AVA
AVAVAY  UNIVERSIDADE ESTADUAL PAULISTA

u nesp YA «40LIO DE MESQUITA FILHO”

Campus de Botucatu

Q)

Instituto de
Biociéncias PG-BGA

UNIVERSIDADE ESTADUAL PAULISTA
“JUlio de Mesquita Filho”

INSTITUTO DE BIOCIENCIAS DE BOTUCATU

EFEITOS DA RESTRICAO PROTEICA MATERNA SOBRE O
DESENVOLVIMENTO DO DUCTO MESONEFRICO E DO

EPIDIDIMO NAS FASES INICIAIS EM RATOS WISTAR

TALITA DE MELLO SANTOS

PROFA DRA RAQUEL FANTIN DOMENICONI
PROF DR LUIZ GUSTAVO DE ALMEIDA CHUFFA

Tese apresentada ao Instituto de Biociéncias, Campus de
Botucatu, UNESP, para obtencao do titulo de Doutora no
Programa de Pds-Graduagio em Biologia Geral e
Aplicada, Area de concentracio Biologia Celular
Estrutural e Funcional.

Profa Dra Raquel Fantin Domeniconi

BOTUCATU - SP
2019

Programa de Pds-graduagdo em Biologia Geral e Aplicada

Instituto de Biociéncias de Botucatu/ UNESP

Rua Professor Doutor Antonio Celso Wagner Zanin, 250 - CEP 18618-689 - Botucatu - SP - Brasil
Tel (14) 3880-0781 posgraduacao@ibb.unesp.br



® AVA
AVAVAY  UNIVERSIDADE ESTADUAL PAULISTA

u ne Sp " 9ULI0 DE MESQUITA FILHO” F)
Campus de Botucatu
Instituto de d

Biociéncias PG-BGA

UNIVERSIDADE ESTADUAL PAULISTA
“JUlio de Mesquita Filho”

INSTITUTO DE BIOCIENCIAS DE BOTUCATU

Efeitos da Restri¢cdo Proteica Materna sobre o Desenvolvimento do

Ducto Mesonéfrico e do Epididimo nas Fases Inicias em Ratos Wistar
TALITA DE MELLO SANTOS

Profa Dra Raquel Fantin Domeniconi
Prof Dr Luiz Gustavo De Almeida Chuffa

BOTUCATU - SP
2019



FICHA CATALOGRAFICA ELABORADA PELA SECAO TEC. AQUIS. TRATAMENTO DA INFORM.
DIVISAO TECNICA DE BIBLIOTECA E DOCUMENTAGAO - CAMPUS DE BOTUCATU - UNESP
BIBLIOTECARIA RESPONSAVEL: LUCIANA PIZZANI-CRB 8/6772

Santos, Talita de Mello.

Efeitos da restricdo proteica materna sobre o
desenvolvimento do ducto mesonéfrico e do epididimo nas
fases inicias em ratos Wistar / Talita de Mello Santos. -
Botucatu, 2019

Tese (doutorado) - Universidade Estadual Paulista
"Julio de Mesquita Filho", Instituto de Biociéncias de
Botucatu

Orientador: Raquel Fantin Domeniconi

Coorientador: Luiz Gustavo de Almeida Chuffa

Capes: 20600003

1. Epididimo. 2. Desenvolvimento fetal. 3. Deficiéncia
de proteina. 4. Receptores hormonais.

Falavras-chave: bDesenvolvimento epididimario; ratores de
crescimento; Programacdo fetal; Receptores hormonais;
Restricao proteica.




Pelo amor, pela inspiragdo, por toda a saudade,
dedico este trabalho aos meus avds maternos Ina e

Wilson, e paternos Milxe e Laudelino.






N&o é facil lidar com o desconhecido sem ter fé que todo o esforco seré recompensado
e principalmente sem acreditar em Deus. Por vezes sentimos que aquilo que fazemos nao é
sendo uma gota de 4gua no mar. Mas o mar seria entdo menor a cada gota que lhe faltasse.
Agradeco primeiramente a Deus por ter me concedido a oportunidade de chegar aonde estou e
por ter me dado sabedoria para lidar com as dificuldades.

Agradeco ao programa de Pos-graduacdo em Biologia Geral e Aplicada, ao Instituto de
Biociéncias de Botucatu e a UNESP pela estrutura e apoio para a realizagao deste trabalho, e a
CAPES pelo suporte financeiro.

A todos os mestres que fizeram parte da minha formac&o académica e, em especial, aos
professores do departamento de Anatomia do IBB e aos professores da banca pela dedicacao e
profissionalismo. Com respeito, agradeco a minha orientadora, Professora Raquel Fantin
Domeniconi por confiar em meu trabalho, ter me dado a oportunidade de crescer
profissionalmente, pela paciéncia, pelo suporte intelectual e pela sua alegria que contagia 0s
que com ela convivem. Exemplo de mulher e profissional que por muitas vezes com carinho
me aconselhou, me apoiou e me espelhou também em minha vida pessoal. Ao meu coorientador
Professor Luiz Gustavo de Almeida Chuffa, sou muito grata por ter me acolhido e me dado
suporte em todos 0s momentos que precisei, foi um prazer trabalhar e conviver com um ser tao
inteligente, profissional e alto-astral. Como disse Isaac Newton, se eu vi mais longe, foi por
estar sobre ombros de gigantes.

Aos colegas do departamento de Anatomia, sou grata pelo apoio nos experimentos e
auxilio no dia a dia, e tambeém pelos momentos de risada e descontracdo em nosso laboratorio.
Anos de convivéncia que nos tonaram amigos. Em especial, a minha colega de doutorado e
amiga Marilia, a qual sem duvida alguma, foi fundamental em todos esses anos. Ao longo
desses quatro anos aprendi a respeitar mais os limites e as diferencas, e seu exemplo foi
fundamental para isso. Sofremos e choramos, demos risadas e aproveitamos cada momento,
incluindo o friozinho de Montreal e margueritas em Cancan. Obrigada por ser quem €s. As
minhas amigas Carina e Aninha, as quais participaram diariamente da minha vida profissional
e pessoal, gratiddo por serem tdo importantes e especiais, cada uma em seu modo de ser.

Gostaria de agradecer também o Professor Barry Hinton da Universidade da Virginia
pela oportunidade profissional dada a mim. Além disso, pela primeira vez tanto tempo longe
de casa, em um pais diferente, outra lingua e cultura, fui acolhida por pessoas tdo especiais
como o Prof Hinton e sua familia. Tenho certeza de que esta experiéncia me fez crescer muito

em minha vida profissional e também como ser humano.



Este momento jamais seria 0 mesmo sem 0 apoio, o exemplo e incentivo da minha
familia. Minha mée Silvia, meu pai Jadi, meu tio Junior e meu padrasto Edson, que estiveram
ao meu lado em todos 0os momentos me dando amor, suporte emocional, confianga e apoio
financeiro. N&o tenho palavras para dizer o quanto eu amo vocés e o tamanho da minha
gratiddo. Espero que possa ser orgulho e retribuir tudo o que fizeram e fazem por mim.

Tenho a sorte de viver rodeada de amor, carinho, incentivo e amizade. Aos meus
amigos, que estdo presentes fisicamente ou virtualmente nos diversos momentos da minha vida,
minha gratiddo. Minhas amigas de morada Ketlin e Priscila, minha professora de inglés Anita,
nossa IC Dhrielly e a tantos encontros, que de alguma forma fizeram parte desses mais de 10
anos em Botucatu, meu carinho. Seria dificil e injusto exemplificar cada um. Sei que cada um
sabe 0 que significa para mim e o quao foram e sdo importantes para tornar os meus dias mais
leves e alegres. Um sorriso pode mudar um dia e por isso sou grata a todos que de alguma forma

contribuiram para a realizagdo desde sonho. Muito obrigada!



“Quanto mais eu estudo a natureza,
mais me maravilho com a obra do Criador.”

(Louis Pasteur)



SUMARIO

L 1 U 1V OSSO 11
N S I ¥ O ISP 14
INTRODUGAO ...t se et en st ene s 17
Aspectos Gerais da Desnutricdo Materna e o Desenvolvimento Fetal ................cccceevneen. 18
Origem do Desenvolvimento da Salde e de Doengas e a Restri¢do Proteica..................... 19
Restricdo Proteica Materna e o Sistema Genital Masculino ...........ccccoccceeviieeiie e, 21
=4 oo [ o [ 0T T PSSP PP P 23
MOrfOgENESE EPIAIAIMAITA .....ccuviiiieiiieiiie ettt 26
CAPITTULOS ..ottt 37
CAPTTULO Lottt 39

Maternal Low-Protein Diet During Gestation and Lactation Causes Estrogenization and
lead to an Impairment an Epididymal Development in the Early Postnatal Development of

Male Rat OFFSPIING. ..vveiiiieiiie ettt e e e e st e e st e e anteeeareeeas 40
ADSTTACT ...t 40
L INEFOTUCTION. ...ttt ettt 41
2. Material And MELNOUS..........ooiiiiiie e 42
B RESUILS ..ttt 46
4. DiscusSion AN CONCIUSION........iiiiiiiiiiie sttt 55
5. RETEIBICES. ...ttt ettt 61
CAPTTULO T oot 68
Maternal Protein Restriction Modulates Angiogenesis and AQP9 Expression leading to a
Delay in Postnatal Epididymal Development in Rat ............ Erro! Indicador néo definido.
ADSEFACE ... Erro! Indicador ndo definido.
1. INErOdUCTION.....oiiiiiiiccc e Erro! Indicador n&o definido.
2. Material And Methods..........ccoveiiiiiiiiiecc e Erro! Indicador ndo definido.
3L RESUILS . Erro! Indicador ndo definido.
4. DISCUSSION .....eeviieiieiiee st esiee et e steeestee e e sseeesree e e anee e Erro! Indicador ndo definido.
5. CONCIUSION ...t Erro! Indicador ndo definido.
REFERENCES .......oiiiiii e Erro! Indicador ndo definido.
CAPTTULO Tttt 94

Dieta Materna de Baixa Proteina modula ERK/Src e Wnt9b nas fases iniciais do
desenvolvimento epididimario na prole masculina de ratos Wistar. ...........ccccocevveeviiieeiiineennn, 95



CONCLUSOES. ..o

REFERENCIAS BIBLIOGRAFICAS






© 0o N oo o B~ W N e

W W W W W N DN DD DD DD DD DN P PP PR P PR PR
A WO N P O © 0N oA WODN P O O 0N O DWW DN P, O

12

O ambiente desempenha papel crucial durante o desenvolvimento fetal, podendo influenciar
diretamente a salde da prole. Assim, o estado nutricional materno é essencial para a saude e
bem-estar do feto. Ha relatos de alteragdes em parametros relacionados a funcéo epididimaria,
em animais adultos, cujas mées sofreram restricdo de proteina durante as fases de gestagdo e
lactacdo. A origem das alteracdes funcionais no epididimo pode estar relacionada a fatores
hormonais, bem como na expressdo de seus receptores, e por meio da modulacéo de moléculas
de sinalizacdo como FGFs (Fator de crescimento de Fibroblastos), vias da ERK e Wnt, e a
funcionalidade da Src, ou seja, proteinas relacionadas aos processos do desenvolvimento
epididimario. No entanto, ndo ha informacGes que esclarecam as causas dessas alteracfes ou
como a restricdo proteica atua ao longo do desenvolvimento pré e pés-natal do epididimo. Desta
forma, o objetivo deste trabalho foi avaliar o impacto da restricdo proteica materna, no ducto
mesonéfrico e no epididimo nas fases iniciais do desenvolvimento. Assim, ratas Wistar prenhes
foram divididas em dois grupos experimentais que receberam uma dieta de normoproteica (NP;
17% de proteina; n=19) ou hipoproteica (HP; 6% de proteina; n=19) durante a gestacdo e a
lactacdo. Cinco ratas prenhes de cada grupo foram eutanasiadas para coleta dos ductos
mesonéfricos dos embribes no dia gestacional (DG)17,5 e as demais permaneceram até os dias
pos-natais (DPN) 7 ou 14. Os filhotes machos tiveram seus parametros biométricos aferidos e,
em seguida, foram eutanasiados. Procedeu-se a coleta de sangue para analise dos hormdnios
sexuais e dos orgaos genitais, os quais foram pesados e armazenados. Durante toda a fase de
gestacdo e lactacdo pardmetros maternos, como consumo alimentar e peso corporeo, também
foram aferidos. O epididimo foi processado segundo técnicas histologicas, imuno-
histoquimicas e de Western blotting para detecgdo de AR, ERa, ERB, Sa-red, P450aro, Wnt9b,
Src Y416 e Y527, Phospho-p44/42 MAPK (Erk1/2), AQP1 e 9, FGFR1 e 2, VEGF, VEGFR,
PCNA. As maes restritas tiveram seus parametros alimentares e corpéreos alterados pela dieta,
assim como os filhotes machos, os quais nasceram menores e com reducdo da distancia
anogenital (DAG) e do peso dos 6rgdos genitais. Os ductos mesonéfricos do grupo HP tiveram
comprimento menor nos tempos de Oh e 24h quando comparado ao grupo NP. No DPN7 houve
aumento de estradiol sérico e dos niveis proteicos da ERK1/2, Src-426, ERa, ERp, P450 ¢
VEGFa e diminui¢do de AR, 5a-red, FGFR1, FGFR2, Src-527, AQP9 e VGFR2, e reducéo no
didmetro luminal e tubular na regido proximal no grupo HP. No DPN14, houve reducdo dos
niveis proteicos de AR, AQP9 e Wnt9b e aumento de ERa, P450aro e ERK2 nos animais
restritos. Neste mesmo grupo, a altura do epitélio foi menor nas regiées do segmento inicial
(SI) e corpo, e do diametro tubular no corpo. Além disso, o presente estudo foi o primeiro a

realizar a imunolocaliza¢do da AQP1 no epididimo de animais de 14 dias, bem como observar
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diminuigdo da microdensidade vascular no grupo HP quando comparado ao NP. Concluimos
que a restricdo proteica materna altera a morfogénese epididiméaria durante o desenvolvimento
pré e pés-natal. Essas alteracGes estdo associadas ao suprimento sanguineo prejudicado, a falhas
nas vias hormonais e a alteracfes na expressao de proteinas necessarias para a angiogénese,
formacédo e manutengdo do microambiente epididimario, bem como em proteinas responsaveis
pelo crescimento e diferenciacdo epididimario. Assim, nossos dados sugerem que essas
alteracBes durante os estdgios iniciais do desenvolvimento do epididimo podem estar

relacionadas a alteracdes na qualidade dos gametas, ja observada em animais adultos.
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The environment plays a crucial role during fetal development and can directly influence the
health of the offspring. Thus, maternal nutritional status is essential for fetus' health and well-
being. There have been reports of alterations in parameters related to epididymal function in
adult animals whose mothers suffered protein restriction during the gestation and lactation. The
origin of the functional alterations in the epididymis can be related to the hormonal factors, as
well as in the expression of its receptors, and on signaling molecules modulation like FGFs
(Fibroblast Growth Factor), ERK and Wnt pathways, and functionality of Src, or proteins
related to epididymal development. However, there is no information to clarify the causes of
these changes or how protein restriction acts throughout pre and postnatal development. The
aim of this study was to evaluate the impact of maternal protein restriction on the mesonephric
duct and in the early stages of epididymal development. Pregnant female Wistar rats were
divided into two groups that received either normoprotein (17%; NP) or low-protein (6%; LP)
diet ad libitum during gestation and lactation. Five pregnant rats from each group were
euthanized to collect the mesonephric ducts on gestational day (DG) 17.5 and the others rats
remained until the postnatal days (PND) 7 or PND14. The male offspring had their biometric
parameters verified and were euthanized. Blood was collected for sex hormones analysis and
genital organs were weighted and stored. Throughout the gestation and lactation maternal
parameters, such as food consumption and body weight, were also measured. The epididymis
was processed according to histological, immunohistochemical and Western blotting
techniques for AR, ERa, ERp, 5a0-RD, P450aro, Wnt9b, Src Y416 and Y527, Phospho-p44/42
MAPK (ERK1/2), AQP1land 9, FGFR1 and 2, VEGF, VEGFR and PCNA detection. Restricted
mothers had their food consumption and body parameters altered by low-protein diet, as did
the male offspring, which were born smaller and with anogenital distance (DAG) reduced. The
HP mesonephric ducts lengths were shorter at Oh and 24h when compared to the NP group. At
PND?7 there was an increase in serum estradiol and in the ERK1 / 2, Src-426, ERa, ERp, P450
and VEGFa protein levels and a reduction in the AR, Sa-red, FGFR1, FGFR2, Src-527, AQP9
and VGFR2 expression. Besides a reduction in the luminal and tubular diameter in the HP
epididymal proximal region. At PND14, there was a reduction of AR, AQP9 and Wnt9b protein
levels and an increase of ERa, P450aro and ERK2 expression in the restricted animals. In this
same group, the epithelium height was smaller in initial segment (SI) and caput, and in the
corpus' tubular diameter. In addition, the present study was the first to perform the AQP1
immunolocalization at 14-day-old animals epididymis, as well as, to observe a decrease in
vascular microdensity in the HP group when compared to NP. We conclude that maternal

protein restriction alters epididymal morphogenesis during pre and postnatal development.
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These changes are associated with blood supply impairment and changes in hormonal pathways
and proteins expression of those that are required for angiogenesis, formation and maintenance
of the epididymal microenvironment, as well as proteins responsible for epididymal growth and
differentiation. Thus, our data suggest that these changes during the early stages of epididymal
development may be related to changes in spermatozoa quality already observed in adult

animals.
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Aspectos Gerais da Desnutricdo Materna e o Desenvolvimento Fetal

O desenvolvimento embrionédrio e fetal dos mamiferos envolve eventos
sequenciais altamente controlados e precisos. Esses eventos sdo amplamente regulados
por meio de diferentes mecanismos e sinalizacbes moleculares do préprio embrido e,
também podem estar relacionados com as intera¢des do embrido com o ambiente materno.
Assim, 0 ambiente materno precisa se adequar a gestacéo e este processo é determinado
pela fisiologia materna e pelo gendtipo materno e fetal (Grissom e Bowman, 2014).

As interacdes entre fatores intrinsecos materno-fetal, como genética e epigenética
e fatores maternos extrinsecos, como a exposi¢&o a estressores graves, p.e. agentes toxicos
ou infecciosos e a nutricdo materna, influenciam os processos de desenvolvimento.
Porém, quando esses processos ndo sdo orquestrados de maneira correta e/ou eficiente,
podem levar a anormalidades ou desvantagens durante o desenvolvimento de uma nova
vida (Bateson et al., 2004; Indrio et al., 2017).

Esta bem descrito na literatura que a ma nutricdo materna, seja a desnutri¢do ou
supernutricdo, € um dos fatores ambientais mais importantes que modifica 0 ambiente
intrauterino (Skinner et al., 2010). A desnutricdo é caracterizada pelo desequilibrio entre
o fornecimento de nutrientes e a demanda corporal responsavel por assegurar 0 bom
funcionamento do organismo (Antiwi, 2008).

Durante o desenvolvimento, o embrido/feto depende totalmente da mae para que
as suas necessidades nutricionais sejam supridas, e caso ndo haja uma alimentagéo
materna equilibrada em seus nutrientes, como proteinas, por exemplo, o individuo em
formacéo pode desenvolver desnutricdo precoce (Antiwi, 2008). A desnutricdo precoce
pode ndo somente refletir em baixo peso ao nascimento, mas sim, no desenvolvimento
anormal do embrido/feto levando a mudancas na expressao de genes e consequentemente,
alterando permanentemente a formacao do individuo. Assim, afetara a morfologia dos
tecidos e o funcionamento dos 6rgdos e sistemas, bem como, poderd comprometer a
longevidade do ser humano ou animal (Drake & Walker, 2004; Chmurzynska, 2010; Bale
et al., 2010; Qasem et al., 2012).
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Origem do Desenvolvimento da Saude e de Doencas e a Restri¢cdo Proteica

santosA hipdtese de “Origem da Salde e de Doencas durante o Desenvolvimento
(DOHaD)”, amplamente aceita nas Gltimas décadas, € baseada na interacdo entre a
plasticidade do desenvolvimento embrionario, os fatores ambientais maternos e o
resultado da salde e da doenca do individuo quando jovem ou adulto (Bateson et al.,
2004; Barker, 2007).

