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RESUMO

O zebrafish (Danio rerio) é um peixe 6sseo originario do Paquistio e da india
com caracteristicas anatébmicas e fisiolégicas homdlogas aos organismos mais
desenvolvidos. Possui 0 seu genoma mapeado, com homologia ao genoma humano, o
que sugere que diversos genes envolvidos em doencas humanas podem ser coincidentes
ao do genoma do zebrafish. O cobre é um metal pesado que esta envolvido na producéo
de espécies reativas de oxigénio, responsaveis pela peroxidacdo de lipidios nas
membranas, oxidacdo direta de proteinas, e clivagem de moléculas de DNA e RNA.
Purinas (ATP, ADP e adenosina) e pirimidinas (UTP e UDP) extracelulares podem
atuar como moléculas sinalizadoras endogenas exercendo diferentes efeitos fisioldgicos.
Para tais ligantes, existem duas familias de receptores purinérgicos: receptores de
adenosina ou P1 (P1R), e receptores P2 (P2R). Os P1R tém como ligante enddgeno a
adenosina, e sdo uma familia de receptores metabotropicos, acoplados a proteina G, e se
dividem nos subtipos Az, Aoa, Azs € As. A sinalizacdo mediada pela adenosina esta
envolvida em importantes funcbes fisiologicas, como a modulacdo da liberacdo de
neurotransmissores, plasticidade sindptica, neuroprotecdo em eventos isquémicos,
hipéxia e estresse oxidativo. Estudos sugerem que substancias que interferem na
sinalizacdo adenosinérgica na hipdxia podem enfraquecer 0s mecanismos protetores,
resultando no aumento da resposta inflamatdria. A cafeina (1,3,7 — trimetilxantina) é a
substancia psicoativa mais consumida no mundo e € um antagonista ndo seletivo dos
receptores de adenosina. Este trabalho teve como objetivo avaliar o efeito da cafeina na
inflamacéo induzida por cobre em larvas de zebrafish. Os animais foram tratados com
cobre na concentracdo de 10 uM e com outras 3 concentracOes diferentes de cafeina
(100 pM, 500 uM e 1 mM). Foi observado, que altas concentragdes (500 uM e 1 mM)
de cafeina juntamente com o cobre provocaram um aumento significativo na
mortalidade das larvas ao final de 24 horas de tratamento. Para os experimentos
seguintes, foram escolhidos os tempos 4 e 24 horas e a concentracdo de 500 UM de
cafeina e 10 uM de cobre. Em 4 horas de tratamento, a cafeina foi capaz de alterar os
parametros de comportamento avaliados. Foi demonstrado que tanto o cobre quanto a
cafeina, podem exercer um efeito ansiogénico nas larvas de zebrafish apos 24 horas.
Para a avaliacdo do perfil inflamatério, foram escolhidos os marcadores de inflamacao
PGE;, COX-2, TNF, IL-6 e IL-10. Foi mostrado que em 4 horas de exposi¢do ha um

aumento dos niveis de PGE; nos grupos tratados com cobre e cafeina, mostrando um



efeito aditivo da cafeina em relacdo a inflamacdo induzida por cobre. A expressdo
génica de TNF, bem como a de COX-2 foi aumentada pelo tratamento com cobre,
porém, nos tratamentos com cafeina houve uma diminuigdo da expressdo génica de
COX-2. Em 24 horas de tratamento, a cafeina induziu um aumento na expressdo de
COX-2, TNF, IL-6 e diminuicdo de IL-10. Os tratamentos com cobre e cafeina
aumentaram a expressao dos 4 subtipos de receptores de adenosina principalmente apds
4 horas de exposicdo. Isso pode ser devido ao bloqueio dos receptores pela cafeina e por
uma medida fisioldgica de defesa em resposta a inflamacéo induzida pelo cobre, visto
que a adenosina, de uma forma geral, exerce um efeito anti-inflamatério. Embora a
cafeina tenha induzido uma diminuicdo significativa da sobrevida dos animais, quando
adicionada ao tratamento com cobre, nos marcadores inflamatérios e nos parametros
comportamentais estudados, ndo houve um efeito aditivo da cafeina na inflamacéo
induzida pelo cobre. Nossos resultados sugerem que a cafeina por si sO € capaz de
exercer uma acdo inflamatdria e ansiogénica em larvas de zebrafish nos tempos e

concentragdes estudados.

Palavras-chave: Zebrafish; sistema purinérgico; adenosina; cobre; cafeina; inflamacéo.



ABSTRACT

Zebrafish (Danio rerio) is a bony fish originated in Pakistan and India with
anatomical and physiological characteristics and its genome is homologous to the more
developed organisms, which suggests that many genes involved in human diseases can
be coincident to the zebrafish genome. Copper is a heavy metal involved in formation of
ROS, responsible for the lipid peroxidation in the membrane, direct protein oxidation
and cleavage of DNA and RNA molecules. Purines (ATP, ADP and adenosine) and
pyrimidine (UTP and UDP) can act as extracellular signaling molecules, exerting
different physiological effects when binding to purninergic receptors. There are two
families of purinergic receptors: adenosine receptors or P1 (P1R), and P2 receptor
(P2R). The P1R are a family of G protein-coupled receptors and are divided inA;, Aza,
As, and As; subtypes. Adenosine is the major ligand for P1R, and is involved in
important physiological functions such as modulation of neurotransmitter release,
synaptic plasticity, neuroprotection to ischemic events, hypoxia and oxidative stress.
Studies suggest that drugs that interfere in adenosine signaling may weaken the
protective mechanisms and lead to an exacerbation of the inflammatory response.
Caffeine is the most widely consumed psychoactive substance in the world and is a
nonselective antagonist of adenosine receptors. This study aimed to evaluate the effect
of caffeine in copper-induced inflammation in zebrafish larvae. The animals were
treated with copper at a concentration of 10 uM and three different concentrations of
caffeine (100 puM, 500 pM e 1 mM) to determine the survival rate and to define
timepoints and concentrations for the following experiments. It was observed that high
concentrations of caffeine combined with copper caused a significant decrease of larvae
survival after 24 h of treatment. For the following experiments, we chose 4 and 24 h of
exposure, 500 uM caffeine and 10 uM copper concentrations. After 4 h of treatment,
caffeine was able to change the behavior parameters. It was shown that both copper and
caffeine might have an anxiogenic effect on zebrafish larvae after 24 h exposure. For
the evaluation of inflammatory profile, inflammation markers PGE,, COX-2, TNF, IL-6
and IL-10 were chosen. In 4 hours of exposure, PGE; levels are increased in groups
treated with copper and caffeine. Caffeine showed an additive effect on the PGE;
release. The gene expression of TNF, as well as COX-2 was increased by copper

treatment, however, in treatments with caffeine there was a reduction of COX-2 gene



expression. In 24 h of treatment, caffeine induced an increase in COX-2, TNF, IL-6 and
decrease IL-10 expression. The treatment with copper and caffeine combined increased
the expression of the four adenosine receptor subtypes, especially after 4 h of exposure.
This may be a result of receptors blockade by caffeine, or a physiological response to
inflammation induced by copper, since adenosine, in general, exerts an anti-
inflammatory effect. Although caffeine markedly decreased animal survival when
combined to copper, caffeine did not potentiate the inflammatory and behavioral effects
induced by copper. Our results suggest that caffeine alone is able to exert inflammatory

and anxiogenic actions in zebrafish larvae at the timepoints and concentrations assessed.

Keywords: Zebrafish; purinergic system; adenosine; copper; caffeine; inflammation.
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INTRODUCAO

Zebrafish

A pesquisa biomédica tem feito uso de animais para entender a patogénese de
doencas humanas a nivel celular e molecular, tendo os roedores como principal modelo
na pesquisa pré-clinica (Lieschke e Currie, 2007). Apesar de seus pontos fortes,
possuem limitacOes experimentais no estudo de doencas, em especial no que diz
respeito a pesquisas em larga escala, como screening genético ou de novos farmacos
(Ablain e Zon, 2013).

O zebrafish (Danio rerio) é um peixe 6sseo com origem no Paquistdo e na india
e conhecido no Brasil como Paulistinha (Lessman, 2011; Liu e Leach, 2011). Tem sido
amplamente adotado em estudos comportamentais, toxicologicos, imunologicos
(Sullivan e Kim, 2008), além de ser uma alternativa util, de grande valor cientifico e de
menor custo em comparagdo aos outros modelos animais (Zon e Peterson, 2005).

A utilizacdo de embrides e larvas de zebrafish € propicia devido as suas
caracteristicas favoraveis de absorcao, a facil manutencéo, ao rapido desenvolvimento,
ao tamanho e a transparéncia do animal, a necessidade de pequenas quantidades de
compostos para a realizacao dos ensaios, a grande quantidade de animais que podem ser
estudados em um determinado tempo e o fato de que os embrides se desenvolvem fora
do corpo da mée (Berghmans et al., 2008).

