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Impacto potencial desta pesquisa:

A onipresenca dos nanoplasticos, sobretudo quando associados a aditivos quimicos
como os ftalatos, representa um desafio emergente tanto para o meio ambiente quanto para a
saude publica. Evidéncias demonstram que esses poluentes sdo capazes de atravessar a barreira
placentaria, alcancando o feto e potencialmente comprometendo o desenvolvimento saudavel
da prole. Entre os principais efeitos, destacam-se alteragdes na fun¢do hormonal e na saude
reprodutiva masculina, o que desperta grande preocupagdo diante do aumento progressivo das
taxas de infertilidade observadas globalmente nas ultimas décadas.

Nesse cenario, compreender os impactos da exposi¢ao in utero ¢ durante a lactagdo a
uma mistura de ftalatos e nanoplasticos sobre o desenvolvimento testicular dos descendentes
faz-se necessario. Assim, os resultados desta pesquisa contribuem de forma inédita para a
literatura sobre coexposicao a ftalatos e nanoplasticos, oferecendo evidéncias cientificas dos
efeitos na reprodugdo masculina em diferentes periodos da vida. Mais do que ampliar o
conhecimento académico, os achados tém o potencial de gerar subsidios para a formulagdo de
politicas publicas voltadas a redugdo de sua produgdo, ao incentivo de praticas de consumo e
descarte responsaveis e a promocdao de agdes educativas voltadas a conscientizagdo da
sociedade, alinhando-se aos Objetivos de Desenvolvimento Sustentavel (ODS) da ONU,
especialmente o ODS 3 (saude e bem-estar) e 0 ODS 12 (consumo e producgdo responsaveis),
em direcdo a um futuro mais sustentavel, seguro e comprometido com a saide humana e suas

geracoes.

Potential impact of this research:

The ubiquity of nanoplastics, especially when combined with chemical additives such
as phthalates, poses an emerging challenge for both the environment and public health.
Evidence shows that these pollutants can cross the placental barrier, reaching the fetus and
potentially compromising the healthy development of offspring. Among the main effects are
alterations in hormonal function and male reproductive health, which raises great concern given
the progressive increase in infertility rates observed globally in recent decades.

In this context, understanding the impacts of in utero and lactation exposure to a mixture
of phthalates and nanoplastics on the testicular development of offspring is essential. Thus, the
results of this research contribute in an unprecedented way to the literature on co-exposure to
phthalates and nanoplastics, offering scientific evidence of the effects on male reproduction at

different stages of life. More than expanding academic knowledge, the findings have the



potential to generate subsidies for the formulation of public policies aimed at reducing its
production, encouraging responsible consumption and disposal practices, and promoting
educational actions aimed at raising awareness in society, aligning with the UN Sustainable
Development Goals, especially SDG 3 (health and well-being) and SDG 12 (responsible
consumption and production), towards a more sustainable, safe future that is committed to

human health and its generations.
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CAPITULO I - ALTERACOES TESTICULARES EM FETOS MACHOS EXPOSTOS
A MISTURA DE FTALATOS E NANOPLASTICOS NO PERIODO INTRAUTERINO

RESUMO

O desenvolvimento testicular depende de interagdes hormonais e celulares que regulam
a diferenciacdo, maturag¢do e funcionalidade da gonada. Alteragdes neste processo durante o
periodo fetal podem repercutir a longo prazo na espermatogénese ¢ na esteroidogénese. A
crescente produgao e utilizagdo de plasticos tem levantado preocupagdes devido aos impactos
ambientais ¢ de saude associados. No ambiente, os plasticos sdo degradados em micro e
nanoplasticos (MNPS), particulas pequenas que tem a capacidade de adsorver compostos
lipofilicos, como os ftalatos, caracterizados como desreguladores endocrinos (DEs). No
entanto, os efeitos da coexposi¢do a nanoplasticos (NPs) e ftalatos, residuos da degradag¢do do
plastico, sobre o desenvolvimento reprodutivo masculino sdo poucos compreendidos. Este
estudo investigou o impacto da exposi¢do gestacional a uma mistura de ftalatos (MF) e NPs,
isoladamente ou combinados, em pardmetros biométricos e de expressdo génica testicular de
fetos machos descendentes. Ratas prenhes Sprague-Dawley foram distribuidas em seis grupos:
controle (CTRL), T1 (20 pg/kg/dia — MF), T2 (200 mg/kg/dia — MF), T3 (1 mg/kg/dia — NPs,
100 nm), T4 (20 pg/kg/dia— MF + 1 mg/kg/dia—NPs) e TS5 (200 mg/kg/dia— MF + 1 mg/kg/dia
—NPs), tratadas por via oral do dia gestacional 5 ao 20. A MF utilizada neste estudo foi baseada
nas concentragdes dos principais metabdlitos detectados na urina de gestantes, refletindo um
cenario realista de exposicdo humana. A menor dose da MF representa uma concentragao
ambientalmente relevante, enquanto a maior corresponde a uma dose que extrapola a exposicao
didria com o intuito de comparagdo com trabalhos que consideram a exposi¢do de ftalatos
Unicos. Ja a concentracdo de NPs empregada foi escolhida por representar uma exposi¢ao
ambientalmente relevante. Os resultados indicaram redug¢do do peso corporal em T5 e
diminui¢do da distancia anogenital em T3. Em nivel molecular, T4 apresentou aumento da
expressdo de Amh, Insl3, Ar, Srd5al e Cypl9al, além de elevacdo adicional de Ar em T5 e
reducdo de Hsd17b1 em T1. Esses achados sugerem que a coexposi¢ao gestacional a ftalatos e
NPs, especialmente em T4, modula genes envolvidos na diferenciagdo e na via esteroidogénica,
possivelmente afetando o desenvolvimento testicular fetal e indicando efeitos sinérgicos entre
os contaminantes.

Palavras-chave: desenvolvimento fetal; exposicdo materna; ftalatos; nanoplasticos; testiculo.
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ABSTRACT

Testicular development depends on hormonal and cellular interactions that regulate gonadal
differentiation, maturation, and functionality. Alterations in this process during the fetal period
can have long-term repercussions on spermatogenesis and steroidogenesis. The increasing
production and use of plastics has raised concerns due to the associated environmental and
health impacts. In the environment, plastics degrade into micro- and nanoplastics (MNPs),
small particles that have the ability to adsorb lipophilic compounds, such as phthalates,
characterized as endocrine disruptors (EDs). However, the effects of co-exposure to
nanoplastics (NPs) and phthalates, residues of plastic degradation, on male reproductive
development are poorly understood. This study investigated the impact of gestational exposure
to a mixture of phthalates (MF) and NPs, alone or in combination, on biometric parameters and
testicular gene expression in male offspring. Pregnant Sprague-Dawley rats were divided into
six groups: control (CTRL), T1 (20 pg/kg/day — MF), T2 (200 mg/kg/day — MF), T3 (1
mg/kg/day — NPs, 100 nm), T4 (20 pg/kg/day — MF + 1 mg/kg/day — NPs), and T5 (200
mg/kg/day — MF + 1 mg/kg/day — NPs), treated orally from gestational day 5 to 20. The MF
used in this study was based on the concentrations of the main metabolites detected in the urine
of pregnant rats, reflecting a realistic scenario of human exposure. The lowest dose of the MF
represents an environmentally relevant concentration, while the highest corresponds to a dose
that exceeds daily exposure for comparison with studies that consider exposure to single
phthalates. The concentration of NPs used was chosen because it represents an environmentally
relevant exposure. The results indicated a reduction in body weight at TS and a decrease in
anogenital distance at T3. At the molecular level, T4 showed increased expression of Amh,
Insl3, Ar, Srd5al, and Cyp19al, in addition to a further increase in Ar at TS and a reduction in
Hsd17bl at T1. These findings suggest that gestational co-exposure to phthalates and NPs,
especially at T4, modulates genes involved in differentiation and the steroidogenic pathway,
possibly affecting fetal testicular development and indicating synergistic effects between the

contaminants.

Keywords: Fetal development; maternal exposure; nanoplastics; phthalates; testis.
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1. INTRODUCAO
1.1 O testiculo e o desenvolvimento testicular

Os testiculos, localizados no escroto, sdo envolvidos pela tinica albuginea, uma capsula
de tecido conjuntivo denso que projeta septos para o interior do 6rgdo, delimitando l6bulos que
abrigam os tibulos seminiferos e convergem para o mediastino testicular (Lin et al., 2025).
Sua funcdo ¢ anficrina, exercendo simultaneamente a producdo de gametas e a sintese de
hormdnios, destacando, assim, a importancia desse 6rgdo para o desenvolvimento reprodutivo
masculino e fertilidade (Li et al, 2024).

Do ponto de vista morfoldgico, os testiculos sdo organizados em dois compartimentos:
tubular e intertubular (ou intersticial). O compartimento tubular é composto pelos tibulos
seminiferos, onde se localizam as células germinativas em diferentes estdgios do processo
espermatogénico, bem como as células somaticas de suporte, denominadas células de Sertoli
(CS). Enquanto o compartimento intersticial ¢ composto predominantemente pelas células de
Leydig (CL), células mioides (que circundam os tibulos seminiferos), vasos sanguineos,
linfaticos, terminagdes nervosas e uma populagdo de células variavel constituida
principalmente de macrofagos, fibroblastos e mastdcitos (Heinrich; Defalco, 2019).

As CS sdo imprescindiveis para o desenvolvimento gonadal e sobrevivéncia das
espermatogonias, por meio de hormodnios e fatores de crescimento, como o hormodnio anti-
Miilleriano (AMH). O AMH promove a diferenciagdo sexual masculina, induzindo a regressao
dos ductos paramesonéfricos e contribuem para o funcionamento adequado das gonadas.
Ressalta-se a importancia do AMH, visto que estudos indicam que alteracdes em seus niveis
estdo associados a patogénese dos distirbios da diferenciagdo sexual e criptorquidia (Sansone
et al.,2019; Rehman et al., 2021).

As CS criam um microambiente para a nutri¢do e maturagao das células germinativas,
fagocitam aquelas que estdo degeneradas, e transportam espermatides maduras para o limen
dos tabulos seminiferos (Griswold, 2018). Além disso, as CS produzem moléculas de fungdo
paracrina e enddcrina, como a proteina ligadora de androgénio (ABP), inibina B e o proprio
AMH, que estao envolvidas na regulacdo da espermatogénese (Xiao et al, 2025).

A barreira hematotesticular (BHT) ¢ formada por jungdes especializadas entre as CS,
incluindo jungdes oclusivas, aderentes e comunicantes (Stanton, 2016). A BHT atua de forma
fisica ao estabelecer uma separacdo seletiva entre os compartimentos basal e adluminal, de
forma fisioldgica ao controlar o movimento de substancias para o lumen, ¢ de forma

imunoldgica ao expressar fatores imunorreguladores que conferem privilégio imunolégico as
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células germinativas, protegendo contra a resposta imune e¢ a acao de espécies reativas de
oxigénio (ROS) (Mital; Hinton; Dufour, 2011; Kaur; Thompson; Dufour, 2014). Ademais, as
CS interagem amplamente com as CL por meio de mecanismos paracrinos que vao regular o
desenvolvimento e a esteroidogénese dessas células (Rebourcet et al., 2014).

As CL sao a principal fonte de andrégenos nos testiculos, dentre os hormdnios
produzidos, destaca-se a testosterona, o principal hormonio sexual masculino (Smith; Walker,
2014). Esse processo ¢ regulado pelo eixo hipotadlamo-hipofise-gonada (HHG), no qual a
liberagdo do horménio liberador de gonadotrofinas (GnRH) pelo hipotdlamo estimula a
adenohipofise a secretar o hormonio luteinizante (LH). O LH, por sua vez, se liga em receptores
nas CL, ativando a esteroidogénese — processo no qual o colesterol ¢ utilizado como substrato
inicial para a sintese de esteroides. O transporte de colesterol do citosol para a membrana
interna depende da proteina reguladora aguda esteroidogénica (StAR). A partir disso, o
colesterol ¢ convertido em pregnenolona pela enzima CYP11Al e segue por uma via
enzimatica resultando na sintese de testosterona (Ye et al., 2017).

Os androgenos produzidos influenciam na modulagdo das fung¢des das CS, promovendo
a diferenciagdo e maturacao das células germinativas na espermatogénese. Além disso, sdo
importantes no desenvolvimento dos derivados do ducto mesonéfrico (epididimo, ducto
deferente e glandula seminal) e da genitdlia externa, bem como na manuten¢do das
caracteristicas sexuais secundarias masculinas (Murashima et al., 2011; Li et al., 2024).
Adicionalmente, as CL participam da descida testicular (Virtanen; Toppari, 2014),
principalmente através da secrecdo de fatores como o peptideo insulin-like 3 (INSL3), além
dos androgenos (Ivell ef al., 2022; O’donnel; Whiley; Loveland, 2022).

