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Resumo  

Compreender os mecanismos que atuam na vasculatura representa um caminho promissor 

para o desenvolvimento e entendimento de novos estudos para as desordens vasculares. 

Os nucleotídeos extracelulares (ATP, ADP) e o nucleosídeo adenosina modulam o 

vasorelaxamento e a vasoconstrição, e estão envolvidos na produção do vasodilatador 

óxido nítrico (NO). Permanece por ser investigado se o NO é capaz de modular as 

ectonucleotidases, enzimas que hidrolisam os nucleotídeos, controlado sua 

disponibilidade no meio extracelular. As NTPDases 1 e 2 hidrolisam ATP e ADP; e a 

ecto-5’-nucleotidase metaboliza AMP até adenosina, também um vasodilatador. Para 

determinar o efeito do NO sobre as ectonucleotidases vasculares, células musculares lisas 

vasculares A7r5 e células endoteliais tEnd.1 foram tratadas com agente doador de NO 

(nitroprussiato de sódio (SNP)), inibidor da síntese de NO (L-NAME) e mobilizadores de 

NO (ATP, ADP, bradicinina (BK) e 2-Cl-adenosina). Após 24 horas, através do ensaio 

de MTT, notou-se uma diminuição de 35% na viabilidade das células A7r5 tratadas com 

2-Cl-adenosina (10-4M). Os níveis de nitrito, dosados pelo reagente de Griess, 

aumentaram nos dois tipos celulares em resposta ao SNP, indicando um aumento indireto 

dos níveis de NO. As atividades enzimáticas foram detectadas colorimetricamente pelo 

fosfato inorgânico liberado. As hidrólises de ATP e ADP não foram alteradas. Entretanto, 

a hidrólise de AMP foi significativamente aumentada pelo ATP e 2-Cl-adenosina em 

A7r5; e pelo ATP e ADP em tEnd.1. O aumento na atividade da ecto-5’-nucleotidase 

parece ser importante para aumentar os níveis de adenosina circulante, já que ela é 

fundamental para garantir a regulação da homeostase e a manutenção do tônus vascular. 

A tentativa de avaliação da expressão gênica das ectonucleotidases em resposta aos 

tratamentos em células A7r5 não foi bem-sucedida. Ainda, não foram encontradas 

alterações em nível proteico, avaliado por Western blotting. Porém, o aumento na 

atividade da enzima poderia ser explicado pela presença de sítios específicos altamente 

fosforiláveis em sua estrutura, principalmente em resíduos de serina. Embora os 

resultados obtidos nos levem a crer que as ectonucleotidases sejam moduladas 

independentemente do NO em A7r5, experimentos adicionais são necessários para 

confirmar a concentração de NO no meio de cultivo de tais células e os níveis de regulação 

sofridos pelas enzimas em questão. A compreensão de tais funções e mecanismos de ação 

do NO e outras moléculas vasoativas sobre as ectonucleotidases vasculares são 

fundamentais para a compreensão das desordens vasculares. 



 

 

Abstract 

Understanding the mechanisms that act in the vasculature represent a promising path for 

the development and understanding of future studies about vascular disorders. It is known 

that extracellular nucleotides (ATP, ADP) and nucleoside adenosine are able to modulate 

vasorelaxation and vasoconstriction and are involved in the production of the vasodilator 

nitric oxide (NO). It remains to be investigated whether NO is able to modulate the 

expression and activity of ectonucleotidases, enzymes that hydrolyze nucleotides 

controlling their availability in the extracellular environment. NTPDases 1 and 2 

hydrolyze ATP and ADP and ecto-5'-nucleotidase metabolizes AMP to adenosine, also a 

vasodilator. To determine the effect of NO on vascular ectonucleotidases, vascular 

smooth muscle cells A7r5 and endothelial cells tEnd.1 were treated with NO donor 

(sodium nitroprusside (SNP)), inhibitor of NO synthesis (L-NAME) and mobilizers of NO 

(ATP, ADP, bradykinin (BK) and 2-Cl-adenosine). After 24 hours, a 35% decrease in cell 

viability of A7r5 cells was observed by MTT assay in response to 2-Cl-adenosine (10-4M). 

Nitrite levels, measured by Griess's reagent, significantly increased in the two cell types 

treated with SNP, indicating an indirect increase in NO levels. The enzymatic activities 

were detected colorimetrically by the inorganic phosphate released. The hydrolysis of 

ATP and ADP was not altered. However, AMP hydrolysis was significantly increased by 

ATP and 2-Cl-adenosine in A7r5 cells and by ATP and ADP in tEnd.1 cells. The increase 

in ecto-5'-nucleotidase activity seems to be important to increase levels of circulating 

adenosine, since it is of great importance to ensure regulation of homeostasis and 

maintenance of vascular tone. The attempt to evaluate the gene expression of 

ectonucleotidases in response to treatments in A7r5 cells was not successful. Besides, no 

changes were found in protein level, as assessed by Western blotting. However, the 

increase in enzyme activity could be explained by the presence of specific highly 

phosphorylable sites, especially in serine residues, in the structure of the ecto-5'-

nucleotidase. Although the results obtained lead us to believe that the ectonucleotidases 

are modulated independently of the NO in A7r5, additional experiments are required to 

confirm the concentration of NO in the culture medium of such cells and the levels of 

regulation undergone by the enzymes in question. The understanding of the functions and 

mechanisms of action of NO and other vasoactive molecules on vascular 

ectonucleotidases are of fundamental relevance for the understanding of vascular 

disorders.   
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1. Introdução 

A sinalização purinérgica tem sido apontada como um importante regulador da 

fisio(pato)logia cardiovascular, uma vez que, na vasculatura, o ATP, o ADP e a adenosina 

podem influenciar as respostas vasomotoras, a ativação plaquetária e a função cardíaca, entre 

outros aspectos (BURNSTOCK, 2017a). As ectonucleotidases são enzimas capazes de 

hidrolisar os nucleotídeos extracelulares, inativando seus efeitos sinalizadores. Portanto, 

membros da família das ectonucleotidases, comumente expressas na vasculatura, tais como 

a NTPDase1 e 2, capazes de hidrolisar ATP e ADP; e a ecto-5’-nucleotidase, que metaboliza 

os monofosfonucleotídeos até adenosina, uma molécula reconhecidamente vasodilatadora, 

regulam a concentração de nucleosídeos e nucleotídeos na circulação (ZIMMERMANN, 

1996; FUENTES & PALOMO, 2015). 

É sabido que os nucleotídeos extracelulares estão implicados na ativação da enzima 

óxido nítrico sintase endotelial (eNOS), levando à produção de óxido nítrico (NO) e à 

vasodilatação (da SILVA et al., 2009). Recentemente, viu-se que a eNOS ao ser ativada por 

ATP extracelular leva à geração de NO também nos glóbulos vermelhos (ULKER et al., 

2018).  O NO participa de uma série de processos fisiológicos vasculares relacionados à 

regulação do tônus e vasodilatação; angiogênese; regulação da transcrição de genes; 

tradução de mRNA e neurotransmissão (MUTCHLER & STRAUB, 2015).  

O aprofundamento dos estudos sobre o papel dos nucleotídeos em diferentes 

contextos da fisiopatologia cardiovascular tem particular relevância. Os componentes da 

sinalização purinérgica estão presentes em todos os sistemas biológicos animais, e muitos 

dos quais têm, inclusive, sido empregados na clínica. Como exemplo, destacam-se as 

tienopiridinas, ticlopidina e clopidogrel, que são largamente utilizadas como agentes anti-

plaquetários, já que antagonizam de maneira irreversível os receptores de plaquetas 

(LORGA FILHO et al., 2013).  

Em um trabalho prévio, nosso grupo demonstrou que as atividades das 

ectonucleotidases foram diminuídas em soro e em plaquetas de animais submetidos à 

condição hipertensiva pela administração prolongada de L-NAME, um bloqueador da 

síntese de NO. Mostramos, ainda, que os níveis de ADP, AMP e outros componentes da via 

de sinalização purinérgica estiveram paradoxalmente diminuídos na circulação desses 

animais (FURSTENAU et al., 2008). Como os dados prévios foram observados em frações 
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solúveis na circulação, hipotetizamos que a redução dos níveis circulantes de purinas em 

animais hipertensos depende de uma (des)regulação das atividades ectonucleotidases, cuja 

identidade permanece por ser investigada, presentes na superfície dos vasos.  

Em conjunto, essas observações denotam a existência de uma interlocução entre os 

sistemas purinérgico e nitrérgico, em que as purinas modulam de maneira importante a 

produção de NO nos vasos sanguíneos. Permanece por ser investigado se o NO é capaz de 

influenciar a expressão e atividade das ectonucleotidases presentes na vasculatura, regulando 

a taxa de remoção dos nucleotídeos circulantes e modulando o tônus vascular.  Dessa 

maneira, o objetivo desse trabalho é determinar o efeito do NO sobre a atividade e expressão 

das enzimas NTPDase1 e ecto-5’-nucleotidase em linhagens de células musculares lisas 

vasculares (CMLV) A7r5 (ATCC® CRL­1444™) e em células endoteliais (CE) t.End1. Tal 

elucidação apresenta-se como um campo extremamente fértil de investigação no 

comportamento das desordens vasculares bem como na proposição de novas abordagens 

terapêuticas.   
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Capítulo 1 

2. Referencial teórico 

O sistema cardiovascular é responsável por levar nutrientes e oxigênio para todas 

as células do organismo, composto por sangue, coração e vasos sanguíneos (GUYTON & 

HALL, 2011). Os vasos sanguíneos transportam sangue do coração em direção aos tecidos 

do corpo e retornam o sangue dos tecidos para o coração. São, basicamente, compostos por 

três camadas celulares, também denominadas túnicas: 1) a camada mais interna que entra 

em contato com o lúmen do vaso e o fluxo sanguíneo é composta por uma monocamada de 

células endoteliais (CE) e é conhecida como íntima; 2) a camada média, que é responsável 

pelos mecanismos de contração e relaxamento, é composta por células musculares lisas 

vasculares (CMLV); e 3) a camada mais externa que reveste, dá suporte e inervação e é 

composta basicamente por tecido conjuntivo (GUYTON & HALL, 2011) (Figura 1).  

 

Figura 1. Estrutura da parede arterial (TORTORA, 2013).

 

As CE são metabolicamente ativas e desempenham um papel importante em 

inúmeras funções fisiológicas, desde o transporte de células sanguíneas ao controle do tônus 

vascular, equilíbrio homeostático intravascular, permeabilidade de moléculas, imunidade 

adaptativa e controle da coagulação e inflamação (AIRD, 2007). Substâncias 

vasodilatadoras, como o óxido nítrico, e vasoconstritoras são produzidas equilibradamente 

para proteger a parede vascular (SNYDER & BREDT, 1992).  
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As CMLV, que revestem as paredes de vários órgãos e vasos, são compostas por 

fibras contráteis de ação involuntária. Os mecanismos de contratilidade e vasodilatação, são 

dependentes da ativação do cálcio (Ca2+) e da atividade da fosfatase de miosina. Em resposta 

a estímulos específicos, elevados níveis de Ca2+ interagem com a calmodulina e uma cadeia 

leve de miosina é fosforilada via sinalização de RhoA/Rho quinase, inibindo a atividade 

enzimática da fosfatase de miosina, permitindo que a cadeia leve da miosina permaneça 

fosforilada, promovendo a contração. A remoção de Ca2+ do citosol estimula a fosfatase da 

miosina, que remove o fosfato de alta energia da cadeia leve de miosina para promover o 

relaxamento do músculo liso (WEBB, 2003). 

