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Resumo

Introducéo: Entre os modelos utilizados para o estudo da irstd#o esta o que utiliza o cobre
como agente inflamatorio. O sistema purinérgic@ estvolvido na inflamagdo e em alguns
tecidos pode ser afetado pela agdo do cobre. Ngtardb, nada se sabe sobre o comportamento
do sistema purinérgico frente a inflamacdo induzida este metal em larvas de zebrafish.
Objetivo: Estabelecer e caracterizar um modelo de inflamagiwida pelo cobre em larvas de
zebrafish e elucidar o envolvimento do sistema ngugico. Métodos: Desenvolvemos uma
metodologia para a quantificagdo de Oxido nitridtD) por cromatografia liquida para a
avaliacdo inicial dos efeitos do cobre sobre oees#& oxidativo. Posteriormente, realizamos
curvas de mortalidade para o cobre e o lipopols$aeo (LPS) d&scherichia coli(E.coli). A
metodologia foi utilizada para avaliar os niveid\ie apds a inducéo da inflamacéo pelo cobre e
a comparagdo com o outro agente inflamatério, bemmocpara quantificar os niveis basais desse
ion em larvas de diferentes dias pés-fertilizaddmseguinte etapa, inserimos outros marcadores
de estresse oxidativo e testamos as concentraedbsl®d e 25 uM de cobre durante um periodo
de vinte e quatro horas. A concentracdo de 10 piMtilizada para inducdo da inflamacéo e a
caracterizacdo do sistema purinérgico. Os paramednaliados foram estresse oxidativo,
migracdo de neutréfilos, prostalandina(EGE,), expressao génica de mediadores inflamatorios,
hidrolise extracelular de ATP e atividade das eutoleotidases e da adenosina deaminase
(ADA). As expressodes génicas das enzimas e doptoges também foram avaliadas, bem como
a absorcao de cobre durante o periodo de expofledaltados:Por conseguinteg metodologia
utilizada para a determinacdo de NO foi validaden @&xito e considerada adequada para a
determinacdo do analito em alteracbes fisiologegsatoldégicas em larvas de zebrafish. As
curvas de mortalidade mostraram que as concengatfxetais foram de 10 uM para o cobre e
150 pg/ml para o LPS. As concentracbes de NO ewadade diferentes dias poés-fertilizacédo
apresentaram niveis crescentes de acordo com gicesi& desenvolvimento, ao passo que a
exposicao ao cobre e ao LPS induziram ao aumeniOdem comparagado ao grupo controle nos
tempos testados. Posteriormente, foi constatadae a exposicdo ao cobre, ocorreu uma série
de eventos inflamatérios que envolveram a PR migracdo de neutrdfilos para o foco
inflamatério. A absorcédo do cobre foi tempo-depatele coincidiu com o aumento do estresse
oxidativo. As atividades da ecto-5"-nucleotidaset@dE5"-NT) e da ADA apresentaram reducéo,
sendo que a nivel molecular também foram constatalieracdes nas expressdes génicas destas
enzimas. Os receptores de adenosina apresentarar@ntau das suas expressdes génicas.
Conclusdo:O acumulo do cobre absorvido durante o periododdeoPas induziu a inflamacéo e

0 estresse oxidativo. Dentro do sistema purinérgicoais envolvido foi o adenosinérgico, que
parece estar envolvido principalmente na resoldgéioflamacéo. Esses resultados trazem novos
avangos na caracterizacdo da resposta inflamatahiezida pelo cobre em larvas de zebrafish,
fornecendo novos conhecimentos e ferramentas pasiudo de mecanismos de acao e para a
triagem de efeitos de novas terapias anti-inflamago

PALAVRAS-CHAVE
Zebrafish; inflamacéo; cobre; sistema purinérgaaenosina.



Abstract

Introduction: Inflammation induced by copper exposure has besently characterized in
zebrafish. The purinergic system is closely invdhie inflammation, although there is no
available study correlating this system and théammatory effects of coppe®bjective: The
present study was aimed to characterize a modaflammation induced by copper in zebrafish
larvae, with special attempts to elucidate the lwement of the purinergic system in this
condition. Methods: Firstly, we developed a methodology for the measwent of nitric oxide
(NO) by liquid chromatography, for the initial euation of the effects of copper on oxidative
stress. Subsequently, we carried out mortality esirnfor exposition to copper and
lipopolysaccharide (LPS) fronEscherichia coli (E. col). NO was quantified in both
inflammatory models, and in larvae at different slgost-fertilization. Additional markers of
oxidative stress were quantified, and the concgatra of 1, 10 and 25 uM of copper were
evaluated during 24 h of treatment. The concewnimadf 10 uM of copper was used for induction
of inflammation and to characterize the relevanteurinergic system in this context. The
parameters assessed were: oxidative stress, neilitmopgration, prostaglandin E£(PGE),
expression of inflammatory cytokines, extracellarP hydrolysis and ecto-nucleotidases and
adenosine deaminase (ADA) activities. The geneesgion of enzymes and receptors related to
the purinergic system were evaluated. The abseormiicopper during the exposure period was
also measuredResults: The methodology for the determination of NO wascsssfully
validated and considered suitable to assess th&gdbgical and the pathological changes of NO
levels in zebrafish larvae. The mortality curveswsed that sub-lethal concentrations were 10
MM and 150 pg/ml for copper and LPS, respectivélye concentrations of NO in zebrafish
larvae at different days post-fertilization showedreased levels according to the stage of
development. The exposure to copper and LPS indaceghificant increase in NO levels. After
copper exposure, there was an increase of,F@kels and migration of neutrophils to the
inflammatory focus. The absorption of copper wasetdependent and coincides with increased
oxidative stress. The activities of ecto-5'-nuddate (Ecto-5-NT) and ADA decreased, and at
the molecular level, it was possible to detect geanin expression of genes related to these
enzymes. Relevantly, the mRNA expression of adeeoseceptors was found augmented.
Conclusion: The increase in copper concentrations in zebrdfishae correlated well with the
evolution of inflammation and oxidative stress he tzebrafish larvae. Within the purinergic
system, the adenosinergic mechanisms appear to dwelymnvolved in the resolution of
inflammation. Our results provide new advances ba tharacterization of inflammatory
response induced by copper in zebrafish larvaejigirg new knowledge and tools for the study
of mechanisms of action and screening effects wf ar@i-inflammatory therapies.

KEYWORDS
Zebrafish; inflammation; copper; purinergic systemenosine.
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1. INTRODUGCAO

A descoberta de novos medicamentos envolve pracessmplexos de analises
bioquimicas e celulares, necessitando de avaliagf@eslinicas em modelos animais para
chegar as fases clinicas de desenvolvimento. Msdgilizando mamiferos para avaliacdo da
farmacocinética e farmacodindmica sdo caros, tnabak e consomem uma grande
quantidade das substancias a serem testadas. Héntammm consideravel aumento na
conscientizacdo e na limitacdo do uso de animaipesquisas cientificas. Uma alternativa
uatil, de grande valor cientifico e de menor cusie qutros animais € o peixe zebrafiBlaigio
rerio), conhecido no Brasil como Paulistinha. Ele estés utilizado em vérios estagios dos
processos de descoberta de novos farmacos emtgighstia roedores, caes e porcos (Zon
and Peterson, 2005).

Nos ultimos anos, o uso desse peixe tem sido asl@adestudos de comportamento
animal, imunologia e toxicologia, estabelecendaaimportancia como modelo para doencas
humanas e como ferramenta para triageanegening de novas drogas (Sullivan and Kim,
2008). As caracteristicas do zebrafish fazem deiemodelo uGtil na descoberta de novos
alvos farmacologicos, podendo dessa forma contribas varias etapas do processo de
desenvolvimento de farmacos (Zon and Peterson,)2005

Esse teledsteo possui um sistema imune muito samtelhao dos mamiferos,
incluindo a presenca de linfocitos T e B, célulgsesentadoras de antigenos, células
fagociticas que produzem espécies reativas do mrigERQO) e elementos da imunidade
humoral, incluindo o complemento. As similaridadedre o sistema imune de peixes e
mamiferos, aliados a um genoma totalmente sequkneaa um aumento na producéo de
zebrafish transgénicos lnockouts tém estimulado diversos pesquisadores a estabelec
modelos de inflamacéo induzidos por agentes infsosi e substancias quimicas, como 0s
induzidos porEscherichia coli(E. col)) (Vojtechet al, 2009; Loynest al, 2010) e cobre
(d'Alenconet al,, 2010; Leiteet al, 2012), respectivamente.

O cobre € um metal essencial, mas que pode indiarios oxidativos quando a
exposicao a ele é alta e crbnica em exposicao rdaidecupacional ou ambiental. Além
disso, a exposi¢cdo cronica ao cobre esta assoeiattsordens de metabolismo, como a
encontrada na doenca de Wilson e doencgas neuraageas, como o Alzheimer (Gaetke
and Chow 2003; Brenner, 2013). Modelos de inflarmag#lizando o cobre surgiram com o

principal objetivo de dar suporte a triagem de pates drogas anti-inflamatorias. Desde
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entdo, estudos tém buscado caracterizar os digsresistemas envolvidos na inflamagao
induzida por este metal.

Rosemberget al. (2007) demonstraram que a toxicidade induzida melbre no
sistema nervoso central de zebrafish adultos etgionada com a inibicdo das atividades
das ecto-nucleosidio-trifosfo-difosfoidrolases (EfDases) e a ecto-5'-nucleotidase (ecto-5'-
NT), enzimas responsaveis pela controle dos nigeisiucleotideos e nucleosideos por
hidrolise sequencial da adenosina 5’-trifosfatoRA& adenosina.

Os nucleotideos extracelulares atuam como moléaitadizadoras endoégenas de
danos teciduais, exercendo efeitos sobre a respiistaatoria e imune (Lazaroswséi al.,
1997; Burnstock, 2006). O ATP é importante na sgwele citocinas e no recrutamento e
diferenciacdo de células imunes, enquanto a ademdgisencadeia acdes contrarias aquelas
do ATP, mediando uma resposta imunossupressorappai@ger os tecidos saudaveis dos
atagues promovidos pelas células de defesa (Rbats 2006).

Durante o processo inflamatério, ATP e adenosina Hderados no sitio de
inflamacdo como resultado do dano celular. Alémtodi®s nucleotideos podem ser
transportados ativamente ao meio extracelular @bulas ativadas. Plaguetas e células
endoteliais, por exemplo, secretam ATP, ADP e asieaosob condicbes de estresse
fisiologico (Burnstock, 2006; Luttikhuizeret al, 2004). O ATP esta envolvido no
desenvolvimento da inflamacédo através de uma caménde acdes, que compreendem a
liberacdo de histamina dos mastocitos (induzindpr@educdo de prostaglandinas) e a
producao e liberacédo de citocinas das células imuke contrario do ATP, a adenosina tem
uma acgdao, principalmente, anti-inflamatéria (Buookt 2006).

A caracterizagdo de diferentes sistemas dentrondemodelo animal é de suma
importancia para o desenvolvimento de novos esiwdém de fornecer suporte cientifico e
ferramentas para a triagem de novos farmacos. @masido que o zebrafish tem se
posicionado como um modelo pré-clinico de bastaslievancia cientifica; que o sistema
purinérgico atua ativamente nos processos inflameatd que pouco se sabe sobre o
comportamento deste sistema na inflamacédo indumgalarvas deste teledsteo, 0 presente
trabalho visou, principalmente, a busca pela edgéd do papel do sistema purinérgico na

inflamacg&o induzida pelo cobre.

Esta dissertacao originou dois artigos:
O primeiro apresenta o desenvolvimento e a valmaig uma metodologia para a

determinacdo de NO em larvas de zebrafish. O méd@lidado com éxito e os resultados
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comparados com uma metodologia ja reconhecida pataterminacdo desse analito em
fluidos biolégicos. Além disso, foi possivel evidaar que a liberacdo de NO aumenta de
acordo com o periodo de desenvolvimento do animaquee diferentes estimulos como a
inflamacédo induzida pelo cobre e pelo LPSHlecoli, induzem respostas diferentes. Este
artigo intituladoAnalytical method for determination of nitric oxiden zebrafish larvae:
toxicological and pharmacological applicationdoi publicado na revistaAnalytical
Biochemistry(2012).

O segundo artigo apresenta a extensa caracterizégdoflamacdo induzida pelo
cobre, a determinacdo dos niveis absorvidos dol mpetalarvas de zebrafish ao longo do
periodo de exposi¢do, a relacdo temporal entreniwso$ da inflamacdo e do estresse
oxidativo, a migracdo de células para os tecideades, a expressdo de interleucinas e,
principalmente, o comportamento do sistema purioérfrente a exposicdo ao cobre. O
trabalho intituladdnvolvement of purinergic system in inflammation antoxicity induced
by copper in zebrafish larvagfoi publicado no periédicoToxicology and Applied
Pharmacology(2013).
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2.  REVISAO DA LITERATURA

2.1Zebrafish

O zebrafish tem sido utilizado como modelo expental para estudos de
propriedades mutagénicas, carcinogénicas e teratagédesde o ano de 1950. Essa longa
trajetéria de utilizacdo do modelo experimentaldege principalmente ao uso de diversas
espécies de peixes para estudos ecotoxicologiadsar@® et al, 2011). Na década de 60,
George Streisinger iniciou os estudos sobre o desamento embrionario do zebrafish
(White et al, 2013). No final da década de 1980 o modelo comecdomar espaco nos
estudos de desenvolvimento e genética e, na déegtiente comecou a se posicionar como
um modelo para estudos na &rea biomédica envolwdoelocas humanas e a busca de novos
medicamentos (Sukardt al, 2011). Os principais indicios da utilidade do elodenvolvem
a conservacao de orgaos de vertebrados (figuraos)estudos genéticos que identificaram
uma grande quantidade de genes compartilhados @mifaros em quase todos os tipos de
células e 6rgdos (Howet al, 2013; Whiteet al, 2013). Os peixes possuem a maioria dos
orgaos dos humanos exceto mama, prostata e pupéelergen and Kent, 2003).

