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“Nao é porque as coisas sao dificeis que nés ndo ousamos.

E porque ndo ousamos que as coisas tornam-se dificeis.”

Séneca — fil6sofo romano, século I.
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RESUMO

Durante os ultimos anos, o aumento dos niveis circulantes de homocisteina (Hcy) passou a ser
considerado um fator de risco independente para doencas cardiovasculares como aterosclerose,
doencgas vasculares periféricas, infarto do miocardio e tromboembolismo. Essas complicaces
vasculares também podem estar relacionadas com o0s niveis extracelulares de
nucleotideos/adenosina, que modulam processos de agregacéo plaquetaria, vasodilatacéo, fluxo
sanglineo coronariano e inflamacdo. H& estudos que sugerem uma relacdo entre Hcy e
concentracao de adenosina circulante. A hidrélise seqliencial de ATP até adenosina por acdo de
nucleotidases sollveis constitui um dos sistemas de degradacdo de nucleotideos de adenina na
circulagdo. Além disso, a ciclosporina (CsA), um potente imunossupressor que tem sido usado por
pacientes transplantados, esta associado a varios efeitos adversos. As doengas vasculares sdo a
principal causa de morte entre pacientes transplantados, mas a relacdo da CsA com estas injdrias
ndo estd bem compreendida. Desta forma, objetivamos avaliar a participacdo da Hcy na
modulagdo da hidrélise de nucleotideos extracelulares de adenina em soro de ratos e a0 mesmo
tempo verificar os efeitos da administracdo de CsA sobre os niveis de Hcy total (tHcy), hidrélise de
nucleotideos de adenina e sua possivel associagdo com doencgas cardiovasculares em ratos.
Nossos resultados demonstram que a Hcy inibibe a hidrélise de ATP, ADP e AMP em soro de
ratos, in vitro, e as andlises cinéticas indicam que esta inibicdo ocorre de forma acompetitiva.
Também foi possivel observar que ratos tratados com CsA apresentam um aumento estatistico
significativo dos niveis de fibrinogénio, nimero de plaguetas e concentracdo de tHcy porém, a CsA
induziu a diminuicdo da hidrdlise de ATP, ADP e AMP e niveis de &cido Urico. A inibicdo da
hidrélise dos nucleotideos correlacionou negativamente com os niveis de tHcy e positivamente com
os niveis de acido Urico. Com este estudo demonstramos que o tratamento imunossupressor com
CsA promove disfungBes vasculares, ja que favorece a formacdo de um estado pré-trombaético
aumentando os niveis de plaquetas e fibrinogénio. Além disso, a CsA aumenta os niveis de tHcy e
inibe a hidrélise de ATP, ADP e AMP, provavelmente diminuindo os niveis de adenosina circulante
e seus efeitos protetores ao sistema cardiovascular. A forte correlagao inversa entre niveis de tHcy
e hidrélise de nucleotideos ap6iam nossos resultados in vitro e sugerem que a inibicdo da atividade
das nucleotidases em ratos tratados com Csa seja dependente da Hcy. Os niveis diminuidos de
acido urico circulante apontam uma relevancia in vivo da inibigdo da hidrélise de nucleotideos em
soro. Contudo, a CsA favorece o surgimento de complica¢des vasculares através do aumento do
numero de plaquetas, dos niveis de fibrinogénio e tHcy, que por sua vez altera a hidrélise dos

nucleotideos de adenina em soro, compostos envolvidos na homeostasia cardiovascular.
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ABSTRACT

During the past few years, elevated blood levels of homocysteine (Hcy) have been considered an
independent risk factor for cardiovascular disease such as atherosclerosis, peripheral vascular
disease, myocardial infarction and venous thromboembolism. These vascular complications can be
also related to the ratio adenine nucleotide/adenosine, since extracellular these nucleotides are
associated with modulation of processes such as platelet aggregation, vasodilatation, coronary
blood flow and inflammation. Furthermore, there are some studies that suggest a relationship
between Hcy and plasma adenosine concentrations. The sequential hydrolysis of ATP to adenosine
by soluble nucleotidases constitutes one of the systems for rapid inactivation of circulating adenine
nucleotides. Moreover, Cyclosporine (CsA), a potent immunosuppressant agent that has been
extensively used in transplanted patients, is related to a variety of side effects. Vascular disease is
a major cause of morbidity and mortality among transplant recipients, but the underlying
mechanisms of vascular injury caused by cyclosporine are poorly understood. Thus, the main
objective of this study was to evaluate if Hcy can participate in the modulation of the extracellular
adenine nucleotide hydrolysis by rat blood serum and we also examined the effects of long-term
CsA administration on total homocysteine (tHcy) levels, adenine-nucleotides hydrolysis, and its
putative association with vascular disease in rats. Our results showed that Hcy inhibits in vitro ATP,
ADP and AMP hydrolysis in rat blood serum and kinetic analysis showed that these inhibitions are
of the uncompetitive type. At the same time, we observed that CsA induced a statistically
significant increase in fibrinogen levels, platelets number and tHcy concentration, whereas induced
a decrease in ATP, ADP and AMP hydrolysis and uric acid levels. The inhibition of nucleotides
hydrolysis correlated negatively with total homocysteine levels and positively with uric acid levels.
Here, we demonstrate that CsA long-term treatment induces vascular disturbances, since it might
create a favorable scenario for a pro-thrombotic state, increasing platelets and fibrinogen levels.
Additionally, it increases tHcy serum concentrations and inhibits serum ATP, ADP and AMP
hydrolysis, probably decreasing serum adenosine levels and therefore its beneficial effects on the
cardiovascular system. In support to our in vitro studies, the strong inverse correlation between tHcy
levels and adenine nucleotides hydrolysis suggests that the inhibition of nucleotidase activities
could be Hcy dependent. Low levels of uric acid during CsA treatment point that the inhibition of
nucleotide hydrolysis might have in vivo relevance. In summary, CsA might create a favorable
scenario for vascular complications by increasing platelets, fibrinogen and serum levels of tHcy,
which in turn affects the hydrolysis of serum adenine nucleotides, compounds known to be involved

in cardiovascular haemostasis.
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1. INTRODUCAO

1.1 HOMOCISTEINA

Homocisteina (Hcy) € um aminoacido n&o-essencial formado a partir da
desmetilacdo de metionina, um aminoacido especialmente abundante em carnes
e laticinios. A Hcy esta presente no sangue sob a forma oxidada (homocistina e
mistura de dissulfetos) e sob a forma reduzida (tiol livre) (BUTZ & DU
VIGNEAUD, 1932; UELAND, 1995). Por isso, o termo homocisteina total (tHcy)
tem sido usado para definir o somatério desses diferentes tipos de Hcy
encontrados em individuos saudaveis e, em maior concentragao, em pacientes

com hiperhomocisteinemia (Hhcy) (WELCH & LOSCALZO, 1998).

1.1.1 Metabolismo

O metabolismo da Hcy implica em duas vias metabdlicas intracelulares:
remetilacdo e transsulfuracédo (Anexo 1). No processo de remetilacdo, a Hcy
recebe um grupamento metila a partir do 5-metiltetraidrofolato (CH3;THF) ou da
betaina, dando origem ao aminoacido metionina. A reacdo com CH3;THF ocorre
em todos os tecidos e € dependente de vitamina B12, enquanto a reacdo com a
betaina ocorre principalmente no figado e € independente da vitamina B12. A
metionina pode entdo ser ativada pela adenosina trifosfato (ATP) e formar S-
adenosilmetionina (SAM), um dos principais responsaveis pela transmetilagdo de
acidos nucléicos, neurotransmissores, fosfolipideos e hormdénios (HOFFER,
2004). A desmetilacdo de SAM gera S-adenosilhomocisteina (SAH), que ao ser
hidrolisada produz Hcy e adenosina. A Hcy, por sua vez, pode ser remetilada,
gerando a metionina e reiniciando o ciclo, ou pode seguir a via de

transsulfuragao.



No processo de transsulfuragdo a Hcy condensa-se a serina e produz
cistationina, em uma reacdo irreversivel e catalisada pela cistationina beta-
sintase (CBS), e entdo é hidrolisada pela gama-cistationase gerando cisteina e
alfa-cetobutirato (D’ANGELO & SELHUB 1997).

A Hcy intracelular é transportada para o sangue através de um mecanismo
de exportagado, que ajuda a manter o nivel intracelular de Hcy baixo (UELAND et
al., 1986; CHRISTENSEN et al.,, 1991). Quando o metabolismo da Hcy esta
alterado, o mecanismo de exportagao limita a toxicidade intracelular porém,
expde o tecido vascular a altas concentragdes de Hcy (D’ANGELO & SELHUB,
1997), ocasionando a chamada Hhcy. Em individuos saudaveis, a concentragéo
de tHcy no sangue varia entre 5 e 15 ymol/L (JACOBSEN et al., 1994; UELAND
et al., 1995) mas pode ser superior a 100 pmol/L em pessoas com Hhcy (KANG,
WONG & MALINOW, 1992). Ja pacientes com homocistinuria, erro inato do
metabolismo da Hcy causado pela deficiéncia severa da enzima CBS, os niveis
plasmaticos de tHcy podem ultrapassar 400 umol/L (MUDD, LEVY & SKOVBY,

1995).

1.1.2 Homocisteina e doencas vasculares

Em 1969, McCully (MCCULLY, 1969) descreveu os problemas vasculares
periféricos em pacientes com homocistinuria, revelando a importancia da Hhcy
severa no desenvolvimento da aterosclerose e do tromboembolismo. Desde
entdo, observou-se que a concentracado de tHcy é consistentemente mais elevada
em pacientes com problemas vasculares periféricos, coronarianos e cerebrais
quando comparado a pessoas normais (WELCH & LOSCALZO, 1998).

