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RESUMO

O cobre ¢ um metal de ocorréncia natural e desempenha um papel vital no metabolismo dos
organismos. No entanto, atividades antrépicas intensificam a concentracdo deste metal no
ambiente, elevando o risco de contaminacdo. No Brasil, o limite méximo permitido de cobre
na agua potavel ¢ de 2 mg/L, contudo, ha lacunas quanto a seguran¢a dos organismos
aquaticos. O presente trabalho investigou a toxicidade do cobre em larvas de Danio rerio em
concentragdes ambientalmente relevantes. Larvas de D. rerio em 72 horas pos-fertilizagao
foram expostas a concentracdes nominais de cobre (0,16 a 48 mg/L) por 24 horas. A
toxicidade do cobre foi avaliada utilizando concentragdes subletais (0,16, 0,32 e 1,6 mg/L)
com as larvas de D. rerio em 96 horas poés-fertilizagio. Como resultado, a CL50 foi
estabelecida em 8,4 mg/L. Notavelmente, a concentragdo mais elevada de cobre (1,6 mg/L)
resultou na redu¢do do comprimento corporal (3,31 mm + 0,10) e aumento na area do saco
vitelinico (0,192 mm? + 0,01) que, quando comparado com o grupo controle (3,62 mm = 0,09,
0,136 mm? +), sugerem possivel associagdo com a interferéncia na nutri¢do desses organismos,
resultando em prejuizos no desenvolvimento. Ao mesmo tempo que a diminui¢do da area da
bexiga natatéria (0,01 mm? + 0,05) em comparagdo com o grupo controle (0,30 mm? £ 0,06),
suscita implicagdes cruciais na flutuabilidade desses organismos, afetando também o
desenvolvimento do nado ativo. A exposicdo ao cobre diminuiu a resposta de escape e
capacidade natatoria das larvas e, em um ambiente natural, essas alteracdes podem resultar em
maior suscetibilidade a predacdo, especialmente durante as fases iniciais de desenvolvimento.
Alteragdes em parametros oxidativos foram observados, evidenciado pelo aumento nos niveis
de espécies reativas de oxigénio peroxidacdo lipidica, indicando potenciais danos celulares.
Além disso, a reducdo dos niveis de tidis ndo proteicos e viabilidade celular sugere impactos,
em parte, na capacidade antioxidante e, principalmente, na integridade celular, prejudicando a
homeostase e comprometendo o desenvolvimento larval. Os resultados destacam que a
exposi¢do ao cobre, mesmo em concentragcdes proximas e inferiores as permitidas na
legislagdo para agua potavel, provoca impactos adversos em pardmetros morfologicos,
comportamentais e bioquimicos. Essas constatagdes sublinham a urgéncia de reavaliagdo
dessas concentragdes, as quais, apesar de ndo serem consideradas toxicas para os humanos,

podem comprometer a biota aquatica.

Palavras-Chave: peixe-zebra; ecotoxicologia; contaminagdo; estresse oxidativo; sulfato de

cobre



ABSTRACT

Copper, a naturally occurring metal, plays a crucial role in organism metabolism. However,
anthropogenic activities contribute to an increase in its concentration in the environment,
heightening the potential for contamination. In Brazil, the maximum allowed limit for copper
concentration in drinking water is 2 mg/L; nevertheless, safety for aquatic organisms still
presents noteworthy limitations. This study investigated the toxicity of copper in Danio rerio
larvae at environmentally relevant concentrations. D. rerio larvae at 72 hours post-fertilization
were exposed to nominal copper concentrations (0.16 to 48 mg/L) for 24 hours. Copper
toxicity was assessed using sublethal concentrations (0.16, 0.32, and 1.6 mg/L) with D. rerio
larvae at 96 hours post-fertilization. As a result, the LC50 was established at 8.4 mg/L.
Notably, the highest copper concentration (1.6 mg/L) resulted in a reduction in body length
(3.31 mm + 0.10) and an increase in yolk sac area (0.192 mm? + 0.01), which, when
compared to the control group (3.62 mm =+ 0.09, 0.136 mm? £ 0.13), suggests a possible
association with interference in the nutrition of these organisms, resulting in developmental
impairments. Additionally, the decrease in the swim bladder area (0.01 mm? + 0.05) compared
to the control group (0.30 mm? + 0.06) raises crucial implications for the buoyancy of these
organisms, also affecting the development of active swimming. Copper exposure reduced the
escape response and swimming capacity of the larvae, and in a natural environment, these
changes may result in increased susceptibility to predation, especially during the early
developmental stages. Changes in oxidative parameters were observed, evidenced by an
increase in reactive oxygen species and lipid peroxidation, indicating potential cellular
damage. Concurrently, the reduction in non-protein thiol levels and cellular viability suggests
impacts, partly on antioxidant capacity and mainly on cellular integrity, disrupting
homeostasis and compromising larval development. The results highlight that copper
exposure, even at concentrations close to or below those allowed in drinking water legislation,
induces adverse effects on morphological, behavioral, and biochemical parameters. These
findings underscore the urgent need for a reassessment of these concentrations, which, despite

not being considered toxic to humans, may compromise aquatic biota.

Keywords: zebrafish; ecotoxicology; contamination; oxidative stress; copper sulphate
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APRESENTACAO

A secio de INTRODUCAO fornece uma visio geral do tema, enquanto o segmento
REVISAO BIBLIOGRAFICA explora a literatura relacionada aos temas abordados nesta
dissertagdo. Os métodos realizados e os resultados obtidos, sdo apresentados sob a forma de
ARTIGO, onde constam as segOes: de Materiais ¢ Métodos, Resultados, Discussdo e
Referéncias Bibliograficas. Na sec¢do final da dissertagdo, intitulada CONSIDERACOES
FINAIS ¢ PERSPECTIVAS FUTURAS, sdo apresentadas interpretacdes e comentarios
abrangentes acerca dos resultados. As REFERENCIAS referem-se somente as citagdes que
aparecem se¢io INTRODUCAO.
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1. INTRODUCAO

O cobre ¢ um metal de transi¢do, reconhecido por ser um elemento trago essencial,
desempenhando papel fundamental em processos bioquimicos criticos. Contudo, em razio de
suas caracteristicas redox, ions de cobre estdo sujeitos a uma rigida regulagdo por sistemas de
captagdo, absor¢do e efluxo, a fim de garantir a homeostase do organismo. Entretanto, ¢
crucial salientar que metais essenciais podem desencadear toxicidade quando concentragdes
celulares ultrapassam as exigéncias metabodlicas (Chen et al., 2020; Tsang et al., 2021).

Embora o cobre seja naturalmente encontrado no ambiente, emissdes antropicas
contribuem para a elevagdo das concentracdes de cobre no ambiente. Esse cenario desperta
preocupacdes sob uma perspectiva ecotoxicoldgica, uma vez que os metais, incluindo o cobre,
sdo reconhecidos como poluentes ambientais severos (Campana et al., 2012; Poggere et al.,
2023; Tao et al., 2022).

Um dos principais mecanismos de toxicidade do cobre a inducdo de estresse oxidati-
vo, através do aumento na geracdo de espécies reativas de oxigénio (ERO) (Halliwell and
Gutteridge, 2015; Pereira et al., 2016). O impacto das ERO nos organismos ¢ ainda mais pro-
nunciado naqueles em fase de desenvolvimento, devido a associagcdo com a disfuncdo de bio-
moléculas fundamentais. Este impacto reflete em alteragdes significativas em espécies aquati-
cas em desenvolvimento, como evidenciado em espécies de peixes, que também resultam nas
alteracdes em padrdes comportamentais e bioquimicos (Xu et al., 2017; Zhao et al., 2020).
Diante deste cendrio, torna-se imperativo a avaliacao da toxicidade do cobre sobre estes orga-
nismos, antes que alcancem propor¢des maiores como efeitos letais, assim como impactos na
satide humana, uma vez que o excesso de cobre também esta relacionado ao desenvolvimento
de doengas (Chen et al., 2020; Choo et al., 2013).

Neste contexto, o peixe-zebra (Danio rerio) ¢ um organismo modelo eficiente, especi-
almente na sua fase embrio-larval em estudos de ecotoxicologia. Em virtude da ampla diver-
sidade de fendtipos comportamentais e bioquimicos organismo se configura como um modelo
valioso para a investigacdo da toxicidade de contaminantes ambientais. Adicionalmente, ao
considerar o dindmico processo de desenvolvimento, destaca-se como parametro essencial a
analise de alteragdes morfologicas, ressaltando ndo apenas a sensibilidade deste organismo,
mas também seu papel como indicador na avaliagdo de contaminantes (Martins et al., 2023;

Paganotto Leandro et al., 2023, 2021).
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2. REVISAO DE LITERATURA
2.1 Essencialidade do cobre e riscos de toxicidade

O cobre ¢ um metal de transicdo localizado na familia 4 e grupo IB da Tabela
Periddica, podendo ocorrer sob a forma elementar, sais organicos na forma de ions ou como
compostos organicos (Barceloux and Barceloux, 1999; Tsang et al., 2021). Este metal
apresenta dois estados de oxidagdo, cuproso (Cu*!; oxidado) e cuprico (Cu*?; reduzido). Em
sistemas biologicos, o cobre é encontrado principalmente na forma de Cu™ uma vez que na
presenga de oxigénio o Cu*! ¢ facilmente oxidado (Arredondo and Nuifiez, 2005; Tsang et al.,
2021).

Ao participar de processos bioquimicos criticos, o cobre ¢ um micronutriente essencial
para os organismos, devido ao seu envolvimento na respiracdo mitocondrial, defesa
antioxidante e componente estrutural de macromoléculas (Apresova et al, 2014;
Bhuvanasundar et al., 2014; Boyd et al., 2020; Garcia et al., 2019; Li, 2020; Swaminathan and
Gohil, 2022).

Em humanos, a obten¢do de cobre ocorre primariamente por meio da dieta, com o
Ministério da Saude preconizando uma ingestdo recomendada de 900 pg para adultos,
enquanto cerca de 1 mg de cobre ¢ excretado diariamente (Ministério da Saude, 2005;
National Institutes of Health, 2022). Para assegurar as funcdes fisioldgicas essenciais desse
metal, a homeostase ¢ estritamente regulada por sistemas intricados de captagdo, distribuicao

e excrecdo, a fim de prevenir o excesso no organismo (Chen et al., 2020).

