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RESUMO

O piriproxifeno (PPF) € um inseticida utilizado na agricultura e tem seu uso permitido
em caixas d’agua potavel destinadas ao consumo humano. Entretanto, alguns estudos
mostram que este pode atuar como desregulador enddcrino e causar toxicidade
reprodutiva e sistémica em organismos-nao alvo. O objetivo desse estudo foi avaliar
os efeitos do PPF na reproducgéo e na fertilidade de camundongos fémeas expostas
desde a pré-puberdade a maturidade sexual. Para isso, foram utilizados
camundongos fémeas Swiss tratadas por via oral. No primeiro experimento, as fémeas
foram tratadas do dia pds-natal (DPN) 23 até o DPN 75, apds serem distribuidas em
trés grupos experimentais: controle (veiculo), PPF 0,1 mg/Kg e PPF 1 mg/Kg. Os
animais foram acompanhados quanto a idade da instalagdo da puberdade, massa
corporal, consumo de agua e ragao durante o experimento, e no periodo do DPN 60
ao DPN 75, o ciclo estral foi avaliado quanto a sua regularidade. No DPN 75, um
subgrupo (n=10/grupo), na fase de estro, foi submetido a eutanasia, quando foram
coletados e pesados 6rgaos vitais e reprodutores. A tireoide, ovario e utero foram
avaliados quanto a histopatologia e morfometria. O outro subgrupo (n=10/grupo) foi
destinado ao acasalamento natural para avaliagdo da performance reprodutiva, bem
como para analise de sua prole quanto a presenga de anomalias congénitas e aos
parametros biométricos fetais. No segundo experimento, foi realizado o ensaio
uterotréfico e pesagem de 6rgaos, no qual, fémeas no DPN 18 receberam tratamento
por injecao subcutanea, pelo periodo de trés dias consecutivos e foram divididas em
cinco grupos experimentais (n=7/grupo): controle negativo (veiculo), controle positivo
(17p-estradiol) e PPF nas doses de 0,01 mg/ Kg, 0,1 mg/Kg ou 1 mg/kg. Apds vinte e
quatro horas da ultima injegao, foi realizada a laparotomia, coletados e pesados o
utero com e sem fluido, ovarios, tubas uterinas, rim, adrenal e figado. As diferencas
foram consideradas significativas quando p<0,05. O tratamento com PPF diminuiu a
massa da tireoide e a massa do epitélio glandular e de coloide deste érgdo na maior
dose, além de ter aumentado a massa relativa do figado em ambas as doses. No
grupo PPF 1 mg/Kg houve um aumento de tecido intersticial na regidao cortical e
medular do ovario e, no utero, foi observado uma redugdo das projegdes do
endométrio em direcdo ao lumen, além de menor proporcao de fibras de colageno
nessa camada, tornando o estroma mais edematoso. Além disso, a espessura do
estroma endometrial mostrou-se reduzida em ambas as doses. Houve, ainda, redugao
de 30% na taxa de prenhez dos grupos expostos a ambas as doses do praguicida,
além de aumento da morte fetal no grupo exposto a dose de 0,1 mg/Kg. Em relacéo
ao ensaio uterotréfico, como esperado, o tratamento com 17@-estradiol causou
aumento da massa do utero com e sem fluido, embora o PPF nao tenha apresentado
atividade estrogénica no teste. Os demais parametros mostraram-se similares entre
os grupos experimentais. Conclui-se que o PPF pode provocar toxicidade sistémica e
reprodutiva em camundongos fémeas, apresentando uma acédo androgénica em
fungdo do aumento de tecido intersticial ovariano e dos efeitos encontrados no utero,
bem como pode reduzir a taxa de prenhez e aumentar a morte fetal, possivelmente
por reduzir a viabilidade dos gametas femininos. Esse estudo sugere que o inseticida
em questido pode representar um risco reprodutivo para as mulheres que estao
expostas de forma cronica a este composto desde a infancia e adolescéncia.

Palavras-chave: Desreguladores endécrinos; Inseticidas; Camundongos, Toxicidade
reprodutiva.



ABSTRACT

Pyriproxyfen (PPF) is an insecticide used in agriculture, which is approved for use in
drinking water tanks for human consumption. However, some studies show that it may
act as an endocrine disruptor and cause reproductive and systemic toxicity in non-
target organisms. The aim of this study was to evaluate the effects of PPF on
reproduction and fertility in female mice exposed to this pesticide from pre-puberty to
sexual maturity. Then, female Swiss mice were treated orally, by gavage. In the first
experiment, females were treated from postnatal day (PND) 23 to PND 75, after they
were distributed into three experimental groups: control (vehicle), PPF 0.1 mg/Kg and
PPF 1 mg/Kg. The animals were monitored for age of puberty onset, body mass, water
and food consumption during the experiment, and from PND 60 to PND 75, the estrous
cycle regularity was assessed. On PDN 75, a subgroup (n=10/group) in the estrus
phase was euthanized, when vital and reproductive organs were collected and
weighed. The thyroid, ovary and uterus were evaluated for histopathology and
morphometry. The other subgroup (n=10/group) was assigned to natural mating to
evaluate reproductive performance, as well as to analyze their offspring in terms of
congenital anomalies and fetal biometer parameter. In the second experiment it was
performed the uterotrophic assay and weighing of organs, in which females on PND
18 received treatments by subcutaneous injection over a period of three days and were
divided into five groups (n= 7/group): negative control (vehicle), positive control (173-
estradiol) and PPF at the doses of 0.01 mg/ Kg, 0.1 mg/Kg and 1 mg/kg. Twenty-four
hours after the last injection, laparotomy was performed and the uterus with and
without fluid, ovaries, oviducts, kidneys, adrenal glands and liver were collected and
weighed. Differences were considered significant when p<0.05. The treatment with
PPF decreased thyroid mass and the mass of glandular epithelium and colloid in this
organ at the higher dose, and increased liver mass in both treated groups. In the PPF
1 mg/Kg group, there was an increase in interstitial tissue in the cortical and medullary
regions of the ovary and, in the uterus, there was a reduction in the projections of the
endometrium towards the lumen, as well as a lower proportion of collagen fibers in this
layer, making endometrial stroma more edematous. Moreover, the thickness of
endometrial stroma showed a reduction in both doses. There was a diminution of 30%
in the pregnancy rate of the treated groups, as well as an increase in fetal death in the
0.1 mg/Kg PPF group. In the uterotrophic assay, as expected, treatment with 17(3-
estradiol caused an increase in the mass of the uterus with and without fluid, although
PPF did not show estrogenic activity in the test. The other parameters were similar
among the experimental groups. In summary, PPF provoked systemic and
reproductive toxicity in female mice, demonstrating an androgenic action due to the
augmentation of ovarian interstitial tissue and the impairment observed in the uterus,
in addition to reduce the pregnancy rate and increase fetal death, possibly due to its
effects on reducing oocytes viability. This study suggests that this insecticide may
represent a reproductive risk for women who are exposed cronically to this compound
from infancy and adolescence.

Keywords: Endocrine disruptors; Insecticides; Female mice; Reproductive toxicity.



LISTA DE ABREVIATURAS E SIGLAS

DHEA Dehidroepiandrosterona

DHEAS Sulfato de Dehidroepiandrosterona

DMSO Dimethyl sulfoxide

EPA Environmental Protection Agency

FAO Food and Agriculture Organization

FSH Hormonio foliculo-estimulante

GD Gestacional day

GnRH Hormonio liberador de gonadotrofina

HHG Hipotalamico-hipofisario-gonadal

IRAC Insecticide Resistance Action Committee
KNDy Kispeptina, neurocinina B e dinorfina

LAMEB Laboratério Multiusuario de Estudos em Biologia
LH Hormonio luteinizante

OECD Organization for Economic and Development
OMS Organizagdo Mundial da Saude

PND Post-natal day

PPF Piriproxifeno

UFSC Universidade Federal de Santa Catarina



Xl

SUMARIO
1. INTRODUGAO........ccectetrreeiteseessessesssssessessessessessessessessssssssesssssessssssssessessesassassssssens 1
Os praguicidas e suas ClassSifiCagOES ........uiiiii i 1
(O T E1=T (TedTe F= T o o] o )1 {=1 [ 10 2
Da pré-puberdade a maturidade SexXual ............coouuiiiiiiiiiii i 3
Desreguladores enddcrinos e seus efeitos no sistema genital feminino. .................... 7
2 © 1= 8 | I Y 1 9
ODjJELIVO GEIal ... 9
ODbjetivos €SPECITICOS ....cciieeiiicie e 9
KT 07\ U] o I T 10
4. DISCUSSAOD ... sse s sesaessesaessesaesaesaesaesaessesasssessessssssnees 53
5. CONSIDERAGOES FINAIS .......coceeieetecrececiressessessessessesssssesssssesssssessessssssssssssssees 60
REFERENCIAS.......ccociiiiieeeeeeteisseesesessessessssessssssessessssssssssssssssssssssssssssssssssssssssnsnses 61
ANEXO A - Certificado de aprovacio pela Comissio de Etica no Uso de Animais
(CEUA) da Universidade Federal de Santa Catarina.........ccccceeeeeciiiiiiinnnnecennnnnnnn, 69

ANEXO B - Emenda de aprovacgido pela Comissdo de Etica no Uso de Animais
(CEUA) da Universidade Federal de Santa Catarina........cccccceeeeecciiiiiinnnnecennnnnnnn, 70



1. INTRODUGAO

OS PRAGUICIDAS E SUAS CLASSIFICACOES

Na ultima metade do século XIX, o crescimento da economia mundial levou ao
aumento progressivo na geragédo e utilizagcdo de produtos quimicos destinados a
agricultura (De et al., 2014; Zhang, 2018). Em 2020, a utilizagao de praguicidas a nivel
global foi de aproximadamente 2,7 milhdes de toneladas (Food and Agriculture
Organization- FAO, 2022). No Brasil, a quantidade de praguicidas cresceu nos ultimos
30 anos, colocando o pais entre os trés maiores paises consumidores destes
compostos (Rezende-Teixeira et al.,, 2022). Em 2021, foram vendidas 720,87
toneladas de ingredientes ativos de praguicidas no pais, o que representou um
aumento de 5,03% em relacdo a 2020 (IBAMA, 2020).

Os praguicidas sdo agrupados de acordo com suas classes quimicas, grupos
funcionais, modo de agao, toxicidade e também quanto as espécies-alvo, podendo ser
incluidos em mais de uma classe (Prieto Garcia et al., 2012). Em termos de
organismo-alvo, os praguicidas podem ser divididos em inseticidas, fungicidas,
herbicidas e rodenticidas, e em relagao a classe quimica de seus componentes, sao
classificados em inorgéanicos (tais como cobre, enxofre e sulfato de cobre) e organicos
(como organofosforados, piretréides, analogos hormonais e metabdlitos destes
praguicidas organicos) (Alavanja et al., 2004; Tudi et al., 2021).

Os inseticidas sdo usados para o combate de mosquitos vetores de doencgas
como malaria e dengue, bem como, podem ser utilizados em sprays, para eliminar
insetos no ambiente doméstico e em jardins (Kim et al., 2017). Contudo, a agricultura
€ o0 maior utilizador de praguicidas, com 85% da produgdo mundial, para controlar
pragas que acometem as plantagdes (Kim et al., 2017).

De acordo com o modo de agao, os inseticidas quimicos séo classificados em
trés categorias (Rani et al., 2021). Eles podem atuar no sistema nervoso, tendo como
principais alvos, a acetilcolinesterase, os receptores nicotinicos e os canais de cloreto
e sbdio (Casida; Durkin, 2013). Essa classe de inseticidas neurotdxicos é a mais

utilizada, sendo que os organofosforados ou metilcarbamatos correspondem a 59,6%
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do total em quantidade e custo menor, quando comparado aos outros inseticidas
(Casida; Bryant, 2017).

Outra categoria sao os inseticidas interruptores da fosforilagao oxidativa ou da
cadeia transportadora de elétrons (Rani et al., 2021). Essa classe pode atuar
dificultando o transporte de elétrons, como também, bloquear os complexos
responsaveis pelo transporte do elétron na mitocondria, tendo como consequéncia a
interrupcédo da sintese de ATP e morte do organismo-alvo (/nsecticide Resistance
Action Committee- IRAC, 2020; Rani et al., 2021).

