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“Biology is the study of complicated things that have the appearance of having been designed
with a purpose.”

Richard Dawkins


https://www.brainyquote.com/authors/richard-dawkins-quotes

Resumo

ISOLA, José Victor Vieira. Efeitos do 17a-Estradiol na reproducéo de
camundongos. 2022. 81f. Tese (Doutorado em Ciéncias) - Programa de PG4s-
Graduacao em Veterinaria, Faculdade de Veterinaria, Universidade Federal de
Pelotas, Pelotas, 2022.

O 17a-estradiol (17a-E2) € uma intervencao pro-longevidade bem estabelecida na
literatura, capaz de beneficiar a salde de camundongos machos. No entanto, nenhum
estudo avaliando os efeitos do 17a-E2 na fertilidade de camundongos havia sido
relatado até o momento, portanto, nesta tese, objetivamos avaliar os efeitos do 17a-
E2 na fertilidade de camundongos de ambos os sexos e também no envelhecimento
ovariano. Sabe-se que o 17a-E2 leva a uma diminuicdo na ingestado de alimentos de
maneira semelhante a restricdo calérica (RC) branda. Sendo assim, também
avaliamos os efeitos da RC branda (10%) no envelhecimento ovariano e na fertilidade
de camundongos fémeas em contraste com 17a-E2 e um RC moderada (30%) por um
periodo de 24 semanas. Para tanto, utilizamos camundongos fémeas C57BL/6
(n=9/grupo), e avaliamos a reserva ovariana, produgéo de embrides, taxa de prenhez
e tamanho da ninhada. Tanto a RC de 10% quanto a de 30% provocaram efeitos
positivos na preservacao da reserva ovariana e na fertilidade, conforme evidenciado
por maiores taxas de prenhez apés a realimentacdo. O 17a-E2 no entanto, ndo afetou
a preservagéo ovariana ou fertilidade. Para a avaliagéo da fertilidade de machos, duas
coortes de camundongos C57BL/6 machos foram tratados com 17a-E2 (n=10 e 30)
de trés a sete ou oito meses de idade. Esses camundongos foram acasalados com
fémeas ndo tratadas e com estro sincronizado para coleta de embrides ou contagem
de locais de implantacdo uterina. Além do desempenho reprodutivo dos machos
guando acasalados com as fémeas, também foram avaliados os niveis hormonais, a
qualidade do sémen e morfologia testicular. Apesar dos machos recebendo 17a-E2
ganharem menos peso ao longo do estudo, ndo foram encontradas diferencas para a
totalidade das variaveis reprodutivas, mostrando que 17a-E2 ndo afeta a fertilidade de
camundongos machos adultos. Coletivamente, nossos dados indicam 17a-E2 em uma
dose de 14,4 ppm na dieta, que é estabelecida como eficaz para induzir efeitos proé-
longevidade em camundongos machos, ndo afeta os parametros reprodutivos em
camundongos de ambos 0s sexos e também néo afeta o envelhecimento ovariano em
camundongos fémeas.

Palavras-chave: envelhecimento ovariano; fertilidade; intervengbes anti-
envelhecimento; restricao caldrica.



Abstract

ISOLA, José Victor Vieira. Effects of 17a-Estradiol on mice reproduction. 2022.
81f. Thesis (Doctor degree in Sciences) - Programa de Pés-Graduagdo em
Veterinaria, Faculdade de Veterinaria, Universidade Federal de

Pelotas, Pelotas, 2022.

17a-estradiol (17a-E2) is a well-established pro-longevity intervention with benefits to
male mice healthspan. However, no studies assessing 17a-E2 effects on male fertility
had been reported so far, hence we aimed to evaluate the effects of 17a-E2 on fertility
of mice from both sexes and also ovarian aging. 17a-E2 has been shown to decrease
feed intake in a similar fashion that a mild calorie restriction (CR). However, the effects
of mild CR (10%) on ovarian aging had not yet been addressed. Hence, we also
assessed effects of mild calorie restriction on female ovarian aging and fertility in
contrast to 17a-E2 and a standard — moderate (30%) — CR. For this purpose, we
subjected C57BL/6 female mice (n=9/group) to treatment with 17a-E2 or two levels of
CR over a 24-week period. In these mice we evaluated ovarian reserve, embryo
production, pregnancy rate and litter size. Both 10% and 30% CR elicited positive
effects on the preservation of the ovarian reserve, whereas 17a-E2 did not affect
parameters associated with ovarian function. Following refeeding, both 10% and 30%
increased fertility as evidenced by greater pregnancy rates. 17a-E2 however, failed to
improve ovarian reserve preservation or fertility. For the male fertility assessment, two
cohorts of male C57BL/6 mice were supplemented with 17a-E2 (n=10 and 30) from
three to seven or eight months of age. These mice were mated with non-treated
previously synchronized three-month-old females for embryo collection or counting of
uterine implantation sites. Plasma hormonal levels, sperm quality, testes morphology
were also evaluated. Despite males treated with 17a-E2 having lower body weight
gain, no differences were found for the totality of the reproductive variables, showing
that 17a-E2 does not affect the fertility of adult male mice. Collectively, our data
indicate that 14.4 ppm of 17a-E2, which is established as effective to improve
healthspan effects in male mice, does not affect reproductive parameters in mice of
both sexes, and also fails to affect ovarian aging in female mice.

Keywords: calorie restriction; fertility; healthspan interventions; ovarian aging.
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1 Introducéo

A expectativa de vida tem aumentado na populagdo humana nas Ultimas
décadas (CHRISTENSEN et al., 2009). No entanto, com o aumento da idade ocorre
um declinio das fun¢des metabdlicas, aumentando a ocorréncia de doencas crbnicas
como obesidade e diabetes (LOPEZ-OTIN et al., 2013). Existem diversas intervengdes
capazes de modular as vias intracelulares de deteccdo de nutrientes que podem
retardar o envelhecimento fisiolégico. Intervencdes relacionadas a restricdo no
consumo de calorias estdo bem estabelecidas como capazes de aliviar o declinio na
saude decorrente do avancar da idade em diversos modelos animais (FONTANA e
PARTRIDGE, 2015). Em humanos, no entanto, efeitos colaterais e a baixa
aceitabilidade dificultam o emprego de tais intervencbes (LEE et al.,, 2021;
TREPANOWSKI et al., 2017). Sendo assim faz-se necessaria a busca de alternativas
farmacoldgicas que possam proporcionar resultados semelhantes.

Uma das intervencbes farmacologicas que vem sendo estudada é o 17a
estradiol (17aE2). O 17a-E2 é um diastereoisdmero natural do 173-Estradiol (173-E2)
gue foi predominantemente estudado como um hormdnio neuro-protetor em modelos
de isquemia, doenca de Alzheimer e Parkinson (PEREZ et al., 2005). Recentemente,
os efeitos do 17a-E2 no envelhecimento sistémico, longevidade e condicbes que
promovem o envelhecimento, como a obesidade, vem sendo avaliados e 0 composto
se demonstra capaz de modular beneficamente tais parametros (HARRISON et al.,
2014; STEYN et al., 2018; STOUT et al., 2017; STRONG et al., 2016). O 17aE2,
guando fornecido a camundongos, reverte varias condicfes associadas com 0 avanco
da idade, incluindo adiposidade visceral, acumulo de lipideos ectdpicos, intolerancia
a glicose, resisténcia a insulina, inflamacao cronica de baixo grau e danos ao DNA de
hepatocitos (HARRISON et al., 2014; STOUT et al., 2017; STRONG et al., 2016). Além
disto, 0 17a-E2 também apresenta efeitos no cérebro, causando reducdo na ingestao
de calorias através da modulacdo de vias anorexigenas hipotalamicas (STEYN et al.,
2018). Estes efeitos anorexigenos podem ser observados também em camundongos
com obesidade induzida e geneticamente propensos a hiperfagia (MANN et al.,
2020b).
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Os mecanismos de ac&o do 17a-E2 ainda n&do foram completamente
elucidados. Até recentemente, existia controvérsia a respeito de qual receptor de
estradiol era responsavel pela resposta ao 17a-E2. A afinidade do 17a-E2 com o
receptor de estradiol B (ERB) ¢é baixa (ANSTEAD; CARLSON e
KATZENELLENBOGEN, 1997), e acredita-se que por este motivo o 17a-E2 néo
apresenta efeitos feminilizantes (STOUT et al., 2017). No entanto, a importancia do
receptor de estradiol a (ERa) ndo havia sido demonstrada até recentemente.
Utilizando-se camundongos transgénicos com knockout do gene do ERa (ERaKO),
pode-se observar que na auséncia de um receptor ERa funcional, o 17a-E2 néo é
capaz de desempenhar seus efeitos, 0 que representa uma forte evidéncia quanto aos
efeitos do 17a-E2 serem desencadeados via ERa (MANN et al., 2020a). Estes
resultados sdo um grande avanco para o melhor entendimento dos mecanismos de
agao do 17a-E2 e abrem novas possibilidades para seu entendimento na funcéo
reprodutiva.

Além disto, resultados recentes nos sugerem que grande parte dos efeitos
benéficos do 17a-E2 sdo mediados pelo figado, ainda que o hipotdlamo também
expresse ERa e esteja envolvido na ativagdo de vias anorexigenas que causam a
reducao no consumo de alimentos em resposta ao 17a-E2 (STEYN et al., 2018). No
entanto, as gbnadas também parecem estar envolvidas no mecanismo de a¢édo do
17a-E2. Garratt et al ao relatarem varios beneficios de 17a-E2 em camundongos
machos, incluindo melhor tolerancia a glicose e sensibilidade a insulina, aumento da
sinalizacao hepatica de mTORC2 (GARRATT et al., 2017), aumento do ciclo da ureia
hepatica (GARRATT et al., 2018) e preservacédo prolongada do masculo esquelético
(GARRATT et al., 2019), observaram uma grande diminuicdo de tais efeitos em
machos castrados, sugerindo que o metabolismo dos andrégenos pode estar
envolvido nos efeitos mediados por 17aE2. Além disto, fémeas com ovarios normais
nao obtiveram beneficio do tratamento com 17aE2, enquanto fémeas
ovariectomizadas apresentaram modulacdo da atividade de mTORC1 no figado
quando tratadas (GARRATT et al., 2017). Estas observagdes corroboram dados
recentes, que demonstram que o 17a-E2 previne obesidade e perda éssea somente
em fémeas ovariectomizadas (MANN et al., 2020b). Desta maneira, parece que 0S
tecidos reprodutivos tém uma influéncia direta sobre os efeitos benéficos do 17a-E2.
Existe a possibilidade de que exista uma competi¢do entre 17a-E2 e 17B-E2 por

receptores estrogénicos. Neste caso a producao enddégena de altos niveis de 173-E2
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na fémeas poderia ser capaz de suprimir a ligagdo do 17a-E2 ao Era, uma vez que o
17B-E2 possui afinidade maior com ambos os receptores (Era e Erf3) (ANSTEAD;
CARLSON e KATZENELLENBOGEN, 1997), explicando a baixa responsividade das
fémeas intactas.

Além da questao da baixa responsividade de fémeas ao tratamento com 17aE2,
outras lacunas ainda precisam ser elucidadas. Entender os possiveis efeitos do 17a-
E2 na reproducéo de camundongos € uma delas. Ndo temos conhecimento a respeito
de nenhuma publicacéo reportando dados reprodutivos de camundongos machos e
fémeas tratados com 17a-E2. Dados os efeitos benéficos antienvelhecimento desta
molécula, analisar seus efeitos tanto na fertilidade de camundongos de ambos os
sexos, quanto na reserva folicular e envelhecimento ovariano de camundongos
fémeas € de suma importancia para que se possa melhor compreender seus
mecanismos de acdo e para que estudos em humanos possam avangar com
seguranca.

A reserva ovariana compreende o numero de foliculos existentes nos ovarios
de uma fémea. Esta reserva é finita, e uma vez ativados os foliculos primordiais
seguirdo se desenvolvendo até a ovulagdo ou sofrerdo atresia em alguma fase do
processo. Portanto, quanto maior a taxa de ativacao destes foliculos mais cedo se
daré o esgotamento da reserva (BROEKMANS; SOULES e FAUSER, 2009). Uma vez
esgotada esta reserva, as mulheres iniciam a menopausa, uma fase da vida associado
ao maior risco de desenvolvimento de diabetes e doencas cardiacas (WELLONS et
al., 2012). Menopausa precoce esta inclusive associada a reducao na expectativa de
vida (OSSEWAARDE et al., 2005), evidenciando esta relacdo entre envelhecimento
ovariano e longevidade. A maioria das intervencfes antienvelhecimento também
apresenta efeitos positivos na manutencéo da reserva ovariana, através da diminui¢ao
da taxa de ativacdo de foliculos primordiais (SCHNEIDER et al., 2020). Em um estudo
prévio, fizemos o primeiro relato a respeito da reserva ovariana de camundongos
tratados com 17a-E2 (ISOLA et al., 2020). Neste estudo, surpreendentemente, nédo
observamos nenhum efeito do 17a-E2 na preservagdo da reserva ovariana de
camundongos do tipo selvagem, diferente do que ocorre para a RC, ou para o
tratamento com rapamicina e metformina (GARCIA et al., 2019; QIN et al., 2019).
Ainda que os efeitos do 17a-E2 sejam mais brandos em fémeas, mais estudos
avaliando sua relacdo com a fisiologia ovariana e fertilidade de camundongos fémeas

