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RESUMO

A agricultura convencional tem-se mostrado altamente produtiva e, assim, atendido a uma
demanda por alimentos cada vez maior. Apesar das vantagens aparentes, esse modelo agricola
¢ dependente do uso de agrotoxicos, incluindo os herbicidas, que sdo o grupo de defensivos
agricolas mais utilizado no Brasil. Dentre estes, glifosato, atrazina e diuron t€ém sido
comercializados em grandes volumes para aplicagdo em lavouras convencionais e
transgénicas. Uma preocupagao que acompanha o uso em larga escala destes herbicidas sao
os seus efeitos toxicos em organismos ndao alvo, com destaque para o desequilibrio de
espécies reativas de oxigénio (ERO’s) associado a danos celulares. Além disso, a maior parte
do que se sabe sobre a toxicidade dessas substancias ¢ oriunda de estudos com elas isoladas,
afastando-se do que normalmente ¢ encontrado no ambiente que ¢ a presenca de misturas de
contaminantes. Dado o exposto, o objetivo deste trabalho ¢ avaliar a toxicidade aguda dos
herbicidas glifosato, atrazina e diuron, isoladamente e em misturas, em embrides e larvas de
peixe-zebra (Danio rerio).Os resultados revelaram uma relevante toxicidade aguda para o
diuron e atrazina, com valores de CLs, de 9,6 mg/L e 53.57 mg/L, respectivamente, para
peixes-zebra de 96 horas de idade. Por outro lado, nenhum efeito foi observado para o
glifosato isoladamente na concentracdo maxima testada (100 mg/L). A mistura bindria de
diuron e atrazina apresentou um efeito sinérgico, resultando nos menores valores de CLs,
medidos, 2,96 mg/L e 16,46 mg/L, respectivamente, entre todas as combinagdes realizadas.
Ao contrario da auséncia de efeitos quando isolado, o glifosato aumentou a toxicidade
individual do diuron e atrazina, resultando em uma diminui¢do nos valores de CLs, para 5,2
mg/L e 33,03 mg/L, respectivamente, embora ndo tenha sido considerado sinérgico. Todos os
biomarcadores analisados (AChE, LDH, GST, CAT e GPx) mostraram alteragdes
significativas. Além disso, foi observado aumento na producdo de ERO’s nas larvas expostas
aos herbicidas isolados e a mistura de atrazina e diuron. Esses resultados mostraram que os
herbicidas podem se tornar mais téxicos quando presentes em misturas e que o mecanismo de
toxicidade, tanto em sua forma isolada quanto em misturas, estd pelo menos parcialmente

associado ao estresse oxidativo.

Palavras-chave: espécies reativas de oxigénio; estresse oxidativo; mistura de contaminantes;

pesticidas; e polui¢do aquatica.
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1 FUNDAMENTACAO TEORICA
1.1 Pesticidas

A expansdo das praticas agricolas, resultante do aumento populacional crescente e da
implementagdo da Revolugdo Verde, gerou a necessidade de incorporar novos elementos para
suprir a demanda por alimentos e obter um rendimento agrondmico mais eficiente. Esses
elementos englobam a adocao de novas variedades de culturas, a aplicacdo de praticas de
manejo mais avangadas e, principalmente a utilizagdo massiva de pesticidas (LOPEZ et al.,
2018; JARDIM, 2009).

De acordo com a Lei Federal no 7.802, em seu Artigo 2, Inciso I, os pesticidas,
também conhecidos como agrotdxicos se definem como:

“Produtos e os componentes de processos fisicos, quimicos ou bioldgicos
destinados ao uso no setor de produ¢do, armazenamento e beneficiamento de produtos
agricolas, nas pastagens, na protecao de florestas nativas ou implantadas e de outros
ecossistemas ¢ também em ambientes urbano, hidricos e industriais, cuja finalidade
seja alterar a composicdo da flora e da fauna, a fim de preserva-la da acdo danosa de
seres vivos considerados nocivos, bem como substancias e produtos empregados como
desfolhantes, dessecantes, estimuladores e inibidores do crescimento”

Portanto, o termo agrotoxico ¢ comumente utilizado para se referir a produtos
quimicos agricolas, como bactericidas, fungicidas, herbicidas, inseticidas ou raticidas, que
tém como objetivo controlar pragas, como ervas daninhas e insetos (JAYARAJ, MEGHA,
SREEDEYV, 2016). Esses produtos apresentam diferentes classificacdes, baseadas em critérios
como sua composi¢do quimica, o alvo especifico a ser combatido, bem como aspectos
relacionados a toxicidade (OPAS/OMS, 1996).

Em relacdo a classe quimica, a maioria dos agrotdxicos podem ser classificados como
organoclorados, organofosforados, piretroides e carbamato (GEORGIADIS et al., 2018). Os
organoclorados sdo compostos organicos sintéticos que possuem o elemento cloro em suas
moléculas, sendo uma classe muito utilizada em meados do século XX, com destaque para o
DDT (MENDES et al., 2019). Eles atuam no sistema nervoso central dos insetos, interferindo
na transmissao dos impulsos nervosos. Os piretroides, sdo derivados sintéticos da piretrina e
tem como mecanismo de agdo o bloqueio de canais de célcio resultando na paralisagdo do
inseto (PAVANI, 2016; OLIVEIRA et al., 2015). Os organofosforados e carbamatos atuam

inibindo a agdo da enzima acetilcolinesterase, que leva ao aciimulo de acetilcolina nas



sinapses nervosas. Isto resulta em superestimulaciao do sistema nervoso dos insetos, levando a
paralisia e morte (PAVANI, 2016).

Os agrotoxicos podem ser classificados em mais de 15 categorias, com destaque para
os inseticidas, fungicidas e herbicidas. Os fungicidas sdo compostos quimicos utilizados para
controlar e prevenir o crescimento de fungos que podem causar doengas em plantas,
reduzindo assim a produtividade. Da mesma forma, os inseticidas sdo utilizados para eliminar
ou controlar insetos que representam uma ameaga as plantacoes e a satidde humana (YADAV e
DEVI, 2017). Por sua vez, os herbicidas sdo produtos quimicos amplamente utilizados na
agricultura para eliminar as ervas daninhas que competem com as culturas cultivadas. Eles
agem inibindo a atividade de enzimas ou proteinas essenciais nas células das plantas
daninhas, o que leva a interrupcdo de processos vitais e ao impedimento do seu
desenvolvimento (EMBRAPA, 2008).

Em relagdo a toxicidade, os agrotoxicos podem ser classificados em: Classe I
-extremamente toxica (faixa vermelha), classe II - altamente toxica (faixa amarela), classe III
- medianamente toxica (faixa azul) e classe IV - pouco toxica (faixa verde). Essa classificacao
se baseia em pesquisas que avaliam os efeitos toxicos causados pelos quimicos (EMBRAPA,
2010).

Ademais, eles também podem ser classificados em relacdo ao potencial de
periculosidade ambiental como: Classe I - Produto altamente perigoso ao meio ambiente;
Classe II - Produto muito perigoso ao meio ambiente; Classe III - Produto perigoso ao meio
ambiente; e, Classe IV - Produto pouco perigoso ao meio ambiente. Essa classificagcdo leva
em conta fatores como a toxicidade dos agrotdxicos, sua persisténcia no ambiente, seu
potencial de bioacumulagdo e os efeitos adversos na fauna, flora e recursos hidricos (IBAMA,
2016).

No ano de 2021, foi registrado um expressivo volume de comercializagdo de
agrotoxicos em territorio brasileiro, totalizando mais de 600 mil toneladas. Dentre os
agrotéxicos  mais  vendidos, @ merecem  destaque os  herbicidas  glifosato
(N-(fosfonometil)glicina), com um volume superior a 200 mil toneladas, a atrazina
(2-cloro-4-etilamino-6-isopropilamino-s-triazina), com mais de 33 mil toneladas, e o diuron
(3-(3,4-diclorofenil)-1,1-dimetiluréia ou DCMU), com mais de 6 mil toneladas (IBAMA,
2017).

Apesar do aumento da produtividade agricola, a crescente utilizacdo dos
agroquimicos, além de ser maléfica para a saide humana, pode contaminar os

compartimentos do ecossistema como a dgua e o solo, causando problemas ambientais



(BHAT et al., 2015; ISLAM, 2017). Em vista disso, estudos relataram que apenas 0,1% dos
pesticidas utilizados exercem efeito nos organismos alvo, acarretando um grande acumulo de
residuos no ambiente (ISLAM, 2017).

Os residuos dos agrotoxicos podem atingir as aguas superficiais através do escoamento
das plantas tratadas e do solo (SYAFRUDIN et al., 2021). Apesar dos mesmos passarem por
vias de degradacdo ambiental, os residuos mais estaveis podem permanecer no meio
ambiente. Consequentemente, isso podera acarretar efeitos deletérios diretos para organismos
nao-alvos como peixes, invertebrados e plantas aquaticas (AKTAR et al., 2009).

Além da degradacdo do ecossistema, o contato com os agrotoxicos através de
alimentos e da agua potdvel, pode causar efeitos adversos a satide humana. Um terco dos
alimentos consumidos cotidianamente pelos brasileiros estdo contaminados com agrotoxicos,
segundo analise de amostras coletadas em 26 estados brasileiros realizada pelo Programa de
Analise de Residuos de Agrotoxicos em Alimentos (PARA) da ANVISA (ANVISA, 2011).

Outro dado alarmante, ¢ referente aos agrotdxicos encontrados na dgua potavel. Para
auxiliar no acompanhamento dessas informagdes ¢ utilizado o Sisagua (Sistema de
Informagio de Vigilancia da Qualidade da Agua para Consumo Humano), que compila os
dados referentes as andlises de residuos pelas empresas de abastecimento de dgua. Com a
analise desses dados, foi possivel encontrar os 27 agrotéxicos monitorados na dgua potavel de
25% dos municipios brasileiros entre 2014 ¢ 2017 (ARANHA, 2019).