A terceira classe de inseticidas, segundo o modo de agéo, abrange aqueles que
interferem no crescimento e desenvolvimento do organismo-alvo (IRAC, 2020). Esses
eventos sdo controlados pelos horménios juvenil e ecdisteroides, que regulam a
ecdise e metamorfose, e na vida adulta, regulam a maturidade reprodutiva (Jindra;
Palli; Riddiford, 2012). Dessa forma, os reguladores de crescimento de insetos
mimetizam esses horménios e consequentemente bloqueiam a metamorfose (Jindra
et al., 2012). Dentre os inseticidas representantes dessa classe estdo o fenoxicarbe,

o metopreno e o piriproxifeno (Dhadialla et al., 1998; Jindra; Bittova, 2020).

O INSETICIDA PIRIPROXIFENO

O piriproxifeno (PPF) é um larvicida utilizado na agricultura e horticultura, para
o combate de cochonilhas, mosca-branca, lagarta, pulgbes e larvas (Sullivan; Goh,
2008). Por ser considerado de baixa toxicidade para mamiferos, a Organizagao
Mundial da Saude (OMS) aprovou a utilizagado do PPF na agua potavel, para controlar
principalmente a populacdo de mosquitos vetores de doengas humanas, no qual, a
dose recomendada nas caixas d’agua deve ser menor que 0,01 mg/L (World Health
Organization-WHO, 2008).

De acordo com a nomenclatura, o piriproxifeno (C20H19NO3) possui 0 nhome
quimico 4-fenoxifenil (RS)-2-(2-piridiloxi)propil éter e massa molecular relativa de
321,37 g/mol (WHO, 2008). Suas propriedades fisico-quimicas sé&o caracterizadas
pelo ponto de ebuli¢do, 45-47 °C e densidade 0,367 mg/L a 25 °C, além de apresentar
baixa solubilidade, alto coeficiente de particdo e ser altamente hidrofébico (Sullivan;

Goh, 2008; WHO, 2008). Como caracteristica, o PPF é um larvicida que atua no
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sistema endocrino e mimetiza o horménio juvenil, assim, ira controlar os estagios
imaturos do inseto, impedindo que a metamorfose acontega (Maoz et al., 2017). Além
disso, causa alteragdes morfolégicas e funcionais no adulto, como inibicdo da
reproducao (Maoz et al., 2017).

A meia-vida desse composto em sistemas aerobicos de agua e sendimentos
de lago varia entre 16 e 21 dias (Sullivan; Goh, 2008). Em ratos, o piriproxifeno &
lentamente absorvido, com pico de concentragdo plasmatica 8 horas apos
administracao oral, contudo, 90% do composto é rapidamente eliminado pelas fezes
e apenas 4-11% através da urina (WHO, 2008). Em relagdo a metabolizagdo do PPF,
sua principal via de biotransformacao € a 4’-hidroxilacdo, podendo ocorrer a
hidroxilagao do anel piridinico, a clivagem do éter e a conjugacgao (WHO, 2008).

De acordo com a OMS, a toxicidade oral aguda do PPF ¢é baixa, com LDso de
5000 mg/Kg de massa corporal em camundongos e ratos (WHO, 2008). Em relagao
ao NOAEL (No Observed Adverse Effect Level - Nivel Sem Efeitos Adversos
Observaveis), dois estudos realizados em caes, com duracdo de 1 ano, mostraram
que o NOAEL global foi de 10 mg/Kg de massa corporal por dia (WHO, 2008). Com
isso, a partir desse valor do NOAEL, aplicou-se um fator de correcéo de 100, tendo
como resultado a dose diaria maxima permitida de 0,1 mg/Kg (WHO, 2008).

Desde 2014, o Ministério da Saude, seguindo as recomendagbes da OMS,
adotou o uso do PPF na dose de 0,01 mg/L em reservatdrios de agua potavel para
combater o mosquito Aedes aegypti, transmissor de doengas como dengue,
chikungunya e Zika virus (DIVE, 2014; WHO, 2008). De acordo com o boletim
epidemiologico, em 2021, foram distribuidas entre 30 a 40 toneladas de PPF para os
estados, para tratamento dos criadouros de mosquitos vetores (Ministério da Saude,
2021a; 2021b).

DA PRE-PUBERDADE A MATURIDADE SEXUAL

A puberdade em humanos € um processo complexo que resulta na aquisi¢ao
da maturidade psicofisica e da capacidade reprodutiva (Spaziani et al., 2021). As
mudancgas psico-neuro-enddcrinas iniciam-se no final da infancia e terminam com a

completa maturagdo sexual, resultando no dimorfismo sexual e na produgdo de



gametas (Spaziani et al., 2021). A idade de inicio da puberdade feminina, em
humanos, ocorre entre oito e treze anos, podendo a faixa etaria variar entre os
individuos devido as diferentes populacdes étnicas, o padrao familiar e o ambiente
que a pessoa esta inserida (Abreu; Kaiser, 2016; Manotas et al., 2022).

No ser humano, o eixo hipotalamico-hipofisario-gonadal (HHG) é ativado em
trés periodos especificos do desenvolvimento: durante a vida fetal, com um pico na
metade da gestagéo; apos o nascimento, entre a primeira semana e 0s seis meses de
vida, ficando quiescente durante a infancia; e o ultimo periodo, durante a instalagéao
da puberdade, quando é reativado (Spaziani et al., 2021).

Anterior a puberdade ocorre a maturagdo da zona reticulada do cértex das
glandulas adrenais que comegam a secretar dehidroepiandrosterona (DHEA) e sulfato
de dehidroepiandrosterona (DHEAS), posteriormente convertidos em testosterona e
estradiol (Motta-mena; Puts, 2017). Esse evento & conhecido como adrenarca,
caracterizado clinicamente pela mudanga de odor corporal, acnhe e crescimento de
pelos axilares e pubianos (WOOQOD et al., 2019). O cortex da adrenal e as gbnadas sao
as fontes primarias de hormonios esteroides (Witchel et al., 2020).

A ativacao do eixo HHG nesse periodo provoca a liberacao pulsatil do horménio
liberador de gonadotrofina (GnRH) pelo hipotalamo, que impulsionara a hipofise a
produzir e secretar o hormonio foliculo-estimulante (FSH) e o horménio luteinizante
(LH), os quais estimulam a producdo gonadal de esteroides, como estrogénio e
progesterona (Oyola; Handa, 2017; Spaziani et al., 2021). Estes, por sua vez, sdo
responsaveis pelas caracteristicas sexuais secundarias (Vijayakumar et al., 2018). A
regulagéo da secregao ciclica de FSH e de LH é essencial para a maturagéo sexual e
aquisicao da fungao reprodutiva feminina (Stamatiades; Kaiser, 2018).

Diferentes fatores hipotalamicos influenciam a secre¢cao de GnRH, entre eles,
os neuromoduladores kispeptina, neurocinina B e dinorfina (KNDy) s&do os maiores
envolvidos no ajuste da geracdo de pulsos de GnRH (Livadas; Chrousos, 2019).
Esses neurdnios neurossecretores exibem interconexdes pelas quais a neurocinina B
estimula, enquanto a dinorfina inibe a liberacdo de kisspeptina, que
consequentemente promove a pulsatilidade do GnRH (Velasco et al., 2023).

Na mulher, o efeito da kisspeptina é variavel e depende da fase do ciclo

menstrual (Skorupskaite et al., 2014). Além disso, os horménios sexuais possuem



inter-relacbes com a kisspeptina, sendo que o estrogénio e a progesterona modulam
a atividade dos neurénios kisspeptina, que por sua vez, medeiam o feedback positivo
e negativo desses hormdnios (Harter et al., 2018; Skorupskaite et al., 2014).

Os hormobnios sexuais sdo responsaveis pelas manifestacoes fisicas da
puberdade, entre os quais, em mulheres, o desenvolvimento das mamas (telarca) é
considerado o primeiro sinal e a primeira menstruagdo (menarca) o marcador final
desse evento (Abreu; Kaiser, 2016; Spaziani et al., 2021; Villamor; Jansen, 2016). Em
roedores fémeas, a abertura vaginal é tipicamente a primeira mudancga fisica
observada, seguida da presenga do primeiro estro, que € constatado através da
citologia do lavado vaginal (Laffan et al., 2018). Nesses animais, a idade que ocorre a
instacdo da puberdade varia de acordo com a espécie, em camundongos fémeas
acontece entre 23 e 40 dias pds-natal e, em ratas entre 28 e 65 dias pds-natal (Laffan
et al., 2018; Tinsley & Kirkwood, 2010).

Os horménios esteroides ovarianos sdo os principais mediadores dos
mecanismos de feedback no sistema hipotalamo-hipdéfise (Messinis et al., 2014). O
ciclo de feedback altamente coordenado que ocorre no eixo HHG resulta na
ovocitacdo, no final da fase folicular, e na menstruacdo, na fase menstrual (Itriyeva,
2022). A duragdo média do ciclo menstrual é de 25 a 30 dias, dividido nas fases
proliferativa, secretora e menstrual (Abo et al., 2022). O ciclo reprodutivo de roedores
€ denominado como ciclo estral e possui quatro fases: proestro, correspondente a
fase proliferativa; estro, indicativo de ovocitacao; e metaestro e diestro, equivalentes
a fase secretora (Ajayi; Akhigbe, 2020).

Os principais horménios que regem o ciclo menstrual sdo o estrogénio e a
progesterona, secretados pelos ovarios (Abo et al., 2022). Durante a fase menstrual,
no primeiro momento, ocorre a menstruagao, caracterizada como a descamacgao da
camada funcional do endométrio, e na fase proliferativa, ha reparo e proliferacdo do
estroma endometrial sob estimulo de estrogénio, cuja concentragdo aumenta nesse
periodo, atingindo seu pico préximo da ovocitagao (Itriyeva, 2022). Na fase secretora,
a progesterona, produzida pelo corpo luteo, estimula a secrecdo das glandulas
uterinas e, de maneira geral, prepara o utero para uma possivel gestagao (Bulletti et
al.,, 2022). Caso nao ocorra a gravidez, o corpo luteo degenera e os niveis de



progesterona e estrogénio declinam, ocorrendo a menstruagao e o reinicio do ciclo

menstrual (Figura 1) (Hammer et al., 2020).

Figura 1. Concentragdo dos hormonios hipofisarios e gonadais durante as fases do

ciclo menstrual.

Dia

1 5 14 28

LH
(Horménio Luteinizante)

Progesterona

Estrogénio

Concentragdo dos horménios

FSH
(Horménio Foliculo-Estimulante)

Fase folicular Fase litea

@ WEsk

Foliculo  Foliculo Faliculo

primario pré-antral 1 R ot Do
antral

Ovocitagio corpo litea liteo corpo liteo

Endométrio espesso
e vascularizado

(Otero

Regeneragao
endometrial

Fase menstrual Fase proliferativa Fase secretora Fase menstrual
a5 1 5 14 28

Fonte: Adaptado pela autora — Mind the Graph. (2023).

Como visto anteriormente, a puberdade é um periodo critico do
desenvolvimento que requer eventos cruciais para que a maturagao sexual ocorra de
maneira adequada (Lopez-Rodriguez et al., 2021). Desse modo, o periodo puberal é
altamente vulneravel a fatores externos, como os desreguladores enddcrinos, que
podem compromenter essa sequéncia de eventos que resultam na aquisicdo da
capacidade reprodutiva (Lopez-Rodriguez et al., 2021; Sakali et al., 2021). Como
consequéncia, a exposi¢cao a esses compostos pode alterar as fungdes reprodutivas

por meio de diferentes mecanismos, interferindo na progressdo da puberdade e



promovendo prejuizos reprodutivos na maturidade sexual feminina. (Lopez-Rodriguez
etal., 2021).

DESREGULADORES ENDOCRINOS E SEUS EFEITOS NO SISTEMA GENITAL
FEMININO.

