UNIVERSIDADE FEDERAL DO RIO GRANDE - FURG
INSTITUTO DE CIENCIAS BIOLOGICAS
PROGRAMA DE POS-GRADUACAO EM CIENCIAS FISIOLOGICAS

FISIOLOGIA ANIMAL COMPARADA

EFEITOS DA EXPOSICAO CRONICA AO COBRE EM Poecilia vivipara (Bloch
e Schneider, 1801) ACLIMATADOS A AGUA SALGADA

IURI SALIM ABOU ANNI

Orientador: Prof. Dr. Adalto Bianchini

Tese apresentada ao Programa de
Pos-Graduacao em Ciéncias
Fisiologicas: Fisiologia Animal
Comparada da Universidade Federal
do Rio Grande, como requisito
parcial para a obtenciio do Titulo de
Doutor.

Rio Grande, 2015



A auséncia de evidéncias ndo
significa evidéncia de auséncia.

Carl Sagan



Agradecimentos

O pleno desenvolvimento desse trabalho contou com a cooperagao de muitas
pessoas, as quais eu gostaria de agradecer:

Ao Professor Adalto Bianchini, pela oportunidade, pela confianga depositada em mim,
pelos inimeros ensinamentos, e, por fim, pela amizade cultivada nestes anos.

Ao Sidnei Afonso, pela dedicagdo e compromisso durante todo o desenvolvimento dos
experimentos.

A Isabel Abril, por toda troca de informagdes e ajuda nos procedimentos de biologia
molecular.

A Mariana Lauer, pelos ensinamentos em bioquimica e auxilio nas atividades de
laboratorio.

A Marianna Jorge, por toda ajuda e atengdo prestadas as anélises de laboratério.

A toda equipe do Grupo de Pesquisa em Toxicologia Aqudtica, pelos ensinamentos,
conselhos, discussdes produtivas ¢ momentos de descontragao.

A todos os professores do PPGCF-FAC, com quem muito aprendi.

A todos os técnicos e funcionarios do Instituto de Ciéncias Biologicas (ICB), pela ajuda
sempre que necessaria.

A todos os colegas da graduagdo e da pos-graduacdo, pelas produtivas conversas e
momentos de descontragao.

As agéncias de fomento, que viabilizaram a realizagio do trabalho: a CAPES, pela
bolsa de doutorado, bem como ao CNPq, através do Instituto Nacional de Ciéncia e
Tecnologia de Toxicologia Aquatica (INCT-TA) e ao IDRC (Canadd), pelo auxilio
financeiro.

Ao Instituto de Ciéncias Biologicas (ICB) da FURG, por conceder toda infraestrutura
necessaria para realizagdo desse trabalho.

A minha esposa Thais Rubira e filha Livia, pela ajuda, companheirismo, paciéncia e
compreensdo nos momentos em que mais precisei.

A minha mae Rita, tia Fatima e avd Doroti, que mesmo a distancia, sempre me
apoiaram em todos os momentos.

A todos, muito obrigado!



Sumario

AGradeCimEntOs .....eceeeveresssercssnrcssnncsssnnossssssssssssssssesssssesssssssssssosssssssssssssssssssssssssssnes iii
SUIMATIO cuveirrririiisnecsennsnensenissecsensssecssnssssecssnssssesssasssssessassssssssasssssssssssssesssasssssssasses iv
Lista de siglas € aDreviaturas.......eeceeeneinsensecnsensnnnsnensecsssecssssssessssesssesssssesseses v
LiSta de fIGUIAS ccuueieiveriiinrininiinsniinsnnicssnncssssncsssnsssssnsssssnssssssssssssssssssssssssssssssssnss vii
Lista de tabelas ix
RESUMO...uuuiiiuiieisenssicsnnssesssecssisssssissssssesssssssssssssssssssssssssssssssssssssssassssssssssssssssssess 1
ABSTRACT .cuuiiriiiineinicseisnissicssissessssssssssesssssssssssssssssssssssssesssssssssssssssssssssssssssssssaes 2
1. INTRODUGAOQ ..oeeeceerrnencsesesesssesesssessssssssessssssssssessssssssssssesssesssssssssssssssssseses 3
2. OBJIETIVOS .uuceiiieintisensuesssnssssssesssisssssssssssssssssessssssssssssssssssssssssssssssssssssssssssss 15
3. METODOLOGIA.......uoouuierrinninensninssisssnssesssissssssssssssssssssssssssssssassassssssssssssssssss 16
4. RESULTADOS ...cuuiiiitininnnecssnssesssecssissssssessssssssssesssissssssssssssssssssssssssssssssssssssssss 21

MANUSCIILO Lauucioueiiiisiiiiiniininieiinniissnnessseesssnncssssnesssssssssssssssssssssssssssssssssssssssnsses 22

MANUSCIILO 2.uueieiuricssarccssancsssancsssanssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssassses 43
5. DISCUSSAQ GERAL ..uuuueincnncnnsiscsssssssssesssssssssssssssssssssssssssssssssssssssssssssses 65
6. CONCLUSAOQ FINAL ..couuuiunincnsnenssiscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 68
REFERENCIAS BIBLIOGRAFICAS ....ouueueeuneennennssensssessssssssssssssssssssssssssssees 69




Lista de siglas e abreviaturas

ANOVA — andlise de variancia

ATP - adenosina trifosfato

Atox1 — proteina antioxidante 1

ATP7A — proteina tipo-P de transporte de cobre alfa
ATP7B - proteina tipo-P de transporte de cobre beta
BW — peso timido final

c¢DNA — DNA complementar

CCS - cobre chaperona para superoxido dismutase
CcO - citocromo c oxidase

CF - fator de condicao

CS — citrato sintase

CONAMA - Conselho Nacional do Meio Ambiente
Cox17 - cobre chaperona para citocromo ¢ oxidase
CTR1 - transportador de alta afinidade ao cobre

Cu - cobre

DTMI1 - transportador de metais divalentes 1

FC — conversao alimentar aparente

INCT-TA - Instituto Nacional de Ciéncia e Tecnologia de Toxicologia Aquatica
LDH - lactato desidrogenase

NADH - dinucleétido de nicotinamida e adenina reduzido
OC — consumo de oxigénio

P.A. — para analise

PCR - reagdo em cadeia da polimerase

pH - potencial hidrogenionico

PK — piruvato quinase



RNA - 4cido ribonucléico

RNAse — ribonuclease

S — sobrevivéncia

SEM - erro padrao da média

SGR - taxa de crescimento especifico
SOD1 - superdxido dismutase 1
TGN - complexo de Golgi

WG - ganho de peso

Vi



Lista de figuras

Introducao
Figura 1 — Modelo esquematico do transporte de Cu em uma célula de mamifero.

Figura 2 — Esquema sugerido para as vias de entrada do Cu nas células de branquias (A)
e intestino (B) de peixe (dgua doce).

Figura 3 — Interpretacdo do modelo estrutural e funcional do transportador de alta
afinidade ao cobre (CTR1).

Figura 4 — Modelo esquemadtico da topologia de membrana e organizacdo de dominios
de Cu-ATPases.

Figura 5 — Representacdo esquematica da participagdo do ATP7A e ATP7B nos
processos fisioldgicos normais e patologicos em mamiferos.

Figura 6 — Esquema simplificado da distribuicdo do cobre no corpo humano e
ocorréncia da doenca de Menkes e doenca de Wilson.

Figura 7 — O modelo proposto de transportadores de cobre (CTR1, ATP7A e ATP7B) e
sua localizacdo intracelular no enterdcito (A) e hepatdcito (B) de peixe (4gua salgada).

Figura 8 — Representacdo da piruvato quinase e lactato desidrogenase no processo de
glicolise (A) e da citrato sintase no Ciclo de Krebs (B).

Figura 9 — Exemplares de Poecilia vivipara.

Figura 10 — Distribuicao geografica do Poecilia vivipara (e).

Manuscrito 1

Figura 1 — Concentragdo corporal de Cu em filhotes de Poecilia vivipara expostos a
diferentes concentragdes de Cu por 28 e 345 dias. Os dados sdo expressos em média +
erro padrdo (n = 5). Letras mintisculas e maitsculas diferentes representam diferenca
significativa entre os tratamentos para peixes expostos por 28 e 345 dias,
respectivamente (p <0,05).

Figura 2 — Nivel transcricional de genes que codificam para o transportador de alta
afinidade ao cobre (CTRI) e o transportador Cu-ATPase (4TP7B) no corpo inteiro de
filhotes de Poecilia vivipara expostos a diferentes concentracdes de Cu por 28 dias. Os
dados sdo expressos em média & erro padrao (n = 7). Letras minusculas e maitsculas
diferentes representam diferenca significativa entre os tratamentos para CTRI e ATP7B,
respectivamente (p<0,05).

Vi



Figura 3 — Nivel transcricional de genes que codificam para o transportador de alta
afinidade ao cobre (CTRI) e o transportador Cu-ATPase (47P7B) na branquia (A),
figado (B) e intestino (C) de filhotes de Poecilia vivipara expostos a diferentes
concentragdes de Cu por 345 dias. Os dados sdo expressos em média + erro padrao (n =
6-10). Letras minusculas e maiusculas diferentes representam diferenca significativa
entre os tratamentos para CTRI e ATP7B, respectivamente (p<0,05).

Manuscrito 2

Figura 1 — Consumo de oxigénio corporal de filhotes de Poecilia vivipara mantidos sob
condicdo controle (sem adi¢do de cobre na agua) ou expostos a diferentes concentragdes
de Cu por 28 dias. Os dados sdo expressos em média + erro padrao (n = 6). Letras
diferentes representam diferencga significativa entre os tratamentos (p<0,05).

Figure 2 — Atividade da piruvato quinase (A), lactato desidrogenase (B) e citrato sintase
(C) nas branquias, figado e musculo de filhotes de Poecilia vivipara mantidos sob
condi¢do controle (sem adi¢do de cobre na agua) ou expostos a diferentes concentragdes
de Cu por 345 dias. Os dados sdo expressos em média + erro padrdo (n = 5). Letras
diferentes representam diferenga significativa entre os tratamentos para cada tecido
(p<0,05).

viii



Lista de tabelas

Manuscrito 1

Tabela 1 — Concentragdo de Cu nos tecidos (branquia, figado, intestino e musculo) de
filhotes de Poecilia vivipara expostos a diferentes concentragdes de Cu por 345 dias. Os
dados sao expressos em média + erro padrdo (n = 5-10). Letras diferentes representam
diferenca significativa (p<0,05).

Manuscrito 2

Tabela 1 — Sobrevivéncia (S), peso umido final (BW), ganho de peso (WQ), taxa de
crescimento especifico (SGR), conversao alimentar aparente (FC) e fato de condigdo
(CF) de filhotes de Poecilia vivipara expostos a diferentes concentragdes de Cu por 28
dias em agua salgada (salinidade 24 ppt). Os dados sdo expressos em média £ erro
padrao (n=30). Para todos os pardmetros, ndo foi observada diferenca significativa entre
os tratamentos (p>0,05).

Tabela 2 — Sobrevivéncia (S), peso umido final (BW), ganho de peso (WG) e taxa de
crescimento especifico (SGR) de filhotes de Poecilia vivipara expostos a diferentes
concentragdes de Cu por 345 dias em agua salgada (salinidade 24 ppt). Os dados sdo
expressos em média + erro padrao (n=7-30). Letras diferentes representam diferenca
significativa (p<0,05). (*) representa diferenca significativa entre machos e fémeas para
cada tratamento (p<0,05).

Tabela 3 — Atividade corporal da piruvato quinase (PK), lactato desidrogenase (LDH) e
citrato sintase (CS) de filhotes de Poecilia vivipara expostos a diferentes concentragoes
de Cu por 28 dias. Os dados sao expressos em média = erro padrao (n=6). Para todos os
parametros, ndo foi observada diferenca significativa entre os tratamentos (p>0,05).