Se comparados aos ensaios de cultura celular, este modelo tem como principal
vantagem, a avaliagdo do efeito de uma determinada substancia sobre um organismo
completo e in vivo (Langheinrich, 2003). J& foi descrito que a distribuicdo, o
metabolismo e a excrecdo de drogas sdo acessiveis no modelo de zebrafish. Além disso,
podem ser observados alguns fendtipos classicos de doengas como dor, sedacdo, ténus
vascular, motilidade gastrointestinal, entre outros (MacRae e Peterson, 2015).

O zebrafish apresenta caracteristicas anatbmicas e fisiolégicas homdlogas aos
organismos mais desenvolvidos, e possui 0 seu genoma mapeado, com significante
homologia ao genoma humano, sugerindo que diversos genes envolvidos em doencas
humanas podem ser coincidentes ao do genoma do zebrafish (Goldsmith e Jobin, 2012).

As caracteristicas do zebrafish fazem deste, um modelo util na descoberta de
novos alvos farmacoldgicos, podendo contribuir em varias etapas do processo de

desenvolvimento de farmacos (Zon e Peterson, 2005).
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Inflamacéo induzida por cobre

A inflamacdo é uma resposta adaptativa desencadeada por estimulos ou
condigdes nocivas, tais como infeccdes e leséo tecidual (Medzhitov, 2008). O processo
inflamatdrio envolve gasto de energia metabdlica, dano e destruicdo dos tecidos do
hospedeiro, e até mesmo risco de sepse, faléncia de multiplos 6rgaos e morte. A funcéo
principal da inflamacgéo € a resolucdo de infeccBGes e o reparo de danos, para que as
células retornem ao estado de homeostasia (Barton, 2008).

A inflamac&o aguda é caracterizada por uma resposta de curto prazo, que resulta
em infiltracdo de leucocitos, eliminacdo do estimulo e reparo tecidual. Ao passo que a
inflamacdo cronica € uma resposta prolongada que envolve destruicdo tecidual e,
sucessivas tentativas de reparo. Tanto na resposta aguda quanto na cronica, estdo
envolvidas as citocinas e outros mediadores inflamatorios, como interleucinas, fator de
necrose tumoral (TNF), interferon- y (IFN-y) e espécies reativas do oxigénio (ERO)
(Dantzer et al., 2008; Martinon et al., 2010). Homologos para uma variedade de
citocinas de mamiferos, como TNF, IL-1, IL-8, IL-10, IL-11, IL-15, IL-22, e IL-26, ja
foram identificados em zebrafish, (Sullivan e Kim, 2008).

O zebrafish tem sido amplamente utilizado para o estudo do sistema imune dos
vertebrados, pois possui um sistema imune similar ao dos mamiferos, incluindo a
presenca de linfdocitos T e B, células apresentadoras de antigenos, celulas fagociticas e
elementos da imunidade humoral (Harvie e Huttenlocher, 2015; Iwanami, 2014). As
semelhangas entre o sistema imunoldgico, o aumento na producdo de zebrafish
transgénicos e knockout e o fato do zebrafish ter seu genoma sequenciado, impulsionou
estudos que estabelecem modelos de inflamacdo induzidas por Escherichia coli
(\Vojtech et al., 2009; Loynes et al., 2010) e por cobre (d'Alencon et al., 2010; Leite et
al., 2012).

O cobre (Cu) é um metal essencial encontrado em todos 0s organismos Vivos e é
um importante cofator catalisador de proteinas que desempenha fungbes bioldgicas
fundamentais, necessarias para o crescimento e desenvolvimento (Valko et al., 2005).
Este metal pesado pode participar de reagdes que resultam na produgdo de espécies
reativas de oxigénio (ERO), responsaveis pela peroxidacdo de lipideos nas membranas,
oxidacdo direta de proteinas, e clivagem de moléculas de DNA e RNA. A exposicdo

crbnica ao cobre também esta associada a desordens de metabolismo, vista na doenca de



16

Wilson e doencas neurodegenerativas, como a Doenca de Alzheimer (Gaetke e Chow
2003; Brenner 2013).

Olivari e colaboradores (2008) apontaram que o mecanismo de lesdo provocado
pelo cobre inicia através do estresse oxidativo, que lesiona os neuromastos, células
ciliares da linha lateral do zebrafish. Outro estudo, de d’Alengon e colaboradores
(2010), demonstrou que leucdcitos migram para o foco inflamatério e que o tratamento
com antioxidantes e farmacos anti-inflamatérios é capaz de reverter esta migracdo e

reduzir a lesdo induzida pelo cobre (Figura 1).

Figura 1. Imagem da migracdo de leucécitos em zebrafish. Os leucdcitos (em vermelho) migram em
diregdo aos neuromastos (setas brancas), sitio de inflamacéo, apds a exposi¢do ao cobre. Imagem retirada

e adaptada de d"Alecon et al., 2010. Reproduzida com permissao.

No estudo de Leite e colaboradores (2013) foi descrito que o tratamento com
cobre resulta em uma alta mortalidade concentracdo-dependente, inducdo do estresse
oxidativo, e, que a PGE; e outros mediadores inflamatdrios, como COX-2, TNF, IL-18
e IL-10, também estdo envolvidas neste processo. Neste contexto, estes estudos
demonstram que o cobre pode ser um agente inflamatorio adequado para o estudo da

inflamacéo sistémica em larvas e embrides de zebrafish.
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Cafeina

A cafeina (1,3,7 — trimetilxantina) € a substancia psicoativa mais consumida no
mundo. Foi descoberta no grdo de café (Coffea arabica) na Arabia, na folha de cha
(Thea sinensis) na China, na noz de cola (Cola nitida) na Africa Ocidental e nos graos
de cacau (Theobroma cacao) no México (Persad, 2011).

E um alcaléide natural, presente em diversas bebidas como o café (a maior fonte
de cafeina da dieta), chas, refrigerantes, energéticos, chocolates, suplementos
alimentares, alguns medicamentos e estimulantes (Gonzalez de Mejia e Ramirez-Mares,
2014). Conhecida por afetar o sono, a cogni¢do, o aprendizado e a memoria, a cafeina
também influencia na regulacéo da frequéncia cardiaca, na contracao e relaxamento dos
musculos cardiaco e liso e na sinalizacdo neuronal no sistema nervoso central (Rivera-
Oliver e Diaz-Rioz, 2014).

Quando absorvida, a cafeina se distribui por todo o organismo podendo
atravessar a barreira hematoencefdlica e a placenta, e exercer diversos efeitos
fisioldgicos (Temple, 2009). A Cmax é atingida 60 minutos ap6s 0 consumo e seu Ty,
de aproximadamente 5 horas (Lang et al., 2013). O metabolismo ocorre primeiramente
no figado pela isoforma CYP1A1 do citocromo P450 (Arnaud, 2011).

Evidéncias cientificas mostram que, na populacdo adulta saudavel, o consumo
moderado de cafeina (400 mg/dia) ndo esta associado a efeitos adversos a saude
(Heckman, 2010). A ingestdo de cafeina esta relacionada a perda de peso, melhora da
intolerancia a glicose, diminuicdo do risco de diabetes tipo 2, melhora dos sintomas da
doenca de Parkinson, bem como uma menor incidéncia da doenca, além da reducdo do
risco de alguns tipos de cancer (Mitchell et al., 2014).

O consumo excessivo esté associado a quadros de ansiedade e inquietagdo, dores
de cabeca, taquicardia, palpitacOes, ins6nia e tremores, sendo essa dose-resposta
variavel entre individuos (Heckmann et al., 2010; Rogers et al., 2010). O Ty, da cafeina
pode se estender em até 30 horas em casos de gravidez, fetos em desenvolvimento,
mulheres em uso de anticoncepcional por via oral e em pacientes com a funcéo hepatica
comprometida, sendo esses grupos de pacientes 0s mais suscetiveis aos efeitos toxicos
da cafeina (Lean et al., 2012; Ludwig et al., 2014).

A cafeina é um antagonista ndo seletivo dos receptores de adenosina (Ai, Aza,

Aos e Agj). Possui uma baixa afinidade pelos receptores Az enquanto apresenta alta



18

afinidade pelos receptores Aza e Azs (Sawynok, 2011). Ja foi demonstrado que a
cafeina pode inibir fosfodiesterases, promover ativacdo de canais de célcio e interferir
nos receptores GABAA (Ribeiro e Sebastido, 2010). Também pode influenciar na
neurotransmissdo mediada por glutamato, acetilcolina, epinefrina, norepinefrina,

serotonina e dopamina (Pohanka e Dobes, 2013).
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Sistema Purinérgico e Receptores de Adenosina

Purinas (ATP, ADP e adenosina) e pirimidinas (UTP e UDP) extracelulares
podem atuar como moléculas sinalizadoras enddgenas, exercendo diferentes efeitos
fisiologicos. O ATP esta envolvido na secrecdo de citocinas e no recrutamento e
diferenciacdo de células imunes, e de forma contréria, a adenosina medeia respostas
imunossupressoras com o intuito de proteger os tecidos saudaveis (Bours et al., 2006;
Burnstock, 2006). Os efeitos biologicos exercidos por nucleotideos e nucleosideos
extracelulares séo exercidos por meio da sensibilizacdo de purinoreceptores (Burnstock
2006; Verkhratsky et al., 2009).