Melanocytes

Kidney* Pneumatic Dorsal
m duct, musclﬁ//////-'
—

l

Posterior -
intestine

Right testis
(left testis is not shown)

Anus or
bladder urogenital pore

Intestinal
bulb

Pancreas (scattersd
diffusely throughout
mesentery)

Figura 1. Anatomia do zebrafish.A maioria dos érgaos apresentam homodlogos de
mamiferos como o cérebro, coracao, figado, bacacggas, vesicula biliar, intestino,
rim, testiculos e ovariogReimpressao da figura de Whie al, 2013 com autorizacao
do Nature Publishing Group
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Muitos estudos recentes tém reforcado a importamease modelo para a
compreensao do desenvolvimento humano e da patofilm de muitas doencas.
Pesquisadores de todo o mundo tém focado suasig@sqo desenvolvimento normal e
anormal de praticamente todos os 0rgaos e tedins,como no estudo de lesbes e doencas
incluindo o envelhecimento, o alcoolismo e a depanih de drogas para as quais o zebrafish
pode fornecer indicios dos mecanismos nas patogertegsnanas (Spitsbergen and Kent,
2003). H4 uma base de dados internacional, atusémehamada ZFINThe Zebrafish
Information Network onde centros de pesquisa e cientistas do mumeoa depositam
informacgfes sobre anatomia, manutencdo, criacagsdde expressao génica, linhagens
disponiveis (selvagem e transgénicas), técnicdftiaas e outras ferramentas para a pesquisa
com a espécie (Spragaeal, 2008).

Estudodn vitro utilizando cultura de células sdo muito utilizagoadequados para a
triagem de novos farmacos quando se tem uma ggarda de moléculas a serem testadas,
no entanto, poderiam ter resultados mais relevagepresentassem a fisiologia completa de
um organismo complexo. Em contrapartida, estinles/o com mamiferos fornecem todo o
tipo de evidéncia necessaria, mas nao sao adeqpadosa triagem de um grande namero de
potenciais moléculas. A comunidade cientifica temgesido o zebrafish como modelo
experimental para preencher essa lacuna em esmuéaginicos (figura 2) (Sukardit al,
2011).

Efeitos
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Figura 2. Utilizacdo do zebrafish em ensaios préidicos (Sukardi et al, 2011).0
esquema acima mostra a insercdo do zebrafish conuwelm experimental
complementar aos estudos que utilizam cultura aelelroedores. Também mostra de
gue forma o seu uso como intermediario entre osetesdexperimentais pode auxiliar
na caracterizacdo farmacoldgica e toxicologica devas moléculas com potencial
terapéutico.
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Na legislacdo européia o zebrafish nas fases isid@ desenvolvimento - antes de
receber alimentacdo - € visto como alternativa gay@erimentos com mamiferos, sendo
considerado como um modelo vitro (Sukardiet al.,2013). Segundo Sukardt al. (2013),
uma vez que o zebrafish possui a vantagem de ractedsticas de estudomsvitro ein vivo,
ele se torna consistente podendo ser utilizado base na abordagem 3Reduction,
refinement and replacemé@mara estudos de toxicidade envolvendo mamiferos.

Além das caracteristicas fisiologicas e da preselos 6rgdos comparaveis aos dos
humanos, muitos estudos tém demonstrado que ofisbbi@mbém responde biologicamente
de forma semelhante a xenobidticos como medicamentontaminantes ambientais. Devido
a diversidade dos processos biolégicos conservadtie os vertebrados, muitos genes e
componentes bioldgicos com funcbes essenciais gadas em humanos também sao
encontrados no zebrafish. Dentre os processos rades estdo a bioacumulacdo, o
metabolismo de xenobidticos e a biotransformacdanedicamentos. Além disso, esses
autores demonstraram a presenca de metabolismoaske If e Il para testosterona,
dextrometorfano e fenacetina em zebrafish (Aldeetaad.,2010).

Dentre as vantagens da utilizacao desse tele@staoipalmente de embrides e larvas,
destacam-se as caracteristicas favoraveis de absas pequenas quantidades de compostos
necessarias para 0s ensaios e a grande quantidaaleirdais e grupos experimentais que
podem ser avaliados em um mesmo ensaio (Berghenahs2008).

Em comparacdo com os ensaios de cultura de céduldsizacdo de embrides e larvas
dezebrafish tem como principal vantagem a avaliaghagdio de uma determinada substancia
sobre um organismo completo vivo (McGrath and Li, 2008; Thienporgt al, 2013).
Podemos acrescentar que os efeitos colateraisitesefsitivos secundarios podem ser
detectados, semelhantemente, as observacfes dasgestatinas ndo apenas reduzem o
colesterol, como também reduzem a resposta infaman vivo (Langheinrich, 2003). Em
analogia com os ensaios vivo em camundongos, os beneficios da utilizacdo deiéesbe
larvas de zebrafish se caracterizam pelo maior ke animais que podem ser estudados
em um determinado tempo, a transparéncia dos aseai necessidade de dissecacao para a
observacdo de alguns processos, o tamanho do afpetalenas quantidades de drogas séo
necessarias) e o fato de que os embrides se désamviora do corpo da mae durante os
primeiros cinco dias de desenvolvimento embrionérigportante para avaliacdo de efeitos

cardiovasculares e circulatérios) (Langheinricl)20/Neinstein, 2002).
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2.2Inflamacéo em larvas de zebrafish

A inflamacédo é uma resposta imediata do organasmanos celulares e teciduais por
patogenos e estimulos quimicos ou fisicos. A indigdie aguda é caracterizada por uma
resposta de curto prazo, que normalmente resuliafétracdo de leucécitos no sitio afetado,
eliminacdo do estimulo e reparo tecidual. No entaatinflamacdo crénica € uma resposta
prolongada e desregulada que envolve a inflamat@a, alestruicdo tecidual e, tentativas
sucessivas de reparo. A inflamacdo esta associasaitas doencas cronicas, incluindo
alergias, aterosclerose, cancer, artrite e doesng@simunes; tanto na resposta aguda quanto
na cronica, citocinas e outros mediadores inflan@@stdo envolvidos nos eventos celulares
principais, como interleucinas (ILB1 IL-6, IL-8), fator de necrose tumoral-(TNF-o),
interferon-y (IFN-y) e ERO (Dantzeet al, 2008; Martinoret al, 2010).

O zebrafish € um modelo Gnico na manipulacdo faphdgca de processos
inflamatdrios; eles sdo pequenos e permeaveis oosnabompostos moleculares. O fato de
serem transparente permite a visualizacdo e qicagfio de respostas inflamatérias pela
observacdo da migracdo de células transgenicamesteadas para um foco inflamatério
(Loyneset al, 2010).

Niethammeret al. (2009) demonstraram que o primeiro sinal de |ég&pado apds o
dano tecidual em zebrafish é a liberagdo de pevoxie hidrogénio (KD,). O répido
recrutamento de neutréfilos para o foco inflamatéride extrema importancia para impedir a
entrada de microorganismos e para ajudar a coardepeocesso de reparacédo tecidual. O
principal papel das citocinas neste contexto € maodu amplitude das respostas imunes.
Homodlogos para uma variedade de citocinas de meositmmo TNFe, IL-1[3, IL-8, IL-10,
IL-11, IL-15, IL-22, e IL-26 foram identificados epeixes, sendo muitos desses observados
em zebrafish (Sullivaret al, 2008). Martin e Feng (2009) utilizaram neutasilcom
marcacao fluorescente para caracterizar a migdgstas células para o foco inflamatério em

um modelo de lesdo caudal em larvas de zebrafishg enostrado na figura 3.
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Figura 3. Migracdo de neutroéfilos para o foco inflanatério em larvas de zebrafish.
A pequena lesao feita na regido ventral da cauddaseas de zebrafish de 4 dias,
resulta na migracdo de neutréfilos marcados (vehoglpara foco inflamatério em
poucos minutos. Os neutrdfilos permanecem na led@@ante algumas horas,
apresentando uma miniaturizacdo de uma respostded@&o inflamatéria humana.
Reimpresséao da figura de Martin and Feng, 2009 atorizacdo ddNature Publishing
Group.

Em estudos utilizando o LPS &ecoli na inducéo da resposta inflamatoria, a imersao
de embrides de zebrafish em meio contendo esséeagétcioso induziu a expressao génica
das citocinas pro-inflamatorias TNE-IL-3 e IL-8 (Watzkeet al, 2007; Novoaet al., 2009;
Oehlerset al, 2010). Diversos outros estudos tém sido redbigautilizando como modelo
experimental o zebrafish, a fim de avaliar o cortgoento de outros mediadores
inflamatdrios como a ciclooxigenase 2 (COX-2) (Gmet al, 2002), a oxido nitrico sintase
induzivel (iNOS) (Jin et al, 2010), proteinas quinases ativadas por mitog¢hidsPK)
(Krenset al, 2006) e quimiocinas (Sullivaat al, 2008).

A importancia dos fagocitos na imunidade inata ebrafish também foi demonstrada
em estudosn vivo em adultos e embrides infectados pyrcobacterium marinumonde 0s
macrofagos fagocitaram as bactérias e formaramgados semelhantes aos granulomas
(Davis et al, 2002).Em outro estudo semelhante, utilizando a microscppra visualizar a
atividade dos macréfagos em embrides de zebrafishtados poE.coli, verificou-se que em
quinze minutos de infec¢cdo, os macréfagos foranazegp de fagocitar as bactérias e, em
poucas horas, as mesmas foram completamente diiasit sistema circulatorio (Herbomel
et al, 1999).
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Na inflamacdo induzida pelo cobre, Olivaet al. (2008) demonstraram que o
mecanismo de lesdo do cobre inicia através dossst@xidativo, que lesa e mata as células
ciliares da linha lateral do zebrafish, como makiraa figura 4.

Figura 4. Microscopia de transmissdo de neuromastdssados pelo cobreA figura
mostra as células ciliares da linha lateral (neumstos) do grupo controle (A) e do
grupo exposto a 1 uM de cobre durante 2 h (B). Nip@ exposto foi observada morte
celular (setas compridas), formacdo de vacuUolosaéseurvas) e restos apoptoéticos
(setas curtas). Na concentracdo de 10 uM tambénmreacdesdo nas células de suporte
(SC).Reimpresséo da figura de Olivatial, 2008 autorizada pela Elsevier.

Outro estudo de d’Alencost al. (2010) demonstrou que devido a esta lesdo, o0s
neutrofilos migram para o foco inflamatério e quetratamento com farmacos anti-
inflamatorios e antioxidantes é capaz de revert@migracao e reduzir a lesdo induzida pelo
cobre. Apesar de ser considerado um metal esseqo&ido a exposicao € alta e cronica ou
em exposicdo acidental, ocupacional e ambientabcecpode induzir danos oxidativos. Além
disso, a exposicao crénica esta associada a daesaldemetabolismo encontradas na doenca
de Wilson e em doencas neurodegenerativas, comdzleeifker (Gaetke e Chow, 2003;
Brenner, 2013).

Apesar do papel do sistema purinérgico na inflamag parcialmente conhecido,
nada se sabe sobre a patofisiologia envolvendde o sistema purinérgico em larvas de
zebrafish, dificultando os estudos para triagenpatenciais farmacos que atuem sobre este
sistema. Um dos poucos relatos dos efeitos do ceblee o sistema purinérgico é
proveniente do estudo de Rosembetgal (2007), em cérebro de zebrafish adulto, que
demonstraram que o cobre induziu efeitos toéxicosistema nervoso central via inibicdo das

ectonucleotidases, importantes enzimas do sistenn@epgico.
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2.3 Sistema Purinérgico

O sistema purinérgico € um sistema de sinalizagiwle 0s nucleotideos e
nucleosideos atuam como mensageiros extracelutasggem a partir da sensibilizacdo de
purinoreceptores. Como mostrado na figura 5, as swamcentracdes extracelulares séo
controladas por um conjunto de enzimas que promawvdnarélise sequencial do ATP até
adenosina, a qual pode ser captada pelas céldagu@ as rotas intracelulares de salvacao
das purinas ou sequencialmente ser desaminadainan@Robsomt al, 2006; Rosemberegt
al., 2007; Ramakerst al, 2012).

ATP ADP A\MP Adenosin Inosin

aillen

[ f
mmnen

P2X P2Y NTPDase e5'NT P1

Figura 5. Sistema purinérgico.A figura acima apresenta a liberagéo celular de A&P
sua hidrdlise sequencial até inosina e a ativac@aada familia de receptor pelos seus
respectivos ligantesigura produzida por Matthias Zebisch, reproduzioia permisséo
(Figura adaptada).

Cronologicamente, a adenosina foi o primeiro corepta do sistema purinérgico a
ser identificado. Estudos que datam do ano de #@i8fettaram a adenosina no sangue, sendo
sugerido que ela poderia ser encontrada na fornael@osina monofosfato (AMP). Apenas
entre 1927 e 1929 o ATP, que é composto de umarbasgenada (adenina), um acucar
(ribose) e uma cadeia de trés grupos ionizadofafts ligados a ribose, foi descoberto em
extratos de musculo. O papel do ATP intracelulan@a principal fonte de energia para
todas as células vivas foi descrito em 1941 (Bookst1997; Bodin and Burnstock, 2001).
Em 1970 Geoffrey Burnstock lancou a hipotese de @ueTP atuaria também como um

neurotransmissor. O pesquisador encontrou muisstéacias, mas com estudos posteriores
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a sua hipotese foi comprovada (Burnstock, 200§)anAir de 1978, o efeito diferencial entre
os diferentes nucleotideos e nucleosideos foramsa bos estudos de Burnstock para a
identificacdo dos receptores P1 (receptores deoade) e P2 (receptores de ATP e ADP).
Em 1994 foram propostos 4 subfamilias de recept®ies os receptores P2 foram divididos
em duas subfamilias: P2X (quando o receptor é digadm canal idnico) e P2Y (quando o
receptor é ligado a proteina G) (Bodin and Burrista001).

Geralmente as purinas sédo liberadas por célulagasvpor meio de processos
fisiolégicos importantes como a exocitose, difusdi@ves de canais de membrana e via
transportadores. Entretanto, também podem seratibsrpor morte celular, atuando como
importantes moléculas para a sinalizacdo de damxeecendo efeitos sobre a resposta
inflamatdria e imune (Lazaroswsdd al, 1997; Burnstock, 2006; Burnstock, 2009).

O ATP é importante na secrecéo de citocinas e cruteemento e diferenciacdo de
células imunes, enquanto que a adenosina deseacag®es contrarias aquelas do ATP,
mediando uma resposta imunossupressora para praiegecidos saudaveis dos ataques
promovidos pelas células de defesa (Ohta and Sikkp2009; Bourgt al., 2006).

Durante o processo inflamatorio, tanto o ATP quamtadenosina séo liberados no
sitio de inflamag¢do como resultado do dano celolalancados ao meio extracelular por
células ativadas. Plaquetas e células endotefmis,exemplo, sob condigcbes de estresse
fisiologico podem ser ativadas e secretar ATP e ADRtikhuizenet al, 2004; Burnstock,
2006). O ATP esta envolvido no desenvolvimento dHamacdo por meio de uma
combinacdo de acdes, que compreendem o estimilberaddo de histamina a partir dos
mastocitos (induzindo a producdo de prostaglanyli@as producdo e liberacdo de citocinas
pelas células imunes. Ao contrario do ATP, a adeadem uma acdo principalmente anti-
inflamatdria (Burnstock, 2006).