Recentemente, estudos comprovaram que a Hhcy € um fator de risco



independente para aterosclerose (MALINOW, 1996), doengas vasculares
periféricas (MAYER, JACOBSEN & ROBINSON, 1996; MINER, EVROVSKI &
COLE, 1997), infarto do miocardio (STUBBS et al, 2000) e tromboembolismo
(BOUSHEY et al., 1995).

A Hcy parece alterar as propriedades anticoagulantes das células
endoteliais para um fenétipo procoagulante (JACOBSEN, 1998; DEN HEIJER et
al.,, 1998) e, além disso, altera a morfologia vascular, estimula a inflamacéao,
danifica o endotélio e estimula as vias de coagulagdo (UPCHURCH et al, 1997;
STANGER et al., 2004).

O aumento da tHcy esta relacionado a diversos efeitos aterotrombogénicos
porém, 0os mecanismos pelos quais a Hcy promove problemas vasculares ainda
sdao pouco conhecidos. A diminuicdo da disponibilidade de oxido nitrico
(vasodilatador endégeno), como consequéncia do aumento do estresse oxidativo
causado pela Hcy, é sugerida como uma possivel causa de disfungdes
endoteliais (FARACI, 2003). Harker et al. (HARKER et al., 1974) propde que o
dano endotelial causado pela Hcy seja mediado pelo perdxido de hidrogénio, que
expoe a matriz do vaso e as células musculares lisas, fazendo-as proliferarem e
promoverem a ativacao plaquetaria e leucocitaria. Além disso, a produgao de
superoxido poderia ativar a peroxidacao lipidica, da membrana do endotélio
vascular e das lipoproteinas, propiciando condi¢cdes favoraveis para a formacéao
de placas ateromatosas (HUANG et al., 2001).

No entanto, além do aumento na producdo de radicais livres, descrito
anteriormente, estudos recentes tém relacionado os disturbios vasculares
causados pela Hcy com a diminuigdo dos niveis circulantes de adenosina

(AGTERESCH, 1999 ; CHEN, LI & ZOU, 2002; RIKSEN et al., 2005), um



nucleosideo amplamente conhecido por suas propriedades cardioprotetoras

(BELARDINELLI, LINDEN & BERNE, 1989; RIKSEN et al., 2003).

1.2 SISTEMA CARDIOVASCULAR E SINALIZACAO PURINERGICA

Nucleotideos e nucleosideos extracelulares exercem variadas respostas,
mediadas por receptores, em diferentes tecidos (ABBRACCHIO & BURNSTOCK,
1998; FISCHER, 1999). No sistema nervoso central, os nucleotideos purinicos
tém sido envolvidos em muitos processos fisioldgicos, incluindo transmisséo
sinaptica, = neuromodulagdo, neurogénese, apoptose e aprendizado
(ZIMMERMANN, 1994; FREDHOLM et al., 1993; WEAVER, 1996; ABBRACCHIO
et al., 1995; BONAN et al., 2000). No sistema cardiovascular as purinas atuam
em processos de dilatagcdo e contragdo vascular, agregacido plaquetaria,
proliferagdo celular, resposta inflamatéria e dor (RALEVIC & BURNSTOCK,
2003).

Os efeitos extracelulares das purinas sao exercidos mediante interacao
com receptores do tipo P1 e P2, localizados na superficie da membrana celular.
Os receptores P1, seletivos para adenosina, sdo divididos de acordo com suas
propriedades moleculares, bioquimicas e farmacoldgicas: A1, Aza, Azs € Az, todos
acoplados a proteinas-G. Ja os receptores P2, seletivos para ATP, dividem-se em
duas grandes familias: P2X (subdividida em oito membros — P2X,), ligado a um
canal ionotropico e envolvido na transmissdo excitatéria rapida;, e P2Y
(subdividida em P2Yq, P2Y, P2Y, P2Ys P2Y1, P2Y4, P2Y43), ligado a uma
proteina-G (ABBRACCHIO & BURNSTOCK, 1994; FREDHOLM et al., 1994;

RALEVIC & BURNSTOCK, 2003).



Todas as células do sistema cardiovascular expressam um ou mais
subtipos de receptores de purinas (RALEVIC & BURNSTOCK, 2003) e
dependente da célula e do receptor as purinas podem desempenhar numerosos
efeitos benéficos sobre o sistema cardiovascular. BERNE, 1963, demonstrou que
0 nucleosideo adenosina € um mediador de vasodilatacdo e aumento do fluxo
sanguineo durante hipdxia. Desde entado, varios estudos tém demonstrado que a
adenosina e os nucleotideos derivados da adenina estdo envolvidos no controle
de diversos processos bioldgicos que incluem efeitos importantes sobre o sistema
cardiovascular.

O nucleotideo ATP, extracelularmente, € capaz de exercer efeitos opostos
no sistema vascular. Quando liberado pelos nervos simpaticos, o ATP atua sobre
os receptores P2X da musculatura vascular lisa como um agente vasoconstritor,
enquanto durante hipoxia o ATP é liberado pelas células endoteliais e atua sobre
receptores P2Y das mesmas, induzindo a liberagao de 6xido nitrico, um agente
vasodilatador (RALEVIC & BURNSTOCK, 2003).. O ATP também é liberado para
a corrente sangulinea a partir de plaquetas e eritrocitos rompidos e ainda pode
exercer outras fungdes no sistema cardiovascular como: controle da proliferacédo
celular em células endoteliais e musculares lisas, arritmia, hipertrofia cardiaca,
apoptose e regulacdo da reatividade plaquetaria (RALEVIC & BURNSTOCK,
2003).

Na circulacdo, o nucleosideo difosfatado ADP esta relacionado com a
regulacado da ativagao e recrutamento de plaquetas, sendo o principal promotor
de agregacgao plaquetaria mediante interagdo com receptores P2Yq,. Assim

sendo, o controle dos niveis extracelulares de ADP é de grande importancia para



a regulacao dos processos tromboticos (BORN, 1962; BORN & CROSS, 1963;
GACHET, 2001).

A adenosina, além de ser um potente vasodilatador, agindo nos receptores
A, das células endoteliais (RALEVIC & BURNSTOCK, 2003), também inibe a
agregacao plaquetaria via estimulagdo da adenilato ciclase pelos receptores Aza
plaquetarios (BELARDINELLI, LINDEN & BERNE , 1989; CRISTALLI, et al.,
1994); inibe a proliferagdo das células musculares lisas e endoteliais (DUBEY,
1997; BURNSTOCK, 2002) e a adesado de neutrofilos ao endotélio vascular
(CRONSTEIN, 1996). Desta forma, a adenosina desempenha um papel protetor
importante em processos de isquemia, hipdxia, hipertensdo, aterosclerose,
trombose e inflamagdo (MUBAGWA et al.,, 1996; RALEVIC & BURNSTOCK,
2003).

A adenosina circulante tem duas origens distintas: liberagao celular para a
corrente sanguinea via transportadores bidirecionais de nucleosideos ou entéo
pode ser produzida pela degradagao dos nucleotideos extracelulares ATP, ADP e
AMP (LATINI & PEDATA, 2001). A manutenc¢ao da sinalizagao purinérgica normal
depende da concentracdo destes nucleotideos/nucleosideo circulantes, e este
controle ocorre principalmente através da atividade de enzimas nucleotidases,

responsaveis pela hidrolise de nucleotideos da adenina, entre outros.

1.3 HOMOCISTEINA E ADENOSINA
Estudos tém demonstrado que pacientes com Hhcy apresentam baixos
niveis de adenosina tecidual e circulante e atribuem a diminuicdo de adenosina

os problemas cardiovasculares destes pacientes (CHEN, LI & ZOU, 2002).



Por desempenhar um papel importante no controle da homeostasia
cardiovascular (BELARDINELLI, LINDEN & BERNE, 1989; DUBEY, 1997;
RALEVIC & BURNSTOCK, 2003), a diminuigdo de adenosina circulante tem sido
relacionada a vasoconstricdo, aterosclerose, trombose e outras complicagdes
cardiovasculares semelhantes aquelas observadas em pacientes com Hhcy.
Riksen et al. (2005) também propde que a diminuicdo de adenosina causada por
elevados niveis de tHcy seria uma das alteragcbes que contribuem para o
desenvolvimento das doencgas cardiovasculares

Pouco se sabe a respeito dos mecanismos que induzem a diminuigao dos
niveis de adenosina circulante durante a Hhcy. No entanto, alguns pesquisadores
sugerem que a diminuicdo nas concentragdes de adenosina intracelular esteja
envolvida (DEUSSEN, 1999; RIKSEN et al., 2003). Em condigdes normais, a
enzima S-adenosilhomocisteina-hidrolase (Anexo 2) hidrolisa SAH até Hcy e
adenosina mas, na presenga de altas concentracbes de Hcy intracelular,
apresenta atividade reversa e utiliza adenosina para produzir SAH (RIKSEN et
al., 2003; RIKSEN et al., 2005). Nestas circunstancias os niveis intracelulares de
adenosina diminuem e ao mesmo tempo aumenta o gradiente de concentragao
transmembrana de adenosina, consequentemente diminuindo os niveis de
adenosina extracelular (DEUSSEN, 1999).

No entanto, como ja relatado anteriormente, as concentragdes plasmaticas
de adenosina sao determinadas tanto pela atividade celular dos transportadores
bidirecionais de nucleosideos como pela degradagdo extracelular dos
nucleotideos precursores de adenosina (LATINI & PEDATA, 2001). Desta forma,
além da atividade intracelular da S-adenosilhomocisteina-hidrolase, a hidrolise de

nucleotideos de adenina (ATP, ADP e AMP) no meio extracelular também



representa um importante mecanismo de producdo de adenosina circulante
(BORST & SCHRADER, 1991). Porém, os efeitos da Hcy sobre as enzimas
nucleotidases que hidrolisam estes nucleotideos extracelulares ainda néo sao

bem estabelecidos.

