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As dioxinas sdo subprodutos organicos policlorados provenientes de Varios processos
industriais e ttm como forma mais téxica o 2,3,7,8-tetraclorodibenzo-p-dioxina (TCDD). O
homem esta propenso a exposicdo ao TCDD, principalmente, devido a ingestdo de alimentos
contaminados e em periodos criticos de desenvolvimento, sobretudo, durante a vida
intrauterina e pos-natal. A exposicdo ao TCDD promove disfuncdes no sistema genital
masculino, como reducdo dos pesos dos 6rgdos reprodutores, atraso no inicio da maturacao
sexual, diminuicdo do numero de espermatides no testiculo, queda nos niveis séricos de
testosterona, estresse oxidativo no epididimo, queda na concentracdo espermatica, alteracdes
da motilidade e no tempo de transito dos espermatozoides. Considerando-se que na literatura
os trabalhos acerca dos efeitos do TCDD na salde reprodutiva da descendéncia masculina séo
escassos e precisam ser confirmados e elucidados, tanto em animais de experimenta¢do como
em humanos, principalmente, sua acdo sobre as funcdes reprodutivas e na qualidade
espermatica. Deste modo, avaliou-se os efeitos transgeracionais da exposi¢cdo in utero ao
TCDD no sistema genital masculino da prole quando adulta, com énfase nas funcoes
epididimarias e na qualidade espermaética. Para isso, ratas prenhes foram expostas a baixas
doses de TCDD (0,1; 0,5 e 1,0ug), no dia gestacional 15, sendo feitas, na prole masculina
adulta, analises espermaticas e investigacao da fertilidade apos inseminacéo artificial in utero
(1A). Alem disso, foram realizadas dosagens dos hormonios testosterona, foliculo estimulante
(FSH) e luteinizante (LH). A exposicao intrauterina ao TCDD ocasionou, na prole masculina
adulta, alteracbes nos niveis séricos hormonais de testosterona, morfologia espermatica e
diminuicdo no tempo de transito esperméatico na cauda do epididimo. Além disso, houve
reducdo da proporgéo de implantes por corpos luteos ap6s o procedimento de 1A, de tal modo
que essas alteracdes ocorreram ao menos em uma das doses testadas nas trés geracfes. No
entanto, ndo houve alteracdo no peso dos 0Orgdos sexuais masculinos e na motilidade
espermatica. Os resultados indicam que a exposicdo ao TCDD, nessas condicdes
experimentais, interferiu, negativamente, sobre processos que ocorrem no epididimo do rato,
prejudicando a qualidade espermatica, e alguns desses efeitos persistiram por varias geracoes,
provavelmente, pela interferéncia de fatores epigenéticos. Sabendo-se que a eficiéncia
reprodutiva nos ratos é maior do que a de homens, esses resultados podem indicar riscos
reprodutivos associados a exposicao pre-natal e lactacional ao TCDD na espéecie humana.

Palavras-chave: Desreguladores endocrinos, Dioxina, Rato, Epididimo, Efeitos

Transgeracionais
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Dioxins are organic polychlorinated byproducts derived from several industrial processes
whose most toxic form is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which persists in the
environment due to its cumulative character. Humans are prone to TCDD exposure,
principally by ingesting contaminated foods and during critical periods of development,
especially during intrauterine and postnatal life. It is known that exposure to TCDD promotes
dysfunctions of the male genital system such as reduced weights of reproductive organs,
delayed initiation of sexual maturation, diminished number of testicular spermatids,
diminished serum testosterone levels, oxidative stress in the epididymis, decreased sperm
concentration, alterations in motility and in sperm transit time. Considering the scarcity in the
literature of works on the effects of TCDD on the reproductive health of male offspring, its
action on reproductive functions and sperm quality should be confirmed and elucidated in
both humans and experimental animals. Thus, we evaluated the effect transgenerational of in
utero exposure to TCDD about genital system of adult male offspring, with emphasizing the
epididymal functions and sperm quality. For this, pregnant rats were exposed to low doses of
TCDD (0.1; 0.5 and 1.0ug), on gestational day 15 and subsequently their adult male offspring
were investigated for fertility after artificial insemination in utero (Al). The hormones
testosterone, follicle stimulating (FSH) and luteinizing (LH) were also measured. Intrauterine
exposure to TCDD provoked, in adult male offspring, alterations in serum testosterone levels
and sperm morphology, and diminution in sperm transit time in the cauda epididymis.
Furthermore, there was reduction in the proportion of implants per corpus luteum after in
utero artificial insemination, such that these alterations occurred under at least one of the
doses tested in the three generations. Nevertheless, there was no alteration in the weight of
male sex organs or in sperm motility. The results indicate that TCDD exposure, under these
experimental conditions, negatively interfered in rat epididymal processes, harming sperm
quality; some of these effects persisted for at least three generations, possibly through
interference of epigenetic factors. Given that rats display greater reproductive efficiency than
men, these results may indicate reproductive risks associated with prenatal and lactational
exposure to TCDD in humans.

Keywords: Endocrine disrupters, Dioxin, Rat, Epididymis, Transgenerational effects
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1.1. Influéncia dos Contaminantes Ambientais na Regulacéo Endécrina

A saude de um individuo € determinada pela interacdo entre dois fatores: o ambiente
interno do corpo e 0 ambiente externo a ele. Sendo assim, o ar limpo, &gua potavel e alimento
livre de toxinas séo requisitos fundamentais para garantir uma vida saudavel (Bratt, 2000). No
entanto, é cada vez maior a contaminagdo do ambiente devido as atividades agricola e industrial,
usados para atender as crescentes necessidades da sociedade acarretando em consequéncias na
saude humana (Bratt, 2000; Bordjiba et al., 2001). No homem a rota dessa exposicdo pode
ocorrer via ingestdo, inalacéo, absorcédo pela pele ou administragao intravenosa (WHO, 2002).

O campo de estudo destes compostos, coletivamente denominados desreguladores
enddcrinos (DE), tem crescido rapidamente e engloba areas como imunologia, toxicologia,
fisiologia da reproducdo, comportamento e ecologia (Hotchkiss et al., 2002). Essas substancias
sdo agentes exdgenos capazes de interferir na sintese, reserva, liberacdo, transporte,
metabolismo, ligacéo, acdo ou eliminacdo de hormdnios naturais do organismo responsaveis pela
regulacdo da homeostase e dos processos de desenvolvimento (Kavlock et al., 1996).

Uma correlacdo entre a contaminacdo ambiental e o aparecimento de alteracfes
reprodutivas na populagdo humana e em animais, realizada nos Estados Unidos no inicio de
1947, comecou a preocupar a opinido pablica (Tarin, 1972). A partir dessas evidéncias iniciou-se
uma série de debates entre a comunidade cientifica de diversos paises e as agéncias regulatorias
internacionais a respeito dos efeitos adversos que podem resultar da exposicao aos DE.

Entre essas alteracfes esta um significante declinio na qualidade e quantidade do sémen
humano (Auger et al., 1995). Ao mesmo tempo, a incidéncia da Sindrome de Disgenesia
Gonadal, que incluem hipospadia, criptorquidia, cancer testicular e de prdstata, entre outros, vem
crescendo consideravelmente (Nethersell et al., 1984; Czeizel, 1985; Pike et al., 1987; Sociedade

Brasileira de Urologia, 2010).



Em investigacGes laboratoriais, os DE que incluem plastificantes, praguicidas isolados ou
em misturas, dentre outros, apresentaram atividades que mimetizam ou antagonizam aquelas dos
horménios sexuais esteroidais, e que, portanto tornam esses compostos fortes candidatos a
agentes causadores dessa deterioracdo da qualidade espermatica e de desordens do trato genital
masculino (Sharpe & Skakkebaek, 1993).

Nos ultimos anos, alguns compostos tém sido associados a diminuicdo no numero de
espermatozoides estocados na cauda epididimaria e ao menor nimero de gametas disponivel
para ejaculacdo, com pouca ou nenhuma diminuicdo na producdo espermatica testicular,
reafirmando a hipotese de que o epididimo seja um importante alvo direto e indireto de agentes
toxicos (Klinefelter & Suarez, 1997). Deste modo, os DE, exerceriam seus efeitos sobre o
epididimo e maturacdo espermatica, resultando em prejuizo na qualidade e quantidade de
espermatozoides disponiveis para ejaculacdo (Kempinas & Klinefelter, 2010).

Os DE denominados antiandrogénicos sdo aqueles que antagonizam os efeitos dos
androgenos endogenos. Dentre estes, alguns sdo capazes de agir diretamente nas células-alvo
competindo pelos receptores de andrégenos (Gray et al.,, 2001). A populagdo mundial estd
constantemente exposta a estes agentes quimicos, 0s quais muitas vezes ocorrem em misturas
complexas capazes de exercer efeitos cumulativos (Chapin et al., 1997; Gray et al., 2001; 2006;
Blystone et al., 2009). Os efeitos de quimicos antiandrogénicos sobre a reproducdo masculina
sdo dependentes da fase de exposicdo, sendo o periodo gestacional considerado um dos periodos
mais susceptivel (Stoker et al., 2000; Sharpe, 2006).

Estudos realizados em diferentes partes do mundo tém reafirmado uma forte associagédo
entre a exposicao in utero ou durante as fases iniciais da vida extrauterina a um agente ambiental
e o aparecimento de doencas crénicas ao longo da vida de um individuo (Lucas, 1991;
Mantovani, 2006). Em muitas espécies animais, estes contaminantes atingem o feto via

mée/placenta ou os filhotes via lactacdo (Silveira et al., 2007).



1.2. Dioxinas

As dioxinas abrangem um conjunto de compostos organicos policlorados e s&o
classificadas em: dibenzo-p-dioxinas (PCDD) constituidas por 75 compostos, € em
dibenzofuranos (PCDF) constituidas por 135 compostos, dos quais 17 sdo preocupantes
(Comissdo das Comunidades Europeias, 2007). O composto mais toxico é o 2,3,7,8-
tetraclorodibenzo-p-dioxina (TCDD), pertencente a classe dos dibenzo-p-dioxinas, classificado
pela Agéncia Internacional para Pesquisa em Cancer (IARC) como um agente cancerigeno em
humanos (Fiedler et al., 2000).