A concentracdo extracelular dos nucleotideos éaana por uma ampla familia de
enzimas denominadas ecto-nucleotidases (Zimmern2&id,). Dentre elas, as E-NTPDases
e ecto-5'-NT catalisam a hidrélise sequencial dé?AaTadenosina e dessa forma exercem um
fino controle dos efeitos desencadeados por essasrtantes moléculas sinalizadoras. A
expressdo das ecto-nucleotidases e dos diferemesptores purinérgicos tem sido
amplamente descrita em zebrafish (Kucestas., 2003; Egaret al., 2007; Appelbaunet al.,
2007). De acordo com a nomenclatura atual, pelcomeito diferentes membros da familia
das E-NTPDases ja foram descritos, clonados edoabknente caracterizados (E-NTPDases
1 a 8) (Bonan, 2012). Os membros das E-NTPDdmsélisam seus substratos com

diferentes habilidades e especificidades e podderirdde acordo com a sua localizag&o



25

celular (Zimmermann, 2001). As NTPDases 1, 2, @ €80 expressas como enzimas de
superficie celular e apresentam o0 seu sitio catlitoltado para o meio extracelular. As
NTPDases 5 e 6 estédo localizadas no meio intraselmlas podem ser secretadas para o0 meio
extracelular. Ja as NTPDases 4 e 7 sao totalnrgraeelulares, localizando-se voltadas para
o limen de organelas citoplasmaticas (Rohketoasl, 2006; Rosemberet al, 2010). Quanto

as diferencas nas hidrolises, a NTPDase 1 hidréliER e ADP praticamente na mesma
proporcéo, as NTPDases 2 e 8 apresentam maicdad®vide hidrolise do ATP e a NTPDase
3, possui uma especificidade intermediaria entreN\@PDase 1 e NTPDAse 2, com
preferéncia de duas a trés vezes maior pelo ATBg®Gteet al, 2006; Brunschweigest al,
2008).

As concentracdes de adenosina podem ainda seradagulpela recaptacdo e
subsequente fosforilacdo intracelular a AMP pelanea adenosina quinase (AK) ou pela
continuacdo da cascata de hidrélise do ATP no reeiacelular, sofrendo deaminacéo a
inosina pela enzima ecto-adenosina deaminase (AR&3emberget al, 2007; Ramakerst
al., 2012). Essa apresenta duas subfamilias, denoasinraDA 1 e ADA 2, sendo que a
segunda é subdividida em ADA 2.1 e ADA 2.2. Tamhénfioram descritas outras ADA,
conhecidas como ADAasi, uma isoforma derivadasgdkcing alternativo, e a ADA L,
conhecida como adenosina deamindse(Rosembergt al, 2007). As concentracdes intra e
extracelulares da adenosina séo similares, norméatnma faixa entre 30 e 300 nM (Ballarin
et al, 1991). Em condi¢cGes de hipoxia, isquemia ouam#cao os niveis extracelulares de
adenosina podem alcancar niveis entre 1 euMQYe and Rajendran, 2009).

Os efeitos biolégicos dos nucleotideos sdo exasqgubr meio da sensibilizacdo das
principais subfamilias de receptores purinérgico® sdo os receptores de adenosina (P1) e
0s receptores que reconhecem principalmente ATHR,ADIP, e UDP (P2). Os receptores
P1 s&o acoplados a proteina G e sao subdividido&ea, Azs, € As de acordo com a
estrutura molecular e bioquimica. Para o receptgrjé& foram descritos dois genes em
zebrafish, identificados como.A; € Acao. NO entanto, as suas diferencas funcionais ainda
nao séo conhecidas (Boehmégral, 2009).

Baseado em diferentes estruturas moleculares enmpuade transducao de sinal, 0s
receptores P2 se dividem em duas familias de mesptreceptores P2X (ionotrépicos) e
P2Y (metabotropicos) (Ralevic and Burnstock, 19B8rnstock, 2006). Atualmente, sete
subtipos de receptores P2X (R2X P2X%) e oito subtipos de receptores P2Y (R2R2Y,,
P2Y,, P2Ys, P2Y11, P2Y12, P2Y13, P2Y1,) j& foram identificados (Burnstock, 2006).
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Os receptores P1 sdo potenciais alvos no tratantentipencas inflamatorias como
asma, doenca pulmonar obstrutiva cronica, isquenaiddte, sepse e na cicatrizagdo. A
ativacdo do receptor ;Aparece induzir a um aumento da resposta inflamaait®rvitro. No
entanto, em estudom vivo em camundongos sem este receptaro¢kou} ocorre um
aumento das lesdes renais e hepaticas, além donturdea resposta inflamatéria e da
mortalidade elevada na sepse em comparacédo a cangosdselvagens. Estes efeitos sao
atribuidos ao possivel efeito inibitério que a at&o do receptor ,Lexerce sobre o NkB.

Os receptores A reduzem/regulam a infiltragdo de células inflamagmos tecidos e a
producado lesiva de EROs e de citocinas pro-inflares. Diversos estudos apontam que
entre os subtipos de receptores de adenosinaa @ A& principal mediador da inibicdo do
TNF-a. A ativacdo deste receptor esta ligada a liberagddl-10 por macréfagos ativados
por antigenos bacterianos Hecoli. Outro receptor P1 que esta envolvido na mediagio
processos inflamatorios € @ Embora, o seu papel pré e/ou anti-inflamatorja bastante
controverso, a ativacdo deste receptor parece s relacionada com os efeitos pro-
inflamatorios da adenosina, que envolvem o auméatproducdo de IL-6 e a producdo de
fatores pro-inflamatoérios, além de estimular a deglacdo dos mastdcitos e a liberacdo da
histamina (Haskeét al, 2008; Gao and Jacobson, 2011).

Entre os agonistas do receptosaAque estdo em fase clinica de estudos estdo o
Sonedenoson avaliado para o tratamento tépico agas provenientes da diabetes, devido
aos seus efeitos cicatrizantes e anti-inflamatéeias Regadenoson, ja aprovado petmd
and Drug Administration(FDA) para a cintilografia de perfusdo miocéardigae esta sendo
avaliado para o0 uso no tratamento de adultos cangds com células falciformes (Gao and
Jacobson, 2011).

Os receptores P2X representam um alvo importamnee gpaegulacéo da inflamagéo.
Antagonistas de receptores B2podem servir como uma nova classe de compostos ant
inflamatadrios, capazes ndo apenas de inibir odrdaiinflamacéo, mas também de auxiliar na
sua resolugcdo (Listeet al, 2007). Nos ultimos anos, desde a clonagem deptec
purinérgico P2X% muitos estudos foram realizados, sendo comprovamo esse receptor
desempenha func¢des importantes no sistema imuroldQi P2% esta claramente envolvido
na secrecao de citocinas por macrofagos, espeaiwnie-13, 1L-18, TNFa e IL-6, que
desempenham um papel importante nas respostasiatfieias. Esse receptor também regula
a liberacéo de IL-8 a partir de eosinofilos e pseeexpresso em células polimorfonucleares,
potencialmente influenciando suas funcdes. (Bavares al, 2007; Ricoet al, 2006;
Braganhokt al, 2009).
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Os receptores P2Y possuem potenciais terapéuticos) os receptores P2¥ P2Y,
envolvidos na agregacdo plaguetaria e receptor¥s B@mo alvos para o tratamento de
fibrose cistica e de processos inflamatorios (Kgeeland Wetter, 2000; Burnstock, 2006;
Eltzschiget al, 2012 ). A ativacdo dos P2¥dumenta a sintese e/ou liberacdo de mediadores
inflamato6rios importantes como prostaglandinas e. WO demonstrado também que o
aumento na expressao destes receptores € estinpdad®dFo, IL-1(3 e IFN-y e 0 aumento
na sua ativagcdo induzido por nucleotideos promowstenulacdo de proteina quinase C
(PKC), COX-2 e MAPK (Burnstock, 2007).
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3. JUSTIFICATIVA

O conhecimento proveniente do “Projeto Genoma &edhr’, aliado a capacidade de
absorver rapidamente substancias quimicas diretanagiicionadas a agua, fazem com que
cada vez mais o zebrafish seja utilizado como neodeimal para estudos farmacolégicos e
para a caracterizagdo de doencgas humanas. Nesis®, sarbiologia desse teledsteo tem sido
extensivamente pesquisada, resultando na caragi@oizde muitos genes que estdo
envolvidos em padrdes de comportamento e nos nseoasiimplicados na patogénese das
doengas.

A padronizacdo de um modelo de inflamagdo em ladeagebrafish, bem como a
caracterizacdo dos sistemas envolvidos neste @mcpede contribuir para a avaliacdo da
validade e seguranca de sua utilizacdo como mgaeboa triagem de novos farmacos. Uma
vez que este modelo experimental apresente ressltsatisfatorios e compativeis com os
sistemas bem caracterizados em mamiferos, tambéengser utilizado para avaliagdes mais
completas, como em estudos que buscam elucidarnmeuzs relacionados a doencas
humanas e mecanismos de acdo de farmacos e, censmyante, reduzindo o uso de
mamiferos e promovendo o0 uso consciente de animais.

Considerando que a expressdao de diferentes reespmrinérgicos e das ecto-
nucleotidases tém sido amplamente descritas enaf#be o potencial envolvimento da
sinalizacdo purinérgica na inflamacéo, um estudis arofundado desse sistema permitira a
obtencdo de avancos no conhecimento dos mecanidmosinalizacdo purinérgica em
processos inflamatorios, fornecendo evidéncias pardllizacdo desse modelo para estudos
de mecanismos de agao.

Ademais, a padronizacdo do modelo de inflamacaolawas de zebrafish e a
caracterizacdo do envolvimento do sistema purinérgia inflamacédo podem representar
juntos uma nova ferramenta para a avaliagdo pnéaltle novos agentes com potencial anti-
inflamatorio, oportunizando o estudo de novas w@dtivas para o tratamento da inflamacéao,

especialmente naqueles casos refratarios as tetagdicionais.
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4. OBJETIVOS

4.1 Objetivo Geral
Estabelecer e caracterizar um modelo de inflamagdiozida pelo cobre em larvas de

zebrafish e estudar o envolvimento do sistema prgioo nesse modelo.

4.2 Objetivos especificos
a) Padronizar um modelo de inflamacéo induzido peloye em larvas de zebrafish;

b) Adaptar e, se necessério, desenvolver meto@dsognaliticas para a determinacdo de

marcadores inflamatérios e de estresse oxidativtapras de zebrafish;
c) Avaliar a absorcdo do cobre durante o periodexgesicao;

d) Determinar a correlacdo temporal entre a pramlwighicitocinas, a producdo de espécies

reativas do oxigénio, a ativacédo de enzimas eimdsicdo do sistema purinérgico;

e) Avaliar o perfil das atividades das E-NTPDasksecto 5-NT e da ADA no processo
inflamatorio, bem como avaliar o papel do sistem@ng@rgico na exacerbacao e na resolucao

do dano.
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Abstract

Zebrafish are currently used at various stage@fdrug discovery process and
can be a useful and cost-effective alternativeotmes mammalian models. Nitric oxide
(NO) plays an important role in physiology of zdisia. The availability of appropriate
analytical techniques to quantify the NO is crudal studying its role in physiological
and pathological conditions. This work aimed agklkshing a high performance liquid
chromatography method for determination of NO lsviel zebrafish larvae. Attempts
have also been made to assess the normal levBl® @it the first days post-fertilization,
and the possible changes under pathological conditiThe method validation was
quantitatively evaluated in terms of sensitivitggesificity, precision, accuracy, linearity
and recovery. NO levels from zebrafish larvaehat tirst days post-fertilization and
larvae challenged to N(G)-nitro-L-arginine methytey, sodium nitroprussidé&. coli
lipopolysaccharide and copper sulphate were andlyZbe samples were derivatized
with 2,3-diaminonaphthalene, and fluorescence tietecwas used for the indirect
determination of NO. The method showed a good p@doce for all validation
parameters evaluated and was efficient to monit@nges in NO concentration under
physiological and pathophysiological conditionsisTimethod might represent a powerful

tool to be applied in NO studies with zebrafistvég.

Keywords: zebrafish larvae; nitric oxide; validation; higherformance liquid

chromatography; pathological conditions.

Abbreviations: CuSQ, copper sulphate; DAN, 2,3-diaminonaphthalene;, ifpys post-

fertilization; HPLC, high performance liquid chrotography; LPS, lipopolysaccharide; L-
NAME, N(G)-nitro-L-arginine methyl ester; NAT, 2j/@phthotriazole; NO, nitric oxide;
NO;, nitrite; NGOy, nitrate; NOS, nitric oxide synthase; SNP, sodinitroprusside.
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Introduction

Drug discovery involves a complex interactive psxedf biochemical and
cellular assays, with final validation in animal dets, and ultimately in humans.
Zebrafish Danio rerio) is currently used at various stages of the disgoyery process
and has several advantages when compared to otperirmental models, such as cell
culture and rodents [1; 2]. Advantages of zebradista model organism include the small
size of embryos and larvae, the high fecunditycaflzebrafish, the optical transparency
of embryos and larvae, the speed at which theyldpyand the possibility of simply
adding compounds to water for screening of bionratlkadrugs and toxic agents [3; 4].

The teleost zebrafish is a small tropical fish, athproduces optically transparent
embryos that develop outside the mother’'s body6[57]. At six days post-fertilization
(dpf), a complex circulatory system and countegpat most mammalian organs is
developed. Although zebrafish proteins display ld&n 70% identity to their human
orthologues, the conservation of functional domasnsh as the substrate binding regions
(often the drug-binding targets), is considerabghkr, with approaching values of 100%
similarity [5].

Nitric oxide (NO), a free radical and a signalingletule, plays an important role
in regulating vascular tone, neurotransmission,t hsnunity, nutrient metabolism,
whole-body homeostasis, macrophage activity anddpeeliferation, differentiation and
apoptosis [1; 8; 9]. NO is formed in biologicalstis from L-arginine by three major
nitric oxide synthase (NOS) isoforms, neuronal N@SOS), endothelial NOS (eNOS)
and inducible NOS (INOS). All three major NOS isofs are expressed during early
development of zebrafish [10].

In the past few years, several additional toolsehiaeen developed, what greatly

increased the utility of zebrafish as an experimlentganism [6]. The availability of
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appropriate analytical techniques to quantify th®@ 8 crucial for studying its role in
physiological and pathological conditions. Howeusgcause of its very short half-life in
circulation and in cells (<5 s), the direct meamgat of NO is extremely difficult. For
this reason, the cellular generation of NO is nud&tn assessed by measuring the nitrite
(NOy) and nitrate (N@) contents in biological fluids [8].

