontracted aortic rings. In desensitization experi-
ments, the stable nucleotides ADPBS and ATPyS were used to
induce P2Y1 and P2Y2 receptor-dependent relaxation, respec-
tively. ATPyS relaxation was performed in the presence of the
P2Y1-receptor antagonist MRS2500 (1 uM) to avoid responses
from P2Y1 receptors, due to contaminating ADP present in
ATP»S. Desensitization of P2Y1 receptors was achieved by ADP
(10 pM-10 mM), while desensitization of P2Y2 receptors was
achieved by ATP (10 uM-10 mM) for 30 min followed by
seven washes with 5 mL Krebs solution.

Statistical analyses
The data were compared by two-way ANOVA, followed by a
Bonferroni post-hoc test for multi-group comparisons.

Materials

U46619 was purchased from Cayman Chemical (Ann Arbor,
MI, USA), ARL67156 and MRS2500 from Tocris Bioscience
(Ellisville, MO, USA). Apyrase (grade VII), ADP, ATP, ADPSS,
and ATPyS were from Sigma-Aldrich (Oakville, ON, Canada).

Results

Functional expression of NTPDasel in endothelial cells

The contribution of NTPDasel in the hydrolysis of nucle-
otides was evaluated in situ by a lead precipitation method
(Braun et al., 2000). Entpdl™- vessels exhibit an important
deficit in ATPase and ADPase activity in the vascular wall.
Figure 1 illustrates the nucleotidase activity of an aorta and a
hepatic central vein. The ATPase activity localized in the
adventitial layer of EntpdI1~- aorta is due to NTPDase2, which
is a nucleoside triphosphatase with low diphosphatase activ-
ity (Heine et al., 1999; Sévigny et al., 2002). The endothelial
activity of NTPDasel was more evident in veins, such as the
hepatic central vein (Figure 1B), of wild-type animals because
of the near absence of SMC. This activity was virtually absent
in Entpdl™~ vessels (Figure 1). The same observations were
made in the Entpdl~~ vasculature of other tissues analysed,
namely heart, lungs, bowel, bladder and vas deferens (data
not shown). In accordance with its activity, NTPDasel immu-
noreactivity was localized in the vascular wall at the level of
the intima and the media layers (Figure 1: Entpd1**). It is
noteworthy that prolonged exposure of Entpdi- aortas to

British Journal of Pharmacology (2010) 159 576-585

ADP, but not ATP, led to a slight lead precipitation at the
endothelial surface (data not shown), suggesting the presence
of an ADPase activity. This activity may be attributable to
NTPDase6 that has previously been shown to be expressed by
endothelial cells in the heart (Yeung et al., 2000).

Effect of intravenous injection of nucleotides
We questioned whether NTPDasel could affect nucleotide-
induced hypotensive responses in vivo. Thus, blood pressure
was monitored on anaesthetized mice via a carotid catheter as
described in the Methods section. Resting mean arterial pres-
sure (MAP) was similar in Entpd1** and Entpd1~~ mice (mean
+ SEM: 62.1 = 1.9 vs. 64.2 = 1.3 mmHg, respectively).
Most of the nucleotides (ATP, ADP, UTP and UDP) are
vasodilators in vitro through activation of endothelial P2
receptors (Erlinge and Burnstock, 2008), and accordingly,
their i.v. injection induces a transient drop in MAP (Shah and
Kadowitz, 2002). To assess the contribution of NTPDasel in
the nucleotide-dependent vasorelaxation and the resulting
drop in MAP, we compared the effect of i.v. injections of ATP
and UTP in Entpd1™* and Entpd1”~ mice (from 0.01 to
1000 nmole-kg™"). The drop in MAP following ATP injection
was greater in Entpd1~~ mice (Figure 2A and B). UTP was as
potent as ATP in decreasing blood pressure in Entpdl~~ mice,
but it did not have any effects in wild-type animals (Figure 2A
and B). Because of its ability to promote platelet aggregation,
the effect of ADP was not tested in vivo. These results show
that NTPDasel activity limits the vasoactive effect of circulat-
ing ATP and UTP.

P2Y receptor-induced relaxation in aortic rings
P2 receptors have already been characterized in mouse aortic
rings: P2Y1 (ADP) and P2Y2 (ATP) receptors are responsible
for adenine nucleotide-dependent vasorelaxation, and P2Y6
receptors mediates UDP and part of UTP-dependent relax-
ation (Guns et al., 2005; 2006; Bar et al., 2008). This relaxation
depends on NO release, and is abolished in the presence of
NO synthase inhibitors. To assess the role of NTPDasel in
P2Y1 and P2Y2-dependent relaxation, we evaluated ADP and
ATP-induced relaxation of aortic rings from wild type and
Entpd1”~ mice, pre-contracted by U46619 to 80% of the
maximal response (Figure 3). U46619 induced similar con-
traction level in both strain of mice (mean = SEM of 30 nM
U46619-induced tension: 0.33 = 0.07 vs. 0.35 = 0.08 g of
tension for Entpd1™* and Entpd1~- aortic rings, respectively).
The relaxation induced by ATP was stable, and the shape of
the dose response curves induced by cumulative or single
concentrations of ATP was similar, suggesting that there was
no or moderate desensitization of this response. In contrast,
for ADP-induced relaxation, the concentration-response
curve did not follow a sigmoid shape, suggesting that some
desensitization occurred (data not shown). To avoid such
desensitization, we constructed dose-response curves with a
single concentration of each agonist per aortic ring. Both ADP
and ATP-induced relaxation were potentiated in Entpdl~~
aortic rings (Figure 3 and Table 1), suggesting that NTPDasel
activity limited activation of endothelial cell P2Y1 and P2Y2
receptors, respectively. In contrast, the non-hydrolysable
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Figure 1 Deficit of nucleotidase activity in Entpd1~~ mouse vasculature in situ. (A) Aorta sections: Nucleotide hydrolysis is impaired in the wall
of Entpd17~ vessels compared with Entpd1** aortas, which display significant ADPase and ATPase activity, as shown by the brown deposit on
VSMCs and endothelial cells. The remaining ATPase activity in the adventitia is due to nucleoside triphosphate diphosphohydrolase-2
(NTPDase2). (B) Liver sections: The deficit in nucleotidase activity in the endothelium is more obvious in the hepatic central vein. The activity
in canalicules is attributable to NTPDase8 (Fausther et al., 2007). (A and B) Control immunolabelling of the endothelium (PECAM) and
NTPDasel immunolabelling was performed as described. Note that NTPDase1 is expressed on both endothelial cells and VSMCs, in agreement
with the ATPase and ADPase activities in these cells. Scale bars represent 50 pm.
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Figure 2 The absence of nucleoside triphosphate diphosphohydrolase-1 (NTPDase1) reveals a potent hypotensive effect of nucleotides. (A)
Time course of the vascular response on the mean arterial pressure to injections of 10 nmole-kg™' of ATP (upper panel) or UTP (lower panel)
in wild-type (Entpd1**) and Entpd1~~ mice. (B) Concentration-response curves comparing the maximal decrease in mean arterial pressure
(AMAP max) in response to i.v. injections of ATP (upper panel) or UTP (lower panel). Data are representative of the mean + SEM of four to
five experiments performed on different mice. *P < 0.05; **P < 0.01; ***P < 0.001.

analogues ADPfS and ATPyS induced similar dose-dependent
relaxation in either Entpd1** or Entpdl™~ aortic rings
(Figure 3C and D and Table 1), revealing that endothelial P2Y
receptor functionality was comparable in vessels of both
genotypes. The specificity of these non-hydrolysable agonists
for P2Y1 and P2Y2 was verified by showing that ADPS relax-
ation was blocked by the specific P2Y1 receptor antagonist
MRS2500, while the response to ATPYS was absent in P2ry2-/-
aortas (data not shown), in agreement with previous studies
(Guns et al., 2006).

We previously observed that uracil nucleotides induced a
strong contractile response in Entpdl~~ denuded aortic rings
(Kauffenstein et al., 2009). We have found here that this exac-
erbated contractile response was by far exceeding the relaxing
effect of these nucleotides, making the study of endothelial
P2Y6 receptor dependent relaxation impossible in Entpdl'-
tissues in this system (data not shown). In contrast, ATP and
ADP did not display constrictor effect at concentrations below
30 uM, making the study of their relaxing effect possible with
no interference resulting from the direct VSMC contractile
responses.

Endothelial P2Y receptor desensitization
The ability of nucleotides to desensitize endothelial P2Y1
and P2Y2 receptors was tested in presence and absence of
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NTPDasel. For this, the relaxing effect of the non-
hydrolysable analogues ADPBS and ATPyS were measured in
wild type and Entpdl~- aortas before and after exposure to
different concentrations of the physiological agonists, ADP
and ATP, at the P2Y1 and P2Y2 receptors, respectively
(Figure 4). In Entpd17- aortic rings, P2Y1 receptors desensi-
tized partially after being exposed to 10 uM ADP (44% of
control relaxation), and completely after exposure to
100 uM ADP for 30 min, resulting in the absence of ADPBS-
induced relaxation (Figure4B and D). In contrast, in
Entpd1** aortic rings, ADPBS-induced relaxation was only
moderately affected after exposure to a much higher con-
centration of ADP (10 mM; 56% of control relaxation
remaining; Figure 4D), revealing that NTPDasel provides an
efficient protection of P2Y1 receptor against desensitization
by ADP. The P2Y2 receptors presented a different behaviour:
ATPyS-induced relaxation desensitized only weakly, even
after exposing aortic rings to the high concentration of ATP
(10 mM), and no significant difference between Entpdl**
and Entpd1™~ aortic rings could be detected (Figure 4C and
E). Besides, carbachol-induced relaxation was not modified
after ATP (10 mM) desensitization, showing that the func-
tionality of relaxation was preserved (data not shown). Note
that this concentration of ATP also desensitizes P2Y1 recep-
tors (Enjyoji et al., 1999).
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Figure 3 The relaxing effect of nucleotides is potentiated in
Entpd1~~ aortas. The relaxing effect of nucleotides was evaluated on
U46619-precontracted aortas (30 nM). ADP and ATP were used as
P2Y1 and P2Y2 receptor agonists, respectively. Both ADP (A) and
ATP-dependent (B) relaxations were enhanced in Entpd1~~ aortas.
Relaxations induced by the non-hydrolysable analogues ADPS (C) or
ATPYS (D) were equivalent in both genotypes.

