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RESUMO

Dissertacao de Mestrado
Programa de Pos-Graduacio em Bioexperimentacio
Universidade de Passo Fundo

EXPOSICAO EMBRIONARIA A GENISTEINA INDUZ COMPORTAMENTO
ANSIOLITICO E ANTISSOCIAL EM ZEBRAFISH: EFEITOS PERSISTENTES
ATE A FASE ADULTA

Autor: Aloma Santin Menegasso
Orientador: Luciana Grazziotin Rossato-Grando
Coorientador: Leonardo José Gil Barcellos
Passo Fundo, 16 de dezembro de 2020.
A genisteina ¢ um fitoestrogeno presente em diversos alimentos e em maior abundancia
na soja e em seus derivados. Possui estrutura quimica semelhante ao estrogénio 17(-
estradiol e tem a capacidade de ligacdo nos mesmos receptores, desencadeando agao
estrogénica ou antiestrogénica dependendo do tecido alvo, concentragdo de estrogenos
endogenos e numero de receptores livres. Por ser uma substancia desreguladora
endocrina, pode trazer prejuizos ao sistema reprodutor, tanto em humanos quanto em
animais. O principal objetivo deste trabalho foi elucidar os efeitos que a genisteina, em
concentragdes similares as encontradas em efluentes, gera no comportamento € na
diferenciacdo sexual de peixes expostos durante o periodo embrionario. Os efeitos da
exposicao embrionaria foram avaliados na fase larval e na fase adulta. Ovos de
zebrafish foram expostos durante as primeiras 72 horas pods-fecundagdo (hpf) a 3
diferentes concentragdes de genisteina: 10ug/L, 40pg/L e 80ug/L. As 48hpf foi
realizada a verificacdo da frequéncia cardiaca (BPM) e durante as primeiras 72hpf foi
realizada a taxa de mortalidade. Os testes comportamentais claro-escuro € campo novo
foram aplicados nas larvas no 6dpf, e os testes tanque novo, preferéncia social e claro-
escuro nos peixes adultos no 90dpf. A sexagem foi realizada apos realizagdo dos testes
comportamentais (90dpf). A exposicdo embriondria a genisteina causou um
comportamento tipo-ansiolitico tanto em larvas quanto na fase adulta. Na fase adulta
observamos um aumento na atividade locomotora e um comportamento antissocial na
concentracdo de 40ug/L. Houve um aumento na taxa de mortalidade, nas concentragdes
de 10, 40 e 80ug/L quando comparados com o controle e houve um aumento na
frequéncia cardiaca na concentragdao de 80pg/L. A exposicao a 10ug/L apresentou uma
maior frequéncia de fémeas quando comparado a frequéncia encontrada nos controles.

Nossos resultados evidenciam que a exposi¢ao a genisteina durante a fase embrionaria
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traz prejuizos a curto e longo prazo uma vez que aumenta a taxa de mortalidade e leva a
disturbios de comportamento tanto na fase larval quanto na fase adulta. O efeito tipo-
ansiolitico e a menor interagdo social sao efeitos que trazem prejuizo a sobrevivéncia,
devido a perda de nocdo de predador, afetando o desempenho social e

consequentemente a busca por alimentos e a reprodu¢do dos peixes.

Palavras-chave: Fitoestrogenos. Genisteina. Isoflavonas. Comportamento. Zebrafish.
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ABSTRACT

Master’s Dissertation
Programa de Pés-Graduacio em Bioexperimentacio
Universidade de Passo Fundo

EMBRYONIC EXPOSURE TO GENISTEIN INDUCES ANSIOLYTIC AND
ANTISOCIAL BEHAVIOR IN ZEBRAFISH: PERSISTENT EFFECTS UNTIL
ADULT STAGE

Author: Aloma Santin Menegasso
Advisor: Luciana Grazziotin Rossato-Grando
Coadvisor: Leonardo José Gil Barcellos
Passo Fundo, 16 de dezembro de 2020.

Genistein is a phytoestrogen present in several food and in bigger abundance in soybean
and its derivatives. It has a chemical structure similar to 17f-estradiol and has the
ability to bind to the same receptors, triggering estrogenic or antiestrogenic action
depending on the target tissue, concentration of endogenous estrogens and number of
free receptors. Because it is an endocrine disrupting substance, it may cause damage to
the reproductive system, both in humans and animals. The main objective of this work
was to elucidate the effects that genistein, in similar concentrations found in effluents,
causes in behavior and sexual differentiation of fish exposed during the embryonic
period. The effects of embryonic exposure were evaluated in the larval stage and in
adult stage. Zebrafish eggs were exposed during the first 72 hours post-fertilization
(hpf) to 3 different concentrations of genistein: 10ug/L, 40ug/L e 80ug/L. At 48hpf, the
heart rate was checked (BPM) and during the first 72hpf, the mortality rate was
performed. The light/dark and open field behavioral test were applied to the larvae at 6
day post-fertilization (dpf), and the novel tank, social preference and light/dark tests to
adult fish at 90dpf. Sexing was performed after conducting behavioral tests (90dpf).
Embryonic exposure to genistein caused anxiolytic-like behavior both in larvae and in
adult stages. In adult stages, we observed an increasing in locomotor activity and
antisocial behavior in concentration of 40ug/L. There was an increase in mortality rate,
in concentrations of 10, 40 and 80ug/L when compared to the control and there was an
increase in heart rate at the dosage of 80pg/L. Exposure to 10pug/L presented a higher
rate in females when compared to the rate found in controls. Our results show that
exposure to genistein during embryonic phase brings short and long term damages as it
increases mortality rate and leads to behavioral disorder both in the larval and adult
stages. The anxiolytic-like effect and less social interaction are effects that harm
survival, due to the loss of notion of predator, affecting social performance and,
therefore, the search for food and the reproduction of fish.