The aim of this study was to develop a simple apidr routine method using a
high performance liquid chromatography (HPLC) fetetmination of NO in nanomolar
concentrations. The method validity was furtherfcored by evaluating the basal levels
of NO during the first days after fertilization, addition to the changes of NO levels

under inflammatory conditions.

Materials and methods
Chemicals

All chemicals were of HPLC grade. Methanol, chleridcid (HCI), sodium
nitroprusside (SNP) and copper sulphate (Ci)S®ere purchased from Mertk
(Darmstadt, Hessen, Germany). Sodium nitrite (NgN§€bdium hydroxide (NaOH), 2,3-
diaminonaphthalene (DAN), lipopolysaccharide fréacherichia coli0111:B4 (LPS)
and N(G)-nitro-L-arginine methyl ester (L-NAME) weacquired from Sigma Chemical

Company (Saint Louis, Missouri, USA).

Standards solutions
Stock solutions of SNP, Cug@nd LPS for larvae treatment were prepared in
distilled/deionized water (dd-water). Stock stawdsolution of NaN@ (1 mM), for the

HPLC assay, was prepared and added in dd-wateothuge final concentrations of 20,
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30, 50, 100, 250, 500, 1000 and 1500 nM. DAN soiu(0.05 mg/mL) was prepared in

HCI 0.65M. These solutions were made on the ddi@Experiments.

Zebrafish larvae and treatments

Zebrafish larvae were generated by natural paiewmsting in aquariums with
filtration system in series (Zebtec, Tecnipfasttaly). They were staged and reared
according to standard procedures [11]. Becauserii®yo receives nourishment from an
attached yolk sac, no feeding was required undipf7[12]. All protocols were approved
by the Institutional Animal Care Committee (09/061EEUA-PUCRS) and followed
the Canadian Council for Animal Care (CCAC) Guide tbe care and use of fish in
research, teaching, and testing.

All experiments using animals were conducted iplitates containing a pool of
20 larvae each. The concentration of SNP was seleoh the basis of the previous
publication of Pelsteret al (2005) [9]. Survival curves for LPS and CuS@ere
performed to choose a sub-lethal concentrationdage inflammation. For this purpose,
two replicates were made with 15 larvae for eachceatration. The treatments were
performed in six-well culture plates.

NO; levels were determined in zebrafish larvae atr@ (oour post fertilization),
1, 3, 5 and 7 dpf. In a separate series of expatsnéhe larvae with 7dpf were incubated
for 1 hour with the non-selective NOS inhibitorNAME (1 uM and 5 puM), in order to
confirm that NQ" detected in our protocol is derived from NOS.

To determine whether NOassay could be used to detect changes in NO
production associated with stress situations, wdopaed three additional sets of
experiments. Larvae with seven dpf were treated ®NP (1 mM), a nitric oxide donor

used as positive control, Cup@0 uM), a chemical inducer of inflammation, andS.
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(150 pg/mL), an infectious stimulus. The agentsdus®e stimulate NO release were
directly added to water and NQvas evaluated at 4 h for SNP and, at 4 and 24 bR&

and CuSQ.

Sample preparation

Zebrafish larvae stored at -80 ° C in 500 ul of gptate buffered saline - PBS
(pH 7.2 — 7.4) were thawed and washed four timek Wwiml of PBS to eliminate any
environmental contamination of NO After cleaning procedures, the samples were
homogenized in 500 ul of cold PBS using a homogenass-teflon immersed in ice.
The samples were centrifuged at 13,500 x g for B ai4 °C in 1.5 mL tubes and the
supernatants were collected for N@nalysis.

The samples were placed in 0.6 ml polypropylen@gul®AN working solution
(10 uL) was added to each polypropylene tube with 56fidd-water and 50 pl samples,
standards or blank (dd—water:PBS 1:1). The tube® wapped, protected from light,
mixed and incubated for 15 min at room temperatlilee reaction was stopped by
adding 15ul of NaOH (1 M). This reaction mixture was main&ghat 4 °C in the dark
and used for the chromatographic separation wishim Twenty pl of this solution were
injected into the HPLC system.

The total protein concentration of zebrafish lar@enogenates was determined
according to the method of Bradford (1976) [13]eThtal weight of larvae was not used
to correct the results because the concentratidimeoprotein has a better correlation with
the quality of the homogenate, and consequentlly thi¢ release of the analytes for the

material used for quantification (supernatant).
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Chromatographic conditions and equipments

A HPLC equipped with an isocratic pump, fluoreseewietector, degasser and
manual injection system (all HPLC components anitivsme ChemStation were from
Agilent Technologies® Inc. Santa Clara, Californi#A) was used. Chromatographic
separations were performed using a reverse-phdsenco(150 mm x 4 mm, 5 um
Agilent® 100 RP-18 ec). The column was protected by a goelimn (4x4 mm, 5 um
Agilent® 100 RP-18 ec), and was maintained at 22 + 2°C. fldwe rate of the
acetonitrile:phosphate buffer 50 mM (pH=8.2) (35:84) mobile phase was 0.8 ml/min
and the fluorescence was monitored with excita&io855 nm and emission at 460 nm.

To confirm the specificity and accuracy of the nogtha NO analyzer (model

270B NOA, Sievers Instruments Inc., USA) was udeq].|

Validation of HPLC method and quality control prdoees

The HPLC method was quantitatively evaluated inmgerof sensitivity,
specificity, precision, accuracy, linearity and oeery. We tested the levels of NOn
dd-water obtained from Deionizator Permufioand water obtained from Millipofe
system to choose the one with the lowest levelSl©f for cleaning materials and the
preparation of solutions used in the tests. Theitwwls for the preparation of the
homogenate were also tested (saline and PBS).li§xots of each solvent were tested

and were analyzed as the samples.

Statistical analysis
The results of validation are presented as the mteatandard deviation and
precision and accuracy are expressed as percernfagelinear relationship between

concentrations of N® obtained by HPLC and NO analyzer was obtainedgusie
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Pearson correlation coefficient. The matching (leetvmethods) was analyzed with the
Bland and Altman method. Survival curves were estén using the Kaplan-Meier
analysis. Statistical comparison of the data fro®, Nletermination in zebrafish larvae
was performed by one-way ANOVA followed by Tukeyst. Values of P < 0.05 were

considered significant.

Results
Chromatographic behavior and specificity

Laboratory plasticware and glassware and buffartgsis are common sources of
contamination and considerable attention need tpdid to the water quality. Problems
may also be encountered regarding the procedureésdaxtraction of samples and assay
reproducibility, again often arising from NOand NQ contamination [1]. In the
preparation of solutions and curves of N@d-water was used, by presenting basal
levels of NQ 45% lower than the MilliQ ultrapure water. For tlpeeparation of
homogenates, PBS was used, which showed basat le/8lQ, 59% lower than sterile
saline solution.

The fluorometric assay for NOdetection is based on the reaction of N@ith
DAN under acid conditions to form fluorescent 2g&phthotriazole (NAT). For specific
analysis of NAT, reverse-phase HPLC method has bsed to separate NAT from DAN
and other fluorescent substances present in bodbgamples [15; 16]. The retention
times of DAN and NAT, were 3.0 and 5.9 min, respety. Reliable separation of the
analysis was achieved with adequate retention tilmesoutine analysis, with runs less
than 7 min. Figure 1 shows representative chromnatog of NAT from blank (A) and

zebrafish samples with 247 nM (B) of NO
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Specificity was evaluated by determining the retantime of DAN, NAT and,
also by analyzing of six homogenates (n=6) fronfed&nt reproductions to check
endogenous interference components. All testedafishrlarvae homogenates were free
for endogenous interference in this assay. Moreaweconfirm the specificity of our
method for NQ@, three different curves were made and analyzedgusiie method
described in this article and in a NO analyzerureg? shows a high correlation between
NO, measured by HPLC and NOneasured by NO analyzer (The Pearson correlation
coefficient= 0.9619; P < 0.0001). The slope of thgression lines between the two
assays was 1.028. Moreover, Bland-Altman analy$iguré 3) showed that the
concentrations of N©® measured by two methods are not significantly edéft.
Applying the Bland-Altman plot to measure the difflece between NOby HPLC and
NO Analyzer, we found a bias mean difference o7 i and a 95% limit of agreement

from -98.85 t0 112.98 nM.

Precision and accuracy

The precision and accuracy were determined by aisalgf four different
concentrations, covering the low, medium and higiamges of the calibration curves.
The intra and inter-day precision and accuracy degashown in Table 1. Precision was
expressed as percent coefficient of variation (@uifl accuracy was expressed as a
percentage of the added concentration (found vald@0/added value). The inter-day

precision and accuracy were determined over a gp@fione week.

Linearity
The calibration curves were linear using differealibrating standards containing

known amounts of N@in the range of 30 to 1500 nM. The calibrationaon was y =
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0.04543138x + 0.1075868 (y is the peak area argltka concentration in nM) with a

correlation coefficient of r = 0.9996.

Sensitivity

The limit of detection (LOD) was determined as lpetine detected concentration
with an area greater than that presented in theklpaepared with dd-water (8.0 nM).
The limit of quantification (LOQ) is the lowest dyzed amount, which can be measured
with defined precision and accuracy and, reprodecikith CV less than 20% and
accuracy of 80-120% [17]. The LOQ were found ta2het 4 nMwith CV of 18.58%

and accuracy of 103.98% for NO

NO, recovery

The recovery for N@ was determined by spiking known quantities of dsads
into 7 dpf larvae homogenate to obtain low, medamd high ranges of the calibration
curve. The results were obtained by calculatingdifference between NObefore and
after spiking standards in samples. Results of &ssnpvere divided by added
concentrations and the results were multiplied biydned. The recoveries of NQo 30,
250, 1000 and 1500 nM were expressed as mean tlasthmleviation, revealing the

following results: 90 £ 4; 93 £ 2; 95 + 2; and 97 frespectively.

NO levels, blockade with L-NAME and stimulatiorv&NP, LPS and Cug0

Firstly, zebrafish larvae of 0, 1, 3, 5 and 7 d@fre evaluated to determine the
NO; levels in the early days of development. The tesshow that the concentration of
NO; increased gradually after fertilization, as shawfigure 4. In the inbox of figure 4,

it is shown that L-NAME treatment decreased theabancentrations of NQ



46

demonstrating that the NO increase until 7 dpfikely the result of a gradual
augmentation in the activity of NOS.

The survival curves to choose sub-lethal conceatratof LPS and CuSOto
induce inflammation are shown in figure 5. The @ntcation chosen was the one that
induced mortality between 10 and 20% (150 pg/mlEHh@M induced 16.7% and 11.5%
of mortality for LPS and CuSQrespectively). The SNP was assessed only ab4 this
agent is short-acting NO donor [18]. For LPS an&Qugroups, the time-points of 4 and
24 h were used to determine the best periods fer dbktablishment of an acute
inflammatory response. The zebrafish larvae chgédnto SNP for 4 h (5200 + 340
nmol/ mg protein), LPS for 4 h (1040 + 50 nmol/ prgtein) and CuS©for 24 h (1300
+ 160 nmol/ mg protein) showed a significant inseaf NQ’ levels when compared to
the controls groups (790 = 50, 790 + 90 and 76MiMol/ mg protein, respectively),
with significance levels of P<0.001, P<0.01 and B&0respectively, as shown in figure

6.

Discussion

Several animal models have been used in toxicabgad pharmacological
studies. Zebrafish has emerged as a promising iexpatal model, and developing
methods for the quantification of different biochieah and physiological markers are
extremely important for its consolidation [19].

In this study, we present a new, simple, rapid smitable HPLC method with
fluorescence detection for determination of Ni@ homogenates of zebrafish larvae. The
method presented herein employs an extremely sisg@ple preparation, which does
not need internal standard, using a small samglema Furthermore, we have achieved

satisfactory separation under isocratic conditidrisese characteristics are easily found
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in many laboratories. Moreover, as we are workirittp vow levels of protein and a very
sensitive method, a simple dilution was able tos@né any interference from chlorine or
protein. Thus, it was not necessary to use prosesfsprecipitation or ultrafiltration of
proteins and/or removal of chlorine from samplesingis cation-exchange
chromatography, precipitation with silver reagewissilver-based solid-phase extraction
C18[1; 15].

When we compare the data quantified by HPLC andN&y analyzer no
significant differences were found in the resutnfirming the specificity and accuracy
of the method developed. Moreover, the curve detexth by the analyzer showed
sensitivity only above 100 nM, which makes the newthod described here more
sensitive. Other methods for the determination @& M zebrafish larvae employ
procedures based on the use of chemical probesolacuatar biology assays [19; 20].
Although these methods are efficient, not alwaysrdahis availability of reagents and
equipment in the laboratories. Thus, we provide eav nsensitive, safe and fast
methodology for quantifying NQ A disadvantage of the proposed method is the
impossibility of directly assessing NOevels, which might be reached through NO
reduction, and the subsequent determination acuridi the technique described here.
During inflammatory challenges not only NO formatis increased but also the level of
superoxide and other reactive oxygen species reased providing multiple routes for
oxidative break-down of NO (e.g. by peroxynitriterrhation or myeloperoxidase
catalyzed nitrogen dioxide formation in the pregen€ nitrite and hydrogen peroxide)
leading to N@ formation. Therefore, a limitation of the preseathnique is that NO
ending up as N®is not detected, which could lead to underestimmatd NO under
inflammatory conditions (e.g. LPS treatment). Amdhg possible techniques used to

escape of N@ reduction are the fluorescence probes, such asglidpinofluorescein
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(DAF-2). The fluorescein reacts with an oxidationoguct of NO to the highly
fluorescent DAF-2T triazol fluorescein by the knovaaction mechanism. This probe is
used to measure NO extracellularly and could betadato other experimental models
[21].

Rico et al. (2011) recently suggested further investigatiaheut the functional
role of NO in zebrafish to evaluate changes in flyistem induced by pharmacological
approaches and toxic agents [22]. In addition tbdation of a NQ determination
method, a series of biological assays, includinguibtished results, demonstrating the
efficiency and applicability of the new method. THetermination N@ in zebrafish
larvae of different dpf showed the difference in M@centrations according to the stage
of development. These findings are consistent thighfast development of these animals,
as demonstrated by Lepillet al (2007) [20]. One proposed mechanism for thecedfe
of NO in developmental processes is a suppressfiteence on DNA synthesis, whereby
NO acts as a negative regulator on precursor calffgcting the balance of cell
proliferation, differentiation and apoptosis [13]2The differentiated expression of NOS
isoforms in certain tissues at different developtalestages indicates that temporal and
spatial NO-mediated activities may be regulatedlisginct NOS-producing systems [10].
For example, the expression of NOS in zebrafishrgasbhwas detected at 16 hpf in the
hypothalamus, and it was present in discrete dem&r@ous system locations after 3 dpf
[22]. Additional studies are still required to tegtcharacterize the NOS isoforms related
to zebrafish post-fertilization NO production.