Segundo o Comité Cientifico de Alimentacdo Humana (CCAH) da Unido Europeia,
juntamente com a Organizacdo Mundial de Saiude (WHO) as dioxinas possuem um limite de
exposicao diaria aceitavel de 4pg/Kg do peso corporal em humanos. No entanto, numa exposicao
abaixo desse limite, ainda podem surgir alguns efeitos nocivos como a endometriose, efeitos
neurotdxicos e imunossupressores (WHO, 1998; Comissdo das Comunidades Europeias, 2007).

As dioxinas sdo extremamente resistentes a degradacdo quimica e biologica, persistindo
no ambiente e tornando-se cumulativa nas cadeias alimentares humanas e animal (Comissao das
Comunidades Europeias, 2007), de tal modo que mais de 90% da exposi¢do humana é decorrente
da alimentacdo, sendo os géneros alimenticios de origem animal responsavel por 80% dessa
exposicdo (Comissdo das Comunidades Europeias, 2013). Portanto, a contaminacdo do solo, ar e

agua sdo consideradas potenciais fontes de dioxinas (Conselho da Unido Europeia, 2001).

1.2.1. Nota Historica
As primeiras descricbes de efeitos toxicos causados por compostos organicos
policlorados remontam a 1947, quando na Baia de Hudson, nos EUA, foram encontrados teores

elevados de policlorados no tecido adiposo dos peixes, e consequentemente, aumento das



incidéncias de cancer na populacdo local. Desde entdo, muitos outros episodios tém sido
descritos (Deutsche Welle, 1976).

Durante a guerra do Vietnam, entre 1965 e 1971, as tropas americanas aplicaram cerca de
72 milhGes de litros de herbicidas contendo o TCDD, junto ao perimetro de suas bases.
Posteriormente, em 1996, foram encontrados nos individuos que viviam nas proximidades das
bases militares, niveis equivalentes a 1832 ppt de TCDD no leite materno, 103 ppt no tecido
adiposo e 33 ppt no sangue. No entanto, amostras colhidas em habitantes do norte do Vietnam,
onde o toxico ndo foi utilizado, foram encontrados teores de TCDD inferiores a 2,9 ppt no total
das amostras avaliadas (Schecter et al., 1995; Gochfeld, 2001; Schecter et al., 2001; Dwernychuk
et al., 2002).

Um dos casos mais conhecidos de intoxicacdo por TCDD foi relatado em Seveso, na
Italia, em 1976, numa fabrica de praguicidas em que, um dos reatores de armazenagem rompeu
liberando 0 TCDD num raio de 6 km, acarretando em diversos distdrbios na satde humana e em
outros animais. Foram deslocados cerca de 730 habitantes desta regido, que ficaram expostos ao
toxico durante 15 dias (Deutsche Welle, 1976). Inicialmente, nas criangas expostas, foram
detectados o0s habituais sinais cutaneos; registrando-se posteriormente (nos 15 anos
subsequentes) aumento significativo da incidéncia de leucemia e de mielomas em mulheres
(Bertazzi et al., 1998).

O mar Baltico ¢ considerado a regido da Europa mais poluida com dioxinas. As industrias
do Leste despejaram efluentes durante décadas, sem qualquer tratamento. Atualmente, os Paises
ribeirinhos do Baltico (Suécia e Finlandia) mantém um programa de vigilancia ativa dos teores
de dioxinas em diversos produtos de origem marinha (peixes), animais silvestres (renas e focas),
alimentos (leites, aves, ovos) e o leite materno. Os alimentos provenientes de zonas muito

poluidas (Béltico, Mar Negro e Artico) ainda podem conter teores consideraveis de TCDD e,



portanto, atingir a alimentacdo humana (Watterson et al., 1999; Jensen, 2003; Roots et al., 2006;
2007).

No Brasil, entre 1997 e 1998, numa fabrica de subprodutos de sumos de citrinos, cascas
destes frutos desidratados acidentalmente tiveram TCDD introduzidos. Estas matérias-primas
foram exportadas para a Europa (Franca, Bélgica, Holanda e Alemanha) e utilizadas na
alimentacdo de vacas leiteiras. Na sequéncia desta utilizacdo, o teor de TCDD nos leites desses
animais na Alemanha, aumentou de 0,6 pg/g, registrado em Agosto de 1997, para 1,4 pg/g, em
Marco de 1998. Em Abril desse mesmo ano foi proibida a incorporagdo da referida matéria-
prima nas racOes para animais (Fiedler, 2000; Malisch, 2000; Pereira, 2004).

Existem muitos outros incidentes relatados, de menor dimensdo, mas que também
resultaram na liberacdo de dioxinas com prejuizos graves para a salde humana e para o
ambiente. A existéncia de dioxinas no ambiente e na cadeia alimentar, ndo é um problema dos
paises em desenvolvimento, mas sim um problema global e permanente, visto que este poluente

é eliminado diariamente em quantidades perigosas (Cardo, 2008).

1.2.2. Estrutura quimica das dioxinas

As dibenzo-p-dioxinas policloradas (PCDDs), frequentemente designadas por
“Dioxinas”, é uma classe de compostos aromaticos, triciclicos, de funcéo éter e estrutura quase
planar. Os anéis de benzeno encontram-se ligados a atomos de Hidrogénio, no entanto, esses
atomos podem ser substituidos por atomos de cloro. Os derivados das PCDDs, cujas
substituicdes de cloro ocorrem nas posicdes tetra-, penta-, hexa-, hepta- e octaclorados, sao
designados TCDD, PeCDD, HxCDD, HpCDD e OCDD, respectivamente (Assuncdo, 1999;
Fiedler et al., 2000).

Dependendo do numero de atomos de cloro (1 a 8) e do local da substituicdo, podem ser

distinguidos 75 diferentes congéneres de dioxinas (Assuncdo, 1999; Fiedler et al.,2000). As



moléculas que possuem numeros diferentes de atomos de cloro sdo designadas de congéneres, e
aquelas que possuem o mesmo, porém em posicdes diferentes sdo denominadas de isdmeros. A
toxicidade das dioxinas varia consideravelmente, e 0s congéneres em que a substituicdo ocorre
nas posicdes 2,3,7 e 8 sdo especialmente importantes devido a sua toxicidade, estabilidade e
persisténcia. (Assuncdo, 1999; Fiedler, 2000).

O TCDD ¢ o composto sintético mais toxico conhecido, capaz de induzir carcinogénese
em humanos e outros animais (Figura 1). E lipofilico com capacidade bioacumulativa, sendo
extremamente toxico (Assuncdo, 1999; Fiedler, 2000). Em animais de laboratério, o TCDD
induziu o aparecimento de uma grande variedade de alteragdes toxicoldgicas, entre elas:
carcinogénese, hepatotoxicidade, fetotoxicidade e toxicidade reprodutiva (Assuncdo, 1999;
Bryant, 2001; Weiss, 2006), sugerindo que héa diferencas significativas quanto a sensibilidade e
efeitos toxicos, entre individuos da mesma espécie. Esta diferenca pode ser observada, por
exemplo, em relagdo a DL50, via oral para ratos, que varia entre 20 a 100u/Kg (Companhia de

Tecnologia de Saneamento Ambiental-CETESB, 2011).

Figura 1: Estrutura quimica de 2,3,7,8-Tetraclorodibenzo-p-dioxina  (TCDD). Fonte:
http://biopolyverse.com/. Acesso em 21/04/2014

1.2.3. Fonte de dioxinas
As dioxinas sdo contaminantes gerados ndo intencionalmente por atividades das
industrias quimicas durante a sintese de praguicidas, dgua sanitaria, plasticos (principalmente o

PVC), solventes, tintas, no branqueamento de papel e celulose, durante a incineracdo de residuos



urbanos, industriais e hospitalares. As dioxinas também podem ser geradas por fontes naturais
(U.S. EPA, 1994; Comissao das Comunidades Europeias, 2007).

As principais fontes de dioxinas podem ser agrupadas em quatro grandes grupos (U.S.
EPA, 2005; Comissdo das Comunidades Europeias, 2007; Cardo, 2008), sendo elas:

I.  Combustdo - Inclui a incineracdo de residuos (urbanos e hospitalares), a queima de varios
combustiveis (como carvdo, madeira e derivados do petréleo), fontes de altas
temperaturas (cimenteiras) e combustdes pouco ou nada controladas (como os fogos
florestais, incéndios de edificios e a queima de lixo);

Il.  Fundicdes de metais e refinarias — Podem ser formadas durante varios tipos de operacdes
primarias ou secundarias com metais, incluindo a fundicédo de ferro e na producéo de aco;

I1l.  Inddstria quimica - Formadas como subprodutos da producdo de pasta do papel, de fendis
clorados (como o pentaclorofenol), PCBs e herbicidas fendlicos;

IV.  Processos biolégicos — Estudos recentes sugerem que as dioxinas podem ser formadas
sob algumas condi¢Ges ambientais, como a compostagem, pela acdo de microrganismos

sobre compostos fendlicos clorados e durante a eliminagdo dos gases para a superficie.

1.2.4. Toxicidade das dioxinas

Nos mamiferos, as moléculas de dioxinas se ligam a uma proteina soltvel especifica, o
Receptor Aril hidrocarboneto (AhR), e embora o mecanismo de acdo ainda nao seja
completamente compreendido, sabe-se que as dioxinas podem produzir alteracGes na regulacao
de véarios genes (expressdo e/ou repressdo) alterando a fungédo celular (WHO, 1998). Estudos
realizados nos ultimos anos demonstram que os efeitos mais toxicos das dioxinas, como
toxicidade dérmica, imunotoxicidade, carcinogénese, toxicidade reprodutiva e do
desenvolvimento, sdo mediados pelo AhR presentes na maior parte dos tecidos de animais,

incluindo o homem (Okey, 1994; McGregor et al., 1998). Apesar do AhR regular a expressao de



uma variedade de genes (Denison et al., 1998), os mais estudados sdo aqueles relacionados com
a codificacdo dos DE, tais como CYP1AL presentes na maioria das espécies de animais, e
utilizado como sistema modelo para compreender o mecanismo pelo qual o AhR regula a
expressao de tais genes (Denison & Nagy, 2003). A diversidade estrutural de indutores de
CYP1A1l foi relatada pela primeira vez por Owens & Nebert (1975), que demonstrou a
capacidade de numerosos compostos como as dioxinas, em induzir a atividade enzimatica
associada a CYP1ALl.