Table 1 Relaxation of Entpd1** and Entpd1~~ aortic rings in
response to natural or non-hydrolysable agonists of P2Y1 and P2Y2
receptors

Emax (% of relaxation) ECso (uM)
Entpd1+/+ Entpd1-/- Entpd1** Entpd1-/-
ADP 54 27 14 0.35
ADPBS 44 48 1.4 0.99
ATP 96 96 29 1.0
ATPYS 83 79 0.6 0.86

Values shown in the table are derived from concentration-response curves
obtained with a single concentration for each aortic ring. The relaxant effect of
each agonist concentration was determined on aortic rings from three to five
different mice.

Discussion and conclusions

The study of Entpdl” mice brought to light a role of this
enzyme in thromboregulation (Enjyoji etal., 1999; Pinsky
et al., 2002), angiogenesis (Goepfert et al., 2001) and vascular
permeability (Guckelberger ef al., 2004). As circulating nucle-
otides are potent vasodilators through activation of endothe-
lial P2 receptors (Erlinge and Burnstock, 2008), we assessed
the role of NTPDasel in the regulation of nucleotide-
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dependent relaxation. Both ATPase and ADPase activities
were virtually absent in Entpd1”~ mouse vessels (Figure 1),
suggesting that NTPDase1 is the major enzyme responsible for
the hydrolysis of nucleotides at the endothelial surface, in
agreement with previous observations showing that NTP-
Dasel was the major ectonucleotidase in cardiac endothelial
cells (Enjyoji et al., 1999).

In vivo, the absence of NTPDasel led to a more pronounced
hypotension following i.v. injection of ATP and UTP. More
striking was our finding that, when injected in vivo, UTP did
not induce a hypotensive response (up to 1 pumole-kg™) in
wild-type mice, while it was as potent as ATP in Entpd1~~ mice
(Figure 2). The fact that exogenous UTP did not modify arte-
rial blood pressure in wild-type mice suggests that the recep-
tor(s) involved (P2Y6 and/or P2Y2) is (are) tightly regulated by
NTPDasel. These results also demonstrate that NTPDasel dif-
ferentially influences UTP and ATP responses in vivo.

An explanation for that discrepancy may be that the UTP
receptor is located closer to NTPDasel than the ATP recep-
tor(s), as found for other P2 receptors. For example, P2Y1 and
NTPDasel have both been reported to be specifically located
in the cholesterol-rich micro-domains of endothelial cells
(Kaiser et al., 2002; Papanikolaou et al., 2005). Second, the
vasodilator effect of adenine nucleotides may involve several
P2Y (P2Y1,2,4) and P2X (P2X1,4) receptors, making the
control of their activation by the action of NTPDasel a more
complex process. Finally, the major difference in the effect of
UTP on blood pressure in wild-type and Entpd1”~ mice may
also be due to the low redundancy of uracil nucleotide hydro-
lyzing enzymes compared with the wide range of adenine
nucleotide metabolizing ecto-enzymes (Robson et al., 2006),
making NTPDasel particularly important in the regulation of
uracil nucleotide action.

In aortic rings in vitro, we measured a leftward shift of the
concentration-response curve of relaxation produced by the
addition of either ADP or ATP. This reveals that NTPDasel
controls P2Y1 and P2Y2 receptor activation, as these are the
receptors mediating the relaxant effects (Guns et al., 2005;
2006) (Figure 3). The present observations in vitro and in vivo
suggest that during conditions in which endothelial NTP-
Dasel activity is reduced, such as in vascular inflammation or
oxidative stress (Robson et al., 1997), the vasodilator effects of
nucleotides would be potentiated.

As a counterpart, the absence of NTPDasel revealed the
propensity of endothelial P2Y1 receptors to undergo desensi-
tization when exposed to ADP in vitro (Figure 4). The latter is
in agreement with the rapid and complete P2Y1 receptor
desensitization in the presence of its natural ligand ADP
(Baurand et al., 2000). The desensitization of P2Y1 receptors
has been particularly examined on blood platelets, since it is
responsible for the well-known refractory state of stored plate-
lets (Holme and Holmsen, 1975). Indeed, apyrase, a potato
enzyme that hydrolyses nucleotides similarly to NTPDasel,
has been used since a long time to circumvent desensitization
during platelet isolation (Ardlie et al., 1971). This function is
fulfilled by NTPDasel in vivo. As a consequence, the absence
of NTPDase1 leads to a bleeding disorder specifically linked to
platelet P2Y1 receptor desensitization and a failure of aggre-
gation (Enjyoji et al., 1999). Here we found that NTPDasel
protects endothelial P2Y1 receptors and its associated
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Figure 4 Nucleoside triphosphate diphosphohydrolase-1 (NTPDase1) differentially regulates the homologous desensitization of endothelial
P2Y1 and P2Y2 receptors. Panel (A) represents the sequence of the protocol. Entpd1** and Entpd1~'~ aortic rings were contracted with 30 nM
U46619 and challenged for a first relaxation with 10 uM of either ADPBS (white arrow) or ATPYS (black arrow). After extensive washing of the
non-hydrolysable analogue, the rings were exposed respectively to ADP or ATP for 30 min (0.01 to 10 mM), washed and challenged a second
time for their ability to relax in response to the same non-hydrolysable agonist (second set of arrows). Panels (B) and (C) show representative
tracings of the relaxation in response to ADPBS (b) or ATPYS (C) before (left) and after (right) desensitization to 100 uM ADP (B) or ATP (C).
Panels (D) and (E) summarize the effects of the various concentrations of ADP and ATP used to desensitize ADPBS and ATPyS responses,
respectively. Results are expressed as percentage of the first relaxation produced before desensitization. Data are representative of the mean
+ SEM of 4-10 experiments performed on different mice. *P < 0.05; **P < 0.01; ***P < 0.001.

relaxation against desensitization. The fact that ADPJS-
dependent relaxation was unchanged between EntpdI** and
Entpd1”~ aortas in these in vitro experiments suggests that
these receptors are not desensitized in the long term.
However, we cannot exclude that endothelial P2Y1 receptors
may desensitize when exposed to significant ADP concentra-
tions released by blood cells, as from aggregating platelets
(Enjyoji et al., 1999). The in vivo hypotensive effect of ADP
was not tested due to its pro-aggregatory properties.

On the other hand, P2Y2 receptor was only poorly desen-
sitized in our experimental conditions. High concentrations
of ATP were required to diminish P2Y2-dependent relaxation
(Figure 4). These results clearly indicate that, in the same
arterial preparation, P2Y2 receptors are less prone to desensi-
tization than P2Y1 receptors and correlate with the earlier
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observation that in bovine aortic endothelial cells, IP; accu-
mulation induced by 2MeS-ADP- (a P2Y1 agonist) was more
easily desensitized than responses to ATP/UTP (P2Y2 agonists)
(Motte et al., 1993; Wilkinson et al., 1994). Similarly, repeated
stimulation with 2MeS-ADP resulted in desensitization of the
relaxing response in rat aorta, while UTP-induced relaxation
was not affected (Dol-Gleizes et al., 1999). Altogether, these
data reveal that P2Y1 receptors are more likely to undergo
homologous desensitization when compared with P2Y2
receptors, and that NTPDasel plays a role in the protection of
the former receptor.

Thus, even if P2Y1 and P2Y2 receptors are both coupled to
Gq, they may display distinct desensitizing mechanisms.
Indeed, it was recently shown that P2Y1 receptors recruit the
G-protein-coupled receptor kinase-2 (GRK2), while P2Y2



receptors recruit GRK1 for their desensitization (Hoffmann
et al., 2008). Moreover, in endothelial cells, the effect of
2MeS-ATP (a P2Y1 agonist) on IP; was significantly inhibited
after a short exposure to phorbol 12-myristate 13-acetate as
compared with the effect of UTP (a P2Y2 agonist), suggesting
that the P2Y1 receptor response was more sensitive to protein
kinase C (PKC)-dependent desensitization than that of P2Y2
receptors (Communi et al., 1995). Thus, sensitivity to PKC
probably also contributes to the difference in desensitization
of P2Y1 and P2Y2 receptors. Nevertheless, P2Y2 receptors did
show a weaker desensitization in comparison with that of
P2Y1 receptors, as its associated dependent relaxing effect was
only diminished by half after 10 mM ATP exposure (Figure 4).
Interestingly, NTPDasel did not exert a protective effect on
P2Y2, as it did for P2Y1 receptors. It is noteworthy that this
high ATP concentration necessary for desensitization suggests
that such desensitization of P2Y2 receptors does not occur
in vivo.

In Entpd1™" arteries, the accumulation of UTP and UDP at
the surface of VSMCs mediated a significant contraction
(Kauffenstein et al., 2009). The net effect of uracil nucleotides
resulted in a constriction in Entpdl~- aortas instead of the
relaxation obtained in the same vessels in Entpd1**. For this
reason, it was not possible to use Entpd17~ mice in this model
to study the role of NTPDasel on the function of endothelial
P2Y6 receptors, which have been proposed to mediate UDP-
and a part of UTP-dependent relaxation (Bar ef al., 2008). This
apparent greater contribution of NTPDasel to vasoconstric-
tion in vitro is likely to be linked to the smaller intercellular
space and the slower diffusion in the multi-layer-organized
VSMCs, favouring the exposure of nucleotides to ectonucle-
otidases, limiting their effects. In our experimental model, the
exogenous nucleotides had free access to both endothelial
cells and VSMCs. Therefore, the bioavailability of nucleotides
within smooth muscle would be strongly influenced by NTP-
Dasel action, and the absence of this enzyme would have
more impact on VSMC activation (contraction) than on the
endothelial function (relaxation), as observed here. This
makes the full picture more complex to analyse, as P2Y1,
P2Y2 and P2Y6 receptors are all expressed by both endothelial
cells and VSMCs, making the bioavailability of nucleotides a
crucial factor in the regulation of the vascular tone.