Key-words: Phytoestrogens. Genistein. Isoflavones. Behavior. Zebrafish.
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1. INTRODUCAO

A soja e os demais alimentos derivados possuem alto teor de proteina e
gordura e baixo teor de carboidratos, o que a difere de outras leguminosas, sendo esse
um dos motivos do seu consumo ser alto na dieta vegetariana e asiatica. Possui em sua
composi¢ao as isoflavonas (1), que sdo biosintetizadas em varios tipos de plantas como,
por exemplo, no trevo vermelho, feijao vermelho, broto de feijdo mungo, feijao
marinho, araruta japonesa (Kudzu), porém encontrando-se de forma mais abundante na
soja (2).

Das isoflavonas, as mais utilizadas como suplementacdo alimentar sdo a
genisteina e a daidzeina. Estruturalmente ambas sdo similares ao estrogénio 17f3-
estradiol e podem se ligar aos seus receptores, porém a genisteina possui uma afinidade
e potencial de ligacdo superior (3).

Uma substancia desreguladora enddcrina pode ser um composto natural ou
sintético com capacidade de alterar os sistemas homeostatico e hormonal, os quais
permitem que o organismo responda corretamente ao ambiente. A exposi¢do a um
desregulador endoécrino em diferentes fases da vida podem ter consequéncias muito
diferentes. A exposicao durante a fase inicial da vida (embrionaria) pode interferir nos
genes do individuo e determinar a propensdo de desenvolvimento de doengas ou
disfungdes na fase adulta (4).

Estudos mostram que tanto efluentes quanto reservatorios de agua tratada usada
para consumo humano apresentam substancias desreguladoras enddcrinas, entre elas o
estrogénio e a genisteina (fitoestrogeno)(5—7). As isoflavonas sdo um dos principais
compostos encontrados em efluentes, provenientes majoritariamente do escoamento
agricola (8). A exposi¢do embriondria a fitoestrogenos afeta a diferenciagdao sexual e o
comportamento de aves (9) e aumenta a apoptose por mecanismos independentes de
receptores estrogénicos em embrides de peixes (8). Porém, os efeitos deste padrdo de
exposicdo sobre o comportamento de peixes quando adultos ainda ndo foram
elucidados.

Considerando estes aspectos, esta dissertacdo teve como objetivo avaliar se a
exposicao embriondria a genisteina provoca alteragcdes comportamentais na fase larval e
na fase adulta, e/ou a feminilizagdo em zebrafish. A presente dissertacado encontra-se
dividida em introdugdo, revisdo de literatura abordando os principais aspectos do

fitoestrogeno genisteina, riscos e beneficios, além de dados sobre sua presenca em
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efluentes. Os resultados obtidos estdo apresentados no capitulo 1 em forma de artigo
cientifico intitulado: Embryonic Exposure to Genistein Induces Ansiolytic and
Antisocial Behavior in Zebrafish: Persistent Effects Until Adult Stage,
o qual sera submetido ao periddico Archives of toxicology. Por fim apresentamos as

conclusodes do estudo, as consideragdes finais e as referéncias bibliograficas.
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2. REVISAO DE LITERATURA

Os fitoestrogénios sdo polifendis naturais nao esteroidais estruturalmente
similares ao estrogénio 17f-estradiol (Figura 1) (10). Possuem, portanto, a capacidade
de desencadear atividade estrogénica e dependendo do tecido, dos receptores e da
concentracdo de estrogenos endogenos circulantes, essa atividade sera agonista ou

antagonista (11).

Figura 1: Estrutura quimica 17B-estradiol.

CH, OH

HO

Fonte: (12).

Durante os ultimos anos, os fitoestrogenos, em especial a genisteina, entraram
em evidéncia na area de pesquisa e saude devido aos seus potenciais efeitos benéficos,
entre eles: o alivio dos sintomas da menopausa, prevencao da osteoporose, melhora na
saude cardiovascular, diminui¢do do risco de diabetes, reducdo dos distarbios
neuroldgicos, prevenc¢do de canceres incluindo cancer de mama e endometrial (13).

A soja e seus derivados possuem uma grande quantidade de isoflavonas e a mais
abundante ¢ a genisteina (Figura 2) (14). Seus efeitos estrogénicos sao amplamente
reconhecidos tanto em animais quanto em seres humanos e atingem o sistema
reprodutivo, neurologico, bem como o desenvolvimento celular (15), sendo classificada
como um fitoestrogeno.

A capacidade da genisteina, em alguns casos de simular a atividade do horménio

17f-estradiol e em algumas células ter o efeito contrario, a classifica como Modulador

Seletivo de Receptores de Estrogénio (MSRE) (10).
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Figura 2: Estrutura quimica da genisteina.

HO O

OH O
OH

Fonte: (12).

A genisteina (5,7-dihydroxy-3-(4-hydroxyphenyl)-4-benzopyrone) tem uma
estrutura difenol, com distancia entre os grupos OH nos lados opostos da molécula
semelhantes aol7f-estradiol, o que a torna capaz de se ligar aos subtipos de receptores
de estrogénio alfa e beta. Sua formula molecular é: C15H1005, possui peso molecular
de 270,24g/mol, ponto de fusdo: 297-298°C, possui solubilidade em: dimetilsulfoxido
(DMSO), praticamente insolivel em agua, se apresenta como um pd esbranquicado a
levemente amarelado, sensivel a luz (16,17).

