UNIVERSIDADE FEDERAL DE MINAS GERAIS
Instituto de Ciéncias Biologicas

Programa de P6s-graduacao em Biologia Celular

Graziela de Paula Ferreira Dantas

AVALIACAO DOS EFEITOS DE NANOPARTICULAS INORGANICAS NA
TOXICOLOGIA REPRODUTIVA MURINA

Belo Horizonte
2024



Graziela de Paula Ferreira Dantas

AVALIACAO DOS EFEITOS DE NANOPARTICULAS INORGANICAS NA
TOXICOLOGIA REPRODUTIVA MURINA

Tese apresentada ao Programa de Pos-
Graduagdo em  Biologia Celular da
Universidade Federal de Minas Gerais, como
requisito parcial para obtencdo do titulo de

Doutora em Ciéncias.

Orientador: Prof. Dr. Guilherme Mattos
Jardim Costa

Coorientadora: Prof. Dra. Lidia Maria de
Andrade

Belo Horizonte

2024



043

Dantas, Graziela de Paula Ferreira.
Avaliagcéo dos efeitos de nanoparticulas inorganicas na toxicologia
reprodutiva murina [manuscrito] / Graziela de Paula Ferreira Dantas. — 2024.
90f.: il ;295cm.

Orientador: Prof. Dr. Guilherme Mattos Jardim Costa. Coorientadora: Profa.
Dra. Lidia Maria de Andrade.

Tese (doutorado) — Universidade Federal de Minas Gerais, Instituto de
Ciéncias Biologicas. Programa de Pés-Graduacao em Biologia Celular.

1. Biologia Celular. 2. Nanotecnologia. 3. Nanoparticulas. 4. Células
Intersticiais do Testiculo. 5. Espermatozoides. 6. Toxicidade. |. Costa,
Guilherme Mattos Jardim. Il. Andrade, Lidia Maria de. Ill. Universidade Federal
de Minas Gerais. Instituto de Ciéncias Bioldgicas. IV. Titulo.

CDU: 576

Ficha catalografica elaborada pela bibliotecaria Fabiane C M Reis — CRB 6 — 2680




15/07/2024, 08:55 SEI/UFMG - 3335667 - Ata de defesa de Dissertagado/Tese

L T

UNIVERSIDADE FEDERAL DE MINAS GERAIS
ICB - COLEGIADO DE POS-GRADUAGAO EM BIOLOGIA CELULAR - SECRETARIA

ATA DE DEFESA DE DISSERTACAO/TESE

ATA DA DEFESA DE TESE DE DOUTORADO DE ol
1°/2020
GRAZIELA DE PAULA FERREIRA DANTAS 2020706738

As quatorze horas do dia 28 de junho de 2024, reuniu-se, no Instituto de Ciéncias Biologicas da UFMG, a Comissdo Examinadora da Tese, indicada pelo
Colegiado do Programa, para julgar, em exame final, o trabalho final intitulado: "AVALIACAO DOS EFEITOS DE NANOPARTICULAS INORGANICAS NA
TOXICOLOGIA REPRODUTIVA MURINA", requisito final para obtengdo do grau de Doutora em Biologia Celular. Abrindo a sessdo, o Presidente da
Comissdo, Dr. Guilherme Mattos Jardim Costa, apds dar a conhecer aos presentes o teor das Normas Regulamentares do Trabalho Final, passou a palavra a
candidata, para apresentacdo de seu trabalho. Seguiu-se a arguigdo pelos examinadores, com a respectiva defesa da candidata. Logo apos, a Comissdo se reuniu, sem
a presenca da candidata e do publico, para julgamento e expedicdo de resultado final. Foram atribuidas as seguintes indicagdes:

Prof./Pesq. Instituicao Indicacao
Dr. Guilherme Mattos Jardim Costa UFMG APROVADA
Dra. Lidia Maria de Andrade UFMG APROVADA
Dr. Ralph Santos-Oliveira UFRJ APROVADA
Dr. Diego Stéfani Teodoro Martinez LNNano/CNPEM APROVADA
Dr. * Alice Freitas Versiani University of Texas APROVADA
Medical Branch at
Galveston
Dra. Angela Ledo Andrade UFOP APROVADA

Pelas indicagoes, a candidata foi considerada: APROVADA
O resultado final foi comunicado publicamente a candidata pelo Presidente da Comissdo. Nada mais havendo a tratar, o Presidente encerrou a reunido e lavrou a
presente ATA, que sera assinada por todos os membros participantes da Comissdo Examinadora. Belo Horizonte, 28 de junho de 2024.

Dr. Guilherme Mattos Jardim Costa (Orientador)

Dr?. Lidia Maria de Andrade (Coorientador)

Dr. Ralph Santos-Oliveira

Dr. Diego Stéfani Teodoro Martinez

Dr.? Alice Freitas Versiani

Dra. Angela Ledo Andrade

I
pr
)EI! E Documento assinado eletronicamente por Guilherme Mattos Jardim Costa, Professor do Magistério Superior, em 01/07/2024, as 10:44, conforme hordrio oficial

;f;j;‘g;';;; de Brasilia, com fundamento no art. 52 do Decreto n? 10.543, de 13 de novembro de 2020.

-
pr
.‘)El! d Documento assinado eletronicamente por Lidia Maria de Andrade, Usudrio Externo, em 02/07/2024, as 08:58, conforme horario oficial de Brasilia, com
)| fundamento no art. 52 do Decreto n® 10.543, de 13 de novembro de 2020.

assinatura
eletrénica

I
e
3E|! tl’ Documento assinado eletronicamente por Angela Ledo Andrade, Usuaria Externa, em 02/07/2024, as 09:32, conforme horario oficial de Brasilia, com
2 | fundamento no art. 52 do Decreto n® 10.543, de 13 de novembro de 2020.

assinatura
eletrénica

I
pr
)EI! tl’ Documento assinado eletronicamente por Alice Freitas Versiani, Usudria Externa, em 02/07/2024, as 22:01, conforme hordrio oficial de Brasilia, com
23| fundamento no art. 52 do Decreto n® 10.543, de 13 de novembro de 2020.

assinatura

‘ eletrénica

-
pr
.‘)El! d Documento assinado eletronicamente por Ralph Santos Oliveira, Usudrio Externo, em 12/07/2024, as 12:33, conforme hordrio oficial de Brasilia, com
)| fundamento no art. 52 do Decreto n® 10.543, de 13 de novembro de 2020.

assinatura
eletrénica

I
e
3E|! tl’ Documento assinado eletronicamente por Diego Stéfani Teodoro Martinez, Usuario Externo, em 12/07/2024, as 14:41, conforme horario oficial de Brasilia, com
2 | fundamento no art. 52 do Decreto n® 10.543, de 13 de novembro de 2020.

assinatura
eletrénica

https://sei.ufmg.br/sei/documento_consulta_externa.php?id_acesso_externo=301843&id_documento=3605078&infra_hash=207166da19¢c59d37c...  1/2


http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
https://sei.ufmg.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0
https://sei.ufmg.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0

15/07/2024, 08:55 SEI/UFMG - 3335667 - Ata de defesa de Dissertagado/Tese

Referéncia: Processo n2 23072.205385/2024-37 SEI n? 3335667

https://sei.ufmg.br/sei/documento_consulta_externa.php?id_acesso_externo=301843&id_documento=3605078&infra_hash=207166da19¢c59d37c...  2/2



AGRADECIMENTOS

Gostaria de agradecer a todos que contribuiram e permitiram que esse trabalho fosse
concretizado com éxito:

A Deus, por ter me dado forca e sabedoria para alcangar meus objetivos;

Ao meu esposo Paulo, por estar comigo em todos os momentos incondicionalmente, me
ajudando e incentivando;

Aos meus filhos, Paula e Lucas, que sdo o meu orgulho e a razdo da minha vida, pelo carinho
e constante parceria;

Aos meus amados pais, Maria e Vicente, por todo incentivo, apoio, conselhos e oragoes;

Ao meu orientador Guilherme, que é uma pessoa extraordinaria! Muito acolhedor e solicito em
todos os momentos. Gostaria de agradecé-lo pelo acolhimento, atencdo, confianca e
ensinamentos passados;

A minha coorientadora Lidia, pela paciéncia, dedicacdo e estimulo, principalmente durante a
escrita dos artigos;

A Estefania, que foi a maior incentivadora para que eu fizesse o doutorado;
A prof.2 Samyra pelas contribuicBes nos trabalhos ao longo dessa jornada;
Aos amigos Mara e Chicd, pela parceria, amizade e principalmente por toda ajuda;

Aos amigos do Laboratorio de Biologia Celular, pelo companheirismo, troca de conhecimentos
e momentos de descontracdo na hora do almoco;

Ao meu amigo John Lennon, que € minha dupla de trabalho preferida! Obrigada pela parceria
de sempre, apoio, confianca, amizade, e principalmente pelas conversas e risadas. VVocé é muito
especial e deixa 0s meus dias mais leves;

Aos colaboradores e co-autores dos artigos, que nao pouparam esfor¢os para que esses trabalhos
fossem publicados;

Ao prof. Ralph Santos-Oliveira da Universidade do Estado do Rio de Janeiro e a prof.a Angela
Ledo da Universidade Federal de Ouro Preto, pela parceria e contribuigdes;

Ao programa de pos-graduagdo em Biologia Celular (ICB/UFMG) e a todos os professores que
contribuiram fortemente para minha formacao académica;

E por fim, a banca examinadora, pelas sugestdes e contribuicdes.



Esta tese foi realizada no Laboratério de Biologia Celular do Departamento de
Morfologia, Instituto de Ciéncias Bioldgicas da Universidade Federal de Minas Gerais, sob a

orientacdo do Prof. Dr. Guilherme Mattos Jardim Costa e coorientagdo da Dr.2 Lidia Maria de
Andrade.

Agradecemos o apoio financeiro das seguintes institui¢oes:

e Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES)
e Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPg-

422405/2018-3)

e Fundacdo de Amparo a Pesquisa de Minas Gerais (FAPEMIG- Rede Mineira de

Nanomedicina Terandstica - RED- 00079-22)



RESUMO

Nanotecnologia é uma das areas da pesquisa em constante expansdo e tem colaborado para varios
campos da ciéncia, principalmente para area biomédica. O uso de nanomateriais (NMs) tem
contribuido imensamente para biotecnologias voltadas para reprodugdo. Nos Gltimos anos, as
nanoparticulas (NPs) inorgénicas tem sido uma das classes de NMs mais pesquisados, devido as
suas propriedades fisico-quimicas, o que permite sua exploracdo como uma ferramenta terandstica
em vérias aplicacdes biomédicas. Nesse contexto, e dentre elas, as NPs de éxido de ferro
superparamagnéticas (SPIONSs) tém se destacado, devido a sua alta biocompatibilidade, estabilidade
e propriedade magnética intrinseca (superparamagnetismo). Entretanto, a exposi¢do a diferentes
tipos de NPs tém sido relacionadas a uma série de efeitos nocivos na espermatogénese. Assim, 0
objetivo do nosso estudo foi investigar os dados na literatura sobre a toxicidade reprodutiva causada
por NPs inorganicas em células testiculares de roedores. Ainda, objetivamos investigar a toxicidade
de SPIONs in vitro e in vivo, em células testiculares e espermatozoides de camundongos. Embora
haja uma ampla visdo da toxicidade de diferentes NPs inorgéanicas nos artigos avaliados em nossa
revisdo sistematica, os resultados sdo muito variaveis devido a falta de padronizacao dos protocolos.
Apesar de focar no efeito de diferentes nanoparticulas na reproducéo masculina, 0s mecanismos e
vias relacionadas a toxicidade celular foram pouco discutidos. Nossos estudos in vitro e in vivo
mostraram que as células de Leydig e os espermatozoides sdo sensiveis as SPIONs. In vitro,
observamos citotoxicidade, acimulo de NPs e aumento do volume citoplasmatico das células de
Leydig. Nos espermatozoides, foram identificadas alteracbes na motilidade, viabilidade e
integridade do DNA, na atividade mitocondrial e peroxidacao lipidica apds exposi¢do in vitro a
SPIONs. In vivo, observamos alteracfes morfoldgicas em células de Leydig e no epitélio
seminifero, acdimulo de NPs principalmente nas células de Leydig, diminuicdo dos niveis de
testosterona, alteracdo de tibulos seminiferos e diminuicdo da producdo diaria de espermatozoides
e danos no DNA de espermaétides alongadas. Essas descobertas ajudardo no desenvolvimento e
aplicacgdo clinica eficaz de tecnologias baseadas em nanotecnologia.

Palavras-chave: Nanotecnologia; nanoparticulas inorganicas; nanoparticulas

superparamagneticas de oxido de ferro; células Leydig; espermatozoides; toxicidade.



ABSTRACT

Nanotechnology is one of the rapidly expanding research areas and has significantly contributed
to various fields of science, particularly in the biomedical area. Nanomaterials (NMs) have
immensely aided biotechnologies aimed at reproduction. In recent years, inorganic
nanoparticles (NPs) have been one of the most researched classes of NMs due to their
physicochemical properties, which allow their exploration as a theranostic tool in various
biomedical applications. In this context, superparamagnetic iron oxide nanoparticles (SPIONS)
have gained attention due to their high biocompatibility, stability, and intrinsic magnetic
property (superparamagnetism). However, exposure to different types of NPs has been linked
to a range of harmful effects on spermatogenesis. Thus, the objective of our study was to
investigate the data in the literature regarding reproductive toxicity caused by inorganic NPs in
rodent testicular cells. Additionally, we aimed to investigate the toxicity of SPIONs in vitro and
in vivo in mouse testicular cells and spermatozoa. Although there is a broad understanding of
the toxicity of different inorganic NPs in the articles evaluated in our systematic review, the
results are highly variable due to the lack of standardization of protocols. Despite focusing on
the effect of different nanoparticles on male reproduction, the mechanisms and pathways related
to cellular toxicity still need to be discussed. Our in vitro and in vivo studies showed that Leydig
cells and spermatozoa are sensitive to SPIONs. In vitro, we observed cytotoxicity, NP
accumulation, and increased cytoplasmic volume in Leydig cells. In spermatozoa, alterations
in motility, viability, DNA integrity, mitochondrial activity, and lipid peroxidation were
identified after in vitro exposure to SPIONSs. In vivo, we observed morphological changes in
Leydig cells and the seminiferous epithelium, NP accumulation primarily in Leydig cells,
decreased testosterone levels, altered seminiferous tubules, reduced daily sperm production,
and DNA damage in elongated spermatids. These findings will aid in the effective development

and clinical application of nanotechnology-based technologies.

Keywords: Nanotechnology; inorganic nanoparticles; superparamagnetic iron oxide

nanoparticles; Leydig cells; spermatozoa; toxicity.



LISTA DE ABREVIATURAS E SIGLAS

AgNPs - Nanoparticulas de prata

AUNPs - Nanoparticulas de ouro

Cit_SPIONSs - Nanoparticulas de 6xido de ferro revestidas com citrato de sodio
CMC - concentracdo micelar critica

DLS - Espalhamento dinamico de luz

EGF - Fator de crescimento epidérmico

EROs - Espécies reativas do oxigénio

EUA - Estados Unidos da América

FDA - Food and Drug Administration

HER?2 - Fator de crescimento epidérmico humano 2
ISTs - InfecgBes sexualmente transmissiveis

NiNPs - Nanoparticulas de niquel

NMs - Nanomateriais

NPMs - Nanoparticulas magnéticas

NPs - Nanoparticulas

PBS - Tampao fosfato-salina

PI3K/AKT/mTOR - fosfoinositideo 3-quinase/ serina/treonina quinase/ alvo mecanistico da
rapamicina

RM - Ressonancia magnética

SPIONSs - Nanoparticulas de Oxido de Ferro Superparamagnéticas
ST - Tabulos seminiferos

TEM - Microscopia eletronica de transmissao

TiO2 NPs - Nanoparticulas de dioxido de titanio

VVSM - Magnetometria de amostra vibratdria

XRD - Difragdo de Raio-X

ZnONPs - Nanoparticulas de 6xido de zinc



SUMARIO

[N ERI0] 51610710 IS 9
JUSTIFICATIV A et e e be e srae e e e e naaes 12
(O] =0 ] I Y 1 T PR 13
OBUIETIVO GERAL ...ttt ettt ettt stttk ettt et s e et e e be et e esbb e e nbeeebeeenneenaeeenes 13
OBUJETIVOS ESPECIFICOS ...ttt ittt sttt sttt ettt ettt et nnee e 13
RESULTADOS ...ttt ettt e st e e sbe e e st e e e sna e e e nneee e e 15
CAPTTULO Lottt 15
Artigo 1 - “Male reproductive toxicity of inorganic nanoparticles in rodent models: A
SYSEEMALIC TEVIEW ™ ...ttt r e 15
CAPTTULO 2 ..ttt 16
Artigo 2 — “The toxicity of superparamagnetic iron oxide nanoparticles induced on the
testicular cells: in VItro STUAY " ......c....cociiviiiiii i 16
CAPTTULO 3.ttt 17
Artigo 3 — “Effects of superparamagnetic iron oxide nanoparticles (SPIONSs) testicular
injection on Leydig cell function and sperm production in a murine model”. ....... 17
DISCUSSAQO GERAL .....coooiveeieeeeeteseeeeee ettt tansn s 18
CONCLUSOES. ...ttt 23
REFERENCIAS ...ttt 26

ANEXOS .o 34



INTRODUCAO

A nanotecnologia é uma das areas mais promissoras do século XXI, e baseia-se na
utilizacdo de estruturas, dispositivos e sistemas com novas propriedades e funcdes, devido ao
arranjo de seus atomos em escala nanométrica (Mansoori and Soelaiman, 2005; Bayda et al.,
2020; Malik et al., 2023). Esse avanco tecnoldgico tem contribuido para varios campos da
ciéncia, como fisica, ciéncias dos materiais, quimica, ciéncias da computacao e principalmente
para a biomedicina (Bayda et al., 2020; Malik et al., 2023). Por décadas, varios estudos vém
demonstrando o enorme potencial que nanomateriais (NM) desempenham como plataforma
teranéstica (tratamento e diagnostico simultaneamente) para muitas doengas (Chen et al., 2008;
Sack et al., 2014 Kinnear et al., 2017; Wu and Kong, 2020; Abbasi Kajani et al., 2021). A
utilizacdo de NM em areas relacionadas a biomedicina, como diagnostico, administracdo de
medicamentos, imagem molecular e nanofarmacéuticos estdo sendo intensamente pesquisadas
e tém oferecido excelentes resultados (Aminabad et al., 2018; Vangijzegem et al., 2019; Wu
and Kong, 2020). Em biologia reprodutiva, o uso dessas ferramentas tem contribuido para o
desenvolvimento de tecnologias voltadas para preservacdo da fertilidade, diagnostico e
tratamento de infertilidade, endometriose, infeccdes sexualmente transmissiveis (ISTS) e
canceres do trato reprodutivo (Shandilya et al., 2020).

NMs incluem nanoparticulas (NPs) organicas (micelas, dendrimeros, lipossomas,
nanogéis, biopolimeros,etc) e NPs inorganicas (metais, 6xidos, carbono e polimeros, etc), com
pelo menos uma de suas dimensdes abaixo de 100 nm (Ratner, 2019; Bayda et al., 2020). As
nanoparticulas apresentam diferentes tamanhos e formatos, como cubos, esferas, bastdes,
estrela, micelas e agulha (Contera et al., 2021). Nos Gltimos anos, as NPs inorganicas atrairam
a atencdo de pesquisadores e se tornaram um dos NMs mais amplamente pesquisados, devido
ao seu tamanho ajustéavel, possibilidade de manipulagdo da forma, cristalinidade, alta area de

superficie e facilidade de funcionalizacdo (Meena et al., 2014; Khalid et al., 2020) Além disso,
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possuem propriedades Opticas, magnéticas, cataliticas, termodinamicas e eletroquimicas unicas,
que sdo exploradas em vérias aplica¢fes biomédicas (Meena et al., 2014; Khalid et al., 2020)

Dentre os varios tipos de NPs inorganicas, as NPs de Oxido de ferro
superparamagnéticas (SPIONs) sdo uma das particulas mais investigadas em varios campos
cientificos e(Yan Cheng and Mruk, 2012; Anselmo e Mitragotri, 2015; Vangijzegem et al.,
2019). No campo biomédico, devido a sua alta biocompatibilidade, estabilidade e propriedade
magnética intrinseca (superparamagnetismo), as SPIONs sdo usadas como agentes de contraste
para ressonancia magnética (RM) (Fatima e Kim, 2018), na entrega direcionada de farmacos,
como veiculos em terapias génicas (Sosa-Acosta et al., 2020; Vallabani et al., 2018) e em
terapias tumorais através da hipertermia magnética (Kolosnjaj-Tabi and Wilhelm, 2017; Pham
et al., 2017). Em medicina reprodutiva, as SPIONSs estdo sendo investigadas para a sele¢do de
espermatozoides de alta qualidade para fertilizacdo in vitro (Durfey et al., 2019) e in vivo
(Feugang, 2017; Odhiambo et al., 2014) através da ligacdo de SPIONSs revestidas com lectinas
ou anexina V aos glicanos expostos pelas membranas acrossomais danificadas ou pelos
espermatozoides apoptéticos. Além disso, estdo sendo utilizadas como agente
antimicrobioldgico durante a criopreservacdo do sémen(Tsakmakidis et al., 2020), na producéo
de animais transgénicos (Kim et al., 2010) e em técnicas de esterilizacdo ou contracep¢do (Ding
etal., 2021; Jivago et al., 2021).

Embora o uso de NPs tenha demonstrado bons resultados para o desenvolvimento de
novas tecnologias voltadas para o campo biomédico, varios estudos tém evidenciado que as
propriedades estruturais das NPs podem causar efeitos toxicos e impactos negativos na salde e
no meio ambiente (Cypriyana et al., 2021; Egbuna et al., 2021). Diferentes NPs séo capazes de
se ligarem com a matéria bioldgica, e causar efeitos adversos em varios 6rgaos, como pulméo,
figado, rim, coracdo e cérebro (Wang et al., 2009; Yang et al., 2009; Li et al., 2012; Manke et

al., 2013; Ahamed, 2013; Hadrup e Lam, 2014). Recentemente, estudos demonstraram que
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algumas NPs sdo capazes de atravessar a barreira hematotesticular e causar citotoxicidade,
estresse oxidativo e danos genotoxicos nos 6rgéaos reprodutivos masculinos de roedores (Wang
etal., 2018; Jia et al., 2020; Souza et al., 2021;). A exposicdo a diferentes tipos de NMs, como
NPs de prata (AgNPs), ouro (AuNPs), 6xido de zinco (ZnONPs), didxido de titanio (TiO2 NPs)
e niquel (NiNPs), tém sido relacionadas a uma série de efeitos nocivos na esteroidogénese,
espermatogénese e fertilidade em mamiferos (Li et al., 2012; Kong et al., 2019; Shen et al.,
2019; Liu et al., 2020; Olugbodi et al., 2020).

O sistema reprodutivo dos mamiferos envolve uma série de processos fisiologicos
complexos que sdo altamente sensiveis (Mima et al., 2018; Habas et al., 2021; Souza et al.,
2021). Os testiculos, sdo responsaveis pela gametogénese e pela secrecdo dos hormonios
sexuais masculinos. O 6rgdo é subdividido em compartimentos tubular e intertubular. O
compartimento tubular é composto pelos tabulos seminiferos, que apresentam células
germinativas em diferentes estagios de desenvolvimento, além das células de Sertoli e células
peritubulares mioides (Svingen e Koopman, 2013; Franca et al., 2016). O compartimento
intertubular é composto, principalmente, pelas células de Leydig, macréfagos, células
endoteliais vasculares, células perivasculares, fibroblastos, células dendriticas e espaco
linfatico (Franca et al., 2016; Heinrich and DeFalco, 2020a).

As células de Sertoli sdo essenciais para o desenvolvimento das células germinativas,
regulando a espermatogénese desde manutencdo do nicho de células-tronco espermatogoniais
até a liberacdo final de espermatides (Schulz e Nobrega, 2011; Mruk e Cheng, 2015; O’Donnell
et al., 2022;). Desempenham diversas fun¢des na producdo espermatica, tais como suporte
fisico, nutricional, regulagdo da producao de andrégenos nos testiculos e fagocitose de células
germinativas degeneradas (Franca et al., 2016). Além disso, formam a barreira
hematotesticular, criando um ambiente favoravel para a diferenciacéo das células geminativas

haploides, contribuindo para o privilégio imunoldgico testicular (Mruk e Cheng, 2015;
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O’Donnell et al., 2022). As células de Leydig sdo as principais produtoras de horménios
esteroides, sendo responsaveis pela secrecdo da testosterona (Heinrich e DeFalco, 2020b).
Além disso, elas participam de complexas interacdes de sinalizacdo paracrina com populagdes
de celulas testiculares como os macrdfagos, as células de Sertoli e as células peritubulares
midides. Essas interacBes sdo extremamente necessarias para 0s processos de esteroidogénese,
regulacdo imunoldgica, funcéo das células de Sertoli e espermatogénese.

Nesse contexto, visto que diferentes NPs sdo amplamente estudadas para o tratamento
de disturbios reprodutivos e desempenham um papel essencial em aplicagdes biomédicas, o
objetivo deste estudo foi, primeiramente, investigar os dados disponiveis na literatura sobre a
toxicidade reprodutiva causada por NPs inorgéanicas (prata, ouro, ferro, zinco, titanio e niquel)
em celulas testiculares de roedores, discutindo os efeitos dessas NPs em células germinativas
(em diferentes estagios de desenvolvimento), células de Sertoli e células de Leydig. Na
sequencia, objetivamos investigar, experimentalmente, a toxicidade de SPIONSs in vitro e in

vivo, em células testiculares e espermatozoides de camundongos.

JUSTIFICATIVA

A reatividade de sistemas bioldgicos a exposicdo de diferentes NPs, in vitro e in vivo, é
bem documentada e mostra varios efeitos adversos para a saude humana e para 0 meio
ambiente. Entretanto, no contexto reprodutivo, os mecanismos pelos quais as NPs interagem
com as células testiculares ndo sdo totalmente compreendidos e sdo pouco explorados. Dessa
forma, essa pesquisa aborda, primeiramente, os efeitos de diferentes NPs inorganicas em células
testiculares de camundongos, trazendo uma visdo geral dos efeitos adversos que essas NPs
podem causar nas células reprodutivas. Além disso, uma investigacao da toxicidade de SPIONS,
in vitro e in vivo, também foi realizada, para caracterizar a biocompatibilidade e seguranca

bioldgica dessas nanoestruturas emergentes, no sistema reprodutor masculino. Essas
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descobertas ajudardo no desenvolvimento e aplicagdo clinica eficaz de tecnologias baseadas em
nanotecnologia e auxiliaram em futuras regulamentagdes para a prevencao dos riscos inerentes

a0 uso dos nanomateriais.