RESUMO

A acumulagdo e os efeitos do cobre (Cu) foram analisados apds exposi¢do cronica ao
metal em filhotes de Poecilia vivipara aclimatados a agua salgada. Em um primeiro
experimento, filhotes recém-nascidos (<24 h) foram mantidos em condigdo controle
(sem adicao de Cu na agua) ou expostos a diferentes concentragdes de Cu (5, 9 e 20
ng/L) por 28 dias. O experimento foi realizado utilizando-se um sistema estatico com
renovacao total do meio a cada 24 h. Os peixes foram mantidos em aquarios de vidro
contendo agua salgada (salinidade 24), sob condi¢des controladas de temperatura
(28°C) e fotoperiodo (12 h claro:12 h escuro), acracao constante e alimentagao diaria ad
libitum com ragdo comercial. Apos tratamento, o consumo corporal de oxigénio foi
medido e os peixes foram eutanasiados, medidos e pesados para o calculo de indices
zootécnicos (sobrevivéncia, taxa de crescimento especifico, conversdo alimentar
aparente ¢ fator de condi¢do). A seguir, os peixes foram preservados inteiros para
analise da acumulagdo de Cu, expressdo de genes codificadores de proteinas
transportadoras de Cu (CTRI e ATP7B) e atividade de enzimas do metabolismo
energético (piruvato quinase, lactato desidrogenase e citrato sintase). Em um segundo
experimento, filhotes recém-nascidos foram mantidos em condig¢ao controle ou expostos
as concentragdes de Cu por 345 dias. Os peixes foram mantidos em aquarios de vidro
nas mesmas condi¢des utilizadas no primeiro experimento. Apos tratamento, os peixes
foram eutanasiados, medidos e pesados para calculo de indices zootécnicos (taxa de
crescimento especifico e ganho de peso), bem como preservados inteiros para medida
da acumulagdo corporal de Cu ou tiveram seus tecidos dissecados para analise da
acumulacdo tecidual (branquias, figado, intestino e musculo) de Cu, expressdo tecidual
(branquias, figado e intestino) do CTRI e da ATP7B, bem como da atividade tecidual
(branquias, figado e musculo) de enzimas envolvidas no metabolismo energético. Os
resultados mostram que houve acumulagdo de Cu (corporal ou tecidual) nos peixes de
ambos os experimentos, sendo esta dependente da concentracdo do metal no meio
experimental e do tempo de exposi¢do ao metal. Além disso, houve inducao corporal da
expressdo do CTRI e da ATP7B apos exposi¢do ao Cu por 28 dias, bem como da ATP7B
apds a exposicao ao Cu por 345 dias. Apods exposicao ao Cu por 28 dias, ndo houve
efeito do Cu no crescimento dos peixes, porém houve um aumento no consumo corporal
de oxigénio dos peixes expostos a 9 e 20 pg/L Cu. Apos 345 dias de exposicao, foi
observado 100% de mortalidade dos peixes expostos a 20 pg/L Cu, bem como redugao
no crescimento de machos expostos a 9 ug/L Cu e de fémeas expostas a 5 e 9 pg/L Cu.
Além disso, foi observado aumento na atividade da citrato sintase no figado dos peixes
expostos a 9 pg/L Cu. Estes resultados indicam que P. vivipara acumula o Cu em nivel
tecidual/corporal, sendo esta dependente da concentragdo de Cu na 4gua salgada e do
tempo de exposicdo ao metal. Eles sugerem ainda que a acumulacdo de Cu estd
associada a um aumento da expressio dos genes que codificam proteinas
transportadoras de Cu (CTR1 e ATP7B) em tecidos envolvidos na homeostasia do
metal. Mostram ainda que o Cu acumulado provoca efeito letal apos exposicao a uma
concentragdo excessiva do metal (20 pg/L) e efeito subletal (redu¢dao no crescimento)
apds exposicao aos atuais critérios brasileiros de qualidade para o Cu em éagua doce (9
png/L) ou salgada (5 pg/L). Por fim, o efeito cronico do Cu no crescimento de P
vivipara parece estar relacionado a um aumento na demanda energética dependente do
metabolismo aerdbico e/ou uma perturbacao na funcao respiratoria mitocondrial.

Palavras-chave: acumulacdo, cobre, exposi¢ao cronica, crescimento, metabolismo
energético, transportadores de cobre.



ABSTRACT

In the present study, we evaluated the accumulation and effects of copper (Cu) after
chronic exposure to the metal in puppies of the guppy Poecilia vivipara acclimated to
salt water. In a first experiment, newborn (<24 h) fish were kept under control condition
(no Cu addition) or exposed to different Cu concentrations (5, 9 and 20 pg/L) for 28
days. Treatments were performed in triplicate using a static system with complete
renewal of the experimental media every 24 h. Fish were kept in 1-L glass aquaria with
sea water (24 ppt salinity) under controlled conditions (temperature: 28°C; photoperiod:
12 h light: 12 h dark cycle). Experimental media were continuously aerated and fish
were daily fed ad libitum with commercial feed. After treatment, whole-body oxygen
consumption was measured and fish were euthanized, measured (mm) and weighed (g)
for calculation of zootechnical indexes (survival, specific growth rate, apparent feeding
conversion and condition factor). They were then preserved entirely for analysis of
whole-body Cu accumulation, expression of genes encoding Cu-transporting proteins
(CTRI and ATP7B) and activity of enzymes involved in energy metabolism (pyruvate
kinase, lactate dehydrogenase and citrate synthase). In a second experiment, newborn
(<24 h) fish were kept under control condition or exposed to the Cu concentrations for
345 days. They were maintained in 10-L glass aquaria under the same controlled
experimental conditions described above for the 28-days experiment. After exposure,
fish were euthanized, measured (mm) and weighed (g) for calculation of zootechnical
indexes (specific growth rate and weight gain), as well as preserved entirely for
measurement of whole-body Cu accumulation or dissected for analysis of Cu
accumulation in tissues (gills, liver, gut and muscle), expression of genes encoding for
Cu-transporting proteins in tissues (gills, liver and gut) and activity of enzymes
involved in energy metabolism in tissues (gills, liver and muscle). Whole-body and
tissue Cu accumulation were observed in fish exposed for 28 days and 345 days,
respectively. In both cases, Cu accumulation was dependent on the concentration of the
metal in the experimental medium. Also, there was an induction of CTRI and ATP7B
gene expression in whole-body and tissues of fish exposed for 28 days and 345 days,
respectively. No significant effect on growth of fish exposed for 28 days was observed.
However, there was an increase in whole-body oxygen consumption in fish exposed to 9
and 20 pg/L Cu. In the 345-days experiment, 100% mortality of fish was observed at 20
pg/L Cu. In addition, a reduction in growth was observed in male guppies exposed to 9
png/L Cu and female guppies exposed to 5 and 9 pg/L Cu. Furthermore, an increase in
citrate synthase activity was observed in liver of guppies exposed to 9 pg/L Cu. These
findings indicate that puppies of P. vivipara accumulate Cu at the whole-body/tissue
level. This accumulation is dependent on the Cu concentration in salt water and
associated with an increase in the expression of genes encoding for Cu-transporting
proteins such as CTR1 and ATP7B in tissues involved in Cu homeostasis (gills, liver
and gut). Also, they show that Cu is lethal to fish chronically exposed to an excessive
concentration of the metal (20 pg/L) or induces sublethal effect (growth reduction)
when fish are chronically exposed to the current Brazilian criteria for Cu in fresh (9
ug/L) and sea water (5 pg/L). Finally, findings reported in the present study indicate
that the observed effect on growth may be related to an increased demand for energy
produced via aerobic metabolism and/or a disruption in mitochondrial respiratory
function induced by chronic exposure of fish to waterborne Cu.

Keywords: Accumulation, copper, chronic exposure, Cu-transporting proteins, energy
metabolism, growth.



1. INTRODUCAO

1.1 Poluicdo dos ambientes aquaticos

A poluicdo dos ecossistemas aquaticos, por diversas classes de poluentes
organicos ¢ inorganicos, tem assumido sérias propor¢des nos ultimos anos. O
crescimento da populagdo humana e as instalagdes de grandes centros urbanos proximos
aos corpos de agua tém contribuido significativamente para o aumento da polui¢do
aquatica (Laws, 2000). Dentre os diferentes tipos de poluentes, os metais t€ém recebido
relevante atengao, devido a sua elevada toxicidade e comportamento de acumulagao nos
organismos (Brown e Welton, 2008; Sanchez, 2008).

Os metais compreendem uma classe de poluentes inorganicos que sio langados
nos ambientes aquaticos a partir de diferentes fontes, sendo que atividades antrdpicas,
como ocupag¢do urbana, agricultura, pecuaria, inddstria e mineracdo, tém sido
consideradas como causadoras de grande impacto (Agarwal, 2009). De forma geral, o
cobre, zinco, mercurio, cadmio, chumbo, niquel e o cromo s3o os principais metais
encontrados hoje nos ambientes aqudticos, sendo que estes podem causar toxicidade

quando presentes em niveis elevados (Agarwal, 2009).

1.2 Cobre

O cobre (Cu) ¢ considerado um dos mais importantes recursos naturais
existentes, ndo somente pelo seu valor intrinseco, mas também por seus muitos usos e
aplicagdes. Dentre estes, destaca-se a utilizagcdo deste metal no fornecimento de energia
elétrica, producdo de aparelhos eletronicos, construgdo civil, induastrias farmacéutica,
automobilistica e naval, bem como na producgdo de alimentos (CDA, 2015).

Ap0s ser liberado nos corpos de aguas (doce ou salgada), o Cu pode permanecer
dissolvido na dgua em sua forma i6nica ou pode se ligar a outras moléculas organicas
ou inorganicas. Além disso, este metal pode ser adsorvido por particulas, que, por sua
vez, podem permanecer em suspensdo ou se sedimentar (Bjorklund e Morrison, 1997,
Guthrie et al., 2005). A maior fracdo do Cu dissolvido estd complexada a matéria
organica dissolvida, tanto em agua doce quanto salgada (Guthrie et al., 2005; Buck et
al., 2007).

Em rela¢do ao seu papel biologico, o Cu ¢ um metal essencial de transicao

redox-ativo, que pode apresentar duas valéncias comuns, Cu (I) e Cu (II). Isto permite
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que este metal tenha facilmente alteracdes no seu estado de oxidagdo e possa doar e
receber elétrons. Devido a essas caracteristicas, o0 Cu atua como elemento estrutural de
proteinas regulatorias da homeostase celular (Knight et al., 1994). Além disso, este
metal exerce importante papel nos processos de respiracdo mitocondrial, resposta ao
estresse oxidativo, sinalizagao hormonal, fun¢des neuroldgicas, transporte de oxigénio
em alguns moluscos e artropodes, coagulacao sanguinea e indu¢do da formacao de
vasos sanguineos (Linder e Hazegh-Azam, 1996; Dang et al., 2000; Bopp et al., 2008;
Kim et al., 2008; Leary et al., 2009; Eyckmans et, al., 2010; Belyaeva et al., 2011).
Contudo, em concentracdes elevadas, o Cu se torna toxico aos organismos, podendo

comprometer seriamente o funcionamento celular.

1.3 Mecanismos celulares de transporte do cobre

Em vertebrados, diferentes mecanismos estdo envolvidos na homeostasia do Cu.
Estudos mostram a participagdo de diferentes 6rgdos na absor¢do, armazenamento e
excrecdo do metal (Linder e Hazegh-Azam, 1996; Puig e Thiele, 2002; La Fontaine et
al., 2010). Em mamiferos terrestres, a absor¢cao do Cu ocorre principalmente pela dieta,
através do epitélio intestinal. Nesse caso, o excesso do metal vai para o figado e ¢
secretado com a bile no canal alimentar, onde grande parte ¢ reabsorvida pelos
enterdcitos e o restante € eliminado nas fezes. Assim, o figado ¢ considerado o principal
orgdo regulador da homeostasia do cobre. Ele exerce importante papel nos processos de
detoxificagdo e reciclagem do metal (Festa e Thiele, 2011).

O Cu entra nas células principalmente através do Transportador de Alta
Afinidade ao Cobre (CTR1) e em seguida se liga as proteinas chaperonas Atox1, CCS e
Cox17. Essas proteinas garantem a chegada do Cu aos seus respectivos destinos nas
células e contribuem para evitar o sequestro deste metal, o qual ¢ mediado pelos
mecanismos de detoxificagdo. Assim, o Cu ¢ transportado para as Cu-ATPases
(ATP74/B), a Cu/Zn superoxido dismutase (SODI) e citocromo ¢ oxidase (CcO) (Mutfti
et al., 2007; Festa e Thiele, 2011) (Fig. 1).



Figura 1. Modelo esquematico do transporte de cobre (Cu) em uma célula de mamifero.
Adaptado de Festa e Thiele, 2011.

No ambiente aquatico, a espécie atdmica mais estavel e, portanto, mais comum
de Cu ¢ o fon Cu*" (Krot et al., 2005; Buck et al., 2007). Portanto, as proteinas de
transporte do Cu operam com uma quimica de geometria trigonal planar, que se liga ao
jon Cu” (Finney e O'Halloran, 2003). Portanto, o Cu’ ¢ a espécie atdmica requerida
pelas estruturas de captagdao e as proteinas de transporte das células. Dessa maneira,
para que os processos de entrada e transporte interno do Cu ocorram com sucesso, 0
Cu”™" tem de ser reduzido a Cu’ por uma ou mais redutases endogenas presentes na
superficie celular (Dancis et al., 1994).

Em peixes, o Cu pode ser absorvido através das branquias e trato
gastrointestinal. Como mencionado anteriormente, a entrada do Cu nas células ocorre
principalmente através do CTRI1, mas esta também pode acontecer através do
Transportador de Metais Divalentes 1 (DMT1) e dos canais de Na* (Puig e Thiele, 2002;
Wood et al., 2011). Os transportadores CTR1 e DTM1 sdo favorecidos pela camada
4cida presente na superficie celular e que é formada pela extrusdo de ions H' por meio
da bomba protdnica e outros secretores de ions acidos. Alguns estudos evidenciam que
o CTR1 é responsavel pelo transporte especifico do Cu reduzido (Cu’), enquanto o
DTMI atua no transporte dos fons Cu”" e também de fons de outros metais, como por
exemplo, o Fe*" (Wood et al., 2001; Grosell e Wood, 2002). Quanto aos canais de Na', o
Cu pode entrar na célula através destes quando as concentragdes de Na" no meio sio

baixas (Wood et al., 2011) (Fig. 2).
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Figura 2. Esquema sugerido para as vias de entrada do cobre (Cu) nas células branquiais (A) e
intestinais (B) de peixe de agua doce. Adaptado de Grosell e Wood (2002).
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Figura 3. Interpretagdo do modelo estrutural e funcional do transportador de alta afinidade ao
cobre (CTRI). Adaptado de Nose et al. (20006).

1.3.1 Transportador de alta afinidade ao cobre - CTR1

O CTRI ¢ uma proteina transmembrana altamente conservada (Fig. 3), que
medeia a internalizagio especifica de fons Cu’ a partir do meio extracelular (Linder e
Hazegh-Azam, 1996; Grosell e Wood, 2002 Puig e Thiele, 2002; Sharp, 2003;
Mackenzie et al., 2004; Wood et al., 2011). Este transportador ¢ composto por trés

dominios que formam uma simetria radial homotrimérica para a entrada do Cu
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(Mackenzie et al., 2004; Nose et al., 2006). O processo de transporte deste metal para o
meio intracelular ocorre independentemente do uso de energia (ATP). Contudo, outros
fatores como pH e concentragdo extracelular de K podem influenciar na atividade do
CTRI1 (Lee et al., 2002).

