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RESUMO

Tese de Doutorado
Programa de Pds-Graduagdo em Bioexperimentagdo
Universidade de Passo Fundo

O IMPACTO DOS AGROTOXICOS NOS PEIXES: PARAMETROS INICIAIS E
EFEITOS PERSISTENTE E TRANSGERACIONAL.
Autora: Aline Pompermaier
Orientador: Prof. Dr. Leonardo José Gil Barcellos
Passo Fundo, 31 de Julho de 2022.

A presenca de residuos de poluentes emergentes, como agrotoxicos, € uma realidade em todo o
mundo. Provenientes de diferentes fontes, como aplicacdo direta, lixiviacdo das lavouras ou
processos naturais de degradacdo seus efeitos em espécies ndo-alvo ainda sdo pouco
conhecidos. O peixe-zebra € um excelente modelo para estudos ecotoxicologicos, pois
apresenta alta prolificidade, embrides translicidos, fecundacdo externa e rapido
desenvolvimento. Os efeitos da contaminagé@o dos peixes por concentragfes ambientais foram
avaliados pela exposi¢cdo dos embrides durante o periodo de organogénese aos herbicidas mais
utilizados atualmente, glifosato (GBH) e 2,4-D (DBH). Usamos concentracGes ambientais de
4,8 ug / L para glifosato e 3,4 ug / L para 2,4-D. Em nosso primeiro artigo, avaliamos 0s
parametros iniciais de desenvolvimento (mortalidade, eclosdo, movimento espontaneo e
frequéncia cardiaca), parametros comportamentais (teste de campo aberto e estimulo aversivo)
e também os possiveis mecanismos de acdo (SOD, CAT e AChE). Em nosso segundo artigo,
avaliamos os efeitos persistentes da exposi¢do nos animais adultos através dos testes do tanque
novo e aversidade e depois realizamos a reproducdo desses animais para verificar os efeitos
transgeracionais na geracdo F1, com as mesmas andlises da FO (desenvolvimento inicial,
parametros comportamentais e biomarcadores bioquimicos). Na geragdo FO, a exposi¢cdo ao
glifosato diminuiu a sobrevivéncia, causou hipermobilidade e comportamento ansiolitico,
afetou negativamente o comportamento anti-predatorio das larvas e aumentou a atividade da
acetilcolinesterase, enquanto a exposi¢do ao 2,4-D causou apenas ligeira hipermobilidade nas
larvas e aumento da atividade da acetilcolinesterase. Na fase adulta, os peixes expostos ao GBH
apresentaram hipermobilidade e sua reacdo antipredatoria foi prejudicada, caracterizando um
efeito persistente. As larvas da F1, dos peixes expostos ao GBH, tiveram alteracdes
comportamentais e de sobrevivéncia, bem como efeitos na atividade da AChE e enzimas
antioxidantes, caracterizando um efeito transgeracional. Quanto ao DBH, 0s peixes néo
apresentaram persisténcia dos efeitos na fase adulta, porém, ndo foram capazes de se reproduzir,
0 que demonstra que a exposicao afetou a perpetuacdo da espécie. Essas alteracdes observadas
em todas as fases dos animais podem comprometer a perpetuacdo da espécie, a busca por
parceiros/alimentos e facilitar a acdo de predadores, o que pode resultar em graves
desequilibrios ecoldgicos e comprometer a sobrevivéncia da espécie.

Palavras chave: Pesticidas. Acido 2,4-diclorofenoxiacético. Glifosato. Peixe-zebra.
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ABSTRACT

Doctoral thesis
Programa de Pds-Graduagdo em Bioexperimentagdo
Universidade de Passo Fundo

THE IMPACT OF PESTICIDES ON FISH: INITIAL PARAMETERS AND
PERSISTENT AND TRANSGENERATIONAL EFFECTS.
Author: Aline Pompermaier
Advisor: Prof. Dr. Leonardo José Gil Barcellos
Passo Fundo, July 31, 2022

The presence of residues of emerging pollutants, such as pesticides, is a reality all over the
world. Coming from different sources, such as direct application, leaching from crops or natural
degradation processes, their effects on non-target species are still poorly understood. Zebrafish
is an excellent model for ecotoxicological studies, as it has high prolificacy, translucent
embryos, external fertilization and rapid development. The effects of fish contamination by
environmental concentrations were evaluated by exposing the embryos during the period of
organogenesis to the most commonly used herbicides, glyphosate (GBH) and 2,4-D (DBH).
We used ambient concentrations of 4.8 ug/L for glyphosate and 3.4 ug/L for 2,4-D. In our first
article, we evaluated the initial developmental parameters (mortality, hatching, spontaneous
movement and heart rate), behavioral parameters (open field test and aversive stimulus) and
also the possible mechanisms of action (SOD, CAT and AChE). In our second article, we
evaluated the persistent effects of exposure on adult animals through the novel tank and aversity
tests and then we performed the reproduction of these animals to verify the transgenerational
effects in the F1 generation, with the same analyzes of the FO (initial development, behavioral
parameters and biochemical biomarkers). In the FO generation, exposure to glyphosate
decreased survival, caused hypermobility and anxiolytic behavior, negatively affected larval
anti-predatory behavior, and increased acetylcholinesterase activity, whereas exposure to 2,4-
D caused only slight hypermobility in larvae and increased acetylcholinesterase activity. In the
adult phase, fish exposed to GBH showed hypermobility and their antipredatory reaction was
impaired, characterizing a persistent effect. F1 larvae from fish exposed to GBH had behavioral
and survival changes, as well as effects on AChE activity and antioxidant enzymes,
characterizing a transgenerational effect. As for DBH, the fish did not show persistence of
effects in the adult stage, however, they were not able to reproduce, which demonstrates that
the exposure affected the perpetuation of the species. These changes observed at all stages of
the animals can compromise the perpetuation of the species, the search for partners/food and
facilitate the action of predators, which can result in serious ecological imbalances and
compromise the survival of the species.

Keywords: Pesticides. 2,4-Dichlorophenoxyacetic acid. Glyphosate. Zebrafish.
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1. INTRODUCAO

Os recursos hidricos, sejam eles naturais ou artificiais, estdo sujeitos a contaminagdo por
poluentes emergentes. A pressao mundial pelo aumento da producdo de alimentos, trouxe a
tona desafios que impulsionaram o mercado a adotar medidas para garantir cultivos prosperos.
Com isso, a demanda por agrotoxicos cresceu e ainda cresce de forma exponencial (1). Sdo
muitas as categorias e classes desses compostos, onde podemos destacar os herbicidas,
inseticidas e fungicidas. No Brasil, os agrotoxicos mais comercializados sdo os herbicidas, e
ocupando as primeiras posicdes da lista estdo os compostos a base de glifosato e 2,4-D (1).

Os agrotoxicos sao utilizados para fazer o controle de ervas daninhas, insetos e fungos
gue competem com as monoculturas, portanto, sdo aplicados diretamente no solo ou nas plantas.
Com isso, ficam dispostos no ambiente por longos periodos, sujeitos aos processos naturais de
degradacéo e lixiviagdo pelas chuvas (2,3). Independente da forma de aplicacéo, o seu destino
acaba sendo os corpos d’agua (4,5). Além disso, o glifosato, por exemplo, é utilizado para
controlar macrofitas aquaticas, sendo assim, acaba por ser aplicado diretamente em rios e lagos.

Espécies aquaticas convivem diariamente com a presenca de poluentes em seu ambiente
natural (6-8). Os efeitos sobre esses organismos ndo-alvo vém sendo estudados nos ultimos
anos (9,10), mas em sua grande maioria ainda sdo pouco elucidados. Alteracdes fisiologicas
(11), comportamentais (12) e bioquimicas (13) tém sido observadas em peixes expostos a essas
substancias, contudo estudos a longo prazo que avaliem as consequéncias de exposicoes
crénicas ainda sao escassos.

Considerado como um modelo animal ascendente, o Peixe-zebra vem sendo muito
utilizado para estudos ecotoxicoldgicos. Por ser um pequeno tele6steo, com cerca de 3-4 cm,
possuir embrides translicidos, fecundacdo externa, alta prolificidade, desova todos os dias,
rapido desenvolvimento (14) e, por ter um comportamento robusto (15,16), foi o modelo
animal escolhido para a realizacao desse trabalho.

Diante do alto consumo dos herbicidas glifosato e 2,4-D e considerando que o0s
organismos aquaticos estdo expostos a essas substancias por longos periodos, decidimos expor
0s peixes durante todo o periodo de organogénese (3 — 120 hpf) e avaliar na geracdo FO os
parametros iniciais de desenvolvimento (mortalidade, eclosdo, movimentacdo espontanea e
frequéncia cardiaca), o comportamento (teste do campo aberto e estimulo aversivo) e 0s
parametros bioquimicos (SOD, CAT e AChE). Na fase adulta, avaliamos o efeito persistente
da exposicdo em testes comportamentais (teste do tanque novo e aversividade) e na geracdo F1

0s possiveis efeitos transgeracionais com o mesmo protocolo utilizado na FO.
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A presente tese esta dividida em resumo, introdugdo ao estudo proposto e os resultados
obtidos nos experimentos laboratoriais e as discussdes acerca destes, nos capitulos 1: “Impaired
initial development and behavior in zebrafish exposed to environmentally relevant
concentrations of widely used pesticides” e 2: “Persistent and transgenerational effect of
pesticide residues in zebrafish”, por fim sdo apresentadas as conclusbes do estudo e as

consideracdes finais.
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2. REVISAO DE LITERATURA

2.1 Contaminagdo ambiental

Os recursos hidricos sdo os receptores dos residuos quimicos e biolégicos provenientes
das cidades e do campo. A carga desses compostos despejados diariamente sobre esses
mananciais € maior que a sua capacidade de depuracdo. Os contaminantes emergentes sao
produtos quimicos sintéticos e sdo a principal causa da contaminacao dos corpos hidricos (17).
Como componentes principais deste grupo, podemos destacar os farmacos, 0s compostos
usados em produtos de higiene pessoal, os hormonios, as drogas ilicitas, os adogantes artificiais,
0s agrotdxicos, as nanoparticulas, as dioxinas, os microplasticos, entre outros (18).

Esses compostos quimicos sintéticos possuem cadeias quimicas complexas e por isso se
tornam componentes dificeis de serem degradados pelos sistemas de tratamento de efluentes
publicos (19,20). Além disso, algumas propriedades fisico-quimicas desses compostos séo
persistentes e volateis, 0 que acaba por garantir a sua permanéncia nos ambientes aquaticos por
muitos anos (18).

A presenga dos agrotoxicos em rios e lagos é conhecida e estudada ha mais de 25 anos
(21) e hoje ja se sabe que é devido a aplicacdo direta para controle de macrdfitas, descarte
incorreto de embalagens, lavagem de tanques de aplicacdo em rios/lagos, lixiviacdo das
lavouras e até mesmo por processos naturais de degradacdo. No entanto, os seus efeitos sobre
0s organismos ndo-alvo que vivem nesses locais ainda séo pouco elucidados.

Os agrotoxicos sdo contaminantes ambientais, contudo, para o setor agricola eles
possuem uma funcdo fundamental na protecdo das culturas contra as chamadas pragas
agricolas, seja através da inibicdo do controle das ervas daninhas, no caso dos herbicidas ou
controlar a presenca de fungos, fungéo realizada pelos fungicidas ou pelo controle dos insetos,
realizado pelos inseticidas. S&o muitas as classes desses compostos, assim como o seu potencial
toxico. Atualmente, as substancias mais comercializadas no Brasil s&o os herbicidas e como
principios quimicos em destaque temos os produtos a base de glifosato e 2,4-D (1).