OBJETIVOS

Obijetivo Geral

Discutir os efeitos da toxicidade reprodutiva de NPs inorganicas (prata, ouro, ferro,
zinco, titénio e niquel) em células de Sertoli, Leydig e células germinativas de roedores, in vitro
e in vivo (Capitulo 1) e investigar a toxicidade de nanoparticulas de 6xido de ferro
superparamagnéticas (SPIONSs) in vitro (Capitulo 2) e in vivo (Capitulo 3), em células

testiculares e espermatozoides de camundongos.

Objetivos Especificos

Artigo 1: Male reproductive toxicity of inorganic nanoparticles in rodent models: A

systematic review

e Analisar e discutir as os impactos da interacdo de NPs inorganicas com as células
testiculares, de acordo com dados disponiveis nos ultimos 20 anos;
e Comparar os efeitos comuns e especificos decorrentes da exposicdo das células

testiculares as diferentes NPs inorgénicas.

Artigo 2: The toxicity of superparamagnetic iron oxide nanoparticles induced on the

testicular cells: in vitro study

e Caracterizar fisico-quimicamente as amostras de nanoparticulas de éxido de ferro
superparamagneticas (magnetita, Fez0s) revestidas com citrato de sodio

(Cit_SPIONS);
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e Auvaliar a viabilidade celular de culturas primarias de células de Leydig, células de
Sertoli e células germinativas, ap0s exposicdo as Cit_ SPIONS.

e Avaliar a citoarquitetura do explante testicular, mantido em cultura, apds a exposicdo as
Cit_SPIONS;

e Determinar, a localizacao celular das Cit_SPIONSs na cultura de tecido testicular;

e Avaliar os impactos da exposicao in vitro de espermatozoides as Cit_ SPIONSs.

Artigo 3: Effects of superparamagnetic iron oxide nanoparticles (SPIONSs) testicular

injection on Leydig cell function and sperm production in a murine model

e Auvaliar a distribuicéo celular das Cit_SPIONs apds injecdo direta nos testiculos;

e Avaliar as alteracbes morfoldgicas dos testiculos de camundongos expostos as
Cit_SPIONs;

e Auvaliar os efeitos da injecdo testicular direta das Cit_ SPIONSs nos niveis séricos de
testosterona dos camundongos;

e Avaliar as alteracOes ultraestruturais testiculares, a duracdo da espermatogénese e
a producao espermatica diaria de camundongos, apés injecédo direta de Cit_ SPIONs
nos testiculos;

e Investigar as alteracbes morfolégicas dos espermatozoides, apos 0s 56 dias de

exposicdo as Cit_ SPIONSs.
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RESULTADOS
CAPITULO 1

Artigo 1 - “Male reproductive toxicity of inorganic nanoparticles in rodent models: A

systematic review”
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ARTICLE INFO ABSTRACT

Keywords: The use of nanoscale materials for different biomedical applications has grown a lot in the last years and raised
Iﬂorganic nanoparticles several concerns about toxic effects on human health. Several studies have shown that different types of NPs may
Testis . exert toxic effects on organs such as the brain, the liver and the kidney. However, The toxicological effects of
EZELﬁi:;‘S;XICOIOgY inorganic NPs on reproductive organs only recently has attracted attention. This systematic review selected data
Oxidative stress published in the last twelve years assessing rodent-male in vitro and in vivo reproductive toxicity caused by
Apoptosis different types of inorganic nanoparticles (AgNPs, AuNPs, IONPs, ZnONPs, TiO2NPs and NiNPs). Structural and

functional alterations were commonly observed in Sertoli, Leydig, germ and sperm cells in vitro and in vivo.
Oxidative stress, apoptosis, and/or necrosis were the most common findings after inorganic nanoparticle
exposure. The toxicity of different NPs depends strongly on their physicochemical characteristics and intrinsic
properties. Although a broad overview of the toxicity of different inorganic NPs was found in the papers eval-
uated, the results are highly variable due to the lack of standardization of protocols, regarding NPs sizes, con-
centration/doses, and routes of administration. Despite focusing on the effect of different nanoparticles on male
reproduction, the mechanisms and pathways related to cellular and/or organ toxicity were poorly discussed.
Understanding the specific molecular interactions between NPs and male testicular cells is crucial for developing
nanobiotechnologies related to reproductive medicine.

treatment of diseases associated with erectile dysfunction and contra-
ception, among others [7].

The increasing use of NPs raises many concerns regarding adverse
effects on human health and the environment. A number of scientists
have shown that many NPs can cross biological barriers, for example,
blood-brain and blood-testis barriers and penetrate tiny capillaries,
accumulating and causing unwanted effects, such as cytotoxicity,
oxidative stress, DNA and cell membrane damages, impaired mito-
chondrial function, inflammation and decreased cell proliferation [4,
7-10]. The mechanisms of biological interactions are determined by
NPs’ physical and chemical characteristics, such as size, shape, specific
surface area, charge, catalytic activity, and the presence of functional
groups on their surfaces [11]. These properties define absorption, dis-
tribution, metabolism and elimination from the body and cells after NPs
internalization [12].

Previous studies have shown that several NPs can exert toxic effects
on organs such as the brain, the liver and the kidney [13,14] and
recently, attention has been given to reproductive organ toxicities [9].
These adverse effects on male reproductive health have attracted

1. Introduction

In the last decades, nanotechnology has emerged as a new tool for
numerous technological and biological applications, which has raised a
growing interest of researchers in the development of nanoparticles and
nanomaterials of different types (metal, oxide, carbon, semiconductors,
etc.) for the treatment and diagnosis of several diseases [1-3]. A nano-
particle (NP) is a particle whose size varies between 1 and 100 nm in
diameter in at least one of its dimensions [4]. Due to their unique size
and innumerable other physical and chemical properties (thermal, op-
tical, electrical charge and biological properties), more than a few types
of nanoparticles (NPs) have been explored in the target delivery of drugs
to tissues/organs, in the imaging of molecular markers for genetic and
autoimmune diseases, as well as in the treatment of tumors [5,6]. In
addition, diagnostic and therapeutic approaches based on nanomaterials
have been investigated and evaluated as research tools for various
reproductive applications, such as assisted reproduction, biomarkers for
reproductive disorders, gene therapy for reproductive dysfunctions,

* Corresponding author.
E-mail address: gmjc@ufmg.br (G.M.J. Costa).

https://doi.org/10.1016/j.cbi.2022.110023
Received 5 May 2022; Received in revised form 6 June 2022; Accepted 20 June 2022

Available online 25 June 2022
0009-2797/© 2022 Elsevier B.V. All rights reserved.


mailto:gmjc@ufmg.br
www.sciencedirect.com/science/journal/00092797
https://www.elsevier.com/locate/chembioint
https://doi.org/10.1016/j.cbi.2022.110023
https://doi.org/10.1016/j.cbi.2022.110023
https://doi.org/10.1016/j.cbi.2022.110023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbi.2022.110023&domain=pdf

G.P.F. Dantas et al.

Chemico-Biological Interactions 363 (2022) 110023

Abbreviations

NPs nanoparticles

DNA deoxyribonucleic acid
DLS dynamic light scattering
IL-1a interleukin-1-alpha

IL-6 Interleukin-6

IL- 8 Interleukin-8

NF-kB  factor nuclear kappa B
ROS Reactive Oxygen Species
AgNPs  Silver Nanoparticles

SSC Spermatogonial stem cell
AuNPs  Gold nanoparticles

GNRs gold nanorods

Z0-1 Zonula occludens-1
IONPs  Iron Oxide Nanoparticles
MR Magnetic Resonance
SPIONs Superparamagnetic iron oxide nanoparticles

TPGS a-tocopheryl-polyethylene glycol-succinate
DMAB  dodecyl-dimethyl-ammonium-bromide
ZnONPs Zinc Oxide Nanoparticles

StAR Steroidogenic Acute Regulatory Protein

TiO,NPs Titanium dioxide nanoparticles

LH luteinizing hormone

FSH follicle-stimulating hormone
NiNPs  Nickel nanoparticles

BTB blood-testis barrier

CTAB Cetrimonium bromide
PLGA Poly Lactic-co-Glycolic Acid
UV-Vis Ultraviolet-visible

SOD Superoxide dismutase

MDA Malondialdehyde

CAT Catalase

GSH-px Glutathione peroxidase

NO Nitric oxide

scientific interest as to mechanisms of toxicity and potential effects on
reproduction and fertility [3,5]. It is reported that the male reproductive
system is more sensitive and vulnerable to stress than other organic
systems [15,16] and several data have shown that most NPs can reach
male reproductive organs in mice, such as testis, affecting the sper-
matogenic process [9,17].

Testicles are responsible for gametogenesis and secretion of male sex
hormones, mainly testosterone [18]. Thus, this hormone is necessary for
maintaining the hematotesticular barrier, spermatogenesis, and fertility
[19,20]. Spermatogenesis is a complex biological process of cell trans-
formation, producing haploid germ cells through highly organized
seminiferous epithelium cycles [9,19]. Sertoli cells, for instance, play an
essential role in this process and provide support and protection to germ
cells by maintaining the hematotesticular barrier [21]. Furthermore,
these cells recognize and react to pathogens, controlling local immune
cells through anti-inflammatory cytokines [22]. Testosterone and other
androgens, produced by Leydig cells, can also inhibit pro-inflammatory
cytokines, and strengthen the integrity of the blood-testis barrier,
providing a more immune-privileged environment [21].

Several studies have shown that exposure to inorganic NPs during
spermatogenesis can destabilize the hematotesticular barrier and affect
sperm morphology and production due to ROS generation and/or

induction of inflammatory response [21-24]. Likewise, inflammation
can compromise Leydig cells, causing a reduction in serum testosterone
levels, and weakening the blood-testis barrier [21]. Despite these find-
ings, the molecular mechanisms involved in the toxicity of NPs in the
reproductive system are still not fully elucidated.

In this context, this systematic review aims at compiling available
data on reproductive toxicity caused by inorganic NPs (e.g., silver, gold,
iron, zinc, titanium, and nickel) in testicular cells. These nanoparticles
are widely studied to treat and diagnose several diseases and play an
essential role in industrial and biological enterprises. Herein, we discuss
the effects of these NPs on germ cells (at different stages), Sertoli cells
and Leydig cells.

2. Methodology

The scientific articles chosen were obtained from the PubMed (NCBI)
and Google Academic (related articles) databases. The inclusion and
exclusion criteria are detailed in Fig. 1. The following keywords were
used in our search:

e “Nanoparticles toxicity and testis";
e “Adverse effects of nanoparticles in testis";

Titles
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model
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Fig. 1. Flow diagram representing the inclusion and exclusion criteria. The articles were obtained from PubMed (NCBI) and Google Academic (related articles)

sources and selected according to the established criteria.
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“Nanoparticle toxicity in the male reproductive system".
“Silver nanoparticles toxicity in testis"

“Gold nanoparticles toxicity in testis"

“Iron oxide nanoparticles toxicity in testis"

“Zinc oxide nanoparticles toxicity in testis"

“Titanium nanoparticle toxicity in testis"

“Nickel nanoparticles toxicity in testis"

One hundred and fifty-seven articles published from 2010 to 2022
were selected. One hundred and five were used for this review, and fifty-
two were excluded. All works were organized by type of NPs addressed,
author, and publication date.

3. Silver nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) have gained substantial popularity
among researchers in recent years, being explored in several commercial
and biomedical applications due to their unique physicochemical
properties, such as high electrical and optical conductivity, chemical
stability, and catalytic activity [25,26]. They have been used to manu-
facture antimicrobials, antifungals, antivirals, dressings, drug carriers,
and anti-tumor agents [27-29].

The toxic effects of AgNPs have been reported in both prokaryotic
and eukaryotic systems [26]. The toxicity depends on many factors
associated with size, shape, surface charge, coating, solubility, concen-
tration/dose, surface functionalization, mode of application, the mech-
anism of action, exposure time and cell type [5,26,30]. Studies have
shown that AgNPs can enter the nucleus, leading to changes in DNA
integrity, affecting its synthesis process and resulting in cell mutation [4,
31,32]. These NPs can also lead to mitochondrial dysfunction and
generate reactive oxygen species (ROS), causing impairment to proteins,
nucleic acids, and cell proliferation [12,33,34].

In reproductive cells, these disorders can cause changes in sper-
matogenesis, fertility, and offspring development [4,31,35]. AgNPs can
alter reproductive parameters in male rats, resulting in reduced sperm
production and compromised testicular structure [36]. The in vitro and
in vivo studies on AgNPs toxicity are summarized in the following topics
and Table 1 and Table 2.

3.1. Invitro studies of silver nanoparticles (AgNPs)

The evaluation of hydrocarbon-coated AgNPs and Polysaccharide-
coated AgNPs (10, 15, 25 and 80 nm) in C18-4 mouse spermatogonial
stem cell lines (SSCs) for 24 h demonstrated a significant decrease in cell
proliferation at concentrations higher than 10 pg/mL. Adverse effects
were also observed in the signaling mediated by the glial cell-derived
neurotrophic factor (GDNF), impairing the proliferation of the SSCs
[371.

The exposure of two different sizes of non-coated AgNPs (10 and 20
nm/UV-vis: 410 nm and 395 nm) in somatic Leydig cells (TM3), Sertoli
cells (TM4) and SSCs for 24 h resulted in diminished cell viability and
proliferation. These NPs promoted damage in cell membranes and
induced the generation of reactive oxygen species (ROS) in both cells.
Likewise, AgNPs were detected in the cytoplasm and nucleus of TM3 and
TM4 cells. The small AgNPs (10 nm) promoted mitochondrial damage
and cell death by apoptosis/necrosis and increased the formation of
autosomes and autolysosomes. In addition, AgNPs have significantly
regulated genes related to testosterone synthesis and occlusion junction
proteins of the blood-testis barrier [38].

The internalization of non-coated AgNPs (34-46 nm/DLS ~ 61,51
nm) in mouse sperm was evaluated by Yoisungnern and collaborators
(2015). The internalized AgNPs inhibit sperm viability and acrosome
reaction at higher concentrations. A significant increase in mitochondria
abnormalities and cell mortality was also observed due to ROS increase.
Sperm abnormalities significantly decreased the rate of fertilization, also
affecting embryonic development.
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Han and colleagues (2015) evaluated the toxic effect of non-coated
AgNPs (20 nm/DLS: ~60 nm) in Sertoli cells (TM4) for 24 h. Their re-
sults showed decreased cell viability, increased generation of ROS, and a
rise in the formation of autophagosomes and autolysosomes. Zhang and
colleagues (2015) also reported the toxicity of non-coated AgNPs (10-20
nm/UV-vis: 412 nm) in Leydig (TM3) and Sertoli (TM4) cells for 24 h
showing that cytotoxicity and cell death increased in a concentration-
dependent manner in both cells.

3.2. In vivo studies of silver nanoparticles (AgNPs)

3.2.1. Oral administration

Prepubertal Wistar rats exposed to non-coated AgNPs (60-nm) from
PND23 to PND53 presented delayed puberty, altered reproductive
development, and compromised spermatogenesis. In the 50 pg/kg
dosage, there was a numerical reduction in daily sperm production,
disorganization of seminiferous epithelium and sloughing of the germ
cells. The authors suggest through evidence that the observed effects
were not reversed after the end of treatment [41].

Sub-chronic exposure (once a day) of Wistar rats to non-coated
AgNPs (5-20 nm/UV-vis: 397 nm) also showed significant effects on
spermatogenesis. Reduced number of spermatogenic cells, atrophy of
the seminiferous tubules, germ cell sloughing (mainly spermatocytes
and spermatids), reduced tubular lumen, and sperm cell necrosis were
observed [30].

The toxic effects of non-coated AgNPs (DLS: 86.1 and 87 nm) in male
prepubertal Wistar rats (from PND23 to PND58) were assessed by
Mathias et al. [36]. They observed that AgNPs decreased the acrosome
and plasma membrane integrities in this study, diminished mitochon-
drial activity, and increased sperm abnormalities. Moreover, there was a
delay in the onset of puberty without compromising body growth, sexual
behavior, and serum hormone (FSH, LH, testosterone and estradiol)
concentrations. Interestingly, sperm cells seemed to be more sensitive to
lower doses of AgNPs.

Elsharkawy and collaborators (2019) investigated the potential
testicular toxicity induced by non-coated AgNPs (8.93-33.4 nm), giving
them to Sprague Dawley rats twice per week for six months. The results
showed that AgNPs caused more cytotoxicity in a high dose (13.4 mg/
kg), promoting vacuolization in Sertoli cells, inactivating Leydig cells,
decreasing sperm counts and changing sperm parameters. Furthermore,
a decrease in SOD activity was accompanied by a significant increase in
MDA level in testis.

3.2.2. Intravenous administration

Short-term in vivo exposure of citrate-coated AgNPs (10 nm/DLS.: 14
nm) at a dose of 1 mg/kg (5 injections on days 0, 3, 6, 9, and 12) in male
CD1 mice promoted morphological damages in testes. Altered seminif-
erous epithelium induced germ cell apoptosis, changed Leydig cell size,
and increased serum testosterone levels were observed in these mice
[14].

Han and colleagues (2015) evaluated the reproductive toxicity of
non-coated AgNPs (20 nm/DLS.: ~60 nm) in male ICR mice by single
intravenous injection. They observed a significant loss of germ cells and
an increase in pro-inflammatory cytokines, including tumor necrosis
factor o (TNF- «), interferon-y, IL-6, IL-1B, and monocyte chemo-
attractant protein-1 (MCP-1).

3.2.3. Intraperitoneal administration

The evaluation of non-coated AgNPs (20 nm/DLS.: 90 nm/¢P: 135
mV), administered in adult Balb/C mice every day (for 9 days), showed
that AgNPs have the potential to induce toxicity in testis. These NPs, at
concentrations higher than 0.25 mg/kg, led to testicular degeneration
and necrosis in spermatogonial cells and promoted a significant reduc-
tion in sperm count, viability, and motility. Furthermore, increased
sperm abnormalities were detected mainly in the head and tail [45].

In Wistar rats, Fathi and collaborators (2019), applying a single



Table 1
In vitro assessments using silver nanoparticles.
Assay NP Functionalization Size Cell line/animal model Method of exposition/ Exposure Concentration/dose Main findings Reference
administration time
in vitro AgNPs Hydrocarbon-coated 15 nm; 25 nm;  SSC (C18-4 cell line) incubation 24h 5, 10, 25, 50 and 100 pg/mL e Reduced SSCs proliferation [37]1
80 nm (concentrations >10 pg/mL)
Polysaccharide- 10 nm; 25 nm; incubation 24 h 5, 10, 25, 50 and 100 pg/mL e Down - regulation GDNF signaling
coated 80 nm pathway
in vitro AgNPs non-functionalized 10 nm; 20 nm SSC (primary culture) incubation 24h 0, 10, 20, 30, 40, 50, 60, 80, 90 and e Inhibition of proliferation and [38]
100 differentiation
pg/mL
non-functionalized 10 nm; 20 nm Sertoli cell (TM4) incubation 24h 0, 10, 20, 30, 40, 50, 60, 80, 90 and e Decreased cell viability
100 pg/mL e ROS production
e Autophagy, apoptosis
e Mitochondrial damage
o Reduced expression of BTB genes
non-functionalized 10 nm; 20 nm Leydig cell (TM3) incubation 24h 0, 10, 20, 30, 40, 50, 60, 80, 90 and e Decreased cell viability
100 pg/mL e ROS production
e Autophagy, apoptosis
e Mitochondrial damage
e Reduced expression of steroidogenic genes
In vitro AgNPs non-functionalized 34 nm-46 nm Spermatozoa (vas deferens of  incubation 3h 0.1, 1, 10 and 50 pg/mL e Reduced viability [39]
BDF1 mice) e Mitochondrial damage
e ROS production
e Abnormal morphology
e Reduced acrosomal reaction
e Decreased fertilization
e Reduced embryonic development
in vitro AgNPs non-functionalized 20 nm Sertoli cell (TM4) incubation 24h 0, 3.0625, 6.125, 12.5, 25 and 50 e Cytotoxicity [40]
pg/mL e ROS production
e Accumulation of Autophagosomes and
autolysosomes
e Apoptosis and expression of pro-
inflammatory cytokines
Invitro AgNPs non-functionalized 10 nm-20 nm Leydig cell (TM3) incubation 24 h 0,10,20,30,40 and 50 pg/mL e Cytotoxic effect [29]
Sertoli cell (TM4) incubation 24h 0,10,20,30,40 and 50 pg/mL e Cytotoxic effect
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Table 2
In vivo assessments using silver nanoparticles.
Assay NP Functionalization Size Cell line/animal ~ Method of exposition/ Exposure time Concentration/dose ~ Main findings Reference
model administration
in AgNPs non- 60 nm Wistar rats Oral administration PND23 to PND53 0, 15, or 50 pg/kg e Delay in the beginning of puberty [41]
vivo functionalized (Gavage) e Reduced daily sperm production
e Disorganization of seminiferous epithelium
e Cellular debris in the seminiferous lumen
o Sloughing of germ cells
in AgNPs non- 86.1 nm; 87  Wistar rat male Oral administration PND23 to PND58 0, 15 or 30 mg/kg e Delay in the beginning of puberty [36]
vivo functionalized nm offspring (Gavage) e Reduction in acrosome integrity
e Reduction in plasma membrane integriy
e Reduced mitochondrial activity
in AgNPs non- 8.93 Sprague Dawley  Oral administration twice per week for six months 5.36 mg/kg and 13.4 e Reduced serum testosterone levels [42]
vivo functionalized nm-33.4 nm rats (Gavage) mg/kg o Increased LH levels
o Decreased activity of SOD.
e Lipid peroxidation
e Decreased sperm viability
e Decreased DNA chromatin integrity
e Vacuolation in Sertoli cells
e Decreased spermatid numbers
e Reduced sperm numbers
in AgNPs non- 5nm-20 nm  Wistar rats Oral administration once a day 20 pg/kg/day e Atrophy of seminiferous tubules [30]
vivo functionalized (Gavage) for 90 days. e Loss of spermatogenic cells (spermatocytes and spermatids)
o Sloughing of germinal cells
e Reduced sperm numbers
e Germ cell degeneration and/or necrosis
e Sertoli cell vacuolization
in AgNPs non- ~20 nm Sprague-Dawley  Intratracheal instillation  Single instillation 50 pg/animal e Changes in the expression of genes encoding oxidative stress- [43]
vivo functionalized rats related enzymes (Gpx1, SOD, FMO2 and GAPDH.)
in AgNPs non- ~250 nm Wistar rats Intraperitoneal Single injection 30, 125 and 300 mg/ e Reduced sperm vitality [44]
vivo functionalized administration kg e Reduced number of spermatogonia, Sertoli and Leydig cells
e Reduced tubular diameter
in AgNPs non- 14 nm Male and female Intravenous 5 injections on days 0, 3, 6, 9, 1 mg/kg/dose e Accumulation in testes [14]
vivo functionalized CD1 mice administration and 12 e Increased luminal volume
e Increased tubular diameter
e Reduction of the seminiferous epithelium
e Increased apoptotic germ cells
e Increased serum and intratesticular testosterone levels
e Increased Leydig cell size
e Up-regulation of steroidogenic genes.
in AgNPs non- 90 nm BALB/c mice Intraperitoneal every 0.25, 0.50 and 1 mg/ e Testicular degeneration [45]
vivo functionalized administration day lasted for 9 days kg e Spermatogonial cell death
e Cytotoxic effects on sperm
e Reduced sperm count, viability and mobility
e Increased sperm abnormalities (mainly in heads).
in AgNPs non- 10 nm; 40 nm neonatal mice Subcutaneous Five injections (interval of 3 0, 1, and 5 mg/kg e Reduced GSI in the group treated with 5 mg/kg [29]
vivo functionalized administration days from PND8-21) e Reduced seminiferous tubule diameter at PND28 and PND42
e Increased abnormal sperm at PND42, PND60, and PND100
in AgNPs non- 20 nm ICR mice Intravenous single injection and left 0.5 and 1.0 mg/kg e Cytotoxicity [40]
vivo functionalized administration untreated for 15 days e ROS production
L]

Accumulation of autophagosomes and autolysosomes in Sertoli
cells
Apoptosis

e Expression of pro-inflammatory cytokines.
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Table 3
In vitro and in vivo data using gold nanoparticles.
Assay NP Functionalization Size Cell line/animal Method of exposition/  Exposure time Concentration/dose Main findings Reference
model administration
in vitro AuNPs non-functionalized (9-11) nm; Spermatocyte- Incubation 24 and 48 h 0.1, 1, 10, 100, 200, 500, 1000 e Cytotoxic effects (higher doses) [571
(GNRs) (34-42) nm derived cells GC-2 and 1500 nM
Sertoli cell (TM-4) Incubation 24 and 48 h 0.1, 1, 10, 100 nM e Cytotoxic effects (higher doses)
e Metabolic changes in TM-4 cells
e Decreased membrane
permeability
e Decreased mitochondrial
membrane potential
e Decreased glycine levels, altering
BTB proteins
in vitro AuNPs non-functionalized 5-10 nm Leydig cell (TM3) Incubation 24, 48,72 and 96 h 1.67, 5 and 12.5 pg/mL e Cytotoxic effects (higher doses) [58]
(sphere) e DNA Damage
e ROS production
e Autophagosomes
e Disrupted the cell cycle in S phase
in vivo AuNPs non-functionalized ~2.5nm Hybrid mice (CBA x Intraperitoneal 4 days 0.2 mL of non-diluted gold e Seminiferous tubules without [59]
(sphere) C57Bl/6) injection hydrosol in 1 x 10'° particles/ alterations
mL e Chromosomal abnormalities in
round spermatids
in vivo AuNPs methoxy poly (ethylene 20 nm ICR mice Intravenous One injection (evaluation on 45 and 225 mg/kg e Accumulation in testis [16]
(sphere) glycol) administration days 1, 7, 14, 21 and 30) e No effect on male fertility
aminoethyl poly 45 mg/kg e Accumulation in testis
(ethylene glycol) e Increase plasma T levels
e No effect on male fertility
in vivo AuNPs polyethylene glycol 34.4; 22.5; Male and female C57 Intraperitoneal One injection (evaluation on 4000 pg/kg e Without toxicity [60]
(sphere) 29.3; 36.1 nm mice administration day 28)
in vivo AuNPs non-functionalized 5-10 nm Balb/c mice Intravenous once a day for 14 0.17 and 0.5 mg/kg e Decreased serum testosterone [58]
(sphere) administration consecutive days levels
e Decreased expression of 17a-
hydroxylase
in vivo AuNPs non-functionalized 50 nm Wistar male rats Intraperitoneal Injection for 3 consecutive  Toxic and non-toxic doses of e Hyperemia [61]
(sphere) administration days GNPs (based on the IC50) e Decreased seminiferous tubules

volume density (toxic dose)
Germ cell sloughing (toxic dose)
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Table 4

In vivo data using iron oxide nanoparticles.