Os desreguladores enddécrinos sdo substancias quimicas exégenas capazes
de interferir negativamente na acdo hormonal e em processos metabdlicos (You;
Song, 2021). Eles podem agir mimetizando ou bloqueando horménios enddgenos,
afetando a ativagao, sintese, secrecao e ligagdo de horménios, causando danos aos
tecidos e ¢6rgédos (Lopez-Rodriguez et al., 2021; You; Song, 2021). Dentre as
substancias com potenciais efeitos de desregulagao enddcrina, estdo alguns produtos
quimicos industriais, plastificantes, metais pesados, farmacos, fitoestrogenos e os
praguicidas (Yilmaz et al., 2019).

Apesar de sua relevancia para a agricultura e combate de mosquitos vetores
de doengas, os inseticidas possuem a desvantagem de causar danos a organismos
nao-alvo (Kim et al., 2017). A exposi¢ao aos praguicidas pode ser danosa para a
saude de humanos e de outros organismos, e seu risco esta relacionado tanto com a
toxicidade dos ingredientes quanto ao nivel de exposicao (Kim et al., 2017). Diversas
doencgas sao associadas a exposi¢ao a praguicidas, incluindo cancer, asma, leucemia,
alergias e desregulagdo hormonal (Kim et al., 2017; Rani et al., 2021; Sharma et al.,
2020).

Os praguicidas também podem provocar disfungdes reprodutivas em homens
e mulheres, como infertilidade, diminuicdo da qualidade espermatica, danos no ovario,
e ainda podem afetar o desenvolvimento embrio-fetal, causando anomalias
congénitas (Kumar et al., 2019). Os inseticidas afetam o sistema genital feminino de
diversas maneiras, causando alteracdes nos niveis de horménios sexuais, declinio da
fertilidade e disturbios menstruais (Sharma et al., 2020). Diante disso, pesquisas em
organismos-modelo contribuem para o entendimento dos danos provocados por esses
praguicidas (Maharajan et al., 2020; Shahid; Saher, 2020).

Em diferentes modelos animais, o PPF causou toxicidade reprodutiva. Esse

larvicida altera a homeostase de hormébnios sexuais e provoca mudangas
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histopatolégicas nas génadas feminina e masculina de peixes-zebra (Danio rerio)
(Maharajan et al., 2020). O PPF pode gerar alteragbes histopatoldgicas e
morfométricas nos testiculos dos peixes, induzir estresse oxidativo e provocar
sobrecarga de Ca?* nas gonadas, causando toxicidade testicular e interrupgao da
espermatogénese (De Oliveira et al., 2021). Além disso, em fémeas, o PPF também
induz o estresse oxidativo nos ovarios, inibe a maturacéao folicular e aumenta a atresia,
comprometendo a reproducgao (De Oliveira et al., 2022).

O metabdlito 4’-OH-PPF afeta a atividade da tireoide de Xenopus laevis, sendo
um antagonista do hormoénio tireoidiano T3, consequentemente, a exposi¢gao ao
metabdlito afeta o desenvolvimento dos compartimentos cerebrais do modelo animal
estudado (Vancamp et al., 2021). Além disso, quando expostas ao 4’-OH-PPF,
células-tronco neurais derivadas da zona subventricular de camundongos apresentam
proliferagdo diminuida e aumento de apoptose (Vancamp et al., 2021).

Em roedores, a administracdo do PPF provoca diminuicdo da massa corporal,
além de afetar a espermatogénese, com diminuicdo de espermatozoides, redugcao no
numero de células de Leydig e degeneragédo na tunica albuginea (Shahid et al., 2019).
Além disso, esse inseticida pode diminuir o ganho de massa materno e aumentar a
duracao da prenhez (Shahid; Saher, 2020). Em relacéo aos fetos, apds exposicao in
utero, pode ocorrer aumento de morte fetal e alteragdes histopatolégicas no figado,
rim, coragao e cérebro (Shahid; Saher, 2020).

Sendo assim, o PPF é utilizado na agricultura e na agua de consumo, expondo
os seres humanos a esse agente durante diferentes etapas da vida. Embora sejam
escassos na literatura cientifica estudos que avaliem os efeitos do PPF na reproducao
e no desenvolvimento, ha indicios de que o PPF atue como um possivel desregulador
enddcrino, podendo interferir na reproducao feminina € no desenvolvimento embrio-
fetal. Considerando que os seres humanos estao expostos ao PPF através da dieta
em diferentes etapas da vida e que estudos sugerem que este inseticida possa atuar
como um desregulador enddécrino, esse estudo buscou apontar os possiveis riscos da
exposicdo ao PPF para a saude reprodutiva feminina, quando utilizado em doses

ambientalmente relevantes desde a pré-puberdade até a vida adulta.



2. OBJETIVOS

OBJETIVO GERAL

Investigar os efeitos do PPF na reproducao e fertilidade de camungondos fémeas

expostas desde a pré-puberdade até a fase adulta.

OBJETIVOS ESPECIFICOS

Investigar o desenvolvimento reprodutivo pds-natal de camundongos fémeas
expostas ao piriproxifeno da pré-puberdade a maturidade sexual.

Avaliar a condigéo de saude geral e os efeitos sistémicos nas fémeas tratadas com
PPF desde a pré-puberdade.

Analisar a fertilidade e a performance reprodutiva de fémeas expostas ao PPF da

pré-puberdade a vida adulta.
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Abstract

Pyriproxyfen (PPF) is an insecticide used in agriculture, which is approved for
use in drinking water tanks for human consumption. However, some studies show
that it may act as an endocrine disruptor and cause reproductive and systemic
toxicity in non-target organisms. The aim of this study was to evaluate the effects
of PPF on reproduction and fertility in female mice exposed to this pesticide from
pre-puberty to sexual maturity. Then, female Swiss mice were treated orally, by
gavage. In the first experiment, females were treated from postnatal day (PND)
23 to PND 75, after they were distributed into three experimental groups: control
(vehicle), PPF 0.1 mg/Kg and PPF 1 mg/Kg. The animals were monitored for age
of puberty onset, body mass, water and food consumption during the experiment,
and from PND 60 to PND 75, the estrous cycle regularity was assessed. On PDN
75, a subgroup (n=10/group) in the estrus phase was euthanized, when vital and
reproductive organs were collected and weighed. The thyroid, ovary and uterus
were evaluated for histopathology and morphometry. The other subgroup
(n=10/group) was assigned to natural mating to evaluate reproductive
performance, as well as to analyze their offspring in terms of congenital
anomalies and fetal biometer parameter. In the second experiment it was
performed the uterotrophic assay and weighing of organs, in which females on
PND 18 received treatments by subcutaneous injection over a period of three
days and were divided into five groups (n= 7/group): negative control (vehicle),
positive control (17B3-estradiol) and PPF at the doses of 0.01 mg/ Kg, 0.1 mg/Kg
and 1 mg/kg. Twenty-four hours after the last injection, laparotomy was
performed and the uterus with and without fluid, ovaries, oviducts, kidneys,
adrenal glands and liver were collected and weighed. Differences were
considered significant when p<0.05. The treatment with PPF decreased thyroid
mass and the mass of glandular epithelium and colloid in this organ at the higher
dose, and increased liver mass in both treated groups. In the PPF 1 mg/Kg group,
there was an increase in interstitial tissue in the cortical and medullary regions of
the ovary and, in the uterus, there was a reduction in the projections of the
endometrium towards the lumen, as well as a lower proportion of collagen fibers
in this layer, making endometrial stroma more edematous. Moreover, the

thickness of endometrial stroma showed a reduction in both doses. There was a
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diminution of 30% in the pregnancy rate of the treated groups, as well as an
increase in fetal death in the 0.1 mg/Kg PPF group. In the uterotrophic assay, as
expected, treatment with 17B-estradiol caused an increase in the mass of the
uterus with and without fluid, although PPF did not show estrogenic activity in the
test. The other parameters were similar among the experimental groups. In
summary, PPF provoked systemic and reproductive toxicity in female mice,
demonstrating an androgenic action due to the augmentation of ovarian
interstitial tissue and the impairment observed in the uterus, in addition to reduce
the pregnancy rate and increase fetal death, possibly due to its effects on
reducing oocytes viability. This study suggests that this insecticide may represent
a reproductive risk for women who are exposed cronically to this compound from

infancy and adolescence.

Keywords: Endocrine disruptors; Female reproduction; Fertility; Insecticides;

Mice; Reproductive toxicity.



13

1. Introduction

Pyriproxyfen (4-phenoxyphenyl (RS)-2-(2-pyridyloxy) propyl ether) (PPF)
is a larvicide used in agriculture and horticulture to combat the California red scale
insects, silverleaf whitefly, cutworms, aphids and bollworm (Sullivan and Goh,
2008). Because it is previously considered of low toxicity for mammals, the World
Health Organization (WHQO) approved the use of PPF in drinking water, in which
the maximum tolerable concentration in water tanks should be less than 0.01
mg/L (WHO, 2008). Then, this pesticide is mainly used to control disease-vector
mosquitoes such as Aedes aegypti (WHO, 2008). PPF acts on the endocrine
system and mimics the juvenile hormone, controlling the immature stages of the
insect, and preventing metamorphosis from happening (Maoz et al., 2017). In
addition, it causes morphological and functional changes in adults, such as
inhibition of reproduction (Maoz et al., 2017).

According to the WHO studies, PPF has a LDso of 5000 mg/Kg of body
mass in mice and rats (WHO, 2008). Regarding the NOAEL (No Observed
Adverse Effect Level), two studies carried out on dogs, lasting 1 year, showed
that the overall NOAEL was 10 mg/Kg of body mass per day (WHO, 2008).
Therefore, an uncertainty factor of 100 was applied to this NOAEL value, resulting
in a maximum permitted daily dose of 0.1 mg/Kg (WHO, 2008).

Since 2014, the Brazilian Ministry of Health, following WHO
recommendations, adopted the use of PPF at a dose of 0.01 mg/L in drinking
water reservoirs to combat Aedes mosquitoes. According to the epidemiological
bulletin, in 2021, about 30 to 45 tons of PPF were distributed to the Brazilian
states, to combat the breeding sites of these disease-vector mosquitoes
(Ministério da Saude, 2021a; Ministério da Saude, 2021b).

Despite their relevance in agriculture and in controlling disease-vector
mosquitoes, pesticides have been shown to provoke harmful effects on non-
target organisms, such as aquatic organisms, birds, domestic animals, and
humans (Kim et al., 2017; Sharma et al., 2020). Insecticides can affect the female
genital system in different manners, causing alterations in sex hormone levels,
declining female fertility, generating menstrual disorders, causing ovarian
damage, and increasing the rates of congenital anomalies by affecting embryonic
and fetal development (Kumar et al., 2019; Sharma et al., 2020). In light of this,



14

researches performed on model organisms, such as the mouse and zebrafish,
contribute to understanding the damages caused by these pesticides and the
possible adverse effects on humans and animals (Maharajan et al., 2020; Shahid
and Saher, 2020).

In different animal models, PPF has been shown to cause reproductive
toxicity. This larvicide disrupts the homeostasis of sex hormones and induces
histopathological changes in the female and male gonads of zebrafish exposed
to 1, 10 and 100 pg/L it for 21 days (Maharajan et al., 2020). Moreover, it can
induce oxidative stress and impair follicle maturation in zebrafish at the doses of
102, 10° or 10 M, increasing the rate of early stages and decreasing the later
stages of follicle maturation (Oliveira et al., 2022).

Furthermore, a metabolite of PPF, named 4’-OH-PPF, may affect the
thyroid activity in Xenopus laevis, by acting as a thyroid hormone T3 antagonist;
consequently, exposure to this metabolite affects the development of cerebral
compartments in this animal model (Vancamp et al., 2021). In rodents, during
pregnancy, this insecticide at the doses of 30, 100, 300, and 1000 mg/kg reduced
maternal weight gain and increased the duration of gestation (Shahid and Saher,
2020). In this same study, there were augmented fetal mortality and
histopathological alterations in the liver, kidney, heart, and brain of the fetuses
(Shahid and Saher, 2020).

Considering that PPF may present reproductive toxicity and act as a
potential endocrine disruptor, and that humans are exposed to this pesticide
through their feeding during various life stages, this study aimed to highlight the
potential risks of PPF exposure for female reproductive health by using the
mouse as the experimental model, and administering environmentally relevant

doses of this pesticide since pre-puberty.

