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RESUMO

Ftalatos sdo compostos quimicos derivados do acido ftalico em que sao utilizados
amplamente na industria para garantir a flexibilidade do plastico, como em utensilios
domeésticos, cosméticos e brinquedos. Devido ao aumento na utilizagado de produtos
compostos por ftalatos pelo ser humano diversos estudos tém sido realizados para
avaliar os efeitos imediatos, tardios e transgeracionais dos ftalatos em animais pré-
puberes e adultos, principalmente os efeitos sobre fungdes reprodutivas. Isto posto, o
objetivo do presente estudo é verificar se a mistura de ftalatos é capaz de alterar o
desenvolvimento testicular e epididimario de ratos machos em idade neonatal e adulta
em duas geragdes. Para isso, a mistura contém dietil-ftalato, di-(2-etilhexil)-ftalato,
dibutil-ftalato, di-isononil-ftalato, di-isobutil-ftalato, e benzil-butil-ftalato. As fémeas
gravidas da linhagem Sprangue-Dawley foram divididas em 4 grupos e doseadas
oralmente diariamente de DG10 a DPN21 com 6leo de milho (Control:C) ou a mistura
de ftalato em trés doses (20ug/kg/d:T1; 200ug/kg/d:T2; 200mg/kg/d:T3). Apds o
periodo de tratamento, os machos da geragcao F1 foram submetidos a eutanasia em
dois periodos, com DPN22 e DPN120. Os machos F1 com DPN90 foram acasalados
com fémeas nao expostas para obtencdo da geragdo F2, em que os machos com
DPN22 foram submetidos a eutanasia. Foram coletados ducto deferente, epididimo,
prostata e testiculo para dados de peso. Os testiculos e epididimos foram coletados
para analise histoldégica e génica. A analise histopatoldégica dos 6rgédos manteve
semelhante entre os grupos, bem como a morfometria testicular de ratos F1 DPN120.
No testiculo podemos observar aumento de espermatozoides com anormalidade de
cabeca na menor dose e alteragbes nos estagios da dindmica espermatogénica em
todas as doses de ftalato. A contagem de células de Sertoli ndo teve alteracao
significativa nos animais F1 DPN22, reduziu nas menores doses nos animais F1
DPN120 e manteve essa redugdao nas maiores doses nos animais F2 DPN22. A
contagem de células de Leydig aumentou nas maiores doses nos animais F1 DPN22,
diminuiu nos animais F1 DPN120 e nao teve alteragdo nos animais F2 DPN22. O
didmetro dos tubulos seminiferos aumentou nos animais de DPN22 em todas as
doses de ftalato. O padrao de expressao génica de GPR30, HSD3B1, CYP19A1,
BCL2 e PUMA ficaram praticamente inalterados nos animais F1 DPN22, reduziu nos
animais F1 DPN120 e reduziu mais ainda nos animais F2 DPN22. No epididimo
podemos observar remodelamento tecidual na esterologia epididimaria, e alteragao
na expressao génica de GPR30, GPX3, GSR, IL10 e TNFa. Com isso podemos
concluir que a mistura de ftalatos é capaz de causar danos significativos em tecido
testicular e epididimario em efeito imediato, tardio e transgeracional.

Palavra-chave: ftalatos; transgeracional; testiculo; epididimo.
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effect of maternal exposure to mixtures of phthalates on testicular and
epididymal parameters of prepuberal and adult male rats. 2022. 104 p. Thesis
(Doctor’s Degree in Experimental Pathology) — State University of Londrina, Londrina,
2022.

ABSTRACT

Phthalates are chemical compounds derived from phthalic acid in which they are
widely used in industry to ensure the flexibility of plastic, such as in household items,
cosmetics and toys. Due to the increase in the use of products composed of phthalates
by humans, several studies have been carried out to evaluate the immediate, late and
transgenerational effects of phthalates in prepubertal and adult animals, mainly the
effects on reproductive functions. That said, the objective of the present study is to
verify if the mixture of phthalates is capable of altering the testicular and epididymal
development of male rats at neonatal and adult ages in two generations. For this, the
mixture contains diethyl-phthalate, di-(2-ethylhexyl)-phthalate, dibutyl-phthalate, di-
isononyl-phthalate, di-isobutyl-phthalate, and benzyl-butyl-phthalate. Pregnant
females of the Sprague-Dawley strain were divided into 4 groups and dosed orally daily
from GD10 to PND21 with corn oil (Control:C) or the phthalate mixture in three doses
(20pg/kg/d:T1; 200ug/kg /d:T2; 200mg/kg/d:T3). After the treatment period, males of
the F1 generation were euthanized in two periods, with PND22 and PND120. F1 males
with PND90 were mated with unexposed females to obtain the F2 generation, in which
males with PND22 were euthanized. The vas deferens, epididymis, prostate and testis
were collected for weight data. The testes and epididymis were collected for
histological and genetic analysis. The histopathological analysis of the organs
remained similar between the groups, as well as the testicular morphometry of F1
PND120 rats. In the testis, we can observe an increase in spermatozoa with
abnormality of the head at the lowest dose and changes in the stages of spermatogenic
dynamics at all doses of phthalate. The Sertoli cell count had no significant change in
F1 PND22 animals, reduced at lower doses in F1 PND120 animals and maintained
this reduction at higher doses in F2 PND22 animals. Leydig cell count increased at
higher doses in F1 PND22 animals, decreased in F1 PND120 animals and had no
change in F2 PND22 animals. The diameter of the seminiferous tubules increased in
the PND22 animals at all phthalate doses. The pattern of gene expression of GPR30,
HSD3B1, CYP19A1, BCL2 and PUMA were practically unchanged in F1 PND22
animals, reduced in F1 PND120 animals and further reduced in F2 PND22 animals. In
the epididymis we can observe tissue remodeling in epididymal sterology, and
alteration in the gene expression of GPR30, GPX3, GSR, IL10 and TNFa. With this we
can conclude that the mixture of phthalates is capable of causing significant damage
to testicular and epididymal tissue in immediate, late and transgenerational effects.

Key words: phtalate; transgeneration; testis; epididymis
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1 INTRODUGAO

1.1 SISTEMA GENITAL MASCULINO
O sistema genital masculino € composto por testiculos, epididimos,
ductos deferentes, e glandulas sexuais acessoérias, como prostata, glandula
seminal (Figura 1), coaguladora, bulbouretral e prepucial. Todos esses 6rgaos
dependem da acéo dos horménios testosterona e diidrotestosterona (DHT) para

desenvolvimento e manutengao de sua morfologia e fungdo (COSTANZO, 2005).

Glandula seminal

Prostata ]

Cabega Epididimo

Ducto deferente ]

Testiculo

Cauda Epididimo

Figura 1. Aspecto macroscopico do sistema genital masculino de roedores
(adaptado de PEROBELLI, 2012).

Os testiculos possuem duas principais fungbes: espermatogénese e
producdo de testosterona. Ocupam o escroto do animal, fora da cavidade
corpérea, e sdo mantidos em torno de 34°C. Para manutencdo correta da
espermatogénese e esteroidogénese testicular, neste érgao ocorre circulagao
contracorrente das artérias e veias testiculares, facilitando a troca de calor
(COSTANZO, 2005).

A tunica albuginea € uma capsula de tecido conjuntivo denso que
envolve os testiculos, sendo espessa na regido posterior do érgéo, formando o
mediastino do qual partem septos fibrosos em sentido radial dividindo o
parénquima testicular em |6bulos piramidais e I6bulos ocupados pelos tubulos
seminiferos, cuja fungdo é a producdo de espermatozoides (JUNQUEIRA;
CARNEIRO, 2004). O parénquima testicular de ratos e camundongos é formado

por um conjunto de 20 tubulos seminiferos, em média, que apresenta pouco
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tecido conjuntivo e isento de lobulos. Ao final de cada tubulo seminifero existe
uma regido de transi¢gdo que conectam os tubulos formando a rede testicular
(Figura 2) (FOLEY, 2001).

Epididimo

Testiculo

! ducto
' deferente

Figura 2. Esquema representativo do testiculo e epididimo. O testiculo esta
representado com os tubulos seminiferos e a rede testicular. O epididimo
subdivide-se em 3 regides carateristicas (cabega, corpo e cauda) e o ducto
deferente (adaptado de ROBAIRE; HERMO, 1988).

O epitélio germinativo dos tubulos seminiferos é formado por células
de Sertoli e células germinativas (espermatogdnias, espermatdcitos e
espermatides) apoiadas no tecido peritubular de revestimento (Figura 3)
(CLERMONT, 1972). As células soméaticas de Sertoli interagem quimicamente
com células germinativas em desenvolvimento, garantindo a sustentacao fisica
e nutricional dessas células (FOLEY, 2001), além de secretar proteinas inibina,
activina e de ligagao a andrégenos (ABP), realizar fagocitose de restos celulares
e do excesso de citoplasma das espermatides durante a espermiogénese,
garantir uma barreira hemato-testicular (BHT), e secretar fluido testicular rico em
ions e fatores de crescimento. Além disso, forma dois compartimentos nos
tubulos seminiferos (basal e adluminal) através da BHT por jun¢des oclusivas
criando um microambiente favoravel ao desenvolvimento das células

germinativas, protegendo os tipos celulares em estagios mais diferenciados
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(COSTANZO, 2005; GARCIA; FERNANDEZ, 2009; KIERSZENBAUM, 2008;
PINEAU; DUPAIX; JEGOU, 1999).

Pontes citoplasmaticas

Espermatides iniciais

Espermatécitos secundarios

Células intersticiais

Figura 3. Esquema do epitélio germinativo do tubulo seminifero e da area
intersticial que circunda o tubulo. Os tubulos seminiferos estao apoiados pela
lamina basal com células midides contrateis e achatadas. No intersticio estao
situados vasos sanguineos e fibroblastos, além das células intersticiais de
Leydig. O epitélio possui espermatogbnias, espermatécitos (primario e
secundario), espermatides iniciais e tardias que estdo localizadas na porgéo
apical as jungdes oclusivas das células de Sertoli, as quais se projetam da lamina
basal até o lumen do tubulo (JUNQUEIRA; CARNEIRO, 2004).

O processo de espermatogénese (Figura 4) pode ser dividido em trés
fases distintas: proliferativa mitética, meidtica e diferenciacdo espermatica
(CLERMONT, 1972; RUSSELL et al., 1993). A fase mitética é caracterizada pela
proliferagdo das espermatogobnias-tronco do tipo A isolada com a finalidade de
aumentar a populagdo espermatogonial, acarretando na origem de diferentes
classes dessas células: tipo A proliferativa (pareada ou alinhada), tipo A
diferenciada (A1, A2, A3, A4), tipo intermediario (In) e tipo B. Parte das
espermatogdnias tipo B, que estdo ligadas entre si por pontes citoplasmaticas,
iniciam o processo de diferenciacdo formando os espermatécitos primarios
(RAFF; LEVITZKY, 2012; RUSSELL et al., 1993). Na fase meidtica os
espermatécitos primarios (diploides) realizam meiose | e originam os

espermatdécitos secundarios (haploides), que por sua vez sofrem meiose I
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formando as espermatides iniciais (haploides) (JUNQUEIRA; CARNEIRO,
2004). Durante a fase de diferenciacdo espermatica, as espermatides iniciais
passam por um processo de citodiferenciacédo no qual ocorre condensagao do
material genético, formag¢ao do acrossoma, reposicionamento das mitocéndrias,
perda de citoplasma e formacdo do flagelo, resultando na formagédo dos
espermatozoides (CLERMONT, 1972; RAFF; LEVITZKY, 2012; RUSSELL et al.,

1993). A duragdo total da espermatogénese em mamiferos ¢é de

aproximadamente 30 a 75 dias, sendo baseada em 4,5 ciclos espermaticos
(SHARPE, 1993)
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Figura 4. Ciclo da espermatogénese em ratos. Mostra os diferentes tipos de
células germinativas durante cada fase do ciclo. A fase |-VI consiste na fase de
maturagao da espermatide tardia (numeros 15-18), a fase de VII-VIII consiste na
fase de espermiacdo, em que as espermatides tardias (numero 19) se tornam
espermatozoides no lumen do tubulo seminifero e as espermatides imaturas

(numeros 7 e 8) estdo de diferenciando em novas espermatides tardias; a fase
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IX-XIII é caracterizada pela continuidade da diferenciacdo das espermatides
imaturas (numeros 9-13) e pela auséncia de espermatozoide no lumen; a fase
XIV €& caracterizada pela divisdo meidtica nas espermatogdnias e nos
espermatécitos para completar o epitélio germinativo (JUNQUEIRA;
CARNEIRO, 2004). Figura A: Diferenciagao no epitélio germinativo; Figura B:
Diagrama esquematico com as diferenciagbes celulares. Legenda: A =
espermatogodnia do tipo A; In = estagio intermediario das espermatogébnias; B =
espermatogbnia do tipo B; Pl = profase I; L = leptdteno; Z = zigdteno; P =
paquiteno; Di = dipléteno; 7-19 = diferenciacdo das espermatides iniciais em

tardias.

O compartimento intersticial testicular € o compartimento que engloba
a funcdo enddcrina do 6rgao, sendo composto pelas células de Leydig que fazem
a biossintese de testosterona, macréfagos residentes associados, endotélio e o
espaco linfatico testicular (WALKER, 2011). As citocinas e os mediadores
inflamatorios secretados pelos macréfagos residentes sao extremamente
importantes para a homeostase fisioldgica do intersticio testicular,
principalmente para o desenvolvimento e diferenciagdo das células de Leydig
(HALES, 2002).