Existem duas familias de receptores purinérgicos: receptores de adenosina ou P1
(P1R), e os receptores P2 (P2R), que reconhecem ATP, ADP, UTP e UDP. Baseado nas
diferengas de suas estruturas moleculares e nos mecanismos de transducéo de sinal, os
P2R sdo classificados em duas subfamilias de receptores: receptores P2X (P2XR)
ionotropicos, e P2Y (P2YR) metabotropicos (Ralevic and Burnstock, 1998; Burnstock,
2006). Atualmente, ja foram identificados sete subtipos de P2XR (P2X1 a P2X7) e oito
subtipos de P2YR (P2Y1, P2Y2, P2Y4, P2Y6, P2Y1l, P2Y12, P2Y13 E P2Y14)
(Burnstock, 2006).

Os receptores P2X sdo canais catibnicos com permeabilidade para sodio,
potassio e calcio, ativando cascatas de sinalizacdo dependentes destes ions (Stagg e
Smyth, 2010; Tsuda et al., 2010), e estdo distribuidos no cérebro e nos nervos
periféricos, musculo esquelético e liso, glandulas, tecido conjuntivo e células do sistema
imunoldgico (Ralevic e Burnstock, 1998). Estes receptores tém um importante
envolvimento em processos inflamatorios, como a liberacdo de citocinas (Alves et al.,
2013).

Os receptores P2Y sdo acoplados a proteina G e podem ativar a fosfolipase C
com consequente liberacdo de célcio intracelular ou, afetar a adenilato ciclase e alterar
os niveis de AMP ciclico (Burnstock, 2007). Os P2YR possuem atividades com
potenciais terapéuticos, como o receptor P2Y1 envolvido na agregacdo plaquetaria e o
receptor P2Y2 em processos inflamatorios (Burnstock, 2007; von Kugelgen e Wetter,
2000).

Os P1R séo uma familia de receptores metabotrépicos, acoplados a proteina G e
de acordo com a estrutura molecular e caracterizacdo farmacoldgica, dividem-se nos

subtipos Aj, Aza, Ags € Az (Tricanvelli et al., 2010). Estes receptores diferem entre si na
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sua afinidade pela adenosina, no tipo de proteina G que eles recrutam e nas vias de
sinalizacdo que sdo ativadas na celula alvo. Enquanto A;, Aza e A; exibem alta
afinidade, o subtipo A,g apresenta uma baixa afinidade pela adenosina (Ciruela et al.,
2010).

Os subtipos A; e Az sdo acoplados a proteina Gy, e quando ativados, inibem a
enzima adenilato ciclase, o que diminui os niveis de AMP ciclico. A ativagdo dos
subtipos Aza € Azg, que sdo acoplados a proteina Gs, estimulam a enzima adenilato
ciclase, resultando no aumento dos niveis de AMP ciclico (Burnstock, 2007; Montinaro
etal., 2013).

A concentracdo de adenosina encontra-se baixa no meio extracelular e aumenta
em condigdes de estresse metabdlico, como inflamacéo e cancer (Kumar, 2013). A sua
formacdo ocorre por meio da degradacdo dos nucleotideos por ectoenzimas, que
controlam os efeitos desencadeados por essas moléculas (Antonioli et al., 2014). O ATP
ou o ADP sdo convertidos em AMP pela enzima ecto-nucleosideo-trifosfo-
difosfoidrolase (E-NTPDase, também conhecida como CD39) e em seguida a ecto-5"-
nucleotidase (ecto-5-NT, também conhecida como CD73), hidrolisa 0 AMP em

adenosina, como mostrado na Figura 2 (Chen et al., 2013; Yegutkin, 2008).

Extracellular

P2XRs P2YRs F1-ATPase CD39 CD73 P1Rs ENT1

Intracellular Vesicular release
ABC transporters
Connexins
Pannexins
P2X7R

Figura 2. Representagdo do Sistema Purinérgico. Liberacdo e degradacdo do ATP até
adenosina pelas enzimas CD39, CD73 e ligacdo aos seus receptores especificos. Figura retirada
de Ferrari et al., 2015 e reproduzida com permissao.

A adenosina também pode ser liberada por meio de transportadores bidirecionais
de nucleosideos especificos. Esses transportadores de adenosina séo classificados em

transportadores equilibrativo de nucleosideo (ENTS) e transportadores concentrativos de
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nucleosideos (CNTs) (Paes-De-Carvalho, 2002). Os transportadores do tipo
equilibrativo transportam a adenosina através da membrana plasmatica de acordo com o
gradiente de concentragdo, enquanto que 0s concentrativos sdo dependentes de Na* e
transportam a adenosina contra o gradiente de concentracao (Sheth et al., 2014).

Ja foi relatado que os receptores de adenosina sdo ativadores de canais de sodio
e potassio, além de regularem a fosfolipase C, a sintese de inositol trifosfato (Fredholm,
2001), e ainda sinalizar através da via de sinalizacdo MAPK (mitogen-activated protein
kinase). Estas cascatas s@o vias de transducéo de sinal desencadeiam respostas celulares
fisioldgicas ou patologicas, como inflamagdo, apoptose, proliferacdo e diferenciacéo
celular (Jacobson e Gao, 2006; Owens e Keyse, 2007).

A sinalizagdo mediada pela adenosina esta envolvida em importantes fungdes
fisiologicas, como a modulagcdo da liberagdo de neurotransmissores, plasticidade
sinaptica e neuroprotecdo em eventos isquémicos, hipoxia e estresse oxidativo. Este
nucleosideo regula a proliferacdo de células T e a producdo de citocinas, além de
desempenhar diferentes funcdes em uma variedade de tecidos, como vasodilatacdo e
vasoconstricdo de veias e artérias, inibicdo da lipolise e estimulacdo da
broncoconstri¢do (Sheth et al., 2014).
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Receptores de Adenosina, Inflamacéo e Cafeina

Durante condigdes de estresse celular, como inflamagdo e hipoxia, ocorrem
mudancas na formacéo e degradagdo da adenosina, que resulta em um rapido aumento
da concentracdo de adenosina extracelular. A ativagdo subsequente dos receptores
desencadeiam modulagdes da resposta inflamatoria e reducdo da injuria tecidual. A
estimulacdo dos receptores de adenosina induz uma variedade de efeitos, incluindo
vasodilatacdo, inibicdo da agregacdo plaquetaria, entre outros efeitos relacionados ao
processo de inflamacdo (Ramakers et al., 2011).

Apresentando niveis extracelulares aumentados em patologias inflamatérias, a
sinalizacdo mediada pela adenosina mostra-se um importante alvo farmacologico
durante a resolucdo da inflamacdo (Ohta e Sitkovsky, 2009). J& foi previamente
descrito, que a adenosina pode atenuar a inflamacdo diminuindo o recrutamento de
leucocitos, a adesdo de células ao endotélio vascular, a producdo de ERO e de outros
potencias mediadores deletérios (como NO, TNF, IL-6 e IL-12), além de induzir o
aumento de IL-10 (Hasko e Cronstein, 2013).

As concentracbes de adenosina podem ser reguladas por recaptacdo e
subsequente fosforilagdo em AMP ou pela deaminacédo a inosina pela enzima adenosina
deaminase (ADA). J& foi demonstrado que na inflamagdo induzida pelo cobre as
atividades ATPasica e ADPasica ndo foram significativamente alteradas, mas que a
atividade da ADA esté reduzida, mantendo os niveis de adenosina aumentados. Além
disso, também foi verificado que as subfamilias ADA 2.1, ADA 2.2 e ADA L
apresentaram alteracdo na expressao génica ap0s a exposicdo ao cobre. A subfamilia
ADA 2 tem seu papel bem descrito nos eventos pro-resolutivos (Leite et al., 2013).

Os receptores de adenosina dividem-se em 4 subtipos, A;, Aca, A € Az
(Burnstock, 2006). A expressdo de subtipos de receptores P1 tem sido amplamente
descrita em zebrafish. Além da expressao do receptor Az, foram identificados dois genes
para o receptor Aza, nomeados Aza1 e Azaz, Porém, as suas diferencas funcionais ainda
ndo estdo bem estabelecidas, e até 0 momento, ndo ha evidéncias da presenca do subtipo
As (Boehmler et al., 2009).

De um modo geral, a ativacdo dos receptores A; apresenta a¢Ges controversas,
tanto anti como pro-inflamatdrias. Em estudos pre-clinicos em modelo de asma, a
adenosina, via receptor A; promove a obstrucao e exacerbacdo da inflamacao nas vias

aéreas (Antonioli et al., 2014). Os receptores A; podem mediar eventos associados ao
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dano causado pela isquemia, incluindo a liberacdo de glutamato, mudanca no potencial
de membrana e influxo de célcio (Paul et al., 2011). A ativacdo farmacoldgica deste
subtipo de P1R diminuiu a extensdo dos danos causados pela isquemia no cérebro (Cui
et al., 2013), bem como o seu blogueio provocou um aumento do dano cerebral (Cunha
et al., 2005).