Para além da estrutura e fung@o dos testiculos na vida adulta, ¢ importante compreender
sua origem durante o desenvolvimento embriondrio, que estabelece as bases para a organizacao
morfofuncional do 6rgdo. O desenvolvimento dos testiculos em mamiferos tem inicio na fase
embriondria, quando as células progenitoras bipotenciais da gonada indiferenciada passam a
expressar o gene Sry codificado pelo cromossomo Y, o que direciona para a linhagem testicular
(Koopman et al., 1990). Em ratos, esse processo ocorre aproximadamente entre o dia
gestacional (DG) 12-13, quando se formam os corddes seminiferos primitivos, compostos pelos
precursores das CS que circundam as células germinativas primordiais e induzem o
desenvolvimento da populagdo de células de Leydig fetais (CLF) (Magre; Jost, 1991). No
DGI15, as CLF se diferenciam a partir do mesénquima do intersticio testicular e iniciam a

secre¢do de testosterona e INSL3, estabelecendo a fung¢do enddcrina do 6rgdo e incitando o
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desenvolvimento dos tabulos e ductos reprodutivos, bem como dos érgaos sexuais masculinos
(Rebourcet et al., 2014).

No periodo neonatal do rato, que compreende do dia pds-natal (DPN) 0 ao DPN7,
ocorre a transicdo dos gonocitos para espermatogoOnias tipo A com alta taxa mitdtica,
acompanhada por aumento do indice proliferativo e inicio da maturagao das CS (Huckins;
Clermont, 1968; Picut et al., 2014). Na fase pré-puberal (DPN 15-22), as CS secretam fluido
que contribui para a formagao do limen tubular, iniciam o estabelecimento da BHT e se tornam
funcionais no final dessa fase, além de cessar a sua proliferacao entre os DPNs 15-21. Enquanto
isso, as CLF comeg¢am a regredir e passar por um processo de diferencia¢do progressiva,
transitando pelas fases de células progenitoras (DPN 10-14) e células de Leydig imaturas (DPN
21-28) (Desjardins, 1978; Orth, 1982; Picut et al., 2014).

Durante o periodo puberal (DPN 33-55), as células de Leydig adultas sdo finalmente
estabelecidas, completando a transicdo. Além disso, hd a consolidacdo da espermiogénese
funcional, caracterizada pela maturacao das espermatides em espermatozoides e pela presenca
de todos os estagios do ciclo do epitélio seminifero (Ojeda; Advis; Andrews, 1980; Picut et al.,
2014; Stanton, 2016; Ye et al., 2017). Por fim, na idade adulta (>DPN 61), h4d um crescimento
do testiculo associado ao aumento do didmetro tubular e regularidade da espermatogénese
(Picut et al,, 2014).

Ampliando a perspectiva para os mamiferos de modo geral, observa-se que a maturagado
do sistema genital masculino segue uma sequéncia morfologica semelhante entre as espécies.
No entanto, o ser humano nasce em um estdgio mais avancado de desenvolvimento em
comparagdo ao rato recém-nascido. No que se refere ao desenvolvimento testicular, tanto em
ratos quanto em humanos, ocorrem eventos fundamentais em uma mesma ordem — formacao
dos corddes seminiferos, diferenciagdo das CS e CL, transformag¢do dos gonocitos em
espermatogonias, formacao da BHT e inicio da espermatogénese — porém com diferengas
marcantes quanto a temporalidade, ao controle hormonal e ao padrdo de maturacdo (Picut;
Ziejewski; Stanislaus, 2017).

Em humanos, o testiculo fetal depende das gonadotrofinas (gonadotrofina coridnica
humana) e LH para sua maturacdo desde as fases iniciais da gestacdao, enquanto nos ratos o
desenvolvimento testicular inicial ¢ independente dessas gonadotrofinas, sendo mediado por
fatores pardcrinos, como o Fator de Crescimento Semelhante a Insulina-1 (IGF-1). Outra
diferenca importante ¢ que, em humanos, ha um periodo prolongado de quiescéncia testicular
— entre os 3 ¢ 9 anos de idade — caracterizado por baixa atividade mitdtica, enquanto nos

ratos essa fase estd ausente, ¢ o desenvolvimento testicular ocorre de forma continua ¢
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acelerada apods o nascimento. Adicionalmente, eventos como a descida testicular (em condigdes
normais) € o surgimento das espermatogonias ocorrem ainda na vida fetal em humanos, mas
somente apds o nascimento nos ratos, refletindo a relativa imaturidade do rato ao nascer (Picut;
Ziejewski; Stanislaus, 2017).

Apesar dessas diferengas, o rato ¢ amplamente utilizado em pesquisas toxicologicas
devido ao seu custo relativamente baixo, ciclo reprodutivo curto, facilidade de manejo e
disponibilidade em ambientes laboratoriais. Além disso, ¢ amplamente reconhecido que, para
avaliar os efeitos de exposi¢cdes durante periodos criticos de suscetibilidade, a realizacdo de
testes in vivo € essencial, pois permite captar respostas hormonais integradas e alteragdes
funcionais complexas que ndo podem ser adequadamente avaliadas em modelos in vitro (Auger
et al., 2014). Essas caracteristicas, somadas ao vasto conhecimento acumulado sobre a
anatomia, fisiologia e desenvolvimento testicular em ratos, consolidam esse animal como um
modelo experimental eficaz para a deteccdo precoce de lesdes testiculares e efeitos
toxicologicos. Ainda assim, ¢ fundamental considerar as limitagdes inerentes a extrapolacao
direta dos achados para humanos, exigindo cautela na interpretagdo dos resultados (Picut;
Ziejewski; Stanislaus, 2017).

Ademais, ¢ importante destacar que o desenvolvimento adequado dos testiculos em
mamiferos até a idade adulta depende de uma série de processos hormonais e celulares inter-
relacionados, tornando o 6rgao altamente suscetivel a perturbacdes, o que pode comprometer
etapas criticas da diferenciagdo e maturagdo testicular, além de impactar a funcionalidade das
CS e CL. Como consequéncia, ha um aumento do risco para o surgimento de anormalidades e
distarbios reprodutivos em curto, médio e longo prazo (Li; Spade, 2021).

As perturbacdes podem ter origem de uma combinacao de fatores genéticos, hormonais,
ambientais e relacionados ao estilo de vida (Elamo; Virtanen; Toppari, 2022). Entretanto,
acredita-se que os fatores ambientais estdo diretamente envolvidos nas taxas crescentes desses
distarbios, sendo os desreguladores do sistema enddcrino frequentemente apontados como

potenciais causadores (Kilcoyne; Mitchell, 2019).

1.2. Desreguladores enddécrinos e DOHaD

Os desreguladores endocrinos (DEs) sdo substancias ou misturas quimicas, naturais ou
sintéticas, que alteram o funcionamento do sistema enddcrino e, consequentemente, induzem
efeitos adversos em um determinado organismo ou na sua descendéncia (Yoon et al., 2014). A

acdo dos DEs pode ocorrer de diversas maneiras, como ligar-se aos receptores hormonais e
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mimetizar ou bloquear a acdo de hormonios enddégenos, como os estrogenos e androégenos. Sua
toxicidade pode interferir nos mecanismos homeostaticos hormonais normais que promovem
0 crescimento, a resposta imunologica e a reproducdo nos tecidos e o6rgaos especificos (Ullah
et al., 2023). Essas substancias também podem interferir no ciclo celular, nos processos

apoptoticos e na regulacao epigenética (Birnbaum, 2013; Skakkebaek et al., 2016).

Além da exposicao por contato direto com esses materiais, os DEs também sao
liberados no meio ambiente, e dessa forma, a exposi¢do humana a eles pode ocorrer por meio
da ingestdo de alimentos contaminados, o contato com produtos quimicos pela pele ou a
inalag¢do de particulas pelo sistema respiratério (Yesildemir; Celik, 2024). Como resultado,
podem afetar indiretamente embrides/fetos por meio da placenta e neonatos através da
amamentagdo. Portanto, os efeitos adversos ndo se limitam aos individuos diretamente
expostos, mas também sobre seus descendentes, afetando seu desenvolvimento pré e pds-natal
— periodos considerados janelas criticas e sensiveis do desenvolvimento animal (Ghassabian
etal., 2022).

Correlacionado a isso, surge a teoria das Origens Desenvolvimentistas da Satde e da
Doenca (Developmental Origins of Health and Disease - DOHaD) proposta por Barker e
colaboradores (1989). A DOHaD propde que o ambiente no qual um individuo se expde
durante o desenvolvimento precoce, pode programar de forma permanente a estrutura e a
funcao de tecidos e orgdos, alterando a susceptibilidade a doencas e disturbios mais tarde na
vida (Rosenfeld, 2015). No entanto, embora essa teoria tenha sido postulada ha mais de 25
anos, ainda persistem lacunas importantes, especialmente no que se refere aos mecanismos
moleculares e epigenéticos que mediam os efeitos dos DEs no sistema genital. Interagdes entre
ambiente-célula e ambiente-genoma/epigenoma durante o desenvolvimento do sistema genital
masculino e feminino continuam sendo objeto de intensa investigagdo. Por isso, essa linha de
pesquisa ¢ essencial para compreender como os insultos precoces podem repercutir
negativamente na fertilidade e na salide reprodutiva ao longo da vida e em geracdes
subsequentes.

Na literatura, estudos tém mostrado que os DEs estdo associados a toxicidade
reprodutiva masculina durante a exposi¢do fetal, devido a sua agdo estrogénica ou
antiandrogénica, que pode desencadear alteragdes na diferenciagao sexual (Jewett et al., 2022).
Entre os DEs, evidéncias apontam que os ftalatos, aditivos do plastico, podem ser responsaveis
pela infertilidade e disfungdo do testiculo, tendo efeitos negativos, como a diminuicao da

quantidade e da qualidade do esperma, distancia anogenital (DAG) reduzida, baixa produgdo
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de testosterona, defeitos congénitos nos 6rgaos reprodutivos (criptorquidia e hipospadia) e
entre outras anomalias que tem aumentado significativamente nas ultimas décadas (Foster,

2006; Sifakis et al., 2017; Joensen et al., 2018; Li; Spade, 2021). (Figura 2).
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Figura 1. Esquema ilustrativo do conceito DOHaD (Developmental Origins of Health and
Disease), demonstrando como exposi¢des precoces durante a gestagdo, incluindo fatores
metabolicos, nutricionais, hormonais e ambientais, como nanoplésticos e ftalatos provenientes
de diferentes fontes de contaminagdo, podem induzir modificagdes epigenéticas. Essas
alteracdes epigenéticas podem programar o desenvolvimento ao longo da vida, resultando em
desfechos que variam de um desenvolvimento saudavel até alteragdes hormonais e prejuizos
na fertilidade masculina.

1.3. Os micro/nanoplasticos e os ftalatos

Devido a sua versatilidade, baixo custo e longa durabilidade, os plasticos sdo
amplamente utilizados em uma variedade de produtos, como equipamentos médicos,
brinquedos e embalagens de alimentos. Devido a esses fatores, a fabricacdo de materiais
plasticos tem apresentado um crescimento continuo (North; Halden, 2013; Campanale et al.,
2020). Em 2021, a produ¢do mundial de plastico totalizou 390,7 milhdes de toneladas (Mt),
alcancando uma marca preocupante de 460 Mt em 2023 — um aumento de 17,7% em apenas
dois anos (Europe, 2022; ONU, 2023). Estimativas indicam que, se mantido esse ritmo, a
producdo pode atingir 902 Mt até 2050 (Geyer; Jambeck; Law, 2017).

Apesar da crescente conscientizacdo e dos avancos tecnoldgicos, as taxas globais de

reciclagem permanecem baixas. Atualmente, apenas cerca de 9% ¢ efetivamente reciclado em
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escala global, o que se deve a uma combinacdo de fatores estruturais € comportamentais
(OECD, 2022). Entre as principais barreiras estao a falta de infraestrutura adequada para coleta
e triagem, o desconhecimento da populagdo sobre como reciclar corretamente, o baixo
incentivo econdmico para o uso de material reciclado e o custo competitivo do pléstico virgem.
Além disso, a auséncia de politicas publicas eficazes e a inconsisténcia regulatoria entre paises
dificultam a implementagao de sistemas de reciclagem mais eficientes (Dokl et al., 2024).
Contudo, o descarte inadequado resulta na sua onipresenga e no acumulo generalizado no meio
ambiente, agravando significativamente a polui¢ao por microplasticos (MPs, particulas com
didmetro <5 mm) e nanoplasticos (NPs, didmetro < 1 um) (Song et al., 2017; Costa, 2018).
Essa problematica tem despertado a aten¢ao da comunidade cientifica e da populagao mundial,
diante das possiveis implicagdes que esses materiais podem ter para a saide humana (Vethaak;
Legler, 2021).

Os micro e nanoplasticos (MNPs) podem ser classificados em dois tipos: detritos
plasticos primarios e secundarios. As particulas plasticas primarias sao criadas deliberadamente
em tamanhos especificos para diversos fins, como cosméticos e produtos de higiene (por
exemplo, esfoliantes e pastas dentais), enquanto os detritos secundarios se formam por
degradacdo no ambiente ou durante o uso por abrasdo mecanica (Hartmann et al., 2019; Wu et
al., 2019; Villacorta et al., 2022). Com isso, os MNPs podem variar em tamanho, forma, tipos
de polimeros e composi¢des quimicas, influenciando no seu transporte e distribuigdo no
ambiente e dentro de organismos (Jaikumar et al., 2019; Xu et al., 2020).