Alguns estudos t€ém demonstrado a influéncia direta da exposi¢ao ao Cu sobre a
expressdao do CTR1 em peixes. Craig et al. (2009) observaram um aumento na expressao
do CTRI no intestino e no figado do peixe zebra (Danio rerio) apds exposi¢do aguda ao
Cu dissolvido na agua. Minghetti et al. (2008) observaram que o CTRI pode ser
expresso em niveis diferentes no intestino, rim e figado do peixe Sparus aurata, de
acordo com a via de exposi¢ao ao Cu (dieta ou dissolvido na agua). Por sua vez, Silva et
al. (2014) observaram uma diminui¢do na expressdo do CTRI nas branquias de
individuos adultos do peixe Poecilia vivipara ap6s exposi¢ao aguda (96 h) ao Cu

dissolvido na agua.
1.3.2 Cu-ATPases
As Cu-ATPases sdo proteinas responsaveis pelo transporte ativo do Cu no meio

intracelular (Fig. 4). A ATP7A e a ATP7B sdo exemplos de importantes Cu-ATPases
envolvidas na homeostasia do Cu (Lutsenko et al., 2007; 2008).

Figura 4. Modelo esquematico da topologia de membrana e organizagdo de dominios da Cu-
ATPase. Adaptado de Lutsenko et al. (2007).



As ATP7A e ATP7B sao moléculas chave que atuam no processo de distribuigao
e regulagdo intracelular do Cu em vertebrados (La Fontaine e Mercer, 2007; Minghetti
et al., 2010; La Fontaine et al., 2010). Em mamiferos, a ATP7A e¢ a ATP7B
desempenham papel fundamental em diferentes processos fisiologicos. A figura 5
representa um modelo esquematico da participagdo dessas Cu-ATPases nesses processos

(Lutsenko et al., 2007; La Fontaine et al., 2010).
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Figura 5. Representacdo esquematica da participacdo da ATP7A e ATP7B nos processos
fisioldgicos normais e patologicos em mamiferos. Adaptado de La Fontaine et al. (2010).

Deficiéncias no controle da homeostasia do Cu em humanos podem resultar no
surgimento de doencas. A doenga de Menkes (Fig. 6), causada por mutagdes no gene
ATP74, resulta na deficiéncia periférica de Cu, a qual ¢ provocada pela falha na
mobiliza¢do de Cu da dieta a partir de epitélio intestinal para o sangue. Por sua vez, a
doenca de Wilson (Fig. 6), proveniente de mutacdes no gene ATP7B, e sua consequente
inativacao, levam ao acimulo de Cu nos tecidos hepatico e neuronal. (Linder e Hazegh-

Azam, 1996; Lutsenko et al., 2008; Festa e Thiele, 2011).
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Figura 6. Esquema simplificado da distribuicdo do cobre no corpo humano e ocorréncia das
doencas de Menkes e de Wilson. Adaptado de Lutsenko et al. (2007).

Em niveis celulares normais de Cu, as Cu-ATPases residem no complexo de
Golgi. Todavia, o excesso de Cu induz o trafego de ATP7A e ATP7B para a membrana
plasmatica e o compartimento secretor vesicular, respectivamente, auxiliando assim na
excrecao do metal. A ATP7A ¢ expressa na maioria dos tecidos, mas estd ausente ou
expressa em niveis baixos no figado, onde ¢ abundante a expressao da ATP7B (Fig. 7)
(Mercer et al., 2003; Minghetti et al., 2010).

Nos peixes, a expressao de proteinas envolvidas na homeostasia do Cu ¢
regulada em nivel transcricional pela exposi¢do ao Cu (Minghetti et al., 2010; 2011).
Além disso, Silva et al., (2014) observaram uma relagdo direta entre a concentracao de
Cu e o nivel da transcricdo dos genes CTRI e ATP7B em diferentes tecidos do peixe

Poecilia vivipara, apos a exposi¢ao aguda (96 h) ao Cu.
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Figura 7. Modelo proposto de transportadores de cobre (CTR1, ATP7A ¢ ATP7B) e sua
localizagdo intracelular no enterdcito (A) e hepatocito (B) de peixe de agua salgada. Adaptado
de Minghetti et al. (2010).

1.4 Cobre e metabolismo energético

Para suprir a demanda necessaria de energia dos processos envolvidos no
transporte do Cu em peixes expostos a este metal, o glicogénio/glicose ¢ mobilizado do
figado (Wood et al., 2011). Cabe salientar que, dentro das células, cada via metabdlica ¢
continuamente e finamente regulada, a fim de manter o adequado funcionamento celular
(Nelson e Cox, 2008).

No metabolismo de carboidratos, a glicose ¢ considerada o principal substrato

10



utilizado na geracdo de energia nas células animais. A via glicolitica (glicolise),
processo que quebra uma molécula de glicose (seis carbonos) em duas moléculas de
piruvato (trés carbonos), ocorre em dez etapas. Nas primeiras cinco etapas a glicose ¢
fosforilada e convertida a gliceraldeido 3-fosfato. Nas ultimas cinco etapas ocorre a
conversao oxidativa do gliceraldeido 3-fosfato em piruvato, com a formagao de ATP e
NADH (Nelson e Cox, 2008).

Cada etapa da via glicolitica tem sua reacdo catalisada por uma enzima
especifica. A piruvato quinase ¢ a lactato desidrogenase desempenham um importante
papel na sequéncia terminal da via glicolitica. A piruvato quinase catalisa a conversao
do fosfoenolpiruvato em piruvato, que, em condi¢des anaerobicas, ¢ convertido a lactato
em reagdo catalisada pela lactato desidrogenase (Fig. 8A). Em condi¢des aerdbicas, o
piruvato ¢ convertido a acetil-CoA, que por sua vez pode ser convertido a citrato, em
reacdo catalisada pela citrato sintase no inicio do ciclo de Krebs (Fig. 8B) (Nelson e

Cox, 2008).
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Alguns estudos tém demonstrado o efeito do Cu sobre determinadas enzimas
envolvidas no metabolismo energético de peixes. Liu et al. (2010) observaram um
aumento na atividade da piruvato quinase e lactato desidrogenase hepaticas de
Synechogobius hasta, de acordo com o aumento das concentracdes de Cu dissolvido na
agua salgada (salinidade 28). Carvalho e Fernandes (2008) observaram uma diminui¢ao
na atividade da hexoquinase, fosfofrutoquinase, piruvato quinase e lactato
desidrogenase hepaticas de Prochilodus lineatus ap6s exposicao aguda (96 h) ao Cu em
agua doce. Garceau et al. (2010), ndo observaram diferenga significativa na atividade da
citrato sintase hepatica e muscular de Carassius auratus aclimatado a agua doce, apos
exposicao in vitro ao cobre.

Todavia, grande parte dos estudos relacionados aos efeitos do Cu sobre enzimas
do metabolismo energético sdo desenvolvidos em peixes de dgua doce e apds exposi¢cdo
aguda ao metal. Sendo assim, ainda hd uma lacuna no conhecimento do efeito da
exposicao cronica ao Cu sobre a atividade dessas enzimas em peixes aclimatados a agua
salgada (Balavenkatasubbaiah et al., 1984; Couture e Kumar, 2003; Carvalho e
Fernandes, 2008; Garceau et al., 2010; Liu et al., 2010 Lapointe et al., 2011)

1.5 Toxicidade do cobre em peixes

O Cu pode apresentar diferentes mecanismos de toxicidade, como alteracdes na
permeabilidade de membrana, sintese de proteinas e atividade de enzimas, bem como
inducdo de apoptose e proliferacao celular (Lundebye et al., 1999; Smith et al., 2001;
Feng et al., 2003; Krumschnabel et al., 2005; Garcia et al., 2007; Monteiro et al., 2009;
Liu et al., 2010; Eyckmans et al., 2010).

Além das alteragdes acima citadas, outros efeitos fisioldgicos sdo observados em
peixes apds a exposi¢do ao Cu. Neste caso, o metal pode se acumular em diferentes
tecidos, como figado, rim, branquias, musculo e sangue, e¢ causar disfungdes no
consumo de oxigénio, desenvolvimento embrionario, crescimento, reproducdo,
atividade de enzimas antioxidantes, resposta imunoldgica, e at¢é mesmo mortalidade
(Mazon e Fernandes, 1999; McGeer et al., 2000; Clearwater et al., 2002; Kamunde et
al., 2002; Handy et al., 2003; James et al., 2003; Mackenzie et al., 2004; Lugo et al.,
2006; Martins e Bianchini, 2008; Findik e Cicek, 2011; Liu et al., 2011; Das e Gupta,
2013; Machado et al., 2013). Em nivel molecular, o Cu pode modular a expressdo de

genes de proteinas envolvidas no transporte e secrecdo de metais e na prevencdo do
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estresse oxidativo (Minghetti et al., 2008; Minghetti et al., 2010; 2011; Chen et al.,
2011; Silva et al., 2014).

Contudo, como mencionado anteriormente, grande parte da literatura referente
aos efeitos fisiologicos do Cu em peixes esta relacionada a estudos de exposicdo aguda
a esse metal. O conhecimento dos efeitos fisioldgicos e ajustes metabolicos
relacionados a longos periodos de exposicdo ao Cu ainda ¢ limitado, havendo uma
necessidade crescente de mais estudos que investiguem os efeitos cronicos deste metal

(Handy, 2003).

1.6 Modelo experimental: Poecilia vivipara

Os peixes sao considerados importantes modelos para estudos de toxicidade de
contaminantes aquaticos. Esse grande grupo de vertebrados apresenta diversos
mecanismos fisioldgicos muito semelhantes aos de mamiferos, além de serem
relativamente de baixo custo para obtencdo e manuten¢do em cativeiro. Outra vantagem
¢ que, por constituirem um grupo altamente diversificado, apresentam boa tolerancia a
variacoes nas condigdes ambientais. Além disso, nos peixes a absorcao de
contaminantes pode ocorrer via braquial e/ou gastrointestinal (Kelly et al., 1998; Carvan
et al., 2007; Dong et al., 2014).

O teleosteo Poecilia vivipara (Fig. 9), conhecido popularmente como
“Barrigudinho” ou “Guarl’”, ¢ uma espécie nativa da América do Sul pertencente a
familia Poeciliidae, sendo um dos peixes mais comuns de ocorréncia nos lagos, rios e
lagoas costeiras no Brasil (Neves e Monteiro, 2003; Gomes Jr. ¢ Monteiro, 2008; Santos
et al., 2011; Zanette, 2013). Os espécimes de P. vivipara sdao considerados onivoros,
alimentando-se de invertebrados, detritos, algas e plantas. Os individuos apresentam
dimorfismo sexual acentuado. As fémeas sdo geralmente maiores que os machos, sendo
estes ultimos de coloragdao mais evidente (Amaral et al., 2001; Aragjo et al, 2009).

Todos os peixes poecilideos sdo caracterizados pela presenca de um gonopodio
(raio da nadadeira anal modificado) e fertilizacdo interna, sendo que todas as espécies
sdo viviparas, a exce¢do daquelas do género Tomeurus (Meredith et al., 2011). A espécie
P. vivipara ¢ considerada um modelo em potencial para estudos de toxicidade de
contaminantes aquaticos (Mattos et al., 2010; Ferreira et al., 2012; Paulo et al., 2012;
Zimmer et al., 2012; Machado et al., 2013; Harayashiki et al., 2013; Silva et al., 2014),

devido a sua ampla distribuicdo geografica (Fig. 10), tolerdncia a variagdes ambientais,
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facilidade de manutencdo e reprodugcdo em cativeiro, e viviparidade. De fato, esta

espécie tem sido utilizada como organismo-teste em diferentes estudos com metais

conduzidos pelo Instituto Nacional de Ciéncia e Tecnologia de Toxicologia Aquatica

(INCT-TA) (www.inct-ta.furg.br).

Figura 9. Exemplares do peixe Poecilia vivipara. Fonte: < www.fishbase.org.>.
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Figura 10. Distribui¢do geografica de Poecilia vivipara (). Adaptado de Zanette (2013).
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2. OBJETIVOS

2.1 Geral

* Analisar a acumulagdo e os efeitos da exposi¢ao cronica ao cobre (Cu) presente na

agua em filhotes de Poecilia vivipara aclimatados a agua salgada.

2.2 Especificos

* Quantificar a acumulagdo corporal e tecidual do Cu em filhotes de P. vivipara.

* Determinar o efeito do cobre sobre a expressdo de genes associados a acumulacao do
metal (CTRI e ATP7B) em filhotes de P. vivipara.

* Avaliar o efeito do Cu no crescimento de filhotes de P. vivipara.

* Determinar o efeito do Cu no consumo de oxigénio de filhotes de P. vivipara.

* Analisar o efeito do Cu na atividade de enzimas do metabolismo energético (citrato

sintase, lactato desidrogenase e piruvato quinase) de filhotes de P. vivipara.
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3. METODOLOGIA

3.1 Obtencao dos peixes

Machos e fémeas de P. vivipara foram coletados no Arroio do Gelo, na Praia do
Cassino (32°10°52°°S; 52°8’52°°0; Rio Grande, RS, Brasil), com auxilio de um puga.
ApoOs a coleta, os peixes foram acondicionados em caixas plasticas (50 L) e levados ao
biotério aquatico do Instituto de Ciéncias Bioldgicas (ICB) da Universidade Federal do
Rio Grande - FURG. Os animais foram mantidos sob condigdes controladas de
salinidade (24), temperatura (28°C), fotoperiodo (12 h claro:12 h escuro) e aeragdo
constante. Os peixes foram alimentados duas vezes ao dia com ragdao comercial (Alcon
Basic — MP200). As fémeas prenhas foram transferidas para caixas parideiras até o
nascimento dos filhotes, os quais foram separados ao nascer para posterior realizagdo
dos experimentos, conforme descrito a seguir. As condi¢des de manutengdo dos peixes
e os procedimentos experimentais foram previamente aprovados pelo Comité de Etica

em Uso Animal da FURG - CEUA/FURG (permissao # P014/2012).