No trato digestivo de mamiferos, ions de cobre estdo predominantemente na forma de
Cu™, o qual pode ser transportado diretamente pelo transportador de metal divalente 1
(DMTT1) mas que ndo pode ser diretamente utilizado pelas células (Shawki et al., 2015). Dessa
forma, reductases presentes nos enterocitos sdo responsaveis por reduzir Cu*? a Cu’ e
posteriormente, absorvido pelo transportador de cobre 1 (CTR1) (Bossak et al., 2018; Skopp
et al., 2019a; Wyman et al., 2008).

No meio intracelular, ions cuprosos sdo direcionados para diferentes vias de utilizagdo
e desintoxicagdo através de proteinas, denominadas chaperonas, para alvos celulares (Fig. 1).
No citoplasma, a chaperona de cobre para superoxido dismutase (CCS) medeia o transporte
de Cu" e ativagdo da superdxido dismutase (Wong et al., 2000). O ion de cobre presente nesta
enzima atua como centro catalitico, alternando entre seus estados de oxidagdo, facilitando a

transferéncia de elétrons, crucial para conversdo do anion superoxido (O’) em peroxido de
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hidrogénio (H202) (Boyd et al., 2020).
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Figura 1 Ilustracio dos mecanismos envolvidos na homeostase do cobre em mamiferos. fons ctipricos (Cu*?)
sdo reduzidos a ifons cuprosos (Cu') por reductase para a incorporagdo via CTRI. Chaperonas de cobre
direcionam ions cuprosos para diferentes destinos intracelulares. No interior da mitocondria, o COX17 ¢é
responsavel por entregar Cu' para Scol/Sco2 e Cox11 para ativar citocromo ¢ oxidase. Simultaneamente, CCS
transporta Cu” para ativar a superoxido dismutase (SOD), enzima antioxidante. Nos enterdcitos ou hepatdcitos,
as ATPases se translocam para exportagdo de Cu’ para o sangue ou bile, respectivamente. O transporte
intracelular ¢ mediado via ATP7B-TGN para formar a ceruloplasmina (CP), transportado para diversos sistemas.
O excesso Cu' induz a expressdo de metalotioneinas que sequestram e diminuem a concentragdo do metal no

citoplasma. A glutationa também exerce papel na diminuigdo de Cu” circundantes, formando complexos estaveis

com o ion. Adaptado (Chen et al., 2023).

A chaperona de cobre Cox17, é responsavel pelo transporte de Cu* até a mitocondria,
direcionando-os para a Scol/Sco2 e Coxl11, os quais doam Cu" para as subunidades da
citoctomo ¢ oxidase (CcO) (Chen et al., 2020; Chojnacka et al., 2015; Skopp et al., 2019b).
Também conhecida como complexo IV da cadeia respiratdria, essa enzima utiliza dois centros
metalicos de cobre para catalisar a etapa final de respiracdo celular, no qual o citocromo ¢ ¢
oxidado e o oxigénio ¢ reduzido para formar agua. Como resultado, protons sdo liberados e

bombeados através da membrana mitocondrial, contribuindo para a sintese de ATP
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(Swaminathan and Gohil, 2022).

O mecanismo pelo qual ions de cobre sdo incorporados na distribuicdo sistémica
ocorre por meio da interagdo entre a chaperona antioxidante 1 (ATOX1), o qual transfere ions
de Cu+ para ATPases do tipo P, como ATP7A e ATP7B, essenciais no transporte de cobre para
via secretora e excre¢ao de cobre na célula (Chen et al., 2023). A importancia fisiologica das
ATPases ¢ evidenciada pelas consequéncias da inativacdo da ATP7A, associado a doenca de
Menkes em humanos, caracterizada pelo comprometimento no desenvolvimento neurologico
devido a interrupcao na entrega de cobre ao cérebro (Horn and Wittung-Stafshede, 2021).

Ao mesmo tempo que, mutagdes no gene que expressa a ATP7B em humanos resultam
em um disturbio metabolico severo conhecido como doen¢a de Wilson, associado a
acumulacdo de cobre em vérios tecidos, especialmente no cérebro e no figado, pela falha na
excrecao adequada do metal (Lucena-Valera et al., 2023). Como um exemplo de acumulagao
de cobre no cérebro, a desregulacdo da homeostase desse metal emerge como um componente
associado a patogénese de doengas neurodegenerativas, como o Alzheimer. O excesso de
cobre forma ligagdes diretas e de alta afinidade com os peptideos P-amiloide (AP),
intensificando a agregacao e neurotoxicidade (Cheignon et al., 2018; Squitti et al., 2013).

Apesar da expressao predominante do ATP7A em diversos tecidos e 6rgaos (exceto o
figado) e a expressdo majoritaria do ATP7B no figado, a localizacdo intracelular destes
transportadores ¢ destacada pela plasticidade dos mesmos em respostas especificas aos niveis
de cobre no microambiente celular (Chen et al., 2020, 2023; La Fontaine et al., 2010).

Em niveis fisiologicos de Cu, as ATPases se localizam na rede trans-Golgi (TGN)
onde bombeiam Cu” do citoplasma para o lumen do TGN (Yi and Kaler, 2014). Com o
aumento dos niveis de Cu+, a ATP7A migra para a membrana basolateral dos enterdcitos,
promovendo a exportacdo de cobre para a corrente sanguinea, onde alcangam o figado,
principal 6rgdo de armazenamento deste metal (Horn and Wittung-Stafshede, 2021). A ATP7B
transloca para a membrana apical dos hepatdcitos, contribuindo para a excre¢ao deste metal
pela bile e ambos atuam para prevenir efeitos toxicos do excesso do acimulo intracelular de
Cobre(Chen et al., 2020). Além disso, através da via secretora, a ATP7B ¢ crucial para o
fornecimento de cobre a ceruloplasmina, a qual ¢ subsequentemente secretada na circulagao
sanguinea (Bartee and Lutsenko, 2007; La Fontaine et al., 2010). Posteriormente, quando os
niveis de cobre retornam aos niveis fisioldgicos, a ATP7A e ATP7B sao reciclados de volta ao
TGN (Chen et al., 2020).

O potencial toxico dos ions de cobre ndo complexados com proteinas esta associado a

sua natureza redox, capaz de gerar espécies reativas de oxigénio (ERO) (Halliwell and
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Gutteridge, 2015). Portanto, proteinas envolvidas na desintoxicagdo do Cu, como as
metalotioneinas (MTs), desempenham papel essencial na homeostase deste metal (Calvo et al.,
2017).

As MTs, pertencentes a uma familia de proteinas de baixo peso molecular ricas em
cisteina, t€ém sua expressdo induzida pelo aumento de ions metalicos como o cobre e zinco
(Ziller and Fraissinet-Tachet, 2018). Os grupos tiois presentes nas cisteinas conferem as MTs
a capacidade de quelar ions de cobre, evitando assim a toxicidade celular (Calvo et al., 2017)

Além das proteinas como MTs, o tripeptideo glutationa (GSH), tiol ndo proteico mais
abundante na célula, ¢ reconhecido ndo apenas por sua fung¢do antioxidante, mas também pela
capacidade de quelar metais (Jozefczak et al., 2012). Os grupamentos tidis presentes
demonstram papel direto na complexacdo com ions de cobre livre, impedindo a formagao
excessiva de ERO e contribuindo para manutenc¢io do equilibrio redox intracelular (Jozefczak
et al., 2012; Maryon et al., 2013). Assim, a a¢do coordenada tanto da MTs e GSH, assim como
as demais proteinas envolvidas na homeostase do cobre, contribui para preservar a integridade
celular e para regular com precisdo os niveis intracelulares de cobre, assegurando uma
resposta adaptativa eficiente frente as variacdes no ambiente celular (Chen et al., 2020;

Jozefczak et al., 2012; Morris et al., 2014)

2.2 Contaminac¢io ambiental por metais traco

Os metais traco constituem um grupo de elementos caracterizados por sua densidade
maior que 5 g/cm’ e massas atdmicas superiores a 20, portanto, incluem elementos como
mercurio, cobre, arsénio entre outros (Halliwell and Gutteridge, 2015; Zamora-Ledezma et al.,
2021).

Embora presentes naturalmente no ambiente, a crescente expansdo populacional,
aliada ao desenvolvimento industrial acentua a pressdo sobre recursos naturais, intensificando
a liberacdo dos metais pesados no ambiente, o qual desperta preocupacdes do ponto de vista
ecotoxicologico, conforme evidenciado por estudos recentes (Azimi et al., 2017; Castelhano
Gebara et al., 2021; Kopittke et al., 2019; Liu et al., 2022; Naeem et al., 2021; Taslima et al.,
2022; Vellingiri et al., 2022a; Yang et al., 2021). Neste cenario, esses elementos, classificados
como severos poluentes ambientais, destacam-se por sua natureza ndo biodegradavel,
potencial de bioacumulagdo e capacidade de causar efeitos deletérios ao ecossistema (Li et al.,
2019; Rehman et al., 2019; Vellingiri et al., 2022b).

A principal énfase em estudos toxicoldgicos reside na investigagdo da toxicidade
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relacionada a metais pesados ndo essenciais, ou seja, elementos cuja presenca no organismo
ndo ¢ vital para funcdes bioldgicas (Fasae and Abolaji, 2022; Fu and Xi, 2020; Sharma and
Agrawal, 2005; Tchounwou et al., 2012). Porém, ¢ fundamental destacar que metais
essenciais como ferro, cobre, manganés e zinco, além de desempenharem fungdes vitais nas
células, também podem exibir efeitos toxicos quando a concentracdao celular excede niveis
fisioldgicos (Chasapis et al., 2020; Galaris et al., 2019; Santamaria and Sulsky, 2010; Zhang
et al., 2015).

2.3 Implica¢des ambientais da contaminacio por cobre

Diversas fontes exercem influéncia sobre a presenca do cobre no ambiente, sendo
possivel encontra-lo em ambientes naturais como resultado do intemperismo e atividades
vulcanicas (Liu et al.,, 2022; Mason et al., 2021). No entanto, emissdes antropicas
provenientes de setores industriais agricolas e de minera¢do se destacam como fatores
preponderantes que influenciam diretamente a concentragdo do cobre no ambiente (Karimi et
al., 2021; Li et al., 2019; Poggere et al., 2023; Tao et al., 2022).

