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RESUMO

Diversas desordens reprodutivas masculinas estdo ligadas a insuficiéncia
androgena no periodo pré-natal. A distancia anogenital (AGD), definida como a
distancia entre o anus e a genitalia externa, tem sido utilizada como um marcador
externo que pode indicar alteragées no ambiente androgénico pré-natal em animais
de laboratério e em humanos. Contudo, a utilizagdo da AGD como marcador de
longo prazo da acado androgénica in utero depende da plasticidade do perineo a
estimulos hormonais pés-natais. Neste estudo foram utilizadas ferramentas
farmacolégicas para manipular o ambiente androgénico in utero e durante a
puberdade, periodos criticos para o desenvolvimento do sistema reprodutivo
masculino. Ratas Wistar prenhas foram tratadas durante a gestacdao (GD13 a 20)
com Oleo de canola (veiculo), o antagonista de receptores andrégenos flutamida
(20mg/kg/dia), o plastificante Di-(2-etilhexil) ftalato (DEHP, 750mg/kg/dia), e
propionato de testosterona (TP, 1,0mg/kg/dia). Todas as substancias foram
administradas por via oral (gavage) com excecao da testosterona, a qual foi
administrada por inje¢cao subcutanea. Apés o desmame, os descendentes machos
de cada ninhada foram divididos randomicamente em quatro novos grupos pos-
natais, os quais receberam os mesmos tratamentos do periodo pré-natal — veiculo,
flutamida, DEHP e testosterona. Deste modo, dezesseis grupos experimentais foram
estabelecidos baseados na combinagdo das exposicbes pré- e poés-natais. O
tratamento pds-natal foi conduzido durante o desenvolvimento pubere entre os dias
23 e 53 de vida. A AGD foi medida com o auxilio de um paquimetro digital nos dias
pos-natais (PND) 4, 10, 23, 38, 53, 68 e 83 e corrigida pela raiz cubica do peso
corporal. No dia 88 os descendentes foram eutanasiados para coleta dos 6rgaos
reprodutivos e determinacdo de espermatides resistentes a homogenizagdo. A
exposicao a flutamida in utero reduziu significativamente a AGD dos descendentes
machos (24-45%) e induziu uma ampla variedade de malformagdes, enquanto a
exposicao pré-natal ao DEHP produziu somente reducgbes discretas na AGD. A
exposicao pos-natal a flutamida, ao DEHP e a testosterona induziu sutis, porém
significativas redugdes na AGD dos descendentes. Estas mudancas foram
particularmente consistentes no grupo tratado com testosterona pds-natal, o qual
apresentou reducado da AGD independentemente do tratamento pré-natal recebido.
A exposicao pré-natal a flutamida ou DEHP reduziu significativamente o peso de
tecidos e o6rgaos sexuais acessorios andrégeno-dependentes, enquanto que o
impacto do tratamento pds-natal foi mais evidente nos testiculos, possivelmente
como resultado da inibicdo do eixo hipotalamo-hipéfise-gbnadas. De modo geral,
nosso estudo indica que a AGD masculina € um marcador anatdémico estavel que
reflete a agcdo andrégena in utero, embora também possa ser sutilmente responsiva
a mudancgas no ambiente enddcrino durante o desenvolvimento puberal.



ABSTRACT

Several male reproductive disorders are linked to androgen insufficiency in prenatal
life. The anogenital distance (AGD), defined as the distance between the anus and
the genitals, has been used as an external landmark that can retrospectively indicate
changes in the prenatal androgen environment in laboratory animals and humans.
The usefulness of AGD as a long-life marker of the androgen action in utero depends
on the postnatal plasticity of the perineum to hormonal stimuli. In this study we used
pharmacological tools to manipulate the androgen environment in utero and during
puberty, critical periods for male reproductive development. Wistar rat dams were
treated from gestation day 13 to 20 with canola oil (vehicle), the androgen receptor
antagonist flutamide (20 mg/kg/day), the plasticizer di-(2-ethylhexyl) phthalate
(DEHP, 750 mg/kg/day), or testosterone (TP, 1.0 mg/kg/day). All substances were
given by oral route with exception of testosterone, which was administered by
subcutaneous injections. After weaning, male pups within each litter were randomly
assigned to one of four postnatal groups, which received the same treatments given
prenatally — vehicle, flutamide, DEHP, or testosterone. Thus, sixteen treatment
groups were established based on the combination of pre- and postnatal exposures.
The postnatal treatments were conducted during pubertal development from
postnatal days 23 to 53. AGD was measured with a digital caliper on postnatal days
4,10, 23, 38, 53, 68, and 83 and corrected by the cubic root of body weight. On day
88 rats were euthanized for collection of reproductive organs and determination of
homogenization resistant spermatids. In utero flutamide exposure significantly
reduced male AGD (24-45%) and induced a wide range of reproductive tract
malformations, while prenatal DEHP produced only discrete reductions in AGD.
Postnatal exposure to flutamide, DEHP, and testosterone induced slight but
significant changes in male AGD. These changes were particularly consistent in the
group treated postnatally with testosterone, which reduced AGD regardless of the
prenatal treatment received. Prenatal exposure to flutamide or DEHP significantly
reduced the weight of androgen-dependent sex-accessory organs and tissues,
whereas the impact of postnatal treatments was more evident on the testis, possibly
as a result of hypothalamic-pituitary-gonadal axis inhibition. Overall, our rat study
indicates that male AGD is a stable anatomical landmark that reflects the androgen
action in utero, although it can also be slightly responsive to changes in the androgen
environment during the pubertal development.



LISTA DE FIGURAS

INTRODUCAO

Figura 1 - Fatores que podem desencadear a TDS em humanos.................. 11
Figura 2 - Representac¢ao da Distancia Anogenital em Humanos................... 12
Figura 3 - Estrutura quimica do DEHP...........ciiiiii e 15
Figura 4 - Estrutura quimica da Flutamida..............ccoooviiiiiiiii e, 16

ARTIGO CIENTIFICO
Figure 1 - Pre- and postnatal treatment groups............ccoovviiiiiiiiiiie e, 23
Figure 2 - Effects of prenatal androgen manipulation on female rat AGD....... 27

Figure 3 - Effects of prenatal androgen manipulation on male rat AGD.
Prenatal treatment with vehicle, flutamide, DEHP and
teSIOSIErONE. ... e 28

Figure 4 - Effects of postnatal androgen manipulation on male rat AGD.
Prenatal treatment with vehicle and postnatal treatment with
vehicle, flutamide, DEHP, or testosterone.............coovvvieiiiin.... 29

Figure 5 - Effects of postnatal androgen manipulation on male rat AGD
following in utero exposure to flutamide.........................o 30

Figure 6 - Effects of postnatal androgen manipulation on male rat AGD
following in utero exposure to DEHP..................cociiil. 30

Figure 7 - Effects of postnatal androgen manipulation on male rat AGD

following in utero exposure testosterone....................coeeiinl . 31

Figure 8 - Age at preputial separation...............ccooiiiiiiiiiii 32

Figure 9 - Reproductive endpoints at termination............................ol 34

Figure 10 - Reproductive endpoints at termination..........................co 35
LISTA DE TABELAS

ARTIGO CIENTIFICO

Table 1 - Pregnancy OUICOMES..........cuuuiiiiiiiiiiii et a e 26



AGD -
DBP —
DEHP —
ED -
EIA -
GD -
MPW —
PBS —
PND —
TDS -

TP -

LISTA DE ABREVIATURAS

Anogenital Distance / (Distancia Anogenital)

Dibutyl phthalate / Dibutil ftalato

Di(2-ethylhexyl)phthalate / (Di(2-etilhexil)ftalato)

Endocrine Disruptor / Desregulador Endécrino

Enzymatic Immunoassay / Enzimo imunoensaio

Gestational Day / Dia de Gestagao

Male Programming Window / Janela de programacao da masculinizagao
Phosphate-Buffered Saline / Tampéao fosfato-salina

Postnatal Day / Dia pés-natal

Testicular Dysgenesis Syndrome / Sindrome de Disgenesia Testicular

Testosterone Propionate / Propionato de Testosterona



SUMARIO

g R 1V 11 20 LU o1 Y o LRV 10
2. JUSTIFICATIVAE OBJETIVOS.. ... 17
2.1 OBJETIVOS ESPECIFICOS ..ottt 17

K.Y 238 (e To T o3 1 =1 N 11 o o 20 18

MANIPULATION OF PRE AND POSTNATAL ANDROGEN ENVIRONMENTS AND

ANOGENITAL DISTANCE IN RATS ...t nnssss s sssss s ssnnnnes 18
ABSTRACT ..ottt 19
INTRODUCGCTION ...ttt e aan e e e r e e ann e e e e e a e e s nannnes 20
MATERIAL AND METHODS ...ttt snnsssss s ssssss s sssss s s s s ssnnnnes 21
ANIMALS, DOSES, AND TREATMENT ...iiiiiiieiieeie e e e e ee e e e eenesnnennee 21
MATERNAL AND OFFSPRING DATA ...iiiiiitiiiie ettt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aa e 24
ANOGENITAL DISTANCE (AGD) ..o e 24
LU YN N 25
NUMBER OF HOMOGENIZATION RESISTANT SPERMATIDS ...cciiiiiiieiieeeeeeeeeeeeee e 25
STATISTICAL ANALYSIS .. ..ettettttitttttteeteeeteeeaeeeeeseeeeeseeeeeeeeeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 25
4 =] U I R 26
PREGNANCY OUTCOMES ....ccitiiiiiiiitiiitettt et e e et e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaeaaaaaaaaaaaaaaaaaeaaaaanns 26
EFFECTS OF PRENATAL ANDROGEN MANIPULATION ONAGD ..., 26
EFFECTS OF POSTNATAL ANDROGEN MANIPULATION ONAGD ..., 28
S U NI N YN [ 31
REPRODUCTIVE TRACT MALFORMATIONS, ORGAN WEIGHTS, AND SPERMATID NUMBER............ 32
T 0 01575 [ 36
N 0 TE=T o 1L Y 41
CS I o 0] Lo IR0 £ 7Y o O 45