3.2 Exposic¢io ao cobre - 28 dias

Filhotes recém-nascidos (<24 h de idade; 0,0062 + 0,0001 g de peso corporal;
8,0 £ 0,10 mm de comprimento total) de adultos ndo expostos ao Cu, foram mantidos
em condicoes controle (sem adicao de Cu na agua) ou expostos ao metal por 28 dias. As
concentragdes de Cu testadas (5, 9 e 20 ug/L) foram selecionadas considerando-se os
padrdes de qualidade de 4gua estabelecidos pela Resolugado CONAMA 357 de 2005.
Assim, foram testadas as concentracdes de 5 e 9 pg/L Cu, correspondentes aos padrdes
de qualidade para 4guas salgada e doce, respectivamente. Além disso, foi testada a
concentracdo de 20 ug/L Cu, visando simular uma situagdo de contaminagdo ambiental
acima dos niveis da atual legislacdo ambiental brasileira. Cada tratamento foi realizado
em triplicata, usando um sistema estatico com renovag¢ao total do meio experimental a
cada 24 h. Para tal, foram utilizados aquarios de vidro (1 L) contendo agua salgada
(salinidade 24), mantida sob aeracdo constante. A temperatura (28°C) e o fotoperiodo
(12 h claro: 12 h escuro) da sala foram fixados. Os peixes foram alimentados duas vezes
ao dia com a mesma ragdo comercial utilizada no periodo de aclimatagdo. O periodo

experimental foi de 28 dias.
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Ao fim do periodo experimental, os peixes foram mantidos em jejum de 12 h e
foi realizada a medida do consumo de oxigénio corporal, utilizando-se um respirometro
estatico. Apds, os peixes foram eutanasiados através da técnica de espinhalamento
(seccdo da medula espinhal dorsal), medidos (mm) e pesados (g), para posterior calculo
dos indices zootécnicos. Imediatamente apOs a biometria, os peixes foram
individualmente separados e congelados inteiros (-80°C) para posterior analise da
acumulagdo corporal de cobre e dos parametros bioquimicos ¢ moleculares, conforme

descrito abaixo.

3.3 Exposicao ao cobre - 345 dias

Filhotes recém-nascidos (<24 h de idade; 0,0063 + 0,0001 g de peso corporal;
7,1 £0,13 mm de comprimento total) de adultos ndo expostos ao Cu foram expostos ao
metal em trés tratamentos experimentais, utilizando-se as mesmas concentracdes de Cu
testadas no Experimento 1, descrito acima. Cada tratamento foi realizado em triplicata,
usando um sistema estatico com renovacao parcial (70%) do meio experimental a cada
7 dias. Neste caso, foram utilizados aquérios de vidro (10 L) contendo agua salgada
(salinidade 24), mantida sob constante aeracdo. A temperatura (28°C) e o fotoperiodo
(12 h claro: 12 h escuro) da sala foram fixados. Os peixes foram alimentados ad
libitumm diariamente com a mesma racdo comercial utilizada no periodo de
aclimatacdo. O periodo experimental foi de 345 dias.

Ao fim do periodo experimental, os peixes foram eutanasiados com benzocaina,
medidos (mm) e pesados (g). Imediatamente apds a biometria, os peixes foram
dissecados e os tecidos (branquias, figado, intestino e musculo) coletados e congelados
para posterior analise da acumulagdo de Cu, bem como dos parametros bioquimicos e

moleculares.

3.4. Parametros analisados

3.4.1 Sobrevivéncia e parametros zootécnicos

A sobrevivéncia (S) foi calculada para os peixes de ambos os experimentos. A

taxa de crescimento especifico (SGR), o ganho de peso (WG), a conversao alimentar

aparente (FC) e o fator de condi¢do (CF) foram calculados para os peixes expostos em
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curto prazo (28 dias). Para os peixes do experimento de longo prazo (345 dias), foram
calculados a taxa de crescimento especifico (SGR) e o ganho de peso (WG). Os indices
zootécnicos foram calculados utilizando-se as seguintes formulas:

S = (nf/ni) x 100, onde nf ¢ o nimero de peixes ao fim do experimento € ni ¢ o
numero de peixes no inicio do experimento;

SGR = [(In pf—In pi)/t] x 100, onde pf € o peso final (g), pi é o peso inicial (g), t
¢ o tempo do experimento em dias;

FC = AO/GP, onde AO ¢ a quantidade de alimento oferecido (g) e GP ¢ o ganho
de peso (g);

CF = (p/c3) x 100, onde p € o peso (g) e ¢ € o comprimento (cm);

WG = [(pf- pi)/ pi] x 100, onde pf é o peso final (g) e pi é o peso inicial (g).

3.4.2 Acumulacio de cobre

Nos peixes expostos em curto prazo, a acumulacdo de Cu foi avaliada no
individuo inteiro, enquanto que nos peixes expostos em longo prazo, o contetido de Cu
foi medido nos tecidos (branquias, figado, intestino e musculo). As amostras de ambos
os experimentos foram pesadas (peso umido) e secas em estufa a 50°C, até
determinagdo do peso constante (peso seco). As amostras secas foram completamente
digeridas em 4acido nitrico (HNO3) 65% PA e o conteido de Cu foi determinado em
espectrofotometro de absor¢do atdmica no modo chama (AAS, Avanta 932 Plus, GBC,
Hampshire, IL, USA). Para calibracdo do equipamento, foram utilizadas solugdes
padrdes certificadas (Tritisol, Merck), conforme procedimentos anteriormente descritos
(Martins e Bianchini, 2008; Lopes et al., 2011;. Carvalho et al., 2013;. Machado et al.,
2013;. Silva et al., 2014). Os dados foram expressos em pg/g de tecido seco.

3.4.3 Expressao génica

A expressdo de genes codificantes de proteinas transportadoras de Cu foi
analisada nos peixes inteiros expostos por 28 dias e nos tecidos (branquias, figado e
intestino) dos peixes expostos por 345 dias. Apos a coleta, as amostras de ambos os
experimentos foram imediatamente acondicionadas em RNAlater (Ambion), mantidas a

4°C por 24 h e entdo armazenadas a -80°C, de acordo com as instrugdes do fabricante.
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O RNA total foi extraido com QIAzol (Quiagen) e transcrito reversamente
utilizando-se o "High Capacity cDNA Reverse Transcription kit" (Applied Biosystems),
primers oligo-dT e inibidor de RNAse (Applied Biosystems). Foi utilizada PCR em
tempo real (qQPCR; 7300 Real-Time PCR System; Applied Biosystems) para quantificar
a expressao relativa dos genes CTRI e ATP7B, utilizando-se a mistura reagente "GoTaq
gPCR Master Mix" (Promega, Madison, W1, EUA).

Os primers especificos para os genes analisados foram os mesmos utilizados por
Silva et al. (2014). Para ambos os genes, a expressdo foi analisada em duplicata
utilizando-se o seguinte protocolo: 50°C durante 2 min, 95°C durante 2 min, 45 ciclos a
95°C durante 15 s e 60°C durante 30 s. A analise da curva de fusdo foi realizada sobre
os produtos da PCR no final de cada ciclo, para assegurar que um determinado produto
foi amplificado.

Os resultados obtidos foram normalizados utilizando os genes EFla e f-Actina
como normalizadores (Silva et al., 2014). Os valores de expressao total dos genes CTR/
e ATP7B nas amostras dos peixes inteiros da exposi¢do de curto prazo (28 dias) e de
tecidos (branquias, figado e intestino) dos peixes da exposi¢dao de longo prazo (345
dias) foram analisados através do método E2¢ (B (&ene alvo = normalizadony (qohmittgen e
Livak, 2008). A média dos valores de Ct dos genes normalizadores EFla e f-actina foi

utilizada no célculo do nivel de transcricao relativa para o gene alvo.
3.4.4 Consumo de oxigénio corporal

O consumo de oxigénio corporal foi medido nos peixes expostos em curto prazo
(28 dias). Para medir o consumo de oxigénio corporal, os peixes foram submetidos
previamente a um jejum de 12 h. O consumo individual de oxigénio foi medido
utilizando-se um respirdmetro estatico. A concentragdo inicial de oxigénio dissolvido
foi medida com o auxilio de um oximetro digital (YSI modelo 55, Hexis, Ohio, EUA).
Posteriormente, a aera¢do da agua foi interrompida e a superficie do tanque foi coberta
com material plastico transparente, a fim de minimizar a difusdo do oxigénio do ar para
a agua. Apo6s 30 min., a concentracdo final de oxigénio dissolvido foi medida
novamente. Todas as medicdes foram realizadas em niveis de saturacao de oxigénio >
70%. A taxa de consumo de oxigénio (CO) foi calculada usando a seguinte formula: CO
=[(0i - 0Of) x V] /B /T, onde Oi e Of sdo as concentracdes iniciais e finais de oxigénio

(mg/L O), respectivamente, V € o volume do tanque (L), B ¢ a biomassa (g) e T € o
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intervalo de tempo entre medi¢des (h) (Cunha et al., 2009). Os dados foram expressos

em mg O,/g/h.

3.4.5 Atividade enzimatica

A atividade das enzimas envolvidas no metabolismo energético foi medida nos
peixes inteiros expostos em curto prazo (28 dias) e nos tecidos (branquias, figado e
musculo) dos peixes expostos em longo prazo (345 dias). Em ambos os casos, as
amostras foram homogeneizadas em solug¢ao tampao (pH 7,8) contendo imidazol (50
mmol/L) e PMSF (0,1 mmol/L). Os homogeneizados foram centrifugados a 10,000 g e
4°C (Micro 22R HettichZentrifugen, Global Medical Instrumentation, Ramsey,
Minnesota, EUA) por 20 min. Os sobrenadantes foram usados diretamente nos ensaios
enzimdticos ou diluidos em solu¢do tampao de homogeneizagdo. A atividade da
piruvato quinase, lactato desidrogenase e citrato sintase foi medida por
espectrofotometria (Lallier e Walsh, 1991; Lauer et al., 2012), utilizando-se uma leitora
de microplacas (ELX 808 Universal Microplate Reader/Bio-Teck Instruments -

Winooski, Vermont, USA). Os dados foram expressos em U/mg proteinas.

3.5 Analise estatistica dos dados

Os resultados foram expressos como média + erro padrdo da média. Os
resultados de expressdo génica foram analisados através do método comparativo Ct
(Pfaffl et al., 2002; Schmittgen e Livak, 2008). Os dados foram submetidos a analise de
variancia (ANOVA) de uma via, seguida do teste de Tukey. Os pressupostos da
ANOVA (homogeneidade de varidncias e normalidade dos dados) foram previamente

verificados. Em todos os casos, o nivel de significancia adotado foi de 95% (a = 0,05).
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4. RESULTADOS

Os resultados do presente estudo estdo apresentados sob a forma de dois
manuscritos, 0os quais serdo submetidos para publicacio a revista AQUATIC

TOXICOLOGY (fator de impacto: 3.45 - 2015):

Manuscrito 1: Role of transporting proteins CTR1 and ATP7B on copper accumulation
in newborn puppies of the viviparous fish Poecilia vivipara (Bloch and Schneider,

1801) acclimated to salt water
Manuscrito 2: Effects of chronic exposure to copper on growth and energy metabolism

in newborn puppies of the viviparous fish Poecilia vivipara (Bloch and Schneider,

1801) acclimated to salt water
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Abstract

The involvement of transporting proteins on copper (Cu) bioaccumulation was
evaluated in puppies of the viviparous fish Poecilia vivipara acclimated to salt water
(24 ppt) after chronic exposure to environmentally relevant concentrations of
waterborne Cu. Newborn (<24-h old) fish (0.020 £ 0.001 g wet body mass; 10.49 + 0.30
mm body length) were maintained under control condition (no Cu addition into the
water) or exposed to different waterborne Cu concentrations (nominally: 5, 9 and 20
ng/L) for 28 and 345 days. After 28 days of exposure, whole fish were collected and
stored for analysis of Cu accumulation and expression of genes encoding for the high
affinity Cu-transporter (CTR/) and the P-type Cu-ATPase (ATP7B). After 345 days of
exposure, whole fish were collected for analysis of Cu accumulation. Also, additional
fish were collected and had their tissues dissected and stored for analyses of Cu
accumulation (gills, liver, gut and muscle) and CTRI and ATP7B expression (gills, liver
and gut). After 28 days of exposure to Cu, no fish mortality was observed. No fish
survival was observed after exposure to 20 ug/L. Cu for 345 days. Whole-body Cu
accumulation was dependent on waterborne Cu concentration, being significantly higher
in fish exposed for to 20 pg/L Cu for 28 days and fish exposed to 9 pg/L Cu for 345
days when compared to control fish. Furthermore, tissue Cu accumulation was also
dependent on waterborne Cu concentration, being significantly higher in gills, liver and
gut of fish exposed to 9 pg/L for 345 days than in control fish. However, no significant
Cu accumulation was observed in fish muscle. In fish exposed for 28 days, whole-body
CTRI expression was induced in fish exposed to 9 pg/L Cu. Also, whole-body ATP7B
expression was induced in fish exposed to 9 and 20 pg/L Cu. In fish exposed for 345
days, no significant change in CTR/ expression was observed in all tissues analyzed
(gills, liver and gut). However, ATP7B expression was induced in gills and gut of fish
exposed to 5 pg/L Cu and liver of fish exposed to 9 pg/L Cu. These findings indicate
that Cu accumulation in P. vivipara (whole fish or tissues) is dependent on waterborne
Cu concentration and exposure time in salt water (24 ppt). Furthermore, they suggest
that Cu accumulation is associated with the expression of genes encoding for Cu-
transporting proteins (CTR1 and ATP7B) in key tissues involved in Cu uptake, storage

and excretion.

Keywords: accumulation, ATP7B, CTR1, chronic exposure, copper, gene expression
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Introduction

Pollution of aquatic ecosystems with organic and inorganic contaminants is of
increasing concern (Laws, 2000). Among the different types of pollutants, heavy metals
have received significant attention due to their accumulation and high toxicity in aquatic
organisms (Brown and Welton, 2008; Sanchez, 2008).