As ações do ATP e da adenosina sobre o coração e os vasos sanguíneos como 

agentes bradicárdicos e redutores da pressão arterial global foram descritas pela primeira vez 

em 1929 (DRURY e SZENT-GYÖRGYI, 1929). Atualmente, a sinalização purinérgica é 

amplamente aceita como um sistema primitivo e altamente conservado entre os animais, 

sendo atribuídos importantes papéis aos nucleotídeos e nucleosídeos como sinalizadores 

extracelulares em tecidos neurais e não neurais (BURNSTOCK, 2017b). Nesse sentido, no 

sistema vascular, a sinalização purinérgica é capaz de estimular a vasoconstrição e o 

vasorelaxamento, o crescimento das CMLV e a angiogênese; está envolvida no 

remodelamento vascular; estimula a agregação plaquetária; regula a coagulação, a 

inflamação e diversos aspectos da função cardíaca (BURNSTOCK e KENNEDY, 1986; 

OLSSON e PEARSON, 1990; RALEVIC e BURNSTOCK, 1991; ERLINGE, 1998; 

BURNSTOCK, 2002; DI VIRGILIO e SOLINI, 2002; GACHET, 2006; BURNSTOCK, 

2017a). 

Na circulação, as purinas são liberadas pelos eritrócitos, CE, plaquetas e neutrófilos 

ativados em reposta a diversos estímulos, tais como estresse de cisalhamento, hiperóxia, 

hipóxia ou estimulação por agonista (BODIN & BURNSTOCK, 2001). Essas exercem seus 

efeitos através de duas principais famílias de receptores P2, os quais compreendem tanto os 

canais iônicos ativados por ATP (P2X1-7), quanto os receptores metabotrópicos acoplados às 

proteínas G (P2Y1,2,4,6,11,12,13,14) (KING, et al., 1998; BURNSTOCK, 2017a). São 

conhecidos, ainda, quatro receptores purinérgicos do tipo P1 (A1, A2A, A2B e A3), os quais 

são responsivos à adenosina (PALMER e STILES, 1995).  

A ativação de receptores P2 endoteliais induz à vasodilatação local através da 

produção de óxido nítrico (NO), prostaciclina (PGI2) e fator hiperpolarizante derivado do 

endotélio (EDHF). Os receptores P2Y1 e P2Y2 são os responsáveis pelo relaxamento 
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induzido por ATP e UTP, respectivamente (BURNSTOCK, 2006a). Contrariamente, a 

ativação dos receptores P2 em CMLV promove a vasoconstrição através dos receptores 

P2Y12, que ativam a agregação plaquetária por ADP ou dos receptores P2X sensíveis às 

pirimidinas (GITTERMAN e EVANS, 2001; WIHLBORG et al., 2004) (Figura 2).  

 

Figura 2. Mecanismo geral da sinalização purinérgica na vasculatura (BURNSTOCK, 
2006b).  

 

 

As vias de sinalização intracelulares, geralmente, requerem mecanismos de 

inativação de sinal. O grande número de receptores purinérgicos presentes em uma mesma 

célula ou em duas células vizinhas sugere uma fina regulação desta sinalização. Dessa forma, 

os nucleotídeos são hidrolisados por uma cascata enzimática extracelular, que resulta na 

formação do respectivo nucleosídeo e fosfato livre, orquestrando a ativação dos receptores 

celulares P1 e P2 via liberação controlada de nucleotídeos e nucleosídeos. As 

metaloectoenzimas capazes de hidrolisar os nucleotídeos extracelulares são conhecidas 

como ectonucleotidases e, incluem membros das famílias E-NTPDase (ecto-nucleosídeo 

trifosfato difosfoidrolase), E-NPP (ecto-nucleotídeo pirofosfatase/ fosfodiesterase), 
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fosfatases alcalinas e ecto-5’-nucleotidase, as quais apresentam uma ampla distribuição 

tecidual (ZIMMERMANN, 2000; AL-RASHIDA et al., 2017) (Figura 3).  

 

Figura 3. Famílias de ectonucleotidases (COGNATO & BONAN, 2010).

 

Entre as ectonucleotidases conhecidas e caracterizadas, a família E-NTPDase 

parecer ser a mais importante. Em mamíferos, oito diferentes genes codificam membros 

desta família de proteínas (NTPDase1 a 8), as quais apresentam diferentes preferências por 

substratos e distinta distribuição tecidual (ROBSON et al., 2006). As NTPDases 1, 2, 3 e 8 

são enzimas tipicamente localizadas na superfície celular com o sítio catalítico voltado para 

o meio extracelular. Por outro lado, as NTPDases 5 e 6 exibem uma localização intracelular 

e podem ser secretadas. Finalmente, as NTPDases 4 e 7 estão localizadas intracelularmente, 

tendo o seu sítio catalítico voltado para o lúmen das organelas citoplasmáticas (ROBSON et 

al., 2006). As razões de hidrólise entre os nucleosídeos tri e difosfatos varia 

consideravelmente entre os subtipos e, juntamente com ferramentas de biologia molecular, 

são utilizadas na identificação e classificação dessas enzimas: a NTPDase1 hidrolisa o ATP 

e o ADP igualmente bem (razão de hidrólise ATP:ADP=1:1); as NTPDases 3 e 8 revelam 

uma preferência pelo ATP sobre o ADP como substrato (razão de hidrólise ATP:ADP=3:1 

e 2:1, respectivamente); e a NTPDase2 apresenta uma alta preferência pelos nucleosídeos 

trifosfatos (razão de hidrólise ATP:ADP=30:1), tendo sido previamente classificada como 

uma ecto-ATPase (ROBSON et al., 2006).  

A NTPDase1 é a principal ectoenzima responsável pela hidrólise dos nucleotídeos 

na superfície dos vasos sanguíneos (KACZMAREK et al., 1996; SÉVIGNY et al., 1997), 

sendo dominantemente expressa em CE e em CMLV (SÉVIGNY et al., 2002). Essa enzima 
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tem um importante papel nas propriedades antitrombóticas das CE, uma vez que hidrolisa o 

ADP, uma molécula pró-agregante plaquetária que atua através dos receptores P2X1, P2Y1 

e P2Y12 (ROBSON et al., 2006). Ainda, foi apontada a participação da NTPDase1 na 

regulação local do tônus vascular pelos nucleotídeos, ajustando a disponibilidade destas 

moléculas na superfície das CMLV (KAUFFENSTEIN et al., 2010a); e também na 

modulação do relaxamento dependente dos receptores P2Y endoteliais, uma vez que 

controla o nível de agonistas e a reatividade dos receptores (KAUFFENSTEIN et al., 2010b).  

A NTPDase2 está localizada na camada adventícia de vasos muscularizados e nos 

pericitos dos capilares (SÉVIGNY et al., 2002), e sua preferência em hidrolisar o ATP leva 

ao acúmulo de ADP, o qual é essencial para o processo de agregação plaquetária 

(MAFFRAND et al., 1998), importante para estancar o sangramento durante episódios de 

lesão vascular, por exemplo. Outra ectonucleotidase de suma importância na vasculatura é a 

ecto-5’-nucleotidase, que finaliza a cascata de hidrólise e atua em conjunto com as 

NTPDases, catalisando a conversão dos monofosfonucleotídeos (CMP, UMP, GMP e AMP) 

até seus respectivos nucleosídeos (ZIMMERMANN, 1996). Está predominantemente 

associada ao endotélio (KOSZALKA et al., 2004), e tem como principal função a produção 

extracelular de adenosina a partir de AMP, com a capacidade de suprimir a reação 

inflamatória e mediar a vasodilatação e mecanismos cardioprotetores (ZUKOWSKA et al., 

2015).  

A adenosina atua por meio de uma família de receptores P1 também acoplados à 

proteína G (A1, A2A, A2B e A3) na superfície celular, tendo maior afinidade por A1 e A2A 

(SHRYOCK & BELARDINELLI, 1997).  Tais receptores operam via ativação ou inibição 

de adenilato ciclase, e são classificados de acordo com sua afinidade pela adenosina, sendo 

de fundamental importância para diversos eventos fisiológicos de regulação do tônus 

vascular, cardioproteção, vasodilatação, regulação inflamatória e inibição da agregação 

plaquetária (FREDHOLM, 2007), além de estar fortemente envolvida na migração e 

proliferação de CMLV (YANG et al., 2015). Portanto, a ativação da ecto-5’-nucleotidase 

vem sendo fortemente abordada como um novo alvo estratégico para tratamentos específicos 

das patologias cardiovasculares, melhorando a proteção endotelial (ZUKOWSKA et al., 

2015).   

Os nucleotídeos no meio extracelular também estão envolvidos na ativação da 

enzima óxido nítrico sintase, levando à produção de óxido nítrico (NO) e consequente 

vasodilatação (DA SILVA et al., 2009). O NO consiste de um mediador gasoso que participa 
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de uma série de processos fisiológicos em todo o organismo. Na vasculatura, por exemplo, 

caracteriza-se por ser uma das mais importantes moléculas de sinalização, relacionado à 

regulação do tônus vascular e à vasodilatação; angiogênese; regulação da transcrição de 

genes; tradução de mRNA e neurotransmissão (MUTCHLER & STRAUB, 2015). Na 

circulação sanguínea, o NO está intimamente implicado em processos de coagulação e, uma 

vez que apresenta propriedades antitrombóticas, é capaz de inibir a adesão celular e a 

agregação plaquetária na parede vascular (LOSCALZO, 2001). Ainda, o NO atua na 

regulação da pressão sanguínea e na contratilidade do músculo cardíaco, podendo ser 

produzido tanto em CE quanto em CMLV (MURREL et al., 1996). Por isso, o entendimento 

do mecanismo da síntese de NO, pode representar um caminho promissor para o 

desenvolvimento e entendimento de futuras estudos sobre as desordens vasculares.  

O NO endógeno é derivado de fontes enzimáticas e não enzimáticas na vasculatura. 

As proteínas sanguíneas por exemplo, podem preservar e liberar a bioatividade do NO. 

Condições de hipóxia ou baixo pH podem fazer com que os nitritos sejam reduzidos para 

formação de NO (CHEN, et al., 2008).  A síntese deste gás por ação enzimática se dá pela 

ação da enzima óxido nítrico-sintase (NOS), que apresenta três isoformas: óxido nítrico-

sintase neuronal (nNOS), óxido nítrico-sintase indutível (iNOS) e óxido nítrico-sintase 

endotelial (eNOS). Todas as isoformas se ligam à calmodulina, e utilizam L-arginina e 

oxigênio molecular como substratos. Em nNOS e eNOS essa ligação com a calmodulina é 

provocada por um aumento de Ca2+ intracelular, já no caso da iNOS, a mesma ligação ocorre 

em baixas concentrações de Ca2+ por ter um sítio de ligação com uma diferente estrutura de 

aminoácidos (CERQUEIRA e YOSHIDA, 2002) (Figura 4).  