precisam ser realizados.
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A diminuicdo acentuada da fertilidade com o aumentar da idade, que
observamos em fémeas ndo € tdo Obvia em machos, uma vez que nas fémeas o
envelhecimento reprodutivo esta diretamente relacionado com o declinio no nimero
de foliculos ovarianos e maior taxa de abortos (BROEKMANS; SOULES e FAUSER,
2009). No entanto, sabe-se que homens idosos possuem niveis mais baixos de
testosterona (FELDMAN et al., 2002) e espermatozoides menos viaveis (NG et al.,
2004). Em roedores com idade avancada, a literatura reporta qualidade espermatica
inferior (PARKENING; COLLINS e AU, 1988), capacidade de fertilizacdo diminuida
(PARKENING, 1989), espermatogénese e histologia testicular anormal
(HUMPHREYS, 1977; WANG; LEUNG e SINHA-HIKIM, 1993). O namero de filhotes
também pode ser reduzido quando gerados por machos de idade avancada (FRANKS
e PAYNE, 1970). Estudos que abordam intervencdes pro-longevidade na fertilidade
masculina, seja visando uma manutencédo da longevidade reprodutiva, ou mesmo
apenas visando protecao contra o envelhecimento sem prejudicar a fertilidade, sao
escassos. Os dados sobre os efeitos da RC na fertilidade masculina permanecem
controversos. Alguns autores reportam danos reprodutivos aos machos durante o
periodo de RC (COMPAGNUCCI et al., 2002; MARTINS et al., 2020; RIZZOTO et al.,
2019), enquanto outros ndo observaram diferenca (ROCHA et al., 2007). Estas
controvérsias devem-se provavelmente a diferencgas na intensidade da RC induzida e
na idade dos animais. No que diz respeito a outras intervencdes, algumas, como a
rapamicina, podem ser prejudiciais a fertilidade (KIRSANOV et al., 2020; LIU et al.,
2015), e outras, como a quercetina, podem ser prejudiciais (RANAWAT et al., 2013)
ou até mesmo benéficas (KHAKI et al., 2010), dependendo da dose. Embora nenhum
efeito feminilizante do 17a-E2 tenha sido relatado, existe a preocupacdo de que ele
possa ter efeitos negativos na fertilidade masculina, ndo apenas através da perda de
peso, mas também através dos receptores de estrogénio. Por outro lado, sabe-se que
o ERa esta envolvido na reprodugao de ambos os sexos. Na auséncia de um ERa
funcional em machos, os tubulos seminiferos séo alterados e a produgédo de sémen e
a funcdo espermatica sdo prejudicadas (EDDY et al., 1996; SINKEVICIUS et al.,
2009). O ERa também possui impacto na reprodugao feminina. Camundongos fémeas
com knockout do ERa sé&o inférteis (DUPONT et al., 2000; LUBAHN et al., 1993), e
embora estas fémeas apresentem progressao normal pelos estagios de foliculo
primordial, primario e antrais, a maturacdo dos foliculos pré-ovulatorios é
comprometida (SCHOMBERG et al., 1999). Em zebrafish, no entanto, o knockout do
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ERa resulta na hiperativagcao dos foliculos primordiais (CHEN et al., 2018). Da mesma
forma, em humanos, defeitos no gene que codifica ERa, resultam em deplegéo
prematura de foliculos ovarianos ou foliculogénese interrompida (GOSWAMI e
CONWAY, 2005).

Sendo assim, nossos objetivos foram verificar os efeitos do 17a-E2 na
fertilidade de camundongos machos e fémeas e na reserva ovariana de camundongos
fémeas. Para tanto, produzimos dois artigos. O Artigo 1 aborda os efeitos do 17a-E2
na reserva ovariana e fertilidade de camundongos fémeas, em contraste com a
restricdo caldrica moderada (30%) e branda (10%). O Artigo 2, por sua vez, aborda 0s
efeitos do 17a-E2 sobre a fertilidade de camundongos machos, avaliando parametros
como qualidade espermatica, morfologia testicular, niveis hormonais e producéo de

embrides.



2 Objetivos

De forma geral, nesta tese, objetivamos avaliar os efeitos do 17a-E2 na
reproducdo de camundongos. Mais especificamente, buscamos avaliar se a fertilidade
de camundongos machos e fémeas era afetada pelo tratamento crénico com 14.4 ppm
de 17a-E2. Também buscamos avaliar possiveis efeitos do 17a-E2 na manutencéo
da reserva ovariana de camundongos fémeas. Além disto, em camundongos fémeas
objetivamos contrastar os efeitos do 17a-E2 com efeitos da restrigdo caldrica de 30%
e uma restricdo mais branda (10%) similar a promovida pelos efeitos anorexigenos do

composto.



3 Artigos
3.1 Artigo 1

Mild calorie restriction, but not 17a-estradiol, extends ovarian reserve and
fertility in female mice

José V.V. Isola, Bianka M. Zanini, Jessica D. Hense, Joao A. Alvarado-Rincoén, Driele
N. Garcia, Giulia C. Pereira, Arnaldo D. Vieira, Thais L. Oliveira, Tiago Collares,
Bernardo G. Gasperin, Michael B. Stout, Augusto Schneider

Publicado na revista Experimental Gerontology
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Abstract

Calorie restriction (CR) (25-40%) is the most commonly studied strategy for curtailing
age-related disease and has also been found to extend reproductive lifespan in female
mice. However, the effects of mild CR (10%), which is sustainable, on ovarian aging
has not yet been addressed. 17a-estradiol (17a-E2) is another intervention shown to
positively modulate healthspan and lifespan in mice but its effects on female
reproduction remain unclear. We evaluated the effects of mild CR (10%) and 17a-E2
treatment on ovarian reserve and female fertility over a 24-week period, and compared
these effects with the more commonly employed 30% CR regimen. Both 10% and 30%
CR elicited positive effects on the preservation of ovarian reserve, whereas 17a-E2 did
not alter parameters associated with ovarian function. Following refeeding, both 10%
and 30% increased fertility as evidenced by greater pregnancy rates. In aligned with
the ovarian reserve data, 17a-E2 also failed to improve fertility. Collectively, these data
indicate that 10% CR is effective in preserving ovarian function and fertility, while 17a-

E2 does not appear to have therapeutic potential for delaying ovarian aging.
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1. Introduction

Human life expectancy has increased significantly over the past several
decades, primarily due to public health initiatives and improvements in western
medicine capabilities (Christensen et al., 2009). An unanticipated consequence of
extending human lifespan was the concomitant increase in chronic disease burden
which has more recently been linked to multimorbidity and the onset of frailty syndrome
(Lopez-Otin et al., 2013). In particular, postmenopausal females display an accelerated
aging phenotype (Levine et al.,, 2016) and greater disease burden as compared to
premenopausal females. Furthermore, an early onset of menopause has been linked
to a reduction in life expectancy (Ossewaarde et al., 2005). These observations
suggest a connection between gonadal and systemic aging processes, which has led
to the search for interventional strategies that not only extend lifespan and compress
the period of morbidity in mid-to-late life, but also curtail ovarian aging.

The most commonly studied strategy for extending lifespan and curtailing age-
related disease is calorie restriction (CR). Preclinical studies employing CR have been
found to extend lifespan and delay disease onset in a variety of species ranging from
invertebrates to mammals (Fontana and Partridge, 2015, Masoro, 2005). The
mechanisms underlying these observations are multifactorial, but have been linked to
declines in growth signaling & pro-inflammatory stress and improvements in insulin
sensitivity & nutrient-sensing plasticity. In addition to extending lifespan and delaying
disease onset, CR has also been found to slow the ovarian aging process, thereby
extending reproductive longevity (Schneider et al., 2021).

Female reproductive longevity is dictated by the ovarian reserve, which is
determined by the number of quiescent primordial follicles in the ovary (te Velde et al.,
1998). Ovarian reserve is finite, and once activated, primordial follicles enter an
irreversible growth phase that results in either ovulation or atresia (Richardson et al.,
2014). Therefore, a greater activation rate of primordial follicles will more rapidly result
in the exhaustion of ovarian reserve which results in the onset of menopause
(Broekmans et al.,, 2009). Commonly employed CR regimens (30-40%) have been
shown to reduce primordial follicle activation and extend ovarian reserve in mice
(Garcia et al., 2019, Xiang et al., 2012). The primary mechanism underlying these
effects is believed to be the suppression of mammalian target of rapamycin (MTOR)

activity (Li et al., 2015). CR has also been shown to decrease ROS production,
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increase SIRT3 activity, improve oocyte-specific meiotic spindle assembly &
maintenance, while enhancing chromosome stability (Selesniemi et al., 2011).

Despite the fact that chronic CR improves ovarian reserve, ovulation and fertility
are actually reduced during an active bout of CR due to declines in GnRH activity,
which adversely affects cyclicity (Sun et al., 2021). However, the aforementioned
improvements in primordial follicle number and oocyte quality promote greater fertility,
fecundity, and offspring survival when refeeding periods follow bouts of chronic CR
(Selesniemi et al., 2008). Although the benefits of CR on ovarian reserve and fertility
outcomes while refeeding are well-established, human compliance when employing a
robust CR regimen (25-30%) is poor (Flanagan et al., 2020), and tends to decrease
over time. For example, in the first 6 months of the CALERIE 2 trial, in which the goal
was 25% CR, the percentage of CR achieved dropped to only 9% after the first six
months (Ravussin et al., 2015). Intriguingly, even this level of CR was capable of
eliciting health benefits including weight loss and declines in metabolic risk factors. In
rats, mild CR (10-20%) has also been shown to elicit benefits that are comparable to
more stringent levels of CR (Richardson et al., 2016), despite there being a scarcity of
data addressing the idea. However, no studies to date have evaluated the effects of
mild CR (10%) on ovarian aging, which could represent a more viable intervention
option for individuals attempting to delay ovarian failure and extend reproductive
lifespan.

In addition to exploring the effects of mild CR on reproductive outcomes in these
studies, we also evaluated the effects of 17a-estradiol (17a-E2); a natural-occurring
diastereomer of 17B-estradiol (17p-E2) that has been shown to extend lifespan
(Harrison et al., 2014, Strong et al., 2016) and elicit beneficial effects on metabolic and
aging-related parameters in a manner similar to CR (Miller et al., 2020, Stout et al.,
2017). We have also established that 17a-E2 suppresses calorie intake by modulating
hypothalamic anorexigenic pathways in male mice (Steyn et al., 2018), which at least
partially underlies the improvements in metabolic outcomes following 17a-E2
administration. We more recently reported that 17a-E2 reverses ovariectomy-mediated
changes in adiposity and bone density in female mice (Mann et al., 2020b), indicating
that specific populations of females may also benefit from 17a-E2 treatment. What
remains unclear is if 17a-E2 can beneficially alter ovarian reserve or fertility in a
manner similar to CR. We have previously shown that 17a-E2 treatment appears to

have negligible effects on ovarian reserve in WT mice, although we did not evaluate
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fertility in that study (Isola et al., 2020). Based on the aforementioned results, the aim
of this study was to evaluate the effects of a mild CR (10%) and 17a-E2 treatment on
ovarian reserve and female fertility, while also comparing these interventions to a more
standard CR regimen (30%).

2. Methodology

2.1 Animal Diets: TestDiet, a division of Purina Mills (Richmond, IN), prepared the diets
for these studies. We used TestDiet 58YP (66.4% CHO, 20.5% PRO, 13.1% FAT) *
17a-E2 (14.4 ppm; Steraloids, Newport, RI).

2.2 Animals and Experimental Design: Ten- to eleven-week old female C57BL/6 mice

(N=72) were obtained from UFPel Central Vivarium and housed three per cage at 24
+ 0.5°C on a 12:12-hour light-dark cycle with ad libitum access to water throughout the
study. Following a two-week facility acclimation, mice were randomly assigned into one
of four groups: Control (CTL; n=18) receiving ad libitum access to TestDiet 58YP; 17a-
E2 (n=18) receiving ad libitum access to TestDiet 58YP + 17a-E2; 10% calorie
restriction (CR10; n=18) receiving TestDiet 58YP; or 30% calorie restriction (CR30;
n=18) receiving TestDiet 58YP. The number of calories that the 10% and 30% CR
groups received was determined by assessing calorie consumption in the CTL group,
with 10% or 30% fewer calories being provided per day during the following week.
Daily food rations were provided at noon each day for the calorie restricted groups.
The experimental period was 24 weeks. Body mass was evaluated at baseline, week
four, and every two weeks thereafter for the first 18 weeks of treatment. After 18 weeks
of treatment, half of the females were prepared for mating. These females began ad
libitum feeding at this point in preparation for mating, therefore body mass
assessments were halted. All procedures were approved by the Animal

Experimentation Ethics Committee from the Universidade Federal de Pelotas.

2.3 Embryo and Ovary Collections: Following 24 weeks of treatment, half of the mice

in each group (n=9) were IP injected with equine chorionic gonadotrophin (eCG; 5 IU)
five days prior to euthanasia and human chorionic gonadotrophin (hCG; 5 IU) three
days prior to euthanasia for synchronized superovulation. Immediately following the
hCG injections, all females were paired with three-month old males and allowed to
mate. Mice were fasted for 12 hours and euthanized. After euthanasia, embryos were
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then collected by washing the uterine tubes with saline solution. Any female found to
have at least one embryonic structure were considered responsive to the
synchronization protocol. From those females that were fertilized the total number of
embryos collected was recorded. Ovaries were also collected from these mice for the

evaluation of ovarian reserve and gene expression.

2.4 Histological Assessment of Ovarian Reserve: Ovaries were collected and

processed as previously described (Isola et al., 2020). Nine sections (three from the
distal end, three from the middle, three from the proximal end) from each ovary
(n=5/group) were evaluated for follicular density. Only follicles with clearly visible
oocyte nuclei were counted. Follicles were classified as done previously (Isola et al.,
2020) The total number of follicles from each classification were then divided by the
total section area (mm?), thereby providing follicular density (follicles/mm?) (Ansere et
al., 2021).

2.5 DNA Damage by Immunofluorescence: Immunofluorescence was performed to

assess DNA damage in ovarian follicles as previously described (Saccon et al., 2020)

2.6 Ovarian Gene Expression: Total ovarian RNA was extracted and processed as
previously described (Stout et al., 2011). B2m (Beta-2 microglobulin), Actb (Actin beta)

and Ppia (Peptidylprolyl isomerase A) were evaluated as candidate housekeeper
genes using the geNorm software (Vandesonpele, 2002). B2m was found to be the
most stably expressed gene and used as the internal control. The target genes
evaluated were Mtor (Mechanistic target of rapamycin kinase), Kit (Proto-oncogene
receptor tyrosine kinase), Kitl (Kit ligand), Foxo3 (Forkhead box O3), Amh (Anti-
Mullerian hormone) Igfl (Insulin-like growth factor 1), Esrl (Estrogen receptor alpha)
and Esr2 (Estrogen receptor beta). Relative gene expression was calculated using the
comparative CT method (Livak and Schmittgen, 2001). Primer sequences used in

these analyses are shown in Table 1.