Copper (Cu) is an essential redox-active metal, which acts as structural element
of regulatory proteins involved in cellular homeostasis. This metal plays an important
role in physiological processes such as respiration, oxidative stress response and
hormonal signaling (Knight et al., 1994; Dang et al., 2000; Bopp et al., 2008; Leary et
al., 2009; Eyckmans et al., 2010; Belyaeva et al., 2011). However, Cu at elevated
concentrations is toxic to organisms, causing serious cellular injuries.

In fish, Cu may induce different effects, including changes in membrane
permeability, protein synthesis, enzyme activity, apoptosis, cell proliferation and
dysfunctions in embryonic development, growth, reproduction and immune response
(Mazon and Fernandes, 1999; Smith et al., 2001; Feng et al., 2003; James et al., 2003;
Krumschnabel et al., 2005; Lugo et al., 2006; Garcia et al., 2007; Martins and
Bianchini, 2008; Monteiro et al., 2009; Liu et al., 2010; Eyckmans et al., 2010; Findik
and Cigek, 2011; Liu et al., 2011).

In vertebrates, several mechanisms are involved to ensure Cu homeostasis. The
high affinity Cu-transporter (CTR1) and P-type Cu-ATPases (ATP7A and ATP7B) are
important proteins involved in Cu transport across membranes and inside the cells,
respectively (Lutsenko et al., 2007). In fish, the expression of proteins involved in Cu
homeostasis is induced by Cu exposure and regulated at the transcriptional level
(Minghetti et al., 2010; 2011). In a recent study, Silva et al., (2014) observed a direct
relationship between tissue Cu content and the transcriptional level of the CTRI and
ATP7B genes after acute (96 h) exposure to Cu in the viviparous fish Poecilia vivipara.

The guppy P. vivipara is one of the most common fish in lakes, rivers and
coastal lagoons in Brazil (Neves and Monteiro, 2003; Gomes and Monteiro, 2008;
Santos et al., 2011). Due to its wide geographic distribution, high tolerance to changes
in environmental conditions and easy handling and breeding in captivity, P. vivipara is
considered a potential model for toxicological studies with chemical contaminants
(Mattos et al., 2010; Paulo et al., 2012; Zimmer et al., 2012; Machado et al., 2013;
Harayashiki et al., 2013; Silva et al., 2014). In the present study, we have analyzed the
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level of Cu accumulation and the effects of this metal on the expression of genes
encoding for the CTR1 and ATP7B transporting proteins in newborn puppies of P.
vivipara after chronic exposure to environmentally relevant concentrations of

waterborne Cu.

Material and Methods

Fish rearing

Male and female P. vivipara were grown in the hatchery of the Institute of
Biological Sciences of the Federal University of Rio Grande - FURG. Couples were
separated and maintained in 20-L plastic tanks containing salt water at salinity 24 ppt
under constant aeration. Water temperature (25°C) and photoperiod (12 h light: 12 h
dark cycle) were fixed. Fish were fed twice daily with a commercial diet (Alcon Basic;
45% crude protein, 5% lipids, 2% calcium, 0.7% phosphorus and 10% humidity) until
apparent satiation. Gravid females were transferred to breeding boxes. After birth,
newborn puppies (<24 h) were separated and subjected to Cu exposure. All
experimental procedures were previously approved by the Ethics Committee for Animal

Use of the University (CEUA/FURG; permit # P014/2012).

Experimental design

In a first experiment, newborn (<24-h old) puppies (6.2 + 0.1 mg; 8.0 + 0.1 mm)
were kept under control condition (no Cu addition into the water) or exposed to
different Cu concentrations (nominally: 5, 9 and 20 pg/L) for 28 days. These
concentrations were obtained by dilution of Cu standard solution prepared with CuCl,
(Vetec Quimica Fina, Sao Paulo, Brazil). They were selected considering the current
Brazilian water quality criteria for Cu in sea water (5 pg/L) and fresh water (9 pg/L).
The concentration of 20 pg/L was selected as a non-conforming condition (CONAMA,
2005). Each treatment was performed in triplicate. Experimental media were completely
renewed every day. Fish density was always < 1 g/L. Fish were maintained in 1-L glass
aquaria with salt water at salinity 24 ppt, pH 7.66 + 0.21, continuously aerated (oxygen
saturation >90%). Water temperature (28°C) and photoperiod (12 h light:12 h dark
cycle) were fixed. Fish were fed daily until apparent satiation with the same commercial
diet used during the fish rearing period. After exposure, fish were collected, quickly

rinsed in control sea water (24 ppt salinity), kept on ice, killed by sectioning of the
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spinal cord and immediately stored in ultrafreezer (-80°C) or RNAlater (Ambion) for
further analysis of Cu accumulation and gene expression, respectively. Samples for
gene expression were held at 4°C for 24 h, and then stored in ultrafreezer (-80°C) until
analysis.

In a second experiment, newborn (<24-h old) puppies (wet body mass: 6.3 £0. 1
mg; standard body length: 7.16 = 0.13 mm) were kept under control condition or
exposed to the different Cu concentrations (nominally: 5, 9 and 20 pg/L) for 345 days.
Fish were maintained in 10-L glass aquaria under the same conditions described for the
first experiment. However, the experimental media were completely renewed every
week. Fish were fed daily until apparent satiation with the same commercial diet used
during the fish rearing period. After exposure, whole fish were collected, quickly rinsed
in control salt water (salinity 24 ppt) and immediately stored in ultrafreezer (-80°C) or
in RNAlater for further analysis of Cu accumulation and gene expression, respectively.
Samples for gene expression were held at 4°C for 24 h, and then stored in ultrafreezer (-
80°C) until analysis. Also, additional fish were kept on ice, killed by sectioning of the
spinal cord and had their tissues (gill, liver, gut and muscle) dissected and immediately

stored as described for whole fish samples.

Whole-body and tissue Cu concentration

Whole-body Cu concentration was measured in fish of the first experiment.
Whole-body and tissue (gills, liver, gut and muscle) Cu concentrations were measured
in fish of the second experiment. Samples of both experiments were randomly collected,
weighed (wet weight) and dried (50°C) until constant weight (dry weight). Dried
samples were completely digested in 65% nitric acid. Cu concentration was determined
by atomic absorption spectrophotometry in the flame mode (AAS, Avanta 932 Plus,
GBC, Hampshire, IL, USA), following procedures previously described (Martins and
Bianchini, 2008; Lopes et al., 2011; Carvalho et al., 2013; Machado et al., 2013; Silva
et al., 2014). Cu concentrations were calculated based on a standard curve built with

certified standards (Tritisol-Merck). Data were expressed as pg/g dry tissue.

Gene expression analysis
Gene expression was determined in whole fish samples of the first experiment
and in whole fish and tissues (gill, liver and gut) samples of the second experiment.

Total RNA was extracted with QIAzol (Quiagen) and reversely transcribed with the

26



High Capacity cDNA Reverse Transcription kit (Applied Biosystems), oligo-dT primers
and RNAse inhibitor (Applied Biosystems). Real time PCR (qPCR; 7300 Real-Time
PCR System; Applied Biosystems) was used to quantify the relative expression of
CTRI and ATP7b genes using the GoTaq qPCR Master Mix (Promega, Madison, WI).
The gene-specifc primers used were those previously described by Silva et al. (2014).
For both genes, expression was analyzed in duplicate using the following protocol:
50°C for 2 min, 95°C for 2 min, 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 obtained results were normalized using EFla
and B-Actin as housekeeping genes (Silva et al., 2014). The relative values for the total
gene expression of CTRI and ATP7B in whole fish and tissues samples were analyzed
by the E 4 (B (et gene — housekeeping gen)y yothod (Schmittgen and Livak, 2008). The
average of the housekeeping genes (EFla and B-Actin) Ct values was used in the

calculation of the relative transcriptional level for the target gene.

Data presentation and statistical analysis

Data are expressed as means + standard error. For each experiment, mean values
among treatments were compared using analysis of variance (ANOVA) followed by the
Tukey test (parametric data) or the Kruskal-Wallis ANOVA followed by the Multiple
Comparisons of Mean Ranks test (non-parametric data). In all cases, the significance
level adopted was 95% (o = 0.05). Analyses were performed using the software

Statistica 7.0 (StatSoft, Tulsa, OK, USA).
Results

For both experiments (28 and 345 days), there was no significant difference
between total and dissolved Cu concentrations in each treatment. However, total or
dissolved Cu concentrations significantly increased among treatments. For the first
experiment, total Cu concentrations corresponded to 1.8 +£ 0.3, 7.1 £ 0.5, 10.9 +1.3 and
21.0 £ 5.6 pg/L for the nominal concentrations of 0, 5, 9 and 20 pg/L, respectively.
Dissolved Cu concentrations corresponded to 1.7 = 0.4, 7.2 £ 0.8, 10.1 £ 1.2 and 16.9
1.6 ng/L, respectively. For the second experiment, total Cu concentrations corresponded

to 1.8 £0.4,7.1 £0.5,10.9 £1.3 and 21.0 &+ 5.6 pg/L for the nominal concentrations of
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0, 5, 9 and 20 pg/L, respectively. Dissolved Cu concentrations corresponded to 1.3 +
0.2,7.2+0.8,10.1 £ 1.2 and 16.9 = 1.6 pg/L, respectively.

In the first experiment (28 days), fish survival was not affected by Cu exposure.
In the second experiment (345 days), 100% mortality was observed within the first 7
weeks of fish exposure to 20 pg/L Cu. After 28 days of exposure, whole-body Cu
concentration was higher in fish exposed to 20 pg/L Cu than in control fish and those
exposed to 5 pg/L Cu. After 345 days of exposure, whole-body Cu concentration was
higher in fish exposed to 9 pug/L Cu than in control fish and those exposed to 5 pg/L Cu
(Fig. 1). Tissue Cu accumulation was also analyzed in fish exposed for 345 days. For
gills and gut, Cu concentration was higher in fish exposed to 9 pg/L Cu than in fish kept
under control condition. In turn, Cu concentration was higher in liver of fish exposed to
9 pg/L Cu than in liver of control fish and those exposed to 5 pg/L Cu. On the other
hand, muscle Cu concentration was not affected by Cu exposure (Table 1).

Whole-body expression of CTRI and ATP7B was affected by exposure of fish to
Cu for 28 days. CTRI was up-regulated in fish exposed to 9 pg/L Cu respect of control
fish. In turn, ATP7B was up-regulated in fish exposed to 9 and 20 pg/L Cu respect of
those kept under control condition (Fig. 2). In tissues (gill, liver and gut), CTRI
expression was not affected by fish exposure to Cu for 345 days. However, ATP7B was
up-regulated in gill and gut of fish exposed to 5 pg/L Cu, as well as in liver and gut of
fish exposed to 9 pug/L Cu (Fig. 3).

Discussion

In the present study we provide information on the effects of chronic Cu
exposure on Cu accumulation and gene expression of Cu-transporting proteins in
puppies of the viviparous guppy P. vivipara. At the best of our knowledge, this is the
first paper to report findings on the Cu effects in a saltwater fish after an extremely long
time of exposure (345 days) to the waterborne metal. Furthermore, exposures were
performed using neonates fish (<24 days after born).

Whole-body Cu accumulation in newborn guppies was dependent on the time of
exposure and Cu concentration in salt water, being significantly higher in fish exposed
to 20 pg/L Cu for 28 days and to 9 pg/L Cu for 345 days. Indeed, a concentration- and
time-dependent whole-body Cu accumulation is a very common feature observed in

teleost fish after exposure to waterborne Cu (Ay et al., 1999; Mazon and Fernandes,
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1999; McGeer et al, 2000a,b; Taylor et al., 2000; Grosell et al., 2004; James et al.,
2008). However, recent studies with adult P. vivipara (Machado et al., 2013; Silva et
al., 2014) reported no significant whole-body Cu accumulation after exposure to the
same Cu concentrations used in the present study. However, it is important to note that
these studies were performed for only 96 h. Therefore, the difference observed between
the present study and the previous ones is clearly associated with the time of exposure
to Cu, which was much longer in the present study. Also, these findings indicate that the
guppy P. vivipara shows an efficient mechanism to maintain the whole-body Cu
homeostasis when exposed for a short period of time (96 h) to environmentally relevant
concentrations of waterborne Cu. However, it loses this ability when exposed to these
Cu concentrations for longer periods of time (28 or 345 days).

Whole-body and tissue concentrations of essential metals like Cu tend to be
highly regulated when compared to those of non-essential metals (Pereira et al., 2009;
Wood et al., 2011). Elevated Cu burden was already reported in the gut of adult guppies
P. vivipara after acute exposure (96 h) to the same waterborne Cu concentrations used
in the present study (Machado et al., 2013; Silva et al., 2014). In fish exposed to Cu for
345 days, tissue Cu concentration followed the sequence: liver > gut > gill > muscle.
Furthermore, a concentration-dependent Cu accumulation was observed in liver, gut and
gills, with significantly increased values being observed in gills and gut of fish exposed
to 9 ng/L Cu, as well as in liver of fish exposed to 5 and 9 pg/L. Several studies have
reported the involvement and importance of these tissues in the maintenance of Cu
homeostasis in teleost fish (Grosell et al., 2004; Minghetti et al., 2010; Silva et al.,
2014). In fact, gill and gut are organs with epithelial surface directly in contact with the
Cu containing environment, thus playing an important role in Cu uptake. In turn, liver is
a tissue mainly involved in Cu storage, detoxification and excretion in fish (Grosell et
al., 1997; McGeer et al., 2000b; Grosell et al., 2002; Minghetti et al., 2010).