A regulacdo da cascata de diferenciagdo espermatogénica ocorre
através da sintese e secrecdo de hormdnios produzidos pelo eixo hipotalamico-
hipofisario-testicular (Figura 5). A liberacado pela adenohipdfise dos hormdnios
foliculo estimulante (FSH) e luteinizante (LH) é induzida pela liberacdo de
horménio liberador de gonadotrofina (GnRH) pelo hipotalamo. O FSH atua sobre
as células de Leydig estimulando a formagao de receptores de LH, além disso,
atua sobre as espermatogdnias produzindo uma onda de diferenciagao ao longo
do tubulo seminifero de estagios sucessivos da espermatogénese (GARCIA;
FERNANDEZ, 2009). O FSH exerce suas fungdes biolégicas sobre a
espermatogénese através do acoplado a proteina-G da membrana plasmatica
das células de Sertoli. O LH, por sua vez, atua sobre as células de Leydig para
sintetizar testosterona que exerce seus efeitos biolégicos através de receptores
androgénicos (AR) presentes também nas células de Sertoli (RUWANPURA;
MCLACHLAN; MEACHEM, 2010).A testosterona tem efeitos paracrinos,
sustentando a espermatogénese através das ceélulas de Sertoli e reforgcando a
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agao espermatogénica do FSH, além disso, possui efeitos enddcrinos em outros

orgaos como prostata e musculo esquelético (COSTANZO, 2005).

Cérebro
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Figura 5. Representacdo esquematica do eixo hipotalamo-hipoéfise-testiculo e a
agao hormonal em feedback. O FSH atua sobre as células de Sertoli, presente
nos tubulos seminiferos, e o LH atua sobre as células de Leydig estimulando a
liberagao de testosterona que atua também sobre as células de Sertoli (adaptado
de SHARMA; AGARWAL, 2013)

Apos a formacao dos espermatozoides maduros, estes sofrem o
processo de espermiacao no lumen testicular onde séo transportados através de
ductos eferentes ao epididimo, onde ocorre o processo de maturacéo
espermatica funcional (COSTANZO, 2005). O comprimento do ducto
epididimario varia de acordo com a espécie, sendo aproximadamente de 6
metros no humano adulto, 3 metros no rato adulto e 1 metro no camundongo
adulto. Diversos estudos na literatura tem provado que ocorre uma grande
semelhancga entre as regides e tipos celulares entre mamiferos, incluindo o rato,
camundongo e humano (ROBAIRE; HINTON, 2015).

Nos roedores, o epididimo é dividido em segmento inicial, cabeca,
corpo e cauda (ROBAIRE; HINTON, 2015), como mostrado na figura 3. Essas
porcdes sdo histologicamente divididas de acordo com a altura do epitélio, e com
a distribuicdo e quantidade entre os tipos celulares (REID; CLELAND, 1957),
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dentre eles existem as células basais, principais, estreitas, halo, claras e apicais
(Figura 6) (HERMO; ROBAIRE, 2002).

EPITELIO

Célula Halo
- imunologica
. Célula Mioide
- contragao muscular
Célula Basal

/. Barreira
Hematoepididimaria
- protecdo contra enfrada de antigenos

- fungéo proteliva

Célula Apical / e Célula Clara
- profecao dos - componente luminal
sspenfrafszs!des \ - acidifica¢do luminal
Célula Dendritica INTERSTICIO
g MUSCULO LISO
CAPILARES

Figura 6. Organizagao esquematica da maioria dos tipos celulares do epididimo
observadas em microscopio de luz. Os trés compartimentos epididimarios
possuem distribuigdo relativa de cada tipo celular ilustrada. As fun¢des principais
de cada tipo celular estdo especificados logo abaixo do nome da célula
(adaptado de ROBAIRE; HINTON, 2015).

Os espermatozoides, ao deixarem o lumen testicular, possuem sua
morfologia completa, porém ainda nao apresentam motilidade e s&o incapazes
de fecundar o ovdcito Il (DACHEUX; DACHEUX, 2014). A fungao principal de
todos os compartimentos do epididimo € o transporte dos espermatozoides,
porém, além disso, a regido da cabega possui fungdo sobre a maturagao
espermatica, regulando o desenvolvimento da motilidade, a aquisicdo da
capacidade de sofrer reacao acrossémica e de reconhecer sitios importantes de
modificagdes na membrana plasmatica dos espermatozoides. Somando a isso,
o epididimo protege os espermatozoides de espécies reativas de oxigénio
(EROs) através da barreira hemato-epididimaria (BHE) e faz a estocagem dos
gametas maduros na regido da cauda (COSENTINO; COCKETT, 1986;
HERMO; ROBAIRE, 2002; GREGORY; CYR, 2014; ROBAIRE; HINTON, 2015)
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A maturagdo dos espermatozoides no epididimo ocorre através da
interacdo do ambiente epididimario, das células epiteliais, do fluido luminal e dos
espermatozoides (BEDFORD, 1975; ORGEBIN-CHRIST; DANZO; DAVIES,
1975; KEMPINAS; KLINEFELTER, 2010). O processo de maturagao consiste em
determinar a qualidade espermatica (ROBERTS, 2010), sendo dependente dos
horménios andrégenos (EZER; ROBAIRE, 2002), ocorrendo através do
remodelamento na membrana do gameta, em que a degradagdo de
componentes testiculares e integragdo com componentes secretados pelo
epitélio epididimario e do proprio espermatozoide sao cruciais para garantir essa
qualidade (GATTI et al., 2004). Dessa forma o gameta pode adquirir capacidade
funcional (BARRIOS et al., 2005). O microambiente intraluminal possui um
rigoroso controle de atividade secretora e absortiva das células epiteliais
(ROBAIRE; HINTON, 2015).

Os gametas permanecem no interior do epididimo, principalmente
estocados na cauda, em estado quiescente até a ejaculagdo. Um dos motivos
se deve ao fato do pH ser acido no ambiente luminal que impede a degradacéo
das estruturas do espermatozoide (BRETON et al., 1999; PIETREMENT et al.,
2006; ROBAIRE; HINTON, 2015). O fluido luminal do epididimo contém uma
ampla composigao proteica incluindo enzimas, fatores de crescimento, proteinas
de ligacéao de ferro, proteinas de protecéo ao espermatozoide e outras proteinas,
como as lipocalinas e lactoferrina. A composi¢ao iénica do fluido epididimario
auxilia no desenvolvimento da motilidade e na manutencao do estado quiescente
dos espermatozoides, sendo composta por concentragdes menores de sédio,
cloreto, calcio e magnésio na regido da cabeca, e maiores de fésforo e potassio
quando comparada a composigao da cauda (ROBAIRE; HINTON, 2015).

Assim como no testiculo, no epididimo a BHE protege os gametas do
sistema imunoldgico, agentes xenobidticos, EROs, e restringe a passagem de
ions, solutos e macromoléculas, dessa forma garante um microambiente
apropriado para a maturagcao dos gametas. Os mecanismos de defesa incluem
sintese e secrecgao de proteinas especificas como as defensinas e antioxidantes,
além de células imunes residentes, como macréfagos, mastécitos e lifocitos
(ROBAIRE; HINTON, 2015).
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O ducto deferente conecta a porcéo final da cauda epididimaria a
uretra prostatica, sendo um tubo muscular revestido internamente por epitélio
pseudoestratificado com células principais, basais, claras e estreitas. Essas
células secretam glicoproteinas e possuem fungdes de protegdo dos
espermatozoides, reabsorvendo fluidos e acidificando o0 ambiente luminal, sendo
este o término do processo de maturacdo espermatica (KOMAREK et al., 2000).
O ducto ejaculatério € o segmento do ducto que entra na préstata, possuindo
mucosa semelhante ao ducto deferente (JUNQUEIRA; CARNEIRO, 2004).

As glandulas sexuais acessorias, como a glandula seminal, prostata,
glandula coaguladora, bulbouretral e prepucial (HASCHEK; ROUSSEAUX,
1998), tem por fungao produzir secre¢des de nutricdo e suporte pds-ejaculagcado
aos espermatozoides. Sdo dependentes da acédo de androgenos, portanto
refletem qualquer mudancga do estado endécrino ou da fungao testicular (MANN,
1972; CLEGG; PERREAULT; KLINEFELTER, 2001). A secregao da glandula
seminal compde a maior parte do ejaculado, sendo rica em frutose e
prostaglandinas, e participa do processo de coagulagdo do ejaculado e
imunoprotegcao dos espermatozoides (ROBERTS, 2010). A prostata possui uma
secrec¢ao liquida alcalina de natureza proteica, sendo rica em zinco, acido nitrico
e colina, além de conter fosfatase acida, antigeno prostatico especifico (APE),
amilase e fibrinolisina (KIERSZENBAUM, 2008; ROBERTS, 2010). O fluido da
glandula bulbouretral neutraliza os vestigios de urina e lubrifica a uretra, sendo
também uma fonte energética para os gametas masculinos (CHUGHTAI et al.,
2005). Por fim, as gléndulas prepuciais sdo glandulas sebaceas modificadas
ricas em Oleo que lubrificam a glande e apresentam agdo antibacteriana e
antiviral (HASCHEK; ROUSSEAUX, 1998).

O pénis é composto pela uretra e trés corpos cilindricos eréteis, sendo
dois corpos cavernosos e outro o corpo esponjoso, localizado na porgao ventral
envolvendo a uretra. Toda a estrutura € envolvida por tecido tegumentar. Além
disso, os corpos cavernosos estao envolvidos por tecido conjuntivo denso, tunica
albuginea e o tecido erétil dos corpos eréteis tem espagos separados por fibras
do tecido conjuntivo e células musculares lisas. O processo da eregao é
controlado por impulsos nervosos sobre as artérias e veias da regido do pénis.

Dentre os processos envolvidos, os impulsos do sistema nervoso parassimpatico
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causam o relaxamento dos vasos possibilitando o preenchimento dos corpos
cavernosos, produzindo a rigidez do pénis (JUNQUEIRA; CARNEIRO, 2004).

Os espermatozoides estocados na regido da cauda epididimaria sdo
liberados por agcdo do sistema nervoso simpatico pela contragcdo do tecido
muscular, auxiliando na propulsdo dos espermatozoides do ducto epididimario
até a saida da uretra, em que os 6rgéos acessorios sdo ativados e ocorre a
secregcao para a producdo do sémen e a nutricdo do espermatozoide
(HASCHEK; ROUSSEAUX, 1998).

1.2 DESENVOLVIMENTO TESTICULAR E EPIDIDIMARIO

O desenvolvimento sexual em seres humanos finaliza apés a
puberdade, inclusive a espermatogénese tem seu desenvolvimento devido a
producao de horménios nessa fase de desenvolvimento. Em contraponto a isso,
nos ratos o desenvolvimento testicular e epididimario inicia durante o periodo
embrionario, em que ocorre a abertura dos tubulos seminiferos e epididimario
(MARTY et al., 2003). Segundo a atualizagcdo de Sharpe (2010), o
desenvolvimento em roedores do sistema genital masculino pode ser dividido
em: pré-natal (1-7DPN), neonatal (8-21DPN), infantil (22-35DPN), puberdade
(36-55DPN) e adultos, em que cada fase esta relacionada a modificagdes
hormonais. O desenvolvimento das espécies envolve uma sequéncia de
modificagdes estruturais e funcionais durante e apds o periodo gestacional
(Figura 7), na qual inclui a maturidade sexual e a suscetibilidade a programagao
de tecidos e 6rgaos (ZAMBRANO, 2009).

Migragdo de células
germinativas
primordiais para a
regido genital e
diferenciagdo das
células de Sertoli

Formagdo do corddo
tubular, secregdo de
testosterona e Proliferagdo

diferenciagdo das - . - de células de
células de Leydig Diferenciagdo da prostata

e vesfcula seminal

Diferenciagdo

peniana Nascimento

sertoli Descida testicular

I

io ' 13 EREETE o) ‘ Sy STBEET T i BT ST 19 21,; 35
Dia Gestacional \at Lf

FIGURA 7 - Desenvolvimento do trato genital masculino de ratos durante o
periodo gestacional e pos-natal (ZAMBRANO et al., 2014; traduzido)

O desenvolvimento reprodutivo em animais adultos pode ser afetado

por diversas influéncias ambientais em diferentes estagios de desenvolvimento,
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visto que as modificagdes morfofisiologicas dependem de mudangas no eixo
hormonal hipotalamo-hipéfise-gbnada. Dados experimentais indicam que
disturbios reprodutivos sao influenciados por fatores intrauterinos e exposigcéo
pos natal (DAVIES; NORMAN, 2002).

Os hormoénios esteroides tem funcdo sobre diversos processos
biolégicos em mamiferos, incluindo a capacidade reprodutiva, a reorganizagéo
dos ductos e a produgédo de células germinativas, sendo eles: progesterona,
estradiol e testosterona, em que mantém o crescimento e funcédo dos tecidos
reprodutivos (ZAMBRANO et al., 2014). A exposicao farmacolégica incluindo
estrogénio (AMATEAU; MCCARTHY, 2004) e andréogeno (MANIKKAM et al.,
2006; PADMANABHAN et al., 2006) no ambiente fetal impactam a ontogenia de
orgaos-chave, como cérebro (KIM; FOSTER; WOOD, 1999), utero e gbnadas
(MANIKKAM et al.,, 2008), em numero e morfologia celular, bem como na

regulacao (ativagao ou inativagao) dos receptores esteroides.

Na fase peripuberal ocorrem importantes eventos, tais como: intensa
divisdo celular com aumento na proliferacdo e desenvolvimento das células
germinativas, aumento nos niveis de testosterona e proliferagdo das células de
Sertoli (SHARPE, 2010). Durante a puberdade ocorrem mudang¢as no perfil
hormonal, especialmente na sintese e secrecdo de esteroides em resposta ao
aumento da pulsatilidade do GnRH (horménio liberador de gonadotrofinas) e ao
aumento da sintese e secrec¢ao de LH (hormoénio luteinizante) e FSH (hormdnio
foliculo estimulante)(OJEDA; SKINNER, 2006).

A puberdade € caracterizada por eventos dinamicos e complexos do
desenvolvimento sexual, com mudancas fisicas, comportamentais e hormonais,
através das quais ocorre a aquisigao reprodutiva (GOLUB et al., 2008). Tais
modificagdes sdo em decorréncia de eventos que levam a maturacao do eixo
hipotalamo-hipofise-gbnada em que ocorre o inicio do ciclo reprodutivo (OJEDA;
SKINNER, 2006). A definicdo de puberdade é o periodo em que se completa o
primeiro ciclo espermatogénico (KEMPINAS; KLINEFELTER, 2010).