Figura 4. Estrutura dos domínios de ligação das isoformas de NOS 

(ALDERTON, et al., 2001).
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A isoforma nNOS está relacionada com neurônios específicos do cérebro e eventos 

de sinalização sináptica. Quando anormal, sua sinalização pode contribuir para uma 

variedade de patologias neurodegenerativas, tais como esclerose múltipla, doença de 

Alzheimer e Parkinson (FÖRSTERMANN & SESSA, 2012). Por outro lado, a iNOS não é 

comumente expressa em células, mas pode ser estimulada por lipopolissacarídeos 

bacterianos, citocinas e outros agentes, e, devido à sua afinidade por ferro ligado a proteínas, 

é capaz de inibir enzimas chave que possuem o ferro em seu centro catalítico, interferindo 

diretamente no DNA de células-alvo causando ruptura de suas cadeias. A regulação da 

produção de NO por iNOS está implicada no desenvolvimento de patologias como câncer, 

artrites reumatoides, entre outros mecanismos de apoptose celular (LI, et al., 2014).  

Já a isoforma eNOS, se caracteriza por ser a principal responsável pela maior parte 

do NO sintetizado na vasculatura, expressa principalmente em células endoteliais, de 

fundamental importância devido à sua capacidade de sinalização e interação com uma 

variedade de proteínas reguladoras e estruturais em vários processos fisiológicos e 

fisiopatológicos, de maneira tanto inibitória quanto permissiva (SU, 2014). O produto da 

eNOS atua em várias enzimas e proteínas-alvo, desencadeando respostas fisiológicas 

diversas, tal como o mecanismo de relaxamento celular, que acontece quando o NO com sua 

propriedade gasosa atravessa o endotélio e alcança a musculatura lisa vascular, estimulando 

a enzima guanilato ciclase solúvel a gerar monofosfato cíclico de guanosina (cGMP) 

intracelular (CONGER, 1994).  

A atividade e expressão da eNOS pode ser regulada por diferentes interações. A 

principal delas, assim como no caso das demais isoformas, é a interação com a calmodulina 

induzida por Ca2+, que quando ativada por altas concentrações, desbloqueia o fluxo de 

elétrons dependentes de NADPH da porção C- para a N-terminal e, então, à porção heme 

para a produção de NO. Conforme mencionado anteriormente, a atividade da eNOS é 

altamente dependente do nível de cálcio intracelular e de sua ligação com a calmodulina 

(FULTON, 2016). Os nucleotídeos ATP, ADP, UTP e UDP e os peptídeos endotelina (1 e 

3), angiotensina II (angII) e bradicinina (BK) foram relatados por aumentar os níveis de 

cálcio intracelular (NAKAI et al., 1999) e, por isso, podem atuar como moléculas 

mobilizadoras da síntese de NO mediando a ligação da eNOS com a calmodulina.  

No entanto, existem ainda outros mecanismos pós traducionais que fazem com que 

outras proteínas também possam interagir com tal enzima, regulando sua atividade. Esse é o 

caso para a proteína de choque térmico 90 (Hsp90), que atua como modulador alostérico na 
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ativação da enzima; e também a caveolina-1, que ao interagir com eNOS, atua como 

regulador negativo da atividade enzimática e consequente síntese de NO (GARCIA-

CADEÑA et al., 1998). O nitroprussiato de sódio (SNP) é um doador de NO que induz 

relaxamento vascular devido à liberação de NO nas células musculares lisas vasculares, 

agindo na ativação de canais de potássio (K+) que controlam a entrada de cálcio através de 

canais de cálcio voltagem-dependentes e, portanto, a contratilidade através de mudanças no 

cálcio intracelular (BONAVENTURA et al., 2011; FUJII et al., 2016). Apesar de possuir 

um mecanismo de ação bem rápido, o SNP é um doador de NO amplamente utilizado em 

pesquisas moleculares, devido ao seu potencial efeito vasodilatador que se assemelha aos do 

NO endógeno derivado do endotélio (HIRAI, et al., 2012). Ainda, existem outros estímulos 

independentes de Ca2+ intracelular que podem induzir a liberação de NO, como o estresse de 

cisalhamento e outros mecanismos que podem desencadear a fosforilação da eNOS em 

resíduos de serina, treonina e tirosina (McCABE et al., 2000). 

O NO endotelial, além de ser essencial para a oxigenação tecidual regulando o 

consumo mitocondrial de O2 pela inibição da citocromo c oxidase (MONCADA & HIGGS, 

2006), está fortemente envolvido com a homeostase e regulação do fluxo sanguíneo, uma 

vez que apresenta o poder de estimular a guanilil ciclase solúvel e aumentar o GMP cíclico 

nas células musculares lisas, resultando em vasodilatação (RAPOPORT, et al., 1983). 

Shesely e colaboradores (1996) mostraram que a deleção do gene da eNOS induz elevações 

dos níveis pressóricos. Além disso, o NO se caracteriza como um potente inibidor da 

agregação plaquetária, de fundamental importância para processos trombóticos (ALHEID, 

et al., 1987). 

Em 2009, um estudo mostrou que o tratamento das CE com ATP, UTP e ADP levou 

à fosforliação da eNOS e à geração de NO pela ativação de receptores P2Y, aumentando os 

níveis intracelulares de cálcio e ativando a PKCδ (da SILVA et al., 2009) (Figura 5). Em um 

trabalho prévio, nosso grupo mostrou que as atividades ectonucleotidases foram diminuídas 

em soro e em plaquetas de ratos hipertensos pelo tratamento com éster metílico de Nω- nitro-

L-arginina (L-NAME) (FURSTENAU et al., 2008), um inibidor crônico não seletivo da 

NOS capaz de produzir vasoconstrição sistêmica e hipertensão (MANEESAI et al., 2016). 

Mostramos ainda que os níveis séricos de ADP, AMP e hipoxantina apresentaram-se 

paradoxalmente diminuídos nestes animais (FURSTENAU et al., 2008).  
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Figura 5. Fosforilação da eNOS em células endoteliais induzida por nucleotídeos 

extracelulares (da SILVA et al., 2009). 

 

Com isso, já se sabe que os nucleotídeos no ambiente extracelular são modulados 

pela ação das ectonucleotidases e ainda, são capazes de influenciar a produção de NO pela 

ligação à receptores específicos que desencadeiam a ativação de eNOS. Contudo, ainda 

permanece obscuro se o NO, um potente vasodilatador, pode influenciar na disponibilidade 

desses nucleotídeos no meio extracelular, modulando tais ectoenzimas e consequentemente 

regulando as respostas vasoativas de vasoconstrição e vasorelaxamento, regulando o tônus 

vascular e agregação plaquetária. Neste contexto, investigar a provável modulação do NO 

sobre a atividade e expressão da NTPDase1 e da ecto-5’-nucleotidase na superfície de células 

musculares lisas vasculares e células endoteliais é de grande relevância para a elucidação da 

contribuição da sinalização purinérgica no controle das respostas vasomotoras. 
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Abstract 

ATP, ADP and adenosine modulate vasoconstriction and vasorelaxation. They activate nitric 

oxide synthase (NOS) in the vasculature, culminating in the production of nitric oxide (NO) 

and vasodilation. However, little is known about the modulation of NO on ectonucleotidases, 

enzymes that metabolize extracellular nucleotides. In the vasculature, NTPDases1 and 2, 

hydrolyze ATP and ADP; and ecto-5'-nucleotidase metabolizes AMP to adenosine, a well-

recognized vasodilator. To determine the effect of NO on vascular ectonucleotidases, A7r5 

cells were challenged with NO donor (sodium nitroprusside, SNP), NO blocker (L-NAME) 

and NO mobilizing agents (ATP, ADP, bradykinin (BK) and 2-Cl-adenosine). After 24 hours 

of treatment, MTT assay detected that 2-Cl-adenosine diminished A7r5 viability by 35%. 

Nitrite levels determined by Griess reaction were increased in response to SNP, indirectly 

indicating increased levels of NO in this group.  Enzymatic activities were detected 

colorimetrically by the inorganic phosphate released. ATP and ADP hydrolysis were not 

altered while hydrolysis of AMP was significantly increased by ATP and 2-Cl-adenosine. 

No changes were observed at the protein level. However, regulation at the post-translational 

level by phosphorylation is a possibility to explain the increase in the activity of the enzyme, 

since it has distinct highly phosphorylable sites in its structure, especially in serine residues.  

Ecto-5'-nucleotidase is crucial for the generation of adenosine and the understanding of 

molecular mechanisms by which NO and other molecules interfere in the activity and 

expression of this enzyme is fundamental for the modulation of vascular tone and the 

regulation of blood pressure, enabling new therapeutic approaches in cardiovascular 

complications. 

 

Keywords: Purinergic signaling; Ecto-5’-nucleotidase; CD73; Nitric Oxide; Adenosine; 

Vascular smooth muscle cells. 
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1. Introduction 

The actions of adenosine triphosphate (ATP) and adenosine on the heart and blood 

vessels as bradycardic and blood pressure reducing agents were first described in 1929 [1]. 

Currently, purinergic signaling is widely accepted as a primitive and highly conserved 

system among animals, with important roles attributed to nucleotides and nucleosides as 

extracellular communicators in neural and non-neural tissues [2]. In this sense, purinergic 

signaling has been identified as an important regulator of cardiovascular physiology, since, 

in the vasculature, ATP, adenosine diphosphate (ADP) and adenosine may influence 

vasomotor responses, platelet activation, cardiac function, and other aspects [3]. 

Ectonucleotidases are enzymes capable of hydrolyzing extracellular nucleotides, 

inactivating their signaling effects. Therefore, members of the ectonucleotidases family, 

commonly expressed in vasculature, NTPDase1 and 2, capable of hydrolyzing ATP and 

ADP; and ecto-5'-nucleotidase, which metabolizes AMP to adenosine, regulate the 

availability of nucleoside and nucleotides in the circulation [4,5].  

Nucleotides exert their effects through two main families of P2 receptors, which 

comprise both the ion channels activated by ATP (P2X1-7) and metabotropic receptors 

coupled to G protein (P2Y1,2,4,6,11,12,13,14) [2,6]. Activation of endothelial P2 receptors 

induces local vasodilation through the production of nitric oxide (NO), prostacyclin (PGI2) 

and endothelium-derived hyperpolarizing factor (EDHF) [7].  P2Y1 e P2Y2 are responsible 

for relaxation induced by ATP and UTP, respectively [8]. In contrast, the activation of P2 

receptors in vascular smooth muscle cells (VSMC) promotes vasoconstriction through 

P2Y12 receptors or P2X receptors sensitive to pyrimidines [9,10]. 