Reference

Main findings

Concentration/dose

Exposure time

Method of exposition/

administration

Cell line/animal

model

Size

Functionalization

NP

Assay

[76]

e Accumulation in testis

o DNA damage

12.5 pg of Fe/kg

5 consecutive days (examination on

the 7th and 21st days)

Oral administration

(Gavage)

Swiss albino

mice

30 nm;

IONPs - tocopheryl-polyetheleneglycol-

in

180 nm

succinate (TPGS)

vivo

e Oxidative stress

o Abnormal shape of sperm heads (hook,

pinhead, banana and amorphous)

e Accumulation in testis

o DNA damage

didodecyl-dimethyl-ammonium-

bromide (DMAB)

e Oxidative stress

[77]

e Accumulation in testis
e ROS production

25 and 50 mg/kg

once a week
for 4 weeks

Intraperitoneal injection

<50 nm  Albino mice

IONPs non-functionalized

in

vivo

o Lipid peroxidation

e Apoptosis

e Increased serum testosterone levels

o Sertoli cell vacuolization
o Germ cell sloughing

[78]

e Reduced seminiferous epithelium (100

Low (10 mg/kg) or high

(100 mg/kg) dose

One injection in pregnant mice (on
days 8, 9 or 10 of gestation)

Intraperitoneal injection

Male and female

CD-1 mice

28 nm;
30 nm

IONPs Polyethyleneimine poly (acrylic

in

mg/kg)
e Germ cell loss in a high dose (100 mg/kg)

acid)

vivo
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injection of non-coated AgNPs (60-80 nm/DLS~250 nm), obtained
similar results. Moreover, a substantial reduction in spermatogonia,
Sertoli and Leydig cells was observed in high concentrations.

3.2.4. Respiratory and subcutaneous administration

Sprague-Dawley rats exposed to non-coated AgNPs (DLS: 10-20 nm/
¢P: —15 mV) through the respiratory route (Single installation of 50 pg/
rat) had their testis investigated for oxidative stress, protein folding, cell
cycle arrest, and cell death, for 28 days post-instillation. The results
showed changes in the expression of genes encoding oxidative stress-
related enzymes (Gpx1, SOD, FMO2 and GAPDH) in testicular tissues.
On the other hand, genes related to metal toxicity (Mtl), apoptosis/cell
cycle (casp 3, p53), and protein-folding (Hsp 70) processes were not
modified [43]. The authors suggest that the effects were reversible, as
the changes were observed only on day 7, but not on day 28.

The subcutaneous injection of non-coated AgNPs (10-40 nm/
UV-vis: 412 nm) in mice, administered from PND8 to PND21, showed a
decreased seminiferous tubules and a significant increase in the rate of
abnormal sperm, especially in a high dose (5 mg/mL). In addition,
down-regulation of Amh, Cx43, and Claudin-11 genes and up-regulation
of E1flay, Gsta4, and Fdx 1 genes were observed (Zhang et al., 2015).

4. Gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) have been widely explored for
biomedical and scientific purposes due to their excellent physicochem-
ical characteristics, such as electronic, optical, magnetic, and catalytic
properties [46,47]. They are promising agents for diagnosis and treat-
ment, being used as drug/gene deliverers, imaging, and cancer photo-
thermal therapy [48-51].

The increase in AuNPs in biomedical applications has also raised
concerns about their fate and potential toxic effects on living organisms,
including humans [16]. Nevertheless, AuNPs are highly biocompatible
in biological systems [2], and they show colloidal physical stability for
at least two years when conjugated with biological molecules [52].
Concerns regarding AuNPs cytotoxicity came from studies showing that
AuNPs can easily cross the cell membrane and nucleus, attaching to DNA
and accumulating in different organs [53-55]. However, the AuNPs’
adverse effects are related to size, dose, shape, mode of penetration into
cells, period of exposure, metabolism, and immune responses [56]. Few
studies were developed focusing on the reproductive organs. The
following topics and Table 3 summarize the in vitro and in vivo AuNPs
data.

4.1. In vitro studies of gold nanoparticles (AuNPs)

The toxic effects and the molecular mechanisms by which gold
nanorods (GNRs) measuring 9-11 x 34-42 nm affect male reproduction
was evaluated in cell lines derived from spermatocytes (GC-2) and
Sertoli cells (TM-4) for 24 and 48 h. The results showed that GNRs could
induce toxic effects on the mitochondria at even low concentrations,
decreasing their membrane potential. The Sertoli cell barrier in TM-4
cells was also altered, interrupting ZO-1, occludin, claudin-5, and
connexin-43. In GC-2 cells, however, no significant alteration was
observed [57].

Liu and colleagues (2020) evaluated the effects of non-coated AuNPs
(DLS.: 5-10 nm/¢P: —27 mV) on Leydig Cells (TM3) for 24, 48, 72, and
96 h. The NPs internalized into the endosomes/lysosomes of TM3 cells
induced the formation of autophagosomes, increased the production of
reactive oxygen species (ROS), and disrupted the cell cycle in the S
phase, resulting in concentration-dependent cytotoxicity and DNA
damage.
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4.2. In vivo studies of gold nanoparticles (AuNPs)

4.2.1. Intraperitoneal administration

Zakhidov and collaborators (2012) evaluated the response of male
mice (F1- hybrid: CBA x C57Bl/6) germ cells after exposure to non-
coated AuNPs (DLS: ~2.5 nm) for four days. The results showed that
the exposure did not cause damage to the spermatogenic epithelium and
did not induce chromosomal abnormalities in SSCs. However, the cy-
togenetic evaluation showed that AuNPs could affect the chromosomes
of round spermatids.

In another study, the in vivo toxicological effects of a single injection
of PEG-coated AuNPs (4.4, 22.5, 29.3, and 36.1 nm/¢P: —6.01, —1.92,
—1.89, and —0.98 mV) were investigated in C57 mice (male and fe-
male). Although the authors aimed to assess sex differences in the
toxicity of gold nanoparticles, no significant toxicological response was
observed in male and female genital organs [60].

Recently, Yahyaei and collaborators (2019) evaluated the toxicity of
non-coated AuNPs (50 nm) administered for three consecutive days in
different organs of Wistar rats, including testis. Their results showed a
decrease in the seminiferous tubule cross-sections and vacuolization of
the seminiferous epithelial at high doses.

4.2.2. Intravenous administration

The distribution and toxicity of a single injection of two types of
functionalized AuNPs (o-methoxy and ®-aminoethyl polyethylene gly-
col) of size 14 nm (DLS: 28.2 and 28 nm) were examined in adult male
ICR mice. The two AuNPs crossed the hematotesticular barrier, entered
germ cells, and accumulated in testis without affecting fertility, fetal
survival, or development. However, testosterone levels were increased
in the group treated with AuNPs functionalized with only w-aminoethyl
polyethylene glycol [16].

Non-coated AuNPs (DLS.: 5-10 nm/{P: —27 mV) were administered
once a day for 14 consecutive days in male mice. The data showed that
AuNPs gradually accumulated in the testes, even though no histopath-
ological changes were observed in germ and intestinal cells. The re-
searchers only observed that AuNPs decreased plasma testosterone
levels and 17ahydroxylase expression without affecting fertility [58].

5. Iron oxide nanoparticles (IONPs)

Iron oxide nanoparticles (IONPs) have been extensively investigated
among the different magnetic nanoparticles due to their unique intrinsic
magnetic properties, the so-called superparamagnetism [1]. These
properties allow their use in several scientific areas, such as electronics,
environment, and biomedicine [62,63]. The IONPs have been used in
Magnetic Resonance (M.R.) (contrast agents), drug delivery systems,
treatment of tumors (by hyperthermia), gene therapy and tissue repair
[63-66].

Due to their similarity to endogenous iron in the body, IONPs were
initially considered biocompatible and non-toxic [67]. However, many
studies have shown that IONPs can cross physiological barriers in mice
and can quickly accumulate in different tissues, inducing toxicity [63,
68-71]. The most common cellular and molecular effects induced by
IONPs were oxidative and DNA damages, mitochondrial changes and
cell membrane disruptions [71-75]. Few studies have demonstrated the
effects of these NPs on the reproductive organs and the available in vivo
toxicological studies using IONPs are discussed on the following topics
and summarized in Table 4.

5.1. In vitro studies of iron oxide nanoparticles (IONPs)

In vitro data regarding the adverse effects of IONPs on the male
reproductive system and sperm cells are still scarce.
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5.2. In vivo studies of iron oxide nanoparticles (IONPs)

5.2.1. Intraperitoneal administration

Di Bona and colleagues (2015) investigated the influence of surface
load and two doses (10 mg/kg and 100 mg/kg) of polyethyleneimine-
coated (PEI-NPs) and poly (acrylic acid)-coated (PAA-NPs) iron oxide
NPs, on testis development. CDI mice were exposed to positively
charged PEI-NPs (28 nm) and to negatively charged PAA-NPs (30 nm) in
the uterus (one injection on pregnant mice on days 8, 9, or 10 of
gestation). The exposure to positively charged PEI-NPs altered testis
morphology, showing a significant decrease in the seminiferous
epithelium and germ cell numbers. Interestingly, no significant
morphological changes were observed in the testis of mice exposed to
negatively charged PAA-NPs.

The evaluation of the adverse effects of FeyO3-NPs (<50 nm),
administered on mice once a week for four weeks, showed that Fe;03-
NPs could cross the hematotesticular barrier and accumulate in the
testis. While ROS, SOD, and vitamin C levels increased, the levels of CAT
and GSH decreased. It was also observed increased apoptosis/degener-
ation of spermatogenic cells, desquamation of germ cells, and vacuoli-
zation of seminiferous tubules. The authors suggested that testicular
toxicity may be associated with the accumulation of NPs, leading to
oxidative stress and apoptosis [77]. It is worth mentioning that an in-
crease in serum testosterone levels occurred at a concentration of 50
mg/kg, probably occurring in a dose-dependent manner.

5.2.2. Oral administration

Ghosh and colleagues (2020) showed the effects of two functional-
ized SPIONs with a-tocopheryl-polyethylene glycol-succinate-TPGS (30
nm/DLS: 178.6 nm/(P: +35.6 mV) and dodecyl-dimethyl-ammonium-
bromide-DMAB (180 nm/DLS: 67.14 nm/(P: +53.3 mV) on sperm
morphologies of albino Swiss mice after administration for five
consecutive days. The animals treated, by gavage, with SPIONs-TPGS
showed significant abnormalities in sperm heads, such as hook,
pinhead, banana, and amorphous. Animals treated with SPIONs-DMAB,
on the other hand, did not show differences in the sperm head. The
authors suggested that the sub-micron size of the nanoparticles may be
related to these abnormalities observed.

6. Zinc oxide nanoparticles (ZnONPs)

Zinc oxide nanoparticles (ZnONPs) have become one of the most
used nanoparticles in various biological applications. Due to their
excellent biocompatibility, low production cost and low toxicity, they
have been used in drug delivery systems, bioimaging, molecular diag-
nosis and cancer therapy [79-81]. However, studies have shown that
ZnONPs can accumulate in various organs and induce cytotoxicity [82,
83].

In vitro studies have revealed oxidative stress, lipid peroxidation,
oxidative DNA damage, increased intracellular calcium release and
cytotoxicity in different cell lines, including male reproductive cells [17,
84,85]. Most in vitro studies have focused on the effects of ZnONPs on
spermatogenesis, describing the cytotoxicity in different cell types. The
following topics and Table 5 summarize the in vitro and in vivo studies
regarding ZnONPs toxicity in germ and testicular somatic cells.

6.1. In vitro studies of zinc oxide nanoparticles (ZnONPs)

Liu and colleagues (2016) used Sertoli cells (TM-4) and spermato-
cytes (GC2-spd) to explore the reproductive effects of non-coated
ZnONPs (50 nm/DLS.: in water 177 nm and medium 331 nm) at sub-
lethal doses for 24 h. In vitro exposure to NPs induced ROS generation,
decreased glutathione level, increased MDA level, damaged DNA, and
downregulated hematotesticular barrier protein expressions in TM-4
cells.

Another study investigated the adverse effects of non-coated ZnONPs



Table 5

Data using zinc oxide nanoparticles.

Assay

NP

Functionalization

Size

Cell line/animal model

Method of exposition/
administration

Exposure
time

Concentration

Main findings Reference

in vitro

in vitro

in vitro

in vitro

in vitro

in vivo

ZnONPs

ZnONPs

ZnONPs

ZnONPs

ZnONPs

ZnONPs

non-
functionalized

non-
functionalized

non-
functionalized

non-
functionalized

non-
functionalized

non-
functionalized

50 nm

20 nm-40
nm

<100 nm

70 nm

30 nm

30 nm

Sertoli cell line (TM-4)

Spermatocyte cell line
(GC2-spd)

Leydig cell line (TM3)

GC-1 cell line

Leydig cell line (TM3)

Sertoli cell line (TM-4)

Leydig cell line (TM3)

Kunming mice

incubation

incubation

incubation

incubation

incubation

incubation

incubation

Oral administration
(gavage)

24 h

24 h

1,4and12h

6and 12h

12 and 24 h

12and 24 h

24 h

for 28 days

0, 0.04, 0.08, 0.4, 0.8, 4, 8 and
16 pg/mL

0, 0.04, 0.08, 0.4, 0.8, 4, 8 and

16 pg/mL

0,1,2,5,10, 20, 50, 100, 150,
200 pg/mL

0,1, 5,8, 10, and 20 pg/mL

0, 5, 10, 15 and 20 pg/mL

0, 5, 10, 15 and 20 pg/mL

0,0.5,1,2,3, 4,8 ug/mL

100, 200, and 400 mg/kg/day

Decreased cell viability (dose of 8 pg/mL) [86]
ROS production

Increased membrane permeability

Reduced expression of tight junction proteins

Increased TNF-« levels

Decreased cell viability (dose of 8 ug/mL)

DNA damage

S phase arrest in GC2-spd cells

Increased ROS levels

Cytotoxicity [87]
High number of autophagosomes and autolysosomes

Damages in mitochondria

Apoptosis

Increased SOD. activity

Increased expressions of steroidogenic genes

Increased testosterone

Cytotoxicity [23,84]
ROS production

DNA damage

Cytoskeleton and nucleoskeleton dynamic alterations
Accumulation [17]
Cytotoxicity

Induction of apoptosis

DNA damage

ROS production

Loss of mitochondrial membrane potential

Accumulation

Cytotoxicity

Induction of apoptosis

DNA damage

ROS production

Loss of mitochondrial membrane potential

Disorganization of the seminiferous epithelium

e Sperm abnormalities (double head, small head,

unshaped head, double tail)

Oxidative stress [85]
Apoptosis

Autophagy

Disorganization of the seminiferous epithelium [85]
Germ cell loss

Reduction in round spermatids

Oxidative stress

Apoptosis

Autophagy

(continued on next page)
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Table 5 (continued)

Reference

Main findings

Concentration

Exposure
time

Method of exposition/
administration

Cell line/animal model

Size

Functionalization

NP

Assay

[24]

e Accumulation in testis

50, 150 and 450 mg/kg

for 14 days

Oral administration

(gavage)

Kunming mice

30 nm

ZnONPs non-

in vivo

e Atrophy and vacuolization of germ cells

e Reduced testosterone
o Increased apoptosis

functionalized

e up-regulation of stress-related gene in the endoplasmic

reticulum (ER.)
e Negative regulation of the StAR gene

e Induction of apoptosis

e DNA damage

[17]

1 and 5 mg/kg

single dose

Intravenous injection

CD-1 mice

70 nm

ZnONPs non-

in vivo

functionalized

e ROS production

e Loss of mitochondrial membrane potential
e Reduction of the seminiferous epithelium

es (double head, small head,

unshaped head, double tail)

10
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(<100 nm/GBET = 88 nm/{P: —15 mV at pH = 6 and —55 mV at pH =
12) for 6 and 12 h, on mouse-derived spermatogonia (GC-1). The data
indicated that higher concentrations compromise the progression of
spermatogenesis. Moreover, ZnONPs increased the intracellular levels of
ROS and caused double-strand DNA breaks. Also, changes in cytoskel-
eton and nucleoskeleton dynamics, with consequent cell death, mainly
due to necrosis, were observed [85].

Han and collaborators (2016) evaluated the toxicity of non-coated
ZnONPs (~70 nm/DLS.: between 20 and 110 nm) in Leydig and Ser-
toli cell lines for 12 h and 24 h. The results showed that NPs were
internalized into cells and caused cytotoxicity in a time-dependent and
dose-dependent manner. In this study, apoptosis was observed, probably
due to DNA damage caused by ROS.

Bara and Kaul [87] evaluated the toxicity of non-coated ZnONPs
(20-40 nm/DLS.: 75 nm) for 24 h, using Leydig cells (TM3). The results
showed that ZnONPs cause direct and indirect effects on steroidogene-
sis. Cell morphological changes were reported in mitochondria and
cytoplasm with the accumulation of autophagosomes/autolysosomes.
Also, a significant increase in testosterone levels was observed in TM3
cells.

Shen and colleagues (2019) evaluated the toxicity of non-coated
ZnONPs (30 nm/DLS: 66.36 nm/(P: 38.25 mV) in Leydig cells (TM3).
Their results demonstrated reduced cell viability, increased apoptosis
and autophagy, and generation of oxidative stress (ROS) and MDA levels
increased along with an increment in dose. In contrast, the content of
GSH and the activities of the antioxidant enzymes SOD and GSH-PX
decreased.

6.2. In vivo studies of zinc oxide nanoparticles (ZnONPs)

6.2.1. Intravenous administration

The intravenous injection (single dose) of non-coated ZnONPs (~70
nm/DLS.: between 20 and 110 nm) caused testicular histopathological
changes in CD-1 mice. The data showed a significant reduction in the
seminiferous epithelium height after the injection of ZnONPs (5 mg/kg)
in the PND28 and PND42. A decrease in the seminiferous tubule diam-
eter was also observed in the group treated with ZnONPs (1 mg/kg).
Besides, abnormalities in sperm morphology (double head, small head,
shapeless head, double tail) were identified 49 days after treatment with
ZnONPs [17].

6.2.2. Oral administration

The adverse effects of non-coated ZnONPs (30 nm) administered for
14 days were evaluated on male reproductive systems in Kunming mice.
Germ cell apoptosis and seminiferous tubule atrophy and vacuolization
were observed in these animals. Furthermore, changes in the regulation
of stress-related genes (in the endoplasmic reticulum) and the StAR gene
occurred in Leydig cells, resulting in a significant decrease in testos-
terone levels. In this study, degeneration of seminiferous tubules,
vacuolization of Sertoli cells, necrosis of germ cells and vacuolization of
Leydig cells occurred along with an increment in dose [24].

In another study, using Kunming mice, it was observed that the
intragastric exposure of non-coated ZnONPs (30 nm/DLS.; 66.36 nm/(P:
38.25 mV) for 28 days resulted in alterations of the seminiferous
epithelium, depletion of germ cells and reduction of round spermatids
[85].

7. Titanium dioxide (TiO,NPs) nanoparticles

Titanium dioxide (TiOoNPs) nanoparticles are widely used due to
their high stability, anti-corrosion, and photocatalytic properties. These
NPs are used in consumable products, such as cosmetics, medicines, and
sunscreens [16,20,88].

Recent studies have shown that TiOoNPs can enter cells, initiating
inflammatory pathways and apoptosis [89,90]. Furthermore, it is re-
ported that TiO2NPs form reactive oxygen species, causing DNA damage
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Table 6
Data using titanium oxide nanoparticles.

Assay NP

Functionalization Size

Cell line/animal model

Method of exposition/
administration

Exposure time

Concentration

Main findings

Reference

in vitro TiO,NPs non-

functionalized

in vivo TiO,NPs non-

functionalized

in vivo TiO2NPs non-

functionalized

in vivo TiO,NPs non-

functionalized

in vivo TiO,NPs non-

functionalized

in vivo TiOoNPs non-
functionalized

in vivo TiO,NPs non-

functionalized

25 nm

5-6
nm

6 nm

5-10
nm

20.6
nm

Primary culture of Leydig cells (LCs)

Kunming mice

CD-1 mice

ICR mice

ICR mice

C57BL/6 J gpt delta mice
Pregnant females C57BL/6 J mice

Mating of F1 generation with CBA/J
mice to produce F2 generation

Incubation

Oral administration

Oral administration

Oral administration

Oral administration
(Gavage)

Intravenous injection

Inhalation

24h

1 day

90 consecutive days

60 days

per day for 28 days

Once per week for four weeks

1 h/day from gestation day 8
to gestation day 18

0, 10, 20 and 40 pg/
mL

0, 10, 50 or 250 mg/
kg

2.5, 5, and 10 mg/kg

2.5, 5 or 10 mg/kg

10, 50, or 100 mg/kg

0, 2 or 10 mg/kg

42 mg/m3 aerosolized
powder

Viability reduction [96]
Ultrastructural changes (vacuolization

and nuclear condensation)

Mitochondrial damage

Reduced testosterone levels

Vacuoles in seminiferous tubules (higher [97]
doses)

Reduced number of germ cells

Reduced testosterone levels

Down-regulation of steroidogenic genes
Testis mass reduction [94]
Accumulation in testes

Sperm number reduction

Sperm morphological alteration

Sertoli cell apoptosis

Decreased height of seminiferous

epithelium

Sertoli cell vacuolization

Reduced LH, FSH and testosterone levels
Increase in E2 and P4 levels

Altered spermatogenic and oxidative

stress gene expression

Reduced testicular weight [92]
Reduced seminiferous epithelium height
Reductions in Leydig cell numbers

Lower sperm counts

Sperm morphological alteration

Germ cell death

Decreased activity of LDH, SODH, SDH

and G6PD

e ROS production

Sperm malformation and sperm cell MN [98]
rate increased

Reduction in germ cell number
Spherospermia

Vacuolization in spermatogenic cells

ROS production

Decreased SOD activity

Increased MDA activity

Reduced sperm numbers [99]
Decreased sperm motility

F1 male: reduced sperm production [100]

F2 male: reduced sperm production

(continued on next page)
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Table 6 (continued)

Reference

Main findings

Concentration

Exposure time

Method of exposition/
administration

Cell line/animal model

Functionalization —Size

NP

Assay

[101]

e Reduced testicular weight

50 mg/kg/day

3 weeks

Oral administration

Wistar rat

<25

nm

TiOoNPs non-

in vivo

o Increase the activity of the testicular

(Gavage)

functionalized

marker enzyme y-GT
e Increase in testicular MDA level

e Deregulation of testicular GSH levels

o Significative increase testicular TNF-o

level
e Decline in StAR gene expression

o Reduced testicular c-kit

e Reduced serum testosterone levels

o Elevations in serum estradiol levels

o Increases in serum FSH and LH Levels

o Cell apoptosis

e Degeneration spermatogenic

o Atrophy of seminiferous tubules

0, 5, 25 and 50 mg/kg e Accumulation in testis

[93]

21 nm Wistar rats Intravenous injection 30 days

TiO,NPs non-

in vivo

e DNA damage
e Cell apoptosis

functionalized

e Reduced testosterone levels

e Oxidative stress

e Cytotoxicity and genotoxicity in sperm

12
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and cellular function alterations [91-94]. Some studies have shown that
the male reproductive system is sensitive to TiO2NPs and that the testis
is affected through several routes, such as intragastric, intraperitoneal
and intravenous administration [95]. The in vitro and in vivo studies
concerning the toxicity of TiOoNPs are summarized in the following
topics and Table 6.

7.1. In vitro studies of titanium dioxide (TiO2NPs) nanoparticles

Li and colleagues (2018) evaluated the adverse effects of non-coated
TiOoNP (DLS: 42.36 nm/CP: 42.8 mV) in primary cultures of Leydig cells
for 24 h. The results revealed that TiO;NP could cross cell membranes,
causing vacuolization and nuclear condensation. Also, the exposure
caused a reduction in cell viability in a time-dependent manner.
Furthermore, suppression of testosterone was observed by regulating
ERK1/2-PKA-PKC signaling pathways.

7.2. In vivo studies of titanium dioxide (TiO2NPs) nanoparticles

7.2.1. Oral administration

The effects of non-coated TiO,NPs (25 nm) were evaluated in male
Kunming mice treated from the 28th postnatal day (PND 28) to PND 70.
No histological changes were found in the testicles of mice exposed to a
dose of 10 mg/kg/day. However, at doses of 50 and 250 mg/kg/day,
vacuoles and reduced germ cell layers were observed in seminiferous
tubules. Likewise, there was a reduction in testosterone levels in a dose-
dependent manner, downregulating the genes related to steroidogenesis
[971.

Gao and collaborators (2013) investigated the toxicity of non-coated
TiOoNPs (5-6 nm/DLS.: 294 nm) in CD-1 mice. These mice were sub-
chronically exposed to different doses of this NP. The results showed
that TiOaNPs could cross the blood-testis barrier, accumulating in the
testis. This NP reduced the seminiferous epithelium height and pro-
moted vacuolization and irregular arrangement of Sertoli cells in this
epithelium. The serum levels of sex hormones were significantly altered,
presenting an increase in estradiol (E2) and progesterone (P4) values,
while a marked decrease occurred in luteinizing hormone (LH), follicle-
stimulating hormone (FSH) and testosterone levels. It was also reported
that these nanoparticles could contribute to sperm malformations.

Shahin and Moramed [101] investigated the testicular effects of
short-term oral exposure to non-coated TiOoNPs (<25 nm) on Wistar
rats for three weeks. Treated rats exhibited altered glutathione levels,
elevated TNF-a levels, and up-regulated expressions of Fas, Bax, and
caspase-3 genes. Moreover, intragastric administration increased
testicular gamma-glutamyltransferase (y-GT) activity, decreased StAR
and c-kit gene expressions, reduced serum testosterone levels, lowered
sperm counts, and high prevalence of defective sperms.