Conhecida também como programacdo fetal, estabelece que: as respostas do
organismo em desenvolvimento frente a fatores estressantes ou ambientais ndo favoraveis,
como a desnutricdo materna, durante o periodo intrauterino e/ou perinatal, sdo
“memorizadas” pelo embrido/feto, alterando a formagao e funcionamento dos 6rgéos de
maneira irreversivel e podendo levar a doengas como cancer na idade adulta (Barker et
al., 1989; Langley-Evans e McMullen, 2010, Santos, 2018).

Nos anos 80, estudos epidemiologicos na Inglaterra e no Pais de Gales
demonstraram uma associacao entre baixo peso ao nascer e doencas cardiovasculares
como hipertensdo, infarto do miocardio e acidente vascular cerebral na idade adulta, e
assim a hipotese de “origem fetal da doenga” proposta por Barker foi apresentada (Barker,
1989). A hipotese foi confirmada por estudos epidemiologicos também em outros paises,
0s quais demonstraram que o feto pode ser programado para outras doencas crénicas que
ndo cardiovasculares, como p.e., a diabetes mellitus tipo 2 ou sindrome metabdlica.
Assim, durante 0s anos subsequentes, pesquisas intensivas neste campo, tanto
epidemioldgicas quanto experimentais, ampliaram essa perspectiva (Gluckman e Hanson,
2004).

Barker e colaboradores (2002) observaram que a ma qualidade da nutricdo,
durante os periodos pré e pds-natal, desempenha um fator chave no desenvolvimento de
varios tipos de doencas. Dentre os diversos trabalhos publicados, um estudo recente
mostrou que adultos cujas maes eram obesas e/ou tinham diabetes gestacional adquiriram
a pré-disposicdo a doencas metabolicas e cardiovasculares, devido a alteracBes no
epigenoma durante a fase embrionaria (Agarwal et al., 2018).

A epigenética define uma variedade de processos que levam a mudancas
hereditarias na expressdo génica sem alterar o sequenciamento do DNA, e ocorre com
frequéncia durante os estagios iniciais de desenvolvimento (Egger et al., 2004). Como o
genoma € evolutivamente e quimicamente estavel, os fatores nutricionais, geralmente, ndo

causam alteracbes gendmicas nas sequéncias de DNA. Mas, causam mudancas
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hereditéarias por meio de manipulagdo independente da sequéncia de DNA (Skinner et al.,
2010). Assim, a ma nutricdo materna, durante a gestacdo, pode alterar os padroes de
modificacdo epigenética, e consequentemente, o embrido/feto gera um fendtipo adaptado
as condicdes intrauterinas no qual ele foi gerado. Estas alteragdes podem ser decorrentes
da metilacdo no DNA, acetilacdo de histonas, imprinting hormonal e/ou alteracdo de
fatores de transcrigéo e crescimento (Fowden e Forhead, 2009; Lee, 2015).

Dependendo das condicdes do ambiente materno, o embrido/feto pode
desenvolver alteracdes enddcrinas e metabdlicas momentaneas. Algumas dessas
mudancas sdo adaptativas e podem ter efeito imediato, fazendo parte da estratégia de
sobrevivéncia a uma condicdo intrauterina adversa pontual. No entanto, outras mudancas,
sem beneficios imediatos, podem ser vistas como “respostas adaptativas preditivas”, no
qual o organismo em formacéo tenta se preparar para condi¢fes pos-natais que também
possam ser desfavoraveis (Marsal et al., 2018).

Dentre os modelos conhecidos de programacdo fetal por nutricdo materna, a
restricdo proteica na dieta oferecida a ratas gestantes e/ou lactantes € um dos modelos
mais utilizados (Langley-Evans e McMullen, 2010; Fleming et al., 2017). A literatura
reporta que os impactos da restricdo proteica materna, durante a gestacdo e/ou lactacgéo,
induz alteragdes morfofuncionais em diferentes drgédos nos filhotes, evidenciando o efeito
generalizado (sisttmico) da ma-nutricdo materna (Brameld et al., 1998).

Diferentes estudos com roedores observaram nos filhotes adultos, cuja as mées
foram alimentadas com uma dieta hipoproteica durante a gestacdo e/ou lactacao, diversas
alteracdes como: menor quantidade de células beta e de ilhotas de Langerhans no pancreas
(Dahri et al., 1991), proporcdo celular alterada entre os tipos celulares do figado (Burns
et al., 1997), alteracdes no metabolismo lipidico (Sosa-Larios et al., 2017), intolerancia a
glicose (Szlapinski et al., 2019), reducdo no ndmero de capilares do cérebro (Bennis-
Taleb et al., 1999), menor numero de neurdnios que controlam o apetite no hipotalamo
(Plagemann et al., 2001), alteracdo nos padrBes de sono e ansiedade (Crossland et al.,
2018), alteracGes na memdaria a curto prazo (Gould et al., 2018), menor nimero de néfrons
no rim (Habib et al., 2011), reducdo na producdo de colageno na pele (Yamane et al.,
2018), disfuncdo vascular e aumento da pressao arterial sistolica (Brawley et al., 2003) e

menor nimero de ovAcitos nas fémeas (Winship et al., 2018).
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Restri¢céo Proteica Materna e o Sistema Genital Masculino

Apesar do numero crescente de estudos mostrando os diversos efeitos da
programacao fetal gestacional por restricdo proteica sobre diferentes 6rgdos, aspectos
reprodutivos, sobretudo os masculinos, séo ainda relativamente escassos em comparagéo
aqueles que abordam aspectos da sindrome metabdlica ou em outros sistemas. Além do
mais, 0s mecanismos que levam a estas alteragdes celulares e moleculares também ainda
estdo longe de ser totalmente conhecidos (Zambrano et al., 2005).

Dados da literatura indicam que este modelo experimental provoca alteragdes na
prole masculina de maes subnutridas durante a gestacdo. Dentre essas alteracdes
destacam-se: reducdo da distancia anogenital (Rinaldi et al., 2013; Santos et al., 2018),
alteracdo na concentragdo sérica de testosterona, estradiol e di-hidrotestosterona (DHT)
(Zambrano et al., 2005; Teixeira et al., 2007; Rinaldi et al., 2013, Santos et al., 2018),
atraso no desenvolvimento do epitélio germinativo e na diferenciacdo das células de
Sertoli (Rodriguez-Gonzalez et al., 2012) e atraso na instalacdo da puberdade em animais
adultos (Zambrano et al., 2005; Toledo et al, 2011; Rodriguez-Gonzalez et al., 2014).

A maioria dos artigos publicados mostrou alteracdes significativas na prostata da
prole de maes restritas ao consumo de proteina. Os autores observaram diversos efeitos
deste modelo de programacéo fetal, em ratos jovens, adultos e idosos. Dentre os resultados
obtidos, os principais foram: atraso na morfogénese (Pinho et al., 2013, Colombelli et al,
2017), alteracbes na microdensidade vascular em ratos jovens (Colombelli et al., 2017),
alteracdo na expressdo de receptores hormonais em ratos jovens (lbrahim et al., 2014),
menor quantidade e tamanho dos &cinos na prostata dorsolateral (Ramos et al., 2010) e
ventral em ratos adultos (Rinaldi et al., 2013; Colombelli et al., 2017) e carcinogénese
prostatica em ratos idosos (Santos et al., 2018). Grande parte dos estudos relacionados ao
sistema genital masculino utilizam a prostata como 6rgao alvo, tendo em vista sua
suscetibilidade a desenvolver cancer. Apesar disso, outros aspectos reprodutivos devem
ser investigados, como, os fatores que estdo relacionados ao sucesso reprodutivo.

Desde 1992, a infertilidade é considerada caso de salde publica pela Organizacdo
Mundial da Saude (OMS) (OMS, 1992). Esta doenca acomete mundialmente cerca de um
em cada seis casais em idade reprodutiva que desejam ter filhos, ou seja,
aproximadamente 15% dos casais sofrem de subfertilidade involuntaria, sendo o fator

masculino responsavel por 30-50% dos casos (Boivin et al., 2007; Miyamoto et al., 2017).
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A infertilidade masculina geralmente é causada por condigdes que afetam a
producédo e/ou funcdo dos espermatozoides, ou falhas na ejaculacdo que podem ser
decorrentes de doengas inflamatorias pélvicas ou infecgdes sexualmente transmissiveis
(Kamel, 2010; Miyamoto et al., 2017). No entanto, na Ultima década, estudos tem
relacionado a infertilidade masculina a defeitos congénitos ocasionados por falhas
durante o desenvolvimento embrionario e fetal (Esteves et al., 2011).

Estudos epidemioldgicos e experimentais relacionados a aspectos reprodutivos
em humanos, sobretudo os masculinos, mostraram que 0 baixo peso ao nascimento pode
estar associado a subfertilidade masculina (Faure et al., 2015). Boeri e colaboradores
(2016) observaram uma associagédo entre a infertilidade ou baixa fertilidade com o baixo
peso ao nascimento. Os homens analisados apresentaram alteracbes associadas,
principalmente, as fungdes do epididimo, como motilidade espermética reduzida,
incluindo astenozoospermia (reducdo ou auséncia da mobilidade dos espermatozoéides) e
maiores taxas de teratozoospermia (alteracbes na morfologia espermatica que podem
levar a infertilidade). Outros estudos utilizando animais experimentais, cujas maes foram
submetidas a restri¢éo proteica gestacional, além de nascerem com baixo peso, mostraram
alteracdes na organizacao dos tubulos seminiferos nos testiculos (Rodriguez-Gonzalez et
al., 2014) e também alteracbes associadas as fungdes do epididimo, semelhantes as
encontradas em homens com baixo peso ao nascimento, como: reducdo da motilidade,
viabilidade e concentracdo espermatica, alteracdes morfoldgicas e a presenca de gota
citoplasmatica (Toledo et al., 2011).

Nos ultimos anos, a preocupacdo com o declinio na saude reprodutiva vem
crescendo, acompanhada por aumento na demanda de tratamentos para a infertilidade. No
entanto, mesmo que esses tratamentos permitam que homens inférteis possam procriar,
ndo se exclui a possibilidade de o problema permanecer e afetar a proxima geracdo (Wu
et al. 2010). Entretanto, apesar dos estudos mostrarem efeitos da desnutricdo materna,
sobretudo da restricdo proteica materna, associados a funcdes epididimarias, nao ha
trabalhos na literatura que mostrem alteracdes diretas ou mecanismos que possam afetar
o desenvolvimento do epididimo, durante a vida perinatal da prole, e que possam estar

ligados a funcionalidade deste 6rgao na idade adulta.
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Epididimo

O epididimo, 6rgdo par pertencente ao sistema genital masculino, é formado por
um ducto Unico altamente enovelado, cuja funcdo priméaria € transportar o0s
espermatozoides que chegam dos testiculos via ductulos eferentes, até os ductos
deferentes. Durante a passagem pelo epididimo, os gametas interagem com o epitélio
epididimaério especializado e fatores luminais. Esta interacdo promove 0s processos de
maturacdo, protecdo e concentracdo espermatica, por meio de transformacGes
bioguimicas, morfoldgicas e fisioldgicas, e, por fim, ocorre a estocagem dos gametas
(Cosentino e Cockett, 1989; Hermo e Robaire, 2002, Gatti et al., 2004).

Ao final da sua morfogénese, o ducto epididiméario atinge mais de um metro de
comprimento no camundongo, trés metros no rato e seis metros no humano. Este ducto
dobra-se em uma estrutura altamente organizada, a qual € composta por varios segmentos,
com morfologias e funcdes especificas (Joseph et al., 2009). Assim, o processo de
maturacdo do espermatozoide depende de seu trajeto ao longo de todos os segmentos do
epididimo, o qual, provavelmente sem o comprimento apropriado, ndo ocorreria a
maturacao dos gametas de forma adequada (Hinton et al., 2011).

Anatomicamente, o epididimo é dividido em cabeca, corpo e cauda, mas devido a
importantes diferencas histoldgicas, bioquimicas e funcionais segmentares, presentes em
diferentes mamiferos, foram descritas quatro regides bem definidas. Assim, o ducto
epididimario € compreendido em segmento inicial (SI), cabeca, corpo e cauda (Figura 1)
(Robaire e Hermo, 1988; Domeniconi et al., 2016).

Cabega

i~ Ducto
| § Deferente
B
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Figura 1: Comparacdo das regides do epididimo com os segmentos do epididimo no rato
adulto. Os segmentos 1 a 4 correspondem ao segmento inicial, a zona intermediaria (ZI), os
segmentos 5 a 11 correspondem a regido da cabega, 0os segmentos 12, 13 e 14 correspondem a
regido do corpo, e 0s segmentos 14 a 19 correspondem a regido da cauda. diagrama adaptado de
Domeniconi et al. 2016.

Todos os segmentos do epididimo sdo importantes, pois sdo responsaveis por
funcdes especificas. Por exemplo, as regiGes proximais (Sl e cabeca) sdo responsaveis
pela a maturacdo espermatica, enquanto a cauda mantém os espermatozoides em estado
quiescente e desempenha papel no armazenamento dos gametas. Isto sé € possivel porque
cada compartimento possui perfis distintos de expressao génica que levam a expressao de
moléculas de sinalizacéo, proteinas reguladoras, transportadores e receptores especificos,
0s quais contribuem para a formagdo de um microambiente adequado em cada regido.
Assim, permite que o epitelio de cada segmento possa responder exclusivamente a
diferentes estimulos, tais como hormonios e fatores de regulacdo (Cornwall, 2009;
Bedford, 2015).

O epididimo € um 6rgdo tubular epitelial formado por um epitélio
pseudoestratificado composto por diferentes tipos celulares: as células principais, basais,
claras, estreitas, apicais, halo e dendriticas (Fig. 2). As células principais, estreitas, claras
e basais, aderidas com mdltiplas juncgdes, delimitam o compartimento intraluminal,
formando a barreira hemato-epididimaria responsavel pela imunoprotecdo do ambiente
intraluminal (Cyr, 2011; Breton et al., 2016).

As células principais constituem 80% do epitélio epididimario e sdo responsaveis
pela maior parte das proteinas que séo secretadas no limen. A contribuicdo destas células
para o estabelecimento de um ambiente luminal acido € complexa e depende de diferentes
mecanismos. Por exemplo: no Sl, as células principais reabsorvem o bicarbonato,
enquanto que na cauda, dependendo de sinais fisiologicos, elas tém a capacidade de
secretar bicarbonato para a manutencdo do pH intraluminal. Além disso, as células
principais também contribuem para a regulacdo da secrecdo de prétons por meio de
sinalizacdo paréacrina para as células claras (Breton et al., 2019).

As células estreitas, presentes exclusivamente no Sl, as células claras e as apicais
sdo células epiteliais que apresentam atividade endocitica. Estas células contém a bomba
vacuolar de prétons (V-ATPase) responsavel pela acidificacao intraluminal (Breton et al.,
1996; Breton & Brown, 2013).
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As células basais se encontram na base do epitélio, ao longo de todo o érgdo, e
possuem um prolongamento citoplasmatico, o qual permite a regulacdo destas células.
Dentre suas funcbes destacam-se a protecdo do meio intraluminal do ducto contra
espécies reativas de oxigénio, e também a secrecdo de prostaglandinas. Além disso, estas
células apresentam caracteristicas de células-tronco adultas, pois tém a capacidade de se
diferenciar in vitro e potencialmente regenerar o epitélio epididimario (Shum et al., 2008;
Mandon et al., 2015, Whitfield et al., 2016; Sullivan e Belleannee, 2018). E por fim, as
células halo, que so as células imunes primérias do epididimo (Sullivan et al., 2019).

Os diferentes tipos celulares desempenham funcdes separadas e integradas. As
interacBes combinadas representam um processo complexo pelo qual o epitélio
epididimério estabelece e modula o ambiente apropriado para a maturacdo, protecao,
selecdo e armazenamento dos gametas. Assim, as interacfes célula-celula podem afetar
diretamente o ambiente luminal e, consequentemente, a fertilidade do individuo (Breton
et al., 2019).

O ducto epididiméario, como outros 6rgéos tubulares, é envolvido por multiplas
camadas concéntricas de células peritubulares ou mioides. Estas células sdo semelhantes
as células musculares lisas e tem como funcédo contribuir para a aquisi¢do da motilidade

dos espermatozoides ao longo do ducto (Oliveira et al., 2016).

Lumen

Epitélio

Células Principais

Células Halo

«— Células Mioides

Células Basais __

) o . Células Claras
Células Apicais

Células Dendriticas

Figura 2: Diagrama esquematico da organizacdo celular em uma secéo representativa do

epididimo de rato. Adaptado de Knobil and Neill's Physiology of Reproduction, 2015.
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Morfogénese Epididimaria

O epididimo é um dos 6rgdos tubulares epiteliais menos estudados na perspectiva
da morfogénese. Esclarecer e compreender os processos do desenvolvimento epididimario
como alongamento, enovelamento, expansao e diferenciacdo, vem atraindo o interesse de
pesquisadores da area de reproducdo (Joseph et al., 2009). A formacéo da estrutura tubular
é seguida por eventos morfogénicos Unicos em cada 6rgdo para gerar sua estrutura adulta
final. A morfogénese do epididimo exibe um padrdo unico, apds sua formagdo, como um
tubo simples, sistematicamente ele se alonga e se enrola, formando um tubo altamente
enovelado em um pequeno espagco fisico (Hinton et al., 2011).

Para alcancar a forma, tamanho e comprimento ideal de um 6rgdo tubular e,
consequentemente, se tornar funcional € essencial que o0s complexos processos
morfogénicos sejam regulados e que ocorram no tempo certo do desenvolvimento (Xu et
al., 2014). A morfogénese do epididimo ndo é excecdo. Trata-se da transformacdo de um
ducto para um orgdo segmentado, altamente enovelado e que deve permanecer com
comprimento e forma adequados, de modo que possa ser funcional (Xu et al., 2014).

Os estudos que abordam a morfogénese epididimaria ainda sdo escassos. Mas,
estudos sobre a formacdo do rim tém contribuido para a compreensdo dos processos
envolvidos na organogénese do epididimo, uma vez que ambos os 6rgaos tem a mesma
origem embrionaria (Joseph et al., 2009).

Durante a embriogénese, para que ocorra a formacdo e o desenvolvimento do
epididimo ocorrem trés processos importantes, sendo que cada processo € mediado por
fatores hormonais e de crescimento. S&o estes: (1) formacdo do ducto mesonéfrico, (2) a
estabilizacdo do sistema ductal através da interacdo epitélio-mesénquima e (3)
diferenciacdo pos-natal (Murashima et al., 2015).

Durante o desenvolvimento embrionario, 0 mesoderme se divide em trés regides, o
mesoderme paraxial, 0 mesoderme intermediario e 0 mesoderme lateral. Os mesonéfros,
dos quais derivam os ductos mesonéfricos e Millerianos, sdo formados a partir do
mesoderme intermediario. Ainda ndo € bem conhecido(s) o(s) mecanismo(s) pelo(s)
qual(is) o ducto mesonéfrico tem inicio na extremidade rostral do embrido, se alonga e se
une a cloaca. No entanto, estudos utilizando o embrido de galinha mostraram que, uma vez
que a extremidade rostral do embrido recebe a sinalizacdo de um gradiente de fatores de
crescimento de fibroblastos 8 (FGF8) e suas vias de transducdo de sinalizacéo, as células

migram em direcdo a cloaca (Atsuta e Takahashi, 2015). Contanto que as células sejam
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mantidas cercadas por altas concentraces de FGFs, elas mantém um fenétipo
mesenquimal semelhante a migracdo. As células que sdo mais distais, e, portanto, ndo sdo
mais influenciadas pelas altas concentracbes de FGF8, passam por uma transicao
mesénquima-epitelial e formam um ldmen. A maneira pela qual as células sofrem
especificacdo no inicio deste evento ndo € conhecida. Porém, sabe-se que varios fatores de
transcricdo também sdo necessarios para a formacdo e manutencgdo de ductos mesonéfricos,
incluindo Gata3, Lim1, Pax2, Wt-1, Six1, Emx2 e Foxcl/Foxdl (Murashima et al., 2015b;
McMahon, 2016). MutacBes de cada um desses genes resultam em varios graus de méa
formacdo dos ductos mesonéfricos, por exemplo, camundongos mutantes Gata3 nao
completam a migracdo celular para a cloaca (Grote et al., 2006). Além de fatores de
transcricdo, o ectoderma superficial proximo ao mesonéfro também desempenha um papel
durante a formacdo do ducto mesonéfrico (Obara-Ishihara et al., 1999).