Particularly, ecto-5'-nucleotidase is predominantly associated with the endothelium 

[11], anchored in a glycosylphosphatidylinositol (GPI) residue. The main function of ecto-

5’-nucleotidase is to catalyze the conversion of monophosphonucleotides to their respective 

nucleosides (AMP → adenosine, for example) [4]. Adenosine acts through a family of 

receptors also coupled to G protein (A1, A2A, A2B e A3) on the cell surface, being of 

fundamental importance for several physiological events of regulation of vascular tonus, 

cardioprotection, vasodilatation, inflammatory regulation and inhibition of platelet 

aggregation [12], besides being strongly involved in the migration and proliferation of 

VSMC [13].  
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The mechanism by which adenosine exerts the vasodilator effect on VSMC, is still 

widely discussed. Uichi Ikeda [14], relates this effect to the stimulation of NO synthesis. NO 

consists of a gaseous mediator that also participates in a number of physiological processes 

in the body. In the vasculature, it is characterized by being one of the most important 

signaling molecules, related to the regulation of vascular tone and vasodilation; regulation 

of gene transcription; translation of mRNA and neurotransmission [15]. The mechanism of 

NO cell relaxation occurs when the gas crosses the endothelium and reaches vascular smooth 

muscle, stimulating the soluble guanylate cyclase enzyme to generate cyclic guanosine 

monophosphate (cGMP) intracellular [16].  

It is known that extracellular nucleotides are involved in the activation of the enzyme 

endothelial nitric oxide synthase (eNOS), leading to the production of NO and vasodilation 

[17]. It has recently been found that extracellular ATP activates eNOS leading to NO 

generation also in red blood cells [18]. Besides, in a previous work, we demonstrated that 

the activities of ectonucleotidases were decreased in serum and platelets of animals 

submitted to the hypertensive condition by prolonged administration of L-NAME, a blocker 

of NO synthesis. We also showed that the levels of ADP, AMP and other components of the 

purinergic signaling pathway were paradoxically decreased in the circulation of these 

animals [19]. The above-mentioned results were obtained in soluble fractions of the 

circulation. We thus hypothesize that the reduction of circulating levels of purines observed 

in hypertensive animals depends on a modulation of ectonucleotidase activities present on 

the vessel surface.  

Taken together, these observations denote the existence of an interlocution between 

the purinergic and nitrergic systems, in which purines significantly modulate the production 

of NO in the blood vessels. It remains to be investigated whether the opposite pathway also 

occurs, that is, if NO is also capable of influencing the expression and activity of 

ectonucleotidases present in the vasculature, which can significantly impact the control of 

the purinergic system on vascular tone and blood pressure. Therefore, in the present study 

we aimed to determine the effect of NO on the activity and expression of ectonucleotidases, 

with emphasis on ecto-5'-nucleotidase in A7r5 vascular smooth muscle cells.  

 

2. Material and methods 
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2.1 Chemicals 

A7r5 (ATCC® CRL1444™) vascular smooth muscle cells were obtained from 

Americam Type Culture Collection (ATCC) and kindly donated by Dr. Jamil Assreuy from 

Universidade Federal de Santa Catarina, Brazil. Dulbecco’s modified Eagle medium 

(DMEM) was obtained from LGC Biotecnologia (São Paulo, Brazil). Fetal bovine serum 

(FBS) was from Cripion (São Paulo, Brazil) while penicillin-streptomycin was from GIBCO 

(Grand Island, New York, USA). Sodium nitroprusside (SNP), Nω-Nitro-L-arginine methyl 

ester hydrocloride (L-NAME), Adenosine 5′-triphosphate sodium salt (ATP), Adenosine 5′-

diphosphate sodium salt (ADP), Adenosine 5′-monophosphate sodium salt (AMP), 2-

Chloroadenosine, Bradykinin acetate salt (BK) and 3-(4,5-dimethyltiazol-2-yl)2,5-

diphenyltetrazolium bromide) (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Griess reagent kit was obtained from Invitrogen™ (Carlsbad, CA, USA). Protease 

Inhibitor Cocktail was purchased from Cell Signaling Technology, Inc. (Massachusetts, US). 

Nitrocellulose membranes (Amersham Protran Premium) were purchased from GE 

Healthcare, Life Science, USA. ECL detection system (WESTAR SUN) was obtained from 

Cyanagen (Bologna, Italy). Primary antibodies against proteins of interest CD39 and CD73 

were obtain from Santa Cruz Biotechnology Inc. (Heidelberg, Germany) and primary 

antibody against the control gene actin was obtain from Millipore Merck (Darmstadt, 

Germany). Peroxidase-conjugated IgG secondary goat anti-Rabbit was purchased from KPL 

(Gaithersburg, USA) and goat anti-Mouse was purchased from Thermo Scientific 

(Rockford, USA). 

 

2.2 Cell culture and treatments 

 

A7r5 cells were seeded in 75 cm2 culture flasks and cultured in Dulbecco’s modified 

Eagle medium (DMEM), supplemented with 10% fetal bovine serum and 100 U/ mL 

penicillin-streptomycin. Cells were kept in a humidified incubator (95% O2, 5% CO2) at 37 

°C until reaching 80 to 90% confluence. Thus, approximately 1 x 105 cells/ mL were plated 

into 6, 12, 24 or 96-well plates, according to the protocol performed. Cells (used from 4th to 

7th passage) were allowed to adhere to culture plates for 24 hours. A7r5 cells were then 

deprived of serum using DMEM 0,5% FBS for 3 hours and thereafter subjected to the 

following independent treatments: SNP 10-5 M (NO donor agent), L-NAME 10-4 M (NO 

synthesis inhibitor), ATP, ADP, BK 10-5 M (mobilizing NO synthesis agents) and 2-Cl-
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adenosine 10-4 M (a stable analogue of adenosine, a recognized vasodilator molecule), for 

24 hours. For MTT assays, treatments were also performed at 48 and 72 hours. Two to four 

wells were used as replicates for each treatment. 

 

2.3 3‐(4, 5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay 

Cell viability was evaluated by MTT assay, according to Mosmann [20]. Briefly, after 

receiving the appropriate treatments, including positive control (untreated cells) and negative 

control (wells with medium only) for 24, 48 or 72 hours, the culture medium was discarded 

and replaced by a solution of 5% MTT in DMEM 10% FBS for 4 hours. After this time, 

supernatant containing excess of MTT was aspirated and 200 µL dimethylsulfoxide (DMSO) 

was added to each well to dissolve the formazan crystals. The optical reading was performed 

on an ELISA plate reader (Robonik, Readwe ll PLATE) at 590 nm [20]. Mean optical density 

(OD) of test wells was compared to the mean OD of control wells.   

 

2.4 Nitrite quantification 

Nitrite quantification was conducted as an indirect measurement of nitric oxide (NO) 

levels in A7r5 cells. The treatments were performed as before, however using DMEM 

without phenol red (GIBCO, Grand Island, New York, USA) to not influence the readings. 

Nitrite content was determined using a Griess reagent kit, according to the manufacturer's 

instructions. Thus, the culture medium of each well was collected, centrifuged at 16.000 

rpm, 4 ºC (Hermle Labor Technik, Z 36 HK), for 10 minutes and supernatant was kept for 

subsequent analysis. In a 96-well microplate, 20 µL of Griess's reagent, 150 µL of the nitrite-

containing sample and 130 µL of deionized water were mixed. After 30 minutes incubation 

in the dark at room temperature, the plate was read on an ELISA plate reader (Robonik, 

Readwell PLATE) at 560 nm. Nitrite concentration in the samples were calculated on basis 

of a standard curve of different concentrations (1, 5, 10, 30, 50 and 100 µM) of sodium 

nitrite. 

 

2.5 Enzyme assays 

After 24 hours of treatment with NO donor, NO inhibitor or NO mobilizing agents, A7r5 

cells adhered to 24-well plates were three times washed with a reaction mix containing [final 



36 

 

concentration, in mM]: CaCl2 2.0, NaCl 120.0, KCl 5.0, Glucose 10.0 and Hepes 20.0, pH 

7.4, at 37° C. Enzyme reaction was started with the addition of 2.0 mM substrates (ATP or 

ADP for NTPDase1; or AMP for ecto-5’-nucleotidase) in the reaction mix. For the 

hydrolysis of AMP, 2.0 mM CaCl2 was replaced by 2.0 mM MgCl2 [21]. After 20 minutes, 

the reaction was stopped by transferring an aliquot of 0.2 mL of the reaction mixture into a 

tube containing 0.2 mL of 10% trichloroacetic acid (TCA) previously held on ice. Then, 1.0 

mL of the malachite green reagent was added to each tube. The inorganic phosphate (Pi) 

released was measured at a spectrophotometer (Gehaka, UV-340 G) at 630 nm [22]. 

Enzymatic activity was expressed in nmol of released Pi/ min/ milligram protein. 

 

2.5.1 Protein determination 

At the end of the enzyme activity assay, the reaction medium was removed and 100 μL 

1.0 M NaOH was added to each well. The culture plate was then kept at -18 °C for 24 hours. 

Subsequently, cells were solubilized with the aid of a cell scrapper and an aliquot of 50 µL 

of protein suspension was collected to determine total protein content in each well. Total 

protein was colorimetrically determined at 595 nm by the method of Bradford [23], using 

bovine serum albumin as standard. 

 

2.6 Protein expression analysis 

After treatment of A7r5 cells as described above, total proteins from cells were obtained 

using an extraction buffer (1.0% NP-40, 135 mM NaCl, 20 mM Tris, pH 8.0 and 10% 

glycerol) containing protease inhibitors cocktail (1x) composed of a mix of AEBSF 

(Aprotinin, Bestatin, E64, Leupeptin, and Pepstatin A) to promote broad spectrum protection 

against endogenous proteases. The crude lysate was centrifuged (14.000 x g, 10 minutes, 4 

°C) (Hermle Labor Technik, Z 36 HK). The supernatant was collected and 10 μg of total 

protein of each group of treatment were resolved by electrophoresis on 5% stacking gels and 

10% polyacrylamide-SDS gels. After separation, proteins were transferred to nitrocellulose 

membranes. The membranes were blocked with 3-5% milk in TBST buffer (20 mM Tris‐

HCl, 120 mM NaCl, and 0.1% (v/v) Tween 20) for 1 hour at room temperature and the 

primary antibodies to the proteins of interest NTDPDase1 (CD39) and ecto-5'-nucleotidase 

(CD73) were incubated overnight at 4 °C at a dilution of 1:500 in TBST. The internal control 

actin was used at a dilution of 1:3000 in TBST. Blots were washed in TBST and incubated 
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with appropriate peroxidase-conjugated IgG secondary antibodies 1:10000 for 1 hour at 

room temperature. Bands were detected by chemiluminescence on X-ray film (T-MAT G/ 

RA Film, KODAK, São José dos Campos, São Paulo, Brazil) using an ECL detection 

system. Quantification of the intensity of specific bands was performed using ImageJ 

software. 

 

2.7 Search for potential sites of phosphorylation 

Phosphorylation is an important post-translational event of enzyme regulation. Using 

FASTA sequence of ecto-5’-nucleotidase from Rattus norvegicus (GenBank: AAH81806.2), 

the computational tool NetPhos 3.1, available online by the Technical University of 

Denmark (http://www.cbs.dtu.dk/) was used to predict potential phosphorylation sites of the 

enzyme ecto-5'-nucleotidase. 