2.7 Fertility Assessment: Following 18 weeks of treatment, the other half of the

females, those females not randomly selected to be subjected to superovulation
(n=9/group), were provided ad libitum access to their respective diets for 10 days in

order to restore normal ovulatory patterns (Selesniemi et al.,, 2008). The group
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receiving 17a-E2 was kept under treatment for the whole period, including pregnancy.
After the refeeding period, the females were paired with three-month old males and
allowed to mate for a period of 14 days. One breeding cage in the 30% CR group had
to be excluded due to death of the male. Visibly pregnant females were separated into
individual cages. After birth, all pups were counted and weighed. The number of
females that delivered pups were used to calculate the pregnancy rate.

2.9 Statistical Analysis: Results are presented as mean + SEM with p values less than

0.05 considered to be significant unless otherwise specified. Normal distribution of data
was evaluated using the Shapiro-Wilk test. Differences between groups in body mass
were evaluated using the mixed procedure repeated measures test in SAS (Cary, NC,
USA). Follicular density was also compared using the mixed procedure test in SAS. Of
note, different ovarian histological sections were accounted for in the model as within
subject replicates. The remaining statistical analyses were performed using GraphPad
Prism 8 software (La Jolla, CA, USA). Variables expressed as a percentage, including
pregnancy rate and percent of females responsive to ovarian synchronization, were
compared using the Chi square test. The other continuous variables were compared

using one-way ANOVA followed by the Tukey post-hoc test.

Table 1: Primers used in the study.

Gene NCBI Forward Primer Sequence Reverse Primer Sequence Aérir;gll(g?)r;
Actb NM_007393.5 GAGACCTTCAACACCCCAGC ATGTCACGCACGATTTCCC 263
B2m NM_009735.3 AAGTATACTCACGCCACCCA CAGGCGTATGTATCAGTCTC 217
Ppia NM_008907 GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG 125
Mtor NM_020009.2 CGGCAACTTGACCATCCTCT TGCTGGAAGGCGTCAATCTT 101
Kitl NM_013598. TTCGCACAGTGGCTGGTAAC TTCACAGCGAAGCACTCTGC 163
Kit  NM_001122733.1 CTCCCCCAACAGTGTATTCAC TAGCCCGAAATCGCAAATCTT 90
Foxo3a NM_001376967.1 CGGCTCACTTTGTCCCAGAT GCCGGATGGAGTTCTTCCA 106
Amh NM_007445.3 TCCTACATCTGGCTGAAGTGATATG CAGGTGGAGGCTCTTGGAACT 66
lgfl NM_010512.5 CTGAGCTGGTGGATGCTCTT CACTCATCCACAATGCCT 118
Era NM_001302531.1 CCTCCCGCCTTCTACAGGT CACACGGCACAGTAGCGAG 128
ErB NM 010157.3 CTGTGATGAACTACAGTGTTCCC CACATTTGGGCTTGCAGTCTG 80



https://www.ncbi.nlm.nih.gov/nuccore/NM_020009.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001122733.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_001376967.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_007445.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_001302531.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_010157.3
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3. Results
3.1 CR prevents gains in body mass more robustly than 17a-E2 in lean female
mice

As expected, both regimens of CR (10% & 30%) reduced gains in body mass
over the treatment period as compared to ad libitum fed CTL mice (Figure 1A). 30%
CR immediately affected body mass, whereas 10% CR only elicited effects after 6
weeks, and 17a-E2, interestingly did not cause body mass differences from the CTL
until 16 weeks of treatment (Figure 1A). As shown in Figure 1B, the CTL mice
increased their body mass by over 20% during the course of the study, whereas 17a-
E2 and 10% CR groups gained approximately 13% and 2% respectively, and 30% CR

females lost 6% of body mass during this period.
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Figure 1: Calorie restriction (CR) and 17a-E2 differentially modulate body mass
in female mice. (A) Body mass and (B) % change in body mass in female control
(CTL) mice and those treated with 17a-E2 or CR regimens (10% or 30%) for 18 weeks
starting at 12 weeks of age. All data are presented as mean + SEM and were analyzed
by repeated measures ANOVA or one-way ANOVA where appropriate. Different letters
indicate statistical differences (p<0.05) between groups (n=18/group).
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Figure 2: Both mild (10%) and moderate (30%) calorie restriction (CR) regimens
positively affect ovarian reserve. Number of primordial (A), transition (B), primary
(C), secondary (D), tertiary (E) and total follicles (F) per section area (mm?) from female
control (CTL) mice and those treated with 17a-E2 or CR regimens (10% or 30%) for
24 weeks starting at 12 weeks of age (n=9 sections/mouse; 5 mice/group). All data are
presented as mean + SEM and were analyzed using the mixed procedure test in SAS.
Different letters indicate statistical differences (p<0.05) between groups.
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3.2 Mild CR positively affects ovarian reserve

30% CR positively affected the ovarian reserve, as seen by the overall greater
follicle density in this group. However, no statistical difference was observed for
primordial follicles, as would be expected. This result can be due to the methodology
used, which compares the number of follicles/mm? and do not estimate the number of
follicles in the ovary, which makes the discrepancy less obvious. Moreover, 10% CR
had an effect on the number of both primordial and total follicles (Figure 2). The overall

number of follicles in the 17a-E2 group, however, was similar to the control group,
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suggesting that 17a-E2 does not affect the ovarian reserve. We also performed anti-
yH2AX immunostaining, which is a marker of DNA damage and observed no difference
between groups for both primordial and primary follicles (Figure 3). We also assessed
ovarian gene expression, and found no differences for genes involved on the pathway
of follicle activation (Igfl, Mtor, Kit, Kitl, Foxo3), a fertility marker (Amh) or the estrogen

receptors (Esrl, Esr2) (Figure 4).
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Figure 3: Calorie restriction (CR) and 17a-E2 fail to reduce DNA damage in the
oocyte of primordial and primary follicles. Average fluorescence intensity of yH2AX
immunostaining in oocytes from (A) primordial and (C) primary follicles from female
control (CTL) mice and those treated with 17a-E2 or CR regimens (10% or 30%) for
24 weeks starting at 12 weeks of age. Representative images demonstrate yH2AX
protein (green) and blue represent DAPI staining of genetic material in (B) primordial
and (D) primary follicles. The dashed pink line represents the follicles being evaluated,
whereas the line arrows point out the nuclei being evaluated. The images are stacked
slices in the maximum projection mode, at a 400x magnification in a TCS SP8 CLSM
Leica microscope. Values presented are averages of 3 follicles nuclei for each mouse
(n = 5 mice/group). All data are presented as mean + SEM and were analyzed by one-
way ANOVA.
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Figure 4: Calorie restriction (CR) and 17a-E2 did not alter the expression of
genes related to fertility and follicle activation. Relative expression of (A) Mtor
(Mechanistic target of rapamycin kinase), (B) Kit (Proto-oncogene receptor tyrosine
kinase), Kitl (Kit ligand), Foxo3 (Forkhead box O3), Amh (Anti-Mullerian hormone), 1gfl
(Insulin-like growth factor 1), Esrl (Estrogen receptor alpha) and Esr2 (Estrogen
receptor beta) in ovaries of female control (CTL) mice and those treated with 17a-E2
or CR regimens (10% or 30%) for 24 weeks starting at 12 weeks of age (n=9/group).
All data are presented as mean + SEM and were analyzed by one-way ANOVA.

3.3 In the absence of refeeding, CR decreases responsiveness to ovulatory
synchronization

The 30% CR group had a poorer response to the superovulation protocol than
other groups (33.33%), whereas the 10% CR group had an intermediate response
(55.55%) and the CTL and 17a-E2 groups had a higher and similar response (77.77%
and 66.66%, respectively) (Figure 5A). Regarding the number of embryos recovered,

no difference was observed among groups (p = 0.985) (Figure 5).
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Figure 5: Calorie restriction (CR) decreases % of females responsive to
superovulation treatment, but does not affect the number of structures
(oocytes/embryos) produced by those that respond. (A) Percentage of females
that had at least one embryo or oocyte recovered by uterine flushing after ovulation
induction and mating (n=9/group) and (B) number of embryos produced by those that
responded to the protocol and were fertilized (n =5 CTL; 6 17a-E2; 5 CR10; 3 CR30)
amongst female control (CTL) mice and those treated with 17a-E2 or CR regimens
(10% or 30%) for 24 weeks, starting at 12 weeks of age. (A) data are presented in %
and were analyzed by Chi-square (7/9 CTL; 7/9 17a-E2; 5/3 CR10; 3/9 CR30), (B) data
are presented as mean + SEM and were analyzed by one-way ANOVA. Different
letters indicate statistical differences (p<0.05) between groups.

3.4 Both mild and moderate CR regimens increase pregnancy rates after
refeeding

After 10 days of refeeding for the CR groups, we observed a pregnancy rate of
100% in females submitted to 30% CR, while groups CTL and 17a-E2, presented a
lower rate (44.44%) and the group 10% CR presented an intermediate rate (77.77%)
(Figure 6). Litter size was also similar among groups. The weight of neonates in the
17a-E2 group, interestingly, was lower than that of the CTL group, although it was not

different from the CR groups (Figure 6).



31

Pregnancy Rate B Litter Size C Pup Birth Weight
150+ 15 2.0+
a
8 154 T ab 2P
100+ b 3 4o- , b P
b “Q_. ] v 0 i e ';v
a
2 ; E 1.0- -
o o
501 a a g 54 ..
l =z 0.5_
0- T 0- '\, Q 0.0- "L
«\/ "lw ,\Q "bQ &\/ & ,\ &\/ Q/ "b

Figure 6: After refeeding, calorie restriction (CR) increases pregnancy rate in
female mice. Pregnancy rate (A), litter size (B), pup birth weight (C) from female
control (CTL) mice and those treated with 17a-E2 for 24 weeks or CR regimens (10%
or 30%) for 18 weeks starting at 12 weeks of age and then refed for 10 days before
mating. A) data are presented in % and were analyzed by Chi-square (4/9 CTL; 4/9
17a-E2; 7/9 CR10; 6/6 CR30), (B & C) data are presented as mean £+ SEM and were
analyzed by one-way ANOVA. Different letters indicate statistical differences (p<0.05)
between groups.

4. Discussion

In the present study we evaluated the effects of CR (10% & 30%) and 17a-E2
treatment on ovarian reserve and female mice fertility. As a means of demonstrating
tangible treatment effects, we assessed body mass for comparison purposes. As
expected, 30% CR immediately prevented gains in body mass, whereas 10% CR
required a longer duration of treatment before effects on body mass were observed.
17a-E2 treatment also mildly prevented gains in body mass but these effects were less
pronounced when compared to the two CR regimens. Our findings support previous
reports demonstrating minimal, if any, effects on body mass in wild-type females
(Garratt et al., 2019, Mann et al., 2020a, Mann et al., 2020b, Sidhom et al., 2021). In
fact, 17a-E2 seems to fail eliciting beneficial effects in intact females. Conversely, 17a-
E2 has been found to prevent gains in body mass and adiposity, prevent bone loss,
and alter the metabolome in ovariectomized mice (Garratt et al., 2018, Mann et al.,
2020b), which suggests that the presence of functional ovaries and/or their endocrine
factors may attenuate 17a-E2 actions in females. However, previous studies from our

group have shown that life-extending strategies such as GH deficiency (Saccon et al.,
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2017), 30% CR (Garcia et al., 2019) and rapamycin (Garcia et al., 2019) also result in
improved ovarian reserve. Therefore, we hypothesized that 17a-E2 could have some
beneficial effect in the reproductive axis or even a negative effect that would
counterbalance its positive endocrine effects in females.

With regard to ovarian reserve, we observed an overall trend for a greater number
of follicles in both CR treatment groups as evidenced by more primordial and transition
follicles in the 10% CR group and more transition and primary follicles in the 30% CR
group. In addition, the 30% CR group had slightly higher total follicle density than the
10% CR group, suggesting an incremental effect. Several previous studies have found
that between 3 to 6 months of 30% CR increases the ovarian reserve (Garcia et al.,
2019, Li et al., 2015, Xiang et al., 2012, Liu et al., 2015). In the current study we did
not find statistical differences in the number of primordial follicles between 30% CR
and the CTL group, although we did observe more primary follicles in this group. This
discrepancy could be due to differences in methodological approaches for quantifying
primordial follicles. Most previous reports provide an estimation of the total number of
follicles in the ovaries, whereas we report the number of follicles in a given area of
histological sections. Potential differences are less obvious using our methodology.
However, overall, both 10 and 30% CR improved primordial/transition/primary follicle
density compared to the control group, reflecting in increased total follicle density, in
line with previous evidence. Of note, 17a-E2 did not alter ovarian reserve in this study,
indicating its overall endocrine effect are not sufficient to affect folliculogenesis.

Interestingly, 10% CR appears to have elicited protective effects on ovarian reserve
similarly to those seen in the 30% CR group, despite much milder effects on body
mass. This observation is aligned with previous reports demonstrating that mild CR in
preclinical studies can positively affect age-related parameters associated with disease
burden (Richardson et al., 2016, Duffy et al., 2001). We perceive this to be an important
observation because human compliance to more stringent CR regimens is poor
(Ravussin et al., 2015). In fact, most humans only achieve a small percentage of their
prescribed energy deficit (Flanagan et al., 2020), indicating that milder CR regimens
may serve as an effective alternative. In addition to evaluating ovarian reserve, we also
assessed fertility in this study. CR has previously been reported to modulate female
fertility (Sun et al., 2021). During the period when CR in employed, cyclicity is impaired
due to CR-mediated effects on the hypothalamus-pituitary-ovarian axis due to changes

in gonadotrophin pulsatility (Sun et al., 2021). However, female fertility is significantly
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enhanced during refeeding periods that follow bouts of CR (Selesniemi et al., 2008,
Sluczanowska-Glabowska et al., 2015). In the current study, females that were used
for embryo collection were not subjected to refeeding prior to initiating the
superovulation protocol because it provided additional confirmation that our CR
regimens were indeed modulating cyclicity. As expected, the 30% CR group displayed
a significant reduction in ovulation, in alignment with other reports in the literature (Liu
et al., 2015). Interestingly, 10% CR also reduced ovulation to a lesser extent, although
this finding did not rise to the level of statistical significance. Nevertheless, despite
fewer females responding to superovulation treatment in the CR groups, the mice that
did respond produced similar numbers of structures (oocytes/embryos) as those mice
in the CTL and 17a-E2 treatment groups. Response to synchronization and embryo
numbers were also not affected by 17a-E2, further indicating its lack of effect in the
reproductive axis.