A ligacao do fitoestrégeno com o receptor celular ird depender da concentracao
de estrogenos endogenos, ou seja, quando a concentragao de estrogeno endogeno estiver
baixa, como por exemplo na menopausa ou na infincia, haverd mais receptores livres
para que ocorra a ligagdo com os fitoestrogenos consumidos, como por exemplo, a
genisteina (18). Assim, as isoflavonas podem desregular o sistema enddcrino, gerando
uma ameaga ao sistema reprodutivo masculino (19). Recentemente nosso grupo de
pesquisa demonstrou este efeito em ratos machos expostos a uma dieta rica em leite de
soja durante todo o periodo pré-pubertal. Esta dieta causou uma diminuicdo da
testosterona e na qualidade dos espermatozoides quando os animais atingiram a
adolescéncia (20).

A exposicdo neonatal a genisteina afeta negativamente também o sistema
reprodutor feminino de ratos, comprometendo a resposta uterina a estimulos hormonais,
levando a falha na implantacao fetal e infertilidade (21).

O estrogénio possui variadas fungdes fisioldgicas no organismo, as mais comuns
sdo: desenvolver caracteristicas sexuais secundarias, regulacdo da secrecdo de

gonadotrofina para ovula¢do, manutencdo da massa Ossea, regulacdo da sintese de
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lipoproteinas, regulacdo da resposta a insulina, manutencdo de fungdes cognitivas, entre
outros. Sabe-se que diversos tecidos possuem a capacidade de sintetizar estrogénio a
partir de hormdnio androgénico, em ambos os sexos (22). A enzima P450 aromatase faz
essa conversao (23). Os efeitos do estrogénio sao modulados através de dois diferentes
receptores (ER), ERa e ERB, ambos possuem afinidade similar a estrogénios naturais e
sintéticos, conforme descrito em estudos in vitro. Porém diferem na sua expressao
conforme localizacao nos tecidos. O ERa ¢ predominantemente expresso na mama,
utero, colo do tutero, vagina e varios outros 6rgdos alvo. J& o ERP possui uma menor
expressdo, € se encontra majoritariamente no ovario, prostata, testiculo, bago, pulmao,
hipotdlamo e timo. Quanto ao cérebro sdo expressos em maior ou menor quantidade
conforme regido cerebral (24).

Os mecanismos pelos quais o estrogénio age no cérebro ainda nao estdo
totalmente elucidados, porém pode se afimar que este hormonio ¢ capaz de modular
neurotransmissores como a serotonina, noroepinefrina ¢ dopamina (25).

A via de ligagdo do estrogénio pode ser intracelular ou extracelular. A via
intracelular pode envolver a area gendmica, de transcricdo de genes alvo, ou a ndo
genoOmica, que traduz rapidamente os sinais mediados por receptores ligados a
membrana. J4 a via extracelular envolve outros hormonios, citoquinas, fatores de
crescimento e a sinaliza¢do autdcrina ou pardcrina (26).

Além da atividade estrogénica, a genisteina pode atuar inibindo a proteina
tirosina quinase, modulando o sistema imunologico e através de atividade antioxidante.
(27,28). A tirosina quinase possui atividade em diversas vias de sinalizagdo celular,
incluindo transmissdes neuronais, modificando canais i0nicos e transportadores através
da fosforilacao da tirosina (29).

Substancias quimicas desreguladoras do sistema enddcrino presentes no meio
ambiente sdo uma preocupacado crescente. Essas substancias sao originadas de diferentes
fontes, como por exemplo, produtos industriais, pesticidas, residuo de medicamentos,
residuos de lavouras e promotores de crescimento (6,8). Em um estudo na Alemanha a
genisteina foi detectada em 60% das amostras de agua analisadas com uma
concentragdo média de 2,7ng/LL e maximo de 38ng/L. (30), em Portugal os niveis
encontrados dessa substancia foi de em média 230ng/L (31), nos EUA os niveis
detectados em um lago urbano foi de 1,4 +/- 0,5 ng/L e em efluentes de aguas residuais
tratadas de 1,6 +/- 0,4ng/L (32), em outro estudo também em Portugal foram

encontrados concentragdes que variam entre 96,3 a 135ng/L (33), no Canadd, em
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Ontario, foram encontradas concentragdes que variavam de 13,1pg/L a 10,5ug/L em
efluentes ndo tratados e tratados respectivamente, ou seja, a substancia permanecia em
concentragdes semelhantes mesmo apos o tratamento (7). No Japao em Osaka foram
detectados niveis médios de genisteina de 143.4pug/L (34). Em amostras de aguas
residuais provenientes da producdo de leite de soja, foram detectados 20ug/L e <lpg/L
em afluentes e efluentes respectivamente (35). Estudo realizado em reservatérios de
agua tratada usada para consumo humano na China demonstrou a presenca de outros
desreguladores endocrinos, como o 17f-estradiol, em todas as 23 fontes testadas (5).
Essas substincias possuem a capacidade de alterar as fungdes enddcrinas normais
levando, por exemplo, a feminilizagdo dos peixes em locais onde ha residuos
provenientes dos esgotos (36).

