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1. RESUMO

Em peixes, o cobre (Cu) ¢ absorvido a partir da 4gua, via branquial, e pela
ingestdo de agua e alimento, via gastrintestinal. Para evitar reagdes ndo especificas
prejudiciais e suprir proteinas dependentes de Cu, existem transportadores especificos,
como as proteinas de absor¢do de alta afinidade ao Cu (CTR1) e as Cu-ATPases
(ATP7), que auxiliam na translocacdo intracelular do metal. No presente estudo, os
genes CTRI e ATP7B foram identificados em Poecilia vivipara e os seus transcritos
foram quantificados por RT-qPCR nas branquias, no figado e no intestino de guarus
expostos (96 h) ao Cu (0, 5, 9 e 20 pg/L) em adgua doce e salgada (salinidade 24). Foram
identificadas novas sequéncias nucleotidicas dos genes CTRI (1560 pb, completa) e
ATP7B (617 pb, parcial), as quais tiveram altos valores de identidade com as descritas
para Fundulus heteroclitus (CTR1=81%) e Sparus aurata (ATP7B=81%). A analise por
RT-gPCR indicou niveis de transcrigdo para CTRI ¢ ATP7B em todos os tecidos
analisados. Em guarts na dgua doce, a maior expressao da CTR/ e da ATP7B se deu no
figado. Em guarts na agua salgada, a maior expressao da CTR/ ocorreu no intestino,
enquanto a da ATP7B se deu no figado e intestino. Na agua doce, a exposi¢ao ao Cu
aumentou o conteudo branquial e hepatico de Cu, diminuiu os transcritos de CTRI e
ATP7B nas branquias e aumentou os transcritos destes genes no figado, sem alterar o
conteudo corporal de Cu. Na agua salgada, a exposicdo ao Cu aumentou o conteudo de
Cu e diminuiu o transcrito de 47P7B no intestino, sem alterar o contetido corporal de
Cu nos P. vivipara. Estes resultados indicam que a homeostasia do Cu em P. vivipara
envolve a reducao da expressao do CTRI e ATP7B nas branquias (agua doce) e intestino
(agua salgada) para limitar a absor¢dao do Cu e o aumento da expressao destes genes no

figado (agua doce) para facilitar o armazenamento e desintoxicacao do Cu.

Palavras-chave: ATP7B, cobre, CTR1, guart, Poecilia vivipara, salinidade



2. ABSTRACT

In fish, copper (Cu) is absorbed directly from the water, via gills, and through
the ingestion of water and food, via gastrointestinal. To avoid non-specific and harmful
reactions and supply the Cu-dependent proteins, there are specific protein transporters
involved in Cu metabolism, such as the high-affinity copper transporter (CTR1) and Cu-
ATPases (ATP7). They play an important role in the intracellular metal translocation. In
the present study, CTRI and ATP7B were identified in the guppy Poecilia vivipara.
Transcripts of these genes were quantified by RT-qPCR in gills, liver and gut of guppies
exposed (96 h) to Cu (0, 5, 9 e 20 pg/L) in freshwater and salt water (salinity 24 ppt).
New nucleotidic sequences of the genes CTRI (1560 bp, complete) and ATP7B (617 bp,
partial) were identified. These sequences showed high identity values with those
described for the killifish Fundulus heteroclitus (CTRI=81%) and the gilthead sea
bream Sparus aurata (ATP7B=81%). The RT-qPCR data indicated transcription levels
for CTRI and ATP7B in all tissues analyzed. In freshwater guppies, the highest level
expression of CTRI and ATP7B was seen in the liver. In salt water guppies, the highest
expression of CTRI occurred in the gut, while ATP7B was more expressed in the liver
and the gut. In freshwater guppies, exposure to Cu increased the Cu content in gills and
liver, reduced the CTRI and ATP7B expression in gills and increased the expression of
these genes in liver, without affecting the whole-body Cu content. In saltwater guppies,
Cu exposure increased Cu content and reduced A7P7B expression in gut, without
change in whole-body Cu content. These findings indicate that Cu homeostasis in P.
vivipara involves down-regulation of the CTRI and ATP7B expression in gills
(freshwater) and gut (salt water) to limit Cu absorption, as well as up-regulation of these
genes in the liver (freshwater) to facilitate Cu accumulation and detoxification.

Keywords: ATP7B, copper, CTR1, guppy, Poecilia vivipara, salinity



3. INTRODUCAO GERAL

3.1 Cobre

O cobre (Cu) ¢ um metal de transi¢do que desempenha importante papel no
metabolismo celular, por atuar como co-fator essencial em muitas rotas enzimaticas, tais
como oxidacdo respiratoria, sintese de neurotransmissores, metabolismo do ferro e
pigmentacdo (van den Berghe e Klomp, 2010). Apesar de ser um micronutriente
essencial, em excesso o cobre produz efeitos prejudiciais aos animais, incluindo
alteracdes na regulacdo idnica e endocrina (Craig et al., 2010). Sabe-se também que o
cobre ¢ potencialmente toxico quando acumulado nas células (Petris et al., 2003).
Alguns contaminantes metalicos mimetizam moléculas originais em rotas bioldgicas,
causando varios prejuizos as células. Por exemplo, o cobre pode substituir outros metais
em dominios de proteinas funcionalmente essenciais (Predki e Sarkar, 1992).

O efeito toxico do cobre no meio aquatico varia entre 0s organismos,
dependendo do tamanho, do estagio de desenvolvimento, entre outros fatores. Sabe-se,
também, que a toxicidade do cobre varia com a salinidade. No Brasil, o Conselho
Nacional de Meio Ambiente (CONAMA) dispde sobre a classificacdo dos corpos de
agua e as concentragoes limites de cobre dissolvido nesses meios (Resolugao n® 357 de
2005), ficando estabelecido 5 pg Cu/L de agua salina ¢ 9 pg Cu/L de agua doce
(CONAMA, 2005). Em ambientes de agua salgada, a toxicidade do cobre ¢ reduzida
devido a alta concentragdao de ions do meio, como os de sodio, que competem com o
metal pelos sitios de reacdo no ligante bidtico (Lee et al., 2010). Em agua doce, a
toxicidade do cobre demonstrou ser dependente de uma variedade de parametros
quimicos da dgua, como por exemplo, dureza e pH (Santore et al., 2001). No entanto,

dados de Grosell et al. (2007) relacionados a toxicidade aguda do cobre, mostram que



ha maior tolerdncia ao metal em salinidade intermediaria (4gua salobra) e maior
sensibilidade nas salinidades extremas (dgua doce e salgada).

Em ambientes contaminados, tdo importante quanto as informagdes quantitativas
e qualitativas das substancias prejudiciais, € o conhecimento sobre a biodisponibilidade
dos contaminantes para os organismos que habitam o local. A legislacdo considera, para
os critérios de qualidade da 4gua, a fracdo dissolvida dos metais, mas sabe-se que as
particulas em suspensdo sdo mais facilmente disponiveis para a biota (Bidone et al.,
2001).

A forma com que o cobre ¢ absorvido se d4 de maneira diferente em animais
aquaticos e naqueles expostos ao metal em outros meios. Nos mamiferos terrestres, por
exemplo, a absorcdo do metal se da principalmente pela dieta, através do epitélio
intestinal. Nesse caso, o excesso de cobre vai para o figado e ¢ secretado com a bile no
canal alimentar, onde grande parte ¢ reabsorvida pelos enterdcitos e o restante ¢
eliminado nas fezes (Linder et al., 1996; Turnlund, 1998; Turnlund et al., 1998;
Zimnicka et al., 2011). O figado ¢ considerado o maior 6rgdo de regulacdo da
homeostase do cobre, seja eliminando o excesso do metal ou, como ocorre com a
maioria do cobre absorvido, reciclando-o para seu uso em outras necessidades do
metabolismo celular (Zimnicka et al., 2011). Acredita-se que o mecanismo de absorc¢ao
do cobre no aparelho digestivo se dé& inicialmente pelo transporte do metal para a
superficie do epitélio intestinal. Em seguida, ha uma distribuicao intracelular do cobre
nos enterdcitos e o efluxo do metal dessas células para o sangue (Zimnicka et al., 2007).
Ja em animais que entram em contato com o cobre através do meio aquatico, esse
processo pode ocorrer através da alimentacdo e a partir da agua (Kamunde et al., 2002).