O processo de masculinizagao e diferenciagao gonadal é guiado pela
secrecao hormonal, principalmente dos niveis de testosterona (HUGHES; DEEB,

2006). No feto humano, a produgéo de testosterona inicia entre 7 e 8 semanas
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de gestacdo, em que o pico desse horménio ocorre por volta de 12 a 14
semanas, em seguida os niveis de testosterona declinam apds 14 semanas
(Prince 2001). Em roedores, a testosterona testicular pode ser detectada em
torno de 15 dias pds-natal, e o pico desse horménio ocorre em torno de 18 dias
pos-natal (MACLEOD et al., 2010). Essa janela de programacédo da
masculinizacado é essencial para a formacédo de um individuo masculino com
caracteristicas sexuais (MACLEQOD et al., 2010; SCOTT et al., 2008), bem como
a diferenciagdo dos 6rgéos internos (epididimo, testiculo, prostata, vesicula
seminal e ducto deferente) e a genitalia externa (pénis, escroto e perineo), que
inicia no periodo fetal (GEORGE; WILSON, 1999).

A diferenciagdo sexual do trato genital masculino inicia durante a
gestacdo e perdura no periodo perinatal regulado pela diminuicdo da
aromatizacao da testosterona para estradiol. A espermatogénese inicia com
aproximadamente 5 dias pos-natal com a diferenciacdo inicial das
espermatogbnias e o desenvolvimento do tubulo seminifero, porém o ciclo
espermatico completo tem seu inicio em torno de 53 dias pdés-natal com
aparecimento de espermatozoides no epididimo com aproximadamente 55 dias
pos-natal (SENGUPTA, 2011).

Ratos de 75 DPN apresentam a maxima producdo de
espermatozoides nos testiculos, e aos 100 DPN tem-se a maxima concentragcao
de espermatozoides armazenados na cauda do epididimo, atingindo nesse
periodo a maturidade sexual plena (ROBB; AMANN; KILLIAN, 1978).

Devido ao fato da espermatogénese e a esteroidogénese nao estarem
totalmente estabelecidas durante o desenvolvimento sexual, o periodo
gestacional e neonatal sdo consideradas fases criticas do desenvolvimento
(JOHNSON et al., 2015); dessa forma, qualquer alteragdo ou exposic¢ao critica
nesse periodo pode alterar eventos caracteristicos que ocorrem nesta fase,
podendo acarretar sérios prejuizos e comprometer a formacdo do

espermatozoide.

Isto posto, o objetivo da Origem do Desenvolvimento da Saude e da
Doenca (DOHaD) buscar evidenciar os efeitos de drogas ambientais sobre o

desenvolvimento do ser humano com base em experimentos com modelos
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animais e in vitro, posto que no periodo de desenvolvimento ocorrem interagdes
dinamicas entre o genoma, epigenoma e fatores ambientais frente ao destino
celular, devido a plasticidade fenotipica (BARKER et al., 1989; HO et al., 2017;
ROSENFELD, 2015).

1.3 FTALATOS: COMPOSICAO QUIMICA E METABOLISMO

Segundo a Sociedade de Endocrinologia, os desreguladores
endécrinos (DEs) sdo moléculas quimicas exdgenos ou mistura de substancias
quimicas presentes no meio ambiente que sao capazes de interferir
negativamente com qualquer mecanismo hormonal (DIAMANTI-KANDARAKIS
et al., 2009), ou seja, essas sao substancias quimicas perturbam a homeostase
do organismo e a ligagao dos hormonios aos seus receptores. O conhecimento
cientifico com relacdo a essas moléculas quimicas esta bem avancgado, visto
que qualquer composto com potencial de alterar ou modificar o mecanismo de
agao do sistema enddcrino pode afetar negativamente aspectos reprodutivos,
incluindo biomarcadores de fertilidade e a contagem espermatica (ABDOLLAHI
et al., 2004; SIFAKIS et al., 2017).

O sistema endoécrino tem por fungdo principal a regulagdo de
importantes funcao bioldgicas, tais como o metabolismo, desenvolvimento
cognitivo e sensorial, reprodu¢do e comportamento social. Isto posto, destaca-
se a importancia de conhecer quais os efeitos organicos e funcionais dos DEs
no organismo (GORE et al., 2015). Com base nesses efeitos, diversos paises
restringiram a utilizagao de DEs devido a extensa utilizacdo em materiais de
consumo industrializados, como a fabricagao de plasticos, e o uso de agrotdxicos

na producao agricola (KNEZ, 2013).

Os efeitos adversos dos DEs estao relacionados as concentracdes no
ambiente do produto quimicos, bem como a lipofilicidade, persisténcia,
bioacumulagao, periodo e tempo de exposi¢cdo, e a mecanismos organicos de
biotransformacao e excregdo do organismo, visto que a biotransformacgéo gera
metabalitos ou subprodutos de igual ou maior dano que os compostos originais
(WHO, 2014).
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Nas ultimas décadas tem-se aumentado o consumo de materiais
derivados do plastico, devido ao seu custo barato, durabilidade e versatilidade,
sendo utilizados para conservar alimentos, fornecer beneficios terapéuticos e
outras aplicagdes médicas e industriais (THOMPSON et al., 2009). Dentre os
compostos quimicos utilizados para garantir a maleabilidade dos produtos
plasticos, tem-se os diésteres de acido 1,2-benzenodicarboxilico, também
chamado de acido ftalico, comumente conhecido como ftalato, um grupo de
compostos quimicos artificiais amplamente utilizado na industria (HAUSER;
CALAFAT, 2005). Aproximadamente 90% dos produtos industriais de ftalatos
sdo destinados para uso em plastico PVC (cloreto de polivinila), em que séo
utilizados na fabricacdo de materiais médico-hospitalares e embalagens
comerciais como mamadeiras, brinquedos e garrafas de bebidas
(GERBERDING; FALK, 2002).

A molécula quimica do ftalato apresenta uma ligacdo molecular
instavel e reversivel com o material integrante, isto garante maior suscetibilidade
em contaminar o ar, comida e fluidos humanos (HEUDORF; MERSCH-
SUNDERMANN; ANGERER, 2007). No processo de metabolizagdo acontece a
hidrdlise, em que ocorre catabolizacdo pelas lipases e esterases no intestino,
principalmente em moléculas de baixo peso molecular; apds isso, ocorre a
conjugagao por enzimas formando conjugado hidrofilicos de glicuronideos.
Todos os metabdlitos sdo excretados pelos sistemas urinario e digestorio
(MARIANA et al., 2016).

Os ftalatos de baixo peso molecular possuem maior incidéncia de
bioacumulag¢do, como dibutil ftalato (DBP), dimetil ftalato (DMP), dietil ftalato
(DEP) e di-isobutil ftalato (DiBP), sendo utilizados em produtos cosméticos,
lacas, inseticidas e casacos. Enquanto que os ftalatos de alto peso molecular
tem caracteristica de menor bioacumulagao bioldgica, como o 2-etilhexil ftalato
(DEHP), butil-benzil ftalato (BBzP), di-isononil ftalato (DiNP), di-n-octil ftalato
(DnOP) e di-isodecil ftalato (DiDP), sendo amplamente utilizado em materiais de

PVC, impermeaveis, sapatos e dispositivos médicos (MARIANA et al., 2016).

Estudos experimentais indicam que os ftalatos DEHP e DBP, podem
induzir alteragdes negativas no metabolismo e reproducdo de animais, indicando

que a fase do desenvolvimento infantil € o periodo mais critico de alteracao caso
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0 animais seja exposto, sendo a gestagcdo e lactacdo um exemplo classico
(LOTTRUP et al.,, 2006; MARTINO-ANDRADE et al., 2016; MARTINO-
ANDRADE; CHAHOUD, 2010). A fase de desenvolvimento organogénico € o
periodo mais critico, visto que simboliza uma fase de maturagdo e
desenvolvimento de todos os sistemas; porém, ndo exclui o fato de que a
exposi¢cao durante toda a vida do individuo pode ocorrer alteragdes nas
concentragbes hormonais ou de outros mecanismos de regulagdo enddcrina,
tornando o individuo suscetivel ao desenvolvimento de doengas (ROCHA et al.,
2017).

A caracteristica lipofilica dos ftalatos aumenta a capacidade de
lixiviagdo do componente quimico, visto que ndo ocorrem ligagdes covalentes
entre os ftalatos e a matriz plastica, facilitando o desprendimento e a
contaminagao ambiental, sendo otimizado com o calor e solventes organicos
(FROMME et al., 2002); consequentemente o ser humano ira se contaminar via
ingestdo, inalagcdo, absorgdo topica ou através de aplicagdo parentérica,
podendo atingir até a placenta (BAKEN et al., 2019). O primeiro contato com os
ftalato ocorre pela ingestdo alimentar devido as caracteristicas supracitadas,
especialmente em alimentos com alto teor de gordura, ou em formulagdes
farmacéuticas, como antibidticos, anti-histaminicos e laxantes (LYCHE et al.,
2009).

1.4 FTALATO E REPRODUGAO

Na literatura, o efeito dos ftalatos como desregulador enddcrino
avanga a medida que ha indicios de uma atividade antindrogénica, bem como
atividade agonista e antagonista do horménio estrégeno (STREET et al., 2018).
Além disso, o DEHP e seus metabdlitos tém efeito como mediador do
metabolismo lipidico e adipogénico através da ativacdo dos receptores, o que
leva a uma contribui¢ao significativa no avango da obesidade e dislipidemia, em
estudo com camundongo fémea C3H/N em trés doses (0,5, 5 e 500 mg/Kg) por
meio da dieta em duas geragdes, sendo a geragcao F1 exposta durante a
gestacéo e lactacao (SCHMIDT et al., 2012). Sabe-se que o desenvolvimento do
sistema genital possui regulagdo no eixo hipotalamo-hipéfise-gbnada, o que

torna esse periodo mais suscetivel a acéo dos ftalatos (LAURETTA et al., 2019).
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Durante a fase embrionaria, o efeito dos ftalatos se torna mais
preocupante, vista as modificagdes estruturais e organicas dos individuos em
desenvolvimento, caracterizada por malformag¢des nos 6rgaos reprodutores
masculino, tanto interno como externos. Diversas alteragdes ja foram descritas,
como a diminuicdo da distadncia ano-genital (DAG) (AL-SALEH et al., 2019),
sindrome da disgenesia testicular (SKAKKEBAK; RAJPERT-DE MEYTS; MAIN,
2001) e a criptorquidia, caracterizando perturbagées no sistema genital
masculino (GARDNER; SHOBAC, 2011).

Virtanen et al. (2005) utilizando comparacao de danos genéticos em
humano com estudos em animais na sindrome da disgenesia testicular, observa
que além do fator genético observado na doenga e alteragdes espermaticas
cronicas, tem-se uma relagao positiva com fatores ambientais e de estilo de vida,
em que a exposicao fetal a altas doses de dibutil ftalato mostrou causar fenétipo
semelhante a disgenesia em ratos. Em estudos mais avangados com n(dibutil)
ftalato mostraram producdo deficiente de andrégenos durante o
desenvolvimento do testiculo fetal (SHARPE; SKAKKEBAEK, 2008).

A DAG corresponde a distancia entre anus e genitalia externa, sendo
relacionada com a atividade androgénica no periodo fetal durante o
desenvolvimento do sistema genital masculino (ZAREAN et al., 2019). Curi et al.
(2019) utilizando ratas Wistar prenhas expostas ao DiPeP ou ao Di-n-butil ftalato
(0, 125, 250 e 500 mg/Kg/dia) durante a gestacdo observaram redugado dos
niveis de mMRNA da expressao de proteinas esteroidogénicas (Star, Cyp11a1,
Cyp17a1, Cyp19a1, Insl3, Ar, Esr1, Esr2 e Gper1) nos testiculos fetais,
observaram que a expressao ficou reduzida em diferentes doses bem como a
DAG nos ratos neonatais. Em um estudo com humanos, o mesmo autor realizou
um estudo com mulheres gravidas no primeiro trimestre em que foi dosada a
quantidade de ftalatos na urina, mostrando uma relagao inversa entre ftalatos e
DAG (CURI et al., 2019).

Durante a gestacao, em humanos, ocorre a descida testicular para o
escroto, sendo um processo extremamente regulado por fatores mecanicos e
hormonais (HUTSON et al., 2013). A criptorquidia € a incorreta descida do
testiculo, em que a maior causa é a diminui¢do do horménio andrégeno durante
o periodo fetal (GARDNER; SHOBAC, 2011). Quando correlaciona a presenca
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de ftalatos e a criptorquidia em humano, pode-se observar um fator de risco para
defeitos no desenvolvimento (WAGNER-MAHLER et al., 2011).

Parabenos sao considerados desreguladores endocrinos, assim
como os ftalatos, sendo utilizados na industria cosmética, farmacéutica e
alimenticia, detectados como contaminantes em fluidos e tecidos. Guerra et al.
(2017) utilizando ratas Wistar prenhas foram tratadas por via subcutanea (10,
100 ou 200 mg/Kg) durante a gestacéo, e observaram que nas doses utilizadas
nao houve perturbagdo negativa no desenvolvimento sexual e na fertilidade,
porém prejudicou o comportamento sexual, mostrando que maior sensibilidade

dos efeitos no desenvolvimento sexual cerebral.

O efeito antiandrogénico dos ftalatos foi observado em estudos com
1106 pacientes homens entre os anos de 2012 e 2016 da populacédo
dinarmaquesa com idade média de 19 anos, em que foram submetidos a doacgao
de sémen e sangue, e realizagdo exames como: distancia ano-genital, taxa de
Odds e concentracao espermatica. Autores observaram que homens com menor
DAG possuem maior risco de infertilidade tendo em vista parametros de
concentragcéo do esperma e morfologia do espermatozoide, sendo associada tais

alteragdes com fatores do periodo gestacional (PRISKORN et al., 2019).

Resultados recentes utilizando a mesma mistura de ftalatos do
presente estudo em ratas prenhas Sprangue-Dawley tratadas via gavage (20 ug,
200 pg e 200mg/Kg) durante o periodo gestacional e lactacional mostrou uma
diminuicdo na DAG, no peso da prostata e nos niveis de testosterona na menor
dose, inclusive um aumento inflamatério nos animais adultos. Outro resultado
observado foi uma desregulacdo génica em 120 genes na menor dose, dentre
eles: genes de desenvolvimento, diferenciagéo e oncogenes (SCARANO et al.,
2019).