Estudos farmacoldgicos e bioquimicos estabeleceram que o receptor Aza € um
subtipo predominante em células imunes e a sua interagdo com a adenosina € capaz de
inibir a inflamacdo pela inducdo de AMP ciclico. Ja foi demonstrado que farmacos anti-
inflamatdrios como o metotrexato, a sulfasalazina e o acido acetilsalicilico provocam o
acumulo de adenosina nos tecidos (Cronstein et al., 1994 e 1999). O receptor A,a tem
papel fundamental na imunoregulacdo do sistema adenosinérgico e a sua ativacdo
desencadeia efeitos anti-inflamatdrios em células especificas e em diferentes modelos
de inflamacdo (Haskd e Pacher, 2008). O uso de agonistas de receptor A,a tem sido
estudado na asma, doenca obstrutiva pulmonar crénica (DPOC), doencas renais, entre
outras desordens inflamatorias (Antonioli et al., 2014).

O receptor Ayp estd co-expresso com o receptor Ay nas células imunes e o seu
estimulo aumenta a producdo de IL-6 e exerce um papel pro-inflamatorio na asma e na
colite. No entanto, estudos com camundongos knockout mostraram uma acdo anti-
inflamatoria deste receptor na inflamag&o vascular e na exacerbacéo da injuria pulmonar
(Kolachala et al., 2008; Sun et al., 2006). Visto que o receptor Azg é expresso nas
células imunes e epiteliais, esses resultados controversos podem ser causados pela
diferenca das respostas especificas do tipo celular para a adenosina via receptor Ajg
durante a inflamag&o (Ohta e Sitkovsky, 2009).

Estudos sugerem que substéncias que interferem na sinalizacdo adenosinérgica
na hipdxia podem enfraguecer os mecanismos protetores e resultam no aumento da
resposta inflamatoria. A interrup¢do da sinalizacdo do receptor Aza, utilizando um
antagonista especifico, pode aumentar a inflamacdo e interessantemente ha antagonistas
de receptores de adenosina usuais, como a cafeina (Otha e Stikovsky, 2001).

A cafeina tem diversos alvos bioquimicos como AMP ciclico, fosfodiesterase,
fosfatidilinositol 3 quinase (PI3K), além dos receptores de adenosina, 0s quais S0 0S
seus alvos mais potentes. Sendo um antagonista ndo seletivo, pode se ligar aos 4
subtipos de receptores e desencadear uma série de efeitos relacionados a inflamacéo

(Fredholm et al., 1999; Foukas et al., 2002). Possivelmente, a ligacdo da cafeina aos
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receptores P1 e a acdo antagonista, ocorre devido as semelhancas estruturais das

moléculas de cafeina e adenosina (Figura 4) (Smith et al., 2006).
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Figura 4. Estruturas quimicas da adenosina e cafeina. Demonstracdo da semelhanca
estrutural da adenosina (esquerda) e da cafeina (direita). Figura retirada de Alves et al., 2009.

Foi demonstrado que o tratamento com cafeina atenuou a inflamacdo induzida
por LPS em modelos de neuroinflamag&o (Brothers et al., 2010) e injuria (Sakamoto et
al., 2000). Em contrapartida, o estudo de Montesinos e colaboradores (2000) descreveu
que metilxantinas como a cafeina, podem reverter o efeito anti-inflamatorio do
metotrexato em um modelo de artrite inflamatoria. A cafeina pode aumentar o dano
tecidual por meio do bloqueio do receptor Aza sendo de importancia clinica que a
intensidade da inflamag&o possa ser aumentada em individuos consumidores de café, ja
que as concentracdes de cafeina no sangue sdo altas o suficiente para bloquear o
receptor Axa (Otha e Stikovsky, 2001).

Visto que os estudos apresentam descrigdes dubias quanto a acdo da cafeina no
processo inflamatdrio, € possivel que a cafeina possa exercer papel tanto inflamatorio
quanto anti-inflamatdrio, dependendo da dose e da concentracdo enddgena da adenosina

presente no local da inflamacédo (Horrigan et al., 2006).
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OBJETIVOS

Objetivo Geral

Elucidar o efeito da cafeina e dos receptores de adenosina no modelo de

inflamacéo induzida por cobre em larvas de zebrafish.

Obijetivos Especificos

o

o

Avaliar a sobrevida dos animais tratados com cobre e cafeina;

Estudar o efeito da cafeina e da inflamacdo induzida pelo cobre no

comportamento das larvas de zebrafish;

Determinar o efeito da cafeina na produgdo de PGE; ap6s o tratamento com
cobre;

Investigar a agdo da cafeina na expressdo génica dos diferentes receptores de

adenosina P1 (A1, Aza1, Azaz € Azg) e de marcadores inflamatorios (TNF,
IL-6; IL-10 e COX-2).
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CONSIDERACOES FINAIS

A cafeina ¢ uma das diversas substancias presentes nos alimentos capazes de
exercer efeitos fisiologicos (Mitchell et al., 2014). Embora a sua acdo mais conhecida
seja como estimulante do sistema nervoso central, estudos epidemiolégicos apontaram
gue o consumo de cafeina esta associado a um menor risco de desenvolvimento das
doencas de Alzheimer e Parkinson, bem como de certos tipos de cancer, e melhora na
funcdo hepatica. Em contrapartida, pode causar aumento da pressdo sanguinea, perda
Ossea, ansiedade, nausea e dores de cabeca (Cano-Marquina et al., 2013; Gonzales de
Mejia e Ramirez-Mares, 2014). O seu principal mecanismo de a¢do é como antagonista
dos receptores de adenosina e diversas evidéncias indicam que a cafeina pode modular o
funcionamento do sistema imune (Horrigan et al., 2006).

A utilizacdo do cobre como indutor de inflamagdo em larvas de zebrafish esta
bem estabelecida, ja tendo sido utilizada em estudos de avaliagdo da migracdo de
neutrofilos ao sitio de inflamacdo (d’Alecon et al., 2010), morte celular, estresse
oxidativo (Olivari et al., 2008), e envolvimento do sistema purinérgico na inflamacgéo
(Leite et al., 2013). Nossos resultados demonstraram que o tratamento combinado com
cobre e cafeina (500 UM e 1 mM) resultou na diminui¢do da sobrevida das larvas,
sugerindo uma exacerbacdo da toxicidade do cobre provocada pela cafeina.
Interessantemente, o cobre e a cafeina alteraram a expressdo de TNF, COX-2, IL-6 e IL-
10, de acordo com o tempo de tratamento, porém ndo houve um efeito aditivo da
cafeina sobre a a¢do do cobre.

Somente na determinacdo dos niveis de PGE,, o tratamento combinado com
cobre e cafeina apresentou um efeito aditivo. Tal efeito foi visto apenas apds 4 horas de
tratamento, mostrando a importancia do tempo de exposicdo na avaliagdo da
inflamagdo. De um modo geral, a cafeina ndo potencializou o efeito do cobre nos
marcadores inflamatorios avaliados, mas apresenta um efeito inflamatdrio semelhante
ao deste metal pesado, 0 que é relevante do ponto de vista nutricional, devido o elevado
consumo de cafeina na dieta.

Tanto o cobre quanto a cafeina aumentaram a expressdo dos quatro subtipos
diferentes de receptores P1 de adenosina, especialmente apds 4 horas de tratamento.
Acreditamos que a cafeina pode estar modulando a expressdo dos receptores como

resultado de sua agdo antagonista. O aumento da expressdo dos receptores purinérgicos
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ocasionado apos o tratamento com cobre pode ser devido a uma medida de defesa
contra a injuria celular, considerando uma acdo anti-inflamatoria da sinalizacdo da
adenosina pelos receptores P1.

O efeito ansiogénico da cafeina ja foi descrito previamente em zebrafish
(Maximino et al., 2011). Foi mostrado no nosso estudo, que apos 4 e 24 horas de
tratamento, a cafeina é capaz de induzir um comportamento de ansiedade nas larvas de
zebrafish. Larvas tratadas com cobre apresentaram alteragdo no comportamento
semelhante ao da cafeina, indicando uma possivel relacéo entre ansiedade e inflamacao.

Deve-se ressaltar que a exposicéo a cafeina foi realizada nos primeiros estagios
de vida do zebrafish, e que podem ocorrer diferengas no efeito do tratamento de acordo
com a idade do animal. Além dos resultados envolvendo a cafeina, juntamente com o
trabalho de Leite et al. (2013), nossos dados sugerem que o sistema adenosinérgico esta
envolvido na inflamacdo induzida por cobre e que este modelo pode ser utilizado no
estudo de outros receptores envolvidos na inflamagdo, como os demais receptores
purinérgicos.

Tendo em vista que a cafeina é um antagonista ndo seletivo dos receptores de
adenosina, a comparagdo dos seus efeitos com de agonistas e antagonistas especificos
dos diferentes subtipos de receptores, poderia auxiliar na avaliagdo do papel de cada
receptor na inflamagdo e nos parametros comportamentais. A enzima adenosina
deaminase (ADA) é responsavel pela hidrolise da adenosina até inosina e a adenosina
quinase (AK) é responsavel pela conversdo da adenosina em AMP (Fredholm, 2014) e
os transportadores equilibrativos de nucleosideos (ENT) e os transportadores
concentrativos de nucleosideos (CNTSs) controlam a difusdo da adenosina entre 0s meios
extra e intracelulares (Ramarkers et al., 2011). Estudos posteriores podem ser realizados
a fim de verificar o efeito da cafeina ndo somente na expressdo dos receptores, mas
também nas enzimas e transportadores celulares envolvidos na regulacdo dos niveis de
adenosina.

