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RESUMO

VEIGA, Gabriel Barreto. Efeitos da restricdo de caloria, proteinas e
aminoacidos de cadeia ramificada no envelhecimento ovariano de
camundongos fémeas. Orientadora: Augusto Schneider. 2023. 45 f.
Dissertacado (Mestrado em Nutricdo e Alimentos) — Programa de pos graduagao
em Nutricdo e Alimentos, Faculdade de Nutricdo, Universidade Federal de
Pelotas, Pelotas, 2023.

A restrigdo calorica (RC) é uma intervengdo dietética consolidada na literatura
que esta relacionada a efeitos promotores da longevidade, retardo do
aparecimento de doencgas crénicas e preservacao da reserva ovariana feminina.
Estes efeitos sdo atribuidos ao controle do estresse oxidativo, status
inflamatorio, diferenciagdo celular, danos no DNA e regulagdo de vias
intracelulares como a mMTORC1 e FOXO3. Contudo, recentemente alguns
estudos observaram que os impactos positivos da RC podem ser atrelados a
restricdo de proteinas, e especificamente a restricdio do consumo de
aminoacidos de cadeia ramificada (BCAAs), ocasionada pela estratégia. Assim
o objetivo desse trabalho foi avaliar os efeitos da restricdo de proteinas e de
BCAAs sobre a ativacao de foliculos primordiais e o envelhecimento ovariano
em comparagdo com a restricdo caldrica de 30%. Foram utilizados 35
camundongos fémeas da linhagem CS57BL/6 randomizados em 4 grupos e
tratados por 90 dias em: grupo controle (CTL; n = 8), grupo restrigao calorica de
30% (CR; n =9), grupo restricao de proteinas (PR; restricdo de 15%; n =9) e
grupo restricdo de BCAAs (BCAAR; restricdo de 32% dos aminoacidos leucina,
isoleucina e valina; n = 9). Foram analisados ganho de peso, composi¢céo
corporal, ingestao alimentar, niveis séricos de BCAAs, metabolismo da glicose,
reserva ovariana e ciclicidade estral. Foi observado que a restricdo caldrica,
proteica e de BCAAs preveniram o ganho de peso e alteraram a composi¢céo
corporal dos animais em comparagao ao controle. Além disso a restricdo de
BCAAs resultou em aumento da ingesta caldrica. Ainda, foi observado que a
restricdo caldrica e de proteinas demonstraram prevenir a ativagao de foliculos
ovarianos e aumentar o tempo de duracéo do ciclo estral, ndo sendo observadas
diferengas para a restricdo de BCAAs. Os resultados encontrados no presente
estudo mostram que a restricdo de proteinas tem efeitos similares a restricao
caldrica na reserva ovariana, ao passo que a restricado de BCAAs somente nao
foi capaz de ocasionar os mesmos efeitos. Isso ocorreu apesar do PR nao ter
reduzidos a ingestédo de calorias e o RC nao ter reduzido a ingestédo de proteinas
em niveis semelhantes ao PR.

Palavras-chave: Intervencgdes dietéticas, BCAAs, envelhecimento ovariano e
mTORCA1



ABSTRACT

VEIGA, Gabriel Barreto. Effects of calorie, protein and branched chain amino
acid restriction on ovarian aging in female mice. Advisor: Augusto Schneider.
2023. 45 f. Dissertation (Master in Nutrition and Food) — Graduate Program in
Nutrition and Food, Nutrition university, Universidade Federal de Pelotas,
Pelotas, 2023.

ABSTRACT

Calorie restriction (CR) is a dietary intervention that promote longevity, delays the
onset of chronic diseases and preserves the ovarian reserve in females. These
effects are attributed to the control of oxidative stress, inflammatory status, cell
differentiation, DNA damage and regulation of intracellular pathways such as
mMmTORC1 and FOXO3. However, some studies have observed that the positive
impacts of CR can be linked to restriction of protein and branched-chain amino
acids (BCAAs) caused by the strategy. The aim of this study was to evaluate the
effects of protein and BCAA restriction on primordial follicle activation compared
to 30% calorie restriction in mice. For so, 35 female C57BL/6 mice were
randomized into 4 groups and treated for 4 months: control group (CTL; n = 8),
30% calorie restriction (CR; n = 9), protein restriction (PR; 15% restriction; n = 9)
and BCAA restriction group (BCAAR; 32% restriction of the amino acids leucine,
isoleucine and valine; n = 9). Body mass, body composition, food intake, serum
levels of BCAAs, glucose metabolism, ovarian reserve and estrous cyclicity were
evaluated. We observed that calorie, protein and BCAA restriction prevented
mass gain and changed body composition compared to the control. BCAA
restriction resulted in increased calorie intake compared to control mice.
Interestingly, we observed that calorie and protein restriction prevented activation
of primordial follicles and increased the duration of the estrous cycle. No
differences were observed for BCAA restriction regarding cyclicity and ovarian
reserve. Our data indicates that protein restriction has similar effects to calorie
restriction on preservation of ovarian reserve, whereas BCAA restriction alone
did not affect it. This occurred despite PR did not reducing calorie intake and CR
did not reducing protein intake in levels similar to PR.

Keywords: Dietary interventions, BCAAs, ovarian aging and mTORC1
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REVISAO BIBLIOGRAFICA

As ultimas décadas foram marcadas pelo avango na expectativa e de vida,
em que o desenvolvimento das ciéncias médicas possibilitou redugcao das taxas
de mortalidade em idades avancadas, entretanto, houve um aumento da
incidéncia e prevaléncia de doencas crdénicas [1]. Dessa forma, equalizar o
aumento da expectativa de vida ao mesmo passo em que se beneficia a
qualidade de vida tornou-se uma questao de interesse cientifico, estimulando
pesquisas para melhor compreender os mecanismos do envelhecimento a fim

de elaborar medidas protetivas.

O envelhecimento pode ser compreendido como um processo hatural que
ocorre em todos individuos e que esta associado a uma série de alteragcbes em
ambito molecular, celular e fisiolégico, caracterizado pelo declinio gradual da
funcdo orgénica e menor capacidade de sustentar a homeostase corporal [2].
Dentre essas alteracdes, o envelhecimento esta relacionado ao maior acumulo
de danos no DNA, produgdo de espécies reativas de oxigénio (EROs),
encurtamento dos teldmeros e instabilidade genética [3]. Como resultados
destes processos temos o aumento senescéncia com o envelhecimento,
processo em que ha parada da proliferacdo celular e aquisicdo de um padrao
secretorio pré-inflamatoério [4]. O acumulo de células senescentes favorece o
quadro de inflamagédo cronica de baixo grau e disfungdo tecidual [4].
Consequentemente, a literatura aponta que o acumulo de células senescentes
com o avango da idade resulta em menor fungao pancreatica, maior resisténcia
a insulina e fibrose tecidual contribuindo para a incidéncia de doencas do
envelhecimento [4-6]. Dessa forma, € possivel observar que o processo de
envelhecimento cursa com uma vasta gama de alteragdes biolégicas em que
alguns fatores como acumulo de danos, estresse oxidativo e senescéncia celular
estdo ligados ao desenvolvimento de inumeros disturbios patologicos. Esses
processos estdo associados ao desenvolvimento de patologias do
envelhecimento como cancer, diabetes, aterosclerose, doenga pulmonar

obstrutiva crénica e Alzheimer [7].