2. Materials and methods

2.1. Animals

The procedures and handling of the mice were carried out following with
the guidelines provided by the National Council for Animal Control and
Experimentation (CONCEA) and by the Ethics Committee on Animal Use of the
Federal University of Santa Catarina (protocol number 1963200721). The
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animals were maintained under controlled temperature (23 + 1 °C) and
photoperiod (12h light/dark cycle) at the Biotherium of Embryology (Room
110C/1%t floor/Biological Sciences Center/UFSC). Filtered water and standard

rodent chow were offered ad libitum during the experiments.

2.2.  First Experiment

2.2.1. Experimental design

Female Swiss mice were randomly distributed in three experimental
groups (n=20 per group): control group, i.e., animals that received vehicle (975
ML of 0.9% saline solution + 25 pL of dimethyl sulfoxide); and PPF-treated groups
at the doses of 0.1 or 1 mg/Kg, whose animals received PPF diluted in the vehicle
at the respective doses (Figure 1). The treatments were daily performed by
gavage from postnatal day (PND) 23 to PND 75. On alternated days, the animal
body mass was evaluated to monitor the mass gain and growth of the females.
In addition, water intake and food consumption were monitored throughout the
experiment.

The PPF doses used in this study were obtained using the dose
conversion methodology between different species, based on the body surface
area of the species, humans and mice (Reagan-Shaw et al., 2008). Thus, the
doses administered to the mice are equivalent to the maximum acceptable dose
of PPF allowed by WHO for human daily intake (0.1 mg/Kg of human body mass)
and a dose 10 times lower than the maximum level allowed by WHO (Truong et
al., 2016; WHOPES 2017).

2.2.2. Puberty onset

From PND 23 the females were daily evaluated to identify the complete
vaginal opening and first estrus, which are considered physical signs of puberty
onset in females (Hubrecht and Kirkwood, 2010). When vaginal opening
occurred, the mice were weighed and evaluated about the day of first estrus
through the content of cells in the vaginal smears, in which the presence of
cornified cells allowed the identification of this phase of the estrous cycle
(Marcondes et al., 2002). On the day of the first estrus, the females were also
weighed.
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2.2.3. Estrous cyclicity

From PND 60 to PND 75, the cellular composition of the vaginal smears
was daily examined to determine the phase of the estrous cycle and its regularity.
Proestrus was characterized by the predominance of nucleated epithelial cells;
estrus was determined by the abundance of cornified epithelial cells; metestrus
was identified by a similar distribution of nucleated and cornified epithelial cells,
and leukocytes; and diestrus was characterized by the predominance of
leukocytes (Marcondes et al., 2002). The data obtained were used to estimate
the frequency (in days) of proestrus, estrus, metestrus, and diestrus, the duration
of the estrous cycle, and the number of cycles during the period evaluated (Leite
et al., 2018).

2.2.4. Euthanasia and organ masses

After PND 75, one subgroup (n=10 per group) was euthanized, in the
estrus phase, by isoflurane inhalation followed by cervical dislocation and,
subsequently, reproductive organs such as ovaries, oviducts, and uterus were
collected and weighed. To assess signs of systemic toxicity, vital organs such as
kidneys, adrenals glands, liver, thyroid, brain, and pituitary gland were removed

and weighed.

2.2.5. Histological procedures and histomorphometric analyses

The thyroids, left ovaries, and uterine horns were collected and fixed in
modified Davidson's fixative solution, embedded in paraffin, and sectioned in
three non-serial transverse sections (n=6/group) with a thickness of 4 um, with a
spacing of 35 uym. For uterine sectioning, it was used the medial region of the
organ. Sections were stained with hematoxylin and eosin (HE) to assess ovarian,
uterine, and thyroid general morphology under microscopy. Moreover, thyroids
were stained with Periodic Acid-Schiff (PAS) and hematoxylin to highlight colloid
content inside the follicles. The uteri were also stained with Picrosirius Red and
hematoxylin to identify the collagen fibers content and with toluidine blue for mast
cell count. The ovaries were also stained with toluidine blue and used for mast

cell quantification.
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Ovarian follicles were counted and classified concerning the different
maturation stages, taking into consideration the structure and number of
granulosa cell layers of the different follicular types. The classification of ovarian
follicles was performed as described by Borgeest et al., 2002 (Borgeest et al.,
2002) and Talness et al., 2005 (Talsness et al., 2005). Corpora lutea were
identified by the presence of large and acidophilic lutein cells, as well as by their
vascularization (Westwood, 2008).

Regarding the uterine morphological evaluation, the structure of the
different layers of the organ was analyzed, including perimetrium, myometrium,
and endometrium (endometrial stroma, uterine glands, and luminal uterine
epithelium) (Leite et al., 2018).

For morphometric analysis, the ovary, uterus, and thyroid slides were
photodocumented under an Olympus BX 41 optical microscope with an attached
3.3 megapixels digital camera, and measurements were performed on a personal
computer using ImagedJ software. The left ovary area was measured to obtain the
number of ovarian follicles and corpora lutea per ovary area (mm?).

Furthermore, the quantity of ovarian interstitial tissue was assessed
through degrees, considering the presence and abundance of this tissue in the
cortical and medullary regions of the organ, as follows: 0 - indicates absence of
interstitial tissue, 1 - represents a small amount of this tissue, 2 - indicates
moderate quantity of ovarian interstitial tissue, and 3 - represents a large quantity
of this tissue. After classification for the presence and distribution of interstitial
tissue in each ovarian section (three sections per animal), the average grade per
animal was calculated, following the same approach as performed by Leite et al.
(2014) to estimate the degree of seminiferous epithelium development (Leite et
al., 2014).

In addition, in the uterus, morphometric assessments were performed to
measure the thickness of the perimetrium, myometrium, endometrial stroma,
luminal uterine epithelium, and total area of the lumen. Moreover, a stereological
evaluation of uteri stained with Picrosirius Red and hematoxylin, and thyroid
stained with PAS and hematoxylin was performed to determine the frequency of
the different compartments of these organs. In the uteri, the following
compartments were considered, focusing on myometrium and endometrium

stroma: circular myometrium layer, longitudinal myometrium layer, connective
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tissue between the myometrium layers, collagen fiber in the myometrium,
endometrium stromal cells, uterine glands, and collagen fibers in the
endometrium stroma. For the thyroid, stereological assessment considered the
follicular epithelium, colloid content, parafollicular cells, and the remaining

interstitial components of the organ.

2.2.6. Reproductive performance and fetal evaluations

From PND 75, the other subgroup (n=10/group) was used for the
assessment of reproductive performance and fetal parameters (Figure 1). Thus,
when proestrus was identified, the females were placed for mating with untreated
males and on the following morning after mating, the presence of a vaginal plug
or the presence of sperm in the vaginal smear was considered to confirm
pregnancy, and this day was considered as gestational day (GD) 0. The body
mass gain was daily monitored and maternal mass gain was calculated by the
difference between body masses observed on GD 0 and GD 18. Water intake
and food consumption were also monitored during gestational days.

On GD 18, females were weighed and euthanized by isoflurane inhalation
followed by cervical dislocation. Then, the gravid ovaries and uterus were
removed and weighed. In addition, gravidic corpora lutea, implantation sites,
resorptions, and the number of live and dead fetuses were counted. Fetal and
placental masses were also measured in an analytical balance. From these
results, the following indexes were obtained: pregnancy rate = number of
pregnant females/number of inseminated females x 100; fertility potential
(implantation efficiency) = implantation sites/corpora lutea x 100; pre-implantation
loss rate: number of corpora lutea - number of implantations/number of corpora
lutea x 100; post-implantation loss rate = number of implantations - number of
live fetuses/number of implantations x 100; sex ratio = number of male
fetuses/number of female fetuses x 100.

After being removed on GD 18, the fetuses were fixed in 70% alcohol.
Then, they were externally examined, with the use of a Zeiss stereomicroscope,
for the position and shape of the eyes and mouth, height of ear implantation,
cranial contour, presence and appearance of forelimbs and hind limbs, anal
perforation, aspect of the tail and neural tube defects such as spina bifida
Damasceno et al., 2008).
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Furthermore, fetal biometric parameters such as the relative anogenital
distance, craniocaudal distance, and cephalic circumference were obtained. The
relative anogenital distance was calculated, as follows: anogenital distance/cube
root of body mass [mm/g'?] (Guerra et al., 2023). Cephalic circumference was
calculated after obtaining the biparietal and fronto-occipital distances. For the

obtainment of these measurements, a digital pachymeter was used.

2.3. Second experiment

2.3.1. Uterotrophic assay, body mass and organ masses

In parallel to the other experiment, the uterotrophic assay was performed
as previously reported (Padilla-Banks et al., 2001). Female mice on PND 18 were
randomly distributed into five experimental groups (n=7/group): negative control,
whose animals received vehicle (corn oil); PPF at the doses of 0.01, 0.1, or 1
mg/Kg diluted in vehicle; and positive control, whose animals received 17[3-
estradiol at the dose of 0.5 mg/Kg diluted in vehicle (Figure 1). The treatments
were performed subcutaneously for three days. Twenty-four hours after the last
administration, the mice were euthanized by isoflurane inhalation followed by
cervical dislocation. Then, the uterus with and without fluid were collected and
weighted to assess the estrogenic activity of PFF. Additionally, ovaries, oviducts,
adrenal glands, kidneys, and liver were collected and weighed to evaluate the

possible toxic effects of PPF in these organs.

2.4. Statistical analysis

The data were tested for normality and homoscedasticity by the Shapiro-
Wilk test. Two-way ANOVA accompanied by Tukey's post-hoc test was used to
evaluate data with monitoring throughout the experiment, such as body mass
gain, and water and food intake. The other data were evaluated by One-way
ANOVA followed by Tukey's post-hoc test if the data presented normality and
homoscedasticity. However, when these characteristics of the data were not
confirmed, the Kruskal-Wallis test followed by Dunn's post-hoc test was used.
The Fisher exact test was used to assess the frequency of external congenital

anomalies. Statistical assessments were performed in the statistical program
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GraphPad Prism® version 8 and the differences were considered significant

when p < 0.05.

First experiment

n= 10/group Treatment period
I PND 23 PND 75
g Experimental groups
sy Control
PPF 0.1 mgiKg Subgroup 1
PPF 1mg/Kg Obtainment and weighing of vital
and reproductive organs
PND 60 PND 75 =
Histology and morphometry of
I T thyraid, ovaries and uterus
Body mass l
‘Water and food consumption <= PND 23
Puberty anset Estrous cycle
Body mass
Water and food
consumption
Subgroup 2

n= 10/group

> Experimental groups
PN Control
PPF 0.1 mg/Kg
PPF 1 mg/Kg

Treatment period

Fertility and reproductive

GDOo GD18 = | performance

T I Fetal biometrical parameters

Natural

PND 23 PND 75

n= Tigroup

Experimental groups
Negative control
PPF 0.01 mg/iKg
PPF 0.01 mg/iKg

PPF 1 mg/Kg

Positive control

External fetal morphology

mating l

Body mass gain

Water and food consumption

Second experiment

Uterotrophic assay and
organ masses

Treatment period

PND 18 PND 20

After 24h

Obtainment and weighing of uterus
with and without fluid, ovaries,
oviducts, adrenal glands, kidneys

and liver.

Figure 1. Experimental design of the two experiments. Created by the author: Developed at Mind

the Graph and Power Point.
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3. Results

A synthetic description of main results obtained in both experiments, after

female mice were exposed to the different treatments, is shown in Figure 2.