Também deve ser ressaltado o fato de que a cafeina pode exercer influéncia em
fosfodiesterases, na abertura de canais de calcio e nos receptores GABAAa (Daly, 2007;
Ribeiro e Sebastido, 2010), e pesquisas que abranjam tais vias de sinalizacdo também
podem auxiliar na investigacdo mais detalhada do efeito da cafeina nos processos

inflamatorios.
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De um modo geral, nossos resultados apontam um potencial efeito inflamatorio
da cafeina e podemos inferir que tal acdo estd relacionada & sua interacdo com o0s
receptores de adenosina.
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ABSTRACT

Purpose: This study investigated the effects of caffeine in the behavioral and
inflammatory alterations caused by copper in zebrafish larvae, attempting to correlate
these changes with the modulation of adenosine receptors. Methods: To perform a
survival curve, 7 dpf larvae were exposed to 10 uM CuSO4, combined to different
concentrations of caffeine (100 puM, 500 uM and 1 mM) for up to 24 h. We selected 4
and 24 h as treatment time-points and the concentration of 500 puM of caffeine for the
remaining experiments. The behavior evaluation was done by analyzing the traveled
distance, the number of entries in the center, and the length of permanence in the center
and the periphery of the well. To study the inflammatory effects of caffeine, we
assessed the PGE; levels by using UHPLC-MS/MS, and the gene expression of TNF,
COX-2, IL-6 and IL-10 by RT-qPCR. The expression of adenosine receptors was also
evaluated with RT-gPCR. Results: The treatment with copper showed lower survival
rates only when combined with 500 uM and 1 mM of caffeine, whereas the isolated
treatments did not cause significant mortality. The 4 and 24 h of exposure to 10 uM
CuSO,4 plus 500 uM caffeine, changed the behavioral parameters. Caffeine also
significantly altered gene expression of inflammatory markers depending on the time of
exposure. The adenosine receptors expression was significantly increased, especially
after 4 h exposure to copper and caffeine together or separately. Conclusion: Although
caffeine decreased animal survival in combination with copper, it did not exacerbate the
inflammatory and behavioral effects induced by copper. Our results suggest that
caffeine is able to exert inflammatory and anxiogenic actions in zebrafish larvae in the

times and concentrations tested, and its effects are related to adenosine receptors.

KEYWORDS
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1. INTRODUCTION

Zebrafish (Danio rerio) have been widely used in developmental biology and
molecular genetic studies, as well as in high-throughput screening for toxicity of
chemicals (Hill et al., 2005). Among the several characteristics that make the zebrafish a
useful animal model in research are: high fecundity; low maintenance costs in
comparison with mammals; rapid embryogenesis; larvae transparency that allows the
visualization of tissues in vivo; absorption of compounds from water, and the high
degree of similarity with the human genome (Chakraborti et al, 2009).

Copper (Cu) is a trace metal present in living organisms that can cycle between
oxidized Cu (I1) and reduced Cu () states (Tapiero et al., 2003). This metal is important
in several biological processes, such as photosynthesis and respiration, iron metabolism,
connective tissue formation, free radical scavenging and neurological function (Kuo et
al., 2001). The cellular damage promoted by copper is probably secondary to the
production of reactive oxygen species (ROS) (Brown and Borutaite, 2001; Valko et al.,
2006), and this element is likely implicated in reactions that generate the hydroxyl
radical, which may be detrimental to lipids, proteins and DNA (Halliwell and
Gutteridge, 1984; Puig and Thiele, 2002). Menkes and Wilson’s diseases (Strausak et
al., 2001) and neurodegenerative conditions, such as Alzheimer’s and Parkinson’s
diseases have been associated to the unbalance in copper levels (Pal et al., 2014).

Adenosine is a product from the hydrolysis of adenosine triphosphate (ATP) and
plays a series of pathophysiological functions throughout the body (Sheth et al, 2014).
This purine nucleoside promotes its effects by binding and activating four adenosine
receptors: A1, Aza, Azg and As, which are G-protein-coupled cell-surface receptors
(Antonioli et al., 2013; Haskd et al., 2008). Adenosine binding to A; and Az receptor
subtypes leads to an inhibition of the adenylate cyclase enzyme, decreasing cyclic AMP
levels. The activation of Aya and Ajg subtypes, cause the stimulation of adenylate
cyclase, resulting in increased cyclic AMP levels (Burnstock, 2007; Montinaro et al,
2013).

During inflammation, excessive damage to healthy tissues can compromise the
normal functions and it must be controlled by resolution mechanisms. Adenosine is
involved in these mechanisms through their anti-inflammatory effects. For instance,
high extracellular levels of adenosine are observed in inflammatory diseases, such as

asthma and sepsis, being an important target for the resolution of inflammation (Ohta
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and Sitkovsky, 2009).

Caffeine is a natural alkaloid and one of the most used bioactive substances
worldwide, being present especially in coffee beans, tea leaves, cola nuts and cocoa
(Gonzalez de Mejia and Ramirez-Mares, 2014). It exerts most of its actions by
antagonizing the four adenosine receptors subtypes, but also present several other
targets such as calcium channels, phosphodiesterases (PDEs), GABA receptors (Ribeiro
and Sebastido, 2010) and phosphatidylinositol-3-kinase (PI3K), triggering effects in
inflammation, immunomodulation (Foukas et al., 2002) and tissue protection (Ohta and
Sitkovsky, 2009).

Since the outcome of caffeine in inflammatory processes has not been
completely elucidated, the aim of this study was to evaluate the effects of caffeine in
adenosine receptors expression, behavior and inflammation, in a copper-induced

inflammatory model in zebrafish larvae.

2. MATERIALS AND METHODS

2.1. Animals

Adult zebrafish were maintained in an aquarium system with controlled pH and
temperature (Zebtec, Tecniplast, Italy), under a light/dark cycle of 14/10 hours,
respectively. The animals were fed with balanced diet that combines artemia (Artemia
salina) and commercial flocked. The fishes were mated as described by Westernfield
(2000) to obtain the embryos. All protocols used in this work were performed with the
consent of the Institutional Animal Care Committee (09/00135, CEUA-PUCRS). To
perform the experimental procedures described in this study, we followed the

“Principles of Laboratory Animal Care” from the National Institutes of Health (NIH).

2.2. Chemicals

Copper, added as copper sulfate pentahydrate (CuSO,4-5H,0) was acquired from
Merck (Darmstadt, Hessen, Germany), and caffeine was purchased by Sigma (St. Louis,
MO, USA).

2.3. Treatments
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Seven dpf larvae were treated with 10 uM CuSO,, (Leite et al., 2012 and 2013)
and with 3 different concentrations of caffeine: 100 uM, 500 uM and 1mM. In the
combined treatments, copper (10 uM) was added to the medium 30 minutes before

caffeine for induction of inflammation.

2.4. Survival Curve

For evaluation of the survival rates, the larvae mortality was verified after 0, 2,
4, 8 and 24 hours after treatments as described above. Twenty five larvae were used per
group and the experiments were performed in triplicate (n = 3). The parameters
observed to determine the mortality were color, locomotion, position and heart rate,
using a microscope (Nikon® SMZ 1500).

2.5. Larvae Behavior

The zebrafish larvae behavior was evaluated according to Colwill and Crenton
(2011). A 6-well plate was illuminated from above and filmed from below, using a
high-resolution digital camera (Logitech®). The acquired recordings were analyzed by
the software ANY-Maze (Stoelting Co., Wood Dale, IL, USA). After 4 and 24 hours of
exposure to treatments, the animals were selected and transferred one per well to shoot
the plate. In the videos, larvae have undergone a period of one minute for acclimation
and five minutes for behavior analysis. This experiment required at least 12 larvae per
group (Capiotti et al., 2013). The parameters evaluated were distance, number of entries
in the center, time spent in the center and time spent in the peripheral area of the well.
The last three parameters are indicative of thigmotaxis, which is related to anxious
behavior (Kalueff et al., 2013).