No mesmo sentindo, o aumento da expectativa de vida e intensas

alteracbes em diversos aspectos da sociedade favoreceram que cada vez mais
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mulheres adiem o projeto de maternidade para apos os 35 anos de idade, uma
faixa etaria na qual a fertilidade ja comega declinar em muitas mulheres [8]. As
alteragdes fisiopatologicas com o progresso da idade levam ao maior risco
obstétrico e perinatal independentemente de outros fatores [9]. Dentro deste
contexto, a reducao da fertilidade com o avanco da idade é sobretudo apontada
como um reflexo do declinio de aspectos quali-quantitativos da reserva ovariana
[10, 11].

A reserva ovariana é constituida de foliculos primordiais, cujo numero é
determinado antes mesmo do nascimento da mulher, e o constante recrutamento
destes foliculos leva ao esgotamento da reserva ovariana [12]. Ainda, outros
aspectos como o acumulo de danos e estresse oxidativo, fatores relacionados a
condi¢cbes ambientais de alimentagao, avancgo da idade e estilo de vida, podem
impactar no processo de envelhecimento ovariano e ativacao folicular [13]. O
esgotamento da reserva ovariana leva a drastica redu¢ao das concentragdes de
estrogenos e ao término dos ciclos menstruais, caracterizando um importante
marco na vida da mulher, conhecido como menopausa e o término da vida
reprodutiva feminina [14]. Contudo as consequéncias do esgotamento da
reserva ovariana vao muito além do ovario e da fertilidade, em que a reducao
das concentragbes de estrogénio na menopausa acarreta uma série de
alteragdes fisioldgicas associadas ao maior risco cardiovascular, metabdlico,
reducdo da saude Ossea, maior incidéncia de transtornos mentais, além de
diversas outras patologias [15-18]. Dado isso, a reposicdo hormonal (TRH) é
uma possivel medida terapéutica para evitar e/ou amenizar as consequéncias
da menopausa. Contudo, o tema foi alvo de inumeras polémicas em cenario
cientifico e clinico, no qual os primeiros estudos demonstraram ndo s6 a
auséncia de efeitos protetivos da TRH como também o maior risco para
desenvolvimento de neoplasias em mulheres [19]. Atualmente, estudos
demonstram que a TRH é uma estratégia eficaz para reduzir a presenga de
sintomas da menopausa, reduzir o risco cardiovascular e até mesmo aumentar
a expectativa de vida [20]. No entanto, ainda que positiva a saude, esta
estratégia ndo é capaz de aumentar a vida reprodutiva da mulher, sendo que até
o momento fica claro que a otimizagdo da reserva ovariana ainda é a melhor

medida para estender a fertilidade feminina.
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A reserva ovariana é formada ainda durante a vida intrauterina da mulher
e pode ser entendida como o conjunto de todos foliculos ovarianos
potencialmente disponiveis para fertilizagado durante a vida adulta [21]. Por sua
vez, a reserva ovariana é principalmente representada por foliculos primordiais,
0s quais sdo oocitos rodeados de uma unica camada achatada de células da
granulosa que permanecem quiescentes até que sejam recrutados [22]. Dessa
forma, o processo de recrutamento e ativagao folicular ocorre ao decorrer da vida
feminina a fim de ocasionar fenbmenos reprodutivos [23]. Em meio disto, a via
intracelular da fosfatildinositol 3 kinase (PI3K)/proteina kinase B (AKT) parece
ser a principal via de sinalizagao a determinar o recrutamento e crescimento de
foliculos primordiais, além de regular o metabolismo, proliferacédo e
sobrevivéncia da célula [24]. Assim, quando ativa no interior do odcito, a PI3K
converte fosfatildinositol 4,5 bifosfato (PIP2) em fosfatildinositol 3,4,5 trifosfato
(PIP3), o que por sua vez leva a proteina quinase do tipo B (AKT) a migrar para
0 nucleo celular, onde por meio da fosforilagdo do fator de transcricido Forkhead
box O3a (FOXO3a) estimula a ativagao e desenvolvimento do foliculo primordial
(Figura 1)[25].

Ainda nesse sentido, o alvo da rapamicina em mamiferos (mTOR; do
inglés mammalian target of rapamycin) € uma proteina quinase que atua no
organismo humano via 2 complexos proteicos, conhecidos como mTORC1 e
mTORC2 [26], que entre inumeros papéis também demonstra estar relacionada
ao controle da ativagcao de foliculos primordiais. A sinalizagdo da mTORC1 nas
células da granulosa do foliculo primordial regulam a expressao do KITL, que se
liga ao receptor KIT na superficie de odcitos, ativando a via da PISK/AKT e
ativacéo do foliculo primordial [27] (Figura 1). Nao surpreendentemente, modelos
animais knockout para a expressdao de mTOR em foliculos primordiais
evidenciaram um papel crucial do complexo mTOR nos processos de ativacéo e
maturacéo celular [28]. Por outro lado, a atividade da mTOR sera determinada
pela interagc&o entre diversos fatores que incluem desde a sinalizagdo de outras
vias celulares a até mesmo a presenga de nutrientes como aminoacidos [29].
Nesse sentido, a proteina quinase ativada por AMP (AMPK) & um importante
sensor energético intracelular que demonstra ser a principal via antagbnica do

complexo mTOR [30]. Especificamente, estudos mostram que a AMPK estimula
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a maior atividade do complexo proteico TSC1/2 e da proteina SIRT1, inibindo
diretamente a sinalizacdo da mTOR [31]. Por sua vez, dentro do foliculo ovariano
a sinalizagdo da AMPK parece inibir a ativagao folicular justamente por impedir
a sinalizagao da via da mTOR e da PI3K/AKT [32]. Assim, de maneira similar ao
visto anteriormente, estudos evidenciaram que a maior sinalizacdgo AMPK
conduz a dorméncia da reserva folicular [33]. Desse modo, pode-se notar que a
ativacao folicular e seu desenvolvimento sera um processo dependente da acao
e comunicacgao de diversas vias metabdlicas sensoras dos niveis de nutrientes

e energia [34].

Sinalizagdo da AMPK
coordenada pelo amblente

| | /" Expresso de KITL na
mTOR membrana do oécito

AKT PI3K

 Ativaglio e
desenvolvimento
folicular

Figura 1 — Vias intracelulares relacionadas ao recrutamento folicular
ovariano; AMPK — Proteina quinase ativada por AMP, MTOR - Proteina alvo da
Rapamicina, KITL — Ligante do receptor KIT, PI3K — Fosfatidil-inositol 3 quinase,
AKT — Proteina quinase B, FOXO3 — Forkhead box O3.