 

2.8 Data analysis 

GraphPad Prism 5.03 for Windows (GraphPad Software, San Diego, CA) was used to 

analyze data. Results are presented as mean ± standard deviation of each of the measures 

performed in each of the groups studied. Sample number (n) represents the number of 

experiments performed with different A7r5 cultures. ANOVA was used to compare 

differences in mean values of all groups, followed by Dunnet’s post hoc test and differences 

were considered significant at P ≤ 0,05. 

 

3. Results 

  

3.1 Cell viability  

MTT was used to investigate A7r5 cells viability in response to different treatments. 

After 24 hours, A7r5 cells remained viable in response to the treatment with different 

molecules when compared to non-treated cells (control), except for the treatment with 2-Cl-

adenosine, which decreased cell viability by 35% (Fig1a). After 48 hours of treatment, 2-Cl-

adenosine decreased cell viability by 32% while BK increased cell proliferation by 20% 

when compared to non-treated cells (Fig1b). In cells submitted to 72 hours of treatment, 2-
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Cl-adenosine hugely decreased cell viability by 62% while BK induced A7r5 proliferation 

similarly to 48 hours treatment (Fig1c)  

Taking together all results from MTT assay, 24 hours was chosen as the best time for 

cells treatment since the viability of A7r5 cells remained around 100% with most of the 

molecules used. Subsequent analyses were then performed with cells treated for 24 hours.  

 

3.2 Nitrite quantification 

As mentioned before, Griess reagent kit was used to indirectly determine NO levels in 

the medium of A7r5 cells submitted to distinct treatments. Treatment with NO donor (SNP) 

significantly increased nitrite levels in A7r5 cells, indirectly indicating increased levels of 

NO and corroborating with the expected biological activity for this molecule (Fig2). Other 

treatments did not change significantly NO levels. However, as stated, Griess reaction only 

indirectly infers NO levels by measuring nitrite content. 

 

3.3 NTPDase1 and ecto-5′-nucleotidase activities  

NTPDase1 activity in A7r5 cells was not altered by any of treatments performed, 

since the hydrolysis of ATP (Fig3a) and ADP (Fig3b) were not modified in comparison to 

control group. On the other hand, ecto-5'-nucleotidase activity was modified by NO 

mobilizing molecules on the surface of the blood vessels (Fig3c). ATP and 2-Cl-adenosine 

(ADO) increased ecto-5’-nucleotidase activity, leading to a potential increase of circulating 

adenosine, a vasodilator molecule. 

 

3.4  Levels of protein expression  

To test if vascular ectonucleotidases could be modified at the translational level, we 

investigated protein expression in A7r5 cells treated with different molecules by Western 

blotting. No significant modulation of both enzymes was observed by the molecules 

indicated at the translational level (Fig4 and Fig5).  
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3.5 Potential phosphorylation sites 

According to Fig6, it is observed that ecto-5'-nucleotidase has many phosphorylation 

sites above the threshold (pink line), being 22 at serine (red peaks), 15 at threonine (green 

peaks) and 1 at tyrosine (blue peak) residues, which may lead to the modulation of its 

conformation and thus the increase in its enzymatic activity.  

 

4. Discussion 

It is known that ATP is capable of inducing the synthesis of nitric oxide (NO) 

synthesis in various organs and tissues, including the cardiovascular system [24]. However, 

the inverse pathway of this modulation, investigating the effect of NO on ectonucleotidase 

activities and on the availability of the purinergic agonists has not yet been elucidated. Thus, 

in this study, we investigated the modulation of vascular ectonucleotidases by NO donor, 

inhibitor and mobilizing molecules.  

NO is a potent vasodilator and its mechanism of cellular relaxation of vascular 

smooth muscle is mediated by the action of the soluble guanylate cyclase signal transduction 

enzyme, generating intracellular cyclic guanosine monophosphate (cGMP) [16]. Like NO, 

adenosine is a well-recognized vasodilator molecule and increases in its circulating 

concentration may therefore be beneficial for patients with hypertension, heart failure or 

stroke, for example [25].  

A7r5 vascular smooth muscle cells were treated with the NO donor SNP, the nitric 

oxide synthase (NOS) inhibitor L-NAME and with NO mobilizing agents ATP, ADP, BK 

and 2-Cl-adenosine. From MTT assay, we observed that A7r5 cells remained viable after 24 

hours treatment with all molecules, except for 2-Cl-adenosine (Fig1a). 2-Chloro-adenosine 

is a stable analogue of adenosine known to inhibit the growth of smooth muscle cells via 

A2B receptors and may prevent vascular remodeling associated with hypertension, 

atherosclerosis, and restenosis following balloon angioplasty [26].  

As mentioned before, to study NO effect on ectonucleotidase activities, A7r5 were 

challenged with distinct molecules expect to direct (SNP) or indirectly (ATP, ADP, BK and 

2-Cl-adenosine) increase NO availability, as well as to diminish it (L-NAME). From Griess 

reaction, it was possible to observe that only SNP was able to significantly increase nitrite 

levels, an indirect indicative of increased levels of NO (Fig2). This activity is expected for 
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SNP since it is a vasodilator that decomposes into NO [27]. It would also be expected that 

L-NAME would decrease NO levels, since it is an inhibitor of endothelial NOS. One could 

conclude that L-NAME did not decrease nitrite levels because the cell in question is of the 

smooth muscle type and not endothelial. However, different studies have shown that 

vascular smooth muscle cells have the necessary machinery for NO production, which would 

be important for local control of vascular function [28,29].  As with L-NAME, no difference 

in nitrite levels was observed for the NO mobilizing molecules in relation to the control 

group. Again, it is necessary to consider that nitrite levels may not reflect the exact levels of 

NO. 

Regarding the measurements of ectonucleotidase activities in response to different 

treatments, no significant changes were found on ATP and ADP hydrolyses compared to 

untreated A7r5 cells (Fig3a and Fig3b). AMP hydrolysis, however, was significantly 

increased in response to ATP and 2-Cl-adenosine (ADO) treatments in A7r5 cells (Fig 3c) 

compared to the control group. A similar behavior was observed with respect to endothelial 

cells (tEnd.1), where the hydrolysis of ATP and ADP remained unchanged against the 

different treatments (Online resource, Fig7a and Fig7b), while hydrolysis of AMP was 

significantly increased by treatments with ATP and ADP (Online resource, Fig 7c). 

By analyzing the hydrolysis results together, it can be seen that ecto-5'-nucleotidase, 

which is responsible for the production of adenosine, appears to be more responsive than the 

NTPDases in the vasculature under the conditions tested. Tamajusuku and colleagues [21] 

showed that AMP hydrolysis was increased in vascular smooth muscle cells in response to 

treatment with thyroid hormone (T3), which was accompanied by an increase in ecto-5'-

nucleotidase mRNA levels, while ATP and ADP hydrolyses were not modified. They 

concluded that overexpression of ecto-5’-nucleotidase could result in higher levels of 

adenosine, an important vasodilator. 

In our study, we demonstrated that, despite considerably decreasing cell growth, 2-

Cl-adenosine (ADO) significantly increased the AMP hydrolysis in A7r5 cells (Fig3c). 

Increases in ecto-5'-nucleotidase activity leads to a potential increase and availability of 

adenosine, since it does the hydrolysis of AMP [30]. Stefanovic and colleagues [31] reported 

that adenosine and its analogues, including 2-Cl-adenosine (ADO), stimulate 5’-

nucleotidase activity in rat mesangial cells via A2 receptors which implies a positive 

feedback loop. They suggested that this event could be an adaptation of the enzyme to the 

amount of extracellular adenine nucleotides available. Thus, the activation of A2 receptors 
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in A7r5 cells by 2-Cl-adenosine could either explain the decrease observed in cell growth by 

MTT assay and the increase in ecto-5’-nucleotidase activity. 

ATP treatment also enhanced the hydrolysis of AMP by the ecto-5'-nucleotidase in 

A7r5 cells (Fig3c). Substrates of NTPDases, ATP and ADP, are classically considered to be 

natural inhibitors of ecto-5'-nucleotidase activity [32]. However, as previously reported by 

Stefanovic [31] and discussed before, stimulation of ecto-5’-nucleotidase by extracellular 

ATP could function as a positive feedback loop to produce more adenosine. It is also worth 

highlighting the effects of ATP on the vasculature. It is well established that this molecule 

acts directly on the P2X receptors of vascular smooth muscle cells, resulting in 

vasoconstriction [33]. Then, stimulation of ecto-5’-nucleotidase induced by ATP in A7r5 

may result in potential increased levels of circulating adenosine, as a compensatory 

mechanism to favor vasodilation. Adenosine is of great importance to ensure the regulation 

of homeostasis and maintenance of vascular tonus [34]. Higher concentrations of adenosine 

may also be considered as a stressful condition and the signal causes adenosine 

phosphorylation to AMP by the low KM of adenosine kinase, consequently increasing the 

activity of ecto-5 '-nucleotidase [35], reinforcing the feedback regulation.  

After observing the modulation of ecto-5'-nucleotidase in A7r5 cells submitted to the 

2-Cl-adenosine and ATP treatments, we sought to investigate the molecular mechanisms 

involved in such activation. Protein expression analyzes by Western blotting showed that 

neither the NTPDase (Fig4) nor the ecto-5'-nucleotidase (Fig5) were modified at the 

translational level by the treatments performed. 

Another possibility for regulation of ecto-5'-nucleotidase occurs at the post-

translational level by covalent modification by phosphorylation. The use of the NetPhos 3.1 

tool evidenced the presence of distinct sites with a strong possibility of phosphorylation in 

the structure of the enzyme, especially in serine residues (Fig6). Such modification, which 

could be induced by ATP and 2-Cl-adenosine, may alter the conformation of the enzyme, 

making it more active and virtually leading to the production of more adenosine. In a 

previous work, we have shown an up-regulation of p-PKC in kidney membranes of 

hypertensive rats in comparison to normotensive animals [36], indicating that such enzyme 

was active and could phosphorylate ecto-5’-nucleotidase increasing its activity.  It may also 

be considered that ATP and ADP, used in the treatments of the cells in this study, are 

substrates potentially used by kinases responsible for the phosphorylation of cellular 

molecules. 
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It is known that extracellular nucleotides have been implicated in the activation of 

the enzyme endothelial nitric oxide synthase (eNOS), leading to the production of nitric 

oxide (NO) and vasodilation [17]. Recently, eNOS has been shown to be activated by 

extracellular ATP and leads to the generation of NO also in red blood cells [18]. In a previous 

work, we demonstrated that the activities of ectonucleotidases were decreased in serum and 

platelets of animals submitted to the hypertensive condition by prolonged administration of 

L-NAME, a blocker of NO synthesis [19]. However, the impact of NO on vasculature 

ectonucleotidases remains to be investigated. 