Several studies show the multifunctional properteslO in various normal and
pathophysiological events in early life processE8; [24; 25; 26]. NO production is
increased in a variety of diseases, and severssiclaigns of inflammation are reversed

by NOS inhibitors. Zebrafish is a good model fardsting inflammation and infectious
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diseases; for instance, Watz&eal (2007) and Novoat al (2009) showed that LPS
was able to induce the expression of pro-inflammyatytokine genes as part of the
innate immune responses in zebrafish embryos awmddaby immersion in bacteria or
bacterial LPS [2; 27]. D'Alencoet al (2010) showed that exposure of fish larvae to
sublethal concentrations of Cup€electively damages the sensory hair cell pomrati
inducing infiltration of leukocytes, release of céae oxygen species and a robust acute
inflammatory response [28; 29; 30]. The method ps&ga herein was efficient to monitor
changes in NO production in zebrafish larvae astfidays post-fertilization when
stimulated with NO donor or under inflammation iodd by infection and chemical
agents. N@ levels were found significantly increased in LP8ticed inflammation at 4
h, whereas inflammation induced by CuSthowed a significant increase at 24 h. This
probably occurred because the inflammation indulbgdLPS involves an infectious
process and NO formation is one of the first-lirefethises against invading microbial
organisms including parasites, bacteria, and va(i3&]. Additionally, the later release of
NO induced by CuS§{) compared to LPS, might likely occur because tbpper is
uptaken from water and accumulates in zebrafishtime- and concentration-dependent
manner [32]. Accordingly, Craigt al. (2007) showed that the highest concentrations of
copper in the liver and gills of zebrafish are fduafter 24 h of exposure to this metal
[33]. The low response using LPS might be explaibgdiifference in functionality of
TLR-4 in this model, which has a known weak respareess to LPS.

In summary, N@ was determined with high sensitivity, accuracy @necision
using a very simple, quick and inexpensive metfdds method showed to be efficient
to monitor changes in physiological NO productiaming the development phase and
pathophysiological conditions, such as inflammatilbns tempting to propose that this

method is a powerful tool to be applied for nitogide studies in zebrafish larvae.
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Additionally, NO levels in the early stages of deyenent showed a gradual increase
from fertilization until the seventh day of life @nthe larvae exposed to inflammatory

agents and nitric oxide donor showed a significalgase of nitric oxide.
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Table 1.Intra- and inter-day precision and accuracy ferNQ, quantification by HPLC.

NO, Added Intra-assay NO, Added Inter-assay
(nM) (n=6) (nM) (n=6)
Found (nM) Precision  Accuracy Found (nM) Precision  Accuracy
(meanfsD)  °cv (%) (%) (meanfsp)  °cv (%) (%)
30 32+2 5.12 106.1 30 322 7.14 108.3
250 249+ 15 5.98 99.73 250 251 12 4.88 100.34
1000 998 + 21 2.08 99.76 1000 1003 £ 25 2.53 100.28
1500 1495 + 23 1.51 99.68 1500 1499 + 33 2.17 99.91

#SD: Standard deviatior{’,CV: Coefficient of variation
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ABSTRACT

The use of zebrafishD@nio rerio) is increasing as an intermediate preclinical
model, to prioritize drug candidates for mammatiasting. As the immune system of the
zebrafish is quite similar to that of mammals, medef inflammation are being
developed for the screening of new drugs. The dteniaation of these models is crucial
for studies that seek for mechanisms of actionspettific pharmacological targets. It is
well known that copper is a metal that induces dgevend cell migration to hair cells of
lateral line of zebrafish. Extracellular nucleosflaicleosides, as ATP and adenosine
(ADO), act as endogenous signaling molecules duissyie damage by exerting effects
on inflammatory and immune responses. The predendt saimed to characterize the
inflammatory status, and to investigate the involeat of the purinergic system in
copper-induced inflammation in zebrafish larvaeshEs of 7 days post fertilization were
exposed to 10 uM of copper for a period of 24 he Tgrade of oxidative stress,
inflammatory status, copper uptake, the activitg #me gene expression of the enzymes
responsible for controlling the levels of nucleescand adenosine were evaluated. Due to
the copper accumulation in zebrafish larvae tisstiiesdamage and oxidative stress were
exacerbated over time, resulting in an inflammatorgcess involving IL-g, TNF-,
COX-2 and PGE Within the purinergic system, the mechanisms tueattrol the ADO
levels were the most involved, mainly the reactipagormed by the isoenzyme ADA 2.
In conclusion, our data shed new lights on the meiems related to copper-induced

inflammation in zebrafish larvae.

Keywords: zebrafish; inflammation; copper; purinergic systaagtenosine.



ABBREVIATIONS

ADA — Adenosine deaminase

ADO - Adenosine

ADP - Adenosine diphosphate

AMP - Adenosine monophosphate

ATP - Adenosine triphosphate

CAT — Catalase

COX-2 - Cyclooxygenase 2

Ecto-5'-NT - Ecto-5'-nucleotidase

E-NTPDase - Ecto-nucleoside-trifosfo difosfoidr@as
GSH - Reduced glutathione

HPLC-FLD - High performance liquid chromatographyhafluorescence detector
ICP-MS - Inductively coupled plasma mass spectroynet
IL-10 - Interleukin 10

IL-1pB - Interleukin B

INO - Inosine

MPO - Myeloperoxidase

NO - Nitric oxide

PGE - Prostaglandin £

SOD - Superoxide dismutase

TNF-o - Tumour necrosis facter

UHPLC - Ultra high performance liquid chromatograpltoupled with mass
spectrometry

DAD - Diode array detector
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INTRODUCTION

Zebrafish Danio rerio) is a vertebrate that has been widely used inesuaf the
immune system. Toxicology and safety pharmacolagykaoadly assessed oy vitro
assays, but the results might not be predictivanotivo effects. Thus, the use of
zebrafish is increasing as an intermediate stegther with the cell culture evaluation, to
prioritize drug candidates for mammalian testirlpvang a reduction in the number and
cost of studies (McGrath and Li, 2008; Thienpengl, 2013). Among other advantages
of using this teleost, especially embryos and kyvais possible to remark the favorable
absorption characteristics, small amounts of comgsunecessary for testing and,
animals and experimental groups that can be ewaluata single trial (Berghmars al,
2008).

The immune system of zebrafish is quite similathtat of mammals, including
the presence of T and B lymphocytes, antigen pteggewrells, phagocytic cells, and
humoral immunity, together with the complement comgnts. The similarities between
the immune system of fishes and mammals, a fuliyiseced genome and an increase in
the production of transgenic and knockout zebralfishe encouraged many researchers
to establish models of bacterial infections (Vdijtet al, 2009; Loynest al, 2010) and
chemical inflammation, such as induced Bgcherichia coliand copper, respectively
(d'Alenconet al, 2010; Leiteet al, 2012).

Copper is an essential metal obtained from dietcgsy chelated by amino acids,
absorbed in the small intestine and transporteddrblood in a binding form (Gaetke and
Chow, 2003; Rosembergt al, 2007b). Oxidative damage has been linked to ¢bron
copper overload and/or exposure to excessive ctratems caused by accidents,
occupational hazards, and environmental contanoinafdditionally, oxidative damage
induced by copper has been implicated in disordsssciated with abnormal metabolism
(Wilson disease) and neurodegenerative diseasebdilsher disease) (Gaetke and Chow,
2003; Brenner, 2013). Olivaet al (2008) described events induced by copper via
oxidative stress, such as cell death by apoptosisiacrosis in hair cells of lateral line of
zebrafish. These events, also described in cdllii@d, were related to the participation of
this metal in Fenton chemistry (Prousek, 2007; &liet al, 2008). Recently, d’Alencon
et al. demonstrated that copper exposure induces nelitroplgration to the
inflammatory focus, due to the damage induced in ¢&lls of lateral line of zebrafish

larvae, pointing out this model as a potential ttml screening of anti-inflammatory
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compounds (d'Alencort al, 2010). Another interesting study described thactty
induced by copper in the central nervous systeadaft zebrafish, via inhibition of ecto-
nucleoside-trifosfo difosfoidrolases (E-NTPDase}ll a&tto-5'-nucleotidase (ecto-5'-NT)
(Rosemberget al, 2007). These enzymes belongs to ecto-nucleotitiasdy and are
responsible for controlling the levels of nucleesdand nucleosides by sequential
hydrolysis of adenosine triphosphate (ATP) to ader® monophosphate (AMP) and,
sequentially the desamination of AMP to adenoskieQ@) is carried out by the enzyme
adenosine deaminase (ADA) (Rieb al, 2003; Sengeet al, 2004; Rosembergt al,
2008; Rosembergt al, 2010)

The extracellular nucleotides act as endogenousaksngy molecules in tissue
damage by exerting effects on inflammatory and imenvesponse (Lazarowskt al,
1997; Burnstock, 2006). The ATP is important in teecretion of cytokines and,
recruitment and differentiation of immune cells, emdas ADO commonly displays
Immunosuppressive responses to protect healthyegssom stressful stimuli (Bours MJ,
2006). In the inflammatory process, ATP and ADO aelcased at the site of
inflammation as a result of cell damage or throtighrelease to extracellular medium in
consequence to cell activation (Luttikhuizetnal, 2004; Burnstock, 2006).

Considering that: (I) zebrafish is a model widebgd in toxicological studies; (l1)
copper model of inflammation has emerged as an iitapbtool for drug screening; (l11)
purinergic system can play a key role on inflamoratiomeostasis, modulating ATP and
ADO levels and; (IV) there is no data relating cepmflammation model in zebrafish
larvae with purinergic system, the major aim oftktudy was to standardize the time-
related biochemical and molecular markers relatadftammation, and to investigate the
involvement of the purinergic system in the inflaatory status induced by copper in

larvae of zebrafish.

MATERIALS AND METHODS

Animals

Zebrafish larvae were generated by natural paiewsting in aquariums with
filtration system in series (Zebtec, Tecnipfasttaly). They were staged and reared
according to standard procedures (Westerfield, ROB@cause the embryo receives

nourishment from an attached yolk sac, no feediras wequired until 7 days post
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fertilization (dpf) (Lewis, 2010). All protocols we approved by the Institutional Animal
Care Committee (09/00135, CEUA-PUCRS).

Chemicals

Copper, added as copper sulfate pentahydrate (£5I34)) were purchased
from Merck (Darmstadt, Hessen, Germany). All otfeargents used were purchased from
Sigma (St. Louis, MO, USA).

Treatments

All treatments were performed in 6-well culture tpa and, the copper
(CuSQ.5H,0) was added directly to water. First, we used dk&lative stress as a
parameter for evaluating the extent of damage chbgel, 10 and 25 uM of copper
during 24 hours of treatment. The concentratiod@ftM of copper, considered harmful
without excessive mortality, was used to charamtethe inflammation model and, to
determine its association with the purinergic gyste zebrafish larvae. The observation
times were tested and based on knowledge of tiheatdoh cascade of inflammation. The
parameters assessed and times of observations ovedative stress (0, 4, 6 and 24 h)
neutrophil migration to the damaged tissues (0, @54 and 24 h), release of
prostaglandin E(PGE) (0, 1, 2, 4 and 24 h), expression of inflammatoedrators (0, 4
and 24 h), extracellular ATP hydrolysis (0, 4 addh) and ecto-nucleotidase and ADA
activities (0 and 24 h). The enzyme gene expressimre assessed in 0 and 24 h. The
temporal determination of copper absorption by afin larvae was performed in 0, 1, 2,
4, 6 and 24 h to evaluate the relationship of threcentration of copper with the effects at

different times.

Oxidative stress and antioxidative defenses

In order to determine the antioxidant defenses axidative stress, we have
measured catalase (CAT), reduced glutathione (GShberoxide dismutase (SOD), and
nitric oxide (NO). Initially, the experiments weperformed using n=6, containing a pool
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of 20 larvae each, after 24 h of treatment with1@, and 25 uM of copper. The
concentration of 10 pM of copper was chosen toisaatthe study and, it was evaluated
in 0 h (control), 4, 6 and 24 h after copper tresitnas described above. After the
different concentrations and times of treatmenésl#nvae were homogenized in 500
of phosphate buffered saline - PBS (pH 7.2 - Adl)samples were centrifuged at 13 500
x g for 5 min at 4 °C in 1.5 mL tubes, and the soptants were collected for analysis.
CAT activity was assessed through the hydrogen xpd#oconcentration decrease,
according to the method described previously (A&884). GSH levels were determined
by using 5,5-dithiobis (2-nitrobenzoic acid) (DTNBaccording to the method described
previously (Shimet al, 2010). SOD activity was assayed by measuringatlrenaline
auto-oxidation inhibition, according to the methdescribed previously (Bannister and
Calabrese, 1987). NO was determined by high pedoo®a liquid chromatography with
fluorescence detector (HPLC-FLD) using 2,3-diamaqamthalene to derivatize the
samples, according to the method described prslhidLeiteet al, 2012).

Determination of PGk by UHPLC-MS/MS

PGE was tested at 0 h (control), 0.5, 1, 4 and 24irtesit is one of the first
mediators to be released during the inflammatorgcgss. The experiments were
conducted using n=6, containing a pool of 35 laaeh. Homogenates were prepared in
500 ul of phosphate buffered saline - PBS (pH 7.2 - .7A4)400 ul aliquot of the
homogenate was transferred into a 9 ml glass tablesabjected to extraction using a
modified method described previously (Shatal, 2010). Briefly, 80ul of 1M nitric
acid were added to the samples. Fifty microlitehr8HT 1% was added to each tube.
PGE was then extracted with 2 ml of hexane: ethyl @ee(1:1, v/v) and mixed for 1
min. Samples were centrifuged at 80 for 5 min at 4 °C. The upper organic layer was
collected, and the organic phases from three exdrecwere pooled and then evaporated
to dryness under a stream of nitrogen at room temtye. Samples were then
reconstituted in 10Qd of methanol before analysis by ultra high perfanoe liquid
chromatography coupled with mass spectrometry (UEHRS/MS). Five microliters
were injected into the UHPLC 1290/ MS 6460 TQQQgHént (all UHPLC components
and software MassHunter were from Agilent Technig$. Chromatographic
separations were performed using a Zorbax Ecliise PFhenyl-Hexyl 4.6x50mm 1.8 um
column. The flow rate of formic acid 0.1%: acetdtet (formic acid 0.1%) 50:50 v/v

mobile phase was 0.4 ml/min with a column tempeeatf 45°C. PGEwas detected
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using electrospray negative ionization and multnglaction monitoring of the transition
ions. The collision energy was 14 V for transiti8f1>271 (quantifier) and 6 V for

351>315 (qualifier). The results were expressedaa®grams of PGEper mg protein.