1.4 NUCLEOTIDASES

Os nucleotideos extracelulares podem ser hidrolisados por uma variedade
de enzimas localizadas nas membranas celulares ou presentes na forma soluvel
nos meios intra e extracelulares. Uma vez liberados no espaco extracelular, os
nucleotideos exercem diversos efeitos como moléculas sinalizadoras e seus
efeitos sdo modulados pela agdo das nucleotidases (ZIMMERMANN, 2001).
Assim, as nucleotidases desempenham um importante papel no controle da
concentracido dos nucleotideos e nucleosideos extracelulares.

As nucleotidases sdo ecto-enzimas envolvidas no controle dos niveis dos
nucleosideos tri- e difosfatados e pertencem as familias: E-NTPDases
(ectonucleosideo trifosfato difosfoidrolase), E-NPPs (ectonucleotideo pirofosfato/
fosfodiesterase) e fosfatases alcalinas. Nucleosideos monofosfatados estéao
sujeitos a agédo da E-5-nucleotidase porém, também podem ser hidrolisados pela
fosfatase alcalina e por alguns membros da familia das E-NPPs (ZIMMERMANN,
2001).

As E-NTPDases sdo enzimas que catalisam a hidrolise dos residuos de
fosfato gama e beta dos nucleotideos. A grande familia das E-NTPDases é
composta por oito membros: NTPDase1, NTPDase2, NTPDase3, NTPDase4,
NTPDase5, NTPDase6, NTPDase 7 e NTPDase 8 (Anexo 3). Estas enzimas

parecem estar envolvidas nos processos fisiolégicos de neurotransmisséao,



funcado cardiaca, agregacao plaquetaria, adesao celular, tbnus vascular, resposta
imune e crescimento celular (ZIMMERMANN, 2001; SHI et al, 2001;
BIGONNESSE et al., 2004).

As NTPDase1-3 sao enzimas ancoradas na membrana celular pelos
terminais N-terminal e C-terminal, apresentam uma extensa alga transmembrana
e o sitio ativo voltado para o espacgo extracelular. Estas NTPDases hidrolisam os
nucleotideos das purinas e pirimidinas, suas atividades cataliticas maximas estao
adaptadas ao meio extracelular e requerem cations divalentes como o Ca®* ou
Mg2+ e um pH alcalino. A principal diferenca entre estas trés enzimas
(NTPDase1, 2 e 3) é a especificidade pelo substrato.

A NTPDase1 (CD39, ecto-apirase ou ecto-ATP difosfoidrolase) hidrolisa
ATP e ADP igualmente bem, sendo 1:1 a propor¢cao da hidrolise destes dois
substratos (KACZMAREK et al, 1996; WANG & GUIDOTTI, 1996;
ZIMMERMANN, 2001). A NTPDase2 (CD39L1, ecto-ATPase) tem uma
preferéncia muito maior pelo ATP do que pelo ADP (30:1) como substrato,
agindo como um produtor extracelular de ADP. A NTPDase3 (CD39L3) tem
propriedades funcionais intermediarias, hidrolisando ATP aproximadamente trés
vezes mais que o ADP (1:3) (SMITH & KIRLEY, 1998). Sabe-se que estas trés
enzimas podem produzir diferentes impactos na sinalizagdo purinérgica porém,
suas especificidades e consequéncias especificas nas células ou tecidos ainda
sdo pouco compreendidas (ZIMMERMANN, 2001).

A NTPDase4, embora possua a mesma estrutura geral das NTPDases1, 2
e 3, tem uma localizacdo celular completamente diferente. Duas formas

encontradas em humanos tém sido localizadas no complexo de Golgi (UDPase,



10

NTPDase43) e em vacuolos lisossémicos e autofagicos (NTPDase4a) (WANG &
GUIDOTTI, 1998).

A NTPDase5 e a NTPDase6 estdo ancoradas na membrana celular
somente pela por¢ao N-terminal e por isso seriam facilmente liberadas para o
meio extracelular. Estudos em murinos sugerem, que esta enzima esta localizada
no reticulo endoplasmatico e estudos com células COS-7 sugerem que esta seria
uma forma secretada e, portanto soluvel. A NTPDase6 também é uma enzima
secretada soluvel, porém a origem desta enzima seria no complexo de Golgi.
Ambas as enzimas hidrolisam nucleosideos difosfatados com uma alta
preferéncia e além disso, acredita-se que elas participam nas reacbdes de
reglicosilagdo envolvidas nos processos de dobramento de glicoproteinas € em
processos glicosilagdo no complexo de Golgi (ZIMMERMANN, 2001).

A NTPDase7 e NTPDase8 foram recentemente descritas. A NTPdase7
assemelha-se as NTPDases intracelulares (NTPDase4-7) (SHI et al., 2001)
enquanto a NTPDase8 possui caracteristicas similares as NTPDases1-3
(BIGONNESSE, et al., 2004).

A 5-nucleotidase (CD73) (Anexo 3) € uma enzima amplamente distribuida
em bactérias, células vegetais e em tecidos de vertebrados. Esta enzima esta
classificada em quatro grupos, de acordo com a localizagdo celular e as
propriedades bioquimicas: ecto-5’-nucleotidase €& ancorada a membrana
plasmatica; uma forma soluvel e derivada da ecto-5’-nucleotidase; e duas formas
citoplasmaticas. Estas enzimas controlam os niveis intra e extracelulares de AMP
e outros nucleosideos monofosfatados (ZIMMERMANN, 1992; KAWASHIMA,

NAGASAWA & NINOMIYA, 2000).
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As NTPDases podem produzir efeitos através da atividade conjunta com a
5’-nucleotidase, hidrolisando os nucleosideos fosfatados até os respectivos
nucleosideos. A associagao destas enzimas é capaz de controlar a concentragao
de nucleotideos e nucleosideos extracelulares e portanto, modular processos
fundamentais a nivel celular em muitos tecidos e o6rgaos, principalmente no
sistema cardiovascular. Portanto, a atividades das nucleotidases que hidrolisam
nucleotideos extracelulares associadas a ag¢ao da 5-nucleotidase sao
importantes agentes terapéuticos contra doengas vasculares pela formagao da

adenosina circulante (Gayle et al., 1998).

1.5 CICLOSPORINA

Ciclosporina (CsA) € uma droga imunossupressora potente e efetiva,
amplamente utilizada no combate a rejeicdo de 6rgaos transplantados e em
doengas auto-imunes (MERION, WHITE & THIRU, 1984; COLE et al., 1998;
VERCAUTEREN et al., 1998). Trata-se de um polipeptideo ciclico de 11 residuos
de aminoacidos, extraido do fungo Tolypocladium inflatum gams, que atua como
agente inibidor de calcineurina.

A acao imunossupressora da CsA ocorre a partir da formagcao de um
complexo com seu receptor citoplasmatico, a ciclofilina, que inibe a calcineurina
fosfatase. Isto implica na inibicdo do fator nuclear de ativagdo de células T
(NFAT) e consequente interrupgcdo da transcricdo dos genes da interleucina-2,
interferon-gama, TNF-alfa e outras citocinas indispensaveis para a ativagao da
resposta imune (SCHREIBER & CRABTREE, 1992; SHIBASAKI, HALLIN &

UCHINO, 2002). Assim, a CsA é conhecida como um agente imunossupressor



12

inibidor de calcineurina, que atua inibindo a produgdo de interleucinas pelas

células T do sistema imune.

1.5.1 Ciclosporina e doencgas vasculares

O uso terapéutico da CsA pode ser acompanhado por alguns efeitos
adversos como nefrotoxicidade, neurotoxicidade, dislipidemia, hipertenséo,
vasoconstricdo e doengas vasculares obstrutivas (KAHAN, 1989; WEIS & VON
SCHEIDT, 1997; VAZIRI, LIANG & AZAD, 2000, SERKOVA, CHRISTIANS &
BENET LZ, 2004).

A doenca arterial coronariana esta presente na maioria dos pacientes
transplantados de coragdo (MCALLISTER, RADOVANCEVIC & FRAZIER, 1996)
e eventos aterosclerdticos frequentemente se manifestam por lesdo do epitélio
vascular do 6érgéo transplantado (HOSENPUD, SHIPLEY & WAGNER, 1992;
FUJITA, 1993). Ao mesmo tempo, ha evidéncias de que o uso prolongado de
CsA esteja associado a doengas vasculares obstrutivas progressivas
(HOSENPUD, SHIPLEY & WAGNER, 1992; WEIS & VON SCHEIDT, 1997).
Estas vasculopatias s&o as principais causas de morte entre pacientes
transplantados, superando até mesmo a infeccdo (BECKER et al.,, 1988;
DEMIRAG, et al.,1998).

Pouco se sabe sobre os mecanismos de agao da CsA nesses incidentes
cardiovasculares, uma vez que a presenga do orgao transplantado e a co-
administracdo de outros medicamentos dificulta essa investigagdo. No entanto,
alguns estudos demonstram que a administracdo de CsA esta associada ao

aumento das concentragbes de tHcy em pacientes transplantados (AMBROSI et
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al., 1994; ARNADOTTIR et al., 1996; ARNADOTTIR et al., 1998; COLE et al.,
1998; GUPTA et al, 1998, HERRERO et al.,, 2000). Conforme relatado
anteriormente, o aumento da tHcy é um fator de risco independente para
aterosclerose (MALINOW, 1996), doencas vasculares periféricas (MAYER,
JACOBSEN & ROBINSON, 1996; MINER, EVROVSKI & COLE, 1997), infarto do
miocardio (STUBBS et al, 2000) e tromboembolismo (BOUSHEY et al., 1995).
Além disso, ha estudos indicando que a atividade nucleotidasica vascular
estd comprometida em pacientes submetidos ao transplante (KOYAMADA et al.,
1996; IMAI et al.,1999; ROBSON et al., 1999; LI et al., 2003). Porém, o efeito da
CsA sobre a atividade de hidrolise de nucleotideos extracelulares ndo esta

estabelecido.
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1.6 OBJETIVOS

1.6.1 Objetivo geral

Considerando as complicagcdes vasculares associadas a administragao da
CsA, entendemos ser importante investigar a sua possivel relagdo com a
concentragado plasmatica de tHcy e a atividade das nucleotidases. Isto poderia
auxiliar na determinagcado de potenciais fatores envolvidos nos processos de
vasculopatias presentes em pacientes que fazem uso da terapia

imunossupressora.