A medida que as células mesenquimais migram em direco a cloaca, elas induzem
0 mesénquima adjacente a formar tabulos epiteliais em forma de S ou J, 0s quais séo
chamados de tubulos mesonéfricos. Entretanto, muitos regridem e 0s poucos que
permanecem, aqueles que se encontram mais cranialmente e sdo opostos aos testiculos,
formam os ductos eferentes (Sainio et al., 1997).

O ndmero e padronizacdo dos ductos eferentes em humanos difere
consideravelmente de outras espécies. Em roedores, por exemplo, a regido proximal,
incluindo o segmento inicial e cabeca, é formada apenas pelo ducto epididimario. Enquanto
gue no humano, a regido de segmento inicial e parte da cabeca do epididimo sdo formadas
principalmente pelos ductos eferentes, e tem uma contribuicdo limitada do ducto
epididimario. Portanto, é importante levar em consideracdo essas diferencas ao comparar
as funcgdes do epididimo humano com o de outras espécies (Hinton e Avellar, 2018).

Estudar o desenvolvimento do epididimo durante a fase embrionario em humanos,
envolve uma seérie de fatores que geram dificuldades para tal. Assim, modelos animais, por
exemplo, animais geneticamente modificados, sdo bons modelos experimentais utilizados
em substituicdo ao humano. Esses modelos fornecem informacdes sobre 0s mecanismos
dos processos que ocorrem durante a morfogénese epididimaria, que sdo provavelmente
semelhantes aos mecanismos que ocorrem no humano (Hinton e Avellar, 2018).

Em camundongos e ratos, o ducto mesonéfrico permanece reto até o dia
embrionario 14,5 e E17,5, respectivamente. Entéo, na regido mais proximal (suposta regido

de SI) observa-se um enovelamento bidimensional inicial. O enovelamento progride
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gradualmente ao longo do ducto e no E18,5, em camundongos e E20,5 em ratos, inicia-se
o enovelamento tridimensional (Fig. 3) (Joseph et al., 2009; Hinton et al., 2011).
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Figura 3: Processo de enovelamento do ducto epididimario de camundongos em diferentes

estagios. Publicado por Hinton et al., 2011. E= dia gestacional; P= dia p6s-natal

Concomitantemente ao enovelamento, o processo de alongamento do ducto ocorre
através de dois eventos principais: proliferacdo de células epiteliais e rearranjos destas
células por meio da intercalacdo medio-lateral (Xu et al., 2016). O enovelamento e o
alongamento ainda continuam durante o periodo pds-natal, juntamente com a formacao dos
septos que permitem a divisdo do ducto em varios segmentos. Embora existam diversos
mediadores dos processos de alongamento e enovelamento, ainda ndo esta claro como 0s
mecanismos modulam o comprimento e a forma do ducto epididimario. No entanto, sabe-
se que, Se estes processos ndo ocorrerem de maneira adequada, o epididimo nao conseguira
desempenhar sua funcdo e consequentemente, levara o individuo a infertilidade (Kumar e
Tanwar, 2016).

A estabilizacdo e diferenciacdo do ducto mesonéfrico é dependente de varios
fatores, que incluem hormoénios sexuais e fatores de crescimento. Os androgenos

produzidos pelos testiculos fetais sdo responsaveis pela estabilizacdo do ducto e,
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posteriormente, essenciais para coordenar diferentes mecanismos durante a morfogénese
epididiméria (Welsh et al., 2009).

Diferentemente de outros 6rgdos dependentes de andrdgenos, tais como prdstata e
glandula seminal, tem sido sugerido que, para a estabilizacdo do ducto mesonéfrico €
necessaria a chegada dos andrégenos, nao sé pela circulacdo sistémica, mas também
através do fluido seminal proveniente dos testiculos (Shima et al., 2013). Assim, em
roedores, observou-se que a rede testicular se liga ao ducto eferente no E13,5, e tem inicio
o transporte do fluido testicular (Tong et al., 1996, de Mello Santos e Hinton, 2019).

Os andrégenos sdo hormonios esteroides que exercem seus efeitos através da
ativacdo de seu receptor de andrégeno (AR), membro da superfamilia de receptores
hormdnio-esteroide ativado por ligante. O AR pode ser ativado tanto pela testosterona,
como pela di-hidrotestosterona (DHT), potente metabdlito resultante da conversdo da
testosterona pela 5-alfa-redutase (Gloyna e Wilson, 1969; Cohen et al., 1981; Shaw e
Renfree, 2014).

A testosterona, mas ndo a DHT, é responsavel por orquestrar o desenvolvimento do
ducto mesonéfrico. Pacientes com deficiéncia de 5-alfa-redutase mostraram ter o
desenvolvimento epididimario pré-natal normal, e de fato, a DHT ndo estd presente no
ducto até o nascimento do individuo (Fig. 4).

O AR age como um fator de transcri¢cdo o qual regula a expressdo de genes alvo
especificos (sinalizacdo androgénica gendmica classica), desempenhando um papel
importante no desenvolvimento do ducto mesonéfrico. Durante o periodo embrionario, o
AR € expresso pelas células mesenquimais, e estd ligado aos processos de
proliferacdo/alongamento celular e enovelamento, por meio da modulacdo de fatores de
crescimento, incluindo inibina betaA (Inba), Wnt5a, Fgf8, Dusp6, Hoxal0, entre outros
(Murashima et al., 2015).

Murashima e colaboradores (2011), avaliando tecidos nocaute especificos para AR,
demonstraram que a estabilizacdo do ducto mesonéfrico, o alongamento e a inducgéo do seu
enovelamento, ndo ocorrem na auséncia de AR, demonstrando a importancia deste receptor
no mesénquima. Portanto, a exposi¢do pré-natal a compostos que reduzem a sintese ou a
acdo da testosterona podem interferir no desenvolvimento epididimario frequentemente

resultando na disgénese ou agenesia do 6rgao.
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Acao do androgénio no desenvolvimento do ducto mesonéfrico
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Figura 4: Diagrama esquematico representando eventos chaves da acdo dos andrgenos
no desenvolvimento do ducto mesonéfrico no embrido de ratos Wistar. DM= ductos mesonéfricos;

DE= ductos eferentes; DD= ductos deferentes. Adaptado de Hinton e Avelar, 2018.

Hinton e colaboradores (2011) observaram que na regido onde o looping ou
dobramento ocorrem, ha remodelacdo assimétrica extracelular consideravel, tornando-se
evidente que para que ocorra 0 enovelamento do epitélio é necessaria interacdo entre
epitélio e mesénquima. Assim, ficou evidente que o mesénquima circundante ao epitélio
apresenta papel fundamental para o enovelamento do ducto.

Como pode ser observado na Figura 5, 0 mesénquima circundante (setas) ao epitélio
epididimario em desenvolvimento, influencia no enovelamento do ducto. Ou seja, as
limitacBes de espaco conforme estabelecido pelas fronteiras do mesénquima circundante,

desempenham papel fundamental no inicio do enovelamento 3D (Hinton et al., 2011).

30



375
376

377
378
379
380

381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

Figura 5: Padrédo de enovelamento do ducto mesonéfrico nas regides do segmento inicial
e cabeca no DG18.5 em camundongos. As setas apontam para a movimentacdo das células
mesenguimais que tem influéncia sobre a formacdo das dobras epiteliais. Publicado por Hinton et
al., 2011.

Além da testosterona, alguns fatores de crescimento também regulam a expressao
génica e as interacOes epitélio-mesenquimal no epididimo. O fator de crescimento de
fibroblastos (FGF) atua em eventos de sinalizagdo durante a formacdo do ducto
mesonéfrico e no desenvolvimento epididimario pds-natal. Diferentes tipos de FGF se
ligam e ativam cascatas intracelulares atraves de quatro receptores tirosina-quinase de FGF
(FGFR 1-4). No mesénquima, ocorre a expressao do FGFR1 e no epitélio do FGFR2, tendo
como funcdo principal regular a proliferacdo celular durante a fase pré-natal e atuar na
promocéao da citodiferenciacao na fase pés-natal (Kitagaki et al., 2011; Ornitz e Itoh, 2001).
Cabe ressaltar que os FGFs sdo modulados por fatores androgénicos, porém os mecanismos
moleculares dessa interacdo ainda nao conhecidos (Donjacour et al., 2003; Murashima et
al., 2015).

Outras proteinas, como as Wnts, também estdo relacionadas com processos que
ocorrem durante o desenvolvimento, incluindo a proliferacdo e a polaridade celular. As
Whnts sdo altamente expressas nos Orgdos precursores dos genitais, como o ducto
mesonefrico e ducto de Miller. A auséncia de sinalizacdo destas proteinas leva ao
desenvolvimento incorreto dos érgdos reprodutivos derivados desses precursores (Carrol
et al., 2005., Tanwar et al., 2010).

Durante a morfogénese pré e pds-natal, o epididimo expressa diversas Wnts. Dentre
elas estdo as Wnt4 e a Wnt9b, sendo que a Wnt9b é a mais expressa, atua com um sinal
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parécrino e esta relacionada aos primeiros sinais do desenvolvimento do ducto mesonéfrico
(Carroll et al., 2005).

Nos mamiferos, em geral, o desenvolvimento po6s-natal do epididimo pode ser
dividido em trés periodos que ocorrem em duas fases: primeira fase — periodo
indiferenciado; segunda fase — periodo de diferenciacdo e expanséo (Hinton et al., 2011).
A primeira fase em roedores tem inicio no DPNL1 e segue até DPN7. Nos primeiros dias
apoOs 0 nascimento inicia-se a segmentacdo anatdbmica do epididimo. O epitélio é ainda
indiferenciado e é caracterizado por células colunares. A diferenciacdo celular tera inicio
somente com o aparecimento de células halo apds o DPN7 (Robaire et al., 2006).

A segunda fase se inicia no DPN7 e termina proximo ao DPN44-50. O epitélio do
epididimo se diferencia entdo, nas seguintes células: basal, apical, principais e células
claras. Mas somente no inicio da puberdade, préximo ao DPN44, € que ocorre a completa
diferenciacdo celular e a expansdo do epididimo. Este periodo de expansdo descreve o
crescimento continuo do epididimo e o aparecimento de espermatozoides no lumen (De
Miguel et al., 1998; Dacheux et al., 2005; Cornwall, 2009; Robaire et al., 2006).

Na primeira fase, as células epiteliais e mesenquimais do epididimo tem altos
indices de proliferacdo, principalmente na regido proximal. No seguimento inicial, a
proliferacdo celular é regulada via proteinas quinases reguladas por sinal extracelular
(ERK1/2). ERK1 e ERK2 séo proteina-serina/treonina quinases que participam da cascata
de transducdo do sinal Ras-Raf-MEK-ERK. Esta cascata participa na regulacdo diversos
processos, a ERK1 sendo mais responsiva na sobrevivéncia celular, transcricdo, adesdo
celular e progressdo do ciclo celular; e a ERK2 na migracdo celular, citodiferenciacéo,
remodelacdo do citoesqueleto e metabolismo (Roskoski, 2012).

A ERK1/2 pode ser ativada via fosforilacdo de diferentes substratos, incluindo
fatores de transcricdo, proteinas quinases e outras proteinas funcionais. A ativacao de Src,
proteinas quinases ndo receptoras, € um dos fatores que leva a estimulacédo da cascata de
sinalizacdo Raf-MEK-ERK e atua na proliferacdo e no crescimento celular (Roskoski,
2012).

As proteinas Src desempenham papel chave na regulacdo da transducao de sinal por
um conjunto diverso de receptores da superficie celular no contexto de multiplos ambientes
celulares (Parsons and Parsons, 2004). Recentemente tem se destacado o papel essencial
das Src no desenvolvimento epididimario e também em alteraces importantes

relacionadas a capacidade de maturacdo dos espermatozoides (Krapf et al., 2012).
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Krapf e colaboradores (2012) mostraram que camundongos Src nocaute
apresentaram alteracfes na estrutura do epididimo e espermatozoides com motilidade
reduzida e incapazes de fertilizar um ovacito in vitro. Baseado nos resultados desse estudo,
0s autores atribuiram papel essencial para Src no desenvolvimento epididimario e
sugeriram que a Src também é responsavel por importantes alteracGes na capacidade de
maturacdo dos espermatozoides que ocorrem durante sua passagem pelo epididimo (Krapf
etal., 2012).

Como mencionado anteriormente, o SI tem papel fundamental na maturacdo dos
espermatozoides, e assim sua correta formagdo é fundamental (Xu et al., 2014). O SI
contém altos niveis de atividade dos componentes da via ERK1/2. Durante o
desenvolvimento pré-pabere, a primeira onda de fluido luminal testicular entra no
epididimo e ativa os componentes da via de ERK no epitélio do SI. Assim a via ERK inicia
a promocao da diferenciacdo do epitelio, atuando principalmente nas células principais e
celulas basais (Xu et al., 2014; 2010; Rodriguez et al., 2002).

Em relacdo aos componentes da via ERK, existem dois niveis de atividades no
epitélio do epididimo: nivel basal e nivel elevado (Xu et al., 2011). Xu e colaboradores
(2010) observaram que o nivel de atividade basal dos componentes da via ERK foi
encontrado nas células epiteliais, em todas as regies do epididimo, antes do periodo de
diferenciacédo celular. Se as atividades desta via forem interrompidas no epitélio do Sl de
ratos jovem, a proliferacéo e diferenciacdo celular deste segmento cessam. Fato este, que
resulta em uma onda de apoptose no epitélio do Sl dos ratos na fase adulta. Portanto, o
nivel elevado de atividade dos componentes da via ERK é essencial para a proliferacéo
celular, diferenciacdo e para a sobrevivéncia do epitélio que constitui o epididimo antes da
fase de citodiferenciacdo (Xu et al., 2010; 2011).

Na segunda fase do desenvolvimento p6s-natal do epididimo, fase em que as células
epiteliais iniciam a diferenciacdo, as células principais sdo as primeiras células a se
diferenciarem. Nestas células, a presenca da Aquaporina 9 (AQP 9) na regido apical € sinal
que esta diferenciacdo ja teve inicio (Pastor-Soler, 2001; Badran e Hermo, 2002;
Domeniconi et al., 2008; Hermo et al., 2008).

Na regido mesenquimal, as células mesenquimais adjacentes as epiteliais, se
diferenciam em células musculares lisas. As células endoteliais dos canais vasculares, 0s
quais estdo presentes no mesénquima epididimario, também se diferencia e ambos os tipos
celulares passam a expressar a Aquaporina 1 (AQP1) (Huang, 2006; Domeniconi et al.,
2008; Teixeira et al., 2012).
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As aquaporinas (AQPs) sdo proteinas transmembranas que atuam como canais de
agua aumentando a permeabilidade da membrana celular. Até 0 momento, nove mRNAs
codificantes para AQPs (Agpl, 2, 3,5, 6, 7, 8, 9 e 11) estdo presentes no epididimo, entre
elas as AQP1 e AQP9 (Agre, 2004; Da Silva et al., 2006; Domeniconi et al., 2008;
Schimming et al., 2015). No epididimo, a presenca da AQP1 é importante para manter o
equilibrio de fluidos no tecido e a AQP9 é a principal AQP do epitélio epididimério, onde
contribui para a permeabilidade da membrana apical a 4gua e solutos neutros. A AQP9
contém um local putativo de ligacdo esteroide e é afetada diretamente pelo equilibrio
estrogénio/androgénio. Por outro lado, a AQP1 parece néo ser diretamente afetada pelos
hormonios sexuais

Arrighi e colaboradores (2010) observaram que a expressdo de AQP9, no epididimo
de ratos adultos, foi modificada pela subnutricdo no inicio da vida desses animais. Filhotes
cujas maes sofreram restricdo alimentar, durante a gestacdo e lactacdo, apresentaram
diminuicdo na marcagédo desta proteina nas microvilosidades das células principais. Estes
resultados sugeriram que a diminuicdo ou auséncia desta proteina prejudica as funcdes do
epididimo e, possivelmente, compromete a fertilidade destes animais na vida adulta.

Recentemente nosso grupo de pesquisa mostrou que a restrigdo proteica materna
altera os padrdes de expressdo das AQP1 e AQP9 no epididimo de ratos jovens e adultos
afetando a dindmica dos fluidos e a angiogénese em estagios importantes do
desenvolvimento do epididimo. A restricdo proteica materna diminuiu a expressao das
AQP1 e AQP9 no SI e cabeca do epididimo dos filhotes com 21, 44 e 120 dias po6s-natais.
Além disso, houve reducéo da densidade microvascular nos DPNs 21 e 44, relacionada a
queda na expressdao do Fator de crescimento vascular endotelial (VEGF) e seu receptor
(VEGFr-2), os quais sdo os principais reguladores da promocao da angiogénese e também
estdo associados a fertilidade masculina. Contudo, nos animais adultos a densidade
microvascular do epididimo parece ter sido reestabelecida (Cavariani et al., 2019).

O modelo de restricdo proteica materna € um dos modelos de restricdo precoce do
crescimento mais caracterizados e utilizados para observar alteracbes que a mudanca
nutricional gera no desenvolvimento, e as consequéncias sobre o sistema genital masculino
da prole. Tendo em vista o importante papel do epididimo para a fertilidade masculina, pois
é durante a passagem pelo epididimo que os espermatozoides adquirem motilidade e
capacidade fertil, passa a ser essencial entender os mecanismos que regulam o seu

desenvolvimento.
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Foram observadas alteragdes em parametros relacionados a funcionalidade do
epididimo, bem como, alteragdes morfofuncionais deste 6rgdo nas fases pré-pubere e
adulta, em ratos que foram submetidos a restricdo proteica durante a gestacao e lactacao.

No entanto, ndo ha informacgdes na literatura que mostrem se a restricao proteica,
em fase inicial do desenvolvimento, pode afetar a morfogénese epididimaria durante as
fases embrionarias e iniciais do desenvolvimento pds-natal. Assim, sugere-se que a origem
das alteracdes funcionais no epididimo adulto, descritas anteriormente, possam estar
relacionadas a falhas em vias que atuam desde as fases iniciais do desenvolvimento
epididimario, refletindo nos processos de diferenciacdo e maturacdo na vida pos-natal, e
consequentemente, na funcionalidade do 6rgéo.

Dessa forma, o objetivo deste trabalho foi investigar se dieta materna com baixa
quantidade de proteinas pode alterar a morfogénese epididimaria nos filhotes machos em
fases iniciais do desenvolvimento em ratos Wistar, e assim, contribuir com novos dados
para a biologia da reproducéo e esclarecer possiveis lacunas sobre a baixa fertilidade
relacionada ao epididimo apos restricdo proteica materna.

35



530

531

532

533

534

535

536

537

538

539

540

941

542

543

544

545

546

547
548
549

550

551

552

553

554

555

36

“Os que se encantam com a prdtica sem a ciéncia sdo como os timoneiros que
entram no navio sem timdo nem bissola, nunca tendo certeza do seu destino”.

(Leonardo da Vinci)
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Capitulo I — Maternal Low-Protein Diet During Gestation and Lactation Causes
Estrogenization and Lead to an Impairment in Epididymal Development in the Early
Postnatal Development of Male Rat Offspring.

Artigo a ser submetido na revista The Journal of Nutritional Biochemistry. Fator de impacto
4,49

Capitulo Il — Maternal Protein Restriction Modulates Angiogenesis and AQP9
Expression Leading to a Delay in Postnatal Epididymal Development in Rat.

Artigo submetido a revista Cells (em fase de reviséo). Fator de Impacto 5,65

Capitulo 111 - Dieta Materna de Baixa Proteina modula ERK/Src e Wnt9b nas fases

iniciais do desenvolvimento epididimario na prole masculina de ratos Wistar.