Nesse contexto, a restricdo calodrica (RC) € uma estratégia nutricional
marcada pela redugao da ingestao alimentar sem que ocorra desnutricdo [35].
Esta intervencédo dietética é consolidada na literatura como promotora da
longevidade e redutora do desenvolvimento de doengas relacionadas ao
envelhecimento [35]. Quando aplicada em estudos pré-clinicos realizados com
diversos modelos animais, a RC de 30 a 50% demonstrou promover extensao
do periodo de vida em 50 a 300% [36]. Estudos clinicos chegam a sugerir que a
RC possa aumentar de 1 a 5 anos a longevidade de humanos [35]. Tal efeito
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pode ser considerado uma consequéncia da modulagdo de diversas vias
metabdlicas e fisioldgicas que ocorre frente a RC, onde € possivel observar
impactos positivos da RC em promover menor estresse cardiovascular, melhora
do status inflamatério, adiposidade, massa corporal, estresse oxidativo e
sensibilidade a nutrientes [35, 36].

Os mecanismos de a¢ao da RC ainda nao estao totalmente elucidados,
entretanto os impactos da RC no ambiente celular s&do principalmente
relacionados a mudangas no status energético celular representados pela raz&o
NAD+/NADH, modulando o funcionamento de diversas vias intracelulares [37].
Dentre elas, o aumento da razdo NAD+/NADH em virtude da RC leva a maior
sinalizagdo da AMPK, que além dos mecanismos descritos anteriormente,
também parece regular processos de diferenciagdo e crescimento celular,
biogénese mitocondrial, reparo ao DNA e estresse oxidativo [38]. Além disso, as
alteracdes da razdo NAD+/NADH também parecem impactar na expressao de
um grupo de proteinas envolvidas no remodelamento da cromatina e expresséo
génica conhecido como sirtuinas (SIRTs) [39]. Tanto a atividade AMPK como
SIRTs sao apontadas como reguladores do envelhecimento e da homeostase
celular por sua capacidade de modular o fator de transcricdo FoxO [31]. Nesse
sentido, evidéncias indicam que os fatores de transcricdo da familia FoxO sao
importantes determinantes do envelhecimento e longevidade, sendo envolvidos
em uma ampla gama de processos celulares relacionados a resisténcia ao
estresse, ciclo celular e apoptose [40]. Por outro lado, enquanto a RC demonstra
favorecer a sinalizagdo AMPK, outras vias intracelulares como da
PIBK/AKT/mTOR também parecem ser impactadas [41]. A mTOR atua no
ambiente intracelular como um ponto central de integragdo entre vias
bioquimicas relacionadas a disponibilidade de nutrientes e energia, direcionando
processos como a sintese proteica, crescimento e diferenciagao celular, sendo
um importante regulador da homeostase metabdlica [29]. Assim, as alteragdes
do status energético celular promovidas pela RC parecem inibir a atividade do
complexo mTOR por favorecer maior predominancia de vias antagdnicas, como
a sinalizacdo da AMPK descrita previamente [42]. Consequentemente, inumeros
estudos demonstram que a RC é uma potente ferramenta para modular vias

fisiologicas e assim promover beneficios a saude e longevidade [43].
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Insulina, fatores de crescimento,
energia e nutrientes

Restrigdo caldrica

NAD+/NADH PI3K
| }
AMPK _— TSC1/2 — AKT
| }
SIRT1 i mTOR
| N
FoxO S6K 4E-BP1
|
\{/ Estresse oxidativo, apoptose, [ /N Crescimento e diferenciagdo ]
envelhecimento celular, envelhecimento

Figura 2 — Efeitos da restricdo cal6rica em vias intracelulares em células
somaticas; NAD+ - Dinucleotido de nicotinamida e adenina oxidada, NADH —
Dinucleétido de nicotinamida e adenina reduzida, AMPK — Proteina quinase
ativada por AMP, SIRT1 — Sirtuinas do tipo 1, FOXO — Forkhead box O, PI3K —
Fosfatidil-inositol 3 quinase, AKT — Proteina quinase B, MTOR — Proteina alvo
da Rapamicina, S6K.- Proteina ribossémica S6, 4E-BP1 — Proteina 1 de ligacéo
fator 4E de iniciacédo da tradugao eucaridtica, TSC1/2 — Compexo de escolerose

tuberosa 5.

Além da longevidade, a RC também demonstra impactar na reserva
ovariana e vida reprodutiva feminina. Desde inicio do século passado, os
primeiros estudos realizados com animais em restricdo energética reportaram
que a redugdo da ingestao alimentar em roedores fémeas resultava em maior
sustentabilidade da fertilidade [44]. Logo apds disso, a RC continuou sendo
estudada e atualmente sabe-se que quando aplicada em intensidades de até
30% a estratégia ja é capaz de reduzir a ativagdo de foliculos primordiais e
promover extensao da vida reprodutiva feminina [33]. Contudo, grande parte dos
estudos avaliando os impactos da RC na reserva ovariana foram realizados em
animais logo apos o desmame, o que pareceu retardar o crescimento e
maturacao dos animais [45], impactando o desenvolvimento ovariano. Porém
contornando isso, estudos posteriores avaliaram a aplicacdo da RC de 40%

durante 4 meses em camundongos ja adultos e evidenciaram que a estratégia
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foi eficaz para reduzir o recrutamento folicular, uma vez que as fémeas do grupo
RC apresentavam reserva ovariana duas vezes maior que os animais do grupo
controle [46]. Ainda, o0 mesmo estudo expbs que as fémeas do grupo RC
demonstravam fertilidade e taxa de sobrevivéncia das proles notavelmente maior
gue os animais em dieta ad libitum apos 15 meses de idade [46]. Nesse sentindo,
nosso grupo também mostrou que tanto camundongos em RC de 30% como
tratados com rapamicina, um inibidor da mTOR, durante 90 dias apresentavam
maior numero de foliculos primordiais e totais [47]. No mesmo sentindo, outro
trabalho desenvolvido pelo nosso grupo demonstrou que a RC de apenas 10%
ja foi suficiente para impactar positivamente a preservagao da reserva ovariana,
enquanto outras intervengbes como a administracdo exdgena de 17-alfa-
estradiol (17a-E2) falharam em alcancar o mesmo resultado no periodo de seis
meses de estudo [48]. Além disso, a RC de 35% ainda demonstrou proteger a
reserva ovariana contra o tratamento quimioterapico em roedores, evidenciando
maior numero de foliculos primordiais no grupo RC apos 8 semanas de
intervencao [49]. Assim sendo, torna-se clara a capacidade da RC em modular
fatores atrelados ao envelhecimento ovariano em diferentes intensidades e fases

da vida.