In addition to the experiments outlined above, we also evaluated the effects of CR
regimens on fertility in mice that were subjected to a ten-day ad libitum refeeding
period. In alignment with previous reports (Selesniemi et al., 2008, Sluczanowska-
Glabowska et al., 2015) we found that both regimens of CR increased pregnancy rates,
although the changes in the 10% CR group did not reach statistical significance. Litter
sizes and pup birth weights were not affected by either CR regimen following the
refeeding period, suggesting that lower body masses during pregnancy did not
adversely affect the ability of females to carry and deliver multiple pups. Females
provided 17a-E2 did not display any changes in pregnancy rates, although pup birth
weights were found to be lower, which has been associated with poor health outcomes
(Beauchamp et al., 2015). Future studies will be needed to determine if 17a-E2
treatment during pregnancy adversely affects pup morbidity during maturation and
adulthood. Despite the fact that CR clearly improved ovarian reserve and fertility in our
studies, the underlying mechanism(s) promoting these benefits remain unclear.
Previous studies have linked the protective effects of CR to declines in ovarian DNA
damage and oxidative stress (Luo et al., 2017), which certainly contribute to
improvements in follicle number and quality (Prasad et al., 2016, Selesniemi et al.,
2011). However, we did not observe difference in primordial or primary oocyte DNA
damage, or any transcriptional changes in genes associated with follicle activation or
fertility. Future studies will need to explore alternative mechanisms by which mild CR

may be modulating ovarian reserve, including its effects on mTOR activity. The
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suppression of mTOR activity in the ovary decreases primordial follicle activation,
thereby extending ovarian reserve (Li et al., 2015). This has been linked to declines in
FOXO3a phosphorylation, which is the primary signal for the activation of dormant
primordial follicles (Saccon et al., 2017, Castrillon et al., 2003). To date, it remains
unclear if mild CR regimens also modulate mMTOR and FOXO3a activity in the ovary.
There are a few notable limitations to our studies. First, the methodology used to
assess follicle reserve consists of counting of follicles/mm? on histological sections,
which often times leads to less obvious differences between groups as compared to
estimating the overall number of follicles in the ovary. Despite not being the best
methodology for comparing different treatments in age matched mice, our approach
provides an exact quantification of different follicle types within the sections being
evaluated. Secondly, the females being evaluated in these studies for changes in DNA
damage responses were relatively young (9 months old), which may explain why we
did not observe a beneficial effect of CR. Also, transcriptional analyses were done in
whole ovarian extracts, therefore it prevents us from making any conclusions related
to cell-type-specific mechanisms of ovarian aging. Lastly, the fertility assessments
were not similar for all groups, since CR was withdrawn and 17a-E2 was maintained
prior to mating and during pregnancy, explaining the higher pregnancy in CR groups.
Also, we did not measure endocrine markers during estrous cycle and pregnancy.
However, CR is known to impair the hypothalamus-pituitary-ovarian axis and the
ovulation rate and estradiol/progesterone levels (Sun et al.,, 2021). However, the
results suggest that 17a-E2 does not have deleterious effects on the reproductive axis,
as the fertility was similar to the control group. Despite these limitations, this is the first
report to our knowledge that demonstrates that mild CR can prolong ovarian reserve

and increase fertility in female mice.
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ABSTRACT

17a-estradiol (17a-E2) is referred to as a nonfeminizing estrogen that was recently
found to extend healthspan and lifespan in male, but not female, mice. Despite an
abundance of data indicating that 17a-E2 attenuates several hallmarks of aging in male
rodents, very little is known with regard to its effects on feminization and fertility. In
these studies, we evaluated the effects of 17a-E2 on several markers of male
reproductive health in two independent cohorts of mice. In alignment with our previous
reports, chronic 17a-E2 treatment prevented gains in body mass, but did not adversely
affect testes mass or seminiferous tubule morphology. We subsequently determined
that chronic 17a-E2 treatment also did not alter plasma 17B-estradiol or estrone
concentrations, while mildly increasing plasma testosterone levels. We also
determined that chronic 17a-E2 treatment did not alter plasma follicle-stimulating
hormone or luteinizing hormone concentrations, which suggests 17a-E2 treatment
does not alter gonadotropin-releasing hormone neuronal function. Sperm quantity,
morphology, membrane integrity, and various motility measures were also unaffected
by chronic 17a-E2 treatment in our studies. Lastly, two different approaches were used
to evaluate male fertility in these studies. We found that chronic 17a-E2 treatment did
not diminish the ability of male mice to impregnate female mice, or to generate
successfully implanted embryos in the uterus. We conclude that chronic treatment with
17a-E2 at the dose most commonly employed in aging research does not adversely
affect reproductive fitness in male mice, which suggests 17a-E2 does not extend

lifespan or curtail disease parameters through tradeoff effects with reproduction

KEYWORDS: aging, androgen, estrogen, hypothalamic-pituitary-gonadal axis,

reproduction
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INTRODUCTION

Despite significant increases in human lifespan over the past several decades,
human healthspan has failed to increase in a similar fashion. In fact, the period of
morbidity in mid-to-late life, and prevalence of multimorbidity, has increased
dramatically in recent decades (1). Although it is well-established that dietary
interventions including chronic calorie restriction and various forms of fasting can delay
and/or reverse basic mechanisms of aging, many of these strategies are poorly
tolerated (2). Compliance issues remain a paramount hurdle with dietary interventions
due to adverse effects on mood, thermoregulation, and/or musculoskeletal mass (3).
These adverse health outcomes demonstrate the need for pharmacological
approaches aimed at curtailing aging and disease.

17a-estradiol (170-E2) is one of the more recently studied compounds to
demonstrate efficacy for beneficially modulating age- and disease-related outcomes.
The NIA Interventions Testing Program found that 17a-E2 administration extends
median lifespan of male mice in a dose-dependent manner (4, 5). Our group has
reported that 17a-E2 reduces calorie intake and adiposity while concomitantly
improving several markers of metabolic homeostasis including glucose tolerance,
insulin sensitivity, and ectopic lipid deposition in obese and aged male mice (6-10).
Others have reported similar findings including improvements in glucose tolerance,
MTORC2 signaling, hepatic amino acid composition and markers of urea cycling,
markers of neuroinflammation, and sarcopenia (11-15). Although the mechanisms of
action for 17a-E2 remain debated, we recently reported that the ablation of estrogen
receptor a (ERa) completely attenuates all beneficial metabolic effects of 17a-E2 in
male mice (6), thereby indicating that 17a-E2 signals through ERa to elicit benefits, but

also that ERa could be a ‘druggable’ target for mitigating aging and disease in males.



45

Despite an abundance of data demonstrating that 17a-E2 improves a multitude of
parameters related to metabolism and aging in males, very little has been done to
determine if 17a-E2 promotes significant feminization, and more importantly, if any of
these outcomes deleteriously affects male fertility.

Interestingly, several interventions that extend lifespan can also impart some
impact on reproduction. For instance, females subjected to CR, rapamycin, or
metformin display a suppression of ovarian primordial follicle activation, thereby
extending the reproductive window (16, 17) and improving fertility (18) once treatment
has subsided. The effects of lifespan-extending interventions on male reproduction are
conflicting and exceedingly unclear. CR is known to reduce libido in men (19) which
could be related to a suppression of the reproductive axis (20). However, other reports
indicate that CR does not alter circulating testosterone or semen quality in rhesus
macaques (21, 22). In rodents, moderate CR (20-30%) has been reported to decrease
testes and seminal vesicle mass (23), increase sperm defects (23, 24) and suppress
serum follicle-stimulating hormone (FSH), luteinizing hormone (LH), and testosterone
(23). Conversely, other studies have found that CR has no effects on testes mass (25,
26), sperm production (25), serum testosterone (26) or fertility (26). The effects of
rapamycin on male fertility are more consistent and clearly indicate deleterious effects
related to testes mass, spermatogenesis, and testosterone production in both rodents
and humans (27-29). To date, no study has thoroughly evaluated the effects of 17a-
E2 on sperm parameters or fertility in male model systems.

The work outlined in this report sought to determine if chronic 17a-E2 treatment
adversely affected testes morphology, sperm parameters, reproductive fitness, and/or
the serum hormonal milieu in middle-aged male mice. Two independent cohorts of

mice were studied and found to respond nearly identically to 17a-E2 treatment. We
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determined that chronic treatment with 17a-E2 at the dose most commonly employed
in aging research does not adversely affect reproductive fithess in male mice. It
remains unknown if higher dosing regimens of 17a-E2 induces reproductive
abnormalities in rodents, or if allometric scaling to higher-order mammals for the

purpose of translational studies can be effectively undertaken.

MATERIALS AND METHODS

Control and experimental diets. TestDiet, a division of Purina Mills (Richmond, IN),
prepared all the diets. LabDiet 58YP (66.4% CHO, 20.5% PRO, 13.1% FAT) was used
as the control (Con) diet and LabDiet 58YP was supplemented with 17a-E2 (14.4 ppm

Steraloids, Newport, RI) for the treatment diet.

Animals. All mice (C57BL/6) used in these studies were obtained from the UFPel
Central Vivarium. Unless otherwise noted, all mice were group housed at 24 + 2°C on
a 12:12-hour light-dark cycle with ad libitum access to food and water. At three months
of age mice were randomly assigned to Con or 17a-E2 treatment groups. Two cohorts
of mice were evaluated independently for comparison purposes and to determine
outcome repeatability. In Cohort 1, Con (n=8) and 17a-E2 (n=10) treatment groups
were evaluated for five months. In Cohort 2, Con (n=30) and 17a-E2 (n=30) treatment
groups were evaluated for four months. Body mass was monitored monthly. During the
final week of treatment, male mice from both cohorts were housed with three-month-
old female mice (1 male with 2 females) that had undergone estrus synchronizations
so male fertility could be assessed. Female mice were synchronized with IP injections
of equine chorionic gonadotrophin (eCG; 5Ul) two days prior to exposure to males and
human chorionic gonadotrophin (hCG; 5Ul) when housed with males. Male mice were

humanly euthanized with isofluorane one week after being paired with females and



47

plasma, testes, and semen were collected. Females that were bred with males from
Cohort 1 were humanely euthanized with isoflurane three days after being paired with
males so that embryos could be collected as previous described (30). Any female
found to have at least one embryo was deemed to have been successfully fertilized by
the corresponding male. Females that were bred with males from Cohort 2 were
humanely euthanized with isoflurane eight days after being paired with males so that
the number of implantation sites could be counted. All procedures were approved by
the Ethics Committee for Animal Experimentation from the Universidade Federal de

Pelotas.

Semen collection and analysis. Following euthanasia of males, the epididymis was
removed and placed into a microtube containing 300 pL of preheated (36.5°C)
extender solution (3.634g TRIS, 0.50g glucose, 1.99¢ citric acid, 6.0g BSA, 100ml of
H20). The epididymis was then gently fractionated with scissors and agitated for 5
minutes in order to release the sperm. For sperm concentration analyses, 25 pL of the
semen solution was aliquoted and diluted with 25 pL of formaldehyde-saline (8.5g
NaCl, 100ml of 40% formaldehyde, 900ml of H20). Concentration was determined by
counting sperm cells using a hemocytometer. Sperm motility was evaluated using a
Zeiss Axio Scope Al microscope (Jena, Germany) coupled to a computer-assisted
semen analysis system (CASA, SpermVision, Minitube, Tiefenbach, Germany). For
this assay 6 uL of semen solution was placed on a glass slide under a coverslip and
observed at 200X magnification. The CASA system determined velocity average path
(VAP), velocity curved line (VCL), velocity straight line (VSL), beat cross frequency
(BCF), amplitude of lateral head displacement (ALH), total motility (TMO), and

progressive motility (PMO). The automated system evaluated a minimum of 500 cells
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for each sample with an average of 822.6 and a range of 530 to 974 cells/sample. The
membrane integrity of sperm cells was assessed by a hypoosmotic swelling test (HOS)
(31), which is done by determining the % of sperm tail swelling following the exposure
to a hypoosmotic solution. For this analysis, 10 yL of the semen solution was aliquoted
and diluted with 90 pL of HOS solution (2.7g of fructose, 1.47g of sodium citrate and
100ml of H20) and incubated at 36.5°C for 30 min. After incubation, 200 cells were
counted as non-swollen or swollen tails using an Olympus BX 51 microscope (América
INC, Sdo Paulo, SP) at 400X magnification. As a negative control, 6 uL of semen
solution was smeared on a glass slide before incubation with HOS solution and 200
cells were counted for swollen tails. The percentage of membrane integrity was
calculated by the number of sperm with swollen tails before and after incubation as
previously described (32). For the acrosome integrity analysis, 3 uL of semen solution
was aliquoted and diluted with 3 pL of a buffer containing Lectin from Arachis hypogaea
FITC conjugate (Sigma-Aldrich, Saint-Louis, MO, USA) and incubated at room
temperature in the dark for 15 min. In this analysis, by observing the emission of green
fluorescence the number of intact acrosome cells was counted in a total of 100 cells.
This analysis was performed on an Olympus BX 51 epifluorescence microscope at
400X magnification (América INC, Sdo Paulo, SP, Brazil) using a WU filter (450-490
nm excitation and 516-617 emission) as previously described (33). Lastly, sperm were
also evaluated for morphological defects. For this, a drop of semen was smeared on a
glass slide and dried. Slides were then stained using a fast-panoptic staining method
(34). One hundred cells were observed on a Nikon Eclipse E200 microscope (Tokyo,
Japan) at 40X magnification and the number of normal cells or those with defects

(head, midpiece, tail) were recorded (34).
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Testes histology. One of the testes was fixed in formalin, dehydrated in alcohol,
cleared in xylol and embedded in paraplast (Sigma-Aldrich, Saint-Louis, MO, USA).
Paraplast blocks were transversally cut into 5 um sections starting in the middle of the
testicle. The sections were then dewaxed in xylene, rehydrated in descending series
of alcohol, and stained with H&E. H&E stained sections were photographed by a
camera coupled to a microscope using the software TC Capture (Tucsen Photomics
Co.) at 40X magnification on a microscope (Nikon Eclipse E200, Nikon, Tokyo, Japan).
In the images, twenty round or near round seminiferous tubules were randomly chosen
for each animal. Perimeter, area and diameter of the seminiferous tubules and its
lumen were measured using the Motic 2.0 software (Motic®, Hong Kong, China). For
statistical comparison, the mean measurements from 20 seminiferous tubules were

used.