Esse mesmo cenario de comercializagdo observado no Brasil também é a realidade em
outros paises, e com isso, é inevitavel a presenca desses dois compostos em rios e lagos ao redor
do mundo (5,22-24). As concentracdes ambientais detectadas desses compostos variam muito
e podem ser justificadas pelo tipo de contaminacéo e, também, pela meia-vida desses compostos
que acaba variando bastante, mas podemos dar destaque e até mesmo atribuir como principais

faixas de deteccéo os valores em pg/L (25) e mg/L(26).
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O Roundup® (Monsanto Co., St. Louis, MO, USA) tem como principal ingrediente ativo
o glifosato, e € um herbicida pds-emergente, de amplo espectro, sisttmico, ndo seletivo do
grupo quimico glicina substituida. E absorvido pelas folhas das plantas e atua sobre a atividade
enzimatica inibindo a fotossintese, a sintese dos &cidos nucleicos e estimulando a producdo de
etileno (27). O 2,4-D Amina 840 SL® (Albaug Agro Brasil Ltda, SP, BR) é um herbicida p6s-
emergéncia, seletivo e sisttmico com base no grupo quimico acido diclorofenoxiacético. O 2,4-

D inibe a fosforilagdo oxidativa das plantas (28).

2.2 O impacto dos agrotoxicos nos peixes

Conforme observamos no item anterior, a contamina¢do ambiental por residuos de
agrotoxicos € uma realidade e os efeitos dessa contaminacdo vém sendo estudados nos Ultimos
anos. Os peixes sdo animais sensiveis a poluicdo e considerados como bioindicadores da
qualidade das aguas. Através da sua presenca, dominancia, funcBes fisioldgicas ou de
desempenho podem nos mostrar o estado do corrego onde vivem (29). Além disso, alteracdes
na agua podem ter impacto direto e inevitavel nas células, tecidos e 6rgdos dos peixes (30).

O impacto dos agrotéxicos nos peixes tem sido investigado tanto nos embrides e larvas
guanto nos peixes juvenis e adultos. No quadro 1 sdo demonstrados esses efeitos por substancia

e espécie.



Quadro 1: Efeito dos agrotoxicos nos peixes
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Substancia Espécie Fase da Efeito observado Referéncia
vida
EFEITOS FISIOLOGICOS
Anomalia no desenvolvimento, eclosao (31)
Oryzias javanicus e sobrevivéncia diminuida
Perda de ventriculos cerebrais (32)
delineados e redugdes nas regides
cefélica e ocular
Atrasos no desenvolvimento, morte (33)
Danio rerio embrionéria e danos aos axénios CaP
Inibic&o da enzima anidrase carbdnica
que desencadeou apoptose celular e
causou malformagdes incluindo edema (34)
pericardico, edema do saco vitelino,
curvatura da coluna vertebral e
malformacoes
Rhamdia quelen - Alteracdes no sistema antioxidante e (35)
> efeitos neurotdxicos
Danio rerio T Diminuicao da distancia ocular (36)
Odontesthes ot Reducéo do tamanho dos olhos e (37)
humensis 5 mortalidade
Austrolebias s Reducéo da fertilidade e da tolerancia (38)
o nigrofasciatus = térmica e alteracdo no desenvolvimento
= S embrionario
N L . = = ;
k) Efeitos na ecloséo, frequéncia cardiaca,
5 inducdo de malformacdes e aumento da (39)
mortalidade
Danio rerio Problemas na embriogénese (40)
Oryzias latipes Efeitos no desenvolvimento e (41)
reproducéo
Cardiotoxicidade e alteracéo na (42)
expressao génica
Danio rerio Aumento da atividade da AChE (11)
Eclosdo prematura (43)
Rhamdia quelen Reducéo das taxas de ecloséo e (44)
fertilidade
Rhamdia quelen,
Prochilodus
lineatus, Danio Inibicdo da AChE (45-47)
rerio, Jenynsia S
multidentata 35
Prochilodus < Genotoxicidade para branquias e (48)
lineatus eritrocitos
Danio rerio Reducdo da fertilidade masculina (49)
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Rhamdia quelen, Reducdo da fertilidade feminina (50,51)
Danio rerio
Poecilia vivipara Prejuizo na reprodugdo (52)
Colossoma Histopatologia, aumento dos indices
macropomum hematoldgicos, estresse oxidativo, (53)
danos ao DNA e inibigdo da AChE
Austrolebias Casais produziram menos embrides, e (38)
nigrofasciatus 0s embrides que produziram tiveram
tamanho maior que o normal
Danio rerio Modula os complexos da cadeia (54)
respiratdria mitocondrial e induz a
hiperpolarizacdo mitocondrial
Oryzias latipes Efeitos na epigenética (41)
latipes
Jenynsia Dano histoldgico ao figado, branquias e (55)
multidentata cerebro
Poecilia Danos histopatologicos (56)
reticulata
Carassius
o auratus,
x Prochilodus
(@) . .
= lineatus, Anguilla
o anguilla, Estresse oxidativo (46,57-61)
Pseudoplatystoma
corruscans,
Oreochromis
niloticus, Labeo
rohita
Cyprinus carpio Inibicdo da AChE e estresse oxidativo (62)
Rhamdia quelen,
Cyprinus carpio, Imunossupressao (60,63,64)
Oreochromis
niloticus
Poecilia Danos no DNA e efeitos mutagénicos (65)
reticulata
Aumento da AChE (66)
Oncorhynchus Toxicidade transgeracional (67)
mykiss Mortalidade (68)
Oreochromis Disfuncdo metabdlica hepética (69)
niloticus
EFEITOS COMPORTAMENTAIS
Alteracdes na locomogéo e no (36)
Danio rerio comportamento aversivo
= _ Elevacdo significativa das atividades (33)
3 S locomotoras
= Oncorhynchus < Efeito intergeracional no (67)
O mykiss comportamento
Danio rerio Hipermobilidade, ansidlise e prejuizo (11)

na reacdo anti-predatdria
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Perda de equilibrio, aumento na

Cyprinus carpio frequéncia de movimentos operculares, (70)
natacao rapida e saltos, exaustdo e
© letargia, natacdo vertical e sangramento
= na base dos globos oculares
g Alteracoes compoﬂam_entais e perdade (36)
memoria
Comportamento ansiolitico (12)
Danio rerio Prejuizo na reacdo anti-predatoria (71)
Prejuizos comportamentais (54)
EFEITOS FISIOLOGICOS
Reduc&o da sobrevivéncia e prejuizo no (72)
desenvolvimento do sistema visual e
Danio rerio alteracdo nos circuitos neurais
= Alteracdo na expresséo génica e (73)
> estresse oxidativo
< Cardiotoxicidade, alteracdo na (74)
= expressao génica e estresse oxidativo
= Aumento da AChE (11)
S Diminuicéo da sobrevivéncia,
= malformacdes (edema pericardico e do (75)
LJEJ saco vitelino), estresse metabolico e
oxidativo e dano hepatico
Pimephales Sobrevivéncia diminuida (76)
promelas
Rhamdia quelen Genotoxicidade (44)
Cnesterodon Genotoxicidade (77,78)
decemmaculatus
a Oreochromis
< niloticus e Estresse oxidativo (79)
o~ Cyprinus carpio
Rhamdia quelen Afeta a atividade da AChE, bem como (80)
alguns parametros metabolicos e
histolégicos
Poecilia Neurotoxicidade (81)
reticulata ©
Pimephales = Sobrevivéncia diminuida, diminuicao
promelas 'g significativa na presenca de tubéerculos
masculinos, as gonadas das fémeas
exibiram estagio de maturacdo do (82)
odcito significativamente
deprimido, aumento da gravidade da
atresia do odcito e uma presenca
significativa de um tipo de tecido nao
identificado
Prochilodus Estresse oxidativo (83,84)
lineatus,

Carassius auratus
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Danio rerio Aumento da AChE, alteracGes (85)
bioquimicas e histopatolégicas
Catostomus
commersonii,
Pimephales
promelas, Esox
lucius, Reducéo da sobrevivéncia (86)
Micropterus
salmoides,
Pomoxis
annularis, Perca
flavescens,
Sander vitreus
Danio rerio Prejuizo na fungdo mitocondrial e no (87)
estado oxidativo
Astyanax Danos ao DNA, cromossomos, (88)
lacustris micronucleos e alteracdes nucleares
EFEITOS COMPORTAMENTAIS
Danio rerio Larval Leve hipermotilidade (11)
Reducéo de comportamentos essenciais (72)
COMo a caga de presas
Poecilia Diminuicdo da atividade geral,
reticulata agrupamento, falta de ar, rotagdes e (81)
saltos bruscos, perda de equilibrio e cor
o Perca flavescens Prejuizo na aprendizagem associativa (89)
< Hyphessobrycon © Mudangas no comportamento (90)
N eques = (natacdo/velocidade méaxima)
Cnesterodon 2 Maior tempo no fundo do aquério, (77)
decemmaculatus lentiddo no movimento, reacdo lenta e
natacdo anormal
Danio rerio Prejuizo no comportamento (87)
Prejuizo no comportamento anti- (71)
predatério

2.3 Comportamento animal

O comportamento animal pode ser entendido como uma ponte entre 0s aspectos
moleculares e fisioldgicos da biologia e da ecologia. E a ligagio entre os organismos e o
ambiente (91), o comportamento é a reacdo do animal frente a algum estimulo interno ou
externo. Em funcdo disso, alteracbes comportamentais tém influéncia direta na boa condicéo
fisica e na perpetuacdo de uma espécie (92,93). Com isso, um repertério comportamental intacto
tem consequéncias para o condicionamento fisico, porque impacta na sobrevivéncia e

reproducdo dos peixes, tanto no nivel individual quanto na populagéo (94).
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O comportamento dos animais normalmente é uma das principais vias de detec¢do da
degradacdo ambiental, pois mudancas em comportamentos chave, como comportamentos
sexuais ocorrem de forma mais rapida e em niveis mais pontuais do que alteracdes nos padrdes
reprodutivo e no tamanho de uma populagéo (91).

O peixe-zebra é um animal muito social (95). Portanto, ao estar em contato com
substancias quimicas que interfiram nesse padrdo de comportamento, os efeitos para a espécie
podem ser muito significativos onde a contaminacao pode impactar na busca por alimento, por
parceiros sexuais, na interacdo sexual, na fuga de predadores e na locomogéo, o0 que pode

comprometer a vida do animal e a sua perpetuacao.

2.4 Efeitos persistentes e transgeracionais

A contaminacdo da agua por substancias quimicas pode impactar os organismos ndo-alvo
de forma direta e pontual. Contudo, algumas formas de contaminacdo podem nao causar efeitos
instantaneos, mas sim a longo prazo e impactando ndo apenas 0s animais que entraram em
contato com a substancia, mas as geracoes subsequentes também (96,97).

Presume-se que as mudancas epigenéticas sejam a causa dos efeitos transgeracionais (98).
Portanto, essas altera¢cBes podem ser explicadas pela memoria do estado epigenético que nao é
apagada no processo de reprogramacao que ocorre durante a gametogénese e a embriogénese.
Com isso, é possivel a permanéncia de alguma memdria do estado epigenético que persiste em
outras geracgoes (99).

Essa heranca transgeracional da contaminacdo por produtos quimicos foi relatada
inicialmente em ratos (100), mas hoje ja se tem pesquisas em outros modelos animais, inclusive
nos peixes. A exposicao ao bisfenol A (BPA) em peixes-zebra causou retracdo ovariana e
reduziu a fertilidade das fémeas e a taxa de sobrevivéncia da prole, e efeitos semelhantes nos
machos, e 0s descendentes dos peixes tratados (geracOes F1 a F3) demonstraram anormalidades
(98). A exposicdo ao BPA e ao 17a-etinilestradiol (EE2) induz fenotipos transgeracionais de
comprometimento reprodutivo e comprometimento da sobrevivéncia embrionaria nas geracoes
F2 e F3 de peixes expostos durante a fase inicial de desenvolvimento (101).