Toxic Effects of TiOoNPs (5-10 nm) were also investigated on male
ICR Mice testes. Results showed that TiOoNPs induced sperm malfor-
mation and increased the rate of sperm cell micronucleus. These NPs
also reduced the germ cell number and promoted the vacuolization of
spermatogenic cells, as well as ROS and MDA content also increased
while the SOD activity decreased [98].

7.2.2. Intravenous administration

Meena and collaborators (2014) investigated the intravenous
administration of non-coated TiOoNPs (~10-20 nm) in Wistar rats for
30 days at weekly intervals. These nanoparticles accumulated in
testicular cells, mainly in lysosomes and mitochondria. In a broad view,
the NPs promoted disorganization of seminiferous tubules, increased
ROS, induced apoptosis, and cytotoxic and genotoxic changes in sperm.
Furthermore, the activity of antioxidative enzymes (SOD and GPx)
decreased with increment in dose, and a significant decrease in testos-
terone synthesis was also observed. The effects of intravenous injection
of non-coated TiO;NPs administered once per week for four weeks were
also evaluated in male C57BL/6 J mice by Miura and collaborators
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N (2014). They observed an evident reduction in testicular function,
g reducing sperm number and motility in a dose-dependent manner.
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Kyjovska and collaborators (2013) investigated the influence of
maternal exposure to non-coated TiOoNPs (20.6 nm) by inhalation 1 h a
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5 g > areas [99,100]. These nanoparticles are being used in drug delivery
g ® > systems and contrasting agents for different therapies [104,105]).
N
- § 2 LE The applications of these NPs raise several concerns related to their
L < - . . .
S 0 el 2 potential toxic effects [102,106]. According to the International Agency
< -~ . L .
= 2 "g : for Research on Cancer, nickel compounds are classified as carcinogens
g g 0 P [100]. Also, some experimental animal studies suggest the toxic po-
S S E ) ) tentials of nickel metallic nanoparticles in different biological systems
[104,105,107,108], and recent studies have shown that NiNPs can cause
g _E‘ toxicity in the male reproductive system of rats [102,107]. The in vitro
° S ] and in vivo studies on toxicities of NiNPs in the male reproductive system
g - ) ki are displayed in the following topics and summarized in Table 7.
I it Z
8.1. In vitro studies of nickel nanoparticles (NiNPs)
o 5 There are few in vitro studies applying NiNPs. Wu and collaborators
§° §° (2020) evaluated the toxicity effects induced by non-coated NiNPs (90
© . .
N g @ nm) in a mouse sperm cell line (GC-1) for 24 h. The results showed a
}% § 5 significant decrease in cell proliferation, changes in cell morpholo,
e 8 g p g P 8y
§ g g § (cell shrinkage and loss of intercellular connections), alterations of cell
% i g £ g ultrastructural components, cell pycnosis and interruption of the cell
2 % E % ?E cycle in phase G1. It also demonstrated apoptosis activation by inhib-
£ 3 — = : s . .
g '!E g g g iting the PI3K/AKT/mTOR signaling pathway.
8.2. In vivo studies of nickel nanoparticles (NiNPs)
)
< & 8.2.1. Oral administration
=] . .
g :;-; Kong and collaborators (2014) evaluated the toxicity of non-coated
Tg o < NiNPs (90 nm) in the reproductive system of adult Sprague-Dawley
E k= E rats, administering these NPs by gavage for ten weeks. A decreased
E = '% o 3 level of FSH, testosterone and antioxidant enzymes such as SOD, CAT
= © = . .
= - g % E and GSH were observed, while NO, MDA and ROS were increased.
o) | P . o1s . . .
S © =4 = Additionally, changes in sperm motility, germ cell impairment in the
seminiferous epithelium, and apoptosis resulted in lower reproductive
g ° o ° indexes and poor offspring development.
@ o = < Hu and colleagues (2019) also evaluated the toxicity of NiNPs with
- the same concentrations and methods in male ICR mice. Similar results
S < < < were found, such as a decreased sperm motility index and increased
8= = X X germ cell apoptosis in the groups exposed to high doses.
-5 g g g g
R I £ g 0. Discussi
2 2 g 2 &g &g . Discussion
2|2 |22 2 g
= . . . . L
< e & z The use of inorganic NPs for different medical applications has
e & E E E increased considerably in recent years. These NPs can be used in
= . . . - -
o reproductive medicine, assisted reproduction, cryopreservation, trans-
N g 2 9 9 genesis, and contraception [7,110]. Hence, there is a need to assess the
< = I 1N . . .
% 8|2 g o o potential adverse effects that NPs can bring to various organs and sys-
< : 5 5 - . - -
&3 tems, and international regulatory uses should be established for their
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use in reproductive medicine. Nowadays, several studies have demon-
strated the specific interactions of these NPs with the reproductive
system through different routes of administration [9,11,12]. This sys-
tematic review selected data published in the last 12 years, assessing the
reproductive toxicity caused by different types of inorganic NPs. The in
vitro and in vivo toxic data in germ cells, Sertoli cells, and Leydig cells
were described according to the type of each NPs.

9.1. Inyvitro

Among the selected studies, AgNPs and ZnONPs were the most
investigated NPs. In contrast, AuNPs, IONPs, TiO2NPs, and NiNPs had
fewer data to broadly understand their effects, mainly in cellular
signaling pathways. Most studies with testicular somatic cells (Sertoli
and Leydig cells), germ cells (at different stages of differentiation) and
sperm cells showed adverse effects when in contact with the NPs.
Depending on the size and concentration of NPs, cytotoxicity, mito-
chondrial alterations, damage to DNA, oxidative stress, increased
apoptosis, and necrosis were frequently observed.

At nanoscale dimensions, size plays a pivotal role in biological in-
teractions since the toxic effects are significantly associated with small-
sized NPs and their distribution and large surface/area ratio [2,30,111].
The sizes of some NPs are comparable to the size of different cell con-
stituents, such as protein globules, the diameter of DNA helix, and the
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thickness of cell membranes, allowing them to enter cells and organelles
[2]. Gold NPs no larger than 6 nm, for example, can effectively enter the
cell nucleus, whereas large NPs only penetrate through the cell mem-
brane and are found only in the cytoplasm [112]. NPs with smaller sizes
are more toxic than larger NPs, which can not enter the nucleus. NPs
smaller than 5 nm usually pass through cell barriers nonspecifically,
while larger particles enter cells by phagocytosis, macropinocytosis, and
specific and nonspecific transport mechanisms.

The surface charge of NPs also plays a vital role in their toxicity
because it largely determines the interactions of NPs with biological
systems. The zeta potential ((P) is considered an electrical potential
produced by the association between charged groups with the surface of
a particle and the suspension medium [113]. The {P may influence the
degree of interaction between a particle and a cell surface once cell
membranes are negatively charged [114]. In vitro data have shown that
surface-functionalized cationic NPs may be more cytotoxic than neutral
or anionic NPs by causing lysosomal damage [115]. Positively charged
NPs can opsonize protein adsorption, facilitating the phagocytosis of
antibodies and complement components from blood and biological
fluids [2,116]. In addition, the adsorbed proteins may also affect the
surface properties of NPs, altering the surface charge, aggregation
characteristics, and/or hydrodynamic diameter of NPs [2,117].

Braydich-Stolle and colleagues (2010) demonstrated that (hydro-
carbon and polysaccharide) functionalized AgNPs induced toxicity in

Sertoli cell findings

*Reduced expression of BTB genes (AgNPs)

*Decreased expression of tight junction
proteins (ZnONPs)

*Increased autophagy (AgNPs)
*DNA damage (ZnONPs)

*Cell shrinkage (NiNPs)

*DNA damage (ZnONPs)
*Cell cycle arrest (ZnONPs, NiNPs)
*Loss of intercellular connections (NiNPs)

*Cytoskeleton and nucleoskeleton dynamic
alterations (ZnONPs, NiNPs)

Germ cell findings

s %

*Reduced viability
+Cell membrane damage
*Mitochondrial damage
*Oxidative stress (ROS)

*Apoptosis

Leydig cell findings

eIncreased testosterone levels (ZnONPs)
*Decreased testosterone levels (TIO2NPs)
*Reduced expression steroidogenic genes (AgNPs)
sIncresed expression steroidogenic genes (ZnONPs)
eIncreased autophagy (AgNPs, ZnONPs)
*Nuclear condensation (TIO2NPs)
«Cell vacuolization (TIO2NPs)
*DNA damage (ZnONPs)

*Decreased motility (AgNPs)
*Reduced acrosome reaction (AgNPs)

*Abnormal morphology (head and tail) (AgNPs)

Sperm cell findings

Fig. 2. Main toxic effects of inorganic nanoparticles in testicular cells in vitro. The common findings for all cells (circled in blue) and the main data for each cell type

(Sertoli, Leydig, Germ and Sperm) are depicted in this scheme.
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SSC, mainly due to size and concentration. Since the coating was
degraded along with the exposure time, it does not influence toxicity. In
addition, greater surface area and high concentrations/dose can provide
higher chemical reactivity, inducing the production of reactive oxygen
species (ROS), leading to enhanced toxicity of NPs. Likewise, germ cells,
including sperm, show morphological and functional alterations when
exposed to high concentrations of nanoparticles [44].

As demonstrated in Fig. 2, testicular somatic and germ cells dimin-
ished their viability when exposed to nanoparticles. Specifically, Sertoli
cells presented alterations in BTB proteins, DNA damages, and increased
autophagy incidence. For Leydig cells, alterations in steroidogenic gene
expressions were commonly observed in the presence of inorganic
nanoparticles beyond autophagy. Some nanoparticles stimulated
testosterone production, while others inhibited this synthesis. Some
hypotheses suggest increasing or decreasing testosterone levels after in
vitro exposure to nanoparticles. Bara e Kaul [87] hypothesized that the
increase in expression of genes related to testosterone synthesis (Star
and P450scc) lead to altered testosterone production after exposure to
ZnNPs. On the other hand, Li e colleagues (2018) suggested that inhi-
bition of testosterone biosynthesis by TIO2NPs is achieved by regulating
testosterone-related factors through the ERK1/2-PKA-PKC signaling
pathways in LCs.

For germ cells, loss of intercellular connections, cytoskeleton, and
nuclear alterations were common findings. Concerning sperm, loss of
motility and morphological alterations were seen after exposure to
nanoparticles. Cell membrane and mitochondria damage were
frequently observed in an in vitro system. Furthermore, ROS production,
resulting in apoptosis, seems to be a common consequence after expo-
sure to inorganic nanoparticles.

9.2. In vivo

Regarding in vivo studies, the most frequently investigated NPs were
AgNPs, ZnONPs, and TiO,NPs. Interestingly, all the NPs examined in
this review showed a great potential to penetrate the hematotesticular
barrier, independent of the routes of administration. The organ/system
(exposition route) to which NPs are administered will influence their
biodistribution, tissue/cell uptake, clearance/bioaccumulation, and
reproductive toxicity [11]. It is worth mentioning that TiO,NPs
demonstrated more toxicity compared to AgNPs and ZnONPs. In mice,
the oral administration of non-coated TiOoNPs (5-6 nm) showed that
they could cross the blood-testis barrier, accumulating in the testis [94].
Several in vivo studies have shown that metallic NPs can penetrate the
blood-testis barrier due to their size or induce an inflammatory response,
compromising barrier integrity [19,21,24]). Changes in the hema-
totesticular barrier represent a risk for spermatogenesis since it controls
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the environment in which germ cells develop [19,24]). Considering
inflammation, inorganic NPs activate nuclear kappa B (NF-kB) signaling
by upregulating the transcription of several pro-inflammatory genes.
Tumor necrosis factor-a, IL-1, IL-6, and IL-8 were frequently upregu-
lated. These pro-inflammatory factors can promote oxidative stress,
DNA damage, and apoptosis [12,118]. The NP size largely determines
how the NPs interact with proteins and immune cells in the body. This
interaction, in turn, affects the kinetics of their distribution and accu-
mulation in different organs.

This review showed that NPs accumulation is a frequent finding that
significantly impairs the different animal’s spermatogenic processes
(Fig. 3). The AuNPs seem to be the most biocompatible inorganic
nanoparticle for reproductive organs, even though most AgNPs, ZnNPs,
IONPs, TiO2NPs, and NiNPs studies reported morphological changes in
testis. The most common findings were structural changes in Sertoli,
Leydig and germ cells (including sperm cells), oxidative stress,
apoptosis, and/or necrosis. Reduced seminiferous tubules, disorganized
seminiferous epithelium, and diminished sperm production were
observed in experimental studies. Sertoli cells showed vacuoles and
weakened blood-testis barrier, while germ cells presented a high inci-
dence of apoptosis. Leydig cells’ steroidogenic genes were altered,
influencing the secretion of testosterone and other steroidogenic hor-
mones. Garcia and colleagues (2014) suggested that the elevated
testosterone levels after exposure to AgNPs are due to the increase in
Leydig cell size and expression of CYP11A1 and Hsdb31.

Li et al. [16] also proposed that the increase in testosterone levels
after exposure to AuNPs would be related to testicular function since
pituitary FSH and LH remained unchanged. On the other hand, Sun-
darraj and collaborators (2016) mentioned that Fe;O3-NPs might
interfere with the hypothalamic-pituitary-testicular axis, acting as a
potential endocrine disruptor and contributing to the increase in serum
testosterone levels. Jia e colleagues (2014) showed that serum testos-
terone levels decrease after exposure to TiOaNPs due to changes in the
synthesis and the conversion of testosterone to estradiol. Therefore, Gao
and collaborators (2013) also showed that testosterone levels decrease
after Leydig cell exposure to TiO2NPs.

9.3. Oxidative stress

In both systems (in vitro and in vivo), an increase in ROS generation
was observed, with consequent oxidative stress. The production of ROS
(hydrogen peroxide, H205), reactive superoxide anion radicals (O3), and
hydroxyl radicals (e OH) have an essential role in several cell signaling
pathways. In a physiological context, it can activate several signaling
cascades such as epidermal growth factor receptor (EGF), mitogen-
activated protein kinase (MAPK) cascades, and transcription factor

Inorganic nanoparticles

alr"'yTestis: nanoparticle accumulation, delay in the beginning of puberty, oxidative stress (ROS) 3
T \.and down-regulation of antioxidant enzyme levels. 7

/

In vivo common findings

Seminiferous tubules: atrophy, degeneration, reduction and
disorganization of the seminiferous epithelium.

Sertoli cell: vacuolation, autophagy, increased expression of
pro-inflammatory cytokines and reduction of tight junction proteins.

Germ cells: sloughing, apoptosis, degeneration or necrosis.

Spermatid/Sperm production: decreased sperm production,
sperm abnormalities, decreased viability and mobility.

Leydig cells: decrease or increase of testosterone levels,
alteration of steroidogenic genes.

Fig. 3. Main toxic effects of inorganic nanoparticles in testis observed in vivo. The common findings seen in testis and for each testicular cell type are depicted in this

illustration.
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Fig. 4. Oxidative stress caused by inorganic
nanoparticles in testicular cells. ROS =
reactive oxygen species; SOD = Dismutase
Superoxide; CAT = Catalase; GSH-Px =
glutathione peroxidase; MDA = Malondial-
dehyde. Inorganic NPs with different physi-
cochemical properties are taken up by cells
through endocytosis, transmembrane pro-
teins or plasmatic membrane pores. NPs can
cross the mitochondrial membrane and in-
crease the generation of ROS. In the pres-
ence of NPs, the protective factors (SOD,
CAT and GSH-Px) are reduced, while free
oxygen radicals lead to lipid peroxidation,
increasing the levels of MDA. Inorganic NPs
also may enter the nucleus, leading to

{MDA , e :
changes in DNA integrity and apoptosis. NPs

Apoptosis

Lipld peroxidation

¥ with smaller sizes are more toxic than larger
NPs, reflecting their potential in entering the
nucleus.

Toxicity

activating protein-1 (AP-1), and nuclear factor-kB (NF-xB) [119].

Studies with different cell types have shown that metal ions released
by NPs promote intracellular ROS overexpression and accumulation by
disturbing the electron transfer process [35,110], increasing the
NADP+/NADPH ratio [33], and interfering with mitochondrial
function.

Mitochondrial-derived ROS may cause cell and tissue destruction
through DNA damage, lipid peroxidation, protein oxidation, carbonyl-
ation, depletion of cellular thiols, and activation of pro-inflammatory
cytokine release. Different inorganic NPs can increase intracellular
levels of ROS and reduce antioxidant enzymes, such as glutathione
peroxidase (GSH) and superoxide dismutase (SOD), resulting in the
formation of DNA adducts (Fig. 4) [29,120]. Inorganic NPs can also
modulate genes involved in oxidative stress, such as Gpx1, SOD, FMO2
and GAPDH [43].

Other studies have suggested that metal NPs mixes into redox cycling
ROS and chemocatalysis via the Fenton reaction [HoO3 + Fe?t - Fe?t +
HO™ + eOH] or Fenton-like reaction [Ag + HyOo,+H+ = Ag+ + eOH +
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Hy0] forming free radicals (i.e. hydroxyl radicals) [119,121]. The
excessive generation of free radicals alters the homeostatic redox state
and promotes tissue inflammation, and cell damage strongly affects
testicular functions essential for spermatogenesis [12,111,118].

9.4. Nanoparticle functionalization

In addition to the dose and size of the nanoparticles, other factors
such as the duration of exposure, the route of administration, the surface
chemistry, among others, may be accountable for the wide variation in
the toxicity profile of NPs [30,35]. Additionally, the same NP can pre-
sent different behaviors depending on the cell types [122]. The modi-
fication of surface chemistry or functionalization aims to improve
biocompatibility, delay aggregation in body fluids, and stabilize them
for biomedical applications [123]. On the other hand, this chemistry
surface modification can be associated with NPs toxicity. Notably, the
kind of stabilizer agent used plays a role in the level of toxicity. For
instance, Cetrimonium bromide (CTAB), commonly used for GNR
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synthesis, presents cytotoxicity, even at low concentrations [50]. It is
essential to mention that most reproductive toxicological studies eval-
uated in this systematic review did not use functionalized nanoparticles.

Functionalized AuNPs showed high biocompatibility and, even
accumulating in the testis, they did not cause any relevant negative ef-
fect on spermatogenesis. A similar result was observed in a study by
Ghosh and collaborators [76], using superparamagnetic iron oxide
nanoparticles (SPIONs) functionalized with a biodegradable polymer
(PLGA) with the surfactant dodecyl-dimethyl-ammonium-bromide
(DMAB). The nanoparticle formulation did not induce abnormalities in
sperm, and the authors suggested that NPs encapsulation was respon-
sible for reducing cytotoxicity and genotoxicity caused by uncoated
SPION.

9.5. General overview

This systemic review showed a good correlation between in vivo and
in vitro findings. Due to the pivotal role of oxidative stress as a second
messenger and its link with several other cellular signaling pathways,
the role of pure and functionalized inorganic nanoparticles should be
considered for future studies. In this review, some studies have shown
that NPs with biocompatible polymers seem to be an exciting strategy to
reduce toxic effects. Particular attention should be given to AuNPs and
IONPs, because they showed more outstanding biocompatibility in
reproductive organs when functionalized. However, few studies have
focused on the coating and functionalization of NPs. It should be
mentioned that the exact mechanisms by which NPs penetrate the blood-
testis barrier, the cells, and organelles and their roles in cell signaling
alterations are not yet fully understood, described, or proposed in-depth.
Despite this broad overview of the toxic effects of several inorganic NPs,
the results are highly different because of the lack of standard protocols,
distinct NPs sizes, concentration/doses, and routes of administration.
Due to this variability, it is hard to highlight the unique or common
toxicities related to different subclasses of NPs. These statements are
crucial because they can affect the comparisons, making it difficult to
determine the most biocompatible NPs in reproductive organs precisely.

In addition, the studies did not clarify whether the route of exposure
alters the toxicity of nanoparticles. Furthermore, in most studies, there is
a lack of discussions regarding the long-term effect of each type of
nanoparticle on male reproduction. Even though in vivo studies present
strength data, they do not provide detailed information about cellular
and/or organ toxicity pathways. Also, most studies focused on investi-
gating the toxicity of NPs in pubertal or adult individuals, and little
attention was given to fetal development or infancy. Paternal or
maternal exposure to NPs can also lead to fetal toxicity and has been
little explored in nanomaterial toxicity studies. Over these years, several
discoveries related to the interactions of inorganic NPs with the male
reproductive system have been established, but many gaps related to the
mechanisms of toxicity of these MPs still need to be filled.

10. Conclusion

The reproductive toxicity of different NPs depends on their physical-
chemical characteristics and intrinsic properties, such as size, shape,
electrical charge, concentration/dose, and chemical compositions. Sig-
nificant developments have been made in reporting the main adverse
effects in cells; however, future investigations are needed to clarify the
exact molecular pathways involved in inorganic NPs toxicity. Under-
standing the specific molecular interaction between NPs and male
testicular cells is essential and deserves significant attention, especially
for developing biotechnologies related to reproductive medicine.
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ARTICLE INFO ABSTRACT

Editor: Ruibin Li Superparamagnetic iron oxide nanoparticles (SPIONs) have gained significant attention in biomedical research

due to their potential applications. However, little is known about their impact and toxicity on testicular cells. To

Keywords: address this issue, we conducted an in vitro study using primary mouse testicular cells, testis fragments, and
SPIONs sperm to investigate the cytotoxic effects of sodium citrate-coated SPIONs (Cit_SPIONs). Herein, we synthesized
Nanotoxicity

and physiochemically characterized the Cit_SPIONs and observed that the sodium citrate diminished the size and
improved the stability of nanoparticles in solution during the experimental time. The sodium citrate (measured
by thermogravimetry) was biocompatible with testicular cells at the used concentration (3%). Despite these
favorable physicochemical properties, the in vitro experiments demonstrated the cytotoxicity of Cit SPIONs,
particularly towards testicular somatic cells and sperm cells. Transmission electron microscopy analysis
confirmed that Leydig cells preferentially internalized Cit SPIONs in the organotypic culture system, which
resulted in alterations in their cytoplasmic size. Additionally, we found that Cit_SPIONs exposure had detrimental
effects on various parameters of sperm cells, including motility, viability, DNA integrity, mitochondrial activity,
lipid peroxidation (LPO), and ROS production. Our findings suggest that testicular somatic cells and sperm cells
are highly sensitive and vulnerable to Cit_ SPIONs and induced oxidative stress. This study emphasizes the po-
tential toxicity of SPIONs, indicating significant threats to the male reproductive system. Our findings highlight
the need for detailed development of iron oxide nanoparticles to enhance reproductive nanosafety.

Testicular cells
Oxidative stress
Ultrastructural alterations

1. Introduction importance because they are highly sensitive to magnetism (Suciu et al.,

2020; Sharma et al., 2016). The unique characteristics of SPIONs, such

Different Nanoparticles (NPs) have been used in various applications
such as biomedicine, sensing, and agriculture due to their small size,
large surface area, and high reactivity (Valdiglesias et al., 2015; Vassal
etal., 2021). Superparamagnetic iron oxide NPs (SPIONs) are formed by
small iron oxide crystals, commonly called magnetite (Fe3O4), maghe-
mite (FeyO3) or hematite (a-FepO3), and have received particular

* Corresponding author.
E-mail address: gmjc@ufmg.br (G.M.J. Costa).

https://doi.org/10.1016/j.impact.2024.100517

as their magnetic guidance capability towards specific organs or tissues
when exposed to a magnetic field, have positioned them as highly
promising tools in biomedical applications (Vangijzegem et al., 2019;
Ghosh et al., 2020; Ye et al., 2014).

These characteristics of SPIONs make them excellent tools, especially
for obtaining magnetic resonance imaging (Llenas et al., 2019; Dulinska-

Received 14 August 2023; Received in revised form 12 April 2024; Accepted 2 June 2024

Available online 6 June 2024

2452-0748/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:gmjc@ufmg.br
www.sciencedirect.com/science/journal/24520748
https://www.elsevier.com/locate/nanoimpact
https://doi.org/10.1016/j.impact.2024.100517
https://doi.org/10.1016/j.impact.2024.100517
https://doi.org/10.1016/j.impact.2024.100517

G.P.F. Dantas et al.

Litewka et al., 2019) and in therapies for hyperthermia (Caizer, 2021;
Datta et al., 2016). To ensure their colloidal stability in aqueous envi-
ronments, SPIONs can be functionalized with organic acids (e.g., citric
acid), hydrophilic polymers (e.g., polyethylene glycol), or poly-
saccharides (Dulinska-Litewka et al., 2019). The surface modification of
SPIONs with various molecules such as DNA, antibodies, peptides,
aptamers, and carbohydrates enables their versatile utilization in
various biological applications, such as targeted drug delivery, di-
agnostics (sensing), and imaging (Suciu et al., 2020; Laurent et al., 2008;
Kaczynska et al., 2016). In the field of reproductive medicine, re-
searchers have explored the potential of SPIONs in various applications
such as enhancing male fertility in vivo or in vitro (Durfey et al., 2019;
Feugang, 2017; Makhluf et al., 2006), gene therapy for reproductive
disorders (Kim et al., 2015; Farini et al., 2016), treatment of diseases
associated with erectile dysfunction (Kim et al., 2015), contraception
(Jivago et al., 2021; Ding et al., 2021), among others (Shandilya et al.,
2020).

Numerous studies have shown that SPIONs have great potential in
the biomedical field. However, there is still a need for a clear under-
standing of the risks that these nanoparticles pose to reproductive
health. Some studies have demonstrated the vulnerability of testicular
cells to various types of nanoparticles (Dantas et al., 2022; Meena and
Kajal, 2014; Han et al., 2011; Habas et al., 2018; Elsharkawy et al.,
2019). The route of administration, dosage, and properties such as size,
shape, chemical composition, and surface charge play significant roles
(Malhotra et al., 2020; Ganguly et al., 2018; Sengupta et al., 2014).
Studies have shown that SPIONs can cross biological barriers in mice
and accumulate quickly in various tissues, which can result in toxic ef-
fects (Malhotra et al., 2020; Ganguly et al., 2018; Sengupta et al., 2014;
Sundarraj et al., 2017). In a previous study conducted by our research
group, it was found that SPIONs could cross the blood-testis barrier,
accumulating in germ cells (Ferraz et al., 2024).