O zebrafish ¢ um dos modelos mais Uteis nas pesquisas genéticas, fenotipicas e
da influéncia de substincias quimicas devido a alta homologia do seu genoma com o
genoma humano (37). Esse peixe possui alta fecundidade, com capacidade de fertilizar
200 a 300 ovos, chegando a fase adulta em cerca de 90 dias. Permitem um estudo rapido
e econdmico quando comparado a outros modelos animais (38). As drogas ou
compostos a serem estudados podem ser adicionados diretamente ao ambiente da agua
do zebrafish, facilitando a manipulagdo (37). Para estudos de exposi¢do embrionaria &
considerado um dos melhores modelos devido a sua alta sensibilidade. Além disso, o
embrido de zebrafish tem inigualdvel clareza oOptica, permitindo o rastreamento visual
de destinos de células individuais ao longo da organogénese (38).

O zebrafish ¢ um organismo modelo cada vez mais utilizado para estudar
mecanismos fisiologicos, genéticos e neurobioldgicos, além de ser amplamente
utilizado para rastreio de medicamentos, devido a sua fenotipagem
neurocomportamental quanto a ansiedade e estresse (39). Sdo altamente sensiveis a
estressores ambientais, que variam desde a exposi¢do a predadores, a feromdnios de
alarme, ambientes novos, exposi¢ao a drogas ou a sua retirada. Podem ser utilizados em
estudos de exposi¢cdo aguda ou cronica tanto na fase larval como no estagio adulto com

a mesma validade (40,41).
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Abstract

Genistein is a phytoestrogen, similar to 17f-estradiol. It is present in plants, food, and
as a contaminant in effluents. In this article, we demonstrate the ecotoxicity of
embryonic exposure to three different concentrations of genistein, similar to those found
in effluents: 10pug/L, 40ug/L and 80pg/L. Zebrafish eggs were exposed during the first
72 hours post-fertilization (hpf). At 48hpf the heart rate was evaluated and during the
first 72hpf the mortality rate was performed. The light/dark (LDT) and open field (OPT)
behavioral tests were applied to the larvae (6dpf), and the novel tank (NTT), social
preference (SPT), light-dark (LDT) and sexing tests were performed on adult fish
(90dpf). Embryonic exposure to genistein caused anxiolytic-like behavior in both larvae
and adult animals. In adult stage we observed an increase in locomotor activity and
antisocial behavior in the concentration of 40ug/L. There was an increase in the
mortality rate in all concentrations when compared to the control and also an increase in
heart rate at the concentration of 80ug/L. Exposure to 10ug/L generated a higher
frequency of females when compared to the control group. Our results show that
exposure to genistein during the embryonic phase brings damage in short and long term
as it increases the mortality rate and leads to behavioral disorders both in the larval
stage, with perpetuation until adult stage. The anxiolytic-like effect and less social

interaction are effects that harm fish survival.

Keywords: Phytoestrogens. Genistein. Isoflavones. Behavior. Zebrafish.
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1. Introduction

Phytoestrogens are a group of substances naturally present in several types of
plants. Genistein is an example of these phytoestrogens, abundantly present in soybeans
and its derivatives (McClain et al. 2007). It has a chemical structure and molecular
weight very similar to those of steroidal hormone 17f-estradiol and bind to the same
receptors, mimicking its functions in the organism (Meza et al. 2015). They can also
establish antiestrogenic action, depending on concentration of circulating endogenous

estrogens, free receptors and target tissue (Gaffer et al. 2018).

Benefits of consuming genistein have already been described, such as the relief
of menopausal symptoms, the prevention of osteoporosis, the improvement of
cardiovascular health, the reduction of the risk of diabetes, the reduction of neurological
disorders and the prevention of cancers (Van Duursen 2017; Mukund et al. 2017,
Spagnuolo et al. 2015; Weng et al. 2019). However, genistein is also considered an
endocrine disruptor (Lintelmann et al. 2003). Its presence as contaminant in effluents
and water for human consumption has already been described (Sassi-Messai et al. 2009;
Rearick et al. 2014). In Germany, genistein was detected in 60% of the analyzed water
samples with an average concentration between 2,7ng/L e 38ng/L (Spengler et al.
2001). In Portugal, there are records of levels ranging from 96 to 230ng/L (Ribeiro et
al.2016; Rocha et al. 2013). In wastewater samples from soy milk production or close to
soy plantations the level of these contaminants are higher (20ug/L) (Ferrer et al. 2009).
In Japan, in industrial and agricultural regions, average genistein levels of 143.4ug/L
were detected (Kawanishi et al. 2004). Conventional treatment of effluents is not
effective in removing these residues, as demonstrated in a study in Ontario, Canada,
where concentrations ranging from 10,5ug/L to 13,1pg/L were found in untreated and
treated effluents respectively (Kiparissis et al. 2001).

The impact of embryonic fish exposure to genistein residues remains unknown.
The present work aims to assess the effects of embryonic exposure to genistein residue,

in concentrations already described in the environment, both in larvae and in adult fish.



2. Materials and Methods

2.1 Study strategy
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To assess the effects of genistein, zebrafish was exposed during the embryonic

period, that is, in the first 72 hours post-fertilization (hpf) at the following

concentrations: 10ug/L, 40pg/L and 80ug/L. The concentrations chosen were based on

those already found in effluents (Ferrer et al. 2009; Kawanishi et al. 2004; Kiparissis et
al. 2001; Sassi-Messai et al. 2009). After hatching the eggs, open field and light/dark

behavioral tests were performed with the larvae at 6 dpf. Mortality rate and heart rate

(beats per minute — BPM) were also assessed. After ninety days, in adult stage,

behavioral tests novel tank, light/dark and social preference were performed, followed

by euthanasia and sexing to determine the frequency of female and male fish. All the

tests were equally performed in the control group (unexposed). The methodology is

outlined in Figures 1 e 2.