Ainda, podemos observar estudos que demonstram os efeitos transgeracionais da
exposicao aos hormonios androgénios em peixes-zebra (102), a toxicidade do benzo[a]pireno
na F3 em Oryzias latipes (103), os efeitos do inseticida azociclotina em peixes-zebra induzindo
a disrupcdo endocrina inter e transgeracional (104), o inseticida permetrina induzindo

mudangas comportamentais transgeracionais ligadas a alteragcbes transcriptdmicas e
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epigenéticas em peixe-zebra (105). Também encontramos relatos da toxicidade por
interferéncia da melanina e a toxicidade transgeracional do salicilato de etilhexil de filtro UV
organico em peixe-zebra (106), a metanfetamina induzindo disturbios de comportamento e
toxicidade transgeracional em Oryzias latipes (107), os efeitos do salicilato de etilhexil na F1
em peixes-zebra e a atrazina causando efeitos reprodutivos nos netos de avos expostos em

Oryzias latipes (108).

2.5 Biomarcadores biogquimicos

Os efeitos dos contaminantes ambientais podem ser sinalizados por alteracbes em
enzimas como a acetilcolinesterase (AChE) e em enzimas do sistema antioxidante como as da
primeira linha de defesa: superoxido dismutase (SOD) e catalase (CAT). Os efeitos
comportamentais ocorridos em animais expostos a agentes quimicos podem ser explicados por
alteracdes nos parametros bioquimicos (109).

A AChE atua na regulacdo da neurotransmissdo colinérgica do sistema nervoso,
mantendo os niveis de acetilcolina estaveis por meio de sua hidrolise nas fendas sinapticas
(110). Alteragbes em sua atividade, como redugdes, demonstram excitabilidade do sistema
colinérgico devido ao aumento da permanéncia da ACh na fenda sinaptica. Por outro lado, o
aumento da atividade da AChE reduz a permanéncia da ACh na fenda sinaptica, reduzindo a
eficiéncia das sinapses e resultando em alteracdes do comportamento, atencdo, cognigdo e
respostas cerebrais naturais. Portanto, a partir dessa importante atividade da AChE na fisiologia
dos peixes, ela € um excelente biomarcador para medir a exposi¢do de organismos aquéticos a
agrotoxicos (110).

O sistema de defesa antioxidante tem como funcdo inibir ou reduzir os danos causados
pela acdo deletéria dos radicais livres, ou das espécies reativas de oxigénio (EROS)(111).
Durante as fungcfes metabolicas, essas espécies reativas funcionam como intermediarios para a
transferéncia de elétrons em diferentes respostas bioquimicas (112). O estresse oxidativo resulta
da existéncia de um desequilibrio entre compostos oxidantes e antioxidantes, em favor da
producéo exagerada de espécies reativas ou em detrimento da velocidade de sua remocao (111).
Esse sistema é subdividido em enzimético e ndo enzimatico. Aqui avaliamos enzimas do
sistema enzimatico, com foco nas de primeira linha de defesa do organismo, SOD e CAT.

Essas enzimas agem através de mecanismos de prevencdo, impedindo e controlando a
formacéo de radicais livres e espécies ndo radicais que estdo envolvidos com a iniciacdo das

reacOes que vdo culminar com propagacdo e amplificacdo do processo e podem levar a
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ocorréncia de danos oxidativos (111). A primeira enzima a participar do processo é a enzima
SOD que dismuta o radical superoxido (O2+-) em perdxido de hidrogénio (H202) podendo ser
mitocondrial (Cu) e citoplasmatica (Zn). Enquanto a CAT é uma enzima que catalisa a reducao
direta do H202 em agua (H20) e oxigénio molecular (O2) (113), ou seja ela age logo apos a
SOD. A avaliagdo dessas enzimas, para verificar os efeitos toxicologicos da exposicdo a
agrotoxicos, pode mostrar os efeitos deletérios causados por esse contaminante no metabolismo

celular dos peixes.

2.6 Modelo animal

O peixe-zebra, Danio rerio (Hamilton, 1822), zebrafish ou até paulistinha, € um pequeno
teledsteo de 3-4cm, da familia Cyprinidae. E nativo do sudoeste da Asia, onde é encontrado em
rios calmos e rasos e plantacfes alagadas de arroz (114). Por suas inimeras vantagens vem
ganhando muito espaco nos laboratorios ao redor do mundo. Contudo, sua histéria se iniciou
na década de 60, com o bidlogo norte-americano George Streisinger, da Universidade do
Oregon. Ele utilizava o peixe-zebra para selecionar linhagens que permitissem entender como
defeitos em diferentes genes afetavam o desenvolvimento. Contudo, a ascenséo ao peixe-zebra
sO veio em 1981 quando o pesquisador conseguiu publicar um artigo na revista Nature (114).

A partir disso, 0 peixe-zebra tem sido usado em inimeros estudos envolvendo as mais
diversas areas do conhecimento, como, fisiologia, genética, toxicologia, embriologia,
metabolismo, sistema cardiovascular e oncologia (115). Em 2013, ocorreu um avango para a
pesquisa com 0 peixe-zebra, 0 seu sequenciamento genético, a partir disso descobriu-se a sua
similaridade genética com vertebrados que passa de 70% (115). Essa descoberta, aliada ao fato
da estimulacdo do eixo neuroendocrino desses peixes culminar com a liberacdo do cortisol
como principal glicocorticoide (116,117), torna o zebra um modelo translacional muito
apropriado para o estudo do estresse em humanos (118).

Na area da toxicologia, este modelo animal tem sido muito utilizado nos Gltimos anos,
principalmente na avaliacdo dos efeitos dos poluentes emergentes em diferentes abordagens,
tanto fisiologicas (11,119), comportamentais (12,120) quanto bioquimicas (13), além de
diferentes classes como farmacos (121,122) e agrotdxicos (123). Essas investigagdes fornecem
respostas muito robustas quanto ao impacto da contaminacdo das &guas por residuos de
substancias. Onde essa contaminacao pode impactar diretamente a vida do animal, tanto em
niveis de sobrevivéncia, podendo afetar a perpetuacdo da espécie (124), quanto efeitos

comportamentais que podem levar a um desequilibrio ecoldgico em comportamentos chave
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como as reagdes anti-predatorias (71), como impactos na busca por alimento e parceiros para
reproducéo (122).

Os embribes e as larvas de peixe-zebra sdo um universo a parte da espécie, com
inimeras vantagens que incluem desova todos os dias, alta prolificidade, fecundacdo externa,
embriBes translicidos e com rapido desenvolvimento permite o acompanhamento de todos 0s
processos iniciais de desenvolvimento dos animais (14). Com apenas trés dias os embrides ja
eclodiram e no sétimo dia demonstram um amplo leque de comportamentos tipicos da espécie
(14). Por essa serie de vantagens, esse modelo animal foi escolhido para a realizagcdo desse

estudo.
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3. CAPITULO1

Impaired initial development and behavior in zebrafish exposed to environmentally

relevant concentrations of widely used herbicides

O artigo intitulado Impaired initial development and behavior in zebrafish exposed to
environmentally relevant concentrations of widely used herbicides foi aceito para publicacédo
na revista Comparative Biochemistry and Phisiology, Part C no dia 09 de Marco de 2022, ISSN
1532-0456 (Qualis A2 em Medicina Veterinaria e Ciéncias Ambientais e fator de impacto de
4,52). O artigo foi anexado no formato publicado pela revista.
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A. Porgermcter of ol

morphology and behavior (Hridi et 2l 2017), developmental delay,
embryonic death, damages CaP axons of embryos, increased locomotor
activity of larvae (Zhang et al, 2017) and cardiotoxicity (Gaur and
fhargava, 2019),

Regarding 2,4-D, cardi y and oxidative stress (L et ol 2017),
Empai of tial behaviors visually guided larvae of fish (Dehnert

al, 2019), reduction larval survival, malformations, oxidative stress
and hepatotoxicity (Martins =1 ol 2021), al jon in mitochondrial
metabolism, antioxidant status and innate behavior of zebrafish (1hilel
et al, 2020\

An intact behavioral repestoire is crucial for individual and popu-
lation fitness since it affects both the survival and reproduction of fish
(Seewwmrt o2 al, 20179). Some behavioral changes can be explained by
changes in biochemical parameters, as for example the increase in
acetylcholinesterase (ACHE) activity explaining fish hyperactivity (Ve
« al, 2015). ACRE on the lar junct) -ulhd:esyl-
aptic clefts of cholinergs where catalyzes the
uql:hdh(ﬁ)bm-dwalmuhuﬂmhd
shown excitability of the cholinergic system due to the increase of the
permanence of the ACh on the synaptic cleft. On the other hand, the
increased AChE activity reduces the permanence of the ACh on the
wmmmumduwmh

jans of the behavi tion, cognition and natural cerebral
responses. Due to this important activity of AChE in fish physiclogy, itis
an excellent biomarker for measuring the exposure of aquatic organisms
to pesticides (Santana o al, 2027).
mmm)k-mdmwmw
for aq =y (Howe et al., 20137), with a robust
behavior (Geslal, 2014; Kysil e &, 2017) and many advantages, espe:
cially in its embryonic and larval stages owing to external festilization,
hlymhghpdﬁnq T of the charion, and
of its ‘,_Me-yvhnlhﬂwdw
Mm.:b:m«:.dm«fwmwm
the living animal, has been widely used in the last decades. In addition,

the fish has rapid development; on the third day they have hatched, and
on the seventh day they show typical behaviars of the species (1)ahm and
Geisler, 2006).

In our previous study, we found that ly exposed to residual
concentrations of GBH and DEH promised the anti-predatory reac-
tion of adult fish (Fompermaier ot al., 2020). However, the effects of
hronic exp to eavi ! tions of these pesticides in
brafish ;n d d. Based on the
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h&ewﬂkﬂm(&-]ﬂhmhﬂm)hm&e
imitial development p y and
bﬂmdh“dhmﬂﬂ:mdlﬁdﬂn(h; 1).

23. Reproduction and mamntenance of embryos

For breeding, we selected healthy wildtype zebrafish, aged between
3-dl!mdn(‘oqﬂumpl-mﬂhtbedhmhhuﬂ§qt-h
P d from the b to pr egg predation. The next ing,
the embryos were collected by siphoning and washed to debris
and feces. Embryos were sorted and maintained in 24-well cell culture
plates (3 ml,‘well), with 10 embryos per well and incubated in 2 28°C
water bath to 7 days post-fertilization (dpf). Embryos were maintained
in E3 medium (reverse osmosis water 460 mg/L. Ocean Tech Bio
Active®, Hong Kong, China) (Duske and Geslal, 2012) with oxygen
concentrations at 6.2 = 0.4 mg/l, pH 7.0 = (.2, total ammonia at
<0.01 mg/L, total hardness at 6 mg/L alkalinity at 22 mg/L CaCO3 and
matural photo period (14 h light, 10 b dark). We pesformed 5 re-
productions to obtain the embryas needed for analysis. In each repro-
duction, 5 tanks were used with 7 couples in each tank. For the tests,
embryos of up to 3 h pastfertilization (hpf) were used (Ximmel ot al,
1995).

24. Agrichemicals and concentrations tested

The coacentrations of GEH and DBH have previously been identified
in natural water bodies; for GBH, we used a coocentration of 4.8 pg/L
(Ckada e ol 2020) and for DEH, the concentration used was 3.4 pg/L
(Maschesan et al,, 2010). We used these concentrations to address the
effects of the lower concentrations detected in the environment. We
opted for only one concentration of each pesticide, as our goal is to
wverify the possible effects of enviroamentally relevant concentration.
The products were purchased commercially, Roundup® and 24D
Amina 840 SL were used for GBH and DEH, respectively. All the prod-
wets used were new and with concentrations guarantesd by the manw-
facturers and by law (URASL, 156Y). The solutions were prepared
serially way, starting from 1 g/L to 0.01 g/1. until reaching the envi-
ronmental concentration tested. After preparation, they were stored in
-bcﬂ-hndegwlﬂ'edtymhedmhlmh&wbe

y- A new fution was made at each repro-
mﬂgnumm-mmumm

literature and in our formers papers, here we describe the effects of GEH
and DEH on the initial parameters (mortality, hatching,
mm-«mmwmtmwAu
and aversive stimulus), and biochemical & etylcholi
terase activity - Aﬂmmdwm@)h
zebeafish.