Apresentacdo dos resultados e discussdo preliminar
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MATERNAL LOW-PROTEIN DIET DURING GESTATION AND LACTATION CAUSES
ESTROGENIZATION AND LEAD TO AN IMPAIRMENT IN EPIDIDYMAL
DEVELOPMENT IN THE EARLY POSTNATAL DEVELOPMENT OF MALE RAT
OFFSPRING.
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ABSTRACT

During gestation and lactation some maternal conditions, such as nutrition deficiency,
may affect the intrauterine homeostasis and change the development of the offspring, leading
to short/long-term systems effects. Previous studies have shown that a low protein maternal
diet can modify organ development and can alter spermatozoa quality in male rat offspring,
impairing the fertility of these animals at adulthood. These alterations are associated mainly
with epididymal function and could be a consequence of an abnormal epididymal development.
The aim of this study was to investigate the effects of maternal protein restriction on the
epididymal development of male offspring in Wistar rats. Pregnant female Wistar rats were
divided into two groups that received either normoprotein (17%; NP) or low-protein (6%; LP)
diet ad libitum during the perinatal phase. At postnatal days (PND) 1, 7 and 14 male pups were
euthanized and blood was collected for testosterone and estradiol serum levels analyzes. At

PND 7 and 14, the epididymides were collected to analyze protein expression of androgen
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receptor (AR), estrogen receptor-a (ER-a), estrogen receptor-p (ER-B), Sa-reductase (5a-red),
P450-aromatase (P450aro), fibroblast growth factor 1 and 2 (FGFR1 and FGFR2). During
gestation, no statistical difference was observed in maternal body weights between the groups.
The male pups from the LP group, at all ages, showed a decrease in their body weights, body
lengths, and anogenital distances (AGD). At PND?7, estradiol increased in the LP group. At
PND7 and PND14, AR, 5a-red, and FGFR decreased in the LP animals, and the level of ER-a
and P450aro expression increased. Maternal protein restriction during gestational and
lactational periods causes an estrogenization leading to an impairment in epididymal
development in the early postnatal development of male offspring.

1. INTRODUCTION

Undernutrition during pregnancy is an important environmental factor which is known
to cause intrauterine growth restriction. This factor is able to program different types of diseases
in the offspring, which materialize after birth and into adulthood, including organ dysfunction
and chronic diseases such as cardiac and metabolic disorders [1].

Low birth weight is used as a marker of intrauterine growth restriction and, in recent
years, has also been associated with male subfertility[2,3]. The relationship between the
developmental environment and postnatal reproductive function in men, suggests that early life
events may contribute to male infertility, although the mechanisms by which this occurs are not
yet elucidated [4].

Studies have shown that the maternal protein restriction (MPR) can directly or indirectly
affect hormone release, hormone receptor expression/distribution, cellular function, and tissue
organization, growth, differentiation, and maturation of the offspring. These effects of MPR
lead to long-term consequences for reproductive function. Furthermore, MPR delays sexual
maturation and alters male offspring reproductive function as alterations in pituitary function
and GnRH sensitivity, decreased in Sertoli cell number, altered epididymal functions such as
sperm motility and count, and increased numbers of sperm exhibiting morphological
abnormalities in adulthood[5-9].

In the male embryos, the proximal region of the mesonephric tubules connects with the
either mesonephric ducts or Wolffian ducts (WD) that will become the efferent ducts and the
epididymis, respectively. The WD will elongate and coil, under the influence of testosterone
and growth factors that regulate gene expression and epithelial-mesenchymal interactions[10].

During embryonic development, the testosterone (T) is responsible for WD stabilization and
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the induction of its elongation and coiling. T action is mediated by the androgen receptor (AR)
that is expressed in the mesenchyme that surrounds the duct[11]. However, at epididymal
postnatal development, the most active regulator of epididymal cell functions is 5a-
dihydrotestosterone (DHT), a potent metabolite resulting from the conversion of (T) through
Sa-reductase (SaR). DHT also plays the most active role in the development of the caput, which
is also mediated by AR[12,13].

Another important hormone during the sex ducts’ development is the estradiol (E2). E2
is the result of T conversion by p450-aromatase (P450aro). Its action is mediated by estrogen
receptors type o (ERa) and B (ERp), and is involved in the mediation of growth and functional
differentiation of the epithelial duct. The first evidence of ER expression, in the mouse, was
observed in the initial segment (IS) of the epididymis on embryonic day 16, suggesting a role
for estrogen during development[14-16]. It is inferred that the balance between androgen and
estrogen plays a central role in male reproductive development[17].

In addition to hormones, growth factors also act as signaling molecules and are
important regulators of pathways for epididymal development. Fibroblast growth factors
(FGFs) and their receptors (FGFRs) constitute a complex system that controls many
physiological processes, including cell growth, migration, and differentiation. FGFR1 is
expressed in epididymal mesenchyme cells, and FGFR2 is expressed in epithelial cells. Both
receptors modulate cell proliferation, beginning with WD formation and continuing through
cell differentiation during postnatal epididymal development[20-22].

Despite the fact that malnutrition-related reproductive suppression in rats is a well-
known fetal programming, we do not have previous knowledge on how a maternal low-protein
diet affects the expression of P450aro, 5a-red, steroid receptors and growth factors in
epididymal tissues. It is also unknown how this programming affects the hormone balance of
male rat offspring at early stages of postnatal development. The present study was designed to
identify changes in these parameters that may appear early in postnatal development and that
are related to reproductive damage in the adult animal whose mother was subjected to protein

restriction during the gestation and lactation period.

2. MATERIAL AND METHODS

2. 1 Experimental Design
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Adult female (60 days of age, n = 40) and male (90 days of age, n =20) Wistar rats were
obtained from the Central Biotherium of Sdo Paulo State University (UNESP) and housed in
polypropylene cages (43 cm X 30 cm X 15 cm) with laboratory grade pine shavings as bedding.
The rats were maintained under controlled temperature (22+2°C), relative humidity (55+ 10%)
and lighting conditions (12:12-h photoperiod). Balanced rat chow (NUVILAB® OUTRA
MARCA CR1 - Nuvital-PR) and filtered tap water were provided ad libitum. The experimental
protocol was designed following Brazilian laws and was approved by the Ethical Committee
on Animal Use from the Institute of Biosciences of Botucatu (CEUA: protocol n® 797).

During the dark period of the light/dark cycle two female rats were mated with one
male, and the following day, vaginal smears were performed. The day of detection of the sperm
in the vaginal smear was considered gestational day 0 (GD 0). Pregnant females were randomly
allocated into 2 experimental groups: the normoprotein group (NP, n=19) and the low-protein
group (LP, n=19). The NP pregnant females were fed a normoprotein diet (17% protein) ad
libitum, and the LP pregnant females were fed a low-protein diet (6% protein) ad libitum. Both
groups received the AIN-93G diet over the entire gestational and lactation periods. This diet
was designed by the American Institute of Nutrition to accommodate the increased nutritional
demands of rat growth as well as females who are pregnant or lactating.

The pregnant females were housed in individual cages and weighed every week to
monitor weight gain. During the entire gestation period until PND14, the total food consumed
was monitored weekly, and the values obtained were divided by seven to estimate the daily
consumption of each animal in both groups.

After birth, the anogenital distance (AGD), body weight and body length were measured
in all pups using a digital caliper (Digimess®), and the litter size was standardized to eight pups
per mother in both experimental groups to ensure the equality of weaning to all offspring. The
pups remained with the mothers in individual boxes until the moment of euthanasia at PND1
(NP=19 pups/group; LP=22 pups/group, PND7 (NP=17 pups/group; LP=19 pups/group) or
PND14 (NP=19 pups/group; LP=26 pups/group) and had their body weight, body length, and
AGD measured before euthanasia (Fig. 1).

After the pups were anesthetized with ketamine and xylazine, they were killed by
decapitation, and the epididymides were collected. After being weighed, the left epididymides
were immediately packed in cryotubes, frozen in liquid nitrogen and stored at -80°C. The right
epididymides were collected, dissected, fixed in 10% buffered formalin (0.1 M phosphate
buffer pH 7.3) for 24 h, washed in running water for 24h, then stored in 70% alcohol (Fig. 1).

The epididymis, epididymal fat, left testicle, ventral prostate, seminal vesicle and liver of each
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animal were collected, dissected and weighed. Subsequently, the relative weight of the organs
was calculated according to the following formula: Organ weight/Body weight X 100 (in g or
mg/100g body weight). On the day of weaning, the mothers were weighed and euthanized. The
visceral, uterine and retroperitoneal fat pads, right and left kidney and liver were weighed.
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Figure 1: lllustration of the experimental design.
2. 2 Hormonal Analysis Serum

Blood, obtained from ruptured cervical vessels, was collected in dry preservative-free
vials for hormone measurements. The serum was obtained after centrifugation (3000 rpm, 20
min, at 4°C) and was frozen at -80°C until the analyses. Pools of serum samples were made at
PND1 (3-4 animals/pool - 8 pools/group), PND7 (3-4 animals/pool — 8 pools/group), PND14
(2-3 animals/pool — 8 pools/group) due to the small amount of blood per animal. Testosterone
and Estradiol (17p-oestradiol) serum levels were determined by electrochemiluminescence
(Beckman Coulter®). The minimum level detectable of unconjugated testosterone and estradiol
distinguishable from zero (Calibrator Access Unconjugated Estradiol Calibrator SO) at 95%

confidence level are 0.1 ng/mL (0.35 nmol/L) and 0.017 ng/mL (0.059 nmol / L), respectively.
2. 3 Western Blot at PND7 and PND14

Total epididymides were used to perform western blotting. Due to the small size and
weight of the epididymides, pools were used with 4-5 animals/pool for a total of 5 pooled

samples at PND7, and 2-3 animals/pool for a total of 5 pooled samples at PND14. The samples
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were homogenized at 4°C in RIPA buffer (BioRad®, USA) with protease inhibitor (Sigma-
Aldrich®, USA) with a Tureaux-type homogenizer for 3 5-second cycles. The homogenate was
centrifuged at 15,000 rpm for 20 min at 4°C, and the supernatant was collected. The protein
quantification was performed as described by Bradford[23] in ELISA plates with 96 wells and
read in an ELISA reader (595 nm). Aliquots (70 ug protein) were treated with buffer solution
(Laemli Sample Buffer - BioRad®) and B-mercaptoethanol at 95°C for 5 min. Then, the
proteins were separated by SDS-PAGE (Mini-Protean, BioRad®). After electrophoresis,
proteins were transferred to a nitrocellulose membrane in a wet transfer system. Nonspecific
protein binding was blocked with 3% skim milk in TBST buffer for 1 h at room temperature.
The membranes were incubated overnight with primary antibodies diluted in TBST as listed in
(Table 1). Subsequently, the membranes were washed three times for 10 min each wash in
TBST, then incubated for 2h with the HRP secondary antibodies diluted in TBST as listed in
(Table 1). The membranes were then washed three times for 10 min each wash with TBST.
Immunoreactive components were visualized with a chemiluminescence kit (Amersham™
ELC Select™ Western Blotting Detection Reagent, GE Healthcare®, UK), and the optical
density of each band was measured by ImageJ® Windows® software, normalized to B-actin.
CONTROLE NEGATIVO

Table 1 — Western blot antibodies

Antibodies 1° 2°

Androgen Receptor (AR)  1:1000 (Milipore) 1:2000 (Sigma)
Estrogen Receptor-a ) ) .
(ERa) 1:200 (Abcam) 1:2000 (Sigma)
E)Stroge” Receptor-§ (ER- 1 .30 (Milipore) 1:2000 (Sigma)
P450 aromatase (P450aro) 1:500 (Biorbyt) 1:2000 (Sigma)
5-a-reductase (5a-RD) 1:500 (Milipore) 1:2000 (Sigma)
FGFRL1 (Flg H-76) 1:200 (Santa Cruz) 1:2000 (Sigma)
FGFR2 (Bek c-17) 1:200 (Santa Cruz) 1:2000 (Sigma)
B-actin 1:800 (Abcam) 1:6000 (Abcam)




789

790
791
792
793
794
795
796
797
798
799
800
801
802
803
804

805

806

807
808
809
810
811

812

813
814
815
816
817
818

46

2. 4 Immunohistochemistry at PND7 and PND14

Epididymal sections from the NP and LP animals (sections of 5 animals from different
litters; n= 4 animals/group) were subjected to antigen retrieval in a humid environment (electric
pot) at 100°C in Citrate buffer pH 6.0 for 50 min. After being washed in distilled water, the
sections were subjected to the blocking of endogenous peroxidase (3% hydrogen peroxide in
methanol) for 15 min. To block nonspecific binding, the slides were incubated with 3% skim
milk in PBS for 1 h. Then, the sections were incubated overnight (at 4°C) with primary
antibodies to anti-AR- Androgen receptor (06-608; concentration 1:150; EMD-Milipore
Corp.®, Billerica, Ma, USA); anti-ER-a- Estrogen Receptor type o (ab75635; concentration
1:200, Abcam Inc.®, Cambridge, Ma, USA) which were diluted in 1% BSA. After incubation
with the primary antibodies, the sections were washed in PBS and then incubated with anti-
rabbit secondary HRP antibody (ab97051; concentration 1:200, Abcam Inc.®, Cambridge, Ma,
USA) for 2h at room temperature. The reaction was visualized with DAB chromogen (3,3'-
diaminobenzidine tetrahydrochloride; Sigma-Aldrich Co.®, St. Louis, Mo, USA) and
counterstained with hematoxylin for 1 min. The slides were scanned using a 3D Histech

Pannoramic MIDI and analyzed and photographed using the Pannoramic Viewer program.

2. 5 Statistical analysis

T-tests for parametric data and the Mann-Whitney test for nonparametric data were
performed. The data were compared among experimental groups using GraphPad Prism®
software (version 5.00). Differences were considered significant when p <0.05. Data are

presented as the mean + standard error of the mean (SEM).

3. RESULTS

3.1 Maternal Parameters

Statistical differences were not observed in maternal body weights between the groups
during pregnancy (Fig. 2A). However, regarding the intake of food, it was observed that at the
gestation period the rats submitted to protein restriction increased the food intake. In contrast,
at the lactation period (PND1 until PND21) a decrease of food intake was observed in the LP
group when compared to the NP group (Fig. 2B).



47

A B
450- 0 & NP
1 - LP
4004 —* NP >
] e LP 40-
3501 1
g | g/day 30
3001 1
] 20
2504 Lo
20'] T L) L) ) 0 T T T T 1
0 7 14 20 1 2 3 4 5
Gestational day Weeks

819

820  Figure 2: Maternal body weight evolution during gestation (A) and daily maternal food consumption
821  per week (B) of Normoprotein (NP) and Low-protein (LP) females. Data expressed as MeanS.E.M. *p
822  <0.05. Test t.n=19/group.

823 The mothers were weighed, euthanized, and then the visceral, uterine, and

824  retroperitoneal fat pads; right and left kidneys; and liver were collected and weighed (Table 2).
825

Table 2 - Maternal body and organs weight at the end of lactation.

Parameters NP LP
Body weight (g) 305.60 + 8.14 219.70 +4.82*%
Visceral fat pad (g) 2.84 £0.18 2.24+0.15*
Visceral fat pad (g/100g) 0.93 £0.05 0.97 £0.06
Uterine fat pad (g) 5.76 £ 0.44 4.61 £0.42
Uterine fat pad (g/100g) 1.86 +0.14 2.02 £0.17
Retroperitoneal fat pad (g) 2.29 £0.19 1.95+0.18
Retroperitoneal fat pad (g/100g) 0.76 £ 0.07 0.84 +£0.07
Kidney (R) (g) 1.00 + 0.02 0.66 + 0.01*
Kidney (R) (g/100g) 0.33 +0.01 0.30 + 0.01*

Kidney (L) (q) 0.97 +0.03 0.63 + 0.01*
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Kidney (L) (g/1009) 0.31+0.01 0.28 £ 0.01*
Liver (g) 16.36x 0.62 14.00+ 0.40*
Liver (g/100g) 5.35+0.16 6.44 +0.23*

NP and LP. n=19/group. Data expressed as the mean = S.E.M.. * p <0.05. T-test

826 The body weight, visceral fat pad, kidney and liver weights of the LP mothers were
827  lower when compared with the NP group. Thus, the decrease in maternal weight in the LP
828  group agrees with the lower dietary intake observed in these animals during lactation.

829 It is important to observe that the difference in body weight between the two groups
830 cannot be attributed to the difference in the accumulation of body fat. When we measured the
831  weight of the maternal fat, we found that it was similar in both groups. Only the visceral fat
832  presented statistical differences between NP and LP animals, but this difference disappeared
833  when calculating the relative fat weight.

834

835 3.2 Offspring Parameters

836 The maternal protein deficiency reduced the body weights and the anogenital distances
837  of both male and female pups. The body lengths were smaller in the LP male pups when
838 compared with the NP groups (Table 3); however, there was no significant difference in the
839  body lengths of female pups between the two groups (Table 3).

840

Table 3 - Body weight and length; absolute and relative anogenital distance, and number of newborns
PND1.

Parameters Male Female

NP LP NP LP
Number of newborns 5.29+0.43 5.47 +0.52 5.71 £ 0.62 5.58 +0.51
Body weight (g) 6.33 +0.12 5.79+0.10* 5.87 +0.09 5.79+0.10*
Body length (mm) 49.13+0.32 47.46 +0.21* 47.44 +0.38 46.48 +0.30

Relative anogenital distance

0.061 +£0.001 0.055+0.001* 0.022+0.001 0.021 +0.001*
(mm/g3)

NP and LP. n=20 litters/group. Data expressed as the mean £ S.E.M.. * p <0.05. T-test
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841  3.2.1 Male Offspring Parameters at PND1, PND7 and PND14

842 It was observed at all time points (PND1, PND7, and PND14) that AGD, body length
843  and relative AGD were lower in the LP animals when compared to the NP groups (Table 4).
844

Table 4. AGD and body length at PND 1, PND7 and PND14 in NP and LP male offspring.

Parameters PND1 PND7 PND14
(mm)
NP LP NP LP NP LP
AGD 2.99 +0.03 2.59 +0.05* 5.699+0.17 4.349+0.14* 9.66 + 0.32 6.13 + 0.15*

Body length 49.13+0.32 47.46 £0.21*  68.37+0.81 58.55+0.74* 83.58 +2.33 60.37 + 1.20*

Relative AGD 0.061 +0.001 0.055+0.001* 0.0832+0.002 0.0746+0.002* 0.1134 +0.003 0.1026
0.003*

Data expressed as the mean + S.E.M. * p <0.05. T-test

845 The LP animal’s body weights, at all ages, were also lower when compared with the NP
846  animals. At PND1 we observed that only the prostate complex (all lobes) weights were lower
847 in the LP animals when compared with the NP animals. At PND7 the testes, epididymis,
848  prostate complex and liver weights were lower in the LP animals; however, with the exception
849  of the epididymis and liver, all the relative organs weights were higher in the LP animals as
850 compared to NP animals. At PND14 all the organs weights were lower in the LP animals, but
851 the relative testes, epididymis and seminal vesicle were higher when compared with the NP
852 animals (Table 5).

853



Table 5. Body weight and absolute and relative organs weight at P1, 7 and 14.
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Parameters PND1 PNDY PND14
NP LP NP LP NP LP

Body weigth (g) 6.710+£0.397 5.786+0.096" 16.33£0.4776 9.3860.3287* 3536+ 073 1401 £0.41*
Testis (mg) 2.088+0.07952 2.05+0.08630 9.613+£0.3579 7.268=0.3866* 3932+£1.05 18,48 £0,93*
Testis (mg/100g) 0.3204+0.0174 0.342640.0135 0.5975£0.01818 0.77950.03837* 111.80+ 3.36 13750+ 531*
Epididymis (mg) 1.953+0.2301 1.444+0.1903 5.906+0.0052 3.821+0.0031*% 11.02 +0.57 7.25+0.62*
Epididymis (mg/100g) 0.3042+0.03654 0.2507+0.03878 0.3558+0.02853 0.3866+0.02695 31.06+1.34 52,70 +4.21*%
Epididymal fat pad (mg) - - 2844 £3.13 3.59 4 0.28*%
Epididymal fat pad .