Em humanos a exposi¢ao aos MNPs ocorre principalmente por ingestao e inalagdo (Cox
etal.,2019; Prata et al., 2020). Recentemente, foi comprovada a presenca dessas particulas em
seres humanos, tendo sido detectados no sangue e em diferentes 6rgaos (Amato-lourenco et al.,
2021; Ragusa et al., 2021; Jenner et al., 2022; Leslie et al., 2022). Em 2025, um estudo
brasileiro identificou 110 particulas de MNPs em amostras placentarias humanas provenientes
de 10 gestantes, sendo essas particulas compostas principalmente de polietileno, usado na
fabricagdo de embalagens, e por poliamida, presente em tecidos sintéticos (Oliveira et al.,
2025). Esse achado evidencia a capacidade dessas particulas de transpor a barreira placentaria,
que penetram por meio de mecanismos de transporte ativo e passivo, e reforga a preocupacao
quanto a toxicidade dos MNPs durante a gravidez, uma vez que o feto pode ser exposto ainda
no utero, periodo em que hé maior vulnerabilidade (Tetro et al., 2018; Arumugasaamy et al.,
2019).

Além disso, embora a BHT atue como uma defesa para impedir a entrada de agentes

citotdxicos no tecido reprodutivo masculino, estudos em ratos e camundongos demonstram que
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os MNPs também sao capazes de penetrar nos testiculos, por meio de endocitose ou absorgao,
dessa forma, a satde reprodutiva pode ser afetada tanto diretamente no individuo quanto em
suas futuras geragdes (Wright; Kelly, 2017; Amereh et al., 2020; Jin et al., 2020).

Com base nisso, um estudo conduzido por Amereh e colaboradores (2020) utilizou
nanoplasticos com aproximadamente 40 nm em doses variando de 1 a 10 mg/kg/dia para avaliar
a sua possivel toxicidade reprodutiva e perturbacao endocrina. Como resultado, foram
identificadas alteracdes no sistema genital de ratos machos, incluindo reducdo nos niveis de
hormonios como testosterona, LH ¢ hormonio foliculo-estimulante (FSH), danos no DNA,
alteragdes na morfologia e viabilidade dos espermatozoides, além de alteragdes histologicas
nos testiculos e na expressao de genes associados a espermatogénese e na sinalizagdo HHG,
evidenciando que a exposi¢ao a particulas de plastico estd associada a consequéncias adversas
em mamiferos (Amereh et al., 2020).

Além da toxicidade intrinseca dos MNPs, destaca-se a presenca dos ftalatos,
substancias que conferem flexibilidade, brilho e transparéncia aos plasticos, tornando-os mais
atrativos para o mercado e para o consumidor final (Luis et al., 2021). Entretanto, por nao
estarem covalentemente ligados a estrutura polimérica, essas substincias conseguem migrar
para alimentos, bebidas e outros materiais (Cao, 2009). Consequentemente, os ftalatos tém sido
detectados em diversos fluidos biologicos, incluindo o liquido amnidtico, o leite e a urina
materna (Katsikantami et al. 2020; Liu et al., 2024).

Categorizados como desreguladores endocrinos, sabe-se que esses plastificantes podem
perturbar o desenvolvimento do sistema genital e a sua fertilidade (Li; Spade, 2021). Em ratos,
a exposi¢cdo pré-natal ao ftalato bis(2-etilhexil)ftalato (DEHP) reduziu os niveis séricos de
testosterona e estradiol na prole masculina no DPN60, além de diminuir a expressao génica de
alvos relacionados a esteroidogénese (StAr, Cypllal, 3p-hsd, 17p-hsd, So-redutase e
aromatase- Cypl/9) de modo dose-dependente (Sekaran; Jagadeesan, 2015). Também foi
documentado que diferentes doses de di-n-butila (DBP) administradas a ratas prenhes resultou
em toxicidade no desenvolvimento e na reprodu¢do da prole masculina, incluindo a diminuigao
da DAG, dano histologico dos testiculos e a apoptose celular nos tubulos seminiferos (Ma et
al.,2017).

Outro efeito decorrente do ftalato € a inducao de estresse oxidativo nos testiculos. Essa
condicdo compromete a espermatogénese, levando a apoptose das células germinativas e das
CS, além de prejudicar a fungdo das CL, reduzindo os niveis de enzimas esteroidogénicas
(Sedha; Kumar; Shukla, 2015). O mesmo mecanismo também foi elucidado recentemente em

um estudo realizado com células imaturas de Leydig (TM3) e Sertoli (TM4) de camundongos,
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expostas ao mono-(2-etilhexil) ftalato (MEHP), o qual demonstrou lesao por estresse oxidativo
e a subsequente promogao de apoptose nesses tipos celulares (Wang et al., 2024).

Ademais, cabe ressaltar que os efeitos adversos dos ftalatos vao depender de uma série
de condigdes, como o tipo, fase de desenvolvimento no momento da exposi¢do e dosagem
(Svechnikov et al., 2010). Além disso, a associacdo entre MNPs e substincias quimicas
dispersas no meio ambiente, incluindo ftalatos, intensifica os efeitos dessas substancias, devido
as suas interagdes com as particulas em diferentes organismos (Deng et al., 2018).

Os estudos toxicoldgicos acerca desse assunto frequentemente estdo voltados para a
avaliacdo dos efeitos dos ftalatos individualmente. No entanto, ¢ fundamental reconhecer que
tanto seres humanos quanto animais sdo expostos a uma mistura de diferentes ftalatos
(Fergunson et al., 2014; Watkins et al., 2014). Em Illinois, nos Estados Unidos, um estudo
avaliou as concentragdes de seis principais metabolitos de ftalatos na urina de mulheres
gravidas, visando determinar as proporcdes relativas de diferentes ftalatos aos quais os fetos
estavam expostos indiretamente durante a gestagdo, esses metabolitos incluiram DEHP, DEP
(dietilftalato), DBP, DiBP (ftalato de diisobutil), BBzP (ftalato de benzila butila), ¢ DiNP
(ftalato de diisononila) (Zhou; Gao; Flaws, 2017).

Os dados obtidos por esse grupo de estudo proporcionaram uma representacdo mais
precisa da exposi¢do dos fetos aos ftalatos, uma vez que espelham as situagdes reais de
exposi¢ao encontradas na vida cotidiana, fornecendo, portanto, informacdes sobre a
composi¢do da exposicao durante o periodo gestacional e direcionando pesquisas futuras e
medidas preventivas relacionadas a esses desreguladores endocrinos.

Nesse contexto, apesar da relevancia dos estudos toxicologicos sobre a exposi¢cdo
fetal/perinatal aos MNPS e seus residuos, que representam um desafio para a saude publica
tanto pela sua toxicidade quanto pela sua ampla dispersdo, ndo ha dados na literatura que
avaliem os efeitos da exposi¢do gestacional a uma combinacdo de ftalatos e nanoplasticos, em
doses ambientalmente relevantes, nos testiculos de ratos. Além disso, considerando que as CL
e CS sdo imprescindiveis para o funcionamento adequado dos testiculos e da espermatogénese,
o presente estudo investigou a hipotese de que a combinagdo de residuos plasticos possa
impactar as fungdes dessas células e, consequentemente, prejudicar o desenvolvimento do

testiculo e suas fungoes.
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1. OBJETIVO

O objetivo deste estudo foi investigar os efeitos que a exposi¢do materna a uma mistura de
ftalatos e nanoplasticos de poliestireno (tanto isoladamente quanto em conjunto), no periodo

gestacional, promove no desenvolvimento testicular fetal da prole de ratos.

2.1. Objetivos especificos

e Avaliar parametros biométricos e de diferenciagcdo sexual

e Avaliar pardmetros moleculares da expressio de genes-chave na diferenciagdo
testicular, especialmente os relacionados ao desenvolvimento e maturagdo das células
de Leydig e Sertoli e genes relacionados as vias esteroidogénicas, associadas a

conversio da testosterona, di-hidrotestosterona e estradiol.

3. MATERIAIS E METODOS
3.1. Delineamento experimental

Machos adultos da linhagem Sprague Dawley (n=15), com 120 dias de idade,
pesando aproximadamente 300g e fémeas adultas (n=50), no DPN 120, pesando
aproximadamente 300g, provenientes do Centro Multidisciplinar para Investigagdo
Bioldgica na Area da Ciéncia de Animais de Laboratério (CEMIB/UNICAMP), foram
mantidos no Biotério de Pequenos Mamiferos do Departamento de Morfologia do
IBB/UNESP, em condi¢des controladas de luminosidade (12 horas de luz/ 12 horas de
escuro) e temperatura (média de 23-25°C) e receberam 4gua filtrada e ragdo para roedores a
vontade. Apo6s o periodo de aclimatagdo dos animais, eles foram separados para o
acasalamento, que foi realizado durante o periodo escuro do ciclo, colocando-se de duas a
trés fémeas na caixa do macho, e o DG 0 foi determinado pela presenca de espermatozoides
em esfregacos vaginais de fémeas em estro e pelo acompanhamento da progressao de peso
da fémea.

As ratas prenhes foram divididas aleatoriamente em 6 grupos experimentais (n=7-
10/grupo): C: (controle; 6leo de milho/agua); T1: 20 pg/kg/dia da mistura de ftalatos (MF)
diluidos em oleo de milho; T2: 200 mg/kg/dia da MF diluidos em o6leo de milho; T3:
nanoesferas de poliestireno (NPs) de 100 nm na concentracdo de 1,0 mg/kg/dia diluido em
agua destilada; T4: 20ug/kg/dia da MF + NPs de 100 nm na concentragao de 1,0 mg/kg; T5:
200mg/kg/dia da MF + NPs de 100 nm na concentracao de 1,0 mg/kg. Os animais dos grupos
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T1, T2, T4 e TS receberam as respectivas doses da mistura na seguinte propor¢do: 21%
DEHP, 35% DEP, 15% DBP, 8% DiBP, 5% BBzP, ¢ 15% DiNP. A proporc¢ao da mistura se
baseia na composi¢do de ftalatos detectados em amostras de urina de mulheres gravidas em
Mlinois, EUA (Zhou; Gao; Flaws, 2017) e as concentragdes da mistura se basearam em
estudos anteriores (Zhou, Gao, Flaws, 2017; Scarano et al., 2019; Aquino et al., 2023), com
base na concentracdo de DEHP (ftalato mais abundante) observada no meio ambiente
(20pg/kg/dia) e em trabalhos utilizando altas doses de exposi¢ao (200mg/kg/dia) para fim de
comparacao.

Durante o periodo de exposi¢do, as ratas prenhes, mantidas em gaiolas individuais,
foram pesadas em dias alternados para calcular o volume da mistura ¢ dos NPs a ser
administrado. As ratas prenhes receberam tratamento por via oral do DG5 ao DG 20. O
periodo de tratamento foi definido de modo a anteceder a implantagdo e abranger a janela
critica para o desenvolvimento do aparelho urogenital, especialmente as gonadas, ductos e a
prostata (Vilamaior; Taboga; Carvalho, 2006; Prins; Putz, 2008). Foram investigados sinais
clinicos de toxicidade (peso corporal, diarreia, piloere¢ao, sangramento, respiragdo anormal,
tremores, convulsdes € mudanga de marcha, postura e reagdo a manipulagao).

No DG20, as ratas foram eutanasiadas e submetidas a laparotomia. A medida da
distancia anogenital foi aferida nos fetos machos e os testiculos de um feto por ninhada foram
coletados. A distiancia anogenital ajustada pelo peso corporal foi calculada conforme descrito
por Gallavan et al. (1999). Os 6rgaos foram pesados e destinados as andlises voltadas a
avaliagdo da diferenciagdo gonadal e da via esteroidegénica por expressdo génica. O

delineamento experimental estd representado na Figura 3.
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405  Figura 2. Delineamento experimental representando o tratamento, os grupos experimentais,
406  as doses utilizadas, as andlises e a composi¢ao da mistura de ftalatos (MF). Imagem criada
407 em BioRender.com.

408 3.2. Justificativa da dose
409 No contexto dos ftalatos, a menor dose da mistura de ftalatos utilizada (20 ng/kg/dia),
410 possui cerca de 4 pg/kg/dia de DEHP, se aproximando da exposi¢do humana diaria estimada

411 da populagdao ao DEHP que ¢ de 5,7 a 42,1 pg/kg/dia (Serrano et al., 2014). Além disso, as
412 quantidades de ftalatos no ambiente geral influenciam os alimentos, a agua e a poeira
413 doméstica, amostras coletadas em varios locais mostraram concentracoes de ftalatos no ar
414 variando de 0,005 a 28,0 pg/m? (Mohan et al., 2023). J4 a dose mais elevada (200 mg/kg/dia)
415 possui cerca de 100 mg/kg/dia de DEHP, extrapolando a exposi¢ao didria com o intuito de
416 comparagdo com as doses dos principais trabalhos que consideram a exposicdo de ftalatos
417 unicos (Freitas et al., 2021; Scarano et al., 2019; Zhou; Gao; Flaws, 2017).