No ambiente aquatico, o cobre se apresenta como um ion divalente (Cu®"). A
propriedade do cobre de possuir mais de um estado de oxidacdo, pode leva-lo a

promover reagdes que produzem espécies ativas de oxigénio (EAOs), que causam danos
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oxidativos nas macromoléculas celulares (Minghetti et al., 2010). Entre esses danos
estdo a peroxidacdo de lipidios, danos ao DNA e modificacdes na homeostasia de
diversos minerais essenciais (Jesus e Carvalho, 2008). Portanto, os niveis de cobre
devem ser regulados para evitar o acimulo do metal no meio intracelular e sua possivel
toxicidade (Petris et al., 2003). Para evitar reacdes ndo especificas prejudiciais e
habilitar as cuproproteinas, existem proteinas especificas que auxiliam no transporte
intracelular do metal. Em peixes, a expressdo dessas proteinas ¢ regulada
transcricionalmente pela exposicdo ao cobre (Guo et al., 2004; Minghetti et al., 2010).
Entre as proteinas transportadoras estdo as de absor¢do de alta afinidade ao cobre
(CTR1), as metalochaperonas - pequenas proteinas citosolicas que distribuem o cobre

para diferentes destinos celulares - e as Cu-ATPases (Lutsenko et al., 2007a).

3.2 Mecanismos celulares de transporte de cobre

O cobre no organismo, quando na corrente sanguinea, se liga a aminoacidos ou a
proteinas de baixo peso molecular, como a ceruloplasmina e a metalotioneina. Estas
proteinas sequestram o cobre intracelular, protegendo a célula contra a toxicidade redox
deste metal (Lonnerdal, 2008). Na célula, o transporte especifico de cobre ¢ mediado
por proteinas, principalmente a CTR1 (Transportador de Cobre de Alta Afinidade) e as
Cu-ATPases (Transportador de Cobre dependente de ATP) (Lonnerdal, 2008). Apesar
deste conhecimento existente acerca das proteinas envolvidas no transporte do cobre, a
absorcao desse metal via intestino ainda nao ¢ um mecanismo totalmente conhecido
(Kaplan e Lutsenko, 2009).

A figura 1 apresenta, de forma esquematica, as principais proteinas envolvidas
com o transporte especifico de cobre nas células, onde a entrada do metal ocorre,
principalmente, através da CTR1 (Transportador de Cobre de Alta Afinidade da espécie
Humana). Uma vez no interior célula, o cobre se liga a proteinas aceptoras que o
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encaminham para as proteinas alvo, como a ATP7A e ATP7B. A movimentagdo do
cobre se da através de chaperonas, as principais sdo Atox1, que carrega o Cu até as Cu-
ATPases (ATP7A/B) localizadas préximas ao complexo de Golgi, a chaperona CCS
leva o metal até as Cu/Zn superoxide dismutase (SODI1) e a Cox17 leva o Cu para a
mitocondria. (Kaplan e Lutsenko, 2009; Mulfti et. al., 2007).

A CTRI1 também pode estar envolvida na liberacdo de cobre a partir das
vesiculas intracelulares geradas pelo complexo de Golgi (Zhou e Gitschier, 1997; van
den Berg et al., 2007). Além disso, a ATP7B também realiza a excre¢do do metal por

vesiculas (Lutsenko et al., 2007a).

Figura 1: Modelo esquemadtico do transporte de cobre em uma célula animal. A proteina
Ctrl ¢ responsavel pelo influxo do metal e as chaperonas Atox1, CCS e Cox17 sao
responsaveis por carregar o Cu até as Cu-ATPases (ATP7A/B), a Cu/Zn superoxido
dismutase (SOD1) e Citocromo c oxidase (CcO), respectivamente. A maneira pela qual
o cobre ¢ transportado a partir do citosol para a mitocondria em Cox17 ainda ndo foi
completamente elucidado. Adaptado de Mutti et al. (2007).

3.2.1 CTR1
A homeostase do cobre ¢ mantida através da absorcdo do metal, processo este

que ocorre principalmente nos enterocitos, € pelo efluxo do cobre para a corrente
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sanguinea, e consequentemente para o figado (Kuo et al., 2006). Um importante
transportador, responsavel pelo influxo de cobre através da dieta, ¢ a proteina
transportadora com alta afinidade ao cobre (CTR1). Este transportador ¢ uma proteina
integral de membrana composta por trés dominios que formam um poro homotrimérico
para a entrada do cobre (Mackenzie et al., 2004; Prohaska, 2008). Estudos com a
levedura Saccharomyces cerevisiae identificaram, pela primeira vez, o gene codificador
da CTR1 (Lee et al., 2002; Kuo et al., 2006), a qual estd associada & membrana
plasmatica (Petris et al., 2003).

De acordo com Mackenzie et al. (2004), o gene da CTR1 ¢ altamente
conservado desde leveduras até mamiferos e, devido a essa homologia, ¢ possivel
compreender a base molecular para a regulacao de ions cobre em varias espécies. No
genoma do peixe zebra ha um gene Unico para a CTR1 e este ¢ essencial para o
desenvolvimento do animal, visto que em embrides, a CTR1 ¢ encontrada em niveis
elevados em todas as células, mas apos a organogénese, a maior captacao de cobre, a
qual esta associada a um maior nivel de CTRI1, se d4 no intestino e 6rgaos associados
(Mackenzie et al., 2004).

Segundo Craig et al. (2009), ocorre um aumento na expressao de CTRI1 no
intestino e no figado do peixe zebra apos exposicao ao cobre dissolvido na agua. No
entanto, a regulacao do transporte de cobre pela CTR1 ainda ndo ¢ bem conhecida, pois
o aumento da concentragao de cobre no meio intercelular, ndo promoveu a passagem de
cobre para o interior da célula através da CTR1 (Kuo et al., 2006).

Em camundongos, transcritos da CTRI1 foram encontrados em maiores
concentragdes no figado, nos rins e nos testiculos. No entanto, sabe-se que o estado
fisiologico do organismo pode alterar a expressao (Kuo et al., 2006). Por exemplo, foi
observado em ratos que todos os tecidos apresentam altos niveis de mRNA de CTRI1,
seguido por ATP7A e ATP7B, exceto no figado (Ip et al., 2010).
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3.2.2 Cu-ATPases

As Cu-ATPases sdo enzimas que utilizam a energia advinda da hidrdlise
do ATP (adenosina trifosfato) para realizar o transporte de cobre. Desempenham uma
funcdo homeostatica, exportando o excesso de cobre da célula, e uma funcdo
biossintética, suprindo a necessidade de cobre para as incorporacdes em diversas
enzimas cobre-dependentes (Lutsenko et al., 2007b; Prohaska, 2008). A homeostase do
cobre ¢ mantida basicamente através da extrusdo do metal via epitélio intestinal, por
meio da ATP7A, e da eliminacdo deste pela bile, nas fezes, através da ATP7B
(Lutsenko et al., 2007a; Minghetti et al., 2010). Além disso, o transporte de cobre pode
ser regulado pela localizagao das Cu-ATPases (Lutsenko et al., 2007a). Algumas células
e tecidos podem expressam as duas isoformas, € neste caso, nao se sabe como ocorre a
distribuicao de cobre entre a ATP7A e a ATP7B (Lutsenko et al., 2007a).

Em humanos, a importancia fisiologica dessas enzimas pode ser verificada pelos
efeitos que a inativacdo das mesmas provoca nas células (Lutsenko et al., 2007a). Por
exemplo, a Doenca de Menkes resulta de uma mutagao no gene que codifica a ATP7A,
levando a produ¢do de uma forma ndo funcional dessa proteina, a qual ¢ encarregada da
absor¢ao do cobre no intestino e sua distribuicdo para o organismo. Por sua vez, a
Doenga de Wilson, caracterizada pelo acimulo de cobre no organismo, ocorre devido ao
funcionamento incorreto da ATP7B, a qual estd presente no Complexo de Golgi para
realizar o transporte do cobre do citoplasma para as organelas celulares. O cobre no
citoplasma ¢ incorporado a ceruloplasmina para o transporte de varias enzimas e
secrecdo do plasma (Kaplan e Lutsenko, 2009).