Isto posto, pode-se observar que os ftalatos, como desreguladores
enddcrinos, tém acgao direta ou indireta sobre o desenvolvimento masculino e
espermatico, tanto em experimentos animais como em humanos, o0 que sugere
que os ftalatos podem induzir implica¢gdes negativas no individuo adulto, como a

infertilidade ou deficiéncias no ejaculado.
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1.5 EXPRESSAO GENICA

A célula eucaritdtica € uma unidade morfofuncional que constitui um
tecido através da leitura e codificagcdo do material genético pelo processo de
diferenciacdo celular. Durante esse processo, alguns genes reduzem a sua
expressao (downregulation) enquanto se eleva a expressao (upregulation) de
genes que sao especificos para que esse processo seja eficiente. A
determinacgao celular € uma condi¢céo alcangada pela célula no decorrer de sua
diferenciacao, e somente depois que ela passa por uma série de condi¢oes, esta
célula tera seu fendtipo definitivo. Esses processos ocorrem no inicio do
desenvolvimento embrionario de mamiferos, no qual uma célula totipotente
(zigoto) podera formar diversos tecidos e 6rgaos, e dessa forma, formar sistemas

organicos complexos (PIERCE, 2016).

A determinacao sexual envolve quatro etapas: a determinagdo do
sexo cromossdmico, que € estabelecida na fertilizagdo; a diferenciacdo das
gbnadas em testiculos ou em ovarios; a diferenciacdo dos genitais internos e
externos masculinos ou femininos a partir de estruturas indiferenciadas
presentes no embrido, que € dependente da presenca ou auséncia de testiculos;
e a diferenciacdo sexual secundaria, que € a resposta de varios tecidos aos
horménios produzidos pelas gbnadas para completar o fenétipo sexual. Todos
esses eventos sdo guiados por multiplos eventos moleculares que regulam as
etapas de migragcao e diferenciacao celular, dessa forma, a célula se torna
funcional e responsiva ao estimulo de hormdnios androgénicos (MELLO;
ASSUMPCAOQ; HACKEL, 2005).

O inicio da esteroidogénese ocorre através do transporte de
colesterol na membrana da mitocéndria por intermédio da proteina StAR
(Proteina reguladora aguda da esteroidogénese), com a conversédo da
aromatase por enzimas da familia Cyp (MELLO; ASSUMPCAQ; HACKEL, 2005).
De acordo com GeneCards, a proteina codificada pelo gene Hsd3b1 é uma
enzima que catalisa a conversdo oxidativa de precursores delta-5-3-beta-
hidroxiesteréides em delta-4-cetoesterdides, levando a producido de todas as
classes de horménios esteroides (NCBI, 2017). Tais enzimas estdo expressas
no testiculo de animais nas células de Leydig, estas responsaveis pela formacao
e liberagdo de testosterona, anteriormente citada (Figura 8).
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Figura 8. Formacdo de progesterona (HSD3B1) a partir de colesterol com
conversao por enzima aromatase (CYP19A1) a estrégeno e testosterona em

humanos (traduzido de MENG et al., 2017). Legenda: E1, E2 = Estrogeno; ER¢,

ERp = Receptores de estrégeno.

Fisiologicamente, hormdnios androgenos e estrégenos atuam no
crescimento e manutencdo de diversos tecidos, incluindo o sistema genital
masculino, a atuacdo desses hormonios ocorrem através de um unico receptor
androgénico (AR) que medeia a agdo androgénica e os efeitos dos estrogénios
no organismo, em que a estrutura desses receptores sdo semelhantes e
membros da familia de receptores nucleares que atuam como fatores de
transcrigdo induziveis por ligantes (NAHOUM; BOURGUET, 2007).

O gene Gpr30 associado a um receptor acoplado a proteina G atua
como receptor de estrogé€nio transmembrana, com um papel importante na
proliferacdo e desenvolvimento de células do sistema reprodutor masculino, visto
que a conformagao bioquimica dos hormdnios tem a mesma origem e estruturas
semelhantes . De acordo com estudo de Lu et al. (2016), o testiculo e epididimo

de ovelhas de até 12 meses de idade tiveram a expressao relativa de mRNA em
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todas as partes dos dois 6rgaos e concluiram que com o passar da idade e a

aproximagao com a puberdade tem-se 0 aumento desse receptor.

Outro estudo utilizando epididimo de ratos da linhagem Brown,
Sprangue-Dawley e Wistar, demonstram em seus resultados a localizagéo
celular e o padréo de expressao regional do Gper no epididimo de multiplas
linhagens de ratos e em varios estagios de desenvolvimento, tanto no segmento
inicial da cabega como na cauda, sendo presente na célula intersticial e na célula
principal epididimaria. Com os resultados pode-se sugerir que o estrogénio
possui um papel importante na maturagao e protecdo do espermatozoide, bem
como uma agao positiva de protecdo durante o desenvolvimento celular, além
da regulacdo da fungdo adulta do epididimo (MARTINEZ-TRAVERSO; PEARL,
2015). Como ja se sabe, o desenvolvimento, maturacdo e formagéo do
espermatozoide depende da quantidade de horménios disponivel, inclusive o
testiculo e epididimo precisam estar responsivos a agcéo destes horménios para

que o espermatozoide seja formado, como mostra a Figura 9.
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Figura 9. Esquema da acgéo potencial do estrogénio no epitélio dos ductos
eferentes e no epididimo (JOSEPH; SHUR; HESS, 2011). Legenda: T =



w

O 00 N o U b

10
11
12
13
14

15
16
17
18
19
20

21

33

Testosterona; AR = Receptor de andrégeno; E2 = Estrégeno; EGRF = Receptor
do fator de crescimento epidérmico; ESR1, mESR1 = Receptor estrogénico; C1,

C2 e C3 = proteinas do complemento; TF = Fator de transcri¢ao.

A (gliceraldeido-3-fosfato desidrogenase (GAPDH) é reconhecida
como uma importante enzima para o metabolismo energético e a produgao de
ATP e piruvato através da glicélise anaerdbica no citoplasma, sendo catalisadora
de uma das reacgdes glicoliticas e também esta envolvida em varios processos
nao glicoliticos, como endocitose, reparo por excisdo de DNA e indugdo de
apoptose (KURAVSKY et al., 2011). Estudos recentes mostraram que o GAPDH
tem multiplas fungdes independentes de seu papel no metabolismo energético
destacando o papel significativo que essa enzima desempenha na regulagéo
tanto da sobrevivéncia celular quanto da morte apoptética, estando presente
tanto em testiculos como em epididimos de mamiferos (NICHOLLS; LI; LIU,
2012).

O gene BCL-2 codifica uma proteina envolvida no controle do
processo de apoptose ligado ao citocromo ¢ da mitocondria através da ativagao
da via das caspases, sendo considerado uma proteina anti-apoptética
(DEROSSI et al., 2003); enquanto que o gene PUMA (Figura 10) codifica uma
proteina pro-apoptotica diretamente ativado pelo fator de transcrigdo NF-kB no

qual contribui com a induc¢ao da apoptose pelo TNF-a (ZHANG; LI; XU, 2013).
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Figura 10. Via intrinseca e extrinseca de ativacéo e inibicdo da apoptose por
acgao do gene PUMA e BCL-2 (traduzido de ZHANG,; LI; XU, 2013).

Todas as células eucaridticas possuem regulacdo dos mediadores
inflamatorios e do estresse oxidativo, dentre eles a glutationa, que exerce um
papel essencial na protegao dos tecidos através da eliminagao de hidroperoxidos
e outras espécies reativas formadas normalmente durante o metabolismo,
controlando os radicais livres de NADPH, sendo uma via de conversao para que
nao gere danos oxidativos no tecido (SHAH; KHAN, 2017).

Em suma, o metabolismo celular diversos mediadores sao requeridos
para que a célula consiga processar a agéo de horménios, utilizar o oxigénio e
produzir energia. Durante a producdo de espermatozoides no testiculo e
maturagcao no epididimo o gasto de energia é grande, visto a necessidade
energética para que haja a formacédo do gameta. Por isso, faz-se necessario a

investigacéo de todos os interferentes dentro do metabolismo celular.
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2. JUSTIFICATIVA

Durante o desenvolvimento sexual de mamiferos ocorrem
modificagdes celulares e morfologicas significativas dentro da formacao do
sistema genital masculino, em que qualquer perturbagdo durante o periodo
gestacional pode acarretar alteragdes negativas a longo prazo na formagéo do
espermatozoide. Apos o nascimento, durante o periodo de lactagao, a estrutura
do testiculo e epididimo permanece com adaptagdes fisioldgicas para permitir
que o espermatozoide seja viavel para fecundar um ovadcito secundario. Dessa
forma, a utilizacdo ou a continua exposi¢cao a componentes téxicos, como os
ftalatos, pode perturbar negativamente a homeostase do organismo, levando a

prejuizos estruturais e fisioldgicos no tecido testicular e epididimario.

O comportamento alimentar e comercial da populacao alterou com o
aumento do consumo de produtos industrializados, bem como a utilizagdo de
estabilizantes e conservantes em alimentos altamente processados. A maioria
das embalagens de plastico possui ftalatos em sua composigao, visto que este
componente garante a flexibilidade da embalagem. Porém, quando se realiza o
processo de aquecimento ou resfriamento da embalagem, o ftalato se desprende
da embalagem e acaba por contaminar o alimento ou bebida. Autores apontam
que os ftalatos pode ter efeito androgénico mimetizando a agédo de hormdnios
estrogénicos e androgénicos, e sdo encontrados na urina de homens e mulheres.
Isto posto, estes compostos quimicos durante a gestacao e a lactagao alteram

negativamente o desenvolvimento regular de érgaos reprodutivos.

Dito isso, o presente estudo possui grande aplicabilidade biolodgica ao
avaliar o efeito transgeracional de uma mistura de ésteres de ftalato na prole de
ratas Sprangue-Dawley expostas durante o periodo gestacional e lactacional. A
prole foi analisada no periodo pré-pubere (DPN22) e adulto (DPN120) para que
fosse possivel verificar o efeito imediato da exposi¢céo (F1 22DPN), tardio (F1
120DPN) e transgeracional (F2 22DPN). Diversos estudos na literatura mostram
o efeito de um ou outro tipo de ftalato, mas na industria e na composicao de
utensilios domésticos, por exemplo, séo utilizados diversos ftalatos, justificando
a utilizacdo de uma mistura de ftalatos no presente estudo. Dentre eles: dietil-
ftalato, di-(2-etilhexil)-ftalato, dibutil-ftalato, di-isononil-ftalato, di-isobutil-ftalato, e
benzil-butil-ftalato.
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As doses de efeito foram baseadas em estudos da literatura,
considerando a ingestao via gavage, e mimetizando a dosagem encontrada na
urina de mulheres gravidas de lllinois (USA) que utilizam produtos com a
composic¢ao de ftalatos (ZHOU; FLAWS, 2017). Dessa forma, considerando as
doses de efeito individual de cada ftalato da mistura, estabeleceu-se a dosagem
20 pg/kg/dia, 200 pg/kg/dia e 200 mg/kg/dia, durante a janela de

desenvolvimento sexual do dia gestacional 10 até dia lactacional 21.

Com base nisso, o presente estudo tem com justificativa compreender
a acao da mistura de ftalatos sobre o desenvolvimento de testiculos e epididimos
e se essa alteracdo causou prejuizos significativos em efeito imediato, tardio e

transgeracional na prole de ratas prenhas expostas.
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3. OBJETIVOS

3.1 GERAL
O objetivo deste estudo foi avaliar se a exposicdo materna a uma
mistura de ftalatos foi capaz de alterar os parametros testiculares e epididimarios
da prole ratos Sprangue-Dawley pré-puberes e adultos em duas geragdes (F1 e
F2), em efeito imediato (F1 DPN22), tardio (F1 DPN120) e transgeracional (F2
DPN22).

3.2 ESPECIFICOS
- Compreender a relacdo entre a mistura de ftalatos sobre a
morfofisiologia testicular através da morfometria, epididimaria através da

estereologia e espermatica através da morfologia espermatica;

- Avaliar os aspectos histopatologicos e espermaticos em animais pré-

puberes e adultos através da avaliagao de aspecto histoldgico do tecido;

- Analisar a alteragdo na expresséo génica de genes relacionados a
producao de testosterona (GPR30, HSD3B1 e CYP19A1), morte celular (BCL2
e PUMA), estresse oxidativo (GPX3 e GSR), e inflamacgao (IL10 e TNFa).
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4 ARTIGO 1

A exposigao materna uma mistura de ésteres de ftalato prejudica parametros
espermaticos em ratos pré-puberes e adultos em efeito transgeracional.

Maternal exposure to a mixture of phthalate esters impairs sperm parameters in
prepubertal and adult rats: a transgenerational effect.

Artigo submetido a revista “Toxicology”

F.I. 2020: 4,22 / Qualis CAPES 2016 (Medicina II): A2



10

11

12

13

14

15

16

17

18

39

Maternal exposure to a mixture of phthalate esters impairs sperm

parameters in prepubertal and adult rats: a transgenerational effect.