6. REFERENCIAS BIBLIOGRAFICAS .........ccorurerererurassnssssesssssssssssssssssssssssssssssssssssssenes 46



10

1. INTRODUGAO

Os desreguladores endoécrinos podem ser definidos como substancias
quimicas exégenas que podem interferir na manutengao da homeostase e regulacéo
dos processos dependentes de horménios. Essas substancias tém conquistado a
atencdo de pesquisadores, agéncias reguladoras e do publico em geral devido a
ampla variedade de efeitos adversos que podem ser induzidos pela exposicao a
esses agentes. Segundo Diamanti-Kandarakis et al., (2009) os mecanismos de
interferéncia hormonal podem abranger varias vias como a interagcdo com receptores
nucleares e de membrana (ex.: receptores de neurotransmissores como serotonina,
dopamina e norepinefrina), alteracbes enzimaticas na biossintese e/ou metabolismo
de horménios e inumeros outros mecanismos que convergem sobre os sistemas
enddcrino e reprodutivo.

Dentre os efeitos que causam maior preocupagcao, destacam-se as possiveis
manifestacdes tardias decorrentes da exposicao a essas substancias durante fases
criticas do desenvolvimento intrauterino. Resultados obtidos em modelos animais e
evidéncias em seres humanos suportam a ideia de que a exposigdao a
desreguladores endodcrinos durante o desenvolvimento fetal e a puberdade
desempenham um papel na etiologia de doencgas reprodutivas, tumores relacionados
ao sistema enddcrino, problemas comportamentais e de aprendizado, infeccdes e,
possivelmente, obesidade e diabetes mellitus (TABB; BLUMBERG, 2006; WHO,
UNITED NATIONS ENVIRONMENT PROGRAMME, 2012; BIRNBAUM, 2013).

Varios estudos indicam um possivel aumento na incidéncia de disturbios
reprodutivos masculinos nas ultimas décadas, particularmente baixa contagem de
espermatozoides, malformagdes genitais e cancer testicular (TOPPARI et al. 1996).
De acordo com Skakkebaek et al. (2001), muitos desses disturbios podem resultar
de falhas no desenvolvimento gonadal pré-natal, especialmente como consequéncia
da disfuncao das células de Leydig e das células de Sertoli in utero. De acordo com
essa hipdtese, baixa contagem de espermatozoides, criptorquidismo (permanéncia
dos testiculos na cavidade abdominal), hipospadias (abertura da uretra na face
ventral do pénis) e cancer testicular, constituem disturbios interrelacionados que
compdem uma sindrome rara com origem pré-natal conhecida como Sindrome de
Disgenesia Testicular (TDS). A Figura 1 ilustra os principais alvos celulares e as

alteragdes enddcrinas e fenotipicas associadas a TDS humana.
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Figura 1 — Fatores que podem desencadear a TDS em humanos e possiveis anomalias

relacionadas a TDS.

O possivel aumento temporal na incidéncia dos disturbios que compéem a TDS
indica que fatores ambientais estdo possivelmente envolvidos na etiologia dessa
sindrome. Nesse contexto, a exposicdo a desreguladores endocrinos que tém
potencial para alterar o desenvolvimento reprodutivo masculino, como substancias
com agdes estrogénicas ou anti-androgénicas, tem sido causa de especial
preocupacao. Ensaios experimentais com animais demonstram que a exposi¢cao a
determinados desreguladores enddcrinos durante  periodos criticos do
desenvolvimento pré-natal pode resultar em alteragcbes similares aos disturbios
observados na Sindrome de Disgenesia Testicular Humana.

Estudos conduzidos por Mylchreest et al. (1999) e Gray et al. (2000) em ratos
evidenciaram que a exposicao in utero a alguns ftalatos, como o dibutil ftalato (DBP)
e o di-2-etilexil ftalato (DEHP), podem alterar a formacdo do sistema reprodutor
masculino através da inibigdo da producdo de testosterona testicular acarretando
nos surgimento de hipospadias, redugao da distancia anogenital (distancia entre o
anus e a genitalia), alteracbes testiculares (apoptose) e criptorquidismo,

demonstrando que a exposigdo a ftalatos no periodo pré-natal pode ocasionar
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efeitos similares aos disturbios que caracterizam a TDS humana. Tanto na TDS
humana quanto em modelos animais expostos a desreguladores enddcrinos, a
insuficiéncia androgénica in utero parece ser um fator chave na indugcdo de
alteracdes reprodutivas de manifestagdo precoce (ex.: malformacgdes genitais) e

tardia (ex.: baixa contagem de espermatozoides).

DISTANCIA ANOGENITAL

A distancia anogenital (AGD), definida como a distancia entre o anus e os
genitais, € um marcador anatdmico sexualmente dimorfico em humanos e roedores
que esta ligado diretamente a exposicao a andrégenos no periodo de formagao do
sistema reprodutor in utero. Essa medida é cerca de 50 a 100% maior em machos
que em fémeas e a reducado da AGD tem sido utilizada como um indicador de efeitos
anti-androgénicos em estudos experimentais com animais e mais recentemente em
estudos epidemioldgicos em seres humanos (SWAN et al., 2005; SCOTT et al.,
2008; MENDIOLA et al., 2011). A Figura 2 ilustra a distancia anogenital em seres

humanos e em ratos.

(R)

RN

AFD

ATD

Figura 2 — Representagao da Distancia Anogenital em humanos (A) — AGD (distancia anogenital),

AFD (distancia ano-vulvar), ASD (distancia ano-escrotal) — e ratos (B).

Estudos indicam que a AGD reflete a producdo/acdo androgénica pré-natal e
esta positivamente associada com a incidéncia e a severidade de outras alteragdes
reprodutivas, incluindo componentes da TDS como criptorquidismo, hipospadias e
baixa contagem de espermatozéides (VAN DEN DRIESCHE et al. 2011; GRAY et al.
2001; WELSH et al. 2008). Estudos conduzidos por Mendiola et al. (2011),

demonstraram a relacdo entre redugdo da AGD e baixa qualidade do sémen em
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jovens da cidade americana de Rochester. Esses resultados corroboram dados
experimentais com animais de laboratério e indicam que a AGD pode ser utilizada
como um marcador de longo prazo do ambiente enddcrino (androgénico) pré-natal
(SKAKKEBAEK et al. 2001; BAY et al. 2006; VAN DEN DRIESCHE et al. 2012).

Estudos com animais experimentais indicam que o periodo pré-natal é a fase de
maior susceptibilidade para a indugdo de disturbios reprodutivos masculinos por
substancias antiandrogénicas que inibem a producado (ex.: ftalatos) ou agao (ex.:
flutamida) dos horménios androgénicos endégenos (SHULTZ et al. 2001; WOLF et
al. 2002; HOTCHKISS et al. 2007). Em ratos, a diferenciagao testicular ocorre entre
os dias 10 e 13 de gestacdo e apods esse periodo o testiculo passa a produzir
androgénios e outros horménios para direcionar o processo de diferenciacdo sexual
(“masculinizacao”). A acao androgénica in utero é fundamental para a diferenciagao
e o desenvolvimento dos genitais masculinos internos (préstata, vesicula seminal,
ducto deferente e epididimo), externos (pénis, escroto e perineo/AGD) e para
complementar o desenvolvimento gonadal (GRAY et al. 2001 e SHARPE et al.
2006). Estudos publicados por diversos autores (MACLEOD et al. 2010; WELSH et
al. 2010; VAN DEN DRIESCHE et al. 2012) indicam a existéncia de uma estreita
janela para a programagao androgénica pre-natal em ratos, compreendidas entre os
dias 15 a 18 de gestagao, periodo no qual a distancia anogenital e o tamanho e a
funcao dos 6rgaos reprodutivos masculinos seriam permanentemente determinados.
Esses dados reforcam o uso da distancia anogenital como um marcador da
producao/agao androgénica pré-natal e, consequentemente, da fungcido reprodutiva
masculina. Em seres humanos, acredita-se que a janela de masculinizagao pré-natal
(“masculinization programming window”) ocorra no inicio da gestagéo entre a 8% e a
142 semanas gestacionais (MACLEOD et al. 2010).