Estes dados chamam atengdo, visto que a exposicao direta ou indireta a determinados
agrotoxicos pode acarretar o aumento de doencas relacionadas a reprodugdo, cardiovasculares
e varios tipos de cancer (ALAVANIJA et al., 2003; SAMSUDDIN et al., 2015; SYAFRUDIN
etal. 2021).

1.2 Glifosato
O glifosato (Figura 1) ¢ o ingrediente ativo de uma gama de herbicidas comerciais

para controle ndo seletivo de plantas daninhas (BAER; MARCEL, 2014). Este foi o principio
ativo mais vendido do Brasil entre os anos de 2014 e 2018, representando 35,5% do total das
vendas de agrotoxicos o que equivale a 943.626,43 toneladas (IBAMA, 2020).

0] seu  mecanismo de acdo  consiste em  inibir a  enzima
5-enolpiruvil-chiquimato-3-fosfato-sintase (EPSPs), que atua na via do chiquimato. Esta via
bioquimica esta envolvida na sintese de aminoacidos aromaticos como tirosina, triptofano e
fenilalanina, compostos importantes em diversos aspectos essenciais da planta como a

producao de hormonios e flavondides (MARCHI, 2008; ROSS; CHILD,1996)
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O glifosato e os herbicidas baseados em glifosato tém sido alvo de extensas
investigagcdes nos ultimos anos, culminando com a alteragcdo da classificagdo quanto ao risco
de carcinogenicidade em humanos (PORTIER et al., 2016). Além disso, devido ao seu
extenso uso durante os Ultimos anos, houve um aumento do registro dos seus residuos nos
compartimentos aquaticos. Trabalhos ja reportaram uma concentragdo em riachos e corregos
pode variar entre 0,03 e 303,0 pg/L, dependendo do local de amostragem (ANNETT,;
HABIBI; HONTELA, 2014). Na Espanha, foram analisadas 140 amostras de agua
subterrdnea, onde foi possivel detectar a presenca do glifosato em 41% das amostras
(SANCHIS et al., 2012).

Com isso, alguns estudos foram feitos para observar a toxicidade em organismos
aquaticos nao-alvos. Segundo Rodrigues (2016), com a exposi¢do ao glifosato foi possivel
observar toxicidade no desenvolvimento larval do microcrustaceo Artemia salina, além de
retardar o desenvolvimento embrionario do ourico-do-mar mediterraneo Sphaerechinus
granularis (MARC et al., 2015). Também foram observados multiplos efeitos téxicos no
estagio embriondrio e larval de véarias espécies de peixes. Em peixes dourados (Carassius
auratus), o glifosato em niveis moderadamente baixos perturbou o metabolismo de varios
tecidos, além de levar a superprodugdo de ROS e estresse oxidativo (Li et. al., 2017).
Também foi visto o aumento das espécies reativas de oxigénio (ERO’s) no peixe zebra (Danio
rerio), além de apresentar toxicidade aos sistemas reprodutor, cardiovascular e locomotor

(WEBSTER, 2014; ROY, 2016).

Figura 1: Estrutura do glifosato
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Fonte: Colaciti, 2020

1.3 Diuron
O diuron, também conhecido como DCMU, é um herbicida da classe das fenilureias
(Figura 2). Mundialmente utilizado h4a mais de 40 anos, o diuron ¢ eficiente no controle de

uma ampla variedade de ervas daninhas (CABRERA et al., 2010). Em relagdo ao seu
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mecanismo de agdo, ele atua inibindo a fotossintese, mais especificamente bloqueando a
transferéncia de elétrons no nivel do fotossistema Il (ANTONIOU et al., 2014),

Devido a sua meia-vida longa no solo de mais de 90 dias e potente acao herbicida
(considerado o mais potente de sua classe), o diuron tem sido alvo de muitos estudos sobre
seus efeitos nocivos ao meio ambiente (ROCHA et al., 2013; HOLMES, 2014). Estudos tém
detectado a presenca do diuron em ambientes marinhos costeiros. Na Franca, o diuron foi
detectado em 28% das amostras de rios do sistema de bacias nacionais (IFEN, 1998),
resultando um alerta a comunidade cientifica sobre os possiveis riscos ecotoxicoldgicos a
biota marinha (HAYNES et al., 2000; JONES et al., 2003).

Alguns estudos ja relataram o efeito toxico do diuron em espécies aquaticas. De
Lorenzo (2012) relatou a toxicidade do diuron em diversos organismos aquaticos, como
bivalves (Crassostrea virginica e Mytilus edulis), crustdceos (Palaemonetes pugio) e
urocordados (Ciona intestinalis). Além disso, também foi possivel observar efeitos toxicos em
espécies de peixes, como o peixe zebra com uma CL,, de 6,5 mg/L, além de apresentar efeitos
ndo letais como edema de saco vitelinico, edema de pericardio e malformagdes na coluna

(VELKI et al., 2017).

Figura 2: Estrutura do diuron
H 3C\
N—CH; ClI

0=
NH

Fonte: Lopes e colaboradores, 2021
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1.4 Atrazina

A atrazina (Figura 3) ¢ um herbicida da classe das triazinas, que consiste em um grupo
que representa cerca de 30% da producdo mundial de pesticidas. Este herbicida ¢ amplamente
utilizado para controle e erradicagdo de ervas daninhas em culturas de milho, cana de agucar,
entres outras plantas dicotiledoneas (CANEVAROLI et al, 2021). A atrazina tem acao direta
na membrana do cloroplasto, local onde se desenrola a fase luminosa da fotossintese. Mais

precisamente, ela interfere no transporte de elétrons, resultando em uma diminui¢do da
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capacidade das ervas daninhas em converter a energia luminosa em energia quimica. Tal
efeito afeta negativamente o crescimento e desenvolvimento dessas plantas indesejadas
(COUTINHO et al., 2005).

Devido ao seu amplo uso e a sua degradacao lenta, com uma meia-vida de 13-260
dias, a atrazina tornou-se uma preocupagdo ambiental em muitos paises (USEPA, 2006).
Estudos tém detectado a presenca desse herbicida em 4guas doces no Brasil, com
concentragoes variando de 0,0027 a 10,4 pg/L em aguas superficiais e de 0,001 a 42,77 pug/L
em aguas subterraneas (DIAS et al., 2018; CANEVAROLI et al., 2021). Em um estudo
realizado na bacia do rio Yamaska em Québec, no Canada, a atrazina foi monitorada em cinco
rios que drenam areas agricolas, e foram observadas concentragdes que variaram de 0,01 a
26,9 ng/L (MUIR et al., 1978).

A atrazina tem sido amplamente estudada devido a sua toxicidade em animais
aquaticos. Estudos revelaram que a exposicdo a atrazina pode causar efeitos adversos no
peixe-zebra, como malformagdes e edemas (Gorge, 1990). Além disso, foi observada a
toxicidade da atrazina para o peixe guppy (Poecilia reticulata), com um valor de CL,, relatado
de 4,3 mg/L (Solomon et al., 2013).

Ademais, estudos indicam que a atrazina pode afetar o sistema endocrino de
mamiferos e peixes, interferindo na regulagdo hormonal e perturbando a fun¢do normal do

sistema endocrino (Wirbisky e Freeman, 2015).

Figura 3: Estrutura quimica da atrazina
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Fonte: Canevaroli e colaboradores (2021)

1.5 Estresse oxidativo induzido por pesticidas
Os efeitos dos agrotoxicos podem ser bioquimicos, fisiologicos e morfoldgicos,
causando mudangas em nivel molecular, celular ou tecidual. Apesar dos mecanismos de a¢ao

associados ao efeito toxico dos herbicidas ndo serem bem compreendidos, pesquisas
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anteriores sobre os mesmos sugerem que a maioria dos agrotoxicos induzem estresse
oxidativo (SULE; CONDON; GOMES, 2022).

O estresse oxidativo € causado pelo desbalango da formacao de ERO’s e a capacidade
de um sistema biologico de desintoxicar esses produtos reativos (LI; JIA; TRUSH, 2016). Sao
compostos que consistem em subprodutos de processos metabolicos celulares normais
necessarios para gerar energia para os processos vitais. Porém, quando ocorre uma
superproducao, decorrente de fatores ambientais ou a exposicdo a xenobiodticos, podem
acarretar danificagdo de moléculas biologicamente relevantes, como DNA, proteinas,
carboidratos e lipidios (LOBO et al., 2010). Com isso, causando peroxidagdo lipidica,
oxidacdo de proteinas e modulacdo da expressdo génica (SLANINOVA, 2009), além de
disfungao celular e apoptose (MELE et al., 2006; LI; JIA; TRUSH, 2016).

Alguns estudos relatam correlacdo entre a formagdao de ERO’s e exposicao a
agrotoxicos. Estudos em torno do metabodlito do diuron, DCA (3.,4-dicloroanilina), sugerem
que a geracdo de ERO’s e a deplecdo dos antioxidantes induzida por esta anilina pode causar
estresse oxidativo e peroxidacao lipidica no figado de carpa cruciana (C. carassius) (LI et al.
2003). Sendo este efeito, uma das causas para as lesdes encontradas no figado (SLANINOVA,
2009). Resultados similares foram observados na tilapia do Nilo (Oreochromis niloticus),
onde foi visto que o diuron e seus metabdlitos prejudicaram a resposta fisiologica relacionada
a biotransformacao e atividade antioxidante (FELICIO et al., 2018).

Outros herbicidas que ja foram relatados como compostos que induzem o estresse
oxidativo sd3o a atrazina e o glifosato. Yang e colaboradores (2021) relataram a
imunotoxicidade e aumento das ERO’'s em crustaceos da espécie Procambarus clarkii.
Resultados semelhantes foram vistos no animal modelo Caenorhabditis elegans, onde
também foi possivel observar o aumento de ERO’s quando exposto ao glifosato (BAILEY et

al., 2018).