Our results suggest that physio(patho)logical modulation of
NTPDasel expression or activity in endothelial cells may dif-
ferently affect P2Y1, P2Y2, and probably other endothelial P2
receptor activation and the consequent relaxation. Hypoxia
was shown to dramatically increase NTPDasel expression (Elt-
zschig et al., 2003). The increased endothelial nucleotidase
activity may diminish the potency of vasodilator effect of
nucleotides, and, as a consequence, increase vascular tone.
On the other hand, a reduced NTPDasel activity has been
reported in inflammatory and oxidative environments
(Robson et al., 1997). We can speculate that moderate down-
regulation of NTPDasel would facilitate P2 receptor activa-
tion, while a more profound drop in activity would lead to
P2Y1 receptor desensitization and a loss in nucleotide-
dependent relaxation. In considering NTPDasel as a regulator
of vascular tone, it is important to integrate the contribution
of NTPDasel at the surface of smooth muscles and endothe-
lial cells, because variations in the expression or the activity of
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the enzyme will have an opposite effect on vascular tone
modulation, a drop in the activity enhancing the constrictor
effect of nucleotides and vice versa. The final outcome of
NTPDasel modulation on vascular tone will depend on its
respective endothelial versus muscular expression, as well as
on the site of nucleotide release.

In conclusion, NTPDasel constitutes the major ectoenzyme
hydrolysing extracellular nucleotides at the surface of the
vascular endothelium. Its absence allows a facilitated relax-
ation in vitro and a hypotensive effect in vivo, in response to
nucleotides. The enzyme prevents endothelial P2 receptor
overactivation and provides an efficient protection of P2Y1
receptors against desensitization. Endothelial P2Y2 receptors
exhibited a limited desensitization that was not affected by
NTPDasel activity. In addition, Entpd1~- mice provide a useful
model to highlight the predominant P2 receptors implicated
in particular vascular fields. Further work is required to
establish the in vivo relevance of such enzymatic control of
vascular tone, taking into consideration physio(patho)logical
conditions where the expression or activity of NTPDasel is
modified.
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1. Introducéo:

As plaquetas sdo fragmentos citoplasmaticos versateis cuja principal fungdo é cessar o
sangramento (Zucker & Nachmias, 1985). No entanto, sabe-se que, sob ativacéo, as plaquetas
liberam ou produzem diferentes substancias capazes de afetar o tonus vascular (Forstermann
et al., 1988, Kaul et al., 1991, Kaul et al., 1992, Vanhoutte & Houston, 1985). Dentre estas
substancias, a 5-hidroxitriptamina (5HT, serotonina) e o tromboxano A; (TXA;) podem
induzir a constri¢cdo dos vasos sanguineos, enquanto que os nucleotideos da adenina (ATP e
ADP) podem levar ao relaxamento vascular (Kaul et al., 1994). A vasoconstri¢do local em
resposta as plaquetas agregadas é considerada um importante mecanismo que contribui para o
vasoespasmo observado em estados patoldgicos (Vanhoutte & Houston, 1985). Entretanto, as
plaquetas de humanos ativadas liberam muito mais ADP do que serotonina e tromboxano
(Meyers et al., 1982), de maneira que a resposta predominante as substancias liberadas por

estes fragmentos é a vasodilatacdo (Kaul et al., 1994).

A ativacdo dos receptores purinérgicos (P2) endoteliais provoca uma vasodilatacéo local
envolvendo os trés principais fatores vasodilatadores: 6xido nitrico (NO), prostaciclina e fator
hiperpolarizante derivado do endotélio (EDHF) (Erlinge & Burnstock, 2008). Os receptores
P2Y; e P2Y, tém sido apontados como os responsaveis pela vasodilatacdo causada pelos

nucleotideos ADP e ATP/UTP na maioria dos tecidos (Boarder & Hourani, 1998).

A participacdo dos nucleotideos oriundos de plaquetas sob ativagdo no relaxamento
vascular tem sido evidenciada em diferentes estudos. Houston e colaboradores mostraram que
os nucleotideos da adenina de plaquetas humanas causam o relaxamento direto das artérias
coronarias em cées (Houston et al., 1986). Além disso, sabe-se que o ATP e o ADP produzem
um potente relaxamento dependente do endotélio em artéria femural e cardtida de caes (De

Mey & Vanhoutte, 1981, Houston et al., 1985). Portanto, 0 objetivo deste estudo € avaliar a
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contribuicdo dos receptores P2Y endoteliais especificos (P2Y1, P2Y, e/ ou P2Y¢), bem como

da NTPDasel, no relaxamento dependente da ativacédo plaquetéria.

2. Protocolo Experimental Geral:

Utilizagdo do sobrenadante de plaquetas humanas ativadas (APSN) para induzir o

relaxamento de anéis aorticos de camundongos em experimentos de reatividade vascular.

3. Padronizacédo da Metodologia:

a. Lavagem das plaquetas:

A lavagem das plaquetas foi baseada em um protocolo previamente descrito
(Cazenave et al., 1983). Brevemente, cerca de 50 mL de plasma rico em plaquetas (PRP) de
humanos foi centrifugado por 14 minutos a 2900 rpm (Centrifuga IEC Centra 8R, Rotor IEC
216) a temperatura ambiente. Em seguida, o plasma pobre em plaquetas (PPP) foi
cuidadosamente removido. O precipitado foi resuspenso com o auxilio de uma pipeta plastica
em 25 mL de tampédo Krebs (em mM: NaCl 118, KCI 4.7, CaCl, 2.5, KH,PO, 1.2, MgSO,
1.2, NaHCO3; 25 e glicose 5.5, pH 7.4) contendo 0.35% de albumina sérica bovina (BSA),
0.05 U/mL de apirase, 10 U/mL de heparina e 1 uM de adenosina, pré-aquecido a 37°C. As
plaquetas foram novamente centrifugadas (Centrifuga IEC Centra 8R, Rotor IEC 216) a 2100
rpm a temperatura ambiente por 8 minutos e o precipitado resultante foi resuspenso no
mesmo tampdo, a excecdo da heparina e da adenosina que ndo foram adicionadas a partir
desta etapa. Posteriormente, as plaquetas foram contadas com o auxilio de um hemocitdmetro

e, finalmente, centrifugadas (Centrifuga IEC Centra 8R, Rotor IEC 216) a 2100 rpm por 8
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minutos a temperatura ambiente. O precipitado de plaquetas foi resuspenso em tampéao Krebs
(pH 7.4) contendo apenas 0.35% de BSA, pré-aquecido a 37°C, a fim de se obter uma
suspensdo final contendo 500000 plaquetas/uL (para os ensaios de agregacdo) ou a
concentragédo desejada (100000 plaquetas/uL para os experimentos de reatividade vascular no

banho organico).

b. Teste da qualidade da suspenséo de plaquetas:

A qualidade da suspensdo de plaquetas foi avaliada a partir de sua capacidade de
resposta a agregacdo a 5 uM de ADP e a 1 U/mL de trombina em um volume final de reacéo
de 500 uL em tampao Krebs + 0.35% BSA. A reacdo foi iniciada pela adi¢do dos agonistas a
suspensdo de plaquetas (concentragdo final de 500000 plaquetas/ pl) sob agitagdo. A
agregacdo plaquetaria e a mudanca de forma das plaquetas foram monitoradas por até 5
minutos em um agregébmetro Payton de dois canais — modelo1020B (Payton Scientific Inc.,
NY, USA) com controle de temperatura, a qual foi mantida a 37°C durante todo o curso da
reacdo. A agregacdo maxima (100%) foi considerada como a transmissdo de luz produzida

somente pelo tampéo sem plaquetas.

c. Obtencéo do sobrenadante de plaquetas ativadas (APSN):

As plaquetas foram ativadas utilizando-se 5 U/mL de trombina sob agitacdo por 4
minutos. Durante este tempo, foi possivel observar a degranulacdo das plaquetas a olho nu.
Posteriormente, a suspensdo de plaquetas ativadas e agregadas foi centrifugada (Centrifuga
Eppendorf, tubo de 1.5 mL) a 14000 rpm por 2 minutos a 4°C. O APSN foi mantido em gelo

e imediatamente utilizado para os experimentos de reatividade vascular.
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d. Determinacéo da concentracdo de plaquetas:

A concentracdo de plaguetas a ser ativada para a obtencdo do APSN e posterior
utilizacdo nos experimentos de reatividade vascular foi determinada a partir de diferentes
suspensdes de plaguetas com concentrac@es finais no banho orgénico que variaram de 25000
a 200000 plaquetas/uL. Estas suspensoes foram testadas em anéis adrticos intactos (com a
camada endotelial preservada) em repouso ou pré-contraidos, conforme descrito

posteriormente.

e. Determinacao dos niveis de nucleotideos no APSN:

O APSN oriundo da ativacdo das plaquetas foi submetido a um processo para a
extracdo de nucleotideos. Primeiramente, o sobrenadante foi misturado com 1 mM de EGTA
e 1 mM de EDTA. Posteriormente, &cido perclorico gelado em uma proporcdo de 1:1 foi
adicionado a mistura que foi centrifugada (Centrifuga Eppendorf, tubo de 1.5 mL) a 14000
rpm por 3 minutos a 4°C. Uma aliquota do sobrenadante foi coletada, neutralizada com 0.5 M
KOH e misturada com 17% (v/v) de n-heptano. Uma segunda centrifugacdo a 14000
(Centrifuga Eppendorf, tubo de 1.5 mL) rpm por 3 minutos a 4°C foi realizada para a
remocao dos lipideos e a precipitacdo do &cido perclérico. Apos a centrifugagdo, uma solucéo
heterogénea com trés camadas foi obtida, na qual a camada superior estava composta por n-
heptano e lipideos, a camada do meio era constituida pelos nucleotideos e a camada inferior
continha o precipitado de acido perclorico. Uma aliquota de 100 puL da camada do meio foi
coletada para imediata deteccdo dos niveis de nucleotideos por HPLC (High Pressure Liquid
Chromatography) como previamente descrito (Kukulski et al., 2005). Em alguns
experimentos, as plaquetas foram degranuladas em presenca de 5 U/mL de apirase (Sigma-
Aldrich, St. Louis, MO, USA) — uma enzima conhecida por hidrolisar os nucleotideos di e tri-

fosfatos.
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f.  Dissociacao do efeito dos nucleotideos dos demais agentes vasoativos:

Considerando-se que as plaquetas sob ativacdo liberam, além dos nucleotideos, outras
moléculas vasoativas, 0 objetivo desta etapa consistiu em eliminar os efeitos constritores da
5HT e do TXA,. Para determinar o melhor antagonista para os receptores de serotonina,
foram realizadas curvas concentracio-resposta @ SHT (10”° a 10 M) na auséncia ou presenca
de quetanserina (10° e 10'M), metiotepina (10° e 10°M) e metilsergida (10° e 107M)
diretamente sobre os anéis aorticos no banho organico. Para inibir a sintese de TXA,, as
suspensdes de plaquetas foram incubadas com ozagrel (10°, 10° e 10'M) por 40 minutos a

37°C antes da sua degranulacéo e utilizagdo nos experimentos de reatividade vascular.
g. Experimentos de reatividade vascular:

Para os experimentos de reatividade vascular, os camundongos (linhagem: C57BI6)
foram anestesiados com uma injecdo i.p. de uma mistura de quetamina (100 mg/kg ) e
xilasina (20 mg/kg). A porcdo toracica das aortas foi removida, lavada com uma solugdo
salina/heparina 20 U/mL e mantida em tampdo Krebs a 4°C até sua utilizacdo. Em seguida, as
aortas foram divididas em segmentos de 2 mm e montadas entre dois triangulos de tungsténio
em banhos orgénicos de 5 mL contendo Krebs (a 37°C, aerado com 95% O,/ 5% CO,, pH
7.4). Os anéis adrticos foram gradualmente estirados durante 1 hora até atingirem uma tensao
de 0.75 g. As mudancas isométricas no ténus vascular foram medidas por transdutores de
forca (modelo 52-9545, Harvard Apparatus, South Natick, MA) acoplados a gravadores
graficos (modelo 2210 ou REC, LKB, Rockville, MD). Apds duas constricdes ao KCI (50
mM), o efeito relaxante dos nucleotideos foi avaliado em anéis adrticos em repouso ou preé-

contraidos com 30 nM U46619 (analogo do TXA,).
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4. Resultados Preliminares e Discussao:

O passo inicial e limitante para a padronizacdo desta metologia consistia na obtencéo de
uma suspensdo de plaquetas lavadas e separadas dos outros constituintes plasmaticos que
permanecesse responsiva apds as etapas de lavagem. Desta maneira, a qualidade da
suspenséo de plaquetas lavadas, em uma concentracdo da ordem de 500000 plaquetas/uL, foi
avaliada em um ensaio de agregagdo em resposta ao ADP (5 uM) e a trombina (1 U/mL). A
figura 1 mostra um gréfico representativo deste experimento, em que as plaquetas lavadas,
quando desafiadas com 5 uM de ADP, apresentaram o tipico perfil de agregagdo esperado
para este agonista (Cazenave et al., 1983), comecando com a alteracdo da sua forma,
atingindo em torno de 40% da agregacdo maxima e sendo completamente reversivel apés 3 a
4 minutos. E imporante salientar que a agregacdo ao ADP requer a presenca de fibrinogénio,
o qual foi devolvido a suspensdo de plaquetas lavadas pela adicdo de uma aliquota de PPP.
Da mesma maneira, a agregacdo plaquetaria em resposta a trombina ocorreu conforme o
esperado (Cazenave et al., 1983), ou seja, comecando com uma alteracdo na sua forma,
atingindo em torno de 50 a 60% da agregacdo maxima e sendo completamente irreversivel.
Os ensaios de agregacdo foram realizados em diferentes tempos ap6s o término da lavagem
das plaquetas. Na figura 1, o tempo representado é o de 2 horas ap06s o término das lavagens,
o qual foi condizente com o tempo necessario para o preparo e equilibrio dos anéis aorticos
no banho organico. A preparacdo mostrou-se estavel e responsiva por até 8 horas (dados nao
mostrados). A partir destes dados, concluimos que a primeria parte desta padronizacdo da

metodologia, ou seja, a lavagem de plaquetas, foi grandemente satisfatoria.

Posteriormente, suspensdes de plaquetas com concentragdes diferentes (de 25000 a
200000 plaquetas/pL, concentragao final no banho organico) foram ativadas com 5 U/ mL de

trombina e centrifugadas para obtencdo do APSN contendo as substancias vasoativas, 0 que
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foi testado sobre os anéis adrticos (dados ndo mostrados). O sobrenadante resultante da
suspensdao contendo 100000 plaquetas/ul (concentragdo final no banho organico) foi
estabelecido como a melhor concentracdo a ser utilizada para 0s experimentos de reatividade
vascular. Esta concentragcdo mostrou-se capaz de produzir um efeito, o qual pdde ser medido
no nosso sistema experimental, e esta de acordo com a concentracdo previamente utilizada
por Houston (Houston et al., 1986). O APSN levou a constricdo dos anéis intactos em
repouso (Figura 2A) e ao relaxamento dos anéis pré-contraidos com U46619 (Figura 2B).
Considerando o exposto anteriormente de que a resposta predominante as substancias
liberadas pelas plaquetas ativadas € a vasodilatacdo (Kaul et al., 1994), a ndo observancia
deste comportamento nos anéis em repouso pode ser devido a uma limitacéo técnica, uma vez
que é impossivel obter tracados abaixo daqueles da linha de base no sistema de registro
utilizado. Porém, quando pré-contraidos com o anélogo do TXA,, o0s anéis responderam ao

APSN com um consideravel relaxamento.

Tendo caracterizado a lavagem das plaquetas, bem como a concentracdo a ser utilizada
para 0s experimentos de reatividade vascular, o passo seguinte foi a determinacdo dos niveis
de purinas no APSN. Para tanto, os nucleotideos foram extraidos e medidos como descritos
anteriormente. Um fator de dilui¢do igual a 5 deve ser considerado, uma vez que a extracao
dos nucleotideos foi feita a partir de uma suspensdo contendo 500000 plaquetas/pL, a qual foi
adicionada ao banho organico de maneira a alcancar concentracdo final de 100000
plaquetas/uL. Desta maneira, a figura 3A mostra que os niveis de ATP e ADP encontrados no
sobrenadante de plaquetas ativadas se encontra em torno de 1 uM, o qual ¢ suficiente para a
ativacdo dos receptores P2 endoteliais em aorta de camundongos (Guns et al., 2005). Além
disso, a adicdo de apirase (5 U/ mL), conhecida por hidrolisar nucleotideos di e tri-fosfatos, a

suspensédo de plaquetas antes da sua degranulagdo, fez com que o ATP e o ADP fossem
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praticamente abolidos do APSN, além de favorecer o acimulo de AMP (Figura 3B).
Portanto, com este experimento ficou confirmada a presenca dos nucleotideos no APSN, em

concentragdes compativeis com a ativacao de receptores P2 endoteliais.

A etapa seguinte desta padronizacdo consistiu em dissociar os efeitos dos nucleotideos
das demais substancias vasoativas (5HT e TXA;) liberadas ou produzidas pelas plaquetas sob
ativacdo. Desta maneira, a metilsergida, um antagonista misto dos receptores 5HT; e 5HT»,
na concentracdo 10" M foi determinada como a melhor molécula para bloquear os efeitos da
5HT (dados ndo mostrados). A partir deste resultado, a metilsergida foi adicionada ao banho

organico em todos os experimentos subsequentes 20 minutos antes da adigdo do APSN.

A figura 4 mostra um resumo dos efeitos do APSN sobre os anéis adrticos pré-contraidos
com 30 nM de U46619. O APSN controle apresentou um relaxamento em torno de 30%,
enquanto que a apirase (2U/mL) adicionada a suspensdo de plaquetas durante a degranulacao
foi capaz de reduzir esta resposta em quase 50%, possivelmente por abolir os nucleotideos da
preparacdo. Além disso, o bloqueio dos receptores de serotonina pela metilsergida (107 M,
adicionada aos anéis aorticos 20 minutos antes do APSN) aumentaram o relaxamento pelo
APSN, provavelmente por inibir a resposta vasoconstritora desta molécula. O ozagrel (10
M), inibidor da sintese de TXA,, adicionado & suspensdo de plaquetas a 37°C por 40
minutos antes de sua degranulacgéo, parece néo ter exercido nenhum efeito sobre a resposta do
APSN. As possiveis explicacBes para este resultado sdo a ocupagdo prévia do receptor de
TXA; pelo seu analogo (U46619) utilizado para pré-contrair os aneis aorticos e, ainda, o
tempo curtissimo de meia-vida do tromboxano A; (em torno de 32 segundos em pH 7.2)

(Bhagwat et al., 1985).

No final do meu periodo de estagio no exterior, a maioria das condi¢fes para a avaliacdo

do efeito dos nucleotideos provenientes do APSN sobre o relaxamento de anéis aorticos havia
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sido estabelecida, fortalecendo a viabilidade do projeto proposto. No entanto, o efeito direto
da trombina (utilizada para a ativagdo das plaquetas) sobre as aortas permanece por ser
estabelecido, uma vez que esta molécula parece ter um efeito vasorelaxante per se (Kataoka
et al., 2003). Apos este Ultimo passo da padronizacdo, o0 APSN podera ser testado nos
diferentes genotipos animais a fim de avaliar a participacdo da enzima NTPDasel, bem como
determinar qual(is) os receptores P2 endoteliais (P2Y1, P2Y, elou P2Ys) especificos

envolvidos nesta resposta.