Some studies have shown that L-NAME, by decreasing intracellular NO levels, has 

consequently increased levels of Giα proteins and blood pressure in rats [37]. In contrast, 

when intracellular NO levels were increased by inducers (SNPs, SNAPs) in VSMC of 

spontaneously hypertensive rats, there was attenuation of Giα protein overexpression and 

increased cell proliferation by the inhibition of signaling pathways mediated by reactive 

oxygen species (ROS) [38, 39]. However, our results showed that only the NO mobilizing 

agents modified the AMP hydrolysis by the enzyme ecto-5'-nucleotidase. The NO donor 

agent, SNP, and the inhibitor molecule, L-NAME, had no effect on the enzymatic activities 

evaluated after 24 hours treatment. Therefore, because NO is rapidly diffused and converted 

to nitrites, we also investigate whether the molecules inducing and inhibiting its synthesis 

would affect ecto-5’-nucleotidase activity in short times, 5, 30 and 60 minutes, of treatment 

(Online resource, Table 1). No significant changes were observed in ecto-5’-nucleotidase 

activity. 

Finally, considering the results obtained in the present study, the question remains: 

does nitric oxide modulate the ectonucleotidases of the vasculature? Indirect measurement 

of NO did not indicate increased levels of such molecule in response to 2-Cl-adenosine and 

ATP. Furthermore, the molecules that act directly on the synthesis and inhibition of NO, 

SNP and L-NAME, had no effect on any of the parameters tested. Taken together, the data 

lead us to believe that ecto-5'-nucleotidase activity is modulated by 2-Cl-adenosine and ATP 

independently of nitric oxide under the conditions tested. However, further experiments are 

required to confirm NO levels in the culture medium of the A7r5 cells treated with the 

distinct molecules, as well as confirmation of increased levels of adenosine in response to 2-

Cl-adenosine and ATP. The ecto-5'-nucleotidase is of fundamental importance for the 

generation of the vasodilator adenosine. In this sense, the understanding of molecular 

mechanisms by which nitric oxide and other molecules interfere in the activity and 
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expression of this enzyme in the vasculature is extremely relevant for the modulation of 

vascular tone and the regulation of blood pressure levels, enabling new therapeutic 

approaches in cardiovascular complications.  
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Legends to figures 

Fig1 A7r5 cells viability (%). Cells were submitted to distinct treatments: SNP 10-5 M, L-

NAME 10-4 M, ATP, ADP, BK 10-5 M and 2-Cl-adenosine 10-4 M (ADO) for 24 (a), 48 (b) 

and 72 (c) hours. At 24 hours of treatment, 2-Cl-adenosine significantly decreased cell 

viability by 35%.  MTT assay was followed as described in Materials and methods. Results 

are presented as mean ± S.D. of 3 independent measurements of each treatment performed. 

*refers to statistically significant difference compared to the control group for P ≤ 0,05 and 

***refers to statistically significant difference compared to control group for P ≤ 0,001. 

Fig2 Levels of nitrite (μM) in the culture media of A7r5 cells submitted to different 

treatments: SNP 10-5 M, L-NAME 10-4 M, ATP, ADP, BK 10-5 M and 2-Cl-adenosine 10-4 

M (ADO). Nitrite levels were significantly increased by SNP, a nitric oxide donor. Data 

represent mean ± S.D. of 4 independent measurements for each group. *** represents a 

statistically significant difference in relation to the control group for P≤0.001. 

Fig3 Hydrolysis of ATP (a), ADP (b) and AMP (c) in A7r5 cells submitted to different 

treatments:  SNP 10-5 M, L-NAME 10-4 M, ATP, ADP, BK 10-5 M and 2-Cl-adenosine 10-4 

M (ADO).  Enzymatic assays were followed as described in Materials and methods. Results 

are presented as mean ± S.D.  of 6 independent experiments performed for each group. No 

significant differences were observed for ATP (a) and ADP (b) hydrolysis in relation to 

control group. However, ATP and 2-Cl-adenosine (ADO) significantly increased the 

hydrolysis of AMP in A7r5 cells compared to the respective control group (c). *represents 

differences at P ≤ 0,05 and **represents differences at P ≤ 0,01. 

Fig4 Ratio between CD39 and actin expression levels in A7r5 cells submitted to SNP 10-5 

M, L-NAME 10-4 M, ATP, ADP and BK 10-5 M treatments for 24 hours. Graph represents 

mean ± S.D.  of at least 3 independent experiments performed for each group. Bands are 

representative of the results obtained in Western blotting assays. No significant results were 

found at CD39 (NTPDase1) protein levels in response to any of the treatments performed 

under the conditions tested. A.U. = arbitrary units. 

Fig5 Ratio between CD73 and actin expression levels in A7r5 cells submitted to SNP 10-5 

M, L-NAME 10-4 M, ATP, ADP and 2Cl-adenosine (ADO)10-4 M treatments for 24 hours. 

Graph represents mean ± S.D. of at least 3 independent experiments performed for each. 

Bands are representative of the results obtained in Western blotting assays. No significant 
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results were found at CD73 (ecto-5’-nucleotidase) protein levels in response to any of the 

treatments performed under the conditions tested. A.U. = arbitrary units. 

Fig6 Graph showing the potential phosphorylation sites of the ecto-5'-nucleotidase enzyme 

of rats, obtained by the NetPhos 3.1 Server tool. A large number of phosphorylation sites 

above the threshold (pink line) are observed, being 22 at serine (green peaks), 15 at threonine 

(red peaks) and 1 at tyrosine residues (blue peak). 

 

  



50 

 

Figures 

Graphic program: GraphPad Prism Version 5.03 for Windows 
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Fig2 
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Fig3 
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Fig4 
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Fig5 
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Fig6 
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Fig7 Nucleotide hydrolysis in endothelial cells (tEnd.1) 
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Fig7 Hydrolysis of ATP (a), ADP (b) and AMP (c) in endothelial cells (tEnd.1) submitted 

to different treatments: SNP 10-5 M, L-NAME 10-4 M, ATP, ADP, BK 10-5 M and 2-Cl-

adenosine 10-4 M (ADO) for 24 hours. tEnd.1 cells were cultured the same way as described 

for A7r5. Enzymatic assays also followed the same manner as described in Materials and 

methods (item 2.5) for A7r5. Results are presented as means ± S.D. of 4 independent 

experiments performed for each group. ANOVA was used to compare differences in mean 

values of all groups, followed by Dunnet’s post hoc test. No significant differences were 

observed for ATP (a) and ADP (b) hydrolysis in relation to the control group. However, ATP 

and ADP treatments significantly increased the hydrolysis of AMP in tEnd.1 cells compared 

to the respective control group (c). *represents differences at P ≤ 0,05 and **represents 

differences at P ≤ 0,01. 
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Online Resource 2 

 

Does nitric oxide modulate ectonucleotidases in A7r5 vascular smooth muscle cells? 

Molecular and Cellular Biochemistry 

Bruna Juber de Araújo, Fernanda Cardoso da Silva, Mikaelle Costa Correia, Isabella Castro 

Martins, Thaise Gonçalves de Araújo and Cristina Ribas Fürstenau* 

Laboratory of Animal Cell Culture, Institute of Biotechnology (IBTEC), Federal University 

of Uberlandia, Patos de Minas, MG, Brazil 
*cristinafurstenau@gmail.com  

 

Short time nucleotide hydrolysis in A7r5 cells 

 

Table 1. AMP hydrolysis in A7R5 cells submitted to the treatment with NO donor agent 
(SNP 10-5 M) and NO synthesis inhibitor (L-NAME 10-4 M) for 5, 30 and 60 minutes. 

5 minutes  30 minutes  60 minutes  

Control 0.08276 ± 0.0122 Control 0.1178 ± 0.0061  Control 0.1476 ± 0.0004 
SNP 10-5 M 0.0754 ± 0.02704 SNP 10-5 M 0.1187 ± 0.0130 SNP 10-5 M 0.1459 ± 0.0229 
L-NAME 10-4 M 0.0861 ± 0.0462 L-NAME 10-4 M 0.1070 ± 0.0194 L-NAME 10-4 M 0.1361 ± 0.0274 

 

Results are presented as mean ± S.D. of at least 3independent experiments for each time and 

treatment tested. ANOVA was used to analyze differences in the mean values of all groups, 

followed by Dunnet’s post hoc test. There were no significant differences between 

treatments and control group in any times tested.  
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3. Conclusão 

No presente estudo, investigou-se os possíveis efeitos do NO sobre a atividade e 

expressão das ectonucleotidases da vasculatura, quais sejam a NTPDase1 e a ecto-5’-

nucleotidase. Verificou-se que, apesar dos nucleotídeos interferirem na via do NO, a 

atividade e expressão proteica da NTPDase1 não foi influenciada por moléculas doadora, 

inibidora ou mobilizadoras desse gás em A7r5. Já a ecto-5’-nucleotidase, responsável pela 

produção de adenosina, uma importante molécula vasodilatadora, aumentou sua atividade 

em resposta a tratamentos com moléculas mobilizadoras de NO - ATP e 2-Cl-adenosina em 

células A7r5 e ATP e ADP em células tEnd.1). Entretanto, a medida indireta dos níveis de 

NO, a partir da dosagem de nitritos, não foi alterada em resposta às moléculas mobilizadoras 

mencionadas anteriormente. Ainda, o doador direto (SNP) e o inibidor da síntese (L-NAME) 

de NO, testados em curtos tempos de tratamento, também não apresentou efeito sobre 

atividade da ecto-5’-nucleotidase. Dessa forma, é possível que a modulação observada 

ocorra de maneira independente da síntese de NO. No entanto, mais experimentos são 

necessários para confirmar os níveis de NO, bem como confirmação de níveis aumentados 

de adenosina em resposta ao ATP, ADP e 2-Cl-adenosina nas culturas celulares. Como 

abordado previamente, o aumento na atividade da ecto-5’-nucleotidase, refletido em 

aumentados níveis de adenosina circulante, é de grande importância para garantir a regulação 

da homeostase e a manutenção do tônus vascular. Os mecanismos moleculares envolvidos 

na ativação da ecto-5’-nucleotidase da vasculatura, como a modulação da expressão gênica 

ou alterações em nível pós-traducional, também precisam ser verificados e confirmados.  

Finalmente, compreender a interlocução entre os sistemas nitrérgico e purinérgico, e como 

ocorre a regulação de ambas as vias, é extremamente relevante para a modulação do tônus 

vascular e a regulação dos níveis pressóricos, possibilitando novas abordagens terapêuticas 

em complicações cardiovasculares.  
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Apêndice 1 

Avaliação dos níveis de nitrito em células tEnd.1 

Níveis de nitrito (μM) no meio de cultura de células tEnd.1 submetidas a distintos 

tratamentos: nitroprussiato de sódio (SNP 10-5 M), L-NAME 10-4 M, ATP, ADP, 2-Cl-

adenosina 10-4 M (ADO) e BK 10-5 M. A quantificação de nitritos foi conduzida como uma 

medida indireta dos níveis de óxido nítrico (NO) em células tEnd.1 Os tratamentos foram 

realizados por 24 horas, utilizando DMEM sem vermelho de fenol (GIBCO, Grand Island, 

New York, USA) para não influenciar nas leituras. O conteúdo de nitritos foi determinado 

utilizando o kit de reagente de Griess, de acordo com as instruções do fabricante. 