2. Materials and methods
21, BEthical and legal note

This study complies with the guidelines of the National Council for
Animal Experimentation Control (CONCEA) and was approved by the
Ethics Commission for Animal Use Committee (CEUA) of the University

22 Study strategy

Tom&eeﬁemcf&ew&m-ldm“ﬁc
devel of zebrafish, we exposed the o environ-
mlyrﬂmmmd@ﬂ(dawudbﬂlﬂdum

ch b the embryos had already hatched, and it was necessary
to remove the remaining dirt from the egg. The embryos were exposed to
GBH and DBH from 3 hpf to 120 hpf (Xalichak =t al., 201 7). The entire
period of fish arganogenesis occurs in this phase, a crucial period in their
development, so we consider our exp to be chronic. In all tests

Initial devyslopment

Spantancous oo Blachamical
movement tosts

|
1 3 5

Q) e——

Embryo oxposure
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A. Porgermcter of ol
performed, embryos and larvae were randomly ch Furth e 27. Boch ] tests
the animals were nat d in the evaluati

25. Developmental and survival parameters

25.1. Survival and hatching analysis
Larvae were analyzed every moming for 7 d to assess mortality and

d Embryos that
ruptured the chorion or outer membrane of the egg were considered
hatched. Exposure of all, or most, of the tail out of the egg was also
classified as hatched. Analysis of mortality and hatching was performed
through monitoring 15 wells with 10 embryos per well, totaling 150
embeyos per group.

25.2 Spomtaneous movement

In 24 hpf the embryos pr p of the tail still
inside the chorion. §; are induced by the devel-
T of the without any coatrol by the central nervous

system (Fraysse et al., 2006; Jin et al., 2009; Kimmel et al., 1995). These
movements were recorded for 60 s in 30 embryos per group, using a
i pe (Nova In Piracicaba, Braxil).

253 Heart rate
At 72 hpf, the count of the heart rate of the embryos was evaluated
for 60 5 in 20 larvae, per group using Nikon E-100 binocular biclogical
microscope (Kalichak et 2l 2017). In this phase, all embryos show
dinc activity and little | activity.

2.6. Behavoral analy=s

26.1. Open fidd test (OFT)

Larvae (6 dpf) were individually placed in 6-well cell culture plates
with a total capacity of 15 ml, filled with 10 mL of E3 medium, and
filmed for 7 min (1 min acclimatization 46 min exploration) (adapted

At the end of the exposure (5 dpf), the larvae were euthanized with
jee-cold water (| sary ot al., 20171), washed, and collected for bioch
ical analysis acetylcholinesterase (AChE), catalase (CTL), and saperox-
ide dismutase (SOD). We used 20 larvae per pool with four pools per
group. The entire body was homogenized to quantify the enzymes. The
20darvae samples were frozen in Hquid nitrogen and kept in an ultra-
freezer at ~8(° until analysis.

27.1. Proten determination

Protein determination was perf: d to the method
described by Hradined (1976), nsi‘ bovine serum nlhnh as the
standard and Coomassie bright blue as the colorimetric reagent. The
bsorb of each sample was quantified at a wavelength of 595 nm
and calculated according to a known standard protein curve.

27.2. Acetylcholinesterase (ACKE) activity
AChE activity was evaluated as described by Yllman et al. (1901).
The tissue of the entire body of the larvae was used owing to their small
size and was homogenized in p ium phosphate buffer (100 mM pH
7.0) for 1 min in an wlitrasonic mixer on an ice bath. Next, the extract was
centrifuged for 10 min at 13000 xg to 4 °C, and the supernatant was
Mhuhhmﬂm!ﬁedﬁghm
(Ach, 8%), the enzymati ‘was pre-incubated for 5
nh.z:s°c-mmunmmloonu.w7mnem
action was initiated with the addition of the substrate of ACh and the
absorption was measured at a wavelength of 412 nm for 5 min (at 30 s

intervals). The activity was expressed in pmol of AChI/h/mg protein.

27.3. Caralase (CTL) and speroxide dismustase (SOD) ectivity
Mmmwmdbmmndswm
M of CTL activi i d as described by Jobansson
mduorgu-)su)-duozhnM\.&rmmm—
zeroed with 10 pl of homogenate (20-30 pg of protein) in & quartz
cuvette and 1000 ul of 50 mM potassium phosphate buffer (pH 7.5).
After that, 50 pl of hydrogen peroxide (0.3 M) was added. The reaction
"q-nﬁdasymshr2nhnn—'ﬁuwhdwnn-d

from Xalichak =t al, 2019} To eval behavioral variables in ench expressed as U of CTL/mg protein. SOD activity was as
period, we filmed 16-26 larvae by a group. We used the functi described by Misra and Pridovich (1972) and Muilier et al. (2018} The
J&mtm&mltsmdﬂnvﬂumw protein content was determined ding to the method established by
using the d £ ANY-maze® (Stoelting Co., Hradiond (1976), For SOD, was initiated by adding 50 ul. a sample (100

WmmlTomwmﬁemm
was virtually divided into a central and peripheral /wall zone. The pa-

used to eval the behavior of the larvae were distance
traveled (m), rotations (also called circling, a 360 change in orientation
in the horizontal plane), absolute turn angle ), line crossings (consid-
ering the full body), time in the central zone (s), entries into the central
zone, distance traveled in the central zone (m), time in the peripheral
zooe (5), and di ded in the peripheral zone.

262 Aversive stimudus test (AST)

18 of protein) on 950 ul. of glycine buffer (50 mM, pH 10.5) and the
mmmw-ﬁ:ﬁ:dﬁﬁmdm(ﬁo

mM, pH 2.0). The colori was d at 480 nm and
expressed as U of SOD/mg protein.
28 Swasistics

Survival and hatchability data were evaluated using the
Kaplan-Meler method. For the analysis of the data on heart mate, spon-

The AST was used to assess the ability of the larvae to identify
possible predator menaces and move away from this risk area. To
perform AST, we placed the 7-dpflarvae in 6-well cdl culture plate with
a total capacity of 15 ml, filled with 10 ml of E3 medium, at a density of
5 larvae per well with 15 repli (n = 75 per group). Then, we placed
the plates above an LCD monitor and, after 2 min of the adaptation,
started exposure to the visual stimulus coasisting of a red sphere of 1.35
cm with a trajectory that covered cnly half the well (Bridi et al | 20175
Pelkowsk et al., 2011). The sphere movement was made using Power
Point software (Microsoft Office Professional Plus 2016) and larvae were
exposed for 5 min to this aversive stimulus. At the end of the test, we
counted the number of larvae that remained in the stimulus area
(Xalichak e¢ al., 2017). The larvae were filmed using the camera func-
tion of the smartphone iPhone 65 i0S 14.6.

Mmuwmmwm
or Mann-Whitney test (for data not lly di ding to
Wsm)mn’dhnwmmm&ewd
group. The alpha level was set to 0.05. All statistical analyses were
performed using GraphPad Prism® version 6.07 (GraphPad Software,
San Diego, USA)L

3. Results

21 GBH

31.1. Development parameters
thkdmhynmvlnlmb-ddmtm

h ement, or heart rate (1able 1L

S P
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Table 1 peripheral zone (f = 0.6223; P - 0.5385; Fg 20
Devalop l of zebrafish larvee exposed o glyphosate-based
herbécides (GBH). 31.22 Aversive stimadus test (AST). A higher number of larvae from
Parameter Comtral By Satistics the group exposed to GBH than from the coatrol remained in the stim-
ssarvived rate (%)’ 22 o = S003, 0= ulated area (U~ 53 P 0.0291; Fiz. 2.
0.0083"
Matching (W' s633 ¢ 8 mma £= (L0XI%, P = 31.3. Acetylcholinesterase (ACKE) and antioxidant enzymes
ond Rz The larvae exposed to GHH showed in d activity of AChE, while
— fpoatis e TLBAPTOIM . 54 ot change the levels of the enzymes SOD and CTL (Tabie 2).
Meart rate’ 1378+ 4+ = 108, P= 02864
4100 41 50
* Survival rates were compared using Kaplan-Meber survival curves.
* Ungaired rtest. Data ase expressed as mean + S.EM. ® 40 N
* denotes statistical diffeserces (P < 0.05). :—:, =
v
3.1.2 Behavioral tests g3 304
= E 204
3.1.21. Open field test (OFT). Exp to GEH in d the b °%
of rotations of the larvae (¢ = 2.705; P = 0.0112; ¥ig. ZB), line croasings di'g 10
(£ = 2.084; P — 0.0457; Fig. 2D), the time spent in the ceatral zone (U - =
56; P = 0.0058; Fig. JE), entries into the central zone (f = 2.148; P — i}
0.0399; Fig. F), and the distance traveled in the central zo0e (U ~ Control GBH
60.50; P - 0.0194; Fig. 2G), but decreased the time spent at the pe
riphery (U = 64; P — 0.0152; Fig. 2H). There was no difference in the Fig. 3. dus test In fish d to glyphosase-based herbicides
total distance covered (t = 0.3730; P — 0.7118; ¥ig. ZA), absolute tum tmmhmmmhwudn
angle (f = 1.696; P — 0.1002; Fig. 2C), or the distance traveled in the  ©XPressed a3 median = incerquartile mege (*P < 0.05).
ot -
= - - §
got = o X g‘nu —
2 3 ] ==
bl'll. = . -
% § i 2 one
éll! - -; 200¢
b <
ocC \ v o 0 ' T T
v e Funw o Lowdind A
424 o o I
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=u =1 - ™ degu an L
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Fig. 2. Open field sest yesults foe fish exposed m glyphosate-based herbicides (GBH)L (A) Distance d (m), (B) (C) absolute tum angle, (D) ne

mmmhmﬂmmmmmha—nﬂmm}mw-heﬁmwa{)u-hxh-ydph-dnnw.ndm

ded in the periph

! 20me (02), The data in paneks A, B, C, D, F and [ were compared wding an snpaired rtest and ase expressed

as mean =S EM. The

muwauu&mmm-wnumwum*mw(-n 0.05, ** P < 0.01L
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Table 2 mwbﬂﬂmmﬁdﬁdlw'lyhmm-i

Acetylcholl and antoxid ymes in zebeafich larvae exposed to acetylcholinesterase activity.

M herbicsdes (GBEH). Acetylchali activity (AChE) hbﬂ.mbal{mw“ﬂﬂﬂﬂnﬂmﬁn
expeessed In pmol/h/mg of de di activity (SOD) a of individuals in each generation, affecting the

w-uumdmmmq(cmwmn—w ation of the jes. In addition, GEH caused an increase in the

min/mg of procein.

=y

Parasseter  Cortrol unM Ratiscs

Acha* 0.0078 + 000038 0.0000 + 000304 = 2538 F - 007890
00" 0.7066 +: 02009 06547 0015 = QD28 F= 04D
o 0.0370 £ LAM064 00247 £ 001019 U= 47.00, F = 0.2604

b dm&hmmw
and high exploration of the tank. This hyp bility was
w.mm&mmmmmmu
Mmmhcﬂuﬂdﬁwmﬂahl

the zebrafish larvae stay for long periods at the bot-

50D, sup 2o da T catad
* Unpaired s-test. Data expressed as mean = S.EM.
‘mwumw-m*m
* denoaes statistical diffesences (P < 0.05).