Plaquetas hiper-responsivas tém sido frequentemente encontradas em casos de
hipertensdo essencial (Pravenec et al., 1992), e o aumento da sua ativacdo na HAS
provavelmente desempenha um importante papel no inicio e no progresso da aterosclerose e
das desordens associadas (Islim et al., 1995). O relaxamento dependente do endotélio em
resposta aos nucleotideos em aortas de camundongos passa pela ativacdo dos receptores P2Y;
(ADP), P2Y, (ATP) e P2Y¢ (UDP) (Guns et al., 2006). O receptor P2Y; é absolutamente
necessario para a agregacao plaquetaria induzida por ADP e tem sido sugerido com um alvo
relevante para novos compostos anti-plaquetarios (Gachet, 2008). Portanto, o entendimento
da contribuicdo deste receptor na vasodilatacdo mediada por plaquetas ativadas torna-se
imprescendivel ao considerar-se 0 uso de antagonistas para este receptor na salde humana,

sob a pena de um aumento geral no status vasoconstritor e suas consequéncias.
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Figura 1
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Figura 1: Tracados representativos de ensaio de agregacdo plaquetaria realizados com uma
suspenséo de plaquetas (500000 plaquetas/uL). A agregagdo ao ADP (5 uM) atingiu em torno
de 40% da agregacdo maxima e foi completamente reversivel apds 3 a 4 minutos, engquanto
que a agregacdo a trombina (1U/mL) alcancou cerca de 60% da agregacdo maxima e foi
completamente irreversivel. Ensaio representativo de pelo menos 3 experimentos
independentes (100% de agregacdo = transmissdo de luz produzida pelo tamp&o sem

plaquetas).
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Figura 2

Ag

—
0

APSN 3 min

u4e6

APSN

5min

Figura 2: Efeito global do sobrenadante de plaquetas ativadas (APSN) (100000 plaquetas/

uL, concentracdo final) sobre anéis aorticos intactos de camundongos em repouso (A) ou pré-

contraidos com 30 nM de U46619 (B). Tracados de reatividade vascular representativos de

pelo menos 3 experimentos independentes.
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Figura 3
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Figura 3: Niveis de purinas no sobrenadante de plaquetas ativadas (APSN). As
concentracdes de ATP e ADP (A) alcancam um concentragdo em torno de 1 uM,
considerando-se um fator de diluicdo igual a 5 (n=3 para preparacdes de plaquetas
provenientes de diferentes doadores). A adigdo de apirase (5 U/ mL) antes da degranulacdo
plaquetaria aboliu o ATP e o ADP e favoreceu o acimlo de AMP (n=1, representativo de

pelo menos 3 experimentos independentes).
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Figura 4
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Figura 4: Relaxamento produzido pelo APSN em anéis adrticos intactos pré-contraidos com
30 nM de U46619. O efeito do APSN foi testado sob diferentes condigfes: controle, apirase

(2 U/mL), metilsergida (107M) e ozagrel (10"M) (n=3 a 8 para os diferentes grupos).

120



Referéncias

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Zucker MB, Nachmias VT. Platelet activation. Arteriosclerosis 1985;5 (1):2-18.

Forstermann U, Mugge A, Bode SM, Frolich JC. Response of human coronary
arteries to aggregating platelets: importance of endothelium-derived relaxing factor
and prostanoids. Circ Res 1988;63 (2):306-12.

Kaul S, Heistad DD, Mugge A, Armstrong ML, Piegors DJ, Lopez JA. Vascular
responses to platelet activation in normal and atherosclerotic primates in vivo.
Avrterioscler Thromb 1991;11 (6):1745-51.

Kaul S, Padgett RC, Waack BJ, Brooks RM, Heistad DD. Effect of atherosclerosis on
responses of the perfused rabbit carotid artery to human platelets. Arterioscler
Thromb 1992;12 (10):1206-13.

Vanhoutte PM, Houston DS. Platelets, endothelium, and vasospasm. Circulation
1985;72 (4):728-34.

Kaul S, Waack BJ, Padgett RC, Brooks RM, Heistad DD. Interaction of human
platelets and leukocytes in modulation of vascular tone. Am J Physiol 1994;266 (5 Pt
2):H1706-14.

Meyers KM, Holmsen H, Seachord CL. Comparative study of platelet dense granule
constituents. Am J Physiol 1982;243 (3):R454-61.

Erlinge D, Burnstock G. P2 receptors in cardiovascular regulation and disease.
Purinergic Signal 2008;4 (1):1-20.

Boarder MR, Hourani SM. The regulation of vascular function by P2 receptors:
multiple sites and multiple receptors. Trends Pharmacol Sci 1998;19 (3):99-107.

Houston DS, Shepherd JT, Vanhoutte PM. Aggregating human platelets cause direct
contraction and endothelium-dependent relaxation of isolated canine coronary
arteries. Role of serotonin, thromboxane A2, and adenine nucleotides. J Clin Invest
1986;78 (2):539-44.

De Mey JG, Vanhoutte PM. Role of the intima in cholinergic and purinergic
relaxation of isolated canine femoral arteries. J Physiol 1981;316:347-55.

Houston DS, Shepherd JT, Vanhoutte PM. Adenine nucleotides, serotonin, and
endothelium-dependent relaxations to platelets. Am J Physiol 1985;248 (3 Pt
2):H389-95.

Cazenave JP, Hemmendinger S, Beretz A, Sutter-Bay A, Launay J. [Platelet

aggregation: a tool for clinical investigation and pharmacological study.
Methodology]. Ann Biol Clin (Paris) 1983;41 (3):167-79.

121



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Kukulski F, Levesque SA, Lavoie EG, Lecka J, Bigonnesse F, Knowles AF, Robson
SC, Kirley TL, Sevigny J. Comparative hydrolysis of P2 receptor agonists by
NTPDases 1, 2, 3 and 8. Purinergic Signal 2005;1 (2):193-204.

Guns PJ, Korda A, Crauwels HM, Van Assche T, Robaye B, Boeynaems JM, Bult H.
Pharmacological characterization of nucleotide P2Y receptors on endothelial cells of
the mouse aorta. Br J Pharmacol 2005;146 (2):288-95.

Bhagwat SS, Hamann PR, Still WC, Bunting S, Fitzpatrick FA. Synthesis and
structure of the platelet aggregation factor thromboxane A2. Nature 1985;315
(6019):511-3.

Kataoka H, Hamilton JR, McKemy DD, Camerer E, Zheng YW, Cheng A, Griffin C,
Coughlin SR. Protease-activated receptors 1 and 4 mediate thrombin signaling in
endothelial cells. Blood 2003;102 (9):3224-31.

Pravenec M, Kunes J, Zicha J, Kren V, Klir P. Platelet aggregation in spontaneous
hypertension: genetic determination and correlation analysis. J Hypertens 1992;10
(12):1453-6.

Islim IF, Bareford D, Ebanks M, Beevers DG. The role of platelets in essential
hypertension. Blood Press 1995;4 (4):199-214.

Guns PJ, Van Assche T, Fransen P, Robaye B, Boeynaems JM, Bult H. Endothelium-
dependent relaxation evoked by ATP and UTP in the aorta of P2Y2-deficient mice. Br
J Pharmacol 2006;147 (5):569-74.

Gachet C. P2 receptors, platelet function and pharmacological implications. Thromb
Haemost 2008;99 (3):466-72.

122




PARTE Il

123



DISCUSSAO

O conceito de sinalizacdo purinérgica, o qual considera os nucleotideos e nucleosideos
purinicos e pirimidinicos como mensageiros extracelulares, foi proposto hd mais de 30 anos.
Estas moléculas, assim como seus receptores especificos e as enzimas responsaveis pela sua
degradacdo, sdo amplamente distribuidos em todos os sistemas animais, podendo mediar
funcbes sinalizadoras agudas (de curta duragdo) ou cronicas (de longa duracdo). Em
condicdes patologicas, a plasticidade na expressdo dos receptores purinérgicos tem sido
observada e drogas que atuam sobre o sistema de sinalizacdo por nucleotideos tém sido

consideradas como possiveis agentes terapéuticos.

Inimeros estudos tém relatado o envolvimento do sistema purinérgico em distintos
contextos patofisiologicos (para detalhes, consultar Burnstock (2006c) e as referéncias
contidas no artigo). Em particular, nosso grupo de pesquisa tem especial interesse em avaliar
possiveis modulacdes nas atividades das enzimas responsaveis pela degradacdo extracelular
dos nucleotideos e tem publicado diferentes estudos, com destaque para aqueles em que as
ectonucleotidases presentes em células relacionadas ao sistema cardiovascular estdo
particularmente alteradas. Mostramos que a hidrolise de nucleotideos foi modificada em
plaquetas de ratos submetidos a um modelo de endotoxemia por LPS (lipopolissacarideo de
Escherichia coli) (Vuaden et al., 2009). Relatamos um aumento nas atividades de hidrélise de
ATP, ADP e AMP em plaquetas de ratos submetidos a administracdo de angiotensina Il, alem
de alteracGes no catabolismo das purinas em plaquetas de ratos espontaneamente hipertensos
(SHR), sugerindo uma interacdo entre 0s sistemas purinérgico e angiotensinérgico (Furstenau
et al., 2007). Em trabalhos anteriores, demonstramos ainda que as atividades das
ectonucleotidases de soro sanguineo podem ser modificadas por diversos compostos (Bohmer

et al., 2006, Torres et al., 2007) e em resposta a diferentes situagdes, como 0 estresse por
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exemplo (Bohmer et al., 2003, Torres et al., 2002). Além disso, evidenciamos a modulagéo
da atividade e da expressdo das ectonucleotidases de células musculares lisas vasculares
(VSMC) (Tamajusuku et al., 2006), de cardiomidcitos (Barreto-Chaves et al., 2006, Carneiro-
Ramos et al., 2004) e de plaquetas (Bruno et al., 2005) em resposta as acdes do hormdnio
tiroideano, que, entre outras acdes, promove 0 aumento da pressdo arterial. Finalmente,
sugerimos também a modulacéo das atividades de hidrdlise de nucleotideos pelos horménios

ovarianos em soro e em plaquetas de ratos (Pochmann et al., 2005, Pochmann et al., 2004).