Neutrophil myeloperoxidase assay

Neutrophil migration was assessed by means of mgetxidase activity (MPO),
according to the method described previously, wiight modifications for zebrafish
(Passost al, 2004). MPO was tested at 0 h (control), 1, 2nd 24 h following copper
treatment. Experiments were conducted using n=@taaang a pool of 20 larvae each.
All samples were homogenized in 500 of EDTA/NaCI buffer (pH 4.7) and centrifuged
at 5 000 xg for 20 min at 4°C. The pellet was suspended in206f hexadecyltrimethyl
ammonium bromide buffer (pH 5.4), and the samplesewirozen. Upon thawing, the
samples were re-centrifuged and, the supernatasitused for MPO assay. The results
were expressed as optical density per milligrarisstie.

Analysis of extracellular ATP metabolism by HPLC

ATP hydrolysis and its degradation products (ADRJy ADO, and INO) were
analyzed in the groups at 0 h (control), 4 h andh 2dter copper exposure. Experiments
were conducted using n=4 containing a pool of 3%aa each. The membranes were
prepared in 50Qul of chilled Tris—citrate buffer (50 mM Tris, 2 mMMEDTA, 2 mM
EGTA, pH 7.4 adjusted with citric acid), centrifegat 800 xg for 10 min and the pellet
was discarded. The supernatant was centrifugedSanin at 40 000 >y and, the pellet
was frozen in liquid nitrogen, thawed, suspende®(0 pul of Tris—citrate buffer and,
used for analysis. All membranes were added tadhetion mixture containing 50 mM
Tris—HCI (pH 8.0) and 5 mM CaglAll samples were preincubated for 10 min at 37 °C
before starting the reaction by the addition ofsttdie ATP to a final concentration of
100 puM. To stop the reaction, an aliquot of theubation medium was transferred to a
pre-chilled tube and centrifuged at 4°C for 15 miri4 000 »xg. Twenty microliters were
injected into the HPLC system (all HPLC componeaanis software ChemStation were
from Agilent Technologi€y. Chromatographic separations were performed using
reverse-phase column (150 mm x 4 mm, 5 pm Adilé@0 RP-18 ec). The column was
protected by a guard column (4x4 mm, 5 pm AgfledD0 RP-18 ec), and was
maintained at room temperature. The flow ramp ofhasgol: 60 mM KHPO, with 5

mM tetrabutylammonium chloride (pH 6.0) (13:87, vmobile phase was maintained
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between 1.2 and 2.0 ml/min according retention twheeach compound. The mobile
phase was prepared daily due to low stability. Abance was monitored at 260 nm with
diode array detector (DAD).

Ecto-nucleotidase assay

E-NTPDase and ecto-5'-NT assays were performe@ssided previously (Rico
et al, 2003; Sengeet al, 2004). Activities were analyzed in 0 h (contrafjd after 24 h
of exposure to copper in zebrafish larvae. Zebnafisvae membranes (3+§ protein)
prepared as described above (analysis of ATP migtaljowere added to the reaction
mixture containing 50 mM Tris—HCI (pH 8.0) and 5 mB&C} (for the ATPase and
ADPase activities) or 50 mM Tris—HCI (pH 7.2) andn® MgCl, (for the AMPase
activity) in a final volume of 20@l. All membranes were preincubated for 10 min at
37 °C before starting the reaction by the addibbsubstrate (ATP, ADP or AMP) to a
final concentration of 1 mM. The reaction was segp@fter 30 min by the addition of
200yl of trichloroacetic acid 10% (final concentratib®o w/v). Samples were chilled on
ice for 10 min before assaying for the releasenofganic phosphate (Pi), according
malachite green method, using ¥#0, as a Pi standard (Cha al, 1986). The non-
enzymatic Pi released from nucleotides into thayssedium was subtracted from the
total Pi released during the incubation, giving nalues for enzyme activity. Specific
activity was expressed as nanomol of Pi releasedhpeite per milligram of protein. All

enzyme assays were run at least in triplicate.

Determination of total adenosine deaminaaetivity

Adenosine deaminase (ADA) activity was determinpdctrophotometrically as
described previously (Rosembeeg al, 2008). The activity was analyzed in control
group (0 h) and 24 h after exposure the larvaeofiper. To assess the total activity of
ADA the homogenate was centrifuged to 1 00§ &nd, the supernatant was used for
activity assay. Zebrafish larvae supernatantsyd @rotein) were added to the reaction
mixture containing 50 mM sodium phosphate buffét #0) in a final volume of 20(l.
The samples were preincubated for 10 min at 37rfiCtlae reaction was initiated by the
addition of adenosine to a final concentration & M. After incubation for 120 min,
the reaction was stopped by adding the sample®0nl®f phenol-nitroprusside reagent
(50.4 mg of phenol and 0.4 mg of sodium nitroprdessnl). Controls with the addition of
the enzyme preparation after mixing with phenotagtusside reagent were used to
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correct non-enzymatic deamination of substrate. fEaEtion mixtures were mixed to
500 ul of alkaline-hypochlorite reagent (sodium hypoch® to 0.125 % available
chlorine, in 0.6 M NaOH), vortexed and incubate®at°C for 15 min for colorimetric
assay at 635 nm. The ADA activity was expressednasl of NH; released per minute

per milligram of protein.

Quantitative real time RT-PCR (gRT-PCR)

The gene expression of important elements in infiation as IL-B (interleukin
18), IL-10 (interleukin 10), TNFe (tumour necrosis factora) and COX-2
(cyclooxygenase 2) and, expressions of ADA subiasi{ADA 1, ADA 2.1, ADA 2.2)
including an alternative splicing isoform (ADAasapd, an adenosine deaminase like
related gene (ADA L) were determined. The total RMas isolated with Triz6lreagent,
according to the manufacturer’s instructions. Pobl$5 zebrafish larvae with 7 dpf were
used. Total RNA was quantified by spectrophotometng the cDNA was synthesized
with ImProm-1I™ Reverse Transcription System from 1 pg total RMAaccordance
with the manufacturer’s instructions. Quantitatilf€R was performed using SYBR
Green | to detect double-strand cDNA synthesis. fElagetions were done in a volume of
25 pl using 12.5 ul of diluted cDNA (1:50), contaig a final concentration of 0.2 x
SYBR Green, 100 ul dNTP, 1 x PCR Buffer, 3 mM Mg@.25 U Platinufii Tag DNA
Polymerase and 200 nM of each reverse and forwameps (Table 1). The PCR cycling
conditions were: an initial polymerase activatioteps for 5 min at 95°C for
desnaturation, 35 s at 6G for annealing and 15 s at 72 for elongation. At the end of
the cycling protocol, a melting curve analysis waduded and fluorescence measured
from 60°C to 99°C. Relative expression levels were determined W&00 Fast Real-
Time System Sequence Detection Software v.2.0.5pl{égp Biosystems) and,
determined using the™2® method. The efficiency per sample was calculatsithgu
LinRegPCR 11.0 Software (http://LinRegPCR.nl) ane $tability of the reference genes
EFla, RIp13r andp-actin (M-value) and its optimal number accordiogthe pair wise

variation (V) were analyzed by GeNorm 3.5 Softw@rtdp://medgen.ugent.be/genorm/).

Analysis of temporal absorption of copper by ICP-MS

The levels of copper absorbed for 24 h were asgdelsgenductively coupled
plasma mass spectrometi P-MS), according to the method described preWouwsth
minor modifications (Ashokaet al, 2009). ICP-MS (all ICP-MS 7700x series
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components and software MassHunter from Agilenhfietogie§) were used. Briefly, a
pool of 10 larvae was washed two times with theewat Zebtec system and three times
with 1 ml of Ringer’s solution (Ringer’s) to elimate any environmental contamination
of copper. After cleaning procedures, the sampied,00 pl of cold Ringer’s solution,
were digested with 0.3 ml of concentrated nitriddamnd 0.2 mL of hydrogen peroxide in
a screw cap polypropylene tube. The cap was tigisteand the tube was placed in a
water bath at 8%C. After digestion, each sample was diluted to Swith a 1 % solution

of nitric acid in a volumetric flask for analysis.

Protein quantification
The total protein concentrations of zebrafish larliamogenates were determined

according to the Coomassie blue method (Bradf@dd6)L

Statistical analysis

Data were expressed as mean * standard deviatidnwame subjected to
Student’s t-test or one-way analysis of variancQVA) followed by Tukey's test. The
statistical comparison of data regarding extratalATP hydrolysis was carried out at
each time-point of incubation and over-time of ibation. For assessing the global over-
time changes, the area under the curve were obtéaneach homogenate. The test used
was one-way ANOVA followed by Tukey's test. Valuet P <0.05 were considered

significant.

RESULTS

The biological markers of oxidative stress wereduses an initial tool to
characterize and evaluate the inflammation mod#léad by copper in zebrafish larvae.
Initially, we have made a curve using concentratioh 1, 10 and 25 uM of copper,
challenging the larvae for a period of 24 h. Asvehan Table 2, the concentrations of 10
and 25 uM induced a significant reduction in GSid anthe activities of CAT and SOD.
Since 10 uM of copper showed a significant inaeeag oxidative stress with less
mortality than 25 uM, as demonstrated in a previeyp®rt from our group (Leitet al,
2012), we chose the respective concentration fiihdu experiments. After determining

the optimal concentration, the oxidative stress aaduated at different time-points of O,
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4, 6 and 24 h (Table 3). SOD and CAT activitiepliged a significant reduction after
24h of exposure to copper when compared to conwbereas GSH decrease was
significant in 6 and 24 h of exposure to copper. N®els were also significantly
elevated after 24 h of copper exposure.

The release of PGEand the neutrophil migration to the inflammatonye s
occurred before the increase of oxidative strete FHig. 1 shows copper promotes an
increase in PGElevels (29.2 £ 9 % and 32.6 £ 5 %, at 1 and 2#ebpectively) when
compared to the control group. Neutrophil migratias indirectly measured by MPO
activity, displayed a significant increase of 62.38 % after 4 h of exposure to copper
(Fig. 2).

The nucleotide hydrolysis revealed a rapid catabolbf ATP and ADP (Fig. 3 A
and B), in which both nucleotides were completagsumed after 1 h of incubation. No
significant difference was found between the cdrara the treated groups. However, it
was observed a significant reduction in ADP hydswyonly at 30 min of incubation in
the group treated for 24 h with 10 uM of coppere Bxtracellular metabolism of AMP,
ADO, and inosine (INO) (Fig. 3 C, D, and E) occdrrglowly during the incubation
period of 2 h. The AMP and ADO were less metabdlirethe group treated with 10 pM
of copper for 24 h when compared to the controlgsy showing a significant difference
from 10 min to 180 min of incubation for AMP andorih 30 min to 180 min for ADO.
INO levels were significantly decreased accordmgvaluation after 24 h of challenge to
copper, probably due to the inhibition of ADA adyv The areas under the curve were
calculated for all groups and the statistical asialgonfirmed the data described above
(Fig. 3 - Inset).

Considering the results of HPLC analysis, whichvetm that ATP and ADP
hydrolysis presented a partial, but not significdetreaseafter copper treatment, the
ATPase and ADPase activities were also assessé@d i@yeased to ensure the reliability
of data. The results showed that there were notifsignt changes for ATP and ADP
hydrolysis after 24h of treatment with UM of copper. Additionally, as AMP hydrolysis
and ADO deamination (Fig. 3) were significantly wedd after the same treatment, ecto-
5-NT and ADA activities was also evaluated by noeisgy Pi and NH released,
respectively. As expected, ecto-5'-NT and ADA atitg decreased by ~ 20 % (Fig. 4),
confirming data from HPLC hydrolysis assay.

The RT-gPCR quantification (Fig. 5) showed a sigaifit increase of IL{1 and

TNF-o0 expression at 4 and 24 h after copper exposurdOlwas found significantly
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decreased at 4 h, whereas COX-2 was significantiseased at 24 h treatment. Ecto-5'
NT gene expression showed a significant decredkaviog 24 h of copper exposure.
The genes of ADA showed different expressions aP4rh of exposure to copper:
expressions of ADA 1 and ADAasi were not affectgdcbpper; nevertheless, ADA 2.1
showed decreased expression, while ADA 2.2 and ADdemonstrated an increased
expression when compared to control (Fig. 6).

To evaluate the absorption levels of copper overetkposure time, an absorption
curve of copper until 24 h of treatment was periedmWe verified that the copper

uptake was significantly increased over time, fibto 24 h, as shown in Fig. 7.

DISCUSSION

Inflammation is a physiological process that espnts the body immediate
response to cellular and tissue damage by pathagehshemical or physical stimuli. In
some cases, it is associated with chronic pathcdbgstates, including allergies,
atherosclerosis, cancer, arthritis and autoimmuseades. Both in acute and chronic
responses, cytokines and other inflammatory mediatme involved in key cellular
events such as the production of reactive oxygetisp (ROS) (Dantzeszt al, 2008;
Martinon, 2010).

In a previous study from our group (Leigt al, 2012), we assessed the dose-
related mortality induced by copper in zebrafistvde, and it was demonstrated that
copper kills 15-20% of the animals at 10 uM, a#térh of exposure. In the same study, it
was demonstrated that lower concentrations of aogigenot induce mortality, whereas
25 uM induced 75-80% of deaths. Supporting thesa, @aprevious study conducted by
Olivari et al. (2008) revealed that 1 uM copper is able to indogey of lateral line hair
cells of zebrafish larvae. Furthermore, the autllermonstrated that the concentration of
10 uM also induced a partial damage of the supmprell layer. The concentration of 10
UM of copper, assessed by oxidative stress in tiesept study, leads to moderate
toxicity, what might be allied to the biochemicaldamolecular inflammatory changes,
while the concentration of 1 uM was not effectivel 25 pM induces a high mortality.
Production of ROS is crucial in regulating the itenenmune response. The activation of
phagocyte cells generates ROS that drive theicityxio phagocytized microorganisms.