2.6. Determination of PGE;, by UHPLC-MS/MS

PGE, levels were determined at 4 and 24 hours after copper and caffeine
treatments. To conduct these set of experiments, a pool of 35 larvae was required for
each group of treatment (n=6). The methodology employed was similar to that
described by Leite et al. (2013). Larvae homogenates were prepared in 500 uL of
phosphate buffered saline - PBS (pH 7.2-7.4). An aliquot of 400 pL of the homogenate
was transferred into a 9 mL glass tube to carry out the extraction. Eight uL of 1 M nitric
acid were added to the samples and 50 uL of BHT 1% were added to each tube. PGE,
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extraction was made using 2 mL of hexane: ethyl acetate (1:1, v/v) and mixing for 1
minute. The samples were centrifuged at 800xg for 5 min at 4 °C. The organic phases
from three extractions were collected, and under a stream of nitrogen at room
temperature, were evaporated to dryness and reconstituted in 100 uL of methanol. The
samples were analyzed by ultrahigh performance liquid chromatography coupled with
mass spectrometry (UHPLC-MS/MS). Five pL was injected into the UHPLC 1290/MS
6460 TQQQ — Agilent (all UHPLC components and software Mass Hunter were from
Agilent Technologies®). Chromatographic separations were executed using a Zorbax
Eclipse Plus Phenyl-Hexyl 4.6 x 50 mm 1.8 um column. The flow rate of formic acid
0.1%: acetonitrile (formic acid 0.1%) 50:50 v/v mobile phase was 0.4 mL/min with a
column temperature of 45°C. To detect PGE,, an electrospray negative ionization and
multiple-reaction monitoring of the transition ions was used. The collision energy was
14V for transition 351 N 271 (quantifier) and 6 V for 351 N 315 (qualifier). The results

were expressed as nanograms of PGE; per mg of protein.

2.7. Protein Quantification
For quantification of total protein in the homogenates of the zebrafish larvae, the

method using Coomassie Blue as described by Bradford was adopted (1976).

2.8. Gene expression analysis by quantitative real time RT-PCR (RT-qPCR)

Gene expression of adenosine receptor subtypes (A1, Aza1, Azaz and Azg), and
inflammatory markers TNF (tumor necrosis factor), COX-2 (cyclooxygenase 2), IL-6
(interleukin-6) and IL-10 (interleukin-10) was determined by RT-qPCR .Using Trizol®
reagent (Invitrogen, Carlsbad, CA, USA), the total RNA was isolated from pools of 20
zebrafish larvae with 7 dpf, after 4 and 24 hours of exposure to treatments. The quality
and concentration of total RNA was estimated by Azeo/Azg0, and Deoxyribonuclease |
(Invitrogen) was used to eliminate genomic DNA. Following the manufacturer’s
instructions, the cDNA was synthesized using ImProm-II™ Reverse Transcription
System (Promega) from 1 pg total RNA. SYBR® Green | (Invitrogen) was used to
detect double-strand cDNA synthesis in the quantitative PCR. Reactions were done in a
volume of 25 pL using 12.5 pL of diluted cDNA, containing a final concentration of
0.2x SYBR® Green | (Invitrogen), 100 uM dNTP, 1x PCR Buffer, 3 mM MgCl, 0.25 U

Platinum® Taq DNA Polymerase (Invitrogen) and 200 nM of each reverse and forward
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primers (Table 1). The PCR cycling conditions were: an initial polymerase activation
step for 5 min at 95 °C, 40 cycles of 15 s at 95 °C for denaturation, 35 s at 60 °C for
annealing and 15 s at 72 °C for elongation. At the end of the cycling protocol, a
melting-curve analysis was included and fluorescence was measured from 60 to 99 °C,
showing one single peak in all cases. EFla and Rpl/13a were used as reference genes for
normalization. Relative mMRNA expression levels were determined with 7500 Real-Time
Systems Software v.2.0.6 (Applied Biosystems). All real time assays were carried out in
quadruplicate. A reverse transcriptase negative control was included. The efficiency per
sample was calculated using LinRegPCR 2012.3 Software (http://LinRegPCR.nl) and
the stability of the references genes, and the optimal number of reference genes
according to the pairwise variation (V) was analyzed by GeNorm 3.5 Software
(http://medgen.ugent.be/genorm/). Relative levels of mMRNA expression were
determined using the 2"**“method (Bustin et al., 2013).

2.9. Statistical Analysis

The statistical analysis of the results of the survival curve was performed using
the Kaplan-Meier method; a decrease of 20% of survival at the end of exposure time
was considered as significant. In the behavior evaluation, RT-gPCR and determination
of PGE,, the results were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey's test. Data are expressed as mean + standard error, and P values

less than 0.05 were considered as indicative of significance.

3. RESULTS

For survival assessment, the animals were treated for 24 hours and the survival
rates were determined at 2, 4, 8 and 24 hours. At the end of 24 hours of exposure, there
was no significant decrease in larvae survival in the groups treated with 10 uM CuSQy,
100 puM caffeine, 500 uM caffeine, 1 mM caffeine, or 10 pM CuSO, plus 100 uM
caffeine. In addition, the single treatment with 10 uM CuSQy, 500 uM or 1 mM caffeine
also failed to affect the larvae survival. However, the combined treatment of 10 pM
CuSOQq, reduced the larvae survival to 60%, when combined with 500 uM caffeine, and
caused death of 100% of larvae, when associated with 1 mM caffeine (0%) after 24

hours of exposure (Figure 1).
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The 4 hours treatment caused a significant reduction in the travelled distance by
the animals treated with 10 uM of CuSO, (0.091 + 0.01), 500 uM of caffeine (0.027
0.005), 10 uM of CuSO, and 500 uM of caffeine (0.043 £ 0.01), when compared to the
control group (Figure 2 A). The number of entries in the center was also significantly
decreased in the groups treated with 500 uM caffeine alone (0.25 + 0.19) or 10 uM
CuSQq plus 500 uM caffeine (0.083 + 0.08), in comparison to control group (Figure 2
B). The time spent in the center was significantly decreased when compared to the
control group and the 500 uM caffeine (0.73 = 0.66), or 10 UM CuSO, and 500 puM
caffeine (0 = 0) (Figure 2 C). The relative time spent in the peripheral ring area of the
well was increased in the groups treated with 500 uM caffeine alone (299.3 + 0.66) or
with 10 pM CuSO, combined to 500 uM caffeine (300 + 0) (Figure 2 D).

After 24 hours treatment, the groups treated with 10 pM CuSO,4 500 uM
caffeine and 10 puM CuSOQO, plus 500 puM caffeine, showed a decrease of the distance
travelled by the larvae in the well when compared to control (0.089 + 0.23; 0.15 £ 0.04,
0.113 £ 0.03, respectively) (Figure 3 A). The number of entries in the center was also
decreased when compared to the control, in the groups treated with 10 uM CuSO, (0.53
+ 0.14), 500 uM caffeine (0.15 + 0.1) or 10 uM CuSQO, combined to 500 puM caffeine
(0.25 + 0.13) (Figure 3 B). Similarly, the time at the center was significantly decreased
in the groups 10 uM CuSQO, (0.84 £ 0.33), 500 uM caffeine (0.28 + 0.23) or 500 uM
caffeine plus 10 pM CuSO, (0.72 £ 0.35) (Figure 3 C). There was no significant
difference among the experimental groups in the time spent in the periphery of the well
(Figure 3 D).

To evaluate the inflammation caused by the treatments, we selected the
following inflammatory markers: PGE,, COX-2, TNF, IL-6 and IL-10. PGE; levels
were measured after 4 and 24 hours of treatment. The results showed a significant
increase of PGE; levels in larvae treated with 10 uM CuSOQO, plus 500 uM caffeine
(32.19 * 10.67 %), in comparison to the control, whilst the groups treated with 10 uM
CuSOQO, showed lower levels of PGE;when compared to 500 uM caffeine group, after 4
hours of exposure (Figure 4 A). The treatment of 24 hours with 10 uM CuSO;, elicited
an increase of PGE;, levels (70.67+ 17.0 3%) in comparison to control. The other
treatments did not show any significant difference among the groups (Figure 4 B).

The gene expression of COX-2, TNF, IL-6 and IL-10 was also evaluated after 4

and 24 hours of exposure. After 4 hours treatments, there was an increase in COX-2
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gene expression in the groups treated with 10 uM CuSO, (1.2 £ 0.23), and a decrease of
COX-2 expression in the groups treated with 500 uM caffeine (0.55 + 0.02), or 10 uM
CuSQ, associated to 500 uM caffeine (0.52 + 0.03), in comparison to control. In
relation to the group treated with 500 uM caffeine, 10 pM CuSO, had a significant
increase of COX-2 gene expression (Figure 5 A). After 24 hours treatment, there was
also an increase in COX-2 gene expression in the groups treated with 10 uM CuSO,
(1.25 £ 0.11), 500 uM caffeine (1.22 £ 0.39) or 10 uM CuSO, and 500 uM (1.07 =
0.15), when compared to the control group (Figure 5 A). TNF gene expression was also
increased when the animals were treated with 10 uM CuSO, (3.03 + 0.19), and also
showed an increase in the combined treatment of 10 uM CuSO, and 500 uM caffeine
(0.25 + 4.69), when compared to control. In comparison with the group treated only
with 500 uM caffeine, there was a significant increase in TNF expression in the group
with combined treatment of copper and caffeine (Figure 5 B). The expression of TNF
was increased after the treatment with 10 uM CuSO, and 500 uM caffeine (4.76 +
0.81), when compared to the negative control and all the caffeine-treated groups (Figure
5 B). No significant changes in IL-6 and IL-10 gene expression were observed at 4
hours. Alternatively, there was an increase of IL-6 expression in the 500 uM caffeine
group (1.33 = 0.12) (Figure 5 C), and a decrease of IL-10 expression in the groups
treated with 10 uM CuSQ;, (1.06 = 0.04) or 10 uM CuSOy plus 500 uM caffeine (1.08 £
0.06), when compared to the control. In comparison to 500 uM caffeine, the I1L-10 gene
expression showed higher expression in the group treated only with copper (Figure 5
D).