Ana Paula Franco Punhagui-Umbelino'?; Ariana Musa de Aquino®; Barbara
Campos Jorge?; Luiz Guilherme Alonso-Costa3; Rafaela Pires Erthal'?;
Giovanna Fachetti Frigoli'; Arielle Cristina Arena3; Wellerson Rodrigo Scarano?;

Glaura Scantamburlo Alves Fernandes'*

' Department of General Biology, Biological Sciences Center, State University of
Londrina, Rodovia Celso Garcia Cid, PR 445 — Km 380, Campus Universitario,

86057-970, Londrina, PR, Brazil

2 Department of General Pathology, Biological Sciences Center, State University
of Londrina, Rodovia Celso Garcia Cid, PR 445 — Km 380, Campus Universitario,

86057-970, Londrina, PR, Brazil

3 Universidade Estadual Paulista Julio de Mesquita Filho, UNESP, Institute of

Biosciences, Morphology Department, Botucatu, SP, Brazil

*Correspondent author: State University of Londrina, Celso Garcia Cid Highway,
Km 380, Londrina, PN, 86057-970, Brazil. Phone: +55 43 3371-4417. Email:

glaura@uel.br (Glaura Scantamburlo Alves Fernandes)



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

40

Abstract

Exposure to the mixture of phthalate esters causes damage to reproductive
organs such as testis and epididymis, as well as sperm damage during neonatal
and adult development in a uterine and lactational exposure. The aim of the study
is to verify the changes in testis of prepubertal and adult rats of two generations
being indirectly exposed to mixture phthalate. The mixture contains diethyl-
phthalate, di-(2-ethylhexyl)-phthalate, dibutyl-phthalate, di-isononyl-phthalate, di-
isobutyl-phthalate, and benzylbutyl-phthalate. Sprangue-Dawley pregnant
females were divided into 4 groups and orally dosed daily from GD10 to PND21
with corn oil (Control:C) or the phthalate mixture at three doses (20ug/kg;
200ug/kg; 200mg/kg). F1 generation animals were euthanized at PND22 and
PND120, where PND90 males were mated with unexposed females to obtain F2
generation, where male rats were euthanized at PND22. Results show
impairment in spermatogenic dynamics of adult rats at all three doses, while
morphometry and histopathology were statistically unchanged. Sperm damage
was evident at lowest dose with increased sperm head damage in PND120.
Sertoli cell count was reduced in lower doses in the F1 PND120 animals and
reduced in the higher doses in F2 PND22 animals, the same relation was found
in the Leydig cell count that increased in the highest doses F1 PND22 animals
and did not change in F2 PND22. GPR30, HSD3B1, CYP19A1, BCL2 and PUMA
genes expression were reduced in testicular tissue in F1 PND120 and F2 PND22
animals in all doses. We conclude that the mixture of phthalates alters and
impairs spermatogenesis and alters the functioning of gene expression
independent of the dose.

Keywords: Sertoli cell, Leydig cell, CYP19A1, spermatozoa.
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1 Introduction

Phthalates are chemical compounds derived from phthalic acid that
are widely used in industrial products to ensure the flexibility of plastic products
such as housewares and toys (BoS$nir et al., 2003). Due to the large number of
products used by humans, as well as the fact that these compounds detach from
products when heated or cooled, several studies have been conducted to
evaluate the immediate, delayed and trans-generational effects of phthalates on
neonatal, pubertal and adult animals, particularly the effects on reproductive
functions (Fisher, 2004). Some results, using DEHP treatment at 750 mg/kg/day,
show that gestational and lactational exposure to phthalate esters resulted in the
inhibition of testosterone synthesis in fetal and neonatal rats, as well as a
hyperplasia in Leydig cells, which led to a disruption of sexual differentiation
(Parks et al., 2000). Other studies using DEHP phthalate ester doses during
pregnancy were able to observe an increase in leukemia inhibitory factor (LIF)
MRNA levels and testicular testosterone causing alterations in steroidogenic
capacity (Lin et al., 2008). Another alteration found was increased malformations
of the male genital tract, with the presence of seminiferous tubules with cellular
aberrations, in animals DBP treatment at 100 or 500mg/kg/day (Barlow et al.,

2004).

Human studies point to a reduction in ano-genital distance in newborn
boys where phthalate mixture concentrations were found in their mothers' urine
(Swan, 2008); others show that testosterone inhibition occurred without alteration
in the Leydig cells, but with positive apoptosis in Sertoli cells and alteration in
spermatogenesis (Desdoits-Lethimonier et al., 2012). In-vitro study using MEHP

phthalate showed no significant change in testosterone levels (Lambrot et al.,
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2009). Despite contradictory results with humans, there is evidence that
concentrations of mixture phthalate esters in men's urine negatively correlate with
testosterone and estradiol levels (Meeker et al., 2009). The National Health and
Nutrition Examination Survey 1999-2000 published the top seven phthalate
metabolites found in the urine of 2540 participants, being higher in women than
in men (Silva et al., 2004), which corroborates the unprecedented use of the
phthalate mixture in the reproductive development of rats. Another study finds
that younger children have higher exposure to phthalates as well as higher rates

of phthalates in urine than older children (Meeker et al., 2009).

Several genes are activated so that the structure of the testis is able
to produce spermatozoa with complete morphology during sexual development
(Mello et al., 2005). The GPR30 gene encodes a transmembrane protein linked
to G protein that captures estrogen hormone in the membrane of germ cells,
Sertoli and Leydig, facilitating the uptake for the formation of testosterone (Lu et
al., 2016). The HSD3B1 and CYP19A1 genes encode enzymes for the
conversion of androsterone to estradiol, which makes testosterone activated and
functional for sperm formation (NCBI, 2017). In view of the guarantee of tissue
homeostasis, the apoptosis process is controlled, especially during sperm
formation, with the anti-apoptotic BCL2 gene linked to cytochrome C in
mitochondria and the pro-apoptotic PUMA gene linked to p53 protein (Derossi et
al., 2003). All these genes facilitate hormone uptake and tissue responsiveness

to sperm morphology.

It has been observed that phthalates have a correlation with
spermatogenesis and several antiandrogenic effects in rats and humans,

therefore, it is important to study the clinical, biological and transgenerational
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effects of phthalate esters on the male reproductive system. Having said that, the
objective of this study is to evaluate testicular parameters of rats exposed to a
mixture of phthalates during gestation and lactation in one generation with direct
exposure (Generation F1) and another generation in an indirect exposure

(Generation F2) to phthalate esters.

2 Material and Methods

2.1 Animals

Adult males (n=15; 90 days postnatal - PND) and adult females (n=100; PND120)
of the Sprangue-Dawley strain from the Multidisciplinary Center for Biological
Research in Laboratory Animal Science (CEMIB/UNICAMP) were kept in the
Small Mammalian Animal Facility of the Morphology Department of IBB/UNESP
under controlled light conditions (12L, 12D photoperiod, lights switched off at 6:00
p. m.) and temperature (23°Cx2°C) with water and feed ad libitum. All
experimental procedures and protocols complied with the Ethical Principles of
Animal Research, adopted by the Brazilian College of Animal Experimentation,
and were approved by the Ethics Committee on the Use of Animals (CEUA) of

the Biosciences Institute of UNESP de Botucatu (Protocol 1040 / CEUA).

2.2 Experimental design

Pregnant female rats were randomly divided into 4 experimental
groups (n=10/group), all treated by gavage: Group 1: control (vehicle: corn oil);

Group 2: 20pg/kg/day of the mixture of phthalates diluted in corn oil; Group 3:
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200ug/kg/day of the mixture of phthalates diluted in corn oil; Group 4:
200mg/kg/day of the mixture of phthalates diluted in corn oil. The mixture of
phthalates was in the following ratio: 19% DEHP (Bis(2-ethylhexyl) phthalate),
36% DEP (Diethylphthalate), 15% DBP (Di-n-butylphthalate), 10% DiBP
(DiisobutylPhthalate), 8% BBzP (Butylbenzylphthalate), and 10% DiNP
(Diisononylphthalate); based on the composition of phthalates detected in urine
samples from pregnant women in lllinois, USA (Zhou and Flaws, 2017).
Treatment in pregnant rats occurred from gestational day 10 (GD10) to postnatal
day 21 (PND21), a critical period for the development of the urogenital apparatus
(Prins and Putz, 2008; Vilamaior et al., 2006). The female rats were kept in
individual cages, being weighed on alternate days for the calculation of the
volume of the phthalate mixture to be administered and the investigation of

clinical signs of toxicity ) (Scarano et al., 2019).

F1 generation: After PND1, the number of pups was reduced to 8
pups per rat, in a 1:1 ratio between females and males, determined by the ano-
genital distance (AGD) (Welsh et al., 2008). At PND22 5 male rats per group per
litter were anesthetized and euthanized, while the other animals remained until

adulthood (PND 120) to obtain the F2.

F2 generation: At PND90, 5 male rats from each group (n=20) of the
F1 generation obtained were mated with untreated virgin female rats of the
Sprangue-Dawley strain (PND 120), mating being 2 females per male. The F1
generation males were kept until PND 120, then they were anesthetized and
euthanized. F2 offspring were kept until weaning (PND22) and then anesthetized

and euthanized.
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The testicles of the animals were collected to obtain their weight, as
well as the vas deferens of the adult animals. The right testicle of all animals was
used for histological analyses of morphometry, spermatogenic dynamics,
histopathology, and Sertoli and Leydig cell counts. The left testicle was used for
evaluation of mRNA targets by RT1-PCR, in which it was possible to verify

molecular alterations. The experimental design is summarized in Figure 1

2.3 Sperm morphology

The contents of the vas deferens were removed by internal rinsing with
0.3 pL of 10% formol saline. Smears on histological slides were prepared from
this solution and observed under a photomicroscope (Opton) at 400X
magnification. One hundred spermatozoa were analyzed per animal.
Morphological analysis was classified into three general categories: normal
morphology, head abnormalities (either a head without characteristic curvature
or an isolated form, i.e., no tail attached) and tail abnormalities (broken, rolled
into a spiral or isolated, i.e., no head attached). This analysis was performed as

described by Punhagui et al. (2016), with minor adaptations.

2.4 Histological process

The left testis and the epididymis (5/group) were removed and fixed in
Methacarn (60% Methanol, 30% Chloroform and 10% Glacial Acetic Acid). This
material was then immersed in a few baths (20 min each) of alcohol (95% and
absolute), xylene (40 min) and Paraplast®. The last xylene and Paraplast® baths

were performed in an oven at 65°C, after which the material was sectioned into
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5 ym semi-serial slices per animal, and stained with hematoxylin and eosin (HE)

(Punhagui et al., 2016).

2.4.1 Histopathological analysis of the testis

The testicle tissue was evaluated quantitatively, by counting 200
tubules and classification into normal or abnormal tubules, according to the
presence of immune cells in the epithelium, lumen and interstitial compartment,
and of epithelium vacuolization and inflammatory infiltrate. This analysis was
performed using an Opton microscope (100X and 400X magnification), a light
microscope with four objective lenses (4X, 10X, 40X, and 100x) and an ocular

lens (10X).

2.4.2 Seminiferous tubule diameters and seminiferous epithelium height in

the testis

Ten random testicular cross sections in Stage IX of the seminiferous
epithelium cycle were examined per adult animal. Seminiferous tubule diameters
were measured using an optical light microscope — Opton photomicroscope
(400X magnification), whereas the tubule images were analyzed with BELview
software (version 6.2.3.0 for Windows). Likewise, the seminiferous epithelium
height was measured using the same tubules and methodology mentioned
earlier. The PND22 animals also had the diameter of the seminiferous tubules
measured randomly, since these animals do not yet have spermatogenic kinetics.
The mean of four measures of diameter and height was calculated for each

seminiferous tubule and used in the statistical analysis.

2.4.3 Spermatogenic kinetics in the testis
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One hundred random tubular sections per adult animal were classified
into four categories: Stages I-VI, VII-VIII, IX-XIIl, and XVI of the seminiferous
epithelium cycle, according to Drumond et al. (2011), under a light microscope

(Opton) at 100X and 400X magnification.

2.4.4 Number of Leydig cells

The number of Leydig cell nuclei was counted in 10 random fields of
interstitial tissue in each testis section per rat under a light microscope at 400x
magnification. The Leydig cell morphology was identified according to Erthal et

al. (2020), being polyhedral cells, with spherical or ovoid nucleus.

2.4.5 Number of Sertoli cells

The number of Sertoli cell nuclei was determined in 20 cross-sections
of the seminiferous tubules per testis in each rat, under a light microscope at 400x
magnification (Erthal et al., 2020), being the profile of the triangular core with
recesses. Tubules were counted regardless of spermatogenesis in PND22
animals, while the tubules were counted in phase VII-VIIl in PND120 animals,

where spermiation occurs.

2.5 Evaluation of gene expression by Real-Time Polymerase Chain Reaction
after Reverse Transcription (RT-qPCR): GPR30, CYP19A1, HSD3B1, BCL2 and

PUMA

Gene expression in testicle cells was evaluated by RT-gPCR related
to cholesterol to testosterone conversion (GPR30, CYP19A1 and HSD3B1

genes), cell death (BCLZ2 gene), and DNA damage (PUMA gene). These genes
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were chosen for their intrinsic relationship with spermatogenesis and
testosterone production. RNA extraction was performed with the Trizol kit
(Ambion, USA) according to the manufacturer's instructions (Table 1). RNA was
quantified by spectrophotometry using the NanoVue equipment (GE Healthcare
Life Sciences, USA). The analysis of RNA quality was obtained by the RNA
integrity number (RNA Integrity Number, RIN), from the analysis of ribosomal
RNAs based on microfluids, using the 2100 Bioanalyzer system (Agilent, USA)
(Becker et al., 2010; Fleige and Pfaffl, 2006). The mRNA Reverse Transcription
Reaction was performed using the High-Capacity RNA-to-cDNA Master Mix kit
(Life Technologies, USA), following the manufacturer's guidelines. For the
reaction, 4 uL of Master Mix for reverse transcription was used, to which 1 ug of
RNA was added and the volume made up to 20 uL with nuclease-free water. The
mixture was incubated under the following conditions: 25 °C for 5 min., 42 °C for
30 min. followed by reverse transcriptase inactivation at 85 °C for 5 min. For each
RT-gPCR reaction for mRNAs, 10 uL of GoTag® qPCR Master Mix, based on
SYBR Green chemistry (Promega, USA), 5 uL of the RT reaction and 1 pL of
“sense” and “antisense” primers were used at 10 yM and the volume was made
up to 20 pL with nuclease-free water. Primers for the genes were designed using
the Primer-Blast program (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
Thermocycling was performed in the QuantStudio equipment (Life Technologies,
USA), under the following conditions: GoTag Hot Start Polymerase activation 2
min. at 95°C followed by 40 cycles of 15 sec. at 95°C and 1 min. at 60°C, finally,
a dissociation curve in the range of 60-95°C. An amplification graph was plotted
for each sample showing an increase in fluorescent reporter dye (ARn) in each

PCR cycle. From this graph, the cycle where the reaction crosses the detection
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threshold (cycle threshold - CT) was determined. The relative quantification of
each gene was performed using the 2-AA CT method according to Livak and
Schmittgen (2001). The values obtained for all samples were normalized by the

ratio obtained between the target genes and the endogenous GAPDH gene.