[ 110pg/L, 40pg/L, 80pg/L
Control — not exposed

Exposure to genistein

(for 72h) Growth period
L ] ] ] ]
I 1 1 ! —>
Spawning 49 72 6 Light/D.ark Test 90 Sexing
hpf  hpf dpf Open Field Test dpf
Heart rate Light/Dark Test

Mortality rate

Figure 1: Experimental design.

Novel Tank Test
Social Preference Test
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Figure 2: Methodological flowchart.

2.2 Animals and maintenance conditions

Adult male and female zebrafish (Danio rerio) were placed in breeding tanks
specifically designed to prevent predation of eggs, separating adult animals from eggs
with the aid of a grid with a 1 x 1 mesh inside each breeding tank. Adult animals were
removed and the fertilized eggs were collected by siphoning (Spence et al. 2007; Buske
and Gerlai 2012). Afterwards, fertilized eggs were transferred to cell culture plates. The
plates were kept in an incubator at 28°C +/- 2°C and monitored daily. Unfertilized and
dead eggs were identified and removed. Were kept in the environment: reverse osmosis
water, oxygen concentrations at 6.2 £ 0.4 mg/L, pH 7.0 = 0.25, with natural photo
period (14h light, 10h dark), they were fed twice a day (Avdesh et al. 2012).

2.3 Drug and concentrations

The embryos were divided into four (300 by group), one being a negative
control group (unexposed to genistein), and the other three groups exposed to genistein,
with the chosen concentrations based on those found in effluents: 10pg/L, 40png/L,
80ug/L (Ferrer et al. 2009; Kawanishi et al. 2004; Kiparissis et al. 2001; Sassi-Messai et
al. 2009). The drug (genistein) was added directly to the water, without adding solvents.
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2.4 Embryonic evaluations

The classification of “hatched eggs” were to those that had exposure of all or
most of the tail present (Kimmel et al. 1995). The mortality rate was calculated to
reflect the ratio of dead to living embryos/larvae. Non-transparent, coagulated embryos,
with no formation of somites and with no cardiac movement and blood circulation were
considered dead embryos. Furthermore, the absence of reflexive response to stimuli or
unborn eggs after 72 hours were also considered dead (Kimmel et al. 1995).

The heart rate was assessed in all groups at 49hpf. Four embryos, randomly
selected, were assessed per group and they were tested twice. The counting of the
heartbeat was performed in 1 minute (min) using a stereomicroscopic (Kimmel et al.

1995; Kalichak et al. 2016).

2.5 Evaluation of behavior parameters

Behavioral tests were performed on the animals in larval and adult stages. The
tests performed in larval stage (at 6dpf) were: open field (OFT) and light-dark (LDT), to
evaluate parameters of locomotion and anxiety. In survival animals in adult stage (90
dpf) the performed tests were: novel tank (NTT), social preference (SPT) and light-dark
(LDT), to assess parameters of locomotion, anxiety and response to social stimulus.
After each test, the water in the apparatus was completely changed, to receive the new
individual to be tested (Colwill and Creton 2011; Dametto et al. 2018; Kalueff 2017;
Kalichak et al. 2017; Kysil et al. 2017; Maximino et al. 2010; Magno et al. 2015;
Steenbergen et al. 2011).

2.5.1 Open Field Test (larval phase)

To perform the open field test, 15 larvae were used per group. Individually
placed in 10mL wells, the larvae were filmed for 6 minutes, with Canon EOS Rebel T5
Lens Macro EF 100mm cameras, according to Figure 2. The test was divided between
initial phase (0 to 3min) and final phase (3 to 6min). In the videos, the well was
virtually divided into a central and peripheral area (Colwill and Creton 2011). The

distance travelled in the peripheral area, latency to enter the peripheral area, time in the
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central area and entries in the central area were analyzed using the ANY-maze software

(Kalichak et al. 2017; Kysil et al. 2017).

2.5.2 Light-Dark Test (larval phase)

It was used a 6-well cell culture plate, as shown in Figure 2. One well (5mL)
was divided between a dark zone (black) and a light zone (white). 15 larvae (6dpf) per
group were placed in the testing area and individually filmed for 12 minutes
(Steenbergen et al. 2011).

The permanency time in the light zone, the number of entries, the distance
traveled and the absolute turn angle were evaluated using ANY -maze software. The test
was divided between initial phase (0 to 6min) and final phase (6 to 12 min) (Kysil et al.
2017; Steenbergen et al. 2011).

2.5.3 Novel Tank Test and Social Preference test (adult stage)

Novel tank and social preference were performed concomitantly, with twelve
individuals per group. First, the novel tank test was applied. Each fish individually
placed in a tank (24x8x20cm, length, width and height), the sides were covered with an
opaque partition according to Figure 2, and each fish was filmed for 6 minutes. The
parameters analyzed using ANY-maze software were: total distance, number of
crossings, absolute turn angle, time spent in the upper zone, number of entries and
latency for the first entry in the upper zone, time spent in the lower zone and time of
immobility (Dametto et al. 2018; Kalueff 2017; Kirsten et al. 2018; Saverino and Gerlai
2008). After 6 minutes of test, the partition between the tanks were removed to being
the social preference test. One of the sides of the apparatus was filled with water, with
no fish, and on the other side of the apparatus 10 adult fish were placed without sex
specification. The behavior of each fish was filmed for 1 minute, individually. The
parameters analyzed using ANY-maze software were: total distance, number of
crossings, absolute turn angle, time spent in isolation zone, latency for the first entry in
the interaction zone, time and number of entries in the social interaction zone (Dametto

et al. 2018; Kalueff 2017; Kirsten et al. 2018; Kysil et al. 2017).
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2.5.4 Light/Dark Test (adult stage)