Circulating hormone analyses. Plasma testosterone, 173-E2, 17a-E2, and estrone
were evaluated by liquid chromatography (LC/MS/MS) as previously described (10).
Plasma FSH and LH levels were evaluated by ELISA (FSH: KA2330, Abnova, Taipei,

Taiwan; LH: ABIN6574077, Antibodies-online, Limerick, PA, USA).

Statistical analyses. Statistical analysis was performed using the GraphPad Prism 6
or SPSS version 28. The Shapiro-Wilk test was performed to test normality. Body
weight was compared by repeated measures ANOVA and percentage of fertilized
females and viable embryos was compared by chi-square, whereas the other variables
were compared by Student’s T-test. For analysis of testes mass relative to body mass,
we used a general linear model, including testes mass as the dependent variable,

treatment as a fixed factor, and body weight as a continuous covariate. Non-parametric
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variables from CASA were compared by Mann-Whitney test. P-values lower or equal

to 0.05 were considered significant.

RESULTS
17a-E2 treatment does not affect testes mass or seminiferous tubule
morphology

Similar to our previous reports (6, 9, 10), 17a-E2 treatment reduced male body
mass in both cohorts we evaluated (Figure 1A, B, E, F). We did not evaluate adiposity
in these studies but we have previously established that reductions in adipose
accounts for the vast majority of declines in mass during 17a-E2 treatment (6, 9, 10).
We next sought to determine if chronic 17a-E2 treatment altered testes mass or
seminiferous tubule morphology. We found that testes mass was unaffected by 17a-
E2 treatment in both cohorts of animals tested (Figure 1C, G). Evaluation of testes
mass relative to body mass revealed no association between the two variables (Figure
1D, H), which is aligned with a previous report indicating that testes mass is only mildly
correlated with body mass in mice (35). Subsequent analysis of seminiferous tubules
within the testes revealed that 17a-E2 treatment did not adversely affect the tubule or
lumen morphology (Figure 2A-B) or size (Figure 2C-H). This latter observation
suggests that 17a-E2 treatment does not alter sperm parameters because changes in
seminiferous tubule size, particularly lumen size, is associated with declines in sperm

quality (36).

17a-E2 treatment does not alter circulating sex hormones or gonadotropins
Given that 17a-E2 is known to be a mild 5a-reductase inhibitor (37), coupled

with several reports suggesting that 17a-E2 treatment elicits health benefits by
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modulating androgen metabolism (11, 12, 14), we next sought to determine if the
endogenous sex hormone milieu was altered in the current study. As expected, plasma
17a-E2 was robustly increased with 17a-E2 treatment (Figure 3A). Surprisingly, the
plasma levels of 17a-E2 observed in the current study were several times higher than
we found in much older mice receiving an identical dose in a very similar diet (10).
Despite the higher level of plasma 17a-E2 in the current study, plasma 17B-E2 was
essentially unchanged by 17a-E2 treatment (Figure 3B). Plasma estrone (Figure 3C)
was undetectable (< 3.3 pg/ml) in most samples, and thus, nearly identical between
Con and 17a-E2 treated animals. Plasma testosterone (Figure 3D) was not statistically
different between treatment groups, but was found to be trending higher in mice treated
with 17a-E2. This observation may result from the aforementioned 5a-reductase
inhibition properties of 17a-E2, which may increase circulating testosterone levels due
to a reduced capacity to convert testosterone into dihydrotestosterone (DHT) (38). Due
to limited plasma volumes we were unable to directly evaluate DHT in these studies.
However, we did evaluate the effects of 17a-E2 treatment on circulating gonadotropins
because estrogens are known to signal in the hypothalamus and pituitary as part of a
negative feedback loop to control gonadotropin production and secretion (39). We
found that plasma LH (Figure 3E) and FSH (Figure 3F) were not significantly altered
by 17a-E2 treatment, suggesting that exogenously administered 17a-E2 does not
influence androgen-mediated hypothalamic-pituitary-gonadal (HPG) signaling in male

mice.

17a-E2 treatment does not alter sperm morphology, quantity, or motility
Males with higher-than-normal plasma 17B3-E2 often display low sperm counts

and/or declines in sperm quality to include motility (40), which contributes to infertility
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(41). Therefore, we sought to determine if chronic 17a-E2 treatment would adversely
affect sperm parameters. Morphological assessment of sperm from both cohorts of
mice revealed that 17a-E2 treatment did not diminish the quantity of normal sperm, or
increase sperm with apparent defects, including decapitation (Figure 4). Subsequent
evaluation of sperm concentrations and various measures of motility, including straight
and curvilinear velocities, amplitude of lateral head displacement, and beat cross
frequency, were not different between Con and 17a-E2 treatment groups in both
cohorts of mice tested (Table 1). Although these variables do not directly predict fertility
outcomes, they are useful indicators of sperm quality because they represent sperm
kinetics (42). Both sperm cell membrane integrity and acrosomal integrity, which are
important factors for determining fertilizing capacity (43), were found to be unaffected

by 17a-E2 treatment in cohort 1.

17a-E2 treatment does not adversely affect male fertility

In addition to the variables outlined above, we also wanted to determine if
chronic 17a-E2 treatment would adversely affect male fertility. To do this we subjected
male mice from both treatment groups to female mice that had undergone estrus
synchronization. We then determined the percentage of successful fertilizations in
cohort 1, and the pregnancy rates and number of implanted embryos in cohort 2. We
found that Con and 17a-E2 treated males were equally effective at fertilizing females
in cohort 1 and at successfully fertilizing oocytes that result in implanted embryos in
the cohort 2 (Table 1). These findings clearly indicate that the 17a-E2 dosing regimen
used in these studies does not adversely affect the propensity for male mice to breed,

or their ability to fertilize oocytes that become implanted embryos.
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DISCUSSION

17a-E2 treatment was recently found to extend healthspan and lifespan in male
mice (4-15). Despite several lines of evidence indicating that 17a-E2 delays aging
hallmarks in male rodents, very little is known with regard to its effects on feminization,
sperm quality, and fertility. We previously reported that 17a-E2 administration only
mildly affects circulating testosterone levels, gonadal mass, or seminal vesicle mass
in aged male mice (10). Although informative, the mice evaluated in those studies were
over 18 months of age, and thus, well-beyond their reproductive window. Therefore, it
remains unclear if 17a-E2 administration adversely affects reproductive fitness in
breeding age males. In the current studies, we evaluated the effects of chronic 17a-E2
treatment on several parameters indicative of male reproductive health, in addition to
directly assessing fecundity in young, breeding age male mice.

In alignment with our previous reports, 17a-E2 administration prevented gains
in body mass in male mice in these studies. We previously established that 17a-E2-
mediated changes in body mass are due to an almost exclusive loss of adiposity, which
we later linked to the modulation of hypothalamic anorexigenic signaling pathways (6,
9, 10). Given the close association between hypothalamic regulation of metabolism
and reproduction (44), coupled with the close proximity of hypothalamic neurons that
control satiety, metabolism, and reproduction (44), we speculated that 17a-E2
treatment would also modulate the HPG axis in a manner that would attenuate
reproductive vigor. Surprisingly, we found no evidence that chronic 17a-E2 treatment
altered reproductive health in male mice. Both testes mass and seminiferous tubule
morphology were unchanged following several months of 17a-E2 treatment in our

studies. These observations provided the first indication that 17a-E2 treatment does
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not alter reproductive health in male mice, at least at the dose known to extend lifespan
(4).

Our subsequent analyses provided additional evidence indicating that chronic
17a-E2 treatment fails to adversely affect reproductive health in male mice. First, 17a-
E2 treatment did not alter the endogenous sex hormone milieu as evidenced by only
mild changes in plasma 173-E2, estrone, or testosterone. Interestingly, circulating
testosterone trended slightly higher in the 17a-E2 treatment group, which we speculate
is due to 17a-E2 being a mild 5a-reductase inhibitor (37), thus limiting the conversion
of testosterone into DHT. Since we did not evaluate DHT in these studies, future
experiments will be needed to determine if 17a-E2 treatment alters circulating DHT in
male mice, and more importantly, if this potential change underlies benefits attributed
to 17a-E2 treatment. It should be noted that Garratt et al. previously reported that
responsiveness to 17a-E2 was significantly attenuated in castrated male mice (12),
which could be at least partially due to a lack of endogenous DHT and its effects on
adiposity (45). Regardless of the potential effects of 17a-E2 treatment on circulating
DHT, our findings clearly demonstrate that chronic 17a-E2 treatment does not feminize
the endogenous sex hormone milieu, which suggests 17a-E2 does not directly inhibit
Leydig cell steroidogenesis as has been shown with 173-E2 (46). Furthermore, we also
determined that chronic 17a-E2 treatment does not suppress plasma gonadotropins,
LH or FSH. This observation suggests that the dose of 17a-E2 employed in our studies
does not interfere with gonadotropin-releasing hormone (GnRH) neuronal function,
which stimulates the pituitary to produce and secrete LH and FSH (44). However, it
should be noted that GhRH-mediated production of LH and FSH in the pituitary relies
heavily on GnRH pulse frequency and amplitude as opposed to operating in a binary

fashion (47). Since GnRH pulse frequency and amplitude have recently been linked to
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male aging (47), it would be prudent for future studies to evaluate the direct effects of
17a-E2 on GnRH neuronal function and/or neuronal populations shown to modulate
GnRH neuronal activity, including agouti-related peptide (AgRP), neuropeptide Y
(NPY), proopiomelanocortin (POMC) and kisspeptin (KISS) (47).

Based on the lack of adverse effects of chronic 17a-E2 treatment on testes
mass, seminiferous tubule morphology, and the sex hormone milieu, we surmised that
sperm parameters and fertility would also be unaffected by 17a-E2 administration.
Indeed, we found no evidence suggesting that chronic 17a-E2 treatment perturbed
sperm quantity or quality. This suggests that our dose of 17a-E2 does not elicit ERB
responsiveness in Sertoli cells due to its role in regulating spermatogenesis (48). If
true, this would support our previous work suggesting that 17a-E2 elicits the vast
majority of its benefits through ERa (6). Given that sperm parameters were unchanged
by 17a-E2 treatment it came as little surprise that fertility was also unaffected in
animals receiving 17a-E2. Two different approaches were used to evaluate male
fertility. In the first cohort we assessed the percentage of females that had fertilized
oocytes in their oviducts following exposure to males from control or 17a-E2 treatment
groups. We found that control and 17a-E2 treated mice successfully fertilized a similar
percentage of females, with 17a-E2 treated mice actually fertilizing a greater
percentage of females they were paired with. In the second cohort we evaluated the
ability of control and 17a-E2 treated males to produce embryos that successfully
implant in the uterus. We found that pregnancy rates and the number of implanted
embryos were essentially identical in female pairs with control and 17a-E2 treated
males. Since oocyte fertilization and embryo implantation represents the gold-standard
for evaluating fertility, these observations strongly indicate that the dose of 17a-E2

employed in our studies does not adversely affect male fertility.
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There are a few caveats to our studies that should be noted. First, we were
unable to evaluate plasma DHT in our studies due to limited sample availability.
Investigating how 17a-E2 potentially modulates plasma DHT could provide additional
insight into how 17a-E2 beneficially alters male metabolism and aging, therefore future
studies would be helpful in answering this question. We also did not measure seminal
vesicle mass, an organ that is highly sensitive to androgen exposure, particularly DHT
(49). A previous study reporting that plasma testosterone levels were unaffected by
17a-E2 also reported that seminal vesicle mass was slightly, but consistently, reduced
following three months of treatment in old male mice (15). Given that seminal vesicles
produce the majority of the proteins found in seminal plasma, which are important for
promoting embryo implantation and placental development (50), it is possible that 17a-
E2 treatment in males could elicit subtle effects on offspring development in utero.
Lastly, our evaluation of circulating LH and FSH in these studies is a nice surrogate
marker of central GnRH activity, but they provide only limited insight into GnRH pulse
frequency and amplitude, which is reported to play a key role in male aging (47). Future
studies evaluating GnRH pulsatility will provide tremendous insight into a potential

mechanism by which 17a-E2 may modulate male aging.