418 A dose escolhida para as nanoesferas de poliestireno (NPs - 100nm) foi de
419 Img/kg/dia a fim de avaliar a concentracdo ambientalmente relevante de nanoplésticos ndo

420 atingindo niveis deletérios de toxicidade (Yong; Valiyaveettil; Tang, 2020).

421 3.3. Analise molecular — RT-qPCR
422 ApOs a eutanasia, os testiculos coletados dos fetos foram armazenados a -80°C até o
423 momento da andlise. Ressalta-se que ambos os testiculos (direito e esquerdo) foram

26



424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

441

442
443
444
445
446

447

448

449
450
451
452
453
454
455

destinados exclusivamente as analises moleculares, a fim de garantir quantidade suficiente
de tecido para a extragdo de RNA. A extragdo do RNA (n = 6 animais/grupo) foi realizada
com o kit TriZol (Ambion, EUA), seguindo as instrugdes do fabricante. A quantificag¢do e a
pureza do material foram verificadas por espectrofotometria em um NanoVueTM Plus (GE
HealthCare Life Sciences, Estados Unidos). A reag¢do de transcri¢do reversa (RT) foi
realizada utilizando-se o iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Inc, CA,
EUA). Os primers foram desenhados através do software Primer Express®
(AppliedBiosystems, Foster City, CA, EUA), a partir de sequéncias publicadas no GenBank
(www.pubmed.com), e sintetizados pela Invitrogen Life Technologies (Carlsbad, CA, EUA).
A termociclagem foi executada no equipamento QuantStudio (Life Technologies, EUA).
As reagdes para cada gene foram elaboradas em duplicatas, e para cada amostra foi
plotado um grafico de amplificagdo. A quantificacdo relativa de cada gene foi realizada
utilizando o método 2"AA CT, de acordo com Livak e Schmittgen, (2001). Os valores
obtidos para todas as amostras foram normalizados pela razdo obtida entre os genes alvo e o
gene endogeno (Gapdh). Os alvos de interesse foram Ar, Amh, Ins3 (diferenciacdo e
desenvolvimento das cé€lulas de Sertoli e Leydig), Hsdl7bl, Srd5al, Cypl9al

(esteroidogénese testicular) (Anexo 1).

3.4. Analise estatistica

Os valores obtidos foram expressos como média + SD ou mediana, seguido do intervalo
interquartil q1-q3. Os dados foram analisados por ANOVA quando paramétricos, seguido pelo
teste de Tukey ou Kruskal-Wallis quando ndo paramétricos, seguido pelo teste de Dunn. A
diferenca estatistica foi considerada significativa quando P < 0,05. Para essas andlises foi

utilizado o software GraphPad Prism (GraphPad Software Inc., San Diego, Califérnia, EUA).
1. RESULTADOS

4.1. Peso corporal, peso testicular e distancia anogenital

Durante o experimento, as ratas prenhes de todos os grupos permaneceram saudaveis e
ativas até a eutanasia para a coleta dos fetos, exibindo comportamento alimentar normal e sem
sinais de toxicidade sistémica. Na avaliagdo biométrica fetal, observou-se reducao significativa
do peso corporal no grupo TS5 em comparacdo ao grupo T3 (Tabela 1). O peso testicular
absoluto e relativo ao peso corporal ndo diferiram significativamente (Tabela 1). A distancia
anogenital absoluta nao apresentou diferencas significativas, entretanto, quando ajustada pelo

peso corporal, observou-se diminui¢do em T3 em comparagao ao grupo T4 (Tabela 1).
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Tabela 1. Efeito da exposigao aos poluentes plasticos no peso corporal (n = 8—10/grupo), peso
testicular absoluto (n = 7-8/grupo), peso testicular relativo (n = 7-8/grupo) e na distancia
anogenital absoluta (n = 8-10/grupo) e ajustada (n = 8—10/grupo) em descendentes no periodo
fetal. Os dados foram analisados por ANOVA quando paramétricos, seguido pelo teste de
Tukey, ou Kruskal-Wallis quando ndo paramétricos, seguido pelo teste de Dunn e os valores
foram expressos como média + DP; e significativos quando *P < 0,05.

Parametros Grupos Experimentais

CTRL Tl T2 T3 T4 T5
Peso corporal 4,112 + 4,208 + 4,116 + 4,376 + 4,086 + 3,809 +
(2) 0,48 0,30 0,49 0,52 0,30 0,29 *T3
Peso testicular 1,92 + 2,02 £ 1,88 2,13+ 1,80+ 1,68 +
absoluto (mg) 0,430 0,599 +0,172 0,645 0,294 0,501
Peso testicular 0,472 + 0,483 + 0,471 £ 0,495 + 0,441 = 0,387 +
relativo (mg) 0,110 0,125 0,093 0,168 0,072 0,197
DAG absoluta 3,468 + 3,246 + 3,430 + 3,196 + 3,503 + 3,293 +
(cm) 0,19 0,27 0,37 0,24 0,27 0,49
DAG ajustada 2,171 + 2,011 + 2,149 + 1,957 + 2,194 + 2,110 +
(cm) 0,15 0,16 0,27 0,13 *T4 0,18 0,32

4.2. Analise molecular por RT-qPCR

A expressao de mRNA de genes associados ao desenvolvimento e a maturagdo
testicular apresentou aumento do Amh no grupo T4 em comparacao aos grupos T1 e T3 (Fig.
4 a), enquanto a Ins/3 apresentou elevacdo no grupo T4 em relagdo ao T1 (Fig. 4 b). A expressao
do Ar foi maior nos grupos T4 e TS5 quando comparados ao T3 (Fig. 4 c). Nos genes
relacionados a via esteroidogénica, observou-se reducdo da expressao de Hsd!7b1 no grupo
T1 em relacdo ao CTRL, enquanto o grupo T4 apresentou aumento em relagao tanto ao CTRL
quanto ao T3 (Fig. 4 d). Para Srd5al, o grupo T4 exibiu niveis mais elevados em comparacao
ao CTRL e ao T1 (Fig. 4 e). Por fim, a expressao de Cyp9al toi maior no grupo T4 em relagao
aos grupos T1 e T3 (Fig. 4 f).
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Figura 3. Efeito da exposicdo gestacional a uma mistura de ftalatos e nanopléastico em ratos
descendentes no DG 20 sobre os niveis relativos de mRNA em genes do desenvolvimento e
maturacao testicular e em genes da via esteroidogénica. (a) Hormonio anti-mulleriano (Amh).
(b) Insulina-3 (Insl3) (¢) Receptor de androgeno (Ar). (d) 17-beta desidrogenase 1 (Hsd17b1).
(e) Steroid 5 alpha-reductase 1 (Srd5al). (f) Aromatase (Cypl19al). A expressao génica ¢ dada
pela quantificacao de 2*AACT e os dados foram analisados por ANOVA quando paramétricos,
seguido pelo teste de Tukey, ou Kruskal-Wallis quando ndo paramétricos, seguido pelo teste
de Dunn e os valores foram expressos como média = DP; n =4-6/grupo e significativos quando
*P < 0,05, *xP <0,01, *xxP <0,001.

2. DISCUSSAO

Este estudo apresenta carater inovador ao investigar, de forma integrada, os efeitos da
coexposicao gestacional a ftalatos e nanoplasticos sobre parametros testiculares biométricos e
moleculares ainda na fase fetal. Os resultados revelaram alteragdes relevantes, como a reducao
do peso corporal e diminuicdo da distdncia anogenital (DAG), bem como o aumento da
expressao de genes importantes para o desenvolvimento, maturacdo e esteroidogénese
testicular.

Na avaliag¢do biométrica, observou-se redugdo significativa do peso corporal em TS5 em

comparacgdo ao grupo T3, sem alteragdes no peso testicular absoluto ou relativo. De forma

29



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

semelhante, um estudo que expds camundongos do DPN 67 ao 157 (fase adulta) a 0,125, 0,5 ¢
2 mg/dia de microplasticos de poliestireno também relatou diminui¢ao do peso corporal (Park
et al., 2020). Em contraste, ratas expostas a 100 e 750 mg/kg de DEHP durante a gestagdo
apresentaram descendentes no DG21 com o peso corporal fetal inalterado, além da reducao do
peso testicular relacionado ao aumento na formagao de aglomerados de células de Leydig fetais
¢ diminui¢do no nimero e no volume dessas células (Lin et al., 2008). Em conjunto, esses
achados sugerem que a associacdo entre ftalatos e nanoplasticos pode ter promovido um efeito
sistémico, afetando o crescimento corporal dos descendentes sem repercussao direta sobre o
peso testicular. Além disso, a exposicao a mistura de ftalatos pode ter contribuido para esse
desfecho, uma vez que estudos com ftalatos isolados nem sempre demonstram o mesmo padrao
de alteracdo nesses parametros.

Neste estudo, ndo houveram alteragdes significativas da DAG absoluta entre os grupos,
enquanto a DAG ajustada diminuiu em T3 em relacdo a T4. Ainda, considerando um p=0,058,
houve uma reducao limitrofe de T3 em relagdo ao grupo controle. Os efeitos sobre a DAG sao
extensivamente estudados nos estudos envolvendo os ftalatos. Por exemplo, fetos machos de
ratas expostas a 1,0% e 2,0% de DBP entre os dias gestacionais 11 e 21 apresentaram redugao
significativa da DAG absoluta e relativa (Ema; Miyawaki; Kawashima, 1998). De forma
semelhante, a exposi¢ao perinatal ao DEHP (750 mg/kg, DG 2-20) resultou ndo apenas em
diminui¢do da DAG, mas também em redugdo expressiva da sintese de testosterona fetal (Lin
etal., 2008). Até o momento, ndo ha relatos consistentes na literatura demonstrando diminuigao
da DAG em descendentes fetais expostos exclusivamente a nanoplésticos. Assim, embora a
concentracdo sérica de testosterona ndo tenha sido avaliada neste estudo (nessa idade), a
tendéncia observada no grupo exposto apenas ao nanoplastico (T3) sugere que essa exposi¢ao
isolada pode potencialmente impactar a distancia anogenital.

A diferenciacdo sexual masculina depende da producao adequada de testosterona pelo
testiculo fetal, no qual desajustes na regulacao da esteroidogénese ocasionados por exposi¢des
ambientais podem prejudicar os niveis de androgenos e estrogenos em um periodo critico do
desenvolvimento (Scott; Mason; Sharpe, 2009). Neste estudo, foram analisados genes
envolvidos na etapa final da esteroidogénese, responsaveis pela formagao da testosterona e de
hormoénios derivados. A enzima codificada por Hsd17b1 converte estrona em estradiol, mas
também androstenediona em testosterona. A androstenediona pode ser transformada em
estrona e a testosterona em estradiol pela Cypl9al (aromatase). Ja a testosterona pode ser
convertida em diidrotestosterona (DHT) pela Srd5al, sendo que a DHT apresenta afinidade até

dez vezes maior pelo receptor androgénico em comparacido a propria testosterona, uma das
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explicagdes do seu efeito bioldgico mais potente (Azzouni et al., 2012; Chakraborty; Pramanik;
Mahata, 2021; Lawrence ef al., 2022).

Os resultados moleculares demonstraram aumento da expressdo em T4 dos genes
Hsd17b1 (comparado ao T1 e T3), Cypl9al (comparado ao T1 e T3) e Srd5al (comparado ao
CTRL e T1). Além disso, foi observado reducao de Hsdl7b1 no grupo T1 em relacao ao
controle. Em concordancia, fetos expostos a 750 mg/kg de DEHP durante a gestagdo também
apresentaram aumento na expressdao de SrdSal, entretanto a Cypl9 mostrou-se reduzida na
dose de 100 mg/kg, ambos resultados em relacao ao controle (Lin et al., 2008). Além disso, no
mesmo estudo a expressao de HsdI7b3 permaneceu inalterada nas diferentes concentracdes de
DEHP avaliadas (Lin et al., 2008). O aumento conjunto desses genes na coexposi¢cao sugere
maior atividade da via esteroidogénica, favorecendo tanto a sintese de estrogenos (via Hsd17b1
e Cypl9al), quanto de DHT (via Srd5al).

Ademais, foram avaliados genes relacionados ao desenvolvimento e maturagdo
testicular. No grupo T4, verificou-se aumento na expressao de /ns/3 (comparado ao T1), de
Amh (comparado ao T1 e T3), além de aumento na expressao de 47 em T4 e TS5 em relacdo ao
grupo T3. Durante o desenvolvimento, as CLF produzem o hormonio /ns/3, que em conjunto
com os androgenos, induz a descida testicular; e sua inativagdo pode resultar em
desenvolvimento gubernacular alterado, disfuncdo testicular e criptorquidia (Wilson et al.,
2004). O gene Amh, por sua vez, € expresso nas CS e promove a regressao dos ductos de Miiller,
sendo sua transcricdo modulada pela sinalizagdo do receptor androgénico (Edelsztein et al.,
2022; An et al., 2023). Os resultados aqui observados contrastam parcialmente com a literatura
quando comparamos nosso modelo aos modelos de exposi¢do utilizando ftalatos isolados.
Hannas ef al. (2011) mostraram redu¢@o na expressao da /ns/3 em ratos no DG18 apos a
exposicao gestacional do dia 14 ao 18 ao DEHP em concentracdes de 600, 800 e 1000
mg/kg/dia, de maneira dose dependente. Adicionalmente, observou-se redugdo na expressao
de Amh e Ar em camundongos no DPN 15 expostos na gestagdo e na amamentagdo a doses de
1 e 10 mg/kg/dia de bisfenol A e ao DEHP (Xi et al., 2012). O aumento de expressao de Ar em
T4 e TS em relacdo a T3, pode ter relacio a um mecanismo compensatério relacionado a
atividade antiandrogénica de alguns ftalatos da mistura, especialmente na fase de diferenciagao
gonadal, que em combinagdo com os nanoplasticos podem ser potencializados, visto que nao
houve alteracao deste receptor nos grupos tratados somente com a mistura.