The accumulation of nanoparticles (NPs) in the testis can affect the
quality of gametes, leading to disruptions in reproductive function and
interference with embryogenesis (Yoisungnern et al., 2015; Campagnolo
et al., 2012; Di Bona et al., 2015). In vivo studies have shown that
different ways of exposure to SPIONs can cause harmful effects on
spermatogenesis, resulting in decreased spermatozoa motility, viability,
and increased morphological abnormalities (Ghosh et al., 2020; Sun-
darraj et al., 2017; Di Bona et al., 2015; Nasri et al., 2015; Younus et al.,
2020a). The primary mechanism proposed to explain these adverse ef-
fects is oxidative stress (Younus et al., 2020a; Sati and Huszar, 2015a;
Mahmoudi et al., 2009). In this context, this study’s primary objective
was to assess in detail the potentially toxic effects of the direct exposi-
tion of testicular cells to sodium citrate-coated superparamagnetic iron
oxide nanoparticles (SPIONSs).

The use of nanomaterials for developing contraceptives and steril-
izing agents is gaining attention as a promising tool (Ferraz et al., 2024;
Coimbra et al., 2023). However, it is crucial to conduct in-depth in-
vestigations to evaluate the interaction of nanoparticles with repro-
ductive cells for biotechnological developments. In this context, we have
examined the cytotoxicity of citrate-coated SPIONs (Cit_ SPIONs) on
primary cultures of different testicular cells and organotypic cultures of
testes. Moreover, we have evaluated the impact of Cit SPIONs on sper-
matozoa and focused on parameters such as motility, viability,
morphology, DNA integrity, and ROS production.

2. Materials and methods
2.1. Nanoparticle synthesis

The Cit_SPIONs were synthesized using a modified method based on
the original procedure proposed by Qu et al. (Qu et al., 1999). In brief, a
solution of FeCl3-6H;0 (2 M) dissolved in 0.5 M HCI (30 mL) was
combined with a NaySO3 solution (1 M) (20 mL). This mixture was
subjected to a vacuum (~10’2 Torr) for 30 s. Initially, the solution
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colour changed from yellow to red, and after a few minutes, it reverted
back to yellow. Subsequently, a diluted ammonia solution (50.8 mL of
NH4OH diluted to a total volume of 800 mL) was rapidly added to the
flask under vigorous stirring. The reaction medium was once again
subjected to vacuum for 30 s, resulting in the formation of a black
precipitate. The resulting suspension was stirred for an additional 30
min and then centrifuged at 2.000 rpm for 3 min to remove the super-
natant. The washing process was repeated five times until a supernatant
with a neutral pH value was obtained. The resulting precipitate, desig-
nated as MO, was kept under vacuum.

The precipitate of nanoparticulate iron oxide was then dispersed in
water using ultrasonication in a closed system under a nitrogen atmo-
sphere. The NPs were coated with a 0.2 M tri-sodium citrate solution at
80 °C for 40 min. This process was used to ensure the chemical stability
of the NPs in aqueous solutions and reduce aggregation (Candido et al.,
2022). Sodium citrate is a commonly used compound to coat magnetic
NPs and is known to be safe for cells (Sarimov et al., 2022a; Nosrati
et al., 2018; Sarimov et al., 2022b; Kristianto et al., 2020; Patel et al.,
2018). After coating, the NPs were lyophilized.

2.2. Nanoparticle characterization

SPIONs and Cit_SPIONs were characterized by transmission electron
microscopy (TEM) to visualize their morphology. The average diameter
of the nanoparticles was determined using the Image J v.1.45 s software
for image processing and analysis. The zeta potential was evaluated
using Particle Analyzer Litesizer™ 500 AntonPaar. Thermogravimetric
analyses, TGA and DTG, were also carried out to calculate the compo-
sition of the sodium citrate coating on the Cit SPIONs. TGA and DTG
thermograms were obtained with a DTG60H Shimadzu analyzer, under
an air flow rate of 50 mL min-1 with a heating rate of 10 °C min-1 up to
900 °C, alumina crucible and sample mass of approximately 8.0 mg.

The X-ray diffraction (XRD) experiments of powder samples were
acquired on an Empyrean Panalytical diffractometer using Cu Ko radi-
ation (A = 1.5406 f\) operated at 45 kV/40 mA and using a PIXcel3D
area detector. Raman spectra were obtained with a LabRam-HR 800
(Horiba/Jobin Yvon) spectrograph equipped with an Olympus BX-41
Microscope and a 632.8 nm excitation from a helium-neon laser. The
back-scattered light collected was dispersed by a monochromator and
detected by a LN2 cooled CCD system. The magnetic hysteresis response
of the nanoparticles was investigated by vibrating sample magnetometry
using the Lake Shore 7400 Series Spectrometer. We used 12 mg of
powder with the sample at room temperature.

Mossbauer spectroscopy measurements were performed using a
setup that included a multichannel analyzer, function generator, speed
driver, gamma ray detector, and a >’ Co radioactive source embedded in
a rhodium matrix (RITVERC Isotope Products, Germany). The
Moéssbauer spectroscopy of >’Fe was conducted in the standard trans-
mission geometry (absorption), with the drive operated in constant ac-
celeration mode using a triangular velocity waveform. The obtained
data were analyzed and fitted using the NORMOS-SITE program (Brand,
1994). The resulting hyperfine parameters are reported relative to nat-
ural iron.

Photoelectron Spectroscopy (XPS) was carried out using mono-
chromatic Al-Ka radiation (1486.6 eV) at room temperature. A Thermo
Fisher Escalab-220-ixL spectrometer equipped with a hemispherical
energy analyzer was utilized for the measurements. The XPS survey
spectrum was acquired with an Epass energy of 50 eV, providing an
overview of the elemental composition. Furthermore, high-resolution
spectra of the Fe2p, Cls, Ols, and N1s lines were obtained at a higher
resolution by setting the Epass energy to 20 eV (Artemenko et al.,
2021a).

2.3. Animals

A total of twelve Balb/c mice, sourced from the central vivarium of
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the Institute of Biological Sciences (UFMG), were utilized in this study.
Two mice were dedicated to the primary culture of testicular cells and
subsequent viability assessments, while the remaining ten mice were
allocated for testicular tissue culture and sperm analysis. The mice were
provided unlimited food and water access and subjected to a 12-h light/
dark cycle. The experimental procedures followed the guidelines set
forth by the Ethics Committee in Animal Experimentation of the Federal
University of Minas Gerais - CEUA/UFMG (approval no. 183/2018).

2.4. Primary culture of testicular cells

Following the orchiectomy of two mice, their testes were collected
and transferred to Petri dishes. The testicles were decapsulated and
subjected to enzymatic solutions to isolate the various testicular cell
types (Bhushan et al., 2016; Chang et al., 2011a). For the enrichment of
Leydig cells, the testicular tissue underwent enzymatic digestion using
collagenase 2 mg/mL (C0130, Merck, Brazil) and hyaluronidase 2 mg/
mL (H2126, Merck, Brazil). Subsequently, an enriched fraction of Leydig
cells was obtained from the supernatant after sedimentation of the
seminiferous tubules (Bhushan et al., 2016; Chang et al., 2011a). These
Leydig cells were then incubated in 96-well cell culture plates (Kasvi).

The seminiferous tubules underwent enzymatic digestion using
trypsin (0.25% v/v) with 1 mM EDTA (T4049, Merck, Brazil) to isolate
Sertoli and germ cells. The resulting cell suspension was incubated in 6-
well culture plates (Kasvi, Brazil) coated with Geltrex® (A1413302,
Thermo Fisher Scientific, USA). After an overnight culture, non-
adherent cells (germ cells) were collected from the supernatant and
incubated in 96-well cell culture plates (Kasvi, Brazil). Adherent cells
were subjected to a hypotonic solution (0.3x HBSS) to lyse contami-
nating germ cells. Following this step, Sertoli cells (which are resistant to
hypotonic treatment) were also cultured in 96-well cell culture plates
(Kasvi, Brazil).

Leydig, germ, and Sertoli cells were maintained in DMEM/F-12
Culture Medium (Dulbecco’s Modified Eagle’s Medium: F-12 Nutrient
Mix; 12,491,015, Gibco®, USA) supplemented with 10% FBS, 100 IU/
mL Penicillin (P4458, Merck, Brazil), 100 pg/mL Streptomycin (S6501,
Merck, Brazil), and 100 [U/mL amphotericin (A2942, Merck, Brazil)
under a humid atmosphere containing 5% CO- at a temperature of 35 °C.

2.5. Immunofluorescence on isolated testicular cells

Immunofluorescence reactions were conducted to verify the
enriched cell fractions of germ, Sertoli, and Leydig cells using specific
molecular markers. To begin, aliquots of each cell fraction were fixed in
a methacarn solution for 5 min and allowed to dry on histological slides
treated with Poly-1-Lysine (P8920, Merck, Brazil) to enhance adherence.
Non-specific binding blocking was performed by incubating the cells
with 10% serum for 1 h, followed by washing with PBS for 5 min (Chang
et al., 2011b) Next, the cells were incubated overnight at 4 °C with
primary antibodies diluted in 3% serum in PBS.

On the following day, slides were washed with PBS for 5 min, and the
cells were incubated with fluorescent secondary antibodies diluted in
3% serum in PBS. Following incubation with the secondary antibodies,
the cells were washed with PBS for 5 min, and the slides were mounted
using Fluoromount™ Aqueous Mounting Medium (F4680, Merck,
Brazil). Imaging was performed using a Nikon Eclipse TE2000-U fluo-
rescence microscope (Nikon Eclipse Ti—S, Nikon Instruments Inc.,
USA).

Specific primary and secondary antibodies were used for the iden-
tification of Leydig, Sertoli, and germ cells. Leydig cells were labeled
using an anti-3pHSD primary antibody (goat anti-3pHSD 1:100, SC-
30820 - Santa Cruz) and an AlexaFluor546® secondary antibody
(donkey anti-goat, 1:1000, al1056 - Invitrogen). Sertoli cells were
identified using a primary anti-GATA4 antibody (mouse anti-GATA4,
1:100, SC-25310 — Santa Cruz) and an AlexaFluor633® secondary
antibody (rabbit anti-mouse, 1:1000, A21063 - Invitrogen). Germ cells
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were detected using a primary anti-VASA antibody (rabbit anti-VASA,
1:100, ab13840 - Abcam) and an AlexaFluor488® secondary antibody
(donkey anti-rabbit, 1:1000, A21206 - Invitrogen).

2.6. Cell viability

Different types of testicular cells (10° cells per well) were exposed to
Cit_SPIONSs in two different concentrations (8 x 10 2and 8 x 1073 mg/
mL) for three periods of time. The selection of concentrations was based
on earlier studies conducted by Ferraz et al. (Ferraz et al., 2020), which
indicated that Cit SPIONs had low cytotoxicity in MRC-5 human lung
fibroblast cells at concentrations lower than 8 x 10~2 mg/mL. Another
study conducted by Ferraz et al. (Ferraz et al., 2024) revealed significant
effects of intratesticular injections of Cit_SPIONs on the testis at the
concentration of 8 x 10~2 mg/mL. The control group cells were cultured
in a medium without any nanoparticles.

In addition, we evaluated the toxicity potential of sodium citrate.
The sodium citrate concentration was chosen according to the TGA
analysis. Different testicular cells (10° cells per well) were exposed to
DMEM/F12 supplemented with sodium citrate (3%) for 24, 48, and 72 h.
In addition, the sperm retrieved from the epididymis were incubated
with DMEM/F12 supplemented with sodium citrate (3%) for 4 h. The
control media of these cells (DMEM) was not supplemented with sodium
citrate.

In cell viability experiments, viable cells were analyzed based on
their ability to convert a redox dye called resazurin into a fluorescent
product known as resorufin. To perform this analysis, 20 pL of CellTiter-
Blue® (a reagent for cell viability assays, CTB, Promega) was added to
each well, followed by a 4-h incubation period. Fluorescence measure-
ments were taken using a VarioskanFlash spectrophotometer (Thermo
Scientific, Skanlt Software 2.4.3 RE) with an excitation wavelength of
530 nm and an emission wavelength of 590 nm. The obtained data were
normalized based on the control groups and represented as fluorescence
units proportional to the number of viable cells.

2.7. Testis tissue culture

Testes from a total of ten mice (n = 20 testicles) were dissected, with
the tunica albuginea carefully removed. The testicles were then placed
on the surface of an agarose block soaked in 2 mL of enriched culture
medium. The culture medium consisted of DMEM supplemented with
antibiotics, 10% FBS, 1 mM sodium pyruvate, 4 mM glutamine, 100 ng/
mL of vitamin A, 200 ng/mL of vitamin E, 50 ng/mL of vitamin C, 10 pg/
mL of insulin, and 5 pg/mL of transferrin. Additionally, 200 ng/mL of
FSH/LH (Pulset®, CEVA) and 1 IU/mL of HCG (Vetecor, Hertape Calier)
were added to the medium (Yokonishi et al., 2013).

Half of the testes received a concentration of 8 x 10~2 mg/mL of
Cit_SPIONs, while the other half served as the control group. The testes
were cultured in this system for 24 and 48 h, under a humid atmosphere
containing 5% CO at a temperature of 35 °C. For further analysis, the
testicular explants were fixed in bouin solution for morphometric
analysis and in 4% glutaraldehyde for the detection of internalized
Cit_SPIONSs using transmission electron microscopy (TEM).

Subsequently, fragments of these organs were dehydrated using
increasing concentrations of alcohol (70°, 80°, 90°, 95°, 100° ABS I, and
100° ABS II) and embedded in a plastic resin based on glycol methac-
rylate using the Leica Historesin Embedding Kit (14,702,231,731, Leica
Instruments, USA). Histological sections with a thickness of 5 pm were
obtained using a rotating microtome equipped with a glass razor. These
sections were stained with a 1% toluidine blue-sodium borate solution
and mounted with glass coverslips and Entellan (100,869, Merck,
Brazil). Finally, the sections were analyzed using an Olympus BX 60
microscope.
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2.8. Morphometric analysis in testis fragments

Morphometric analyses were developed according to (Costa et al.,
2018). Briefly, the volumetric densities of the testicular tissue compo-
nents, tubular diameter, the height of the seminiferous epithelium, nu-
clear diameters, and the number of testicular cells were evaluated using
an Olympus BX-60 light microscope (Center Valley, PA, USA) and
analyzed using ImageJ software (National Institute of Health, Bethesda,
MA, USA).

2.9. Transmission electron microscopy

Testicular fragments were fixed for 1 h using a modified Karnovsky
fixative, consisting of 2% paraformaldehyde and 2.5% glutaraldehyde in
a 0.1 M sodium phosphate buffer at pH 7.4. Following fixation, the
samples were washed three times, each for 5 min, using a 0.1 M sodium
phosphate buffer containing 0.15 M NaCl and buffered saline solution at
4 °C. Subsequently, they were fixed in 2% osmium tetroxide for 30 min
at room temperature. To enhance contrast, the samples were block
stained with 2% uranyl acetate (EMS) for 20 min in the dark.

The samples were then subjected to a dehydration process using a
graded series of ethanol and acetone. After dehydration, they were
infiltrated with a mixture of acetone and Epon resin (1:3 ratio; EMBed
812 Resin, EMS) for 30 min and subsequently embedded in pure Epon
resin. Ultrathin sections were obtained using a diamond knife on a Leica
EM UC6 ultramicrotome (Leica Microsystems). These sections were
mounted on 200-mesh copper grids (Ted Pella), stained with lead citrate
(Merck), and examined using a Tecnai G2-12 transmission electron
microscope (Thermo Fisher Scientific / FEI) at the Microscopy Center of
the Federal University of Minas Gerais.

2.10. Sperm analysis

The cauda epididymides of ten mice (n = 20) were dissected and
macerated in a Petri dish containing 500 pL of DMEM/F12 medium to
release the sperm. Half of the samples (n = 10) were exposed to Cit_-
SPIONS at concentrations of 8 x 107> and 8 x 1072 mg/mL, while the
other half (n = 10) were kept in DMEM/F12 as a negative control. The
spermatozoa were then incubated at 37 °C in a 5% CO, atmosphere
three times for 30 min, 1 h, and 2 h.

2.10.1. Sperm motility and viability

After each incubation period, 10 pL of seminal fluid was placed on a
glass slide and covered with a coverslip for motility evaluation. Motility
was assessed based on three parameters: progressive motile, non-
progressive motile, and immotile. Viability analysis was conducted by
staining 5 pL of seminal fluid with 5 pL of eosin on glass slides, followed
by counting stained (dead) and unstained (live) spermatozoa under a
light microscope with 400x magnification. Both analyses were per-
formed on 200 spermatozoa (Nazari et al., 2016).

2.10.2. Sperm DNA fragmentation

To DNA fragmentation analysis, smears previously prepared on glass
slides were fixed with 95% alcohol for 5 min. The slides were then
stained with Acridine Orange dye solution (Acridine Orange (0.1%),
Citric acid (0.1 M), and Na,HPO4 (0.3 M)) in a dark environment for 5
min. Intact DNA was labeled in green, while fragmented DNA was
labeled in red. Excess dye was removed with water, and approximately
300 spermatozoa were analyzed using a fluorescence microscope with
excitation/emission filters of 490 and 530 nm. The percentage of sper-
matozoa with intact DNA was calculated by dividing the number of
green-stained spermatozoa by the total number of spermatozoa and
multiplying the result by 100 (Tomov et al., 2020).

2.10.3. Sperm mitochondrial activity and lipid peroxidation (LPO)
Half of the sperm samples (n = 10) were exposed to Cit_SPIONs at a
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concentration of 8 x 1073 mg/mL, while the other half (n = 10) were
kept in DMEM/F12 as a negative control. The spermatozoa were then
incubated at 37 °C in a 5% CO; atmosphere for 2 h.

Mitochondrial activity was measured using the probe MitoTracker™
Green FM Dye (M7514, Invitrogen, EUA). After incubation, suspensions
of 1 x 107/mL spermatozoa/tube from the treated and control groups
were washed by centrifugation with 2 mL of PBS 1x. The supernatant
was discarded, and the pellet was resuspended in 200 pL of PBS 1x. The
probe was added to each sample at a final concentration of 20 nM. The
samples were shielded from light and incubated at 37 °C for 20 min.
After incubation, the samples were centrifuged again with 2 mL of PBS
1x to remove the unbound probe. A flow cytometer (FACScan, Becton
Dickinson) and Flow Jo software were used to examine the labeled
sperm (Amaral and Ramalho-Santos, 2010).

LPO was measured using the probe BODIPY581/591-C11 (D3861
Invitrogen, EUA). After the incubation period, suspensions of 4 x 108/
mL spermatozoa/tube from the treated and control groups were washed
by centrifugation with 2 mL of PBS 1 x. The supernatant was discarded,
and the pellet was resuspended in 200 pL of PBS 1x. Each sample was
loaded with the probe at a final concentration of 5 pM and incubated at
37 °C for 30 min, protected from light. After incubation, the samples
were rewashed by centrifugation to remove the unbound probe. The
labeled sperm were analyzed using a flow cytometer (FACScan, Becton
Dickinson) and Flow Jo software (Ortega Ferrusola et al., 2009).

2.10.4. Measurement of reactive oxygen species (ROS)

To quantify intracellular ROS production, a DCFDA/H2DCFDA
Cellular ROS Assay Kit (ab113851, Abcam, USA) was utilized according
to the manufacturer’s instructions. Approximately 1 x 108 sperm/mL
from treated and control groups were stained with a diluted DCFDA
solution and incubated at 37 °C for 30 min in the dark. The fluorescence
intensity was measured at 485/535 nm using a Cytation 5 Cell Imaging
plate reader (Biotek, USA).

Furthermore, the generation of intracellular superoxide anions (03 )
was assessed using a MitoSOX™ Red Mitochondrial Superoxide Indi-
cator kit (M36008, Thermo Fisher Scientific, USA) and performed per
manufacturer instructions. The labeled sperm were analyzed using a
Cytation 5 Cell Imaging (Biotek, USA) plate reader at 531/593 nm.

2.11. Statistical analysis

Quantitative data were assessed for normality using the Kolmogorov-
Smirnov (Dallal-Wilkinson-Lilliefor) test, while the homogeneity of
variances was examined using the Bartlett test. The results were
expressed as mean + SEM (standard error of the mean).

For data with a normal distribution, analysis of variance (ANOVA)
was conducted, followed by the Newman-Keuls’ test or two-way analysis
of variance (Two-way ANOVA) for post hoc comparisons of means. Non-
parametric data were analyzed using the Kruskal-Wallis test for analysis
of variance, and the Dunns’ test was employed for mean comparisons.

To compare the control group with the treated group, Student’s t-test
was used, taking into consideration the parametric or non-parametric
distribution of the data. All statistical analyses were performed using
the GraphPad Prism 8.4.2 software (GraphPad Software, Inc.), and a
significance level of p < 0.05 was considered statistically significant.

3. Results
3.1. Synthesis, coating and characterization of Cit SPIONs

The cuboidal/spherical morphologies and the interatomic space of
SPIONs and Cit SPIONs are evident in Fig. 1A-B’. While the average
diameter of SPIONs was 13 + 4.1 nm (Fig. 1C), the mean diameter of
Cit_SPIONs was 8.0 + 1.8 nm (Fig. 1D). The zeta potential of SPIONs was
positive (+11.8 & 0.4 mV) during the two weeks evaluated. Differently,
the zeta potential of Cit SPIONs was negative in the two time points
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Fig. 1. Morphological and zeta potential analyses of SPIONs and Cit_SPIONs. (A-B) Transmission electron microscopy (TEM) micrograph showing the morphology of
SPIONSs (A-A’) and Cit_SPIONs (B-B'). (A’ and B") TEM micrograph representing the diameter and the interatomic spaces of isolated nanoparticles. (C—D) Histograms
of nanoparticle size distributions from SPIONs and Cit_SPIONs. (E) Zeta potential data from SPIONs and Cit_ SPIONs during two weeks of evaluation. Scale bar =

10 nm.

evaluated. Notably, the zeta potential value of Cit SPIONs increased
from the first week (—46.2 + 0.9 mV) to the second week (—29.0 + 0.6
mV).

The TGA and DTG thermograms of sodium citrate, SPIONs, and
Cit_SPIONs samples are shown in Fig. 2A-C. From these data, the content
of sodium citrate coating on the Cit_SPIONs was calculated. The TGA
curve of sodium citrate has three stages of weight loss (Fig. 2A). The
weight loss was about 11.7 wt% in the first stage, starting at 155 °C up to
180 °C, which is related to the water loss of crystallization [ref]. The
second stage, which occurs between 290 °C and 325 °C, corresponds to
the partial degradation of the sodium citrate (13.4%). The last stage is
from approximately 330 °C to 460 °C due to the oxidation of the residues
(11.7%) from the previous step (Bai et al., 2010).

The TGA curve of the SPIONs sample shows a continuous weight loss
from the initial temperature to the end (Fig. 2B). The thermal degra-
dation process consisted of two stages: 1) loss of physically adsorbed

water molecules (3.1%) between 20 °C and 140 °C, and 2) mass loss
attributed to the elimination of the strong-bonded water molecules from
the surface of nanoparticles (3.8%), which occurs between 140 °C and
700 °C (Mohammed et al., 2021). The TGA plot of Cit_ SPIONs exhibits
two mass loss steps (Fig. 2C). The first loss of ~2.9% occurred between
20 °C and 140 °C. The second one of ~3.2% occurred from 140 °C to
460 °C (Fig. 2C). Then, as sodium citrate lost approximately 36.8% of
mass, SPIONs lost about 5.1% (related to water), and Cit_ SPIONs lost
about 6.2% of mass up to a temperature of 460 °C, we can consider that
the Cit_SPIONs sample contains approximately 3% of citrate.

DTG curves (Fig. 2A-C) provide more insights into the thermal
decomposition peaks. Comparing the decomposition peaks of magnetite
in the DTG curve for the SPIONs (Fig. 2B) and Cit_SPIONs (Fig. 2C)
samples, the values remained at approximately 40 °C and 555 °C. The
sodium citrate decomposition peak at about 164 °C was shifted to 250 °C
in the Cit_SPIONSs, indicating higher thermal stability of citrate-loaded
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Fig. 2. Physico-chemical characterization of Cit_SPIONSs. (A-C) TGA and DTG curves for the decomposition of: (A) sodium citrate, (B) SPIONs, and (C) Cit_SPIONs.
(D) X-ray diffraction of Cit_SPIONs. (E) Raman spectra of SPIONs and Cit_SPOINSs. (F) VSM magnetometry of Cit_SPIONs. (G) Mossbauer spectra of Cit_ SPIONs. (H-M)
Photoelectron Spectroscopy (XPS) spectra providing insights into the chemical species present in the Cit_ SPIONSs.

SPIONSs than pure citrate.

The X-ray diffraction results shown in Fig. 2D demonstrated that the
sodium citrate coating does not alter the structure of the nanoparticles
since both patterns are indistinguishable. Moreover, according to ref.
(Vassal et al., 2021), our XRD data show peak positions closer to the
expected ones for the maghemite phase. This data is the first indication
that our Cit_SPIONs are closer to the structure of maghemite.

Raman spectra of SPIONs and Cit_SPOINs are shown in Fig. 2E and

compared to pure maghemite and magnetite samples. The prominent
Raman bands of magnetite are known to be located at 668, 538, and 306
cm — 1 (Fig. 2E, dotted lines) (Suciu et al., 2020). The main peak (668
em™Y) perfectly matches our SPIONs and Cit_SPIONs samples. However,
the main line of both is very broad, and the lower frequencies are also
broader and slightly shifted towards the values of pure maghemite
(y-Fe203), which may be a result of magnetite oxidation (Testa-Anta
et al., 2019). Peaks at 1300-1600 cm — 1 are related to the sodium
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citrate.

Fig. 2F contains the VSM magnetometry result of the powder sample.
As expected for nanoparticulated oxide, there is no hysteresis (open)
loop. This “superparamagnetic behavior” occurs because when the
magnetic field is removed, the magnetization of each nanoparticle
randomly flips its direction under the influence of room temperature,
and no remanence or coercive field is observed. The saturation
magnetization, MS =67 emu/g at Hmax = 18,000 Oe, is a low value
even for maghemite. However, lower values are also expected in
nanoparticulate oxides due to surface effects and defects.