A maioria dos compostos designados Hidrocarbonetos aromaticos halogenados (HAHS),
tais como dibenzo-p-dioxinas, dibenzofuranos e bifendis, apresentam elevada afinidade pelo
AhR (Poland & Knutson, 1982; Gillner et al., 1993; Denison & Nagy, 2003), sendo o TCDD
considerado o composto mais potente capaz de produzir efeitos toxicologicos diversificados, a
maioria dos quais dependentes do AhR (Poland & Knutson, 1982; Safe, 1995).

A maior fonte de exposicdo para os ligantes AhR, em animais e humanos, s&o
provenientes da dieta (Denison & Nagy, 2003). As dioxinas entram na célula por difuséo passiva
através da membrana celular e se ligam no citoplasma ao AhR, formando o complexo Dioxina-
AhR, que sofre transformacéo ou ativacdo e move-se para o nucleo, onde interage com a proteina
Aril hidrocarboneto ndcleo-transferase (ARNT) para formar, por fosforilagdo, um complexo
heterodimero ligado a cadeias especificas do DNA, e, deste modo, ativam ou reprimem a
expressao de varios genes. A ligacdo das dioxinas ao AhR esta correlacionada com o sistema
enzimatico oxidativo citocromo P-450 (grupo de enzimas quimicamente distintas, mas
funcionalmente semelhantes) que se encontram principalmente no reticulo endoplasmatico dos
hepatdcitos (Heuvel & Lucier, 1993; Swanson & Bradfield, 1993; Sahlberg et al., 2002).

As enzimas citocromo P-450 sdo fundamentais para a sintese de esteroides e atuam no

metabolismo de outros compostos enddgenos. Algumas destas enzimas estdo envolvidas nos
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processos de biotransformacdo, conjugacdo, remocdo e/ou bioativacdo dos DE (Environment
Canada, 2003).

As dioxinas sdo eficazmente absorvidas no trato gastrointestinal e acumulam-se nos
tecidos adiposos dos individuos, aumentando o risco carcinogénico com tempo prolongado de
exposicao (Weiss, 2006).

A EPA atribuiu potencial carcinogénico as dioxinas, sendo o TCDD considerado o
composto mais tdxico. Os humanos estdo expostos ao TCDD por via alimentar, inalatoria,
placentaria e/ou lactacdo (McGregor et al., 1998; EPA, 2004). Um dos aspectos mais
preocupantes da toxicidade da dioxina é, claramente, a extrema sensibilidade do feto e da crianca
em desenvolvimento. Os efeitos neuroldgicos e comportamentais podem persistir durante a vida
adulta (Children’s Environmental Health Protection Act, 2001).

Além do potencial carcinogénico, sdo atribuidos as dioxinas outros efeitos adversos para
a salde humana, tais como: alteragdes no desenvolvimento fetal, atrasos mentais, desregulacdo
enddcrina e alteracdes na reproducdo (McGregor et al., 1998). A maior parte das informacdes
disponiveis sobre o efeito das dioxinas na saude humana é obtida de resultados in vitro,
experimentacdo animal e de estudos epidemioldgicos (Heuvel & Lucier, 1993; Grassman et al.,
1998).

Uma exposicdo ocasional a concentracOes altas de dioxinas (toxicidade aguda) pode
conduzir ao aparecimento de perturbacdes da funcdo hepatica, perda de peso e lesbes cutaneas
tipicas, conhecidas por “cloracne” que sdo caracterizadas por erupcdes acniformes e de manchas
escuras na pele devido a hiperqueratose cutanea e hiperplasia (Luscombe, 1999; Charnley &
Kimbrough, 2006).

Uma exposi¢cdo mais prolongada induz ao céncer e conduz a debilidade do sistema
imunitario, alteracbes dos sistemas nervoso e endocrino, da funcdo reprodutiva e do

desenvolvimento fisico e mental (Luscombe, 1999).
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Os efeitos das dioxinas na satide humana sdo, portanto, muito diversificados e podem ser
muito variaveis entre os individuos da mesma espécie, sugerindo que as diferencas genéticas
produzem uma resposta diferente (Heuvel & Lucier, 1993; Otles & Yildiz, 2003).

Estudos na Europa e nos EUA mostram que a exposi¢ao perinatal as dioxinas tem efeitos
no desenvolvimento do cérebro e da tireoide, capaz de induzir alteracdes no coeficiente de
inteligéncia, alteraces comportamentais e de desenvolvimento sexual; no figado surgem
alteracdes nas enzimas hepaticas; na medula dssea ocorre interferéncia na hematopoese, no timo
pode aparecer involugdo precoce, podendo a fungdo pulmonar ser também afetada. Um efeito
também descrito é a alteracdo da relacdo entre as taxas de nascimento de individuos do sexo
masculino e feminino, com um claro aumento da descendéncia feminina. Este fenémeno foi
verificado apds o acidente de Seveso em que, entre 1977 e 1996, a taxa verificada foi de 0,31%
(328 homens e 346 mulheres nasceram de pais potencialmente expostos) quando o normal seria
de 0,51% (106 homens e 100 mulheres) (Agency for Toxic Substances and Disease Registry,

2000; Fiedler et al., 2000; Mocarelli et al., 2000; Okubo et al., 2000; Yoshimura et al., 2001).

1.2.5. Efeitos do TCDD na reproducdo masculina de ratos

Tem sido evidenciado que a exposi¢do ao TCDD promove disfungdes no sistema genital
masculino de ratos, como reducdo dos pesos dos 6rgdos reprodutores (Gray et al., 1995, 19974a;
Ohsako et al., 2001, 2002), alteracdes no desenvolvimento da prostata e testiculos (Magre et al.,
2012), atraso no inicio da maturacdo sexual (Chahoud, 1989; Gray et al., 1997a, 1997b) e
estresse oxidativo no epididimo (Latchoumycandane et al., 2003).

Um estudo realizado por Fagi et al. (1998) observaram diminuicdo do tempo de transito
dos espermatozoides pelo epididimo na prole masculina de ratos, cujas mées foram expostas a
25, 60 e 300ng/Kg de TCDD durante a gestacao e lactacdo, sugerindo que este composto pode

comprometer a maturagdo espermatica.
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Outro efeito toxico do TCDD, em baixas doses, é a diminuicdo dos niveis séricos de
testosterona (Mably et al., 1992a; Gray et al., 1997a), o que poderia afetar érgdos andrégeno
dependentes, como é o caso do epididimo. Diferentes doses de TCDD, administradas oralmente
em ratas prenhes, no dia gestacional 15 (DG 15), coincidente com a janela do periodo critico de
desenvolvimento e diferenciacdo sexual do sistema reprodutor da prole (Mclintyre et al., 2002),
também promoveram feminizacdo na prole masculina (Mably et al., 1992b; Bjerke et al., 1994) e
diminuicdo do nimero de espermatides no testiculo (Gray et al., 1995).

Segundo Van Waeleghem et al. (1996) a exposicdo ao TCDD durante o periodo
gestacional e lactacional também provoca queda da motilidade espermatica na descendéncia
masculina em ratos, assim como, diminuicdo do numero de espermatozoides na cauda
epididimaria (Gray et al., 1997a), no entanto, a espermatogénese ndo é afetada (Foster et al.,
2010). Os mecanismos pelo qual a concentracdo espermatica diminuiu sdo desconhecidos,
sugerindo que, mesmo por um curto periodo de exposicdo ao TCDD, podem ser observados
efeitos deste composto sobre a estrutura do trato genital e a funcao reprodutiva masculina (Foster

etal., 2010).

1.3. Aspectos Estruturais do Epididimo

Nos testiculos, os tdbulos seminiferos convergem formando a rede testicular, a qual se
continua com os ductos eferentes, 0s quais, por sua vez convergem para formar um ducto unico,
longo e altamente enovelado denominado epididimo (Robaire et al., 2006).

De acordo com as caracteristicas anatbmicas e histologicas do epididimo, diferentes
formas de divisdo do 6rgdo em regides e segmentos tém sido propostas (Nicander, 1956; Hoffer
& Karnovsky, 1981; Hermo, 1995; Turner, 2003). No entanto, a classificacdo mais utilizada para
0 epididimo de ratos divide o 6rgdo em quatro regides distinguiveis macroscopicamente: I.

Segmento inicial: porcdo mais proximal do ducto epididimario, diretamente ligada aos ductos
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eferentes; Il. Cabeca: regido proximal do ducto epididimario em forma de bulbo; IIl. Corpo:

porcdo estreita localizada na regido média do 6rgao e IV. Cauda: regidao mais distal do epididimo

de onde emerge o ducto deferente (Figura 2) (Robaire & Hermo, 1988; Turner, 1995).

i EPIDIDYMIS

Figura 2: Diagrama representando o
testiculo contendo tubulos seminiferos e
rede testicular, conjunto de ductos
eferentes, o epididimo de rato subdividido
em segmento inicial, cabega, corpo e cauda,
e 0 ducto deferente. [Adaptado de Robaire
B and Hermo L, 1988. Efferent ducts,
epididymis and vas deferens: structure,
functions and their regulation. In The
physiology of Reproduction, E Knobil and J
D Neill, eds., pp. 999-1080. Raven Press,
New York].

O epididimo humano é dividido em apenas trés regides: cabeca, corpo e cauda. A
auséncia de segmento inicial se deve ao fato da maior parte da cabeca do epididimo humano ser
composta por ductos eferentes (Turner, 2008).

Os diversos tipos celulares que compdem o epitélio epididimario, classificado como
pseudoestratificado cilindrico com estereocilios (Figura 3), variam qualitativa e
guantitativamente entre as diferentes regides do tecido (Reid & Cleland, 1957). Dados da
literatura mostram evidéncias crescentes de que as regifes e tipos celulares do epitélio
epididimario sdo similares entre a maioria dos mamiferos, incluindo o homem (Robaire et al.,

2006).
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Figura 3: Fotomicrografia do Epididimo. Ep: Epitélio Pseudoestratificado Cilindrico com estereocilios; Sz:
Espermatozoide; N: Nucleo; Sc: Estereocilios; In: Intersticio. Hematoxilina e Eosina (H.E). Barra de escala: 100um.
Fonte: Laboratério de Biologia e Toxicologia da Reproducéo e do Desenvolvimento — ReproTox.

As células que constituem o epitélio epididimario sdo classificadas como: células

principais, estreitas, apicais, claras, basais e halo, de acordo com a caracteristica celular,

localizacdo e abundéncia no epitélio (Figura 4) (Hermo & Robaire, 2002).