Next, the gene expression of the adenosine receptor subtypes identified in
zebrafish, namely A;, Acai, Asaz and Agg, was evaluated after 4 and 24 hours of
exposure to copper and/or caffeine. After 4 hours of treatments, there was an increase in
gene expression of the A; receptor in the groups treated with 10 uM CuSO, (8.67 +
0.27), 500 uM caffeine (8.09 + 0.67), or 10 uM CuSO, plus 500 uM caffeine (9.73 +
0.86) (Figure 6 A). The same treatments caused a significant increase in the expression
of Ayap receptors (7.46 + 0.52; 7.14 + 0.93; 6.55 + 0.6, respectively) (Figure 6 B) and
Aznz (1.30 = 0.02; 1.44 + 0:09 and 1.52 = 0.60, respectively) (Figure 6 C). The
treatment with 10 uM CuSOQO, (4.61 = 0.39) or 10 uM CuSQO, plus 500 uM caffeine
(4.95 £ 0.46) significantly increased the expression of A,g receptor (Figure 6 D). The 24

hours treatment caused an increase of A;, Aza2 and Agg genes expression only in the
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group treated 10 uM CuSQO, combined with 500 uM caffeine (8.39 * 2.2; 1.52 + 0.07
and 4.95 £ 0.46, respectively) (Figures 6 A, C and D).

4. DISCUSSION AND CONCLUSION

It has been already described that CuSO, can be used as an inflammatory agent
for the study of inflammatory processes in zebrafish larvae (d"Alecon et al., 2010;
Olivari et al., 2008). Leite et al. (2012) demonstrated that copper, when tested at the
concentration of 10 uM, did not cause a significant decrease of the zebrafish larvae
survival, but it was able to induce oxidative stress, and a marked increase of
inflammatory markers (Leite et al., 2013).

Caffeine is a non-selective adenosine receptor antagonist, which interferes in
adenosine-mediated signaling pathways, presenting an anti-inflammatory role (Ohta and
Sitkovsky, 2009; Ramakers et al., 2011). In order to verify the effect of caffeine in the
inflammatory process, larvae were treated with copper combined to caffeine. Larvae
treated only with copper or with any of the tested concentrations of caffeine alone did
not show decreased larvae survival, while the groups that were treated with copper plus
caffeine (at concentrations of 500 uM or 1 mM) had their survival rates significantly
decreased. This result suggests that caffeine may be potentiating the inflammatory effect
of copper, culminating in a significant death of the animals after 24 h of exposure.

The exposure to 10 pM CuSO, and 100 uM caffeine did not affect larvae
survival, and the combination of 10 pM CuSO, with 1 mM caffeine decreased larvae
survival to 0% in 24 hours of treatment. Thus, we tested the combination of 10 uM
CuSO, with the intermediate concentration of 500 uM caffeine to evaluate larvae
behavior, to determine PGE; levels, and to access cytokines and adenosine receptors
gene expression.

Compelling evidence demonstrated the relationship of inflammation with
neuropsychiatric disorders. It has been reported that during inflammation, pro-
inflammatory cytokines can access the central nervous system and influence brain
functions related to behavior, such as some pathways that control mood regulation,
motor activity and anxiety (Capuron and Miller, 2011). In the 4 hours treatment, 10 uM
CuSQq,, 500 uM caffeine, or the combined treatment of 10 uM CuSQO, and 500 pM

caffeine, modified the distance traveled by the larvae. The number of entries in the
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center, and the time spent at the center and periphery of the well, which is related to the
anxiety behavior, were decreased in the groups treated with 500 uM caffeine, or 10 uM
CuSOy plus 500 puM caffeine. The group treated with copper showed the number of
entries and time spent in the center significantly higher, this indicates that the
behavioral change is induced by caffeine and not by the copper. Of note, there was a
reduction in the distance, the number of entries in the center and the time at the center of
the well in all experimental groups, after 24 hours of exposure. In fact, copper showed
an anxiogenic effect similar to caffeine, demonstrating that the inflammation induced by
copper can alter the animal behavior and, although the larvae treated with copper or
caffeine presented an anxiety-like behavior, the combination of these treatments did not
show an additive effect.

It has been previously reported, that depending on the dose used, caffeine can be
anxiogenic to humans (Siepmann and Joraschky, 2007) and animal models (Jain et al.,
2005). Corroborating our data, Maximino et al. (2011) showed that caffeine induce an
anxiety-like behavior in adult zebrafish, suggesting that this behavior is linked to the
blockade of adenosine A; receptor subtype. We demonstrated that the treatment with
caffeine increased the gene expression of A; receptor subtype after 4 hours of exposure,
which could be a result of blocking the receptor with the antagonist. However,
Maximino et al. (2011) reported an increase of locomotor activity of the animals, which
was not observed in our study, since caffeine has decreased the distance traveled by the
larvae in the times and concentrations evaluated. Chen et al. (2008) described that early
exposure to caffeine in zebrafish caused muscle malformation, by disorganization of the
muscle fibers alignment, which might influence the pattern of larvae locomotion.

Caffeine has several physiological targets, but adenosine receptors are the most
relevant, especially when it binds to A,a receptor, which can increase the intensity of
acute inflammation (Ohta and Sitkovski, 2009; Ohta et al., 2007). To evaluate the effect
of caffeine in inflammation induced by copper, we decided to determine PGE; levels
and COX-2, TNF, IL-6 (pro-inflammatory markers) and IL-10 (anti-inflammatory
marker) expression. The PGE; levels were elevated only in the combined treatment of
10 pM CuSO, and 500 pM caffeine after 4 hours of treatment. Therefore, it is
reasonable to propose that caffeine can be potentiating the effect of copper on the
release of this inflammatory marker. At 24 hours, larvae treated only with 10 uM

CuSO, showed an increase of PGE, levels, suggesting that other pathways may be
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involved in the influence of caffeine in PGE; release after prolonged exposure to
copper. In agreement with our data, Leite et al. (2013) demonstrated that 10 uM CuSO,
treatment increased PGE; release in zebrafish larvae after 1 and 24 hours of exposure.

Regarding the gene expression of inflammatory markers, COX-2 expression was
increased in the groups treated with 10 uM CuSO, at 4 and 24 hours of treatment.
Caffeine had different effects according to time of exposure, decreasing COX-2
expression at 4 hours, and increasing at 24 hours. Interestingly, the treatment with
copper and caffeine caused an increase of COX-2 gene expression. The fact that it is not
possible to relate PGE; levels and the increased COX-2 expression may be due to a
possible modulation of caffeine in the enzymes that metabolize PGE,, such as 15-
hydroxyprostaglandin dehydrogenase (15-PDGH), or it can have an effect on the
enzyme activity, and not only in their gene expression.

There was an increase of TNF expression at 4 hours exposure to 10 uM CuSQOy,,
and a further increase when caffeine was added to cooper treatment. There was a
significant difference between the groups treated with copper and caffeine separately,
which indicates that there is an additive effect of the combination of treatments in TNF
expression. In 24 hours, only the treatment with 10 uM CuSQO,4 and 500 uM caffeine
increased TNF expression, suggesting that caffeine may be prolonging the inflammatory
effects mediated by copper.

At 24 hours, only caffeine at 500 uM was able to increase 1L-6 gene expression,
and this group compared to the group treated with 10 uM CuSO, had even higher
expression, reinforcing the notion of an inflammatory effect for caffeine. 1L-10 was
reduced after 10 uM CuSQO, and 500 uM caffeine, hinting that the probable decrease of
IL-10 expression is modulated by caffeine. Additionally, copper exhibited higher
expression than caffeine, further indicating a potentially inflammatory action of
caffeine.

Adenosine degradation is mediated intracellularly by adenosine deaminase
(ADA) and adenosine kinase (AK) enzymes, and the equilibrative nucleoside
transporter (ENT) controls the adenosine diffusion between extracellular and
intracellular medium (Ramarkers et al., 2011). We believe that caffeine is possibly
binding to adenosine receptors, promoting a free adenosine accumulation, which may
result in adenosine metabolism to inosine by ADA. Supporting this hypothesis, the

study of Leite et al. (2013) showed a decrease of ADA activity that can occur probably
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with the intention of maintaining the increased adenosine levels and thus exert their
anti-inflammatory action, in zebrafish larvae treated with copper. Together, these results
show that the adenosinergic system influences copper induced inflammation and
caffeine may somehow interfere in adenosine signaling. Studies involving enzyme
activity and using ENT inhibitors, such as dipyridamole, would be needed to better
study the role of caffeine in these processes.