32 DBH
32.]. Initial paremeters
Exposure to DBH did not affect spontaneous movement, survival
rate, hatching, or heart rate (Table 3).
322 Behavioral tests

2227, Open field test (OFT). Exposare to DEH in i the numb

muhmﬁepﬁ#ﬂm-ﬂﬁannﬂlﬂmpﬂd
they begin to explore the eavironment gradually (Kysil = 2l 2017
Stewart o al, 201 2). The anxiolytic effect on the larvae exposed to GBH,
resulting in them staying longer in the central zone and having greater
mobility, facilitates the action of predators and demoastrates a risk for
their survival.
Mﬁg&e-ﬂdyﬂ:deaofﬂtmmﬁhﬂﬁd&

may also pr Y ion of the larvae in the
AST. hﬁﬁ.dh!ww@u.mh&numedhth
stimulus area. An xposed i fish, on d ting the pr ofa

possible predator, h-vu&endymﬁkndmﬁsdaeb
the periphery, a precautionary behavior called thigmotaxis (Afmad snd
Hichardson, 2017), that has been reparted as a strategy to reduce pre-
datioa risk (Colwill and Creton, 201 1; Treit, 1909). However, the larvae

of rotations of the larvae (¢ — 2.380; P — 0.0222; #ig. 4B) and absol
turn angle (t = 2.498; P — 0.0167; Fig. 4C), but did not affect distance
traveled (1 0.5726; P~ 0.5701; Fig. 1A), line crossings (¢= 1.241; P~
0.2218; Fig. 4D), time in the ceatral zone (U = 149.5; P - 0.1323;
Fig. 4E), entries into the central zooe (f = 1.240; P - 0.2221; Fig. 4F),
distance traveled in the central zone (f = 1.520; P - 0.1364; Fig. 1G),
time at the periphery (U = 166.5; P — 0.2888; Fiz. H), and distance
traveled in the peripheral zone (f = 0.2003; P - 0.8422; Fig 4l).

posed to GEH imed in the risk area and remained hypermobile at
the center of the OFT arena, & ing the impai in risk
assessment and avoidance capacity. Wemrﬂgm&m
that these negative effects of the anti-pred rsisted in the
mumwmc&t-mmwm&m
action in adult fish (Fompermaier et al | 2020
wmm-—»w-mww
parameters. [n the OFT, the larvae exposed to DBH showed
in the number of rotations and in the absolute tum M
hyp bility and a high level of exploration of the tank, similar to that

3222 Aversive stimulus test (AST). The number of larvae exposed to
DBH (24 + 6.234 larvae) in the area stimulated at the end of the test did
not differ from that in the cantrol group (16 + 5.237 larvae) (U — 66; P

- 0.1327).

323 Acetyicholinesterase (ACHE) and antiaxidant enzymes
Exp to DBH i d AChE activity in the larvae, while did not

alter the levels of the enzymes SOD and CTL (Tabile 4). Acetyicholines-

observed in larvae exposed to GBH. Hyp bility may repr arisk
to fish survival because it facilitates its detection by the predator and
mum«mwmnmuwd&uu
d by OFT. With this range of effects
dmmndbyd:uﬂnyundl.vuupondm(;&ldb&l.tb
question of what mechanism underlies the behavioral ch
to be verified.

Mechanistically, in both GEH- and DBH-exposed fish, there was an

ternse activity (AChE) expressed in pmaol/h/mg of protein; superoxid:
dismutase activity (SOD) expressed in U of SOD/mg of protein; catalase
activity (CTL) expressed in mmol/min/mg of protein.

4. Discussion

MNGI{MMvd.uM-I

increase in the activity of the AChE enzyme. The increase in AChE ac-
tivity is the key to the hyp bile behavior ob d in GBH- and DBH-
exposed larvae (e o2 ol 2015). In our study, the increase in AChE
activity may also be rel P - and also b the
organs respoasible for detoxification and elimination of toxic substances
(liver and kidney) in the larvae are not fully developed and do not occur

4 to chroni

jolytic-like behavior, y affects the anti-pred at the same rate observed in larger and older fish (Calfes et al, 2014

of the larvae and in Lo 7.4 . ] -y Mohumuned, 201 3). The observed increase in AChE can be related to loss

of tion due to the reduced Hed d of the nerves. This

effect can ribute to the olled motility observed on larvae

Table 3 (Yoshida et 2l 200%). Other observation regarding about the toxicity

Dereloy P # of zebafidh luovee exposwd to 24 dichlos  pighlighted for the ACHE increase that can serve as a biomarker for the

Yy i basad (DBH). si (Kalzer et al., 201 0). Therefore, this observed increase

Parameter Conterol L Statistics hMﬂtl!hlhel-vgmdbG!HndNHc.th
Survivel rate (%) 9122 0. =220, 0= compromise fish survival (Santans ot al | 2027).

.07 Interestingly, the behavior profiles were different in larvae exposed

Matching (W) 6633 + .67+ = 01082, P= to GBH and DBH (especially in the AST test), but both increased the

ol A :"“:‘_.h AChE activity. In fact, in the OFT, both GBH- and DBH-exposed fish are

movemeas’ o.2572 ane 00647 slightly hy bile; h , only GBH-expased larvae in in the

Heoart ruts’ et 1423 ¢ U= jass, r= lin-l--uhlhehs‘r monummm-mm-dg

4.100 2673 0.1420 duced risk perception of GEH. d larvae in AST was not due the

* Survival rates were compared using Kaplan-Meler survival curves. byp ‘lky, inforcing the hypothesis of the impairment in risk

* Unpaired rtest. Data ate expressed as mean = S.EM.
“ Mann-Whithey sest. Data are expressed as mean = S.EM.

might be related to other GEH and DBH formalae compaonents as the
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Fig. 4. Open field test results for fish exposed w 2,4 dichloroph etic acid-based herbicides (DBE). (A) T ded (m), (B) rotations, (C) ab urn
*m)mmmmh&mdmmmmmumm(m Jed in the (=), (H) time in the peripheral zone
(s), (1) distance traveled in e perdpheral zone (m). The data in pancis A, B, C, D, F, G, and [ wese d using an wnpaioend t-test and are expecssed as mean = S.E.
ummupﬁ:uumwmmmmmmunwum*mm.em<m
have been ] given our exp puiod of only 5 days. Some
!‘:1 _ —d . balals bacvas . studies have reported acute exp d axidative stress induced by
PO PR e ackd.based b iy g o © both GBH (Modesto and Martinez, 20705 de Moura et al, 2017) and DBH
S - — Ll (Oruc et al, 2004).
Parameter  Control oSt Sutista Anoth sible mechanism underlying our behavioral results of

Acka* 00078+ 000038 00089 + 000023 = 2471 P = 00139
500" oIS 03747 0799 + 02424 U= S8.00, P = 00977
ent Q0570 £ 03064 00274 + 0.0148 U= £1.00, # = 0.0004
ACHE, Acetyicholin 50D, e 4 CTL. catad

J Unpdn.‘.un.mw-;mt S.EM.
¥ Mann- Whitney test. Data are expressod o5 mean = S.EM.
* demotes statistieal differences (P < 0.05).

—

dicﬂ-ﬂumﬂ!u&eluf

used to improve the prod
sarface. It is even known that the
-ﬂa:M)&thmuﬁchnh.anﬂ
and the product itself formulated for aquatic organisms (1 sui and Chu,
2000

Another candidate mechanism evaluated was the activity of the
antioxidant enxymes SOD and CT1; however, no changes were observed
h&ueuywhthhmwmm-ﬂmumn
cannot disregard the stress induced by GBH and DBEH
-w&mmmw(q,Wﬂd
) and b jve damage may

GBH apo-d larvae, is the disruption of
interrenal axis (Cericato ot al., 2008, 2009; Koakoskd « al, 2014). In
addition, behavioral and morphological changes at different develop-
mental stages was already verified in GBH-exposed zebrafish (Lrid!
et al, 20171 GEH is also aversive to zebrafish (da Hosa et al., 201 6) and
we cannot discard that the fish were unable to concentrate on risk
assessment tasks by the GHH-induced pain (Jiraunghkoorsknl et al,
2002)

The mechanism of action of DEH seems to be related to a possible
damage to the central nervows system (CNS). In this line Delinert 1 al.
ml‘)\lwwn-hpﬁmdlhmdmﬁnﬂuhm
hwe.-hkhundﬁudlemﬂ i esp for p
Some behavi “dnqanaedndyhﬂ:edh
uw»num-m ermatic swimming (Castanec et al,,
200%), slowness in motion, slow reactions, and abnormal swimming (d=
Arcaute =t al, 2010} Thiel 2t al. (2020) report alteration in mitochon-
drial metabolism, antioxidant status and innate behavior of zebrafish.
Based on this, the mechanisms of the DBEH impairment on larval
behavior are related to effects on the CNS. We did not test these

P
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hypotheses and recognize this as a limitation of our work, however, this
does not lessen the rel of the hypotheses tested herein. Therefore,
uwmmumwwnmam
may reflect the other mechanisms of action described
My-hnﬁcmmhqe&amuﬂnmﬂykﬁe
Empai of the anti-predatory jon of larvae exposed to GBH and

uwm«muwhuwnm
GBH and DBH, which indirectly may also impair the anti-predatory re-
action of exposed larvae that become more visible to predator. Cur re-
salts unds the imp ofthe 17 inable devel goals
m)duwmmmmmmumh
future generations. Specifically here we emphasize the need the guar
meeddshhngm-d-hﬁummndli&h&m
(SDG 14), as our results highlight the eq of the exp

mqﬁqundl-nehlhdruﬂydewmpmﬂs
widely used and already d d in the envi which may
compromise relevant parameters for the maintenance of the species such
-mwiwhnd-lso ' ly impact ) i q:lamrynd-nﬁ-
pr ¥ behavior. These changes can comp the perp of
the species and, b fish are an imp np of the food
chain, the changes p d here can interfere with the main of
the lation, search for § or food and facilitate the action of

Y

predators, which can result in serious ecological consequences,
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genenational effect. The fish did not show g effocss In adudthy ‘ummwmm
were unable to reproduece. Our findings & the serions impact of pesticsdes on fish, whese the effects of
Wmmmmmwmwm

Bted by Martin Grosdl

1. Introduction As a result of exposure to emerging pollutants, both drugs and pes-
ticides, some studies have shown effects an the physiology (Freddo et al
2021), bochemistry (lamagno et al, 20222), and behavior (Chaulet

al, 2019) of fish. Therefore, it is imp. to itor the impact of

substances with high consumption rates and, consequently, a greater

Aquatic environments are the final receptors for many chemicals. In
Mnﬁmmmm-daﬂbnw
in their and Ho , Some non-target species

Mnmmdnmw&hmm
have been the focus of several studies in recent years because they are
sensitive to enviroamental changes and are excellent biomarkers for

AR

" Certnin substances have many deleterious effects on speci

probability of contaminating aquatic eavironments.
mnnwwdm-&qm

to the high productivity of i} by combating insects, weeds,

Mwumﬁmmm its toxic potential has been

affecting exposed animals and causing alterations that can be observed
in all subsequent generations (X alichak =t al., 2019; Kubsad et al., 2019).
Und ding the 58 gional effects of exp to envin

igated, and 1gs about its effects on pon-target organisms
hlnhannhd(d.kaexm 20)6; Chaulet et al, 201% Fompen
maler et al, 2022). Carrently, the most comsumed pesticides are

mental contaminants may explain the changes in species dynamics.
Additionally, loag-term contamination may affect animal health, sur
vival, and reproduction.
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Fig. 1. Schemate repeesentation of study design.

mxzwmuommmmmsp BR) is a post-

Be jc herbicide based on the dichlor
mwm(cnsmun-n

Behavior is a resp to physi ctions and the envi-
m(m-z et al., 2014; Crger and l’oinv/;n, 2017). An undamaged
I ire is tial for ring the survival and physical

fitness d’nhds (Stewart er ol 20139). Some chemical compounds
have altered the behavior of animals (Malichak et al., 2017). However,
changes in biochemical may be the key to these changes in

behavior (i et al., 2015) The study of certain eoxymes, such as
(AChE), might explain the effect of pesticides on

2. Material and methods
21. Brhical and legal note

This study fi d the guidelines of the National Council for Animal
wwtmmmwwbyd:m
Commission for Animal Use Committee (CEUA) of the University of
Passo Fundo, UPF, Passo Fundo, RS, Brazil (Protocol #0016/2019 -
CEUA). In addition, it was registered with SisGen (Sistema Nacional de
Patrimbaio Genético e do Coabeci Tradicional Associado) and

M(!s.\nmmclnl,.wzl).