Desde o inicio da década de 1880, compostos de cobre tém desempenhado papel
fundamental na protecdo de cultivos devido as suas propriedades biocidas, atuando como
fungicida de contato (Ayres, 2004). A trajetoria que remonta a descoberta acidental do sulfato
de cobre (CuSO4), conhecido como calda bordalesa quando misturado com hidroxido de
calcio, evidenciou a eficacia desse composto no controle do mildio da videira (Plasmopora
viticola), sendo decisivo para o inicio do manejo quimico de doencas de plantas (Ayres, 2004;
Koledenkova et al., 2022; Mondello et al., 2022).

Apesar da aprovacgdo e o uso do cobre na protecdo das culturas estarem principalmente
ligadas as praticas da agricultura organica, os desafios relacionados a sua a¢ao nao seletiva e a
necessidade de aplicagdes repetidas em virtude de sua natureza de contato surgem como
aspectos criticos (Alves et al., 2023; Karimi et al., 2021; Tamm et al., 2021). Estudos
demonstram que o cobre pode levar a contaminacdo do solo, atingir corpos d’agua e
prejudicar organismos aquaticos (Ballabio et al., 2018; Brix et al., 2022; Karimi et al., 2021;
Poggere et al., 2023). Diante disso, ¢ evidente que esses compostos, longe de estarem isentos
de potenciais impactos ambientais, despertaram a atencdo da Comissdao Europeia, ao
classifica-los como candidatos a substituicdo (Alves et al., 2023; Brix et al., 2022; Burandt et

al., 2024; Tamm et al., 2021).
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No Brasil, a qualidade da 4gua potavel e o tratamento de efluentes sdo regulamentados
por normas distintas que, embora tenham objetivos complementares, destacam uma
disparidade importante em relacdo a presenca de cobre. A Portaria GM/MS n° 888, emitida
em 4 de maio de 2021, estabelece que a concentracdo maxima de cobre na adgua potavel deve
ser de 2 mg/L, normativa que se mantém desde dezembro de 2011 (Ministério da Saude, 2021,
2011). Por outro lado, a resolugdo CONAMA n° 430, de junho de 2011, define o limite
maximo permitido de cobre em efluentes langados em corpos d'dgua em 1 mg/L (Conselho
Nacional do Meio Ambiente, 2011). Contudo, estudos tém demonstrado que, mesmo
concentragdes de cobre inferiores aos limites estabelecidos, podem afetar negativamente a
biota aquatica, perturbando o desenvolvimento de espécies de peixes e a reproducdo de
anfipodes (Campana et al., 2012; Dornelles Zebral et al., 2019; Johnson et al., 2007;
Pompermaier et al., 2021; Wang et al., 2020a; Xu et al., 2017). Dessa forma, embora as
concentragdes de cobre permitida ndo sdo consideradas nocivas para humanos, esses limites
podem comprometer a biota aquatica, uma vez que a presenga do cobre no ambiente aquatico
pode exceder as concentracdes estipuladas (Assis et al., 2019; Leal et al., 2018; Liu et al.,

2023; Poggere et al., 2023).

Este cenario normativo destaca a necessidade de avaliagdo continua, sobretudo diante
das significativas implicagdes ambientais associadas a presenga do cobre (Kopittke et al.,
2019; Poggere et al., 2023; Pompermaier et al., 2021). A escassez de estudos que investiguem
a seguranca da concentracdo permitida para organismos aquaticos acentua a necessidade de
analises aprofundadas, uma vez que a contaminagdo pelo cobre emerge como potencial risco
ndo apenas para ecossistemas aquaticos, mas também para a satide humana (Choo et al., 2013;

Scheiber et al., 2013; Tao et al., 2022; Xu et al., 2017)

2.3.1 Comportamento do cobre em ambientes aquaticos

A dindmica do cobre em ambientes aquaticos ¢ fortemente influenciada por
propriedades fisico-quimicas, tais como pH, teor de matéria organica, potencial redox e
concentracdo de oxigénio dissolvido. Portanto, a interagdo entre esses elementos desempenha
papel crucial na especiacdo e biodisponilidade dos ions de cobre na agua (Babcsanyi et al.,

2014; Rader et al., 2019).

Pesquisas indicam que uma parcela significativa do cobre presente na coluna d’agua ¢
transportada para o sedimento, especialmente em condi¢des redutoras. Nessas circunstancias,

a alta afinidade do cobre em se ligar a sulfetos e matéria organica presente nos sedimentos
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resulta na menor disponibilidade de ions na coluna d’agua (Rader et al., 2019). Entretanto,
essa condicdo pode ter implicagdes direta sobre organismos bentonicos que habitam
sedimentos ou proximo a ele como evidenciado pelos efeitos toxicos do cobre nos sedimentos,

prejudicando reproducdo do anfipode Melita plumosa (Campana et al., 2012).

Uma vez presente no ambiente aquatico, a dissociacdo do cobre de compostos
organicos transforma esse metal em uma forma mais biodisponivel (Cu?**), o que pode
impactar negativamente a exposi¢ao e toxicidade do cobre para organismos aquaticos, como
peixes, altamente sensiveis a poluicdo por metais pesados (Kadim and Risjani, 2022; Wang et

al., 2020b; Zhang et al., 2022).

Em resposta a contaminagdo, peixes acumulam quantidades significativas de cobre,
sendo esses contaminantes absorvidos tanto maneira direta pelas branquias quanto pela
ingestao de presas ou fontes alimentares contaminadas ao longo do tempo (Brix et al., 2022;
de Mendonga Francisco et al., 2023; Johnson et al., 2007; Mirzaei VandKhanghah et al., 2022;
Zhen et al., 2022). Através da biomagnificacdo, o cobre percorre diferentes niveis troficos até
chegar aos seres humanos, levantando preocupacdes quanto ao seu potencial de toxicidade
(Kadim and Risjani, 2022; Mirzaei VandKhanghah et al., 2022; Yang et al., 2021; Zhen et al.,
2022).

2.3.2 Estresse oxidativo como mecanismo de toxicidade

O estresse oxidativo € definido em escalas de intensidade, variando desde o estresse
oxidativo fisiologico (Euestresse) até desequilibrios em moléculas oxidantes que
comprometem a capacidade antioxidante do organismo (Distresse). Este processo, associado a
carga toxica dos oxidantes pode estar vinculado a condigdes fisiopatoldgicas (Lushchak, 2014;
Sies, 2019). Sob condigdes fisiologicas, as ERO atuam na sinalizacdo redox modulando
fatores de transcri¢do. Um exemplo notavel ¢ o H2O», metabolito redox ativo cuja influéncia
se estende a morfogénese e diferenciacdo celular (Gauron et al., 2016; Sies, 2017; Wilson et

al., 2018).
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Figura 2 Estresse Oxidativo. Durante a homeostase redox, a manuten¢do dos niveis de oxidantes e
antioxidantes mantém a estabilidade celular. A exposigdo a baixos niveis de oxidantes contribui na sinalizagdo
redox (Eustresse). Em contrapartida, o aumento na produgdo de ERO e subsequente exposi¢ao elevada a essas
oxidantes prejudicam a sinalizagdo celular. O incremento nos niveis de ERO ultrapassa a capacidade

antioxidante do organismo, resultando em um desequilibrio redox (Distresse). Adaptado (Sies, 2019).

Estudos tém demonstrado que o principal mecanismo de toxicidade exercida pelo
cobre a induc¢do do estresse oxidativo (Fitzgerald et al., 2017; Halliwell and Gutteridge, 2015;
Olivari et al., 2008; Pereira et al., 2016; Zhang et al., 2022). A capacidade do cobre em gerar
espécies reativas ¢ associada as suas propriedades redox, ao existir em dois estados de
oxida¢ao (Halliwell and Gutteridge, 2015).

Olivari; Hernandez; Allende, (2008) constataram que a exposi¢do do peixe-zebra
(Danio rerio) ao cobre resultou na indugdo de estresse oxidativo, levando a morte de células
ciliadas em neuromastos, além de danos significativos no DNA. A interrup¢ao dessas células
compromete o comportamento padrdo, conforme descrito em espécies de peixes e anfibios.
Em um ambiente natural, essa perturbagdo poderia ter impactos significativos na
sobrevivéncia desses organismos, aumentando sua vulnerabilidade a predagdo. Tal aumento
na suscetibilidade ¢ atribuido ao papel crucial dessas células na resposta a estimulos
ambientais. (Brix et al., 2022; Hardy et al., 2021; Hernandez et al., 2006; Krupa et al., 2021;
Linbo et al., 2006)

Além disso, comprometimentos morfolégicos, bioquimicos e fisioldgicos resultantes
da exposi¢do ao cobre, associados a efeitos negativos no desenvolvimento e reproduciao de
peixes, destacam a importancia da investigacdo abrangente sobre o potencial toxico do cobre,

considerando o comprometimento direto a biota aquatica (Acosta et al., 2016; Campana et al.,
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2012; Dornelles Zebral et al., 2019; Johnson et al., 2007; Poggere et al., 2023; Wang et al.,
2020b; Witeska et al., 2014)

2.4 Mecanismos de defesa antioxidante

Sistema de defesas antioxidantes capacitaram a coexisténcia em relagdo a exposi¢ao as
espécies reativas, ao neutralizar e detoxificar as mesmas, diminuindo os danos causados pelo
estresse oxidativo. Esses sistemas incluem enzimas antioxidantes como a superdxido dismu-
tase (SOD), responsavel pela conversdo do anion superdxido (O2) em peroxido de hidrogé-
nio (H20»), posteriormente convertido em dgua pela agdo da catalase (CAT) ou removido pela
glutationa peroxidase (GPx) (Halliwell and Gutteridge, 2015).

O ciclo metabolico da glutationa, caracterizado por reagdes redox entre sua forma oxi-
dada (GSSG) e reduzida (GSH), desempenha um papel fundamental na neutraliza¢do de oxi-
dantes (Halliwell; Gutteridge, 2015). Nesse processo, a glutationa peroxidase (GPx) utiliza a
GSH como doador de elétrons, com o grupamento sulfidrila (SH) em seu sitio ativo, constan-
temente oxidado e reduzido durante o ciclo catalitico. A forma oxidada da glutationa (GSSG)
¢ reciclada para a forma reduzida pela acdo da glutationa redutase (GR), regenerando, assim,

o ciclo da GSH (Morris et al., 2014) (Figura 2).