Our results demonstrate an increased expression of adenosine receptors
depending on the time of exposure to treatments, which may be a result of the effect of
caffeine as a non-selective P1 receptor antagonist. In general, the A; and Azg receptors
subtypes can present pro inflammatory and anti-inflammatory actions, while A,a has
anti-inflammatory effects (Antonioli et al., 2014). For a better understanding of each
receptor effect on the release of each inflammatory marker and in larvae behavior,
studies using specific receptor antagonists are needed. In the case of zebrafish genes for
A; and A,g receptors, and two genes for the A,a receptor, named Aya1 and Azaz have
been described. However, their functional differences are not well established, and so
far there is no evidence of the existence of the Az subtype (Boehmler et al., 2009).

Ohta et al. (2007) discloses that caffeine can exacerbate tissue damage caused by
inflammation via A,a receptor, and that the caffeine concentrations in the coffee
consumers blood can be high enough to block A,a receptors. Varani et al. (2011)
demonstrated an increased gene expression of Aza and Az receptors in lymphocytes
from patients with rheumatoid arthritis, and also described that A,a receptor activation
inhibits the release of TNF, IL-1p and IL-6. Another study that supports the hypothesis
of pro-inflammatory effects of caffeine is from Montesinos et al. (2000), which reported
that caffeine reverses the anti-inflammatory effects of methotrexate in rheumatoid
arthritis model in rodents by A,a receptor pathway.

Copper is a heavy metal that has been used to induce inflammation in zebrafish
(d’Alecon et al., 2010; Olivari et al., 2008). In general, in the times of exposure and
concentrations tested in our study, caffeine did not potentiate the inflammatory effects
induced by copper in zebrafish larvae. However, behavioral changes were observed, and
especially an inflammatory effect by itself as compared to copper. Our study also
suggests that those effects induced by copper and caffeine involve the modulation of

adenosine receptor expression.
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Table 1. Primer sequences used in RT-gPCR experiment.
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Acession Number

Gene Primer Sequences (5’-3") (MRNA) Reference
EFla F-CTGGAGGCCAGCTCAAACAT ENSDART00000023156 | Tang et al.,
R-ATCAAGAAGAGTAGTACCGCTAGCATTAC 2007
Rpll3a F-TCTGGAGGACTGTAAGAGGTATGC NM_212784 Tang et al.,
R-AGACGCACAATCTTGAGAGCAG 2007
A F-GTTCCTCATTTACATTGCCATTCTGC NM_001128584.1 Altenhofen
(adoral) | R-TGGTTGTTATCCAGTCTCTCGCTCG etal., 2015
Aons F-GCGAACTGTACGCCGAGCAGAG NM_001039815.1 Altenhofen
(adora2aa) | R-TTATTCCCAGTGAGCGGCGACTC etal., 2015
Agnz F-GGATTGGGTCATGTACCTGGCCATC NM_001040036.1 Altenhofen
(adora2ab) | R-GCTGTTTCCAATGGCCAGCCTG etal., 2015
Az F-GTTTGTTCGCTCTCTGTTGGCTGC NM_001039813.2 Altenhofen
(adora2b) | R-CTAAAAGTGACTCTGAACTCCCGAATG etal., 2015
IL-6 F-TCAACTTCTCCAGCGTGATG NM_001261449.1 Varela et
R-TCTTTCCCTCTTTTCCTCCTG al., 2012
IL-10 F-TCACGTCATGAACGAGATCC BC163031 Faikoh at
R-CCTCTTGCATTTCACCATATCC al., 2014
TNE F-AGGAACAAGTGCTTATGAGCCATGC NM_212859 Leite et al.,
R-AAATGGAAGGCAGCGCCGAG 2013
COX-2 F-AACTAGGATTCCAAGACGCAGCATC ENSDART00000093609 | Leiteetal.,

R-AAATAAGAATGATGGCCGGAAGG

2013
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Figure 5
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Legends

Figure 1. Survival curve: Evaluation of the survival of the larvae treated with copper
and different caffeine concentrations. The statistical analysis of the results was

performed using the Kaplan—Meier method (25 larvae per group of treatment n=3).

Figure 2. Larvae behavior after 4 h exposure: Effect of 10 uM CuSO, and 500 uM
caffeine in larvae behavior after 4 h treatment. The parameters analyzed were travelled
distance (A), center entries (B), time spent in the center (C) and time spent in the
periphery of the well (D). Each bar represents the mean of at least 12 larvae per group.
Values are expressed as mean £ SEM. Mean values significantly different from control
group *P<0.05, **P<0.01, and ***P<0.001. Statistical analysis was performed by one-

way ANOVA followed by Tukey’s test.

Figure 3. Larvae behavior after 24 h exposure: Effect of 10 uM CuSO,4 and 500 uM
caffeine in larvae behavior after 24 h treatment. The parameters analyzed were travelled
distance (A), center entries (B), time spent in the center (C) and time spent in the
periphery of the well (D). Each bar represents the mean of at least 12 larvae per group.
Values are expressed as mean £ SEM. Mean values significantly different from control
group *P<0.05, **P<0.01, and ***P<0.001. Statistical analysis was performed by one-

way ANOVA followed by Tukey’s test.

Figure 4. Determination of PGE; levels: Profile of PGE; release after 4 and 24 h of
exposure to 10 uM CuSO, and 500 puM caffeine. It was required 35 larvae per group

(n=6). Values are expressed as mean + SEM. Mean values significantly different from



65

control group *P<0.05, **P<0.01, and *P<0.05 in comparison to 500 pM caffeine
group. Statistical analysis was performed by one-way ANOVA followed by Tukey’s

test.

Figure 5. Inflammatory markers gene expression: Effect of copper and caffeine in
COX-2 (A), TNF (B), IL-6 (C) and IL-10 (D) gene expression, after 4 and 24 hours of
exposure. It was used a pool of 20 larvae per group (n=5). Values are expressed as mean
+ SEM. Mean values significantly different from control group *P<0.05, **P<0.01,
***P<(.001 and *P<0.05, *P<0.01 and *P<0.01 in comparison to 500 uM caffeine
group. Statistical analysis was performed by one-way ANOVA followed by Tukey’s

test.

Figure 6. Adenosine receptors gene expression: Effect of copper and caffeine in
adenosine receptors subtypes Az (A), Aza1 (B), Axaz (C) and Azg (D) gene expression,
after 4 and 24 hours of exposure. It was used a pool of 20 larvae per group (n=5).
Values are expressed as mean £ SEM. Mean values significantly different from control
group *P<0.05, **P<0.01, ***P<0.001 and *P<0.05, *P<0.01 and **P<0.01 in
comparison to 500 uM caffeine group. Statistical analysis was performed by one-way

ANOVA followed by Tukey’s test.
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ANEXO D - DEMAIS PRODUCOES CIENTIFICAS

Co-autoria de capitulo do livro Interacdo farmaco-nutriente: Limitacdo a terapéutica
racional — Desafios atuais da farmacovigilancia. ediPUCRS, 2014.

Capitulo 9 - Antineoplasicos

Caring Duarte Venturini, Fernanda Fernandes Cruz,
Fernanda Bueno Morrone

Os antineoplasicos so um grupo de firmacos, em sua
majoria de estreita janela terapéutica, que visam a destruir
as células em divisio répida, afetando também as células nor-
mais que proliferam rapidamente, como, por exemplo, células
da mucosa oral e gastrointestinal, foliculo piloso e medula 6s-
sea. Consequentemente, vérios efeitos adversos se manifes-

tam em diferentes 6rgaos, podendo inclusive ocasionar danos

INTE R Ac AO irreversiveis em alguns deles (RANG & DALE, 2012),
= 5 Como os antineopldsicos sdo geralmente utilizados por
- longos periodos, os efeitos adverses assumem grande relevin-
FA R M ACO -N UT R I E N TE - cia clinica, devido ao comprometimento do estado nutricional
. - i (HOWLAND & MYCEK, 2007). A tolerancia desses afeitos tor-
LIMITACAD A TERAPEUTICA RACION na-se, portanto, um fator determinante para a continuidade e

B 0 sucesso do tratamento,

Além disso, tanto a quimioterapia quanto a radioterapia
alteram a capacidade absortiva do trato gastrointestinal. No
estémago, o dano maior ¢ causado sobre as células secretoras
de dcido. No intestino delgado, ha encurtamento dos vilos e
destruigfio dos microvilos (HURTER et al., 1989). Nesse caso,
a drea de absorgio fica prejudicada para fdrmacos e também
para nutrientas. Esses fatores ganham importincia clinica em
se tratando principalmente de individues idosos, devide ao
aumento do risco de desnutrigio (BROWNIE, 2006).

O tratamento do céncer inclui outras classes de farma-
cos além dos antineoplésicos propriaments ditos, tais como
antieméticos (p. ex., ondansetrona), analgésicos (p. ex., mor-
fina), agentes citoprotetores (p. ex., leucovorina) e ainda, far-
macos e compostos bioativos usados para evitar resisténcia
aos antineopldsicos (p. ex., verapamil, flavonoides), entre
outros (ZHANG & MORRIS, 2003; RANG & DALE, 2012), O
conjunto de agentes anticincer constitui um coguete] quimio-
terdpico com elevado risco de potenciais interacoes.

Devido & politerapia medicamentosa, diversas intera-
¢hes podem ocorrer. Algumas delas sio propositais, levando a
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