1.6.1 Objetivos especificos

- Avaliar o efeito in vitro da Hcy nas atividades nucleotidasicas de hidrdlise
de ATP, ADP e AMP em soro de ratos;

- Investigar o efeito do tratamento imunossupressor com CsA nas
concentragdes de tHcy em soro de ratos nao transplantados;

- Avaliar os efeitos do tratamento imunossupressor com CsA na atividade
nucleotidasica de hidrolise ATP, ADP e AMP em soro de ratos ndo
transplantados;

- Investigar os efeitos do tratamento imunossupressor com CsA sobre

alguns parametros de coagulacéo.
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Abstract

During the past few years, elevated blood levels of homocysteine (Hcy)
have been linked to increased risk of premature coronary artery disease, stroke
and thromboembolism. These processes can be also related to the ratio adenine
nucleotide/adenosine, since extracellularly these nucleotides are associated with
modulation of processes such as platelet aggregation, vasodilatation and coronary
flow. Furthermore, there are some studies that suggest a relationship between
Hcy and plasma adenosine concentrations. The sequential hydrolysis of ATP to
adenosine by soluble nucleotidases constitutes one of the systems for rapid
inactivation of circulating adenine nucleotides. Thus, the main objective of this
study was to evaluate if Hcy can participate in the modulation of the extracellular
adenine nucleotide hydrolysis by rat blood serum. Our results showed that Hcy, at
final concentrations of 5.0 mM, inhibits in vitro ATP, ADP and AMP hydrolysis by
26%, 21% and 16%, respectively. Also Hcy, at final concentrations of 8.0 mM,
inhibited the in vitro hydrolysis of ATP, ADP and AMP by 46%, 44% and 44%,
respectively. Kinetic analysis showed that the inhibitions of the three adenine
nucleotide hydrolyses in the presence of Hcy, by serum of adult rats, is of the
uncompetitive type. The IC50 calculated from the results obtained were 6.52 +
1.75 mM (n=4), 5.18 £ 0.64 mM (n= 3) and 5.16 + 1.22 mM (n= 3) for ATP, ADP

and AMP hydrolysis, respectively.

Key words: nucleotidases, blood serum, homocysteine, cardiovascular disease
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1. Introduction

Homocystinuria, the most common inherited disorder of sulfur amino acid
metabolism, is caused by severe deficiency of cystathione [(-synthase activity
(CBS-deficiency) and is biochemically characterized by tissue accumulation of
homocysteine (Hcy) [1]. Affected patients present alterations in various organs
and systems, particularly in the central nervous system and in the vascular system
[2].

Homocystinuric patients commonly have thromboembolic complications
due to accelerated atherosclerosis caused by vascular wall injury through free
radicals and by increased platelet adhesiveness that is secondary to high plasma
Hcy levels [2,3]. At the same time, hyperhomocysteinemia (Hhcy) has been
increasingly recognized as an independent risk factor for atherosclerosis [3],
peripheral vascular disease [4], coronary heart disease [5], myocardial infarction
[6-8], cerebrovascular disease [9] and venous thromboembolism [10]. However,
mechanisms of action remain poorly understood.

Many studies have demonstrated in vitro effects of Hcy that may be
relevant to atherogenesis and trombogenesis, such as: induces oxidative stress;
induces endothelial dysfunction as a result of increased oxidative stress;
enhances concentration of asymmetrical dimethylarginine (ADMA); decreases
bioavailability of nitric oxide (due to increased oxidative stress), and increases
inflammation; induces hypertrophy and altered mechanics in the microcirculation;
increases intima media thickness; increases platelet aggregation; enhances
binding of lipoprotein to fibrin and interferes with several clotting factors [11-14]. In

support of these findings, in vitro studies have also demonstrated that Hcy
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enhances the production of several pro-inflammatory cytokines [15-17] and
increases the expression of monocyte chemoattractant protein 1 (MCP-1),
involved in the pathogenesis of atherosclerosis by promoting recruitment of
inflammatory cells to the vessel wall, in cultured human vascular endothelial cells,
smooth muscle cells and monocytes [18-20]. There are also some studies
suggesting that Hcy decreases plasma and tissue adenosine (Ado) concentrations
[21,22]. This decrease in adenosine could well contribute to the cardiovascular
complications of Hhcy.

Extracellular ATP and its breakdown products, ADP and adenosine, have
been shown to present pronounced effects on a variety of biological and
pathological processes [23,24]. ATP has been suggested to play a role in vascular
tone, cardiac function and renal epithelial transport [25], and it was observed that
micromolar concentrations of ATP inhibit platelet aggregation by both competitive
and non-competitive mechanisms; however, low concentrations are stimulatory
[26]. ADP is a nucleotide known to induce changes in platelet shape and
aggregation. Several authors have described the important role of these
nucleotides in the process of haemostasis and thrombus formation [27-30]. The
nucleoside adenosine produced by nucleotide degradation, at the same time that
inhibits platelet aggregation, is a structure capable of acting as a vasodilator, an
important effect to consider adenosine a cardioprotector.

Extracellular nucleotides concentration can be regulated by the action of
ecto- and soluble nucleotidases, including enzymes of the E-NTPDase family as
well as the 5’-nucleotidase enzyme [31]. Ecto-ATP diphosphohydrolase (EC
3.6.1.5, NTPDase, ecto-apyrase, CD39) is a member of NTPDase family that

hydrolyzes ATP, ADP and other triphospho- and diphosphonucleosides to their
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equivalent monophosphonucleoside (AMP) and inorganic phosphate [31,32]. Over
the last few years our group has demonstrated a soluble NTPDase activity in rat
blood serum [33]. This soluble nucleotidase acts together with 5’-nucleotidase (EC
3.1.3.5, CD73), which also participates in adenine nucleotides metabolism in the
circulation hydrolyzing the monophosphonucleoside, AMP, to inorganic phosphate
and adenosine. This enzymatic cascade control the availability of ligands (ATP,
ADP, AMP and adenosine) for both nucleotide and nucleoside receptors, and
consequently, the duration and extent of receptor activation [34]. Therefore, this
cascade formed by soluble NTPDase (apyrase) and S5’nuclecotidase is an
enzymatic pathway with a double function of removing a signal of ATP and
generating a second one, produced by adenosine.

The main objective of the present study was to evaluate the in vitro effects
of Hcy upon the enzymes involved in nucleotide hydrolysis by blood serum

obtained from adult male Wistar rats.

2. Materials and methods

2.1. Subjects and Reagents

Rats were obtained from the Central Animal House of the Departamento de
Bioquimica, Instituto de Ciéncias Basicas da Saude, Universidade Federal do Rio
Grande do Sul, Porto Alegre, RS, Brazil. Adult male Wistar rats of approximately
60 days old, weighting around 250 grams, were maintained under a standard
dark-light cycle, at a room temperature of 22 + 2°C. The rats had free access to

food and water. Animal care followed the official governmental guidelines in
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compliance with the Federation of Brazilian Societies for Experimental Biology
and was approved by the Ethics Committee of the Federal University of Rio
Grande do Sul, Brazil. Nucleotides, Trizma Base and DL-Homocysteine were
purchased from Sigma Chemical Co., St Louis, MO, USA. All others reagents

were of analytical grade.

2.2. lIsolation of blood serum fraction

Blood was drawn after decapitation of the male Wistar rats, as described by
Oses et al. [33]. Blood samples were centrifuged in plastic tubes for 5 minutes at
5000 X g, 200C and kept on ice until used. Serum samples were preincubated

with Hcy or vehicle immediately.

2.3. Measurement of ATP and ADP hydrolysis

ATP and ADP hydrolyses were performed using the method described
previously [33]. The reaction mixture containing ADP or ATP as substrate, 112.5
mM Tris-HCI, pH 8.0, was incubated with approximately 1.0 mg of serum protein
at 37°C for 40 minutes in a final volume of 0.2 mL. The reaction was stopped by
the addition of 0.2 mL of 10% TCA. The samples were chilled on ice and the
amount of inorganic phosphate (Pi) liberated was measured as previously outlined
[35]. Incubation times and protein concentration were chosen to ensure the
linearity of the reaction (results not shown). In order to correct non-enzymatic
hydrolysis, we performed controls by adding the serum after the reaction was

stopped with TCA. All samples were centrifuged at 5000 g for 5 minutes to
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eliminate precipitated protein and the supernatant was used for the colorimetric
assay. All samples were assayed in duplicate. Enzyme activities were expressed
as nanomoles of Pi released per minute per milligram of protein. DL-Hcy was
dissolved in Tris-HCI buffer, pH8.0, and preincubated for 24 hours at room

temperature with rat serum.

2.4. Measurement of AMP hydrolysis

To evaluate the AMP hydrolysis, we used a reaction mixture containing
AMP as substrate to a final concentration of 3.0 mM in 100mM Tris-HCI, pH 7.5,
incubated with 1.0 mg of serum protein at 37°C in a final volume of 0.2 mL. All

other procedures were the same as described above for ATP and ADP hydrolysis.

2.5. Protein determination

Protein was measured by the Coomassie Blue method [36], using bovine serum

albumin as standard.