\— CAT —>» 2H0+0,

Figura 3 Mecanismos de defesa antioxidante. A SOD catalisa a dismutagdo do O2" em H20z, sendo este con-
vertido pela CAT ou GPx, caracterizados no sistema de defesa antioxidante enzimatico. No ciclo metabdlico da
GSH, a GPx utiliza a GSH como doador de elétrons, permanecendo em sua forma oxidada (GSSG) que pode ser

regenerado pela GR. Adaptado de (PENG, C. et al., 2014).
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Em estudos de ecotoxicologia, a avaliagdo da atividade enzimética da CAT, SOD,
GPx, assim como dos niveis de GSH, s3o ferramentas valiosas na andlise dos efeitos da expo-
sicdo a contaminantes ambientais, especialmente em organismos modelo, contribuindo na
compreensdo do impacto de contaminantes na homeostase redox e efeitos subsequentes
(Capriello et al., 2021; Costa-Silva et al., 2018; Glisic et al., 2015; Martins et al., 2023;
Paganotto Leandro et al., 2023).

2.5 Danio rerio como organismo de modelo em estudos ecotoxicologicos

Com o propdsito de avaliar impactos resultante da exposicdo a diversos contaminantes
ambientais, torna-se crucial a utilizacdo de organismos modelo. Nesse contexto, o peixe-zebra
(Danio rerio), inicialmente introduzido em estudos genéticos, despertou interesse devido ao

seu potencial na investigagdo cientifica (Streisinger et al., 1981).

Figura 4 Peixe zebra adulto. Fonte: https://11nk.dev/LbQ7U

O sequenciamento gendmico demonstrou que aproximadamente 70% dos genes hu-
manos possui um ortélogo no peixe-zebra, sendo que 84% destes genes, sdo conhecidos por
estarem associados a doengas humanas (Howe et al., 2013). Fato este que contribui com a
utilizagdo deste organismo em estudos toxicoldgicos e comportamentais, permitindo a com-
preensdo em nivel genético do respostas biologicas frente a contaminantes ambientais, além
possibilitar a inferéncias pertinentes desses processos em humanos (Capriello et al., 2021;
Howe et al., 2013; Zabegalov et al., 2019; Zhang et al., 2015; Zhao et al., 2020).

Entre as particularidades relevantes que o tornam organismo emergente na ciéncia,
destaca-se o tamanho pequeno, medindo de 4 a 5 centimetros na vida adulta (DAMMSKI, et
al., 2011) alta taxa reprodutiva, desenvolvimento embrionario e fertilizagdo externa (Teame et

al., 2019). A transparéncia do embrido permite o estudo de diferentes estagios de desenvolvi-
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mento desde as primeiras horas pos fertilizagdo (hpf), enquanto a transparéncia da larva pos-
sibilita a aplicacdo de diversas metodologias in vivo com sondas fluorescentes (He et al.,
2022; Johnson et al., 2007; Rastogi and Timme-Laragy, 2021).

A morfogénese do peixe-zebra ¢ categorizada com base nas principais mudangas que
ocorrem durante cada estagio. Conforme definido pela Organizacdo para a Cooperagdo e De-
senvolvimento Economico (OCDE), cada fase do desenvolvimento embrionario proporciona
pontos chave de interesse toxicologico, contribuindo para a compreensdo da toxicidade do
composto em estudo (OECD, 2013).

No estagio de Segmentacao (10 - 24 hpf), ocorre o inicio do desenvolvimento dos 6r-
gaos, diferenciacao celular e desprendimento da cauda, acompanhados pelo aumento do ta-
manho corporal. Durante o periodo de Faringula (24 - 48 hpf), observa-se a organizagao bila-
teral, diferenciagdo das células ciliadas, desenvolvimento da notocorda, faixa dorsal dos me-
landéforos bem definida, e formacao do cérebro, sistema nervoso e circulatério. No estagio de
Eclosdo (48-72 hpf), destaca-se a abertura parcial da boca indicando nado ativo, e a conclusao
da morfogénese, incluindo o desenvolvimento das nadadeiras peitorais, branquias e mandibu-
las. A partir desse momento, a larva manifesta caracteristicas comportamentais independentes,
como atividade natatoria, resposta a estimulos sensoriais € comportamento (Kimmel et al.,

1995).

Larva
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Estagio Blastula Gastrula  Segmentagio Faringula Eclosdo precoce
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Figura 5 Estagios de desenvolvimento do D. rerio. Cronologia dos estagios de desenvolvimento do D.

rerio, desde blastula até larva precoce, correlacionando cada estagio com horas pds-fertilizacao.

Estudos recentes utilizam embrides e larvas de peixe-zebra para avaliar a toxicidade de
metais pesados, destacando que a toxicidade ¢ notoriamente mais pronunciada durante as fa-
ses iniciais de desenvolvimento (Brifiez-Gallego et al., 2023; Gouva et al., 2020; Horzmann

and Freeman, 2018; Lai et al., 2021; Michiels et al., 2017; Mohammadbakir, 2016; Wang et



25

al., 2020b). A exposi¢do de estdgios embriondrios e larvais de peixe-zebra a metais como co-
bre, Zn, Fe e Mn tem mostrado impactos em parametros criticos de sobrevivéncia, incluindo
taxas de eclosdo, edema pericardico e malformacdes (Gouva et al., 2020; Mohammadbakir,
2016).

Além disso, alteragdes comportamentais servem como indicadores diretos na presenca
de contaminantes ambientais e, quando consideradas em conjunto com parametros bioquimi-
cos, podem funcionar como ferramentas eficazes de monitoramento para ecossistemas aquati-
cos (Paganotto Leandro et al., 2021; Wang et al., 2023). Dessa forma, a utilizacdo desse mo-
delo na toxicologia de contaminantes ¢ altamente relevante, considerando seu rapido desen-
volvimento, repertério comportamental complexo e respostas bioquimicas robustas (Costa-
Silva et al., 2018; Martins et al., 2023; Paganotto Leandro et al., 2021; Taslima et al., 2022;
Zhao et al., 2014).
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3. JUSTIFICATIVA

Considerando as implicagdes ambientais decorrentes da contaminacdo por metais pesados no
ambiente, torna-se imperativo avaliar os alvos celulares e bioquimicos afetados diante da
exposicao a esses elementos A escassez de estudos dedicados a seguranga da concentragdo
atual para organismos aquaticos ressalta a urgéncia de andlises mais aprofundadas. A
contaminagdo por cobre ndo apenas representa um potencial risco para os ecossistemas
aquaticos, mas também suscita preocupagdes relacionadas a satide humana. Diante desse
cenario, ¢ essencial investigar e ampliar os conhecimentos, especialmente no que diz respeito

a toxicidade do cobre em concentragdes subletais € ambientalmente relevantes.
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4. OBJETIVOS

4.1 Objetivos Gerais

Avaliar a toxicidade do cobre em larvas de peixe-zebra (Danio rerio).

4.2 Objetivos Especificos

Avaliar a influéncia de diferentes concentragdes de cobre na sobrevivéncia de larvas de peixe-

zebra;

Investigar a toxicidade do cobre pardmetros morfoldgicos, comportamentais e bioquimicos
em larvas de peixe-zebra, submetidas a concentragdes inferiores e proximas do limite

permitido na 4dgua potavel pela legislagao;

Avaliar marcadores de estresse oxidativo em larvas de peixes-zebra expostos a concentragdes

inferiores e proximas do limite permitido na dgua potavel pela legislacao.
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5. ARTIGO

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma de
artigo. Os itens: Material e Métodos, Resultados, Discussdo e Referéncias Bibliograficas
encontram-se no artigo, os quais estdo dispostos do mesmo modo o qual foi publicado no
periodico Journal of Toxicology and Environmental Health, Part A.
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ABSTRACT

Copper (Cu) is a naturally occurring metal with essential micronutrient properties. However, this
metal might also pose increased adverse environmental and health risks due to industrial and
agricultural activities. In Brazil, the maximum allowable concentration of Cu in drinking water is 2
mg/L. Despite this standard, the impact of such concentrations on aquatic organisms remains
unexplored. This study aimed to evaluate the toxicity of CuSO, using larval zebrafish at environ-
mentally relevant concentrations. Zebrafish (Danio rerio) larvae at 72 hr post-fertilization (hpf) were
exposed to nominal CuSO, concentrations ranging from 0.16 to 48 mg/L to determine the median
lethal concentration (LCsp), established at 8.4 mg/L. Subsequently, non-lethal concentrations of
0.16, 0.32, or 1.6 mg/L were selected for assessing CuSO, -induced toxicity. Morphological para-
meters, including body length, yolk sac area, and swim bladder area, were adversely affected by
CuSO, exposure, particularly at 1.6 mg/L (3.31 mm 0.1, 0.192 mm? +0.01, and 0.01 mm? +0.05,
respectively). In contrast, the control group exhibited values of 3.62 mm +0.09, 0.136 mm? +0.013,
and 0.3 mm? +0.06, respectively. Behavioral assays demonstrated impairments in escape response
and swimming capacity, accompanied by increased levels of reactive oxygen species (ROS) and
lipid peroxidation. In addition, decreased levels of non-protein thiols and reduced cellular viability
were noted. Data demonstrated that exposure to CuSO, at similar concentrations as those
permitted in Brazil for Cu adversely altered morphological, biochemical, and behavioral endpoints
in zebrafish larvae. This study suggests that the permissible Cu concentrations in Brazil need to be
reevaluated, given the potential enhanced adverse health risks of exposure to environmental
metal contamination.
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Introduction However, essential metals including iron (Fe), cop-

per (Cu), manganese (Mn), and zinc (Zn) might
also exert adverse effects on biological systems
(Balachandran et al. 2020; Chasapis et al. 2020;

Anthropogenic activities release significant
amounts of heavy metals into the environment,
raising concerns from an ecotoxicological perspec-

tive (De Oliveira et al. 2021; Francisco et al. 2023;
Naeem et al. 2021; Shahjahan et al. 2022). Heavy
metals are considered hazardous environmental
pollutants, as these elements exert adverse effects
on both aquatic and terrestrial ecosystems when
released in high concentrations (Rehman et al.
2018; Strbac et al. 2015; Vellingiri et al. 2022).
Most ecotoxicological studies focus on the toxi-
city of non-essential heavy metals such as arsenic
(As), cadmium (Cd), and mercury (Hg), which are
explicitly toxic at low concentrations (Fasae and
Abolaji 2022; Fu and Xi 2020; Yang et al. 2021).