NS = $ani derlying the behavioral
mtmumunmmmw
sach as superoxide dismutase (SOD) and catalase (CAT). These enzymes
compase the first line of antioxidant defenses and are very important in
the beginning of the free radical scavenger process. Due to this is
Emportant to understand the effect of xenobiotics on these non-target
enzymes (Vamagno et al., 2022b).

The zebrafish is an animal model that has gained prominence in
scientific research in recent years. It is very versatile and can be used in

] studies such as togy (da losa et al., 201¢), pharmacology
(Barcellos et al. | 2020), immunology (¥irsten et al., 2014), and nutrition
(Dametto ot al., 207 E). Here, we chose this animal model because of its
high prolificacy, ease of handling, translocent embryos, and rapid
development, which facilitated the execution of the study.

Recent studies have demonstrated the effects of acute (Pridi et al,
2017; Thied et al., 2020) and chroaic exposure (i Carree ot al | 2021;
heng et al | 2021) to pesticides by fish; bowever, assessments involving
more than one generation are still scarce. Therefore, this study aimed to
evaluate the persistent and transgen ll effects in exposed animals
as embryos (Pompermaler « al., 2022), verifying the behavioral effects
in their adult stage and the effects on early development, behavior, and
biochemical biomarkers of their offspring (F1 generation).

plied with the guidelines (registration code A14E252).

22 Smdy strategy

Zebrafish embryos and larvae were exposed to i 1}
mw&m-dm»-umm-d
tional effects of exp (Pompermaier et al., 2022). In this
Myunﬁeﬁ&““mmwﬂu)b
behavioral tests (noved tank test (NTT) and aversivity). We also repro-
duced these adults and evaluated the F1 generation for early develop-

et belavior; and biockenical bi kers (ACHE, SOD, and CAT)
(Fig. 1)
23 Exposure time and pesticide whions - FO

Embryos and larvae were exposed to GEH and DEH during the entire
period of orgamogenesis, which prised 3-120 h post-fertilization
(bpf). The concentrations used were 4.8 pg-L~7 for GEH and 3.4 pg/L
for DEH. Embryos were kept in 24-well cdll culture plates filled with E3
mnm“c@ﬁ,?-dﬂnﬂplmdhw‘mhdm
water for growth. Further details regarding the exp and

mofmhnc-dl-vumbeiondn Pﬂmpermmr' etal. (2022).
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24. Reproduction and of ermmal.

Aduilt animals were duced as described in our pr study to
Mﬂh‘ya‘(}‘nmpe'mmc etal, .'(‘JlAMl&wpﬂiod
(3-120 hpf), the animals were kept in cell culture plates until day 7 to
carry out all tests. After this period, they were transferred to aquariums
with dean water for growth, where they were maintained at a density of

Conmparatare Bocheavastry and Myselegy, Pt € 262 (2022) 109457

quired for the 1 and glyph d groups. We "
dﬂmnﬂqd\emwmhnewldmm
any eggs.

2.6.1. Swrvival and hatching analysis
To obtain data on embryo and larval mortality, we monitored 180

1 fish L% mmmmnmmm
photoperiod (14 h of light and 10 h of dark), constant aeration, water
temperature at 28 < 2°C, pHat 7.0 = 0.2, dissofved oxygen at 6.2 + 0.4
mg-L~, total ammonia at <0.01 mg/L, total hardness at 6 mg-L~), and
alkalinity at 22 mg/L CaCOj;. The fish were fed with commercial flake
food (42 % crude protein, 3400 keal/kg) twice a day (08:00 and 17:00)
and live food (Artemia saling) once a day. Partial water changes (25 %)
were carried out thrice a week.

25, Pers

offect - beh

25.1. Novel tank test
At 180 days post-fertilization (dpf), the animals were eval d for

] testing,

individuals for seven days. To obtain hatching data, the embryos were
moaitored until 3 dpf, following the methodology described in ocur
previous study (Fompermaler et al | 20022),

26.2 Spomtanecus movement

At 24 hpf, the spontancous movement of embryos within the egg was
evaluated. The analysis was performed on 20 embryos per group, and
the animals were moaitored for 60 s using a stereomicroscope (Nova
Instruments, Piracicaba, Brazil).

26.3. Heart rate
At 72 hpf, the animals’ cardinc activity was evaluated. This param-
eter was chosen because the embryos have cardiac activity but little

MM“&:M“&WLT&M“
o ding to the methodology described by Pompermaier
rxa. 4.m*1xauq-dmmxaxmm.m x width x
height) filled with chlorine-free water were used in this study. Fish were
filmed for 6 min using a Logitech c920 HD web The videos
were lyzed using the d ki fiv ANY-maze®
memmm),h-hhhdzmmknmm

dutop,udde.ndbomuu.‘ﬂz“ rioral
were d Jed (m), absol mndec).mhmd-emp
zo0e, time spent in the top zone (5), latency to enter the top zone (s), and
time spent in the bottom zose (s). After filming each fish, the water was
d. The ber of animals filmed varied between 12 and 17 per

group.

252 Aversivity test

To assess the impairment of the anti-predatory reactions of animals
exposed to herbicides, we used an aversivity test to simulate the action
of a predator. For the test, we used an aquarium measuring 12 x 12 x 5
cm containing 0.72 L of water (3 cm) and opague walls virtually divided
into a central zone and the periphery. ‘l‘he&hmurh_imdﬁrs

ement, which facilitates the evaluation. We monitored the heart
mate for 60 s in 20 animals per group using a Nikoa E-100 binocular

biological microscope.

27. F1 generation behavioral testing

27.1. Open fidd test (OFT)

At 6 dpf the larvae were placed individually in 6well cell culture
plates with a total capacity of 15 mi, filled with 10 ml E3 medium, and
filmed for 7 min (1 min acclimatizatios + & min exploration) (Fom
permaier et al, 2022) To assess behavioral responses, we used 15-17
larvae per group. Larvae were filmed wsing the iPhone 65 i0S 14.6
smartphone camera function, and the videos were analyzed using the
ANY-maze® automated tracking software (Stoelting Co., Wood Dale,
Mleemeouobjedhew-b l thigr ic behavior, the

was virtually divided into a central zone and a periphery/
ﬂm&mnﬂm-ﬂhma&“m
ded (m), bsolute turn angle (°), line crossings,
entries into the central zone, time in the center zone (s), distance trav-
eled in the center zooe (m), time in the periphery zooe (5), and distance

min, after which they received a predatory isting of

the action of a pred wuhl chanical The
bd-ﬂadheﬁﬁmww&uwﬁmhd

Mﬁuaw)uu.wmm

b The stimulus were analyzed
using th d track ANY ® (Stoeling Co., Wood
MMMM&&:MWM&&:M
was compared in terms of distan led (m), line ings, entries

into the central zone, time spent in the central zone (s), distance traveled
in the central zone (m), and time spent in the peripheral zone (s). The
nnbcnf-indsﬁhdv-‘hdmn—impam This test
was perfi ding to the methodology described by Pomper
maber et ol l.’u:xu.Aﬂa-&iuuchﬁd‘.lhequ-md.

26. Reproduction and F1 larvel parameters

FO males and females aged 9-12 ths were selected for breedi
Mmﬂndhmbwmhhhmmmwe“
ing ing, embryos were collected by siphoning

-dwﬁdmmddrkdfms.hﬂewmmd
classified as fertilized or unfertilized. Fertilized eggs were wsed in the
experiments. Embryos were maintained in 24-well cell culture plates (3
mL-well™?), with 10 embryos per well, and incubated in a water bath at
28 °C for 7 days. Embryos mai conditions foll d Pomper
maler et al., 2022, Embryos up to 3 hpf were used (Kimmel ef al | 1955),
The process was repeated foar times to obtain the namber of embryos

led in the periphery zone (m). At the end of each test, the water in
the well was changed.

27.2. Aversive stimudus test (AST)

The aversive stimulus test (AST) was chosen becaunse it assesses the
ability of larvae to identify possible threats from predators and move
away from these risk zones. The test consisted of placing the larvae in 6
weell cell culture plates with a total capacity of 15 ml and filled with 10
mL of E3 medium at 7 dpf, using 5 larvae per well with 15 replicates. The
plates were placed on an LCD monitor, and, after 2 min of adaptation,
we started exposure to the visual stimulus consisting of a 1.35 cm red
qh:&nmdaﬂyhﬂdhw:lﬂhued 2017; Pelkowski
etal, 2011} The sp was perfi d using PowerPoint
mmmwn—maummm
expased to the stimulus for 5 min. At the end of the test, the number of
larvae remaining in the stimulus zone was evaluated (Kalichak =t al,
2017). The larvae were filmed using an iPhone 6s i08 14.6 smartphone
camera, At the end of each test, the water in the well was changed.

28 Biochemical test

At 5 dpf, larvae were euthanized with ice water (Leary and Cartner,
2013), washed, and collected for biochemical analysis of s
mmaﬂm«:\nuwmmm
Twenty larvae were used per pool, with foar pools per group.
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28.1. Sample preparation

The whole-body tissue of twenty 5-dpf larvae was first homogenized
in a Potter homogenizer for 1 min with 1 mL of Tris HCl buffer (50 mM,
pH 7.4). They were then processed in an ultrasonic homogenizer in an
ice bath for another 1 min. After that, the homogenate was centrifuged
hWMﬂlMx;thdﬂtQ“&'ﬂnWw

the protein concentration, using bovine serum albumin as the standard
and Coomassie brilliant blue as the colorimetric reagent. The absor-
bance of each sample was measured at 595 nm and calculated using a
standard curve. The tion was exp d as mg-protein=".

283 Acetylcholi (ACRE) activity

tected for l and the pellet was discarded
Theﬁndbmﬂ:w-nudhn&%hn ~80°C
until analysis. The samples were analyzed in quadruplicate.

282 Protemn determination
We followed the method described by fradiond (1974 to determine

The method described by Fllman =t al. (1541 ) was used to determine
AChE activity. The was prepared as described in Section 201,
An ELISA microplate was pre-incubated for 5 min at 25°C coataining 15
ﬂdﬁenphll&ﬂ.dmﬂﬁl&)..dl&uldﬂlm’sm
agent (0.22 mM DTNB, dissolved in TFK baffer 11 mM, pH 7.5). The
reaction was started by adding 30 yl of 8 mM ACh substrate, and the
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post hoe test (*P < 0.05, **P < 0.01, ***P < 0.00], ****P < 0.0001) (N— 12-20)L

b data Jength of 405 nm for 5minat 30 s
hunkhmﬁqmuwmdumdmm

284. Catelase (CAT) and superoxide dismustase (SOD) activity

The same homogenate was used to assess CAT and SOD activities.
CAT activity was measured according to Johansson and Horg (1948) and
Gotk (19911 The spectrophotometer was blanked with 10 pl of ho-
mogenate (20-30 pg of protein) in 1 ml of 50 mM potassium phosphate
buffer (pH 7.5). Sub thy, 50 pL of hydrogen peroxide (0.3 M) was
added. The reaction was quantified every 30 s for 2 min at a waveleagth

dwlm.-d&euﬂﬂ!y'-wUdC\T-qm".m
SOD activity was d as described by Misn end Fridovich (1972)
and Muller et al. (2018 Protein content was determined using the
method established by Hradfond (1976 ). Par SOD activity determination,
50 pl. of the sample (100 pg of protein) was added to 950 L of glycine
buffer (50 mM, pH 10.5). The enzymatic reaction was started by adding
epinephrine (60 mM, pH 2.0). The colorimetric reaction was measured
at 480 om, and the activity was expressed as U of SOD/mg protein.
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Table 1
Statistical disctmination of the resulss,
Parnoeter Mase P valoe P vakoe
Aversvity test
Distansce traveded 3A  btersction Bae™ 0545
03e%
GBM efect Fira= 0.4084
0s93
Stmulm Fise= o.0818
it 1628
Lize croesings M Ietesaction | P 04007
oA40v
GBH efect Pse= 0.0001
1738
strmubm e = e.9770
effect 0.000
Resries into the omtnl scoe 3C steaction Prwm= 0.4a24
0.49%
GO efnct Bae™ <0.000%
1752
Strmulne Fae= 0.9642
effect 0002
Time spent in he contral zone 3D Intesaction | e 0.0%07
asre
GEM St [P <0,0001
388
Sttzmuboe LY G.1340
edfect 2300
Distance traweled in the 3 Ietesaction Pae= o4
cmitral zooe 0863
Gl et Prae= 0.0001
1848
Stimmulm P o508
effect 0.008
Time spent in the periphery w & Pe= 0.0002
=es 1817
Gl eSect Paa= <0.000%
asy
P 0.0009
effoct 1218
29. Ssmtchcs

The NTT data were evaluated using the unpaired rtest or Mann-
Whitney test for data pot normally distributed by the Bartlett test.
Aversivity data were analyzed uwsing two-way ANOVA, followed by
Tukey's test. Survival and hatching data were evaluated using the
Kaplan-Meier method. For the analysis of data on heart rate, sponta-
meous movement, OFT, AST, and biochemical tests, the unpaired t-test or
the Mann-Whitney test for data not normally distributed by the Bartiett
test was used. All groups were pared with the 'm.'he
significance level was set at 0.05. All statistical analyses were p
mwmmsm(wmhm
CA, USA). Data with normal distribution were represented as the mean
=+ SEM, while the etric data as median + interquartile range.