Two Mossbauer spectra are shown in Fig. 2G. Without applying a
magnetic field to sample one, a broad spectrum (upper spectrum, H = 0)
is observed, clearly evidencing a superparamagnetic iron oxide, with its
particles having an average diameter of <10 nm. The particle size dis-
tribution of Cit_ SPIONs and the various types of surrounding crystal-
lography of the iron atoms cause the broadening of the sextet lines into a
relaxed spectrum plus a doublet. The ion state of iron atoms (Fe2+ and
Fe3+) cannot be distinguished at room temperature due to the fast
electron-hopping process. The fitted spectrum has an average isomer
shift of 0.36(1) mmy/s, closer to Fe3+, suggesting maghemite formation.
However, it is also known that the maghemite phase (y-Fe203) can
coexist with magnetite (Fe304) during synthesis or appear due to partial
oxidation. Applying a magnetic field to the sample makes the spectrum
more static (lower spectrum, H = 2000 Oe), and the sextet lines appear,
even though some smaller particles remain superparamagnetic. That
spectrum also indicates the magnetite/maghemite formation.

Fig. 2H shows the XPS-Survey spectrum. First, the Fe2p lines are
barely visible in the survey spectrum. This indicates that a very efficient
functionalization of the oxide nanoparticles took place since XPS is a
surface-sensitive method that probes only ca. 2 nm. The XPS main peaks
are due to the presence of oxygen, carbon, nitrogen, and sodium at the
surface of the SPIONs. Nitrogen comes from the culture medium, while
sodium comes from the coating with the stabilizing sodium citrate.

Figs. 2I-M show high-resolution spectra of the most important tran-
sitions: Fe2p, Cls, Ols, N1s, and Nals. The estimated binding energies
consider a tolerance of +0.1 eV. Since the SPIONs were coated with
sodium citrate, even the main Fe-peaks exhibit a very small signal;
therefore, they have been measured with a much higher accumulation
time than the other lines. As shown in Fig. 21, the Fe2p3/2 and Fe2p1/2
lines are observed at 711.6 and 724.7 eV, respectively. These binding
energies are in accordance with the presence of ferrimagnetic iron oxide,
corroborating the Mossbauer result. The satellite peak at around 719 eV
is characteristic of Fe3+ in y-Fe203; however, it is relatively weak,
suggesting coexistence with magnetite. In summary, a mixture of
maghemite and magnetite is most likely.

Fig. 2J exhibits a Cls structure due to a convolution of peaks mainly
related to chemical groups on the surface of the NPs. We attribute them
to C—C and C—H at 285.0 eV, C-O-H and C-O-C at 286.1 eV, O-C=0 at
288.0 eV, and adventious carbon at 284.4 eV. Fig. 2K shows the Ols
transition, consisting of at least three peaks. We relate them to C=0
(531.1 eV), C-OH (532.3 eV), and H20 (536 eV). The N1s peak in Fig. 2L
was found at 399.2 eV, which we attribute to unionized nitrogen (NH2,
C=NH) (Artemenko et al., 2021b). Fig. 2M shows a single Nals peak at
1072.8 eV, which may be mainly from the sodium citrate and partly
from the NaOH used as a precipitating agent during the Cit SPIONs
synthesis.

3.2. Cit SPIONS is highly toxic for Sertoli and Leydig cells in vitro

Prior to exposing the testicular cells to nanoparticles, we verified the
effective enrichment of testicular cell fractions (Fig. 3A-C). Germ cells,
characterized by their rounded morphology and abundant presence in
bright field microscopy, exhibited the expression of the VASA protein
(Fig. 3A). Sertoli cells, which demonstrated resistance to the osmotic
test, were identified based on the expression of the GATA4 transcription
factor (Fig. 3B). Additionally, Leydig cells displayed a granular
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appearance and exhibited expression of the steroidogenic factor 3pHSD
(Fig. 3C).

To assess the cytotoxicity of Cit SPIONs in testicular cells, we
employed the cell viability assay using the CTB® kit. Two concentra-
tions of Cit_SPIONs were evaluated for cytotoxic effects over 24, 48, and
72 h (Fig. 3D). Following a 24 h exposure to Cit_ SPIONs, we observed
that Leydig cells were particularly susceptible to the lowest concentra-
tion (Fig. 3E). In the subsequent time points examined (48 and 72 h),
both Sertoli and Leydig cells demonstrated decreased viability in the
presence of Cit_SPIONs (Fig. 3F-G). The reduction in cell viability was
more pronounced when the higher concentration of Cit SPIONs was
utilized (Fig. 3F-G). Intriguingly, VASA-positive germ cells exposed to
Cit_SPIONs maintained cell viability comparable to the control group
(Fig. 3E-G).

In addition to evaluating Cit_SPIONs, we evaluated the cytotoxicity
of the sodium citrate (3%) according to the data obtained in the TGA
analysis. Our data indicated that the different testicular cells presented
higher than 75% cell viability in all time points evaluated (24, 48, and
72 h) (Supplemental Fig. 1). The sperm viability was not altered in the
presence of sodium citrate (Supplemental Fig. 2). These data indicate a
good biocompatibility of the sodium citrate.

3.3. High internalization of Cit SPIONs by Leydig cells

Following exposure of Cit SPIONs (at a concentration of 8 x 1072
mg/mL) in a testis culture on an agarose block, the samples were
collected at 24 and 48 h for further histological analysis (Fig. 4A, B).
Subsequently, the testis was processed to assess its structural features
(Fig. 4C-F). Notably, there were no significant differences observed in
terms of tubular diameter and the volumetric density of both tubular and
intertubular compartments (Fig. 4G-I).

Further analysis through transmission electron microscopy (Fig. 4J-
K, K revealed that Cit SPIONs were primarily located within phago-
cytic vesicles within peritubular macrophages (Fig. 4J) and displayed a
preferential localization within vesicles in Leydig cells (Fig. 4K-K‘-
indicated by red arrows). While the nuclear volume of Leydig cells
remained unchanged, exposure to Cit SPIONs induced significant
alteration in the cytoplasmic volume of Leydig cells (Fig. 4L-M).

3.4. Cit SPIONs changed the sperm motility, viability and DNA integrity

Exposure to Cit_ SPIONSs at a concentration of 8 x 1072 mg/mL for 30
min resulted in significant alterations in sperm motility across all three
evaluated parameters (progressive motile, non-progressive motile, and
immotile) (Fig. 5A-C). Furthermore, a negative impact on sperm
viability was observed, with all sperm being stained as non-viable dur-
ing analysis. Similar significant changes in the three sperm parameters
were observed at various time points (30 min, 1 h, and 2 h) following
exposure to Cit SPIONSs at a concentration of 8 x 10~> mg/mL (Fig. 5D-
F). Motility and viability were also affected by this treatment (Fig. 5G).

After a two-hour exposure to Cit SPIONs (at a concentration of 8 x
10~ mg/mL), a significant increase was observed in the percentage of
spermatozoa exhibiting fragmented DNA (Fig. 5H). Staining with Acri-
dine Orange revealed spermatozoa with fragmented DNA, exhibiting
fluorescence in a spectrum ranging from yellow to orange and red
(Fig. 5I-J).

3.5. Cit SPIONs altered sperm mitochondrial activity and induced lipid
peroxidation

MitoTracker Green probe was employed to assess mitochondrial
activity. Mitotracker dyes passively diffuse across the plasma membrane
and accumulate in active mitochondria, emitting a green fluorescence
(Fig. 6A-D). Sperm with low active mitochondria lack green fluores-
cence (Fig. 6E-H). Notably, the group treated with Cit_SPIONs displayed
a significant decrease in low mitochondrial activity (Fig. 6I-L).
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In the analysis of lipid peroxidation (LPO), unperoxidized sperma-
tozoa exhibited red fluorescence (Fig. 6M-O). Conversely, peroxidized
spermatozoa were characterized by green fluorescence, primarily
observed in the midpiece and tail regions (Fig. 6P-R). Spermatozoa
exposed to Cit_ SPIONs demonstrated a substantial increase in LPO levels
(Fig. 6S-U).

3.6. Cit SPIONs increases ROS production in spermatozoa

DCFDA - Cellular ROS Assay Kit (Abcam, USA) and MitoSOX™
(Invitrogen™, USA) were used to evaluate the ROS production in sperm.
The DCFDA - Cellular ROS Assay Kit quantitatively assesses reactive
oxygen species (ROS) in live cell samples (Fig. 7A-B). DCFDA labeling
showed a significant increase in the generation of total intracellular ROS
(Fig. 7C) in the sperm exposed to Cit SPIONs compared to the control
group. MitoSOX™ is a fluorogenic dye used to detect superoxide anion
(02*) in the mitochondria of living cells (Fig. 7D-E). Spermatozoa

exposed to Cit_ SPIONs demonstrated a substantial increase in mito-
chondrial superoxide anion production (Fig. 7F).

4. Discussion

In vitro investigations examining the impact of superparamagnetic
iron oxide nanoparticles (SPIONs) on testicular cells remain limited
(Dantas et al., 2022; Younus et al., 2020b). Therefore, further research
exploring nanoparticles’ biocompatibility, biological effects, and po-
tential biomedical applications in reproductive contexts is crucial
(Durfey et al., 2019). A comprehensive understanding of how nano-
structures affect testicular cells has the potential to guide the develop-
ment of targeted therapies for male infertility, hypogonadism, and
contraception (Yan Cheng and Mruk, 2012). In light of these consider-
ations, this study aimed to assess the toxicity of Cit SPIONs in mouse
testicular cells using an in vitro model. The results of the current study
showed the in vitro toxicity of Cit_ SPIONSs to testicular somatic cells and
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Fig. 6. Effects of Cit SPIONs on Sperm Mitochondrial activity and Lipid Peroxidation. (A-D) Fluorescence microscopy images of spermatozoa loaded with Mito-
tracker Green probe. Green fluorescence emission in the midpiece indicates a mitochondrial activity in viable sperm. (E-H) Fluorescence microscopy images of
spermatozoa without fluorescence emission in the midpiece, indicating low mitochondrial activity in non-viable sperm. (I-L) Percentage of spermatozoa exhibiting
changes in mitochondrial activity following exposure to Cit SPIONs at a concentration of 8 x 103 mg/mL for 2 h. (M-R) Fluorescence microscopy images of
spermatozoa loaded with BODIPY-C11 probe. (M and N) Red fluorescence corresponds to the non-oxidized probe in spermatozoa. (O and P) Green fluorescence
indicates the oxidized probe in spermatozoa. (Q and R) Merged images. (S—U) Percentage of peroxidized and unperoxidized spermatozoa after exposure to Cit_-
SPIONSs. All images were acquired using the Eclipse Ti2 Series - Nikon fluorescence microscope. Magnification: 100x. Scale bar = 20 pm. Statistical significance was
Qetermined at *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Free radicals in sperm after exposition to Cit SPIONs. A-C) DCFDA - Cellular ROS Assay in (A) control and (B) sperm exposed to Cit SPIONs. C) Quantitative
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spermatozoa. The data support the findings of Ferraz et al. (Ferraz et al., a fundamental role in biological interactions (Dantas et al., 2022;
2024), which suggest that Cit_ SPIONs can aid in the creation of con- Bakand and Hayes, 2016; Sukhanova et al., 2018; Souza et al., 2021;
traceptive or sterilizing agents. These nanoparticles have been shown to Barua and Mitragotri, 2014; Thakur et al., 2014). Furthermore, biolog-
have adverse effects on the endocrine functions of the testes, specifically ical changes depend on the time of exposure to NPs, the stability of the
the Leydig cells and testosterone, as well as on the exocrine functions NP in biological fluids, and its ability to accumulate in tissues and organs
related to gamete production and functionality. (Dantas et al., 2022; Bakand and Hayes, 2016; Sukhanova et al., 2018;
In this study, we conducted a characterization setup of Cit_SPIONs, Souza et al., 2021; Thakur et al., 2014). The toxic effects are more
revealing that the sodium citrate diminished the nanoparticle size and significantly associated with small NPs and their distribution and large
improved the dispersion in culture media and the stability in the solu- surface/area ratio. Smaller NPs can more easily cross epithelial and
tion during the experimental time. In this study, the characterization by endothelial barriers and accumulate in different organs. Due to their
TEM revealed polydispersity of Cit SPIONSs in terms of nanoparticle size small size and large surface area, NPs can interact with cellular organ-
distribution (6-9 nm). The co-precipitation method is one of the most elles, for example, mitochondria and nuclei, and this can alter cellular
widely used and successful for synthesizing SPIONs; however, one of its metabolism, cause DNA damage, mutations, and cell death (Dantas
limitations is the wide particle size distribution (Wu et al., 2015; Dadfar et al., 2022; Souza et al., 2021; Barua and Mitragotri, 2014).
et al., 2020). Particle growth is kinetically controlled and depends on The XRD, Raman spectroscopy, and Mossbauer analyses indicated
various experimental parameters, such as the types of iron salts, Fe (II) / that the iron oxide nanoparticle resembles better maghemite (y-Fe203).
Fe (III) ratio, pH value, and ionic strength of the medium (Wu et al,, However, it is important to note that maghemite can coexist with
2015). Refining the size distribution of SPIONs substantially improves magnetite (Fe304) during synthesis (Coimbra et al., 2023). VSM
performance in different biomedical applications (Dadfar et al., 2020). demonstrated the superparamagnetic characteristic of Cit SPIONs. The
Various studies have shown that not only the size of the NPs but also particle size distribution of Cit_ SPIONs and the distinct crystallographic
other physicochemical characteristics such as shape, concentration, configurations of iron atoms contribute to broadening the sextet lines,

surface chemistry, surface charge, catalytic activity, among others, play resulting in a relaxed spectrum and a doublet (Brand, 1994). The XPS-
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Survey spectrum revealed the effective coating of oxide nanoparticles
with sodium citrate, as evidenced by the absence of the Fe2p line in the
survey spectrum. XPS, being a surface-sensitive technique with a prob-
ing depth of approximately 2 nm, confirmed the presence of oxygen,
carbon, nitrogen, and sodium on the surface of the Cit_SPIONs. Nitrogen
likely originated from the culture media, while sodium resulted from the
sodium citrate coating for stabilization. The sodium citrate (measured
by TGA) was biocompatible with testicular cells at the used concentra-
tion (3%). Despite these favorable physicochemical properties, the in
vitro experiments demonstrated the cytotoxicity of Cit SPIONs, partic-
ularly towards testicular somatic cells and sperm cells.

Leydig cells (LCs) in the testes are responsible for testosterone syn-
thesis and secretion (Vassal et al., 2021; Bara and Kaul, 2018). Accu-
mulation of metal oxide nanoparticles (MONPs) in the testes can have
harmful effects on testosterone production, impacting reproductive
function (Vassal et al., 2021; Liu et al., 2020). In our study, we observed
concentration- and time-dependent cytotoxicity of Cit_ SPIONs on Leydig
cells. These nanoparticles were rapidly internalized by Leydig cells in
the testicular tissue culture system, accumulating within cytoplasmic
vesicles and potentially contributing to increased cytoplasmic volume.
Interestingly, Leydig cells in the testes express high levels of mito-
chondrial ferritin (MtF), a protein known to be involved in regulating
iron (Fe) homeostasis and toxicity (Santambrogio et al., 2007; Liu et al.,
2022; Levi and Arosio, 2004). Given the known structural and functional
similarities between MtF and cytoplasmic ferritin, it is plausible to
suggest that MtF may play a role in sequestering excess Fe and pro-
tecting against oxidative damage, potentially by reducing Fenton’s re-
actions (Liu et al., 2022; Levi and Arosio, 2004; Tvrda et al., 2015).
However, further research is needed to fully elucidate the specific
mechanisms and functions of MtF in Leydig cells.

Our findings revealed significant alterations in sperm motility,
viability, DNA integrity, mitochondrial function changes, and lipid
peroxidation (LPO) following in vitro exposure to Cit SPIONs. Previous
studies, both in vivo and in vitro, have highlighted the importance of iron
(Fe) for the development of male reproductive cells, particularly germ
cells (Liu et al., 2022; Tvrda et al., 2015; Tvrda et al., 2012). Iron plays a
crucial role in supporting sperm function by contributing to the prolif-
eration, differentiation, and maintenance of motility and energy meta-
bolism in germ cells (Liu et al., 2022; Tvrda et al., 2015; Wise et al.,
2003). While further research is necessary, some studies suggest that
SPIONs can access the lysosomal pathway and undergo metabolism,
which may result in the release of iron in its free form (Ghosh et al.,
2020; Chen and Hou, 2023; Wu et al., 2013; Singh et al., 2010; Lunov
et al., 2010; Chen et al., 2010). The excessive iron levels can lead to
increased production of reactive oxygen species (ROS) in spermatozoa,
resulting in oxidative damage and potentially inducing ferroptosis (Liu
et al., 2022; Tvrda et al.,, 2012). Oxidative stress, arising from an
imbalance between ROS production and antioxidant defense mecha-
nisms, is a major contributor to sperm dysfunction, leading to effects on
proteins, lipids, and DNA within the spermatozoa (Sati and Huszar,
2015b).

Oxidative stress can lead to a decrease in mitochondrial activity,
which is crucial because sperm mitochondria play a vital role in various
processes essential for successful fertilization, including sperm motility,
hyperactivation, capacitation, acrosomal reaction, and fertilization
(Barbagallo et al., 2020). Oxidative stress can also result in sperm cell
DNA fragmentation, which has adverse effects on sperm concentration,
motility, and morphology, ultimately affecting fertility outcomes (Naz-
ari et al., 2016; Razavi et al., 2003; Morris et al., 2002; Hosseinalipour
et al., 2021). Motility, a critical parameter for successful fertilization,
can be compromised due to damage caused by elevated levels of reactive
oxygen species (ROS) to the sperm plasma membranes (Doreswamy
et al., 2004; Baker and Aitken, 2005; Smith et al., 2015). Sperm-specific
polyunsaturated fatty acids (PUFAs), which are important components
of cell membranes, are particularly susceptible to oxidative damage
through lipid peroxidation. This oxidative damage to unsaturated fatty
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acids is associated with increased production of reactive oxygen species
within the mitochondria (mROS) (Liu et al., 2022; Xu et al., 2019;
Amaral et al., 2013).

Numerous studies investigating various types of nanoparticles (NPs)
have highlighted the role of reactive oxygen species (ROS) in mediating
effects on sperm cells. Yoisungnern et al. (Yoisungnern et al., 2015)
demonstrated that silver nanoparticles (AgNPs) could be taken up by
spermatozoa, leading to a dose-dependent reduction in sperm viability
and impaired acrosomal reaction. Aziz et al. (Aziz et al., 2004) observed
a correlation between ROS levels and sperm abnormalities, such as
amorphous heads, damaged acrosomes, midpiece defects, cytoplasmic
droplets, and tail defects, following exposure to different chemicals.
Santonastaso et al. (Santonastaso et al., 2019) provided evidence for
intracellular ROS production in human spermatozoa and highlighted its
negative impact as a potential primary mechanism underlying the gen-
otoxicity of titanium dioxide nanoparticles (TiO;NPs).

Although we observed toxic effects on sperm cells at specific con-
centrations of Cit_SPIONS, it is worth noting that in vitro studies have
demonstrated the biocompatibility of magnetic nanoparticles (NPs) with
sperm (Shandilya et al.,, 2020). Magnetic NPs, such as super-
paramagnetic iron oxide nanoparticles (SPIONs), have been utilized to
detect and remove non-viable spermatozoa from semen without
compromising their motility and ability to undergo the acrosome reac-
tion (Durfey et al., 2019; Feugang, 2017; Makhluf et al., 2006). In
artificial insemination in wild boars, SPIONs have been used during
semen processing, demonstrating an antimicrobial effect while preser-
ving sperm characteristics (Tsakmakidis et al., 2020). Moreover, mag-
netic NPs loaded with DNA sequences can be transferred to the sperm
plasma membrane, facilitating the delivery of exogenous DNA to the
oocyte through in vitro fertilization (Kim et al., 2010). These findings
highlight the potential applications of magnetic NPs in reproductive
medicine.

The cytotoxic effects of Cit_ SPIONs on Sertoli cells and VASA+ germ
cells display differential susceptibilities. Sertoli cells exhibit higher
susceptibility to the toxic effects of Cit SPIONs at elevated concentra-
tions, albeit with minimal alterations observed in the testis tissue culture
system. In contrast, VASA+ germ cells demonstrate greater resistance to
the presence of nanoparticles, both in isolated form and within testes
explants. These findings suggest a potential resilience of the exocrine
function of the testes, ensuring sperm production even in the presence of
inorganic nanoparticles. Notably, both cell types are susceptible to the
generation of free radicals and oxidative stress, as indicated by previous
studies (Han et al., 2015; Han et al., 2016; Zhang et al., 2015). However,
it is important to recognize that other research groups have reported
disruptive effects of nanoparticles on the Sertoli cell barrier and dis-
turbances in spermatogonial physiology and meiosis in murine models
(Pinho et al., 2020; Salman, 2017; Mozaffari et al., 2015).

5. Conclusions

Although the use of SPIONs in various biological applications is well
documented, there is still a great need to identify the possible cell
damage associated with exposure to these nanoparticles. Currently, few
studies have demonstrated the interaction of SPIONs with testicular cells
and their potential risks to reproductive health. The results of our study
provide evidence of the susceptibility of somatic testicular cells and
sperm to exposure to iron oxide nanoparticles. We observed a pro-
nounced internalization of Cit_ SPIONs in Leydig cells, contributing to
cell cytoplasmic volume change. Furthermore, our results demonstrate
that spermatozoa present compromised motility, viability, DNA integ-
rity, mitochondrial changes, and lipid peroxidation after exposure to
Cit_SPIONs. The ROS increase in sperm cells suggests that Cit SPIONs
present relevant toxicity to testicular cells, inducing oxidative stress.
Our findings highlight the need for detailed development of iron oxide
nanoparticles to enhance reproductive nanosafety.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Bal-Price Anna In the domain of medical advancement, nanotechnology plays a pivotal role, especially in the synthesis of

biocompatible materials for therapeutic use. Superparamagnetic Iron Oxide Nanoparticles (SPIONs), known for

Keywords: their magnetic properties and low toxicity, stand at the forefront of this innovation. This study explored the
Nanotechnology reproductive toxicological effects of Sodium Citrate-functionalized SPIONs (Cit_SPIONs) in adult male mice, an
Nanotoxicology

area of research that holds significant potential yet remains largely unknown. Our findings reveal that Cit_-
SPIONs induce notable morphological changes in interstitial cells and the seminiferous epithelium when intro-
duced via intratesticular injection. This observation is critical in understanding the interactions of nanomaterials
within reproductive biological systems. A striking feature of this study is the rapid localization of Cit SPIONs in
Leydig cells post-injection, a factor that appears to be closely linked with the observed decrease in steroidogenic
activity and testosterone levels. This data suggests a possible application in developing nanostructured therapies
targeting androgen-related processes. Over 56 days, these nanoparticles exhibited remarkable biological distri-
bution in testis parenchyma, infiltrating various cells within the tubular and intertubular compartments. While
the duration of spermatogenesis remained unchanged, there were many Tunel-positive germ cells, a notable
reduction in daily sperm production, and reduced progressive sperm motility in the treated group. These insights
not only shed light on the intricate mechanisms of Cit_ SPIONSs interaction with the male reproductive system but
also highlight the potential of nanotechnology in developing advanced biomedical applications.

Reproductive toxicology

Superparamagnetic Iron Oxide Nanoparticles
Leydig cell

Spermatogenesis

research to practical applications [1,13,46]. In reproductive medicine,
the emergence of NPs has been nothing short of transformative. They are

1. Introduction

The field of nanotechnology, a precursor of groundbreaking medical
advancements, has enabled the synthesis of nanomaterials marked by
exceptional biocompatibility and responsiveness. As highlighted in
recent studies [1,46], this technological leap has paved the way for
innovative medical applications. Nanoparticles (NPs), in particular,
have transcended traditional boundaries, finding diverse and critical
roles across various scientific domains, ranging from fundamental
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being increasingly recognized for their potential in a variety of roles,
including serving as biomarkers for reproductive disorders, aiding in
gene therapy, enhancing assisted reproduction techniques, treating
erectile dysfunction, and as potential candidates in novel contraception
approaches [13,60,7].

NPs, with a minute scale of one to a hundred nanometers, can be
synthesized from various substances, each endowed with distinct
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physicochemical properties [1,13]. Among these, Superparamagnetic
Iron Oxide Nanoparticles (SPIONs), which consist of iron oxide cores
like magnetite (Fe3O4), maghemite (y-Fe,O3), or hematite (a-FeOs),
stand out. Predominantly synthesized through co-precipitation methods
(F. [77]), these SPIONs are lauded for their reduced toxicity, high
biocompatibility, and unique magnetic properties, making them highly
suitable for biological applications [64,71,74]. SPIONs are used as
contrast agents for magnetic resonance imaging (MRI) [21,52,56] in
targeted drug delivery [61,63,70] as vehicles in gene therapies ([61];
Sachdeva et al., 2022) and in tumor therapies through magnetic hy-
perthermia [40,53,73].

Recently, some researchers have proposed using SPIONs as a non-
invasive, targeting, and controllable approach to male contraception
[18,36]. In the presence of a magnetic field, SPIONs can convert mag-
netic energy into heat, causing structural and functional alterations in
the testes [19,2,3,36,8]. Despite the promising applications of SPIONS,
their interaction with biological systems has raised concerns about po-
tential nanotoxicological risks [12,37,47,9]. Studies have pointed out
issues such as genotoxicity [33,54,62] and the induction of oxidative
stress [47,50]. associated with SPION exposure. In the context of
reproductive health, adverse effects like abnormalities in sperm
morphology, reduced motility, and decreased sperm count have been
observed following intraperitoneal exposure in mice [51]. [65]
demonstrated that intraperitoneal administration of SPIONs causes an
increase in ROS and an imbalance of antioxidant enzymes in the testes,
which leads to oxidative stress and apoptosis. Ghosh et al. [28] also
demonstrated that orally administered SPIONs cause different abnor-
malities in the sperm of mice. However, there is a notable gap related to
in vivo research, explicitly investigating the morpho-functional impacts
of SPION exposure on male reproductive parameters. Moreover, studies
evaluating the long-term effects of such exposure on the gonads are
markedly scarce.

In response to this research gap, the current study explores the long-
term toxicological consequences of bilateral intratesticular injections of
superparamagnetic iron oxide nanoparticles functionalized with sodium
citrate (Cit_.SPIONs) in male gonads. This investigation involves a
comprehensive assessment of post-nanoparticle testicular injection,
focusing on Cit_SPIONSs characterization and biodistribution, analysis of
the spermatogenic cycle, morphological examination of testes, mea-
surement of serum testosterone levels and steroidogenic enzymes, and
evaluation of daily sperm production and sperm parameters in adult
male mice. This study brings substantial knowledge about the interac-
tion of SPIONs with the male reproductive system, which in the future
could contribute to the development of new anti-androgen therapies.