Halo cell
» Immune functions

Basal cell
= Not stem cells
« Protective role
o
Apical cell R e
= Unknown function \
Interstitium
smooth muscle
capillaries

Figura 4: Organizacdo esquematica dos principais tipos celulares presentes no epididimo. Os trés compartimentos
do epididimo, bem como, a posicdo relativa e a distribuicdo dos tipos celulares estdo ilustradas. As principais
funcBes associadas com cada tipo celular, também estdo identificadas. Fonte: Robaire, B., Hinton, B., Orgebin-
Crist, M.C (2006). The Epididymis. In The physiology of reproduction [E. Knobil & J.D. Neil, Eds.], 1071-1148.
Elsevier, New York.

As células principais representam a maior populagdo celular do ducto epididimério e
dependendo da regi&o pode representar de 65% a 80% da populagéo celular total e, a estrutura e

funcdo deste tipo celular variam de acordo com a regido do érgdo, de modo que, essas diferencas
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estdo relacionadas a aparéncia e organizacdo das organelas associadas com a secrecdo celular e a
endocitose (Hermo & Robaire, 2002; Arrotéia et al., 2012). A presenca de tight junctions na
porcdo luminal de células principais adjacentes forma a barreira hemato-epididimaria,
fundamental para a manutencdo do microambiente luminal e protecdo do espermatozoide
(Hinton et al., 1995; Robaire et al., 2006).

As ceélulas estreitas estdo presentes no epididimo do rato adulto somente no segmento
inicial. S&o caracterizadas pela presenca de numerosas vesiculas apicais, envolvidas nos
processos de endocitose e secrecdo de ions H* para o limen (Robaire et al., 2006), atuando na
regulacédo do pH luminal (Adamali & Hermo, 1996; Breton et al., 1999; Pietrement et al., 2006).

Por sua vez, as células apicais sdo encontradas primordialmente no segmento inicial do
epididimo de rato, entretanto podem ser encontradas em outras regides epididimarias em ratos
com idade avancada (Hermo & Robaire 2002; Arrotéia et al., 2012). As funcbes especificas das
células apicais ainda sdo pouco conhecidas, mas sabe-se que elas sdo capazes de realizar
endocitose de substancias luminais (Robaire et al., 2006).

As células claras sdo celulas grandes com intensa atividade endocitica presentes na regiao
da cabeca, corpo e cauda do epididimo, sendo mais numerosas na cauda. S&o encontradas no
epididimo de diversas especies animais, incluindo humanos (Vierula et al., 1995; Hermo &
Smith, 1998; Robaire et al., 2006). Este tipo celular apresenta ampla atividade endocitica,
obtendo vérias proteinas a partir da luz do ducto epididimario e fagocitando o contetdo das gotas
citoplasmaticas liberadas pelos espermatozoides ao longo do transito pelo epididimo (Hermo &
Robaire, 2002).

Com relacdo as celulas basais, sabe-se que elas estdo presentes ao longo de todo o 6rgdo e
tém contato direto com a membrana basal e ndo possuem contato direto com a luz do ducto
epididimario (Hermo & Robaire, 2002). Tem sido proposto um possivel papel imune das células

basais, bem como uma funcdo de regulacdo do transporte de agua e eletrolitos realizado pelas
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células principais (Cheung et al., 2005) e de endocitose mediada por receptores (Robaire et al.,
2006).

As células halo sdo células pequenas encontradas entre duas células principais adjacentes
e estdo presentes ao longo de todo ducto epididimario. Trata-se de células derivadas de
monacitos, linfocitos T auxiliares ou linfocitos T citotoxicos (Serre & Robaire, 1999; Robaire et
al., 2006). A presenca destas células sugere que elas podem exercer uma fungdo imunoldgica no

epitélio do ducto epididimario (Hermo & Robaire, 2002).

1.4. Funcles Epididiméarias

A funcdo primaria do epididimo é o transporte dos espermatozoides que chegam dos
testiculos (Orgebin-Crist, 1969; Brooks, 1983). No entanto, o epididimo exerce um papel crucial
sobre a maturacdo espermatica, regulando o desenvolvimento da motilidade, a aquisicdo da
capacidade de sofrer reacdo acrossémica e de reconhecer e fundir-se ao oocito, além de ser sitio
de diversas e importantes modificacbes da membrana plasmatica dos espermatozoides. Além
disso, o epididimo protege os gametas masculinos de espécies reativas de oxigénio (ROS) e
estoca 0s espermatozoides na regido da cauda (Cosentino & Cockett, 1986; Hermo & Robaire,
2002; Robaire et al., 2006). Estas funcbes acontecem dentro dos diferentes ambientes luminais

presentes ao longo do ducto epididimario (Rodriguez et al., 2002).

1.4.1. Transporte dos Esper matozoides

Os espermatozoides chegam ao epididimo impulsionado pelo fluido testicular e
provavelmente, pelo batimento ciliar ordenado das células epiteliais dos ductos eferentes. No
entanto, € sugerida a existéncia de outros mecanismos de transporte dos gametas através do

ducto epididimario, uma vez que, as células epiteliais do epididimo apresentam estereocilios
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imdveis e o fluido luminal é reabsorvido em grandes quantidades na regido dos ductos eferentes
e segmento inicial do epididimo (Robaire et al., 2006).

O transporte dos espermatozoides atraves do epididimo também tem sido atribuido a
atividade contréatil da camada muscular externa ao ducto (Talo et al., 1979; Markkula-Viitanen et
al., 1979; Jaakkola, 1983; Cosentino & Cockett, 1986), constituida por uma camada de células
lisas que apresentam espessura e inervacao crescentes da regido proximal para as regifes mais
distais do 6rgdo (Baumgarten et al., 1971).

O tempo da passagem dos espermatozoides através do ducto epididimario é espécie-
especifica, podendo levar de 3 a 5 dias dependendo da espécie (Cosentino & Cockett, 1986). No
rato esse tempo de transito dura cerca de 8 dias (Amann et al., 1976; Robb et al., 1978). E
durante essa passagem dos gametas através do epididimo que ocorre a maturagdo espermatica
(Dacheux et al., 2005), tornando o0s espermatozoides, provenientes dos testiculos,

funcionalmente maduros (Roberts, 2010).

1.4.2. Maturacao dos Espermatozoides

Quando os espermatozoides de mamiferos saem dos testiculos, eles possuem morfologia
altamente especializada, no entanto, sdo imoveis e incapazes de fertilizar o odcito (Brooks et al.,
1983; Hermo & Robaire, 2002; Gatti et al., 2004). E durante essa passagem através do ducto
epididimario que muitas caracteristicas morfologicas e fisioldgicas dos gametas sdo modificadas
(Orgebin-Crist, 1969), e deste modo, passam a apresentar movimento progressivo e adquirem
habilidade fértil (Robaire et al., 2006; Kempinas & Klinefelter, 2010).

As etapas de maturacdo espermatica, determinantes para a qualidade dos gametas, ainda
ndo sdo completamente compreendidas (Dacheux et al., 2005; Roberts, 2010), no entanto, esse
processo provavelmente depende de uma interacdo regulada entre a lamina propria do ducto

epididimario, suas células epiteliais, fluido luminal e os pelos proprios gametas (Orgebin-Crist,
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1975; Kempinas & Klinefelter, 2010). Sabe-se que o microambiente intraluminal do epididimo é
fundamental durante o processo de maturacdo dos gametas, visto que, é rigorosamente regulado
pela atividade secretora e absortiva das suas células epiteliais (Robaire et al., 2006).

Quando passam pela regido de cabeca do epididimo, os espermatozoides adquirem
padrdo de motilidade circular e quando saem da cauda epididimaria ja apresentam movimento
progressivo (Cosentino & Cockett, 1986; Robaire et al., 2006). No entanto, no interior do
epididimo os espermatozoides permanecem em estado quiescente até 0 momento da ejaculacdo
(Brooks, 1983).

A capacidade de reconhecimento e fusdo do odcito envolve componentes e dominios
especificos na membrana plasmaética dos espermatozoides. De tal modo que, ocorrem alteragdes
na membrana dos gametas, permitindo a exposic¢do dos receptores de superficie necessarios para
0 reconhecimento espécie-especifica entre o espermatozdide e o odcito, possibilitando a
fecundacdo (Brooks, 1983). Essas alteracdes incluem a remodelacdo dos dominios especificos da
membrana plasmatica dos gametas durante sua passagem pelo epididimo, atraves da degradacao
e /ou liberagcdo de componentes testiculares e integracdo de componentes secretados pelo epitélio

epididimario associados a eventos de glicolisacéo e deglicolisacdo (Gatti et al., 2004).

1.4.3. Estocagem dos Espermatozoides

Nos mamiferos, a regido mais importante de estocagem de gametas é a cauda
epididimaria, e dependendo da espécie de mamifero considerada, os gametas podem ser
estocados na regido de cauda por periodos em torno de 30 dias (Orgebin-Crist et al., 1975). As
condicdes especiais que permitem a estocagem dos espermatozoides em um estado quiescente na
cauda epididimaria ainda ndo sdo completamente conhecidas, porém sabe-se que, o pH luminal e
a presenca da proteina imobilina sdo considerados fatores importantes durante esse processo

(Carr et al., 1985).
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Os espermatozoides que estdo estocados na cauda do epididimo apresentam idades
diferentes, pois chegam em momentos distintos nesta regido do 6rgdo. Isso permite que eles
respondam a capacitacdo e sofram reacdo acrossomica em momentos diferentes apds a entrada
no trato genital feminino, estratégia muito importante para animais de fecundacdo interna

(Sullivan et al., 2005).

1.4.4. Protecao dos Espermatozoides

A barreira hemato-epididimaria possibilita a formacdo de um microambiente luminal
especializado, fundamental para a manutencdo espermatica. Esta barreira também protege os
espermatozoides contra o sistema imunoldgico, ROS, agentes xenobidticos, dentre outros
fatores. Os mecanismos de defesa incluem a restricdo dos compostos que alcangam o ambiente
luminal, a sintese e secrecdo de proteinas especificas e a sintese e secre¢cdo de compostos
antioxidantes. O epididimo também protege os gametas de mudancas acentuadas no potencial
osmatico (Robaire et al., 2006).