Ressalta-se que analises adicionais sdo necessarias para elucidar esses achados, uma
vez que o aumento da expressdo de mRNA ndo garante, necessariamente, maior producao ou

atividade funcional da proteina correspondente.
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3. CONCLUSAO

Os resultados indicam que a coexposi¢ao gestacional a ftalatos e nanoplasticos pode
modular de forma ndo linear, ou seja, ndo dependente da dose, genes relacionados a
esteroidogénese e ao desenvolvimento testicular. Estudos futuros devem integrar analises
hormonais séricas e protedmicas para confirmar se a superexpressao génica observada de fato
se traduz em maior atividade funcional, além de avaliar as repercussoes reprodutivas durante o

desenvolvimento pds-natal.
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ABSTRACT

The toxicity of nanoplastics (NPs) and plastic additives such as phthalates, recognized endocrine-
disrupting chemicals, remains insufficiently understood, particularly regarding their combined effects
on male reproductive health across the lifespan. Since these contaminants can cross biological barriers,
including the placenta, this study, grounded in the developmental origins of health and disease
(DOHabD) concept, evaluated the effects of gestational and lactational exposure to NPs and a phthalate
mixture (PM) on testicular development and function in male offspring. Pregnant SD rats were allocated
to six groups: control (CTRL); T1 (20pg/kg/day PM); T2 (200mg/kg/day PM); T3 (NPs:
Img/kg/day,100nm); T4 (20pg/kg/day PM+NPs); and T5 (200mg/kg/day PM+NPs). Animals were
exposed orally from gestational day 10 to postnatal day (PND)21. Male offspring were euthanized at
PND22 (prepuberty) and PND120 (adulthood). At PND22, increased apoptosis in pachytene
spermatocytes was observed in the T5 group compared with the CTRL, along with altered gene
expression, including increased Amh (T4 vs.T1) and Srd5al (T1-T4 vs.CTRL) and reduced Ar
expression (T3 vs.CTRL). At PND120, the exposure decreased seminiferous tubule diameter (T2),
epithelial height (T1-T5), and numbers of Sertoli (T2-T5) and Leydig cells (T4 and T5) compared to
the CTRL. Histopathological alterations were more incident in the T1, T3, T4, and T5 compared to the
CTRL, and reduced Tjp! expression in co-exposed animals suggested impairment of the blood—testis
barrier. Redox analyses revealed age-dependent worsening of oxidative stress, particularly in co-
exposure groups. Overall, gestational co-exposure to phthalates and NPs disrupts testicular morphology,

gene regulation, and redox balance, indicating synergistic and persistent reproductive toxicity.

Keywords: maternal exposure; nanoplastics; oxidative stress; phthalates; testis.
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1. INTRODUCTION

Driven by growing public and industrial demand, plastic production has expanded
rapidly in recent decades (Kor et al., 2020). In 2022, global production reached 400.3 million
tons, and projections indicate that this figure could triple by 2060 (OECD, 2022;
PlasticsEurope, 2023). However, the recycling rate remains low (at around 9%), favoring
improper disposal and the consequent accumulation in the environment (Houssini, Li, Tan,
2025). In this dynamic, plastic waste undergoes degradation processes, giving rise to
microplastics (MPs, particles < 5 mm) and nanoplastics (NPs, particles < 0,1 um), which
intensify environmental pollution (Costa, 2018).

The ubiquity of MPs and NPs has emerged as a global concern due to their potential
impact on human health. The main route of exposure to MPs and NPs is through the ingestion
of contaminated food and water, but exposure can also occur through inhalation and skin
contact (Chen et al., 2020). Once internalized, MPs and their toxic additives are capable of
crossing several human biological barriers, such as the intestinal, blood-testicular, placental,
and blood-brain barriers, allowing their systemic distribution and bioaccumulation in organs
and tissues (Luo ef al., 2025).

In experimental models, pregnant rats exposed to polystyrene nanoparticles (PS-NPs;
25 nm) showed significant accumulation in the placenta and fetal tissues, highlighting their
ability to cross the maternal-fetal barrier and access the fetal circulation, with the risk of
compromising embryonic development (Cary et al., 2023). Pre- and postnatal exposure to PS-
NPs (100 nm; 0.1, 1, and 10 mg/L) affected the testis, resulting in reduced testicular weight,
disorganization of the seminiferous epithelium, and decreased sperm count in mouse pups
(Huang et al., 2022). Furthermore, direct exposure to these particles in rats accumulated in

various organs, but the testes showed the greatest retention (Amereh et al.,, 2020). However,
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there are still gaps regarding the toxicological effects of NPs on this important male organ,
especially when co-exposed with chemical additives commonly found in plastics.

Among these additives, phthalates stand out due to their widespread use, providing
flexibility, shine, and transparency to materials. However, since they are not covalently bound
to the polymer matrix, they can leach into food, beverages, and other consumer products (Cao,
2009; Luis et al., 2021). Consequently, phthalate metabolites have been detected in biological
fluids including urine, breast milk, amniotic fluid, and semen (Wang ef al., 2014; Katsikantami
etal.2020; Liu et al., 2024). Categorized as endocrine disrupting chemicals (EDCs), phthalates
interfere with the functioning of the endocrine system, as observed in a study that evaluated in
utero exposure to bis(2-ethylhexyl) phthalate (DEHP), which reported reduced serum levels of
testosterone and estradiol in the offspring of male rats as well as a dose-dependent decrease in
the expression of genes related to steroidogenesis such as steroidogenic acute regulatory
protein (StAr), cytochrome P450 family 11 subfamily A member 1 (Cypllal), 3B-
hydroxysteroid dehydrogenase (35-HSD), 17p-hydroxysteroid dehydrogenase (/7p-HSD), Sa-
reductase, and aromatase (Sekaran; Jagadeesan, 2015).

Due to their large surface area and hydrophobic character, nanoplastics can adsorb
chemicals such as phthalates, becoming potential vehicles for bioaccumulation and
biomagnification in organisms (Hu, Zhao, Xu, 2022). In one of the few co-exposure studies,
Ma and collaborators showed that the combination of PS-NPs and di-n-butyl phthalate (DBP)
intensified reproductive toxicity in mice, reducing sperm quality, compromising
spermatogenesis, and promoting dysfunction in the blood-testis barrier (BTB) (Ma et al.,
2023). The BTB is formed by occlusive, adherent, and communicating junctions between
Sertoli cells in the seminiferous tubule, acting to control the movement of substances into the
lumen and expressing immunoregulatory factors that confer immune privilege to germ cells,

protecting against the immune response and the action of reactive oxygen species (ROS)
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(Mital; Hinton; Dufour, 2011; Kaur; Thompson; Dufour, 2014). Furthermore, it should be
considered that, in the real environment, humans and animals are exposed to a mixture of
phthalates (PM), which can intensify adverse effects (Ferguson et al., 2014; Watkins et al.,
2014).

In this context, this study evaluated the effects of gestational and lactational exposure
to PM and/or NPs on male reproductive parameters of offspring in two postnatal developmental
periods: pre-puberty and adulthood. Changes in the testis were investigated immediately after
lactation, with an emphasis on development and its persistent effects in adulthood, focusing
mainly on the blood-testis-barrier. We hypothesized that exposure to PM and NPs, alone or in
combination, compromises testicular development and morphophysiology leading to changes

potentially associated with reproductive damage in the offspring throughout life.

2. MATERIAL AND METHODS

2.1. Chemicals

All reagents used were purchased from Sigma-Aldrich (St. Louis, MO, USA): bis(2-
ethylhexyl) phthalate - DEHP (CAS 93951-87-2, purity 99.5%), diethyl phthalate — DEP (CAS
84-66-2, purity 99.5%), di-n-butyl phthalate — DBP (CAS 93952-11-5, purity 99%), diisobutyl
phthalate — DiBP (CAS 84-69-5), butylbenzyl phthalate — BBzP (CAS 85-68-7, purity 98%)
and diisononyl phthalate — DiNP (CAS 28553-12-0, purity 99%). For exposure to nanoplastics,
an aqueous suspension of polystyrene nanoparticles (PS-NPs, density 1.05 g/cm?®; Sigma-
Aldrich, CAT# 43302) containing particles with a diameter of 100 nm was used. The solution
was homogenized by vigorous stirring and subsequently diluted in deionized water. Although
the size of the nanospheres was not measured experimentally in this study, the manufacturer
provides a certificate of analysis on its website

(https://www.sigmaaldrich.com/certificates/Graphics/COfAlInfo/fluka/pdf/PDF759362.pdf)
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and studies using the same PS-NPs formulation (#43302) confirmed, using appropriate
microscopic techniques, both the diameter and morphology of these particles (Poma et al.,

2019; Huang et al., 2023).

2.2. Animals and experimental design

Adult 120-day-old Sprague Dawley rats (males n=15; females n=50) from the
Multidisciplinary Center for Biological Research in the Area of Laboratory Animal Science
(CEMIB/UNICAMP) were kept in the animal facility of the Department of Morphology of
IBB/UNESP,= under controlled conditions of light (12h light cycle/12h dark cycle),
temperature (average 22—-24°C), and provision of filtered water in glass bottles and a balanced
diet free of soy and alpha-phytoestrogen (NUVILAB-CR1, Quimtia, Brazil). On postnatal day
(PND) 120, the estrous cycles of females were checked before mating. For reproduction, males
were rotated between cages and paired with two females (2:1) overnight. The following
morning at 8:00 a.m., vaginal swabs were performed on the females, and day zero of gestation
(GD 0) was established by sperm detection and subsequent monitoring of weight gain.

The pregnant rats were randomly assigned to 6 experimental groups (n= 7—13/group):
CTRL: control group, treated with corn oil/water; T1: 20 pg/kg/day of the phthalate mixture
(PM) diluted in corn oil; T2: 200 mg/kg/day of the PM diluted in corn oil; T3: 100 nm
nanoplastics composed of polystyrene nanoparticles (NPs) at a concentration of 1.0 mg/kg/day
diluted in distilled water; T4: 20 pg/kg/day of PM + NPs (100 nm; 1.0 mg/kg); and T5: 200
mg/kg/day of PM + NPs (100 nm; 1.0 mg/kg). Treatments were administered orally (direct
pipetting into the oral cavity) from GD 10 to PND 21, encompassing the gestation and lactation
periods.

Throughout the experimental protocol, pregnant or lactating rats were kept in individual
cages and weighed on alternate days to adjust the volume of PM and NP solutions to be

administered. Clinical observations for possible signs of toxicity — including changes in body
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weight, diarrhea, piloerection, bleeding, respiratory changes, tremors, seizures, as well as
disturbances in gait, posture, and response to handling — were performed daily, concurrently
with treatment. After birth, the litters were standardized to contain 8 pups, prioritizing,
whenever possible, maintaining a 1:1 male-to-female ratio. Furthermore, litters with fewer than
8 pups were discarded. This intervention was necessary because excessive competition for milk
in larger litters can introduce variability into experimental data, affecting results based on body
weight, behavior, and physiology. Standardization ensures similar growth conditions, an
essential factor for the reproducibility and validity of results (Baumans, 2004).

At PND22, male offspring (n = 7-9 per group) were weighed, the anogenital distance
(AGD) was measured and later anesthetized with xylazine (5 mg/kg of body weight) combined
with ketamine (80 mg/kg of body weight). AGD adjusted by body weight was calculated as
described by Gallavan et al. (1999). After anesthesia induction, laparotomy and blood
collection were performed. Subsequently, the testes were dissected and weighed, with the right
testes being used for histological analysis and the left for molecular analysis. The remaining
siblings were kept in the animal facility until PND120 (n = 7-9 per group), when they
underwent the same anesthesia and euthanasia protocol described for the animals at PND22
(Figure 1). The experimental procedures were carried out in accordance with the standards
established by the National Council for the Control of Animal Experimentation (CONCEA)
and the experimental protocol was submitted and approved by the Ethics Committee on the
Use of Animals (CEUA) of the Institute of Biosciences of UNESP in Botucatu (Protocol:

1174020523) (Appendix 2).
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Figure 1. The experimental design includes the treatment protocol, experimental groups, administered
doses, and the composition of the phthalate mixture (PM). Pregnant Sprague Dawley rats received daily
oral treatment from gestational day 10 (GD10) until postnatal day 21 (PND21). Animals were randomly
assigned to six groups: CTRL (control group), vehicle (corn oil/water); T1, 20 pg/kg/day of PM; T2,
200 mg/kg/day of PM; T3, 1 mg/kg/day of 100 nm nanoplastics (NPs); T4, 20 ug/kg/day of PM +
1 mg/kg/day of NPs; and T5, 200 mg/kg/day of PM + 1 mg/kg/day of NPs. At the end of the lactation
period (PND21), male offspring were euthanized at two time points—PND22 (prepubertal) and
PND120 (adult). Testes were collected for histological and molecular analyses, as well as evaluation of
the oxidative profile.