2.6 Statistical analysis

One-way analysis of variance (ANOVA) with post hoc Dunnett’s test,
meanzSD, or the non-parametric Kruskal-Wallis test with post hoc Dunn’s test
was used, median(Q1-Q3), depending on the data distribution, to compare the
results between the phthalate-treated groups and the control group. The variance
among the experimental groups was compared using Bartlett’s test. The Shapiro-
Wilk test was performed to evaluate the normal distribution. When required, the
data were normalized via box-cox transformation. Differences were considered
significant when p < 0.05. The statistical analyses and graph design for the results
were performed using GraphPad Prism for Windows (version 7.01 — GraphPad
Software, La Jolla, California, USA) and Instat (version 3.01 — GraphPad

Software, La Jolla, California, USA) programs.

3 Results

3.1 Body and Reproductive organ weight

The body and testis absolute weights were similar among all F1
PND22 groups. The same result occurred with all groups with F1 PND120,
showing statistically similar of body and testis absolute weights. The testis

absolute weight reduces in the F2 PND22 200mg/Kg group and the vas deferens
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weight increased in the F1 PND120 200ug/Kg of phthalate mixture when compare

with control group (Table 2).

3.2 Sperm morphology and histological analysis of the testis

The sperm morphology of PND120 animals (F1 generation) had a
decrease in the amount of normal spermatozoa in the lower dose group

(20pg/Kg), with the abnormality of the head the most common. The other

phthalates-treated groups remained statistically like the control (Table 3).

The spermatogenic kinect shows an acceleration in the stage I-VI in
the dose of 200 ug/Kg and in the stage XIV in the dose of 20 ug/Kg, since there
was a decrease in the seminiferous tubules in these stages when compared to
the control. While, in the higher dose of 200mg/Kg occurred a stagnation of
spermatogenesis in seminiferous tubules in stage IX-XIll, since there was an
increase in the number of tubules at this stage. The seminiferous tubules of all
groups were like each, demonstrating the absence of pathological alterations.

(Table 3).

Testicular morphometry had a significant increase in the seminiferous
tubules diameter in all groups treated with the mixture of phthalates in F1 and F2
PND22 animals, while no significant change was observed in adult animals when

compared to the control (Table 4).

The Leydig cell count shows an increase in the F1 PND22 animals in
the two highest doses (200 ug/Kg and 200mg/Kg), while in the F1 PND120

animals there was a decrease in the count in the same doses. In the F2 PND22
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animals the count normalized, and all groups remained similar to each other

(Table 4).

In Sertoli cell count there was no significant change in F1 PND22
animals, but as adults the F1 PND120 animals had a significant decrease in the
lower doses (20ug/Kg and 200ug/Kg) when compared to the control. The F2
PND22 animals showed a significant decrease in the two highest doses

(200pg/Kg and 200mg/Kg) when compared to the control (Table 4).

3.3 Gene expression by RT-gPCR

GPR30 expression showed no significant change in all doses in F1
PND22 animals, but when these animals reached adulthood (F1 PND120) they
showed a significant reduction in gene expression. This reduction was also
observed in F2 22PND animals at all doses of the phthalate mixture (Figure 2A,
2B, 2C). HSD3B1 expression followed the same configuration as the GPR30
gene, in which there was no change in the F1 PND22 animals and there was a
significant decrease at all doses in the F1 PND120 and F2 PND22 animals

(Figure 2D, 2E, 2F).

CYP19A1 expression was significantly increased only at the highest
dose in F1 22PND animals, while animals treated with the three different doses
of the phthalate mixture decreased gene expression in F1 PND120 and F2

PND22 when compared to the control (Figure 2G, 2H e 2I).

BCL2 expression increased in F1 PND22 animals treated with
200mg/Kg of the phthalate mixture, while in adult animals gene expression

decreased significantly in the two highest doses (200ug/Kg and 200mg/Kg). This
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decrease also occurred in F2 PND22 animals at all doses of the phthalate mixture

when compared to the control (Figure 2J, 2K, 2L).

PUMA gene expression was increased in F1 PND22 animals treated
with 200mg/Kg of the phthalate mixture, while F1 PND22 and F2 PND22 animals
had their expression reduced at all doses of the phthalate mixture (Figure 2M,

2N, 20).

4 Discussion

The present study shows a transgenerational relationship of phthalate
testicular damage in animals treated during gestation and lactation exposure to
phthalate esters, it can be affirmed that there was genetic and tissue damage in
pre-pubertal and adult offspring exposed. The tissue damage shows that even
without alterations in the morphometry of the organ or the presence of
pathological damage in the adult animals, there was sperm damage and damage
in the process of spermatogenesis since there were several changes in
spermatogenic dynamics and in the sperm count that functionally sustain sperm
cell differentiation. In the PND22 of both generations, we can infer that testicular
damage was observed with changes in seminiferous tubule diameter and cell
count. Another interesting observation is that the changes in gene expression led
us to understand that the delayed (F1 PND120) and transgenerational (F2
PND22) effect was more damaging to the animals than the immediate effect in
the F1 PND22 offspring, given that genes related to aromatase formation and

release had no change or increased expression, while apoptosis and DNA



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

53

damage genes had increased expression at the highest dose of the phthalate

ester mixture.

Phthalates act as antiandrogenic agents (Fisher, 2004), thus, the
results corroborate by showing changes in gene expression in the process of
converting cholesterol into the active hormone testosterone through HSD3B1 and
CYP19A1 genes, in which they were reduced in all doses of phthalate in F1
PND120 and F2 PND22. In view of these structural molecular changes
corroborates with the decrease in serum testosterone levels found at the lowest
dose of the same phthalate mixture in PND22 rats (Scarano et al., 2019). These
findings corroborate the alterations found in the Leydig cell count, being
increased at higher doses of the phthalate mixture in F1 DPN22 animals and
reduced at the same doses in F1 DPN120 animals and stabilizing the number of
cells in transgenerational effect. During the formation of the hormone
testosterone, androsterone is converted to testosterone and then forms the

structure of estradiol by aromatase (Graaf et al., 2004).

Alterations in steroidogenesis are of fundamental importance since
sex hormones regulate fetal development. Male sexual differentiation is critically
dependent on testosterone secretion by Leydig cells. Imbalance in androgen
synthesis (or signaling) adversely affects pre- and postnatal sexual development

(Gunnarsson et al., 2008).

Previous study from our lab confirm the antiandrogenic action of
phthalates, as there was a reduction in ano-genital distance and in prostate
weight. Oncogenetic and developmental genes were also checked and the data
show changes with increased or decreased expression in immediate or

transgenerational effect in the population(Scarano et al., 2019). The GPR30 gene
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is a gene related to the development of the testicular structure cells, it can
observe in the present study that there was no change in gene expression in F1
PND22 animals, but at the end of sexual development the expression decreased
in F1 PND120 animals and remained so in a transgenerational effect in the F2
PND22 animals. With this, we can infer that phthalates can reduce gene
expression in late and transgenerational effects, mimicking the action of

androgenic hormones.

During the developmental window it is important to note that any
alteration in gene expression or developmental disruption can lead to systemic
or organic modifications that can lead to organ malfunction in an immediate or
transgenerational effect (Feinberg, 2007; Ho et al., 2017; Rosenfeld, 2015). This
can be proven by the results of the present study in which there was an increase
or decrease in spermatogenesis stages at different doses of the phthalate mixture
in adult animals, however the structure of the organ remained with unchanged
morphometry and absence of pathological alterations. However, the
spermatozoa were sensitive at the lowest dose of the phthalate mixture in which

abnormalities of the head were found.

Among the analyses performed we can observe that most of the
testicular alterations found were at the 200ug/Kg dose showing that showing that
phthalates esters have a cytotoxicity in testicular tissue, while higher doses are
metabolized and follow the excretion pathways, since the excess is not absorbed
by the body; studies with other toxic agents such as bisphenol A (Ogo et al., 2017)
and malathion (Erthal et al., 2020) also show marked damage at testicular tissue,
pointing out that environmental and everyday toxics can impair fertility through

different mechanisms of action.
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The Leydig cells are responsible for producing and releasing the
hormone testosterone in the testicular tissue, this hormone acts on the cells of
the spermatogenic lineage and on the Sertoli cells, ensuring that spermatogenic
differentiation and germinal support occurs, as well as the protection of cells by
the hematotesticular barrier (Golub et al., 2008; Martino-Andrade and Chahoud,
2010). Phthalate caused damage to spermatogenic dynamics due to changes in
Sertoli cell counts and sperm formation, as well as in GPR30, HSD3B1 and

CYP19A1 genes expression.

Sertoli cells proliferate up to two to three weeks after birth within the
testicular structure completion window, being approximately PND21. These cells
present two functional phases: proliferation phase and maturation phase. The
proliferation is controlled by hormones such as FSH and intratesticular
proliferation factors, and is influenced by other estrogenic hormones and genetic
factors (Francga et al., 2016; Martino-Andrade and Chahoud, 2010). Therefore,
inhibition of the expression of genes controlling cell death (BCL2 gene) and
activators of apoptosis (PUMA gene) lead us to believe that phthalates were able
to induce cell death with a reduction in the number of Sertoli cells throughout
testicular development. in prepubertal animals and with a late effect in adult
animals, in addition to the transgenerational effect causing changes in animals of

the F2 generation.

5 Conclusion

In conclusion, the mixture of phthalate esters caused significant

damage in the spermatogenesis process as well as in the gene expression of
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testosterone hormone formation in the apoptosis activation pathway in testicular
cells. Regarding the doses, we can conclude that phthalates had immediate, late
and transgenerational effects in rats, since the damage altered the cellular

structure of the testis, causing a decrease in sperm and genetic quality.
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Figure legends:

Figure 1. Experimental design of the present study

GD = gestacional day; PND = post-natal day

Figure 2. GPR30 gene (A, B, C), HSD3B1 gene (D, E, F), CYP19A1 gene (G, H,

1), BCL2 gene (J, K, L) and PUMA gene (M, N, O) expression in testicular tissue.

Data are expressed as mean + SEM (n=5); ANOVA One-way test with Dunnett

post hoc test. * Indicate groups that differ statistically from control group (p<0.05).
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Figure 2. GPR30 gene (A, B, C), HSD3B1 gene (D, E, F), CYP19A1 gene (G, H,

1), BCL2 gene (J, K, L) and PUMA gene (M, N, O) expression in testicular tissue.

Data are expressed as mean + SEM (n=5); ANOVA One-way test with Dunnett

post hoc test. * Indicate groups that differ statistically from control group (p<0.05).
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1 Table 1. The target testicular genes and the GAPDH endogenous gene, forward and reverse gene sequence, and the ID number for

2 allgenes

Gene ID number Foward sequence (5’-3’) Reverse sequence (3’-5’)
BCL2 NM_016993.1 ACTCTTCAGGGATGGGGTGA TGACATCTCCCTGTTGACGC
PUMA NM_173837.2 CAACTAGGTGCCTACACCCG CAAGGCTGGCAGTCCAGTAT
HSD3B1 NM_001007719.3 TGAACAATTTAGCAGCCCTCC GGAAACAGATCACAGGCGGA
CYP19A1 NM_017085.2 ATTTTCGCTGAGAGACGTGG ACTCTGCGATGAGAAGCAACA
GPR30 NM_133573.2 CCTGCCGACTTCGCAAGT CCACACCGTTCTCTCCTGGAT
Gapdh NM_017008.4 GCTCTCTGCTCCTCCCTGTTC GAGGCTGGCACTGCACAA




1 Table 2. Body and organs weight
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Control (n=10)

20pg/Kg (n=10)

200ug/Kg (n=10)

200mg/Kg (n=10)

F1 DPN22

Body weight (g)

Testis weight (g)

F1 DPN120

Body weight (g)
Deferens duct weight (g)
Testis weight (g)

F2 DPN22

Body weight (g)

Testis weight (g)

48.760+3.322

0.117+0.015

469.7+13.10
0.101+0.012
1.681+0.116

42.18%4.57
0.108+0.013

48.360%4.525
0.114+0.013

432.7+57.86
0.111+0.024
1.767+0.159

41.71+5.33
0.103+0.011

47.830%3.426
0.124+0.011

428.1+24.40
0.120+0.110*
1.731+0.128

44.5616.34
0.122+0.020

46.46018.473
0.105+0.020

481.3165.51
0.108+0.008
1.870+0.137

35.56+3.13
0.083+0.019*

2 Mean * Standard Deviation; ANOVA post test Dunnett. * Indicates groups that differ from the control

3

. It is considered a statistical difference when p<0.05



1 Table 3. Sperm morphology and Spermatogenic kinetics of F1 120PND animals

Control (n=6) 20pg/Kg (n=6) 200ug/Kg (n=6) 200mg/Kg (n=6)
ASpermatogenic kinetics (%)
Stage I-VI 29.67+3.93 26.40+4.39 20.5043.20* 26.50+3.39
Stage VII-VIII 37.50+6.18 35.40+4.72 38.3315.04 32.3314.67
Stage IX-XIII 26.00+8.14 34.60+5.03 35.00£7.40 36.50+3.93*
Stage XIV 6.83+2.04 3.60+1.14* 6.1612.63 4.6611.86
Sperm Morphology (n°)
BNormal Sperm 175.3045.75 144.,90+38.69* 167.60+24.01 159.8049.45
AHead abnormality 3.08+0.22 3.69+0.44* 3.0610.63 3.57+0.20
BTail abnormality 2.50+2.77 10.86+15.09 7.50+12.41 4.00+2.45

2 Mean * Standard Deviation; “ANOVA post test Dunnett, 8 Kruskall-Wallis post test Dunn. * Indicates groups that differ from the control. It is considered a
3 statistical difference when p<0.05

4



1 Table 4. Testicular morphometry, Sertoli cell and Leydig cell count

68

200pg/Kg (n=6)

200mg/Kg (n=6)

F1 22PND Control (n=6) 20pg/Kg (n=6)
ASertoli cell(number) 37.7313.50 40.15+4.67
ALeydig cell (number/mm?) 17.70+1.54 16.10+2.18
ASeminiferous tubule diameter (um) 120.10+9.91 129.00+16.31*
F1 120PND Control 20ug/Kg
BSertoli cell (number) 21.46%+1.89 15.55+0.71*
ALeydig cell(number/mm?) 37.60+5.54 33.80+5.24
ASeminiferous tubule diameter (um) 294.40+21.68 294.70+19.47
AGerminative epithelium height (um) 84.37+9.65 85.86+8.63
F2 22PND