No presente trabalho, buscamos avaliar as implica¢des sobre a sinalizagdo purinérgica
em um contexto de hipertensdo arterial induzida pela inibicdo cronica da sintese de O0xido
nitrico (através da administracdo de L-NAME). A seguir, serdo discutidos os principais

resultados encontrados neste estudo.

1. Sinalizacdo Purinérgica Cardiovascular na Hipertensdo Arterial

Induzida por L-NAME

A hipertensao arterial é uma doenca multifatorial e poligénica que envolve complexas
interacdes entre mecanismos homeostaticos, 0s quais sdo determinados geneticamente e por
fatores ambientais (Lerman et al., 2005). Esta patologia pode frequentemente coexistir com
outras anormalidades, como aberracbes na funcdo plaquetaria por exemplo, o que
desempenha um importante papel no desenvolvimento da aterosclerose (Duhamel et al.,
2007). Portanto, o objetivo de uma terapia anti-hipertensiva eficiente consiste ndo somente
em reduzir os niveis de pressdo arterial, mas também em tratar seus fatores de risco

associados.
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A modulacdo da razdo nucleotideos/ nucleosideos na circulagdo tem um impacto
relevante sobre o controle da pressdo arterial. O resultado liquido do balanco entre os fatores
dilatadores e constritores direciona a modulacdo da pressdao sanguinea pela sinalizacdo
purinérgica. Neste sentido, o ATP, o ADP e o UTP, atuando sobre os purinoceptores
endoteliais, levam a producdo de fatores vasodilatadores, enquanto que a ligacdo destas
moléculas a receptores purinérgicos presentes nas VSMC, acarreta a formacdo de fatores

constritores (Erlinge & Burnstock, 2008).

No primeiro capitulo desta Tese, verificamos um aumento significativo na pressdo
arterial sistolica de ratos tratados com L-NAME (30 mg/Kg/dia por 14 dias) (Capitulo I,
Figura 1), exatamente como demonstrado previamente (Balbinott et al., 2005). Verificamos
também um aumento no valor do indice de peso do ventriculo esquerdo (LVWI) (Capitulo I,
Tabela 1), o qual parece indicar uma hipertrofia cardiaca devido ao aumento da massa
muscular do miocardio, consistente com dados ja relatados de hipertrofia associada ao
aumento da presséo arterial (Doggrell & Brown, 1998). As hidrolises de ATP, ADP e AMP
em soro e plaquetas de animais hipertensos foram diminuidas apés o tratamento com L-
NAME (Capitulo I, Figuras 2 e 3), 0 que poderia resultar em um aumento na agregacgao
plaquetaria pelo acimulo de ADP e diminuicdo na producdo de adenosina. Entretanto, apenas
uma tendéncia ao aumento da agregacao foi constatada nas plaquetas dos animais hipertensos
(Capitulo I, Figura 4). Todos os parametros avaliados, isto é, a pressdo arterial, as hidrolises
de nucleotideos e os indices cardiacos, retornaram aos valores de controle nos experimentos
realizados 7 dias apds a parada do tratamento com L-NAME (Capitulo I, Figura 1 e Tabela
1). Adicionalmente, verificamos que o L-NAME administrado in vitro ndo exerceu qualquer
efeito direto sobre o metabolismo das purinas em soro e plaquetas (Capitulo I, Tabela 2), o

que poderia sugerir que os resultados observados ndo se devem a um efeito préprio da droga.
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Entretanto, estudos adicionais se fazem necessarios para ratificar a contribuicdo do L-NAME
per se, da condi¢do hipertensiva ou de ambos para as respostas observadas. Assim,
corresponde a um objetivo futuro, o desenvolvimento de um protocolo de indugdo de
hipertenséo arterial pelo L-NAME associado ao uso de uma droga anti-hipertensiva que nao

interaja com a via do 6xido nitrico.

Sabe-se que o catabolismo das purinas pode apresentar-se descompensado em
diversas situacfes patoldgicas, incluindo a hipertensdo arterial. Um estudo com ratos
diabéticos por estreptozotocina mostrou que os niveis de ATP estavam diminuidos, enquanto
que os niveis de adenosina e hipoxantina estavam aumentados nos eritrocitos destes animais
(Dudzinska & Hlynczak, 2004). Além disso, os niveis de hipoxantina e acido Urico estiveram
aumentados no soro de individuos obesos quando comparados ao grupo controle, o que
poderia acarretar dano aos orgaos devido a formacdo de radicais livres (Saiki et al., 2001).
Com relacéo a hipertensdo, desde muito tempo o &cido drico tem sido considerado como um
fator causador do aumento da pressdo arterial (Mahomed, 1879), e uma dieta pobre em
purinas foi sugerida como uma maneira de prevenir a hipertensdo e as doencas vasculares
(Haig, 1889). Além disso, os niveis plasmaticos de hipoxantina mostraram-se diminuidos em

pacientes com hipertensdo essencial submetidos ao exercicio (Kinugawa et al., 2001).

Embora as hidrolises dos nucleotideos em soro e plaquetas de animais tratados com L-
NAME estivessem diminuidas, surpreendentemente, os niveis séricos de ADP, AMP e
hipoxantina também apresentaram-se reduzidos nestes animais (Capitulo I, Tabela 3). A
diminuicdo nos niveis de purinas circulantes pode ser interpretada como mais um fator de
risco para o desenvolvimento da hipertensdo, uma vez que estaria diminuida a producdo de
fatores dilatadores por estas moléculas. Por outro lado, o descompasso encontrado entre as
atividades enzimaticas e os niveis de purinas circulantes, também pode ser visto como um
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mecanismo compensatorio para evitar a agregacao plaquetéria (pela remocédo do ADP) e a
aterosclerose que sdo amplamente relatadas em casos de hipertensdo (Pravenec et al., 1992).
Neste ultimo contexto, a NTPDasel teria um importante papel, uma vez que é a principal
enzima presente na parede dos vasos sanguineos (Sevigny et al., 2002) e um acréscimo na sua

atividade, por exemplo, poderia remover o ADP circulante.

A NTPDasel é a principal enzima responsavel pela hidrélise dos nucleotideos na
superficie dos vasos sanguineos (Kaczmarek et al., 1996, Sevigny et al., 1997) e o seu
destacado papel na prevencdo da trombose foi confirmado em animais deficientes para esta
enzima (camundongos Entpdl”), os quais exibiram distirbios na hemostasia e na
trombogénese (Enjyoji et al., 1999). Entretanto, a modulacdo positiva da expressdo desta
enzima tem sido relatada apenas em situacdes bastante especificas, como por exemplo no
endotélio pos-hipoxia (Eltzschig et al., 2003), em linfécitos B e em plaquetas de humanos
submetidos ao exercicio vigoroso (Coppola et al., 2005), em diferentes areas cerebrais pos
lesdo cortical (Nedeljkovic et al., 2006), em humanos com doenca pancreatica (Kunzli et al.,
2007) e em células epiteliais da retina de humanos quando da estimulacdo dos receptores

P2Y (Lu et al., 2007).

A investigacdo sobre a possibilidade de modulacdo da expressdo da NTPDasel pelo
oxido nitrico (NO) em células endoteliais (EC) e em células musculares lisas vasculares
(VSMC) poderia contribuir para o esclarecimento da hipdtese de que esta enzima tem sua
expressdo aumentada nos animais tratados com L-NAME. Um trabalho prévio do nosso
grupo de pesquisa mostrou que o metabolismo in vitro de ATP, ADP e AMP foi diminuido
pelo nitroprussiato de sédio, um doador de NO, em sinaptossoma de hipocampo de ratos
(Kirchner et al., 2001). Os nucleotideos extracelulares tém sido implicados na ativagdo da
oxido nitrico endotelial (eNOS), levando a geracdo de NO e, consequentemente, a
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vasodilatacdo (Burnstock, 2006b). A busca pelos mecanismos intracelulares envolvidos neste
processo mostrou que a ativacdo dos receptores P2Y em EC pelos nucleotideos leva ao
aumento dos niveis de calcio intracelular, a ativacdo da PKCd e, finalmente, a fosforilacao da
eNOS no residuo de serina-1177 (da Silva et al., 2009). Considerando 0 acima exposto e 0s
dados obtidos no primeiro capitulo desta Tese, se a expressdo da enzima NTPDasel na
superficie dos vasos estiver aumentada nos animais hipertensos, explicando o descompasso
encontrado entre a hidrélise dos nucleotideos em soro e plaquetas e 0s niveis de purinas
circulantes, a0 mesmo tempo em que deixa de promover uma vasodilatacdo local via
producdo de NO, também diminui as possibilidades de agregacdo plaquetaria, 0 que € um

fendmeno bastante perigoso em casos de hipertenséo.

Um outro aspecto desta patologia sobre a sinalizacdo purinérgica abordado neste
estudo concerne ao dimorfismo sexual existente no aumento da pressdo arterial. Como
descrito no capitulo 111 desta Tese, diversos estudos tém relatado que a incidéncia e a
severidade da hipertensdo arterial sdo menores em mulheres do que em homens (Schenck-
Gustafsson, 1996), sendo atribuido ao estrogeno um papel cardioprotetor (Hinojosa-Laborde
et al., 1999). Alguns estudos descrevem que o sistema purinérgico tambeém esta sujeito as
diferencas de género e as acGes dos hormdnios gonadais. Neste sentido, um estudo
demonstrou um decréscimo nas hidrolises de ATP, ADP e AMP em sinaptossomas
hipocampais de ratos machos durante a tarefa de esquiva inibitéria, enquanto que nenhuma
alteracdo nestes parametros foi obervada em fémeas (Rucker et al., 2004). O catabolismo de
ATP, ADP e AMP foi signifcativamente diminuido em plaquetas de ratos fémeas submetidas
a remocao dos ovarios, sendo que a terapia de reposicdo hormonal ndo foi capaz de reverter

0s resultados encontrados (Pochmann et al., 2004). Por outro lado, a ovariectomia causou um
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aumento nas hidrolises dos mesmos substratos em soro de ratos fémeas, as quais foram

diminuidas pela terapia de reposicdo hormonal (Pochmann et al., 2004).