1.6 Misturas de pesticidas

A maioria dos estudos em torno da toxicidade de agrotoxicos sdo feitos utilizando
apenas os principios ativos de forma isolada. Isto diverge da realidade, visto que as
formulacdes comerciais de agrotdxicos sao frequentemente aplicadas as culturas combinadas
a outros agrotoxicos, como forma de melhorar o rendimento das colheitas (PHYU et al.,
2001).

Neste contexto, mesmo que um agrotoxico isolado ndo tenha efeito sobre a saude

humana ou sobre os organismos nao alvo no ambiente, a acdo conjunta dos constituintes da
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mistura pode influenciar a absor¢do, distribui¢do e o metabolismo dos agrotdxicos, bem como
sua interacdo com os organismos ndo-alvo e o ambiente. Consequentemente, isto pode levar
um ingrediente ativo individual a produzir maior (sinergismo) ou menor toxicidade
(antagonismo) ao organismo em relacdo ao que pode ocorrer quando esse quimico estd
sozinho (PHYU et al., 2001; MANSANO et al., 2020).

Apesar da escassez de estudos sobre toxicidade de misturas de agrotoxicos, alguns
trabalhos ja relataram o aumento dos efeitos toxicos das misturas quando comparado com a
toxicidade individual. Wang (2017) observou o efeito de 7 agrotdxicos e suas respectivas
misturas bindrias, ternarias e quaternarias em embrides de peixe-zebra, mostrando que quase
50% das formulag¢des apresentaram efeitos sinérgicos.

Marins e colaboradores (2020), conduziram um estudo para investigar os efeitos
toxicos da exposicdo a uma mistura de pesticidas compostos por imidaclopride e o propoxur
em concentracdes ambientais sobre o peixe da espécie Rhamdia quelen. Os resultados
mostraram que a mistura desses pesticidas em concentragdes ambientais inibiu a atividade da

acetilcolinesterase no cérebro e induziu dano oxidativo em todos os tecidos analisados.

1.7 Biomarcadores de estresse oxidativo e estresse metabdlico
Como ja citado, o estresse oxidativo ocorre quando ha o desbalanco entre a producao de

ERO's e sua neutralizagdo, sendo uma resposta comum a organismos expostos a substancias
toxicas ou condi¢cOes ambientais adversas (Halliwell et al., 2007). Com isso, alguns
biomarcadores como: Glutationa — S- transferase (GST), glutationa peroxidase (GPx) e
catalase (CAT), sdo utilizados para mensurar os danos oxidativos causados (HO et al., 2013).

A GST ¢ uma familia de enzimas que desempenham um papel fundamental no
metabolismo e desintoxicacao de uma ampla variedade de xenobiodticos, incluindo os produtos
quimicos ambientais (Gertsch, 2007). Consistem em uma medida de defesa antioxidante, pois
catalisam a conjugagdo de glutationa reduzida (GSH) com esses compostos, tornando-os mais
soluveis em agua e prontos para serem eliminados do organismo (SHEEHAN et al., 2001).
Portanto, quando o organismo entra em contato com substancias que acarretam o estresse
oxidativo, ¢ possivel observar um aumento da expressao dessa enzima (POUR et al., 2014).

A GPx pertence a uma familia de enzimas oxidorredutases e desempenha um papel
essencial na redu¢do do peroxido de hidrogénio em agua e oxigénio, resultando na eliminagao
de radicais livres (Fanuchi, 2014). Da mesma forma, a CAT ¢ outra enzima antioxidante que

desempenha um papel crucial na prevencdo do dano oxidativo. Esta enzima catalisa a
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conversao de peroxido de hidrogénio em agua e oxigénio, contribuindo para a remocgdo de

ERO's e protegendo as células contra o estresse oxidativo (Liu; Kokare, 2017).

A lactato desidrogenase (LDH) desempenha um papel crucial no metabolismo
anaerobio, catalisando a conversdo reversivel do piruvato em lactato, com a redugdo de
NAD+ a NADH e vice-versa (FARHARA; LAPPIN, 2023). Essa enzima ¢ considerada um
biomarcador relevante de estresse metabodlico, uma vez que esta presente na maioria dos
tecidos e € liberada em casos de dano tecidual (DYZOEM et al., 2014).

1.8 Biomarcadores de neurotoxicidade

Os biomarcadores de neurotoxicidade sdo componentes que podem ser medidos e
avaliados para identificar e quantificar os efeitos adversos de substancias toxicas, como
pesticidas, no sistema nervoso (AMORIM, 2003)

A acetilcolinesterase (AChE) ¢ um biomarcador pertencente a familia das enzimas
colinesterases responsaveis pela hidrolise da acetilcolina, resultando na regulacdo dos
disparos nervosos nas terminagdes nervosas. Sua funcdo € essencial para o funcionamento
adequado do sistema nervoso central e periférico (LIONETTO et al., 2013).

No entanto, a atividade dessa enzima pode ser inibida por certos produtos quimicos e
pesticidas, resultando no acumulo de acetilcolina. Esse acimulo tem consequéncias
prejudiciais para o funcionamento normal do sistema nervoso periférico e central. Portanto, a
mensuragao da atividade da AChE ¢ de grande importancia em organismos expostos a
compostos toxicos, fornecendo informagdes valiosas sobre o impacto dessas substancias no

sistema nervoso (SILVA, 2010).

1.8 Utilizacao do peixe-zebra (D. rerio) para estudos de toxicidade

Os testes de toxicidade convencionais ainda dependem em grande parte do uso de
animais, como roedores, em virtude de sua semeclhanca com os seres humanos
(KRATCHMAN et al., 2018). No entanto, devido ao manejo trabalhoso, alto custo, questdes
¢ticas associadas e a crescente énfase ao principio dos 3Rs (redugdo, substituicdo e
refinamento do inglés “Reduction”, “Replacement” e “Refinement”, respectivamente), os
pesquisadores estdo buscando métodos alternativos de baixo custo e alto rendimento, como
modelos in silico e animais ndo convencionais (HONGMAO et al., 2011; FLECKNELL,
2011).

O D. rerio (Figura 4), mais conhecido como peixe-zebra, ¢ um peixe tropical de

pequeno porte e de agua doce, que pertence a familia Cyprinidac. Mesma familia da carpa
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comum (Cyprinus carpio) e do peixinho-dourado (C. auratus). O corpo do peixe-zebra tem
formato fusiforme e comprimido lateralmente, possuindo listras de cores alternadas e com
uma boca obliqua terminal voltada para cima (GERLACH, 2008). A reprodugdo ocorre de
forma externa, produzindo proles numerosas. Além disso, possui um ciclo de vida curto,
precisando apenas de 48 a 72 horas para evoluir do estado de ovo para larva, se tornando
adulto aos 3 meses de vida e tendo a capacidade de sobreviver por cerca de 3 anos (Figura 5)
(SILVEIRA et al., 2011; MARTINS, 2017). E um organismo que tem se destacado como um
sistema modelo eficiente para a avaliacdo de efeitos toxicos de compostos quimicos e

medicamentos, em virtude de suas caracteristicas bioldgicas (GERLACH, 2008).

Figura 4- Peixe-zebra (Danio rerio) em sua fase adulta.

Fonte: MTI news (2022)
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Figura 5- Ciclo de desenvolvimento do peixe-zebra (D. rerio).
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Fonte: Adaptado de D’Costa e Shepherd (2009).

O peixe-zebra tem se destacado como um organismo preferencial em vérias areas,
especialmente na Toxicologia, devido a caracteristicas importantes, tais como seu tamanho
pequeno, desenvolvimento rapido, tempo de geracao curto, facilidade de manejo, dimorfismo
sexual, genoma totalmente sequenciado e disponivel em bancos de dados publicos, além de
uma alta homologia genética com os humanos de aproximadamente 70% (HOWE et al., 2003;
LAWRENCE, 2007).

Além disso, os embrides e larvas de peixe-zebra (Figura 6a e 6b) estdo sendo
amplamente utilizados para triagem de toxicidade de compostos € novos medicamentos,
sendo muito aceito para ensaios alternativos para avaliar a toxicidade aguda em vertebrados
(CASSAR et al., 2020). Isso ocorre em decorréncia de suas vantagens, tais como alta
sensibilidade a compostos quimicos e rapido desenvolvimento dos sistemas renal, hepatico e
cardiovascular (FUKUSHIMA et al., 2020; CASSAR et al., 2020).

Outra vantagem ¢ a transparéncia dos embrides, que desempenham um papel
fundamental nos testes de toxicidade. Essa caracteristica permite a facil visualizagdo de
mudangas fenotipicas e malformacdes durante a exposicdo aos compostos em estudo
(MARTINS et al., 2021). Um exemplo notavel € o teste de toxicidade aguda em embrides de
peixe-zebra (FET), estabelecido como o teste n° 236 pela Organizacdo para Cooperagdo e
Desenvolvimento Econdémico (OCDE) em 2013. Esse teste tem como objetivo avaliar os

efeitos da exposicdo a determinados compostos quimicos durante o estdgio inicial de
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desenvolvimento dos peixes. A transparéncia dos embrides de peixe-zebra desempenha um
papel crucial nesse teste, permitindo através de uma observacao direta e detalhada dos efeitos
adversos, sejam eles letais ou subletais, causados pelas substancias em analise (HILL et al.,
2005).

Com isso, muitas substancias, como herbicidas, sdo testadas em embrides e larvas de
peixe-zebra. Martins e colaboradores (2021) observaram a hepatotoxicidade do 2,4-D em
embrides e larvas de peixe-zebra, revelando a toxicidade do composto ao figado do peixe.
Resultados similares foram observados em outros modelos como camundongos, além de
estudos in vitro, utilizando hepatocitos (TAYEB et al., 2013; DAKHAKHNI ef al.,2015).
Velki e colaboradores (2017), também observaram toxicidade moderada do diuron e dianizon
nos estagios iniciais do peixe-zebra, além de mudanca comportamental.

O peixe-zebra também pode ser utilizado para analisar mecanismos de acdo de
toxicidade. Blahova e colaboradores (2013) constataram um aumento na produ¢do de ERO’s e
estresse oxidativo em larvas expostas a atrazina. Da mesma forma, Lanzarin e colaboradores
(2021) observaram resultados semelhantes em embrides e larvas expostos a concentragdes

ambientalmente relevantes de uma formulagdao comercial de glifosato.