3. Results
1. Aduit fish exposed as embryos or larvae (persistent effect)
31.1. GBH

3.1.1.1. Novel tonk test (NTT). Fish exposed to GEH had a greater travel
distance (P =~ 0.0328; U ~ 54; Fiz. JA), increased absolute turm angle (P

Conmparatare Bocheavastry and Myselegy, Pt € 262 (2022) 109457

- 0.0382; ¢t — 2.180; iz /8), and lower latency in the top zone (P ~
0.0431; ¢ = 2.136; Fig ZE). There were no differences in the other

parameters.

3.1.1.2 Averstity test. There was no significant interaction between
GBH exposure and stimuli. However, there was a significant effect in the
line crossings where the fish exposed to GBH had a higher number of
poststimulus line crossings than that of the pre- and post-stimulus
coatrol groap. Additionally, the namber of line crossings was higher
n&emmﬂmpmuhhmmm
(¥ig- JB). There was no significant i b GBH exp

-ddu&wlﬂemuemlwwbﬂmﬂum
into the central zone where the poststimulus GEH group entered the
central zone more often than the pre- and post-stimulus control group.
The prestimalus GBH group also entered the central zone more often
than the post-stimulus control (Fig. C). There was a significant inter-
action between GEH exposure and time spent in the central zone. Fish
exposed to GBH spent more time in this zone after the stimulus than
before the stimulus or that of the pre-stimulus control group (¥iz D).

There was no significant & of GEH exp and stimuli, while
Memlwautmhmnﬂdh&eunrdm
Pish exposed to GBH traveled greater di after the stimulus than

the pre- and post-stimulus control group, and was also greates before the
stimulus than in the post-stimulus control (Fig “E). There was an
interaction and effect on the time spent in the periphery. Fish expased to
GBH spent less time than the pre- and poststimulus controls, and paost-
stimulus GBH spent less time than pre-stimulus GBH (Fig. ). There was
no difference in the total distance traveled (Fig. 3A). Statistical details
were presented at Table 1.

32 DBH
321 NIT

DBH exposure did not affect adult fish. Statistical details were pre-
sented at Teble 2.

There was no significant & ction of DBH exp and stimuli,
while there was a significant effect on the time spent in the central zone,
with the fish exposed to DEH spending more time in the central zone
(Fig. 4D). There was no significant interaction of DEH and stimuli, while
there was a significant effect in the periphery, where fish exposed to
DBH spent less time in the periphery after the stimul pared to the
coatrol before the stimulus (Fig. AF). Statistical details were presented at
Table &

43, Offpring evaluation

33.1. F1 embryonic parameters

Parental exposure to GEH during the embryonic and larval stages
altered the survival rate (x* = 6.037; P — 0.0140; ¥ig. “A) of F1 embeyos
and larvae. There were no changes in the other parameters.

332 Openfield test

F1 larvae of fish exposed to GBH sh d a reduced total travel dis-
tance (P = 0.0005; ¢ = 3.874; V'iz. ¢A), rotations (P~ 0.0237; ¢ - 2.383;
Fig. tB), absolute turn angle (P - 0.0367; t = 2.187; Fig. 6C), line
crossings (P = 0.0103; ¢ = 2.736; ¥z D), entries into the central zone

Table 2
Staristical diserimination of the results of novel tank rest of fish exposed o DEH.
Parnsseters Distamcs traweled Abwcluie trrmangle  Eotries in the op Time spert in the op Latency o entry the top Time spet in the bottom
(m) © o0 2o (1) zone (x) scne (1)
(= LEL S F ) P> 03537 =098 o582 P 04e24 b= 03217
L t= 1579 ¢ = 0.9020 = 0.0106 t= 0.6 1= 0.74% t= 1562
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the values before the stimulus, while parple bars the values after the p

ANOVA with Tukey's post hoe sex (*P < 0.05) (N = 12-20).

(P = 0.0108; t = 27205, Fiz. 0¥), distance traveled in the central zone (P
- 0.0019; = 3.407; Fig. oF), and di led in the peripheral
zooe (P~ 0.0028; t= 3.261; #ig l). The time in the center (P - 0.4272;
t = 0.8049; Fig. *F) and in the periphery (P = 0.7511; r - 0.3201;
Fig 0H) did not differ between the groups.

333 Aveshe samudus test
There were fewer Fl1 larvoe from fish exposed to GEH in the

datory lus. Data are exp d by the mean = SEM asalyzed by two-way

stimulated area after the predation simulation (P — 0.0428; ¢ = 2.119;
Fig. 7).
3.3.4. Biochemical tests

33.4.1. Acetylcholinesterase (AChE). F1 larvae from fish exposed to
GBH had increased AChE activity; the same effect was observed in the
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Table 3
Statistical disctmination of the resulss,
Pamoeter Fgurm ¥ value ¥ vadun
Aversvity test
Datance traveled 4A lotersction Baa= 0SS
o03us
DM effect Frw= 05740
on2s
Srmsdus Fram= 04727
effect os
Lize crosstings 48 beeccdcn Pa~ 00532
2809
DEH effect P 0.0568
1764
Sradus B G.3%00
effert 1748
Ruzries ks the cosrad 2one 4C Iterscton M= 0.0540
2884
DEH effect P 0.0858
1297
Srrmalus B 2.1%08
wfinct 1748
Time in the conteal sone 4D  lbseocton Fraw™ omars
0047
DEH effect Pra= 0.0010
1.7
s P o.8867
effert 0399
Distance raweled in the comtreal = 48 bseoscion Fam .00
xoe 2803
DM effect Pan= 0.0888
1809
e 03972
effert 1.89¢
Tima 2p he periphery A Fraa= 0.9389
0002
DUH effect Fa 0.0008
e
Rirmsbus Pra= 0.7793
effect oore

parents (P ~ 0.0009; t — 3.674; Vig. &)

33.4.2 Antioxidant enxymes. F1 larvae from fish exposed to GEH
showed an i in SOD activity (P~ 0.0009; U~ O; ¥ig. YA) and an

inhibition of CAT activity (P ~ 0.0387; U - 7% Fiz. 98).

4. Discussion

In our previous study, exposure to GBH affected survival, behaviar,
and ACKE activity during the embryonic stage, whereas exposure to DEH
affected behavior and AChE (Pompermaler et al,, 2022) In this study,
we showed that fish exposed to GBH in their embryonic and larval stages
showed hypermobility, and their anti-predatory reaction was impaired
during adulthood, indicating a pessistent effect. We also showed that
fish had impaired survival and behavioral changes as well as affected
AChE and antioxidant enzyme activity in the F] generation, character
izing a transgenerational effect. In fish exposed to DBH, the adult fish
could not reproduce despite the effects verified in the embryos (Fom
permaler et al., ";'-)mmmmwuu
the exposure affected the perp th 5

Adult fish exposed to GEH sh "7; ‘mty-dh-eln:cy
for entry to the top in the NTT test. The expected behavior in the NTT
test is that the fish initially stay at the b of the aquarium and, after
a few moments, begin to explore the new environment (Kysil et al,
2017). However, &ehal—a:yhmhmﬁehpmw
that the GBH-exposed fish were anxious and explored the eavi
qdd!ydbuﬁgthm‘lﬁs —"‘," like behavioral
mhﬂmnm-kmdmﬂubydz
dator and can d the ch of survival.

GEH exposure also impaired their ability to react to the predator

Conmparatare Bocheavastry and Myselegy, Pt € 262 (2022) 109457

ime&qq'edhnga entered, and swam more in the central zone in

the aversivity test. These reactions demoastrate that the fish did not
recognize the risk and could not react to the predatory stimulus. The
same behavior has already been observed in larvne in an aversive
stimulus test (AST) (Fompermaier et al., 2022) and adult fish acutdy
exposed to GBH in an aversivity test (Vompermaier et 2l 2020). Anti-
predatory reactions are critical for ensuring species survival and main-
taining an ecological balance (¥ el ey and Magurran, 20005 Stewart et al,
2017). Situations where the predator has an advantage can result in an
imbal in the which can affect survival and even lead to
extinction.

These effects observed for G8H-exposed fish in the NTT and aver-
sivity tests dearly indicate that the effects observed in early life were
mmumwsmumwm
effects of exposure because, as adults, they showed the same behavi
pattern as in their initial developmental stage.

Epigenetic alterations can explain these pemsistent effects. Our
exposure window comprised the entire pericd of animal organogenesis
(3-120 hpf), during which fish are sessitive to epigenetic disruptions
caused by chemicals (oo e2 al., 201 8). As epigenetic processes regulate
embeyonic development (Feng =t al., 2010; Groh et al., 2015 Mocgan

al., 2007), the effects of changes during this specific period can also be
observed in adulthood, demonstrating a persistent effect (Grob o1 al,
2015). We did not evaluate possible DNA methylation in larvae and
adults; however, this does mot preciude the epigenetic-centered

The effects observed in GBH-exposed fish can also be explained by
the mechanisms of action already described in the literature, such as
m h m (Pompc'mme: et al, 2022), disruption of the
] axis (Cericato et al, 2008, 200%
x.:xaky}a et Al 'I‘M),ndcﬂdliv!m(dc Moura et al., 217} }nu
et al., 20215 Lo et al,, 2027). GBH has been reported to cause behavi
MWWIM*&MW
in addition to a significant impairment in loag-term memory in the
Inhibitory prevention test (Ucidi et al, 2017).

In the DEH-exposed fish, no changes were observed in their behavior
when they reached the adult stage; however, the initial expesure to DEH
caused mild hyp bility and i d AChE activity in the larvae
(Pompermauier et al, 2022). Because the concentration was relatively
low (3.4 pg-L” ').wemdnu-dthepoﬁlﬂly&nﬂzapondﬁit

24

nlynﬂbludnmmzﬁed.()ﬂu‘ dies have d d the
effect of this compound, both on behavior and ‘J'g.nlid:a
concentrations. This indudes impai of anti-pred. y in

fish exposad to 29 uL-L™" (Pompermaler etk vu.u).inbwondm
with exposare to 10 mg-L~" (da Fonseca =t al, 2006), increased CAT
activity, mu.mmcmm.nwdao
and 300 pgL™" (Thiel et al, 2020), cardiotoxicity at 25 and 50 mg-L™’
and axidative stress at 25 mg-L~7 (LI =t al., 2017).

However, fish exposed to DEH were unable to reproduce, which may
impair the perpetuation of the species and canse a significant change in
the ecological balance. This infertility observed in DBH-exposed fish can
be explained by possible effects on cocytes, as already demoastrated in
other studies using DEH, where fish showed a d in the number of
cocytes, deformed and underdeveloped cocytes, and an increase in the
sumber of atretic oocytes (Kog and Akbulue, 2012). This may demon-
strate that DBH causes a delay in fish cogenesis. In addition, exposure to
DBH caused a decrease in fecundity (Coady et al., 2013).