Por outro lado, o periodo peripubertal &€ considerado uma fase fundamental para
complementar o processo de desenvolvimento pré-natal e permitir que os 6rgaos
reprodutivos masculinos atinjam o tamanho e a fungao “pré-determinados” durante a
programagao pre-natal. Nesse sentido, poucos estudos exploraram os possiveis
efeitos combinados da manipulagcdo androgénica pré- e pds-natal sobre a distancia
anogenital e outros parametros reprodutivos em modelos animais. Van Den Driesche
et al.,, (2011) demonstraram que a exposi¢cdo a substancias anti-androgénicas
durante a janela de programacgao androgénica pré-natal seguida de uma nova

exposig¢ao no periodo pré-pubertal, entre os dias 1 e 15 de gestagao, pode acentuar
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a reducao do comprimento e peso do pénis em ratos; os efeitos sobre a distancia
anogenital, no entanto, ndo foram alterados pela exposi¢cao pré-pubertal, indicando
pouca ou nenhuma plasticidade dessa medida nesse periodo pds-natal. Contudo,
nao existem dados sobre os possiveis efeitos combinados da manipulagao
androgénica pré-natal e pubertal sobre a distdncia anogenital, peso de 6rgaos
androgeno-dependentes e fungao testicular (ex.: contagem de espermatides) na

idade adulta.

DESREGULADORES ENDOCRINOS — FTALATOS

O grupo de moléculas identificadas como desreguladores enddcrinos € muito
heterogéneo e inclui quimicos sintéticos usados como solventes/lubrificantes
industriais e seus subprodutos (Bifenilas policloradas e polibromadas [PCBs e PBBs]
e dioxinas), plasticos (Bisfenol A — BPA), plastificantes (Di(2-etilhexil)ftalato —
DEHP), pesticidas, fungicidas e agentes farmacéuticos (2-metil-N-[4-nitro-3-
(trifluorometil) fenil] propanamida — Flutamida).

Substancias quimicas naturais como fitoestrégenos também podem atuar como
desreguladores endocrinos, e o potencial de atuagdo dessas substancias sobre o
sistema enddocrino deve ser considerado. Segundo Diamanti-Kandarakis et al.,
(2009) o desafio no estudo de desreguladores do sistema enddcrino € a diversidade
apresentada por essas substancias que podem ou nao compartilhar uma
similaridade estrutural. Devido a esse fato, é dificil prever se um composto pode ou
nao exercer uma agao de desregulacédo endocrina.

Entre as substancias capazes de desregular o sistema enddécrino, destacam-se
os antiandrégenos, como alguns ftalatos, farmacos e pesticidas. Muitas dessas
substancias sado facilmente encontradas no meio ambiente e ganharam muita
atencao na literatura cientifica e leiga pela sua habilidade em alterar a funcéo
reprodutiva ligando-se a receptores androgénicos ou inibindo a biossintese de
testosterona e induzindo ou modulando repostas no sistema reprodutor de
descendentes machos que tiveram exposicao in utero (FOSTER et al. 2005).

Os ésteres de ftalato, como o DEHP, sdo compostos quimicos muito utilizados
na industria plastica por proporcionar flexibilidade, transparéncia e outras
caracteristicas fisicas em uma grande variedade de produtos como pisos de vinil,

embalagens para alimentos, brinquedos, cosméticos e materiais médico-
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hospitalares. A Figura 3 mostra a estrutura quimica do DEHP, um dos principais
ftalatos usados como plastificante de produtos plasticos a base de policloreto de
vinila (PVC).

Figura 3 — Estrutura quimica do DEHP

Como os ftalatos ndo estdo ligados quimicamente ao polimero de PVC, isso
permite que alimentos e outros materiais sejam facilmente contaminados através do
contato com plasticos, tornando os ésteres de ftalato substancias ubiquas no meio
ambiente devido a grande utilizacdo desses materiais ( PARKS et al. 2000; MOORE
et al. 2001).

Apesar de serem usados ha muito tempo, muitos ésteres de ftalato ndo foram
adequadamente testados quanto aos efeitos enddcrinos e reprodutivos transgeracao
até recentemente. Estudos experimentais com animais de laborat6rio demonstraram
que alguns ftalatos como o DEHP, o butil-benzil ftalato (BBP), o di-butil ftalato (DBP)
e o diisononil ftalato (DINP) alteram o trato reprodutivo de ratos machos de forma
antiandrogénica, ap6s a exposicao in utero (MYLCHREEST et al. 1999; PARKS et
al. 2000). Segundo Mylchreest et al. (1999) e Moore et al. (2001), ratos recém
nascidos mostraram distancia anogenital reduzida e alteragbes nos tecidos
dependentes de andrégenos quando expostos a altas doses de DEHP in utero.
Andrade et al., (2006) avaliaram os efeitos da exposi¢cao in utero e lactacional de
DEHP em altas e baixas doses sobre o desenvolvimento sexual de ratos recém
nascidos e os parametros mais afetados foram o inicio da puberdade (retardo na
idade da separagao prepucial) e alteracdes testiculares. O efeito antiandrogénico
dos ftalatos esta relacionado com a supressado da biosintese de testosterona pelo
testiculo, acdo mediada pela inibigdo da expressao e atividade de diversas enzimas
esteroidogénicas (GRAY et al. 2000; PARKS et al. 2000; SHULTZ et al. 2001;
BARLOW et al. 2003).

Estudos conduzidos por Barlow et al., (2003) demonstraram que o DEHP pode

reduzir a disponibilidade de colesterol para as células esteroidogénicas, causando
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reducdo da testosterona sérica em ratos. O fato do colesterol participar em uma
variedade de etapas bioquimicas, implica que mudancgas significantes no suprimento
pode estar envolvido em diversos efeitos adversos causados pela administracao do
DEHP.

FLUTAMIDA

A flutamida é um farmaco antiandrégeno nao-esterdide destituido de atividade
hormonal, utilizado principalmente no tratamento do cancer avangado de prostata.
Este farmaco é um potente antagonista dos receptores androgénicos, atua inibindo a
ligacdo da testosterona ou da diidrotestosterona aos receptores nucleares e
citoplasmaticos nas células-alvo, bloqueando a acdo de androgénios de origem
adrenal e testicular nos tecidos-alvo, sem reduzir os niveis de testosterona sérica
(MARONA et al., 2003).
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Figura 4 — Estrutura quimica da flutamida

Estudos efetuados por Kassim et al., (1997) demonstraram que a administragcao
pre-natal da flutamida em ratos da linhagem Albino Swiss durante a janela de
masculinizagao fetal causou feminizagdo da genitalia externa, alteragdes na posi¢cao
e integridade dos testiculos dos descendentes machos durante fase adulta e
alteragcdes na funcdo e no desenvolvimento reprodutivo andréogeno dependente
acarretando no aumento dos niveis de LH plasmatico, estimulando a
esteroidogénese intracelular. Mcintyre et al. (2001) demonstraram que a exposi¢cao
in utero a Flutamida resulta em alteragbes no desenvolvimento andrégeno-
dependente dos filhotes machos, incluindo reducédo da distancia anogenital (AGD),
aumento dose-dependente na incidéncia de hipospadias e redugao nos pesos da
vesicula seminal, préstata, musculo levantador do anus/bulbocavernoso e do

testiculo.
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2. JUSTIFICATIVA E OBJETIVOS

A distancia anogenital € um marcador dimorfico caracterizado por ter maior
comprimento em individuos machos e menor em fémeas. Alteracées na AGD podem
indicar interferéncia exdgena sobre a homeostase do ambiente enddcrino durante o
desenvolvimento fetal. Em machos, a redugdo da AGD é um indicador de
insuficiéncia androgénica in utero, evento-chave para a inducao de outras alteragcbes
que compdem a sindrome de disgenesia testicular, como hipospadias,
criptorquidismo, baixa contagem de espermatozdides e cancer testicular de células
germinativas.

A AGD tem sido considerada um marcador permanente capaz de refletir
retrospectivamente, mesmo em individuos adultos, a agdo androgénica pré-natal. No
entanto, a utilidade da AGD como um marcador permanente do ambiente
androgénico pré-natal, depende da demonstracdo de sua estabilidade no periodo
pos-natal.

O presente estudo tem como finalidade determinar os efeitos de manipulagdes
dos ambientes androgénicos pré e pos-natais sobre a AGD de ratos machos. Para
tanto, determinaremos se alteragdes na distancia anogenital e tecidos andrégeno-
dependentes causadas pela exposicao in utero a flutamida, ao plastificante DEHP e
a testosterona podem ser modificadas pelo tratamento com essas mesmas

substancias durante a puberdade.

2.1 OBJETIVOS ESPECIFICOS

* Investigar os efeitos da manipulagdo androgénica pré-natal e pubertal sobre a
distancia anogenital em diferentes estagios do desenvolvimento, do nascimento
a idade adulta.

* Investigar os efeitos da manipulagdo androgénica pré-natal e pubertal sobre a
separagao prepucial, marcador externo do inicio da puberdade em ratos.