Estudada por Samuel Alexander Kinnier Wilson, em 1912, a Doenca de Wilson
ou Degeneragao Hepatolenticular ocorre devido a uma mutacdo no gene de ATP7B,

levando a uma doenca metabdlica hereditaria que provoca o acimulo de cobre no figado
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e também no cérebro (Mercer ¢ Llanos, 2003; Lutsenko et al., 2007b). O cobre liberado
na circulagdo a partir de hepatocitos danificados acumula-se nos tecidos. Neste caso, a
regulagdo do cobre pelos hepatdcitos ¢, portanto, essencial para a manutengdo da
homeostase deste metal.

Em 1962, John Menkes descreveu uma doenca metabdlica que leva a uma
deficiéncia sistémica profunda de cobre, chamada de "doenca do cabelo retorcido",
devido a deficiéncia de uma cuproenzima necessaria para a ligacdo da queratina.
Décadas mais tarde, David Danks e colaboradores mostraram que essa doenca esta
relacionada com falhas no transporte de cobre (Bankier, 1995). De acordo com
Lutsenko et al.(2007a), a proteina ATP7A atua na extrusdo de cobre do epitélio
intestinal e mutagdes no gene que a codifica, fazem com que falhas na ATP7A resultem
na saida de todo o cobre dos enterdcitos, caracterizando a Doenca de Menkes. Esta
doenga rara ¢ ligada ao cromossomo X, sendo entdo causada por mutagdes no gene que
codifica a ATP7A, e se caracteriza por uma deficiéncia geral de cobre e acumulacao de
cobre nas células intestinais e renais (Madsen e Gitlin, 2008; Minghetti et al., 2010).

A dualidade do cobre — essencialidade e toxicidade — ¢ ilustrada pelas doengas
de Menkes e Wilson, conforme descrito acima, o que corrobora com a essencialidade
dos transportadores protéicos para manutencdo da homeostase do cobre e adequado
funcionamento do organismo (Mercer, 1998; Lutsenko et al., 2007b; van den Berghe e
Klomp, 2010).

Em animais aquaticos, Craig et al. (2009) demonstrou que a ATP7A ¢ expressa
nas branquias, intestino e figado do paulistinha (Dario rerio), ¢ que o aumento da
concentracdo de cobre na agua eleva os niveis de expressdo dessa proteina nas células
intestinais e hepaticas desta espécie de peixe. O primeiro estudo publicado sobre as

estruturas da ATP7A e ATP7B em peixes foi feito por Minguetti et al. (2010) em
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Sparus aurata e, considerando a estrutura e nivel de expressdo dessas proteinas,

observa-se que ha homologia entre os papéis funcionais em teledsteos e tetrapodes.

3.3 Modelo experimental: Poecilia vivipara

Animais aquaticos sao naturalmente expostos a varios metais, cuja forma quimica
e concentracdo variam com as mudangas da composi¢do e dindmica da dgua. Segundo
Craig et al. (2010), a quimica da adgua exerce importante influéncia na toxicidade dos
metais contaminantes. Os metais traco, como o cobre, apresentam a tendéncia de se
acumular no sedimento, onde podem ser deslocados através da cadeia bioldgica. Os
peixes tém sido amplamente utilizados em estudos de toxicologia aquatica e varios
trabalhos tem sido realizados para elucidar o efeito dos metais presentes na agua sobre a
fisiologia desses animais.

Entre os vertebrados, os peixes apresentam diversos mecanismos fisiologicos
semelhantes aos dos humanos e outros mamiferos, exemplo disso sdo os estudos sobre a
embriogénese de vertebrados feitos com Dario rerio (Oleksiak, 2010). Dentre os
modelos experimentais vertebrados usados atualmente, os peixes figuram entre os de
menor custo e facilidade de manutencao. Além disso, por ser um grupo diversificado de
espécies, ¢ encontrado em uma ampla faixa de condi¢gdes ambientais.

Nos estudos de toxicologia, devem ser consideradas as vias de contato do animal
com o contaminante, que em ambiente aquatico sao diferentes, o que propicia o estudo
de mecanismos especificos. Segundo Kamunde (2002), no caso dos peixes, a captagao
de contaminantes pode ocorrer através da alimentagdo, via gastrointestinal, e também a
partir da fase dissolvida na agua, via branquial.

Diversas pesquisas avaliam os efeitos da exposi¢ao ao cobre dissolvido na agua
em peixes, mas muitos destes focam na toxicidade, com pouca €nfase sobre os possiveis

efeitos dessa exposi¢ao na homeostase do metal (Kamunde et al., 2002). Apesar dos
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varios estudos existentes com o peixe Poecilia vivipara (Bloch e Schneider 1801), os
aspectos moleculares da fisiologia desta espécie ainda estdo poucos elucidados, como a
falta de conhecimento sobre o efeito do cobre na expressdo de genes importantes para a
regulagdo desse metal, tais como a CTR1 e as Cu-ATPases.

O guaru ¢ eurialino, de pequeno porte (2-5 cm de comprimento), popularmente
conhecido como Barrigudinho ou Guaru, pertence a ordem Ciprinodontiformes e a
familia Poeciliidae. Os individuos desta espécie toleram condi¢des ambientais extremas
de salinidade e temperatura, possibilitando uma ampla distribuicdo, estendendo-se ao
longo da costa Atlantica da América do Sul. Sua ocorréncia ¢ predominante em
ambientes lénticos e rasos, proximos as margens (Gomes-Jr, 2006). Peixes da familia
Poeciliidae podem ser encontrados tanto em ambientes limpos, quanto em corpos
d’agua contaminados por residuos domésticos e pluviais (Aratjo et al., 2009). Sao
animais viviparos com fecundag¢do interna (Amaral et al., 2001), apresentam um
acentuado dimorfismo sexual, com menor tamanho corporal e coloracao mais acentuada
nos machos do que nas fémeas. Os machos possuem ainda um 6rgao especializado para

a reproducdo, o gonopodio, formado a partir da nadadeira anal (Gomes-Jr, 2006).

4. OBJETIVOS

4.1 Objetivo Geral
Identificar as sequéncias nucleotidicas dos genes transportadores de cobre CTR/
e ATP7 no peixe Poecilia vivipara e avaliar os niveis transcricionais destes genes em

resposta a exposicao ao cobre e salinidade.
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4.2 Objetivos Especificos
e Identificar as sequéncias dos genes CTRI e ATP7 em P. vivipara.
e Verificar o padrao transcricional dos genes CTRI ¢ ATP7 nos 6rgaos branquias,
figado e intestino de P. vivipara aclimatados a dgua doce e salgada.
e Analisar a acumulagdo tecidual de Cu e a influéncia deste metal na expressao

dos genes CTRI1 e ATP7 em P. vivipara aclimatado a agua doce e salgada.

5. ARTIGO:

Titulo: Salinity effects on copper accumulation in the guppy Poecilia vivipara are

associated with CTRI and ATP7B transcriptional regulation.