Aprofundando-se nos mecanismos pelo qual a RC atua sobre a reserva
ovariana, podemos observar similaridade com as vias que regulam
envelhecimento e longevidade. Por exemplo, grande parte dos estudos apontam
que a maior expressao de FoxO3 e SIRT1 seria o principal efeito da RC
favorecendo menor ativacdo da reserva ovariana, visto que sdo vias
relacionadas a dorméncia folicular [33, 47, 49]. No entanto, estudos anteriores
que avaliaram os efeitos de intervengdes relacionadas a sinalizacdo mTOR,
antagébnica a via da FoxO/SIRTs e inibida pela RC, demonstram que a maior
atividade do complexo mTOR leva ao maior recrutamento folicular e
esgotamento precoce da reserva ovariana [50]. Refor¢ando essa ideia, estudos
que utilizaram ativadores de SIRTs reportaram prolongamento da vida
reprodutiva e preservacao da reserva ovariana por suprimir a sinalizacdo mTOR
pela obesidade induzida por dieta [51]. Ainda, outro estudo apontou que a
obesidade esta relacionada a maior expressdo de mTOR no ovario e isso

associado ao recrutamento acelerado de foliculos ovarianos, onde novamente
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animais obesos quando expostos a RC de 30% apresentaram maior sinalizagao
de proteinas do grupo SIRTs e manutengao da reserva folicular ovariana [52].
Desta maneira, fica claro que a via mTOR tem um papel central como mediadora

dos efeitos do estado nutricional sobre a reserva ovariana.

Alguns estudos tém atrelado os efeitos positivos da RC a restrigao de
proteinas, e mais especificamente de alguns aminoacidos, imposta pela
estratégia dietética. Nesse cenario, a importéncia da proteina como um fator
dietético modulador do envelhecimento e da longevidade ja vem sendo
estudado, onde dietas de baixo aporte proteico mostraram promover maiores
taxas de sobrevida [53]. De maneira mais recente, um estudo que avaliou os
efeitos de mais de 25 padrées dietéticos em camundongos apontou que a
longevidade e saude metabdlica seriam determinadas principalmente pela
quantidade total de proteinas consumidas na alimentagdo e nao a oferta
energética, em que a substituicdo de proteinas por carboidratos, mesmo em
dietas isocaldricas, favoreceu maior longevidade e otimizagdo de marcadores de
saude [54]. Somando-se a isso, outros estudos também realizados em roedores
demonstraram que a restricido de proteinas promove alteragbes na via do
horménio do crescimento (GH, do inglés growth hormone) relacionadas ao
aumento do tempo de vida saudavel, enfatizando que a disponibilidade de
proteinas da dieta exerce uma fungdo reguladora na extensao de vida [55]. Por
sua vez, a reducao das concentragdes sericas de GH e outros intermediarios de
sua sinalizagdo, como os fatores de crescimento similares a insulina (IGF, do
inglés insulin-like growth factors) esta associada com o retardo do aparecimento
de doengas e aumento da longevidade [56]. Assim, a restricdo do consumo de
proteinas de 1,67g/kg/dia para 0,95g/kg/dia foi uma estratégia eficaz para reduzir
0s niveis sanguineos de IGF-1 em humanos em apenas trés semanas [57]. Fora
isso, um recente estudo de revisao apontou para a restricdo de proteinas como
uma potente moduladora do envelhecimento, no qual novamente mesmo em
cenarios de dietas isocaldricas, a simples reducido do proteinas seria capaz de
mimetizar os efeitos da RC [58]. Ainda, em outro estudo de revisao a restricao
de proteinas foi citada como uma estratégia nutricional alternativa para efeitos
antienvelhecimento, atrelando esses impactos a inibicdo da via mTOR [59]. Por
fim, a restricdo de proteinas em uma ingestao de 10% do total de calorias diarias
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resultou em uma série de alteragcbes metabdlicas em ratos, marcada pelo
aumento do gasto energético, diminuicdo da sintese de acidos graxos no figado

e inducdo de autofagia hepatica no periodo de 14 dias de intervengao [60].

Interessantemente, os efeitos da restricdo de proteinas também podem
ser observado a partir da restricdo de apenas alguns aminoacidos, como 0s
aminoacidos de cadeia ramificada (BCAAs, do inglés branched chain amino
acids), triptofano e metionina [59]. Especialmente, os BCAAs sdo um grupo de
aminoacidos essenciais (leucina, isoleucina e valina), caracterizados pela
ramificagdo do grupamento R na estrutura do aminoacido [61], que
desempenham papéis essenciais na regulacdo da homeostase energética,
atuam na sinalizagdo ao metabolismo da glicose, lipideos e sintese de proteinas
principalmente em decorréncia de sua capacidade em modular a via
PI3BK/AKT/mTOR [62]. Nesse contexto, a alta disponibilidade cronica de BCAAs
leva a hiperativagdo do complexo mTORC1 resultando na tentativa de
estabilizacdo da via por feedback negativo, induzindo a resisténcia a insulina
[63]. A partir disso varios estudos surgem na literatura cientifica indicando efeitos
metabdlicos benéficos da restricao de proteinas e BCAAs. Por exemplo, a menor
ingest&o proteica (total de calorias provenientes de proteinas de 7%) e de BCAAs
esta relacionada a menor adiposidade e maior sensibilidade a insulina em
humanos e roedores [64]. Além disso, outro estudo evidenciou que vias de
detecgao de nutrientes, como mTOR e SIRT1, foram influenciadas pelos padrdes
dietéticos em cérebros de camundongo, concluindo que a dieta pobre em
proteinas e ricas em carboidratos reproduz alguns beneficios da RC no
envelhecimento cerebral [65]. Assim, dietas ricas em BCAAs parecem interferir
no comportamento alimentar reduzindo a percepc¢ido de saciedade, resultando

em camundongos em obesidade e encurtamento da longevidade [66].

Além disso, a ativagao de foliculos ovarianos foi reduzida pela restricao
de proteinas (9% da ingestdo energética total) e acelerada pelo consumo
proteico aumentando (56% da energia proveniente de proteinas) quando
comparados a dieta controle (22% da energia proveniente de proteinas), no qual
a restricdo ou excesso da ingestdo de proteinas resultou em preservagao ou
declinio, respectivamente, do numero de foliculos ovarianos ao decorrer do

envelhecimento [67]. Por sua vez, os efeitos da restricdo de proteinas na reserva
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ovariana pareceram ser principalmente atrelados a alteracdes na sinalizacao
mTORC1 ovariana e de agente metabdlicos periféricos como o fator de
crescimento de fibroblastos 21 (FGF21) e adiponectina [67]. Por outro lado, outro
estudo demonstrou que o numero total de foliculos ovarianos foi maior em
fémeas alimentadas em dietas com razao proteina:carboidrato de 3:1, contudo
esse resultado ndo foi descrito para cada categoria folicular [68]. Ainda, cabe
salientar que ambos os estudos anteriormente citados tiveram diferengas em sua
metodologia, no qual os ovarios foram cortados em sequéncias de 5 e 20
micrometros respectivamente para calculo quantitativo total de foliculos
ovarianos. Ainda, € importante destacar que esses foram os unicos 2 estudos
encontrados na literatura cientifica que avaliaram os efeitos da restricdo de

proteinas no envelhecimento ovariano.