In summary, the data presented herein are the first to show that chronic 17a-E2
treatment does not adversely affect male reproductive health, including testes mass,
seminiferous tubule morphology, plasma sex hormone milieu, sperm parameters, and
fertility. These observations suggest that 17a-E2 does not extend lifespan or curtail
disease parameters through tradeoff effects with reproduction. Future studies are still
needed to determine if 17a-E2 is mildly altering GnRH pulsatility through actions in
AgRP, NPY, POMC, or KISS neurons, which may underlie its lifespan extending

effects.
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TABLES
Table 1. Sperm parameters and fertility in control and 17a-estradiol treated male mice
Cohort 1
Sperm Parameters Con (n=8) 17a-E2 (n=10) p value
Epididymal concentration (x10* cells/uL) 2.3x0.8 1.8+0.9 0.28
Motility (%) 65.6 + 3.9 62.7 £ 4.8 0.66
Progressive motility (%) 52449 50.0+55 0.64
Average path velocity (VAP) 120.4+5.6 1276 +4.9 0.67
Curvilinear velocity (VCL) 229.3+£10.1 233.9+11.0 0.76
Straight line velocity (VSL) 83.7+45 85.9+2.7 0.67
Amplitude of lateral head (ALH) 9.8+0.3 10.1+04 0.61
Beat cross frequency (BCF) 17.9+0.2 17.6 £0.2 0.20
Hypoosmotic swelling test (A%) 28.3+3.2 21.0+29 0.18
Acrosomal integrity (%) 345 4.0 36.9+3.3 0.65
Fertility Parameters Con (n=16) 17a-E2 (n=18) p value
Fertilized females (%) 75.0 94.4 0.11
Cohort 2
Sperm Parameters Control (n=22) 17a-E2 (n=21) p value
Epididymal concentration (x10% cells/uL) 1.6+0.6 1.6+0.6 0.95
Motility (%) 57.9+3.9 59.0+4.4 0.85
Progressive motility (%) 46.8+4.0 46.8 + 4.6 0.60
Average path velocity (VAP) 722+24 71.1+24 0.76
Curvilinear velocity (VCL) 1346 +4.9 131.3+4.9 0.39
Straight line velocity (VSL) 455+ 1.5 450+ 1.7 0.83
Amplitude of lateral head (ALH) 41+0.1 40+0.1 0.33
Beat cross frequency (BCF) 30.0+0.2 30.3+0.2 0.46
Fertility Parameters Con (n=40) 17a-E2 (n=40) p value
Pregnancy rate (%) 20.0 22.5 0.78
Implanted embryos 13.6+1.3 146 £2.7 0.77

Data presented as mean + SEM with the exception of % fertilized females and

% pregnancy rate.
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Figure 1: Chronic 17a-E2 treatment decreases body mass, but not testes mass,
in male mice. (A) Longitudinal changes in body mass, (B) body mass at necropsy,
(C) testes mass at necropsy, and (D) relative testes mass at necropsy in control (Con)
and 17a-E2 treated male mice over a 5-month period (Cohort 1). (E) Longitudinal
changes in body mass, (F) body mass at necropsy, (G) testes mass at necropsy, and
(H) relative testes mass at necropsy in Con and 17a-E2 treated male mice over a 4-
month period (Cohort 2). Mice received LabDiet 58YP + 17a-E2 (14.4 ppm) throughout
the intervention periods. All data are presented as mean = SEM and were analyzed by
repeated measures ANOVA, Student’s t-test, or ANCOVA where appropriate. n=8-

10/group for cohort 1 and 30/group for cohort 2. *p<0.05.
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Figure 2: Chronic 17a-E2 treatment does not affect seminiferous tubule
morphometry in male mice. Representative H&E stained sections of seminiferous
tubules at 40X magnification from (A) control (Con) and (B) 17a-E2 treated male mice
following a 5-month intervention period. Seminiferous (C) tubule area, (D) tubule
perimeter, (E) tubule diameter, (F) tubule lumen area, (G) tubule lumen perimeter, and
(H) tubule lumen diameter from Con and 17a-E2 treated male mice following a 5-month
intervention period. Mice received LabDiet 58YP * 17a-E2 (14.4 ppm) throughout the

intervention timeframe. All data are presented as mean + SEM and were analyzed by

Student’s t-test. n=7-8/group.
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Figure 3: Chronic 17a-E2 treatment does not alter endogenous sex hormone or
gonadotropin levels. Circulating (A) 17a-E2, (B) 17B-E2, (C) estrone, (D)
testosterone, (E) luteinizing hormone (LH), and (F) follicle-stimulating hormone from
control (Con) and 17a-E2 treated male mice following a 4-month intervention period.
Mice received LabDiet 58YP * 17a-E2 (14.4 ppm) throughout the intervention period.
All data are presented as mean =+ SEM and were analyzed by Student’s t-test or Mann-
Whitney test following the determination of normality by Shapiro-Wilk test. n=8-

14/group.*p<0.05.
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Figure 4: Chronic 17a-E2 treatment does not affect sperm morphology in male
mice. Percentage of normal, decapitated, or otherwise defective sperm from (A)
control (Con) and (B) 17a-E2 treated male mice following a 5-month intervention period
(Cohort 1). Percentage of normal, decapitated, or otherwise defective sperm from (C)
Con and (B) 17a-E2 treated male mice following a 4-month intervention period (Cohort
2). Mice received LabDiet 58YP + 17a-E2 (14.4 ppm) throughout the intervention

periods. n=8-10/group for cohort 1 and 25/group for cohort 2.



4 Consideracgdes Finais

Em sintese, 0 17a-E2, quando fornecido na dose comprovadamente eficaz
como pro-longevidade para camundongos machos, ndo afeta a fertilidade ou reserva
ovariana de camundongos, sejam estes machos ou fémeas. Sendo assim, esta
intervencao parece ser viavel de ser aplicada sem a preocupacdo com potenciais
efeitos colaterais relacionados a reproducao, o que encoraja estudos futuros.

Surpreendentemente, no entanto, a restricdo caldrica branda, de 10%, foi capaz
de elicitar efeitos positivos na preservacao reserva ovariana e taxa de prenhez apés
a realimentacéo, demonstrando a eficacia de restricbes mais leves, que podem mais
facilmente serem aplicadas a populacdo humana.

Estudos adicionais ainda sdo necessérios para melhor entender os
mecanismos de a¢do do 17a-E2. Sabe-se que o composto age via figado e cérebro,
mas ainda se carece de maior entendimento de quais vias sdo mais importantes para
seus efeitos benéficos. Além disto, ainda ndo se sabe ao certo como o 17a0-E2 se
compara ou se relaciona com o 173-E2 e o porqué de seus efeitos serem muito mais

brandos em fémeas.



Referéncias

AGARWAL, A.; GUPTA, S.; SHARMA, R. Hypoosmotic swelling test (HOS). In:
AGARWAL, A.;GUPTA, S. e SHARMA, R. (ed.). Andrological evaluation of male
infertility. New York, NY: Springer, 2016. p.93-96.

AKINGBEMI, B. T. Estrogen regulation of testicular function. Reproductive Biology
and Endocrinology, v.3, n.1, p.1-13, 2005.

ANSERE, V. A; ALI-MONDAL, S.; SATHIASEELAN, R.; GARCIA, D. N.; ISOLA, J. V.;
HENSEB, J. D.;: SACCON, T. D.; OCANAS, S. R.; TOOLEY, K. B.; STOUT, M. B.
Cellular hallmarks of aging emerge in the ovary prior to primordial follicle depletion.
Mechanisms of Ageing and Development, v.194, p.111425, 2021.

ANSTEAD, G. M.; CARLSON, K. E.; KATZENELLENBOGEN, J. A. The estradiol
pharmacophore: ligand structure-estrogen receptor binding affinity relationships and
a model for the receptor binding site. Steroids, v.62, n.3, p.268-303, 1997.

BEAUCHAMP, B.; GHOSH, S.; DYSART, M.; KANAAN, G. N.; CHU, A.; BLAIS, A,;
RAJAMANICKAM, K.; TSAI, E. C.; PATTI, M.-E.; HARPER, M.-E. Low birth weight is
associated with adiposity, impaired skeletal muscle energetics and weight loss
resistance in mice. International Journal of Obesity, v.39, n.4, p.702-711, 2015.

BROEKMANS, F.; SOULES, M.; FAUSER, B. Ovarian aging: mechanisms and
clinical consequences. Endocrine Reviews, v.30, n.5, p.465-493, 2009.

BROMFIELD, J. J.; SCHJENKEN, J. E.; CHIN, P. Y.; CARE, A. S.; JASPER, M. J.;
ROBERTSON, S. A. Maternal tract factors contribute to paternal seminal fluid impact
on metabolic phenotype in offspring. Proceedings of the National Academy of
Sciences, v.111, n.6, p.2200-2205, 2014.

BRUNER-TRAN, K. L.; DING, T.; YEOMAN, K. B.; ARCHIBONG, A.; AROSH, J. A,;
OSTEEN, K. G. Developmental exposure of mice to dioxin promotes
transgenerational testicular inflammation and an increased risk of preterm birth in
unexposed mating partners. PLoS One, v.9, n.8, p.e105084, 2014.



68

CAMERON, J. L.; NOSBISCH, C. Suppression of pulsatile luteinizing hormone and
testosterone secretion during short term food restriction in the adult male rhesus
monkey (Macaca mulatta). Endocrinology, v.128, n.3, p.1532-1540, 1991.

CASTRILLON, D. H.; MIAO, L.; KOLLIPARA, R.; HORNER, J. W.; DEPINHO, R. A.
Suppression of ovarian follicle activation in mice by the transcription factor Foxo3a.
Science, v.301, n.5630, p.215-218, 2003.

CAVANAUGH, T. M.; SCHOENEMEN, H.; GOEBEL, J. The impact of sirolimus on
sex hormones in male adolescent kidney recipients. Pediatric Transplantation,
v.16, n.3, p.280-285, 2012.

CHEN, Y.; TANG, H.; WANG, L.; HE, J.; GUO, Y.; LIU, Y.; LIU, X.; LIN, H. Fertility
enhancement but premature ovarian failure in esrl-deficient female zebrafish.
Frontiers in Endocrinology, p.567, 2018.

CHRISTENSEN, K.; DOBLHAMMER, G.; RAU, R.; VAUPEL, J. W. Ageing
populations: the challenges ahead. The Lancet, v.374, n.9696, p.1196-1208, 2009.

COMPAGNUCCI, C.; COMPAGNUCCI, G. E.; LOMNICZI, A.; MOHN, C.; VACAS, |.;
CEBRAL, E.; ELVERDIN, J. C.; FRIEDMAN, S.; RETTORI, V.; BOYER, P. M. Effect of
nutritional stress on the hypothalamo-pituitary-gonadal axis in the growing male rat.
Neuroimmunomodulation, v.10, n.3, p.153-162, 2002.

DEBARBA, L. K.; JAYARATHNE, H. S.; MILLER, R. A.; GARRATT, M.;
SADAGURSKI, M. 17-a-Estradiol Has Sex-Specific Effects on Neuroinflammation
That Are Partly Reversed by Gonadectomy. The Journals of Gerontology. Series
A, Biological Sciences and Medical Sciences., v.77, n.1, p.66-74, 2022.

DUFFY, P.; SENG, J.; LEWIS, S.; MAYHUGH, M.; AIDOO, A.; HATTAN, D.;
CASCIANO, D.; FEUERS, R. The effects of different levels of dietary restriction on
aging and survival in the Sprague-Dawley rat: implications for chronic studies. Aging
Clinical and Experimental Research, v.13, n.4, p.263-272, 2001.

DUPONT, S.; KRUST, A.; GANSMULLER, A.; DIERICH, A.; CHAMBON, P.; MARK,
M. Effect of single and compound knockouts of estrogen receptors alpha (ERalpha)
and beta (ERbeta) on mouse reproductive phenotypes. Development, v.127, n.19,
p.4277-4291, 2000.

EDDY, E. M.; WASHBURN, T. F.; BUNCH, D. O.; GOULDING, E. H.; GLADEN, B. C;
LUBAHN, D. B.; KORACH, K. S. Targeted disruption of the estrogen receptor gene in



69

male mice causes alteration of spermatogenesis and infertility. Endocrinology,
v.137, n.11, p.4796-4805, 1996.

FELDMAN, H. A.; LONGCOPE, C.; DERBY, C. A.; JOHANNES, C. B.; ARAUJO, A.B;
COVIELLO, A. D.; BREMNER, W. J.; MCKINLAY, J. B. Age trends in the level of
serum testosterone and other hormones in middle-aged men: longitudinal results
from the Massachusetts male aging study. The Journal of Clinical Endocrinology
and Metabolism, v.87, n.2, p.589-598, 2002.

FLANAGAN, E. W.; MOST, J.; MEY, J. T.; REDMAN, L. M. Calorie restriction and
aging in humans. Annual Review of Nutrition, v.40, p.105-133, 2020.

FONTANA, L.; PARTRIDGE, L. Promoting health and longevity through diet: from
model organisms to humans. Cell, v.161, n.1, p.106-118, 2015.

FRANKS, L. M.; PAYNE, J. The influence of age on reproductive capacity in C57BL
mice. Journal of Reproduction and Fertility, v.21, n.3, p.563-565, 1970.

GARCIA, D. N.; SACCON, T. D.; PRADIEE, J.; RINCON, J. A. A.; ANDRADE, K. R. S.;
ROVANI, M. T.; MONDADORI, R. G.; CRUZ, L. A. X.; BARROS, C. C.; MASTERNAK,
M. M. Effect of caloric restriction and rapamycin on ovarian aging in mice.
Geroscience, v.41, n.4, p.395-408, 2019.

GARRATT, M.; BOWER, B.; GARCIA, G. G.; MILLER, R. A. Sex differences in
lifespan extension with acarbose and 17-alpha estradiol: gonadal hormones underlie
male-specific improvements in glucose tolerance and mTORC2 signaling. Aging
Cell, v.16, n.6, p.1256-1266, 2017.

GARRATT, M.; LAGERBORG, K. A.; TSAI, Y. M.; GALECK!I, A.; JAIN, M.; MILLER, R.
A. Male lifespan extension with 17-a estradiol is linked to a sex-specific metabolomic
response modulated by gonadal hormones in mice. Aging Cell, v.17, n.4, p.e12786,
2018.

GARRATT, M.; LEANDER, D.; PIFER, K.; BOWER, B.; HERRERA, J. J.; DAY, S. M,;
FIEHN, O.; BROOKS, S. V.; MILLER, R. A. 17-a estradiol ameliorates age-associated
sarcopenia and improves late-life physical function in male mice but not in females or
castrated males. Aging Cell, v.18, n.2, p.e12920, 2019.

GARRATT, M.; STOUT, M. B. Hormone actions controlling sex-specific life-extension.
Aging (Albany NY), v.10, n.3, p.293, 2018.