PIaucy P - 73.56 4 5.48 25.80 £ 1.99%
(mg/100g)
Prostate complex (mg) 37.71x10%+1.354 11.11x10%+0.5140*% 3.771x10£1.354 2.439x10£0.7918* - -
Prostate complex
(mg/100g) 2.002+0.06819 1.935+0.1173 2.3194+0.06640 2.601+0.01083* - -
Ventral prostate (mg) - - 6.13 £0.49 2.384+0.15*
Ventral prostate (mg/100g) - 17.37+£1.20 17.43 £ 1.29
Seminal vesicle (mg) - 5.35+£030 268+0.13*
Seminal vesicle (mg/100g) 15264+ 093 19.13 £ 0.88*
Liver (g) 0,2940+0.00824 0.2646+0.0133 0.4296+0.04546 0.2849+0.01241* 1.04 £ 0.026 037+£0014*
Liver (2/100g) 0.04707+0.00164 0.0434940.00194 0.02639+0.002723 0.03120+£0.001649 29410037 261 £0.054*

8 b‘»’alnes expressed as Mean+S E.M. *p<0.05 (test t for parametric data and Mann-Whitney for non-parametric data).
&4
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There was no significant difference in the Testosterone serum levels between NP and

LP groups at all ages (Fig. 3A). There was a significant increase in the Estradiol serum levels

Post-natal days

855  3.2.2 Hormones serum levels at PND1, PND7 and PND14
856
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858 at PND?7 in the LP animals compared with NP group (Fig. 3B).
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Figure 3: Testosterone (A) and Estradiol (B)
serum levels assay at PND1, PND7 and PND14 male animals from NP and LP groups (n=8 pool/group).
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Values expressed as mean + S.E.M. *p<0.05 T-tests for parametric data and the Mann-Whitney test for

nonparametric data.

3.2.3 Protein levels at PND7 and PND14

The levels of AR (fold-change 0.72), 5a-RD (fold-change 0.53), FGFR1 (fold-change
0.64) and FGFR?2 (fold-change 0.71) were lower and levels of ER-a (fold-change 2.13), ER-
(fold-change 1.34) and P450aro (fold-change 1.64) were higher in LP animals compared with
NP animals at PND7 (Fig. 4).
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Figure 4: Expression of AR, ER-a, ER-B, 50-RD, P450aro, FGFR and FGFR2 in the epididymis of NP
and LP animals at PND7. Data are expressed as the mean + S.E.M. *p<0.05. Mann-Whitney test.

At PND14, we noticed that the level of AR was still lower (fold-change 0.71) and the
ER-a (fold-change 3.37) and P450aro (fold-change 3.44) levels were still higher in the LP
animals compared to the NP animals. However, the levels of ER-B (fold-change decreased
0.60), 5a-RD (fold-change decreased 0.74), FGFR1 (fold-change decreased 0.44) and FGFR2
(fold-change increased 2.00) did not change significatively between the groups (Fig. 5).
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Figure 5: Expression of AR, ER-a, ER-, 5a-RD, P450aro, FGFR and FGFR2 in the epididymis of NP
and LP animals at PND14. Data are expressed as the median + S.E.M. *p<0.05. Mann-Whitney test.
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3.2.4 AR and ER-a immunohistochemistry

At PND7 we observed positive staining for AR within the epithelial cells’ cytoplasm
and, more intensely, in the nucleus. In the mesenchymal cells adjacent to the tubules we could
also observe the AR staining in the nucleus (Fig. 6A). Our results showed, at this age, a very
weak staining for ER-a in the cytoplasm of the epithelial cells exclusively in the IS/caput region
in both groups (Fig. 6B-111 and V). But apparently ERa staining seems to be more evident in
the LP group (Fig. 6B-1V).

AR
NP

Figure 6: Epididymis sections of the initial segment (IS), caput regions, corpus and cauda from the NP

and LP animals at PND7 subjected to AR (A) and ERa (B) immunostaining. NP = normoprotein

animals; LP = low-protein animals.

At PND14 we also noticed a positive staining for AR in the epithelial and mesenchymal
cells ‘cytoplasm and, more intensely, in the nucleus in both experimental groups and in all the
regions (Fig. 7A). However, in the 1S/caput from LP group (Fig. 7A-1V), we observed a
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898  stronger staining in the epithelial cells when compared to the same type of cell in the NP group
899  (Fig. 7A-IlI). Interesting, we noticed that there was a stronger staining within the mesenchymal
900 cells present in the LP group (Fig. 7a-1V) than in the NP group (Fig. 7A-I11). This could mean
901 a delay in the mesenchymal cell differentiation. A positive staining for ER-a was observed
902  within the epithelial cells in all the regions at both groups in this age (Fig. 7BWe also noticed
903 a stronger staining for this receptor in the LP group IS/caput region (Fig. 7B-1V) when
904  compared to the same region in the NP group, demonstrating an increase of this receptor in the
905  LP group at PND14 (Fig. 7B-lII).
AR B ERq
NP LP NP LP
\ — 4 -
V ‘ { |
\ 0 2
v
i A \ y
I 3 1l v | i 1 e
907  Figure 7: Epididymis sections of the initial segment (IS), caput regions, corpus and cauda from the NP
908 and LP animals at PND14 subjected to AR (A) and ERa (B) immunostaining. NP = normoprotein
909  animals; LP = low-protein animals.
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4. DISCUSSION AND CONCLUSION

In the present study, we showed that maternal protein restriction during gestation and
lactation change the patterns of mother's food intake and subsequently alters maternal body
and organ weights at the end of lactation. The maternal low-protein diet also increases estradiol
levels of the male offspring, changes sexual parameters, such as AGD and organ weights; and
modulates AR, ER-a, ER-B, P450aro, 50a-RD, FGFR1, and FGFR2 epididymal expression
leading to a delay in the epididymal growth and differentiation patterns in the beginning of
postnatal epididymal development.

Maternal nutrition is important for the normal development of offspring. Therefore, one
of the most widely used models to investigate fetal programming is to perform maternal protein
restriction diet experiments[24-27]. During gestation, pregnant female rats normally already
increase food consumption due to the fact that the embryo/fetus needs more supplies, mainly
protein, to grow fast in a short amount of time [28]. In our study we showed that LP pregnant
rats had an increase in food intake during the gestation. This can be justified because these
animals were submitted to nutrient deficient diets, so they tend to increase food intake in an
attempt to compensate for their own nutritional deficiency and supplies for their embryos
[28,29].

Even with the increased food intake, the pregnant rats’ weights were not different
between the groups. This may have happened because the females of the LP group due to
protein deficiency, had to mobilize a large part of their energy reserves during gestation for
milk production, which resulted in similar weight of LP animals when compared to the NP
animals[30].

To keep the same calories as a normoprotein diet, more carbohydrate is used as a
compensatory source in low-protein diets. Previous studies have shown that intrauterine growth
restriction models decrease the weight of the offspring at birth, and smaller pups exhibit altered
breastfeeding behavior, such as decreased the sucking stimulus, which has influence on the
maternal appetite during lactation [31,32]. Higher carbohydrate content has also been shown to
generate an animal's aversion to food during lactation [33,34]. These associations could justify
why the LP pregnant rats decreased their food intake during the lactation.

It is known that increasing the supply of carbohydrates causes an increase in liver
activity and, consequently, in organ weight in mother rats. These changes are mainly related to
the synthesis of fatty acids, which may lead to the development of non-alcoholic liver

steatosis[35,36]. It is therefore possible that the increase in the relative weight of livers of LP
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mothers was a result of increased liver activity as a consequence of the high amount of
carbohydrates present in their diets [37,38].

The reduction in kidney weight of animals treated with a low-protein diet has already
been observed by Gao et al. (2010) [39] and De Miguel et al. (2011)[40]. These data corroborate
the reduction in absolute and relative renal weight found in the mothers of the LP group in our
study, which may have occurred due to the reduction of renal metabolism in these animals.

Gestational performance is an important parameter in studies that use maternal
malnutrition as an experimental model. It refers to data collected on the day of offspring birth
and presents relevant information regarding the gestation and the development of the offspring
[41]. A low birth weight is an important sign of malnutrition during pregnancy and is therefore
a crucial indicator of slow fetal growth. We demonstrated that protein deficiency significantly
reduces the weight and the length of male pups, in agreement with results obtained in others
studies[6,8,44,45].

The weight of the genital organs is also an important parameter when assessing the
impact of a particular condition on the development of genitalia which consequently affects
sperm quality and fertility of the adult individuals. Therefore, the relative weights of the testes,
epididymis, seminal vesicle and prostate can be used to evaluate reproductive risk. These
analyses are important because the decrease in the weight of the reproductive organs may
indicate specific adverse effect of the treatment/diet on the male genital system [46].

The decrease in the absolute weight of the organs of LP animals compared to the same
organs in NP animals is justified by the fact that body structure and development are directly
affected by the low protein intake. However, the increase or maintenance in relative weight in
the testis and epididymis in the LP animals at PND7 and PND14 may be a response in an
attempt to preserve their full functionality despite the poor nutritional environment in which
they were exposed during their development and early postnatal stages.

Androgens and estrogens play an important role in the regulation of the different organs
and systems physiology. They are responsible for modulating important biochemical signaling
pathways in human and rodents. They also affect growth and/or maintenance of functions in
tissues and organs such as muscle, adipose tissue, liver, bone, and central nervous system, as
well as affect development and maintenance of the male genital system [47,48].

The neonatal period is an extension of gestation. Indeed, there are several maturational
processes that occur prenatally in humans and postnatally in rodents. The transition from
neonate to infant is gradual, occurring between PND4 and PND?7 in rodents and from birth to

two months in humans[49].
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In rats, males show higher plasma testosterone concentrations than females across the
development. In the hours after birth, males show a peak in circulating testosterone, which then
decreased and remained low between PND1 and PND19. Serum estradiol concentrations, in
both female and male rats, are higher at birth than in the hours and days that follow. After birth,
this hormone is maintained at low concentrations until a peak around PND15 which reaches
levels above those observed in adulthood[50].

Anogenital distance (AGD), areolas/nipples regression, testicular descent and preputial
separation in male rats are important biomarkers for proper prenatal androgen exposure during
gestation and lactation, especially testosterone synthesized by fetal testes. These biomarkers
are used to evaluate intrauterine development. Maternal protein restriction alters AGD in male
offspring, which suggests an impairment of hypothalamic-hypophyseal-gonadal axis and is
associated with genital malformations, feminization/estrogenization, impaired sexual behavior
and/or even infertility in adulthood (Zambrano 2005) [51-53].

Rinaldi et al. (2013) showed a shorter AGD (approximately 33% compared to the
control) in male pups whose mothers received a low-protein diet during gestation and this study
associated this result with a decrease in dihydrotestosterone (DHT) serum level in male rats at
PND30 [54]. We noticed that the LP animals had a decreased in AGD at birth (PND1) and this
parameter remained reduced until DPN14; however, there was no difference in the T serum
levels between the groups. Instead of a decrease in T levels, a non-significant increase of T was
observed at DPN7 and DPN14 followed by an increase in E2 serum levels. Thus, we
hypothesize that this may not be an anti-androgenic effect but an estrogenic effect from the
maternal low-protein diet.

Before the first wave of testicular fluid at PND15, the T present in the epididymis
coming from the blood supply. T, either directly or via its main metabolite, DHT, is important
for the epididymal development, cellular morphology and functionality. They regulate
epithelial cells proliferation, protein synthesis and secretion, and acts through their receptors,
the androgen receptor (AR)[55,56]. Both are correlated with levels of AR expression in luminal
epithelial cells in adults and in mesenchymal cells during epididymal development, in all the
epididymal regions. In this study, we observed at PND7 and PND14 a decrease in AR and 5a-
RD protein levels in the epididymal tissue. Our results indicate that probably less T is coming
from bloody supply and less DHT is being converted in the epididymis. Thereby, the decrease
of androgen levels already showed to lead the epididymal development to a negative
consequences, which may alters the epididymis morphology leading a tubular atrophy and a

decrease in the lumen size [57].
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Through AR immunostaining we observed a positive staining in the epithelium and
mesenchymal cells in all the regions at both ages. However, if we compared the proximal
regions between the groups, mainly at PND14, we observed a stronger staining in LP group in
both cell types.

During fetal life, the immunostaining for AR in the epididymis is primarily found in
mesenchymal cells and appears to be evenly distributed among all the regions, whereas marking
on epithelial cells should be less evident and non-uniform. After birth, the AR expression in the
epididymis change it staining pattern, and starts to become more intense in the epithelial cells
[58]. In this study we observed a larger amount of AR positive in the mesenchymal cells in the
LP groups when compared to NP groups. At this age, there should be not such a strong staining
in this type of cell. So, our results suggest that maternal protein restriction causes a delay on
the mesenchymal cells differentiation by way of AR expression.

At the same time, AR immunostaining also showed a stronger staining in the epithelium
cells in the LP group in the proximal region when compared the same region to NP group.
Recently, we showed that maternal protein restriction resulted in a low microvascular density
associated with an impaired bloody supply in IS at PND14. Blood flow to the IS is higher than
in any other regions of the epididymis (relation between capillary flow volume and local cell
metabolic rate), being metabolically very active and it is critically dependent directly by the
circulating androgens at this age [13,59]. So, based on that, we hypothesize that the increased
of AR epithelium cells expression in the proximal region was an attempt to capture more T or
DHT due to the importance of this region for the male fertility.

It is known that T could be also converted in 17poestradiol (E2) by enzyme P450aro in
the epididymis caput luminal space and epithelium in rats and humans, and E2 action is
mediated by estrogen receptors type o (ERa) and B (ERpP)[15,60,61]. Recently evidences
suggestes that P450aro present in the epididymis, signal the important role of estrogens on the
regulation of development, the maintenance of differentiated epithelial morphology and in the
regulation of epididymal fluid [14].

Besides the decrease of 50-RD expression at PND7 and PND14, we also observed a
significantly increase in the P450aro, followed by an increase in the ERa and ERp protein levels
in the LP epididymis. These results reinforce the hypothesis that less T is being converted into
DHT, and suggests that more T is being converted into E2 in the epididymal tissue.

Atanassova et. al., (2001) showed that AR and ER expression in males must be carefully
examined together and that these receptors and their respective steroid ligands should not be

studied independently, as it is the balance between the two hormonal pathways that is important
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in the male, particularly during development [62]. As Mitchell (2013) concludes, central
importance in male reproductive development is the androgen and estrogen balance, and not
just androgens alone[17].

The proximal regions of the epididymis express higher concentrations of estrogen
receptors, ER-o and ER-B [59]. ER-a expression varies with age and animal species.
Atanassova et al. (2001) [62] observed absence staining for this receptor in epididymal
epithelial cells, at P10, in rats. They only observed the expression of ER-a, in these cells, at
P18. As also, they showed that the staining was positive in all the epididymal regions, but the
expression was higher in the IS and caput.

Our study was the first to demonstrated ER-ao positive staining at PND14 in rats. We
observed the same staining pattern that was previously described by Atassanova et al. (2001)
[62], in animals at P18. When the regions were compared between our experimental groups,
we noticed that the IS and caput has more intense staining in the LP animals. So, this result
suggest that a maternal protein restriction diet is capable of altering the estradiol mechanism in
the epididymal development mediated by ERa expression. Unfortunately, efforts to immune
localize ERP have not provided consistent results in the epididymal tissue and discrepancies
occur throughout the literature [63,64].

Most of the initial studies related to E2 in males were focused on pathology caused by
exposure of males to the “female hormone,” because it was unclear that this hormone was
having a normal physiological function in the male [14]. These previously studies showed that
male animals which were exposed during fetal or neonatal life to an exogenous estrogen have
more pronounced defects, resulting from an early estrogenization[65]. After birth these
abnormalities, occurred in the reproductive system, included retained testes, epididymal cysts,
distended seminal vesicles and retained Mullerian ducts. These animals, at the adult age, also
showed to have abnormal sperm, reduced fertility and increased testicular cancer [66].

Zambrano et al., (2005) showed that the maternal protein restriction increases maternal
estradiol at gestational day 19 in rats, but none study verified the offspring estradiol serum
levels at such young ages. A significant elevation in endogenous serum estradiol, which was
associated postnatally with adverse reproductive outcomes referred to as the "fetal
estrogenization syndrome (FES)". This fetal estrogenization syndrome can alter the
development of the male reproductive system leading the male offspring to structural
malformations including cryptorchidism, epididymal cysts and retained Mullerian ducts [67].

Pinilla et al. (1989) showed that after a neonatal estrogenization in male rat, there was

no formation of DHT in the caput epididymis at P22, indicating that a neonatal estrogenization
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may induce important changes in T metabolism in the epididymal postnatal development, but
little is known about the influence of high concentrations of estradiol on the epididymal
postnatal development[68].

Androgens are the primary factors regulating epididymal development and function.
Over recent years, new studies have shown that growth factors also play important roles in
epididymis regulation and maintenance. It has become clear that Fibroblast growth factors
(FGF) signaling is involved in the development and normal functioning of male reproductive
organs, such as the testis and epididymis[69].

FGFs are a large family of multifunctional growth factors that regulate cellular
processes, such as proliferation and differentiation, and are therefore important during
embryogenesis and in maintaining adult tissue homeostasis. FGFs signal through FGF receptors
(FGFRs 1-4), which are plasma membrane-spanning receptor tyrosine kinases, are partitioned
between the epithelial and mesenchymal compartments and underlie directionally specific and
reciprocal communication between the two compartments[69].

At birth, the epididymal duct is poorly developed and most of the neonatal organ volume
is occupied by mesenchymal tissue. During the first days after birth, rodent’s epididymis
undergoes extensive remodeling; the duct elongates and convolutes, extending into the space
previously occupied by mesenchymal cells. Little is known about FGFs in the epididymis
development, but seems that at early stages of epididymal postnatal development, FGFR1 is
specifically expressed in the undifferentiated mesenchyme and is responsible for regulating
epididymal mesenchyme development though cells proliferation and differentiation control,
and FGFR2 has been associated with epithelial cells proliferation and cytodifferentiation
promotion[69,70].

FGFR2 have been described as the most extensive gene among FGFs throughout the
WD epithelium and is essential for the duct maintenance. This protein acts as a regulator of cell
proliferation, cytodifferentiation, motility and apoptosis, and also is important for sperm
motility in the adulthood. In the early stages of epididymal postnatal development, FGFR2 has
been associated with epithelial cells proliferation and cytodifferentiation promotion, and shows
to be androgen dependent[71]. Our results showed a decreased in FGFR1 and FGFR2
expression at PDN7. These results hypothesize that the delay observed in the mesenchymal and
epithelial cells via AR expression may be associated with FGFR1 and FGFR2 expression,
respectively, leading to a delay in cytodifferentiation the early stages of postnatal epididymal

development.
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Therefore, our results showed that maternal protein restriction causes an increase in the
male offspring circulating estradiol and, in the epididymis, the association with high estradiol
concentration coming from the bloodstream and more T being converted into E2 by the action
of P450aro, lead to an impairment at initial stage of epididymal development and
cytodifferentiation modulated though AR and FGFR1 and 2 molecular pathways. Thus, a low-
protein maternal diet during gestation and lactation lead to an impairment in epididymal
development in the early postnatal development of male offspring.
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Abstract The maternal nutritional status is essential to the health and well-being of the fetus. Maternal
protein restriction during the perinatal stage causes sperm alterations in the offspring that are
associated with epididymal dysfunctions. Vascular endothelial growth factor (VEGF) and its receptor,
VEGFr-2, as well as aquaporins (AQPs) are important regulators of angiogenesis and the epididymal
microenvironment and are associated with male fertility. We investigated the effects of maternal
protein restriction on epididymal angiogenesis and AQP expression in the early stages of postnatal
epididymal development. Pregnant rats were divided into two experimental groups that received
either a normoprotein (17% protein) or low-protein diet (6% protein) during gestation and lactation.
At postnatal day (PND)7 and PND14, male offspring were euthanized, the epididymides were
subjected to morphometric and microvascular density analyses and to VEGF-A, VEGF-r2, AQP1 and
AQP9 expression analyses. The maternal low-protein diet decreased AQP9 and VEGFr-2 expression,
decreased epididymal microvascularity and altered the morphometric features of the epididymal
epithelium; no changes in AQP1 expression were observed at the beginning of postnatal epididymal
development. Maternal protein restriction alters microvascularization and affects molecules involved
in the epidydimal microenvironment, resulting in morphometric alterations related to a delay in the
beginning of epididymis postnatal development.