Revista: Aquatic Toxicology

Autores: Evelise Sampaio da Silva, Sandra Isabel Moreno Abril, Juliano Zanette e

Adalto Bianchini
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ABSTRACT

It is well accepted that environmental changes in salinity is a major factor
influencing the metal accumulation and toxic effects in aquatic organisms. We
addressed the effects of salinity (0 and 24 ppt) in the accumulation of Cu after 96 hrs
waterborne exposure to 0, 5, 9 and 20 pg Cu/L and the possible regulation of key genes
involved in the Cu homeostasis in the eurihaline guppy Poecilia vivipara, recently
suggested as a model fish for environmental studies in South America. The dose-
response Cu accumulation in gill and liver observed only in the fresh water and the
dose-response Cu accumulation in the gut only in saltwater, suggested that Cu
accumulation in P. vivipara is salinity- and organ-dependent. In order to identify key
genes involved in the Cu metabolism we sequenced, for the first time, transcripts that
code for the high-affinity copper transporter (CTR1) and copper-transporting ATPase
(ATP7B) in P. vivipara using Polymerase Chain Reaction (PCR) and sequencing. The
full-length CTRI open reading frame (1560 bp) and a partial ATP7B (690 bp) was
uncovered and codes for amino acid sequence that shared high identities with the CTR1
of the killifish Fundulus heteroclitus (81%) and the ATP7B (87%) of Sparus aurata
fish. Basal transcriptional levels, addressed by RT-qPCR in control fish, indicate that
CTRI and ATP7B was highly expressed in the liver of freshwater guppies and CTR/ in
the gut of saltwater guppies, which could explain in part the high Cu accumulation
observed in liver in freshwater and in gut in saltwater, considering that CTR1 is
involved in the Cu uptake. After Cu exposure, guppies showed a reduced CTR1
expression in the gills (20 ug Cu/L in freshwater and 5 pg Cu/L in saltwater),
comparing with the controls. In turn, A7P7B was mainly reduced in gut by exposure to
9 and 20 ug Cu/L in fresh water and by 20 pg Cu/L in salt water. Both, CTR/ and
ATP7B were unaltered in the liver by Cu exposure. Those results suggest that CTR/ is
down-regulated in gills and ATP7B in gut to limit Cu absorption, and CTR/ and ATP7B
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are unaltered in liver, to facilitate Cu storage and detoxification. Taken altogether, these
findings clearly indicate that salinity influences the Cu accumulation in P. vivipara
organs and also suggests that homeostasis involves differential expression of the

transcriptional regulation of the newly identified Cu transporters CTRI and ATP7B.

Keywords: ATP7B, copper, CTR1, guppy, Poecilia vivipara, salinity
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INTRODUCTION

The guppy Poecilia vivipara (Cyprinodontiforme, Poecilidae) inhabiting the
coastal water bodies from Argentina to Venezuela (Froese and Pauly, 2001), have been
suggested as a model specie in South American environmental toxicology (Mattos et al.,
2010; Ferreira et al., 2012; Zimmer et al., 2012; Dorrington et al., 2012). The use of fish
in toxicological studies includes the analysis of the fate of contaminants in aquatic
environments (Burnet et al., 2007; Matson et al., 2008) and the genetic aspects involved
in adaptation to survive in extreme polluted conditions (Williams and Oleksiak, 2008;
Wirgin et al., 2011). Data from these studies help to elucidate the biochemical and
molecular mechanisms involved in toxicity (Hahn et al., 2004).

Copper (Cu) plays an important role in cellular metabolism as an essential
cofactor, participating in respiratory chain, neurotransmitter synthesis, iron metabolism
and pigmentation (Mercer and Llanos, 2003; van den Berghe and Klomp, 2010).
Despite its biological essentiality, elevated concentrations of Cu can cause adverse
physiological effects, including changes in ion and endocrine regulation (Craig et al.,
2010). Therefore, there are specific proteins involved in the intracellular transport of Cu
to avoid non-specific and harmful reactions, as well as enable cuproproteins. In fish, the
expression of those proteins is regulated at the transcriptional level by Cu exposure
(Guo et al., 2004; Minghetti et al., 2010). The high affinity proteins of Cu uptake
(CTR1), metallochaperones and Cu-ATPases are some examples of proteins involved in
intracellular transport of Cu (Lutsenko et al., 2007).

The first study on the structures of Cu-ATPases (ATP7A and ATP7B) in teleosts
was reported by Minghetti et al. (2010) in the gilthead sea bream Sparus aurata.
Considering the structure and level of expression of these proteins, it could be expected
some homology between their functional roles in teleosts and tetrapods. Cu-ATPases
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are enzymes playing biosynthetic and homeostatic functions. They supply Cu to the
cells and export the metal excess from intestinal and hepatic cells (Lutsenko et al., 2007,
Prohaska, 2008; Minghetti et al., 2010).

The CTRI1 is a major carrier responsible for the influx of Cu through the diet
(Mackenzie et al. 2004; Prohaska, 2008). This transporter is an integral membrane
protein composed of three domains that form a homotrimer pore for Cu entrance
(Mackenzie et al. 2004; Prohaska, 2008). According to Mackenzie et al. (2004), there is
a single gene for CTR/ in the genome of the zebrafish Danio rerio, being essential for
the embryonic development of this fish species. Moreover, this gene is highly conserved
from yeast to mammals. Based on this homology, it is possible to understand the
molecular basis for the regulation of Cu ions in several species.

In the present study, fish were 96 hrs-exposed to Cu (5, 10 and 20 pg/L) in fresh
and salt water (24 ppt) aiming to: 1) evaluate the effects of different salinities in the Cu
accumulation in different P. vivipara organs (gill, liver, gut and whole body); 2)
uncover the CTR1 and ATP7 nucleotide sequences in P. vivipara, and 3) investigate the
regulation of those key genes in the transcriptional level and the possible association

with the changes in salinity and Cu accumulation in different organs of P. vivipara.

MATERIAL AND METHODS

Fish collection and maintenance

Adult male P. vivipara (wet body weight: 1.1 £ 0.3 g; total body length: 42 + 4
mm) were caught using a pound fish net in March 2011 at the ‘Arroio do Gelo’, a small
creek into the Cassino Beach (Rio Grande, RS, southern Brazil). Fish were acclimated
to fresh and salt water (24 ppt) for at least 4 weeks. They were fed twice a day with
commercial fish diet (Alcon Basic MEP 200 Complex). Room temperature (20°C) and
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photoperiod (12L:12D) were fixed. Procedures used in the experiments were approved

by the Animal Care and Use Committee of the Federal University of Rio Grande.

Copper exposure

Fish were kept under control conditions (no Cu addition to the water) or exposed
(96 h) to different waterborne Cu concentrations (5, 9, and 20 pg/L), which were
obtained adding Cu from a stock solution of CuCl, (Vetec Quimica Fina, Sdo Paulo,
Brazil). The concentrations of 5 and 9 pg/L actually correspond to the Brazilian water
quality criteria for sea water and freshwater, respectively. In turn, 20 pg/L was selected
as a non-conforming copper concentration according to the Brazilian regulation
(CONAMA, 2005). All experimental media were prepared 24 h before fish introduction
into the experimental chamber to allow the complete equilibration of Cu with the
experimental media. Fish were exposed in 30-L glass aquaria containing continuously
aerated freshwater or salt water (24 ppt). They were not fed during the experiment. Fish
stocking density was 1 g fish.L'. The experimental media was completely renewed
every day with a fresh medium prepared as described above.

Before and 24 h after fish introduction into the experimental chamber, water
samples (10 mL) were collected and filtered (0.45-p mesh filter) for measurement of the
dissolved Cu concentration by flame atomic absorption spectrophotometry (AAS,
Avanta 932 Plus, GBC, Hampshire, IL, USA), following procedures previously

described (Pinho et al., 2007; Martins and Bianchini, 2008; Lopes et al., 2011).

Copper accumulation
A second exposure was performed using the same experimental design and
procedures described above to evaluate whole-body and tissue Cu accumulation in P.

vivipara. After 96 h of exposure, fish from the control and Cu treatments (n = 4-6 per

21



treatment) were randomly collected, weighed (wet weight), and completely digested in
1 N HNO; for 48 h at 60°C. Fish from the control and Cu treatments (n = 4-6 were also
randomly collected and had their tissues (gill, liver and gut) dissected, weighed (wet
weight), and completely digested in 1 N HNOs for 48 h at 60°C. Digested samples were
analyzed for Cu content by flame atomic absorption spectrophotometry (AAS, Avanta
932 Plus, GBC, Hampshire, IL, USA) against certified standards (Tritisol-Merck),
following procedures previously described (Pinho et al., 2007; Martins and Bianchini,

2008; Lopes et al., 2011; Carvalho et al., 2013). Data were expressed as pg/g wet tissue.