Parameter | Differences among the groups
First experiment
Treatment from PND 23 to PND 75

Vaginal opening =
Body mass at the day of vaginal
opening
First estrus
Body mass at the day of first

estrus

Estrous cycle =

Absolut organ masses Thyroid — 4 1mg/Kg
Relative organ masses Liver -7 0.1 ma/Kg and 1mg/Kg
Body mass =

Water intake

Food consumption
Ovarian mast cells

Total ovarian area
Primordial/primary follicles
Preantral follicles

Antral follicles

Atretic follicles

Corpora lutea =

Ovarian histopathology Interstitial tissue in the medullar and cortical
regions — T 1 mg/Kg

Perimetrium
Myometrium
Endometrial stroma + 0.1 mg/Kg and 1mg/Kq
Luminal epithelium
Luminal area

Myometrial collagen fibers

Endometrial collagen fibers +1mg/Kg

Uterine histopathology Endometrial projections — -+ 1mg/Kg

Thyroid stereclogy Glandular epithelium and colloid masses —
+ Tmg/Kg

Fertility and reproductive performance
Body mass gain =
Water intake

Food consumption =
Fertility rates Fetal death - 7 0.1 mg/Kg
Fetal biometric parameters =

Exernal fetal morphology =
Uterotrophic assay

Body mass =
Uterus mass with fluid T Positive control
Uterus mass without fluid T Positive control

Organ masses =

Figure 2. Description of the main results obtained in the experiments. No differences among the

groups are indicated by the symbol of equal (=).
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3.1. First experiment: Female reproductive parameters

The age of puberty onset was not affected by PPF exposure. Females
showed similar age and body mass on the day of vaginal opening and first estrus
(Figures 3 and 4). About the regularity of the estrous cycle, the length and number
of cycles showed no differences among the groups (Table 1). In addition, the
frequency of each phase of the estrous cycle showed a similar distribution among

the groups (Figure 5).
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Figure 3. Age and body mass at the day of vaginal opening. Values expressed as mean + standard

error of mean (SEM). One-way ANOVA followed by Tukey's post-hoc test. p > 0.05.
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Figure 4. Age and body mass at the day of the first estrus. Values expressed as mean £ SEM. One-

way ANOVA followed by Tukey's post-hoc test. p > 0.05.
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4,

Table 1. Estrous ciclicity in the animals from the experimental groups.

Experimental Groups (n=20/group)

Control 0.1 mg/Kg 1 mg/Kg
Estrous cycle length 4.44 +0.18 4.65+0.25 4.94 £0.30
(days)
Number of estrous 2.73+0.00 3.20 £ 0.18 3.14 £0.17
cycles

Values expressed as mean + SEM. One-way ANOVA followed by Tukey's post-hoc test. p >
0.05.
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Figure 5. Frequency of the estrous E§8%rim$£§%|§5?urﬂfce from the experimental groups.
Values expressed as median and interquartile range. Kruskal-Wallis followed by Dunn's

post-hoc test. p > 0.05.

Considering the evaluations performed from pre-puberty until sexual
maturity, such as body mass gain and water and food ingestion, there were no
differences among the experimental groups for these parameters (p > 0.05)
(Figures 6 and 7).
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PND (post-natal day)
Figure 6. Body mass gain in females from the experimental groups since pre-puberty until
sexual maturity. Values expressed as mean £ SEM. Two-way ANOVA followed by Tukey's

post-hoc test. p > 0.05.
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Figure 7. Water and food ingestion in the animals from the experimental groups since pre-
puberty until sexual maturity. Values expressed as mean * SEM. Two-way ANOVA

followed by Tukey's post-hoc test. p > 0.05.

Regarding the vital organ masses, PPF caused a decrease in absolute
thyroid mass at the higher dose, when compared to controls, and an increase in
relative liver mass at both doses (p < 0.05). However, the absolute and relative
masses of the other organs showed to be similar among the experimental groups
(p > 0.05) (Tables 2 and 3).
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Table 2. Vital organ masses of females from the experimental groups at the first
estrus after PND 75.

Experimental Groups (n=10/group)

Control

0.1 mg/Kg

1 mg/Kg

Final body mass (g) 35.88+1.43

450.10 £ 10.82

35.20+£0.70
446.10 + 12.21

35.60 £1.18
478.90 + 10.86

Brain (mg)
Brain (mg/g BM) 1.26 £ 0.03 1.27 £ 0.03 1.36 £ 0.04
Pituitary (mg) 3.57 £0.48 3.70 £ 0.54 3.00 £ 0.00
Pituitary (mg/g BM) 9.99+1.10 10.50 £ 1.54 8.13+0.39
Thyroid (mg) 3.60 + 0.37° 2.89 + 0.263° 2.50 £ 0.22°
Thyroid (mg/g BM) 10.10 £1.00 9.26 +1.16 7.06 + 0.60
Heart (mg) 128.50 + 4.41 127.40 + 3.61 130.60 £ 5.12
Heart (mg/g BM) 360.30 £ 11.33  354.70 £ 8.93 366.60 £ 5.98
196.60 £ 6.00 194.00 £ 4.55 190.60 £ 6.99

Lung (mg)

Lung (mg/g BM) 550.80 + 12.68

551.70 £ 11.00

536.30 + 14.05

Liver (g) 1.40 £ 0.08 1.48 +0.03 1.50 £ 0.08
Liver (g/g BM) 3.98+0.102 4.20 £0.08° 4.21+0.10°
Adrenal gland (mg) 7.20 +0.57 7.60 +0.34 7.90 £0.90
Adrenal gland (mg/g BM)  20.09 +1.48 21.61+0.92 22.26 +2.31
Kidney (mg) 187.70 +6.46  194.90 + 3.76 200.10 +7.98
52430 +£5.26 550.00 £15.84 562.40 + 14.69

Kidney (mg/g BM)

Values expressed as mean + SEM. One-way ANOVA followed by Tukey's post-hoc test. p < 0.05.
Different letters indicate statistically significant differences among the groups. p > 0.05. BM = body

mass.
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Table 3. Reproductive organ masses of mice from the experimental groups in the first
estrus after PND 75.

Experimental groups (n=10/group)

Control 0.1 mg/Kg 1 mg/Kg
Ovaries (mg) 12.56 £ 0.93 15.90 £ 1.31 14.60 £ 0.97
Ovaries (mg/g BM) 38.79+4.42 4552 £ 4.11 40.83 £ 2.02
Oviducts (mg) 9.78 + 0.36 11.90 £ 0.95 10.00 £ 1.01
Oviducts (mg/g BM) 27.04 £1.31 33.93 +2.80 2791 +2.54
Uterus (mg) 167.90 £ 7.68 160.20 + 5.00 171.90 + 4.33
Uterus (mg/g BM) 469.40 £ 20.75 454.60 £ 11.30 488.20 £ 21.86

Values expressed as mean + SEM. One-way ANOVA followed by Tukey's post-hoc test. p>0.05. BM =

body mass.

Ovarian morphometric parameters such as total ovarian area,
quantification of follicles at different stages of maturation and atresia, and the
number of corpora lutea were similar among the experimental groups (Figure 8).
However, ovarian histopathological evaluation exhibited an increase of interstitial
tissue in the gonadal cortex and medulla of the mice treated with PPF 1 mg/Kg,

when compared to the other groups (Figure 9).
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Figure 8. Quantification of follicles and corpora lutea in the ovary of the animals of the experimental
groups in the first estrus phase after PND 75. Values expressed as mean + SEM. One-way ANOVA
followed by Tukey's post-hoc test. p > 0.05.
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Figure 9. A: Photomicrographs of ovaries from females of the experimental groups in the first estrus
after PND 75. Note the increased interstitial tissue in the cortex and medulla region of the ovary
(asterisks) of mice exposed to the 1 mg/Kg of PPF. Hematoxylin and eosin (HE). Scale = 500 ym in the
first column and 250 ym in the second and third columns. B: Degree of intersticial tissue (IT) in the
ovarian cortex and medulla. Values expressed as median and interquartile range. Kruskal-Wallis

followed by Dunn's post-test. Different letters indicate statistical differences among the groups. p < 0.05.
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In the uterine histopathology, there was a reduction in the endometrial
projections towards the lumen and a diminution in the proportion of collagen fibers
in the group exposed to PPF 1 mg/Kg, in comparison to the other two groups
(Figures 10 and 11). Additionally, morphometric assessment demonstrated a
reduction in endometrial stroma in both experimental groups in comparison to the
control group (p < 0.05) (Figure 10). However, the other uterine morphometric

parameters were comparable among the groups (Figure 10).
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Figure 10. A. Uterine photomicrographs of animals from the experimental groups in the first estrus after
PND 75. Note the decrease of endometrial projections towards the lumen (arrows) in females exposed to
the higher dose of PPF. Hematoxylin and eosin (HE). Scale = 500 uym. B. Uterine morphometry of the
animals of the experimental groups in the first estrus phase after PND 75. Values expressed as mean *
SEM. One-way ANOVA followed by Tukey's post-hoc test. Different letters indicate statistical differences
among the groups. p < 0.05.
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Figure 11. A. Uterine photomicrographs of animals from the experimental groups in the first estrus after
PND 75. Note the decrease in the content of collagen fibers in the endometrium stroma (asterisks) of
females exposed to 1 mg/Kg of PPF. Picrosirius red and hematoxylin (PSR-H). Scale = 500 um in the first
line and 200 pm in the second line. B and C: Proportion of different cells and tissues and collagen fibers in
the myometrium and endometrial stroma of animals of the experimental groups in the first estrus after PND
75. Values expressed as median and interquartile range. Kruskal-Wallis followed by Dunn's post-hoc test.

Different letters indicate statistical differences among the groups. p < 0.05.

The quantification of mast cells performed in the cortex and medulla of the
ovary and the uterine myometrium and endometrium stroma were similar among
the experimental groups (Table 5). Furthermore, Figure 12 shows representative
photomicrographs of ovaries and uteri stained with toluidine blue and mast cells
identified in these organs, whose cell population was greater in the uterus than in

the ovary, in both experimental groups.



32

Control

Uterus




33

Figure 12. Photomicrographs of ovaries and uteri from females of the experimental groups stained
with toluidine blue. Second and third lines are detailing mast cells (arrows) identified in the ovarian
cortex and medulla, respectively. Fifth and sixth lines show mast cells (arrows) in myometrium and
endometrial stroma. Scale = 500 um in the first and fourth lines and 50 um in the second, third, fifth

and sixth lines.

Table 4. Quantification of mast cells in the ovary and uterus of females from the

experimental groups in the first estrus after PND 75.

Experimental Groups (n=6)

Control 0.1 mg/Kg 1 mg/Kg
Ovarian cortex 1.00 £ 0.35 0.94 +0.34 0.27 +0.12
Ovarian medulla 0.05 £ 0.05 0.11 £ 0.11 0.22 £0.16
Myometrium 103.20 + 9.64 110.90 + 14.60 148.60 + 20.20
Endometrium 5.50 + 1.69 2.67 £0.56 3.78 £1.20

Values expressed as mean + SEM. One-way ANOVA followed by Tukey's post-hoc test. p>0.05.

Concerning thyroid histology, both experimental groups showed similar
follicular epithelium structures with colloid inside them, as well as similar
interstitial tissue with parafollicular cells (Figure 13). However, thyroid stereology
showed a reduced mass of glandular epithelium and colloid in the group exposed
to the higher dose of PPF, in comparison to the other groups (p < 0.05) (Table
5).
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Figure 13. Photomicrographs of thyroids from females of the experimental groups in the first
estrus after PND 75. Periodic acid Shiff (PAS) and hematoxylin. Scale = 500 pm in the first line

and 50 ym in the second line.

Table 5. Thyroid stereology in the females of the experimental groups in the first estrus after
PND 75.

Experimental groups (n=6/group)

Control 0.1 mg/Kg 1 mg/Kg

Glandular epithelium (%) 52.96 (47.84 — 54.38) 53.48 (35.41 -59.78) 49.38 (35.10 — 62.03)

Glandular epithelium (mg) 2.00 £ 0.312 1.43 £ 0.162 1.25 +0.27°
Colloid (%) 42.79 (36.37 —54.87)  40.29 (27.04 —56.37) 42.92 (31.23 — 49.54)
Colloid (mg) 1.72 £ 0.202 118 £0.172 1.02 + 0.09°
Parafollicular cells (%) 1.24 (0.46 — 3.57) 0.96 (0.68 — 1.12) 1.54 (0.46 — 1.73)
Parafollicular cells (mg) 0.05 + 0.01 0.03 + 0.00 0.05 + 0.02
Other intersticial 5.53 (3.46 — 7.86) 3.01 (2.20 -5.89) 5.48 (4.17 — 7.87)

components (%)

Other intersticial 0.22 + 0.04 0.11 £ 0.02 0.17 £ 0.03
components (mg)

Values expressed as mean £ SEM or median and interquartile range. One-way ANOVA followed by Tukey's post-

hoc test or Kruskal-Wallis followed by Dunn's post-hoc test. Different letters indicate statistical differences among

the groups. p < 0.05.
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3.2. First Experiment: Reproductive performance and fetal evaluations

Body mass gain, water intake, and food ingestion in pregnant mice from
the experimental groups were similar during pregnancy (Figures 14 and 15).
Regarding reproductive performance, females from both treated groups showed
a reduction of 30% in the gestational rate, when compared to the control group
(Table 6). Additionally, it was observed an augmented frequency of fetal death in
the offspring of females previously exposed to 0.1 mg/Kg of PPF (p <0.05) (Table
6). On the other hand, no differences were found for the other indexes assessed

in this study (Table 6).
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Figure 14. Body mass gain during pregnancy. Values expressed as mean + SEM. Two-way

ANOVA followed by Tukey's post-hoc test. p> 0.05.
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Figure 15. Water intake and food consumption during pregnancy. Values expressed as mean + SEM.