Cada regido ou segmento epididimario desenvolveu seus préprios mecanismos de
protecdo aos espermatozoides, devido ao fato de que a atividade metabolica difere entre as
regides do epididimo, produzindo diferentes tipos de ROS e ao fato dos gametas apresentarem-se
em diferentes graus de maturacdo, dependendo da regido do ducto epididiméario (Robaire et al.,

2006).
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Sabe-se que o desenvolvimento adequado do sistema genital masculino depende de uma
série de eventos que se iniciam na vida fetal e continuam ap6s o nascimento. Todas estas fases
sdo reguladas por mecanismos dependentes de fatores hormonais e genéticos.

A exposicao a substancias quimicas podem contribuir para o surgimento de disturbios em
varias estruturas e funcdes envolvidas na reproducao de seres humanos e de outras espécies de
animais, o que vem sendo motivo de grande preocupacao nos ultimos anos. Efeitos induzidos por
essas substancias podem ocorrer pela interacdo direta da substancia com componentes do sistema
genital ou indiretamente pela interferéncia na regulacdo enddcrina, visto que, tanto o
desenvolvimento quanto a manutencdo do sistema reprodutivo € dependente de interagdes
hormonais. Sendo assim, a interferéncia de qualquer tdxico na interacdo do eixo hipotalamo-
hipofise-gbnada, responsavel pela regulagdo enddcrina, pode perturbar a homeostase reprodutiva
e consequentemente levar a anormalidades.

O interesse em se estudar esses agentes quimicos introduzidos ou disseminados pelo
homem no ambiente tem aumentado, pois existem evidéncias de afetar drasticamente o
desenvolvimento normal do sistema genital, promovendo alteracbes que se perpetuam no
individuo, podendo inclusive diminuir a qualidade espermatica humana e em outros animais.

O homem e outros animais estdo propensos a exposicdo ao TCDD, principalmente,
devido a ingestdo de alimentos contaminados e em periodos criticos de desenvolvimento,
sobretudo, durante a vida intrauterina e pés-natal. Considerando-se que na literatura os trabalhos
acerca dos efeitos do TCDD na saude reprodutiva da descendéncia masculina sdo escassos e
precisam ser confirmados e elucidados, tanto em animais de experimentacdo como em humanos,
principalmente, sua acdo sobre as fungdes epididimarias e na qualidade espermatica.

O presente estudo visou avaliar a exposicdo in utero ao TCDD (em baixas doses) e

investigar os possiveis efeitos toxicos sobre a fungdo sexual da prole masculina quando adulta,
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com énfase nas funcdes epididimarias e na qualidade espermatica, e se esses efeitos poderiam ser
transmitidos para as proximas geracaoes.
Os resultados e discussdo gerados a partir deste projeto estdo apresentados a seguir na

forma de um artigo cientifico a ser submetido a revista cientifica internacional da area.
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4.1. Objetivo Geral

O objetivo do presente estudo foi avaliar os efeitos transgeracionais da exposi¢éo in utero
ao TCDD no sistema genital masculino da prole quando adulta, com énfase nas funcdes

epididimarias e na qualidade espermaética.

4.2. Objetivos Especificos

Para alcancar o objetivo descrito acima, foram realizadas analises espermaticas (niUmero e
tempo de transito dos espermatozoides no epididimo, motilidade e morfologia espermatica), de
fertilidade apds inseminacdo artificial in utero e dosagem dos hormonios testosterona, FSH e

LH.
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O manuscrito foi intitulado “Sperm quality and fertility in rats after prenatal exposure to
low doses of TCDD: a three-generation study” e sera submetido para publicagdo no periodico
“Reproduction”, The Journal of the Society for Reproduction and Fertility, ISSN: 1470-1626,

Fator de impacto: 3.262.
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Abstract

Fetal exposure to Tetrachlorodibenzo-p-Dioxin (TCDD) causes defects in the male reproductive
system of the rat. This study evaluated the effects of developmental exposure to low doses of
TCDD in the male genital tract, with emphasis on sperm quality, and whether these effects
would be transmitted to the next generation. For this, pregnant rats were exposed to low doses of
TCDD (0.1; 0.5 and 1.0ug), on gestational day 15 and subsequently their adult male offspring, in
three-generation study, were investigated for reproductive parameters and fertility after artificial
insemination in utero (Al). TCDD accelerated sperm transit time through in the cauda
epididymis, and percentages of morphologically normal sperm and testosterone levels were
decreased in the TCDD-exposed rats (FO). The proportions of implants per corpora lutea was
also significantly decreased in all the generations, at least one dose of TCDD tested. In
conclusion, TCDD exposure, under these experimental conditions, decreases rat sperm quality

and fertility in adult male offspring and this effect is persistent in the next generation.

Keywords: dioxin, rat, epididymis, sperm quality, fertility, transgenerational effect
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Introduction

Dioxins, a class of persistent polychlorinated aromatic hydrocarbons and some of the
most potent environmental contaminants, induce a wide spectrum of toxic responses in
experimental animals, including reproductive, developmental and immunologic toxicities as well
as carcinogenicity (Williams & latropoulos 2001). The compound 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD), one of the most potent environmental contaminants, is formed not only as an
unwanted byproduct in the manufacture of chlorinated hydrocarbons, but also in incineration
processes, paper and pulp bleaching, and emissions from steel foundries and motor vehicles
(Skene et al. 1989). The lipophilicity and low rate of metabolism of TCDD leads to its
accumulation and persistence in adipose tissue (Enan et al. 1998).

The major source of human exposure to dioxins is through the diet (Porterfield 1994),
almost exclusively through consumption of animal foods including meat, fish and dairy products
(Environmental Protection Agency 2004). The dioxins can also be transferred during intrauterine
life through placenta and /or in the postnatal life via lactation (Faqi et al. 1998).

Several studies demonstrated a strong association between exposure to environmental
chemicals in utero or during initial phases of extrauterine life and the development of chronic
diseases in later life (Lucas 1991). In many animal species, these substances reach the fetus via
the mother/placenta and/or the offspring via the mother’s milk (Silveira et al. 2007).

TCDD exposure during development alters the characteristics of different tissues, leading
to effects in adulthood. It has been recognized that chemicals that are able to reprogram
developing tissues can in principle also alter the characteristics of germ cells, leading to effects
that span generations after the exposure (Nilsson et al. 2012). Because these chemicals alter gene
expression and phenotype in a heritable manner, yet do not alter the DNA sequence in the

genome, these effects have been termed epigenetic (Baker et al. 2014).
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Maternal exposure to TCDD has been reported to cause diverse changes in the
reproductive system of male offspring, including reduced sperm count, decreases of ventral
prostate size and anogenital distance, feminized sexual behavior and impaired prostate
development and testes (Bjerke et al. 1994a,b, Faqi et al. 1998, Gray et al. 1995, Gray et al.
1997a, Mably et al. 1992a,b,c, Magre et al. 2012).

During the past decades, several reports have suggested that the quality of semen in
normal men is declining due to chemical exposures (Auger et al. 1995), suggesting that the target
of these toxic substances is the epididymis (Klinefelter et al. 1997), an organ of the male
reproductive system that performs a variety of functions, including the transport, protection,
maturation, concentration and storage of sperm (Hermo & Robaire 2002).

Mammalian spermatozoa, as they leave the testes, are functionally immature cells that
necessitate a maturation process during the passage through the epididymis, to acquire the
capacity of recognition and fertilization of the oocyte (Hermo & Robaire 2002). During transit
through the epididymis, many morphological, physiological and biochemical characteristics of
the spermatozoa are modified, as part of the maturation process (Orgebin-Crist 1969).

TCDD-induced changes in cauda epididymal sperm counts provide clear evidence of
developmental toxicity without an effect on spermatogenesis. The mechanisms underlying
decreased epididymal sperm count are unknown; however, epididymal function is the key target
for the adverse effects of TCDD (Foster et al. 2010). The aim of the present study was to
investigate the effects of developmental exposure to TCDD in the male genital tract, with
emphasis on sperm quality, and whether these effects would be transmitted to the three

generations.

Materials and Methods

Animals
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Adult female (60 days of age, weighing 230g) and male (90 days of age, weighing 4009)
Wistar rats were supplied by Central Biotherium of State University of Sdo Paulo (UNESP) and
maintained in polypropylene cages (43x 30x 15cm) with laboratory grade pine shavings as
bedding. Rats were maintained under controlled temperature (23+1°C) and lighting conditions
(12L, 12D photoperiod, lights switched off at 07:00 h) and had free access to food and water.
The experimental protocol followed the Ethical Principles in Animal Research adopted by the
Brazilian College of Animal Experimentation and approved by the Biosciences Institute/ UNESP

Ethics Committee for Animal Research (Protocol number: 381).

Experimental Design

Two non-gravid female rats were mated with one male, during the dark portion of the
lighting cycle, and the day of sperm detection in the vaginal smear was considered day zero of
gestation (gestational day 0 - GDO0). The pregnant females were randomly assigned to the
experimental groups and housed individually in cages.

Pregnant rats were allocated into four experimental groups (n= 7-10 rats/group): exposed
groups that received low doses of TCDD (Sigma Chemical Co., St. Louis, Mo., code 48599),
0.1ug/kg, 0.5ug/kg or 1.0 pg/kg, orally (gavage), single dose on GD15, which coincides with the
end of most organogenesis in the fetus and because the hypothalamic-pituitary-testis axis is just
beginning to function (Mably et al. 1992a,b,c, Gray et al. 1995, Gray et al. 1997a). These doses
were chosen based on TCDD Lowest observed adverse effect level (LOAEL) - 0.01ug/Kg/day,
of reproductive function for rats, and Median lethal dose (LD50) - 20-100ug/Kg, by oral for rats
(Murray et al. 1979, Mably et al. 1992a, Gray et al. 1997a, Gray et al. 1997b). Other studies
have also demonstrated that maternal treatment with larger doses that 1.0png TCDD caused
maternal toxicity and high degree of mortality among the offspring (Mably et al. 1992a). The

control group that received corn oil (vehicle), following the same experimental protocol.
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At PND 1 (with PND 0 being defined as the day of birth), litters were weighed and
reduced to eight, maintaining preferentially the male offspring (Nassr et al. 2010). At adulthood
(90 days old), part of the male offspring (FO) were mated with unexposed females to obtain F1
generation whereas another part of the male offspring (F1) were mated to obtain F2 generation.
All the procedures were performed at 90 (adulthood) to assess possible transgenerational effects

of TCDD and quality sperm, as described below (Fig. 1).