Ainda que de maneira preliminar, observamos que uma dose maior de L-NAME (50
mg/Kg/dia por 14 dias) foi necessaria para induzir o aumento da presséo arterial em todas as
fémeas utilizadas no estudo, uma vez que cerca de 30% dos animais avaliados mostraram-se
resistentes ao desenvolvimento da hipertensdo quando tratados com 30 mg/Kg/dia de L-
NAME pelo mesmo tempo (Capitulo Il1, Figura 1 e dados ndo mostrados). Apesar disso, 0
nivel de hipertensdo atingido foi 0 mesmo com ambas as doses administradas (Capitulo 111,

Figura 1).

Quando comparadas aos seus controles, as fémeas ndo exibiram hipertrofia cardiaca
associada ao aumento da pressdo arterial. O L-NAME (em ambas as doses administradas) nao
alterou os niveis séricos de creatinina e as hidrolises dos nucleotideos (avaliadas em soro
sanguineo e em sinaptossoma cardiaco) também ndo foram modificadas (Capitulo 111, Figuras
2, 3 e 4). Portanto, de maneira geral, quando comparadas aos ratos machos tratados com L-
NAME (dados apresentados no capitulo 1), embora tenham desenvolvido hipertenséao arterial,
as fémeas parecem estar protegidas no que tange aos aspectos da sinalizacdo purinérgica.
Porém, faz-se necessaria a continuidade deste projeto para a confirmacdo dos resultados
obtidos até agora e para 0 melhor entendimento dos mecanismos envolvidos em um possivel

dimorfismo sexual relativo a sinalizacdo purinérgica em uma situacdo de hipertensao arterial.
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2. Sinalizacdo Purinérgica Renal na Hipertensdo Arterial Induzida por

L-NAME

Os rins sdo importantes 6rgdos reguladores e excretores, contribuindo para a
manutengdo da homeostasia de fluidos e eletrolitos, uma vez que adaptam a funcédo renal
as necessidades corporais (Vallon, 2008). A regulacdo da pressdo arterial esta diretamente
sob influéncia renal, ja que estes érgdos estdo diretamente comprometidos com o controle
do volume extracelular (Rodrigues et al., 2006). Além disso, suas funcbes sdo
desempenhadas em conjunto com os sistemas cardiovascular, endocrino e sistema

nervoso central (Berne et al., 2004).

Os rins apresentam-se constituidos por diferentes tipos celulares e 0 ATP pode ser
liberado por praticamente todas as células renais, sendo encontrado no fluido tubular e na
urina final (Schwiebert, 2001, Vekaria et al., 2006b). O ATP tem sido apontado como o
principal regulador autdcrino e paracrino da reatividade da microvasculatura pré-
glomerular, através da constricdo das arteriolas aferentes via receptores P2X e P2Y
(Inscho, 2001a, Inscho et al., 1992). A adenosina, por sua vez, exerce uma resposta
bifasica de vasodilatacdo e vasoconstricdo através da ativacdo dos receptores Aza e A,
respectivamente (Osswald et al., 1982). Os purinoceptores estdo substancialmente
presentes em diferentes regifes do néfron, do glomérulo e do sistema vascular renal,
incluindo os subtipos envolvidos na regulacdo da secrecdo de renina, na filtracdo
glomerular e no transporte de agua, ions, nutrientes e toxinas (Bailey et al., 2004, Shirley
et al., 2005, Unwin et al., 2003). Em conformidade com a expressao dos purinoceptores,
as ectonucleotidases sao também diferencialmente expressas ao longo do néfron de ratos
e controlam a ativacdo dos receptores de nucleotideos e nucleosideos (Vekaria et al.,

20063).
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No capitulo 1l do presente estudo, mostramos que hd um aumento nas hidrélises de
ATP, ADP, AMP e 5’TMP em membranas renais de ratos submetidos ao tratamento com
L-NAME (30 mg/Kg/dia por 14 dias) (Capitulo 1, Figura 1). O acréscimo nas atividades
foi acompanhado por um aumento no numero de transcritos das enzimas NTPDase2,
NTPDase3 e NPP3 (Capitulo IlI, Figura 3). A regulacdo da atividade das
ectonucleotidases pode ocorrer em diferentes niveis, envolvendo modificacdes
transcricionais e/ ou pdés-traducionais. Trabalhos prévios da literatura mostram que a
atividade das enzimas que hidrolisam nucleotideos pode ser alterada ap6s a administracdo
de drogas. Em 2007, um estudo mostrou alteracdes nas hidrolises de ATP, ADP, AMP e
5’TMP em linfocitos e em soro de ratos tratados com LPS, as quais foram acompanhadas
por uma mudancga nos niveis de transcricdo destas enzimas (Vuaden et al., 2007). Um
outro trabalho evidenciou que o etanol e o acetoaldeido causaram alteracdes na atividade
e na expressdo das NTPDases e da ecto-5’-nucleotidase em mebranas cerebrais de peixe-
zebra (Rico et al., 2008). Desta maneira, o aumento nas hidrolises de ATP, ADP e 5’TMP
pode ser explicado pelo acréscimo encontrado na expressdo das enzimas NTPDase2,

NTPDase3 e NPP3 em membranas renais de ratos tratados com L-NAME.

Por outro lado, o aumento na hidrolise de AMP em animais hipertensos nao foi
acompanhado por qualquer alteracdo no nimero de transcritos da ecto-5’-nucleotidase.
Conforme mencionado anteriormente, as ectonucleotidases podem sofrer diferentes tipos
de regulacdo, incluindo modificacdes pos-traducionais. Neste sentido, utilizando a

ferramenta NetPhosk (disponivel em http://www.cbs.dtu.dk), verificamos que a sequéncia

da ecto-5’-nucleotidase apresenta pelo menos dois potenciais sitios de fosforilacdo pela

PKC nos residuos de treonina 432 e 479. Portanto, € provavel que a ecto-5’-nucleotidase
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em membranas renais de ratos submetidos ao tratamento com L-NAME seja modulada

pela PKC, aumentando sua atividade de hidrolise do AMP.

Conforme previamente encontrado para soro e plaquetas (Capitulo 1), o L-NAME in
vitro ndo causou qualquer efeito direto sobre as atividades das ectonucleotidases de
membranas renais nas doses testadas. Além disso, 0s niveis séricos de creatinina ndo
foram alterados pelo tratamento com L-NAME, indicando que a funcdo renal esta
preservada no modelo de hipertensdo arterial estudado. Os valores de presséo arterial e as
atividades das ectonucleotidases retornaram aos niveis de controle, como verificado nos
experimentos realizados 7 dias apds o termino da administracdo do inibidor da sintese de

oxido nitrico (Capitulo 11, Figura 2).

De modo geral, os resultados encontrados no capitulo 11 mostram um aumento global
nas atividades das ectonucleotidases de animais hipertensos por L-NAME (30 mg/Kg/dia
por 14 dias). Este aumento global aponta para o término da sinalizacdo pelo ATP e para o
inicio da sinalizacao pela adenosina. O significado biologico para estes dados poderia ser
o0 de conferir um incremento nas respostas autoregulatorias do rim as variagdes na pressao
arterial. Neste sentido, o ATP poderia contribuir para a manutencdo da taxa de filtracdo
glomerular, impedindo grandes variacbes no volume extracelular e garantindo o bom
funcionamento dos 6rgdos, e a sua conversdao a adenosina causaria a constricdo das
arteriolas aferentes, evitando que as alteracGes na pressdo fossem transmitidas ao

glomérulo.
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3. Sinalizacéo Purinérgica na Regulacdo do Ténus Vascular

O tbnus vascular € o grau de contracdo sustentada do sistema vascular, o qual regula a
resisténcia periférica e contribui para a carga contra a qual o coragdo deve bombear o sangue.
Desta forma, o coracdo pode ser denominado como o0 6rgao de ejecdo, enquanto que O

sistema vascular representa o 6rgao de recepcdo do sangue (Ganong, 1995).

O ATP e a adenosina estdo bastante envolvidos nos mecanismos que delineiam o
controle local do tonus vascular (Burnstock & Ralevic, 1994), a migracdo, a proliferacédo, a
diferenciacdo e a morte celular durante a angiogénese, a arteriosclerose e a restenose
subsequente a angioplastia (Burnstock, 2002a, Erlinge, 1998). De modo geral, o ATP
liberado de nervos simpaticos como um co-transmissor leva a contragdo da musculatura lisa
via receptores P2X; e o ATP liberado de nervos sensorio-motores durante a atividade do
arco-reflexo causa a vasodilatacdo através de receptores P2Y. Além disso, o ADP, 0 ATP e o
UTP que séo liberados na circulagdo pelo rompimento celular, por alteracdes no fluxo
sanguineo ou em situacdes de hipdxia, por exemplo, podem ativar os receptores P2Y
endoteliais, 0 que promove o vasorelaxamento através da producdo de NO (Burnstock,
2002b). Por sua vez, o efeito geral da adenosina é a vasodilatacao através dos receptores A,
0S quais sdo expressos em praticamente todo o sistema vascular de mamiferos (Ralevic &

Burnstock, 2003).

A vasodilatacdo promovida pela ativacdo dos purinoceptores de EC envolve a
formacdo dos trés maiores fatores dilatadores: NO, prostaciclina e EDHF, dependendo da
espécie e do territdrio vascular considerado (Erlinge & Burnstock, 2008). Os receptores P2X;
e P2X, foram recentemente apontados como mediadores do vasorelaxamento induzido pelo
ATP em artérias de resisténcia (Harrington et al., 2007, Yamamoto et al., 2006), enquanto

que os receptores P2Y; e P2Y, sdo os responsaveis pelo relaxamento induzido por ADP, ATP
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e UTP na maioria dos territorios vasculares (Burnstock, 2006b). O capitulo 1V desta Tese traz
os resultados obtidos durante o periodo da realizacdo do estagio no exterior, em que se
buscou elucidar a contribuicdo da NTPDasel e dos receptores purinérgicos endoteliais no

vasorelaxamento.