In addition, exposure to other contaminants also impaired their

ability. Initial expasire to bisphenol A (BPA) or 17a-

ation, showing a gr P aver g tions (Mhandari
< al., 2015). Fish exposed to {a)pyren (B-P)h-dﬁewegp.l
lower fertilization rate, and d dh g (Gao et al,
2014). Indeed, some endocrine-disrupti chemicals (EDCs) are

increasingly ciated with reproducts Mw
sex ratio shifts, reduced fertility, reprod tract akbs alities, and
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mwmw 20), and (D) heart rate (5) (N ~ 20). Sarvival rates and hasched oggs were compared using
d t-test and are expressed as mean = SEM (*F < 0.05).

P wse compared using the unp

jous pubesty in fish (Gh 2021). Therefore, the previously
WMdem&hmkﬂ!mhhu
of eggs in several reproduction trials.

Regarding transgenerational effects, earfy exposure of embryos and
larvae to GBH impaired the survival of FO larvae, as reported in our
previous study (Pompermaler e al, 2022). The same effect was
observed in larvae of the F1 generation, which also had changes in their
wmum&k\mwu-twb&llm
damage to the perpetuation of the sp as it reduces the ber of
individuals over generations. In addition, some studies have d

survival curves.

effect is the opposite of that observed in FO larvae and adult fish, which
were hyperactive and had impaired anti-predatory reactions. This
mdmwbynm-ﬁdmmdm
and exploration is harmful to the ies, as an und

bdunwpmhunddfa&emﬂdM(MumunL '(),J).
Therefore, the effects observed in F1 larvae represent a risk for the
species, as the animals may have difficulty finding mates and also
feading, and they might be maore susceptible to predation.

The larvae of the F1 generation of fish exposed to GHH were also

strated the effects of GBH exposure on other early developmental pa-
rameters, such as mortality (Webster et al | 201 4), premature hatching
(Liu et al., 2022), reduced heast rate (Gaur and Bhargava, 201%; L
al, 2022), pericardial and yolk sac edema, deficiency of the swim
bladder, and a shortened body length (Liu et al, 2022
wmwwdwm
we observed significant changes in the F1 gr b imal

uated for biochemical biomarkers because organophosphates can
change the activity of acetylcholinesterase (AChE). We verified
imcreased AChE activity, which may explain the behaviors observed in
mdunmmm-wu:hymu
muscle junctions and in the synaptic clefts of cholinergic

were calmer and less anxious as they ded sh and
mdwﬁmhmindxﬂmbo&hmmm.m

the choli xk:yud-end:einuuudpmdﬂhd:
synaptic cleft. In in d AChE activity
mdﬂhhwﬂ.wmu&bqof
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synapses, which can result in changes in behavior, th it
and I brain Theref tbedemd'uvdunbe
Wwwmmmmumm
and less anxious.

As for the first line of antioxidant defense (SOD and CAT), the larvae
of the F1 geseration, unlike FO larvae, showed an increase in SOD ac-
tivity and inhibition of CAT activity. As a firstline defense against
oxidative damage, the enzymes SOD and CAT (Ighadaro and Akinloye,
2010) play key roles in the bolism of reactive oxygen species (ROS)
that are harmful to the organism, transforming them into less toxic
compounds that the body can excrete. Changes in the levels of these
enzymes demanstrate that the antioxidant system can prevent oxidative
damage. Here, we showed that the activity of both enzymes was altered
in the F1 generation. The increase in SOD levels may indicate a possible
mechanism for GEH-induced oxidative stress. GHH interacts with cell

Conparatoe Mocherestry and Mhyaslegy, Pt € 262 (2022) 109457

tan

structures leads to

superoxide joa levels (Fanjon -.nd Jmdal, 2022). Many organophos-
anwwmmdﬂrh‘hdﬂdqfu

.4-.-__; ctioa and in ! Tl

lipophilic tissues and might y react to dysfanction of

mmmmm de ion and in

the tion of hydrogen p nother reactive but less taxic
jes. Therefore, we can hypothesize that GBH lates in the

hvd&mg-dcmudismwy due to the large
production of free radicals that i SOD activity, there is an exac-
Mmdmhuﬂl Mhﬂﬁsa‘l‘:ﬂﬂq(«guxln'
. 2020). As there was low sample size, btained
h“hhnﬁ@mmmmw
uncertainty regarding these results. Theref: is
when interpreting oar SOD and CAT results. However, this possible
Hmitation does not lessen the global relevance of our work, since data
about persistent and transgenerational effects of GHH and DBH are
scarce.

The changes in biochemical bé b d in the F1 genera-
donhvuuykd:hyb&ehehvhtddemohsmdhbo&
OFT and AST. The in d AChE iated with stress can
uudmmmnmm“dmm

PR

i eﬁu:toiﬁlllwﬂaem
utnho'd:ae.t arri d to future g
mwm«:d“ joral and biochemical

changes may also be explained by epigenetics, reinforcing our
epigenetic-based explanation of the p effects. A clear limitation
&mm&i“u&dmmmm&m&
adults. However, this does not lessen the merit and relevance of our
work since little is known about the effects of pesticides on different

erations of fish, especially regarding persistent and transgenera
dulle&dso-bduﬁaim

Altogether, our results suggest a serions impact caused by the initial
expasure of fish embryos and larvae to environmental concentrations of
pesticides, which can compromise the entire life of the animal and
subsequent To this end, we recall the 17 sustainable
development goals (SDGs) of the United Nations (UN) that aim to ensure
a balanced environment for future generations, setting the guarantee of
safe drinking water and sanitation (SDG 6) and conservation of life in
water (SDG 14) as specific goals. Therefore, the impacts of water

Mmhembdmdmmm&nmlﬁe
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5. CONCLUSOES

Aqui mostramos que a exposicdo ao glifosato afetou a geracao FO através da diminuicéo
da sobrevivéncia, causou hipermobilidade e comportamento ansiolitico, afetou negativamente
0 comportamento antipredatoério das larvas e aumentou a atividade da acetilcolinesterase. Na
fase adulta, os peixes expostos ao glifosato apresentaram hipermobilidade e sua reacéo
antipredatdria foi prejudicada, caracterizando um efeito persistente. As larvas da F1, dos peixes
expostos ao glifosato, tiveram alteragdes na sobrevivéncia e no comportamento, bem como
efeitos na atividade da AChE e enzimas antioxidantes, caracterizando um efeito
transgeracional.

A exposicao ao 2,4-D causou ligeira hipermobilidade nas larvas da geracdo FO e aumento
da atividade da acetilcolinesterase. Na fase adulta, 0s peixes nao apresentaram persisténcia dos
efeitos observados na fase embrionaria e larval, porém, eles ndo foram capazes de se reproduzir,
0 que demonstra que a exposicao afetou a perpetuacao da espécie.

Essas alteragdes observadas nos animais expostos ao glifosato e ao 2,4-D (Quadro 2) onde
foi possivel observar efeito em todas as fases dos animais podem comprometer a perpetuacdo
da espécie, a busca por parceiros/alimentos e facilitar a acdo de predadores, o que pode resultar

em graves desequilibrios ecoldgicos e comprometer a sobrevivéncia da espécie.

Quadro 2: Efeitos da exposicao ao glifosato e 2,4-D em peixes-zebra

Substancia Fase da vida Efeitos

Diminuicdo da sobrevivéncia, hipermobilidade,

Embrionaria e larval comportamento ansiolitico, prejuizo no
comportamento anti-predatorio e aumento da
AChE
Glifosato Adulta Hipermobilidade e reacéo anti-predatoria
prejudicada.
Embrionaria e larval — F1 Prejuizo na sobrevivéncia, alteragdes

comportamentais, aumento da AChE e SOD e
inibicdo da AChE

Embrionaria e larval Ligeira hipermobilidade e aumento da AChE

24-D Adulta Nao reproduziram




48

6. CONSIDERACOES FINAIS

A contaminacdo da agua por residuos de agrotoxicos € uma realidade e os efeitos nos
organismos ndo-alvo vem sendo investigados cada dia mais. De acordo com os resultados
demonstrados nessa tese de doutorado podemos evidenciar que uma exposi¢ao na janela inicial
da vida animal desencadeia uma série de efeitos ao longo da sua vida, com prejuizos na sua
sobrevivéncia, mudancas no seu comportamento e alteracfes fisiologicas, o que pode
comprometer toda a sua sobrevivéncia e a perpetuacédo da espécie.

Em conjunto nossos resultados acendem um alerta sobre as consequéncias dessas
contaminag0es, pois mesmo um derrame acidental pode impactar toda a vida do animal e até
mesmo as suas proximas geracoes e isso pode acontecer sem que seja notada a presenca desse
composto no corpo d’agua ou em concentragdes que sao permitidas pela lei.

Por mais que medidas mitigatorias sejam adotadas para que se controle a disposicéo e
presenca desses compostos na dgua os efeitos das contaminacgdes poderdo ser observados por
longos periodos. Por isso é de fundamental importancia que solugdes mais sustentaveis sejam
pensadas e propostas para podermos atingir a producdo das monoculturas sem causar tanto

impacto para o0 ambiente e para as espécies ndo-alvo.
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subfilo Vertebrata (exceto humanos) para fins de Pesquisa, encontra-se de acordo com os preceitos da
Lei n® 11.794 de 8 de outubro de 2008, do Decreto n°® 6.899 de 15 de julho de 2009, e com as normas
editadas pelo Conselho Nacional de Controle de Experimentacio Animal (CONCEA), e foi aprovada
pela COMISSAO DE ETICA NO USO DE ANIMAIS DA UNIVERSIDADE DE PASSO FUNDO (CEUA-
UPF) em reunido de 21/10/2020.

Finalidade- Pesquisa

Espéciefinhagem/raga: Danio Rerio (Peixe zebra)

Pesafidade: 0.5g N° de animais: 1200

Sexo: Machos e Fémeas

Origem: Laboratorio de Fisiologia de Peixes da FAMV

M:mmmmmhthm,mmmmmtm,
apicagaodrehpmmtmledemtﬁhs thlmwpebsmmnﬂm&égmNoM
mmmmmnawmmmmmmmmamm
ainda pouco elucidados. O peixe-zebra apresenta muitas vantagens como embrides ranslucidos, rapido desenvolvimento e
custos mais baixos de manutengdo e por isso, vmnsendowﬁadohqanu&mesmdndoseﬁem:sdosm
mmom*memwewWamnmm
sobre as relagdes interespeciicas em peixe-zebra, os MWmaizadosmmamderdogaéPm
do Hospital Veterinano, da Faculdade de Agronomia e Medicina Veterinana (FAMV), na Universidade de Passo Fundo (UPF),
campus Passo Fundo. OmmnmgmmwmwdeaosmyMeZ+
D, e acompanhamenio do seu desenvolvimenio inicial com andlises dos padrbes de mortalidade e eciosdo, movimentagdo
mmmemﬁsmmwummmmuummmm
consiste em analisar o efeito persisiente sofrido por esses animais expostos. Os pexes, quando adulios, serao submetidos
30s tesies do tanque novo e do estimuo predatonio, m&sefaavﬁbseoefebdammgaopemstenafaseaih
dos animais expostos quando embrides. Estes mesmos animais, apos 3 maturagdo sexual, serdo reproduzidos para dor
origem a F1, onde serdo realzados os mesmos iestes da FO, para verificar se os animais demonstram efeitos
transgeracionas. A hipotese a ser testada pelo presente projeto & que os principais agrotoxicos uiilizados na dasse dos
hericidas, prejudicam o desenvolvimento inicial do peixe-zebra e tem efeitos que s3o persisientes e transgeracionais.

_Passo Fundo, 26 de outubro de 2020.
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Prof; Qr iael Franﬁoloso
‘Coordenador CEUA /UPF
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