Experiment 1
Euthanasia, Body Weight and Organ Weights of Male Offspring

Male rats (7-10, one per litter) were weighed, euthanized by CO2 inhalation followed by
decapitation (between 9:00 and 11:30 AM). The right testis, epididymis and vas deferens, ventral
prostate, seminal vesicle (without the coagulating gland and full secretion) were removed and

their absolute weights were determined.

Serum Hormone Levels

After decapitation, blood was collected and serum was obtained by centrifugation (2400
rpm, 20 minutes at 4°C) and stored at —20°C until analysis. The concentrations of testosterone,
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were determined by the
technique of double antibody radioimmunoassay (RIA) kit (National Institute of Arthritis,
Diabetes and Kidney Diseases—-NIADDK, USA). All the samples were analyzed in the same

assay to avoid inter-assay variability.

Daily Sperm Production per Testis, Sperm Number and Transit Timein the Epididymis
Homogenization-resistant testicular spermatids (stage 19 of spermiogenesis) in the right

testis were counted as described previously (Robb et al. 1978), with adaptations adopted by
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Fernandes et al. (2007). Briefly, the right testis, decapsulated and weighed soon after collection,
was homogenized in 5 mL of NaCl 0.9% containing Triton X100 0.5%, followed by sonication
for 30 seconds. After a 10-fold dilution, one sample was transferred to Neubauer chambers (four
fields per animal), and mature spermatids were counted. To calculate the daily sperm production
(DSP), the number of spermatids at stage 19 was divided by 6.1, which is the number of days of
the seminiferous cycle during which these spermatids are present in the seminiferous epithelium.
In the same manner, caput/corpus and cauda epididymis portions were cut into small fragments
with scissors and homogenized, and sperm counted as described for the testis. The sperm transit
time through the epididymis was determined by dividing the number of sperm in each portion by

DSP.

Experiment 2:
In Utero Artificial Insemination

Because rats produce and ejaculate an excess of qualitatively normal sperm, artificial in
utero insemination of a fixed, a critical number of sperm has been suggested as a means of
augmenting the sensitivity of a toxicant-induced decrease in sperm quality in the rat (Amann et
al. 1986). According to this technique, a fixed number of sperm collected in the cauda
epididymis is inseminated directly into the uterus permitting evaluation of sperm quality, without
the interference of other factors such as alterations in the sexual behavior pattern and number of
sperm available for ejaculation (Klinefelter 2002).

Females (n=80; 60 days old, weighing 230g) in estrus induced by LHRH (Luteinizing
Releasing Hormone) agonist (Sigma Chemical Co., St Louis, Missouri), were paired with
sexually experienced vasectomized males for 1 h. Receptive females (that exhibited lordosis)
were selected for insemination. The isolation and preparation of distal cauda sperm for

insemination was similar to that described previously (Kempinas et al. 1998, Klinefleter et al.
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1994). When insemination was complete, the abdominal musculature was sutured. Females of
the FO and F1 generations were killed 20 days later to evaluated fertility. Since there were no
changes in relation to resorptions per implantation sites in the FO and F1 generations, the females

of the F2 generation were killed 9 days later to evaluate fertility.

Fertility Evaluation

The females were killed by decapitation. After collection of the uterus and ovaries, the
numbers of corpora lutea, implants and reabsorptions were determined. From these results the
following parameters were calculated: proportions of implant per corpus luteum and proportions

of resorptions per implantation sites.

Sperm Motility and Morphology

Sperm motility was evaluated from sperm used for artificial insemination. The sperm
sample was collected and immediately diluted in 2 mL of modified HTF medium (Human
Tubular Fluid, Irvine Scientific®), pre-warmed at 34°C. An aliquot of 10uL of the diluted sperm
was placed in a Makler chamber (Irvine, Israel) and analyzed under a phase-contrast microscope
(Leica DMLS) at 400x magnification. One hundred sperm were evaluated per animal and
classified for motility into: type A: motile, with progressive trajectory; type B: motile, with non-
progressive trajectory; and type C: immotile (Perobelli et al. 2010).

The cauda sperm suspensions used for the artificial insemination were diluted 1:10 with
10% saline formol. To analyze the sperm morphologically, smears were prepared on histological
slides that were left to dry for 90 min after which 200 spermatozoa per animal were evaluated for
head and / or flagellar defects by phase-contrast microscopy (x400, total magnification) (Seed et

al. 1996).



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

51

Statistical analysis

For comparison of results among the experimental groups, statistical tests for analysis of
variance (ANOVA) were utilized with the ‘a posteriori’ Tukey-Kramer test or the nonparametric
Kruskal-Wallis test with the ‘a posteriori’ Dunn test or Qui-Square test, according to the
characteristics of each variable. Differences were considered significant when p < 0.05. The

statistical analyses were performed by the software GraphPad InStat (version 3.02).

Results
Experiment 1

Neither of the experimental groups presented a significant alteration in body weights
between the control and treated groups with different doses of TCDD in adult male offspring in
both generations. The absolute weights of reproductive organs also did not differ, as shown in
Table 1.

Serum testosterone levels were significantly diminished in generation FO, but this
alteration was not maintained in generation F1. In relation to generation F2, there was a sharp
but non-significant diminution as shown in Fig. 2. The serum levels of FSH and LH did not
present significant alterations among the experimental groups in all the generations (Fig. 2).

The sperm transit time was also similar between the control and treated groups, but in
generation FO there was a reduction (acceleration) of transit time in the cauda epididymis of
animals exposed in utero to 1.0ug of TCDD in comparison to the control group, but the
difference was not statistically significant (p=0.07) as shown in Fig. 3. This reduction in transit
time (acceleration) was not observed in the subsequent generations (Fig. 3).

In relation to the number of mature spermatids in the testicle and DSP, there was no
statistically significant difference between the four experimental groups, in all the generations, as

shown in Table 2. In the epididymis the number of spermatozoids in the head regions was also



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

52

similar between the control and treated groups, as were the sperm reserves in the cauda region in

both generations (Table 2).

Experiment 2

The number and proportion of reabsorptions by implantation sites (%), did not differ
between the experimental groups in generations FO or F1. In generation F2 this analysis was not
performed, since the laparotomy was carried out on DG9 (Table 3).

In generation FO the proportion of implants per corpus luteum (I/CL) was reduced
statistically at the doses of 0.5 (9.37%, 1/CL=61.95%) and 1.0ug (21.95%, 1/CL=58.70%) of
TCDD when compared to the control group (I/CL=75.21%), as shown in Table 3. In generation
F1, this reduction was statistically significant at the dose of 0.1pg/Kg of TCDD (33.59%,
I/CL=41.11%) in relation to the control group (I/CL=61.90%). At the dose of 0.5ug/Kg of
TCDD this reduction was approximately 18.48% (1/CL=50.46%), but not significant. Although
the group receiving the highest dose also did not present a statistically significant reduction,
there was a diminution of 29.65% (1/CL=43.55%) (p=0.06) when compared to the control group,
as shown in Table 3.

Nevertheless in generation F2 this reduction was statistically significant in all the
experimental groups in relation to control group (I/CL=82.35%) of approximately 30.47%
(1/CL=50.67%); 31.29% (1/CL=56.58%) and 61.36% (I/CL=31.82%) at the doses of 0.1; 0.5 and
1.0 pg/Kg of TCDD, respectively (Table 3).

The evaluation sperm motility demonstrated that, among the experimental groups, in both
generations, there was no statistically significant difference as to the number of Type A
spermatozoids: mobile with progressive trajectory; Type B: mobile with non-progressive

trajectory, and Type C: immobile (Fig. 4).
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In relation to sperm morphology, the percentage of morphologically normal
spermatozoids was significantly diminished in the treated groups with 0.5ug/kg and 1.0 pg/kg of
TCDD (97.09% and 96.89%, respectively) in relation to control group (98.36%) in generation
FO, as shown in Table 4. Yet generations F1 and F2 showed no significant statistical differences

between the control and treated groups at different TCDD doses (Table 4).

Discussion

Several chemical environmental contaminants have been identified as having anti-
androgenic and / or estrogenic activity, thus acting as endocrine disruptors (Gray et al. 1999,
Parks et al. 2001). Laboratory experiments have shown that exposure in utero to endocrine
disruptors can provoke the appearance of chronic diseases and compromise reproductive
function throughout the life of the individual (Gray et al. 2006, Foster et al. 2008, Christiansen et
al. 2009).

The TCDD, a congener of dioxin considered the most toxic environmental contaminant
(Gray et al. 1999) capable of inducing several adverse effects on human health (Birnbaum et al.
1994, Larsen 2006, Schecter et al. 2006) with estrogenic, anti-estrogenic and anti-androgenic
activities, depending on dose and time of exposure (Gray et al. 2001), able to perturb the normal
development of the hypothalamus, leading to alterations in sexual differentiation (Takeda et al.
2014). It is known that this compound can be transferred to developing organisms through the
placenta or by lactation (Faqgi et al. 1998), although we have not measured TCDD in milk.

In the present study, we have investigated the effect of in utero exposure to TCDD in the
male genital system, from offspring during their adulthood, with an emphasis on epididymal
functions and sperm quality and whether these effects may be transmitted to the next
generations. In adult male offspring, TCDD promoted alterations in sperm transit time and sperm

morphology, as well as diminutions in serum testosterone levels and implantations per corpus
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luteum after the procedure of in utero artificial insemination, showing that the fertility of these
animals was compromised, such that these alterations occurred under at least one of the doses
tested in the three generations. Although there has been changes under at least one of the doses
tested, most effects and persistence are related to higher doses of TCDD exposure (0.5 and
1.0ug), showing a possible dose-response relationship.

The body weights of male offspring in adulthood (DPN90) and the weights of the
reproductive organs remained similar, suggesting that TCDD did not compromise the general
health status of these animals, which corroborates the results of Ohsako et al. (2001) obtained
with pregnant Holtzman rats treated with 12.5, 50, 200 or 800 ng/Kg TCDD doses under an
experimental design similar to that employed in the present work.