Two-way ANOVA followed by Tukey's post-hoc test. p> 0.05.



36

Table 6. Reproductive performance of females from the experimental groups after natural

mating with untreated males.

Experimental groups (n=10/group)

Control

PPF 0.1 mg/Kg

PPF 1 mg/Kg

Gestational rate (%)

Fertility test (%)

Pre-implantation loss (%)

Post-implantation loss (%)

Sex ratio (M:F)

Gravid uterus (g)

Dead fetus (%)

Male fetus mass (g)

Female fetus mass (g)

Placenta mass from male

fetus (g)

Placenta mass from
female fetus (g)

100%
93.33 (86.67 — 100)
6.67 (0.00 — 13.33)
11.11 (3.84 — 20.63)
1.37 (0.75 — 2.00)

16.44 +1.80

0.00 (0.00 — 0.00)z

1.41+£0.04

1.31+£0.03

0.11 +0.00

0.11 +0.00

70%

100 (86.67 — 100)
0.00 (0.00 — 13.33)
11.76 (10.00 — 35.71)
1.40 (0.71 — 3.50)

18.80 + 1.59

0.50 (0.00 — 1.25)°

1.44 £ 0.05

1.30 £ 0.05

0.10 +0.00

0.10 £ 0.01

70%
66.67 (46.15 — 92.86)
33.33 (7.14 — 53.85)
16.67 (15.38 — 25.00)
1.20 (0.57 — 1.67)

14.66 + 1.50

0.00 (0.00 — 0.00)z

1.41 £ 0.06

1.32£0.04

0.11 +0.00

0.11 +0.00

Values expressed as mean + SEM or median and interquartile range. One-way ANOVA followed by Tukey's

post-hoc test or Kruskal-Wallis followed by Dunn's post-hoc test. Different letters indicate statistical differences

among the groups. p < 0.05.

The fetal biometric parameters evaluated, as well as the frequency of congenital

anomalies and early developmental milestones, were similar among the groups,

showing that PPF did not affect fetal development (Tables 7 and 8).
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Table 7. Fetal biometric parameters of male and female offspring of animals from the

experimental groups.

Experimental Groups

Control (n=10) 0.1 mg/Kg (n=7) 1 mg/Kg (n=7)

Craniocaudal distance inthe 2378+ 0.34 23.78 £0.32 23.40 £ 0.33
female fetus (mm)

Craniocaudal distance inthe 2460 +0.36 24.30 +0.28 24.42 +0.36
male fetus (mm)

Head circumference in the 47.83+0,59 48.48 +1.43 46.90 + 0.93
female fetus (mm)

Head circumference in the 48.73 £ 0.66 50.28 + 0.90 49.73£0.70
male fetus (mm)

AGDi in the female fetus 0.72+0.04 0.69 + 0.07 0.70 + 0.05
(mm)

Values expressed as mean + SEM. One-way ANOVA followed by Tukey's post-hoc test. p > 0.05.

Table 8. Frequency of congenital anomalies and anticipation of developmental

milestones in the offspring of animals from the experimental groups.

Experimental groups

Control 0.1 mg/Kg 1 mg/Kg
Total congenital anomalies 5.62 8.84 5.26
Curly tail 2.25 0.00 1.75
Elongated snout 1.12 1.23 0.00
Exencephaly 1.12 0.00 0.00
Macroglossia 1.12 0.00 0.00
Congenital anomalies of 0.00 3.70 175
limbs
Gastroschisis 0.00 247 1.75
Exophthalmos 0.00 1.23 0.00
Open eyelid 16.85 15.07 14.04

Values expressed in percentage (%). Fisher's exact test. p > 0.05.
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3.3. Second Experiment: Uterotrophic assay, body mass, and organ
masses

Females used in the second experiment had similar initial and final body
masses among the experimental groups (Figure 16). As expected, the mass of
the uterus with and without fluid of the animals that received 17B-estradiol
increased compared to the other groups (p < 0.05), showing the efficacy of the
test, although uteri masses among the other groups were similar (Figure 17). The
mass of the other collected organs showed no differences among the groups
(Table 9).
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Figure 16. Female body mass at the beginning and the final of the uterotrophic assay,
respectively. Values expressed as mean £ SEM. One-way ANOVA followed by Tukey's post-hoc
test. p > 0.05.
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Figure 17. Mass of uterus with and without fluid. Values expressed as mean + SEM. One-way
ANOVA followed by Tukey's post-hoc test. Different letters indicate statistically significant

differences among the groups. p < 0.05.
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Table 9. Reproductive and vital organ masses of females used in the uterotrophic assay

Experimental Groups (n=7/group)

Negative 0.01 mg/kg 0.1 mg/kg 1 mg/kg Positive

Control Control
Ovaries (mg) 3.00 + 0.22 2.43+0.20 2.57 + 0.30 2.57 +0.20 2.71+0.29
Oviducts (mg) 3.00 + 0.00 2.43+0.20 3.00 + 0.00 2.86 +0.26 3.00 + 0.00
Adrenal gland (mg) 243+020 2.00 £ 0.00 2.00 £ 0.00 2.14 £ 0.26 2.57 £0.20
Kdneys (mg) 10280 +383 8229423 85.71 +3.89 96.29 + 5.40 94.14 + 6.56
Liver (mg) 556.00 + 33.70 432.30 +24.44 470.40 +30.56 511.50+28.96 527.00 + 44.54

Values expressed as mean + SEM. One-way ANOVA followed by Tukey's post-hoc test. p> 0.05.

4, Discussion

It is known that endocrine disruptors act by mimicking or antagonizing the action
of endogenous hormones, such as estrogen (Ye and Liu, 2019). When evaluating the
in vitro estrogenic activity of thirty-two pesticides, it was found that PPF exhibited
estrogenicity (Kojima et al., 2005). However, Ji et al., (Ji et al., 2020) observed in vitro
that only PPF metabolites had intense estrogenic activity. The uterotrophic assay is a
test validated by the Organization for Economic Cooperation and Development, which
consists of evaluating the ability of a compound to induce an agonist or antagonist
activity to endogenous estrogens (OECD, 2007; Otha et al., 2012). In this study, the
mass of the uterus of the PPF-exposed females did not change after the exposure,
indicating that PPF showed no estrogenicity in the doses and conditions tested.

In female rodents, the vaginal opening and the first estrus are considered
external markers of puberty onset (Si et al., 2012). Some endocrine disruptors already
described may affect this critical phase of postnatal development, resulting in early or
late puberty (Perveen et al., 2020). Female mice when in utero exposed to the
insecticide cypermethrin, an estrogenic compound, showed an anticipation of vaginal
opening (Gan et al.,, 2023). However, rats exposed to the pesticide methoxychlor
during the beginning of the postnatal period showed no change on the day of vaginal

opening (Bertolasio et al., 2011).
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Therefore, in this study, PPF did not affect puberty onset, since the females
from the experimental groups showed similar ages of vaginal opening and first estrus.
Considering that puberty onset is dependent on increased levels of estradiol and that
PPF showed no estrogenicity in the tested doses, it was expected that the age of
puberty onset would be similar among the groups. Thus, the absence of estrogenic
action of the insecticide may explain the similar ages of puberty onset.

Determining the regularity of the estrous cycle is considered a useful marker for
assessing the integrity of the hypothalamic-pituitary-gonadal axis and ovarian activity
(Ramos Nieto et al., 2021). When there are changes in the estrous cycle, such as a
prolonged diestrus, reduced proestrus, and shorter estrus, it may be due to an
imbalance in the estrogen/progesterone ratio, as suggested by Baligar and Kaliwal
(Baligar and Kaliwal, 2002). In this study, PPF-treated females showed no changes in
estrous cyclicity.

Furthermore, monitoring body mass and water and food consumption during the
experiment are considered crucial parameters for assessing the animal's state of
health, and, in addition, the mass of vital organs can also indicate signs of systemic
toxicity (EPA, 1998). Herein, the treated groups showed body mass growth and
consumption of water and food similar to the control group.

In the present study, a decrease in thyroid mass and the masses of glandular
epithelium and colloid were observed at the dose of 1 mg/Kg. Thyroid hormones play
an important role in maintaining different biological processes, such as metabolism,
reproduction, and development (Tovo-Neto et al., 2018). In the ovaries, adequate
levels of thyroid hormones modulate the action of FSH and LH, because they are
involved in the survival of follicles and granulosa cells (Canipari et al., 2019; Cecconi
et al., 1999). In the uterus, through intracellular receptors, these hormones regulate
the responsiveness of the organ to estrogen (Silva et al., 2018).

Thyroid dysfunction is associated with reproductive disorders, where thyroid
hypofunction reduces the number of growing follicles, increases follicular atresia and
oxidative stress in the ovary, decreases proliferative rate of uterine epithelial and
stromal cells, and diminishes the endometrial thickness (Silva et al., 2018).
Furthermore, a previous study showed that Xenopus laevis exposed to PPF metabolite
(4'-OH-PPF) exhibited decreased thyroid hormone signaling with an antagonistic
activity to T3 (Vancamp et al., 2021). Then, we suppose that the thyroid may be a
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target for this toxicant, as well as its metabolite shown in the previous study performed
with frogs. Additional studies are necessary to elucidate the pathways used by PPF to
provoke toxicity in the thyroid.

Additionally, relative liver mass was increased at both doses of exposure. It is
known that the liver is involved in the response to most xenobiotics due to its ability to
biotransform chemical compounds (Williams and latropoulos, 2002). After analyzing
PPF metabolites in rat livers in vitro, it was shown that their toxicity is greater than that
of PPF (Liu et al., 2020). In addition, WHO studies have shown an increase in liver
mass in rats exposed to doses of 120 mg/Kg/day (WHO, 2008). We tested doses that
did not exceed the maximum limit of PPF allowed for WHO for daily ingestion, and
even using lower doses, we showed an increased relative liver mass, suggesting a
possible toxic effect for this organ.

Concerning the reproductive organs, in this study, both groups exhibited a
similar number of follicles and corpora lutea. In contrast, a study with Danio rerio found
that PPF inhibited follicle maturation, causing an increase in the proportion of follicles
in early stages containing previtellogenic oocytes (Oliveira et al., 2022). Furthermore,
it is known that exposure to different pesticides suppresses follicular development and
causes apoptosis in granulosa cells (Badraoui et al., 2010; Wang et al., 2019).

Herein, females exposed to PPF presented an increase in ovarian interstitial
tissue, in both cortex and medulla, which may be related to the increased levels of
androgen secretion. It is known that ovarian interstitial tissue is steroidogenic, as well
as theca cells, and it is capable to synthetize androgens (Al-Mehdi, 1979). Ovarian
interstitial tissue, when present in augmented quantity, is indicative of increased
androgen production. Thus, augmented androgen levels may impair the female genital
system, provoking ovarian dysfunction or damaging other reproductive organs like the
uterus, by decreasing endometrium thickness and making it more edematous
(Astapova et al., 2019; Camargo et al., 2014; Pelletier, 2000). Moreover, increased
testosterone levels and a reduced expression of aromatase cyp79b genes were
observed in female zebrafish exposed to PPF, which resulted in decreased E2/T ratio,
suggesting an androgenic and anti-estrogenic effect of PPF in females (Maharajan et
al., 2020).