Utilizando-se camundongos deficientes para a enzima NTPDasel (Entpdl™),
verificamos a virtual auséncia das hidrélises de ATP e ADP em se¢des de aorta e figado
destes animais (Capitulo 1V, Anexo 1, Figura 1), corroborando dados previamente descritos
na literatura de que a NTPDasel é a enzima responsavel pela degradacéo dos nucleotideos na
superficie dos vasos (Enjyoji et al., 1999). Adicionalmente, este primeiro resultado fortaleceu
a utilizacdo destes animais com um eficiente modelo experimental para avaliar a participacédo
desta enzima em diferentes contextos patofisioldgicos. Estudos publicados na literatura tém
revelado uma importante funcdo para a NTPDasel como um agente antitrombogénico (por
hidrolisar o ADP) (Enjyoji et al., 1999, Pinsky et al., 2002) e protetor da permeabilidade
vascular (Eltzschig et al., 2003, Guckelberger et al., 2004), os quais estdo relacionados com
sua expressao endotelial. Entretanto, um estudo recém publicado mostrou que esta enzima é
também a principal ectonucleotidase na superficie das VSMC e sua auséncia aumenta a

vasoconstricao dependente dos nucleotideos (Kauffenstein et al., 2010).

No presente estudo, observamos também uma hipotensdo pronunciada nos
camundongos Entpdl” apés a injecdo intravenosa de ATP e UTP (Capitulo 1V, Anexo |,
Figura 2). Sabe-se que os nucleotideos sdo capazes de causar vasodilatacdo em diversos leitos
vasculares e reducdo da pressao arterial em diferentes espécies quando administrados in vivo.
Em camundongos, o ATP e o UTP levam a um decréscimo da pressao arterial sistémica via
AMPc (Shah & Kadowitz, 2002), enquanto que em humanos, o ATP, juntamente com a
adenosina, tem sido utilizado na clinica para causar hipotensdo durante cirurgias (Agteresch
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et al., 1999). Portanto, a auséncia da NTPDasel provavelmente aumentou a disponibilidade

dos nucleotideos na circulacéo, exacerbando seu efeito vasodilatador e hipotensor.

Os experimentos de reatividade vascular in vitro, evidenciaram um aumento no
relaxamento dos anéis de aorta de camungos Entpd1” (Capitulo 1V, Anexo I, Figura 3) em
resposta ao ADP (agonista do receptor P2Y;) e ao ATP (agonista do receptor P2Y,). Quando
os analogos ndo hidrolisaveis de ADP (ADPPS) e de ATP (ATPSS) foram adicionados ao
banho organico, as respostas foram idénticas, demonstrando que os anéis adrticos oriundos de
ambos 0s gendtipos possuem a mesma capacidade de resposta aos estimulos. O fato de os
anéis de aorta dos camundongos deficientes para a NTPDasel apresentarem uma maior
vasodilatacdo ao ADP e ao ATP, indica que esta enzima controla a ativacdo dos seus
receptores especificos P2Y; e P2Y,, 0s quais ja foram apontados como 0s responsaveis pelo

relaxamento em aorta de camundongos (Guns et al., 2005, Guns et al., 2006).

Sabe-se que o receptor P2Y; € desensibilizado (tem sua resposta diminuida) na
presenca do ADP, seu agonista natural (Baurand et al., 2000). Este fenémeno foi
particularmente estudado em plaquetas, em que o receptor P2Y; parece ser o responsavel pela
baixa responsividade das plaquetas estocadas (Holme & Holmsen, 1975). Neste trabalho,
demonstramos que o receptor P2Y; também sofre desensibilizacdo na auséncia da enzima
NTPDasel (Capitulo 1V, Anexo 1, Figura 4). A prevencdo da desensibilizacdo pelas
ectonucleotidases, e portanto da resposta desencadeada pelo receptor, ja foi descrita em
plaquetas. Em 2006, Cauwenberghs e colaboradores publicaram um trabalho mostrando que
as plaquetas estocadas no seu plasma de origem tém a funcionalidade dos seus receptores
preservada pelas atividades ectonucleotidases plasmaticas, o que é de particular interesse para

0s bancos de estoque de sangue e plaquetas (Cauwenberghs et al., 2006). No nosso estudo,

136



ndo observamos desensibilizacdo do receptor P2Y,, 0 que sugere uma regulacdo diferencial

da NTPDasel em relacdo aos dois receptores.

As plaguetas desempenham um importante papel na manutencdo da integridade
vascular (Zucker & Nachmias, 1985). Considerando-se que, sob ativacédo, estes fragmentos
citoplasméticos sdo capazes de produzir e liberar substancias que afetam o tdnus vascular,
incluindo nucleotideos, um outro objetivo proposto durante o estagio no exterior foi o de
avaliar a contribuicdo dos receptores P2Y endoteliais (P2Y,, € ) especificos e da NTPDasel
no vasorelaxamento. Esta avaliacdo representa uma outra abordagem sobre a participacdo da

sinalizagdo purinérgica na regulacéo do ténus vascular.

Embora o projeto ainda ndo esteja concluido, os resultados da padronizacéo (Capitulo
IV, Anexo Il, Figuras 1 a 4) indicam que as plaquetas podem ser obtidas, lavadas e ativadas
com éxito. Adicionalmente, as plaquetas podem ser concentradas e manter-se responsivas por
um longo periodo de tempo de modo que, ao serem ativadas, liberam uma quantidade de
nucleotideos suficiente para a ativacao dos receptores P2 endoteliais (na ordem de uM), como
verificado em experimentos preliminares de reatividade vascular utilizando anéis adrticos de

camundongos.

Antagonistas do receptor P2Y1,, ticlopidina e clopidogrel, ja sdo largamente utilizados
na clinica como agentes anti-tromboticos (Gachet, 2008). Além disso, o receptor P2Y; tem
sido sugerido com um alvo potencial para o desenvolvimento de novos compostos
antiplagquetarios (Gachet, 2008). Portanto, a realizacdo completa do projeto podera impactar
de maneira relevante na utilizacdo de antagonistas dos receptores purinérgicos como agentes

antiplagquetarios, em termos da sua repercussao sobre o ténus vascular.
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CONCLUSOES

Os resultados obtidos na presente Tese permitem concluir que:

1. A hipertensdo arterial induzida por L-NAME (30 mg/Kg/dia por 14 dias) influencia a
sinalizacdo purinérgica, uma vez que as hidrolises de ATP, ADP e AMP séo
diminuidas em soro e plaquetas de ratos hipertensos pela administracdo do inibidor da
sintese de 6xido nitrico e este efeito desaparece com o término do tratamento e com o
retorno dos niveis de pressao arterial aos valores normais. Além disso, as hidrélises de
ATP, ADP, AMP e 5’TMP sdo aumentadas em membranas renais de ratos submetidos
ao tratamento com L-NAME e este aumento € acompanhado pela modulagdo
transcricional das enzimas NTPDase2, NTPDase3 e NPP3 e pelo potencial aumento

na fosforilacdo da ecto-5’-nucleotidase;

2. Os resultados obtidos com fémeas ndo seguem o0 mesmo padrdo de resposta no que

concerne as hidrolises de nucleotideos observadas em machos;

3. A sinalizacdo purinérgica participa da regulacdo do ténus vascular, uma vez que a
NTPDasel € capaz de regular o vasorelaxamento dependente dos nucleotideos,
controlando a disponibilidade dos agonistas, bem como modulando diferentemente a

ativacdo dos receptores endoteliais P2Y; e P2Y5;

4. A padronizacdo da metodologia para a avaliacdo da participacdo dos receptores
endoteliais especificos (P2Y:, P2Y, e P2Ys), assim como da NTPDasel, no
vasorelaxamento dependente do conteddo liberado pelas plaquetas sob ativacao

representa uma nova abordagem na regulacdo purinérgica sobre o tdnus vascular.
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Considerando-se que a eficiéncia da terapia anti-hipertensiva consiste em diminuir os
niveis de pressdo sanguinea e também no tratamento dos fatores de risco associados a
hipertensdo, concluimos que a sinalizagdo por nucleotideos deve ser considerada na
terapéutica desta patologia. Isto tem particular relevancia quando se leva em conta que 0s
componentes da sinalizacdo purinérgica estdo presentes em todos os sistemas bioldgicos
animais e muitos deles ja tém sido manipulados na clinica. Soma-se a isto, a importancia
atribuida a esta sinalizacdo em patamar semelhante a de reguladores classicos da
patofisiologia cardiovascular, como 0s sistemas simpético e renina-angiotensina-aldosterona.
A escassez de agonistas e antagonistas seletivos para os diferentes subtipos de receptores
purinérgicos, assim como a falta de inibidores especificos para as ectonucleotidases, limita de
maneira consideravel a utilizacido de terapias purinérgicas na rotina clinica. Por outro lado,
também consolida um campo fértil de investigacdo, o qual se mostra bastante promissor

como uma nova abordagem no tratamento das doengas cardiovasculares.
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PERSPECTIVAS

e Avaliar se a NTPDasel e ecto-5’-nucleotidase podem ser moduladas pelo 6xido
nitrico em culturas primérias de células endoteliais e células musculares vasculares

lisas;

e Determinar os niveis de adenosina por HPLC nos rins dos animais hipertensos pela

administracdo de L-NAME (30 mg/Kg/dia por 14 dias);

e Analisar o perfil de hidrolise dos nucleotideos em membranas renais de ratos fémeas
submetidas ao tratamento com L-NAME em duas diferentes doses (30 e 50 mg/Kg/dia

por 14 dias);

e Avaliar o desenvolvimento da hipertensdo arterial por L-NAME em resposta as

flutuacGes hormonais em ratos fémeas;

e Elucidar a participacdo do estrégeno na sinalizacdo purinérgica em plaquetas, soro,
membranas renais e sinaptossoma cardiaco de ratos fémeas submetidas a hipertensao
pela inibicdo cronica da sintese de 6xido nitrico através de cirurgia para remog¢do dos

ovarios (ovariectomia) e terapia de reposicao hormonal;

e Determinar a contribuicdo dos receptores endoteliais P2Y;, P2Y, e P2Ys e da
NTPDasel no vasorelaxamento dependente da ativacdo plaquetaria, utilizando o

protocolo descrito no anexo Il do capitulo 1V desta Tese.
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