2.3. Dose justification

The formulation of the phthalate mixture was established based on the composition and
proportions derived from phthalate metabolite levels quantified in urine samples from pregnant
women, resulting in the following proportional distribution: 21% DEHP (2-ethylhexyl
phthalate), 35% DEP (diethyl phthalate), 15% DBP (di-n-butyl phthalate), 8% DiBP
(diisobutyl phthalate), 5% BBzP (benzyl butyl phthalate), and 15% DiNP (diisononyl
phthalate) (Zhou; Gao; Flaws, 2017). The lowest dose in our study (20 pg/kg/day) mimics
human exposure, containing ~4 ng/kg/day of DEHP, which is considered a tolerable daily

intake level (EPA. Guidelines for Reproductive Toxicity Risk Assessment, 1996). A higher
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190  dose (200 mg/kg/day) includes ~100 mg/kg/day of DEHP, exceeding environmental exposure
191  (Zhou; Gao; Flaws, 2017; Scarano et al., 2019; Freitas et al., 2021). For comparison, the
192  estimated daily exposure to DEHP, a common phthalate, is 5,7-42,1 pg/kg/day (Serrano et al.,
193  2014). Other phthalates have exposure ranges of 2.32 — 12 ug/kg/day (DEP), 0.26 — 0.88
194  png/kg/day (BzBP), 0.84 — 5.22 pg/kg/day (DBP), 0.12 — 1.4 pg/kg/day (DiBP), and up to 26

195  pg/kg/day (DINP) (Doull ef al., 1999; Kavlock et al., 2002).

196 2.4. External physical signs of the onset of puberty

197 Male offspring from all experimental groups (n = 6-13 per group) were monitored
198 for external genital development as an indicator of male sexual maturation. For this
199 assessment, the timing of preputial separation was recorded through daily examinations

200 starting at PND33, by gently retracting the prepuce.

201 2.5. Light microscopy and morphometric analysis

202 Testicular samples collected at PND22 and 120 were fixed by immersion in
203 Davidson's solution for 24 hours at 4°C, transferred to 70% alcohol, and subsequently
204 processed for embedding in Paraplast® (Sigma-Aldrich®). Histological sections of 5 um
205 were obtained using a rotary microtome. The sections were semi-serialized at 50 pm intervals
206 and mounted on silanized slides for subsequent hematoxylin-eosin (HE) staining for general
207 morphological study. The microscopic fields were digitized using the capture system coupled
208 to an AxioLab A1 photomicroscope (Carl Zeiss Microscopy, Jena, Germany). The digitized
209 HE-stained sections had parameters analyzed according to age.

210 At PND22, the presence of apoptotic figures in pachytene spermatocytes was
211 investigated (n = 6-7 per group), analyzing 42 quadrants per animal under 200x total
212 magnification (Picut et al., 2014). At PND120, the organization of the germinal epithelium,

213 already in its mature phase, was evaluated by analyzing 10 seminiferous tubules per animal
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(n = 4-7 per group) at stage IX of spermatogenesis. Digitized images of histological fields
(200x magnification) were used to perform measurements of the seminiferous tubules
diameter and germinal epithelium height (4 measures per tubule), from which the mean for
each parameter was obtained and used for statistical analysis (Siervo et al., 2015).
Furthermore, to quantify mature Sertoli cells and adult Leydig cells, Sertoli cell nuclei were
counted under light microscopy in 10 seminiferous tubules per rat in stage VII of
spermatogenesis and Leydig cell nuclei in 10 random interstitial fields under 200x
magnification (Favareto ef al., 2011).

Histopathological analyses were also performed (PND120) using cross-sections of
the organ (3 non-consecutive sections per animal), with the aid of light specificity
(magnifications of 200 and 400X). The presence of acidophilic cells, multinucleated cells,
retained speciation, degeneration of cell types, vacuolization of the epithelium, and immature
germ cells were noted in 50 sections of seminiferous tubules per animal (n = 5) (Siervo et al,

2015).

2.6. Evaluation of the oxidative profile

Testicular samples collected at PND22 and 120 (n = 4-5/group/age) were
homogenized with an Ultraturrax homogenizer (Marconi, Piracicaba, Brazil) in phosphate-
saline buffer (pH 7.2) and normalized to 1 mg of proteins/mL, according to the Bradford
method (Bradford, 1976). From this homogenate, the concentrations of thiobarbituric acid-
reactive substances (TBARS), reduced glutathione (GSH), oxidized glutathione (GSSG),
total glutathione (TG), glutathione S-transferase (GST), catalase (CAT) and superoxide

dismutase (SOD) were determined.
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2.6.1. Lipoperoxidation

The concentration of TBARS (thiobarbituric acid reactive substances) was used to
quantify lipid peroxidation, according to the method described by Federici (Federici; Shaw;
Handy, 2007). TBARS levels were determined by the difference in absorbances at 535 and
572 nm (Multiskan GO, Thermo Scientific, Vantaa, Finland). The results were expressed in

nanomoles of TBARS/mg of protein.

2.6.2. Superoxide dismutase activity

SOD enzyme activity was determined according to that proposed by Senthikulmar
with adaptations by Erthal and collaborators (Erthal ef al., 2020). The method is based on
the quantification of complexes formed by superoxide anions with nitroblue tetrazolium and
sodium hydroxylamine hydrochloride (NH20OH.HCI), with a blue coloration, whose
absorbance was measured at 560 nm for 2 min at 15 s intervals. The results were expressed

in SOD units/mg of protein.

2.6.3. Catalase activity

CAT activity was determined by the degradation of hydrogen peroxide into water
and oxygen. The absorbance of the reaction was measured at 240 nm for 1 min, at 15s

intervals. The results were expressed in nM/minute/mg protein.

2.6.4. Glutathione

The concentrations of reduced glutathione (GSH) were determined according to the
method proposed by Rahman and collaborators (Rahman; Kode; Biswas, 2006). The method
is based on the reaction between 5,5-dithiobis 20-nitrobenzoic acid and GSH, resulting in a
yellowish product, whose absorbance is measured at 412 nm. The results were expressed in

umol/mg of protein.
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For total glutathione (TG), the method is based on the reduction of oxidized glutathione
(GSSG) in the sample by the addition of NADPH, in a reaction catalyzed by glutathione
reductase (GR), which is also added to the medium. Subsequently, the total glutathione, now
reduced, is also quantified by reaction with DTNB with absorbance measured at 412 nm after
15 minutes of incubation of the samples with the reaction medium. The results were expressed
in umol/mg of protein.

The concentration of GSSG was calculated according to that proposed by Carrara and
collaborators (Carrara ef al., 2019), taking into account the stoichiometry of the reaction. The
GSSG values were calculated following the equation: GSSG (umol) =[TG]-[GSH]/2. The
results were expressed in pmol/mg of protein.

The activity of the glutathione S-transferase (GST) enzyme was evaluated as proposed
by Van Der Aar and collaborators (Van der Aar et al., 1996). Spectrophotometrically by means
of the reduction of GSH and lysis of 1-chloro-2,4-dinitrobenzene with formation of thioesters.
The absorbance of the reaction was measured at 340 nm for 5 min in 40 s intervals. The results

were expressed as nM of thioether formed per minute per mg of protein.

2.7. Gene Expression by RT-qPCR

Testicular samples collected at PND22 and 120 were stored at -80°C until analysis.
Total RNA extraction (n = 4-5 animals/group/age) was performed using TRIzol® reagent
(Ambion, USA) according to the manufacturer's instructions. RNA concentration and purity
were assessed spectrophotometrically using a NanoVue™ Plus (GE Healthcare Life
Sciences, USA). cDNA synthesis was performed using the iScript™ cDNA Synthesis kit
(Bio-Rad Laboratories, Inc., CA, USA).

Specific primers were designed using Primer Express® software (Applied

Biosystems, Foster City, CA, USA) from sequences available in GenBank
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(www.ncbi.nlm.nih.gov/genbank) and synthesized by Exxtend Biotechnology (Paulinia, SP,
Brazil). Real-time PCR reactions were performed in duplicate for each gene using the
QuantStudio™ (Life Technologies, USA), and amplification graphs were generated
individually for each sample.

Relative quantification of gene expression was determined by the 2*-AACT method,
according to Livak and Schmittgen (Livak; Schmittgen, 2001). The values obtained were
normalized by the ratio of the target gene to the endogenous gene glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). At PND22, genes related to the differentiation and
development of Sertoli and Leydig cells androgen receptor (4r), anti-mullerian hormone
(Amh), insulin-like peptide 3 (Ins/3) were evaluated, as well as genes involved in testicular
steroidogenesis 17B-Hydroxysteroid dehydrogenase type 1 (Hsd17b1), steroid Sa-reductase
type 1 (Srd5al), cytochrome P450 family 19 subfamily A member 1 (CypI9al). At PND120,
genes associated with the integrity of the blood-testis barrier tight junction protein 1 (Zjp1),

Occludin (Ocln), transforming growth factor beta 2 (7gfb2) were analyzed.

2.8. Plasma hormone levels

After euthanasia of the males, blood was collected in heparinized tubes for plasma
hormone measurements. The material was centrifuged at 3,000 rpm, 4°C, for 20 minutes, and
the plasma separated and frozen for later analysis. Plasma testosterone analysis was performed
using a competitive enzyme immunoassay kit (Testosterone ELISA Kit, USCN Life Science
Inc., Wuhan, China; cat. no. CEA458Ge), according to the manufacturer's instructions.
Hormone concentrations were determined by extrapolation from a standard curve constructed
with known testosterone concentrations. The assay has a detection range of 370.4 to 30,000
pg/mL and an analytical sensitivity of less than 162.3 pg/mL. The intra-assay and inter-assay

coefficients of variation were less than 10% and 12%, respectively.
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308

2.9. Statistical analysis

309 The results were expressed as mean + standard of the mean (SD) or as median
310  accompanied by the interquartile range (ql—q3). For the analysis of quantitative and
311 morphometric data, analysis of variance (ANOVA) followed by Tukey's multiple comparison
312  test was used. For statistical analyses, the following comparisons were considered: all treated
313  groups (T1, T2, T3, T4 and T5) vs. the control group (CTRL); T4 vs. T1; TS5 vs. T2; T4 and
314 TS5 vs. T3. Differences were considered statistically significant when P < 0.05. All statistical
315  analyses were performed using GraphPad Prism software (GraphPad Software Inc., San Diego,
316 CA, USA).
317 3. RESULTS
318 3.1. Body and testicular weight
319 In the biometric evaluation of prepubertal rats (PND22), no significant differences in
320 body weight (BW) were observed among the groups, but absolute testis weight decreased in
321 T4 compared to T3, and relative weight decreased in T1 vs. CTRL (Table 1). However, in
322  adulthood (PND120), groups T1 and T2 showed a significant increase of BW in relation to the
323 CTRL (Table 1). Additionally, BW decreased in the TS compared to T2. Absolute testicular
324  weight showed no statistically significant differences, whereas relative testicular weight
325 increased in the T5 vs. T2 group (Table 1).
326
327  Table 1. Effect of exposure to plastic pollutants on body weight and absolute testicular weight
328 at PND22 (n = 7-9/group) and PND120 (n= 7-9/group) in male offspring rats. Data were
329 analyzed by ANOVA when parametric, followed by Tukey, or Kruskal-Wallis test when
330 nonparametric, followed by Dunn's test and values were expressed as mean + SD; and
331  significant when *P < 0.05, *xP <0.01.