In a study carried out by Faqi et al. (1998), a 50% reduction of testosterone was observed
in adult male offspring whose mothers had been exposed (s.c.) at 300ng/Kg prior to mating and
during the period of pregnancy and lactation, followed by a weekly maintenance dose of
60ng/Kg (300/60ng of TCDD), results similar to those found by Mably et al. (1992a,b)
corroborating the data from the present study that presented expressive effects on serum
testosterone levels in generations FO and F2. The concentrations of FSH and LH in the present
study were similar between the control and TCDD-treated animals in the three generations,
corroborating data from the literature (Mably et al. 1992a, Bjerke et al. 1994b, Ohsako et al.
2001, Foster et al., 2010).

There was a reduction in serum testosterone and no changes of levels LH and FSH. It is
known that the Leydig cells, in vivo, are programmed to release testosterone in function not only
of LH stimulation but also in response to various local paracrine factors most likely related to
Sertoli cell function (Klinefelter & Kelce 1996). This would imply that Leydig cells are not

exposed through the testicular interstitial fluid to LH pulses as occur in circulation, and
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therefore, do not it would be possible ‘read’ these pulses, indicating no immediate relationship
between LH peaks and testosterone response (Pierroz et al. 1999).

During the transit of spermatozoids through the epididymis, their morphological,
physiological and biochemical characteristics are modified, as part of the maturation process
(Orgebin-Crist 1969); thus, some alteration during this process can provoke qualitative damage
in this gamete (Toshimori 2003).

Faqgi et al. (1998) reported that in utero and lactactional exposure to TCDD (an initial
dose of 25-300 ng/Kg followed by 5-60 ng/Kg of TCDD throughout mating, pregnancy and
lactation) diminished the transit time of sperm through the epididymis in Wistar rats,
corroborating the data of the present study, which presented a reduction (acceleration), although
non-significant, in the transit time in the cauda epididymis of the animals exposed to 1.0ug of
TCDD. This rapid passage of spermatozoids through the epididymis promotes minimal exposure
of the gametes to the epididymal microenvironment, which is normally associated with processes
of post-testicular maturation (Bedford 1967); however, this was observed only in generation FO.
The present study also reaffirms the important role of testosterone in epididymal function during
the maturation and fertile capacity acquisition of spermatozoids, since the serum testosterone
levels were also altered, confirming that the acceleration in sperm transit time is dependent on
androgen (Fernandez et al. 2007).

The number of spermatids present in the testicle and the DSP are important indicators of
male fertility potential. Faqi et al. (1998) observed a 50% reduction of DSP in adult male
offspring exposed in utero to the concentrations of 25, 60 or 300ng/Kg of TCDD. In relation to
the number of spermatozoids in the epididymis, Ohsako et al. (2002) verified a diminution in
adult male offspring exposed in utero to 1.0ug/Kg of TCDD, similar to results reported in other

studies (Mably et al. 1992c, Bjerke et al. 1994b, Foster et al. 2010). In contrast to the previously
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cited studies, none of the three TCDD doses tested in the present work (0.1; 0.5 and 1.0 pg/kg)
presented effects on sperm parameters such as the production and storage of spermatozoids.

Artificial insemination in utero was employed to evaluate sperm quality, given that this
technique excludes the influence of sexual behavior and the number of gametes available for
ejaculation in a fertility test (Klinefelter 2002). In the present work, after this procedure, the
number of reabsorptions and the proportion of reabsorptions per implantation site (directly
related to post-implantation losses) were similar between the experimental groups in both
generations. Corroborating our result, Bell et al. (2007) observed an absence of toxic effects in
relation to the number of reabsorptions in female rats treated with TCDD on DG15, at the doses
of 50, 200 and 1000ng/Kg, indicating that TCDD does not induce an increase in fetal mortality
and consequently in post-implantation losses.

After in utero artificial insemination was performed, the animals treated with 0.5ug/Kg
and 1.0pg/Kg of TCDD showed a diminution of implants per corpus luteum in relation to
controls in generation FO. In generation F1 this alteration was observed only at the dose of
0.1pg/Kg, although at the highest dose there was also a non-significant reduction. However, in
generation F2 this reduction occurred in all the TCDD-treated groups when compared with the
controls, similar to results reported by Gray et al. (1995) in male Long Evans Hooded rats
exposed to 1.0pug/Kg of TCDD in utero, in which they observed a fertility reduction of
approximately 50%, measured by the number of implantations per female mated, suggesting that
TCDD diminished the fertility capacity of spermatozoids and/or caused death in the first stages
of development. Nevertheless, this result was not observed in other studies (Mably et al. 1992a,
Faqi et al. 1998, lkeda et al. 2005).

Murray et al. (1979) reported diminished fertility only in generations F1 and F2 of
Sprague-Dawley rats exposed to low doses of TCDD and did not observe any fertility effect in

male offspring in generation FO, contrary to the observations in the present study, given that this
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reduction occurred in all generations, at least in one dose of TCDD tested. Widely reported in the
literature is a dose-response relationship on the reproductive function of rats exposed to low
TCDD doses during the intrauterine period (Gray et al. 1997, Ohsako et al. 2001, lkeda et al.
2005, Rowlands et al. 2006, Bell et al. 2007), which may be related to the effects found on the
I/CL and consequently in the fertility of the animals from the present study.

Sperm motility is one of the most important parameters utilized in the qualitative
evaluation of sperm from semen samples obtained in vitro (Mahadevan & Trounson 1984) and in
vivo (Bostofte et al. 1990, Barratt et al. 1993). Bell et al. (2007) verified that after exposure of
pregnant Wistar rats at DG15 to 1.0ug/Kg of TCDD did not provoke alterations in sperm
motility in their adult male offspring, corroborating the data of the present work.

Another important parameter in the evaluation of male fertility is the analysis of sperm
morphology (Plassmann & Urwyler 2001). An increase in the percentage of spermatozoids
presenting morphological abnormalities can be considered evidence that the toxicant in the study
had access to germ cells. By being one of the less variable sperm parameters among normal
individuals, morphology has been utilized as indicative of a spermatotoxic event (Clegg et al.
2001). The results from the literature show that in utero exposure to TCDD did not provoke
alterations in this parameter (Mably et al. 1992c); in contrast, Faqi et al. (1998) observed
significant effects in the percentage of morphologically abnormal sperm, confirming the results
of our present study.

As previously reported, the F1 and F2 generations had no direct exposure to TCDD. Any
mechanism describing F2 toxicity, must therefore account for the heritability of the effects
(Baker et al. 2014). One mechanism possible would be chromatin modifications that are
replicated with the DNA, e.g. changes in DNA methylation, histone modification, non-coding
DNA, or some other covalent or non-covalent effect that ultimately causing change in the

expression of genes that are critical for reproduction. Epigenetic changes are thought to play an
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important role in cell differentiation: all cell types carry the same genomic sequence; yet vary in
gene expression. Therefore TCDD exposure can alter cell differentiation and promote
transgerational effects (Nilsson et al. 2012).

In summary, in the present study, intrauterine exposure to TCDD provoked alterations in
serum testosterone levels and sperm morphology, and diminution in sperm transit time through
the cauda epididymis. Furthermore, there was a reduction in the proportion of implantations per
corpus luteum after performing artificial insemination in utero, such that these alterations
occurred in at least one of the doses tested in the three generations.

It may be concluded that exposure to TCDD, under these experimental conditions,
negatively interferes in the rat epididymal processes, harming sperm quality; some of these
effects persist for at least three generations, probably due to the interference of epigenetic
factors. Given the knowledge that reproductive efficiency in greater in rats than in men, these
results may indicate reproductive risks associated with prenatal and/or lactactional exposure to

TCDD in humans.
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Table 1 Final body weight and absolute reproductive organ weights of adult male offspring control and
TCDD-exposed groups in the three generations.

Experimental Groups

Parameters Control 0.1pg/Kg 0.5p9/Kg 1.0pg/Kg
FO generation
Final Body weight (g) 404.28+17.22  409.86+14.92  422.16+11.96  398.84+23.19
Absolute organ weights
Testis (g) 1.60+0.02 1.61+0.04 1.62+0.03 1.61+0.03
Epididymis (mg) 591.54+18.65  589.67+15.13 576.74+14.53 564.14+16.91
Ventral prostate (mg) 372.11442.46  421.31+17.43  430.56+29.64  387.36%29.97
Vas deferens (mg) 82.16+3.71 79.77+3.91 83.12+4.24 85.66+5.27
Seminal vesicle, with secretion (g) 1.04+0.11 1.08+0.10 1.18+0.11 1.03+0.11
Seminal vesicle (mg) 496.12+62.83  453.56+35.65 519.44+40.18  481.54+44.82
N 9 9 10 10
F1 generation
Final Body weight (g) 451.93+£23.23 454.32+20.75 458.18+10.42  459.96+22.45
Absolute organ weights
Testis (9) 1.77+0.05 1.63+0.09 1.67+0.02 1.78+0.05
Epididymis (mg) 606.28+21.54  609.85+22.90 598.85+15.88  635.07+27.36
Ventral prostate (mg) 439.70£37.97  540.23+35.17  488.70+48.63 575.83+24.17
Vas deferens (mg) 90.61+4.40 89.58+5.97 86.49+2.48 97.23+2.42
Seminal vesicle, with secretion (g) 1.22+0.12 1.21+0.12 1.12+0.10 1.32+0.06
Seminal vesicle (mg) 543.37+32.63 573.86+40.83 601.47+31.29 691.49+56.72
N 9 8 10 7
F2 generation
Final Body weight (g) 373.93£10.93  398.86+20.52 396.80+13.52  390.90+11.50
Absolute organ weights
Testis (9) 1.57+0.03 1.69+0.04 1.55+0.06 1.64+0.04
Epididymis (mg) 557.75+£17.92 577.1249.99  526.99+14.71  519.86+19.66
Ventral prostate (mg) 402.08+26.53 374.29£46.30  377.99+27.11  348.12+19.63
Vas deferens (mg) 82.71+4.14 84.02+3.25 87.68+6.47 76.98+4.57
Seminal vesicle, with secretion (g) 1.16+0.05 1.82+0.09 1.20+0.05 1.61+0.06
Seminal vesicle (mg) 480.53+£31.49 521.53+50.14  490.31+20.49  430.26+43.05
N 9 7 8 6

Values expressed as mean + SEM. ANOVA test with an a posteriori Tukey test.
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Table 2 Sperm counts in the adult male offspring of control and TCDD-exposed groups in the FO, F1 and F2

generations.