Keywords: fetal programing; aqpl; aqp9; vegf; protein restriction; epididymal development;

1. Introduction

Studies have revealed potential factors that increase the risks of diseases during the developmental
period unpublished data [1-3]. These studies support the developmental origins hypothesis, which is
based on the interaction between early developmental plasticity and environmental factors, and studies
have been conducted to determine the mechanisms by which these factors may affect health and disease
later in life [4,5]. The genome is evolutionarily and chemically very stable, so environmental factors
generally do not cause genomic changes in DNA sequences. These factors may cause hereditary changes
through manipulation independent of DNA sequence, thereby changing the epigenome. These
alterations may be due to DNA methylation, histone acetylation, hormonal imprinting and/or growth
factors and transcription alterations [6,7]. Poor-quality nutrition during the pre- and postnatal periods
is an extrinsic maternal factor and has been shown to be a key factor in the development of several
diseases [8-10]. In recent years, male infertility has been shown to be associated with congenital defects
caused by embryonic and fetal development [11]. Epidemiological and experimental evidence has
shown an association between low birth weight and male subfertility in humans [12].
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Boeri et al. (2016) [13] observed a positive correlation between infertile adults born with a low birth
weight. These adult males had alterations associated mainly with epididymal functions, such as
reduced sperm motility, including asthenozoospermia (reduction or absence of sperm motility) and
higher rates of teratozoospermia (alterations in sperm morphology that may lead to infertility). Of the
fetal programming models for maternal nutrition, that of protein restriction in a diet offered to pregnant
rats is one of the most frequently used, leading to increased risks of certain diseases or disorders later
in life as cardiovascular and metabolic diseases [14,15].

The protein restriction diet in pregnant rats has already been shown to be able to alter maternal
metabolism, increasing maternal serum corticosterone, estradiol and testosterone concentrations. In
addition, other studies observed alterations in seminiferous tubule organization and in epididymal
functions, similar to those found in men with low birth weight. These alterations include reductions in
sperm motility, sperm concentration and viability, in addition to morphological changes [16,17].

In male embryos, the proximal region of the mesonephric tubules originates the mesonephric ducts
or Wolffian ducts (WD) that eventually become the epididymis. During embryonic and postnatal
development, these ducts elongate and acquire a coiled aspect under the influence of testosterone and
growth factors; these factors regulate gene expression and epithelial-mesenchymal interactions [18-20].
During postnatal development, the rat epididymis grows and expands, and the epithelial and
mesenchymal cells differentiate into several cell types. This cell differentiation period consists of an
undifferentiated stage between the 1st and 15t PND, followed by a differentiation phase, when the first
spermatozoa are observed after the first testicular fluid wave (between the 15% and 45 PND). In brief,
the arrival of these growth factors during the first stage of postnatal development occurs through the
blood vessels [21].

The epididymis is usually divided into four regions, namely, the initial segment (IS), caput, corpus
and cauda, and each region contributes in an essential way to the process of sperm maturation [22].
However, the most proximal region of the epididymis, the IS, may undergo proper differentiation to
ensure its function in sperm maturation, being the region of the epididymis that is critical for male
fertility; the incomplete development of this region results in infertility [23].

Because of the relationship between capillary flow volume and the local cell metabolic rate, blood
flow into the IS is higher than in any other region of the epididymis. Therefore, this segment is
metabolically very active and is dependent on factors secreted directly by the testes and on circulating
androgens [24]. Vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFr-2) are the main
regulators in angiogenesis promotion and are essential for male fertility. Studies have shown an
association between VEGF expression and male infertility associated with blood vessel formation.
Recent evidence has indicated that these factors affect the epididymal microenvironment and sperm
maturation [25].

Another important group of proteins related to the epididymal microenvironment is composed of
the aquaporins (AQPs). AQPs are transmembrane proteins involved in fluid reabsorption/secretion
dynamics, which are essential for the regulation of water homeostasis. Nine mRNAs that code for AQPs
(Aqpl-3, 59 and 11) are present in the epididymis [26]. Among these, stand out AQP1 and AQP9 are
expressed in endothelial cells and muscle cells and in principal cells, respectively. While AQP1 is
present in the endothelium of vascular channels and is important for maintaining fluid equilibrium is
the tissue, AQP9 is the main AQP of the epididymal epithelium, where it contributes to apical
membrane permeability to water and neutral solutes. The AQP9 promoter contains a putative steroid
receptor binding site and is affected by the estrogen/androgen balance. Conversely, AQP1 does not
seem to be directly affected by sex hormones [27,28].

A recently published study by our research group showed that some impairments that appeared
at puberty in animals whose mothers received a low-protein diet during gestation and lactation, such
as changes in AQP1, AQP9, VEGFa and VEGFR-2 expression and in the microvasculature density
(MVD) [29], were alleviated when the animals reached adulthood. Interestingly, sperm alterations,
which are associated with epididymal functions, are still observed in these adult animals [16].
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To characterize the involvement of functional alterations in the adult epididymis, it is necessary to
investigate the MVD in all epididymal regions and the expression of AQPs, VEGFa and VGFR-2 during
early postnatal epididymal development. The results may contribute new data to the field of
reproductive biology and clarify possible gaps in epididymis-related low fertility related after maternal
protein restriction.

2. Materials and Methods

2.1. Experimental Design

Adult female (60 days of age, n = 40) and male (90 days of age, n = 20) Wistar rats were obtained
from the Central Biotherium of Sdo Paulo State University (UNESP) and housed in polypropylene cages
(43 cm x 30 cm x 15 cm) with laboratory grade pine shavings as bedding. The rats were maintained
under controlled temperature (22 + 2 °C), relative humidity (55 + 10%) and lighting conditions (12:12-h
photoperiod). Balanced rat chow (NUVILAB® CR1 — Nuvital-PR) and filtered tap water were provided
ad libitum. The experimental protocol was designed following Brazilian laws and was approved by the
Ethical Committee on Animal Use from the Institute of Biosciences of Botucatu (CEUA: protocol n® 797).

Two female rats were mated with one male during the dark period of the light/dark cycle, and the
following day, vaginal smears were performed. The day of detection of the sperm in the vaginal smear
was considered gestational day 0 (GD 0). Pregnant females were randomly allocated into 2 experimental
groups: The normoprotein group (NP, n =19) and the low-protein group (LP, n =19). The NP pregnant
females were fed a normoprotein diet (17% protein) ad libitum, and the LP pregnant females were fed
a low-protein diet (6% protein) ad libitum. Both groups received the diet over the entire gestational and
lactation periods (Table 1).

Table 1. Composition of the food provided to the animals during the gestation and lactation periods.

Components* Normoprotein Low-protein
(17% protein) (6% protein)
Casein (84% of protein)** 202.00 71.50
Corn flour 397.00 480.00
Dextrin 130.50 159.00
Sucrose 100.00 121.00
Soy oil 70.00 70.00
Fiber (microcellulose) 50.00 50.00
Mineral blend *** 35.00 35.00
Vitamin blend *** 10.00 10.00
L —cystine 3.00 1.00
Choline chloride 2.50 2.50

* Diet for rodent during gestation- AIN-93G. ** Values corrected according to casein. *** Following AIN-93G.

The pregnant females were housed in individual cages and weighed every week to monitor weight
gain. During the entire gestation period until PND14, the total food consumed was monitored weekly,
and the values obtained were divided by seven to estimate the daily consumption of each animal in
both groups.

After birth, the litter size was standardized to eight pups per mother in both experimental groups
to ensure the equality of the weaning to all offspring. The pups remained with the mothers in individual
boxes until the moment of euthanasia at PND7 (NP =17 pups/group; LP = 19 pups/group) or PND14
(NP = 19 pups/group; LP = 26 pups/group) and had their body weights and lengths measured before
euthanasia. After the pups were anesthetized with ketamine and xylazine, they were killed by
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decapitation, and the epididymides were collected. After being weighed, the left epididymides were
immediately packed in cryotubes, frozen in liquid nitrogen and stored at —80 °C. The right epididymides
were collected, dissected and fixed in 10% buffered formalin (0.1 M phosphate buffer pH 7.3) for 24 h,

washed in running water for 24 h and stored in 70% alcohol (Figure 1).
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Figure 1. [llustration of the experimental design.

2.2. Western Blot

Total epididymides were used to perform western blotting. Due to the small size and weight of the
epididymis, pools were used with 4-5 animals/pool for a total of 5 samples/group for animals at P7, and
2-3 animals/pool for a total of 5 samples/group for animals at P14. The samples were homogenized at
4 °C in RIPA bulffer (BioRad® USA) with protease inhibitor (Sigma-Aldrich® USA) with a Tureaux-type
homogenizer for 3 5-second cycles. The homogenate was centrifuged at 15,000 rpm for 20 min at 4 °C,
and the supernatant was collected. The protein quantification was performed as described by Bradford
[30] in ELISA plates with 96 wells and read in an ELISA reader (595 nm). Aliquots (70 pug protein) were
treated with buffer solution (Laemli Sample Buffer-BioRad®) and -mercaptoethanol at 95 °C for 5 min.
Then, the proteins were separated by vertical SDS-PAGE (Mini-Protean, BioRad®). After
electrophoresis, proteins were transferred to a nitrocellulose membrane in a wet transfer system.
Nonspecific protein binding was blocked with 3% skim milk in TBST buffer for 1 h at room temperature.
Then, the membranes were incubated overnight with the following primary antibodies diluted in TBST:
AQP1 (concentration 1:800; AB2219 EMD-Millipore Corp.®, Billerica, Ma, USA); AQP9 (concentration
1:500, APQ91-A Alpha Diagnostic, San Antonio, TX, USA); VEGFa (concentration 1:1000, SC-152 Santa
Cruz, CA, USA); VEGFr-2 (concentration 1:1000, SC-6251 Santa Cruz, CA, USA); and (-actin
(concentration 1:800; ab-8227 Abcam Inc.®, Cambridge, Ma, USA). Subsequently, the membranes were
washed for three times for 10 min each in TBST and incubated for 2 h with the following specific HRP
secondary antibodies diluted in TBST: IgG goat-anti rabbit for AQP1, AQP9 (concentration 1:5000,
Sigma-Aldrich Co.®, St. Louis, Mo, USA) and VEGFa (concentration 1:2000, Sigma-Aldrich Co.®, St.
Louis, Mo, USA); IgG goat-anti mouse for VEGFr-2 (concentration 1:5000, Sigma-Aldrich Co.®, St. Louis,
Mo, USA); and IgG rabbit-anti goat for 3-actin (concentration 1:6000, Sigma-Aldrich Co.®, St. Louis, Mo,
USA). The membranes were then washed three times for 10 min each with TBST. Immunoreactive
components were visualized with a chemiluminescence kit (Amersham™ ELC Select™ Western
Blotting Detection Reagent, GE Healthcare®, UK), and the optical density of each band was measured
by Image]® Windows® software, normalized to (3-actin.
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2.3. Morphometrical Analysis

The epididymides fixed in 10% buffered formalin were cleared in xylene and then embedded in
Paraplast. Serial 4-um sections were obtained with an automatic microtome and added to silanized
slides. Histological sections of tissue from animals in different litters (n = 4) were stained with
hematoxylin and eosin (HE) and scanned using a 3D Histech Pannoramic MIDI. Thereafter, tissues were
analyzed and photographed, and the luminal and tubular diameter and the epithelium length from the
IS, caput, corpus and cauda were measured using the Panoramic Viewer program.

2.4. Immunohistochemistry at PND 14

Epididymal sections from the LP and NP animals (sections of animals from different litters; n = 4
animals/group) were subjected to antigen retrieval in a humid environment (electric pot) at 100 °C in
Tris/0.1 M EDTA pH 9.0 for 30 min. After being washed in distilled water, the sections were subjected
to the blocking of endogenous peroxidase (3% hydrogen peroxide in methanol) for 15 min. To block
nonspecific binding, the slides were incubated with 3% skim milk in PBS for 1 h. Then, the sections were
incubated overnight (at 4 °C) with primary antibodies to AQP1 (concentration 1:200; AB2219 EMD-
Millipore Corp.®, Billerica, Ma, USA) or AQP9 (concentration 1:200, APQ91-A Alpha Diagnostic, San
Antonio, TX, USA), which were diluted in 1% BSA. After incubation with the primary antibodies, the
sections were washed in PBS and then incubated with anti-rabbit secondary HRP antibody (ab97051;
concentration 1:200, Abcam Inc.®, Cambridge, Ma, USA) for 2 h at room temperature. The reaction was
visualized with DAB chromogen (3,3’-diaminobenzidine tetrahydrochloride; Sigma-Aldrich Co.®, St.
Louis, Mo, USA) and counterstained with hematoxylin for 1 min. The slides were scanned using a 3D
Histech Pannoramic MIDI and analyzed and photographed using the Pannoramic Viewer program.

2.5. Microvascular Density (MVD) Determination at PND14

The MDYV was determined per the procedures described by Cavariani et al., 2019 [29]. Epididymal
sections from LP and NP animals (n = 4 animals/group) that had been immunostained with anti-AQP1
were evaluated by stereological analysis to estimate the number of microvessels in the IS, caput, corpus
and cauda epididymis. Data are presented as the percentage of microvessels per total stromal area
analyzed.

2.6. Statistical Analysis

T-tests for parametric data and the Mann-Whitney test for nonparametric data were performed.
The data were compared among experimental groups using GraphPad Prism® software (version 5.00).
Differences were considered significant when p < 0.05. Data are presented as the mean + standard error
of the mean (SEM).

3. Results

3.1. A Maternal Low-Protein Diet Alters the Protein Levels of VEGFr-2 and VEGFa in the Epididymis of the
Offspring in the First Postnatal Week

The levels of VEGFa were increased (fold-change 1.47) and those of VEGFr-2 were decreased (fold-
change 0.95) in LP animals compared with NP animals at PND7 (Figure 2). However, the levels of
VEGFa and VEGFr-2 did not change significantly at PND14 (fold-change increase of 1.03 and decrease
of 0.85, respectively) (Figure 3).

3.2. A maternal Low-Protein Diet Alters the Protein Levels of AQP9 but Not of AQP1 in the Epididymis of the
Offspring at PND7 and PND14
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The animals whose mothers were subjected to protein restriction during gestation and lactation
presented a reduction in the protein levels of AQP9 at PND7 (fold-change 0.54) and PND14 (fold-change
0.33), but no change was observed for AQP1 in the epididymis at any age studied (fold-change PND7
1.73 and PND14 1.07) (Figure 2 and 3).
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Figure 2. Expression of AQP1, AQP9, VEGFr-2 and VEGFa in the epididymis of NP and LP animals at
PND?. Data are expressed as the mean + S.E.M. * p < 0.05. Mann—-Whitney test.
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Figure 3. Expression of AQP1, AQP9, VEGFr-2 and VEGFa in the epididymis of NP and LP animals at
PND14. Data are expressed as the mean + S.E.M. * p < 0.05. Mann-Whitney test.

3.3. A Maternal Low-Protein Diet Promotes Changes in the Immunostaining Pattern of AQP9 but Not of
AQP1 in the Offspring at PND14

This study is the first to demonstrate AQP1 and AQP9 positive staining in the epididymis of rats
aged only 14 days (Figure 4 and 5, respectively). The youngest age of rats examined to date was PND
21, which was recently reported by our research group [29]. Interestingly, the immunolocalization
pattern of AQP1 was the same as that described by Cavariani et al., 2019 [29]. AQP1 staining appeared
in the endothelial cells of vascular channels throughout the epididymis in both the NP and LP groups,
but staining was not observed in the peritubular cells that surrounded the duct, probably because the
mesenchymal cells were not differentiated into muscle cells yet. No differences were observed between
the NP and LP groups. However, we noticed a lower number of vessels in the LP group than in the NP
group in all regions, but mainly in the IS region (Figure 4B); this was the most vascularized epididymis
region compared to the same region in the NP animals (Figure 4A). We could also verify that the blood
vessels of the diet-restricted animals had a smaller diameter, showing that the development of these
vessels was delayed (Figure 4). AQP9 immunolocalization showed discontinuous immunostaining in
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different regions of the epididymis, with AQP9 being positively localized to the apical region of the
epithelial cells (Figure 5D). In the region of the IS (Figure 5A and B), in both the NP and LP groups,
there was stronger staining than in the adjacent (caput) region. However, this staining was more intense
in the IS of the NP group than in the IS of the LP group. In the epididymal corpus of the LP animals
(Figure 5D), the intensity of AQP9 staining was stronger than that in the NP group (Figure 5C). In the
caput region (Figure 5E and F), there was discontinuous immunostaining of AQP9 in the tubular
epithelium of both groups, with staining being more prevalent in the transition region of the vas
deferens.

and LP animals at PND14 subjected to AQP1 immunostaining. NP = normoprotein animals; LP = low-

protein animals. Arrow = Positive staining for AQP1 in the vascular endothelium.
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IS and Caput

Corpus

Cauda

Figure 5. Epididymis sections of the initial segment (IS), caput regions, corpus and cauda from the NP
and LP animals at PND14 subjected to AQP9 immunostaining. NP = normoprotein animals; LP = low-
protein animals. Arrow = Positive staining for AQP9.

3.4. A Maternal Low-Protein Diet Decreases the Microvascular Density (MVD) of the Offspring at PND14.

The MVD/stroma index was used to analyze the epididymis microvasculature. These values
showed a decrease in the blood supply of the IS, caput and corpus, but not in the cauda at PND14 in
the LP animals compared to the NP group (Figure 6).
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244 Figure 6. The microvascular densities in the epididymis of the NP and LP animals at PND14. Data are
245 expressed as the mean + S.E.M. * p <0.05. Mann-Whitney test.
246  3.5. A Maternal Low-Protein Diet Changes the Epididymal Morphometry of the Offspring but Not the
247  Morphology
248 The 7-day-old LP epididymis showed a decrease in tubular diameter in the IS, caput and corpus,
249  but not in the cauda; the luminal diameter was decreased only in the IS (Table 2). The epithelial height
250 was decreased in the IS and corpus, and at PND14, the tubular diameter was decreased in the
251  epididymis corpus of the LP animals but not in that of the NP animals (Table 3). A normal epididymal
252 structure was observed in both groups at PND7 and PND14. The epididymal ducts were lined by a
253  columnar epithelium resting on a basal lamina. A few halo cells were found among the columnar cells.
254  The epididymal ducts were surrounded by a thin layer of mesenchymal cells that had not differentiated
255  into smooth muscle (supplementary material).
256 Table 2. Epididymal morphometry at PND?7.
Parameters (um) PND7
IS Caput Corpus Cauda
NP LP NP LP NP LP NP LP
Tubular diameter  23.87 £0.37  21.86+0.43* 25.90+0.57 23.33+£0.27* 27.97+0.25 2558+0.82* 35.85%1.45 32.33+2.53
Ef]';r;r:'ta' 7731022 7226006  7.15+029  6.78+018  7.78+00l  7.268:007  8579+0.83  7.14+043
Luminal 749+0.15  6.70+0.18* 1097+051  9.29+0.68  1210£034 1060%127 19.23+045 18.013.11
257 NP N=4 and LP N=4; Data expressed as the mean + S.E.M.. * p < 0.05. T-test
258

259
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260 Table 3. Epididymal morphometry at PND14.
Parameters (um) PND14
IS IS
NP LP NP LP NP LP NP LP
Tubular diameter  28.47 +0.80 25.80+1.30 33.55+2.24 29.41+£1.26 40.18+1.05 3246+1.04* 39.82%2.17 38.29 £1.97

Ef]'g‘;r'&a' 9504028  817+039* 890+099  7.47+060  11.85+028 9.17+067* 1093+172  8.07+0.23
('L‘;"nl'qu'r 9224062  856+051  1416+151 14.18+0.81  1506+0.62 1452+073 19.02+186  21.99+2.32

261 NP N =4 and LP N =4; Data expressed as the mean + S.E.M. * p <0.05. T-test.

262 4. Discussion

263 In the present study, we showed that a maternal low-protein diet during gestation and lactation

264  was able to decrease AQP9 and VEGFr-2 expression while enhancing VEGFA expression, changing the

265  patterns of epididymal microvascularity and altering the features of the epididymal epithelium (Figure

266 7).

LOW-PROTEIN TVEGFa
DIET ‘ VEGFr-2
unchanged AQP1 \/
Epididymal duct  Myoid cell
=2 Blood vessel

267 »\D Aquaporin9

268 Figure 7. Representative image that illustrates the impact of maternal protein restriction in the early

269 stage of postnatal epididymal development in rat. Maternal protein restriction decreases microvascular

270 density by decreasing the VEGFr-2 expression in the endothelial cells. With the decrease in the number

271 of vessels, the arrival of growth factors and hormones, including androgens, also decreases. Blood

272 vessels are present around the mesenchymal cells that surround the epithelium, and before the first

273 wave of testicular fluid, the arrival of hormones occurs exclusively through blood supply. When

274 differentiated, the principal cells begin to express AQP9 in the apical region. Because AQP9 is

275 downregulated in these cells, the luminal microenvironment may not be adequately regulated. AQP9 =

276 aquaporin 9; AQP1 = aquaporin 1; VEGFa = vascular endothelial growth factor; VEGFr-2 = vascular

277 endothelial growth factor receptor type 2, LM: luminal microenvironment.