2. Materials and methods
2.1. Synthesis, coating and characterization

Ferraz et al. [22] have previously reported the synthesis and char-
acterization procedures of Cit_SPIONs utilized in this study. The SPIONs
were synthesized using the chemical co-precipitation method from an
acidified aqueous solution of HCl (2 M) (Cas. 7647-01, Merck, Brazil),
containing iron chloride - FeCI3.6H20 (Cas. 10025-77-1, Merck, Brazil)
and iron sulfate - FeSO4.7H20 (Cas. 7782-63-0, Merck, Brazil) in a
molar ratio of Fe2+ to Fe3+ = 1:2. Under vacuum and stirring, an
aqueous solution of NaOH (1 M) (Cas. 1310-73-2, Merck, Brazil) was
added to the reaction in an argon atmosphere at 15°C. The reaction
formed a black precipitate, and the suspension was centrifuged five
times at 2,000 rpm for 3 min to remove the supernatant. The magnetite
particles were then dispersed in water using ultrasound and subse-
quently coated with a 0.2 M trisodium citrate solution (Cas. 6132-04-3,
Merck, Brazil) at 90 °C for 30 min to produce the Cit_SPIONs.

In this study, we assessed the morphological characteristics of Cit -
SPIONSs using Transmission Electron Microscopy. The average diameter
was determined using Image J software (http://imagej.nih.gov/ij).
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Additionally, the hydrodynamic diameter (DLS), polydispersity (PDI),
and zeta potential were measured using the Zetasizer Lab System
(Malvern Panalytical, UK).

2.2. Animals

Sixteen Balb/c mice, with a mean body weight of 42.44 g + 4.6 g,
procured from the Central Animal Facility of the Institute of Biological
Sciences (UFMG), were included in this study. A subset of four in-
dividuals underwent evaluation to explore the dynamics of testicular
nanoparticle biodistribution employing magnetic resonance analysis.
The remaining twelve animals were divided into control and treated
groups for the experiment. Each animal was housed in an individual
cage situated in a controlled environment, which included a 12-hour
light/dark cycle. They had unrestricted access to food and water (ad
libitum).

All procedures were conducted in accordance with the ARRIVE
guidelines and were carried out in accordance with the U.K. Animals
(Scientific Procedures) Act, 1986 and associated guidelines, the Euro-
pean Communities Council Directive of 24 November 1986 (86/609/
EEC). The sample size, criteria for group formation, and experimental
protocols adhered to the stipulations of Law No. 11,794 and the regu-
lations set forth by the National Council for Animal Experimentation
Control (CONCEA). The study was granted ethical approval by the Ethics
Commission on Animal Use (CEUA; document 183/2018).

2.3. Intratesticular injections of Cit SPIONs

The animals (n=12) were divided into control and treated groups.
The control group received an intratesticular application of 30 pL of
PBS/Testicle (10 mM phosphate buffer, pH 7.4, 140 mM NaCl) and was
evaluated after 56 days. The treated group received a single intra-
testicular injection of 30 pL of Cit SPIONs/Testicle [8x1072 mg/mL].
We administered nanoparticles (NPs) directly into the testicles using
intratesticular injection in an attempt to minimize systemic side effects,
and the nanoparticle concentration was chosen based on prior in vitro
studies conducted by our research group, demonstrating the biocom-
patibility in fibroblast cells [22]. After 56 days, the animals were
euthanized by anesthetic overdose using ketamine (240 mg/kg) and
xylazine (45 mg/kg), and blood was collected via cardiac puncture.

Inorganic nanoparticles tend to bioaccumulate in testis parenchyma
[13]. Therefore, we monitored testis and gamete alterations after 56
days of the nanoparticle exposition. This time frame is longer than
balb/c mice’s spermatogenesis duration (~40 days) and subsequent
6-day sperm transit in the epididymis [14,25]. This time window
allowed that sperm collected in the epididymal cauda were germ cells
exposed to nanoparticles inside the testis. Furthermore, this time
allowed the transit of sperm previously exposed as germ cells to reach
the cauda epididymis.

We closely observed the animals throughout this period to detect any
clinical signs indicating adverse systemic effects. The testes, epididymis,
and seminal vesicles were excised, dissected, weighed, and fixed for
further analysis. Histological and Magnetic Resonance Imaging (MRI)
techniques were employed to assess the NPs’ distribution in testes.

2.4. Magnetic resonance imaging

Magnetic resonance imaging (MRI) was employed to assess the
dispersion of magnetic nanoparticles in the testicles of the animals. Four
animals were anesthetized using Inactin (thiobutabarbital sodium)
(100 mg/Kg) intraperitoneally, and subsequently, saline solution (PBS -
10 mM phosphate buffer, pH 7.4, 140 mM NaCl) was administered to the
left testicle (control), while Cit_SPIONs [8x10~2 mg/mL] were applied
to the right testis. The scrotum of the animals was exposed to the MRI
equipment, and images were obtained at three time points: 30 min,
60 min, and 24 h after the testicular injections.
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A 4.7 T NMR magnet (Oxford Systems) under the control of a UNITY
Inova-200 imaging console (Varian) was utilized for image acquisition.
The imaging protocol involved obtaining T2-weighted cross-sectional
images (TR = 3000 ms, TE = 50 ms) with 20 contiguous slices of 1 mm
thickness (512 x 256 voxels). Subsequently, the images were analyzed
using the Bamboo Tablet Driver V5.2.5 WIN (WACOM Technology
Corporation, USA) and MeVisLab (MeVis Medical Solutions AG,
Fraunhofer) software to assess the dispersion of magnetic nanoparticles
in the testes. These imaging and analysis procedures were conducted at
the Magnetic Resonance Center (CTPMag) of the Department of Elec-
trical Engineering at the Federal University of Minas Gerais.

2.5. Transmission electron microscopy

Testicular fragments were fixed for 1 h in a modified Karnovsky
fixative (2% paraformaldehyde (Cas. 30525-89-4, Merck, Brazil) +
2.5% glutaraldehyde (Cas. 111-30-8, Merck, Brazil) in 0.1 M sodium
phosphate buffer, pH 7.4). Following fixation, they underwent three 5-
minute washes in 0.1 M sodium phosphate buffer / 0.15 M NaCl (Cas.
7647-14-5, Merck, Brazil) at 4 °C, and then were fixed in 2% osmium
tetroxide (Sigma-Aldrich, USA) for 30 min at room temperature. Sub-
sequently, samples were block-stained with 2% uranyl acetate (Cas.
541-09-3, EMS, USA) for 20 min in the dark, dehydrated in a graded
series of ethanol (Cas. 64-17-5, Merck, Brazil) and acetone (Cas.
67-64-1, Merck, Brazil), infiltrated with acetone/Epon EMBed 812
Resin 1:3 (Cas. 14120, EMS, USA) for 30 min, and finally embedded in
pure Epon.

Ultrathin sections were obtained using a diamond knife on a Leica
EM UC6 ultramicrotome (Leica Microsystems, Brazil), mounted on 200-
mesh copper grids (Ted Pella), stained with lead citrate (Cas.
6132-04-3, Merck, Brazil), and analyzed using transmission electron
microscopy (Tecnai G2-12 Thermo Fisher Scientific / FEI, USA) at the
Microscopy Center of the Federal University of Minas Gerais. Electron
micrographs were randomly acquired at different magnifications to
assess the ultrastructural characteristics of the testes.

2.6. Histology

Testes were fixed for histological analysis in Bouin (MFCD00146169,
Merck, Brazil) and Glutaraldehyde (Cas. 111-30-8, Merck, Brazil).
Subsequently, testis fragments were dehydrated in increasing series of
alcohols (70°, 80°, 90°, 95°, 100° ABS I, and 100° ABS II) and embedded
in plastic resin based on glycol methacrylate (Leica Historesin Embed-
ding Kit, Leica Instruments, Brazil). Histological Section (5 um) were
obtained using a rotating microtome with a glass razor, stained with 1%
toluidine blue-sodium borate solution and Prussian blue. The slides were
mounted with glass coverslips and Entellan (Cas. 107960, Merck, Brazil)
and analyzed under a light microscope (Olympus BX-60, USA).

2.7. Testicular histological analysis

Morphometric analyses were conducted following the protocol
described by Costa et al. [11]. In brief, the volumetric density of
testicular tissue components, the number and indices of testicular cells,
the frequency analysis of seminiferous epithelium cycle stages, and the
duration of spermatogenesis were assessed to determine daily sperm
production. Images were acquired using a light microscope (Olympus
BX-60, USA), and subsequent analyses were performed using ImageJ
software (http://imagej.nih.gov/ij).

2.8. Prussian blue staining

The Prussian blue histological staining method was employed to
detect the biodistribution of intratesticular injected iron oxide nano-
particles. In brief, histological sections were immersed in a Prussian blue
solution (comprising equal volumes of 4% HCI (Cas. 7647-01-0, Merck,
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Brazil), 10% potassium ferrocyanide (Cas. 14459-95-1, Merck, Brazil)
aqueous solution, and neutral red (Cas. 553-24-2, Merck, Brazil)) for
15 min. The presence of ferric ions (Fe®") in the testes, spleen, liver,
kidney and lung was visualized as a blue pigment after staining. Addi-
tionally, the samples were counterstained with neutral red dye for 5 min
to enhance visualization and differentiation between cellular structures
and iron deposits.

2.9. 3pHSD analysis

The evaluation of the 3HSD was performed by immunoperoxidase
according to the protocol of [20]. Briefly, the slides were deparaffinized
and dehydrated, and endogenous peroxidase was blocked using a
hydrogen peroxide solution (Cas. 7722-84-1, Merck, Brazil). The anti-
gen was retrieved using buffered sodium citrate (Cas. 6132-04-3,
Merck, Brazil), pH 6.0 at 96°C for 10 min. The unspecific proteins were
blocked using Ultra-V-Block (Cat. TA-060-UB, Thermo Scientific, USA).
As a primary antibody, we incubated the slides overnight with the goat
anti-rabbit 3BHSD (1:100, sc30820, Santa Cruz Biotechnology, USA). As
a secondary antibody, we used the biotinylated anti-goat (1:200,
ab6740, Abcam Inc, USA). Afterward, we incubated the slides with
streptavidin peroxidase and used diaminobenzidine (DAB) substrate
(Cas. 91-95-2, Merck, Brazil) as a chromogen.

The expression of the steroidogenic enzyme 3pHSD was evaluated
through da Pixel Intensity Analysis. Ten random images (approximately
50 Leydig cells) were captured using an Olympus BX60 microscope with
a coupled camera. After converting images to grayscale in Photoshop
CS6 v13.0, pixel intensity measurements were obtained from the labeled
cells. The ratio between the pixel intensity from the labeled cells and the
background was used [20].

2.10. Testosterone levels

Blood samples were collected in a minimum volume of 0.5 mL per
animal and centrifuged at 2000 rpm for 10 min to obtain serum, which
was then stored at —20 °C. Testosterone levels were determined using
the radioimmunoassay (RIA) method, following the protocol by Gon-
calves et al. [30]. A commercial kit (Tecsa®, Belo Horizonte, MG, Brazil)
was employed, and the analysis was conducted using an electro-
chemiluminescence assay on the automated Cobas 8000 platform
(Roche Diagnostics Inc., Indianapolis, IN, USA). The intra- and
inter-assay coefficients of variation (CV) for testosterone were 1.1% and
1.5%, respectively.

2.11. BrdU labeling

Two animals per group were intraperitoneally administered with
150 mg/kg of the 5-Bromo-2-deoxyuridine (Cas. 102212-99-7, Merck,
Brazil) as a marker to assess the duration of spermatogenesis. BrdU la-
bels cells actively synthesizing DNA at the time of injection [41]. In this
study, BrdU application and evaluation were conducted at two distinct
time points: 21 days and 1 h prior to animal euthanasia.

Following the histological processing of the testes, immunohisto-
chemistry was performed using the anti-BrdU antibody (dilution 1:100;
Pharmingen, # 347580) in combination with a biotinylated secondary
antibody (dilution 1:200; Sigma, # B7264) [41].

2.12. Sperm analysis

The mice epididymides were carefully separated and placed in a Petri
dish containing 500 pL of DMEM/F12 medium. Subsequently, the
epididymis cauda was punctured with 24 G needles to release the sperm
into the culture medium. After this procedure, the spermatozoa were
transferred to Eppendorf tubes for accurate volume measurement and
homogenization [23,30].

The sperm motility, classified as progressive motility, non-
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progressive motility, and no motility, was evaluated according to pre-
vious studies [23,30]. A 5 uL aliquot of the sperm sample was stained
with 5 pL of eosin, spread on glass slides, and mounted with 22 mm x
22 mm coverslips. We analyzed 200 spermatozoa, distinguishing stained
(dead) and unstained (live) sperm, using light microscopy at 100x and
400x magnification.

Following the initial evaluation, an aliquot of semen (10pL) was
diluted in 10% buffered formalin (2 mL), and sperm concentration was
determined using a Neubauer chamber maintained at 35.5°C. Percent-
ages of normal and altered spermatozoa were assessed for each smear,
and acrosome integrity was quantified. Morphological defects were
determined and classified according to sperm regions, including the
head, mid-piece (including cytoplasmic droplets), and tail (CBRA,
1998).

2.13. DNA fragmentation assessment

The Tunel assay (Terminal dUTP Nick-End Labeling) was used to
detect cell’s DNA fragmentation after exposure to Cit SPIONs. The Tunel
assay was performed using the "In situ Cell Death Detection Kit, Fluo-
rescein” kit (Roche) in testicular cells after 56 days of exposure to Cit_-
SPIONSs. Firstly, the histological sections were deparaffinized and
rehydrated; next, they were digested in Proteinase K solution (20ug / mL
in 10 mM Tris / HCl, pH 7.5) for 20 min at 37 °C. Then, they were
washed twice in PBS 1x for 5 min and after incubated with a TUNEL
reaction mixture 1:5 (enzyme solution + labeling solution) over 60 min
at 37 °Cin a humid chamber. Before incubation with the TUNEL reaction
mixture, some sections were incubated with recombinant DNase I (40 U
/mLin 50uM Tris / HCl and 1 mg/mL BSA, pH 7.5) and labeling solution
for 10 min at 25 ° C, for positive and negative control, respectively.

After the incubation period of the mix, the sections were rewashed in
PBS 1X thrice for 5 min. The slides were mounted with Fluoromount™
aqueous mounting medium (F4680, Merck, Brazil) and subsequently
analyzed under a fluorescence microscope (Olympus BX-60, USA) [38].
Tunel-positive cells were counted using the ImageJ software (http://i-
magej.nih.gov/ij). Five images random/animal at 400X magnification
were analyzed, and the total number of marked and unmarked cells in
the tubular compartment was estimated in the seminiferous epithelium
([381]; C. [76]).

2.14. Statistical analysis

Before analysis, all quantitative data were assessed for normality and
homoscedasticity of variances using the Kolmogorov-Smirnov (Dallal-
Wilkinson-Lilliefor) and Bartlett tests, respectively. Comparisons be-
tween the control and treated groups were conducted using Student’s t-
test, considering the appropriate parametric and non-parametric distri-
bution. The data are presented as mean + SEM. All statistical analyses
were performed using the GraphPad Prism 8 software (GraphPad Soft-
ware, Inc), with a significance level set at *p < 0.05.

3. Results
3.1. Characterization of Cit SPIONs

Cit_SPIONs presenting mean diameter of 8.9 + 2.4 nm; Dynamic
Light Scattering (DLS) revealed that the Cit_ SPIONs possessed 167 nm in

Table 1
Morphological characteristics of the Cit SPIONs.

Morphological characteristics

Average diameter 8.9 nm
Hydrodynamic diameter (DLS) 167 nm
Polydispersity (PDI) 0.279
Zeta potential ((P) -30.5 mV
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solution with a polydispersity index (PDI) of 0.279. Furthermore, the
displayed zeta potential, at physiological pH, was —30.5 mV (Table 1).
The other physicochemical characterizations of our nanoparticles can be
accessed in the article of Ferraz et al. [22].

3.2. Accumulation of Cit SPIONs in Leydig cells one day after
intratesticular administration

Comparing the control animals (Figure 1A1) that received an intra-
testicular injection of PBS (10 mM phosphate buffer, pH 7.4, 140 mM
NaCl) with those administered with Cit SPIONs (Figure 1A2), the
testicular weight remained unchanged (control testis = 0.101 + 0.001 g
vs treated testis = 0.114 + 0.004) (Supplemental Table 1).

Semi-thin sections of control animals revealed evident lipid droplets
in Leydig cells (Fig. 1B, white arrowhead). In contrast, treated animals
displayed darkened structures in the Leydig cell cytoplasm, suggesting
the association of Cit SPIONs with lipid vesicles (Fig. 1C — red arrow-
heads) 24 h post-injection. Prussian blue staining demonstrated prefer-
ential localization of Cit SPIONs within Leydig cells (Fig. 1E - red
arrowheads).

Magnetic resonance imaging (Fig. 1F) showed non-homogeneous
dispersion of Cit_ SPIONs 30 and 60 min after injection, concentrated
in areas adjacent to the injection site. At 24 h post-administration, a
homogeneous distribution of magnetic nanoparticles was observed
throughout the testicular parenchyma, with no indication of their
presence in the contralateral testis injected with PBS (Fig. 1F).

3.3. Cit SPIONS exhibit high biodistribution in testis parenchyma after 56
days of intratesticular application

Through transmission electron microscopy analyses, it was identified
that Cit_SPIONs were not restricted to Leydig cells after 56 days of
intratesticular injections. This pattern was different from the data
observed 24 h after application.

Cit_SPIONs were found to be distributed in various cellular com-
partments within the testis parenchyma, revealing their wide bio-
distribution. Notably, in the basal compartment of the seminiferous
tubules, prominent accumulation of Cit SPIONs was observed in Sertoli
cells’ cytoplasm (Fig. 2A-A/, black arrowhead) and peritubular myoid
cells (Fig. 2B-B/, black arrowhead), forming small endocytic vesicles.
Furthermore, Cit SPIONs were detected in spermatogonia, within
endocytic vacuoles (Fig. 2C-C|, black arrowhead). Although not quan-
tified, MET analyses also showed ultrastructural alterations in germ cell
mitochondria and depicted large endocytic vesicles in Sertoli cells in the
treated group (Supplemental Fig. 1A-D).

In the intertubular compartment, macrophages were identified as
key players in Cit_ SPION uptake, displaying large phagocytic vesicles
containing these nanoparticles (Fig. 2D-D/, black arrowhead). Leydig
cells exhibited significant Cit SPION accumulation in multiple endocytic
vesicles within the cytoplasm (Fig. 2E-E/, black arrowhead), and mito-
chondrial localization of Cit_SPIONs was also observed in Leydig cells
(Fig. 2F-F, black arrowhead). MET analyses also showed enlarged lipid
droplets containing Cit_ SPIONs and morphologically altered mitochon-
dria in the Leydig cells (Supplemental Fig. 1E-H).

Interestingly, Prussian blue staining did not reveal any Cit_ SPION
presence in the renal, lung, or liver parenchyma, indicating specific
distribution within the testis tissue. To validate the staining technique,
abundant Fe deposits were identified in the spleen parenchyma, serving
as a positive control (Fig. 3A-D). In the treated group, organ morphology
remained unaltered. Spleen analysis indicated regular white and red
pulp morphology. Liver examination revealed standard hepatic lobe
architecture. Kidney sections showed typical cortical and medullary
characteristics. Lung structures, including bronchi, bronchioles, and
alveoli, were normal (Fig. 3A-D). It is also important to mention that the
treated animals exhibited no adverse clinical signs, including diarrhea,
dehydration, weight loss, abdominal distension, or sporadic mortality.
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Fig. 1. Intratesticular Application of Cit SPIONs in vivo. (A) Schematic repre-
sentation of the in vivo experimental design. Histological analysis of intra-
testicular injections of PBS (B, D) and Cit_ SPIONs (C, E) after one day. (B)
Control animal testes showing clear lipid droplets (white arrowhead). (C)
Treated animal testes displaying nanoparticle’s clusters (red arrowheads) in
Leydig cell cytoplasm. (D-E) Testicular histology of control (D) and treated (E)
animals stained with Prussian blue. Leydig cells of treated animals exhibited
intense staining, indicating intracellular iron presence (red arrowheads). (F)
Magnetic resonance images of testes (in sequential 1 mm slices) taken after
30 min, 60 min, and 24 h following nanoparticles administration in the right
testis (RT) and PBS in the left testis (LT). (F) High magnification image of
seminiferous tubule distribution (white area) in LT parenchyma, while the RT
parenchyma is filled with nanoparticles (black area). Scale bar B, C = 20 um; D,
E =10 um.
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3.4. Cit SPIONs promoted morphological and functional changes in
Leydig cells

Several Leydig cells containing Cit SPIONs were identified through
Prussian blue staining (Fig. 4A-B) and toluidine blue staining (Fig. 4C-
D). Morphometric analyses revealed a significant increase (P < 0.05) in
the intertubular compartment of the animals treated with Cit_ SPIONs
(Fig. 4E). Within this compartment, the volumetric proportion of Leydig
cells (P < 0.05) and their nuclear, cytoplasmic, and individual (P < 0.01)
volume were augmented (Fig. 4F-I).

Despite the larger volume of these cells, we observed a similar
number of Leydig cells per gram of testis between the control and treated
groups (Fig. 4J). Evaluating steroidogenesis, weaker staining for the
3BHSD enzyme in the Leydig cells was observed in the treated animals
compared to the control group. Significant reductions (P < 0.05) in
plasma testosterone levels (Fig. 4N) and seminal vesicle weight (Fig. 40)
were also noted in the treated group.

3.5. Cit SPIONs did not alter spermatogenesis pace

Immunostaining for BrdU (Fig. 5A-D) allowed the identification of
the most advanced stained germ cells at the investigated time points.
One hour after BrdU application, primary spermatocytes in pre-
leptotene (red arrows) were identified in stages VII-VIII of the seminif-
erous epithelium cycle in both the control (Fig. 5A-A") and treated
(Fig. 5B-B') groups. Twenty-one days after BrdU application, elongated
spermatids (green arrows) in the XII stage of the seminiferous epithe-
lium cycle were identified in both the control (Fig. 5C-C") and treated
(Fig. 5D-D’) groups.

The frequency of the seminiferous epithelium cycle stages did not
differ between the control and treated groups (Fig. 5E). After associating
these data, it was possible to conclude that the duration of the sper-
matogenic cycle remained unchanged (~8.7 days; Fig. 5F).

3.6. Cit SPIONs reduced the tubular compartment volume and daily
sperm production

Further histological investigation of the tubular compartment
revealed focal tubular alterations in the testicular parenchyma caused
by Cit_SPIONs (Fig. 6A-B). Approximately 20% of the seminiferous tu-
bules showed a reduction (P < 0.05) in the number of germ cells in the
epithelium (Fig. 6C). The presence of Cit_ SPIONSs resulted in a significant
reduction in the tubular compartment volume (Fig. 6D; P < 0.05), as
well as in the tubular diameter (Fig. 6E; P < 0.05) and the height of the
seminiferous epithelium (Fig. 6F, P < 0.01). Interestingly, the diameter
of the tubular lumen (Fig. 6G) and the length of the seminiferous tubules
per gram (Fig. 6H) remained unchanged in the presence of Cit_SPIONs.

In treated animals, the reduction in germ cells led to lower (P < 0.05)
meiotic indices (Fig. 6I) and a decrease (P < 0.05) in the Sertoli cell
index (Fig. 6J). However, the number of Sertoli cells per gram of testis
remained unchanged compared to the control group (Fig. 6K). The
decreased spermatid number in treated animals also resulted in a lower
(P < 0.01) daily sperm production per gram of testis (Fig. 6L). Consistent
with these findings, a lower (P < 0.05) sperm concentration (Fig. 6M)
was observed in the epididymis of treated animals. However, no sig-
nificant changes were observed in sperm viability (Fig. 6N) and sperm
morphology (Fig. 7 A-B), including the head, midpiece, and tail
(Table 2).

3.7. Cit SPIONs alter sperm motility and induce germ cell DNA
fragmentation

Sperm from the treated group presented lower progressive motility
(P<0.01) and higher non-progressive motility (P<0.01) compared to
those from the control group (Fig. 7C-D). No differences were observed
regarding sperm without motility (Fig. 7E).
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Fig. 2. Testicular distribution of Cit_SPIONs after 56 days of testicular application. Through transmission electron microscopy, Cit_ SPIONs were identified in the
tubular compartment in Sertoli cells (A-A’), peritubular myoid cells (B-B’), and germ cells (C-C’). Regarding the intertubular compartment, Cit SPIONs were
identified in macrophages (D-D’) and Leydig cells (E-F), both in the cytoplasm (E-E’) and in the mitochondria (F-F’). cy = cytoplasm, m = mitochondria, ev =
endocytic vacuole, black boxes = areas selected to high magnification analysis, black arrowheads = identification of Cit_SPIONs.

The presence of Cit_ SPIONs in the testis caused a significative in-
crease (P < 0.05) in the number of Tunel-positive cells in the tubular
compartment (Fig. 7F). The positive control showed intense staining of
cells in the tubular and intertubular compartments (Fig. 7G). In the
negative control (Fig. 7H), no labeling was observed. Compared to the
control group (Fig. 7I), Tunel-positive cells were more frequent in the
treated group, mainly in elongated spermatids (Fig. 7J).

4. Discussion

In our study, we delved into the effects of Cit SPIONs on testicular
tissue in a living organism, shedding new light on the interaction of
nanoparticles with male reproductive systems. A fundamental discovery
from our research is the detailed biodistribution of these nanoparticles
across different testicular regions, with a notable concentration in the
interstitial compartment. This observation is particularly significant, as
it correlates with substantial morphological and functional changes in
Leydig cells. The most striking of these changes is the marked decrease
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Fig. 3. Biodistribution of Cit_SPIONs after 56 days of intratesticular application. Prussian blue staining was used to detect the presence of iron (Fe) in various organs.
(A) Fe was identified exclusively in the splenic parenchyma (black arrowhead). (A’) Fe at higher magnification within the spleen. In contrast, no Fe was detected in
the hepatic (B), renal (C), or pulmonary (D) parenchyma. cv = centrilobular vein; g = glomerulus; b = bronchus; a = alveoli; scale bar A’ = 10 ym; A = 30 um; B = 40

um and C, D = 100 pm.

in steroidogenic activity and a reduction in serum testosterone levels.
These findings are pivotal in understanding the mechanistic impact of
nanoparticles on hormone regulation and reproductive function.