O mecanismo de agao pelo qual a reducéo de proteinas e de BCAAs na
dieta impactaria nos processos de envelhecimento é vinculado a modulagao da
via mTOR [59]. Nesse contexto, o efeito da disponibilidade de aminoacidos na
longevidade é devido a ativagdo do mTORC1, que integra informagdes sobre a
disponibilidade de nutrientes, direcionando além do balango entre anabolismo e
catabolismo celular, a sensibilidade a insulina, lipogénese, adipogénese,
neurodegeneracédo, carcinogénese e envelhecimento celular [69]. Dessa forma,
a menor oferta de aminoacidos e principalmente de BCAAs, levaria a menor da
atividade do complexo mTOR, favorecendo efeitos positivos como o retardo do
envelhecimento e menor risco para doengas metabdlicas [59, 64]. No entanto,
além do mTOR, outras vias metabdlicas como do fator de crescimento 21 dos
fibroblastos (FGF21) também parecem estar relacionadas aos efeitos positivos
da restricdo de proteinas e BCAAs. O FGF21 € um horménio principalmente
sintetizado no figado mas também expresso em diversos outros tecidos que
parece sinalizar vias fisiolégicas relacionadas a proliferagao celular, autofagia,
senescéncia celular, estresse oxidativo, sensibilidade a insulina e até mesmo
expresséo de proteinas desacopladoras de membrana no tecido adiposo [70].
Recentemente um estudo demonstrou que o knockout hepatico do FGF21 em
camundongos reduziu em cerca de 87% as concentragdes séricas, anulando os

efeitos da restricdo de proteinas sobre a preservagao da reserva ovariana [67].
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Além disso, até o momento ndo foram encontrados estudos na literatura

referentes aos efeitos da restricio de BCAAs na reserva ovariana.

Dessa forma, € possivel observar que mais estudos sdo necessarios para
elucidar os mecanismos fisioldgicos pelo qual a restrigdo de proteinas e de
BCAAs podem impactar no envelhecimento e preservagao da reserva ovariana,
visto que ha poucos estudos sobre o tema.
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OBJETIVOS
e Objetivo geral
O objetivo geral deste trabalho € avaliar os efeitos da restrigdo de
proteinas e de BCAAs sobre a ativagcdo de foliculos primordiais e o

envelhecimento ovariano em comparagao com a restricao calérica de 30%.

e Objetivos especificos
Entre os objetivos especificos deste estudo destaca-se a analise dos
efeitos da restrigdo de proteinas e de BCAAs em camundongos quanto a/ao:

o Avaliar o desenvolvimento de peso
o Nivel de glicose
o Ativagao da reserva folicular

o Ciclicidade estral

HIPOTESES
A restricdo de proteinas e/ou de BCAAs reduz a ativagao de foliculos

ovarianos, mimetizando os efeitos da restrigao calorica.
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ABSTRACT

Calorie restriction (CR) is a dietary intervention that promote longevity, delays the
onset of chronic diseases and preserves the ovarian reserve in females. These
effects are attributed to the control of oxidative stress, inflammatory status, cell
differentiation, DNA damage and regulation of intracellular pathways such as
mMmTORC1 and FOXO3. However, some studies have observed that the positive
impacts of CR can be linked to restriction of protein and branched-chain amino
acids (BCAAs) caused by the strategy. The aim of this study was to evaluate the
effects of protein and BCAA restriction on primordial follicle activation compared
to 30% calorie restriction in mice. For thi, 35 female C57BL/6 mice were
randomized into 4 groups and treated for 4 months: control group (CTL; n = 8),
30% calorie restriction (CR; n = 9), protein restriction (PR; 15% restriction; n = 9)
and BCAA restriction group (BCAAR; 32% restriction of the amino acids leucine,
isoleucine and valine; n = 9). Body mass gain, body composition, food intake,
serum levels of BCAAs, glucose metabolism, ovarian reserve and estrous
cyclicity were evaluated. We observed that calorie, protein and BCAA restriction
prevented weight gain and changed body composition compared to the control.
BCAA restriction resulted in increased calorie intake compared to control mice.
Interestingly, we observed that calorie and protein restriction prevented activation
of primordial follicles and increased the duration of the estrous cycle. No
differences were observed for BCAA restriction regarding cyclicity and ovarian
reserve. Our data indicates that protein restriction has similar effects to calorie
restriction on the ovarian reserve, whereas BCAA restriction alone did not affect
it. This occurred despite PR did not reducing calorie intake and CR did not
reducing protein intake in levels similar to PR.

Keywords: Dietary interventions, BCAAs, ovarian aging and mTORC1

22



INTRODUCTION

The ovarian reserve is composed by a finite number of primordial follicles
and established during intrauterine life [21]. Once activated, primordial follicles
develop irreversibly until ovulation or atresia [12]. The progressive decline in the
ovarian reserve results in fertility decline during midlife, and later in life, once the
ovarian reserve is depleted, in menopause [12]. Genetic and environmental
factors such as body composition, physical activity, diseases and eating habits
can influence the size of the ovarian reserve [13]. Activation of mTOR in
granulosa cells and phosphorylation of FOXO3 in the oocyte are key steps in
primordial follicular activation, and the main targets for ovarian reserve
preservation [24, 25, 28]. Therefore, strategies that preserve the ovarian reserve
are essential for maintaining female fertility and delaying the onset of menopause
[14, 71].

Calorie restriction (CR) is a well-known strategy where the reduced food
intake promotes weight and fat loss and is associated with increased health and
lifespan [35]. CR also reduces the activation of primordial follicles, preserving the
ovarian reserve and extending fertility in mice, through modulation of mTOR and
FOXO3 pathways [33, 44, 46]. Some studies suggest that beneficial effects of
CR are due the reduced protein intake [54, 64]. In this sense, protein-restricted
diets also result in weight loss, improved body composition, increased insulin
sensitivity, and consequently, increased longevity [64, 65]. More specifically,
mice on branched-chain amino acids (BCAAs) restricted diets also live longer
[72], even though protein and calorie intake are similar to control mice. BCAAs
play important roles in regulating energy homeostasis, signaling nutrient
metabolism, insulin sensitivity and mTOR pathway activity [62]. Lower protein
intake, and consequently low BCAAs intake, reduces adiposity, increases insulin
sensitivity, promote weight gain control, and modulate aging-related pathways in
mice and humans [64, 66].

In the ovary, activation of primordial follicles was reduced by protein
restriction (9% of total energy intake) and accelerated by increased protein intake
(56% of energy from protein) when compared to a control diet (22% of energy
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from protein) [67]. The effects of protein restriction in the ovarian reserve were
linked to mTORC1 signaling and endocrine signals, such as fibroblast growth
factor 21 (FGF21) and adiponectin [67]. However, the literature about protein
restriction and ovarian aging is still unclear. The total number of ovarian follicles
was greater in mice fed protein/carbohydrates ratio of 3:1 compared to low-
protein diets [68]. Therefore, our study aimed to elucidate the effects of protein
and energy supply, and the role of BCAAs, in preservation of the ovarian reserve.
We hypothesize that BCAA restriction prevents the activation of primordial
follicles similarly to calorie/protein restriction.