2.6. Data analysis

Data were analyzed using one-way ANOVA, followed by the Tukey’s
multiple range test. P < 0.05 was considered to represent a significant difference
in the statistical analysis used. All analyses were performed using the Statistical
Package for Social Sciences (SPSS) software. The inhibition type was

characterized using the classical Lineweaver-Burk plot.
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3. Results

3.1. Inhibition of ATP, ADP and AMP hydrolysis

The in vitro effects of Hcy on adenine nucleotide hydrolysis are shown in
Fig.1. ATP, ADP and AMP hydrolysis were significantly inhibited in the presence
of 5.0 mM Hcy (26%, 21% and 16% respectively, P<0,05). This inhibition was
concentration dependent (for the values tested) since the enzyme activity was
markedly reduced in the presence of 8.0 mM Hcy (46%, 44%, and 44%
respectively, P<0.005), when compared with control group. Besides differing from
the control group, Hcy 8.0 mM group also was significantly different from Hcy 5.0
mM group (P < 0.05). These results were decisive to design the next set of

experiments.

3.2. Kinetics of the homocysteine interaction with ATP, ADP and AMP hydrolysis

The kinetics of the interaction of Hcy with ATPase, ADPase and AMPase
activities using adult rat blood serum were determined. The Lineweaver—-Burk
double-reciprocal plot was analyzed over a range of concentrations (0.2 — 0.4
mM) of ATP, ADP or AMP as substrates in the absence and presence of Hcy 5.0
mM and 8.0 mM (Fig. 2). The results obtained indicated that the type of inhibition
is uncompetitive by Hcy for ATP, ADP (NTPDase) and AMP (5’-nucleotidase)

hydrolysis by rat blood serum.
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3.3. IC50 value determination

After the determination of the type of inhibition for ATP, ADP and AMP
hydrolysis caused by Hcy, we determined the IC50 for the hydrolysis of each one
of the substrates for both enzymes (NTPDase and 5’-nucleotidase) from rat blood
serum. IC50 values were graphically determined (plot not shown) according to the
Dixon and Webb method [37]. For the calculation of IC50, 1/V values were
expressed in a plot against Hcy concentrations (5.0 mM and 8.0 mM). The IC50
calculated from the results were 6.52 + 1.75 mM, 5.18 £ 0.64 mM and 5.16 + 1.22

mM (mean £ S.D., n = 3) for ATP, ADP and AMP hydrolysis, respectively.

4. Discussion

Compared with other organ systems, the cardiovascular system is
particularly sensitive to elevated Hcy levels [38]. A moderate elevation in plasma
concentration of Hcy may alter vascular morphology, stimulate inflammation,
damage the endothelium and the blood-clotting cascade, inhibit fibrinolysis and
decrease the availability of nitric oxide (due to increased oxidative stress) [39,40].
As a result of this set of events, Hhcy has been associated with loss of endothelial
antithrombotic function and induction of a procoagulant environment [41], a very
harmful condition for health.

Vascular disorders can be also associated to an unbalance in the ratio
nucleotides/nucleoside in the circulation; however, the effects of Hcy on adenine

nucleotides metabolism in serum had still not been investigated.
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In the present study we observed decrease in ATP, ADP and AMP
hydrolysis in rat blood serum after 24 hours of sample preincubation with Hcy. The
kinetic analysis of Hcy upon ATP, ADP and AMP hydrolysis showed an
uncompetitive inhibition (occurs when the inhibitor binds only to the enzyme-
substrate complex). This type of inhibition frequently occurs with enzymes that
have an ordered sequence of substrate binding, such as occurs with ATP
diphosphohydrolase. Despite our results consider unphysiological Hcy
concentration, in the milimolar range, and in vitro condition we need to consider
that in vivo other factors could affect the enzymatic cascade (ATPase-ADPase-
AMPase activities) and the nucleotide hydrolysis inhibition could be reached at
lower Hcy concentrations than that used in our experiments. Though, this
information might be relevant in designing medicines to avoid problems related to
increased levels of Hcy in the circulation.

It is tentative to speculate that the effects exerted by Hcy upon nucleotide
hydrolysis by rat blood serum may be part of a complex mechanism to promote an
increase in ATP, ADP and AMP extracellular levels and at the same time a
decrease in extracellular adenosine level. Our results are in agreement with Chen
et al. [42], which demonstrated that deficiency of plasma adenosine levels might
be one of the important mechanisms resulting in pathological changes in
cardiovascular and other organ systems during Hhcy, since chronic elevations of
plasma Hcy concentration resulted in a sustained low level of plasma adenosine
in rats.

In the cardiovascular system, ATP and other nucleotides can be released
by cell lyse and/or cell death as well as exocytosis. Their biological effects are

mainly determined by their rate of release in the extracellular medium, the activity
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of nucleotidases and their binding affinity to specific receptors. We need to
consider that the modulation of nucleotidases will affect the nucleotide levels and
by this way the cell signaling on nucleotide receptors in different types of cells.
Inhibition of nucleotidases may prolong the effect of nucleotides ATP, ADP and
AMP at their respective receptors [43,44].

Extracellularly, the nucleotide ATP has important vascular actions [45]. In
elevated concentrations, it induces vasoconstriction of the vascular wall, and, at
the same time, promotes its own stimulated release from endothelial cells. On the
other hand, ADP is a potent platelet-recruiting factor inducing platelet aggregation
via interaction of platelet P2Y 1, receptors [46]. Thus, the inhibition found for ATP
and ADP hydrolysis by Hcy in blood serum could enhance the ATP-induced
vasoconstriction [47] and the platelet aggregation mediated by ADP, the most
potent platelet agonist [48]. In addition, inhibition of AMP hydrolysis may
contribute to a decrease in adenosine levels, a molecule that has a number of
cardiovascular protective effects such as vasodilatation and inhibition of platelet
aggregation [49].

Studies have attempted to address the possible mechanisms by which
elevated levels of Hcy may represent a risk factor for atherosclerosis, thrombosis,
pulmonary embolism, cerebrovascular disease, increased peripheral vascular
resistance and myocardial infartation. Considering our results, the seen
modulation could contribute to the understanding of the mechanisms by which
Hcy acts in the organism, since the resulting pathological symptoms of the
diminished level of adenosine are similar to those during Hhcy. Moreover,
although plasma concentrations of Hcy are partly genetically determined, acquired

states such as folic acid and vitamin B12 deficiencies may also increase Hcy
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levels [50-52]. Since folate intake is inversely related to circulating Hcy
concentrations, it is interesting to think that folic acid might interact with Ecto-ATP
diphosphohydrolase and 5-nucleotidase, or either that folic acid could revert the
inhibition effect of Hcy on ATP, ADP and AMP hydrolysis. Additional studies will

be necessary to confirm this hypothesis, in terms of a possible therapeutical role.
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Legends and figures

Fig. 1. Effect of homocysteine on ATP, ADP and AMP hydrolysis by rat blood
serum. Values are mean = S.D. for four independent experiments. Results are
expressed as specific activity (nmoles of phosphate/minute/mg protein),
considering the values of controls as 100% (absolute value for control groups:
1.34 = 0.14 for ATPase, 1.83 + 0.16 for ADPase and 1.30 + 0.18 for AMPase
activity). * indicates significant difference from control group (P < 0.05) and #
indicates significant diference from control and Hcy 5 mM group (P < 0.05). Data
were analyzed statistically using one-way ANOVA, followed by the Tukey’s

multiple range test

Fig. 2. Kinetic analysis of the inhibition of ATP (A), ADP (B) and AMP (C)
hydrolysis by homocysteine in rat blood serum. In (A), (B) and (C) the results
show enzimatic activity in the absence (+) and the presence of Hcy 5 mM (A) and
Hcy 8 mM (O). ATPase, ADPase and AMPase activities were determined in the
range 0.2 — 0.4 mM of ATP, ADP and AMP respectively. Plots are representative

of three isolated experiments for each nucleotide.
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Abstract

Objective: Cyclosporine, a potent immunosuppressant agent that has been
extensively used in transplanted patients, is related to a variety of side effects.
Vascular disease is a major cause of morbidity and mortality among renal and
cardiac transplant recipients, but the underlying mechanisms of vascular injury
caused by cyclosporine are poorly understood. Here, we examined the effects of
long-term cyclosporine administration on total homocysteine levels, adenine-
nucleotides hydrolysis, and its putative association with vascular disease.
Methods: Male Wistar rats were divided in three groups The control group
received vehicle (corn oil), and treated groups received cyclosporine 5 mg/kg or
15 mg/kg, by daily gastric gavage during 8 weeks. Concentrations of cyclosporine,
fibrinogen, platelets and total homocysteine were assessed, as well as ATP, ADP
and AMP hydrolysis in blood serum.

Results:  Cyclosporine induced a statistically significant increase in total
homocysteine, fibrinogen levels, and platelets number, whereas induced a
decrease in uric acid levels and ATP, ADP and AMP hydrolysis. The inhibition of
nucleotides hydrolysis correlated negatively with total homocysteine levels and
positively with uric acid levels.

Conclusions: Cyclosporine might create a favorable scenario for a thrombotic
state by increasing platelets, fibrinogen and serum levels of total homocysteine,
which in turn affects the hydrolysis of serum adenine nucleotides, compounds
known to be involved in haemostasis, thrombosis and inflammation processes.

Key words: Cyclosporine, homocysteine, nucleotide hydrolysis, thrombosis.
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1. Introduction

Cyclosporine (CsA) is a potent immunosuppressant agent used extensively
in autoimmune diseases and in organ transplants to prevent graft rejection [1-3].
The use of CsA is accompanied by a variety of side effects, including
microvascular thrombosis and neurotoxicity [4]. Moreover, cardiovascular disease
is a major cause of morbidity and mortality among renal and cardiac transplant
recipients [5,6]. However, the underlying mechanisms of vascular injury caused by
CsA in transplanted patients are poorly understood, probably due to multifactorial
responses caused by the presence of the allograft. There are emerging evidences
showing that CsA may exert direct action on vascular endothelial cells as well as
trigger an increase in serum fibrinogen and platelet aggregation [7-10].