* Avaliar os efeitos da manipulacdo androgénica pré-natal e pubertal sobre o
trato reprodutor e fungdo testicular na idade adulta (90 dias de idade),
particularmente o peso de tecidos andrégeno-dependentes e o numero de

espermatides resistentes a homogeneizacéo.
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ABSTRACT

We examined the anogenital distance (AGD) plasticity in rats through the
manipulation of the androgen environment in utero and during puberty. Dams were
treated from gestation days 13-20 with vehicle, flutamide (20 mg/kg/day), di-(2-
ethylhexyl) phthalate (DEHP, 750 mg/kg/day), or testosterone (1.0 mg/kg/day). After
weaning, male pups were randomly assigned to one of four postnatal groups, which
received the same treatments given prenatally. Sixteen treatment groups were
established based on the combination of pre- and postnatal exposures. The postnatal
treatments were conducted from postnatal days 23-53. In utero flutamide exposure
significantly shortened male AGD, while prenatal DEHP produced only discrete
reductions in this endpoint. Postnatal flutamide, DEHP, and testosterone induced
slight but significant reductions in male AGD. Our study indicates that AGD is a
stable anatomical landmark that reflects the androgen action in utero, although it can
also be slightly responsive to changes in the androgen environment following
pubertal exposure.

Keywords: Anogenital distance (AGD), DEHP, flutamide, testosterone, rats
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INTRODUCTION

Trends in male reproductive health indicate a possible increase in the incidence
of reproductive disturbances in the last decades, such as low sperm count, genital
malformations (hypospadias and cryptorchidism), and testicular germ cell cancer
(TOPPARI et al., 1996; PAULOZZI, 1999; MENDIOLA et al., 2011; DEAN et al.,
2012; NORDKAP et al., 2012). According to Skakkebaek et al., (2001) these
reproductive disorders are interrelated and constitute a common syndrome with
prenatal origin known as Testicular Dysgenesis Syndrome (TDS). Genetic and
environmental factors, including the increasing exposure to endocrine disrupting
chemicals (EDCs) have been described as possible etiological factors of the human
TDS. However, certain TDS disorders (e.g. low sperm counts) and other
consequences of in utero exposures to EDCs are not manifested until late in life,
which can represent a particular challenge in the study of the impact of EDCs on
human health.

The anogenital distance (AGD), defined as the measured distance between the
anus and the genitals, is a sexually dimorphic anatomical marker in humans and
rodents that reflects the androgenic action during the formation of the reproductive
system in utero. It has been demonstrated that the AGD and the size of male
reproductive organs are determined by androgens during a specific time frame, the
masculinization programming window (MPW), which occurs during gestation days 15
to 18 in laboratory rats and in humans between weeks 8-14 gestation (WELSH et al.,
2008). Postnatally, androgen exposure is needed for achievement of the maximum
growth of androgen-dependent structures, but the degree of postnatal plasticity of the
AGD is largely unknown. In humans, AGD is negatively associated with the incidence
and severity of a number of male reproductive alterations, including TDS components
such as cryptorchidism, hypospadias and low sperm counts (GRAY et al. 2001;
WELSH et al. 2008; VAN DEN DRIESCHE et al. 2011; MENDIOLA et al., 2011;).
These results corroborate experimental data with laboratory animals and indicate that
the AGD can be used as a marker of the prenatal androgenic environment
(SKAKKEBAEK et al. 2001; BAY et al. 2006; VAN DEN DRIESCHE et al. 2012).

Many industrial chemicals and pharmaceuticals can impair the androgen action
during the MPW and cause adverse reproductive effects in laboratory rats and in

humans. In rats, administration of the potent androgen receptor antagonist flutamide
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during this window can shorten (feminize) the AGD and induce several reproductive
abnormalities, including chriptorchidism and hypospadias (MCINTYRE et al., 2001).
Certain phthalates, industrial chemicals used as plasticizers of polyvinyl chloride
(PVC) plastics and as additive in many other products, can inhibit the testosterone
production by the fetal testis and induce similar anti-androgenic effects, although the
spectrum and severity of reproductive abnormalities induced by phthalates may be
variable depending on rat strain susceptibility (WILSON et al., 2007).

The usefulness of AGD as a long-life marker of the androgen action during the
MPW depends on the postnatal plasticity of the perineum to hormonal stimuli. Few
studies have explored the effects of postnatal androgen manipulation on AGD. Van
den Driesche et al (2011) demonstrated that early postnatal exposure to flutamide or
di-butyl phthalate (postnatal days 1 to 15 via maternal milk) can impair penis growth,
but have little or no effects on AGD. More recently, Mitchell et al. (2015)
demonstrated slight but significant AGD changes in adult male rats treated with the
estrogenic compound diethylstilbestrol (DES). This study aims to investigate the
effects of pre- and postnatal androgen manipulation on male rat AGD. Rats were
exposed to vehicle, flutamide, di-2(ethylhexyl) phthalate, and testosterone, in utero

and later during puberty.

MATERIAL AND METHODS
Animals, doses, and treatment

The study was conducted at the Laboratory of Endocrine and Reproductive
Physiology of the Federal University of Parana (UFPR). Wistar rats (Rattus
norvegicus) were obtained from the animal facilities of UFPR after approval by the
Ethics Committee on Animal Use (CEUA). All animals received food and water ad
libitum and were maintained at controlled conditions of light (12h light/dark cycle) and
temperature (21 £ 2°C).

Adult female rats were mated for 3h during the dark phase of the light/dark cycle
to obtain the progenitors. The detection of sperm on the vaginal smear was
considerate as day zero of gestation. Mating procedures were repeated until
sufficient number of progenitors was obtained for the experiment (N=8-16/group).
However, due to the large number of animals in the postnatal period, the study was

divided into two blocks.
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We used canola oil as vehicle (Veh, CAS 120962-03-0), Flutamide (Flu, CAS
13311-84-7), Di(2-ethylhexil) phthalate (DEHP, CAS 117-81-7) and Testosterone
Propionate (TP, CAS 57-85-2). Canola oil and DEHP were obtained from Sigma-
Aldrich (St. Louis, MO, USA), Flutamide and Testosterone was obtained from
Dermoformulas laboratory (Curitiba, PR, Brazil).

The treatment was divided in two periods (in utero and pubertal phase). Wistar
rat dams were treated once a day from gestation day 13 to 20, which includes the
masculinization programming window, with canola oil (control group), flutamide (20
mg/kg/day — flutamide group), DEHP (750 mg/kg/day — DEHP group), or testosterone
(1.0 mg/kg/day — testosterone group). All substances were given by oral route with
exception of testosterone, which was administered by subcutaneous injections.
Groups receiving testing substances by oral route were also treated subcutaneously
with vehicle, while animals receiving subcutaneous injections of testosterone
received oral vehicle. The administration volumes for oral and subcutaneous routes
were 5ml/kg and 1.0 ml/kg, respectively. After birth, on postnatal day four (PND 4),
pups were individually marked with black ink tattoo on their limbs. After weaning,
male pups within each litter were randomly assigned to one of four postnatal groups
using a split-litter-design (BECK et al. 2006; RICCERI et al. 2006). Each of the four
groups was given one of the prenatal treatments — vehicle, flutamide, DEHP, and
testosterone — at the same doses and routes. The postnatal treatments were
conducted once a day during pubertal development from postnatal days 23 to 53.
Thus, sixteen treatment groups were established based on the combination of pre-
and postnatal exposures. The treatment groups are shown schematically in Figure 1.
Although the split-litter design allows a uniform distribution of pups among groups,
some littermates may be assigned to the same postnatal treatments (litters with more

than 4 males).

The female offspring was kept until weaning and then euthanized, except for
female pups from groups treated prenatally with vehicle and testosterone. These
animals were randomly assigned to groups receiving either vehicle or testosterone
postnatally (split-litter-design) from days 23 to 53 at the same doses and routes used

for prenatal treatment.
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Figure 1. Pre- and postnatal treatment groups. Dams were treated with vehicle, flutamide (20
mg/kg/day, orally), DEHP (750 mg/kg/day, orally) or testosterone (1.0 mg/kg/day, subcutaneously)
from gestation day (GD) 13 to 21. After weaning male pups were split into four different groups, which
received one of the prenatal treatments — vehicle, flutamide, DEHP, and testosterone — at the same
doses and routes from postnatal day (PND) 23 to 53.

The dose of flutamide was selected based on the data of Mcintyre et al. (2001)
which showed that doses ranging from 6.25 mg/kg/day to 50 mg/kg/day resulted in
significant changes in the AGD as well as other reproductive tract abnormalities in
male rats exposed in utero. The DEHP dose was based on the study by Parks et al.,
(2000), which demonstrated that in utero exposure to 750 mg/kg/day lowered
testicular testosterone concentrations and reduced AGD, with no evidence of severe
maternal or fetal toxicity. Wolf et al., (2002) indicated that exposure to doses of 0.5
mg/kg and 1.0 mg/kg of testosterone propionate (TP) during pregnancy can
masculinize female offspring without greatly affecting pup viability or harming the
pregnancy. Hotchkiss et al., (2007) showed that TP doses of 1.5 mg/kg/day and 2.5
mg/kg/day significantly increased the AGD of females exposed in utero during GD

14-18. The dose of 1.0 mg/kg/day was selected because according to Wolf et al.,
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(2002), higher doses may result in delayed parturition and extensive mortality of

pups.