METHODS

Animals and diets

This study was approved by the Animal Experimentation Ethics Committee
of the Federal University of Pelotas (UFPEL) under the number 024998/2021-29.
For this study, 3-month-old C57/BL6 mice (n=35) were used under controlled
temperature and light conditions (22+ 2°C, 12-hour light/12-hour dark cycle) with
water ad libitum. Mice were randomized into 4 groups: control (CTL, n = 8), 30%
calorie restriction (CR; n = 9), protein restriction (PR; n = 9) and branched-chain

amino acid restriction (BCAAR; n = 9).

Mice were monitored for weight gain and food consumption throughout the
study. For this, each mouse was weighed individually on a precision scale weekly.
Food consumption was verified from the weekly difference between food offered
and leftovers. The food offered for CR mice was determined by the daily
equivalent of the weekly average of mice in the control group, with a reduction of
10% in the first week, 20% in the second week and 30% from the third week of
study onwards [73]. Meanwhile, CTL, PR and BCAAR mice had ad libitum access
to diets. Diet composition is shown in Table 1. Mice received the diets for a period
of four months. At the end of the experiment, estrous cycle was synchronized by
injection of eCG (2.5 U) and hCG (5 U), 48 and 12 hs before euthanasia,
respectively. So, the females were euthanized during the estus phase. After a 4-
hour fast, mice were euthanized by exsanguination via cardiac puncture under
isofluorane, followed by cervical dislocation. Mice were dissected and the ovaries
collected and stored, one ovary frozen at -80°C and the other in a 4%
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formaldehyde solution for histological analysis. The blood was centrifuged and
the serum separated for storage at -80°C.

Table 1 — Diet composition for the control/calorie restriction groups,
protein and BCAA restriction groups.

Aminoacids Control/CR (g/kg) PR (g/kg) BCAAR (g/kg)
Branched-chain aminoacids
L-isoleucine 7.80 2.54 2.54
L-leucine 254 8.27 8.27
L-Valine 8.40 2.73 2.73
Other aminoacids
L-alanine 9.38 3.05 11.81
L-arginine 6.30 2.05 6.30
L-asparagine 20.58 6.70 22.38
L- aspartic Acid 20.58 6.70 24.22
L-cisteine 7.20 2.34 7.20
L-glucaminic acid 28.97 9.43 32.99
L-glutamine 33.77 11.0 35.78
Glycine 2.96 0.96 5.01
L-histidine 4.60 1.50 4.60
L-ysine 20.38 6.64 20.38
L-methionine 6.70 218 6.70
L-phenylalanine 6.60 2.15 6.60
L-proline 7.41 2.41 10,55
L-serine 7.41 2.41 10,12
L-theonine 9.70 3.16 9,70
L-tryptophan 3.40 1.10 3,40
L-Tirosine 6.90 2.25 6,90
% energy from

Protein 22,0 7,00 21,9
Carbohydrates 59,4 74,0 59,6
Fats 18,6 19,0 18,5
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Kcal/g 3,9 3,9 3,9

Plasma concentrations of BCAAs

The serum BCAA levels were measured using a Leucine Standard BCAA
Assay Kit (MAKOO3; Sigma-Aldrich, U.K.). The reaction product results in a
colorimetric change proportional to the amount of BCAA present in the sample
[74].

Glucose metabolism

Glucose metabolism was evaluated by measuring the fasting glucose
before euthanasia, using a glucometer (AccuCheck Active, Roche Diagnostics®,
USA) [75].

Histology and follicle counts

For histological evaluation, ovaries samples were removed from 4%
paraformaldehyde and subjected to dehydration in alcohol, cleared in xylol and
embedded in Paraplast Plus (Sigma Chemical Company®, St. Louis, MO, USA).
Subsequently, the ovaries already included in Paraplast Plus were sequentially
cut in a Leica automatic microtome model RM2245 (Leica Biosystems Newcastle
Ltd, Newcastle Upon Tyne, UK) at a thickness of 5 ym, and 1 out of 6 cuts was
removed and placed on slides standard histology slides. After drying the slides in
an oven at 55°C, the slides were stained with hematoxylin-eosin, mounted with
coverslips and synthetic resin (Sigma Chemical Company®, St. Louis, MO, USA).
Images of ovarian sections were evaluated in a microscope (Nikon Eclipse E200,
Nikon Corporation, Japan) using 10 and 40X magnification. The classification of
ovarian follicles was determined as follows: primordial when surrounded by a
layer of flattened granulosa cells; transition whey surrounded by at least one
cuboidal granulosa cell; primaries when surrounded by a layer of cuboidal
granulosa cells; secondaries when surrounded by two or more layers of cuboidal
granulosa cells; tertiary when the presence of antrum and cumulus oophorus
complex is observed, only nucleated follicles were considered [76]. The total
number of follicles was divided by the total number of histological sections.
Finally, The size of the oocytes was evaluated based on the average of the
vertical and horizontal length by measurement in a microscope (Nikon Ecplipse
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E200, Nikon Corporation, Japan) on 3 oocytes from each category were analyzed
per animal [77].

Vaginal cytology

For cytological analysis vaginal cells were collected with a micropipette.
This procedure was repeated daily for 12 consecutive days at the same time.
After that, the material was transferred to a slide and subsequently stained with
a fast panopticon for visualization under a microscope (Nikon Eclipse E200,
Nikon Corporation, Japan). The stages of the estrous cycle were defined by the
cell types present in the slide according to previous references [78]. In addition,
the duration between cycles was defined from the interval between two estrus
phases and the relative percentage of each phase adjusted for the total period of
12 days.

Statistical analysis

To perform the statistical analyses, the Graphpad Prism 6.0 software was
used, in which the One-Way ANOVA test was used followed by a Tukey post-hoc
to evaluate absolute body mass gain, food consumption, body composition,
BCAA levels, blood glucose and estrous cycle. Weight gain between months was
analyzed by Two-way ANOVA for repeated measures. In addition, was performed
parametric tests to analyze variables with normal distribution and a non-
parametric test to variables with non-normal distribution evaluated by Shapiro-

Wilk test. P values <0.05 were considered statistically significant.

RESULTS
Body mass

We observed that calorie, protein and BCAA restriction prevented body
mass gain compared to control mice (Figure 3A, p <0.05). The CR group had the
lowest body mass throughout the experiment (Figure 3B, p<0.05)
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Figure 3 — A) Body mass gain between the beginning and end of treatment;
B) body mass throughout the experiment in the control (CTL), calorie restriction
(CR), protein restriction (PR) and branched-chain amino acid restriction (BCAAR)
groups. Different letters indicate statistical differences with p<0.05. The P-value

was calculated by a One-Way Anova parametric test.