In the ovary, mast cell numbers change according to the phase of the
reproductive cycle and play a role in increasing vascular permeability in response to
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LH, interacting with estrogen and progesterone, and helping to maintain the organ's
homeostasis (Gayfan et al., 1991). In the uterus, mast cells also fluctuate according to
the phase of the cycle and their most important role is in the implantation, by secreting
substances that generate the tissue remodeling necessary during this process
(Woidacki et al., 2013). Females exposed to glyphosate, another pesticide, during
pregnancy, showed increased mast cell numbers in the uterus, which, together with
other inflammatory processes, contributed to increased post-implantation losses
(Ingaramo et al., 2022). Despite this, no difference was observed in the number of mast
cells in the ovary and uterus of PPF-exposed animals.

In the uterus, excess androgenic stimulation may inhibit the growth of
endometrial tissue (Tuckerman et al., 2000). Females exposed to exogenous
androgens showed decreased thickness of the endometrium and edematous
endometrial stroma (Camargo et al., 2014). Moreover, the activity of the aromatase
enzyme may be negatively affected by the influence of exogenous androgens; thus,
they may impair the balance between steroid hormones and impact uterine structure
(Camargo et al., 2014; Mobini Far et al., 2007). In this study, the increased amount of
ovarian interstitial tissue was accompanied by a decrease in the thickness of the
endometrial stroma with reduced endometrial projections towards the lumen, and a
reduction in the content of endometrial collagen fibers; thus, endometrium had an
edematous appearance. When assessed together, these results reinforce the
androgenic effect of PPF in the female genital system.

In the uterine stroma, collagen fibers are organized interspersed with cells and
can have their synthesis, degradation, and organization modified by steroid hormones
(Bracho et al., 2019; Gisela S et al., 2020). Once these hormones are deregulated,
with a predominance of androgens, collagen fibers undergo disarrangements in their
distribution throughout the endometrium, which may impair endometrial receptivity
during implantation (Chavez-Genaro et al., 2022).

Although a previous study showed that the administration of PPF during
pregnancy caused a decrease in female mass gain and an increased duration of
pregnancy (Shahid and Saher, 2020), in this study, females demonstrated similar mass
gain and water and food consumption throughout pregnancy. It is important to highlight

that the doses used in this previous study were higher than the acceptable daily intake
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allowed by the WHO, unlike this study, in which the guidelines were followed to
simulate human exposure to PPF (WHOPES, 2017; WHO, 2008).

Herein, there was a reduction of 30% in the pregnancy rate of both PPF-
exposed females. It is worth mentioning that females were inseminated and presented
vaginal plug or sperm in vaginal smears, although the mice were not able to keep
gestation. This result indicates a possible damage of PPF to oocytes, reducing the
viability of germ cells, which, in turn, compromises fertilization and the success of
pregnancy.

Recent studies have reported that PPF may induce oxidative stress in zebrafish
ovaries and testis, by increasing reactive oxygen species formation and lipid
peroxidation and provoking glutathione depletion (Oliveira et al., 2022; Oliveira et al.,
2021). Furthermore, considering that PPF may increase oxidative stress, it may
provoke DNA damage in oocytes, which could be transmitted to the zygote whether
fertilization was successful. Then, embryo or fetal development may be compromised
during critical phases of the prenatal period, which, at last, may increase fetal death in
the offspring. Shahid and Saher (Shahid and Saher, 2020) when administered PPF to
pregnant mice also reported augmented fetal death and changes in the mass and
histology of liver, kidney, brain, and heart in the offspring of these females (Shahid and
Saher, 2020). Despite this, in this study, when females were exposed to PPF until pre-
conception, there were no changes in the frequency of congenital anomalies or fetal
biometric parameters.

Then, PPF may increase ovarian interstitial tissue and impair endometrial
stroma, which indicates an androgenic effect and an endocrine-disruptive action of this
pesticide. When oocytes are under androgenic stimulation and exposed to increased
oxidative stress, as we suppose these are part of the adverse outcome pathways of
PPF, then, the events such as fertilization and successful pregnancy may be harmed.
Whether embryo development progresses, fetal viability may be impaired and fetal

death can be augmented.
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5. Conclusion

In summary, female mice exposed to PPF from pre-puberty to sexual maturity
exhibited systemic toxic effects, as demonstrated by reduced thyroid mass, diminished
mass of the thyroid glandular epithelium and colloid, and increased liver mass. In
addition, PPF increased ovarian interstitial tissue and decreased endometrial stroma
thickness and the content of collagen fibers; thus, it made the uterus more edematous.
Together, the results indicate a possible androgenic effect of this pesticide. Moreover,
PPF reduced the pregnancy rate in both groups and increased fetus death in the group
exposed to the lower dose, suggesting diminished viability of oocytes and an
impairment to fetal viability mediated by maternal factors. Then, considering that this
study was performed with environmentally acceptable doses of PPF, it indicates that
this pesticide may represent a possible risk to the reproductive health of women

exposed chronically to PPF since infancy and adolescence.
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4. DISCUSSAO

Os desreguladores enddcrinos sdo compostos que alteram negativamente a
atividade endocrina, seja mimetizando ou bloqueando as a¢des hormonais (Rattan et
al., 2017; You; Song, 2021). Dentre as diferentes substancias consideradas como
desreguladores enddcrinos, encontram-se os praguicidas, por demostrarem que
podem causar danos a reproducao feminina, afetando os tecidos e fungbdes
reprodutoras (Rattan et al., 2017).

Em estudos de toxicologia, a utilizagdo de roedores e outros organismos-
modelo se mostra importante para observacdo dos efeitos toxicos a saude
decorrentes da exposi¢cao aos desreguladores endocrinos (Rattan et al., 2017). Em
relagado ao PPF, a literatura é escassa acerca das consequéncias que esse inseticida
pode provocar a organismos nao-alvo. Com isso, esse trabalho foi o primeiro a avaliar
os efeitos da exposi¢gado ao PPF no sistema genital feminino desde a pré-puberdade
até a maturidade sexual em camundongos.

Sabe-se que um dos mecanismos de agao dos desreguladores endocrinos &
mimetizar ou antagonizar a agcado de horménios esteroides, como o estrogénio, atraves
da ligagao aos receptores nucleares desses hormoénios (Ye; Liu, 2019). Ao avaliar a
atividade estrogénica in vitro de 32 praguicidas, incluindo o PPF, através do ensaio de
gene reporter, um estudo verificou que o PPF apresenta efeito estrogénico tanto
sozinho quanto combinado com outros praguicidas (Kojima et al., 2005). Por outro
lado, Ji et al., (2020) observou, in vitro, que apenas os metabdlitos do PPF possuiam
intensa atividade estrogénica no teste, entretanto, o PPF ndo induziu nenhum efeito.

O ensaio uterotrofico € um teste validado pela Organization for Economic
Cooperation and Development (OECD), que consiste em avaliar a capacidade de um
composto em induzir uma atividade agonista ou antagonista aos estrogénios
endogenos (OECD, 2007; OTHA et al., 2012). De acordo com a OECD (2007), o utero
ira responder aos estrogénios com aumento de sua massa, devido a retencédo de
fluidos e ao aumento dos tecidos deste orgao. Como visto neste trabalho, os animais
que receberam o 17[3-estradiol apresentaram aumento da massa do utero com fluido
e sem fluido. A massa do utero das fémeas que receberam PPF nao foi alterada,

indicando que, nas doses testadas, o PPF n&o apresentou atividade estrogénica.
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O inicio da puberdade € um periodo critico em que ha um aumento continuo na
liberagdo pulsatii de GnRH, tendo como resultado a ativagdo do eixo HHG, o
crescimento, o desenvolvimento e a maturidade sexual, que culmina na reproducao
(Gan et al., 2023; Li et al., 2018). Em roedores fémeas, a abertura da cavidade vaginal
e o primeiro estro sdo considerados marcadores externos da instalacdo da puberdade,
Ou seja, esses sS40 0s primeiros eventos para que se possa atingir a maturidade sexual
(Sietal., 2012). Fatores exdgenos, como os desreguladores enddcrinos, podem afetar
essa fase do desenvolvimento pds-natal, resultando em puberdade precoce ou tardia
(Perveen et al., 2020).

Camundongos ICR fémeas quando expostos ao inseticida cipermetrina no
ambiente intra-uterino apresentaram antecipacao da idade de abertura vaginal (Gan
et al., 2023). Por outro lado, ratas expostas ao praguicida metoxicloro durante o
periodo pos-natal (DPN 1 ao 3) ndo apresentaram alteragdo no dia da abertura vaginal
(Bertolasio et al., 2011). Sendo assim, os estudos mostram que diferentes compostos
podem alterar a idade de instalagao da puberdade, incluindo os praguicidas. Todavia,
neste trabalho, o PPF nao afetou a instalagao da puberdade, visto que as fémeas
tratadas com o inseticida apresentaram idade da abertura vaginal e do primeiro estro
semelhantes ao grupo controle.

A determinacéo do ciclo estral € considerada um marcador importante que pode
indicar como esta a integridade do eixo HHG e, consequentemente, a atividade
ovariana (Nieto et al., 2021). Quando ocorrem altera¢cdes no numero de ciclos ou na
frequéncia das fases, como um diestro prolongado, redu¢do de proestros e estros
mais curtos, essas alteragdes podem ser indicativas de desequilibrio na proporcao
estrogénio/progesterona, como sugeriu Baligar e Kaliwal (2002). Entretanto, neste
estudo, as fémeas tratadas com PPF n&o apresentaram alteracées na ciclicidade
estral, na duracdo dos ciclos, no numero de ciclos no periodo avaliado ou na
frequéncia de cada fase do ciclo.

O acompanhamento da massa corporal e do consumo de agua e racao durante
o experimento tem sido considerados essenciais para a identificacdo do estado de
saude do animal e, além disso, a massa dos 6rgaos coletados também podem indicar
sinais de toxicidade sistémica (Environmental Protection Agency- EPA, 1998). Neste
trabalho, os animais de ambos os grupos tratados apresentaram curva de crescimento

de massa corporal e consumo de agua e ragao, ao longo do experimento, semelhantes
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ao grupo controle. No entanto, Shahid e Saher (2020) observaram diminuigdo da
massa corporal em camundongos Swiss fémeas expostas ao PPF nas doses de 1200,
600, 320, 200, 100, 40 e 20 mg/Kg/dia. Em outro estudo, utilizando ratos Sprague-
Dawley machos e fémeas, o PPF foi inserido na ragao nas concentragdes de 80, 400,
2000 e 10000 ppm e, no final do experimento os animais apresentaram diminuicéo da
massa corporal, diminuigdo no consumo de ragdo e aumento na ingestdo de agua
(Koyama et al., 1989).

No presente trabalho, foi observada diminuicdo da massa da tireoide na dose
de 1 mg/Kg. Os hormoénios tireoidianos desempenham um papel importante na
manutengao de diferentes processos bioldgicos, como osmorregulagado, metabolismo,
morfogénese, desenvolvimento e reproducao (Tovo-Neto et al., 2018). Nos ovarios,
niveis adequados de hormdnios tireoidianos modulam a agao dos horménios FSH e
LH, além de estarem envolvidos com a sobrevivéncia de foliculos e células da
granulosa (Canipari et al., 2019; Cecconi et al., 1999). Em relacdo ao PPF, foi
demonstrado anteriormente que este inseticida pode interferir na tireoide em ensaios
realizados com ratos machos e fémeas puberes (Wegner et al., 2016). Nesse mesmo
estudo, outros praguicidas alteraram a massa e/ou histologia desse 6rgao (Wegner et
al., 2016).

Com o intuito de investigar neste trabalho como o PPF afetou a tireoide, a
histomorfometria do 6rgao foi avaliada. Nao foram observadas alteragdes a nivel
tecidual na tireoide, embora a estereologia tenha demonstrado redugcdo nas massas
do epitélio glandular e de coloide, o que indica uma possivel agao toxica do PPF sobre
este 6rgdo. Em um estudo prévio, a exposi¢cao de Xenopus laevis ao metabdlito do
PPF (4'-OH-PPF) promoveu diminuicdo da sinalizagdo do horménio tireoidiano T3,
mostrando sua atividade antagbnica em relagdo a este horménio (Vancamp et al.,
2021).