Figura 6- Embrido (a esquerda) e larva (a direita) de peixe-zebra

Fonte: Autoral (2023)
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2 HIPOTESE

e As misturas bindrias e terciaria dos herbicidas testados sdo mais toxicas do que os
herbicidas isolados aos embrides e larvas de peixe-zebra, visto que que a interagdo
entre diferentes substancias quimicas pode potencializar os efeitos negativos e
prejudicar ainda mais o desenvolvimento e a sobrevivéncia desses organismos
aquaticos.

e Os mecanismos de toxicidade dos herbicidas em embrides e larvas envolvem, pelo
menos em parte, a producdo aumentada de espécies reativas de oxigénio e,
consequentemente, estresse oxidativo. Isto se explica pelo fato de que os herbicidas
podem perturbar os sistemas de defesa antioxidante das células, levando a um
desequilibrio na producdo ERO’s. Esse desequilibrio resulta em danos celulares,
disfuncdo e possivel morte celular, contribuindo para os efeitos adversos observados

nos embrides e larvas expostos aos herbicidas
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3 OBJETIVOS

3.1 Objetivos gerais

Avaliar os efeitos dos herbicidas diuron, glifosato, atrazina de forma isolada e de suas
misturas binarias e terciaria no sistema modelo peixe-zebra (D. rerio), com foco na toxicidade

durante seus estagios iniciais de vida e analise dos mecanismos de estresse oxidativo.

3.2 Objetivos especificos

e Avaliar a toxicidade aguda da atrazina, glifosato e diuron isolados em embrides e
larvas de peixe-zebra;

e Analisar a toxicidade aguda das misturas bindrias e terciaria dos herbicidas em
embrides e larvas de peixe-zebra;

e Compreender preliminarmente os mecanismos de estresse oxidativo em embrides e

larvas expostos dos herbicidas isolados e das misturas.
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Highlights

e Diuron was the most toxic individually.

e Glyphosate alone did not show any toxic effects.

e Atrazine and diuron mixture showed toxic synergy.

e Glyphosate increased the toxicity of atrazine and diuron.
e All biomarkers of oxidative stress were altered.

e There was an increase in the production of ROS.
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Abstract

This study aimed to assess the acute toxicity of the herbicides glyphosate, atrazine, and diuron
individually and in binary and ternary mixtures on zebrafish embryos and larvae, exploring
their mechanisms of oxidative stress. The results revealed relevant acute toxicity for diuron
and atrazine, with LCs, values of 9.6 mg/LL and 53.57 mg/L for 96-hour-old zebrafish,
respectively. On the other hand, no effects were observed for glyphosate alone at the
maximum tested concentration (100 mg/L). The binary mixture of diuron and atrazine
exhibited a synergistic effect, resulting in the lowest measured LCs, values, 2.96 mg/L and
16.46 mg/L, respectively, among all combinations performed. In contrast to its lack of effects
alone, glyphosate increased the individual toxicity of diuron and atrazine since a decrease in
the LCs, values to 5.2 mg/L and 33.03 mg/L, respectively, although it was not considered
synergistic. All analyzed biomarkers (AChE, LDH, GST, CAT, and GPx) showed significant
alterations. Moreover, increased ROS production was observed in the larvae exposed to the
individual herbicides and the mixture composed of atrazine and diuron. These findings
showed that herbicides can become more toxic when present in mixtures and that their
mechanism of toxicity, both in their isolated form and in mixtures, is at least partially

associated with oxidative stress.

Keywords: Emerging contaminants, pesticide mixture, ROS, synergistic effect, water

pollution.
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1 Introduction

The expansion of agriculture worldwide in response to the increasing demand for food
has been accompanied by the continuous adoption of new agricultural practices and the
growing use of specialized inputs. Among the most widely used products are pesticides, with
a particular emphasis on synthetic herbicides. These agrichemicals play a crucial role in weed
eradication in crops, thereby enhancing productivity (SHARMA et al., 2019).

Atrazine, glyphosate, and diuron are extensively used herbicides both in Brazil and
worldwide (IBAMA, 2017). Their mechanisms of action involve the inhibition of essential
biochemical pathways in target weeds: atrazine and diuron inhibit photosynthesis, and
glyphosate interferes with the production of amino acids essential for plant growth (ROSS;
CHILD, 1996; COUTINHO et al., 2005; ANTONIOU et al., 2014). Although they contribute
to increased agricultural productivity, the intensive use of these compounds has led to
environmental contamination, as evidenced by the presence of their residues in various
ecosystem compartments (ISLAM, 2017).

The presence of pesticides in the environment represents an important problem for
non-target species due to the toxic effects induced by these compounds. One of these effects
includes the induction of increased production of reactive oxygen species (ROS), which are
unstable and highly reactive molecules capable of triggering oxidative stress (LOBO et al.,
2010). Numerous studies have already observed elevated ROS levels and oxidative stress in
animals exposed to pesticides (BLAHOVA et al., 2013; WANG et al., 2015). This process is
associated with cellular damage and the development of diseases such neurological diseases
such as Alzheimer's, cardiovascular diseases, and various types of cancer. (PIZZINO et al.,
2017; SULE; CONDON; GOMES, 2022).

Despite the considerable number of studies on the toxicity of herbicides in non-target
organisms, most of them have been conducted using these herbicides individually. However,
this contrasts with the reality of their combined usage with other chemical substances in crop
management practices (PHYU et al., 2001). This is reflected in environmental samples
analysis (e.g., water, soil, etc.), which increasingly detect pesticide mixtures in complex
matrices ( TANG; MANG, 2021).

As a result, several studies have been conducted to investigate the toxicity of pesticide
mixtures in aquatic organisms. For instance, Wang et al. (2017) observed an increased toxicity
of imidacloprid when exposed in combination with atrazine using zebrafish (Danio rerio)

embryos and larvae as the target organism. Similarly, Fan et al. (2021) also observed an
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increased toxicity of chlorpyrifos when mixed with carbendazim in experiments conducted on
the same target organism as the previous study.

The zebrafish (D. rerio) has emerged as a promising model system in ecotoxicological
studies of pesticides (VIEIRA et al., 2020; GONCALVES et al., 2020; VIEIRA et al., 2022).
In addition to its technical and biological attributes (e.g., ease of handling, availability in large
numbers) (CHAHARDEHI et al., 2020), the use of zebrafish embryos and larvae allows for a
wide range of toxicity endpoints, from molecular alterations (e.g., changes in key gene
expression) to morphophysiological changes (e.g., developmental toxicity) (GONCALVES et
al., 2020). This enables preliminary understanding of the mechanisms by which toxicants
contribute to pathological conditions. For instance, oxidative stress, associated with
neurodegenerative diseases, liver disorders, and various types of cancer, has been observed in
exposure tests of zebrafish early life stages to synthetic herbicides, using specific biomarkers.
These include alterations in components of the endogenous antioxidant system, oxidation
byproducts of biomolecules, and the use of transgenic fish (GONCALVES et al., 2020;
SILVA et al., 2022).

Based on the considerations, the aim of this study was to evaluate the acute toxicity of
the herbicides diuron, glyphosate, and atrazine, as well as their binary and ternary mixtures,
in zebrafish embryos and larvae. Additionally, we assessed the toxicological mechanisms of
these compounds and their mixtures, with a focus on the oxidative stress process. For that,
acute toxicity tests were conducted using the herbicides individually and in their respective
combinations. Enzymatic activity tests and fluorescence analyses were performed to

investigate mechanisms related to oxidative stress and the detection of ROS.

2 Materials and Methods
2.1 Chemical reagents

The herbicides glyphosate (CAS 1071-83-6, Code 45521, 98% purity), atrazine (CAS
1912-24-9, 45330, 98% purity), and diuron (CAS 330-54-1, 45463, 98% purity) were
obtained from Merck Sigma-Aldrich® (Barueri, Brazil) . The solvents dimethyl sulfoxide
(DMSO) and acetone were obtained from Labsynth (Diadema, Brazil). Atrazine and diuron
were dissolved in pure acetone and DMSO, respectively, to prepare stock solutions of 75
mg/mL. For atrazine, the stock solution was further diluted to the test concentrations of 30,
40, 50, 60, 70, and 80 mg/L, while diuron was diluted to the test concentrations of 1.25, 2.5,
5, 10, and 20 mg/L. Glyphosate was diluted in E3 embryo medium (5 mM NaCl, 0.17 mM
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KCl, 0.33 mM MgSO4, 0.33 mM CaCl, and 0.005% methylene blue) to obtain the test
concentrations of 12.5, 25, 50, and 100 mg/L. The selected test concentrations were based on

previous studies reported in the specialized literature.

2.2 Zebrafish embryos and larvae

Zebrafish embryos of the wild-type AB strain, at approximately 1 hour
post-fertilization (hpf), were provided by UniPOM (Unidade de Produgdo de Organismos
Modelo Nao Convencionais), Department of Molecular Biology, Federal University of
Paraiba (Jodo Pessoa, Brazil). The parental fish were maintained in a closed circulation
system with water quality control kept by physical, chemical, and biological filtration, as well
as UV-C light sterilization, in a room with controlled temperature (26 £ 1 °C) and a
14:10-hour light-dark photoperiod. The fish were monitored daily for health and received ad
libitum feeding three times a day with granulated food (ColorBits, Tetra, Germany), organic
spirulina (Fazenda Tamandud, Patos, Brazil), and artemia nauplii (Artemia Salina do RN,
Natal, Brazil).