Identification of CTRI and ATP7B transcripts

Liver from P. vivipara kept under control conditions (no Cu addition into the
water) and randomly selected was dissected and used for total RNA extraction. Total
RNA was isolated using Qiazol reagent (Qiagen). The RNA quantity and quality was
determined in a standard agarose gel electrophoresis, running 5 p L of sample plus 2 pLL
of loading buffer. The cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), a mix of anchored oligo (dT) primer MWG
Biotech, Inc.) with random hexamer primer (provided in the reverse transcriptase kit)
and RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen).

Previously characterized sequences for the gilthead sea bream S. aurata ATP7A,
ATP7B and CTRI (GenBank accession numbers GQ200817, GQ200818 and AJ630205)
(Minghetti et al., 2008; 2010) were employed for searching Poecilia sp. homologous
sequences in the NCBI nucleotide collection (nr/nt) of (http://www.ncbi.nlm.nih.gov/)
using the tBLASTx tool. Since no similar sequences were found, we searched in the
expressed sequence tag (EST) databases, using the same strategy. Two Poecilia
reticulata sequences (GenBank accession numbers ES377442 and ES383386) were

found and used to obtain an 877 bp nucleotide contig sequence using CAP3 software
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(Huang and Madan, 1999). This P. reticulata contig showed 81% nucleotide identity
with S. aurata ATP7B and 65% with the ATP74 sequence and was used to design
forward and reverse PCR primers to amplify an A7P7B initial fragment in P. vivipara.
Two EST sequences of the cyprinodontiform fish Xiphophorus maculatus
(GenBank accession numbers FK034537 and FK034350) and two EST sequences of the
cyprinodontiform fish Fundulus heteroclitus (GenBank accession numbers DR047272
and DR047154) were found and used to create two nucleotide contig sequences, that
shared high nucleotide identities (91 and 92%) with the S. auratus CTR1 sequence
(GenBank accession number AJ630205). The CTRI from X. maculatus or F.
heteroclitus were aligned to create two consensus sequences with 577 bp and used to
design forward and reverse PCR primers in order to amplify the P. vivipara CTR] initial
fragment. Primers used for polymerase chain reactions (PCR) are shown in Table 1.
PCR were carried out for CTRI and ATP7B of P. vivipara using 94°C for 2 min
followed by 30 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, followed by 72°C
for 7 min, with Platinum Taq DNA Polymerase (Invitrogen). PCR products were
resolved on a 1% agarose gel and then isolated and purified using Illustra GFX PCR
DNA and Gel Band Purification Kit (GE Healthcare, Buckinghamshire, UK) and ligated
in pGEM-T Easy Vector (Promega), and transformed into E. coli (TOP 10 Kit,
Invitrogen). Plasmids were purified from cultures of positive clones (QiaPrepTM,
Qiagen) and sequenced (MWG Biotech). The 5° and 3’ ends of CTR1 transcript were
obtained by rapid amplification of cDNA ends (RACE) with the BD SmartTM RACE
cDNA Amplification Kit (Clontech). Nucleotide sequences were obtained using an ABI
Prism 3130x1 platform (Applied Biosystems), translated to the predicted amino acid
sequences and aligned with other sequences using ClustalW (Thompson et al., 1994).
Calculation of identities among nucleotide and amino acid predicted sequences were
performed using the Bioedit Sequence Alignment Editor Software (Hall, 1999).
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Quantification of CTRI and ATP7B transcriptional levels

After the 96-h period of the first exposure experiment, fish kept under control
conditions (no Cu addition into the water) or exposed to Cu were killed by cervical
section and liver, gut and gills of individual fish were dissected. Sample tissues (n =5
per treatment) were immediately placed in RNAlater (Ambion), kept at 4°C for 24 h,
and stored at -80°C until analysis.

Total RNA from samples was extracted and cDNA was synthesized as described
above. Gene-specific primers for P. vivipara CTRI1, ATP7B and EF[-a were designed
with Primer3 (Rozen and Skaletsky, 2000). Primers for P. vivipara f-actin gene were
previously tested and used (Ferreira et al., 2012). Primers were obtained from IDT
Integrated DNA Technologies (Table 1). Real-time PCR (qPCR) was performed using
GoTaq qPCR Master Mix (Promega, Madison, WI), following the manufacturer’s
instructions, and a 7300 Real-Time PCR System (Applied Biosystems). For both genes,
expression was analyzed in duplicate using the following protocol: 50°C for 2 min,
95°C for 2 min, and 45 cycles at 95°C for 15 s and 60°C for 30 s. Melting curve analysis
was performed on the PCR products at the end of each PCR run to ensure that a single
product was amplified. The E™¢" (E ~ (reet gene - housekeeping gene) y 1) oth o d (Schmittgen and
Livak, 2008) was used to compare CTRI and ATP7B levels among different organs and
salinities. The up- or down-regulation in the CTR/ and ATP7B genes caused by Cu
exposure was calculated using the REST 2009 software (Qiagen). The average of the
housekeeping genes EF-1a and f-actin Ct values was used in the relative transcriptional

level calculation for the target gene.

Data presentation and statistical analysis
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Equality of variance was tested, accepting p > 0.05 (Bartlett’s test) (Prism 4,
GraphPad Software Inc., San Diego, CA). Transcriptional levels of A7P7B and CTR! in
gills, liver and intestine of the guppy Poecilia vivipara from the control group
acclimated to different salinities were logarithmically transformed to improve equality
of variances. Data are expressed as mean + standard error or fold induction/repression
relative to control group. Difference among mean values was accessed by One-Way
Analysis of Variance (ANOVA) followed by the Duncan’s (n=4-6) or Newman-Keuls
post hoc test (n=3-5). Significant fold induction or repression for ATP7B and CTRI
transcript levels, in response to Cu exposure in respect to control, was evaluated using
REST 2009 software Qiagen. In all cases, the significance level adopted was 5% (p <

0.05).

RESULTS

Copper concentration in the exposure media

Measured dissolved Cu concentrations in the exposure media were 6.6+1.2, 11.3+1.9,
and 19.2+2.1 pg/L in freshwater and 6.1+£0.9, 9.4+1.3, and 17.5+2.8 pg/L in salt water,
corresponding to the nominal concentrations of 5, 9 and 20 pg/L, respectively.
Concentration of Cu in the control media was always below the detection limit (<5
ng/L). Once no marked differences were observed between nominal and measured

dissolved Cu concentrations, nominal values will be employed hereafter.

Copper accumulation

No significant Cu accumulation was observed in whole-body fish exposed to Cu
in freshwater (Fig. 1A) and salt water (Fig. 1B). However, Cu was significantly
accumulated in gills and liver of freshwater guppies. This accumulation was dependent
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on the Cu concentration in the water. In the other hand, no significant Cu accumulation
was observed in the gut of these guppies (Fig. 1A). Also, no significant Cu
accumulation was observed in gills and liver of saltwater guppies after exposure to the
metal. However, Cu was significantly accumulated in the gut of these fish. This

accumulation was not dependent on the Cu concentration in the water (Fig. 1B).

Identification of CTRI and ATP7B transcripts

Using PCR and RACE we were able to identify a CTRI/ mRNA sequence in P.
vivipara with 1560 bp, covering around 29 % of the complete mRNA sequence,
comparing with the 4567 bp full lenght CTRI mRNA of D. rerio (Genbank
NM _205717.2). The obtained CTRI sequences from P. vivipara include the complete
open reading frame with 582 bp that code for a protein with 193 aminoacids (Fig. 2).
The alignment of the P. vivipara CTR1aminoacid predicted sequence showed 93.8 %
and 81.2 % 1identity comparing with the CTR1 from the cyprinodontiformes
Xiphophorus maculatus and F. heteroclitus and 69.5 % identity comparing with the
cypriniform Danio rerio (Table 2). Those percent identities from the alignement (Fig. 2)
and the phylogenetic tree comparing the P. vivipara CTR 1to sequences of other
organisms (Fig. 3) allowed us to proceed with the annotation of the new P. vivipara
transcript sequence as CTRI (accession number KC862327). Using a similar approach
we were able to obtain a transcript for ATP7 in P. vivipara with 690 bp (accession
number KC862326), corresponding to ~ 18 % coverage in respect to the complete S.
aurata ATP7B sequence, based on the nucleotide sequence alignment. The P. vivipara
ATP7B predicted amino acid sequence shares 85% and 71 % identity with the
corresponding region of the perciform gilthead sea bream S. aurata ATP7B and ATP7A,

respectively.
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CTRI and ATP7B organ-distribution and salinity effects

The basal transcriptional levels of A7P7B and CTR] in different organs of
control guppies acclimated to freshwater and salt water are shown in figure 4. The
ATP7B expression was much lower in gills than in liver and gut of both freshwater and
seawater guppies. Transcriptional levels for CTRI are considerable in all three organs
analyzed (Fig. 4).