It has been suggested that CsA affects the homocysteine (Hcy) serum
concentrations [11]. This sulfur containing amino acid is widely accepted as an
independent risk factor for atherosclerosis [12], peripheral vascular disease [13],
brain injury [4], myocardial infarction [14] and venous thromboembolism [15]. Hcy-
induced vascular damage appears to be related to increased production of free
radicals and platelet adhesiveness [16,17], and also to decreased tissue and
plasmatic adenosine (Ado) concentrations [18-20].

The involvement of extracellular nucleotides and nucleosides in various
biological processes has gained much interest in the last years [19,21].
Extracellular blood nucleotides are released by leukocytes, endothelium cells and
platelets, and provide poorly characterized, yet ubiquitous, environmental signals
within the blood vessels [22,23]. Extracellular ATP has been suggested to play a

role in vascular tone, cardiac function and renal epithelial transport [24], and ADP
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is known to induce changes in platelet shape and aggregation. Several authors
have described the important role of these nucleotides in the processes of
haemostasis, thrombosis and inflammation [25-29]. The extracellular nucleoside
adenosine derived from nucleotide hydrolysis and cell release has important
benefic effects, such as vasodilatation and inhibition of platelet aggregation,
avoiding thrombus formation and circulatory problems [24].

Extracellular nucleotides concentration can be regulated by the action of
ecto- and soluble nucleotidases [30], including Ecto-ATP diphosphohydrolase (EC
3.6.1.5, NTPDase, ecto-apyrase, CD39), a member of NTPDase family, able to
hydrolyze ATP, ADP and other triphospho- and diphosphonucleosides to their
equivalent monophosphonucleoside [31,32]. This ecto or soluble enzyme acts
together with 5-nucleotidase (EC 3.1.3.5, CD73), which hydrolyses
monophosphonucleosides, as AMP, to inorganic phosphate and adenosine [32].
Therefore, this enzymatic cascade is able to regulate nucleotide/nucleoside-
mediated responses within the vascular system.

The aim of this study was to determine the effects of chronic CsA
administration on total serum Hcy (tHcy) levels, adenine nucleotide hydrolysis,

and its putative association with vascular disturbance.

2. Methods

2.1. Animals and Reagents

Male Wistar rats were obtained from the Central Animal House of the

Departamento de Bioquimica, ICBS, UFRGS, Porto Alegre, RS, Brazil. Adult rats,
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60 days old, weighting around 250 grams, were maintained under a standard
dark-light cycle, at a room temperature of 22 + 2°C, with free access to food and
water. The investigation conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996). Rats were divided in three groups according
to the treatment schedule. The control group received corn oil, and CsA-treated
groups received CsA 5 mg/kg or CsA 15 mg/kg diluted in corn oil. Administrations
were performed by daily gastric gavage during 8 weeks. After anesthesia with
sodium thiopental (40 mg/kg), blood samples were collected by cardiac punction
24 hours after the last vehicle or CsA administration.

CsA concentrations in whole blood were determined by enzyme multiplied
immunoassay test (EMIT-Green Liquid, Dade-Behring on Cobas Mira, Roche
Diagnostic Systems, USA). Serum tHcy concentrations were measured using a
commercial MEIA kit (Abbott, USA). Platelets were counted using automatized
equipment (Penta 60, ABX, France). Fibrinogen was measured using Fibritimer-I|
(Dade Behring, Germany) equipment. Serum uric acid was analyzed using
commercial kits manufactured by Roche (USA) in automatized equipment (Cobas
Integra 400, Roche, USA). Nucleotides were purchased from Sigma Chemical

Co., St Louis, MO, USA. All others reagents were of analytical grade.

2.2. Measurement of ATP and ADP hydrolysis in rat serum

ATP and ADP hydrolysis were evaluated using the method described by

Oses et al. [33]. The reaction mixture containing 3.0 mM ADP or ATP as

substrate, 1.0 - 1.5 mg serum protein and 112.5 mM Tris-HCI, pH 8.0, was
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incubated at 370 C for 40 minutes in a final volume of 0.2 mL. The reaction was
stopped by the addition of 0.2 mL of 10% TCA. All samples were centrifuged at
5000 g for 5 min and the supernatant was used for measuring the amount of
inorganic phosphate (Pi) released through a colorimetric assay [34]. Incubation
times and protein concentrations were chosen to ensure the linearity of the
reaction (results not shown). In order to correct non-enzymatic hydrolysis, we
performed controls by adding serum after TCA. All samples were assayed in
duplicate. Enzyme activities were expressed as nmol of Pi released per minute

per milligram of protein.

2.3. Measurement of AMP hydrolysis in rat serum

To evaluate the AMP hydrolysis, we used a reaction mixture containing 3.0

mM AMP in 100 mM Tris-HCI, pH 7.5, incubated with 1.0 — 1.5 mg of serum

protein at 37° C in a final volume of 0.2 mL. All other procedures were the same

as described above for ATP and ADP hydrolysis.

2.4. Protein determination

Protein was measured by the Coomassie Blue method [35], using bovine

serum albumin as standard.

2.5. Data analysis
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Data were analyzed using one-way ANOVA, followed by the Tukey’s
multiple range tests. Pearson’s test was used to determine correlations. P < 0.05
was considered to represent a significant difference in the statistical analysis,
which was performed using the Statistical Package for Social Sciences (SPSS)
software. Data for serum concentrations are expressed as mean + S.D., whereas

nucleotide hydrolyzes data are expressed as mean £ S.E.M..

3. Results

Twenty-four hours after the last administration, blood CsA concentration in
CsA 15 mg/kg group was statistically significant different (425.7 + 66.5 ng/mL,
n=10) compared to CsA 5 mg/kg group (92.4 + 30.1 ng/mL, p < 0.001, n=10). No
detectable CsA level was found in control group (n=10).

Mean tHcy level increased in CsA 15 mg/kg group (8.2 £ 1.2 umol/L, n=14)
compared to CsA 5 mg/kg (5.4 = 0.5; p < 0.001, n=14) and control (4.7 + 0.7
pmol/L; p < 0.001, n=14) groups.

In CsA 15 mg/kg treated group there was an increase in platelet number
(68.4 + 9.3 x 104/mm3, n=14) in comparison to control group (58.4 + 3.8 x
104/mm3, p < 0.05, n=14). There was no difference in platelet number between
CsA 5 mg/kg (64.4 £ 5.6 x 104/mm3, n=14) and the other groups.

Fibrinogen levels were also increased in CsA 15 mg/kg group (596.0 +
258.0 mg/dL, n=9) when compared to CsA 5 mg/kg (347.0 £ 47.7, mg/dL, p <

0.01, n=9) and control (338.0 + 85.8, mg/dL, p < 0.01, n=9) groups.

3.1. ATP, ADP and AMP hydrolysis
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The effects of CsA administration on ATP, ADP and AMP hydrolysis by
serum of rats are shown in Fig. 1. When compared to controls, the animals
submitted to CsA treatment presented statistically significant decrease in ATP
hydrolysis. CsA 5 mg/kg and CsA 15 mg/kg groups showed 27% and 37% of
inhibition, respectively, when compared to control (0.49 + 0.12 nmol Pi/min/mg, p
< 0.05, n=7). The ADP hydrolysis was also decreased in CsA 15 mg/kg (46%) and
CsA 5 mg/kg group (36%), respectively, compared to control group (0.83 + 0.18
nmol Pi/min/mg, p < 0.05, n=7). The results of the 5’-nucleotidase show a similar
profile of inhibition observed in ATP and ADP hydrolysis: a statistically significant
decrease of the 5’-nucleotidase activity in CsA 5 mg/kg (34%) and CsA 15mg/kg
(34%) compared to control group (1.36 £ 0.17 nmol Pi/min/mg, p < 0.05, n=7).

Uric acid levels were decreased in CsA 5 mg/kg group (0.88 £ 0.10 mg/dL,
p < 0.001, n=7) and CsA 15 mg/kg (0.85 + 0.14 mg/dL, p < 0.001, n=7) when
compared to controls (1.48 + 0.38 mg/dL, n=7). There was a statistically
significant correlation between uric acid levels and ATP (r = 0.678, p < 0.001),
ADP (r = 0.642, p <0.002) and AMP (r = 0.764, p < 0.001) hydrolysis.

There was a highly statistically significant inverse correlation among tHcy

levels with ATP, ADP and AMP hydrolysis (Fig. 2).

4. Discussion

The calcineurin inhibitor CsA has been the basis for most
immunosuppressive protocols for more than two decades. Unfortunately, adverse
effects of CsA treatment such as nephrotoxicity, neurotoxicity, hypertension, and

obliterative vascular disease have become the major limiting factors in long-term
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immunosuppressive therapy of transplanted patients [5,6,36,37]. Allograft
vasculopathy has emerged as one of the primary causes of morbidity and
mortality in long-term transplanted patients, surpassing even infection [38]. The
action of CsA as an independent factor for vascular alterations and the possible
mechanisms involved are difficult to delimit after transplant due to multiple
confounding factors in the clinical setting. In the present study, we administered
CsA in non-transplanted rats, in order to evaluate CsA effects on parameters
related to vascular disturbances.

Accordingly, there are some reports of increased serum tHcy levels in
transplant recipients [11,39-42], which have been proposed as a contributing
agent for accelerated allograft vasculopathy [2]. In our study, CsA 15 mg/kg
increased tHcy concentrations in blood serum, and such increment could be
consequence of the inhibitory action of CsA on folate-dependent remethylation of
Hcy to form methionine. However, further studies addressing the mechanisms
involved in tHcy increase are necessary to elucidate this speculation.

It is recognized that increased serum Hcy level is an important and
independent risk factor for cardiovascular diseases [15,43]. Hcy has been
associated with loss of endothelial antithrombotic function and induction of a
procoagulant milieu [44]. Moreover, moderate elevation in plasma Hcy levels may
alter vascular morphology, stimulate inflammation and blood-clotting cascade,
causing damage to endothelium and inhibiting fibrinolysis [45,46]. Platelets
activation contributes to thrombotic, ischemic, and inflammatory processes [47].
Likewise, fibrinogen has a role as an inflammatory acute phase protein and
strongly affects erythrocyte sedimentation rate [48] and increases platelet

aggregability [49]. Thus, the increased platelets number and fibrinogen levels
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observed in the present study support the postulation of an inflammatory and pro-
thrombotic state associated with CsA treatment.