Maternal and offspring data

Dams were weighed daily throughout the treatment period (GD 13-20). At the
end of the lactation (postnatal day 22), all dams were euthanized with an overdose of
ketamine and xylazine and the number of implantation sites on the uterus was
counted. The post-implantation loss was calculated as the (total number of
implantation sites minus the number of viable pups)/number of implantation sites. We
also recorded the number of pups born, sex, and the viability index (number of pups
alive on PND 4 x 100/ number of pups born alive). The preputial separation, an
indicator of the onset of puberty in rats, was investigated by manual retraction of the
prepuce starting on PND 33. The landmark used to define the achievement of
preputial separation was the exposure of the glans penis, which should be round and
free of cartilaginous tissue that characterizes the immature penis. We also
investigated possible genital malformations, including the occurrence of hypospadias
(opening of urethra in the ventral side of penis), cleft prepuce (incompletely formed
prepuce with exposed glans penis), and vaginal pouch (female-like vaginal opening).
In animals with hypospadias and/or cleft prepuce, the age at preputial separation was
determined by the achievement of a mature morphology of the glans penis (round

and without cartilage).

Anogenital Distance (AGD)

The AGD was measured on all male offspring with a digital caliper from the
center of the anus to posterior edge of the genital papilla by a single investigator
(DHK) using a head magnifier lens (4.0 x magnification). The AGD was measured on
PNDs 4, 10 and 23, and then every 15 days until adulthood (PND 83). All anogenital
distance measurements were correct by cubic root of body weight (GALLAVAN et al.,
1999).
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Euthanasia

Adult male rats were euthanized by decapitation on PND 90 (x 3 days). We
excised and weighed the liver, spleen, kidneys, adrenals, and reproductive organs
and tissues (ventral prostate, seminal vesicle, testis and levator ani/bulbocavernosus
muscle (LABC)). Organ weights are reported relative to body weight (g% or mg%).
We also determined the positioning of the testes and the penile length. The penis
length was measured from its insertion at the LABC muscle to the tip of the glans
with a digital caliper. Penis length measurements were made only in the second

block of experiments by a single investigator (DHK).

Number of homogenization resistant spermatids

The left testes were used to determine the number of homogenization resistant
spermatids. In animals with unilateral cryptorchidism the scrotal testis was used for
spermatid count. The tunica albuginea was removed and the testis was homogenized
in a solution of 10mL of saline (sodium chloride 0.9%) with 0.5% of Triton X100. The
homogenized solution was diluted 10 times in saline to evaluate the number of
resistant spermatids (stages 17 to 19) in a hemocitometer (Newbauer chamber)
(TOLEDO et al. 2011).

Statistical Analysis

Normality and homogeneity of variances were evaluated prior to data analysis.
Pregnancy outcomes were evaluated by Analysis of Variance (ANOVA). For AGD
analysis, we used a mixed effects model with treatment, time and block as main
effects and litter as a random (nested) factor to adjust for litter effects. Crude and
body weight corrected AGD (AGD/body weight'?) were evaluated in the mixed
model, but corrected AGD was used in the final analyses, because it provided the
best model fit estimates, as indicated by lower Akaike Information Criterion (AIC)
values. Treatment and time interactions were evaluated and included in the model
when the results were significant. For analysis of prenatal androgen manipulation on
AGD (groups treated postnatally with vehicle), post hoc comparisons were performed
using least square means (LSMEANS). At termination, organ weights were analyzed
in a mixed model with block and pre- and postnatal treatments as main effects and

litter as a random (nested) factor. Pre- and postnatal treatment interactions were
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evaluated and included in the model when the results were significant. Analyses
were performed with SAS software, version 9.3 (Cary, NC), and Graphpad Prism®
version 5.0 (La Jolla, CA). Differences were considered to be statistically significant
at a probability level of 5% (p < 0.05).

RESULTS

Pregnancy outcomes

There were no significant differences between groups in relation to body weight
gain during pregnancy, litter size, number of implants, post-implantation losses and
viability index (Table 1).

Table 1. Pregnancy outcomes

Vehicle DEHP Flutamide Testosterone
Number of dams 16 15 11 10
Litter size 9.00 + 2.25 9.64 +2.13 9.17 + 3.49 8.08 + 2.91
Body weight gain
(GD 0-21) 104.02 + 22.15 108.37 + 32.24 106.10 + 28.80 94,70 + 18.82
Implants 9.22 +2.34 9.64 +2.13 8.83 +4.16 8.17 + 2.86
Viability index 97.73 +6.71 79.86 + 30.20 97.32+7.77 97.75+4.78
Post implant loss 1.85+7.86 0 0.51+£1.99 1.19+4.12

All data are shown as mean * standard deviation.

Effects of prenatal androgen manipulation on AGD

The effects of prenatal androgen manipulation were investigated in animals
treated postnatally with vehicle. In female offspring, in utero exposure to testosterone
resulted in a significant increase in AGD with no time interactions (Figure 2). In male
offspring, main treatment effects indicated a significant reduction in AGD in the group
exposed in utero to flutamide (Figure 3; p<0.0001). In addition, overall time effects
revealed differences at times 4, 10, and 23 in relation to day 83 (reference). The
overall interaction term between treatment and time (p=0.0003) as well as the
interaction between DEHP treatment and day 23 (p=0.041) were significant,

indicating that the AGD was reduced by DEHP at this time point. Post-hoc analyses
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revealed that AGD in the flutamide group was significantly reduced at all time points
(p<0.0001), when compared to control group, i.e., days 4 (44.8%), 10 (33.1%), 23
(40.1%), 38 (32.5%), 53 (27.4%), 68 (26.0%), and 83 (24.3%). Although percentages
of AGD decrease seem to be more pronounced at earlier ages, no time versus
flutamide treatment interactions were observed in our modeled data. In the DEHP
group, posthoc analyses indicated that AGD reduction was significant on PND 23
(12.5%; p=0.019) and borderline significant on days 4 (19.5%; p=0.086) and 38
(6.9%; p=0.080) in relation to controls. Prenatal testosterone exposure did not have

an overall effect on male AGD.

3.54

- Control

¥ Testosterone

AGD/Body weight"?

. T
0 4 10 23 38 53 68 83

Treatment

Age (days)

Figure 2: Effects of prenatal androgen manipulation on female rat AGD. Prenatal treatment with
vehicle and testosterone (GD13-20) and postnatal treatment with vehicle (PND23-53). The data

represent the mean and standard errors of corrected AGD (AGD/body Weightm)

for unadjusted data at
each time point. The adjusted (modeled) data included treatment and time as main effects and the
litter as a random factor in the model. The AGD development in testosterone exposed animals was

significantly different from controls. *Significant main treatment effects (p<0.05).
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Figure 3. Effects of prenatal androgen manipulation on male rat AGD. Prenatal treatment with vehicle,
flutamide, DEHP and testosterone (GD13-20) and postnatal treatment with vehicle (PND23-53). The
data represent the mean and standard errors of corrected AGD (AGD/body weightm) for unadjusted
data at each time point. The adjusted (modeled) data included treatment, time and block as main
effects and the litter as a random factor in the model. The AGD development was significantly different
for the group exposed in utero to flutamide in relation to controls. Main time effects revealed
differences at times 4, 10, and 23 in relation to day 83 (reference). A significant interaction between
treatment and time was observed (p=0.0003). Post-hoc analyses revealed that AGD in flutamide
group was significantly different from control in all time points, while for DEHP, AGD results were
significantly different from control only on day 23 (p=0.019). * Significant main treatment effects
(p<0.05).

Effects of postnatal androgen manipulation on AGD

The effects of postnatal androgen manipulation were investigated in animals
exposed to different treatments in utero. Changes in AGD were evaluated from PND
23, which corresponds to the beginning of postnatal treatments, until adulthood (PND
83). Figure 4 shows the results of postnatal androgen manipulation in rats exposed in
utero to vehicle. In our model, which included postnatal treatment, time and block as
main effects and the litter as a random factor, we observed slight but significant
reductions in AGD for testosterone (7.0-9.4%; p<0.0001), DEHP (3.2-4.4%;
p=0.0004), and flutamide groups (2.9-3.0%; p=0.0022) in relation to control, with no
time interactions. Overall time effects revealed that day 23 was significantly different
from day 83 (reference). In female offspring, no significant results were seen for

postnatal manipulation with testosterone (data not shown).
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Figure 5 shows the effects of postnatal androgen manipulations in animals that
were exposed in utero to flutamide. In this cohort, postnatal testosterone (6.6-10.5%;
p=0.0003) and flutamide (6.1-9.7%; p=0.0006) significantly reduced AGD in relation
to control in the modeled data, with no time interaction. Days 23 and 38 were
significantly different from day 83.

In animals exposed in utero to DEHP, postnatal manipulation with testosterone
induced a slight decrease in AGD in relation to control (6.6-9.9%; p<0.0001), without
treatment versus time interactions (Figure 6). Main time effects indicated differences
at days 23 and 38 in relation to day 83.