To perform the light-dark behavioral test, the apparatus described in Figure 2
was used, a glass tank (15 cm x 10 cm x 45 cm, height x width % length) divided
equally into two parts, one-half white and one-half black, both the walls and the bottom.
The tank contained two central separations linked together, each separation with the
color of the tank where it sits, creating a central compartment of 15 cm % 10 cm x 10
cm. 12 adult fish per group were individually filmed for 7 minutes. In the first minute,
individuals were in the central containment area for adaptation, after this area was
opened and they remained in the test for another 6 minutes (Maximino et al. 2010;
Magno et al. 2015).

The permanency time in the light zone, number of entries and latency for the
entry in the light zone, total distance traveled, absolute turn angle and number of

rotations were evaluated using ANY-maze software (Kysil et al. 2017).

2.6 Euthanasia

After behavioral tests, all fish in the study were euthanized. First, they were
transferred to a container with water at a temperature close to 0°C in order to
anesthetize them. After, the spinal cord dislocation was performed (Matthews and

Varga 2012).

2.7 Sexing

After euthanasia, an analysis of the sexual differentiation of the animals was
performed, through dissection and morphological visualization of the reproductive

organs, the presence of testicles (male) or ovaries (females) (Yossa et al. 2013).

2.8 Statistical analysis

The results were evaluated for data distribution using the Shapiro-Wilk test.

Parametric data were compared using ANOVA followed by Dunnet’s test.

Nonparametric data were compared by Kruskal-Wallis followed by Dunn'’s test. Sexing
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was performed by analyzing the frequency and comparisons using Binomial test. The

groups will be considered different when p<0.05.

3. Results

3.1 Behavior parameters

3.1.1 Embryonic exposure to genistein causes anxiolytic-like behavior in
both the larval and adult stages

Larvae (6 dpf) exposed to 10pg/L and 80pug/L entered a bigger number of times
in the light zone (Fig. 3B), where they spend less time than control animals (Fig. 3A).
The 80ug/L group traveled a greater distance when compared to the 40ug/L group (Fig.
3C), and had a greater absolute turn angle when compared to the group exposed to a
10pg/L (Fig. 3D).

Adult animals exposed to 40pg/L had an increase in the number of entries in the
light zone (Fig. 4B), traveled a greater distance (Fig. 4D) and showed a greater number
of rotations (Fig. 4F) when compared to the controls. The group exposed to 10ug/L
spent more time in the light zone (Fig. 4A), and both the 10ug/L and the 40pg/L had an
increase in latency to enter the light zone (Fig. 4C) and an increase in absolute turn

angle (Fig. 4E) when compared to the controls.
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Figure 3: Behavioral parameters of the light/dark test (larvae) in the control groups, 10ug/L,
40pg/L and 80pg/L. Time spent in the light zone (A), Number of entries in the light zone (B),
Distance traveled (C), Absolute turn angle (D). Data expressed as median + interquartile range,
analyzed by Kruskal-Wallis test followed by Dunn’s multiple comparison test. Different letters
indicate statistical difference at p <0.05.
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Figure 4: Behavioral parameters of the light-dark test (adults) in the control groups, 10ug/L
and 40pg/L. Time spent in the light zone (A), Number of entries in the light zone (B), Latency
to enter the light zone (C), Traveled distance (D), Absolute turn angle (E), Rotations (F). Data
expressed as median + interquartile range, analyzed by Kruskal-Wallis test followed by Dunn’s
multiple comparison test. Different letters indicate statistical difference at p <0.05.

Larvae exposed to 40ug/L had a longer latency time for the first entry into the
peripheral area, in the open field test, (Fig. 5D) and the larvae of the groups exposed to
40pg/L and 80pg/L remained longer in the central area compared to that exposed to
10ug/L (Fig. 5B). There was no significant difference between groups in the number of
entries in the central area (Fig. SA) and in the distance traveled in the peripheral area

(Fig. 5C).
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Figure 5: Behavioral parameters of the open field test of the larvae in the control groups,
10pg/L, 40pg/L and 80ug/L. Number of entries in the central area (A), Time spent in the
central area (B), Distance traveled in the peripheral area (C), Latency to the first entry in the
peripheral area (D). Data expressed as median + interquartile range, analyzed by Kruskal-
Wallis test followed by Dunn’s multiple comparison test. Different letters indicate statistical
difference at p <0.05.