ROS are also important in signaling damage to m@une system, and its production
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regulates the activation of transcription factard aytokine production (Martinon, 2010).
Our results using 10 uM copper demonstrated thadative stress increases slowly
during the first hours of exposure to copper, big rather evident after 24 h, presumably
due to the continuous exposure and increased upfagepper by zebrafish larvae. The
oxidative stress showed herein can occur by twohar@ems: direct effect of copper,
which induces DNA and cell damage, or the incred$ROS release due to the activation
of phagocytic cells and increased tissue damagea®kt al, 2008). The antioxidant
defenses, including CAT and SOD activation, maydskiced after copper exposure due
the high levels of ROS present. Reduced activitg AT may also be related to excessive
superoxide anion radical resulting from reducedvaygtof SOD (Liu et al, 2008).
During the inflammation process, there are two irtggit groups of cytokines: (i) the
pro-inflammatory series, secreted primarily by \ettiédd macrophages, and (ii) the anti-
inflammatory ones, which are involved in the reduttof the inflammatory response.
Homologs for a variety of mammalian cytokines haeen identified in zebrafish, such
as: TNFe, IL-1, IL-8, IL-10, IL-11, IL-15, IL-22 and IL-26 (Sulian and Kim, 2008).
The immersion of zebrafish embryos in LPS induckd gene expression of pro-
inflammatory cytokines TNFe;, IL-8 and ILf3 (Watzkeet al, 2007; Novoeet al, 2009;
Oehlerset al, 2010). Our data showed that in zebrafish larvia@ dpf challenged to
copper presented a significant increase in ffLabd TNFe expression, and a reduction
of the expression of IL-10 when compared to thetrobngroups. These altered
expressions, associated with a significant increddeGE, MPO and ROS production
provides a general scenario of the inflammatorpease induced by copper.

PGE is known for presenting multiple functions in timamune system. Its
actions are related to the classical signals ofammfation, including vasodilation,
increased vascular permeability, in addition to ttleemotaxis and activation of
neutrophils, macrophages, and mastocytes (Kalir2§ki2). Chronologically, the results
of our research showed a remarkable increase of, P&é¢ase after 1 h of exposure to
copper, a return to normal levels, followed by ecs®l peak after 24 h, where it is likely
important for resolution. The first wave of P&roduction probably occurs due to the
activation of the inflammatory process induced bypmer, which is necessary for cell
migration and subsequent activation. This migratas confirmed by increased MPO
activity after 4 h of exposure. Furthermore, itqaéed the increase in the expression of

important inflammatory mediators released by attidaells (IL-B and TNFe).
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The PGE levels are controlled via the cyclooxygenase 12a(d0OX-1 and COX-
2) pathways and its degradation by 15-hydroxypgiatalin dehydrogenase (15-PGDH)
(Kalinski, 2012). Expression of COX-2 showed a #igant increased after 24 h of
exposure to copper, which is likely responsibletfa increase in the production of PGE
at this time-point. This second increase in RP@GEn be related to its role in the late
phases of inflammation, which might be linked telQ release and suppression of pro-
inflammatory cytokines (Kalinski, 2012). The elgeatof IL-10 observed in our study at
24 h (in relation to 4 h), together with the secqeek of PGE might be indicative of
the activation of pro-resolution mechanisms ingkperimental model described herein.

The extracellular concentration of the nucleotitesontrolled by E-NTPDase
and ecto-5'-NT that sequentially catalyze the hlydis of ATP to ADO and thereby
exert a tight control of the effects triggered lhede important signaling molecules
(Robsonet al, 2006). ATP is implicated in the development dfammation through a
combination of actions, such as histamine releasen fmast cells (inducing the
production of prostaglandins) and the productiod exlease of cytokines from immune
cells (Burnstock, 2006). To assess the ATP hydmmlyhe nucleotide hydrolysis was
registered at different times and analyzed by HPW& observed that hydrolysis of
either ATP or ADP was not altered by 24 h of expesto copper. However, the
hydrolysis of AMP was reduced at 24 h of exposwigh the consequent increase of
AMP levels (the results were confirmed by decreafsecto-5'-NT activity). In addition,
RT-PCR analysis indicates that changes in the BeldF activity could be related to the
decrease of the expression of this enzyme. Ransekeal. (2012) demonstrated that the
peak TNFe production was coincident with the reduction otoes'-NT activity in
peripheral blood mononuclear cells, in an expertadenodel of endotoxemia.

Excessive collateral damage in healthy tissuesaténs its functions, and should
be stopped by resolution mechanisms, which arevedetl to avoid excessive cell
damage. ADO shows anti-inflammatory effects andeitsracellular levels are found
increased in inflammatory pathologies such as asthnmd sepsis (Ohta and Sitkovsky,
2009). Thus, ADO is an important pharmacologicabea during the resolution of
inflammation. The concentrations of ADO can be fatpa by reuptake and subsequent
phosphorylation to AMP by adenosine kinase or deatian to INO by the enzyme
ADA (Rosemberget al, 2007; Ramakerst al, 2012). The results presented in the Fig. 3
show that there was an increase in ADO conceniratioich would be, at least in part,

due to inhibition of ADA activity. We confirmed itseduction by determining the total
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activity of this enzyme, which controls the higls@mic levels of ADO. Elevated ADO

levels and reduction of ADA activity have been aftg described in LPS-induced
endotoxemia in humans, demonstrating similaritiefls aolenosinergic modulation

mechanisms in these two models (Ramalktral, 2012). Nevertheless, this modulation
of ADO levels in inflammatory process had neverrbeescribed in zebrafish larvae
before.

To assess ADA subfamilies involved in the inflamongtprocess, we determined
the gene expression of ADA 1, ADA 2.1, ADA 2.2 aAdDAasi (the adenosine
deaminase "alternative splicing isoform” of ADA R2.The expression of another similar
group ADA L (adenosine deaminase "Like") was afsgestigated. Three of the assessed
genes showed changes in their expression, witductien in the expression of ADA 2.1
and increase in the expression of ADA 2.2 and ADAThis modulation in the gene
expression is likely responsible for the resultatdl ADA activity.

ADA 2 can be released at the sites of inflammatimn macrophages, as
demonstrated by Conlon and Law (2004) using "iroViexperiments orith vivd’ model
of sepsis in rodents. In humans, it was demomsirahat ADA 2 stimulates the
proliferation of CD4 T cells, and induces the differentiation of mortesy into
macrophages (Zavialost al, 2010). Furthermore, a differential release oéstymes by
macrophages might exist and ADA also may havemrdistiunctional role according to
the tissue in which they are expressed (ConlonLaawd 2004; Rosemberet al, 2007).
Considering that macrophages release ADA at thes sdf inflammation, a fine
adjustment of the levels of different isoenzymesyoacur. In the present study, we
detected increased ADO levels, decreased ADA &gtignd significant different
modulations in the expression of ADA 2.1 and ADA.2Thus, we showed the first
evidence that ADA 2 is closely linked to the cohtb ADO levels during inflammation
induced by copper in zebrafish larvae. This eveostriikely occurs over the 24 h period
and involves mainly ADA 2.1 (Fig. 5).

The functional role of ADA L still remains uncledut it was demonstrated by
Rosembergpt al. (2007) that ADA L mRNA levels were more abundanthe liver and
kidney of zebrafish, suggesting that it has somgsioltogical role in these tissues.
Chronic exposure to copper primarily affects tivedj because this organ is the first site
of copper deposition after entering the blood. Toeicity of copper in humans is
typically manifested by the development of liverrltosis and damage of kidney and

brain tissues (Gaetke and Chow, 2003). Considehagour results showed an increase
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in the expression of ADA L and, that the concerdret of copper in larvae exposed over
24 h were higher than in control samples, we msgigjgest that the increased expression
of ADA L is related to liver and kidney toxicity duced by copper. However, additional
studies should be conducted to elucidate the rollei® ADA subtype in toxicity induced
by copper.

In this study, we demonstrated that copper inducgdative stress in zebrafish
larvae and that this element is absorbed througtimuexposure period of 24 h. Due to
the accumulation of copper, the damage and oxielattvess are exacerbated over the
time, resulting in an inflammatory process involyi@OX-2 and PGE and relying on
the regulation of pro-inflammatory and anti-inflamtory cytokines. Concerning the
purinergic system, the adenosinergic mechanismétniig the most involved in these
events, and we could infer that this system is icaptd in the resolution phase of
inflammation induced by copper. In conclusion, tiwisrk brings novel advances to the
characterization of inflammatory responses indubsgd copper in zebrafish larvae.
Moreover, we provide additional knowledge on thke @f purinergic system in copper-

evoked inflammation.
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Table 1. PCR primer design and PCR product
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GenBank ZFIN ID
Enzymes Sequences (5"-3") PCR product (bp . (ZBD-
Accession number
GENE)
IL-1P F TCGCCCAGTGCTCCGGCTAC
178 NM_212844 040702-2
R GCAGCTGGTCGTATCCGTTTGG
IL-10 F TTCAGGAACTCAAGCGGGATATGG
73 NM_001020785 051111-1
R  GCTGTTGACTTCAAAGGGATTTTGG
TNF-o F AGGAACAAGTGCTTATGAGCCATGC
157 NM_212859 050317-1
R AAATGGAAGGCAGCGCCGAG
COX-2 F AACTAGGATTCCAAGACGCAGCATC 207 ENSDART0000009360¢
*
R AAATAAGAATGATGGCCGGAAGG
Ecto-5'-NT F TGGACGGAGGAGACGGATTCACC
149 BC055243.1 040426-1261
R GGAGCTGCTGAACTGGAAGCGTC
ADA 1 F GCACAGTGAATGAGCCGGCCAC
168 AAH76532 040718-393
R AATGAGGACTGTATCTGGCTTCAACG
ADA2.1 F TTCAACACCACACGTATCGGGCAC
161 AAL40922 030902-4
R ATCAGCACTGCAGCCGGATGATC
ADA 2.2 F  TTGCAATTGTTCATCATCCCGTAGC
186 XP_687719 041210-77
R TCCCGAATAAACTGGGATCATCG
ADAasi F CTTTGTGGTACTTCAAGGACGCTTTG
121 AAL40922 030902-4
R TTGTAGCAGATAAAAGAAGCGAGACG
ADA L F CTCTAATGTGAAAGGTCAAACCGTGC
108 NP_001028916 050913-145
R AAGACGCCCTTATCATCCGTGC

*Ensembl Data base
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Table 2. Effect on oxidative stress after 24 hairsxposure to 1, 10 and 25 uM of copper

CAT GSH SOD
(umol/min/mg protein)  (umol/mg protein)  (U/mg protein)
(Mean£SD) (MeanzSD) (Mean£SD)
Control 127.4+£5.9 9.0£0.9 1.7+£0.2
Copper—24h 1uM 119.2+4.5 7.0+£0.5 1.6+05
10 uM 64.1+52* 42+08* 09+0.2*
25 pM 65.7+6.7* 3.6+1.2* 14+03

* Mean value was significantly decreased companezbhtrol group (P<0.05).
Statistical comparison of the data was performedri®rway ANOVA followed by Tukey's test.
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Table 3. Effect of copper 10 uM on oxidative strafier 4, 6 and 24 hours of exposure

CAT GSH SOD NO
(umol/min/mg protein)  (umol/mg protein)  (U/mg protein) (nmol/mg protein)
(MeantSD) (Mean£SD) (Mean£SD) (Mean£SD)
Control 1184 +£16.9 9.0+1.2 171201 758.28t5
Copper 1uM
4h 95.2+13.3 6.9+0.6 1.8+05 771.9+28.71
6h 90.2+12.8 3.0+x02* 1.4+0.3 894.1 £%0
24 h 58.3+7.9* 3.7+04* 0.8+0.3* 130+ 68.2 T

* Mean value was significantly decreased compapezbntrol group (P<0.05).

T Mean value was significantly increased compapezbntrol group (P<0.05).
Statistical comparison of the data was performedri®rway ANOVA followed by Tukey's test.
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Graphical abstract. This scheme provides a chronological propositimnthe biochemical
events induced by copper in zebrafish larvae. Tdshed line shows the absorption of copper
over the exposure time. After 1 h of exposure fopeo, the release of P@&ccurs, followed

by an increase of MPO (as a consequence of nelitnogdration), increased expression of
genes involved in inflammatory events (IB-land TNFe) and, reduction of the anti-
inflammatory cytokine IL-10 at 4 h. At 24 h, thepper concentration is found highly
increased, what is coincident with oxidative streéRegarding the purinergic system, it is
possible to observe an inhibition of ecto-5'-NT akdA, with the consequent increase of
AMP and ADA, respectively, at 24 h. The expressainenzyme-related genes shows a
decrease in the expression of ecto-5-NT and Mari@xpressions of ADA subfamily

enzymes.
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Fig. 1. Profile of PGE release in 24 hours of exposure to 10 uM of cappkee levels of

PGE, were significantly higher at 1 and 24 hours of asyre than controls. Each column
represents the mean of six homogenates and, thiealdines show the standard deviations.
Asterisks (*) denote the significance level (P<(.0® comparison with control values.

Statistical comparison of the data was performeds-way ANOVA followed by Tukey’s

test.
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Fig. 2. MPO profile in 24 hours of exposure to 10 uM opper. The levels of MPO were
significantly higher at 4 hours of exposure thantoals. Each column represents the mean of
six homogenates and, the vertical lines show thedstrd deviations. Asterisks (*) denote the
significance level (P<0.05) in comparison with gohwvalues. Statistical comparison of the

data was performed by one-way ANOVA followed by €yls test.
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Fig. 3. Copper effects on extracellular ATP hydrolysis ,aitsl degradation products. The
zebrafish larvae were exposure to copper for 42zhtours. ATP (A), ADP (B), AMP (C),

ADO (D) and INO (E) were assayed by HPLC-DAD. Thetadare mean = S.D. of four
homogenates. Asterisks (*) denote the significafe€0.05) in comparison with control
values; a pound sign (#) denote the significane® @5) in comparison with 4 hours group.
Statistical comparison of the data was performearg-way ANOVA followed by Tukey’s

test. The groups were compared at each time obaten (lines) and over time of incubation

(inset). For assess over time, the area undentives were obtained for each homogenate.
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Fig. 4. Nucleotide hydrolysis analyzed by Pi liberatiorea24 hours of exposure to i of
copper. ATPase (A), ADPase (B), AMPase (C) and A[A activities were determined as
described in Material and Methods. Asterisks (*hate significant difference from control

group by Student’s t-test analysis (P<0.05).
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Asterisks (*) denote the significance level (P<(Q.0% comparison with control values.
Statistical comparison of the data was performearg-way ANOVA followed by Tukey’s

test.