Experimental groups

Parameters Control 0.1pg/Kg 0.5ug/kg 1.0p9/Kg
FO generation

Sperm number in the testis (x10°) 190.10+12.61  198.75+10.88  200.05+13.69  201.81+18.21
Daily sperm production (x10°8/testis /day) 31.16+2.07 32.58+1.78 32.79+2.44 33.08+2.99
Sperm number in the caput/corpus 115.36+6.01 108.98+6.53 112.89+5.40 121.31+7.69
epididymis (x10°)

Sperm number in the cauda epididymis (x10°)  245.18+13.32  237.34+14.10  239.66+10.02 207.67+11.65
N 7 8 8 7

F1 generation

Sperm number in the testis (x10°) 223.63+8.46  219.26+10.94  203.47+10.30 225.63+18.34
Daily sperm production (x108/testis/ day) 33.66+1.39 35.94+1.79 33.36+1.69 36.99+3.01
Sperm number in the caput/corpus 118.66+7.02 128.60+7.561 134.66+6.50 138.41+11.93
epididymis (x10°)

Sperm number in the cauda epididymis (x10°)  251.55+35.86  284.52+16.27  236.30+23.05 275.71+28.85
N 9 7 10 7

F2 generation

Sperm number in the testis (x10°) 198.93+9.61 208.72+5.46 197.85+8.34 216.50+£10.11
Daily sperm production (x108/testis/day) 32.61+1.58 34.22+0.90 32.44+1.37 35.49+1.66
Sperm number in the caput/corpus 108.58+7.15 110.10+9.38 114.83+10.65 116.29+9.50
epididymis (x10°)

Sperm number in the cauda epididymis (x10%)  220.44+10.33  279.87+12.63  212.52+13.74 227.79+16.97
N 9 7 8 7

Values expressed as mean + SEM. ANOVA test with an a posteriori Tukey test.
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Table 3 Fertility parameters after in utero artificial insemination of adult male offspring control and TCDD-

exposed groups in the three generations.

Experimental groups

Parameters

Control

0.1pg/Kg 0.5pg/Kg 1.0pg/Kg

FO generation

Body weight of dams (g) (mean + SEM)
N

Implantation sites

Total (N)

Implants per corpora lutea (%)

Number of implants (mean £ SEM)
Number of corpora lutea (mean + SEM)
Resorptions

Total (N)

Per implantation sites (%)

Number of resorption (mean £ SEM)
Fetal body weight (mean £ SEM)

F1 generation

Body weight of dams (g) (mean + SEM)
N

Implantation sites

Total (N)

Implants per corpora lutea (%)
Number of implants (mean = SEM)
Number of corpora lutea (mean+ SEM)
Resorptions

Total (N)

Per implantation sites (%)

Number of resorption (mean £ SEM)
Fetal body weight (mean + SEM)

F2 generation

Body weight of dams (g) (mean + SEM)
N

I mplantation sites

Total (N)

Implants per corpora lutea (%)

Number of implants (mean £ SEM)
Number of corpora lutea (mean+ SEM)

342.17 +10.48
9

91
75.21
10.22 +1.02
13.44+0.80

29
68.13
3.22+0.60
2.86 +0.08

313.18 + 11.77
6

39
61.90
6.50 £ 1.54
10.50 + 0.89

6
84.62
1.00 + 0.36
3.51+0,28

243.70 + 8.80
6

56
82.35
9.33+1.36
11.33+0.80

320.11+17.20 333.39+17.07 321.91+12.68

7 9 7
58 70 54
68.24 *61.95 *58.70
8.29+1.76 7.67 +1.09 7.71+1.27
12.14 £ 0.74 12.56 £ 0.44 12.43 £ 0.37
19 24 17
67.24 65.71 68.52
2.71+0.97 2.67+0.88 2.43+0.81
3.00 £ 0.06 299+0.14 3.22+0.32

31798 +15.71 314.66+12.18 333.08 +6.30
7 8 5
37 55 27
*41.11 50.46 843.55
5.14+0.80 6.11+1.11 5.40+1.15
12.86 + 0.40 12.11+0.92 1240+ 0.51
10 13 10
72.97 76.36 62.96
1.42 +0.30 1.44 +0.67 2.00 £ 0.55
3.62+0.34 3.76 £0.28 3.44 +£0.43
24224 +729  229.83+9.16 230.82 +14.09
7 8 6
38 43 21
*50.67 *56.58 *31.82
5.43+0.92 5.63+1.24 *3.50 +0.92
10.71+0.36 10.63 +£0.38 11.00 £ 0.58

N, number. Proportions (%) were compared by the Chi-square. Values expressed as mean + SEM were compared by

ANOVA test with an a posteriori Tukey test. *p<0.05; §p=0.06.



Table 4 Sperm morphology in the adult male offspring of the control and TCDD-exposed groups.

Experimental groups

Parameters Control 0.1pg/Kg 0.5pg/Kg 1.0pg/Kg
FO generation
594

Normal sperm (%) 98.36 97.60 97.09* 96.89*
N 7 10 11 9 99
F1 generation 596
Normal sperm (%) 98.22 98.28 97.90 97.31597
N 9 9 10 8

. 598
F2 generation
Normal sperm (%) 98.77 98.54 98.90 97.94°99
N 9 7 10 8 600

Data expressed as Qui-square test. *p<0.05.
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Reproductive Parameters

Fertility

Figure 1. Experimental design. GD — gestational day, PND — post-natal day.
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Figure 2. Serum sexual hormone concentrations (ng/mL) in the adult male offspring of the
control and TCDD-exposed groups in the FO, F1 and F2 generations. Data expressed as mean *

SEM. ANOVA test with an a posteriori Tukey test. *p<0.05.
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Figure 3. Sperm transit time in caput-corpus and cauda epididymis in the adult male offspring of

the control and TCDD-exposed groups in the three generations. Values are expressed as mean +

SEM. ANOVA test with an a posteriori Tukey test. §p=0.07.
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Figure 4. Sperm motility in the adult male offspring of the control and TCDD-exposed groups in

the three generations. Values expressed as median. Kruskall-Wallis test with an a posteriori

Dunn test.
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Os resultados indicam que a exposicdo ao TCDD, nessas condi¢es experimentais,
interferiu, negativamente, sobre processos que ocorrem no epididimo do rato, prejudicando a
qualidade espermatica, e alguns desses efeitos persistiram por véarias geracoes, pela interferéncia
provavelmente, de fatores epigenéticos. Sabendo-se que a eficiéncia reprodutiva nos ratos é
maior do que a de homens, esses resultados podem indicar riscos reprodutivos associados a

exposicdo pré-natal e lactacional ao TCDD na espécie humana.
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Geracao FO
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Figura 5. Distancia anogenital da prole masculina dos grupos controle e tratados com diferentes

doses de TCDD nas geracdes FO,

FleF2.
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Figura 6. Fotomicrografias de cortes transversais de testiculos da prole masculina adulta da

geracdo FO; (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug9/Kg e (D) 1.0ug/Kg. E= Epitélio; In =

Intersticio; Sp= Espermatozoide. Hematoxilina e Eosina (HE). Escala bar = 60um (200X).
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Figura 10. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geragdo FO; Cabecga. (A) Grupo Controle, (B) 0,1pg/Kg, (C) 0,5ug/Kg e (D) 1.0pg/Kg. E=
Epitélio epididimario; In = Intersticio epididiméario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 11. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo FO; Cauda. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5u0/Kg e (D) 1.0ug/Kg. E=
Epitélio epididimario; In = Intersticio epididiméario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 9. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo FO; Segmento inicial. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0ug/Kg.
E= Epitélio epididimario; In = Intersticio epididimario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 7. Fotomicrografias de cortes transversais de testiculos da prole masculina adulta da
geracdo F1; (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0pg/Kg. E= Epitélio; In =

Intersticio; L= Lamen. Hematoxilina e Eosina (HE). Escala bar = 60um (200X).
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Figura 13. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo F1; Cabeca. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0ug/Kg. E=
Epitélio epididimario; In = Intersticio epididimario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 14. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo F1; Cauda. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5u0/Kg e (D) 1.0ug/Kg. E=
Epitélio epididimario; In = Intersticio epididiméario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 12. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geragdo F1; Segmento inicial. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0ug/Kg.
E= Epitélio epididimario; In = Intersticio epididimério; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 8. Fotomicrografias de cortes transversais de testiculos da prole masculina adulta da
geracdo F2; (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0pg/Kg. E= Epitélio; In =

Intersticio; L= Lamen. Hematoxilina e Eosina (HE). Escala bar = 60um (200X).
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Figura 16. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo F2; Cabeca. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0pg/Kg. E=
Epitélio epididimario; In = Intersticio epididimario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 17. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo F2; Cauda. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug9/Kg e (D) 1.0pg/Kg. E=
Epitélio epididimario; In = Intersticio epididimario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).
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Figura 15. Fotomicrografias de cortes longitudinais de epididimo da prole masculina adulta da
geracdo F2; Segmento inicial. (A) Grupo Controle, (B) 0,1ug/Kg, (C) 0,5ug/Kg e (D) 1.0ug/Kg.
E= Epitélio epididimario; In = Intersticio epididimario; L= Luz do ducto. Hematoxilina e Eosina

(HE). Escala bar = 60um (200X).



@
;#fég UNIVERSIDADE ESTADUAL PAULISTA
unes UULIO DE MESQUITA FILHO" “R=F Anos
CampusdeBotucatu s ke Rk -

PrTrer ey —

Cen tifiowtfo'

Certificamos que o Protocolo n° 381-CEUA, sobre
“Toxicologia reprodutiva de ratos adultos expostos ao
2,3,7,8-tetraclorodibenzo-p-dioxina (TCDD) in utero e
durante a lactacdo”, sob a responsabilidade de Wilma De
Grava Kempinas, est4 de acordo com os Principios Eticos
na Experimentacdo Animal adotado pelo Colégio
Brasileiro de Experimentacdo Animal (COBEA) e foi
aprovado “Ad referendum” da COMISSAO DE ETICA NO
USO DE ANIMAIS (CEUA), nesta data.

Botucatu, 26 de marco de 2012.

- S ek e - Lrses
srol" Dr* Patricia Fernanda Felipe Pinheiro
Presidente da CEUA

Tastitute da Biociareos - Diratorio Thenea Acodtmica
Diatrito da Rubibc Jinior a/n LEP 18619-1T70 Botucatu 5P Brosi
Tal |4 391 QOIS/GDIY Fox 14 3T15 3T e-mail: dte®ibbunespbe

91