The acclimation to fresh water resulted in increased A7P7B and CTR1
transcriptional levels in liver, comparing to liver from fish acclimated to salt water (24
ppt) and comparing to transcriptional levels in intestine and gill.

The acclimation to salt water caused increased CTR/ levels in intestine,

comparing to intestine from fish acclimated to fresh water (Fig. 4).

Effect of copper exposure on ATP7B and CTR1 gene expression

In fish acclimated to fresh water, the expression of the ATP7B in the intestine
was repressed after 96 hrs exposure to 9 and 20 pg/L of Cu, comparing to the control
group. Similarly, in fish acclimated to salt water, A7P7B was also repressed in intestine
of fish exposed to 20 pg/L of Cu, comparing to the control. In addition to the alterations
caused in the intestine by Cu exposure, in the fish acclimated to salt water, but not fresh
water, the ATP7B was also reduced in the gill, when fish was exposed to 5 pg/L of Cu
(Fig. 5).

The transcript levels of CTRI were altered by Cu exposure only in gill, but not
in the other organs. In the fresh water and salt water CTR] was repressed in gill of fish
exposure to 20 pg/L and 5 pg/L of Cu, respectively.

No significant alteration in ATP7B and CTRI expression in response to Cu was

observed in the liver of freshwater or salt water acclimated guppies (Fig. 5).
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DISCUSSION

Some chemical elements, such as Cu, can be essential to the organism at low
concentrations, but also can show toxicity when at excessive levels in the water.
Therefore, it is crucial to understand the mechanisms involved in their homeostasis and
their fate in the animal’s body. In this context, cyprinodontiform fish, like the killifish
Fundulus heteroclitus (Hahn et al., 2004; Matson et al., 2008) and the South American
guppy Poecilia vivipara (Mattos et al., 2010; Ferreira, 2012; Zimmer et al., 2012), have
been used as biological models in toxicological studies because of their high tolerance
to contaminated environments.

In mammalians, homeostasis of Cu is maintained based on the rates of its
absorption, especially by the enterocytes, and its excretion through the liver (Kuo et al.,
2006). It is believed that the mechanism of Cu absorption occurs at the digestive tract
by transporting the metal through the gut epithelium surface. This process is followed
by an intracellular distribution of Cu inside the enterocytes, which ends with the efflux
of Cu from these cells into the blood stream (Zimnicka et al., 2007). In zebrafish D.
rerio, the enhanced uptake of Cu was shown to take place at the intestine and associated
organs, being paralleled by an increased level of CTRI expression (Mackenzie et al.,
2004). In mammalians, CTR1 protein is also found in renal cells and hepatocytes
(Kaplan and Lutsenko, 2009). In humans, the excess of Cu absorbed is accumulated in
the liver and secreted with the bile in the alimentary canal, where part of the Cu secreted
is reabsorbed by enterocytes and the remainder is eliminated in feces (Linder et al.,
1996; Turnlund, 1998; Turnlund et al., 1998; Zimnicka et al., 2011).

Regarding the mechanisms involved in Cu transport across the cell membranes,
it was shown that Cu is absorbed by the CTR1 protein in humans (Lutsenko et al., 2007;
Lonnerdal, 2008; La Fontaine et al., 2010). According to Mackenzie et al. (2004), the
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CTRI1 protein is also responsible for Cu transport in zebrafish D. rerio, being found
mainly in liver, gut and related organs. In humans, the absorbed Cu is distributed inside
the enterocyte, thus reaching the ATP7, which is a protein involved in Cu exportation
from the cell. It is interesting to note that the ATP7A is expressed in the majority of
tissues, while the ATP7B expression is more restricted, shown to be present in the small
intestine (Lutsenko et al., 2007; Lonnerdal, 2008; La Fontaine et al., 2010).

Although it is reported that the largest uptake of Cu is associated with a higher
level of CTRI and takes place at the gut and associated organs in zebrafish D. rerio
(Mackenzie et al., 2004), further studies are necessary using a range of Cu
concentrations, different times of exposure and with different organs other than the gut
to better understand the transcriptional regulation of CTR1 and Cu-ATP metabolism. In
the present study, we have evaluated the expression of both CTRI and ATP7B in gills,
liver, and gut of the guppy P. vivipara acclimated to freshwater or salt water (salinity 24
ppt) either in the absence or in the presence of dissolved waterborne Cu at different
concentrations (5, 9, and 20 pg/L).

In control guppies (non-exposed to Cu), a new and complete mRNA sequence
(1560 bp) was identified for CTR! in the guppy P. vivipara. This new sequence showed
81% identity when compared with the same region of the CTR/ of the killifish F.
heteroclitus. Regarding the ATP7, it was reported that ATP7A and ATP7B are related in
structure and function, with about 60% amino acid identity (La Fontaine et al., 2010). In
light of this and considering the facts that the Cu-ATP transporters are more complex
structures and that human ATP7A has 150 kbp and ATP7B has 80 kbp, we believe that
in the present study we have identified only a partial sequence of ATP7B in the guppy
P. vivipara. In fact, the ATP7B sequence obtained shares 74 and 81% identity with the
corresponding region of the ATP7A4 and ATP7B of the gilthead sea bream S. aurata,
respectively. Taken altogether, findings described for the CTRI and ATP7B sequences
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in the present study indicate that genes related to Cu transport can be highly conserved
among vertebrates, as previously suggested by Mackenzie et al. (2004).

Data on tissue-specific gene expression showed a higher relative expression of
CTRI in the liver of P. vivipara acclimated to freshwater. According to Mackenzie et al.
(2004), the CTR1 protein is also responsible for Cu transport in the zebrafish D. rerio,
being found mainly in liver, gut and related organs of this freshwater fish. In turn, Craig
et al. (2009) showed an increased expression of CTR/ in liver of zebrafish after 21 days
exposure to dissolved Cu (12 pg/L) in freshwater. In the present study, a similar
response was observed in the guppy P. vivipara acclimated to freshwater and exposed
to Cu at 20 pg/L. It is interesting to note that this increased CTR/ expression was
paralleled by an also increased content of Cu in the liver of freshwater guppies exposed
to the metal, indicating that liver is playing an important role in Cu homeostasis in the
guppy P. vivipara acclimated to freshwater by removing the excess of metal from the
blood stream and storing it.

In the present study, we also found expression of ATP7B in all tissues analyzed
in the guppy P. vivipara acclimated to fresh or salt water. It was previously shown that
the ATP7A4 is also expressed in gills, gut and liver of the zebrafish D. rerio (Craig et al.,
2009). In mammals, some studies reported that ATP7B expression is more restricted,
being mainly expressed in liver, thus suggesting more specialized functions for this
transporter, such as excretion of Cu. In turn, the role of ATP7B in the intestine is still
unclear (Lutsenko et al., 2007; Kaplan and Lutsenko, 2009; La Fontaine et al., 2010).

In P. vivipara, the mRNA level of ATP7B was generally higher in liver of both
freshwater and saltwater acclimated guppies. Furthermore, we observed an increased
ATP7B expression in the liver of P. vivipara exposed to Cu in freshwater. This finding
is in complete agreement with that reported by Craig et al. (2009), who showed that the
increased Cu uptake from the water raises the level of ATP7A expression in the

30



intestinal and hepatic cells of the zebrafish D. rerio. All these findings together with
those discussed above for CTR/ support the idea that liver is the main organ involved in
Cu homeostasis in fish, as reported for mammals (Mercer and Llanos, 2003; Zimnicka
etal. 2011).