Galaris, Barbouti, and Pantopoulos 2019; Jomova
et al. 2022; Santamaria and Sulsky 2010; Stern et al.
2007; Tsang et al. 2020).

Copper (Cu) is a chemical element classified as
a transition metal which occurs in elemental form,
in inorganic salts as ions or as organic compounds
(Barceloux and Barceloux 1999; Brix, Esbaugh and
Grosell 2011). Due to its biocidal properties, Cu
compounds are frequently used for water treat-
ment to prevent algae growth (Shen et al. 2019)
and in agriculture as a fungicide (Gobbi et al.
2020). For instance, copper sulfate (CuSO,), the
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first fungicide developed by humans, is known as
Bordeaux mixture when mixed with calcium
hydroxide (Vazqyez-Blanco et al. 2020). The acci-
dental discovery of CuSO, effectiveness in control-
ling grapevine downy mildew (Plasmopora viticola)
was decisive for initiation of chemical management
of plant diseases (Koledenkova et al. 2022;
Michereff 2001; Mondello et al. 2022).

Research efforts have been directed toward elu-
cidating the mechanisms underlying CuSO, -
initiated toxicity, particularly in the development
of aquatic species. As the primary mechanism of
toxicity is oxidative stress, the reactive species gen-
erated due to excess Cu is known to result in
cellular damage in exposed species, inducing apop-
tosis, hypoxia, developmental impairments, and
damage to the mechanosensory system (Fitzgerald
et al. 2019; Olivari, Hernandez, and Allende 2008;
Zhao et al. 2020). Further, excess CuSO, affects
osmoregulation by acting on sodium (Na) uptake
and efflux pathways, potentially related to accumu-
lation of the metal in the gills, as observed in
Oncorhynchus mykiss by Chowdhury et al. (2016).
Implications of CuSO,-induced effects on swim
bladder development in Danio rerio embryos were
linked to downregulated genes in the Wnt signal-
ing pathway, indicating crucial role of this pathway
in normal embryo development and emphasizing
the intricate molecular mechanisms through which
CuSO, compromises fundamental developmental
processes (Xu et al. 2017).

In Brazil, the maximum allowable Cu concentra-
tion in drinking water is regulated by Ordinance GM/
MS No. 888, issued on May 4, 2021, which has
remained unchanged since December 2011
(Ministério da Sadde 2011, 2021). However, environ-
mental contamination by Cu still remains a potential
enhanced adverse risk to different ecosystems as well
as human health (Choo et al. 2013; Scheiber, Dringen,
and Mercer 2013; Stern et al. 2007; Tao et al. 2022).

In aquatic environments, factors such as pH,
organic matter, redox potential and dissolved oxygen
influence the speciation and bioavailability of Cu ions
(Babcsanyi et al. 2014; Rader et al. 2019; Tao et al.
2001, 2002). Studies indicate that the majority of Cu
in the water column is transported to the sediment,
especially under reducing conditions, this metal tends
to strongly bind to sulfides and organic matter in
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sediments. Under these conditions, bioavailability of
Cu in the water column is relatively low, which might
affect benthic organisms living in or near sediments
(Cao et al. 2018; Lewis et al. 2016; Rader et al. 2019;
Simpson et al. 2012).

Environments with an acidic pH promote the
dissociation of Cu from organic compounds. This
dissociation transforms Cu into a more bioavailable
form (Cu®"), which might adversely impact aquatic
organisms to Cu exposure and subsequent toxicity
(Carvalho, Bernusso, and Fernandes 2015; Wang
et al. 2015). Once present in the aquatic environ-
ment, Cu is incorporated into organisms, including
fish, which are highly sensitive to environmental
pollution by heavy metals (Kadim and An Risjani
2022; Zhang et al. 2022). These organisms are pri-
marily exposed to contaminants through water-
borne exposure and dietary intake, although
another potential source of exposure might result
from interactions with sediment (Barjhoux et al.
2012; Kumar et al. 2023; Taslima et al. 2022).

In response to contamination, fish accumulate sig-
nificant amounts of Cu, with these metallic contami-
nants being absorbed directly through the gills in the
case of waterborne exposure. Conversely, dietary
exposure may result from ingestion of prey or food
sources that are contaminated, often involving aqua-
tic organisms that gradually accumulate contami-
nants over time (Brix et al. 2022; Francisco et al.
2023; Johnson, Carew, and Sloman 2007;
VandKhanghah et al. 2022). Through biomagnifica-
tion, this metal attains different trophic levels until it
reaches humans, raising concerns regarding potential
toxicity (Kadim and An Risjani 2022; VandKhanghah
et al. 2022; Yang et al. 2021; Zhen et al. 2022)

The literature includes a broad spectrum of stu-
dies that utilize zebrafish (Danio rerio) embryos and
larvae to assess toxicity attributed to heavy metals,
with the majority emphasizing that the harmful
effects of these elements are significantly more pro-
nounced during the early stages of development
(Brinez-Gallego et al. 2023; Gouva et al. 2020;
Horzmann and Freeman 2018; Lai, Gong, and Tse
2021; Michiels et al. 2017; Mohammadbackir 2016;
Wang et al. 2022).

Exposure to zebrafish embryonic and larval
stages to metals such as Cu, Zn, Fe, and Mn was
reported to impact critical survival parameters,



including hatching rates, pericardial edema, and
malformations (Gouva et al. 2020;
Mohammadbackir 2016). Further, embryos
exposed to environmentally relevant concentra-
tions of dissolved Fe and Mn in an ecotoxicological
context demonstrated critical lethal, sublethal, and
teratogenic effects, including non-development of
the swim bladder and scoliosis (Peixoto et al. 2022).

Behavioral changes serve as direct indicators in
the presence of environmental contaminants, and
when considered in conjunction with biochemical
parameters, might serve as effective monitoring
tools for aquatic ecosystems (Leandro et al. 2021;
Ma et al. 2022).

Therefore, given its rapid development, complex
behavioral repertoire, and robust biochemical
responses, this zebrafish (Danio rerio) model may be
considered pertinent for investigating the effects of
toxic substances (Martins et al. 2023; Rivero-Wendt
et al. 2023; Taslima et al. 2022). Accordingly, employ-
ing this species becomes interesting, given its capacity
to encourage diverse research areas, notably within
environmental contaminant toxicology (Leandro
et al. 2021; Richendrfer et al. 2012).

Based upon published observations using D. rerio,
it was of interest to examine whether permissible Cu
levels in potable water in Brazil, currently set at 2
mg/L may not provide adequate protection against
potential toxicity attributed to exposure to this metal
in aquatic organisms. Through a comprehensive
analysis of morphological, behavioral, and biochem-
ical parameters, this study aimed to assess the tox-
icological  implications of  exposure to
environmentally relevant Cu concentrations during
the early life stages of zebrafish (D. rerio).

Material and methods
Chemicals

Copper (II) sulfate 299% (CuSO,) (7758-96-7),
2,7-dichlorofluorescein  diacetate (DCFH2-DA
(2044-85-1), 5,5-dithio-bis (2-119 nitrobenzoic) acid
(DTNB) (69-78-3), 7-hydroxy-3 H-phenoxazin-
3-one-10-oxide sodium salt (Resazurin sodium salt)
(62758-13-8) and monochlorobimane (76421-73-3)
were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO). BODIPY™ 581/591 C11 (217075-
36-0) (Lipid Peroxidation Sensor) was purchased
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from Invitrogen (Waltham, MA). All other chemicals
were analytical grade and obtained from commercial
suppliers.

Zebrafish maintenance

Zebrafish maintenance and reproduction followed
approved  experimental  protocols = (CEUA
Unipampa: protocol 031/2022). Adult wild-type
D. rerio specimens were purchased from a local com-
mercial supplier and were housed in a controlled
ZebTec® system water with pH 7, conductivity of
400 pS/cm, temperature of 28°C, and dissolved oxy-
gen levels above 95% saturation. Biological and che-
mical filters as well ultraviolet light, ensured that this
water recirculation system upheld water quality
under optimal conditions. A 14/10-hr light/dark
photoperiod was provided, and zebrafish were fed
a combination of commercial flocked fish food and
Artemia sp. 4 times a day (Westerfield 2000).

To obtain embryos, males and females (aged 6—
12 months) were placed in breeding tanks overnight
(in a 2:1 ratio, respectively). The following morning,
as reproduction is strongly influenced by photoper-
iod, spawning was induced by light in the early
hours of the day (Lawrence 2007). After a three-hr
period, the collected embryos were washed with E3
medium (0.17 mM KCl, 0.33 mM MgCl,, 0.5 mM
NaCl, and 0.1% methylene blue) (Cerda et al. 2006).
This collection conducted after three hr is directly
related to hr post-fertilization (hpf) and marks the
onset of embryonic development, with the stage
determined according to Kimmel et al. (1995).
Subsequently, larvae were placed in a Petri dish
with E3 medium and incubated until they reached
72 hpf. At this stage, zebrafish larvae were subject to
CuSO, exposure and assessments conducted at 96
hpf. Figure la provides a visual representation of
the experimental design.

Dose response curve

A stock of CuSO, with a concentration of 3192 mg/L
was prepared using distilled water, and the working
solutions were diluted in ZebTec® system water. To
establish the dose-response curve, a group of 24
larvae at 72 hpf were exposed to nominal concentra-
tions of CuSO, ranging from 0.16 to 48 mg/L for 24
h (n=3 replicates per concentration) in a 12-well
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FIGURE 1. Experimental design (a) After the zebrafish larvae reproduced, embryos were collected, sterilized and placed in an incubator
until the 72 hpf stage for Cu exposure was reached. To assess Cu toxicity, the larvae were evaluated at 96 hpf. (b) representation of
morphologic measurements in zebrafish larvae at 96 hpf. The red line represents the standardized measurement guidelines for each
evaluated parameter. The scale bar corresponds to 0.5 mm, serving as a visual reference for the measured parameters. All measure-

ments were performed using image J software.

plate with 6 larvae per well in a final volume of 3 mL.
As a control group, larvae at the same developmen-
tal stage were exposed only to the ZebTec® system
water. The LCsy was calculated through the dose-
response curve to ascertain the concentration at
which 50% of the larvae exhibited lethality.