3.1.2 Embryonic exposure to genistein induces antissocial behavior and

locomotor effect in adult stage

Adults exposed to 10pug/L had a higher number of crossings, in the novel tank
test, when compared to the control group (Fig. 6B), and a greater turn angle when
compared to the group exposed to 40ug/L (Fig. 6D). Other parameters showed no

significant difference.
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Figure 6: Behavioral parameters of the novel tank test in adults in control groups 10ug/L and 40pg/L.
Total distance (A), Number of crossings (B), Time immobile (C), Absolute turn angle (D), Time in the
upper zone (E), Number of entries in the upper zone (F), Latency for entry to the upper zone (G) and
Time spent in the lower zone (H). Data expressed as median + interquartile range, analyzed by Kruskal-
Wallis test followed by Dunn’s multiple comparison test. Different letters indicate statistical difference at

p <0.05.
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The group exposed to 40pg/L showed a longer latency time, in the social
preference test, to enter the interaction zone (Fig. 7A), spent less time in the interaction
zone and more time in isolation (Fig. 7D) and had a greater number of crossings
between zones (Fig. 7F) when compared to the other groups. When compared to the
10pg/L groups, animals exposed to 40ug/L entered the interaction zone more often (Fig.
7B), (Fig. 7C). As for the absolute turn angle, the group exposed to 10ug/L had a higher
rate compared to the other groups. (Fig. 7G). There was no significant difference

between groups in the total distance traveled (Fig. 7E).
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Figure 7: Behavioral parameters of the social preference test in the control groups, 10pug/L and 40pg/L.
Time in the interaction zone (A), Number of entries in the interaction zone (B), Latency to enter the
interaction zone (C), Time in isolation zone (D), Total distance (E), Number of crossings (F), Absolute
turn angle (G). In panels A and E, data were expressed as mean + SEM, and analyzed by One-way Anova
followed by Dunnet’s multiple comparison test; while on panels B, C, D, F and G as median +
interquartile range, analyzed by Kruskal-Wallis test followed by Dunn’s multiple comparison test.
Different letters indicate statistical difference at p <0.05.
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3.2 Embryonic exposure to genistein increases heart rate and mortality

The larvae in the group exposed to 80ug/L showed an increase in the number of

heart beats per minute compared to the control, as shown in Figure 8.

200+

150+

100+

50-

Heart rate (beats/min)

Control 10,g/L 40 ,g/L 80 g/l

L] | |
Genistein

Figure 8: Heart rate in the larvae (49 hpf) exposed to 10ug/L, 40pg/L and 80ug/L. Data
expressed as median * interquartile range, analyzed by Kruskal-Wallis test followed by
Dunn’s multiple comparison test. Different letters indicate statistical difference at p <0.05.

The groups exposed to genistein had a decrease in the percentage of survival
(Fig.9), with the highest concentration tested (80ug/L) having the highest mortality rate

and no survivors beyond 10 dpf.
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Figure 9: Percentage of survival in the control groups, 10ug/L, 40pg/L and 80pug/L. Data
expressed as a percentage of living animals and analyzed by Mantel-Cox test. Asterisks
indicate that the specific mortality curve of exposed embryos is different from the control

embryo curve (p <0.05).

3.3 Embryonic exposure to genistein and increased frequency of females

At the concentration of 10ug/L there was a significant increase in the frequency

of females (52.63%) when compared to the frequency observed in the control group

(16.67%). This difference was not significant in the group exposed to the concentration

of 40 pg/L (8.33% of females).

Table 1: Analysis of sexing in control groups, 10nug/L and 40pg/L.

SEXING (after 90dpf)
Control 10pg/L 40pg/L
n=12 n=19 n=24
Number of males 10 9 22
Number of females 2 10 2
Percentage of males 83,33% 47,36% 91,67%
Percentage of females 16,67% 52,63% 8,33%
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Table 1 shows a compilation of the results obtained in larval and adult stages,
emphasizing that in the adult stages there is no group exposed to 80pg/L, as they did not
survive beyond 10dpf.

Table 2: Summary of zebrafish responses to genistein.

Genistein 10 pg/L | 40 pg/L | 80 pg/L

Embryonic Evaluations

Heart Rate

Percent survivors

Behavioral Parameters (larval phase)

Anxiety

Locomotors effect

Behavioral Parameters (adult stage)

Anxiety T
Social Behavior T
Locomotors Effect T

Sexual Differentiation

IR

Number of females x males

Legend:

t — No survivors on adult stage

4. Discussion

Here we show that embryonic exposure to genistein residues alters important
aspects of behavior in the larval phase, effects that persist until the adult phase of fish.
After embryonic exposure to concentrations of 10pg/L and 80ug/L, the larvae showed
an anxiolytic pattern. When the animals reached adult stage, the anxiolytic-like behavior
persisted and, in fish that had been exposed to 40ug/L, an effect was verified that can be

classified as antisocial behavior (more time in the isolation zone). In addition,
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embryonic exposure to genistein caused hypermotility in fish as adults. Embryonic
exposure to genistein residues also caused an increase in the dose-dependent mortality
rate, an increase in the frequency of females (exposure to 10 ug/L) and an increase in
heart rate in individuals exposed to 80pg/L.

Anxiolytic-like effects were observed both in the larval and adult stages of
embryos previously exposed to genistein in the light-dark test. In the larval phase,
individuals remained and entered a greater number of times in the dark zone, which
symbolizes the shadow of a predator. Adult individuals, on the other hand, entered
and/or stayed longer in the light zone and the expected normal pattern is that adult
animals prefer the bottom and dark zones (scototaxis) where they are less visible to
possible predators (Kysil et al. 2017; Stewart et al. 2011; Maximino et al. 2010). This
anxiolytic-like behavior was also observed in the open field test in the larval stage,
where the larvae exposed to 40pg/L and 80pg/L remained most of the time in the
central area, an unusual behavior, since the animals tend to remain in the periphery
(thigmotaxis) (Collier et al. 2017; Stewart et al. 2012). The preference of these
organisms for dark environments, instead of bright and light places, is due to a defense
mechanism, where the zebrafish seeks to explore the substrate by camouflaging itself in
the place and thus avoiding potential predators. Such behavior can represent anxiety or
fear (Blaser and Gerlai 2006; Maximino et al. 2010). These innate mechanisms are
important in maintaining the survival of these animals. In exposure to novelty, as in the
novel tank and open field tests, the animals have an anxious behavior response,
preferring to stay on the periphery and at the bottom, away from the surface where there
is greater exposure to predators, an essential mechanism for the survival of the species
(Colwill and Creton 2011; Egan et al. 2009; Maximino et al. 2010).