Brevemente, o meio de cultura de cada poço foi coletado, centrifugado a 16.000 rpm, 4 ºC 

(Hermle Labor Technik, Z 36 HK) por 10 minutos e o sobrenadante foi recolhido. Em uma 

placa de 96 poços, 20 µL do reagente de Griess, 150 µL da amostra contendo nitrito e 130 

µL de água deionizada foram misturados. Após 30 minutos de incubação ao abrigo da luz e 

à temperatura ambiente, a placa foi lida em um leitor de placas de ELISA (Robonik, 

Readwell PLATE) a 560 nm. A concentração de nitritos nas amostras foi calculada com base 

em uma curva padrão de nitritos realizada em diferentes concentrações (1, 5, 10, 30, 50 e 

100 µM). Apesar de apresentar um nível geral de nitritos inferior aos resultados encontrados 

nas CMLV, os níveis de nitrito foram significativamente aumentados pelo tratamento com 

SNP, um doador de NO em uma mesma proporção. Os resultados representam média ± D.P. 

de 4 medidas distintas por grupo. ***representa diferença estatisticamente significativa em 

relação ao controle para P<0.0001. 
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Apêndice 2 

Avaliação dos genes de interesse 

Células A7r5 foram tratadas com distintas moléculas: nitroprussiato de sódio (SNP 10-5 M), 

L-NAME 10-4 M, ATP, ADP e BK 10-5 M e 2-Cl-adenosina 10-4 M (ADO). Após 24 horas, 

o RNA total das células foi extraído utilizando-se o reagente de Trizol® (Invitrogen™, 

Carlsbad, CA, EUA), conforme instruções do fabricante. A qualidade e a quantidade do 

RNA foram acessadas em eletroforese com gel de agarose e pela razão A260/ A280 em 

espectrofotômetro.  

Fotografia representativa de um gel de agarose para determinação da integridade do RNA 

em células A7r5 em reposta aos distintos tratamentos. 
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Fotografia representativa de um gel de agarose para determinação da integridade do RNA 

em células A7r5 em reposta à 2-Cl-adenosina (ADO).

 

 

A expressão do mRNA foi determinada utilizando-se 1 μg de RNA, o qual foi transcrito 

reversamente a cDNA com o kit MMLV Reverse Transcriptase (Invitrogen™, Carlsbad, 

CA, EUA). A qPCR foi realizado usando SYBR Green PCR blend (Thermo Scientific, 

Rockford, EUA) em um termociclador StepOnePlus™ Real-Time PCR System (Thermo 

Fisher Scientific, Rockford, EUA). Para a avaliação dos genes de interesse foram desenhados 

dois conjuntos de primers, 1: ENTPD1 (5’ TGAAAATGTCCACTGAGCGGA 3’ e 5’ 

CGATTGCTTGCTTTCCATTCTG 3’), NT5E (5’ GATCCGCAAGGAAGAACCC 3’ e 5’ 

CATGATTTCCCAGTGCCATG 3’), 2: ENTPD1 (5’ CTGGGCAGATTCACTCAGGAAC 

3’ e 5’ GATCTGTGTAGAAGCTCCGCC 3’), NT5E (5’ 

CCTTCCTCTCAAATCCAGGGA 3’ e 5’ CCAGCAGGCACTTCTTTGG 3’) e β-actina (5' 

TATGCCAACACAGTGCTGTCTGG 3' e 5’ TACTCCTGCTTCCTGATCCACAT 3’). 

Entretanto, não foi possível detectar os níveis de RNA para as ectonucleotidases nessas 

células.  

 

Controle Controle Controle 

ADO 10-4 M ADO 10-4 M ADO 10-4 M 



63 

 

Amplificação para o gene da β-actina, o qual será utilizado como gene normalizador. Sua 

amplificação foi alcançada com êxito nas células A7r5, como pode ser observado nas curvas 

amplificados mais à direita do gráfico, a partir do ciclo 21. 
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Text and Presentations 

 Submit your material in PDF format; .doc or .ppt files are not suitable for long-term viability. 

 A collection of figures may also be combined in a PDF file. 

Spreadsheets 

 Spreadsheets should be submitted as .csv or .xlsx files (MS Excel). 

Specialized Formats 

 Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and .tex can also be 

supplied. 

Collecting Multiple Files 

 It is possible to collect multiple files in a .zip or .gz file. 

Numbering 

 If supplying any supplementary material, the text must make specific mention of the material as a citation, 

similar to that of figures and tables. 

 Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the animation (Online Resource 3)", 
“... additional data are given in Online Resource 4”. 

 Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”. 

Captions 

 For each supplementary material, please supply a concise caption describing the content of the file. 

Processing of supplementary files 

 Electronic supplementary material will be published as received from the author without any conversion, 

editing, or reformatting. 

Accessibility 

In order to give people of all abilities and disabilities access to the content of your supplementary files, please make sure 

that 

 The manuscript contains a descriptive caption for each supplementary material 

 Video files do not contain anything that flashes more than three times per second (so that users prone to seizures 

caused by such effects are not put at risk) 

ENGLISH LANGUAGE EDITING 

For editors and reviewers to accurately assess the work presented in your manuscript you need to ensure the English 

language is of sufficient quality to be understood. If you need help with writing in English you should consider: 

 Asking a colleague who is a native English speaker to review your manuscript for clarity. 

 Visiting the English language tutorial which covers the common mistakes when writing in English. 

 Using a professional language editing service where editors will improve the English to ensure that your 

meaning is clear and identify problems that require your review. Two such services are provided by our 

affiliates Nature Research Editing Service and American Journal Experts. Springer authors are entitled to a 10% 

discount on their first submission to either of these services, simply follow the links below. 

 English language tutorial 

 Nature Research Editing Service 

 American Journal Experts 

Please note that the use of a language editing service is not a requirement for publication in this journal and does not 

imply or guarantee that the article will be selected for peer review or accepted. 

If your manuscript is accepted it will be checked by our copyeditors for spelling and formal style before publication. 

http://www.springer.com/gp/authors-editors/authorandreviewertutorials/writinginenglish
https://secure.authorservices.springernature.com/c/10springer/
http://www.aje.com/c/springer
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. 

为便于编辑和评审专家准确评估您稿件中陈述的研究工作，您需要确保您的英语语言质量足以令人理解。如果

您需要英文写作方面的帮助，您可以考虑： 

● 请一位以英语为母语的同事审核您的稿件是否表意清晰。 

● 查看一些有关英语写作中常见语言错误的教程。 

● 使用专业语言编辑服务，编辑人员会对英语进行润色，以确保您的意思表达清晰，并识别需要您复核的问题

。我们的附属机构 Nature Research Editing Service 和合作伙伴 American Journal Experts 即可提供此类服务。 

 教程 

 Nature Research Editing Service 

 American Journal Experts 

请注意，使用语言编辑服务并非在期刊上发表文章的必要条件，同时也并不意味或保证文章将被选中进行同行

评议或被接受。 

如果您的稿件被接受，在发表之前，我们的文字编辑会检查您的文稿拼写是否规范以及文体是否正式。 

. 

エディターと査読者があなたの論文を正しく評価するには、使用されている英語の質が十分に高いことが必

要とされます。英語での論文執筆に際してサポートが必要な場合には、次のオプションがあります： 

・英語を母国語とする同僚に、原稿で使用されている英語が明確であるかをチェックしてもらう。 

・英語で執筆する際のよくある間違いに関する英語のチュートリアルを参照する。 

・プロの英文校正サービスを利用する。校正者が原稿の意味を明確にしたり、問題点を指摘し、英語の質を

向上させます。Nature Research Editing Service とAmerican Journal Experts の2つは弊社と提携しているサービス

です。Springer の著者は、いずれのサービスも初めて利用する際には10%の割引を受けることができます。以

下のリンクを参照ください。 

 英語のチュートリアル 

 Nature Research Editing Service 

 American Journal Experts 

英文校正サービスの利用は、投稿先のジャーナルに掲載されるための条件ではないこと、また論文審査や受

理を保証するものではないことに留意してください。 

原稿が受理されると、出版前に弊社のコピーエディターがスペルと体裁のチェックを行います。 

. 

영어 원고의 경우, 에디터 및 리뷰어들이 귀하의 원고에 실린 결과물을 정확하게 평가할 수 있도록, 그들이 

충분히 이해할 수 있을 만한 수준으로 작성되어야 합니다. 만약 영작문과 관련하여 도움을 받기를 원하신다면 

다음의 사항들을 고려하여 주십시오: 

• 귀하의 원고의 표현을 명확히 해줄 영어 원어민 동료를 찾아서 리뷰를 의뢰합니다. 

• 영어 튜토리얼 페이지에 방문하여 영어로 글을 쓸 때 자주하는 실수들을 확인합니다. 

• 리뷰에 대비하여, 원고의 의미를 명확하게 해주고 리뷰에서 요구하는 문제점들을 식별해서 영문 수준을 

향상시켜주는 전문 영문 교정 서비스를 이용합니다. Nature Research Editing Service와 American Journal 

Experts에서 저희와 협약을 통해 서비스를 제공하고 있습니다. Springer 저자들이 본 교정 서비스를 첫 논문 

투고를 위해 사용하시는 경우 10%의 할인이 적용되며, 아래의 링크를 통하여 확인이 가능합니다. 

https://www.springer.com/gb/authors-editors/authorandreviewertutorials/writinginenglish
https://secure.authorservices.springernature.com/c/10springer/
https://secure.aje.com/c/springer/
https://www.springer.com/gb/authors-editors/authorandreviewertutorials/writinginenglish
https://secure.authorservices.springernature.com/c/10springer/
https://secure.aje.com/c/springer/
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 영어 튜토리얼 페이지 

 Nature Research Editing Service 

 American Journal Experts 

영문 교정 서비스는 게재를 위한 요구사항은 아니며, 해당 서비스의 이용이 피어 리뷰에 논문이 선택되거나 

게재가 수락되는 것을 의미하거나 보장하지 않습니다. 

원고가 수락될 경우, 출판 전 저희측 편집자에 의해 원고의 철자 및 문체를 검수하는 과정을 거치게 됩니다. 

ETHICAL RESPONSIBILITIES OF AUTHORS 

This journal is committed to upholding the integrity of the scientific record. As a member of the Committee on 

Publication Ethics (COPE) the journal will follow the COPE guidelines on how to deal with potential acts of misconduct. 

Authors should refrain from misrepresenting research results which could damage the trust in the journal, the 

professionalism of scientific authorship, and ultimately the entire scientific endeavour. Maintaining integrity of the 

research and its presentation can be achieved by following the rules of good scientific practice, which include: 

 The manuscript has not been submitted to more than one journal for simultaneous consideration. 

 The manuscript has not been published previously (partly or in full), unless the new work concerns an 

expansion of previous work (please provide transparency on the re-use of material to avoid the hint of text-

recycling (“self-plagiarism”)). 