Chen et al. [20] demonstrated that a decrease in plasma adenosine levels
might be an important event resulting in pathological cardiovascular processes.
Moreover, the cardiovascular complications reported in patients with severe
hyperhomocisteinemia are associated to a decrease of beneficial effects provided
by adenosine [18]. Although vascular disorders can be also associated to an
imbalance in the ratio of nucleotides/nucleosides in the circulation, the effects of
CsA on adenine nucleotides hydrolysis has received little attention. The
coordinated activities of soluble NTPDase and 5’nucleotidase are able to regulate
nucleotide/nucleoside-mediated responses within the vasculature [32]. In the
present study, CsA treated rats had a decrease in ATP, ADP and AMP hydrolysis
activity in serum. Moreover, the observed decreased serum levels of uric acid, the
catabolic end product of purines, which is significantly correlated with nucleotides
hydrolysis activities, corroborated these results. In the cardiovascular system,
ATP and other nucleotides can be released by cell lyses and/or cell death as well
as exocytosis. Their biological effects are mainly determined by their rate of
release in the extracellular medium, the activity of ecto-nucleotidases and their
binding affinity to specific receptors. Inhibition of nucleotidases may prolong the
effect of nucleotides [50, 51]. Extracellularly, ATP has important vascular actions
[52]; in elevated concentrations it induces vasoconstriction and promotes its own
stimulated release from endothelial cells. Additionally, ADP is a potent platelet-
recruiting factor inducing platelet aggregation via binding of platelet P2Y12
receptors [53]. The inhibition observed in serum ATP and ADP hydrolysis by CsA

treatment could enhance the ATP-induced vasoconstriction [54] and the platelet
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aggregation mediated by ADP, the most potent platelet agonist [55]. Moreover,
inhibition of AMP hydrolysis may contribute to a decrease in adenosine levels, a
cardiovascular protective molecule that inhibits platelet aggregation, dilates
coronary and cerebral arteries, increases blood flow and decreases proliferation
or growth of vascular smooth muscle cells [56,57]. The strong inverse correlation
between tHcy levels and adenine nucleotides hydrolysis suggests that the
inhibition of ecto-nucleotidase activities could be Hcy dependent. This hypothesis
is supported by recent in vitro studies of our laboratory, which demonstrated that
Hcy inhibits, in an uncompetitive way, the ATP, ADP and AMP hydrolysis by blood
serum of rats (data not shown).

In summary, our results demonstrate that CsA long-term treatment induces
vascular disturbances. CsA might create a favorable scenario for a pro-thrombotic
state, increasing platelets and fibrinogen levels. Additionally, it increases tHcy
serum concentrations and inhibits serum ATP, ADP and AMP hydrolysis, probably
decreasing serum adenosine levels and therefore its beneficial effects on the
cardiovascular system. Low levels of uric acid during CsA treatment point that this
inhibition has in vivo relevance. Altogether, these alterations could be implicated

in the vascular complications reported in patients under CsA therapy.
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Figure Legends

Fig. 1. Effect of cyclosporine administration on ATP, ADP and AMP hydrolysis by
rat blood serum. Values are expressed as mean + S.E.M. for seven independent
experiments. Results are expressed as specific activity (nmol of Pi/min/mg).
Control group values for ATP, ADP and AMP hydrolysis were 0.49 + 0.12, 0.83 *
0.18 and 1.36 + 0.17, respectively. Absolute values for CsA 5 mg/kg groups were:
0.36 £ 0.16, 0.53 =+ 0.20 and 0.90 + 0.20; and for CsA 15 mg/kg group were: 0.31
+ 0.06, 0.45 = 0.09 and 0.90 + 0.18 for ATP, ADP and AMP hydrolysis
respectively. * indicates significant difference from control group (p < 0.05).
Statistical analysis was performed using one-way ANOVA, followed by the

Tukey’s multiple range test.

Fig. 2. Correlations among total homocysteine serum levels and ATP (A) n=20,
ADP (B) n=20, and AMP (C) n=18 hydrolysis by blood serum of rats treated with
cyclosporine. There were statistically significant negative correlations between

homocysteine levels and nucleotides hydrolysis, by Pearson’s correlation test.



Fig. 1.

1.
—
=

nmal Pifmindmio
=

04

0z

N Control
T CsA s moikg
C— 1 CsA 18 mghkyg

EED

AP

ATP

ADP

I

L 1w

59



Fig. 2A

.-Eﬁ -
£ ]
T
£
[0
e 0k
£
o
if; 04
E i
e
=
o
= 0z

(s3]

Hcy (pmal/L)

r=-0744

D =0.001
-~
10 12

60



Fig.

ADP hydrdysis (nmol Pifmin/mag)

2B

14

12

61

Hcy (umol/L)

r=-0850
0 =0.003
*
. *
S
» e
» - *
- . T
*» *
B a8 10 12



Fig.

AMP hydrolysis (nmol Piimin/mg)

2C

r=-0634
p =0.004

(a3
o0
=k
[

Hcy (pmal/L)

12

62



63

4. DISCUSSAO

Alguns pesquisadores tém proposto o0 aumento das concentragdes de tHcy
como um fator de risco independente para doencgas cardiovasculares (BOUSHEY
et al,, 1995; MALINOW, 1996; MAYER, JACOBSEN & ROBINSON, 1996;
MINER, EVROVSKI & COLE, 1997; UPCHURCH et al, 1997; JACOBSEN, 1998;
DEN HEIJER et al., 1998; STANGER et al., 2004). O sistema cardiovascular é
particularmente sensivel aos niveis de tHcy circulante (CHEN et al., 1999), o que
significa que o aumento de tHcy pode acarretar em alteragdes da morfologia
vascular, inflamacdo vascular, danos ao endotélio e ativacdo da cascata de
coagulagao e consequente indugdo de um estado aterotrombético (MALINOW,
1996; UPCHURCH et al, 1997; DEN HEIJER, 1998; STANGER et al., 2004).

Os mecanismos pelos quais a Hcy induz disfungdes cardiovasculares nao
estdo bem estabelecidos, no entanto, ha estudos que sugerem o aumento do
estresse oxidativo e produgao de citocinas pré-inflamatérias causados pela Hhcy
como fatores que contribuem para essas alteragdes (WELCH, UPCHURCH &
LOSCALZO, 1997; HANKEY & EIKELBOOM, 1999; PODDAR, 2001; DALAL,
2003; FARACI, 2003; FARACI & LENTZ, 2004; SU, 2005; TYAGI, 2005).
Recentemente, tem sido descrito que a Hcy altera as concentragdes plasmaticas
e teciduais de adenosina, um nucleosideo derivado de nucleotideos da adenina
(AGTERESCH, 1999 ; DEUSSEN, 1999; Chen, Li & Zou, 2002; DEUSEN, 2003;
RIKSEN et al., 2003; SELLEY , 2004; DEUSSEN , 2005; RIKSEN et al., 2005).
Portanto, as disfungdes vasculares podem estar relacionadas ao desequilibrio

das concentracdes de nucleotideos/nucleosideo na circulagao.
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As enzimas nucleotidases localizadas nas membranas plasmaticas de
diversas células ou soluveis no meio intersticial representam um importante
mecanismo de controle dos niveis de ATP, ADP e AMP na circulagdo, sendo a
sua regulagdo importante para a homeostasia, trombo-regulagcdo e outros
aspectos da sinalizagao purinérgica (ZIMMERMANN, 2001). Neste sentido, a
interacdo da Hcy com o metabolismo de nucleotideos e alteragdes vasculares
tem recebido muita atengao por parte do nosso grupo de pesquisa.

Em nossos estudos, investigamos o efeito in vitro da Hcy sobre a hidrdlise
dos nucleotideos extracelulares ATP, ADP e AMP em soro de ratos. Os
resultados demonstram que a Hcy inibe de forma significativa a hidrélise dos trés
nucleotideos e de forma dependente da concentragdo de Hcy. Investigamos
também o tipo de inibicdo causada pela Hcy sobre as nucleotidases envolvidas
no processo de degradacdo desses nucleotideos. As analises cinéticas
demonstraram que a Hcy inibe a hidrélise de forma acompetitiva, ou seja, liga-se
somente ao complexo enzima + substrato.

Este tipo de inibicdo freqiientemente ocorre com enzimas que se ligam ao
substrato de maneira ordenada, ou seja, se ligam primeiro ao ATP depois ao
ADP. Este comportamento sugere a acdo de uma NTPDase tipo ATP-
difosfoidrolase.

A atividade NTPDasica e 5-nucleotidasica tem sido sugerida como um
mecanismo importante para o completo metabolismo dos nucleotideos
extracelulares (ZIMMERMANN et al., 2001) e a inibicdo das atividades
nucleotidasicas acarreta o prolongamento dos efeitos vasculares causados pelos
nucleotideos ATP, ADP e AMP em seus respectivos receptores (IMAI et al., 1999;

GENDRON et al., 2002). Por exemplo, altas concentracbes de ATP podem
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induzir vasoconstricdo da parede vascular e ao mesmo tempo, estimular a
liberagdo de mais ATP pelas células endoteliais (BURNSTOCK, 1990; KONISHI,
C.; NAITO, Y.; OHARA, 1999). O ADP, importante fator de ativagcao plaquetaria,
em concentragdes mais elevadas na circulagao, estimula a agregacao plaquetaria
via receptores P2Y 1, (PURI & COLMAN, 1997; GACHET, 2001). Assim, a inibicao
da hidrdlise destes nucleotideos propicia a formacao de um estado pro-trombético
e poderia estar contribuindo para o desenvolvimento de doencgas vasculares
observadas em pacientes com Hhcy.