In light of the above, it is clear that liver plays an important role in Cu
homeostasis in both freshwater and seawater fish by removing the excess of metal or
recycling it to supply the cellular metabolic needs. In turn, absorption of dissolved Cu in
freshwater fish would occur mainly through the gills, while the gut would play also an
important role in Cu absorption from the ingested water in saltwater fish, especially in
the absence of food, as tested in the present study. It is worth to note that water
ingestion is only significant in seawater fish, because of their need to gain water from
the ingested salt water after desalinization in the gut to compensate the osmotic loss of
water through the gills and the water loss to produce urine (Schmidt-Nielsen, 1997).

In light of the background described above, it would be expected that expression
of Cu transporters (CTR1 and ATP7B) could be seen also in the gills and gut of
freshwater and saltwater fish. One also would expect that the expression of these
proteins would be down-regulated in gills and gut after exposure to high concentrations
of dissolved waterborne Cu in order to limit the absorption of this metal by freshwater
and saltwater fish, respectively. In fact, CTRI and ATP7B expression was observed in
gills and gut of both freshwater and saltwater P. vivipara. Furthermore, a Cu
concentration-dependent down-regulation of both Cu transporters (CTR1 and ATP7B)
was observed in gills of freshwater guppies exposed to waterborne Cu. In this case, the
reduced gene expression observed seems to be regulated by an increased Cu content in
the gill. This statement is based on the fact that an increased Cu content was observed in

gills of both freshwater and saltwater P. vivipara after exposure to waterborne Cu.
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Regarding salt water guppies, we observed a marked high level of CTR/
expression in the gut of these fish. This finding is in complete agreement with the fact
that the Cu-transporter CTR1 was also mainly expressed in the intestine of the gilthead
sea bream Sparus aurata (Minghetti et al., 2008). These authors also reported that the
mRNA level of CTRI was differentially regulated by dietary or waterborne Cu. In P.
vivipara acclimated to salt water, we have also observed that exposure to waterborne
dissolved Cu markedly reduced both CTRI and ATP7B expression in the fish gut. It is
worth to note that this reduced gene expression was paralleled by an increased Cu
content in the gut of guppies acclimated to salt water. Therefore, it is completely
possible to consider that the down-regulation of Cu transporters observed in the gut of
saltwater P. vivipara was a response to limit Cu absorption from ingested water.

Finally, all responses observed at the gene expression level described and
discussed above are certainly part of the mechanisms involved in Cu homeostasis in P.
vivipara acclimated to fresh or salt water. This statement is based on the fact that no
significant change in whole-body Cu was observed in freshwater and saltwater guppies

after 96 h of exposure to waterborne Cu.

CONCLUSIONS

The present study shows that CTRI and ATP7 sequences are highly conserved in
the guppy P. vivipara, when compared to other fish species, supporting the idea that the
involvement of these genes in Cu metabolism is widespread among vertebrates. The
identification of the new sequences for CTR/ and ATP7B in P. vivipara gives us support
for further future studies using this South American Cyprinodontiform fish as a model
species in environmental toxicology. Data on tissue-specific gene expression in control
fish (non-exposed to Cu) showed that both CTR/ and ATP7B are differentially
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expressed in gills, liver and gut of guppies. Also, it is clear from the data reported in the
present study that CTR/ and ATP7B expression depends on the salinity. Finally, data on
gene expression together with those of whole-body and tissue Cu content indicate that
Cu homeostasis in the guppy P. vivipara involves the down-regulation of the expression
of Cu transporters (CTRI and ATP7B) in organs associated with Cu absorption (gills in
freshwater guppies and gut in both salinities guppies) and absence of changes of these
proteins in organs related to Cu storage and detoxification (liver in freshwater guppies),

when fish are exposed to a higher concentration of free Cu ion, such as in freshwater.
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Table 1. Primers used to amplify the P. vivipara CTRI and ATP7B cDNA fragment,
cloning and real-time PCR (qPCR) in the guppy Poecilia vivipara. CTR1: high-affinity

copper transporter; ATP7B: copper-transporting ATPase; EF1-a: elongation factor 1-a.

Primer Sequence (5’ —37) Comment
Cloning

CTR1 forward TGTTCCTATTGGCCGTTCTCTACG  PCR
CTR1 reverse CGTCTTGTGCGTCTCCATCAGC PCR
ATP7B forward GAAACAGAGAATGGATGAGGAG PCR
ATP7B reverse TCGATGGCTACGTCTGTG PCR
CTR1 forward TGTTCCTATTGGCCGTTCTCTACG RACE 3’
CTR1 forward TCCGCTACAACTCCATGCCTCTACC Nested 3’
CTR1 reverse GTCTTGTGCGTCTCCATCAGCA RACE 5°
CTR1 reverse CTCCAGGTAGAGGCATGGAGTTG Nested 5’
Real-time PCR

CTR1 forward TCCGCTACAACTCCATGCCTCTACC gPCR
CTR1 reverse CTCCAGGTAGAGGCATGGAGTTG gPCR
ATP7B forward GCCATGTTGGCCATCGCAGA gPCR
ATP7B reverse TCGATGCCAATGCTGCTCAAGG gPCR
B-actin forward ATGTACGTTGCCATCCAGGCCGT qPCR
B-actin reverse ACCATCACCGGAGTCCATGACGA gPCR
EFl-a forward GGATGGCACGGAGACAACATGC gPCR
EF1-a reverse TCCTTGCGCTCAACCTTCCA qPCR
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Table 2. Identities between guppy Poecilia vivipara (Pv), cyprinodontiformes

Xiphophorus maculatus (Xm) and killifish Fundulus heteroclitus (Fh), zebrafish Danio

rerio (Dr) and Human (Hs) high-affinity copper transporter (CTR1) sequences. Values

for amino acid identities are presented in the right-top and nucleotide identities in the

left-bottom of the table.

Pv CTRI1 Xm CTR1 Fh CTR1 Dr CTRI1 Hs CTR1
Pv CTRI1 0.938 0.812 0.695 0.636
Xm CTR1 0.945 0.843 0.707 0.663
Fh CTR1 0.843 0.856 0.724 0.673
Dr CTRI1 0.695 0.717 0.704 0.685
Hs CTR1 0.667 0.681 0.668 0.652
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FIGURE LEGENDS

Figure 1. Whole-body and organ (gills, liver and gut) Cu content in the guppy Poecilia
vivipara acclimated to freshwater (A) and salt water (B). Data are mean + standard error
(n = 4-6). Different letters represent significant difference among treatments for each

tissue (p <0.05, ANOVA, Duncan test).

Figure 2. Alignment of guppy Poecilia vivipara (Pv) high-affinity copper transporter
(CTRI1) amino acid predicted sequence with the cyprinodontiformes Xiphophorus
maculatus (Xm) and killifish Fundulus heteroclitus (Fh), the zebrafish Danio rerio (Dr)
and human (Hs) CTR1 sequences. The dots indicates identical amino acids in respect to
P. vivipara CTR1. Dark and light gray boxes denote identical or similar amino acid in

the alignment, respectively.

Figure 3. Phylogenetic tree based on the alignment of guppy Poecilia vivipara (Pv)
CTR1 amino acid predicted sequence with the zebrafish Danio rerio (Dr), the medaka
Oryzias latipes (Ol), human (Hs) and the cyprinodontiformes Xiphophorus maculatus
(Xm) and the killifish Fundulus heteroclitus (Fh) CTR1 sequences. The human protein

SLC31A2 was used as an out group.