Anxiolytic effects like the one found in this study have also been reported in
studies with rats, where genistein had an effect similar to 17f-estradiol, acting on ERf
receptors (Rodriguez-Landa et al. 2017). Genistein as well as estrogen can modulate
serotonin receptors, generating an anxiolytic effect (Toyohira et al. 2009). There is an
interaction between estrogen and serotonin in brain regions involved mainly in mood
and cognition (Amin et al. 2005).

When fish from embryos exposed to genistein (40ug/L) reached adult phase,
they showed impairment in social behavior, which can even be classified as antisocial
behavior, since the fish remained significantly longer in the isolation zone. In fact, the

zebrafish is an extremely sociable animal that lives in schools, as a protective strategy
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against predators, better detection of food and of partners (Orger and Polavieja 2017,
Saverino and Gerlai 2008). The isolation behavior observed in fish exposed to genistein
is another damage to their survival and reproduction.

Adult animals also expressed hipermotility. This effect may be related to the
interaction with noradrenaline receptors, causing an excitatory brain response (Toyohira
et al. 2009).

The threats to the survival of aquatic organisms were most evident in mortality
studies. Larvae exposed to higher concentration (80ug/L) showed an increase in heart
rate and there was a decrease in the percentage of dose dependent survival, indicating
toxicity. These findings are consistent with teratogenicity, increased mortality,
pericardial edema, among other effects (Kim et al. 2009). ). Similarly elevated levels of
genistein in urine have also been linked to cardiovascular problems and increased
mortality in humans (Marcelo et al. 2019). Besides that genistein has the capacity to
increase dose-dependent cell apoptosis, through different mechanisms not yet fully
elucidated (Sarasquete et al. 2018).

We evidenced an increase in the frequency of females in the group exposed to
10ug/L when compared to the control group, that is, there was a feminization of the
fish, a result similar to other researches, as in the study with the fish Oryzias latipes,
where an impact of exposure to genistein was identified on gonadal differentiation and
on the development of secondary sexual characteristics (Kiparissis et al. 2003). And an
increase in the expression of the vitellogenin gene in male zebrafish, a protein normally
expressed by females, responsible for the formation / maturation of eggs (Kausch et al.
2008; Scholz et al. 2004; Zhang et al. 2002), as well as a decrease in circulating
testosterone production and levels in males Oryzias latipes (Zhang et al. 2002). These
results are worrisome since endocrine disrupting substances are found in most water and
effluent treatment plants worldwide (Spengler et al. 2001), from different sources such
as: industrial products, pesticides, medicine residues, crop residues and fattening agents
(Sassi-Messai et al. 2009; Tashiro et al. 2003) and remain present even after treatment.
The studies carried out in this work used environmentally relevant concentrations of
genistein (Ferrer et al. 2009; Kiparissis et al. 2001; Kawanishi et al. 2004).

When analyzed together, our findings (Table 2) demonstrate that embryonic
exposure to genistein causes behavioral changes in larvae and that these effects are
persistent until adult phase. The set of these alterations can bring a clear loss to the

survival of these organisms, since they can lead to the loss of the ability to detect the
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presence of predators, as well as in the anti-predatory reactions such as immobile
permanence in the background and social group. In addition to these persistent
behavioral effects, exposure to genistein causes immediate damage to individuals by
increasing the mortality rate and causing cardiac changes, evidencing its toxicity.
Besides that, genistein still leads to an increase in the proportion of females and cause

indirect damage to reproduction, due to behavioral changes in socialization.
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4. CONCLUSOES

As principais conclusdes deste trabalho sao:

1.

A genisteina aumenta a taxa de mortalidade em todas as concentragdes de
exposicao quando comparado ao controle.

Na concentragdo de 80pg/L ha aumento na frequéncia cardiaca e na
toxicidade levando a morte a totalidade dos individuos apdés no maximo
10dpf.

Na fase larval nas concentragdes de 10ug/L e de 80ug/L a genisteina induz
comportamento ansiolitico.

Na fase adulta nas concentragdes de 10ug/L e 40ug/L o efeito tipo-
ansiolitico também € observado.

Na fase adulta na concentracdo de 40ug/L a genisteina gera alteragdo no
comportamento social, diminuindo a interagdo do peixe exposto com o
cardume.

A exposicao embrionaria a genisteina (10ug/L e 40ug/L) aumenta a
atividade locomotora nos peixes adultos.

A genisteina provoca feminiliza¢cdo dos peixes na concentragdo de 10ug/L.
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5. CONSIDERACOES FINAIS

Nesse estudo demonstramos que a genisteina, um desregulador endocrino ja
identificado em efluentes de diversos paises, ¢ um risco ao ecossistema, pois provoca
alteracdes comportamentais que persistem na fase adulta e que influenciam na
sobrevivéncia dos animais testados, além disso, pode levar a feminiliza¢ao dos peixes.

Embora existam diversos estudos sobre os beneficios desse fitoestrogeno, ha
ressalvas quanto a seguranga do seu uso e também sobre os reflexos do seu descarte no
meio ambiente e quais os danos oriundos a curto e longo prazo sobre o ecossistema

aquatico.
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