To obtain embryos, males, and females (in a 2:1 ratio) were placed in a breeding tank
(1.7 L Slope breeding tank, Techniplast, Italy) at 5 p.m. on the day before the experiment. The
next day, at 9 a.m. - 1 hour after the lights in the facility were turned on - the embryos were
collected and transferred to E3 embryo medium. Subsequently, the embryos were selected
under an inverted light microscope (Televal 31, Zeiss) at 50x magnification. Embryos with
normal morphology and cleavage patterns were selected for the study. Batches of embryos
with low viability (< 90%), including unfertilized or predominantly malformed embryos, were
excluded. Dead and surplus embryos and larvae were euthanized with an overdose of clove oil
(1.5 mL/L) and subsequently frozen for later incineration.

All protocols involving zebrafish in this study were approved by the Ethics Committee

for Animal Use of the Federal University of Paraiba under protocol number 5901141020.

2.3 Acute toxicity of individual herbicides

The exposure of zebrafish embryos to herbicides was performed following the
guidelines of the FET test no. 236 from the OECD (2013), with modifications suggested by
Muniz et al. (2021). The test was conducted in a 96-well plate, where 20 embryos (1
embryo/well) at up to 3 hpf were individually exposed to different nominal concentrations of
atrazine (30, 40, 50, 60, 70, and 80 mg/L), diuron (1.25, 2.5, 5, 10, and 20 mg/L), and
glyphosate (12.5, 25, 50, and 100 mg/L) for 96 hours. Three additional plates were prepared,
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one with embryos exposed to E3 medium (negative control) and the others with embryos
exposed to 0.1% DMSO or 0.1% acetone (solvent controls).

At 24-hour intervals of exposure, the embryos were analyzed for the presence of the
following lethality signs: (a) coagulation of the embryo; (b) non-detachment of the tail ; (c)
lack of somite formation; and (d) lack of heartbeat. Additionally, the presence of non-lethal
effects (e.g.,, delayed hatching, yolk sac edema, pericardial edema, head edema, and blood
coagulation) was also assessed. The data obtained were used to determine: (1) survival rate %
= (number of live organisms/total number of organisms) x 100, per tested concentration and
exposure time; (2) cumulative lethal and non-lethal effects % = (number of affected
organisms/total number of organisms) x 100, per tested concentration over 96 h ; (3)
percentage of organisms affected by non-lethal effects % = (number of affected
organisms/number of live organisms) x 100, per tested concentration over 96 h ; and (4)
median lethal concentration (LCsy) calculated through probit regression analyses (Finney,
1971).

The exposures conducted during the study were performed under static conditions
without the renewal of the test sample or the E3 medium due to the long half-lives of the
herbicides used. Previous studies have indicated estimated half-lives exceeding 40 days for
glyphosate, 105 days for atrazine, and 43 days for diuron (EPA, 2001; MERCURIO et al.,
2014; QU et al., 2020). Observations were made under an inverted light microscope (50 x
magnification), and recorded using a digital camera (Moticam 5+, Motic, Canada). Three

independent biological replicates were performed for each tested concentration.

2.4 Acute toxicity of equitoxic herbicide mixtures

To investigate the acute toxicity of equitoxic herbicide mixtures, the methodology
described by Wang et al. (2017) was followed. Under the same conditions described in section
2.3, the test was conducted by exposing embryos to serial dilutions of the LCs, of each
herbicide while maintaining a fixed constant equitoxic ratio (1:1 or 1:1:1) - the same effect is
expected from each individual substance. Six dilutions (with a serial dilution factor of 2) were
tested for each herbicide. The following combinations were tested: atrazine + diuron; atrazine
+ glyphosate; diuron + glyphosate; atrazine + diuron + glyphosate. To assess complete
concentration-response relationships, the total concentration of each mixture was altered
while keeping the aforementioned ratios constant in the mixtures. The tests were repeated
three times for each concentration. Table 1 shows the scheme for formulating the equitoxic

binary and tertiary herbicide mixtures.



Table 1. Scheme for formulation of binary and tertiary mixtures.
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Binary and ternary Atrazine (mg/L) Diuron (mg/L) Glyphosate (mg/L)
mixture
ATZ+DIU + 16” 3.34 0.60 -
ATZ+DIU + 8 6.69 1.20
ATZ+DIU + 4 13.39 2.40
ATZADIU +2 26.78 4.80
ATZADIU x1 53.57 9.60
ATZA+DIU x2 107.14 19.20
ATZ+GLY + 16 3.34 - 6.25
ATZ+GLY + 8 6.69 12.50
ATZ+GLY + 4 13.39 25
ATZ+GLY +2 26.78 50
ATZ+GLY x1 53.57 100
ATZ+GLY x2 107.14 200
DIU+GLY + 16 - 0.60 6.25
DIU+GLY + 8 1.20 12.50
DIU+GLY + 4 2.40 25
DIU+GLY + 2 4.80 50
DIU+GLY x1 9.60 100
DIU+GLY x2 19.20 200
ATZ+DIU+GLY -+ 16 3.34 0.60 6.25
ATZADIU+GLY + 8 6.69 1.20 12.50
ATZ+DIU+GLY + 4 13.39 2.40 25
ATZ+DIU+GLY +2 26.78 4.80 50
ATZ+DIU+GLY x1 53.57 9.60 100
ATZ+DIU+GLY x2 107.14 19.20 200

*Not used in the mixture.

©: Individual LC;, divided by a dilution factor
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2.5 Individual toxicity of herbicides and binary and tertiary mixtures

The acute toxicities of the herbicides and their mixtures were evaluated using probit
analysis (FINNEY, 1971). The significance level of mean separation (p < 0.05) was
determined based on the absence of overlap between the 95% confidence limits of the two
LCs, values. The additivity index (AI) was used to investigate the interactions of the
substances based on the LCs, values obtained individually and, in their mixtures,
(MARKING, 1985). This method defines an AI for the combined effects of a chemical
mixture. The biological activity (S) of the tested compounds, generically referred to as A and
B, was determined by the equation as follows: S = (Am/Ai) + (Bm/Bi), where A and B
represent the test samples; 1 corresponds to the individual LCs, value for A or B; m
corresponds to the LCs, value for the mixture of A and B; S corresponds to the sum of
biological activity. The Al was determined by calculating the values of S using the following
equations: Al =1/S-1 when S < 1.0, and Al = 1-S when S > 1.0.

The interactions of the substances were classified into categories based on the 1A
values as follows: antagonistic effect (IA < -0.2), additive (-0.2 < AI < 0.25), or synergistic
(IA > 0.25). A higher value of TA implies greater synergy of the substances (SU et al., 2016).
Synergy was considered significant if the 95% confidence interval of the IA value was greater

than 0.

2.6 Biomarker enzymes

The acute toxicity test was repeated under the same conditions described above, but at
this time the embryos were independently exposed to three sublethal concentrations
(concentrations that did not cause mortality) of the individual herbicides and mixtures (Table
2). At the end of the exposure period (96 h), the larvae were rapidly frozen and stored at -20
°C until the time of analysis.

Groups of larvae from each of the three concentrations of individual compounds and
mixtures, a negative control group (exposed only to E3 medium), and solvent control groups
(0.1% DMSO and 0.1% acetone) were homogenized with cold distilled water at a ratio of 1
larva to 20 pL of solvent. The homogenates were centrifuged at 2,500-3,000 x g for 10 min at
4 °C, and the resulting supernatants were used for the measurement of soluble protein content
and biomarker enzyme activity. The activities of the enzymes acetylcholinesterase (AChE),
glutathione S-transferase (GST), catalase (CAT), glutathione peroxidase (Gpx), and lactate

dehydrogenase (LDH) were measured. As no lethal or sublethal effects were observed at the
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highest concentration tested of glyphosate, enzymatic quantification was not performed for
this compound.

The quantification of soluble protein in the supernatant was determined using the
photometric method developed by Bradford (1976). Initially, a standard curve was constructed
using bovine serum albumin, and the absorbance of the samples was read at a wavelength of
595 nm using the Multiskan GO microplate reader (Thermo Fisher Scientific). The analyses
were performed in quadruplicate for each sample.

The procedures for determining the activities of AChE, LDH, and GST were
performed as described by Domingues et al. (2010). The activity of GPx was measured
according to the procedure described by Massarsky et al. (2017), while catalase activity
(CAT) was determined according to Clairborne (1985). All the methodologies are based on
photometric quantification of products formed by specific reactions catalyzed by each of the

aforementioned enzymes. The assays were performed in quadruplicate for each test.

Table 2. Concentrations of the individual herbicides and mixtures.

Compound Concentration (mg/L)
Atrazine 7,5
15
30
Diuron 1,25
2,5
5
ATZA+DIU =+ 32° 1.67 +0.30%
ATZ+DIU +16 3.34+ 0,60
ATZADIU + 8 6.69 + 1,20
ATZ+GLY + 16 3.34+6.25
ATZ+GLY + 8 6.69 + 12,5
ATZ+GLY + 4 13.39 + 25
DIU+GLY ~+ 16 0.60 + 6.25
DIU+GLY + 8 1,20+ 12,5
DIU+GLY + 4 2.40+25
ATZ+DIU+GLY + 32 1.67+0.30 +3.12
ATZ+DIU+GLY + 16 3.34+0.60 +6.25
ATZ+DIU+GLY + 8 6.69+1.2+12.5

@: Individual LCj,divided by a dilution factor

2: Concentrations corresponding to the compounds presented in the same order as the first column
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2.7 Production of ROS

To determine the intracellular production of ROS in response to exposure to each
herbicide or mixture, a fluorescent probe sensitive to oxygen, 2,7-dichlorodihydrofluorescein
diacetate (H2DCFH-DA), was used following the methodology described by Thorstensen et
al. (2014).

For this assay, a concentration was chosen for each individual herbicide and its
respective mixtures. Embryos with < 6 hpf were exposed to the concentrations under
conditions similar to those described in section 2.3, with some modifications. After 96 h of
exposure, newly hatched larvae were arranged in groups of 5 larvae per treatment and
transferred to a new plate.