ASertoli cell(number) 36.32+1.88 32.94+1.79
ALeydig cell (number/mm?) 19.93+2.08 18.67+2.29

BSeminiferous tubule diameter (um) 134.10+36.71

137.50+6.84*

40.04+4.67
21.57+2.83*

129.40+7.93*

200ug/Kg

15.78+1.65*
29.00+2.93*

285.70420.59
83.41+8.34

31.50+3.39*
18.28+2.74
141.50+9.04*

37.70+2.91
21.65+2.26*
129.70+10.85*
200mg/Kg
16.99+1.47
28.304+3.91*
296.90+£19.70
87.75%£8.38

31.41+2.52*
17.27+2.16
136.20+11.15*

2 Mean * Standard Deviation; “ANOVA post test Dunnett, 8 Kruskall-Wallis post test Dunn. * Indicates groups that differ from the control. It is considered a

3 statistical difference when p<0.05
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Abstract
Phthalates are chemical compounds used as plasticizers in plastic products,

guaranteeing their flexibility, but the use of this compound causes damage to the
epididymal morphophysiology. The aim is to verify the changes in epididymis of
neonatal and adult rats of two generations. Sprangue-Dawley pregnant females
were divided into 4 groups and gavage dosed daily from GD10 to PND21 with
corn oil (Control:C) or the phthalate mixture at three doses (20 ug/kg; 200 ug/kg;
200 mg/kg). F1 generation animals were euthanized at 22PND and 120PND,
where 90PND males were mated with unexposed females to obtain F2
generation, where male rats were euthanized at 22PND. Results showed tissue
remodeling of the compartments at all doses in 22PND animals of both
generations, and that the dose of 200mg/Kg caused alteration, with a decrease
in the epithelium and consequent increase in the lumen in the cauda in F1
PND22. The lumen increased in the caput and cauda, with a reduction only in
interstitium in the cauda at a dose of 200mg/Kg in F2 PND22. The lumen reduced
in the caput and increased in the interstitium at the two highest doses in adult
animals. GPR30, GPX3, GSR, IL10 and TNF«a expression was reduced in adult
animals at the highest dose. GPR30 expression increased at 200mg/Kg dose in
PND22. TNF«a expression was reduced at all doses in F1 PND22 animals and
significantly increased in F2 PND22 animals at 200ug/Kg and 200mg/Kg doses.
Concluded that phthalates modified the epididymal structure and impaired gene
expression mainly in late effect.

Keywords: Oxidative stress, Epididymis, PCR, Inflammation.
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1 Introduction

Phthalate ester compounds are used as plasticizers in the industry, as
a guarantee of flexibility and durability of products in order to increase the shelf
life of products, such as: children's toys, car parts, household items, among
others (BoS$nir et al., 2003). Plastic pots and plastic cups as during the heating
and cooling process, phthalates are released and contaminate food and drink

(Fisher, 2004).

Studies show harmful changes to reproductive functions in male
humans exposed to phthalates immediately, late and transgenerationally of any
age (Bosnir et al., 2003; Fisher, 2004). Other studies identify the presence of
phthalate in the blood and urine of pregnant or lactating women, in which it was
possible to detect physiological changes in the newborn, showing the
transgenerational effect (Swan, 2008). Parks et al. (2000) show that male rats
exposed in the gestational and lactational period to phthalate esters had Leydig
cell hyperplasia and sexual differentiation dysfunction, in addition to the animals
showing decreased testosterone synthesis. Other studies point to increased
levels of leukemia inhibitory factor mRNA (LIF) and testicular testosterone with
changes in steroidogenic capacity in male animals exposed to different doses of
phthalate during pregnancy (Lin et al., 2008). Another study shows an increase
in the presence of abnormal seminiferous tubules with cellular aberrations

increasing the rate of male genital tract malformations (Barlow et al., 2004).

In-vitro studies using MEHP phthalate observed no change in
testosterone levels in the seminiferous tubules, but with significant changes in
germ cells (Lambrot et al., 2009). Unlike human results that show inhibition of

testosterone, without numerical change in Leydig cells, positive apoptosis in
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Sertoli cells and wunbalance in the proportion of germ cells during

spermatogenesis (Desdoits-Lethimonier et al., 2012).

In an experiment with adult male rats using different doses of DBP,
authors show dose-dependent epididymal toxicity with a decrease in glutathione
peroxidase (GSH-Px) and activity of superoxide dismutase (SOD), and an
increase in the level of malondialdehyde (MDA). These authors still show
epididymal tubule atrophy and vascular hyperemia in the epididymal tissue (Zhou
et al., 2011). Epididymal corpus had greater damage to the male reproductive

system (Yurdakok-Dikmen et al., 2019).

During the development of the epididymis it is necessary to capture
estrogen through the main and interstitial cells of the organ, through the protein
encoded by the GPR30 gene, linked to the G protein. and inflammation in the
organ since phthalates have a direct influence on the ionic imbalance in the cell
(Martinez-Traverso and Pearl, 2015). In view of this, we have the GPX3 and GSR
gene with antioxidant action on glutathione, and the IL10 and TNFa gene that

codify pro-inflammatory proteins (Shah and Khan, 2017).

That said, phthalates used in any period of life, whether by direct or
indirect action, have a positive correlation with reproductive damage in
spermatogenesis or sperm capacitation with an immediate or transgenerational
effect on development. Thus, the objective of the study is to evaluate epididymal
parameters of rats exposed to a mixture of phthalates during gestation and

lactation in two generations (Generation F1 and F2) to phthalate esters.
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2 Material and Methods

2.1 Animals

Adult males (n=15; 90 days postnatal - PND) and adult females (n=50;
PND120) of the Sprangue-Dawley strain from the Multidisciplinary Center for
Biological Research in Laboratory Animal Science (CEMIB/UNICAMP) were kept
in the Small Mammalian Animal Facility of the Morphology Department of
IBB/JUNESP under controlled light conditions (12L, 12D photoperiod, lights
switched off at 6:00 p. m.) and temperature (23°C+2°C) with water and feed ad
libitum. All experimental procedures and protocols complied with the Ethical
Principles of Animal Research, adopted by the Brazilian College of Animal
Experimentation, and were approved by the Ethics Committee on the Use of
Animals (CEUA) of the Biosciences Institute of UNESP de Botucatu (Protocol

1040 / CEUA).

2.2 Experimental design

Pregnant female rats were randomly divided into 4 experimental
groups (n=10/group), all treated by gavage: Group 1: control (vehicle: corn oil);
Group 2: 20 pg/kg/day of the mixture of phthalates diluted in corn oil; Group 3:
200 pg/kg/day of the mixture of phthalates diluted in corn oil; Group 4: 200
mg/kg/day of the mixture of phthalates diluted in corn oil. The mixture of
phthalates was in the following ratio: 19% DEHP (Bis(2-ethylhexyl) phthalate),
36% DEP (Diethylphthalate), 15% DBP (Di-n-butylphthalate), 10% DiBP
(DiisobutylPhthalate), 8% BBzP (Butylbenzylphthalate), and 10% DiNP

(Diisononylphthalate); based on the composition of phthalates detected in urine
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samples from pregnant women in lllinois, USA (Zhou and Flaws, 2017).
Treatment in pregnant rats occurred from gestational day 10 (GD10) to postnatal
day 21 (PND21), a critical period for the development of the urogenital apparatus
(Prins and Putz, 2008; Vilamaior et al., 2006). The female rats were kept in
individual cages, being weighed on alternate days for the calculation of the
volume of the phthalate mixture to be administered and the investigation of

clinical signs of toxicity (Scarano et al., 2019).

F1 generation: After birth, the number of pups was reduced to 8 pups
per rat, in a 1:1 ratio between females and males, determined by the year-genital
distance (AGD) (Welsh et al., 2008). At PND22 5 male rats from each group were
anesthetized and euthanized, while the remaining animals remained until

adulthood (PND 120) to obtain the F2.

F2 generation: At PND90, 5 male rats from each group (n=20) of the
F1 generation obtained were mated with untreated virgin female rats of the
Sprangue-Dawley strain (PND 120) with the same protocol as above. The F1
generation males were kept until PND 120, then they were anesthetized and
euthanized. F2 offspring were kept until weaning (PND22) and then anesthetized

and euthanized.

The epididymis of the animals were collected to obtain their weight.
The left epididymis of all animals was used for histological analyses of stereology.
The right epididymis was used for evaluation of mMRNA targets by RT1-PCR, in
which it was possible to verify molecular alterations. The experimental design is

summarized in Figure 1.
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2.3 Histological process

The left epididymis (5/group) were removed and fixed in Methacarn
(60% Methanol, 30% Chloroform and 10% Glacial Acetic Acid). This material was
then immersed in a few baths (20 min each) of alcohol (95% and absolute),
xylene (40 min) and Paraplast®. The last xylene and Paraplast® baths were
performed in an oven at 65°C, after which the material was sectioned into 5 um
semi-serial slices per animal, and stained with hematoxylin and eosin (HE)

(Punhagui et al., 2016).

2.3.1 Epididymal sterology

Ten random epididymal cross-sections from the initial segment 2A and
5A/B regions were obtained per adult animal. The epididymis of neonates were
analyzed without division into regions. This analysis was performed using
Weibel’'s multipurpose graticulate, with 168 points, to compare the relative
proportion among the epididymal components (epithelium, stroma, and lumen) in

the experimental groups (Punhagui et al., 2016).

2.4 Evaluation of gene expression by Real-Time Polymerase Chain Reaction

after Reverse Transcription (RT-qPCR): GPR30, GPX3, GSR, IL10 and TNF

Gene expression in epididymis cells was evaluated by RT-gPCR
related to testosterone conversion (GPR30 gene), inflammation (/L7170 and TNF
genes), and oxidative stress of glutathione (GPX3 and GSR genes). RNA
extraction was performed with the Trizol kit (Ambion, USA) according to the
manufacturer's instructions. RNA was quantified by spectrophotometry using the

NanoVue equipment (GE Healthcare Life Sciences, USA). The analysis of RNA
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quality was obtained by the RNA integrity number (RNA Integrity Number, RIN),
from the analysis of ribosomal RNAs based on microfluids, using the 2100
Bioanalyzer system (Agilent, USA) (Becker et al., 2010; Fleige and Pfaffl, 2006).
The mRNA Reverse Transcription Reaction was performed using the High-
Capacity RNA-to-cDNA Master Mix kit (Life Technologies, USA), following the
manufacturer's guidelines. For the reaction, 4 pL of Master Mix for reverse
transcription was used, to which 1 ug of RNA was added and the volume made
up to 20 uL with nuclease-free water. The mixture was incubated under the
following conditions: 25 °C for 5 min., 42 °C for 30 min. followed by reverse
transcriptase inactivation at 85 °C for 5 min. For each RT-qPCR reaction for
MRNAs, 10 yL of GoTag® qPCR Master Mix, based on SYBR Green chemistry
(Promega, USA), 5 yL of the RT reaction and 1 uL of “sense” and “antisense”
primers were used at 10 yM and the volume was made up to 20 uL with nuclease-
free water. Primers for the genes were designed using the Primer-Blast program

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/), present in  Table 1.

Thermocycling was performed in the QuantStudio equipment (Life Technologies,
USA), under the following conditions: GoTag Hot Start Polymerase activation 2
min. at 95°C followed by 40 cycles of 15 sec. at 95°C and 1 min. at 60°C, finally,
a dissociation curve in the range of 60-95°C. An amplification graph was plotted
for each sample showing an increase in fluorescent reporter dye (ARn) in each
PCR cycle. From this graph, the cycle where the reaction crosses the detection
threshold (cycle threshold - CT) was determined. The relative quantification of
each gene was performed using the 2-AA CT method according to Livak and
Schmittgen (2001). The values obtained for all samples were normalized by the

ratio obtained between the target genes and the endogenous GAPDH gene.
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2.5 Statistical analysis

One-way analysis of variance (ANOVA) with post hoc Dunnett’s test,
meanzSD, or the non-parametric Kruskal-Wallis test with post hoc Dunn’s test
was used, median(Q1-Q3), depending on the data distribution, to compare the
results between the phthalate-treated groups and the control group. The variance
among the experimental groups was compared using Bartlett’s test. The Shapiro-
Wilk test was performed to evaluate the normal distribution. When required, the
data were normalized via box-cox transformation. Differences were considered
significant when p < 0.05. The statistical analyses and graph design for the results
were performed using GraphPad Prism for Windows (version 7.01 — GraphPad
Software, La Jolla, California, USA) and Instat (version 3.01 — GraphPad

Software, La Jolla, California, USA) programs.

3 Results

3.1 Body and Reproductive organ weight

The body and absolute epididymis weights were similar among all

groups and animals (Table 2).

3.2 Epididymal stereology

The luminal compartment in the caput region increased in F1 PND22
animals at doses of 20ug/Kg and 200ug/Kg, while in the cauda region there was
a decrease in the epithelium and consequent increase in the lumen at the dose

of 200mg/Kg, and an isolated increase in the luminal compartment at a dose of
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20ug/Kg. In adult animals of the F1 generation, an increase in the interstitium was
observed in the caput region with a consequent decrease in the lumen at doses
of 200ug/Kg and 200mg/Kg, while in the cauda there was an isolated decrease

in the epithelium at the dose of 200ug/Kg (Table 3).

In the F2 generation pups, there was an increase in lumen in the caput
at all doses of the phthalate mixture, while in the cauda there was an increase in
lumen at doses of 200ug/Kg and 200mg/Kg, and a consequent decrease in the

interstitial compartment only at the dose of 200mg/kg (Table 3).

3.3 Gene expression by RT-qPCR

GPR30 gene expression was increased in pups in both generations
(Figure 2A and 2C), while it was reduced in adult animals at the same dose of

200mg/Kg (Figure 2B).