278 According to the developmental origins of health and diseases (DOHaD) hypothesis, the high

279  plasticity of the fetal organism is conditioned by an adaptive response that can modify the individual

280  phenotype. The interactions between intrinsic factors, such as genetics and epigenetics, and extrinsic

281  maternal factors, such as maternal nutrition, can influence these developmental processes and lead to

282  permanent changes in adulthood [31-33].
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During postnatal development, the epididymal duct elongates and coils, and the connective tissue
septa start to divide the epididymis into different segments [21]. At the same time, the epididymal
vasculature grows to follow the development of the epididymal duct and ensure vascularization of the
expanding organ [34].

VEGFa is an important growth factor associated with the reproductive system and acts through
VEGFr-2 to promote angiogenesis; VEGFa and VEGFr-2 are mostly expressed in the initial segment
[24,35]. Both VEGFa and VEGFr-2 are specific endothelial cell factors that participate in sperm
maturation through their important roles in maintaining the epididymal microenvironment and
promoting cell proliferation, migration and tube formation in normal epididymal tissues [25,36].

Although the VEGFr-2 and VEGFa levels were unchanged in LP animals at PND14, we observed
a decrease in VEGFr-2 expression in the diet-restricted animals at PND?7. This result could be associated
with a decrease in microvascular density (MVD), especially in the initial segment that was observed in
the same group at PDN14. Thus, a maternal low-protein diet was able to alter the epididymal vascular
pattern during an important period of the postnatal development of this organ.

Maternal protein malnutrition has already been shown to be associated with an impairment in
angiogenesis with decreased VEGFr-2 expression in the prostate. Previous work has shown that
maternal protein malnutrition leads to a decrease in VEGFr-2 expression in the prostate, which
compromises the angiogenesis process. This result was associated with a delay in prostate development
at PND10 and PND21 in rat offspring from mothers receiving a protein-restricted diet during gestation
and lactation [37].

During the early postnatal period, an adequate blood supply is crucial to promote the transport of
hormones, metabolites and nutrients required by the epididymis to maintain its normal development
[38]. A reduction in MVD can lead to ineffective diffusion of hormones, growth factors and oxygen,
resulting in altered production of stimulatory molecules related to cellular differentiation and
morphogenesis, leading to permanent effects in adulthood [37]. Recently, we showed that maternal
protein restriction resulted in a low MVD in all epididymal regions at the prepubertal stage. However,
this decreased pattern of vascularization did not remain in adulthood, and MVD was restored in LP
animals, maintaining their MVD values to the levels of those found in the NP group at PND120 [29].

VEGFa is required for the formation of blood vessels during fetal development, while in adults,
VEGFa is necessary to maintain the regular function of blood vessels. The increase in VEGFa expression
during epididymal development is important to promote vascular permeability and provide a blood
supply due to the absence of neovascularization in this organ during adulthood [39]. We hypothesized
that the recovery of MVD in adulthood may be associated with the increase in VEGFa expression
observed in LP animals at the beginning of epididymal development (PND?), as this growth factor acts
as a paracrine effector that regulates the division of blood vessel cells in an attempt to stimulate
neovascularization in the epididymis of restrict animals.

In addition to VEGF, AQPs are also involved in angiogenesis. Mainly through water homeostasis,
AQPs are essential regulators of epididymal function, contributing to membrane fluidity and structural
integrity [28,40,41]. Recent evidence indicates that AQPs are involved in cell migration, proliferation,
carcinogenesis and physiologic inflammatory processes [42]. Several studies have associated different
diseases with changes in AQP mRNA and protein expression. It has been suggested that AQP1 is
involved in lung cancer differentiation [43] and in the pathophysiology of inflammatory bowel disease
[44]. AQP9 is associated with ovarian cancer [45] and hepatocellular carcinoma [46], in addition to
inflammatory diseases such as rheumatoid arthritis [47] and, more recently, endometriosis [48].

In the epididymis, AQP9 is responsible for removing fluid from the epididymal lumen, while
AQP1 removes fluid from the epididymis to the blood vessels, both of which play a crucial role in the
secretion/reabsorption dynamics during sperm transport and maturation [49].

AQP1 is a water-selective channel that is permeable to water but not to small organic and inorganic
ions/molecules [50]. It is an important structural protein present in the endothelial cells of blood vessels
and, in adult rats, is also found in the smooth muscle cells that surround the epididymal duct [27,51,52].
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There are no previous studies showing immunostaining for AQP1 in the epididymis of young rats due
to the absence of this protein in the early developmental stages of this organ. Thus, we were not able to
observe AQP1 labeling in the 7-day-old animals. However, it is important to reinforce that this is the
first study to show AQP1 immunostaining at PND14.

At PND14, AQP1 immunolocalization was observed in the endothelial cells of vascular channels
in both the NP and LP animals, as described in 21-day-old rats [29]. The staining was not found in the
smooth muscle cells, as was observed in the adult epididymis, probably because the mesenchymal cells
are not differentiated into muscle cells due to a period of no differentiation [26,29]. There was no
difference in the immunostaining of this protein between the experimental groups in any of the
epididymal regions. However, we observed a higher number of AQP1-positive vessels in the NP group,
mainly in the IS, than in the LP group. This was confirmed by the MVD analyses. Moreover, we
observed that the diameter of the vessels was smaller in this diet-restricted group, showing a delay in
vessel development. However, more in-depth studies that specifically evaluate angiogenesis are
necessary.

Maternal protein restriction causes a delay in prostate morphogenesis in male rats at PND10 and
PND21 that is associated with a reduced angiogenic process through downregulation of the AQP1 and
VEGEF signaling pathways [37]. However, our data showed that this low-protein fetal programming did
not change AQP1 levels at the beginning of epididymis postnatal development. It is likely that the
maintenance of the AQP1 levels in the LP group, similar to the NP group, is a possible mechanism to
preserve vascular epididymal permeability despite the decrease in the MVD.

AQP9 is considered an aquaglyceroporin due to its permeability characteristics that allow the
passage of a wide range of structurally unrelated molecules, including urea, glycerol, mannitol, sorbitol
and water [53]. In the epididymis, this protein is the main AQP that contributes to organ permeability
and is located in the stereocilia of epididymal principal cells [26,28,54].

Studies have shown that AQP9 mRNA levels can be found between birth and the 3rd week during
postnatal epididymal development in rats. However, only after the first 4th postnatal week did AQP9
protein expression begin to increase significantly, becoming abundant in adulthood [27,55].

As mentioned for AQP1, this is the first study to examine the immunolocalization of AQP9 at
PND14. AQP9 staining was observed in epididymal epithelial cells that began differentiation into
principal cells. Apparently, this staining was weaker at PND14 than that observed in adult rats [28,29].
In addition, comparing both experimental groups, we observed weak staining in principal cells in LP
animals, mainly in the proximal epididymal region.

Despite the absence of AQP9 immunolabeling at PND7, we were able to observe the expression of
this protein at both ages due to its sensitivity. Our results showed that a maternal low-protein diet
promoted a decrease in AQP9 levels in LP animals at both PND7 and PND14. We recently reported that
maternal protein restriction decreases AQP9 expression in the IS and caput epididymis regions in
prepuberal rat offspring (PND44) [29]. Corroborating these findings, Arrighi et al. (2010) [52] showed a
reduction in AQP9 expression in the epididymis of adult rats subjected to malnutrition during perinatal
life, and both studies associated these results with a reduction in testosterone levels.

AQP9 expression is mostly modulated by dihydrotestosterone (DHT), the main metabolite of
testosterone, which is abundantly present in the testicular fluid that arrives to the epididymis through
efferent ducts [55]. However, before the first wave of testicular fluid, at PND15, the increase in AQP9
mRNA expression and protein levels may have different mechanisms of regulation [56]. Data from our
research group showed that maternal protein restriction reduced testosterone conversion to DHT by
5a-reductase actions on these same postnatal days (7 and 14) (unpublished data).

We suggest that the lower expression of AQP9 observed in LP animals on PND7 and PND14 could
be related to the decrease in the MVD index since there was a reduction in the bloody supply that arrives
to the epididymis as well as in testosterone. In addition, less testosterone would be converted into DHT
due to the lower expression of 5a-reductase (unpublished data). At the beginning of epididymis
postnatal development, this may lead to a permanent effect on fluid reabsorption, mainly in the initial
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segment and the caput epididymis; this could promote changes in the epithelial structure, thus
compromising epididymal functionality in adulthood. The imbalance in AQP9 expression can change
the water absorption mechanism and consequently alter the epididymal microenvironment [53,55],
representing one of the factors that contribute to changes in sperm quality already found in adults
subjected to this experimental model [16].

Although there are few studies on the subject, it is known that male rat offspring from mothers fed
a low-protein diet during pregnancy had alteration on sperm quality (~50% has shown a decrease in
fertility rate compared to controls) [57]. It is well established that the combined secretory and absorptive
activities of the epididymal epithelial cells are responsible for the creation of the specialized luminal
microenvironment that promotes the fertility in the sperm population [58]. The presence of AQPs,
channel proteins that facilitate rapid passive movement of water across cell membranes, is of major
importance in the male genital ducts, as the epididymis, where water movements mainly take place
[59]. Despite homozygous AQP9-/- knockout mice was demonstrated to be fertile with normal sperm
motility and morphology [60], other studies have shown that alterations in the expression, function and
regulation of AQPs and its interaction with other proteins, could be the basis of some types of male
subfertility. In this sense, research has shown that AQP9 is responsible to H20: diffusion in the luminal
microenvironment and the analysis of functional sperm parameters showed that H20: treatment
reduces the vitality and progressive motility of sperm [61,62]. Another example of AQP interactions
was showed in initial segment-specific Pten knockout mouse. PTEN is responsible to regulate a broad
range of transporters in many organs and cell types responsible for the formation and regulation of the
epididymal luminal microenvironment, as ion and water transporters including Na+-K+ ATPase
subunits and AQP9. The loss of Pten changed the transporter activity resulting in alteration of the
luminal fluid microenvironment that possibly lead to male infertility [63].

A normal epididymal structure was observed in both groups at PND7 and PND14. However, there
was a significant decrease in the mean values of the epididymal duct and luminal diameters, whereas
the epithelium was thicker in LP animals, mainly in the IS, caput and corpus regions. An association
between decreased plasma testosterone levels and changes in the diameter of the epididymis has been
shown. Therefore, androgen deprivation over time can be related to a decreased MVD index and lower
blood supply, possibly resulting in a reduction in the epididymal tubule diameter in all epididymal
segments and a decrease in the height of epithelial cells in the IS and caput of adult rats [64].

Our data support the hypothesis that a low-protein diet during gestation and lactation alters
VEGFa, VEGFr-2 and AQP9 expression, as well as the epididymal microvascular density, leading to
impairment in the epididymal postnatal development of the offspring.

It is not still clear which are the mechanisms and molecules pathways essential for epididymis
function that are affected by maternal protein restriction. Our study shows changes in the levels of some
proteins involved in epididymal intraluminal environment and suggest that this may be one of the
factors responsible for the change in sperm quality previously described by other authors [16,57,65].
Thus, it seems interesting to repeat this experimental protocol, to investigate molecules involved in the
epididymal luminal environment formation and maintenance during postnatal development, and
proteins secreted into the epididymal luminal environment, in addition to the molecules known to
create the epididymal luminal microenvironment, e.g., ATPase, apolipoprotein, Ros-1. Finally, the
possibility of monitoring the possible effects on successive generations could add important and useful
information to understand other topics of the fetal programming theories.

5. Conclusion

Maternal protein restriction changes epididymal morphogenesis during the onset of postnatal
development. These changes are associated with an impaired bloody supply and alterations in the
expression of proteins required for angiogenesis and for the correct formation and maintenance of the
epididymal microenvironment. Thus, our data suggest that these alterations during the early stages of
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epididymal development may be related to changes in sperm quality, which were already reported in
adult animals.
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Dieta Materna de Baixa Proteina modula ERK/Src e Wnt9b nas fases iniciais do

desenvolvimento epididimario na prole masculina de ratos Wistar.

O epididimo desempenha papel importante na maturacdo dos espermatozoides,
incluindo a aquisicdo de motilidade progressiva e a capacidade de fertilizagdo. E originado do
ducto mesonéfrico e deve alcancar a forma, tamanho e comprimento ideal para se tornar
funcional. Assim, é essencial que os complexos processos morfogénicos sejam regulados e
ocorram no tempo certo do desenvolvimento epididimario pré e pos-natal (Xu et al., 2014).

A estabilizacdo e diferenciacdo do ducto mesonéfrico é dependente de diferentes
fatores, que incluem hormdnios sexuais e fatores de crescimento. Os andrdgenos, produzidos
pelos testiculos fetais, sdo responsaveis pela estabilizacdo do ducto e, fatores de crescimento,
modulados por andrdgenos, estdo diretamente relacionados a regula¢ao dos processos de
enovelamento, migragdo, proliferacdo e diferenciacdo celular, eventos responsaveis pela
formagédo do epididimo (Welsh et al., 2009; Kumar e Tanwar, 2017).

O ducto epididimario ao final da sua morfogénese atinge mais trés metros no rato e
seis metros no humano. Assim, este ducto dobra-se em uma estrutura organizada, de modo
que permaneca com comprimento e forma adequados para a passagem dos espermatozoides
(Joseph et al., 2009).

Em ratos, no dia gestacional 17,5, o ducto mesonéfrico inicia, na regido mais
proximal, o enovelamento bidimensional. O enovelamento progride gradualmente ao longo
do ducto e no DG20,5, inicia-se o enovelamento tridimensional (Joseph et al., 2009; Hinton
et al., 2011). Concomitantemente ao enovelamento, o processo de alongamento do ducto
ocorre através de dois eventos principais: proliferacdo e rearranjos das células epiteliais (Xu
etal., 2016). O enovelamento e o alongamento ainda continuam durante o periodo pds-natal,
juntamente com a formacdo dos septos que permitem a divisdo do ducto em varios
segmentos. Embora existam diversos mediadores dos processos de alongamento e
enovelamento, ainda ndo esta claro como os mecanismos modulam o comprimento e a forma
do ducto epididimario (Kumar e Tanwar, 2016).

A sinalizacdo Wnt desempenha um papel fundamental no desenvolvimento
embrionario e pos-natal de diferentes sistemas. E amplamente expressa nos 6rgaos
precursores dos genitais, incluindo o ducto mesonéfrico, e esta relacionada a proliferacédo e
a polaridade celular, sendo entdo considerada essencial para o correto alongamento e

enovelamento do epididimo (Tanwar et al., 2010; Kumar et al., 2016). No epitélio do ducto



34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

mesonéfrico, a Wnt9 é amplamente expressa e, animais nocaute para esta proteina
apresentaram falhas no desenvolvimento embrionédrio e nas fases iniciais pds-natais
associadas a proliferacdo e integridade das células epiteliais do epididimo (Karner et al.,
2009; Kumar e Tanwar, 2017).

A proliferacdo celular, no segmento inicial do epididimo poés-natal, também ¢é
regulada via quinases, a familia de quinases Src, que por sua vez sdo reguladas por sinais
extracelulares (ERK). Assim, o periodo entre o final do desenvolvimento embrionario e o
inicio do desenvolvimento pds-natal é extremamente importante, pois é durante este periodo
que o ducto mesonéfrico sofre regionalizacéo e os tecidos epitelial e mesenquimal passam
por alteracbes morfoldgicas e atingem a maturidade (Snyder et al., 2010).

As proteinas Src sdo proteinas quinases ndo receptoras, que desempenham papel
chave na regulacdo da transducdo de sinal por um conjunto diverso de receptores da
superficie celular (Parsons and Parsons, 2004). Recentemente tem se destacado o papel
essencial das Src no desenvolvimento epididimario e também em alteracGes importantes
relacionadas a capacidade de maturacdo dos espermatozoides (Krapf et al., 2012).

Krapf e colaboradores (2012) mostraram que camundongos Src nocaute apresentam
espermatozoides com motilidade reduzida e sdo incapazes de fertilizar um ovacito in vitro.
Nesses animais, os testiculos e cabecga e corpo epididimarios aparentam ser normais, no
entanto, a cauda do epididimo apresentou tamanho reduzido quando comparada ao animal
controle. Baseado nos resultados desse estudo, os autores atribuiram papel essencial para Src
no desenvolvimento epididimario e sugeriram, que Src também é responsavel por
importantes alteracGes na capacidade de maturacdo dos espermatozoides que ocorrem
durante sua passagem pelo epididimo (Krapf et al., 2012).

Dentre as regides epididimaria, o segmento inicial (SI) tem papel fundamental na
maturacdo dos espermatozoides, e assim sua correta formacdo € fundamental (Xu et al.,
2014). O SI contém altos niveis de atividade dos componentes da via ERK, sendo esta via
formada por uma cascata de proteinas-quinases intracelulares, tais como MAPK3 e/ou
MAPK1 (conhecido como ERK1 e ERK?2). Durante as fases iniciais do desenvolvimento
pos-natal, a ERK1/2 é ativada para que haja a promocdo da proliferacdo celular e
citodiferenciacdo das células principais e células basais (Xu et al., 2010; Xu et al., 2014;
2010; Rodriguez et al., 2002).

96

Na ultima década, estudos tem relacionado a infertilidade masculina a defeitos

congénitos ocasionados por falhas durante o desenvolvimento embrionario e fetal (Esteves

et

al., 2011). Dependendo das condi¢des do ambiente materno, o embrido pode sofrer uma
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programacao fetal, alterando a formacao e funcionamento dos 6rgdos, na tentativa de predizer
as condi¢Bes ambientais que ird viver. No entanto, essas alteragdes podem levar a ma formacgéo
e funcionamento dos 6rgdos de maneira irreversivel, bem como o desenvolvimento de doencas
na idade adulta (Barker et al., 1989; Langley-Evans e McMullen, 2010).

Dentre os modelos conhecidos de programacéo fetal, a restricdo proteica na dieta
oferecida a ratas gestantes e/ou lactantes € um dos modelos mais utilizados (Langley-Evans e
McMullen, 2010; Fleming et al., 2017). A literatura reporta que ratos adultos, cujas as mées
foram submetidas a restricdo proteica gestacional, apresentaram alteracfes associadas as
funcdes do epididimo, como: reducdo da motilidade, viabilidade e concentracdo espermatica,
alteracbes morfoldgicas e a presenca de gota citoplasmatica (Toledo et al., 2011; Rodriguez-
Gonzalez et al., 2014). Entretanto, apesar dos estudos mostrarem os efeitos da desnutricdo
materna sobre as fungdes epididimaria, ndo ha trabalhos na literatura que mostrem se estas
alteracdes podem ter ocorrido durante fases importantes do desenvolvimento do epididimo,
bem como, os possiveis mecanismos que possam estar ligados a falhas na funcionalidade deste

0rgdo na idade adulta.

Delineamento experimental

Ratos da linhagem Wistar (40 fémeas com 60 dias de idade e 20 machos com 90 dias
de idade), provenientes do Biotério Central da Universidade Estadual Paulista — UNESP —
Campus de Botucatu/SP, foram mantidos no Biotério de Pequenos Mamiferos do Departamento
de Anatomia do Instituto de Biociéncias da UNESP — Campus Botucatu, em gaiolas de
polietileno (43x30x15cm) com substrato de maravalha autoclavada, em condicGes controladas
de luminosidade (12 horas de luz/12 horas de escuro) e temperatura (média de 22°C). Os
animais receberam agua e racdo para roedores ad libitum.

Os procedimentos experimentais foram realizados de acordo com os Principios Eticos
na Experimentacdo Animal adotados pelo Colégio Brasileiro de Experimentacdo Animal
(COBEA) e foram aprovados junto & Comissdo de Etica em Experimentacdo Animal (CEEA)
do Instituto de Biociéncias de Botucatu sob 0 niumero 798-CEUA.