Food consumption and body composition

As expected we observed that CR mice consumed less calories adjusted
to body mass (Figure 4A, p=0.002). In addition, CR mice had lower energy intake
from protein (Figure 4B, p=0.0003) and lower consumption of BCAA (Figure 4C,
p<0.0001). Mice in the PR group had similar energy intake to the control group,
but less energy intake from protein (Figure 4B, p<0.0001). In addition, BCAAR
mice consumed more calories than the other groups (Figure 4A, p=0.0324),
including more energy from protein (Figure 4B, p=0.0083), despite the reduction
in BCAA intake (Figure 4C, p<0.0001). BCAA consumption relative to body mass
was lower in the PR and BCAAAR groups compared to the control and CR groups
(Figure 4C).
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Figure 4 — A) Total calorie intake per day/gram of body mass; B) Calorie
intake from protein per day/gram of body mass; C) Intake of branched chain
amino acids (BCAA) per day/gram of body mass in the control (CTL), calorie
restriction (CR), protein restriction (PR) and branched chain amino acid restriction
(BCAAR) groups. Different letters indicate statistical differences with p<0.05. The
P-value was calculated by a One-Way Anova parametric test.

The normalized weight of visceral, periovarian and perirenal adipose
tissue showed a similar pattern between groups. We observed a reduction of fat
mass in CR mice, an increase in PR mice and no changes in the BCAAR mice
compared to CTL mice (Figure 5).
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Figure 5 — A) Percentage of visceral fat normalized to body mass; B)
percentage of periovarian fat normalized to body mass; C) percentage of
perirenal fat normalized to body mass in the control (CTL), calorie restriction
(CR), protein restriction (PR) and branched-chain amino acid restriction (BCAAR)
groups. Different letters indicate statistical differences with p<0.05. The P-value
was calculated by a non-parametric t-test.

Plasma concentrations of BCAAs

The analysis of plasma BCAA levels indicates that PR mice had lower
concentrations of BCAAs compared to the other groups (Figure 6, P<0.05).
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Figure 6 — Serum concentrations of branched chain amino acids in control
(CTL), calorie restriction (CR), protein restriction (PR) and branched chain amino
acid restriction (BCAAR) groups. Different letters indicate statistical differences
with p<0.05. The P-value was calculated by a non-parametric t-test.

Glucose metabolism
There was no difference for fasting glucose between groups (Figure 7, P>
0.05).
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Figure 7 — Fasting blood glucose in animals in the control (CTL), calorice
restriction (CR), protein restriction (PR) and branched-chain amino acid
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restriction (BCAAR) groups. Different letters indicate statistical differences with

p<0.05. The P-value was calculated by a One-Way Anova parametric test.

Vaginal cytology

Mice from CR and PR groups were less days in estrus and had less
complete cycles compared to CTL group (Figure 8A and B). In addition, CR and
PR mice remained longer in the diestrus stage compared to the CTL group
(Figure 8C). BCAAR mice did not have significant reduction in the number of days
in estrus and duration of cycle (p>0.05).
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Figure 8 — A) Number of days in estrus; B) number of complete cycles; C),
percentage of time in each stage for control (CTL), calorie restriction (CR), protein
restriction (PR) and branched-chain amino acid restriction (BCAAR) groups.
Different letters indicate statistical differences with p<0.05. The P-value was

calculated by a One-Way Anova parametric test.

Ovarian reserve

As expected, we observed that CR and PR mice had more primordial
follicles compared to CTL mice (Figure 9A; p <0.05). However, RBCAA mice were
not different from the control mice (Figure 9A). Furthermore, PR mice had more
transition follicles and a lower number of secondary follicles when compared to
the control group (Figure 9B, D; p<0.05). As regards to other follicle classes, no
differences were observed (Figure 9B-C, E-F).
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Figure 9 — Number of A) primordial; B) transition; C) primary; D) secondary;
E) tertiary; F) total follicles between control (CTL), calorie restriction (RC), protein
restriction (PR) and branched-chain amino acid restriction (BCAAR) groups.
Different letters indicate statistical differences with p<0.05. The P-value was
calculated by a non-parametric t-test.

Regarding the size of oocytes, we observed that PR mice had smaller
oocytes in primordial and primary follicles compared to control mice (Figure 10,
p<0.05). No other differences were found between groups for oocyte size.
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DISCUSSION

In this study, we observed that calorie and protein restriction reduced body
mass gain and cyclicity and preserved the ovarian reserve. However, the same
was not observed with BCAAs restriction only. Interestingly, serum BCAA levels
were decreased only in the protein restriction group, despite a similar reduction
in BCAA intake.

As expected, CR was an efficient strategy to preserve the ovarian reserve,
as CR mice had twice the number of primordial follicles compared to control
females. Others had already observed that reducing calorie intake in female
rodents resulted in greater sustainability of fertility [44]. We have previously
shown that 30% CR for three months can increase the number of primordial
follicles in mice [47]. Similarly, 10% CR was enough to positively impact the
ovarian reserve after six months of treatment [48]. The effects of CR seem to be
mediated by FOXO3 and mTOR activation in the ovary [33, 50, 71]. Interestingly,
we shown that PR can preserve the ovarian reserve similarly to CR mice.
Previous studies observed that activation of ovarian follicles was reduced by
protein restriction (9% of total energy intake) and accelerated by increasing
protein intake (56% of energy from protein) when compared to a control diet (22%
of energy from protein) (67). These effects were mediated by ovarian mTORC1
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signaling and circulating hormones, such as fibroblast growth factor 21 (FGF21)
and adiponectin (67). Despite a similar effect in the preservation of the ovarian
reserve, the reduction of protein intake imposed by CR is small compared to PR
mice, and the total calorie intake in PR mice is greater than that of CR mice.
Therefore, calorie and protein restriction can promote the same effects, despite
divergent intake profiles. Furthermore, our study shows that BCAA restriction has
no effect in the ovarian reserve of young female mice. Despite BCAA restriction
being effective in reducing body mass gain compared to control mice, this
reduction was not as intense as in CR and PR mice. Also, adjusted calorie and
protein intake was higher in the BCAAR mice compared to control mice, which
may indicate the activation of divergent pathways to promote ovarian reserve
preservation. On other hand, a low BCAA diet shows to promote ceramides
pathway inducing to increases on levels of reactive oxygen species (ROS), impair
ovarian granulosa cell function and reducing the number of primordial on young
female C57BL/6J mice [79]. However, the same study also observed that low
BCAA diets leads to decreased of body mass and serum BCAAs levels [79].
Finally, on our study the plasma BCAAs concentration was reduced only in PR
mice, once again indicating that divergent pathways may be regulating the effect

of restrictive diets on ovarian reserve.

We observed that CR was an effective strategy to control body mass gain,
as CR mice maintained a lower body mass than the other groups for most of the
study. Protein and BCAA restriction also reduced body mass gain, even though
these mice had a higher adjusted energy intake. These results are similar to
previous observations, where even with higher adjusted calorie intake, reducing
proteins and BCAAs intake prevents weight gain in mice [72, 80]. Similarly,
studies have also shown in humans that moderate protein restriction can reduce
body and fat mass gain [64]. BCAA-rich diets change eating behavior, leading to
hyperphagia by depleting serotonin levels associated with tryptophan depletion,
resulting in obesity in rodents [66]. In contrast, very low-protein diets decrease
food intake and promote weight loss, associated to hypothalamic inhibition of
mTOR signaling in mice [81]. Our results are similar, PR mice were not different
from control in terms of adjusted calorie intake, however BCAAR mice had a 10%
higher adjusted calorie intake compared to CTL mice. Interestingly, even in the
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absence of severe reductions in protein and BCAA intake, CR mice still had the
strongest influence in body mass gain. BCAAR mice, despite reduced BCAA
intake, similar to PR mice, had slightly higher AAs intake than CTL mice, resulting
in increased body mass gain compared to PR mice. Previous studies have shown
that BCAA restriction has different effects in male and female mice, as lifelong
restriction of BCAAs increased longevity only in males [72]. Additionally, female
mice fed lifelong low BCAA diets demonstrated lower body mass only after 10
months of age, while male mice showed significant differences already at 5
months [72]. Thus, our findings indicate that BCAA restriction has moderate
effects in body mass gain in young female mice compared to PR and CR.