In aquatic animals, regulation of Cu homeostasis is dependent on metal uptake,
storage and excretion (Depledge and Rainbow, 1990; Clearwater et al., 2002; Wood et
al., 2011). In turn, Cu uptake is dependent on the regulation of membrane permeability
and the amount of permeable membrane to body size over which Cu can be absorbed
(Wood et al., 2011). In the present study, we evaluated the involvement of the Cu-
transporting proteins CTR1 and ATP7B in Cu accumulation in the viviparous guppy P.
vivipara, through analysis of the expression of genes encoding for these proteins (CTR/

and ATP7B).

29



Expression of both CTRI and ATP7B was affected by exposure of newborn P.
vivipara to environmentally relevant concentrations of waterborne Cu for 28 or 345
days. As observed for Cu accumulation, whole-body transcriptional level of CTRI and
ATP7B in P. vivipara was dependent on waterborne Cu concentration, being
significantly up-regulated in fish exposed to 9 pg/L Cu. However, it is worth to mention
that ATP7B expression was also up-regulated in fish exposed to 20 pg/L while CTRI
expression was recovered back to the control level. In addition, no significant change in
CTRI expression was observed in all tissues analyzed (gills, liver and gut) after fish
exposure to waterborne Cu for 345 days. On the other hand, the transcriptional level of
ATP7B was up-regulated in all tissues analyzed of fish exposed to 5 and/or 9 pg/L Cu.

Findings described above for CTRI expression in P. vivipara can be explained
considering the fact that the high-affinity Cu transporter 1 (CTR1) is a highly conserved
transmembrane protein that mediates the internalization specifically of Cu ions from the
extracellular medium (Linder and Hazegh-Azam, 1996; Grosell and Wood, 2002; Bury
et al., 2003; Sharp, 2003; Mackenzie et al., 2004; Wood et al., 2011). Therefore, the
lack of response in the whole-body CTRI expression in fish exposed to a high
concentration of waterborne Cu (20 pg/L) for 28 days, as well as in key tissues of fish
exposed to environmentally relevant Cu concentrations (5 and 9 pg/L) for 345 days
could be part of a negative feedback mechanism in attempt to limit the excessive Cu
uptake from the dissolved phase in salt water (Minghetti et al., 2008; Silva et al., 2014).
This statement is based on the fact that fish exposed to 20 pg/L Cu for 28 days showed
a significant whole-body Cu accumulation and those exposed to 5 and/or 9 pg/L Cu for
345 days had significant accumulation of Cu in key tissues involved in Cu uptake,
storage, detoxification and excretion (gills, liver and gut). In addition, these findings
indicate that whole-body Cu accumulation in fish exposed to an elevated Cu
concentration (20 pg/L) for a short period of time (28 days) or tissue Cu accumulation
in fish chronically exposed (345 days) to a relatively low concentration of Cu (9 pg/L)
seems not to be associated to CTR1, but an alternative mechanism of metal uptake (Lee
et al., 2002).

In turn, the generalized up-regulation of ATP7B expression observed in whole
body (28-days exposure) and tissues (345-days exposure) of P. vivipara can be
explained considering the fact that the Cu-transporting ATPase (ATP7B) is a key
molecule involved in the process of regulation and maintenance of Cu homeostasis

inside the fish cells (Minghetti et al., 2010; La Fontaine and Mercer, 2007; La Fontaine
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et al., 2010). In fact, the expression of the gene encoding for this protein (4TP7B) was
shown to be regulated at the transcriptional level after fish exposure to Cu (Minghetti et
al., 2010; Silva et al., 2014). Therefore, the up-regulation in whole-body ATP7B
expression observed in P. vivipara exposed to 20 pg/L Cu for 28 days, as well as in key
tissues of P. vivipara exposed to 9 ug/L Cu for 345 days could be an attempt to deal
with the excessive amount of Cu accumulated in P. vivipara maintained under those
experimental conditions.

Previous studies also reported that CTRI and ATP7B expression is regulated at
the transcriptional level after fish exposure to Cu. As observed in the present study, they
also showed that these genes are differentially expressed in each particular tissue
(Minghetti et al., 2008; Minghetti et al., 2010; Silva et al., 2014). However, it is
important to stress the different profiles of CTR/ and ATP7B expression according to
the time of exposure to waterborne Cu. Silva et al. (2014) showed a down-regulation of
CTR1 expression in gills of the guppy P. vivipara acclimated to salt water and exposed
to 5 ug/L Cu for a short period of time (96 h). In the present study, we have observed a
whole-body up-regulation of this gene after P. vivipara exposure to Cu for 28 days, a
longer period of exposure than that used by Silva et al. (2014). Also, Minghetti et al.
(2008) reported an induction of CTR! expression in gut and kidney of the sea bream S.
aurata after exposure to waterborne Cu for 30 days. Finally, a lack of response in tissue
CTRI expression was observed after a much longer time of exposure (345 days) of P.
vivipara to environmentally relevant concentrations of waterborne Cu.

Regarding ATP7B, this gene showed a different profile of expression as a
function of the exposure time to waterborne Cu when compared that observed for
CTRI. Silva et al. (2014) reported a down-regulation of the expression in the gut of fish
exposed to 9 and 20 pg/L Cu for a short period of time (96 h). In turn, we have observed
an up-regulation of the whole-body ATP7B expression after exposure of P. vivipara to
Cu for 28 days, as well as an up-regulation of ATP7B expression in tissues of P.
vivipara, including the gut, after fish exposure to 9 ug/L Cu for 345 days.

In summary, our findings show that the viviparous guppy P. vivipara is not able
to maintain whole-body Cu homeostasis when exposed to 20 pg/L Cu for 28 days or to
9 ug/L for 345 days in salt water (salinity 24 ppt). Also, they clearly indicate that Cu
accumulation and expression of genes encoding for Cu-transporting proteins (CRT1 and
ATP7B) in the guppy P. vivipara is dependent on both Cu concentration and the

exposure time to the metal. In addition, they provide evidence of the involvement of
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CTRI1 and ATP7B in the accumulation of Cu at whole body or tissue level in the guppy
P. vivipara after chronic exposure to environmentally relevant concentrations of
waterborne Cu. Finally, our data together with other reported in the literature for P.
vivipara suggest that CTRI and ATP7B have different profiles of expression along the
chronic exposure of fish to waterborne Cu in salt water. The profile of expression
showed by CTRI suggests an adaptive response of the encoded protein (high-affinity Cu
transporter 1) in attempt to limit the excessive uptake of Cu from the dissolved phase at
elevated concentrations of waterborne Cu in salt water. In turn, the profile of expression
showed by ATP7B suggests an important role of the encoded protein (Cu-transporting
ATPase) in the intracellular distribution and fate of Cu in cells of key tissues (gills, liver

and gut) involved in Cu homeostasis in the viviparous guppy P. vivipara.
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Table 1. Copper concentration (ug Cu/g dry weight) in tissues of newborn puppies of
the guppy Poecilia vivipara exposed to waterborne copper for 345 days. Data are
expressed as mean = SEM (n = 5-6). Different letters indicate significant difference

among treatments for the same tissue (p<0.05).

Nominal copper concentration (pg/L)

Tissue Control 5 9
Gill 474+1.5° 16.5 + 3.5 212+4.6°
Liver 11.3+3.3 62.5+17.5°  202.4+32.5°
Gut 32+0.8° 22.7+55% 42.1+9.2°
Muscle 2.0+0.2° 1.8+ 0.6 2.7+0.7

38



Figure Legends

Figure 1. Whole-body copper concentration in newborn guppies Poecilia vivipara exposed to
waterborne copper for 28 and 345 days. Data are expressed as mean + standard error (n = 5).
Different small and capital letters indicate significant different mean values among treatments

for fish exposed for 28 and 345 days, respectively (p<0.05).

Figure 2. Transcriptional level of genes encoding for the high-affinity Cu transporter (CTRI)
and Cu-transporting ATPase (A7TP7B) in whole-body of newborn guppies Poecilia vivipara
exposed to waterborne copper for 28 days. Data are expressed as mean + SEM (n = 8-9).
Different small and capital letters indicate significant different mean values among treatments

for CTR1 and ATP7B, respectively (p<0.05).

Figure 3. Transcriptional level of genes encoding for the high-affinity Cu transporter (CTR/)
and Cu-transporting ATPase (ATP7B) in gill (A), liver (B) and gut (C) of newborn guppies
Poecilia vivipara exposed to waterborne copper for 345 days. Data are expressed as mean +
SEM (n = 6-10). Different small and capital letters indicate significant different mean values

among treatments for CTRI and ATP7B, respectively (p<0.05).
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Abstract

In a previous study, we have shown that copper (Cu) is significantly accumulated in
whole body of newborn puppies of the viviparous guppy Poecilia vivipara after
exposure to environmentally relevant concentrations of waterborne Cu for 28 days (20
ng/L Cu) and 345 days (9 pg/L Cu). Also, Cu accumulation was observed in key tissues
(gills, liver and gut) of guppies exposed to 9 pg/L Cu for 345 days. Therefore, the aim
of the present study was to analyze the effects of Cu accumulation on growth and
energy metabolism of newborn puppies of P. vivipara acclimated to salt water. In a first
experiment, newborn puppies were kept under control condition (no Cu addition in salt
water) or exposed to different concentrations of waterborne Cu (nominally: 5, 9 and 20
ng/L) for 28 days. After exposure, whole-body oxygen consumption was measured and
fish were killed, measured, weighed and stored for further biochemical analysis. In a
second experiment, newborn puppies were kept under control condition or exposed to
the same Cu concentrations used in the first experiment for 345 days. After exposure,
fish were killed, measured, weighed and had their tissues (gills, liver and muscle)
dissected and stored for further biochemical analysis. In samples from both experiments
(whole fish and tissues), biochemical parameters analyzed included pyruvate kinase
(PK), lactate dehydrogenase (LDH) and citrate synthase (CS) activity. After 28 days of
exposure, no significant effect of Cu was observed on fish survival, growth and enzyme
activity. However, a significant increase in whole-body oxygen consumption was
observed in guppies exposed to 9 and 20 pg/L Cu. After 345 days of exposure, no fish
survival was observed at 20 pg/L Cu. In addition, growth was significantly reduced in
male guppies exposed to 9 pg/L Cu and female guppies exposed to 5 and 9 pg/L Cu.
Furthermore, a significant increase in CS activity was observed in liver of guppies
exposed to 9 pg/LL Cu. Therefore, findings reported in the present study provide
evidence that chronic exposure to environmentally relevant concentrations of Cu in salt
water affects survival and growth of newborn puppies of the viviparous guppy P.
vivipara. Also, they suggest that the chronic Cu effect on fish growth is associated with
an increased energy demand to deal with Cu homeostasis and/or an impairment in the

mitochondrial respiratory chain.

Keywords: copper, chronic exposure, growth, guppy, metabolism, salt water
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Introduction

Copper (Cu) is considered one of the most important metal in nature. It is
employed in electricity supply, electronics factoring, food production, as well as
building, pharmaceutical, automotive and naval industry (CDA, 2015). Therefore,
human activities have been considered of great impact on the contamination of aquatic
environments with Cu. Regarding the biological role, Cu is considered as an essential
metal. It can be easily subjected to changes in its oxidation state and donate or accept
electrons. Therefore, Cu acts as a structural element of regulatory proteins involved in
cellular homeostasis (Linder and Hazegh-Azam, 1996; Wikstrom and Verkhovsky,
2007; Kim et al., 2008). However, it can be toxic to organisms at elevated
concentrations, inducing impairment in cell functions (Pena et al., 1999).

In fish, toxic effects of Cu have been widely studied. Indeed, Cu exposure was
shown to affect fish growth, oxygen consumption, embryonic development and
reproduction. At biochemical and molecular levels, Cu can affect membrane
permeability, protein synthesis and enzyme activity, as well as the expression of genes
encoding for proteins involved in cellular transport of Cu (De Boeck et al., 1995;
McGeer et al., 2000; Smith et al., 2001; Clearwater et al., 2002; Kamunde et al., 2002;
Handy, 2003; Mackenzie et al., 2004; De Boeck et al., 2006; Garcia et al., 2007;
Kunwar et al., 2009; Chen et al, 2011; Das and Gupta, 2013; Machado et al., 2013;
Silva et al., 2014).

In vertebrates, glycogen/glucose is mobilized from the liver in order to supply
the energy demand associated with processes involved in Cu homeostasis (Strydom et
al., 2006; Wood et al., 2011). In this context, pyruvate kinase (PK) and lactate
dehydrogenase (LDH) are key enzymes at the end of the glycolytic pathway. Also,
citrate synthase (CS) is another important enzyme in the process of energy generation.
Under aerobic condition, this enzyme catalyzes the reaction of acetyl-CoA conversion
into citrate at the beginning of the Krebs' cycle (Nelson and Cox, 2008). Some studies
have shown that Cu can affect the activity of certain enzymes involved in energy
metabolism in fish. However, most of these studies are performed with freshwater
species. Indeed, there is still a gap in the knowledge on the chronic Cu effect on energy
metabolism of saltwater fish (Carvalho and Fernandes, 2008; Garceau et al., 2010; Liu

et al., 2010).
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The guppy Poecilia vivipara (Cyprinodontiformes: Poeciliidae) is native from
South America, being widely distributed in lakes, rivers and coastal lagoons along the
Southern Atlantic coast, especially in Brazil (Neves and Monteiro, 2003; Gomes Jr. and
Monteiro, 2008; Santos et al., 2011; Zanette, 2013). It is a viviparous fish, with internal
fertilization (Amaral et al., 2001; Meredith et al., 2011), and has been suggested as a
model fish for ecotoxicological studies (Ferreira et al., 2012; Paulo et al., 2012; Zimmer
et al., 2012; Harayashiki et al., 2013; Machado et al., 2013; Silva et al., 2014).
Therefore, the aim of the present study was to analyze the effects of chronic exposure to
relevant concentrations of waterborne Cu on growth, oxygen consumption and activity
of enzymes involved in energy metabolism of newborn P. vivipara acclimated to salt

water.