Ap0s a aclimatacdo dos animais, duas fémeas e um macho foram alojados em caixas
maternidade durante o periodo escuro do ciclo. No dia seguinte, foram realizados esfregacos
vaginais, utilizando agua destilada e swab estéril, seguidos da analise das laminas em
microscopio de luz, onde a presenca de espermatozoides indicou a prenhez do animal,

marcando assim o dia 0 da gestacdo (GD 0).
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Apos a detecgdo da prenhez as ratas foram aleatoriamente transferidas para caixas
individuais para formacéo dos grupos maternos experimentais: grupo normoproteico (NP): 19
mdes alimentadas com dieta normoproteica AIN-93G ad libitum (17% de proteina); grupo
hipoproteico (HP): 19 maes alimentadas com dieta AIN-93G hipoproteica ad libitum (6% de
proteina). As dietas foram administradas durante toda a gestacéo até o dia p6s-natal (DPN) 14
da prole. A dieta AIN-93G foi formulada pelo Instituto Americano de Nutri¢do projetada para
acomodar 0 aumento das demandas nutricionais para crescimento, prenhez e lactacdo de

roedores.

Grupo Normoproteico (NP)

yi = /
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Figura 1: llustracdo do delineamento experimental.

Durante a gestacdo, 5 ratas de cada grupo experimental foram laparotomizadas para a
coleta dos embrides machos no DG17,5 e as demais ratas prenhes seguiram até o final da
gestacdo (DG21) (ver detalhes da metodologia em Xu et al., 2016)

Ap0s o nascimento, o tamanho da ninhada foi padronizado para oito filhotes por mae,
em ambos 0s grupos experimentais, para garantir a igualdade de alimento para todos os filhotes.
Os filhotes permaneceram com as maes em caixas individuais até 0 momento da eutanasia nos
DPN7 (NP=17/grupo; HP=19/grupo), ou DPN14 (NP=19/grupo; HP=26/grupo).

Nos dias das coletas, os filhotes machos foram anestesiados com Ketamina e Xilasina,
e eutanasiados por decapitacdo. Os epididimos foram coletados, pesados e acondicionados em
criotubos, submersos em nitrogénio liquido e armazenados a -80°C até 0 momento da extragdo

de proteinas para realizagdo da técnica de Western blotting.
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Cultura tecidual dos ductos mesoneéfricos

Para cultura de tecido, os ductos mesonéfricos foram coletados isoladamente, sem 0s
testiculos, e a bexiga urinaria foi reduzida ao maximo. Os ductos foram alocados em placa de
6 pocos contendo meio de cultura (PEN Strep, DMEM, Insulin-Transferrin-Selenium (ITS),
Testosterona 10nm) e incubados em CO, em temperatura de 37°C. Os ductos em cultura foram
analisados, para ver se havia desenvolvimento, e posteriormente, fotografados e tiveram o
comprimento mensurado nos tempos de 0, 24, 48 horas utilizando o programa Image J para
Windows ©.

Extracao e quantificacdo de proteinas e Western blotting no DPN 7 e DNP14

Os epididimos dos animais nas idades de 7 e 14 dias pds-natais foram processados
inteiros (devido ao tamanho pequeno do 6rgédo néo foi possivel a divisdo em segmentos) e foram
feitos pools de 3 ou mais animais. As amostras foram processadas a 4°C em tampédo RIPA
(BioRad®, BioRad Laboratories, USA; 30mg de tecido/100pl de tamp&o de extragdo) e coquetel
de inibidores de proteases (Sigma-Aldrich® USA) em homogeneizador do tipo Tureaux em 3
ciclos de 10 segundos. O homogeneizado foi centrifugado a 14.000 rpm a 4°C por 20 minutos
e 0 sobrenadante coletado. A quantificacdo de proteinas foi realizada em placas de ELISA com
96 pogos, em leitor de ELISA (Epoch Microplate Spectrophotometer, BioTek®) pelo método
de Bradford (Bradford, 1976).

As aliquotas foram tratadas com tampéo fosfato de sodio 1M pH 7,0 contendo azul de
bromofenol 0,1%, glicerol 50%, SDS 10% e ditiotreitol 200mM (Laemmli, 1970) e aquecidas
a 95°C por 5 minutos em banho seco. Em seguida, 70 pg/pL das proteinas foram separadas por
eletroforese vertical (Mini-Protean, BioRad®) em gel de SDS-poliacrilamida a 10% utilizando-
se protocolo de 70V por 15 minutos, seguido de 120V por mais 1 hora e meia. A eletro-
transferéncia do gel para membrana de nitrocelulose foi feita em sistema Umido a 350ma.
Ligacdes inespecificas de proteinas foram blogueadas por meio da exposi¢do das membranas
ao Leite Molico® 3% em tampao TBST (Tris base 1M, Nacl 5M e Tween 20) por 1 hora em
temperatura ambiente. Em seguida, as membranas foram incubadas com os anticorpos
primarios: Wnt9b (1:500, Milipore— USA), ERK1/2 (1:1000, Milipore — USA), SRC-Y416
(1:800, Cell Signiling — USA), SRC-Y527 (1:1000, Cell Signiling), PCNA (1:800, Milipore -
USA) e pg-actina (1:800, Santa Cruz — USA), todos diluidos em TBST, e mantidas overnigth
sob agitacdo. No dia seguinte, foram realizadas 3 lavagens de 15 minutos com TBST, incubacéo
com especifico anticorpo secundario Anti-Rb ou Anti-mMs (1:2000, Sigma — USA) ou Anti-
Goat (Sigma — USA) (1:6000) diluidos em TBST por 2 horas, e posteriormente mais 3 lavagens
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de 15 minutos com TBST. Os componentes imunorreativos foram revelados a partir de
substratos quimioluminescentes (ECL), e as bandas obtidas foram submetidas a analise semi-
quantitativa por densitometria dptica (Image J for Windows ®). Os valores obtidos para cada

banda das proteinas alvos foram normalizados pelos valores das bandas de 3-actina.

Andlise estatistica

Os dados foram analisados por meio do Teste T para dados paramétricos e Mann-
whitney para dados ndo-paramétricos, utilizando o software GraphPad Prism5®. Os valores
foram expressos em MédiatErro Padrdo da Média (EPM) e a significancia equivalente a
p<0,05.

Resultados e breves comentarios

Os ductos mesonéfrico foram coletados no E17,5 e mantidos em cultura por até 48
horas. No tempo Oh foi possivel observar o inicio do enovelamento bidimensional em ambos
0s grupos. Apos a analise morfométrica, os ductos do grupo HP (Fig. 2B) mostraram ter menor
comprimento que do grupo NP (Fig. 22 e Fig. 3). No tempo 24h esta diferenca ainda
permaneceu, sendo os ductos LP menores que NP (Fig. 2C e D; Fig. 3). Apds 48h em cultura,
os ductos do grupo HP, apesar de parecerem menores que NP, a diferenca nédo foi significativa
(Fig. 2E e F; Fig. 3).
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177  Figura 2: Enovelamento dos ductos mesonéfricos em cultura tecidual com 0 (Fig. A e B), 24 (Fig. C e
178 D) e 48 (Fig. E e F), respectivamente nos grupos NP e HP. DE= Ductulos Eferentes; BU= Bexiga
179  Urinaria.

40

Ducto mesonéfrico

AR

48h
180

181  Figura 3: Comprimento dos ductos mesonéfricos (mm) em cultura tecidual com 0, 24 e 48 ap06s a coleta
182  no E17,5, respectivamente nos grupos NP e HP.

183

184 No DPN?7, os niveis da ERK1/2 aumentaram (fold-change 1,96 e 1,54 respectivamente)
185 e da SRC527 diminuiram (fold-change 0,54) nos animais HP comparados aos animais NP. Nao
186  houve diferenca significativa nos niveis proteicos da SRC416, Wnt9b e PCNA entre 0s grupos
187  experimentais (fold-change aumento de 1,80; diminuicdo de 0,71 e 0,87 respectivamente) (Fig.
188  4).

189

NP LP

DPN7

ERK1 44 KDa
ERK2 42KDa
Tyr416 60 KDa
= I Tyr427 60 KDa
Wnt9b 38 KDa
= — " PCNA 36KDa

B-actina 47 KDa

ERK2 c-SRC (Y416) c-SRC (Y527) Wnt9b PCNA

192  Figura 4: Analise dos niveis proteicos de ER1/2, SRC Y416 e Y527, Wnt9b e PCNA no DPN7. Niveis
193  proteicos das amostras do epididimo, cada banda representa pool de 4 animais em NP e 5 animais em

194 HP. O gréafico representa a expressdo relativa da densidade dptica integrada para a proteina normalizada



102

195  pela B-actina e expressa pela médiatEPM. O asterisco representa a diferenca estatistica do grupo restrito

196  (HP) em relagdo ao grupo controle (NP) (p<0,05).

197

198 No DPN14, os niveis da Wntbh9 diminuiram (fold-change 0,49) e somente da ERK2

199  aumentaram (fold-change 1,63) nos animais HP comparados aos animais NP. N&o houve

200 diferenga significativa nos niveis proteicos da ERK1, SRC427, SRC416 e PCNA entre 0s

201  grupos experimentais (fold-change diminuicdo de 0,94; 0,54 e aumento de 1,37 e 1,11

202  respectivamente) (Fig. 5).

203

NP LP
ﬁg LhAIcS . ERKI 44KDa
< g — ERK2 42KDa
Es- Tyr416 60 KDa
2 Tyr527 60 KDa
% ) T . ] e Wnt9b 38 KDa
%1' @ = o e &5 “ PCNA 36KDa
2 0 . , g,@ , '@ . - s % Boactina 47 KDa
ERK1 ERK2 c-SRC (Y416) c¢-SRC (Y527) Wnt%b PCNA

205

206  Figura5: Analise dos niveis proteicos de ER1/2, SRC Y416 e Y527, Wnt9b e PCNA no DPN14. Niveis

207  proteicos das amostras do epididimo, cada banda representa pool de 4 animais em NP e 5 animais em

208  HP. O grafico representa a expressao relativa da densidade Optica integrada para a proteina normalizada

209  pela B-actina e expressa pela médiaxEPM. O asterisco representa a diferenca estatistica do grupo restrito

210  (HP) em relacdo ao grupo controle (NP) (p<0,05).

211

212 Nossos resultados mostraram que a restricdo proteica materna, durante a gestacdo e

213  lactacdo, atrasa o inicio do crescimento do ducto mesonéfrico e diminui a expressdo da Wnt9b.

214  Estes resultados sugerem que houve alteracfes na formacéo inicial do epididimo. E, portanto,

215  os aumentos dos niveis proteicos da ERK1/2 e Src ativa observados, poderiam indicar uma

216  resposta do tecido para recuperar o crescimento do 6rgdo nesta fase inicial do desenvolvimento

217  epididimario pds-natal.

218 Fatores ndo androgénicos estdo claramente relacionados ao enovelamento, migracao,

219  proliferacdo e diferenciacdo celular do epididimo, mas suas identidades e mecanismos ainda

220  ndo sdo completamente esclarecidos (Kumar e Tanwar, 2017).
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Estudos em humanos e ratos tém destacado a importancia da sinalizagdo via Wnt para
o0 desenvolvimento de 6rgdos urogenitais, tanto masculino quanto feminino (Biason-Lauberet
et al., 2004). Sabe-se que a desregulacdo desta via resulta em méas formacBes durante o
desenvolvimento dos érgdos genitais, bem como é essencial para o correto alongamento e
enovelamento do ducto mesonéfrico (Tanwar et al., 2010; Kumar et al., 2016).

No periodo po6s-natal do desenvolvimento epididimario em camundongos a sinalizacdo
da Wnt via B-catenina é altamente ativa no epididimo, principalmente do DPN1 ao DPN35.
Nas duas primeiras semanas apos o nascimento (do DPN1 ao DPN14) a marcagdo da Wnt é
igualmente distribuida em todas as regides ao longo ducto. No entanto, esta proteina é somente
expressa no epitélio, sendo sua marcacdo ausente no mesénquima do ducto epididimario
(Kumar e Tanwar, 2017).

Kumar e Tanwar (2017), utilizando camundongos nocaute para Wnt, mostraram que a
supressdo epitelial na sinalizagdo de Wnt/B-catenina, nos estagios iniciais do desenvolvimento
epididimario pos-natal, altera a integridade e diminui a proliferacdo celular. Estas alteragdes
resultaram na reducdo do tamanho do epididimo e do seu enovelamento, e afetaram
negativamente a comunicacao epitélio-mesénquima, levando a consequéncias como, atrofia do
epitélio e lamen ductal atipico.

Durante a morfogénese pre e pos-natal, o epididimo expressa diversas Wnts. Dentre elas
estdo as Wnt4 e a Wnt9b, sendo que a Wnt9b é a mais expressa, atua com um sinal paracrino e
esta relacionada aos primeiros sinais do desenvolvimento do ducto mesonéfrico (Carroll et al.,
2005). Nossos dados mostraram que a restricao proteica diminuiu os niveis da Wnt9b nas fases
inicias do desenvolvimento pds-natal. Este resultado pode indicar que a integridade das células
epiteliais esta sendo afetada, bem como possiveis mecanismos de proliferacdo celular. Além
disso, este resultado pode estar relacionado a dados prévios obtidos pelo nosso grupo, que ja
mostraram que a restricdo proteica materna altera a morfologia do epididimo em
desenvolvimento, por meio da diminuicéo na altura do epitélio e no diametro do ducto (dados
ainda ndo publicados).

A diminuicdo da expressdao da Wnt9b, fator que também atua sobre a promocdo da
proliferacdo celular do ducto durante a fase embrionaria, pode estar relacionada a diminuicéo
do comprimento do ducto mesonéfrico, encontrado nas primeiras horas do enovelamento.

O epididimo em desenvolvimento também contém altos niveis de atividade das SRCs,
sendo estas, outras moléculas-chave na sinalizacdo da morfogénese epididimaria (Xu et al.,
2016). As SRCs sdo proteinas que pertencem a familia de proteinas quinases ndo receptoras e

desempenham papel chave na regulagéo da transdugéo de sinal, por um conjunto diverso de
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receptores da superficie celular, atuando no crescimento e na diferenciacdo celular (Thomas e
Brugge, 1997; Parsons and Parsons, 2004).

A atividade destas proteinas é regulada pela tirosina fosforilada (Csk) em dois locais
que geram efeitos opostos. A fosforilacdo no loop de ativacdo do dominio quinase Tyr416
aumenta a atividade enzimética. Ja a fosforilacdo na cauda carboxiterminal Tyr527 por Csk
torna a enzima menos ativa (Hunter, 1987). A SRC tem altos niveis de expressdo no periodo
entre o final do desenvolvimento embrionario e o inicio do desenvolvimento pos-natal. Sendo
assim, é extremamente importante a avaliacdo desta via, pois é durante este periodo que o ducto
mesonéfrico sofre regionalizacao e os tecidos passam por alteracGes morfoldgicas que originam
os tecidos totalmente maduros (Snyder et al., 2010).

No DPN7 foi observado que houve diminuicdo do PCNA, marcador da proliferacéo
celular, apesar de ndo significativo, no grupo HP em relacdo ao controle. Nesta mesma idade,
também foi observado aumento significativo nos niveis da Src ativa acompanhada do aumento
da expressdo de ERK1/2 no grupo HP em relagdo ao NP.

A proliferacéo celular na regido de segmento inicial do epididimo, na fase pos-natal, é
regulada via SRCs. Estas, por sua vez, sdo reguladas por sinais intracelulares. A via ERK € uma
cascata de proteinas-quinases intracelulares, tais como MAPK3 e/ou MAPK1, também como
ERK1 e ERK2. Xu e colaboradores (2016) mostraram que a delecdo do gene SRC em
camundongos e a inibicdo farmacoldgica da atividade da SRC resultaram em diminuic¢do da
atividade da ERK1/2, sugerindo que no epididimo, a sinalizacdo da SRC pode ocorrer por meio
da via ERK e consequentemente, a ERK passa a também regular a proliferacéo e diferenciacédo
celular do SI.

Os primeiros estagios do desenvolvimento epididimario pds-natal, antes do DPN15 no
rato, sao referidos como periodos indiferenciados. Durante esses estagios, as células epiteliais
do segmento inicial ainda ndo foram expostas a fatores luminais, pois a primeira onda luminal
ocorre somente apds esta idade. Ou seja, as células epiteliais indiferenciadas ainda néo
dependem de fatores luminais para proliferacdo e manutencdo (Xu et al., 2016). E importante
ressaltar que, principalmente no segmento inicial, a via ERK expressa altos niveis de atividade
e, portanto, esta regido responde intensa e rapidamente aos fatores luminais. No entanto, parece
que antes da primeira onda de fatores luminais outros elementos parecem influenciar sobre esta
via (Xu et al., 2014).

Animais nocautes AR-SI especifico tiveram as atividades da via ERK reduzidas e
posteriormente, nos animais adultos, foi constatado o comprometimento da diferenciac¢do do SI

e, consequentemente, esses animais eram inférteis (Krutskikh et al., 2011). Nossos resultados
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prévios mostraram que houve aumento da imunomarcacdo de AR nas células epiteliais do
segmento inicial nos animais do grupo HP, bem como aumento de AR nas células
mesenquimais, demonstrando atraso na citodiferenciagdo nos epididimos restritos (dados ainda
néo publicados).

Esses dados podem estar relacionados aos resultados obtidos para a via SRC/ERK. O
aumento da atividade destas proteinas sugere aumento das atividades de proliferacdo e
diferenciacdo celular na regido Sl, neste periodo inicial, 0 que compensaria o atraso observado.

Esta hipdtese pode ser fortalecida ao observamos que no DPN14 houve aumento do
PCNA, mesmo que néo significativo, no grupo HP, em relagcdo ao controle. Bem como, 0
reestabelecimento dos niveis SRC/ERK do grupo HP em relacdo aos niveis das mesmas
proteinas no grupo NP.

Outro fato interessante, porém, ainda pouco estudado é a correlacéo entre o estradiol e
0s niveis de atividade ERK. Recentemente, por meio de células de cancer de mama,
pesquisadores observaram uma relagédo entre o aumento do estradiol e aumento na ativacao da
fosforilagdo da via ERK (Elloumi-Mseddi et al., 2014). Sabe-se que 0s estrogénios podem
induzir aumentos rapidos nos niveis de mensageiros intracelulares secundarios, incluindo célcio
e AMPc, bem como a ativacdo da fosfolipase C (Collins e Webb, 1999). Assim, dados sugerem
que a sinalizacdo da ERK via SRC pode sofrer uma ativacéo direta, porem rapida e transitoria,
por meio da expressdo dos receptores de estrogenos (ER). O curso do tempo dessa ativagéo se
assemelha ao dos horménios peptidicos, apoiando a hipdtese de que eles ndo envolvem a acao
genbmica “classica” dos estrogénios (Wong et al., 2002).

A restricdo proteica materna aumenta os niveis de estradiol serico nos filhotes machos
e aumenta a expresséo de ERa no tecido epididimario no DPN7 (dados ainda nao publicados),
mesmo periodo em que foram observados o aumento da expressdo da SRC/ERK. Esses dados
podem reforcar a hipotese de que esta via pode ser modulada pela expressdo de ER, por meio
de uma acdo répida e transitoria.

Assim, concluimos que a restricdo proteica materna leva a um atraso no
desenvolvimento do ducto mesonéfrico e nas fases iniciais no desenvolvimento poés-natal, e
como consequéncia disse atraso, € possivel observar o aumento da atividade da via SRC/ERK,
que poderia ser considerada como tentativa de recuperar o correto desenvolvimento

epididimario.
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Nossos resultados mostraram que programacao fetal por restricdo proteica materna leva
ao aumento de estradiol sérico na prole masculina e causa alteragdes importantes nas fases
iniciais do desenvolvimento epididimario p6s-natal, como: diminui a densidade microvascular;
compromete o microambiente luminal; causa estrogenizacdo do tecido epididimério;
compromete a citodiferenciagdo modulada por hormdnios e fatores de crescimento; altera a
expressdo de proteinas importantes que atuam na interagcdo epitélio-mesénquima; altera a
atividade de proteinas que modulam a proliferacdo celular e citodiferenciacéo, e ainda na fase
embrionaria, atrasa o desenvolvimento do ducto mesonéfrico. Assim, constroi-se a hipétese de
que essas alteragdes durante as fases iniciais do desenvolvimento possam estar relacionadas as
alteracOes encontradas nas fun¢des do epididimo em ratos adultos cujas mées sofreram restricdo

proteica nas fases de gestacao e lactacéo.
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