Acute exposure to cu

To ensure low mortality rates and environmentally
relevant concentrations that were below the legally
permitted limits, the nominal concentrations 0.16,
0.32, and 1.6 mg/L of Cu were selected for further
analyses.

Zebrafish larvae 72 hpf were exposed to Cu for
24 hr at nominal concentrations of 0.16, 0.32 or 1.6

mg/L in a 12-well plate (6 larvae per well in a final
volume of 3ml) as described by Martins et al
(2023) with modifications. The larvae were then
kept in an incubator until 96 hpf for further inves-
tigations to determine potential metallic effects.

Morphological assessments

Morphological changes were assessed through
morphometric measurements in yolk sac area,
body length, and swim bladder area in 10 zebrafish
larvae at 96 hpf (n = 3 replicates per concentration)
(Miao et al. 2022). Images of the larvae were cap-
tured using a Carl Zeiss Stemi 2000C stereomicro-
scope equipped with a Moticam 2000 digital
camera. To facilitate image capture and limit larval



movement, temporary immobilization was
achieved through cold treatment, followed by fixa-
tion with 3% methylcellulose on microscope slides.
The captured images were then analyzed using
Image ] software as described by Leandro et al.
(2023). As illustrated in Figure 1b, zebrafish larvae
total body length was measured from the head tip
to tail end. The yolk sac development was mea-
sured by demarcating the region encompassing the
yolk sac and its extension, while swim bladder
assessment involved the delimitation of its com-
plete contour (Miao et al. 2022).

Behavioral responses

Following the exposure period, the touch response
and swimming capacity tests were conducted on 15
randomly selected larvae (n =3 replicates per con-
centration) at 96 hpf. Individual larvae were posi-
tioned at the center of a Petri dish containing 20 ml
ZebTec® system water. After a 2-min acclimatiza-
tion period, a touch to the larva’s tail area was
initiated using a 6 mm needle attached to BD
Ultrafine™ entomological forceps, acting as the sti-
mulus. The number of stimuli required to elicit the
first displacement and the larva’s ability to perform
an escape response by swimming toward the per-
iphery (swim response) were recorded (Colwill and
Creton 2011).

Lipid peroxidation and ROS steady-state levels

The measurement of ROS (reactive oxygen species)
levels was conducted using the oxidation of the
fluorescent dye 2°-7’-dichlorofluorescein diacetate
(DCFH2-DA) (LeBel, Ischiropoulos, and Bondy
1992) through two different methodologies: ex
vivo homogenate preparation and representative
images in vivo.

The ex vivo method involved homogenizing a total
of 15 zebrafish larvae (n =4 replicates per concentra-
tion) in 100 pul 20 mM HEPES buffer at pH 7 using
a manual homogenizer. The homogenate was then
centrifuged at 1000 g and 4°C for 10 min, and 10 ul
supernatant was separated from each sample for pro-
tein measurement. Subsequently, 20 pl supernatant
was incubated in a 96-well plate with 274 pl 20 mM
HEPES buffer at pH 7 with 6 yl DCFH2-DA (Martins
et al. 2023). After a 40-min incubation, fluorescence
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was read at 488/530 nm excitation/emission wave-
lengths. The resulting values were normalized using
the protein concentration in the samples, and results
expressed as a % of control. To obtain representative
in vivo images of ROS levels, 5 larvae per concentra-
tion were incubated with 1 ml ZebTec® system water
containing 10 ul DCFH2-DA according to Costa-
Silva et al. (2018) with modifications. The larvae
were incubated in the dark at a temperature of 28°C
for 1 hr. To prevent background staining of the fluor-
escent dye, larvae were temporarily immobilized by
cold treatment and washed with ZebTec® system
water three times. Subsequently, larvae were removed
from the solution and fixed on microscopy slides
using 3% methylcellulose. Images were acquired
using an Olympus Bx63fluorescence microscope
with the BW filter at 40x magnification and an expo-
sure of 357 ms.

Lipid peroxidation, quantified through lipid ROS
levels, was assessed using the fluorescent dye C-11
BODIPY (581/591) following the protocol of He et al.
(2022) with some modifications. Groups of 5 larvae
(n=3 replicate per concentration) were incubated
with 1 mL ZebTec® system water containing 1l 1
mM C-11 BODIPY (581/591). The larvae were incu-
bated in the dark at ambient temperature for 30 min.
As a positive control, larvae at the same stage were
incubated with 13 pl for 30 min to tert-butyl hydro-
peroxide (t-BOOH) 1 mM. This compound is well
recognized for inducing lipid peroxidation (Boix et al.
2020). To prevent background staining, larvae were
temporarily immobilized using cold treatment and
washed three times with ZebTec® system water.
Subsequently, larvae were removed from the solution
and fixed on microscopy slides using 3% methylcel-
lulose. Images were captured using an Olympus Bx63
fluorescence microscope with the CY3 filter for
reduced BODIPY (R-BODIPY) at an exposure of
10ms, and the BW filter for oxidized BODIPY
(O-BODIPY) at an exposure of 200 ms, all at 40x
magnification. The relative fluorescence of the images
was quantified using Image] software by selecting the
entire body of the zebrafish larvae as the region of
interest. The Corrected Total Cell Fluorescence
(CTCF) formula, CTCF =Integrated Density -
(Area of selected cell x Mean Fluorescence of back-
ground readings), was employed to correct the total
fluorescence signal by accounting for the background
(El-Sharkawey 2016).



6 (&) M.V.TAKEMURA MARIANO ET AL.

Non-protein thiols levels

The levels of non-protein thiol (NPSH) were deter-
mined using a modified version of the assay
described by Ellman (1959). A total of 30 zebrafish
larvae (n =4 replicates per concentration) were
homogenized in 200 pl Tris/HCI buffer at pH 8
using a manual homogenizer. From each sample,
10 pl homogenate was separated for protein mea-
surement. Subsequently, perchloric acid 0.5 M was
added, and the samples were then centrifuged at
9500 g for 5 min at 4°C. For the assay, 50 pl super-
natant was incubated in a 96-well plate containing
190 pl Tris/HCI buffer pH 8 and 10 pul 5 mM DTNB
(5,5°-dithiobis-(2-nitrobenzoic acid). The plate was
kept in the dark for 15 min at room temperature.
Following the incubation period, absorbance was
read at 412 nm using a plate reader (Perkin Elmer
Enspire 2300). The results were expressed as
micromoles of thiol groups per milligram of pro-
tein (umol/mg protein).

Glutatione levels in vivo

Glutathione (GSH) levels were assessed using the
fluorescent probe monochlorobimane (MCB)
described by Rastogi and Timme-Laragy (2021)
with modifications. The fluorescence probe inter-
acts with GSH sulthydryl group altering spectral
characteristics that may be visualized through
fluorescence microscopy, enabling the representa-
tive imaging of GSH levels in the larvae (Glisic et al.
2015). In this assay, 5 larvae per concentration were
incubated with 1 ml ZebTec® system water contain-
ing 1 ul 200 mM MCB. The larvae were incubated
for 30 min at 28.5°C in the dark. To prevent back-
ground staining, larvae were briefly exposed to
cold, washed three times with ZebTec® system
water, removed from the solution and then fixed
on microscopic slides using 3% methylcellulose.
Imaging was performed using an Olympus Bx63
fluorescence microscope equipped with a DAPI
filter at 40x magnification, with an exposure time
of 588 ms.

Cell viability in vivo

Cell viability in zebrafish larvae was assessed using
the resazurin assay with modifications (Williams
and Renquist 2016). In this assay, 10 larvae per well
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were plated on a 96-well plate containing ZebTec®
system water and the CellTiter-Blue® Cell Viability
Assay, resulting in a final concentration of 0.08 pM
of reagent in the plate (n = 3 replicates per concen-
tration). The resazurin assay measures the ability of
viable mitochondria to reduce resazurin to
a fluorescent product called resorufin, which may
be quantified measuring fluorescence intensity, as
previously described (Reid, D’Aquila, and Biga
2018). Concurrently, the survival of larvae was
monitored throughout the entire duration of the
assay. The obtained values were normalized based
upon protein concentration in the samples, and
results expressed as a % relative to control.

Protein quantification

Protein levels in the samples were quantified using
the Bradford method (Bradford 1976) which
involves the binding of Comassie Brillant Blue
G-250 to proteins, leading to a detectable color
change measurable through spectrophotometry.
Protein standard curves were prepared using
known concentrations of bovine serum albumin
(BSA). The samples were diluted and pipetted
into 96-well plates. Then, a solution containing
Coomassie Brilliant Blue G-250 was added to
both the standard curve and sample wells. After
incubating for 10 min in the dark, absorbance was
read at 595 nm using a plate reader (Perkin Elmer
Enspire 2300). Protein concentrations in the sam-
ples were determined by correlating absorbance
values with the standard curve (R? >0.95).

Statistical analysis

Normality tests including the Shapiro-Wilk and
Bartlett’s, were conducted to assess distribution
and equality of variances, respectively. For non-
parametric data Kruskal-Wallis’s test followed by
Dunn’s posttest was applied and results were
expressed as median + interquartile range.
Parametric data were analyzed using One-Way
ANOVA followed by Dunnett’s posttest, and
results expressed as mean * standard error (SEM).
Statistical significance was determined at p < 0.05.
Statistical analyses were conducted using
GraphPad Prism software, version 8.
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Results

Acute exposure to cu effect on larval survival,
development and locomotor behavior

A 24 hr mortality curve using CuSO, ranging from
0.16 to 48 mg/L was constructed. Our findings
showed that concentrations of 0.16, 0.32, 0.8, or
1.6 mg/L did not significantly affect larval survival
compared to controls. However, exposure to con-
centrations of 3.2mg/L and higher resulted in
a concentration-dependent decrease in the survival
rate (Figure 2a). Data obtained from the mortality
curve demonstrated 24 hr lethal median concentra-
tion (LCs) for larvae to be approximately 8.4 mg/L
of CuSO, (Figure 2b). To explore sublethal effects,
further experiments were performed using non-
lethal concentrations (0.16-1.6 mg/L CuSO,).

Exposure to CuSO, exerted a marked adverse
effect on larval development that was proportional
to the concentration. The larvae displayed
a significant decrease in body length and swim blad-
der area accompanied by a rise in yolk sac area.
Quantitative analysis of the images was conducted
using Image] software and results were presented
through graphical representation (Figure 3a-c). The
delayed development induced by CuSO, exposure
was illustrated through representative images
(Figure 3d).