In the cohort exposed in utero to testosterone (Figure 7), the AGD was reduced
in relation to control in the group treated postnatally with DEHP (6.0-7.7%; p=0.011).
This effect was also observed in the group treated postnatally with testosterone,
although not significantly so (4.1-5.2%; p=0.071). No treatment versus time
interactions were observed and main time effects indicated differences only at day 23

in relation to day 83.
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Figure 4. Effects of postnatal androgen manipulation on male rat AGD. Male offspring rats were
exposed in utero to canola oil (vehicle) and postnatally to vehicle, flutamide, DEHP, or testosterone
from postnatal days 23 to 53. The data represent the mean and standard errors of corrected AGD
(AGD/body Weightm) for unadjusted data at each time point. The adjusted (modeled) data included
treatment, time and block as main effects and the litter as a random factor in the model. The AGD
development was significantly different for the groups treated with testosterone, DEHP and flutamide,
with no time interactions. Overall time effects revealed that day 23 was significantly different from day

83 (reference). * Significant main treatment effects (p<0.05).
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Figure 5. Effects of postnatal androgen manipulation on male rat AGD following in utero exposure to
flutamide. The data represent the mean and standard errors of corrected AGD (AGD/body Weight”s)
for unadjusted data at each time point. The adjusted (modeled) data included treatment, time and
block as main effects and the litter as a random factor in the model. The AGD development was
significantly different for the groups treated with testosterone and flutamide. Overall time effects

revealed that days 23 and 38 were significantly different from day 83 (reference).
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Figure 6. Effects of postnatal androgen manipulation on male rat AGD following in utero exposure to
DEHP. The data represent the mean and standard errors of corrected AGD (AGD/body Weight”3) for
unadjusted data at each time point. The adjusted (modeled) data included treatment, time and block
as main effects and the litter as a random factor in the model. The AGD development was significantly
different for the group treated with testosterone. Overall time effects revealed that days 23 and 38

were significantly different from day 83 (reference). * Significant main treatment effects (p<0.05).
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Figure 7. Effects of postnatal androgen manipulation on male rat AGD following in utero exposure

testosterone. The data represent the mean and standard errors of corrected AGD (AGD/body

weightm) for unadjusted data at each time point. The adjusted (modeled) data included treatment,

time and block as main effects and the litter as a random factor in the model. The AGD development
was significantly different for the group treated with DEHP. Overall time effects revealed that day 23

was significantly different from day 83 (reference). * Significant main treatment effects (p<0.05).

Preputial Separation

Data on preputial separation is shown on Figure 8. Prenatal exposure to
flutamide significantly delayed the age at preputial separation. Overall postnatal
treatments revealed a significant delay in the age at preputial separation in rats
treated with flutamide or DEHP, whereas postnatal testosterone significantly
advanced this pubertal landmark. A significant pre- versus postnatal interaction was
observed (p=0.007) and simple main effects indicate that postnatal DEHP (p=0.022)
further delayed the time to preputial separation in the group exposed in utero to

flutamide.



32

PPS
80- *
75- 5 1
70- Postnatal treatment
65-
60- #E Vehicle
557 ﬁ Flutamide *
50- *
45- "I DEHP

40+
354
304
25+
201
15
104

51 = e
0- = =

PND

*
. Testosterone

Veph;, f/LIt .
h/C/e D renata/ amlde

Figure 8. Age at preputial separation. The data represent the mean and standard errors of age at
preputial separation (unadjusted data) of the descendants exposed pre- and postnatally to vehicle,
flutamide, DEHP and testosterone. The adjusted (modeled) data included treatments (pre- and
postnatal) and block as main effects and the litter as a random factor in the model. * Significant main
effects (p<0.05). # significant pre versus postnatal treatment interaction (p<0.05). PND = postnatal

day.

Reproductive tract malformations, organ weights, and spermatid number

The largest incidence of reproductive tract malformations was observed in rats
exposed in utero to flutamide. Hypospadias were observed in 33 out of 58 animals
(56.9%) in this group. One animal in the DEHP group (total N=38) also displayed this
malformation. Cryptorchidism was seen in 28 animals (48.3%) in the group exposed
in utero to flutamide (19 bilateral and 9 unilateral). Unilateral cryptorchidism was also
seen in one control and one DEHP exposed rat. Vaginal pouch and cleft prepuce
were detected in 41 (70.7%) and 16 (27.6%) rats exposed in utero to flutamide, but
not in other treatment groups.

Endocrine sensitive organs were collected at adulthood, approximately 35 days
after finishing the postnatal treatment. The relative organ weights, spermatid counts
and the penile length are shown in Figures 9 and 10. Main prenatal effects revealed
that in utero flutamide exposure significantly reduced the weight of ventral prostate,

seminal vesicle, LABC, and the length of penis. The effects were more pronounced
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on prostate than on other reproductive organs. Prenatal DEHP exposure significantly
reduced the weight of prostate, seminal vesicle, and LABC, and induced a
nonsignificant reduction in the penile length (p=0.085). For seminal vesicle weight we
observed a significant pre- versus postnatal interaction and the simple main effects
revealed that postnatal DEHP exposure significantly increased the seminal vesicle
weight in animals treated prenatally with flutamide, DEHP, and testosterone in
relation to their respective controls. Similarly, postnatal flutamide exposure increased
seminal vesicle weight in rats exposed in utero to DEHP. Overall testosterone
treatment during the postnatal phase significantly reduced the weights of LABC and
scrotal testis. In addition, postnatal testosterone and flutamide treatments reduced
the number of homogenization resistant spermatids. Significant interactions between
pre- versus postnatal treatments were observed for testes weight and spermatid
counts. Postnatal DEHP treatment reduced the weight of testis in rats prenatally
exposed to testosterone and the number of spermatids in prenatal cohorts exposed

to flutamide and testosterone.
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Figure 09. Reproductive endpoints at termination. A) Prostate; B) LABC; C) Penis length. The data
represent the mean and standard errors of unadjusted data of groups exposed pre- and postnatally to
vehicle, flutamide, DEHP and testosterone. The adjusted (modeled) data included treatments (pre-
and postnatal) and block as main effects and the litter as a random factor in the model. Penis length

was obtained only in the second block of experiments. * Significant main effects (p<0.05).
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Figure 10. Reproductive endpoints at termination. D) Scrotal testes; E) Spermatid count; F) Seminal
vesicle. The data represent the mean and standard errors of unadjusted data of groups exposed pre-
and postnatally to vehicle, flutamide, DEHP and testosterone. The adjusted (modeled) data included
treatments (pre- and postnatal) and block as main effects and the litter as a random factor in the
model. * Significant main effects (p<0.05). # significant pre- versus postnatal treatment interaction
(p<0.05).

DISCUSSION

In the present study we used pharmacological tools to manipulate the androgen
environment in utero and during puberty, critical periods for male reproductive
development, and determine the plasticity of the anogenital distance and
reproductive organs. We used the potent androgen antagonist flutamide, the
plasticizer DEHP, which inhibits testosterone biosynthesis, and the androgen
testosterone. Our results indicate that AGD is extremely sensitive to impairment of
androgen action in utero, in particular to effects mediated by flutamide, whereas it
can also slightly respond to hormonal stimuli during pubertal development.

The effects of prenatal androgen manipulation were examined in rats treated
postnatally with vehicle. In this cohort, we observed a significant shortening of AGD
in male offspring exposed to flutamide (24 to 45%) in relation to controls at the
different time points investigated. No overall prenatal treatment effect was seen for
DEHP, but a significant time versus DEHP treatment interaction was seen on PND
23, indicating a reduction in AGD at this time point. Except for this change, no other

time versus treatment interactions were seen. In general, AGD increased from PND 4
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to 38, remaining constant thereafter. Prenatal testosterone did not induce any
significant change on male AGD, indicating that there is a maximum potential for
AGD growth that is programmed in utero and that additional prenatal exposure to
androgens may not modify this endpoint (“ceiling effect’). This observation has
already been made in other studies using prenatal testosterone treatment (SCOTT et
al., 2007). However, we did see a significant increase in AGD in female offspring
exposed in utero to testosterone, indicating that the growth of the perineum is
sensitive to androgens in both genders. The fact that prenatal flutamide induced
severe reductions in AGD, while DEHP produced little or no change in this endpoint
even at a high dose (750 mg/kg/day) is possibly related to the mechanism of anti-
androgen action of these compounds as well as the susceptibility of the developing
male rat to phthalates. Even though active phthalates such as DEHP and Di-butyl
phthalate (DBP) can impair the testosterone biosynthesis by the fetal testis, several
studies report only discrete changes in male rat AGD. The relative mild AGD effects
following in utero exposure to phthalates may be related to age-dependent
differences in the susceptibility to suppression of testosterone production by these
compounds. For example, it has been demonstrated that suppression of testosterone
by DBP is more marked on gestation days 20-21 than on earlier stages that include
the MPW, the critical time window for AGD programming (SCOTT et al., 2008;
WELSH et al., 2008). On the other hand, human epidemiological studies indicate
associations between low-dose maternal phthalate exposures (3-5 orders of
magnitude lower than those typically used in rat studies) and short male AGD (SWAN
et al., 2005, 2015), suggesting a higher susceptibility of the human fetal testis.