The optimization of the protocol established by Thorstensen et al. (2014) resulted in
the use of 1 uM of H2DCFDA instead of the 5 uM probe as described by those authors. On
the day of the assay, the larvae were removed from the concentrations containing the
individual herbicides and their respective mixtures and transferred to wells with E3 medium.
Twelve groups with five larvae each were formed: (i) control without probe and hydrogen
peroxide, (ii) positive control with hydrogen peroxide at a concentration of 1 mM and
H2DCFDA at 1 pM, (ii1) three solvent controls (0.1% acetone, 0.1% DMSO, and 0.1%
acetone + 0.1% DMSO) with H2DCFDA at 1 uM, (iv) two groups exposed to a concentration
of 5 mg/L and 30 mg/L of diuron and atrazine, respectively, with HZDCFDA at 1 uM, and (v)
four groups with larvae exposed to mixtures of the herbicides (ATZ+DIU + 8, ATZ+GLY + 4,
DIU+GLY =+ 4, and ATZ+DIU+GLY + 8) with H2DCFDA at 1 uM.

After the preparation of the plates with the different groups, hydrogen peroxide was
added to the positive control, and the plate was incubated for 1 h at 26 °C. When the time was
completed, H2DCFDA was added to the solutions of the different treatments, and the plate
was incubated for an additional 1 h at 26 °C in a dark chamber to prevent degradation of the
probe.

Subsequently, the larvae from each treatment were transferred to glass slides using a
disposable pipette and prepared for observation with glycerol solution. The production of
ROS was analyzed using fluorescence microscopy (excitation at 488 nm) (BX41 Microscope,
Olympus America Inc., Canada). Photographs were taken with the Olympus Q-Color 5 ™
camera (Olympus America Inc., Canada). The mean fluorescence intensity (MFI) was

calculated using the free software ImageJ by analyzing parameters related to the average
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amount of green-scaled pixels in relation to the selected area. It quantifies the amount of

brightness present in each selected area in pixels, resulting in fluorescence intensity.

2.8 Statistical analysis

The data were statistically analyzed using appropriate software available on the
Internet. The results were presented as mean + standard deviation. Differences between
treatments were evaluated using one-way analysis of variance (ANOVA) followed by Tukey's
test (p < 0.05) to compare the means of the different treatments. GraphPad Prism software

was used for the statistical analysis.

3 Results and Discussion
3.1 Lethal and sublethal effects of individual herbicides

The results demonstrated different degrees of toxicity among the individual herbicides.
Diuron exhibited the highest toxicity to D. rerio embryos and larvae, with coagulation of the
egg being the only lethal endpoint, resulting in a LCs, (96h) of 9.6 mg/L (Table 3). It was
observed that egg coagulation occurred with increasing concentration, reaching nearly 100%
at a concentration of 20 mg/L (Figure 1A). Additionally, cumulative sublethal effects (96h)
appeared between the concentrations of 5 mg/L and 10 mg/L. The observed sublethal effects
included pericardial edema, yolk sac edema, delayed hatching, and blood coagulation, with
the first three being more prevalent (Figure 2A and 2B).

Regarding atrazine, it was less toxic than diuron, with a LCy, of 53.57 mg/L (96 h)
(Table 3) and exhibited egg coagulation as the only lethal effect (Figure 3A). Sublethal
cumulative effects (96 h) were also observed at concentrations of 40, 50, 60, and 70 mg/L
(Figure 3B), including delayed hatching, yolk sac edema, pericardial edema, and blood
congestion, with the first two being more prevalent (Figure 4A and 4B).

Literature reports on the toxic effect of diuron in aquatic organisms are consistent with
the findings of this study. Velki ef al. (2017) investigated the acute toxic effects of diuron
on zebrafish embryos and larvae, revealing an LCs, value of 6.37 mg/L (96 h) for diuron.
Mhadhbi and Beiras (2012) also studied the toxic effect of diuron and other six compounds on
the early development stages of Psetta maxima fish. They calculated an LCs, value of 7.8
mg/L (96 h) for diuron, providing additional evidence of its toxicity in different fish species.
These studies are consistent with the results obtained in the present study, demonstrating a

similarity in observed lethality.
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Available data in the literature reveal different LCy, values for early stages of zebrafish
exposed to atrazine. Wiegand et al. (1998) investigated the toxicity of atrazine in the early
stages of zebrafish. The results of this study revealed an LCs, value of 36.8 mg/L and
identified biochemical alterations resulting from atrazine exposure. In a subsequent study,
Zaluski et al. (2022) also analyzed the toxicity of atrazine in zebrafish embryos and larvae. In
this study, a mortality rate of over 55% was observed at a concentration of 5 mg/L. It is
important to note that discrepancies in LCs, values and toxicity found in the literature
compared to the results of this study may be influenced by various factors, including variable
laboratory conditions such as water quality and the composition and purity of the tested
substance (MARTINS et al., 2021). For example, in the study conducted by Zaluski et al.
(2022), commercial formulations of atrazine were used in the assays. Additionally, sensitivity
to the substance can vary among different strains of zebrafish. These discrepancies can be
attributed to the considerable heterogeneity present within this species, even in controlled
laboratory environments. Therefore, it is essential to consider these factors when interpreting
the results (PARICHY, 2015; MARTINS et al., 2021).

Regarding sublethal effects, similar phenotypic changes were observed for both
compounds. Among the observed sublethal effects, the occurrence of pericardial and yolk sac
edema was prevalent, corroborating previous studies that also reported these malformations in
response to exposure to the mentioned compounds (BLAHOVA et al., 2020; GORGE;
NAGEL, 1990). Such edemas are often observed in early stages of zebrafish life when
exposed to toxic substances, reflecting the sensitivity of these organisms during the initial
stages of development (LI ef al., 2017; SANT and TIMME-LARAGY, 2018; MARTINS et
al.,2021).

In addition to these effects, delayed hatching was also observed in embryos exposed to
both herbicides. Zaluski ef al. (2022) and Blahova et al. (2020) also observed delayed
hatching in larvae exposed to diuron and atrazine, respectively. Delayed hatching represents a
crucial event in fish development and can result from behavioral, biochemical, and even
morphological changes, which may be consequences of the edemas observed at the tested
concentrations (LI et al., 2017).

Regarding glyphosate, no signs of toxicity or sublethal effects were observed at the
maximum tested concentration of 100 mg/L, as established by the employed methodology.
Consequently, this value was adopted for subsequent tests involving substance mixtures.
These results are consistent with previous studies that did not find isolated glyphosate toxicity

in zebrafish embryos and larvae (RODRIGUES et al., 2019). However, it is worth mentioning
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that research involving commercial formulations of the pesticide has shown toxicity in the
early stages of zebrafish development (LU et al., 2022; LANZARIN et al., 2019). This
adverse effect can be attributed to the surfactant POEA (Polyoxyethyleneamine) used in

commercial glyphosate formulations (RODRIGUES et al., 2019).

Table 3. Individual and combined acute toxicity of diuron, atrazine, and glyphosate with

equitoxic ratios for D. rerio larvae.

LCsy (95% CI) mg/L"' (96 h)

Atrazine Diuron Glyphosate AP

53.57 (49.26-57.64) - - -

- 9.6 (8.49-10.77) - -

- - 100" -
16.469 (12.073- 22.467) 2.967 (2.231- 3.946) - 0,7
- 5.291 (4.049- 6.913) 55.112 (42.171- 72.023) -0,1
33.037 (25.018- 43.627) - 61.539 (46.961- 80.641) 0,22
16.837 (12.307- 22.802) 2.9 (2.191-3.891) 30.418 (22.001- 40.635) 0,1

"Not used in the mixture.

o: Al (Additive Index) is determined based on the biological activity (S) of test compounds A and B using
the equation: S = (Am/Ai) + (Bm/Bi). It involves individual LCs, values for A and B (i) and the LCs, value for
the mixture (m). Al is then calculated from S, with different equations applied depending on the S value: Al =
1/S-1 when S < 1.0, and AI = 1-S when S > 1.0.

n: Absence of LCs, values; Concentration employed represents the highest tested value
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Figure 1. Overview of the exposure of zebrafish embryos and larvae to increasing
concentrations of the herbicide diuron for 96 h. (A) Mortality rate at different concentrations
at the end of the exposure. (B) Cumulative lethal and sublethal effects after 96 h. Data were
analyzed by one-way ANOVA followed by Tukey's post hoc test, with the asterisk (*:p <

0.01; **:p <0.001) indicating significant difference compared to the control.
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Figure 2. Cumulative non-lethal effects in zebrafish embryos exposed to increasing
concentrations of diuron for 96 h. (A) Non-lethal effects observed between intermediate
concentrations of 2.5 to 10 mg/L. (B) Quantification of cumulative non-lethal effects at
different concentrations of diuron. Data were analyzed by one-way ANOVA followed by
Tukey's post hoc test, with the asterisk (*:p < 0.05; **: p < 0.01***: p <0.001) indicating

significant difference compared to the control.
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Figure 3. Overview of exposure of zebrafish embryos and larvae to increasing concentrations
of atrazine for 96 h. (A) Mortality rate at different concentrations at the end of the exposure.
(B) Cumulative lethal and non-lethal effects at different concentrations after 96 h. Data were
analyzed by one-way ANOVA followed by Tukey's post hoc test, with the asterisk (*: p<

0.05; **: p <0.01; ***: p <0.001) indicating significant difference compared to the control.
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Figure 4. Non-lethal effects at different concentrations of atrazine after 96 h. (A) Non-lethal
effects observed between intermediate concentrations of 40 and 70 mg/L. (B) Quantification
of cumulative non-lethal effects caused by different concentrations of atrazine. Data were
analyzed by one-way ANOVA followed by Tukey's post hoc test, with the asterisk (*: p<

0.05; **: p <0.01; ***:p <0.001) indicating significant difference compared to the control.
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3.2 Lethal and non-lethal effects of the mixtures

The exposure was performed using serial dilutions of each substance in zebrafish
embryos and larvae, maintaining a constant fixed equitoxic ratio based on the individually
obtained LCy, values for atrazine (53.57 mg/L) and diuron (9.6 mg/L), while the tested
maximum concentration (100 mg/L) was used for glyphosate.