Furthermore, our study reveals a notable decrease in germ cell
numbers within the tubular compartment. This reduction leads to
diminished spermatogenic indices and daily sperm production in treated
subjects. Furthermore, the treatment promoted the DNA fragmentation
of germ cells and reduced the sperm progressive motility (as illustrated
in Fig. 8). However, it is intriguing to note that, despite these consid-
erable alterations in germ cell production, there were no observable
changes in the duration of the spermatogenic cycle nor sperm viability
or morphology. Our findings suggest a complex and nuanced response of
the testicular environment to nanoparticle exposure, highlighting a se-
lective vulnerability within the spermatogenic process. These insights
contribute significantly to the field of reproductive toxicology and raise
essential considerations for the future development and application of
nanoparticle-based therapies in reproductive health.

In our innovative study, we meticulously charted the dispersion of
Cit_SPIONSs in testicular tissue, observing significant spread as early as
one-hour post-injection. Magnetic resonance analysis revealed their
presence from the caput to the cauda regions. The uniform particle size,
negative zeta potential, and moderate stability of Cit SPIONs, as dis-
cussed by [16]., likely facilitated this biodistribution, emphasizing their
potential in biomedical applications. As suggested by [5,15], the
incorporation of sodium citrate seems to have played a pivotal role in
enhancing the colloidal stability and effective biodistribution of these
SPIONS.

After 56 days of intratesticular injection, Cit_ SPIONs were found to
be specifically localized and widely spread within the testicular paren-
chyma. Notably, they were absent in other organs, including the kidney,
lung, and liver. This selective distribution highlights the unique
behavior of Cit SPIONs in the testicular microenvironment. While
various studies have reported the accumulation of different types of
nanoparticles (NPs) in various organs [24,32,34,6], the targeted and

restricted presence of Cit_ SPIONs in the testicular tissue showcases their
potential for specific and controlled biodistribution in the context of
reproductive toxicology and biomedical applications.

Our findings particularly spotlight the affinity of Leydig cells for
encapsulating Cit_ SPIONs. These accumulated Cit_SPIONs were found to
induce an increase in both nuclear and cytoplasmic volumes of Leydig
cells. We speculate that the high presence of Mitochondrial Ferritin
(MtF) in mouse Leydig cells [59] may contribute to these observed
patterns. MtF, known for its role in iron storage and metabolism, serves
to safeguard mitochondria and cells from oxidative stress [43,44,58,68,
80].

In our investigation, we observed the accumulation of Cit SPIONs in
lipid droplets within Leydig cells one day after intratesticular injection.
Sundarraj et al. [65] previously demonstrated that iron oxide nano-
particles (FeoO3-NPs) can induce testicular toxicity through interactions
with functional groups of lipids, proteins, and nucleic acids. This accu-
mulation may have been a crucial factor contributing to the observed
morpho-functional changes in Leydig cells. The reduction in immuno-
labeling of 3BHSD, a key enzyme involved in testosterone synthesis
[78], further supports a potential connection between Cit_SPION accu-
mulation and the decrease in serum testosterone levels.

Ultrastructural analyses showed significant changes in the mito-
chondrial morphology of Leydig cells. Mitochondria play an essential
role in regulating the biosynthesis of steroid hormones through choles-
terol metabolism [27,48]. The transfer of cholesterol from intracellular
reserves to the inner mitochondrial membrane is the first and most
limiting step in steroidogenesis [27,48]. Functional mitochondria are
necessary to have efficient steroidogenesis in Leydig cells. Therefore,
our findings agree that nanoparticle interactions within Leydig cells can
significantly affect testicular function and hormone production. In this
context, our results suggest that Cit SPIONs present great possibilities
for the development of anti-androgen therapies.

Testosterone is a crucial hormone that plays a vital role in main-
taining the integrity of the Sertoli cell barrier and supporting the
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Fig. 4. Morphological and functional alterations in Leydig cells following intratesticular application of Cit_SPIONs. (A-D) Comparison of testis histology between
control animals (A, C) and treated mice (B, D). Leydig cells containing Cit SPIONs were identified using Prussian blue (B) and toluidine blue (D) staining. (E-I)
Analyses of the intertubular compartment: (E) volumetric density, (F) volumetric proportion of Leydig cells, (G) individual volume of Leydig cells, and (H) nuclear
and (I) cytoplasmic volume of Leydig cells. (J) The number of Leydig cells per gram of testis. (K-O) Assessment of Leydig cell steroidogenic activity. (K-M) Com-
parison of 3BHSD labeling intensity between control (K, M) and treated (L, M) animals. (N) Plasma testosterone levels in control and treated animals. (O) Seminal
vesicle weight in control and treated animals. (B, D', K/, L) Inserts showing Leydig cells at higher magnification. Scale bar = 10 um. Values are expressed as mean +
SEM. * P < 0.05, **P < 0.01.
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Fig. 5. Spermatogenic cycle duration after Cit SPIONs treatment. (A-B) Immunostaining for pre-leptotene spermatocytes (red arrowheads) at stages VII-VIII of the
seminiferous epithelium cycle in control and treated animals, one hour after BrdU administration. (C-D') Immunostaining for elongated spermatids (green arrow-
heads) at stage XII of the seminiferous epithelium cycle in control and treated animals, twenty-one days after BrdU injection. Yellow arrowheads = metaphase plate
of the meiotic division. (E-F) The frequency (E) and duration (F) of the seminiferous epithelium cycle remain unchanged after the Cit SPIONs treatment. Scale bar A,

B,Cand D = 10 ym, A’, B’, C’ and D’ = 20 pm.

development of germ cells [55,67]. As demonstrated in our study, the
reduction of testosterone levels can negatively impact the efficiency of
meiotic division in the seminiferous epithelium, resulting in a decrease
in daily sperm production [75]. Previous data also confirm that the
accumulation of metal oxide nanoparticles (NPs) in the testes can lead to
a decrease in testosterone production, which in turn may impair sperm
quality and fertility [26,35,45,66,72].

In the intertubular compartment, we observed peritubular macro-
phages containing phagocytic vesicles with Cit SPIONs. Previous studies
have extensively explored the immunomodulatory effects of SPIONS,
particularly in tumor environments, focusing on the polarization and
reprogramming of macrophages [31,49,83]. These studies suggested
that SPION treatment can induce a pro-inflammatory phenotype in
macrophages [39,42,57]. However, testicular macrophages serve addi-
tional roles beyond responding to infections; they also influence and
regulate steroidogenesis ([29]; Chen et al., 2002).

Building upon our previous research [10], this study is the first to
report unchanged spermatogenesis duration post-Cit_ SPION injection.
Although the spermatogenic pace did not change, the experimental time
frame demonstrated that Cit. SPION bioaccumulation in the testis

parenchyma could interfere with the development of germ cells,
diminishing germ cell survival, sperm concentration, and progressive
motility. Further studies would explore whether the impact on sperm
motility was a consequence of the previous testicular cell exposure to
Cit_SPIONs or a direct effect of nanoparticles on the epididymis physi-
ology, affecting the sperm maturation during the transit in the epidid-
ymal duct (~6 days) [25].

The direct and indirect effects of Cit SPIONs on the seminiferous
epithelium, including accumulation in Sertoli and peritubular myoid
cells and decreased testosterone levels, hint at a complex interplay
within the testicular environment. While iron is essential for germ cell
development, an iron overload can lead to ferroptosis, increasing reac-
tive oxygen species (ROS) production [44]. In vivo studies have shown
that the primary mechanisms of toxicity of SPIONs are related to
increased ROS and, consequently, oxidative stress [69,79,81]. Excess
iron combined with the inactivity of the antioxidant system can result in
increased ROS, lipid peroxidation, protein damage, and DNA damage,
interfere with signaling pathways, and modulate gene transcription,
leading to cell death of various cell types [44,69,81].

In our study, we observed DNA fragmentation, mainly in elongated
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Table 2 5. Conclusions

Morphological sperm profile in control (CT) and Cit_SPIONs treated mice (mean

+ SEM). In conclusion, our study presents groundbreaking insights into the
Sperm characteristics (%) cT Cit SPIONs toxic effects of Cit_ SPIONs following intratesticular administration in
Head defects =346 & 3.21 =716 + 8.47 m.1ce, with significant 1.mp11cat10ns .for reproduche t.oxlcolo.gy. We
Hookless 414+ 1.4 1.41 + 0.74 discovered pronounced intertubular impact, especially in Leydig cells,
Banana-like 434+16 1.66 + 0.52 where Cit SPION accumulation led to decreased steroidogenic activity
Narrow 246 £ 1.8 3.23 £1.69 and androgen support. This disruption resulted in secondary seminif-
Macrocephalous 1.38 £0.96 0.41 £0.58 erous tubular changes, leading to germ cell loss and reduced sperm
Headless 3.55 + 1.66 2.73 £ 2.01 ducti our findi {llumi he intri £ icul
Amorphous 37.39 + 3.03 40.63 + 8.94 pro uction. Our ndings i uminate the 1ntr1catfa responses o testicular
Double headed 0.2 +0.27 0.08 £ 0.2 tissues to nanoparticles and open new therapeutic avenues using SPIONs
Midpiece defects 6.9 +0.97 5.39 +2.04 to modulate Leydig cell function. This study underscores the potential of
Midpiece only 0.3  0.44 0.08 + 0.2 nanotechnology in advancing male reproductive health treatments,
Thicker 2.27.£ 075 174 % 1.17 markin, ignificant step forward in the field
Smaller 0.89 + 0.54 0.66 + 0.41 arking a signiticant step lorwa ¢ held.
Irregular insertion 3.45 = 0.69 290+ 1.5
Tail defects 11.43 + 4.55 10.44 + 3.03 Financial support
Double tailed 0.20 + 0.27 N/A
Folded 8.09 + 2.68 6.96 + 2.36 . . e -
Coiled 315 4 2.57 3.48 + 0.83 Conselho Nacional de Desenvolvimento Clentlﬁco~ e Tecnologlc?
Without midpiece and tail 5.82 + 0.62 5.38 + 2.47 (CNPq - 422405/2018-3 and 317259/2021-0), Fundacao de Amparo a

Pesquisa do Estado de Minas Gerais (FAPEMIG - RED00079-22) and

Fundacao Coordenacao de Aperfeicoamento de Pessoal de Nivel Supe-
spermatids. The accumulation of Cit_SPIONs in the tubular compartment rior (CAPES)

and a decrease in testosterone levels may have increased the vulnera-
bility of germ cells. Notably, previous studies by Yang et al [82], Awaad
etal [4], and Di Bona et al [17] using different but close dosages support
our findings. They also suggest that exposure to iron oxide nanoparticles
(IONPs) can negatively impact male reproductive health, leading to a
reduction in sperm quantity, increased oxidative stress, and apoptosis of
cells in the tubular compartment. Although significant alterations were
found in the present study, it is imperative to mention that further
long-term evaluations related to gamete genetic and epigenetic alter-
ations and the reversibility of the observed effects should be conducted.
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DISCUSSAO GERAL

No contexto da salude reprodutiva, embora o uso da nanotecnologia seja amplamente
explorado no desenvolvimento de sistemas e dispositivos com vantagens proeminentes para
utilizacdo clinica, diagndstico e tratamento de diversas patologias, muitas ainda séo as lacunas
relacionadas aos efeitos adversos que as NPs podem causar aos 0rgaos reprodutivos e a saude
humana (Barkalina et al., 2014; Remido et al., 2018; Luo et al., 2024). Uma compreensao
intensa das vias moleculares envolvidas facilitard a traducéo clinica eficaz destas ferramentas
baseadas em nanotecnologia.

No Capitulo 1, analisamos e comparamos de forma detalhada, através de uma revisao
sistematica da literatura, as causas e 0s impactos da interacdo de NPs inorganicas com as células
reprodutoras de roedores machos. Uma visdo ampla da toxicidade de diferentes NPs inorganicas
foi encontrada nos artigos avaliados. Entretanto, a falta de padronizacao de protocolos quanto
ao tamanho das NPs, concentracfes/doses e vias de administracdo, mostraram resultados
bastante variaveis.

Em geral, observamos que a toxicidade de diferentes NPs depende fortemente das
caracteristicas fisico-quimicas e propriedades intrinsecas, que as tornam vantajosas para 0
desenvolvimento de tecnologias voltadas para o tratamento e diagnéstico de doencas do trato
reprodutivo. Estudos com diferentes NPs inorganicas mostraram que 0s mecanismos de
interacdes bioldgicas e os efeitos adversos como citotoxicidade, estresse oxidativo, danos ao
DNA, comprometimento da fungdo mitocondrial e inflamag&o podem ser determinados pelas
caracteristicas fisico-quimicas das mesmas, como tamanho, forma, especificidade area de
superficie, carga, atividade catalitica e presenca de grupos funcionais em suas superficies
(Asare et al., 2012; Kumar et al., 2014; Jia et al., 2020; Shandilya et al., 2020). A geragéo de

EROs e/ou inducdo de resposta inflamatdria tem sido apontada como um dos fatores primarios
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na toxicidade de diferentes NPs inorganicas (Krawetz et al., 2009; Lan e Yang, 2012; Tang et

al., 2019; Pinho et al., 2020; Dantas et al., 2022).

Devido as propriedades Unicas das SPIONs, como o superparamagnetismo, a relacao
superficie-volume, maior area superficial e facil metodologia de sintese, elas tém atraido a
atencdo de varios pesquisadores para o desenvolvimento de diversas aplicagcbes biomédicas
(Zanganeh et al., 2016; Suciu et al., 2020; Tsakmakidis et al., 2020). Além disso, séo
consideradas biocompativeis para varios sistemas bioldgicos (Patil et al., 2015; Schemberg et
al., 2022). Entretanto, apesar dessas inumeras vantagens, poucos sao os estudos relacionados a
toxicologia reprodutiva das SPIONSs. Neste contexto, nos Capitulos 2 e 3 focamos na avaliagdo
da toxicidade de SPIONSs in vitro e in vivo em células testiculares de modelos murinos, com o
intuito de obter uma compreensdo mais abrangente de como essas nanoestruturas poderiam
afetar as celulas testiculares.

No Capitulo 2, iniciamos com a caracterizacdo fisico-quimica das Cit_ SPIONs. A
caracterizacdo das nanoparticulas é crucial para determinar a composi¢do e a estrutura dos
materiais, além de avaliar a eficcia do método de sintese utilizado (Mourdikoudis et al., 2018;
Titus et al., 2018). Diferentes técnicas sdo utilizadas para caracterizar o tamanho, a forma, a
composicdo elementar e varias outras propriedades fisico-quimicas das nanoparticulas. Em
alguns casos, algumas propriedades podem ser avaliadas por mais de uma técnica
(Mourdikoudis et al., 2018; Titus et al., 2018). As técnicas de Microscopia Eletronica de
Transmissdo (TEM), Difracdo de Raio-X (XRD), espectroscopia Raman, espectroscopia de
Madossbauer, Magnetometria de amostra vibratoria (VSM), Potencial Zeta e Espectroscopia de
fotoelétrons excitados por raio-X (XPS), foram as técnicas utilizadas para caracterizar as
Cit_SPIONs e demostraram claramente o tamanho das NPs, a natureza superparamagnética e a

eficiéncia do revestimento com citrato de sodio.
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Neste capitulo, avaliamos a toxicidade de Cit_SPIONs em células testiculares de
camundongos usando modelos in vitro. Estudos in vitro fornecem informacGes importantes,
rapidas e de baixo custo para uma compreensdo basica dos principais mecanismos biolégicos
envolvidos em uma determinada condicdo/patologia (Moysidou et al., 2021; Savage et al.,
2019). Além disso, testes in vitro sdo amplamente utilizados para prever os riscos potenciais ou
a possivel toxicidade dos nanomateriais antes da sua aplicacdo final. Eles servem como
screening para identificacdo de possiveis efeitos agudos de nanoparticulas potencialmente
perigosas (Savage et al., 2019)..

Inicialmente avaliamos a toxicidade de Cit_ SPIONs em cultura de células testiculares
primarias de camundongos. Modelos e ensaios in vitro, baseados em células imortalizadas ou
culturas primarias, facilitam a investigacdo e a compreensdo de diversos eventos e processos
bioldgicos especificos sob diferentes condi¢des e sdo indispensaveis para uma ampla gama de
estudos biomédicos (Piwocka et al., 2024), seja para testar a eficicia e toxicidade de novos
medicamentos, ou na fabricacao de vacinas, na tecnologia de reproducéo assistida, dentre outros
(Patil et al., 2020; Moysidou et al., 2021). A internalizacdo das Cit_SPIONs nas células
testiculares in vitro foi avaliada através da cultura organotipica de tecidos. Esse tipo de cultura
representa uma ferramenta reprodutivel e rapida para testar os efeitos dos agentes bioldgicos e
qguimicos nos tecidos (Vaira et al., 2010). Além disso, toda a estrutura histoldgica e
tridimensional (3D) é mantida, permanecendo intactas as interacdes inter- e extracelulares, os
componentes da matriz celular e a capacidade metabdlica no microambiente celular (Salas et
al., 2020).

Resultados dos estudos in vitro (Capitulo 2) demonstraram alta suscetibilidade das
células somaticas (Leydig e Sertoli) & exposicéo das Cit_SPIONSs, destacando a internalizagéo
acentuada nas células de Leydig. Alteragdes relevantes também foram obtidas nos

espermatozoides expostos as Cit_SPIONs, como diminui¢do da viabilidade, motilidade,
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integridade do DNA, aumento de EROs, alteracbes na fungdo mitocondrial e peroxidagéo
lipidica. Esses resultados indicam que o aumento da geracdo de EROs desempenharam papel
importante na toxicidade das células testiculares.

No Capitulo 3, avaliamos os efeitos da injecdo intratesticular de Cit_SPIONSs nas células
de Leydig e nos espermatozoides de camundongos. Utilizamos modelos in vivo com o intuito
de observar o acimulo e os efeitos da exposic¢do a longo prazo. Varias pesquisas demonstraram
os efeitos de diversas NPs por diferentes vias de administracdo (Dantas et al., 2022). Entretanto,
neste estudo, optamos pela injecéo intratesticular para observar os impactos locais durante a
exposicdo das células testiculares as Cit_SPIONs. Uma vez que, a administracdo sistémica
poderia subestimar os efeitos adversos, através do processo de metaboliza¢do. A introducdo de
NPs em fluidos biolégicos pode resultar na formacdo do efeito corona, ou seja, na adsor¢do
espontdnea de proteinas, lipidios, por¢Bes de agUcar, acidos nucléicos e metabdlitos na
superficie de NMs (Wan et al., 2015; Martel et al., 2016; Ke et al., 2017; Lima et al., 2020;
Zhang et al., 2022; Mahmoudi et al., 2023). Devido as propriedades fisico-quimicas das NPs e
das complexidades das matrizes bioldgicas, os efeitos das NPs, incluindo funcédo, absorcéo,
biodistribuicao, respostas imunologicas e toxicidade podem alterar imprevisivelmente (Lesniak
etal., 2012; Bertrand et al., 2017; Chen et al., 2017; Francia et al., 2019; Chetwynd et al., 2020;
Fadare et al., 2020). A escolha da concentracdo das NPs foi baseada em estudos anteriores in
vitro realizados por nosso grupo de pesquisa, que demonstraram a biocompatibilidade das
Cit_SPIONs em células fibroblasticas (Ferraz et al., 2020).

Os resultados obtidos com o estudo in vivo (Capitulo 3) demonstraram que apés a
injecdo intratesticular, as Cit_SPIONs apresentaram uma biodistribuicdo disseminada em
diferentes regides testiculares, apds 56 dias da injecéo intratesticular. Entretanto, observou-se
uma maior concentracdo nas células de Leydig, com consequente diminui¢do da atividade

esteroidogénica e reducao dos niveis de testosterona. Além disso, alteragdes secundarias foram
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observadas, como alteragdes dos tbulos seminiferos, perda de células germinativas, danos no
DNA de espermatides alongadas e reducgdo da producgdo de espermatozoides. Curiosamente, a
distribuicdo de Cit_SPIONs foi especifica no tecido testicular, ndo sendo observada a sua
presenca no parénquima renal, pulmonar ou hepatico. Esses achados sugerem que o acimulo
de Cit_SPIONSs nas células de Leydig, somado a diminui¢cdo da atividade esteroidogénica e
reducdo dos niveis de testosterona, foram fundamentais para aumentar a vulnerabilidade das
células germinativas e dos espermatozoides.

Apesar de ser um componente essencial para o desenvolvimento de diferentes tipos
celulares, o ferro se torna toxico em excesso (Kaplan, 2002; Leichtmann-Bardoogo et al., 2012;
Tvrda et al., 2015a; Liu et al., 2022;). Nos testiculos, o desenvolvimento e a alta taxa mitética
das células germinativas masculinas necessitam de altas taxas de ferro (Tvrda et al., 2015a; Liu
et al., 2022;). O ferro é necessario para a sintese de DNA, crescimento celular e
mitocondriogénese das células germinativas (Aitken e Curry, 2011; Leichtmann-Bardoogo et
al., 2012; Tvrda et al., 2015b; Liu et al., 2022). Portanto, a espermatogénese € um processo
altamente dependente de ferro (Liu et al., 2022; Tvrda et al., 2015a). Assim, 0s sistemas de
transporte e absorcao de ferro pelas células germinativas sdo fortemente regulados pela barreira
hematotesticular que protege as células germinativas meioticas e pos-meioticas (Aitken e
Curry, 2011). Além disso, as espermatides e 0s espermatozoides em maturacdo sdo
extremamente vulneraveis ao estresse oxidativo, implicando na necessidade de uma homeostase
de ferro bem equilibrada no TS (Aitken e Curry, 2011).

Leichtmann-Bardoogo et al. (2012) avaliaram a deposi¢éo e as proteinas de transporte
de ferro em testiculos de camundongos com sobrecarga do elemento. Observaram que o ferro
se acumulou principalmente ao redor dos tdbulos seminiferos (TS), com pequenas quantidades
localizadas no interior deles. Dessa forma, esses resultados sugerem que a localizagdo

preferencial das Cit_ SPIONs nas células de Leydig estdo diretamente relacionados com a
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regulacéo pela barreira hematotesticular. Além disso, com relagdo as alteracfes observadas nos
espermatozoides em nosso estudo especulamos que, a sobrecarga de ferro testicular, a
inativacdo de enzimas antioxidantes e os disturbios do metabolismo lipidico podem ter causado
a morte oxidativa substancial (ferroptose) das células.

Dados preliminares de estudos in vitro usando fibroblastos humanos, realizados em
nosso laboratério, mostraram que essas NPs apresentaram répida e alta eficiéncia de
internalizacdo celular, baixa citotoxicidade e alta indugdo de morte celular (apoptose) apds
hipertermia magnética (Ferraz et al., 2020). Nossos dados, obtidos nos estudos in vitro e in vivo,
demonstraram que as células testiculares, principalmente as células de Leydig e o0s
espermatozoides sdo sensiveis as SPIONs. Assim, esses resultados com as SPIONs abrem
perspectivas para o desenvolvimento de tecnologias voltadas para esterilizagdo/contracepcao
masculina. Uma dessas possibilidades é o desenvolvimento de uma técnica baseada em
nanoparticulas magnéticas (NPMs) de magnetita (FesO4) associadas a um campo magnético,
gue tem como principio promover a hipertermia testicular e interrupcdo da espermatogénese.
Além disso, nossas descobertas abrem novas perspectivas para o desenvolvimento de terapias
utilizando SPIONs para modular a funcéo das células de Leydig como, por exemplo, terapias
anti-androgénicas para combater canceres do sistema reprodutor masculino dependentes de

androgenos.

CONCLUSOES
Artigo 1: Male reproductive toxicity of inorganic nanoparticles in rodent models: A
systematic review

e Os resultados mostraram uma boa correlagdo dos efeitos encontrados in vitro e in

VivO;
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A funcionalizacdo da superficie das nanoparticulas demonstrou ser uma forma
eficiente para a reducéo dos efeitos toxicos;

Os artigos avaliados apresentaram resultados totalmente variados, devido a falta de
padronizacdo do tamanho das NPs, das concentragbes/doses e das vias de
administracao;

Os efeitos das NPs a longo prazo, a exposi¢cdo materna e a toxicidade fetal foram
pouco explorados;

A maioria dos estudos ndo fornecem informac6es detalhadas sobre as vias de
toxicidade celular;

O aumento de EROs e 0 estresse oxidativo mostrou-se como um dos principais
mecanismos de toxicidade das NPs inorganicas;

As IONPs foram pouco estudadas quanto a toxicidade reprodutiva.

Esses resultados mostram a necessidade de implantacdo de uma regulamentacéo,
com protocolos padronizados para prever os efeitos toxicoldgicos, agudos e

cronicos, das NPs na saude e no meio ambiente.

The toxicity of superparamagnetic iron oxide nanoparticles induced on the

testicular cells: in vitro study

As Cit_SPIONs foram eficientemente caracterizadas fisico-quimicamente em
relacdo ao seu tamanho, forma, composi¢cdo e magnetizacao;

As células somaticas testiculares (Leydig e Sertoli) e os espermatozoides
mostraram-se sensiveis aos efeitos das Cit_SPIONS;

A internalizacdo acentuada de Cit_SPIONSs nas células de Leydig contribuiram para

suas alteracGes morfoldgicas;
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O aumento de EROs nas células espermaticas contribuiram para as alteragdes
morfofuncionais observadas;
As Cit_SPIONs apresentam toxicidade relevante para as células testiculares, atraves

da inducéo de estresse oxidativo;

Artigo 3: Effects of superparamagnetic iron oxide nanoparticles (SPIONSs) testicular

injection on Leydig cell function and sperm production in a murine model

O acumulo preferencial de Cit_SPIONSs nas células de Leydig levou a diminuicdo
da atividade esteroidogénica e do suporte androgénico;

Esse estudo destaca a suscetibilidade das células de Leydig e das células
espermaticas as Cit_SPIONSs;

A vulnerabilidade das células germinativas, os danos no DNA de espermatides
alongadas e a diminuicdo da producdo diaria de espermatozoides devem se tanto ao
acumulo de Cit_SPIONs no compartimento tubular, quanto a diminuicéo dos niveis
de testosterona plasmatica;

A exposicdo as Cit_ SPIONs ndo alterou a viabilidade, a morfologia dos
espermatozoides e o ritmo da espermatogénese;

A modulacdo da funcdo das células de Leydig pelas Cit_ SPIONs abrem novas
possibilidades para o desenvolvimento de terapias anti-androgénicas e métodos de

contracepgdo masculina.
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