The effects of postnatal androgen manipulations on AGD were examined in the
cohort exposed in utero to vehicle. Main treatment effects revealed slight but
significant reductions in AGD, which were constant over time (no treatment versus
time interactions) in all postnatal groups. Surprisingly, the most pronounced
reductions in AGD were seen in the group treated postnatally with testosterone (7.0-
9.4% in relation to controls). Overall time effects indicated that AGD elongated until
day 38, remaining constant thereafter. The effects of postnatal manipulations were
also examined in cohorts exposed in utero to flutamide, DEHP, and testosterone.
Postnatal testosterone treatment significantly shortened the AGD in rats exposed in
utero to flutamide (6.6-10.5%) and DEHP (6.6-9.9%) and induced a borderline

reduction in animals exposed in utero to testosterone (4.1-5.2%). Postnatal flutamide
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shortened AGD in animals pre-exposed to this drug in utero (flutamide/flutamide),
while postnatal DEHP reduced AGD in animals that were exposed prenatally to
testosterone. Taken together these results indicate that male rat AGD is responsive
to hormonal stimuli during pubertal development, being negatively modulated by high
doses of anti-androgens and testosterone. Interestingly, the most consistent results
were seen following testosterone treatment, which reduced AGD regardless of the
prenatal treatment received.

Recently, Mitchell et al., (2015) suggested that postnatal AGD plasticity may be
related to the androgen:estrogen balance. According to this hypothesis, perturbations
of this hormonal balance, such as those caused by increased exposure to estrogens
or unopposed estrogenic action induced by severe androgen suppression, might
impair the normal growth of the perineum towards its maximum length programmed
during fetal life. In the study by Mitchell et al (2015), castration permanently reduced
AGD in adult male rats (~17%), while a high flutamide dose (100 mg/kg/day) did not
induce any significant changes. On the other hand, the potent estrogen
Diethylstilbestrol (DES; 100 pg/kg applied every three days by subcutaneous
injections) reduced the AGD (~11%) at the end of a 5-week treatment, but the values
returned to “normal” after a washout period of 4 weeks. In our results, the shortening
in AGD induced by postnatal testosterone treatment might be related to changes in
the androgen:estrogen balance, as we treated the animals for 30 days with daily
doses of testosterone, an aromatizable androgen. In future studies, the use of non-
aromatizable androgens (e.g., dihydrotestosterone) and the measurement of
estrogens in testosterone-treated rats may further confirm this hypothesis. The fact
that we also observed reductions in AGD after treatment with the two anti-androgens
used (flutamide and DEHP) indicates that suppression of androgen action in pubertal
animals may be more critical to AGD plasticity than for adults, as Mitchell et al.,
(2015) failed to see changes in adult AGD following a high dose treatment with
flutamide.

In relation to the endpoints examined at termination, main prenatal effects
revealed significant reductions in the relative weights of ventral prostate, seminal
vesicle, and LABC and shortening of penile length in male offspring exposed in utero
to flutamide. The prenatal flutamide effects were more severe on the ventral prostate
with complete agenesis of this tissue in many exposed animals. No overall prenatal

treatment effects were seen on testis weight even in the flutamide group. The more
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pronounced in utero effects of flutamide on ventral prostate, LABC, penis length and
AGD indicate that this drug effectively blocked the androgen action in peripheral
tissues, while it produced none or only discrete anti-androgenic effects in sites that
display high local testosterone content, such as the testis and Wolffian duct
derivatives (seminal vesicle). In utero DEHP exposure reduced ventral prostate,
seminal vesicle and LABC weights, but similarly to AGD the effects were more
discrete than those seen for the group prenatally exposed to flutamide, perhaps
reflecting the partial suppression of testosterone production and age-dependent
susceptibility of the fetal testis to this effect, as described above. Flutamide was also
the only prenatal treatment able to induce reproductive tract malformations, which
reflect the severe suppression of androgen action induced by this drug in our
protocol. In addition, prenatal flutamide also delayed the age at preputial separation,
an external marker of puberty onset in rats. However, this endpoint was more
markedly affected by postnatal treatments. Postnatal flutamide and DEHP
significantly delayed the age at preputial separation, while testosterone advanced
this landmark. In rats treated prenatally with flutamide, postnatal DEHP further
delayed the age of preputial separation, suggesting that a second anti-androgenic hit
can further delay male pubertal development.

Overall, postnatal treatments did not induce significant main effects in
reproductive organs collected at adulthood, except for the testis and LABC. However,
it is important to highlight that termination occurred around 35 days after postnatal
manipulations, a time interval that may have allowed a recovery of affected organs.
Surprisingly, interaction analysis revealed that postnatal DEHP increased the weight
of seminal vesicle in groups exposed prenatally to flutamide, DEHP and testosterone,
while postnatal flutamide increased seminal vesicle weight in animals exposed in
utero to DEHP. The significance of these effects are unknown, but may be also
related to the time interval between postnatal exposures and termination, e.g., a
transient rebound effect following anti-androgenic exposure. Postnatal treatment
with testosterone significantly reduced the weight of testis and LABC as well as the
number of homogenization resistant spermatids measured at adulthood. The number
of spermatids was also reduced by postnatal treatment with flutamide. The testicular
effects were expected and possibly reflect the inhibition of hipotalamic-pituitary-
gonadal axis by testosterone and the severe suppression of androgen action by

flutamide, which may have long-lasting effects on spermatogenesis, a process that
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requires approximately 60 days for completion in the rat. Postnatal DEHP treatment
significantly decreased testis weight in rats exposed in utero to testosterone and
reduced the number of spermatids in animals prenatally exposed to flutamide and
testosterone. Here it is important to recognize that DEHP is a testicular toxicant that
may affects the testis by mechanisms other than those related to endocrine
disruption. Although we can not distinguish between endocrine and non-endocrine
mediated effects, our results suggest that certain manipulations of the prenatal
endocrine environment may favor the negative impact of DEHP on the testis.

Overall, our rat study indicates that male AGD is a stable anatomical landmark
that reflects the androgen action in utero, although it can also be slightly responsive
to changes in the androgen environment during the pubertal development. Similarly,
other endpoints such as reproductive organs weights seem to be more dependent on
the prenatal endocrine environment, although the disruption of the hypothalamic-
pituitary-gonadal axis in postnatal life may complicate the interpretation of some
results and the utility of certain endpoints as markers of in utero androgen exposure.
In addition, not all endpoints are non-invasive and readily translatable to humans as
the AGD. The postnatal plasticity of AGD seems to be limited to exposures to high
doses of androgens or anti-androgens, which can both slightly reduce male AGD.
These results confirm and extend prior findings on AGD plasticity in adult rats,
indicating that under normal physiological conditions and environmentally relevant
exposure scenarios to endocrine disruptors no significant changes in AGD are

expected in postnatal life.
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4. DISCUSSAO

O uso da distancia anogenital como marcador do ambiente endécrino pré-natal
esta sendo estudado por muitos pesquisadores, uma vez que este parametro pode
ser muito susceptivel a estimulos hormonais durante o desenvolvimento intrauterino,
em particular a acado androgénica. Neste estudo o ambiente enddécrino foi
influenciado através de manipulagdo farmacoldgica durante o desenvolvimento in
utero e pubertal, periodos criticos do desenvolvimento do sistema reprodutivo
masculino, com o intuito de elucidar a plasticidade da AGD e érgaos reprodutivos.
Para tanto, utilizamos o farmaco flutamida — potente antagonista androgénico, o
DEHP, inibidor da sintese de androgénios, e a testosterona.

Os resultados obtidos neste trabalho demonstraram prevaléncia de alteragdes
nos individuos tratados in utero, indicando que a AGD é extremamente sensivel a
danos sobre a agao androgénica pré-natal, em particular aos efeitos mediados pela
flutamida, e efeitos menos exacerbados quando expostos no periodo pubere.

Os efeitos da manipulacdo androgénica pré-natal foram investigados nos
individuos tratados com veiculo no periodo pds-natal — Grupos controle-pés
(Veiculo/Veiculo, Flutamida/Veiculo, DEHP/Veiculo e Testosterona/Veiculo). O
grupo Flutamida in utero apresentou uma reducdo significativa da AGD nos
diferentes pontos investigados, permanecendo reduzida em relagdo ao grupo
controle durante todo o desenvolvimento até a fase adulta, corroborando com
resultados encontrados por Mcintyre et al. (2001). O grupo exposto in utero ao
DEHP apresentou apenas efeitos discretos sobre a AGD, porém uma interagao
DEHP x tempo foi observada em PND 23, caracterizado por uma redugao da AGD
neste ponto. Com excecao desta alteragao, ndo foram observadas outras interagcdes
tempo x tratamento neste grupo. Em geral, a AGD apresentou um aumento do PND
4 ao PND 38, permanecendo constante posteriormente, até a idade adulta.

Os efeitos relativamente moderados da exposi¢ao de ftalatos in utero sobre a
AGD podem estar relacionados a diferencas dependentes de idade na
susceptibilidade da supressao da producédo de testosterona por esses compostos.
Estudos realizados por Scott et al., (2008) e Welsh et al., (2008), demonstraram que
a supressao de testosterona por DBP é mais evidente nos dias gestacionais 20 a 21
do que em periodos anteriores que incluem a MPW, etapa critica para a

programacao da AGD. Por outro lado, estudos epidemiolégicos com humanos
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indicam associacbes entre exposi¢cdes maternas de baixa dosagem e AGD
reduzidas em descendentes do sexo masculino (SWAN et al., 2005, 2015) sugerindo
alta susceptibilidade dos testiculos fetais humanos.