Regarding serum levels of BCAAs, we observed that only PR mice had a
reduction in serum concentrations of BCAAs compared to control mice. These
results suggest that BCAA levels are regulated post-ingestion, given that even
with the same levels of dietary BCAA restriction for PR and BCAAR, only PR mice
had reduced serum BCAAs levels. Similarly, mice fed diets with double the
amount of BCAAs did not show increased plasma levels of BCAAs, reinforcing
the hypothesis that serum concentrations are regulated post ingestion [66].
Furthermore, total daily protein intake is positively correlated with plasma BCAAs
concentrations, whereas other AAs appear to be negatively correlated with
protein intake [54], suggesting a direct effect of protein intake on whole body
BCAA catabolism. This is in agreement with our observations, as only PR mice
had a reduction in serum levels of BCAAs, and total AAs intake was even slightly
higher in BCAAR mice. The metabolism of BCAAs is complex and influenced by
several factors, such as body composition, insulin sensitivity, gut microbiota and
inflammation [61], therefore future studies should observed the effects of BCAA

restriction in different conditions, such as in obese mice.

No differences were observed in fasting glucose between groups. The
association between BCAA intake and insulin resistance seems to be mediated
by the negative feedback of mTOR signaling hyperactivation, as well as
mitochondrial dysfunction, oxidative stress and pancreatic beta cells [63, 82].
Numerous studies have demonstrated an improvement in the metabolic profile
by increasing insulin sensitivity and beta-pancreatic function in rodents and

humans [64, 80, 83]. However, diets moderate in BCAAs improve glucose
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metabolism in mice fed high-fat diets by reducing fasting insulin and glucose
levels [84]. In addition, a recent study showed that response to protein restriction
is influenced by sex, genetic background and degree of restriction, and that
adiposity, insulin sensitivity and levels of circulating hormones have a high degree
of variability between sex and mice strains [85]. Therefore, this should be taken
into consideration as we used only young female mice in this study. In addition,
it is important to highlight that CR is an effective strategy to improve insulin
sensitivity and homeostasis of glucose metabolism [86], however, a limitation on
our study was that only fasting glucose was evaluated.

The importance of the pattern of body fat distribution as a modulator of the
metabolic profile in humans and rodents is well known [87]. Different dietary
patterns have also been shown to change body composition [88, 89]. Rodents
fed high-fat diets have increased visceral fat deposition, hyperinsulenemia, and
insulin resistance within just four weeks [90]. Conversely, CR can improve body
composition, insulin resistance and inflammatory profile in mammals [91, 92]. We
have previously shown that 30% CR for three months was able to prevent body
mass gain and visceral fat deposition, associated to increased insulin sensitivity
in young female mice [47]. We again observed a reduction in body mass and
visceral adipose mass in CR mice. However, while others suggest that diets
restricted in protein and BCAAs reduced fat mass and benefited glucose
metabolism [64, 83, 93], the same was not observed in our study. PR mice had
increased deposition of visceral fat and no changes in fasting glycemia. BCAA
restriction did not seem to affect fat deposition compared to control mice in our
study, with the exception of slightly increased perirenal adipose tissue deposition.
Such differences can be explained by the carbohydrate:protein intake ratio in the
diet and by the amino acid distribution pattern. The PR group had a strong

reduction in total AA intake and, consequently, increased deposition of body fat.

The different dietary pattern of mice in our study affected estrous cycles.
We observed that CR mice spent less time in estrus and had less complete
cycles. It is well known that CR affects female fertility via hypothalamic and
peripheral mediators associated to energy homeostasis. At the same time that
CR can preserve the ovarian reserve of preantral follicle, it can negatively affect

growth of tertiary follicles, ovulation and fertility [94]. In addition, we observed that
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PR mice also less days in estrus and had less complete cycles, similarly to CR
mice. Rodents fed low-protein diets (4% of total energy intake from protein) had
disruption of estrous cyclicity and inhibition of follicular development, mainly
associated with impaired expression of hypothalamic proteins and this was
associated with changes on FGF21 levels [95]. Disturbances related to the
estrous cycle in rats fed low-protein diets were reversed after a period of
refeeding with normal-protein diets (18% of energy from protein) [95]. However,
we observed that dietary restriction of BCAAs only did not interfere with cyclicity.
This may be related to the higher energy intake and the lower impact of this diet
on body mass gain, which seems to be a hallmark effect of these restrictive diets
regarding preservation of the ovarian reserve. Thus, our findings highlight the
importance of total calories intake for regulation of the estrous cycle, but also
macronutrient ratio, helping to optimize diets that aim not only to preserve the

ovarian reserve, but also cyclicity and reproductive longevity.

In conclusion, our results show that protein restriction has similar effects
to calorie restriction on preservation of the primordial follicle reserve. This
happened even though the two strategies had divergent effects in calorie and
protein intake. In turn, BCAA restriction alone was not able to preserve the
ovarian reserve, resulting in greater energy intake and less impact on body mass.
More studies are needed to understand the mechanisms by which these diets

affect metabolism and preserve the ovarian reserve of reproductive age females.

The development of our study was limited by the impossibility of
accommodating the animals in single-houses due to the physical space of our
laboratory. Furthermore, the ad libitum supply of feed to animals of control, PR
and BCAAR group allowed changes in the animals eating behavior as a result of

nutritional strategies.
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CONCLUSAO DA TESE

Em conclusdo, os resultados encontrados em nosso estudo
demonstraram que a restricdo de proteinas pode apresentar efeitos similares a
restricdo caldrica na reserva ovariana, principalmente marcados pela
preservacao do numero de foliculos primordiais. Por sua vez, tais efeitos podem
ser observados mesmo as duas estratégias demonstrando repercussdes
divergentes na redugdo da ingesta caldrica e proteica ajustada. Em
contrapartida, a restricio de BCAAs somente ndo mostrou ser capaz de
preservar a reservar ovariana, resultando em maior ingesta energética e menor
impacto no ganho de peso. Assim os resultados encontrados nesse estudo
auxiliam para elucidar os efeitos da restricido de proteinas e de BCAAs ao
envelhecimento ovariano, ao passo que permite comparar seus impactos com
os efeitos da restrigdo caldrica, uma estratégia consolidada na literatura
cientifica. Dessa forma, espera-se que esse estudo seja utilizado como base

cientifica para favorecer o desenvolvimento de mais estudos na area.
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