Figure 4. Transcriptional levels of the copper-transporting ATPase (47P7B) and high-
affinity copper transporter (C7TRI) in gills, liver and intestine of the guppy Poecilia
vivipara acclimated to fresh water and salt water (salinity 24 ppt). f-actin and EF-lo
were used as housekeeping genes (Ct average). Data are mean + standard error (n= 3-5).
Different letters represent significant difference among groups (p <0.05, ANOVA,

Newman-Keuls post hoc test).
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Figure 5. Fold induction/repression of copper-transporting ATPase (A7TP7B) and high-
affinity copper transporter (CTRI) after 96-h waterborne exposure to Cu (5, 9, and 20
pg/L) relative to control (no Cu addition to the water ) in Poecilia vivipara acclimated
to fresh water or salt water (24 ppt). RT-qPCR analyses were done in gill, liver and
intestine. * Refers to significant differences (REST 2009 software Qiagen; p < 0.05)
among up- or down-regulated genes. The target gene expression was normalized by the

expression levels of the non-regulated housekeeping genes fS-actin and EF-1a.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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6. DISCUSSAO GERAL

No caso de elementos que em baixas concentragdes sdao essenciais para o
funcionamento dos organismos € que em concentragdes excessivas sao toxicos para a
biota aquatica, como ¢ o caso do cobre, elemento testado no presente estudo, ¢ de
fundamental importancia compreender os mecanismos envolvidos na homeostasia
destes contaminantes. Peixes da ordem Ciprinodontiformes, como ¢ o caso do guaru
Poecilia vivipara, tem sido amplamente utilizados em estudos de toxicologia aquatica,
devido a sua alta tolerancia a ambientes contaminados.

De acordo com Mackenzie et al. (2004), o CTR1 ¢ uma proteina responsavel
pelo transporte de cobre e pode ser encontrada principalmente no intestino, figado e
orgaos relacionados ao sistema digestorio do zebrafishD. rerio. Uma vez internalizado
na cé€lula, para que ocorra a movimentacdo desse metal, existem as Cu-ATPases,
proteinas que se utilizam da energia advinda da hidrélise do ATP para realizar o
transporte do metal através das membranas biologicas. Em mamiferos, apos ser
absorvido através da atividade da CTR1 no intestino, o cobre ¢, em seguida, distribuido
no interior dos enterdcitos até alcancar a ATP7A, a qual ¢ responsavel pela exportacao
do Cu da célula para o interior da corrente sanguinea. A ATP7A ¢ expressa na maioria
dos tecidos, porém a ATP7B tem sua expressdo mais restrita, tendo sido demonstrada
estar presente no intestino delgado. Porém, sua ocorréncia e atividade sdo ainda pouco
conhecidas (Lutsenko et al, 2007; Lonnerdal, 2008; Fontaine et al, 2010).

No presente estudo, experimentos foram realizados para identificar os genes que
expressam os transportadores de cobre CTR1 e ATP7B, bem como avaliar a expressao
diferencial desses genes em diferentes tecidos de P. vivipara, da salinidade de
aclimatagdo dos animais e do efeito da exposi¢ao aguda ao cobre dissolvido na agua.
Este estudo foi realizado com o guard P. vivipara aclimatado a 4gua doce e a agua
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salgada (salinidade 24). Por sua vez, os experimentos foram realizados utilizando-se
diferentes concentra¢des de Cu, bem como outros 6rgaos (branquias e intestino), além
do figado, para verificar se a regulacdo da transcricdo do CTRI e da ATP7B, bem como
a homeostasia do Cu podem ser alteradas pela exposi¢do ao metal dissolvido na agua.

Os resultados obtidos levaram-nos a identificar duas novas sequencias para os
genes do CTR1 e da ATP7B em P. vivipara. Estas sequencias apresentaram altos
valores de identidade com as sequencias destes transportadores em outras espécies de
peixes, indicando que os genes envolvidos na expressdo das proteinas transportadoras
de Cu sdo bastante conservados e difundidos entre os vertebrados. A andlise quantitativa
da expressao destes genes indicou que o CTR1 e a ATP7B se expressam em maior nivel
no figado de guarus aclimatados a agua doce. Por sua vez, a maior expressao do CTR1
em guaris na agua salgada ¢ encontrada no intestino, enquanto que a expressao da
ATP7B nestes peixes € similar no figado e no intestino. Esta expressado tecido-especifica
observada em P. vivipara também ja foi relatada para o zebrafish Dario rerio
aclimatado a agua doce (Craig et al., 2009). No entanto, os resultados do presente
estudo refor¢cam ainda a influéncia da salinidade de aclimatagcdo nos niveis de expressao
dos transportadores de Cu em P. vivipara.

Com relagdao a exposicao ao Cu, foi observado um aumento na expressao do
CTRI1 e da ATP7B no figado de P. vivipara exposto a 20 pg/L de cobre dissolvido. Este
resultado esta totalmente em acordo com aquele relatado por Craig et al. (2009), que
demonstraram um aumento na expressao do CTRI no figado e da ATP7A nas células
intestinais e hepaticas do zebrafish D. rerio apds 21 dias de exposicao a 12 ug/L de Cu
dissolvido na agua doce. O aumento da expressao génica em P. vivipara foi dependente
da concentracdo de Cu na agua e acompanhado por um aumento da acumulagdo
hepatica do metal. Estes resultados sugerem, portanto, que o excesso de Cu absorvido

pelo peixe pode estar sendo estocado no figado, em fun¢ao do aumento da expressao
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dos transportadores do metal (CTR1 e ATP7B) neste 6rgao, visando a manuten¢do de
niveis circulantes adequados de cobre no animal.

Um padrdo de acumulagdo de Cu dependente da concentragdo do metal na dgua
também foi observado nas branquias de guarus aclimatado a 4gua doce e no intestino de
guarus aclimatados a agua salgada. A expressio do CTR1 e da ATP7B foi
significativamente reduzida nas branquias dos guarus de dgua doce expostos ao Cu,
enquanto a expressdo destes genes foi fortemente diminuida no intestino dos guarts de
4gua salgada expostos ao metal. E importante notar que foi observada uma diminui¢io
na expressdo da ATP7A4 no intestino do D. rerio quando exposto a concentragdes
maiores que 12 pg/L de Cu dissolvido na agua doce. Assim, os resultados relatados no
presente estudo indicam claramente que a regulacdo da transcrigdo do CTRI e da
ATP7B ¢ tecido-especifica, uma vez que ela ocorre de maneira inversa nas branquias e
no figado de P. vivipara aclimatado a agua doce. Neste caso, a expressao dos
transportadores de Cu ¢ inibida com o aumento do conteido do metal nas branquias e
aumentada com o aumento do conteudo de Cu no figado.

Por sua vez, os resultados combinados de maior expressao dos transportadores
de Cu (CTR1 e ATP7B) e de maior acumulacdo deste metal no figado de guarts
expostos a0 Cu em agua doce reforcam o importante papel deste 6rgao na regulagao da
homeostasia do Cu em vertebrados. De fato, apesar de ter sido observada uma
acumulagdo de Cu nas branquias e no figado de guars aclimatados a agua doce,
nenhuma alteracao significativa no contetudo corporal de Cu foi observada nestes peixes
apds exposi¢do ao metal. Além disso, a auséncia de aumento do contetido corporal de
Cu em guarts expostos ao metal na agua salgada indica que a resposta génica
apresentada por P. vivipara pode estar envolvida no mecanismo de manutencao da
homeostasia do Cu nesta espécie quando aclimatada a este ambiente. Neste caso, foi

observada uma reducdo marcante na expressao do CTR1 e da ATP7B no intestino
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destes peixes, a qual foi associada em paralelo com um aumento no contetido de Cu

intestinal apos exposi¢ao ao metal.

7. CONCLUSAO GERAL

O presente estudo mostra que as sequéncias dos genes CTRI e ATP7B sao
altamente conservadas, além disso, os referidos genes se expressam em branquias,
figado e intestino de P. vivipara, de forma tecido-especifica e dependente da salinidade
em que os peixes estdo aclimatados e da exposi¢cdo aguda ao cobre dissolvido na dgua.
Os resultados combinados de expressao génica e acumulagdo de Cu (corporal e tecidual)
indicam claramente que a homeostasia corporal do metal ¢ mantida, pelo menos em
parte, pela limitacdo da absorcao de Cu através de uma reducdo da expressao dos
transportadores do metal (CTR1 e ATP7B) nas branquias e no intestino de guarus
aclimatados a 4gua doce e a agua salgada, respectivamente. Por sua vez, o excesso CE
cobre absorvido ¢ acumulado no figado associado a um aumento da expressao dos

transportadores de cobre em guarts aclimatados a agua doce.

8. PERSPECTIVAS

As identificagdes das novas sequéncias para estes genes em P. vivipara dao suporte a

futuros estudos com os peixes Ciprinodontiformes como modelo em toxicologia

ambiental.
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