Outro érgao que teve sua massa afetada pelo PPF foi o figado, o que foi
demonstrado pelo aumento da massa relativa em ambas as doses do praguicida. O
figado esta envolvido na resposta da maioria dos xenobidticos, em fungdo da sua
capacidade de biotransformagdo de compostos quimicos (Williams; latropoulos,
2002). Vale ressaltar que, ao analisar esses metabdlitos em figados de rato in vitro,
foi possivel observar que a capacidade de toxicidade dos metabdlitos € maior que a
do PPF e que o 6rgao possui afinidade diferente, em maior ou menor grau, aos
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isdmeros desses compostos (Liu et al., 2020). Ademais, estudos da OMS mostraram
aumento da massa do figado de ratos expostos a doses de 120 mg/Kg/dia (WHO,
2008), que representam doses muito maiores do que as utilizadas neste estudo.

Apesar de nao ter afetado a massa dos 6rgaos reprodutores, a exposi¢ao ao
PPF nas doses testadas provocou prejuizos histolégicos no ovario e no utero, além
de alteragcbes morfométricas uterinas. Nesse estudo, as fémeas dos grupos
experimentais apresentaram a contagem de foliculos ovarianos em diferentes
estagios de desenvolvimento e de atresia e numero de corpos Iuteos semelhantes
entre si. Em contraste, um estudo com Danio rerio constatou que o PPF inibiu a
maturacdo de foliculos, provocando aumento na proporg¢ao de foliculos em estagios
iniciais, ou seja, aqueles que apresentam odcitos pré-vitelogénicos (De Oliveira et al.,
2022). Além disso, a exposi¢ao a diferentes praguicidas tem se mostrado capaz de
suprimir o desenvolvimento folicular e causar apoptose nas células da granulosa
(Badraoui et al., 2010; Wang et al., 2019).

Apesar de nao ter afetado a maturagao de foliculos ovarianos, o PPF provocou
aumento de tecido intersticial, tanto na regido cortical, quanto na medula do ovario.
Como dito anteriormente, alguns autores sugeriram que o PPF tem atividade
estrogénica (De Oliveira et al., 2022; Kojima et al., 2005). Apesar disso, 0 ensaio
uterotrofico realizado nesse trabalho, mostrou que o mesmo n&o € estrogénico.
Somado a isso, 0 aumento de tecido intersticial no ovario pode ser considerado um
indicativo de atividade androgénica do PPF, ja que as células do tecido intersticial,
gquando em maior quantidade, secretam mais androgenos. Além disso, foi observado
aumento nos niveis plasmaticos de testosterona, bem como, reducdo na expressao
no gene da aromatase cyp19b, que resultou na diminui¢do da razdo E2/T em peixes-
zebra fémeas, sugerindo efeitos androgénicos e antiestrogénicos do PPF nas doses
de 10 e 100 pg/L (Maharajan et al., 2020).

Além disso, com o intuito de mensurar a resposta a estimulos imunogénicos e
nao-imunogénicos, foi realizado a contagem de mastécitos nos ovarios e no utero. Os
mastocitos sdo células do sistema imune responsaveis pela sintese, secregao ou
liberacdo de diversos mediadores, como a heparina, histamina e proteases, que ficam
armazenados em granulos e sio liberados frente a estimulos inflamatérios que podem
ocorrer nos orgaos (Garfield et al., 2000). No ovario, estdo mais concentrados na

regido da medula e sua quantidade é variada de acordo com a fase do ciclo
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reprodutivo, exercendo funcdo no aumento da permeabilidade vascular em resposta
ao LH, interagindo com o estrogénio e progesterona, e ajudando de maneira geral a
manter a homeostase do 6rgao (Gayfan et al., 1991). No utero, os mastécitos também
oscilam em numero de acordo com a fase do ciclo e seu papel de maior relevancia é
na implantagcdo do blastocisto, por secretar substancias que geram a remodelagao
tecidual necessaria durante esse processo (Woidacki et al., 2013).

Fémeas expostas ao glifosato durante a prenhez apresentaram aumento do
numero de mastécitos no utero, que em conjunto com a invagdo de macréfagos,
aumento da expressdo de TGFB e diminuicdo da vascularizagdo no 6rgao,
contribuiram para o aumento de perdas poés-implantacéo (Ingaramo et al., 2022).
Neste estudo, observou-se que ha maior predominancia de mastocitos no utero
durante a fase de estro, especialmente no tecido conjuntivo depositado entre as duas
camadas miometriais, embora os mastécitos também tenham estado presentes no
endométrio e nas regides cortical e medular do ovario das fémeas de todos os grupos
experimentais. Todavia, nao foi observado diferengca na quantidade de mastécitos no
ovario e no utero dos animais dos grupos tratados com PPF, quando comparados ao
grupo controle, o que sugere auséncia de resposta inflamatdria mediada por
mastocitos apds exposicao ao PPF.

Considerando que houve aumento de tecido intersticial ovariano e, portanto,
atividade androgénica do PPF, o utero mostrou-se como um d&rgao-alvo deste
praguicida. Sabe-se que, no utero, o excesso de andrégenos pode provocar inibigao
do crescimento de células epiteliais endometriais, comprometendo o crescimento do
estroma endometrial (Tuckerman et al., 2000). Fémeas expostas a esteroides
anabolicos androgénicos apresentaram diminuicdo da espessura do endométrio,
estroma endometrial com aspecto edematoso e aumento da espessura do miométrio
(Camargo et al., 2014). Além disso, quando avaliados in vitro, praguicidas como o
glifosato e o fenarimol inibiram a atividade da enzima aromatase, impedindo que a
enzima exerga sua fungao (Andersen et al., 2006; Zhang et al., 2020). Com isso, a
atividade da aromatase pode ser afetada pela influéncia negativa de compostos com
atividade androgénica, o que, desregularia o balango entre estrégenos e andrégenos
e, em ultima instancia, afetaria a morfologia uterina devido ao aumento dos niveis de
andrégenos (Camargo et al., 2014; Far et al., 2007). Neste trabalho, foram observadas

diminui¢cdo da espessura do estroma endometrial e das proje¢des do endométrio em
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diregdo ao lumen, acompanhado de reduc¢do no contéudo de fibras de colageno, o
que promoveu prejuizos ao estroma endometrial, que adquiriu aspecto mais
edematoso.

No estroma endometrial uterino, as fibras de colageno se organizam de
maneira intercalada com as células e podem ter sua sintese, degradacdo e
organizagcao modificadas pelos horménios esteroides (Bracho et al., 2019; Bracho et
al., 2020). Uma vez que os niveis destes horménios estdo desregulados, com
predominadncia de androgenos, as fibras de colageno acabam passando por
desarranjos na sua distribuicdo pelo endométrio, que, em conjunto com a
estratificacdo do epitélio luminal, degeneracdo vacuolar e hiperplasia, podem
prejudicar a receptividade endometrial durante a implantagao do blastocisto (Chavez-
Genaro et al., 2022).

As alteracdes observadas na histoarquitetura uterina das fémeas expostas ao
PPF podem refletir na fertilidade, impactando o desempenho reprodutivo e o
desenvolvimento embriofetal. Durante a prenhez, os animais apresentaram consumo
de agua e ragao similares entre os grupos experimentais, assim como, ganho de
massa corporal semelhante ao longo do periodo gestacional. Em contrapartida, um
estudo prévio mostrou que a ingestdo de PPF nas doses de 30, 100, 300 e 1000
mg/Kg durante a prenhez de roedores, provocou diminuicdo no ganho de massa
materna e aumento na duracao da prenhez (Shahid; Saher, 2020). Vale ressaltar que,
as doses utilizadas sao maiores que a dose maxima permitida pela OMS para ingestao
diaria humana, diferindo desse trabalho, no qual foram seguidas as orientacdes desta
agéncia, na tentativa de simular a exposicao humana (WHO, 2008; World Health
Organization Pesticide Evaluation Scheme- WHOPES, 2017).

Neste trabalho, foi observada uma redugdo de 30% na taxa de prenhez das
fémeas de ambos os grupos expostos ao PFF. E importante destacar que as fémeas
foram inseminadas, o que foi confirmado pela presenca de plug vaginal ou de
espermatozoides no lavado vaginal. Entretanto, essas fémeas nao seguiram com a
prenhez, o que sugere danos aos ovocitos apods exposicao ao PPF, com reducéo da
viabilidade destas células, acarretando em prejuizos durante a etapa de fecundagéo.

Ademais, neste estudo houve aumento na porcentagem de morte fetal no
grupo exposto a menor dose de PPF. Esse resultado indica que, mesmo quando ha

sucesso na fecundacao e no desenvolvimento embrionario inicial, os prejuizos ao



59

gameta feminino, especialmente danos ao DNA gerados por estresse oxidativo,
poderiam ser passados para a prole, e prejudicar a viabilidade fetal durante etapas
criticas deste periodo. Sabe-se que o PPF pode aumentar o estresse oxidativo nos
testiculos e ovarios de peixes-zebra, promovendo prejuizos aos gametas, e podendo
aumentar os danos no DNA destas células (De Oliveira et al., 2021; 2022). Shahid e
Saher (2020) também observaram morte fetal na prole de camundongos fémeas,
quando estas foram expostas ao PPF durante a prenhez. Além disso, os autores
observaram que os fetos apresentaram diminuigdo da massa corporal, e alteragdes
na massa e histologia de 6rgéos vitais, tais como o figado, rim, coragédo e encéfalo
(Shahid; Saher, 2020). Apesar disso, neste estudo, as demais taxas relacionadas a
performance reprodutiva das fémeas, a frequéncia de anomalias congénitas fetais e
os parametros biométricos fetais nao foram afetados pelo PPF.

Como observado, este trabalho demonstrou que o PPF pode provocar
alteracdes na massa de érgéos vitais, como o figado e a tireoide, além de promover
prejuizos estruturais para os 6rgaos reprodutores, como o ovario e o utero. A atividade
androgénica do PPF somada a possivel diminuicdo da viabilidade dos ovdcitos
refletiram na diminui¢cdo da taxa de prenhez de ambos os grupos experimentais e no
aumento na taxa de fetos mortos no grupo exposto a menor dose de PPF. Como
limitacbes do trabalho, nao foi possivel quantificar os niveis séricos dos hormdnios
esteroides e a expressao dos seus receptores nos érgaos-alvo, tais como o ovario e
o0 utero. Tais analises complementariam os resultados obtidos neste estudo;
entretanto, considerando as correlagdes entre os desfechos e a integracdo dos
resultados entre si, foi possivel demonstrar a toxicidade promovida pelo PPF no

sistema genital de camundongos fémeas.
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5. CONSIDERAGOES FINAIS

Em resumo, camundongos fémeas expostas ao PPF desde a pré-puberdade
até a maturidade sexual exibiram efeitos toxicos sistémicos, conforme demonstrado
pela reducdo da massa da tireoide e diminuigdo da massa do epitélio glandular e do
coloide tireoideano, bem como pelo aumento da massa hepatica. Além disso, o PPF
aumentou o tecido intersticial ovariano e diminuiu a espessura do estroma endometrial
e o conteudo de fibras colagenas, tornando o endométrio mais edematoso. Juntos, os
resultados indicam um possivel efeito androgénico deste praguicida. Além disso, o
PPF reduziu a taxa de prenhez em ambos os grupos tratados e aumentou a morte
fetal no grupo exposto a menor dose, sugerindo uma diminuicao da viabilidade dos
oocitos e um comprometimento da viabilidade fetal mediado por fatores maternos.
Considerando que este estudo foi realizado com doses ambientalmente aceitaveis de
PPF, indica-se que este praguicida pode representar um possivel risco a saude
reprodutiva de mulheres expostas cronicamente ao PPF desde a infancia e a

adolescéncia.
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parecer favoravel a aprovacao do projeto.

Término previsto: 01/2025

ANIMAIS UTILIZADOS

Quantidade
Total Aprovado Utilizada
Camundongos heterogénicos Machos e Fémeas 210 0

Florianépolis, 07 de dezembro de 2023

Luciana Aparecida Honorato Vanessa Rafaella Foletto da Silva
Presidente da Comissao de Etica no Uso de Animais Vice-Presidente da Comissao de Etica no Uso de Animais
Universidade Federal de Santa Catarina Universidade Federal de Santa Catarina
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