To analyze the interactions between the pesticides, the Additive Index (AI) was
employed, based on the LCy, values obtained for the individual pesticides and their mixtures.
The binary mixture of atrazine and diuron exhibited the highest calculated Al value,
indicating synergy as the index was greater than zero, with an Al value of 0.7 (Table 3).

On the other hand, the AI value for the mixture of diuron and glyphosate, as well as
for the combination of all three compounds, was -0.1 and 0.1, respectively, indicating an
additive effect. Conversely, the mixture of atrazine and glyphosate was considered
antagonistic, with an Al value of -0.22.

Similarly, to what was observed with the individual compounds, the mixtures also
revealed non-lethal effects, including pericardial edema, yolk sac edema, delayed hatching,
and blood congestion. It was observed that even at lower concentrations than those tested
individually, non-lethal effects emerged when evaluated in combination (Figure 5). For
example, the ATZ+DIU +4 combination, composed of 2.4 and 13.4 mg/L of diuron and
atrazine, respectively, exhibited over 40% occurrence of yolk sac edema, while these effects

were not observed at the same concentrations for the individual substances.
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Figure 5. Cumulative non-lethal effects at different concentrations after 96 h . DIU: Diuron;
ATZ: Atrazine; GLY: Glyphosate. Concentration values represent serial dilutions of the
LCs, of individual substances. Concentrations were analyzed using one-way ANOVA,
followed by Tukey's post-hoc test. The asterisk (*:p< 0.05; **:p < 0.01***:p < 0.001)

indicates a significant difference compared to the control group.
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Although there is a lack of comprehensive studies on the toxicity of pesticide
combinations, current knowledge indicates that increased (synergism) or decreased
(antagonism) toxicity occurs due to interactions between pesticides, which can result in the
inhibition or induction of enzymes responsible for chemical metabolism. Pesticides undergo
metabolism processes in which different enzymes are involved. These enzymes can be
negatively affected or stimulated by other chemical compounds. When multiple chemicals are
absorbed, this can result in changes in activation and detoxification rates of pesticides, which
in turn can cause alterations in the toxicity of the specific compound in question
(THOMPSON, 1996; RODNEY et al., 2013).

A relevant example of the influence of mixtures on chemical metabolism is atrazine.
Synergism of this substance with other pesticides, such as chlorpyrifos and phoxin, resulting
in increased toxicity in zebrafish larval stages, has been observed (PEREZ et al., WANG et
al., 2017). It is proposed that this effect is mediated by atrazine's involvement in the
overstimulation and induction of cytochrome P450 (CYP450) isoenzymes when combined
with organophosphate pesticides. This interaction promotes the formation of more toxic
metabolites, contributing to the increased toxicity observed (EGAAS et al., 1993; KAO et al.,
1995; WANG et al., 2017).

Thus, a possible explanation for the synergy and additive effect observed between
diuron and atrazine in this study lies in the production of diuron's metabolite,
3,4-dichloroaniline (DCA), as a result of atrazine-induced cytochrome P450 (CYP450)
induction. The activation of CYP450 by atrazine may increase the enzymatic activity involved
in diuron metabolism, resulting in the formation of higher amounts of DCA. The presence of
DCA is particularly relevant, as previous studies have documented its high toxicity in
zebrafish embryos and larvae (SCHEIL et al., 2018; VIEIRA et al., 2020). Additionally, it is
worth noting that the observed antagonism with glyphosate can be explained by the low
toxicity of glyphosate and its metabolite (aminomethylphosphonic acid - AMPA) in the
studied organism (RODRIGUES et al., 2019; IVANTSOVA et al., 2022).

In addition to the influence on enzymatic processes, it is important to highlight that
interactions between these compounds can impact other crucial processes such as
bioavailability, adsorption, distribution, binding to the target site, and excretion (MANSANO
etal.,2017; CEDEERGREEN et al., 2017).
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3.3 Enzymatic activity

To analyze the potential mechanisms of toxicity of the individual compounds and
mixtures, enzymatic biomarker analyses were performed. Table 4 and 5 shows the activity of
the enzymatic biomarkers (CAT, LDH, GPx, ACHE, and GST) analyzed after 96 hours of
exposure to three sublethal concentrations of the individual compounds and their mixtures.
The values of GST demonstrated a significant increase in all concentrations of diuron alone
compared to the control group. In the presence of atrazine, an increase in GST activity was
also observed at the two lower concentrations (Table 3).

As shown in Table 4, GST activity was also altered in the sublethal concentrations of
the tested mixtures. All concentrations of the ATZ+GLY, DIU+GLY, and ATZ+GLY-+DIU
combinations resulted in a significant increase in GST activity compared to the control group.
The ATZ+DIU combination also showed an increase in GST activity, but only at the two
lower concentrations.

Regarding catalase and LDH, all concentrations of diuron and atrazine increased the
activity of these enzymes (Table 4). Similarly, all concentrations of all mixture compositions
increased the activity of these biomarkers compared to the control.

For GPx, all concentrations of diuron affected this biomarker. On the other hand,
atrazine only showed an alteration at the lower concentration (Table 4). Furthermore, all
concentrations of the analyzed mixtures also significantly impacted this biomarker (Table 5).

Regarding AChE, an alteration in the biomarker was reported only at one
concentration of atrazine and diuron (Table 4). In the case of the mixtures, both the
ATZ+DIU+GLY and ATZ+GLY combinations exhibited alterations in all concentrations
tested. However, in the remaining combinations (ATZ+GLY and DIU+GLY), changes were
only observed at a single concentration (Table 5).

According to the results obtained in this study, significant alterations were observed in
all enzymes related to the production of ROS and, consequently, oxidative stress. One
notable enzyme is GST, which plays a crucial role in cellular detoxification processes. GST
catalyzes the conjugation of glutathione to electrophilic compounds, especially xenobiotic
derivatives, through biotransformation reactions. Therefore, the increased activity of this
enzyme, as observed in this study, has been widely used as an indicator of stress
(QUINTANEIRO et al., 2017, TSUCHIDA, 2022).

CAT and GPx constitute a primary antioxidant defense system that plays a key role in
total defense mechanisms and strategies in biological systems. Their function is to neutralize

hydrogen peroxide (H,0,) through different modes, converting it into water (IGHODARO;
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AKYLOIE, 2017). Therefore, the increase in catalase and GPx activity, as observed in this
work, can be considered an adaptive response aimed at accelerating the degradation of H,O,
caused by these compounds. This response is essential to reduce the accumulation of ROS and
minimize oxidative damage to cells (JIN et al., 2010; MARTINS et al., 2021).

In addition, alterations in LDH enzymatic activity were observed in larvae exposed to
all herbicides and their mixtures. LDH is widely distributed in the body and plays an essential
role in anaerobic metabolism. Therefore, any modification in LDH activity may indicate
disturbances in energy metabolism, suggesting a possible reduction in oxygen availability in
tissues or the occurrence of tissue injuries (MUNIZ et al., 2021; MARTINS et al., 2021). In
the context of this study, the increased activity of the enzyme is possibly related to oxidative
stress, as in this state, the integrity of the cell membrane can be compromised, leading to an
increase in extracellular enzyme activity (JOVANOVIC et al., 2010).

In contrast to the aforementioned enzymes, AChE plays a crucial role in the nervous
system and is responsible for the degradation of the neurotransmitter acetylcholine. The
results of this study, especially from the mixtures, suggest a reduction in AChE activity.
Inhibition of this enzyme by agrochemicals can lead to the accumulation of acetylcholine,
resulting in adverse effects or even death in aquatic organisms (AL-SAWAFI et al., 2013;
WANG et al., 2015).

Similarly, to the present study, previous investigations have reported alterations in
enzymatic activities related to oxidative stress in aquatic organisms exposed to the mentioned
herbicides. Studies involving zebrafish embryos and larvae exposed to the mentioned
herbicides (SANTOS; MARTINEZ, 2012; CHROMCOVA et al., 2013; QUINTANEIRO et
al., 2017;) have reported modifications in GST, GPx, and CAT enzymes. Furthermore,
alterations in LDH and AChE enzymes have also been observed in response to herbicide
exposure (AKHTAR et al., 2021; BORDIN ef al., 2023). These enzymatic alterations signal
that the mechanism of toxicity of these pesticides, at least in part, is associated with the

establishment of oxidative stress in zebrafish.
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Table 4. Enzymatic activity in zebrafish larvae exposed to increasing concentrations of diuron

and atrazine individually and to controls for 96 h. DIU: diuron; ATZ: atrazine; GLY:

glyphosate; CAT: catalase; GST: Glutathione S transferase; GPx: glutathione peroxidase;

LDH: lactate dehydrogenase; AChE: acetylcholinesterase; Control: E3 embryonic medium

negative control; Acetone: 0.1% acetone solvent control; DMSO: 0.1% dimethyl sulfoxide

solvent control. All data are mean + standard deviation. Data were analyzed by one-way

ANOVA followed by Tukey's post-hoc test, with an asterisk (*) indicating significant

difference (p < 0.05) compared to the control.

Treatment Concentration Biomarkers

CAT GST GPx LDH AChE
Control E3 medium 6.06 + 0.07 2790+ 0.14 4.11+£0.20 173.00 = 1.68 39.05+1.97
Acetone 0.1% 16.01 £ 6.40*  33.80+5.20 4.02+0.20 203.02 + 6.60" 43.41+2.27
DMSO 0.1% 6.22 +0.30 37.88+0.70°  4.90+0.70 176.50 + 12.30 3449 £4.27
DIU 1.25 mg/L 13.04 £ 0.50" 455+£0.51" 6.60 £ 0.45"  208.40 = 1.00" 41.18 = 1.80
2.5 mg/L 9.75+0.50" 46.05+0.41"  7.00+£0.60° 190.16 = 14.00°  36.83 +0.30
5 mg/L 7.69 +0.50 61.71£0.90° 10.55+1.60°  196.00 = 6.85" 53.27 £ 4.30°
ATZ 7.5 mg/L 2455+£223" 4087+6.50° 725087 312.57+225  49.60+3.90"
15 mg/L 21.56+3.75"  37.97+0.99" 5.35+0.65 247.30 £2.86" 36.84 +1.86
30 mg/L 24.55+2.20° 33.16 £2.30 490 +0.43 256.64 £6.35" 35.15+0.77
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Table 5. Enzymatic activity in zebrafish larvae exposed to increasing concentrations of the

mixtures and controls for 96 h

. DIU: diuron; ATZ: atrazine; GLY: glyphosate; CAT:

catalase; GST: Glutathione S transferase; GPx: glutathione peroxidase; LDH: lactate

dehydrogenase; AChE: acetylcholinesterase; Control: E3 embryonic medium negative

control; Acetone: 0.1% acetone solvent control; DMSO: 0.1% dimethyl sulfoxide solvent

control. All data are mean =+ standard deviation. Data were analyzed by one-way ANOVA

followed by Tukey's post-hoc test, with an asterisk (*) indicating significant difference (p <

0.05) compared to the control.