 A single study is not split up into several parts to increase the quantity of submissions and submitted to 

various journals or to one journal over time (e.g. “salami-publishing”). 

 No data have been fabricated or manipulated (including images) to support your conclusions 

 No data, text, or theories by others are presented as if they were the author’s own (“plagiarism”). Proper 
acknowledgements to other works must be given (this includes material that is closely copied (near 

verbatim), summarized and/or paraphrased), quotation marks are used for verbatim copying of material, and 

permissions are secured for material that is copyrighted. 

Important note: the journal may use software to screen for plagiarism. 

 Consent to submit has been received explicitly from all co-authors, as well as from the responsible 

authorities - tacitly or explicitly - at the institute/organization where the work has been carried 

out, before the work is submitted. 

 Authors whose names appear on the submission have contributed sufficiently to the scientific work and 

therefore share collective responsibility and accountability for the results. 

 Authors are strongly advised to ensure the correct author group, corresponding author, and order of authors 

at submission. Changes of authorship or in the order of authors are not accepted after acceptance of a 

manuscript. 

 Adding and/or deleting authors and/or changing the order of authors at revision stage may be justifiably 

warranted. A letter must accompany the revised manuscript to explain the reason for the change(s) and the 

contribution role(s) of the added and/or deleted author(s). Further documentation may be required to support 

your request. 

 Requests for addition or removal of authors as a result of authorship disputes after acceptance are honored 

after formal notification by the institute or independent body and/or when there is agreement between all 

authors. 

 Upon request authors should be prepared to send relevant documentation or data in order to verify the 

validity of the results. This could be in the form of raw data, samples, records, etc. Sensitive information in 

the form of confidential proprietary data is excluded. 

If there is a suspicion of misconduct, the journal will carry out an investigation following the COPE guidelines. If, after 

investigation, the allegation seems to raise valid concerns, the accused author will be contacted and given an opportunity 

to address the issue. If misconduct has been established beyond reasonable doubt, this may result in the Editor-in-Chief’s 
implementation of the following measures, including, but not limited to: 

https://www.springer.com/gb/authors-editors/authorandreviewertutorials/writinginenglish
https://secure.authorservices.springernature.com/c/10springer/
https://secure.aje.com/c/springer/
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 If the article is still under consideration, it may be rejected and returned to the author. 

 If the article has already been published online, depending on the nature and severity of the infraction, either an 

erratum will be placed with the article or in severe cases complete retraction of the article will occur. The reason 

must be given in the published erratum or retraction note. Please note that retraction means that the paper 

is maintained on the platform, watermarked "retracted" and explanation for the retraction is provided in a note 

linked to the watermarked article. 

 The author’s institution may be informed. 

COMPLIANCE WITH ETHICAL STANDARDS 

To ensure objectivity and transparency in research and to ensure that accepted principles of ethical and professional 

conduct have been followed, authors should include information regarding sources of funding, potential conflicts of 

interest (financial or non-financial), informed consent if the research involved human participants, and a statement on 

welfare of animals if the research involved animals. 

Authors should include the following statements (if applicable) in a separate section entitled “Compliance with Ethical 
Standards” when submitting a paper: 

 Disclosure of potential conflicts of interest 

 Research involving Human Participants and/or Animals 

 Informed consent 

Please note that standards could vary slightly per journal dependent on their peer review policies (i.e. single or double 

blind peer review) as well as per journal subject discipline. Before submitting your article check the instructions 

following this section carefully. 

The corresponding author should be prepared to collect documentation of compliance with ethical standards and send if 

requested during peer review or after publication. 

The Editors reserve the right to reject manuscripts that do not comply with the above-mentioned guidelines. The author 

will be held responsible for false statements or failure to fulfill the above-mentioned guidelines. 

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST 

Authors must disclose all relationships or interests that could have direct or potential influence or impart bias on the 

work. Although an author may not feel there is any conflict, disclosure of relationships and interests provides a more 

complete and transparent process, leading to an accurate and objective assessment of the work. Awareness of a real or 

perceived conflicts of interest is a perspective to which the readers are entitled. This is not meant to imply that a financial 

relationship with an organization that sponsored the research or compensation received for consultancy work is 

inappropriate. Examples of potential conflicts of interests that are directly or indirectly related to the research may 

include but are not limited to the following: 

 Research grants from funding agencies (please give the research funder and the grant number) 

 Honoraria for speaking at symposia 

 Financial support for attending symposia 

 Financial support for educational programs 

 Employment or consultation 

 Support from a project sponsor 

 Position on advisory board or board of directors or other type of management relationships 

 Multiple affiliations 

 Financial relationships, for example equity ownership or investment interest 

 Intellectual property rights (e.g. patents, copyrights and royalties from such rights) 

 Holdings of spouse and/or children that may have financial interest in the work 
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In addition, interests that go beyond financial interests and compensation (non-financial interests) that may be important 

to readers should be disclosed. These may include but are not limited to personal relationships or competing interests 

directly or indirectly tied to this research, or professional interests or personal beliefs that may influence your research. 

The corresponding author collects the conflict of interest disclosure forms from all authors. In author collaborations 

where formal agreements for representation allow it, it is sufficient for the corresponding author to sign the disclosure 

form on behalf of all authors. Examples of forms can be found 

 here: 

The corresponding author will include a summary statement in the text of the manuscript in a separate section before the 

reference list, that reflects what is recorded in the potential conflict of interest disclosure form(s). 

See below examples of disclosures: 

Funding: This study was funded by X (grant number X). 

Conflict of Interest: Author A has received research grants from Company A. Author B has received a speaker 

honorarium from Company X and owns stock in Company Y. Author C is a member of committee Z. 

If no conflict exists, the authors should state: 

Conflict of Interest: The authors declare that they have no conflict of interest. 

RESEARCH INVOLVING HUMAN PARTICIPANTS AND/OR ANIMALS 

1) Statement of human rights 

When reporting studies that involve human participants, authors should include a statement that the studies have been 

approved by the appropriate institutional and/or national research ethics committee and have been performed in 

accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or 

comparable ethical standards. 

If doubt exists whether the research was conducted in accordance with the 1964 Helsinki Declaration or comparable 

standards, the authors must explain the reasons for their approach, and demonstrate that the independent ethics committee 

or institutional review board explicitly approved the doubtful aspects of the study. 

The following statements should be included in the text before the References section: 

Ethical approval: “All procedures performed in studies involving human participants were in accordance with the 
ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its 

later amendments or comparable ethical standards.” 

Ethical approval retrospective studies 

Although retrospective studies are conducted on already available data or biological material (for which formal consent 

may not be needed or is difficult to obtain) ethical approval may be required dependent on the law and the national 

ethical guidelines of a country. Authors should check with their institution to make sure they are complying with the 

specific requirements of their country. 

2) Statement on the welfare of animals 

The welfare of animals used for research must be respected. When reporting experiments on animals, authors should 

indicate whether the international, national, and/or institutional guidelines for the care and use of animals have been 

followed, and that the studies have been approved by a research ethics committee at the institution or practice at which 

the studies were conducted (where such a committee exists). 

For studies with animals, the following statement should be included in the text before the References section: 

Ethical approval: “All applicable international, national, and/or institutional guidelines for the care and use of animals 
were followed.” 

https://www.springer.com/gp/authors-editors/journal-author/journal-author-helpdesk/publishing-ethics/14214
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If applicable (where such a committee exists): “All procedures performed in studies involving animals were in 

accordance with the ethical standards of the institution or practice at which the studies were conducted.” 

If articles do not contain studies with human participants or animals by any of the authors, please select one of the 

following statements: 

“This article does not contain any studies with human participants performed by any of the authors.” 

“This article does not contain any studies with animals performed by any of the authors.” 

“This article does not contain any studies with human participants or animals performed by any of the authors.” 

INFORMED CONSENT 

All individuals have individual rights that are not to be infringed. Individual participants in studies have, for example, the 

right to decide what happens to the (identifiable) personal data gathered, to what they have said during a study or an 

interview, as well as to any photograph that was taken. Hence it is important that all participants gave their informed 

consent in writing prior to inclusion in the study. Identifying details (names, dates of birth, identity numbers and other 

information) of the participants that were studied should not be published in written descriptions, photographs, and 

genetic profiles unless the information is essential for scientific purposes and the participant (or parent or guardian if the 

participant is incapable) gave written informed consent for publication. Complete anonymity is difficult to achieve in 

some cases, and informed consent should be obtained if there is any doubt. For example, masking the eye region in 

photographs of participants is inadequate protection of anonymity. If identifying characteristics are altered to protect 

anonymity, such as in genetic profiles, authors should provide assurance that alterations do not distort scientific meaning. 

The following statement should be included: 

Informed consent: “Informed consent was obtained from all individual participants included in the study.” 

If identifying information about participants is available in the article, the following statement should be included: 

“Additional informed consent was obtained from all individual participants for whom identifying information is included 
in this article.” 

AFTER ACCEPTANCE 

Upon acceptance of your article you will receive a link to the special Author Query Application at Springer’s web page 
where you can sign the Copyright Transfer Statement online and indicate whether you wish to order OpenChoice, 

offprints, or printing of figures in color. 

Once the Author Query Application has been completed, your article will be processed and you will receive the proofs. 

Copyright transfer 

Authors will be asked to transfer copyright of the article to the Publisher (or grant the Publisher exclusive publication and 

dissemination rights). This will ensure the widest possible protection and dissemination of information under copyright 

laws. 

Offprints 

Offprints can be ordered by the corresponding author. 

Color illustrations 

Online publication of color illustrations is free of charge. For color in the print version, authors will be expected to make 

a contribution towards the extra costs. 
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Proof reading 

The purpose of the proof is to check for typesetting or conversion errors and the completeness and accuracy of the text, 

tables and figures. Substantial changes in content, e.g., new results, corrected values, title and authorship, are not allowed 

without the approval of the Editor. 

After online publication, further changes can only be made in the form of an Erratum, which will be hyperlinked to the 

article. 

Online First 

The article will be published online after receipt of the corrected proofs. This is the official first publication citable with 

the DOI. After release of the printed version, the paper can also be cited by issue and page numbers. 

OPEN CHOICE 

Open Choice allows you to publish open access in more than 1850 Springer Nature journals, making your research more 

visible and accessible immediately on publication. 

Article processing charges (APCs) vary by journal – view the full list 

Benefits: 

 Increased researcher engagement: Open Choice enables access by anyone with an internet connection, 

immediately on publication. 

 Higher visibility and impact: In Springer hybrid journals, OA articles are accessed 4 times more often on 

average, and cited 1.7 more times on average*. 

 Easy compliance with funder and institutional mandates: Many funders require open access publishing, and 

some take compliance into account when assessing future grant applications. 

It is easy to find funding to support open access – please see our funding and support pages for more information. 

*) Within the first three years of publication. Springer Nature hybrid journal OA impact analysis, 2018. 

 Open Choice 

 Funding and Support pages 

Copyright and license term – CC BY 

Open Choice articles do not require transfer of copyright as the copyright remains with the author. In opting for open 

access, the author(s) agree to publish the article under the Creative Commons Attribution License. 
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