Parameters Experimental groups
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CTRL T1 T2 T3 T4 T5
Postnatal day 22
Body weight (g) 439 + 46.2 + 45.1 £ 47.6 + 42.1+ 455+
Oy WEIght 8 5.51 9.30 8.90 10.24 472 1.52
Absolute testicular 0.105 + 0.090 + 0.110 + 0.119 + 0.088 + 0.119 +
weight (g) 0.03 0.05 0.03 0.02 0.03 *T3 0.02
. . 0,190 +
Relative testicular 0,268 + 0.09 0,260 + 0,255+ 0,235+ 0,270 +
weight (g) 0,01 ##%CTRL 0,01 0,01 0,02 0,03
Postnatal day 120
Jgx 0=
. 4443 + S21.7 535.0 501.3+ 4949 + 458.5 +
Body weight (g) 24.39 79.85 93.96 51.02 6326 | 36.81 *T2
' *CTRL | **CTRL ' ' ‘
Absolute testicular 1.661 + 1.786 £ 1.748 + 1.867 + 1.712 + 1.723
weight (g) 0.20 0.19 0.14 0.33 0.17 0.06
0,408 +
Relative testicular 0,347 + 0,347 £ 0,300 + 0,376 + 0,348 + 0,08
weight (g) 0,03 0,05 0,07 0,08 0,03 **T2
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3.2. Anogenital distance and prepuce separation

Anogenital distance (AGD) was measured and adjusted for body weight on PND1 and
PND22. On PNDI, an increase in AGD was observed in the T3 group compared to the CTRL
group (Fig. 2a). On PND22, there was an increase in AGD in the T3 and T4 groups compared
to the CTRL group (Fig. 2b). Furthermore, a delay in the occurrence of preputial separation

was observed in the T3 group compared to the CTRL group (Fig. 2c¢).
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Figure 2. Measurement of anogenital distance on PND1 and 22 and monitoring of prepuce
separation age in male offspring. (a) Anogenital distance on PNDI1 (n = 8/group). (b)
Anogenital distance on PND 22 (n = 8-10/group). (c) Age of preputial separation (n = 7—
9/group). Data were analyzed by ANOVA when parametric, followed by Tukey, or Kruskal-
Wallis test when nonparametric, followed by Dunn's test and values were expressed as mean +
SD; and significant when *P < 0.05; **P < 0.01.

3.3. Analysis of apoptosis in spermatocytes in pachytene in prepuberty (PND22)

Figure 3a is a representative image of the TS5 group, showing apoptosis in spermatocytes
at the pachytene stage. The quantification of spermatocytes in apoptotic pachytene revealed a
significant increase in this parameter in the TS group compared to the CTRL and T3 groups on

PND22 (Fig. 3 b).
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Figure 3. Quantification of the mean number of spermatocytes in the pachytene stage in
seminiferous tubules of rats on PND22. (a) Representative photomicrograph of seminiferous
tubules with pachytene spermatocytes undergoing apoptosis in the TS5 group, highlighted by
the arrow. (b) Quantification of the mean number of pachytene spermatocytes undergoing
apoptosis per tubule on PND22 (n = 6-7/group). Data were analyzed by ANOVA when
parametric, followed by Tukey, or Kruskal-Wallis test when nonparametric, followed by
Dunn's test and values were expressed as mean + SD; and significant when *P < 0.05, *xP
<0.01.

3.4. Histological and morphometrical analysis in adulthood (PND120)

Morphometric analyses of the diameter and height of the germinal epithelium were
performed in the seminiferous tubule at stage IX of spermatogenesis (Fig. 4 a, b). There was a
reduction in the diameter of the seminiferous tubules in the T2 group in relation to the CTRL
(Fig. 4 d). In relation to the seminiferous epithelium thickness, all treated groups (T1, T2, T3,
T4 and T5) showed a reduction in this parameter compared to the CTRL (Fig. 4 c).
Additionally, there was a reduction in the seminiferous epithelium thickness in the T4 group in
relation to the T1 and T3 groups (Fig. 4 c¢). Furthermore, in the quantitative analysis of Sertoli
cell quantity, there was a significant reduction in the T2, T3, T4, and TS groups compared to
the CTRL (Fig. 4 e). Considering Leydig cells quantity, there was a decrease only in the groups

with double exposure (T4 and T5) compared to the CTRL (Fig. 4 f).
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Figure 4. (a, b) Representative photomicrograph of the control group testis in stage IX of
spermatogenesis, stained with hematoxylin and eosin. The four diameter measurements are
indicated in black dashed lines, while the four germinal epithelium height measurements are
indicated in solid gray lines. Objective 20x (a) and 40x (b). Abbreviations: i - interstitium; lu -
lumen; ge - germinal epithelium; st - seminiferous tubule; Sc - Sertoli cell; Lc - Leydig cell.
(c) Mean diameter of the seminiferous tubule (um). (d) Mean height of the germinative
epithelium (um). (e) Quantification of the mean number of Sertoli cells per tubule. (f)
Quantification of the mean number of Leydig cells. Data were analyzed by ANOVA when
parametric, followed by Tukey, or Kruskal-Wallis test when nonparametric, followed by
Dunn's test and values were expressed as mean + SD; (n = 4—7/group) and significant when *P
<0.05, #xP <0.01, *x*+P <0.001, **xxP < 0.0001.

3.5. Histopathological analyses (PND120)

In the seminiferous tubules, a significant increase in vacuolization was observed in
the T4 and T5 groups compared to CTRL and T3 groups and their respective isolated groups
(T1 and T2) (Fig. 5 a, ¢). Meanwhile, the presence of immature cells in the seminiferous
tubule lumen increased in the T1, T3, and T4 groups compared to CTRL (Fig. 5 b, d). In
addition, acidophilic cells (Fig. 5 e), multinucleated cells, and degeneration (Fig. 5 f) were
observed in the germinal epithelium, but there were no significant differences between

groups.
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Figure 5. Histopathological analysis of seminiferous tubules. (a) Graph showing the
percentage of vacuolization in the seminiferous tubule. (b) Graph showing the percentage of
immature germ cells in the tubule Iumen. Representative photomicrographs of
histopathological findings at 200x magnification. (c) Vacuolization »(arrow). (d) Germ cells
in the seminiferous tubule lumen (circle). (e) Presence of acidophilic cells f(arrow). (f)
Degeneration of the germinative epithelium. Values are expressed as mean + standard deviation
(n=5/group). ANOVA followed by Tukey's post-test. Significant when *p < 0.05, *xp < 0.01,
**xp < (0.001. Abbreviations: i- interstitium, ge- germinative epithelium, lu- lumen.

3.6. Gene expression in prepuberty (PND22)

Amh expression increased in the T4 group compared to the T1 group (Fig. 6 a).
Likewise, Ins/3 increased in the T1 group when compared to the CTRL, and expression in the
T4 group was decreased compared to the T1 group (Fig. 6 b). Ar expression was lower in the
T3 group compared to the CTRL (Fig. 5 c). In genes related to the steroidogenic pathway, no
significant changes in Hsd17b1 and Cypl9al expression were observed between the groups
(Fig. 6 d, e). Furthermore, Srd5al expression was significantly higher in the T1, T2, T3, and

T4 groups compared to the CTRL (Fig. 6 f).
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Figure 6. Effect of gestational and lactational exposure to a mixture of phthalates and
nanoplastics in offspring rats on PND22 on relative mRNA levels in genes involved in
testicular development and maturation and the steroidogenic pathway. (a) Anti-Miillerian
hormone (4mh). (b) Insulin-3 (Insi3). (c) Androgen receptor (Ar). (d) 17-beta dehydrogenase
1 (Hsdl17bl). (e) Aromatase (Cypl9al). (f) Steroid 5 alpha-reductase 1 (Srd5al). Gene
expression is given by the quantification of 2*AACT and data were analyzed by ANOVA when
parametric, followed by Tukey, or Kruskal-Wallis test when nonparametric, followed by
Dunn's test and values were expressed as mean = SD; n = 4-5/group and significant when *P
<0.05, #xp < 0.01, ***P <0.001, and ****P < 0.0001.

3.7. Gene expression in adulthood (PND120)

Gene expression analysis on PND120 focused on the blood-testis barrier and revealed an
increase in Ocln in the T2 group compared to the CTRL (Fig. 7 a). In relation to the 7jp/

expression, there was a decrease in the T4 and TS groups compared to the CTRL, and a decrease
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in the TS5 group compared to the T2 group (Fig. 7 b). In addition, no alteration in the 7gfb2

expression was observed among the groups (Fig. 7 c).
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Figure 7. Late effect (PND120) of gestational and lactational exposure to a mixture of
phthalates and nanoplastics in rat offspring on relative mRNA levels in genes of the blood-
testis barrier junction and in the growth factor gene. (a) Occludin (Ocln). (b) Tight junction
protein 1 (Tjpl). (c) Transforming growth factor beta 2 (TgfP2). Gene expression is given by
the quantification of 2"AACT and data were analyzed by ANOVA when parametric, followed
by Tukey, or Kruskal-Wallis test when nonparametric, followed by Dunn's test and values were
expressed as mean + SD; n = 4-5/group; and significant when *P < 0.05, **P < 0.01.

3.8. Analysis of the oxidative profile (PND22 and 120)

The analysis of the oxidative status in prepubertal age (PND22) revealed that
superoxide dismutase (SOD) activity significantly increased in the T4 and T5 groups compared
to the CTRL, in the T4 group compared to the T1 group, and in the TS group compared to T2
group (Fig. 8 a). For catalase (CAT) activity, there was a reduction in the T3 and T4 groups
compared to the CTRL, whereas the TS5 group showed an increase compared to the T3 group
(Fig. 8 b).

In the lipid peroxidation (TBARS) assessment, there was an increase in the T3 group
compared to the CTRL. On the other hand, there was a decrease in T4 group compared to the
T1 and the T3 groups. Additionally, the TS group showed a reduction compared to the CTRL,

T2 and the T3 groups (Fig. 8 ¢).
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The total glutathione (TG) concentration decreased in the TS5 group compared to the
CTRL, and in relation to the T2 and T3 groups, while there was an increase in the T4 group
compared to the T1 group (Fig. 8 d). Regarding oxidized glutathione (GSSG) levels, there was
a decrease in the T4 group compared to the CTRL, T1, and T3 groups (Fig. 8 ¢). Reduced
glutathione (GSH) levels decreased in TS5 group compared to the CTRL, T2, and T3 groups,
whereas the T4 group showed an increase compared to the T1 group (Fig. 8 f). Finally,
glutathione S-transferase (GST) did not differ significantly among the groups (Fig. 8 g).

Regarding the oxidative status at PND120, SOD activity showed a reduction in the T2,
T4 and T5 groups compared to the CTRL, in the T4 group compared to the T1 group, and in
the T5 group compared to the T3 group (Fig. 8 h). In relation to the CAT activity, a decrease
was observed in the T4 and TS groups compared to the CTRL, in the T4 compared to the T1
group, in the TS group compared to the T2 group, and in the T4 and TS5 groups compared to
the T3 group (Fig. 8 1). In TBARS groups T2, T3, and T4 had increased levels of TBARs
compared to the CTRL. In contrast, TBARS levels were reduced in the TS5 group compared to
the T2 and T3 groups (Fig. 8 j).

The total glutathione (TG) concentration increased in the T1 and T3 groups compared
to the CTRL. On the other hand, TG was decreased in the T4 and T5 groups compared to the
CTRL, in the T4 group compared to the T1 group, in the TS5 group compared to the T2 group,
and in the T4 and TS5 groups compared to the T3 group (Fig. 8 k). For GSSG and GSH, the
results were similar to those obtained for the TG (Fig 8 I, m). Finally, GST activity increased
in the T1 group compared to the CTRL and decreased in the T5 group compared to the CTRL.
In addition, GST activity decreased in the T4 group compared to the T1 group, in the TS5 group

compared to the T2 group, and in the T4 and T5 groups compared to the T3 group (Fig. 8 n).
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Figure 8. Oxidative stress analysis on postnatal days 22 and 120. (a) Superoxide dismutase on
PND 22. (b) Catalase on PND 22. (¢) Thiobarbituric acid reactive substances on PND 22. (d)
Total glutathione on PND 22. (e) Oxidized glutathione on PND 22. (f) Reduced glutathione on
PND 22. (g) Glutathione S-transferase on PND 22. (h) Superoxide dismutase at PND 120. (i)
Catalase on PND 120. (j) Thiobarbituric acid reactive substances at PND 120. (k) Total
glutathione on PND 120. (1) Oxidized glutathione on PND 120. (m) Reduced glutathione on
PND 120. (n) Glutathione S-Transferase on PND 120. Data were analyzed by ANOVA when
parametric, followed by Tukey, or Kruskal-Wallis test when nonparametric, followed by
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Dunn's test and values were expressed as mean + SD; (n = 4-5/group/age); and significant
when *P < 0.05, *xP <0.01, **x*P <0.001, and ****P < 0.0001.

3.9. Plasma testosterone levels

No significant differences were observed between the groups in plasma testosterone

concentrations at either age evaluated (Fig. 9 a, b).

a b
PND 22 PND 120

il

CTRLTT T2 T3 T4 T5 CTRL T T2 T3 T4 T5
Experimental groups Experimental groups

1500~

1500+ . .
1000+

500

Plasma testosterone
concentration (pg/ml)

Plasma testosterone
concentration (pg/ml)

Figure 9. Plasma testosterone levels on postnatal days 22 (a) and 120 (b) (n = 4-7 per group).
Data were analyzed by ANOVA when they presented a parametric distribution, followed by
Tukey's test, or by the Kruskal-Wallis test when non-parametric, followed by Dunn's test.
Values are expressed as mean + standard deviation (SD).

4. DISCUSSION

The main novelty of this study was to elucidate the impacts of gestational and
lactational exposure to a mixture of phthalates and/or nanoparticles (NPs) on the testicular
health of pre-pubertal and adult offspring. Our results demonstrate an impact of phthalates
and/or NPs on germ cells, molecular parameters, and antioxidant defenses that compromise
testicular maintenance even before puberty. Notably, these adverse effects were exacerbated in

adulthood, representing a threat to male fertility. The main alterations observed in this study
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involved distinct mechanisms through which phthalates and/or NPs disrupt testicular structural
integrity and redox homeostasis, potentially compromising the blood—testis-barrier (BTB) as
well as spermatogonial reserve, spermatogenesis, and spermiogenesis. The results indicate that
the testis is a particularly vulnerable organ to early exposure to these contaminants, whose
effects tend to manifest or worsen throughout adulthood.