Além disso, a inibigdo causada pela Hcy sobre a hidrélise de AMP também
diminuiu a formacdo de adenosina, uma molécula com importantes fungdes
protetoras para o sistema cardiovascular, como vasodilatacao, inibicdo da
agregacao plaquetaria e inflamagao (BERNE, 1963; RALEVIC & BURNSTOCK,
2003). A inibicao causada pela Hcy sobre a hidrdlise dos nucleotideos ATP, ADP
e AMP em soro representa uma diminuicdo da produgdo de adenosina. Assim,
além da atividade reversa da S-adenosilhomocisteina hidrolase (RIKSEN et al.,
2003; RIKSEN et al., 2005), a inibicdo da atividade das enzimas NTPDase e 5'-
nucleotidase em soro contribui para a compreensao dos niveis diminuidos de
adenosina circulante em pacientes com Hhcy e ressalta um importante
mecanismo de agao da Hcy na etiopatogenia das doencgas cardiovasculares.

Além das complicagdes cardiovasculares ja relatadas em pacientes que
fazem uso da terapia imunossupressora com CsA (HOSENPUD, SHIPLEY &
WAGNER, 1992; WEIS & VON SCHEIDT, 1997), procuramos também elucidar
possiveis mecanismos de acdo pelo qual a CsA exerce efeitos deletérios
cardiovasculares. Para tanto, em soro de ratos tratados com CsA analisamos

parametros relacionados a coagulagdo e homeostasia vascular como fibrinogénio
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e plaquetas, niveis circulantes de tHcy e a hidrolise dos nucleotideos ATP, ADP e
AMP.

Observamos que o tratamento imunossupressor crénico com CsA alterou
parametros de coagulagdo, como plaquetas e fibrinogénio. Alguns trabalhos
demonstram que além do aumento do numero de plaquetas a CsA também
aumenta a agregacao plaquetaria (MALYSZKO et al., 1996; REIS et al., 1999). O
tratamento com CsA também aumentou os niveis de fibrinogénio, uma proteina
de fase aguda que esta relacionada com a formagéo de placas ateroscleréticas
(MAURIELLO et al., 2000) e trombos (SABETI et al., 2005). Os niveis
aumentados de fibrinogénio alteram a viscosidade sanguinea, a sedimentagao de
eritrocitos (VAN LENTE, 2000) e a agregacao plaquetaria (LEFKOVITS, PLOW &
TOPOL, 1995). Desta forma, o aumento do numero de plaquetas e dos niveis de
fibrinogénio ressalta um estado proé-inflamatério e pré-trombdético induzido pela
CsA.

Como ja relatado em outros estudos (AMBROSI et al, 1994;
ARNADOTTIR et al., 1996; ARNADOTTIR et al.,, 1998; COLE et al., 1998;
GUPTA et al.,, 1998; HERRERO et al., 2000) a administragdo de CsA aumentou
os niveis de tHcy em ratos tratados. No entanto, os mecanismos envolvidos neste
aumento de tHcy n&o estdo bem esclarecidos. E possivel que a CsA exerca uma
acgao inibitéria no processo de remetilagdo da Hcy até metionina porém, mais
estudos sao necessarios para compreender estes mecanismos.

Em relagdo a hidrdlise dos nucleotideos de adenina, o tratamento com
CsA inibiu a hidrolise de ATP, ADP e AMP em soro e também diminuiu os niveis
de acido urico circulantes (produto final da degradacao de purinas). Além disso, a

inibicdo das atividades NTPDasica e 5’-nucleotidasica se correlacionaram
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negativamente com o aumento de tHcy, sugerindo que a diminuicdo da hidrdlise
de ATP, ADP e AMP em soro de ratos tratados com CsA seja dependente do
aumento das concentragdes de Hcy.

Os resultados encontrados em ratos tratados com CsA estdo de acordo
com aqueles relatados para a hidrolise de nucleotideos in vitro, em que a Hcy
inibiu a hidrélise de ATP, ADP e AMP de forma acompetitiva e dependente da
concentragcao de Hcy.

Desta forma, podemos concluir que o tratamento crénico com CsA altera
parametros importantes da circulagdo vascular. O aumento dos niveis de
fibrinogénio e plaquetas associados ao aumento de tHcy e o desequilibrio dos
niveis nucleotideos/nucleosideo circulantes aumenta o risco de eventos
aterotrombaticos. Além disso, estes resultados contribuem para a compreenséao
dos mecanismos envolvidos nas complicagdes vasculares relatadas em pacientes
que fazem uso da CsA.

Até o presente momento ndo ha nenhum dado na literatura com respeito a
alteracbes na atividade de nucleotidases soluveis em modelos de
imunossupressao com CsA. A relagdo entre CsA, os niveis de tHcy circulante e
as enzimas que controlam os niveis de nucleotideos em soro de ratos merece
atencdo, uma vez que podem estar envolvidos nas disfungdes cardiovasculares
em pacientes que fazem uso da terapia imunossupresiva.

Portanto, as evidéncias obtidas neste trabalho podem ser relevantes para
futuros trabalhos que tenham por objetivo investigar doengas cardiovasculares
em pacientes com Hhcy e/ou que fazem uso da terapia imunossupressora com

CsA. Dosagens de tHcy, atividades nucleotidasicas, acido urico e adenosina
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circulante podem ser de grande utilidade para o monitoramento dos efeitos

adversos do tratamento com CsA.
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5. CONCLUSOES

- A Hcy alterou in vitro, de forma dependente da concentracdo, a hidrélise
dos nucleotideos ATP, ADP e AMP em soro de ratos.

- A Hcy inibiu de forma acompetitiva a atividade da NTPDase e 5'-
nucleotidase envolvidas na hidrélise de ATP, ADP e AMP em soro de
ratos.

- Em pacientes com Hhcy, a inibicdo da atividade de enzimas NTPDase e
5’-nucleotidase parece estar envolvida na etiopatogenia dos problemas
cardiovasculares comumente descritos.

- O tratamento imunossupressor com CsA aumentou o numero de plaquetas
e os niveis de fibrinogénio no sangue dos ratos. Parametros que estéao
envolvidos em processos aterotrombaticos.

- A CsA aumentou os niveis de tHcy em ratos tratados.

- A tratamento com CsA inibiu a atividade de hidrolise dos nucleotideos de
adenina em soro de ratos tratados e diminuiu os niveis circulantes de acido
urico, o produto final da degradacéo dos nucleotideos.

- A inibicao da hidrdlise dos nucleotideos de adenina observada em ratos
tratados com CsA se correlacionou negativamente com o aumento dos
niveis de tHcy.

- O aumento dos niveis de tHcy e a diminuigdo da hidrélise de nucleotideos
parece representar um importante mecanismo de acido pelo qual a CsA
contribui para o desenvolvimento das vasculopatias em pacientes

imunossuprimidos.
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ANEXOS

Anexo 1.

METIONINA ——— SAM

THF 4
Y s (20
CH2THF M3 Remetilacdo .
Biz BH MT (; tranzferaze
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\ Eetaina
CH3THF I
ADO + HOMOCISTEINA +—— SA

CBSlm

CISTATIONINA Transsulfuragao

las

CISTEIMNA ——» —» S04-

Adaptado de Jacobsen, DW. Clinical Chemistry, 1998;44(8):1833-1843.

Metabolismo da homocisteina.

Remetilagdo: a homocisteina é remetilada até metionina pela agdo do metilenotetrahidrofolato
redutase (MTHFR) e metionina sintase (MS), dependente de vitamina B12. A homocisteina
também pode ser remetilada até metionina pela acdo da betaina-homocisteina-metiltransferase
(BHMT) no figado e rins. A metionina €& convertida em S-adenosilmetionina (SAM), que serve
como substrato doador de metila para metiliransferases. Outro produto desta reacdo é a S-
adenosilhomocisteina (SAH), que ao ser hidrolisada pela SAH-hidrolase produz homocisteina e
adenosina.Transsulfuragdo: a primeira enzima deste processo € a cistationina beta-sintase (CBS),
dependente de vitamina B6. Cistationina é convertida a cisteina, que por sua vez é catabolizada

até sulfato inorganico e excretada na urina.
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Anexo 2.
Metabalizma em Metabolismo em condicdes

concigdes normais e hiperhomocisteinemia

—p METIORIMA METIOMINA 4
ATP ATF

3Fi o |
i

S-ADENCSILMETIONINA, S-ADENOSILMETIOMINA,

l\s -CH3 -CH3 aA'

S-ADENOSILHOMOCISTEINA - S-ADENOSILHOMOCISTEINA

ADENOSINA menusm)\
— HOMOCISTEINA \ / HOMOCISTEINA __

\

ESTIMLIL.E.Qﬁ.O DE RECEFTORES DE ADEMOSIMA,

Adaptado de Riksen et al. Cardiovascular Research, 2003;59:271-276

Em condi¢cdes normais, a adenosina é formada a partir da hidrélise da S-adenosilhomocisteina
(SAH) (lado esquerdo do diagrama). A concentragéo extracelular contribui para a homeostasia do
sistema vascular, através da estimulagédo de receptores especificos de adenosina. Em situagdes
de altas concentragcdes de homocisteina, a reagédo catalisada pela SAH-hidrolase ocorrera no
sentido inverso (lado direito do diagrama).
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Anexo 3.

E-NTPDases E-NPPases Fosfatase E-5’-
alcalina nucleotidase

NTPDasel NTPDase5 NPP1
NTPDase2 NTPDase6 NPP2
NTPDase3 NPP3
NTPDase4
NTPDase7
NTPDase8

Adaptado de www.biozentrum.de/prof/zimmermann - Prof. Dr. Herbert Zimmermann.

Desenho esquematico demonstrando a estrutura espacial e topografia de membrana das Ecto-
NTPDases, Ecto-NPPases, fosfatases alcalina e Ecto-5'-nucleotidases.