Exposure to CuSO, across all tested concentra-
tions, caused the larvae to require additional stimuli
to initiate the escape response (Figure 4a).
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Simultaneously, swimming capacity was impaired as
embryos did not exhibit the standard swim toward
the periphery compared to the control (Figure 4b).

Impact of acute cu exposure on oxidative
parameters and cell viability

Utilizing markers of oxidative stress, including ROS
steady-state levels, lipid peroxidation, and decrease
in glutathione (GSH), acute CuSO, exposure was
examined as a model of the redox balance in zebra-
fish larvae. First, larvae exposed to CuSO, displayed
a dose-dependent increase in ROS steady-state levels,
as detected in the ex vivo assay (Figure 5a). The
representative images captured in vivo (Figure 5b)
further displayed the intensified fluorescence inten-
sity of DCFDA. Quantification of the images using
the BODIPY fluorescent probe revealed a significant
rise in lipid peroxides, at all concentrations tested
(0.16, 0.32, and 1.6 mg/L). This elevation in lipid
peroxides was evident from the enhanced shift
from red to green fluorescence, indicating the pre-
sence of oxidized BODIPY (Figure 5c,d).

Further, treatment with CuSO, resulted in sig-
nificant decrease in NPSH levels (Figure 6a). In
addition, representative images obtained using the
MCB probe for thiol groups confirmed the NPSH
results, providing visual evidence of diminished
GSH levels in vivo (Figure 6b).

The resazurin assay demonstrated a dose-
dependent decrease in cell viability in larvae exposed
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FIGURE 2. Measurement of survival (a) the survival curve of zebrafish larvae at 96 hpf (24 larvae per group, n=3 replicates per
concentration) (b) the LCso was calculated by the application of a nonlinear fit function after the transformation of values and

normalization.
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FIGURE 3. Morphological measurements (a) total body length (b) total yolk sac area. Scale bar: 0.5 mm. Parametric data were
presented as mean =+ standard error (SEM) and analyzed using one-way ANOVA followed by Dunnett’s post-hoc test (*p < 0.05) (c)
total swim bladder area. Scale bar: 0.05 mm. Non-parametric data were expressed as median + interquartile range and analyzed using
Kruskal-Wallis and Dunn’s multiple comparison test, considered statistically significant at *p < 0.05.

across all tested concentrations, indicating the detri-
mental effects of CuSO,4 on the overall cell viability
of zebrafish larvae (Figure 6c).

Discussion

The current permissible concentration of Cu in
Brazilian potable water is set at 2 mg/L (Ministério
da Saude 2021). This study specifically focused on
assessing the toxicity of CuSO, in zebrafish larvae,
examining concentrations within the range of the
current permissible limits outlined by Brazilian reg-
ulations. Given the documented detrimental effects of
Cu-induced toxicity on the development of aquatic
organisms (Johnson, Carew, and Sloman 2007; Weir
et al. 2019), it becomes imperative to establish

sensitive tools for effective biomonitoring of this
metal in aquatic environments.

Our findings provide compelling evidence
regarding the potential toxic effects of exposure to
CuSOy4 on zebrafish larvae, even below the current
permissible concentrations of this metal in potable
water. Notably, environmentally relevant concentra-
tions of Cu demonstrated significant adverse effects
on various aspects of zebrafish larval development,
including survival, morphological abnormalities,
behavioral impairments, and biochemical alterations
associated with oxidative stress.

The survival of zebrafish larvae exposed to CuSO,4
was significantly impaired at concentrations that
exceeded environmentally relevant limits (3.2-48
mg/L). However, it is crucial to emphasize that
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FIGURE 4. Behavioral tests (a) touch stimulus. Zebrafish larvae exposed to Cu exhibited an increased threshold for escape response,
requiring a higher number of stimuli (b) swim response. Cu-exposed zebrafish larvae show impaired swimming responses, failing to
display the typical movement toward the periphery. Non-parametric data were presented as median + interquartile range and
analyzed using Kruskal-Wallis and Dunn's multiple comparison test, considered statistically significant when *p < 0.05.

other assessed parameters, though affected at lower
levels (0.16, 0.32 and 1.6 mg/L) were not exempt
from the sublethal impacts initiated by this metal.
Even at lower levels, these sublethal effects might
exert significant implications for the health of aqua-
tic ecosystems. Consequently, the consideration of
these sublethal impacts is of utmost importance in
managing CuSO, exposure and in establishing more
comprehensive and protective environmental regu-
lations, as long-term exposure to sublethal environ-
mental toxicants may pose enhanced ecological risks
to aquatic species (Liao et al. 2023)

Our calculations of the LCsy of 8.4 mg/L were
obtained from a logarithmic dependence. This
finding supports our hypothesis that Cu-induced
toxicity exhibits dose-dependent responses, in
agreement with previous studies that linked expo-
sure duration and CuSOj levels on zebrafish larvae
survival (d’Alen¢on et al. 2010; Hernandez et al.
2011; Nguyen et al. 2020).

It is widely recognized that heavy metals exert
a negative impact on embryonic and larval devel-
opment of fish, due to their rapid development in
these stages, making them more susceptible to
these pollutants (Taslima et al. 2022). The morpho-
metric evaluation, centered on body length (mm),
yolk sac area (mm®) and the beginning of swim
bladder formation (mm?), demonstrated that it was
impaired at all CuSO, concentrations tested.
Structural deformities of the yolk sac, known as
yolk sac edema, are often observed in embryonic

and larval fish following exposure to toxicants
(Rastogi and Timme-Laragy 2021; Taslima et al.
2022; Witeska et al. 2014). However, such deformi-
ties were not found in our current investigation.

Interestingly, our results suggest that the
increased yolk sac area accompanied by diminished
body size occurring in a dose-dependent manner,
might be associated with reduced yolk sac con-
sumption and disrupted adequate nutrition for
dynamic growth during this stage (Sant and
Timme-Laragy 2018). This may indicate
a potential delay in larval development, as the
standard length of larvae at 96 hpf is typically
approximately 3.5 to 4 mm (Johnson, Carew, and
Sloman 2007; Wilson 2012). In our study, the aver-
age body length of larvae exposed to 0.16 mg/L and
0.32 mg/L of CuSO, was 3.49 mm +0.08 and 3.45
mm +0.16, respectively. The most notable decrease
was observed in the 1.6 mg/L CuSO,, with an aver-
age body length of 3.31 mm +0.1, compared to
control group with 3.62 mm +0.09.

The findings of our study are consistent with
Johnson, Carew, and Sloman’s 2007, indicating the
significance of CuSO4 exposure to detrimental effects
on early-life. The reduction in zebrafish larvae length
and increase in yolk sac area when exposed to lower
CuSO; concentrations (0.09 mg/L) than those used in
this study (0.16, 0.32, and 1.6 mg/L) emphasize the
sensitivity of these organisms to Cu-mediated toxi-
city. Notably, despite the differences in larval age
between their research (1 hpf) and our present study
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FIGURE 5. ROS production and lipid peroxidation (a) ROS quantification in larval homogenates (ex vivo) (b) representative ROS fluorescence
images (in vivo), with arrows indicating significant differences. The control group exhibits basellne fluorescence levels, while more
pronounced changes in fluorescence are evident at 0.32 mg/L, primarily in the head and along the body. The highest concentration (1.6
mg/L) results in intensified fluorescence, spreading from the head throughout the entire body. Parametric data were presented as mean +
standard error (SEM) and analyzed using one-way ANOVA followed by Dunnett’s post-hoc test, considered statistically significant at *p < 0.05
(c) quantification of green fluorescence intensity (O-BODIPY) indicating lipid peroxidation levels. Parametric data were presented as mean +
standard error (SEM) and analyzed using one-way ANOVA followed by Dunnett’s post-hoc test, considered significant at *p < 0.05 (d)
representative images display C11-BODIPY fluorescence, distinguishing between reduced BODIPY (R-BODIPY) and oxidized BODIPY
(O-BODIPY). Red fluorescence represents R-BODIPY, with higher intensity in the control group, indicating lipid integrity. The increase in
green fluorescence signifies elevated O-BODIPY levels in Cu-exposed larvae, resulting from increased binding of the probe to peroxidized
lipids. Tert-butyl hydroperoxide (t-BOOH) was used as a positive control to confirm the assay’s sensitivity.
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FIGURE 6. Thiols levels and cell viability (a) NPSH quantification of homogenates incubated with DTNB (ex vivo assay). Parametric
data are expressed as pmol SH/mg protein, presented as mean + standard error (SEM), and analyzed using one-way ANOVA followed
by Dunnett’s post-hoc test, considered significant at *p < 0.05. (b) representative MCB fluorescence image in Cu-exposed larvae,
showing distinct fluorescence patterns. Control group larvae exhibit robust and widespread fluorescence, indicating abundant GSH
levels. In contrast, Cu-exposed larvae display significantly reduced fluorescence, suggesting lowered GSH levels (c) Cell viability
through the resazurin assay. The fluorescence observed in Cu-exposed larvae is reduced, suggesting a decrease in cell viability in
comparison to the control group. Parametric data were presented as mean + standard error (SEM) and analyzed using one-way
ANOVA followed by Dunnett’s post-hoc test, considered statistically significant at *p < 0.05.
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(96 hpf), both investigations revealed an impact on
body length at similar CuSO, concentrations. In
a similar study, Cu exposure at a concentration of
0.06 mg/L affected zebrafish larvae from 72 to 96
hpf resulting in a detrimental impact on body
length, as it was also reduced, emphasizing the
harmful effect of Cu on larval growth over an
acute exposure (Acosta et al. 2016).

Another important parameter during this devel-
opment stage is the inflation of the swim bladder,
which enables larvae to gradually initiate active
swimming (Kimmel et al. 1995). Development and
inflation of the swim bladder might be influenced by
a combination of environmental and nutritional
factors. The canonical Wnt pathway has been iden-
tified as a key player in shaping the posterior cham-
ber of the swim bladder (Yin et al. 2011).