70

GOSWAMI, D.; CONWAY, G. S. Premature ovarian failure. Human Reproduction
Update, v.11, n.4, p.391-410, 2005.

GUZICK, D. S.; OVERSTREET, J. W.; FACTOR-LITVAK, P.; BRAZIL, C.K.;
NAKAJIMA, S. T.; COUTIFARIS, C.; CARSON, S. A.; CISNEROS, P.; STEINKAMPF,
M. P.; HILL, J. A. Sperm morphology, motility, and concentration in fertile and infertile
men. New England Journal of Medicine, v.345, n.19, p.1388-1393, 2001.

HARRISON, D. E.; STRONG, R.; ALLISON, D. B.; AMES, B. N.; ASTLE, C. M.;
ATAMNA, H.; FERNANDEZ, E.; FLURKEY, K.; JAVORS, M. A.; NADON, N. L.
Acarbose, 17-a-estradiol, and nordihydroguaiaretic acid extend mouse lifespan
preferentially in males. Aging Cell, v.13, n.2, p.273-282, 2014.

HARRISON, R.; VICKERS, S. E. Use of fluorescent probes to assess membrane
integrity in mammalian spermatozoa. Reproduction, v.88, n.1, p.343-352, 1990.

HONG, S. K.; MIN, G. E.; HA, S. B.; DOO, S. H.; KANG, M. Y.; PARK, H. J.; YOON, C.
Y.; JEONG, S. J.; BYUN, S. S;; LEE, S. E. Effect of the dual 5a-reductase inhibitor,
dutasteride, on serum testosterone and body mass index in men with benign
prostatic hyperplasia. BJU International, v.105, n.7, p.970-974, 2010.

HUMPHREYS, P. N. The histology of the testis in aging and senile rats.
Experimental Gerontology, v.12, n.1-2, p.27-34, 1977.

IOAKEIM-SKOUFA, |.; POBLADOR-PLOU, B.; CARMONA-PIREZ, J.; DIEZ-
MANGLANO, J.; NAVICKAS, R.; GIMENO-FELIU, L. A.; GONZALEZ-RUBIO, F.;
JUREVICIENE, E.; DAMBRAUSKAS, L.; PRADOS-TORRES, A.; GIMENO-MIGUEL,
A. Multimorbidity Patterns in the General Population: Results from the EpiChron
Cohort Study. International Journal of Environmental Research and Public
Health, v.17, n.12, 2020.

ISOLA, J. V.; ZANINI, B. M.; HENSE, J. D.; ALVARADO-RINCON, J. A.; GARCIA, D.
N.; PEREIRA, G. C.; VIEIRA, A. D.; OLIVEIRA, T. L.; COLLARES, T.; GASPERIN, B.
G. Mild calorie restriction, but not 17a-estradiol, extends ovarian reserve and fertility
in female mice. Experimental Gerontology, p.111669, 2022.

ISOLA, J. V. V.; ZANINI, B. M.; SIDHOM, S.; KOPCHICK, J. J.; BARTKE, A;
MASTERNAK, M. M.; STOUT, M. B.; SCHNEIDER, A. 17alpha-Estradiol promotes
ovarian aging in growth hormone receptor knockout mice, but not wild-type
littermates. Experimental Gerontology, v.129, p.110769, 2020.



71

KAPRARA, A.; HUHTANIEMI, I. T. The hypothalamus-pituitary-gonad axis: tales of
mice and men. Metabolism, v.86, p.3-17, 2018.

KHAKI, A.; FATHIAZAD, F.; NOURI, M.; KHAKI, A.; MALEKI, N. A.; KHAMNEI, H. J.;
AHMADI, P. Beneficial effects of quercetin on sperm parameters in streptozotocin-
induced diabetic male rats. Phytotherapy Research, v.24, n.9, p.1285-1291, 2010.

KIRSANOQV, O.; RENEGAR, R. H.; BUSADA, J. T.; SERRA, N. D.; HARRINGTON, E.
V.; JOHNSON, T. A.; GEYER, C. B. The rapamycin analog Everolimus reversibly
impairs male germ cell differentiation and fertility in the mousedagger. Biology of
Reproduction, v.103, n.5, p.1132-1143, 2020.

LEE, M. B.; HILL, C. M.; BITTO, A.; KAEBERLEIN, M. Antiaging diets: Separating fact
from fiction. Science, v.374, n.6570, p.eabe7365, 2021.

LEVINE, M. E.; LU, A. T.; CHEN, B. H.; HERNANDEZ, D. G.; SINGLETON, A. B.;
FERRUCCI, L.; BANDINELLI, S.; SALFATI, E.; MANSON, J. E.; QUACH, A.
Menopause accelerates biological aging. Proceedings of the National Academy of
Sciences, v.113, n.33, p.9327-9332, 2016.

LI, L.; FU, Y.-C.; XU, J.-J.; LIN, X.-H.; CHEN, X.-C.; ZHANG, X.-M.; LUO, L.-L. Caloric
restriction promotes the reserve of follicle pool in adult female rats by inhibiting the
activation of mammalian target of rapamycin signaling. Reproductive Sciences,
v.22,n.1, p.60-67, 2015.

LIU, S.; HUANG, L.; GENG, Y.; HE, J.; CHEN, X.; XU, H.; LI, R.; WANG, Y.; DING, Y.;
LIU, X. Rapamycin inhibits spermatogenesis by changing the autophagy status
through suppressing mechanistic target of rapamycin-p70S6 kinase in male rats.
Molecular Medicine Reports, v.16, n.4, p.4029-4037, 2017.

LIU, W.; ZHANG, X.; WANG, N.; ZHOU, X.; FU, Y.; LUO, L. Calorie restriction inhibits
ovarian follicle development and follicle loss through activating SIRT1 signaling in
mice. European Journal of Medical Research, v.20, n.1, p.1-8, 2015.

LIVAK, K. J.; SCHMITTGEN, T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2—- AACT method. Methods, v.25, n.4, p.402-408,
2001.

LOPEZ-OTIN, C.; BLASCO, M. A.; PARTRIDGE, L.; SERRANO, M.; KROEMER, G.
The hallmarks of aging. Cell, v.153, n.6, p.1194-1217, 2013.



72

LUBAHN, D. B.; MOYER, J. S.; GOLDING, T. S.; COUSE, J. F.; KORACH, K. S;
SMITHIES, O. Alteration of reproductive function but not prenatal sexual
development after insertional disruption of the mouse estrogen receptor gene.
Proceedings of the National Academy of Sciences, v.90, n.23, p.11162-11166,
1993.

LUO, H.; CHIANG, H.-H.; LOUW, M.; SUSANTO, A.; CHEN, D. Nutrient sensing and
the oxidative stress response. Trends in Endocrinology & Metabolism, v.28, n.6,
p.449-460, 2017.

MAHENDROO, M. S.; CALA, K. M.; HESS, D. L.; RUSSELL, D. W. Unexpected
virilization in male mice lacking steroid 5a-reductase enzymes. Endocrinology,
v.142, n.11, p.4652-4662, 2001.

MANN, S. N.; HADAD, N.; NELSON HOLTE, M.; ROTHMAN, A. R.; SATHIASEELAN,
R.; ALI MONDAL, S.; AGBAGA, M. P.; UNNIKRISHNAN, A.; SUBRAMANIAM, M.;
HAWSE, J.; HUFFMAN, D. M.; FREEMAN, W. M.; STOUT, M. B. Health benefits
attributed to 17alpha-estradiol, a lifespan-extending compound, are mediated through
estrogen receptor alpha. Elife, v.9, 2020a.

MANN, S. N.; PITEL, K. S.; NELSON-HOLTE, M. H.; IWANIEC, U. T.; TURNER, R. T ;
SATHIASEELAN, R.; KIRKLAND, J. L.; SCHNEIDER, A.; MORRIS, K. T.;
MALAYANNAN, S.; HAWSE, J. R.; STOUT, M. B. 17alpha-Estradiol prevents
ovariectomy-mediated obesity and bone loss. Experimental Gerontology, v.142,
p.111113, 2020b.

MARTINS, A. D.; JARAK, I|.; MORAIS, T.; CARVALHO, R. A.; OLIVEIRA, P. F.;
MONTEIRO, M. P.; ALVES, M. G. Caloric restriction alters the hormonal profile and
testicular metabolome, resulting in alterations of sperm head morphology. American
Journal of Physiology. Endocrinology and Metabolism, v.318, n.1, p.E33-E43,
2020.

MASORO, E. J. Overview of caloric restriction and ageing. Mechanisms of Ageing
and Development., v.126, n.9, p.913-922, 2005.

MELNER, M. H.; ABNEY, T. O. The direct effect of 17p3-estradiol on LH-stimulated
testosterone production in hypophysectomized rats. Journal of Steroid
Biochemistry, v.13, n.2, p.203-210, 1980.



73

MILLER, B. F.; PHARAOH, G. A.; HAMILTON, K. L.; PEELORIIII, F. F.; KIRKLAND, J.
L.; FREEMAN, W. M.; MANN, S. N.; KINTER, M.; PRICE, J. C.; STOUT, M. B. Short-
term calorie restriction and 17a-estradiol administration elicit divergent effects on
proteostatic processes and protein content in metabolically active tissues. The
journals of Gerontology. Series A, Biological Sciences and Medical Sciences,
v.75, n.5, p.849-857, 2020.

MORTIMER, S. T. CASA--practical aspects. Journal of Andrology, v.21, n.4, p.515-
524, 2000.

MOST, J.; TOSTI, V.; REDMAN, L. M.; FONTANA, L. Calorie restriction in humans:
An update. Ageing Research Reviews, v.39, p.36-45, 2017.

MOVERARE-SKRTIC, S.; VENKEN, K.; ANDERSSON, N.; LINDBERG, M. K_;
SVENSSON, J.; SWANSON, C.; VANDERSCHUEREN, D.; OSCARSSON, J.;
GUSTAFSSON, J. A.; OHLSSON, C. Dihydrotestosterone treatment results in obesity
and altered lipid metabolism in orchidectomized mice. Obesity, v.14, n.4, p.662-672,
2006.

NG, K. K.; DONAT, R.; CHAN, L.; LALAK, A.; DI PIERRO, I.; HANDELSMAN, D. J.
Sperm output of older men. Human Reproduction (Oxford, England), v.19, n.8,
p.1811-1815, 2004.

O’'DONNELL, L.; ROBERTSON, K. M.; JONES, M. E.; SIMPSON, E. R. Estrogen and
spermatogenesis. Endocrine Reviews, v.22, n.3, p.289-318, 2001.

OSSEWAARDE, M. E.; BOTS, M. L.; VERBEEK, A. L.; PEETERS, P. H.; VAN DER
GRAAF, Y.; GROBBEE, D. E.; VAN DER SCHOUW, Y. T. Age at menopause, cause-
specific mortality and total life expectancy. Epidemiology, v.16, n.4, p.556-562,
2005.

PARKENING, T. A. Fertilizing ability of spermatozoa from aged C57BL/6NNia mice.
Journal of Reproduction and Fertility, v.87, n.2, p.727-733, 1989.

PARKENING, T. A.; COLLINS, T. J.; AU, W. W. Paternal age and its effects on
reproduction in C57BL/6NNia mice. Journal of Gerontology, v.43, n.3, p.B79-84,
1988.

PEREZ, E.; LIU, R.; YANG, S. H.; CAIl, Z.Y.; COVEY, D. F.; SIMPKINS, J. W.
Neuroprotective effects of an estratriene analog are estrogen receptor independent in
vitro and in vivo. Brain Research, v.1038, n.2, p.216-222, 2005.



74

PRASAD, S.; TIWARI, M.; PANDEY, A. N.; SHRIVASTAV, T. G.; CHAUBE, S. K.
Impact of stress on oocyte quality and reproductive outcome. Journal of Biomedical
Science, v.23, n.1, p.1-5, 2016.

QIN, X.; DU, D.; CHEN, Q.; WU, M.; WU, T.; WEN, J.; JIN, Y.; ZHANG, J.; WANG, S.
Metformin prevents murine ovarian aging. Aging (Albany NY), v.11, n.11, p.3785-
3794, 20109.

RAMU, S.; JEYENDRAN, R. S. The hypo-osmotic swelling test for evaluation of
sperm membrane integrity. In: (ed.). Spermatogenesis: Springer, 2013. p.21-25.

RANAWAT, P.; KAUSHIK, G.; SAIKIA, U. N.; PATHAK, C. M.; KHANDUJA, K. L.
Quercetin impairs the reproductive potential of male mice. Andrologia, v.45, n.1,
p.56-65, 2013.

RAVUSSIN, E.; REDMAN, L. M.; ROCHON, J.; DAS, S. K.; FONTANA, L.; KRAUS, W.
E.; ROMASHKAN, S.; WILLIAMSON, D. A.; MEYDANI, S. N.; VILLAREAL, D. T. A 2-
year randomized controlled trial of human caloric restriction: feasibility and effects on
predictors of health span and longevity. The Journals of Gerontology. Series A,
Biological Sciences and Medical Sciences, v.70, n.9, p.1097-1104, 2015.

RICHARDSON, A.; AUSTAD, S. N.; IKENO, Y.; UNNIKRISHNAN, A.; MCCARTER, R.
J. Significant life extension by ten percent dietary restriction. Annals of the New
York Academy of Sciences, v.1363, n.1, p.11-17, 2016.

RICHARDSON, M.; GUO, M.; FAUSER, B.; MACKLON, N. Environmental and
developmental origins of ovarian reserve. Human Reproduction Update, v.20, n.3,
p.353-369, 2014.

RIZZOTO, G.; SEKHAR, D.; THUNDATHIL, J. C.; CHELIKANI, P. K.; KASTELIC, J. P.
Calorie Restriction Modulates Reproductive Development and Energy Balance in
Pre-Pubertal Male Rats. Nutrients, v.11, n.9, 2019.

ROA, J.; TENA-SEMPERE, M. Connecting metabolism and reproduction: roles of
central energy sensors and key molecular mediators. Molecular and Cellular
Endocrinology, v.397, n.1-2, p.4-14, 2014.