Durante o desenvolvimento embrionario e a puberdade, o aumento da
concentracado de testosterona promove o desenvolvimento da AGD até atingir sua
extensdo maxima pré-definida. A acdo de Desreguladores Enddcrinos durante o
periodo de desenvolvimento pré-natal pode afetar o desenvolvimento da AGD, de
modo a alterar essa programacao e afetar de maneira permanente seu tamanho
final. A exposigao in utero a testosterona nao induziu nenhuma mudanca significativa
na AGD dos descendentes machos, o que significa que a exposi¢ao a andrégenos
durante a janela de programacgdo da masculinizacdo (MPW) em machos delimita
qual sera o tamanho maximo (“ceiling effect”) que a AGD pode alcangar (MITCHELL
et al., 2015), e a exposic¢ao pré-natal adicional a andrégenos nao é capaz de alterar
essa programacao. A auséncia de efeitos da testosterona pré-natal em machos ja foi
demonstrada em estudo efetuado por Scott et al.,, (2007). Por outro lado, a
exposicao in utero a testosterona foi capaz de aumentar a AGD em fémeas,
corroborando a hipétese de que, abaixo de determinado limiar, o crescimento do
perineo é sensivel a androgénios no periodo pre-natal.

Os resultados da manipulacdo androgénica pos-natal foram verificados nos
individuos tratados com veiculo pré-natal. Os principais efeitos do tratamento pos-
natal demonstraram redugdao pequena, mas significativa da AGD, as quais
apresentaram-se constantes durante o desenvolvimento dos descendentes, nao
havendo interagao tratamento x tempo em todos os grupos pos-natais. De maneira
inusitada, o grupo tratado com testosterona pods-natal exibiu as redugdes mais
pronunciadas na AGD com variagao de 7,0 — 9,4% em relagao ao grupo controle.

O tratamento pds-natal com testosterona também apresentou uma reducéo
significante na AGD dos descendentes expostos in utero a flutamida e DEHP com
variacdo de 6,2 — 10,5% e 6,6 — 9,9% respectivamente; no grupo tratado com
testosterona in utero o tratamento pds-natal com esse hormdnio induziu uma
reducédo moderada (4,1 — 5,2%). O tratamento com flutamida pés-natal exibiu maior
reducdo da AGD nos descendentes do grupo flutamida pré-natal
(flutamida/flutamida), enquanto o grupo DEHP pés-natal apresentou reducédo na
AGD dos animais expostos a testosterona pré-natal. O conjunto desses resultados

indica que a AGD dos descendentes machos é responsiva ao estimulo hormonal
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durante o desenvolvimento pubertal. De maneira curiosa, os resultados mais
consistentes foram do tratamento com testosterona pés-natal, que induziu reducéo
da AGD independentemente do tratamento recebido no periodo pré-natal.

Mitchell et al., (2015) sugerem que a plasticidade pés-natal da AGD pode estar
relacionada ao balango testosterona/estradiol. Como o equilibrio nas concentragcbes
desses dois hormdnios é sensivel, aumentos sutis na concentragdo sérica de
estradiol podem ser suficientes para desencadear alteragdes plasticas na AGD. De
acordo com sua hipotese, a presenca de androgenos deve ser suficiente para
suprimir uma sinalizagdo estrogénica anormal e esta supressao na sinalizagao é
importante para assegurar o equilibrio da concentragao testosterona/estradiol e a
maximizacdo da AGD. Perturbagdes neste equilibrio hormonal, causadas por
exposigao exogena a estrogenos ou sobreposigao de agdes estrogénicas resultantes
de severa supressao androgénica, podem prejudicar o desenvolvimento normal do
perineo alterando a programacgao do comprimento maximo durante a vida fetal. No
estudo de Mitchell et al.,, (2015) ratos adultos castrados tiveram uma reducgéo
permanente da AGD (~17%), enquanto doses elevadas de flutamida (100mg/kg/dia)
nao induziram mudangas significativas. Por outro lado, tratamento com
Diethylstilbestrol (DES — 100ug/kg) aplicado a cada trés dias durante 5 semanas
através de injecdo subcuténea resultou em reducdo de aproximadamente 11% na
AGD ao final do tratamento, porém os valores de AGD retornaram préximos ao
comprimento normal apos um periodo de 4 semanas.

No presente estudo, os resultados do encurtamento da AGD induzidos pelo
tratamento pos-natal com testosterona podem estar relacionados a mudangas no
equilibrio testosterona/estradiol, uma vez que nosso protocolo incluiu tratamento
diario dos animais com testosterona (andrégeno aromatizavel) durante 30 dias. Em
estudos futuros esta hipdtese pode ser comprovada com o uso de andrégenos nao
aromatizaveis, como a diidrotestosterona (DHT), e a dosagem de estrogenos nos
ratos tratados com testosterona. O fato de também observarmos redugcdo na AGD
apos o tratamento com dois agentes antiandrogénicos (flutamida e DEHP) indica
que a supressao da agao androgena em animais puberes pode ser mais critica do
que para individuos adultos, como visto nos resultados de Mitchell et al., (2015),
onde nao foram observadas mudancgas na AGD de ratos adultos apds tratamento

com flutamida.
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Com relacao aos dados coletados na eutanasia, o tratamento pré-natal revelou
reducao significativa no peso relativo da prostata ventral, vesicula seminal e musculo
levantador do anus/bulbocavernoso (LABC) e redugcdo do comprimento do pénis nos
ratos expostos in utero a flutamida. Os efeitos da flutamida pré-natal foram mais
severos sobre a préstata ventral, manifestando agenesia completa deste tecido na
maioria dos animais expostos. Nao houve efeitos significativos das exposicoes pré-
natais sobre os testiculos, mesmo nos animais expostos a flutamida. Os efeitos pré-
natais mais marcantes do tratamento com flutamida sobre a prostata ventral, LABC,
comprimento de pénis e AGD indicam que este farmaco bloqueia de forma eficaz a
acao androgénica em tecidos periféricos, enquanto produz pouco ou nenhum efeito
antiandrogénico em locais que contém altas concentragbes de testosterona, como
os testiculos e derivados dos ductos de Wolff (vesicula seminal). Segundo Foster; et
al. (2005) as alteragdes no trato reprodutivo induzidas pela exposicdo a flutamida
sdo dependentes do periodo de exposi¢cao durante a gestacao (tecidos andrégeno-
dependentes, AGD e genitalia externa). Isso deve-se ao fato dos receptores
androgenos nao se formarem até aproximadamente GD 14, e na pré-implantagao do
embrido, a expressao das proteinas dos receptores androgenos e desenvolvimento
sexual ainda n&o iniciaram, portanto, a acdo antiandrogénica da flutamida n&o
possui efeito antes da MPW (GOTO et al. 2004). A exposicdo ao DEHP in utero
induziu reducao da prostata ventral, vesicula seminal e peso do LABC, porém, de
forma semelhante ao observado para a AGD, os efeitos foram mais discretos
quando comparados ao grupo flutamida pré-natal, provavelmente devido a uma
supressao parcial da producdo androgénica e/ou da susceptibilidade do testiculo
fetal vinculada a idade.

A flutamida foi o unico tratamento pré-natal capaz de induzir ma-formacgao no
trato reprodutivo, refletindo a severa supressao da agao androgénica induzida por
esse farmaco em nosso protocolo. A separacgao prepucial (PPS), marcador do inicio
da puberdade, apresentou variagao significativa entre os descendentes dos grupos
do tratamento pds-natal, exibindo atraso para os grupos tratados com flutamida e
DEHP pds-natal e adiantamento para os descendentes tratados com testosterona
pos-natal em relagdo ao grupo controle. Os ratos tratados com flutamida pré-natal e
DEHP po6s-natal apresentaram maior atraso na separacgao prepucial, sugerindo que
uma segunda exposicdo antiandrogénica pode atrasar ainda mais o0

desenvolvimento pubere.
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5. CONCLUSAO

De maneira geral, nosso estudo indica que a AGD é um marcador anatémico
estavel que reflete a agao andrégena in utero, mas que também pode ser levemente
responsiva a mudangas no ambiente androgénico durante o desenvolvimento
pubertal. De maneira semelhante, outros parametros como peso de O6rgaos
reprodutivos parecem ser mais dependentes do ambiente endodcrino pré-natal.
Entretanto, a alteracdo da homeostase do eixo hipotalamo-hipofise-gbnadas no
periodo pds-natal pode dificultar a interpretacdo de alguns resultados e a utilidade
de certos parametros como marcadores da exposicao androgénica in utero. Além
disso, nem todos os parametros testados sao nao invasivos e transponiveis
facilmente para uso em humanos como a AGD. A plasticidade pds-natal da AGD
parece ser limitada a doses altas de androgenos ou antiandrogenos, que em ambos
0s casos causam pequena reducao da AGD de individuos do sexo masculino.

Estes resultados confirmam e ampliam descobertas anteriores sobre a
plasticidade da AGD em ratos adultos, indicando que sob condigbes fisioldgicas
normais e exposi¢cdes a doses ambientalmente relevantes de desreguladores

enddécrinos ndo sao esperadas alteragdes significativas na AGD na vida pds-natal.
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