In the present study, significant differences in body weight gain were observed only in
adulthood. Previous studies corroborate these findings, demonstrating that mice exposed
prenatally to a mixture of phthalates did not show changes in juvenile weight (PND21), but
weight tended to increase in adulthood, especially at the dose of 200 pg/kg/day (Barakat et al.,
2019). These data reinforce the hypothesis that the metabolic changes resulting from these
exposures may manifest later in life. Regarding testicular weight, the literature presents
divergent results. Although some studies have not identified changes in this parameter after
exposure to phthalates, nanoplastics, or co-exposure to these contaminants (Jin ef al., 2021;
Lee et al., 2022; Ma et al., 2023; Liu et al., 2025), others have reported effects similar to those
observed in the present study in PND 120, such as an increase in testicular weight in mice
exposed for 12 weeks to 80 nm NPs (1 mg/L) (Gao et al., 2023).

AGD is a sensitive marker of sexual differentiation that dependent on the action of
testosterone and dihydrotestosterone. On PND1, an increase in AGD was observed in the T3
group compared to the CTRL group. On PND22, an increase in AGD was identified in the T3
and T4 groups compared to CTRL. These results may be related with changes in steroidogenic
regulation (discussed below), especially by the increase in the Srd5al expression in testis at
PND22. Preputial separation is also used to assess the effects of endocrine disruptors on the
puberty onset. This marker showed a delay in the T3 group compared to CTRL, in line with
the findings of Zhao et al. (2023), who also reported delays in mice exposed to microplastics

during pregnancy and lactation. Considering that this indicator of pubertal maturation is
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dependent on androgenic activity, these results suggest that the reduction in androgen receptor
gene expression observed in the same group may be associated with lower tissue
responsiveness to androgens, contributing to the delay observed.

Regarding the histological findings, spermatocyte apoptosis in pachytene showed an
increase in the TS group compared to CTRL at PND22. Between PND18 and 26, there is an
apoptotic wave in spermatocytes in pachytene, especially in stages VII and VIII, and this
process regulated by proteins of the Bcl-2 family and by caspase-3 activation. This process is
necessary to maintain the proper ratio between maturing germ cells and Sertoli cell
(Jahnukainen et al., 2004). However, the increase observed here in PND22 suggests an
intensification of this mechanism, possibly exceeding physiological control or even serving as
protection to prevent the error from propagating at this stage of meiosis; therefore, this could
compromise spermatogenesis during adulthood. Thus, the hypothesis is raised that xenobiotics,
such as the plastic pollutants studied in this model, may enhance the apoptosis of these cells.

At PNDI120, testicular organogenesis is complete, with all stages of the seminiferous
epithelium cycle present and Sertoli and Leydig cell proliferation having ceased. Parameters
such as tubular diameter and germinal epithelium height may reflect its integrity; a reduction
may indicate a decrease in germ cells and Sertoli cells (Mehranjani et al., 2009). In this study,
morphometric evaluation demonstrated a significant reduction in the seminiferous tubule’s
diameter in the T3 group and a reduction in germinal epithelium height in all exposed groups
compared to the CTRL. Furthermore, there was a reduction in the number of Sertoli Cell cells
in T2, T3, T4, and T5 groups, and in the Leydig cell count in the T4 and T5 groups compared
to to the CTRL. It is known that phthalate-induced testicular toxicity results largely from
multiple lesions in the Sertoli cell and Leydig cell, whose integrity is important for
steroidogenesis, maintenance of the BTB, and sperm production (Li; Spade, 2021; Li ef al.,

2021; Nikolic et al., 2022; Liu et al., 2023; Grillo et al., 2024). It is suggested that the observed
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changes may be related to apoptosis induced by oxidative stress or inhibition of proliferation
during critical windows of development, when these cells are mitotically active in the
gestational period, period in which they were exposed (Zhang et al., 2017).

Another mechanism potentially involved in the deleterious effects found in this study
is oxidative stress. At physiological levels, ROS regulate germ cell differentiation and
spermatogenesis progression, being necessary for normal reproductive function (Aitken et al.,
2014). However, exposure to environmental toxicants can disrupt the pro-oxidant/antioxidant
balance, favoring the onset of oxidative stress (Saradha; Mathur, 2006). During prepuberty,
there was an imbalance in the antioxidant system, which may have contributed to the increase
in spermatocyte apoptosis observed in the T5 group compared to CTRL. In adulthood, this
condition persisted and evolved into oxidative stress, characterized by the depletion of
enzymatic and non-enzymatic antioxidant defenses in both co-exposure groups, in addition to
increased lipid peroxidation in the T4 group compared to CTRL. This intensification is
consistent with the damage observed at this age, including a reduction in Sertoli cell and Leydig
cell, histopathological changes, and dysregulation of genes associated with cell junctions.

The cytotoxicity of NPs has been attributed, in large part, to their high capacity for cell
penetration and interaction with proteins and DNA, which favors excessive ROS generation
(Banerjee; Shelver, 2021). Studies in pubertal mice showed a reduction in SOD and glutathione
peroxidase (GP-x), increased lipid peroxidation, and activation of toxic responses, including
apoptosis via BAX/BCL2 and caspase 3, inflammation, as well as testicular morphological
changes and damage to sperm (Xu et al., 2023; Fang; Wang; Xiong, 2024). A similar pattern
of changes in oxidative imbalance, associated with structural and functional changes in
testicular cells, has been described for exposure to phthalates, such as DEHP, for example

(Yang et al., 2025).
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Genes related to steroidogenesis and the maturation of Sertoli and Leydig cells were
evaluated in the prepubertal period (PND22). An increase in Amh expression was observed in
the T4 group compared to the CTRL. AMH, secreted by Sertoli cells, begins to decline
progressively in pre-puberty and decreases dramatically after cell maturation in adulthood
(Matuszczak et al., 2013; Edelsztein et al., 2018). Thus, the increase in this phase may indicate
delayed maturation in the coexposed group. In addition, the reduction in Ar was observed only
in the T3 group, corroborating Wakui ef al. (2013), who also demonstrated a decrease of this
gene and protein in offspring at 9, 14, and 17 weeks after maternal exposure to DBP (100
mg/kg/day, GD12-21) (Wakui ef al., 2013), which may lead to lower tissue responsiveness to
androgens.

Furthermore, at PND22, increased expression of Srd5al was observed in the T1, T2,
T3, and T4 groups compared to the CTRL. SRDS5A1 converts testosterone into
dihydrotestosterone (DHT), a more potent androgen, and is naturally highly expressed in the
prepubertal phase, when Leydig cells are still immature, decreasing after differentiation to the
adult phenotype (Penning; Covey, 2024). Environmental contaminants can modulate this
pathway: DEHP has been described as capable of reducing serum testosterone through
hypothalamic-pituitary-testicular axis dysfunction and increasing So-reductase activity in
Leydig cells mediated by the ERK pathway (Ha et al., 2016), while polystyrene microplastics
have been shown to promote oxidative stress and activate the PERK-EIF20-ATF4-CHOP
pathway, which positively regulates SRD5A2, intensifying testosterone metabolism and
resulting in hormonal decline (Qu et al., 2024).

Although no significant changes in plasma testosterone were observed at the ages
evaluated, the increase in Srd5al expression suggests a local modulation of androgen
metabolism in the testis. Considering that DHT is involved in the differentiation processes of

the external genitalia (Fischer et al., 2024), this change in gene expression may be associated
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with the observed increase of AGD in our results. However, this interpretation should be made
with caution, since DHT was not administered in this study.

The integrity of the BTB depends on the stability of tight junctions between Sertoli
cells, which create a specialized microenvironment essential for spermatogenesis and restrict
the passage of undesirable substances (Mruk; Cheng, 2015). In this study, a reduction in Tjp!
(ZO-1) expression was observed in both of the coexposed groups, indicating possible instability
in the zona occludens between Sertoli cells. In contrast, the group exposed to the highest dose
of phthalates showed increased Oc/n expression, possibly as a compensatory mechanism aimed
at preserving barrier integrity. Similar findings were reported in Sertoli cells isolated from rats
exposed to the DBP metabolite, in which doses of 150 and 600 pumol/L altered the protein
expression of ZO-1 and occludin. Alterations in these proteins have been associated with BTB
permeability dysfunction and have been described in the testes of infertile men (Chiba ef al.,
2012).

We acknowledge that this study has limitations, notably, the lack of additional plasma
hormone analyses limited the assessment of the hypothalamic—pituitary—gonadal axis, as well
as of some sperm parameters at adulthood. Nevertheless, our findings demonstrate clear
testicular alterations resulting from maternal exposure to plastic waste, revealing different
dysregulated structural and molecular mechanisms both in early life and in adulthood. These
results reinforce the effects of reproductive programming and suggest a potential long-term

impairment of fertility.

5. CONCLUSION

Co-exposure to nanoplastics and phthalates, especially to the lower dose of the
phthalate mixture, significantly intensified reproductive toxicity compared to isolated

exposures, evidenced by a reduction in the number of Sertoli and Leydig cells, as well as by
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morphometric and histopathological alterations and increased spermatocyte apoptosis. These
effects may be associated with the induction of oxidative stress observed in this study and
impairment of the blood-testis barrier, with a potential negative impact on spermatogenesis
and, consequently, on male fertility. Furthermore, the alterations detected in the pre-pubertal
period were exacerbated in adulthood, indicating that exposure during critical periods of

development may trigger persistent and progressive adverse effects throughout life.
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CONCLUSAO GERAL

De forma integrada, os resultados dos dois capitulos demonstram que a coexposi¢ao
gestacional, bem como a coexposi¢cdo gestacional e lactacional, a ftalatos e nanoplasticos,
especialmente na menor dose de ftalatos (T4), modulou de maneira significativa a expressao
de mRNAs fetais e pré-puberes associados a esteroidogénese e aos processos de
desenvolvimento ¢ maturacdo testicular. Essas alteracdes moleculares fornecem uma base
mecanistica consistente para os desfechos fenotipicos observados, incluindo o aumento da
distancia anogenital. Adicionalmente, foram conduzidas mais analises nos descendentes
expostos durante os periodos gestacional e lactacional. Os principais achados incluiram
reducdo no nimero de células de Sertoli e de Leydig, prejuizos morfométricos e
histopatologicos testiculares, aumento da apoptose de espermatdcitos e desregulacdo do
sistema oxidante/antioxidante, indicando comprometimento da integridade da barreira hemato-
testicular. Notavelmente, esses efeitos tornaram-se mais pronunciados com o avango da idade,
atingindo maior magnitude na fase adulta, o que sugere que a exposi¢do durante janelas criticas
do desenvolvimento pode desencadear alteragdes progressivas e duradouras ao longo da vida.
Em conjunto, esses achados reforcam que exposigdes ambientais combinadas, mesmo em
baixas doses, podem resultar em efeitos reprodutivos mais severos do que aqueles observados

1soladamente, em consonancia com o conceito de DOHaD.
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APPENDIX

APPENDIX 1: List of primers used in RT-qPCR

Table 1. Sequence of the primers used for the RT-qPCR analysis, containing the access codes of the

analyzed targets (GenBank).

Gene

Reference Code

Primer Sequence (5’-3’)

reductase)

(NCBI)
Gapdh (gycemldetyde- | - oos4 | F: TCTCTGCTCCTCCCTGTTCTA
“prosphate - ' R: TATGAGACGAGGCTGGCACT
dehydrogenase)
F: AAAAGAGCTGCGGAAGGGAA
Ar (Androgen receptor) NM 012502.2 R: CATTTCCGGAGACGACACGA
Amh (Anti-mullerian NM 0129022 F: TCAACCAAGCAAAGAAGGTGC
hormone) - ’ R: AGCGGGAATCAGAGCCAAAC
Hsdl17b1
. F: TCTTTGCCCACTATCAGCGT
(hydroxysteroid 17-beta NM 012851.2 R: AGTCAAGAAGAGCTCCGTCA
dehydrogenase 1)
Srd5al (Steroid 5-alpha- NM_017070.3 F: GATACAAGATACCCAGGGGAGG

R: CTCCACGAGCTCCCCAAAAT

TjpI (tight junction
protein 1)

NM 001106266.1

F: GCCAGCTTTAAGCCTCCAGA
R: TGGCTTCGCTTGAGGTTTC

Ocln (occludin)

NM_031329.3

F: GCCGGATGAATTCAAACCCA
R: GTGCATCTCTCCGCCATACA

Tefb?2 (transforming
growth factor beta 2)

NM 031131.2

F: CACTTCCCCTCCGAAACTGTCTR:
R: CACTGAGCCAGAGGATGTTGT

Insi3 (insulin like 3)

NM 053680.2

F: TCTGTGTCCCCACTGAAGGA
R: TGTGGTCCTTGGTTTCTGGG
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