A significant decrease in swim bladder develop-
ment was observed in all larvae exposed to Cu when
compared to controls. Xu et al. (2017) observed the
downregulated expression of genes associated with
the Wnt pathway in zebrafish embryos exposed to
Cu, inhibiting the specification and formation of the
swim bladder in larvae. This resulted in larvae with
small swim bladders and, in some cases, complete
absence of swim bladder development in Cu-treated
embryos, which might explain the pattern observed
in our current study. This effect has broader impli-
cations, as it extends to other cyprinid species such
as Leuciscus idus L. and Tinca tinca L (Sikorska and
Wolnicki 2010; Witeska et al. 2014),. which Cu
exposure during the embryonic-larval phase dis-
rupts development, exemplified by the non-
development of the swim bladder.

Previous studies reported that exposure to Cu
alters the behavioral profile of larvae (Acosta et al.
2015; Cruz et al. 2017; Johnson, Carew, and Sloman
2007; Santos et al. 2021; Sonnack et al. 2015) It is
noteworthy that larvae exposed to Cu required
a greater number of stimuli to exhibit an escape
response. Further, zebrafish larvae displayed
a decrease in swimming capacity, failing to exhibit
the typical escape swim toward the periphery seen
in controls. This locomotor deficit may be asso-
ciated with the toxicity attributed to Cu which
specifically targets sensory systems.

Although mechanosensory systems were not
examined in this study, it is well established that Cu
exerts ototoxic effects, specifically targeting

neuromasts (Hardy et al. 2021; Newton et al. 2023)
Disruption of these cells may exert adverse behavioral
consequences, as noted in various fish and amphibian
species (Brix et al. 2022; Hardy et al. 2021; Hernandez
et al. 2006; Krupa et al. 2021; Linbo et al. 2006; Olivari,
Hernandez, and Allende 2008). Similarly to our study,
Herndndez et al. (2006) noted the same concentration
(0.16 mg/L) CuSOy utilizing zebrafish larvae at 76 hpf
for two hr resulted in complete loss of ciliated cells in
neuromasts. Sonnack et al (2015) found that exposure
t0 0.024 mg/L CuSO, in zebrafish embryos until larval
stage significantly reduced normal escape response
associated with damage to motor neurons and neuro-
masts. These findings indicate an association between
the lateral line system and behavioral changes attrib-
uted to Cu exposure. Further at lower Cu concentra-
tions, irregular swimming patterns were observed,
while the highest metal concentration produced con-
secutive tail contractions and a reclined posture dur-
ing the test. This behavior may be associated with Cu’s
ability to induce locomotor dysfunction in zebrafish
during the embryonic-larval phase as documented by
Zhang et al. (2015).

Reactive oxygen species (ROS) steady-state
levels refer to the balance or equilibrium state of
ROS within a biological system (Smith and Murphy
2011). Although ROS are natural by-products of
cellular metabolism and play important roles in
various physiological processes (Finkel 2011)
excessive accumulation or imbalance of ROS leads
to oxidative stress, producing damage to cellular
components (Halliwell and Gutteridge 2015; Sies,
Berndt and Jones 2017). Several investigators
demonstrated that exposure to Cu induced accu-
mulation of ROS concentrations in fish, by mod-
ifying the levels of biochemical biomarkers,
encompassing both enzymatic and non-enzymatic
antioxidants (Kumar et al. 2023; Pereira, Campos
and Bogo 2016; Taslima et al. 2022). It is estab-
lished that this observation is attributed to the pro-
oxidant properties of Cu, associated with its capa-
city to transition between different redox states and
engage in redox reactions, resulting in enhanced
ROS formation (Halliwell and Gutteridge 2015).
Consequently, ROS accumulation leads to oxida-
tion of biomolecules, such as lipids, resulting in
lipid peroxidation as demonstrated in Carassius
auratus (Kong et al. 2013) and Cyprinus carpio
var. Jian (Jiang et al. 2014).
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The pro-oxidant capacity of Cu might also be
associated with strong affinity for thiol groups,
particularly glutathione (GSH), a vital intracellular
peptide in antioxidant defense crucial to maintain-
ing ROS balance, which may be assessed by mea-
suring NPSH levels (Brix et al. 2022; Ellman 1959;
Gaetke 2003; Halliwell and Gutteridge 2015).
Consistent with our findings, when evaluating bio-
chemical markers of oxidative stress, an increase in
steady-state levels of ROS was detected, accompa-
nied by enhanced lipid peroxidation and
a reduction in NPSH levels in response to Cu
exposure. Interestingly, in our experiments, expo-
sure to 0.32 mg/L increased NPSH levels compared
to either 0.16 and 1.6 mg/L CuSO,, but not in
controls. This finding suggests an attempt to
restore redox balance or involvement of other anti-
oxidant defense components.

The contribution of oxidative stress to the
decrease in cell viability becomes evident when an
excess of reactive oxygen species (ROS) directly and
harmfully damages biological structures, eventually
leading to cellular dysfunction (Ayala, Muiioz, and
Argiielles 2014; Kowalczyk et al. 2021; Olivari,
Hernéndez, and Allende 2008). Consistent with
our findings, exposure to CuSO, resulted in a dose-
dependent decrease in cell viability, as evidenced by
the resazurin assay, suggesting a potential correla-
tion between oxidative stress and mitochondrial
metabolism. Excessive ROS is known to disrupt
mitochondrial function, producing detrimental
effects on the organism, ultimately leading to
impairment of mitochondrial metabolic activity.
This is supported by the assay, which relies on the
conversion of resazurin to resorufin via NADH by
mitochondrial enzymes (Prabst et al. 2017). Our
study confirms the involvement of oxidative stress
in Cu-initiated toxicity in zebrafish larvae. It is
important to note that Cu, even at concentrations
that do not induce high mortality rates, might com-
promise essential biochemical and behavioral para-
meters and delay development of exposed
organisms (Acosta et al. 2016; Herndndez et al.
2006; Johnson, Carew, and Sloman 2007; Olivari,
Herndndez, and Allende 2008; Wang et al. 2020;
Weir et al. 2019). Therefore, environmental moni-
toring is crucial, as the presence of Cu in the envir-
onment severely impairs critical developmental
parameters in zebrafish. Consequently, Cu may

pose threats to other species in the ecosystem, parti-
cularly aquatic organisms, which are also susceptible
to heavy metal pollution (Brix et al. 2022; Cremazy
et al. 2022; Mason and Parrott 2022).

It is important to acknowledge the limitations of
our study. First, our experiments were conducted
under controlled lab conditions, and it is necessary
to validate our findings in natural aquatic environ-
ments to better understand the ecological implica-
tions of Cu-initiated toxicity. In addition, this study
focused on specific developmental and biochemical
parameters, but further investigations need to
explore additional endpoints to provide
a comprehensive understanding of the effects of
Cu on zebrafish larvae. Further, our study examined
the influence of Cu exposure at specific concentra-
tions and time points, thus it would be valuable to
investigate a broader range of concentrations and
exposure durations to establish dose-response rela-
tionships and understand potential sublethal effects.

Conclusions

In summary, our study established that exposure to
Cu at concentrations below those permitted by
legislation, while not producing excessive mortality
rates, resulted in significant sublethal effects on
zebrafish larvae. Developmental delays, compro-
mised behaviors, and increased oxidative stress,
were found emphasizing the vulnerability of early
life stages to the adverse effects of Cu-induced
toxicity. This finding indicates that the established
maximum limits are not deemed safe for aquatic
organisms, considering the affected parameters.
Data observed underscore the imperative need for
rigorous environmental oversight to reassess the
maximum allowable concentration, advocating for
prudent management strategies to mitigate metallic
contamination in aquatic ecosystems. This is parti-
cularly crucial given the observed impacts on key
physiological and behavioral indicators, emphasiz-
ing the potential enhanced ecological risks asso-
ciated with current Cu concentration standards.
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Supplementary Figure 1. Illustration of obtaining representative images. After the exposure
period, five larvae from each experimental group are transferred to 1.5 ml Eppendorf tubes.
Subsequently, these tubes are placed on ice for three minutes, inducing temporary insensibility to cold
and restricting larval movements to enhance the acquisition of morphological images. Concurrently,
microscopy slides are prepared by adding a 3% methylcellulose solution using a Pasteur pipette. After
the three minutes on ice, the larvae are carefully retrieved with the Pasteur pipette and positioned on

the microscopy slide. Images are captured through a stereomicroscope equipped with a camera,

ensuring precise documentation of morphological features.
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6. CONSIDERACOES FINAIS

Demonstramos no presente trabalho que a exposicdo ao cobre em concentragdes infe-
riores aos limites estabelecidos pela legislacdo, resultou em efeitos subletais significativos em
larvas de Danio rerio, como impactos no desenvolvimento, alteracdes comportamentais e
inducdo de estresse oxidativo. Dessa forma, ressaltam a sensibilidade das fases iniciais de
desenvolvimento de organismos aquaticos e sua correlacdo com os danos oxidativos resultan-
tes da exposi¢do ao cobre. Adicionalmente, nossos resultados efetivamente indicam que os
limites maximos atualmente estabelecidos ndo garantem um ambiente seguro para organismos
aquaticos, sublinhando a urgéncia de avaliacdes mais rigorosas para reavaliar as concentra-
cdes permitidas. Isso se torna crucial para mitigar a contaminagdo metalica em ecossistemas
aquaticos, especialmente considerando a interacdo potencial entre o cobre outros elementos

em um ambiente complexo.
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7. PERSPECTIVAS FUTURAS

Os resultados obtidos evidenciam de maneira eficaz a toxicidade do cobre em concen-
tracdes inferiores aos limites estabelecidos pela legislagdo brasileira. Entretanto, é imperativo
destacar a necessidade de estudos suplementares para aprofundar a compreensao dos efeitos
decorrentes da exposi¢do ao cobre, com foco na avaliacdo de diferentes periodos de exposi¢ao
no peixe-zebra. Um caminho promissor para investigacdo adicional consiste na analise do
papel do cobre na modulacdo da morte ferroptdtica, uma forma recentemente identificada de
morte celular. A exploracdo desse aspecto seria de grande interesse, visando compreender se a
ferroptose representa outro mecanismo de toxicidade associado ao cobre e quais as vias bio-
quimicas e génicas envolvidas. Além disso, considerando a presenca do cobre no ambiente e
suas complexas interagdes, torna-se crucial examinar o efeito sinérgico desses fatores na tole-
rancia térmica de organismos aquaticos, considerando as crescentes preocupagdes relaciona-

das as mudancas climaticas globais.
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