ROCHA, J. S.; BONKOWSKI, M. S.; DE FRANCA, L. R.; BARTKE, A. Effects of mild
calorie restriction on reproduction, plasma parameters and hepatic gene expression



75

in mice with altered GH/IGF-I axis. Mechanisms of Ageing and Development,
v.128, n.4, p.317-331, 2007.

SACCON, T. D.; MOREIRA, F.; CRUZ, L. A.; MONDADORI, R. G.; FANG, Y_;
BARROS, C. C.; SPINEL, L.; BARTKE, A.; MASTERNAK, M. M.; SCHNEIDER, A.
Ovarian aging and the activation of the primordial follicle reserve in the long-lived
Ames dwarf and the short-lived bGH transgenic mice. Molecular and Cellular
Endocrinology, v.455, p.23-32, 2017.

SACCON, T. D.; ROVANI, M. T.; GARCIA, D. N.; MONDADORI, R. G.; CRUZ, L. A. X;;
BARROS, C. C.; BARTKE, A.; MASTERNAK, M. M.; SCHNEIDER, A. Primordial
follicle reserve, DNA damage and macrophage infiltration in the ovaries of the long-
living Ames dwarf mice. Experimental Gerontology, v.132, p.110851, 2020.

SCHNEIDER, A.; SACCON, T. D.; GARCIA, D. N.; ZANINI, B. M.; ISOLA, J. V. V.;
HENSE, J. D.; ALVARADO-RINCON, J. A.; CAVALCANTE, M. B.; MASON, J. B;
STOUT, M. B.; BARTKE, A.; MASTERNAK, M. M. The interconnections between
somatic and ovarian aging in murine models. The Journals of Gerontology, Series
A: Biological Sciences and Medical Sciences, 2020.

SCHOMBERG, D. W.; COUSE, J. F.; MUKHERJEE, A.; LUBAHN, D. B.; SAR, M;
MAYO, K. E.; KORACH, K. S. Targeted disruption of the estrogen receptor-a gene in
female mice: characterization of ovarian responses and phenotype in the adult.
Endocrinology, v.140, n.6, p.2733-2744, 1999.

SCHRIEFERS, H.; WRIGHT, M.; ROZMAN, T.; HEVERT, F. Inhibition of testosterone
metabolism by 17-alpha-estradiol in rat liver slices. Arzneimittel-forschung, v.41,
n.11, p.1186-1189, 1991.

SELESNIEMI, K.; LEE, H.-J.; MUHLHAUSER, A.; TILLY, J. L. Prevention of maternal
aging-associated oocyte aneuploidy and meiotic spindle defects in mice by dietary
and genetic strategies. Proceedings of the National Academy of Sciences, v.108,
n.30, p.12319-12324, 2011.

SELESNIEMI, K.; LEE, H. J.; TILLY, J. L. Moderate caloric restriction initiated in
rodents during adulthood sustains function of the female reproductive axis into
advanced chronological age. Aging Cell, v.7, n.5, p.622-629, 2008.

SIDHOM, S.; SCHNEIDER, A.; FANG, Y.; MCFADDEN, S.; DARCY, J;
SATHIASEELAN, R.; PALMER, A. K.; STEYN, F. J.; GRILLARI, J.; KOPCHICK, J. J.
17a-Estradiol modulates IGF1 and hepatic gene expression in a sex-specific manner.



76

The Journals of Gerontology. Series A, Biological Sciences and Medical
Sciences, v.76, n.5, p.778-785, 2021.

SINKEVICIUS, K. W.; LAINE, M.; LOTAN, T. L.; WOLOSZYN, K.; RICHBURG, J. H.;
GREENE, G. L. Estrogen-dependent and -independent estrogen receptor-alpha
signaling separately regulate male fertility. Endocrinology, v.150, n.6, p.2898-2905,
20009.

SITZMANN, B. D.; LEONE, E. H.; MATTISON, J. A.; INGRAM, D. K.; ROTH, G. S;;
URBANSKI, H. F.; ZELINSKI, M. B.; OTTINGER, M. A. Effects of moderate calorie
restriction on testosterone production and semen characteristics in young rhesus
macaques (Macaca mulatta). Biology of Reproduction, v.83, n.4, p.635-640, 2010.

SITZMANN, B. D.; MATTISON, J. A.; INGRAM, D. K.; ROTH, G. S.; OTTINGER, M.
A.; URBANSKI, H. F. Impact of Moderate Calorie Restriction on the Reproductive
Neuroendocrine Axis of Male Rhesus Macaques. Open Longevity Science, v.3,
n.10, p.38-47, 2010.

StUCZANOWSKA-GELABOWSKA, S.; LASZCZYNSKA, M.; PIOTROWSKA, K.;
GRABOWSKA, M.; GRYMULA, K.; RATAJCZAK, M. Z. Caloric restriction increases
ratio of estrogen to androgen receptors expression in murine ovaries-potential
therapeutic implications. Journal of Ovarian Research, v.8, n.1, p.1-8, 2015.

SPEAKMAN, J. R.; MITCHELL, S. E. Caloric restriction. Molecular Aspects of
Medicine, v.32, n.3, p.159-221, 2011.

STEYN, F. J.; NGO, S. T.; CHEN, V. P.; BAILEY-DOWNS, L. C,; XIE, T. Y.;
GHADAMI, M.; BRIMIJOIN, S.; FREEMAN, W. M.; RUBINSTEIN, M.; LOW, M. J.;
STOUT, M. B. 17a-estradiol acts through hypothalamic pro-opiomelanocortin
expressing neurons to reduce feeding behavior. Aging Cell, v.17, n.1, p.e12703,
2018.

STOUT, M. B.; LIU, L. F.; BELURY, M. A. Hepatic steatosis by dietary-conjugated
linoleic acid is accompanied by accumulation of diacylglycerol and increased
membrane-associated protein kinase C € in mice. Molecular Nutrition & Food
Research, v.55, n.7, p.1010-1017, 2011.

STOUT, M. B.; STEYN, F. J.; JURCZAK, M. J.; CAMPOREZ, J. G.; ZHU, Y.; HAWSE,
J.R.,; JURK, D.; PALMER, A. K.; XU, M.; PIRTSKHALAVA, T.; EVANS, G. L.; DE
SOUZA SANTOS, R.; FRANK, A. P.; WHITE, T. A.; MONROE, D. G.; SINGH, R. J.;
CASACLANG-VERZOSA, G.; MILLER, J. D.; CLEGG, D. J.; LEBRASSEUR, N. K,;
VON ZGLINICKI, T.; SHULMAN, G. I.; TCHKONIA, T.; KIRKLAND, J. L. 17alpha-



77

Estradiol Alleviates Age-related Metabolic and Inflammatory Dysfunction in Male
Mice Without Inducing Feminization. The Journals of Gerontology, Series A:
Biological Sciences and Medical Sciences, v.72, n.1, p.3-15, 2017.

STRONG, R.; MILLER, R. A.; ANTEBI, A.; ASTLE, C. M.; BOGUE, M.; DENZEL, M.
S.; FERNANDEZ, E.; FLURKEY, K.; HAMILTON, K. L.; LAMMING, D. W. Longer
lifespan in male mice treated with a weakly estrogenic agonist, an antioxidant, an a-
glucosidase inhibitor or a Nrf2-inducer. Aging Cell, v.15, n.5, p.872-884, 2016.

SUN, J.; SHEN, X.; LIU, H.; LU, S.; PENG, J.; KUANG, H. Caloric restriction in female
reproduction: is it beneficial or detrimental? Reproductive Biology and
Endocrinology, v.19, n.1, p.1-11, 2021.

TAJADDINI, S.; EBRAHIMI, S.; BEHNAM, B.; BAKHTIYARI, M.; JOGHATAEI, M.;
ABBASI, M.; AMINI, M.; AMANPOUR, S.; KORUJI, M. Antioxidant effect of
manganese on the testis structure and sperm parameters of formalin-treated mice.
Andrologia, v.46, n.3, p.246-253, 2014.

TE VELDE, E.; SCHEFFER, G.; DORLAND, M.; BROEKMANS, F.; FAUSER, B.
Developmental and endocrine aspects of normal ovarian aging. Molecular and
Cellular Endocrinology, v.145, n.1-2, p.67-73, 1998.

TREPANOWSKI, J. F.; KROEGER, C. M.; BARNOSKY, A.; KLEMPEL, M. C,;
BHUTANI, S.; HODDY, K. K.; GABEL, K.; FREELS, S.; RIGDON, J.; ROOD, J. Effect
of alternate-day fasting on weight loss, weight maintenance, and cardioprotection
among metabolically healthy obese adults: a randomized clinical trial. JAMA Internal
Medicine, v.177, n.7, p.930-938, 2017.

WANG, C.; LEUNG, A.; SINHA-HIKIM, A. P. Reproductive aging in the male brown-
Norway rat: a model for the human. Endocrinology, v.133, n.6, p.2773-2781, 1993.

WANG, Z.; WU, W.; KIM, M. S.; CAI, D. GnRH pulse frequency and irregularity play a
role in male aging. Nature Aging, v.1, n.10, p.904-918, 2021.

WELLONS, M.; OUYANG, P.; SCHREINER, P. J.; HERRINGTON, D. M.; VAIDYA, D.
Early menopause predicts future coronary heart disease and stroke: the Multi-Ethnic
Study of Atherosclerosis. Menopause, v.19, n.10, p.1081-1087, 2012.

WU, Y.; ZHONG, A.; ZHENG, H.; JIANG, M.; XIA, Z.; YU, J.; CHEN, L.; HUANG, X.
Expression of Flotilin-2 and Acrosome Biogenesis Are Regulated by MiR-124 during
Spermatogenesis. PLoS One, v.10, n.8, p.e0136671, 2015.



78

XIANG, Y.; XU, J.; LI, L.; LIN, X.; CHEN, X.; ZHANG, X.; FU, Y.; LUO, L. Calorie
restriction increases primordial follicle reserve in mature female chemotherapy-
treated rats. Gene, v.493, n.1, p.77-82, 2012.

YUAN, J. T.; GATTI, D. M.; PHILIP, V. M.; KASPAREK, S.; KREUZMAN, A. M.;
MANSKY, B.; SHARIF, K.; TATERRA, D.; TAYLOR, W. M.; THOMAS, M. Genome-
wide association for testis weight in the diversity outbred mouse population.
Mammalian Genome, v.29, n.5, p.310-324, 2018.



Anexos



80

Anexos

Anexo | - Documento da Comisséo de Etica e Experimentacdo Animal (Artigo 1)

UNIVERSIDADE FEDERAL DE PELOTAS

PARECER N° 40/2019/CEEA/REITORIA
PROCESSO N° 23110.028986/2019-59
Certificado

Certificamos que a proposta intitulada “Efeito do 17 Estradiol (17¢E2) na fertilidade ¢ envelhecimento
ovariano de camundongos™, processo n° 23110.0028986/2019-59, sob a responsabilidade de Augusto
Schneider que envolve a produgio, manutencio ou utilizagio de animais pertencentes ao filo Chordata,
subfilo Vertebrata (exceto humanos), para fins de pesquisa cientifica (ou ensino) — encontra-se de acordo com
os preceitos da Lei n® 11.794, de 8 de outubro de 2008, do Decreto n® 6.899, de 15 de julho de 2009, e com as
normas editadas pelo Conselho Nacional de Controle de Experimentagio Animal (CONCEA), e recebeu
parecer FAVORAVEL a sua execugiio pela Comissdo de Etica em Experimentagio Animal, em reunifio de

16/07/2019.
Finalidade ( X ) Pesquisa ( ) Ensino
Vigéncia da autorizagio 01/10/2019 a 30/09/2020
Espécie/linhagem/raca Mus musculus/C5TBL/6
N° de animais 117
Idade 60 dias
Sexo 45 Machos e 72 Fémeas
https:jfsei ufpel edu.brfsel/controlador.php?acao=decumento_impr._347e53671148deZccac262BalblddcB8aa3Det9efc1802865bcedl6a000b20a3 Page 1of 2

SEI/UFPel - 0624085 - Parecer 7/28/18, 13:47

Origem Biotério Central - UFPel

Ccddigo para cadastro n° CEEA 28986-2019

M.V. Dra. Anelize de Oliveira Campello Felix

Presidente da CEEA
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Anexo Il - Documento da Comisséo de Etica e Experimentag&o Animal (Artigo
2)

UNIVERSIDADE FEDERAL DE PELOTAS

PARECER N° 8/2020/CEEA/REITORIA
PROCESSO N* 23110.050105/2019-86
Certificado

Certificamos que a proposta intitulada “Efeito do tratamento com 17a-estradiol (170E2) em
camundongos machos na qualidade espermitica e producio de embrides in vivo”, registrada com o n*
23110.050105/2019-86, sob a responsabilidade de Augusto Schneider - que envolve a produgéo,
manutencdo ou utilizagdo de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto humanos), para
fins de pesquisa cientifica (ou ensino) — encontra-se de acordo com os preceitos da Lei n° 11.794, de 8 de
outubro de 2008, do Decreto n° 6.899, de 15 de julho de 2009, ¢ com as normas editadas pelo Conselho
Nacional de Controle de Experimentagiio Animal (CONCEA), e recebeu parecer FAVORAVEL a sua
execugio pela Comissio de Etica em Experimentagio Animal, em reunido de 17 de dezembro de 2019.

Finalidade ( x) Pesquisa ( ) Ensino
Vigéncia da autorizagio 14/01/2020 a 30/12/2021
Espécie/linhagem/raca Mus musculus/C5TBL/6
IN® de animais 60
[dade 60 dias
Sexo 20 machos e 40 Fémeas
Origem Biotério Central - UFPel
https:/fsei.ufpel.edu. brfsei/controlador. php?acac=documento_impri. . 84b71105fSefcd47a4914a3af 037 20cf7 d8062023acadb2dcd 8464f48aTcc Page 10f 2

SEIJUFPal - 0BAE287 - Paracer 1/15/20, 09:01

Cédigo para cadastro n® CEEA 50105/2019-86

M.V. Dra. Anelize de Oliveira Campello Felix

Presidente da CEEA