88

1 Control
A) B) Copper 10uM - 24 h
2.0+ 54 N
S
— 44
§ 1.51 *
j . 3_
o - .
2_
<Zt T
Z 0.5- Jr= —
€
O.G T c I | I I I
Ecto 5'-NT ADA 1 ADA 21 ADA2.2 ADAasi ADA L
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7. RESULTADOS ADICIONAIS

7.1Expressao génica dos receptores P1 em larvas ex@ssho cobre

A adenosina € muito conhecida por atuar como umétaula de sinalizacao
extracelular. Em condi¢cfes de sofrimento celulama hipdxia ou inflamacéo, a producéo e
degradacdo deste componente sdo alteradas, gemmofiondas mudancas nas suas
concentracdes e resultando em um aumento rapidol@angado da adenosina (Mart al,
2000). Esses niveis tém efeito direto sobre os remeptores e de uma forma geral resulta em
reducdo da inflamacé&o e da lesdo celular. Os gsabtpos de receptores de adenosina séo
denominados A Aza, Azs € Ag sendo que para o receptogaforam descritos dois genes em
zebrafish, identificados como,A; e Axa2 (Boehmleret al, 2009). A ativagdo desses
receptores induz uma grande variedade de eferokjindo a vasodilatagéo, a inibicao da
agregacéao plaquetéaria, a modulagéo da atividadéstioma nervoso simpatico e a modulacao
da resposta inflamatori&é@makerst al, 2011; Hasket al, 2009.

Os efeitos da adenosina sobre 0s seus receptqesdian das suas concentracdes. Os
niveis basais desse nucleosideo sdo muito bairogngando-se a niveis de nanomolar, mas
que sao suficientes para ativar trés dos seustogespA, Aza € As (Fredholmet al, 1999.

O Receptor Ag por possuir menor afinidade pela adenosina édaiyar concentracdes em
nivel de micromolar. Uma vez que em processosnrdtarios os niveis extracelulares de
adenosina podem alcancar concentracdes entre Q VL, Godos 0s receptores sdo passiveis
de serem ativados nesse modelo (Ye and Rajendi@8).2

A analise de expressédo dos receptores de aderosiAaa 1, Aoaz € Agg foi realizada
4 e 24 horas apés a exposicdo ao cobre utilizanthrraca de RT-PCR. A avaliacdo da
expressdo do receptors Ado foi realizada devido a falta de evidénciassuka atuacdo na
inflamacédo. Foi utilizado um n=4, com um pool emto 15 larvas de zebrafiplor grupo.
Para o isolamento de RNA total foi utilizado o retg Trizol (Invitrogefi) e a sintese de
cDNA foi realizada de acordo com as instrucbes doSkiper Script First Strand Il
(Invitrogerf’). O RNA total foi quantificado por espectrofotonee o cDNA sintetizado com
ImProm-II"" Reverse Transcription System (Pronfdga partir de 1 ug de RNA total, de
acordo com as recomendacoes do fabricante. O edtudadrao transcricional dos diferentes
genes foi realizado utilizando primers especifiaesenhados a partir de referéncias
encontradas no banco de dados GenBank (tabela IBBCR quantitativo foi realizado

utilizando SYBR Green | (Invitrog&h para detectar a sintese da dupla-fita de cDNAei!
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de expressao relativos foram determinados comtwaie Fast Real-Time System Sequence
Detection v.2.0.5 (Applied Biosysteff)s A eficiéncia por amostra foi calculada usando o
software LinRegPCR 11.0 (http://LinRegPCR.nl). Ogers de expressao relativa de RNA
foram determinados utilizando 0 métadii“". A estabilidade dos genes de referénciadEF1
Rlp13x e B-actina (M-valor) e 0 nimero 6timo de genes deréeiga, calculado de acordo
com a variacdo pareada (V), foram analisados petdtware GeNorm 3.5
(http://medgen.ugent.be/genorm).

A exposicéo das larvas de zebrafish ao cobre durare 24 horas, apresentou um
aumento na expressao génica dos receptore8 A1, Azaz € Apg, COMO mostrado na figura
1.

O receptor A e 0 Ag apresentam efeitos controversos atuando em at@ses como
anti e outros como pro-inflamatorios. Ja o reaepta indubitavelmente, atua na inibicdo do
processo inflamatério. Uma vez que a ativacdo dka gaceptor desencadeia um efeito
diferente, os resultados parecem concordar conmam&ados nas expressoes dos diferentes
subtipos de ADA, aonde constatou-se que as enzorasatividades pro e anti-inflamatérias
estdo envolvidas na inflamacéo induzida pelo cofrdanteressante € que o aumento da
expressao dos receptores ja ocorre no tempo deguk a alteracdo na atividade da ADA foi
constatada apenas no tempo de 24 h. Consequenggrfieatdemonstrado que o sistema
adenosinérgico ja esta ativado e agindo sobre eepso inflamatério nas primeiras fases da

inflamacéo induzida pelo cobre.
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Tabela 1. Primers utilizados e produtos de PCR.

Produtos .
A e o Numero de acess  ZFIN ID
Receptor Sequéncia (5-3") d?bI;:R ao GenBank  (ZBD-GENE)
Aq F GTTCCTCATTTACATTGCCATTCTGC
180 NM_001128584.1 081105-156
R TGGTTGTTATCCAGTCTCTCGCTCG
Aop1  F  GCGAACTGTACGCCGAGCAGAG
' 178 AY945800 -
R TTATTCCCAGTGAGCGGCGACTC
Aopo F GGATTGGGTCATGTACCTGGCCATC
' 160 AY945801.1 -
R GCTGTTTCCAATGGCCAGCCTG
Aog  F GTTTGTTCGCTCTCTGTTGGCTGC
178 AY945802.1 -
R CTAAAAGTGACTCTGAACTCCCGAATG
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Figura 1 - Expresséo dos receptores de adenosina apds haalde exposicao das larvas
de zebrafish a 10 pM de cobre. A figura apreserggpaessao dos receptores (A), Aza1
(B), Aza2 (C) e Ag (D). Os asteriscos (*) representam a diferencaifsigtiva (P<0.05) em
relacdo ao grupo controle. A andlise estatisticaefalizada utilizando a analise de variancia

de uma via, seguida do teste de Tukey.
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7.2 Avaliagdo de morte celular de células dos neuromanst

Como citado anteriormente, o cobre age diretamsoibee 0s neuromastos da linha
lateral e das regides cranio-faciais das larvazetbeafish induzindo estresse oxidativo, leséo
e morte celular. Utilizamos a metodologia desquita Tucker e Lardelli (2007), fazendo o
uso do marcador de laranja de acridina para a@alidg morte celular em consequéncia da
leséo induzida pelo cobre sobre os neuromastosoETbuso deste marcador fluorescente
nao apresente especificidade para a marcacao qaoappele é utilizado para a avaliacao
deste tipo de morte celular em larvas e embridéesbdeafish.

Larvas de 7 dias poés-fertilizagdo foram expoata® uM de cobre durante o periodo
de 1 hora (n=10). Ap6s foram realizas 3 lavagema petirada do agente inflamatério e a
solucéo de laranja de acridina foi aplicada no meieoncentracao final de 2 pg/ml. Apos 30
minutos o meio foi retirado e 0os pocos contendtaass foram lavados 3 vezes, sendo 10
minutos para cada lavagem. Posteriormente, foi@dida tricaina aos pogos e a marcacao
tecidual foi avaliada em microscopia 6ptica.

A morte celular de células pertencentes aos neastw® foi avaliada e confirmada
visualmente tanto na regiao do tronco, como naiaman(figura 2). Os dados corroboram o
estudo de Olivariet al. (2008) que demonstram que a morte celular é coése@u do
estresse oxidativo induzido pelo cobre. Essa npmtie ocorrer tanto por apoptose como por
necrose dependendo da concentracdo e do tempo misigio ao metal. Ademais, a
confirmacao foi utilizada para que continuassenuos a utilizacdo do modelo para avaliacao
da inflamacé&o e do papel do sistema purinérgico.eBmdos futuros, a metodologia poderéa
ser utilizada para a avaliacdo do efeito de farmamam potencial anti-inflamatério ou

antioxidante contra a acdo do cobre nos neuromastos
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Controle

Cobre 10 uM

Figura 2. Marcacao fluorescente nas células apoptoticagagms controle e exposto a
10 uM de cobre. As setas brancas sinalizam asaséploptoticas dos neuromastos.
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8. CONSIDERACOES FINAIS

Devido a falta de ensaios validados para quantifideetamente marcadores
bioquimicos e avaliar a inflamacédo em larvas deafidh, aperfeicoamos e desenvolvemos
metodologias para a determinacéo do estresse mxd@AT, SOD, GSH e NO), PGE
MPO e para a determinacéo do cobre absorvido peless. A metodologia utilizada para a
quantificacdo do NO foi totalmente desenvolvidapelsso grupo e devido a isso oferecemos
a comunidade cientifica uma nova metodologia cdm sensibilidade, exatiddo e preciséo
para a quantificacdo deste analito, como mostrad@rimeiro artigo. A metodologia foi
validada seguindo o Guia para Validacdo de Métdduaiticos e Bioanaliticos presente na
Resolucdo RE n° 899, de 29 de maio de 2003 da Ag&tarional de Vigilancia Sanitaria
(ANVISA). Para uma maior confiabilidade do métodis resultados encontrados foram
comparados com os resultados obtidos a partir dequipamento comercial utilizado para
quantificacdo do NO. O novo método apresentou taes satisfatérios, inclusive com maior
sensibilidade que o equipamento disponivel no rdergaara esse fim. Além disso, a
metodologia apresenta baixo custo e pouca geragdiesiluos, sendo facilmente adaptavel
aos cromatografos encontrados em muitos laboratdegesquisa e de rotina, tem um baixo
custo e pouca geracéo de residuos.

Em uma revisdo do ano de 2011, Retoal. sugeriram mais investigagdes sobre o
papel funcional do NO em zebrafish. Devido a iss@ e€onstatacdo da real falta de
conhecimento do comportamento do NO nas primeiesesf de desenvolvimento do
zebrafish, utilizamos a nova metodologia para avadis variagfes fisiologicas desde a
fecundacéo até o sétimo dia apods a fertilizacaaofiv&amos que houve um aumento tempo-
dependente na producéo de NO nas larvas durardanp avaliado. Existem duas hipoteses
plausiveis para explicar o aumento do NO. A primméigue nessa fase o crescimento € muito
acelerado e o NO tem um papel de regulador negpéixe o controle de proliferacéo celular,
diferenciacdo e apoptose. A outra possibilidadeibase na expresséo diferencial das NOS,
onde as enzimas podem iniciar a producdo do NOlgums tecidos ja em dezesseis horas
apos a fertilizacdo e em outros apenas apos artedia.

Essa metodologia também foi utilizada para a coagdar entre um modelo de
inflamacédo induzido pelo cobre, o qual estava sqmalironizado para a continuidade do
estudo e outro induzido pelo LPS Hecoli, mostrando-se adequada para a avaliagdo dos
niveis de NO em eventos inflamatdrios para amboagestes. O estudo inicialmente tinha

como objetivo a avaliacdo da inflamacdo induzidéo gePS de E. coli como agente
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inflamatorio. No entanto, durante os ensaios ifsagcontramos dificuldades devido a falta
de reprodutibilidade dos experimentos, provavelmg@eta ndo sensibilizacdo das larvas pelo
agente. Mais tarde, em um estudo de Nogbal. (2009), encontramos suporte para 0s
resultados obtidos. Segundo o estudo, apos o pamentato com a bactéria coli ou via
reatividade cruzada por contato com outras bastédasistema imune inato do zebrafish
desenvolve tolerancia ao LPS bacteriano, fazenado goe em um segundo contato néo
apresente a mesma intensidade de resposta ao lestiBwpomos que a falta de
reprodutibilidade poderia estar ocorrendo devidpm@eesso de reproducdo das larvas, onde
os embrides recém-fecundados ficam em contato coefetos e restos de alimentos dos
adultos até o momento da coleta. A partir dessesiltaglos, iniciamos o0s estudos
apresentados no segundo artigo, utilizando o cobmeo agente inflamatorio. A resposta a
esse agente foi reprodutivel e mais estavel, destaa iniciamos a sua utilizacdo e a
caracterizagdo das respostas bioquimicas induzidbs cobre, para posterior estudo do
sistema purinérgico.

ApoOs a realizacdo de curvas de mortalidade, reatizaa avaliacdo da absorcao do
cobre pelas larvas de zebrafish e uma série denptn@s inflamatorios e relacionamos ao
comportamento do sistema purinérgico dentro desskelm inflamatério. Cronologicamente,
apos uma hora de exposi¢cdo ao cobre, ocorreuradée de PG seguida por um aumento
da migracdo neutréfilos e da expressdo de genedvans em eventos pré-inflamatérios
como a IL-B and TNFe e, reducdo da citocina IL-10 (que apresenta afedati-
inflamatorios) apd6s 4 horas de exposicdo. Apds @hshem contato com o cobre, as
concentracbes do metal aumentaram significativaenerats larvas, coincidindo com o
aumento do estresse oxidativo. Neste mesmo perdsdatjvidades das enzimas ecto-5"-NT e
ADA estavam reduzidas, com consequente aumentoMig & adenosina, respectivamente.
As enzimas responsaveis pela hidrolise do ATP e AB® apresentaram qualquer alteracao
nas suas atividades. Posteriormente as avaliagdesgehes dos diversos elementos da
subfamilia da ADA demonstraram que a ADA 2.1, AD& & ADA L apresentaram alteracéo
nas suas expressdes, demonstrando que o sistemasiagegico € o mais envolvido na
inflamacéo induzida pelo cobre.

Corroborando os dados acima, a avaliacdo da es§weagenica dos receptores, A
Aoni1, Acaz € Apg mostrou que da mesma forma que os transcritos gmrenzimas que
controlam os niveis de adenosina extracelular esli@oados, a expressdo dos receptores
responsaveis pelos efeitos finais da adenosinaativesuas expressdes elevadas apoés a

exposicado ao cobre. Um estudo mais aprofundadee sobesposta dos receptores deve ser
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feito, mas € possivel que mecanismos anti e plapmtorios estejam atuando
concomitantemente e, por isso, todos os receppaEs=am estar ativados.

O objetivo de caracterizar um sistema dentro demodelo experimental envolve uma
série de etapas para que o mesmo seja alcancagoes@nte trabalho apresentou dados
consistentes do envolvimento do sistema purinérga&cdnflamacédo induzida pelo cobre em
larvas de zebrafish, mas sempre ficam perguntasreamsrespondidas e novas perguntas
surgem. Inicialmente acreditavamos que principatmes E-NTPDases e o ATP estavam
ligados aos eventos inflamatérios, mas o sisteneaaginérgico mostrou-se mais ativo nas
nossas condi¢cdes de estudo e na execucédo dosneapirs. Desta forma, acreditamos que
uma maior exploracdo da acédo da adenosina sols@uegeceptores, bem como a elucidacéo
do papel de cada receptor e dos mecanismos envslid ativacdo dos mesmos na
inflamacéo induzida pelo cobre seja o0 proximo pgssa complementar o conhecimento do

comportamento do sistema purinérgico neste modeloféhmacéo.