Concentration (mg/L) Biomarkers
Treatment CAT GST GPx LDH AChE
Control 0 19.32 £2.45 36.06 +0.47 4.11+0.20 135.22+0.70 62.01 +1.35
Acetone +DMSO 0,1% 40.83 £ 8.60* 37.13 +£2.20 7.50 £ 0.40%* 126.42 +£0.75* 64.16 +£0.29
DIU+ATZ + 32° 1,60+0.30* 61.23 +3.20* 46.19 £ 2.90* 8.20 £ 0.30* 156.50 + 6.70* 64.70 + 0.69
DIU+ATZ +16 3.34+0.60 51.69 = 3.60%* 4148 £ 1.10* 7.50 = 0.40%* 141.56 £5.66 *  72.24 +£1.28%*
DIU+ATZ +8 6.69 +1.20 5326 +5.61* 37.45+2.24 7.30 £ 0.70* 128.16 £3.17 71.33 +£0.69*
ATZA+GLY + 16 3.34+6.25 79.34 + 5.04* 62.30 + 0.80* 8.19 £ 0.50* 327.80 +2.70% 61.80+1.10
ATZ+GLY + 8 6.69 +12.50 66.81 +10.97*  58.55+1.30* 8.12 +£0.20* 264.44 £3.50%  69.28 £2.70*
ATZAGLY+ 4 13.39+25 84.15 + 5.35*% 49.45+£0.90%  7.50+£0.47*  242.01 £11.50%*  63.03+1.02
DIU+GLY + 16 0.60 + 6.25 63.16 +15.00%*  51.57+1.60¥  7.80+0.20* 17493 £ 12.20¥  64.63 £0.59
DIU+GLY + 8 1.20 + 12.50 54.46 +3.47* 52.88+£1.35%  7.80+0.15% 175.22 + 4.60* 73.57+ 1.04*
DIU+GLY + 4 2.40 + 25 48.38 £2.45% 51.08 + 1.00* 8.02 £ 0.50* 207.80 + 6.30* 58.89 +1.49
ATZADIU+GLY +32  1.67+0.30+ 101.70£9.97*  90.6 + 11.90* 830+0.10%  344.7+15.00*  91.50+2.20*
3.12
ATZA+DIU+GLY +16  3.34+0.60 + 77.31 £0.95* 77.53 £2.23% 8.50 = 0.30* 336.20 £ 1.96*%  99.89 £ 5.20%
6,25
ATZADIU+GLY~ 8 6.69 +1.20+ 103.93 +8.50*  71.63 +2.23%* 8.90 = 0.40* 331.37+7.20%  98.30 +0.80*
12.50

@: Individual LCy, divided by a dilution factor
¥: Concentrations corresponding to the compounds presented in the same order as the first column
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3.4 ROS production in larvae exposed to individual herbicides and mixtures

The compound H2DCFDA is cell-permeable and can diffuse inside cells. Once inside,
it 1s deacetylated by cellular enzymes, resulting in the formation of
2',7'-dichlorodihydrofluorescein (H2DCF). Under conditions where ROS, mainly H,O,, are
present, H2DCF is readily oxidized, transforming into 2',7'-dichlorofluorescein (DCF). DCF
is highly fluorescent, allowing for the detection and quantification of ROS through
microscopy (YANG et al., 2014). Thus, the induction of oxidative stress by individual
herbicides and their mixtures could be analyzed.

In Figure 6, the difference in fluorescence intensity between the negative control
group (E3 medium) and the positive control group, which was treated with a powerful
oxidant, H,0O,, is evident. Moreover, regions such as the yolk sac and pericardium exhibited
more pronounced fluorescence compared to other regions of the larva's body treated with this
oxidant.

When analyzing the arbitrary fluorescence units in Figure 7, a significant difference (p
< 0.05) in the concentrations of individual pesticides compared to the control group was
observed. However, regarding the mixtures, only the ATZ+DIU combination showed a
significant difference (p < 0.05) compared to the E3 control.

A plausible explanation for this observation lies in the possibility that, in compositions
where significant fluorescence was not detected, ROS may have already been eliminated due
to the presence of a highly efficient antioxidant system in zebrafish exposed to such
compositions (VELKI et al., 2017). The higher levels of enzymes such as CAT, GPx, and
GST, which are markers of oxidative stress, in compositions where no fluorescence was

observed support this explanation.
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Figure 6. Reactive oxygen species (ROS) production in 96 hpf larvae exposed to individual
herbicides and mixtures for 1 h. Control: E3 embryonic medium negative control; DMSO:
0.1% dimethyl sulfoxide solvent control; ACETONE: 0.1% acetone solvent control; H202:
Hydrogen peroxide positive control; DIU: diuron; ATZ: atrazine; GLY: glyphosate; ATZ 30:
30 mg/L atrazine; DIU 5: 5 mg/L diuron; ATZ+DIU +8: 6.7 mg/L ATZ + 1.2 mg/L DIU;
ATZ+GLY +4: 13.5 mg/L ATZ + 25 mg/L GLY; DIU+GLY +4: 2.3 mg/L DIU + 25 mg/L
GLY; ATZ+DIU+GLY =+8: 6.7 mg/L ATZ + 1.2 mg/L DIU + 12.5 mg/LL GLY. Concentration
values represent serial dilutions based on the LCs, of the individual substances. All larvae

were treated with 1 uM of the fluorescent probe H2ZDCFDA.
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Figure 7. Quantification of average fluorescence intensity in 96 hpf larvae exposed to
individual herbicides and mixtures for 1 hour. Control: E3 embryonic medium negative
control; DMSO: 0.1% dimethyl sulfoxide solvent control; ACETONE: 0.1% acetone solvent
control; H202: Hydrogen peroxide positive control; DIU: diuron; ATZ: atrazine; GLY:
glyphosate; ATZ 30: 30 mg/L atrazine; DIU 5: 5 mg/L diuron; ATZ+DIU +8: 6.7 mg/L ATZ +
1.2 mg/L DIU; ATZ+GLY +4: 13.5 mg/L ATZ + 25 mg/L GLY; DIU+GLY +4: 2.3 mg/L DIU
+ 25 mg/L GLY; ATZ+DIU+GLY +8: 6.7 mg/L ATZ + 1.2 mg/L DIU + 12.5 mg/L GLY. Data
were analyzed by one-way ANOVA followed by Tukey's post-hoc test, with an asterisk (*:p <
0.05; **:p < 0.01***:p <0.001) indicating significant difference compared to the control. All
larvae were treated with 1 uM of the fluorescent probe H2DCFDA.
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4  Conclusion

The results of this study revealed that individually atrazine and diuron cause a
decrease in the survival of zebrafish embryos and larvae, while glyphosate does not have any
effect even at high concentrations. Interestingly, a synergistic effect was observed between
atrazine and diuron, resulting in higher toxicity to the tested organisms compared to exposures
with these herbicides individually. Although glyphosate is not toxic in its isolated form, when
present in combination with atrazine and diuron, it can increase their toxicity, although not
considered synergistic. The results demonstrated that both individual herbicides and their
mixtures induce changes in biomarkers related to oxidative and metabolic stress. This finding
was confirmed by the increased production of ROS. Therefore, this study provides
information that enhances the understanding of herbicide toxicity and their mixtures, as well

as possible toxicity mechanisms, using a vertebrate model system.
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5 CONSIDERACOES GERAIS

Este estudo revelou que a exposicdo aos herbicidas atrazina e diuron resultou em reducio da
taxa de sobrevivéncia e afetou o desenvolvimento dos estdgios iniciais do peixe-zebra,
evidenciado pelo aumento da mortalidade e ocorréncia de efeitos ndo letais, como edemas de
pericardio e saco. Em contraste, o glifosato ndo demonstrou efeitos ndo letais ou mortalidade.
Porém, foi observado um aumento na toxicidade quando a atrazina e o diuron foram utilizados
em conjunto, indicando uma sinergia entre esses herbicidas. Analises bioquimicas revelaram
alteragdes significativas nas enzimas relacionadas ao estresse oxidativo e dano tecidual,
fornecendo informagdes fundamentais sobre possiveis mecanismos de toxicidade.
Adicionalmente, foram realizadas andlises de fluorescéncia para monitorar a produgdo de
ERO’s nas larvas expostas tanto aos herbicidas isoladamente como em suas misturas.
Verificou-se um aumento significativo da fluorescéncia nas larvas expostas aos compostos
que exibiram atividades enzimaticas reduzidas, em particular nas enzimas antioxidantes, em
compara¢do com os demais compostos. Com base nos resultados obtidos, ¢ possivel inferir

que o mecanismo de toxicidade estd, pelo menos em parte, associado ao estresse oxidativo

Portanto, este estudo contribui para o avango do conhecimento dos efeitos toxicos decorrentes
da exposicdo a misturas de agrotoxicos, bem como para a compreensdo dos possiveis
mecanismos de agdo envolvidos. Essas descobertas sdo de grande importidncia para uma

possivel reavaliagdo dos limites permitidos em termos de impactos ambientais.
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