Material and Methods

Fish rearing and acclimation

Adult male and female P. vivipara were grown at the animal care room of the
Institute of Biological Sciences of the Federal University of Rio Grande (Rio Grande,
RS, southern Brazil). Fish couples were separated and maintained in 20-L plastic tanks
containing salt water (salinity 24 ppt) continuously aerated. Water temperature (25°C)
and photoperiod (12 h light: 12 h dark cycle) were fixed. Fish were fed twice daily with
a commercial fish diet (Alcon Basic MEP 200 Complex; 45% crude protein, 5% lipids,
2% calcium, 0.7% phosphorus and 10% humidity) until apparent satiation. Gravid
females were transferred to breeding boxes until puppies were born. Newborn fish were
then collected for subsequent exposure to waterborne Cu. All rearing conditions, as well
as the experimental procedures described below were previously approved by the Ethics

Committee for Animal Use of the University (CEUA/FURG; permit # P014/2012).

Exposure to copper for 28 days

Newborn puppies (<24 h after birth) of the guppy P. vivipara (6.3 = 0.1 mg; 7.1
+ 0.1 mm) were maintained under control condition (no Cu addition in salt water) or
exposed to relevant concentrations of waterborne Cu (5, 9 and 20 ug/L) for 28 days.
These Cu concentrations were selected to bracket the current water quality criteria for
dissolved Cu in salt water (5 pg/L) and fresh water (9 pg/L) established by the Brazilian
National Council for Environment (CONAMA, 2005). Each treatment was performed in

46



triplicate using a static system with complete renew of the experimental media every 24
h. Fish density was always kept <l g/L. During the experimental period, fish were
maintained in 1-L glass aquaria containing salt water at salinity 24 ppt and pH 7.66 +
0.21. Water temperature (28°C) and photoperiod (12 h ligh:12 h dark) were fixed.
Dissolved oxygen saturation in salt water was always >90%. Fish were fed daily with a
commercial diet (Alcon BASIC; 45% crude protein, 5% lipids, 2% calcium, 0.7%
phosphorus and 10% humidity) until apparent satiation.

After exposure, fish were collected, weighted (wet body weight) and had their
whole-body oxygen consumption measured. Fish where fasted for 12 h prior to oxygen
consumption measurements. Whole-body oxygen consumption of each fish was
measured using a static respirometer, as described by Cunha et al. (2009). Oxygen
consumption rate (M'O,) was calculated using the following formula: M'O, = [(O;-
OpxV]/B/T, where O; and Or are the initial and final oxygen concentrations in salt water
(mg O,/L), respectively, V is the tank volume (L), B is the fish biomass (g), and T is the
time interval between measurements (h).

Additional fish were collected, weighed (wet body weight), measured (standard
body length), placed on ice, killed by sectioning of the spinal cord, and stored (whole
fish) in ultrafreezer (-80°C) for further analysis of enzyme activity. Whole fish samples
were homogenized in a buffer solution containing 50 mM imidazole (pH 7.8) and 0.1
mM phenylmethylsulfonylfluoride (PMSF). Homogenates were centrifuged at 10,000 g
(Micro 22R HettichZentrifugen, Global Medical Instrumentation, Ramsey, Minnesota,
USA) for 20 min at 4°C. Supernatants were used as enzyme source. PK, LDH and CS
activity was measured according to Lallier and Walsh (1991). Absorbance samples
readings were measured using a microplate reader (ELx 808 Universal Microplate
Reader, Bio-Teck Instruments, Winooski, Vermont, USA).

Survival (S), body weight gain (WG), specific growth rate (SGR), feed
conversion (FC) and condition factor (CF) were calculated using the following
formulas: S = (n¢n;)x100, where ng and n; is the number of fish at the end and the
beginning of the exposure period, respectively; SGR = [(InW#InW;)/T]x100, where Wy
is the final body weight (g), W; is the initial body weight (g) and T is the exposure
period (days); WG = [(W#W;)/Wi]x100, where W¢ and W; is the final and initial body
weight (g), respectively; FC = FO/WG, where FO is the amount of feed offered (g) and
WG is the body weight gain (g); CF = (W/L*)x100, where W is the wet body weight (g)
and L is the standard body length (mm).
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Exposure to copper for 345 days

Newborn puppies (<24 h after birth) of the guppy P. vivipara (6.3 £ 0.1 mg; 7.2
+ 0.1 mm) were maintained under control condition (no Cu addition in salt water) or
exposed to the environmentally relevant concentrations of waterborne Cu (5, 9 and 20
ng/L). During the experimental period, fish were maintained in 10-L glass aquaria with
salt water at salinity 24 ppt continuously aerated. Water temperature (28°C) and
photoperiod (12 h light: 12 h dark) were fixed. Dissolved oxygen saturation in salt water
was always >90%. The experimental media were completely renewed every week. Fish
were fed daily until apparent satiation with the same commercial diet used in the
exposure for 28 days. After 345 days of exposure, fish were collected, weighted (wet
body weight), measured (standard body length), placed on ice, killed by sectioning of
the spinal cord, and had their tissues (gill, liver and muscle) dissected and stored in
ultrafreezer (-80°C) for further analysis of tissue enzyme (PK, LDH and CS) activity, as
described above for fish exposed for 28 days. Also, survival (S), body weight gain
(WGQ), and specific growth rate (SGR) were calculated as described above for fish
exposed for 28 days.

Data presentation and statistical analysis

For all parameters analyzed, data were expressed as mean + standard error.
Mean values among treatments were compared using one-way analysis of variance
(ANOVA) followed by the Tukey test. ANOVA assumptions (data normality and
homogeneity of variances) were previously checked. In all cases, the significance level
adopted was 95% (a = 0.05). Statistical analyses were performed using the software

Statistica 7.0 (StatSoft, Tulsa, OK, USA).

Results

Fish survival and growth

After 28 days of exposure, 100% of fish survival was observed in all treatments.
Also, no significant effect of Cu was observed for all growth parameters analyzed: wet
body weight, weight gain, specific growth rate, feed conversion and condition factor
(Table 1). However, 100% mortality was observed within the first seven weeks of

experiment when fish were exposed to 20 pg/L Cu for 345 days (Table 2). Also, fish
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growth was affected by the longer exposure to environmentally relevant concentrations
of waterborne Cu. Male guppies exposed to 9 pg/L Cu showed a lower wet body weight
than those maintained under control condition or exposed to 5 pg/L Cu. Female guppies
exposed to 5 and 9 pg/L Cu showed a lower wet body weight than control fish. In both
male and female guppies, weight gain and specific growth rate were not affected by

waterborne Cu exposure (Table 2).

Whole-body oxygen consumption and enzyme activity

After 28 days of exposure, whole-body oxygen consumption was dependent on
Cu concentration in salt water. Guppies exposed to 9 and 20 pg/L Cu showed whole-
body oxygen consumption higher than those maintained under control condition (Fig.
2). Also, whole-body activity of PK, LDH and CS was not significantly affected by fish
exposure to Cu (Table 3). Furthermore, tissue (gill, liver and muscle) PK and LDH
activity was not significantly affected by fish exposure to Cu for 345 days. Also, gill
and muscle CS activity was not affected by Cu exposure. However, CS activity was

higher in liver of fish exposed to 9 pg/L Cu than in liver of control fish (Fig. 3).

Discussion

Survival of puppies of the guppy P. vivipara was not affected after 28 days of
maintenance under the control condition (no Cu addition in salt water) or exposure to
environmentally relevant concentrations of waterborne Cu (5-20 pg/L). Indeed, 100%
fish survival was observed in all treatments. After 345 days of exposure, survival was
affected, 100% mortality was observed in fish exposed to 20 ug/L Cu. However, it is
important to note that survival of fish maintained under control condition or exposed to
5and 9 pg/L Cu was < 42%.

The mortality rate observed in fish exposed for 345 days, even in the control
condition, could be related to the greater sensitivity of fish at the initial life stages to
environmental stressing factors, where mortality levels occur more intensely in the first
weeks of the experimental period (Dahlberg, 1979; Fortier and Leggett, 1985; Sahin and
Ustiinda, 2003; Reglero et al., 2014). Therefore, stressing conditions associated with
captivity and handling during an experiment of such long period of time (345 days), as
the one performed in the present study, could have affected fish survival. In turn, the

total mortality observed in fish exposed to 20 pg/L Cu for 345 days indicates that Cu
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toxicity in salt water is dependent on both concentration of waterborne Cu and exposure
time. The observed lethal effect after the long term exposure to Cu is likely resulting
from a significant metal body burden. In fact, we have reported significant whole-body
and tissue (gills, liver and gut) Cu accumulation in puppies of P. vivipara exposed to 9
ng/L Cu for 345 days under the same experimental conditions employed in the present
study (Anni et al., submitted).

In addition to survival, fish growth was also analyzed as a parameter to evaluate
the potential chronic effects of waterborne Cu in puppies of the guppy P. vivipara.
Changes in body weight, specific growth rate, feed conversion and condition factor are
generally employed as indicators of growth performance in teleost fish. In the present
study, no significant difference was observed among treatments for all these parameters
after P. vivipara exposure to environmentally relevant concentrations of waterborne Cu.
However, a significantly reduced wet body weight was observed in male guppies
exposed to 5 ug/L Cu and in female guppies exposed to 5 and 9 pg/L Cu for 345 days.
As for fish survival, Cu effect on fish growth in salt water is dependent on the
concentration of waterborne Cu, exposure time and fish gender. This finding is in
agreement with previous data reported in the literature for teleost fish. As reported in
the present study, a decrease in fish growth is generally observed with increasing
waterborne Cu concentration (Buckley et al., 1982; Marr et al., 1996; Ali et al., 2003;
James et al., 2008; Liu et al., 2010; Nekoubin et al., 2012; Heydarnejad et al., 2013).

From an environmental perspective, it is important to note the absence of effect
on survival and growth of puppies of the guppy P. vivipara exposed to concentrations of
waterborne Cu up to 20 pg/L for 28 days. Based on the current water quality criteria for
dissolved Cu in brackish (5 ng/L) and fresh water (9 pg/L), puppies of P. vivipara
would be protected by Brazilian environmental regulation when taking mortality and
growth as chronic toxicity endpoints. However, the situation would be different when a
long-term chronic exposure is considered. This statement is based on the fact that body
weight of female guppies was significantly affected after exposure to 5 ug/L Cu for 345
days, while male guppies had their body weight reduced after exposure to 9 pg/L for
345 days. Therefore, female puppies of P. vivipara are more sensitive to chronic
exposure to Cu than male puppies.

From a physiological/biochemical perspective, chronic exposure to Cu induced
an increased aerobic metabolism, measured indirectly through the whole-body oxygen

consumption, in puppies of the guppy P. vivipara exposed to environmentally relevant
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concentrations of waterborne Cu for 28 days. Indeed, the observed effect was dependent
on the Cu concentration in salt water, being significant in fish exposed to 9 and 20 pg/L
Cu. In fact, previous studies have reported the direct effect of Cu on oxygen
consumption in teleost fish. In general, they show that Cu exposure induces a reduction
in oxygen consumption, in opposition to the effect observed in the present study.
However, the decreased oxygen consumption reported in previous studies could be
associated with morphological/histological damage caused to gill tissue after exposure
to excessive concentrations of waterborne Cu concentrations, thus impairing the oxygen
uptake by the gills and its subsequent consumption by fish tissues (O’Hara, 1971; De
Boeck et al., 1995; Hassan, 2011; Das and Gupta, 2013).

In turn, the increased whole-body oxygen consumption observed in puppies of
the guppy P. vivipara exposed to 9 and 20 pg/L Cu for 28 days could be explained
considering a Cu-induced impairment of the mitochondrial function, such as inhibition
of electron transport chain and/or stimulation of proton leak, resulting in inadequate use
oxygen for energy production (Ciapaite et al., 2009; Belyaeva et al., 2011; Belyaeva et
al., 2012; Lauer et al., 2012). However, another reasonable explanation could be an
augmented metabolic demand to maintain Cu homeostasis (De Boeck et al., 2006). This
idea is supported by the fact that an increased Cu accumulation was observed in whole-
body of puppies of the guppy P. vivipara exposed to 9 and 20 pg/L Cu for 28 days and
in tissues (gills, liver and gut) of puppies exposed to 9 pg/L Cu for 345 days, under the
same experimental conditions employed in the present study. Indeed, the increased
whole-body Cu burden was shown to be paralleled by an augmented whole-body
expression of the gene encoding for the P-type Cu-ATPase (ATP7B) in puppies exposed
to 9 and 20 pg/L Cu for 28 days. Also, the increased tissue Cu burden was reported to
be paralleled by a higher ATP7B expression in tissues of puppies exposed to 5 pg/L Cu
(gills and gut) or 9 pg/L Cu (liver and gut) for 345 days (Anni et al., submitted).

The hypothesis of an increased metabolism induced by Cu exposure could be
evaluated based on the activity of metabolic enzymes analyzed. Whole-body PK, LDH
and CS activity was not affected by chronic exposure to waterborne Cu for 28 days. A
lack of LDH and CS response was also reported in muscle of fathead minnows
Pimephales promelas after exposure to waterborne Cu for 28 days (Lapointe et al.,
2011). These findings suggest that aerobic metabolism is unchanged after fish exposure
to waterborne Cu for 28 days. This statement is based on the fact that PK and LDH are

key-enzymes playing an essential role in the terminal sequence of glycolytic pathway.
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Indeed, PK is responsible for the conversion of phosphoenolpyruvate into pyruvate,
while LDH is involved in the conversion of pyruvate into lactate. In turn, CS is a
mitochondrial enzyme performing an essential role in the Krebs' cycle, catalyzing the
conversion of acetyl-coenzyme A into citrate. In fact, the activity of this enzyme is a
reliable indicator of the mitochondrial aerobic capacity (Nelson and Cox, 2008).
Therefore, the observed lack of response in the whole-body activity of metabolic
enzymes is evidence that the increased whole-body oxygen consumption found in
puppies of the guppy P. vivipara exposed to Cu for 28 days would not be associated
with a Cu-induced increase in aerobic metabolism. Alternatively, it could be related to a
Cu-induced impairment in mitochondrial respiratory chain.