GPX3 gene expression decreased significantly only in adult animals
at doses of 200ug/Kg and 200mg/Kg (Figure 2E), remaining similar to the control
in puppies (Figure 2D and 2F). Glutathione receptor (GSR) gene expression
decreased in F1 generation animals at doses of 20ug/Kg and 200ug/Kg in pups
(Figure 2G) and only at a dose of 200mg/Kg in adults (Figure 2H), resuming the

similarity between groups in the animals of the F2 generation (Figure 2I).

The gene expression of inflammatory mediators such as IL10
decreased in adult animals at a dose of 200mg/Kg (Figure 2K), while the puppies
did not show significant changes (Figure 2J and 2L). TNFa gene expression
decreased at all doses in F1 PND22 animals (Figure 2M), remained reduced only

at the dose of 200mg/Kg in F1 PND120 animals (Figure 2N) and significantly
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increased at doses of 200ug/Kg and 200mg/Kg in F2 PND22 animals (Figure

20).

4 Discussion

The present study shows that the mixture of phthalate esters harmed
the epididymal tissue, since all doses had different tissue proportions causing
tissue remodeling in immediate, late, and transgenerational effects. In addition,
gene expression was restricted to GPR30, GSR and TNFa, showing an oxidative
and inflammatory characteristic of phthalates under the epididymis in PND22
animals, having an increase in GPR30 gene expression, a decrease in gene
expression GSR and a reduction in TNFa gene expression in the F1 generation
and an increase in F2. In contrast, in adult animals, only the 200ug dose of
phthalate mixture were able to remodel the epididymal tissue, with an increase in
the interstitial and a decrease in the lumen of the caput region. The epididymal
cauda of these animals showed greater resistance to phthalates actions. Thus,
the study proved that phthalates have a transgenerational effect and that the
blood-epididymal barrier was not able to prevent the damage caused by

phthalates.

The male reproductive system has a multitude of receptors so that it
can be responsive to hormonal and metabolic changes in the body, one of the
most important of which is the G protein-coupled receptor 30 (GPR30) (Fisher,
2004). This receptor is a transmembrane protein that acts on the uptake and rapid
effects of estrogen through a nonclassical pathway. Although the action of this

protein on the epididymal tissue is not well defined, animals that showed low
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regulation of this gene can compromise the structure of the ducts (Joseph et al.,
2011). In this study, the highest dose of the phthalate mixture applied significantly
increased the GPR30 expression in PND22 animals and decreased the
expression at the same dose in adult animals, relating it to tissue remodeling both
in the head and tail of the epididymis, in addition, after puberty we have the

spermatogenesis cycle and the full functionality of the organ.

The prenatal development window is a period in which the formation
of various structures and organs occurs, with their final maturation in the postnatal
period, when the entire genetic code will be read and proteins and receptors will
be formed, therefore, any disturbance to this development can cause
dysfunctions and organic changes in immediate or transgenerational effects
(Feinberg, 2007; Ho et al., 2017; Rosenfeld, 2015). In an excerpt from the same
study, Scarano et al. (2019) showed that reduced genes expression related to
developmental, differentiation, and oncogenesis, induced a decrease in serum
testosterone levels at the lowest dose of the same phthalate mixture in neonatal
rats. In the testis of these animals, it was also possible to observe a decrease in
the gene expression of CYP19A1 and HSD3B1 as well as a reduction in the cell
count in neonatal and adult animals (unpublished data Punhagui-Umbelino et al.,
2022). That said, it is observed that the epididymal tissue is also sensitive to the

action of the mixture of phthalate esters since they caused tissue remodeling.

Studies with urine samples from pregnant women showed varying
doses of phthalates due to environmental and daily exposure of these women to
products that have phthalates in their composition, in the results the authors point
out that the presence of phthalates in the urine of these women increased the

expression of biomarkers inflammatory and oxidative stress, proving the toxicity
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of phthalates and the relationship between their presence and increased
inflammation (Van 't Erve et al., 2019). This study corroborates the results found
in the present study, the GPX3 gene expression did not have an immediate effect
in the F1 PND22, but it reduced in a late glutathione effect in the F1 PND120
animals at 200ug and 200mg doses. In contrast, the GSR expression in F1
PND22 animals was reduced at the lowest doses in immediate effect, it was even
lower at the highest dose in adult animals and remained unchanged in the
transgenerational effect. This shows that oxidative stress influences the
generation directly exposed to phthalate, since the exposure was during

pregnancy and lactation through the mothers.

Several toxicology studies note that the lowest dose can cause greater
tissue damage, as the body absorbs small amounts of toxicants over time, and
often higher doses are metabolized and most are excreted (Erthal et al., 2020;
Ogo et al., 2017; Scarano et al., 2019). The epididymal tissue has a blood-
epididymal barrier that can guarantee a specialized luminal microenvironment for
sperm maintenance, in which it restricts the passage of ions and
macromolecules, being formed during prenatal development and remodeled at
puberty (Mital et al., 2011; Robaire and Hinton, 2015). That said, the epididymal
tissue of the prepubertal animals was still maturing the blood-epididymal barrier,
which is why all doses of phthalate caused some change in the proportion of
epididymal compartments, but in adult animals in which spermatogenesis is
complete, the greatest doses of the phthalate mixture were able to disrupt tissue

organization.

The increase in inflammatory mediators indicates that the body is

responding to a new and foreign substance, which is an acute type of



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

83

inflammation that involves the production of pro-inflammatory cytokines
(Minihane et al., 2015). Some studies using cells and mice show that exposure
to different phthalates generates increased production of pro-inflammatory
cytokines such as IL-1b (Zheng et al., 2010) and IL-6 (Zhou et al., 2019), resulting
in decreased testosterone production and increased of cellular recruitment of
macrophages (Nishioka et al., 2012). Interleukin 10 is a characteristically anti-
inflammatory cytokine that plays a crucial role in preventing inflammatory and
autoimmune pathologies, but in some inflammatory situations it can increase
local inflammation and all related symptoms. Elevated levels of IL-10 can hamper
the host's response to microbial pathogenesis and prevent resolution of
associated tissue damage and hemodynamic disturbances (lyer and Cheng,

2012).

Other epidemiological studies support this association between
phthalates and inflammation, as elevated urinary concentration of phthalate
metabolites in allergic conditions has been associated with increased immune
response in experimental and patient conditions (Bglling et al., 2020). Study by
Trim et al. (2021) points out that inflammation has no correlation with exposure
to phthalates since there was no positive labeling of inflammatory cytokines in
urinary samples from patients exposed to toxic agents. The results of the present
study show that phthalates reduced the gene expression of pro-inflammatory
cytokines TNFa in immediate effect, remained reduced only at the highest dose
of phthalate in adult animals and increased its expression at the highest doses of
phthalate, showing a strong relationship between the presence of phthalates and

inflammation in F2 animals.
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5 Conclusion

Our data confirm that the postnatal period is an important
developmental window and that any disturbance to the internal maternal
environment causes harmful effects on the offspring, since the prepubertal
animals of the F1 and F2 generation were more sensitive to the action of
phthalates when compared to adult animals that already have immune maturity.
In this study it was also possible to observe the transgenerational effect of
phthalates and the change in gene expression can be carried to the next

generation of animals previously exposed to environmental toxicants.
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Figure legends:

Figure 1. Experimental design of the present study

GD = gestacional day; PND = post-natal day

Figure 2. GPR30 gene (A, B, C), GPX3 gene (D, E, F), GSR gene (G, H, I), IL10

gene (J, K, L) and TNFa gene (M, N, O) expression in epididymal tissue.

Data are expressed as mean + SEM (n=5); ANOVA One-way test with Dunnett

post hoc test. * Indicate groups that differ statistically from control group (p<0.05).
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Figure 2. GPR30 gene (A, B, C), GPX3gene (D, E, F), GSR gene (G, H, I), IL10

gene (J, K, L) and TNFa gene (M, N, O) expression in epididymal tissue.

Data are expressed as mean + SEM (n=5); ANOVA One-way test with Dunnett

post hoc test. * Indicate groups that differ statistically from control group (p<0.05)
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1 Table 1. The target epididymal genes and the GAPDH endogenous gene, forward and reverse gene sequence, and the ID number

2 for all genes

Gene ID number Foward sequence Reverse sequence
GPX3 NM_022525.4 CTTCTCACCCCAGTTGCGAT AGTCTATGGGCGAGTTTCCG
GSR NM_053906.2 CGGAAACTCGCCCATAGACTT ATGGACGGCTTCATCTTCAGT
IL-10 NM_012854.2 TGCGACGCTGTCATCGATTT TGGCCTTGTAGACACCTTTGT
TNF L19123.1 GGTCTCATCTCCGCCTTTGT CCCAAAATCCTGCCCTGTCA
GPR30 NM_133573.2 CCTGCCGACTTCGCAAGT CCACACCGTTCTCTCCTGGAT
Gapdh NM_017008.4 GCTCTCTGCTCCTCCCTGTTC GAGGCTGGCACTGCACAA
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Table 2. Body and epididymis weight
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Control (n=5)

20ug/Kg (n=5)

200pg/Kg (n=5)

200mg/Kg (n=5)

F1 22DPN
Body weight (g)

Epididymis weight (g)

F1 120DPN
Body weight (g)

Epididymis weight (g)

F2 22DPN
Body weight (g)

Epididymis weight (g)

48.760+3.322
0.015+0.003

469.7+13.10
0.567+0.044

42.18%4.57
0.013+0.003

48.360+4.525
0.016+0.003

432.7+57.86
0.534+0.115

41.71+5.33
0.011+0.003

47.830+3.426
0.015+0.001

428.1+24.40
0.601+0.028

44.5616.34
0.014+0.001

46.46018.473
0.014+0.004

481.3165.51
0.59910.034

35.56+3.13
0.011+0.002

Mean + Standard Deviation; ANOVA post test Dunnett.
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Table 3. Epididymal stereology
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Control (n=5)

20pg/Kg (n=5)

200pg/Kg (n=5)

200mg/Kg (n=5)

Caput
Epithelium
Interstitium
Lumen
Cauda
Epithelium
Interstitium
Lumen

F1 22DPN

33.93(24.11-38.69)
60.12(54.17-68.01)
6.84(4.76-9.97)

27.68(21.73-34.52)
62.20(55.06-70.39)
7.73(5.80-10.71)

30.95(24.70-36.31)
58.93(51.49-60.71)
10.71(7.14-15-92)*

28.57(23.21-34.52)
58.93(52.98-63.10)
11.61(7.58-16.52)*

31.55(19.64-36.76)
57.14(49.55-65.03)
11.90(8.92-14.73)*

27.38(18.75-33.78)
63.10(56.40-71.43)
8.33(5.95-10.57)

27.38(22.62-34.52)
59.23(54.32-66.07)
11.31(7.14-14.88)*

19.35(15.48-24.26)*
64.88(59.67-66.96)
15.77(12.50-19.64)*

Caput
Epithelium
Interstitium
Lumen
Cauda
Epithelium
Interstitium
Lumen

F1 120DPN

20.83(18.45-23.81)
13.69(9.67-19.49)
65.18(57.29-70.98)

16.07(11.01-19.79)
18.15(10.71-22.17)
67.56(60.57-76.34)

21.73(19.05-23.81)
14.29(11.31-21.13)
62.20(54.02-68.30)

12.50(8.78-16.22)
19.35(15.33-26.19)
66.37(61.16-75.00)

20.83(18.15-25.60)
25.60(16.07-32.14)*
55.36(38.39-65.48)*

6.54(3.27-12.20)*
17.26(9.82-25.00)
72.62(64.58-84.52)

20.83(18.75-24.70)
19.05(14.88-26.49)*
60.71(50.60-64.29)*

14.88(9.52-19.49)
20.54(14.43-25.45)
65.18(58.04-72.47)

Caput
Epithelium
Interstitium
Lumen
Cauda
Epithelium
Interstitium
Lumen

F1 22DPN

32.44(24.70-36.90)
58.33(54.17-65.48)
8.92(5.95-10.71)

32.44(24.70-36.90)
64.58(58.18-69.64)
8.33(6.54-10.12)

30.36(25.60-35.42)
58.63(52.83-60.71)
10.71(7.14-15.03)*

30.36(25.60-35.42)
62.20(55.06-70.39)
7.73(5.80-10.71)

31.55(20.68-36.31)
58.04(51.19-63.24)
11.90(9.37-14.29)*

31.55(20.68-36.31)
64.88(59.67-66.96)
15.77(12.50-19.64)*

27.98(22.62-32.59)
59.52(55.36-65.03)
11.31(8.63-14.43)*

27.98(22.62-32.59)
58.93(52.98-63.10)*
11.61(7.58-16.52)*

Median (Q1-Q3), Kruskall-Wallis post test Dunn. * Indicates groups that differ from the control. It is considered a statistical difference when p<0.05
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6 CONSIDERAGOES FINAIS

Nas condigdes experimentais do presente trabalho, concluimos que a
exposicao materna no periodo gestacional e lactacional a uma mistura de
ésteres de ftalato teve impacto negativo sobre a prole evidente na morfologia
espermatica e a estrutura celular do epitélio germinativo testicular. Além disso, a
as diversas doses de ftalato utilizada causou prejuizos tanto no testiculo em
diversas analises como na remodelagédo tecidual do epididimo. Ao passo que, a
expressao génica ficou mais alterada em efeito tardio (F1 DPN120), do que
imediato (F1 DPN22), e essas modificagbes, principalmente no tecido testicular
se mantiveram em efeito transgeracional, mostrando que os ftalatos modificaram
a expressao principalmente de genes relacionados a via de producido da
testosterona. Os genes BCL2 e PUMA tiveram sua expressao inibida na F1
DPN120 e F2 DPN22, mostrando que houve um desbalango na regulagao de
sobrevivéncia e ativacdo do processo de apoptose. No epididimo ocorreu
perturbagdo na fisiologia do 6rgdo com a remodelagao dos compartimentos
luminal, epitelial e estroma, principalmente nas maiores doses em efeito tardio e

transgeracional.

Isto posto, espera-se com este trabalho elucidar os efeitos prejudiciais
reprodutivos da utilizagcao de ftalatos durante a gestagdo e a extensédo desse
dano na prole, visto que os danos foram imediatos, tardio e transgeracionais em
doses distintas de uma mistura de ftalatos, quando comparados a outros estudos

na literatura.
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