As reported for guppies exposed to Cu for 28 days, no significant change in PK
and LDH activity was observed in tissues (gills, liver and muscle) of guppies exposed to
waterborne Cu for 345 days. As discussed above, this finding suggests that glycolytic
activity was also unchanged in tissues of P. vivipara exposed to Cu for 345 days. In
addition, CS activity was not affected in gills and muscle of puppies exposed to Cu for
345 days. This finding is also evidence that the aerobic metabolism was unchanged in
these tissues after chronic exposure to waterborne Cu. However, a significant 2.2-fold
increase in CS activity was observed in liver of guppies exposed to 9 ug/L. Cu for 345
days. As discussed above, CS activity is a good indicator of the aerobic activity.
Therefore, the observed increase in CS activity suggests a higher aerobic activity in the
liver of guppies exposed to Cu for 345 days. This response is in alignment with the
increased whole-body oxygen consumption observed in guppies exposed to Cu for 28
days. Unfortunately, whole-body or tissue oxygen consumption measurements were not
performed in guppies exposed to Cu for 345 days.

Taken together, physiological and biochemical data suggest that an impairment
in the mitochondrial respiratory activity is occurring in guppies exposed to Cu for 28
days. However, this impairment would be joined by an increased aerobic metabolism to
deal with Cu accumulation when guppies are exposed to waterborne Cu for a much
longer period of time (345 days).

In summary, data reported in the present study show evidence that chronic
exposure to environmentally relevant concentrations of Cu in salt water affects growth
of newborn puppies of the viviparous guppy P. vivipara. In this case, female guppies
are more sensitive to chronic Cu exposure than male guppies. Also, our findings suggest

that the chronic effect of Cu on fish growth is associated with an increased aerobic
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metabolism, especially after a long-term (345 days) chronic exposure to
environmentally relevant concentrations of waterborne Cu. Furthermore, they indicate
that this increased aerobic metabolism is not associated with a higher growth rate, but
likely related to a higher energy demand to deal with Cu homeostasis and/or a

disruption in the mitochondrial respiratory function.
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Table 1. Survival (S), wet body weight (BW), weight gain (WGQG), specific growth rate
(SGR), feed conversion (FC) and condition factor (CF) of puppies of the guppy
Poecilia vivipara exposed to waterborne copper for 28 days in salt water (salinity
24 ppt). Data are expressed as mean + standard error (n = 30). For all parameters,

no significant difference was observed among treatments (p>0.05).

Nominal copper concentration (ug/L)

Parameter Control 5 9 20

S (%) 100 100 100 100
BW (g) 0.020+ 0.001  0.024+0.001 0.021 £0.001 0.019 % 0.001
WG (%) 21774163  225.0+19.1 2422+18.1  200.0 % 14.0
SGR (%/day) 45+0.5 4.6+0.6 47+0.5 43+04
FC 4.6+1.0 47+13 46+12 50+1.1
CF 1.8+0.1 1.8+0.1 1.9+0.1 1.9+0.1
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Table 2. Survival (S), wet body weight (BW), weight gain (WG) and specific growth
rate (SGR) of puppies of the guppy Poecilia vivipara exposed to waterborne copper for
345 days in salt water (salinity 24 ppt). Data are expressed as mean + standard error (n
= 7-30). Different letters represent significant different mean values among treatments
for each parameter (p<0.05). * indicates significant difference between male and female

fishes for each parameter (p<0.05).

Nominal copper concentration (ug/L)

Parameter Sex
Control 5 9
S (%) Male + Female 39.1 40.6 42.0

BW (g) Male 0.33+0.02"*  034+0.01*  0.25+0.01°

Female 1.15 £ 0.04° 0.84 + 0.09" 0.60 + 0.09"

WG (%) Male 7,028 £ 1,507 7,794 + 1,205 5,999 + 850%*
Female 18,643 + 1,690 15,702 +2,509° 16,061 + 3,207°

SGR (%/day) Male 124 £0.02%  1.24+0.04>*  1.14 +0.04%*

Female 1.50 + 0.03 1.43 + 003° 1.38 £0.03°
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Table 3. Whole-body pyruvate kinase (PK), lactate dehydrogenase (LDH) and citrate
synthase (CS) activity in of puppies of the guppy Poecilia vivipara exposed to
waterborne copper for 28 days. Data are expressed as mean + standard error (n = 6). For

all parameters, no significant difference was observed among treatments (p>0.05).

Nominal copper concentration (pg/L)

Parameter
Control 5 9 20

PK (U/mg proteins) 0.24+0.03 0.22 +£0.02 0.25+0.06 0.34+0.08
LDH (U/mg proteins)  0.51 +0.06 0.47 £0.07 0.45+0.08 0.80+0.22
CS (U/mg proteins) 0.11+0.01 0.09 +0.01 0.11+£0.01 0.10+0.01
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Figure Legends

Figure 1. Whole-body oxygen consumption in puppies of the guppy Poecilia vivipara kept
under control condition (no copper addition in the water) or exposed to waterborne copper for
28 days. Data are expressed as mean * standard error (n = 6). Different letters represent

significant different mean values among treatments (p<0.05).

Figure 2. Pyruvate kinase (A), lactate dehydrogenase (B) and citrate synthase (C) activity in
tissues of puppies of the guppy Poecilia vivipara kept under control condition (no copper
addition in the water) or exposed to waterborne copper for 345 days. Data are expressed as
mean =+ standard error (n = 5). Different letters represent significant different mean values

among treatments for each tissue (p<0.05).
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5. DISCUSSAO GERAL

O presente estudo investigou os efeitos da exposicao cronica a concentragdes
ambientalmente relevantes de Cu (0, 5, 9 ¢ 20 pug/L) em filhotes recém-nascidos de
Poecilia vivipara aclimatados a agua salgada. Apos 28 dias de exposi¢ao, foi observada
uma acumulagdo corporal do metal nos peixes expostos a 20 ug/L. Cu. Porém, nenhuma
mortalidade foi observada. Por sua vez, foi observada uma mortalidade total dos peixes
expostos a 20 pug/L Cu por 345 dias. Neste caso, os peixes expostos a 9 ug/L Cu
apresentaram acumulagdo corporal e tecidual (branquias, figado e intestino) de Cu. Em
um estudo prévio com adultos de P. vivipara aclimatados a agua salgada, ndo foi
observada acumulacdo de Cu em nivel corporal ou tecidual (branquias e figado) apos
exposicdo aguda (96 h) ao cobre as mesmas concentragdes de Cu e nas mesmas
condi¢des experimentais utilizadas no presente estudo (Silva et al., 2014). Em conjunto,
estes resultados indicam que a acumulacdo de Cu nos tecidos de P. vivipara ¢é
dependente da concentragdo de Cu na agua salgada e do tempo de exposi¢do ao metal.
Alguns estudos tém relatados resultados similares para outras espécies de peixes (AY et
al., 1999; MAZON e FERNANDES, 1999; MCGEER et al., 2000; TAYLOR e
MCGEER, 2000; GROSELL et al., 2004; JAMES et al., 2008).

Os resultados discutidos acima também sugerem que P. vivipara apresenta boa
capacidade de lidar com a exposicdo aguda ao Cu em concentracdes ambientalmente
relevantes na adgua salgada. Contudo, esta espécie de peixe demonstra dificuldades de
manter a homeostasia celular de Cu apds exposicdo cronica a concentragdes
ambientalmente relevantes do metal na dgua salgada. A acumulagdo de Cu observada
nos tecidos envolvidos com a homeostasia do metal (branquias, figado e intestino), em
especial no figado, nos peixes expostos a 9 ug/L Cu por 345 dias, combinada com a
mortalidade de 100% dos peixes observada apds exposi¢ao a 20 pg/L Cu por 345 dias,
reforca a ideia de que a exposi¢do cronica ao Cu em agua salgada pode causar efeitos
deletérios a filhotes de P. vivipara (HANDY, 2003).

A expressdo dos genes que codificam o transportador de alta afinidade ao Cu
(CTRI) e a Cu-ATPase tipo-P (ATP7B) foi diretamente influenciada pela exposicao
cronica ao Cu. Foi observada uma inducdo na expressao corporal do CTRI nos peixes
expostos a 9 ug/L Cu e do ATP7B nos peixes expostos a 9 e 20 pg/L Cu por 28 dias.
Por outro lado, ndo foi observada alteracdo significativa na expressdo tecidual

(branquias, figado e intestino) do CTRI apds exposi¢ao dos peixes ao Cu por 345 dias.
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Ja a expressdao do ATP7B foi induzida nas branquias, figado e intestino dos peixes
expostos ao Cu por 345 dias. O CTRI1 ¢ uma proteina transmembrana altamente
conservada, que medeia especificamente a internalizagdo de ions de Cu a partir do meio
extracelular (LINDER e HAZEGH-AZAM, 1996; GROSELL ¢ WOOD, 2002; SHARP,
2003; MACKENZIE et al., 2004; WOOD et al., 2011). Como relatado no presente
estudo, alguns estudos tém demonstrado o efeito direto da exposi¢do ao Cu sobre a
expressao do CTRI em peixes (MINGHETTI et al., 2008, MINGHETTI et al., 2010).
Em estudo com a mesma espécie, Silva et al., (2014) observaram uma inibi¢ao na
expressao do CTRI e do ATP7B nas branquias de individuos adultos apds exposi¢ao
aguda (96 h) as mesmas concentragdes de Cu utilizadas no presente estudo. Estes
resultados indicam que, assim como a acumulacdo do Cu, o perfil de expressdo do
CTRI e do ATP7B ¢ dependente da concentracdo de Cu na agua salgada e do tempo de
exposi¢ao ao metal.

Quanto aos possiveis efeitos do Cu acumulado em nivel corporal, foi observado
no presente estudo um aumento do consumo de oxigénio corporal nos peixes expostos a
9 e 20 pg/L Cu por 28 dias. No entanto, geralmente ¢ observada uma diminuig¢do no
consumo de oxigénio de peixes apos a exposi¢do ao Cu. Todavia, esse fato pode estar
relacionado a exposi¢ao aguda a concentracdes excessivas de Cu dissolvido, a qual pode
causar danos morfologicos e/ou histoldgicos no tecido branquial, reduzindo assim a
captagdo de oxigénio e sua consequente utilizagdo no metabolismo aerdbico (O’HARA,
1971; DE BOECK et al., 1995; HASSAN, 2011; DAS ¢ GUPTA, 2013).

O consumo de oxigénio ¢ uma medida indireta do metabolismo, sendo que
alguns estudos t€ém demonstrado o efeito da exposicao aguda ao Cu sobre a atividade de
enzimas-chaves do metabolismo energético em peixes de agua doce (COUTURE e
KUMAR, 2003; CARVALHO e FERNANDES, 2008; GARCEAU et al., 2010; LIU et
al., 2010; LAPOINTE et al., 2011). Por outro lado, pouco ainda se sabe a respeito dos
efeitos da exposicdo cronica ao Cu sobre a atividade dessas enzimas em peixes
aclimatados a 4gua salgada. Assim, o aumento no consumo de oxigénio corporal
observado no presente estudo nos peixes expostos ao Cu por 28 dias pode estar
relacionado a uma maior demanda do metabolismo energético para manutencdo da
homeostase corporal do Cu, o que poderia ser indicado através de um aumento na
atividade de enzimas-chaves envolvidas no metabolismo energético. Todavia, as
atividades da piruvato quinase e da lactato desidrogenase, enzimas associadas ao

metabolismo de carboidratos, ndo apresentaram variacdo significativa entre os
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tratamentos nos peixes expostos ao Cu por 28 dias. Além disso, ndo foi observado efeito
da exposi¢ao ao Cu sobre a atividade destas enzimas em tecidos (branquias, figado e
musculo) dos peixes expostos ao Cu por 345 dias. Estes resultados sugerem que a
atividade da via glicolitica foi mantida nos peixes expostos cronicamente ao Cu.

Assim como observado para a piruvato quinase ¢ a lactato desidrogenase, nao foi
observada variagao significativa na atividade da citrato sintase nas branquias e musculo
dos peixes expostos ao Cu por 345 dias. No entanto, foi observado um aumento
significativo da atividade da citrato sintase no figado dos peixes expostos a 9 ug/L Cu
por 345 dias. Cabe lembrar que a citrato sintase ¢ uma enzima-chave do ciclo de Krebs
e tem papel importante no processo de geracdo de energia no metabolismo aerébico.
Portanto, o aumento do consumo de oxigénio corporal observado nos peixes expostos
ao Cu por 28 dias poderia estar associado ao aumento na atividade da citrato sintase
hepatica observado em P. vivipara apds exposicdo ao Cu por 345 dias. Porém,
infelizmente o consumo corporal e/ou tecidual de oxigénio ndo foi avaliado nos peixes
expostos ao Cu por 345 dias. Por sua vez, este aumento na atividade da citrato sintase
parece estar relacionado a uma maior demanda energética para detoxificacdo do Cu no

figado e manutencao dos niveis tecidual e corporal do metal.
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6. CONCLUSAO FINAL

Os resultados relatados no presente estudo indicam que P. vivipara consegue
manter os niveis corporais ou teciduais de Cu por longo prazo (345 dias) quando
exposto a concentracdes ambientalmente relevantes do metal na agua salgada, sendo
que esta capacidade estd associada a regulagdo da transcricdo de genes envolvidos na
expressao de proteinas transportadoras de Cu, tais como o CTRI1 e a ATP7B. Além
disso, eles demonstram que P vivipara acumula Cu apOs exposi¢do cronica a
concentragdes excessivas de Cu (9 e 20 pg/L Cu), o que causa efeitos sub-letais
(aumento do metabolismo aerobico e redugdo no crescimento), podendo causar até

mortalidade.
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